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Introduction en Francais

Les algébres de Iwahori—Hecke associées aux groupes de Weyl apparaissent naturellement dans 1’étude
des groupes réductifs finis comme des algebres d’endomorphismes de la représentation de permuta-
tion par rapport a un sous-groupe de Borel. Elles peuvent aussi étre définies indépendamment comme
déformations des algebres de groupe des groupes de Coxeter finis. L’objectif de ce mémoire est d’étudier
certains aspects de la théorie des représentations des algebres de Iwahori—Hecke et la facon dont elles se
généralisent dans le cas des :

e algébres de Hecke cyclotomiques, qui sont obtenues comme déformations des algebres de groupe
des groupes de réflexions complexes,

e algébres de Ariki-Koike, qui sont obtenues comme généralisations des algebres de Iwahori—Hecke
de types A et B,

e algébres de Yokonuma—Hecke, qui sont obtenues lors de I’étude des groupes réductifs finis comme
des algebres d’endomorphismes de la représentation de permutation par rapport a un sous-groupe
unipotent maximal.

Au cours de ce mémoire, nous allons aussi étudier une autre famille d’algebres associées aux groupes
de réflexions complexes, les algébres de Cherednik rationnelles, dont la théorie des représentations a
beaucoup de liens avec la théorie des représentations des algebres de Hecke.

Les aspects de la théorie des représentations de ces algebres sur lesquelles nous allons nous concentrer
seront la paramétrisation et description des représentations irréductibles dans les cas semisimple et non-
semisimple, les blocs, la structure d’algebre symétrique et la détermination de la matrice de décomposition
associée a une spécialisation.

Les groupes de Coxeter finis sont des groupes finis de matrices réelles qui sont engendrés par des
réflexions. Ils incluent les groupes de Weyl, qui sont des objets fondamentaux pour la classifica-
tion des algebres de Lie simples sur C et des groupes algébriques simples. Les algebres de Iwahori-
Hecke associées aux groupes de Weyl apparaissent naturellement comme des algebres d’endomorphismes
des représentations induites dans I’étude des groupes réductifs finis. Elles peuvent aussi étre définies
indépendamment comme déformations des algebres de groupes des groupes de Coxeter finis, ou la
déformation dépend d’un parametre ¢ et une fonction de poids L. Pour ¢ = 1, nous obtenons ’algebre de
groupe. Pour un groupe de Coxeter fini W, nous désignerons par H,(W, L) l'algebre de Iwahori-Hecke
associée.

Lorsque ¢ est une indéterminée, I’algebre de Iwahori-Hecke H,(W, L) est semisimple. Suivant le
théoreme de déformation de Tits, il existe une bijection entre I’ensemble des représentations irréductibles
de H,(W, L) et 'ensemble Irr(W) des représentations irréductibles de W. Gréce a cette bijection, Lusztig
associe a chaque représentation irréductible de W un entier qui dépend de L, en définissant ainsi la
fameuse fonction a. Ici nous définissons la fonction a en utilisant la structure d’algebre symétrique et
les éléments de Schur de H,(W, L). La fonction a intervient dans la définition de Lusztig des familles de
caractéres, une partition de Irr(WW') qui joue un role central dans I'organisation des familles de caractéres
unipotents dans le cas des groupes réductifs finis.

La théorie de Kazhdan—Lusztig est une clef pour la compréhension de la théorie des représentations de
lalgebre de Iwahori-Hecke H, (W, L). Il existe une base spéciale de Hq(W, L), appelé la base de Kazhdan—
Lusztig, qui nous permet de définir des cellules de Kazhdan—Lusztig pour Hq(W, L), un certain ensemble
de classes d’équivalence sur W. Les cellules de Kazhdan-Lusztig aident a construire les représentations



de H,(W, L). Elles permettent aussi une deuxieme définition équivalente, plus combinatoire, des familles
de caracteres de Lusztig.

Lorsque g se spécialise en un nombre complexe 7 différent de zéro, et plus spécifiquement en une racine
de l'unité, l'algebre de Iwahori-Hecke spécialisée H,, (W, L) n’est pas nécessairement semisimple et nous
n’avons plus une bijection entre ses représentations irréductibles et Irr(1). Nous obtenons donc une
matrice de décomposition qui décrit comment les représentations irréductibles de 'algebre semisimple
se décomposent apres la spécialisation. Un ensemble basique canonique est un sous-ensemble de Irr(W)
en bijection avec les représentations irréductibles de #,, (W, L) (et ainsi un ensemble qui parameétre les
colonnes de la matrice de décomposition) avec de bonnes propriétés. Ces bonnes propriétés impliquent
que la matrice de décomposition a une forme unitriangulaire inférieure alors que la fonction a croit (au
sens large) le long des colonnes. Les ensembles basiques canoniques ont été définis par Geck et Rouquier
[GeRol, qui ont prouvé leur existence dans quelques cas en utilisant la théorie de Kazhdan—Lusztig.
Gréace a un travail collectif, il est maintenant prouvé que des ensembles basiques canoniques existent et
sont explicitement décrits pour tous les groupes de Coxeter finis et tout choix de L (en caractéristique
0).

Les groupes de Coxeter finis sont des cas particuliers de groupes de réflexions complexes, c’est-a-dire
des groupes finis de matrices complexes engendrés par des “pseudo-réflexions”. La classification des
groupes de réflexions complexes est due & Shephard et Todd [ShTo| : si W est un groupe de réflexions
complexe (irréductible), alors soit W appartient & la série infinie G(I, p,n) soit W est un des 34 groupes
exceptionnels Gy, ..., Gs7 (voir Théoreme . D’importants développements durant les deux dernieres
décennies ont suggéré que les groupes de réflexions complexes jouent un roéle crucial, mais seulement
partiellement compris, en théorie de représentations, et pourraient méme devenir aussi importants que
les groupes de Coxeter finis dans ’étude d’autres structures mathématiques. En effet, ils se comportent
de fagon tellement analogue aux groupes de réflexions réels que Broué, Malle et Michel [BMMI] ont
conjecturé qu’ils pourraient jouer le role de groupes de Weyl pour des objets, toujours mystérieux, qui
généralisent les groupes réductifs finis. Ces objets s’appellent “Spetses”.

Broué, Malle et Rouquier [BMR] ont défini des algebres de Hecke pour les groupes de réflexions
complexes comme déformations de leurs algebres de groupe. Dans le cas des groupes de réflexions
complexes de type G(l,1,n), elle coincident avec les algeébres de Ariki-Koike, déja définies par Ariki
et Koike [ArKo] comme généralisations des algebres de Iwahori-Hecke de types A et B. Une théorie
des cellules de Kazhdan—Lusztig généralisée pour ces algebres, connues sous le nom d’algebres de Hecke
cyclotomiques, permettrait de se diriger vers une définition des Spetses. Malheureusement, nous n’avons
pas de base de Kazhdan—Lusztig pour les groupes de réflexions complexes. Néanmoins, nous pouvons
définir des familles de caracteres en utilisant la définition de Rouquier : dans [Roll], Rouquier a donné
une définition alternative pour les familles de caracteres de Lusztig en prouvant que, dans le cas des
groupes de Weyl, elles coincident avec les blocs de l’algebre de Iwahori-Hecke sur un certain anneau,
qui s’appelle l’anneau de Rouquier. Cette définition se généralise naturellement au cas des groupes de
réflexions complexes et leurs algebres de Hecke cyclotomiques, en produisant les familles de Rouquier.
Ces familles sont maintenant déterminées pour toutes les algebres de Hecke cyclotomiques de tous les
groupes de réflexions complexes, voir [Ch3| [Ch4l [Ch5]. Un réle-clef dans cette détermination est joué
par la structure d’algébre symétrique (toujours conjecturée dans certains cas) des algebres de Hecke
cyclotomiques et les éléments de Schur correspondants.

En utilisant les éléments de Schur, nous pouvons aussi définir une fonction a et des ensembles basiques
canoniques pour les algebres de Hecke cyclotomiques. Méme s’il n’existe pas de théorie de Kazhdan—
Lusztig dans le cas complexe, il est maintenant prouvé que des ensembles basiques existent pour les
groupes de la série infinie G(I, p,n) et pour quelques groupes exceptionnels. Afin d’obtenir des ensembles
basiques canoniques pour les algebres de Ariki-Koike, Geck et Jacon ont utilisé le théoreme d’Ariki sur la
catégorification des représentations des algebres de Hecke et le travail de Uglov sur les bases canoniques
pour des espaces de Fock de plus haut niveau [GeJall [Ja2 [Ja3l [GeJa2]. Le résultat pour G(I,p,n) est
déduit du résultat pour G(I,1,n) avec I'utilisation de la théorie de Clifford [GenlJal, [ChJa2].

Les algebres de réflexions symplectiques ont été introduites par Etingof et Ginzburg [EtGi] pour
Pétude des résolutions symplectiques de I'espace d’orbites V/G, ot V est un espace vectoriel complexe
symplectique et G est un groupe de réflexions symplectique agissant sur V', i.e., G est un groupe fini
engendré par des réflexions symplectiques. Un groupe de réflexions complexe W C GL(h), ou bh est
un espace vectoriel complexe, peut étre vu comme un groupe de réflexions symplectique agissant sur
V =5 @ h*. Les algebres de réflexions symplectiques associées aux groupes de réflexions complexes



sont connues sous le nom d’algebres de Cherednik rationnelles. Elles dépendent de fagon cruciale d’un
parametre t, et leur théorie des représentations varie beaucoup selon si ¢ est nul ou non.

Sit # 0, il existe une catégorie de représentations de I’algebre de Cherednik rationnelle importante,
la catégorie O, et un foncteur exact, le foncteur de Knizhnik—Zamalodchikov ou simplement KZ, de O
vers la catégorie de représentations d’une certaine algebre de Hecke cyclotomique spécialisée H,, (W) (la
spécialisation dépend du choix des parametres de 1’algebre de Cherednik rationnelle; toute algebre de
Hecke spécialisée peut étre obtenue de cette fagon). La catégorie O est une catégorie de plus haut poids, et
elle contient un ensemble des modules standards {A(FE) | E € Irr(W)}, un ensemble des modules simples
{L(E) | E € Irt (W)} et une matrice de décomposition qui décrit le nombre de fois que L(E) apparait dans
la série de composition de A(E’) pour E, E’ € Irr(W). L’exactitude de KZ nous permet de déduire la
matrice de décomposition de H,, (1) de la matrice de décomposition de la catégorie O. En utilisant cette
propriété, nous avons prouvé dans [CGG] l'existence des ensembles basiques canoniques pour tous les
groupes de Coxeter finis et pour les groupes de réflexions complexes de type G(I,1,n) (en caractéristique
0). En particulier, nous avons montré que E appartient & ’ensemble basique canonique pour H, (W) si et
seulement si KZ(L(E)) # 0. Notre preuve de leur existence est assez générale et n’utilise pas le théoreme
d’Ariki pour le type G(I,1,n). Néanmoins la description explicite des ensembles basiques canoniques
dans ces cas par des travaux antérieurs permet de déterminer quels modules simples sont envoyés sur
zéro par le foncteur KZ. Nous avons aussi démontré que les images des modules standards via le foncteur
KZ sont isomorphes aux modules cellulaires des algebres de Hecke.

En ce qui concerne le cas t = 0, Gordon [Go] a introduit et étudié un quotient de dimension finie de
I’algebre de Cherednik rationnelle, I’algébre de Cherednik rationnelle restreinte, dont les modules simples
sont paramétrés par Irr(W). La décomposition de cette algebre en blocs induit une partition de Irr(W),
connue sous le nom de partition de Calogero—Moser. Nous pensons qu’il existe un lien entre la partition
de Calogero-Moser et les familles de caracteéres, d’abord suggéré par Gordon et Martino [GoMa|] pour
le type B. Dans tous les cas étudiés jusqu’a maintenant, la partition en familles de Rouquier (pour une
algebre de Hecke cyclotomique choisie convenablement) rend la partition de Calogero—Moser plus fine
(“la conjecture de Martino”), alors que pour les groupes de Coxeter finis les deux partitions coincident.
Ce lien n’est pas encore expliqué, étant donné qu’il n’y a pas de connexion évidente entre les algebres
de Hecke et les algebres de Cherednik rationnelles a ¢ = 0. Motivés par cette idée, et afin de pouvoir
construire une théorie des cellules de Kazhdan—Lusztig généralisée, Bonnafé et Rouquier ont utilisé la
partition de Calogero—Moser pour développer une théorie des “cellules de Calogero-Moser” qui peut étre
appliquée a tous les groupes de réflexions complexes [BoRoll, BoRo2]. 1l reste a voir les fruits de cette
approche tres récente.

Les algebres de Yokonuma—Hecke ont été introduites par Yokonuma [Yo] dans le contexte des groupes
réductifs finis comme généralisations des algebres de Iwahori—Hecke. Elle sont définies comme des algebres
d’endomorphismes de la représentation de permutation par rapport & un sous-groupe unipotent maximal,
et peuvent ainsi étre vues comme des cas particuliers des algebres de Hecke unipotentes. Nous allons nous
intéresser ici aux algebres de Yokonuma—Hecke de type A, qui peuvent étre aussi définies indépendamment
comme déformations des algebres de groupe des groupes de réflexions complexes de type G(I,1,n). Nous
obtenons ainsi un autre type d’algébres de Hecke associées & G(I,1,n), différentes des algébres de Ariki—
Koike. Ayant étudié la théorie des représentations des algebres de Yokonuma-Hecke dans [ChPdAT],
nous avons découvert beaucoup de similarités avec la théorie des représentations des algebres de Iwahori—
Hecke de type A; ces similarités sont expliquées par un résultat de Lusztig [Lu7], qui a démontré que
les algebres de Yokonuma—Hecke sont isomorphes a des sommes directes des algebres matricielles sur des
produits tensoriels de certaines sous-algebres des algebres de Iwahori—Hecke.

Nous avons aussi introduit et étudié beaucoup de nouvelles algebres intéressantes dans le contexte des
algebres de Yokonuma—Hecke, qui sont obtenues comme généralisations (ou, comme elles sont appelées
dans [JuLab)], “pondérisations”) d’algebres importantes dans le contexte des algebres de Iwahori-Hecke.
Tout d’abord, nous avons les algebres de Yokonuma—Hecke affines et cyclotomiques, qui généralisent
respectivement les algeébres de Hecke affines de type A et les algebres de Ariki-Koike [ChPdA2]. En fait,
nous avons montré dans [ChSe| que les algebres de Yokonuma-Hecke affines apparaissent aussi naturelle-
ment dans 1’étude des groupes réductifs p-adiques, avec une construction analogue a la construction
de Yokonuma, alors que les algebres de Yokonuma—Hecke cyclotomiques produisent en méme temps les
algebres de Ariki-Koike et les algébres de Yokonuma-Hecke de type A, comme des quotients et des
cas particuliers. De plus, nous avons trois généralisations possibles de 'algebre de Temperley—Lieb :
lalgebre de Yokonuma—Temperley—Lieb [GJKLI], 'algébre de Temperley—Lieb & poids (“Framisation of



the Temperley—Lieb algebra”)[GIJKL2] et I’algebre de Temperley—Lieb de réflexions complexe [GIJKIL2].
Notre étude de la structure et la théorie des représentations de ces trois algebres dans [ChPoll, [ChPo2]
indique que I'algebre de Temperley—Lieb a poids est I’analogue le plus naturel de I’algebre de Temperley—
Lieb dans ce contexte.

Une des raisons pour lesquelles l'intérét porté aux algebres de Yokonuma—Hecke s’est accru récemment
est leurs applications topologiques. Suivant la méthode de Jones [Jo2, [Jo3], la trace de Ocneanu sur
I’algebre de Iwahori—-Hecke de type A et son quotient, I'algebre de Temperley—Lieb, peut étre utilisée
pour la définition des invariants de noeuds classiques, connues sous le nom de polynéme Homflypt (ou
polynome de Jones en 2 variables) et de polynéme de Jones respectivement. De fagon similaire, en
utilisant la trace de Markov sur l’algebre de Yokonuma—Hecke de type A définie par Juyumaya [Ju2],
nous pouvons définir des invariants en 2 variables de noeuds & poids (“framed”), classiques et singuliers
(voir [JuLall-[JuLad], [CTKL]).

Durant les années dernieres, nous travaillions sur la comparaison entre les invariants en 2 variables de
noeuds classiques obtenus par les algebres de Yokonuma—Hecke et le polynome Homflypt, qui apparait
dans cette famille (voir [ChLa]). Treés récemment, nous avons réussi a prouver que nous avons en effet
obtenu une nouvelle famille d’invariants, qui ne sont pas topologiquement équivalents au polynome
Homflypt [CJKT]. En fait, nous avons montré que nos invariants sont topologiquement équivalents au
polynéme Homflypt sur les noeuds, mais qu’ils distinguent des entrelacs (c’est & dire, des enchevétrements
de plusieurs noeuds) que le polynéme Homflypt ne peut pas distinguer. En plus des données calculées par
ordinateur, nous avons donné une preuve diagrammatique basée sur le résultat suivant : les invariants
provenant des algébres de Yokonuma—Hecke peuvent étre définis de fagon diagrammatique via une relation
d’écheveau (“skein relation”) qui est appliquée seulement a des croisements de composantes différentes.
Ce fait est trés important en lui-méme, puisque il existe tres peu d’invariants de noeuds qui sont définis
via des relations d’écheveau. Enfin, nous avons généralisé cette famille d’invariants a un nouvel invariant
d’écheveau en 3 variables qui est plus fort que le polynome Homflypt.

Dans [ChPdAZ2], nous avons défini des traces de Markov sur les algebres de Yokonuma—Hecke affines et
cyclotomiques. Appliquant la méthode de Jones, nous avons obtenu des invariants de noeuds classiques et
a poids dans le tore solide. Etant donnés les résultats de [CIKT], ces invariants ne sont pas topologique-
ment équivalents aux invariants de noeuds classiques dans le tore solide de type Homflypt obtenus des
algebres de Hecke affines et cyclotomiques dans [Lall, [GeLal [La2]. De facon similaire, des invariants en 1
variable de noeuds a poids et classiques peuvent étre obtenus grace a ’algebre de Temperley—Lieb a poids
en utilisant la trace de Juyumaya; ces invariants ne sont pas topologiquement équivalents au polynome
de Jones sur les entrelacs classiques [GJKL2].

Ce mémoire est organisé de la fagon suivante : dans le premier chapitre, nous présentons quelques
résultats préliminaires sur les blocs, les formes symétrisantes et les éléments de Schur, les applications
et les matrices de décomposition. Dans le deuxieme chapitre, nous étudions les algebres de Iwahori—
Hecke associées aux groupes de Coxeter finis et leur théorie des cellules de Kazhdan—Lusztig. Nous
définissons les familles de caractéres de trois fagons différentes, et les ensembles basiques canoniques en
caractéristique 0. Dans le troisieme chapitre, nous étudions les algebres de Hecke associées aux groupes
de réflexions complexes et explorons quelles propriétés se généralisent du cas réel au cas complexe.
Nous donnons la définition des algebres de Hecke génériques et cyclotomiques associées aux groupes de
réflexions complexes. Puis nous utilisons la définition de Rouquier afin de généraliser la notion de familles
de caracteres au cas des groupes de réflexions complexes, et nous expliquons comment nous pouvons
déterminer les familles de Rouquier dans tous les cas. Un role-clef dans cette détermination est joué par
la forme des éléments de Schur, qui ont été calculés, sous certaines hypotheses, pour tous les groupes
de réflexions complexes. Ces éléments de Schur sont aussi utilisés pour la définition d’une fonction a et
des ensembles basiques canoniques dans ce cas, et nous présentons nos résultats dans cette direction, qui
concernent plutot les groupes de la série infinie. Dans le chapitre 4, nous nous concentrons sur les algebres
de Ariki-Koike, i.e., les algebres de Hecke associées aux groupes de réflexions complexes de type G(I,1,n).
Méme si elles sont des cas particuliers d’algebres de Hecke étudiées dans le chapitre précedent, les algebres
de Ariki-Koike ont été définies indépendamment plus tot et étudiées combinatoirement par plusieurs
personnes. Elles constituent le cas le mieux exploré jusqu’a présent. Nous donnons de jolies formules
combinatoires pour les éléments de Schur des algebres de Ariki—Koike et la fonction a. Nous montrons
aussi que les familles de caractéres dans ce cas peuvent étre complétement déterminées par les familles
de caractéres des groupes de Weyl de type B. Enfin, nous discutons les applications de décomposition



pour les algebres de Ariki-Koike (non-graduées et graduées), et la preuve de Geck et Jacon de ’existence
des ensembles basiques canoniques via l'utilisation du théoreme d’Ariki. Dans le cinquieme chapitre,
nous introduisons les algebres de Cherednik rationnelles associées aux groupes de réflexions complexes,
qui dépendent d’un parametre ¢. Si ¢t # 0, alors il existe un lien entre la théorie des représentations des
algebres de Cherednik rationnelles et celle des algebres de Hecke cyclotomiques via le foncteur KZ, et nous
montrons comment on peut utiliser des informations sur I’'un pour obtenir des informations sur I'autre, en
particulier en ce qui concerne les matrices de décomposition et les ensembles basiques canoniques. Nous
obtenons l'existence des ensembles basiques canoniques pour plusieurs algebres de Hecke cyclotomiques,
parmi lesquelles les algebres de Iwahori-Hecke associées aux groupes de Coxeter finis et les algebres
de Ariki-Koike (sans l'utilisation du théoreme d’Ariki). Si ¢ = 0, il existe aussi un lien (qui n’est
pas encore bien compris) entre la théorie des représentations des algebres de Cherednik rationnelles et
celle des algebres de Hecke cyclotomiques, qui pourrait permettre le développement d’une théorie des
cellules de Kazhdan—Lusztig pour les groupes de réflexions complexes. Dans le dernier chapitre, nous
étudions les algebres de Yokonuma—Hecke, qui sont obtenues dans le contexte des groupes réductifs
finis comme généralisations des algebres de Iwahori-Hecke, et nous nous concentrons sur 'algebre de
Yokonuma—Hecke de type A. Nous étudions sa théorie des représentations, nous construisons une forme
symétrisante sur celle-ci et nous déterminons ses éléments de Schur. Puis nous démontrons des résultats
similaires pour les algebres de Yokonuma—Hecke affines et cyclotomiques, que nous introduisons comme
généralisations des algebres de Yokonuma-Hecke de type A. Nous étudions également la théorie des
représentations et construisons des bases pour les trois quotients de type Temperley—Lieb des algebres
de Yokonuma-Hecke: 'algebre de Yokonuma—-Temperley—Lieb, ’algebre de Temperley—Lieb & poids et
I'algebre de Temperley—Lieb de réflexions complexe. Nous déduisons que 'algebre de Temperley—Lieb a
poids est ’analogue le plus naturel de ’algebre de Temperley—Lieb dans ce cas. Enfin, nous parlons des
applications topologiques de toutes ces algebres, qui peuvent étre utilisées pour la définition des invariants
de noeuds a poids, classiques et singuliers avec 'utilisation des traces de Markov que nous définissons
sur celles-ci et la méthode de Jones. Nous montrons que les invariants de noeuds classiques provenant
des algebres de Yokonuma—Hecke sont en effet nouveaux, et ne sont pas topologiquement équivalents
aux fameux invariants polynomiaux obtenus dans le contexte classique des algebres de Iwahori—-Hecke
de type A (notamment, le polynéme Homflypt, les invariants de noeuds classiques dans le tore solide de
type Homflypt et le polynéme de Jones).






Introduction in English

Twahori-Hecke algebras associated to Weyl groups appear naturally in the study of finite reductive groups
as endomorphism rings of the permutation representation with respect to a Borel subgroup. They can
also be defined independently as deformations of group algebras of finite Coxeter groups. The aim of
this memoir is to study some aspects of the representation theory of Iwahori—-Hecke algebras and the
way they generalise in the cases of

e cyclotomic Hecke algebras, which are obtained as deformations of group algebras of complex reflec-
tion groups,

o Ariki-Koike algebras, which are obtained as generalisations of Iwahori—-Hecke algebras of types A
and B,

e Yokonuma—Hecke algebras, which are obtained in the study of finite reductive groups as endomor-
phism rings of the permutation representation with respect to a maximal unipotent subgroup.

In the process, we will also study another family of algebras associated to complex reflection groups, the
rational Cherednik algebras, whose representation theory has many connections with the representation
theory of Hecke algebras.

The aspects of the representation theory of these algebras on which we will focus will be the parametri-
sation and description of the irreducible representations in the semisimple and non-semisimple case, the
block structure, the symmetric algebra structure and the determination of the decomposition matrix
with respect to a specialisation.

Finite Coxeter groups are finite groups of real matrices that are generated by reflections. They
include the Weyl groups, which are fundamental in the classification of simple Lie algebras over C as
well as simple algebraic groups. Iwahori—-Hecke algebras associated to Weyl groups appear naturally as
endomorphism algebras of induced representations in the study of finite reductive groups. They can
also be defined independently as deformations of group algebras of finite Coxeter groups, where the
deformation depends on a parameter ¢ and a weight function L. For ¢ = 1, we recover the group algebra.
For a finite Coxeter group W, we will denote by H,(W, L) the associated Iwahori-Hecke algebra.

When ¢ is an indeterminate, the Iwahori-Hecke algebra H,(W, L) is semisimple. By Tits’s defor-
mation theorem, there exists a bijection between the set of irreducible representations of H,(W, L) and
the set Irr(W) of irreducible representations of W. Through this bijection, Lusztig attaches to every
irreducible representation of W an integer depending on L, thus defining the famous a-function. Here we
define the a-function using the symmetric algebra structure and the Schur elements of H,(W, L). The
a-function is used in Lusztig’s definition of families of characters, a partition of Irr(W) which plays a
principal role in the organisation of families of unipotent characters in the case of finite reductive groups.

Kazhdan-Lusztig theory is a key to understanding the representation theory of the Iwahori-Hecke
algebra H,(W, L). There exists a special basis of H,(W, L), called the Kazhdan-Lusztig basis, which
allows us to define the Kazhdan—Lusztig cells for Hy(W, L), a certain set of equivalence classes on W.
The construction of Kazhdan-Lusztig cells yields the construction of representations for H,(W, L). It
also gives another, more combinatorial, definition for Lusztig’s families of characters.

Now, when ¢ specialises to a non-zero complex number 7, and more specifically to a root of unity, the
specialised Iwahori-Hecke algebra #,, (W, L) is not necessarily semisimple and we no longer have a bijec-
tion between its irreducible representations and Irr(1W). We obtain then a decomposition matrix which
records how the irreducible representations of the semisimple algebra decompose after the specialisation.



A canonical basic set is a subset of Irr(W) in bijection with the irreducible representations of H, (W, L)
(and thus a labelling set for the columns of the decomposition matrix) with good properties. These good
properties ensure that the decomposition matrix has a lower unitriangular form while the a-function
increases (roughly) down the columns. Canonical basic sets were defined by Geck and Rouquier [GeRol,
who also proved their existence in certain cases with the use of Kazhdan—Lusztig theory. Thanks to the
work of many people, canonical basic sets are now proved to exist and explicitly described for all finite
Coxeter groups and for any choice of L (in characteristic 0).

Finite Coxeter groups are particular cases of complex reflection groups, that is, finite groups of
complex matrices generated by “pseudo-reflections”. Their classification is due to Shephard and Todd
[ShTo]: if W is an (irreducible) complex reflection group, then either W belongs to the infinite series
G(l,p,n) or W is one of the 34 exceptional groups Gy, ...,G3s7 (see Theorem . Important work in
the last two decades has suggested that complex reflection groups play a crucial, but not yet understood
role in representation theory, and may even become as ubiquitous as finite Coxeter groups in the study of
other mathematical structures. In fact, they behave so much like real reflection groups that Broué, Malle
and Michel [BMMI] conjectured that they could play the role of Weyl groups for, as yet mysterious,
objects generalising finite reductive groups. These objects are called “Spetses”.

Broué, Malle and Rouquier [BMR] defined Hecke algebras for complex reflection groups as defor-
mations of their group algebras. In the case of complex reflection groups of type G(I,1,n), these co-
incide with the Ariki-Koike algebras, already defined by Ariki and Koike [ArKo] as generalisations of
Iwahori-Hecke algebras of types A and B. A generalised Kazhdan—Lusztig cell theory for these algebras,
known as cyclotomic Hecke algebras, is expected to help find Spetses. Unfortunately, we do not have a
Kazhdan—Lusztig basis for complex reflection groups. However, we can define families of characters using
Rouquier’s definition: in [Rol], Rouquier gave an alternative definition for Lusztig’s families of characters
by proving that, in the case of Weyl groups, they coincide with the blocks of the Iwahori—Hecke algebra
over a certain ring, called the Rouquier ring. This definition generalises naturally to the case of complex
reflection groups and their cyclotomic Hecke algebras, producing the so-called Rouquier families. These
families have now been determined for all cyclotomic Hecke algebras of all complex reflection groups,
see [Ch3, [Ch4, [ChE]. A key role in this determination is played by the (still conjectural in some cases)
symmetric algebra structure of cyclotomic Hecke algebras and the corresponding Schur elements.

Using the Schur elements, we can also define an a-function and canonical basic sets for cyclotomic
Hecke algebras. Although there is no Kazhdan—Lusztig theory in the complex case, canonical basic sets
are now known to exist for the groups of the infinite series G(I,p,n) and for some exceptional ones. In
order to obtain canonical basic sets for Ariki—-Koike algebras, Geck and Jacon used Ariki’s Theorem on
the categorification of Hecke algebra representations and Uglov’s work on canonical bases for higher level
Fock spaces [GeJall, [Ja2l [Ja3l [GeJa2]. The result for G(I,p,n) derives from that for G(I,1,n) with the
use of Clifford Theory [GenJal [ChJa2).

Symplectic reflection algebras were introduced by Etingof and Ginzburg [EtGi] for the study of
symplectic resolutions of the orbit space V/G, where V' is a symplectic complex vector space and G is a
symplectic reflection group acting on V', that is, GG is a finite group generated by symplectic reflections.
A complex reflection group W C GL(h), where b is a complex vector space, can be seen as a symplectic
reflection group acting on V =0 & h*. Symplectic reflection algebras associated with complex reflection
groups are known as rational Cherednik algebras. They depend on a parameter ¢, and their representation
theory varies a lot according to whether ¢ is zero or not.

If t # 0, there exists an important category of representations of the rational Cherednik algebra, the
category O, and an exact functor, the Knizhnik—Zamalodchikov functor or simply KZ, from O to the
category of representations of a certain specialised cyclotomic Hecke algebra #,, (W) (the specialisation
depends on the choice of parameters for the rational Cherednik algebra; every specialised Hecke algebra
can arise this way). Category O is a highest weight category, and it comes equipped with a set of standard
modules {A(E) | E € Irr(W)}, a set of simple modules {L(E) | E € Irr(W)} and a decomposition matrix
that records the number of times that L(E) appears in the composition series of A(E’) for E, E' € Irr(W).
The exactness of KZ allows us to read off the decomposition matrix of H, (W) from the decomposition
matrix of category O. Using this, we proved in [CGG] the existence of canonical basic sets for all finite
Coxeter groups and for complex reflection groups of type G(I,1,n) (in characteristic 0). In particular,
we showed that E belongs to the canonical basic set for H, (W) if and only if KZ(L(E)) # 0. Our proof
of existence is quite general and it does not make use of Ariki’s Theorem for type G(I,1,n). However,
the explicit description of canonical basic sets in these cases by previous works answers simultaneously



the question of which simple modules are killed by the KZ-functor. We also proved that the images of
the standard modules via the KZ-functor are isomorphic to the cell modules of Hecke algebras.

As far as the case t = 0 is concerned, Gordon [Go|] introduced and studied extensively a finite-
dimensional quotient of the rational Cherednik algebra, called the restricted rational Cherednik algebra,
whose simple modules are parametrised by Irr(W). The decomposition of this algebra into blocks induces
a partition of Irr(W), known as Calogero—Moser partition. It is believed that there exists a connection
between the Calogero—Moser partition and the families of characters, first suggested by Gordon and
Martino [GoMa] for type B. In every case studied so far, the partition into Rouquier families (for a
suitably chosen cyclotomic Hecke algebra) refines the Calogero-Moser partition (“Martino’s conjecture”),
while for finite Coxeter groups the two partitions coincide. The reasons for this connection are still
unknown, since there is no apparent connection between Hecke algebras and rational Cherednik algebras
at t = 0. Inspired by this, and in an effort to construct a generalised Kazhdan—Lusztig cell theory, Bonnafé
and Rouquier have used the Calogero-Moser partition to develop a “Calogero—Moser cell theory” which
can be applied to all complex reflection groups [BoRoll [BoRo2|]. The fruits of this very recent approach
remain to be seen.

Yokonuma—Hecke algebras were introduced by Yokonuma [Yo] in the context of finite reductive groups
as generalisations of Iwahori—Hecke algebras. They are defined as endomorphism rings of the permutation
representation with respect to a maximal unipotent subgroup, and can thus be regarded as particular
cases of unipotent Hecke algebras. We will focus here on Yokonuma-Hecke algebras of type A, which
can be also defined independently as deformations of group algebras of complex reflection groups of type
G(l,1,n). We thus obtain another type of Hecke algebras associated to G(I,1,n), different from Ariki—
Koike algebras. Having studied the representation theory of Yokonuma-Hecke algebras in [ChPdA1],
we have discovered many similarities with the representation theory of Iwahori—-Hecke algebras of type
A; these similarities are explained by a result of Lusztig [Lu7], who has proved that Yokonuma-Hecke
algebras are isomorphic to direct sums of matrix algebras over tensor products of certain subalgebras of
Iwahori—-Hecke algebras.

We have now introduced and studied many interesting new algebras in the Yokonuma—Hecke algebra
setting, which are obtained as generalisations (or, as called in [JuLah], “framisations”) of important
algebras in the Iwahori—Hecke algebra setting. First of all, we have the affine and cyclotomic Yokonuma—
Hecke algebras, which generalise respectively the affine Hecke algebras of type A and the Ariki-Koike
algebras [ChPdA2]. In fact, we have shown in [ChSe| that affine Yokonuma-Hecke algebras appear
also naturally in the study of p-adic reductive groups, arising from a construction analogous to the one
used by Yokonuma, while cyclotomic Yokonuma—Hecke algebras give rise to both Ariki—-Koike algebras
and classical Yokonuma—Hecke algebras of type A, both as quotients and as particular cases. Further,
we have three possible generalisations of the Temperley—Lieb algebra: the Yokonuma—-Temperley—Lieb
algebra [GIJKLI], the Framisation of the Temperley-Lieb algebra [GJKL2] and the Complex Reflection
Temperley—Lieb algebra [GJKL2]. Our study of the structure and the representation theory of these
three algebras in [ChPoll [ChPo2] indicates that the Framisation of the Temperley—Lieb algebra is the
most natural analogue of the Temperley—Lieb algebra in this setting.

One of the reasons that Yokonuma—-Hecke algebras have attracted a lot of interest recently is their
topological applications. After Jones’s method [Jo2 [Jo3], the Ocneanu trace on the Iwahori-Hecke
algebra of type A and its quotient, the Temperley—Lieb algebra, can be used to define isotopy invariants
for classical knots and links, known as the Homflypt polynomial (or 2-variable Jones polynomial) and
the Jones polynomial respectively. In a similar way, using the Markov trace on the Yokonuma—Hecke
algebra of type A defined by Juyumaya [Ju2], one can define 2-variable isotopy invariants for framed,
classical and singular knots and links (see [JuLal]-[JuLad], [CJKLI).

For the past years, we have been trying to compare the family of 2-variable isotopy invariants of
oriented classical links arising from Yokonuma—Hecke algebras with the Homflypt polynomial, which
is included in this family (see [ChLa]). Very recently, we were successful in proving that we have
indeed obtained a new family of invariants, which are not topologically equivalent to the Homflypt
polynomial [CJKI]. In fact, we have shown that our invariants are topologically equivalent to the
Homflypt polynomial on knots, but they distinguish links that the Homflypt polynomial does not. Besides
computational data, we have given a diagrammatic proof based on the following result: the invariants
from Yokonuma—Hecke algebras can be defined diagrammatically via a special skein relation involving
only crossings between different components. This fact is very important in its own right, since there
are very few link invariants defined through skein relations. Finally, we have generalised this family of



invariants to a new 3-variable skein link invariant which is stronger than the Homflypt polynomial.

In [ChPdA2], we have defined Markov traces on affine and cyclotomic Yokonuma—Hecke algebras.
Applying Jones’s method, we have obtained invariants for framed and classical links in the solid torus.
In view of the results of [CJKI], these invariants are not topologically equivalent to the Homflypt-type
invariants for classical links in the solid torus obtained from affine and cyclotomic Hecke algebras in
[Lall [GeLal [La2]. Similarly, 1-variable isotopy invariants of oriented framed and classical links can be
obtained from the Framisation of the Temperley—Lieb algebra with the use of Juyumaya'’s trace; these
invariants are not topologically equivalent to the Jones polynomial on classical links [GJKL2].

This memoir is organised as follows: In the first chapter, we present some preliminary results on
blocks, symmetrising forms and Schur elements, decomposition maps and matrices. In the second chapter,
we discuss Iwahori—-Hecke algebras associated with finite Coxeter groups and their Kazhdan—Lusztig cell
theory. We define families of characters in three different ways, and canonical basic sets in characteristic 0.
In the third chapter, we study the Hecke algebras associated with complex reflection groups and explore
which properties generalise from the real case to the complex case. We give the definition of generic and
cyclotomic Hecke algebras associated with complex reflection groups. We then use Rouquier’s definition
in order to generalise the notion of families of characters to the case of complex reflection groups, and
we explain how we can determine the Rouquier families in all cases. A key role in this determination is
played by the form of the Schur elements, which have been calculated, under certain assumptions, for
all complex reflection groups. These Schur elements are also used for the definition of an a-function and
canonical basic sets in this case, and we present our results in this direction, which mostly concern the
groups of the infinite series. In Chapter 4, we focus on Ariki-Koike algebras, that is, Hecke algebras
associated with complex reflection groups of type G(I,1,n). Even though these are included in the Hecke
algebras studied in the previous chapter, Ariki-Koike algebras were defined earlier independently and
studied combinatorially by many people, so this is the best understood case. We give nice combinatorial
formulas for the Schur elements of Ariki-Koike algebras and the a-function. We also prove that the
families of characters in this case can be completely determined by the families of characters of Weyl
groups of tye B. Finally, we discuss decomposition maps for Ariki-Koike algebras (ungraded and graded),
and Geck and Jacon’s proof of existence of canonical basic sets with the use of Ariki’s Theorem. In the
fifth chapter, we introduce rational Cherednik algebras associated with complex reflection groups, which
depend on a parameter t. If ¢ # 0, then there is a connection between the representation theory of
rational Cherednik algebras and that of cyclotomic Hecke algebras through the KZ-functor, and we show
how we can use information on the former to obtain information on the latter and vice versa, especially
in regard to decomposition matrices and canonical basic sets. We obtain the existence of canonical basic
sets for many cyclotomic Hecke algebras, including Iwahori-Hecke algebras associated with finite Coxeter
groups and Ariki-Koike algebras (without the use of Ariki’s Theorem). If ¢ = 0, there is also a (not
yet understood) connection between the representation theory of rational Cherednik algebras and that
of cyclotomic Hecke algebras, which could allow the development of a Kazhdan—Lusztig cell theory for
complex reflection groups. In the last chapter, we study Yokonuma—Hecke algebras, which are obtained
in the context of finite reductive groups as generalisations of Iwahori—-Hecke algebras, and we focus on
the Yokonuma-Hecke algebra of type A. We study its representation theory, construct a symmetrising
form on it and determine its Schur elements. We then provide similar results for affine and cyclotomic
Yokonuma—Hecke algebras, which we introduce as generalisations of Yokonuma—Hecke algebras of type
A. We also study the representation theory and construct bases for the three suggested Temperley—Lieb
type quotients of Yokonuma—Hecke algebras: the Yokonuma—Temperley—Lieb algebra, the Framisation
of the Temperley—Lieb algebra and the Complex Reflection Temperley—Lieb algebra. We deduce that the
Framisation of the Temperley—Lieb algebra is the most natural analogue of the Temperley—Lieb algebra
in this case. Finally, we discuss the topological applications of all these algebras, which can be used
to define invariants for framed, classical and singular knots and links using the Markov traces that we
define on them and Jones’s recipe. We show that the classical link invariants arising from Yokonuma-—
Hecke algebras are actually new, and not topologically equivalent to the famous polynomial invariants
obtained in the classical setting of Iwahori-Hecke algebras of type A (namely, the Homflypt polynomial,
the Homflypt-type invariants of links in the solid torus and the Jones polynomial).
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Chapter 1

Algebras of Finite Type

Let R be a commutative integral domain and let A be an R-algebra, free and finitely generated as an
R-module. If R’ is a commutative integral domain containing R, we will write R'A for R’ ® g A and we
will denote by Irr(R’A) the set of irreducible representations of R’A.

1.1 Blocks

We define the block-idempotents of A to be the primitive idempotents of the centre Z(A) of A. Let K be
a field containing R such that the algebra K A is semisimple. Then K A is isomorphic to a direct product
of simple algebras,
KAz [ My,
Velrr(KA)

where My is a simple K-algebra. For all V' € Irr(K A), we denote by my : KA — My the projection
onto the V-factor and by ey the element of K A such that

Ly, V=V,
mvlev) =910 iy v

We have that the elements {eV}Veem(KA) are the block-idempotents of KA. Further, there exists a
unique partition BI(A) of Irr(K A) that is the finest with respect to the property:

VB € BI(A), ep:=» ev €A
vVeB

The elements {ep}pepi(a) are the block-idempotents of A. We have A = [[5cp;4) Aep. From now on,
we will refer to the parts of BI(A) as the blocks of the algebra A.

Example 1.1 Let G be a finite group. The group algebra Z[G] has only one block, which contains all
the irreducible representations of C[G].

1.2 Symmetrising forms and Schur elements

A symmetrising form on the algebra A is a linear map 7: A — R such that

(a) 7(ab) = 7(ba) for all a,b € A, that is, 7 is a trace function, and

(b) the map 7: A — Hompg(A, R), a — (x — 7(ax)) is an isomorphism of A-bimodules.
If there exists a symmetrising form on A, we say that A is a symmetric algebra.

Example 1.2 Let G be a finite group. The linear map 7 : Z[G] — Z defined by 7(1) =1 and 7(g) =0
for all g € G\ {1} is a symmetrising form on Z[G]; it is called the canonical symmetrising form on Z[G].
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Suppose that there exists a symmetrising form 7 on A. Let B = (b;);e; be an R-basis of A, and
let BY = (b))ier denote the dual basis of A with respect to 7, that is, 7(b;b) = ;5. Let K be a field

containing R such that the algebra K A is split. The map 7 can be extended to KA by extension of
scalars. Let V' € Irr(K A) with character xy. We have [GePf, Lemma 7.1.7]:

T ) =D xv(bi) by € Z(KA) . (1.1)
el

For any z € Z(K A), Schur’s lemma implies that z acts as a scalar on V'; we denote this scalar by wy (2).
The K-algebra homomorphism wy : Z(KA) — K is the central character associated with V. We define

sv = wy (T (xv))

to be the Schur element associated with V. We have sy € Ry, where R denotes the integral closure
of R in K [GePf, Proposition 7.3.9]. Moreover, note that the element sy satisfies:

syxv(D) =D xv(bi) xv (b)) -

icl

Example 1.3 Let G be a finite group and let 7 be the canonical symmetrising form on A := Z[G].
The set {g}yec forms a basis of A over Z, with {g7'},cc the dual basis of A with respect to 7.
If K is an algebraically closed field of characteristic 0, then KA is a split semisimple algebra and
sv = |G|/xv(l) € Q for all V € Irr(KA). Because of the integrality of the Schur elements, we must
have |G|/xv (1) € Zxk NQ =Z for all V € Irr(K A). Thus, we have also shown that xy (1) divides |G|.

Now, the algebra K A is semisimple if and only if sy # 0 for all V' € Irr(K A) [GePfl Theorem 7.2.6].
If this is the case, we have
1
= — 1.2
LD D O (1:2)

Velrr(KA)

and 1
ev = 7). (13)

Sv
where ey is the block-idempotent of K A corresponding to V. Both results are due to Curtis and Reiner
[CuRe], but we follow the exposition in [GePf, Theorem 7.2.6] and [GePf, Proposition 7.2.7] respectively.
Combining (|1.1)) with (1.3]), and following the characterisation of blocks of the algebra A given in Section

[I:1] we obtain the following description for the blocks of a symmetric algebra:

Proposition 1.4 Let K be a field containing R such that the algebra K A is split semisimple. The blocks
of the symmetric algebra A are the non-empty subsets B of Irr(K A) that are minimal with respect to the
property:

1
Z —xv(a) € R VYa € A
ves ®

1.3 Decomposition maps

Let K be a field containing R. Let Ry(K A) be the Grothendieck group of finite-dimensional K A-modules.
The group Ry (K A) is generated by expressions [V], one for each K A-module V' (up to isomorphism), with
relations [V] = [V'] + [V”] for each exact sequence 0 — V' — V — V" — 0 of K A-modules. Two K A-
modules V, V' give rise to the same element in Ro(K A), if V and V' have the same composition factors,
counting multiplicities. It follows that Ro(K A) is free abelian with basis given by the isomorphism
classes of simple modules. Finally, let Rj (K A) be the subset of Ro(KA) consisting of elements [V],
where V is a finite-dimensional K A-module.

From now on, we assume that R is integrally closed in K. Let 6 : R — L be a ring homomorphism into
a field L such that L is the field of fractions of §(R). We call such a ring homomorphism a specialisation
of R.

There exists a valuation ring @ C K such that R C O and Kerf consists of the elements of R that
belong to the maximal ideal J(O) of O. Let k denote the residue field of O. Then the restriction of the
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canonical map 7 : O — k to R has kernel J(O) N R = Kerf. Since L is the field of fractions of §(R), we
may regard L as a subfield of k. Thus, we obtain a commutative diagram

R C @ C K
) lﬂ
L c k

If now V is a K A-module, then there exists an OA-lattice V such that K @ V = V. The k-vector
space k ®p V is a kA-module via (1 ® a)(1®v) = 1 ® av (a € A,v € V), which we call the modular
reduction of V.

From now on, we will assume that either LA is split, or L = k and k is perfect. One consequence
of this assumption is that we can identify the Grothendieck groups Ro(LA) and Ry(kA). We then have
the following [GePf, Theorem 7.4.3]:

Theorem 1.5 The modular reduction induces an additive map dg : R (KA) — R (LA) such that
do([KV]) = [kV], where V is an OA-lattice and [kV] is regarded as an element of Ry (LA) via the
identification of Ro(kA) and Ro(LA).

The map dy is called the decomposition map associated with the specialisation 6 : R — L. Note that
the map dy depends only on 6 and not on the choice of the valuation ring O. The matrix Dy of this
map with respect to the bases of Ry(KA) and Ry(LA) consisting of the classes of the simple modules
is called the decomposition matriz associated with 6. The rows of Dy are labelled by Irr(K A) and the
columns of Dy are labelled by Irr(LA).

The following result gives a criterion for dg to be trivial. It is known as “Tits’s deformation theorem”.
For its proof, the reader may refer, for example, to [GePf, Theorem 7.4.6].

Theorem 1.6 Assume that KA and LA are split. If LA is semisimple, then K A is also semisimple and
the decomposition map dg is an isomorphism which preserves isomorphism classes of simple modules. In
particular, we have a bijection Irr(K A) < Irr(LA).

Finally, if A is symmetric, we can check whether the assumption of Tits’s deformation theorem is
satisfied using the following semisimplicity criterion involving the Schur elements [GePfl, Theorem 7.4.7].

Theorem 1.7 Assume that KA and LA are split and that A is symmetric with symmetrising form 7.
For any simple K A-module V', let sy € R be the Schur element with respect to 7. Then LA is semisimple
if and only if O(sy) # 0 for all V € Irr(K A).
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Chapter 2

Iwahori—Hecke Algebras

In this chapter we will focus on real reflection groups, while in the next chapter we will see what happens
in the complex case.

Let (W, S) be a finite Coxeter system. By definition, the finite Coxeter group W has a presentation
of the form

W =(S|(st)™* =1 Vs, tes)
with mss = 1 and mg > 2 for s # t. We have a length function ¢ : W — Zs¢ defined by ¢(w) =
min{r|w = s;, ...s;, with s;; € S} forall we W.

Let L : W — Zxq be a weight function, that is, a map such that L(ww’) = L(w) + L(w’) whenever
Lww') = l(w)+L(w"). For s, t € S, we have L(s) = L(t) whenever s and ¢ are conjugate in W. Let ¢ be
an indeterminate. We define the Jwahori-Hecke algebra of W with parameter L, denoted by H,(W, L),
to be the Z[q, ¢~ !]-algebra generated by elements (T})scs satisfying the relations:

(Ts — " NTe + ¢ L)y =0 and TLTT... = TT T, ... for s#t.

Mgt Mt

If L(s) = L(t) for all s,t € S, we say that we are in the equal parameter case. Since L is a weight
function, unequal parameters can only occur in irreducible types B,, Fy and dihedral groups Is(m) for
m even.

Example 2.1 Let W = &3. We have W = (s,t|s*> =t = (st)> = 1). Let L : W — Z>( be a weight
function and set [ := L(s) = L(t). We have

Hy(W,1) = Hy(W, L) = (Ty, Ty | T, T, = LTy, (T — ¢ )(Tu +q7") = (T, — ¢')(Ty + ¢7') = 0).

Let w € W and let w = s;, ...s;. be a reduced expression for w, that is, r = ¢(w). Set Ty, =
Ty, ... Ts, . The element T, is well-defined due to Matsumoto’s theorem (see, for example, [GePf,

Theorem 1.2.2]). As a Z[q, ¢~ ']-module, H,(W, L) is generated by the elements (T, )pew satisfying the
following multiplication formulas:

T2 =1+(¢"Y —q ") T, forses,

TwTw’ = Tww’ if E(ww/> = E(U}) + K(w/)

The elements (T)wew form a basis of H,(W, L), the standard basis.

2.1 Kazhdan—Lusztig cells

Let ¢« be the algebra involution on H,(W, L) given by t(q) = ¢~ and «(Ts) = T, ! for s € S (as a
consequence, (T,,) = T, ', for all w € W). By [KaLull Theorem 1.1] (see [Lu3, Proposition 2] for the
unequal parameter case), for each w € W, there exists an element C,, € H4(W, L) uniquely determined
by the conditions

UCw)=Cy and U(Cu)=Ty+ >  PowTs,

zeW, z<w
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where < stands for the Chevalley-Bruhat order on W and P, ,, € q'Z[q™']. The elements (Cy)wew
also form a basis of H,(W, L), the Kazhdan—Lusztig basis.

T

Example 2.2 We have C7; =77 =1 and, for all s € S, Cs = { Ts + g EOT, if L(s) i
s 1

Using the Kazhdan-Lusztig basis, we can define the following three relations on W. For z,y € W,
we have:

e v vy, if C; appears with non-zero coefficient in hC), for some h € H,(W, L).

o v+ y,if Cp appears with non-zero coefficient in Cyh’ for some h’' € H,(W, L).

e T ,r Y, if C, appears with non-zero coefficient in hCyh’ for some h, b’ € H (W, L).

If now we take the transitive closures of the above relations, we can define the following three preorders
on W: <¢, Sr, <R
The preorder <, defines an equivalence relation ~, on W as follows:

cr~ry & o<,y and y <e x.

The equivalence classes for ~, are called left cells. Similarly, one can define equivalence relations ~p
and ~,r on W, whose equivalence classes are called, respectively, right cells and two-sided cells.

Example 2.3 Following the notation of Example for W = &3 = {1, s,t,st,ts, sts = tst} and [ > 0,
o the left cells are {1}, {s,ts}, {t, st} and {sts} ;
o the right cells are {1}, {s, st}, {¢,ts} and {sts} ;
e the two-sided cells are {1}, {s,t, st,ts} and {sts}.

If I = 0, then all elements of W belong to the same cell (left, right or two-sided).
Let now € be a left cell of W. The following two Z[g, ¢~ *]-modules are left ideals of H,(W, L):
Hepe = (Cyly <cw,w € Czpg 01 and  Ho,e=(Cyly <cw,we&yd ygq1

Then
Mg = /HQLQ‘/,H<L€

is a free left H,(W, L)-module with basis indexed by the elements of €.

Let K C C be a field such that the algebra K (¢q)H,(W, L) is split semisimple (for example, we can
take K = C, or K = Q if W is a Weyl group). Now, since the left cells form a partition of W, we obtain
a corresponding direct sum decomposition of K (q)H,(W, L):

K(¢)H,(W,L) = @ K(q)Me (isomorphism of left K (q)H,(W, L)-modules), (2.1)

¢ left cell

where K(q)Me := K(q) ®z[q,4-1] Me. We obtain analogous decompositions with respect to right and
two-sided cells.

2.2 Schur elements and the a-function

From now on, set R := Z[g,q"'] and let K C C be a field such that he algebra K (q)H,(W, L) is split
semisimple.
Using the standard basis of the Iwahori-Hecke algebra, we define the linear map 7 : H,(W,L) — R
by setting
1 ifw=1,
7(Tw) = { 0 otherwise.
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The map 7 is a symmetrising form on H,(W, L), and the elements (T,-1)wew form a basis of H,(W, L)
dual to the standard basis with respect to 7 (that is, 7(T,-1 Ty ) = du,w) [GeP1, Proposition 8.1.1]. The
map 7 is called the canonical symmetrising form on H,(W, L), because it specialises to the canonical
symmetrising form on the group algebra Z[W] when ¢ — 1.

Now, the map 7 can be extended to K(q)H,(W,L) by extension of scalars. By Tits’s deformation
theorem, the specialisation ¢ — 1 induces a bijection between the set of irreducible representations
Irr(K (q)Hy(W, L)) of K(q)H,(W, L) and the set of irreducible representations Irr(W) of W. For E €
Irr(W), we will denote by VE the corresponding irreducible representation of K(q)H,(W, L) and by sp
the Schur element of H,(W, L) associated with VE. We have sp € Z[q,q ] for all E € Irr(W), where
Zy denotes the integral closure of Z in K.

Example 2.4 The irreducible representations of the symmetric group &,, are parametrised by the par-
titions of n. For W = &g, there are three irreducible representations. Let E®), EZ1D and E(MLD denote
respectively the trivial, reflection and sign representation of &3. Using again the notation of Example

we have
spe = (@ + D@+ ¢ +1), spen = +14+¢72, spaan = (@2 + 1) (@ + ¢ 2 +1).
We can define the functions a : Irr(W) — Z and A : Irr(W) — Z by setting
a(E) := —valuation,(sg) and A(E):= —degree,(sg).
Note that both functions depend on L. For brevity, we will write ap for a(E) and Ag for A(E).
Example 2.5 Following Example for W = &3, we have
age =0, ageny =2, agary =60 and  Age) = —6l, Agey = =21, Agaay =0.

The Schur elements of H,(W, L) have been explicitly calculated for all finite Coxeter groups:

e for type A, by Steinberg [St1],

e for type B, by Hoefsmit [Ho],

e for type D,, by Benson and Gay [BeGa] (it derives from type B,, with the use of Clifford theory),

for dihedral groups I2(m) by Kilmoyer and Solomon [KiSol,

for F,; by Lusztig [Lull,

for Es and E7 by Surowski [Su],

for Eg by Benson [Bel,

for Hs by Lusztig [Lu2],
e for H, by Alvis and Lusztig [AlLul.

There have been other subsequent proofs of the above results. For example, Iwahori-Hecke algebras of
types A, and B,, are special cases of Ariki—Koike algebras, whose Schur elements have been independently
obtained by Geck-Tancu-Malle [GIM] and Mathas [Mat].

A case-by-case analysis shows that the Schur elements of H,(W, L) can be written in the form

se=¢q " [ @) (2.2)

PeCycp

where g € Zg, ng,o € Zso and Cycy is a family of K-cyclotomic polynomials (see [GePf, Chapters 10
& 11], [Ch4l Theorem 4.2.5 & Proposition 4.3.5]).

Example 2.6 Following Example 2:4] for W = &3, we have

spe = Po(®)P3(¢*), spen = ¢ 2 P3(¢?), spaan = ¢ %@y (¢*)P5(¢*),

where ®,, denotes the n-th Q-cyclotomic polynomial.
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2.3 Families of characters and Rouquier families

The families of characters are a special partition of the set of irreducible representations of W. In the
case where W is a Weyl group, these families play an essential role in the definition of the families of
unipotent characters for the corresponding finite reductive groups. Their original definition is due to
Lusztig [Ludl 4.2] and uses the a-function.

Let I C S and consider the parabolic subgroup Wy C W generated by I. Then we have a correspond-
ing parabolic subalgebra H(W;, L) C H,(W, L). By extension of scalars from R to K(g), we also have
a subalgebra K(q)H(Wi,L) C K(q)H.(W, L), and a corresponding a-function on the set of irreducible
representations of Wr. Denote by Ind}9 the induction of representations from Wy to W. Let E € Irr(W)
and M € Irr(W;). We will write M ~»;, E if E is a constituent of Ind7 (M) and ap = ax.

Definition 2.7 The partition of Irr(W) into families is defined inductively as follows: When W = {1},
there is only one family; it consists of the unit representation of W. Assume now that W # {1} and that
the families have already been defined for all proper parabolic subgroups of W. Then E,E’ € Irr(W)
are in the same family of W if there exists a finite sequence E = Ey, By, ..., E, = E' in Irr(W) such
that, for each ¢ € {0,1,...,r — 1}, the following condition is satisfied: There exist a subset I; ; S and
M;, M! € Irr(W7,) such that M;, M/ belong to the same family of Wy, and either

Mi ML Ez and Mz/ ML Ei+1

or
Mi ~ L El ®e and MZI ~ T Ei+1 X e,

where £ denotes the sign representation of W. We will also refer to these families as Lusztig families.

Lusztig [Ludl 3.3 and 3.4] has shown that the functions a and A are both constant on the families of
characters, that is, if E and E’ belong to the same family, then ag = ag and Agp = Ag:.

The decomposition of W into two-sided cells can be used to facilitate the description of the partition
of Irr(W) into families of characters. As we saw in the previous section, Tits’s deformation theorem yields
a bijection between Irr(K (q)H,(W, L)) and Irr(W). Let E € Irr(W) and let VE be the corresponding
simple module of K(q)H,(W, L). Following the direct sum decomposition given by , there exists a
left cell € such that V¥ is a constituent of K (gq)Mg; furthermore, all such left cells are contained in the
same two-sided cell. This two-sided cell, therefore, only depends on E and will be denoted by Fg. Thus,
we obtain a natural surjective map

Irr (W) — {set of two-sided cells of W}, E — Fg
(see [Ludl, 5.15] for the equal parameter case; the same argument works in general).

Definition 2.8 Let E, E’ € Irr(W). We will say that E and E’ belong to the same Kazhdan—Lusztig
family if Fp = Fpr.

The following remarkable result, relating Lusztig families and Kazhdan—Lusztig families, has been
proved by Barbasch—Vogan and Lusztig for finite Weyl groups in the equal parameter case [Lud, 5.25].
It was subsequently proved, in [Lu6l 23.3] and [Ge5], to hold for any finite Coxeter group and any weight
function L, assuming that Lusztig’s conjectures P1-P15 [Luf, 14.2] are satisfied.

Theorem 2.9 Assume that Lusztig’s conjectures P1-P15 hold. The Lusztig families and the Kazhdan—
Lusztig families coincide.

Lusztig’s conjectures P1-P15 concern properties of the Kazhdan—Lusztig basis which should hold for
any finite Coxeter group and in the general multiparameter case. For the moment, Conjectures P1-P15
have been proved in the following cases:

e Equal parameter case for finite Weyl groups [KalLu2l [Lu6l, [Sp].
e Equal parameter case for Hz, Hy and dihedral groups I>(m) [Al [DuCloux].

e Unequal parameter case for Fy and dihedral groups Io(m) [Gedl [Ge9).
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e Asymptotic case and some other cases for B,, [Bolal [Boll [BGIL [Gela.

Moreover, these are exactly the cases where we have a description of the Kazhdan—Lusztig cells and
Kazhdan—Lusztig families. A conjectural combinatorial description of the Kazhdan—Lusztig cells for
type By, is given by [BGIL].

Example 2.10 The group &3 has three irreducible representations. Recalling the notation of Example
(2] for I > 0, each irreducible representation forms a family on its own. This is true in general for the
symmetric group &,,. For [ = 0, all irreducible representations belong to the same family. This is true
in general for the group algebra (L(s) = 0 for all s € S) of every finite Coxeter group.

In [Rol] Rouquier gave an alternative definition for Lusztig’s families. He showed that, for finite
Weyl groups in the equal parameter case, the families of characters coincide with the blocks of the
Iwahori-Hecke algebra H,(W, L) over the Rouguier ring

Ri(q) == Zklg,q " (" —1),54].

These are the Rouquier families of H,(W, L). One advantage of this definition, as we will see in the next
chapter, is that it can be also applied to complex reflection groups. This is important in the project
“Spetses” [BMMI], [BMM?2].

Following the determination of Rouquier families for all complex reflection groups (see Section
for references), and thus for all finite Coxeter groups, one can check that Rouquier’s result holds for all
finite Coxeter groups for all choices of parameters (by comparing the Rouquier families with the already
known Lusztig families [Ludl [Lu6]); that is, we have the following:

Theorem 2.11 Let (W,S) be a finite Coxeter system and let Hy,(W, L) be an Iwahori-Hecke algebra
associated to W. The Lusztig families and the Rouquier families of Hq(W, L) coincide.

2.4 Decomposition maps and canonical basic sets

As we saw in Section the specialisation ¢ — 1 yields a bijection between the set of irreducible
representations of K(q)Hq(W, L) and Irr(W). What happens though when ¢ specialises to a complex
number? The resulting Iwahori-Hecke algebra is not necessarily semisimple and the first questions that
need to be answered are the following: What are the simple modules for the newly obtained algebra? Is
there a good way to parametrise them? What are their dimensions? One major approach to answering
these questions is through the existence of “canonical basic sets”.

Let 0 : Zk[q,q '] — K(n), ¢ = n be a ring homomorphism such that 1 is a non-zero complex
number. Let us denote by #, (W, L) the algebra obtained as a specialisation of Hq(W, L) via 6. Set
K := K(n). Due to the form of the Schur elements of H,(W, L) given by (2.2)), and following Theorem
the algebra KH, (W, L) is semisimple unless ) is a root of unity.

Example 2.12 Since &3 is a Weyl group, the algebra Q(q)H,(S3,1) is split semisimple. Now, following
Example the algebra Q(n)H,(S3,1) is semisimple if and only if 7* ¢ {—1,w,w?}, where w :=
exp(2mi/3).

If K#H,, (W, L) is semisimple, then, by Tits’s deformation theorem, the specialisation 8 yields a bijection
between Irr(K(q)Hq,(W, L)) and Irr(KH, (W, L)). Thus, the irreducible representations of K, (W, L)
are parametrised by Irr(W). If K#,, (W, L) is not semisimple, then we have a well-defined decomposition

map

dy : Ro(K(q)Hq(W, L)) — Ro(KH,(W, L))
such that, for all E € Irr(IW), we have

do([VF]) = > [VE: M[M].
MeTrr(KH,, (W,L))

The matrix
_ E .
Dy = ([V : M])Eelrr(W),MEIrr(KH,,(W,L))

is the decomposition matrix with respect to 6. If KH, (W, L) is semisimple, then Dy is a permutation
matrix.
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Definition 2.13 A canonical basic set with respect to 6 is a subset By of Irr(W) such that

(a) there exists a bijection Irr(K#H, (W, L)) <> Bo, M +— Er;

(b) [VEM . M] =1 for all M € Trr(KH,, (W, L));

(c) if [VE : M] # 0 for some E € Irr(W), M € Irr(KH,(W, L)), then either E = Ey or ag,, < ag.

If a canonical basic set exists, the decomposition matrix has a lower unitriangular form (with an
appropriate ordering of the rows). Thus, we can obtain a lot of information about the simple modules
of KH, (W, L) from what we already know about the simple modules of K (¢q)Hq(W,L).

A general existence result for canonical basic sets is proved by Geck in [Ge7, Theorem 6.6], following
earlier work of Geck [Ge2], Geck—Rouquier [GeRo] and Geck—Jacon [GeJal]. Another proof is given in
[GeJa2]. Canonical basic sets are explicitly described for all finite Coxeter groups:

e for type A, by Geck [Ge2],
e for type B,, by Jacon [Ja2],
e for type D,, by Geck [Gel] and Jacon [Jal,

e for all remaining groups from the explicit tables of decomposition matrices obtained by Geck, Lux
and Miiller.

For a complete survey on the topic, we refer the reader to [GeJa2].

Example 2.14 Let W be the symmetric group &,,. Then W is generated by the transpositions s; =
(i, +1) for all i = 1,...,n — 1, which are all conjugate in W. Set [ := L(s;) and let n?' be a primitive
root of unity of order e > 1. By [DiJal Theorem 7.6], we have that, in this case, the canonical basic set
By is the set of e-regular partitions (a partition is e-regular if it does not have e non-zero equal parts).
For example, for n = 3, we have By = {E®), EZD1 for e € {2,3}, and By = Irr(&3) for e > 3.
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Chapter 3

Cyclotomic Hecke Algebras

Cyclotomic Hecke algebras generalise the notion of Iwahori-Hecke algebras to the case of complex reflec-
tion groups. For any positive integer e we will write ¢, for exp(2wi/e) € C.

Let b be a finite dimensional complex vector space. A pseudo-reflection is a non-trivial element
s € GL(b) that fixes a hyperplane pointwise, that is, dimcKer(s —idy) = dimch — 1. The hyperplane
Ker(s — idy) is the reflecting hyperplane of s. A complex reflection group is a finite subgroup of GL(h)
generated by pseudo-reflections. The classification of (irreducible) complex reflection groups is due to
Shephard and Todd [ShTol:

Theorem 3.1 Let W C GL(h) be an irreducible complex reflection group (i.e., W acts irreducibly on
h). Then one of the following assertions is true:

e There exists a positive integer n such that (W,h) = (&,,,C"1).

o There exist positive integers l,p,n with l/p € Z and | > 1 such that (W, ) = (G(l,p,n),C"™), where
G(l,p,n) is the group of all n X n monomial matrices whose non-zero entries are l-th roots of unity,
while the product of all non-zero entries is an (I/p)-th root of unity.

o (W, h) is isomorphic to one of the 34 exceptional groups G, (n=4,...,37).

If W C GL(b) is an irreducible complex reflection group, then the dimension of § is called the rank
of W. We have rank(&,,) = n — 1, rank(G(l,p,n)) = n for I > 1 and rank(G,) € {2,3,...,8} for
n=4,...,37.

Remark 3.2 We have G(I,1,n) = (Z/IZ)16,, = (Z/IZ)" x &,.

Remark 3.3 We have G(1,1,n) =2 &, G(2,1,n) = B,, G(2,2,n) = D,, G(m,m,2) = Is(m),
Gas = H3, Gag = Fy, G3o = Hy, G35 = Eg, G3¢ = Er, Gzr = Eg.

Let W C GL(h) be a complex reflection group. Benard [Ben| and Bessis [Bes] have proved (using a
case-by-case analysis) that the field K generated by the traces on § of all the elements of W is a splitting
field for W. The field K is called the field of definition of W. If K C R, then W is a finite Coxeter
group, and if K = Q, then W is a Weyl group.

3.1 Hecke algebras for complex reflection groups

Let A be the set of reflecting hyperplanes of W. Let h™® := b\ Uy, H and Bw := 71 (h™8/W, x0),
where x( is some fixed basepoint. The group By is the braid group of W. For every orbit C of the action
of W on A, we set e¢ the common order of the subgroups Wy, where H is any element of C and Wy is
the pointwise stabiliser of H. Note that Wy is cyclic, for all H € A.

We choose a set of indeterminates u = (uc j)cea/w)(ogj<ec—1) and we denote by Z[u, u~!] the
Laurent polynomial ring in the indeterminates u. We define the generic Hecke algebra H(W) of W to
be the quotient of the group algebra Z[u,u™!][By/] by the ideal generated by the elements of the form

(s —uco)(s —uca) (s —ucec—1),
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where C runs over the set A/WW and s runs over the set of monodromy generators around the images in
h e /W of the elements of C [BMR] §4].
From now on, we will make the following assumptions for H(W):

Assumptions 3.4

(a) (Freeness conjecture) The algebra H(W) is a free Zlu,u™']-module of rank |W|.

(b) (Trace conjecture) There exists a canonical symmetrising form T on H(W) that satisfies certain
canonicality conditions [BMMI, §1 and 2/; the form T specialises to the canonical symmetrising form
on the group algebra of W when uc ; — gg’c.

The above assumptions are known to hold for all finite Coxeter groups [Bou, IV, §2] and for the
complex reflection groups of the infinite series G(I, p,n) [BMMI] [BreMal [MalMat, [GIM]. As far as the
exceptional complex reflection groups are concerned, the freeness conjecture has been proved for all
groups of rank at least 3 (Gas,...,G37) [Marll Mar2, [MarPf] and (almost all) groups belonging to the
first two families of groups of rank 2 (Gy, ..., G15) [Chall, plus the groups Gy [Cha2] and Goo [MarPf].
For the five remaining groups (G17,...,G21), the freeness conjecture is still open, but seems now to be
within reach. In all the cases for which the freeness conjecture is proved, one can actually find a basis
originating from the braid group itself, as expected in [BMMT], §1.17]. A weaker version of this conjecture
states that (W) should be at least finitely generated as a Z[u, u~!]-module. The weak version is known
for every group [EtRal [Marll Mar2, [MarP{], and it is strong enough to imply some of the results that we
will see in this chapter. Finally, the only (non-Coxeter) exceptional groups for which the trace conjecture
has been proved are G4, G12, G2z and Gaq [MalMi| (the case of G4 was later independently checked in
[MarWal).

Under Assumptions we can always find Ny € Z~ such that if we take

i N
ue; = ¢l.ve (3.1)

and set v := (vcj)ced/w)(0<j<ec—1), then the K(v)-algebra K (v)H (W) is split semisimple. Malle
[Mal3l, 5.2] has shown that taking Ny, to be the number of roots of unity in K works every time, but
sometimes it is enough to take Ny to be even as small as 1 (for example, if W = G(I,1,n) or W = G,).
By Tits’s deformation theorem, it follows that the specialisation v¢ ; — 1 induces a bijection between
Irr (K (v)H(W)) and Irr(W). From now on, we will consider H(W) as an algebra over Zg[v,v~!], where
Zy denotes the integral closure of Z in K.

Example 3.5 The group W = G(I,1,n) is isomorphic to the wreath product (Z/I1Z)S,, and its splitting
field is K = Q(¢;). In this particular case, we can take Ny = 1 [ArKo|. The algebra K(v)H(W) is
generated by elements s, tq,...,t,_1 satisfying the braid relations of type B,,:

stlstl = tlstls, Sti = tiS and ti—ltiti—l = titi_lti fOI‘ 1= 2, e, — 1, titj = tjti fOI‘ ‘Z — j| > 1,
together with the extra relations:
(s —vs0)(s— Qusa)---(s— ll_lvsjl_l) =0 and (t; —vg0)(t; +ve1) =0 foralli=1,...,n—1.

The Hecke algebra of G(I,1,n) is also known as Ariki-Koike algebra, with the last quadratic relation
usually looking like this:

(t; —q)(t; +1) =0, (32)
where ¢ is an indeterminate. The irreducible representations of G(I,1,n), and thus the irreducible
representations of K (v)H(W), are parametrised by the [-partitions of n. We will talk more about
Ariki-Koike algebras in the next chapter.

Let now ¢ be an indeterminate and let m = (mc ;) cea/w)(o<j<ec—1) be a family of integers. The

Z-algebra morphism
Pm - ZK[Vvv_l] — ZK[Q: q_l}a ve,j qmc.j

is called a cyclotomic specialisation. The Zg|[q,q *]-algebra H,, (W) obtained as the specialisation of
H(W) via @y is called a cyclotomic Hecke algebra associated with W. The Iwahori-Hecke algebras
defined in the previous chapter are cyclotomic Hecke algebras associated with real reflection groups.

Following [Ch4l Proposition 4.3.4], the algebra K (q)H,,, (W) is split semisimple. By Tits’s deforma-
tion theorem, the specialisation g +— 1 yields a bijection between Irr(K (q)H,, (W)) and Irr(W).
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Example 3.6 We say that ¢, is the spetsial cyclotomic specialisation if me¢ o =1 and m¢ ; = 0 for all
1<j<ec—1. Fow W =G(l,1,n), the spetsial cyclotomic Hecke algebra H,, (W) is generated by the
elements s, t1,...,t,_1 satisfying the braid relations of type B,,, together with the extra relations:

(s—q)(s" ' +s"24 . 4s+1)=0 and (t; —q)(t;+1)=0 foralli=1,...,n—1.

3.2 Schur elements and the a-function

The canonical symmetrising form 7 on H(W) (see Assumptions can be extended to K (v)H (W) by
extension of scalars, and can be used to define Schur elements (sg)gpenw) for H(W), as in the real
case. The Schur elements of (W) have been explicitly calculated for all complex reflection groups:

e for finite Coxeter groups see

e for complex reflection groups of type G(I,1,n) by Geck-Tancu—Malle [GIM] and Mathas [Mat];
e for complex reflection groups of type G(I,2,2) by Malle [Mal2];

e for the non-Coxeter exceptional complex reflection groups by Malle [Mal2| [Mal4].

With the use of Clifford theory, we obtain the Schur elements for type G(I,p,n) from those of type
G(l,1,n) whenn > 2 or n = 2 and p is odd. The Schur elements for type G(I,p, 2) when p is even derive
from those of type G(I,2,2) (see [Malll, [Chdl A.7]).

Using a case-by-case analysis, we have been able to determine that the Schur elements of H(W) have
the following form [Ch4l Theorem 4.2.5].

Theorem 3.7 Let E € Irr(W). The Schur element sg is an element of Z[v,v~!] of the form

sp=EeNp || Yei(Ms,) (3.3)

ielp
where
(a) g is an element of L,
(b)) Ng =1lc, vgfjij is @ monomial in Zx[v,v~] with E;igl be,; =0 for allC e A/W,
(c) Ig is an index set,
(d) (VE,i)icry ts a family of K -cyclotomic polynomials in one variable,

(e) (Mg.)iciy is a family of monomials in Zg[v,v~] such that if Mg ; = Ile,; vijj, then ged(ac;) = 1
and 53 acy =0 for all C € A/W.

Equation (3.3) gives the factorisation of sg into irreducible factors. The monomials (Mg ;)icr, are
unique up to inversion, and we will call them potentially essential for W.

Remark 3.8 Theorem Was independently obtained by Rouquier [Ro2, Theorem 3.5] using a general
argument on rational Cherednik algebras.

Example 3.9 Let us consider the example of &3, which is isomorphic to G(1,1,3). We have
sp@ = Po(ve,0051)P3(Ve005 1), Spen = Uy ove1P3(Ve 005 1), Spaan = v ovp Pa(veove 1) Ps(veove 1),
where ®,, denotes the n-th Q-cyclotomic polynomial.

Let ¢om : v¢; — ¢ be a cyclotomic specialisation. The canonical symmetrising form on H (W)
specialises via ¢m to become a canonical symmetrising form 7, on H,, (W). The Schur elements of
Hpm (W) with respect to 7,,, are (¢m(se))pewr(w), hence they can be written in the form . We
can again define the a-function a™ : Irr(W) — Z and the A-function A™ : Irr(W) — Z by setting

ay = —valy(¢m(sg)) and AR := —degq(wm(sE)).
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3.3 Families of characters and Rouquier families

Let ¢m : ve,; — ¢ be a cyclotomic specialisation and let H,_, (W) be the corresponding cyclotomic
Hecke algebra associated with W. How can we define families of characters for #H,_ (W)? We cannot
apply Lusztig’s original definition, because parabolic subgroups of complex reflection groupsﬂ do not have
a nice presentation as in the real case, and certainly not a “corresponding” parabolic Hecke algebra. On
the other hand, we do not have a Kazhdan-Lusztig basis for H,,_ (W), so we cannot construct Kazhdan—
Lusztig cells and use them to define families of characters for complex reflection groups in the usual way.
However, we can define the families of characters to be the Rouquier families of #H,_ (W), that is, the
blocks of M, (W) over the Rouquier ring Rk (q), where

Ri(q) = Zxlg.q ' (¢" = 1),24].

By Proposition the Rouquier families are the non-empty subsets B of Irr(W) that are minimal with
respect to the property:
Pm(xe(h))

EcB m

where xg and sg are respectively the character and the Schur element of K (v)H (W) corresponding to
E € Irr(W).

Broué and Kim [BrKi] determined the Rouquier families for the complex reflection groups of type
G(l,1,n), but their results are only true when [ is a power of a prime number or ¢, is a “good”
cyclotomic specialisation (for example, we have shown that their results hold when ¢y, is the spetsial
cyclotomic specialisation [Ch3l Proposition 3.20]). The same problem persists, and some new appear,
in the determination of the Rouquier families for G(I,p,n) by Kim [Kim]. Malle and Rouquier [MalRo]
calculated the Rouquier families for some exceptional complex reflection groups and the dihedral groups,
for the spetsial cyclotomic specialisation. More recently, we managed to determine the Rouquier families
for all cyclotomic Hecke algebras of all complex reflection groups [Chll [Ch3l [Ch4l [Ch5|, thanks to their
property of “semicontinuity”. In order to explain this property, we will need some definitions.

Let M = Hc, j vgfj’j be a potentially essential monomial for W. We say that the family of inte-
gers m = (mc j)(ced/w)(o<j<ec—1) belongs to the potentially essential hyperplane Hys (of R>-c ec) if
chj me jac,; = 0.

Suppose that m belongs to no potentially essential hyperplane. Then the Rouquier families of
Hopm (W) are called Rouquier families associated with no essential hyperplane. Now suppose that m
belongs to a unique potentially essential hyperplane H. Then the Rouquier families of H, (W) are
unions of the Rouquier families associated with no essential hyperplane and they are called Rouquier
families associated with H. If they do not coincide with the Rouquier families associated with no essen-
tial hyperplane, then H is called an essential hyperplane for W. All these notions are well-defined and
they do not depend on the choice of m because of the following theorem [Ch4) §4.4]:

Theorem 3.10 (Semicontinuity property of Rouquier families) Let m = (mc ;j)cea/w)(o<i<ec—1)
be a family of integers and let om : vc; — ¢ be the corresponding cyclotomic specialisation. The
Rougquier families of M, (W) are unions of the Rouquier families associated with the essential hyper-
planes that m belongs to and they are minimal with respect to this property.

Thanks to the above result, it is enough to do calculations in a finite number of cases in order to
obtain the families of characters for all cyclotomic Hecke algebras, whose number is infinite.

Example 3.11 For W = &3, the Rouquier families associated with no essential hyperplane are trivial
(that is, every block is a singleton). The hyperplane Hj; corresponding to the monomial M = Ut,00, 11 is
essential, and it is the unique essential hyperplane for &3. Let ¢m : v j = ¢, 7 = 0, 1, be a cyclotomic
specialisation. We have that m = (mg, my) belongs to Hj if and only if mg = my. There is a single
Rouquier family associated with Hj;, which contains all irreducible representations of G3.

IThe parabolic subgroups of a complex reflection group W C GL(h) are the pointwise stabilisers of the subsets of h. It
is a remarkable theorem by Steinberg [St2] Theorem 1.5] that all parabolic subgroups of W are again complex reflection
groups.
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We have computed the Rouquier families associated with no and each essential hyperplane:

e With the use of GAP3 for all exceptional complex reflection groups [Ch4l; the results can be found
on my webpage [Ch-web|, while very recently, together with Jean Michel, we programmed the algo-
rithm described in [Ch4] in the GAP3 package CHEVIE (see chevie/contr/rouquierblockdata.g).

e Combinatorially for the groups of type G(I,1,n) [Ch3]; we will see more on these results in the
next chapter.

e With the use of Clifford theory for the groups G(I,p,n), for n > 2 or n = 2 and p odd, from the
Rouquier families for G(I,1,n) [ChS].

e Applying the algorithm of [Chd4] for G(I,2,2) [Chj].

e With the use of Clifford theory for the groups G(, p,2), for p even, from the Rouquier families for
G(1,2,2) [ChA).

A consequence of the above results is the following:

Proposition 3.12 The Rouquier families associated with no essential hyperplane are trivial if and only
if W =Gy or W is of type G(I,1,n).

Note that, by definition, the Rouquier families associated with an essential hyperplane are not trivial
for any complex reflection group.

Now, part of the algorithm used for the determination of the Rouquier families is the easy-to-prove
fact that the function a + A is constant on the Rouquier families (see, for example, [BrKi, Proposition
2.9]). However, we have also managed to show that, similarly to the real case, both functions a and A
are constant on the Rouquier families, for all cyclotomic Hecke algebras of all complex reflection groups:

e With the use of GAP3 for all exceptional complex reflection groups [Ch2|; the programme used,
Degval.g, is available on my webpage [Ch-web].

e Combinatorially for the groups of type G(I,1,n) [BrKil, [Ch3].

e With the use of Clifford theory for the groups G(I,p,n), for n > 2 or n = 2 and p odd, from the
analogous result for G(I,1,n) [Chj].

e With explicit calculations for G(I,2,2) [Chj].

e With the use of Clifford theory for the groups G(I,p,2), for p even, from the analogous result for
G(1,2,2) [ChE).

Finally, we would like to point out that the semicontinuity property of the Rouquier families is part
of the block behaviour of algebras whose Schur elements are of the form (3.3). We have studied the block
theory of this type of algebras, which we call essential algebras, in [Ch4]. Besides generic Hecke algebras
of complex reflection groups, another example of essential algebras are the Yokonuma—Hecke algebras
which will be studied in the last chapter.

3.4 Decomposition maps and canonical basic sets

Given a cyclotomic Hecke algebra H,, (W) and a ring homomorphism 6 : ¢ — n € C\ {0}, we obtain a
semisimplicity criterion and a decomposition map exactly as in A canonical basic set with respect
to 6 is also defined in the same way.

In [ChJal], we showed the existence of canonical basic sets with respect to any 6 for all cyclotomic
Hecke algebras associated with finite Coxeter groups, that is, when the weight function L in the definition
of Hq(W, L) is also allowed to take negative values.

For non-Coxeter complex reflection groups, things become more complicated. For W = G(I,1,n),
consider the specialised Ariki—Koike algebra with relations

(=€) s=¢1) (8 =¢1) =0, (ti=C)(ti+1)=0 fori=1,....,n—1,
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where (sq,...,51-1) € Z' and e € Zo. With the use of Ariki’s Theorem [Ar2] and Uglov’s work on
canonical bases for higher level Fock spaces [Ug], Geck and Jacon [GeJall [Ja2l [Ja3, [GeJa2] have shown
that, for a suitable choice of m, the corresponding function ™ yields a canonical basic set for the above
specialised Ariki-Koike algebra. However, this does not work the other way round: not all cyclotomic
Ariki-Koike algebras admit canonical basic sets. We will see more on canonical basic sets for type
G(l,1,n) in the next chapter.

In [ChJa2], building on work by Genet and Jacon [GenJa], we generalised the above result to obtain
canonical basic sets for all groups of type G(I,p,n) with n > 2, or n = 2 and p odd.

Finally, for the exceptional complex reflection groups of rank 2 (Gy,...,G22), we have shown the
existence of canonical basic sets for the cyclotomic Hecke algebras appearing in [BrMa] with respect to

any specialisation ¢ [ChMil.
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Chapter 4

Ariki—Koike Algebras

Ariki-Koike algebras were introduced by Ariki and Koike [ArKo] as generalisations of Iwahori-Hecke
algebras of types A and B. They can be viewed as the Hecke algebras associated with the complex
reflection groups of type G(I, 1,n). In this chapter, we will switch from the notation for the indeterminates
used in Example to the notation more traditionally used for Ariki-Koike algebras.

Let R be a commutative integral domain with 1. Fix elements ¢, Qo, ..., @;—1 of R, and assume that
q is invertible in R. Set q := (Qo, - .., Qi—1; q). The Ariki-Koike algebra Hd is the unital associative
R-algebra with generators s, tq, ..., t,—1 and relations:

(s=Qo)(s=Q1) - (s—Qi-1)=0
(ti—q)(ti—kl):() forl<i<n—1
St15t1 = tlstls
titivits = tipatitir  for 1<
tit; = t;t; for0<i<j<n—1withj—i>1
The Ariki-Koike algebra H3 is a deformation of the group algebra of the complex reflection group
G(l,1,n).
For w € 6, if w = s, ...s;, is a reduced expression for w, with s; = (4,7 + 1), set ty, :=t;, ... t;, .

Further, define elements X,, := ¢*"™t,m_1...t1st1 ... t,_1 for m =1,2,...,n. Ariki and Koike [ArKol
have proved that the set

{XP7' X3 Xty |lw e 6,,0< ay, <I—1forallm=1,2,...,n} (4.1)

is a basis of H¥ as an R-module. In particular, H2 is a free R-module of rank "n! = |G(l,1,n)|.

In addition, when R is a field, Ariki and Koike have constructed an H3-module V> for each I-partition
A of n, which is called the Specht module. These modules form a complete set of non-isomorphic simple
modules in the case where H2 is semisimple. By Ariki’s semisimplicity criterion [Arl], the algebra H2
is (split) semisimple if and only if

II G+g+-—+a ] I (es—a#o. (4.2)

1<i<n 0<s<t<l—1 —n<k<n

4.1 Combinatorics of partitions and multipartitions

Let [ and n be positive integers.

4.1.1 Partitions

A partition A = (A\1,...,Ap) is a family of positive integers such that A\ > Ao > ... > Ay > 1. We call
h the length or height of the partition A. We write |A| := Z?Zl A; and we say that ) is a partition of n
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if n = |\|. We denote by P(n) the set of partitions of n. To each partition A we associate its S-number,
B)\ = (ﬂh 627 e 76}1)7 defined by

ﬂl Z:h—i-)\l—l,ﬁg Z:h+)\2—2,...7ﬁh Z:h—f—)\h—h:)\h.

Note that 81 > 8o > -+ > Bp > 1.
We define the set of nodes [A] of A to be the set

A= {(ig) [ 1<i<h 1< <A

We identify partitions with their Young diagrams: the Young diagram of A is a left-justified array of h
rows such that the i-th row contains \; boxes (nodes) for all i = 1,...,h.

The conjugate partition N = (A,...,A},,) of A is defined by A} := #{i|1 < i < h such that \; > j}.
We have b’ = A\;. The Young diagram of )\’ is the transpose of the Young diagram of A\. A node (,7) € [}]
if and only if (j,7) € [N].

If © = (i,7) € [\ and u is another partition, we define the generalised hook length of x with respect
to (A, ) to be the integer:

Wt = N =i — j+ 1
For p = A, the above formula becomes the classical hook length formula (giving the length of the hook
of X that  belongs to). Moreover, we define the content of x to be the difference j — i.
Finally, we set

h n B /
N =) (-1 = %ZW —N = ( AQ ) _

i=1 i=1 i=1

4.1.2 Multipartitions

An I-partition (or multipartition) of n is an ordered I-tuple A = (A(O, XD A0=D) of partitions such
that |A| := Zi;é IN®| = n. We denote by P(I,n) the set of I-partitions of n. The empty multipartition,
denoted by @, is an I-tuple of empty partitions. If X = (A(Q, XD  A=D) € P(I,n), we denote by X
the [-partition ()\(O)/, )\(1)/, ceey )\(lfl)/). For i =0,1,...,1— 1, we denote by h(Y) and ) the height and
B-number of A(*) respectively. Finally, we denote by X the simple partition of n obtained by writing in
decreasing order all the entries of A (that is, all the elements of the multiset A(® U XM U ... U (=D),

Example 4.1 Let us take [ = 2, n = 6 and XA = ((2,1),(3)). We have X" = ((2,1),(1,1,1)) and
A=(3,2,1).

If B = (B1,P2,...,0n) is a sequence of positive integers such that 51 > B2 > -+ > S and m is a
positive rational number, then the m-shifted of 8 is the sequence of numbers defined by

Blm] = (B1 +m, Bo+m,..., By +mym—1,m—2,....,m— [m] +1,m — [m]),

where [m] denotes the integer part of m.
From now on, we suppose that we have a given weight system m := (mg,m1,...,m;_1) € Q\. We
define the (I, m)-charged height of A to be the family (he(®, he®, ... he(=1), where

hel® = pO) — mo, he = pM) — M, ... he=1 = pl=1) — my_1,

)

and the m-charged height of A to be the integer

hex == max  hel®,

0<i<i—1

Fori=0,1,...,1 =1, we set '
Bc(;) = BD[hex — he?).
We then have

B = (bC§i))1gj<hCA+[mi] where bc;i) = ﬁj(-i) + hex — hel) = )\§-i) —j+hex +my
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(taking ,BJ(-i) = )\g-i) =0 for j > ().
The m-charged standard symbol of X is the family of numbers defined by

Bey = (BCE\O), Bcf\l), cee Bc()ffl)).

It is a tableau of numbers arranged into [ rows indexed by the set {0,1,...,] — 1} such that the i-th row

has length equal to hcy + [m;]. In general, an m-charged symbol of X is a family of numbers obtained

from the m-charged standard symbol of A by shifting all the rows by the same positive rational number.
The m-charged content of A is the multiset

Contcy = Bcg?) U Bcg\l) U...u Bcgf_l).

Example 4.2 Let us take [ =2, n =6, A= ((2,1),(3)) and m = (—1,2). Then

3 1
BC*‘(? 3 2 1 0)

Let s € Z with s > hca. Let Bcej be the m-charged symbol of A obtained from Bcy by shifting all
the rows by s — hey. Let k1 > ko = -+ > Ky, with t = Is + Zli;(l)[miL be the elements of the multiset

Becj, written in decreasing order (if s = hca, these are simply the elements of Contcy). We set

We have Contcy = {7,3,3,2,1,1,0}.

t

nm(A) = (i = 1)s;.

i=1

Let r € Z~g, By [GeJa2] Proposition 5.5.11], the following element of Q does not depend on the choice
of the integer s:
a™ () i= 1 (mn(A) = nm(0)). (4.3)

We will see in the next section that at™") corresponds to the a-function of an Ariki-Koike algebra.

4.2 Schur elements and the a-function

Let 7 : H1 — R be the linear map defined by

1 ifal:(]{2:...:an:Oandu):]_7

al az An —
T X X ) _{ 0 otherwise,

where w € G, and 0 < a,, <! —1forallm = 1,2,...,n. The function 7 was introduced by Bremke
and Malle [BreMa] who showed that 7 is a trace form and that 7 is essentially independent of the choice
of basis of HJ. It is not obvious from the definition above that 7 coincides with the form introduced by
Bremke and Malle; however, this was proved by Malle and Mathas in [MalMat], where they also showed
that 7 is a canonical symmetrising form on HI whenever all @);’s are invertible in R. As we will see in
Chapter @ 7 is the Markov trace on HJ with all parameters equal to 0.

From now on, we assume that all ¢, Qo,...,Q;—1 are invertible in R. Let K be a field containing
R such that KH3 is split semisimple. As mentioned in the beginning of this chapter, but also due to
Tits’s deformation theorem, the simple modules of K'HJ are parametrised by the [-partitions of n. For
X € P(I,n), we denote by V* the corresponding simple module and by sx(q) the Schur element of V*
with respect to 7. As we saw in sa(q) belongs to the integral closure Rx of R in K.

For example, we can take ¢, Qq, ..., Q;_1 to be indeterminates, R = Z[qg*!, %1, ey li_ll] and K =
Q(q,Qo,...,Qi—1). In this case, we call H2 the generic Ariki-Koike algebra, and we have sx(q) €
Zigt, QE, ..., QE] for all X € P(1,n).

The Schur elements of H2 have been calculated independently by Geck, Tancu and Malle [GIM], and
by Mathas [Mat]. Their papers provide different combinatorial formulas for the calculation of sx(q),
which are described in both cases as quotients of elements of K. Even though it was theoretically known
that these quotients belonged to Ry, there was no combinatorial formula to describe the terms remaining
after the division. In [ChJa2], we managed to obtain a cancellation-free formula for the Schur elements
of Hl:

31



Theorem 4.3 Let A = ()\(0), A )\(l_l)) be an l-partition of n. Then

a@= 0Ny T I [T @ e -,

0<s<U—1 (i,5)€[A(®)] 0K t<I—1

Since the total number of nodes in X is equal to n, the above formula can be rewritten as follows:

_ _ X\ (s) y(s) A(S)’)\(t) _
sa(@) = ()" VT I (w1 II @ eert-1),

0<s<I—1 (i,5)€[A)] 0<t<I—1, t#s
where [m]g == (¢™ —1)/(q—1) =¢™  +¢" 2 +---+q+1, for allm € Zy.

Jean Michel and the author programmed the cancellation-free formula for the Schur elements of
Ariki-Koike algebras into the GAP3 package CHEVIE. This made the algorithm for the computation of
the Schur elements faster than the pre-existing one.

Now, applying Theorem[I.7|with the formulas for the Schur elements given in Theorem [.3]yields easily
Ariki’s semisimplicity criterion . Further, if we take ¢ = u” and Q; = (ju"™ for all i = 0,...,1 — 1,
where u is an indeterminate, r € Z~o and g, ...,r—1 € Z, then the algebra H3 is a cyclotomic Ariki-
Koike algebra (since it can be obtained via the cyclotomic specialisation ¢ : ¢ — u", Q; — (liu” from
the generic Ariki-Koike algebra). Set m; :=r;/r for alli =0,...,l — 1 and m := (mo,...,m;_;) € Q".
Let A € P(d,n). Then the a-value of the irreducible representation E* of G(I,1,n) corresponding to A

that is, the negative of the valuation of sx(q)) is equal to a(™") [GeJa2, Proposition 5.5.11]. Theorem
allows us to give an alternative description of the a-value of E* [ChJa2, Proposition 4.5]:

Proposition 4.4 Let HI™" be the cyclotomic Ariki-Koike algebra defined above, and let X € P(d,n).
The a-value of E> is

SRS RIEVED DENED DI DI o ORIy

0<s<I—1 (4,§)€[A(®)] 0KE<I—1,t£s

4.3 Families of characters and Rouquier families

The Rouquier families for cyclotomic Hecke algebras associated with the complex reflection group
G(l,1,n), that is, cyclotomic Ariki-Koike algebras, have been first determined by Broué and Kim [BrKil,
but it turned out that their results were only true in the case where [ is a power of a prime number.

In [Ch3], we gave the correct families for any I, using the property of semicontinuity explained in the
previous chapter. In fact, we discovered that the Rouquier families for G(I,1,n) are determined by the
families of characters of Weyl groups of type B.

Let r,79,71,...,71 € Z. If r # 0, set m; :=r;/r foralli =0,...,l—1 and m := (myg,...,m;_1) € Q".
Let u be an indeterminate. Let

0 Zle™, Q' Qi) = Zlu)
be the cyclotomic specialisation defined by
plg) =u" and ©(Q:) = Gu".
Then we have the following result due to Broué and Kim [BrKil.

Proposition 4.5 Let X\, € P(I,n) and assume that r # 0. If E* and E* are in the same Rouquier
family, then Contcy = Contc,, with respect to the weight system m. The converse is true when [ is a
power of a prime number.

Now, using the form of the Schur elements, we obtain that the essential hyperplanes for G(I,1,n) are:

o kr+rs—r, =0forall —=n < k < n if (f — ¢/ is not a unit in Z[(].
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e r=0.

Remark 4.6 Note that, according to Theorem the Rouquier families do not depend on the actual
values of the r;’s and r, but only on the essential hyperplanes to which they belong. Therefore, as long
as r # 0, we can always restrict to the case r = 1.

It is obvious from the form of the Schur elements that the Rouquier families associated with no
essential hyperplane are all trivial. We now have the following two results about the Rouquier families
associated with the essential hyperplanes described above [Ch3, Propositions 3.15, 3.16, 3.17]:

Proposition 4.7 Let A, € P(l,n). The following are equivalent :

(1) E* and E* are in the same Rouquier family associated with the essential hyperplane kr 41—y = 0.

(2) XD =y for all i ¢ {s,t} and Conte(ye) am) = Conte
(0,k).

() () with respect to the weight system

(3) AXO = uD for alli ¢ {s,t} and Conte(ye) Ay = Conte ) ) with respect to the weight system
(mg,my).

(4) XD = 1@ for all i ¢ {s,t} and E(’\(S)’)‘(t)), EWV1 ) gre in the same Rouquier family of the

cyclotomic Ariki-Koike algebra of type Bjy)|4 x| oblained via the specialisation :

g—=u", Qo u", Q1 —u

Proposition 4.8 Let A\, € P(I,n). Then E* and E* are in the same Rouquier family associated with
the essential hyperplane v = 0 if and only if |ND| = |uD| for alli =0,...,1 - 1.

Using the above results, we managed to prove that the functions a and A are constant on Rouquier
families (for r # 0, this was already a known consequence of Proposition . We also created the
program RBAK.g, available on my webpage [Ch-web|, which allows the computation of the Rouquier
families for any cyclotomic Ariki-Koike algebra on GAP3.

Finally, the results above allowed for the correct determination of the Rouquier families of the cyclo-
tomic Hecke algebras associated with the complex reflection groups G(I,p,n), with the use of Clifford
theory, in the cases where n > 2, or n = 2 and p is odd [Ch5|.

4.4 Decomposition maps and canonical basic sets

A few of the results in this section have been briefly discussed in They are repeated here for reasons
of completeness.

4.4.1 Classical setting

We now consider the specialised Ariki—Koike algebra with relations
(s=¢O)(s—=¢Y)---(s=(+1)=0, (t; —C)(t; +1)=0 fori=1,...,n—1, (4.4)

where (sg,...,5_1) € Z' and e € Z~y.

Geck and Jacon [GeJall, [Ja2l [Ja3l [GeJa2] have shown that, for a suitable choice of m, the correspond-
ing function a™ := o™ ") where r can be any positive integer, yields a canonical basic set for the above
specialised Ariki-Koike algebra. This canonical basic set consists of the so-called “Uglov [-partitions”
[Ja3, Definition 3.2]. However, this does not work the other way round: not all cyclotomic Ariki-Koike
algebras admit canonical basic sets. For a study about which values of m yield canonical basic sets, see
[Gerx].

The key result in the determination of the decomposition matrix for Ariki-Koike algebras has been
Ariki’s proof [Ar2l [Ar3|] of the Lascoux-Leclerc-Thibon Conjecture [LLT], which relates this matrix to
the canonical basis matrix of the irreducible highest weight module of highest weight determined by
(s0y.--,81-1) as a submodule of the Fock space in affine type A. The latter depends on a parameter

33



v and, according to Ariki’s Theorem, the decomposition matrix of the Ariki-Koike algebra equals the
canonical basis matrix (for any realisation of the highest weight module) when v = 1.

In the next chapter, we will see that we can prove the existence of canonical basic sets for Ariki-Koike
algebras without the use of Ariki’s Theorem, but with the use of the category O for rational Cherednik
algebras.

Generalising the above results, we proved in [ChJa2] the existence of canonical basic sets for the
specialised Ariki-Koike algebra with relations

(s=¢)(s=¢) -+ (s=¢") =0,  (ti=¢)ti+1)=0 fori=1,....n—1,  (4.5)

where (sg,...,5_1) € Z' and r,e € Z~¢; we called the elements of this canonical basic set “generalised
Uglov [-partitions”.

The basis of our proof is a reduction theorem by Dipper and Mathas [DiMa] which allows us to
restrict to the case r = 1: more specifically, the specialised Ariki—-Koike algebra given by is Morita
equivalent to a direct sum of tensor products of Ariki—-Koike algebras of the form (associated with
groups G(l;,1,n;) with I; < I and n; < n). Morita equivalent algebras have the same decomposition
matrix.

This result allowed us, with the use of Clifford theory, and building on previous work by Genet and
Jacon [GenlJal, to obtain canonical basic sets for all cyclotomic Hecke algebras associated with groups of
type G(I,p,n) with n > 2, or n = 2 and p odd [ChJa2).

4.4.2 Graded setting

Recently, using the works of Khovanov—Lauda [KhLa] and Rouquier [Ro3], Brundan, Kleshchev and
Rouquier have shown the existence of a Z-grading on Ariki-Koike algebras defined over any field [BrKI1l,
Ro3]. The next natural step is to study the graded representation theory of these algebras. In the
characteristic 0 case, using a grading on the Specht modules explicitly constructed in [BKW], Brundan
and Kleshchev [BrKIll, [BrKI2] have shown the existence of a certain “graded decomposition matrix”
(with coefficients in N[v,v~!] for some indeterminate v). In addition, they have proved that this matrix,
which may be viewed as a quantisation of the usual decomposition matrix, corresponds to the canonical
basis matrix in one realisation of the irreducible highest weight module as a submodule of the Fock space
in affine type A. This gives a graded analogue of Ariki’s Theorem.

However, there exist several possible realisations of the irreducible highest weight modules as sub-
modules generated by the vacuum vector of the Fock space, and thus several canonical bases matrices,
in affine type A. Therefore, it is natural to ask whether all these matrices can be expressed as graded
decomposition matrices. From this perspective, one problem is to obtain a canonical way to define these
graded decomposition matrices; indeed, Brundan and Kleshchev’s approach depends on the existence
and the choice of the Specht modules for the Ariki-Koike algebras.

In [ChJa3|] we developped a general theory for graded decomposition matrices, using the concept of
specialisation. This pursuit is motivated by the works above, but can be also interesting as a subject in
its own right, providing a graded analogue of the usual notion of decomposition matrices associated with
specialisation maps. In particular, we obtain a graded analogue of Theorem [I.5]and a factorisation result
which is a graded analogue of [Ge3l Proposition 2.6]. Combined with the results obtained in [AJL], our
results could indicate the existence of several graded representation theories for Ariki—-Koike algebras.
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Chapter 5

Rational Cherednik Algebras

Let W C GL(h) be a complex reflection group. There is a natural pairing (, ) : h x b* — C given by
(y,z) := z(y). Let S be the set of all pseudo-reflections in W and let ¢ : S — C be a conjugacy invariant
function, that is, a map such that

c(lwsw™ ) =c(s) VseS, weW.

Let V :=h @ bh* and let TV* denote the tensor algebra on the dual space of V. For s € S, fix ag € h*

to be a basis of the one-dimensional vector space Im(s — idy)|p+ and «) € h to be a basis of the one-

dimensional vector space Im(s —idy)|y. Let ¢t € C. The rational Cherednik algebra Hy (W) of W is the
quotient of TV* x W by the relations:

v
y? aS as ) z
[x17x2] =0, [yla yQ] =0, [yax} = t(y,x) -2 ZC(S) ((04\2(04))
seS s278

(5.1)

for all z1,z9,2 € b* and y1,y2,y € .

Example 5.1 Let W = &,, and h = C". Choose a basis z1,...,x, of h* and a dual basis y1, ..., y, of
h so that
or; = ZTe;o and o0y = Yoo Vo € Gy, 1 <i<n.

The set S is the set of all transpositions in &,,. We denote by s;; the transposition (¢, j). Set
oyj = x; —x; and al\/j:yi—yj Vi<i<j<n.
We have (a;,ai;) = 2. There is a single conjugacy class in S, so take ¢ € C. Then H; (6,,) is the
quotient of TV* x G,, by the relations:
(i, 2] =0, [yi,y;] =0, [ys,zi] =1t — chij, lyi, x;] = ¢85 for i # j.
J#i

Remark 5.2 For all A € C*, we have Hy; xe(W) = Hy o(W). So we only need to consider the cases
t=1andt=0.

There is a natural filtration F on H; (W) given by putting V* in degree one and W in degree
zero. The crucial result by Etingof and Ginzburg is the Poincaré-Birkhoff-Witt (PBW) Theorem [EtGil
Theorem 1.3].

Theorem 5.3 Let C[V] be the set of reqular functions on 'V (that is, the symmetric algebra Sym(V*) of
the dual space of V). There is an isomorphism of algebras

grr(Hee(W)) = ClV] 3 W,

given by o(v) — v, o(w) — w, where o(h) denotes the image of h € Hy (W) in gryr(Hc(W)). In
particular, there is an isomorphism of vector spaces

H; (W) =C[V]© C[W].
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5.1 Rational Cherednik Algebras at t =1

The PBW Theorem implies that the rational Cherednik algebra H; (W), as a vector space, has a
“triangular decomposition”
H, (W) = Clh] @ C[W] @ C[h"].

Another famous example of a triangular decomposition is the one of the enveloping algebra U(g) of a finite
dimensional semisimple complex Lie algebra g (into the enveloping algebras of the Cartan subalgebra,
the nilpotent radical of the Borel subalgebra and its opposite). In the representation theory of g, one
of the categories of modules most studied, and best understood, is category O, the abelian category
generated by all highest weight modules. Therefore, it makes sense to want to construct and study an
analogue of category O for rational Cherednik algebras.

5.1.1 Category O

Let H; ¢(W)-mod be the category of all finitely generated Hy o(W)-modules. We say that a module
M € H;y (W)-mod is locally nilpotent for the action of h C C[h*] if for each m € M there exists N >> 0
such that bV -m = 0.

Definition 5.4 We define O to be the category of all finitely generated Hy (W)-modules that are locally
nilpotent for the action of h C C[h*].

Remark 5.5 Each module in category O is finitely generated as a C[h]-module.

Category O has been thoroughly studied in [GGOR]. Proofs of all its properties presented here can
be found in this paper.
For all E € Irt(W), we set
A(E) = Hl,C(W) ®(C[f]*]><lW .E‘7

where C[h*] acts trivially on E (that is, the augmentation ideal C[h*], acts on E as zero) and W acts
naturally. The module A(FE) belongs to O and is called a standard module (or Verma module). Each
standard module A(E) has a simple head L(E) and the set

{L(E)|E € Irr (W)}

is a complete set of pairwise non-isomorphic simple modules of the category O. Every module in O has
finite length, so we obtain a well-defined square decomposition matrix

D = ([A(E) : L(E")]) b, prene(w).

where [A(FE) : L(E’)] equals the multiplicity with which the simple module L(E’) appears in the com-
position series of A(E). We have [A(E) : L(E)] = 1.

Proposition 5.6 The following are equivalent:
(1) O is semisimple.

(2) A(E)=L(E) for all E € Irr(W).

(3) D is the identity matriz.

Now, there exist several orderings on the set of standard modules of O (and consequently on Irr(W))
for which O is a highest weight category in the sense of [CPS| (see also [Ro2, §5.1]). If < is such an
ordering on Irr(W), and if [A(E) : L(E")] # 0 for some E, E’ € Irr(W), then either E = FE’ or E' <o E.
Thus, we can arrange the rows of D so that the decomposition matrix is lower unitriangular. We will
refer to these orderings on Irr(W) as orderings on the category O. A famous example of such an ordering
is the one given by the c-function.

36



5.1.2 A change of parameters and the c-function

In order to relate rational Cherednik algebras with cyclotomic Hecke algebras via the KZ-functor in the
next subsection, we need to change the parametrisation of Hy (). As in let A denote the set of
reflecting hyperplanes of W. For H € A, let Wy be the pointwise stabiliser of H in W. The group Wg
is cyclic and its order, denoted by ec, only depends on the orbit C € A/W that H belongs to. We have

that
S=J wu\{1}.
HeA

For each s € Wy \ {1}, we have Kera; = H. Without loss of generality, we may assume that ay = ay
and oy = Y, for all s, s’ € Wy \ {1}. Set ag := a5 and ay, := /. Then the third relation in (5.1))

becomes i 2)
) (Y $9:8 *
ly.2] = (v —22‘”(;—QH) > cls)s Vrenyen.
HeA HSH) oy (1)

We define a family of complex numbers k = (k¢ ;) cea/w)(0<j<ec—1) DY

ec—1
-2 Y cls)s= > | D det(s) I(kc;—kej1)|s for HeC,
seWg\{1} seWgu\{1} \ 7=0
with k¢, 1 = 0. This implies that
6c 1

:—deet Ikej — ke j1)-
From now on, we will denote by Hy (W) the quotient of TV* x W by the relations:

[21,22] =0, [y1,92] =0, [y,2] = (y.2) + > W7H7
HeA ag o)

where
ec—1

YH = Z Z det k‘cj kC,j—l) w

weWn\{1} \ 7=0

for all z1,z2,x € b* and y1,y2,y € h. We have Hy (W) = Hy (W).
Let E € Irr(W). We denote by cg the scalar by which the element

_ Z Z_ ( Z (detw)_jw> ke,; € Z(C[W])
HeA j=0 \weWg

acts on E. We obtain thus a function ¢ : Irr(W) — C, E — c¢g. The c-function defines an ordering <.
on the category O as follows: For all E, E’ € Trr(W),

E' <. E ifand only if cg —cp € Zo.

Remark 5.7 If cg — cgr ¢ Z\ {0} for all E, E’ € Trr(W), then D is the identity matrix, and thus O is
semisimple.

Remark 5.8 In the rational Cherednik algebra literature the function c is usually taken to be the
negative of the one defined here. In the context of this chapter the above definition is more natural. In
both cases we obtain an ordering on the category O.
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5.1.3 The KZ-functor

Following [GGOR], §5.3], there exists an exact functor, known as the Knizhnik—Zamalodchikov functor or
simply KZ, between the category O of Hy (W) and the category of representations of a certain specialised
Hecke algebra Hy(W). Using the notation of this specialised Hecke algebra Hy (W) is the quotient
of the group algebra C[By/| by the ideal generated by the elements of the form

(s — exp(2mike,0))(s — Cecexp(2mike1)) -+ (s — (¢ Lexp(2mikc o 1)),

where C runs over the set A/W and s runs over the set of monodromy generators around the im-
ages in h**8 /W of the elements of C. The algebra Hyx (W) is obtained from the generic Hecke algebra
Clv,v Y H(W) via the specialisation © : ’uév;‘/ — exp(2mikc ;) (recall that Ny is a positive power to
which the indeterminates vc; appear in the defining relations of the generic Hecke algebra so that the
algebra C(v)H(W) is split; see (3.1)). We always assume that Assumptions hold for H(W).

The functor KZ is represented by a projective object Pkz € O, and Hyx(W) = Endgy, (w)(Pkz)
[GGOR)], §5.4]. Based on this, we obtain that the category O is semisimple if and only if the algebra
Hx (W) is semisimple [Val Theorem 2.1]. We can thus use the semisimplicity criterion for Hyx (W) given
by Theorem in order to determine for which values of k the category O is semisimple.

Now let <o be any ordering on the category O as in Subsection [5.1.1

Proposition 5.9 Set B := {E € Irr(W) | KZ(L(E)) # 0}.

(a) The set {KZ(L(E))| E € B} is a complete set of pairwise non-isomorphic simple Ha(W)-modules.
(b) For all E € Trr(W), E' € B, we have [A(E) : L(E')] = [KZ(A(E)) : KZ(L(E"))].

(c) If E € B, then [KZ(A(E)) : KZ(L(E))] = 1.

(d) If [KZ(A(E)) : KZ(L(E'))] # 0 for some E € Irr(W) and E' € B, then either E = E' or E' <o E.

Property (a) follows from [GGOR] Theorem 5.14]. For the proof of properties (b), (¢) and (d), all of
them deriving from the fact that KZ is exact, the reader may refer to [CGG| Proposition 3.1].

The simple modules killed by the KZ-functor are exactly the ones that do not have full support.
Their determination, and thus the determination of the set B, is a very difficult problem.

5.2 Canonical basic sets for Hecke algebras from rational Chered-
nik algebras

Let © and Hx (W) be defined as above. We have a decomposition matrix Dy for the specialised Hecke
algebra Hy (W) with respect to the specialisation ©. The rows of Dy are indexed by Irr(W) and its
columns by Irr(Hyk(W)). Following Proposition Dy can be obtained from the decomposition matrix
D of the category O by removing the columns that correspond to the simple modules killed by the KZ-
functor, that is, the columns labelled by Irr(W) \ B. This implies that Dy becomes lower unitriangular
when its rows are ordered with respect to <@, in the same way that, in the cases where © factors
through a cyclotomic Hecke algebra, the existence of a canonical basic set implies that Dy becomes
lower unitriangular when its rows are ordered with respect to the a-function. If we could show that
the a-function defines an ordering on the category O, we would automatically obtain the existence of a
canonical basic set for Hy(W). At the same time, we would obtain the determination of B in the cases
where canonical basic sets have already been explicitly described.

5.2.1 The (a + A)-function

Let m = (mc ;) (cea/w)0<j<ec—1) be a family of integers and let ¢, : ve j — ¢ be the corresponding
cyclotomic specialisation for the Hecke algebra H(W). Let 6 : ¢ — n be a specialisation such that 7
is a non-zero complex number. If 7 is not a root of unity or n = 1, then, due to Theorem [I.7] and the
form of the Schur elements of H,,_, (W), the specialised Hecke algebra #, (W) is semisimple. So we may
assume from now on that 7 is a root of unity of order e > 1, namely n = (] for some r € Z~( such that
ged(e,r) = 1.
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Let k = (k¢ j)(cea/w)0<j<ec—1) be the family of rational numbers defined by

N,
ke j = TTWmc,j for all C,j.

Then Hyx (W) = H,(W). Following [CGGl §3.3], we obtain the following equation which relates the
functions ™ and A™ for H,, (W) with the c-function for Hy (W):

ec—1
m m €
af+ AR = mcE + 1;4 jz:;) me,; for all E € Irr(W), (5.2)

where C denotes the orbit of H € A under the action of W.

Remark 5.10 The above formula was also obtained in [GGOR)], §6.2] for finite Weyl groups in the equal
parameter case.

Equation implies that a™ + A™ yields the same ordering on Irr(W) as the c-function (note that
in this case cg € Q for all E € Irr(W)). Thus, a™ + A™ is also an ordering on the category O, that is,
if [A(E) : L(E")] # 0 for some E, E’' € Irr(W), then either E = E' or a'%, + A%, < o + A®. If now
the function ™ is compatible with a™ + A™, that is, for all E, E’ € Irr(W),

ap + AR < af + AR = ap < af, (5.3)

then a™ is an ordering on the category O and we obtain the existence of a canonical basic set for H,, (W)
with respect to 6 by Proposition[5.9] This is true in several cases, but unfortunately not true in general.
Some exceptional complex reflection groups where (5.3]) holds and the above argument works are:

Goz = H3, Gas, Gar, Gog and G3zg = Hy.

This yields the existence of canonical basic sets for the groups Ga4, G27 and Gag, which was not known
before. To summarise, we have the following [Ch6l Proposition 5.11]:

Proposition 5.11 Let W = G,, n € {23,24,27,29,30}. Let m and k be defined as above, and let
E,E € Irr(W). If [A(E) : L(E')] # 0, then either E = E' or a'®, < a'®. In particular, we have
KZ(L(E)) # 0 if and only if E belongs to the canonical basic set of H, (W) with respect to 0 : q — (.

5.2.2 Canonical basic sets for Iwahori—-Hecke algebras

Equation has also allowed us to show that, in the case where W is a finite Coxeter group, and
assuming that Lusztig’s conjectures P1 — P15 hold, the c-function is compatible with the ordering </r
on two-sided cells, since a and A are (see [Ge8, Remark 5.4] for the a-function, [Lu6l Corollary 21.6] and
[ChJall, Proposition 2.8] for A). This in turn was crucial in showing [CGG| Corollary 4.7]:

Proposition 5.12 Let (W, S) be a finite Coxeter group and let Hy(W, L) be the Iwahori-Hecke algebra
of W with parameter L, as defined in Chapter[3 For H € A, let sy € W be the reflection with reflecting
hyperplane H and let C be the orbit of H under the action of W. If H € C, then we have L(sg) = L(sy)
and we can set L¢ := L(sy). Let e,r € Z~q such that ged(e,r) = 1, and take, for allC € A/W,

L L
keo= =S and key=——C.
& (&

If E € Irr(W), then KZ(L(E)) # 0 if and only if E belongs to the canonical basic set of Hq(W, L) with
respect to 0 : q — (.

The proof uses a connection, established in [CGG| Proposition 4.6], between category O and the
cellular structure of the Iwahori-Hecke algebra. More specifically, if E € Irr(W), then KZ(A(E)) is iso-
morphic to the cell module Wy(FE) defined in [Ge6l Example 4.4]; we will not go into further details here.
Note though that, in Proposition we have not included the assumption that Lusztig’s conjectures
must hold. The reason is that the only case where they are not known to hold, the case of B,,, is covered

by Corollary below.
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Remark 5.13 The above result can be generalised to the case where kcg = AL¢ and kc1 = —AL¢
for any complex number X\. If A € Z or A € C\ Q, then both category O and Hexp(2min) (W, L) are
semisimple, so the statement trivially holds. If X is a negative rational number, let us say A = —r/e for
some e,r € Zso with ged(e,r) =1, and E € Irr(W), then KZ(L(E)) # 0 if and only if E belongs to the
canonical basic set of (W, —L) with respect to 6 : ¢ — (. We recall now that the canonical basic sets
for finite Coxeter groups where L can take negative values are described in [ChJal]. In fact, F belongs
to the canonical basic set of H (W, —L) with respect to 6§ : ¢ — ¢ if and only if E ® ¢ belongs to the
canonical basic set of H,(W, L) with respect to 6, where £ denotes the sign representation of W.

Proposition [5.12) yields the existence of canonical basic sets for all finite Coxeter groups in a uniform
way. At the same time, it yields a description of the simple modules that are not killed by the KZ-
functor, since canonical basic sets for finite Coxeter groups are explicitly known (see, for example,
[GeJa2]). However, it does not imply that the a-function is an ordering on the category O, because we
do not know what happens with the simple modules killed by the KZ-functor. We do believe though
that, for finite Coxeter groups, the a-function is an ordering on the category O.

Example 5.14 Let W be the symmetric group &,, and let [ := L(s) for every transposition s € &,
(there exists only one orbit C in A/W). Let n* := (7 for some e,r € Z~o with ged(e,7) = 1. As we saw
in Example the canonical basic set By of Hq(W, 1) with respect to 6 : ¢ — 1 consists of the e-regular
partitions of n. Now take k¢ o = r/2e and ke1 = —r/2e. Let A be a partition of n and let E> be the
corresponding irreducible representation of &,,. We have KZ(L(E™)) # 0 if and only if \ is e-regular.

5.2.3 Canonical basic sets for Ariki—Koike algebras

As we have said and seen earlier, there exist several orderings on the category O. For W = G(I,1,n),
where the irreducible representations are parametrised by the set P(l,n) of [-partitions of n, one com-
binatorial ordering on the category O is given by Dunkl and Griffeth in [DuGr]. More precisely, in this
case, there are two hyperplane orbits in A/W; we will denote them by Cs and C;. We have ec, = [ and
ec, = 2. Let (so,...,81-1) € Z! and € € Z~g. We define k = (kc_.0, - - -, kc..1-1, kc,,0, kc,,1) Dy

S

ke,,j = ej —%

1
for j = 07"‘7l - 17 kChU = kct,l =0. (54)
€

Then the KZ-functor goes from the category O of Hy (W) to the category of representations of the
specialised Ariki-Koike algebra Hy (W) with relations

(s=¢O)s—¢M) - (s=¢1)=0, (t;—C)t;+1)=0 fori=1,...,n—1,

as in (4.4).
Let A= (\© ... At=1) c P(l,n). We will denote by E* the corresponding irreducible representa-
tion of G(I,1,n). We define the set of nodes of A to be the set

Al ={(a,b,c):0<e<l—1, a>1, 1<b< NI

Let v = (a(7),b(7), c(7)) € [A]. We set 9(v) := b(y) — a(y) + 5¢(y). We then have the following [DuGr)
Proof of Theorem 4.1]:

Proposition 5.15 Let A, X' € P(I,n). If[A(E>) : L(EX)] # 0, then there exist orderings 1,2, - - -, Vn
and ;. s, ..., of the nodes of A and X' respectively, and non-negative integers fi1, fia, . . -, fn, such
that, for all 1 < i< n,

i = ) (o) mod 1 and i = () — () + S(9() D).

Now, there are several different cyclotomic Ariki-Koike algebras that produce the specialised Ariki—
Koike algebra Hy (W) defined above and they may have distinct a-functions attached to them. Let
u = (ug,...,u_1) € Q' be a list of rational numbers such that 0 < u; —u; < e whenever ¢ < j. Set
tj =5 —uj, forall0 < j<!—1,and t := (tp,...,%—1). We then use the combinatorial description
of the a-function for G(I,1,n) given by (L.3), taking agx := al»V(X) for all X € P(l,n). Note that this
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definition captures all a-functions for G(,1,n) in the literature: the function a™ for me, ; = s;1 — ej,
j=0,...,1 =1, given by Jacon [Jad] and studied in the context of Uglov’s work on canonical bases
for higher level Fock spaces, and also the a-function for type B, (I = 2) arising from the Kazhdan—
Lusztig theory for Iwahori-Hecke algebras with unequal parameters (see [GeJa2l 6.7]). We have shown
in [CGG] §5] that this a-function is compatible with the ordering on category O given by Proposition
5.151 Consequently, the a-function also defines a highest weight category structure on O, that is, we
have the following:

Proposition 5.16 Let X\, X € P(I,n). If [A(E>) : L(EX)] # 0, then either X = X or agx < apx.
The above result, combined with Proposition [5.9] yields the following:

Corollary 5.17 Let W = G(I,1,n). Let (so,...,51-1) € Z! and e € Z~q. Let k be defined as in (5.4).
If X € P(I,n), then KZ(L(E™)) # 0 if and only if E* belongs to the canonical basic set of Hy (W) with

respect to the a-function above.

Thus, we obtain the existence of canonical basic sets for Ariki-Koike algebras without the use of
Ariki’s Theorem. On the other hand, the description of the canonical basic sets for Ariki-Koike algebras
by [Ja3l, Main Theorem] yields a description of the set B = {E* € Trr(W) | KZ(L(E*)) # 0}: we have
that E* € B if and only if X is an Uglov I-partition.

Finally, we expect a result similar to Corollary to hold in the case where W = G(I,p,n) for
p>1.

Remark 5.18 By repeating the proof of [CGG| Proposition 4.6] for W = G(l,1,n), we can obtain that
the images of the standard modules via the KZ-functor agree with the Specht modules defined by the
cellular structure on the Ariki-Koike algebras in [DJM]|, provided that the parameters k are chosen to
belong to the so-called “asymptotic region” (see [Ro2, Proposition 6.4] for the explicit description of this
region).

5.3 Rational Cherednik Algebras at t =0

Let us now consider the rational Cherednik algebra Hg (W). Set 2 := C[h]" ® C[h*]". We define the
restricted rational Cherednik algebra to be

Ho o (W) := Hoo(W)/2 Ho o (W),

where 20, denotes the ideal of 2 consisting of elements with zero constant term. This algebra was
originally introduced, and extensively studied, in [Go]. The PBW Theorem implies that, as a vector
space,

Hy (W) = C[h]*" @ C[W] @ C[p*]*"

where C[p]©°V = C[h]/(C[h]}) is the coinvariant algebra. Since W is a complex reflection group,
C[h]°°" has dimension |W| and is isomorphic to the regular representation as a C[W]-module. Thus,
dimcﬁo’c(W) = |W|3
Let E € Irr(W). We set
A(E) = H07C(W) ®C[h*]coW>«W E,

where C[h*]°" acts trivially on E (that is, C[h*]$°" acts on E as zero) and W acts naturally. The
module A(E) is the baby Verma module of Hg (W) associated with E. We summarise, as is done in
[Go, Proposition 4.3], the results of [HoNal applied to this situation.

Proposition 5.19 Let E, E’ € Trr(W).
(a) The baby Verma module A(E) has a simple head, L(E). Hence, A(E) is indecomposable.
(b) A(E) = A(E") if and only if E X E'.

(c) The set {L(E)|E € Irr(W)} is a complete set of pairwise non-isomorphic simple Hy c-modules.
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5.4 Families of characters for Hecke algebras from rational Chered-
nik algebras

Since the algebra Hy . is finite dimensional, we can define its blocks in the usual way. Let E, E' € Trr(W).
Following [GoMal, we define the Calogero-Moser partition of Irr(W') to be the set of equivalence classes
of Irr(W) under the equivalence relation:

E ~cy B’ if and only if L(E) and L(E’) belong to the same block of Hy c.

We will simply write C M,-partition for the Calogero—Moser partition of Irr(W). Using the classification
of irreducible complex reflection groups (see Theorem , Bellamy has shown the following [Belll,
Theorem 1.1]:

Theorem 5.20 Let W be an irreducible complex reflection group. The CMc-partition is trivial for
generic values of ¢ if and only if W is of type G(I,1,n) or Gy4.

Remark 5.21 The cases where the C'M¢-partition is trivial for generic values of ¢ are exactly the cases
where the space (h @ h*)/W admits a symplectic resolution.

5.4.1 The Calogero—Moser partition and Rouquier families

It just so happens that the cases where X (W) is generically smooth, and the Calogero-Moser partition
generically trivial, are exactly the cases where the Rouquier families are generically trivial (that is, the
Rouquier families associated with no essential hyperplane are singletons). This, combined with the fact
that the Calogero—Moser partition into blocks enjoys some property of semicontinuity, led to the question
whether there is a connection between the two partitions.

The question was first asked by Gordon and Martino [GoMa] in terms of a connection between the
Calogero—Moser partition and families of characters for type B,. In their paper, they computed the
C M,-partition, for all ¢, for complex reflection groups of type G(I,1,n) and showed that for | = 2,
using the conjectural combinatorial description of Kazhdan—Lusztig cells for type B, by [BGIL], the
C M_-partition coincides with the partition into Kazhdan—Lusztig families. After that, Martino [Mart]
compared the combinatorial description of the CM,-partition for type G(I,1,n) given in [GoMa| with
the description of the partition into Rouquier families, given by [Ch3], for a suitable cyclotomic Hecke
algebra Hc of G(I,1,n) (different from the one defined in §5.1.3). He showed that the two partitions
coincide when [ is a power of a prime number (which includes the cases of type A, and B,), but not
in general. In fact, he showed that the C'M.-partition for G(I,1,n) is the same as the one obtained by
[BrKi]. He thus obtained the following two connections between the CM.-partition and the partition
into Rouquier families for G(I, 1,n), and he conjectured that they hold for every complex reflection group
W [Martl, 2.7]:

(a) The CM,-partition for generic ¢ coincides with the generic partition into Rouquier families (both
being trivial for W = G(I,1,n));

(b) The partition into Rouquier families refines the C M.-partition, for all choices of c; that is, if E, E' €
Irr(W) belong to the same Rouquier family of Hc, then E ~cps E'.

Conditions (a) and (b) are known as “Martino’s Conjecture”. Using the combinatorics of [GoMal
and [Mart], Bellamy computed the C'Mc-partition, for all ¢, and proved Martino’s conjecture in the case
where W is of type G(I, p,n) [Bel2]; note that when p > 1 the generic partitions in this case are not trivial.
However, a counter-example for (a) was found by Thiel [Th] in the case where W = Ga5. Thiel calculated
the C' M,-partition for generic ¢ for the exceptional complex reflection groups G4, G5, Gg, Gs, G19, G2z =
Hj3, Goy4,Go5 and Gog. Comparing his results with the generic partition into Rouquier families for these
groups, given by [Ch4], he showed that Part (a) of Martino’s Conjecture holds in every caseﬂ except for
when W = Gg5. In this particular case, the generic partition into Rouquier families simply refines the
C M_-partition for generic c. So we will state here as a conjecture only Part (b) of Martino’s conjecture,
which is still an open problem, and proved in all the above cases.

Lfor G4 this was already known by [Bell].
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Conjecture 5.22 (Martino’s Conjecture) Let W be a complex reflection group. The partition into
Rouquier families (for a suitably chosen cyclotomic Hecke algebra He of W) refines the C Mc-partition,
for all choices of c; that is, if E, E' € Ter(W) belong to the same Rouguier family of He, then E ~cpp E'.

Remark 5.23 Note that, in all the cases checked so far where W is a finite Coxeter group, the partition
into Rouquier families and the CM,-partition coincide. This covers the finite Coxeter groups of types
A, B,, D, and the dihedral groups for all choices of ¢, and Hj for generic c.

5.4.2 The Calogero—Moser partition and Kazhdan—Lusztig cells

In an effort to develop a generalised Kazhdan—Lusztig cell theory, Bonnafé and Rouquier [BoRo1l, [BoRo2]
used the Calogero—Moser partition to define Calogero—Moser cells for all complex reflection groups. An
advantage of this, quite geometric, approach is that the Calogero—Moser partition exists naturally for all
complex reflection groups. It also implies automatically the existence of a semicontinuity property for
cells, a property that was conjectured and proved in some cases for Kazhdan—Lusztig cells by Bonnafé
[Bo2]. However, Calogero-Moser cells are very hard to compute and their construction depends on an
“uncontrollable” choice. After very long computations, it has been confirmed that the Calogero—-Moser
cells coincide with the Kazhdan—Lusztig cells for some finite Coxeter groups of rank 2: the Weyl groups
As, By, Gy [BoRol] and the dihedral groups Iz(m) with m odd [Bo3]; there is still a lot of work that
needs to be done.
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Chapter 6

Yokonuma—Hecke Algebras

Yokonuma—Hecke algebras were introduced by Yokonuma [Yo] for the same reason that Ariki-Koike alge-
bras were introduced by Ariki and Koike: as generalisations of Iwahori—-Hecke algebras. More precisely,
the Iwahori—-Hecke algebra associated to a finite reductive group G is the centraliser algebra associated
to the permutation representation of G with respect to a Borel subgroup of G. The Yokonuma—-Hecke
algebra is the centraliser algebra associated to the permutation representation of G with respect to a
maximal unipotent subgroup of G. Thus, Yokonuma-Hecke algebras can be also regarded as particular
cases of unipotent Hecke algebras.

In this chapter, we will focus on the Yokonuma-Hecke algebra of type A. In recent years, the
presentation of this algebra has been transformed in [Jull [JuKal [Ju2l [ChPdATl [ChPo2] to the one that
we will use here. This new presentation is given by generators and relations, depending on two positive
integers, d and n, and a parameter q. For ¢ = p™ and d = p™ — 1, where p is a prime number and m is a
positive integer, the Yokonuma-Hecke algebra of type A, denoted by Y4, (q), is the centraliser algebra
associated to the permutation representation of GL,,(IF,) with respect to a maximal unipotent subgroup.

Let n € N, d € N*. Let ¢ be an indeterminate. The Yokonuma—Hecke algebra (of type A), denoted
by Ya.n(q), is an associative C[g, ¢~ ']-algebra generated by the elements

gla"'agn—lath'"atn

subject to the following relations:

(by) 9i9; = 9jYi foralli,j =1,...,n — 1 such that |i — j| > 1,

(by)  Gi9i+19i = 9i+19i9im1 foralli=1,...,n -2,

(fl) titj = tjti for all i,j = 1, ey (61)
(f5) tigi = gits,(j) foralli=1,....n—1land j=1,...,n,

(f5) t;l =1 forall j =1,...,n,

where s; is the transposition (i,7 + 1), together with the quadratic relations:

gi=q+(g—1)e; g foralli=1,....,n—1, (6.2)
where
=
¢ = Zt;f oy (6.3)
s=0

It is easily verified that the elements e; are idempotents in Yq,,(¢). Also, that the elements g; are
invertible, with
g =qtg+ (@ e foralli=1,...,n— 1. (6.4)

If we specialise ¢ to 1, the defining relations (6.1)—(6.2)) become the defining relations for the complex
reflection group G(d,1,n). Thus, the algebra Y4, (¢) is a deformation of the group algebra over C of
G(d,1,n), different from the Ariki-Koike algebra. Moreover, for d = 1, the Yokonuma—Hecke algebra
Y, »(¢) coincides with the Iwahori-Hecke algebra #H,,(q) of type A, and thus, for d = 1 and ¢ specialised
to 1, we obtain the group algebra over C of the symmetric group &,.
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Remark 6.1 Note that in all the papers prior to [ChPdA1l], the algebra Y4, (q) is generated by elements
1>+ -10n_1,t1,- .., ty satisfying relations (6.1)) and the quadratic relations:

=14+ (q—1)e +(g—1) e, foralli=1,...,n—1. (6.5)

This presentation changed in [ChPdAT], where we considered Y, (q) defined over C[g*/?,q~'/?] and
generated by elements ¢1,...,9n-1,%1,...,t, satisfying relations (6.1]) and the quadratic relations:

=1+ -q e g foralli=1,...,n—1. (6.6)

By taking g, := gi+ (¢'/? —1) e;g; (and thus, §; = g, + (¢~ /> —1) e; G;), we obtain the old presentation of
the Yokonuma-Hecke algebra. By taking g; := ¢'/2g; we obtain our presentation of the Yokonuma-Hecke
algebra.

Now let w € G, and let w = s;, i, ...s;, be a reduced expression for w. Since the generators g;
of the Yokonuma-Hecke algebra satisfy the same braid relations as the generators of &,,, Matsumoto’s
theorem implies that the element g, := ¢i, i, - - - g, is well-defined, that is, it does not depend on the
choice of the reduced expression of w.

Juyumaya [Ju2] has proved that the following set is a C[g, ¢~ !]-basis of Y4, (q):

B, = {t" . g, |[weS,, 0<r;<d—1forallj=1,2,...,n}. (6.7)

In particular, Y4.,(q) is a free Clg, ¢~ *]-module of rank d"n!.

6.1 Representation theory of Yokonuma—Hecke algebras

The representation theory of Yokonuma—Hecke algebras has been first studied by Thiem [Th1l, [Th2| [Th3]
in the general context of unipotent Hecke algebras. The generality of his results and the new presentation
for Y4.,,(q) has led us to develop a combinatorial approach to the representation theory of the Yokonuma-—
Hecke algebra of type A in [ChPdAT]. In this section, we will give an explicit description of the irreducible
representations of Yq,(¢) in terms of d-partitions and standard d-tableaux.

Recall that we denote by P(d,n) the set of d-partitions of n. Let A = (A(® ... A@=D) e P(d,n). A
node @ of X is a triple (2,7, ), where 0 <4 < d — 1 and (z,v) is a node of the partition A(*). We define
p(8) := i to be the position of 6 and ¢(0) := ¢¥~* to be the quantum content of 6.

A d-tableau of shape X is a bijection between the set {1,...,n} and the set of nodes of A. In other
words, a d-tableau of shape A is obtained by placing the numbers 1,...,n in the nodes of A. The size of
a d-tableau of shape A is n, that is, the size of A. A d-tableau is standard if its entries increase along any
row and down any column of every diagram in A. For d = 1, a standard 1-tableau is a usual standard
tableau.

For a d-tableau T, we denote respectively by p(7¢) and ¢(7|¢) the position and the quantum content
of the node with the number i in it. For example, for the standard 3-tableau 7 = ([1]3], @, [2]) of size
3, we have

p(TI) =0, p(T|12)=2, p(T]3)=0 and ¢c(T|)=1, c(T|2)=1, c(T|3)=gq.

For any d-tableau T of size n and any permutation o € &,,, we denote by T the d-tableau obtained
from 7T by applying the permutation o on the numbers contained in the nodes of 7. We have

p(T7li) =p(Tlo (1)) and c(Ti) = c(T|o" (i) foralli=1,...,n.

Note that if the d-tableau 7 is standard, the d-tableau 77 is not necessarily standard.

Now, let XA € P(d,n), and let V be a C(g)-vector space with a basis {v,} indexed by the standard
d-tableaux of shape A. We set v := 0 for any non-standard d-tableau 7 of shape A. By [ChPdATl
Proposition 5 & Theorem 1] and [ChPo2l Theorem 3.7], we have the following description of the irre-
ducible representations of C(q)Y 4, (q):
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Theorem 6.2 Let {£y,&1,...,84—1} be the set of all d-th roots of unity (ordered arbitrarily). Let T be
a standard d-tableau of shape X € P(d,n). For brevity, we set p; := p(T|i) and ¢; := c(T|i) for all

i=1,...,n. The vector space Vy is a representation of C(q)Yqn(q) with the action of the generators on
the basis element v, defined as follows: for j =1,...,n,

ti(vy) =&, vy s (6.8)
fori=1,...,n—1, if p; > p;y1 then

gi(vy)=v .. , (6.9)
if Pi < Diy1 then

gi(VT) =4V, (610)
and if p; = pi4+1 then

gilvy) = Tty TRy (611)

Ciy1—Ci | Cip1— G
where s; is the transposition (i,i + 1). Further, the set {Va|A € P(d,n)} is a complete set of pairwise
non-isomorphic wrreducible representations of C(q)Y4.n(q).

The above theorem implies that the algebra C(q)Yg4,,(q) is split. As we have already mentioned,
when ¢ — 1, the algebra C(q)Y 4 ,(¢) specialises to the group algebra C[G(d, 1,n)], which is semisimple.
By Tits’s deformation theorem, we obtain that the algebra C(q)Y4,,(q) is also semisimple.

Let now 6 : C[g,¢"!] — C be a ring homomorphism such that 6(g) = n € C\ {0}. Using the
representation theory of C(q)Y 4, (q), we have proved the following semisimplicity criterion for CY 4, ()
[ChPdATl Proposition 9]:

Proposition 6.3 The specialised Yokonuma—Hecke algebra CY 4., (n) is (split) semisimple if and only if
0(P(q)) # 0, where
Pg)= T[] A +a+---+d".

1<i<n

Note that following Ariki’s semisimplicity criterion , the algebra CYq ,(n) is semisimple if and
only if the specialised Iwahori—-Hecke algebra CH.,(n) is semisimple.

Another way to obtain the above result is through our definition of a canonical symmetrising form 7
on Y4, (¢) [ChPdAIl Proposition 10]. Having calculated the Schur elements of Yy ,,(¢) with respect to
7 [ChPdAIl Proposition 11], we can deduce the above semisimplicity criterion with the use of Theorem
[I7 More precisely, we have the following:

Theorem 6.4 We define the linear map 7 : Ya..(q) — Clg,q7'] by

1 if w=1 and r;, =0 forall j=1,2,....n
1 Tn — J )~y s 10y
T(B -t gw) = { 0 otherwise, (6.12)
where w € &, and 0 < r; < d—1 forall j =1,2,...,n. Then 7 is a symmetrising form on Yq,(q),
called the canonical symmetrising form. If X = (A, ... XD} € P(d,n), then the Schur element of
Vi with respect to T is
S\ = d" SAO)SX\1) «« - Sx(d—1) (613)

where syuy s the Schur element of the Iwahori—Hecke algebra HI)\(i)'(q) corresponding to A\ for all
i=0,1,...,d—1 (we take sy :==1).

A simple formula for the calculation of the Schur elements of Iwahori—-Hecke algebras of type A is
given by Theorem

The connection between the representation theory of the Yokonuma-Hecke algebra and that of
Iwahori-Hecke algebras of type A implied by is explained by a result of Lusztig [Lu7, §34],
who has proved that Yokonuma—-Hecke algebras, in general, are isomorphic to direct sums of matrix
algebras over certain subalgebras of classical Iwahori—-Hecke algebras. Using the new presentation for
Y4n(q), Jacon and Poulain d’Andecy [JaPdA| have explicitly described this isomorphism between the
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Yokonuma—Hecke algebra of type A and a direct sum of matrix algebras over tensor products of Iwahori—
Hecke algebras of type A. Another proof of this result has been given recently in [EsRy|, where Espinoza
and Ryom-Hansen have constructed a concrete isomorphism between Y, ,,(¢) and Shoji’s modified Ariki-
Koike algebra. Note that in all cases the result has been obtained over the ring C[g'/2, ¢~'/?] (using the
generators g; defined in Remark . We have managed to show that it is still valid over the smaller
ring Clg, ¢~!]. We have [ChPo2, Theorem 4.3]:

Yd,n(Q) = @ Matm,b (Huo (@) ® My (Q) Q- QHuy (@), (6-14)
peCompy(n)
where

Compy(n) = {p = (o, 1, - - pta—1) € N | po + py + -+ + pra—1 = n} (6.15)

and |

n!
m,=—— 6.16
ol pa! (6.16)

6.2 Affine and Cyclotomic Yokonuma—Hecke algebras

We have now seen two families of algebras that are deformations of the groups algebra of the complex
reflection group G(d,1,n): the Ariki-Koike algebras and the Yokonuma—Hecke algebras of type A. Both
families include the Iwahori—-Hecke algebras of type A. The former preserve the “good” quadratic relations
of the Iwahori-Hecke algebras, while the latter preserve the wreath product structure of G(d,1,n) =
(Z/dZ)1 &,,.

In [ChPdA2], we introduced the affine and cyclotomic Yokonuma-Hecke algebras, which give rise
to both Ariki-Koike algebras and Yokonuma—Hecke algebras of type A as quotients and as special
cases. Let n € N, d € N* and | € N* U {o0}. Let ¢ and (Q;)ien be indeterminates, and set R; :=
Clg*!, gﬂ, 1i1,..., li_ll] if | < oo, and Rs := C[gT!]. We define the algebra Y(d,l,n) to be the
associative R;-algebra generated by the elements

glﬂ"'?.gnflatla"'7tn7X17Xf1

subject to the relations (6.1)—(6.2]), together with the following relations concerning the generator X;:

X x;t o= Xx7'xy =1
XigiXig = g Xign X (6.17)
X9 = agXi foralli=2,....,n—1, :
Xty = ;X forall j=1,...,n,
and if [ < oo,
(X1~ Qu)(X1 — Q1)+ (X1 — Quy) = 0. (6.18)

The algebra Y(d, 00, n) is called the affine Yokonuma—Hecke algebra. For | < oo, the algebra Y(d,I,n)
is called the cyclotomic Yokonuma—Hecke algebra. These algebras are isomorphic to the modular frami-
sations of, respectively, the affine Hecke algebra (I = oo) and the Ariki-Koike algebra (I < o0); see
definitions in [JuLa5l Section 6] and [ChPdAIl Remark 1].

The cyclotomic Yokonuma-Hecke algebra is a quotient of the affine Yokonuma—Hecke algebra by the
relation . If we map X7 — Qo for I < co or X; — 1 for [ = oo, we obtain a surjection of Y(d,,n)
onto Y, (¢). If we map ¢; — 1 for all j =1,...,n, then we obtain a surjection of Y(d,,n) onto H(I,n),
where H(I,n) denotes the Ariki-Koike algebra associated to G(I,1,n) for [ < oo and H(oo,n) denotes
the affine Hecke algebra of type A. Moreover, we have Y(d,1,n) = Y4,(q) and Y(1,l,n) = H(l,n). In
particular, we have Y(1,1,n) & H,(g). All these relations are depicted in the following commutative
diagram (where [ is taken to be a positive integer):
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Y(1,00,n)
X1’—>1
613

Y(d,00,n) ——>Y(d,l,n) H(,n)=Y(1,l,n) —— Hn(q) 2 Y(1,1,n)

tijr1 X1—Qo
\ inHQo /
J
de

Y(d,1,n)

Remark 6.5 Let p be a prime number. In a recent series of papers [Vill [Vi2| [Vi3], Vignéras introduced
and studied a large family of algebras, called pro-p-Iwahori—Hecke algebras. They generalise convolution
algebras of compactly supported functions on a p-adic connected reductive group that are bi-invariant
under the pro-p-radical of an Iwahori subgroup, which play an important role in the p-modular repre-
sentation theory of p-adic reductive groups. In [ChSe| we have shown that the affine Yokonuma-Hecke
algebra Y(d, 00, n) is a pro-p-Iwahori-Hecke algebra. Thus, the affine Yokonuma-Hecke algebra gener-
alises the affine Hecke algebra of type A in a similar way that the Yokonuma—-Hecke algebra generalises
the Iwahori—-Hecke algebra of type A. In particular, for ¢ = p™ and d = p™ — 1, where m is a positive
integer, Y(d, oo, n) is isomorphic to the convolution algebra of complex valued and compactly supported
functions on the group GL,(F), with F a suitable p-adic field, that are bi-invariant under the pro-p-
radical of an Iwahori subgroup.

Remark 6.6 Following Lusztig’s approach in [Lu7], Cui [Cui] has established an explicit algebra isomor-
phism between the affine Yokonuma-Hecke algebra Y(d, 0o, n) and a direct sum of matrix algebras over
tensor products of affine Hecke algebras of type A, similar to . More recently, Poulain d’Andecy
[PdA] obtained the same result, as well as an isomorphism between the cyclotomic Yokonuma—Hecke
algebra Y(d,l,n), where | < 0o, and a direct sum of matrix algebras over tensor products of Ariki-Koike
algebras, using the same approach as in [JaPdA]. The isomorphism theorem for cyclotomic Yokonuma—
Hecke algebras has been subsequently re-obtained by Rostam [Ros| using his result that cyclotomic
Yokonuma—Hecke algebras are cyclotomic quiver Hecke algebras.

In [ChPdA2] we have constructed several bases for the algebra Y(d,l,n). In order to describe them
here, we introduce the following notation: Let Z; := {0,...,l — 1} for I < co and Z, := Z. We define
inductively elements X, ..., X, of Y(d,l,n) by setting

Xiy1:=q 'g;X;g; foralli=1,...,n—1.

Let Bg,, be a basis of the Yokonuma-Hecke algebra Yan(q) = Y(d,1,n) over R; (we can take, for
example, B(Izn defined in (6.7)). We denote by Bd I.n the following set of elements of Y(d,,n):

Xt Xy w, ap € Zpand w € By,
Now, for kK =1,...,n, we set
W(k) 1 -1 —1Xa b
Jab =95 92 91 X{t19192-.-Gr—1,
W =g gem X¢ g er gy
Wk . Xa b
Jab = 979291 A1 119192 - - Gk—1
= (k)— _ 1 1 _
W =gt et Xe gt gy
where J € {0,...,k — 1} and a,b € Z. We use the following standard conventions: for e = +1,
95-..9597 == 1land g;_;...g5_595_, = 1if J = 0. Then we denote, respectively, by Bfif‘ld’n, Bgfg,
gfi’jﬁn and Eg‘ld; the following sets of elements of Y(d,,n):

ny@nybn J2,a2,b2

Wi . Jkef0,... k—1}, ap € Z and by € {0,...,d — 1}.
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Wi W Wi gk e {0, k—1}, ap € Z and by € {0,...,d — 1}.

J2,a2,b2 7" J1,a1,b1

Wi W W ke {0, k—1}, ap € Z and by € {0,...,d — 1}.

,a2,ba

157 (n)— 2 5 (1)—
Wy W Wi ke {0, k—1}, ap € Z and by € {0,...,d — 1}.

We then have the following [ChPdA2| Theorem 4.4]:

Theorem 6.7 Fach set Bd Lns Bé“ldn, Bfinld;, Bg‘ldn and B’Tnd is an Rl basis of Y(d,l,n). In particular,
Y(d,l,n) is a free R;- module and, if | < 00, its rank is equal to (dl)™n

Remark 6.8 The set B3}, is the analogue of the Ariki-Koike basis of the Ariki-Koike algebra
H(l,n) for | < oo, and the standard Bernstein basis of the affine Hecke algebra of type A for [ = co. The
four other sets are inductive sets with respect to n, which are analogous to the inductive bases of H(I, n)
studied in [La2] [OgPo].

Furthermore, in [ChPdA2] we have studied the representation theory of the cyclotomic Yokonuma-—
Hecke algebra Y(d,l,n), which is quite similar to the representation theory of the Yokonuma—Hecke
algebra Y ,(q). From now on, we only consider the case [ < co.

Let K; denote the field of fractions of R;. We will see that the irreducible representations of the
algebra K;Y(d,l,n) are parametrised by the dl-partitions of n. Instead of looking though at di-partitions
as dl-tuples of partitions, we look at them as d-tuples of [-partitions, and we call them (d, )-partitions
when seen as such. We denote by P(d,l,n) the set of (d,l)-partitions of n. If X € P(d,l,n) then
A= ()\(O),)\(l),...,/\(dfl)), where A is an [-partition for all ¢ = 0,1,...,d — 1, and Z |)\ | =n.
We thus have A = ()\(i 0) )\(i n ..,)\(i’l_l)), where A(47) is a partition for all i = 0,1,...,d — 1 and
j=0,1,...,0—1,and 3%, Z LIAGD| = p.

A node 0 of )\ is a 4- tuple (ac y,z’,j), where 0 <1 <d—1,0<j<[!—1and (z,y) is a node of the
partition A7), We define p(8) := i to be the d—posmon of 8 and 6(0) = Q;¢Y"7 to be the [-quantum
content of 6.

Following the definitions in a (d,l)-tableau is simply a dl-tableau and a standard (d,l)-tableau
is simply a standard dl-tableau. For a (d,l)-tableau 7 and for ¢ = 1,...,n, we denote respectively by
p(7T) and ¢(7é) the d-position and the I-quantum content of the node with the number 4 in it.

Now, let A € P(d,l,n), and let V be a C(g)-vector space with a basis {v.} indexed by the standard
(d,1)-tableaux of shape A. We set v := 0 for any non-standard (d, !)-tableau 7 of shape A. By [ChPdA2]
Propositions 3.2 & 3.4], the vector space Vy is a representation of K;Y(d,l,n), with the action of the
generators gi,...,gn—1,t1,...,t, on the basis element v.. defined exactly as in Theorem [6.2] and the
action of the generator X; given by:

Xi(v)=¢c(T1) v.,. (6.19)

Further, the set {Va | € P(d,l,n)} is a complete set of pairwise non-isomorphic irreducible representa-
tions of ;Y (d, [, n).

Remark 6.9 We can easily show, by induction on i, that [ChPdA2, Lemma 3.3]:
Xi(vy)=c(Tli)v, foralli=1,...,n. (6.20)

We also have a semisimplicity criterion for cyclotomic Yokonuma-Hecke algebras, which is exactly
the same as Ariki’s semisimplicity criterion (4.2) for Ariki-Koike algebras [ChPdA2, Proposition 4.7]:

Proposition 6.10 Let § : R; — C be a ring homomorphism such that 0(q) Hl (e, i) # 0. The
specialised cyclotomic Yokonuma—Hecke algebra CY(d,l,n)g, defined via 0, is (splzt) semzszmple if and
only if 0(P) # 0, where

p= ] a+aq++a¢H JI II (e.-
1<i<n 0<s<t<l—1 —n<k<n

We deduce that the algebra CY(d, [, n)s is semisimple if and only if the specialised Ariki-Koike algebra
CH(l,n)p is semisimple.

Finally, we have proved the existence of a “canonical” symmetrising form on ;Y (d,[,n) and calcu-
lated the Schur elements with respect to it [ChPdA2l §7]:
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Theorem 6.11 We define the linear map 7 : Y(d,l,n) — R; by

a b1 b, J 1 ifw=1 and aj=0b; =0 forall j=1,2,...,n,
T(XT . Xt Lty gw)—{ 0 otherwise,

(6.21)
where w € &, a; € Z; and 0 < bj < d—1 forallj =1,2,...,n. Then 7 (extended linearly) is a
symmetrising form on K;Y(d,l,n). If A = ()\(O), cee )\(d_l)) € P(d,l,n), then the Schur element of Vy
with respect to T is

S\ = d" SA)S)(1) « - Sx(d—1) , (6.22)

where sy is the Schur element of the Ariki-Koike algebra H(l, \)\(i)|) corresponding to AV for all
1=0,1,...,d—1 (we take sp :=1).

A simple formula for the calculation of the Schur elements of Ariki—Koike algebras is given by Theorem

Z3l

Remark 6.12 The map 7 is known to be a symmetrising form on Y(d,[,n) (defined over R;) in cases
d = 1 [MalMat] and I = 1 [ChPdA1]. In these cases, 7 is called the canonical symmetrising form on
Y(d,1,n).

Remark 6.13 Equation (6.22)) hints towards an isomorphism between the cyclotomic Yokonuma-Hecke
algebra Y(d,[,n) and a direct sum of matrix algebras over tensor products of Ariki-Koike algebras; this
isomorphism was recently described by Poulain d’Andecy in [PdA] and by Rostam in [Ros].

6.3 Temperley—Lieb quotients of Yokonuma—Hecke algebras

The Temperley—Lieb algebra was introduced by Temperley and Lieb in [TeLi] for its applications in
statistical mechanics. Jones [Joll, [Jo2l [Jo3] later showed that it can be obtained as a quotient of the
Iwahori—Hecke algebra H,,(q) of type A by a two-sided ideal, and used it for the construction of the knot
invariant known as the Jones polynomial.

Since Yokonuma—Hecke algebras can be also used for the definition of knot invariants, it was natural
to ask what the analogue of the Temperley—Lieb algebra would be in this case. As it is explained in more
detail in [JuLab], where the technique of framisation is thoroughly discussed, three possible candidates
arose: the Yokonuma—Temperley—Lieb algebra [GJKLI], the Framisation of the Temperley—Lieb algebra
[GIKL2|] and the Complex Reflection Temperley—Lieb algebra [GITKL2]. All three are defined as quotients
of the Yokonuma—-Hecke algebra Y4,(q) of type A by a suitable two-sided ideal, and they specialise to
the classical Temperley—Lieb algebra for d = 1.

In this section, we will determine the irreducible representations of the three algebras by showing
which representations of Y, (q) pass to each quotient. We will compute their dimensions and construct
bases for them. At the end of this section, it will be clear that the most natural analogue of the
Temperley—Lieb algebra in this setting is the Framisation of the Temperley—Lieb algebra.

First, let us recall some information about the classical setting. Let n > 3. The Temperley—Lieb
algebra TL,,(q) is defined as the quotient of the Iwahori-Hecke algebra H,,(¢) = Y1,,(¢) by the ideal I,
generated by the elements

Giit1 =1+ gi + giv1 + 9iGi+1 + Giv19i + 9iGi+19i = Z Gw

WE(S;,8i4+1)

forall i =1,...,n —2. It turns out that this ideal is principal, and we have I,, = (g1,2).

Since the algebra C(q)H,(¢) is semisimple, the algebra C(¢)TL,(q) is also semisimple and its irre-
ducible representations are precisely the irreducible representations of C(q)H,(¢q) that pass to the quo-
tient. That is, for A € P(n), V) is an irreducible representation of C(¢)TL,(¢) if and only if g1 2(v..) =0
for every standard tableau T of shape A. It is easy to see that the latter is equivalent to the trivial
representation not being a direct summand of the restriction Resi:,52> (E), where E* is the irreducible
representation of the symmetric group &,, labelled by A. Since the restriction from &,, to &35 = (s1, $2)
corresponds to the simple removal of boxes from the Young diagram of A, and the trivial representation of
G35 is labelled by the partition (3), we obtain the following description of the irreducible representations

of C(¢q)TL,(q):
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Theorem 6.14 Let A € P(n). We have that Vy is an irreducible representation of C(q)TLy,(q) if and
only if the Young diagram of \ has at most two columns.

Now, let n € N, and let ¢ = (i1,...,4p) and k = (k1,...kp) be two p-tuples of non-negative integers,
with 0 < p < n — 1. We denote by $,, the set of pairs (i, k) such that

1< <ig<--<ip<n—1 and i;—k;>1 Vji=1,...,p
For (i,k) € 9, we set
Gik = (9irGir—1 - Gir—k: )(GinGin—1 -+ - Gin—ks) - - - (Gip Giy—1 - - - Giy—k,) € Hu(q)-
We take gy g to be equal to 1. We have that the set

B, = {9 |w € 6.} = {gik | (i, k) € Hn}
is the standard basis of H,,(q) as a C[g, ¢~ ']-module.
Further, let us denote by ¥,, the subset of £),, consisting of the pairs (i, k) such that

1<i1<i2<~~~<ip<n71 and 1<i17k1<i27k2<~~~<ipfkp<n71.

Jones [Jol] has shown that the set
By = {gik| (0 k) € Tn}

is a basis of TL,(q) as a C[g, ¢~ !]-module. We have |BIL| = C,,, where C,, is the n-th Catalan number,

i.e.,
1 (2n 1 & /)
Cn_n—&—l(n)_n—klz:(k)'

k=0

6.3.1 The Yokonuma—Temperley—Lieb algebra

Let d € N* and let n € N with n > 3. The Yokonuma—Temperley-Lieb algebra YTLg ,(q) is defined as
the quotient of the Yokonuma-Hecke algebra Yg ,,(g) by the ideal Iy, := (g1,2)-

Since the algebra C(q)Yq,,(¢) is semisimple, the algebra C(¢)YTLg,(q) is also semisimple and its
irreducible representations are precisely the irreducible representations of C(q)Yq4,,(¢) that pass to the
quotient. That is, for A € P(d,n), Vx is an irreducible representation of C(q)YTLg,(¢) if and only if
g1,2(v,) = 0 for every standard d-tableau T of shape A. It is easy to see that the latter is equivalent to

the trivial representation not being a direct summand of the restriction Resi(f’st’;t )(E™), where E is the
irreducible representation of the complex reflection group G(d,1,n) labelled by A. Unfortunately, this
restriction for d > 1 does not correspond to the simple removal of boxes from the Young diagram of A
(as in the symmetric group case), but it is controlled by the so-called Littlewood—Richardson coefficients.
Using algebraic combinatorics, we obtain the following description of the irreducible representations of

C(q)YTLg4,»(g) [ChPoll, Theorem 3]:

Theorem 6.15 Let A = (A9, ... A4=1) € P(d,n). We have that Vx is an irreducible representation
of C(¢)YTLy,(q) if and only if the Young diagram of X has at most two columns in total, that is,

YA <2,

Using the fact that the algebra C(¢)YTLg,n(¢) is semisimple and the above description of its irre-
ducible representations, we have been able to calculate the dimension of the Yokonuma—Temperley—Lieb
algebra [ChPoll, Proposition 4]. We have

n(d®> —d)+d*+d
2

dime () (C(q)YTLg,n(q)) = Cyp — (d* = d).

What is more, we have shown in [ChPol] that YTLg4,,(q) is a free Clg, ¢~ !]-module of rank equal to the
dimension above. However, note that, even though the set

B, ={t". . trgin| (i,k) €9, 0<r;<d—1forall j=1,2,...,n}
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is a basis of Yq.,(q) as a Clg, ¢~ *]-module, the set
BE; ={t7 .. tlrgik | (k) €Ty, 0<r; <d—1forallj=1,2,...,n}

is not a basis of YTLg,,(q) as a C[g, ¢~ ']-module, since |B;{{;| = d"C,,. The set B;{% is simply a generating
set for YTLg (g), and we have managed to find a subset BE{)};L of Bg)l;l that is a basis of YTLg ,(g) by
proving the following remarkable property: Let (i,k) € T,. We denote by Z(g; ) the set (without
repetition) of all indices of the g;’s appearing in g, i, ..,

I(gi,ﬁ) = {il,il —17...,i1 —kl,ig,ig — ].,...,ig —kg,...,’ip,ip—1,...,ip—kp}.
We define the weight of g; j to be w; i, := |Z(g;%)|. We then have [ChPoll Propositions 9, 11, 12]:
{(re, . oomn) €40, d = 13" 47t giw € By WY = 207N (d? —d) + d — S, 0(d” — d),

where 0; ; stands for Kronecker’s delta (note that we have w;j = 0 if and only if g; ; = 1). Thanks to
this property, an explicit basis for YTLg,,(g) as a C[g, ¢~ ']-module is described in [ChPoI].

6.3.2 The Framisation of the Temperley—Lieb algebra

Let d € N* and let n € N with n > 3. The Framisation of the Temperley-Lieb algebra FTLg ,(q) is
defined as the quotient of the Yokonuma-Hecke algebra Yq,(¢) by the ideal Jg, = (eie2g1,2). We
remark that Jg , can be also defined as the ideal generated by the element Zoga,bgd—l t‘ftgtgafb g1,2-

Again, since the algebra C(q)Yq,n(g) is semisimple, the algebra C(¢)FTLgy,(¢) is also semisimple
and its irreducible representations are precisely the irreducible representations of C(q)Yq,,(g) that pass
to the quotient. That is, for A € P(d,n), Vi is an irreducible representation of C(q)FTLg,(q) if
and only if ejeagi 2(v,) = 0 for every standard d-tableau 7 of shape A. Using the formulas for the
irreducible representations of C(q)Y4,(q) given by Theorem we obtain the following description of
the irreducible representations of C(q)FTLy ,(¢) [ChPo2, Theorem 3.10]:

Theorem 6.16 Let A= (A, ... X4=1)) € P(d,n). We have that Vy is an irreducible representation of
C(q)FTLg.(q) if and only if the Young diagram of %) has at most two columns for eachi=0,...,d—1.

Following the recipe of [JaPdAl §3], we have proved the following isomorphism theorem for FTLg ,,(q)
[ChPo2| Theorem 4.3]:

Theorem 6.17 There exists a Clq,q~1] algebra isomorphism

Un FTLan(q) > €D  Maty, (TL,, () ® TL,, (9) ® -+ ® TLy,_, (q)),
neCompy,(n)

where Comp,(n) and m,, are as defined in (6.15) and (6.16), and we take TL, (q) = H,(q) for n < 3.

We deduce that the following set is a basis of FTLg ,(q) as a C[g, ¢~ !]-module:
{w;l(bfjb’{ L M) | i€ Compy(n), b € B foralli=0,...,d— 1,1 < k1< m#} ,

where M}!, denotes the elementary m,, x m, matrix with 1 in position (k,[). In particular, FTLg,(q) is
a free Clg, ¢~ ']-module of rank

Z mi 0#00#1 U Cﬂd—l'

p€Compy,(n)
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6.3.3 The Complex Reflection Temperley—Lieb algebra

Let d € N* and let n € N with n > 3. The Complex Reflection Temperley-Lieb algebra CTLg4 ,(q) is
defined as the quotient of the Yokonuma—-Hecke algebra Yg ,,(¢) by the ideal Ky, := (Zg;é tier1e2g1,2).
We remark that Kg, can be also viewed as the ideal generated by the element > o, .cq 1 955 g1 0.

Once more, the algebra C(¢)CTLg.,(g) is semisimple and, for A € P(d,n), Vi is an irreducible
representation of C(q)CTLg.,(q) if and only if Zf;é tieieagi 2(v.) = 0 for every standard d-tableau T
of shape A. Using the formulas for the irreducible representations of C(¢)Y4,(q) given by Theorem
we obtain the following description of the irreducible representations of C(¢)CTLy,,,(¢) [ChPo2, Theorem
5.3]:

Theorem 6.18 Let {£y,&1,...,8a—1} be the set of all d-th roots of unity (ordered arbitrarily) as in
Theorem . Let ig € {0,...,d — 1} be such that &, = 1, and let X = (A ... A4=D) € P(d,n). We
have that Vy is an irreducible representation of C(q)CTLg.n(q) if and only if the Young diagram of Al
has at most two columns.

Following the recipe of [JaPdAl §3], we have proved the following isomorphism theorem for CTLg ,,(q)
[ChPo2, Theorem 5.8]:

Theorem 6.19 There exists a Clq, q~1] algebra isomorphism

@n : CTLgn (q) — @ Matm# (TLHO (9) ® Hu, (Q) ® Hyu, (@@ Hpa_y (9)),

peCompy,(n)

where Comp,(n) and m,, are as defined in (6.15)) and (6.16), and we take TL, (q) = H,(q) for n < 3.

We deduce that the following set is a basis of CTLg ,(g) as a Clg, ¢~ ']-module:

DO b M) | e Compy(n), b € BTL b e BE foralli=1,...,d— 1,1 <kl <m,},
n (0g01 d—1 Mg d 0 1,00 % 1, n

where M,’;l denotes the elementary m,, x m, matrix with 1 in position (k,1). In particular, CTLg,(q)
is a free C[q, ¢~ 1]-module of rank

Z miC’Mm!...ud,l!.
pn€Compy(n)
6.3.4 Relations between the Temperley—Lieb quotients

Let d € N* and let n € N with n > 3. The inclusions of ideals K4, C J4, C Iy, yield the following
commutative diagram of natural algebra epimorphisms:

Yd,n(Q) —>> CTLd,n(Q) — FTLd,n (Q) — YTLd,n(Q)

| | ——

Hn(q) TLn(q)

where the non-horizontal arrows are defined by t; — 1 for all j =1,...,n.

6.4 Knot invariants

One of the reasons that the interest in Yokonuma—Hecke algebras was rekindled in the past years was
that Juyumaya and Lambropoulou used the Markov trace on them defined by the former [Ju2] in order
to construct isotopy invariants for framed [JuLall [JuLa2], classical [JuLa3|] and singular [JuLad] knots
and links. Their method is the same as the one applied by Jones, who used the Ocneanu trace on the
Iwahori—Hecke algebra of type A to define the Jones polynomial [Jo2], an invariant for classical knots
and links arising from the Temperley—Lieb algebra. The same technique, when applied directly to the
Iwahori-Hecke algebra, yielded the Homflypt polynomial or 2-variable Jones polynomial [HOMFLY], [PT].
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6.4.1 Invariants from Yokonuma—Hecke algebras for framed knots and links

From now on, set R := C[g,q~']. Using the natural inclusions Y4, (q) C Y4 n+1(g), we can define a
Markov trace on |J,,~o Ya,n(q) as follows (cf. [Ju2, Theorem 12]):

Theorem 6.20 Let z, z1,...,2q4-1 be indeterminates over C(q). There exists a unique linear Markov
trace
try : U Yan(q) — Rlz,z1,...,7a-1]
n=0

defined inductively on Yq,(q), for alln > 0, by the following rules:

(1) trg(ab) = trq(ba) a,b € Yan(q)

(2) trg(l) = 1 1€Yan(q)

(3)  trglagn) = ztrg(a) a€Yan(q) (Markov property)
(4) tra(ath, ) = zptre(a) a€Ygn(g) (1<k<d-1).

For d = 1, the trace tr; is defined by only the first three rules, and it is the Ocneanu trace on the
Iwahori-Hecke algebra #,,(¢) = Y1.,(q).

Remark 6.21 The canonical symmetrising form on Y ,,(¢) defined by (6.12)) coincides with the Markov
trace with parameters z =xy =--- =x4_1 = 0.

The relations (by), (b2), (f1) and (f3) in the definition of the Yokonuma-Hecke algebra are
defining relations for the framed braid group F, = Z! B,, where B, is the classical braid group on n
strands (its generators usually denoted by o1,...,0,-1), with the ¢;’s being interpreted as the “elemen-
tary framings” (framing 1 on the j-th strand). The relations t? = 1 mean that the framing of each braid
strand is regarded modulo d. Thus, the algebra Y4, (¢) arises naturally as a quotient of the framed braid
group algebra over the modular relations (f5) and the quadratic relations (6.2). Moreover, relations (6.1))
are defining relations for the modular framed braid group Fy n = (Z/dZ) 1 B, so the algebra Y, ,(q) can
be also seen as a quotient of the modular framed braid group algebra over the quadratic relations .

For any o € F,,, we denote by @ the link obtained as the closure of a. By the Alexander Theorem,
we have that £y := U,{@|a € F,} is the set of all oriented framed links. Further, by the Markov
Theorem (see [KoSml), isotopy of framed links is generated by conjugation in F,, and by positive and
negative stabilisation and destabilisation (o ~ aof!), for any n € N. Using now the natural R-algebra
epimorphism from R[F,,] onto Y, ,(q) given by o; — ¢; and t; — t;, and abusing notation, we can define
the trace try on the elements of CF,,, and thus, in particular, on the elements of F,. In order to use
trg for constructing invariants for framed knots and links after Jones’s method, the trace trg has to be
normalised, so that the closures of the framed braids o and aoy, (o € Fy,) be assigned the same value
of the invariant, and re-scaled, so that the closures of the framed braids ac, ! and ac, (o € F,) be
assigned the same value of the invariant. However, trq(ao, ') does not factor through try(a) as in the
classical case, that is,

trg(ao; 1) e g Yrg(aoy) + (71 = 1) tra(aey,) # tra(a)trg(o, ).
The reason is that, although trg(ac,) = ztrg(a) = trg(a)trg(o,), tra(ae,) does not always factor
through trg(ca), that is,

trg(aey,) # tra(a)trg(ey).

Forcing the so-called E—-condition
trq(ae,) = trg(a)trqg(e,) foranyn>1andall a € Yq,(q)

yields that the trace parameters z1, ..., z4—1 have to satisfy the following non-linear system of equations,
called the E—system:

d—1 d—1
mesxdfs =Ty stxdfs (1<k<d-1),
s=0 s=0
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where the sub-indices on the x;’s are regarded modulo d and x¢ := 1. Note that
=
p] szxd_s =trqg(e;) foralli=1,...,n—1.
s=0

It has been shown by Gérardin [JuLa2, Appendix] that the solutions of the E-system are parametrised
by the non-empty subsets of Z/dZ. More specifically, if D is a non-empty subset of Z/dZ, then the

corresponding solution of the E-system is Xp := (x1,...,%X4—1), where
1 .
X ;:ﬁzggﬂ 1<k<d-1). (6.23)
jeD

Let now D be a non-empty subset of Z/dZ and let Xp = (x1,...,%4—1) be the corresponding solution
of the E-system. We shall call specialised trace and denote by try p, the trace try where the parameter
x; is specialised to x; for all j =1,...,d — 1 [ChLal Definition 3]. We then have

1
Ep:=trgple) == forali=1,...,n—1,
|D|
and (cf. [JuLa2l Theorem 7 & Lemma 8]):
trg p(ae,) = Eptrgp(a) and trgp(aengn) = ztrgp(a) forall a € Yq,(q). (6.24)

Note that, for d = 1, the specialised trace tr; joy coincides with try, which in turn coincides with the
Ocneanu trace on H,(¢) = Y1,,(q).

Remark 6.22 Following ([6.23)), we have
Ep=le|Dl=1lex{=landx, =xF 1<k<d—-1)

and

1
Ep=_&D=2/dl&x=0 (1<k<d-1).

The latter is the “trivial” solution of the E—system.

We now set a B )
z+(1—-q)p
Api=———"" and Ap:= —+.
D 7 D=2 oY
We also set Rp = R[zt!, v/ )\Dil, \/E]il]. Normalising and re-scaling the specialised trace try,p (which
is possible due to the E—condition) yields the following [CJKL, Theorem 3.1]:

(6.25)

Theorem 6.23 For any framed braid o € F,, we define

®4,0(@) := A% (VAD) @ tra p(a)

where () is the sum of the exponents of the braiding generators o; in the word . Then the map
®qp(q,2): Ly = Rp, L— 4 p(L)

is a 2-variable isotopy invariant of oriented framed links.

Remark 6.24 Note that, for every d € N*, we have 2¢ — 1 distinct solutions of the E-system, so the
above construction yields 2¢ — 1 seemingly distinct isotopy invariants for framed links.

Remark 6.25 Using (6.25]), we can obtain defining equations for z and Ap with respect to Ap, namely,

1-¢q)FE 1
2:27( 9) Ep and Ap:

g p — 1 = 2D

Accordingly, we can use the notation ®4 p(¢, Ap) instead of @4 p(q,z) .
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Remark 6.26 In [JuLa2|, the old quadratic relation was used. Using the natural surjection of
R[F,) onto Yq,(q) given by o; — g; and t; — t;, and normalising and re-scaling the specialised trace,
invariants 'y p(g, ) for oriented framed links were defined in [JuLa2, Theorem 8].

In [JuLa2l Proposition 7] a skein relation is found for the invariant 'y p, involving the braiding and
the framing generators. It reads:

_1d-1

_1-g7'§ L1-
——Tup(Ly) — VAplap(L q ZFdD q ZFdD sx) (6.26)

W

where the links Ly, L_, Ly and Lgy are illustrated in Figure

B B B B
Vo 0 o /o 0 s Ja—s]o s Ja—s]o
Ly = foy L_ =Ba -1 Ls = ﬁtﬁs Loy = Bt5t37%0;

Figure 6.1: The framed links in the skein relation in open braid form.

Analogously, with the new quadratic relations, the invariant ®4 p satisfies the following skein relation:

1 g1/? d-1

\/qT(I)d D L+ \/q)\D(I)d D Z(I)d D (627)

where the links Ly, L_ and L, are illustrated in Figure The fact that the skein relation for ®4 p
is very different from the skein relation for I'y p is an indication that the two invariants may not be
topologically equivalent. We also have computational data that seem to support this claim [A1].

6.4.2 Invariants from Yokonuma—Hecke algebras for classical knots and links

Let £ denote the set of oriented classical links. By the Alexander Theorem, we have £ = U, {a|a € B,}.
The classical braid group B, injects into the framed braid group F,, = Z™ x B,,, whereby elements of B,,
are viewed as framed braids with all framings equal to zero. So, by the classical Markov braid equivalence,
comprising conjugation in the groups B,, and positive and negative stabilisations and destabilisations,
and by treating the t;’s as formal generators, ®4 p(g, z) becomes an isotopy invariant of oriented classical
links when restricted to £ (see also [JuLa3|). This invariant of classical links will be denoted by ©4 p(q, 2).
Accordingly, for any classical braid a € B,,, we have

Oup(@) =A% (VD) try p(a) ,

where Ap and Ap are given by (6.25)), and e(«) is the sum of the exponents of the braiding generators
o; in the word a.

Remark 6.27 Following Remark the above construction yields 2¢ — 1 seemingly distinct isotopy
invariants for classical links. However, we shall see soon that, for classical links, we only obtain one
invariant for every d € N*.

The invariants ©4,p(q, z) need to be compared with known invariants of classical links, especially with
the Homflypt polynomial. The Homflypt (or 2-variable Jones) polynomial P(q, z) is a 2-variable isotopy
invariant of oriented classical links that was constructed from the Iwahori-Hecke algebras H.,,(q) after
normalising and re-scaling the Ocneanu trace [Jo3|]. Here we define P(q, z) via the invariants O4 p(q, 2),
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since, for d = 1, the algebras H,,(¢) and Y1 ,(¢) coincide, while the Ocneanu trace coincides with try
and try yoy. For any classical braid a € By,, we define

P(8) = ©1,10)(a) = (jg) VAR by g0y (@) |

where

2+ (-9
qz

and e(a) is the sum of the exponents of the braiding generators o; in the word a.. Further, the Homflypt

polynomial satisfies the following skein relation [Jo3]:

)\H = = )\{0},

1
VqAu

where Ly, L_, Ly is a Conway triple.

Contrary to the case of framed links, the skein relation of the invariant ®4 p(g, z) has no topological
interpretation in the case of classical links, since it introduces framings. This makes it very difficult
to compare the invariants ©4 p(q, z) with the Homflypt polynomial using diagrammatic methods. On
the algebraic level, there are no algebra homomorphisms connecting the algebras and the traces (see
[ChLal). Further, for generic values of the parameters g, z the invariants ©4 p(q, z) do not coincide with
the Homflypt polynomial; they only coincide when ¢ = 1 or when Ep =1 (cf. [ChLal Theorem 5]).

P(Ly) = Vo P(L-) = (/2 — /%) P(Lo) (6.28)

Remark 6.28 Similarly to ®4 p(q, 2), the invariant I'y p (g, z) becomes an isotopy invariant of oriented
classical links when restricted to £. This invariant of classical links is denoted by Ay p(q, z) and it is
the one studied in [JuLa3] and [ChLa]. Again, there is no reason that the invariants A4 p(q,z) and
©4.0(q, z) are topologically equivalent. In fact, we have computational data that seem to indicate that
they are not [Ai]. Note though that, for d = 1, Ay (01(q,2) = ©1 10}(q,2) (this can be easily seen by
writing down the skein relation for A; (o, and for ©; (o}), so both families of invariants include the
Homflypt polynomial as a special case.

We will now see that the specialised trace try p, when computed on elements of the classical braid
group B,,, can be computed via rules involving only the traces of the elements g; and e;. This in turn
will imply that the invariants ©4 p of oriented classical links depend only on the cardinality of D.

Let ¢ : R[B,] — Ya,n(g) be the natural R-algebra homomorphism given by o; — g;. Then, for any
a € By, d(a) involves only the braiding generators g, ..., gn—1. In fact, we have that the image of ¢ is
the subalgebra Y., (¢)*") of Y4.,(q) generated by g1,...,9,_1 [CIKL, Proposition 4.1].

Remark 6.29 If ¢ # 1, then

1 -1.3 -1 2
= — 3 _g;) — 21
e q_1@ 9 —9i) — (¢ g7 = 1)
foralli=1,...,n — 1. So, when defined over R[(¢ — 1)7!], Y4..(¢)"") coincides with the subalgebra of
Yan(q) generated by the elements g1, ..., gn—1,€1,--.,€n—1, which in turn should be isomorphic, when
d > n, to the so-called algebra of braids and ties (sce [EsRy]).

Now, during the calculation of the specialised trace try p on a € B, the framing generators appear
only when the quadratic relation and the inverse relation are applied, and then only in the
form of the idempotents e;. So, it would make sense in this setting to substitute rule (4) of the definition
of trg p by rules involving only the e;’s, such as . Indeed, we have the following [CJKIL, Theorem
4.3]:

Theorem 6.30 Letm € {1,...,d} and set E,, :=1/m. Let z be an indeterminate over C. There exists
a unique linear Markov trace

trd,m U Yan(q)®™ — R[]

n=0
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defined inductively on Yd’n(q)(br), for allm > 0, by the following rules:

(i) trgm(ab) = trym(ba) a,b € Yqn(g (br)

(i) trgm(l) = 1 1€ Yan(q)®)

(iii) tram(agn) = ztram(a) a€Yan(q)®) (Markov property)
(iv) trgm(ae,) = Eptrgm(a) a € Yan(q)®)

(v) trgm(aengn) = ztram(a) a € Yan(q)®).

For all a € U, Yan(q)®), we have trgm(a) = trgp(a) where D is any subset of Z/dZ such that
|D| = m. Note that, in this case, E,, = Ep.

For o € B,,, we set trgm(a) := trgm(d(c)). Theorem implies that the specialised trace trgy p on
classical knots and links depends only on |D| and not on the solution Xp of the E-system. It does not
even depend on d, since we have the following [CJKL], Corollary 4.4]:

Corollary 6.31 Let d,d be positive integers with d < d'. For all o € B,,, we have

trdlvd(a) = trd7d(o¢) = tI‘d, Z/dz(a).

Remark 6.32 Recall that Z/dZ parametrises the trivial solution of the E-system, that is, the one given
bel = X9 = " =X4d-1 =0.

The above way of calculating the trace try p allows us to prove new results for the invariants ©4 p
of classical knots and links and to compare them with the Homflypt polynomial. Here is the first
observation. The construction of the invariants ©4 p yielded seemingly 2¢ — 1 invariants for every choice
of d. However, an immediate consequence of Theorem and Corollary is the following [CJKTI

Proposition 4.6]:

Proposition 6.33 The values of the isotopy invariants ©4 p for classical links depend only on the
cardinality |D| of D. Hence, for a fized d, we only obtain d invariants. Further, for d,d' positive
integers with d < d', we have ©4p = Og p as long as |D| = |D’|. We deduce that, if |D'| = d, then
O©4 . p = Og 7/az- Therefore, the invariants ©4 p can be parametrised by the positive natural numbers,
setting ©q 1= Oy, 7,4z for all d € N*.

Theorem [6.30] also enabled the development of a program for computing the invariants ©4 with
much lower computational complexity than the one used for the computation of the invariants I'y p (see
[ChmJKTJ]). Such a program has been developed by Karvounis [Kar| and it is available on [La-web].

Now, the main result of this section concerns the comparison of the invariants ©4 with the Homflypt
polynomial. In [CJKL] we have obtained the following remarkable result:

Theorem 6.34 Let d € N, d > 1. The invariants ©4 are topologically equivalent to the Homflypt
polynomial on knots, and more generally on links that are obtained as disjoint unions of knots. Howewver,
the invariants ©4 are NOT topologically equivalent to the Homflypt polynomial on links.

For the first part, using the properties of the specialised trace, we have proved that, for all « € B,,
such that @ is a knot, we have [CJKLl Theorem 5.8]:

©a(g; 2)(@) = ©1(q, dz)(@) = P(q, dz)(a).
More generally, for all a € B,, such that & is a disjoint union of k knots, we have [CJKLl Theorem 6.2]:
©a(q,2)(@) = d*101(q,d2)(@) = d" " P(q,d2)(@).
Note that, following Remark the above equality can be rewritten as
©4(q. Ap)(@) = B, “01(¢, Ap)(@) = E}; “P(q,Ap)(@),
where D = Z/dZ. We will simply write

04(a) = Ep " P(a). (6.29)
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For the second part, as mentioned earlier, a computer program has been developed on Mathematica,
which calculates the specialised trace trg p (and thus the invariants ©4) by using only the five rules of
Theorem and the new quadratic relation. Now, out of 4.188 links (with up to 11 crossings), there
are 89 pairs of P-equivalent links which do not differ only by orientation, that is, they are different links
if considered as unoriented links. Using the data from LinkInfo [Chali|, we computed the invariants 4
on all of them. Out of these 89 P-equivalent pairs of links, 83 are still ©4-equivalent for generic d, yet
we found that the following siz pairs of 3-component P-equivalent links are not ©4-equivalent for every
d>1:

L11n358{0, 1}

L11n418{0,0}

L11a467{0,1}

L11a527{0,0}

L11n325{1,1}

L11n424{0,0}

L10n79{1,1}

L10n95{1,0}

L11a404{1,1}

L11a428{0,1}

L10n76{1,1}

L11n425{1,0}

Table 6.1: Six P-equivalent pairs of 3-component links which are not ©4-equivalent.

Further, in [CJKL, Theorem 7.3], we have proved diagrammatically that the invariants Og4, for d > 1,
distinguish the pair of P-equivalent links L11n358{0,1} and L11n418{0, O}EI, using another remarkable
property of the invariants ©4, namely [CJKL, Theorem 6.19]:

Theorem 6.35 The invariants ©4 can be completely defined via the Homflypt skein relation.

The above result derives from the fact that the invariants ©4 satisfy a special skein relation [CJKLL
Proposition 6.8], which can only be applied on crossings involving two different components (and thus,
it cannot be applied, for example, on knots). Consider the standard Conway triple L1, L_, Ly, as in the
following figure, where different colours represent different components:

B B B
A g
AT T
Ly =foy L_ =fo;—1 Lo=8

Figure 6.2: The links in the special skein relation in open braid form.

Then the skein relation (6.27) for the framed link invariants ®4 p becomes:
1
VgAp
which in turn yields the following skein relation for the invariants O4:
1
———04(Ly) — VgApOu(L_) = (¢"/? — ¢ /?) 04(Ly) ,
\/(]/\—Dd(+) gApOa(L-) = (¢ q /%) ©a(Lo)

where D = Z/dZ. Note that this is exactly the skein relation (6.28)) of the Homflypt polynomial P(q, Ap).

®4p(Ly) — Varp®ap(L-) = (¢"* — ¢ /) @4 p(Lo),

(6.30)

Remark 6.36 With the old quadratic relations for the Yokonuma-Hecke algebra, we would not have
been able to derive the special skein relation . The reason is that the skein relation for the
invariants 'y p contains also diagrams Ly of Ly with framings which cannot be collected together (to
form Lg) since they belong to different components.

1Similar diagrammatic proofs can be given for the remaining five pairs.
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Let now L be an oriented link with ! components. The value of ©,4 on L at variables (¢, A\p) can be
computed diagrammatically by applying the following procedure:

Step 1. Apply the skein relation on crossings linking different components until the link L is
decomposed into disjoint unions of knots. More specifically, we obtain that ©4(L) is written as
a linear combination of values of ©4 on disjoint unions of knots with up to [ components. For
k=1,...,1, let N(L); denote the set of all disjoint unions of k knots appearing in this linear
combination. We thus have

l
Ou(L) =) > @)0ud)

k=1aeN (L)k
for some c(@) € Q[g*?, \/)\Dﬂ].

Step 2. Apply (6.29)), which yields

Y4

Oa(L)=> Ep* > @) P(a),

k=1 aeEN(L)x

where D = Z/dZ. We thus obtain that ©4(L) is a linear combination of Homflypt polynomials
of disjoint unions of knots obtained by the special skein relation [CJKL, Theorem 6.16].

Step 3. Apply the skein relation (6.28]) of the Homflypt polynomial to obtain the value of P on & at
variables (g, Ap), for all disjoint unions of knots @ € N (L)g, k =1,...,1.

Finally, observing that in the above procedure, the rational number Fp = 1/d could be taken to be a
parameter, we have constructed a new 3-variable skein link invariant © generalising both the invariants
©4 and the Homflypt polynomial [CJKT) Theorems 8.1]:

Theorem 6.37 Let g, A\, E be indeterminates over C. There exists a unique isotopy invariant of classical
oriented links © : £ — C[gT/2 \*1 E*Y] defined by the following rules:

1. For a disjoint union L of k knots, with k > 1, it holds that:
O(L) = E*"* P(L).

2. On crossings involving different components the following skein relation holds:

1
VA

where Ly, L_, Ly is a Conway triple.

O(Ly) = VarO(L-) = (¢"% — ¢ V/?) O(Lo),

The invariant © specialises to the invariant ©4 for E = Ep and A = Ap, where D = Z/dZ (recall
that ©; = P). It also distinguishes the six pairs of links of Table Hence, we conclude the following
[CIKLL Theorem 8.2]:

Theorem 6.38 The invariant ©(q, \, E) is stronger than the Homflypt polynomial.

Remark 6.39 The invariants {©4}4en- and O are topologically equivalent to the Homflypt polynomial
on knots. Since there is at least one pair of knots distinguished by the Homflypt polynomial but not
by the Kauffman polynomial, the invariants {©4}4en+ and © are not topologically equivalent to the
Kauffman polynomial.

Remark 6.40 An appendix was recently added to [CIKL]; it contains a closed formula, obtained by
Lickorish, for the 3-variable invariant ©. For a given link L, this formula expresses ©(L) as a non-
trivial mixture of linking numbers and Homflypt polynomials of all sublinks of L. The same result was
independently proved in [PdAWa].
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6.4.3 Invariants from affine and cyclotomic Yokonuma—Hecke algebras

Recall now the notatlon of Section [6.2] Tet n € N, d € N* and I € N* U {oo}. We have R; =
Clg*", QE', Q.. ., o 1] if | < oo, and R, := C[gT!]. We define inductively elements X1, Xo,..., Xn
of Y(d,l,n) by setting

)~(1 = X; and )N(H_l ::gi_l)?ig,; fori=1,...,n—1.

Note that X¢ = W, foralli=1,...,n and a € Z. We have t2X¢ = W, | = Xat? for all b € Z.
Using now the natural inclusions Y(d,l,n) C Y(d,l,n + 1), we can define a Markov trace on
U,so Y(d,1,n) as follows (cf. [ChPdA2] §5]):

Theorem 6.41 Let z and (Zab)acz, be{0
Markov trace

a—1} be indeterminates over R;. There exists a unique linear

.....

tra, : U Y(d,1,n) — Ri[2, (Ta,b)aczi beqo0,....d—1})

n>=0
defined inductively on Y(d,l,n), for alln > 0, by the following rules:
(1) trg (uv) = trg;(vu) u,v € Y(d,l,n)
(2) trdl(l) =1 1e Y(d,Ln)
(3) trag(ugn) = ztrau(u) uw€eY(dl,n) (Markov property)
(4) trdyl(anthH) = Zeptrg(u) ueY(dln) (a€eZ;,0<b<d—1).

Remark 6.42 For d = 1, the Markov trace trq; on the algebra H(I,n) = Y(1,[,n) was introduced
e by Ocneanu/Jones [Jo2l [Jo3|] for I =1,

e by Lambropoulou and Geck [Lall, [GeLa] for | = 2, and

e by Lambropoulou [La2] for | € Z>3 U {oo}.
For [ =1, trg; is the Markov trace trg on the Yokonuma-Hecke algebra Y4, (q).

Remark 6.43 The canonical symmetrising form on K;Y(d,l,n) defined by (6.21) coincides with the
Markov trace try; with parameters z = 0 and 24 = 64,00p,0-

The relations (by), (b2), (f1) and (f2) in (6.1)) together with relations are defining relations for
the framed affine braid group FT = 7 Bfff, where B! is the affine braid group (its generators usually
denoted by 0¢,01,...,0,-1), Wlth the t;’s being mterpreted as the “elementary framings” (framing 1 on
the j-th strand). Moreover relations together relations are defining relations for the modular
framed affine braid group _7’-"abff &~ (Z/dZ) 1 B¥. Thus, the algebra Y(d,l,n) can be seen as a quotient of
both framed affine braid group algebra and modular framed affine braid group algebra

For any o € F we denote by @ the link obtained as the closure of a. By the Alexander Theorem,
we have that E?ff = Up{a|a € F} is the set of all oriented framed links in the solid torus. Further,
in [ChPdA2] Theorem 6.6], we have shown that isotopy of framed links in the solid torus is generated by
conjugation in F2f and by positive and negative stabilisation and destabilisation (o ~ ao;™1), for any
n € N. Using now the natural R;-algebra epimorphism from R;[F2%] onto Y(d,,n) given by ¢ — X7,
o; — g; and t; — t;, and abusing notation, we can define the trace trq; on the elements of CF; aff, and
thus, in particular, on the elements of F2. In order to use trq, for constructing invariants for framed
knots and links after Jones’s method, the trace trq; has to be normalised, so that the closures of the
framed affine braids « and ao,, (o € F,,) be assigned the same value of the invariant, and re-scaled, so
that the closures of the framed affine braids ao,, ! and ao, (o € F,) be assigned the same value of the
invariant. As in the non-affine case, we need to impose the affine E—condition:

trq (ue,) = trqg (u)trg(e,) forany n>1andall u € Y(d,I,n).

This condition yields in turn that the trace parameters (245)acz, be{o0.,....i—1} have to satisfy the following
non-linear system of equations, called the affine E-system [ChPdA2l, Proposition 6.13]:

Z%,bﬂﬂCo,dfs = Zap Zﬂfo,sxo,dfs (a€eZ,0<b<d-1).
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Note that
d—1

Zﬁo,sxo,d—s =trqg(e;) foralli=1,...,n—1.
s=0
We have solved the affine E-system and obtained the following [ChPdA2| Proposition 6.15]:

1
d

Proposition 6.44 The affine E-condition holds if and only if there exists a non-empty subset D of
Z./dZ such that

1 .
oy =15 > G0 (0<b<d-1),
D] <=

that is, (zo1,...,%T0,d—1) s solution of the classical E-system, and, for a # 0,

(Ta,0yTa,1,s- s Ta,d—1) € Spang, ({(1, Qé, §j7 . ,C(d_l)j) |j € D}).

In this case, we have

1
trgi(e;) = |— foralli=1,...,n—1.

D

Assume now that the trace parameters (24,)acz, be{o0,....i—1} are a solution of the affine E-system
corresponding to a non-empty subset D of Z/dZ. We set

1 z+(1—-q)Ep 1
—_—, )\ === d A = .
ip[” P gz N v

We also set Ry := Ry[zE!, \/)\Dﬂ, \/(jil]. We then have the following [ChPdA2, Theorem 6.8]:

ED =

Theorem 6.45 For any framed affine braid o € F2 | we define

n 7
Va0,0(@) = A% (VAp) @ trga(a)
where () is the sum of the exponents of the braiding generators o1, ...,0,—1 in the word a. The map

\de,l,D : ,CE}H — 'ﬁ,l, L— \I’dJ,D(L)
is an isotopy invariant of oriented framed links in the solid torus.

The invariant Wq; p when restricted to the set £y of framed links coincides with the invariant ®4 p
of oriented framed links from the Yokonuma—Hecke algebra defined in Theorem

Let now £ denote the set of oriented (non-framed) links in the solid torus. The invariant ¥;; p when
restricted to £2 becomes an invariant of oriented links in the solid torus, which we will denote by 24 p.
For d = 1, the invariants €, ; 19} coincide with the Homflypt-type invariants of oriented links in the solid
torus obtained from the cyclotomic and affine Hecke algebras in [Lall [GeLal [La2]. When further restricted
to the set of £ of oriented classical links, the invariants 24, p and €2 ; o} coincide respectively with
the invariants ©4 p and the Homflypt polynomial ©; ;o}, defined in the previous subsection. Following
Theorem we deduce that the six pairs of links of Table are distinguished by Qq; p when |D| > 1,
but not by € ; 03. We conclude the following [ChPdA2) Proposition 6.10]:

Proposition 6.46 The invariants Qq; p with |D| > 1 are not topologically equivalent to the Homflypt-
type invariants of oriented links in the solid torus obtained from the cyclotomic and affine Hecke algebras.

6.4.4 Invariants from Temperley—Lieb quotients of Yokonuma—Hecke alge-
bras

The Ocneanu trace on the Iwahori-Hecke algebra H,,(q) passes to the Temperley-Lieb algebra TL,(q)
if and only if z = —1/(¢ + 1) or z = —1. Using the natural surjection of R[B,] onto TL,(q) given by
o; — ¢i, and normalising and re-scaling the Ocneanu trace for z = —1/(¢ + 1) (the case z = —1 not
being interesting topologically), Jones [Jo2] defined an 1-variable isotopy invariant of oriented classical
links V' (q), known as the Jones polynomial. We have V(q) = P(q,—1/(¢ + 1)).
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Trying to repeat the same procedure for the construction of 1-variable isotopy invariants of oriented
framed and classical links from the Temperley—Lieb quotients of Yy 5, (¢), Goundaroulis, Juyumaya, Kon-
togeorgis and Lambropoulou have determined the values of the parameters z, x1,...,x4_1 for which the
trace try passes to the Yokonuma—-Temperley—Lieb algebra [GIKLI], the Framisation of the Temperley—
Lieb algebra [GJKL2] and the Complex Reflection Temperley—Lieb algebra [GJKL2]. In particular, they
have obtained that try passes to:

e YTLg,(q) only if 21 is a d-th root of unity and xj, = 2% for all k=1,...,d — 1.
e FTL;,(q) only if (x1,...,24-1) is a solution of the E-system.
e CTL4 ., (q) for many values of (z1,...,24-1), including all solutions of the E-system.

Subsequently, in order to define knot invariants following Jones’s method, they have had to impose
the E—condition on the parameters z1,...,zq_1. If now z; is a d-th root of unity and x; = x’f for all
k=1,...,d —1, then (z1,...,24-1) is a solution of the E-system parametrised by a singleton subset
of Z/dZ (case Ep = 1). In this case, there is a loss of the framing information, while if we restrict
to the case of classical links, the invariants from the Yokonuma-Temperley algebra coincide with the
Jones polynomial (cf. [ChLal, Theorem 5]). Thus, the Yokonuma—Temperley—Lieb algebra is not very
interesting topologically.

For the Framisation of the Temperley—Lieb algebra the conditions are not so restrictive. If D is a
non-empty subset of Z/dZ and Xp is the corresponding solution of the E-system, then the specialised
trace trqg,p passes to FTLg ., (q) if and only if z = —Ep/(¢ + 1) or z = —Ep [GJKL2, Proposition 8].
Using the natural surjection of R[F,] onto FTLg,(¢) given by o; — ¢; and t; — t;, and normalising
and re-scaling try p for z = —Ep/(q + 1) (the case z = —Ep not being interesting topologically), one
can construct l-variable invariants ¢4 p(q) of oriented framed links [GJKL2| Definition 7]. We have
¢a.n(q) = ®ap(¢,—Ep/(q¢ + 1)). Similarly to the Yokonuma-Hecke algebra case, these invariants,
when restricted to classical links, are parametrised by the positive natural numbers; we denote them
by 64, where d € N*. We then have 04(q) = ©4(¢q, —1/d(¢ + 1)), and so V(q) = 61(¢). The invariants
O4(g, —1/d(q + 1)) still distinguish the six P-equivalent pairs of Table whence, following Theorem
we conclude the following (see also [GJKL2] Proposition 11 & Theorem 9]):

Proposition 6.47 Letd € N, d > 1. The invariants 04 are topologically equivalent to the Jones polyno-
mial on knots, and more generally on links that are obtained as disjoint unions of knots. However, the
imwvariants 84 are not topologically equivalent to the Jones polynomial on links.

Remark 6.48 A 2-variable generalisation of 0; and the Jones polynomial (obtained as a specialiasation
of the invariant © defined in Theorem [6.37)) was recently introduced and studied in [GouLal.

Finally, as far as the Complex Reflection Temperley—Lieb algebra is concerned, we can take again
(z1,...,24—1) to be any solution of the E-system. Let D be a non-empty subset of Z/dZ and let X be
the corresponding solution of the E-system. By [GJKL2| Proposition 9], if 0 ¢ D, then try p passes to
CTLy,,(q) for any value of z; if 0 € D, then try p passes to CTLy,,(¢) if and only if z = —Ep/(¢+ 1)
or z = —FEp. We conclude the following about the invariants arising from the Complex Reflection
Temperley—Lieb algebra [GJKL2, Proposition 10]:

Proposition 6.49 Let D be a non-empty subset of Z/dZ and let Xp be the corresponding solution of the
E-system. If 0 ¢ D, then the invariants obtained from CTLg,(q) coincide with the invariants obtained
from Yq,(q). If 0 € D, then the invariants obtained from CTLg,(q) coincide witht the invariants
obtained from FTLg ,(q).
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