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Céptico como os cépticos, crente como os crentes.

A metade que avanga é crente, a metade que confirma é& céptica.
Mas o cientista perfeito & também jardineiro: acredita

que a beleza & conhecimento.

(Gongalo M. Tavares)






Resumo alargado

A pesquisa dedicada a teoria de grupos evoluiu de forma bastante acentuada du-
rante o século XIX e, até hoje, continua a ser objeto de intenso estudo, gracas, em parte,
as suas iniimeras aplicagoes em diversas areas da matematica, fisica e em outros ramos
do conhecimento. O estudo dedicado a classificagdo de grupos culminou no desenvolvi-
mento da teoria de representagdo, uma disciplina que desempenha um papel crucial
ao proporcionar uma compreensdo mais profunda de grupos especificos ou mesmo de
familias completas de grupos. A teoria de representacdo pode ser vista como uma
ponte que conecta conceitos simples com conceitos complexos, colocando em evidén-
cia como os elementos de qualquer grupo podem ser representados através de matrizes.

Um dos principais objetivos da teoria de representacdo consiste na identificacio
dos caracteres irredutiveis de um grupo, uma tarefa que, em muitos casos, se revela
extremamente desafiadora. Assim, podemos tentar encontrar um conjunto de carac-
teres do grupo, que, mesmo podendo nao se tratarem todos de caracteres irredutiveis,
contribuam significativamente para a compreensao da natureza do grupo em estudo.
Um exemplo classico onde podemos encontrar este tipo de dificuldade é a caracteri-
zacdo dos caracteres irredutiveis de grupos unitriangulares finitos, conhecida por ser
um problema selvagem e, provavelmente, impossivel de realizar. André, em [2], e Yan,
em [44], lidaram com esta dificuldade, substituindo os caracteres irredutiveis dos gru-
pos por uma familia de caracteres, ndo necessariamente todos irredutiveis, que sao
constantes num conjunto de unides de classes de conjugacao do grupo. Mais tarde,
Diaconis e Isaacs, em [19], apresentaram o conceito geral de uma teoria de supercar-
acteres para um grupo finito.

Os supercaracteres surgiram sob o nome de caracteres bdsicos relativamente ao
grupo unitriangular U, (F) definido sobre um corpo finito F de caracteristica p (con-
ferir [2] e [3], ambos de C. André). A construgao inicial dos caracteres bésicos estava
fundamentada no método das 6rbitas de Kirillov (consultar [31]), conjuntamente com
uma construcao de David Kazhdan (ver [29]) de caracteres irredutiveis no caso em que
p > n. De destacar que os caracteres basicos foram obtidos como produtos especificos
de caracteres elementares e essa descricao permitiu a extensao do conceito de supercar-
acteres aos subgrupos unipotentes dos grupos simpléticos e ortogonais (ver [4], [6], [7]).
Posteriormente, Ning Yan (ver [44]) adotou uma abordagem completamente distinta
para ampliar os resultados anteriores para o caso mais geral, onde p > n. Yan utilizou
agoes a esquerda e a direita do grupo unitriangular U, (F) na &lgebra u,(F), incor-
porando também as correspondentes agoes contragradiente no espaco vetorial dual de
up,(F). A abordagem de Yan foi posteriormente utilizada por Persi Diaconis e I. Martin
Isaacs para alargar a construcao a grupos algebra arbitrarios definidos sobre um corpo
finito F (consultar [19]). Posteriormente, C. André e A. Nicolds, em [5], adaptaram o



trabalho desenvolvido por Diaconis e Isaacs ao caso do grupo adjunto de anéis radicais
finitos, destacando, em particular, a sua aplicacdo a grupos algebra definidos sobre um
anel comutativo finito.

Estudos recentes revelam que enquanto a teoria de representacdo do grupo simétrico
atua como um modelo fundamental para a teoria de representacdo de grupos finitos,
intrinsecamente relacionado com combinatoéria de parti¢coes e tableaux, por sua vez, a
teoria de supercaracteres do grupo unitriangular apresenta uma estrutura combinatoria
igualmente rica e complexa, baseada na analise de particoes de conjuntos e diagramas
de arco (ver, por exemplo, a referéncia [8] por C. André). Esta identificagdo abre no-
vas perspetivas e horizontes na pesquisa em teoria de grupos e teoria de representacao,
prometendo descobertas e avangos que enriquecem ainda mais o nosso entendimento
destas areas do conhecimento da matematica e da fisica.

A matemadtica contemporinea, agora impulsionada pelo auxilio da inteligéncia ar-
tificial (IA), estd bem posicionada para explorar novas abordagens e promover avangos
significativos na nossa compreensao do mundo matematico e cientifico, ao relacionar
mais facilmente diferentes areas do saber. Sempre que se estabelece uma conexao en-
tre duas areas distintas do conhecimento, alimentamos a expectativa de descobertas
notaveis. No entanto, mesmo quando esses avancos especificos ndo se materializam, o
mero apreco pela beleza inerente a uma nova abordagem pode justificar plenamente o
esforco investido. Teorias de supercaracteres distintas, aplicadas a um mesmo grupo
finito arbitrario G, estdo em bijecdo com os anéis centrais de Schur sobre G distintos. E
notével que muitos dos teoremas iniciais descritos em [19] ja tivessem na verdade sido
anteriormente apresentados, sob uma perspetiva distinta, no trabalho de Tamaschke
sobre os anéis de Schur, conforme mencionado em [41]. Ainda de destacar que, em [26],
Humphries e Johnson levantaram a questéo, na terminologia de [19], de identificar que
grupos poderiam exibir uma tabela de caracteres idéntica a tabela de supercaracteres
de algum grupo abeliano.

A ligacao formal entre as teorias dos supercaracteres de um grupo finito G e anéis
centrais de Schur sobre G, foi estabelecida de forma rigorosa por A. Hendrickson, em
[25]. Utilizando os resultados obtidos por Hendrickson, conseguimos (re)construir os
supercaracteres standard dos grupos dlgebra G, bem como desenvolver a teoria de su-
percaracteres relacionada a subgrupos de G, compostos por elementos que sao fixos por
uma involugdo. Como resultado direto, a demonstracdo principal apresentada em [9]
sofre uma significativa simplificagdo, destacando a eficacia desta abordagem ao apro-
fundarmos o nosso conhecimento do papel dos supercarateres no estudo de um grupo
finito. Ou seja, utilizando a correspondéncia entre anéis de Schur centrais e teorias de
supercaracteres para grupos finitos, simplificamos a construcao da teoria de supercar-
acteres standard para grupos adjuntos de anéis radicais finitos. Se o anel radical R for
de caracteristica impar e se estiver munido de uma anti-involu¢do o, definimos uma
teoria de supercaracteres para o subgrupo R; do grupo adjunto R°, constituido pelos
elementos fixos através de o. Esta teoria estende a que foi definida previamente em



[9], quando R é uma algebra nilpotente sobre um corpo finito.

Ao longo dos seis capitulos deste trabalho, incluimos varios exemplos de modo a
clarificar os conceitos apresentados. Os trés capitulos iniciais estabelecem os pilares
essenciais que servirdo como base sélida para o restante desta dissertacao.

No primeiro capitulo, iniciamos com a defini¢do da dlgebra de grupo de um grupo
arbitrario e exploramos diversas propriedades pertinentes a algebra de grupo complexo
de um grupo finito. Ademais, este capitulo proporciona uma visdo abrangente sobre as
propriedades elementares dos caracteres de grupo, estabelecendo o alicerce necesséario
para compreender a interligacdo entre os anéis de Schur e as teorias de supercaracteres.

No segundo capitulo, delineamos os fundamentos dos anéis de Schur, oferecendo
uma visao geral que engloba construcoes pormenorizadas, além de apresentarmos a
teoria dos caracteres Scal de Tamaschke para um anel de Schur.

O terceiro capitulo introduz uma defini¢do atualizada de uma teoria de supercarac-
teres aplicavel a grupos finitos, equivalente a proposta em [19]. Neste capitulo, também
apresentamos uma lista de caracterizagoes equivalentes, algumas das quais represen-
tam contribui¢cdes novas e anteriormente nao exploradas.

No capitulo subsequente, o quarto, apresentamos a (re)construgao da teoria de su-
percaracteres standard de grupos adjuntos de anéis radicais finitos. Realgamos o facto
de que as demonstracoes neste capitulo apresentam uma simplificacdo consideravel em
relacdo as apresentadas em [5].

No quinto capitulo, prosseguimos ao estender a construcao de uma teoria de su-
percaracteres para grupos algebra involutivos, previamente apresentada em [9], para
uma teoria de supercaracteres para grupos adjuntos involutivos. Mais uma vez, as
provas apresentadas neste capitulo notabilizam-se pela sua substancial simplicidade,
em comparacdo com as de [9].

Por fim, no sexto capitulo, detalhamos diversas ideias para trabalhos futuros. Suge-
rimos possiveis caminhos de pesquisa que nos parecem promissores de gerar resultados
significativos, como o alargamento ao caso dos grupos infinitos ou, por exemplo, a
exploracao da interligacdo entre supercaracteres e esquemas de associagao.

Palavras-chave: Anéis de Schur, Teoria de Supercaracteres, Grupo Adjunto






Abstract

Using the correspondence between central Schur rings and supercharacter theories for
finite groups, we simplify the construction of the standard supercharacter theory for
adjoint groups of finite radical rings. If the radical ring R is of odd characteristic and is
endowed with an anti-involution o, we define a supercharacter theory for the subgroup
of the adjoint group R°, R;, consisting of elements fixed by . This theory extends

the one previously defined in [9], when R is a nilpotent algebra over a finite field.

Keywords: Schur rings, Supercharacter Theory, Adjoint Group
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Introduction

Group theory had its big boom in the 19th century, but it remains intensely studied due to
its numerous applications in many branches of mathematics, physics, and other fields. The
effort put into studying groups led to the emergence of representation theory, which enables
us to gain a better understanding of specific groups or entire classes of groups. Representation
theory acts as a bridge between simple and complex concepts, as it demonstrates how the
elements of any group can be represented as matrices.

One of the main goals of representation theory is to find the irreducible characters of a
group. However, this can sometimes be an incredibly challenging task. For instance, the clas-
sification of the irreducible characters of the finite unitriangular groups is known to be a wild
problem. Therefore, it becomes worthwhile to seek a set of characters for the group that,
although they may or may not be irreducible, help us better comprehend the essence of the
group. This is where the concept of supercharacters arises. In fact, while the representation
theory of the symmetric group serves as a fundamental model directly connected to combi-
natorics of partitions and tableaux, recent years have revealed that the supercharacter theory
of the finite unitriangular group boasts a similarly rich combinatorial structure based on set
partitions (see [8] by C. André).

Supercharacters were originally introduced under the name of basic characters for the
unitriangular group U, (F) defined over a finite field I of characteristic p (see [2] and [3] by
C. André). The original construction of basic characters relied on Kirillov’s orbit method (see
[31]) and a construction by David Kazhdan (see [29]) of irreducible characters in the case where
p > n. It should be noted that the basic characters were obtained as certain products of ele-
mentary characters, and this description allowed the notion of a supercharacter to be extended
to unipotent subgroups of the symplectic and orthogonal groups (see [4], [6], [7]). Later, Ning
Yan (see [44]) used an entirely different method to extend the earlier results to the general case
(where p > n). Yan employed left and right actions of U, (F) on the algebra w,(F) and the
corresponding contragradient actions on the dual vector space of u,(F). Yan’s approach has
been further extended by Persi Diaconis and I. Martin Isaacs to arbitrary algebraic groups over
a finite field F (see [19]). Subsequently, C. André and A. Nicolds, in [5], adapted the work of
Diaconis and Isaacs to the adjoint group of finite radical rings and, in particular, to algebraic
groups defined over a finite commutative ring.

Whenever a connection is established between two different areas of knowledge, break-
throughs are expected. However, even when such breakthroughs are not achieved, the beauty
of the new approach alone can make the effort worthwhile. With the assistance of AI, math-
ematicians today can expect these "new approaches" to become increasingly common. Super-
character theories of an arbitrary finite group G are closely related to central Schur rings over
G. Notably, several of the initial theorems in [19] were previously found in a different form in
Tamaschke’s work on Schur rings [41]. Additionally, related work by Humphries and Johnson
in [26] posed the question, in the language of [19], of identifying which groups have a character
table identical to the supercharacter table of some abelian group.

The formal connection between supercharacter theories of G and central Schur rings over
G was established by A. Hendrickson in [25]. We use Hendrickson’s results to (re)construct



the standard supercharacters of algebra groups GG, and also the related supercharacter theory
of subgroups of G consisting of elements fixed by an involution. Consequently, the main proof
in [9] is significantly simplified. Additionally, we extend the results of [19] and [9] to a slightly
more general situation where G is the adjoint group of a finite radical ring.

Throughout all chapters, we include examples to illustrate the concepts. The first three
chapters lay the fundamental prerequisites for the remainder of the dissertation.

In chapter 1, we start with the definition of the group algebra of an arbitrary group and
explore various properties of the complex group algebra of a finite group. Additionally, this
chapter provides an overview of several elementary properties of group characters and sets the
foundation for establishing the connection between Schur rings and supercharacter theories.

In chapter 2, we provide an overview of the fundamentals of Schur rings, including detailed
constructions, and present Tamaschke’s §-character theory for a Schur ring.

In chapter 3, we introduce a refreshed definition of a supercharacter theory for a finite
group, equivalent to the one in [19]. We also present a list of equivalent characterizations,
some of which are new and previously unexplored.

In chapter 4, we (re)construct the standard supercharacter theory for adjoint groups of
finite radical rings. The proofs in this chapter are considerably simpler than those presented
in [5].

In chapter 5, we extend the construction in [9] of a supercharacter theory for involutive
algebra groups to involutive adjoint groups. Once again, the proofs in this chapter are consid-
erably simpler than those in [9].

In chapter 6, we outline some ideas for future work that appear to have a good chance to
provide us some nice results.



Chapter 1

Preliminaries

A Schur ring over an arbitrary finite group G is a subalgebra of the group algebra of G that
verifies some additional conditions; supercharacters of G are strictly related with idempotents of
the group algebra of G; examples of adjoint groups emerge when working with a particular kind
of group algebras. Hence, given the relevance of this algebraic structure, we start by reviewing
fundamental definitions involving the group algebra and highlight some of the properties that
will be useful later on. Then, in the second section of this chapter, we will review definitions
and results concerning character theory that will sustain what will be presented further on
about supercharacter theories.

1.1 The group algebra

The relevance of the group algebra is well-known, in particular when studying representation
theory of groups. Moreover, we can endow the group algebra with several additional opera-
tions, making it a very rich algebraic structure that will empower us when working with its
elements.

For the most part of this work, G will be a finite group and we will work over the complex
field. However, for this first definition, we will consider a more generic situation, knowing that
this generalization will be useful in Example 4.2.1 of chapter 4 and on section 1 of chapter 6.

Let G be an arbitrary group (not necessarily finite) and R be a commutative ring with
identity.
If a : G — R is a map, we define the support of a by

supp(a) = {g € G : a(g) # 0}.

Definition 1.1.1. The group algebra of G, denoted by R[G], is the R-module consist-
ing of all R-valued functions defined on G and having finite support, endowed with the
convolution product defined by

(aB)(9) := > a(h)B(h™"g),
heG
for all @, 8 € R[G] and g € G.
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It is straightforward to prove that defined this way, R[G] is a R-algebra.

For any finite subset K C G, we consider the characteristic map, dx € R[G], defined for

all g € G by
1, if ge K
1) =<
x(9) {0, otherwise.

If K = {g}, for g € G, we will write d, instead of dx.

Usually, the group algebra R[G] of G is defined as the free R-module with basis G where
the multiplication extends in the natural way the multiplication of the group G. However, our
definition is equivalent to this; indeed, the mapping g — d4, for g € G, defines an isomor-
phism of R-algebras. In particular, it follows easily that R[G] is a free R-module with R-basis
{64 : 9 € G}.

From now on, unless stated otherwise, let G be a finite group with identity 1 and consider
the complex group algebra C[G]. We will always assume that a subalgebra of C[G] includes
the identity of C[G]. Let Cl(G) denote the set of all conjugacy classes of G. If X is a set, let
|X| denote the cardinality of X and let Part(X) denote the set of all partitions of X.

Remark 1.1.2: Note that §; is the identity of C[G] and, for all subsets K, K’ C G, the
following properties are simple to verify:

e 0k + 0K =20knK’ + 0x\K' + OKN\K
o (6xdx)(9)=|h"tge K':h € K| for all g € G. In particular,
dg0n = dgn
for all g,h € G.

Definition 1.1.3. An element o € C[G] is called a class function of G if

alg) = a(h™'gh),

for all g, h € G, or equivalently, if « is constant on each conjugacy class C' € CI(G).

Let cf(G) denote the subalgebra of C[G] consisting of all class functions of G. A class
function is sometimes referred to as a central function because if a € cf(G), then

a(gh) = a(hg)
for all g,h € G.

Consider the usual Frobenius inner product defined by
1 —
(a, ) == @ Z a(9)B(9),

for all a, 8 € C[G].



1.1. The group algebra

Proposition 1.1.4. The center of the group algebra

Z(C|GQ)) :={a e C[G] : aB = Ba for all B € C|G]}

equals cf(G). Moreover, with respect to the Frobenius inner product, {0c : C € CI(G)} is an
orthogonal basis for cf(G).

Proof. For all & € C[G] and all g, h € G,

(6g08,-1)(h) = > (650)(k)Sg—1 (k")

keG
= (d,40)(hg)
=Y dy(k)a(k™" hg)

keG
=a(g~"hg).

Therefore, a € Z(C[G]) if and only if « € cf(G).
Moreover, if C, D € CI(G), then

Gl itc=b
dc,op) =<4 16 !
(9c,9p) { 0, otherwise.

An element belonging to the center is called a central element.

We will now define some more operations on the algebra C[G], starting with the usual
product of functions, with respect to which C[G] is a commutative algebra.

Definition 1.1.5. For every a, § € C[G], we define the Hadamard product (or point-
wise product), « - 8 € C[G], by

for all g € G.

(a-B)(g) = al9)B(g)

Remark 1.1.6: The following properties are obvious:

d¢ is the identity of C[G] with respect to the Hadamard product;
0 -0 = 0knK, for all subsets K, K’ C G,

If o € C[G] is idempotent with respect to the Hadamard product, then o = §x for some
K C G,

If S is a subalgebra of C[G] with respect to the Hadamard product, then S is the linear
span over C of characteristic functions of some disjoint subsets of G.
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There is still a unary operation that we can define in the group algebra that has a special
role in our study. Firstly, we recall the definition of an anti-involution on an arbitrary ring and
some related properties.

Definition 1.1.7. Let R be a ring. A map *: R — R is called an anti-involution on R
if:

for all x,y € R. If R has identity we also require that:
4. 1* = 1.

Proposition 1.1.8. Let R be a ring with anti-involution x and let x € R. Then the following
hold:

1. 0 =0;
2. If x is central, then x* is also central;
3. If R has identity and x is invertible, then (x=1)* = (z*)~1.

Proof. 0* = (04 0)* = 0* + 0*, which implies 0 = 0*. Also, if z is a central element of R,
then z*y = (y*x)* = (xy*)* = ya* for all y € R, and so z* is also central. Finally, if x € R is
invertible, then 1 = 1* = (zz~1)* = (27 1)*2*. O

Example 1.1.9. Let R be a ring with identity and let M, (R) denote the set of all square
matrices of order n with entries in R. Then M, (R) is also a ring with identity. Let M denote
the transpose of a matrix M € M, (R) and let I,, denote the identity matrix of order n. For
all M, N € M,,(R), we have:

. (M+N)'=M"+N";
2. (MN)' =N"M";
3. (M7 = M;
4. I = I;
and so the transpose defines an anti-involution on M, (R).

Example 1.1.10. Let Z denote the conjugate of the complex number z € C. Note that, for
all z,w € C, we also have:

2. Zw=w Z;
3. Z =z
4. 1=1;

and so the conjugate defines an anti-involution on C.



1.1. The group algebra

a €S,
(za)* = Za™,

then S is called a x-algebra over C.

Definition 1.1.11. If S is a C-algebra with anti-involution x and if, for all z € C and all

Proposition 1.1.12. The map x : C[G] — C|[G], defined by

a*(g9) = a(g™)

for all o € C[G] and all g € G, is an anti-involution on C[G], both for the convolution product
and for the Hadamard product. Moreover, C[G] is a x-algebra over C.

Proof. For all o, 8 € C[G], all g € G and all z € C:

o (a+8)(9) =(a+B)(g7)=alg™?) +B(g™!) = a*(g9) + B*(9);

. (Ba)(g) =) B (h) =" B Dalg—'h)

heG heG
=" alg )BT = > aly)Bly~Tg~T)
hed yeG

e 07(g9) =0d1(g71) = d1(9);
o 05(9) = 0a(971) = dalg);
o (20)*(g9) = (2a)(g7") = z(a(g™1)) = Za*(g)

O

From now on, unless stated otherwise, * denotes the anti-involution of C[G] defined on

Proposition 1.1.12.

Note that in virtue of the second point of Proposition 1.1.8, cf(G) is also a x-algebra over
C. This observation together with the next proposition will be helpful for the following sections.

Proposition 1.1.13. For every «, 8 € C[G],
aa® =0 if and only if o = 0.
Proof. If aa* =0, then

0=(aa*)(1) =Y a(h)a*(h™") =" a(h)alh)

heG heG

and thus a(h) =0 for all h € G. The other direction is trivial.

=Y la®)

heG
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We end this section with the notion of normality of an algebra that includes clearly all
subalgebras of the center of C[G]. Then we finish with two examples that illustrate some of
the things we have seen so far.

Definition 1.1.14. A subalgebra S of C[G] is said to be normal if
ac® = o

for all o« € S.

Example 1.1.15. Consider the cyclic group of order 5,
Cs = (o) = {1,0,0% 0 0%}

As defined before,
C[C5] = Span([:{517 50a 602 ) 5037 504 }

Because C5 is abelian C[Cj] is central and, therefore, normal.

Note that
530’04} = 0fo,01} and 6302703} = 0{52,03} -
Moreover,
0{0,0410{0,041 = 201 + 002 53}
5{02703}5{02,03} =201 + 5{0704}
0{0,0110{0?,03} = O{a,01} + 0(02,09}-

Taking into account remark 1.1.6, it is now obvious that spanc{di,d{s 4},0(02,08}} is @ *-
subalgebra of C[C5], both for the convolution product and the Hadamard product.

On the other hand, note that, for example,

' =3
{0,02,0%} = 9{c2,03,04}-

So, spanc{d1,0{4,02,53},0{s4} } is not a x-subalgebra of C[Cs].

Example 1.1.16. Consider the symmetric group of order 3,

It is easy to check that C1(S3) = {{(1)}, (x*), (x x %)} where (x*) = {(12),(13),(23)} and
(¢ + #) = {(123),(132)}. So

Cf(Sg) = spanc{d(l), 5(* *) 5(* % *)}
Note that C[S3] is not normal, because, for example,

(6(12) +0123))(012) +0a23))" = (d12) +(123)) (01 2) +0(132)) = 2(0(1) +(13))
#2(61) +0(23)) = (0(12) +0(123)) (d(12) + d123))-
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Moreover, note that, for example,

(O112),123)1)(0g(12),(123)3) = 0(1) + 0{(13),(23),(132)}
(O¢13),23). 1321 (611 3),(23),132)}) = 20(1) + 267(12),(123)} + I{(13),(23),(132)}
(0ra2),a231)01a3),@23),a32)1) = (0713),23),132)}) (0{(12),(123)})
=0(1) +012),(123)} T 9{(13),(23),132)}

So, spanc{d(1),9g(12),(123)}>04(13),(23),(132)}} is a subalgebra of C[S3] with respect to the
Hadamard and to the convolution product but is not a x-subalgebra of C[Ss].
On the other hand,

spanc{d(1), 0(12), (13, 0{(23),(123),(132)} }

is a x-subalgebra of C[S3] with respect to the Hadamard product but not with respect to the
convolution product.

Finally,
spanc{d(1), 0{(12),(13),(23),(123),(132)} }

is a x-subalgebra of C[S5] with respect to both the Hadamard product and the convolution
product as C[S3] itself or cf(S3).

1.2 Semisimplicity and Characters

Assuring that the subalgebras of C[G], that we will work with, are semisimple, is fundamental
for our study. A semisimple algebra has a unique complete set of central, primitive, pairwise
orthogonal idempotents that are in a strict relation with the characters of G. We adapt some
well-known results to our particular case in order to simplify the proofs and emphasize the
fundamental properties that these algebraic structures have and that allow us to obtain the
results we need. We also recall the notion of partition of unity, whose relevance is transverse
to several areas of mathematics (for more about this subject see, for example, [21]).

For every ring R, let J(R) denote the Jacobson radical of R. Recall that, by definition,
J(R) is the intersection of all maximal left (equivalently, right) ideals of R. Further, recall that
a finite-dimensional algebra A is semisimple if and only if J(A) = {0} and in this case A is a
direct sum of simple subalgebras of A, whose components are well determinated. For further
details about semisimple algebras see, for example, chapter IV of [18].

Theorem 1.2.1. Every x-subalgebra of C[G], with respect to the convolution product, is
semisimple.

Proof. Note that C[G] is an artinian ring since G is finite. Suppose S is a x-subalgebra of C[G]
that is not semisimple. Then there must be a nonzero o € J(S) such that S« is a simple left
ideal of S contained on J(S). Note that S must be a nilpotent ring. By the simplicity of Sc,
(Sa)(Sa) equals zero or Sa. If (Sa)(Sa) = Sa then every power of S« is different from zero,
which contradicts the nilpotency of Sa. Therefore, (Sa)(Sa) must be zero and, in particular,
because a* € S, aa*a = 0. So,

ad*aa® = (aa®)(aa®)* =0

and applying two times the first point of Proposition 1.1.13 we conclude that o must be
ZE€ro. L
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We can require the normality of a subalgebra of C[G] instead of the closure of the operation
* to guarantee that the subalgebra, with respect to the convolution product, is semisimple.

Theorem 1.2.2. Every normal subalgebra of C[G|, with respect to the convolution product, is
semisimple.

Proof. Suppose S is a normal subalgebra of C[G]. It is enough to prove that S has no nonzero
nilpotent elements, as J(5) is nilpotent. Let a € S be nonzero. Then aa* # 0, by Proposition
1.1.13, and so (aa*)(aa*)* # 0, by the same reason. Since aa* = a*«, because S is normal,
we conclude that

and thus aa # 0, again by Proposition 1.1.13. This is valid for every power of o and so « is
not nilpotent. O

Note that every subalgebra of C[G], with respect to the Hadamard product, has no nonzero
nilpotent elements, so it is semisimple.

In particular, we have proved that C[G] is semisimple (with respect to both products),
which means it is isomorphic to a direct sum of matrix rings over C.

Definition 1.2.3. If A is a finite-dimensional associative algebra with identity over a field
F, we say that € = {ej,...,e,} C A is a partition of unity of A if it is a complete set
of pairwise orthogonal primitive idempotents, that is,

1. e;e; = ¢; forall 1 <i <r (idempotent);

2. e;e;j =0 forall 1 <4,j <r, withi# j (orthogonal);
3. e1+...+e. =1 (complete);
4

. ¢€; is not the sum of two nonzero orthogonal idempotents of A for all 1 < i < r
(primitive).

Remark 1.2.4: It can be seen that if S is a finite-dimensional subalgebra with identity of
C[G], with respect to the Hadamard product, then S has a unique central partition of unity,
Ag, with respect to this product. Moreover, there is a unique partition X € Part(G) such that

AS:{éK:KGfK}.

For example,
A(C[G] = {59 g€ G} and Acf(G) = {0c: C € Cl(G)},

are the partitions of unity of C[G] and cf(G), respectively, with respect to the Hadamard
product.

There is a similar result with respect to the convolution product.
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Theorem 1.2.5. Fvery finite-dimensional x-subalgebra S of C[G], with respect to the convolu-
tion product, has a unique central partition of unity, €g, with respect to this product. Moreover,
Es is a basis for the center of S.

Proof. Let r be the dimension of the center of S, Z(5), as a C vector space, and let

{a1,..., .}

be an orthonormal basis for Z(S) with respect to the Frobenius inner product. If 8 € S, let
ad 8 : S — S be the adjoint function defined by

(ad f)(a) = fa

for all « € S. Note that if zq,..., 2. € C are such that

T

Z zi(adai) =0

=1

then, evaluating at o, for 1 < j <7, we get >/, z(a;af) = 0. Since

(a)(1) =Y ai(g)as(g™) = ail(g)a;(g)

9eG geG
B 0, otherwise
necessarily z; = ... =z, = 0 and {ad a1,...,ad a,} is a linearly independent set of End¢(S5),

the algebra of all endomorphisms of S.

The subalgebra S is semisimple which implies that spanc{ad ai,...,ad«,} is a commu-
tative semisimple subalgebra of End¢(S) and Z(S) must be isomorphic to the subalgebra of
M,-(C) consisting of all r x r diagonal matrices with entries in C. In particular, there must

exist a basis for Z(S5), {f1,..., fr} and scalars a; ;, for 1 <4,j <r, such that

(ad i) (f5) = ai,; f;

foralll1 <4,j <r. Let 1 <i,j <vr, fi = ,_;wee; and f; = > ,_; 2k, for some scalars
Wiy .woy Wy, 21, - .-, 2. We have

T T
filfi = 1) o =Y zrakfi
k=1 k=1
but at the same time
T s
fifi = Zwkakfj = szak,jfj~
k=1 k=1

So, by the linear independence of {fi,..., f.}, we have

0, otherwise.

b 2Kk fi,  ifi=j
fzf] _ {Zk 1
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It is easy to see that, for every 1 < ¢ < r, there is z; € C such that e; = z;f; and e; is
idempotent. The set

E={e1,...,er}
is a basis for Z(.5), so, there are wy,...w, € C such that
1 =wier +... +wpe,. (1.1)
Multiplying Eq. (1.1) by e; we conclude that w; = 1 for all 1 < i < r. It follows that € is a set
of pairwise orthogonal idempotents of .S that add up to 1.

Now, let 1 < ¢ < r, and suppose that e; = e + f where e, f are two orthogonal central
idempotents of S. Suppose e # 0. Then

ee;=cle+ f)=ce+ef =e.
Also, there must exist z € C such that ze = e;. Therefore
e; = ze = ze® = eje = e,

which implies f = 0. It follows that e; is primitive, as required.

Finally, let & = {€],...,e.} be a central partition of unity of S. Multiplying equation
S

ZGQ:I:Z@ (1.2)

j=1

by e;, we conclude that e;ei = ¢; for some 1 < j < s, by the primitivity of each e;, for all
1 <4 < 7. Moreover, multiplying Eq. (1.2) by €}, by the primitivity of €} , we have that
e;- = e;-ei = e; which implies & = €. O

More generally, it is true that every finite-dimensional semisimple algebra with identity
over a field has a unique central partition of unity, but we found the proof chosen more suit-
able, regarding the work that will be done in the further chapters.

Let GL(V') denote the set of all invertible linear transformations of the vector space V' and
if M € GL(V), then tr(M) represents the trace of M.

Definition 1.2.6. A (C-linear) representation of G is a homomorphism of groups
¢:G— GL(V)
where V' is a finite-dimensional vector space over C, and the function

Xeo: G — C
g = tr(o(g))

is called the (complex) character of G afforded by the representation ¢. The value x4(1)
is called the degree of x, (and equals with the dimension of V).

We say ¢ is an irreducible representation of G if V is a simple C[G]-module. A
character is said to be irreducible if it is afforded by an irreducible representation.
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Let Irr(G) denote the set of all irreducible characters of G. Note that d¢ € C[G] is always
a member of Irr(G), called the trivial character.

We recall some elementary properties of characters. If ¢ is a character of G, then it
belongs to cf(G). Moreover, it must be a linear combination of Irr(G), with non-negative
integer coefficients. In fact,

o= (D

x€lrr(G)

for every ¢ € cf(G).
If x € Irr(G), then:

« Xx(g7") =x(g), for all g € G;
o the map Y : G — C defined by X(g) = x(g), for all g € G, is also a member of Irr(G);

¢ the element of C[G]
_x)_
RTE

is a primitive idempotent. Moreover, {e, : x € Irr(G)} equals ¢ and so it is a basis
for cf(G).

If X C Irr(G) consider the set
X :={x:x€ X} Chr(G)

and the character of G defined by

&x =Y x()x.

XEX

Note that the map defined by

1
ex = Z ey = ﬁfy (1.3)

XEX

is a central idempotent of C[G], not necessarily primitive, that belongs to spanc{{5}. Let
X (a) C Irr(G) denote the set of irreducible characters of G constituents of «, when a € cf(G).

Lemma 1.2.7. The mapping X — spanc{ex : X € X} defines a one-to-one correspondence
between the set of all set partitions of Irr(G) and the set of all finite-dimensional subalgebras
of c¢f(G), with respect to the convolution product.

Proof. Clearly, if X € Part(Irr(G)) then spanc{ex : X € X} is a finite-dimensional subalgebra
of cf(G).

Consider S, a finite-dimensional subalgebra of cf(G), with respect to the convolution prod-
uct. From theorem 1.2.1 we know S has a unique central partition of unity, £g, with respect
to this product, which is a linear basis for S. Consider that

Es={pr,.... 5}



Chapter 1. Preliminaries 12

So, writing the elements 3’s as a linear combination of the idempotents of E¢|g, each ey € Ecg
must appear in exactly one 3; and thus this shows us there exists a partition X € Part(Irr(G))
such that

{B1,.... B} ={ex : X € X}.

The injectivity comes from the fact that the central partition of unity of a finite-dimensional
semisimple subalgebra of C[G] is unique. O

Note that Ecjg, Irr(G) and Acgq), are all orthogonal bases of cf(G), with respect to the
Frobenius inner product. Next, we evidence a little bit more the relations between these bases

of cf(G).

Definition 1.2.8. Consider that Irr(G) = {x1,...,xr} (all distinct) and Cl(G) =
{C4,...,C,}. The character table of G is the r x r-matrix M with, for all 1 <i,j <r,

M;; = xi(Cy),

where x;(C;) denotes the unique image of the elements of the conjugacy class C; through
the irreducible character y;.

In other words, the rows of M are indexed by the irreducible characters of G, the
columns by the conjugacy classes of G and the ij-entry is the value of the ith-irreducible
character on the jth-conjugacy class of G.

Observe that the character table is the transpose of the change of basis matrix from the

basis Irr(G) to the basis {0¢ : C' € CI(G)} of cf(G).

Example 1.2.9. Consider C5 = (o), the cyclic group of order 5, as in Example 1.1.15.

Because Cj5 is abelian, all irreducible representations of Cs must be of degree 1. So, because
0% = 1, the image of ¢ through an irreducible character of Cs must be a root of unity of order
5. So, the character table of C'5 turns to be very easy to compute.

Table 1: Character table of Cs

1 o o o ot
X1 1 1 1 1 1
Xw 1 w w? Wt
X2 1 w? wt w Wl
Xos 1 P w wt w?
Xoir 1 wr Wl oWw?r ow

Where w=e€ ,L/ S C. DZ[OI'GO‘/GI‘7
C Cr) (3 d C C5 ‘{ ot - 0 1 5}

are the partitions of unity of C[Cs] with respect to the convolution product and to the
Hadamard product, respectively, both linear basis for this algebra. About the subalgebra
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S = spanc{01,0(4,04},0{52 43} } of C[C5], it is easy to check that

1 1
€s = {x1, 2 (0w + xwt)y 2 0z +xw0)} - and Ag = {01,050}, 0102 09} }

are the partitions of unity of S, with respect to the convolution product and the Hadamard
product, respectively. Moreover, if we denote by Pp_c the change of basis matrix from basis
B to basis C,

1 2 2

Peone =2 |1 wHwt w4ud

1 w?4w? wHwt
Example 1.2.10. Consider S3, the symmetric group of order 3, as in Example 1.1.16. Consider
the map

¢ : S5 — GL(CY),

defined by:
[1 0 0 0 [1 0 0 0 (1 0 0 O
01 00 01 -1 0 0 -1 0 O
0 0 0 1 00 0 -1 0o 0 0 -1
[1 0 0 0 [1 0 0 0 (1 0 0 0
0 01 O 0 -1 1 0 0 0 -1 0
0 0 0 -1 0 0 01 00 0 1

It is easy to check that ¢ is a group homomorphism and

4, ifg=1
X¢(9) =0, if g€ (xx)
1, if g€ (% * %),

called the regular character of Ss.

Observe that x4 is not an irreducible character because, for example

¢(S3) spanc{(1,0,0,0)} = span:{(1,0,0,0)}.

It is easy to prove that Ec(g,) = {e1, ez, e3} where

1

1 1
e2 = 3 (200) = d128) = d132)) = 3 (201) + 08 s) = 102y 5

1
eL=g (6) +0(12) +0(13) + d(23) + d123) +S132)) =

1 1
es = = (00) = 912) = 013) = da3) +3123) +8132) = 5 (1001) = 18(as) + 102wy

Moreover,

Xer = 16(1) + 1(44) + 1d(ssx) (trivial character),
Xez = 20(1) + 00(4 ) — 1d(+++) (standard character),
Xes = 10(1) = 104 4) + 104+ +) (sign character),

are the irreducible characters of S3 and its character table is
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Table 2: Character table of S5
(1)  (xx) (= x)

yvi 1 1 1
Yo o2 0 ~1
s 1 -1 1

Consider the ordered sets

= 61762763))

(
(Xe1 » Xeas Xes) = (6617 3ea, 663)7
(
(

e
X
A= 5(1)75(* *)75(***))7

They are all orthogonal bases of ¢f(S3) with respect to the Frobenius inner product. Observe
that € and V are in fact orthonormal and if we denote by Pp_¢ the change of basis matrix
from basis B to basis C, we have

—1

1 2 1 LR
Paox=|1 0 -1f ==12 0 -2
1 -1 1 1Ssl |1 _3 9

Following this, can easily write each characteristic map belonging to basis A, as a linear
combination of the irreducible characters of S3,

1 1 1
6(1) = éxel + gXEQ + éxegﬂ

1 1
5(* *) — S Xey + OX€2 — 5 Xes»

2 2
1 1 1
6(***) - gXel - gXez + §X€3'

The matrices Pan_v and Pgs_x are both diagonal and its entries are the sizes of the conjugacy

classes and the dimension of the irreducible representations of Ss, respectively, multiplied by
1

EN

In general, the problem of describing supercharacter theories (see chapter 3) for the sym-
metric group, or equivalently, central Schur rings (see chapter 2) over a symmetric group, is
not an easy task. The problem remains open.



Chapter 2

Schur rings

Isaac Schur, when studing permutation groups, found it relevant to explore subrings of the
group algebra that have a linear basis coming from certain partitions of the group (see [39]).
Later, H. Wielandt developed a theory of these rings and O. Tamaschke wrote about their
representation theory. These particular subrings were denominated as Schur rings (see in [43]
and [41]). More recently, there are studies about applications of Schur rings in algebraic com-
binatorics, especially in the study of circulant graphs, evidencing the relations with association
schemes, and also in representation theory by the strong connection with supercharacter the-
ories (see [24] and [25]).

2.1 Definition and main properties

Let G be a finite group. Schur rings over G are in fact subalgebras of C[G], afforded by special
partitions of the group. The group algebra itself is a Schur ring and hence the theory of Schur
rings can be seen as a generalization of the theory of group algebras. The center of the group
algebra is also a Schur ring and the representation theory of Schur rings can also be seen as a
generalization of the representation theory of groups.

Most of the results presented here hold for Schur rings defined over more arbitrary fields,
but again, we choose to focus ourselves on the complex case.

Definition 2.1.1. A partition X € Part(G) is said to be a Schur partition of G if the
following conditions hold:

1. {1} € X;
2. Kli={gl:ge K} eX, foral K€X;

3. The convolution product of characteristic maps of X is a linear combination of
characteristic maps of XK.

If K is a Schur partition of G, then
Sg :=spanc{dix : K € X}

is the Schur ring over G afforded by K. We refer to {0x : K € X} as the standard
basis of Sy .

15
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Note that if 8x is a Schur ring, then it is a subalgebra of C[G] with respect to the convolu-
tion product, with dimension equal to |X|. If S5 is central we say that X is a central Schur
partition of G. In this case,

S5 = spanc{dx : K € X} C cf(G) = spanc{dc : C € Cl(G)},

and each K € X must be an union of conjugacy classes of G. Clearly, C[G] is a Schur ring
over G afforded by the Schur partition {{g} : ¢ € G}. Moreover, note that {1} is a member
of CI(G) and that, if C' is a conjugacy class of G, then C~! is also a conjugacy class making
it also clear that c¢f(G) is a central Schur ring over G afforded by the Schur partition Cl(G).
Observe that Schur rings over a group G are subalgebras of the group algebra C[G] which also
verify some properties that both C[G] and cf(G) do verify.

O. Tamaschke, in [41], used a weaker definition for Schur rings, allowing a Schur ring to
be a subalgebra of C[G] without identity, with respect to the convolution product. Nowa-
days, several authors call those rings quasi-Schur rings (see [24]) or pre-Schur rings (see [36]).
K. H. Leung and S. L. Ma, in [35], called unitary Schur rings the Schur rings defined above.
Note that, for example, {G} € Part(G) gives rise to a quasi-Schur ring but not a unitary one.

Proposition 2.1.2. Let Si be a Schur ring over G afforded by the Schur partition X.
If LM € X, then
00 = Z CL,AI,K(sKa

KeX

for some non-negative integers ¢, vk, called the structure constants of the Schur parti-
tion XK.

Proof. 8x is a subalgebra of C[G] with linear basis {0k : K € X}. The convolution product
of two dx’s must be a linear combination of dx’s. But, recalling remark 1.1.2; the coefficients
of the linear combination are the number of times a certain product of elements of GG appears
in a certain K € X, so the structure constants must be non-negative integers. O

Note that if K is a Schur partition, then {05 : K € X} is the central partition of unity of
8¢, with respect to the Hadamard product. Following this, we present a characterization of
Schur rings, due to Muzychuk in [37].

Theorem 2.1.3. A vector subspace S of C[G] is a Schur ring over G if and only if it is a finite-
dimensional *-subalgebra with identity, both for the convolution product and the Hadamard
product.

Proof. If S is a Schur ring over G, then, by definition, it is a x-subalgebra with identity of
C[G], with respect to the convolution product. Let X be the associated Schur partition of S.

Clearly, >  dx = dq, so the identity of C[G], with respect to the Hadamard product, belongs
Kex
to S. Moreover, if a, 8 € S then

a-f= (ZaK5K>-<Z 5K5K>: > akBrix €8

KeX KeX KeX

which proves that S is also a subalgebra of C[G], with respect to the Hadamard product.
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Now, assume that S is a finite-dimensional *-subalgebra with identity, of C[G], both for
the convolution product and the Hadamard product. So S is a semisimple subalgebra for both
products. The unique central partition of unity, with respect to the Hadamard product, must
be the characteristic maps of some partition of G, X, where necessarily {1} € X, since both
0¢ (identity of the Hadamard product) and §; (identity of the convolution product) belong to

S. Note that if K C G,
0} = O -1.

So, if K € X, then both dx and dx-1 are primitive idempotents of S, with respect to the
Hadamard product, which implies K~! € K. Finally, it is clear that, in this case, we must
have S = spanc{dx : K € X}. O

Schur homomorphisms were studied by Muzychuk in [37]. We present here the definition
of this kind of homomorphisms and an immediate consequence that, again, will be useful in
the next chapters.

Definition 2.1.4. Let 8§ and 8 be Schur rings over arbitrary finite groups. A Schur ring
homomorphism from 8 to 8’ is a map

:8 8

that is a x-algebra homomorphism both for the convolution product and the Hadamard
product.

Proposition 2.1.5. If : 8 — 8' is an isomorphism of Schur rings, then 1 maps the standard
basis of 8 to the standard basis of 8'.

Proof. If X is the Schur partition associated to 8, then {0k : K € K} is the central primitive
partition of unity of S, with respect to the Hadamard product and so

{1#(5;() K e :K}

must be the central primitive partition of unity of S’, with respect to the Hadamard product.
O

Example 2.1.6. Consider Cjs, the cyclic group of order 5, as in Examples 1.1.15 and 1.2.9.

The partition of Cs,
Ko = {{1}7 {Uv 03}7 {02704}}

is not a Schur partition because, for example,
3 3 2 4
{0,0°} x {0,0°} = {0,0% 0%}

which is not an union of elements of X,.

In Example 1.1.15, it was verified that spanc{di,d{s ,4},0{52,031} is a *-subalgebra of
C[C5], both for the convolution product and the Hadamard product. Taking into account the
calculations already done, we can conclude that

:ch = {{1}7 {07 04}7 {027 03}}

is a central Schur partition of C5 with the following structure constants:
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Table 3: Structure constants of ch

K, ={1} Ky = {o,0%} K3 ={0% 0%}

1 00 0 1 0 0 0 1
Mi=|0 2 0 My=1|1 0 1 M;=10 1 1
0 0 2 01 1 1 1 0
where the constant ¢y, x. x, is the (4,j)-entry of the matrix M. Moreover, 85« is a central
i g’ 5

Schur ring over Cy with dimension 3.

Example 2.1.7. Consider Sz, the symmetric group of order 3, as in Examples 1.1.16 and
1.2.10.

The algebra cf(S3), with dimension 3, is a central Schur ring over S3, associated to the
partition of the conjugacy classes of this group. It is easy to check that the morphism v :
8x.. — cf(S3), that maps

5{0’04} — 5(* %) and 5{02,03} — (5(* * %))

is a x-isomorphism of algebras, with respect to the Hadamard product, but it is not an isomor-
phism of Schur rings, considering that cf(S3) has the following structure constants:

Table 4: Structure constants of cf(Ss)

K, ={(1)} Ky = (xx%) K3 = (% % %)

1 00 01 0 0 0 1
My=1|0 3 O My= |1 0 2 M= [0 3 O
0 0 2 0 2 0 1 0 1

2.2 Orbit Schur rings

Finding all Schur rings over a group is still an open question for most families of groups. In
this next section, we present a construction to obtain Schur rings from the orbits of a subgroup
of the automorphism group of G. It is known that not all Schur rings arise this way, but this
kind of Schur rings will be of special interest to us.

From now on, unless stated otherwise, when we refer to the product in C[G] we are con-
sidering the convolution product.

Let Aut(G) denote the group of automorphisms of G. Consider H, a subgroup of Aut(G).
If g € G, we will denote the orbit of g, with respect to H, by

H(g) :={r(9): 7€ H} C G
and the set of all orbits of G, with respect to H, will be denoted by
On :=={H(g) : g € G},

which is necessarily a partition of G.
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We can extend by linearity each 7 € H to the group algebra C[G], where
(7(a))(9) = a(7(9))
for all @ € C[G] and all g € G.

Proposition 2.2.1. If H is a subgroup of the group of automorphisms of G, then the set of
H-fixed points
ClG)" :={a e C[G]: 7(a) =, forall T€ H}

is a Schur ring over G. Moreover, O is a Schur partition of G.

A Schur ring arising from a set of fixed points, as described in the previous proposition, is
called an orbit Schur ring.

Proof. For all 7 € H, 7(1) = 1, which implies that H; = {1} belongs to Op.

Let g € G. Considering the orbit H(g), we have that
Hg) '={r(9) ' :reH ={r(¢g"): 7€ H} = Hy, €0y.
Moreover, it is clear that {dp : O € O} is a linearly independent set. Consider

8 = spang{dp : O € Oy }.

o = Z 05050

0€elpny
with ap € C, for all O € Oy, then note that if 7 € H and O € Og, 7(dp) = do and so we

have that
T(a) = Z ao(t(d0)) = Z aodo =

0€eln 0c0pny
for all 7 € H, which implies that a € C[G]H.

If a € § is such that

On the other hand, if a € C[G]#, then a = Ta for all 7 € H. This implies that a(g) =
a(7(g)), for al 7 € H and all g € G. So, necessarily,

a € spanc{dp : O € Oy }.
This finishes the proof. O

Note that the identity map in G is a subgroup of Aut(G). The orbit Schur ring over G that
arises from this subgroup of the automorphisms of G is the all group algebra, C[G]. Moreover,
each g € G can be identified as an automorphism of G, mapping each h € G into ghg~'. The
subgroup of all automorphisms of G of this kind gives rise to cf(G), which is also an orbit
Schur ring over G.

Example 2.2.2. Consider C5, the cyclic group of order 5, as in Example 2.1.6.

The set H = {Id¢,,” ! }, where Idc, denotes the identity map of C5 and ~! denotes the
map that takes each element to its inverse, defined on Cj, is a subgroup of Aut(C5) and

(C[C5]H - Sﬂccgv

as defined previously, in Example 2.1.6.
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2.3 S-character theory

In [41], Tamaschke described a representation and character theory of a Schur ring over G as
a generalization of the ordinary representation and character theory of G.

In this section, we present the main definitions and results of the work of Tamaschke on
Schur rings, highlighting that, if 8§ is a central Schur ring over G, then the irreducible 8-
characters and S-conjugacy classes described by Tamaschke are exactly the supercharacters
and superclasses of G, respectively, that we are going to relate, in the next chapter, with the
central Schur ring over G.

This way, the S-character theory of a Schur ring studied by Tamaschke can be seen not
just as a generalization of the character theory of finite groups, but also as a generalization of
supercharacter theories.

From now on, unless stated otherwise, let § be a Schur ring over G associated to the Schur
partition X. Note that, by Theorem 1.2.1, every Schur ring over a finite group is a semisimple
algebra. Let M,,,(C) denote the algebra of all m x m matrices with entries in C.

Definition 2.3.1. Let 8§ be a Schur ring over G and X the corresponding Schur partition.
We say that a map
¢:8 — M, (C)

is a representation of § if ¢ is a C-algebra homomorphism. In this case, the map
X¢ : G — C defined by

xs(9) = tr(¢(0k,))

for all g € G, is called the 8-character of G related to ¢, where K, denotes the element
of X that includes g.

We say ¢ is an irreducible representation of § if all matrices of ¢(8) cannot be diag-
onalizable by the same invertible matrix. An 8-character x4 is called irreducible if the
representation ¢ is irreducible.

Let Irrg(G) denote the set of all irreducible 8-characters of G. Any two elements g, h € G
are called S-conjugate if
x(g) = x(h)
for all x € Irrg(G). We will denote the set of all 8-conjugacy classes of G by Clg(G). Note that
S-conjugacy is an equivalence relation on G. We finish this section recalling the main theorem
in [41], emphasizing the relation between the cardinalities of two partitions of unity, namely,
the one defined by the convolution product and the one defined by the Hadamard product.

Theorem 2.3.2. Let 8§ be a Schur ring over G. If x € Irrg(G), then the map ¢, : G — C,

defined by . §
ex(g) == @x(l)x(g )

for all g € G, is a central, primitive idempotent of 8. Moreover, {e, : x € Irrs(GQ)} is the
central partition of unity of 8, with respect to the convolution product, and

Note that when 8§ = cf(G), the S-character theory of Tamaschke is in fact the ordinary
character theory of G.
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Supercharacters

The characterization of the irreducible characters of finite unitriangular groups is known to be
a wild problem and probably impossible to accomplish. André, in [2], and Yan, in [44], dealt
with this difficulty, coarsening the usual irreducible character theory for this groups. In their
work, they replaced the irreducible characters by a family of characters, not necessarily irre-
ducible, that are constant on a set of clumped conjugacy classes. Later, Diaconis and Isaacs,
in [19], introduced the general concept of a supercharacter theory for a finite group. The main
definitions and properties will be presented in this chapter. More recently, Hendrickson, in [25],
described the relation between supercharacter theories and central Schur rings, reproduced here
as well with slight differences.

3.1 Definition and main properties

There are several ways to define a supercharacter theory for finite groups. The one we choose
tries to highlight the relation between supercharacters and central Schur rings.

Definition 3.1.1. Let K € Part(G) and X € Part(Irr(G)) be such that:

L [X] = [X;
2. If X € X, then the character {x := > x(1)x takes a constant value on each
XEX
member K € X.

In this case, for each X € X, we say that the character {x is a supercharacter of G,
and each member K € X is a superclass of G. We also say that the pair (X,X) is a
supercharacter theory for G.

Note that (C1(G), Irr(G)) and ({{1},G \ {1}}, {{dc}, Irt(G) \ {dc}}) are trivial superchar-
acter theories for G, named the minimal one and the maximal one, respectively.

21
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Definition 3.1.2. Let (X, X) be a supercharacter theory for G. An element o € C[G] is
called a K-superclass function of G if

a(g) = a(h)

for all g, h belonging to the same K € X.

If (X, X) is a supercharacter theory for G, then let scfx(G) denote the C-vector space of
C[G] consisting of all K-superclass functions of G.

Similarly to what happens in representation theory, the supercharacter table is the trans-
pose of the change of basis matrix from the basis {{x : X € X} to the basis {0k : K € X} of
scf (G) which, evidently, can play an important role on the study of supercharacter theories.

Definition 3.1.3. Consider that X = {&1,...,&-} and X = {K7,..., K, }, such that (X, X)
is a supercharacter theory for G. The supercharacter table of G associated to (X, X)
is the r x r-matrix A = (A4;;), with

Aij = &i(K;),

for all 4,5 € {1,...,7}. In other words, the rows of A are indexed by the supercharacters
of G, the columns by the superclasses of G and the ij-entry is the value of the ith-
supercharacter on the jth-superclass of G.

Example 3.1.4. Consider the cyclic group of order 5, C5, as in examples 1.1.15, 1.2.9, 2.1.6
and 2.2.2. Recalling the character table of Cj, it is easy to see that defining

Keg = {{1}.{o, o}, {o?,0°}} € Part(Cs)
ng = {{Xl}a {Xun Xw4}? {Xoﬂa Xw3}} € Part<1rr(05))

we get that (9(05 , xcg) is a non-trivial supercharater theory for C5 with the following super-
character table:

Table 5: Supercharacter table of (K¢, Xcx)
{1} {o.0%} {o?0°}

X1 1 1 1
Xew + Xt 2 wHwt wrwl
Xw? + Xus 2 wrtw wtw!

where w = ¢2™/5 € C.

In [25], Hendrickson classified the supercharacter theories of cyclic p-groups, based in a
similar work with Schur rings by Leung and Man in [35]. Following their work, we know
that, when p is prime, the cyclic group C, has as many distinct supercharacter theories as the
number of divisors of the positive integer p — 1. So, in the case we are following, C5 has exactly
3 distinct supercharacter theories: the trivial ones and the one presented in this example.
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Example 3.1.5. It is clear that the symmetric group of order 3, Ss3, has only two distinct
supercharacter theories, the minimal one and the maximal one. In [15], we can find a clas-
sification of finite groups with exactly two supercharacter theories. However, the symmetric
group of order 4, Sy, has three non-trivial distinct supercharacter theories. We will present
one of them.

Just as in example 1.2.10, we can display the character table of S4 as the following:

Table 6: Character table of Sy

X111 L
XH:\:‘ 3 1 -1 0 -1
XB} 2 0 2 -1 0

X@j 3 -1 -1 0 1
XE 1 -1 1 1 -1

If we do a linear combination of the non-linear irreducible characters of Sy, with coefficients
equal to the degree of each character, we see that, putting aside the identity of Sy, the character
obtained is constant in the set of all even permutations and in the set of all odd permutations.
Defining

—_
—_
—_
—_

X

s {DH},{oceSs\{(1)}:0isodd },{oc € S4\{(1)}: 0 is even }} € Part(Sy)

5§ -

X {XBjj XH? X@jh {XE} € Part(Irr(54))

we get that (K5, Xgs) is a non-trivial supercharacter theory for Sy with the following super-
4 4
character table:

Table 7: Supercharacter table of CKSE’XSE)
X1 ! 1 L

3XH:D + QXH} + 3X@j 22 0 -2

XE 1 -1 1
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3.2 Correspondence with Schur rings

Diaconis and Isaacs, in [19], presented a list of properties verified by supercharacter theories
for finite groups. In this section, we recall those properties and use some of the tools that we
have introduced in the previous chapters to prove this results using a different approach from
the one we can find in [19].

Lemma 3.2.1. Let (X,X) be a supercharacter theory for G. The following hold:

1. The set scfx(G) = spanc{dx : K € K} = spanc{&x : X € X} is a subalgebra of C[G],
with respect to the convolution product and to the Hadamard product;

Each K € X is an union of conjugacy classes of G;
{1} e X;

{x1} € X, where x1 denotes the trivial character of G;
If K € X then K~! € X;

There is no other X' € Part(Irr(G)) (or X € Part(G)) such that (X,X') (resp. (X', X))
is also a supercharacter theory for G.

S

Proof. Consider
S =spanc{{x : X € X}.

By lemma 1.2.7 and Eq. (1.3) we know that S is a subalgebra of C[G] with respect to the
convolution product. Moreover,

dtx= Y x()x=[Gl5

XeX x€lrr(G)

meaning that d1, the identity of C[G] with respect to the convolution product, belongs to S.

By point 2 of definition 3.1.1 we know that
S Cspanc{dk : K € K}.

Note that both sets {dx : K € K}, {¢x : X € X} C C[G] are linearly independent and have
the same cardinality. So, we conclude that the two sets are bases of S. Since S = spanc{dx :
K € X}, S is closed with respect to the Hadamard product. Moreover,

Y ok =ba

KeX

meaning that the identity of C[G] with respect to the Hadamard product, belongs to S.

Each irreducible character is a class function, so
S Cspang{dc : C € CI(G)}.
This means S is central and each K € X must be a union of conjugacy classes of G.

We have that the identity of C[G] with respect to the convolution product, d;, belongs to
S = spang{dx : K € K}, so necessarily {1} € X. On the other hand, the identity of C[G] with
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respect to the Hadamard product, d¢, also belongs to S = spang{&x : X € X}, which implies
that the singleton with the trivial character is necessarily an element of X.

Note that

&) =& ) =D x(Mxlg ) =D x()x(g) =&x(9)

XEX x€X

for all g € G and all X € X, which means S is a x-subalgebra of C[G]. Since S is a x-subalgebra
of C[G], then
6;( == (SK—I

belongs to S, which implies K~! € X, for all K € X.

By remark 1.2.4 and theorem 1.2.5, X and X are unique in this conditions, depending on
each other. O

As a direct consequence of the previous lemma, we have proved the following theorem.
Theorem 3.2.2. Let (X,X) be a supercharacter theory for G. Then Sx is a central Schur
ring and

1. The set {ex : X € X} C C[G] is the central partition of unity of 8, with respect to the
convolution product, and the mapping Ex — Ex defines an automorphism of the Schur
ring Sx;

2. The set {0k : K € X} C C[G] is the central partition of unity of Sx, with respect to the
Hadamard product, and the mapping 0 — d—-1 defines an automorphism of the Schur
ring Sx .

Note that we have scfs(G) = 8x.

The following proposition is a direct consequence of theorem 2.1.3 combined with lemma
3.2.1.

Proposition 3.2.3. Let X € Part(G) and X € Part(Irr(G)). The following are equivalent:
1. (X,X) is a supercharacter theory for G;
2. 8 is a central Schur ring;

3. spanc{&x : X € X} is a subalgebra of cf(G) (with identity) with respect to the Hadamard
product;

4. spanc{dx : K € K} is a subalgebra of cf(G) (with identity) with respect to the convolution
product;

5. |K| = |X| and spanc{&x : X € X} is the set of all X-superclass functions of G.

It is clear now that the deep connections between Schur rings and supercharacter theories
give us additional tools to work with both, and a broader view of what happens in the cases
where we pick a good partition of the group, in order to obtain a Schur ring or a supercharacter
theory.

We finish this section highlighting also the relation, now obvious, between supercharacters
and the 8-characters, developed by Tamaschke, in [41], and presented in section 2.3.
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Theorem 3.2.4. Let (X,X) be a supercharacter theory for G. Then
Irrs,, (G) = {§X : X € X}

i.e., the supercharacters of G of this supercharacter theory are precisely the irreducible Sy -
characters of G, and
Cls, (G) =X

i.e, the set of all Soc-conjugacy classes of G equals K.



Chapter 4
Adjoint groups

In [19], Diaconis and Isaacs, constructed a standard supercharacter theory for algebra
groups extending what André and Yan did with unitriangular groups in [2] and [44], respec-
tively. In [5], André and Nicolds generalized this construction to adjoint groups of finite radical
rings. In this chapter, we present the main definitions and properties involving this family of
groups and then we use a Schur ring approach to construct the standard supercharacter theory
for these groups. As we shall see, the tools acquired by the relation between supercharacteres
and Schur rings will considerably simplify the proofs of the main results.

4.1 Definitions and main properties

Definition 4.1.1. If R is a ring (not necessarily with an identity), then the adjoint
semigroup of R is the set R endowed with the multiplication

rTXy:=rx+y+xy

for all z,y € R. The subgroup of the adjoint semigroup consisting of all (two-sided)
invertible elements is called the adjoint group of R and is denoted by R°.

Note that this definition of the adjoint group turns the 0 of the ring R the identity of R°. To
easily distinguish between the product in R and the product in the adjoint semigroup, we can
consider an element of the adjoint semigroup as the formal sum 1 + z, with z € R. We will
use this convention to write the elements of R°, and note that this way the product of two
elements =,y € R° arises naturally from the distributive law:

I4+x)x(14+y)=1+z+y+azy.

With this way to work with the elements of R°, the identity of the adjoint group turns to be
the formal sum 1 =1+ 0.

The case where R is a radical ring is of special interest for our purpose. The relation
between a radical ring and its adjoint group has been studied by several authors (see, for
instance, [1] and [42]).

27
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Definition 4.1.2. Let R be a ring.

o If every element of R is nilpotent then we call R a nil ring, that is, for each z € R
there is a natural number k such that z* = 0.

o If there is a natural number k such that R¥ = 0 then we call R a nilpotent ring;
here R* denotes the set of all sums of k-fold products of elements of R.

e If R = J(R) then we call R a radical ring.

Recall that in an artinian ring the Jacobson radical equals the set of all nilpotent elements
of the ring. Therefore, it is straightforward to check that when R is finite these three definitions
are equivalent, and, in this case, R = R°.

4.2 The standard Schur partition of adjoint groups

From now on, unless stated otherwise, let R be a finite radical ring. In this situation, the adjoint
group of R, R°, is the algebra group associated with R, as defined by Diaconis and Isaacs
in section 3 of [19]. Let BT denote the additive abelian group associated with the radical ring R.

Inspired by the work of Kirillov in [31] but mainly by the work of André in [2] and Yan
in [44], the coadjoint orbit method for algebra groups was adapted by Diaconis and Isaacs in
section 3 of [19]. This was done from the natural action of R° x R° on the additive group, R™,
of the radical ring R. In this section we approach this construction using a slightly different
method. Namely, we prove that the orbit Schur ring over R that arises from this action is
isomorphic to a Schur ring over R°. In the proofs of the theorems, we use the tools acquired
in the previous chapters. This new way of approaching this problem will simplify considerably
the proofs and clarify some of the properties.

Consider the bijective map v : R° — R™ given by

v(g)=g—1
for all ¢ € R°. This bijection can be extended by linearity to an isomorphism of C-vector
spaces v : C[R°] — C[R™] where
V(a) = Z O‘(g)éu(g) (41)
gER®

for all & € C[R°]. Despite mapping the standard basis of the Schur ring over R°, C[R°], to the
standard basis of the Schur ring over R, C[RT], v is not necessarily an isomorphism of Schur
rings. However, we will see that it restricts to an isomorphism of Schur rings.

Consider the action of R° x R° on RT by automorphisms of BT, defined by
(9,h) ® 2 := gzh™* (4.2)

for all g, h € R° and for all z € R™. Again, we can extend by linearity this action to the group
algebra C[R*] where

((9:h) ® a)(2) = a(g™ zh)
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for all g,h € R®, for all « € C[RT] and for all z € RT. Let
Kt :={R°zR°:2 € R"}
denote the set of orbits of this action of R° x R° on RT. By Proposition 2.2.1,
8y+ ={a € C[RT]: (g,h) ®a =a for all g,h € R°}

is a central Schur ring with standard basis {0 : K € X1}, that we will call the standard
Schur ring over RT. We will call the supercharacter theory for RT associated with KT,
(X*,X™T), the standard supercharacter theory for R™.

For all x € RT, define the subset of R°

K, :={l4+gxh™':g,h € R°},

and note that
v(0K,) = ORozRe = Ou(K,) (4.3)

meaning that v and § commute. Moreover, notice that
9Ky =g+ v(Ky) (4.4)
for all g € R° and for all z € R, and that
v(gh) = gv(h) +v(g) (4.5)
for all g,h € R°.

Theorem 4.2.1. The set
X°:={K,:xz€R"}

is a central Schur partition of R°.

Proof. First, the set
Ko={1+g0h':g,he R°} = {1}

belongs to K°. Secondly, for all x € RT,
1—z(4+z) HA4+z)=1+z—2(1+2) " —z(l+2) 'z
=l+z—z(l4+2)'(1+2)=1,

and thus
A+2)t=1—z(1+2)"tecK_,.

Therefore, for all g,h € R®,
(1+gzh) ™t =1+ g(—2)(h(1 +gzh)™ ") € K_,.

It follows that
K;'=K_, (4.6)

belongs to X°, for all x € R*. Finally, let

8qco 1= spanc{dx : K € K°}.
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Following equalities 4.1 and 4.3, we conclude that the operators ¥ and § commute and that
v(89co) = 8gc+. Consider now a left action of R° on RT by setting

g v =gz +v(g)
for all g € R° and for all z € RT. Observe that, following 4.5,
g-(h-z)=g-(hx+v(h))
= ghx + gv(h) + v(g) = ghx + v(gh) = (gh) - =

for all g,h € R° and for all z € RT, and so the axiom of compatibility is verified. Moreover,
we have

g-v(h) =v(gh) (4.7)

for all g, h € R°. This action extends by linearity to the group algebra C[R™], so that C[R™]
becomes a left C[R°]-module where

a-v(B) =v(ap) (4.8)

for all a, 3 € C[R°]. Moreover, it is clear that v : C[R°] — C[R*] is an isomorphism of left
C[R°]-modules where C[R°] is naturally considered as the left regular C[R°]-module.

We have that

V((SK(SK/) = 6}( . V(5K/) (by 4.8)

= (5[( . 61/(K/) (by 43)

=3 G b =Y, D Suian) (by 4.7)
geK heK' geK heK'

=Y Suer) = Y Sulg)iu(K?) (by 4.4)
geEK geEK

=D duta)Butrer) = uae) Bue) (by 1.1.2)
geK

for all K, K’ € X°.

We conclude that Sxo is a subalgebra of C[R°], with respect to the convolution product.
Moreover, v defines by restriction a ring isomorphism v : Sgo — Sgc+. Since v(0x) = 0, (k) for
all K € X°, we conclude that this isomorphism is indeed a Schur ring isomorphism.

It follows that K° is a central Schur partition of R°. For the last assertion, it is enough to
recall Proposition 2.1.2. O

Definition 4.2.2. The Schur ring S will be referred as the standard Schur ring over
R°. The supercharacter theory (X°,X°) of R° associated with the central Schur ring Sqco
will be referred to as the standard supercharacter theory of R°. For each X € X°,
the character £x will be referred to as a standard supercharacter of R° and the sets
K € X° will be referred to as the standard superclasses of R°.
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Theorem 4.2.3. Let R be a finite radical ring and let £ be a standard supercharacter of the
adjoint group R°. Then there exists 9 € Irr(R') such that

o) = >, V)

¥ €RCYR®

for all g € R°.

Proof. As seen in the second section of chapter 1, if G is a finite group and X C Irr(G)

then ex = X%Y Then by corollary 3.2.2, {ex : X € X°} and {ex/ : X' € X'} are
X€

the central partition of unity of Sio and 84+, respectively, with respect to the convolution

product. In virtue of the central Schur ring isomorphism of Theorem 4.2.1 we conclude that

{v(ex) : X € X°} must be the central partition of unity of 85+ with respect to the convolution

product, and so there is a bijection v : X° — XT such that

viex) = ey(x)

for all X € X°. It follows that {e,(x) : X € X°} is a basis of 84+ which is a central Schur ring
over RT with respect to the action defined by equality 4.2. Note also that RT is abelian so all
characters of Irr(R*) are of degree 1 and they form a basis for C[R*]. So, for each X € X°
there must be an irreducible character 9 € Irr(R™") such that

Cy(X) = RoegRo = €R°YR° -
If ¥ € Irr(R™), let Xy denote the unique element of X° such that v(ex,) = €geype-

It follows that, for every Xy € X°,

v <1§Xﬂ> =v(ex,) = €RrovRe

| R
1 _
= E ey = @ﬂ E 19/

¥ €RCYR® '€R°IYR°

Therefore

ORI ﬂw»“j“;f’;@"' S o)) (4.9)

9/ EROYRO h1,ha€RO

for all g € R°. U

An induced character of a linear character is called a monomial character. Standard su-
percharacters of R° are usually defined as monomial characters; see for example [19]. Consider
the C[R°]-submodule

\719 = (C[RO] ey

of C[R™] generated by ey for 9 € RT arbitrary. Given ¥ € Irr(R") and g € R°, we define an
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action of R° on Irr(R*) by the formula gd(z) = 9(g~'z) for all z € RT. Note that

1 _
9 = TR Z ) 0ga4u(g)
|R | rERT

1 -
= W Z I(v(h))du(gn)
heR°

1 -
= ﬁ Z I (g=1h)du(n)

heR°
N IR*1+| ;O 9(g=1w(h) +v(g=1))dum)
1
R h%;o 9o~ () (w(g=1))dun)
_ Wﬁ > gIw(h)dum)

heRe
=J(w(g™1))eqn

for all g € R°, and thus Vy is linearly spanned by the set {eg9 : ¢ € R°}. Since R° per-
mutes transitively the one-dimensional subspaces Ceg9 C Vy for all g € R°, following the
characterization of induced character in [18], we conclude that Vy is isomorphic to the induced

C[R°]-module IndLR; (Cey) where
Ly={g€ R°:ga=aforall o€ Cey}

is the stabilizer of Cey in R°. Consider also the map ¢y : Ly — C defined by

for all g € Ly. We have the following result.

Proposition 4.2.4. Let ¥ € Trr(R™) be arbitrary. Then ¢y is a linear character of Ly and
Ex, =Ny Indgﬂ (s9) where ny = “TRIZ?‘ .

Proof. Firstly, we note that for every g € R°, we have g- ey = 9(v(g71))ego € Cey if and only
if g = 9, and hence Ly = {g € R° : g9 = 9¥}. On the other hand, we have v(g~!) = —g~'v(g)
for all g € R°, and thus

dw(g™")) = =g v(9) = (99)(—v(9)) = F(v(g))

for all g € Ly. It follows that

g-ey =0(w(g™1))egy = I(v(g))ego

for all g € Ly, and so ¢y is in fact the linear character of Ly afforded by the one-dimensional
C[Lyg)-module Cey.

For the final assertion, we observe that the supercharacter £x, of R° is afforded by the
C[R°]-submodule C[R°]ex, of C[R°]. Furthermore, we deduce that

v(gex,) =g -v(ex,) =g-€rovre
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for all g € R°, and thus the isomorphism v : C[R°] — C[R™] induces by restriction an isomor-
phism of C[R°]-modules v : C[R°]ex, — C[RT]egoyro. On the other hand, it is straightforward
to check that the C[R°]-module C[R°] - egoyro decomposes as the direct sum

C[R°] - erowre = @(C[R"] cer = @VT

T€T T€T

where T is a complete set of representatives of the right R°-orbits which are contained in

R°YR°. Furthermore, it is not hard to check that, for every h € R°, the mapping ey — ey,

induces an isomorphism of C[R°]-modules Vy — Vyp, and so V,; Zpo Vy for all 7 € YR°.
Since C[R°] - egoypre affords the supercharacter £x, and Vy =po Indf; (Cey) affords the

induced character Indﬁj (s9), we conclude that

&x, = T/ Ind, (s9),

and the result follows because |T| = "T;fﬁf'. O

Remark 4.2.5: We should mention that the supercharacter of R° associated with 9 € Irr(R™)
is usually defined as the induced character Indﬁz (s9). We also observe that, in virtue of Eq.
(4.9), we have
mdf (60)(0) = Pl wlg)
’ BB mone

for all g € R°.

4.2.1 Example: The augmentation ideal

Let p be a prime and let F be a finite field of characteristic p.

Definition 4.2.6. The augmentation map of F[G], aug : F[G] — F, is defined by

aug(z) .= Y _ z(g)

geG

for all x € F[G]. The kernel of the augmentation map is the augmentation ideal of
F[G], I(F[G]), that is,

I(F[G]) := {z € F[G] : aug(z) =0 mod p}.

If G is a finite p-group, J(F[G]) is an example of a finite radical ring (it equals the Jacobson
radical of F[G] in this case), with basis {6, — 01 : g € G\{1}}. Its adjoint group is of the form

I(F[G])° = {z € F]G] : aug(z) =1 mod p}.
In particular, if we consider the cyclic group of order p,

Cp = <w> = {l,w, e ,wp_l}
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and F = {0,1,...,p— 1} the field with p elements, then the augmentation ideal of F[C}] is
I(F[Cp)) = spangp{d,i — o1 : 1 <i<p—1}

Note that (6, — d1)? =0 mod p, and B = {(d, — 61)" : 1 <i < p— 1} is also a basis of
I(F[Cp)).

If x € J(F[Cp]), let xx, denote the k-th coordinate of x in basis B. Assume that zo = 0 for
all z € J(F[C,]). This way, the convolution product on J(F[C,]) simplifies to

k
(zy)k = Z TiYk—i

i=0
for all z,y € J(F[Cp]) and 0 < k < p — 1. Moreover, note that (zy)o = (zy)1 = 0.

In this case, J(F[G])° is the exponential group of J(F[G])™, so it is straightforward to prove
that

IF[G)° = {H((éw —01) 4 61)% a; € IF}
i=1

and it is isomorphic to the direct product C}, x ... x Cj, p — 1 times.
When p = 3, if (21, x2) is the set of coordinates of & € F[C3] on basis B, the Cayley table
for the convolution product of the finite radical ring J(IF[C5]) is:

Table 8: Cayley table for the convolution product in J(F[C5])

X
—
=

=)
~
—
=

—_
~
—
=

[\
~
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oo O
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0 0 0

) )

) )

)
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0
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0
0

)
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The adjoint group of this augmentation ideal, 3°(F[C3]), is isomorphic to the direct product
C3 x C3 and isomorphic to the additive group of the radical ring J(F[C}]).

For all 0 < g1, g2 <2, the element (8,,)9 (6., — 61) 4 61)9 € I°(F[Cs]) will be denoted by

27i

(91,92). This adjoint group has the following character table, where w = e™3 € C.
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Table 9: Character table of J°(F[C3]) (and It (F[C3]) and C5 x C3)

(0,0) (0,1) (0,2) (1,00 (1,1) (1,2) (2,0) (2,1) (2,2)
X1,1 1 1 1 1 1 1 1 1 1
X1,w 1 1 1 w w w w? w? w?
X1,w2 1 1 1 w? w? w? w w w
Xw,1 1 w w? 1 w w? 1 w w?
Xw,w 1 w w? w w? 1 w? 1 w
X, w? 1 w w? w? 1 w w w? 1
Xw?,1 1 w? w 1 w? w 1 w? w
Xw?,w 1 w? w w 1 w? w? w 1
X 1 w? w w? w 1 w 1 w?

For all 1 < k < 2, consider the set (k,*) := {(k,0),(k,1),(k,2)} C I°(F[Cs]). It is
straighforward to check that the standard supercharacter theory for J°(F[C3]) is given by the
partitions:

X3 = {{(0,0)},{(0, 1)}, {(0,2)}, (1, ), (2,%)} € Part(3°(F[Cs]))
X3 = {0 b Daeh Daee b ixewr sosise}, {xee wi ¢ 0si<e}} € Part(Irr (3°(F[C3])))

and the standard supercharacter table of J°(F[Cs]) is:

Table 9: Supercharacter table of (X, X5)
(0,0) (0,1 (0,2) (1

*)  (2,%)

X1,1 1 1 1 1 1
X1,w 1 1 1 w w?
X1,w2 1 1 1 w? w
Xw,1 + Xw,w + Xw,w? 3 3w 3w? 0 0
Xw2,1 + Xw?,w + Xw?,w? 3 3w? 3w 0 0

We can also easily compute the structure constants of the standard Schur ring of J°(F[Cs]).
Recall that the constant c, x, x, is the (7, j)-entry of the matrix Mj.

Table 10: Structure constants of Sxs

K ={(0,0)} K> =(0,1) K3 =(0,2) Ka=(1,%) K5 = (2,%)
10000 01000 00100 00010 00001
00100 10000 01000 00010 00001
Mi={0 1 0 0 0] My=1{0 01 0 0| My=[1 00 0 0 M=[000 10 M=[0000 1
00003 00003 00003 11100 00030
00030 00030 00030 00003 11100
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4.2.2 Example: The unitriangular group

Again, let p be a prime and let F be a finite field of characteristic p.

Definition 4.2.7. The set

0 Z1,2 - Tin
0 0 oo XTo2n

u7l(]F‘) = ... ... DY . .7. : xl,] e F
0 0o ... 0

consisting of all strictly upper-triangular n X n matrices with coefficients in F is a finite
radical ring. The adjoint group of u,(F) is called the unitriangular group and denoted
by U, (FF), that is,

U, (F) := I, + u,(F)

where I,, denotes the identity matrix of order n.

The unitriangular group Us(Fs) is isomorphic to the dihedral group of order 8, which is
known to have 9 distinct supercharacter theories. A classification of the supercharacter theories
for dihedral groups of even order can be found in [34]. The Cayley table for the product of the
finite radical ring u3(Fy) is as follows:

Table 11: Cayley table for the product in uz(Fs)

0 * * 0 =
0 0 O 0 0 1
0 0 O 0 0 0
[0 0 «]
0 0 =« 0 0
0 0 0]
[0 1 «] 00 1
0 0 = 0 0 0 O
0 0 0Of 0 0 O

with « € {0,1}. The standard supercharacter theory for this adjoint group is given by the

partitions:
1 1 1 =« 1 0 = 11 =
0}}{ 01 0}}7{{0 1 1}}{[{) 1 1}} € Part(Us(FF3))
1 0 01 00 1 00 1

K3 = { {{
0
- } € Part(Irr(Us(F2)))

X3 ={a} X | &
and the standard supercharacter table is as follows:

(=2

o = o
= o o
[t
——
—
——
oSO
o= o

1
o 1 0
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Table 12: Supercharacter table of (X3 5, X3 5)

it iy (i) il i
010 010 010 011 011
001 0 0 1 00 1 00 1 00 1
&1 1 1 1 1 1
Exp 1 1 1 -1 —1
Exp 1 1 -1 -1 1
gXII ] 0: 1 1 -1 1 -1
Séx, 4 —4 0 0 0

1o

01«

0 o0 1

Again, we can easily compute the structure constants of the standard Schur ring of Us(F3)
being as follows:

Table 13: Structure constants of Sg<§ )

100 101 11 % 10 ¥ 11«
K= {{u 1 u]} Ky = {{u 1 u]} K3 = {{0 1 (1}} Ky = {{u 1 1]} K5 = {{u 1 1]}
00 1 00 1 00 1 00 1 00 1

100 00 001000 00 100 00010 000001
01000 100 00 00 1 00 00010 000001
Mi=]0 0 2 0 0 M=|0 0 2 0 0 M;=|1 1 0 0 O My=10 0 0 0 2 Ms=10 0 0 2 0
000 20 000 20 0000 2 11000 00 2 00
0000 2 00 00 2 000 20 002 00 11000






Chapter 5

Involutive adjoint groups

In [27, Lemma 13.8], Isaacs recalls a result due to Glauberman:

Lemma 5.0.1 (Glauberman). Let S and G be two finite groups with coprime orders, and
where, at least, one is solvable. Let S act on G and let S and G both act on a set K such that
G is transitive on K and
o-(g-k)=(0-g9) (0-Fk)
forallo €S, allge G and all k € K. Then S fixes a point on K.
In [9], André, Freitas and Neto use Glauberman’s lemma to develop a supercharacter theory

for involutive algebra groups, that is, groups associated with finite-dimensional nilpotent F-
algebras with involution, where F is a finite field of odd characteristic p. Here we generalize
and simplify the results obtained using the relations between supercharacters and Schur rings.
Glauberman’s lemma will be fundamental in this chapter, taking into account it garantees that
o-invariant superclasses have at least one fixed element, where ¢ is an involution on the adjoint
group R° built from an anti-involution defined on the finite radical ring R.

5.1 Definitions and main properties

Let R be a finite radical ring of odd characteristic endowed with an anti-involution o, as defined
in chapter 1.

Proposition 5.1.1. The map o° : R° — R° defined by
o°(9) =1+a(v(g™))

for all g € R° is an involution on the adjoint group R°, that is:
« 0°(gh) = 0°(g)o°(h);

« 0°(0°(9)) = 9.
forall g,h € R°.

Proof. Firstly,
o°(gh) =1+o(wh g ) =1+oh v(g™h) +v(
=1+o((h™" = Dvlg™") +v(g™") +v(h™)
=1+ow(g owh™)) +ow(@g™)+aow(h™)) (by Definition 1.1.7)
=([1+ow(g™ ")) +o@(r™)
=0°(g9)o°(h)

h™h) (by Eq.(4.5))

39
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for all g,h € R°. Secondly,
0°(0°(9)) =1+ a(v(o°(g™"))) = 1+ 0(o(v(g))) =1 +v(g) = g
for all g € R°. O
Note that, (¢°(g))~! = 0°(g7!) for all g € R°, and
o(geh) = o° (B (@)o"(g™L). (5.1)
for all g,h € R° and all z € RT.

Definition 5.1.2. The subgroup of the adjoint group R°, defined by
Ry :={g9€ R°:0°(9) =g},

is called the involutive adjoint group of R with respect to o.

In theorem 4.2.1, we proved that
X°={K,:z€R"}
is a central Schur partition of R°, where, for each x € RT, K, = {1+ gzh~!:g,h € R°}.

Lemma 5.1.3. Let K € X°. Then o°(K) = K if and only if K N RS # 0.

Proof. The set S = {1,0°} with the composition of functions is an abelian group with order
coprime with the order of the direct product G = R° x R°. Consider K, € X such that
0°(Ky) = K.

Note that, by Eq.(4.6),

(1+0(@) ™" = o°(1+2) € Ky
and so K; = K_;(z)-
The set S acts on G by

o°-(g,h) = (6°(h),0°(9))

for all (g,h) € G, and acts on K, by
c® (14+a)=1-o0(a)

for all 1 +a € K,. Moreover, G acts transitively on K, by

(9,h) - (1+a)=1+gah™*

for all (g,h) € Gand all 1 4+a € K,.
Note that, following Eq. (5.1),

(0% (g, 1) - (0° - (1 +a)) = (6°(h),0°(g)) - (1 — o(a))
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for all (¢,h) € G and all 1 +a € K,. It follows that this actions verify the conditions of
Glauberman’s lemma 5.0.1 and so there must be an element 1 + a of K, such that

l+a=0°-(14a)=1-0(a).

Recall that R is of odd characteristic and so 2 is invertible in R. Let b € RT be the unique
element on RT such that 20 = a. Note that, o(b) = —b, (1 +b) and (1 — b)~! commute,
(1+b)(1—b)"t =1+2b(1—b)~! belongs to K, = K, and

(L4 b)(1— b)) = (1+b)(1—b)L

It folllows that K, N RS # 0.

Conversely, if K N RS # 0 then there is g € K such that ¢°(g) = g. Regarding what we
have just seen above, we also know that there must be 1 + a € K such that o(a) = —a. It
follows that

0°(K)=0°(1+ R°aR°) =1— R°0(a)R° =1+ R°aR° = K

for all K € X° that has at least one element fixed by o°. O

Consider the subgroup of R™

Rf:={z€R" :0(x) = —z}.

Note that the map v defined in 4.5 is not necessarily a bijection between RS and R} but
following what was observed in the previous proof, we obtain the following result.

Corollary 5.1.4. The Cayley transform defined by

®: Rt — Jind
r = (Q4+z)(1-2)!

is a bijection, its inverse is

v R° — R*
1422 +— z(1+2)7!

and
@(Rj‘) =R;.

5.2 The standard Schur ring of involutive adjoint groups

We are now able to present the main result of this chapter. We extend the result in [9, Theorem
3.8], using a distinct approach which will considerably simplify the proof. The construction in
[9] relies strongly on Glauberman’s theory, as described in chapter 13 of [27], and depends on
the supercharacters of R° that have a linear constituent.

Theorem 5.2.1. The set

K= {KNR: K e€X° and 0°(K) = K}

g

is a central Schur partition of Rg.
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Proof. By lemma 5.1.3 we know that if g € R then 0°(K,(,)) = K, (4 which implies that K
is a partition of Rg. It is also clear that each element of K¢ is necessarily a union of conjugacy
classes of RZ. It remains to check the three conditions for a partition to be a Schur partition.

First, {1} € X° and 0°(1) = 1 so {1} € K2. Second, note that (KNR2)~! = K~'NR2 and
clearly if 0°(K) = K then 0°(K~!) = K~1. Finally, we can extend by linearity the involution
o° to the group algebra C[R°] by defining for all @ € C[R°]

o’(a) = Z a(9)dgo(g) € C[R®].

gER®°
Following proposition 2.2.1, we know that
CIR®]s :={a € C[R°] : 0°(a) = a} = spanc{dyg.oo(g)} : 9 € R°}
is a subalgebra of C[R°]. Note that, if « € C[R°], then

%(a+a°<a)> = % > al9)dg+ 3 al9)doey

o =
geER®° geER®
1
= Z a(g)dg + B} Z (9)0¢g,0°(g)}
geERS gER®
g¢RY

Let «, 8 € C[R°], such that
a €spanc{d, : g € Ry} and J €spanc{digqo(g) 9 € R° and g ¢ R}
We have that

aBg)= Y am)Bh™g)=| > am)Bh g+ Y ah)Bh™'g)

heR° heR? heR°
h¢ RS

0, if g € Ry
if g€ R° and g ¢ RS

I
N
2
=
=
>
S

and

Ba(g) = > Bh)ath™g)=| Y Ba(h g)+ Y Blh)a(h™g)
heRe heRg Z;gg
0) if g c Rg.
=49 > B(h)a(h™tg), ifge R°and g¢ R
s

for all g € R°. Tt follows that
N(R®) :=spanc{dig.50(9)} : 9 ¢ Ro}
is a two-sided ideal of C[R°],. Moreover,
ClR%)o = spanc{dy : g € Rg} @ spanc{dyg oo (g)} : 9 ¢ B} = C[R;] © N(R°),

and the projection
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m: C[R°], — C[RY]
a+p > «

for all & € C[R2] and all 8 € N(R®), is an algebra homomorphism.
If K € K° is such that ¢°(K) = K then

F((SK) = (SKng.

So, if C,C; € X then there are unique K, K; € X° such that C; = K; N Ry and
C; = K; N Ry and, by the second item of proposition 2.1.2,

50#50]. = TF((;Ki)TI'((;Kj) = 77(5[(1’5](])

. ( 3 cg;ak>

Kex®°

=l Do el Oxang +0umg) + D clox

Kex® Kex®
% (K)=K o (K)#K
_ 2 : K
- ci‘jéKﬁRg
Kex®
% (K)=K

with czK] € Zg . This implies that
dc;0c; € spanc{dxnre : K € K and 0°(K) = K}.

It follows that 8xs = spanc{dc : C' € K3} is a subalgebra of C[Rg]. O

Definition 5.2.2. The Schur ring 85 will be referred as the standard Schur ring over
Rg. The supercharacter theory (X3, X7) of Ry associated with the central Schur ring 8qcs
will be referred to as the standard supercharacter theory of R;. For each X € X°,
the character {x will be referred to as a standard supercharacter of R and the sets
K € X will be referred to as the standard superclasses of R;.

Recall that v defines a Schur ring isomorphism v : 850 — Sqc+.

The Cayley transform can be extended by linearity to an isomorphism of C-vector spaces
® : C[R'] — C[R°] where
D(a) = Z a(z)0p(aq)

zeRT

for all @ € C[R"]. Note that ®(d,(x)) = d142,(x) for all K € X°. Since the mapping = — 2,
for all z € RT, extends naturally to an algebra automorphism of C[R*] and since S+ is a
Schur ring, we easily conclude that

dou (k) 020 (K1) = Z X O (ks
K’/eg{@
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where ¢k’ , are non-negative integers, for all K, K’ € X°. Recall that i, are the structure

constants both for 84+ and S84o. Therefore,

(I)(SV(K)&,(K/ = ( Z Cy K’(SV(K”)>

K'"eXo

= D Cledapr)

K'"eXe

= E CKK/51+21/ (K')

K'exe
= (O1420()) (Gr420(x1)) = Py (x)) P (S

for all K, K’ € X°, and so also the linear map ® : C[R*] — C[R°] defines by restriction an
isomorphism of Schur rings @ : Sgc+ — Sxco.

Consider the action of R° on R} by automorphisms of R}, defined by

goO:=gzo(g")

for all g € R° and all x € R}. Again, we can extend by linearity this action on the group
algebra C[R}] where

(9©a)(z) = a(g™'za°(g))
for all g € R°, all « € C[R}] and all z € R}.

Let
Kf={R°0z:2eR}}

denote the set of orbits of this action of R° on R} .
By proposition 2.2.1,
Sgct = {a €CIRf]: g0 a=aforall g R°}
is an orbit Schur ring over R} with standard basis {dc : C' € KT }.

Note that ®(droee) = dx,,nre forall z € R} . Tt follows that the Cayley transform defines
by restriction an isomorphism of Schur rings & : 89<:+ — 8xeo. With analogous arguments to
the ones used on the proof of theorem 4.2.3, we prove the follovvlng result.

Theorem 5.2.3. If £ is a standard supercharacter of RS then there exists ¥ € Irr(RY) such

that
o) = > 9(g)

¥ ERC OV
forall g € RS.
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5.2.1 Example: The classical anti-involution

Let p be a prime, let F be a finite field of characteristic p and let G be a finite p-group, as in
example 4.2.1.

Definition 5.2.4. The classical anti-involution of F[G], * : F[G] — F[G], is defined by
a*(g) = x(g7")
for all € F[G] and all g € G. An element z of F[G] is said to be symmetric if
=z

and we will denote by X(F[G]) the set of all symmetric elements of F[G].

Classical anti-involution and symmetric elements were studied by several authors (see for
example [14] and [32]). The set

IF[G) = Z(F[G]) NIF[G])°

is the involutive adjoint group of the finite radical ring J(F[G]), with respect to the classical
anti-involution.

Consider the cyclic group of order 5
Cs = (0) = {1,0,0% 0%, 0%}

and let 5 be the field with 5 elements. Consider the two bases of the vector space of dimension
4, J(F[Cs)),

By = {5y — 01,802 — 01,053 — 01,054 — 61} and By = {(6, — 1), (65 —01)2, (85 — 61)%, (65 — 51)%).

The change of basis matrix from By to By is given by

-1

1 3 3 1 1 2 3 4

P 101 2 1 |01 3 1

BimB2= g 001 1| T |00 1 4

0 0 0 1 0 0 0 1

Observing that

1 0 0 0
0 1 1 -1

PBlﬁ’Bz O - _1 and PBlﬁ’Bz 1 - 1
1 1 0 0

we conclude that
I(F5[Cs])2 = {((65 — 61) + 61)“((65 — 61)* + 61) (65 — 61)* +61)" : a,b € Fs}.
The irreducible character of J(F5[C5])3, Xci ci, is defined by

Xete1 (05 = 1) +01)* (8 — 61)° +61) (85 — 81)" +61)") = (€")°(¢7)°
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for all i,4,a,b € Fs.
In this case, the standard Schur partition of the involutive adjoint group J(F5[C5])¢ is

Kso = {{kso} : b€ Fs} U{K, :a € F5\ {0}}
where, for each a € F5 \ {0} and for each b € Fj,

kp :=b0y1 + b6ys + bSy2 + b6y + (b + 1)5;
and
K, :={8054 + (s —a)d,s + (s — a)do2 + 805 + (s +2a+ 1)d; : s € F5}.

The supercharacter table associated to the central Schur ring 87 over the involutive adjoint
group J(F5[C5])2, where ¢ = 5" € C, is

Table 14: Supercharacter table of Sy

{ko} {k1} {ko} {ks} {ka} K1 Ky K3 Ky
X1,1 1 1 1 1 1 1 1 1 1
X1, 1 1 1 1 1 e & 8 &
X1,e2 1 1 1 1 1 e2 ¢ e £
X1,e3 1 1 1 1 1 g3 € et g2
X1,c4 1 1 1 1 1 et 8 g2 ¢
> Xeei 5 5¢ 562 5e3 Bt 0 0 0 0
icF
S Xxe2ei 5 52 Bt 5 5% 0 0 0 0
icF
> Xeser D 5¢3 e et 52 0 0 0 0
ieF
> Xeaei D 5e* 5?52 5e 0o 0 0 0
icF

5.2.2 Example: The symplectic anti-involution

Let p be a prime, let F be a finite field of characteristic p and cardinality ¢ as in example
4.2.2. Let J,, be the m x m matrix with 1’s along the anti-diagonal and 0’s elsewhere, let

Q.= {_(} Jgﬂ and let M,,(F) denote the set of all square matrices of order n.

The symplectic group of order 2m with entries in F can be defined by,
SPom (F) := {9 € Mo (F) : g" Qg = O}

0  Jn

where () := |:_Jm 0

] . In this case we can write

SPay, (F) = { { Z Z } € Mgy :a' Je=(a'Je) ,a' Jd—c Jb=J,b Jd = (bTJd)T}
where J stands for the matrix J,,. It is well-known that the Sylow p-subgroup of Sp,,,, (F) has
order qm2.

Recall that u, (F) denotes the finite radical ring of all strictly upper-triangular nxn matrices
with coeficients in F.



47 5.2. The standard Schur ring of involutive adjoint groups

Definition 5.2.5. Let J,, be the m x m matrix with 1’s along the anti-diagonal and 0’s

0  Jn
—Jm 0
map o : Uz, (F) — us,, (F) defined by

elsewhere and let Q := } The symplectic anti-involution of us,,(F) is the

o(z) =0"12"Q

for all x € ug, (F).

Proposition 5.2.6. The involutive adjoint group of us,(F) with respect to the symplectic
anti-involution is a Sylow p-subgroup of the symplectic group Sp,,, (F).

Yo (F)F = { [%_—JZVJ—] € gy (F) : 2 = JzTJ}

where J stands for the matrix J,,. Note that the vector space u,,(F) has dimension
m(m+1)
2

Proof. We have

(m—1)m
2

and the vector space of {z € M,, : z = Jz" J} has dimension , 80 Uz, (F)F has dimen-

sion m? and cardinality g™ .

Using the Caley transform in the subgroup us,, (F)T we obtain

s

o _J[ 2w | (@) + DI +y) T ] s gy
U2m(F)o—_{[ 0 ‘ J(I)(—yT)J ~y€um(F)a EMm(]F)v =J J}

where J stands for the matrix J,,,. Note that ®(y) + I =2(I —y)~ ! and
(@) ) J(J(—y ) ) =Dy )y )T =J
and

(®(y) + Dz (I +y ) D) T(TR(—y")) = (I +y) T2 (@(y )+ Dy )" T)
=(JI+y) I+ 2y )N
=Q2JI +y) tedA+y) )T
=2J(I+y)t2J(1+y )"'J

which proves that Us,, (F)S is a subgroup of Sp,,, (F) of cardinality . O

g

When m = 2 and p = ¢ = 3, the involutive adjoint group of us(F) becomes

and the standard Schur partition of the involutive adjoint group Us,, (F)S is

Ko ={Co:cC€F}U{By:beF\{0}} U{AD (o : a,d € (F x F)\{(0,0)}}
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where, for each b € F\{0}, for each ¢ € F and for each (a,d) € (F x F)\{(0,0)},

1 0 0 ¢ 1 0 b =« 1 a =z y
o 01 00 B 01 0 b R 0 1 d z—ad o eE
““Ylo o1 0 (7"Ylo o1 of AREDTY 0001 —a |7
0 0 0 1 0 0 0 1 0 0 O 1
For all 4, j,k,1 € F we define
1 a b c
0 1 d b—ad iNas i c
Xei gd gk gl 00 1 —a (5) (aj)b(gk) (5l)d
0 0 O 1

for all a,b,c,d € IF.
The supercharacter table associated with the central Schur ring 87 over the involutive
adjoint group Usy, (F)S, where € = e € C,is

g}
o
o
=

By ADq.y ADwg2 ADuoy ADany ADapy ADpoy AD@ny ADgy)

X1,1,1,1 1 1 1 1 1 1 1 1 1 1 1 1 1
Xe1,1,1 1 1 1 1 1 1 1 € € € g2 g2 2
Xe2,1,1,1 1 1 1 1 1 1 1 g2 e2 £2 € e e
X111, 1 1 1 1 1 e g2 1 B e? 1 B e?
Xeld,e 1 1 1 1 1 e g2 e &? 1 e? 1 B
Xe2 1,1, 1 1 1 1 1 € g2 g2 1 € € g2 1
X1,1,1,62 1 1 1 1 1 g2 € 1 g2 € 1 g2 €
Xeo,1,62 1 1 1 1 1 g2 € € 1 g2 g2 € 1
Xe2,1,1,62 1 1 1 1 1 g2 € g2 € 1 € 1 g2
S Neene 99 9 9 92 0 0 0 0 0 0 0 0
iIEF
S oveeqa 99 9 92 9= 0 0 0 0 0 0 0 0
iIEF
Xetwiew 21 21z 212 0 0 0 0 0 0 0 0 0
i,5,lEF
S Xewwreza 27 2022 212 0 0 0 0 0 0 0 0 0 0

i,j,lEF




Chapter 6

Topics for future work

Since 2008, when Diaconis and Isaacs formalized the definition of a supercaracter theory for
finite groups in [19], more than a hundred papers came out about this topic. There are several
paths that we can choose to continue our study. In this chapter we present some of our ideas
to continue our work about supercharacters.

6.1 The infinite case

Recall that in definition 1.1 we did not require G to to be a finite group. In this section consider
G an arbitrary group, not necessarily finite.

Definition 6.1.1. Let G be an arbitrary group. A partition X € Part(G) is said to be a
partition of finite support if
|K| < o0

for all K € X.

Bastian, Brewer and Misseldine, in [13], defined Schur rings over arbitrary groups. Follow-
ing their work, we present a reformulated definition of a Schur partition.

Definition 6.1.2. A partition X € Part(G) is a Schur partition of G if:
1. X is a partition of finite support;
2. {1} e X;
3. Kl eXforal K € X;
4. spanc{0x : K € KX} is a subalgebra of C[G].

When X is a Schur partition of G, Sx := spanc{dx : K € K} is called the Schur ring
over G afforded by X.

49
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With this definition most of the results we presented in chapter 2 hold, however, taking
into account the work of André, Gomes and Lochon in [10], the relation between Schur rings
and supercharacter theories breaks.

6.1.1 The infinite unitriangular group

In this section we summarize the construction of a supercharacter theory for the infinite uni-
triangular group that we can find in [10].

Definition 6.1.3. Let G be an arbitrary group (possibly infinite). A complex-value func-
tion o : G — C is said to be positive definite normalized if:

1. a(l) =1;

2. o =aq;

3. The matrix H = (H;;) is a nonnegative Hermitian matrix, where
Hyj = a(gig; ),

for all finite subsets {g1,...,9,} C G and all 1 <4,5 < n.

Note that in the previous definition we do not require that the function « has to be an
element of the group algebra C[G], as in definition 1.1.

Let p be a prime and F a field with characteristic p. Recall the definition 4.2.7 of unitrian-
gular group of order n over F. For simplicity, we shall write U,, = U, (F) and u,,(F) = u,.

For every positive integer n, we can naturally identity U, with the subgroup of U, 1

gEUn gUn+1.

Definition 6.1.4. We call the inductive limit of the infinite chain of unitriangular groups
UcU,cCcUsC...

the infinite unitriangular group and denote by U.

Analogously, u,, can be identify as a subring of u,, ;1. Note that, with this identification, a
superclass of U, is always contained in a superclass of U, ;1. Consider

Koo = U {14+ UpzU, : z € u,},

n>1
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whose elements we will call the superclasses of U,,. Consider also X, the set of all K-
superclass functions and positive defined normalized on U,, whose elements we will call super-
characters of U..

The pair (Koo, Xso) is what we can naturally call the standard supercharacter the-
ory for U,,. Note that each superclass of Uy is an infinite set and the supercharacters are
not necessarily elements of C[U]. In [10], it is observed that there is no bijection between
superclasses and supercharacters, the supercharacters being in a higher number than the su-
perclasses. Moreover, following the well-known parametrization of the superclasses of U, by
coloured set partitions of a set with n elements, in [10] it is shown how superclasses of U, can
be parametrized by colored set partitions of the set of natural numbers, N.

6.1.2 Set partitions of [n]

In this section we present the definition of set partition and its representation with arc diagrams.

For all natural n we define

[n]:={1,...,n} and [[n]]:={@,j):1<i<j<n}

Definition 6.1.5. A set partition 7 of [n] is a family of nonempty sets, called blocks,
whose disjoint union is [n]. We write

m=Bi...B F[n]

where By, ..., B; are the blocks of 7w ordered by increasing value of the smallest element
in the block.
Part([n]) will represent the set of all set partitions of [n].

Set partitions have a natural representation using arc diagrams which sketch the combina-
torial object as a labeled graph and are useful to detect certain patterns.

Definition 6.1.6. In the arc diagram representation of a set partition 7 - [n], a
row of dots is labeled from 1 to n and the pair (i,7) € [[n]] is said to be an arc of 7 if 4
and j occur in the same block B of 7w and there is no k € B with i < k < j i.e., a block of
m, B={a1,...,a;}, ordered a1 < ... < a;, is represented by the set of arcs

{(a17a2>7 SR (aj*haj)}

which are always drawn above the row of dots.
We will denote by D(7) the set of all arcs of the set partition 7 and a subset
D C [[n]] is said to be a basic subset if there is a set partition 7 - [n] such that D = D(r).

Example 6.1.7. Consider the set partition
m={1,6,12,14}{2,4,13}{3}{5,7,11}{8,9, 10} I- [14].
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The arc diagram representation of 7 is

° ¢ o e

1 2 3 4 5 6 7 8 9 10 11 12 13 14

and D(m) = {(1,6), (6,12), (12,14), (2,4), (4,13), (5,7),(7,11),(8,9), (9, 10)}.

The connected components of the arc diagram representation of a set partition are pre-
cisely the set partition blocks. Observe also that the set partitions of [n] are in one-to-one
correspondence with the basic subsets of [[n]].

For every (i,7) € [[n]] we detone by e; ; € u, the matrix with 1 in the (7, j)—th entry and
0’s elsewhere, i.e.,

J
T
0 0 0 0 0
eiyj = :
0 0 1 0 0 —¢
0 0 0 0 0

If w  [n] consider the matrix

Er = E €ij-

(i,5)€D(m)

Example 6.1.8. Consider the set partition

m={1,3,5}{2,6}{4} F [6].

The arc diagram representation of 7 is

and D(7) = {(1,3),(2,6),(3,5)}, so

er = € uﬁ(FQ).

O OO O oo
OO OO oo
O OO OO
OO O O oo
S oo+~ OO
S ODO O+~ O
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Consider the standard F-basis {e; ; : (,7) € [[n]]} of the vector space u,,. For every z € u,

we have
Tr = Z Xi,5€4.5-
(4,5)€ln]]
Observe that for all g, h € U,,
J
/l\
O - 0 gl,j gl,jhi,j—i-l e gl,jhi,n
geijh =10 0 gi—1j Gi-1,hij+1 - gi—1,jhin
0 N 0 1 hi,j—l—l . hi,n —1
0 0 0 0 0
and so, if x = )  x;;e;; the correspondent superclass of U, is of the form
(1,5)€l[n]]

I, + Z mi,j(gei,jh) g, helU,
(i,5)€l[nl]

which means that we can parametrise the superclasses of U,, using the matrices
t e t

where 7 I [n] and ¢ is an invertible diagonal matrix of order n, which we can see as a coloring
of the set partitions of [n].

We can see a set partition of [n] as a set partition of [n+ 1] by adding one block consisting
only in the element n + 1. This way we can parametrize the superclasses of U, using the set

Part(N) := U Part([n])
associated with a coloring for each set partition.

Recently, Burrill, Elizalde, Mishna and Yen in [16] generalized arc diagrams by permitting
open arcs.

Definition 6.1.9. From the arc diagram representation of a set partition m we can con-
struct an open arc diagram by choosing at least one block B of 7 to add an arc with left
endpoint at the highest number of B and with no right endpoint. The open arc diagram
associated to 7w that has just one open arc and is associated to the i-th block of w will be
denoted by ;.

Example 6.1.10. The set partition of example 6.1.7 has 5 blocks so there are 2° — 1 open
diagrams associated to w. The open arc diagram my is the following:
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° ¢ o e

1 2 3 4 5 6 7 8 9 10 11 12 13 14

With this attempt at summarizing some of the work that has been done with superchar-
acters and Schur over an arbitrary group G, we leave here some open questions:

e Can we relate Schur rings of arbitrary groups, as defined in [13] with supercharacter
theories for those groups?

o What would be a Schur ring associated with the standard supercharater theory of the
infinite unitriangular group that we find in [10]?

o Can we parametrize all supercharacteres of Uy, using the definition of open arc diagrams?

6.2 t-periodic antiautomorphisms
In chapter 5 we constructed a supercharacter theory for the o-subgroup of fixed points in the
adjoint group of a finite radical ring endowed with an anti-involution o. Can we generalize this

construction when the radical ring R is endowed with a more generic anti-automorphism?

Let R be a finite radical with characteristic p, coprime with ¢.

Definition 6.2.1. The map
c:R— R

is a t-periodic antiautomorphism on R if it satisfies the following conditions:
Loo(x+y)=o(@)+oy)
2. o(zy) =o(y)o(z);
3. t is the smaller positive even integer such that o'(z) = z;

for all z,y € R.

Note that an anti-involution defined on R is a particular case of a t-periodic antiautomor-
phism, where ¢ = 2.

6.3 Association schemes
The theory of association schemes arose in statistics (see for example [12]) and its close relation

with Schur rings is well known. Naturally there is also a close relation with supercharacter
theories for finite groups.



55 6.4. Wreath product

Definition 6.3.1. Let G be a finite group and R € Part(G x G). We say the pair (G, R)
is a commutative association scheme over G if:

L AG) ={(9,9): g€ G} € R
2. If R€ R then R' = {(h,g) : (9,h) € R} € R;
3. R, S, TeRand (¢g,h) €T
ths =|{k€G:(g,k) € Rand (k,h) € S}| = c§ p.

doesn’t depend on which element of T" was chosen;

Proposition 6.3.2. If (X, X) is a supercharacter theory for G then (G,Rg) is an association
scheme over G with

Rs ={Rs(K): K € X} and Rg(K)={(g9,9k):k € K and g € G}
for all K € XK.

We also finish this section with some open questions related to this relation between asso-
ciation schemes and supercharacters:

¢ What can we learn more about supercharacters when studying deeply the relation with
association schemes?

e (Can we describe the structure constants in terms of supercharacters and with this asso-
ciate a probability to each supercharacter?

6.4 Wreath product

Since a characterization of all supercharacter theories of cyclic groups has already been made,
direct products of cyclic groups and wreath products are families of groups with potentially
good combinatorics surrounding supercharacter theories. Note that in the example of section
4.2.1, a direct product of cyclic groups arose when we were studying the adjoint group of the
augmentation ideal of the group algebra of a cyclic group. Moreover, the Sylow p-subgroups of
the symmetric group, whose representation theory still has many open questions, are wreath
products of cyclic groups. The idea of constructing a supercharacter theory for wreath prod-
ucts inspired by what is done with adjoint groups is something that might reveal itself fruitful.

Let F and G be two finite groups. Consider that G acts transitively on a set X and denote
by FX the set of all maps f : X — F, which is a group under pointwise multiplication. The
group G acts on FX in a natural way, by setting

(mf)(@) = f(r ")

for all m € G, for all f € F and for all x € X.
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Definition 6.4.1. The wreath product of F by G (on X) consists of the set
F1G = {(f;m)|f € F*,7 € G}

together with the multiplication law

(fim)(f57") == (f(nf'); ).

Let p be a prime and let F,, be the field with p elements.

The wreath product of C, by C, (on {1,...,p}), denoted by C, 1 Cp, is the set of all
F,-valued functions defined on {1,...,p+ 1} endowed with the product defined by

g(n)+h(n—glp+1), n#p+1
g(n)+h<n)a n:p+1-
for all g,h € Cp 1 Cy,.

We finish with some more open questions:

e When p = 2, C91C} is the dihedral group, that is, it is an adjoint group of a finite radical

ring. Can we always see the wreath product of cyclic groups as adjoint groups of finite
radical rings?

¢ On the other and, is the wreath product of cyclic groups an involutive adjoint group?



Bibliography

1]

B. Amberg, O. Dickensheid. On the adjoint group of a radical ring. Canad. Math. Bull.,
38(3):262-270, 1995.

C. A. M. André. Basic characters of the unitriangular group. J. Algebra, 175(1):287-319,
1995.

C. A. M. André. Basic characters of the unitriangular group (for arbitrary primes). Proc.
Amer. Math. Soc., 130(7):1943-1954, 2002.

C. A. M. André, A. M. Neto. Super-characters of finite unipotent groups of types Bn, Cn
and Dn. J. Algebra, 305:394-429, 2006.

C. A. M. André, A. P. Nicolds. Supercharacters of the adjoint group of a finite radical
ring. Journal of Group Theory, 11(5):709-746, 2008.

C. A. M. André, A. M. Neto. Supercharacters of the Sylow p-subgroups of the finite
symplectic and orthogonal groups. Pacific J. Math., 239(2):201-230, 2009.

C. A. M. André, A. M. Neto. A supercharacter theory for the Sylow p-subgroups of the
finite symplectic and orthogonal groups. J. Algebra, 322(4):1273-1294, 20009.

C. A. M. André. Supercharacters of unitriangular groups and set partition combinatorics.
CIMPA school: "Modern Methods in Combinatorics ECOS2013", 2da Escuela Puntana
de Combinatoria: Escuela de Combinatoria del Sur, Universidad Nacional de San Luis,
Argentina, 2013.

C. A. M. André, P. J. Freitas, A. M. Neto. A supercharacter theory for involutive algebra
groups. Journal of Algebra, 430:159-190, 2015.

C. A. M. André, F. Gomes, J. Lochon. Indecomposable supercharacters of the infinite uni-
triangular group - Operator Theory, Operator Algebras, and Matrix Theory Birkhduser,
Cham, 1-24, 2018.

C. A. M. André, P. J. Freitas, T. Z. Silva. A Schur ring approach to supercharacters of
groups associated with finite radical rings. Communications in Algebra (accepted), 2024.

R. Bailey. Association Schemes: Designed Experiments, Algebra and Combinatorics, Cam-
bridge Studies in Advanced Mathematics - Cambridge University Press, 2004.

N. Bastian, J. Brewer,S. Humphries, A. Misseldine, C. Thompson. On Schur Rings over
Infinite Groups. Algebras and Representation Theory, 23:493-511, 2020.

V. Bovdi, L. G. Kovacs, S. K. Sehgal. Symmetric units in modular group algebras. Comm.
Algebra, 24:803-808, 1996.

57



Bibliography 58

[15]
[16]
[17]
[18]
[19]

[20]

B

S. T. Burkett, J. P. Lamar, M. L. Lewis, C. Wynn. Groups with exactly two supercharacter
theories. Comm. Algebra,45:977-982, 2015.

S. Burrill, J. Courtiel, E. Fusy, S. Melczer, M. Mishna. Tableau sequences, open diagrams,
and Baxter families. Furopean Journal of Combinatorics, 58:144-165, 2016.

T. Ceccherini-Silberstein, F. Scarabotti,F. Tolli. Representation Theory and Harmonic
Analisis of Wreath Products of Finite Groups. Cambridge University Press, 2014.

C. Curtis, I. Reiner. Representation Theory of Finite Groups and Associative Algebras.
American Mathematical Society, 1962.

P. Diaconis, I. M. Isaacs. Supercharacters and superclasses for algebra groups. Trans.
Amer. Math. Soc., 360(5):2359-2392, 2008.

P. Diaconis, N. Thiem. Supercharacter formulas for pattern groups. Trans. Amer. Math.
Soc., 361(7):3501-3533 2009.

S. Doty,A. Lauve,G. H. Seelinger. Canonical Idempotents of Multiplicity-free families of
Algebras. Enseign. Math.,64:23-63, 2019.

W. Fulton, J. Harris. Representation Theory. Springer-Verlag, 1991.

] G. Glauberman. Correspondences of Characters for Relatively Prime Operator Groups.
Can. J. Math., 20:1465-1488, 1968.

A. Hanaki. Tamaschke’s results on Schur rings and a generalization of association schemes.
J. Math.Sciences, 234:248-255, 2018.

A. O. F. Hendrickson. Supercharacter theory constructions corresponding to Schur ring
products. Comm. Algebra, 40:12, 4420-4438, 2012.

S. P. Humphries, K. W. Johnson. Fusions of character tables and Schur rings of abelian
groups. Comm. Algebra, 36:4,1437-1460 ,2008.

I. M. Isaacs. Character theory of finite groups. Dover, New York, 1976.

N. Jacobson. Structure of rings. American Mathematical Society Colloquium Publications,
37, revised edition, 1964.

D. Kazhdan. Algebraic Geometry and Representation Theory. Proceedings of the Interna-
tional Congress of Mathematicians, Berkeley, California, USA, 849: 852, 1986.

G. Karpilovsky. The Jacobson radical of group algebras. North-Holland - Mathematics
studies, 135, 1987.

A. A. Kirillov. Variations on the triangular theme. Lie groups and Lie alge-
bras:E.B.Dynkin’s Seminar. Amer. Math. Soc. Transl. Ser. 2, 43-73, 1995.

A. Konovalov, A. Tsapok. Symmetric subgroups of the normalised unit group of the mod-
ular group algebra of a finite p-group.Nauk. Visn. Uzhgorod. Univ., Ser. Mat., 9:20-24,
2004.

T. Y. Lam. A First Course in Noncommutative rings. GTM - Springer, 131, 2001.
J. Lamar. Supercharacter theories of dihedral groups. arXiv1612.06913, 2016.

K. H. Leung, S. L. Ma. The structure of Schur rings over cyclic groups. J.Pure Appl.
Algebra, 66:287-302, 1990.



59

Bibliography

36
37
38
30
40
41
42]

[43]
[44]

A. Misseldine. Algebraic and combinatorial properties of Schur rings over cyclic
groups. Ph.D. thesis, Brigham Young University, 2014.

M. Muzychuk. On the structure of basic sets of schur rings over cyclic groups. Journal of
Algebra, 169:655-678, 1994.

M. Muzychuk, I. Ponomarenko. Schur rings. Furopean Journal of Combinatorics, 30:1526-
1539, 20009.

I. Schur. Zur theorie der einfach transitiven permutationsgruppen. Sitzungsber. Preuss.
Akad. Wiss. Phys.-Math. Kl, 598-623, 1933.

O. Tamaschke. S-rings and the irreducible representations of finite groups. J. Algebra,
1:215-232,1964.

O. Tamaschke. On Schur-rings which define a proper character theory on finite groups.
Math. Z., 117:340-360,1970.

J. F. Watters. On the adjoint group of a radical ring. J. London Math. Soc., 43:725-729,
1968.

H. Wielandt. Finite permutation groups. New York: Academic Press, 1964.

N. Yan. Representation Theory of the Finite Unipotent Linear Groups. PhD thesis, Uni-
versity of Pennsylvania, 2001.



Index

Cs, 6, 12,17, 19, 22
GL(V), 10
H(g), 18
I, 46
K1, 15
K., 29
M, 4

R, 28
R[G], 1
R, 28

Ss, 6,13, 18, 23
Sy, 23

U, (F), 36
)], 51
[n], 51

ad g, 9

R°, 27
Aut(G), 18
C[G], 2
ClG)*, 19
C[R°],, 42
Cl(G), 2
Cls(G), 20
R°, 40
RT, 41
D(m), 51
Ag, 8

€, 9
Endc(S), 9
9(F[C), 33
Irr(G), 11
Irrg (G), 20
J(R), 7
X+, 29
Kt 44
%2, 41

M, (R), 4
Oy, 18

Q, 47
Part(X), 2
Sy, 15
S+, 29
Sxce, 43
Sxco, 29
Sme(]F)v 46
supp(a), 1
tr(M), 10
2(S5), 9
Z(Cla)), 3
a*, b

-, 30
cf(G), 2
X¢s 10
Ok, 2

dg, 2
<a7/8>’ 2

| X, 2

v, 28

®, 28, 44
X, 11

X, 11

z, 4

scfxc (G), 25
°, 39
u,(F), 36
F [n], 51
£y, 11, 21
€x, 11

ey, 11

x*, 45

x*, 4

adjoint function, 9
adjoint group, 27
algebra

*-, D
algebra group, 28

60



61 Index

anti-involution, 4 orthogonal, 8
arc, 51
diagram, 51 partition
augmentation ideal, 33 of unity, 8
pointwise product, 3
basic subset, 51 primitive, 8
blocks, 51
representation, 10
Cayley transform, 41 8, 20
center of the group algebra, 3 irreducible, 10
central, 3 ring
character, 10 nil, 28
8-, 20 nilpotent, 28
irreducible 8-, 20 radical, 28
regular, 13
trivial, 11 Schur partition, 15
character table, 12 central, 16
characteristic map, 2 Schur ring, 15
class function, 2 standard basis, 15
classical anti-involution, 45 orbit, 19
complete, 8 semisimple, 7
conjugacy class set partition of [n], 51
8-, 20 sign character, 13
conjugate, 4 standard (orbit) Schur ring over RT, 29
8-, 20 standard character, 13
convolution product, 1 standard Schur ring over R°, 30
cyclic group, 6, 12 standard Schur ring over R, 43
standard supercharacter theory for Rg, 43
degree, 10 standard supercharacter theory for R*, 29

standard supercharacteres of Ry, 43
standard superclasses of Ry, 43
structure constants, 16

Frobenius inner product, 2

Glauberman’s lemma, 39
group supercharacter, 21

unitriangular, 36 theory, 21

cyclic, 17, 19, 22 supercharacter table, 22

supercharacter theory
standard, 30
maximal, 21

symmetric, 18, 23
group algebra, 1

Hadamard product, 3 minimal, 21
homomorphism supercharacteres
Schur ring, 17 standard, 30
superclass, 21
idempotent, 8 superclasses
involutive adjoint group, 40 standard, 30
irreducible character, 10 support, 1

symmetric group, 6, 13

Jacobson radical, 7 symplectic anti-involution, 47

monomial character, 31 transpose, 4

normal subalgebra, 6 trivial character, 13



