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Abstract

The Morita Frobenius number of an algebra is the number of Morita equivalence classes of its
Frobenius twists. Introduced by Kessar in 2004, these numbers are important in the context of
Donovan’s conjecture for blocks of finite group algebras. Let P be a finite £-group. Donovan’s
conjecture states that there are finitely many Morita equivalence classes of blocks of finite
group algebras with defect groups isomorphic to P. Kessar proved that Donovan’s conjecture
holds if and only if Weak Donovan’s conjecture and the Rationality conjecture hold. Our
thesis relates to the Rationality conjecture, which states that there exists a bound on the
Morita Frobenius numbers of blocks of finite group algebras with defect groups isomorphic
to P, which depends only on |P|. In this thesis we calculate the Morita Frobenius numbers,
or produce a bound for the Morita Frobenius numbers, of many of the blocks of quasi-simple
finite groups. We also discuss the issues faced in the outstanding blocks and outline some
possible approaches to solving these cases.
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Chapter 1

Introduction

Modular representation theory is a branch of mathematics which began around the turn of
the 20th century. Ordinary representation theory is concerned with the representations of
finite groups over a field of characteristic zero. The term modular representation theory was
first used by Dickson in 1907 [21] to describe the study of representations of finite groups
over fields of positive characteristic. He showed that if the characteristic of the field divides
the order of the group then the modular representation theory of a group is quite different to
its ordinary representation theory. Important work of Brauer begun in the 1930s established
modular representation theory as a mainstream area of mathematics. Today the field is very
active with recent developments leading to breakthroughs for some fundamental conjectures
which have been open in the area for many decades.

Let G be a finite group and let k be an algebraically closed field of positive characteristic
£. Our thesis is concerned with the indecomposable 2-sided ideals of the group algebra kG,
known as blocks. For each block B of kG there exists an associated conjugacy class of finite
f-subgroups of G known as defect groups. The defect groups of B provide a measure of
how far B is from being a semisimple algebra. One important open question in modular
representation theory today is; can the blocks of finite group algebras be classified according

to their defect groups? Our thesis relates to this question via Donovan’s conjecture.
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Conjecture (Donovan’s Conjecture [1, Conjecture M]). Let P be a finite {-group. Then
there are finitely many Morita equivalence classes of blocks of finite group algebras with defect

groups isomorphic to P.

Donovan’s conjecture is open in the general case, but there are certain situations where
it is known to hold. This is discussed in more detail in Section 2.3. There exists a weaker
version of Donovan’s conjecture, known as Weak Donovan’s conjecture. This states that the
entries of the Cartan matrices of blocks with defect groups isomorphic to P are bounded by
some function which depends only on |P|. In 2004, Kessar showed in [46, Theorem 1.4] that
the gap between Donovan’s conjecture and Weak Donovan’s conjecture is another finiteness

condition usually referred to as the Rationality conjecture [46, Conjecture 1.3].

Conjecture (Rationality Conjecture). The Morita Frobenius numbers of blocks of finite group
algebras with defect groups isomorphic to P are bounded by a function which depends only on

|-

The theorem of Kessar shows that Donovan’s conjecture holds if and only if both Weak
Donovan’s conjecture and the Rationality conjecture hold. This gives us another way to
approach Donovan’s conjecture. The aim of our thesis is to calculate, or find bounds for, the
Morita Frobenius numbers of the blocks of quasi-simple finite groups.

A Morita Frobenius number can be defined for any finite dimensional k-algebra A. For
a positive integer m, the mth Frobenius twist of A is another finite dimensional k-algebra
which is isomorphic to A as rings, endowed with a twisted scalar multiplication defined by
Az = APz for all ¢ A, A € k. The Morita Frobenius number of A is the least positive
integer m such that A is Morita equivalent to its mth Frobenius twist as k-algebras, denoted
by mf(A). Since A is finite dimensional and k is algebraically closed, the Morita Frobenius
number of A is finite.

Little is known in general about the values of the Morita Frobenius numbers. The Morita

Frobenius number of a block of a finite group algebra can be greater than 1 — in 2007 Benson
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and Kessar gave a general method for producing examples of blocks of finite group algebras
with Morita Frobenius number equal to 2 [2]. There exist algebras which have arbitrarily large
Morita Frobenius numbers, for example some algebras in the family of algebras of quaternion
type given in [28]. However, it is not known whether the algebras of quaternion type with
arbitrarily large Morita Frobenius numbers arise as blocks of finite group algebras.

Our results are summarised in Theorems A, B, C and D below. An explanation of the
notation can be found in Chapters 2 and 4. In many cases the Morita Frobenius number of
B is 1 and in some cases we even find that B is isomorphic to its first Frobenius twist, not
just Morita equivalent. There remain some open cases for the finite groups of Lie type in
non-defining characteristic. Apart from these, which are discussed in Section 5.4, we prove

that the Morita Frobenius number of B is at most 4.

Theorem A. Let b be an (-block of a quasi-simple finite group G. Let G = G|Z(G). Suppose
that one of the following holds.

(a) G is an alternating group

(b) G is a sporadic group

(c) G is a finite group of Lie type in characteristic ¢
Then mf (b) =1.

Theorem B. Let ¢ and p be different primes and let g be a power of p. Let G be a simple, sim-
ply connected algebraic group defined over Fp and let F': G — G be a not very twisted Frobenius

morphism with respect to an Fy-structure. Let s be a semisimple ' element of G and let

be &(GE,s) be an (-block of GF.
(a) If b is a unipotent block not equal to one of the following blocks of Eg

e b=0bp,(¢3.Es(q), Es[0°]) (i =1,2) with £=2 and q of order 1 modulo 4, or

e b=0bp,(03.2E6(q),2FEs[0"]) (i=1,2) with £=2 mod 3 and q of order 2 modulo ¢,

then mf (b) = 1. If b is one of the two blocks above then mf (b) < 2.

14



(b) If s # 1 is quasi-isolated in G* then
e if G is of type A or B then mf (b) =1;
e if G is of type Eg then mf (b) <4; and
e otherwise mf (b) < 2.
(c) If s # 1 is such that C.(s) is a Levi subgroup of G* and Ag-(s) is cyclic, or if Cg+(s)
18 connected and s is not isolated in G*, then
e if G is of type E7 or Eg then mf (b) <2,

e otherwise mf (b) = 1.
One consequence of Theorem B is the following result for groups of type A.

Theorem C. Let G; = {SL,(q):neN,q=p" for some prime p+{,ac N}, and let Gy =
{SUn(q) :neN,q=p® for some prime p+ ¢ and some a € N such that £ + ¢>**1 +1 V se N}.

Then Donovan’s conjecture holds for the £-blocks of groups in G1 and Gs.

Theorem D. Let G be a Suzuki or Ree group. Letb be an £-block of G'. Ifb is a block of the

large Ree group in non-defining characteristic, assume that b is unipotent. Then mf (b) = 1.

We begin with an introduction to block theory in Section 2.1 followed by a summary of
the methods used in Section 2.2. Results relating to groups not of Lie type are included in
Section 3, including calculations of the Morita Frobenius numbers for the symmetric groups,
the alternating groups and their double covers, and for the sporadic groups, their covers, and
the exceptional covering groups. In Section 4 we introduce the finite groups of Lie type, and
the calculations of the Morita Frobenius numbers of the blocks of the finite groups of Lie type
are presented in Section 5. In Section 5.4 we discuss the outstanding open cases in the finite
groups of Lie type and present progress made on these cases to date. Finally, the proofs of
the Theorems A, B, C and D are given in Section 6.

Parts of results of this thesis have appeared in print in [29].
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Chapter 2

Block theory, methods and the

connection to Donovan’s conjecture

2.1 Introduction to block theory

In this section we present all the necessary preliminaries from representation theory and block

theory. The primary sources are [58], [44] and [57].

2.1.1 Algebras and modules

We start by recalling some definitions. Let F' be an arbitrary field and let A be an F-algebra
with unit element 14. We will assume for this section that all algebras are finite dimensional.
The Jacobson radical of A, denoted by J(A), is the maximal nilpotent ideal of A. If J(A) =0
then A is semisimple, therefore by Wedderburn’s theorem [58, Theorem 1.17], A is isomorphic
to a direct product of matrix algebras.

A left A-module M is an F-vector space with an F-bilinear map A x M — M given by
a xm = am such that (ab)m = a(bm) and 1q4m = m for all a,b € A and all m ¢ M. A
right A-module is defined analogously with the product operation on the other side. An A-

module is irreducible if its only submodules are 0 and itself. An A-homomorphism between
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two A-modules M and N is an F-linear map ¢ : M — N such that ¢(am) = ap(m) for all
a € Aand m e M. The category of A-modules, Mod(A), is the category with A-modules as
objects, A-homomorphisms as morphisms, and with the composition of A-homomorphisms
as composition of morphisms. We say that two finite dimensional F-algebras A and B are
Morita equivalent if there is an F-linear equivalence between their module categories Mod(A)

and Mod(B), and denote this by A ~y; B.

For a finite group G, let F'G denote the group algebra of G over F' — a finite dimensional
F-algebra with basis {g € G}. The elements of F'G are of the form ¥ .o ayg with a4 € F' for
every g € GG, and the product map is given by F-linear extension of the usual multiplication
in G.

A non-zero element a € A is an idempotent if a®> = a. Two idempotents a and b are
orthogonal if ab =0 = ba and an idempotent is primitive if it cannot be expressed as the sum
of two orthogonal idempotents. If ¢ is an idempotent of A, a primitive decomposition of a is
a finite set I of primitive orthogonal idempotents of A such that Y ,.;i = a. Since any two
primitive decompositions of 14 are conjugate, the primitive decomposition of 14 in Z(A) is

unique [63, Corollary 4.2].

An F-algebra A is basic if for any primitive decomposition I of 14, the elements in I are
mutually non-conjugate. Two basic algebras are Morita equivalent if and only if they are
isomorphic [28, Lemma 1.2.6]. Every F-algebra is Morita equivalent to a basic F-algebra. For
a given algebra A, we can construct a basic algebra Ag in the following way. Suppose that [
is a primitive decomposition of 14. Let Iy be a set of representatives of the conjugacy classes
of elements in I and let ig = Y, . Set Ag := igAig = {ipaip | a € A}. Then A and Ay are
Morita equivalent [28, Corollary 1.2.7] . It therefore follows that if A and B are two finite
dimensional F-algebras with basic algebras Ag and By respectively, then A and B are Morita

equivalent if and only if Ay and By are isomorphic.

For the rest of this section let k be an algebraically closed field of characteristic £ and let A

be a finite dimensional k-algebra. Recall that since algebraically closed fields are perfect, the
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Frobenius homomorphism o : k - k given by A —» A’ is an automorphism. We can therefore

consider the inverse map o~ ! : k — k sending A AT

Definition 2.1.1. For m € N, the m-th Frobenius twist of A, denoted by A¢™) | is a k-algebra
with the same underlying ring structure as A, endowed with a new action of the scalars of k

given by A.x = ATT g for all \ € k, x € A.

Definition 2.1.2. The Morita Frobenius number of A, denoted by mf(A), is the least integer

m such that A is Morita equivalent to A¢™).

Definition 2.1.3. The Frobenius number of A, denoted by frob(A), is the the least integer
m such that A = A®™) as k-algebras.

Note that the basic algebra of the m-th Frobenius twist of A is equal to the m-th Frobenius
twist of its basic algebra, i.e. (A(Em))o = A[(fm). Suppose that {ai,...,a,} is a basis for the
k-vector space underlying a finite dimensional k-algebra A. The structure constants of A with

respect to this basis are the scalars ¢;;, € k such that

n
a;a; = Z Cijr Q.
r=1

If the k-vector space underlying A has a basis such that all the structure constants c;j, lie in
Fym, then A is said to have an Fym-form. Note that a matrix algebra has a basis such that
the structure constants are just 1 and 0, so every matrix algebra has an Fym-form. It can be
shown that a k-algebra A has an Fym-form if and only if A = A®™) as k-algebras [46, Lemma
2.1]. In particular, A has an F,-form if and only if frob(A)= 1.

Lemma 2.1.4. Let k be an algebraically closed field of characteristic £ and let A be a finite
dimensional k-algebra. Then mf (A) and frob (A) are finite.

Proof. Since k is an algebraically closed field of characteristic ¢, every structure constant of
A is contained in I, for some positive integer r. As A is finite dimensional we can let ¢ be

the maximum such r, so F} contains all the structure constants of A. Thus A has an Fi-form,
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so A=z (A@) as k-algebras by [46, Lemma 2.1]. Therefore, mf(A) < frob(A) <t < oo as
required. O

Lemma 2.1.5. Let A be a finite dimensional k-algebra and let Ay be the basic algebra of A.
Then
1< mf (Ag) = frob (Ag) = mf (A)< frob (A).

Proof. This follows directly from the fact that A and A™) are Morita equivalent if and only

if their basic algebras Ay and A((fm) are isomorphic. O

2.1.2 The second cohomology group and twisted group algebras

Let G be a finite group and let F' be an arbitrary field. A map a: G xG - F* is called a
2-cocycle if a(zy, z)a(x, z) = a(x,yz)a(y, z) for all z,y,z € G. The set of all 2-cocycles of G
with coefficients in F* is denoted by Z?(G; F*), and Z%(G; F*) has the structure of an abelian
group with multiplication defined by (') (z,vy) = a(z,y)a’(z,y) for all a,a’ € Z%(G; F*)
and all 2,y € G. A 2-cocycle o € Z%(G; F*) is called a 2-boundary if there exists a map
v:G - F* such that a(z,y) = v(x)y(y)y(zy)~! for all z,y € G. The set of 2-boundaries of
G with coefficients in F* is a subgroup of Z?(G; F*) denoted by B2(G; F™).

The second cohomology group of G with coefficients in F™* is the quotient group
H*(G;F*) = Z*(G; F*)|B*(G; F™).

The twisted group algebra of G by a € Z*(G; F*) is the F-algebra, F,G, which is equal to
FG as an F-vector space, with a twisted multiplication operation F'G x FG - F'G given by
x.y =a(x,y)zy for all x,y € G.

2.1.3 Representations

For this section, continue to let F' be an arbitrary field and let A be a finite dimensional

F-algebra. A representation of A is an algebra homomorphism X : A - Mat,, (F), for some

19



natural number n called the degree of the representation. Two representations X and X' of an
F-algebra A are similar if there exists an invertible nxn matrix T such that TX(a)T~ ! = X'(a)

for every a € A.

A representation X of A naturally defines an A-module, and vice versa. Consider the
vector space V of n-dimensional column vectors over F. Given a representation X of A, we
can give V the structure of a left A-module by defining multiplication by av = X(a)v for all
veV by ae A. On the other hand, suppose we are given an A-module M. By picking a basis
for M we can express any a € A as a matrix ay; in Mat,,(F') determined by the action of a on
the basis elements. Then by defining X(a) = aps, we get a representation X : A - Mat,, (F)
of A. Different choices of bases for M may give rise to different representations, but they will
be similar representations. Conversely, two similar representations will determine isomorphic

A-modules. A representation is irreducible if the module it determines is irreducible.

2.1.4 Characters

Let K be a field of characteristic 0 such that for any of the finite groups G considered below, K
contains the |G|th roots of unity. By Brauer’s Splitting Field Theorem, [57, Ch. 3, Theorem
4.11], K is then a splitting field for G. Let X be a representation of a group algebra KG.
The character of G afforded by X is the function y : G - K given by x(g) = tr (X(g)), for
all g € G. The degree of x is defined to be x(1) = tr (X(1)). Characters of degree 1 are
called linear characters. A character is called irreducible if it is afforded by an irreducible

representation.

Since tr(AB) = tr(BA) for any n x n matrices A, B, similar representations X and X'
afford equal characters: if X’ = TXT™! for some invertible n x n matrix 7', then tr(X') =
tr(TXT™1) = tr(T71TX) = tr(X). If we take one representative of each isomorphism class
of irreducible A-modules, this determines a set of representations which afford the set of

irreducible characters of G, denoted by Irr(G).
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A class function on G is a function which is constant on conjugacy classes. For any
g9:h € G, tr(X(hgh™)) = tr(X(h)X(9)X(h™1))) = tr(X(9)X(h )X (h))) = tr(X(g)) since
X is a homomorphism. Therefore characters are class functions. In fact, with the sums of

characters defined by
(x+0)(9) =x(g) +0(9),

for all §,x € Irr(G), and for all g € G, the irreducible characters of G form a basis for the
space of all class functions on G [44, Theorem 2.8]. Therefore any character i) of G can be
expressed as a sum 1t = Yi_; A\;x; where x; are irreducible characters of G and \;,r € N. If

A; # 0 then we say that y; is an ¢rreducible constituent of 1.

We define an inner product on the space of class functions by

! > x(9)0(g™),

<X:9> =45
’Gl geG

for any two class functions xy and 6 on G. The product of two characters y and 6 of G is
defined by x0(g) = x(g)0(g) for all g € G. Then x40 is also a character of G [44, Corollary 4.2],
although not necessarily irreducible. We say that a character x is rational valued if x(g) € Q

for all g € G.

The structure of the centre of the group algebra KG is related to the character theory of
G in the following way. The set of primitive idempotents of Z(KG) has the form [57, Ch. 3,
Theorem 2.22]

{e _x{) > x(g7)g | xe Irr(G)},

- ‘G‘ geG

and is a basis for Z(KG). Thus any element z € Z(KG) can be expressed as z = ¥, ¢ () Wy (2) ey
for some wy (2) € K. The map wy : Z(KG) - K defines a linear character of Z(KG) known

as the linear character of Z(KG) (or central character of KG) corresponding to x. Let C be
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a conjugacy class of G and let C = Y.zecc . Then it can be shown that

Glx(x)

A= )@

where x is a representative of the conjugacy class C' (see [57, Ch. 3, Theorem 2.23]).

2.1.5 /-modular systems

We are interested in studying the representation theory of finite groups over a field k of positive
characteristic. A triple (K,O,k) is an £-modular system if K is a field of characteristic zero
with complete discrete valuation v : K — Z U {oo}, O is the valuation ring of v with unique
maximal ideal m, and k is the residue field O/m of characteristic /. By working over an
f-modular system it is possible to use the representation theory of G over K, and therefore

the character theory of G, to determine properties of the representation theory of G over k.

From now on, let (K,O,k) be an f~-modular system in which k is an algebraically closed
field and K contains a |G|th primitive root of unity. Let 7 : O — k denote the quotient map
and denote the induced map on the group algebras also by 7 : OG - kG. Many definitions
and results apply to both O and k. If that is the case, then to simplify the notation we will

state these results over R, where it is understood that R could denote either O or k.

2.1.6 Blocks

Blocks can be defined for a general finite dimensional algebra but here we focus on the case of
group algebras. A block idempotent of RG is a primitive idempotent in Z(RG). The sum of
block idempotents 7" b; is the unique primitive decomposition of 1gg in Z(RG). For each
block idempotent b;, the algebra RGb; is an indecomposable 2-sided ideal of RG called a block

algebra. The decomposition of RG into its block algebras is the unique decomposition of RG
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into a direct product of indecomposable factors [3, Lemma 1.8.2],

RG =[] RGb;.
=1

The map 7 : OG — kG induces a bijection between the set of block algebras of OG and the
set of block algebras of kG [3, Section 6.1]. In general we will refer to a block algebra RGb
as an ‘l-block’ (or simply a ‘block’) of G and label it by its block idempotent b rather than
writing the full block algebra RGb. We let BI(G) denote the set of blocks of RG. Where we
want to explicitly differentiate between blocks of OG and kG, if b is a block of kG then we

denote the corresponding block of OG by b.

The block idempotent b of a block of OG is a central idempotent in K G, but it may not be
primitive in Z(KG). Thus since {e, | x € Irr(G)} is the unique set of primitive idempotents

in Z(KG), as discussed in the previous section, there exists a subset I', of Irr(G) such that

b= Z €x>

xely

where x € I'y if and only if Bex = ey. We say that the irreducible characters in I'y belong to b
and b (or are ‘in’ or ‘of’ b and b), and write Irr(b) = Irr(i)) =I'y. The principal block of RG is
the block containing the trivial character. Let Gy denote the set of elements g € G such that
¢+ o(g). Two irreducible characters x, x’ € Irr(G) lie in the same block of RG if and only if

for every conjugacy class C' of Gy,

7 (wy (€)) =7 (wy (€)),
(see [57, Ch. 3, Theorem 6.4]).
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2.1.7 The Brauer homomorphism, defect groups and Brauer pairs

Let P be an /-subgroup of G and consider the following map,

Brp: RG — kCq(P)

> agg — ), agg,

geG geCq(P)
where ay = m(ay) if R = O and &, = o, if R = k. Let (RG)? denote the fixed points of
RG under the R-linear extension of the conjugation action of P on G. It can be shown that
Brp|( RG)P 1s a surjective homomorphism of R-algebras [47, Proposition 2.2]. This restriction
is called the Brauer homomorphism and is usually also denoted by Brp.

Let b be a block of RG. A defect group of b is a maximal f-subgroup P of G such that
Brp(b) # 0. The defect groups of b form a G-conjugacy class of /-subgroups of G [58, Theorem
4.3]. We define the defect of b to be the positive integer d(b) € N such that |P| = £4(®) for any
defect group P of b, and we say that b has defect zero or trivial defect if d(b) = 0. Blocks of
defect zero are well understood as they are isomorphic to a matrix algebra Mat,(R) for some
positive integer n [63, Theorem 39.1]. For an integer x € Z, let x, denote the ¢-part of z. We

have the following very useful collection of characterisations of blocks of defect zero.
Theorem 2.1.6 ([58, Theorem 3.18]). Let b be a block of RG. The following are equivalent.
e b has defect zero
o |Irr(b)| =1
o Irr(b) contains a character x such that x(1), = |G|y
e Irr(b) contains a character x such that x(g) =0 for all elements g € G such that £ | o(g)

If a character x satisfies x(1)y = |G|, then we say that x is of ¢-defect zero.
A Brauer pair of G is a pair (P,b) where P is an {-subgroup of G and b is a block of
RCq(P). The group G acts on the set of Brauer pairs by conjugation. We write (Py,b1) <
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(Pa,b2) if Py 94 P, by is P stable, and Brp,(b1)b2 = ba. Then if there exists a sequence of
Brauer pairs (S;,¢;), 1 <i<n, such that (Py,b1) 9 (S1,¢1) 9(S2,¢2) <--- 4 (Sp,¢n) < (Po,b2)
we write (Pp,b1) < (Pa,be), and this defines a transitive order relation on the set of Brauer

pairs of G.

If b is a block of RG then a Brauer pair (P, e) is called a b-Brauer pair if (1,0) < (P,e).
A b-Brauer pair (P,b) is called self centralising or centric if Z(P) is a defect group of b. For
a given block b of RG, a group P is a defect group of b if and only if there exists a block e
of RCg(P) such that (1,b) < (P,e). If (1,b) < (P,e) and (P, e) is maximal with respect to <

then (P, e) is called a mazimal b-Brauer pair.

2.1.8 Notation for restricted and induced characters

Let H be a subgroup of G. Suppose that X is a representation of K G affording a character
x. Then X is a representation of K H affording the character x g, the restriction of x to H.

More generally, for any class function y of G we can consider the restriction xp of x to H.

Suppose that 6 is a class function of H. The class function of G induced from 6 is denoted

by ¢ and defined by

1 _
09(9) = == > 0'(hgh™"),
|H| heH
where
0(g) ifgeH
0'(9) =

0 otherwise.

Frobenius Reciprocity holds for induced and restricted class functions: (6, xg) = (6%, x),

for all class functions x on G and all class functions § on H [44, Lemma 5.2].

Suppose now that € is a character of H and let x € Irr(G). Then since x g is a character

of H, (A, xx) is a non-negative integer. By Frobenius reciprocity it follows that (#%, ) is a

25



non-negative integer, so 0 is a character of G. Note, however, that # may not be irreducible,

even if 6 is an irreducible character of H.

2.1.9 Normal subgroups

Let N be a normal subgroup of G' and let 6 € Irr(N). There is a natural action of G on the
irreducible characters of N. For any g € G, define 960 by

9(n) =0(gng™)

for all n € N. It can be shown that 960 is an irreducible character of N [44, Lemma 6.1].

Because N itself acts trivially, in fact this defines an action of G/N on Irr(N).

Let x : G — K be an irreducible character of G. The restriction yny: N - K of y to N is a
character of N but it may not be irreducible. If 6 € Irr(N') is an irreducible constituent of x
then we say that x covers 6 and we let Irr(G | ) denote the set of irreducible characters of G
covering 0. A powerful result from Clifford allows us to work with restrictions of characters
in a practical way. Let § be an irreducible constituent of yy and let {6;}]_; denote the set of

G-conjugates of 6. Then

.
XN =e).0;,
=1

where e = (xn,0) is the multiplicity of 6 in xn [44, Theorem 6.2].

The inertial group of an irreducible character 6 of IV is the stabilizer of 8 under the action
of G,
Ic(0)={geG|70=0}.

By the Orbit-Stabilizer theorem, 6 has |G : I(0)| conjugates under G, so r = |G : I(6;)| in
Clifford’s result above. The irreducible characters of G covering 6 are closely related to the

irreducible characters of I(6) covering 6: if 1 € Irr(I5(6) | 8) then 1€ is irreducible and also
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covers 6. In fact, the induction map defines a bijection known as the Clifford correspondence

Irr(Ig(0) |0) — Irr(G6)
(G — ¥,

[44, Theorem 6.11]. In many situations, therefore, we can work over I;(€) instead of G and

assume that the character 6 is G-stable.

Let 6 € Trr(N) and suppose that ¢ = Y¢_; fix; for some positive integers ¢ and f;. By
Frobenius Reciprocity 6 is an irreducible constituent of y; for each i. We say that 6 is
extendible if there exists a x € Irr(G) such that xny = 6. In block theory, many questions
about blocks of G can be answered by looking at the blocks of a normal subgroup N, and
at the connections between the character theory of N and G. If # extends to x then clearly
0 is invariant under the action of G. It is not true in general that G-stable characters are
extendible, however, but we will often use the following fact: if G/N is cyclic and 6 € Irr(V)

is invariant under the action of G, then 0 is extendible to G [44, Corollary 11.22].

In the following Lemma for a character 6 € Irr(G), let 6 € Irr(G) denote the character
given by 0(g) = 6(g7!) for all g€ G.

Lemma 2.1.7. Suppose N <G are finite groups such that G/N is abelian. Let x € Irr(N)
and 01,05 € Irr(G | x). Then there exists a linear character n € Irt(G/N') such that 02 = nf;.

Proof. The character Y is a constituent of (9_192) - Let 1y denote the trivial character of N.
Since (xx, 1n) = (X,X) =1, 1 is an irreducible constituent of yx. It follows that there exists
some irreducible constituent 7 of 616, which covers 1. Thus 1 € Trr(G/N) and (1, 6162) # 0.
However, (1,61602) = (n61,65), so since nf; and fy are both irreducible characters, it follows

that 02 = nf; as required. O
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2.1.10 Covering blocks

Let N << G. The action of G on the irreducible characters of N is reflected in an action of G
on the blocks of RN. If b is a block of RN then 9b = gbg™' is a G-conjugate block of b and it
contains characters {9y | x € Irr(b)}. Let {b1,...,b,} be the orbit of a block b of RN under
the action of G, and let f =Y, b;. Then f is an idempotent in RG such that

n n
If=3"9=>b=f
=1 =1

i
for any g € G, so in fact f is a central idempotent of RG. Let f = ¥7"; B; be a primitive
idempotent decomposition of f in Z(RG). Each B; is a central primitive idempotent of RG,

that is, a block idempotent of RG. We say that the blocks B; cover b, for 1 <4 <m, and we
let Bl (G | b) denote the set of blocks in RG covering b.

Lemma 2.1.8. Let N <1G. A block B of RG covers a block b of RN if and only if Bb # 0.

Proof. Let b be a block of RN and let {b1,...,b,} be the orbit of b under the action of G.
Let f=31",b; and let ¥!"; B; be a primitive idempotent decomposition of f in Z(RG). A
block B of RG covers b if and only if B = B; for some 1 < j < m. This holds if and only if
Bf #0, in other words, ¥.7*; Bb; # 0.

Note that if b, = gbg™! is conjugate to b for some g € G, then Bb, = B(gbg™!) = g(Bb)g~!,
so either Bb = Bb, = 0, or both Bb # 0 and Bb, # 0. It follows that Y ;-; Bb; # 0 if and only if
Bb # 0 as required. O

We note a few facts about covering blocks. Firstly, the set of blocks of RN covered by
a block B of RG form a G-conjugacy class of BI(N) [57, Ch. 5, Lemma 5.3]. If G/N is an
¢-group, then a block b of RN is covered by a unique block B of RG [57, Ch. 5, Corollary 5.6],
but in general, a block of RN can be covered by multiple blocks of RG. If B covers b then for
every x € Irr(B), each irreducible constituent of yy is contained in some G-conjugate block

of b, and for every 6 € Irr(b), there exists a x € Irr(B) such that 6 is an irreducible constituent
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of xn. On the other hand, if b is a block of RN containing an irreducible character 6, and if
B is a block of RG containing a character x such that  is an irreducible contituent of y,

then B covers b. [57, Ch. 5, Lemma 5.7 and 5.8].

Like the stabilizer of a character, the stabilizer of a block b of RN under the action of G
plays an important role in the theory of covering blocks. Let b be a block of RN. The inertial

group of b is defined by
Io(b) = {g € G | % =b}.

By Fong-Reynolds [57, Ch. 5, Theorem 5.10] there exists a bijection

Bl (Ic(b) | b) — Bl (G | b)

such that if By € Bl (Ig(b) | b) corresponds to B € Bl (G | b) under this bijection then
R (I¢(b)) By is Morita equivalent to RGB [51, Theorem C]. Similar to the character theory
situation where it is often possible to assume that a character 8 of N is G-stable, we can often

work over I(b) instead of G and assume that b is a G-stable block.

Let b be a block of RN and suppose that B € Bl (G | b). Choose a defect group P of
B such that P < I¢(b) (this is always possible by [3, Theorem 6.4.1 (ii)]). Then Pn N is a
defect group of b by [57, Ch. 5, Theorem 5.16 (ii)]. If G/N is an ¢’-group then PN N = P so
in particular, when G/N is an ¢’-group any defect group of b is a defect group of B.

The linear characters of G form an abelian group with multiplication given by the usual
product of characters — for two linear characters x; and x2 of G, x1x2(9) = x1(g9)x2(g) for
all g € G. The trivial character acts as identity in this group. There is an action of the linear

characters of G on Irr(G) which respects blocks. Let 6 be a linear character of G and consider
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the following R-algebra isomorphism.

Yo RG — RG
Yoecgg  —  Yaaagf(g)g.

Suppose that B is a block of RG. Then ¢y(B) is a block of RG which we denote by 6B,

containing irreducible characters {0y | x € Irr(B)}.

Lemma 2.1.9. Let N be a normal subgroup of G such that G/N is abelian and suppose that
B and B’ are blocks of RG. Then B and B’ cover the same block of RN if and only if B' = 0B
for some linear character 8 of G/N. In particular, if B and B’ cover the same block of RN
then RGB =~ RGB’' as R-algebras.

Proof. First suppose that B’ = 0B for some linear character # of G/N. Then for every
x € Irr(B), xn = (0x)n so the irreducible characters of B and of B’ cover the same set of
irreducible characters of N. Hence B and B’ cover the same blocks of RN.

Now suppose that B and B’ are blocks of RG which cover the same block b of RN. Let
1 € Trr(b). Then there exists a y € Irr(B) and a x’ € Irr(B’) such that 1 is an irreducible
constituent of xy and x/. Therefore x = 0x’ for some linear character § € Irr(G/N) by
Lemma 2.1.7. Hence B’ = 6B. O

2.1.11 Dominating blocks

Another approach to understanding the blocks of RG is to study the blocks of its quotient
groups G/N for normal subgroups N. Let N <G, let G=G /N and denote the quotient map

by i : G - G. Extend p linearly to an R-algebra homomorphism

W RG — RG
deG Qg4 — deG O‘g,u(g)7
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for all ¥ cq g9 € RG. Since p: RG — RG is surjective, p maps elements in Z(RG) to
elements in Z(RG). Tt follows that for any block B of RG, u(B) is either 0, or a central
idempotent of RG. If u(B) # 0 then let u(B) = ¥, B; denote a primitive idempotent
decomposition of u(B) in Z(RG). We say that B dominates the blocks B; of RG, for

1<1<n.

The notion of dominance of blocks over O and dominance of blocks over k is compatible
with the relation between @ and k: a block b of kG dominates a block ¢ of kG if and only if

the corresponding block b of OG dominates the corresponding block ¢ of OG.

Let 1,5 = ZbeBl(é) b be the unique primitive decomposition of 1,= in Z(Ré), and let
1ra = X BeBi() B be the unique primitive decomposition of 1rg in Z(RG). By applying u

to 1rg we see that

b = > wB).

beBI(G) BeBI(G)
Since each b € Bl (G) appears precisely once in the sum it follows that bu(B) = b for exactly
one block B of RG. Therefore each block of RG is dominated by a unique block of RG. On
the other hand, a block B of RG does not necessarily dominate any block of RG, and if B

does dominate some block of RG, then in general B dominates multiple blocks of RG.

The following Lemma collects together some other useful facts about block domination.

Note that we consider Irr(G) ¢ Irr(G) by identifying x € Irr(G) with x o u € Irr(G).

Lemma 2.1.10. Let B be a block of RG, N <G and G = G/N.

(a) B dominates a block of RG if and only if it covers the principal block of RN

(b) If N < Z(G) and B dominates some block of RG, then B dominates a unique block of
RG

(c) If N is an {'-group (not necessarily central) and B dominates some block of RG, then B
dominates a unique block B of RG and RGB = RGB as R-algebras
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Proof. By [57, Ch. 5, Lemma 8.6 (i)], B dominates a block of RG if and only if B contains a
character x such that N < ker y. If this is the case then x(n) = x(1) for all n € N so x covers
the trivial character of N. Since the trivial character of NV is contained in the principal block
of RN, it follows that B covers the principal block of RN. On the other hand, if B covers
the principal block of RN then there exists a x € Irr(B) covering the trivial character of N,
so N < ker x. Thus B dominates a block of RG, showing part (a).

Part (b) is a special case of [57, Ch. 5 Theorem 8.11].

Finally for part (c), suppose that N is an ¢’-subgroup of G and that B dominates a block
B of RG. By [57, Ch. 5, Theorem 8.8], B is the unique block of RG dominated by B and
Irr(B) = Irr(B). Therefore u(B) = B, so p restricts to the surjection

i: RGB — RGB
(ZQEG agg) B — (ZgEG agﬂ(g))ga

for all ¥ . agg € RG. Since dimg(RGB) = ¥\ eim(B) x(1)? and Irr(B) = Irr(E), it follows
that dimzr(RGB) = dimr(RGB) so ji: RGB - RGB is injective. Therefore RGB = RGB as
R-algebras, showing part (c). O

2.2 Methods

In this section let G be a finite group and let (K, O, k) be an f-modular system in which k is
algebraically closed and K contains the |G|th roots of unity.
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2.2.1 Galois conjugation

Let o : k — k denote the Frobenius automorphism given by A — ¢ for all A € k. We also let o
denote the induced Galois conjugation map o : kG - kG defined by

J(Zag9)= > agg

geG geG

for all ¥, agg € kG. Although not an isomorphism of k-algebras, Galois conjugation is a
ring isomorphism so it permutes the blocks of kG. Let b be a block of kG. We call o(b) (or
kGo (b)) the Galois conjugate of b (respectively kGb), and we say that two blocks b and ¢ of
kG are Galois conjugate if b=c"(c) for some positive integer n. Corresponding blocks b and
¢ of OG are said to be Galois conjugate if b and ¢ are Galois conjugate. Note that defect
groups are preserved by Galois conjugation.

We fix an automorphism & : K — K such that (¢) = ¢¢ for any #'-root of unity ¢ in K.

Then & induces an ring automorphism of KG via

& ( > agg) =Y d(ag)g

geG geG

for all ¥ agg € KG, and an action on Irr(G) via

“x(9) =(x(9))

for all x € Irr(G), g € G. Note that although & may not preserve O, it induces an action
on the set of blocks of OG compatible with the action of o on the blocks of kG [48, Lemma
3.1 (ii)]. The following Lemma shows this more precisely, and also shows that the irreducible

characters of o(b) are the images of the irreducible characters of b under 4.

Lemma 2.2.1. Let b be a block of kG and b be the corresponding block of OG. Then

(a) 6(5)=0( ), and
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(b) Irr(o (b)) = {°x | x € Irr(b)}.
Proof. For part (a), see [48, Lemma 3.1]. For part (b), we first note that the following holds

for any x € Irr(G).
Gle)= & x(1) -1

XD S s
= G g;o(x(g g

_ &X(l) & -1
e g;; x(97)g

= G&X

Suppose that y € Irr(b). Then
o(b)es, =6 (5) G(ey) =0 (Bex) =6 (ey) = €ay,

so 7x € Irr(o (b)), showing that {7x | x € Irr(b)} ¢ Irr(o (b)).
On the other hand, for any 1 € Irr(o (b)), since ¢ is an automorphism of K we can define
a character x € Irr(G) by x(g) = 671 (¥(g)) for all g € G, so “x = 1. Since 9 € Irr(o (b)),

mew = €y, SO
o (l;ex) = 5(b)5(ey) = %eax = %ew = ey = €sy, = 0(ey).

Therefore be, = e, s0 X € Irr(b), hence Trr(o (b)) < {°x | x € Irr (b)} and the result follows. [

When discussing blocks of RG, we will use o (b) to denote either o (b) if R = k or 6(b)
if R = Q. The following Lemma is crucial when using Galois conjugation and the theory of

covering and dominating blocks to calculate the Morita Frobenius numbers of blocks of kG.

Lemma 2.2.2. Let N <G. Let B be a block of RG, let b be a block of RN and let B be a
block of R(G/N). Then
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(a) B covers b if and only if o(B) covers o(b), and

(b) B dominates B if and only if o(B) dominates o(B).

Proof. First recall that B covers b if and only if Bb # 0 by Lemma 2.1.8. This holds if and
only if o (B)o (b) = o(Bb) + 0 because o is a ring isomorphism, thus if and only if o (B)
covers o (b) showing part (a).

Now recall that by [57, Ch. 5, Lemma 8.6 (ii)], B dominates B if and only if Irr(B) ¢
Irr(B). This holds if and only if we have the following.

Irr (0 (B)) = {&X | xelrr(B)} < {&X | xelrr(B)} = Irr(o (B))
Therefore B dominates B if and only if o (B) dominates o (B), as required for part (b). [

Lemma 2.2.3. Let b be a block of RG and suppose that (P, e) is a (mazimal) b-Brauer pair.

Then (P,o(e)) is a (mazimal) o(b)-Brauer pair and
N (P,e)/PCq(P) 2 Na(P,o(e))/PCq(P).

Proof. Since (P,e) is a b-Brauer pair, (1,b) < (P,e). Thus there exists a sequence of Brauer
pairs (S;,¢;), 1 <i < n, such that (1,b) < (S1,¢1) 9 (S2,¢2) < --- 4 (Sp,cpn) 4 (P,e). Then
Brg, (b)er = c1, so o(Brg,(b)c1) = o(c1) and therefore Brg, (o(b))o(c1) = o(c1). Hence
(1,0(b)) 9 (S1,0(c1)). Applying the same argument at each <, it follows that (1,0(b)) <
(P,o(e)), therefore (P,o(e)) is a o(b)-Brauer pair. Clearly (P,o(e)) is maximal if (P,e) is

maximal, and since Ng(P,e) 2 Ng(P,o(e)), the last part of the statement also holds. O

2.2.2 Calculating Morita Frobenius numbers

The following important observation allows us to study the Galois conjugate of a block rather

than its Frobenius twist.
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Lemma 2.2.4. There is a k-algebra isomorphism GV = kGo (b) between the first Frobenius
twist of kGb and the Galois conjugate of kGb.

Proof. By definition, kGb® and kGo (b) are isomorphic as rings. As in Definition 2.1.1,
denote scalar multiplication in kGb® by A.z for A € k and z € kGb®). Let g Qg9 € EGb®O
and A € k. Then

o ()\. ( Z agg)) =0 ( Z )\éagg) = (2 )\agg) = Ao ( Z agg)
geG geG geG geG
s0 0 : kGbY) - kGo(b) is k-linear and therefore kGb®) = kGo (b) as k-algebras. O

The following proposition contains our most useful tools for calculating Morita Frobenius

numbers.

Proposition 2.2.5. Let b be a block of kG. Suppose that one of the following holds.

(a) beQG

(b) Irr(b) contains a subset of characters {x1,...,Xr} for some r > 1, such that for all g€ G
(i +-+xr)(9) €Q

(c) There exists an irreducible character of ¢-defect zero in b

(d) The defect groups of b are cyclic, dihedral or semi-dihedral

Then mf (b) =1. Moreover, if (a), (b) or (c) holds then frob (b) = 1.

Proof. Let 6 : K - K be the automorphism fixed in Section 2.2.1. Clearly & acts as the
identity on Q. Suppose that b = Ygec g9 € QG. Then & (5) =Yg 0(0y)g = Ygeq g9 = b, s0
& stabilizes b. Since the action of & on the blocks of OG is compatible with the action of o on
the blocks of kG as shown in Lemma 2.2.1, therefore o (b) = b. It follows from Lemma 2.2.4
that kGbY) = kGo (b) = kGb as k-algebras. Therefore frob(b) = 1 and thus mf(b) = 1 by

Lemma 2.1.5, showing part (a).
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Suppose that there exists a set of characters of b, {x1,...,xr} c Irr(b) for some r > 1, such

that (x1+--+xr)(g) € Q for all g€ G. Then

(Cxi++7%) (@) =6 ((xa++x)(9) =1+ +xr) (9)

for all g € G. It follows that {®x1,...,%x,} and {x1,...,X,} are equal as sets of irreducible
characters, so o (b) = b by Lemma 2.2.1 (b). Therefore frob(b) = mf(b) =1 following the same
argument as in part (a).

By Theorem 2.1.6, if b contains a character of /-defect zero then b has trivial defect, hence
kGb is a matrix algebra. As discussed in Section 2.1.1, it follows that b has an F,-form and
therefore frob(b) = 1. Hence mf(b) =1 by Lemma 2.1.5 showing part (c).

If b has cyclic defect then its basic algebras are Brauer tree algebras, so they are defined
over [Fy. By results of Erdmann given in [28, Tables starting page 294], if b has dihedral or
semi-dihedral defect then its basic algebras are defined over Fo. Thus if b has cyclic, dihedral
or semi-dihedral defect then the Frobenius number of any basic algebra of b is 1, so mf(b) =1

by Lemma 2.1.5. O

Lemma 2.2.6. Let b be a block of kG. Suppose that there exists a group automorphism
¢ €Aut (G) such that for R =0 or R =k, the induced R-algebra isomorphism ¢ : RG - RG
satisfies o(b) = o (b). Then frob (b) = mf (b) = 1.

Proof. If R = O and ¢ : OG - OG is such that 90(5) = 6’(5) then ¢ : OG - OG induces
a k-algebra isomorphism ¢ : kG — kG such that ¢(b) = 0 (b). Thus when R = 0O or R = k,
olkay : kGb — kGo (b) is a k-algebra isomorphism so kGb = kGo (b) as k-algebras. It follows
that kGb = kGbY as k-algebras by Lemma 2.2.4, so frob(b) = 1, whence mf(b) = 1 by
Lemma 2.1.5. U

For the next Lemma we define a map ¢ : H?(G;k*) - H?(G;k*) as follows. Let
v € H?(G;k*) and let 7 be a 2-cocycle representing . Define ¢(7) to be the class in H?(G; k*)
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represented by the 2-cocycle given by

(g;h) — ¢ (7(g,h)),
for all g, h € G. It is easy to check that ¢ is a well-defined group homomorphism on H?(G; k).

Lemma 2.2.7. Let G be a finite group such that H*>(G;k*) = Cy and let v € H*(G;k*). Then
frob (kyG) = mf (k,G) = 1.

Proof. Let ¢ : H*(G;k*) — H?(G;k*) be as defined above. If  is non-trivial then is ¢(v)
is also non-trivial since ¢ is a group homomorphism. Thus, since H2(G;k*) = Cy, it follows
that kyG = kg, G as k-algebras.

Recall that ka(é) ¢ k,G as rings but not necessarily as k-algebras, and that scalar mul-
tiplication in ka(Z) is given by A\.x = Az for all \e k,x € kyG. Let ¢ : ky)G — ka(Z) be
the map defined by

(z0) 5o
geG geG

for all ¥ agg € ky(y)G. This is a ring isomorphism, and
1 1 1
w()\ Z agg) = Z (Aag)tg= A7 Z aﬁgz)\.cp(z agg)
geG geG geG geG
for all A € k and ¥ cq agg € k)G, 50 @ is in fact an isomorphism of k-algebras. Therefore

kG 2 kyG = k,G®) as k-algebras, so frob(k,G) = 1, hence mf (k,G) = 1. O

Lemma 2.2.8. Suppose that there exists a finite group G such that G <G and for all blocks
b of kG, either b has cyclic, dihedral or semi-dihedral defect or o (l;) =b. Then mf (b) =1 for
all blocks b of kG.

Proof. First suppose that b is covered by some block b of kG which has cyclic, dihedral or

semi-dihedral defect. Then, as discussed in Section 2.1.10, there exists some defect group P
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of b such that P< I a(b) and PnG@ is a defect group of b. Thus the defect groups of b are also
cyclic, dihedral or semi-dihedral. Therefore mf(b) = 1 by Proposition 2.2.5 (d).

Now suppose that b is covered by a block b of kG such that ¢ (b) = b. Then o (b) is also
covered by b, by Lemma 2.2.2 (a). Hence b and o (b) are in the same G-orbit, so there is
a group automorphism of G whose induced k-algebra automorphism of kG sends b to o (b).

Therefore frob(b) = mf(b) =1 by Lemma 2.2.6. O

Lemma 2.2.9. Let b be a block of kG and suppose that b dominates a block b of k (G/N)
such that o (b) =b. Then frob (b) = mf (b) =1.

Proof. By Lemma 2.2.2 (b), o (b) dominates o (E), and by assumption, o(b) = b. Therefore b
and o (b) both dominate b. Since every block of k(G/N) is dominated by a unique block of
kG, as discussed in Section 2.1.11, it follows that b = o (b). Therefore frob(b) = mf(b) =1 by
Lemmas 2.2.4 and 2.1.5. U

2.3 The connection to Donovan’s conjecture

As discussed in the Introduction, Donovan’s conjecture is one of the important open questions

in modular representation theory today.

Conjecture 2.3.1 (Donovan’s Conjecture [1, Conjecture M]). Let P be a finite £-group. Then
there are finitely many Morita equivalence classes of blocks of finite group algebras with defect

groups isomorphic to P.

Donovan’s conjecture dates from the 1960’s. It is open in general but is known to hold in
some specific cases. For example, if P is cyclic then results of Dade, Janusz and Kupisch show
that there are finitely many Morita equivalence classes of blocks of finite group algebras with
defect groups isomorphic to P. Erdman proved that Donovan’s conjecture holds for dihedral
and semi-dihedral P [28]. More recently, Eaton-Kessar-Kiilshammer-Sambale showed that

Donovan’s conjecture holds if P is an elementary abelian 2-group [25]. On the other hand, it
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is also known that if we only consider the blocks of finite group algebras for certain families
of groups, then Donovan’s conjecture holds for any P. For example, Kiilshammer showed in
[51] that the finite group algebras of the family of ¢-solvable groups only contribute finitely
many Morita equivalence classes of blocks with defect groups isomorphic to P, for any given
{-group P.

Kiilshammer proved a reduction to Donovan’s conjecture in [52, Section 5]. He showed
that in order to prove Donovan’s conjecture it is enough to show that for any finite ¢-group
P, there are only finitely many Morita equivalence classes of blocks of kG with defect groups
isomorphic to P for finite groups of the form G = (P | g € G), generated by conjugates of P.

The Cartan matriz of a finite dimensional k-algebra A is a square matrix (¢;;) where
entry c;; is the number of composition factors in a composition series of the jth projective
indecomposable A-module which are isomorphic to the ith simple A-module. We can now
state Weak Donovan’s conjecture, which, as the name suggests, is implied by Donovan’s

conjecture.

Conjecture 2.3.2 (Weak Donovan’s Conjecture). Let P be a finite £-group. Then there are
finitely many Cartan matrices of blocks of finite group algebras with defect groups isomorphic

to P.

In 1999, Diivel proved that Weak Donovan’s conjecture can be reduced to blocks of quasi-
simple finite groups [24]. Weak Donovan has also been proved in particular situations, for

example the following two cases which we will use in Section 5.2.3.

Theorem 2.3.3 ([40, Theorem 8.6 (b) and Theorem 8.8 (¢)]). Let G = {SL,(q) :neN,q =p®
for some prime p+{,a €N}, and let Go = {SU,(q) : n e N,q=p* for some prime p+{ and
some a €N such that £+ ¢*** ' +1V se N}. Then Weak Donovan’s conjecture holds for the

£-blocks of groups in Gy and Go.

The connection between Donovan’s conjecture and Morita Frobenius numbers was made by

Kessar in 2004 [46]. Let P be a finite ¢-group and consider a block B of a finite group algebra
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kG with defect groups isomorphic to P. As mentioned in Section 2.2.1, Galois conjugation
preserves defect groups. Since the Frobenius twist of B is isomorphic to its Galois conjugate
by Lemma 2.2.4, B and its Frobenius twists have the same defect group. Hence if Donovan’s
conjecture holds, then there are only finitely many Morita equivalence classes of Frobenius
twists of B. It follows that the Morita Frobenius number of B is bounded by some number
which depends only on the defect group, P, of B. In particular, Donovan’s conjecture implies

the following conjecture.

Conjecture 2.3.4 (Rationality Conjecture [46, Conjecture 1.3]). Let P be a finite {-group.
The Morita Frobenius numbers of blocks of finite group algebras with defect groups isomorphic

to P are bounded by a function which depends only on |P)|.

It turns out that the Rationality conjecture is precisely the ‘gap’ between Donovan’s
conjecture and Weak Donovan’s conjecture. This was proved by Kessar in [46], and it is this
connection between Morita Frobenius numbers and Donovan’s conjecture that provides the

main motivation for our research.

Theorem 2.3.5 ([46, Theorem 1.4)). Let P be a finite {-group. Conjecture 2.3.1 holds if and
only if both Conjecture 2.5.2 and Conjecture 2.3.4 hold.

Remark 2.3.6. In the introduction we mentioned the family of algebras of quaternion type
which are described in [26]. These algebras are known to satisfy Weak Donovan’s conjecture,
but there exist algebras in this family with arbitrarily large structure constants so they do
not all satisfy the Rationality conjecture. Blocks with quaternion defect groups fall into this
family of algebras. However, it is not known whether the algebras of quaternion type with
arbitrarily large structure constants arise as blocks with quaternion defect. If they do then

thanks to Theorem 2.3.5, these would be counter examples to Donovan’s conjecture.

Although there is currently no reduction theorem for the Rationality conjecture, investi-
gating the Morita Frobenius numbers of the quasi-simple finite groups is an important first

step towards a proof of the conjecture.
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Chapter 3

Morita Frobenius numbers of blocks

of quasi-simple groups not of Lie

type

3.1 The symmetric and alternating groups and their double

covers

The ordinary representation theory of the symmetric group is very well understood. Here we
present only the parts of this theory which are essential to our proofs. More information can
be found in [56] and [45].

Let S,, denote the symmetric group on n letters for some positive integer n. A partition of
n is a sequence of positive integers A = (A1,..., Ay, ) called parts, such that [A | = A\ +---+ X\, =n
and A\; > A\;jyq for all 1 <4 <m —1. A partition is called strict if A\; > A\j;1 for all 1 <i<m - 1.

The parity of X is

e()\)—{l if n—m is even,

" |-1 otherwise.
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An element g € S, is a permutation so g can be expressed as a product of disjoint cycles.
The cycle type of g is the sequence iy = (11, ..., p) of the lengths of the disjoint cycles of g,
and it is uniquely determined up to order. A permutation g € .S, is called even if it is the
composition of an even number of transpositions, otherwise g is called odd. We say that g
has odd cycle type if and only if all of its disjoint cycles are odd.

The irreducible characters of S, are labelled by partitions of n. The character values can
be calculated using the Murnaghan-Nakayama recursion formula [45, 2.4.7], and it is clear

from this formula that y(g) € Q for all g € G, for any irreducible character y of S,.
Proposition 3.1.1. Suppose that b is a block of kS,,. Then frob (b) = mf (b) = 1.

Proof. Since all characters of S, are rational valued the result follows immediately from

Proposition 2.2.5 (b). O

Let A,, denote the alternating group on n letters — that is, the normal subgroup of .S,
containing all even permutations. The irreducible characters of A,, arise as constituents of
restrictions of irreducible characters of S,, and the blocks of kA,, are covered by the blocks if

kSy. More details about the block structure of kA, can be found in [60, Section 12].
Proposition 3.1.2. Suppose that b is a block of kA,,. Then frob (b) = mf (b) =1.

Proof. This follows immediately from the proof of Lemma 2.2.8 because A, <5, and o(b) = b
for every block b of kS,,. O

Definition 3.1.3. Define S, to be a double cover of Sy, generated by elements {z,t1,...,t,-1}

such that 22 =1, and for all 1 <i,j <n-1, (tit;)™¥ = z where m;; = 1 and

3 ifi—j =<1,
s =
" 2  otherwise.

We define Sy = S = (2| 22 = 1) and let 0 : S, - S, denote the surjective map sending
ti = (4,7 + 1) with kernel (z).
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This definition is just one of two possible ways to define a double cover of S,,. Let S,
denote the other double cover of S,. If n = 6, S, and S, are isomorphic but for general n
they are non-isomorphic [41, Theorem 2.12]. There is a one-to-one correspondence between
the faithful irreducible characters of S, and S, for all n, however, and all results below still
apply if we replace S,, by S,. For further information see [41, Chapter 2].

Suppose that A = (A1,...,\y) is a strict partition of n and let e be a positive integer.
Then we say that a partition p of n —e is obtained from A by removing an e-bar if one of the

following holds:
e )\;=e for some i€ {l,...,m} and the parts of g are {A1..., Ni—1, Nis1,- -5 Am };

e )\;>e for some i€ {1,...,m} such that \; — e is not a part of A, and the parts of u are

A, Al A e Aty A s or

e \i+\j=eforsomei#jin {l,...,m} and the parts of v are {\1,..., Ai—1, Ais1,..., Aj1,
Ajilseees Am}-

Suppose that there exists a chain of strict partitions A = A0 ... X®) = 1 such that A
is obtained from A~ by removing an e-bar for 1 < ¢ < t. Then if there does not exist a
partition of n — (¢t + 1)e which can be obtained by removing an e-bar from 7, 7 is called an
e-bar core of \.

The block theory of S, is discussed in [13] and [59]. S, has two types of characters —
non-faithful characters with (z) in their kernel which correspond to the characters of S, and
faithful characters known as spin characters. Spin characters are parametrized by the strict
partitions of n with a strict partition A labelling a unique spin character if €(A) = -1 and
labelling a pair of spin characters called associates if €(\) = 1. The distribution of irreducible
characters of S,, into f-blocks for odd £ is given in [13, Theorems A and BJ.

The cycle type of g € S, is defined to be the cycle type of 0(g), its image in S,,. When
g € S, has odd cycle type then by results of Schur and Morris (see [13, Theorems 3 (1) and 7]),

the values of the spin characters on g can be calculated using an analogue of the Murnaghan
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Nakayama formula. In particular, x(g) € Q for every spin character y of S, if g has odd cycle

type.

Proposition 3.1.4. Suppose that b is a block of kS,. Then mf (b) = 1.

Proof. Let b be a block of k:gn First we consider the case when ¢ = 2. The 2-blocks of §n are
in one-to-one correspondence with the 2-blocks of S,, by [57, Ch. 5, Theorem 8.11]. Therefore
each 2-block of S, contains at least one rational valued character of S,, so o (b) = b and
frob(b) = mf(b) =1 by Proposition 2.2.5 (b).

Assume now that £ is odd. Then S, is a quotient of S, by a central #-subgroup, so by
Lemma 2.1.10 (c), kS, has two types of blocks — blocks which dominate unique blocks of kS,
and blocks which do not dominate any block of kS,,. Suppose first that b dominates a block b

of kS,, and recall that then b is the unique block dominating b. Then since o (5) = b it follows
from Lemma 2.2.2 that o (b) = b and frob(b) = mf(b) = 1.

Now suppose that b does not dominate a block of kS,. Then Irr(b) contains only spin
characters. Let x be one such character and suppose that x is labelled by a strict partition
A of n. If €(\) =1 then x is the unique character labelled by A, and by [13, Theorem 3 (2)]
x(g) # 0 only if g has odd cycle type. Thus as discussed above, x(g) € Q for all g € G, so
o (b) =b and frob(b) = mf(b) =1 by Proposition 2.2.5 (b).

If €(A) = -1 then X labels two spin characters, y and its associate x’. As shown in [13,
Theorems A and BJ, there are two possibilities to consider. If A is equal to its ¢-bar core then
x and X’ lie in separate blocks of defect zero so mf(b) = 1 by Proposition 2.2.5 (d). If X is
not equal to its ¢-bar core, then x and x’ are both in Irr(b). In that case, if g has cycle type
A then by [13, Theorem 3 (3)], x(9) = -x'(g9), so (x +x) (9) = 0. If g has cycle type different
to A, then x(g) and x'(g) are non-zero only if g has odd cycle type, so x(g) and x’(g) are
rational valued. Therefore (x + x') (¢9) € Q for all g € G, so again, o (b) = b and frob(b) =mf (D)
=1 by Proposition 2.2.5 (b). O
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Definition 3.1.5. The double cover of A, is A, = 0~1(A,) where 6 : S, - S, is as given in
Definition 3.1.3.

Note that the double cover of A,, is unique up to isomorphism — if A,, is defined analogously
using S, instead of Sy, then A, is isomorphic to A,. Again, see [41, Chapter 2] for more

details.
Proposition 3.1.6. Suppose that b is a block of kA,. Then mf (b) = 1.

Proof. First we note that A, <1 S,, and by the proof of Proposition 3.1.4, every block bof S,

either has defect zero or satisfies a(l;) = b. The result therefore follows from Lemma 2.2.8. [

3.2 The sporadic groups, their covers, and the exceptional

covering groups

In this section we deal with the sporadic groups, the Tits group, the covers of the sporadic

groups and the so-called ‘exceptional covering groups’, obtained from [37, Table 6.1.3].

The Sporadic groups and the Tits group [64, 1.2 (v)]

Mathieu groups My, Mg, Mag, Mas, May

Leech lattice groups | Co1, Coo, Cos, McL, HS, Suz, Jo

. . . .
Fischer groups Figo, Figz, Fiy,

Monstrous groups M, B, Th, HN, He

Pariahs J1, J3, Ju, ON, Ly, Ru

The Tits group 2Ry (2)
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The covers of the sporadic groups [37, Table 6.1.3]

2.M12, 12.M22, 2.J2, 3.J3, 2.001, Q.HS, 6.Suz, S.MCL, 3.0N, 2.Ru, 6.Fi22, 3.FZ'§4, 2.B

The exceptional covering groups [37, Table 6.1.3]

2.L5(4), 2.L3(2), 2.L3(4), 41.L3(4), 49.L3(4), 6.L3(4), 4%.L3(4), 121.L3(4),
125.L3(4), (4% x 3).L3(4), 2.L4(2), 2.U4(2), 2.Us(2), 6.Us(2), 22.Us(2), (2% x 3).Us(2),

3.4, 6.4, 2.56(2), 2.52(8), 22.52(8), 2.05(2), 22.0£(2), 2.G2(4), 2.F4(2),
2.2E4(2), 6.2E6(2), 22.2E4(2), (2% x 3).2E4(2), 31.U4(3), 32.U4(3), 61.U4(3), 62.U(3),

32.U4(3), 121.U4(3), 122.U4(3), (3% x 4).U4(3), 3.07(3), 6.07(3), 3.G2(3), 3.A7, 6.A7

Remark 3.2.1. [Exceptional Covering Groups] Let G be a finite simple group and let U
be a universal central extension of G. The Schur multiplier M (G) of G is the kernel of the
surjection U — G, contained in Z(U) [37, Definition 5.1.6]. Suppose that the exceptional part
of M(G), as defined in [37, Definition 6.1.3], is non-trivial and let y € Irr(U).

The centre of x is defined to be Z(x) ={g €U | [x(g9)| = x(1)}. By [44, Lemma 2.27 (d)],
if y is faithful then Z(x) is cyclic, and by [44, Corollary 2.28|, Z(U) < Z(x). Thus if M(G)
is not cyclic, then U has no faithful characters, and by Lemma 2.1.10 (b), every block of U
dominates a unique block of U/Z for some Z < Z(U) such that U/Z has cyclic centre. By
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the proof of Lemma 2.1.10 (c), it follows that if M (G) is not cyclic then every block of U is
isomorphic to a block of U/Z for some for some Z < Z(U) such that U/Z has cyclic centre.

Thus, to find the Morita Frobenius numbers of the blocks of the exceptional covering
groups of a simple group G, it is enough to conisder the blocks of U/Z where U is a universal

central extension of G, and Z < Z(U) is such that U/Z has cyclic centre.

Proposition 3.2.2. Suppose that G is one of the groups listed in the three tables above. Then
for any £-block b of G, mf (b) = 1.

Proof. By Remark 3.2.1, it is enough to consider the cases when G is a sporadic group, the
Tits group, a cover of a sporadic group, or a quotient H/Z with cyclic centre where H is an
exceptional covering group listed above, and Z < Z(H). Let G be one of these groups and let
¢ be a prime dividing |G]|.

By examination in GAP [34], if (G,¥¢) is not in Table 1 or 2 below, then there are no
non-principal £-blocks of G with equal, non-cyclic defect, which have the same number and
degrees of characters, none of which are rational valued. It follows that every ¢-block b of G
either has cyclic defect or is stabilized by Galois conjugation. Thus by Proposition 2.2.5 (d)
and Lemma 2.2.4, mf(b) =1 for every ¢-block b of G.

Suppose now that G is one of the groups listed in Table 1. Then by examination in GAP
[34], there exist non-principal ¢-blocks of G with equal, non-cyclic defect, which have the same
number and degrees of characters, none of which are rational valued. However, there exists a
finite group G, listed in the third column, such that G <1 G and by examination in GAP [34],
for every ¢-block b of G, either b has cyclic defect or o(b) = b. It follows that mf(b) =1 for
every block b of G by Lemma 2.2.8.
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Table 1: G <G and for every (-block bof G,

either b has cyclic defect or o(b) = b

G ¢ G G 4 G
12. M | 2,3 12.Moy.2 125.L3(4) 3 125.L3(4).2;
3.J3 2 3.J3.2 6.Us(2) 2 6.Us(2).2
6.Suz 2,5 6.Suz.2 6.46 2 6.46.21
3.McL 2,5 3.McL.2 6.2E6(2) | 2,3,5,7 | 6.2F5(2).2
3.0N 2,7 3.0N.2 3. 46 2 3.46.21
6. Figy 2,5 6.Figg.2 31.U4(3) 2 31.U4(3).21
3.Fib, | 2,57 | 3.Fif.2 32.U4(3) 2 32.U4(3).2
41.L3(4) 3 41.L3(4).2 121.U4(3) 3 121.U4(3).22
49.L3(4) 3 49.13(4).2 125.U4(3) 3 125.U4(3).23
6.L3(4) 2 6.L3(4).2: 3.07(3) 2 3.07(3).2
121.L3(4) | 2 | 121.L3(4).2, 3.Go(3) 2 3.07(3).2
121.L3(4) | 3 | 121.L3(4).2; 3. A7 2 3.A7.2
125.L3(4) | 3 | 122.L3(4).2, 6.A7 2 6.A7.2

Finally, let G be one of the groups listed in Table 2. By examination in GAP [34], there
exist non-principal ¢-blocks of G with equal, non-cyclic defect, which have the same number
and degrees of characters, none of which are rational valued. However, for every pair of /-
blocks by, bs of G which are non-principal with equal, non-cyclic defect and the same number
and degrees of characters, none of which are rational valued, there exists a single block b of
a finite group G with G <1 G such that b covers both by and by. Therefore by and by are G
conjugate so there is a group automorphism of G whose induced k-algebra automorphism of

kG sends by to be. It follows that mf(b) =1 for every block b of G by Lemma 2.2.6.
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Table 2: ¢-blocks of G checked case by case*

G L Defects of Bl (G) G Defects of Bl (G)
61.U(3) | 2 [8,1,1,1,8,8,1,1] 61.U4(3).21 [9,2,2,2,8,1]
62.U4(3) | 2 [8,1,1,1,8,8] 6.U(3).21 [9,2,2,2,8]
12,.04(3) | 2| [9,2,2,2,9,9,2,2] | 120.U04(3).2, | [10,3,3,3,9,]

12,.U4(3).25 | [10,2,3,10,10,3, 3]
125.U4(3) | 2 [9,2,2,2,9,9] 12,.U4(3).21 [10,3,3,3,9]

12,.U4(3).25 | [10,2,3,10,10]
6.07(3) | 2 |[10,4,2,1,1,10,10,4,4] | 6.07(3).2 | [11,5,3,2,2,10,4]

* The defects of the ¢-blocks of G are listed in column 3. They are obtained from GAP [34] using
the PrimeBlocks function. If two blocks b; and by of G are non-principal with equal, non-cyclic defect
and the same number and degrees of characters, none of which are rational valued, then their defects
have the same colour in column 3. If a block b of G covers both b1 and by then the defect of b in

column 5 has the same colour as that of b; and bs. O
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Chapter 4

Blocks of finite groups of Lie type:
background

4.1 Finite groups of Lie type

4.1.1 Introduction to linear algebraic groups

We start this chapter with a very brief introduction to algebraic groups. More information
can be found in [18], [55] and [23].

Let F be an algebraically closed field and let I < F[X7,...,X,] be an ideal of the ring
of polynomial functions in n variables over F. A subset of F" annihilated by an ideal I is
called an algebraic set and the Zariski topology on F™ is defined by taking complements of
algebraic sets as open sets. An affine algebraic variety is an algebraic set V (I), for a radical
ideal I, together with the induced Zariski topology. Associated to an affine algebraic variety
is a coordinate algebra F[Xy,...,X,]/I, the algebra of polynomial functions on V(I). A
map between two affine algebraic varieties is called a morphism (of algebraic varieties) if it is
defined by polynomial functions in the coordinates. If V(1) and V' (J) are two affine algebraic
varieties with I < F[Xy,...,X,,] and J < F[Y3,...,Y,,] for some integers n and m, then
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the cartesian product V(I) x V(J) equipped with the Zariski topology is an affine algebraic

variety, realised as an algebraic set in F™*™,

A linear algebraic group, often referred to just as an algebraic group, is an affine algebraic
variety G with a group structure such that the group operation m : GxG — G and the inverse
map i : G - G are morphisms of varieties. The general linear group GL,(F') = {(a;;) € ™" :
det(ai;) # 0} plays an important role in the theory of linear algebraic groups. Firstly, GL, (F)

itself is a linear algebraic group. This is clearly illustrated if we re-express the definition as
GLn(F) = {(a1,. ., ann,b) € F"*1 1 b det(ay) = 13,

since the determinant map is a polynomial function. Any closed subgroup of GL,,(F) is also
a linear algebraic group. On the other hand, every linear algebraic group can be embedded

as a closed subgroup into GL,(F') for some n [55, Theorem 1.7].

A linear algebraic group G is connected if it is irreducible as a topological space. The
maximal irreducible varieties in G are called its connected components or just components. We
denote the connected component of G containing the identity element by G°. This is a closed
normal subgroup of finite index in G and the connected components of G are cosets of G°
[55, Proposition 1.13 (b)]. If G is connected, its dimension is defined to be the transcendence
degree of the field of fractions of the coordinate algebra F[Xj,...,X,,]/I, over F, where I is
the radical ideal defining G. If G has more than one connected component then dim(G) =

dim(G®).

The multiplicative group G, ¥ GL1(F) and the additive group G, = (F,+) are algebraic
groups of dimension 1. A torus of a linear algebraic group G is a subgroup T of G which
is isomorphic to G, x --- x G,;, for some number of copies of G,,. Since all maximal tori
of G are conjugate [55, Corollary 6.5], we can define the rank of G to be the dimension of
the maximal tori, denoted by rk(G). A Borel subgroup of G is a maximal closed, connected,

solvable subgroup of G. The Borel subgroups of G are conjugate [55, Theorem 6.4 (a)].
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Let g € G and let p : G - GL,(F) be an embedding of algebraic groups. Then g is
called semisimple if p(g) is diagonalizable, and unipotent if p(g) — 1 is nilpotent, and it can
be shown that these definitions are independent of the choice of p. By Jordan decomposition,
every g € G can be decomposed uniquely into g = gsg, = gugs Where g5 is semisimple and g,
is unipotent [55, Theorem 2.5]. A group consisting entirely of unipotent elements is called a

unipotent group, and we denote the subset of all unipotent elements of G by G,.

The radical of G, R(G), is the maximal closed connected solvable normal subgroup of
G. If G is connected and R(G) =1 then G is called semisimple. The unipotent radical of
G, Ry(G) = R(G),, is the maximal closed connected normal unipotent subgroup of G. If
R, (G) is trivial then G is called reductive. The structure of connected reductive algebraic
groups is well understood. If G is connected reductive then R(G) is a torus equal to Z(G)°
[55, Proposition 6.20 (a)], and G = Z(G)°[G, G] [55, Corollary 8.22]. This product is almost
direct, that is, the intersection [G,G]n Z(G)° is finite [23, Proposition 0.19].

Let G be a connected algebraic group. A closed subgroup of G containing a Borel subgroup
is called a parabolic subgroup of G. A parabolic subgroup of G admits a Levi decomposition.
This means that P = R, (P) x L for some closed subgroup L called a Levi subgroup of P [23,
Proposition 1.15]. A Levi subgroup of G is a closed subgroup of G which is the Levi subgroup
of some parabolic P of G, and a Levi subgroup of G is a connected reductive algebraic group
[55, Proposition 12.6]. For any maximal torus T contained in P, there is a unique Levi
subgroup of P containing T, and any two Levi subgroups of P are conjugate by an element
of R,(P) [23, Proposition 1.17, Corollary 1.18]. A Levi subgroup L is the centralizer of its
central torus, Z(L)°, and the centralizer of any torus T of G is a Levi subgroup of some

parabolic subgroup of G [55, Proposition 12.6, Proposition 12.10].

We note that since a Levi subgroup L of G contains a maximal torus T of G, and T is
also a maximal torus of L, since all maximal tori of L are conjugate, it follows that all the

maximal tori of L are maximal tori of G.
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Lemma 4.1.1. Let G be a connected algebraic group and let L be a Levi subgroup of G. Then
dim Z°(L) =1k(G) -rk([L,L]).

Proof. Since L is a connected reductive algebraic group, L = Z°(L)[L,L]. Let T be a maximal
torus of [L,L]. Then Z°(L)T is a torus of L. We claim that Z°(L)T is maximal in L.
Suppose S 2 Z°(L)T is another torus of L. Then since L = Z°(L)[L,L], [L,L] 4 L and
Z°(L) <S8,
S=Z°(L)(Sn[L,L]).

The intersection S n[L,L] is a torus of [L,L] containing the maximal torus T of [L,L],
therefore SN [L,L] =T. Thus S = Z°(L)T so Z°(L)T is a maximal torus of L, as claimed.
Since the maximal tori of L are maximal tori of G, therefore Z°(L)T is also a maximal torus
of G. Hence rk(G) = dim(Z°(L)T).

Since Z°(L)n[L, L] is finite and Z°(L) and T are tori, rk(G) = dim Z°(L)+dim T. As
T is a maximal torus of [L, L], it follows that dim Z°(L) = rk(G) - rk ([L, L]). O

Definition 4.1.2. Let s be a semisimple element of a connected reductive algebraic group
G. Then s is quasi-isolated if there does not exist a Levi subgroup L of a proper parabolic
subgroup P of G such that Cg(s) € L, and s is isolated if there does not exist a Levi subgroup

L of a proper parabolic subgroup P of G such that Cg(s) ¢ L.

4.1.2 Root systems

Definition 4.1.3. Suppose that E is a finite dimensional real vector space with a positive
definite inner product (-,-). A finite subset ® of vectors of F is called an (abstract) root system

in F if the following conditions hold.
e & is finite, non-empty, and spans F

e For any a € @, if ca. € @ for some c € R, then ¢ =+1
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e For each a € ® there exists a reflection of GL(E) denoted by s, which sends « to —«

and fixes @ (as a set)

e (Crystallographic condition) For every a, 5 € ®, s,.5 - = na for some integer n € Z

The subgroup (s, | @ € ®) of GL(FE) generated by the reflections s, is called the Weyl group
of ®.

A base of a root system ® is a subset A € ® such that for any 8 € ®, =3 A cCax With
either ¢, < 0 for every o € A or ¢, > 0 for every a € A. A positive root of & with respect to
a base A is an element o € ® that can be expressed as a non-negative linear combination of
elements in A. We denote the set of positive roots by ®* and make an analogous definition

for negative roots and denote them by ®.

A root system ® with a base A is indecomposable if A cannot be partitioned into two
mutually orthogonal, non-empty subsets. The indecomposable root systems can be classified
according to their Dynkin diagrams. The Dynkin diagram of a root system & is a graph with
one node for each element in the base A. Two nodes labelled by «, 3 € A are joined by a
number of edges depending on the order of the product of the reflections s, and sg; they
are not joined if o(sqosg) = 2, they have one edge between them if o(sys5) = 3, two edges if
0(sasp) = 4, and three edges if 0(so53) = 6. Arrows are drawn on edges between roots of
different lengths, pointing from the longer root to the shorter one. It can be shown that up to
isomorphism, an indecomposable Dynkin diagram has one of the following types [55, Theorem

9.6).
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G Dynkin diagram of G

631 a2 On-1 Qp
An O—0O0— — O —O

631 Q2 Qp-1 On
Bn O—0— — O = O

a1 a2 On-1 Qn
Cn O—0— — O <= O

6731 a2 Qp-2 Qp-1
Dn O—0O0— — O —O

O
Qp

aq a2
G2 O = O

(65} a9 (65} QY
F4 O—0O0 = O0—O0

a7 a9 (6%} QY (675
E6 O—O0O—0—0—0

O
873

] a2 a3 (67} Qs (673

E; O—0—0—0—0—0
O
aq
6731 Q2 Qa3 (67) Qs (673 ar
Eg O—O0—0—0—0—0—0
O
ag

Definition 4.1.4. An abstract root datum is a quadruple (X, R,Y, R) such that the following
hold.
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X and Y are free abelian groups of the same rank, and there is a non-degenerate inner
product (-,-) : X xY — Z defining a perfect pairing betwen X and Y. That is, any
homomorphism X — Z has the form x ~ (x,~) for some v € Y, and any homomorphism

Y — Z has the form v ~ (x, ) for some y € X.
e Rc X and RCY are abstract root systems in ZR ®z R and ZR ®z R respectively

There is a bijection between R and R such that if a corresponds to & then (a,d) = 2

The reflections defined by the roots in R and R are given by

SaX =x - {x,&)a forall x € X,
say=7-({a,y)a forall yeVY.

Two root data (X1, Ry, Y1, Ry) and (Xa, Ro, Ya, Ry) are said to be isomorphic if there exists
a group isomorphism ¢ : X9 - X7 with transpose map ¢’ : Y1 — Y3 such that (p(x2),7) =
(x2,9"(7)) for all xo € Xo,v € Y] such that ¢(Rs) = Ry and ¢'(R;) = Rs.

Let G be a connected reductive group with a maximal torus T 2 G, x --- x G,;,. The
character group of T is X(T) := Hom (T, G,,) and the cocharacter group of T is Y (T) :=
Hom (G, T). It is possible to construct an abstract root datum from X (T) and Y (T) in
the following way.

Let x € X(T). Then for any (t1,...,t,) € T, x(t1,...,t,) =t]* ...t for some ay, ..., an, € Z.
Thus y is determined by n integers ay, . . ., a,, and therefore X (T) = Z"™. Similarly any cochar-
acter v € Y(T) is determined by n integers because for any ¢ € G,,, v(c) = (¢*,..., ") for
some ay,...,a, € Z,so Y(T) 2 Z". Note that yov € Hom (G,,, G,,) and any homomorphism
G,, » G,, is of the form ¢ — ¢® for some integer a, for c € G,,. We can therefore define an
inner product (-,-) : X(T) xY (T) - Z by setting (x,~) := a € Z such that y oy(c) = ¢* for any
¢ € Gy,. This inner product defines a perfect pairing (as given in Definition 4.1.4) between

X(T) and Y(T) [55, Proposition 3.6].
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We now determine a subset ® ¢ X (T) of roots, following [18, Section 1.9]. Let B be
a Borel subgroup of G containing T and let U = R, (B). Then B has a unique semidirect
product decomposition B = U x T. Let B~ denote the unique Borel subgroup of G such that
BnB =T and let U = R,(B7). Then U and U™ are connected and normalized by T, and
are maximal unipotent subgroups of G. Let {U;} be the minimal nontrivial subgroups of U
and U™ normalized by T. Then U; 2 G, for each 7 and T acts on these groups by conjugation,
defining a homomorphism T -Aut G,. Homomorphisms G, - G, are of the form ¢ » Ac for
some A € k*, therefore Aut G, = G,,,, so the action of T defines a homomorphism T — G,,.
In other words, for each U; the action of T determines an element of Hom(T, G,,) = X (T).
Let ® be the set of elements of X (T) determined in this way by the action of T on some U;.

The set of roots ® is independent of the choice of the Borel subgroup B containing T.
The positive roots are those coming from subgroups U; of U and the negative roots come
from the subgroups U; of U™. This fixes a base A for ®: a root a € ® is a base element if «
cannot be expressed as a sum of two elements of ®*. We call the minimal subgroups U; root
subgroups, and label them according to the root they define, {U, }qeqp. For each o € ® there
exists a unique cocharacter & € Y(T) such that so.x = x — (x, &)« for all x € X(T) by [55,
Lemma 8.19]. Define ® = {G | a € ®} to be the coroots. Then we have the following important

result.
Theorem 4.1.5 (Chevalley, [55, Proposition 9.11 and Theorem 9.13]).

(a) Let G be a connected reductive group and let T be a mazimal torus of G. Let ® and ®
be as defined in the last paragraph. Then (X( T),0,Y(T), <i)) is an abstract root datum.
A different choice of maximal torus gives rise to an abstract root datum isomorphic to

(X(T),®,Y(T),?).

(b) For any abstract root datum (X, R,Y, R) there exists a semisimple group with a mazimal

torus T such that its root datum with respect to T is isomorphic to (X, R,Y, R).
(¢) Two semisimple groups are isomorphic if and only if their root data are isomorphic.
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(d) A semisimple group G corresponding to the abstract root datum (X,R,Y,R) is simple

if and only if R is indecomposable.

Let G be a simple algebraic group. We say that G is of classical type if the Dynkin
diagram associated to the root datum of G is of type A,, By, C, or D,, and say that G is of
exceptional type otherwise. A Dynkin diagram does not uniquely determine the isomorphism
class of a group. We say that two groups with the same Dynkin diagram are isogenous.

Given a root datum (X, R,Y, R), we call ZR ¢ X the root lattice and ZR C Y the coroot
lattice. The connected reductive groups determined by (X, R,Y, R) are semisimple if and only
if rank (ZR) = rank X. Suppose that rank (ZR) = rank X. Let Q = Hom (ZR,Z). Because
of the perfect pairing between X and Y, X = Hom (Y,Z) [55, Proposition 3.6]. Thus there

exists an injective restriction map
X = Hom (Y,Z) — Hom (ZR,Z) =,

so we can view X, and therefore ZR € X, as subgroups of ). The fundamental group of the
root system R is defined to be A(R) = Q/ZR. The fundamental group of R is independent
of X, and each X satisfying ZR ¢ X ¢ Q) determines a different root datum for a fixed root
system R, up to automorphisms of €) stabilising the roots R.

Fach simple group G with a particular Dynkin diagram determines an X such that ZR ¢
X ¢ Q. The isomorphism class of G is determined by the position of X between ZR and 2.
We say that G is of adjoint type if X = ZR and of simply connected type if X = 2. For a given

isogeny class, there are only finitely many possibilities for X.

Definition 4.1.6. Let ® be a root system. A prime number / is said to be good for ® if and
only if (Z®/Z53), = {0} for every € ®. If G is a connected reductive group with root system
® then ¢ is good for G if ¢ is good for ®. If ¢ is not good for G, then we say that ¢ is bad for
G.
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Definition 4.1.7. Let G be a connected reductive group with maximal torus T and corre-
sponding root datum (X (T),®,Y(T),®). A connected reductive group G* is called a dual
group of G if there exists a maximal torus T* of G* such that if (X(T*),@*,Y(T*),(if*) is
the root datum of G* with respect to T”, then there exists an isomorphism from X (T) to
Y (T*) such that ® is mapped isomorphically onto ®. In this case (X (T*),®*, Y (T*),d*)
is isomorphic to (Y (T),®, X (T),®) and we say that the pair (G,T) is dual to the pair
(G*, T%).

4.1.3 Finite groups of Lie type

In this section let G be a linear algebraic group defined over Fp, an algebraic closure of the
finite field of p elements. Let i : G - GL, (Fp) be an embedding of G into GL, (Fp) as
discussed in Section 4.1.1. Let ¢ = p® for some a € N and let Fj, : GL, (Fp) - GL, (Fp) denote
the homomorphism given by Fy ((xi;)) = (l‘gj) for every matrix (z;;) € GLy, (F,).

A homomorphism F : G — G is called a standard Frobenius morphism (with respect to an
[Fy-structure) if there exists a g such that (io F') (g) = (Fyo1) (g) for every g € G. A homo-
morphism F': G - G is called a Frobenius morphism (with respect to an F-structure) if there
exists an m € N such that F™ is a standard Frobenius morphism. Note that the terminology in
[55] is different — what we call a standard Frobenius morphism is called a Frobenius morphism
in [55], and what we call a Frobenius morphism is called a Steinberg morphism.

Although a Frobenius morphism is a bijective map, it is not an isomorphism of algebraic
groups because the inverse map is not a polynomial function in the coordinates, and therefore
is not a morphism of algebraic groups. The important point about Frobenius morphisms is
that they are surjective homomorphisms such that the group of fixed points is finite. For a

Frobenius morphism F': G - G we denote the group of fixed points by

G"={geG | F(g) =g},

and call groups of this form finite groups of Lie type.

60



Theorem 4.1.8 (Lang-Steinberg Theorem [55, Theorem 21.7]). Let G be a connected linear
algebraic group defined over Fp and let F': G - G be a Frobenius morphism with respect to

an Fy-structure. The Lang map, L : G — G given by L(g) = g ' F(g), is surjective.

For any Frobenius morphism F', G contains a pair of subgroups T < B where T is an F-
stable maximal torus and B is an F-stable Borel subgroup. For a given Frobenius morphism,
any two such pairs T < B are G!-conjugate [55, Corollary 21.12]. We call an F-stable
maximal torus T contained in an F-stable Borel B a maximally split torus of G.

A Frobenius morphism F' is Fg-split if there exists an F-stable maximal torus T of G
such that F'(t) = t? for all t € T. The Chevalley groups are the finite groups of Lie type
which arise as the fixed points of Fg-split Frobenius morphisms. If F' is not split then it is
called twisted. In this case F' is the product of an Fg-split endomorphism and an algebraic
automorphism of G which induces a symmetry p of the Dynkin diagram of G (ignoring the
arrows), see [55, Definition 22.4 and Theorem 11.11]. The fixed points of twisted Frobenius
morphisms are called twisted groups. If F is twisted and p is the non-trivial symmetry of a
Dynkin diagram of type By, G or Fy (still ignoring the arrows), then F' is called very twisted.
There are three types of very twisted finite groups of Lie type — the Suzuki groups 2Bs(q?)

— 32a+1

where ¢? = 229*1 the small Ree groups 2Ga(¢?) where ¢? and the large Ree groups

2Fy(q) with ¢* = 22%*1 for a some positive integer.

Definition 4.1.9. Suppose that G and G are connected reductive groups defined over F,
with maximal tori T and T* such that (G, T) and (G*,T") are dual pairs as in Defini-
tion 4.1.7. Let F': G - G and F* : G* - G be Frobenius morphisms with respect to an
F,-structure on G and G* respectively. If T is F-stable, T* is F'*-stable, and the isomorphism
X(T) 2 Y(T") is compatible with the action of the Frobenius morphisms, then we say that
(G, F) is dual to (G*,F™).

Remark 4.1.10. If (G, F) and (G*, F’*) are dual then since it will be clear which Frobenius

we are referring to, we drop the * notation and just write F' for both Frobenius maps.
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4.1.4 The order of finite groups of Lie type, e-tori and ¢,(q)

For any finite group of Lie type GI', there exists an order polynomial Pyr(x) € Z[z]. This
is the unique polynomial such that Pgr(¢™) = ‘GF m‘ for infinitely many m € N and it is
independent of the isogeny type of G.

Let e be a natural number. The e-th cyclotomic polynomial is the minimal polynomial
of a primitive e-th root of unity over QQ, denoted by ®.. Many features of the representation
theory of G over k do not in fact depend on ¢, the characteristic of k, but only on the
cyclotomic factor of |G| divisible by ¢. For further discussion of this see, for example, [35].
It is thus often useful to factorise the order polynomial of G¥ into a product of cyclotomic

polynomials,

IGF|=¢® TS @, (q)")

e>1
for some integers a(e) [55, Section 25.1].
We define

(0) the order of ¢ modulo ¢ if £ is odd
e =
e the order of ¢ modulo 4 if £=2.

Then for ¢ # 2, e;(¢q) is the minimal e such that ¢|®.(q). Note that ey(q) < ¢, and if £ =2 or
5 then ey(q) # 3.

An F-stable torus T of G is called an e-torus if Ppr(x) is a power of the e-th cyclotomic
polynomial, ®.(z). The e-tori of G satisfy a Sylow theory analogous to the theory of Sylow
subgroups of finite groups. We say that an F-stable torus T is a Sylow e-torus of G if
Prr(q) = ®.(q)*® where a(e) is precisely the power of ®.(q) dividing Psr(q). By the
Generic Sylow Theorems [55, Theorem 25.11], for every e > 1 there exists a Sylow e-torus
of G, any two Sylow e-tori are G¥'-conjugate, and any e-torus of G is contained in a Sylow
e-torus. The original proofs of these results can be found in [10], as well as some further
discussion on cyclotomic polynomials. We let Gg, denote a Sylow e-torus of G. A Levi

subgroup L of G is called e-split if it is the centralizer in G of an e-torus of G.
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Lemma 4.1.11. Let G be a connected reductive algebraic group and let s be a semisimple
element of G contained in an e-split Levi subgroup L of G. Then Cy(s) is an e-split Levi

subgroup of C'g(s).

Proof. Since L is an e-split Levi subgroup of G, L = Cg(T) for some e-torus T of G.
Then CL(s) = Cog(T)(5) = Cog(s)(T) = Ca(s) N Ca(T) so Ci(s) = (Ca (s)nCq (T))° ¢
Ca(s)nCy(T) = CCOG(S)(T)' On the other hand, ch;(s)(T) is the centralizer of an e-torus
in a connected group, so it is a Levi subgroup of Cg(s). In particular, ch;(s)(T) is con-

nected, so Cee (5)(T) € Cf, ((T) = C(s). Therefore CF,(s) = Ceg,(5)(T) so Cf(s) is the

a(s)
centralizer of an e-torus of Cg (), hence an e-split Levi subgroup of Cg(s). O

Lemma 4.1.12. Let G be a connected reductive algebraic group defined over Fp and let
F: G — G be a Frobenius morphism with respect to an Fq-structure. Suppose £ is good for G
and let e = ey(q). If ®. divides the order of G'' precisely once and if &, i does not divide the
order of GY for any i > 1, then the blocks of kGY have cyclic defect.

Proof. By definition, defect groups of blocks of kG are finite ¢-subgroups of G¥'. Since
l|®.(q) and ®_,:(q) does not divide the order of G for any i > 1, ®.(q) is the only factor of
|GF | which is divisible by ¢. Thus the ¢-subgroups of G! are contained in the fixed points of
a Sylow e-torus of G, Since ®, divides |G| precisely once, it follows from [10, Proposition
3.3] that the fixed point groups of the Sylow e-tori of G are cyclic of order ®.(q). Therefore
all defect groups of blocks of kG are cyclic. O

The Fy-rank of a torus T is the rank of a maximal subtorus T' of T such that there
exists an isomorphism T = (Gy,)® defined over F, where a = rk(T"). The F,-rank of an
algebraic group G is the Fg-rank of a maximally split torus of G [23, Definition 8.3] and we

let g = (_1)Fq'ral’lk OfG
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4.2 Character theory of finite groups of Lie type

From now until the end of Chapter 4, we fix the following setting. Let p be a prime different
from ¢ and let G be a connected reductive algebraic group defined over Fp. Fix ¢, a power of
p, and let F': G — G be a Frobenius morphism with respect to an F4-structure. Let G be
the fixed points of G under F' — a finite group of Lie type.

4.2.1 Harish-Chandra and Deligne-Lusztig induction and restriction

In order to apply inductive arguments to ¢-blocks of finite reductive groups, we need a way
to relate the characters of G to characters of subgroups of G. The first maps introduced to
do this are called Harish-Chandra induction and restriction. Let P be an F-stable parabolic
subgroup of G and let L be an F-stable Levi subgroup of P. Then Harish-Chandra induction

is given by
RE ,: CL'-mod — CG'-mod
14 —  IndSe Py (V),
which is just just inflation from L¥ to P followed by induction from P¥ to G¥. This is
discussed in greater detail in [23, Example 4.6 (iii)]. Harish-Chandra restriction is given by
*REL: CGF-mod — CL*-mod

A more powerful pair of adjoint maps can be defined using cohomology. These maps,
known as Deligne-Lusztig induction and restriction can be defined even if the Levi subgroup
L is not contained in an F-stable parabolic P. Details about the construction of these maps

can be found in [23, Chapters 10 and 11]. Let L be an F-stable Levi subgroup of G contained
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in a parabolic subgroup P which is not necessarily F-stable. Then Deligne-Lusztig induction

and restriction are linear maps denoted by

REp: Zhr(LY) — ZIr (GY),

*RE p: ZIr (GY) — ZIr (LF).
If P is F-stable then Deligne-Lusztig induction reduces to Harish-Chandra induction (see
[23, Chapter 11, page 81]) so there is no ambiguity in using the same notation for the Harish-

Chandra and Deligne-Lusztig maps.

Let P and P’ be parabolics of G, and let L be an F-stable Levi subgroup of P, L' an
F-stable Levi subgroup of P’. Let Y = {z € G | Ln®L’} and let X be a set of representatives
of the double cosets LY \Y /LY. Then the Mackey formula is

ZELI

* G G L *
RiepoRpicp = ), RLoeryeprepy © B(LnsL)cprery © ad @
reX

where ad x(x) = ®x for all y € Irr(L’F ), € X. When the Mackey formula holds, it is
possible to show that RE’CP is independent of the choice of P, see [23, Proposition 6.1]. By
[7, Theorem]|, the Mackey formula holds if L is an F-stable maximal torus of G, and holds in
all cases for Harish-Chandra induction and restriction. It also holds in all cases for Deligne-
Lusztig induction and restriction except possibly when GI* contains a component of type
2F6(2), E7(2) or Eg(2). Where we know that Deligne-Lusztig induction and restriction do
not depend on the choice of the parabolic we will drop the reference to P and just write RE
and *RS.

The properties of Deligne-Lusztig induction and restriction are particularly well under-
stood when L = T is an F-stable maximal torus of G. In this case RS (8) is called a Deligne-

Lusztig character, for any 0 € Irr(TT).

Definition 4.2.1. A class function is called a uniform function if it is a linear combination

of Deligne-Lusztig characters. The orthogonal projection of class functions onto the space of
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uniform functions is called uniform projection and is given by the operator

1 F| pG *pG

—7 > |T|RT o "Ry,

IG"| T

where the sum runs over all F-stable maximal tori T of G. The uniform projection of

an irreducible character x € Irr(GF ) uniquely determines a set of multiplicities of x as an

irreducible constituent of R% () for every F-stable maximal torus T, and every 6 € Irr(TF )

{{x, R$(0)) | T is an F-stable maximal torus of G and # € Irr (TF)}

Let L be an F-stable Levi subgroup of G contained in a parabolic subgroup P. The Green
functions, denoted by QE’CP, send elements (u,v) € Gf X L5 to values in Z [23, Definition
12.1]. Let g € G and let g = su be the Jordan decomposition of g. The character formula for

Deligne-Lusztig induction is given by

1 ()

Y CET Y Qs e s, (1)

Riep (1) (9) =
(Rzep 00) ILF[Cg ()7 {heGT|seh L} veCp ()

see [23, Proposition 12.2].

4.2.2 Lusztig series and Jordan decomposition

Many of the results of the following section can be found in [23] and [5]. We follow the
notation of [5]. From now until the end of Chapter 4, we fix a connected reductive group G*

such that (G, F') and (G*, F') are dual pairs in the sense of Definition 4.1.9.

Let V(G, F') denote the set of all pairs (T,#) such that T is an F-stable maximal torus
of G and @ is a linear character of TY. Let V*(G, F) denote the set of all pairs (T",s) such
that T* is an F-stable maximal torus of the dual group G* and s is a semisimple element in

T*F. By [23, Proposition 13.13] we can fix a bijection
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GT'-conjugacy classes of G*F_conjugacy classes of
—> . (4.2)
(T,0) e V(G, F) (T*,s) e V' (G, F)
If (T,0) corresponds to (T*,s) via this bijection, then we write (T, 6) & (T*,s), and we
can denote RS (0) by RS, (s).

There are two different types of conjugacy for elements in the fixed points G*¥. Let
s,s" € G*I" be semisimple. Then s and s’ are geometrically conjugate if there exists g € G*
such that s = 9’, and s and s’ are rationally conjugate if there exists g € G*¥ such that s = 9’.
We denote the geometric conjugacy class of s € G*I" by (s) and the rational conjugacy class
of s by [s]. Clearly rational conjugacy implies geometric conjugacy, but not the other way
around. If Z(G) is connected then geometric and rational conjugacy is the same in G*', [5,
Proposition 9.7].

Using bijection (4.2), we say that two pairs (T,0), (T,0") are geometrically conjugate
(respectively rationally conjugate) if (T, ) hid (T*,s) and (T',0") hid (T, s") for some pairs
(T*,s), (T™,s") € V*(G,F) such that s and s’ are geometrically conjugate (respectively

rationally conjugate). We can then fix the following notation.
VG, F (s)):= {(T",s) eV (G,F) |5 e(s)}
VG, F [s])= {(T",s) eV (G,F) | s e[s]}
V(G,F,(s)) = {(T,e) e V(G F) | (T,0) S (T, ') for some (T*, ') e V* (G, F, (s))}
V(G,F,[s]) = {(T,e) V(G F) | (T,0) S (T, ') for some (T*, ') e V* (G, F, [s])}

Let T be an F'-stable torus of G and let n € N. We define the norm map of F™ at F' by

t o tF()...FV(1).

We will need the following property of Ngn p in Section 5.2.2.
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Lemma 4.2.2. The norm map restricts to a surjection Npnp " > TF.

Proof. First suppose that ¢ € T ". Then

F(Npajp(t)) = FF(t)...F"7\(t))
= F(t)F2(t)...F" Y (t)F"(t)
= F(t)F?(t)...F™Y(t)t

= Npnp(t)

since t € T is central. Therefore an/F(TFn) cTt.
Now let t € T. By the Lang-Steinberg Theorem (Theorem 4.1.8), since F"™ is a Frobenius

morphism, there exists u € T such that t = uF™(u™'). Then

uF (™ HYF(u)F?(u™) ... F* Y (w)F™(u™)

NF"/F (UF(’U,_I))

uF™(u™t),

80 Npn/p (uF(u_l)) = t, showing that Np» p surjects onto T.
Now suppose that ¢ € T and suppose that s € T is such that NFn/F(S) = t. Then
F (NFn/F(S)) = Npnp(s) therefore

F(s)F?(s)...F"(s) sF(s)...F"(s)

F(s)

I
Va)

Therefore s € TF" as required. ]

The following result gives us a useful alternative formulation for geometric conjugacy of

pairs in V(G, F), see [5, Corollaire 9.5].
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Lemma 4.2.3. Two pairs (T,0),(T,0") € V(G, F) are geometrically conjugate if and only
if there exists n €N and g € G such that 9T =T and for all z € T,

0' (Npnjp(2)) = 0 (Npajp(grg™)) .

Definition 4.2.4. Let s € G*F" be semisimple. The Lusztig series associated to [s], the

rational conjugacy class of s, is

S(GF,S) ={xe Irr(GF) | (x, R$(0)) # 0 for some (T,0) e V (G, F, [s]}-

Note that some authors use the notation £(G*, (s)) and £(G”,[s]) to differentiate be-
tween Lusztig series corresponding to geometric and rational conjugacy classes of s. We will
only use the Lusztig series corresponding to a rational conjugacy class of s so we drop the
brackets in our notation. The irreducible characters in y € £(G, 1) are called unipotent and

a block containing a unipotent character is called a unipotent block.

By [23, Proposition 13.1], every irreducible character x € Irr(GF ) appears as a component
of a Deligne-Lusztig character R%(H) for some F-stable maximal torus T of G and some
irreducible character 6 € Irr(TF ) The pair (T,6) determines a G*F'-conjugacy class of pairs
(T*,s) by bijection (4.2). More precisely, we have a partitioning of Irr(GF ) according to
Lusztig series, [23, Proposition 13.17].

Proposition 4.2.5. The irreducible characters of GF are partitioned by the Lusztig series

for each rational conjugacy class of semisimple elements in G*F.
Irr(GF) = HS(GF,S)
[s]
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We denote by (G, ") the set of all characters appearing in some & (GF, 5) where s is

a semisimple ¢’ element of G*¥,

E(GF 1) = U £(GF,s)

s an #/-element of G*¥
Recall that G, denotes the set of elements of G with order a power of £.

Theorem 4.2.6 (Broué-Michel, Hiss). Let G be a connected reductive algebraic group and

let se€ G*F be a semisimple €' element. Then

(G s)= |U E&(GY,st)

tECGx— (8)5

is a union of C-blocks of G¥'. Moreover, each £-block in Eg(GF,s) contains an irreducible

character of £ ( G*, s).

The original proof of the first part of this theorem is in [12]; for a full proof of both parts
see [16, Theorem 9.12]. If b is an ¢-block in & (GF,S) we write b € & (GF,S), and the sum
of block idempotents of blocks in &, (GF, s) is denoted by eg;F.

Definition 4.2.7. Let s € G*I" be a semisimple ¢ element and suppose that b € E(GT s).

Then b is a (quasi-)isolated block if s is (quasi-)isolated in G*.

In 1984 Lusztig proved a very important correspondence between the irreducible characters

of a finite group of Lie type GI', and the unipotent characters of a subgroup of G¥, [53].

Theorem 4.2.8 (Jordan decomposition for Z(G) connected [16, Theorem 15.8] and [23,
Remark 13.24]). Let G be a connected reductive algebraic group and let F: G - G be a
Frobenius morphism with respect to an F,-structure where q = p* for some prime p and some
a e N. Assume that G has connected centre. Let (G*,F) be dual to (G, F) and let s € G*F

be a semisimple element. Then there exists a bijection

Ve, E(Ce (), 1) — €(G",s),
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such that

C * (S
(Vs (x), RS () gr = €0 (500 Bg P (Wen ()P (4.3)

for all x € E(Ce+(5)F,1), where e is as defined in Section 4.1.4. Moreover, for every

X €E(Ce(s),1),
|GF|p’

[Cg ()"

Note that property (4.3) does not uniquely determine the bijection U ;. It is, however,

Ves()(1) = x(1).

possible to add extra conditions to ensure that Wq s is uniquely defined, as shown in [22,
Part II]. If Z(G) is not connected, then the centralizers of semisimple elements in G* are
not necessarily connected. If C'g+(s) is not connected then we define a unipotent character
of Cg+(s)F to be an irreducible character which covers a unipotent character of C,.(s)f.
Jordan decomposition can be adapted to cater for this situation, but first we need some more

theory.

4.2.3 Regular embeddings

Definition 4.2.9. Let G be a connected reductive group. A regular embedding of G is a
homomorphism of algebraic groups i : G = G where G is a connected reductive algebraic
group defined over F, such that Z(G) is connected and [G,G] € G. For example, let G =

SL,, and G = GL,. Then the inclusion map i : SL,, = GL, is a regular embedding.

Given a regular embedding i : G = G and a maximal torus T of G, let T = i(T).Z(G).
Then there exist pairs (G*,T*) and (G, T ) which are dual to (G, T) and (G, T) respec-
tively, and there exists a morphism i* : G - G dual to 7. Note that i* is surjective and restricts
to a surjection on the fixed points, i* : G o arr [5, Corollaire 2.7]. Then ker i*c Z(G").
The idea of a regular embedding is that we can first work in the “nicer” setting of G where
the centre is connected, and then use i* to determine properties of G. For a given connected
reductive group G with maximal torus T it is possible to explicitly construct a suitable é,

see [16, Section 15.1].
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For the rest of this section, we fix a regular embedding i : G = G and semisimple ¢
- =*F kg~ . ~ .
elements s € G*¥ and § € G~ such that i*(3) = s. Since the centre of G is connected, we

have the following results.

Theorem 4.2.10 ([5, Théoreme 3.5]). The centralizers of semisimple elements in G are

connected.
Proposition 4.2.11 ([5, Corollaire 4.4]). For any Levi subgroup L of G, Z(L) is connected.

As discussed in [5, Section 9B and Corollaire 9.5], we can define two restriction maps

ResG : V (G, F, (5)) » V (G, F, (5)) and *ResG : v* (G, F, (5)) - V* (G, F, (s)) given by

_ B .
Resg (T,0) (TmG, Res%FmGFH)

*%esg (’T‘*, §)

These maps satisfy the following.

Lemma 4.2.12 ([5, Lemme 9.3]). (a) Let (T,60) € V(G,F) and (T ,3) € V*(G,F) be such
that (T,0) <3 (T, 3). Then ResC(T,0) << *Res (T, 5).

(b) Let (T,0) € V(G,F) and (T*,s) € V*(G,F) be such that (T,0) <> (T*,s). Let
T=-TZ(G), T =i Y(T) and § « G'" be such that i*(8) = s. Then there exists
an irreducible character 0 Irr(TF) which extends 0 such that (T,0) & (T, 3).

For semisimple elements in (E*F, geometric conjugacy and rational conjugacy coincide
by [5, Proposition 9.7]. Therefore, two pairs (’T‘,G),(’T,,H’) € V(G,F) are geometrically
conjugate if and only if they are rationally conjugate — i.e.V ((N}, F, (§)) =V (G, F,[5]). Two
semisimple elements s1,so € G are rationally conjugate if and only if there exist semisimple
elements 51,59 € C-'w*F such that i*(§;) = s; for i = 1,2, and §; and S are rationally (and
therefore also geometrically) conjugate in G" [5, Proposition 9.9].

We denote the group of components by Ag+(s) := Cg+(s)/Cs(s). If Z(G) is connected
then Ag+(s) =1 for all s.

72



Lemma 4.2.13 ([5, Lemme 8.3)).

Ag(s) 2 {z € Keri* | § and 5z are conjugate in G}

We now return to Jordan decomposition for the case when G has non-connected centre.
By [16, Theorem 15.13], there is an action of ker i* n [s,é*p] on E(GF,S) and of Ag+(s)
on £(C.(s),1). Jordan decomposition generalizes to a bijection between orbits of charac-
ters under these actions. In particular, to each x € £ (GF , s) there corresponds an orbit of

unipotent characters of Ca*(s)F under the action of Ag+(s).

Theorem 4.2.14 (Jordan decomposition for Z(G) not connected [16, Corollary 15.14]). Let
G be a connected reductive algebraic group and let F': G — G be a Frobenius morphism with
respect to an Fy-structure where g = p® for some prime p and some a € N. Leti: G — Gbea
reqular embedding, and let s € E*F be a semisimple element such that i*(3) = s € G*F'. Then

there exists a bijection

Orbits of £ (GF, ) Orbits of E(C%x(s),1)
under the action of [ <— under the action of
ker i* n s, AC'T'*F] Ag(s)

If Z(G) is connected then the orbits on each side contain a unique character so this reduces

to normal Jordan decomposition as in Theorem 4.2.8.

4.3 Block theory of finite groups of Lie type

We continue with the assumptions made at the beginning of section 4.2. In particular, p is a

prime different to /.
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4.3.1 Generalized e-Harish-Chandra theory and the parametrisation of /-
blocks

Work towards a parametrisation of the ¢-blocks of the finite groups of Lie type in non-defining
characteristic began in the 1980s. It was completed in 2015 by Kessar and Malle [50]. The
final parametrisation allows us to label an ¢-block of an F-stable Levi subgroup of a simple
simply connected algebraic group by what is called an e-Jordan quasi-central cuspidal pair.
The e-Jordan quasi-central cuspidal pair labelling a block encodes many properties of the
block, including information about the characters it contains. In many cases we can calculate
the Morita Frobenius number of a block from an earlier (usually simpler but less general)
edition of this parametrisation, so we now give a summary of the evolution of the theory,
pointing out various results along the way which will be of particular use for our calculations.

In 1982, Fong and Srinivasan proved an explicit “Jordan-style” decomposition for the
characters and blocks of the general linear and unitary groups [31]. This was possible because
of the well-understood combinatorial nature of the character theory of these groups. Let G
be the fixed points of a general linear or general unitary group under a Frobenius morphism F'.
Fong and Srinivasan first developed an analogue to the Nakayama conjecture (originally for
the symmetric groups) for the unipotent characters and unipotent blocks of GY. They then
extended this to a parametrisation of all characters and all blocks, giving explicit combinatorial
methods for determining which characters are in which blocks.

In 1989 Fong and Srinivasan went on to show that if G¥" is the fixed points of any classical
group with connected centre under a Frobenius morphism, and p and ¢ are different from 2,
then the ¢-blocks of GI' can be parametrised by pairs (s,k) where s is a representative of a
conjugacy class of a semisimple ¢’ element of G*¥', and & is a unipotent block of Cg(s)F
[33]. Again, the parametrisation is explicit and combinatorial because of the nature of the
character theory of the classical groups.

For the next developments we first need a few more definitions. Let e > 0.
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Definition 4.3.1. Let x € Irr(GF). Then x is cuspidal if *RE’QP(X) = 0 for any proper
F-stable Levi subgroup L of G contained in an F-stable parabolic P of G, and x is e-cuspidal
if *R&P(x) = 0 for any proper e-split Levi subgroup L of G. Note that y is 1-cuspidal if and
only if x is cuspidal.

Definition 4.3.2. A (unipotent) cuspidal pair of G is a pair (L, \) where L is an e-split F-
stable Levi subgroup contained in an F-stable parabolic of G, and A is a (unipotent) cuspidal
character of LY. A (unipotent) e-cuspidal pair is a pair (L, \) where L is an e-split F-stable
Levi subgroup contained in a parabolic of G which is not necessarily F-stable, and A is a

(unipotent) e-cuspidal character of L.

Definition 4.3.3. We define a partial ordering on the set of all pairs (L, \) of G where L
is an e-split F-stable Levi subgroup of G and X is an irreducible character of L', by setting
(L1, A1) <e (Lo, A2) if there exists a parabolic subgroup P of Ly such that L is an e-split

Levi subgroup of Lo contained in P, and As is an irreducible constituent of Rﬁfgp()\l).

Definition 4.3.4. Let (L,\) be an e-cuspidal pair of G. The e-Harish-Chandra series of
G'' above (L,\) denoted by &£ (GF ,(L,A\)) is the set of irreducible characters which appear

as constituents in RSQP()\), where P is a parabolic containing L.
E(GF, (L,A)) ={xe Irr (GF) | (x, RE.p (V) # 0 for some P 2 L}

A 1-Harish-Chandra series is usually just referred to as a Harish-Chandra series.

Definition 4.3.5. The relative Weyl group of an e-cuspidal pair (L,)\) is defined to be
Wgr(L,A\) = Ngr(L,\)/LE.

To parametrise the blocks of the finite groups of Lie type of all types, we need the concept of
a generalized e-Harish-Chandra theory. There are some variations in the literature as to what
exactly constitutes a generalized e-Harish-Chandra theory. Since Deligne-Lusztig induction

preserves Lusztig series (i.e. it restricts to a linear map RS’QP 1 ZE (LF, 5) - 7ZE (GF, s) [50,
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Theorem 2.8 (b)]), it is possible to consider the e-Harish-Chandra series above each (L, \)

series by series. We will therefore use the following definition.

Definition 4.3.6. Let s € G*I" be semisimple. A generalized e-Harish-Chandra theory holds
in £(G*,s) if

(a) for every y €& (GF, s) there exists, up to GF—conjugacy, a unique e-cuspidal pair (L, \)
of G such that y € & (GF, (L,)\)), and

(b) for every e-cuspidal pair (L, \) of G there exists a collection of isometries
N Z T (Wyr (L) — ZE (MF, (L))

where M runs over all of the e-split Levi subgroups of G and (L, \) runs over all of the
e-cuspidal pairs of M, such that for all such M and (L, \),

Wea (L,A)

G M G
Byiep o L(L oy = Ly © Indy ")

the collection (I %\f /\)) is stable under the conjugation action by Wgr, and I(y, y)

M, (L,A)
maps the trivial character of the trivial group Wy r (L, ) to A.

In some sources (for example [32] and [11]), the term generalized e-Harish-Chandra theory
is used to refer just to unipotent characters —i.e. for every y € € (GF , 1) there exists a unique
unipotent e-cuspidal pair etc. When referring to these sources we will make this explicit by
specifying that s = 1.

In 1986, Fong and Srinivasan showed that part (a) of a generalized e-Harish-Chandra
theory holds for £(G¥',1) if G is a classical group, [32]. In 1993 Broué, Malle and Michel
showed that parts (a) and (b) of a generalized e-Harish-Chandra theory hold for £(G*', 1) for
all finite groups of Lie type of all types [11]. The proof in [11] is entirely done on a case by

case basis and involves directly calculating the e-Harish-Chandra series in many situations.
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This result paved the way for Cabanes and Enguehard who used the generalized e-Harish-
Chandra theory of € (GF ,1) to prove a parametrisation of the unipotent blocks of G when
¢>21is good for G and £ # 3 if 3Dy is a factor of G in 1994, [14]. Enguchard then extended
the parametrisation to include bad ¢ in 2000 [26]. We state this parametrisation fully as we
will use it to calculate the Morita Frobenius numbers of the unipotent blocks of the finite

groups of Lie type in Section 5.2.1. First we need one more definition.

Definition 4.3.7. Let x € Irr(GF). Then x is of central (-defect if x(1)|Z(G)F|, = |G,
and x is of quasi-central £-defect if x covers a character of [G, G]¥ which is of central /-defect.

An e-cuspidal pair (L, \) is of (quasi-) central (-defect if X is of (quasi-)central (-defect.

We say that a group K is involved in a group G if there exists a surjective homomorphism
from some subgroup H of G to K. If £ is odd, good for G, and ¢ # 3 if 3D, is involved in G,

then all unipotent e-cuspidal pairs are of central ¢-defect [14, Theorem 4.3].

Theorem 4.3.8 (Parametrisation of unipotent blocks of finite groups of Lie type [14, Theorem
4.4] and [26, Théoreme Al). Let G be a connected reductive algebraic group with Frobenius
morphism F': G — G defined with respect to an [Fy-structure for some q = p* where p # { is a

prime and a € N. Let e = e4(q).

(a) Let (L,\) be a unipotent e-cuspidal pair of G. Then all irreducible constituents of
RE o(N) lie in the same €-block, bor (L, \), of G~.

(b) There exists a surjection

G’ -conjugacy classes of
Unipotent

(-blocks of GF

I': unipotent e-cuspidal >
pairs of G
(L,\) +— bgr(L,\)
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sending a unipotent e-cuspidal pair (L, \) to the £-block of GF containing the irreducible
constituents of RS- p(N), bar(L,\).

¢) The map T restricts to a bijection T if we only consider GF -conjugacy classes of unipo-
) Y Jugacy

tent e-cuspidal pairs of central £-defect.

G' -conjugacy classes of
Unipotent

Lo 4 unipotent e-cuspidal pairs of G | <—
(-blocks of G¥

of central £-defect
(L,\) = bgr(L,\)

(d) When ( is odd, good for G and £+ 3 if 3Dy is involved in G, then T is itself a bijection.

Finally we come to the parametrisation of general blocks of finite groups of Lie type.
Cabanes and Enguehard proved a general parametrisation for good ¢ in 1998 in [15]. This
was extended to general ¢ by Kessar and Malle in 2015 in [50]. Before we can state the final
parametrisation, again, we need a few more definitions. Let e > 0. Recall that Gg, denotes a

Sylow e-torus of G.

Definition 4.3.9. Let s € G*" be a semisimple ¢ element and let x € £ (GF, s). We say that
X is e-Jordan cuspidal if (G, x) satisfies the Jordan condition (J) made of the following two

parts:
(J1) Z2°(Cg+(s))a. = 2°(G")a,

(J2) x corresponds to a Cg+(s)F-orbit of e-cuspidal unipotent characters of C'a*(s)F via

Jordan decomposition given in Theorem 4.2.14.

We say that x is e-Jordan quasi-central cuspidal if it is e-Jordan cuspidal and if the Cg+ (s)F—
orbit of e-cuspidal irreducible unipotent characters of C,. (s)F to which it corresponds in (Jz)

consists of characters of quasi-central /-defect.
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Definition 4.3.10. The pair (L, \) is an e-Jordan (quasi-central) cuspidal pair if L is an
e-split Levi subgroup of G (contained in a parabolic which is not necessarily F-stable) and A

is an e-Jordan (quasi-central) cuspidal character of L.

Theorem 4.3.11 (Parametrisation of blocks of finite groups of Lie type [50, Theorem A]). Let
H be a simple, simply connected algebraic group and let F': H— H be a Frobenius morphism
with respect to an Fy-structure where q = p* for some prime p # £ and some a € N. Let G be

an F-stable Levi subgroup of H, and let e = ey(q).

(a) Let (L,\) be an e-Jordan cuspidal pair of G. Then all irreducible constituents of
RE L(\) lie in the same £-block, bor (L, ), of G

(b) There exists a surjection

GF -conjugacy classes of e-Jordan
O: cuspidal pairs (L,\) of G > { (-blocks of GF }
such that e E(LY 0"
(L,\) = bgr(L, M),

sending an e-Jordan cuspidal pair (L, \) to the £-block of G containing the irreducible
constituents of R p(\), bgr (L, \).

¢) The map © restricts to another surjection ©oc if we only consider the GF -conjugac
(c) p ] Q y jugacy

classes of e-Jordan quasi-central cuspidal pairs.

G -conjugacy classes of e-Jordan
©qc 4 quasi-central cuspidal pairs (L,\) { (-blocks of G }
of G such that X e E(L¥,¢")
(L,\) = bgr(L,\)

(d) If £ >3 then ©qc is a bijection.
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(e) If € is good for G, and £ #3 if 3Dy is involved in G, then © is a bijection.

It is clear from this theorem that the set of pairs (L, ) needed to parametrise the blocks
of G is determined by properties of the Jordan correspondent(s) of A, which must be a
unipotent, e-cuspidal, and of quasi-central ¢-defect.

We make one final definition in relation to Jordan decomposition, using the final parametri-
sation of (-blocks. Recall that for a semisimple ¢’ element s € G*¥, Eg(GF ,$) is a union of

¢-blocks of G

Definition 4.3.12. Let s € G*F be a semisimple ¢’ element and consider a block B € & (GF, s).
By Theorem 4.3.11, B = bgr (L, \) for some e-Jordan quasi-central cuspidal pair (L, \) of G.
Note that (L,\) may not be uniquely determined if ¢ is bad for G. By condition (J2), A
corresponds to a Cp«(s)!-orbit of e-cuspidal unipotent characters of C?.(s) of f-central
defect via Jordan decomposition. Let a be character in this orbit. Then since C7.(s) is an
e-split Levi subgroup of CZ,.(s) by Lemma 4.1.11, (C’i*(s), a) is a unipotent e-cuspidal pair
for Cl.(s) of (-central defect. Therefore by Theorem 4.3.8 (b), (C’I‘:*(s),oz) labels a unipo-
tent block of Cg.(s), bca*(s)F(Co*(S),Q). We call the unipotent block bca*(s)F(Co*(S),Oé)
a Jordan correspondent of b r (L, X). Note that if Z(G) is connected then A corresponds to a
unique unipotent e-cuspidal character of C?, (s)", so the Jordan correspondent of bor (L, \)

is unique.

4.3.2 Results from Bonnafé-Rouquier and Bonnafé-Dat-Rouquier

In this section we will give some important results of Bonnafé-Rouquier and Bonnafé-Dat-
Rouquier which are used in Section 5.2. Recall that ef’F denotes the sum of the block

idempotents of the blocks in & (GF , s) for some semisimple ¢ element s € G*F.

Theorem 4.3.13 ([8, Théoreme B’]). Let G be a connected reductive algebraic group. Let

se G be a semisimple €' element, and let L* be an F-stable Levi subgroup of G* such that
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Cg(s)c L*. Let L be dual to L*. Then there ezists a Morita equivalence
OGF e ~y OLF el (4.4)

so the blocks of & (GF,S) are Morita equivalent to blocks in &(LF,S).

Let L* be the smallest F-stable Levi subgroup of G* containing Cg+(s). Then Theo-
rem 4.3.13 shows that blocks of GI" are Morita equivalent to quasi-isolated blocks of the fixed

points of Levi subgroups of G.

Remark 4.3.14. Note that it follows from Theorem 4.3.13 that in order to parametrise the
blocks of the finite groups of Lie type up to Morita equivalence, it is enough to parametrise the
quasi-isolated blocks. When Bonnafé- Rouquier published this result in 2003, the parametri-
sation of blocks of finite groups of Lie type for good ¢ had been completed by Cabanes and
Enguehard. Thus for a full parametrisation up to Morita equivalence, it only remained to
parametrise the quasi-isolated blocks of the finite groups of Lie type for bad ¢. This was done
by Kessar and Malle in [49] in 2013 with a case by case proof. We use their results extensively

in Section 5.2.2.

We now give an important refinement of Theorem 4.3.13, also from [8]. Suppose that we
are in the setting of Theorem 4.3.13 and that Cg+(s) = L* is a Levi subgroup of G*. Then L*
is F stable and s is central in L* so by [23, Proposition 13.30] there exists a linear character

Se Irr(LF ) such that tensoring by § defines a bijection
E(LF,1) — E(LF,s).

As discussed in [8, Section 11.5], the map given by I ~ 3(1)I for all I ¢ OL® is an automorphism

of OL¥ and it restricts to an isomorphism of O-algebras,
OLF el = OLF el
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By [8, Théoreme 11.8], this O-algebra isomorphism can be combined with Equation (4.4) to
give a Morita equivalence:

OGFeC" oy OLF M (4.5)

Thus if Cg+(s) is a Levi subgroup of G* then every block of & (G, s) is Morita equivalent
to a unipotent block of the fixed points of a Levi subgroup of G dual to Cg+(s).

Bonnafé, Dat and Rouquier extended the results of [8] in [6]. We now set up some notation
as in [6, Section 7]. Fix a semisimple ¢’ element s € G**. Let L* = Cg+ (2° (Cé*(s))) be the
minimal Levi subgroup of G* containing Cg.(s). Let N* = Cg+(s)F.L* and let L be dual
to L*. Define N to be the subgroup of Ng(L) containing L such that N/L corresponds to
N*/L* via the canonical isomorphism between Ng~(L*)/L* and Ng(L)/L.

Theorem 4.3.15 ([6, Theorem 7.7]). Let G be a connected reductive algebraic group. Let
se GF be a semisimple U element, and let L and N be as defined above. Then there exists
a Morita equivalence

OGFeE" ~) ONFeL”, (4.6)

LF

s are isolated.

Because of the minimality of L*, s is isolated in L* so the blocks in e
Thus Theorem 4.3.15 shows that every block of & (GF , 5) is Morita equivalent to a block of

a subgroup of G* which covers an isolated block of the fixed points of a Levi subgroup of G.

Recall the definition of the component group Ag+(s) = Cg+(s)/Cgqx(s). By [6, Section
7A], N¥/LF = N/L 2 N*/L* = (N*/L*)” | and therefore by the third isomorphism theorem,

NFJLE = Cge(5)7/Ce (5)F < (Car (8)/C2 (5)) = Age(5)". (4.7)

Suppose that Ag«(s)f is cyclic and C2.(s) = L* is a Levi subgroup of G*. Then by [6,

Example 7.9], ONT' e?F ~ ON¥ e{JF, so Equation (4.6) gives a Morita equivalence;

OGFeC" ) ONTF el (4.8)
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Therefore if Ag+(s)f is cyclic and C2,.(s) = L* is a Levi subgroup of G* then every block
of & (GF , s) is Morita equivalent to a block of a subgroup of G¥', which covers a unipotent

block of the fixed points of a Levi subgroup of G.
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Chapter 5

Morita Frobenius numbers of blocks

of finite groups of Lie type

5.1 Defining characteristic

Let G be a simple, simply-connected algebraic group defined over Fy, an algebraic closure
of the finite field of ¢ elements. Let ¢ be a power of ¢ and let F' : G - G be a Frobenius
morphism with respect to an F-structure with finite group of fixed points, GT'. Note that we
place no restriction on the type of Frobenius morphism here — F' can be split, twisted, or very
twisted as the methods of this section work in all cases. We start with the following result

from [42, Chapter 8] which is fundamental to our arguments.

Theorem 5.1.1 (Humphreys). G has ‘Z(GF)| £-blocks of maximal defect and a unique

block of defect 0 containing the Steinberg character.

From this theorem it follows that kG has ‘Z (GF )‘ + 1 blocks; the Steinberg block with
trivial defect, and ‘Z (GF )| many blocks whose defect groups are Sylow f-subgroups of G

We will use the next Theorem to calculate the Morita Frobenius numbers of these blocks.
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Theorem 5.1.2. Let B be a block of kGY with Galois conjugate o(B). Then there ex-
ists a group automorphism ¢ : GF' - GY such that for the induced k-algebra isomorphism

Q: kGF > kG, ¢(B) =0(B).

Proof. First suppose that ‘Z (GF )‘ < 2. Then it follows from Theorem 5.1.1 that G has at
most three /-blocks. At least two of the blocks contain rational valued characters — the prin-
cipal and Steinberg blocks — therefore o(B) = B for all £-blocks B of G by Proposition 2.2.5

(b). Hence the result follows in this case by letting ¢ be the identity map.

Now suppose that Z (GF ) ~ (), for some m > 2 coprime to £. We will determine the block
idempotents of the ¢-blocks explicitly and then construct a suitable ¢ by defining its action

on those block idempotents.

Let Z(GF) =(g). Then Z (GF) has m irreducible characters y; : Z(GF) — K, and for

each 0 <i<m—1, x; has an associated central primitive idempotent of KZ (GF ),

ei=— ) xlgg "

0<a<m-1

Since m is coprime to ¢ it is invertible in O, so ¢; € OGY. Let & be the image of ¢; in
kGY under the canonical quotient mapping OGY - kGF. Then {& ;7__%1 are the m block
idempotents for the ¢-blocks of kZ (GF)

Since kG has m+1 blocks, there are exactly m+1 primitive central idempotents in kG
Note that {&;} is a set of m central, but not necessarily primitive, idempotents of kGF. Thus
since they are GF_stable, precisely one €; is imprimitive in Z (kGF ). Since the trivial and
Steinberg characters of G both restrict to the trivial character on Z (GF ), it follows that
the block idempotent for the principal block of kZ (GF ) — €9, say — is imprimitive in kGE
and splits into the block idempotents for the principal and Steinberg blocks of kGY. The

remaining {¢;}7;! are block idempotents of kG*'.
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If B is either the principal or Steinberg block of G¥" then, as mentioned above, o(B) = B
so we can let ¢ be the identity map. For the other blocks, Galois conjugation acts on €; by

@)= Y NG e

0<a<m-1

If £=1 mod m then this action is trivial so again we can take ¢ = id. Thus assume from now
on that B is an ¢-block of G different from the principal and Steinberg blocks, with block
idempotent €; and that ¢ # 1 mod m. We will construct a suitable ¢ such that ¢(e;) = o(é&;).

Let Fy : G — G be an Fy-split Frobenius morphism of G and let T be an F-stable maximal
torus of G such that Fy(t) = t* for all ¢ € T (this is possible by [55, Theorem 16.5 and Example
22.6]). By [18, Proposition 3.6.8], Z(GF) = Z(G)". Since Z(G)" ¢ Z(G) and Z(G) is
contained in every maximal torus of G, it follows that Fy(z) = z¢ for every z € Z(GT).

Therefore,

Fé(éi):l > ><i(9“)1‘7e(5f“)=i > xi(gv)g ™™

0<asm-~-1 0<a<m-1
Let w be a primitive m-th root of unity such that y;(g%) = w' for 1 < a <m, let ¢ denote the
Euler totient function, and define ¢ by ¢ = (F,)*™ 1. Then

1 —_— m)-
Qp(éz) - Z (U.)m)g_é(b( )-1g
M p<a<m-1

and letting a’ = ¢¢0™~1q so that fa’ = (?0™)a = a mod m, it follows that

(p(éi):l > (W)g"“'“=l > xz'(g“')gg’“?ff(éi),

0<a’<m-1 ™M 0<a’<m-1

as required.

Since ¢ is a power of ¢, by examination of [55, Table 24.2] it is clear that ¢ + ‘Z (GF)‘ and
the only case that remains to consider is when Gl = Spin, (¢), with n > 4 even, ¢ odd, and
Z (GF ) ~ (9 x Cy. The irreducible characters of Cy x Cy are rational valued so the associated

central primitive idempotents of kZ (GF ) are stabilized by Galois conjugation. It follows that
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the central primitive idempotents of kG are also stabilized by Galois conjugation, so again,

we can let ¢ be the identity map. O

Corollary 5.1.3. Let Z be a central (possibly trivial) subgroup of G'' and suppose that B is
an (-block of G'|Z. Then frob (B) =mf (B) = 1.

Proof. First suppose that Z is trivial. Then by Theorem 5.1.2 there exists a group auto-
morphism ¢ : G - G such that for the induced k-algebra isomorphism ¢ : kG - kG
©(B) =o0(B). Then frob(B) =mf(B) =1 by Lemma 2.2.6.

Now suppose that Z is not trivial and B, an ¢-block of G¥ /Z, is dominated by an /-
block B of GI'. By above, mf(B) = 1. Since Z(GF) is an ¢'-group, by Lemma 2.1.10 (c)
LGB = k‘(GF/Z)B as k-algebras. Therefore frob(B) =frob(B) = 1 whence mf(B) =1. O

5.2 Non-defining characteristic

Throughout Section 5.2 let p and ¢ be different primes and let ¢ be a power of p. Let G be a
connected reductive algebraic group defined over Fp, an algebraic closure of the finite field of
p elements. Let F': G — G be a Frobenius morphism with respect to an I -structure which is
not very twisted, and let G denote the finite group of fixed points. Let e = eo(q), as defined
in Section 4.1.4.

Let 6 denote the automorphism of K defined in Section 2.2.1 and recall that & acts on

the irreducible characters of GI" by “x(g) = 6(x(g)) for all g e G| y ¢ Irr(GF).

Lemma 5.2.1. Let b=bgr(L,\) be the {-block of G containing the irreducible constituents
of ngp()\) for an e-Jordan quasi-central cuspidal pair (L, \) of G, as in Theorem 4.53.11 (a).
Suppose that X\ is rational valued. Then mf (bGF(L,)\)) = 1.

Proof. As discussed in Section 2.2.1 if A is rational valued then A = A. By the Deligne
Lusztig induction character formula (Equation (4.1)), since the Green functions are integer

valued ([23, Definition 12.1]), it therefore follows that ¢ (REQP()\)) =REp (ON) = RE L (N).
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Let x € Irr(b) be an irreducible constituent of REp (). Then ?x € Irr(o(b)), by Lemma
2.2.1 (b). On the other hand, % is an irreducible constituent of 7 (Rfp(N)) = REp (N),
by above, so 7 is also an irreducible character in b. It follows that o(b) = b and therefore

EGFb 2 kGFb® as k-algebras by Lemma 2.2.4, so frob(b) = 1, hence mf(b) = 1. O

5.2.1 Unipotent blocks

For Section 5.2.1 we will use the parametrisation of the unipotent blocks of finite groups of
Lie type given in Theorem 4.3.8. As in the theorem, we let b r (L, \) denote the unipotent
(-block of G’ containing the irreducible constituents of RS () for a unipotent e-cuspidal pair

(L, \) of G of central ¢-defect.

Lemma 5.2.2. Let b be a unipotent £-block of GT containing a unipotent e-cuspidal character
X € Irr(GF) of central ¢-defect. Suppose that ¢ is good for G and Z ([G, G]F) is an ¢ -group.

Then all characters in Irr(b) are e-cuspidal.

Proof. Let xo = X|[G cl” Since x is unipotent, it follows from results of Lusztig that xq is
irreducible (see for example [14, Proposition 3.1]). We have ‘GF‘E = ‘ZO (G)F‘e ‘[G, G]F‘g and
GF‘E =x(1)e ‘Z (GF)‘Z = xo(1), ‘Z (GF)|£, therefore

since  is of central ¢-defect,

@),

xo(1)¢ = ‘[GaG]F‘gm-
¢

(5.1)

The subgroup Z° (G)* [G, G]" is of index |Z° (&) n[G, G]F| in GF. Since Z2°(G)" n
[G,G]F Z([G7G]F), and by assumption, Z([G,G]F) is an ¢'-group, it follows that
7° (G)F[G,G]" is of ¢ index in GF and thus GF/Z° (G)F'[G, G]F is an ¢'-group.

Consider the natural map

z( & s a6l »afjze (@) [G,G]".
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This map has kernel Z(G)¥ n (Z°(G)F [G,G]F) = 7°(G)'n Z([G,G]F), therefore the
quotient Z(G)F/(Z"(G)F N Z([G,G]F)) is ¢/, since it is isomorphic to a subgroup of the
¢'-group G¥'/Z°(G)F[G,G]¥. By the third isomorphism theorem,

2(&)'1(z° (@) nz([6,617) = (2(6)" 122(&)") | ((2° (@) n z([6,G]")) 12> (&)").
Since (2°(&)"'n Z([G,G]")) is ¢, the quotient (2°(&)"'n Z([G,G]"))/2°(G)" is ¢,

and thus Z (G)" /2° (G) is also . Therefore |Z(G)F‘€ = ZO(G)F‘Z so it follows from
equation (5.1) that

(1) = |16, 617,

Thus by Theorem 2.1.6, o is in a block b of [G, G]F of defect 0.

Consider a character § € Irr(b). Since b covers b and Yq is the only character in b, 6
covers xo. By [20, Corollary 11.7], therefore 6 = nx for a uniquely determined character n
of Irr(GF/[G,G]F). Since [GF,GF] c [G,G]", GT/[G,G]" is abelian, so 7 is a linear
character.

By the e-cuspidality of y (see Definition 4.3.1), (X,RE (1)) = 0 for any proper e-split
Levi subgroup L of G and any 7 € Irr(LF ) Because 7 is linear, therefore (nx,nRE (1)) =
(0, RE(n7)) =0 for all 7 € Irr(LF). Let 7 = 7. Then 7 runs over Irr(LF) as 7 does, so
(0, Rf’(f')) =0 for all 7€ Irr(LF ) Therefore 6 is e-cuspidal, as required. O

Proposition 5.2.3. Let b=bgr(L,\) be a unipotent block of GY' for a unipotent e-cuspidal
pair (L, \) of G of central {-defect. Suppose that € is odd or G is of exceptional type. Then b
has a defect group P such that Z(L)éP 4P and P/Z(L){ is isomorphic to a Sylow ¢-subgroup
of Wer (L, X).

Proof. By the proof of [49, Theorem 7.12], since ¢ is odd or G is of exceptional type,

Cgr (Z (L) ) =L and G has the following inclusion of Brauer pairs

({1},8) 9 (Z(L) ,bpr (V) < (P, ),
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where by r () is the block of L containing A, f is a block of Cqr (P), (Z(L)F,bpr (X)) is self-
centralizing and (P, f) is maximal. Then it follows from [49, Lemma 2.1] that P/ (P nz (L)f)

=P/Z (L)f is isomorphic to a Sylow f-subgroup of
Ngr (Z(L)} bpr(N) [Cqr (Z(L)]) = Ngr (Z(L)] by r(N)) JLY = Wer (L, \),

as required. ]

Similar results to Proposition 5.2.3 can be obtained if ¢ =2 and G is of classical type but
these will not be needed here.

The next theorem shows that under certain conditions, we can apply a result of Puig
[61, Theorem 5.5] to a unipotent block b = bgr (L, ) to show that b is Morita equivalent to
a specific block of ONgr(L,\). This result will be used to calculate the Morita Frobenius
number of some unipotent blocks of Eg(q).

First we recall the following. Suppose M is a finite group with a normal ¢’-subgroup U,
and suppose that L ¥ M/U. Let p: M — L be the quotient map. Denote the O-linear
extension of y also by pu: OM — OL. For z € OL, let T denote an element of OM such that
w(Z) = x. If d is the principal block of OU, then Fong reduction yields the following inverse

(O-algebra isomorphisms,

OL — OMd
T —> Id

w(y) <~ v,

for all z € OL, y e OMd [38, Proposition 3.5].

Theorem 5.2.4. Let b = bgr(L,\) be a unipotent block of G for a unipotent e-cuspidal
pair (L, \) of G of central (-defect. Suppose that £ > 5, l|q—1, L is a proper Levi subgroup
of G and P = Z(L)f is a defect group of b. Let f =br(X\) be the block of OL" containing
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A. Then f is a block of ON or (L, \) with defect group P such that OGEb and ONgr(L,N)f

are Morita equivalent.

Proof. Since L is a 1-split Levi subgroup, L is contained in an F-stable parabolic subgroup
of G, M, say. Let U = R,(M), so M = UxL. We have M = U x LI, Then M /U 2 L
Let p: MY - LF be the quotient map. Let N = Ngr(L, ) and let ¢ be the block of kMF
that dominates f. We show that the hypotheses of [61, Theorem 5.5] are satisfied by MY N,
LY, cand f.

Because UY is an -group, ¢ dominates a unique block of OL by Lemma 2.1.10 (c), so
wu(c) = f. Let d be the principal block of OUY. Then it follows from the isomorphisms due
to Fong reduction mentioned above that ¢ = fd. Since d is central in OM?", therefore cf = c.
Since A is a 1-cuspidal unipotent character in f with central ¢-defect, Lemma 5.2.2 shows that
all the characters in f are 1-cuspidal. It then follows by arguments given in [61, 5.3] that
c(OGH)e = c¢(ON)e.

Next, since Nor(L,\) € Ngr (LF, \), N normalizes L' and therefore f. By the proof of
23, Corollary 1.18], Ng(L) nU = {1}. Therefore Ny;r(L,\) n U = {1}, so Ny;r(L,\) ¢ L
and thus L = Nyr (L, A) = NnM?Z. By [14, Proposition 2.2 (ii)], since £ > 5 and L is a proper
Levi subgroup of G, LY = Cgr (Z(L)f) = Cgr(P). Therefore f is a block of OC,r(P),
so Brp(f) = f where Brp denotes the Brauer homomorphism as defined in Section 2.1.6. It
follows that Brp(c) = Brp(df) = ﬁBrp(f) # 0, so all hypotheses of [61, Theorem 5.5 are
satisfied.

Recall that we have the following inclusion of Brauer pairs (1,b) < (P, f) from the proof
of Proposition 5.2.3. Therefore Brp(b)f = f. Since N/L, the relative Weyl group of (L, )
in GT', is an #'-group, [61, 5.5.4] implies that f is a block of ONgr (L, X\) with defect group
P, and ON f and OGFb are source algebra equivalent, and hence Morita equivalent by [63,
Theorem 38.2]. O

Theorem 5.2.5. Suppose that G is simple, simply-connected. Lete =ey(q). Letb=0bgr (L, \)
be a unipotent block of GY for a unipotent e-cuspidal pair (L, \) of G of central £-defect. Then
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(a) mf (b) <2 and
(b) mf (b) =1, except possibly in the following situations.
e G=Fg, L=¢2Fg, \=Eg[0°] (i=1,2), with{=2 and e =1

e G=Fs, L=0¢32Fg, \=2Fs[0"] (i=1,2), with =2 mod 3 and e =2

Proof. By [36, Table 1 and Proposition 5.6], the unipotent characters of classical finite groups
of Lie type (including ®D4(q)) are rational valued. Thus if G is of classical type, if L has all
classical components, or if A is rational valued, then mf(b) =1 by Proposition 2.2.5 (b) and
Lemma 5.2.1. It therefore only remains to consider the cases where G is of exceptional type,
L contains some component of exceptional type, and A is not rational valued. The following
table lists all the unipotent e-cuspidal pairs of central /-defect for these cases, identified using

[11, Appendix: Table 1], [26] and [18, Chapter 13]. The character labels are as in [18, Chapter

13].

G e (L, \) Is of ¢-central defect for
Gy | 1,2 (Ga, G2[0']) (%3
Fy | 1,2 (Fy, Fu[67]) (+3
Fy | 1,2 (Fy, Fy[+i])" (%2
Eg | 1,2 (Es, Es[07]) (+3
2Fs | 1,2 (®Es,%2E6[0']) 0+3
Br | 1 (Er, Br[£€])! 0#2
E; 2 (E7, ¢512,11) 5 (E7, $512,12) %2
Er | 1 (Es, Es[0']) (%3
Er | 2 (®Es,? E[0']) (%3
Es | 1,4 (Es, E[+6']) 0+2,3
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Fs | 1,2 (Es, Bs[i]) (%2
Es |1,2,4 (Es, Es[¢7]) 0+5
Es | 2,4 | (Egs Es[0],¢2.1),(Es, E6[0'], ¢2.2) (%5
(Es, Es[0], ¢1,0) , (Es, Es[0°], d16) ,
(Es, E6[0°], ¢1,3) , (Es, Es[0'], ¢1,37)
Ly 4 (Es, $4096,11) , (Es, $4006,26) 5 every £

(Es, ¢4096,12) , (E3, ¢1096,27) »
(E87 E7|::|:§7 1]) ) (E8a E7[i§7 5])

FEg 1 (Er, E7[££]) %2
Ex 2 (E7, ¢512,11) 5 (Fr, ¢512,12)i %2
Eg | 1 (Es, Es[0']) (+3
Fx 2 (®E¢,%Eq[0']) (+3

6 := exp(2mi/3), ¢ := exp(27i/5), £ == \/=q
*[26] omits this pair for £=3,e=2  7[26] writes E7[+(] instead of E;[+{] for £=2,e=1

1[26] writes E7[:!:£] instead of ¢512,11, ¢512712 for ¢ = 5, e=2

Suppose that £ is good for G. Then by inspection, the Sylow f-subgroups of W r (L, \)
are trivial so by Proposition 5.2.3, the defect groups of b are isomorphic to a Sylow £-subgroup
of Z (L)F. If L = G, then the Sylow f-subgroups of Z(L%") are trivial by inspection of [55,
Table 24.2]. By [18, Proposition 3.6.8], since L is connected reductive, Z(L)¥ = Z(LF),
therefore b has trivial defect and mf(b) = 1 by Proposition 2.2.5 (d). If L and G are such
that rk(G) = rk([L,L]) + 1, then dim(Z° (L)) = 1 by Lemma 4.1.1. The Sylow ¢-subgroups
of Z° (L)F are therefore isomorphic to subgroups of the multiplicative group G,,, so they are
cyclic. By [14, Proposition 2.2 (i)], since ¢ is good for G, Z(L)}" = Z°(L)F, therefore b has
cyclic defect so mf (b) =1 by Proposition 2.2.5 (d).
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Now suppose that ¢ is bad for G, that L = G. By inspection of the character degrees
given in [18, Chapter 13], we see that e-cuspidal characters A of GI" satisfy \(1), = |G, so
mf(b) =1 by Proposition 2.2.5 (c).

The remaining ¢-blocks will be handled on a case-by-case basis. First, suppose that G = Fj,
L = ¢2.Eg and X\ = Eg[0'] (i = 1,2) with £ > 5 and e = 1. Then by Theorem 5.2.4, kG¥'b
is Morita equivalent to kN f where N = Ngr (L,\) and f = byr()) is the block of kLY
containing X. Suppose that P is a defect group of kL f. Then since ¢ is odd and Wear(L,\) =
Dis is an ¢'-group, P is isomorphic to a Sylow ¢-subgroup of Z(L) by Proposition 5.2.3.
Since N normalizes L, P < N so kN f has normal defect. Then by [63, Theorem 45.12],
EN f is Morita equivalent to a twisted group algebra kq(P x Dy3), where o € H?(D19; k).
Since H?(Dy2;k*) = Oy, it follows from Lemma 2.2.7 that mf (ke (P % D12)) = 1. Whence,
mf(b) = 1.

Suppose now that G = Eg. If / =3 and L = ¢1.F7, A = E7[+£] and e = 1, or L = ¢1.Fr,
A = ¢512.11 Or ¢s12,12 and e = 2, then b has cyclic defect by [26, page 364]. If £ = 5 and
L=¢.E;, A= E7[2£] and e = 1, or L = ¢1.E7, XA = ¢512.11 Or ¢512,12 and e = 2, then the
relative Weyl group Wgr (L, X) = Sy has trivial Sylow ¢-subgroups, so by Proposition 5.2.3
the defect groups of b are isomorphic to a Sylow f-subgroup of Z(L)¥. Note that rk(G) =
rk([L,L]) + 1, so dim(Z° (L)) = 1 and the Sylow ¢-subgroups of Z°(L)!" are cyclic, as above.
Again, using [14, Proposition 2.2], Z(L)¥ = Z°(L)!", so b has cyclic defect and mf(b) = 1 by
Proposition 2.2.5 (d).

Suppose that G = Er, L = ¢1.E5(q), A = Eg[0°], (i = 1,2), with £ =2 and e = 1. Then b
has dihedral defect by [26, page 357]. Therefore by Proposition 2.2.5 (d), mf(b) = 1.

Finally, suppose that we are in one of the following cases: G = Eg, L = ¢3.Eg, A = FEg[60'],
(i=1,2), with /=2 and e=1; or G = Eg, L = ¢3.2Fg, \ = 2Eg[0'], (i = 1,2), with £ # 3 and
e = 2. From [36, Table 1] we know that the character field of A is Q(6) where 6 = exp(%).
Since ¢ # 3, 6 is an ¢'-root of unity so 6(0) = 8° (see Section 5.2.4). If £ = 1 mod 3, then
5(0) = 0 so °X = \. Therefore by the arguments of Lemma 5.2.1, mf(b) = 1. If £ = 2 mod 3,
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however, then 6(0) = §% # 6 so we cannot conclude that mf(b) = 1. Because 6%(0) = 6 = 6,

however, it follows that @°A = X, so mf (b) is at most 2. O

Corollary 5.2.6. Let G be as in Theorem 5.2.5 and suppose that GY has non trivial centre.
Let Z be a central subgroup of GI' and suppose that b is a block of k(GY |Z) dominated by a
unipotent block b of kGF. Then mf (l_)) =1.

Proof. Since G' has non trivial centre, G # Eg, therefore by the proof of Theorem 5.2.5,
either o(b) = b, or b has trivial, cyclic or dihedral defect.

First suppose that b is dominated by a unipotent block b of kGF such that o(b) =b. Then
by Lemma 2.2.2 (b), o (5) is also dominated by b. Since Z is central, it then follows from
parts (b) and (c) of Lemma 2.1.10 that o (b) = b. Therefore k:(GF/Z)B =z k(GF/Z) 5 as
k-algebras by Lemma 2.2.4, so frob(l_)) =1, hence mf(g) = 1.

Now suppose that b is dominated by a unipotent block b of kG! which has either trivial,
cyclic or dihedral defect. Then by [57, Ch.5, Theorem 8.7 (ii)], the defect groups of b are also
either trivial, cyclic or dihedral. Therefore mf (l_a) =1 by Proposition 2.2.5 (d). O

5.2.2 Quasi-isolated blocks

For the rest of Section 5.2 we fix a pair (G*, F') which is dual to (G, F) as in Definition 4.1.9,
and we fix a regular embedding i : G - G as in Definition 4.2.9. Recall that an element

s € G* is quasi-isolated if there does not exist a proper Levi subgroup L* of G* such that

CG*(S) c L*.

Lemma 5.2.7. Let s € G*F' be a semisimple element such that the components of Cg=(s) are
all of classical type and suppose that Z( G) is connected. Then every x € € ( GF, s) s uniquely

determined by its uniform projection.

Proof. Since G is a reductive algebraic group with connected centre, Cg+(s) is a connected
group for any semisimple element s ¢ G*¥" [23, Lemma 13.14 (iii)]. By assumption, Cg+(s)

has only classical components, so by results of Lusztig (see [15, Theorem 15.8]), the unipotent
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characters of Cg+(s)% are uniquely determined by their uniform projection. Thus by Jordan
decomposition, Theorem 4.2.8, each x € £ (GF ,s) is uniquely determined by its uniform

projection. O

The next two results use the notation of Section 4.2.2.

Lemma 5.2.8. Suppose that (Tl,gl) , (Tg,ag) eV (é,F) are geometrically conjugate pairs.
Let ¢ : K - K be a field automorphism, and for i € {1,2} define an action of ¢ on 6; by
20:(t) = o(0;(t)) for all t e 7{ Suppose that there exists a linear character n e Irr(ap/ GF)

such that 90, = §1n\Tp. Then “0 = §277|~TF~
1 2

Proof. By Lemma 4.2.3, since (Tl, 51) and (Tg,ag) are geometrically conjugate, there exists

neNand ge éFn such that T = gT2g ! and for all z € Ty,

52 (NFH/F(fL‘)) = 51 (NFn/F(QJCg_l))
where, for i € {1,2}, Npn/p : T; - T; is the norm map sending t ~ tF(t)... F"(t) for all
te Tz

. . ~F ~F" . . . ~F ~ " n .
The inclusion G = G induces an inclusion G /G - G /G, Therefore, since

el /G is an abelian group, 7 : éF/GF — C* extends to a linear character 7 : G~ /G - ¢~

~F
We can view 7 as a character of G .
~ ™ ~F
Let x € Ty . Then for any he G ,
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Mg (Npn/p(hah™)) =4 (Npajp(hzh™)) by definition of 7
=) (hah™ ' F(hzh™)...F"(hah™")) by definition of Npn,p
= )(h)i ()~ )A(E (R)i(F(2))i(F(h™))...

AE N (R)AFEH(2)A(F" (h™Y))  since /) and F are homomorphisms

= i(@)A(F(z))...a(F" (2))

=i (zF(x)...F" (z))

=) (Npn/r(z)) by definition of Npn/p
=1l (Npojp(a))  since Npwjp(a) € Ty

~ F"n

Then for any x € T,

205 (Npnyp(2)) = ¢ (02 (Npnyp(2)))
= (0 (Npnyr(gzg™)))
~Finlgr (Newe(gng™)) by assumption
=01 (Npajr(gzg™")) nlgr (Npnyr(geg™))
= 0, (NFn/F(a:))ng (Ngnjp(x)) by above

= 5277|T5 (Npnjp ().

~F" ~F
Since the norm map restricts to a surjection Npn/p: Ty — Ty by Lemma 4.2.2, therefore

€0, = §2n|T§ as required. O

Proposition 5.2.9. Let s € G*F' be a semisimple ¢' element of order m such that the com-
ponents of Ca+(s) are all of classical type. Let b € Sg(GF,S) be an (-block of G¥'. Then

mf (b) < p(m) where ¢ is the Euler totient function.
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Proof. Let x € Irr(b) n € (GF,s) and let (T, ) € V(G, F,[s]) be such that x is an irreducible
constituent of RG(#). Let T = T.Z(G) and let 3 € G*" be such that i*(8) = s. Then by
Lemma 4.2.12 (b), there exists an irreducible character fe Irr(TF) extending 6, so §|TF =0
and (T,0) € V(G,F,[5]). It follows that there exists a character 1 € Irr(éF) which is an

irreducible constituent of Rg(@v), such that x is an irreducible constituent of 9|5r.

Let n = ¢(m). Since o(s) =m and (T, ) € V(G, F,[s]), it follows from [23, Proposition
13.11] that o(#) = m. Hence °" 6 = . We claim that there exists a linear character 7 € Irr(ép)
such that "¢ = ¢n.

As "0 = 0 is an irreducible component of &anF, it follows from [43, Lemma 3.1] that
g = 577 for some irreducible character 7 € Irr(T‘F / TF ) Since 'T‘F /TF is abelian, 7 is a linear
character, and since ’TF/TF = éF/GF (see the proof of [5, Corollaire 2.7]) we can view 7
as a character of G . Thus ®"9 = §n|,f‘p for a linear character n € Irr(éF). It follows from
Lemma 5.2.8 that for any pair (AS',’y) ev (é,F, [5]), "y = ”777|§F. Recall that since Z(G) is

connected, geometric conjugacy is the same as rational conjugacy for G.

Let (S,9) e V(G, F). Then

G 0 if (S,5 G, F,[3]),
Wﬁg(’i)){ o ( WV( [s])
(7 ¥, Rg (9°%)) otherwise,

(7", Rg (717|§F)) otherwise.

Since (7", RS (Fnlgr)) = 0 if 7" ¢ RS (Fnlgr), and this holds if (8,7) ¢ V(G, F,[3)), it
follows that (1), RS (7)) = (%", RS (Fnlgr)) for every (8,7) € V(G, F).

On the other hand, 7 is a linear character so for every (g,ﬁ) eV (G, F),

(0, RS () = (v, (RS () n) = (wn, RS (Fnlgr)),
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and therefore

(7", RS (Fnlgr)) = (¥, RS (Fnlgr)).

Thus %" and 11 have the same uniform projection. Since Z (GF) is connected and all

components of C’ém (8) are of classical type by assumption, it follows from Lemma 5.2.7 that

=y

Recall that x is an irreducible component of 9|r. Now since &n¢|GF = (Yn)|gr = YlgrF,
it follows that "y is also an irreducible component of Y|gr. Thus by Clifford theory [44,
Theorem 6.2], x and 7"y are éF—conjugate, and therefore b and 6"(b) are éF—conjugate.
This action restricts to an automorphism of OG! sending b to 6™(b), so OG b= OG5 (b).
Therefore mf(b) <n =@(m). O

Theorem 5.2.10. Let G be simple and simply connected. Let s € G*F be a quasi-isolated
semisimple ' element such that the components of Cg+(s) are all of classical type. Let b €
Sg(GF,s) be a block of GE. Then if G is of type B, mf (b) = 1; if G is of type C, D, G,
Fy, Es, 2Eg or Er, then mf (b) <2; and if G is of type Eg then mf (b) < 4.

Proof. The orders and centralizers of the quasi-isolated elements of finite groups of Lie type
are given in [4, Table 3] and [49, Table 1]. The result therefore follows directly from Proposi-
tion 5.2.9.
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Type o(s) € p(o(s)) <
B (1,2} 1
C {1,2,4} 2
D {1,2,4} 2
G {1,2,3} 2
Fy {1,2,3} 2
Es | {1,2,3,6} 2
E: | {1,2,3,6} 2
Es | {1,2,3,5,6} 4

O]

The remaining quasi-isolated blocks not covered by Theorem 5.2.10 are blocks of F7 and

Es. We need the following two results.

Lemma 5.2.11. Suppose that s is a semisimple ¢’ element of G*Y of order m and b €

) (GF, s). Let n = p(m) where ¢ denotes the Euler totient function. Then o™(b) € & (GF, s).

Proof. Let x € Irr(b) n & (GF ) s) where s is a semisimple ¢’ element of G*' of order m and
let n = @(m). Then 7"y € Irr(¢™(b)) and there exists a pair (T,6) € V(G, F, (s)) such that
x € R$(0) and %"y € RE(°"0). Since s has order m, so does 0, so Q(f) = Q[w] for w a
primitive mth root of unity, and therefore "0 = 0. Thus 7 y € R%(@) so o™(b) € & (GF, s)

as required. ]

In the next Lemma we use the general parametrisation of blocks of G from Theo-
rem 4.3.11 (d), and let bgr(L,\) denote the block of G* containing the irreducible com-

ponents of R&P(}\) for an e-Jordan quasi-central cuspidal pair (L, \) of G.
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Lemma 5.2.12. Let G be an exceptional group with connected centre. Let £ >3 and let s be
a quasi-isolated semisimple ¢ element of G**'. Let B = Bgr(L,\) and B' = Bgr(L',\') be
blocks of &, (GF, s), and let a (respectively o) denote the e-cuspidal unipotent character of
Cg(8)F corresponding to X (respectively N') by Jordan decomposition, Theorem 4.2.8. Then
if B is Galois conjugate to B', a(1) = a'(1).

Proof. By [15, Theorem 4.2] and [50] since G is of exceptional type and s is quasi-isolated,
e-Jordan quasi-central cuspidality is equivalent to e-cuspidality for (L,\) and (L', \") (see
[50, Remark 2.2]). Therefore, since £ > 3, (L', \') is the unique e-cuspidal pair of G up to G-
conjugacy such that B’ contains the irreducible constituents of RSQP,()\’), by Theorem 4.3.11
(d).

Suppose that B and B’ are Galois conjugate, so B’ = ¢"(B) for some positive integer n.
Then B’ contains the irreducible components of &H(ngp ()\)) = R&P (&n)\). As (L, ) is an
e-cuspidal pair, (L,%"\) is also an e-cuspidal pair. Thus (L,%")) is G-conjugate to (L', \").
It follows that A'(1) = °"A(1) = A(1). By the degree formula for Jordan decomposition,
Theorem 4.2.8, therefore a(1) = a’(1). O

Remark 5.2.13. In the following propositions the Morita Frobenius number of certain blocks
can be obtained by applying Ennola duality to other blocks. This is done by formally changing
q to —q. See [11, Section 3A] for more details.

Proposition 5.2.14. Let G be a simple, simply connected algebraic group of type Eg. Let
se G*F be a quasi-isolated semisimple ' element such that the components of Cg+(s) are not
all of classical type. Let B € Sg(GF,s) be an L-block of GF'. If o(s) =2 then mf (B) <2 and
if o(s) =3 then mf (B) < 4.

Proof. By [49, Table 1], we need to consider the following cases:

101



o(s) | Ca(s)

2 E7 X A1
3 EG X A2
3 2E6 X 2A2

Our strategy is the following. If a block B has cyclic defect, then mf(B) =1 by Proposi-
tion 2.2.5 (d). If B has defect group different from the defect groups of all the other blocks
of & (GF,S), then B is not Galois conjugate to any other block in £g(GF,s). We there-
fore restrict our attention to the blocks of & (GF , s) of non-cyclic, non-unique defect within
& (GF ,s) and, for each & (GF ,s), we calculate the largest possible size of a collection of
Galois conjugate blocks of non-cyclic defect in & (GF , s). Using Lemma 5.2.11, this allows

us to determine upper bounds on the Morita Frobenius numbers of the blocks in &, (GF , s).

First suppose that ¢ is bad for G (i.e. ¢ < 5). Then the blocks of & (GF,S) are given
in [49, Section 6] along with information about their defects. In the table below we list the
blocks of & (GF , s) which do not have cyclic defect, and do not have unique defect within
) (GF ) s). Each row contains blocks corresponding to the pairs (L, A) in the bijection given
in [49, Theorem 1.2 (a)]. As in the tables in [49], instead of giving A, we give the unipotent
character a of Cg*(s)F which corresponds to A by Jordan decomposition, Theorem 4.2.8.
Note that the a’s given in rows 3, 4 and 5 of the table for ¢ = 5 are identified using [11,
Appendix: Table 1].
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Row | £ | e| Cg+(s)F LY o Wegr(L,\)

1 | 2] 1] Eg(q)A2(q) | ®3(q)Es(q) Eg[0'] (i=1,2) Ay
2 | 21| %E(q)%A2(q) | ®1(q)E7(q) *Eg[0'] (i=1,2) Ay
1 |51 Eg(q)A2(q) | ®3(q)Es(q) Eg[0] (i=1,2) Ay
2 |5| 1| E:q)Ai(q) | ®2(q)Es(q) Es[0] (i=1,2) Ay x A
1’®1,1°® ¢
3 |54 Ei(q)Ai(q) | 23(q)Da(q) Gy
¢?1 ®1, ¢i131 ® ¢11
12 1,12
1 54| B | @i | ORI G
1¢%1 ®1, 1¢%1 ® P11
1e1,1
5 150 4| B(@)ds(a) | ¥ia)Dila) oLl G
1® ¢111

When ¢ = 2, rows 1 and 2 contain pairs of blocks which could be Galois conjugate pairs.
When ¢ = 3 all blocks have cyclic defect, or unique defect within & (GF , s). When £ =5 rows 1
and 2 both contain pairs of blocks which could be Galois conjugate pairs. Rows 3 and 4 contain
blocks of equal non-cyclic defect. Let B be a block from row 3 or 4 and let P denote the defect
group of B. Since P is abelian, Lemma 2.2.3 shows that N (P, B)/G! = N(P,0(B))/G! and
therefore B and o(B) have the same relative Weyl group. Thus blocks in row 3 are not
Galois conjugate to blocks in row 4. Within row 3, all blocks correspond to an « of unique
degree, therefore by Lemma 5.2.12 row 3 contains no Galois conjugate blocks. In row 4 there
is one pair of blocks which could be Galois conjugate. In row 5 each a has unique degree
so again by Lemma 5.2.12, there are no Galois conjugate blocks. The results for e = 2 are
analogous to e = 1, obtained by applying Ennola duality. Therefore for bad ¢, for any e, a
block B € & (GF , s) of non-cyclic defect is Galois conjugate to at most one other block in

& (G",s). Thus by Lemma 5.2.11, mf(B) <2 if o(s) = 2 and mf(B) <4 if o(s) = 3.
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Now suppose that ¢ is good for G. Since

|FEs(q)] = " 03051 DE DG D7 D Do DT BTy P14 D15 PogPoy P3p,

we need to comnsider e = 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 12, 14, 18, 20, 24, 15 and 30. When
e=7,9,14, 18, 20, 24 or 30, ®, only divides |G’| once, so by Lemma 4.1.12, the defect

groups of all blocks are cyclic and therefore the Morita Frobenius number of every block is 1

by Proposition 2.2.5 (d). Hence it only remains to consider the cases when e =1, 2, 3, 4, 5, 6,

8, 10 and 12.

When e = 1,2,4 the e-Jordan quasi-central cuspidal pairs labelling B € & (GF ,s) are

given in [49] and we calculate the defects using [15, Lemma 4.16]. The following table lists

the blocks of & (GF , s) which do not have cyclic defect, and do not have unique defect within

E (GF, s).
Row Ca+ ()T LY o Wegr(L,\)
1 Es(q9)A2(q) | ®3(q)Es(q) Egl07] (i=1,2) Ay
2 E7(9)A1(q) | 3(q)Es(q) Eg[6'] (i=1,2) Ay x Ay
181,18
3| 4| B(@)As(a) | 92(a)Da(a) = Gy
1® o111
Pel1,1°®
1| Ba) | #@Dig | S e s
11 ®1,07, ® d11
12 1,12
54| BAie) | B@Da(g) | | OO g 1)

193, ® 1,163 ® ¢11

The case e = 2 can again be obtained from e = 1 using Ennola duality. Following the same

arguments as for bad ¢, we find that for good ¢, when e=1,2 or 4, a block B €&, (GF,S) of

non-cyclic defect is Galois conjugate to at most one other block in & (GF ) s). Therefore by

Lemma 5.2.11, mf(B) <2 if o(s) =2 and mf(B) <4 if o(s) = 3.
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For the remaining e’s for good ¢, the e-Jordan quasi-central cuspidal pairs corresponding to
B are not explicitly listed in [49] so instead we look at properties of the Jordan correspondent
block as defined in Definition 4.3.12. Let B € & (G',s) and let b = beg. (s)F (Cp+(8), ) be
the Jordan correspondent of B. By [15, Proposition 5.1], the defect groups of B and b are
isomorphic. Suppose that e =5, 8, 10 or 12. Then ®, divides the order of Cg«(s)¥ at most
once so by Lemma 4.1.12, b has cyclic defect and hence so does B. Thus it only remains to
consider when e = 3 or 6. Since these are Ennola dual, it is enough to just consider e = 3, and
the results will hold analogously for e = 6.

The following table lists the unipotent 3-cuspidal pairs of Cgx(s)f for each of the three
cases we need to consider. These are identified by finding the 3-cuspidal unipotent pairs for
each of the components of Cg+(s)! (using [11, Appendix: Table 1] and [18, Section 13.9]),
and then applying [27, Proposition 2.1.5 (b)]. We let T5(G) denote a 3-split maximal torus

of G. The defects are calculated using Proposition 5.2.3.

Row Ca+(s)F ‘ (Cr+(s),) Wir(Crx(s), @) ‘ Defect

(25.41(g), 1 ®1)

3 e
1 E7(q)A1(q) { G { 1+log; ((®3),) if£=7

(®3.41(9),1® ¢11) log, ((®3),) o/w
{ (2195°Da(q)-A1(q),°Da[-1] @ 1)
(@193°Da(q).A1(q), *Da[-1] ® ¢11)
(©3.45(q)-A1(q), P42 ® 1)
5 | E@aw (92:4s(0)- A1), 9128 61 Zs log, ((24),)
(P3.45(q)-A1(q), P2211 ® 1)
(©3.45(9)-A1(q), P2211 ® P11)

4 E7(q)A1(q) { (Er(9)-A1(9), 10 chars@ 1) 1 Trivial

2 E7(9)A1(q) Zg log, ((®3),)

(E7(q).A1(q), 10 chars ® ¢11)

5 Es(q)A2(q) (Ts (E6) (9)-T5 (A2) (9),1) Gas x Zs log, ((®3),)
6 Es(q)A2(q) (®5°Da(q)-T5 (A2) (q),°Da[-1]) Z3 x Zs3 log, ((93),)
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(E6(q).T5 (A2) (9); ¢s1,6)
7 Es(q)A2(q) (Es(q).T5 (A2) (q), ds1,10) Z3 log, ((@3)2)
(Es(q)-T5 (A2) (), $90.8)

(T3 (Es) (9)-242(9),1©1)
8 | 2Es(q)*As(q) (T5 (%E6) (q)-245(), 1 ® 621 ) Gos log, ((#2),)
(75 (°Es) (9)-*A2(q), 1 ® ¢111)
(*Es(q)-*A2(q),9 chars® 1)
9 *Es(q)* A2(q) (ZEG(q),2Ag(q)7 9 chars ® ¢21) 1 Trivial
(2E6(q).2A2(q)7 9 chars ® (;5111)

If Be& (GF, s) has a Jordan correspondent b contained in row 2, 3, 4, 7, or 9, then b
has cyclic defect, so B has cyclic defect and thus mf(B) =1. If b is in row 5 or 6 then b has
unique defect within & (Cgx(s)¥,1) so B has unique defect within & (GF , s) and therefore
is not Galois conjugate to any other block in & (GF, s). Finally, if b is in row 1 or 8 then «
has unique degree within the blocks of £(Cg+(s)"',1) of defect equal to the defect of b. Thus
by Lemma 5.2.12, B is not Galois conjugate to any other block in & (GF , s). Therefore every
block B € & (GF ) s) of non-cyclic defect is fixed by Galois conjugation, so by Lemma 5.2.11,
mf(B) =11if o(s) =2 and mf(B) <2 if o(s) = 3. O

Proposition 5.2.15. Let G be a simple, simply connected algebraic group of type E7. Let
se G be a quasi-isolated semisimple (' element such that the components of Ca+(s) are not

all of classical type. Let B € & (GF,S) be an (-block of GF'. Then mf (B) < 2.

Proof. We follow the same strategy as in Proposition 5.2.14. The cases to consider are the

following.

o(s) | Components of Cg+(s)

3 Eg

3 ’FEs
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Note that since Z(G) is not connected, a block B of G¥" has multiple Jordan correspondent
blocks. However, [15, Proposition 5.1] still applies in this case, so the defect of B is equal to
the defect of b where b is any Jordan correspondent of B.

First suppose £ is bad for G. Then by [49, Table 4], every block B € & (GF ) s) either has
cyclic defect, or has unique defect within &, (GF , s).

Now suppose £ is good for G. By checking which ®.’s divide |G”| and |Cg+(s)F| more
than once, it follows that we only need to consider e = 1, 2, 3, 4 or 6. By [49, Table 4] and
[15, Lemma 4.16], when e = 1 or 2, every block B € & (GF, s) either has cyclic defect, or has
unique defect within & (GF ) s). For e = 3 and 4, we identify the unipotent e-cuspidal pairs
of Cg+(s)!" explicitly from [11, Appendix: Table 1] and [18, Section 13.9]. Again, T.(G)

denotes an e-split maximal torus of G.

Row | Cg+(s)F | e (Cr+(8), ) Wir(CL+(s),a) Defect
1| @1.Ee(q) | 3| (®1.73(Es) (),1) Gias { 1+ logs ((23);) if ¢ =5
logg((fﬁg)e) o/w
2 | ®1.E6(q) | 3| (®195°Da(q),?D4[-1]) Z3 log, ((®3),)
(®1.E6(q), ¢s1,6)
3 ®1.Fs(q) | 3 (®1.E6(q), ¢s1.10) 1 Trivial

(®1.E6(q), $90,8)

2 : _
1| ®1Ee(q) | 4 (@393,1) Gs { 1+ logs (1)) i £=5
log[((qﬁ)g) o/w
2 | ®1Es(q) | 4| (P7P4A3(q), d22) Zy log, ((®4),)
3 ®1.Fg(q) | 4| (P1Fs(q),10 chars) 1 Trivial
1+logs ((®3),) if =5
1 | ®.%E 3 O, T3 (°E .1 G 5
2.-°E6(q) ( 2 3( 6) (q) ) 25 { 10gg(((b§)£) o/

2 | ®.%E54(q) | 3 (©2%E6(q),9 chars) 1 Trivial
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1+1 ®3).) if (=5
1 (1)2.2E6(q) 4 ((I)QT4 (2E6) (q), 1) G25 °85 (( 24)5) '
log, (((I)4)Z) o/w
2 | ©27B6(q) | 4| (230443(q), 022) Zy log, ((®4),)
3 | ®2.%F6(q) | 4| (®2°Es(g),10 chars) 1 Trivial

By examination of the defects in column 6, when £ is good for G and e = 3 or 4, every
block B € & (GF ,8) either has cyclic defect, or has unique defect within &, (GF ,8). The
results for e = 6 are analogous to those for e = 3 by Ennola duality.

Therefore for any ¢ and any e, every block B € & (GF , s) either has cyclic defect, or has
unique defect within & (G, s), so since o(s) = 3, mf(B) <2 by Lemma 5.2.11. O

5.2.3 Cg.(s) is a Levi subgroup of G* and Ag+(s)" is cyclic

Proposition 5.2.16. Let s € G*F' be a semisimple ' element such that Cgn(s) is a Levi
subgroup of G* and Ag+(s)T is cyclic. Let B € gg(GF,S) be an £-block of G¥'. Let m > 1
be the minimum positive integer such that o™ (c") = ¢’ for all unipotent blocks ¢’ of C%.(s).

Then mf (B) <m.

Proof. Let L™ = CZ.(s). Since L is an F-stable Levi subgroup of G, there exists an F-
stable Levi subgroup L of G in duality with L*. By equivalence (4.6) there exists an ¢-block
b of a subgroup N¥' of G such that b is Morita equivalent to B, and b covers an ¢-block ¢ of
LT in &(LY,s).

Since s is central in L*Y, there exists an NZ-stable linear character § e Irr(LF ) such that
for every x € Irr(c), x = §¢ for a uniquely determined unipotent character v € Irr(LF ), by
[23, Proposition 13.30, (ii)]. Therefore ¢ = §¢’ for a uniquely determined unipotent block ¢’ of
LY. Now o(c) = %(8)o(c’) and by assumption, ¢™(¢’) = ¢/. Therefore 6™ (c) = 7" (5)¢’. Let
£€=7"(38)5"". Then ¢ is a linear and N¥-stable character of L and o™ (c) = éc.

Since N¥'/L¥ < Ag+(s)" by equation (4.7), Ag+(s)¥ is cyclic by assumption, and & is N*'-
stable, it follows from [44, Corollary 11.22] that £ extends to a linear character e Irr(NF )
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Therefore b and o™ (b) both cover 0™ (c). Hence, since N¥' /L is abelian, ONF (6™ (b)) =
ONTF (éb) = ONT'b by Lemma 2.1.9. Therefore mf(B) = mf(b) < m. O

Theorem 5.2.17. Let G be a simple, simply connected algebraic group. Let s € G*F' be a
semisimple £ element such that Cg.(s) is a Levi subgroup of G* and Ag(s)F is cyclic. Let
Be& (G’F,s) be an £-block of G¥'. If G is of type E7 or Es then mf (B) <2 and in all other
cases mf (B) =1.

Proof. First suppose that G is of type E7 or Eg and let L be a proper Levi subgroup of G.
Suppose x € (LY, 1). Then by examining the character fields of the unipotent characters in
[36, Table 1], we see that &2x(g) = x(g) for all g e L¥. Therefore 0%(c) = ¢ for any unipotent
block of L and thus mf(B) < 2 by Proposition 5.2.16. If G is of any other type, then any
proper Levi subgroup of G has all classical components and therefore o(¢) = ¢ for all unipotent

blocks ¢ of proper Levi subgroups of G. Therefore mf(B) =1 by Proposition 5.2.16. O

Theorem 5.2.18. The Rationality Congecture (Congecture 2.3.4) holds for the blocks of the

finite groups of Lie type of type A.

Proof. Intype A, C2,.(s) is a Levi subgroup of G* [17] and Ag+(s)¥ is cyclic for any semisim-
ple s € G*¥'. The result follows therefore from Theorem 5.2.17. O

Theorem 5.2.19. Let Gy = {SL,(q) : n e N,q=p* for some prime p # ¢ and some a € N}, and
let Go = {SU,(q): neN,q=p® for some prime p # £ and some a € N such that £ + ¢**** + 1

V seN}. Then Donovan’s conjecture holds for thel-blocks of groups in Gi and Go.

Proof. By Theorem 2.3.5, Donovan’s conjecture holds if and only if both Weak Donovan’s
conjecture, Conjecture 2.3.2, and the Rationality conjecture, Conjecture 2.3.4, hold. The
Rationality conjecture holds for the blocks of groups in G; and Go by Theorem 5.2.18. Weak
Donovan’s conjecture holds for the blocks of groups in G; and G» by Theorem 2.3.3. O
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5.2.4 C(Cg+(s) is connected, s not isolated

Proposition 5.2.20. Let G be a simple, simply conected algebraic group. Let s € G*F be a
semisimple ¢’ element which is not isolated in G* such that Cg+(s) is connected and Cg+(s)
is not a Levi subgroup of G*. Let B € & (GF, s). Let m be the mazximal order of an isolated
semisimple £' element in a component of a proper Levi subgroup of G* not of type A. Let ¢

be the Euler totient function. Then mf (B) < p(m).

Proof. Let L™ be the minimal proper Levi subgroup of G* such that Cg+(s) ¢ L™ and let
L be the dual group of L*. By Theorem 4.3.13, B is Morita equivalent to an isolated block
be E(LY,s). Suppose that all the components of L* are of type A. Then s is central in L* so
Cg+(s) = L, which contradicts our assumption that Cg+(s) is not a Levi subgroup of G*.
We can therefore assume that L™ contains precisely one component not of type A. Thus since
[L,L] is simply connected by [55, Proposition 12.14], without loss of generality we can let
[L,L]=M; x---x M, x M where M; is of type A for i =1,...,r, and M is of the same type
as G if G is classical, M is of type D if G is of type Eg or 2Eg, M is of type D or Eg if G is
of type Er, and M is of type D, Fg or E; if G is of type Es.

Let i1 : G = G be a regular embedding as in Definition 4.2.9, and let L = Z(G)L. Define
ig : L > L to be the inclusion map, and i3 := iolLy ¢ [L, L] — L to be the restriction of
io to [L,L]. Then iy and i3 are regular embeddings of L and [L, L] respectively. Define a
morphism ¢* : L* - [L,L]* by

i () = i3(%),
for all z € L*, where # denotes an element of L such that i5(Z) = x. Then ¢* is well defined:
suppose that #; and Z, are elements in L such that i5(Z1) = i5(Z2). Then there exists a
z € ker 45 such that & = 22y, and therefore i5(Z1) = i3(Z2).
Let 5 =1*(s) denote the image of s in [L,L]*. Then 5= (1,...,1,t) where ¢ is an element

of M*, a group dual to M and o(S) = o(t). It follows from [4, Proposition 2.3] that since s
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is isolated, 5, and therefore ¢, are also isolated. Let c € & ([L,L]F , §) be a block of [L, L]

covered by b.

The components of Cyy+ () are all of classical type by [4, Section 5B]. Therefore Ciy, ,1+(5)
has all classical components, so by the proof of Proposition 5.2.9, ¢"(¢) = % for some x €
L. Then % and o"™(b) both cover o”(c) so, since LY/[L,L]¥ is abelian, it follows from
Lemma 2.1.9 that OLYb = OLY% =~ OLY 6" (b). Therefore mf(b) < p(m), whence mf(B)
< ¢(m) as required. O

Theorem 5.2.21. Let G be a simple, simply connected algebraic group. Let s € G be
a semisimple €' element which is not isolated in G*, such that Cg+(s) is connected. Let
B« &(GF,S). Then if G is type E7 or Es, mf (B) < 2 and if G is of any other type,
mf (B) =1.

Proof. First suppose that Cg+(s) is a Levi subgroup of G*. By assumption, s is not isolated
so Cg+(s) is a proper subgroup of G*. By equivalence (4.5), B is Morita equivalent to a
unipotent block b € £(Cqgx(s)F,1). It then follows from examination of the character fields
of unipotent characters given in [36, Table 1] that o2(b) = b if G is of type E; or Eg, and
o(b) = b if G is of any other type. Thus if G is of type E;7 or Eg, mf(b) <2 so mf(B) <2
and if G is of any other type, mf(b) = mf(B) = 1.

Now suppose that Cg+(s) is not a Levi subgroup of G*. By Proposition 5.2.20, therefore
mf(B) < ¢(m) where m is the maximal order of an isolated semisimple ¢’ element in a
component of a proper Levi subgroup of G* not of type A, and ¢ is the Euler totient function.

By [4, Section 5B], if G is of type E; or Eg then the maximal order of an isolated semisimple
¢" element in a component of a proper Levi subgroup of G* not of type A is 4. Therefore
mf(B) < p(m) < 2. If G is not of type E; or Eg then the maximal order of an isolated
semisimple ¢’ element in a component of a proper Levi subgroup of G* not of type A is 2.

Therefore mf(B) < p(m) = 1. O
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5.3 Ree and Suzuki groups

Theorem 5.3.1. Let G be a simple, simply connected algebraic group defined over Fp. Let
F: G- G be a very twisted Frobenius morphism with respect to an IFq-structure for g some
power of p, and let GI' be the associated finite Suzuki or Ree group. Let b be an £-block of
G Ifp+( and GF is a large Ree group, then assume that b is unipotent. Then mf (b) =1.

Proof. First let GI" = 2B5(¢?) (¢ = 22™*1) be a Suzuki group. If £ = 2 then mf(b) = 1
by Corollary 5.1.3. Suppose that £ # 2. The subgroups of G of odd order are cyclic [62,
Theorem 9], so b has cyclic defect and therefore mf(b) = 1 by Proposition 2.2.5 (d).

Next let G = 2G5(¢?) (¢% = 3*™*!) be a small Ree group and let b be a 2-block of G The
Sylow 2-subgroups of G!" are elementary abelian of order 8 and [64, I. 8] shows that the only
2-block of G of full defect is the principal block, which contains the rational valued trivial
character. If b is not the principal block, then the defect groups of b are proper subgroups
of an elementary abelian group of order 8, so b either has Klein-4 or cyclic defect. Therefore

mf(b) =1 by Proposition 2.2.5 (b) and (d). If £ =3 then mf(b) =1 by Corollary 5.1.3.

Now let G be a small Ree group and £ > 5, and let b be an ¢-block of G¥'. The order
of G is |GF| = D Dy P, P15. Since £ divides only one ®; for some i € {1,2,4,12}, and each
®; divides |G| exactly once, by Lemma 4.1.12 b has cyclic defect and thus mf(b) = 1 by
Proposition 2.2.5 (d).

Finally, let G = 2F4(¢%) (¢® = 22™*!) be a large Ree group, and let b be a unipotent
(-block of GF'. If £ = 2 then mf(b) = 1 by Corollary 5.1.3. Suppose that £+ 2. By [54], there
are two cases to consider. In the first case we suppose that £ + (¢° —1). Then b is either the
principal block of G, or b has trivial defect and therefore mf (b) = 1 by Proposition 2.2.5
(b) and (d). In the second case, suppose that £ | (¢*> —1). Then there are three unipotent
blocks — the principal block, and two blocks of cyclic defect [39, Appendix D], so mf(b) =1
by Proposition 2.2.5 (b) and (d). O
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5.4 Next steps

The original goal of this project was to find a bound for the Morita Frobenius numbers of all

blocks of quasi-simple finite groups. The following cases are outstanding.

¢ Non-unipotent blocks of the large Ree group in non-defining characteristic
With the notation and setup of Section 5.2:
e Be&(GT,s) such that C&+(s) is a Levi subgroup of G* and Ag+(s)F is not cyclic

e Be& (G, s) such that s is not quasi-isolated, Cq+ () is not connected, and Cg+(s) is

not a Levi subgroup of G*

Recall that we also have two cases of unipotent blocks of Fg where we know that the Morita
Frobenius number of the blocks is at most 2, but we don’t know whether or not it is equal to
1. In this section we first discuss a strategy which may enable us to prove that all unipotent
blocks of Eg have Morita Frobenius number equal to 1. We then discuss progress made to
date on the third case listed above where B € 5@(GF ,8) such that s is not quasi-isolated,
Cg+(s) is not connected, and C¢,.(s) is not a Levi subgroup of G™.

Let p and ¢ be different primes and let g be a power of p. Let G be a connected reductive
algebraic group defined over Fp and let F': G - G be a Frobenius morphism with respect to
an [Fg-structure which is not very twisted. As usual, we fix a connected reductive group G*

such that (G, F) is dual to (G*,F). Let s € G*I" be a semisimple ¢’ element.

Unipotent blocks of Eg with mf(B) <2

Recall the following case from Theorem 5.2.5. Let G = FEg. Suppose that s = 1, £ # 2,
¢=2mod 3 and e = ey(¢) = 2. Let b be the unipotent block of G = Eg(¢) containing the
irreducible constituents of the unipotent e-cuspidal pair (L, \) = (¢§.2E6, 2E6[9i]) fori=1or
2.

113



Since ¢ is odd, it follows from Proposition 5.2.3 that b has a defect group P such that
Z(L)F a9 Pand P/Z(L)F is isomorphic to a Sylow ¢-subgroup of Wgr (L, \). Since Wgr (L, )
~ Diy (by [11, Appendix: Table 1]), Wgr(L,A) is an ¢’ group. Therefore P = Z(¢3.2Eq)},
and this is isomorphic to Cya x Cya, where £* is the power of ¢ dividing g + 1, since e = 2 and
¢4+1Z(*Eg¢(q))|, by [10, Proposition 3.3 (iii)]. Hence b has abelian defect.

A recent result of Kessar and Chuang, [19], relates the Morita Frobenius numbers of
perversely equivalent blocks. Let A be a k-algebra. For a field automorphism o: k - k, a o-
twist of A is the k-algebra A% which is equal to A as a ring, endowed with scalar multiplication
given by A\.z = 071(\)x for all z € A, X € k. Note that the mth Frobenius twist of a k-algebra
A (as defined in Section 2.1.1) is a specific case of a o-twist of A, with o : k - k equal to the

Frobenius automorphism A — \¢.

Definition 5.4.1. A k-linear equivalence £ : Mod(A) - Mod(A?) is a o-Morita equivalence
if £(V') 2 V7 for all simple A-modules V. We say that A and A are o-Morita equivalent if
there is a o-Morita equivalence between them. The o-Morita Frobenius number of A is the

least positive number m such that A and A°" are o™-Morita equivalent.

For the rest of this section, let ¢ denote the Frobenius automorphism. Note that the
Morita Frobenius number of A is always less than or equal to the o-Morita Frobenius number
of A. The following result relates the o-Morita Frobenius number of two perversely equivalent

k-algebras.

Theorem 5.4.2 ([19, Corollary 5]). Let A and B be finite dimensional k-algebras. If A and
B are perversely equivalent, then the o-Morita Frobenius number of A is equal to the o-Morita

Frobenius number of B.

Recall Broué’s abelian defect group conjecture. For further discussion of Brauer corre-

spondent blocks, see [30, Ch. III, Section 9].
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Conjecture (Broué’s Abelian Defect Group Conjecture [9]). Let G be a finite group and let
B be a block of kG. Let P be a defect group of B and let C' be the block of kNg(P) in Brauer

correspondence with B. If P is abelian then B and C are derived equivalent.

As discussed in [19], results of Chuang, Rouquier and Craven suggest that for the finite
groups of Lie type in non-defining characteristic, the derived equivalence between a block and
its Brauer correspondent predicted by Broué is in fact a perverse equivalence.

We expect that for b= bg, () (¢§.2E6, 2E6[0i]), mf(b) = 1. We hope that it will be possible
to prove this by first showing that Broué’s abelian defect group conjecture holds for b, then
showing that b is in fact perversely equivalent to its Brauer correspondent ¢, and finally
by showing that the o-Morita Frobenius number of ¢ is 1 (where o is the usual Frobenius

automorphism) and applying Theorem 5.4.2.

General blocks of finite groups of Lie type

Suppose that G is simple, simply connected, and let B € & (GF ,5). Suppose that s is not
quasi-isolated in G*, that Cg~(s) is not connected and that Ag«(s)f" is cyclic of prime
order. In this section we will outline the progress made on this general situation to date.
Theorem 4.3.15 of Bonnafé-Dat-Rouquier can be applied to B in many cases to give bounds
for mf(B) . However, our method runs into problems that we have not yet been able to
resolve in all situations.

First, recall the notation of [6, Section 7]. Let L* = Cg~ (Z2° (C’a*(s))) be the minimal
Levi subgroup of G* containing C2,.(s) and let L be dual to L*. Let N* = Cg«(s)!".L* and
define N to be the subgroup of Ng(L) containing L such that N/L corresponds to N*/L*
via the canonical isomorphism between Ng+(L*)/L* and Ng(L)/L. Theorem 4.3.15 shows
that B is Morita equivalent to an ¢-block b of N¥* covering a block ¢ € & (LF,S). By the
minimality of L*, ¢ is an isolated block.

Let i1 : G = G be a regular embedding and let L = Z(G)L. Define iy : L - L,

i3 [L,L] - L, i* : L* > [L,L]* and 5 = i*(s) as in Proposition 5.2.20, so is and i3 are regular
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embeddings, i* is a surjection, and 5 is a semisimple element of [L, L]*¥". Let d € & ([L, L)%, §)
denote a block of [L, L] covered by ¢ and note that by [4, Proposition 2.3], d is an isolated
block.

As in Proposition 5.2.20, we can assume without loss of generality that [L,L] = M; x
<« x M, x M where M; is of type A for i =1,...,r, and M is not of type A or Eg. Let M"*
denote a group dual to M. It follows that 5= (1,...,1,t) for some isolated element ¢ e M*T".
Let m = o(t) and n = ¢(m). Since s is isolated and M” is simple, not of type Eg, Cpp+(s)
has only classical components [4, Section 5]. Thus by the proof of Proposition 5.2.9, o™ (d) is
iF—conjugate to d. Let z €T, be such that o™ (d) ="d.

Since ¢™(c) and ¢ both cover 0" (d) = *d, and LY/[L,L]" is abelian, it follows from
Lemma 2.1.9 that ¢"(c) = 6% for some linear character 6 € Irr(LF/[L,L]F) and OL! ?¢ =
OLY 6™ (¢). In particular, mf(c) < n.

We claim that EF acts on N, Suppose that d; EF and aps € N, Then clearly
drasdy e G so it only remains to show that djasd; ' € N. Since L= Z((~})L, let a; = zay

where z € Z(G),a; € L. Then drasd; ™! = zalna{lz’l = alnafl € N since L c¢ N, thus

~F
diasd;”! € N as claimed. We can therefore consider the block ¥b for any y € L . In

~F
particular, we can consider the block *b where x € L' is such that ¢"(d) = "d.

Proposition 5.4.3. Let G be a simple, simply connected algebraic group. Let s € G*F be a
semisimple (' element. Suppose that s is not quasi-isolated in G*, Cg(s) is not connected,
and Ag+(s)F is cyclic of prime order. Let B € E(GY | s) and let L*, L, N*, N, i*, 5, t, m,

n, b, ¢, d, x and 0 be as defined above. Suppose that one of the following holds.
(a) N'[[L, L) is abelian

(b) 0 is N*-stable

(c) c is not stable in N*

(d) Cir,n)+ (5) is connected

Then mf (B) = mf (b) <n.
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Proof. First suppose that N /[L, L]¥ is abelian. Then since ¢”(b) and *b both cover " (d) =
“d, it follows from Lemma 2.1.9 that 0™ (b) = b for some linear character n € Irr(N*/[L, L]¥),
and ONT'%p = ONT'6"(b). Therefore mf (b) < n.

If 0 is N¥-stable then since N¥'/L¥ < Ag«(s)F by equation (4.7) and since Ag«(s)¥ is
cyclic by assumption, # extends to some 0 e Irr(NF ) by [44, Lemma 11.22]. Therefore 6%b
and 0" (b) both cover o™(c) = 0%, so o™(b) = AGb for some linear character \ € Irr(NF/LF)

by Lemma 2.1.9 and ONT #b = ON¥¢"(b). Thus mf(b) < n showing part (b).

Now suppose that ¢ is not stable in N¥". By assumption, Ag+ ()" is cyclic of prime order.
Therefore Stabyr(c) = LT so ¢ is Morita equivalent to b by [51, Theorem C]. Hence mf (b) =

mf(c) <n.

Finally, suppose that Cig,« (3) is connected. If any of conditions (a), (b) or (c) hold
then we are done, so assume that N /[L,L]¥ is not abelian, 6 is not N¥-stable, and ¢ is

N¥_stable. Then for any y e N¥', ¥(¢"(¢c)) = 6™ (%) = 0"(¢) so o™(c) is also N¥-stable.

Suppose that % is not N¥-stable. Then there exists a y € N¥" such that ¥(%) # %. This

_ ~F =~F
holds if and only if ¢ # 2~ 'y zca lyx = © "Wee. Since x € L ,ye N and L" acts on NF'
it follows that z 'yz e N¥'. Thus ¢ # @'y contradicts the fact that ¢ is NF -stable, so “c is

N _stable.

Let y € N be such that Y0 # 6. Then ¢"(c) = Y(c™ (c)) = ¥(8%) = Y0%. Therefore
Y07 = 0%, so ¢ = (Y0)"'0%. Let n = (Y0)~'0, a linear character of L¥/[L,L]¥, so % = n%.
We claim that since Cfy, - (5) is connected, 7 is trivial. If the claim holds, then Y6 = 6 for
every y € N¥', which contradicts the assumption that € is not N¥-stable. Thus if C[LjL]*(E)

is connected, mf(b) < n, as required.

We now prove the claim. Since G is simply connected, G* is of adjoint type so Z(G”) is
trivial, therefore Z (L") is connected by [5, Corollaire 4.4]. Thus ker i* = Z(L*). Any element
s" ¢ L*F such that i*(s') = 5 is of the form s’ = zs for some z € ker i*¥" = Z(L*)F". In other

words, there are |Z(L*)¥| lifts of 5 in L*".
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Two lifts s and s’ are L*/-conjugate if and only if there exists a g € L*!" such that
s=gs'g"! = gzsg~'. This holds if and only if z = s 1gsg™" for some g e L*F". Let i*(g) = §. By
applying i* to the equation s = gs'g™!, it follows that s and s’ are L*f-conjugate if and only
if z=slgsg! for some g € L*¥ such that § = gsg ', i.e. such that ¢ is a lift of an element
geCLLp (8)

Let ker 'i* = [L,L]n ker i*. Define a map,

*F

)

Ps * C[L L]* (§)F — ker ,i
7 —  [g,5]

where g € L is such that i*(g) = g. This map does not depend on the choice of lift g for
g. Then s and s’ are L*f-conjugate if and only if s’ = sz for some z € Im ¢,. The kernel
of ¢ is the set of all elements g € Cg, - (s) such that the lifts of § to L*f commute
with s, therefore ker ¢, = i* (Cp+(s)¥). Since i* (Cpx(s)") = ClL.L) (s)F, and CrLi+(8) is
connected by assumption, it follows that Im o5 = Cjy, 1)+ (5)F /C[L,L]* (5)F is trivial. Thus

no two lifts of 5 are L*/-conjugate.

Let 1 € Irr(*d) n € ([L,L],5). Then Irr(L"[¢) fall into |[L/[L,L]¥| conjugacy classes.
There is a transitive action of Irr(LF /[L,L]¥) on Irr(LF |1). Recall that two irreducible

characters y and y/ of L are in the same block if and only if

W(Wx(é)) = 7T(Wx’(é'))

for every conjugacy class C' of L, where wy is the linear character of x as defined in Sec-
tion 2.1.4. The action of Irr(LF/[L,L]F) on Irr(LF |1) therefore induces a transitive action
of Irr(L”/[L,L]¥),, on the blocks BI(L" | “d).

There are [L/[L,L]¥|s ' Lusztig series of characters covering ¢ and each corresponds

to a different block covering “d, so |B1(LF|xd) | = |[L¥/[L,L]¥|s. In other words, the action of
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Irr(LF/[L,L]F)e, on BI(L*'|%d) is regular (has no fixed points). Thus, since % e BI(L"'| %),
G Irr(LF/[L, L]F)e, and n% = ", it follows that n is trivial, as claimed. O

Remark 5.4.4. In the proof of Proposition 5.4.3, if Cjy, 1,}« (5) is not connected then

Im @, = Crpy- (5)" /CPL Ly (5)7 = Ay (5)7

so the lifts of 5 fall into |Z(L*)"|/|Ar, 1.3+ (5)"| conjugacy classes of L*¥. Thus the action
of Irr(LF/[L,L]F)Z, on BI(L¥| %) has a kernel of size | AL, 1)+ (5)"| and so 7 could be non-
trivial. If 5 is non-trivial, then (Y6)7'6 for some y € N’ so 6 is not N -stable. Therefore 6
doesn’t extend to Irr(NF) and so the method of Proposition 5.4.3 falls down if Cg, 1+ (5) is

not connected. At present we have not found any way around this issue.
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Chapter 6

Proof of Theorems A, B, C and D

Theorem A. Let b be an (-block of a quasi-simple finite group G. Let G = G| Z(G). Suppose
that one of the following holds.

(a) G is an alternating group

(b) G is a sporadic group

(c) G is a finite group of Lie type in characteristic ¢

Then mf (b) =1.

Proof. Part (a) is proved in Proposition 3.1.6, part (b) is proved in Proposition 3.2.2 and part

(c) is proved in Corollary 5.1.3. O

Theorem B. Let ¢ and p be different primes and let g be a power of p. Let G be a simple, sim-
ply connected algebraic group defined over Fp and let F': G — G be a not very twisted Frobenius

morphism with respect to an Fy-structure. Let s be a semisimple ' element of G and let

be&E(GE,s) be an (-block of GF.
(a) If b is a unipotent block not equal to one of the following blocks of Eg

e b=0bp,(¢3.E6(q), Es[0']) (i =1,2) with £=2 and q of order 1 modulo 4, or

o b=0bp,(03.2E(q),2Fs[0']) (i=1,2) with £=2 mod 3 and q of order 2 modulo ¢,
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then mf (b) = 1. If b is one of the two blocks above then mf (b) < 2.
(b) If s # 1 is quasi-isolated in G* then
e if G is of type A or B then mf (b) =1;
e if G is of type Eg then mf (b) <4; and
e otherwise mf (b) < 2.
(c) If s # 1 is such that Cp.(s) is a Levi subgroup of G* and Ag(s) is cyclic, or if Cg+(s)
s connected and s is not isolated in G*, then
e if G is of type E7 or Eg then mf (b) <2,
e otherwise mf (b) = 1.
Proof. Part (a) is proved in Theorem 5.2.5 and Corollary 5.2.6, part (b) follows from Theo-
rem 5.2.10 and Propositions 5.2.14 and 5.2.15. Part (c) follows for C¢,«(s) a Levi subgroup

of G* and Ag+(s) cyclic by Theorem 5.2.17 and for Cg+(s) connected and s not isolated in
G” by Theorem 5.2.21.

O
Theorem C. Let G = {SL,(q):neN,q=p" for some prime p+{,a €N}, and let Gy =
{SUn(q) :neN,q=p® for some prime p ¢ and some a € N such that £ + ¢>**1 +1V se N} .
Then Donovan’s conjecture holds for the £-blocks of groups in G1 and Gs.
Proof. This is Theorem 5.2.19. ]

Theorem D. Let G be a Suzuki or Ree group. Let b be an £-block of G. If b is a block of the

large Ree group in non-defining characteristic, assume that b is unipotent. Then mf (b) = 1.

Proof. This is Theorem 5.3.1. 0

121



Appendix A

Calculations for Section 3.2

In this Appendix we give an idea of the GAP code used to calculate the Morita Frobenius
numbers of the sporadic groups as discussed in Section 3.2.
For each group G and each ¢||G|, we check the following. Note that if the answer is no at

any stage, we exit the loop and move on to the next group.

e Check if there are more than 2 blocks in kG
e If yes, check if there is some non-principal block of cyclic defect
e If yes, check if there are two non-principal blocks with equal, non-cyclic defect

e [f yes, check if there are two non-principal blocks with equal non-cyclic defect and no
rational valued characters

e [f yes, check if there are two non-principal blocks with equal non-cyclic defect and no
rational valued characters that have an equal numbers of characters

e If yes, check if there are two non-principal blocks with equal non-cyclic defect and no
rational valued characters, with an equal numbers of characters whose degrees add up
to the same number

e If yes, list all the blocks for this ¢, indicating

— if the block is the principal block
— if not, if the block has cyclic defect
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— if not, if the block has unique defect amongst non-principal blocks
— if not, if the block has a rational valued character (name the character)

— if not, if the block has unique number of characters amongst the non-principal
blocks of equal defect containing no rational valued characters

— if not, if the block has unique sum of degrees of characters amongst the non-
principal blocks of equal defect containing no rational valued characters with the
same number of characters

— if not, call the block a Problem Block

If there are any “Problem Blocks” then we have to deal with these separately, as illustrated

in the following examples.

A.1 Example: J; and 3.J5

The output for G = J3 is as follows.

1. G = J3

Group Order = 50232960
Prime factors of |G| =2, 2,2, 2,2,2,2,3,3,3,3,3,5, 17, 19 ]

Number of unique prime factors = 5

Prime 1: ¢ = 2
Number of blocks: 5
Defects: [7,0,0,0,0]

More than two blocks, but all non-principal blocks have cyclic defect.

Prime 2: / = 3
Number of blocks: 4
Defects: [5,1,0,0]

More than two blocks, but all non-principal blocks have cyclic defect.



Prime 3: ¢/ =5
Number of blocks: 12
Defects: [1,0,0,1,1,0,0,0,0,0,0,0]

More than two blocks, but ¢ divides |G| just once so all blocks are cyclic.

Prime 4: ¢ = 17
Number of blocks: 12
Defects: [1,0,0,0,0,0,0,0,0,0,0,0]

More than two blocks, but ¢ divides |G| just once so all blocks are cyclic.

Prime 5: ¢/ = 19
Number of blocks: 11
Defects: [1,0,0,0,0,0,0,0,0,0,0]

More than two blocks, but ¢ divides |G| just once so all blocks are cyclic.

We find that for G = Js, there do not exist collections of non-principal ¢-blocks of G with
equal, non-cyclic defect. Therefore every block B either has cyclic defect, or is not Galois
conjugate to any other block, so mf(B) = 1.

The output for G = 3.J3 is as follows.

2. G = 3.J3

Group Order = 150698880
Prime factors of |G| =2, 2,2,2,2,2,2,3,3,3,3,3,3,5, 17, 19 ]

Number of unique prime factors = 5
Prime 1: ¢/ = 2

Number of blocks: 7
Defects: [7,0,0,0,0,7, 7]
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More than two blocks and ¢ divides |G| more than once, so can’t conclude that all
blocks have cyclic defect, and there is some pair of non-principal, non-cyclic blocks

which have equal defect.

Block 1: principal block
Block 2: cyclic defect
Block 3: cyclic defect
Block 4: cyclic defect
Block 5: cyclic defect
Block 6: Problem Block
Block 7: Problem Block

Prime 2: ¢/ = 3
Number of blocks: 4
Defects: [6,2,1,1]

More than two blocks and ¢ divides |G| more than once, so can’t conclude that all

blocks have cyclic defect, but all non-principal, non-cyclic blocks have unique defect.

Prime 3: ¢/ =5
Number of blocks: 28
Defects: [1,0,0,1,1,0,0,0,0,0,0,0,1,1,1,1,1,1,0,0,0,0,0,0,0,0,0,0]

More than two blocks, but ¢ divides |G| just once so all blocks are cyclic.

Prime 4: ¢ = 17
Number of blocks: 28
Defects: [ 1,0, 0,0, 0, 0,0, 0,0, 0,0,0,1,1,0,0,0,0,0,0, 0,0, 0,0, 0,0, 0, 0]

More than two blocks, but ¢ divides |G| just once so all blocks are cyclic.
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Prime 5: ¢/ = 19
Number of blocks: 25
Defects: [1,0,0,0,0,0,0,0,0,0,0,1,1,0,0,0,0,0,0,0,0,0,0,0,0]

More than two blocks, but ¢ divides |G| just once so all blocks are cyclic.

When G = 3.J3 and £ # 2, there do not exist collections of non-principal £-blocks of G with
equal, non-cyclic defect. Therefore every block B either has cyclic defect, or is not Galois
conjugate to any other block, so mf(B) = 1.

When G = 3.J3 and £ = 2, however, there are two non principal, non-cyclic blocks with the
same number and degrees of characters, none of which are rational valued. We therefore let

G =3.J3.2 and check what happens for the blocks of G when ( = 2.

3. G =3.J3.2

Prime: ¢/ = 2
Number of blocks: 6
Defects: [8,1,1,1,1, 7]

More than two blocks and ¢ divides |G| more than once, so can’t conclude that all
blocks have cyclic defect, but all non-principal, non-cyclic blocks have unique defect

so any non-cyclic block is stabilized by Galois conjugation.

When £ = 2, every block B of G = 3.J5.2 either has cyclic defect, or o(B) = B. Therefore
by Lemma 2.2.8, mf(B) =1 for every block B of 3.J3 when ¢ = 2.
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