ON A MINIMAL COUNTEREXAMPLE
TO BRAUER'’S k(B)-CONJECTURE

GUNTER MALLE

ABSTRACT. We study Brauer’s long-standing k(B)-conjecture on the number of charac-
ters in p-blocks for finite quasi-simple groups and show that their blocks do not occur
as a minimal counterexample for p > 5 nor in the case of abelian defect. For p = 3
we obtain that the principal 3-blocks do not provide minimal counterexamples. We also
determine the precise number of irreducible characters in unipotent blocks of classical
groups for odd primes.

1. INTRODUCTION

In his 1954 address at the International Congress in Amsterdam Richard Brauer posed a
list of fundamental problems in representation theory of finite groups [2], many of which
are still open. One among them is his conjecture on the number k(B) of irreducible
complex characters in a p-block B of a finite group: this number k(B) should be at most
equal to the order |D| of a defect group D of B. Brauer and Feit [3] already showed that
k(B) < p*=2if |D| = p?, but to the present day, no general upper bound linear in |D|
is known for k(B). For p-solvable groups the k(B)-conjecture was shown by Nagao to
reduce to the coprime k(GV')-problem, which was finally settled in 2004, see [14]. In fact,
using this result Robinson [25, Thm. 1] showed that for p-solvable groups we even have
k(B) < |D| whenever D is non-abelian.

This motivates to consider the following strong form of Brauer’s k(B)-conjecture:

Let B be a block of a finite group with defect group D.
Then k(B) < |D|, with strict inequality unless D is abelian.

In this paper we investigate a possible minimal counterexample to this conjecture, which
by the results cited above must necessarily be non-solvable. This focuses attention on the
non-abelian simple groups and their covering groups. Our main result is:

Theorem 1. Let p > 5 be a prime and B a p-block of a finite quasi-simple group G.
Then B is not a minimal counterezample to the strong form of Brauer’s k(B)-conjecture.

Here, (G, B) is called a minimal counterexample if the conjecture holds for all p-blocks
By of groups Gy with |G1/Z(G)| strictly smaller than |G/Z(G)| having defect groups
isomorphic to those of B. We also show that blocks with abelian defect cannot lead to
minimal counterexamples (in view of Theorem 1, this concerns the primes p = 2, 3):
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Theorem 2. Let p be a prime and B a p-block of a finite quasi-simple group G with abelian
defect groups. Then B is not a minimal counterezample to Brauer’s k(B)-conjecture.

We also obtain strong restrictions for the primes p = 2, 3:

Theorem 3. Assume that a p-block B of a finite quasi-simple group G is a minimal
counterezample to Brauer’s k(B)-conjecture. Thenp < 3, G is of Lie type in characteristic
not p, B is an isolated block of G, the defect groups of B are non-abelian, and either p = 2
or B is not unipotent. In particular, the principal 3-block is not a minimal counterexample.

The proofs will be given in the subsequent sections, using the classification of finite
simple groups in conjunction with Lusztig’s theory of characters of finite reductive groups.
While our methods fall short of verifying the k(B)-conjecture for all blocks of quasi-simple
groups, since they partly rely on Bonnafé-Rouquier type reduction arguments to rule out
a minimal counterexample, in the most interesting case of unipotent blocks with p > 2 and
non-abelian defect our arguments actually show that these do satisfy the k(B)-conjecture.

Remark 1.1. Let us comment on the cases left open by our results. For p = 2,3 the
isolated blocks of all quasi-simple groups of Lie type remain to be considered. For p = 2,
already the case of unipotent blocks of SL,(q) seems hard.

Remark 1.2. If B is a block with abelian defect group D, then according to (the proven
direction of) Brauer’s height zero conjecture all characters in Irr(B) are of height zero. By
the Alperin—McKay conjecture they should be in bijection with the height zero characters
of the Brauer corresponding block b of Ng(D) (which also has defect group D), whence
k(B) = k(b). Thus, assuming the validity of the Alperin-McKay conjecture, a block B
with non-normal abelian defect group cannot be a minimal counterexample to the k(B)-
conjecture. The interesting situation hence rather seems to be the one of non-abelian
defect groups; see also the recent result of Sambale recalled in Theorem 2.1.

No reduction of the general conjecture to the case of (quasi-)simple groups has been
found so far; see Navarro’s article [22] for some thoughts and ideas in that direction.

The paper is built up as follows: In Section 2 we settle the case of quasi-simple groups
not of Lie type, mostly by collecting results from the literature. In Section 3 we prove
our main theorem for groups of Lie type in their defining characteristic. The by far most
complicated case, groups of Lie type in cross characteristic, is then considered, after some
general reductions in Section 4, in Section 5 where we deal with classical groups at odd
primes, and in Section 6 where we concentrate on groups of exceptional type. On the
way we also extend the results of Olsson [23] to derive explicit formulas for the number of
characters in unipotent blocks, which may be of independent interest (see Propositions 5.4
and 5.5). The proof of Theorems 1, 2 and 3 is given at the end of Section 6.2.

Acknowledgement: I thank Gabriel Navarro for helpful correspondence on the topic of
the paper and Jay Taylor for his remarks on an earlier version. I also thank Jonathan
Gruber for pointing out an inaccuracy.

2. GROUPS NOT OF LIE TYPE

In this section we consider the quasi-simple groups G such that G/Z(G) is not of Lie
type. Here, and later on, we will make use of the following result [26, Thm. A]:
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Theorem 2.1 (Sambale). The k(B)-conjecture holds for all blocks B with abelian defect
groups of rank at most 3.

Brauer had previously shown his conjecture for abelian defect groups of rank at most 2.
Moreover, we have the following reduction, relying on a result of Navarro:

Theorem 2.2 (Navarro). The k(B)-conjecture (in strong form) holds for all p-blocks of a
quasi-simple group G if it holds for the faithful p-blocks of p'-covering groups of G/Z(G).

Proof. Let B be a p-block of G. Set Gi = G/O,(G) and let By be the unique p-block
of G contained in B. Then by [22, Thm. C], B satisfies the k(B)-conjecture if B; does.
So it suffices to consider p’-coverings of G/Z(G). For G such a covering group let K be
the intersection of the kernels of the characters in B and B; the p-block of G; = G/K
contained in B. Then we have k(B) = k(B;) and the defect groups are isomorphic as K
is a p/-subgroup, so again the validity of the k(B)-conjecture for By implies it for B. O

Proposition 2.3. Let G be quasi-simple such that S = G/Z(G) is one of:
(1) a sporadic simple group;
(2) an alternating group s or Az;
(3) an exceptional covering group of a simple group of Lie type; or
(4) the Tits group *Fy(2)'.
Then the k(B)-conjecture in the strong form holds for all p-blocks of G for all primes p.

Proof. The character tables of all the groups G in the statement are known and available in
GAP [27]; since the block-subdivision of Irr(G) and the defect of a block can be computed
from a knowledge of the character table, the claim can easily be verified automatically.
In fact, by Theorem 2.1 the k(B)-conjecture holds for blocks with abelian defect of rank
at most 3, so only very few cases remain to be considered. U

Theorem 2.4 (Olsson). Let G be a covering group of the alternating group 2A,, n > 5.
Then the k(B)-congjecture in the strong form holds for all p-blocks of G for all primes p.

Proof. By Proposition 2.3 we may assume that n # 6,7. The case of G = 2, as well
as of its double cover 2, when p # 2 is due to Olsson [24]. The validity for the faithful
2-blocks of the double cover now follows from Theorem 2.2. O

3. GROUPS OF LIE TYPE IN DEFINING CHARACTERISTIC

In this section we show that the p-blocks of quasi-simple groups of Lie type in charac-
teristic p satisfy the k(B)-conjecture.

Proposition 3.1. Let G be a covering group of PSLy(q), with ¢ = p/ > 4. Then the
k(B)-conjecture (in the strong form) holds for all p-blocks of G.

Proof. By Proposition 2.3 we may assume that G is not an exceptional covering group of
S := PSLs(q). Note that Sylow p-subgroups of G are (elementary) abelian. First assume
that p=2. Then G = S, |Irr(G)| = ¢+ 1, and all but the Steinberg character of G lie in
the principal block B of GG, with defect groups the Sylow p-subgroups of S of order ¢. So
we have equality k(B) = |D|.

Now assume that p > 2. Here we may assume that G = SLy(q), since |Z(SLa(q))| = 2
is prime to p. Now G has three p-blocks, one of defect zero, and the other two lying above
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the two central characters of G. The latter have full defect and each contain (¢ + 3)/2
irreducible characters, while Sylow p-subgroups of G have order gq. O

Theorem 3.2. Let G be quasi-simple of Lie type in characteristic p. Then the k(B)-
conjecture in the strong form holds for all p-blocks of G.

Proof. Again by Proposition 2.3 we may assume that GG is not an exceptional covering
group of S := G/Z(G). Thus, |Z(G)| is prime to p and hence we may assume that G
is the universal p’-covering group of S, whence it can be obtained as the group of fixed
points under a Steinberg map F' of a simple simply connected linear algebraic group G
over an algebraic closure of F,,. Let ¢ be the positive real number such that some power
F of I acts as ¢% on the character group of an F-stable maximal torus of G. The order
of a Sylow p-subgroup of G is then given by ¢", where N is the number of positive roots
in the root system of G (see e.g. [20, Prop. 24.3]). By a theorem of Humphreys [16] any
p-block of G either has full defect, or defect zero. We now employ results on upper bounds
for the number of conjugacy classes k(G). By Fulman and Guralnick [12, Thm. 1.1] we
have k(G) < 27.2¢", where 7 is the rank of G. Comparing with the size ¢V of a Sylow
p-subgroup we see that our claim holds whenever ¢V=" > 27.2, so certainly if N —r > 5.
Since G is not of type A; by Proposition 3.1, this only leaves the groups of types A,,
Az, %Ay, ?A3, By, Gy, *By and 2G5, For the latter three series of exceptional groups, [12,
Table 1] gives the precise value of k(G), from which our desired inequality readily follows.
For G = SL3(q) or SUs(q) we have k(G) < ¢* + ¢ + 8 (see [12, p. 3032]), while Sylow p-
subgroups have order ¢3, so only the case ¢ = 2 remains. But k(SL3(2)) = 6, while SU3(2)
is solvable. For types As and 243 we have N — r = 3, thus we are done when ¢* > 27.2,
that is, for ¢ > 3. But k(SL4(2)) = 14 < 25, k(SU4(2)) = 20 < 25, k(SL4(3)) = 51 < 36,
k(SU4(3)) = 71 < 35.

Finally, for G of type By we have N — r = 2, so we only need to check ¢ < 5, which is
readily done with GAP. U

4. GROUPS OF LIE TYPE IN NON-DEFINING CHARACTERISTIC

In this section we start our investigation of groups of Lie type for non-defining primes.
We consider the following setup. Let G be a simple algebraic group of simply connected
type over an algebraic closure of F,,, with a Steinberg map F : G — G. We write G := GF
for the group of fixed points, a finite group of Lie type, which is quasi-simple except in
finitely many cases. Throughout, ¢ is a prime dividing |G| but different from p.

Lemma 4.1. The k(B)-conjecture holds in its strong form for all blocks of the Suzuki
and Ree groups.

Proof. For these groups, Sylow ¢-subgroups for £ # p are abelian of rank at most 3, hence
the conjecture holds by Theorems 3.2 and 2.1, unless £ = 3 and G = 2F;(2%/*!). The
assertion in the latter case was shown in [18, Kor.]. O

From now on we may hence assume that G is not a Suzuki or Ree group and so that F
is a Frobenius map with respect to some F,-structure, with ¢ a power of p. For a prime
¢ different from p we denote by dy(q) the order of ¢ modulo ¢, if ¢ is odd, respectively the
order of ¢ modulo 4 if ¢ = 2.
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We recall some results on the block distribution of characters of finite reductive groups.
This is closely related to the partition of Irr(G) into Lusztig series £(G, s), where s runs
over semisimple elements of the dual group G* := G*f modulo conjugation. Let B be an
(-block of GG. Then there exists a semisimple /'-element s € G* such that B is contained

&G, s) =[] €(G,st), (%)

where ¢ runs over a system of representatives of conjugacy classes of semisimple ¢-elements
in Cg(s) (see [7, Thm. 9.12]). Recall that a semisimple element s € G** is called isolated
if the connected component Cg. (s) of the centraliser Cg+ () is not contained in any proper
F-stable Levi subgroup L* < G*.

We now argue that most ¢-blocks of G are Morita equivalent to blocks of smaller groups
and so cannot give rise to a minimal counterexample.

Lemma 4.2. Let s € G* be a non-isolated semisimple {'-element. Then no £-block of G
in E(G, s) is a minimal counterexample to the strong form of the k(B)-conjecture.

Proof. By assumption there is some proper F'-stable Levi subgroup L* < G* such that
C&.(s) < L*. Then by a deep result of Bonnafé, Dat and Rouquier [1, Thm. 7.7], any
¢-block B in &(G, s) is Morita equivalent to a suitable £-block b of N¥', where N > L is
dual to Cg«(s)L. Moreover this is induced by Jordan decomposition, hence compatible
with central characters. Then k(B) = k(b) and the defect groups of B and b have the
same order (and are in fact isomorphic), whence the k(B)-conjecture holds for B by the
minimality assumption. U

We are thus left with the situation that B lies in a series &(G,s) with s € G* an
isolated semisimple element. In this case we can utilise a result of Enguehard:

Proposition 4.3. Let B be an isolated, non-unipotent (-block of a quasi-simple group of
Lie type H for a prime £ > 3 that is good for H. Then B is not a minimal counterexample
to the strong form of the k(B) conjecture.

Proof. By Proposition 2.3 we may assume that H is not an exceptional covering group.
Thus, H = G/Z, where G = G! is as above and Z < Z(G). By Lemma 4.2 we may
assume that G is not of type A as the only isolated element in type A is the identity,
which corresponds to the unipotent blocks. But then ¢ good implies that ¢ does not divide
|Z(G)], so we may consider B as an ¢-block of G. By the main result of Enguehard [11,
Thm. 1.6] there is a group Gy, with |G1/Z(G1)| strictly smaller than |G/Z(G)| (since B
is not unipotent) with an ¢-block B; having the same invariants (number of irreducible
characters and defect group) as B. Moreover, there is a bijection Irr(B) — Irr(B;)
preserving central characters. In particular, B and any block of H dominated by B is not
a minimal counterexample. U

We note one further reduction which will be used for isolated 5-blocks of Ex(q):

Lemma 4.4. Let s € G* be a non-central semisimple ' -element with connected centraliser
C* = Cg+(s) such that E(G, s) is a single £-block B, and E(C, 1) also is a single {-block
b, where C is dual to C*. Then B s not a minimal counterexample to the strong form of
the k(B) conjecture.
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Proof. We have that Irr(B) = [[,£(G, st) and Irr(b) = [[,£(C,t) where both disjoint
unions run over C* := Cg«(s)-conjugacy classes of f-elements ¢ in C*. Application of
Jordan decomposition in G as well as in C' puts both (G, st) and £(C,t) into bijection
with the same Lusztig series £(C}, 1) of Cy := Cg«(st) = Ce-(t) for any such t. Thus,
if x € £(G,s) and X’ € &£(C,t) correspond to the same character in £(Ct, 1) we have
x(1)/x'(1) = |G* : Cg+(s)],y. So comparing character degrees of height zero characters in
the two Lusztig series we see that B and b have defect groups of the same order. Thus
the inequality holds for B if (and only if) it holds for b. O

For unipotent blocks, that is, ¢-blocks in &(G, 1), we have the following partial reduc-
tion:

Lemma 4.5. Let ¢ be a good prime for G which does not divide |Z(G)|, and let B be a
unipotent {-block of G/Z with abelian defect groups, where Z < Z(G). Then B is not a
minimal counterexample to the strong form of the k(B)-conjecture.

Proof. By our assumption on ¢ we may assume that B is a unipotent block of G. Then
under the stated conditions, by [5, Thm. 3.1(2)] the block B is isotypic with a block of
the normaliser of a defect group, and hence can’t be a counterexample by minimality. [

To deal with unipotent blocks with non-abelian defect groups we will need some in-
formation on conjugacy classes of (-elements and their Lusztig series. The following was
essentially shown by Cabanes and Enguehard:

Proposition 4.6. Let 0 : G — H be an isogeny of connected reductive groups in charac-
teristic p equivariant with respect to Frobenius endomorphisms F, F' of G, H respectively,
with dual isogeny o* : H* — G*. Setr:=|Z(G)/Z°(G)|. Let £ be a prime different from
p not dividing r and s € H* of order prime to rf. Then o* induces a bijection between the
conjugacy classes of -elements in Cy«(s) and Ce«(0*(s)), and for any such (-element t
we have a bijection E(H, st) — E(G,o*(st)).

Proof. First consider the case that 0 : G — G,q is the adjoint quotient map. Then the
claim follows from [7, Prop. 17.4]. Application of the same result to the adjoint quotient
o' : H — H,q = G.q, and then composing the obtained bijections gives the statement. [J

5. CLASSICAL GROUPS IN NON-DEFINING CHARACTERISTIC

In this section we consider unipotent ¢-blocks of classical groups for odd primes ¢
different from their defining characteristic.

5.1. Linear and unitary groups. We start by recalling the parametrisation of conju-
gacy classes of f-elements in GL,(q). Let ¢ be an odd prime not dividing q. We write
F¢ for the set of irreducible monic polynomials over IF, whose roots have {-power order
in EX. Let d = dy(q) be the order of ¢ modulo ¢, and let ¢* be the precise power of ¢
dividing ¢¢ — 1. For f € F; we set ¢; = max{0,i — a} if the roots of f have order .
Write n = wd + r with 0 < r < d. With this notation the conjugacy classes of ¢-element
in GL,(q) are parametrised by ¢-weight vectors of w, that is, by functions

m: Fp— Lso, [ my, with mefcf = w.
feF,
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The corresponding f-elements have characteristic polynomial (X — 1)4™+rJ] sex1 f™
in GL,(¢), where we have set m := mx_;. The centraliser of such an element is then a
direct product GLam,+-(¢) [1.x_4 GLy, (q%7).

To treat the special linear and unitary groups we need to determine the number k(B)
for their principal ¢-block B; to do this, we use of the result of Olsson [23] who verified
the k(B)-conjecture for all ¢-blocks of GL,(q) and GU,,(q), where 2 < ¢ # p.

For integers s,t > 1 let k(s,t) denote the number of s-tuples of partitions of ¢, and for

Cia,w> 1 let
k(l, a,w) = Zk wO)Hk:(f“—K“*l,wi)
i>1
where the sum runs over all ﬁ—composztwns of w, that is, all tuples w = (wg, w1, . . .) of non-
negative integers satisfying >,  wil' = w. As customary, we write GL,(—q) := GU,(q)
and SL,(—q) := SU,(q).

Theorem 5.1. Let SL,,(eq) < G < GL,,(eq) with e € {£1}, and ¢ > 2 be a prime dividing
q—e€. Setl:=(q—¢€), I :=|Z(SL,(eq))|e = ged(n,q — €), 19 := |GL,(eq) : G|¢ and
u:=min{m, g}. Let B denote the principal {-block of G. Then

k(B) = ( (6, a,n) + ZW Y k(4 a n/w))/eg.

Proof. Let first € = 1, so SL,(q) < G < GL,(q) = . G. Let B be the principal ¢-block
of G; thus Irr(B) is the union of the Lusztig series £(G,t) where t runs over (-elements
of G* = GL,(¢q). Then the characters in the principal ¢-block B of G are precisely
the constituents of the restrictions to G of the y € Irr(B). Now by Lusztig’s Jordan
decomposition an irreducible character x lying in the Lusztig series £ (G ,t) of a semisimple
element ¢t € G* restricts irreducibly to SL,(¢) unless the image # of ¢ in PGL,(q) has
disconnected centraliser in PGL,. Now assume that ¢ € GL,(q) is an (-element. If the
centraliser of ¢ in PGL,, is disconnected, then ged(n,q — 1) and o(t) are not coprime (see
20, Prop. 14.20]), that is, ¢ divides n. In this case, x € £(G,t) splits into d, distinct
irreducible characters of SL,(g), with d, dividing A; := |Cpar, ()" : Cqr, (£)7'] where
F is the standard Frobenius endomorphism on PGL,,. By Clifford’s theorem this implies
that y splits into exactly /% = gcd{|é : G|, d, } distinct constituents upon restriction to G.

Thus in order to calculate k(B) we need to determine the centraliser of ¢ for ¢-elements
t € G. Let i > 1. Then A, > ¢! if and only if ¢ and (¢ have the same eigenvalues for an
'th root of unity ¢ € F)*. That is, the characteristic polynomial f € F[X] of ¢ satisfies
f(X) = f(¢X). Now multiplication by ¢ makes orbits of length ¢ on F: , and such an
orbit is a subset of the roots of a polynomial f € F; if and only if deg(f) is divisible by ¢°.
Thus, the (-elements ¢ with (/| A, are parametrised by maps m : F, — Z>q as above that
are constant on (-orbits. Arguing as in [23, proof of Prop. 6] we see that the number of
irreducible characters of G in the union of the corresponding Lusztig series is k(€,a,n/l).
The claim now follows by induction over the ¢-part ¢¢ of the index of G in G. O

Lemma 5.2. Let £ > 2 and w > 1. The number py(w) of {-compositions of w (partitions
u+1
into parts of L-power order) satisfies py(w) < o('2") where u = |log, w|.
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Proof. The claim is easily verified for w < ¢2. Else, arranging the sought for partitions
according to their number of parts of length 1 we indeed get, arguing by induction

Lw/¢] u u w)

pw) < 3 pellw/t] =) < godlw/t) < [ = oy <€) 0

§=0 0

Theorem 5.3. Let H = G/Z with G € {SL,(q),SUn(q)} and Z < Z(G). Let { > 2 be
a prime. Then the unipotent (-blocks of H are not counterexamples to Brauer’s k(B)-
conjecture.

Proof. We embed G := SL,(q) < G := GL,(q). Let B be a unipotent f-block of G with
defect group D. Then there is a unipotent ¢-block B of G covering B, with defect group
D > D, and by [23, Thm.] we have k(B) < |D|. As G /G is cyclic, restriction of characters
from é to G is multiplicity-free. Moreover, as seen in the previous proof, an irreducible
character x € Irr(B) restricts irreducibly to G unless ¢ divides r := ged(n, g — 1).

First assume that ¢ does not divide 7. Then all x € Irr(B) restrict irreducibly to G
so k(B) = k(B)/(*. As |D| = |D|/¢* the conjecture follows for the block B of SLy(q).
Furthermore, |Z(G)| = r is not divisible by ¢ in this case, so all characters in Irr(B) have
Z(@G) in their kernel, and the claim also follows for H = G/Z for any Z < Z(G).

So now assume that ¢| ged(n,q — 1), and write £* for the precise power of ¢ dividing
g — 1, and ¢™ for the (-part of |Z(SL,(¢))|. Then all unipotent characters of G lie in the
principal ¢-block (see e.g. [6, Thm.]), so the defect group D of B is a Sylow ¢-subgroup
of G. From Theorem 5.1 we now get, arguing as in the proof of [23, (I)]

]{I(B) < <p£<n)€an + Zp€<n/€i)€an/ei+2i>/€a < pe<n) (ﬁ“" + Zgan/ei+2i)/€a.

i=1 =1
First assume that n > 2¢. Then an/¢' + 2i < an — 2i for i > 1 and so by Lemma 5.2

k(B) < pe(n)ganfa+1/(ln(€)(8271)) < gan—aﬂ/(ln(a(e?_1))+(u;1)

with u = [log,(n)|. As we have |D| = ¢=2+()e and |D| = ¢an—a+()e=m where m < w,
the claim follows except when n = 2¢ or £ = 3, n < 12. In the first case we use that
pe(20) = 3, and the latter cases can be checked individually.

Finally assume that n = ¢. Then by [23, p. 46] we have k(B) < (% 4+ ¢* and by
Theorem 5.1, k(B) < (%% 4 (> < (¢=o+1 — |D|/¢* = |D|. Furthermore, a character
parametrised by a semisimple f-element ¢ € GL,(q) is trivial on the center if and only if ¢
lies in the derived subgroup SL,(¢q). From this it can then be checked that the principal
{-block B of PSL,(q) has k(B) = (k(B)+{—1))/¢ < |D|/t = |D|, with D = D/Z(SLy(q))
a Sylow (-subgroup of PSL(q), so our claim follows for H = G/Z(G) as well.

The arguments for G = SU,(q) are entirely analogous, again relying on the explicit
formula for k(B) in [23, Prop. 6] and for k(B) in Theorem 5.1. O

5.2. Classical groups. We now turn to the quasi-simple groups of symplectic and or-
thogonal type. Here, in the spirit of Olsson’s result for linear and unitary groups, we
first derive a formula for the number of characters in unipotent blocks which may be of
independent interest.
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Let G,(q) be one of Sp,, (q) or SOg,11(q) and ¢ # 2 an odd prime not dividing g. We
write d = dy(q) for the order of ¢ modulo ¢ and let d' := d/ged(d,2). The unipotent
¢-blocks of G,(q) are parametrised by d-cuspidal pairs in G, (q), that is, by pairs (L, \)
where L = G,,_a(q) X T is a d-split Levi subgroup of G,,(¢) (with a torus Ty = GL;(¢%)
if d is odd, respectively Ty =2 GU,(¢%) if d = 2d’ is even), and \ is a d-cuspidal unipotent
character of L, and hence of G,_wa(q) (see [6, Thm.]). We then write b(L, \) for this
block, and call w its weight. The unipotent characters in the block b(L, \) are then the
members of the d-Harish-Chandra series above (L, A), so by [4, Thm. 3.2] they are in
bijection with the irreducible characters of the relative Weyl group of this d-cuspidal pair,
which in this case is the imprimitive complex reflection group G(2d’,1,w). In particular
their number is given by k(2d', w).

The following result bears a strong resemblance to [23, Prop. 6]; and again it expresses
k(B) only in terms of the weight w of B, of d = dy(q) and the (-part of ¢? — 1:

Proposition 5.4. Let G € {Sp,,,(q),S02,+1(q)}, let £ # 2 and B be a unipotent ¢-block
of G of weight w. Let d = dy(q), d' := d/ ged(d,2) and write £* for the precise power of ¢
dividing ¢* — 1. Then

K(B) =Y k(2d + (0" —1)/2d ,wo) [ B((¢* = ¢7") /2d  wy),

i>1
where the sum runs over all sequences w = (wg, wy, .. .) of non-negative integers satisfying

Z wil’ = w.

i>0

Proof. First assume that G = SOsg,11(¢). We count the characters in B lying in Lusztig
series (G, t), with t € G* = Sp,,,(¢) an (-element. The conjugacy classes of semisimple
elements in Sp,,(q) are uniquely determined by the characteristic polynomials of their
elements in the natural 2n-dimensional matrix representation. Furthermore, there is a
semisimple element with characteristic polynomial a given monic polynomial f € F,[X] of
degree 2n with non-zero constant coefficient if and only if any root of f in F, has the same
multiplicity as its inverse. That is to say, f must be invariant under the transformation

fro £ = XSO X/ 5(0).

Let F denote the set of monic irreducible polynomials f € F,[X] whose roots in F, are
of £-power order. We choose a system of representatives F of *-orbits in F. Write F* for
the subset of polynomials in F whose roots have order ¢, i > 0. Then f € F has degree

1 iffeF'={X -1},
cpi=deg(f)=<d if feF withl<i<a,
dfiif f € Fori with i > 1.

Now first assume that d is odd. Thenno 1 # « € F: of -power order is Galois conjugate
to its inverse, as otherwise a? = a~!, that is, a?*! = 1 for some ¢ > 0, which is absurd.
Hence, all orbits of * on F*, i > 1, have length 2. Thus the classes of {-elements ¢ in
G* are in bijection with maps m : F — Zxo, f — my, with }_;_zm;deg(f) = n, such
that ¢ has characteristic polynomial (X — 1)2™ [Ix_12e2(f 7)™, where for notational



10 GUNTER MALLE

convenience we write m; := mx_;. The centraliser C' = Cg«(t) of t € G* corresponding
to the map m is then isomorphic to Spy,,, (¢) X [Tx_14pc GLim, (¢%).

According to [6, Thm.] a character of £(G, ) lies in the block B parametrised by (L, \)
if its Jordan corresponding unipotent character of C' lies in the unipotent block B¢ corre-
sponding to the same pair (L, A). For this to happen we must have in particular that L is
isomorphic to a d-split Levi subgroup of C*, hence m; = n— (w—u)d for some v > 0. The
unipotent characters of C' in B¢ are then the outer tensor products of unipotent charac-
ters in the block corresponding to (L, A) in Sp,,, (¢) times arbitrary unipotent characters
in the other factors GL,, (¢*), so their number is given by k(2d,u) [[.x_, m(m;) with
mw(my) = k(1, ms) the number of partitions of my. Now clearly the number of elements in
Fotiis (¢4 —¢=1)/(2d). Then the combinatorial argument in [23, p. 45], with 2d replacing
¢/, applies to show the stated formula for k(B).

Next assume that d = 2d’ is even. Then all /-elements in EX are Galois conjugate to
their inverses, and so f = f* for all f € F. Thus the classes of /-elements t € G* are in
bijection with maps m : F' — Zx, f +— my, with 3, -m;deg(f) = 2n, such that ¢ has
characteristic polynomial (X — 1)™ HX_I#Gf /™, where again we write my 1= mx_i.
The centraliser C' = Cg+(t) of t € G* corresponding to the map m is then isomorphic
t0 Spy, (0) X [x_1sfer GUy,, (¢%/?). Again by [6, Thm.] a character of £(G,t) lies in
the block B parametrised by (L, A) if its Jordan corresponding unipotent character of C'
lies in the unipotent block B corresponding to (L, A). In that case, L is isomorphic to a
d-split Levi subgroup of C, hence m; = 2n — 2(w — u)d’' for some u > 0. As before the
unipotent characters of C' in B are the outer tensor products of unipotent characters
in the block corresponding to (L, ) in Sp,, (¢) times arbitrary unipotent characters in
the other factors GU,,, (¢°//?), so their number is given by k(d, u) [Ifzx_1m(my/2). The
number of elements in Fo™ is (£* — (¢71)/d. Again we conclude as in [23, p. 45], using
that d = 2d'.

To treat G = Sp,,,(¢) we need to consider f-elements in the dual group SOs,+1(gq). But
according to [13, Prop. 4.2] there is a bijection between conjugacy classes of (-elements in
G and G* sending centralisers to their duals. Since centralisers of odd order elements in
both G,G* are always connected, they have the same numbers of unipotent characters.
So the count for Sp,,(q) is exactly the same as for SOg,11(¢) and we are done. O

5.3. Even-dimensional orthogonal groups. We next consider the even dimensional
orthogonal groups. Let G¢(q) = SO, (¢), with e € {£}, n > 4. (Here, as customary,
we write SOy, for the connected component of the identity in the general orthogonal
group GO,,.) We recall some facts on blocks of G¢(¢) from [6, Thm.]. Let ¢ be an
odd prime and d = d;(q). The unipotent ¢-blocks of G¢(q) are again parametrised by
d-cuspidal pairs (L, \), where L = G°__ .(q) x T, with either Ty = GL(¢%) for odd
d=d, or T; = GUy(¢%) for d = 2d’ even, and § = ¢ if d is odd or w is even, and
0 = —e else, and A is a d-cuspidal unipotent character of L. We write B = b(L, \) for
the corresponding block; and call w the weight of B. A defect group of b(L, \) is then
obtained as a Sylow ¢-subgroup of Cg([L, L)), which in our case is GO, (¢). Observe
that by the parity condition on the sign €, a Sylow ¢-subgroup of GO;‘fﬂd,(q) is already
a Sylow (-subgroup of SOsy4+1(¢). The number of unipotent characters of G¢(q) in the
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(-block B then equals the number of irreducible characters of the relative Weyl group of
(L, \), which is G(2d',1,w) unless X is parametrised by a degenerate symbol, in which
case it is the normal subgroup G(2d',2,w) (see [4, p. 51]).

We first derive a closed formula for the number of characters in blocks of the (dis-
connected) general orthogonal groups. Let B be a block of GO;,,(¢) lying above the
unipotent block B = b(L, \) of SOS,(g). Then either B lies above a unique unipotent
block of SO, (¢), in which case the tensor product of B with the non-trivial linear charac-
ter of GOS,,(q) is another block above B, or else the cuspidal pair (L, A) is such that \ is
labelled by a degenerate symbol, in which case B lies above the two blocks parametrised
by the two unipotent characters labelled by this degenerate symbol. In either case, the
unipotent characters in B are in bijection with the irreducible characters of G(2d’, 1, w),
which is the relative Weyl group in GO5,(q) of the cuspidal pair (L, \).

Proposition 5.5. Let { # 2 and B be an {-block of GO, (q), n > 4, lying above a
unipotent £-block of SO, (q) of weight w. Let d = dy(q), d' := d/ged(d,2) and write £*
for the precise power of £ dividing ¢* — 1. Then

B(B) =) k(2d + (¢ = 1)/2d ,wo) [ [ k((6* = ¢27) 2, wi),

i>1

where the sum runs over all sequences W = (wo, wy, .. .) of non-negative integers satisfying

Z wil' = w.

i>0

Proof. Let G = SO, < G = GOy, <G := SOg,+1 embedded in the natural way and
write G = GF, G = GF and G = GF. Let B be a unipotent ¢-block lying above the
block b(L, \) of G of weight w, for a d-cuspidal unipotent character of some d-split Levi
subgroup L < G. To investigate (G, 1) N Irr(B), let t € G* be an f-element. Let
(my) rer describe the characteristic polynomial of ¢ in the natural matrix representation
of G* = G. Then the centraliser of ¢ in G* has the same form as in G = SOs,1(q), except
that the factor G,,_ua(q) is replaced by a group Gog(nfwd,)(q). Now again by [6, Thm.]
such an f-element t contributes to B if and only if Cg«(t) contains L*, so if

Cer(t) 2 GO, (@) x [ GLim, (%)

X—14feF

with m; = n — (w — u)d’ for some u > 0.

Now first assume that d is odd. Then by the remarks preceding this proposition the
number of unipotent characters of the first factor of this centraliser in the ¢-block above A is
given by |Irr(G(2d, 1,u))| = k(2d, u), just as in the case of SOa,11(¢), and so the number
of unipotent characters above A in this centraliser is given by k(2d,u)[[; ., m(my),
exactly as in the previous proof. Now note that any two /(-elements with this shape
of centraliser lie inside a subgroup GO3,, (¢) x GLy,(q), With mg = n — m, and thus
are conjugate already inside this group. So the classes of (-elements with Lusztig series
contributing to B are parametrised exactly as in G*. Thus, we see that k(B) is given by
the same expression as the one we obtained in Proposition 5.4 for SO, 11(q). The case of
even d is entirely similar. O
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To descend to the special orthogonal groups, we need an auxiliary result on characters
of certain imprimitive complex reflection groups.

Lemma 5.6. Let d,n > 1. Then |Irr(G(2d,2,n))| < |Irr(G(2d,1,n))| = k(2d,n).

Proof. The irreducible characters of the complex reflection group G(2d, 1, n), which is the
wreath product C5;16,,, are naturally indexed by 2d-tuples of partitions of n. This shows
that |Irr(G(2d,1,n))| = k(2d,n). An irreducible character of G(2d,1,n) parametrised
by such a 2d-tuple (Aq, ..., Ayg) stays irreducible upon restriction to the normal subgroup
G(2d,2,n) of index 2 unless \; = Ay qfori =1,...,d. In this case, (A1,..., \g) is a d-tuple
of partitions of n/2, and in particular n must be even, which we assume from now on.
In this case our preceding discussion gives |Irr(G(2d,2,n))| = (k(2d,n) — k(d,n/2))/2 +
2k(d,n/2). So our claim is proven when we can show that k(2d,n) > 3k(d,n/2).
Now according to [23, Lemma 1(ii)] we have

k2d,n) = Y k(d, t)k(d,n—t) > k(d,n/2),

1<t<n

so we are done if k(d,n/2) > 3. Using [23, Prop. 5], for example, one sees that this holds
unless (d,n/2) € {(1,1),(1,2),(2,1)}. For these three cases the claim can be checked
directly. 0

Corollary 5.7. Let G = SO, (q) with n > 4, let £ # 2 and B be a unipotent (-block of
G of weight w. Let d = dy(q), d' := d/ged(d,2) and write {* for the precise power of £
dividing ¢ — 1. Then

K(B) <Y k(2d + (6 = 1)/2d wo) T] k(02 — €274 /2d ),

i>1

where the sum runs over all sequences w = (wg, wy, .. .) of non-negative integers satisfying

Z wil = w.

>0

As the proof shows, the inequality will often be strict, but this form will suffice for our
purpose.

Proof. Let G = SOy, < G := GO,, embedded in the natural way. Let B be a unipotent
(-block of G = G and let B be an f-block of G = GF lying above it. First assume that
B covers two blocks of G. Then clearly k(B) = k(B) and we are done by Proposition 5.5.
So B is the only block covered by B. In the proof of Proposition 5.5 we determined
the contribution of the various Lusztig series £(G,t), t € G* an f-element, to Irr(B), in
terms of the unipotent characters of the centraliser Cg+(t). Now the number of unipotent
characters in a given (-block of a factor SO3;, (¢), with m; = n— (w—wu)d’ for some u > 0,
is given by |Irr(G(2d, 2, u))|, while the number of characters lying above it in GO3,, (q)
equals |Irr(G(2d, 1,u))|. According to Lemma 5.6 this second number is always at least
as big as the former, so any Lusztig series (G, t) contributes at most as many characters
to B as the characters above it contribute to B, whence k(B) < k(B). Thus our claim

follows with Proposition 5.5. 0
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Theorem 5.8. Let H be quasi-simple of classical Lie type in characteristic p and assume
that ¢ # 2,p. Then the unipotent {-blocks of H are not minimal counterezamples to the
strong form of Brauer’s k(B)-conjecture.

Proof. By Proposition 2.3 we do not have to consider exceptional covering groups. As the
order of the non-exceptional part of the Schur multiplier of H/Z(H) is a power of 2, and
all unipotent blocks have Z(H) in their kernel, we in fact only need to consider the case
when H is simple. Moreover by Lemma 4.5 we can restrict attention to unipotent blocks
with non-abelian defect groups.

Let us first consider G = SOq,,11(q) with n > 2. Let d = d,(q) and let B be a unipotent
¢-block of G parametrised by the d-cuspidal pair (L, \), with L of semisimple rank n —wd’
where d' = d/ged(d,2). By [6, Thm. 4.4(ii)] the defect groups of B are isomorphic to
Sylow £-subgroups of C([L,L]). Now [L, L] = SOs(;_wa)11 has centraliser GO3,, () in
G, where the “+” sign occurs if and only if d is odd. A Sylow f-subgroup of GO3,,(q) is
isomorphic to the wreath product Cy. ! P, with £ the precise power of ¢ dividing ¢ —1 and
P a Sylow ¢-subgroup of the complex reflection group G(2d’, 1, w). On the other hand, the
number k(B) was computed in Proposition 5.4. Application of the precise same estimates
as in [23, p. 46] now shows that k(B) < |D| whenever D is non-abelian (which we may
assume by Lemma 4.5). Since the simple group H = [G, G| has index at most 2 in G, and
restriction of characters in (-series of G is irreducible by Lusztig’s parametrisation (see
[7, Prop. 15.6]), we obtain our claim for the unipotent blocks of H.

We can argue as in the previous case to obtain the desired inequality for unipotent blocks
of G = Spy,(q), just replacing the centraliser of [L,L] = Spy(,_,a) in G by Spy,q(q),
whose Sylow /-subgroups have the same order. Then the claim also holds for the unipotent
blocks of the simple factor group Sa,(q).

Finally, consider G = SO3,,(q), n > 4. Let B be a unipotent (-block of G’ parametrised
by the d-cuspidal pair (L, \). As observed above, we may assume that B has non-abelian
defect, that is, w > ¢. It is now easy to check that the bound for k(B) given in Corol-
lary 5.7 is less than | D] in all cases. Now the derived subgroup |G, G] has index at most 2
in GG, and characters corresponding to ¢-elements restrict irreducibly, and the simple group
H is obtained as [G,G]Z(G)/Z(G), with |Z(G)| < 2, which completes the proof. O

6. EXCEPTIONAL GROUPS IN NON-DEFINING CHARACTERISTIC

We now deal with the unipotent blocks of exceptional groups of Lie type. The strong
form of the k(B)-conjecture for >D,(q) was shown in [8], and for G5(q) the statement can
be read off from [15]. So in view of Lemma 4.1 we only need to concern ourselves with the
five series of exceptional groups of rank at least 4. Continuing our previous notation let
G be simple of simply connected exceptional type and of rank at least 4 with a Frobenius
endomorphism F, and G = G¥'. In this section we also allow ¢ = 2.

6.1. Unipotent blocks.

Proposition 6.1. The principal (-block of a quasi-simple exceptional group of Lie type
G/Z, where Z < Z(Q), is not a counterezample to the k(B)-conjecture in strong form.

Proof. We first consider the assertion for the principal ¢-block By of G. Then clearly it
will follow for the principal ¢-block of G/Z for all Z < Z(G) such that ¢ does not divide
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|Z|. Note that unless ¢ divides the order of the Weyl group of G, the Sylow ¢-subgroups of
G are abelian and /¢ is good for G (see [20, Thm. 25.14]). In the latter case, in particular ¢
does not divide the order of the center of G. So By is isotypic to a block of the normaliser
of a Sylow ¢-subgroup of G by Lemma 4.5, hence of an ¢-solvable group, for which the
k(B)-conjecture has been shown to hold.

So we may assume that ¢ divides the order of the Weyl group of G. Let G* be dual to
G and set G* = G*'. According to [19, Thm. 5.14] the normaliser of a Sylow ¢-subgroup
P of G* embeds into the normaliser N := Ng-(T) of an F-stable maximal torus T of G*
containing a Sylow d-torus of G*, where d = dy(q). Now the principal ¢-block By of G
satisfies

Irr(By) € £(G, 1) = JE(G, 1)

(see (*) in Section 4), where ¢ runs over a system of representatives of the conjugacy
classes of f-elements in G*. Furthermore, by Lusztig’s Jordan decomposition for any such
t, £(G,1) is in bijection with £(Cg=(t), 1), the unipotent characters of Cg+(t). Since every
conjugacy class of l-elements of G* has a representative in our chosen Sylow ¢-subgroup
P, it hence suffices to show that

PI> 318G = 3 iy [E(Con (0. 1),

teP/~ teP

where the first sum runs over a system of representatives of elements in P modulo N-
conjugation, and the second over all elements of P. In particular the right hand side
has exactly |P| summands. Hence we are done if we show that the average value of the
summands is smaller than 1.

For this we split the sum into two parts, depending on whether ¢t € P N'T or not.
The centraliser of a semisimple element ¢ € T is a subsystem subgroup of G*, with Weyl
group W; a reflection subgroup of the relative Weyl group W = Ng(T)/TF of T (see
[20, Thm. 14.2]). Thus [tV N P| > |W : W,| and we are done whenever |W : W;| >
|E(Cg+(t),1)]. The unipotent characters have been classified by Lusztig; in particular he
has shown that for a connected reductive group their number is multiplicative over the
simple components. For G of type A, |E(GF,1)| is the number of partitions of n+ 1, for
the other simple groups of low rank these numbers are given in Table 1 (see e.g. Chevie

[21]).

TABLE 1. Numbers of unipotent characters for simple groups

G ‘ B2JC2 B3ac3 B4704 D4 2-D4 F4 -D572D5

(G, 1] 6 12 25 14 10 37 20
G | Ds Ds Eg,’Es D7,°D; E; Dg Dy Eg
(G, 1) |42 36 30 65 76 120 110 166

Fort € P\ T let M = Ny(P)T"/T* and t the image in M of ¢. Then ¢ has at least
I'T N P|/|Crap(t)| - |M|/|Cyiz(t)| conjugates in P, and again we are done if this number
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exceeds |E(Cg«(t),1)|. Note that t is a non-trivial ¢-element of W. The value of this
bound on class lengths can easily be computed inside W.

Let first G = Fy(q). Then only ¢ < 3 needs to be considered. Here T is either maximally
split with |T¥| = (¢ — 1)* if d = 1, or Ennola dual to that with |T7| = (¢ + 1)* if d = 2.
For ¢ = 2 we compute the orbits of W on the set of elements ¢ of order o(¢) diving 4 in T
using Chevie [21]; the results are as follows:

Ca(t) o(t) | IE(G, )| [P NtY]
i) 1| 37 1
Bu(q) 2 25 3
Bs(q).(¢ — 1) 4 12 24
Cs(q).(¢ —1) 4 12 24
As(q).Ar(q) 4 10 24
Bs(q).Ai(q)-(g—1) 4 12 72
As(q).Ai(q).(¢—1) 4 6 96

Visibly, the average value of |E(G,t)|/|P NtY| is strictly less than 1 on the union of these

classes. Now the involutions and the elements of order 4 with centraliser Az(q).A;(q) are

the only isolated 2-elements in G, so any other 2-element in P N T has centraliser of

semisimple rank at most 3, so at most 12 unipotent characters but at least 24 conjugates

in P, whence the average value over all 2-elements in P N'T is indeed strictly less than 1.
For ¢ = 3 the classes of elements in P N'T of order dividing 3 are as follows,

Ce: (1) oft) [ IE(G, 1) PNt
Fi(q) 1 37 1
Bs(q).(¢—1) 3 12 24
Cs(q).(¢q—1) 3 12 24
Ay(q).As(q) 3 9 32

which gives an average value less than 1. Furthermore, W (F}) has only three classes of
non-trivial elements of 3-power order, with orbit length at least 18 in PW (F}), larger
than the number of unipotent characters of any proper centraliser.

Now let G = Eg(q). Here we need to consider ¢ = 2,3 and moreover { = 5 when
5/(¢q — 1). Again, the relevant classes of elements of order 4, 3 and 5 can be computed
with Chevie, and the claim follows for the group G. If Z # 1 then we have 3|(q — 1),
|Z| = 3 and we may assume that ¢ = 3. The classes of elements of G* of order dividing 3
contained in PN T are

Ce (1) (G, [PntY|
Es(q) 30 1
As(q)-(¢ —1) 11 72
As(q)?.3 17 80
Dy(q).(¢g—1)%3 26 30
3D4(q) (> +q+1).3 24 60
Ds(q).(q — 1) (twice) 20 27
Ay(q).A1(q).(¢ — 1) (twice) 14 216
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and again it follows that the average value under consideration is less than 1. The situation
for the twisted groups *Eg(q) is entirely similar except that ¢ = 5 now has to be considered
when 5((q + 1).

For G = E7(q) we need to consider £ = 2, 3, and ¢ = 5,7 when either divides ¢*>—1. The
only centralisers for which the number of unipotent characters is larger than the index
of the corresponding Weyl group in W (E7) are those of types F;, Eg.2 and Dg + Ay,
which correspond to quasi-isolated involutions and those only occur once each. Adding
the contributions by the other centralisers of elements of order 4, 3, 5 or 7 respectively,
we again get an average value below 1. For G/Z with |Z| = 2, we need to consider ¢ = 2.
Here the claim follows by an analogous computation.

Finally, for G = Ex(q) we need to consider £ = 2,3,5, and £ = 7 when 7|(¢*> — 1). Here,
only ¢t = 1 and the class of involutions with centraliser of type E7; + A; give a too large
contribution, but this is again offset by the collection of all elements of order 4. 0

We now turn to general unipotent blocks. At bad primes these were determined by
Enguehard [10].

Theorem 6.2. Let B be a unipotent £-block of a quasi-simple exceptional group of Lie type
G/Z, where Z < Z(G). Then B is not a minimal counterexample to the k(B)-conjecture
in strong form.

Proof. By Proposition 6.1 we may assume that B is not the principal block of G/Z,
and by Lemma 4.5 we only need to consider the case of bad primes ¢. Furthermore,
by Theorem 2.1 we may assume that defect groups have rank at least 4 when they are
abelian. For type Fy, by [10, p. 349] the only non-principal unipotent block of positive
defect occurs for ¢ = 3, but it has abelian defect groups of rank 2.

For G = Eg(q) and ¢ < 5 again by [10, p. 351] the only relevant unipotent block is
the one above the cuspidal unipotent character of Dy4(q) for £ = 3 and ¢ = 1 (mod 3),
with defect group D of order 3(¢ — 1)%. For this non-principal 3-block B we use the
description of Irr(B) given in [10, Thm. B]: we have Irr(B) C &(G,1), and for any
l-element t € G*, Irr(B) N E(G,t) is in bijection with the irreducible characters in a
corresponding unipotent block of Cg« (), belonging to the “same” 1-cuspidal pair (apart
from certain exceptions as described in [10, Prop. 17]). In our situation, B is associated
to the 1-cuspidal pair (D4(q),A), where A denotes the unipotent cuspidal character of
Dy4(q), and thus £(G,t) with ¢ a non-trivial 3-element contains a character from B only
if £ has centraliser containing a Levi subgroup of type D4. Thus the possibilities for
Ca(t) are Dy(q).(¢ — 1)%, Ds(q).(¢ — 1) and 3Dy(q).(¢* + ¢ + 1), in which case we have
IIrr(B) N E(G,t)| = 1,2,1 respectively (in the last case corresponding to the cuspidal
unipotent character 3Dy[—1] of 3Dy(q), see loc. cit.). As |Irr(B) N E(G, 1)| = 3, and any ¢
as before has at least 6 conjugates in P, the claim ensues.

The arguments for the non-principal unipotent blocks of 2Eg(q), described in [10, p. 354],
are entirely similar except that here d = d3(q) = 2.

For G = FEz(q) by the table in [10, p. 354], the only relevant blocks are for ¢ = 2 the
blocks lying above the d-cuspidal unipotent characters of Levi subgroups of type Eg, and
for ¢ = 3 a block lying above the d-cuspidal unipotent character of a Levi subgroup of
type Dy4. In the case £ = 2 the defect groups are dihedral (see [10, p. 357]) in which case
our claim is known to hold, see [26, Cor. 8.2]. For the non-principal unipotent 3-block B
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above D, the defect groups have order |D| = 3(q—€)? where ¢ = ¢ (mod 3) (see loc. cit.),
and again we can compute the number of characters in Irr(B) using [10, Thm. B]. The
centralisers of 3-elements 1 # t € G* containing a subgroup of type D, are of types

Dy, 3D4, D5, Dy+ Ay, Dg, Ds + Ay, and Eg

when d = 1, or their Ennola duals for d = 2, with |Irr(B) N E(G,t)| = 1,1,2,2,5,4,3
respectively, but all of these have at least 28 conjugates in P; this also makes up for the
10 characters contributed by Irr(B) N E(G, 1).

For G = FEg(q) we need to consider ¢ = 2,3,5. The relevant unipotent blocks for ¢ = 2
are those above the d-cuspidal unipotent characters of Eg(q) (or *Es(q)), and for £ = 3,5
those above the d-cuspidal unipotent character of D4(q). The non-principal unipotent
block for ¢ = 2 has defect groups of order 4(q — €)3 (see [10, p. 364]) with ¢ = ¢ (mod 4),
and only the Lusztig series £(G, t) with ¢ a 2-element with centraliser of type PEq, E; or
B + Ay will contribute, with |[Irr(B) N E(G, t)| = 1,2, 2 respectively, in addition to the
six unipotent characters. Again, the inequality is easily seen to hold. The computations
for £ = 3,5 are similar to those done previously. This completes the discussion of all
unipotent blocks of exceptional type groups. O

6.2. Isolated 5-blocks in FEg(g). The only simple groups of Lie type for which 5 is a
bad prime are those of type Es. In view of Proposition 4.3 and Theorem 6.2, in order
to complete the proof of Theorem 1 for p = 5 it therefore remains to treat the isolated
5-blocks of Fg(q). These have been classified in [17, Prop. 6.10 and 6.11], but without
determining the precise character distribution.

Proposition 6.3. Let B be an isolated 5-block of Es(q). Then B is not a minimal
counterezample to the k(B)-conjecture in the strong form.

Proof. By Theorem 6.2 we may assume that B is not unipotent. Thus B lies in &(G, s)
for an isolated semisimple 5'-elements 1 # s of G*. According to Lemma 4.4 we may
assume that & (G, s) is not a single 5-block. Now by [17, Tab. 7 and 8] the only non-
unipotent isolated 5-blocks of Es(q) for which the defect groups are not abelian of rank
at most 3 and for which &(G,s) is not a single 5-block are those collected in Table 2,
where we have kept the numbering from loc. cit. The two unnumbered lines correspond to
5-blocks that had inadvertently been omitted. All cases occur when ¢ = 1 (mod 5), that
is, d = d5(q) = 1, except for the one in the last line which occurs when ¢ = 2,3 (mod 5).
The case of ¢ =4 (mod 5) is entirely analogous to the one where ¢ =1 (mod 5). In the
last column we provide the size of a defect group D as described in [17, Thm. 1.2(b)],
where 5% denotes the precise power of 5 dividing ¢¢ — 1.

First, consider cases 1 and 2. Here &5(G,s) contains two 5-blocks, and the precise
subdivision of characters among these blocks is not known. In case 2, all characters in
the corresponding block B, must have degree divisible by |G : D|5 = 5%(¢ — 1)3 = 512,
But this does not hold for characters in the principal series of G. The only other Harish-
Chandra series occurring in a Lusztig series £(G, st), with ¢ € Cg+(s) as 5-element, are
the ones above a cuspidal unipotent character of a split Levi subgroup of type Dy. In
particular, £(G, st) only contributes to Irr(Bs) if Cg«(st) contains Dy(q), that is, if ¢
centralises a subgroup Dy4(q) in Cg«(s) = Dg(q). The centraliser of Dy(q) inside Dg(q) is
a subgroup Dy4(q), as can be seen from the extended Dynkin diagram, so our claim for
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TABLE 2. Some isolated 5-blocks in Eg(q)

| No. | Ce-(s)" [L X D] |
1 Dg((]) @ 1 58a+1
2 Dy D4[1] Hia
3 Er(g)Ai(g) [0 1 S
4 Dy D4[1] Hia
7 Ds(q)As(q) [0 1 S
8 Dy Dyl 5%
11 2A:()A1(q) | A3 1 500
14 y(q) | AF 1 51
16 Eo(@)As(q) |0 1 5EatT
17 Dy Dy 5%
19 2E6(Q)2A2(Q) Ail)) 1 55a
20 Dy (PAs, ¢91) 5
“As(9)-*Aa(9)Ar(q) | A7 1 5>
Dy (PAy, d21) 5"
| 25| Ds(q) [ @7 1 5t |

Bs follows again with Corollary 5.7. The exact same reasoning applies in cases 8 and 17
(note that by [17, Tab. 7] the characters in the Harish-Chandra series above a cuspidal
character of Es(q) do not lie in the 5-block corresponding to case 17). To deal with the
case 1 we claim that the total number of characters in (G, s) is less than |D|; for this
note that for any possible centraliser Cg«(st) the number of non-principal series characters
in £(G, st) is at most one sixth of the total number of characters. So |E5(G, s)| is at most
6/5 of the number obtained from the principal series characters, which we determined in
Corollary 5.7. Evaluation of that formula shows our claim.

Cases 3,7,11,14,16,19 and 25 are settled completely analogously.

For the unnumbered lines, by Proposition 4.6 it suffices to count the characters in a
simply connected covering H = SUg(q) x SU3(q) x SLa(q) of the centraliser C«(s). By
Olsson’s formula for GU,,(¢) we have that

[€5(GUs(q) x GUs(q) x GUa(g), 1)| < 5% - 5% - 52 = 5.

Now by Lusztig’s result [7, Thm. 15.11] all characters of GUg(q) x GUj3(q) x GUs(q)
corresponding to 5-elements restrict irreducibly to H, and since H has index divisible by
537 it follows that

1E5(SUs(q) x SUs(q) x SLa(g), 1)| < 5%/5%* = 5.

So the first block with this centraliser (which has abelian defect groups) satisfies the k(B)-
conjecture. The characters in the other block must have degree divisible by |G : Dl5 =
51912 50 they must lie above the cuspidal unipotent character of the factor SUs(q). Here,
the count for the middle factor is just 5%, and again the desired inequality follows. A
similar argument can be employed to deal with the remaining two cases 4 and 20. 0

6.3. Isolated 3-blocks with abelian defect.
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Proposition 6.4. Let B be an isolated 3-block of a quasi-simple group of Lie type with
abelian defect groups. Then B is not a minimal counterezample to the k(B)-conjecture.

Proof. By Lemma 4.5 and Theorems 5.3 and 6.2 we may assume that B is not unipotent.
Thus B lies in &(G, s) for an isolated semisimple 3'-element 1 # s of G*. Moreover, G
is not of classical type by Proposition 4.3. According to Lemma 4.4 we may assume that
&3(G, s) is not a single 3-block. Now by [17, Tab. 2, 3, 4 and 6] the only non-unipotent
isolated 3-block B with abelian defect groups of rank at least 4 for which £5(G, s) is not
a single 3-block occurs in Eg(q) with Cg-(s) of type 2A4(¢q)?. Now note that the other
two blocks in &(G, s) have smaller defect groups. But then according to the main result
of [17] the characters of &(G, s) in B are exactly those of height zero, hence those lying
in the principal Harish-Chandra series. For these we showed the validity of the required
inequality in Theorem 5.3. U

We conclude by proving Theorems 1, 2 and 3. Let (G, B) be a minimal counterexample
to Brauer’s k(B)-conjecture in the strong form with G quasi-simple. Then G must be
of Lie type by Proposition 2.3. Theorem 3.2 shows that p is not the defining prime.
The block B is not unipotent for p # 2 by Theorems 5.3, 5.8 and 6.2. It is shown in
Lemma 4.2 that B must be isolated. The isolated blocks for good primes p > 3 are
not minimal counterexamples by Enguehard’s result in Proposition 4.3, and the isolated
5-blocks of Eg(q) are neither by Proposition 6.3. This achieves the proof of Theorem 1.

Now consider Theorem 2 on blocks with abelian defect groups. In the case p = 3 the
claim follows with Proposition 6.4. Now assume that B is a quasi-isolated 2-block with
abelian defect. Then by [9, Lemma 5.2] we have that either defect groups of B have rank
at most 2, or GG is of type A and B is quasi-isolated but not isolated. In this case we may
conclude by Lemma 4.2. Finally, the principal block of a group of Lie type is unipotent,
so the last assertion of Theorem 3 also follows.

REFERENCES

[1] C. BoNNAFE, J.-F. DAT, R. ROUQUIER, Derived categories and Deligne-Lusztig varieties IT. Ann.
of Math. (2) 185 (2017), 609-670.

[2] R. BRAUER, On the structure of groups of finite order. Pp. 209-217 in: Proceedings of the In-
ternational Congress of Mathematicians, Amsterdam, 1954, Vol. 1. North-Holland Publishing Co.,
Amsterdam, 1957

[3] R. BRAUER, W. FEIT, On the number of irreducible characters of finite groups in a given block.
Proc. Nat. Acad. Sci. U.S.A. 45 (1959), 361-365.

[4] M. BROUE, G. MALLE, J. MICHEL, Generic blocks of finite reductive groups. Astérisque 212 (1993),
7-92.

[6] M. BrROUE, J. MICHEL, Blocs & groupes de défaut abéliens des groupes réductifs finis. Astérisque
212 (1993), 93-117.

[6] M. CABANES, M. ENGUEHARD, On unipotent blocks and their ordinary characters. Invent. Math.
117 (1994), 149-164.

[7] M. CABANES, M. ENGUEHARD, Representation Theory of Finite Reductive Groups. New Mathe-
matical Monographs, 1, Cambridge University Press, Cambridge, 2004.

[8] D. DERizioTis, G. MICHLER, Character table and blocks of finite simple triality groups 3D4(q).
Trans. Amer. Math. Soc. 303 (1987), 39-70.

[9] C. EaTON, R. KESSAR, B. KULSHAMMER, B. SAMBALE, 2-blocks with abelian defect groups. Adv.
Math. 254 (2014), 706-735.



20

GUNTER MALLE

[10] M. ENGUEHARD, Sur les [-blocs unipotents des groupes réductifs finis quand [ est mauvais. J. Algebra

230 (2000), 334-377.

[11] M. ENGUEHARD, Vers une décomposition de Jordan des blocs des groupes réductifs finis. J. Algebra

319 (2008), 1035-1115.

[12] J. FuLMAN, R. GURALNICK, Bounds on the number and sizes of conjugacy classes in finite Chevalley

groups with applications to derangements. Trans. Amer. Math. Soc. 364 (2012), 3023-3070.

[13] M. GECK, G. Hiss, Basic sets of Brauer characters of finite groups of Lie type. J. Reine Angew.

Math. 418 (1991), 173-188.

[14] D. GLuck, K. MAGAARD, U. RIESE, P. SCHMID, The solution of the k(GV)-problem. J. Algebra

279 (2004), 694-719.

[15] G. Hiss, Zerlegungszahlen endlicher Gruppen vom Lie-Typ in nicht-definierender Charakteristik.

Habilitationsschrift, RWTH Aachen, 1990.

[16] J. E. HUMPHREYS, Defect groups for finite groups of Lie type. Math. Z. 119 (1971), 149-152.

7] R. KEssAR, G. MALLE, Quasi-isolated blocks and Brauer’s height zero conjecture. Ann. of Math.

(2) 178 (2013), 321-384.

[18] G. MALLE, Die unipotenten Charaktere von *Fy(¢?). Comm. Algebra 18 (1990), 2361-2381.
[19] G. MALLE, Height 0 characters of finite groups of Lie type. Represent. Theory 11 (2007), 192—-220.
[20] G. MALLE, D. TESTERMAN, Linear Algebraic Groups and Finite Groups of Lie Type. Cambridge

Studies in Advanced Mathematics, 133. Cambridge University Press, Cambridge, 2011.

[21] J. MICHEL, The development version of the CHEVIE package of GAP3. J. Algebra 435 (2015),

308-336.

[22] G. NAVARRO, Some remarks on global/local conjectures. Pp. 151-158 in: Finite Simple Groups:

Thirty Years of the Atlas and Beyond, Contemporary Mathematics, 694, Amer. Math. Soc., Provi-
dence, 2017.

[23] J. OLsSON, On the number of characters in blocks of finite general linear, unitary and symmetric

groups. Math. Z. 186 (1984), 41-47.

[24] J. OLssoN, On the p-blocks of symmetric and alternating groups and their covering groups. J.

Algebra 128 (1990), 188-213.

[25] G. ROBINSON, On Brauer’s k(B)-problem for blocks of p-solvable groups with non-Abelian defect

26

groups. J. Algebra 280 (2004), 738-742.
| B. SAMBALE, On blocks with Abelian defect groups of small rank. Results Math. 71 (2017), 411-422.

[27] THE GAP GRoOuUP, GAP — Groups, Algorithms, and Programming, Version 4.4; 2004, http:

//www.gap-system.org.

FB MATHEMATIK, TU KAISERSLAUTERN, POSTFACH 3049, 67653 KAISERSLAUTERN, GERMANY.
E-mail address: malle@mathematik.uni-k1l.de



