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The Largest Irreducible Representations of Simple Groups

Michael Larsen, Gunter Malle, and Pham Huu Tiep

ABSTRACT

Answering a question of I. M. Isaacs, we show that the largest degree of irreducible complex
representations of any finite non-abelian simple group can be bounded in terms of the smaller
degrees. We also study the asymptotic behavior of this largest degree for finite groups of Lie
type. Moreover, we show that for groups of Lie type, the Steinberg character has largest degree
among all unipotent characters.

1. Introduction

For a finite group G, let b(G) denote the largest degree of any irreducible complex
representation of G. Certainly, b(G)? < |G|, and this trivial bound is best possible in the
following sense. One can write |G| = b(G)(b(G) + €) for some non-negative integer e. Then
e =0 if and only if |G| = 1. Y. Berkovich showed that e = 1 precisely when |G| =2 or G is
a 2-transitive Frobenius group, cf. [2, Thm. 7]. In particular, there is no upper bound on |G|
when e = 1. On the other hand, it turns out that |G| can be bounded in terms of e if e > 1.
Indeed, N. Snyder showed in [25] that then |G| < ((2¢)!)%.

One can ask whether the largest degree b(G) can be bounded in terms of the remaining
degrees of GG. More precisely, can one bound

erm(c), x(1)<b(G) x(1)?
b(G)?
away from 0 for all non-abelian finite groups G?7 The aforementioned result of Berkovich
immediately implies a negative answer to this question for general groups. M. Isaacs raised
the question whether there exists a universal constant € > 0 such that e(S) > ¢ for all simple
groups S. Assuming an affirmative answer to this question, he has improved Snyder’s bound
to the polynomial bound |G| < Be® (for some universal constant B and for all finite groups G
with e > 1), cf. [12].
In this paper we answer Isaacs’ question in the affirmative:

e(G) =

THEOREM 1.1. There exists a universal constant € > 0 such that ¢(S) > ¢ for all finite
non-abelian simple groups S.

One can give an explicit value for € in Theorem 1.1, say ¢ > 2/(120,000!), (moreover, €(S) >
1/209 for all but finitely many finite non-abelian simple groups S), cf. Corollary 4.9. This is
certainly very far from best possible, and it comes from the proof of Theorem 2.1. Note that,
for alternating groups S = A,, only asymptotic formulae are known for b(S), see [28] and [15].
It would be interesting to improve on this bound for €. We do not know of any non-abelian
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simple group S with £(S) < 1 (in fact, £(S) > 1 for the majority of simple classical groups, and
for all simple exceptional groups of Lie type as well as sporadic simple groups, see Theorem 4.7
and Proposition 4.3). As pointed out by Isaacs in [12], if €(S) > 1 for all non-abelian simple
groups S, then his polynomial bound BeS can be improved to |G| < e® + e?.

Lusztig’s classification of irreducible characters of finite groups of Lie type provides us with
a way to find b(S) for any given finite simple Lie-type group S in principle. In particular, b(S)
is known if S is defined over a field of large enough cardinality (in comparison to the rank), cf.
Corollary 4.6. But because of the delicate combinatorics involved in the classification, the right
asymptotic for b(S) for simple classical groups over small fields F, has not been determined.
In fact, even the question whether the Steinberg character of S has largest degree among the
unipotent characters of S has not been answered in the literature. Our second main result
answers this question in the affirmative:

THEOREM 1.2. Let G be a simple algebraic group in characteristic p, F' : G — G a Steinberg
endomorphism, and G = G be the corresponding finite group of Lie type. Then the degree of
the Steinberg character of G is strictly larger than the degree of any other unipotent character.

The next result yields a lower and upper bound for b(S) in the case of finite groups of Lie
type:

THEOREM 1.3. For any 1 > ¢ > 0, there are some (explicit) constants A, B > 0 depending
on € such that, for any simple algebraic group G in characteristic p of rank n and any Steinberg
endomorphism F : G — G, the largest degree b(G) of the corresponding finite group G := G¥'
over IF satisfies the following inequalities:

A(log, n)1=9/7 < T(Cr) < B(1 +log, n)2-54/7
P
if G is classical, and
b(G)

1<
Gl

< B

if G is an exceptional group of Lie type. Here, v =1 if G is untwisted of type A, and v =2
otherwise.

In particular, if we fix ¢ and let the rank n grow, then the ratio b(G)/|G|, also grows
unbounded — a fact we find rather surprising (note that |G|, is the degree of the Steinberg
character of G). One can view Theorem 1.3 as a Lie-type analogue of the results of [28] and
[15]. Even more explicit lower and upper bounds for b(G) are proved in §5 for finite classical
groups G, cf. Theorems 5.1, 5.2, and 5.3.

Certainly, any upper bound for b(G) also holds for the largest degree by(G) of the -modular
irreducible representations of G. Here is a lower bound for b,(G):

THEOREM 1.4. There exists an (explicit) constant C > 0 such that, for any simple algebraic
group G in characteristic p, any Steinberg endomorphism F : G — G, and any prime /¢, the
largest degree by(G) of {-modular irreducible representations of G := G satisfies the inequality
be(G)/|Glp = C.
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The paper is organized as follows. In Section 2 we prove Theorem 1.1 for S an alternating
group. In Section 3 we prove various comparison results between unipotent character degrees,
which may be of independent interest. We then prove Theorem 1.1 for groups of Lie type in
Section 4. In the final Section 5 we complete the proof of Theorem 1.3 and give even better
upper and lower bounds for classical groups of Lie type, as well as the proof of Theorem 1.4.

Acknowledgements. The authors are grateful to Marty Isaacs for suggesting this problem
to them, and to the referee for helpful comments that greatly improved the exposition of the

paper.

2. Symmetric and Alternating Groups

In this section we analyze the largest degree of irreducible characters of the alternating
groups. The main idea is that if one starts with a character x € Irr(S,,), by considering the
irreducible constituents of Indé:i1 Resé:_l(x) then one can show that x itself cannot be too
large. Some further technicalities arise because the symmetric group is easier to analyze, but
we need the result for alternating groups.

We recall some basic combinatorics connected with symmetric groups. By a Young diagram,
we mean a finite subset A of Z>° x Z>° such that for all (z,y) € Z°° x Z>°, (z +1,y) € A

r (z,y+1) € A implies (z,y) € A. Elements of A are called nodes. We denote by Y (n) the
set of Young diagrams of cardinality n. For any fixed A, we let [ and k denote the largest x-
coordinate and y-coordinate in A respectively and define a; for 1 < j <k and b; for 1 <4 </
by

a; :==max{i | (i,5) € A}
and likewise
b; := max{j | (i,7) € A}.
Thus, for each A, we have a pair of mutually transpose partitions
n=a +---+a,=b+---+by.

For each (i,7) € A, we define the hook H; ; := H; j(A) to be the set of (i, 5') € A such that
i >, 7/ > j, and equality holds in at least one of these two inequalities. We define the hook
length

h(i,j) = hij(A) = |H; j(A)] = 1+ a; —i+b; — j,

P:=PA) = [] hij

(i,5)€EA
Define A(A) (resp. B(A)) to be the set of nodes that can be added (resp. removed) from A
to produce another Young diagram:

AA) :={(i,5) €Z7° xZ7° | AU{(i,5)} € Y(n + 1)}

and set

and
B(A) = {(i,j) e AT AN{(,4)} € Y(n = 1)}
Thus A(A) consists of the pair (1,k+ 1) and pairs (aj +1,7) where j =1 or a; < a;—1. In

particular, the values i for (i,7) € A(A) are pairwise distinct, so

: [A(A)]2 — [A(Q)]
n> Yy (i-1)> 5 ;
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and |A(A)| < v2n + 1. Similarly, B(A) consists of the pairs (a;, j) where either j =k or a; >
aj+1. Hence

- IBA)P +[B(A)]
ne o2, P
(i,.5)€B(A)
and |B(A)| < v2n. For (i,5) € A(A), the symmetric difference between A(A) and A(A U
{(4,7)}) consists of at most three elements: (i, j) itself and possibly (i + 1,4) and/or (¢, + 1).
Likewise, the symmetric difference between B(A) and B(A \ {(i,7)}) consists of at most three
elements: (7, ) and possibly (¢ — 1, 5) and/or (4,5 — 1).

There are bijective correspondences between elements of Y (n), partitions n = > ;@ dual
partitions n = ", b;, and complex irreducible characters of S,,. By the hook length formula,
the degree of the character associated to A is n!/P(A).

The branching rule for S,,_; < S,, asserts that the restriction to S,,_; of the irreducible
representation p(A) of S,, associated to A € Y(n) is the direct sum of p(A\ (,7)) over all
(i,7) € B(A). By Frobenius reciprocity, it follows that the induction from S,, to S,,4+1 of p(A)
is the direct sum of p(A U {(,4)}) over all (4,7) € A(A). We can now prove the main theorem
of this section.

THEOREM 2.1. Let S C R be a finite set. Then there exists N and 6 > 0 depending only
on S such that for alln > N and every irreducible character ¢ of S,,, there exists an irreducible
character 1 of S,, such that

Y1)
o0 €1,00)\ S.

In particular, if S = Sy := {1,2,1/2}, then one can choose N = 120,000 and 6 = 9/65.

Proof. Equivalently, we prove that there exists N and ¢ > 0 such that, for all n > N and
for all A € Y(n), there exists I" € Y(n) such that

dim p(T") _ P(A)
dimp(A)  P(T)

Consider the decomposition of

€ [6,00) \ 8.

Indg"  Resg"  p(A) (2.1)

into irreducible summands of the form p(T'). These summands are indexed by the set N(A)
of quadruples Zl,j1, i2,72), where (i1,71) € B(A) and (ig,j2) € A(A\ {(i1,41)}). Clearly,
IN(A)| < v2n(y/2(n—1)+ 1) < (2.01)n (if n > 20,000), while the degree of the represen-
tation (2.1) equals ndim p(A ) Choosmg 0 < 9/65, we see that the sum of the dimensions of
all the constituents p(I') with I' € N(A) and
dim p(T")
dim p(A)
is less than (0.28)n(dim p(A)). Now, choosing
0.72

max S

<0

we see that, either there exists an element of N(A) with corresponding diagram I' € Y'(n) such
that
dim p(T")

me[&,oo)\S
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or there exist at least en elements of N(A) with corresponding diagrams T" such that
dim p(T")
dim p(A)

We need only treat the latter case. Note that e = 0.36 if S = Sj.
Consider octuples (i1, j1,-..,%4,Ja) such that (i1,J1,42,7J2) and (is, js, 4, 74) are in N(A),
every I' corresponding to either of them satisfies (2.2), the coordinates 41,12, i3, i4 are pairwise

distinct, and the same is true for the coordinates j1, jo, j3,j4. The number of such octuples
must be at least

€s. (2.2)

(en —1)(en — 7(vV2n + 1)).

(Indeed, there are at least en — 1 choices for (i1, ji,12,j2) € N(A) with i1 # iy and j1 # jo
yielding T" satisfying (2.2). Consider any (i3, js, %4, J1) € N(A) yielding I" satisfying (2.2). One
can check that i3 = i1 iff j3 = j1, i3 = iy implies j3 = jo — 1, and j3 = jo implies i3 =iy — 1.
Similarly7 i4 = ’L'g iff j4 = j37 i4 = iQ iff j4 = jg, i4 = le implies j4 = j]_ + 1, and j4 == jl implies
ig =41 + 1.) Observe that

(en —1)(en — 7(v/2n + 1)) > (9/10)e2n?

if n is sufficiently large (n > 10° would suffice for S = Sp).
Let us fix one such octuple. We set

Arz = (AN {(i1,51)}) U {2, j2)}
and
Asq = (AN {(i3,73)}) U{(is, ja) }.
By the distinctness of the ¢ and j coordinates, we have
(i3, J3) € B(A12)
and
(i1, Ja) € A(A12\ {(i3,]3)})-
Let
Argzg i= ((Ar2 \ {(i3,43)}) U {(is, ja) }-
Given (i, ), (',7") € A(A), we can compare h; j)(A) to hey jn(AU{(i,5)}). If i # i’ and
j # j’, the hook lengths are equal, but if s =4’ or j = j/, then
hir g (A UL 9)}) = her g (A) + 1.
From this formula, we deduce that
P(A)P(A1234) ala+2) b(b—2)

P(A)P(Asy)  (a+1)2 (b—1)2

where
@ = Rimin(iz,ia) min(i2,52)) (8); 0= Amingis ia) minGi,2)) (D)
Letting S? = {s152 | 51,52 € S}, we conclude that
P(A1230) (a(a+ 2) b(b— 2)) -
P(A) (a+1)2 (b—1)2

As long as § is chosen less than (9/16)(min S)?, this value is automatically greater than d. For
instance, if S = Sp, then we can choose § = 9/65. It remains to show that we can choose the
octuple (i1, ...,js4) such that the value is not in S.
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There are finitely many values of ¢ such that t5% N S is non-empty, and we need only consider
values of a and b for which

ala+2) bb-2)

(a+1)2 (b—1)?
lies in this finite set. For instance, if S = Sy, then there are exactly seven such values for ¢:
t =2" with —3 < i < 3. We claim that for each value t, the set of octuples which achieves
this value is o(n?). The claim implies the theorem. To prove the claim we note that there
are at most (v/2n + 1)3 = O(n3/2) possibilities for (i1, j1,42, j2, 3, j3). Given one such value,
b is determined, so if ¢ is fixed, so is a. For a given value of a and given is and js, there are
at most two possibilities for (i4, j4) € A(A) With Nmin(is,is),min(jz.j4)) (A) achieving this fixed
value. The claim follows. More precisely, if S = Sy, then the number of octuples in question is
at most 14(v/2n + 1), which is less than (9/10)e?n? when n > 120, 000. O

COROLLARY 2.2. There is some constant € > 0 such that e(A,) > ¢ for all n > 5. In fact,
one can choose € = 2/(120,000!). Furthermore, £(A,,) > 1/209 if n > 120, 000.

Proof. Choose S =Sy ={2,1,1/2} and apply Theorem 2.1. Let x € Irr(A,,) be of degree
b:=b(A,) and let ¢ € Irr(S,,) be lying above x; in particular ¢(1) = rb with r =1 or 2. By
Theorem 2.1, if n > N := 120,000, then there is some 1) € Irr(S,,) such that ¥(1)/¢(1) > 6 =:
9/65 and ¥(1)/¢(1) ¢ S. Now let p € Irr(A,,) be lying under t; in particular, p(1) =¢(1)/s
with s = Lor 2. Then p(1)/x(1) = ((1)/6(1)) - (r/s), and 50 p(1)/x(1) > 6/2 and p(1)/x(1) £
1. It follows that e(A,) > §2/4 > 1/209 for n > N.

On the other hand, if 5 < n < N, then we can use the trivial bound that b(S)? < |S| and so
e(S) > 1/15|, giving e(A,) > 2/(N). O

3. Comparing Unipotent Character Degrees of Simple Groups of Lie Type

Each finite simple group S of Lie type has an irreducible character St of degree St(1) = |5|,,
where p is the underlying characteristic, the so-called Steinberg character (and there is a unique
such character except when S = 2F;(2)’). We refer the reader to [3, Chap. 6] and [5] for this,
as well as for basic facts on Deligne-Lusztig theory. The main aim of this section is to prove
Theorem 1.2 which compares the degree of St with that of the other unipotent characters.

By the results of Lusztig, unipotent characters of isogenous groups have the same degrees,
so it is immaterial here whether we speak of groups of adjoint or of simply connected type;
moreover, all unipotent characters have the center in their kernel, so they can all be considered
as characters of the corresponding simple group.

It is easily checked from the formulas in [3, §13] and the data in [17] that Theorem 1.2 does
in fact hold for exceptional groups of Lie type. The six series of classical groups are handled
in Corollaries 3.3 and 3.8 and Proposition 3.9 after some combinatorial preparations. On the
way we derive some further interesting relations between unipotent character degrees.

3.1. Type GL,

For ¢ > 1 and ¢ = (¢1 < ... < ¢s) a strictly increasing sequence we set

=1

and c+m:=(c1 + m < ... < ¢s +m) for an integer m.
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LEMMA 3.1. Letqg>2,s>1.
a b
(i) Then qg_;}l < qbq,%_ll if and only if a > b.
(ii) Let ¢ = (c1 < ... < ¢s) be a strictly increasing sequence of integers, with ¢; > 2. Then:

[Q] s+1.

s
<
q <[Q—1] q

Proof. The first part is obvious, and then the second follows by a 2s-fold application of (i)
since

S

qc5 -1 qc575+i -1 s+1 1

q q s+1
< — = n = < .
q ch_S—l il;llqcs—s-i-z—l — C—l Zl_[l q -1 q—l q

O

We denote by x» the unipotent character of GL,(g) parametrized by the partition A of n.
Its degree is given by the quantized hook formula

1) (g™ =1
(1) = qa(/\) ¢ thqz(h)(q_ 1) )7

where h runs over the hooks of A = (a; > ... > a,), and a(X) = Y_;_, (i — 1)a; (see for example
(22, (21)] or [18]).

PROPOSITION 3.2. Let A= (a; >...> a,—1 > 0)Fn—1 be a partition of n — 1 and u,v
the partitions of n obtained by adding a node at (r,1), (i,7) respectively, where i < r and
a; = j — 1. Then for all ¢ > 2 the corresponding unipotent character degrees of GL,,(q) satisfy

¢ (1) < xo(1) < @ 7xu(1) < xu(1).

Proof. According to the hook formula, we have to consider the hooks in p, v of different
lengths. These lie in the 1st column, the ith rows and in the jth column. Let h = (1 < hy <

. < h;) denote the hook lengths in the 1st column, k = (k1 < ... < k;j_1) the hook lengths
in the ith row and [ = (I; < ... < l;_1) the hook lengths in the jth column of u. Write b’ =
(ha <...<h;)and k' = (0 < ky < ... < kj_1). Then a threefold application of Lemma 3.1(ii)
shows that

alV)—a k
ORET S LHH Jiu [lg-]l] Xu(l)

< ¢ g xu (1) = 2 x(1) < xu(1),

since 7 > 2. The other inequality is then also immediate. U

Note that v is the partition obtained from p by moving one node from the last row (which
contains a single node) to some row higher up. Since clearly any partition of n can be reached
by a finite number of such operations from (1)", we conclude:

COROLLARY 3.3. Any unipotent character of GL,(q) other than the Steinberg character
St has smaller degree than St.

A better result can be obtained when ¢ > 3, since then the upper bound in Lemma 3.1(ii)
can be improved to ¢°t'/2. In that case, ‘moving up’ any node in a partition leads to a smaller
unipotent degree:
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PROPOSITION 3.4. Let q > 3, and v # u be two partitions of n with v [> u in the dominance
order. Then the corresponding unipotent character degrees of GLy,(q) satisfy x. (1) < x,.(1).

Proof. In our situation, v can be reached from p by a sequence of steps of moving up a node
in a partition. Consider one such step, where the node at position (r,s) is moved to position
(,7), with j > s. A similar estimate as in the proof of Proposition 3.2, but with the improved
upper bound from Lemma 3.1, leads to the result. ]

EXAMPLE 3.5. The previous result fails for ¢ = 2; the smallest counterexample occurs for
n=6, u=(2)%<v=(3)(2)(1), where x,(1) = 5952 < x,, (1) = 6480.

3.2. Type GU,

The analogue of Proposition 3.2 is no longer true for the unipotent characters of unitary
groups, in general. Still, we can obtain a characterization of the Steinberg character by
comparing with character degrees in GL,,(q).

PROPOSITION 3.6. Any partition A of n has r = [n/2] distinct hooks hi,...,h, of odd
lengths I(h;) <2i—1,1<i<r.

Proof. We proceed by induction on n. The result is clear for 2-cores, i.e., triangular
partitions. Now let A= (a; <...<a,) be a partition of n which is not a 2-core, with
corresponding f(-set B = {aj,a2+1,...,a, + 7 —1}. The hook lengths of A\ are just the
differences j — i with j € B, i ¢ B, i < j (see [22, Lemma 2]). Since \ is not a 2-core, there
exists j € B with j —2 ¢ B. Let B’ = {j —2}U B\ {j}, the 3-set of a partition u of n — 2.
We now compare hook lengths in B’ and in B: hooks in B’ from k > j, k € B’, to j become
hooks from k to j — 2 in B, and hooks from j — 2 to k ¢ B’, k < j — 2, become hooks from j
to k in B. In both cases, the length has increased by 2. But we have one further new hook in
B: either from jto j— 1 (if j—1¢ B’), or from j —1to j—2 (if j — 1 € B’), of length 1. So
indeed, in both cases we have produced hooks of the required odd lengths in . ]

PRrROPOSITION 3.7. Let A be a partition of n. Then the degree of the unipotent character
of GL,(q) indexed by M\ is at least as big as the corresponding one of GU,(q).

Proof. Tt is well-known that the degree of the unipotent character of GU,,(q) indexed by A
is obtained from the one for GL,(¢) by formally replacing ¢ by—q in the hook formula above
and adjusting the sign. Now let hq,...,h, denote the sequence of hooks of odd length from
the previous result. Observe that the numerators in the hook formula for GL,(¢) and GU,(q)
differ by the factor [[,_,(¢*** +1)/(¢* ! —1). Since (¢°+1)/(¢" +1) < (¢* —1)/(¢® — 1)
when b < a, the claim now follows from the hook formula. |

It seems that the only case with equality, apart from the trivial cases 1 and St, occurs for
the partition (2)? of 4.

Since the degree of the Steinberg character of GL,(¢) and GU,,(q) is the same, the following
is immediate from Corollary 3.3 and Proposition 3.7:
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COROLLARY 3.8. Any unipotent character of GU,,(q) other than the Steinberg character
St has smaller degree than St.

3.3. Other classical types

The unipotent characters of the remaining classical groups G = G(q) (i.e. symplectic and
orthogonal groups) are labelled by symbols, whose definition and basic combinatorics we now
recall (we refer to [18] and [22, Prop. 5] for the hook formula given here). A symbol S =
(X,Y) is a pair of strictly increasing sequences X = (z1 < ... <z,.), Y = (y1 < ... <ys) of
non-negative integers. The rank of S is then

rk(S) = gxz +i1yj - Km;l)QJ .

The symbol S' = ({0} U (X +1),{0} U (Y +1)) is said to be equivalent to S, and so is the
symbol (Y, X). The rank is constant on equivalence classes. The defect of S is d(S) = || X| —
|Y||, which clearly is also invariant under equivalence.

Lusztig has shown that the unipotent characters of classical groups of rank n are naturally
parametrized by equivalence classes of symbols of rank n, with those of odd defect parametrizing
characters in types B, and C,, those of defect = 0 (mod 4) characters in type D,,, and those
of defect =2 (mod 4) characters in type 2D,,. (Here, each so-called degenerate symbol, where
X =Y, parametrizes two unipotent characters in type D,,.)

The degrees of unipotent characters are most conveniently given by an analogue of the hook
formula for GL,,(q), as follows. A hook of S is a pair (b,c) € N2 with b < ¢ and either b ¢ X,
ceX,orb¢Y,ceY. Thus, ahook of S is nothing else but a hook (as considered in Section 2
and for type A above) of the permutation with associated [-set either X or Y. A cohook of S
is a pair (b,c) € NZ with b < c and either b¢ Y, c€ X, orb¢ X, c € Y. We also set

a($)i= 3 minfb,c} - Y (’" i 2i),

{b,c}CS i>1
where the first sum runs over all 2-element subsets of the multiset X UY of entries of .S, and
b(S)=1[|S—1|/2] = | X NY|if X #Y, respectively b(S) = 0 else. The degree of the unipotent
character yg of a finite classical group G = G(q) parametrized by S is then given as

a(9) |G|q'
25 T 50y oo (@7 = D I (h.6) comoorc(@° +1)

where the products run over hooks, respectively cohooks of S (see [18, Bem. 3.12 and 6.8)). It
can be checked that this is constant on equivalence classes. It is also clear from this that the
unipotent characters in types B,, and C), have the same degrees.

For ¢ > 1 and ¢ = (¢1 < ... < ¢;) a strictly increasing sequence we set

xs(1) =gq

S

[ =[] + .

i=1

ProrosiTION 3.9. Let S be a symbol of rank n, parametrizing a unipotent character of
G = G(q) of rank n. Then xs(1) < St(1), where St denotes the Steinberg character of G, with
equality only if xg = St.

Proof. We argue by induction on n, the case n < 2 being trivial. So let now S = (X,Y) be
a symbol of rank at least 3. Replacing S by an equivalent symbol, we may assume that 0 ¢ X.
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We first discuss the case where a := max(X UY) € X. Writing X = (h1 < ... < h, < a) (so
h1 >0),Y = (ki <...<ks), we consider the symbol S’ = (X' Y) where S = (0 < h; < ... <
h.). Thus

rk(S') =1k(S) —a,  a(S) =a(S) =D hi—» kj
We also write
{hi,....h}=10,...,a— 13\ X, {ki,....k}:={0,...,a—1}\Y.

Then, with G’ denoting a group of rank rk(S’) and of the same type as G, the hook formula
gives

Gy . 1

Gy [B)-la—h)- (K]~ -[a— k]~
Application of Lemma 4.1 and the inductive hypothesis for xs/ (1) then gives

xs(1) = g=Mit2k xs(1).

Xs(1) < d?q=Ele=ho=X(a=k) gg(1),

with d = 32 when ¢ = 2, respectively d = £ when ¢ > 2. Now note that hy =0, and hi, kj < a,
so the exponent at ¢ is negative unless X = (1,...,a), Y =(0,...,a—1) or Y =(0,...,a),
when ys = St. Moreover, the required inequality holds as soon as 3,5, (a — h;) + > la— k;)
is at least 4 (when g = 2), respectively at least 2 when g > 2. Also note that when h= (0)
consists of just one entry, then one of the factors d in the estimate goes away, whence we only
need > (a — kj) > 2. There remain exactly eight possibilities for S which can be dealt with
case by case.

In the case when ¢ = max(X UY) € Y\ X, write X = (h1 < ... < hy) (sostill by >0),Y =
(k1 < ... < ks <a), and consider the symbol §' = (X U{0},Y \ {a}). Then exactly the same
estimates as before apply to show that xs(1) < St(1). O

This completes the proof of Theorem 1.2.

4. Theorem 1.1 for Simple Groups of Lie Type

Note that to prove Theorem 1.1 we can ignore any finite number of non-abelian simple
groups, in particular the 26 sporadic groups (of course one can find out the exact value of
(S) for each of them; in particular, one can check using [4] that £(S) > 1 for all the sporadic
groups). Thus, in view of Corollary 2.2, it remains to prove Theorem 1.1 for simple groups of
Lie type.

We begin with some estimates:

LEMMA 4.1. Let ¢ > 2. Then the following inequalities hold.
(i) [T (1—1/¢") >1—1/g—1/¢* +1/¢° > exp(—a/q), where a = 21In(32/9) ~ 2.537,
(ii) [I;2,(1 - 1/q’:) > 9/16,
(iii) [I;2,(1+1/q") is smaller than 2.4 if k=1, 1.6 if k=2, 1.28 if k=3, and 16/15 if
k=15, and
(iv) 1 <TI,(1—(-1/q)%) < 3/2.

Proof. (i) As mentioned in [8] (see the paragraph after Lemma 3.4 of [8]), a convenient
way to prove these estimates is to use Euler’s pentagonal number theorem [1, p. 11]:

[IZ0-% =1+ S (—1)(q B2 4 gnBrt)/2)

4.1
=1l—ql—q24q+qgT—qg2—g 4. (4.1)
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Since ¢=™ > "% 1 g%, finite partial sums of this series yield arbitrarily accurate upper and
lower bounds for [];~, (1 — ¢~¢). In particular, truncating the series (4.1) at the term ¢~ yields
the first inequality. Next, consider the function

f(z):=1—2—2*+2° — exp(—ax)

for the chosen a. The choice of « ensures that f(1/2) =0 = f(0), and f”(z) <0 for all z €
[0,1/2]. Tt follows that f(x) > 0 on [0,1/2], yielding the second inequality.
(ii) Clearly,

= 1. 1 = 1 1 1 1. 9
71;[2( qz)_izHQ( 27) E( ) > -5t T 16

(iii) Applying (4.1) with ¢ =4 and truncating the series at the term ¢~7 we get [[;o,(1 —
47%) < 0.6876. Applying (4.1) with ¢ = 2 and truncating the series at the term ¢~ '° we get
1%, (1 — 27%) > 0.2887. Now

oo

N 1. [I2,a0-L%) 06876
I+ =) <]]0+5) = 5= < < 2.382.
g( ! ql) - E( e [12,(1—4) = 02887

The other bounds can be obtained by using this bound and noting that

Hoe b efos ) M0

9i k—1 ‘
i=k 4 i=k 2 [Lio (L + 2%)
(iv) follows from the estimates
1 1 1 1
for any k£ > 1. U

4.1. Theorem 1.1 for exceptional groups of Lie type

The following result of G. M. Seitz [24, Thm. 2.1] will be basic to our discussion not only of
exceptional but also of classical groups of arbitrary rank:

THEOREM 4.2. (Seitz) Let G be a simple, simply connected algebraic group over the
algebraic closure of a finite field of characteristic p, F : G — G a Steinberg endomorphism of
G, and let L :== G¥'. Then b(L) < |L|, /|To|, where Ty is a maximal torus of L of minimal order.
For q sufficiently large, this is in fact an equality (namely, whenever Irr(Ty) contains at least
one character in general position).

In the above result as well as in Proposition 4.5 and Corollary 4.6, g is the common absolute
value of the eigenvalues of F' acting on the character group of an F-stable maximal torus of
G. If L =G" is untwisted and rank(G) = r, then |Ty| = (¢ — 1)". For the convenience of the
reader, we list |Tp| for twisted groups L in Table 1.

PROPOSITION 4.3. Let S be a simple exceptional group of Lie type. Then £(S) > 1.

Proof. According to the result of Seitz quoted in Theorem 4.2 the maximal degree b(S) is
bounded above by |L|, /|To|, where L is the group of fixed points of a simple, simply connected
algebraic group under a Steinberg endomorphism with S = L/Z(L), and Ty is a maximal torus
of L of minimal order. For each of the ten series of exceptional groups of Lie type we give in
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TABLE 1. Maximal tori of smallest order in twisted groups

L |To| L |To]

Ba(q®) ¢ —V2q+1 | 2An(q), n=2m—1 (@ -D"/(g+1)
Ga(g?) P —V3q+1l | 2An(g), n=2m (@ -1D)""g* —q+1)
3D4(q) (> —q+1)? | *Dn(q), n>4 (q=1)" g +1)
Fu(d®) (*—V2q+1)? | %Bs(q), ¢>7 (*—q+1)3

Table 2 another maximal torus T of L and a lower bound nz for the number of irreducible
Deligne-Lusztig characters Rr g parametrized by characters 6 in general position of this torus,
such that ny(Rre(1))? > (|L|, /|To])? at least for ¢ > 3 (vesp. ¢* > 2 for the Suzuki and Ree
groups), and such that Ry (1) < b(S). The finitely many small cases can be checked directly.
(The list of character degrees of L is given on Frank Liibeck’s website [17].) O

TABLE 2. Tori in exceptional groups

L |T| nrp L |T| np
2Ba(q?) @F (®5 —1)/4 Fa(q) P12 (P12 —1)/12
Ga(g®) F—-1 (¢—3)/2 Ee(q) @9 (P9 —3)/9

Ga2(q)  ®s (®6—3)/6 || *Bs(q) @15 (P18 —3)/9
3Da(q) P12 (®12 —1)/12 || E7(q) P14P2 (P14 —7)/14
Fu(q®) @4, (@4, —1)/12 || Es(q) P15 (@15 — 1)/30

Here, @, is the m*™™ cyclotomic polynomial in ¢, ®4 = ¢% — v2q + 1, ®4, = ¢* — v2¢®> + ¢*> — V2q + 1.

The same proof as above establishes Theorem 1.1 for simple classical groups of bounded
rank.

4.2. Theorem 1.1 for classical groups: The generic case

In what follows, we will view our simple classical group S as L/Z(L), where L = G as in
Theorem 4.2. We also consider the pair (G*, F*) dual to (G, F) and the group H := (G*)¥~
dual to L.

As mentioned above, Theorem 4.2 gives the largest degree of complex irreducible represen-
tations of L, a covering group of the finite simple group of Lie type S = L/Z(L), whenever ¢
is large enough. To show that this is also the precise value of b(S), we need Proposition 4.5
(below) which is also of independent interest.

First we prove an auxiliary statement:

LEMMA 4.4. Let X 27" and w € GL(X) = GL,(Z) be an element of finite order. Then
the torsion subgroup of the abelian group X/(w — 1)X has order at most 2".

Proof. The fixed lattice Y := X (%) is a w-invariant pure submodule of X and Y/(w — 1)Y =
Y is torsion-free, so we may assume without loss that Y = 0. Then the characteristic polynomial
f(t) = det(tI — w) of w factorizes as f(t) = H;l:l(t — €;), where ¢; are nontrivial roots of unity.
Setting V := X ®7z Q it follows that f(¢) is the characteristic polynomial of w on V. Hence
X/(w —1)X has order

[detv(w—1)] = [fW)] = [Ja -e)l <2,
j=1
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as claimed. 0

PROPOSITION 4.5. Let G be a semisimple algebraic group of rank r > 1 over the algebraic
closure of a finite field and let F: G — G be a Steinberg endomorphism with g > (8.24)"T2r!.
Then for every F-stable maximal torus T of G, the set of regular elements s of TF with
Cgr(s) = T¥ has cardinality greater than (1 —1/2")|TF].

Proof. 1) Let X 2 Z" denote the character group of 7. Then the Weyl group W =
Ng(T)/T acts on X. By part (3) of the proof of [16, Thm. 2.1], the number of elements
t € TF which are not regular is at most 2"r%(g + 1)" .

2) Next we count the number of regular elements ¢ € 7% for which Cgr(t) # TF. For any
such element, there is some g € Cgr (t) such that g ¢ 7. Thus g induces a nontrivial element
w € W, which acts on X as an endomorphism of finite order. Since ¢ is F-stable, the actions
of w and F on X commute, whence ¥ := (w — 1)X and

Li={ueT|x(u) =1, VxeY}
are F-stable. Therefore, the closed connected subgroup S := (Y1)° of 7 is an F-stable torus.
Also, since g~'tg = t, we have that t € (Y1)F.
As Y < X =7Z" and w # 1, we can find a basis (x1,...,xr) of X and positive integers
ai,...,aq (for some 1 <d <r) such that Y = (a1 x1,-..,a4xq)z. By the elementary divisor

theorem, the torsion subgroup of X/Y has order equal to szl a;. Hence H;lzl a; <27 by
Lemma 4.4. On the other hand,

¢+ T—=GL], v—(x1(v),...,xr(v)),

defines an isomorphism between 7 and GL] which maps Y+ onto the closed subgroup

{(u1,.. ., up) [ u; € GLy, uj’ =1, V1 < j < d}

of GL] with connected component
{(ul,...,ur) |ul € GLl, uj = 1, V1 <7< d}

Thus the latter subgroup must be ¢(S), and so

d
v/s) < _H (4.2)

Since S is an F-stable torus of dimension » —d < r — 1, we see that |S¥'| < (¢ + 1)"~!. But
S is a connected normal subgroup of Y+, hence an application of the Lang-Steinberg theorem
and (4.2) implies that

(YH)F/st = (y+/s)F

has order at most 2”. We have shown that [(Y1)¥| <27(¢+1)" 1.
Recall that ¥ = (w — 1)X and w € W. Since G is semisimple of rank r, one can check that

|[W| < (67.5)2"r! (with equality attained for G of type Fg). Thus the total number of regular

elements t € 77 with Cgr(t) #TF is at most (67.5)2%"r1(qg + 1)7 1.
Note that for ¢ > (8.24)"2r! we have 2712 < (0.5)2%"r! and (¢ + 1)/(q —

1)<
((675)227‘7"' + 2Tr2)(q + ]_)r—l < 68- 92r ) . (1 0036 - (q B 1))7« .
< (67.76) - (4.0144)"r!(q — 1)7—?
<(g—1)r/2".

Since |TF| > (¢ — 1), the proposition follows. O

< 1.0036, whence
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COROLLARY 4.6. Let G be a simple simply connected algebraic group of rank r > 1 over the
algebraic closure of a finite field, F: G — G a Steinberg endomorphism with q > (8.24)"2r!,
and let L := G¥'. Then the bound |L|, /|To| given in Theorem 4.2 actually gives the precise
value of b(L) and also b(S), where S := L/Z(L) is the corresponding simple group of Lie type.

Proof. Let (G*, F*) be dual to (G, F) and set H := (G*)¥". We apply Proposition 4.5 to
G* with the Steinberg endomorphism F* and suppose that ¢ > (8.24)"*2r!. Let 7 be an F-
stable maximal torus of G such that |7F| = |Tp|, and let 7* be the F*-stable maximal torus
dual to 7. By the choice of G¥, more than 1 —1/2" of the elements t € T* := (T*)F" are
regular semisimple with C'i7(¢t) = T*. On the other hand, observe that [H, H] has index at most
|Z(G)| < 2" in H, whence at least 1/2" of the elements in T belongs to [H, H]. It follows that
there is some regular semisimple element s € T* N [H, H] such that Cy(s) = T*. In particular,
|Cu(s)| = |T*| =|T¥| =|To|- By [5, Theorem 13.23], any character x in the Lusztig series
E(L,(s)) has degree divisible by |L|, /|To|. Furthermore, the condition s € [H, H] guarantees
that x is trivial at Z(L), whence x can be viewed as an irreducible character of S. ]

THEOREM 4.7. Let S be a finite simple classical group. Suppose that S is not isomorphic
to any of the following groups:

SLTL(Q)v Sp2n(2)’ Qétn(Q)v

PSL,(3) with 5 <n < 14, PSU,(2) with 7 <n < 14,

PSpy,,(3) or Qopy1(3) with 4 <n <17, PQZE,(3) with 4 < n < 30,
PQE(7), PQL, (5) with4 <n <6.

Then ¢(S) > 1.

Proof. 1) First we consider the case S = PSLy,(q) with ¢ > 3. Then G = SL,(F,), G* =
PGL,(F,), L =SL,(¢), H = PGL,(q), and the maximal tori of minimal order in Theorem 4.2
are the maximally split ones, of order (¢ — 1)"~*. Hence

b(S) < b(L) < B/(q—1)""", where B := |L|,y = (¢° = 1)(¢° = 1) -+ (¢" — 1).

Now we consider a maximal torus T of order ¢" ' —1 in H, with full inverse image T=

Cyn-1_1 x Cy—1 in GL,(¢q). We will show that, in the generic case, the regular semisimple
elements in T will produce enough irreducible characters of S, all of degree less than b(.S), and
with the sum of squares of their degrees exceeding b(S)?.

Assume n > 4. A typical element 3 of 7N L is GL,, (F,)-conjugate to

diag (a, al,. .ol a(l—q’H)/(q—l)) 7
where o € F;n_l, Let
X i= (U2 Ufw e B |2"@D = 1}) N, .

Also set m := |[(n —1)/2]. Then for n > 6 we have n — m > 4, and so

m m+1 n—3 n—1
) q -1 q -1 q -1
X ‘ -1) < -1 —- -1
| \<Z§=0q tnlg—1) < o= Fnlg-1) < 5 +nlg—1) < T
since ¢ > 3. Direct calculations show that |X| < (¢"~! —1)/2 also for n =4,5. Thus there
are at least (¢""! —1)/2 elements « in F*,_, that do not belong to X. Consider § for any

such a. Then all the n eigenvalues of § are distinct, and exactly one of them (namely g :=
o~ (@7 =1/a=1)) belongs to F,. Suppose that € GL,,(F,) centralizes § modulo Z(GL, (F,)):
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x8x~! = v3. Comparing the determinant, we see that v = 1. Suppose that for some i with
0<i<n—2,y8=a?. Then (a?)™@ 1) = (y3)*¢=1) =1, and so a € X, a contradiction.
Hence v3 = 3, i.e. v = 1 and x centralizes §, and clearly CGL_H(Fq)(é) is a maximal torus. So if
s € T is the image of 8, then Cg-(s) = Cqr,,(7,)(8)/Z(GLn(F,)) is connected and a maximal
torus of G*; in particular, s is regular. Also, s € PSL,,(¢) = [H, H]. Hence each such s defines
an irreducible character x; of L, of degree B/|T|, which is trivial at Z(L). So we can view
Xs as an irreducible character of S. Each such s has at most ¢ — 1 inverse images § € TNL.
Moreover, since |Ng(T)/T| = n — 1, the H-conjugacy class of s intersects T at n — 1 elements.
We have therefore produced at least (¢"~* —1)/2(q — 1)(n — 1) irreducible characters x5 of S,
each of degree

xs(1) = B/|T| = (¢* = 1)(¢° = 1) ... (¢"* = 1)(¢" — 1).
Note that y,(1) < ¢T3+ F=2)+n — §t(1) < b(S). Hence, to show that £(S) > 1, it suffices

equivalently, (¢ — 1)?"=3 > 2(n — 1)(¢"~! — 1). The latter inequality holds if ¢ = 3 and n > 15,
orifg=4 and n > 5, or if ¢ > 5 and n > 4. It is straightforward to check that £(S) > 1 when
n=2,3or (n,q) = (4,4) (using [9] for the last case).

2) Next let S =PSU,(¢q) with n > 3. Then G = SL,(F,), ¢* = PGL,(F,), L = SU,(q),
H =PGU,(q). The maximal tori of minimal order in Theorem 4.2 have order at least
(¢> = 1)*?/(q+1). Hence

n

b(S) < b(L) < B(q+1)/(¢> = 1)"*, where B:=|L|,y = [ [(¢' = (-1)").

=2

Now we consider a maximal torus T of order ¢"~! — (—1)"~! in H, with full inverse image
T= Cyn—1_(—1yn—1 X Cgq1 in GU,(q). We will follow the same approach as in the case of
PSL, (g).

Assume that n > 4, and moreover ¢ > 3if4 < n < 7. A typical element § of TN Lis GL,, (I_Fq)—
conjugate to

diag (a’ a=?. . a(*tl)"”’a((*q)"”lfl)/(qﬂ)) ,

where o € Cyn-1_(_1yn—1 < IF‘qX. Let Y be the set of elements in Cyn-1_(_1)n—1 that belong to
a cyclic subgroup Cyx_(_1yx of Fy for some 1 <k <n —1 or have order dividing n(qg+1).
Assume n > 9 and set m := [(n —1)/2]. Then n —m > 5 and so

Y| <32 (@ = (D) +nlg+1) <> ¢ +nlg+1)

qm+1 -1 qn73 -1 qnfl -1

=1 +n(g+1) < 3 +n(g+1) < 5
Direct calculations show that |Y| < (¢"~! — 1)/2 also for 4 < n < 8 (recall that we are assuming
q > 3 when 4 < n < 7). Thus there are at least (¢"~! — (=1)""")/2 elements of Cyn-1_(_1yn—1
that do not belong to Y. Consider § for any such «. Then all the n eigenvalues of § are
distinct, and exactly one of them (namely a((*Q)n_lfl)/(‘”l)) belongs to Cyy1 < FX. Arguing
as in the PSL-case, we see that if z € GL,(F,) centralizes § modulo Z(GL,(F,)), then z
actually centralizes §, and CGLj(]Fq)(é) is a maximal torus. So if s € T is the image of 3, then
Cg+(s) = Cqr,#,)(8)/Z(GL(F;)) is connected and a maximal torus of G*; in particular, s is
regular. Also, s € PSU, (q) = [H, H]. Hence each such s defines an irreducible character xs of
L, of degree B/|T|, which is trivial at Z(L). So we can view x, as an irreducible character of S.
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Each such s has at most ¢ + 1 inverse images § € T'N L. Moreover, since [Ny (T)/T| =n — 1,
the H-conjugacy class of s intersects 7" at n — 1 elements. We have therefore produced at least
("t — (=1)""1)/2(q + 1)(n — 1) irreducible characters y of S, each of degree

B L~ (1))
7=t
Note that y,(1) < ¢T3+ F=2+n — S(1) < b(S). Hence, to show that £(S) > 1, it suffices

to verify that
¢ - (=)t B ‘([ Blg+1) \?
2(¢+1)(n—1) ((q"‘1 - (—1))"‘1> g ((tf - 1)"/2> ’

equivalently, (¢ — 1)" > 2(n — 1)(¢" ! — (=1)"71)(¢ + 1)3. The latter inequality holds if ¢ = 2
and n > 15, or if ¢ =3 and n > 6, or if ¢ > 4 and n > 4. It is straightforward to check that
g(S) > 1 when n =3 (and ¢ > 3), or (n, ) = (4,2), (5,2), (6,2), (4,3), (5,3) (using [17] in the
last case).

xs(1) =

3) Here we consider the case S = PSps,,(¢) or Qap41(g) with n > 2 and ¢ > 3 (and ¢ is odd
in the Q-case). Then L = Sp,,,(q), resp. L = Spin,,, ,;(q). The maximal tori of minimal order
in Theorem 4.2 have order at least (¢ — 1)™. Hence

n

b(S) < b(L) < B/(q—1)", where B := |L|, = [J(¢* - 1).

i=1
To simplify the computation, we will view S as a normal subgroup of index < x := ged(2,¢ — 1)
of the Lie-type group of adjoint type K :=PCSp,,(q), resp. K :=S03,4+1(¢). Then any
semisimple element in the dual group K* = Spiny, ,(q), resp. Spy,(¢), has connected cen-
tralizer (in the underlying algebraic group). Now we consider a maximal torus T of order
¢" — 1 in K*, and let X be the set of elements in T of order dividing ¢* & 1 for some k with
1 <k <n—1.Setting m := |n/2| we have

qm+1 _ 1

n o _
<gl-o1<4 !

|X|§Z((qi+1)+(qi—1))<2q_717 3

i=1
if n > 3. One can also check by direct computation that |X| < (¢™ —1)/2 if n =2. Hence
there are at least (¢ — 1)/2 elements of T that are regular semisimple. Each such s defines
an irreducible character x; of K of degree B/|T|. Moreover, since |Ng+(T)/T| = 2n, the K*-
conjugacy class of s intersects T' at 2n elements. We have therefore produced at least (¢"
1)/4n irreducible characters x; of K, each of degree

B [li(e*=1) _ e
= === <q" =8t(1) <b(9).
T pr— q (1) <b(S)

First we consider the characters x, which split over S. They exist only when |K/S|=x = 2.
Then the irreducible constituents of their restrictions to S are all distinct, and the sum of
squares of the degrees of the irreducible components of each (xs)|s is xs(1)?/%. On the other
hand, among the x, which are irreducible over S, at most « of them can restrict to the same
(given) irreducible character of S. Hence, to show that £(S) > 1, it suffices to verify that

1 ¢"—1 B 2> B \?
K 4n g —1 (g—1)~ ) 7

equivalently, (¢ — 1)?" > 4kn(q™ — 1). The latter inequality holds if ¢ =3 and n > 18, or if
g=4andn >4, orif¢g=5and n>3, orif ¢ > 7 and n > 2. Using [4] and [9] one can check
that 5(5) > 1 when (n7Q) = (273)3 (2’4)7 (235)7 (373)a (3a4)

xs(1) =
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4) Finally, we consider the cases S = PQZ, (q), where n >4 and ¢ > 3. We set € to 1 or
—1 in the split and non-split cases respectively. Then L = SpinQin(q), and the maximal tori of
minimal order in Theorem 4.2 have order at least (¢ — 1)™. Hence

b(S) < b(L) < B/(q—1)", where B := |L|,y = (¢" —¢) - ﬁ(q% —1).

As in 3), we will view S as a normal subgroup of index < k := ged(4,¢"™ — €) of the Lie-type
group of adjoint type H := P(COZ,(¢)°). Then any semisimple element in the dual group L
has connected centralizer. Now we consider a maximal torus 71" of order ¢" — ¢ in L, and let Y
be the set of elements in T of order dividing ¢¥ + 1 or ¢* — 1 for some k with 1 < k <n — 1. As
in 3) we see that | X| < (¢™ — €)/3 since n > 4. Hence there are at least 2(¢" — €)/3 elements of
T that are regular semisimple. Each such s defines an irreducible character x; of H of degree
B/|T|. Moreover, since |[N1(T')/T| = 2n, the L-conjugacy class of s intersects T at 2n elements.
We have therefore produced at least (¢ — €)/3n irreducible characters x, of H, each of degree

n—1

Xs(1) = B/IT| = [](¢* = 1) < "1 = St(1) < b(S).

i=1
The restriction (xs)|s contains an irreducible constituent ps of degree at least xs(1)/k.
Conversely, each p € Irr(S) can lie under at most « distinct irreducible characters of H. Hence,
to show that (S) > 1, it suffices to verify that

%' qn3;€ ' (H(q“B 61))2 g ((qu)”>2’

equivalently, (¢ — 1)®® > 3k3n(q™ — €). The latter inequality holds unless ¢ = 3 and n < 30, or
ifg=5andn <6,orif ¢g=7and n=4. |

4.3. Theorem 1.1 for classical groups over Fy

Now we handle the remaining infinite families of simple classical groups over Fa.

THEOREM 4.8. If S is any of the following simple classical groups over Fy:
SLn(2)7 Sp2n(2)/7 an@)?

then one of the following statements holds:
(i) there exists 1 € Irr(S) with 81/512 < ¢(1)/b(S) < 1; or
(ii) e(S) > 9/16.

In particular, €(S) > 1/40 in either case.

Proof. The “small” groups SL3(2) and Sp,(2)’ = Ag are easily handled using [4]. Also set
q = 2. In what follows, it is convenient to view the remaining groups S as finite Lie-type
groups of adjoint type S* = (G*)F" = PGL,(2), SO2,11(2), P(CO4,(2)°), respectively, which
are isomorphic to S as abstract groups. We will prove the theorem for S*, using semisimple
elements in S (which all have connected centralizer in G since G is simply connected) to
parameterize Lusztig series for Irr(S*).

1) First we consider the case S = SL,(2) with n > 4. Any character y € Irr(S*) of largest
degree b(S*) = b(S) can be parametrized by ((s),¢), where (s) is the conjugacy class of a
semisimple element s € S and ¢ is a unipotent character of the centralizer C':= Cg(s). Such a
centralizer is isomorphic to

GLy, (24) x ... x GLy, (29),
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where k;,d; > 1, kidy > kods > ... > k,d,, and 2221 k;d; = n. Moreover, for each d, the
number of indices ¢ such that d; = d is at most the number of conjugacy classes of semisimple
elements in GLy4(2) with centralizer & GLj(2¢), i.e. the number of monic irreducible polyno-
mials f(t) of degree d over Fa. Since x(1) = (S : C)a - (1) and x(1) = b(S5), by Corollary 3.3
1) must be the Steinberg character Stg of C, and so

V=11 Q1Y ®...Q Y,

where 1; is the Steinberg character of GLy, (¢%), of degree g4*i(ki—1)/2,

Observe that s # 1, i.e. x is not unipotent. Otherwise b(S) = St(1) = ¢"(*~1/2. However,
the character p € Irr(S*) labeled by ((u),Stcg(y)), where u € S is an element of order 3 with
centralizer Cs(u) = C5 x GL,,—2(2), has degree

qn_]- qn71_1 n—2)(n— n(n—
( )(3 ) | n=D=3)/2 5 nln=1)/2 _ (g
as n > 4, a contradiction.
Next we show that r > 1. Assume the contrary: C' 22 GLj(¢%) with kd = n and d > 1. Then
by Lemma 4.1(ii) we have

qn(n+1)/271

2 n
x(1) = gM=1/2 (¢g—D(¢*=1)...(¢" = 1) < ghE=1)/2 8 n(n—1)2

(g —D(g®—1)...(¢* - 1) gz T g
as ¢ = 2. Thus x(1) < St(1), a contradiction.
Thus we must have that r > 2. Observe that there is a semisimple element ¢ € S with
centralizer

Cs(t) = QL (¢Matkad2y 5 GLy, (¢%) x ... x GLg(¢%).
Choose 9 € Irr(S*) to be labeled by ((t),Stcg(r)). Then

(1) I (@ = 1) -T2, (¢ - 1)

(1)~ qki(Ei=D/2 gdaka(ka=1)/2 . (gFrdithadz — 1)

By Lemma 4.1(ii), 1 > []12, (¢ — 1)/q%*(R+1D/2 5 9/32 for j = 1,2 (in fact we can replace
9/32 by 9/16 if d; > 1). Since (d1,d2) # (1,1), it follows that 1 > 1(1)/x(1) > 81/512.

2) Next we consider the case S = Sp,,,(2) with n > 3. Since Z(G*) = 1, by Corollary 14.47
and Proposition 14.42 of [5], S* has a unique Gelfand-Graev character I', which is the sum
of 2" regular irreducible characters (). Each such x(4) has Lusztig label ((s), Stcy(s)), where
(s) is any semisimple class in S, see e.g. [10].

Note that T'(1) = [S]2 =[], (2% — 1) > 27"+ . (9/16), with the latter inequality follow-
ing from Lemma 4.1(ii). Hence by the Cauchy—Schwarz inequality we have

qu > Z“;“( ) :(‘52'3;) |S|21% b(S)2.

In particular, 5( ) > 9/16 if b(S) is not achieved by any regular character x(,). So we will
assume that b(S*) = b(S) is achieved by a regular character x = xs)-

According to [26, Lemma 3.6], C := Cs(s) = Dy x ... x D, is a direct product of groups
of the form GL{(q?) (where ¢ = +1 for GL and e¢ = —1 for GU) or Sp,,,(q). Note that, since
q = 2, C contains at most one factor of the latter form, and no factor of the former form
with (d,€) = (1,1). First suppose that all of the factors D; are of the second form. It follows
that s = 1, x(1) = St. Choosing 1 € Irr(S*) to be labeled by ((u), Stcg(w)), where u € S is an
element of order 3 with centralizer Cg(u) = C3 x Sp,,,_5(2), we see that

(2~ 1)
3

b(S) = x(1) = 2" > (1) = 217 5 p(8) /2
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asn > 2.
Next we consider the case where exactly one of the factors D; is of the form GLj (¢%).

Then, since ¢ =2 we must actually have r < 2, C' = GL$,(¢%) x Spy,,(q) with m :=n — kd,

and (d,€) # (1,1). Hence by Lemma 4.1(ii)

n(n+1)—m(m+1) 16 2

n

— m2 Hn:m (q2J - ]') _ m2 4
X(l):qdk(k 1)/2+m?*  1lj=m+l <qdk(k 1)/24m? q

- - 9 giane - < o
[T (g7 — &) a2

It is easy to check that x(1) # ¢"". Choosing ¢ = St, we then have 1 > ¥(1)/b(S) > 9/16.
Lastly, we consider the case where at least two of the factors D; are of form GL§,(¢%):

O = GL (¢™) x GL2 (™) x ... x GLY 2 (¢™") % Sy (a),

where r — 1 > 2 and m can be zero. We will assume that kidy > kods > ... > k,._1d,._1 > 1.
Observe that there is a semisimple element ¢ € S with centralizer

Cs(t) = GUy (¢M N H7%) 5 GLE (¢%) x ... x GLy = (%) X Spy,, (q)-
Choose v € Irr(S*) to be labeled by ((t),Stcg ). Then

(1) 15 (6" =€) - T2, (6" — &)

X(l) qdlkl(kl_l)/2 . qdzkz(kz—l)/Q . (qk1d1+k2d2 + 1>'

By Lemma 4.1(ii), Hfil(qidf - eé-)/qdj’“J'(’“J'“)/2 > 9/16 for j = 1,2 since (d;, €;) # (1,1). Fur-
thermore, since kid; + kady > 2 we have ghditkzde 11 < (5/4)gFditkadz Thus (1) /x(1) >
81/320, and so we are done if (1) # x(1). Suppose that (1) = x(1). Then k; = ko =1,
(di,e1) = (2,1), and (da, e2) = (1,—1). In this case we can replace ¢t by a semisimple element
t' with

Cs(t') 2 GLy (¢ @ Fr%) x GLEZ (¢%) x ... x GLY ! (¢"*) X Spyp(a)
and repeat the above argument.

3) Finally, let us consider the case S = Q5, (¢) with n > 4. Arguing as in the Sp-case, we
may assume that b(S*) = b(S) is attained at a regular character x = x(5). One can show (see
also [26, Lemma 3.7]) that

C:=0Cgs(s) =Ky x H3 X ...x H,

where each H; with 3 <4 <7 is of the form GLf(qd) with 8 = £1. Furthermore, K7 has
a normal subgroup H; = Q3 (q) (where m can be zero) such that K;/H; is either trivial,
or isomorphic to GUz(2). In the latter case, the Steinberg character of the finite connected
reductive group K has degree equal to |Ki|e = 2m(m=1)+1 Thys in either case we may replace
Cs(s) by

H{ x Hyx H3 x...x H,

(where each H; is of the form GL{ (¢%) with 3 = £1 or QF (q), and the latter form can occur
for at most one factor H;), and identify the Steinberg character St with Sty, ® ... ® Sty,..

First we consider the case s =1, i.e. C = H; = S, and x(1) = St. Choosing % € Irr(S*) to
be labeled by ((u),Stcg(y)), where v € S is an element of order 3 with centralizer Cs(u) =
C3 x Q55 5(2), we see that

2" —€)(2"L —¢)
3

b(S) = x(1) = 210 > (1) = ¢ 20 p(5) 4

as n > 4.
Next we consider the case where exactly one of the factors H; is of the form GL{(g%).
Then, since ¢ = 2 we must actually have r < 2, C' = GL$(¢%) x ng (¢) with m :=n — kd, and
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(d,a) # (1,1). Hence by Lemma 4.1(ii)

m n 25
_ qdk(kfl)/2+m(mfl) . (q + B) : Hj:m+1(q 7 — 1)

k . .

(¢" +¢) - [[j=1 (g7 — o)
< gte=1)/24m(m-1) 3 10 gty mim D < 128 jn(n—1)
2 15 %qn+dk(k+1)/2 45 :

x(1)

It is easy to check that y(1) # ¢"("~1). Choosing ¢» = St we then have 1 > (1) /b(S) > 45/128.
Lastly, we consider the case where at least two of the factors H; are of the form GL; (¢%):

C = GL{ (¢™) x GLZ (¢%) x ... x GLy ™ (¢*) x 5 (q),

where r — 1 > 2 and m can be zero. We will assume that kid; > kods > ... > k._1d,_1 > 1.
Observe that there is a semisimple element ¢ € S with centralizer

Cs(t) = GL{ (¢"#T2%) x GL{S (¢™) x ... x GLY 7 (g% ) x 95,,(0)
for some a = £1. Choose ¢ € Irr(S*) to be labeled by ((t), Stcg)). Then

»(1) [ (¢ =€) - T12, (' — )

X(l) qdlkl(kl_l)/2 . ngkg(k‘g—l)/Q . (qk1d1+k2d2 _ a) '

By Lemma 4.1(ii), Hfil(qidj - e;»)/q”ljkf(7‘31'“)/2 > 9/16 for j = 1,2 since (d;, €;) # (1,1). Fur-

thermore, since kid; + kads > 2 we have ghdithede — o < (5/4)gkrditkadz Thus ¢(1)/x(1) >
81/320, and so we are done if 1)(1) # x(1). Suppose that ¢(1) = x(1). Then k; = ko = 1, which
forces a = €1€9, (dy,€1) = (2,1), and (ds,e2) = (1,—1). In this last case we must have that
r =3,

C = GL1(4) x GU1(2) x Q57_6(2),
and
X(l) _ % . 2(n—3)(n—4)(2n _ 6)(2n—3 _ 6)(2271—2 _ 1)(22n—4 _ 1).

In particular, 1 # x(1)/St(1) < 4/3, and so we are done. O

COROLLARY 4.9. &(S) > 2/(120,000!) for all finite non-abelian simple groups S. In fact,
e(S) > 1/209 for all but a finite number of finite non-abelian simple groups S.

Proof. The case of alternating groups follows from Corollary 2.2. If S is an exceptional
group of Lie type, then £(S) > 1 by Proposition 4.3. The same is true for most of the simple
classical groups, see Theorem 4.7, as well as for the 26 sporadic simple groups. If S is an
exception listed in Theorem 4.7, then either (S) > 1/40 by Theorem 4.8, or else S belongs to
a finite list of exceptions, for all of which we have |S| < 32990 < (120, 000!)/2, whence £(S) >
1/]S] > 2/(120,000!). O

One can certainly improve on the bound 2/(120,000!) by a factor accounting for the small
complex representations of A, (of degree n — 1, n(n — 3)/2, etc.) for n < 120,000, but this is
still a very minor improvement.

4.4. Simple groups of Lie type over sufficiently large fields

We continue to consider simple groups of Lie type S (defined over a finite field F,) as
L/Z(L), where L = G| with G a simple simply connected algebraic group in characteristic p
and F' : G — G a Steinberg endomorphism. In this subsection, we show that if we fix rank(G)
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and let ¢ tend to infinity, then £(S) grows as ¢"***(9) (up to a constant). (We are grateful to
the referee for suggesting us to establish this kind of asymptotic result.) As in Theorem 4.2,
among all F-stable maximal tori of G, choose 7 such that Ty := 7% has smallest order, and
let W(Ty) := Ng(T)¥/TF. Also, let d := | Z(G)|.

THEOREM 4.10. Keep the above notation, and let 0 < C' < 1 be any constant. Then there
is a constant B = B(r,C) depending on r and C' such that, if r := rank(G) is fixed and ¢ > B,
then

ran ran C 1
gk 5 £(§) > grank(@) . (d - |W(To)|) '

Proof. 1) For the upper bound, observe that b(S) > St(1) = |L|,, whence
5] IL|

£(S) < s

b(5)* ~ (ILIp)*

It remains to prove the lower bound. By Corollary 4.6, b(.S) = b(L) when ¢ is large enough.

2) Let m denote the number of characters v € Irr(S) with (1) = b(S). Since |Z(L)| <
|Z(G)| = d, we have

r

5] L] |Llp - 1 To|”
= —m> = Hp 1701
) =5 "M e ™ T dL,
Choosing B = B(r,C) large enough, we will have that |Tp| > C*/2¢" for ¢ > B(r, C), whence
IL|p - ITo|* _ Cq"
d|Ll, d

(4.3)

(4.4)

It remains to bound m.

Let « € Irr(S) be such that (1) = b(S); in particular, v(1) is coprime to p. Now we view
S := [H, H] for the corresponding finite Lie-type group H of adjoint type: H = H¥ for a simple
algebraic group H of adjoint type and a Steinberg endomorphism F : H — H. Consider any
irreducible character ¢ € Irr(H) that lies above . Since |H/S| is coprime to p, ¢(1) is also
coprime to p. Let (H*, F*) be dual to (H, F) and let H* := (H*)"". Suppose that, in Lusztig’s
parametrization of irreducible characters of H, v corresponds to a semisimple element s € H*
and a unipotent character 1 of Cg«(s). Since H* is simply connected, Cy«(s) is a connected
reductive group.

Assume that Cp«(s) has semisimple rank at least 1 (equivalently, it is not a torus). Since ¢ is
large enough, by [3, §13.8 and 13.9], ¥(1) is divisible by p if 4 is not the principal character. But
p fp(1), hence ¢(1) =1, and (1) = (H : Cp+(s)),. Now consider the character ¢’ € Irr(H)
labeled by s and the Steinberg character of Cg«(s), which has degree divisible by ¢. Also let
~" € Irr(S) be any character which lies under ¢’. Then ¢'(1) > gp(1), and, since r is bounded
and ¢ is large enough, ¢ > |H/S|. It follows that

(1) 2 F0 > 1) 2 (1) = b(S).

a contradiction.

Consequently, Cy«(s) is a (maximal) torus of H*, s is regular semisimple, ¢(1) = 1, and
©(1) = |H|p /|Cr~(s)|. Note that the maximal tori of L and of H* have the same set of orders;
in particular, |Cg-(s)| > |Tp|. Furthermore, |H| = |L|. Since |L|, /|To| = v(1) divides (1), it
follows that (1) = ¢(1) and |Cy+(s)| = |To|. Moreover, since Cy+(s) is connected, we also see
that ¢ is just the semisimple character labeled by the H*-conjugacy class of s.

3) We have shown that any v € Irr(.S) of degree v(1) = b(S) extends to a semisimple character
© labeled by the H*-conjugacy class of a regular semisimple element s € H* with Cy«(s) a
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maximal torus of smallest order (equal to |Tp|). One can check that such a torus is unique up
to conjugacy, both for H and for H*. Abusing the notation, we will denote the torus of H in
duality with Cg+(s) by Tp. Then it has the same Weyl group W (1)), see e.g. [20, Prop. 25.3].
Also, since s is regular semisimple with connected centralizer, such a semisimple character ¢ is
just a Deligne-Lusztig character Ry, », where ¥ € Irr(7)) is in general position. The same is
true for all the characters in the W (Tp)-orbit of ¥}, and this orbit has length |W (Tp)|. Certainly,
m does not exceed the number of such characters ¢, and the latter does not exceed (in fact
equals to) the number of regular orbits of W (Tp) on Irr(7p). Hence

|rr(To)| __ [Tol q
m < = < .
(W(To)l  [W(To)| — [W(To)]
Together with (4.3) and (4.4), this implies the desired lower bound. O

5. The Largest Degrees of Simple Groups of Lie Type

Let L be a finite Lie-type group of simply connected type over FF,. When ¢ is large enough
in comparison to the rank of L, Theorem 4.2 gives us the precise value of b(L). However, we do
not have a formula for b(L) for small values of ¢. In the extreme case L = SL,(2), there does
not even seem to exist a decent upper bound on b(L) in the literature, aside from the trivial
bound b(L) < |L|*/?. On the other hand, as a polynomial of ¢, the degree of the Steinberg
character St is the same as that of the bound in Theorem 4.2. So it is an interesting question
to study the asymptotic of the quantity ¢(L) := b(L)/ St(1). In this section we will prove upper
and lower bounds for ¢(L) for finite classical groups.

5.1. Groups of type A

THEOREM 5.1. Let G be any of the following Lie-type groups of type A: GL,(q), PGL,(q),
SL,.(q), or PSL,(q). Then the following inequalities hold:

3/4
max{lfl <1ogq<<n -DE- )+ q2>) } < O < 13(og, (g — 1) + 5.

In particular,

1 n+7\""  b(G) 051

Proof. 1) Since the Steinberg character of GL,(q) is trivial at Z(GL,(q)) and stays
irreducible as a character of PSL,(q), the inequality b(G) > ¢"(»~1/2 is obvious. Next we
prove the upper bound

() i= — 0 < 13(lg, (g — 1) + )

for G = GL,(q), which then also implies the same bound for all other groups of type A. It is
not hard to see that the arguments in p. 1 of the proof of Theorem 4.8 also carry over to the
case of G = GL,(q). It follows that ¢(G) is just the maximum of

pP— H?:i(l -q") .
H;ﬁ:1 [[Z,(1—qi)

where the maximum is taken over all possible m,k;,d; > 1 with kidy > ... > knd, and
Z;nzl kjd; = n, and for each d = 1,2, ..., the number a4 of the values of j such that d; equals
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to d does not exceed the number ng of monic irreducible polynomials f(¢) of degree d over Fy;
in particular, aq < ¢¢/d.

By Lemma 4.1(ii), the numerator of P is bounded between 9/32 and 1 for all ¢ > 2. It
remains to bound (the natural logarithm L of) the denominator of P. By Lemma 4.1(i),
[152,(1 —g7™i) > exp(—ag™%) with o = 21n(32/9). Hence,

m n
—L/a< Z g4 = Zadq_d.
j=1 d=1

The constraints imply > _, dag < n and a4 < ¢?/d. Replacing the a4 with real numbers x4,
.. 0 —d . .
we want to maximize )~ x4q~¢ subject to the constraints

ded <n, 0<z4< qd/d.

d=1
Since the function ¢/t is decreasing on (0, 00), we see that there exists some dy (depending
on n) such that the sum is optimized when x; = ¢*/i for all i < dy and z; = 0 for all i > dj.
Thus dy is the largest integer such that zgoz_ll(qd/d)d = 2302_11 ¢ = (¢% —q)/(g— 1) does
not exceed n, whence

do < log,(n(g—1) +¢q) <1+log,(n+1).
On the other hand,

do do 1
Zxdqfd < 7 < 1+ In(dp).
d=1 d=1

Thus L > —a(1 4+ In(dp)) and so
P < el < eaiHn(do) — page o 13(log,(n(q — 1) + q))*5*
by the choice a = 21n(32/9).
2) Now we prove the lower bound

b(S) 1 1 L0\
c(S) = W > 7 (logq((n -1)(1- g) +q ))

for S = PSL,(q), which then also implies the same bound for all other groups of type A. As
above, let ng be the number of monic irreducible polynomials f(¢) over F,. Arguing as in p.
1) of the proof of Theorem 4.7, we see that the total number of elements of F,a which do not
belong to any proper subfield of Fa is at least 3¢?/4 when d > 3 and at most ¢ — 1. It follows
that for d > 3 we have

3¢“ q

— < =—. 5.1

2d =My (5.1

Since b(S) > St(1), the claim is obvious if n < ¢>. Hence we may assume that n > ¢> +1 >

3ns + 3. Let d* > 3 be the largest integer such that m := 2323 dng < n — 3. In particular,

d*+1 d*+1
qu> Zdndzn—z
d=3 d=3
and so
d* +1>log,((n—1)(1—1/q) + ¢°). (5.2)

Observe that Gy := GL,,(q) contains a semisimple element s; with

Ca,(s1) = GL1(¢®)™ x GLy(¢*)™ x ... x GLy(¢% )"~
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(Indeed, each of the ng monic irreducible polynomials of degree d over F,, gives us an embedding
GL1(q%) < GL4(q).) If det(s;) = 1, then choose s := diag(l,,_m,, s1) so that

Ce(s) = GLp—m(q) x Cg, (s1)-
Otherwise we choose s := diag(l,_,_1,det(s1)"%, s1) so that
Co(s) = GLp_m-1(q) x GL1(q) X Cg, (s1)-

In either case, det(s) =1 and so s € [G,G] for G = GL,(¢). Now consider the (regular)
irreducible character x labeled by ((s),Stcy(s)). The inclusion s € [G,G] implies that x is
trivial at Z(G). Also, our choice of s ensures that s has at most two eigenvalues in Fx:
the eigenvalue 1 with multiplicity > n —m — 1 > 2, and at most one more eigenvalue with
multiplicity 1. Hence, for any 1 # ¢ € F;, s and st are not conjugate in G. To each such ¢ one
can associate a linear character t € Irr(G) in such a way that the multiplication by t yields a
bijection between the Lusztig series £(G, (s)) and £(G, (st)) labeled by the conjugacy classes
of s and st, cf. [5, Prop. 13.30]. Since the distinct Lusztig series are disjoint, we conclude that
the number of linear characters ¢ € Irr(G) such that y = x is exactly one. It then follows by
[14, Lemma 3.2(i)] that x is irreducible over SL,(q). Thus we can view x as an irreducible
character of S = PSLy(q).
Next, in the case det(s1) = 1 we have
X(l) _ H?:nfqul(l B q_l)

PO T - g
whereas in the case det(s1) # 1 we have that

ORI | )
R (= g ) 10— g
Since n —m > 3, in either case we have
x(1) [[=,(1—q7")
qn(n—l)/Q HJd*ZB(l _ q*j)ﬂj .

By Lemma 4.1(ii), the numerator is at least (9/16)-(4/3)-(8/7) =6/7. To estimate the
denominator, observe that 1/(1 — x) > e® for 0 < x < 1. Applying (5.1) we now see that
P e
In <Hjl_3(11—q—7)7) DY LD Py
« 3In(d*+1
> f(ln(ds +1) =1 3) = 2D - g,
Together with (5.2) this implies that

3/4
qn?fl(—ll))ﬂ > 762/8 (10gq((” -1 - é) + qz)> > i <10gq((n - 1)1 - é) + qz))

3/4

5.2. Other classical groups

Abusing the notation, by a group of type C,, over F, we mean any of the following groups:
SPa,(q) (of simply connected type), PCSpy, (¢) (of adjoint type), or PSp,,(¢) (the simple
group, except for a few “small” exceptions). Similarly, by a group of type B,, over F, we mean
any of the following group: Spiny,,,;(¢q) (of simply connected type), SOzy,41(q) (of adjoint
type), or 2,11(q) (the simple group, except for a few “small” exceptions). By a group of type
D,, or ?D,, over F, we mean any of the following group: Spin$,,(¢) (of simply connected type),
PCO5,,(q)° (of adjoint type), PQS,, (¢) (the simple group, except for a few “small” exceptions),
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S05,,(q), as well as the half-spin group HSs,,(q). We refer the reader to [3] for the definition of
these finite groups of Lie type.

THEOREM 5.2. Let G be a group of type B, Cy, D, or ?D,, over F,. If q is odd, then the
following inequalities hold:

1 an+25\**) _ b(G) L7
max{l, 5 (logq 3 > < St) < 38(1 +log,(2n + 1))~=".

If q is even, then the following inequalities hold:
1 3/8 b(G) 1.27
max {1, £ (log,(n+17)) } < St) < 8(1+log,(2n +1))"=".

Proof. 1In all cases, the bound b(G)/ St(1) > 1 is obvious since St is irreducible over any of
the listed possibilities for G.

1) We begin by proving the upper bound in the cases where G is of type B, respectively
of type D,, or ?D,,, and ¢ is odd and n > 3. Let V = IE%”‘H, respectively V = IE‘?I”, be endowed
with a non-degenerate quadratic form. Then it is convenient to work with the special Clifford
group G :=T'T(V) associated to the quadratic space V, see for instance [27]. In particular,
G maps onto SO(V') with kernel Cy_1, and contains Spin(V') as a normal subgroup of index
q — 1. Furthermore, the dual group G* can be identified with the conformal symplectic group
CSpa,(¢) in the B-case, and with the group CO(V)® in the D-case, cf. [7, §3]. Observe that
the adjoint group PCO(V')° contains PSO(V') as a normal subgroup of index 2. Similarly, the
half-spin group contains a quotient of Spin(V') (by a central subgroup of order 2) as a normal
subgroup of index 2. Hence, it suffices to prove the indicated upper bound (with constant 19)
for this particular G. Similarly, it will suffice to prove the indicated lower bound (with constant
1/5) for the simple group S = PQ(V).

Let s € G* be any semisimple element. Consider for instance the B-case and let 7(s) €
Fx denote the factor by which the conformal transformation s € CSpy,(q) changes the
corresponding symplectic form. Also set H := Sp,,,(¢) and denote by Fq“ the set of squares in
Fx. Then by [21, Lemma 2.4] we have that

C:=Cg+(s) = Cu(s) - Cy-1,
with

o | Seia) "(s) ¢ F32 (BY)
) = TOH ") % | 00T S i, o) £E22 (52,

where ) . kidi =n —1,¢; = £1,and 0 < k <1 < n (and we use (B1) and (B2) to label the two
subcases which can arise). In the D-case, let 7(s) € F;* denote the factor by which the conformal
transformation s € CO(V)° changes the corresponding quadratic form; also set H := SO(V).
Then by [21, Lemma 2.5] we have that

C .= Cg* (S) = CH(S) . quh
with
o GOF (¢?) 7(s) ¢ FX2, (D1)
~ € (,di l ’ q
Coow(s) = [] 6L (a™) { GO%(q) x GO%_pi (), 7(s) € T2, (D2),

where Y. kidi =n—1, ¢, = %1, and 0 <k <1 <n (and we use (D1) and (D2) to label the
two subcases which can arise).
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On the set of monic irreducible polynomials of degree d in F[t] (regardless of whether ¢ is odd
or not), one can define the involutive map f — f such that 2¢f(1/z) is a scalar multiple of f(x).
One can show that such an f can satisfy the equality f = f only when 2|d and a?"?+1 =1 for
every root « of f. Hence, if n}; denotes the number of monic irreducible polynomials of degree
d over F, with f # f, then

d 3qd

v d and ) > 75 if d > 3and ¢ > 3, orif d > 5 and ¢ = 2. (5.3)

n; < E,
The former inequality is obvious. The latter inequality follows from (5.3) when d is odd (as
n’ = ng in this case), and by direct check when d = 4 or (¢,d) = (2, 6). Assume d = 2e > 6 and
(q,d) # (2,6). Then the number of elements of I« which belong to a proper subfield of F 4 or
to the subgroup Cya/24 of IF;, is at most

€
¢“+> ¢ <q¢(qg+1) <q/4,
i=1
whence n}; > 3¢?/4 as stated.

In either case, decompose the characteristic polynomial of the transformation s into a product
of powers of distinct monic irreducible polynomials over IF,. Then the factor GLZZ (%) in C with
€; = 1, respectively with ¢; = —1, corresponds to a factor (f; fz)kl in this decomposition with
deg(fi) = d; and f; # fi, respectively to a factor f¥ in this decomposition with deg(f;) = 2d;
and f; = f;. In particular, if ag denotes the number of factors GLy,(q%) in C with d; = d, then

<M1 day < 4
ad_?<2—d, ;ad_n. (5.4)

Certainly, Stc(1) = |C|, for the prime p dividing ¢. But, since the centralizer of s in the
corresponding algebraic group is (most of the time) disconnected, we cannot apply Theorem
1.2 directly to say that b(G) is attained by the regular character x = x() labeled by ((s), Stc).
Nevertheless, we claim that the degree of any unipotent character ¢ of C is at most 2« - Sto(1)
and so b(G) < 2kx(1), where k = 2 in the (D2)-case and k = 1 otherwise. Indeed, by definition
the unipotent character 9 of the (usually disconnected) group C'is an irreducible constituent of
Ind$ () for some unipotent character ¢ of D := Z(G*)C(s). In turn, ¢ restricts irreducibly
to a unipotent character of the (usually disconnected) group Cg(s). It is easy to see that
CH(s) contains a normal subgroup D; of index k, which is a finite connected group, in fact a

direct product of subgroups of form GL;! (q%), Sp,(¢?), Sp,(q), SOli (¢%), or SOli(q). Again by

definition ¢|c,, (s) is an irreducible constituent of Indg‘i’ (S)(gol) for some unipotent character

1 of Di. Now we can apply Theorem 1.2 to D; to see that ¢1(1) < Stp, (1) = |D1l|, = |C|,.
Since |C'/D| = 2 and |Cy(s)/D1| = k, we conclude that (1) < 2k|C|,, as stated.
Observe that (G* : C), = (H : D1), /k. We have therefore shown that

b(G) = x(1) < 2(H : D1)y - [Dilp-
By Lemma 4.1(i), (iv), [[;2,(1 — ¢~%) > 71/81 since ¢ > 3, and Hf;l(l — (ejg7 %)) > 1 if
¢; = —1. Furthermore, ¢' £1 > (2/3)¢" and ¢" £1 < (28/27)g" since n,q > 3. Using these

estimates, we see that
A

k; idi
Hj:ejzl [LZ,(1=q7%)

Here, A = 2-(28/27) - (81/71) - (3/2)? = 378/71 in the (D2)-case. Similarly, A = 2 in the (B1)-
case, A =162/71 in the (B2)-case, and A = 28/9 in the (D1)-case. By Lemma 4.1(i), ¢(G) <
A-exp(a aqq™?) with a = 21n(32/9), and aq is subject to the constraints (5.4). Now we can
argue as in p. 1) of the proof of Theorem 5.1 to bound ), aqq~? from above. In particular, we

(@) < (5.5)
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get 3 aaq™ < (14 1n(dy))/2, where dq is the largest integer such that %" d(¢?/2d) < n,
ie.

do <log,(2n(q —1) +q) <1+log,(2n +1).
Putting everything together, we obtain
c(G) < Ae®/?d5’? < Ae?T(1 + log, (2n + 1))17 (5.6)
and so we are done, as Ae'?7 < 19.

2) Next we briefly discuss how one can prove the upper bound in the remaining cases.

2a) Consider the case G is of type C,, over F, with ¢ odd. As above, it suffices to prove the
upper bound with the constant 19 for G = Sp,,,(¢). In this case, G* = SOs,+1(q), and if s € G*
is a semisimple element, then the structure of Cgo,,,,(q)(s) is as described in the (D2)-case.
Arguing as above, we arrive at (5.5) and (5.6) with Ae!2" =2.(81/71) - (3/2)? - e!27 < 18.3.

2b) Next suppose that G is of type C,, over F, with ¢ even. In this case, G* = Sp,,,(¢), and
if s € G* is a semisimple element, then the structure of Cg«(s) is as described in the (B2)-case
with k = 0. Arguing as above, we arrive at (5.5) and (5.6) with Ae!?” = €127 < 3.6.

2c) Finally, let G = Q5,,(¢) with ¢ even and n > 4; in particular, G* 2 G. If s € G* is a
semisimple element, then the structure of Cgog (4)(s) is as described in the (D2)-case with
k = 0. Arguing as above and using the estimates ¢' =1 > ¢'/2 and ¢" + 1 < (17/16)¢", we
arrive at (5.5) and (5.6) with Ael2" = 2. (17/16) - €127 < 7.6 for ¢ > 4. As in p. 3) of the proof
of Theorem 4.8, in the case ¢ = 2 we need some extra care if Cg(s) contains a factor K; :=
((C3 x C3) x Q5.(2)) - 2, where C3 x C3 is the (unique) subgroup of index 2 in GUy(2). We
claim that we still have the bound 6(1) < |K|s for any unipotent character 6 of K. Indeed, K
is a normal subgroup of index 2 of K, := GUy(2) x GOZ.(2). Now 6 is an irreducible constituent
of some unipotent character § = A ® p of K, where A € Irr(GU(2)) and p € Irr(GOZL.(2)) are
unipotent. It follows that the irreducible constituents of 9|Q2ir(2) are unipotent characters of
H, := Q3 (2) and so have degree at most Stg, (1) by Theorem 1.2. But C3 x Cj is abelian, so
6(1) <2-Sty, (1) = |K1|2. Now we can proceed as in the case ¢ > 4.

3) Now we proceed to establish the logarithmic lower bound for the simple groups S of type
D,, or D,, over F, with ¢ odd and n > 4. It is convenient to work instead with G := SO3,,(q),
since G* = (. Since the lower bound is obvious when n < q*?’ , we will assume that n > ¢ >
3n3 + 2. Let d* > 3 be the largest integer such that m := 2323 d(n}/2) < n— 2. In particular,

d*+1 d*+1

d
q x
> 53> > dng/2) = n—1,
d=3 d=3
and so
d*+1>log,((2n —1)(1 — 1/q) + ). (5.7)

Observe that Gy := SO3,,(g) contains a semisimple element s; with
Ca, (1) = GL1(¢*)™/? x GL1(¢*)"/? x ... x GLy (¢ )" /2.

(Indeed, each of the n}; monic irreducible polynomials f of degree d over F, with f # f gives us
an embedding GL1(¢%) — SOZ,(q).) If s1 € QF,,(q), then choose s := diag(l2,_2m,51) so that

Ca(s) = S05,_2m(2) X Ca, (51)-

Suppose for the moment that s ¢ 03,,(q). Note that there is some § € Fyo \ (Cyq1 UFy)
such that h # h for the minimal (monic) polynomial h € F,[t] of ¢ and moreover the F,-
norm of § is a non-square in Fy. Hence by [13, Lemma 2.7.2], under the embedding
GL1(¢?) — GLa(q) — SOJ (q), d gives rise to an element sy € SOF (¢) \ € (¢). Now we choose
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s := diag(Ian—2m—4, $2, 1) so that
CG(S) = SOSn—2m—4(q) X GLl (qQ) X CG1 (81)

Our construction ensures that s € [G, G] = Q5,,(q).

Next we consider the (regular) irreducible character p labeled by ((s), Stc (s)). The inclusion
s € [G, G] implies that p is trivial at Z(G). Since S = PQ5,, (q) is a normal subgroup of index
2 in G/Z(G), we see that S has an irreducible character x of degree at least p(1)/2. Hence in
the case s; € 3,,(g) we have

X 1 05 (- (e
Si1) < 2 [1 (1 —q=9)%/2 (1= egm—n)’
whereas in the case s; ¢ 3. (¢q) we have that

(=) (=g ™)
HJ 4(1—g=9)" 372 (1 —eqm=n+2) . (1 —q~2)

(with the convention that 1 —eq™ "2 =1 when m =n — 2). Observe that (1 —eq™")/(1 —
€q %) > q/(q+1) > 3/4 for 0 < k < n. Furthermore, since n > m -+ 2 we have

(1)

St(1)

v
l\J\»—t

n—1 n—1 —23 00
2 Hi:n—m—Q(l —4q ) =2 E
IT a-¢2) > e >[[-a7) > o

i=n—m =2

by Lemma 4.1(i). Thus

x(1) B
c(S) > > , 5.8
)2 80 > T P (58)
with B = (71/72) - (3/4) - (1/2) = 71/192. Applying (5.3) we now see that
& &
1 n’ 3 _ 3n( d* +1) 9
Together with (5.7) this implies that
B 1 % B dn +25\*/®
c(S) > /16 (logq((2n -1 - q) + q2)) > 571 (logq 3) ) (5.9)

and so we are done, since Be™%/16 > 1/5.

4) We will now briefly discuss how one can prove the lower bound in the remaining cases.
Note that the lower bound is obvious when n < ¢°, so we will assume n > ¢5.

4a) Consider the case G is of type C,, over Fy w1th g odd; in particular, G* = SOaq,,+1(q).

Choose d* > 3 largest possible such that m := Zd sdn/2 <n—2, and so (5.7) holds. Also
choose s1 € Gy := SOs2,,11(¢) a semisimple element with

Ca, (51) HGL1 R

If 51 € Qopm+1(q) then we choose s := diag(lan—2m+1, 51), and if s1 € Qay,41(g) then we choose
s := diag(Ian—2m—3, S2, S1) where sy is defined as in 3). As above, s gives rise to a regular
character p of G which is trivial at Z(G), so p can be viewed as an irreducible character of
S := PSp,,,(¢). The same arguments as in 3) now show that (5.8) holds with B = 71/72, and
(5.9) holds with Be=9/16 > 1/2.
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4b) Assume now that G = SOs,+1(q) with ¢ odd. Then we choose d* and m as in 4a), and
choose s € G* = Sp,,,(¢) a semisimple element with

a*
CG(S) = Sp2n72m(q) X H GLl(qd)n2/2'
d=3

Let x be an irreducible constituent over S := Qsay,41(q) of the regular character labeled by (s).
The same arguments as in 3) now show that (5.8) holds with B = (71/72) - (1/2), and (5.9)
holds with Be=9/16 > 1/4.

4c) Next suppose that G is of type C,, over F, with ¢ even; in particular, G* = Sp,, (q).
Choose d* > 5 largest possible such that m := 2325 dn’;/2 < n, and so instead of (5.7) we now
have

d* +1>1log,((2n+3)(1—1/q) + ¢*). (5.10)

We can find a semisimple element s € G* such that

-
Ca+(5) = SPay_om(@) x [ GL1(g)"a/2.
d=3

By Lemma 4.1(i), [T;2, (1 — ¢~%") > 11/16. Considering the regular character p labeled by (s),
we now obtain

p(1) B
c(8) = > —= — (5.11)
St(1) H;l:5(1 —qi)mi/?
with B = (11/16). Applying (5.3) and arguing as in 3), we arrive at
B 1 3/8 B 3/8
c(S) > ) (logq((Qn +3)(1 - 6) + q4)> > /m (log,(n+17)) / , (5.12)

and so we are done, since Be=25/32 > ().3.

4d) Finally, let G = Q5,,(¢) with ¢ even and n > 4; in particular, G* = G. Now we choose d*
and m as in 4c), and fix a semisimple element s € G* with

d*
Car(5) = Q_am(a) x [T GLi(g?)"72.
d=3

Using the estimate (1 —eq™™)/(1 —eg™ ™) > 2/3 and arguing as in 4c), we see that (5.11)
holds with B = (11/16) - (2/3) = 11/24. Consequently, (5.12) holds with Be=2°/32 > 1/5. [0

Following the same approach, A. Schaeffer has proved:

THEOREM 5.3. [23] Let G be any of the following twisted Lie-type groups of type A:
GU,(q), PGU,(q), SU,(q), or PSU,(q). Then the following inequalities hold:

2/5
max {1,31 (logq((n -1 - q%) + q4)> } < qni)fg?l))/? < 2(logq(n(q2 — 1)+ ).

5.3. Proof of Theorem 1.3

The cases where G is an exceptional group of Lie type follow from the proof of Proposition
4.3. Consider the case G is classical. Then the upper bound follows from Theorems 5.1, 5.2,
and 5.3. We need only to add some explanation for the groups of type A, twisted or untwisted.
For instance, let G be a group of Lie type in the same isogeny class with L := SL,,(¢). Then
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G = (L/Z) - Cq, where Z is a central subgroup of order d of L, and furthermore the subgroup of
all automorphisms of L/Z induced by conjugations by elements in G is contained in PGL,,(q).
Now consider any x € Irr(G). Let x1 be an irreducible constituent of x|,/ viewed as a character
of L and let x» be an irreducible constituent of Indf (x;), where H := GL,(q). Since the
quotients G/(L/Z) and H/L are cyclic, we see that x(1)/x1(1) is the index (in G) of the
inertia group of 1 in G, which is at most the index (in H) of the inertia group of x; in H, and
the latter index is just x2(1)/x1(1). It follows that x(1) < x2(1) < b(H). The same argument
applies to the twisted case of type A.
For the lower bound, observe that there is some d. > 5 depending on ¢ such that

q°
ng >ny > (1 —5)3.
Choosing A < (d. )(5_1)/7 we can guarantee that the lower bound holds for n < ¢%. Hence we
may assume that n > ¢% + 1 > deng, + 3. Now we can repeat the proofs of Theorems 5.1 and

5.2, replacing the products Hd 3, respectively Hd 5, by Hd d O

5.4. Proof of Theorem 1.4

To guarantee the lower bound in the case ¢ = p we can take C' <1, since the Steinberg
character, being of p-defect 0, is irreducible modulo p. Assume that ¢ # p. As usual, by choosing
C small enough we can ignore any finite number of simple groups; also, it suffices to prove the
lower bound for the unique non-abelian composition factor S of G. So we will work with S =
G/Z(G), where G is a simple simply connected algebraic group and G = G’ is the corresponding
finite group over IF,. Consider the pair (G*, F*) dual to (G, F') and the dual group G* := (GHF".
It is well known that, for ¢ > 5, IBry(PSLs(g)) contains a character of degree > g — 1, so we
may assume that r :=rank(G) > 1. We will show that, with a finite number of exceptions,
[G*, G*] contains a regular semisimple ¢'-element s with connected centralizer and such that
Ca+(s) is a torus of order at most 2¢". For such an s, the corresponding semisimple character
X = Xs can be viewed as an irreducible character of S of degree |G|,/ /|Cq-(s)| > C - |G|, (with
C > 0 suitably chosen). Moreover, any Brauer character in the ¢-block of G containing x has
degree divisible by (1) as a consequence of a result of Broué-—Michel, see [11, Prop. 1]. Hence
the reduction modulo £ of x is irreducible and so by(S) > x(1).

To find such an s, we will work with two specific tori 77 and Ty of G*. For G = 3Dy4(q) we
can choose |T1| = ¢* — ¢®> + 1 and |Ty| = (¢® — ¢ + 1)%. For G = SU,,(q), we choose

( n/2+1)2 n—1 : —
(L m) =] S #1) ifn=2 (modd),
’ g H, (¢n=1/2 4 1)2) ifn=3 (mod 4).

If G is of type B, or C,, with 2|n, we can choose
(T1], |1 To]) = (¢" + 1, (¢"% +1)°).

For all other G, T} and T, can be chosen of order indicated in [19, Tables 3.5 and 4.2]. We
may assume that either g or the rank of G is sufficiently large, so in particular Zsigmondy
primes r; [29] exist for the cyclotomic polynomials ®,,, (in ¢) of largest possible m; dividing
the orders |T;|. Here i = 1,2, and, furthermore, for i = 2 we need to assume that G is not
SL3(q), SU3(q), or Spy(q) = Spins(q). According to [6], either 7o > ma + 1 or r3 divides ®,,,,
again with finitely many exceptions.

Now if 71 # £, respectively if £ =r; £ ry and 1o is larger than all torsion primes of G
(see e.g. [20, Table 2.3] for the list of them), we can choose s € T; of prime order r;, with
i =1, respectively ¢ =2, and observe that r; is coprime to all torsion primes of G as well
as to |G*/|G*,G*]|. Tt follows that Cgx(s) is connected (cf. [20, Prop. 14.20] for instance),
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s € [G*,G*], and moreover s can be chosen so that |Cg=(s)| = |T;|. Thus s has the desired
properties, and so we are done.

We observe that ry can be a torsion prime for G only when ro = mo + 1 and (G, 72) is
(SL,(q),n), or (SU,(q),n) with n =3 (mod 4). In either case we can choose s € T, N [G*, G¥]
of order r3. Furthermore, if G = SL§(q) with ¢ > 5, we fix a € IFqXQ of order ¢ + € and choose
s € Ty with an inverse image diag(a,a«™1,1) in G. If G = Sp,(q) with ¢ > 8, we fix § € IE‘qX2
of order ¢+ 1 and choose s € Ty with an inverse image diag(3,371, 3% 372) in Spy(F,) =
Sping(F,). It remains to show that in these cases the element s has the desired properties. In
fact, it suffices to show that Cg-(s) is a torus. Consider, for instance, the case G = SL,(¢) (so
ro =n). Then s can be chosen to have an inverse image diag(y,~9,... ,fyqn_Q, 1) in the simply
connected group G*, where |v| = n? and G* = Q*/Z(C;*) Suppose z € G* centralizes g modulo
Z(G*) Then zgz~! = ég for some § € qu with 6™ = 1. It follows that § is an eigenvalue of g of
order dividing n, and so 6 = 1. Thus Cg-(s) equals Cg. (s)/Z(G*) and so it is a torus. Similar

arguments apply to all the remaining cases. O
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