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Abstract

Suppose that the finite group G acts faithfully and irreducibly on the finite G-module V of characteristic
p not dividing | G|. The well-known k(G V)-problem states that in this situation, if k(G V) is the number
of conjugacy classes of the semidirect product GV, then k(GV) < |V|. For p-solvable groups, this
is equivalent to Brauer’s famous k(B)-problem. In 1996, Robinson and Thompson proved the k(G V)-
problem for large p. This ultimately led to a complete proof of the k(G V)-problem. In this paper, we
present a new proof of the k(G V)-problem for large p.

2000 Mathematics subject classification: primary 20C15, 20C20.

1. Introduction

The subject of this paper is a classical open problem in the modular representation
theory of finite groups, known as Brauer’s k(B)-problem and dating back to the 1950s.

Recall that in modular representation theory, for a given prime p and a finite
group G, the set of all irreducible complex and p-Brauer characters of G is partitioned
into subsets called the p-blocks of G, and one assigns to each p-block B a certain
p-subgroup D of G, called the defect group of B, which is uniquely determined up to
conjugacy. If |D| = p#®, then d(B) is called the defect of B. (For an introduction
to the subject, we refer the reader to [18].)

With these notions Brauer’s k(B)-problem states that for any p-block B of G the
number k(B) of irreducible complex characters in B is bounded above by the order of
the defect group D of B, that is, k(B) < p4®.

The best general bound to date is due to Brauer and Feit and states that k(B) <

24(B)-2
pU®-2,
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If G is p-solvable, it has been known for a long time that Brauer’s k(B)-problem
is equivalent to the following conjecture which is known as the k(G V)-problem.

k(G V)-PROBLEM. If the group G acts faithfully and irreducibly on the finite
G-module V and if (|G|, |V|) = 1, then the number k(G V) of conjugacy classes of
the semidirect product GV is bounded above by the order of V, that is, k(GV) < |V].

Over the past two decades this conjecture attracted the interest of a number of
mathematicians, and in a huge effort its proof has finally been completed in [8]. For
a detailed history of this fascinating problem, we refer the reader to [12] and [21].
We point out, however, that the whole line of attack on the problem is based on some
fundamental ideas introduced by R. Knorr in the 1980s, which eventually led to the
celebrated paper [22] by Robinson and Thompson, where they were able to settle the
conjecture for large primes p (more precisely, for p > 53%). All subsequent work on
the problem is based on the results in [22].

In this paper, we will provide a new proof of the k(G V)-problem for large p, that
is, for p > K where K is a suitable constant. Our approach is independent of [22]
and more straightforward, and the new proof in many instances gives bounds stronger
than k(G V) < |V|. It turns out to be yet another application of character and fixed
point ratio estimates (see, for example, [4, 15, 23] for other important examples), thus
demonstrating once again their usefulness and power. Some of the ideas behind this
approach to the k(G V)-problem were already developed in [11], but the proof in that
paper was long and worked only for solvable groups.

Our strategy is as follows: We proceed by induction on |GV|. Clearly V is
induced from a submodule W that is a primitive and faithful N-module, where N =
Ng(W)/Co(W) (possibly W = V). We will reduce the problem to one of the
following situations:

(1) k(NW) <|W|/T forsome T € N or
(2) W < Vand k(N) is small relative to |W| or
(3) N = I'(g), where g is a power of p and I'(g) is the semilinear group on GF(q).

This reduction process involves an analysis of the structure of coprime primitive
linear groups which are large relative to the module they act on (see Theorem 3.5).
The results obtained in this context are of independent interest and can be understood
as qualifying the general result of Gambini and Gambini-Weigel [6] on the order of
such groups. The proof is based on character ratio estimates which were proved by
Gluck and Magaard in [7] for different purposes, and it ultimately makes use of an
argument of Liebeck [13] that already had proved useful in the Robinson-Thompson
paper. Thus the reduction to Cases (1), (2) and (3) depends on CFSG.

In Case (1), if V = W, we are done, and if W < V, an easy induction argument
will show that k(G V) < |V|. In Case (2), an elementary induction (see Lemma 2.2)

https://doi.org/10.1017/5144678870001048X Published online by Cambridge University Press


https://doi.org/10.1017/S144678870001048X

[3] The k(G V)-problem revisited 259

will do the job. In Case (3), if W = V, the conclusion can be shown directly. The
inductive arguments used up to this point are of an elementary and purely group
theoretical nature. We are left with Case (3) and W < V. This case not surprisingly
requires a more sophisticated inductive treatment presented in Lemma 2.3. While
formally similar to Lemma 2.2, it requires some basic character theory and also a
technical argument from [11] on stabilizers in the action of a group on the set of
conjugacy classes of a subgroup.

The paper is organized as follows: Section 2 contains the inductive arguments,
Section 3 deals with the structure of primitive linear groups. In Section 4, we prove
the main theorem.

Note that since the focus of the paper is on the methods and in order to keep the
tedious parts of the proofs short, no effort has been made to keep the constant K small.

The notation used is standard and is as in [11]. In particular, n(G, V) denotes
the number of orbits of G on V. If F is a field, by the natural F-module V for §,
respectively A, we mean the deleted permutation module of S, respectively A, that
is, V= {(xl, ey Xn) | x; € Fforall i, Z;’zlx, = 0} with components permuted
naturally by S, respectively A,.

We will frequently use the fact that k(G) < 2"! for any subgroup G of the
symmetric group S, (see [14]), and that if V is an S,- or A,-module for n > 6 with
char(V) > n, then dim V > n — 1 (see [24]). Also basic estimates for k(G) such
as k(G) < k(G/N)Yk(N) for N < G and the basic formulas for k(G V) (see, for
example, [11]) will freely be used, as well as the fact that if G acts faithfully on V
with (|G|, | V]) = 1, then |G| < | V|* (see [20]).

2. The key lemmas

We begin with an auxiliary result.

LEMMA 2.1. Let G be a group acting on a finite set Q. Suppose that |Cq(g)| =
|R21/2 for all g € G. Then there exists an w € Q such that v* = w forall g € G.

PROOF. This is immediate from the Cauchy-Frobenius orbit counting formula. [

Now we can prove a crucial lemma in the spirit of [11, Lemma 3.8 and Remark 3.9].

LEMMA 2.2. Let G be a finite group and V be a finite G-module with (|G|, | V]) = 1.
Supposethat N <G and Vy = Vi®---® V, forann € N, where the V; are N -modules,
and assume that G/N permutes the V; transitively and faithfully. Put H = Ng(V,).

Let W < V be a G-submodule with |W| > |V|® for some 0 < § < 1. Moreover,
suppose that the following hold:
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i) k(HW) < |W|;
(i) k(U) < (1//n+1)|W|V*¥8 forall U < G.
Then k(GW) < |W|.

PROOF. We may assume thatn > 2. Let M = {g € G | g normalizes at least n/2
of the V;} and observe that N € M and M is a normal subset of G, thatis, M8 = M
forallg € G. Let T = {v¢ | v € Wand Cg(v) € M}; so v’ € T means that there
isa g € G — M such that g fixes an element of v, that is, v¢ N Cy(g) # @. Hence
v9N Cy(g") # P forall h € G. This shows thatif g;,i = 1, ..., t are representatives
of the conjugacy classes of G which are not in M, then

t
T C U{vG |ve Vand v° N Cy(g) # 0B}

i=1

and thus |T'| < tmax;.,,... |Cv(g)!-
Now by definition of M clearly if g € G — M, then g normalizes at most n/2 of
the V; which immediately implies that |Cy(g)| < | V|*/*. Thus

IT| < k(G)|V]* < k(G)| W™,

Now consider v € W with v¢ ¢ T. Thus Cs(v) € M, so that Cg(vV)N/N is
a permutation group on {V;,..., V,} =: Q and all elements of C5(v)N/N have
at least n/2 fixed points on 2. By Lemma 2.1, there is an i € {1,...,n} with
Cs(v) < Ng(V)),sobyreplacing v by another representative of v¢ we may assume that
Cs(v) < H. Thus Cg(v) = Cx(v), and so |v¢| > [vf|. Therefore, if wy,..., w; €
vY are representatives of the orbits of H on v with w; = v, then k > 2, and if
we write w; = v¥ for some g; € G (i = 2,..., k), then by [5, Formula (2)] for
i=2,...,k wehave

k(C(v)) = k(Ce(v)) = k(Co(w)) < |Co(w) : Cy(wi) [k(Cy(wi))
< |G : HIk(Cy(w)) = nk(Cy(w)))

and hence k(Cy(w;)) > (1/n)k(Cyx(v)) fori = 2, ..., k. With this we obtain that

k
1
2 K(Crwy)) = K(Cr(w)) + (k= 1)~ k(Cy(v)

j=i

k—1 1
kL ) > ”—I—k(cy(v».

the last inequality being true as k > 2.

Since the above considerations hold for any v € W with v¢ ¢ T, we conclude
thatif v, € W (i =1, ..., n(G, W)) are representatives of the orbits of G on W and
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for any i the wy; (G =1, ..., k;) are representatives of the orbits of H on vZ (so that
clearly the w; for all 7, j are representatives of all orbits of H on W), then we may
assume that for all i with v’ € T we have Cg(v;) < H, and then the above yields

D> kKCewy= ) k(cH(v,))<—+— > Zk(mw.,))

i with vE €T i with vegT i with v ¢T j=1
n n(G,W) Kk
ST 2 Zk(cu(wy))———k(H Ww).

i=1 j=1

Hence altogether with our hypotheses we obtain

KGW)= Y KCow)+ Y. kCow)

iwithvieT iwithvegT

<IT| IWII’2 & +t k(HW)
1
< kG WPI® —— |W|"2—3/<“> +—— I
vn+1 .
1

5 I W|1/2—3/(85)| W|3/(48) I W|1/2—3/(88) + | Wl I WI’

Vn+1 vn+1

as desired. O

We next prove another lemma of a similar flavor. For this we will need Gallagher’s
goodness property. Recall that in [S] Gallagher defines, for N 4 G, ¢ € Irr(N) and
g € Cs(¥) (the inertia group of ¥ in G), that g is good for y if an extension vy of ¢
to N{g) is invariant under Cq(¥)NL, where L = {h € G | (gN)* = gN). Goodness
is independent of the choice of Y, and depends only on the conjugacy class of gN in
Co(¥)/N. Then as in [11, Example 3.4 (b)] for N < U < G we define

P(U/N, ¥) = (M € cl(Cyn(¥)) | there is a g € M that is good for ¥/},

then P is a goodness property in the sense of [11, Definition 3.1] which we call
Gallagher’s goodness property, and from [11, Example 3.4 (b)] we know that for any
N < U < G we have

ICU/N (X)lkP(CU/N x)
[U/N|

k(U) = ap(U/N, IT(N) = )

X €lrr(N)

’

where kp(Cy/n(x)) is the number of conjugacy classes of elements of Cyx(x) which
are good for x.
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LEMMA 2.3. Let G be a finite group and V be a finite faithful G-module. Suppose
that N AGand Vy = Vi®- - -® V, where the V; are N -modules, and assume that G/N
permutes the V; transitively and faithfully. Furthermore assume that N/Cy(V}) =
(Vi) and write ¢ = |Vi|. Let W < V be a G-submodule with |W| > | V|35, Put
H = N¢(V)) and suppose that the following hold:

(i) k(HW) <|W];

(i) q > 2%%9,

Then k(GW) < |W]|.

PROOF. We may assume that n > 1. Write I'(g) = I'(V}). Clearly
N=ETWx--xT(V)ET(Q)"

Identifying N with its isomorphic subgroup in I'(g)", we write T = Ty(g)" and
M = N N T; so that M is an abelian normal subgroup of G and |N /M| < (log, g)".

We consider the action of G/M on Q := Ir(M W). If w € Q, we will write »°
for the orbit of w under G and w 1€ for the induced character. Let P be Gallagher’s
goodness property with respect to this action. Then we have k(H W) = ap(H/M, Q)
and k(GW) = ap(G/M,Q). Now let R = {gM € G/M | gM normalizes at
least n/2 of the V;}, so R is a normal subset of G/M. Let T = {w%¥ | w € Q and
Co/m(@) € R}, 500%™ € T means thatthereisa gM € G/M — R such that gM fixes
an element of w®M that is, %™ N Cq(gM) # 0. Hence w®M N Co(g"M) # @ for
all h € G. This shows thatif g,M, i =1, ..., ¢, are representatives of the conjugacy
classes of G/M which are not in R, then

t
T < | J {0 | w e 2 and 0™ N Ca(g:M) # 0}
i=1
and thus |T| < tmax,.),._,|Ca(g:iM)| < k(G/M) maxgyec/m—r |Ca(gM)|. Now as
G/N = S,, we have k(G/M) < k(G/N)k(M/N) < 2"~'(log, q)". Furthermore,
if gM € G/M — R, then gM has at most n/2 fixed points in its permutation action
on {V;,..., V,}. Hence we may apply [11, Lemma 4.7 (c)] to the action of (g, N)
on V which yields that if Q; = cl(M V) is the set of conjugacy classes of M V, then
|Cq,(8)] < 4"q™/3. Let Qy = Irr(M V). Since there is a G-module W’ such that
V=W W, clearly MW = M V/ W’ and hence 2 C ,. Now G/M acts on ;
and €2 by conjugation, and so Brauer’s permutation lemma (see, for example, [10,
Theorem 18.5 (b)]) yields

|Ca(gM)| < |Ca,(gM)| = |Cq, (gM)| = |Cq, ()| < 4"¢"™2.
Hence we conclude that

IT| < 2" '(log, q)"4"q""2.
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Now consider w with @ ¢ T. Then Cg/m(w) C R, so all elements of Cg(w)N /N
have at least n/2 fixed pointson { V;, ..., V,}. ByLemma2.1thereisani € {1, ..., n}
with Cg(w) < Ng(V;), and so we may assume that Co(w) < H. As H < G, it follows
that |w%M| > |wf/™|, and so if wy, ..., w; € @M are representatives of the orbits
of H/M on w%¥ with w; = w, then k > 2, and by the theorem in [5] and [10,
Exercise E17.2] we see that, fori = 2, ..., k, we have

kP(CH/M(w)) = kP(CG/M(w)) = kP(CG/M(wi))
= |{¢ € Irr(Cgy(w:)) | ¥ is a constituent of the induced
character w; 1 ¢cv@}|
< |Coy(w)) : Cyv(w;)|
x |{® € Irr(Cyv(w:)) | O is a constituent of w; 1"}
< |G : H|- kp(Cum(wy)) = nkp(Cum(w:)).

Hence, as in the previous lemma, we obtain

n+

k 1
+ " ke (Capu (@),

k
~1
> ke (Cayu(@;)) 2 = kp(Cuu(@)) 2

j=1

Since these considerations hold for any ¥ ¢ T, we conclude that if w; €
(i =1,...,n(G/M, Q)) are representatives of the orbits of G/M on 2 and the wj;
(G = 1,..., k) are representatives of the orbits of H/M on w,-G ™ then we may
assume that for all i with a),.G M ¢ T we have Cg/y(w;) < H/M, and then the above
yields ‘

Y ke(Com@)) =Y ke(Cum(@)

i with 0™ ¢ i with /M ¢T
k;
n

=< —— Z ZkP(CH/M(wij))

i with ™M gT J=1
<2 o (H/M, Q) = —L— k(HW)

o , Q)= —— .
“n+l " n+1

Hence altogether with hypothesis (i) we obtain

KGW) =ap(G/IM. )= Y. k(Com@)+ Y, ke(Com(@))

i with 0™ eT i with %M T
n
<|T kp(C ; — k(HW
<| |;=1,...r.r.}f'c’§u,m p( G/M(w))+n+1 (HW)

n
< 2""'(log, q)"4"q""* Joax k(U) + —— W],
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Since for any U < G/M we have k(U) < 2" '|N/M| < 2" !(log, q)", we further
conclude that

1
k(GW) < (2" (log, 9)")*4"q™* + (1 - m) Wi,

which implies k(GW) < |W| whenever 2*~2(log, q)*"4"q""® < {W|/(n + 1). As
[W| = | V|16 = ¢'5n/18 for this it suffices that 2*"~2(log, g)*"(n + 1) < ¢"/'S. This
will be satisfied whenever 25" (log, g)** < ¢"/'® or, equivalently, 32(log, q)* < ¢'/'°.
But this is the case since, by our hypothesis, g > 2*®, and so the lemma is proved. [

3. Primitive linear groups
The next lemma is essentially from [7].

LEMMA 3.1. Let G be a finite group, and let W be a faithful irreducible GF(q) G-
module, where q is a prime power such that (|G|, q) = 1. Suppose further that W
is primitive and that G has no component which is an alternating group of degree at
least 10. Then for every 1 # g € G we have |Cy(g)| < |W|"®. In particular, for
every 8 > 0 and for every H < G with |H| > |G/|®, we have

2|W]

H, < — .
nH, W) = CliGE, 1617%)

PROOF. The first assertion follows immediately from the proof of {7, Proposi-
tion 2.8] (note that the assumption dim W > 88 in that proof is not needed for the
argument). Now by Cauchy-Frobenius we have

W 1
n(H, W)= — + — ICw(g)]
|H| " |H| ,;,, v

Wi IHI -1 ., 1 1
< L B e < (— )W),
T T T NIRRT ) A

As |G| < | W3, we further conclude that

1 1
n(H, W) < (W + —IGI‘/'“’) d

which implies the assertion. a

Next we need to slightly generalize Liebeck’s well-known regular orbit theorem.
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LEMMA 3.2. Let T > 1. There exists a function f : [1,00) — N such that the
following holds: If p is a prime with p > f(T) and G is a p’-group and V is a
faithful GF (p)G-module such that G has a quasisimple normal subgroup H which
is irreducible on V, then one of the following holds:

@ 3oy |Cv(®] < |VI/T; in particular, k(UV) < (T + |U|+ D|V|/T|U|
forany U < G.
(b) H=A, c<p,andV is the natural GF(p)-module for H.

PROOF. This can be shown by slightly adjusting the proof of the main theorem in
[13] in an obvious way as follows (we use the notation of that paper): The assump-
tion () now reads | V|/T < dec_m |Cv(g)|. Lemma 1 reads q < 6T|Aut(17)|,
and Lemma 2 (iii) and (iv) read ¢?> < 6T| Aut(H)| and g < (3T| Aut(H)|)"/ ="+,
respectively, with the obvious adjustments in their proofs. Most of the changes to be
made in the proof of Lemma 4 are obvious; the inequality on page 1140 needs to be
changed to 2¢! > (1/ T)g**/“*?» — ... (the rest is not modified), and right after that
it should read: Since ¢ > ¢ > 20 and n > c(c — 3)/2, for ¢ > f (T) (given that
f (T) has been chosen large enough) the second, third, fourth, and fifth terms of the
right-hand side are all less than (1/8T)g>“+®, and hence, (1/T)g>/+ < 4c!.
Hence for ¢ > 20 we obtain, as n > c(c — 3)/2, that g**~3/2 < (4T¢)**?? which
for ¢ > f(T) and f (T) large enough yields a contradiction. Therefore ¢ < 20.
(...) Then Lemma 2 (iii) gives p?> < 6T ¢! < 6(19!)T, whence p < 5%T, a con-
tradiction if f (T) is chosen greater than 5*°T. And if ¢ < 12, then Lemma 1 gives
p < 6(12))T < 5T, again a contradiction. To complete the proof, suppose now that
t > 1. We know that if f (T) is large enough, then ¢ # 6 (by Lemma 1), ... The
remaining modifications of the proof of Lemma 4 are obvious.

The first line of the proof of Lemma 5 should read: ByLemma 1,p < 67| Aut(l_-l— IR
hence if f(T) > 5%T, then 6] Aut(H)| > 5%. The remaining modifications are
obvious; the last line of the proof should read: Then Lemma 2 (iv) shows that p
is bounded by a function of T, so if f(T) is greater that that function, we get a
contradiction.

Similar adjustments are needed in the proof of Lemma 6, and then the proof of the
main result is complete.

The bound for k(U'V) in Case (a) is easily obtained with the elementary argument
demonstrated in the proof of [12, Lemma 5.3], namely

C
k(UV) =) el cuie), cute)

< Ul
1
Ul (Z'Cv(gﬂ + Y 1Cu(@) n(Cylg), Cv(g)))
gel 1#gel
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|4 Ul+1 V| +1]|V
s%ﬂl‘w Y 1cw( )":Ul |IIU| B
1#gelU
from which the assertion follows. O

The next lemma is probably well known.

LEMMA 3.3. Suppose that G is a finite group and V is a finite GF(q) G-module
Jor a prime power g not dividing |G|. Suppose that V = V, @ V; for G-modules V,
(i =1,2). Then k(GV) < n(G, V1) max,,cy k(Cg(vi) V2).

PROOF. First note that the formulas in [11, Corollary 3.7] are also true (with
essentially the same proof) in the more general situation that G acts coprimely on an
abelian group V, and using this we obtain

1
KGVy=— 3" |Co(vi + v)Ik(Co(v) + v2))

Gl i en
= I_é—l UlEV].ZUzEVz | Ceoun (V2 k(Ceo (v2))
> 'Cfé';‘)' (1 CG:U1)| D |Cco(vl)(vz)Ik(ccg(v,)(vz)))
Z IC‘G((;Tl)lk(CG(vx)Vz) < (Ivlllea‘gl(k(Co(vl)Vz)) n(G, V),
W
as wanted. a

We need another easy lemma.

LEMMA 3.4. Let q be a prime power, m € N, G a finite group and let V; (i =
.,m) be finite, faithful GF(q)G-modules. Write Vy = @/, Vi. Then the
Jollowing hold:

@ n(G, V) < ((¢" + Gl ~ 1)/(@"1GD) Vol-
®) If (Gl 9) = 1 and max{k(UW)|U =< G} < | Vi, then

m—1

" +1G| -1 2
KGVy) < —————— Wl < ———|Wl.
(GW) < 7G| |0|_min{|G|,q""1}| o

PROOF. (a) Clearly Cy,(g) # Viforalliand g € G — {1},50 |Cy,(g)| < |Vi|/q for
all i and g # 1, and thus

Vo 1 | Vo m+(G -1
| Vol Z_ﬂ=q | Vol

n(G’V) o()__+—
b |c|§' WOl 16 6l & T Gl

https://doi.org/10.1017/5144678870001048X Published online by Cambridge University Press


https://doi.org/10.1017/S144678870001048X

[11] The k(G V)-problem revisited 267

(b) By Lemma 3.3 and the hypothesis we have k(GV,) < |V In(G, b, V,~) which
with (a) implies the assertion. (]

THEOREM 3.5. Let€ > Q0 and T € N with T > 2. There exist constants D,, F,, H,
depending only on € and a constant K. 1 depending onlyon €, T such that the following
holds: Let G be a finite group, and let W be a faithful irreducible G F(q)G-module,
where q is a prime power such that (G|, q) = 1. Suppose further that W is primitive
and that |G| > |W|/2. Put Z = Z(F*(G)).

(a) Suppose that q > H,. Let k € N be minimal subject to |Z| | q* — 1.

(1) If F*(G) = F(G), then |G| < D|Z|k.
(2) If F*(G) # F(G), then there is an N 9 G such that F*(N) = GZ and
Z = Z(N) for a quasisimple group G\, and |G| < F|N|k.

(b) Ifq = p isaprime and p > K, 1, then the following hold:

(1) IfF*(G) = F(G), then G <T"(W), ork(HW) < |W|/T foranyH < G
such that also |H| > |W|¢/2.

(2) Suppose F*(G) # F(G) and let G, be as in (a). Assume in addition
that if W = Vi @ V; for nontrivial G\-modules V; (i = 1,2), then
max{k(UW)|U < G} < |W|. Then if p > K.r, one of the follow-
ing holds:

(@) k(U) <|W|V™/8 forall U < G, or
(B) k(HW) < |W|/T forany H < G such that |H| > |W|¢/2.

NOTE. The additional hypothesis in (b) (2) is of a technical nature only and will
be automatically satisfied (for large p) once the k(G V)-conjecture has been proved,
because as W is homogeneous as G;-module, clearly each U < G, acts faithfully
on V,.

PROOF. (a) As W is primitive, every normal abelian subgroup of G is cyclic.
Hence if Z = Z(F*(G)), then Z is cyclicand W; = V®--- @ V, forans € N
and isomorphic irreducible Z-modules V;. Put k = (dim V)/s so | Vi| = ¢*, and let
K, = GF(q"*). By [17, Example 2.7] k is the smallest integer such that |Z| | g* — 1.
Then, by [9, II, Hilfssatz 3.11], G acts as a semilinear group (over GF(q)) on
Vo := V(s, ¢*), and the permutation actions of G on W and on V, are equivalent.
Moreover, Gy := Cg(Z) < GL(s, g*) and |G/ Gy| | | Gal(GF(q*)/ GF(q))| = k.
So we have |G| < k|Gy| and dim W = kdim V, and F*(G) = F*(G,). Also note
that as Z acts fixed point freely on Vj, clearly |Z| | |K;| — 1, in particular, |Z| < |K,].

Now let W, be an irreducible F*(G)-submodule of V. It is well-known that if
K = Endg, g (W;) and W, is an irreducible summand of W, @ K, then W, is
an absolutely irreducible K F*(G)-module and the permutation action of F*(G) on
vectors of Wi, W,, respectively, are permutation isomorphic (see, for example, [22,
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Lemma 10]). In particular, |W;| = |W| < |W| = |W] and dim W > kdim W, >
k dim W,. Now for the generalized Fitting subgroup F* (G) we have the decomposition

F*(G) = E(G)F(G) = (G1--- Gm)(Py X - X P )(Pryy X -+ X Py)

as the elementwise-commuting product of the components G; and the Sylow subgroups
P, ..., P, of F(G), where by [17, Corollary 1.4] the P, < Z(F*(G)) (i = |, + 1,
..., l)are cyclic of prime order, and the P; (i = 1, ..., [,) are extraspecial of exponent
an odd prime, or the central product of an extraspecial 2-group of exponent 4 and a
group T which is dihedral, quaternion or semidihedral. Hence |P;/®(P;)| < pf""’”
(G = 1,..., 1)) for suitable primes p; and nonnegative integers m;, and |P;| = p;
( =h+1,...,1) for suitable primes p;. Note that [,_, ,, P; < Z.

Now by [1, (3.16) (2)] we obtain that W, = X, ® --- 8 X, ® ¥V, ® --- ® I},
where each X; < W is an absolutely irreducible K G;-module and each ¥; < Wis an
absolutely irreducible K P;-module. Write x; = dimg X; and y; = dimg ¥;. Then

clearly x; > 2 forall i and y; > p;’ withm; > 1 for all j and
m I m I
dim W > kdim W, = k (l_[xi) (ﬂy,.) >k (nx,-) <I‘[p;”f> .
i=1 Jj=1 i=1 ji=1

Also note that ]_[;=,pj I1Z] < |K| < |K].
Now if G* = ﬂ:’;, Ng,(G)), then F*(G) < G* < Gy and Go/G* £ S, and as
l’[jﬁh P; < Z and Gy = Cg(Z), we further have

m — { —
G*/F(G) £ (x Aut(Gi)) x Qx Aut(P,)),
i=1 j=1
where Ei = G;/Z(G;) is simple and 17, = P;j/®(P;) for all i, j (see, for example,
{16, Proposition 6.1]). Hence

|G| = 1G/ GollGo/ G*||G*/ F(DIIF(G)/Z]|Z]

m I h

< km" (I‘[ IAut(Gi)l> (ﬂlGL(zm, +2, p,-)l) (]’[pf""”) 1Z1.
i=1 Jj=1 Jj=1

As |Z| < | K], we further obtain

m ll ll
M |Gl < km™ (l’l | A“‘(E"”) (]_[sz""”)z) (pr""“) 12|
j=1 j=1

i=1

m 4 2
< km™ (]"[ | Aut(&,-)|) (]‘[ p;me *‘) K.
Jj=1

i=1
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Therefore by hypothesis we have

m I] 2 )
km™ (ﬂ l Aut(@)l) np;m’+6m’+6) IK|
=1

i=1
It

1 1 1 - m
—|WIf > —IWsl€ > Z|IK (ni=11.)(ﬂ,=,p,— )e
>2| l z 3 2| = |

Now from the Atlas [2] one can derive that for some constant C we have
Q) | Aut(H)| < C|H|In* |H|

for any finite simple group H (see [19, Section 6)).

Moreover, since our actions are all coprime, we have |G;| < |G;| < |X:|?, and this
yields | Aut(G))] < C|X;]*In*(JX;|*) < 4C|X;]® = 4C|K|**. Using this estimate in
the above formula yields

h 2 . m I mj
(3) kmnz4m+1 Cm|K|1+3):'i"=IXi (np;ﬂl/+6m}+6> > IK'(ni=,xi)(nj=|pi )E.

j=I

Note that £ < log, |K|. Hence from (3) it is e‘asy to see that there is a constant A,
(depending only on €) such that

I

) [[r = A

j=t
no matter what | K| and m and the x; are.

Suppose that m > 1. We may assume that x; > x, > --- > x,. Hence from (3)
we get

h m2+6m; m i mj
|K|1+3mx| 10g2 |K| (mm4m+lcm l_[p; 5 +6m; +6 > lKle(ﬂ.~=zx.-)(l'I,»=1p,- )c.

j=1

4m?+6m;+6

Since x; > 2 for all i and by (1), clearly r[j.‘:, p; < B, for some B, depending

only on €, we see that there is a C. depending only on € such that

m

() [T~ <c.
i=2
From (1), (4) and (5) it follows that there are constants D,, E. such thatif m = 0,
then
(6) |G| < D¢k|Z| < D¢|K|log, |K|
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andif m > 1,thenas |G| > |W|¢/2, we see from (1), (4) and (5) that we can choose H,
such that for ¢ > H, we have that G, is not 1somorph1c to any of the G; for i > 2.
Hence G, < G and thus for M := (ﬂ,=2 G; )(]_L= ) <G wehave IMZ/Z| < E,,
and as

G*/Ce-(M) < Aut(M) = X Aut(G)) x lx Aut(P),
i=2 j=1

with [17, Lemma 1.5] we obtain |Cg (P;Z/Z)| < |P;Z/Z| = |P; /Z(P;)| and hence

m h
|Go/ Co, (M| < m™ [ 1 Auwt@)I [ Aut(P, Z/2)\|Ce, (P 2/ 2)1)

i=2 Jj=1

m i
<m" [ [1AwtGol [ Au(P; Z/2)11P 1 Z(Py))

i=2 j=1

<F

for a constant F, depending on € only. Therefore in this case we obtain, using (2),
that |G| = |G/ GollGo/ Cg,(M)||Cg,(M)| < kFe|Cg,(M)|. Put N = Cg, (M) =
Cs(M) 9 G and observe that F*(N) = G Z. So (a) is proved.

(b) Let H < G such that |H| > |W|/2 and put Hp = H N Gy, Zg = HN Z.
Next observe that since the permutation action of G on W and V, are equivalent
and Gy = Cg(Z) acts linearly on V,, we have k(HoW) = k(HoVp) and hence
k(HW) <k -k(HoW) = k - k(Hy Vo).

First assume m = 0, that is, F*(G) = F(G). Now as Z acts fixed point freely,
we have k(ZoW) = (|W| — 1)/|Zo| + |Zo|. Suppose that G is not isomorphic to a
subgroup of I'(W). Then F(G) is not cyclic, and thus [; > 1 and |Z| < |W|/2

Therefore
kzowy = WFIZE 1 Wit W] _ 2| W)
1 Zo| | Zo| | Zol
and so
2kD
k(HW) < k(HW)/(ZoWDK(ZoW) < |H] Zolk(Zo W) < =51 W],
0
As De|Zolk = |H| = |W|*/2 and k < log, | W], we see that | Zo| 2 |W|/2Dk and
262 D2 (log, |W|)?
kW) < 208 ) < 20208 Ty
(H W) < Jpew < 2D S

As |W| > p, it is clear from this that if K. r is chosen large enough, then for any
p > K.r we will have k(H W) < |W|/ T, and the first part of (b) is proved.

So now suppose that m > 1, that is, F*(G) # F(G). First suppose that G =
G\/Z(Gy) = A, forsome n € N; clearly n > 5. Also N/Z = Aut(G)). Itis
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well-known that then dim Vy > n — 1 (see [24]). Hence V] > |K,|"! = (p*)"~ L.
Suppose that n < 1000. Then there is a constant D € R such that |G| < F.D|Z|k,
and |Z| < |K,| < |W|"?, as n — 1 > 2. So just as above in the case m = 0 we can
deduce that k(HW) < |W|/T if p > K. r and K, r has been chosen large enough.
Thus now we may assume that n > 1000. Then N/Z = Aut(4,) = S, and thus
k(L/Z) <2"'forany Z < L < N. Thus for U < G we have k(U) < kF.2""'p* <
F.2""'|K,|*>. Hence if K is sufficiently large, then for p > K. 7 it follows that
k(U) < |K,y|7D72%0 < 2| 5|2 forall U < G, and we are done in this case.

So for the rest of the proof we may assume that G, is not an alternating group.

Suppose that G, acts irreducibly on W. Then choose K, r large enough so that
K.r > max{Q2QT + 2)'/¢, f (T?), 3}, where f is as in Lemma 3.2 and suppose that
p > K.r. Then |H| > |W|/2 > p¢/2 > T + 1 and hence

TP+ 1=(T—-IT+1)+2<(T-1)(T+2) <(T-1D)H|,
sothat (T?> + |H| + 1)/(T?*|H|) < 1/ T. Now by Lemma 3.2 (a)

T>+ |H|+1 |W|
k(HW) < THIIWI < T
as wanted.

Therefore, now we may assume that G, does not act irreducibly on W. Then we
can write W = W, & W, for nontrivial G;-modules W, W,, and we may assume
that W, is irreducible, and clearly it is faithful as G,-module.

Suppose that W, is not primitive as G,-module. Then W, = X, @ --- & X, for
al <t < dim W and subspaces X;, which are transitively permuted by G,, and if
Z, 4 G, is the kernel of that permutation action, then Z, < Z(G,) and G,/Z, < §,

and t > 5. If + < 1000, then there is a constant E € R such that
|G| < kF.[N/Z| |Z| < kF.C|G\|(In*|G\|)|Z| < kF.E|Z|,

and as |Z| < |K;| < |W|"2 (since ¢t > 5), once again just as above in the case m = 0
we deduce that k(HW) < |W}/T for p > K. r and sufficiently large K. 7. So let
t > 1000. Then for any U < G we obtain

k(U) < kF.CIn* |G |k(G\/Z)|Z)| < kF.CIn*(|W|})2'|Z,],
and as k < log, [K;| < log, |W| and |Z,| < |X,| < |W|"/"%, we further see that
k(U) < F.CIn*(|W|?)2%m¥| w|!1/100 which implies our assertion in (b) (2) (a) for

p > K. rif K, ris chosen large enough. So we are done in this case and henceforth
assume that W, is a primitive G;-module.
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If as above again we write Zy = H N Z, then, as seen iarlicr, ’SZo W) < 2|W|/Z,
and as k(HW) < |H/_Zo|k(Zo_W) and |H/Zy| < kF.C|G,|In*|G,|, we may assume
that |Zo| < 2TkF.C|G,|In*|G,|, because otherwise we are done. Hence

(M |H| = |H/Zo||Zo| < 2Tk*F:C*|G,|*In*|G\|.

Now remember from the beginning of the proof that G, = C¢(Z) < GL(s, p*),
and clearly G, < G,. Now as p*/2 < |W|¢/2 < |H|, by (7) we see that by choosing
p large, then also |G, | must get large, and as | G, | is large, then by Jordan’s Theorem
as proved by Blichfeldt (see [3, Theorem 30.4]) also s gets large (as p does not
divide |G|). So we may choose K, r large enough such that for p > K, r we have

s > 200(F, + C + 4000/¢ + 5)
and

— —_ l .
F(CIGI|€/3201(12 |Gl| < 2_Tnun {IGlie/s’ |Glll/l60}.

Consider the case that |Z]| < |511‘/“° and write H; = H N G,. Then we have
|Gl = |G/Z| |Z| < kF.C|Gy|(In*|G,|)|G|*®,

and so, as k < |Z| (by Fermat’s little theorem), we see that

G _ —
\H/H,) < |G/ Gyl < % < kF.CIG/["* 1n* |G|

1

< F.CIG,[*® 1n* |G| < ﬁmm {|G1|€/8, IG‘|1/160}.
Next observe that we may assume that |H;| > |G1|*®, because otherwise

1
SIWI < H| < kF(N 0 H)/(Z N )IIZ)
< kF.CIH\|(11n?|G)))|Z| < F.C|G\|*In* |G, | |Z}
< F.C|Gy[**<*® 1n? |G| < F.C|W|/*'® 12 (W, 1%,

which for K, r sufficiently large and p > K, r leads to a contradiction. Hence, for
p > K., by Lemma 3.1 we have n(H;, W;) < 2{W,|/min{|G,|*8, |G,|''®}. So
together with Lemma 3.3 and our hypothesis we get

2T |W|
min{|G,|/8, |G,|'/1®} T

k(H\W) < n(Hy;, W) max k(Cy,(vi)W2) <

Thus altogether k(HW) < |H/H,|k(HiW) < |W]|/T, and so we are done in this
case.

https://doi.org/10.1017/5144678870001048X Published online by Cambridge University Press


https://doi.org/10.1017/S144678870001048X

1n The k(G V)-problem revisited 273

It remains to consider the case that |Z| > |G|/, As |Z| < p*, we then have
|G| < |Z|%/¢ < p'%%/¢ and so we obtain

|G| < kF.C|G,|(In*|G1)|1Z| < F.C|G\]*|Z)?
< F, Cp4000k/€ p2k < p(l’ng F.+log, C+4000/e+2)k.

Hence as |W| = p** and s > 200(F, + C +4000/¢ + 5), we see that |G| < FI w0,
and so k(U) < §|W|"* forall U < G. This concludes the proof of the theorem. [

4. The main result

We are now ready to prove the k(G V)-problem for large primes.

THEOREM 4.1. There is a constant K with the following property: If G is a finite
group and V is a finite faithful GF (p) G-module, where p is a prime not dividing |G|
suchthatp > K, then k(GV) < |V]|.

PROOF. Let (G, V) be a counterexample with |G|| V| minimal. It is routine to
show that we may assume that V is irreducible (see, for example, the proof of [11,
Theorem 4.8]).

Next suppose that G acts primitively on V. Let J < G be the product of F(G) and all
components of G which are not alternating groups of degree at least 10. Note that this
is the same J that is defined in the proof of [7, Proposition 2.8]. Put B = Cg(J) 4 G.
Then as in the proof of [7, Proposition 2.8] we conclude that with € := 79/80 we
have |Cy(g)| < |V|® forall g € G — B.

Now suppose that B < G. First suppose that k(U) < | V| /2forall U < G, where
€, = (1 —¢€)/2 =1/160. Let P be the goodness property of [11, Example 3.4 (a)].
Then by induction we have | V| > k(BV) = ap(B, V),andso[11, Remark 3.9] yields
k(GV) = ap(G, V) < |V|, contradicting our choice of G and V.

So now assume k(U) > |V|9/2 for some U < G, and assume the notation of
Theorem 3.5 and suppose that K > H,,. If K > K, i, then as k(GV) > |V]| we
conclude by induction and Theorem 3.5 that G < I'(V) in which case it is well known
that k(G V) < |V|. (This follows most easily from Knorr’s early result that if there
isav € V with Cg(v) abelian, then k(G V) < | V|, but for large p it is also not too
difficult to establish this using elementary estimates for k(G V).) This contradicts our
choice of G and V.

Sonow suppose that B = G. Hence J = Z(G) =: Z,andsothere are an! € NU{0}
andn; e N(i=1,...,]) withn; > 10for all i such that F*(G) = Z x XL, A,,and
so if Gy is the normalizer of all the components of G, then we have G/ Gy < §; and
Go/Z = X!_, Su- Letk € N be minimal such that |Z| | p* —1and let K = GF(p*).
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Then let V; be as in the proof of Theorem 3.5, but this time, as G = Cg(Z), we see by
[9, I, Hilfssatz 3.11] that k(G V) = k(G Vp) and Z acts on V; by scalar multiplication.

Assume that / > 2 and put s = |I/2],s01 < s < [. Clearly we may assume that
Y m <Y, n.LetT =Zx X' ., A, <G, Then as by [24] the least degree
of a faithful linear representation of the alternating group A, over a field of positive
characteristic not dividing n is n — 1, we see that if X is an irreducible T-submodule
of V,, then 1} is the direct sum of at least

dimg V, u
> i 1) = 1
dimg X — g(" ) =im>

irreducible T-modules. Hence, by induction and Lemma 3.4, we conclude that

k(GV) = k(G W) < k(G/Go)k(Go/ TIK(T V)

< k(G/Go)k(Go/ T) | Vol.

min{| T, p*™-V}

Now as k(G/ Go) < 2!~" and k(Go/ T) < 2'[];_, 2™, we see that

s

: 1 .
t = 2k(G/ Go)k(Go/ T) < 221 n 2'!;—1 — 22(25+l)_ l—I m < 2):,-=|(n.~+5).

s
i=1 i=1

As n; > 10 for all i, observe that (n;!)/2 > 2™*5, and therefore

! R ! , ,
1T =121 T] (32_) > [ 275 = 2T 049 > g9 > 4,

i=s+1 f=s+1

Moreover as n, > 10 for all i, we also have 2m > ZL, (n;+5),andsoforp > 16 we
get pkm=D > 2ém=4 5 22m 5 Y. (+3) > ¢ 50 that altogether k(G V) < | V| = | V],
a contradiction.

Hence [ < 1. If [ = 0, then G = Z and clearly k(GV) < |V] in this case. So
I=1land G <S,, xZ < S, X I'(p*). But then using induction and Lemma 2.2
(with § = 1) we easily obtain k(G V) < | V]|, a contradiction. This concludes the case
that V is primitive.

So now assume that V is an imprimitive G-module. Hence we can write V =
Vi®---® V, foran n > 1 and subspaces V; such that G transitively permutes
the V; and if H = Ng(V}), then V; is a primitive (and thus irreducible) H-module.
Hence if N = ﬂgec Hs, then G/N é S,. Define successively Ny = N and
Ni=Ni/Cy_ (V))fori=1,...,n Then

®) K(GV) < k(G/N) [TkViv) < 27 TRV, V).
i=1

i=1
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Clearly by induction k(N;V;) < |V| for all i, and also |N;[ < |V;|*>. Moreover,
k(G) < 2" ' []i, k(N:).

Assume that we have k(U) < |V;|'/1%/4 for all U < N; for [31n/32] values of i.
Then for any U < G we have

V|16 [31n/32] D3I
k(U) < 2! (——' ‘L ) (0
< l |Vl(l/16)(31/32)+l/16 < l |v|'e < 1 1 |V|‘/8
-2 T2vpsE T2 i+l '

where the last inequality holds if p > K and K is chosen sufficiently large. So by
induction and Lemma 2.2 (with § = 1) we obtain k(G V) < | V|, a contradiction.

Therefore there are at least n — ([31n/32] — 1) > n/32 values of i such that there
is a U; < N; with k(U)) > |Vi|V'%/4 > | V;|1/32/2 (for large p). Let I C {1,..., n}
be the set of those indices i. In particular, |N;| > |V;|/*2/2, and as Vj is a primitive
faithful N,-module, Theorem 3.5 applies. So let the notation (as far as possible) be as
in that lemma.

If Ny < I'(V;), then we are done by Lemma 2.3.

Hence by Theorem 3.5 there are two cases to consider:

(1) k(U) < W]/ forall U < Ny;or

(2) K(UV) < [W|/T forall U < N, with |U| > [V|'"/2,if p > Ky 7.
Observe that N; = N, for all i, and so as I # @, Case (1) cannot occur. Hence
suppose (2) and put Ty = 232, Clearly |N;| > |Uj| > k(U;) > |W|'*%/2fori € I.
Therefore, (8) yields

1% I on-1
kGV) < 27 [TV [ Jaaviviy < 2 ('—'—') Vi < 5Vl < 1V,
iel igl Tb 7;)

contradicting our choice of (G, V). This final contradiction completes the proof of
the theorem. a
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