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ABSTRACT. In this paper, we determine the finite groups with a Sylow r-subgroup con-
tained in a unique maximal subgroup. The proof involves a reduction to almost simple
groups, and our main theorem extends earlier work of Aschbacher in the special case
r = 2. Several applications are presented. This includes some new results on weakly
subnormal subgroups of finite groups, which can be used to study variations of the Baer-
Suzuki theorem.
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1. INTRODUCTION

Let G be a finite group, let r be a prime divisor of |G| and let R be a Sylow r-subgroup
of G. Let M(R) be the set of maximal subgroups of G containing R. The main goal of
this paper is to determine the triples (G, r, H) with M(R) = {H}.

In recent years, several problems of this flavour have been studied by various authors.
For example, Aschbacher [3] Theorem A] has described the triples (G,r, H) as above in
the special case where G is almost simple and r = 2 (see [3, Lemma 5.2] for a more general
result with » = 2). Observe that if r = 2 then M(R) includes a representative of every
conjugacy class of odd-index maximal subgroups of GG, and we note that the finite groups
with a core-free maximal subgroup of odd index have been determined by Liebeck and
Sax] [38] (and independently Kantor [35]). For certain odd primes r, the overgroups of
Sylow r-subgroups of the general linear group GL,(¢q) have been studied by Guralnick
et al. [27], finding a wide range of applications. There is also related work of Bamberg
and Penttila [5] in this direction. And in [22], Ginsberg studies the quasisimple groups G
with a cyclic Sylow r-subgroup R (for odd primes r) such that Q;(R) = (x : 2" = 1) is
contained in a unique maximal subgroup of G, with applications to strongly r-embedded
subgroups.

One of our main motivations stems from an extensive project of Guralnick and Tracey
[31], which seeks to describe the triples (G, x, H), where G is a finite group, z € G is an
element and H is the unique maximal subgroup of G containing x, under the additional
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assumption that H is core-free. Of course, if R = (z) is a cyclic Sylow r-subgroup of G,
then M(R) = {H} for some core-free subgroup H if and only if (G,z, H) is one of the
triples arising in [3I]. Our work in this paper is independent of [31].

Our main results are also related to the study of weakly subnormal r-subgroups. Given
a finite group G, we say that an r-subgroup K of G is weakly subnormal in G if it is
subnormal in every proper overgroup of K in G, but K is not subnormal in G. For a
non-subnormal r-subgroup K, Wielandt’s Zipper Lemma (see [33, Theorem 2.9]) implies
that this is equivalent to saying that M(K) = {H} and K < O,(H) for some maximal
subgroup H of G, where O,(H) denotes the r-core of H. In particular, if a Sylow 7-
subgroup R of G is not contained in a unique maximal subgroup, or if M(R) = {H} and
O,(H) = 1, then G has no weakly subnormal r-subgroups. This observation allows us to
use some of the results in this paper to establish various classification theorems on weakly
subnormal r-subgroups.

For example, suppose G is an almost simple group (that is to say, the socle of G is a
nonabelian finite simple group 7', which means that 7' < G < Aut(7")). In Corollary
we identify the groups of this form with a weakly subnormal Sylow r-subgroup. This is
then extended in Corollary [6] which determines the triples (G, r, K) such that G is almost
simple and K is a maximal weakly subnormal r-subgroup. With some additional work,
these results can be generalised to all finite groups (see [30]) and this provides a general
framework for studying Baer-Suzuki type problems for finite groups, building on earlier
work in [26] 28], for example. In particular, by combining some of the above results with
the analysis in [31], several new variations on the Baer-Suzuki theorem are proved in [30].

Let us briefly outline this application. Let G be a finite group, let r be a prime and let
z € G be an r-element. The Baer-Suzuki theorem states that if (x,29) is an r-group for
all ¢ € G, then x € O,(G). It is natural to consider variations, where the hypothesis is
replaced by some other property P(z,g), which one assumes is satisfied for all elements
g in a specified nonempty subset S of G (and we need the hypothesis to be valid in any
subgroup of G containing x). For instance, we could take S to be the set of all 7’-elements
in G of prime power order, with P(z,g) the property that each commutator [z, g] is an
r-element. In order to explain the relevance of our main results to problems of this type,
suppose (G, S, x) is a counterexample with |G| minimal, so our given property P(z,g) is
satisfied for all g € S, but = € O,.(G). Then x € O,.(M) for every proper subgroup M of G
containing x, so (z) is subnormal in every such subgroup M and thus Wielandt’s Zipper
Lemma implies that x is contained in a unique maximal subgroup H of . In particular,
if R is a Sylow r-subgroup of G containing x, then M(R) = {H}. In many cases, such a
problem can be reduced to the almost simple case and this brings some of the results in
this paper into play.

We now present our main results, focussing initially on the case where G is almost
simple with socle 7. Our first main result handles the special case r = 2, which extends
[3, Theorem A] by presenting a precise description of the pairs (G, H) with M(R) = {H}.
It is easy to see that |[M(R)| = 1 only if G/T is a 2-group (see Corollary [2.5)), which
explains why this condition is included in the statement of Theorem [T} Referring to part
(iii), Table [A|is presented at the end of the paper in Section @

Theorem 1. Let G be an almost simple group with socle T', let R be a Sylow 2-subgroup
of G and assume G/T is a 2-group. Then M(R) = {H} if and only if one of the following
holds:
() T=A,n=2+1,k>2and H=S,_1NG.
(ii) G =2By(q) and H = Ng(R) = ¢'T1:(q — 1) is a Borel subgroup.
(iii) T is a classical group and (G, H) is recorded in Table [A]

Note that in the statement of Theorem we assume T' # Ag, PSp,(2)’ since both groups
are isomorphic to Lz(9). We also exclude T' = 2G5 (3)’ since it is isomorphic to La(8).
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Next we turn to the case where r is an odd prime and G is almost simple with socle T
Once again, we note that |[M(R)| = 1 only if G/T is an r-group. The tables referred to
in parts (ii), (iii) and (iv) are presented in Section [0} and we refer the reader to Remark
[0.2] for further details on the cases that arise.

Theorem 2. Let G be an almost simple group with socle T, let R be a Sylow r-subgroup
of G, where r is an odd prime, and assume G/T is an r-group. Then M(R) = {H} if
and only if one of the following holds:

(i) G =T = A, is an alternating group and one of the following holds:
(@) n=r"+1,k>2and H= A, 1.
(b) n=2r and H = (S, 152) NG.
(c) n=12and H=(5,15,)NG.
(d) n=r,r+# 11,23, H=AGLi(r) NG and either r =5, or r is not of the form
(¢* —1)/(qg — 1) with q a prime power and d > 2.
(ii) T is a classical group and (G,r,H) is recorded in Table [B,
(iii) T is an exceptional group of Lie type and (G,r, H) is recorded in Table @
(iv) G =T is a sporadic group and (G,r,H) is one of the cases in Table[D|
We obtain the following result as a corollary to Theorems [If and [2] (see Section 8| for a
proof).

Corollary 3. Let G be an almost simple group with socle T', let R be a Sylow r-subgroup
of G and assume G/T is an r-group. Set Ry = RNT. Then M(R) = {Ng(Ro)} if and
only if (G,r) is one of the cases recorded in Table @

Let G,T, R and Ry be defined as in Corollary |3| and note that R is weakly subnormal
in G if and only if M(R) = {Ng(R)}. Since Ng(R) < Ng(Rp), the relevant groups G
with a weakly subnormal Sylow r-subgroup can be determined via Corollary (3| since they
coincide with the cases in Table [E| with Ng(R) = Ng(Rp). In this way, we obtain the
following result (once again, the proof is given in Section .

Corollary 4. Let G be an almost simple group with socle T and let R be a Sylow r-subgroup
of G. Then R is weakly subnormal in G if and only if one of the following holds:

(i) G =T and (G,r) is one of the cases in Table[E]
(ii) r =2 and G = PGLa(q), where ¢ > 7 is a Mersenne or Fermat prime.
(iii) 7 =2 and G = L2(9).2 or L2(9).22, with G # PXLy(9).
(iv) 7 =2 and G = L3(2).2 or L3(4).23.
(v) 7 =3 and G = Ly(8).3, U3(8).3 or Us(8).32.
(vi) r =5 and G = 2By(32).5.
Note that in part (iv) of Corollary 4} the group Ls3(4).23 contains involutory graph

automorphisms. And in part (v), we can take G to be any of the three groups of the form
Us(8).3.

Let G be a finite group and let K be a weakly subnormal r-subgroup of G for some
prime . Then M(K) = {H} and K < O,(H) for some maximal subgroup H of G. Now
this implies that M(O,(H)) = {H} and so either O, (H) is a weakly subnormal r-subgroup
of G containing K, or O,(H) is subnormal in G. In the special case where G is almost
simple, it follows that O,(H) is a maximal weakly subnormal r-subgroup of G and this
occurs if and only if M(O,(H)) = {H}. In particular, the latter property holds only if
M(R) ={H} and O,(H) # 1, where R is a Sylow r-subgroup of G containing O,(H). In
the next corollary, we determine all such triples (G,r, H).

Corollary 5. Let G be an almost simple group with socle T and M(R) = {H}, where R
is a Sylow r-subgroup of G. Then O.(H) # 1 if and only if one of the following holds:
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(i) H=Ng(RNT) and (G,r,H) is one of the cases in Table [E]
(ii) (G,r,H) is one of the cases in Table[F]

As a further corollary, we determine all the maximal weakly subnormal r-subgroups of
almost simple groups. Note that the cases in part (i) are described in Corollary |4; indeed,
for the cases in Table [E| we find that M(O,(H)) = {H} if and only if H = Ng(R) (see
Lemma . In (ii), ¢ is an involutory field automorphism and Ls(g).23 is a nonsplit
extension.

Corollary 6. Let G be an almost simple group with socle T and M(R) = {H}, where R
is a Sylow r-subgroup of G. Then M(O,(H)) = {H} if and only if one of the following
holds:

(i) R is weakly subnormal in G.

(ii) G = La(q).22 = PGLa(q).(¢) or La(q).23, » = 2 and H is of type GL1(q)1S2, where

q =81 or ¢ =p? withp > 5 a Fermat prime.
(iii) T = La(q), r = 2, H is of type GL1(¢?), ¢ = 3 (mod 4) is a prime and |R| > 2*.
(iv) G =1L3(3).2, r =2 and H is of type GL2(3) x GL1(3).

The above results on weakly subnormal r-subgroups of almost simple groups will play
a key role in [30], where the general problem for arbitrary finite groups will be studied.

Let us now turn to the general case, where GG is an arbitrary finite group. Let us write
F*(G) = F(G)E(QG) for the generalised Fitting subgroup of G, where F(G) is the Fitting
subgroup (that is, the largest nilpotent normal subgroup of G) and E(G) is the layer of
G, which is the product of the components of G (recall that a component is a subnormal
quasisimple subgroup, and a perfect group L is quasisimple if L/Z(L) is simple).

First note that O, (G) is contained in every Sylow r-subgroup of G and so one can pass
to G/O,(G). Write ®(G/0,(G)) = D/O,(G) and observe that D is contained in every
maximal subgroup of G containing R. In Section |3, we will show that if M(R) = {H } and
R is not a normal subgroup of G, then O,(G/D) = ®(G/D) = 1 (see Theorem 3.10|i)). So
this explains why we state the following result under the assumption O,(G) = ®(G) =1
and we refer the reader to Theorem [3.10] for a more general statement.

Theorem 7. Let G be a finite group, let r be a prime divisor of |G| and let R be a Sylow
r-subgroup of G. Assume that O,(G) = ®(G) = 1. Then R is contained in a unique
mazimal subgroup H of G if and only if one of the following holds:

(i) G = P:R and M(R) = {R}, where P is an elementary abelian p-group for some
prime p # 1 and R acts faithfully and irreducibly on P.

(ii) G is almost simple, M(R) = {H} and (G,r,H) is one of the cases appearing in
Theorem [1] or[2.

(ili) G = E(G)R, where E(G) is a direct product of two or more nonabelian simple
groups, and R acts transitively on the set of components of G. Moreover, if L is
a component of G, then Nr(L)/Cr(L) is a Sylow r-subgroup of the almost simple
group A = Ng(L)/Cq(L) and it is contained in a unique mazimal subgroup H of
A, so (A,r,H) is recorded in Theorem or .

Note that the condition O,(G) = ®(G) = 1 in Theorem [7| could be replaced by the as-
sumption that H is core-free (since H contains O, (G)®(G)). And conversely, the theorem
implies that if O,(G) = ®(G) =1 and M(R) = {H}, then H is core-free.

By a celebrated theorem of Thompson [45], a finite group with a nilpotent maximal
subgroup of odd order is soluble. In addition, a nilpotent subgroup of a finite insoluble
group is maximal only if it is the normaliser of a Sylow 2-subgroup. For example, if
g = 2™ —1 > 31 is a Mersenne prime, then the Sylow 2-subgroup R = D1 is a maximal
subgroup of G = La(g). In [7], Baumann determines the structure of insoluble finite groups
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G with a nilpotent maximal subgroup, showing that O?(G/F(G)) is a direct product of
nonabelian simple groups with dihedral Sylow 2-subgroups (here the simple groups that
can arise are of the form Ly(q), where ¢ =9 or ¢ = 2™ 4+ 1 > 7 is a prime).

As an application of Theorem [7], we can describe the structure of a finite group with a
maximal Sylow r-subgroup. To do this, first note that a Sylow r-subgroup R is maximal
in G if and only if R/O,(G) is maximal in G/O,(G), so we are free to assume that
O,(G) = 1. In addition, if R is maximal then it contains ®(G), so ®(G) < O,(G) and
thus O,(G) = ®(G) = 1 as in Theorem [7]

Corollary 8. Let G be a finite group and let v be a prime divisor of |G| with O,(G) = 1.
Then a Sylow r-subgroup R of G is maximal if and only if one of the following holds:

(i) G = P:R, where P is an elementary abelian p-group for some prime p # r and R
acts faithfully and irreducibly on P.

(i) r = 2 and G = E(G)R, where E(G) = T* is a minimal normal subgroup of G,
k > 1 and the almost simple group Ng(T)/Cq(T) has a mazimal Sylow 2-subgroup.
In particular, Ng(T)/Cq(T) is one of the following:

PGLo(7), PGL2(9), My, L2(9).22, La(q), PGL2(q),

where ¢ > 7 is a Fermat or Mersenne prime.

Let us briefly outline the structure of the paper. In Section [2] we present a number of
preliminary results that will be needed in the proofs of our main theorems. In particu-
lar, we briefly discuss the subgroup structure of almost simple groups and we establish
Corollary which is a key tool in the almost simple setting. In Section |3| we establish a
strong form of Theorem [7] which then allows us to focus on almost simple groups for the
remainder of the paper. Theorems [I| and [2| for groups with socle a sporadic or alternating
group are established in Section 4l and we complete the proof of Theorem [I] in Section
We then focus on Theorem [2] in Sections [6] and [7] treating the classical groups and
exceptional groups in turn. Finally, we provide proofs of Corollaries and |8 in Section
and we finish by presenting the main tables for Theorems 1| and [2| (and also Corollaries

and @ in Section @

Notation. Our notation is standard. Let G be a finite group and let n be a positive
integer. We will write C,, or just n, for a cyclic group of order n and G™ will denote
the direct product of n copies of G. An unspecified extension of G by a group H will
be denoted by G.H; if the extension splits then we may write G:H. We use [n] for an
unspecified soluble group of order n. We adopt the standard notation for simple groups
of Lie type from [36].

Acknowledgements. We thank David Craven for helpful discussions on the maximal
subgroups of exceptional groups of Lie type and for providing us with some details from
his forthcoming paper [17]. Guralnick was partially supported by the NSF grant DMS-
1901595 and a Simons Foundation Fellowship 609771. We also thank the referee for their
careful reading of the paper and helpful comments.

2. PRELIMINARIES

In this section we record some preliminary results that will be needed in the proof of
Theorems [1 and 2

2.1. Prime divisors. Let ¢ be a prime power and let d > 2 be a positive integer. Recall
that a prime divisor r of ¢¢ — 1 is a primitive prime divisor if ¢¢ — 1 is indivisible by r
for all 1 < e < d. By a classical theorem of Zsigmondy [48], such a prime r exists unless
(d,q) = (6,2), or if d = 2 and ¢ is a Mersenne prime. Note that r divides ¢"~! — 1 by
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Fermat’s Little Theorem, so » = 1 (mod d). Also note that d is the order of ¢ modulo r,
which we will sometimes denote by writing d = dy(r).

The following basic result will be a useful tool in our proof of Theorems [I| and [2] for
groups of Lie type. Here, and throughout the paper, we write (m), for the largest power
of r dividing the positive integer m.

Lemma 2.1. Let g be a prime power, let d be a positive integer and let v be a prime
divisor of q — €, where e = +.

(i) If r =2, then

(g—¢€)r if d is odd
(P =€) =< (¢®—1),.(d/2), ifd is even and e = +
2 if d is even and e = —

(ii) If r is odd, then

(¢ — €)= {

(a?+e)r = {

if d is even and e = —
—€)r(d), otherwise

q
q—€)r(d)y ifdiseven and e = —
otherwise.

Proof. The result for (¢¢ — €),. is [IT, Lemma A.4], so let us consider (¢ + ¢), with r odd.

If r divides ¢ + 1 and ¢ — 1, then r divides ¢ ' + 1 and we deduce that r divides
(¢+1,g—1) = (2,¢ — 1), which is a contradiction. Therefore, (¢? + €), = 1 if € = +.
Finally, suppose € = —. If d is odd and r divides ¢% — 1, then r divides ¢! + 1, but this
is incompatible with the fact that (¢%~! + 1), = 1 by the first part of the lemma. Now
assume d is even, say d = 2%b with a > 1 and b odd. If a = 1 then

(qd -1, = (qb - 1)r(qb + 1), = (qb +1)r = (¢ +1)r(b)r = (g + 1)r(d)r

as required, and by induction we deduce that

a—1 a—1 a—1
(qd - 1), = (q2 b 1)7"((]2 bt 1), = (q2 b )y = (¢ +1),(d),
for a > 2. The result follows. O

2.2. Almost simple groups. Next we present some initial observations in the special
case where GG is an almost simple group with socle T. Let R be a Sylow r-subgroup of G
and set Rp = RN T, where r is a prime divisor of |G|.

First observe that Ry may be trivial. For example, Ry = 1 when G = 2B5(8):3 and
r = 3 (recall that the order of a Suzuki group is indivisible by 3), and if G = L3(32):5 and
r = 5. However, it is easy to show that |[M(R)| > 2 in this situation.

Lemma 2.2. Let G be an almost simple group with socle T' and let R be a Sylow r-subgroup
of G such that Ry = 1. Then |M(R)| > 2.

Proof. Seeking a contradiction, suppose M(R) = {H}. Let p1,...,px be the distinct
prime divisors of |T'| and let P; be a Sylow p;-subgroup of T'. By the Frattini argument,
we have G = Ng(P;)T and since T is an r’-group we may assume that R < Ng(F;) < G.
This implies that H contains N¢(P;) and we deduce that H = G, which is a contradiction.
We conclude that |[M(R)| > 2 as required. O

Next we show that if Ry # 1, then M(R) contains a core-free subgroup H with the
additional property that no other conjugate of H contains R.

Lemma 2.3. Let G be an almost simple group with socle T' and let R be a Sylow r-subgroup
of G with Ry # 1. Then there exists a core-free subgroup H € M(R) with Ng(R) < H.
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Proof. First note that Ry is a Sylow r-subgroup of T', so Frattini’s argument yields G =
TNg(Rp) and thus G/T = Ng(Ro)/Nr(Rp). In particular, R < Ng(Rg) < G and thus
R < Ng(Rp) < H for some maximal subgroup H of G. Notice that H is core-free since it
does not contain 7'. In addition, if g € Ng(R) then

R} =(RNT)Y=RINTI=RNT =Ry
and we deduce that R < Ng(R) < Ng(Ro) < H. The result follows. O
This has the following corollary, which is at the core of our proofs of Theorems (1| and

Corollary 2.4. Let G be an almost simple group with socle T and let R be a Sylow r-
subgroup of G with Ry # 1. Then |[M(R)| = 1 if and only if G has a unique conjugacy
class of maximal subgroups with r'-index.

Proof. Let H be a maximal subgroup of G with r’-index and suppose G has a unique con-
jugacy class of such subgroups. Without loss of generality, we may assume R is contained
in H. Then Lemma implies that H is core-free and Ng(R) < H, so R is contained
in a unique conjugate of H and we conclude that |[M(R)| = 1. For the converse, suppose
H and K represent distinct conjugacy classes of maximal subgroups with r’-index and
let R < H and S < K be Sylow r-subgroups of G. Then R and S are G-conjugate,
say S = RY, and thus R is contained in both H and K9 '. Therefore [M(R)| > 2 as
required. ]

The following corollary is another consequence.

Corollary 2.5. Let G be an almost simple group with socle T and let R be a Sylow
r-subgroup of G with Ry # 1. Then |M(R)| =1 only if G/T is an r-group.

Proof. Suppose G/T is not an r-group. Then a Sylow r-subgroup of G/T is contained
in a maximal subgroup H/T of G/T and thus H € M(R). By applying Lemma we
conclude that |[M(R)| > 2 and the result follows. O

2.3. Subgroup structure. In order to prove Theorems [1| and |2, we need detailed infor-
mation on the maximal subgroups of almost simple groups. Here we provide a very brief
overview of some of the main results we will use. As before, let G be an almost simple
group with socle T

If T is a sporadic simple group, then the maximal subgroups of G have been determined
up to conjugacy, with the exception of the Monster group M. We refer the reader to
Wilson’s survey article [47] for further details, noting that M has 44 known conjugacy
classes of maximal subgroups and any additional maximal subgroup must be almost simple
with socle Lg(8), La(13), La(16) or Us(4). In a recent preprint [19], Dietrich et al. have
used a novel computational approach to resolve this ambiguity: M has unique conjugacy
classes of maximal subgroups isomorphic to PGL2(13) or Aut(Us(4)), and none with socle
LQ(S) or L2(16).

If T is an alternating group, then the maximal subgroups of G are described by the
Aschbacher-O’Nan-Scott Theorem and our main reference is [37].

Next assume 7' is an exceptional group of Lie type over F,, where q = pl and pis a
prime. Here the maximal subgroups of G fall naturally into several collections (see [42]
Theorem 8]) such as the parabolic subgroups, maximal rank subgroups (determined in
[39]), subfield subgroups and the so-called exotic local subgroups (see [14]). By combining
recent work of Craven [15] (18] with earlier results by Borovik, Liebeck, Seitz and others, the
maximal subgroups in each case have been determined up to conjugacy, with the exception
of a collection of almost simple maximal subgroups, denoted S in this paper, that arises
when T' = E7(q) or Eg(q). For T = FE;(q), strong restrictions on the latter subgroups
are obtained by Craven in [16], with additional results for 7' = Eg(q) forthcoming in [17].
These partial results will be sufficient for our purposes.
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C1 Stabilisers of subspaces, or pairs of subspaces, of V'

Cy Stabilisers of direct sum decompositions V = EB’;:I V;, where dimV; = m

C3 Stabilisers of prime index extension fields of IF,

C, Stabilisers of tensor product decompositions V = V; ® V5

Cs Stabilisers of prime index subfields of [F,

Cs¢ Normalisers of symplectic-type r-groups, r # p

C; Stabilisers of tensor product decompositions V = ®§:1 Vi, where dimV; = m
Cs Stabilisers of nondegenerate forms on V

TABLE 1. The geometric subgroup collections of a classical group

Finally, let us assume 7' is a classical group over [F, with natural module V' of dimen-
sion n. Here the main theorem on the subgroup structure of classical groups is due to
Aschbacher. In [2], eight collections of subgroups of G are defined, labelled C; for 1 < i < 8,
and it is shown that every core-free maximal subgroup H of G is either contained in one
of these subgroup collections, or H belongs to a family of almost simple subgroups which
act irreducibly on V' (we will write S to denote the latter collection, which is described
in more detail on p.3 of [36]). We refer the reader to Table [1] for a rough description
of the C; collections, which comprise the geometric maximal subgroups of G. A detailed
analysis of these subgroups is given by Kleidman and Liebeck [36], and throughout this
paper we adopt the notation therein. In particular, we will refer repeatedly to the type of
a Ci-subgroup H (see [36] p.58]), which provides an approximate description of the struc-
ture of H. For example, if T' = L, (¢q) and H € Cs is the stabiliser in G of a direct sum
decomposition V = V; @& V4 with dim V; = m, then we say that H is a subgroup of type
GL;,(q) 1S2. The maximal subgroups of the low-dimensional classical groups with n < 12
are determined up to conjugacy in [9] and we will make extensive use of these results.

In order to prove Theorems [I| and [2| for classical groups, we will divide the analysis
into two cases. First we work closely with [9 B6] and our initial goal is to identify two
non-conjugate geometric maximal subgroups of G with r’-index. Of course, this is not
going to be possible in all cases and we will sometimes need to determine whether or not
M(R) contains a subgroup in S. If n < 12 then we can do this by inspecting the relevant
tables in [9]. But a different approach is required for n > 12. In this situation, the relevant
prime r will typically be a primitive prime divisor of ¢ — 1 and either i € {1,2} is small,
ori € {n,2n — 2,2n} is large.

If i € {1,2} then T (and hence R) will contain an element = of order r with v(z) < 2,
where

v(z) = min{dim[V,\i] : A e F;} (1)

is the codimension of the largest eigenspace of a lift 2 € GL(V) of z, where V =V @ F,
and IF‘q is the algebraic closure of F,. We can then appeal to a theorem of Guralnick
and Saxl [29, Theorem 7.1] to severely restrict the subgroups in S that contain such an
element. Similarly, if i € {n,2n —2,2n} is large then we can work with the main theorem
of [27] to study the relevant subgroups in S.

3. THE REDUCTION THEOREM

In this section we prove Theorem [7} which is our main result on the maximal overgroups
of a Sylow subgroup of an arbitrary finite group. In particular, this result reduces the
general problem to almost simple groups, which will be our main focus for the remainder
of the paper.

First we recall some standard notation. For a finite group G, we write ®(G) for the
Frattini subgroup (the intersection of all the maximal subgroups of G)) and O, (G) for the
r-core of G, which is the largest normal r-subgroup of G. In addition, F*(G) = F(G)E(G)
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is the generalised Fitting subgroup of G, where F'(G) is the Fitting subgroup (the largest
nilpotent normal subgroup of G) and F(G) is the layer of G (the product of the components
of G, which coincide with the subnormal quasisimple subgroups of G).

We begin by presenting some general results. Our first lemma is due to Gaschiitz [21]
(see [I, Lemma 2.1(vii)]).

Lemma 3.1. Let G be a finite group and let A be an abelian normal subgroup of G with
AN®(G) =1. Then there exists subgroup B of G such that G = AB and AN B = 1.

The proof of the following result is an easy exercise.

Lemma 3.2. Let G = NK be a group, where N is a normal subgroup of G. Then the map
sending H to NN H defines a bijection from the set of maximal subgroups of G containing
K, to the set of maximal K -invariant subgroups of N containing N N K.

Next we consider the case of coprime subgroups. The proof of the following result
depends on the Schur-Zassenhaus Theorem (which in turn relies on the Feit-Thompson
Theorem). However, it is worth noting that we only use this in the proof of Lemma
when K is an r-group and this only requires Sylow’s theorem.

Lemma 3.3. Let G = NK be a finite group, where N and K are subgroups of G with
N # 1 normal and (|N|,|K|) = 1. Then K is contained in a unique mazimal subgroup of
G if and only if N is a p-group for some prime p and K acts irreducibly on N/®(N).

Proof. First observe that N is a p-group if and only if N/®(N) is a p-group. In addition,
note that K is contained in a unique maximal subgroup of G if and only if K®(N)/®(NV)
is contained in a unique maximal subgroup of G/®(N). Therefore, without any loss of
generality, we may assume that ®(N) = 1.

It is clear that if IV is a p-group and K acts irreducibly on N, then K is a maximal
subgroup of G. So for the remainder, we may assume K is contained in a unique maximal
subgroup H of G.

Let 71, ..., be the distinct prime divisors of |[N| and let R; be a Sylow r;-subgroup of
N. Then for each i we have G = NNg(R;) by the Frattini argument, which implies that
G/N = NNg(R;)/N = Ng(R;)/Nn(R;). By applying the Schur-Zassenhaus Theorem we
see that Ng(R;) contains a complement L to Ny(R;), which is also a complement to N
in G. Therefore, by another application of Schur-Zassenhaus, we may assume that L = K
and thus K < Ng(R;). Note that N = (Ry,..., R;), so we have G = (KRy,..., KRy).

If G = KR; for some i, then N = R; is an r;-group. Otherwise, ¢ > 1 and K is
contained in at least two maximal subgroups (since no proper subgroup of G can contain
all KR;). Therefore, we may assume N = Rj, which is an elementary abelian r1-group
since ®(N) = 1. In addition, since |K]| is indivisible by r1, K acts completely reducibly
on N. Finally, we note that the maximal subgroups of G containing K are precisely the
subgroups of the form KJ, where J is a maximal K-invariant subgroup of N, whence K
acts irreducibly on N and the proof is complete. O

In the next lemma we consider the case where N is a direct product of simple groups.
This result essentially follows from the proof of the Aschbacher-O’Nan-Scott Theorem [4].

Lemma 3.4. Let G = NK be a finite group, where N = L1 X --- X L; is normal in
G, K is a subgroup of G not containing N, and each L; is a nonabelian simple group.
Assume that K permutes the L; transitively and that K1 = L1 N K is nontrivial. Then the
map T — L1 NT defines a bijection from the set of maximal K-invariant subgroups of N
containing N N K to the set of mazimal N (L1)-invariant subgroups of L1 containing K.

Proof. Since K permutes the L; transitively, we have NN K > K X --- X K, where each
K; = L; N K is a proper subgroup of L;. Let T" be a maximal K-invariant subgroup of
N containing N N K. Let 7 : N — Ly be the projection map and set T3 = n(T) > Kj.
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If ' = Ly, then [T, K] = L1 < T and so the K-invariance of T implies that 7' = N, a
contradiction. Therefore, K normalises 77 X - - - x T}, where the T; are the K-conjugates of
T, and so by maximality we have T' = T} x - - - x T;. This shows that the map T'— L1 NT
is the desired bijection. O

In Theorem below we present a general result, which describes the intersection
of all maximal subgroups with 7’-index in an arbitrary finite group G. In particular, if
O,(G) = 1, then this intersection coincides with the Frattini subgroup of G. To do this,
we need a preliminary lemma. This is well known in the case where 7 consists of a single

prime since we have F(G/®(G)) = F(G)/®(G).

Lemma 3.5. Let G be a finite group and let  be a set of prime numbers with O(G) = 1.
Then O (G/®(G)) = 1.

Proof. Set N = ®(G) and note that N is a 7’-group. Seeking a contradiction, suppose that
Or(G/N) # 1. Then by the Schur-Zassenhaus Theorem, G has a normal subgroup NS for
some nontrivial w-subgroup S of G. By the Frattini argument and a second application
of Schur-Zassenhaus, we deduce that G = NNg(S). But since N = ®(G), we must have
G = Ng(S) and thus S is a normal m-subgroup of G, which forces S =1 as O,(G) =1. O

Let D = D(G,r) be the subgroup of G containing O,(G) such that ®(G/O,(G)) =
D/O,(G). We now show that D is the intersection of all the maximal subgroups of G with
r’-index.

Theorem 3.6. Let G be a finite group and let v be a prime divisor of |G|. Then
(i) O,(G/D) =®(G/D) =1; and

ii) D is the intersection of all maximal subgroups of G with r'-index.
(i) group

Proof. By Lemmal[3.5] O,(G/D) = 1. Since D/O,(G) is the Frattini subgroup of G/O,(G),
it follows that ®(G/D) =1 and thus (i) holds.

Now let us turn to (ii). Let A be the intersection of all the maximal subgroups of G
with 7’-index. Clearly, D is contained in every maximal subgroup with 7’-index and so by
(i), it is enough to show that A =1 if D = 1. Let R be a Sylow r-subgroup of G. Seeking
a contradiction, assume that D =1 and A # 1. Let B be a minimal normal subgroup of
G contained in A.

Since O,(G) = 1, B is not an r-group. If B is an r’-group, then G = BM for some
maximal subgroup M (as ®(G) = 1). Then M has r’-index but M does not contain B, a
contradiction. Thus, B is a direct product of nonabelian simple groups of order divisible
by r. By the Frattini argument, G = BNg(R N B). Since RN B is not normal in G, it
follows that Ng(R N B) < M for some maximal subgroup M of G. But M has r’-index
and it does not contain B, and so once again we have reached a contradiction and (ii)
follows. O

For the remainder of this section, let G be a finite group, let r be a prime divisor of |G|
and let R be a Sylow r-subgroup of G. Let M(R) be the set of maximal subgroups of G
containing R.

Let us assume R is contained in a unique maximal subgroup H of G (at this point,
we are making no further assumptions on G, other than finiteness). The next result is a
noteworthy observation.

Lemma 3.7. If R is not normal in G, then G = (RY : g € G).

Proof. Let A = (RY : g € G) and note that A is normal in G, so G = Ng(R)A by
the Frattini argument. If A # G then R is contained in every maximal subgroup of G
containing A, so we must have A < H. But we also have Ng(R) < H (since Ng(R) # G)
and thus H = G, which is a contradiction. O
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We are now in a position to prove Theorem|[7], under the assumption that we have already
established Theorems[Ifand [2| Indeed, the theorem follows by combining Lemmas [3.8] and
below, which consider separately the cases where O,/ (G) € ®(G) and O,/ (G) < ®(G).

Note that if R is normal in GG, then R is contained in a unique maximal subgroup of G
if and only if G/R is a cyclic p-group for some prime p # r, and R itself is maximal if and
only if it has index p. So for the remainder of the section, we will assume that our Sylow
r-subgroup R is not normal in G.

Lemma 3.8. Suppose O,.(G) =1 and O, (G) £ ®(G). Then R is contained in a unique
mazimal subgroup H of G if and only if G = P:R, where P is a p-group for some prime
p # 1 and R acts faithfully and irreducibly on P/®(P). Moreover, H = ®(P)R and the
core of H is ®(G) = ®(P).

Proof. If G = P:R and R acts faithfully and irreducibly on P/®(P), then it is clear that
H = ®(P)R is the unique maximal subgroup of G containing R and the core of H is
O(P) = (G).

For the converse, let us assume R is contained in a unique maximal subgroup of G. Set
N = O,/(G). Since N is not contained in ®(G), there exists a maximal subgroup H of G
that does not contain N. Then G = NH and we may assume that H contains R. Since
IM(R)| =1, it follows that G = N:R and thus Lemma [3.3| tells us that IV is a p-group for
some prime p # r and R acts irreducibly on N/®(N). It just remains to show that R acts
faithfully on N/®(N). To see this, set C' = Cr(N/®(N)) and note that C' centralises N
(indeed, we have N = [C, N|Cn(C) and [C, N] < ®(N)). Therefore, C' is trivial and the

result follows. OJ

Lemma 3.9. Suppose O,.(G) =1 and O,(G) < ®(G). Let S = R®(G)/P(G) and define
J=G/®(G) and E = E(J). Then R is contained in a unique mazimal subgroup H of G
if and only if the following hold:

(i) J = ES and S acts transitively on the set of components of J.

(ii) Moreover, if L is a component of J, then
Ns(L)Cy(L)/Cy(L) = Ng(L)/Cs(L)

is a Sylow r-subgroup of the almost simple group A = N;(L)/Cj(L) and it is
contained in a unique maximal subgroup of A.

In addition, the core of H is ®(G).

Proof. First note that the final assertion follows from Theorem [3.6] Let us also note that
the hypotheses imply that F'(G) = ®(G) = O,/(G), so F(J) =1 and E # 1.

Next observe that R is contained in a unique maximal subgroup of G if and only if S
is contained in a unique maximal subgroup of J. Therefore, without loss of generality, we
may assume that ®(G) =1,s0 G=J and R = S.

Suppose that (i) and (ii) hold. Then E is a direct product of isomorphic nonabelian
simple groups and thus R is contained in a unique maximal subgroup H of G by Lemmas
3.2 and [3.41

For the converse (still assuming that G = J), let us assume M(R) = {H}. Since
F(G) =1 we have E # 1 and we claim that G = ER. To see this, first note that R < ER
and the Frattini argument gives G = ENg(E N R). Since R < Ng(E N R) and R is
contained in a unique maximal subgroup of G, it follows that G = ER.

Let X = {Ly,...,Ls} be the set of components of G and suppose R acts intransitively
on X. Then we can write £ = EjFEs, where the F; are proper normal subgroups of G.
Then R < RE; < G, so RE1,RE> < H and thus G = (R, Eq,E2) < H, which is a
contradiction. Therefore (i) holds. Finally, in order to show that (ii) holds, we can pass to
G/Z(FE), which means that we may assume O,/(G) = 1 and each L; is simple. In addition,
RN L; is nontrivial for each ¢ and we conclude by applying Lemma [3.4 U
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This completes the proof of Theorem [7, modulo the proofs of Theorems [l| and [2| in
Sections [4] - [ We can also describe the general case.

Theorem 3.10. Let G be a finite group, let r be a prime divisor of |G|, let R be a Sylow
r-subgroup of G and write ®(G/O,(G)) = D/O,(G). Assume that M(R) = {H} and that
R is not normal in G. Then the following hold:
(i) D is the core of H in G and we have O,(G/D) = ®(G/D) = 1.
(ii) G/D and H/D are as in Theorem [T
(iii) If G is r-soluble, then |G| is divisible by precisely two primes.
(iv) If E(G) # 1, then G = E(G)R.

Proof. First note that D is the core of H by Theorem so H/D is core-free and thus
O,(G/D) = ®(G/D) =1 as in (i). Then Theorem [7| applies, giving (ii). If G is r-soluble,
then Lemma yields (iii). Finally, we note that (iv) holds as in the proof of Lemma
3.9 g

Remark 3.11. If we make the assumption ®(G) N O,(G) = 1, then Lemma implies
that G = O,(G):L is a semidirect product, where O, (L) = 1 and L is described in Lemmas
and

4. SPORADIC AND ALTERNATING GROUPS

In this section we prove Theorems [1| and |2 for almost simple groups whose socle is a
sporadic simple group or an alternating group.

Proposition 4.1. The conclusion to Theorems[1] and[3 hold when T is a sporadic simple
group.

Proof. In view of [3, Theorem A], we may assume r is odd, in which case G = T since
|Out(T")| < 2. If G # M, then the character table of both G and a representative of each
conjugacy class of maximal subgroups of G is available in the GAP Character Table Library
[10]. So in these cases, noting Corollary it is an entirely straightforward exercise to
determine the relevant triples (G, r, H).

Finally, let us assume G = M is the Monster group. As discussed in [47], G has 44
known conjugacy classes of maximal subgroups and any additional maximal subgroup is
almost simple with socle S in the following list:

L2(8)7 L2(13)7 L2(16)7 U3(4) (2)

(As noted in Section this ambiguity has very recently been resolved in [19].) By
inspecting the list of known maximal subgroups, it is easy to check that |[M(R)| > 2 if
r & {47,59,71}. And for each of the remaining primes we deduce that |[M(R)| = 1 since
|Aut(S)| is indivisible by r for each simple group S in ([2). The result follows. O

Proposition 4.2. The conclusion to Theorems [1] and [3 hold when T is an alternating
group.

Proof. Here T' = A,, with n > 5 and we note that G = T if r is odd. The groups with
n < 24 can be handled very easily using MAGMA [§], so we will assume n > 25 for the

remainder of the proof. Set Q = {1,...,n} and Ry = RNT. We refer to [37] for detailed
information on the maximal subgroups of G.

Case 1. R is intransitive.

To begin with, let us assume R has m > 2 orbits on Q of length ¢1,...,¢,,, where
l; = £; 4 for all i. Note that each ¢; is an r-power.

First assume m > 3. Then M(R) contains (S, X Sy—¢, )NG (or (S¢, 152)NG if n = 244).
In addition, M(R) also contains (Sp, 1.5m) NG if 1 = £y, and (Sy,, X Sp—¢,,, )NG if b1 > £,
whence |[M(R)| > 2 in this case.
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Now suppose m = 2, so n = {1 + f2. As above, M(R) contains (S, X Sp—¢,) NG (or
(Se; 1S2) NG if n = 2¢y). If €9 > 1 then n = tr for some ¢ > 2 and thus (S, 1S;) NG is
a maximal subgroup with r’-index. Therefore, to complete the analysis of Case 1 we may
assume that either /o = 1 or ¢1 = ¢ = r (with r odd in the latter case).

First assume £ = 1. Write n = r* 4+ 1 for some k > 1 and note that

AV
’Ro’— 1+527r =T T

where 02, = 1 if r = 2, otherwise dy, = 0. Plainly, M(R) contains an intransitive
subgroup H = 5,1 NG and we need to determine whether or not there are any additional
subgroups in M(R). To this end, suppose M(R) contains a subgroup L that is not
conjugate to H. Then L must be transitive on {2 and so there are two cases to consider.

Suppose L acts imprimitively on Q, say L = (S, 1 S,) N G for some a,b > 2 with
n = ab = r* + 1. Suppose that R fixes n € Q and let A C Q be an imprimitive block for
L of size a. Since {A” : x € L} is a partition of Q, we may assume that n € A. If y € R
then n¥ =n € AYNA # () and thus AY = A. Therefore, A is a union of R-orbits. Finally,
since R contains a cycle of length n — 1 > a, we deduce that |[A| = a = 1 and we have
reached a contradiction.

We have now reduced to the case where L acts primitively on Q (we continue to assume
that £ = 1). Since R, and hence L, contains a cycle of length r* = n — 1, we can use [34}
Theorem 1.2] to determine the possibilities for L. As a consequence, either

(a) AGL4(q) < L < AT'Ly(q), where n = ¢, d > 1 and ¢ = s is a prime power; or
(b) L = La(s) or PGLa(s), where n = s+ 1 and s > 5 is a prime.

If (a) holds then n = 7* + 1 = 5% and [I3, Lemma 2.6] implies that s = 2, k = 1 and ad
is a prime. Similarly, if (b) holds then n = 7¥ +1 = s+ 1, so r* = s and thus r = s and
k = 1. So in both cases we have n = r + 1, hence r is odd, G = T and R is contained in a
maximal subgroup La(r) of G (this is maximal by the main theorem of [37], noting that
r # 23 since n > 25). It follows that |[M(R)| > 2.

In conclusion, if m = 2 and f3 = 1 then n = 7¥ + 1 and |[M(R)| = 1 if and only if k > 2
(see Theorem [1fi) and Theorem [2[(i)(a)).

To complete the analysis of Case 1, let us assume m = 2 and ¢; = fo = r. Here n = 2r,
|R| = 72, 7 is odd and M(R) contains an imprimitive subgroup H = (S,152)NG. Suppose
L is another subgroup in M(R), which is not conjugate to H. Then L must act primitively
on 2 and it contains an r-cycle, so a classical theorem of Jordan (see [34, Theorem 1.1], for
example) implies that L = G, which is a contradiction. Therefore, |[M(R)| = 1 whenever
n = 2r (see case (i)(b) in Theorem [2)).

Case 2. R is transitive and imprimitive.

Here n = ¥ with k > 2. If k > 3, then M(R) contains (Sr1Sn/r)NG and (S, /-15:) NG,
so we may assume k = 2 and r > 5. Note that M(R) contains the imprimitive maximal
subgroup H = (S, 15,) N G. Suppose L € M(R) and note that L acts transitively on
Q. Since n = 72 > r + 2, it follows that L contains an r-cycle fixing at least n —r > 3
points. So if L is primitive on €2, then Jordan’s theorem implies that L = G, which is a
contradiction. Therefore, L acts imprimitively on 2 and the blocks in a nontrivial block
system have size r. It follows that L is conjugate to H and by applying Corollary we
conclude that M(R) = {H}.

Case 3. R is primitive.

Finally, let us assume R acts primitively on 2, in which case |R| = n = r and Ng(R) =
AGL1(r) N G is a maximal subgroup of G. By a classical theorem of Burnside, it follows
that either M(R) = {Ng(R)}, or R < L < G for some 2-transitive almost simple group
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L with socle S. By inspecting [25], using the fact that n > 25, we deduce that S = Lg(q)
with 7 = (¢¢ —1)/(¢ — 1) is the only possibility. Such a subgroup L does not contain
N¢g(R) and thus |[M(R)| =1 if and only if n = r is not of this form. This completes the
proof of the proposition. O

5. PROOF OF THEOREM

In this section we complete the proof of Theorem [I} In view of Propositions[4.1] and
we may assume 7' is a simple group of Lie type over F,, where g = p/ and p is a prime.
Let R be a Sylow 2-subgroup of G and set Ry = RNT. In view of Corollary we may
assume throughout that G /T is a 2-group.

Recall that [3, Theorem A] describes the possibilities for (G, H) with M(R) = {H} and
our goal is to obtain a precise classification of the pairs (G, H) that arise.

Proposition 5.1. The conclusion to Theorem [1] holds when T is an exceptional group of
Lie type.

Proof. From [3, Theorem A] we see that |[M(R)| = 1 only if T = 2By(q) and H is a
Borel subgroup. Here G = T since we are assuming G/T is a 2-group, and it is clear that
M(R) = {H} in this case. O

Remark 5.2. In the statement of Proposition we are excluding the groups with socle
T = 2G5(3) = Ly(8). Here it is easy to show that |[M(R)| = 1 in this case if and only if
G=T.

For the remainder of this section we may assume 7' is a classical group and we divide
the proof into several cases.

Lemma 5.3. The conclusion to Theorem [1] holds when T = La(q).

Proof. If p = 2 then M(R) = {H} with H = Ng(R), so we can assume ¢ is odd. Here the
groups with ¢ < 11 can be handled using MAGMA, so we will assume ¢ > 13.

Suppose ¢ = 1 (mod 4) and note that |Rg| = (¢ — 1)2. Since g > 13, we observe that a
Ca-subgroup of type GLj(q)1S2 is maximal and has odd index. We now divide the analysis
into two cases according to f.

Suppose f =1, s0 G = T or T.2 = PGLa(q). By inspecting [9, Tables 8.1, 8.2] we
deduce that |[M(R)| = 1 if |Ro| > 2%. On the other hand, if |Ry| = 23 then S; € M(R) if
G =T, whereas |[M(R)| = 1 if G = T'.2. Finally, suppose ¢ = 5 (mod 8), so ¢ = £1,+3
(mod 10). If G = T then either ¢ = £1 (mod 10) and A5 € M(R), or ¢ = £3 (mod 10)
and ¢ = 13,37 (mod 40), which means that A4 € M(R). Similarly, if G = T.2 then
Sy € M(R) since g = 13,21, 29, 37 (mod 40).

Now assume f > 1. Here we just need to determine whether or not M(R) contains
a subfield subgroup H of type GLa(qo), where g = qg with £ a prime. If k£ is odd then
go = 1 (mod 4) and by applying Lemma we deduce that H has odd index. Similarly,
if k= 2 then Hy = PGLa(qo) and thus |Hpla = (g3 — 1)2 = |Rp|. Here H is maximal in
G if and only if G < PXLy(q) = T.(¢), where ¢ is a field automorphism of order f. In
summary, if ¢ = 1 (mod 4) and f > 1, then |[M(R)| =1 if and only if f is a 2-power and
G £ PXLa(q).

To complete the proof, we may assume g = 3 (mod 4). Here p = 3 (mod 4), f is odd,
|Ro| = (¢ +1)2 and a C3-subgroup of type GL1(¢?) has odd index. If f > 1 then it is easy
to see that every maximal subfield subgroup has odd index, so |[M(R)| =1 only if f = 1.
Then by arguing as in the case ¢ = 1 (mod 4) we can show that |[M(R)| = 1 if and only
if |[Ro| > 24, or if |Ry| = 2% and G = PGLy(q). O

Lemma 5.4. The conclusion to Theorem[1] holds when T = L§(q).

Proof. First assume ¢ is even. If e = + then by inspecting [9, Tables 8.3, 8.4] we see that
|IM(R)| =1 if and only if G £ PT'L3(q), in which case a Borel subgroup H = P; » has odd
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index. Similarly, if e = — then M(R) = {H} with H = P; (the stabiliser in G of a totally
singular 1-space).

For the remainder, we may assume ¢ = —e (mod 4) (see [3, Theorem A]), which means
that |Ro| = 4(q + €)2. Suppose € = +, so p = 3 (mod 4) and f is odd. By [3, Theorem A],
IM(R)| =1 only if G € PT'Li3(q) and we see that a Cy-subgroup of type GLa(q) x GL1(q)
has odd index. In addition, every maximal subfield subgroup also has odd index and we
quickly deduce that [M(R)| = 1 if and only if f =1 and G € PT'L3(q). Finally, suppose
e = — and ¢ = 1(mod 4), in which case N; has odd index (this is the stabiliser of a
nondegenerate 1-space). If ¢ = 5 then |Ry| = 2* and M (R) contains a subgroup in S with
socle Ag, so we can assume g > 9. Now every maximal subfield subgroup has odd index,
so I[M(R)| = 1 only if f is a 2-power and by inspecting [9, Tables 8.5, 8.6] we conclude
that [M(R)| is indeed equal to 1 in this case. O

Lemma 5.5. The conclusion to Theorem[1] holds when T = LS (q) with n > 4.

Proof. Here [3, Theorem A] states that |M(R)| = 1 only if n = 2¥+1 and ¢ = —e (mod 4)
(with the additional condition G € PI'L,(q) if € = +), in which case a C;-subgroup of
type GL{,_;(q) x GL{(g) has odd index. Using Lemmawe compute

[Rol = 2" (g + 05"V ((n = 1)/2)ty = 2079/2(q 4 "2,

First assume ¢ = +, so p = 3 (mod 4) and f is odd. Since every maximal subfield
subgroup of G has odd index, we may assume f = 1. By inspecting [9] B30], it is straight-
forward to check that every geometric maximal subgroup has even index (apart from the
C1-subgroups of type GL,—1(q) x GL1(q), as noted above), so it remains to determine if
there are any odd-index maximal subgroups in the collection S. By inspecting [9, Table
8.19] we see that there are no such subgroups when n = 5. And we reach the same con-
clusion for n > 9 by applying [29, Theorem 7.1], noting that Ry contains an involution of
the form = = (—I,,—1, 1) with v(z) = 1 (see (1])). In conclusion, if T' = Ly(g) and n > 4,
then |M(R)| = 1 if and only if n = 2¥ + 1, ¢ = p = 3 (mod 4) and G £ PT'L,(q).

Finally, suppose ¢ = —. Once again we find that there are no S collection subgroups
in M(R) and every maximal subfield subgroup has odd index. From here, it is straight-
forward to deduce that |M(R)| = 1 if and only if n = 2¥ + 1, ¢ = 1 (mod 4) and f is a
2-power. ]

Lemma 5.6. The conclusion to Theorem[1] holds when T = PSp,,(q) with n > 4.

Proof. Since PSp,(2)" = La(9), we may assume (n,q) # (4,2). By [3, Theorem A] we have
IM(R)| =1 only if n = 4, q is even and G £ PI'Sp,(¢). Indeed, by inspecting [9, Table
8.14] we see that a Borel subgroup is the unique maximal overgroup of R. O

Lemma 5.7. The conclusion to Theorem! 1| holds when T = Q,,(q) with n > 7 odd.

Proof. By [3, Theorem A] we have |[M(R)| = 1 only if n = 2¥ + 1, in which case M(R)
contains a Cy-subgroup of type O,_1(q) L O1(q). Note that

1 n— e n—
[Rol = 5(¢* = 15" (0 = 1)/2)1p = 207972(g — 1)y,

If ¢ = qé“ and k is a prime, then it is easy to see that a subfield subgroup of type Oy(qo)
has odd index if and only if k is odd, so we may assume f is a 2-power. Now, if f =1 and
q = £3 (mod 8) then (g% — 1)y = 23, |Rg| = 22"~* and one can check that M(R) contains
a Cy-subgroup of type O1(q) 1 Sy,. Therefore, if f = 1 then |[M(R)| = 1 only if ¢ = +1
(mod 8).

By inspecting [9, [36], it remains to determine whether or not M(R) contains a subgroup
in S. But this possibility can be ruled out by applying [29, Theorem 7.1], using the fact
that T contains an involution of the form (—1,_1, 7). O

Finally, we handle the even-dimensional orthogonal groups.
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Lemma 5.8. The conclusion to Theorem holds when T = P (q) with n > 8 even.

Proof. Here [3, Theorem A] gives n = 2842 and ¢ = —¢ (mod 4), so T' = Q¢,(¢) = PSO%(q)
and we compute
’RO‘ _ 2n/271(q2 o 1)2)n/271‘

First assume € = 4, so p = 3 (mod 4) and f is odd. If ¢ = qlg for some prime k, then
it is straightforward to show that M(R) contains a subfield subgroup of type O; (qo).
Therefore, we may assume f = 1 and thus Aut(7) = PGO;! (¢) = T.(5,7). If G is contained
in T.(y) = PO’ (¢), then it has two conjugacy classes of odd index maximal subgroups
of type Op—1(¢) L Oi(q) and thus |[M(R)| > 2. On the other hand, if G £ T.(v) then
M(R) contains a Ci-subgroup of type O, ,(¢) L O3 (q), and by combining [9, [36] with
[29, Theorem 7.1] we deduce that |[M(R)| = 1.

Now assume € = —, s0 ¢ = 1 (mod 4) and Aut(7T) = T.(J, ¢), where |§| = 2 and |¢| = 2f.
We note that M(R) contains a C;-subgroup of type O ,(q) L O5(q). If G < T.(p) then
G has two classes of odd index maximal subgroups of type O,_1(q) L O1(q), so we may
assume G £ T.(p). If ¢ = g% and k is an odd prime, then a subfield subgroup of type
O;, (go) has odd index, so we may assume f is a 2-power. Finally, by inspecting [9, 306]
and applying [29] Theorem 7.1] we deduce that |[M(R)| = 1 if and only if G £ T'.(¢) and
f is a 2-power. O

This completes the proof of Theorem

6. PROOF OF THEOREM [2} CLASSICAL GROUPS

In this section we prove Theorem [2]in the case where T is a finite simple classical group
over IF, with natural module V. As before, write ¢ = p! with p a prime and set n = dim V..
We use P, to denote the stabiliser in G of a totally singular m-dimensional subspace of V
(if T'=L,(q), then we adopt the convention that every subspace of V is totally singular).
In addition, we set Hy = H NT for any subgroup H of G.

Throughout this section, r is an odd prime divisor of |G| and R is a Sylow r-subgroup
of G. In view of Lemma and Corollary we may assume r divides |T'| and G/T is
an r-group. If r # p, then we write dg4(r) for the order of ¢ modulo r (in which case, r is a
primitive prime divisor of ¢ — 1 for i = dy(r)). We will also adopt the following notation
(see Remark [9.2(b)): if m is a positive integer and € € {£1}, then we will use a(m, €) and
B(m,€) to denote the following conditions on g:

alm,e): (¢"/F)™ # € (mod r) for all k € n(f) \ {r}
B(m,e): (¢"*)™ # € (mod r) for all k € 7(f)\ {2,r}

where 7(f) is the set of prime divisors of f. For an integer s, we also write s = [J (mod p)
and s = X (mod p) to denote that s is a square or nonsquare modulo p, respectively.

We now divide the proof into several cases according to the possibilities for T'. As
discussed in Section we will refer to subgroups in the C; and & collections, working
with the definitions presented in [36], which differ slightly from Aschbacher’s set up in [2].

3)

6.1. Linear groups.
Proposition 6.1. The conclusion to Theorem [ holds when T = La(q).

Proof. The groups with ¢ < 11 can be handled using MAGMA, so we will assume ¢ > 13.
If r = p then M(R) = {H}, where H = Ng(Rp) = P is a Borel subgroup of G. For the
remainder, we may assume r # p, so r divides ¢ — 1 or ¢ + 1.

Case 1. r divides g — 1.

Here R is contained in a Borel subgroup and a Ce-subgroup of type GLj(gq) 1 S2, both
of which are maximal since ¢ > 13 (see [9, Table 8.1]). Therefore |[M(R)| > 2.
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Case 2. r divides q + 1.

In this case R is contained in a maximal C3-subgroup H = Ng(R) of type GL1(¢?).
We now need to inspect [9, Tables 8.1, 8.2] in order to determine whether or not G has
another maximal subgroup with r’-index. There are several cases to consider.

First assume f = 1, in which case G = T since G/T is an r-group. If r > 7 then it
is easy to see that H is the only maximal subgroup with r’-index and thus |[M(R)| = 1.
The same conclusion holds if » € {3,5} and |R| > r, so we may assume r € {3,5} and
|R| = r. If r =5 then ¢ = p = —1 (mod 10) and thus M(R) contains a subgroup As in
the collection S. Similarly, if » = 3 then we find that M(R) contains one of A4, Sy (both
in Cg) or As (in S).

Next assume f = 2, so G = T once again. If r = 3 then r divides ¢q— 1= (p—1)(p+1),
so we must have r > 5. The order of a subfield subgroup of type GLa(p) is indivisible by
r,s0 [M(R)|=1ifr > 7, orif r =5 and |R| > r. On the other hand, if |R| = r = 5, then
p = £3 (mod 10) and M(R) contains a subgroup As in the collection S.

Finally, suppose f > 2. We need to determine whether or not M(R) contains a subfield
subgroup L of type GL2(qo), where ¢ = ¢f for some prime divisor k of f (with the
additional condition k # f when p = 2; see [0, Table 8.1]). If kK = 2 then |Lg| is indivisible
by r, so we may assume k is odd and thus L has r/-index if and only if (go+1), = (¢+1),.
By Lemma this condition holds if and only if r # k and r divides qg + 1. Therefore,
IM(R)| = 1 if and only if a(1,—1) holds (see (3)), or if (r,p) = (3,2) and ¢'/¥ # —1
(mod 3) for all k € w(f)\ {3, f}. O

Proposition 6.2. The conclusion to Theorem[q holds when T = L,(q) and n > 3.

Proof. Recall that G/T is an r-group, so we have G < PI'L,,(¢). In particular, G does not
contain any graph or graph-field automorphisms of 7.

If » = p then every parabolic subgroup of G has 7’-index and hence |[M(R)| > 2. For
the remainder, we may assume r # p divides |T'|. Let i = d4(r) be the order of ¢ modulo
r and note that ¢ divides r — 1.

Case 1. 1 =1

Here ¢ > 4 and we note that
1

[Rol = (6 = Dela® = o (0" = 1 = =(la = Do) )

by Lemma where d = (n,q — 1). If n is indivisible by r then (¢" — 1), = (¢ — 1),
and it is easy to see that the parabolic subgroups P; and P,_; have r’-index, whence
|IM(R)| > 2. So for the remainder of Case 1 we may assume that r divides n.

Let L be a Ca-subgroup of type GL1(q) Sy, which is maximal if ¢ > 5 (see [9],[36]). The
order of Ly can be computed via [36, Proposition 4.2.9] and we quickly deduce that L has
r’-index. In addition, if » < n then a Ca-subgroup of type GL.(q) ¢ S,/ also has r'-index
(and such a subgroup is always maximal). Therefore, we may assume that either ¢ = 4 or
n=r.

Suppose ¢ = 4, so r = 3 and n = 3m for some m > 1. Here it is easy to check that a

Cs-subgroup H of type GU,(2) has 3'-index. Indeed, we have
1
|Ro| = 5(42 —1)3(4% = 1)3--- (4%™ — 1)3

= 2@ 15(2 1) (7 — (1)) = | Hols

In addition, if m > 2 then M(R) also contains a Co-subgroup of type GL3(q)Sy,. Finally,
if m = 1 then a MAGMA computation shows that |[M(R)| =1 if and only if G = PGL3(4)
(for example, if G = T then R = 3? is contained in maximal subgroups of type GUj3(2)
and Ag, where the latter is in the collection §).
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To complete the analysis of the case i = 1, we may assume that n = r and ¢ > 7, so
|Ro| = ((g — 1),)""%. As noted above, M(R) contains a Ca-subgroup of type GL1(q) ! Sy.
There are now several cases to consider.

First assume ¢ = ¢¢ is a square. Here (¢ — 1), = (qo — €), for some € = & and it is
easy to check that the corresponding Cs or Cs subgroup of type GL{,(qo) has r’-index (both
subgroups are always maximal). Therefore, for the remainder we may assume f is odd.
We will handle the cases n € {3,5} separately.

Suppose n =7 =3. If g =p=4,7(mod 9) then M(R) contains a Cg-subgroup of type
31%2.Spy(3). On the other hand, if ¢ = p = 1 (mod 9) then |Rg| > 3* and by inspecting
[9, Tables 8.3, 8.4] we deduce that |M(R)| = 1. Now assume q = ¢} for some odd prime &
and note that go = 1 (mod 3) since ¢ =1 (mod 3). If £ > 5 then (¢ — 1)3 = (g0 — 1)3 and
M(R) contains a subfield subgroup of type GL3(qo). However, if f = 3% is a 3-power and
q = g3, then |Ro| = 32((go — 1)3)? and we deduce that |[M(R)| = 1.

Next assume n = r = 5, so |Ro| = ((¢ — 1)5)*. By inspecting [9, Tables 8.18, 8.19], we
see that we only need to consider Cs-subgroups H of type GL5(qo), where ¢ = qlg and k
is an odd prime. Now ¢y = 1 (mod 5) and it is easy to check that H has 5-index if and
only if k # 5. Therefore, |[M(R)| = 1 if and only if f = 5% for some a > 0. That is to say,
IM(R)| =1 if and only if «(1, 1) holds.

Now assume n = r > 7 and suppose M(R) contains a subgroup H, in addition to the
Co-subgroup of type GLi(q)S,. By inspecting [9, 36], we deduce that H € C5 US and so
there are two possibilities to consider.

First assume H € C5 is a subfield subgroup of type GL,(qo), where ¢ = qlg for some odd
prime k (recall that f is odd). Then H has r-index if and only if (¢ — 1), = (¢o — 1), and
by Lemmathis is equivalent to the conditions k # r and gp = 1 (mod 7). In conclusion,
there are no Cs-subgroups in M(R) if and only if a(1, 1) holds.

Finally, suppose H € § and let S denote the socle of H. Up to conjugacy, we observe
that Ry contains elements of the form diag(X\, A%, I,—2) (modulo scalars), where A € F*
has order r. Therefore, Hy is an irreducible subgroup of 1" containing an element x with
v(z) = 2 (see (1)) and this allows us to apply [29, Theorem 7.1] in order to determine
the possibilities for H (also see [12], Theorem 2.12] for a convenient version of this result).
By inspecting [12 Table 5], we see that (7,S) = (L7(p), U3(3)) is the only possibility
with n > 7 prime, where p is a prime such that p = 1 (mod 3). Here |H|; = 7 and the
condition 7 = 1 implies that H does not have 7’-index. Therefore, there are no S collection
subgroups in M(R) and our analysis of the case i = 1 is complete.

Case 2. 1<i<n

If i does not divide n, then the maximal parabolic subgroups P; and P,,_; have r’-index
and thus |[M(R)| > 2. Now assume ¢ divides n, say n = ¢i. Suppose ¢ is indivisible by r.
Then the maximal parabolic subgroups P; and P,_; have r’-index, so we may assume n is
even and i = n/2. Here we can take P, 5 and a Ca-subgroup of type GL,, 2(q) ! S2, noting
that the Ca-subgroup is maximal unless n = 4 and g < 3 (see [9, [36]). In the latter case,
we have G = L4(2) = Ag, 7 = 3 and it is easy to check that |[M(R)| > 2.

So to complete the analysis of this case, we may assume n = ¢i and £ = mr for some
m > 1. Here we observe that a Ca-subgroup of type GL;(q) ! Sy has r’-index, and this is
maximal unless ¢ = ¢ = 2. In the latter case we have G = T', r = 3 and one can check that
a Cg-subgroup of type Sp,,(¢) is maximal with r’-index. Now, if m > 2 then a Cy-subgroup
of type GL;-(q) 2 Sy, is maximal and contains a Sylow r-subgroup, so we have reduced to
the case where n = ri. Let k be the smallest prime divisor of . Then a Cs-subgroup of
type GLy,/(¢*) is maximal and has r/-index, which implies that [M(R)| > 2.

Case 3. i =n
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Here |Ro| = (¢" — 1), and n divides r — 1. In particular, r does not divide n and so our
assumption that G/T is an r-group implies that G < PXL,(¢q) = T.(¢). If ¢ is a prime
divisor of n, then a Cs-subgroup of type GL,, /t(qt) is maximal and has 7’-index, so we may
assume n = t% is a prime power. If t = 2 then M(R) also contains a Cg-subgroup of type
Sp,,(q), so we may assume ¢ is odd. Note that r > 2n + 1.

First assume q = ¢? is a square and fix ¢ = & so that (¢" — 1), = (¢} — €),. If e = +
then M(R) contains a Cs-subgroup of type GL,(qo), and similarly a Cs-subgroup of type
GUn(qo) if e=—.

For the remainder, we may assume f is odd. Since r > 2n + 1, it is easy to see that the
order of a Cg-subgroup of type t!72¢.Sp,,(t) is indivisible by r. Therefore, it remains to
determine if there are any subgroups H € M(R) belonging to the C5 or S collections.

Suppose H € Cs is a subfield subgroup of type GLy(go), where ¢ = ¢& and k is an odd
prime. Then H has r’-index if and only if (¢f — 1), = (¢" — 1),, which is equivalent to
the conditions ¢ = 1 (mod r) and k # r. In other words, if f is odd then there are no
subfield subgroups in M(R) if and only if a(n, 1) holds.

Finally, let us assume H € S has socle S. Here our key tool is the main theorem of
[27], which we can use to determine the possibilities for H that contain an element of
order r. Indeed, by carefully inspecting [27, Tables 2-8], we deduce that S = La(r) and
n = (r —1)/2 is the only possibility, where r > 7 is a prime with » = 3 (mod 4) (see [27,
Table 8] and [32, Table 2(c)]). Note that r € {7,11,19,23,47,59, ...} since n = t® is an
odd prime power. By considering the irrationalities of the corresponding Brauer character,
we see that ¢ = p (hence G = T') and we require F,, to contain the b, irrationality in the
notation of [9, Section 4.2]. Since r = 3 (mod 4) we have b, = (-1 + /=), whence
b, € F,, if and only if —r = O (mod p) (that is, —r is a square modulo p). Clearly, H has
r’-index if and only if |R| = r.

So let us assume H has r’-index. We claim that H is a maximal subgroup of G.
Suppose otherwise. Then by our above analysis, we must have H < K < G, where K is a
Cs-subgroup of type GL,, /t(qt). But this implies that some quasisimple cover L < GL,(q)
of S is contained in GL,, /t(qt), which is not possible because L acts absolutely irreducibly
on the natural module (as a condition of the membership of H in S), whereas GL,, /;(¢")
does not. Alternatively, we can rule out the containment of H in K by observing that
any nontrivial representation of S = Lo(7) in non-defining characteristic has dimension at
least n = (r — 1)/2.

We conclude that H is maximal as claimed and so in this situation we deduce that
IM(R)| > 2. O

6.2. Unitary groups.
Proposition 6.3. The conclusion to Theorem [ holds when T = Us(q).

Proof. The groups with ¢ € {3,4,5} can be handled using MAGMA, so we will assume
q=>7 Ifr=pthen H= Ng(Rp) = P; is a maximal parabolic subgroup and M(R) =
{H}. For the remainder, we may assume r # p. As before, set i = d4(r) and note that
i €1{1,2,6}.

If i = 1 then |Rg| = (¢ — 1), and we observe that the C;-subgroups of type P; and
N; both have r’-index and thus |[M(R)| > 2 (here Ny denotes the stabiliser in G of a
nondegenerate 1-space).

Next assume i = 2, so |Ro| = ((¢ + 1),)%. Since ¢ > 7, we first observe that M(R)
contains a Ca-subgroup of type GU1(g)Ss. If » > 5 then N also has 7’-index, so we may
assume r = 3. If f = 1 then by inspecting [9, Tables 8.5, 8.6] we see that either |Ry| = 32
and M(R) contains a Cg-subgroup of type 3!72.Sp,(3), or |Rg| > 32 and |[M(R)| = 1.
Now assume f > 1 and note that f is odd since ¢ = —1 (mod 3). Then |[M(R)| > 2 if
and only if M(R) contains a subfield subgroup H of type GU3(go) with ¢ = ¢} for some
prime divisor k of f. Now gp = —1 (mod 3) and we calculate that H has 3'-index if and
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only if & # 3. In conclusion, if f > 1 then |[M(R)| =1 if and only if f = 3% is a 3-power
(for example, IM(R)| =1 if G = U3(8) and r = 3).

To complete the proof, let us assume i = 6, so r divides ¢>+1. Note that |Ro| = (¢*+1),
and r > 7. Since ¢ > 7, we see that M(R) contains a Cz-subgroup of type GUy(¢?). If
f =1 then either [M(R)| =1,0r |R|=7r=7,q¢=p=3,5(mod 7) and M(R) contains
an S collection subgroup with socle Ly(7). Note that if r = 7 and i« = 6 then ¢ = 3,5
(mod 7) (for example, if ¢ = 2,4 (mod 7), then 7 divides ¢* — 1). Therefore, |[M(R)| > 2
if f=1and |R|=r=T.

Finally, let us assume f > 1. Here we need to determine whether or not G has a subfield
subgroup with 7’-index, and in the usual manner we deduce that |[M(R)| =1 if and only

if 3(3,—1) holds (see (3)). O
Proposition 6.4. The conclusion to Theorem[3 holds when T = Uy(q) and n > 4.

Proof. If r = p then every parabolic subgroup of G has r’-index and hence |[M(R)| > 2.
For the remainder, we may assume r # p. Let i = d,(r) and note that ¢ divides r — 1. The
groups with socle

Te {U4(2)7 U4(3)7 U5<2)7 UG(Q)}
can be handled using MAGMA and we find that |[M(R)| = 1 if and only if G = Us(2)
and 7 = 9 = 11, in which case M(R) = {L2(11)}. We will exclude these cases for the
remainder of the proof.

Case 1. 1 =2

Here r divides ¢ + 1 and in view of Lemma [2.I] we observe that

(qd - (_l)d)'r = (q =+ l)r(d)r
for every positive integer d. As a consequence, if n is indivisible by r then

|Rol = (g +1)r)"*(n!),
and we deduce that M(R) contains subgroups of type N1 and GU;(¢) S, (by inspecting
[9, [36], recalling that T' # U4(3), Ug(2), we see that both subgroups are maximal in G).
Therefore, we may assume n = mr. If m > 2, then M(R) contains Ce-subgroups of type
GU1(¢) 1 Sp and GU,(q) ¢ Sy, so we have reduced to the case where n = r. Here M(R)
contains a subgroup of type GUj1(gq)1.S,, and we need to determine if G has any additional
maximal subgroups with r’-index.

Suppose H € M(R) and H is not of type GUi(q) 1 S,. Then by carefully considering
the geometric maximal subgroups of G we deduce that H € C5 U S, so there are two
possibilities to consider.

Suppose H is a subfield subgroup of type GU,(qo), where g = qg and k is an odd prime
divisor of f. Then H has r’-index if and only if k£ # r and go = —1 (mod r). It follows
that there are no subfield subgroups in M(R) if and only if 5(1, —1) holds.

Finally, let us assume H € S. The case n = 5 can be eliminated by inspecting [J, Table
8.21] (here we find that the socle of H is either Lo(11) or Uy(2)). For n > 7 we can appeal
to [29, Theorem 7.1], noting that T contains an element x with v(z) = 2. By inspecting
[12, Table 5], it is straightforward to rule out the existence of any S collection subgroups

in M(R).
Case 2. 1 =1

Next suppose r divides ¢ — 1, so ¢ > 4 and (n,q + 1) is indivisible by r. Note that
(¢® 4+ 1), = 1if d is odd (see Lemma . If n is odd, then M(R) contains C;-subgroups
of type P(,_1)/2 and Ni, so |[M(R)| > 2. Similarly, if n is even then M(R) contains a
Cy-subgroup of type GLn/Q(QQ) and a Cg-subgroup of type Sp,,(q).

Case 3. i =2n
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Here n is odd and r divides ¢" + 1. In particular, 2n divides r — 1 and we note that
|Ro| = (¢" 4+ 1),. If ¢ is a prime divisor of n, then M(R) contains a Cs-subgroup of type
GU,, /t(qt), so we may assume n = t® is a prime power. It is easy to see that r does not
divide the order of a Cg-subgroup of type t'72%.Sp,,(t) and so it remains to determine
whether or not M(R) contains a subgroup H € C5 U S.

In the usual manner, we deduce that there are no subfield subgroups in M(R) if and
only if B(n, —1) holds, so let us turn to the subgroups in S. As in the proof of Proposition
m (see Case 3), we can use [27] to determine the subgroups H € S containing an element
of order r. Here the only possibility arises when n = (r —1)/2 and H has socle S = La(r),
where r > 7 is a prime and r = 3 (mod 4). By considering the irrationalities of the
corresponding Brauer character, we see that ¢ = p (so G =T) and —r = X (mod p) (note
that if —r is a square modulo p, then S embeds in L, (¢), rather than U,(q)). Clearly,
H has r'-index if and only if |R| = r. Moreover, by arguing as in the final paragraph of
the proof of Proposition we deduce that such a subgroup H is maximal (this relies on
the observation that the extension field subgroup GU,, /t(qt) < GU,(q) is not absolutely
irreducible on the natural module, or we can use the fact that the dimension of any
nontrivial representation of La(r) in non-defining characteristic is at least n = (r — 1)/2).

Case 4. 1 =2n—2

Here n is even, r divides ¢"~' 4+ 1 and we have |Ry| = (¢" ' + 1),. Clearly, M(R)
contains a Ci-subgroup of type N, and we see that any additional subgroup H € M(R)
must be in one of the collections C5 or S. There are no subfield subgroups in M(R) if and
only if f(n — 1, —1) holds.

Finally, suppose H € S has r’-index. By inspecting [27], we deduce that n = (r +1)/2
and H has socle S = La(r), where f = 1, r = 3 (mod 4) and —r = X (mod p). If all of
these conditions are satisfied, then such a subgroup H is maximal because it cannot be
contained in a reducible Ci-subgroup of type Nj.

Case 5. 2 <i<2n—2

If i > n then i = 2 (mod 4), |Rg| = (¢/>+1), and it is easy to see that the C;-subgroups
Py and Np have r’-index. Now assume 2 < i < n, noting that i < n/2 if 7 is odd. If n is
even, then P, /; and a Cy-subgroup of type GL,, o (¢?) have r’-index. Similarly, if n is odd
then P;,_1)/» and Nq have r'-index. O

6.3. Symplectic groups.
Proposition 6.5. The conclusion to Theorem [ holds when T = PSp,(q)’ and n > 4.

Proof. The groups with n = 4 and ¢ € {2,3} can be handled using MAGMA and we find
that |M(R)| = 1 if and only if G = PSpy(2)’ = Ag and 7 = ro = 3 (here |R| = 32
and M(R) = {H} with H of type Spy(2) ! S2). For the remainder, we will assume
(n,q) # (4,2),(4,3). If r = p then the maximal parabolic subgroups P; and P, have
r’-index. Now assume r # p and set i = dy(r).

Case 1. i € {1,2}

Here ¢ > 4 and a maximal parabolic subgroup P, ), has r’-index. In addition, M(R)
contains a subgroup of type GL,/3(q) if ¢ is odd, and one of type O (q) if ¢ is even.
Therefore, [M(R)| > 2 when i = 1.

Now assume i = 2, so r divides ¢+ 1. If n = 4 then ¢ > 4, |Ro| = ((¢+1),)? and M(R)
contains a Ca-subgroup of type Sps(q) ?.S2, together with a Cs-subgroup of type GUs(q) if
q is odd and a Cg-subgroup of type Oi(q) if ¢ is even. Now assume n > 6. If ¢ is odd, then
M(R) contains a Ca-subgroup of type Spy(q) ¢ Sy,/2 and a Cz-subgroup of type GU,, /2(q).

For ¢ even we find that M(R) contains a Cg-subgroup of type O (q), where ¢ = (—)"/2,
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and it also contains a Ca-subgroup of type Spy(q) 1S, /2 if ¢ = 4. Finally, suppose ¢ = 2
and r = 3. If n = 6 then one can check that |[M(R)| = 1, so we may assume n > 8. If n
is indivisible by 3, then a Ci-subgroup Na = Sp,,_5(2) X Spy(2) has 3'-index. Similarly, if
n > 12 is divisible by 3 then a Cao-subgroup Spg(2) ! S, /¢ has 3'-index.

Case 2. i=n

Here r = 1 (mod n) and |Ry| = (¢" — 1),. First assume n = 2 (mod 4) and let ¢ be an
odd prime divisor of n. Then a Cz-subgroup of type Sp,, /t(qt) has 7’-index. In addition,
M(R) contains a Cz-subgroup of type GU, (q) if ¢ is odd, and a Cs-subgroup of type
O,, (¢) if ¢ is even.

Now assume n = 0 (mod 4) and observe that M(R) contains a Cs-subgroup of type
Spn/Q(q2). If ¢ is even, then M(R) also contains a Cg-subgroup of type O, (¢), so we may
assume ¢ is odd. As above, if n is divisible by an odd prime ¢, then a Cs-subgroup of type
Sp,, /t(qt) has 7’-index, so we have reduced to the case where n = 2% is a 2-power and g is
odd. To complete the analysis of this case, we need to consider the existence of a subgroup
H € C5 UCg US with r'-index.

Suppose H € Cs is a subfield subgroup of type Sp,,(¢o), where ¢ = qg for some prime k.
Then |Hyp|, = (¢§ — 1), and thus H has r’-index if and only if (¢ — 1), = (¢" — 1),. We
deduce that there are no subfield subgroups in M(R) if and only if a(n, 1) holds.

Next suppose H is a Cg-subgroup of type 21722.05, (2),s0 f = 1land G = T. If r > n+1,
then |H| is indivisible by r, so let us assume r = n 4+ 1 = 2% + 1, in which case 7 is a
Fermat prime. Here |H|, = r and thus H has r’-index if and only if |R| = r. Let us also
observe that if |[R| =r =n+ 1 and f > 2, then r divides p™ — 1 and thus every subfield
subgroup of G has r’-index. This shows that |[M(R)| > 2if |[R| =r=n+1.

Finally, let us consider the subgroups in S. First assume n = 4, so r,q > 5 and the
relevant subgroups are recorded in [9, Table 8.13] (recall that ¢ is odd). The groups
with ¢ € {5,7} can be handled using MAGMA (we find that |[M(R)| = 1 if and only if
(g,r) = (5,13) or (7,5)), so let us assume g > 9. Then by inspecting [9, Table 8.13] we see
that ¢ = p = £1,+5 (mod 12) and there is a subgroup H € S with socle Ag. Therefore,
we must have G =T, r = 5 and we deduce that H has r’-index if and only if |R| = 5. As
noted above, M(R) also contains a Cg-subgroup in this situation.

For the remainder we may assume n = 2 > 8. Here [27] describes the subgroups H € S
that contain an element of order r; by carefully studying [27, Tables 2-8] we deduce that
n € {s,s —1,(s —1)/2} and H has socle S = Ly(s) with s > 7. Now H has r’-index if
and only if |Ry| = r, so we may as well assume |Ry| = r. Therefore, in view of our above
observations, we may assume that r > 2n + 1, which in turn implies that n = (s — 1)/2
and 7 = s = 2n + 1. By inspecting [32, Table 2(b)] we see that this situation does arise,
subject to the irrationality /7 of the corresponding Brauer character. This means that
either ¢ = p and » = [ (mod p), or ¢ = p? and » = X (mod p), so in both cases we have
G = T. Note that such a subgroup H is maximal since it is not contained in a Cz-subgroup
of type Sp,, /2(q2) (for example, because Sp,, /2(q2) < Sp,,(¢) is not absolutely irreducible
on the natural module) nor a subfield subgroup if ¢ = p? (by definition, a subgroup in S
cannot be realised over a proper subfield of Fy).

In conclusion, if n = 2% > 8, g is odd, r = 2n + 1 and «a(n, 1) holds, then |[M(R)| =1 if
and only if |[R| > r,or f > 2, or f =1 and r = X (mod p), or f =2 and r = O (mod p).

Case 3. 2<i<n

Finally, let us assume 2 < i < n and note that n > 6. If n is indivisible by ¢, then M(R)
contains Ci-subgroups of type P; and Ny. Now assume n = ¢i with £ > 2. If ¢ is odd,
then £ is even and it is easy to see that P,/ has r’-index, together with a Cs-subgroup of
type Spn/t(qt), where ¢ is any prime divisor of 7. Similarly, if ¢ = 0 (mod 4) then M(R)
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contains subgroups of type Sp;(q) ¢ S,/; and Spn/g(q2). Finally, if i = 2 (mod 4) then a
subgroup of type Sp;(q) 1 .S,,/; has r'-index, as does one of type GU,,/2(q) (if ¢ is odd) and
0% (q) (if q is even), where € = (—)™/". O

6.4. Odd dimensional orthogonal groups. In this section we prove Theorem 2] when
T = Q,(¢) and n > 7 is odd. In order to handle this case, we require a couple of
preliminary lemmas.

Lemma 6.6. Let r > 5 be a prime and suppose x € GLy(q) = GL(V) acts irreducibly on
a d-dimensional subspace of V., where |x| =% and a > 2. Then |z| > d+ %"t >d+5.

Proof. Since z acts irreducibly on a d-dimensional space, we see that ¢ has order d modulo
7% and thus d divides |(Z/r%Z)*| = r® — r¢~1. The result follows. O

Recall that F*(L) = F(L)E(L) is the generalised Fitting subgroup of the finite group
L, where F(L) and E(L) denote the Fitting subgroup and layer of L, respectively. Also
recall that a perfect group @ is quasisimple if Q/Z(Q) is simple.

Lemma 6.7. Let L be a finite group such that Q = F*(L) is quasisimple, and let V be
a nontrivial faithful irreducible F,L-module. Let r > 5 be a prime and let a > 1 be an
integer. Assume that L contains an element x of order r®.

(i) If Q/Z(Q) = Ay and n > max{9,r"}, then dimV > r* — 2.
(i) If Q/Z(Q) is a sporadic group and a > 2, then dimV > r® 4 1.

(iii) Suppose Q/Z(Q) is a simple group of Lie type in characteristic s with (q,s) = 1.
Then either L/Z(L) = La(r) and a =1, or dimV > r% — 2.

Proof. Without loss of generality, we may assume that L = (Q,x). In addition, since we
are seeking a lower bound on dim V', we may work over the algebraic closure of F,. We may
also assume that @ acts homogeneously on V' (otherwise, we can pass to an irreducible
@-submodule and take the stabiliser of that module). Since L/Q is cyclic, we can also
assume that ) acts irreducibly on V. Finally, since » > 5, we may assume that L = @ in
cases (i) and (ii).

For (i), it is well known that if n > 9 then the dimension of any nontrivial irreducible
F,L-module (in any characteristic) is at least n — 2 (see [46), Section 2], for example).

Turning to (ii), we first observe that there are very few cases where L contains an
element of order r* with » > 5 a prime and a > 2. Indeed, by inspection we find that
r® = 25 is the only possibility and L/Z(L) = HN, Ly, B or M. In each case, it is easy to
check that dim V' > 26.

Now consider (iii). First assume Q/Z(Q) = La(s¢), where e > 1 and s is a prime with
(g,s) = 1. Suppose that s is odd, which means that dimV > (s¢ —1)/2. If » = s then
every r-element in L has order r and we note that (r¢ —1)/2 > r — 2 if and only if e > 2.
And if e = 1 and dimV < r — 2, then dimV = (r £ 1)/2 and V is not a module for
PGLy(r), which leads to the special case L/Z (L) = La(r), a = 1 in the statement of part
(iii). On the other hand, if r # s then every r-element in L has order at most (s + 1)/2
and the result follows. Finally, suppose s = 2. Here dimV > s — 1 and the maximal
order of an r-element in L is at most s¢ + 1. Therefore r* < s¢ + 1 and the result follows.

For the remainder, we may assume Q/Z(Q) # La(s¢). Here the desired bound dim V' >
r® — 2 essentially follows from [20, Theorem 1.1], where a stronger bound is established
(with several exceptions, which one has to check). Alternatively, one can combine upper
bounds on the orders of elements of prime power order in L (see [24]) with lower bounds
from [46] on the minimal dimension of faithful irreducible cross-characteristic representa-
tions of L. Note that we also have to consider central extensions of groups of the form
SL4(t) and SUg4(t), but in this situation we may assume the prime r divides ¢t + 1 and the
corresponding bounds are much better.
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For example, suppose Q/Z(Q) is a classical group defined over F;, where t = s¢ for a
prime s. Let d > 3 be the dimension of the natural module W and suppose x € L has
order r®. If z is semisimple then it induces an inner-diagonal automorphism on Q/Z(Q)
and it acts faithfully on a subspace of W, which is either totally singular or nondegenerate
if L preserves a form on W. This implies that |z| < (t? —1)/(t — 1). If 2 is unipotent,
then |z| < sb, where b is minimal such that s® > d. And if z is in the coset of a field
automorphism, then we can obtain a much better bound on |z| using Shintani descent.
The desired result then follows by applying the relevant bound on dim V' from [46]. For
example, if @ = SL4(t), then we immediately deduce that the minimal dimension of a
nontrivial faithful irreducible representation of L is at least (t¢ —1)/(t — 1) — 2.

We can use a very similar argument to handle the case where Q)/Z(Q) is an exceptional
group over [y, where ¢t = s¢ as above. For example, if x is semisimple then we can bound
|z| by considering the orders of maximal tori (or we can just use the trivial bound (t+1)™,
where m is the rank of the group). And we have |z| < s® if & is unipotent, where b is
minimal such that s > h and h is the Coxeter number of Q. As noted above, even better
bounds hold when « is in the coset of a field automorphism, and in all cases we can play
these bounds off against the lower bounds on dim V' in [46]. We leave the reader to check
the details. O

We now use the previous lemmas to establish the following technical result, which will

be needed in the proof of Proposition below. Recall that Rg = RN T.

Proposition 6.8. Let G be an almost simple group with socle T = Q,(q), where n > 7 is
odd and q is odd. Let R be a Sylow r-subgroup of G, where r is a primitive prime divisor
of ¢ —1 with 2 < i <n—1. Assume |Rg| > r and Ry acts irreducibly on a nondegenerate
(n — 1)-dimensional subspace of the natural module for T. Then R is not contained in a
mazximal subgroup in the collection S.

Proof. Let V' be the natural module for 7" and let W be a nondegenerate hyperplane of
type € = & on which Ry acts irreducibly. Write ¢ = pf, where p is a prime, and note that
r = 1 (mod 7). In particular, » > 5 since 7 > 2. Also note that any irreducible subgroup
of T containing Ry must be absolutely irreducible, since the fixed space of Ry on V is
1-dimensional.

Fix an element y € Z(Ry) of order r and let U be a minimal (y)-invariant subspace of
W on which y acts nontrivially. Note that dim U = i. Since Rg acts irreducibly on W, it
follows that any two irreducible (y)-submodules of W are isomorphic and thus ¢ is even
(since the action of y on W, and hence U, is self-dual). In particular, this implies that
Cy(y) = W+ is 1-dimensional.

Note that we can decompose V = Vy L V; L ... L V; as a direct sum of pairwise
orthogonal nondegenerate spaces, where dimVy < 7 and each V; for j > 1 is a minus-
type space. For each j € {1,...,s}, there exists an element x; € T of order r acting
irreducibly on V; and trivially on VjL. Then Ry = (x1,...,2,) is an elementary abelian
r-subgroup, which we may assume is contained in Ry. Since y centralises R, it follows
that each V; with j > 0 is y-invariant and thus y is trivial on Vy. Therefore, Vy = wt
and W=V, L... LV,

Now Ry acts irreducibly on W, which we may view as a space over F ;. In this setting,
Ry contains an element acting on W as a pseudoreflection, which implies that Ry acts
absolutely irreducibly on W. Therefore, dimﬂ?qi W = r® with ¢ > 1 and thus n — 1 = ir®.
It follows that s = r® and W is a minus-type space. Since Ry acts irreducibly on W, there
is an element x € Ry cyclically permuting the summands {Vi,...,Vs}, with ™ acting
irreducibly on each one. Therefore,  has order 7* with b > a, and x acts irreducibly on
W. We also note that Ry is nonabelian. Indeed, we have Ry = C,.c ! C,. for some ¢ > 1.

We can now complete the proof. Seeking a contradiction, suppose M(R) contains a
subgroup H € S. Since T' = Q,(q) < SO(V) acts on V with trivial centre, we see that
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Hy = HNT is an almost simple group acting absolutely irreducibly, primitively and tensor
indecomposably on V. In particular, we may assume that G = T. Let S denote the socle
of H.

Since the above element x € Ry acts irreducibly on W, Lemma implies that

lz] =7 > dimW +5=n+4

and thus n < r® — 4. However, if S is a sporadic group, or a simple group of Lie type
in cross-characteristic, then Lemma implies that n > r® — 2 and we have reached a
contradiction. Similarly, if S = A,, is an alternating group, then m > r® > 25 and once
again this possibility is ruled out by Lemma [6.7]

To complete the proof, we may assume H is a group of Lie type over Fy, where ¢’ = p°
for some e > 1. Since Ry is nonabelian, the Weyl group of S must contain an element of
order r.

Recall that n = ir® + 1 and let z € H be an element of order r such that v(z) =i. If
a > 2 thenn > 101 and

—z<f\/ (i+1)2 ir? 4+

which means that the possibilities for H are recorded in [29, Theorem 7.1]. It is easy to see
that no examples arise with S a group of Lie type in the defining characteristic, so we may
assume that ¢ = 1 and n = ir+1 > 21. Note that i <r—1and thusn < (r—1)r+1 < 2.
If S is an exceptional group of Lie type, then the fact that the Weyl group of S contains
an element of order r > 5 implies that S = Fg(¢'), E7(¢') or Es(q’), with r =5 in the first
two cases and r € {5, 7} in the latter. Now n > 27 if S = Es(¢') or E7(¢’), and we have
n > 248 if S = Fg(¢'). So in every case we see that n > r2, which is a contradiction.
Finally, suppose that S is a classical group over Fy. First assume ¢’ > ¢. Here [36]
Proposition 5.4.6] implies that n = ¢!, where £ > 3, t > 2 and S is contained in an
orthogonal group J of dimension ¢. As noted above, we see that r divides the order of the
Weyl group of J, so £ > 2r and thus n = ¢! > 472, which is a contradiction. Finally, let
us assume ¢ < ¢. The irreducibility of z on W implies that r? is a primitive prime power
divisor of ¢"~! — 1 and this means that the rank of S is at least (n — 1)/2 > 10. But by
inspecting [43], we conclude that G does not have such a subgroup H € S, so this final
possibility is also eliminated. O

Proposition 6.9. The conclusion to Theorem [ holds when T = Q,(q) with ng odd and
n>"T.

Proof. If r = p then the maximal parabolic subgroups P; and P, have 7’-index. Now
assume r # p and set ¢ = dy(r). Note that ¢ < n — 1 since we may assume 7 divides |T|
(see Lemma [2.2)). There are several cases to consider.

Case 1. i € {1,2}

First assume ¢ = 1, so ¢ > 7. Here it is easy to check that the Ci-subgroups of type
Py—1y/2 and O}, (q) have r’-index and thus |[M(R)| > 2.

Now suppose i = 2, so ¢ > 5. If n = 1(mod 4) then (¢™V/2 - 1), = (¢" ' - 1),
and thus a Cq- subgroup of type O (q ) has r’-index. Similarly, if n = 3 (mod 4) then
Cy-subgroups of type O,,_;(¢) have r’-index. We need to determine whether or not G has
any additional maximal subgroups of r’-index.

If n — 1 is indivisible by 7, then (¢"~! — 1), = (¢ + 1), and we see that M(R) contains
Ci-subgroups of type O; (¢) X Op—2(q). Therefore, we may assume r dividesn—1. If n = 1
(mod 4) then subgroups of type 0(71—1)/2 (@) X O(n41)/2(q) have r'-index, so we can assume
n = 3 (mod 4). If n # 2r + 1 then subgroups of type O3,.(¢) x On—2-(¢) have r'-index,
so we have reduced the problem to n = 2r + 1, in which case |Rg| = r((¢ + 1),)". In the
usual manner, we can show that there are no subﬁeld subgroups in M(R) if and only if
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a(1,—1) holds. It remains to determine whether or not there are any subgroups in & with
r’-index.

Since ¢ = 2, it follows that T' contains a semisimple element x with v(x) = 2, so we may
use [29, Theorem 7.1] to study the maximal overgroups of R in S. Suppose H € S has
r’-index and let S be the socle of H. First assume S = Ay is irreducibly embedded in T'
via the fully deleted permutation module, so f = 1 and either d = n + 1 and (d,p) = 1,
or d =n+ 2 and p divides d. Here it is easy to see that H does not have r’-index. The
remaining possibilities for H are recorded in [12, Table 5] and by inspection we see that
H has r’-index if and only if G = Q7(p), H = Spg(2), r =3 and p # —1 (mod 9).

Case 2. 2<i<n-—1

If n — 1 is indivisible by 4, then maximal subgroups of type P, and O, ,(g) have 7'~
index. Now assume n — 1 = ¢i for some ¢ > 2. If ¢ is odd then we can take subgroups of
type P(,—1)/2 and O, (q), so we may assume i is even. If £ is even, then subgroups of
type O:_l(q) have 7/-index, and the same conclusion holds for subgroups of type O, _;(q)
when ¢ is odd. In addition, if r does not divide £ then subgroups of type O; (¢) x O,—;(q)
have r’-index.

So we have now reduced to the case where 4 < i <n—31is even and n — 1 = mri for
some m > 1. Here » > 5 and

|Ro| = (¢ = 1)r(¢* = 1)y (¢™" = 1)y >

Suppose m is not an r-power, so we may write n — 1 = r%bi, where ¢ > 1 and b > 2 is
indivisible by r. Here one can check that a Ci-subgroup of type O,.;(q) X Op—rai(q) has
r’-index and thus [M(R)| > 2. Therefore, we may assume m is an r-power. In particular,
¢ is odd and thus M(R) contains a Ci-subgroup H of type O, _(q).

As usual, there are no subfield subgroups in M(R) if and only if «(¢, 1) holds. Moreover,
if the latter condition holds, then by inspecting [9, [36] it is straightforward to check that H
is the unique geometric subgroup in M(R). Here H is the stabiliser in G of a nondegenerate
(n —1)-dimensional subspace W of V' and we note that Ry acts irreducibly on W. Finally,
by applying Proposition We conclude that there are no S collection subgroups in M(R)
and hence |M(R)| = 1.

Case 3. i=n—1

Here |Ro| = (¢" ' — 1), = (¢™Y/2 4+ 1), and we see that C;-subgroups of type O, ;(q)
have r’-index. Let us also observe that if |Ry| = r = n then either f = 1 and a Cy-subgroup
of type O1(q) 1 Sy, has r-index, or f > 1 and M(R) contains a subfield subgroup (since r
divides p"~! — 1). In particular, if |Ro| = r = n then |M(R)| > 2.

By inspecting [9] [36], we see that any additional subgroup in M(R) must be in one of
the collections Cs or S. In the usual manner, there are no subfield subgroups in M(R) if
and only if a(n —1,1) holds. So we have reduced the problem to determining whether or
not there are any maximal subgroups in S with 7’-index.

First assume n € {7,9,11}. We can use [9] to handle these cases. If n = 7 then there
is a maximal subgroup H € § with socle S = G3(¢q) and r'-index, so |[M(R)| > 2. Next
assume n = 11. By inspecting [9, Table 8.75] we see that there are no examples if r > 11
or |Rp| > r, while we noted above that |[M(R)| > 2 if |Rg| = r = 11. Now assume n = 9,
sor > 17. From [9, Table 8.59], we deduce that there are no examples if r > 17 or |R| > r,
so let us assume |R| =r =17. If f =1 and r = O (mod p), or if f = 2 and r = X (mod p),
then there is a maximal subgroup H € S with socle Lo (17), which clearly has r’-index. So
for n = 9 we deduce that there are no subgroups in & with r’-index if and only if r > 17,
or |[R|>r,or f>2 or f=2andr=0(mod p), or f=1and r =X (mod p).

To complete the proof, we may assume i = n — 1 and n > 13. By inspecting [27], we
find that there are no subgroups in & with r’-index when r > 2n — 1, so we may assume



MAXIMAL OVERGROUPS OF SYLOW SUBGROUPS 27

r € {n,2n — 1}. For r = 2n — 1, the only possibility is a subgroup with socle La(s),
where r = s is a prime. Here r = 1 (mod 4) (since n is odd) and by inspecting [32, Table
2(b)] we see that either f = 1 and r = O (mod p), or f = 2 and r = K (mod p). In
addition, we have G = T and such a subgroup has r/-index if and only if |R| = r. It
is also maximal because it is not contained in a reducible C;-subgroup of type O, _;(q).
Finally, if » = n > 13 then by inspecting [27] it is straightforward to check that there are
no subgroups in & with r’-index when |Ry| > r. For example, if H has socle S = Ly(s)
andn =7 = (s?—1)/(s— 1) (see [27, Table 8]), then |Hy| is clearly indivisible by r2. And
finally, if |Ro| = r = n then |[M(R)| > 2, as noted above. O

6.5. Even dimensional orthogonal groups. To complete the proof of Theorem [2] for
classical groups, we may assume 7' is an even dimensional orthogonal group. We will
handle the plus-type and minus-type groups separately.

Proposition 6.10. The conclusion to Theorem@ holds when T = PQf (q) and n > 8.

Proof. We will show that |[M(R)| > 2 in all cases. If » = p then every maximal parabolic
subgroup has r’-index and there are at least two conjugacy classes of such subgroups in
G (including the special case where n = 8, r = 3 and G contains triality automorphisms).
Now assume r # p and let i = d,(r). We may assume r divides |T'|, in which case i < n—2.

Case 1. i € {1,2}

First assume G does not contain any triality graph or graph-field automorphisms when
n = 8. If i = 1 then G contains two conjugacy classes of maximal parabolic subgroups
of type P, /5 (corresponding to the two T-orbits on maximal totally singular subspaces of
the natural module). These subgroups have r’-index and thus |[M(R)| > 2.

Now assume i = 2, so ¢ # 3. If n = 2 (mod 4) then C;-subgroups of type P; and N
have r’-index and thus |[M(R)| > 2. Now assume n = 0 (mod 4). Here a Co-subgroup of
type O5 () 1 Sp/2 is maximal (see [9, [36]) and has r'-index. In addition, we can take a
Cs-subgroup of type GU,,/5(q) (in fact, there are two conjugacy classes of such subgroups).

To complete the analysis of this case, let us assume n = 8, r = 3 and G contains
triality graph or graph-field automorphisms. Set ¢ = + if ¢ = 1, otherwise ¢ = —, so
|Ro| = 3((g—¢)3)* and by inspecting [9, Table 8.50] we see that G has a maximal subgroup
of type GL5(q) x GL{(¢) with 3'-index. If i = 2 or ¢ > 7, then M(R) also contains a
Ca-subgroup of type O5(q) ¢ S4. Finally, if (i,q) = (1,4) then a subfield subgroup of type
O (2) has 3/-index, and we conclude that [M(R)| > 2 in all cases.

Case 2. 2<i<n—2

Here r > 5 and we will first assume i is odd. If i does not divide n/2, then (¢™/2—1), = 1
and one can check that the Ci-subgroups P, /» and N; have r’-index. On the other hand,
if i divides n/2 then a Cy-subgroup of type Oj;(g)? Sp/2i has r’-index, and so does a
Cs-subgroup of type O:/k(qk), where k is a prime divisor of 4.

Now assume i is even. If i does not divide n/2 then N7 has r’-index, and so does a
C1-subgroup of type 0O5(q) x Of,_5(q), where € = + if ¢ divides (n —2)/2, otherwise € = —.
Finally, suppose i divides n/2. Here a Ca-subgroup of type O; (¢) 1S, ; has r'-index. In
addition, a Cs-subgroup of type O:/k(qk) also has r’-index, where k = 2 if i = 0 (mod 4)
and k is an odd prime divisor of i if i = 2 (mod 4). O

Proposition 6.11. The conclusion to Theorem @ holds when T'= P, (¢) and n > 8.

Proof. If r = p then every maximal parabolic subgroup has r’-index and there are at least
two conjugacy classes of such subgroups in G. Now assume r # p and set i = dy(r).

Case 1. i € {1,2}
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For i = 1 we observe that N1 and P, /,_; both have 7’-index (note that (V% +1), =1).
Now assume i = 2. If n = 0 (mod 4) then (¢™/?+1), =1 and (¢" 2—1), = (¢ 2/2+1),,
which means that the C;-subgroups of type N1 and O3 (q) x O, ,(g) have r’-index. And
for n = 2 (mod 4) we can take a Ca-subgroup of type O, (¢) 1 S,,/2 and a Cz-subgroup of
type GU,,/2(q).

Case 2. 2<i1<mn

If 4 is odd, then (q”/2 + 1), = 1 and we deduce that the C;-subgroups Ny and P, /54
have 7’-index.

Now assume 4 is even. If i divides n/2 then n = 0 (mod 4) and we have (¢"/2 4+ 1), = 1
and (¢" 2 — 1), = (¢™?/2 £ 1),. Therefore, the C;-subgroups P; and N; have r’-index.
If i does not divide n, then N; and a Ci-subgroup of type O5(q) x O, ,(¢) have r’-index,
where € = — if ¢ divides (n — 2)/2, otherwise ¢ = +. Finally, suppose ¢ divides n, but
does not divide /2, in which case n/i is odd and (¢"/? + 1), = (¢"/? + 1),(n/i),. Here
one can check that a Ca-subgroup of type O; (q) ¢ S,/; has r’-index. We can also take a
Cs-subgroup of type O;/k(qk), where k = 2 if i = 0 (mod 4), and k is an odd prime divisor
of 7 if i = 2 (mod 4).

Case 3. i=mn

First observe that |Ro| = (¢"/?+1), and r > n+1. If n = 0 (mod 4) then a C3-subgroup
of type 05/2(q2) has r'-index. Similarly, a C3-subgroup of type GU, 5(¢) has 7'-index if
n =2 (mod 4). If k£ > 3 is a prime divisor of n with n > 2k, then a Cs-subgroup of type
O;/k(qk) has r’-index. Therefore, [M(R)| = 1 only if one of the following holds:

5 is a prime; or
3

As noted above, M(R) contains a C3-subgroup of type GU,, /5(q) or 05/2(q2) in the two
respective cases. In the usual manner, we deduce that there are no subfield subgroups
with 7/-index if and only if 3(n/2,—1) holds. And then by inspecting [9, [36] we see that
any additional subgroup in M(R) must be an almost simple group in the collection S.
Since neither a Cz-subgroup of type GU, 2(q) or O;/Q(qQ), nor a subfield subgroup of G

contains a subgroup in S, it follows that |[M(R)| > 2 if there exists a subgroup in S with
r’-index. We now divide our analysis of the subgroups in S into two cases.

Case 3(a). i =n and n = 2a, where a > 5 is a prime

First assume case (a) holds. If n = 10 then by inspecting [9, Table 8.69] we deduce that
there is a maximal subgroup in S with r’-index if and only if f = 1, |R| = r = 11 and
p = X (mod 11). In fact, if » = 11 then our hypotheses imply that p = X (mod 11) and
thus |[M(R)| > 2. Indeed, if p = 2% (mod 11), then 11 divides p® — 1 and thus 11 divides
¢® — 1, which is incompatible with the assumption i = 10.

For the remainder, we may assume n > 14. By carefully applying the main theorem of
[27], we deduce that there are no possibilities with » > 2n + 1. If r = 2n + 1, then the
only option is a subgroup with socle La(r). Here r = 1 (mod 4) and by inspecting [32]
Table 2(b)] we see that the Frobenius-Schur indicator of the corresponding representation
is incompatible with an embedding in G (indeed, we get an embedding in a symplectic
group). So this case does not arise.

To complete the analysis of case (a), we may assume r = n + 1 and n > 14. By
inspecting [27], we see that there are no r’-index subgroups in S if |Ry| > r, so we may
assume |Rp| = r. Now r divides p” — 1, so every maximal subfield subgroup of G has
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r’-index and therefore we may assume f is a 2-power. In particular, since G/T is an
r-group, it follows that G = T. Let us assume H € S has socle S and r’-index.

First assume S = A, is an alternating group, which is irreducibly embedded in G via
the fully deleted permutation module over F,. Here f = 1 and we note that p does not
divide n+1 (since r = n+1). Therefore, for p odd there exists a subgroup in S with socle
Aps1 and r'-index, so |[M(R)| > 2. Now assume g = 2. We claim that a = 1 (mod 4).
To see this, suppose a = 3 (mod 4), which means that » = —1 (mod 8) and thus ¢ is a
square modulo 7, say ¢ = 22 (mod r). But then ¢® = 2"~! = 1 (mod r), which contradicts
the fact that dy(r) = n = 2a. This justifies the claim and we deduce that A, 12 < G has
r’-index. In particular, |[M(R)| > 2 if f = 1.

In fact, we claim that |[M(R)| > 2 for all f. To justify this, suppose p is odd and
consider the fully deleted permutation module for A, ; over F,. This is an orthogonal
module, so the corresponding representation embeds A, ;1 in Q (¢) and we see that e = —
since |Q7(q)| is indivisible by 7. Therefore, we have R < A,41 < G. Now A, is not
contained in a Cz-subgroup of type GU, (q) because A, 11 does not have a nontrivial
representation of dimension less than n over any field. Therefore, R is contained in some
other maximal subgroup of G (necessarily in §) and this justifies the claim. An entirely
similar argument applies when p = 2, working with R < 4,42 < G.

Case 3(b). i =n and n = 2%, where a > 3

If n = 8 then by inspecting [9, Table 8.53] we see that there are no subgroups in S
with 7’-index, so we may assume a > 4 for the remainder. Suppose H € S has r’-index
and socle S. If » > 2n + 1, then the main theorem of [27] implies that S = Ly(r) with
r = 2n + 1 is the only possibility. But by inspecting [32], Table 2(b)] we find that the
Frobenius-Schur indicator is incompatible with an embedding in 7', so this case does not
arise.

Finally, let us assume r = n+1, so r is a Fermat prime. First note that ¢ is odd. Indeed,
r = 2%+ 1 divides 22¢ — 1 and thus r divides ¢?* — 1 if ¢ is even, which is incompatible
with the fact that d,(r) = n = 2*. By inspecting [27] we see that there are no subgroups
in § with ’-index if |Ry| > r, so we may assume |Ry| = 7.

Suppose S = Ay is irreducibly embedded in G via the fully deleted permutation module
over IF,. Then for ¢ = p it follows that there is a subgroup in § with socle A,; and
r’-index. By repeating the argument in Case (a), this implies that |[M(R)| > 2 for all ¢
and the proof of the proposition is complete. O

7. PROOF OF THEOREM [2 EXCEPTIONAL GROUPS

In this section, we complete the proof of Theorem [2| by handling the exceptional groups
of Lie type. Here it will be convenient to adopt the standard Lie notation for groups of
Lie type. So for example, we will often write A,,_1(q) for SL,(¢) (and also PGL,(¢q) and
L,(q)) and A ,(g) for SU,,(q) (and also PGU,(q) and U,(q)). As before, we write ¢ = p/
with p a prime. In addition, if H is a subgroup of G, then we set Hy= HNT.

Proposition 7.1. The conclusion to Theorem[3 holds when T = 2Bs(q) or 2G2(q)’.

Proof. First assume T = 2Bs(q), so |T| = ¢*(q — 1)(¢*> + 1) and q = 2/ with f > 3 odd.
The maximal subgroups of G are listed in [J, Table 8.16]. As usual, let ¢ = d4(r) and note
that ¢ € {1,4}. If i = 1 then |Ry| = (¢ — 1), and we see that M(R) contains subgroups
H with Hy = [¢°]:(qg — 1) and Dy(,_1y. Now assume i = 4, so |Ro| = (¢ + 1), and r
divides m = g+ €/2¢ + 1 for some € = +. In particular, M(R) contains the normaliser of
a maximal cyclic torus of order m. By inspection, any additional H € M(R) must be a
subfield subgroup with Hy = 2Bs(qo) and q = qé“ , where k is a proper prime divisor of f.
Since |Ho|, = (¢¢ 4 1), we conclude that |M(R)| = 1 if and only if (¢"/*¥)? # —1 (mod r)
for every prime divisor k # r, f of f.
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Now assume T = 2Ga(q)’, so ¢ = 3/ and f is odd. If f = 1 then T = Ly(8) and we
find that |[M(R)| = 1 if and only if » = 3. For the remainder, let us assume f > 3 and
note that |T| = ¢3(q — 1)(¢® + 1). We refer the reader to [9, Table 8.43] for the maximal
subgroups of G. If r = 3 then M(R) = {H}, where Hy = [¢®]:(¢ — 1) is a Borel subgroup
of T'. Now assume r > 5 and set ¢ = dy(r), so i € {1,2,6}. If i = 1 then |Ry| = (¢—1), and
M(R) contains a Borel subgroup and the centraliser of an involution (so Hy = 2 x La(q)
in the latter case). Similarly, if ¢ = 2 then M(R) contains subgroups with Hy = 2 x La(q)
and (2% x D (4+1)/2):3. Finally, suppose i = 6. Here |Ro| = (¢> + 1), and r divides
m = ¢+ €y/3q + 1 for some ¢ = +. In this case, M(R) contains the normaliser of a
maximal torus of order m and any other subgroup in M(R) has to be a subfield subgroup
of type 2G2(qo), where ¢ = ¢ and k is a prime. We deduce that |M(R)| = 1 if and only
if a(3,—1) holds (see (3)). O

Proposition 7.2. The conclusion to Theorem@ holds when T = 2Fy(q)’.

Proof. Here q = 2f with f odd. If f = 1 then a MAGMA calculation shows that |M(R)| >
2, so we may assume f > 3. Note that

IT| = q"(q—1)(¢* + 1)(¢" — 1)(¢° + 1)

and the maximal subgroups of G are determined in [44] (noting the correction in [15],
where Craven shows that 2F4(8) has three classes of maximal subgroups isomorphic to
PGL2(13) that were omitted in [44]). Set ¢ = d4(r), so i € {1,2,4,6,12}.

First assume i = 1, so |Rg| = ((¢ — 1))? and every maximal parabolic subgroup of G
has 7/-index, whence |[M(R)| > 2. Similarly, if i = 2 then |Ro| = ((¢+1),)?(3), and M(R)
contains subgroups with Hy = SU3(¢):2 and PGU3(q):2. The case i = 6 is entirely similar.

Next assume i = 4. Here r > 5, |Ro| = ((¢> + 1),,)?> and M(R) contains a subgroup
with Hy = 2B(q) 1 S2. Now

@ +1=(q+20+1)(q—/2q+1)

and thus r divides m = ¢ + €y/2¢ + 1 for some € = +. If ¢ = + then M(R) contains
the normaliser of a maximal torus of order m?, and the same conclusion holds if € = —
and f > 5. So let us assume ¢ = — and f = 3, in which case ¢ = 8 and r = 5. Here
|Ro| = 5% and M(R) contains a subfield subgroup 2F4(2), so once again we conclude that
IM(R)| = 2.

Finally, let us assume i = 12. Here r € {13,37,61,...}, |Ro| = (¢® + 1), = (¢* —¢* + 1),
and we note that

¢~ +1= (" + V20 + g+ 20+ 1)@ — V2¢° + 94— /2q+ 1),

so 7 divides m = ¢ + €3/2¢3 + q 4 ey/2q + 1 for some € = +. Then M(R) contains the
normaliser of a maximal torus of order m and by inspecting [44] we see that any additional
subgroup in M(R) is a subfield subgroup of type 2Fy(qo), where ¢ = ¢f, k is a prime and
(g8 + 1), = (¢° + 1),. (Note that if ¢ = 8 then r € {37,109}, so the maximal subgroups
PGLy(13) < 2F4(8) do not have r’-index.) Therefore, |[M(R)| = 1 if and only if (6, —1)
holds. O

Proposition 7.3. The conclusion to Theorem@ holds when T = 3Dy(q).
Proof. Let us first observe that
T =4q"(¢® = 1)(@® ~ D)(@® +¢" +1)
=¢%(¢* -~ 1)(® - (@ —q+ 1) +q+1)(¢" —¢* +1)

and the maximal subgroups of G are listed in [9, Table 8.51]. If r = p then every maximal
parabolic subgroup has r’-index, so we may assume r # p. Let ¢ = dy(r) be the order of ¢
modulo r and note that ¢ € {1,2,3,6,12}.
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First assume ¢ = 1 and note that |Ro| = ((¢ — 1)(3),)%. If » > 5 then M(R) contains
subgroups of type G2(q) and A1(¢*)A1(q), so we may assume r = 3. Here we observe that
maximal rank subgroups of the form As(q) x (¢® + ¢ + 1) have 3’-index and by inspecting
[9, Table 8.51] we deduce that any additional subgroups in M(R) must be of the form
3D4(qo), where ¢ = ¢f and k # 3 is a prime. If k > 5 then go = 1 (mod 3) (since ¢ = 1
(mod 3)) and (go — 1)3 = (¢ — 1)3, so H has 3'-index. The same conclusion holds if k = 2
and g = 1 (mod 3). And if ¥ = 2 and g9 = —1 (mod 3), then (go + 1)3 = (¢ — 1)3 and
once again we deduce that H has 3’-index. Therefore, if = 3 then |[M(R)| = 1 if and
only if f = 3% for some a > 0.

Next assume i = 2. As in the previous case, it is easy to see that |[M(R)| > 2 if r > 5,
so we may assume r = 3. Note that f is odd since 3 divides ¢ — 1 if f is even. Then
|Ro| = 9((¢+1)3)? and maximal rank subgroups of type A, (q) x (¢> —g+1) have 3'-index.
By considering subfield subgroups as above, we deduce that |[M(R)| = 1 if and only if
f = 3% for some a > 0.

Suppose i = 3, so r > 7 and |Ro| = ((¢* + ¢ + 1);)2. Then M(R) contains maximal
rank subgroups of the form As(q) x (¢> 4+ ¢+ 1) and (g% + ¢ + 1)2. Similarly, if i = 6 then
subgroups of type 45 (q) x (¢*> — ¢+ 1) and (¢* — ¢ + 1)? have r'-index.

Finally, let us assume i = 12, so 7 > 13 and |Ro| = (¢° + 1), = (¢* — ¢* + 1),. Here
M(R) contains the normaliser of a maximal torus of order ¢* — ¢?> + 1. Any additional
subgroup in M(R) has to be a subfield subgroup of type >D4(qo), where ¢ = ¢& and k # 3
is a prime. As a consequence, we deduce that |[M(R)| = 1 if and only if (¢"/¥)® # —1
(mod r) for every prime divisor k # 3,r of f. O

Proposition 7.4. The conclusion to Theorem [ holds when T = Ga(q)'.

Proof. If ¢ = 2 then T' = U3(3) and |[M(R)| = 1 if and only if r € {3, 7}. For the remainder
we will assume ¢ > 3, so |T| = ¢%(¢®> — 1)(¢® — 1) and the maximal subgroups of G are
recorded in [9] (Table 8.30 for p = 2, Table 8.41 for p > 5 and Table 8.42 for p = 3).

Case 1. p=2

First assume p = 2 and ¢ > 4. Let i = dy(r), so we have i € {1,2,3,6}. Suppose i = 1
and note that |Ry| = ((¢ — 1),)?(3),. Here a maximal rank subgroup of type As(q) has
r’-index, and so does A1(q)? if » > 5. For 7 = 3 we note that a subfield subgroup of type
Ga(qo) has 3'-index if and only if ¢ = ¢§ and k # 3 is a prime. Therefore, if i = 1 then
IM(R)| =1 if and only if » = 3 and f = 3% for some a > 0. The same conclusion holds
for i = 2.

Next assume i = 3, so r > 7. Here M(R) contains a maximal rank subgroup of type
As(q). Tt also contains a subfield subgroup of type Ga(qo) if ¢ = ¢, k # r is a prime and
gs =1 (mod 7). By inspecting [9, Table 8.30], we conclude that |[M(R)| = 1 if and only if
a(3,1) holds. Similarly, if i = 6 then ¢ > 4 (recall that 26 — 1 does not have a primitive
prime divisor) and |M(R)| = 1 if and only if ¢ > 8 and «(3,—1) holds. (Note that if i = 6
and ¢ = 4, then r = 13 and M(R) contains a subgroup with socle Ly(13).)

Case 2. p=3

It is straightforward to show that |[M(R)| > 2 when p = 3. Indeed, if r = p then every
maximal parabolic subgroup has r/-index, so we can assume r # p and we define i = dy(r)
as above. If i € {1,3} then M(R) contains at least two subgroups of type Aa(q) (note
that G has two conjugacy classes of such subgroups). Similarly, if ¢ € {2,6} then there
are at least two subgroups of type A; (¢) in M(R).

Case 8. p=5
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Finally, let us assume p > 5. For » = p we note that every maximal parabolic subgroup
has r’-index, so we may assume r # p. Define i = d,(r) € {1,2,3,6} as before. The
conditions here are more complicated than in Cases 1 and 2.

First assume i = 1, so |Rg| = ((¢ — 1),)?(3),. Here M(R) contains a maximal rank
subgroup of type As(q), and it also contains one of type A;(¢)? if » > 5. Now assume
r=3. Ifqg= q(’)C with k a prime, then a subfield subgroup of type G2(qo) has 3'-index if
and only if (g9 — 1)3 = (¢ — 1)3, which is equivalent to the condition k # 3. It follows
that there are no subfield subgroups in M(R) if and only if f = 3% for some a > 0. By
inspecting [0, Table 8.41], we note that if f = 1 and |R| = 33, then M(R) contains a
subgroup Us(3):2. Therefore, we conclude that if ¢ = 1 then |[M(R)| = 1 if and only if
r = 3 and either f = 3 witha > 1, or f =1 and ¢ = 1 (mod 9). The same conclusion
holds for i = 2, replacing the condition ¢ = 1 (mod 9) by ¢ = —1 (mod 9).

Next assume i = 3, so r € {7,13,19,31,...} and |Ro| = (¢* — 1),. A maximal rank
subgroup of type A3(q) has r’-index and we note that there are no subfield subgroups in
M(R) if and only if «(3,1) holds. So if we assume that the latter condition holds, then
by inspecting [9, Table 8.41] we deduce that |[M(R)| =1 if » > 13, or |Ry| > r, or f > 3,
or if one of the following holds:

(a) f =3 and either r =13, or r =7 and p = £1, 43 (mod 9).

(b) f=2,r€{7,13} and p = O (mod 13).

(¢) f=1,r=13 and p = K (mod 13).
(Note that if f =1 and |Rg| = r = 7, then U3(3):2 € M(R).) The same conclusion holds
for i = 6, replacing the condition «(3,1) by «(3,—1). O

Proposition 7.5. The conclusion to Theorem[d holds when T = Fy(q).

Proof. Here |T| = ¢**(¢*> — 1)(¢° — 1)(¢® — 1)(¢'2 — 1) and we may assume r # p. Let
i = dg(r) and note that i € {1,2,3,4,6,8,12}. The maximal subgroups of G have been
determined (up to conjugacy) by Craven (see Tables 1.1, 7.1 and 7.2 in [I5]). By inspection,
it is straightforward to identify the maximal subgroups with r’-index recorded in Table
so to complete the proof we may assume i € {8,12} and ¢ is odd.

Suppose i = 8 and ¢ is odd, in which case |Ry| = (¢* + 1), and M(R) contains a
subgroup of type By(q). Note that r € {17,41,73,...}. There are no subfield subgroups
in M(R) if and only if a(4,—1) holds. Given this condition, by inspecting [15, Tables 1.1,
7.1] we deduce that [M(R)| =1 if and only if » > 17, or |R| > r, or f > 2, or one of the
following holds:

(a) f =2 and either p =3 or p =0 (mod 17).
(b) f=1and p=KX (mod 17).

Finally suppose i = 12 and ¢ is odd, so r € {13,37,61,...}, |Ro| = (¢* — ¢* + 1), and
M(R) contains a subgroup of type ®Dy(q). There are no subfield subgroups in M(R)
if and only if a(6,—1) holds. If this condition holds, then by inspecting [I5, Tables 1.1,
7.1] we see that [M(R)| = 1 if and only if » > 13, or |R| > r, or f & {1,3}, or f =3
and p = +1 (mod 7). (Note that if |Ro| = r = 13 then 3D4(2).3 € M(R) if f = 1, and
similarly PGLy(13) € M(R) if f =3 and p = £2,43 (mod 7).) O
Proposition 7.6. The conclusion to Theorem@ holds when T' = Eg(q).

Proof. Set e = (3,q — 1) and note that

7] = 24~ (@ - e~ V(e - (e~ 1) - 1).

We may assume r # p. Let i = dy(r), so i € {1,2,3,4,5,6,8,9,12}. If i # 9 then by
carefully inspecting [15] we can identify at least two maximal subgroups with r’-index (see

Table .
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For example, suppose i = 1. If 7 > 5, then |Ry| = ((¢ — 1),,)%(5), and it is easy to see
that the maximal parabolic subgroups P; and Ps have r’-index. Now assume r = 3, so
|Ro| = ((¢ — 1)3)°3? and a maximal rank subgroup of type As(q)® has r'-index. If ¢ > 7
then we can take the normaliser of a split maximal torus (a subgroup of type (g — 1)5. W,
noting that W = Og (2) is the Weyl group of T and we have [W|3 = 31). And for ¢ = 4
we can take a subfield subgroup of type 2FEg(2).

To complete the proof, let us assume i = 9. Here r > 19, |Ro| = (¢® + ¢* + 1), and
a maximal rank subgroup of type As(¢®) has r’-index. By inspecting [I5, Table 7.3], it
remains to determine whether or not there are any subfield subgroups or & collection
subgroups in M(R), where the latter comprises the almost simple subgroups recorded in
[15, Table 1.2]. As usual, there are no subfield subgroups with r’-index if and only if
a(9,1) holds. Finally, suppose H € S has socle S and observe that H has r’-index if and
only if |R| = r = 19 and one of the following holds:

(a) S=J3,g=4and G=T;or
(b) S =1L2(19), G =T and either f =2 and p =X (mod 5), or f =1, p =0 (mod 5)
and p = O (mod 19).
Therefore, for i = 9 we conclude that there are no S collection subgroups in M(R) if and
only if r > 19, or |[R| > r,or f > 2, or f =2 and p = (mod 5), or f = 1 and either
p =X (mod 5) or p =X (mod 19). O

Proposition 7.7. The conclusion to Theorem@ holds when T = 2Eg(q).
Proof. Set ¢’ = (3,q+ 1) and note that

7] = gq%(qz ~ 1)@ + 1D)(¢° = D(¢* - D(¢° + 1)(¢"* - 1).

We may assume r # p. Let i = d4(r) and note that i € {1,2,3,4,6,8,10,12,18}. By
inspecting [I5], we deduce that |[M(R)| = 1 only if ¢ = 18 (see Table [2)).

Suppose i = 18, so r > 19, |Rg| = (¢° — ¢ + 1), and a maximal rank subgroup of type
A5 (¢?) has r'-index. By inspecting [15, Table 7.4], we see that any additional subgroup in
M(R) is either a subfield subgroup or is contained in the collection S. As usual, there are
no subfield subgroups in M(R) if and only if 3(9, —1) holds. Finally, let us assume H € S
has socle S. By considering [15, Table 1.3] we deduce that such a subgroup has r’-index
if and only if § = L2(19), |[R|=r=19, f =1, p=0(mod 5) and p = X (mod 19). O

Proposition 7.8. The conclusion to Theorem[d holds when T = Exz(q).
Proof. Set d = (2,q — 1) and note that

17 = 266~ (&~ D@~ D@ - D@~ V(g™ ~ 1)@~ 1)

We may assume 7 # p. Let ¢ = dy(r), so i € {1,2,...,10,12,14,18}. By considering
maximal rank subgroups of G (see [39]), it is straightforward to show that |[M(R)| > 2 if
i # 18 (see Table [3).

To complete the proof, we may assume i = 18. First observe that r € {19,37,73,...}
and a maximal rank subgroup of type 2Eg(q) x (¢ + 1) has ’-index. In the usual manner,
we see that there are no subfield subgroups in M(R) if and only if a(18,1) holds. We now
need to determine whether or not there are any additional subgroups in M(R) and we
can use [16, Theorem 1.1] to do this, which gives an almost complete classification of the
maximal subgroups of G up to conjugacy. In this way, we deduce that any other subgroup
H with r’-index must be almost simple with socle S and one of the following holds:

(a) |R| = r =19 and either S = U3(8) with ¢ = p > 3, or S = L2(37) and either
q = p # 37 is a square modulo 37, or ¢ = p? and p is a nonsquare modulo 37.
(b) |R| =r =37 and S = Ly(37), with the same conditions on ¢ as in (a).
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i Fu(q) Es(q) 2Es(q)
1 Da(q), A2(q)? P1,Ps (r>5) Fi(q), A2(¢*)A2(q)
Aa(q)3,(q— 1) W (r=3,4>7)
Ag(q)3,Eﬁ 2) (r=3,q=4)
2 Da(q), A5 (9)? Fu(q), A2(¢*)A5 (9) A7 (9)A1(), (g+1D)S.W (r > 5)
AZ (@3 (q+ 1) W (r=3,q>4)
A7 (@3 (q+1)5W (r=3,9g=2,G=T.3)
A5 (q)3,Fizg (r=3,¢=2,G=T)
3 3D4(q), A2(q)? Aa(q)3, (¢ +q+1)3 Aa(q*)A2(q),*Da(q) x (¢* —q+1)
4 Da(q), Ba(q) (p#2) Py, Pg Dy(q) x (¢ +1)2, D5 (q) x (g+1)
C4(q), 2 classes (p = 2)
5 Pi, Ps
6 3D4(q), A3 (q)? Fu(q),®Da(q) x (*+q+1) A5 (q)%,2Da(q) x (2 —q+1)
8 Ba(q) (p#2) Py, P P2, Dg (q) x (¢ +1)
C4(q), 2 classes (p = 2)
9 Aa(q®)
10 P1,D5 (q) x (¢ +1)
12 3D4(q) (p #2) Fi(q),%Da(q) x (¢* +q+1) Fi1(q),%Da(q) x (¢* —q+1)
3D4(q), 2 classes (p = 2)
18 A7 (%)

TABLE 2. The cases r # p for T = Fy(q), F¢(q) or *Eg(q)

w

i FEq7(q) Es(q)
I (@—D"W,Es(9)x(q—1)(r#7,¢27) (¢—1)5W, Dg(q) (r>7)
(=17 W, Ai(@)" (r=7,q>11) (q—1)B.W, Ay(q)? (r =5)
Eo(q) x (g —1), B7(2) (r=3, ¢=4) (q—1)BW, Ax(q)* (r=3,q27)
Eg(2), Aa(q)* (r=3,q=4)
2 (¢—1)%.W, Ds(q)A1(q) (r #3,7) (q+ 1)8.W, Dg(q) (r=7)
(q+1)".W, 2E6(q) x (g+ 1) (r =3) g+ 1)B.W, A (q)? (r=25)
(q+ 1) W, Ai(q)" (r="7) g+ 1)B.W, A7 (q)* (r=23)
q)

(

( (
A1(q%)®D4(q), As(q)A2(q) EqQ + g+ 1)*, A2(q) Es(

(

(

4 A7(q), De(q)A1(q) ?+1)* Ds(q) (r=7)
@+ 14 A (¢?) (r=5)
5 Ar(q), De(q)A1(q) ¢t + P+ +q+1)2, As(g)?
6 Ai(q®)3Da(q), A5 (9)A5 (9) (@ —q+ 1% AF (@*
7 A7(q),A1(d7) Ag(q), A1(q9)E7(q)
8  A7(q), Ds(q)A1(q) Ds(q), Da(g?)
9  Pr,Es(q) x(¢g—1) As(q), A1(q)Er(q)
10 A7 (g), Ds(q)A1(q) (" — ¢ + ¢ —q+1)2, A; (9)?
12 E§(q) x (g—¢), e==+ (¢ — ¢* + 1)2,3Da(q)?
14 A7 (q),A1(q") AZ (9), A1(q)E7(q)
15 G-+ -+ —qg+1
18 2Es(q) x (¢+1) A5 (9),%Es(9) A3 (9)
20 Ay (q2) (2 classes)
24 A3 (¢%),3D4(q?)
30 CHd P - - +qg+1

TABLE 3. The cases r # p for T = E7(q) or Es(q)

Therefore, we conclude that there are no r’-index subgroups in the collection S if and only
if r > 37, or |[R| > r, or f > 2, or one of the following holds:

(i) f=2and p =0 (mod 37); or

(ii) f =1 and either r = 19 and ¢ = 2 (note that 2 is not a square modulo 37), or
r =37 and p = X (mod 37).

These conditions are recorded in Table O

Finally, we turn to the groups with socle T' = Eg(q). Here we will need the following
result of Craven [17].



MAXIMAL OVERGROUPS OF SYLOW SUBGROUPS 35

Proposition 7.9. Let G be an almost simple group with socle T = Eg(q), where ¢ = p!
and p # 61 is a prime. Then G has a mazimal subgroup with socle Ly(61) if and only if
[ is minimal such that dy(61) is indivisible by 4.

Proposition 7.10. The conclusion to Theorem[d holds when T = Es(q).

Proof. First observe that

| = q"(¢* = D)(¢® = (¢ = D(@" = 1)(¢"* = 1)(¢® — D(@* ~1)(¢* - 1).

If r = p then every maximal parabolic subgroup has r’-index, so assume r # p. As usual,
set i = dy(r) and note that

i€{1,2,...,10,12,14, 15,18, 20, 24, 30}.

For i # 15,30, we can use the information in [39, Tables 5.1, 5.2] on maximal rank
subgroups to identify two maximal subgroups with r’-index (see Table .

To complete the proof, we may assume ¢ € {15,30}, so r € {31,61,151,...} and we
have |Ro| = (¢°° — 1),. In addition, we note that the normaliser in G' of a maximal torus
of order ®;(q) = ¢® — eq” + €¢® — ¢* + €¢® — eq + 1 has r'-index, where ¢ = + if i = 15
and € = — if ¢ = 30. In the usual manner, we see that there are no subfield subgroups
in M(R) if and only if a(30,1) holds. By considering [42, Theorem 8|, we deduce that
any additional maximal subgroup H with 7’-index is either an exotic local subgroup, or
an almost simple subgroup in the collection S.

First we claim that |[M(R)| > 2 if |R| = r = 31. To see this, first observe that r divides
p3Y — 1 and thus every subfield subgroup of G has r’-index. Therefore, we may assume
f =1 and we note that ¢ > 3 since 31 = 2° — 1. By inspecting [14, Table 1] we see that G
has a maximal exotic local subgroup H = 25+19 L5(2) with r’-index and this justifies the
claim. For the remainder, we may assume r > 31 or |R| > r, which means that G has no
maximal exotic local subgroups with r/-index (see [14]).

Finally, let us assume H is almost simple with socle S, and let Lie(p) be the set of
simple groups of Lie type in characteristic p.

First assume S € Lie(p). Here we apply [I8, Theorem 1.1], which describes the possi-
bilities for S under the assumption that S is not isomorphic to a group of the form Ly(q’).
It is easy to see that none of the possibilities have order divisible by r, so we may assume
S = La(q') with ¢’ = p® for some e > 1. By applying the main theorem of [40], we may
assume ¢ < 1312d, where d = (2,p — 1). Now such a subgroup has r’-index only if r
divides p*® — 1, which implies that r divides ¢2¢ — 1. Therefore, e has to be divisible by
15 and thus ¢’ > 2'° > 1312d. We conclude that there are no such subgroups in M(R).

Finally, let us assume S ¢ Lie(p). Here the possibilities for S are described in [41] and
the fact that |H]| is divisible by r is very restrictive. Indeed, we see that H has r’-index
only if » € {31,61} and |R| = r, so in view of our earlier observations, we may assume
|R| = r = 61 and it follows that S = Lo(61) is the only possibility. By Proposition
G has a maximal subgroup of this form if and only if ¢ = pf and f is minimal such that
dps(r) is indivisible by 4. Since dp(r) divides 60, it follows that either dp(r) or dp2(r) is
indivisible by 4. Therefore f < 2, with equality if and only if d,(r) = 60 and i = 30.

In conclusion, if |R| = r = 61 then M(R) contains an almost simple subgroup with
socle L(61) if f = 1 (since dy(r) = dp(r) € {15,30} is indivisible by 4) and it does not
contain such a subgroup if f > 2. And for f = 2, there is no such subgroup in M(R) if
and only if d,(r) € {15,30} (in which case i = 15). O

This completes the proof of Theorem 2] for exceptional groups of Lie type. By combining
this with Propositions and together with the results in Sections [6] we conclude
that the proof of Theorem [2|is complete.
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8. PROOFS OF THE MAIN COROLLARIES

In this section we prove Corollaries [3| [} [5] [6] and

Proof of Corollary[3 As in the statement of the corollary, let G be an almost simple
group with socle T', let R be a Sylow r-subgroup of G and assume G/T' is an r-group. Set
Ry = RNT, which is a Sylow r-subgroup of 7'. Our goal is to show that M(R) = {Ng(Ro)}
if and only if (G, r) is one of the cases recorded in Table [E} which is presented in Section

We proceed by inspecting the triples (G, r, H) with M(R) = {H} arising in Theorem
(for r = 2) and Theorem [2| (for r odd). Here Ry # 1 by Lemmal[2.2/and thus H = N¢/(Ry)
if and only if Ry = O, (Hyp). We consider each possibility for 7" in turn.

First assume 7' = A,, is an alternating group. If » = 2 then Theorem [I] implies that
Hy = A,_1 and we deduce that n = 5 is the only possibility. Here 7" = L(4) and this
case is recorded as (La(4),2, P;) in Table [E| Now assume 7 is odd, so G = T and the
possibilities are presented in part (i) of Theorem By inspection, it is easy to check
that H = Ng(Rp) if and only if n = 6, r = 3 and H = (S3S2) N G, which is listed as
(L2(9), 3, P1) in Table [E| or if the conditions in case (i)(d) of Theorem [2| are satisfied. In
the latter case, we have n = r and H = AGL1(r) N G = Ng(R), as recorded in the first
row of Table [E| (note that the special case r = 5 appears as (L2(5),5, P1)).

The sporadic groups are entirely straightforward and the relevant cases can be read off
from Table So for the remainder, we may assume 7' is a group of Lie type over Fy,
where ¢ = p/ and p is a prime. As before, let r; be a primitive prime divisor of ¢* — 1.

First suppose T is an exceptional group. If r = 2, then G = T = 2B5(q) and H = Ng(R)
is the only possibility, and this case is recorded in Table [E] Now assume r is odd. Here
we inspect the cases arising in Table [C], considering each possibility for 7" in turn.

Suppose T = 2Bs(q). Here r = 74 is a primitive prime divisor of ¢* — 1 and H = Ng(S5),
where S is a cyclic maximal torus of T' of order g &+ 1/2¢ + 1 (where the sign is chosen so
that r divides |S|). Then Ry < Hp, so H = Ng(Ry) and this case is recorded in Table
The same conclusion holds for both cases with T = 2G5 (q) in Table [C|, and so they also
appear in Table [E]

Next assume 7' = Ga(q) with ¢ > 3. Here Hy = SL5(¢).2 and Ry is not normal in Hy,
so H # Ng(Rp) in these cases. Similarly, by inspecting the remaining cases in Table
we deduce that H = Ng(Rp) if and only if H = N¢(.5), where S is a cyclic maximal torus
of T whose order is divisible by r. All of these cases are listed in Table [E]

Finally, let us assume T is a classical group. First suppose r = 2, so the possibilities
for (G, H) are given in Table

First assume T' = Ly(q) with ¢ > 4. Clearly, if ¢ is even and H is a Borel subgroup,
then H = Ng(Ryp). Similarly, if ¢ = 5 and H is of type 2172.05 (2), then Hy = A4 and
the same conclusion holds (this case is recorded as (Lg(4),2, P1) in Table . Next assume
H is of type GL1(q) ¢ S2, s0 Hy = Dgq—1, ¢ > 9 and ¢ = 1 (mod 4). Here Ry is normal in
Hy if and only if Ry = Hy, so ¢ — 1 = 2¥ for some k and [13, Lemma 2.6] implies that
either ¢ = 9 or ¢ is a Fermat prime. We conclude that M(R) = {Ng(Rp)} if and only if
q=9and G £ PXLy(q), or if ¢ = p = 2% + 1 > 17 (note that in the latter case we have
|Ro| > 2%). Similarly, if H is of type GL1(¢?), then Hy = D, with ¢ = p = 3 (mod 4)
and we need Hy = Ry. Therefore ¢ + 1 = 2¥ for some k and by appealing to [I3, Lemma
2.6] we deduce that ¢ > 7 is a Mersenne prime. If ¢ = 7 then |Rg| = 23 and so we need
G = PGLy(7) (see Table . On the other hand, if ¢ > 31 then |Ry| > 2° and there are
no additional conditions on G. These cases are recorded in Table [El

Continuing to assume r = 2, it is easy to see that Ry << Hy when p = 2 and either
T = L3(q) or PSp,(q) with H of type P; 2, or if T' = Us(q) and H is of type P;. All of
these cases appear in Table[E] And for the remaining possibilities in Table [A] one checks
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that Ry is not normal in Hy and so none of these cases arise. This completes the proof of
Corollary [3| when T is a classical group and r = 2.

Finally, let us assume T is classical and r is odd. Here we inspect the triples (G,r, H)
in Table [Bl

First assume T = Lo(q). Clearly, if r = p and H is of type P, then H = Ng(Rp)
and this case is recorded in Table [E| Similarly, if r = ro and H is of type GL1(¢?), then
H = Ng(S) with S a cyclic maximal torus of T" of order (¢ + 1)/2, hence Ry < Hp and so
these cases also appear in Table [E]

Next suppose T' = L, (q) with n > 3. If n =r =7y and H is of type GL1(q) ! Sy, then
it is straightforward to check that Ry is not normal in Hy. For example, if n = 3 then
Ry is normal in Hj if and only if ¢ — 1 is a 3-power, which is not possible by [I3] Lemma
2.6] (note that g # 4 since f = 3% > 1, as indicated in Table . On the other hand, if
G = PGL3(4), » = 3 and H is of type GU3(2), then Hy = U3(2) = 3%:Qg and Ry < Hy, so
this case is recorded in Table [E] To complete the proof for linear groups, we may assume
r = r, and H is a Cs-subgroup of type GLn/t(qt), where n = t* and ¢ is an odd prime.
Here Ry is normal in Hy if and only if n = ¢, in which case H = Ng(S) is the normaliser
of a Singer cycle S in T'. So the special case with n = ¢ is recorded in Table

Now assume T' = U, (q) with n > 3. To begin with, suppose n = 3, so ¢ > 3. Clearly,
we have H = Ng(Ry) when r = p and H = P; is a Borel subgroup, so this case appears
in Table [El If r = ro = 3 and H is of type GU;(g) ¢ S3 then Ry is normal in Hp if and
only if ¢ + 1 is a 3-power, which is equivalent to the condition ¢ = 8 by [13, Lemma 2.6]
(recall that ¢ # 2). So the case ¢ = 8 is recorded in Table [El Similarly, if » = r¢ and H
is of type GU1(¢%), then Ry < Hp and H = Ng(Rp). To complete the proof for unitary
groups, we may assume n > 4. By inspecting the cases in Table [B] we quickly deduce
that Ry is normal in Hy if and only if » = rq, and H is of type GUj(¢"), where n > 5 is
a prime, and this latter case is included in Table [E]

To complete the proof for classical groups, we may assume 7' is a symplectic or orthog-
onal group. By inspecting the cases in Table |B| it is easy to see that Ry is not normal in
Hj and so none of these cases appear in Table [E] O

Next we turn to Corollary [d] As before, G is an almost simple group with socle T" and
R is a Sylow r-subgroup of G. Recall that R is weakly subnormal in G if and only if
M(R) = {Ng(R)}, so we need to determine the cases in Table [E| with Ng(Ry) = Ng(R),
where Ry = RNT. With this aim in mind, the following elementary lemma will be useful.

Lemma 8.1. Let G, T and R be defined as above and assume M(R) = {H}, where
H = Ng(Ry) and Ry = RNT. Then the following properties are equivalent:

(i) Na(Ro) = Na(R);
(ii) M(O,(H)) ={H};
(if}) G = O, (H)T;
(iv) [R, Ho] < Ry, where Hy=HNT.
Proof. Since H = Ng(Ryp), we have Ry < H and hence Ry < O,(H). In addition, Ry < Hp
and thus Ry < O,(H) N Hy. Since T4 G = RT, it follows that Hy < H = RHy and
RN Hy = Ry.

If (i) holds, then R < H and thus R = O,(H) since R is a Sylow r-subgroup of H,
whence (ii) holds.

Next assume (ii) holds and note that O,(H) < O,(H)T < G. Since T' £ H and H is
the unique maximal subgroup of G containing O, (H), we must have G = O,(H)T and
thus (iii) is satisfied.

Now suppose (iii) holds. By Dedekind’s modular law, we have R = O,(H)(RNT) =
O,(H)Ry. As both O,(H) and Ry are normal subgroups of H, we have R = O, (H)Ry < H
which implies that R = O,(H). And since Hy < H = RHy, it follows that [R, Hp] <
RN Hy= Ry as in (iv).



38 BAUMEISTER, BURNESS, GURALNICK, TONG-VIET

Finally, suppose (iv) holds. Since Ry < H = RH, the hypothesis implies that Hy/Ry
centralises R/Ry in H/Ry, whence R/Ry < H/Rp and thus R < H. Hence (i) holds and
the proof of the lemma is complete. O

Proof of Corollary[. Let G be an almost simple group with socle 7" and let R be a Sylow
r-subgroup of G. Recall that it suffices to determine the cases in Table [E| with H =
N¢(Rp) = Ng(R), noting that the latter property clearly holds when G = T. So we may
assume G # T and we will work repeatedly with criterion (iv) in Lemma In particular,
the lemma implies that Ng(Rp) # Ng(R) if R acts nontrivially on Hyp/Ry. In each case,
T is a simple group of Lie type over F,, where ¢ = p! and p is a prime.

We begin by considering the groups with socle T' = La(q). Set d = (2,q — 1). First
assume r = p and H is a Borel subgroup, so Hy/Ry is a cyclic maximal torus of T' of
order (¢ —1)/d. Now R contains a field automorphism x of order r and the centraliser of
xz on Hy/Ry has order (qo —1)/d < (¢ — 1)/d, where ¢ = ¢gj. So by appealing to Lemma
8.1l we conclude that Ng(Rp) # Ng(R). Clearly, if r = 2 and ¢ > 7 is a Mersenne or
Fermat prime, then G = PGL2(q) and Ng(Rp) = R, so Ng(Rp) = Ng(R) and this case is
recorded in part (ii) of the corollary. The same conclusion holds if ¢ = 9 and G # PXLy(9)
as in part (iii) of Corollary [d] noting that [M(R)| > 1 when G = PXLy(9).

Finally, suppose T' = La(q) and r = 7 is a primitive prime divisor of ¢ — 1. Note that
r =2 3 and thus G = T.r* for some a > 1, where r® divides f. It is straightforward to
check that Ng(Rg) = Ng(R) when G = Ly(8).3, so we may assume g > 8. In particular,
this means that we can find a primitive prime divisor s of p?/ — 1 and we note that
s22f+1>r. Now Hy = Dy(441)/q and R contains a field automorphism x of order r.
Since s does not divide 2(go 4+ 1)/d, where g = g, it follows that « does not centralise the
subgroup Dy of Hy/Ry and we deduce that Ng(Rp) # Ng(R).

Next assume 7" = L3(q). The special case G = PGL3(4) with » = 3 can be checked
directly. Next assume 7 = p = 2 and G € PI'L3(g), so R contains an involutory graph or
graph-field automorphism. For ¢ = 2, it is straightforward to check that Ng(Rp) = Ng(R),
so G = L3(2).2 is recorded in part (iv) of the corollary. Similarly, if ¢ = 4 then one checks
that Ng(Ro) = Ng(R) if and only if G = L3(4).23 and so this example also appears
in part (iv) (note that G in this case contains involutory graph automorphisms). Now
assume ¢ > 8 and note that Hy/Rp is the image modulo scalars of a split maximal torus
Cy—1 x Cy—1 of SL3(q). Suppose R contains an involutory graph automorphism . Then z
inverts the torus Cy—1 x Cy—1 and so it does not centralise Hy/Ry. Finally, suppose x € R
is an involutory graph-field automorphism, so g = qg and we may assume qg > 4. Let s be
a prime divisor of gy — 1. The centraliser of = in the torus C,—1 x C,—1 has order (qo+1)2,
which is indivisible by s, so x acts nontrivially on Hy/Ry and thus Ng(Rp) # Ng(R).

Finally, suppose T" = L3(q) and r = r3, so H is of type GL;(¢*). Here G = T.r® and
Ho = Cg244+1y/4-3, where r® divides f and we set d = (3,¢ — 1). By working with a
primitive prime divisor of p?/ — 1 we can argue as above to show that Ng(Rg) # Ng(R)
(see the case T' = Lgy(q) with r = r9).

Now suppose T' = Us(q) and set d = (3,q+ 1). First assume r = p and H is of type P,
so Hy/Ry = Cg2—1)/a- If p =2 then R must contain an involutory graph automorphism
x, which is induced by the order two field automorphism of F.2. Therefore, the centraliser
of x on Hy/Ry has order (¢ — 1)/d and we conclude that Ng(Ro) # Ng(R). An entirely
similar argument applies when p is odd, in which case R contains a field automorphism of
order r. The special cases G = U3(8).3 and Ujs(8).32 with » = 3 can be checked directly
(there are three groups of the form Us(8).3, up to isomorphism, and one checks that
Na(Rop) = Ng(R) in every case). Finally, the case where r = rg is entirely similar to
the analogous case with T' = L3(q) and r = r3 handled above, this time working with a
primitive prime divisor of p%/ — 1. We omit the details.

Next consider the case where T' = PSp,(q) and r = p = 2, with ¢ > 4 and Hy/Ry =
Cy-1 % Cy_1. Write ¢ = 2/ and note that Out(T) = Cyy is cyclic. Suppose f is odd,
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so G = T.2 and R contains an involutory graph automorphism z. Since x interchanges
long and short root subgroups, we deduce that x does not centralise the torus Hy/Ry.
Similarly, if f is even and ¢ = ¢3 then R contains an involutory field automorphism with
centraliser Cyy—1 X Cg,—1 on Hp/Rp. So in both cases, by appealing to Lemma we
conclude that Ng(Rp) # Na(R).

To complete the proof for classical groups, we may assume n > 5 is a prime and either
T = L,(q) and r = r,, or T = Uy,(q) with r = r9,. In both cases, we have G = T.r%,
where r® divides f, and we can argue as above, working with primitive prime divisors of
p™f —1 and p**f — 1, respectively.

Finally, let us turn to the cases where T is an exceptional group of Lie type. The
groups with T = 3Dy4(q) or Eg(q) are straightforward; in both cases, R contains a field
automorphism of order r, which acts nontrivially on Hy/Ry due to the existence of a
suitable primitive prime divisor (e.g. a primitive prime divisor of p'2f —1 for T = 3Dy(q)).
The case T = 2Ga(q) with Ho/Ry = Cq—1 is also entirely straightforward. So it remains
to deal with the following cases:

(a) T =2By(q), r =14, Hy = (g £ /2q+1):4
(b) T =2Ga(q), r =6, Ho = (¢ + /3¢ + 1):6
(c) T =2Fy(q), r = r12, Ho = (¢*> £ \/2¢3 + ¢ £ /2¢ + 1):12

In each case, G = T'.r* and r® divides f, so R contains a field automorphism = of order 7.
In particular, ¢ = ¢j. Given an integer n, we will write n, to denote the r-part of n.

Consider case (a). Fix ¢ = & so that r divides ¢ + €1/2¢ + 1 and note that (¢ + 1), =
(¢ + e/2¢ + 1), since (¢ + 2q + 1,¢ — /2¢ + 1) = 1. Write (¢32 + 1), = r* > 1 and
observe that (g% + 1), = r**1. If we write Hy = S:4, then Cg(z) is a cyclic group of order
qo + €/v/2qo + 1 for some ¢ = + and it suffices to show that

4o 4t ev2q+1
qo0 +€'v2q0 +1
is an r-group if and only if (go,7) = (2,5) and € = ¢ = —. Indeed, if A is divisible by a
prime s # r, then x acts nontrivially on Hy/Ry and thus Ng(Rp) # Ng(R) by Lemma
Rl There are two cases to consider:

(D) (@5 +1)r = (a0 + €'v2q0 + 1)r
(IT) (g5 +1)r = (a0 — €'v2q0 + 1)r
First consider (I). Here A, = r and so it suffices to show that A > r. Write gg = 2*
(with £ > 1 odd) and set

okr +62(k:7’+1)/2 +1
g(k) = ok 1 9(k+1)/2 :
+ €2 +1

It is easy to check that g is increasing as a function of k, and it is also easy to see that
g(1) > r. Hence A > r and the result follows.

Now let us turn to (II), so (g0 + €v/2¢qo + 1), = 1 and A, = 7**1. If go — €'/2q0 + 1
is divisible by a prime s # r then s divides A and the result follows. Now assume
q — €v2q0 +1=1"= (g +1),. Then A is an r-power if and only if

q+ev/2q+1 .,
g+ 1 '

It is a straightforward exercise to show that this holds if and only if gg = 2, r = 5 and
€ = —, in which case G = 2B(32).5 and one can check that Ng(Rg) = Ng(R). This is
the special case recorded in part (vi) of Corollary

An entirely similar argument applies in case (b), noting that r = r¢ > 7,

(@0 +v3q0 +1)(q0—V3awo+1)=¢ —q+1
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and the two factors on the left are coprime. And similarly in (c), where r = 13 > 13 and

(a5 + /243 + g0+ /290 + 1)(g5 — /208 + a0 — V200 + 1) = g — g5 + 1.
We leave the reader to check that Ng(Rp) # Ng(R) in these cases. O
Next we turn to the proof of Corollary

Proof of Corollary[3 Let G be an almost simple group with socle 7" and M(R) = {H},
where R is a Sylow r-subgroup of G. Set Hy = HNT and Ry = RN T, noting that Ry
is a Sylow r-subgroup of Hy and we have Ry < R and Hy < H. By Lemma [2.2) we have
Ro # 1.

Our goal is to show that O,(H) # 1 if and only if (G, r, H) is one of the cases in Table
or . Notice that if O,(Hy) # 1, then since Hy < H and O, (Hp) is characteristic in H,
we have O,(Hp) < H and thus O,(H) # 1. In particular, O,(H) # 1 for every case in
Table [El

We now divide the proof into two cases, according to the parity of r.

Case 1. r = 2.

First assume r = 2, noting that the possibilities for (G, H) are determined in Theorem
If T = A, then n =2¥ + 1 with k > 2 and H = A,,_1 or S,,_1. Clearly, Oo(H) # 1 if
and only if n = 5, noting that this case is recorded in Table [E| as (Lg(4),2, P1). Similarly,
if G = 2By(q) and H = Ng(R) then Oz(H) # 1 and so this case also appears in Table

To complete the proof for r = 2, let us assume 7' is a classical group, so the possibilities
for (G, H) are listed in Table |Al We claim that Oz(Hy) # 1 in every case, noting that this
property has already been established for the cases appearing in Table If T'= La(q)
and H is of type GL1(q) 1 S2 or GL;(¢?) then Hy = Dy41 and the additional congruence
condition on ¢ implies that Z(Hy) has order 2, whence O2(Hy) # 1. Next suppose T =
L¢(q), n > 3 and H is of type GL{_;(¢) x GL{(q). Here n is odd and Hy = Cr(z) for
some involution z € T', so Oz(Hy) # 1 as required. Similarly, if 7" is an orthogonal group,
then once again Hy contains a central involution (see [11, Tables B.8. B.10 and B.11], for
example) and thus O2(Hp) # 1. The reader can check that all of the cases in Table |A| that
do not appear in Table [E] have been included in Table [F]

Case 2. r > 2.

Let r be an odd prime and recall that O,(H) # 1 if O,(Hp) # 1. We claim that the
converse holds. To see this, suppose that O,(Hp) = 1 and O,(H) # 1. Then O,(H)NHy =
1 and [O,(H),Ho) < O.(H) N Hy =1, so O,(H) centralises Ry # 1. In other words, any
nontrivial element of O,(H) induces an automorphism of 7" which centralises a Sylow r-
subgroup of T and has order a power of r. However, this contradicts [23, Theorem A].
This justifies the claim and so it suffices to determine all the triples (G,r, H) arising in
Theorem [2| with O,(Hp) # 1.

First assume G = T = A, is an alternating group, so the relevant cases are listed
in parts (a)-(d) of Theorem [2fi). Here it is easy to check that O,(Hp) # 1 in case (b)
with » = 3, in case (d), and also in case (c) when r = 3. The first two possibilities
appear in Table [E[ (note that case (b) is listed as (L2(9),3, P1)), while the latter triple
(Ag, 3,(S3153) N Ag) has been included in Table [F] The case where T is a sporadic group
is easy and each possibility for (G, r, H) is recorded in Table

For the remainder, we may assume 7' is a simple group of Lie type over F,, where g = p!
with p a prime. As usual, r; denotes a primitive prime divisor of ¢ — 1.

Suppose T is a classical group, so the possibilities for (G,r, H) are given in Table
First assume 7' = Ly (¢). If n = 2 then both cases in Table [B| are included in Table [El so
we may assume n > 3. The special case G = PGL3(4) with r = 3 is in Table [E} If r = r;
and H is of type GL1(q) 1Sy, then it is clear that O,(Hy) # 1 and so this case appears in
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Table [F| Finally, if r = r,, and H is of type GL,,,(¢"), then one checks that O,(H) # 1 if
and only if n = ¢, in which case the triple (G, r, H) is included in Table

Now assume 7' = U, (q) with n > 3. If n = 3, then by inspecting Table |B| we see that
Or(Ho) # 1 unless G = U3(3), r = 7 and H = La(7). In particular, all of the cases with
O,(H) # 1 are in Tables [E| or [F] Now assume n > 4. Here O,(Hp) # 1 if and only if
r =ry and H is of type GU1(q) ! Sy, or if r = 19, and H is of type GUy(¢"). The latter
case appears in Table [E] while the former has been included in Table [F] Finally, it is easy
to see that O,(Hy) = 1 for the cases in Table [B|with T" a symplectic or orthogonal group.

Finally, let us assume T is an exceptional group of Lie type, so the possibilities for
(G,r, H) are recorded in Table |C| First note that all the cases with T' = 2Bs(q), 2G2(q),
2Fy(q)’ or Es(q) appear in Table |[E|and it is easy to see that O,(Hy) = 1 when T = Fy(q),
E§(q) or E7(q). If T = Ga(q) and Hy = SL5(q).2, then O,(Hp) # 1 if and only if
T =T(3-¢)/2 = 3, S0 these cases are recorded in Table|F} Finally, suppose T' = 3D4(q). The
case where H is of type ¢* — ¢*> + 1 is recorded in Table [El Now, if r = T(3—¢)/2 = 3 with
¢ = + then r divides ¢?+¢eg+1 and thus O,.(Hp) # 1 when H is of type A$(q) x (¢*>+eq+1).
Therefore, the latter case is included in Table [E] O

Next let us consider Corollary [ As before, G is an almost simple group with socle T
and M(R) = {H}, where R is a Sylow r-subgroup of G, and we need to determine the
cases with M(O,(H)) = {H}. Clearly, this holds only if O,(H) # 1, so the possibilities
are listed in Tables |[E| and [F} If (G,r, H) is one of the cases in Table [E| then Lemma
implies that M(R) = {H} if and only if R is weakly subnormal in G, as in part (i) of
Corollary [6] so we only need to consider the cases in Table [F]

Proof of Corollary[6 As explained above, we need to inspect the triples (G, r, H) in Table
In each case we have O,(H) # 1 and H # Ng(Rp), so R is not normal in H. Let us also
note that O,(H) < O,(H)T < Gand T £ H, so M(O,(H)) ={H} only if G = O, (H)T.
We consider each case separately.

First assume 7' = Ag, » = 3 and H is of type S3153, so G =T and O, (H) is elementary
abelian of order 27. Here it is easy to see that M(O,(H)) # {H}. For example, O, (H) is
contained in an intransitive maximal subgroup (Sg x S3) N G.

In each of the remaining cases, T is a simple group of Lie type over F,, where ¢ = p!
and p is a prime.

Suppose T = La(q), 7 = 2, q is odd and H is of type GLj(q) ! Sz, in which case
H < Ng(S) where S = Cy_1 is a split maximal torus of PGLg(g). Write S = O(S) x O2(5)
where O(S) = O«(S). Note that O2(S) < O2(H), [O(S),02(H)] =1 and O(S) # 1. Let
So=SNT.

If O2(H) < S, then |M(O2(H))| > 2 since O2(H) is contained in a Borel subgroup of G.
So let us assume otherwise. Then ¢ = ¢3, G £ PGL2(q) and we may assume G = Oz(H)T
and H contains a nontrivial field automorphism x normalising S. Then x either centralises
or inverts O(S), so = has order 2 and there are two cases to consider.

If © centralises O(S), then |O(S)| divides go — 1, whence O2(H) < (S, z) is contained
in a Borel subgroup and |[M(O2(H))| > 2.

Now assume z inverts O(S). Then xy centralises O(S), where y € T is an element
inverting S, and we may choose y € Cp(z). It follows that |O(S)| divides go + 1, which
in turn implies that gg — 1 is a power of 2 and thus g9 = 9 or g9 = p > 5 is a Fermat
prime (as stated in Table [F| we have ¢ > 13 and thus ¢y # 3). Since G = O2(H)T,
we see that G < PGLa(q).(z) and O2(H) < (O2(S),z). Also note that the condition
G £ PXLy(q) in Table |F| rules out G = (T,z). The case gy = 9 can be handled using
MAaGMA and we deduce that M(O2(H)) = {H } if and only if G = T'.23 (nonsplit extension)
or T.22 = PGLy(81).(x). Finally, if go = p > 5 is a Fermat prime, then there are only
two possibilities for G, namely the nonsplit extension 7.23 and Aut(T) = T.22. In both
cases, it is straightforward to check that H is the unique maximal subgroup containing
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Os(H). Indeed, the element zy € G interchanges the two Borel subgroups containing S,
while zy does not normalise any subfield subgroup containing O2(Sp). These two groups
are recorded in part (ii) of the corollary.

Next consider the case T' = La(q) with r = 2 and H of type GL1(¢?). Here ¢ = p = 3
(mod 4) and H = Ng(95), where S = O(S) x O2(S) is a nonsplit maximal torus of
G NPGLy(q). Since G = T or PGL2(q), we see that O(S) # 1 and Oy(H) = O3(S), so
by inspection of the maximal subgroups of G (see [9, Table 8.1], for example) we deduce
that M(O2(H)) = {H}. These cases as recorded in part (iii) of the corollary.

We now turn to the remaining cases in Table Suppose T = L,(q) with n > 3.
First assume r = 2 and H is of type GL,_1(q) x GL1(q), so G = T.2 contains a graph
automorphism. If (n,q) # (3,3) then O2(H) has order 2 and is contained in 7, whence
|IM(O2(H))| = 2. On the other hand, if n = ¢ = 3 then it is straightforward to verify that
M(O2(H)) = {H} as in part (iv). Next suppose n = = r1 and H is of type GL1(q)S,.
If n > 5 then it is clear that O, (H) is contained in a maximal parabolic subgroup of G and
thus |M(O,(H))| > 2. And the same conclusion holds when n = 3 since the conditions in
Table [F] imply that ¢ # 4 and thus ¢ — 1 is a not power of 3.

A very similar argument shows that |[M(O2(H))| > 2 for each case in Table [F| with

Next suppose T' = Q,,(¢) with n odd and let V' be the natural module. Here = 2 and
H is of type O _;(q) x O1(g), which is the stabiliser in G' of a nondegenerate hyperplane of
plus-type. For all 1 < k < n, we note that Oy(H) stabilises a nondegenerate k-dimensional
subspace of V' and thus O2(H) is contained in several maximal subgroups. Similarly if
T = P, (q) with n even, then r = 2 and Oy(H) stabilises a nondegenerate k-space for all
even 2 < k < n, hence the same conclusion holds.

To complete the proof, we may assume r = 3 and T = G3(q) or 3Dy4(q). First assume
T = G2(q). Here |O3(H)| = 3 (since the centraliser of the derived subgroup of H has
order 3), so O3(H) < T and we may assume G = T It also follows that O3(H) < Cg(x),
where € H is an involution. For p = 2 this implies that O3(H) is contained in a
parabolic subgroup, whereas for p odd we deduce that O3(H) is contained in a maximal
rank subgroup of type A1(q)?. In both cases, the given overgroup of O3(H) is not contained
in H and thus |M(O3(H))| > 2.

Finally, let us assume 7' = 3Dy(q) and r» = 3, in which case H is the normaliser in
G of a cyclic subgroup of order 3. As in the previous case, we deduce that G = T and
O3(H) centralises an involution. For p = 2, we conclude that Os(H) is contained in a
parabolic subgroup, while it is contained in a subgroup of type A1(¢%)A1(g) when p is odd.
Neither overgroup is contained in H and thus O3(H) is contained in at least two maximal
subgroups of G.

This exhausts all the possibilities in Table [F] and completes the proof. ]

Finally, we provide a proof of Corollary

Proof of Corollary[8 As in the corollary, let G be a finite group, let  be a prime divisor
of |G| with O,(G) =1 and let R be a Sylow r-subgroup of G.

First we need to show that R is a maximal subgroup of G if (i) or (ii) holds in the
statement of the corollary. This is clear for (i), so let us consider (ii). Here r = 2 and
G = ER, where E = E(G) =T, x Ty X -+ X T}, is a minimal normal subgroup of G and
each T; = T is a nonabelian simple group. Moreover, J = Ng(T1)/Cq(T1) is an almost
simple group with a maximal Sylow 2-subgroup and the possibilities for J are as follows:

PGLa(7), PGL2(9), My, L2(9).2%, La(q), PGLa(q), (4)

where ¢ > 7 is a Mersenne or Fermat prime.
Clearly, if kK = 1 then G = J is almost simple and R is a maximal subgroup. Now
assume k > 2, noting that R acts transitively on the set {11, 75,...,T%}.
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First we claim that Np(71) is a Sylow 2-subgroup of N¢g(T1), which then implies that
Ngr(T1)Cq(T1)/Ca(T1) = Nr(T1)/Cr(T1)

is a Sylow 2-subgroup of J. Since £ << G = ER and T} < FE, it follows that E N R
is a Sylow 2-subgroup of E and we have E < Ng(T1). By Dedekind’s modular law,
Ng(Tl) = E(Ng(Tl)ﬁR) = ENR(Tl) Moreover, EﬂNR(TI) = EﬁRﬁNg(Tl) =FNR.
Hence

[Na(Th)| = |ENR(T1)| = |E|INr(T1)|/|E N R| = [Nr(T)||E]

and we deduce that Nr(T1) is a Sylow 2-subgroup of Ng(T1).

In order to conclude that R is a maximal subgroup of G, it suffices to show that T1N R is
a maximal proper Ng(7})-invariant subgroup of 7} containing 77 N R. Indeed, if this holds
then Lemma [3.4] implies that N N R is a maximal R-invariant subgroup of N containing
N N R and we deduce that R is maximal via Lemma [3.2

To do this, first observe that Ng(T1) = ENg(Th) = T1Cq(T1)Ngr(T1) since we have
E <T'Cq(Th) < Ng(T1). Also note that 71 N Cg(T1) = 1, where both T and Cg(T7) are
normal subgroups of Ng(T1). Hence T1Cq(T1) = T x Ce(11) and

Nr(Ty) N (T1Cq(Th)) = (Ng(Th) NT1)(Ngr(Th) N Ca(Th)) = (RNT1)Cr(TY).
We claim that 71 N Nr(T1)Cq(T1) = T1 N R. Clearly
TTNRLTIN NGf(Tl) NRLTIN NR(Tl) <TiN NR(Tl)Cg(Tl).

For the reverse inclusion, let x € 71 N Ng(T1)Cq(T1). Then z = ab € Ty with a € Nr(T1)
and b € Cg(T1). Hence a = xb~! € T1Cq(Ty) N Nr(Ty) = (RN T1)Cgr(T1) which implies
that zb~! = uv for some u € RN Ty and v € Cr(T1). Thus u~ 'z =vb € Ty N C(Th) = 1
and so ¢ = u € RNTj. Therefore Ty N Nr(T1)Ceq(T1) = T1 N R.

Let TiNR < U < Ty be an Ng(T})-invariant subgroup of 7. Since Ng(T1)Cq(T1)/Ca(T1)
is a maximal subgroup of Ng(T1)/Cq(T1), it follows that Nr(71)Cq(T1) is a maximal sub-
group of Ng(T1). As U is Ng(T1)-invariant, UNR(T}) is a subgroup of Ng(71) and hence

Ca(T1)NR(Th) < Cq(Th)Nr(T1)U < Ng(Ty).

It follows that Cq(T1)Ngr(T1)U is either Cq(T1)Ng(T1) or Ng(T1), so there are two cases
to consider.
First assume Cq(T1)Nr(T1)U = Cq(T1)Ngr(T1). Since U < Ti, we have

T N (CG(Tl)NR(Tl)) =TiN (CG(Tl)NR(Tl)U) = U(T1 N Cg(Tl)NR(Tl))

and this implies that U < 171 N Cq(Th)Ngr(T1) = T1 N R. Hence U = T7 N R. Now assume
Cg(Tl)NR(Tl)U = Ng(Tl) Since T'TNR<KUand T1 N R K NR(Tl), we have

TTNR<UNCq(T1)Nr(T1) < T1NCq(Th)Nr(Th) =T1 N R,
which implies that
UNCq(T1)Ng(Th) =Ti N Ce(T1)Nr(Th) =T1 N R.

Since Cq(T1)Nr(Th)U = Cq(T1)Nr(T1)T1, we deduce that |U| = |T1| and thus U = T3.
This proves that 71N R is a maximal proper Ng(77)-invariant subgroup of 7} containing
T1 N R, which implies that R is a maximal subgroup of G.

For the remainder of the proof, we may assume R is maximal and we need to show that
the conditions in part (i) or (ii) of the corollary are satisfied. As explained in the paragraph
preceding the corollary, we have O,(G) = ®(G) = 1 and thus Theorem m applies. If part
(i) of Theorem |7| holds, then we are in case (i) of the corollary, so we just need to consider
parts (ii) and (iii) of Theorem

First consider part (ii) of Theorem (7} so G is almost simple and M(R) = {R}, which
means that we can read off (G, r, H) from Table [El In this way, we deduce that T" = La(q),
r = 2 and either
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(a) H is of type GLi(q) 1Sy and either ¢ = 9 and G € PXL2(9),or ¢ =p > 17 is a
Fermat prime; or

(b) H is of type GL1(¢?) and either G = PGL2(7) or ¢ = p > 31 is a Mersenne prime.

It follows that G is isomorphic to one of the groups in . In particular, part (ii) of the
corollary holds with k& = 1.

Finally, let us assume part (iii) of Theorem (7] is satisfied, so G = ER and E = E(G)
is a direct product of k > 2 nonabelian simple groups. Let N be a minimal normal
subgroup of G and note that R < NR < G. By the maximality of R, we have G =
NR and thus £ = N = T7 x Ty X -+ X T, where each T; = T for some nonabelian
simple group T. Then Q = Ngr(T1)Cq(T1)/Cq(T1) = Ng(T1)/Cr(T1) is a Sylow r-
subgroup of the almost simple group J = Ng(T1)/Cq(T1), and @ is contained in a unique
maximal subgroup of J, say M/Cq(T1), where Cq(T1)Nr(T1) < M < Ng(Th). Since
Ng(Tl) = ENR(Tl) = Cg(Tl)NR(Tl)Tl, we have M = Cg(Tl)NR(Tl)(M N Tl) Clearly
RNTy = NR(Tl) NTE <MNTy <Ty and MNTy is NR(Tl)—invariant. Also note that
M NTy # Ty since M # Ng(Th).

Since R is a maximal subgroup of G = ER, Lemma [3.2]implies that F'N R is a maximal
R-invariant subgroup of E containing KN R. As R permutes the T; transitively and RNTy
is nontrivial (since r divides |T7|), Lemma (and its proof) implies that ENRNT} =
RN T is a maximal Ng(71)-invariant subgroup of 77 containing R N 7;. It follows that
MNTy =RNT, and hence M = Cq(Th)Ngr(T1)(RNT1) = Cq(T1)Ngr(T1). This implies
that M/Cq(T1) = Nr(Th)Ca(T1)/Cq(T1) = Q is a maximal subgroup of J, hence J has
a maximal Sylow r-subgroup and by arguing as above we conclude that r = 2 and J is
one of the almost simple groups in . The proof of the corollary is complete. O

9. THE TABLES

In this final section we present the tables referred to in the statements of Theorems
and [2 as well as Corollaries [3] and

Before presenting the tables, we first fix our notation. In all cases, G is an almost simple
group with socle T' such that G/T is an r-group, where r is a prime divisor of |G|. In
addition, R is a Sylow r-subgroup of G and we set Ry = RN T. In the cases where T is
a group of Lie type, we write ¢ = pf with p a prime and we use 7; to denote a primitive
prime divisor of ¢* — 1.

Remark 9.1. In the final row of Table |A] we write T'.(¢) = T.Cy for the subgroup of
Aut(T) generated by the inner, field and graph-field automorphisms of 7' = PQ. (¢). The
same notation is also used in Table [F]

Remark 9.2. Let us record some comments on the cases arising in Tables [B] and [C|

(a) We have excluded certain groups due to the existence of isomorphisms. Specifically,
we exclude

L2(4), L3(2), PSpy(2)', G2(2)', *Ga(3)'
since we have isomorphisms
Ly(4) = L(5), Ls(2) = La(7), PSpy(2) = La(9),
G2(2)" = Us(3), G2(3)" = La(8)
(see [36], Proposition 2.9.1]). For example, if G = Lg(4) and r is odd, then we have
IM(R)| =1 if and only if r = ro = 5.
(b) In both tables, T is a simple group of Lie type over F, (with ¢ = pl and pis a
prime) and we use the notation a(m,¢€) to denote the following condition:
(¢**)™ £ € (mod r) for all k € n(f) \ {r},

where m is a positive integer, € € {£1} and 7(f) is the set of prime divisors of
f. Similarly, we write 8(m,e€) for the same condition, but restricted to the odd
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T Type of H Conditions
La(q) P p=2

2112.05 (2) q=>5

GL1(q) 1 S2 g=1(mod 4), ¢ > 9 and either f =2% > 1 and G € PXLa(q), or

f =1 and either |Ro| > 2%, or |Ro| = 2% and G = PGL2(q)

GL1(¢?) g =p = 3 (mod 4) and either |Ro| > 24, or |Ro| = 2% and G = PGL2(q)
L3(q) Pr p=2, G £ PTLs(q)
Us(q) Py p=2
PSpy(q) P12 p=2,q=>4,GLPTSpy(q)

Ln(q) GLp_1(q) x GL1(q) n=2+1>3,q=p=3(mod 4), G £ PTLy(q)
GUp-1(q) x GU1(q) n=2+1>3,g=1(mod 4) and f =2%> 1, with ¢ >9ifn =3
O}, (q) x O1(q) n=2F41>9and f =2% > 1, with ¢ = +1 (mod 8) if f =1
PQi(q) O ,(a)xO0f(e) n=2°+2>10,¢=p=3(mod4), G £ PO (q)
O} _,(q) x 05 () n=254+2>10¢g=1(mod 4), f=2%>1,G L T.()

TABLE A. The cases (G, H) in Theorem |1| with T classical

primes in 7(f) \ {r}. We also write s = O (mod p) and s = K (mod p) to denote
that s is a square or nonsquare modulo p, respectively. The same notation is also
used in Tables [E] and [E]

(¢) In the third column of Table [B] P; denotes the stabiliser in G of a totally singular
1-space. And in the final row of Table [C| we write d,(r) for the order of p modulo
r.

Remark 9.3. We record some comments on Table [E]

(a) In view of the isomorphisms As = Ly(4) = Lg(5) and A = L2(9), we do not
record the cases (T,1) = (As5,2), (A5,5) and (Ag, 3) in Table |[El We also exclude
the case (T',r) = (L2(5),2). In addition, the groups with socle PSp,(2)’, G2(2)" and
2G5(3)" are omitted due to the isomorphisms PSp,(2) = Ls(9), G2(2)" = Us(3)
and 2G2(3)" = Lo(8).

(b) In the first row of Table |[E| we write P for the set of primes r that are of the form
(¢* —1)/(¢q — 1) for some prime power ¢ and integer d > 2. Note that the first 240
prime numbers of this form are recorded in [0, Table II].
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T T Type of H Conditions
La(q) P Py
ro GL1(q?) f < 2 and either r > 5 or |R| > r
f > 2 and either a(1,—1), or
(r,p) = (3,2) and ¢*/* # —1 (mod 3) for all k € n(f) \ {3, f}
Ln(q) 1 GL1(q) ! Sn n =r =3 and either f =1 and ¢ =1 (mod 9), or f =32 >1
n=r>5, fodd, a(1,1)
GUn(q'/?) (n,q,7) = (3,4,3), G=PGL3(4) =T.3
Tn GLn/t(qt) n =1t% t > 3 prime, a(n,1) and either f > 1 is odd, or
f =1 and either |R| > r, or r # 2n+ 1, or —r = X (mod p)
Us(q) P Py
) GU1(g)1S3 r =3 and either f =1 and ¢ = —1 (mod 9), or f =32 >1
e La(T) (@:7) = (3,7)
GU1(¢3) B(3,—1) and either f > 1, or f =1 and either |R| > rorr >7
Un(q) o GU1(q) 1 Sn n=r>5, 6(1,-1)
ran—2  GUp—_1(q) X GU1(¢) n >4 even, B(n —1,—1) and either f > 1, or
f =1 and either |R| > r, or r # 2n — 1, or —r = [ (mod p)
Ton Lo(11) (n,q,7) = (5,2,11)
GUn/t(qt) n =1t% t > 3 prime, S(n,—1) and either f > 1, or
f =1 and either |R| > r, or r # 2n+ 1, or —r = O (mod p)
PSpn(Q) r2 On(9) (nyq,m) = (6,2,3)
Tn Spn/Q(qQ) n=2% >4, q odd, a(n,1) and either f > 2, or
f =2 and either |R| > r, or r # 2n + 1, or r = 0 (mod p), or
f =1 and either |R| >r,orr>2n+1,or r =2n+ 1 and r = K (mod p)
Qn(q) o 0O, _1(9) x O1(q) n=2r+1>7 a(l,—1) and either » > 3, or f > 1, or ¢ = —1 (mod 9)
T O, _,(q) x O1(q) 4<i<n—3even, afi,1),n—1=r% witha > 1
rn—1 O, _1(q) x O1(q) n>9, a(n—1,1) and either r > 2n — 1, or |R| > 7, or 7 = 2n — 1 and either
f=2and r =0 (mod p), or f =1 and r = X (mod p)
PQ,(q) 7™ GU,,/2(q) n = 2a, a > 5 prime, B(n/2,—1) and either |R| >rorr>n+1
0. ,,(d?) n=2%>38, B(n/2,—1) and either |R| >rorr>n+1

TABLE B. The triples (G, r, H) in Theorem [2| with T" classical
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T r Type of H Conditions
2Ba(q) T4 qtv2q+1 (¢*/*)2 £ —1 (mod 7) for all k € n(f) \ {r, f}
*Ga(q) 3 [¢°]:(¢ — 1)
T6 qgEt+3Bqg+1 a(3,-1)
G2(q) T(3—c)/2 As(q) r=3and f=3%>1,withg=e(mod9)ifp>5and f=1
T3(3—¢)/2 A5 (q) (3, €) and either p = 2 and (€, q) # (—1,4), or
p = 5 and either f > 3, or |R| > r, or r > 13, or
f =3 and either r = 13 or p = 1, £3 (mod 9), or
f=2and p=0(mod 13), or
f=1,r=13 and p = X (mod 13)
3D4(q)  7T3-e)/2 AS(q) x (¢* + eq+ 1) r=3,f=3">1
r12 ¢t —¢2+1 (¢*/*)8 % —1 (mod r) for all k € n(f)\ {3,r}
*Fu(g) 12 @+ V26 +q£v2q+1 f=3, a(6,-1)
Fu(q) T Q9(q) p >3, a(4,—1) and either f > 2, or r > 17, or |R| > r, or
f =2 and either p = 3 or p = 0O (mod 17), or
f=1and p=KX(mod 17)
12 3D4(q) p >3, a(6,—1) and either f # 3, or r > 13, or |R| > r, or
f=3and p=+1(mod 7)
Ees(q) r9 Az (q?) (9,1) and either f > 2, or r > 19, or |R| > r, or
f=2and p=0(mod 5)
f =1 and either p = X (mod 5) or p = K (mod 19)
2EBs(q) T1s A;(q3) B8(9,1) and either f > 1, or r > 19, or |R| > r, or
f =1 and either p = X (mod 5) or p = 0O (mod 19)
E7(q) r18 2Es(q) x (¢+1) (18,1) and either f > 2, or r > 37, or |R| > r, or
f=2and p =0 (mod 37), or
f =1 and either (q,r) = (2,19), or r = 37 and p = K (mod 37)
Esg(q) T1sG3-c/2 ¢ —€q" +€¢® —q* +eq® —eg+1  (30,1) and either r > 61, or |R| > r, or |R| =r =61 and

either f > 2, or f =2, 1= 15 and dp(r) € {15,30}

TABLE C. The triples (G,r, H) in Theorem 2| with T" exceptional

G r H

Mi; 11 Lo(11) HN 19 Us(8):31
Moz 11 Lo(11) Ja 29  29:28
Moz 23 23:11 43 43:14
He 17  Spy(4):2 Ly 37 37:18
Ru 29 L2(29) 67 67:22
Coz2 23 Moas B 47  47:23
003 23 M23 M 47 2.B

J1 19 19:6 59 L2(59)
J3 3 32.31+23 71 Lo(71)
Fiy, 29 29:14

TABLE D. The triples (G, r, H) in Theorem [2| with T" sporadic
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T r Type of Ng(Ro) Conditions
A, r AGL1(r)NG r>13,r#23, r¢gP
L2(q) P Py
2 GL1(g)? S2 g=9and G ¢ PXLa(g),or q=p=2F+1>17
2 GL1(¢?) G=PGLa(7T)orqg=p=2F—-1>31
T2 GL1(¢?) f <2 and either r >5or |[R| > 7
f > 2 and either «(1, —1), or
(r,p) = (3,2) and ¢*/* 2 —1 (mod 3) for all k € n(f) \ {3, f}
Ls(q) 2 P12 p=2, G £ PI'Ls(q)
3 GUjz(¢'/?) G = PGL3(4)
Us(q) P P
3 GU1(q) 1S3 q=2_8
re GU1(¢®) B(3,—1) and either f > 1, 0or |[R| >r,orr >7
PSpy(q) 2 P p=2,q>4, G £PI'Spy(q)
Ln(q) rn GL1(q™) n > 3 prime, a(n,1) and either f > 1 is odd, or
f =1 and either |R| > r, or r # 2n+ 1, or —r = X (mod p)
Un(q) ron GU1(q™) n > 3 prime, B(n,—1) and either f > 1, or
f =1 and either |R| > r, or r # 2n + 1, or —r = 0 (mod p)
2Ba(q) 2 (g —1)
T4 g++v2q+1 (¢'/*)2 # —1 (mod r) for all k € w(f) \ {r, f}
*Ga(g) 3 [¢*]:(¢ — 1)
re g++3q+1 a(3,-1)
3D4(q) 712 - +1 (¢"/*)8 2 —1 (mod r) for all k € 7(f) \ {3,7}
2Fa(q) T2 PEV2P3+qE£ V20 +1 f =3, a(6,-1)
Esg(q) T15(3—€)/2 ¢ —eqd" +eq® —q* +eq® —eq+1  «(30,1) and either r > 61, or |R| > r, or |[R| =r = 61 and
either f > 2, or f =2, ¢ =15 and dp(r) € {15,30}
Mas 23 23:11
J1 19 19:6
J3 3 32.3112:8
Ja 29 29:28
43 43:14
Ly 37 37:18
67 67:22
Fif, 29 29:14
B 47 47:23
TABLE E. The pairs (G, r) with M(R) = {Ng(Rp)} in Corollary
T r Type of H Conditions
Ag 3 S31853
La(q) 2 GL1(q) ¢ S2 g =1 (mod 4), ¢ > 13 and either f =2% > 1 and G € PXLa(q),
or ¢ = p not Fermat and |R| > 2*
2 GL1(¢?) ¢ = p =3 (mod 4) not Mersenne and |R| > 2*
Ln(q) 2 GLp-1(¢) xGL1(q) n=2F+1>3, g=p=3(mod4), G=T.2¢PI'Ly,(q)
r1 GL1(q) 1 Sn n =r =3 and either f =1 and ¢ =1 (mod 9), or f =3% >1
n=r>5, fodd, a(1,1)
Un(q) 2 GUp-1(q) x GU1(q) n=2%+1,g=1(mod 4) and f =2%>1, withgq>9ifn=3
ro GU1(q) 1 Sn n =1 =3 and either f =1 and ¢g= —1(mod 9),or f =3% > 1and ¢ #8
n=r>5,6(1,-1)
Qn(q) 2 O} ,(g) x O1(q) n=2F4+1>9and f=2%>1, with ¢ = £1 (mod 8) if f =1
PQY(q) 2 0, _5(q) x OF (q) n=2%42>10,q=p=3(mod 4), G £ PO} (q)
PQ; () 2 O} _5(9) x O3 (q) n=2F+2>10,¢=1(mod 4), f=2%>1,G L T.(p)
G2(q) T3—e)/2  SL5(q) r=3and f=3%>1,withg=e(mod9)ifp>5and f=1
®Ds(9)  ri3_ey2 As(@) X (¢®+eq+1) r=3,f=3">1

TABLE F. The triples (G,r, H) with O,(H) # 1 in Corollary [f|(ii)



(1]
2]

MAXIMAL OVERGROUPS OF SYLOW SUBGROUPS 49

REFERENCES

S. Aivazidis and A. Ballester-Bolinches, On the Frattini subgroup of a finite group, J. Algebra 470
(2017), 254-262.

M. Aschbacher, On the mazimal subgroups of the finite classical groups, Invent. Math. 76 (1984),
469-514.

M. Aschbacher, On finite groups of Lie type and odd characteristic, J. Algebra 66 (1980), 400—-424.
M. Aschbacher and L. Scott, Mazimal subgroups of finite groups, J. Algebra 92 (1985), 44-80.

J. Bamberg and T. Penttila, Overgroups of cyclic Sylow subgroups of linear groups, Comm. Algebra
36 (2008), 2503-2543.

P.T. Bateman and R.M. Stemmler, Waring’s problem for algebraic number fields and primes of the
form (p" —1)/(p® — 1), Tlinois J. Math. 6 (1962), 142-156.

B. Baumann, Endliche nichtauflésbare Gruppen mit einer nilpotenten mazimalen Untergruppe, J.
Algebra 38 (1976), 119-135.

W. Bosma, J. Cannon and C. Playoust, The MAGMA algebra system I: The user language, J. Symb.
Comput. 24 (1997), 235-265.

J.N. Bray, D.F. Holt and C.M. Roney-Dougal, The mazimal subgroups of the low-dimensional finite
classical groups, London Math. Soc. Lecture Note Series, vol. 407, Cambridge University Press, 2013.
T. Breuer, The GAP Character Table Library, Version 1.5.3, GAP package,
http://wuw.math.rwth-aachen.de/ Thomas.Breuer/ctbllib, 2022.

T.C. Burness and M. Giudici, Classical groups, derangements and primes, Aust. Math. Soc. Lecture
Series, vol. 25, Cambridge University Press, Cambridge, 2016.

T.C. Burness, R.M. Guralnick and J. Saxl, Base sizes for S-actions of finite classical groups, Israel
J. Math. 199 (2014), 711-756.

T.C. Burness and H.P. Tong-Viet, Primitive permutation groups and derangements of prime power
order, Manuscripta Math. 150 (2016), 255-291.

A.M. Cohen, M.W. Liebeck, J. Saxl and G.M. Seitz, The local maximal subgroups of exceptional
groups of Lie type, finite and algebraic, Proc. London Math. Soc. 64 (1992), 21-48.

D.A. Craven, The mazimal subgroups of the exceptional groups Fi(q), Fe(q) and *Eg(q) and related
almost simple groups, Invent. Math. 234 (2023), 637-719.

D.A. Craven, On the maximal subgroups of Ez(q) and related almost simple groups, submitted
(arXiv:2201.07081).

D.A. Craven, On the mazimal subgroups of Es(q) and related almost simple groups, in preparation.
D.A. Craven, On medium-rank Lie primitive and mazimal subgroups of exceptional groups of Lie
type, Mem. Amer. Math. Soc. 288 (2023), no. 1434, v+213 pp.

H. Dietrich, M. Lee and T. Popiel, The mazimal subgroups of the Monster, submitted
(arXiv:2304.14646), 2023.

J. DiMuro, On prime power order elements of general linear groups, J. Algebra 367 (2012), 222-236.
W. Gaschiitz, Uber die ®-Untergruppe endlicher Gruppen, Math. Z. 58 (1953), 160-170.

H. Ginsberg, Groups with strongly p-embedded subgroups and cyclic Sylow p-subgroups, J. Group
Theory 17 (2014), 175-190.

F. Gross, Automorphisms which centralize a Sylow p-subgroup, J. Algebra 77 (1982), 202-233.

S. Guest, J. Morris, C.E. Praeger and P. Spiga, On the maximum orders of elements of finite almost
simple groups and primitive permutation groups, Trans. Amer. Math. Soc. 367 (2015), 7665-7694.
R.M. Guralnick, Subgroups of prime power index in a simple group, J. Algebra 81 (1983), 304-311.
R.M. Guralnick and G. Malle, Variations on the Baer-Suzuki theorem, Math. Z. 279 (2015), 981—
1006.

R.M. Guralnick, T. Penttila, C.E. Praeger and J. Saxl, Linear groups with orders having certain large
prime divisors, Proc. London Math. Soc. 78 (1999), 167—-214.

R.M. Guralnick and G.R. Robinson, On extensions of the Baer-Suzuki theorem, Israel J. Math. 82
(1993), 281-297.

R.M. Guralnick and J. Saxl, Generation of finite almost simple groups by conjugates, J. Algebra 268
(2003), 519-571.

R.M. Guralnick, H.P. Tong-Viet and G. Tracey, Weakly subnormal subgroups and variations of the
Baer-Suzuki theorem, submitted (arXiv:2402.00804), 2024.

R.M. Guralnick and G. Tracey, Elements of finite groups contained in a unique mazimal subgroup,
in preparation.

G. Hiss and G. Malle, Low-dimensional representations of quasi-simple groups, LMS J. Comput.
Math. 4 (2001), 22-63.

I.M. Isaacs, Finite group theory, Graduate Studies in Mathematics, vol. 92, Amer. Math. Soc.,
Providence, RI, 2008.



50
[34]
[35]
[36]
37]
[38]
39]
[40]
[41]

[42]

[43]

[44]
[45]

[46]
[47]

[48]

B.

BAUMEISTER, BURNESS, GURALNICK, TONG-VIET

G.A. Jones, Primitive permutation groups containing a cycle, Bull. Aust. Math. Soc. 89 (2014),
159-165.

W.M. Kantor, Primitive permutation groups of odd degree, and an application to finite projective
planes, J. Algebra 106 (1987), 15-45.

P.B. Kleidman and M.W. Liebeck, The subgroup structure of the finite classical groups, London Math.
Soc. Lecture Note Series, vol 129, Cambridge University Press, 1990.

M.W. Liebeck, C.E. Praeger and J. Saxl, A classification of the maximal subgroups of the finite
alternating and symmetric groups, J. Algebra 111 (1987), 365-383.

M.W. Liebeck and J. Saxl, The primitive permutation groups of odd degree, J. London Math. Soc.
31 (1985), 250-264.

M.W. Liebeck, J. Saxl and G.M. Seitz, Subgroups of mazimal rank in finite exceptional groups of Lie
type, Proc. London Math. Soc. 65 (1992), 297-325.

M.W. Liebeck and G.M. Seitz, On the subgroup structure of exceptional groups of Lie type, Trans.
Amer. Math. Soc. 350 (1998), 3409-3482.

M.W. Liebeck and G.M. Seitz, On finite subgroups of exceptional algebraic groups, J. reine angew.
Math. 515 (1999), 25-72.

M.W. Liebeck and G.M. Seitz, A survey of of mazimal subgroups of exceptional groups of Lie type,
in Groups, combinatorics & geometry (Durham, 2001), 139-146, World Sci. Publ., River Edge, NJ,
2003.

F. Liibeck, Small degree representations of finite Chevalley groups in defining characteristic, LMS J.
Comput. Math. 4 (2001), 135-169.

G. Malle, The mazimal subgroups of 2Fi(q?), J. Algebra 139 (1991), 52-69.

J.G. Thompson, Finite groups with fized-point-free automorphisms of prime order, Proc. Nat. Acad.
Sci. U.S.A. 45 (1959), 578-581.

P.H. Tiep, Low dimensional representations of finite quasisimple groups, in Groups, combinatorics
& geometry (Durham, 2001), 277-294, World Sci. Publ., River Edge, NJ, 2003.

R.A. Wilson, Mazimal subgroups of sporadic groups, in Finite simple groups: thirty years of the Atlas
and beyond, 57-72, Contemp. Math., 694, Amer. Math. Soc., Providence, RI, 2017.

K. Zsigmondy, Zur Theorie der Potenzreste, Monatsh. Math. Phys. 3 (1892), 265-284.

BAUMEISTER, FAKULTAT FUR MATHEMATIK, UNIVERSITAT BIELEFELD, POSTFACH 10 01 31, 33501

BIELEFELD, GERMANY
Email address: b.baumeister@math.uni-bielefeld.de

T.C. BURNESS, SCHOOL OF MATHEMATICS, UNIVERSITY OF BRIsTOL, BrIsSTOL BS8 1UG, UK
Email address: t.burness@bristol.ac.uk

R.M. GURALNICK, DEPARTMENT OF MATHEMATICS, UNIVERSITY OF SOUTHERN CALIFORNIA, LOS
ANGELES, CA 90089-2532, USA
Email address: guralnic@usc.edu

H.P. TONG-VIET, DEPARTMENT OF MATHEMATICS AND STATISTICS, BINGHAMTON UNIVERSITY, BING-
HAMTON, NY 13902-6000, USA
Email address: htongvie@binghamton.edu



	1. Introduction
	2. Preliminaries
	3. The reduction theorem
	4. Sporadic and alternating groups
	5. Proof of Theorem 1
	6. Proof of Theorem 2: Classical groups
	7. Proof of Theorem 2: Exceptional groups
	8. Proofs of the main corollaries
	9. The tables
	References

