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CONSTRUCTING MAXIMAL SUBGROUPS
OF CLASSICAL GROUPS

DEREK F. HOLT Anp COLVA M. RONEY-DOUGAL

Abstract

The maximal subgroups of the finite classical groups are divided by
a theorem of Aschbacher into nine classes. In this paper, the authors
show how to construct those maximal subgroups of the finite
classical groups of linear, symplectic or unitary type that lie in
the first eight of these classes. The ninth class consists roughly of
absolutely irreducible groups that are almost simple modulo scalars,
other than classical groups over the same field in their natural
representation. All of these constructions can be carried out in low-
degree polynomial time.

1. Introduction

With only two families of exceptions, the maximal subgroups of the finite classical groups
are divided into nine classes by Aschbacher’s theorem [1]. The maximal subgroups in the
first eight of these classes are described in detail in [15]. The ninth class, §, consists roughly
of absolutely irreducible groups that are almost simple modulo scalars, other than classical
groups over the same field in their natural representation. The two families of exceptions to
Aschbacher’s theorem are groups containing the graph automorphism of PSp(4, 2¢), whose
maximal subgroups are divided into six classes (including 4) in [1], and groups containing
the graph automorphism of PSO™ (8, ¢).

The purpose of this paper is to describe algorithms for writing down generators of all
of the subgroups that are not in 4 for G a linear, symplectic or unitary group. We could
do the same when G is orthogonal, but because of the large number of cases that arise in
that situation, we have decided to omit the orthogonal groups for now. We plan to develop
similar algorithms for the orthogonal groups in a future paper.

The two main papers on the computation of maximal subgroups of an arbitrary finite
permutation group G are [5] and [8]. These both show that the problem can effectively be
reduced to the case when G is almost simple. The vast bulk of the cases that arise for G
almost simple can then be handled using the methods that we describe here, and this was
our principal motivation for developing these techniques in a uniform fashion. Of course,
the maximal subgroups in 4 still need to be dealt with; they are now known for degree
d < 250 (see [12, 20]), and can be constructed on a case-by-case basis.

The algorithms presented in this paper describe the maximal subgroups of the
(quasi)simple linear, symplectic and unitary groups. They can be combined with subgroup
conjugacy information provided in [1, 15] and explicit descriptions of when the maximal
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Maximal subgroups of classical groups

groups in each Aschbacher class are maximal in a classical group, to produce the maximal
subgroups of any group G with:

SL{d, q) G < TL2(d,q) (equal to I'(¢); see below),
Sp(d, q) I G < I'Sp2(d, q) (equal to I'Sp(d, q)({t); see below), or

<
SUd,q) 4G <T'U, q),

and similarly for their projective counterparts.

Our algorithms have been implemented in MAGMA [3], where they are combined with
representations of groups in 4 to construct the maximal subgroups of classical groups in
low dimensions over any finite field, in any permutation or matrix representation. Currently,
this is roughly for d < 5, but we are actively working on increasing the families of groups
for which the implementations are available. We also plan in the future to make available
functions that return all maximal subgroups of specific types, such as reducible maximal
subgroups, for the classical groups in all dimensions d.

One of the most significant practical consequences of our algorithms is as follows. Let
G be any permutation group, each of whose nonabelian simple composition factors either
is one of these low-dimensional classical groups, or has order less than 1.6 x 107. Then
one may now compute the maximal subgroups of G, the set of all subgroups of G, and its
automorphism group.

The general maximal subgroups algorithm uses constructive recognition algorithms [14]
to set up a homomorphism between an arbitrary (black-box) representation of the group
G and a standard copy of the matrix group. So our algorithms are applicable to black-box
classical groups.

This paper includes complexity analyses of our algorithms. Before stating a theorem
that summarises our results, we need to introduce some of the notation used in [15]. We
let €2 be one of the groups SL(d, ¢), Sp(d, g) or SU(d, g), in their natural representation;
we refer to these three cases as cases L, S and U, respectively. Let I', equal to 'L(d, ¢),
I'Sp(d, q) or 'U(d, q), be the extension of €2 by its diagonal and field automorphisms.
Let A = I'L2(d,q) := I'(t), with ¢ a graph isomorphism in case L with d > 3, let
A :=TSp2(4,2° = TI'(1) in case S with d = 4 and ¢q even, and let A = I" otherwise. Let
“~” represent reduction modulo scalars. Note that A = Aut().

THEOREM 1.1. Let G be a group with 2 < G < A, where Q is nonabelian simple. Then
generators of the intersection with Q of all of the maximal subgroups of G that do not lie
in &, up to conjugacy in GL(d, q), GSp(d, q) or GU(d, q), can be calculated and written
down in time O (d>logd log> q).

We comment briefly on the maximal subgroups of the other families of almost simple
groups. The theory of the maximal subgroups of the alternating and symmetric groups is
well understood, and they can be divided into classes using the O’Nan—Scott theorem. Work
of Liebeck, Praeger and Saxl [18] determines the maximality of groups in each O’Nan—
Scott class other than the almost simple case, as well as of the intransitive and imprimitive
groups. A second paper by the same authors determines when one almost simple group is
contained in another [19]. This can be combined with Dixon and Mortimer’s classification
[7] of the primitive almost simple groups of degree less than 1000, to give an explicit list
of maximal subgroups of the alternating and symmetric groups of degree less than 1000.
The usual approach when computing with the alternating and symmetric groups is to use
constructive recognition [2] to find an isomorphism from the input group to the natural
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representation of Alt(n) or Sym(n). Generic functions write down the maximal intransitive
and imprimitive groups in their natural representation, and a database of primitive groups
is used for the rest.

The situation with the sporadic groups is somewhat different. The maximal subgroups
of all sporadics, other than the Monster, are known. To construct these subgroups, one
usually finds standard generators for the sporadic, and then writes down the generators of
the maximal subgroups as words in these standard generators. This can be done for all
maximal subgroups of sporadics of ‘reasonable’ permutation degree: the online ATLAS of
finite group representations [24] is a good source of such information.

The theory of the maximal subgroups of the exceptional groups is reasonably well under-
stood [17], and the maximals are known explicitly in many cases. The exceptional groups
are generally treated in the same way as the sporadics: since they have very few low-degree
permutation representations, this is perfectly appropriate.

Up to now, the classical groups have also been treated as sporadics. This is increasingly
unacceptable, as too many classical groups have moderate-degree permutation represen-
tations, and the relevant databases are rapidly becoming unwieldy. This paper presents
a solution to this problem.

The layout of the remainder of the paper is as follows. In Section 2, we introduce some
notation and state a number of general lemmas and a summary of the Aschbacher classes.
In Section 3, we describe how to conjugate a group preserving a non-degenerate form of
symplectic, unitary or orthogonal type on a vector space over a finite field, to a group
that preserves any other form of the same type. In the remaining sections, we present our
algorithms for each of the eight geometric families of subgroups in Aschbacher’s theorem,
before finishing with the subgroups of I'Sp 2(4, 2¢).

2. Notation and mathematical preliminaries

We let (a, b) denote the greatest common divisor of integers a and b, and [a, b] their
least common multiple.

When describing the structure of groups, the symbol [n], where n € N, denotes a soluble
group of order n, of unspecified structure.

As usual, I denotes the r x r identity matrix over GF(q). We define the elementary
matrix E; ; to be the square matrix with 1 in position (7, j) and 0 elsewhere: the dimension
of E; ; will always be clear from its context. A matrix A is block-diagonal if it is a block
matrix and all nonzero blocks have their main diagonal on the main diagonal of A. We write
block-diagonal matrices as Diag[ X1, ..., X], where X; € GL(d/s, q) for 1 <i <s.

We assume throughout that integer operations require constant time. We also assume that
primitive polynomials, together with associated primitive field elements, are known for all
finite fields that arise, and that elements of GF(p®) are represented as polynomials of degree
e — 1 over GF(p). Thus field operations in GF(q) require time O (log g), and elements of
GL(d, g) can be constructed in time 0 (d? logq).

By the results proved in [4, Chapters 15 and 16], matrix multiplication — as well as other
basic matrix operations such as inversion, echelonization, and nullspace and determinant
computation — all have time complexity ©(d"¥ log ¢) for the same value of ¥, where 2 <
W < 3; in fact, it has been proved that W < 2.38. The complexity estimates in many
of the results in this paper are stated in terms of this constant W. For small fields, the
implementations of matrix multiplication usually have time complexity O(d> logq); for
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prime finite fields of size greater than 2!, MaGMA uses an algorithm due to Strassen [22]
for which W = log, (7). We do not assume the availability of discrete logarithms.

The Kronecker product A ® B of two d x d matrices A and B is the d?> x d* matrix C,
where the ((i — 1)d +k, (j — )d +1) entry of Cis A;; By for 1 <1, j,k,I < d. The ®
operation is associative, and (A ® B)(C ® D) = AC ® BD for all d x d matrices A, B,
C and D. Note that the Kronecker product of two d X d matrices can be written down in
time O (d*log q), as each of the d* entries requires a single field operation.

LEMMA 2.1. Letd € N. The number of prime divisors of d is O (logd). The average number
of prime divisors of d is loglog d. The number of divisors of d is O(d®) for any real ¢ > 0.

Proof. The first statement is clear. For the second, see [11, Theorem 430], and for the third,
see [11, Theorem 315]. O

Throughout, we let p be a prime, and we set ¢ := p°.

LEMMA 2.2. Let o € GF(q). There are Las Vegas O (logq) time algorithms for finding
B € GF(q?) such that  + B9 = «, and y € GF(¢?) such that y7*' = a.

Proof. For the first problem, we find an element § € GF(g) such that the polynomial
x% — ax + § is irreducible over GF(q). This is known to be the case for almost exactly half
of the § € GF(g), so we can find such a polynomial quickly by using random choices of §.
By [9, Theorem 8.12], for example, we can test the irreducibility of the polynomial over
GF(q) and factorise it over GF(¢?) in time O (log ¢). Since 8 — B¢ is a field automorphism
of GF(g?) that fixes GF(g), the roots of x> —ax + 8 are 8, B¢ € GF(¢?%) with B+ B? = «.

Similarly, for the second problem, we find § € GF(g) such that x2+48x +a is irreducible

over GF(q); then the roots y, y¢ € GF(g?) satisfy y?*! = a. O

By constructing a group we mean producing a set of generating elements for the group:
this will generally be a set of matrices. Throughout, we let ¢ be a primitive multiplicative
element of GF(q) in cases L and S, and of GF(qz) in case U. The following lemmas are
taken from [21].

LEmMA 2.3. Given ¢, the groups GL(d, q), Sp(d, q) and GSp(d, q) can be constructed
in time O(d*>logq). The groups SU(d, q) and GU(d, q) can be constructed in time
O(d*logq +log? q).

LEMMA 2.4. For ¢ € {+, —, o}, each of the groups Q°(d, q), SO*(d, q), O°(d, q) and
GO®(d, q) can be constructed in time O (d¥ log q +10g> q), given a primitive field element
. The generators of GO? (d, q) include matrices A and B generating SO (d, q), an element
D, € 0°(d, q) of determinant —1, and for ¢ € {+, —}, an element E, € GO*(d, q) \
0°(d, q). We have Det(E_) = (—¢)/? and Det(E4) = ¢4/,

In fact, Lemma 2.4 is proved in [21] with 3 in place of W in the complexity estimate.
A more detailed analysis of the computations involved in this construction shows that the
operations involved are all either matrix operations that are known to have time complexity
0(dY log g), or transformations of orthogonal and quadratic forms, which will be discussed
in detail in Section 3. The specific form transformations involved can all be carried out using
a permutation of the basis, a scalar operation, and an operation on a 2 X 2 matrix so, as
in Proposition 3.2 below, they can be done in time O(d?logq). This justifies our use of
0(dY log g + log> g) in the above lemma.

49



Maximal subgroups of classical groups

We conclude this section with a brief description of the classes of subgroups of
the classical groups G that arise in Aschbacher’s theorem. The maximal subgroups of
I'Sp2(4, 2°) are described in Section 12.

Suppose that G is defined over GF(g) and acts on a vector space V of dimension d.
Groups in C1 act reducibly on V. Those in C; are imprimitive; that is, they preserve a direct
sum decomposition V. = V| @ --- @ V; with ¢ > 1. Groups in C3 are semilinear; that
is, they can be embedded in I'L(d/s, ¢°) for some s > 1. Groups in C4 preserve a tensor
product decomposition V = V| ® V5. Those in C5 can be defined, modulo scalars, over a
proper subfield of GF(q). Those in C¢ normalise an extraspecial or symplectic-type group
that acts irreducibly on V. Groups in C7 preserve a homogeneous tensor decomposition
V=Vi® -®V,witht > 1, where the dim(V;) are all equal. Those in Cg normalise
a proper classical group over GF(¢g) in its natural representation. Finally, the groups in
C9 = 4 are almost simple modulo scalars, and do not lie in any class C; fori =3,i =5
ori =8.

3. Transformation of forms

The following situation frequently arises when constructing subgroups of classical groups.
We have an absolutely irreducible matrix group G of dimension d, which is known to fix a
bilinear or sesquilinear form of full rank d over GF(g) (or GF(g?) in the unitary case). The
type of the fixed form, which may be symplectic, unitary, or orthogonal (of plus or minus
type when d is even), is also known. In the orthogonal case with g even, G is also known
to fix a quadratic form.

Our aim is to find a conjugate of G which is a subgroup of the standard copy of the
relevant classical group, namely Sp(d, q), GU(d, g) or 0*(d, ¢). We first find the form
fixed by G as ad x d matrix A. Then we find a basis change that transforms A to a fixed
standard version F of the form. Notice that if G preserves a symplectic form A, then G¥
preserves X ' AX T, and similarly for the other types of form. In the case of orthogonal
groups and even g, we also find the matrix Q of a quadratic form of plus or minus type
fixed by G, and we transform Q rather than A to a standard version F'. In fact, since the
group preserving the bilinear or quadratic form is unchanged if we multiply this form by a
scalar matrix, it suffices to transform A to a scalar multiple of F.

It is convenient to choose the standard versions F of the forms as follows. In the
symplectic case, F' = AntiDiag[1, ..., 1, —1,..., —1]: thatis, F; y41—; = Ll for 1 <i <
d/2,and then F; 441 ; = —1ford/2+ 1 <i < d, and F;; = 0 otherwise. In the unitary
case, F = I;. In the orthogonal case with ¢ odd, we have F = 1; if d is odd, and F = I
or I := Diag[l, ..., 1,¢] whend is even.

It should be noted that the form fixed by the ‘standard copy’ of SU(d, ¢), as returned
by MaGMma, for example, is AntiDiag[1, ..., 1] rather than I;. When writing down the
subgroups of SU(d, ¢) arising in Thereom 1.1, it will sometimes be convenient to use /4
and sometimes to use AntiDiag[1, ..., 1] as our standard form. We show in Subsection 3.2
that we can conjugate a matrix preserving one of these forms to one preserving the other
in time O (d?log g). It will turn out that the total number of generators of all subgroups of
SU(d, g) that arise is O(d), and so we can move freely between one form and the other
without affecting the result of Theorem 1.1.

Similarly, it is sometimes convenient to use AntiDiag[l, ..., 1] as the standard
orthogonal form of plus type in odd characteristic. Again, we can transform I; or
Diag[1, ..., 1, ¢] to AntiDiag[1, ..., 1] in time O(d*logq).
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In the orthogonal case with g even, d is necessarily even, because the groups
O@2m + 1, 2") are reducible. We choose our standard quadratic form to be

Oee 0e2 J

a b
026 O c O(ge ) (*)
Oee Oe2 Oee
where e = d/2 — 1, Oy denotes a k x [ zero matrix, and J := AntiDiag[l, ..., 1].

For a form of plus type, we have b = 1 and a = ¢ = 0, and so the quadratic form is
X1Xd + X2Xd—1 + ... + Xa/2Xd/2+1-

For a form of minus type, we need to choose a, b and ¢ such that ax? + bx + ¢ is
irreducible, and there is no canonical solution. In our implementation, we use the matrix of
the quadratic form fixed by SO~ (d, ¢) in MAGMA.

We now describe our algorithms to solve these problems for the individual types of
forms. The methods used to transform A to F' are all similar. First, we use elementary linear
algebra to transform A to F’, which has zero entries wherever F does. Then we transform
F’ to a scalar multiple of F, which is sufficient for our requirements.

Since we know, from the results proved in [4, Chapter 16], that the time complexity
of many types of matrix operations over finite fields is O (d" logq), it seems likely that
the results proved in this section could all be improved from time O(d>loggq) to time
0(dY log q). However, we have been unable to find all of the necessary results of this type
in the literature. In any case, our current implementations are O (d> log q).

In all cases, we let g1, ..., g, be the generators of G, which are d x d matrices over
GF(q), or over GF(¢?) in the unitary case. We let the natural basis of the vector space on
which G is acting be [eq, ..., eq].

3.1. Symplectic forms

First we need to find the matrix of the symplectic form A = —AT fixed by G, which
must satisfy g; Ag;r = A or, equivalently, g;iA = A (g; 1)T for 1 < i < r.In other words,
if M is the d-dimensional G-module over GF(g) defined by G, and M* is the dual of M
obtained by inverting and transposing the matrices for M, then we are looking for a module
isomorphism A from M to M*. Since we are assuming that G acts absolutely irreducibly
on M, A is uniquely determined up to multiplication by a scalar. We can find A by the Las
Vegas O (d° log ¢)-time algorithm for testing for isomorphism between irreducible modules
defined over finite fields, which is described in [13, Section 4].

PROPOSITION 3.1. Let A be the matrix of a symplectic form preserved by a group G. In time
0(d?1og q), amatrix X can be constructed such that GX preserves our standard symplectic
Sform.

Proof. We first describe how to transform A to an antidiagonal matrix F’. By interchanging
co-ordinates if necessary, we may assume that Ay # 0. Let X| be a change of basis matrix
for this: it is clear that we may construct X in time O(d2 logg). Then, for2 <i <d —1,
we replace e; by ¢; — AliAlfd1 eq, and leave e and e; unchanged. The transformed form A
then has all entries in the first row and column equal to 0, except for the (1, d) and (d, 1)
entries. By repeating this process on the other rows and columns of A, we can transform
A to an antidiagonal matrix F’. The change of basis matrix to transform each row has all
nondiagonal entries equal to zero except for one column, so we can construct a change of
basis matrix X» representing the products of these O (d) operations in time O (d?log q).
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To transform F’ to F, we replace ¢; by (F/);[}H_ie,- for 1 <i < d/2, and leave the re-
maining e; unchanged. Let X3 be the diagonal change of basis matrix for this transformation.
Then X := (X1 X2X3)~ L. O

3.2.  Unitary forms

In this case, the matrices g; are defined over GF (qz). For a matrix X over GF (q2), let X*
be the result of transposing X and then replacing all entries of X by their gth power: that is,
by their image under the field automorphism of GF(¢?) that fixes GF(¢). Then the matrix
A of the unitary form fixed by G satisfies g; Ag]" = A, or equivalently g; A = A(g;” ¥, for
1 < i < r.Asinthe symplectic case, finding A can be done by a module isomorphism test.
For a unitary form, we require that A = A*. At this stage, we know only that some scalar
multiple LA of A satisfies LA = (AA)*.

PrROPOSITION 3.2. Let A be the matrix of a unitary form preserved by a group G. In time
0(d31ogq), a matrix X can be constructed such that GX preserves the standard unitary
form 1.

We can also write down a matrix Y, having at most 2d nonzero entries, that transforms
1, to AntiDiag[1, . .., 1], and hence we can conjugate each matrix of GX to one preserving
AntiDiag[1, ..., 1] in time O(d*logq).

Proof. First we make a basis change so as to transform A to a diagonal matrix F’, using a
similar method to that in the proof of Proposition 3.1. By multiplying F’ by a scalar matrix,
we may assume that F{, = 1. The fact that AF] = (AF/)* for some A means that AF" has
its entries in GF(g). But then F|, = 1 € GF(g) implies that 1 € GF(g), and so we must
already have F' = (F')*.

To transform F” to the identity matrix F, we replace e; by t;¢;, where t; satisfies rl.1+q =
(F/)l._i1 for 1 <i < d.ByLemma 2.2, we can find such a 7; in time O (log ¢) for each i, so
we transform F’ to F in time O (d logq).

For the final statement, observe that transforming AntiDiag[1, ..., 1] to I; reduces to
|d /2] transformations. O

3.3. Orthogonal forms

We find the orthogonal form A fixed by G exactly as we did in the symplectic case, but
now we have A = AT.

PrROPOSITION 3.3. Let g be odd, andlet G < GL(d, q) preserve a known orthogonal form A.
In time O(d>logq), a matrix X can be constructed such that GX preserves our standard
orthogonal form.

Proof. We can transform A to diagonal F’ in a similar way to the symplectic and unitary
cases. Then, by replacing the basis vectors e; by multiples 7;e;, we can effectively multiply
the elements of F’ by arbitrary squares in GF(g), and hence we can assume that all of the
diagonal entries of F’ are equal either to 1 or to some fixed non-square, which we can take
to be our given primitive element { of GF(g).

Now, if i and j are two indices with F/; = Fj/ i by means of a basis change that maps

e — e + Aej, and ej > Lej —ej,
we can multiply both F/; and F/.’j by A% + 1 for any A € GF(g). So, by choosing A such
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that A% + 1 is a non-square (and roughly half of the A € GF(g) have that property), we can
change entries of F’ in pairs from squares to non-squares, and vice versa. Hence, if d is odd
we can transform F’ to either F = I; or to ¢ F. If d is even, we can transform F’ either to
1, or to I, as defined above. O

As in the proof of Proposition 3.2, we can show that, for a form of plus type, I; or I
can be transformed in time O(a’2 log g) to AntiDiag[1, ..., 1], which is sometimes more
convenient to use as the standard form.

Now suppose that ¢ and d are even. If a matrix Q represents a quadratic form, then, for
J # 1, the values of Q;; and Qj; are not individually significant. It is their sum Q;; + Qj;
that represents the coefficient of x;x; in the quadratic form. We therefore replace any such
Q by the unique upper triangular matrix Q" that represents the same form as Q. Then G
preserves Q if and only if (g; Qg;r)“ =Q"forl1 <i <r.

In fact, the orthogonal forms preserved by the groups O (d, 2") are symplectic, so the
matrices A satisfy A;; = 0 for 1 < i < d. We wish to find a quadratic form preserved
by G, given that G preserves a known orthogonal form A with this property. Since A is
symmetric, we can write A = U + U7, where U is strictly upper-triangular. Then

U+U"=gU+UYg =gUg! +4U"g!,

so the off-diagonal entries of U" = U and (g;U gl.T)” are equal for 1 < i <d.

Indeed, if D is adiagonal matrix with entries §; on the diagonal, then g; Dgl.T is symmetric,
so the off-diagonal entries of U + D and (g; (U + D) gl.T)“ are also equal, and requiring that
their diagonal entries be equal gives rise to a system of linear equations in the n unknowns
8;. We are assuming that G fixes a form, so the equations must have a solution, which can
be found in time O (d* log ¢). The required quadratic form preserved by G is Q := U + D.

PRrROPOSITION 3.4. Let G < GL(d, 2") preserve a known quadratic form Q, of plus or minus
type. Then in time O (d>log q), a matrix X can be constructed such that GX preserves our
chosen quadratic form.

Proof. Suppose that d > 2, and recall our choice (x) of a standard form. Since Q is
non-degenerate, the off-diagonal entries are not all zero, for otherwise the form would be

(VOuxi+...+ Qddxd)z-

So, by interchanging co-ordinates if necessary, we may assume that Q14 # 0. The form is

Q11x12 + Quxix2+ ...+ Quaxixg + ... = x1(Qux1 + Quaxa + ...+ Quuxg) + ...,

so by replacing x4 by Q11x1+ Q12x2+ ...+ Q1gxg, we make Q1; = 0for 1 <i < d and
Q14 = 1. By a similar change to x1, we can achieve Q;4; = 0 for 2 < i < d. By repeating
this process, we can transform Q to a matrix with structure (x) in time O (d 3 logq).

This reduces us to the case d = 2, where the quadratic is Kxf + Ax1xy + ux%. If this
factorises to (sx1 + fx2)(ux; + vx2), then Q is of plus type, and we change co-ordinates to
SX1 + tx3, uxy + vxp to bring Q to the standard form.

Otherwise, lcxf + Ax1xp + Mx% is irreducible over GF(gq), the form is of minus type, and
we wish to transform it to a standard irreducible ax% + bxix2 + cx%. In other words, we
must find «, B, y, § € GF(g) with

DG DG -0
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We know that there is a solution, and the stabiliser O™ (2, ¢g) of the form in GL(2, ¢g) acts
transitively on the one-dimensional subspaces of GF(¢)?, so there is always a solution with
o = 0. The matrix equation then reduces to the three equations S%u = a, yp% = b, and
v2k + 8B + 8211 = ¢, which enable us to find 8,  and 8. O

4. Reducible groups

Sections 4 to 11 all have a similar structure. We first summarise the groups to be con-
structed in Theorem 1.1 that arise in the Aschbacher class under consideration in that section.
We then go on to treat cases L, S, and U in detail. In case S with d = 4 and g even, we
postpone the discussion of the subgroups of groups that contain a graph automorphism until
Section 12.

In case L, we denote the natural basis of V := GF(q)d by [e1, ..., eq]. In case S, we
put/ :=d/2, and we let [eq, ..., e, fi, ..., fi] be a symplectic basis for GF(q)d, where
the matrix F of the symplectic form fixed by Sp(d, ¢) is antidiagonal with entries 1 in the
first / rows and —1 in the final / rows. In case U, we may do one of two things. We may use

a basis [61, s €d)2, fd/z, ey f]] if d is even, and [61, s €1d)2], W, f\_d/Zja ey f]] if
d is odd, where the matrix F of the unitary form fixed by SU(d, ¢) is AntiDiag[1, ..., 1].
We may, alternatively, use an orthonormal basis [vy, ..., vg], with form matrix F' = I,.

In this section we describe how to write down generators of conjugacy class represen-
tatives of the reducible subgroups G of 2 that arise in Theorem 1.1. Such a group G is
the stabiliser of a space W of dimension k, or the stabiliser of spaces W and U of dimen-
sion k and d — k, as described in Table 1, which comes from [15, Table 4.1.A]. Note the
abbreviations ‘t.s.” for totally singular, and ‘n.d.” for nondegenerate.

The meanings of the ‘types’ in the second column of Table 1 are as follows. The groups of
type Py are parabolic subgroups, which are the stabilisers of totally singular k-dimensional
subspaces. A group of type Pk 4—r is the stabiliser of both a k-dimensional subspace W and a
(d — k)-dimensional subspace U containing U : these groups are non-maximal in PSL(d, q)
but extend to maximal subgroups of PSL 2(d, ¢). Groups of type GL(k, ¢) ® GL(d —k, q)
stabilise a space W of dimension k and a (d — k)-dimensional complement U of W: as in the
previous row, these groups are maximal only in groups containing a graph automorphism.
Groups of type Sp(k, g) L Sp(d — k, q) stabilise a nondegenerate symplectic subspace W
of dimension k, and a complement U to W (which is also nondegenerate). Groups of type
GU(k, q) L GU(d — k, q) stabilise a nondegenerate unitary subspace W of dimension %,
and a complement U to W (which is also nondegenerate).

Table 1: Maximal reducible groups.

Case Type Description  Conditions

L,S,U P W ts. 1<k<d/2

L Pr.a—k W <U 1<k<d/2

L GL(k,q) ®GLd —k,q) WNU=0 1<k<d/2

S Sptk,q) L Sp(d — k, q) W n.d. keven, 1 <k <d/2
U GU(k,q) L GU( —k,q) W nd. 1<k<d/2

54



Maximal subgroups of classical groups

4.1. Linear reducible groups

PROPOSITION 4.1. A set of representatives for the k-space stabilisers Py in SL(d, q) can be
constructed in time O (d> log q).

Proof. Let G be the stabiliser of (eq, ..., er) in SL(d, g); then by [15, Section 4.1],
G = [¢F4=R] . (SL(k,q) x SL(d — k,q)).(g — 1), and G consists of all matrices of
determinant 1 whose top right corner is a k x (d — k) block of zeros.

We generate SL(k, g) x SL(d — k, g) with 4 block matrices A;, for 1 < i < 4, in
the obvious fashion, with SL(k, g) acting on (e, ..., er) and SL(d — k, g) acting on
(ek+1, .- -, eq). Identify SL(k, ¢) and SL(d — k, g) with the direct factors that we have just
constructed.

Next we define A5 := Diag[¢, 1,..., 1, ;’1] e SL(d,q). Then (A; : 1 <i < 5)
(SL(k, g) x SL(d — k, q)).(q — 1).

Finally, we define T := 1y, ¢; = la + E@+1),1, where [w1, ..., wq] is the dual basis
to [e, ..., eq] and, foru € V and w € V*, the transvection 1, , is defined by #, ,(v) =
v + w(v)u for v € V. We wish to prove that |(T)<A":1<"<4)| = qk(d_k).

For all X € GL(d, q), we have X ', /X = tw,, x.e;x- If X € SL(k,q), then
wk+1X = wrs+1 and {e1 X : X € SL(k, g)} contains a GF(p) basis for (eq, ..., ex).
Similarly, if X € SL(d — k,q), then ¢;X = ¢; for 1 < i < k, but {wp+1X : X €
SL(d — k, g)} contains a basis for (wi+1,...,ws). Thus T may be conjugated to any
transvection ¢, ,,, where v € (e, ..., ex) and ® € (Wk+1, ..., wg). These generate a group
of order qk(d =) as required.

Thus, up to conjugacy, G = (A;, T : 1 < i < 5). Since each matrix is constructed in
time O (d> log ¢) and there are O(d) classes of such stabilisers, the total time requirement
is O(d>logq). O

12

The two types of linear reducible groups in the second section of Table 1 arise as the
intersection of the maximal subgroups of GL(d, ¢)(t) with SL(d, ¢g), where ¢ is the graph
automorphism.

PROPOSITION 4.2. A set of representatives for the intersections of the maximal reducible
subgroups of GL(d, q)(t) with SL(d, q¢) can be constructed in time O (d> log q).

Proof. There are two types of group G to be constructed. The first stabilises a k-space U
and a (d — k)-space W such that U N W = {0}. The second stabilises a k-space U and a
(d — k)-space W with U < W. In both cases, k < d/2.

In the first case, G = (SL(k, g) x SL(d —k, q)).(q — 1), by [15, Section 4.1]. The group
G consists of block-diagonal matrices, where the first block has size k x k and the second
block has size (d — k) x (d — k). The first block can be any matrix from GL(k, ¢g). The
second can then be any element of GL(d — k, g) whose determinant is the inverse of the
determinant of the first block. Let A;, for I < i < 5, be as in Proposition 4.1; then, up to
conjugacy, G = (A; : 1 <i <5).

In the second case, let G be the stabiliser in SL(d, ¢) of the subspaces (ey, ..., ex) and
(e1, ..., eq—r). Then G = [¢2%=3K*1 (SL(k, ¢)* x SL(d — 2k, ¢)).(q — 1). The group G
consists of all matrices of the form:

A 0 O
B C 0],
D E F

where A € GL(k, q), C € GL(d —2k, q), F € GL(k, q), and Det(A) Det(C) Det(F) = 1.
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We define {X; : 1 < i < 6} to generate H := SL(k, q) x SL(d — 2k, q) x SL(k, q)
in the obvious fashion. Let D; and D be diagonal matrices, where both have ¢ in row 1,
matrix D has ;‘1 in row k + 1, matrix D, has {‘1 in row d — k + 1, and both have 1s
elsewhere. Clearly (Dg, D2) = (g — 1)? and normalises H.

Finally, we let matrix 71 := Iz + Ej+1,1, matrix 7o := Iy + E4—k+1,1, and matrix
T5 := Ig + Eg—k+1 k+1- In a similar fashion to Proposition 4.1, one may show that P :=
(T1)" has order ¢*?=2%) and by symmetry that the same is true for P3 := (T3). Similarly,
P, = (TZ)H has order qkz. Since (H, D1, D») fixes {e1,...,er) and (e, ..., e4_i), the
groups P; have trivial pairwise intersections, and so G = (H, Dy, D>, Ty, T», T3).

Each of the O (d) groups requires at most eleven generating matrices, each of which can
be written down in time O (d?log q). O

4.2. Symplectic reducible groups

PROPOSITION 4.3. A set of representatives of the maximal reducible subgroups of Sp(d, q)
that stabilise isotropic k-spaces can be constructed in time O(d> log q).

Proof. Let G be the stabiliser in Sp(d, g) of the isotropic subspace U := {(ey, ..., e), then
by [15, Section 4.1],

G = [gFFFD/2HRE=20T  (GL(k, ) x Sp(d — 2k, q)).

The matrices in G are all matrices in Sp(d, ¢) that are of the following form:

A 0 O
B C 0
D E F

Here A € GL(d, q), F = JA™'T for J := AntiDiag[l, ..., 1] € GL(k,q), and C €
Sp(d, g). The matrices B, D and E are arbitrary.

Let A; and A, generate GL(k, ¢), and define X; := Diag[A;, 5o, J(A;l)TJ] for
i = 1, 2. The description in [23] of the generators A; and A, of GL(k, g) is particularly
simple, and hence may easily be adapted to give a description of J (Ai_l)TJ (fori =1,2)
that can be computed directly in time O (k? log ¢) rather than requiring a succession of matrix
operations. We identify GL(k, ¢) with (X, X3). Let By and B, generate Sp(d — 2k, q),
and for i = 1, 2 define Y; := Diag[ [y, B;, Ix]. Identify Sp(d — 2k, g) with (Y1, Y>2).

Next, define 71 := Iy + E4,1. The reader may check that conjugation by elements of
GL(k, g) can map T7 to any matrix with 1s down the diagonal, a (k x k) block in the bottom
left corner that is symmetric about the anti-diagonal, and zeros elsewhere. Conjugation by
elements of Sp(d — 2k, q) fixes Tj. Thus (T})OL&@xSpd=2k.0)) hag order g*k*+1/2 1f
d=2k,then G =(X;,Y;, 71 : i =1,2).

If d > 2k, then define T» := Iy + E4q4—k — Ek+1.1. It is routine to check that
T» € Sp(d, q), and clear that T, stabilises (ey, ..., ex). The argument that the normal
closure of (7) under GL(k, ¢) x Sp(d — 2k, ¢) has order ¢*=2k) is similar to that of
Proposition 4.1, as

(e1, ... ek) L (eks1,---ser, fIo vy fht1)-
Then G = (X;,Y;, T; :i =1, 2).
There are O (d) possibilities for G, giving a total time of O (d> log q). O

PROPOSITION 4.4. A set of representatives of the maximal reducible subgroups of Sp(d, q)
that stabilise symplectic subspaces may be constructed in time O (d> log q).
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Proof. Let G be the stabiliser in Sp(d, q) of (e1,...ek, fr,..., f1); then, by [15,
Section 4.1],

G = Sp(2k, q) x Sp(d — 2k, q).

The group G consists of all matrices from Sp(d, ¢) of the form

A O B
0O C O , where ( g g ) e Sp(2k, q).
D 0 E

Here, A, B, D and E are k x k matrices, and C € Sp(d — 2k, q).
Let Ay, Ay generate Sp(2k, g). Let A;ji, where i, j, k € {1, 2}, be k x k submatrices of

A; such that
Ain Ain
A= ! )
' ( A1 A )

Fori =1, 2, define X; € G to be block matrices with A;j; in the corners in the obvious
fashion, and I;_7; in the centre. Let By and B generate Sp(d — 2k, q), and fori = 1,2
define Y; := Diag[l, B;, Ix]. Then G = (X1, X2, Y1, 12).

There are O (d) conjugacy classes of symplectic groups stabilising isotropic subspaces,
so the result follows. ]

4.3. Unitary reducible groups

Here we use the unitary form F' = AntiDiag[1, ..., 1]. Recall that, for A € GL(d, qz),
we denote by A* the matrix resulting from transposing A and then replacing all entries in
A by their gth powers.

PROPOSITION 4.5. A set of representatives of the maximal reducible subgroups of SU(d, q)
that stabilise isotropic k-spaces can be constructed in time O (d* log® q).

Proof. Let G < SU(d, g) be the maximal subgroup that stabilises U := (ey, ..., ex). Then
by [15, Section 4.1],

G = [¢*?930] . (SL(k, ¢°) x SUd — 2k, ¢)).[¢* — 1].

The group G consists of matrices of the same shape as those in Proposition 4.3.

We require various field elements. If ¢ is odd, then set v := ;(‘1“)/ 2. otherwise, set
v := 1, so that v satisfies v + v? = 0. If ¢ is odd, then let © € GF(¢?) satisfy pitl = -2,
By Lemma 2.2, u may be found in time O (log q).

To construct G, we start by taking a direct product of GL(k, ¢%) with SU(d — 2k, q),
where the generators Aj, A> of GL(k, qz) act as JAi_*J on (fk,..., f1), where J :=
AntiDiag[1, ..., 1] € GL(k, g?). As in the symplectic case, we may adapt the description
of the generators A and A, of GL(k, q2) in [23] to describe the coefficents of J Ai_*J ,and
hence we construct the direct product in time O (d*log g + log? ¢).

We need two unitary transvections. The first is 7} := Iy + vE4 1. The second is T :=
1y+E 4—k~+ Eks1,1,provided thatd —2k > 1.1f d —2k = 1, then the second transvection
isTh :=Ig+MEq 1+ Eqg a2 +A3Ea2,1, where (A1, A2, A3) is (¢, 1, 1) if g is even,
and (1, i, u?) when ¢ is odd. The proof that the normal closure of (77) has order qu, and
that the normal closure of (7») has order ¢2¥=2%) is similar to the proof of Proposition 4.3.
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Finally, we add a diagonal matrix, which has entry ¢ in row 1, entry ¢ ~! in row (k + 1),
entry ¢ P in row d, entry {P in row d — k, and 1 elsewhere. If d = 2k ord = 2k + 1, we
make some obvious minor variations, which we leave to the reader.

Each group is generated by at most seven matrices, and there are O (d) conjugacy classes
of such groups, and so the result follows. O

PROPOSITION 4.6. A set of representatives of the maximal reducible subgroups of SU(d, q)
that fix unitary subspaces can be constructed in time O (d>logq + log® q).

Proof. Letk < d/2be given,anddefine U := (e1, ..., e\xs2), fik/2)> - - f1). If kiseven,
then let G be the stabiliser in SU(d, g) of U L U-L. If k and d are both odd, then let G
stabilise (U, w) and its complement. Suppose that k is odd and d is even. Let @ € GF(g?)
satisfy @ + «¢ = 1; by Lemma 2.2, « can be found in time O(logq). Let 8 € GF(g?)
satisfy B9 = —1; we may set f to be £ @~1/2 if ¢ is odd, and to be 1 if g is even. The
reader may verify that the vectors w| := ae; + f; and wy := —a?Be; + Bf;, withl = d /2,
are such that Uy := (U, wy) and U, := (V, wy) are orthogonal unitary subspaces, where
Vi=A{ewks2j+1,--->€i—1, fi—1, -, flky2)+1). We let G stabilise Uy L Us.

The construction of G = (SU(k, g) x SU(d —k, q)).(q — 1) is straightforward, and we
leave it to the reader. O]

5. Imprimitive groups

In this section, we describe how to construct representatives of the maximal imprimitive
subgroups G of € that arise in Theorem 1.1. Such a group G is the stabiliser in 2 of an
m-space decomposition

D:V=Vid---dV,

where d = mt and ¢t > 1, such that the conditions of Table 2 (from [15, Table 4.2.A]) hold.

The types of the imprimitive groups are as follows. The groups of type GL(m, ¢):Sym(t)
stabilise a decomposition of V into a direct sum of 7 subspaces, each of dimension m. The
groups of type Sp(m, ¢) : Sym(z) stabilise a decomposition of V' into a direct sum of 7 non-
degenerate symplectic subspaces, each of dimension m. The groups of type GL(d/2, g).2
stabilise a decomposition of V into a direct sum of two totally singular subspaces, each
of dimension d/2. The groups of type GU(m, g) * Sym(z) stabilise a decomposition of
V into a direct sum of # nondegenerate unitary subspaces, each of dimension m. Finally,
the groups of type GL(d/2, ¢%).2 stabilise a decomposition of V into a direct sum of two
totally singular subspaces, each of dimension d/2 (recall that in case U, the vector space V
is defined over GF(qz)).

Table 2: Maximal imprimitive groups.

Case Type Description of V;  Conditions
L GL(m, g) : Sym(z)

S Sp(m, g) : Sym(r)  non-degenerate
S GL(d/2,q).2 totally singular g odd
U GU(m, g) : Sym(¢t) non-degenerate
U GL(d/2,4%).2 totally singular
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5.1. Linear imprimitive groups

PROPOSITION 5.1. A set of representatives of the maximal imprimitive subgroups of SL(d, q)
can be constructed in time O(d**¢log q), for any & > 0.

Proof. Lett > 1divided,and for0 <i <t —1,set Viy1 := (€im+1, ..., €i+1)m). Let G
be the stabiliser in SL(d, ¢g) of the decomposition V. =V, @ --- @& V;, and let m := d/t.
Then, by [15, Section 4.2],

G = SL(m, ¢)' (g — D™D Sym(r).

The group consists of all matrices in SL(d, ¢) that are composed of m x m block matrices,
where each row and column can contain only one nonzero block matrix. The determinants
of the first # — 1 blocks can be chosen freely, but the final block must ensure that the
determinant of the overall matrix is 1.

Let A, B € GL(d, g) have the generators for SL(m, ¢g) in the initial m x m block,
and the identity elsewhere. Let C, D € GL(d, ¢) be block matrices preserving D, with
blocks of size (m x m), where C? := (1,2, ...,¢) and D := (1, 2). The nonzero block
in rows 1 to m is defined to be —1,, in C and D, unless m and ¢ are both odd, when it
is I, in C. All other blocks in C and D are I,,, so Det(C) = Det(D) = 1. We have
(A, B, C, D) = SL(m, ¢)'. Sym(t) or SL(m, ¢)" .2~V Sym(r).

Let E := Diag[¢, 1, ..., 1, §_1, 1,...1], with ;“_1 in row m + 1. Then, up to conjugacy,
G=(A,B,C,D,E).

The number of types of imprimitive decomposition is equal to the number of proper
divisors k of d, which is O (d?) for any real ¢ > 0, by Lemma 2.1. O

5.2.  Symplectic imprimitive groups

PROPOSITION 5.2. A set of representatives of the maximal imprimitive subgroups of Sp(d, q)
that stabilise decompositions into non-degenerate subspaces can be constructed in time
0 (d**¢1ogq), for any real & > 0.

Proof. Let G be the stabiliserin Sp(d, g) of D : V = V1 &- - -®V;, whereeach V; isasym-
plectic m-space. Then by [15, Section 4.2], G = Sp(m, g):Sym(t). Note that m is even, and
setk :=m/2.For0 <i <t—1wemayset Vi1 := (€ik+1, -, €it+1)ks fGitDks -+ s fik4+1)-

Let A; and A, generate Sp(m, ¢); use them to construct X; and X» as in the proof of
Proposition 4.4. Let C € SL(d, q) interchange ¢; with e; 1 and f; with f; 1, for 1 <i <k,
and fix the other basis vectors. Let D € SL(d, g) map ¢; > e((i1k—1) mod /)41 and f; —>
S(i+k=1) mod 1)+1, for 1 < i < [. Then, up to conjugacy, G = (X1, X2, C, D).

The number of types of imprimitive decomposition is equal to the number of even proper
divisors of d, namely O (d?) for any ¢ > 0. O

When ¢ is odd, there is a second conjugacy class of maximal imprimitive subgroups of
Sp(d, q).

PROPOSITION 5.3. A representative of the maximal imprimitive groups in Sp(d, q) that sta-
bilise a decomposition into two isotropic subspaces can be constructed in time O (d* log q).

Proof. Let G be the maximal subgroup of Sp(d, ¢) that stabilises the decomposition D :
V = (et,...,e1) ®{fi,-.., f1)- Then by [15, Section 4.2], G = GL(/, ¢).2. Elements
of G can either stabilise each space in the decomposition (in which case they can act as
any element of GL(/, ¢) on the first k-dimensional subspace, provided that the action on
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the second k-dimensional subspace preserves the isotropic form), or they can interchange
(e1,...,er) with (fy, ..., f1).

Let A1, By generate GL(/, g), and let J : Ant1D1ag[ , 1] € GL(, g). Define
A := Diag[A}, J(A7")TJ]and B := Diag[By, J (B )TJ].A short calculation shows that
A and B preserve both F and D, and so are in G.

Let C := AntiDiag[[;, —I;]; then, up to conjugacy, G = (A, B, C). O

5.3.  Unitary imprimitive groups
In the next proposition, we use the form F = I;.

PROPOSITION 5.4. A set of representatives of the imprimitive maximal subgroups of
SU(d, q) that stabilise decompositions into unitary subspaces can be constructed in time
0 (d®(d*log q + log? q)), for any real & > 0.

Proof. Lett > 1 be adivisor of d,letm := d/t,and for0 < i <t —1set Vi;1 =
(Vim+1, -, Vi+1)m). Let G be the stabiliser in SU(d, g) of the decomp051t10n D:V =
Vi L ... L V,. Then, by [15, Section 4.2],

G =SU(m, q) .(g + 1)~ Sym(r).

Let Ay and B; generate SU(m, q), and let A := Diag[A, ..., ;] and B :=
Diag[By, Iy, - .., I,]. Then both A and B preserve F and D, so A, B € G. Identify
(A, B) with SU(m, q).

Let C € GL(, qz) interchange v; with —v;4,, for 1 < i < m, and fix everything
else. A short calculation shows that Det(C) = 1, and that CC* = I;, so C € G. Let
D, € GL(, q2) map v; = V((i+m—1) mod d)+1 for 1 <i < d.If m or g isevenort is odd,
let D = Dy; otherwise, let D := Diag[—1, 1, ..., 1]D;. It may be checked that DD* = I
and that Det(D) = 1.

Let £ = Diag[{‘f’l, 1,...,1, ;1"4, 1,...,1] € GLW, qz) have nontrivial entries in
rows 1 and m + 1. Then, up to conjugacy, G = (A, B,C, D, E).

The number of choices of ¢ is equal to the number of proper divisors of d, which is O (d*)
for any real ¢ > 0. O

In the next proposition, we use the form F := AntiDiag[1, ..., 1].

PROPOSITION 5.5. If d is even, a representative of the maximal imprimitive subgroups of
SU(d, q) that preserve a decomposition into two isotropic subspaces can be constructed in
time O (d*log q + log? q).

Proof. Let G be the stabiliser in SU(d, ¢) of the decomposition D : V = (¢; : 1 < i <)

@ (fi : 1 >i > 1). Then by [15, Section 4.2], G = SL(/, ¢%).(q¢ — 1).2.

LetAq, By € SL(l, ¢%) generate SL(/, ¢%),and let J := AntiDiag[1, ..., 1] € GL(l, ¢?).
Define A := Diag[Ai, JA{"J] and B := Diag[By, JB; " /J]. Identlfy (A, B) with
SL(I, qz). A short calculation shows that A and B preserve both Fand D,andso A, B € G.

Define C; := AntiDiag[[;, [;] and M := Diag[¢@TD/2 1, .. 1,¢72@+D/2] ¢
GU(, q), a matrix of determinant —1 that squares to I;. If d = 0 mod 4 or ¢ is even,
then let C := Cy; otherwise, set C := C{M.If C = Cy, then C? € SL(l, qz); otherwise,
C? is a diagonal matrix such that Det(C?|,,.1<i<)) = —1. We see that C € Ng(SL(, g%)).

Define D € GL(d, ¢?) to be diagonal with entry ¢ inrow 1, entry 7 inrow 2, entry ¢ "' in
row d — 1 and ¢ =7 inrow d. Then D preserves F and D, so D € Ng(SL(, ¢*))\SL(, ¢?).
Up to conjugacy, G = (A, B, C, D). O
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6. Semilinear groups

In this section we describe how to write down generators for the semilinear subgroups G
of Q2 that arise in Theorem 1.1. Letu := 1 incases L and S, and u := 2 in case U. A group is
semilinear if it can be embedded in I'L(d /s, ¢**) for some divisor s of d. From [15, Table
4.3.A], we find that, for each such s, there is one maximal semilinear subgroup G having
the same type (L, S or U) as Q. In addition, in case S with g odd, there is a conjugacy class
of semilinear groups isomorphic to GU(d /2, ¢g).2.

We denote a primitive element of GF(g*") by w. The symbol v, denotes the field auto-
morphism x +— x? of GF(¢°"), and o,, denotes the matrix operation (a);; — (a?);;.

LEMMA 6.1. Let g be a prime power. A subgroup of GL(s, q) that is isomorphic to T'L(1, g*)
may be constructed in time O (s logq + log? ).

Proof. Fix a basis 8 := [1, w, w?, ..., a)s’l] of GF(¢*) over GF(gq). This determines an
embedding ¢ : GF(¢*)Y) — GF(g)"®, and induces an embedding v : I'L(1, ¢*) —>
GL(s, q).

Let f(x) be a primitive polynomial for GF(¢®) over GF(g) with root w, and let A €
GL(s, g¢) be the companion matrix for f. Then A acts on the natural basis in the same way
as w acts by multiplication on 8B, so Ay = ¥ (w).

For 0 < i, j < s — 1, let§;; be the coefficient of @’ in the expression for ', written as
a linear combination of wf with 0 < k < s —1.Define B € GL(s, q) by Bjj :==&; 1 1.
Then B acts on the natural basis of GF(g)‘* in the same way as Vg actson B,s0 B = ¥ (v,).
Then (A, B) = (w, vy) = T'L(l1, ¢°).

We construct the field elements in time O (log® ¢) for w?; then O (logq) time for each
additional power. Writing down the matrix B then takes an additional time O (s*logq),
yielding a total time of O (s%loggq + log? q). O

Retaining the notation of the proof above, the map ¥ can be used to construct a map 6 :
I'L(d/s,q*) — GL(d, q), where 6 : (Aw')x +> (AA")jx and @ : o, > Diag[B, ..., B]
for A € GF(g). It is clear that 6 is an injection. The reader may verify that 6 restricted to
GL(d/s, q*) is ahomomorphism by checking that the (m, n)th block of 6(X).6(Y) is ¥ (x),
where x is the (m, n)th entry of XY, for X, Y € GL(d/s, ¢%). Furthermore, 6(o,) acts by
conjugation on Im(60|GL4/s,45)) by conjugating each block by B, which corresponds to the
action of o, on GL(d/s, ¢°). So 6 is a homomorphism.

LEMMA 6.2. Let A and B be as in Lemma 6.1. Then | Det(A)| is equal to g — 1 and Det(B)
is equal to 1 if s is odd or q is even, or to —1 if s is even and q is odd.

Proof. The first claim follows from the fact that when it is represented as a subgroup of
GL(d, q), we have | Det(GL(d/s, ¢°))| = (¢ — 1) [15, Proposition 4.3.6].

The normal basis theorem (see, for instance, [16, Theorem 2.35]) states that there exists
an element « in GF(¢*) such that [«, ¥, oﬂz, ey oﬂH] is a basis for GF(¢*) over GF(q).
Relative to this basis, the matrix for v/(v,;) is a permutation matrix with a 1 in position
(i,i+1)forl1 <i <s—1andalin position (s, 1). Thus Det(B) is as stated. O

6.1. Linear semilinear groups

PROPOSITION 6.3. A set of representatives of the maximal semilinear subgroups of SL(d, q)
can be constructed in time O(d¥ logd log® q).
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Proof. Let G be a maximal semilinear subgroup of SL(d, g). Then, by [15, Proposition
4.3.6], there exists a prime divisor s of d such that

q9° —1

qg—1

We use Lemma 6.1 to construct matrices Ay, By € GL(s, g) with (Ay, By) = T'L(1, ¢%).
We compute Cy := ¥ (0?1) = A7 in time O (s¥ log? q).

If s = d and d is odd, then let H := (Cy, By). Since s is odd, Det(By) = Det(Cy) = 1,
so H < SL(d, q). Itis clear that H = ((¢°* — 1)/(q¢ — 1)).s,50 G = H. If s =d = 2,
then set Fy := B_;Agfrl)/2 and let H := (Cy, Fy). Then Det(Fy) = 1 and CSFS =C?, so
G=H.

If s # d, then let X,Y € GL(d/s, q®) generate SL(d/s, ¢*). We may assume that
X = Diaglw, @~ 1, 1...,1], and that Y has all nonzero entries equal to +1; see [23]. Let
A = 0(X) € GL(d, q), and B := 6(Y) € GL(d, q). Then (A, B) = SL(d/s, q*) <
SL(d, g). Note that since all nonzero entries of X and Y lie in the set {a)il , £1}, we do not
have to power A or compute discrete logs. Thus, given Ay, we construct A and B in time
0(d*logq).

Let C = 0(Diag[aﬂ_l, 1,...,1]). Then C = Diag[Cs, I, ..., I;], and Det(C) = 1.
Finally, let Dy := 6(oy). If s = 2, where d/s is odd and ¢ is odd, then let D := D Z,
where Z is a block-diagonal matrix with nonzero blocks equal to qu_l)/ 2; otherwise, set
D := D;. In both cases, we have G = (A, B, C, D).

The generating matrices for G are written down in time O (d" log? ¢), and the number
of types of semilinear group is equal to the number of prime divisors of d, whichis O (log d)
by Lemma 2.1. O

G = SL(d/s, ¢°).

.S.

6.2. Symplectic semilinear groups

PROPOSITION 6.4. A set of representatives of the maximal semilinear subgroups of Sp(d, q)
of symplectic type can be constructed in time O (d> logd log® q).

Proof. Let G be a maximal semilinear subgroup of Sp(d, ¢), of symplectic type. Then,
by [15, Proposition 4.3.10], there exists a prime divisor s of d such that d/s is even and
G = Sp(d/s, q*).s.

Asin Lemma 6.1, construct A := ¥ (@) and By := v/ (v,) in time O (s? logg +10g2 q).
Then let X,4/5 and Y,4/5 be generating matrices for Sp(d/s, ¢*), and let A := 0(X4/5) and
B := 6(Yy/s). By [23] we may assume that all nonzero entries of X4,y and Y,/ are in
the set {41, w™'}, so this construction takes time O(d*loggq). Let C := 0(oy). Since if
s = 2 then d = 0 mod 4, we always have Det(C) = 1. Then setting H := (A, B, C) gives
H=G.

A short calculation shows that if 8(_ ,_) is a symplectic form on GF(g* )d/ S then
B'(_,_) :=Tr(B(_,_)) is a symplectic form over GF(q). As we have a fixed symplectic
form, and we know our basis for GF(¢*) over GF(g), we can calculate a matrix for this
form in O (d? log? ¢). By the results of Section 3, we conjugate H to a subgroup of Sp(d, ¢)
in time O (d> log ¢). Noting that there are O (log d) groups to be constructed completes the
proof. O

PROPOSITION 6.5. A representative of the maximal semilinear subgroups of Sp(d, q) of
unitary type can be constructed in time O (d>log? q)

62



Maximal subgroups of classical groups

Proof. Let G be a maximal semilinear subgroup of Sp(d, ¢g), of unitary type. Then, by
[15, Proposition 3.2.7], G = GU(l, g).2. Let w be a primitive element of GF(qz), let
Ay == Y (w) € GL(2,¢q), and let By := ¥ (vy) € GL(2,q). Also, let X, Y € GL(l,qz)
generate GU(/, ¢g). We then construct A := 6(X) and B := 6(Y). Let i be such that
(g + 1)/2" is odd, and let m := (¢*> — 1)/2'"!. Let C := Diag[B,AY, ..., ByAY'], so
that each block has determinant 1. Since A, is a (2 x 2) matrix, we construct C in time
0(d*logq +log? q).

A short calculation shows that if 8(_, _) is a unitary form over GF (q2), then B/(_,_ ) :=
Tr(AB(_, _)) is asymplectic form over GF(gq), for A € GF(g?) of trace zero. We can choose
A to be a primitive 4th root of unity, and then construct 8’ in time O(d”log? ¢). We use
Proposition 3.2 to conjugate H to G < Sp(d, q). O

6.3. Unitary semilinear groups

PROPOSITION 6.6. A set of representatives of the maximal semilinear subgroups of SU(d, q)
can be constructed in time O(d>logd log? q).

Proof. Let G be a maximal semilinear subgroup of SU(d, ¢). Then
g +1
K

qg+1
for some odd prime s dividing d. The construction of H = G is virtually identical to that
of Proposition 6.3, and we leave it to the reader.

A short calculation shows that if 8(_, _) is a unitary form over GF(¢*), then 8/(_,_) :=
Tr(B(_,_)) is a unitary form over GF(g). Thus we may use the results of Section 3 to

conjugate H to G in time O (d> log ¢). Noting that there are O (logd) maximal semilinear
subgroups completes the proof. O

G =SU(d/s, q°).

7. Tensor product groups

In this section we describe how to write down generators for the tensor product subgroups
G of 2 that arise in Theorem 1.1. A group is tensor product if it preserves a decomposition
V = V; ® V5. From [15, Table 4.4.A] we find that in cases L and U, for each divisor
di < /dofd thereisa unique such G. Its socle mod scalars is PSL(d;, ¢) x PSL(d>, q) or
PSU(d1, q) x PSU(d>, q), in cases L and U respectively, where d = dd;. In case S, these
groups G occur only for odd ¢g. In this case, for each even divisor d; of d for which d» > 3,
there are (one or two) groups G with socle mod scalars equal to PSp(dy, ¢) x PQ¢(dy, q).
We note that the determinant of A ® B € GL(d1, ¢) ® GL(d, ¢) is Det(A)% Det(B)?!.

7.1.  Linear tensor product groups

PROPOSITION 7.1. A set of representatives of the maximal tensor product subgroups of
SL(d, q) can be constructed in time O(d**¢ logq), for any real ¢ > 0.

Proof. We let G be a maximal tensor product subgroup of SL(d, g), we set Z :=
Z(SL(d, q)), and we let G := G/(G N Z). Then Z(G) = Z, and by [15, Section 4.4]
there exists a divisor d| < J/d of d such that, with d» := d/d; and
oo g = D(dr.g =Dl dy. g = 1)
' (d,g—1 ’
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we have G = (PSL(d;, q) x PSL(d>, q)).[c]. Elements of G are the Kronecker products
of elements of GL(d;, g) with those of GL(d>, g); the quotient group of order ¢ measures
the freedom in the choice of determinant in each tensor factor.

Fori = 1,2, let A; and B; generate SL(d;, g). Let S and T be the Kronecker products
of Ay and By with Iy, and let U and V be the products of I;, with A; and B,. Let
C) = g“(q_l)/(q_l’d)ld, sothat (C) = Z,and set H := (S, T,U, V,C).If ¢ = 1, then, up
to SL(d, p°®) conjugacy, G = H.

When ¢ > 1, G may be generated by H together with certain matrices of the form D :=
D1 ® Dy, where Dy := Diag[¢*, 1, ..., 1] € GL(dy, q) and D, := Diag[¢”, 1,...,1] €
GL(d2, g). We want to make all matrices D such that Det(D) = 1, which implies that
dyx +d1y = 0mod g — 1. So the required generators D correspond to generators of the
nullspace of the 3 x 1 matrix [d2, d1, g — 1].

Finding this nullspace involves transforming the matrix to one with a single nonzero
entry, by using elementary row operations over the integers. This can be done in time
polynomial in the ‘size’ of the entries, where ‘size’ here means the number of bits. In fact,
only one division involving g — 1 is required, and all other operations involve numbers of
size O (logd), so the nullspace can be found in time O (d log q).

The number of groups to be constructed is equal to half of the number of divisors of d,
which by Lemma 2.1 is O (d?) for any real ¢ > 0. O

7.2.  Symplectic tensor product groups

PROPOSITION 7.2. A set of representatives of the maximal tensor product subgroups of
Sp(d, q) may be constructed in time O (d¥+¢ log3 q).

Proof. Let G be a maximal tensor product subgroup of Sp(d, p¢). Then by [15, Section
4.4], we see that g is odd, there exists an even divisor dj of d such that d» := d/d; > 3,
and G = (PSp(d1. q) x PO* (da. 9))-(d2. 2).

where ¢ € {+, —, o} and Z(G) = {xI} = Z(Sp(d, q)).

Let X1, Y| generate Sp(dy, q), and let Z; := Diag[¢, ..., ¢, 1, ..., 1] € GL(dy, q), so
that (X1, Y1, Z1) = GSp(dy, q). Let X, Y and Z be the Kronecker products of Xy, Y1 and
Z1 with Iy,.

Suppose that d is odd, and let A,, B,, D, generate O(dz, g) as in Lemma 2.4. Let
A, B and D be the Kronecker products of 1;, with A,, B, and D, respectively, and set
H:=(X,Y, A, B, D).

Now suppose that d; is even, and for e = £ let A,, B., D, E. generate GO®(d3, q) as
in Lemma 2.4. Let A®, B®, D® and E° be the tensor products of Iz, with A¢, B, D, and
E., and let Z¢ be the product of Z~! with E®. Finally, let H® := (X, Y, Z¢, A%, B¢, D?).
Since d; and d» are even, we have H® < SL(d, q).

The reader may check that in each case, H preserves a symplectic form given by
B(S1 ® Ty, S2 ® Th) = B1(S1, S2).62(T1, Tz), where B is a symplectic form on GF(c])d1
and g, is a symmetric bilinear form on GF(¢)?2. The form g is the standard one, and (as
we discussed in the remark following Lemma 2.4) the form S, is almost antidiagonal (it is
antidiagonal apart from a 2 x 2 matrix in the centre of the matrix defining the form), and can
be transformed to antidiagonal in O (log g). So we can compute 8 and then transform it to
the standard symplectic form, all in time O (d? log ¢). Hence we may find M and compute
G with G := HM < Sp(d, q) in time O(d¥ logq).

By Lemma 2.1, there are O (d®) groups to be constructed, for any real & > 0. O
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7.3.  Unitary tensor product groups
We use the form F = I, and we let Z := Z(SU(d, q)).

PrOPOSITION 7.3. A set of representatives of the maximal tensor product subgroups of
SU(d, q) can be constructed in time O (d**¢ logg + log2 q).

Proof. Let G be a maximal tensor product subgroup of SU(d, ¢), and let G := G /(G N Z).
Then Z(G) = Z, and by [15, Section 4.4] there exists a divisor d; < J/d of d such that,
with dy := d/d; and
e gt D2 g+ D(d1dy. (g + 1)
o d,q+1)

we have G = (PSU(d1, q) x PSU(d2, ¢)).[c].

Let S, T, U and V generate SU(dy, g) o SU(d>, q¢) as in Proposition 7.1. Let C :=
§(‘12_1)/(‘1+1'd)1d, so that (C) = Z, and set H := (S, T,U, V,C). Then H preserves a
unitary form S(A; ® By, Ay ® By) = B1(A1, A2).82(B1, By), where f; is represented by
14;. Therefore B has matrix /4, and we assume that H < G.

If ¢ = 1, then, up to SU-conjugacy, G = H, so we suppose that ¢ # 1. A diagonal matrix
preserves F if and only if all of its entries are powers of  := ¢9~!. We generate G with
H together with matrices of the form D := D| ® D>, where Dy := Diag[n*, 1,...,1] €
GU(d, g) and D, := Diag[n”, 1,...,1] € GU(ds, q), and Det(D) = 1. The condition
Det(D) = 1 is equivalent to dox + d;y = 0 mod (¢ + 1). So the required generators D
correspond to generators of the nullspace of the integral 3 x 1 matrix [d>, d1, g + 1], which,
as in the linear case, can be found in time O (d log q).

By Lemma 2.1, there are O (d®) decompositions, for any real ¢ > 0. U

s

8. Subfield groups

In this section we describe how to write down generators for the subfield subgroups G
of the group €2 that arise in Theorem 1.1. Let # := 1 in cases L and S, and let u := 2 in
case U. A group is subfield if, modulo scalars, it can be written over a proper subfield of
GF(q"). Throughout this section, f denotes a divisor of e (recall that ¢ = p°), and w
denotes a primitive element of GF( pf ). From [15, Table 4.5.A], we find that, for each
such f for which e/f is prime, there is one maximal subfield subgroup G having the same
type (L, S or U) as 2. In addition, in case U with ¢ odd, there are (one or two) groups G of
orthogonal type, and in case U with n even, there is a group of symplectic type.

Recall that [a, b] denotes the lowest common multiple of integers a and b.

8.1. Linear subfield groups
PrOPOSITION 8.1. The maximal subfield subgroups of SL(d, q) can be constructed in time
0 ((d*log q + log? ¢) loglog q).

Proof. Let Z := Z(SL(d, p®)), and let G < SL(d, p°) be a maximal subfield group.
Then Z(G) = Z, and by [15, Section 4.5] there exists a prime divisor b of e such that
|PGL(d, p/) : G/Z| = ¢, where f := e/b. We define k := (p¢ — 1, d) and
kip/ =1, (p° = /K]
(p¢ =1
The group G consists of all matrices from (GL(d, ph), Z(GL(, p®))) that have
determinant 1.

C =
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Let A and B generate SL(d, p/); then A and B may be thought of as elements of
SL(d, p°). Let C := ¢P*~D/k[; Then (C) = Z, so if ¢ = (p/ — 1,d), we may set
G=(A,B,C).

Suppose then that ¢ # (pf —1,d), and define H := (A, B, C) and

Y := Diaglw, 1, ..., 1] € GL(d, p°).

Then (SL(d, p/),Y) = GL(d, p/). Let D := Y¢; then, since ¢ | (pf — 1, d), we see that
|GL(d, p) : (SL(d, p), D)| = c. We compute o¢, and hence D, in time O (logd logq).
Now we construct a scalar X € GL(d, p°) such that Det(X D) = 1. We have Det(D) = ¢?,
where

=1 klp! =1L =1/kl Kl =D —D/k

pl =1 pe—1 (p! = D(p/ =1, (p¢ = 1/k)
_ pt -1

(p! =1, (p¢ = 1)/k)
By [11, Theorem 57], since k divides z, the equation Ad = z mod p¢ — 1 has k solutions,
and solving it is equivalent to solving Ad/k = z/k mod (p® — 1)/k. We use the Euclidean
algorithm to find integers x and y such that x.(d/k) + y.((p® — 1)/k) = 1, in time
O(log(d/k)). Then x = (d/k)~' mod (p® — 1)/k. Given x, we compute A in constant
time. We set X := ¢ ~*I;; then, up to conjugacy, G = (H, X D). Computing ¢ ~* requires
time O (log” g + logd), and then computing X D requires time O (d?logq), since X is a
scalar.

By Lemma 2.1, there are O (loge) = O (loglogg) groups to construct. O

Z

8.2. Symplectic subfield groups

PROPOSITION 8.2. A set of representatives of the maximal subfield subgroups of Sp(d, q)
may be constructed in time O ((d*log q + log? ¢) loglog q).

Proof. Let G be a maximal subfield subgroup of Sp(d, p¢). Then, by [15, Proposition
4.5.4], there exists a divisor f of e such that e/f is prime and

G = Spd, p/).2,e/f, p — D).

A symplectic form on GF(p/)? extends naturally to a symplectic form with the same
form matrix on GF(p®)?, so Sp(d, p/) may be considered as a subgroup of Sp(d, p¢).

If 2,¢/f, p—1) = 1, then we may set G = Sp(d, p/), sosuppose that (2, ¢/f, p—1) =
2.Let D € GL(d, p/) map e; — we; and f; — f;, for 1 <i <I.Then D € GSp(d, p/),
and Det(D) = ¢%4/2 where k := (p¢ —1)/(pf —1).Since e/f = 2 and p is odd, d divides
kd/2.Let S := ¢ %/21;, and define C := SD. A short calculation shows that C preserves F
and has determinant 1, so C € Nsp(4, pe)(Sp(d, pf)), and we may set G = (Sp(d, pf), C).

The matrices S and D are diagonal, so computing C takes time O (d*logg + log? q).
By Lemma 2.1, there are O (loglog g) groups to be constructed. U

8.3.  Unitary subfield groups

Here we use the form F = AntiDiag[1, ..., 1]. We let Z := Z(SU(d, ¢g)) and C :=
¢@=D/GHL 1, so that (C) = Z. We define k := (¢ + 1,d) = (p¢ + 1, d). Recall that
for a matrix A € GL(d, qz), by A% we mean the matrix whose entries are gth powers of
the entries of A.
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PrROPOSITION 8.3. A set of representatives of the maximal subfield subgroups of SU(, q)
of unitary type can be constructed in time O((d*log q + log? ¢) loglog q).

Proof. Let G be amaximal subfield subgroup of SU(d, p®) of unitary type. Then Z(G) = Z
and by [15, Section 4.5] there exists an odd prime divisor b of e such that | PGU(d, p/) :
G/Z| = c, where f :=e/b and
klp/ + 1. (p° + /K]

(pe+1 '

A unitary form on GF(p*/)¢ extends naturally to a unitary form on GF(p2¢)¢, so
GU(d, p/) may be considered as a subgroup of GU(d, p¢).

The construction of G is similar to Proposition 8.1; we sketch it briefly. Let A and B
generate SU(d, pf), and let H := (A, B, C) < SU(, p°).

Ifc = (pf + 1, d), then we may choose G = H, so suppose that ¢ # (pf +1,d), let
Y := Diaglw, 1, ..., 1, a)_p'/] e GU(, pf), and let D := Y. A short calculation shows
that Det(D) = ¢%, where z = —(p%¢ — 1)/(pf + 1, (p® + 1)/ k). We find a A such that
A(p¢ —1)d = —z mod p¢ — 1, by finding (d/k)~' mod (p¢+1)/k intime O (log(d/k)).
We then set X := {Mpe’l)ld, so that XD € SU(, p®), and we choose G = (H, X D).

By Lemma 2.1 there are O (loge) = O(loglog g) groups to be constructed. U

PROPOSITION 8.4. A set of representatives of the maximal subfield subgroups of SU(d, q)
of orthogonal type can be constructed in time O (d> log g + log> q).

Proof. These occur only for ¢ odd. For ¢ € {+, —, o}, let F® denote the matrix of the
symmetric bilinear form preserved by O°(d, q).

Suppose first that d is even. Then by [15, Proposition 4.5.5], G = Z.PSO"(d, ¢).2 or
Z.PSO™(d, g).2.

First we deal with the G of plus type. Let A, B, D4 and E, be the generators of
GO™(d, q), as in Lemma 2.4. In this case, we have F™ = AntiDiag[1, ..., 1]. From the
remarks following the proof of Proposition 3.3, we can take this to be the standard orthogonal
form. All matrices in 07 (d, ¢) are fixed by A — A%, so we may think of O (d, ¢) as a
subgroup of GU(d, q). Therefore Hy := (A, B, C) = Z.S0%(d, q¢) < SU(, q).

We construct the outer involution. Let X := ¢ Iy, and let E := E, X~ !. Then EFE* =
F,s0 E € NGu.q)(SOT(d, q)), and Det(E) = ¢?4=V/2 Set H, := (Hy, D1, E, X971!)
< GU(d, g). We construct an element W of Hy \ Hy of determinant 1; then, up to conjugacy,
we have G = (Hp, W).

First suppose that (¢ + 1)/k is even, and let i; := (¢> — 1)/2k. Then X" € Hj,
and Det(X1) = —1, so Det(X'' D) = 1. We must show that X' D, ¢ Hy. Suppose
otherwise; then there exists a scalar S € Z such that SX'' Dy € SO"(d, ¢), so in particular
SX''D, F*(SX'D,)T = F*. This implies that § = +X /1, contradicting S € Z. We
put W := X' D,

Next suppose that d/k is even, and let m := (¢ + 1)/k. Letiz := (¢ — 1)(m + 1)/2;
then the exponent z of ¢ in Det(X?) is

L dig=Dm+1) _ (g~ Ddm +d(q—1)
2 2 2
_(g—=D@+1d dg-1)
2d/2,qg+1) 2
_dg—-1)
=—5
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Since X2 € GU(, q), we see that EX~2 ¢ H. A shor§ calculation shows that if there
exists an S such that EX "2 preserves F*t then S = :I:X’2+1_(q+l)/2. Butthen S ¢ Z, a
contradiction. Thus EX "2 ¢ Hy, and we put W := EX 2.

Finally, suppose that m := d/k and (q + 1)/ are both odd. We have
Det(D4 E) = ¢@+a+Da=0/2,

Since ((¢ + 1)/k, m) = 1, there exists an n € Z such that nm = 1 mod (¢ + 1)/ k. We
compute # in time O (logm) = O (logd). Let

i (g—Dnd+q+1)

3= % ;

note that i3 is divisible by (¢ — 1). Then

Det(Xi3) — é_d(q—l)n(d+q+1)/2k ——

’

where o := ¢@T4+tD@=D/2 Now,

o] = (g+1 _ g+1D
(g+1,d+qg+1)/2) k

by our assumptions on d and (g + 1). Then, since " = a!T°@+D/* for some 0 € 7, we
have o™ = «. Therefore Det(D E X ~3) = 1. A short calculation shows that D, EX ™3 ¢
Hy, so we may set W := Dy EX ™5,

Next we show how to construct G = Z.PSO™(d, ¢).2 of minus type. We may assume
that F~ is either I; or Diag[w, 1, ..., 1], according to whether (¢ — 1)d /4 is odd or even.
Let A, B, D_ and E_ be as in Lemma 2.4, let X be as before, and let £ = X TE_so
that E preserves a unitary form with matrix F~. If (g + 1)/k is even, then W := X1 D_.
If d/k is even, then W := EX —2_If the same power of 2 divides both (¢ + 1) and d, then
ifd/2iseven, W := D_EX " andifd/2is odd, W := EX~"3. We find a change of form
matrix M using Proposition 3.2; then, up to conjugacy, G = (Hé” , WMy,

The case when d is odd is similar but easier. It is shown in [15, Proposition 4.5.5] that
G = Z.S0°(, q), and we leave the construction to the reader. O

PROPOSITION 8.5. A representative of the maximal subfield symplectic subgroups of
SU(d, q) can be constructed in time O (d*log g + log? q).

Proof. Let d be even, let G be a maximal subfield subgroup of SU(d, ¢) of symplectic
type, andletc := (2,9 — 1)(¢ + 1,d/2)/(g + 1, d). Then, by [15, Proposition 4.5.6],

G = Z.PSp(d, q).c.

Let F’ be the symplectic form matrix AntiDiag[1, ..., 1, —1,..., —1].

Let A, B € SL(d, q) generate Sp(d, q), and consider A and B as elements of SL(d, qz).
Ifc =1,thenlet H := (A, B,C),sothat G = H.

Ifc # 1,thengisodd.Let D € SL(d, g*) mape; — 9TV 2¢;and f; > —¢~@tD/2 f;
for 1 < i < [.Then D € Ngj 4,42 (Sp(d, q)), as D preserves F’ up to multiplication
by —1. Let H := (A, B, C, D); then H = G. We use the results in Section 3 to find M
with HM < SU(d, q), then up to conjugacy G = HM . In fact, H preserves the form Y F’
with Y := —¢@*tD/2], 5o the change of form can be carried out in time O (d?logg). O
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9. Groups of extraspecial and symplectic type

In this section we describe how to write down generators for the maximal subgroups
of SL(d, q), Sp(d, ¢g) and SU(d, ql/ 2y which are normalisers of extraspecial groups or of
2-groups of symplectic type.

9.1. Structure and conjugacy

For any prime r and any integer m > 1, there are two isomorphism types of extraspecial
groups of order r2m+l. see, for example, [10, Theorem 5.2]. For r odd, we are concerned
only with the isomorphism type that has exponent r, since the normaliser in GL(r™, g) of
the other type of extraspecial group is a proper subgroup of the normaliser of an extraspecial
group of exponent r.

For r = 2, the extraspecial group of minus type is a central product of a quaternion group
of order 8 with zero or more dihedral groups of order 8. By taking a central product of an
extraspecial 2-group with a cyclic group of order 4, we obtain a 2-group of symplectic type.

InTable 3 we describe the maximal subgroups of extraspecial normaliser type in GL(d, g),
GU(d, ¢'/?) and GSp(d, ¢), taken from [15, Table 4.6.B]. The extraspecial or symplectic-
type groups E are represented in d = r”* dimensions over the field of ¢ = p¢ elements,
where e is minimal subject to p¢ = 1 mod |Z(E)| (equal to r or 4). Groups of type
r1+2m Sp(2m, r) are the full normalisers in GL(r™, ¢) or GU(+", ¢'/?) of an extraspecial
r-group of order 2" and exponent r, where r is odd. These groups are maximal in
GL(d, q) if g is a nonsquare, and in GU(d, ¢'/?) if ¢ is square. Groups of type
(4 o 2142my, Sp(2m, 2) are the normalisers in GL(2", ¢) or GU(2", q'?) of a 2-group
of symplectic type of order 22 Such a group is maximal in GL(2™, q) if ¢ is prime,
and in GU(2™, ¢'/?) if ¢ is a square of a prime. Groups of type 2142 = (2m, 2) are the
normalisers of a 2-group of minus type and order 212 in GL(2, q) or Sp(2™, q). Such a
group is maximal in GL(2, ¢) when ¢ is prime and m = 1, and is maximal in Sp(2", ¢)
form > 1 and g prime.

9.2.  Construction of the groups

We assume throughout this subsection that d = ™, where r is a prime divisor of ¢ — 1,
and we let w be a primitive rth root of 1 in GF(g), constructed in time 0(10g2 q)-

We describe how to write down generators of £ and of NG (4,4)(E), but we do this in
such a way that a set X of generators of Nsp4,)(E) occurs as a subset. The group generated
by X will necessarily preserve a form of unitary or symplectic type, as appropriate. In the
unitary case, the form preserved will be 1;, whereas in the symplectic case it will require a
permutation of the basis to transform it to the standard antidiagonal form.

Table 3: Structure of extraspecial normalisers.

Type Case Conditions

r1+2m Sp2m, r) L g nonsquare, r odd
U q square, r odd

(4 02!42m) Sp(2m,2) L g prime, d > 4
u g=p’

2142 6= ©2m, 2) L g prime, d =2
S q prime
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We describe this process first for the case when r is odd. The cases for r = 2 require
minor variations of the same recipe.

LEMMA 9.1. Let E < GL(d, q) be an extraspecial group of odd order and exponent r, with
|E| = r?*1. Then E can be constructed in time O (d*logd logq + log® q).

Proof. Let X € GL(r, q) be diagonal with X;; = o'l forl <i <r,andletY € GL(r, q)
be the permutation matrix defined by the permutation (1, 2, ..., r). That s, Y;;41) = 1 for
1 <i <r,entry ¥,1 = 1, and ¥;; = O otherwise. Then the commutator [¥, X] is equal to
wl,, and so X and Y generate an extraspecial group M of order 3 and of exponent 7.
Now for 1 <i < m,wedefine X; :=lm-i @ X Q@ Li-1randY; :=[mw-i @Y ® I,i-1,
where ® is the Kronecker product operation. The group E generated by the X; and Y; is
a central product of m copies of (X, Y), and so it is an extraspecial group of the required
type. O

If » = 2, then the construction described above will produce an extraspecial 2-group of
plus type.

LEMMA 9.2. Let E be as in Lemma 9.1. Then NgL(a,q)(E) can be constructed in time
0(d*logdlog g + log? q).

Proof. Let U € GL(r, q) be diagonal, with U;; = «'“~D/2 and let V e GL(r, ¢) with
Vij = o=DU=D for 1 < i, j < r. The reader can verify that XU = X and YV = Y X.
One may also check that XV = Y~ and ¥V = X. So the group (U, V) induces SL(2, r) =
Sp(2,r) on M = M/Z(M). For 1 < i < m, we define U; := [m-i @ U ® I,i-1 and
Vii=Lm-i @V QILi-1.

Then the U; and V; all normalise E, and the group that they generate induces a direct
product of m copies of Sp(2, 7) on E := E/Z(E).

Let W € GL(r?, ¢) be the permutation matrix defined by the permutation w € § :=
Sym({0, ..., ri— 1}) that maps a +— (a+((a—1) mod r)r) mod r2. The matrix I, ® Y is a
permutation matrix coming from the permutation y; € S, where ay; = (((a — 1) divr)r +
(a mod r) + 1) mod r2. Similarly, ¥ ® I, is a permutation matrix for y; € S, where
ay, = a + r mod r2. The reader can check that wy, = y,w, and that yjw = wy;y,

satisfies
ayiw = (((a — 1)divr + a mod r)r + (a mod r) + 1) mod 2.

In general, if R is a diagonal matrix, and S is a permutation matrix defined from the
permutation o, then 7' := RS is the diagonal matrix with Tjo jo = R;;. Using this fact, the
reader can check that I, ® X is centralised by W, whereas (X® 1)V = (I, ® X)(X®1,)~ L

Forl <i <m—1,wedefine W; := [m-1-i ®W®I,, 1. Fromtherelatlonson XQ1I, )
and W,WeseethathW[ =Xjforj#i+1 andX = XX,
j#iand YV = v,y

We claim that all of the elements U;, V;, W;, X; and Y;, together with the scalar matrices,
generate NGL(4,q)(E). We have already seen that the group induced on E by the U; and V;
is the direct product of n copies of Sp(2, r). Now the only maximal subgroup of Sp(4, ),
acting on the subspace Ey = (X1, X2, Y1, 72) < E, which contains Sp(2,r) x Sp(2,r),
is the wreath product Sp(2, r) : C>. This latter group acts imprimitively (as a group of
linear transformations) on E-, and the blocks are the subspaces spanned by X1, Y, and
X», Yo. Now W fixes E5, but does not fix or interchange these two subspaces, so X1, Xo,
Y1, Y> and W| must generate Sp(4, r) on E». Since Sp(2k,r) x Sp(2,r) is a maximal

Wi _ v,
; +], whereas Y, =Y; for
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subgroup of Sp(2k + 2,r) for k > 1, we see by induction on k that U;, V;, X; and Y;
for 1 <i < kand W; for 1 < i < k generate Sp(2k, r) in their action on the subspace
Ek =(X;, Y 1 <i <k)< E. Our claim now follows from the case k = m and the
known structure of the extraspecial normaliser. O

It can be shown that for r = 2, the group (V;, X;, Y;, W;) is the normaliser of an
extraspecial 2-group of plus type.
Next we study the normaliser in GL(d, g) of a 2-group E of symplectic type, ford > 2.

LEMMA 9.3. The normaliserin GL(d, q) of a group E of symplectic type, where | E| = 22" +2
and g = 1 mod 4, can be constructed in time O(d*logd log g + log® q).

Proof. Lety := ¢@~D/4 constructed in time O (log? ¢). In addition to the generators X;
and Y;, defined as in Lemma 9.1, we include the scalar matrix Z := ¥ I; as a generator of
E.Then E is a central product of an extraspecial group with a cyclic group of order 4. The
O (log d) generators for E are constructed in time O(d”logd logq + log? q).

We define V; and W; as in Lemma 9.2, but U is now defined to be to be the (2 x 2)-
diagonal matrix with Uj; = 1 and Uy = . We find that XV =XandYV = v XY. Let
Ui := ILn-i QU ® Lyi-1 for 1 <i < m;then YiU" = X;Y;Z. Thus, as in the case with r odd,
the U; and V; together induce a direct product of m copies of Sp(2, 2) on E, and it can be
shown as before that the X;, Y;, Z, U;, V; and W; together generate NGL(4,q)(E). Since we
have O (logd) matrices, each requiring time O (d?logq) to create (after the construction
of ), the total time is O (d”logd log g + log® q). O

Finally, we turn to the case when E is an extraspecial 2—group of minus type. The
construction here works also when d = 2.

LEMMA 9.4. Let E < GL(d, q) be an extraspecial 2-group of minus type, withd > 2. Then
NGL(4,q)(E) can be constructed in time 0 (d? logdlogqg + log2 q).

Proof. The matrices X;, Y;, V; and W; are defined exactly as before for i > 1. We define
X1, Yy, Uy, Vi and W as follows:

X = I2m1®< _Z ), wherea2+b2=—1;

0 -1
Y11212m1®<1 O)s

11
Ul :=Izm—l®( —1 1 )7

. I+a+b 1—a+b \,
Vl'_lzm_l®<—l—a+b l—a—b>’

S Q

1 0 1 0
01 0 .
Wi=hno® 01 0 — , if m > 1.
-1 0 1
The reader can check that the relations
x"=vx;, v'=v, Xx'=yv7' ad Y =r1X

hold. The proof that these matrices generate the normaliser of E is similar to that of
Lemma 9.2. O
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PROPOSITION 9.5. Representatives of all groups in Table 3 can be constructed in time
0(d3logdlogq + log? q).

Proof. 'We have shown that, in all cases, the matrices X;, Y;, U;, V; and W;, together with
scalar matrices, generate G := NGL(4,q)(E). We start by replacing our existing generators
by scalar multiples that lie in SL(d, gq).

The determinants of the O(logd) matrices above can be calculated in total time
0(d®logd log q). Computing the required scalar for a given matrix involves finding a
dth root in GF(g), which by [9, Theorem 8.12] can be done in time o(d? logdloggq). But
det(X;) = det(Y;) = 1 forall i, and the determinants of U;, V; and W; are all independent of
i, so we need only to compute three dth roots. Scalar multiplication is an O (d” log ¢) time
operation, so this can be done to the O (logd) generators of G in time O (d>logdlogq).

Now the group Sp(2m, r) is perfect, except whenm = l andr < 3,orwhenm =r = 2.
Whenever it is perfect, we have G = (GNSL(d, q))Z(G), where Z(G) consists of all scalar
matrices in GL(d, ¢g), and so our modified generators X;, Y;, U;, V; and W; will all have
determinant one. Although SO™ (2m, 2) is not perfect (it has a perfect subgroup of index 2
in general), it is a subgroup of Sp(2m, 2), and so again we obtain G = (GNSL(d, ¢))Z(G)
form > 2.

This leaves only the cases d = r™ = 2,3,4.If d = 3 and r = 1 mod 9, then G =
(G NSL(, q))Z(G), whereas when r £ 1 mod 9, we append VIU1 to the generating set.
The situation is similar when d = 2 or d = 4, and we omit the details.

In cases S and U in Table 3, since the group that we have constructed as the normaliser
of E in SL(d, ¢) has the structure specified in Table 3 and there is only one conjugacy
class of groups isomorphic to E in GL(d, g) [15, Proposition 4.6.3], it follows that the
constructed group must preserve a form of the corresponding type. By [10, Theorem 4.4],
E acts absolutely irreducibly, and so it preserves a unique such form up to multiplication
by scalars. Thus, in order to determine which form is preserved, we need only consider E.

We find that in case U the matrices X; and Y; preserve the unitary form ;. In the
symplectic case (that is, when r = 2 and ¢ is prime), the form preserved is

(1) ()]

which can be transformed to the standard symplectic form by a permutation of the basis. So
to conjugate the group that we have constructed into our standard version of Sp(d, q), we
just need to carry out this permutation of the basis, which can be done in time O (d> log ¢)
for each of the O (logd) generating matrices. O

10. Tensor-induced groups

In this section we describe how to write down generators for the tensor-induced subgroups
G of Q thatarise in Theorem 1.1. A group G is tensor induced if it preserves a decomposition
V=V -V, withdim(V;) = m for 1 < i < t; the maximal groups in this
class permute the fensor factors V; transitively.

From [15, Table 4.7.A] we find that, for each divisor m of d, there is at most one such
G, but they arise only for m > 3 in cases L and U, and for m even and ¢ and ¢ both odd in
case S.

Let H < GL(m, g) be a matrix group, and let K < Sym(#) be transitive. Then

HTWrK :=(Ho---0oH).K
is the tensor wreath product of H and K (the ‘“TWr’ stands for ‘tensor wreath’). It is like
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a standard wreath product, except that we take a central product of ¢ copies of the base group
with amalgamated subgroup H N Z(GL(m, ¢q)). The group H TWr K is tensor-induced,
with ¢ tensor factors of dimension m.

Denote a basis of V; by [v;1, vi2, ..., vim]for 1 <i <t.Abasisof Vi ®---® V; is then
[V11®V2I®: - QVr1, V11®VAUR: - -QVs2, ..., V1 - V—1)2QVs1, + .., Vim®- - QU]

If each tensor factor V; has a bilinear or sesquilinear form F;, then we can define a bilinear
or sesquilinear form F on V by defining F(v1 ®- - - Qu;, w1 Q- - -Quw;) 1= ]_[f=1 F; (vi, wy)
and extending by linearity.

LeEmMA 10.1. Let H < GL(m, q) be generated by a set of s1 matrices, and let K < Sym(t)
be transitive and generated by a set of s permutations. Then H TWr K < GL(m', q) can
be constructed in time O((s| + s2)m* log q).

Proof. Let (Ay, ..., As) = H. The base group is generated as a normal subgroup by
(AT ®L® - Qly,...,A; ® I, ® -+ ® I}, since K is transitive. These matrices
are written down in time O (s1(m")*log ). The top group is generated by s» permutation
matrices. Calculating the positions of the nonzero entries involves O (s2¢) integer operations,
and then writing down the matrices requires time O (sam?’ log q). O

10.1. Linear tensor-induced groups

PrOPOSITION 10.2. A set of representatives for the maximal tensor-induced subgroups of
SL(d, q) can be constructed in time O(d*log® dlogq), for any real & > 0.

Proof. Letd = r®, where r is not a proper power, and let Z := Z(SL(d, q)). We may
assume that s > 1. Let G be a maximal tensor-induced subgroup of SL(d, ¢), and let
G := G/(GNZ). Then Z(G) = Z, and by [15, Proposition 4.7.3] there exists a divisor
t > 1 of s such that d = m’, where G preserves a decomposition D : V=V, ® --- Q V;,
and G is isomorphic to one of the following:

-1 3
(2) PSL(m, ¢)>. [%] t=2,m=2mod4, q=3mod4:
q_ 3
(q - lvd/m)(q - lvm)l

(b) PSL(m, q)". [ :| .Sym(?), otherwise.

(g —1,d)

Let D = Diag[¢, 1,...,1] € GL(m,q), and let C € GL(d, q) generate Z. Then
(SL(m, q), D) = GL(m, gq), and DY~1"™ e Z(GL(m, q)) SL(m, q).

Suppose that (b) holds. Let H := SL(m, g) TWrSym(¢) < G, constructed in time
0(d? logg), by Lemma 10.1. Let U := DD '®1,9---®1, € GL(d, ¢), constructed
in time O(d”logq). Since the top group of the tensor wreath product acts transitively on
{Vi .1 <i <t}, wehave

(H,C,U) ZPSL(m, ¢)".[(g — 1,m)'~'1. Sym(¢).

Let H, := (H,C,U), and let E = pD4~1d/@-Ld/m) @ | & ...® I, € GL, q).
Then E preserves D, and the reader may check that Det(E) = 4(‘1’1*‘1)‘1/(‘1’1*01/’")’", SO
E € Z(GL(d, q))G. We use the Euclidean algorithm to find, in time O (logd), a power u of
¢ such that Det(uly) = ¢@~ 19 We then set § := p~4/@=Ld/mmp, o that SE € G. It
follows from the definition of D that [(H, SE) : Hi] = (¢g—1,d/m)(g—1,m)/(g—1, d),
50 up to conjugacy G = (Hj, SE). We construct SE in time O(d*logq),asm'™' < d, so
constructing S as a scalar requires time O (d logd logq).
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Next suppose that (a) holds. Let H = Z.(SL(m, q) oSL(m, q)),andletU := D® DL
then Det(U) = 1 and [(H,U) : H] = (¢ — 1,m). Let E := DY—lm)/@=1lm g
Then Det(E) = g“(q_l'mz)m/(q_l”"), so E € Z(GL(d, q))G. Let u be as in the previous
paragraph (with ¢ = 2), and let § := w=™/@=Lm) , Then Det(SE) = 1,50 SE € G. Let
i € N be minimal subject to (SE)' € (H, U). Then g‘(q_l””z)"/(q_l””) is the determinant
of a scalar of GL(m, ¢), and so (g — 1, m) divides (¢ — 1, m?)i /(g — 1, m). Thus i is a
multiple of (g — 1, m)z/(q -1, mz), andso G = (H, U, SE). The complexity in this case
is the same as before.

The result then follows from Lemma 2.1. O

10.2.  Symplectic tensor-induced groups

ProposITION 10.3. A set of representatives of the maximal tensor-induced subgroups of
Sp(d, q) may be constructed in time O(d>log® dlog q), for any real & > 0.

Proof. Let G be a maximal tensor-induced subgroup of Sp(d, ¢), and let G = G/Z(G).
Then, by [15, Proposition 4.7.4], we have d = m! for some m, t € N witht > 1 odd, where
(m,q) # (2,3) and

G = PSp(m, ¢)'.2'~". Sym(r)

with Z(G) = {£1} = Z(Sp(d, ¢)). Denote the decomposition of V that G preserves by
D:V=Vi® -3V

We construct H := Sp(m, g) TWr Sym(t) in time O (d? log q), by Lemma 10.1. Then
H preserves D, and from the discussion preceding Lemma 10.1, H preserves a symplectic
form. Therefore H is GL(d, ¢)-conjugate to a subgroup of G of index 2/~!. Let D =
Diag[¢, ..., ¢, 1, ..., 1] so that (Sp(m, q), D) = GSp(m, q). LetU :=D ® D!'® I, ®
-+ ® I, € GL(d, q). We define H| := (H, U); then H; = G. By the results in Section 3,
we may find a matrix M in time O (d° log ¢) such that HlM =G.

By Lemma 2.1, there are O (log® d) groups to be constructed. U

10.3.  Unitary tensor-induced groups

We use the form F = AntiDiag[1, ..., 1], and we let Z := Z(SU(d, q)).

ProposITION 10.4. A set of representatives of the maximal tensor-induced subgroups of
SU(d, q) can be constructed in time O(d> log® d log q), for any real & > 0.

Proof. Letd = r®, where r is not a proper power and s > 1. Let G be a maximal tensor-
induced subgroup of SU(d, ¢), and let G = G/(G N Z). Then Z(G) = Z and by [15,
Proposition 4.7.3], there exists adivisor ¢ of s such thatd = m', G preserves a decomposition
D:V=V,®---®V,and G is isomorphic to one of the following:

1,m)3
(a) PSL(m, ¢)>. [M} . =2 m=2mod4 g =3mod 4
(g+1,d)
1,d 1, m) .
(b) PSL(m, q)". [(" +1.d/mg+1,m) } .Sym(r),  otherwise.
(g+1,d)
The construction of G is almost identical to that of Proposition 10.2, and we leave it to the
reader. O
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11. Classical subgroups

Finally, we describe how to construct the classical subgroups G of Q arising in
Theorem 1.1. These are summarised in Table 4, which comes from [15, Table 4.8.A]. The
type is the quasisimple group contained in G. Note that the unitary groups have no maximal
classical subgroups.

11.1. Linear classical groups
In this subsection, let Z := Z(SL(d, q)), and let C generate Z.

PropPOSITION 11.1. A representative of the maximal classical subgroups of SL(d, q) of
symplectic type may be constructed in time O(d*log q + log? q).

Proof. Let G be a maximal symplectic subgroup of SL(d, g), and let

_@—-1,2)(¢g—1,d/2)
(g—1.d)
Then, by [15, Proposition 4.8.3], G = Z.PSp(d, q).c.
LetA, B € SL(d, q) generate Sp(d, q), constructed in time 0 (d? log g) asinLemma?2.3.
Ifgisevenorif(¢—1,d/2) = (g—1, d)/2, then, up to conjugacy, G = (A, B, C). Suppose
otherwise, and let

D :=Diag[¢,..., ¢, 1,..., 1] € NoLw,q)(Sp(d, ) \ (C, Sp(d, 9)).

Then Det(D) = ¢4/2.

Solve di = d/2 mod (¢ — 1) in time O(log(d/(d g —1))) = O(logd), as in the proof
of Proposition 8.1. Compute ¢~ in time O(log?¢), and construct E := ¢~/ D in time
0(d? logq). Then E € NsL(4,q)(Sp(d, ¢)). Since no scalar multiple of D lies in Sp(d, q),
up to conjugacy G = (A, B, C, E). O

PrOPOSITION 11.2. A set of representatives of the maximal orthogonal subgroups of
SL(d, q) may be constructed in time O(d>logq + log> g).

Proof. For ¢ € {4, —, o}, let G, be a maximal orthogonal subgroup of SL(d, ¢q) of type €.
Then g is odd and G, = Z.S0%(d, ¢q).(d, 2) [15, Proposition 2.8.2].

Let A, and B, generate SO (d, ¢), asin Lemma 2.4. If d is odd, then up to SL-conjugacy,
G = Z.S0(d, q). Suppose that d is even, and let W, be as defined in Proposition 8.4. Then,
up to conjugacy, G, = (Ag, Be, C, Wg). O

PrOPOSITION 11.3. A representative of the maximal unitary subgroups of SL(d, q) may be
constructed in time O (d” log g + log? q).

Table 4: Maximal classical groups.

Case Type Conditions
L Sp, q) deven,d > 4
L SU(d, p¢/?) eeven,d >3
L Qed, q) qgodd,d >3
S SO, q) g even,d >

4
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Proof. Let G be a maximal unitary subgroup of SL(d, ¢), and let g = p®. Then e is even,
and we let go := p*/? and

. (g0 + 1. d)g — 1) .
[g0+1.(qg —1)/(g—1,d)l(g —1.d)
By [15, Proposition 4.8.5], we have Z(G) = Z and G/Z = PSU(d, qo).[c].

Let A and B generate SU(d, qo), with a form represented by the identity matrix. If ¢ = 1,
then up to conjugacy, G = (A, B, C).

Suppose otherwise, and let D := Diag[{‘m_l, 1,...,1] € GL(, g), so that we have
(A, B, D) = GU(, q0), and (GU(d, q0), {14) = NgLa,q)(SU(d, qo)). The group of
order ¢ consists of all products of D and ¢I; of determinant 1. Similarly to the tensor-
product case, we find generators for the normaliser by finding a basis for the nullspace of

[go — 1,d, g — 1], in time O(d log g). This yields at most two matrices, X and Y. We may
setG =(A,B,C,X,Y). O

11.2.  Symplectic classical groups

PROPOSITION 11.4. A set of representatives of the maximal classical subgroups of Sp(d, q)
may be constructed in time O (d> log g + log> q).

Proof. The maximal classical subgroups of Sp(d, ¢g) are orthogonal, of types ¢ € {+, —},
and occur only for even g; see [15]. Let G, be a maximal classical subgroup of Sp(d, ¢) of
type ¢. By [15, Proposition 4.8.6],

Ge

=0°d, q).
G.nzspdqy 0D

Since Z(Sp(d, g)) = 1 for ¢ even, and O°(d, q) = SO®(d, q) for ¢ even, we generate
H, ~g1. G intime O(d*log +log® ¢), by Lemma 2.4.

For even ¢, the matrix of the symmetric bilinear form preserved by H, is also the
matrix of a symplectic form. Our choice of form implies that H, < Sp(d, ¢), and so, up
to conjugacy, G = H. We use Proposition 3.1 to conjugate H_ to preserve our chosen
symplectic form. O

12.  The symplectic groups in dimension four

In dimension 4, if ¢ is even, then PSp(4, ¢) = Sp(4, ¢) has a graph automorphism,
arising from the Dynkin diagram for C». Groups that contain the graph automorphism have
a different subgroup structure from other symplectic groups; they do not have the standard
Aschbacher classes of subgroups, but behave as described in this section. Throughout,
q := 2°, and we assume that e > 1 since Sp(4, 2) = Sym(6).

The group that consists of Sp(4, ¢) extended by a graph automorphism is denoted
Sp2(4,2¢) := Sp(4,2°).2. The full automorphism group of Sp(4,2¢) is denoted
'Sp2(4,2°) = I'Sp(4,2°){t) = Sp(4,2°).e.2. The maximal subgroups of Sp2(4,2°¢)
all extend to maximal subgroups of I'Sp2(4, 2¢), and vice versa, so it suffices to discuss
the maximal subgroups of this latter group.

We give a statement of Aschbacher’s theorem for this family of groups; see [1, Theorem
14.2] for more details.
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THEOREM 12.1. Let K be a maximal subgroup of I'Sp2(4,2°¢), where e > 2, and let
G := K N Sp(4, 2°). Then G lies in one of the following classes.

A1 the stabiliser of a point and a totally singular subspace containing it. There is a unique
conjugacy class of such groups in Sp(4, 2°).

Ay the stabiliser of an imprimitive decomposition and a quadratic form of plus type.
There are two nonisomorphic classes of such groups in Sp(4, 2°).

A3 a semilinear group, of a degree 2 field extension, that preserves a quadratic form of
minus type. There is a unique conjugacy class of such groups in Sp(4, 2°).

g a subfield group over GF(2/) where e/f is prime. For each choice of f, there is a
unique conjugacy class of such groups in Sp(4, 2°).
s the Suzuki group Sz(2°). These occur only when e is odd, in which case there is a
unique conjugacy class of such groups in Sp(4, 2°).
8. G is almost simple modulo scalars, written over a minimal field, is absolutely
irreducible, and is not semilinear.

In class s, there are two families of groups. This is because the space GF(2¢)*, equipped
with a quadratic form Q of plus type, has two direct sum decompositions. The first is into
two 2-spaces, each of plus type. The second is into two 2-spaces, each of minus type. The
stabiliser in SOT (4, 2¢) of the first type of decomposition is SO (2, 2¢) : Sym(2), and the
stabiliser of the second is SO~ (2, 2°) : Sym(2).

It is the novelty subgroups in classes 4, #, and A3 that we must describe how to
construct, as well as the Suzuki group Sz(q). Note that from the perspective of Aschbacher’s
theorem for PSp(4, ¢), the Suzuki group is considered to lie in 4. However, since it is the
centraliser in PSp(4, ¢) of an outer involution, it constitutes an Aschbacher class in its own
right when we are discussing ['Sp2(4, g).

LEMMA 12.2. A representative of the groups in class 41 can be constructed in time O (e).

Proof. Let G be the intersection of a point stabiliser and a subspace stabiliser. Without
loss of generality, the point is V := (e ), and the subspace (which is maximal isotropic) is
W = (e1, e2).

Let A; := Diag[¢, 1, 1, ;‘1] and A, := Diag[l, ¢, {‘1, 1]. Let T be a transvection
with 1 in positions (2, 1) and (4, 3), and zeros in all other off-diagonal entries. Let 75 be a
transvection with 1 in positions (3, 1) and (4, 2), and zeros in all other off-diagonal entries.
Similarly, let 73 have a 1 in position (3, 3), and let T4 have a 1 in position (4, 1).

The reader may check that all six of these matrices lie in Sp(4, g). It is clear that they
all stabilise V and W. The reader may also check that any matrix that is in the symplectic
group and stabilises V and W can be written as a product of these. O

LEMMA 12.3. Representatives of the two conjugacy classes of groups in class 4, can be
constructed in time O (e?).

Proof. We construct SO (2, ¢) in time O(e?), and then construct SO (2, ¢) 2 Sym(2) in
constant time. We use the results of Section 3 to conjugate SO (2, ¢) : Sym(2) so that it
preserves our standard symplectic form. We proceed similarly for SO™ (2, ¢) :Sym(2). [

LEMMA 12.4. A representative of the groups in class A3 can be constructed in time O (e?).

Proof. We let A be the companion matrix for a primitive element of GF(g*) over GF(q).
Then A has order q4 —1.LetB := A1 ,calculated in time O (e2). We let C be the image of
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the field automorphism x — x¢ of GF(¢*). Then C normalises B. The group H := (B, C)
is isomorphic to a maximal semilinear subgroup of SL(2, ¢?) = SO~ (4, ¢), and hence is
the intersection of SO~ (4, ¢) with Sp(2, ¢%).2. We use the results of Section 3 to conjugate
H to a suitable group G < Sp(4, g). O
LEMMA 12.5. We construct a representation of Sz(2°) in time 0 ().

Proof. An explicit isomorphism between the Chevalley group C»(2¢) (equal to B2 (2¢)) and
Sp(4, 2°) is constructed in [6, Theorem 11.3.2], and the graph automorphism g of B,(2¢)
is defined in [6, Proposition 12.3.3]. The Suzuki group Sz(2¢) for ¢ odd is defined in [6,
Section 13.4] as the subgroup of B, (2°) fixed by the involutory automorphism g f of B>(2°),
for a suitably chosen field automorphism f. This enables us to construct explicit generators
of Sz(2°) as a subgroup of Sp(4, 2¢). Let t = 2(¢+1)/2 Then, for e > 1, they can be chosen

t

¢ 0 0 0 0 0 0 1 1 0 ¢ ¢
0o ¢ 0o 0 0010 d 01 0 ¢
00 ¢ o0 : 0100 a 001 0 |
0 0 0 ¢! 1 000 0 0 0 1
which can be constructed in time 0(62) = 0(log2 q).- O
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