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ABSTRACT. Let G be a simple algebraic group over an algebraically closed field and let
X be an irreducible subvariety of G" with r» > 2. In this paper, we consider the general
problem of determining if there exists a tuple (x1,...,2,) € X such that (x1,...,2,) is
Zariski dense in G. We are primarily interested in the case where X = Cy x --- x C, and
each C} is a conjugacy class of G comprising elements of prime order modulo the center of
G. In this setting, our main theorem gives a complete solution to the problem when G is a
symplectic or orthogonal group. By combining our results with earlier work on linear and
exceptional groups, this gives an almost complete solution for all simple algebraic groups.
We also present several applications. For example, we use our main theorem to show that
many faithful representations of symplectic and orthogonal groups are generically free. We
also establish new asymptotic results on the probabilistic generation of finite simple groups
by pairs of prime order elements, completing a line of research initiated by Liebeck and
Shalev over 25 years ago.
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1. INTRODUCTION

Let G be a simple algebraic group over an algebraically closed field k£ of characteristic
p = 0. Let r be a positive integer and let X be a (locally closed) irreducible subvariety of
G" =G x -+ x G (r factors). For © = (x1,...,2,) € X, let G(x) denote the Zariski closure
of (x1,...,2,), so
A={zxeX : Gx)=G} (1)
is the set of tuples in X that topologically generate GG. Note that G is locally finite if £ is
algebraic over a finite field, in which case A is empty. Given this observation, we will be
interested in the case where k is not algebraic over a finite field.
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Let us observe that the existence of a tuple in A does not depend on the isogeny type of
G. Indeed, the center of G is contained in the Frattini subgroup, so a subgroup H is dense in
G if and only if HZ/Z is dense in G/Z, where Z is any central subgroup of G. By a general
theorem of Tits [48], every semisimple algebraic group over k contains a Zariski-dense free
subgroup on two generators, which of course implies that G is topologically 2-generated.

In this paper, we are interested in determining if A is nonempty for specific irreducible
subvarieties X. If p = 0 then a theorem of Guralnick [I7] implies that A is nonempty if and
only if it contains a nonempty open subvariety of X. In the general setting, we will work
with generic sets, which are subsets of X containing the complement of a countable union
of proper closed subvarieties. Note that the intersection of countably many generic subsets
is generic. If k£ is an uncountable algebraically closed field, then every generic subset of X
is dense (see [4, Lemma 2.4], for example), whereas a generic subset may be empty if & is
countable. In particular, if £ is uncountable then A is nonempty if it contains the intersection
of countably many generic subsets.

In [7, Theorem 2] we proved that A is nonempty if and only if it is a dense subset of X. In
view of Theorem below, this is also equivalent to the property that A is generic.

Theorem 1. Let k be an algebraically closed field that is not algebraic over a finite field.
Then the following are equivalent:

(i) A is nonempty.

(i1) A(K") is nonempty for some extension k'/k.
(iii) A is a dense subset of X.

(iv) A is a generic subset of X.

In (ii), A(K) is the set of elements in the variety X (k') over &k’ that topologically generate
G(K') (note that there is no need to assume that &’ is algebraically closed; if k" is the algebraic
closure of %/, then A(K') C A(k”)). In light of Theorem [1, we are free to assume that k
is uncountable in the proof of our main results on the topological generation of classical
algebraic groups (see Theorem 4] below).

The general set up applies in many different situations. For example, if H is a finitely
generated group with a presentation F'/R, where F' is a free group of rank r and R is a set of
defining relations, then we can take X to be an irreducible component of

{(z1,...,2,) € G" : p(x1,...,2,) =1 for all ¢ € R}.
of the representation variety of H.

Another example that arises in this paper is the following. Given a locally closed irreducible
subvariety Y C G™ and words wy, ..., w, in a free group of rank m, we may view each w; as
a map from G™ to G and we can take

X ={(wi(y),...,w(y) €G" : yeY},

which is irreducible since it is the image of Y under a morphism. Further examples include
products of irreducible normal subsets of G, with X = C] x --- x (), an important special case,
where each Cj is a conjugacy class of G. We can also take X to be an irreducible component
of the subset of C x --- x C, consisting of r-tuples satisfying some relations (for example,
the product of the elements in each tuple is 1).

The case where X = C} x---x C,. is a product of conjugacy classes was studied by Gerhardt
[16] for G = SLy (k) (see Theorem [3). A detailed treatment of this problem for exceptional
algebraic groups was presented in [0l [7] (see below for further details), where several more
general results are established (including [7, Theorem 2], as mentioned above). Our main goal
in this paper is to extend the results in [7, [16] to all simple algebraic groups.

In [7], the primary tool for studying the topological generation of exceptional algebraic
groups by elements in specified conjugacy classes is encapsulated in [7, Theorem 5|, which
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involves computing the dimensions of fixed point spaces of elements acting on coset varieties
of the form G/H, where H is a maximal closed subgroup of G. While similar computations
do arise in this paper, our approach is closer to the inductive method employed by Gerhardt
n [16]. As explained below, several significant complications arise for the groups considered
here.

Let G be a classical group with natural module V and set X = C x - - - x (., where each C;
is a noncentral conjugacy class in G. By arguing inductively and applying Gerhardt’s result
for SL,,(k), our aim is to identify certain generic subsets Y C X such that the subgroups
G(y) for y € Y have restrictive properties. For example, G(y) may be forced to contain a
large subgroup of G (typically defined in terms of the rank of GG), or G(y) may have to act
irreducibly or primitively on V. Then by considering the maximal subgroups of G, our goal
is to show that no proper subgroup of G can simultaneously satisfy all of these conditions. If
we can do this, then we deduce that the intersection of these generic sets is contained in A,
which in turn allows us to conclude that A is nonempty (recall that we are free to assume k
is uncountable).

In this paper, we first consider topological generation in the general setting and we present
a new result (Theorem , which generalizes the observation that A is either empty or
generic. We then turn our attention to the classical algebraic groups and we completely
determine when one can generate topologically with elements from prescribed conjugacy
classes, extending the earlier work in [7), [16] to all simple algebraic groups. We present
some corollaries (also see Section [8)) and we then apply our results to obtain bounds on the
dimensions of (not necessarily irreducible) kG-modules with a nontrivial generic stabilizer
(Theorem . In addition, we establish new asymptotic results on the random generation of
finite simple groups of Lie type by a pair of elements of prime order, completing a line of
research initiated by Liebeck and Shalev in [32] (see Theorem [9)).

Let G be a simple algebraic group over an algebraically closed field k£ of characteristic
p = 0. In order to state our first result, recall that a closed subgroup H of G is G-irreducible
if it is not contained in a proper parabolic subgroup of G. Also recall that the rank of a
closed subgroup H of G, denoted rk H, is the dimension of a maximal torus of the connected
component H° (in particular, rk H = 0 if H is finite).

Note that we allow k to be algebraic over a finite field in the statement of Theorem [2| In
(i), the subset Y C X is generic and thus Y (k) might be empty (but if £’ is an uncountable
algebraically closed field containing k, then Y (k') will be dense in X (£’)). In addition, the
set Z is nonempty open and defined over k, so Z(k) will be dense in X (k) even when k is
algebraic over a finite field.

Theorem 2. Let G be a simple algebraic group over an algebraically closed field k, let r be a
positive integer and let X be a locally closed irreducible subvariety of G". Then one of the
following holds:

(i) For all x € X, G(x) is contained in a proper parabolic subgroup of G.

(ii) There exists a unique (up to conjugacy) closed G-irreducible subgroup H < G, a
generic subset Y and a nonempty open subset Z with Y C Z C X such that

(a) tkG(z) <tk H forallz € X;
(b) G(y) is conjugate to H for ally € Y; and
(¢c) G(z) is contained in a conjugate of H for all z € Z.

It is worth noting that if (i) holds, then each G(z) is contained in a conjugate of a fixed
proper parabolic subgroup of G (see Remark .

Remark 1. Let us highlight the special case in Theorem [2| when the conclusion in part (ii)
holds with H = @, in which case G(x) = G for all z in a generic subset of X.
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(a) If k is not algebraic over a finite field, then A is dense in X (and hence nonempty)
by Theorem

(b) Now assume k is the algebraic closure of a finite field, so p > 0 and each G(x) is
finite, whence A(k) is empty. Let us assume G is simply connected and let k' be any
algebraically closed field properly containing k. Note that A(k’) is dense in X (k") by
Theorem [T} Fix a finite collection S of rational irreducible G-modules, each of which
is defined over k, and define

W ={z € X : G(z) acts irreducibly on each module in S}.

Note that W is open in X and is defined over k. Clearly, W (k') contains A(k’), so
W (k') is a dense open subset of X (k') and we deduce that W (k) is a dense open
subset of X (k). By choosing the modules in S appropriately, and by arguing as in
[7] (or [23]), one can show that if z € W (k), then G(x) contains a conjugate of G(q)
for some sufficiently large p-power ¢, where the finite group G(q) is possibly twisted.
We can exploit this observation to study the asymptotic generation properties of the
finite groups of Lie type. For example, see Theorem [9] below.

Let us now specialize to the case where G is a simple classical algebraic group with natural
module V' and k is not algebraic over a finite field. Set

X=0C1x--xCr=a8 x-.xa¢ (2)

with each C; = sz a noncentral conjugacy class. Write n = dim V" and let d; be the dimension
of the largest eigenspace of x; on V. In this setting, there are two natural obstructions to the
existence of an element z € X with G(z) = G:

(a) If Y. di > n(r —1), then G(x) fixes a 1-space in V for all x € X and thus A is empty.

(b) We say that x; is quadratic if it has a quadratic minimal polynomial on V (and
non-quadratic otherwise). If r = 2 and 1, z9 are quadratic, then every composition
factor of G(z) on V is at most 2-dimensional (see Lemma [3.13)) and thus A is empty
if n > 3.

By the following theorem of Gerhardt [16, Theorem 1.1], these are the only obstructions
for linear groups G = SL,,(k) with n > 3.

Theorem 3 (Gerhardt). Let G = SL,,(k), where n > 3 and k is an algebraically closed field
that is not algebraic over a finite field. Define X = C1 X --- x C,. as in , where each x; s
noncentral. Then A is empty if and only if

(i) >, di >n(r—1); or
(ii) 7 =2 and x1,x2 are quadratic.

This implies the same result for G = GL,, (k) if one replaces A by the set of x € X such
that G(z) contains SL, (k). There is a similar result for G = SLy(k) which states that A

is empty if and only if » = 2 and z1, 22 are involutions modulo the center of G (see [16,
Theorem 4.5]).

We refer the reader to [7] for detailed results on the analogous problem for exceptional
algebraic groups G. For example, [7, Theorem 7] states that if X is defined as in then A
is nonempty (and therefore dense) whenever r > 5 (or r > 4 if G = G2). As explained in [7],
it is easy to construct examples that demonstrate the sharpness of both bounds.

In order to complete our study of topological generation for simple algebraic groups, it
remains to extend the analysis to the orthogonal and symplectic groups, which is the main
goal of this paper. Recall that the center of G is contained in the Frattini subgroup of G, so
the isogeny type of G is not relevant. For convenience, we will work with the matrix groups
SO, (k) and Sp,,(k), where SO,,(k) is an index-two subgroup of the isometry group O, (k) and
k is an algebraically closed field of characteristic p > 0 that is not algebraic over a finite field.
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Our main result is Theorem [4| below. Here G = SO,,(k) or Sp,,(k) and we will assume
n = N, where

10 if G = SO, (k), n even
N=¢ 3 if G=S0,(k), n odd (3)
4 if G =Sp, (k).

In order to justify this assumption, first recall that SO4(k) is not simple and Spy(k) = SLa(k).
In addition, the groups SOg(k) and SL4(k) are isogenous, so the result for SOg(k) can be read
off from Theorem [3| (see Theorem [4.5| for a version of Theorem 4| for G = SOg(k) in terms of
the 6-dimensional natural module). The case G = SOg(k) requires special attention because
there are three restricted irreducible 8-dimensional kG-modules and one needs to consider
the eigenspaces of each x; on all three modules (see Theorems and . In addition, since
there are isogenies between the classical groups of type B,, and C,, in characteristic 2, we
may assume p # 2 when G = SO, (k) and n is odd.

In the statement of Theorem |4 we assume each x; in has prime order modulo the
center Z(G) of G (if p = 0 we allow x; to be an arbitrary nontrivial unipotent element). Our
methods can be extended to handle more general conjugacy classes (as in Theorem (3| for
SL,(k)), but the analysis turns out to be considerably more complicated and many exceptions
arise. Furthermore, the case where the elements in C; have prime order (modulo the center) is
sufficient for our applications. However, it is worth noting that with only minor modifications
to the proof, one could replace the prime order assumption by a more general hypothesis
where we assume each x; is either unipotent or semisimple and the following two conditions
are satisfied:

(a) If z; is semisimple and p # 2, then either z; is an involution, or —1 is not an eigenvalue
of x; on the natural module.

(b) If x; is unipotent and p = 2, then z; is an involution.

Remark 2. Notice that if p = 0 then nontrivial unipotent elements have infinite order. In
order to avoid the need to repeatedly highlight this special situation, we will simply view
all nontrivial unipotent elements in characteristic 0 as having prime order. Alternatively, we
could assume p > 0 throughout and then deduce the corresponding results in characteristic 0
by a standard compactness argument, but we prefer to adopt the former approach.

Remark 3. Suppose G = Sp,,(k) with n > 4 and p = 2. Let ¢; = dim V% be the dimension of
the 1-eigenspace of ; on V. As noted above, if > . e; > n(r —1) then each G(x) acts reducibly
on V and thus A is empty. In fact, it turns out that A is also empty if Y. e; = n(r — 1) (see
Lemma , which explains the additional condition in Theorem [4|in this special case.

We are now in a position to state our main result.

Theorem 4. Let G = SO, (k) or Sp,,(k), where n > N and k is an algebraically closed field
of characteristic p > 0 that is not algebraic over a finite field. Define X = Cy x --- x C}. as
mn , where each x; has prime order modulo Z(G). Assume the following conditions are
satisfied:

Zdi <n(r—1), and also Zei <n(r—1) if G =Sp, (k) and p = 2.
Then A is empty if and only if one of the following holds:

(i) =2 and x1,x2 are quadratic on the natural kG-module.
(ii) r € {2,3,4} and the x; are recorded in Table[]] or[3 (up to ordering of the x;).

Remark 4. Let us record some comments on the statement of Theorem [l
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G Conditions T T9

(T2, M1, A M m— .
A s I

SO2, (k) m > 5 odd

(127AIm—lvA71Im—1)
SOon(k)  m>6even (J3, I J7), p#2 (S
(J37 J2m_2a Jl)v p ?é 2

SOomi1(k) m=2even  (I1, A, A1) (Ji, Jh)

Spy(k) pF2 (=12, 1) non-regular

TABLE 1. Some special cases with r» = 2 in Theorem [4]

G p T T T 3 T4
SO5(k) 7&2 3 (J227J1) (J227J1) (J227=]1)
Sp8(k) 7é 2 3 (_12716) (_[2716) (_I47I4)
Spe(k) #2 3 (—Ip,1h) (—I,1y) (—1I2,14)
Spa(k) #2 3 (—I2,Is) (—I2,I2) quadratic
4 (I, L) (I, 1) (—I2,12) (—I2,12)
2 3 (JH (J2)*  quadratic

4 (U 3y (J3)" (J3)*
TABLE 2. The special cases with r € {3,4} in Theorem

Recall that A is empty if ). d; > n(r — 1), or if r = 2 and x1, x2 are quadratic, so
the theorem shows that these are essentially the only obstructions to the existence of
a tuple x € X with G(z) = G, apart from a handful of special cases with r < 4 (see
Remark [3| for the additional condition ), e; < n(r — 1) when G = Sp,,(k) and p = 2).
As previously noted, Theorem [l states that A is nonempty if and only if it is generic
and dense in X.

The elements x; appearing in Tables |1| and [2[ are presented up to conjugacy in G and
scalars in Z(G). For unipotent elements, we give the Jordan form of z; on the natural
module V for G, where J,,, denotes a unipotent Jordan block of size m. Similarly, we
describe semisimple elements x; in terms of their eigenvalues on V', where I, is the
identity matrix of size m and \ is any nonzero scalar in k with A\? # 1.

In the first two rows of Table|l| the asterisk in the final column indicates that if p = 2
then we take z2 to be an a-type involution with the given Jordan form. Here we are
using the standard Aschbacher-Seitz notation from [I] for unipotent involutions in
classical groups (see Remark [3.26)). In this notation, the elements appearing in the
final two rows of Table [2[ are involutions of type ag (i.e. short root elements).

In the final row of Table [l we can choose z2 € Sp,(k) to be any non-regular element
of prime order modulo Z(G) (note that this is equivalent to the condition ds > 2).
Similarly, for the two cases in Table |2l with G = Sp,(k) and r = 3 we can take x3
to be any quadratic element, which means that x3 is either semisimple of the form
(—1I, I) or (A2, A\"115), or unipotent with Jordan form (J2) or (Jo, J2).
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(e) As noted above, the corresponding result for SOg(k) can be read off from the result for
the isogenous group SLy (k) (see Theorems [3| and [4.5]). The case G = SOg(k) requires
special attention and we refer the reader to Theorems and [£.7]

It is worth noting that several new difficulties arise in the analysis of orthogonal and
symplectic groups, in comparison to the linear groups handled in [I6]. For instance, we have
to consider subspace stabilizers of both totally singular and nondegenerate spaces. Similarly,
we need to distinguish the eigenspaces of a semisimple element, noting that a A-eigenspace is
nondegenerate if A = +1, otherwise it is totally singular. The unipotent conjugacy classes are
also more complicated, especially in characteristic 2 when the class of a unipotent element is
not always uniquely determined by its Jordan form on the natural module V. Several key
features of the proof are also more difficult in this setting. For example, there are considerably
more special cases to consider and there are additional complications in applying the main
induction argument. Indeed, the main idea in the proof of Theorem 3| for SL,, (k) involves
passing to the stabilizer of a 1-dimensional subspace of V' (or a hyperplane). But in an
orthogonal or symplectic group, the largest irreducible composition factor of the stabilizer of
a totally singular 1-space has codimension 2 in V', rather than codimension 1.

Remark 5. Similar results (although not quite as precise) are obtained in [12] on the
generation of Lie algebras. For example, [12], Proposition 6.4] gives essentially the same
conditions for the Lie algebra sl, (k) of type A as obtained in Theorem [3{ when p # 2 and the
generating elements are all contained in the same SL,, (k)-orbit (with the additional condition
that the elements are either nilpotent or semisimple). There are some advantages in working
with Lie algebras (for instance, one can multiply by scalars and take closures more easily),
but serious issues arise due to the existence of special isogenies when p = 2 or 3. Indeed, for
Lie algebras one cannot ignore the issue of isogenies.

Remark 6. Let us also highlight related results of Guralnick and Saxl [22, Theorems 8.1,
8.2], which give an upper bound on the number of conjugates of a given noncentral element
in a simple algebraic group required to generate a Zariski dense subgroup (in addition, they
establish similar results for the corresponding finite groups of Lie type). For example, if G is a
classical group with an n-dimensional natural module, then n conjugates of a given noncentral
element z € G will topologically generate, unless (G, z) is one of a handful of known cases
(for instance, n + 1 conjugates are needed if G = Sp,,(k), p = 2 and x is a transvection). The
bounds in [22] are best possible (for classical groups), but they are not sensitive to the choice
of element z and they do not extend to the more general situation we consider here, where
C4,...,C, are arbitrary conjugacy classes of noncentral elements (containing elements of
prime order modulo Z(G)).

In Section [8| we will prove the following corollary. In the statement, we define

10 if G = SO, (k), n even
) 7 if G=1S0,(k), n odd
M=9"6 it =Sp,(k (4)

3 if G = SLy(k)

Corollary 5. Let G = SLy(k), SO, (k) or Sp,,(k), where n > M and k is an algebraically
closed field of characteristic p > 0 that is not algebraic over a finite field. Define X as in ,
where each x; has prime order modulo Z(G), and assume there exists y € X such that G(y)
acts irreducibly on the natural kG-module. Then A is empty if and only if G = Sp,,(k), p =2
and G(x)° < SO, (k) for generic x € X.

In addition, by combining the above results with Theorem on G = SOg(k), one can
obtain the following corollary (note that noncentral is the only condition on the z;).

Corollary 6. Let G be a simple algebraic group over an algebraically closed field of charac-
teristic p > 0 that is not algebraic over a finite field. Define X as in , where v > 5 and
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each x; is noncentral. If G is a classical group, then define d; and e; as above. Then A is
empty if and only if G is classical and either

(i) >;di >n(r—1); or
(ii) G =Sp,(k), p=2and ), e; =n(r —1),

where n is the dimension of the natural kG-module.

The proof of this corollary relies on extending our basic set up to a slightly more general
situation. We will do this in a sequel and so we do not give a proof in this paper.

Let us now turn to some applications. Recall that if G is an algebraic group acting on a
variety V, then G has a generic stabilizer on V' if there is a nonempty open subvariety Vj of
V and a closed subgroup H of G such that the G-stabilizer of each point v € V; is conjugate
to H. Richardson [39, Theorem A] proved that generic stabilizers exist in characteristic 0 if
V' is a smooth affine irreducible variety. However, this result does not extend to semisimple
groups in positive characteristic (for example, see [I9, Theorem 1(ii)]). It is true that generic
stabilizers always exist (in any characteristic) when G is simple and V' is an irreducible
kG-module, even as group schemes [15], [19]. Moreover, in the latter situation, the generic
stabilizers have been determined in all cases [19] (and also for group schemes [15]); the generic
stabilizer is typically trivial whenever dim V' > dim G. Indeed, by the results in [I9] we deduce
that if G is simple, V is irreducible and dim V' > dim G, then the generic stabilizer is always
a finite group scheme (but not necessarily smooth).

Let G be a simple algebraic group over an algebraically closed field k£ of characteristic
p > 0 and let V' be a kG-module (possibly reducible). Set

Ve={veV :guv=uvforall g€ G}

By combining Theorem || with the main results in [7, [I6], we can show that if dim V/V¢ is
sufficiently large, then the generic stabilizer is trivial. The analogous result for Lie algebras
was proved in [I12]. Moreover, when combined with the results in [I2] we can prove that

generic stabilizers are trivial as a group scheme under suitable hypotheses (see Corollary
below).

In the statement of the following result, we say that V is generically free if the generic
stabilizer for the action of G on V is trivial. Note that if G is an exceptional type group, then
d(G) = 3(dim G — rk G).

Theorem 7. Let G be a simple algebraic group over an algebraically closed field k of
characteristic p > 0. Let V' be a finite dimensional faithful rational kG-module and define
d(G) as in Table @ If dim V/VE > d(G), then V is generically free.

Remark 7. Note that if dimV < dim G, then the generic stabilizer is clearly positive
dimensional. Here we highlight some interesting examples with dim V' > dim G.

(a) Let G = SL(W) = SL,, (k) and V = S}(W) @ S?(W) with p # 2, so
dimV =n(n+1) > dimG.

Here the generic stabilizer is equal to the intersection of two generic conjugates of the
orthogonal subgroup SO(W), which is an elementary abelian 2-group of rank n — 1
(see [10, Theorem 8]).

(b) If G = Sp(W) = Sp,,(k) and we take V to be the direct sum of n — 1 copies of W,
then dim V' = n(n — 1) and the generic stabilizer is positive dimensional. Indeed, if
G fixes a generic point of V', then it acts trivially on a hyperplane of W and hence
fixes the 1-dimensional radical R of this hyperplane. The stabilizer of R is a maximal
parabolic subgroup P = L, where the unipotent radical @Q is the subgroup of P
which acts trivially on the hyperplane R*. So the generic stabilizer is @, which has
dimension 2n — 1.
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G d(Q) d(G) Conditions

SL.(k) 6 9 n=2
%nQ %nQ n>=3

Sp,(k) 2n*+2 2n? n=4or (n,p) = (6,2)
In? 3n? n > 6 and (n,p) # (6,2)

SO, (k) gn? 2(n—1)2 n>7

Es(k) 720 1200

E:(k) 378 630

Es(k) 216 360

Fy(k) 144 240

Go(k) 36 48

TABLE 3. The values of d(G) and d'(G) in Theorem [7| and Corollary

(c) If G =SO(W) =8S0,(k), p# 2 and V = L(ws) is the nontrivial composition factor
of S(W), then the generic stabilizer is a nontrivial elementary abelian 2-group.

By combining Theorem m with [I2] Theorem A], we obtain the following corollary. Recall
that p is special for a simple algebraic group G if p =3 and G = G, or if p =2 and G is of
type By, Cy, or Fy. Let g be the Lie algebra of G, with derived subalgebra [g, g].

Corollary 8. Let G be a simple algebraic group over an algebraically closed field k of
characteristic p = 0. Let V be a finite dimensional faithful rational kG-module and define
d'(G) as in Table[3. Let V' be the subspace of V annihilated by [g,g]. If dimV/V’ > d'(G)
and p is not special for G, then there exists a nonempty open subset Vo of V' such that the
stabilizer of each v € Vj is trivial as a group scheme.

Note that the condition on p in Corollary [§] is necessary. Indeed, if p is special then we
refer the reader to [I4] for examples where dim V' is arbitrarily large, V' = 0 and the generic
stabilizer is nontrivial. The proof of Theorem [7]is presented in Section [6] together with a
short argument for Corollary

Finally, let us present a completely different application of our results to a problem on
the random generation of finite simple groups, which was originally studied by Liebeck and
Shalev (see [32]). Let L be a finite group, let r, s be prime divisors of |L| and let I,,(L) be
the set of elements in L of order m. Then

_ Hy) e (L) x Is(L) : L= (z,y)}|
(D) 1s(L))]

is the probability that L is generated by a random pair of elements (z,y) € L x L, where x
has order r and y has order s. We say that L is (r, s)-generated if P, s(L) > 0.

Recall that every finite simple group is 2-generated. With this result in hand, it is natural
to ask how the generating pairs for a simple group are distributed across the group; the
related problem of determining the existence (and abundance) of generating pairs of elements
of prime order has been studied for more than a century. In this direction there has been a
particular interest in understanding the simple groups that are (2, 3)-generated, noting that
they coincide with the finite simple quotients of the modular group PSLa(Z) = Zga x Z3. As
far back as 1901, Miller [37] proved that every alternating group of degree n > 9 is (2, 3)-
generated. The main theorem of [32] states that if G # PSp,(q) is a finite simple classical or
alternating group, then Py 3(G) — 1 as |G| — oo, and this result was recently extended to
the exceptional groups of Lie type in [20, Theorem 8] (excluding the Suzuki groups, which do
not contain elements of order 3). It is interesting to note that the 4-dimensional symplectic

(5)

P,s(L)
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groups are genuine exceptions (see [32]):

flg{)loPQ,?)(PSM(P ) = { 1/2 ifp>=5

Indeed, none of the groups PSp,(p/) with p € {2,3} are (2, 3)-generated [32, Theorem 1.6].

For fixed primes r,s (with s > 2), the main theorem of [33] states that P, s(G) — 1 for
all finite simple classical groups G of sufficiently large rank (where the bound on the rank
depends on 7 and s) and for all alternating groups of sufficiently large degree. Gerhardt [16),
Theorem 1.4] has recently proved that if (G;) is a sequence of linear or unitary groups of fixed
rank, where |G;| — oo and each |G;| divisible by r and s, then P, ((G;) — 1. An analogous
result for exceptional groups of Lie type was established in [, Theorem 12]. As an application
of Theorem 4} we can extend the above results to all finite simple groups (using the earlier
work in [32] B3] to reduce the problem to Lie type groups of bounded rank).

Theorem 9. Fix primes r,s with s > 2 and let S, s be the set of finite simple groups whose
order is divisible by both r and s. Let (G;) be a sequence of simple groups in S, s with |G;| — 0.
Then either P o(G;) — 1, or (r,s) € {(2,3),(3,3)} and there is an infinite subsequence of
groups of the form PSp,(q).

Remark 8. As noted above, the anomaly of the groups PSp,(q) when (r,s) = (2,3) was
originally observed by Liebeck and Shalev [32]. In Theorem [9] we see that the case (r,s) = (3, 3)
is also noteworthy. Indeed, if we write ¢ = p/ with p a prime, then we will show that

0 ifp=3
lim Py 3(PSpy(p’)) = ¢ 1/2 ifp=2
fvoo 3/4 ifp>=5

See Theorem for a proof (we also include a new proof of the result from [32] when

(r,s) =(2,3)).

As an application of Theorem [9] we prove Corollary [T1] below on the generation of simple
groups by two Sylow subgroups (see the end of Section (7| for the proof). Our main motivation
stems from the following conjecture.

Conjecture 10. Let G be a finite simple group and let v and s be primes dividing |G|. Then
there exists a Sylow r-subgroup P and a Sylow s-subgroup Q of G such that G = (P, Q).

By the main theorem of [I§], this conjecture holds if r = s = 2, and more generally if
r = 2 by [9]. It has also been verified for all sporadic and alternating groups by Breuer
and Guralnick. In addition, [3, Theorem 1.8] shows that if G is simple and r is any prime
divisor of |G|, then there exists a prime divisor s of |G| such that G = (P, Q) for some Sylow
r-subgroup P and Sylow s-subgroup @) of GG. Here we establish the following asymptotic
version, which verifies Conjecture [10| for all sufficiently large finite simple groups.

Corollary 11. Let r and s be primes. Then for all sufficiently large finite simple groups G
with |G| divisible by r and s, there exists a Sylow r-subgroup P and a Sylow s-subgroup Q of
G such that G = (P, Q).

We refer the reader to Remark for some additional comments on the probability that a
simple group is generated by two randomly chosen Sylow subgroups corresponding to fixed
primes r and s.

We close the introduction with some brief comments on the organization of the paper.
In Section [2| we study the general set up and we prove Theorem [2] Here we also present
several additional results that will play a key role in the proof of Theorem {4 (for example, see
Lemmas and . Section |3| covers a wide range of preliminary results that we will need
in the proof of Theorem @ most of which are set up specifically for the case we are interested
in, where G is a classical group and X is a product of conjugacy classes. In particular, this
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section includes various results that allow us to deduce that the groups G(x) satisfy a certain
property on a generic subset of X just from the existence of such a group for a specific
tuple z € X. The proof of Theorem [4]is presented in Sections 4| (orthogonal groups) and
(symplectic groups), with the analysis partitioned in to various subcases. The main arguments
are inductive on the rank of G, with Gerhardt’s theorem for SL,, (k) in [16] playing a key role.
Finally, our main applications are discussed in Sections |6[ (generic stabilizers) and [7| (random
generation), including the proofs of Theorems |7 and [9f We close by presenting a proof of
Corollary [5] in Section

2. PROOF OF THEOREM

In this section we prove Theorem [2| Unless stated otherwise, G is a simply connected
simple algebraic group over an algebraically closed field k of characteristic p > 0. Let r > 2
be an integer and let X be a locally closed irreducible subvariety of G" = G x - -+ x G (with
r factors). Recall that if x = (z1,...,2,) € X, then G(z) denotes the Zariski closure of
(x1,...,2,) and we define

A={reX :Gx) =G}
as in . For a closed subgroup H of G, we set
Xg={r € X : G(zx) < HY for some g € G}, (6)

which coincides with the set of elements x € X such that G(z) has a fixed point on the coset
variety G/H. Note that if k' is a field extension of k, then we can consider G(k'), X (k'),
A(K'), ete., which are defined in the obvious way.

Recall that a subset of X is generic if it contains the complement of a countable union
of proper closed subvarieties of X. We say that G(x) is generically P for some property P
if G(x) has the relevant property for all 2 in a nonempty generic subset of X. Although a
generic subset of X may have no points over k, [4, Lemma 2.4] implies that every generic
subset is dense if k£ is an uncountable algebraically closed field.

We begin by recording some consequences of [7, Theorem 2]. The following result was
stated as Theorem [] in Section [il

Theorem 2.1. Let k be an algebraically closed field that is not algebraic over a finite field.
Then the following are equivalent:
(i) A(K') is a nonempty subset of X (k') for some field extension k' /k.
(ii) A is a dense subset of X.
(iii) A is a generic subset of X.

Proof. The equivalence of (i) and (ii) is [7, Theorem 2]. Suppose A is a generic subset of
X and let £’ be an uncountable field extension of k. Then A(k’) is dense in X (k) and thus
(i) holds. Therefore, to complete the proof of the theorem it suffices to show that if A is
nonempty then it is generic.

Let M be a set of representatives of the conjugacy classes of maximal positive dimensional
closed subgroups of G, which is finite by [30, Corollary 3]. For m € N and H € M, set
Xm={reX :|Gx)| <m}
and define Xy as in @ Note that A is the complement in X of the countable union
U Xmu U Xu.
meN HeM

Here each X, is a closed subvariety of X and Lemma below implies that the same
conclusion holds for X7 when H is a parabolic subgroup. So it remains to show that if A is
nonempty and H € M is nonparabolic, then Xy is not dense in X.
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Let H € M be a nonparabolic subgroup and let V' be an irreducible finite dimensional
rational kG-module on which H acts reducibly (as noted in the proof of [7, Lemma 2.5], there
exists a finite collection of such modules with the property that each H € M acts reducibly
on at least one of them). Then G(x) is reducible on V for all  in the closure of Xy, so Xy
is not dense if A is nonempty. The result follows. U

Lemma 2.2. Let X be the Zariski closure of X in G™ and assume G(x) = G for some z € X.
Then A is a dense and generic subset of X.

Proof. First recall that X is a locally closed subset of G", which means that X is open in X.
Let us also note that X is irreducible. Set A’ = {z € X : G(z) = G}, which we are assuming
is nonempty (so in particular, k is not algebraic over a finite field). By [7, Theorem 2], it
follows that A’ is a dense subset of X, whence A = A’ N X is nonempty and we conclude by

applying Theorem O

Next we consider the action of G on a complete variety. If G acts on a variety Y, then
we write Y9 to denote the subvariety of fixed points of g € G. Similarly, if H is a closed
subgroup of G then we define

YE={yeY :hy=yforallhe H} = ﬂ Y".
heH
Lemma 2.3. Suppose G acts on a complete variety Y and S is a subset of G.

(i) We have dimY9 > min{dimY*® : s € S} forallg € S.
(ii) If every g € S has a fived point on'Y, then the same is true for all g € S.

Proof. Let d > 0 be an integer and set G(d) = {g € G : dimY9 > d}. Consider the closed
subvariety W := {(g,y) € G xY : gy = y}. The projection map 7 : G X Y — G is closed
since Y is complete, so (W) is a closed subset of G and it follows that G(d) is also closed.

Set d = min{dimY* : s € S}. Then S C G(d) and thus S C G(d), proving (i). Similarly,
if S is contained in w(W), then so is S and we deduce that (ii) holds. O

Remark 2.4. With a minor modification, we can extend Lemma to the case where Y
is a kG-module. To do this, we consider the induced action of G on the projective space
Yy = PY(Y), which is a complete variety. For g € G, let a(g) be the dimension of the largest
eigenspace of g on Y. Then dim Yy = a(g) — 1 and by applying Lemma i) we deduce that
if S is a subset of G, then a(g) > min{a(s) : s € S} forall g € S.

Recall that if P is a parabolic subgroup of G, then the homogeneous space Y = G/P is a
projective (and hence complete) variety.

Lemma 2.5. If P is a proper parabolic subgroup of G, then Xp is a closed subvariety of X.

Proof. Let Y = G/P and set
W={(z,y) e X xY : Gx)y =y}

Let 7 be the projection map from W into X. Since Y is complete, it follows that 7(W) = Xp
is closed as required. O

Remark 2.6. Let G be a classical algebraic group of the form Sp(V') or SO(V) and assume k
is uncountable. Suppose G(z) generically preserves a totally singular m-dimensional subspace
of V. By the previous lemma, the set of elements x € X such that G(x) preserves a totally
singular m-space is closed. Since every generic subset of X meets every nonempty open
subset, it follows that G(x) must preserve a totally singular m-space for all € X. This basic
observation will be applied repeatedly in the proof of Theorem

Recall that a closed subgroup H < G is G-irreducible if it is not contained in a proper
parabolic subgroup of G. We can now prove most of Theorem
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Theorem 2.7. Let k be an algebraically closed field. Then exactly one of the following holds:

(i) A(K") is nonempty for some algebraically closed field extension k' /k.
(ii) For all x € X, G(x) is contained in a proper parabolic subgroup of G.

(iii) There exists a unique (up to conjugacy) proper closed G-irreducible subgroup H of G
such that

(a) Xpg contains a nonempty open subset of X; and
(b) {z € X : G(z) = HY for some g € G} is a generic subset of X.

Proof. If A is nonempty, then it is generic and so at most one of the three conclusions can
hold. Therefore, we may assume that neither (i) nor (ii) holds. So A(%') is empty for every
algebraically closed field extension k'/k, and G(z) is G-irreducible for some z € X.

Let Xpar be the set of tuples € X such that G(x) is contained in a proper parabolic
subgroup of G. Since G has only finitely many conjugacy classes of parabolic subgroups,
Lemma implies that Xy, is a proper closed subvariety of X.

Let H be any closed subgroup of G. Let {2 = G" and note that 2 is the image of the
morphism G x H" — Q given by (g, h1,...,hy) — (h{,..., k). In particular, Qg is open in
its closure and so X is open in X (but may be empty).

By [30, Lemma 4.1], there are only countably many conjugacy classes of G-irreducible
subgroups of G' and each one is defined over some finite extension of the prime subfield kg of k
(in particular, these subgroups are defined over the algebraic closure of k). Let {H; : i € N}
be representatives of the conjugacy classes of the proper G-irreducible subgroups of G and
set X; = Xp,. Since (i) and (ii) do not hold, it follows that (J; X; contains the nonempty
open subvariety X \ Xpar.

First assume k is uncountable. For a closed subgroup H of G, let Xz denote the closure
of Xy in X. Then Xy = X for some proper G-irreducible subgroup H (recall that X is
irreducible, so it is not a countable union of proper closed subvarieties), which implies that
Xy = X over any algebraically closed field. Therefore, X is open and dense in Xy = X
and by the minimum condition on subvarieties, we can choose H minimal subject to this
condition.

For any proper G-irreducible subgroup J, let
Yy={ze X : G(z)=JY for some g € G}. (7)

Note that X is the union of X, the complement of Xy and the subsets Y, where J runs
over a set of conjugacy class representatives of the G-irreducible subgroups of H, so the
irreducibility of X implies that X = Y for some J. If J < H then the inclusion Y; C X
implies that X ; is dense in X, but this contradicts the minimality of H. Therefore, J = H
and we deduce that Yy is a generic subset of X (indeed, each x ¢ Yy is contained in one of
Xpar, the complement of Xy, or in one of countably many subsets X1, where each L is a
proper G-irreducible subgroup of H).

To complete the proof for k uncountable, we show that H is unique up to conjugacy in G.
If L is a G-irreducible subgroup satisfying (a) and (b) in (iii), then Y7, is generic and therefore
intersects the open subvariety Xp, which in turn implies that L is conjugate to a subgroup
of H. Then by the minimality of H, we conclude that L is conjugate to H, as required.

Finally, let us assume k is countable and let k’/k be any uncountable algebraically closed
field extension. Then as above, there is a unique (up to conjugacy) proper G(k')-irreducible
subgroup H of G(k') such that X}, is open in X', where X’ = X (k’). The complement of
this open subset is thus a proper closed subset of X’. Since H is defined over k, it follows
that the complement of Xy in X is a proper closed subset, so Xy is open and dense in X.
The result follows. Il
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Remark 2.8. Consider the conclusion in part (ii) of Theorem and let Pi,..., P, be
representatives of the conjugacy classes of proper parabolic subgroups of G. If (ii) holds, then
X=U,;Xp = Xp, and thus X = Xp for some proper parabolic subgroup P. But Xp is
closed by Lemma[2.5] so X = Xp and we conclude that each G(z) is contained in a conjugate
of a fixed proper parabolic subgroup.

As a corollary, we obtain the following result. In the statement, we refer to G-orbits and
G-invariance, which are both defined in terms of simultaneous conjugation by G. So for
example, if X = Cy x --- x (. is a product of conjugacy classes, then X is G-invariant.

Corollary 2.9. Suppose G(x) is generically finite.

(i) There exists a positive integer d such that |G(x)| < d for allz € X.

(i1) If G(y) is G-irreducible for some y € X, then there is a nonempty open subvariety
of X contained in a G-orbit. In particular, if X is G-invariant, then X has an open
dense G-orbit of dimension equal to dim G.

Proof. We can always pass to an extension field, so without any loss of generality we may
assume k is uncountable.

Suppose that G(z) is infinite for some x. Then the set of z € X with G(z) infinite is
generic since each subvariety {z € X : |G(z)| < m} with m € N is closed and proper. Since
the intersection of countably many generic sets over an uncountable algebraically closed field
is generic, we have a contradiction. Hence

X=|J{rex |G| <m}
meN

is a countable union of closed subvarieties and thus (i) follows from the irreducibility of X.

Now assume that G(y) is G-irreducible for some y € X. Then by (i) and Theorem
there exists a finite G-irreducible subgroup H of GG such that Xy is open and Yy is generic,
where Yy is defined as in . In fact, since H has only finitely many subgroups, the proof of
Theorem implies that Yz is open.

First assume that X is G-invariant. Here X is contained in the closure of the image of
the morphism

FrGxH =G, (g,h1,... he) = (hd,.. . h9),

which implies that X itself is contained in the closure of the image of f. Since H is G-
irreducible, its centralizer is finite (see [34, Lemma 2.1]), and so the dimension of the image
of f is equal to dim G. Thus, the dimension of the G-orbit of any € X with G(z) = H is
equal to dim G = dim X and so this orbit contains a dense open subset of X . This establishes
(ii) in the case where X is G-invariant.

In the general case, we can work in the G-invariant variety that is the image of the

morphism G x X — G given by (g,21,...,2,) — (z7,...,27) and the result follows. O

Remark 2.10. Suppose X is G-invariant, dim X > dim G and G(x) is G-irreducible for
some z € X. Then Corollary implies that G(z) is generically positive dimensional. In the
special case where X = C'; x --- x C,. is a product of noncentral conjugacy classes, it was
shown in [7], using results from [2I], that G(z) is generically positive dimensional if r > 3. In
addition, [21, Corollary 5.14] shows that if » = 2 and G(x) is generically finite, then G(x) is
always contained in a Borel subgroup. Also see Lemma [3.31

The final ingredient we need to complete the proof of Theorem [2|is provided by Theorem
below (recall that the rank of a closed subgroup H of G, denoted rk H, is the dimension
of a maximal torus of HY). The bound in part (i) completes the proof of Theorem [2| In
order to explain the notation in part (ii), let V' be a nontrivial finite dimensional irreducible
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rational kG-module (the choice of V' is irrelevant) and write f(g) € k[x] for the characteristic
polynomial of g € G acting on V. This defines a morphism

f G — Md(x)7 (8)
where M (x) is the variety of monic polynomials in k[x] of degree equal to d = dim V.

Theorem 2.11. Suppose there exists a closed subgroup H < G such that Xp contains a
nonempty open subset of X. Then for all x € X,

(i) tkG(z) <tk H; and
(ii) if S is a mazimal torus of G(x)°, then f(S) is contained in the closure of f(H).

Proof. Let V' be a nontrivial finite dimensional irreducible rational kG-module corresponding
to the map f in , where d = dim V. For each g € G, observe that f(g) is determined by
the conjugacy class of the semisimple part of g. Let us also note that every fiber of f is finite.
To see this, let T be a maximal torus of G. Then f(t1) = f(t2) with ¢;,t2 € T if and only if
t1 and to are conjugate in GL(V) and the claim follows because every semisimple class in
GL(V) intersects T in a finite set.

Set e = 1k H. We claim that dim f(H) = e. To see this, first observe that f(H") = f(S),
where S is a maximal torus of H°. Since f has finite fibers, this implies that dim f(S) =
dimS =e. If h € H embeds in GL(V') as a semisimple element, then [45, 7.5] implies that
some conjugate of h normalizes S and this gives dim f(hS) < dim S = e (in fact, this is a
strict inequality unless h centralizes S). This justifies the claim.

Let Z C Xy be a nonempty open subset of X and let Y be the closure of f(H) in the
variety Mg(x). Let x € X and let w be an element of the free group of rank r, which we
may view as a map from X to G. Then w(x) is contained in the closure of w(Z) and thus
f(w(x)) is in the closure of f(w(Z)) C Y. Therefore f(G(z)) C Y, proving both parts of the
theorem. 0

Remark 2.12. It would be interesting to know if it is possible to replace rank by dimension
in part (i) of Theorem [2.11]

We are now in a position to prove Theorem

Proof of Theorem[4. We combine Theorems and [2.11f(i). More precisely, if (i) holds in
Theorem [2.7], then Theorem [I] implies that A is dense and generic in X, so the conclusions
in case (ii) of Theorem [2] are satisfied with H = G, Y = A and Z = X. Clearly, if Theorem
2.7|(ii) holds then we are in case (i) of Theorem [2| Finally, if part (iii) in Theorem [2.7| holds,
then the existence of H and the appropriate subsets Y, Z C X in parts (b) and (c) of Theorem
[2(ii) follows immediately, and the rank condition in (ii)(a) follows from Theorem [2.11fi). This
completes the proof of Theorem O

We close this section by recording the following corollary.
Corollary 2.13. If k is uncountable, then
{r e X : 1kG(z) =m}
is a generic subset of X, where m = max{rkG(z) : = € X}.
Proof. If G(z) is G-irreducible for some x € X then the result follows immediately from
Theorems and so we may assume that G(z) is contained in a proper parabolic
subgroup for every x € X. Fix a parabolic subgroup P of G which is minimal with respect to

the property that each group G(z) is contained in a conjugate of P (see Remark . Let Q
be the unipotent radical of P and note that X = Xp.
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Let Y be an irreducible component of X N P” such that the morphism ¢ : G XY — X
sending (¢,y1,...,¥yr) to (¥7,...,47) is dominant. By the minimality of P, the set

{y €Y : G(y)Q is contained in a proper parabolic subgroup of P}

is a proper closed subvariety of Y. Since P/@ has only countably many P/Q-irreducible
subgroups, the proof of Theorem shows that there exists a closed subgroup H of P such
that HQ/Q is P/Q-irreducible and the sets

{y €Y : G(y)Q is G-conjugate to a subgroup of HQ}

and

{yeY : G(y)Q is G-conjugate to HQ}
are open and generic in Y, respectively. Then by arguing precisely as in the proof of Theorem
we deduce that tk G(y) < tk HQ = rk H for all y € Y, with equality on a generic subset
of Y. Since ¥({1} x Y) contains a nonempty open subset of im(v), it follows that equality
holds on a generic subset of X. This completes the proof. U

3. PRELIMINARIES FOR THEOREM [4]

In this section we record various results that will be needed in the proof of Theorem [4]
which is our main result on the topological generation of classical algebraic groups.

Let G be a simply connected simple algebraic group over an algebraically closed field &k
of characteristic p > 0. Let r > 2 be an integer and let X be a locally closed irreducible
subvariety of G". We begin by presenting some general results, before specializing to the case
where X = C1 x --- x Cy is a product of noncentral conjugacy classes. We define G(x) and A
as before. In view of Theorem in order to prove Theorem [4f we may (and do) assume k is
uncountable.

3.1. Modules. Recall that since k is uncountable, every generic subset of X is nonempty
and dense. In particular, A is nonempty if it contains the intersection of countably many
generic subsets. Therefore, we are interested in establishing the genericity of certain subsets
of X defined in terms of G (recall that G(z) is generically P for some property P, if G(z)
has the relevant property for all z in a generic subset of X, and similarly for the connected
component G(x)).

With this goal in mind, the collection of results presented in the next two lemmas will be
useful in the proof of Theorem 4| A version of the following result is proved in [4, Section 3]
(see Lemma |3.5| below for a version that is stated in terms of the connected components).

Lemma 3.1. Let V be a finite dimensional rational kG-module.

(i) If there exists y € X such that G(y) has a d-dimensional composition factor on V,
then the set of x € X such that G(x) has a composition factor on 'V of dimension at
least d is a nonempty open subset of X. In particular, if G(y) acts irreducibly on V
for some y € X, then G(z) is irreducible on V' for x in a nonempty open subset of X.

(i1) If d is the minimal dimension of a composition factor (respectively, nonzero submodule)
of G(y) on V for some y € X, then for all x in a nonempty open subset of X, the
minimal dimension of a composition factor (respectively, nonzero submodule) of G(x)
s at least d.

(iil) If dim Cguav)(G(y)) = d for some y € X, then dim Cgnqvy(G(2)) < d for all z in a
nonempty open subset of X.

Proof. Set n =dimV and let F(t1,...,t,) be a polynomial identity for each matrix algebra
M, (k) with e < d, but not for My(k) (see [40, Section 1.3]). Then F"(x) # 0 if and only
if G(z) has a composition factor on V of dimension at least d and this is clearly an open
condition, proving (i).
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By Lemma the set of z € X such that G(z) fixes a subspace of dimension less than d
is a closed subvariety. Our assumption is that this is a proper subvariety, so the assertion
regarding submodules in (ii) follows. For composition factors, we modify the argument slightly.
Consider the set of flags of V' of the form 0 C U C W C V with dim W/U < d. This is a
finite union of projective varieties (one for each possible pair of dimensions of U and W) and
thus the proof of Lemma implies that the set of x € X such that G(x) has a fixed space
on this variety is closed. Our assumption in (ii) implies that this is a proper closed subvariety
and hence (ii) follows.

Finally, part (iii) is clear since dim Cgpq(v)(G(7)) is upper semicontinuous. O

Remark 3.2. Let F' be the free group on r generators. As noted in Section [I| given a
collection of words w1, ..., w,, in F', which we view as maps G" — G, the set

Xy = {(wi1(x),...,wn(x)) : z€ X}

for w = (wy, ..., wy) is also an irreducible subvariety of G". In particular, we can apply all
of our general results to X,,.

Let d be a positive integer and let F' be the free group on r generators, where X C G" as
above. Let Fy be the intersection of all subgroups of F' with index at most d and note that
Fy is a characteristic subgroup of F' with finite index. In particular, Fy is finitely generated
and we may choose generators w1, ..., Wy, where we view each w; as a word map from G" to
G. Then for x € X we define

Gy(z) = (wi(x),...,wn(z)) <G,

which is independent of the choice of generators for Fy.

The following result records some basic observations. Recall that a group acts primitively
on a vector space if it does not preserve a nontrivial direct sum decomposition of the space.

Lemma 3.3.

(i) G(z)° < G4(z) < G(x) for allx € X, d € N.
(ii) Let V' be a finite dimensional irreducible rational kG-module and let d be an integer
such that d > dimV. Assume that

(a) G(z) is generically irreducible on V; and
(b) For some y € X, G4(y) acts irreducibly on a submodule W of V' such that
dim W > d/s where s is the smallest prime divisor of d.

Then G(x) is generically primitive on V.

Proof. Part (i) is clear since G(x)" has no proper closed subgroups of finite index. Now consider
(ii). There is no harm in assuming that d = dim V. Seeking a contradiction, suppose G(z) is
not generically primitive on V. Then the condition in (a) implies that G(z) is generically
conjugate to a subgroup of GL¢(k) 1 Sy, for some proper divisor e of d. In particular, G4(x)
is generically contained in a direct product of d/e copies of GL¢(k) and so for all x € X,
the largest composition factor of G4(x) on V has dimension at most e < d/s. But this is
incompatible with the condition in (b) and we have reached a contradiction. g

Remark 3.4. Let V be a finite dimensional irreducible rational kG-module. If G(y)° acts
irreducibly on V for some y € X, then G4(x) is generically irreducible for all d € N. In
addition, if d is large enough then G4(y) = G(y)? and so G(z)° is generically irreducible as
well. In particular, this implies that G(x)?, and hence G(z), is generically primitive on V.

Next we establish a version of Lemma with respect to the connected components.

Lemma 3.5. Let V' be a finite dimensional rational kG-module.
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(i) If there exists y € X such that G(y)° has a composition factor of dimension at least
e on V, then the set of v € X such that G(x)° has a composition factor on V of
dimension at least e is a generic subset of X. In particular, if G(y)° acts irreducibly
on 'V for some y € X, then G(x)? is generically irreducible on V.

(ii) If the minimal dimension of a composition factor (respectively, nonzero submodule)
of G(y)° on V is at least e for some y € X, then for generic x € X, the minimal
dimension of a composition factor (respectively, nonzero submodule) of G(x)° is at
least e.

(ili) If dim Cppav)(G()?) < e for some y € X, then dim Cgpqvy(G(2)°) < e for all x in
a generic subset of X.

Proof. Suppose there exists y € X such that G(y)° has any of the properties described in the
lemma. Then G4(y) has the same property for every positive integer d and thus Lemma
implies that the set of z € X such that G4(x) fails to have the given property is a proper
closed subvariety of X. Since there are only countably many positive integers, we deduce that
G(x)? satisfies the property on a generic subset of X. O

Remark 3.6. One can modify the proof of Lemma in order to show that if G(y)? acts
irreducibly on V for some y € X, then the set of 2 € X such that G(z)° acts irreducibly on
V' is actually open, rather than just being generic. This follows by noting that if d > dim V,
then Gy(r) is irreducible on V if and only if G(z)° is irreducible.

Next we introduce the notion of a strongly regular element.

Definition 3.7. Let V be a finite dimensional rational kG-module and let T" be a maximal
torus of G. We say that x € T is strongly regular on V if every z-invariant subspace of V' is
also T-invariant.

Equivalently, if x1,...,xm are the distinct characters of T' that occur in V, so V =
ViV, with0#V,={veV :tv=yx(t)vforallt e T}, then xz € T is strongly
regular on V' if and only if x;(x) # x;(x) for i # j. From the latter characterization it is clear
that the elements in 7" that are strongly regular on V form an open subset since the complement
is the intersection over all pairs 7, j of the closed subvarieties {t € T : x;(t) = x;(t)}. Let
us also note that if G is a classical algebraic group, then = € T is strongly regular on the
natural kG-module V if and only if all the eigenvalues of x on V are distinct.

By [23, Theorem 11.7], there is a finite collection M of finite dimensional irreducible
rational kG-modules such that no proper closed subgroup of G acts irreducibly on all of
these modules. Then with respect to this collection of modules, we say that x € T is strongly
reqular if it is strongly regular on each module in M.

Remark 3.8. Note that the set of strongly regular elements in 7' is open. Moreover, since
each regular semisimple element in G is conjugate to an element of T, and since the strongly
regular property is invariant under conjugation and the set of regular semisimple elements in
G is open, it follows that the set of strongly regular elements in G is also open.

Lemma 3.9. Let V' be a finite dimensional rational kG-module, let T' be a maximal torus of
G and suppose x € T is strongly reqular on V. Let H be a closed subgroup of G containing x
and assume V' has an H -invariant subspace that is not G-invariant. Then (H,T) is contained
in a proper closed subgroup of G.

Proof. Let W be an H-invariant subspace of V' that is not G-invariant. Since W is z-invariant,
it decomposes into a direct sum of eigenspaces for x and so it is also T-invariant. Therefore
(H,T) preserves W and the result follows. O

In part (iii) of the next result, recall that Xy is defined in (). Also recall that a closed
subgroup of G has mazimal rank if it contains a maximal torus of G.
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Lemma 3.10. Let V' be a finite dimensional irreducible rational kG-module and suppose
there exists u € X such that G(u) contains an element that is strongly regular on V. Then
the following hold:

(i) There exists a nonempty open subset Y of X such that G(y) contains a strongly
reqular element on V for ally € Y.

(ii) If G(u)® contains a strongly regular element on V, then for generic v € X, G(x)°
contains a strongly regular element on V.

(iii) Either A is nonempty, or there exists a mazimal closed mazimal rank subgroup H of
G such that Xg contains a nonempty open subset of X.

Proof. Let S be the set of elements in G that are strongly regular on V' and recall that S
contains a nonempty open subset of G (see Remark . Since G(u) N'S is nonempty, it
follows that there is a word w in the free group F' of rank r, which we may view as a map
w: X — G, such that w(u) € S (since the abstract group generated by the coordinates of u
is dense in G(u) by definition). This implies that Y = {y € X : w(y) € S} is a nonempty
open subset of X, which proves (i).

Now let us turn to (ii). By the proof of (i), we deduce that {x € X : G4(z) NS # 0} is a
nonempty open subset of X for each positive integer d. The desired result now follows since
Ga(z) = G(z)° for d > 0.

Finally, let us consider (iii). As above, we define strongly regular elements in G with respect
to a finite set M of irreducible kG-modules. We may assume A is empty, which implies
that each G(z) acts reducibly on at least one of the modules in M. Define w € F as in the
first paragraph of the proof and fix € X such that w(z) is strongly regular. Let V' be a
module in M on which G(z) acts reducibly and define S and Y as above, with respect to this
module. Then any w(x)-invariant subspace of V' is also T-invariant, where T' = Cg(w(x)),
so (G(z),T) acts reducibly on V' and thus G(z) is contained in a maximal closed maximal
rank subgroup of G. Since there are only finitely many conjugacy classes of such subgroups,
it follows that there is a maximal closed maximal rank subgroup H and a nonempty open
subset Z C Y such that G(z) is conjugate to a subgroup of H for all z € Z. O

We close with three results that will be applied directly in the proof of Theorem [4] The
first is essentially a corollary of part (i) of Lemma

Corollary 3.11. Let G be one of the classical groups SLy (k) (n > 2), Sp,,(k) (n > 4), or
SO, (k) (n = 3,n #4) and let V be the natural kG-module. Assume there exists x,y € X
such that G(x)° acts irreducibly on 'V and G(y) contains a strongly reqular element on V.
Then either

(i) A is nonempty; or

(i) G = Sp,(k), p =2 and G(z)° is generically contained in a conjugate of SO, (k).

Proof. Suppose A is empty. By applying Lemmas (1) and we deduce that there is a
maximal closed maximal rank subgroup H of G such that G(z)? is irreducible on V and is
contained in a conjugate of H? for generic € X. By considering the connected irreducible
maximal rank subgroups of G, we deduce that G' = Sp,,(k), p = 2 and H° = SO,,(k) is the
only possibility. O

The following result is an easy consequence of the classification of low dimensional repre-
sentations of simple algebraic groups.

Lemma 3.12. Let G be one of the groups Sp,,(k) (n = 6) or SO,(k) (n > 9), and let H be
a closed connected proper subgroup of G that acts irreducibly on the natural kG-module V.

(i) If G = Sp,,(k), then either tk H < [n/4] + 1, or p=2 and H = SO, (k).
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(ii) If G = SOy (k), then tk H < |n/4]| + 1 if n is even, otherwise tk H < (n+1)/4.

Proof. First assume H is not simple, in which case V' is tensor decomposable as a kH-module.
If n = 2m with m even, then the largest rank self-dual non-simple closed connected subgroup
of G is of the form Spy(k)® L, where L = Sp,,, (k) or SO,,,(k), which has rank m/2+1 = n/4+1.
Similarly, if G is symplectic and n = 2m with m odd, then the same argument shows that
the maximum rank is (m + 1)/2 = [n/4| + 1 when p # 2. Here the bound is even better
when p = 2 since no group has a nontrivial odd-dimensional irreducible self-dual module in
even characteristic.

The remaining cases where G is orthogonal and H is non-simple can be handled in a
similar fashion. If n = 2m with m odd, then we may assume p # 2 (since there are no
closed connected tensor decomposable subgroups of G when p = 2). Here the largest tensor
decomposable subgroups of G are of the form L, ® Ly, where L, is a symplectic or orthogonal
group with an a-dimensional natural module (and similarly for L), 2m = ab and 3 < a < b.
If n is odd, then p # 2 and the same argument applies.

Finally, suppose H is simple. By inspecting [35], one checks that aside from a handful of
very low rank cases (excluded by the conditions on 7 in the statement of the lemma), the
self-dual irreducible kH-modules have relatively large dimension (excluding Frobenius twists
of the natural module when H is a classical group). The result quickly follows. O

Finally, we present the following well known and elementary observation. See [10, Lemma
3.14], for example.

Lemma 3.13. Let a,b € GL(V) = GL,(k) be quadratic elements. Then each composition
factor of {(a,b) on V is at most 2-dimensional. In particular, if n > 3 then (a,b) acts reducibly
onV.

As a consequence, if G # SLy(k) is a classical group and a,b € G act quadratically on the
natural kG-module, then (a, b) is not Zariski dense.

3.2. Homogeneous spaces. For the remainder of Section (3| we will assume

X=0C1x--xCr=a8 x--.xa¢ 9)
G

where each C; = z;” is a noncentral conjugacy class.

Here we establish some general results concerning the action of G on coset varieties G/H,
where H is a closed subgroup. Our first lemma provides a useful criterion to ensure that G(z)
is not generically contained in a conjugate of H (the relevant condition is sufficient, but not
always necessary). Recall that Xy is defined in @

Lemma 3.14. Let H be a closed subgroup of G and setY = G/H. If
Y dimY* < (r—1)dimY
i=1

then Xy is contained in a proper closed subvariety of X.

Proof. First we recall that
dimY — dim Y9 = dim ¢ — dim(g% N H) (10)

for all g € H (see [29, Proposition 1.14]). Clearly, Xy is nonempty if and only if C; N H
is nonempty for all ¢, so we may assume each x; is contained in H. We will work with the
variety

ZZ{(gl,-.-7gr,y) : gieCi,yeﬂYgi}gXxY
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and the projection maps 7 : Z — X and 72 : Z — Y, noting that Xy coincides with the
image of .
All fibers of w5 have the same dimension, so

dimZ = dimY + Y _ dim(C; N H)
i=1
and by applying we deduce that

,
dimZ = dimY + Y _ (dimC; — dim Y + dim Y**) < dim X
i=1
since ), dimY™® < (r — 1)dim Y. Therefore, 7 is not dominant and thus Xy is contained
in a proper closed subvariety of X. O

We also record a version of for subgroups. Recall that if H and L are closed subgroups
of G, then T:=T(L,H) ={g € G : LY < H} is the transporter of L into H. Note that T is
a union of cosets of N = Ng(L) and T'/N is a variety.

Lemma 3.15. Let H and L be closed subgroups of G and setY = G/H. If T =T(L,H) is
nonempty, then

dimY —dimY* = dimY — dim7/N = dim G — dimT.

Proof. Let Z = {(g,y) € G xY : yis fixed by LIY}. By projecting onto each factor, we see
that dim Z = dimY + dim 7 = dim G + dim Y% and the result follows. O

Note that Lemma holds for any closed subset L of G (or one can replace L by the
closure of the subgroup it generates). In the special case L = {g} we have N = Cg(g) and
T/N can be identified with ¢& N H, so we recover the equation in .

We can also establish the following generalization of Lemma [3.14] working with subgroups
rather than elements. The proof is identical and we omit the details.

Lemma 3.16. Let H be a closed subgroup of G and set Y = G/H. Let Ly, ..., L, be closed
subgroups of G such that

Y dimY" < (r—1)dimY.
=1

Then there exist g; € G such that (L{",... LY} is not contained in a conjugate of H.

We will also need the following elementary observation.

Lemma 3.17. Suppose D is a G-class such that an element of D is contained in the closure
of (g1, g2) for some g; € x& and that G(y) = G for somey € Y, where Y = D x C3 x - -- x C..
Then A is nonempty.

Proof. Suppose G(y) = G for some y = (d, g3,...,9-) €Y with d € D and g¢; € C; for i > 2.
If x =(g1,92,...,9-) € X then G(y) < G(x) and the result follows. O

In particular, we can take D to be a conjugacy class contained in C1C5.

3.3. Scott’s Theorem and the adjoint module. We begin by recalling Scott’s Theorem
[41, Theorem 1], which we will then apply in the special case where G is acting on its adjoint
module Lie(G). Recall that if W is a kG-module and J C G is a subset, then [J, W] is the
subspace (gw —w : g € J,w € W) of W. Note that dim [J, W] = dim W — dim(W*)”.

Theorem 3.18 (Scott). If G = (y1,...,y,) < GL(W) and yo = (y1---y,) "}, then

> dim [y;, W] > dim W — dim W + dim [G, W].
=0
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Recall that X = Cy x --- x C,., where each C; = xZG is a noncentral conjugacy class in G.

Fix an additional noncentral conjugacy class Cy = xOG and set
Z:{(ZO,...,ZT) S CO X X an L2021 Ry = 1} QGTH. (11)
For z = (20,...,2r) € Z, let G(z) be the Zariski closure of (z,..., z).

Lemma 3.19. If L = Lie(G) and G = G(z) for some z € Z, then

> dimC; > dim [z, L] > 2dim G — dim Z(L).
=0 =0

Proof. Since G is simply connected, we have [G, L] = L and LY = Z(L), the center of the
Lie algebra of G. The second inequality now follows from Scott’s Theorem, while the first
holds since

dim g% = dim L — dim Cg(g) > dim L — dim LY = dim [g, L]
for all g € G. O

For each y = (y1,...,4:) € X, set yo = (y1---y) "t s0 2 = (yo, ..., yr) € Z with Cy = ¢§

(see (L1))). Since dim y§' < dim G — rk G, we obtain the following corollary which provides a
useful, necessary condition for topological generation by a tuple in X.

Corollary 3.20. If L = Lie(G) and G = G(z) for some x € X, then
dim X > " dim [z, L] > dim G + 1k G — dim Z(L).
i=1

Remark 3.21. Suppose dim X < dimG + 1k G — dim Z(L) and let = € X.

(a) By Scott’s Theorem, either LE®) strictly contains Z(L), or [G(z), L] # L. In particular,
A is empty.

(b) Recall that p is special for G if p =3 and G = Gs, or if p = 2 and G is of type By,
C), or Fy. If p is not special for G, then L/Z(L) is a self-dual irreducible kG-module
and G(x) has nonzero fixed points on this module. In particular, if L is a simple Lie
algebra, then G(x) has nonzero fixed points on L.

The following results can also be stated in terms of the variety Z in . But since X is
our main focus, we leave this to the reader.

Recall that the prime p = 2 is bad for all simple algebraic groups except type A,; p = 3 is
also bad for all exceptional groups and p =5 is bad for Eg. All other primes (and also p = 0)
are good for G.

Corollary 3.22. Suppose that either L = Lie(G) is simple or the characteristic p of k is
good for G. If dim X < dim G + rk G, then G(x) acts reducibly on every finite dimensional
rational kG-module for all x € X.

Proof. First assume that L is simple and let # € X. As noted in Remark the hypotheses
and Scott’s Theorem imply that there exists 0 # ¢ € L fixed by G(x). Let W be an irreducible
kG-module. Untwisting by a Frobenius morphism of G, if necessary, we may assume that
W=Wy® Wl(p ), where W is a nontrivial restricted kG-module and ¢ acts nontrivially on W.
Since G(x) fixes ¢, it preserves the eigenspaces of £ on W and thus G(z) acts reducibly on W.

Finally, suppose L is not simple and p is good for G, in which case G = SL, (k) and p
divides n. Here we can apply Scott’s Theorem directly with respect to the action of G on the
Lie algebra Ly of GL, (k). For x € X, this gives the inequality

S dimC;+ (n? —n) > 20 — 2 — (dim L§™) — 1) — (dim(L})%® — 1)
i=1
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and thus
dim X > 1k G +dim G — (dim L) — 1) — (dim(L})%® — 1),

Since dim X < dim G 4+ rk G and L is self dual, it follows that dim LIG(:E) > 2. Therefore,

G(x) fixes a noncentral element of L; and so it also fixes a noncentral element of L (just
choose an element of trace zero with the same eigenspaces). We can now conclude by repeating
the argument given in the first paragraph. O

We present another consequence of the above observations. To do this, we need the following
lemma.

Lemma 3.23. Suppose the characteristic p of k is good for G and let s be a noncentral
semisimple element of Lie(G). Then the following hold:

(i) Cq(s) is connected.
(il) Cq(s) = Cg(S) for some nontrivial torus S in G.

Proof. Part (i) is due to Steinberg (see [46, Theorem 3.14]).

Now let us turn to part (ii). If G = SL, (k) (or a quotient) then the result holds because
we can choose a semisimple element g € G that has the same eigenspaces as s on the natural
module. In the remaining cases, Lie(G) is simple and we note that s € Lie(T") for some
maximal torus T of G (see [26, Theorem 13.3, Remark 13.4]). Therefore, T < Cg(s) = C' is a
maximal rank connected reductive subgroup of G. If C' is not semisimple, then S := Z(C)
is a nontrivial torus and Cg(S) = C as required. Now assume C' is semisimple. Let D be
a maximal connected subgroup of G containing C' and note that D is semisimple (since
Z(D) < Z(C)). Then p is good for any simple factor of D (if G has type A, there are no
such subgroups; if G is symplectic or orthogonal, then any simple factor is classical; if G is
exceptional, the observation follows by inspection of the possibilities for D). By induction,
C = Cp(s) has a positive dimensional center, which is incompatible with the assumption
that C is semisimple. O

Corollary 3.24. Suppose the characteristic of k is good for G. If dim X < dimG + rk G,
then dim Cq(G(z)) > 0 for all x € X.

Proof. First suppose that G = SL,,(k) and let x € X. As in the proof of Corollary we
see that G(z) centralizes a noncentral element ¢ of the Lie algebra of GL, (k) and so also
for the Lie algebra of G. Using elementary linear algebra, we see that C(¢) has a positive
dimensional center, whence dim Cg(G(x)) > 0 for all x € X.

In the remaining cases, the Lie algebra L = Lie(G) is simple and irreducible as a kG-module.
Let z € X and let 0 # ¢ € L be fixed by G(z) (see Remark [3.21)), which we may assume
is either nilpotent or semisimple. If ¢ is semisimple, then Lemma [3.23] applies, so we can
assume /¢ is nilpotent. Here the Springer correspondence implies that Cg(¢) = Cg(u) for
some nontrivial unipotent element v € G and we know that dim Cg(u) > 0 (see Seitz [43],
for example). O

Remark 3.25. We close by recording a couple of comments on the above results:

(a) First observe that the conclusion to Lemma [3.23(ii) is false (in general) if p is a bad
prime for G. For example, if G = Sp,, (k) with p = 2 and n = 0 (mod 4), then there are
semisimple elements s in the Lie algebra of G such that Cg(s) = Sp,,,(k) X Sp,,_ (k)
is semisimple. In particular, Cg(s) is not the centralizer of a torus in this situation.
Similarly, if p = 3 then G = G2(k) has a subgroup SL3(k) with a 1-dimensional fixed
space on the Lie algebra of G.

(b) Let us also note that Corollary is equivalent to the statement that every G-orbit
on X has dimension strictly less than dim G (this property is stronger than stating
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that A is empty). As remarked above, the conclusion extends to tuples in Z (see (11)))
if we assume the condition dim Z < 2dim G.

3.4. Unipotent classes. For the remainder of Section [3] unless stated otherwise, we will
assume G is a simple classical algebraic group over k of the form SL(V'), Sp(V) or SO(V),
where dim V' = n. In the statement of Theorem [4] we assume that each z; in has prime
order modulo Z(G), which implies that the corresponding elements in G/Z(G) are either
semisimple or unipotent (as noted in Remark [2} if p = 0 then x; can be an arbitrary nontrivial
unipotent element). In view of Lemma in order to establish the existence of a tuple in A
we may replace X by its closure in G”, so we are naturally interested in the closure properties
of semisimple and unipotent classes.

The situation for semisimple classes is transparent: every such class is closed and conjugacy
of semisimple elements is essentially determined by the multiset of eigenvalues on the natural
module V' (one has to be slightly careful if G = SO(V) and V* = 0, in which case n is
even and there are two G-classes of semisimple elements with the same eigenvalues as x on
V', which are fused in O(V) = G.2). Our main aim in this section is to briefly recall the
parametrization of unipotent classes in the classical algebraic groups, together with some of
their closure properties that will be needed later. We will generally follow the notation in
[31]. The results discussed below are essentially all consequences of Spaltenstein [44].

3.4.1. Linear groups. First recall that the conjugacy classes of unipotent elements in G =
SL(V) are in bijection with partitions of n. Write C(7) for the conjugacy class in SL(V)
corresponding to the partition 7 and note that if p > 0 then the elements in C(7) have order
p if and only if each part of 7 is at most p. If m; and 7y are partitions of n, then C(my) is
in the closure of C'(m;) if and only if m; dominates 79 in the usual partial ordering on the
set of partitions of n (see [24] 44], for example). Let d(7) denote the number of parts in the
partition 7 and let U(m) be the subvariety of G consisting of all unipotent elements with an
m-dimensional fixed space on V' (in other words, U(m) is the union of the unipotent classes
C(m) with d(m) = m). It follows from the above discussion that U(m) is irreducible and C(m)
is open in U(m), where 7 is the partition (n —m + 1,1™~1). Moreover, there is a unique
partition 7’ of n such that d(n’) = m and C(7’) is contained in the closure of every conjugacy
class contained in U(m). This partition has at most two distinct part sizes (and if there are
two, say a and b with a > b, then a — b =1).

3.4.2. Symplectic groups with p # 2. Next assume G = Sp(V') and p # 2. Let 7 be a partition
of n and write C(m) for the corresponding class in SL(V') as above. Then C(7) NG is nonempty
if and only if the multiplicity of every odd part of m has even multiplicity; if this condition
holds, then Cg(m) := C(7) NG is a conjugacy class of G. Moreover, the closure relation is
the same as for SL(V') (for the admissible partitions). Set Ug(m) = U(m) N G and note that
Ug(m) is irreducible and contained in the closure of the class Cg(7), where

_f (n—=m+1,1m) if mis odd
T (n=m,2,1™2)  if m is even.

As noted for SL(V'), there is a unique unipotent class contained in the closure of any class
in Ug(m) (this is the same class as described for SL(V) and has the smallest dimension
of any class in Ug(m)). Also note that if m is even, then this class contains elements in a
Levi subgroup of G, namely the stabilizer in G of a pair of complementary totally isotropic
subspaces of dimension n/2. Of course, if m is odd, then no elements in Ug(m) are contained
in such a Levi subgroup.

3.4.3. Orthogonal groups with p # 2. Next assume G = SO(V') and p # 2, with n > 5. Set
Ca(m) = C(7) N G, which is nonempty if and only if all even parts in 7 occur with even
multiplicity. In addition, we note that Cg(7) is a single conjugacy class in the full orthogonal
group G.2 = O(V'), while Cg(m) splits into two G-classes if and only if all parts are even. As
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for Sp(V'), the closure relation is the same as above, restricted to the admissible classes (for
classes that split, the smallest classes in the respective closures are precisely the same). If
n is even then d(7) is even for every partition 7 corresponding to a class in G. Once again,
there is a unique unipotent class contained in the closure of any class in Ug(m) =U(m) NG
and it has the smallest dimension of any class in Ug(m). This class also contains elements
in a Levi subgroup of G, which is the stabilizer of a pair of complementary totally singular
subspaces of dimension n/2. Note that if n/2 is odd, then this Levi is unique up to conjugacy
in G, whereas there are two G-classes of such Levi subgroups when n/2 is even, which are
fused under the action of an involutory graph automorphism of G (i.e. the two G-classes are
fused in G.2 = O(V)).

3.4.4. Symplectic groups with p = 2. Now suppose G = Sp(V) and p = 2. If g € G is
unipotent, then we can write V' as an orthogonal direct sum of indecomposable k(g)-modules
(in the sense that a module is indecomposable if it cannot be decomposed as an orthogonal
sum of two proper submodules). The indecomposable summands that arise are labeled as
follows in [31, Lemma 6.2]:

(a) V(2m), where g acts as a single Jordan block of size 2m; and

(b) W (£), where g has two Jordan blocks of size ¢, each corresponding to a submodule
that is a totally isotropic space.

Then every unipotent element g € GG yields an orthogonal direct sum decomposition of the
form
V= V(@m) LY W) (12)
( J

with 0 < a; < 2 for each ¢, which is unique up to isomorphism. Spaltenstein [44] completely
describes the closure relations, but here we only record what we need:

(i) If my > mag, the closure of V(2my) L V(2my) contains V' (2m; —2) L V(2mq + 2).
(ii) If my1 > ma, the closure of V(2my) L V(2my) contains W (m + ma).

(iii) We have a; = 0 for all 7 if and only if g is conjugate to an element in a Levi subgroup
of GG arising as the stabilizer of a pair of complementary totally isotropic subspaces of
V. For such an element g, the multiplicity of every part in the corresponding partition
of n is even.

(iv) The closure relation for unipotent elements with a; = 0 for all ¢ coincides with the
usual ordering on partitions.

(v) If m is even, then there is a unique smallest class in Ug(m) = U(m) N G and this
class corresponds to a partition with at most two distinct sizes (if there are two, say
a>b,thena—b=1).

3.4.5. Orthogonal groups with p = 2. Finally, let us assume G' = SO(V') with p = 2, where
n > 6 is even. Here it is convenient to view G as a subgroup of J = Sp(V') and we observe
that the description of the unipotent conjugacy classes in G is (essentially) the same as for J.
If g € J is unipotent, then g is conjugate to an element of G.2 = O(V) and two unipotent
elements in G.2 are conjugate in G.2 if and only if they are conjugate in J. So we can use
the same notation for the unipotent elements in G.2 corresponding to the decomposition in
(12). Note that such an element g € G.2 is contained in G if and only if ), a; is even (which
is equivalent to the condition that g has an even number of Jordan blocks on V). In addition,
if g € G then the class ¢&2 splits into two G-classes if and only if a; = 0 and ¢; is even for
all 7,7 in (see [31], Proposition 6.22]). The closure properties in G are also inherited from
J. In particular, if m is even then the smallest unipotent class ¢¢ with m Jordan blocks
corresponds to the smallest class in a Levi subgroup GL(W) with m/2 Jordan blocks, where
W is a maximal totally singular subspace of V' (hence each Jordan block of g on V' has even
multiplicity).
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Remark 3.26. As previously noted, if G = Sp(V') or SO(V) with p = 2, then we will mainly
be interested in the unipotent involutions in G. The conjugacy classes of unipotent involutions
in simple algebraic groups (and the corresponding finite groups of Lie type) were studied in
detail by Aschbacher and Seitz [I] and here we recall their notation.

Let g € G be a unipotent involution with Jordan form (J§, J/""2%) on V, where J; denotes
a standard unipotent Jordan block of size i. If s is even, then Sp(V') and O(V') both have
two classes of such elements, with representatives denoted by as and c¢s (here g is of type
as if and only if (v,gv) = 0 for all v € V, where (, ) is the corresponding alternating or
symmetric form on V). On the other hand, if s is odd then there is a unique class of such
elements in Sp(V') and O(V), represented by b (for orthogonal groups, these elements are
contained in O(V) \ SO(V)). We also note that if g € SO(V) is a unipotent involution, then
g°V) = ¢SO(V) unless n = 0 (mod 4) and g is O(V)-conjugate to ay/2, in which case the
O(V)-class splits into two SO(V')-classes. In view of the notation in [I], we will refer to z-type
involutions in G, where x is either a, b or c.

The correspondence between this notation and the decomposition in is as follows:
as, s even, 2 < s <n/2: I/V(2)5/2 1 W(l)n/Q—S
nf2: V(@) LW Ly

bs, sodd, 1 <s
<s<n/2: V(2)2 LW(Q)¥21 Lwa)v/?s

<
<

cs, Seven, 2 < s

3.5. Tensor products. In the proof of Theorem [4] we will need to consider the action of
unipotent elements on tensor products and related spaces. As above, we write .J; for a standard
unipotent Jordan block of size 1.

Let J, € GL4(k) = GL(W) be a regular unipotent element and let J, ® J,, A%(J,) and
S%(J,) denote the action of .J, on the tensor product W @ W, the exterior square A%(W) and
the symmetric square S?(W), respectively. Similarly, we define J, ® J,. There are results in
the literature giving the precise Jordan decomposition of these operators (see [2], for example),
but we are only interested here in the number of Jordan blocks on the respective spaces. As
explained below, this number is independent of the characteristic p, with the exception of the
module S*(W) for p = 2.

Lemma 3.27. Let a,b > 2 be integers.

(i) Jo ® Jp has min{a,b} Jordan blocks.
(ii) A%(J,) has |a/2] Jordan blocks.
(iii) S%(J,) has [a/2] + € Jordan blocks, where € = 1 if a is even and p = 2, otherwise
e=0.

Proof. All these results hold in characteristic 0 by considering appropriate modules for SLa (k)
(see [13| Section 6]). Since the relevant operators are defined over Z, it follows that the results
in characteristic 0 give lower bounds in the positive characteristic setting.

For the remainder, let us assume p > 0. First consider (i) and assume a > b. Then J, ® Jp
has no more Jordan blocks than J, ® I, which visibly has Jordan form (J%). Therefore (i)
holds. Similarly, if p # 2 then

J, @ Jy = N2(J,) @ S*(Ja)

and thus (ii) and (iii) follow by combining part (i) with the result in characteristic 0. For the
remainder, we may assume p = 2.

Consider (ii) and view g = J, € GL4(k) < SOg,(k) = H, where GL, (k) is the stabilizer
of a pair of complementary totally singular a-dimensional subspaces of the natural module
for H (so in particular, g has Jordan form (J2) on this space). Then dim Cy(g) = a + 2,
where c is the number of Jordan blocks of A?(J,). By [31, Chapter 4] or [25], the dimension
of C(g) is independent of the characteristic and the result follows.
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Finally, consider (iii) with p = 2. Here H < Spy,(k) = K and dim Ck(g) = a + 2¢/, where
¢ is the number of Jordan blocks of S*(.J,). By Lemma below, we have dim Ck (g) =
dim Cg(g) + 2, so ¢ = ¢+ 1 and thus (iii) follows from (ii). O

3.6. Exterior squares. Here we study the action of G = GL, (k) = GL(V) on W = A%(V),
where n > 2 and k is an algebraically closed field of characteristic p > 0. Let ¢ € G and
recall that dim W = (}) and W9 denotes the fixed space of g on W. Let £(g) be the set of
eigenvalues of g on V' and let a(g) be the dimension of the largest eigenspace of g on V. We
will establish some useful bounds on dim W9 in terms of a(g).

Lemma 3.28. Let g € G be a noncentral semisimple or unipotent element, and assume g is
an involution if p = 2 and g is unipotent. If d = a(g) then the following hold:

(i) dim W9 < d[n/2].
(ii) If p # 2, g is semisimple and {+1} C E(g), then dim W9 < d(n —1)/2.

Proof. First assume g is semisimple and write n = 2de + f with 0 < f < 2d. It is straightfor-
ward to see that if f =0, then dim W9 is maximal when g has e pairs of distinct eigenvalues
{\,A71}, each with multiplicity d. In this case, dim W9 = ed? = dn/2.

Now assume f > 0. Here the maximum still occurs when g has e pairs of distinct eigenvalues
{\, A~} with multiplicity d and so we may write g = g1 ©go with respect to the decomposition
V =V, & Vs, where dim V] = 2de, dim Vo = f and g1 has the eigenvalues on V; as described
above. Then

dim W9 = ed? + dim A%(V3)92.
If 0 < f < d, then we can assume go is trivial and thus

QM I = ed® 4 L f(f ~1) < gd(2ed + [ ~1) = Ld(n— 1),

with equality only if f = d. On the other hand, if f > d then we may assume g has exactly
two eigenvalues on V5 and it is straightforward to show that dim W9 < d(n — 1)/2.

To complete the proof for semisimple elements, let us assume {+1} C £(g) and write

g = g1 ® go with respect to the decomposition V = U; @ Us, where Uy is the kernel of g% — 1.
Then W9 = A2(Up)9 @ A%(Us)9? and the argument above gives

1
mmA%mwlgiﬂn—l—m

with [ = dim Us. In addition, if the two eigenspaces of go on Uy have dimensions m and [ — m,

then l .
. 2 92 _ m —m < _9
o= (7) (7)< b

and the result follows.

Finally, let us assume g is unipotent. In view of Lemma (also see Remark , we may
replace g by any unipotent element in the closure of ¢¢ with the same number of Jordan
blocks on V.

First assume p # 2. By the discussion in Section we may assume g has Jordan form
(J¢, JE¢) for some a > 2. By Lemma we see that A%(J,) and J, ® J. (with ¢ < b)
have |m/2] and ¢ Jordan blocks, respectively. This makes it easy to compute the number
of Jordan blocks of g on W and the result follows. The case p = 2 (with g an involution) is
entirely similar. O

We need to consider the case where n is odd in a bit more detail (for example, see the proof
of Theorem which establishes Theorem (4| for orthogonal groups of the form SOs,, (k)
with m > 5 odd). There is a similar result for n even, but the analysis is more complicated
and we do not need it in this paper. For n odd, we first observe that the proof of Lemma
3.28| gives the following corollary.
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Corollary 3.29. Suppose n =2m+1, m > 1 and g € G has prime order modulo (—1I,). Set
d = a(g). Then dim W9 < dm, with equality only if d < m + 1. In addition, if both bounds
are attained then g is unipotent.

Corollary 3.30. Suppose n =2m-+1 and m,r > 2. Let g1, ..., g, be elements in G of prime
order modulo (—1I,) and set d; = a(g;) and e; = dimW9%. If 3" d; < n(r — 1), then one of
the following holds (up to ordering and conjugacy):

(i) >,e < (r—1)dimW.
(i) r = 2, 1 = (JI,J1) and either go = (M, A" Ly, plh) with X € KX\ {£1} and
p e \{XEY, orp #£2 and go = (J5, J3 ).

Proof. By Corollary we have ) . e; < (r—1)dim W, with equality only if ), d; = n(r—1)
and d; < m 4+ 1 for all i. Therefore, we may assume these conditions are satisfied, which
immediately implies that » = 2 (since n > 5). Up to reordering, it follows that

di=m-+1, do =m, e =dim, e = dam

and thus g; is unipotent by Corollary

If p = 2 then g; is an involution and the condition d; = m + 1 forces it to have Jordan form
(J3*, J1) as required. If p # 2, then the closure of any unipotent class in G with m + 1 Jordan
blocks on V' contains the class of elements with Jordan form (J5*, J1). The next smallest
class of unipotent elements with m + 1 Jordan blocks contains elements with Jordan form
(J3, Ji"~2, J2). But it is straightforward to check that e; < dym if g; has this form, so this is
not possible.

Similarly, we find that if do = m and ey = dom, then gy has the form described in (ii). O

3.7. Subspace stabilizers. In this final preliminary section we assume G is one of the
classical groups SL, (k) (n > 2), Sp,,(k) (n > 4) or SO, (k) (with n > 3, n # 4). Recall that
we may assume p # 2 if G = SO, (k) and n is odd. As before, let V' be the natural kG-module
and set

X=01x--xCr=a8 x-.xaf

as usual, where r > 2 and each x; has prime order modulo Z(G) (see Remark[2)). For g € G, let
a(g) be the dimension of the largest eigenspace of g on V and set d; = a(z;) for i =1,...,r.
We define A and Xy as in and @, respectively, where H is a closed subgroup of G.

As noted in Section [I}, if }°, d; > n(r — 1) then G(z) acts reducibly on V for all z € X
and thus A is empty. The following result shows that if ). d; < n(r — 1) (or if r > 3), then
G(x) is generically positive dimensional. In particular, in order to prove Theorem {4 we can
ignore any tuples x € X such that G(z) is finite.

Lemma 3.31. Suppose r > 3 or dy + da < n. Then G(x) is generically infinite.

Proof. If r > 3 then the main theorem of [2I] implies that C;C2C3 contains elements of
arbitrarily large order (and indeed elements of infinite order if k is not algebraic over a
finite field). In addition, the same conclusion holds for C1Cs, aside from a short list of
classes C] and Cy given in [2I, Theorem 1.1] and in each of these cases one can check that
dy + da > n. Therefore, the closed subvariety X,,, := {z € X : |G(z)| < m} is proper for all
m € N and thus {x € X : G(x) is infinite} contains the complement of a countable union of
closed subvarieties and is therefore generic (and nonempty unless k is algebraic over a finite
field). O

For the remainder of Section we are mainly interested in the action of subgroups of G
of the form G(z) on varieties of appropriate m-dimensional subspaces of V' with m =1 or 2.
Our first result on 1-spaces can be viewed as an extension of [16, Lemma 2.15].
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Lemma 3.32. Let H be the stabilizer in G of a 1-dimensional subspace of V', which is either
nondegenerate (if p # 2) or nonsingular (if p = 2) when G = SO(V). If >, d; < n(r — 1),
then Xy is contained in a proper closed subvariety of X.

Proof. Set Y = G/H and observe that dimY =n —1 and dimY¥ < d—1 for all g € G,
where d = a(g). Since ), d; < n(r — 1), we deduce that >,(d; —1) < (r —1)dimY and the
result follows via Lemma [3.14] O

Remark 3.33. Let z = (¢1,...,9,) € X and let U; be a d;-dimensional eigenspace of g; on
V. Notice that if ), d; > n(r — 1) then (), U; is nonzero and thus G(x) fixes a 1-dimensional
subspace of V. In particular, if G = SL(V) or Sp(V) then Xy = X and the converse to
Lemma [3.32] holds. However, if G = SO(V) then G(z) may fix a totally singular 1-space and
we cannot conclude that Xy is dense in X.

The next result handles the action of orthogonal groups on totally singular 1-spaces.

Lemma 3.34. Let G = SO(V) and let H be the stabilizer of a 1-dimensional totally singular
subspace of V.. If . d; < n(r — 1), then either

(i) Xu is a proper closed subvariety of X ; or
(ii) 7 =2 and x1,x2 are quadratic.

Proof. Set Y = G/H and note that Xy is closed by Lemma so we only need to show
that X is proper (unless » = 2 and the z; are quadratic). We will apply Lemma to do
this, which means that we need to estimate dim Y*¢. Note that dimY =n — 2.

First assume x; is unipotent and p # 2, so d; is equal to the number of Jordan blocks of
x; on V. By replacing C; by a unipotent class 4 in its closure with a(y;) = a(z;) = d;, we
may assume that every Jordan block of z; on V has size ¢ or ¢ — 1 for some ¢ > 2 (with
at least one Jordan block of size ¢); see Section If ¢ > 3, then there are no Jordan
blocks of size 1 and so the fixed space V¥ is totally singular and dim Y% = d; — 1. The
same conclusion holds if £ = 2 and there are no Jordan blocks of size 1. Finally, suppose

= 2 and z; has a Jordan block of size 1. Here x; fixes a nondegenerate 1-space and we
claim that dim Y* = d; — 2. To see this, first observe that Y*¢ is precisely the subvariety of
totally singular 1-dimensional subspaces of V*i. Let P!(V®) be the variety of 1-dimensional
subspaces of V% so dimP!(V%) = d; — 1. The nondegenerate 1-spaces in P!(V%) form a
nonempty open subset and so the variety of totally singular 1-spaces in V¥ has codimension
1 in PY(V®i). This justifies the claim.

Now assume x; is semisimple and p # 2. If x; has a totally singular eigenspace of dimension
d;, then dim Y?** = d; — 1. If not, then a d;-dimensional eigenspace W of x; on V is nonde-
generate (and corresponds to an eigenvalue +1); the largest irreducible component of Y
corresponds to the subvariety of totally singular 1-spaces in W, which has dimension d; — 2.

For both unipotent and semisimple z; (with p # 2), we observe that d; < n/2 whenever
dim Y% = d; — 1. First assume dimY?® =d; — 1 for ¢ = 1,2. Then

T T
ZdimY“ <n—2+ ZdimY“,
=1 =3

which is less than (r — 1)dimY = (r — 1)(n — 2) unless » = 2 and each z; is quadratic. If
we exclude the latter situation, the desired result follows from Lemma [3.14] Similarly, if we
assume dim Y% = d; — 1 for only one i, then

idimy%‘ =1 +ZT:(di — ) < (r—1)(n—2)
=1 i=1
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and again the result holds. Finally, if dim Y% < d; — 1 for all ¢, then

r

Zr:dimY“ =3 (di-2)<(r—Ln-2r<(r—1)(n—2)
=1

=1
and once again the result follows.

To complete the proof, let us assume p = 2. If x; is unipotent and some Jordan block
has size 1, then a generic fixed vector is nonsingular and the above argument goes through.
Similarly, for semisimple classes we can repeat the argument given above. O

For 2-spaces we will need the following result.

Lemma 3.35. Let G = SL(V) with n > 3 and let H be the stabilizer of a 2-dimensional
subspace of V.. If 3. d; < n(r — 1), then either

(i) Xpg is contained in a proper closed subvariety of X; or

(ii) r =2 and x1,x2 are quadratic.

Proof. Set Y = G/H and note that dimY = 2(n — 2). By [19, Lemma 3.35 |, we may assume
that each x; is semisimple. Let g € G be a noncentral semisimple element with a(g) = d and
let d’ be the dimension of the second largest eigenspace of g on V. Then one of the following
holds:

(a) d =d and dimY9 =2(d — 1).

(b) d =d—1and dimY9 = 2d — 3.

(¢) d <d—2and dimY9 =2(d — 2).

Let d] be the dimension of the second largest eigenspace of z; on V. If d, < d; — 2 for all

but at most two 4, then using the bound ), d; < n(r — 1) we deduce that

> dimYT <4+ (2d; —4) <2(r—1)(n—2) = (r — 1)dimY.
=1 i=1

Moreover, we see that equality holds if and only if » = 2 and d; = d} for i = 1,2, in which
case n is even and x1,z9 are quadratic.

Now assume that d} > d; — 1 for i = 1,2,3, so 2?21 dim Y% <2 2?21 d; — 6. If n is even,
then d; < n/2 for i = 1,2,3 and thus

T T
> dimY" <2Y di—2r <3n+2(r—3)(n—1)—2r < (r—1)dimY
i=1 i=1
since n > 4. Similarly, if n is odd and ¢ € {1,2,3} then either d; = (n +1)/2 and dim Y =
2d; — 3, or di < (n—1)/2 and dimY® < 2d; — 2. By arguing as above, we deduce that
>, dimY® < (r —1)dimY and the result follows. O

By applying the previous lemma, we obtain the following result concerning the action of
symplectic and orthogonal groups on nondegenerate 2-spaces.

Lemma 3.36. Let G = Sp(V) or SO(V) with n > 3, and let H be the stabilizer of a
2-dimensional nondegenerate subspace of V. If >, d; < n(r — 1), then either

(i) Xg is contained in a proper closed subvariety of X ; or

(ii) 7 =2 and x1,x2 are quadratic.

Proof. First observe that G acts transitively on Y = G/H, which is a dense open subset of the
variety Z of all 2-dimensional subspaces of V' and thus dim Y = dim Z. Since dim Y9 < dim Z9
for all g € G, the proof of Lemma implies that >, dimY® < (r —1)dim Y unless r = 2
and x1,xo are quadratic. Now apply Lemma [l
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To close this section, we present Lemma below on the action of Sp(V) on the
homogeneous space Y = Sp(V)/ O(V) when p = 2 (as explained in the proof of the lemma,
this can be viewed as a subspace action by identifying Sp,,(k) with the orthogonal group

Oyn+1(k)). This justifies the comments in Remark [3| and it explains the extra condition in
Theorem 4 when G = Sp(V') and p = 2.

In order to prove the lemma, we need the following well known fact about symplectic and
orthogonal groups in characteristic 2.

Lemma 3.37. Let G = Sp(V) and H = O(V'), where n > 4 and p = 2. Then every element
of G is conjugate to an element of H.

Proof. Let © € G and write x = su = us, where s is semisimple and wu is unipotent. If s has 3
or more distinct eigenvalues on V', then x preserves an orthogonal decomposition V. =V; 1 Vs,
where each V; is a nondegenerate subspace (with respect to the defining symplectic form on
V'), and the result follows by induction. If s has exactly 2 distinct eigenvalues, then Cg(s) is
the stabilizer of a pair of complementary totally isotropic spaces and this subgroup embeds in
some conjugate of H. So we may assume that s = 1 and x is unipotent. We can argue as above
if x commutes with a nontrivial semisimple element, so we may assume x is a distinguished
unipotent element. As before, if & preserves an orthogonal decomposition, then the result
follows by induction. The only distinguished unipotent elements in G that act indecomposably
on V are regular, which act on V' with a single Jordan block (see [31, Chapter 6]). In this
case, one can write down such an element in H, or one can appeal to the classification of
conjugacy classes of unipotent elements in H, as described in [31]. Il

Lemma 3.38. Let G = Sp(V') and H = O(V'), where n > 4 and p = 2. Define x; € G as in
@ and set e; = dim V7.

(i) If >, ei < n(r —1), then Xy is contained in a proper closed subvariety of X.
(ii) If >, ei = n(r — 1), then A is empty.

Proof. Set Y = G/H (so dimY = n) and let W be an indecomposable rational kG-module
of dimension n 4 1 with socle V. Then G acts transitively on the variety of 1-dimensional
subspaces of W that are not contained in V' and the stabilizers are just orthgogonal groups.
Thus we may identify this variety with Y. By Lemma [3.37] each g € G fixes a complement
to V in W and so we can identify the corresponding fixed spaces Y9 and V9. In particular,
dimY? = dim V¢ and the bound in (i) implies that >, dimY™* < (r — 1) dim Y. Now apply
Lemma [3.141

Now let us turn to (ii). Since each g € G fixes a complement to V' in W, it follows that
dim W9 = dim V9 + 1. Therefore, dim W% = ¢; + 1 and so the inequality in (ii) implies that
(); W is nonzero. In other words, each G/(z) fixes a nonzero vector in W' and thus G(z) # G
since W& = 0. 0

4. PROOF OF THEOREM [} ORTHOGONAL GROUPS

In this section we prove Theorem W] for the orthogonal groups G = SO, (k). We partition
the proof into two cases, according to the parity of n. We continue to define X as in @D,
where each x; has prime order modulo Z(G). We work over an algebraically closed field k
of characteristic p > 0 that is not algebraic over a finite field. In addition, as explained in
Section (1} we may (and do) assume that k is uncountable, so A is nonempty if and only if it
contains the intersection of countably many generic subsets of X.

4.1. Even dimensional groups. We begin by assuming G = SO(V) with dimV = n =
2m > 6. The cases m € {3,4} are excluded in the statement of Theorem 4| — they require
special attention and they will be handled at the end of this section (see Theorems
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and [4.7). So for now we will assume that m > 5 and we make a distinction between cases
according to the parity of m.

4.1.1. m > 5 odd. To begin with, we will assume m > 5 is odd. We first consider the relevant
cases with X = C; x (5 that appear in Table |1l In order to state our first result, we define
x1,T9 € G as follows:

T = (Ig,)\lm,l,)\_llm,l), orp#2andx = (Jg, Jé"f?’)

13
To = (J;”_l, J?); type am_1 if p=2 (13)

where A\ € k* and A\? # 1 (for p = 2, we adopt the notation for xy from [I] for unipotent
involutions; see Remark [3.26|).

In the proof of Lemma [4.1] below we will use Gerhardt’s result for GL,y (k) (see Theorem [3),
which we view as a Levi subgroup of the stabilizer in G of a totally singular m-dimensional
subspace of V. Note that such a Levi subgroup stabilizes exactly two totally singular m-spaces.
Moreover, since m is odd, these two spaces are in different G-orbits (recall that G has two
orbits on the set of totally singular m-spaces, with U and W in the same orbit if and only if
dim U — dim(U N W) is even; this allows us to refer to the type of a totally singular m-space).

Lemma 4.1. Suppose m > 5 is odd, r = 2 and x1,z2 are defined as in (13]).
(i) There exists a nonempty open subvariety Y of X such that for ally € Y, G(y)

preserves a complementary pair of maximal totally singular subspaces of V.
(ii) For all z € X, G(x) preserves mazximal totally singular subspaces of V' of both types.

In particular, A is empty.

Proof. We may view z1 and xy as elements of L = GL,,(k), which is the stabilizer in G of a
pair of complementary maximal totally singular subspaces of V. More precisely, as an element
of L we take

21 = (11, M1y /2 A 1)) ot (J3, J5" 2%
and we note that the embedding of x5 is unique up to conjugacy in L. Set Y = D; x Da,
where D; = z¥, and note that

dim Cy = m? +m — 2, dim Cy = m(m — 1),

1 1
dim D; = 5(m2 +2m — 3), dim Dy = 5(m2 —1).
In view of the eigenspace dimensions of x1 and x2 on the natural module for L, by applying
Theorem [3| we deduce that L(y) contains L' = SLy, (k) for generic y € Y.
Consider the morphism

qS : D1 X D2 x G — Cl X 02, (dl,dz,g) — (Cl‘(l],dg)

We claim that a generic fiber of ¢ has dimension m?. To see this, first observe that if
y = (¢, d9) € im(6) then

(@ a8 " n) s he Ly C¢'(y)

and thus dim ¢~!(y) > dim L = m?. Therefore, it suffices to show there is a fiber of dimension
m?2. Choose y € D1 x Dy C C; x Cy so that L’ < G(y) < L. Then G(y) is not contained in
any other conjugate of L, so ¢(dy,dz2,g) =y only if g € L and (df,dj) = y. In particular, the
fiber $~!(y) is determined by y and so it has dimension m?.

Therefore, in view of the dimensions of C; and D; given above, we deduce that ¢ is dominant
and thus the image of ¢ contains a nonempty open subvariety of X = C; x Cy. If x € X is in
the image of ¢, then G(z) is conjugate to a subgroup of L and thus (i) holds. Finally, let us
observe that the set of totally singular m-spaces of a given type can be identified with the



TOPOLOGICAL GENERATION OF SIMPLE ALGEBRAIC GROUPS 33

homogeneous space G/P for some maximal parabolic subgroup P of G. By Lemma Xp
is closed and thus (i) implies that Xp = X. This establishes part (ii). O

We can now estabhsh Theorem 4] I for G = SO(V), where dim V' = 2m and m > 5 is odd.
Recall that C; = x and d; = a(z;) is the maximal dimension of an eigenspace of x; on V.

Theorem 4.2. If m > 5 is odd and ), d; < n(r 1), then A is empty if and only if r = 2
and either x1,x9 are quadratic, or defined as in (13|) (up to ordering).

Proof. If r = 2 and x1,x9 are either quadratic or defined as in , then A is empty by
Lemmas and Therefore, it remains to show that A is nonempty in all other cases.
We partition the proof into two cases. In order to explain the case distinction, recall that if x;
is unipotent then there is a unique unipotent conjugacy class y of minimal dimension with
a(y) = d; (see Section . We will refer to y© as the smallest unipotent class containing
elements with d; Jordan blocks on V and it will be useful (in Case 2) to note that y®
contained in the closure of a:ZG

Case 1. If x; is unipotent, then C; = a:zG is the smallest conjugacy class in G of unipotent
elements with d; Jordan blocks on V.

Suppose the given condition holds for all unipotent elements x; in @ Let P = QL be the
stabilizer in G of a totally singular m-space W of V', where @ is the unipotent radical and
L = GL(W) = GL,, (k) is a Levi subgroup. Note that L is the stabilizer of a decomposition
V =W @ W', where W’ is also a totally singular m-space (since m is odd, W and W’
represent the two G-orbits on the set of such spaces). We may identify @ with the kL-module
NE(W).

Up to conjugacy, we may embed each z; in L. Indeed, this is clear if x; is semisimple since
L contains a maximal torus of G; for unipotent z;, it follows from the hypothesis in Case
1 and the properties of unipotent classes discussed in Section (speciﬁcally, the Jordan
blocks of x; occur with even multiplicity). If z; is unipotent, then CiNL= x . On the other
hand, if x; is semisimple then we may assume that if A # +1 is an elgenvalue of x; on V,
then the multiplicities of A on W and W’ differ by at most 1.

Let d; = [d;/2] be the maximal dimension of an eigenspace of z; on W. We claim that
>, di < m(r—1). This is clear if each d; is even. Similarly, if exactly one d; is odd then
> di < 2m(r — 1) — 1 and once again the claim follows. More generally, suppose £ > 2 of the
d; are odd and note that d; < m if d; is odd, otherwise d; < 2m — 2. If (¢,r) # (2,2), then

Zd m+2(r—0)(m—1)<2m(r—1)—¢

and the result follows. Flnally, if £ = r = 2 then we may assume x; or xo is non-quadratic, so
di 4+ do < 2m — 2 and this justifies the claim.

Set
Y=Dyx---xD,=zFx...xzkCX.
Since Y, d; < m(r — 1), Theorem |3 implies that for generic y € Y, either L(y) contains
L' = SL,,(k), or r = 2 and the z; are quadratic elements of L with respect to W. In the
latter situation, the z; also act quadratically on V', which is a case we have already handled.

By applying Lemma it follows that for generic x € X, G(x)? is either irreducible on
V, or it has exactly two composition factors of dimension m. In addition, the rank of G(x) is
generically at least m — 1 by Corollary Since L' = SL,, (k) contains regular semisimple
elements with distinct eigenvalues on V' (that is, L’ contains elements that are strongly regular
on V; see Definition , it follows that for generic z € X, G(z)? contains strongly regular
elements on V' (by Lemma (11)) In particular, G(x)? does not generically preserve a
nondegenerate m-space (since m is odd, the stabilizer in G of a nondegenerate m-space does
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not contain an element with distinct eigenvalues on V). As a consequence, either G(z)? is
generically irreducible on V', or it has precisely two composition factors (both m-dimensional)
and any proper invariant subspace of V is totally singular. Since the totally singular m-spaces
of a fixed type (i.e. in a given G-orbit) form an irreducible projective variety, by applying
Lemma 2.5 we deduce that either

(a) G(x)? acts irreducibly on V for generic z € X; or
(b) for all z € X, G(x)° stabilizes a totally singular m-space (of a fixed type).

If (a) holds, then Corollary implies that A is nonempty. Therefore, to complete the
argument in Case 1, we need to rule out (b).

Seeking a contradiction, suppose (b) holds. Fix z = (z1,...,2,) € X such that L' <
G(2)° < G(z) < L. Consider the set

XO::z?x-~-><z9QX

and note that G(y) < P and P’ < G(y)Q for all y € X,. We observe that if y € Xy, then
either G(y) is contained in a complement to @ in P, or G(y) contains @ (since QL' < QG(y)).
Moreover, if y1,yo are distinct elements of Xy and @ € G(y;) for i = 1,2, then G(y;) and
G(y2) are contained in distinct complements to Q. Since H'(L/,Q) = 0 by [27], it follows
that the space of complements to () in P coincides with the space of ()-conjugates of L and
so has dimension m(m — 1)/2 as a variety. On the other hand, aside from the special cases
recorded in the statement of the theorem, we see that

T
1
dim Xg = rdimQ — Zdim@ri > dim@ = §m(m -1)
i=1
by Corollary m and thus QL' < G(y) for some y € Xp. In particular, there exists y € X
such that G(y)" fixes a unique totally singular m-space (namely, W) and it follows that the
set of y € X such that G(y)° fixes a totally singular m-space in the other orbit is contained a
proper closed subvariety of X.

But by applying the same argument with respect to the opposite parabolic subgroup of G
(namely, the stabilizer of the totally singular m-space W’) we see that for some y € X, G(y)°
does not fix any totally singular m-space in the orbit of W. This is a contradiction and the
proof is complete in Case 1.

Case 2. There exists a unipotent x; such that C; = a:ZG is not the smallest conjugacy class of
unipotent elements in G with d; Jordan blocks on V.

To complete the proof of the theorem, we may assume that we are in the situation described
in Case 2. Let in be the smallest unipotent class containing elements with d; Jordan blocks
on V and recall that in is contained in the closure of a:ZG In view of Lemma we may
assume that G(r) # G for all z € X \ X, which implies (by our work in Case 1) that r = 2
and either

(a) y1 and yy are quadratic; or
(b) y1 and y2 have the form given in , up to ordering.

First assume y; and yo are both quadratic, so d; = da = m (since d; +d2 < 2m and d; > m
for each 7). But since m is odd, there are no quadratic unipotent elements in G with d; = m,
so both classes are semisimple and thus x1, 9 are both quadratic, which is one of the special
cases appearing in the statement of the theorem. For the remainder, we may assume y, yo
have the form given in , up to ordering, so d; = m — 1 and do = m + 1. We will consider
separately the cases p =2 and p # 2.

Suppose p = 2, so x1 = ¥ is semisimple, ys is a unipotent involution 9f type a,,—1 and
the condition in Case 2 forces x9 to be of type ¢,,,_1. Set Y = y? X yQG C X. As explained in
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the analysis of Case 1, there exists y € Y such that SL,,(k) < G(y), where SL,, (k) fixes a
decomposition V = W & W' into totally singular m-spaces. By Corollary the rank of
G(x) is at least m — 1 for generic € X. Then by arguing as above, using Lemma , we
deduce that A is nonempty if G(z)° is generically irreducible on V.

To complete the proof for p = 2, we may assume G(x)° is reducible on V for all z € X,
with two m-dimensional composition factors for generic z. In particular, G(z)° generically
fixes a totally singular m-space. Notice that z; and x5 both commute with transvections and
so the two classes C and Cy are invariant under G.2 = O,,(k). Therefore, G(z)° generically
preserves totally singular m-spaces of both types, which implies that G(z)° is generically
contained in a Levi subgroup GL,,(k). But this is a contradiction since every unipotent
involution in a Levi subgroup of this form is of type a in the notation of [I]; in particular, no
conjugate of xo is contained in such a subgroup.

Finally, let us turn to the case p # 2. By arguing as above for p = 2, we see that either
A is nonempty, or each G(x)° is contained in a Levi subgroup of the form GL,,(k) (indeed,
G(z)? generically preserves totally singular m-spaces of both types, in which case Lemma
forces this property to hold for all z € X). Seeking a contradiction, let us assume each G(z)°
is contained in a Levi subgroup of the form GL,,(k). There are two cases to consider.

First assume z9 and yo are not conjugate. By passing to the closures of x? and xg;, we
may assume that z; and y; are conjugate and dim xg is as small as possible (subject to
the constraints). This means that we may assume x5 has a Jordan block of size 3 and 3
acts nontrivially on a 3-dimensional nondegenerate space. Since SO3(k) can be topologically
generated by conjugates of any two nontrivial elements other than involutions (see [10]
Theorem 4.5]), there exists € X such that G(z) induces SO3(k) on a nondegenerate 3-space.
For such an element z, G(x)? does not preserve a totally singular m-space (since such a space
would have to be contained in the orthogonal complement of the nondegenerate 3-space).
Therefore, by applying Lemma we deduce that the set of x € X such that G(x) preserves
a totally singular m-space (of either type) is a proper closed subvariety of X. But this is
incompatible with the fact that each G(x)? is contained in a Levi subgroup of the form
GL;, (k) and we have reached a contradiction.

Now assume x9 and y2 are conjugate. Given the assumption in Case 2, it follows that x; is
unipotent and not conjugate to y; = (Jg, J;n_?’). If 21 is not contained in a Levi subgroup of
the form GL,,(k), then we can repeat the argument above for p = 2 to obtain a contradiction.
So we may assume that the multiplicity of each Jordan block of z; is even. Moreover, by
passing to closures, we may assume that x; either has a Jordan block of size 4, or at least four
Jordan blocks of size 3 (with dj = m — 1). Let 2 be the variety of totally singular m-spaces
of a fixed type. By arguing as in the proof of Lemma it follows that dim Q%1 < dim Q¥
and thus

dim Q! + dim 272 < dim QY + dim Q%2 = dim Q.
Then by applying Lemma we deduce that G(z) does not generically fix an m-space in
Q and this final contradiction completes the proof of the theorem. O

4.1.2. m > 6 even. Now let us assume m > 6 is even. In the following lemma we define
C; = l‘ZG for ¢ = 1,2 as follows:
x1 = (I, \[n_1,\"1_1), or p#2 and z1 = (J2, J2m_4, J?)

m ;o (14)
x2 = (J3'); type am or al, if p=2

where A € kX and A\? # 1 (note that d; = m — 1 if 21 is semisimple and d; = m if z; is
unipotent). Recall that if p = 2 then there are three G-classes of unipotent involutions with
Jordan form (J§"), with representatives labelled a,,, al, and ¢y, in [I] — the involutions of
type an, and a, are conjugate in G.2 = O(V).

Lemma 4.3. Suppose m > 6 is even, r = 2 and x1,x2 are defined as in .
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(i) There exists a nonempty open subvariety Y of X such that for all y € Y, G(y)
preserves a complementary pair of maximal totally singular subspaces of V.

(ii) For all x € X, G(z) preserves mazimal totally singular subspaces of V.
In particular, A is empty.
Proof. First observe that x? = m?'Q, which implies that x; preserves totally singular m-spaces
of both types. On the other hand, xo preserves a totally singular m-space of a fixed type.
With this observation in hand, the proof of the lemma is essentially identical to that of
Lemma 4.1l and we omit the details. O

Theorem 4.4. If m > 6 is even and ), d; < n(r — 1), then A is empty if and only if r =2
and either

i) the x; are quadratic, or defined as in up to ordering; or
(i) th quadratic, or defined as in (L4), up to ordering;
(i) p # 2 and x1 = (J3, J5"2, J1), w2 = (JI), up to ordering.

Proof. First observe that A is empty in (i) and (ii). This is clear if the z; are quadratic and
it follows from Lemma if z1 and x5 are defined as in ([I4)). If (ii) holds, then C; is in the
closure of the corresponding unipotent class in , so once again Lemma implies that A
is empty. It remains to show that A is nonempty in all other cases.

Let P = QL be the stabilizer in G of a totally singular 1-space (v), where @ is the
unipotent radical and L is a Levi subgroup. Set W = v1/(v), which is a nondegenerate space
of dimension n — 2, and note that we may identify L’ with SO(W). Let D; be the closure of
C;. In terms of this notation, we make the following claim.

Claim. A is nonempty if there exists g; € D; N L such that the Zariski closure of {g1,.-.,gr)
contains L.

To see this, suppose we can find elements g; with this property. Then Lemma [3.1] implies
that for generic x € X (and hence also for generic z € X), G(x)" has a composition factor on
V of dimension at least n — 2. In particular, G(x) is not generically an irreducible imprimitive
subgroup of G with respect to the natural module V. In addition, by combining the bound
> di < n(r— 1) with our results in Section [3.7] on subspace stabilizers, we deduce that G(x)
does not generically fix a 1-space nor a nondegenerate 2-space. Therefore, G(x) is generically
irreducible and primitive on V (which implies that G(z)° is also generically irreducible). By
applying Corollary we deduce that G(z) has rank m — 1 or m for generic z € X. But
since m > 6, Lemma implies that G does not have any proper connected irreducible
subgroups of rank m — 1 or m. Therefore, G(z) = G for generic x € X and this justifies the
claim.

It remains to establish the existence of the g;. First assume that z; is semisimple and fix
a scalar A € k* such that the A-eigenspace of x; has dimension d;. Note that D; = C; and
choose g; € D; N L with g;v = Av. Let d] be the dimension of the largest eigenspace of g; on
W. If we can choose X # +1, then either d; < m and d, = d; — 1, or d; < 2m/3 and d = d;
(in the latter case, z; has at least three distinct eigenvalues with d;-dimensional eigenspaces
on V). On the other hand, if the only d;-dimensional eigenspace corresponds to an eigenvalue
+1, then either d; = d; — 2, or z; is an involution and d} = d; = m.

Now assume x; is unipotent. If d; > m, then z; has at least two Jordan blocks of size
1 (and if p = 2, at least four such blocks) since the total number of Jordan blocks is even.
Therefore, in this situation we can choose g; € C; N L with dé = d; — 2 (that is, g; has d; — 2
Jordan blocks on W). Now assume d; < m and consider a Jordan block of x; of size e > 1. If
e is odd, then the closure of C; contains an element with two Jordan blocks of size 1 (and one
of size e — 2), so in this case we can choose g; € D; N L with d; = d;. Similarly, if e is even,
then x; has at least two Jordan blocks of size e and the closure of C; contains an element with



TOPOLOGICAL GENERATION OF SIMPLE ALGEBRAIC GROUPS 37

two Jordan blocks of size 1 (and two of size e — 1), so once again we can choose g; € D; N L
with d; =d;.

For r > 3, if we choose g; € D; N L as above then ). d; < (n —2)(r — 1) and by applying
Theorem {4.2| we deduce that the closure of (g1, ..., ¢,) contains L' = SO(W) as required.

Finally, suppose r = 2, d; + d2 < n and we are not in cases (i) or (ii) in the statement of
the theorem. Then the previous argument goes through unless the chosen g; € L are among
the special cases arising in the statement of Theorem It just remains to handle these
special cases.

If g1 and go are both quadratic on W, then the condition d; + do < n implies that 1 and
x9 are both quadratic on V, as in part (i) of the theorem. So we may assume that g; and
g2 are as in (13)), up to reordering. In particular, go = (J5=2, J?), which is of type am, o if
p = 2. Given the above construction of gy from x9, it follows that the Jordan form of xs is
one of the following:

(J5"), (J372,00), (Ja, J5 72, 0h), (J3, J5 4 J7). (15)

First assume g1 = (I, M2, A" ;o) on W, so xy = (Io, M1, A" 1) and dy = m—1.
In turn, this implies that do < m + 1, ruling out the second possibility for x5 in . We
now consider the cases p = 2 and p # 2 separately.

Suppose p = 2. Here x5 = (J3") is the only option and we may assume x2 is of type ¢,
(if z9 has type a,, or al, then we are in one of the cases recorded in ((14)). To handle this
case, we switch parabolics and work in the stabilizer of a totally singular m-space U. By
replacing 2 by an element of type a,, in the closure of Co, we see that for some z € X, G(z)
contains the derived subgroup SL,, (k) of a Levi subgroup of the stabilizer of U. Similarly, if
we replace o by an involution of type a’, then there exists y € X such that G(y) contains the
corresponding subgroup in the stabilizer of U’, where U and U’ represent the two G-orbits
on the set of all totally singular m-spaces. In the usual way, this shows that either

(a) G(x)? is generically irreducible with rank at least m — 1; or

(b) G(x) generically preserves totally singular m-spaces of both types and the smallest
composition factor of G(z) on V is m-dimensional for generic x € X.

If (a) holds then A is nonempty. To eliminate (b), observe that the intersection of two totally
singular m-spaces of different types is nontrivial since m is even. In particular, if (b) holds
then G(x) generically preserves a space of dimension less than m, which is a contradiction.

Now let us assume that p # 2 (we are continuing to assume that g; = (I, A2, A" I _2)
on W). We consider the possibilities for x5 recorded in (15). If zo = (J§") then we are in one
of the cases in , S0 we may assume xo is one of the final two possibilities in . In both
cases, the closure of Cy contains an element with Jordan form (J§*) and we note that there
are two such G-classes, which are fused in G.2 = O(V'). We can now argue as in the p = 2
case, working with the stabilizers of totally singular m-spaces of both types.

To complete the proof, we may assume p # 2 and g1 = (Jg?, J;”_4). From the construction
of go given above, this forces x; = (J3,J5"~* J?) and once again we need to inspect the
possibilities for xs given in . As above, the bound di + do < n rules out the second
possibility, while zo = (J") gives one of the cases in . In the final two cases, we can
argue as above: there exists € X such that G(x)° contains the derived subgroup of a Levi
subgroup of the stabilizer of a totally singular m-space of either type and we conclude that
G(x) = G for generic z € X. O

4.1.3. m € {3,4}. Here we consider the groups SO¢(k) and SOg(k). Since SOg(k) is isogenous
to SLy4(k), we can use Theorem [3| to state a result in terms of the 6-dimensional orthogonal
module V and the 4-dimensional linear module W (note that V = A%2(WW) as a module for
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SL4(k)). As before, we set d; = a(x;) with respect to the action of z; on V. In parts (i) and
(iii), we write \ for a scalar in k* with \? # 1.

Theorem 4.5. If m = 3 and ), d; < 6(r — 1), then A is empty if and only if one of the
following holds:

(i) r = 3 and each z; is of the form (A3, \~1I3) or (J3,J?).
(ii) » =2 and x1,x2 are both quadratic on W.
(iii) r =2, 21 = (A3, \7113) or (J3,J3?), and x2 is nonregular (up to ordering).

The result for SOg(k) is necessarily more complicated because there are three restricted
irreducible 8-dimensional modules (each a twist of the other by a triality graph automorphism).
Moreover, the dimensions of the eigenspaces on the three modules can differ for a given
element. For example, if p # 2 and x has Jordan form (J3, J15) on one of the 8-dimensional
modules, then it has Jordan form (J34) on the other two.

We will work with the simply connected group G = Sping(k) and we use the standard high
weight notation to denote the three modules of interest, namely V; = L(w;) for j = 1,3 and
4. For g € G, let aj(g) be the dimension of the largest eigenspace of g on V;. In particular,
for the elements x; in @, set dij = ().

Theorem 4.6. If G = Sping(k), r > 4 and the x; in @D are noncentral, then A is nonempty.

Proof. Let V' = L(wj) for j = 1,3 or 4, and let d; be the maximal dimension of an eigenspace
of z; on V. Note that d; < 6 and thus ), d; < 8(r — 1). In view of Lemma it suffices to
show that G(x) = G for some = € X. Since the closure of 2§ contains the semisimple part of
x; (see [47) p.92], for example), we may assume that each x; is either semisimple or unipotent.
In fact, by the same argument, we may assume that each x; is either semisimple of prime
order or a long root element (that is, a unipotent element with Jordan form (J2, J{) on V).

Let W be a totally singular 4-dimensional subspace of V and let P = QL be the stabilizer
of W in G, where @ is the unipotent radical and L = GL(WW) is a Levi subgroup. By applying
Theorem we deduce that there exists # € X such that G(z)° contains L' = SL4(k). Similarly,
by applying a triality graph automorphism, there exists y € X such that G(y)" contains
SL(W') = SL4(k), where W and W’ represent the two G-orbits on totally singular 4-spaces.
We can also find z € X such that G(z)° contains SOg(k), which is the derived subgroup of a
Levi subgroup of the stabilizer of a totally singular 1-space (recall that SOg(k) and SL4 (k)
are isogenous, so the latter claim also follows from Theorem .

These observations imply that for generic x € X, the smallest composition factor of
G(z)? on V is at least 4-dimensional and the largest is at least 6-dimensional, whence G(x)°
is generically irreducible on V' and has rank 3 or 4. Moreover, G(x)? generically contains
semisimple elements with distinct eigenvalues on V' (by Lemma and so either A is
nonempty, or G(x)" is generically contained in a proper maximal rank subgroup of G' (cf.
Corollary . But G has no proper maximal rank irreducible connected subgroups and
thus A is nonempty. d

Our main result for 8-dimensional orthogonal groups is the following. Note that in the
statement of this theorem we return to assuming that the z; in @ have prime order modulo
Z(@G). Also note that if x; is an involution as described in part (i) or (ii) of the theorem, then
C; = 2§ is Aut(G)-invariant and so z; acts the same way on all three 8-dimensional modules.

Theorem 4.7. If G = Sping(k) and ), dij < 8(r — 1) for all j, then A is empty if and only
if r =2 and either

(i) p#2 and 1 = x9 = (=14, I4); or
(ii) p =2 and x1 = z2 are involutions of type c4.
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Proof. To begin with, let us assume r = 2. Clearly, if (i) or (ii) holds then z; and x4y are
quadratic and thus A is empty by Lemma It remains to show that A is nonempty in all
other cases. Set V = Vj and d; = d;; for : = 1, 2. Note that if 1 and xo are both quadratic on
V, then either dij 4 dg; > 8 for some j in {1,3,4}, which is incompatible with the hypothesis
of the theorem, or we are in one of the special cases (i) or (ii) in the statement of the theorem.
Therefore, we may assume that x; is not quadratic. There are several cases to consider.

First assume x1 and z2 are both unipotent, so p # 2 since x; is non-quadratic. Suppose
dy < 4, in which case p # 3 since x; has order p modulo Z(G). Then by passing to closures,
we may assume that 1 = (JF) and zo = (J3, J}}) is a long root element. By Theorem (3| we
can choose y € X so that G(y)? induces SL4(k) on a 4-dimensional totally singular subspace
of V. Then for generic z € X, the smallest composition factor of G(z)° on V is at least
4-dimensional. By applying the same argument to V3 and Vj, we see that G(x)" generically
has a composition factor on V' of dimension at least 6 (since a Levi subgroup of the stabilizer
of a totally singular 1-space is conjugate via triality to a Levi of the stabilizer of a totally
singular 4-space). It follows that G(z)° is generically irreducible on V, with rank at least 3
and it contains elements with distinct eigenvalues on V. But there are no proper connected
subgroups of G with these properties, whence G(z) = G for generic x € X. If dy < 4, the
result follows by interchanging x; and x».

Now assume d; > 4 for i = 1,2 (we are continuing to assume that » = 2 and the z; are
unipotent, with z; non-quadratic). Then d; = dy = 4 and by passing to closures, if necessary,
we may assume that x1 = (J3, JZ) and 22 = (J3). Note that z; is conjugate to an element
in a Levi subgroup GL(W) of the stabilizer in G of a totally singular 4-space W. It is also
conjugate to an element in a Levi subgroup GL(W'), where W and W’ represent the two
G-orbits on the set of totally singular 4-spaces in V. On the other hand, x2 is conjugate
to an element in GL(W) or GL(W’), but not both (in other words, z5 only fixes a pair of
complementary totally singular 4-spaces in one of the two G-orbits). Therefore, Theorem
implies that we can find y € X such that G(y) induces SL4(k) on a totally singular 4-space
and we can now repeat the argument presented in the previous paragraph.

Next assume r = 2 and x; is semisimple (and non-quadratic), so x; is conjugate to elements
in both Levi subgroups GL(W) and GL(W’) described above. The same conclusion holds
if 29 is semisimple. On the other hand, if 2o is unipotent then there is a unipotent element
y in the closure of Cy such that a(y) = da (with respect to V') and some conjugate of y is
contained in GL(W) or GL(W’). We can now argue as above.

To complete the proof, it remains to show that A is nonempty when r = 3 (since this
immediately gives the result for all » > 3). Without loss of generality, we may assume that
d; < 4. Note that if 9 and x3 are unipotent, then by passing to closures we may assume
that 7o = 23 = (J2, J{) are long root elements. In all cases, by arguing as above for r = 2,
we see that there exists x,y € X such that G(z) induces a subgroup containing SLy(k) on a
totally singular 4-space and G(y) has a 6-dimensional composition factor on V. The result
now follows as above. O

4.2. Odd dimensional groups. To complete the proof of Theorem [4] for orthogonal groups,
we may assume G = SO, (k), where n =2m + 1, m > 1 and p # 2. We continue to adopt the
notation of the previous section (in particular, note that Z(G) = 1 and the z; in @ have
prime order). We begin by handling a special case.

Lemma 4.8. Suppose m is odd and r = 2, where x1 is unipotent, dy = m and dy + ds < n.
Then A is nonempty.

Proof. We use induction on m, noting that the case m = 1 follows by applying [16, Theorem
4.5] with respect to the isogenous group SLa(k) (note that z; is a regular unipotent element).

For the remainder, let us assume that m > 3. By considering the closure of x? and appealing
to the information on unipotent classes in Section we may assume that z; = (Js, Jg”fl).
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Note that the m-dimensional fixed space V! is totally singular, so x; fixes a 2-dimensional
totally singular subspace of the natural module V. Also note that do < m + 1.

Case 1. x9 is unipotent.

Here ds is odd, so do < m. Since C is contained in the closure of any unipotent class
containing elements with at most m Jordan blocks on V', by passing to closures we may
assume that r1 = 9.

Let P = QL be the stabilizer in G of a totally singular 2-dimensional subspace W of
V', where @) is the unipotent radical and L is a Levi subgroup. As observed above, we
may assume that z; € P. Note that we may identify the kL’-module Q/Q" with the tensor
product U ® U’, where U and U’ are the respective natural modules of the components of
L' = SLa(k) x SOg,—3(k). Set Y = D1 x Do, where D; is the set of elements in C; N L acting
nontrivially on W. Then each g; € D; has Jordan form (J3,J3" %) on the nondegenerate
(2m — 3)-space preserved by L, so by induction and the result for SLo(k) (see [16, Theorem
4.5]), we deduce that G(y) contains L’ for generic y € Y.

The Kiinneth formula gives H'(L',Q/Q’) = 0 and one checks that
1
dim [g;,Q/Q' ] =2m —2 >2m — 3 = idimQ/Q'

for all (g1,92) € Y. Therefore, if we fix (g1,92) € Y then there exists ¢1,¢2 € @ such that
(g1*, g2*) is Zariski dense in P’. By Lemma this implies that for generic z € X, G(x)°
has a composition factor of dimension at least 2m — 3 and does not fix a 1-space. If m > 5
then 2m — 3 > m and so G(x) cannot generically be imprimitive and irreducible on V. On
the other hand, if m = 3 then dimV = 7 is a prime and G has no positive dimensional
imprimitive subgroups. So in all cases, G(z) is not generically imprimitive and irreducible on
V. Clearly, no element of C; acts nontrivially on a nondegenerate 2-space and we also note
that G(x) cannot act irreducibly on a 4-space (each element in C; would have Jordan form
(J2) on such a space and so the action of G(z) would be reducible by Lemma. Therefore,
we see that for generic € X, either G(z)? acts irreducibly on V, or G(z) preserves a totally
singular 2-space. Moreover, G(z)° generically contains elements with distinct eigenvalues on
V' (that is, elements that are strongly regular on V).

Let Q = G/P be the variety of 2-dimensional totally singular subspaces of V. We need
to compute dim %', Suppose W € Q%1 If z; acts trivially on W, then W is contained in
the 1l-eigenspace V*!, which as noted above is a totally singular m-space. The variety of
2-dimensional subspaces of V*! has dimension 2(m — 2). On the other hand, if z; is nontrivial
on W, then W contains a nonzero vector in the hyperplane

Vo={veV : (zx;—1I,)% =0}

Let Vj denote the set of singular vectors in Vj. This is a hypersurface in Vj and so it has
dimension n — 2 = 2m — 1. Let Vi’ = Vj \ V* and consider the map from Vj’ to Q"' given
by v +— (v, z1v). This is a surjection and all fibers are 2-dimensional (the fiber of (v, zjv)
consists of the vectors av + bziv with a # 0). Therefore dim 2*' = 2m — 3 and thus

dim Q"' + dim Q"2 = 4m — 6 < dimQ = 4m — 5,

so for generic x € X, G(z) does not fix a totally singular 2-space.

We conclude that G(z) is generically irreducible on V' (and also primitive). Finally, since
G(x) generically contains elements that are strongly regular on V', we deduce that either G(x)
is generically contained in a proper maximal rank subgroup of G, or A is nonempty. But G
does not have a proper primitive irreducible maximal rank subgroup, whence A is nonempty.

Case 2. x9 is semisimple.
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To complete the proof, we may assume x5 is semisimple. First suppose x2 is an involution,
s0 3 = (—Iipy1, Iny) since do < m+ 1. Define P = QL and 2 = G/P as in Case 1. Note that
we may embed x2 in L so that it has distinct eigenvalues on the 2-dimensional totally singular
subspace W preserved by P. Visibly we have dim Q%2 = 2m — 3 (the largest component arises
by choosing totally singular 1-spaces from each eigenspace of z2) and the result now follows
by repeating the argument in Case 1 for C; = Cbs.

Finally, let us assume x9 is semisimple of odd prime order. If dim V*2 = dy then ds is odd
and thus da < m. If not, then since each eigenvalue A € k* \ {£1} has the same multiplicity
as A1, we still deduce that dy < m. As above, by induction we may assume that z» € L and
L' < G(z) for generic z € X. Then a straightforward calculation shows that dim Q%2 < 2m—3
and we can now repeat the argument in Case 1. g

We will also need the following technical lemma on fixed spaces for the action of G = SOg(k)
on totally singular 4-spaces.

Lemma 4.9. Suppose that m = 4 and €2 is the variety of 4-dimensional totally singular
subspaces of the natural module V.

(i) If g = (J3) or (I3, XI5, A" I3) for some \ € k* \ {£1}, then dim Q9 = 3.
(i) If g = (J4, J1), then dim Q9 = 6.

Proof. First observe that dim 2 = 10. The result for g = (I3, A3, A~113) is clear since each
W in QY intersects the nondegenerate 1-eigenspace of g in a totally singular 1-space, while
dim(W NnU) < 3if U is the A-eigenspace.

Now assume g = (J3) is unipotent. Let €; be the set of spaces in Q9 on which g acts
quadratically and let U be a space in €2;. Then U is a subspace of W = ker(g — I)?, which
is a 6-dimensional space with a 3-dimensional radical W7 (the fixed space of g on V'). Note
that W/W; is a nondegenerate 3-space and so every maximal totally singular subspace is
1-dimensional. It follows that U must contain W; and the map U — U/W; from Q; to the set
of 1-dimensional totally singular subspaces of W/W is an isomorphism of varieties. Therefore
dim Ql =1.

So it suffices to show that dim Qg = 3, where g is the set of spaces U in €29 such that ¢
acts on U with a Jordan block of size 3. Let U be a space in 2y and set Uy = UN VY, which is
a 2-dimensional space. Then U/Uj is a g-invariant totally singular 2-dimensional subspace of
Uf- /U1, which is 5-dimensional and nondegenerate. Moreover, g has Jordan form (J3, J?) on
this 5-space. Let R be the variety of 2-dimensional totally singular subspaces in UlL /U1, s0 R
is irreducible and dim R = 3. We can identify R with the variety of 1-dimensional subspaces
in a 4-dimensional symplectic space. Under this identification, since g has Jordan form (J2)
on the symplectic 4-space, we see that dim R9 = 1. Therefore, the variety of g-invariant
totally singular 4-spaces whose intersection is a fixed hyperplane in V¥ is 1-dimensional. Let
f be the morphism from 2y to the variety of hyperplanes in V¥ sending U to U N V9. The
image of f is 2-dimensional and we have shown that every fiber is 1-dimensional, whence
dim 29 = 3 as required.

To complete the proof, let us assume g = (Jy, J1). Let S = V9, so dim S = 5 and the radical
R =1im(g —1) of S is 4-dimensional. Let §; be the set of spaces U in 9 with dim(U N S) = 1.
We claim that dim €2; < 6 for each i, with equality when ¢ = 2. Fix U in Q9 and observe that
dim(U N S) > 2 since g is quadratic.

If dim(U N S) =4, then U = R and thus dim Q4 = 0. Next assume dim(U N S) = 3. Here
U/(UNS) is a 1-dimensional totally singular subspace of the 3-dimensional nondegenerate
space (U N S)L/(UNS). Now the variety of 1-dimensional totally singular subspaces of a
3-dimensional orthogonal space has dimension 1 and we deduce that dim {23 = 4 since the
variety of hyperplanes in S is 3-dimensional. Finally, suppose dim(U N.S) = 2. Here U/(U N S)
is a totally singular g-invariant subspace of the nondegenerate 5-space (U N S)*/(U N S).
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Since g acts nontrivially on this space, it must correspond to a long root element in SO5(k)
(that is, it must have Jordan form (JZ2,.J;) on this 5-space). We can identify the action of
g on the variety of totally singular 2-spaces in this orthogonal 5-space with the action of
(J2,J?) on 1-dimensional subspaces of the corresponding 4-dimensional symplectic space. It
follows that the fixed space of g on the variety of 2-dimensional totally singular subspaces of
(UNS)*+/(UNS) is 2-dimensional. Finally, since the variety of 2-dimensional totally singular
subspaces of S is 4-dimensional, we conclude that dim 2o = 6. This justifies the claim and
the proof of the lemma is complete. O

We are now ready to prove Theorem [ for odd-dimensional orthogonal groups. Note that
if r = 2 and x1,x2 are quadratic then di + do > n and so this case does not arise in the
following statement.

Theorem 4.10. Suppose G = SO, (k), where n = 2m + 1, m > 1 and the z; in (9) have
prime order. If . d; <n(r —1) then A is empty if and only if one of the following holds:

(i) r=3, m=2 and z; = (J3,.J1) for all i.
(ii) 7 =2, m > 2 is even, x1 = (J*, J1) and w3 = (I, NI, X1 1) for some A € KX\{£1},
up to ordering.

Proof. First we show that A is empty in cases (i) and (ii). Suppose m = 2. Here we work in
the isogenous group Sp(W) = Sp,(k), in which case x1 has Jordan form (J2,J?) on W and
thus any three conjugates of x1 fix a nonzero vector in W. This gives the desired conclusion
in (i). In (ii) we calculate that dim C; = m? and dim Cy = m? + m, so dim X = dim G and
thus Corollary implies that G(x) acts reducibly on V for all z € X. In particular, A is
empty.

To complete the proof of the theorem, it remains to show that A is nonempty in all other
cases. We proceed by induction on m, noting that SO3(k) = PSLs(k) and so the result holds
for m =1 by [16, Theorem 4.5].

Now assume m > 2. In view of Lemmas [3.32] [3.34] and [3.36, we see that the bound
> di <n(r—1) implies that for generic x € X, G(x) does not fix a 1-space (of any type)
nor a nondegenerate 2-space. The case m = 2 requires special attention.

Case 1. m = 2.

For m = 2 we claim that it suffices to prove that G(z) is generically irreducible on V' (recall
that G(z) is generically positive dimensional by Lemma [3.31]). To justify the claim, first
observe that the only proper positive dimensional irreducible subgroup of G is H = PSLy(k),
up to conjugacy, with p # 3. So let us assume p # 3 and set Y = G/H. Let g € H be a
nontrivial element. Since dim(g¢ N H) < 2 and dim g% > 6, it follows that dim Y9 < %dimY
(see ) and thus Lemma implies that G(x) is not generically contained in a conjugate
of H. This justifies the claim.

As noted above, G(z) does not generically preserve a 1-dimensional subspace of V' nor a
nondegenerate 2-space. Therefore, G(x) is either generically irreducible (in which case A is
nonempty, as explained above), or every G(z) fixes a totally singular 2-space. The stabilizer
of a totally singular 2-space in G corresponds to the stabilizer in Sp,(k) of a 1-dimensional
subspace in the 4-dimensional symplectic module W. Therefore, we just need to determine
when the standard inequality >, d; < 4(r — 1) holds, where d; is the maximal dimension of
an eigenspace of x; on W.

This clearly holds if r > 4. For r = 3, the inequality fails if and only if each z; is a
transvection on W, which gives the case recorded in part (i) of the theorem. Finally, suppose
r = 2 and the inequality does not hold. Then up to reordering, noting that d; 4+ ds < 5, we
may assume x is a transvection on W and x5 is not regular (that is, z2 has a 2-dimensional
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eigenspace on W). If x5 is unipotent or an involution, then d; +ds > 5, which is a contradiction.
The remaining case is given in (ii).

Case 2. m > 3.

Now assume m > 3. Let P = QL be the stabilizer in G of a totally singular 1-space spanned
by v € V, where () is the unipotent radical and L is a Levi subgroup. Choose g; € C; N P
and let d; be the dimension of the largest eigenspace of g; acting on the nondegenerate
(n — 2)-dimensional space U = v /(v). We embed each g; in P so that d is as small as
possible.

Case 2.1. Y, d; < (r —1)(n —2).

Suppose >, d; < (r —1)(n — 2). To begin with, we will assume we are not in one of the
special cases recorded in parts (i) and (ii) (with respect to the action of g; on U). Then by
induction, G(z)° generically has a composition factor on V of dimension at least n — 2. Since
G(z) does not generically fix a nondegenerate 2-space nor any 1-space, it follows that G(z) is
generically irreducible on V' with rank m — 1 or m. If m > 4, then Lemma [3.12| implies that
there is no proper subgroup of G with these properties, whence G(x) = G for generic = € X.

Now assume m = 3. If G(x) has rank 3 for any x (and so for generic x), then G(z) is
generically a rank 3 irreducible subgroup. By inspection, we see that there is no proper
subgroup of G with this property and thus A is nonempty. Therefore, we may assume G(x)
has rank 2 for generic 2z € X. Recall that there exists x € X such that QL' < G(z). This
implies that f(G(z)) is contained in the closure of f(L’), where f : G — Mjy(x) is the
morphism in , sending g € G to its characteristic polynomial on V', which is contained
in the variety M7(x) of monic polynomials in k[x] of degree 7. In particular, this implies
that G(x) does not contain elements with distinct eigenvalues on V' (since the 1-eigenspace
of any element in QL' is at least 3-dimensional). Now the only connected irreducible rank 2
subgroups of G are Gy and Ag (the latter occurring only for p = 3). But the weight spaces on
V' for the maximal tori of these subgroups are all 1-dimensional, so they both contain regular
semisimple elements and we have reached a contradiction.

To complete the argument in Case 2.1, we may assume that we are in one of the special
cases recorded in parts (i) and (ii) of the theorem (in terms of the action of g; on the
(n — 2)-space U). In particular, » < 3 and m is odd.

First assume m = 3. If x; is unipotent and not of the form (JZ, .J3), then z; has a Jordan
block of size at least 3 and clearly we may choose g; € C; N P so that it does not have Jordan
form (J2,J1) on U. It follows that if we are forced to be in one of the special cases recorded in
(i) and (ii) (with respect to the action on U), then the original elements x; € G must also be
of the form given in one of these special cases (for the action on V'). This is a contradiction.

Now assume m > 5. Here r = 2 and we may assume that x; is unipotent and xy =
(I1, My, \"11,,,) is semisimple. The condition di + dy < n implies that d; < m + 1 and thus
d1 < m since m is odd. In particular, 1 must have a Jordan block of size at least 3 and as
noted above we may choose g; € C; N P so that it does not have Jordan form (sz_l, Ji) on
U. Once again, we have reached a contradiction.

Case 2.2. . d; > (r —1)(n —2).
For the remainder of the proof we may assume that > d, > (r — 1)(n — 2). Note that if z;

is semsimple, then either d; = d; — 2 or one of the following holds:

(a) x; is an involution with d; = m + 1 and d; = m;
(b) z; has odd order, d; < m and d; = d; — 1; or
(c) z; has odd order and d; = d} < n/3.
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Similarly, if x; is unipotent, then either d, = d; — 2, or x; has at most one Jordan block of
size 1 and d; = d, < m + ¢, where € = 1 if m is even, otherwise € = 0 (note that d; is always
odd if z; is unipotent).

Next observe that if d; = d; — 2 for all but at most one 7, then ). d; < (r —1)(n — 2),
which is a contradiction. Similarly, the above observations imply that if d # d; — 2 for three
distinct i, say i = 1,2,3, then 37| d} < 2(2n—1) and thus 3, d; < (r — 1)(n — 2). Therefore,
up to reordering the C;, we may assume that d; = d; — 2 if and only if ¢ > 3. Notice that if
x1 and o are semisimple, then either d; = d; — 1 or d; = d} < n/3 for i = 1,2, which implies
that >, d; < (r — 1)(n — 2). Therefore, we may assume x; is unipotent with d; = dj} < m+e.
In particular, d; is odd.

First assume m > 3 is odd, so d;j < m (since d; is odd). Suppose x2 is unipotent. If
dy < m, then do < m — 2 and this is incompatible with the bound on ), d,. On the
other hand, if d2 = m then by passing to the closures of C; and (5, we may assume that
x1 = x2 = (J3, J;”_l). Let us also observe that if z9 is semisimple, then dos < m + 1 and
di = m (indeed, if d; < m—2 then it is easy to check that >, d} < (r—1)(n—2)). Therefore, in
both cases Lemma implies that (y1,ys2) is Zariski dense in G for generic (y1,y2) € C1 x Cy
and the result follows.

To complete the proof, we may assume m > 4 is even and 7 is unipotent with d; = d} <
m + e. We partition the analysis into three subcases.

Case 2.2.1. m > 4 even, xo is unipotent, r > 3.

Here we assume r > 3 and 2 is unipotent, so dy +dg = d} +d, > n—2 and d; < m+1 for
i = 1,2. By passing to closures, we may assume that 1 = zo = (J3", J1). Note that for any
class C3 we have 327 | d; < 2n and so we may assume that 7 = 3. Since ., d} > 2(n — 2), it
follows that d5 > n —4 and d3 = dj +2 > n — 2, so x3 is one of the following:

(J31 J{L_g)v (‘]227 J1n_4)7 (_Infly II)

First assume z3 is unipotent. Then by passing to closures once again, we may assume that
z3 = (J3,J74). By applying [16, Theorem 4.5], we see that there exists (y1,y2) € C1 x Cy
such that J = SLy(k)"™/? is the Zariski closure of (y1,y2) (as a kJ-module, V is a direct sum
of m 2-dimensional spaces and a copy of the trivial module). In particular, there exists a
conjugacy class D = 2¢ C CCy of prime order semisimple elements such that each eigenspace
of z on V is at most 2-dimensional. If d’ denotes the dimension of the largest eigenspace of z
on U, then d’' + dj = n — 2. Therefore, if we set X’ = D x C3 then our earlier work in Case
2.1 implies that G = G(y) for generic y € X’ and we conclude by applying Lemma

To complete the analysis of Case 2.2.1, we may assume r = 3 and z3 = (—I,—1,11) is
a pseudoreflection. Fix (y1,y2) € C1 x Cy such that the Zariski closure of (y;,y2) is the
subgroup J = SLy(k)™/? described above. Note that J fixes only finitely many nondegenerate
subspaces of V' and so there is a nonempty open subset of C'5 such that no element in this
open set fixes a proper nondegenerate space fixed by J.

Next observe that the variety of 2-dimensional totally singular subspaces fixed by J is
1-dimensional. Let us also note that for y3 € Cs, the variety of ys-invariant totally singular
2-spaces coincides with the variety of all 2-dimensional totally singular subspaces of the
(—1)-eigenspace of y3. The latter variety has codimension at least 2 in the variety of all totally
singular 2-dimensional subspaces of V. Therefore, we may choose y3 € Cs so that it does not
preserve any J-invariant totally singular 2-space (nor any J-invariant proper nondegenerate
subspace). Given x = (y1,y2,y3) € X with the above properties, we see that G(x) is either
irreducible, or it must preserve a totally singular subspace. But y3 preserves such a space
if and only if it is contained in its (—1)-eigenspace. So if G(x) fixes a totally singular space
W, then any J-invariant subspace of W is G(z)-invariant as well. Since every irreducible
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kJ-submodule of V' is 2-dimensional (or trivial), this would imply that G(x) fixes a totally
singular 2-space, contrary to the choice of y3. Thus for generic y3 € C3, G(x) is irreducible.

Finally, we claim that G(x) acts primitively on V' (for z = (y1,¥2,y3) € X as above).
Suppose G(z) is imprimitive, so it preserves a decomposition V=V, @ --- @V, where t > 3
is odd and G(x) acts transitively on the set of summands (since G(x) is irreducible). Since
J < G(z) is connected, it must fix each summand in this decomposition. But then (y3) must
act transitively on the summands, which is a contradiction since ¢ > 3 and ys is an involution.
Therefore, G(z) is a primitive irreducible group containing psuedoreflections and it is well
known that this implies that G(z) = G (see [22, Theorem 8.3] for a much more general
result).

Case 2.2.2. m > 4 even, xo is unipotent, r = 2.

Now assume r = 2 and z3 is unipotent, so d; = d; < m + 1 is odd and we have 2m <
dy + do < 2m + 1. Up to reordering, we may assume that di = m + 1 and do = m — 1. Then
by passing to closures, we may assume that x1 = (J3%, J1) and xq = (J3, J2m74). Let P=QL
be the stabilizer in G of a totally singular m-space W, where @ is the unipotent radical and
L is a Levi subgroup.

First assume that m = 4. Here we can choose y; € C so that it has Jordan form (J3, J;)
on W. By Theorem |3 there exists € X so that G(x) = G(x)? acts as SLy(k) on W and
acts uniserially on V. For generic x € X it follows that G(x) has rank at least 3, the smallest
nonzero G(z)-invariant subspace is at least 4-dimensional and G(z) is generically primitive.
Since x9 does not preserve a 4-dimensional nondegenerate space, we see that G(z) is either
generically irreducible and primitive, or it generically preserves a totally singular 4-space. Let
Q2 be the homogeneous variety of totally singular 4-spaces. By Lemma [4.9| we have dim Q%1 = 3
and dim Q%2 = 6. Therefore, dim Q"' + dim Q" < dimQ = 10 and so for generic z, G(x)
does not preserve a totally singular 4-space. In view of Lemma [3.12] we conclude that A is
nonempty.

Now assume m > 6. We can choose y € X such that G(y) = QL' (here we are using
Theorem [3| working with elements in C; and Cy that stabilize a totally singular m-space).
Note that Endgr/ (V) = k and so for generic z € X, dim Endg(,)0(V) = 1 and thus V is
an indecomposable kG (z)%-module. By induction, we can choose x € X so that G(z) =
SLa(k) x SO,—4(k), which is the derived subgroup of a Levi subgroup of the stabilizer of a
totally singular 2-space. Therefore, for generic x € X we observe that the smallest nonzero
G(r) -invariant subspace has dimension at least m, and G(x)" also has a composition factor
of dimension at least n — 4. This forces G(x)° to be generically irreducible of rank at least
m — 1 and then Lemma implies that G(xz) = G for generic x.

Case 2.2.3. m > 4 even, xo is semisimple.

Finally, to complete the proof of the theorem we may assume m > 4 is even and xo
is semisimple. Recall that z; is unipotent with d; = d} and we may assume that either
dy =dy — 1, or m =4 and dy = d,) = 3. The condition >, d, > (r — 1)(n — 2) implies that
dj +dy > 2m, so x1 = (J5*,J1) and either x5 = (I1, A\, \"1), or 22 = (=L, Ipy1), or
m =4 and dp = d, = 3.

First assume o = (11, Ay, A1), so di + djy = 2m. If r > 3, then

Zd’ om+ (r—2)(n—3) < (r—1)(n—2),

which is incompatible with the defining condition of Case 2.2. On the other hand, if r = 2
then we are in the special case identified in part (ii) of the theorem.
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Next assume xo = (—Ip, Iy11). Here dy = d} = d2 = m + 1 and d), = m, so the condition
> ;. di < n(r—1) implies that » > 3. In addition, the inequality > d; > (r — 1)(n — 2) implies
that r = 3 and x3 = (—Iap, [1). As in Case 2.2.1, we can choose y; € C;, i = 1,2 such that
J = SLy(k)™/? is the Zariski closure of (yi,72). Then by repeating the argument in Case
2.2.1, we can find y3 € C5 such that G(z) = G for = = (y1,y2,y3) € X.

Finally, let us assume m = 4 and dy = d;, = 3. First observe that we can choose a € X
such that G(a) contains L’ = SL4(k), where L is a Levi subgroup of the stabilizer in G of a
totally singular 4-space. In particular, the rank of G(x) is generically at least 3 and as above
it suffices to show that G(z) is generically irreducible on V.

Since G(a) does not preserve any 2-dimensional or 3-dimensional spaces, and G(z) does not
generically fix a totally singular 4-space by Lemma it follows that if G(x) is not generically
irreducible, then G(z) must preserve a nondegenerate 5-space for generic x € X. On such
a H-space, an element of Cy either has a 3-dimensional 1-eigenspace, or two 2-dimensional
eigenspaces. In the first case, we see that G(z) fixes a 1-space, while G(z) fixes a 2-space in
the latter (this is the exception for m = 2). As noted above, neither possibility can occur,
so G(z) does not generically fix a nondegenerate 5-space and the proof of the theorem is
complete. O

5. PROOF OF THEOREM [ SYMPLECTIC GROUPS

In this section we complete the proof of Theorem [4] by handling the symplectic groups
G = Sp(V) = Sp,,(k), where n = 2m with m > 2 and k is an uncountable algebraically closed
field of characteristic p > 0. We continue to define X as in @, where each x; has prime order
modulo Z(G). We consider separately the cases where p # 2 and p = 2.

5.1. Odd characteristic. In this section we assume p # 2, so Z = Z(G) = (—1,,). We begin
by considering the special case m = 2.

Theorem 5.1. Suppose m =2 and p # 2. If ), d; < 4(r — 1) then A is empty if and only if
one of the following holds (up to ordering and conjugacy):
(i) 7 =2 and x1,x2 are quadratic.
(il) r =2, 1 = (=12, I2) and x5 is non-regular.
(i) r =3, x1 = wa = (=12, I2) and z3 is quadratic.
(iv) r =4 and z; = (—Is, I2) for alli.

Proof. First assume that we are in one of the cases labelled (i)-(iv). If y = (y1,...,y,) € X
then in each case it is easy to check that the y; preserve a common 1-dimensional subspace of
the 5-dimensional orthogonal module kG-module W. In particular, A is empty. To complete
the proof, we need to show that A is nonempty in all the remaining cases.

This essentially follows from the corresponding result for Spins(k) in Theorem m For
each g € G, let a(g) (respectively, 5(g)) be the dimension of the largest eigenspace of g on V/
(respectively, W). Since W @ k =2 A2(V'), we have the following relationship between o and j3
(here A € k* is a scalar with A2 # 1):

(a) If g = (=12, I2) then a(g) = 2 and S(g) = 4.

(b) If g is semisimple, a(g) = 2 and g is not an involution, then either g = (A2, \™'I5)
and ((g) = 3, or g = (I, \[1, A" 1) and B(g) = 2.

(c) If g is regular, then a(g) = B(g) = 1.

(d) If g = (J2, J?) is a long root element, then a(g) = B(g) = 3.

(e) If g = (J2) is a short root element, then a(g) = 2 and B(g) = 3.

So by applying Theorem we deduce that if r > 4 then A is nonempty unless r = 4
and each z; is an involution acting as (—1I4, I1) on W. This corresponds to the case recorded
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in part (iv). Similarly, the exceptional cases for r = 2,3 are easily determined from the above
information in (a)-(e). O

Remark 5.2. The previous result implies that if G = Sp,(k) and p # 2, then A is nonempty
if and only if there exists 2 € X such that G(x) is irreducible on both the symplectic and
orthogonal kG-modules.

For the remainder of Section [5.I, we may assume that m > 3. It turns out that the cases
m € {3,4} also require special attention. In particular, we will need the following technical
lemma on fixed point spaces for certain actions of G = Spg(k). Recall that a(g) denotes the
dimension of the largest eigenspace of g € G on the natural module V.

Lemma 5.3. Suppose m = 3, p # 2 and let P = QL be the stabilizer in G of a totally
isotropic 3-space, where Q is the unipotent radical and L is a Levi factor. Set X1 = G/P
and X9 = G/N, where N = Ng(L) = L.2, so dim X; = 6 and dim Xy = 12. Let g € G be an
element of prime order modulo Z(G).
(i) If g = (—I2,I4) then dim X{ = 4 and dim Xj = 8.
(ii) If g = (Ja, J{) or (J3) then dim X{ = 3 and g has no fived points on Xs.
(iil) If g = (J2,J2) or g = (I4, A1, \"L1}) for some A € k* \ {£1}, then dim X{ = 3 and

dim X§ = 6.
(iv) If g = (M3, \7113) for some X € k* \ {£1}, then dim X{ = 2 and dim X§ = 4 + ¢,
where € = 2 if \> = —1, otherwise € = 0.

(v) If g = (J3) then dim X{ = 2 and dim X§ = 4.
(vi) If g is semisimple of odd order and a(g) < 2, then dim X{ < 2 and dim X§ = 1 + ¢,
where € = 3 if 1 is an eigenvalue, otherwise € = 0.

Proof. This is a straightforward computation using , which states that if Y = G/H is a
homogeneous space, then

dimY — dim Y9 = dim ¢ — dim(¢¢ N H)

for all g € H. We omit the calculations. Note that if ¢ € N, then either g € L, or g2 is the
central involution in G. O

We can now prove the main result for G = Spg(k) with p # 2 (note that the elements in
parts (ii) and (iii) are described up to conjugacy and multiplication by —1).

Theorem 5.4. Suppose m = 3, p # 2 and the x; in @D have prime order modulo Z(G). If
> di < 6(r—1) then A is empty if and only if one of the following holds (up to ordering):

(i) 7 =2 and x1,x9 are quadratic.
(ii) r =2, 21 = (=12, L) and 2 = (J3) or (I, A2, \"113) for some A € k™ \ {&1}.
(iii) r =3 and x; = (=12, 1) for alli.

Proof. First we show that A is empty in the cases described in parts (i)-(iii). This is clear
in (i) (see Lemma[3.13). In cases (i) and (iii) we claim that G(z) generically fixes a totally
isotropic 3-space (and so every G(x) fixes a totally isotropic 3-space).

To see this, let Y be an irreducible component of X N L" of maximal dimension, where
L is a Levi subgroup of the stabilizer of a totally singular 3-space. By applying Theorem
we deduce that G(y) contains L' = SL3(k) for generic y € Y. Next consider the map
f:GxY — X given by f(g,y) = y9, where y? = (vi,...,v7) for y = (y1,...,¥r). Then for
generic y € Y, we have f~!(y) = {(g,y) : g € L} since G(y) contains SL3(k). It follows that
a generic fiber of f is 9-dimensional and thus Lemma [5.3| implies that f is dominant and thus
X1, is open and dense in X. The claim follows.
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It remains to show that A is nonempty in the remaining cases. The following claim will
play a key role in the proof.

Claim. A is nonempty if G(x) is generically primitive on V.

To prove the claim, let us assume G(z) is generically primitive and note that this is
equivalent to assuming that G(z)° is generically irreducible on V. Now the only maximal
primitive positive dimensional closed connected subgroups of G are A1 A; = SO3(k) ® Sps(k)
and Ay (with p # 3,5 in the latter case). Let H = A1 A; and set Q2 = G/H, so dim Q) = 15.
Then dim(C; N H) < 4, with dim(C; N H) = 2 if x; is an involution. In addition, we note that
C; N H is empty if x; = (Jo, J{) and by applying we conclude that dim Q9 < 7 for all
noncentral g € G. Therefore, Lemma implies that G(x) is not generically contained in a
conjugate of H. An even easier argument handles the case H = A; since dim(C; N H) < 2 for
all ¢. This justifies the claim.

We now partition the remainder of the proof into several cases.

Case 1. x1 is either semisimple with at least 4 distinct eigenvalues, or unipotent with Jordan
form (Js), (Ja, J2) or (Jy, JE).

Let P = QL be the stabilizer of a 1-space (v), where @ is the unipotent radical and L is a
Levi subgroup with L' = Sp,(k). We may assume each x; is contained in P and by applying
Theorem we see that there exists y € X such that G(y) is contained in P and it induces
Sp,(k) on the nondegenerate 4-space v+ /(v). By Lemma G(z)? has a composition factor
on V of dimension at least 4 for generic z € X. Now the bound ), d; < 6(r — 1) implies that
G(z) does not generically fix a 1-space nor a nondegenerate 2-space (see Lemmas and
and thus G(z) is generically irreducible and has rank 2 or 3. Since G(x)" generically
has a composition factor of dimension at least 4, it follows that G(x) is generically primitive
and this implies that A is nonempty by the above claim.

Case 2. 1 = (J3) or (Iz, \Io, \™L 1) for some X € KX\ {£1}.

Let P = Q)L be the stabilizer of a totally isotropic 3-space W in V. Here () is the unipotent
radical and L = GL(W) is a Levi subgroup fixing a decomposition V=W & W’ where W’
is a complementary totally isotropic 3-space. Without loss of generality, we may assume x; is
a regular semisimple or unipotent element of L.

Suppose x9 # (J2,J1). Then by replacing x2 by a suitable conjugate, we may assume
that o € P and x2Q € P/Q is nontrivial, so by Theorem [3| there exists x € X such that
P' < G(2)°Q. As a consequence, for generic x € X, the smallest composition factor of G(x)°
on V is at least 3-dimensional. Therefore, either

(a) G(z)° is generically irreducible on V; or
(b) G(x)? is contained in a conjugate of P for all z € X.

Now assume 22 = (Jo, Ji), in which case the inequality >, d; < 6(r — 1) implies that r > 3.
If x3 # (J2,J{) then the previous argument implies that (a) or (b) holds. On the other
hand, if z3 = (J2, Ji) then we can find a noncentral element y € C2C3 of prime order with
y # (J2,J1) and once again we deduce that (a) or (b) holds.

Recall that if (a) holds then G(x) is generically primitive and we conclude that A is
nonempty. Therefore, it remains to eliminate case (b). That is, we need to identify an element
x € X such that G(x)® does not fix a totally isotropic 3-space.

Suppose 3 is not an involution. For ¢ = 1,2 we can choose y; in the closure of C; such
that the closure of (y1,y2) induces Spy(k) on some nondegenerate 2-space (note that if x; is
unipotent, then we may assume y; acts nontrivially on a nondegenerate 2-space). If we now
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take a tuple z € X with y; and yo in the first and second coordinates, then G(x)° does not
fix a totally isotropic 3-space and we conclude that A is nonempty.

Finally, let us assume each z; is an involution for ¢ > 2. If » > 3, then we can repeat the
previous argument, working with a noncentral element y € CyC3 with y? # 1. And if r» = 2
then we are in case (ii) in the statement of the theorem.

To complete the proof of the theorem, we may assume d; > 3 for all 4.
Case 3. d; = 3 for all i.

First assume that d; = do = 3. Then z; and x5 are quadratic, so we may assume r > 3.
We can choose y; € C; so that the Zariski closure of (y1,%2) contains SLa(k)? and so contains
a regular semisimple element of prime order. By applying Lemma we can now complete
the argument as in Case 1.

Next assume dy = 3 and d; > 4 for all ¢ > 2, in which case the condition ), d; < 6(r — 1)
implies that » > 3. Note that if ¢ > 2 then z; is either an involution, or a unipotent element
with Jordan form (JZ2, J2) or (Jo, J}), or a semisimple element of the form (Iy, A1, \"11;) for
some A € k*\ {£1}. In each case we can find conjugates y; € C; for i > 2 that act nontrivially
on a nondegenerate 4-space W and trivially on the nondegenerate 2-space W=. In addition,
we can choose a conjugate y; of 1 so that its largest eigenspace on W is 2-dimensional.

Suppose r > 4. Since x; is not an involution, Theorem implies that we can choose
y € X such that G(y) induces Sp(W) on W. Then G(z)° is either generically irreducible on
V', or generically it acts irreducibly on a 4-dimensional nondegenerate subspace, whence the
same is true for G(x). Since G(x) does not generically preserve a 1-space nor a nondegenerate
2-space, we deduce that G(z) is generically primitive and the result follows. If r = 3, then
the same argument applies unless xo and x3 are involutions. But in this case we observe that
C5C3 contains a semisimple element of the form (I, A3, A™!13) and thus Case 2 applies.

Finally, let us assume d; > 4 for all i. First assume that » = 3, in which case the bound
>, di < 6(r — 1) implies that d; = 4 for all i. If each z; is an involution then we are in
case (iii), so let us assume 7 is not an involution. We can choose y so that G(y)° induces a
subgroup containing SL3(k) on a totally isotropic 3-space. Then either G(z)° is generically
irreducible and the result follows, or every G(x)" preserves a totally isotropic 3-space. Let us
assume we are in the latter situation and let € be the variety of totally isotropic 3-spaces, so
dim €2 = 6. Since d; > 4, it follows that no x; interchanges two spaces in {2 and thus every
G(z) has a fixed point on 2. However, Lemma gives dim Q% < 4, with equality if and only
if z; is an involution, whence ), dim Q% < (r — 1) dimQ and Lemma implies that G(x)
does not generically fix a totally isotropic 3-space. This is a contradiction. An entirely similar
argument applies if > 4 (including the case where r = 4 and each z; is an involution). [

In order to handle the general case, we need the following result concerning the action of a
symplectic group on the variety of maximal totally isotropic subspaces of the natural module.
Here we allow p = 2.

Lemma 5.5. Suppose G = Sp(V') = Sp,,(k), where n = 2m, m > 1. Let Y = G/P, where
P = QL is the stabilizer of a totally isotropic m-space W , with unipotent radical Q) and Levi
subgroup L = GL(W). Then

dim Y9 = dim Cg(g) = dim S*(W)9

for all unipotent elements g € L.

Proof. First observe that we may identify @ with the kL-module S?(W), so the equality
dim Cg(g) = dim S*(W)9 is clear. We proceed by induction on m, noting that the case m = 1
is trivial. Now assume m > 2 and observe that dimY¥¢ > dim Cg(g) since @ acts simply
transitively on the set of totally isotropic complements to W in V.
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Let U be a 1-dimensional g-invariant subspace of W and let Y (U) be the set of spaces
in Y containing U. Then U+ /U is a nondegenerate (n — 2)-space and we may view g as an
element in a Levi subgroup of the corresponding parabolic subgroup Py = Q1L of Sp(U+/U)
(namely, the stabilizer of the maximal totally isotropic space W/U). Then there exists a
positive integer ¢ such that g = J, @ M as an element of L = GL(W) and g = Jy;_1 & M as
an element of L1 = GL(W/U). By induction, the dimension of the fixed space of g acting
on Y (U) is dim Cg, (g), which coincides with the dimension of the fixed space of ¢ acting on
S2W/U).

By applying Lemma [3.27], it follows that if £ is odd and p # 2, then

1
dimC’Q(g)—dimCQl(g):5(64—1) (l—1)4+c=c+1,

1

2
where c¢ is the number of Jordan blocks of g on M that have size at least £. Similarly, if ¢ is
even and p # 2, then the same argument shows that the difference in centralizer dimensions
is ¢. If p = 2, then Lemma [3.27] still implies that the difference in centralizer dimensions is at
least c.

Now if the action of g on W has the form as above, then U is contained in W=D and
the variety of such 1-spaces (in the projective space of W) has dimension ¢ — 1. Therefore,
the dimension of the fixed space of g on Y”, the variety of totally isotropic subspaces which

intersect W nontrivially, is at most dim Cg(g) and the result follows. 0

We also need some fixed point space computations for G = Spg(k). Recall that a(g) is the
maximal dimension of an eigenspace of g on the natural module V.

Lemma 5.6. Suppose m =4, p# 2 and ) is the variety of totally isotropic 4-spaces in V,
so dim Q) = 10. Then

7 ifg= (-1 1)

- 6 ifg=(—14,14)
g __

=N i = (2,.7)

3 ifg=(J3, )2

Proof. This is clear if g is an involution since any totally isotropic 4-space fixed by g is of the
form U; L U_1, where U) is a totally isotropic subspace of the nondegenerate A-eigenspace of
g on V. Now assume g = (J2, J5) or (J2, J?). By replacing g by a suitable conjugate, we may
assume ¢ is contained in the stabilizer P = QL of a totally isotropic 4-space W, where @ is
the unipotent radical of P and L is a Levi subgroup. If g = (J2, J?) then we may assume g is
contained in L and thus Lemma [5.5| implies that dim Q¢ = dim Cg(g) = 4.

Finally, let us assume g = (J2, J2). Without loss of generality, we may assume that g
has Jordan form (J3,.J1) on W. Since g does not fix any totally isotropic 4-space W’ with
W NW’' =0, it follows that (W N W')9 contains a 1-space (v) for all W' € Q9.

Let U = W9 N [g, W] and note that dimU = 1. Then Q9 = Q; U )y is the union of two
subvarieties: Q; comprises the totally isotropic 4-spaces W’ with U C W’ and Q9 consists of
the spaces W’ such that U N W’ = 0. It suffices to show that dimQ; < 3 and dim Qs = 3.

Suppose W’ € Qq. Then W’ /(v) is a totally isotropic 3-space in the nondegenerate 6-space
vt /(v) and g induces a Jordan block of size 3 on W/(v). By Lemma a unipotent element
in Spg(k) of the form (J2) has a 2-dimensional fixed point space on the variety of totally
isotropic 3-spaces of the natural module for Spg(k). The map W’ — W' N WY defines a
morphism from €2y to the variety of 1-dimensional subspaces of W9. Since dim W9 = 2, the
latter variety is 1-dimensional and we conclude that dim Qs = 3.

Now assume W’ € Q1. Then W’/U is a 3-dimensional totally isotropic subspace of U+ /U.
Note that g acts on W/U with two Jordan blocks and there exists an element h in the closure
of g¥’ that is contained in a corresponding Levi subgroup of Spg(k). Then by Lemma h
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has a 3-dimensional fixed space on the variety of totally isotropic 3-spaces in U+ /U and so
the same is true for g. This gives dim ; < 3 and thus dim 29 = 3 as required. O

We are now in a position to establish our main result for symplectic groups with p # 2. We
will apply induction on m, noting that special care is required for m = 4. In the statement,
we allow A = p in part (ii).

Theorem 5.7. Suppose G = Sp,,(k), where n = 2m, m > 4, p # 2 and the x; in @D have
prime order modulo Z(G). If >, d; < n(r — 1) then A is empty if and only if one of the
following holds (up to ordering):

(i) =2 and x1,x2 are quadratic.
(i) r =2, m =4, x1 = (=14, I4) and x2 is either (14, \I;, \" 1, uly, p=111) or (J3,J3),
with A\, g€ k*\ {£1}.
(111) T = 3, m = 4, r1 = T2 = (—12,16) and xr3 = (—14,14).

Proof. As usual, first observe that A is empty if the conditions in (i), (ii) or (iii) are satisfied.
This is clear in (i). Now consider (ii) and (iii), so m = 4. Let L = GL4(k) be the stabilizer in
G of a pair of complementary totally isotropic 4-spaces. By applying Theorem [3] there exists
y € X such that L' = SLy(k) < G(y) < L. For each 4, let D; be an L-class in C;N L of maximal
dimension and set Y = Dj x --- x D,.. Then for generic y € Y, G(y) is contained in a unique
conjugate of L. It is straightforward to compute dim X = ", dim C; and dimY =}, dim D;,
which gives
dimG 4+ dimY = dim X + dim L.

Consider the morphism f : G x Y — X defined by f(g,y) = y9. Fix y € Y such that G(y) is
contained in a unique conjugate of L and consider the fiber f~!(y). Since G(y) has a unique
fixed point on G/L, this implies that ¢ € Ng(L) = L.2 for all (g,2) € f~!(y), so a generic
fiber of f has dimension at most dim L. It follows that f is dominant (and the dimension of
a generic fiber is precisely dim L) and thus G(z) is conjugate to a subgroup of L for generic
x € X. We conclude that A is empty if (ii) or (iii) holds.

To complete the proof, we will use induction on m to prove that A is nonempty in all the
remaining cases.

Let P = QL be the stabilizer in G of a 1-dimensional subspace (v) of V', where @ is the
unipotent radical and L is a Levi subgroup. Let W be the nondegenerate (n —2)-space v/ (v).
We may assume that each x; is contained in P and we write g; € Sp(W) for the induced
action of z; on W (note that g; is quadratic on W only if x; is quadratic on V). We define dg
to be the dimension of the largest eigenspace of g; on W and we assume the embedding of x;
in P is chosen to minimize d}. Notice that one of the following holds:

a d,»:di—2.

(a) d;

(b) dfiZdi—l and d; gn/Q
(c) d =d; and d; < n/3.

We claim that ), d; < (n—2)(r — 1). Let £ be the number of ¢ with d; =d; —2. If £ < 1
then

dNdi<> di-20r-1)<n(r—1)-2(r—1)=(n-2)(r—1)
i=1 i=1
as required. Similarly, if £ > 2 then

D di<(r=2)(n-3)+2(n/2-1)< (n—2)(r—1).
=1

This justifies the claim. Then by induction, excluding the cases where m € {4,5} and the
gi line up with one of the special cases for Spy(,,,_1)(k) in the statement of the theorem (for
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m = 5) or Theorem [5.4| (for m = 4), it follows that G(x)" generically has a composition factor
on V of dimension at least n — 2 and has rank m — 1 or m.

Suppose that either m > 6, or m € {4,5} and the g; do not correspond to one of the special
cases for Spy(,,_1)(k). By Lemmas and the condition ), d; < n(r — 1) implies
that G(z) does not fix a 1-space nor a nondegenerate 2-space, whence G(x)° is generically
irreducible on V' (with rank m — 1 or m, as noted above). For m > 5 we find that there is no
proper closed connected subgroup of G with these properties and thus A is nonempty. Now
assume m = 4. Here GG has an irreducible subgroup of rank 3 with connected component

H = A} = Spy(k) ® Spy(k) ® Spy(k).

By considering the characteristic polynomials on V' of elements in Sp(W') = Spg(k) (every
such polynomial has 1 as a double root) and applying Theorem M(ii), we deduce that G(x)°
is not generically conjugate to H and the result follows.

To complete the proof, we may assume m € {4,5} and the g; correspond to one of the
special cases for Spy(,_1)(k). Recall that we are assuming (i) does not hold, so we never
descend to the case where r = 2 and g1, g2 are quadratic on W.

First assume m = 4, r = 3 and we descend to the special case described in part (iii) of
Theorem Here each z; is an involution in G = Spg(k) and the condition ), d; < 16 implies
that we may assume d; = 4. Suppose do = 4. Here we can find a semisimple element h € C1Co
of prime order with four distinct 2-dimensional eigenspaces on V and thus Y = h¢ x ng does
not descend to a special case for Spg(k). Then by the previous argument, it follows that A is
nonempty if do = 4 (and similarly if d3 = 4). Therefore, we may assume do = d3 = 6, which
corresponds to the special case described in part (iii) of the theorem (up to reordering).

Next assume m = 4, r = 2 and we descend to one of the possibilities in part (ii) of Theorem
Since we are assuming (iii) does not hold (in the statement of the theorem we are proving),
it follows that neither g; nor gs is of the form (I, A3, A\~'15). The remaining possibility is
that we descend to the case where g1 = (—1I2, ;) and go = (J3), up to scalars and ordering.
Since we are assuming (ii) does not hold, it follows that x9 = (JZ, J2). Then by applying
Theorem [3| with respect to a Levi subgroup of the stabilizer in G of a totally isotropic 4-space,
we deduce that G(y) contains the derived subgroup of this parabolic subgroup for some y € X
(and in particular, G(z) has rank 3 or 4 for generic z € X). Since the centralizer of G(y)° in
End(V) is 1-dimensional, it follows that either G(x)° is generically irreducible on V', or every
G(x) fixes a totally isotropic 4-space. The latter possibility does not arise since

dim Q% + dim Q™ < 6+ 3 < dimQ = 10,

where ) is the variety of 4-dimensional totally isotropic subspaces of V' (see Lemma [5.6)).
Therefore, G(x)? is generically irreducible on V and we claim that this forces A to be
nonempty.

To justify the claim, let T' be a maximal torus of L' = SLy(k), where L is a Levi subgroup
of the stabilizer in G of a totally isotropic 4-space W. Then

Lie(G) = gl, (k) ® S* (W) @ S*(W™)

and thus the nonzero weight spaces for T on the adjoint module Lie(G) are all 1-dimensional.
Therefore, T contains strongly regular elements with respect to the adjoint module and so
G(z)? generically contains strongly regular elements. As a consequence, either G(x) = G for
generic z, or G(r)? is contained in a proper maximal rank subgroup that acts irreducibly on
the natural module for G. But there are no such subgroups and so we conclude that A is
nonempty.

Finally, let us assume m = 5 and we descend to one of the special cases for Spg(k) in the
statement of the theorem, so r < 3. If r = 3 then each z; is an involution and the condition
>, di < 20 implies that at least two of the z; are of the form (—Ig, I4) up to scalars. But
these elements descend to involutions in Spg(k) of the form (—14, I4), which is not a special
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case. Now suppose r = 2. Here we may assume 1 = (—Ig, I4), so da < 4 and thus d}, < 3.
But once again this does not correspond to a special case for Spg(k) and the proof of the
theorem is complete. O

5.2. Even characteristic. In this section we complete the proof of Theorem [] by handling
the symplectic groups G = Sp,,(k) with n = 2m > 4 and p = 2. With reference to @D, recall
that d; denotes the maximal dimension of an eigenspace of x; on V. In this section we also
define ¢; = dim V* < d; for i = 1,...,r. Note that e; = d; if z; is unipotent. As explained in
Lemma A is empty if ). e; > n(r — 1). Also note that Z(G) = 1 since p = 2.

We begin by considering the case m = 2, which requires special attention. Here G = Sp, (k)
has two 4-dimensional restricted irreducible kG-modules, namely V; = L(w;) for j = 1,2,
which are interchanged by a graph automorphism 7. Note that 7 does not preserve eigenspace
dimensions in general. For example, 7 interchanges long and short root elements, so if x has
Jordan form (Jz, J?) on L(wy), then it has Jordan form (J7) on L(ws) (that is, 7 fuses the
G-classes containing b; and as involutions, with respect to the notation in [I]). On the other
hand, the dimension of the largest eigenspace of a semisimple element is invariant under
7, but the set of eigenvalues is not preserved in general. For example, 7 takes a quadratic
semisimple element of the form (A2, \™'13) to one of the form (Io, uly, p~'11), and vice
versa.

For j = 1,2, set ¢;; = dim iji and let d;; be the maximal dimension of an eigenspace of x;
on Vj.

Theorem 5.8. Suppose m = p =2 and the x; in @ have prime order. If 3, d;j < 4(r — 1)
and ), ei; < 4(r —1) for j = 1,2, then A is nonempty.

Proof. First observe that if r = 2 and x; and 9 are both quadratic on V; then ejo + €20 > 4,
which violates the hypothesis. Therefore, this situation does not arise.

More generally (for all » > 2), we observe that G(z) does not generically preserve a
1-dimensional subspace of V; or V5. And since a graph automorphism interchanges the two
conjugacy classes of maximal parabolic subgroups, as well as the modules V; and Vs, we
see that G(x) does not generically fix a totally isotropic 2-space in either representation.
Furthermore, Lemma implies that G(x) does not generically preserve a nondegenerate
2-space and thus G(z) is generically irreducible on both modules.

The maximal imprimitive subgroups of G with respect to V; are of the form Spy(k) .S,
and GLa(k).2, corresponding to the stabilizers in G of a suitable direct sum decomposition of
V1 into two nondegenerate 2-spaces and two totally isotropic 2-spaces, respectively. Under
the graph automorphism, the first subgroup is sent to O4(k) and the second is mapped to
a reducible subgroup. The inequality >, e; < 4(r — 1) implies that G(x) is not generically
contained in a conjugate of O4(k) (see Lemma and we have already noted that G(z)
is generically irreducible on V; and Va. This implies that G(x) is generically primitive with
respect to both modules and we conclude that G(x) = G for generic . O

We note some immediate consequences. Recall that short root elements are involutions of
type ag in the notation of [IJ.

Corollary 5.9. Suppose m = p = 2 and the x; in @ have prime order. Then A is nonempty
if any of the following hold:

(i) z; is a regular semisimple element for some i.

(i)

r > 3 and none of the x; are long or short root elements.
(iii) r > 5.

By combining the previous two statements, we can present a result for G = Sp,(k) in
terms of the natural symplectic module (as in Theorem .
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Theorem 5.10. Suppose m =p = 2 and the x; in (9) have prime order. If Y, d; < 4(r — 1)
and ), e; < 4(r — 1) with respect to the 4-dimensional symplectic module, then A is empty if
and only if one of the following holds (up to ordering):

(i) r =2 and x1, 9 are quadratic.
(ii) r = 3, x1,z2 are short root elements and x3 is quadratic.

(iii) » =4 and each x; is a short root element.

Next we turn to the case G = Spg(k), which also requires special attention.

Theorem 5.11. Suppose m = 3, p = 2 and the z; in (9) have prime order. If Y, d; < 6(r—1)
and ), e; < 6(r — 1), then A is empty if and only if r = 2 and 1,2 are quadratic.

Proof. As usual, if r = 2 and the x; are quadratic, then A is empty by Lemma [3.13] and
therefore it remains for us to show that A is nonempty in all the remaining cases. We partition
the proof into several subcases. Let V' be the natural module.

Case 1. x1 1s semisimple with at least four distinct eigenvalues on V.

Let U be a 1-dimensional subspace of V' and choose a conjugate of x;1 so that it acts as a
regular semisimple element on the nondegenerate 4-space U+ /U. Then Corollary implies
that there exists z € X such that G(z) induces Spy(k) on U+ /U and thus G(x)° generically
has a composition factor on V' of dimension at least 4. Since G(x) does not generically fix a
nondegenerate 2-space (see Lemma , this implies that G(z) is generically primitive and
irreducible on V' with rank 2 or 3. But Og(k) (and its connected component) are the only
proper subgroups of G with these properties and the inequality ). e; < 6(r — 1) rules out
the possibility that G(z) is generically contained in such a subgroup (see Lemma . It
follows that A is nonempty.

Case 2. di = 2.

Here z7 is semisimple and in view of Case 1 we may assume it is of the form (I3, Ao, A1 15)
for some scalar 1 # X\ € k*. In particular, d; = e; = 2.

First assume r = 2, so dy < 4 and es; < 3. Note that if dy = 4 then ey = ds, which violates
the bound e + eo < 5, whence do < 3. Now z1 preserves a 3-dimensional totally isotropic
subspace of V', acting as a regular semisimple element on this 3-space. Therefore, Theorem
implies that there exists z € X such that G(z)° induces SL3(k) on such a subspace. In
addition, we can find y € X such that G(y)? = Spy(k) acts irreducibly on a nondegenerate
2-space and does not preserve a totally isotropic 3-space. Therefore, G(x)? is generically
irreducible and has rank 2 or 3. Now SOg(k) is the only proper connected subgroup of G
with this property, but if G(z)° is generically conjugate to SOg(k), then G(z) is generically
contained in a conjugate of Og(k) and this is not possible by Lemma m

Now assume r > 3. If d; < 3 for some ¢ > 2 then the result follows from the argument
in the previous paragraph, so we may assume e; = d; > 4 for all ¢ > 2. If x5 and z3 are
unipotent, then there exists a conjugacy class D = y& C C5Cs5 of elements of prime order
t (we can take t = 2 if x9 or z3 is a transvection, otherwise ¢t > 3) such that the relevant
inequalities still hold with respect to the variety C1 x D x C4 X --- x C,.. Consequently, we
may assume that at most one x; is unipotent. In particular, we may assume x7 is semisimple
of the form (I4,nl,n~ 1) for some 1 # n € k*. Next observe that we can choose elements
y; € C; for i = 1,2 so that the closure of (y1,y2) is a subgroup H = Spy(k) x A preserving
an orthogonal decomposition V' = U L U’ into nondegenerate spaces, where dim U = 2. Here
A is abelian and has four distinct weight spaces on U’, which means that H preserves only
finitely many subspaces of V. In turn, this implies that G(z)° does not generically preserve a
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totally isotropic 3-space. It follows that G(x)" is generically irreducible and has rank at least
2, whence A is nonempty by arguing as above. This completes the proof in Case 2.

Case 3. d; = 3 for all i.

If r = 2 then di = dy = 3 and we deduce that x1 and x5 are quadratic, which is the case
we are excluding. For the remainder, let us assume r > 3. There are a number of different
cases to consider.

Case 8.1. dy = dy = 3.

Here we may choose y; € C; for i = 1,2 such that the closure of (y;,y2) is a maximal
rank subgroup of the form Sp,(k)3. Since such a subgroup is contained in only finitely many
maximal closed subgroups of G, it follows that we can find y; € C; with ¢ > 3 so that
G(z) =G for z = (y1,92,---,yr) € X.

Case 8.2. dy = 3, x1 semisimple and d; > 4 for i > 2.

First observe that x1 = (/\13,)\*1[3) and e; = d; for ¢ > 2. Suppose zo and x3 are both
semisimple, so e; = d; = 4 for i = 2, 3. Then there exists a semisimple element g € CoC3 of
the form (I3, ula, p~'13) so that

di+olg)+Y di=> di—6<6(r—2)
i=4 i=1

and the desired result follows by Case 2. Similarly, if o and z3 are unipotent with Jordan
form (JZ2,J?) then by passing to closures we may assume they are both short root elements
and therefore we can find a semisimple element g € C2C3 of the form (I, uls, ' 15). Once
again, we deduce that A is nonempty via Case 2.

Next suppose x2 and z3 have Jordan forms (J2, JZ) and (Ja, Ji), respectively. By passing to
closures, we may assume x2 is a short root element. Here we can find an involution g € C5Cj3
with Jordan form (J3) and so there exists z € X such that G(x)" = Spy(k)3. If r > 4 then
we immediately deduce that A is nonempty since Spy(k)? is contained in only finitely many
maximal closed subgroups of G. Now assume r = 3. Here we deduce that for generic x € X,
G(x)° has rank 3 and it does not fix a nonzero totally isotropic subspace of V. By Lemma
G(z)? is not generically SOg(k) and so it remains to show that G(x)? is not generically
of the form Spy(k)3.

Seeking a contradiction, suppose G(x)° is generically a subgroup of the form Sp,(k)3. Since
G(z) does not generically fix a nondegenerate 2-space (see Lemma [3.36)), it follows that G(x)
is generically irreducible on V. Now the elements in C; have odd order and they do not
transitively permute the three nondegenerate spaces in an orthogonal decomposition

V=V 1LV lV; (16)

preserved by G(z)° = Spy(k)? (this would only be possible if 1 is an element of order 3 of
the form (I, wls,w™'15), which is not the case since d; = 3). Similarly, no element in C3 can
interchange two of the summands. Therefore, since x5 is an involution, we conclude that G(z)
does not transitively permute the V; and thus G(x) is reducible, a contradiction.

If 29 = 23 = (J2, J{), then r > 4 and we can replace Cy and Cj by the class of short root
elements (which is contained in C2C3) and argue as above.

To complete the analysis of Case 3.2, we may assume 1z is semisimple (with do = 4), x3
is unipotent and r = 3. We can choose y; € C; for i = 1,2 such that the closure of (y;, y2)
induces Spy(k) on a nondegenerate 2-space, whence G(x)? does not generically fix a totally



56 TIMOTHY C. BURNESS, SPENCER GERHARDT, AND ROBERT M. GURALNICK

isotropic 3-space. By passing to closures, we may assume that 3 is either a long root element
or a short root element.

First assume that x5 = (Jo, J1). By applying [16, Theorem 4.5], we see that there exists
z € X with G(2)? = Spy(k) x Spy(k), preserving an orthogonal decomposition as in (L6]).
Since G(x) does not generically fix a nondegenerate 2-space nor a 1-space, it follows that
either G = G(z), or G(z) acts imprimitively on V, transitively permuting the V; in (16]). But
every element in Cp, Cy and C5 acts trivially on the set of summands in any orthogonal
decomposition of V' into nondegenerate 2-spaces, so the latter possibility is ruled out and we
conclude that A is nonempty.

Finally, suppose that x3 = (J2, J?) is a short root element. Then z3 is conjugate to an
element in GL(W), a Levi subgroup of the stabilizer in G of a totally isotropic 3-space W. By
Theorem [3| there exists x € X such that G(x)" = SL(W). Since G(z)° does not generically
fix a totally isotropic 3-space and since the smallest composition factor of G(x)? on V is
generically at least 3-dimensional, it follows that G(x)" is generically irreducible and contains
elements with distinct eigenvalues on V. But as noted above, G does not have a proper
connected subgroup with these properties and thus G = G(z) for generic z € X.

Case 3.3. dy = 3, x1 unipotent and d; > 4 for i > 2.

Here x1 = (J3) and e; = d; for all 4, so >.;di <6(r—1)and r > 3. If x5 and 3 are long
root elements, then we can replace Cy x C3 by the class g of short root elements, noting
that the relevant inequalities are satisfied for Y = C} x ¢ x C4 x --- x C,.. Therefore, we
may assume do = d3 = 4 and 7 = 3. In the usual manner, we see that there exists € X such
that G(x) induces SL3(k) on a totally isotropic 3-space. Also as above, there exist y; € C;
for i = 1,2 such that the closure of (y;,y2) induces Sp,y(k) on a nondegenerate 2-space. This
implies that G(z)° does not generically fix a totally isotropic 3-space and as before this allows
us to conclude that A is nonempty.

Case 3.4. d; > 4 for all i.

To complete the proof of the theorem, we may assume that d; > 4 for all i. Here e¢; = d;
and thus r > 4. If 1 and x2 are transvections then the bound ", e; < 6(r — 1) implies that
r > 5 and we can replace C x Cy by the class of short root elements (noting that the relevant
inequalities are still satisfied). This reduces the problem to the case where r = 4 and at most
one x; is a transvection. If x1 = (J, Ji) and x5 is unipotent, then xy = (J2, JZ) and there
exists g € C1Cy with g = (J3), so the relevant inequalities still hold for Y = g% x Cg x - - - x C,..
Similarly, if 21 = 2o = (J32, J?) then by passing to closures, we may assume they are both
short root elements and we can replace C; x Cy by g%, where g is a semisimple element of
the form (I, A3, A1 15). In view of the previous cases we have handled, these observations
reduce the problem to the case where r = 4 and at most one x; is unipotent.

Suppose z1 = (Jz2, J1). Then there exists y € X such that G(y)? = Spy(k) x Spy(k) fixes
an orthogonal decomposition as in and by arguing as above, we deduce that either A is
nonempty, or G(x) is generically irreducible and imprimitive on V. In the latter situation,
this means that there exists € X such that G(x) transitively permutes the summands Vi,
Vo and V3 in . But each element in C; acts trivially on the set of summands and we
conclude that A is nonempty. An entirely similar argument applies if each x; is semisimple,
so we may assume that xq = (J2, J?). As usual, by passing to closures, we may assume that
x1 is a short root element and by arguing as above we can show that there exist x,y € X
such that G(z)? induces SL3(k) on a totally isotropic 3-space and G(y)? induces Spy(k) on a
nondegenerate 2-space. As before, this implies that G(z) = G for generic x and the proof of
the theorem is complete. Il



TOPOLOGICAL GENERATION OF SIMPLE ALGEBRAIC GROUPS 57

In the next lemma we consider a special case that arises in the proof of our main theorem
for symplectic groups in even characteristic.

Lemma 5.12. Suppose m > 4 is even, p =2 and r > 3. If x1, x2 are involutions with Jordan
form (J3"), then A is nonempty.

Proof. First observe that di = da = m and we are free to assume that r = 3. Note that we
have ) . e; < Y, d; < 2n and by passing to closures, we may assume that x1 and xo are
a-type involutions (see [1] and Remark [3.26). In particular, no element in C; or Cy acts
nontrivially on a nondegenerate 2-space.

Next observe that there exist y; € C; for i = 1,2 such that the Zariski closure of (y1,y2) is
H = T.2, where T is a torus of G of rank m/2 such that all of its weight spaces on V are
2-dimensional and its fixed space is trivial. Here the involutions in H \ T" act by inversion on
T and we note that H does not preserve any odd dimensional subspaces of V. In particular,
G(z) does not generically preserve an odd dimensional subspace of V. There are two cases to
consider.

Case 1. x3 = (Ja, J?_Q) is a long root element.

First we claim that either G(z) is generically irreducible on V', or G(z) generically fixes a
totally isotropic 2-space.

To see this, suppose G(z) generically fixes a d-dimensional subspace U with d > 1 minimal,
so d < m and we may assume U is either nondegenerate or totally isotropic. In the nondegen-
erate case, x3 acts trivially on U or U+, and the closure of (1, x2) preserves a 2-dimensional
subspace by Lemma [3.13] whence d < 2 and thus d = 2. On the other hand, if U is totally
isotropic, then x3 acts trivially on U and so once again we deduce that d = 2. The claim
now follows since we have already noted that the elements in C7 and Cy act trivially on any
nondegenerate 2-space.

Our next aim is to show that G(z) does not generically fix a totally isotropic 2-space,
in which case the previous claim implies that G(z) is generically irreducible. Let Q be the
variety of totally isotropic 2-spaces and note that dim 2 = 2n — 5. We claim that

dim OQ** =dim Q"2 =n — 2, dimOQ* =2n —T.

In particular, Lemma implies that if x = (y1,y2,y3) € X with y3 € C3 generic, then
G(x) does not fix a totally isotropic 2-space.

To justify the claim, first assume W € Q%1 If 1 acts trivially on W, then W is contained in
the variety of 2-dimensional subspaces of V*1, which has dimension n — 4 since dim V¥ = m.
Now assume z; has Jordan form (J2) on W and write W = (w, zjw), so (w) # W?*'. The
1-dimensional subspaces of V' that are not contained in V*' form an open subset in the
variety of all 1-dimensional subspaces of V. In particular, this subvariety has dimension n — 1.
Since the set of 1-dimensional subspaces (w) of W with (w) # W* forms a 1-dimensional
variety, we conclude that the subvariety of 2-spaces in 2*! on which z; acts nontrivially has
dimension n — 2. Therefore, dim 2*! = n — 2 as claimed (and also dim %2 = n — 2 since x;
and x9 are conjugate).

We now compute dim 2%3. Suppose W € Q% and note that x3 acts trivially on W, which
means that W is contained in the (n — 1)-space V*3. The variety of 2-dimensional subspaces
of V*3 has dimension 2n — 6 and the subvariety of totally isotropic 2-spaces has codimension
1. Therefore, dim Q%3 = 2n — 7 as required.

We have now shown that G(z) is generically irreducible and contains long root elements.
Any proper closed subgroup of G with these properties is contained in O,,(k), but the bound
> ;€ < 2n implies that G(z) is not generically contained in an orthogonal subgroup (see
Lemma and thus A is nonempty.
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Case 2. x3 is not a long root element.

For the remainder, let us assume x3 is not a long root element. By passing to the closure
of (3, we may assume that xs is either semisimple or a short root element. Let P = QQL be
the stabilizer of a totally isotropic m-space W, where @ is the unipotent radical and L is a
Levi subgroup. Note that we may embed each x; in L.

By Theorem (3|, there exists y = (y1,¥2,¥3) € X such that G(y)° induces SL,,(k) on W.
Moreover, since H'(SL,,(k), W) = 0 (see [27]) and the sum of the dimensions of the fixed
point spaces of the z; on @/ Rad(Q) = W is less than m, it follows that there exist ¢; € @ such
that P’ < G(y) with v/ = (y¥*,y2*,y¥) € X. As a consequence, either G(x)° is generically
irreducible, or G(x)° acts uniserially on V and therefore fixes a totally isotropic m-space for
all x € X.

Next observe that there exists a semisimple element g € C71Cy such that VY is trivial and
every eigenspace of g on V is 2-dimensional. By applying Theorem [5.11] we can find h € Cj
such that the closure of (g, h) induces Spg(k) on a nondegenerate 6-space. Therefore, G(x)°
does not generically fix a totally isotropic m-space and so by the observation in the previous
paragraph, we deduce that G(x)" is generically irreducible, it has rank at least m — 1 and it
contains elements with distinct eigenvalues on the natural module. Therefore, either G = G(z)
for generic € X, or G(x)" is contained in a maximal rank connected irreducible subgroup.
But the only such subgroup is SO, (k) and this is ruled out by the bound ), e; < 2n. The
result follows. O

We can now complete the proof of Theorem

Theorem 5.13. Suppose G = Sp,,(k), where n =2m, m > 3, p =2 and the x; in @ have
prime order. If Y. d; <n(r—1) and ), e; < n(r — 1), then A is empty if and only if r = 2
and x1,x2 are quadratic.

Proof. We proceed by induction on m, noting that the base case m = 3 is covered by Theorem
Assume m > 4 and let P = Q)L be the stabilizer in G of a 1-dimensional subspace
(v), where @ is the unipotent radical and L is a Levi subgroup stabilizing a nondegenerate
(n—2)-space (note that L' = Sp,,_»(k)). By replacing each x; by a suitable conjugate, we may
embed x; in P and we write g; for the induced action of z; on the nondegenerate (n — 2)-space
W = vt /(v). Let d} be the maximal dimension of an eigenspace of g; and set e} = W9,

First assume m is odd. If z; is unipotent then we may assume d; = e} < d; — 1 (and indeed
d; = d; — 2 unless z; has Jordan form (J3*) on V). Similarly, if x; is semisimple and e; = d;,
then we may assume that one of the following holds:

a d,:dl—Q

(a) d;

(b) d; =d; — 1 and d; < n/2.
(¢) d} < d; and d; < n/3.

)

And if z; is semisimple with e; < d;, then we may assume that either d; = d — 1, or d; = d;
and d; < n/4. In particular, it follows that

ngg(n—Z)(r—l), Ze;<(n—2)(r—1) (17)

and so by induction we can choose y € X such that G(y) induces Sp,,_,(k) on W. In addition,
Lemmas and imply that G(z) does not generically fix a 1-space nor a nondegenerate
2-space, so for generic z € X, G(z)? is irreducible and has rank m — 1 or m. By inspecting
Lemma [3.12] we see that the only proper closed connected subgroup of G with these properties
is SOy, (k). However, the condition ), e; < n(r — 1) implies that for generic z € X, G(z) is
not contained in O, (k) (see Lemma and the result follows.
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Finally, let us assume m is even. We can repeat the previous argument for m odd unless
at least one x; is an a-type involution (in the sense of [I]) with Jordan form (J3*). Here
d; = d; = e; = €, = m. If there are two such classes, then > 3 and Lemma gives the
result. Now assume there is a unique such class, say C7. Then the relevant inequalities in
are satisfied unless 5 is a semisimple element of the form (Al,, A\™'1,,). If 25 has this form,
then r > 3 and we note that there exist y; € C; for i = 1,2 such that H = Spy(k)™ is the
Zariski closure of (y1,y2) and the restriction of V' to H is a direct sum of m totally isotropic
2-dimensional irreducible modules, each occurring with multiplicity 2. This implies that H
contains a maximal torus and preserves only finitely many subspaces of V. Therefore, for
generic y3 € Cs it follows that (H,ys) is irreducible and contains a maximal torus and a long
root subgroup. We conclude that G = (H,y3) for generic y3 € C3 and the result follows. O

This completes the proof of Theorem [4

6. GENERIC STABILIZERS

With the proof of Theorem [4] in hand, we now turn to our main applications. In this
section, we will prove Theorem [7] on generically free modules.

First, let us recall the set up. Let G be a simple algebraic group over an algebraically closed
field k of characteristic p > 0 and let V' be a finite dimensional faithful rational kG-module.
Set

Vé={veV :gv=uforall ge G}

and recall that V' is generically free if G has a trivial generic stabilizer; that is, there exists a
nonempty open subset Vy of V' such that each stabilizer G, is trivial for all v € V4. Note that
we may pass to a field extension k’/k in order to establish the existence of a trivial generic
stabilizer, so without loss of generality we may assume that k is not algebraic over a finite
field.

By combining Theorem [4 with the main results in [7, [16], we will show that if dim V/V&
is sufficiently large, then V' is generically free. As noted in Section [1} the analogous result for
Lie algebras was proved in [12] and we refer the reader to Remark [7| for several examples.
Moreover, when combined with the results in [I12] we can prove that generic stabilizers are
trivial as a group scheme under suitable hypotheses (see Corollary .

In view of [16, Theorem 1.3] (for G = SL,,(k)) and [7, Theorem 9] (for exceptional groups),
we may assume that G is isogenous to either Sp,, (k) with n > 4, or SO,,(k) with n > 7. Let
P be the set of conjugacy classes of elements in G of prime order (including all nontrivial
unipotent elements if p = 0). Given an integer r > 2, let P, be the set of classes C' in P
such that G is topologically generated by r elements in C and no fewer. By Theorem [4] each
C € P is contained in some P, with r < n + 1. Moreover, C' is contained in P, if and only
if one of the following holds:

(a) G =Sp,(k), p=2and C is the class of long root elements (or short root elements if
n =4);
(b) G = Spy(k), p# 2 and C is the class of involutions of the form (—Is, I3).
This observation is also a corollary of [22, Theorem 8.1].

Let V be a finite dimensional faithful rational kG-module and note that in order to prove
Theorem EL we may assume V¢ = 0. Given C € P,, set

V(C)={veV :gv=wvfor some g € C}.
By [16, Lemma 5.1] we have

dim V(C) < (1 - 1> dimV +dim C
T
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and [16, Lemma 5.2] implies that V' is generically free if dim V(C) < dimV for all C € P.
By combining these observations, we get the following result.

Lemma 6.1. In terms of the above notation, V is generically free if
dimV > max{rdimC : C € P,, r > 2} =: ¢(G)

We are now ready to begin the proof of Theorem [7] for symplectic and orthogonal groups.
As before, given z € G we will write a(z) for the maximal dimension of an eigenspace of x
on the natural module V' and we set s = n — a(x).

Proposition 6.2. The conclusion to Theorem[7] holds if G = Sp,, (k) with n > 4.
Proof. Let C = z% € P,.. In view of Lemma our goal is to show that
rdimC < %nQ +e, (18)

where e =2 if n =4 or (n,p) = (6,2), otherwise e=0.

First assume n > 6. If » = 2 then dim C' < 4n? (maximal if x is regular) so we may assume
r > 3. By [5, Proposition 2.9] we have

dim z% < (2ns — s+ 1). (19)
Suppose r = 3. Since G is not topologically generated by two elements in C, by applying
Theorem ] I we deduce that either x is quadratlc or a(x) > n/2. In the quadratic case, we
calculate that dim C' < tn(n + 2), while (I9) (with s =n/2 — 1) yields dim C g — Inif
a(z) > n/2. Now assume alr) =n/2 and x is not quadratic, so p = 2 by Theorem I Then x
is semisimple with a 1-eigenspace of dimension n/2 and it is easy to check that dim C' < 3 n?,
with equality if z has n/2 + 1 distinct eigenvalues on V. We conclude that 3dim C' < 8n in
all cases.

Now assume r>4.If n =6 and v = (—Iy,14) then r = 4, dimC = 8 and clearly
rdimC < 3n? In the remaining cases, Theorem {| implies that (r — 1)a(x) > n(r — 2) (with
equality only if p=2), so

n(r —2)
> | —2]. 20
ata) > =2 (20)
By applying the bound in , we deduce that

r 1 r
dimC < 1— 24 .
e r—1< 2(r—1))n+2

One can check that this upper bound is maximal when r = 4, which gives

rdimC < §0n + 2.

Now %0712—&—2 < gn 2 if and only 1f n > 12, so the cases with n € {6, 8,10} need closer attention.
By combining the bounds in and ( ., we reduce to the cases where (n,r) = (8,5) or
(6,4), and also (n,r) = (6,7) if p = 2. In the latter case, z = (Jo,J}) is a long root
element, dimC' = 6 and 7dimC = 42 = 3n? + 3. Next assume (n,r) = (6,4). Here the
bound (r — 1)a(x) > n(r — 2) implies that a(x) € {4,5}. In fact, since r = 4, we see that
a(x) = 4 is the only option (if a(z) = 5 then ra(x) > n(r — 1)), so p = 2 and it is easy
to check that dim C' < 10, which yields 4dim C' < %nQ (note that either x is semisimple of
the form (Iy, \, A1), or  is an involution of type ag or ¢z in the notation of [1]). Similarly,
if (n,r) = (8,5) then a(z) = 6, p = 2 and we calculate that dimC' < 14, which gives
5dim C < gnQ as required.

To complete the proof of the proposition, we may assume n =4, sor <5 and = 18.

First assume p # 2. If r = 2 then the desired bound r dim C' < 20 holds since dlmC <8
Next assume 7 = 3. If z is quadratic, then dim C' < 6 (with equality if z = (A2, \"113)
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or (J2)) and thus 3dim C' < 18. Otherwise 2a(x) > 4, so a(x) = 3 and this case does not
arise since ra(z) > n(r —1). If r = 4 then 3a(x) > 8, so a(z) = 3, x = (Ja, J?) and the
result follows since dim C = 4. Finally, if r = 5 then x = (—1I2,I2), dimC = 4 and thus
5dimC =20 = 2n? + 2.

Finally, assume n = 4 and p = 2. The above argument applies when r = 2, or if r = 3
and z is quadratic. If » = 3 and 2 is not quadratic, then x = (I3, \, A\™!), dim C = 6 and the
desired bound holds. The previous argument handles the case r = 4, and for » = 5 we have
x = by or a9, so dim C' = 4 and thus 5d1mC'—20— n? + 2. O

Proposition 6.3. The conclusion to Theorem[7] holds if G = SOy (k) withn > 1.

Proof. Let C = x% € P,. By Lemma it suffices to show that holds with € = 0. First
assume n > 10 is even and note that dim C < %nQ —n, so we may assume r > 3. By [5
Proposition 2.9] we have

G

1
dimzx 5(2ns — 5% — 2s), (21)
where s = n — «a(x) as above.

If r = 3 then either z is quadratic, or a(x) > n/2. For = quadratic, we calculate that
dim C < n? (rnaximal if p=2,n=0 (mod 4) and x is an involution of type ¢, ). Similarly,
if a(x) > n/2 then (21) implies that dim C' < n —n+ 5 and so in both cases we conclude

that 3dim C' < %nQ Now assume 7 > 4. Here ) holds and by applying the bound in
we deduce that

r 1 ™ T 1
di Cg 1— 2 _ < 1— 2< 2
ram r—l( T—l)n r—1 7‘—1( r—l)n "

which gives the desired bound.

A very similar argument apphes if n > 7is odd (recall that p # 2 in this case). For example,
suppose 7 > 4. As before, (20 holds, which in turn implies that s < n/(r — 1) and we note
that [5, Proposition 2.9] gives

G

dimz (2ns — 52 — 25+ 1).

l\DM—t

In this way, we get

r 1 10 9
7 dim r—l( 2(r—1)>n gn <8n

and the result follows.

Finally, let us assume G = SOg(k:). Here Theorem implies that r € {2,3,4} and we
claim that rdimC < 48 = Zn is best possible. To see this, first note that dim C' < 24,
so the bound holds when r = 2. Next suppose r = 3. If x is quadratic then dim C < 16,
with equality if z is an involution of the form (—I4, I4) or ¢4, according to the parity of
p. Otherwise, 2a(x) > 8 and thus a(x) = 6, but this is incompatible with the condition
r = 3 since 3a(z) > 2n. Finally, suppose r = 4. Here 3a(z) > 2n, so a(r) = 6 and it is
straightforward to check that dim C' < 12, with equality if and only if = is semisimple of the
form (Ig, A\, A1), or p # 2 and z is unipotent with Jordan form (J3,J?), or p =2 and x is an
involution of type cs. In particular, 4dim C' < 48 = n and the proof of the proposition is
complete. O

This completes the proof of Theorem [7] and we conclude this section by presenting a brief
proof of Corollary

Proof of Corollary|8 Define G, V, V' and d'(G) as in the statement of the corollary and
define V& and d(G) as in Theorem 7] I It is well known that a generic stabilizer is trivial as a
group scheme if and only if there are no k-points and the corresponding Lie algebra is trivial
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(this is a special case of [38, Proposition 3.16]). By Theorem (7} a generic stabilizer is trivial as
an algebraic group if dim V/V > d(G), while the Lie algebra is trivial if dim V/V’ > d'(G)
by [12, Theorem A]. The result follows. O

7. RANDOM GENERATION OF FINITE SIMPLE GROUPS

In this section we prove Theorem [9] and Corollary [11] on the generation of finite simple
groups of Lie type. As discussed in Section [T} Theorem [J] extends work of Liebeck and Shalev
[32, B3] and Gerhardt [I6] on random (7, s)-generation of finite classical groups, as well as
similar results of Guralnick et al. [7, [20] for exceptional groups of Lie type.

As in the statement of Theorem @ let » and s be primes with s > 2 and let S, ; be the
set of finite simple groups whose order is divisible by both r and s. Given a group L in S, g,
let P, (L) be the probability that L is generated by randomly chosen elements of order r
and s (see (). Our goal is to prove that if (G;) is a sequence of simple groups in S, s with
|G;| — oo, then either

(a) P.s(Gi) = 1, or
(b) (r,s) =(2,3),(3,3) and (G;) contains an infinite subsequence of groups of the form
PSp,(q)-

By combining [I6, Theorem 1.4] and [7, Theorem 12] with the main theorem of [33], we
deduce that if (G;) is any sequence of alternating, linear, unitary, or exceptional groups in
Srs with |G;| — oo, then P, o(G;) — 1. Therefore, in view of the main theorem of [33], to
complete the proof of the theorem we need to extend this result to symplectic and orthogonal
groups of bounded rank, noting the anomaly of the 4-dimensional symplectic groups when
(r,s) =(2,3) or (3,3) (see Remark [§]in Section [1]).

Let us briefly introduce our notational set up for the proof of Theorem [0 Let G be a
simply connected simple algebraic group defined over an algebraically closed field k of positive
characteristic p that is not algebraic over a finite field. Given a Steinberg endomorphism
F:G — G, let GF = G(q) be the fixed points of F' on G for some p-power g, where G(q) is
possibly twisted. Set Z(q) = Z(G) N G(q) and note that G(q)/Z(q) is almost always a finite
simple group of Lie type over F, (the handful of exceptions include the groups Sp,(2) and
2F4(2), which are not perfect). Let r be a prime and set

m(G,r,q) = max{dim g% : g € G(¢) has order r modulo Z(G)}
C(G,r,q) = {g¢ : dim g% = m(G,r,q) and g € G(q) has order r modulo Z(G)}
For primes r and s, let Q(r, s) be the set of powers ¢ = p® such that G(q) contains elements
of orders r and s modulo Z(G).
The following result is a key ingredient in the proof of Theorem [0} In the statement, the
integer N is defined in . Also recall the definition of A in .

Proposition 7.1. Let G = Sp,,(k) or Spin,, (k), where n > N. Let r and s be primes with
s > 2 and assume (r,s) # (2,3),(3,3) if G = Spy(k). Fix g € Q(r,s) and set X = C1 x Cy,
where Cy € C(G,r,q) and Cy € C(G, s,q). Then A is nonempty.

Proof. Write C; = CEZG and let d; be the dimension of the largest eigenspace of z; on the
natural n-dimensional kG-module V. In addition, let e; = dim V¥ be the dimension of the
1-eigenspace of ; on V. Then by Theorem [4] it follows that A is nonempty if all the following
conditions are satisfied:

(a) di+da < m;

(b) e1 +e2 <nif G=Sp,(k) and p = 2;

(¢) 1 and zo are not both quadratic;

(d) z1 and z2 do not appear in Table [1| (up to ordering).
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We refer the reader to [8, Chapter 3] for a convenient source of information on the conjugacy
classes of elements of prime order in finite classical groups.

Case 1. G = Sp,,(k)

To begin with, let us assume G = Sp,, (k) with n > 4 and fix a conjugacy class C = z¢ in
C(G,r,q). Set e = dim V* and let d be the maximal dimension of an eigenspace of x on V.

If r = 2 then it is straightforward to show that d = n/2. For example, if p # 2 and
g € G(q) has order 2 modulo Z(G), then g is either G-conjugate to an involution of the
form (—1Iy,I,_;) for some even integer 2 < £ < n — 2, or an element of order 4 of the form
(M9, A, 2). Now dim g = ¢(n — £) or 3n(n + 2) in the two cases, whence dim g is
maximal when g = (A, s, )\*1In/2) and thus d = n/2 as claimed.

Now assume r > 2. We claim that either d < n/2 —1 or (n,r,d) = (4,3, 2).

To see this, let us first assume r = p, so = is unipotent and the Jordan form of x on V
corresponds to the largest partition 7 of n (with respect to the usual dominance ordering
on partitions) with the property that all parts of m have size at most p and the multiplicity
of every odd part is even (as noted in [8, Proposition 3.4.10], every partition of this form
corresponds to an element of order p in G(q)). Write n = ap + b with 0 < b < p. If a is even
then © = (p®,b), otherwise m = (p*~%,p — 1,b+ 1). In both cases, d = [n/p] and the claim
quickly follows (note that m = (22) if n = 4 and p = 3).

Now assume 7 > 2 and 7 # p, so x is semisimple. Let i be the smallest positive integer such
that r divides ¢' — 1 and set t = (r — 1) /i. First we establish the bound d < n/2. To see this,
suppose d > n/2 and note that d = e since each eigenvalue A € k has the same multiplicity
as A™L. Suppose i is even and in the notation of [8, Section 3.4.1] write z as a block-diagonal
matrix

x= (AP, ... A L) € G(g)
where each A; € GL;(q) is irreducible and each a; is a nonnegative integer (here the A;
represent the distinct conjugacy classes in GL;(g) of elements of order r, while a; denotes the
multiplicity of A; in the block-diagonal form of x). Then

.t
1 1
dimC =dim G — 562— 26—;;(1?.

Consider the following element
y=(APTHUAS, A T) € G(g)
of order  and set D = y“. Then
dimD =dimC +i(e —a; —i/2) > dim C (22)

since a1 < n/2i and ¢ < n/2. This is a contradiction and one can check that a very similar
argument applies when ¢ is odd.

To complete the proof of the claim, it remains to rule out d = n/2 (unless (n,r) = (4, 3),
in which case d = 2 for every element in G of order r). Seeking a contradiction, let us
assume d = n/2. If n = 2 (mod 4) then z cannot have a d-dimensional 1-eigenspace (since
the 1-eigenspace of any semisimple element has to be even-dimensional) and thus i € {1, 2},
e=0and x = (A9, )\_IIH/Q) is quadratic. But then G(gq) contains elements of the form
y = (M o1, )\_1]”/2,1, I5) and we have dim y“ = dim ¥ 4+ n — 4, which is a contradiction.
Finally, suppose n = 0 (mod 4). If n =4 and r > 5 then G(q) contains regular semisimple
elements of order r, so d =1 =n/2 — 1. Now assume n > 8. If e # n/2 then the previous
argument applies, so let us assume e = n/2. If i is even then we can define D = y© as in the
previous paragraph and we note that holds since a1 < n/2i and ¢ < n/2. Once again, we
have reached a contradiction. And similarly if ¢ is odd.
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In view of the above bounds, and recalling that (r,s) # (2,3),(3,3) when n = 4, it is
now easy to see that properties (a)-(d) hold when G = Sp,,(k), whence A is nonempty by
Theorem [l

Case 2. G = Spin,, (k)

For the remainder, let us assume G = Spin,, (k) with n > 7. The case n odd is straight-
forward; here p # 2 and it is easy to check that d=(n+1)/2ifr=2and d < (n—1)/2 if
r > 2. In particular, we observe that (a), (c¢) and (d) are satisfied.

Now assume n is even, so n > N = 10. If » = 2 then one can check that

d— n/2 if n =0 (mod 4)
| n/24+1 ifn=2(mod4)

For example, if p = 2 and ¢ € G is an involution, then dim ¢“ is maximal when g is of
type ¢,/ if n =0 (mod 4) (in the notation of [1]) and of type c,/5_; if n = 2 (mod 4). In
particular, in the latter case g has Jordan form (J2n/2_1, J?) and thus d = n/2 + 1 (note that
in this situation, there are no involutions of type b,/ in G).

Now assume r > 2. We claim that d < n/2 — 1 if r = p. As in the symplectic case, the
Jordan form of x corresponds to the largest partition m of n with the property that all parts
have size at most p, but here we require that every even part has an even multiplicity. Write
n =ap+ b with 0 < b < p. If a is odd then b is odd and 7 = (p?,b). On the other hand, if a
is even then m = (p®) if b = 0, otherwise 7 = (p*,b — 1, 1). It is now straightforward to check
that d < n/2 — 1. For example, suppose p = 3. From the above observations we deduce that
d < n/3+ 2, which is less than n/2 for n > 18. The remaining cases with 10 < n < 16 can be
checked directly. For instance, if n = 10 then 7 = (3%,1) and thus d =4 = n/2 — 1.

Finally, suppose that » > 2 and r # p. As before, let i > 1 be minimal such that r divides
¢" — 1. We claim that

d<{n/2 if n =0 (mod 4)
1 n/2—-1 ifn=2(mod 4)
First we establish the bound d < n/2 for all n. Seeking a contradiction, suppose d > n/2. As
in the symplectic case, this implies that d = e and it is easy to construct an element y € G(q)
of order 7 modulo Z(G) with dimy® > dim 2, which gives the desired contradiction. For
example, suppose i is odd and write

xr = ((Al,Afl)al, ey (At/Q,A;/é)at/Q, Ie)

as in [8, Proposition 3.5.4], where t = (r — 1)/i. Here the A;-t represent the distinct conjugacy

classes of elements of order r in GL;(¢) and we note that A; and Aj_1 must have the same
multiplicity a; in the block-diagonal form of z, as indicated by the notation. Now define

y = (An AT (Ao, A71)™, - (Ao, A )72, T ) € Glg)

and note that

dim y¢ = dim 2% + 2i(e — ay —i — 1).
Since a1 < (n/2 —1)2i and i < (n/2 —1)/2, it is easy to check that a; +i+ 1 < e and thus
dimy© > dim ¢ as required. A similar argument applies when 7 is even.

This establishes the desired bound on d when n = 0 (mod 4), so let us assume n = 2
(mod 4). If d = n/2 then z = (A, 9, )\_1]n/2) is the only option (note that the 1-eigenspace
of any semisimple element in G of order » modulo Z(G) is even dimensional) and it is easy
to see that dimy© > dimz® with y = (M /a1, )\_1In/2,1,[2) € G(q).

With the bounds on d in hand, it is straightforward to check that properties (a) and (c)
hold. In addition, by inspecting Table [1| we observe that (d) holds. This completes the proof
of the proposition. O
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We also need an analogous result in the special case G = Sping(k).

Proposition 7.2. Let G = Sping(k) and r, s be primes with s > 2. Fiz q € Q(r,s) and set
X = C1 x Cy, where C1 € C(G,r,q) and Cy € C(G, s,q). Then A is nonempty.

Proof. Fix a class C' = 2% in C(G,r,q) and let d; be the maximal dimension of an eigenspace
of « on the 8-dimensional irreducible kG-module V; = L(w;) for j = 1,3,4. By inspecting the
relevant conjugacy classes in GG and their images under a triality graph automorphism 7 of G,
it is straightforward to show that d; < 4 for all j.

To see this, first assume r = 2. If p # 2 then z has Jordan form (—1I4,I4) on V; and we
note that C is stable under 7, so d; = 4 for all j. Similarly, if p = 2 then z is a cs-type
involution and the same conclusion holds. Now assume r > 2. If r = p then

T = (J5,J3) ifp:5
(Jr, i) ifp>T7

and in each case C is stable under 7, whence d; = 4 if p = 3, otherwise d; = 2. Finally,
suppose 7 > 2 and r # p. Let 4 > 1 be minimal such that r divides ¢ — 1, so i € {1,2,3,4,6}.
If i € {3,6} then d; = 2 for all j and similarly d; € {2,4} if i = 4. Now assume i € {1,2}. If
r =3 then 2 = (I, \I3, \"'I3) or (I, Ao, \"'I3), noting that dim 2 = 18 in both cases, so
dj € {3,4} in this case. For r = 5 we get x = (I4, \, N>, \"1,A72) or (AL, A2 15, A1 1o, A7215),
where A € k is a primitive 5-th root of unity; in both cases dim z® = 20 and d; € {2,4}.
Finally, if r > 7 then dimz® = 24 and d; € {1,2}.

This justifies the claim and the result now follows via Theorem [4.7] O

We are now in a position to complete the proof of Theorem [9]

Proof of Theorem[9 Let r and s be primes with s > 2. By combining [16, Theorem 1.4] and
[7, Theorem 12] with the main results in [33] on classical and alternating groups of large rank
and degree, respectively, we only need to consider symplectic and orthogonal groups of fixed
rank. So let G = Sp,, (k) or Spin,, (k) be a simply connected simple algebraic group over an
algebraically closed field k of characteristic p > 0 and assume k is not algebraic over a finite
field. Since Spy (k) = SLa(k) and Sping(k) is isogenous to SL4(k), we may assume that either
n > N (see (3)) or G = Sping(k). Let us also assume that (r,s) # (2,3), (3,3) if G = Spy(k).

Fix ¢ € Q(r,s) and set X = Cy x Cy, where C; € C(G,r,q) and Cy € C(G,s,q). By
applying Propositions and we deduce that A is nonempty and thus

li P, s(G =1
ol Prs(Gla)

by [16, Lemma 6.4]. Finally, since Z(q) is contained in the Frattini subgroup of G(q), we
deduce that the same conclusion holds for the simple groups G(q)/Z(q). O

Let us highlight the anomaly of the 4-dimensional symplectic groups.

Theorem 7.3. Suppose G = Sp,(k), where k has characteristic p > 0.
(i) If (r,s) = (2,3), then P, s(G(q)) = 0 if p < 3 and limyoo P s(G(q)) =1/2 if p > 5.
(i) 1f (r,s) = (3,3), then Bya(Glg)) = 0 if p = 3 and

| [ 34 ifp>5
Jim Prs(G(q)) = { 1/2 ifp=2.

Proof. Let C' = 2% and D = y“ be conjugacy classes of maximal dimension, where = and
y have order 2 and 3 modulo Z(G), respectively. Note that C N G(q) and D N G(q) are
nonempty.
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If p# 2 then © = (A, \"'5) with A2 = —1. Similarly, if p # 3 then y = (Ao, \"'15)
or (I2, A, A™1) up to conjugacy, where A\> = 1. In particular, if p > 5 and X = C x D then
Theorem [] implies that A is nonempty if and only if D is the class of elements of the form
(I2, A\, \™1). Therefore, by arguing as in the proof of Theorem |§|, we deduce that

qlgglo P23(G(q)) = 5
if p > 5. Similarly, by considering X = D; X Dy where the D, are classes of elements of
order 3 of maximal dimension, we deduce that A is nonempty unless D1 = Dy is the class of
quadratic elements of order 3, whence

lim P53(G(q)) = —

q—00 4

for p # 3.

Next assume p = 3. As above, = is quadratic and we note that y is also quadratic, with
Jordan form (J3). Since G is not topologically generated by two quadratic elements, we
deduce that P53(G(q)) = P33(G(q)) = 0 for all ¢ = 37.

Finally, let us assume p = 2 and recall that G has two 4-dimensional irreducible restricted
kG-modules, denoted V; = L(wj) for j = 1,2. First note that = acts quadratically on both
modules (with Jordan form (J2)). Similarly, y acts quadratically on exactly one of the two
modules and we deduce that P 3(G(¢)) = 0. Finally, if D; and D2 denote the two classes
of elements of order 3, then A is nonempty if X = D; x Dy or Dy x D, and empty if
X = D; x D; for i = 1,2 (see Theorem [5.10). We conclude that P33(G(q)) — 1/2 when
p=2. Il

Finally, let us turn to Corollary which gives an asymptotic version of Conjecture 10| on
the generation of finite simple groups by two Sylow subgroups.

Proof of Corollary[1]]. Let G be a finite simple group and let r, s be prime divisors of |G| with
r < s. Clearly, if P s(G) > 0 then G is generated by a pair of Sylow subgroups corresponding
to the primes r and s. Therefore, by combining Theorems [J] and the proof of Corollary
is reduced to the following cases:

(a) (r,s) = (3,3) and G = Sp,(q) with ¢ = 3/; or
(b) (r,s) = (2,3) and G = Spy(q) with ¢ = 2/ or 3/; or
(c) () =(2,2).

First consider cases (a) and (b). Write ¢ = p/ where p is a prime and note that p € {r, s}.
In both cases, a maximal subgroup of G contains a Sylow p-subgroup of G if and only if it is
a parabolic subgroup. In particular, there are only two maximal subgroups of G containing a
fixed Sylow p-subgroup. The probability that a randomly chosen element of a given nontrivial
conjugacy class is contained in a fixed maximal parabolic subgroup tends to 0 as f tends to
infinity and the desired result follows.

Finally, consider case (c). By the main theorem of [I§], it follows that every nonabelian
finite simple group G can be generated by a Sylow 2-subgroup and an involution. The result
follows. O

Remark 7.4. Fix primes r and s and let (G;) be a sequence of finite simple groups, with
|G;| tending to infinity, such that each |G;| is divisible by r and s. In a sequel we will prove
that with probability tending to 1, G; = (P, @) for randomly chosen Sylow subgroups P and
Q) corresponding to the primes r and s. Let us briefly outline the main steps:

(a) By applying Theorems |§| and we can reduce the problem to the case where
r=s=2.
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(b) Suppose G = A,,. Fix a Sylow 2-subgroup P of G and note that P fixes at most
one subset of {1,...,n} of a given size. The probability that a random conjugate of
P fixes the same subset of size k is either 0 or (Z)_l, and clearly the sum of these
probabilities for 1 < k < n goes to 0 as n — co. Therefore, with probability tending
to 1 with n, the subgroup of G generated by two random Sylow 2-subgroups acts
transitively on {1,...,n}. By a classical theorem of Jordan (see [I1, Example 3.3.1],
for example), if n > 9 then G has no proper primitive subgroup containing a double
transposition. Therefore, the only obstruction to randomly generating G by a pair
of Sylow 2-subgroups is the possibility that they generate a transitive imprimitive
subgroup. But for any divisor m of n, a Sylow 2-subgroup of G stabilizes at most
one partition of {1,...,n} into parts of size m. Therefore, the probability that two
random Sylow 2-subgroups generate an imprimitive subgroup goes to 0 as n — oo.

(c) Finally, let G be a group of Lie type over F, of twisted Lie rank ¢. If ¢ is increasing,
then the desired result follows from [28, Theorems 3.1 and 3.2].

(d) Now assume / is fixed and ¢ tends to infinity. Suppose ¢ is even and let P be a Sylow
2-subgroup of G. By a lemma of Tits (see [42), 1.6]), there are precisely ¢ maximal
subgroups of G that contain P; one for each conjugacy class of maximal parabolic
subgroups of G. Therefore, the probability that P and a random conjugate of any
given nontrivial element generate G tends to 1 as g — oo.

(e) Finally, suppose ¢ is fixed, ¢ = p! is odd and f tends to infinity. Let G be the
corresponding simply connected simple algebraic group over an algebraically closed
field of characteristic p that is not algebraic over a finite field. Here the key step is to
extend our results on topological generation by establishing the existence of conjugacy
classes C; and C3 in G containing elements of order 2 and 4 (modulo the center of
(), respectively, with several desirable properties. In particular, we will show that
there exists a tuple (y1,y2) € C1 x Cy such that (y;,v2) is Zariski dense in G. From
here, it is relatively straightforward to complete the argument.

8. PROOF OF COROLLARY [

In this final section, we present a proof of Corollary [b] which is another consequence of our
main results.

As in the corollary, let G be a simple classical algebraic group over an algebraically closed
field k of characteristic p > 0 that is not algebraic over a finite field. Let V' be the natural
module for G and set n = dim V. Recall that n > M, where M is the integer defined in .
Define X as in , where each x; has prime order modulo Z(G), and let d; be the maximal
dimension of an eigenspace of x; on V. Let us assume there exists y € X such that G(y) acts
irreducibly on V.

First observe that the existence of such an element y implies that G(x) does not generically
fix a 1-dimensional subspace of V' and thus ), d; <n(r —1).

Suppose G = Sp,,(k), n > 4 and p = 2. Let ¢; = dim V* be the dimension of the
1-eigenspace of x; on V. If . e; = n(r — 1) then by arguing as in the proof of Lemma
3.38| we see that G(z) generically fixes a 1-dimensional subspace of the indecomposable
orthogonal kG-module W of dimension n + 1 (with socle of dimension n). Since G(z) does
not generically fix a 1-dimensional subspace of the socle of W it follows that G(x) generically
fixes a complement to the socle and is therefore contained in an orthogonal subgroup O, (k).

Therefore, we have ). d; < n(r — 1) and we may assume ), e; < n(r — 1) if G = Sp,,(k)
and p = 2. Then by Theorem [4 A is nonempty unless we are in one of the exceptional cases
recorded in parts (i) and (ii) in the statement of the theorem. If (i) holds, in which case
r = 2 and the z; are quadratic, then Lemma implies that each G(x) acts reducibly on
V. Similarly, by carefully inspecting the proof of Theorem {4} we find that each G(x) acts
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reducibly on V' whenever we are in any of the exceptional cases in part (ii) of the theorem.
The result follows.

This completes the proof of Corollary
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