Beiträge zur Algebra und Geometrie Contributions to Algebra and Geometry Volume 43 (2002), No. 2, 365-398.

The Classification of Generalized Quadrangles with Two Translation Points

Koen Thas

Ghent University, Department of Pure Mathematics and Computer Algebra Galglaan 2, B-9000 Ghent, Belgium e-mail: kthas@cage.rug.ac.be

Abstract. Suppose S is a finite generalized quadrangle (GQ) of order (s, t), s ≠ 1 ≠ t, and suppose that L is a line of S. A symmetry about L is an automorphism of the GQ which fixes every line of S meeting L (including L). A line is called an axis of symmetry if there is a full group of symmetries of size s about this line, and a point of a generalized quadrangle is a translation point if every line through it is an axis of symmetry. A GQ with a translation point is often called a translation generalized quadrangle. In the present paper, we classify the generalized quadrangles with at least two distinct translation points. In order to obtain the main result, we prove many more general theorems which are useful for the theory of span-symmetric generalized quadrangles (these are the GQ’s with non-concurrent axes of symmetry), and using earlier results of the author, we give more general versions of our main theorem.

As a by-product of the proof of our main result, we will show that for any spansymmetric generalized quadrangle S of order (s, t), s ≠ 1 ≠ t, s and t are powers of the same prime, and if s ≠ t and s is odd, then S always contains at least s + 1 classical subquadrangles of order s.

In an addendum we obtain an explicit construction of some classes of spreads for the point-line duals of the Kantor flock generalized quadrangles as a second by-product of the proof of our main result.

0138-4821/93 $ 2.50 cfl 2002 Heldermann Verlag

366 K. Thas: The Classification of Generalized Quadrangles with : : :

1. Introduction and statement of the main results

The main examples of finite generalized quadrangles (GQ’s) are essentially of five types: (1) they are inside a projective space PG(n, q) over the Galois field GF(q), and these are the socalled ‘classical examples’, (2) they are the point-line duals of the classical examples (the dual H(4, q^2)^D of the classical GQ H(4, q^2) is never embedded (in the usual sense) in a projective space), (3) they are of order (s−1, s+1) or, dually, of order (s+1, s−1), and the examples of this type all are in some way connected to ovals or hyperovals of PG(2, q), (4) they arise as translation generalized quadrangles (from generalized ovals or generalized ovoids, see below), and (5) they arise from flocks of the quadratic cone in PG(3, q) (see further). The main examples of GQ’s which were discovered in the past fifteen years all are of type (4) and (5), and these GQ’s all have a common property: the duals of the examples of type (5) all have at least one axis of symmetry (see below), and the examples of type (4) even have a point through which every line is an axis of symmetry, and in this case, this property characterizes this class of examples. This is a first motivation for the present paper: it is a step towards a classification of the generalized quadrangles with axes of symmetry. Aiming eventually at such a classification – a project which we started in [41] – our attention in [43] was drawn to the span-symmetric generalized quadrangles: these are the GQ’s which have non-concurrent axes of symmetry. In [43] we completely classified the span-symmetric generalized quadrangles of order s, s > 1, by proving that every span-symmetric generalized quadrangle of order s is classical, i.e. isomorphic to the GQ Q(4, s) which arises from a nonsingular parabolic quadric in PG(4, q). For span-symmetric generalized quadrangles of order (s, t) with s ≠ t, s ≠ 1 ≠ t, however, a similar result cannot hold (see below). Let K be the quadratic cone with equation X_0X_1 = X^2_2 of PG(3, q), q odd. Then the q planes π_t with equation tX_0 − mt^σX_1 + X_3 = 0, t ∈ GF(q), m a given non-square in GF(q) and σ a given field automorphism of GF(q), define a flock F of K, and the GQ which arises from F is the Kantor (flock) generalized quadrangle. If σ is the identity, the flock F is a linear flock and then the GQ is classical. Recently, S. E. Payne noticed that the dual Kantor flock generalized quadrangles are span-symmetric, and this infinite class of generalized quadrangles contains nonclassical examples. Moreover, every nonclassical dual Kantor flock GQ even contains a line L for which every line which meets L is an axis of symmetry! Kantor [12, 21] however gave a partial classification theorem of span-symmetric generalized quadrangles by proving that for a span-symmetric generalized quadrangle of order (s, t), s ≠ 1 ≠ t, necessarily t = s or t = s^2. Together with [43], this paper contributes to a classification of span-symmetric generalized quadrangles, and we will for instance show the following improvement of Kantor’s theorem.

Theorem 1. Let S be a span-symmetric generalized quadrangle of order (s, t), s ≠ 1 ≠ t. Then s = t or t = s^2, and s and t are powers of the same prime.

Moreover, in the case where s is odd, we obtain the following strong theorem.

Theorem 2. Suppose S is a span-symmetric generalized quadrangle of order (s, t), s ≠ 1 ≠ t, where s ≠ t and s is odd. Then S contains at least s + 1 subquadrangles isomorphic to the classical GQ Q(4, s).

K. Thas: The Classification of Generalized Quadrangles with : : : 367

Finally, another main goal of this paper is to state elementary combinatorial and group theoretical conditions for a GQ S such that S essentially arises from a flock, see also J. A. Thas [29], [31], [33], [32], [36] and K. Thas [45]. Our main result reads as follows:

Theorem 3. Suppose S is a generalized quadrangle of order (s, t), s ≠ 1 ≠ t, with two distinct collinear translation points. Then we have the following:

(i) s = t, s is a prime power and S ∼= Q(4, s); (ii) t = s^2, s is even, s is a prime power and S ∼= Q(5, s);

(iii) t = s^2, s = q^n with q odd, where GF(q) is the kernel of the TGQ S = S^{(∞)} with (∞) an arbitrary translation point of S, q ≥ 4n^2 − 8n + 2 and S is the point-line dual of a flock GQ S(F) where F is a Kantor flock;

(iv) t = s^2, s = q^n with q odd, where GF(q) is the kernel of the TGQ S = S^{(∞)} with (∞) an arbitrary translation point of S, q < 4n^2 − 8n + 2 and S is the translation dual of the point-line dual of a flock GQ S(F) for some flock F.

If a thick GQ S has two non-collinear translation points, then S is always of classical type, i.e. isomorphic to one of Q(4, s), Q(5, s).

For s even the classification theorem is complete.

We emphasize that this theorem is rather remarkable, since we start from some very easy combinatorial and group theoretical properties, while flock generalized quadrangles are concretely described using so called q-clans, 4-gonal families and finite fields. We give some variations and weakenings of the hypotheses of the main result in Section 14.

2. Notation and some basics

2.1. Introduction to generalized quadrangles A (finite) generalized quadrangle (GQ) of order (s, t) is an incidence structure S = (P, B, I) in which P and B are disjoint (nonempty) sets of objects called points and lines respectively, and for which I is a symmetric point-line incidence relation satisfying the following axioms. (GQ1) Each point is incident with t + 1 lines (t ≥ 1) and two distinct points are incident with at most one line.

(GQ2) Each line is incident with s + 1 points (s ≥ 1) and two distinct lines are incident with at most one point.

(GQ3) If p is a point and L is a line not incident with p, then there is a unique point-line pair (q, M) such that pIMIqIL. If s = t, then S is also said to be of order s.

Generalized quadrangles were introduced by J. Tits [48] in his celebrated work on triality, in order to understand the Chevalley groups of rank 2, as a subclass of a larger class of incidence structures, namely the generalized polygons, see [30] for a detailed overview without proofs, and [51] for an extensive analysis of the subject.

368 K. Thas: The Classification of Generalized Quadrangles with : : :

The main results, up to 1983, on finite generalized quadrangles are contained in the monograph Finite Generalized Quadrangles [21] (denoted FGQ) by S. E. Payne and J. A. Thas. A survey of some ‘new’ developments on this subject in the period 1984–1992, can be found in the article Recent developments in the theory of finite generalized quadrangles [28]. It is also worthwile mentioning [35].

Let S = (P, B, I) be a (finite) generalized quadrangle of order (s, t), s ≠ 1 ≠ t. Then |P | = (s + 1)(st + 1) and |B| = (t + 1)(st + 1). Also, s ≤ t^2 and, dually, t ≤ s^2, and s + t divides st(s + 1)(t + 1).

There is a point-line duality for GQ’s of order (s, t) for which in any definition or theorem the words “point” and “line” are interchanged and also the parameters. Normally, we assume without further notice that the dual of a given theorem or definition has also been given. Let p and q be (not necessarily distinct) points of the GQ S; we write p ∼ q and say that p and q are collinear, provided that there is some line L such that pILIq (so p ≁ q means that p and q are not collinear). Dually, for L, M ∈ B, we write L ∼ M or L ≁ M according as L and M are concurrent or non-concurrent. If p ≠ q ∼ p, the line incident with both is denoted by pq, and if L ∼ M ≠ L, the point which is incident with both is sometimes denoted by L ∩ M. For p ∈ P , put p^⊥ = {q ∈ P ‖ q ∼ p} (note that p ∈ p^⊥). For a pair of distinct points {p, q}, the trace of {p, q} is defined as p^⊥ ∩ q^⊥, and we denote this set by {p, q}^⊥. Then |{p, q}^⊥| = s + 1 or t + 1, according as p ∼ q or p ≁ q. More general, if A ⊂ P , A^⊥ is defined by A^⊥ = ⋂ {p^⊥ ‖ p ∈ A}. For p ≠ q, the span of the pair {p, q} is sp(p, q) = {p, q}^{⊥⊥} = {r ∈ P ‖ r ∈ s^⊥ for all s ∈ {p, q}^⊥}. When p ≁ q, then {p, q}^{⊥⊥} is also called the hyperbolic line defined by p and q, and |{p, q}^{⊥⊥}| = s + 1 or 2 ≤ |{p, q}^{⊥⊥}| ≤ t + 1 according as p ∼ q or p ≁ q. A triad of points (respectively lines) is a triple of pairwise non-collinear points (respectively pairwise disjoint lines). Given a triad T , a center of T is just an element of T^⊥. If p ∼ q, p ≠ q, or if p ≁ q and |{p, q}^{⊥⊥}| = t + 1, we say that the pair {p, q} is regular. The point p is regular provided {p, q} is regular for every q ∈ P \ {p}. Regularity for lines is defined dually. One easily proves that either s = 1 or t ≤ s if S has a regular pair of non-collinear points. A GQ of order (s, t) is called thick if s and t are both different from 1. A flag of a GQ is an incident point-line pair, and an anti-flag is a nonincident point-line pair. A subquadrangle, or also a subGQ, S^′ = (P^′, B^′, I^′) of a GQ S = (P, B, I) is a GQ for which P^′ ⊆ P , B^′ ⊆ B, and where I^′ is the restriction of I to (P^′ × B^′) ∪ (B^′ × P^′).

Notation. If (p, L) is a nonincident point-line pair of a GQ S, then the unique line which is incident with p and which meets L will be denoted by [p, L].

2.2. The classical generalized quadrangles

Consider a non-singular quadric of Witt index 2, that is, of projective index 1, in PG(3, q), PG(4, q), PG(5, q), respectively. The points and lines of the quadric form a generalized quadrangle which is denoted by Q(3, q), Q(4, q), Q(5, q), respectively, of order (q, 1), (q, q), (q, q^2), respectively. Next, let H be a nonsingular Hermitian variety in PG(3, q^2), respectively PG(4, q^2). The points and lines of H form a generalized quadrangle H(3, q^2), respectively

K. Thas: The Classification of Generalized Quadrangles with : : : 369

H(4, q^2), which has order (q^2, q), respectively (q^2, q^3). The points of PG(3, q) together with the totally isotropic lines with respect to a symplectic polarity form a GQ W (q) of order q. The generalized quadrangles defined in this paragraph are the so-called classical generalized quadrangles as defined by Tits in [5], see also Chapter 3 of FGQ. Sometimes we will say that a GQ is classical if it is isomorphic to a classical GQ.

3. Introduction to span-symmetric generalized quadrangles

3.1. Span-symmetric generalized quadrangles

Definition. A grid with parameters s + 1, 2 (respectively dual grid with parameters 2, t + 1) is a GQ of order (s, 1) (respectively of order (1, t)).

Suppose L is a line of a GQ S of order (s, t), s, t ≠ 1. A symmetry about L is an automorphism of the GQ which fixes every line of L^⊥. The line L is called an axis of symmetry if there is a full group H of symmetries of size s about L. In such a case, if M ∈ L^⊥ \ {L}, then H acts regularly on the points of M not incident with L.

Dually, one defines the notion center of symmetry. Any axis, respectively center, of symmetry in the GQ S of order (s, t), s ≠ 1 ≠ t, is a regular line, respectively point. A point of a GQ through which every line is an axis of symmetry is called a translation point.

Remark 4. Every line of the classical example Q(4, s) is an axis of symmetry [21].

Suppose S is a GQ of order (s, t), s, t ≠ 1, and suppose L and M are distinct non-concurrent axes of symmetry; then it is easy to see by transitivity that every line of {L, M}^{⊥⊥} is an axis of symmetry, and S is called a span-symmetric generalized quadrangle (SPGQ) with base-span {L, M}^{⊥⊥}. Let S be a span-symmetric GQ of order (s, t), s, t ≠ 1, with base-span {L, M}^{⊥⊥}. Throughout this paper, we will continuously use the following notations.

First of all, the base-span will always be denoted by L. The group which is generated by all the symmetries about the lines of L is G, and sometimes we will call this group the base-group. This group clearly acts 2-transitively on the lines of L, and fixes every line of L^⊥ (see for instance [21]). The set of all the points which are on lines of {L, M}^{⊥⊥} is denoted by Ω.^1 We will refer to Γ = (Ω, L ∪ L^⊥, I^′), with I^′ being the restriction of I to (Ω × (L ∪ L^⊥)) ∪ ((L ∪ L^⊥) × Ω), as being the base-grid.

The following remarkable theorem states that the order of an SPGQ is essentially known.

Result 5. (W. M. Kantor [12], see 10.7.4 of FGQ) Suppose S is a span-symmetric generalized quadrangle of order (s, t), s, t ≠ 1. Then t ∈ {s, s^2}.

Finally, the following result solves a twenty year old conjecture.

Result 6. (K. Thas [43]) A span-symmetric generalized quadrangle of order s, s ≠ 1 is always isomorphic to Q(4, s).

1Of course, Ω is also the set of points on the lines of {L, M}?; we have that |{L, M}?| = |{L, M}??| = s + 1.

370 K. Thas: The Classification of Generalized Quadrangles with : : :

Using the 4-gonal bases which correspond to SPGQ’s of order s (see [21, 10.7]), the following theorem is the group theoretical analogue of Result 6.

Result 7. (K. Thas [43]) A group is isomorphic to SL_2(s) for some s if and only if it contains a 4-gonal basis.

3.2. Split BN-pairs of rank 1 and SPGQ’s

A group with a split BN-pair of rank 1 (see e.g. [24, 49]) is a permutation group (X, H) which satisfies the following properties^2. (BN1) H acts 2-transitively on X;

(BN2) for every x ∈ X there holds that the stabilizer of x in H has a normal subgroup H_x which acts regularly on X \ {x}.

The elements of X are the points of the split BN-pair of rank 1, and for any x, the group H_x will be called a root group^3. An element of the group H which is generated by all the root groups is a transvection, and the group H is the transvection group. If X is a finite set, then the split BN-pair of rank 1 also is called finite. It is clear that the tranvection group acts 2-transitively on the set of points of X.

The following theorem classifies all finite split BN-pairs of rank 1 without using the classification of the finite simple groups, see E. E. Shult [25] and C. Hering, W. M. Kantor and G. M. Seitz [10].

Result 8. ([25, 10]) Suppose (X, H) is a group with a finite split BN-pair of rank 1, and suppose |X| = s + 1, with s < ∞. Then H must always be one of the following (up to isomorphism):

(1) a sharply 2-transitive group on X; (2) PSL_2(s);

(3) the Ree group R(^3 √ s) with^3 √ s an odd power of 3;

(4) the Suzuki group Sz( √ s) with √ s an odd power of 2;

(5) the unitary group PSU_3(^3 √ s^2).^4 2

Every root group has order s. In the first case, (X, H) is a 2-transitive Frobenius group, and it is a known theorem (see e.g. [7]) that s + 1 is the power of a prime; in all of the other cases, s is the power of a prime. Further, we have that |PSL_2(s)| = (s + 1)s(s − 1) or (s + 1)s(s − 1)/2, according as s is even or odd, and the group acts (sharply) 3-transitive on X if and only if s is even; in the other cases, we have that |R(^3 √ s)| = (s + 1)s(^3 √ s − 1), |Sz( √ s)| = (s + 1)s( √ s − 1), and |PSU_3(^3 √ s^2)| =^{(s+1)s( 3} √ s2−1) (3, 3 √ s+1) (by (a, b) we denote the

greatest common divisor of a and b, a, b ∈ N ). (For references on the orders of these groups, see [7, 11].)

Remark 9. The root groups of PSL_2(s) and of the sharply 2-transitive groups are the only ones to be (all) abelian.

2Split BN-pairs of rank 1 are essentially the same objects as Moufang sets as introduced by Tits in [50]. 3Note that here ‘H_x’ is not a notation for the stabilizer of x in H. 4Note that we use the projective notation (see e.g. [11]) for the unitary group.

K. Thas: The Classification of Generalized Quadrangles with : : : 371

3.3. SPGQ’s, split BN-pairs of rank 1 and a lemma concerning the order of the base-group of an SPGQ

Lemma 10. (K. Thas [43], see also 10.7 of FGQ) Suppose S is a span-symmetric GQ of order (s, t), s, t ≠ 1, with base-span L and base-group G. Then (L, G) is a finite split BN-pair of rank 1.

Proof. See K. Thas [43]. 2

Combining Result 8 and Lemma 10, we obtain the following theorem.

Theorem 11. Suppose S is a span-symmetric generalized quadrangle of order (s, t), s ≠ 1 ≠ t, with base-span L and base-group G. If N is the kernel of the action of the group G on the set L, then G/N acts as a sharply 2-transitive group on L, or is isomorphic to one of the following list:

(1) PSL_2(s); (2) R(^3 √ s); (3) Sz( √ s); (4) PSU_3(^3 √ s^2). 2

Lemma 12. Let S be an SPGQ of order (s, t), s ≠ 1 ≠ t, with base-grid Γ = (Ω, L ∪ L^⊥, I^′) and base-group G. Put L = {U_0, . . . , U_s} and suppose G_i is the group of symmetries about U_i for all i. If p is a point which is not an element of Ω, and U is a line through p which meets Ω in a certain point qIU_k, then every point on U which is different from q is a point of the G-orbit which contains p.

Proof. The group G_k acts transitively on the points of U different from q. 2

Lemma 13. Suppose S is an SPGQ of order (s, t), s ≠ 1 ≠ t, with base-grid Γ and basegroup G. Then G has size at least s^3 − s.

Proof. If s = t, then we already know by Section 3 that G has order s^3 − s, so suppose s ≠ t.

Set L = {U_0, . . . , U_s} and suppose G_i is the group of symmetries about U_i for all i. Suppose p is a point of S not incident with a line of L, and consider the following s + 1 lines M_i := [p, U_i]. If Λ is the G-orbit which contains p, then by Lemma 12 there holds that every point of M_i not in Ω is also a point of Λ. Now fix the line M_0, and consider an arbitrary point q ≠ p on M_0 which is not on a line of L. Then again every point of [q, U_i] not in Ω is a point of Λ. Hence we have the following inequality:

|Λ| ≥ 1 + (s + 1)(s − 1) + (s − 1)^2s, (1)

from which it follows that |Λ| ≥ s^3 − s^2 + s.

Now fix a line U of L^⊥. Every line of S which meets this line and which contains a point of Λ is completely contained in Λ ∪ Ω by Lemma 12. Also, G acts transitively on the points of U. Suppose k is the number of lines through a (= every) point of U which are completely

372 K. Thas: The Classification of Generalized Quadrangles with : : :

contained in Λ. If we count in two ways the number of point-line pairs (u, M) for which u ∈ Λ, M ∼ U and uIM, then there follows that

k(s + 1)s = |Λ| ≥ s(s^2 − s + 1) =⇒ k ≥ s^2 − s + 1 s + 1

= s − 2 + 3 s + 1

, (2)

and hence, since k ∈ N , we have that k ≥ s − 1. (3) Thus |Λ| ≥ s^3 − s and so also |G|. 2

4. Elation generalized quadrangles and translation generalized quadrangles

A whorl about the point p of S is a collineation of S which fixes each line through p. An elation about the point p is a whorl about p that fixes no point of P \ p^⊥. By definition, the identical permutation is an elation (about every point). If p is a point of the GQ S, for which there exists a group of elations G about p which acts regularly on the points of P \ p^⊥, then S is said to be an elation generalized quadrangle (EGQ) with elation point or base point p and elation group G, and we sometimes write (S^{(p)}, G) for S. If a GQ (S^{(p)}, G) is an EGQ with elation point p, and if any line incident with p is an axis of symmetry, then we say that S is a translation generalized quadrangle (TGQ) with base point p and translation group G. In such a case, G is uniquely defined; G is generated by all symmetries about every line incident with p, or, respectively, G is the set of all elations about p, see FGQ. Note that the base point of a TGQ is always a translation point. TGQ’s were introduced by J. A. Thas in [26] for the case s = t.

Result 14. (FGQ, 8.3.1) Let S = (P, B, I) be a GQ of order (s, t), s, t ≥ 1. Suppose each line through some point p is an axis of symmetry, and let G be the group generated by the symmetries about the lines through p. Then G is elementary abelian and (S^{(p)}, G) is a TGQ.

For the case s = t, we have the following result of [21], see also [41, 45] for several shorter proofs.

Result 15. (FGQ, 11.3.5) Let S = (P, B, I) be a GQ of order s, with s ≠ 1. Suppose that there are at least three axes of symmetry through a point p, and let G be the group generated by the symmetries about these lines. Then G is elementary abelian and (S^{(p)}, G) is a TGQ.

Result 16. (FGQ, 8.2.3, 8.3.2 and 8.5.2) Suppose (S^{(x)}, G) is an EGQ of order (s, t), s ≠ 1 ≠ t. Then (S^{(x)}, G) is a TGQ if and only if G is an (elementary) abelian group. Also in such a case there is a prime p and there are natural numbers n and k, where k is odd, such that either s = t or s = p^{nk} and t = p^{n(k+1)}. It follows that G is a p-group.

Finally, the following result is a recent result which will appear to be very usefull in the sequel.

K. Thas: The Classification of Generalized Quadrangles with : : : 373

Result 17. (J. A. Thas [37]) Suppose S^{(p)} is a TGQ of order (s, s^2) with s even, which contains at least two classical subGQ’s of order s containing the point p. Then S is isomorphic to Q(5, s).

Note. If S is the point-line dual of a TGQ S^D with base point p, where p corresponds to L in S, then we also say that S is a TGQ, and L is called the base line of the TGQ (L is a translation line).

5. The cases s = 2, s = 3 and s = 4

Suppose S is a GQ of order (2, t), t ≥ 2. Then by the divisibility condition of Section 2, there easily follows that t ∈ {2, 4}. There is a unique GQ of order 2, respectively (2, 4), namely the classical Q(4, 2), respectively Q(5, 2), see [21, 5.2.3], respectively [21, 5.3.2].

Next, suppose S is of order (3, t), t ≠ 1, and suppose S is an SPQG for some base-span L. Then by Result 5, t ∈ {3, 9}. There is a unique GQ (up to duality) of order 3, respectively (3, 9), namely the classical Q(4, 3), respectively Q(5, 3), see [21, 6.2.1], respectively [21, 6.2.3], and also [20], [6]. Since the GQ W (3), which is isomorphic to the dual Q(4, 3)^D of Q(4, 3) (see Chapter 5 of FGQ), contains no regular lines, and since an axis of symmetry is regular, we have the following easy corollary.

Theorem 18. Any SPGQ of order (s, t) with t ≠ 1 and s ∈ {2, 3} is classical. 2

The following theorem classifies all TGQ’s of order (4, 16).

Result 19. (M. Lavrauw and T. Penttila [14]) Any TGQ of order (4, 16) is isomorphic to Q(5, 4).

Finally, any GQ of order 4 is isomorphic to Q(4, 4) ∼= W (4) by [21, 6.3.1].

In the following we will sometimes suppose that s ≠ 2, 3, 4 if this seems convenient.

6. The nonsemi-regular case

Suppose that S is a span-symmetric generalized quadrangle of order (s, t), s, t ≠ 1, with base-span {L, M}^{⊥⊥} = L, base-group G and base-grid Γ = (Ω, L ∪ L^⊥, I^′). Furthermore, put L = {U_0, . . . , U_s} and suppose G_i is the group of symmetries about U_i for all i. Since the case s = t is completely settled by [43], we suppose that s ≠ t for convenience. Thus, by Result 5, we have that t = s^2.

In this section, it is our aim to exclude the case where G does not act semi-regularly on the points of S \ Ω and with s odd. In the even case, we will start from a slightly different situation. First, we recall an interesting fixed elements theorem for SPGQ’s.

Result 20. (S. E. Payne [16], see also 10.7.1 of FGQ) Let S be an SPGQ of order (s, t), s ≠ 1 ≠ t, with base-span L and base-group G. If θ ≠ 1 is an element of G, then the substructure S_θ = (P_θ, B_θ, I_θ) of elements fixed by θ must be given by one of the following:

374 K. Thas: The Classification of Generalized Quadrangles with : : :

(i) P_θ = ∅ and B_θ is a partial spread^5 containing L^⊥.

(ii) There is a line L ∈ L for which P_θ is the set of points incident with L, and M ∼ L for each M ∈ B_θ (L^⊥ ⊆ B_θ).

(iii) B_θ consists of L^⊥ together with a subset B^′ of L; P_θ consists of those points incident with lines of B^′.

(iv) S_θ is a subGQ of order (s, t^′) with s ≤ t^′ < t. This forces t^′ = s and t = s^2.

Suppose θ ≠ 1 is an element of G which fixes a point q of S \ Ω. Then by Result 20 the fixed elements structure of θ is a subGQ S_θ of order s. It is clear that S_θ is also span-symmetric with respect to the same base-span. Hence G_θ := G/N_θ with N_θ the kernel of the action of G on S_θ (we can speak of “an action” since G fixes S_θ) has order s^3 − s by Chapter 10 of [21]; G_θ is precisely the base-group corresponding to L seen as a base-span of S_θ. Since by [43] there holds that S_θ ∼= Q(4, s), there holds that G_θ ∼= SL_2(s).

Next, let x be an arbitrary point of S \ S_θ, and consider the set of points V = x^⊥ ∩ S_θ. Note that |V | = t + 1 = s^2 + 1 because S_θ is a GQ of order s and hence every line of S meets S_θ, see Chapter 2 of [21]. Then x cannot be fixed by θ – otherwise θ = 1, see also Chapter 2 of [21] – and {x, x^θ} ⊆ V^⊥. The GQ S has order (s, s^2), and hence |{x, x^θ}^{⊥⊥}| = 2, see Chapter 1 of FGQ. Thus, since N_θ acts semi-regularly on the points of S outside S_θ, there follows that N_θ has size 2 if N_θ is not trivial. So, N_θ is a normal subgroup of G of order 2 and N_θ is thus contained in the center of G.

We obtain the following pathological situation:

• G_θ = G/N_θ ∼= SL_2(s);

• |N_θ| = 2 and, as a normal subgroup of order 2 of G, N_θ is contained in the center Z(G) of G;

• |G| = 2(s^3 − s).

Lemma 21. Suppose S is an SPGQ of order (s, t), s ≠ 1 ≠ t, with base-span L and basegroup G, and suppose s is the power of a prime p. If s is the largest power of p which divides |G|, then the groups of symmetries about the lines of L are precisely the Sylow p-subgroups of G, and hence G is generated by its Sylow p-subgroups.

Proof. Put L = {U_0, . . . , U_s}, and suppose G_i is the full group of symmetries about U_i, i = 0, 1, . . . , s. Since the groups G_j all have order s, there follows that all these groups are Sylow p-subgroups in G. By Lemma 10, the set T = {G_0, . . . , G_s} is a complete conjugacy class in G, implying that every Sylow p-subgroup of G is contained in T , and hence G has exactly s + 1 Sylow p-subgroups. 2

Definition and notation. If G is a group, then by G^′ we denote the derived group of G, see [13]. If G is a group for which G = G^′, then G is called a perfect group.

Lemma 22. If G does not act semi-regularly on S \ Ω, then G is perfect if s > 3 and s odd.

5This is a set of mutually non-concurrent lines, see also the addendum.

K. Thas: The Classification of Generalized Quadrangles with : : : 375

Proof. Suppose G does not act semi-regularly on S \Ω, and suppose G ≠ G^′. Then (G/N_θ)^′ = G^′N_θ/N_θ = G/N_θ (the group SL_2(s) is perfect if s ≠ 2, 3, see [13]), and hence G^′N_θ = G, and G^′ is a subgroup of G of index 2. Since s is odd, there follows that G and G^′ have exactly the same Sylow p-subgroups, with s a power of the odd prime p. The group G is generated by its subgroups G_i, and since these are precisely the Sylow p-subgroups by Lemma 21, there follows that G = G^′, a contradiction. Hence G is perfect. 2

The following notions and results are taken from [1, 1.4C]. Suppose G and H are groups. Then H is called a central extension of G if there is a surjective homomorphism ϕ : H −→ G for which ker(ϕ) ≤ Z(H) (ker(ϕ) is the kernel of the homomorphism ϕ, Z(H) is the center of H). Sometimes the pair (H, ϕ) is also called a central extension of G. A central extension (G, ξ) of a group G is called universal, if for any other central extension (H, ξ^′) of G there exists a unique homomorphism ψ : G −→ H such that the diagram defined by G^ψ−→ H^{ξ0}−→ G and G^ξ−→ G commutes. If a group G has a universal central extension G, then G is known to be unique, up to isomorphism.

Result 23. ([1]) A group G has a universal central extension if and only if it is perfect. The universal central extension of a group is always perfect if it exists.

Using the preceding remarks and Result 23, it is possible to prove the following well-known result.

Result 24. ([1]) Suppose G is a perfect group, and suppose G is its universal central extension. Furthermore, let H be a perfect group which is a central extension of G. Then there exists a subgroup N of the center Z(G) of G, such that G/N ∼= H. Lemma 25. G acts semi-regularly on S \ Ω if s is odd.

Proof. First suppose that s = 3. Then S ∼= Q(4, 3) by Section 5, and then it is well-known that G ∼= SL_2(3), hence G acts semi-regularly on S \ Ω by Lemma 13 and the fact that |SL_2(q)| = q^3 − q for arbitrary q.

Next suppose that G does not act semi-regularly on the points of S \ Ω, and suppose S is of order (s, t), 1 < s ≠ 3, 9 and s odd. We then know that G/N_θ ∼= SL_2(s) with s a power of an odd prime p and s ≠ 3, 9, and where N_θ is a central subgroup of order 2. The group G is perfect by Lemma 22 and has size 2(s^3 − s), see above. It is a known fact that the universal

376 K. Thas: The Classification of Generalized Quadrangles with : : :

central extension of SL_2(s) coincides with SL_2(s) if s ≠ 4, 9, see [13], and this contradicts the fact that |G| = 2(s^3 − s). Hence G does act semi-regularly on the points of S \ Ω.

Finally, suppose that s = 9. It is a well-known fact, see e.g. [13], that, if PSL_2(9) is the univeral central extension of PSL_2(9), there are four possibilities for the central extension G of PSL_2(9);

• G = PSL_2(9); • G ∼= PSL_2(9)/C_2; • G ∼= PSL_2(9); • G ∼= SL_2(9).

Suppose that G does not act semi-regularly on S \ Ω. Then by Lemma 22 G is a perfect group, G_θ = G/N_θ ∼= SL_2(9), and N_θ ≤ Z(G) as a normal subgroup of G of order 2. Hence G is a perfect central extension of SL_2(9), and |G| = 4|PSL_2(9)| = 2|SL_2(9)|. This is clearly impossible. Hence G acts semi-regularly on S \ Ω. 2

Lemma 26. Suppose S is a GQ of order (s, t), where s ≠ t and s ≠ 1 ≠ t, and suppose L is a line of which every point is a translation point. Furthermore, fix two non-concurrent lines U and V of L^⊥ and suppose that s is even. If G is the base-group which is defined by the base-span {U, V }^{⊥⊥}, and G does not act semi-regularly on the points of S \ Ω, then S is classical, i.e. isomorphic to Q(5, s).

Proof. If G does not act semi-regularly on S \ Ω, then by the same argument as in the odd case, there follows that S_θ is a classical subGQ of order s, with S_θ as above. Since L contains at least one translation point, it follows easily that S contains at least two classical subGQ’s which contain a translation point of S. Hence by Result 17, we have that S is isomorphic to the classical Q(5, s). 2

Note. It follows that this case does not occur since G acts semi-regularly on S \ Ω if S ∼= Q(5, s) (see further on).

7. The sharply 2-transitive case

In this section it is our goal to exclude the case where G/N acts sharply 2-transitive on the lines of L, if s > 3 (for notations, see below). Recall that N is the kernel of the action of G on the lines of L.

Definition. Suppose S is a GQ of order (s, s^2), s ≠ 1. Then for any triad of points {p, q, r}, |{p, q, r}^⊥| = s + 1, see 1.2.4 of [21]. Evidently |{p, q, r}^{⊥⊥}| ≤ s + 1. We say that {p, q, r} is 3-regular provided that |{p, q, r}^{⊥⊥}| = s + 1. A point p is 3-regular if each triad of points containing p is 3-regular.

Result 27. (J. A. Thas [34], see 2.6.1 of FGQ) Let {x, y, z} be a 3-regular triad of the GQ S = (P, B, I) of order (s, s^2), s ≠ 1, and let P^′ be the set of all points incident with lines of the form uv, with u ∈ {x, y, z}^⊥ = X and v ∈ {x, y, z}^{⊥⊥} = Y. If L is a line which is incident with no point of X ∪ Y and if k is the number of points in P^′ which are incident with L, then k ∈ {0, 2} if s is odd and k ∈ {1, s + 1} if s is even.

K. Thas: The Classification of Generalized Quadrangles with : : : 377

Let {x, y, z} be a 3-regular triad of the GQ S = (P, B, I) of order (s, s^2), s ≠ 1 and s even. Let P^′ be the set of all points incident with lines of the form uv, with u ∈ {x, y, z}^⊥ = X and v ∈ {x, y, z}^{⊥⊥} = Y, and let B^′ be the set of lines L which are incident with at least two points of P^′. Then J. A. Thas proves in [34] (see also [21, 2.6.2]) that, with I^′ the restriction of I to (P^′ × B^′) ∪ (B^′ × P^′), the geometry S^′ = (P^′, B^′, I^′) is a subGQ of S of order s. Moreover, (x, y) is a regular pair of points of S^′, with {x, y}^{⊥0} = {x, y, z}^⊥ and {x, y}^{⊥0 ⊥0} = {x, y, z}^{⊥⊥} (with the meaning of “^′ ” being obvious).

Lemma 28. Let S be an SPGQ of order (s, t), s ≠ 1 ≠ t, with base-span L, base-grid Γ = (Ω, L ∪ L^⊥, I^′) and base-group G. Furthermore, let N be the kernel of the action of G on L. If G acts semi-regularly on S \ Ω, then G/N cannot act as a sharply 2-transitive group on the lines of L if s > 3.

Proof. Suppose G/N acts as a sharply two-transitive group on the lines of L. Then |G/N| = (s + 1)s. Hence, since |G| ≥ s^3 − s, we have that |N| ≥ s − 1. Let q be an arbitrary point of S \ Ω, and define V as V := q^⊥ ∩ Ω (so |V | = s + 1). Then since G acts semi-regularly on the points of S \ Ω, there follows that |N| = |q^N |, and q^N ⊆ V^⊥. The GQ S is of order (s, s^2), s ≠ 1, hence every triad of points has exactly s + 1 centers, see FGQ [21, 1.2.4]. So, we immediately have that |N| = |q^N | ≤ s + 1.

Now suppose that |N| ≠ s − 1, so that |N| ∈ {s, s + 1}. First suppose |N| = s. Then the order of G is s^2(s + 1), and by the semi-regularity condition this must be a divisor of |S \ Ω| = (s + 1)(s^3 − s), clearly a contradiction. Hence |N| = s + 1.

Now suppose that s is odd. Since G/N is supposed to be a sharply 2-transitive group on the lines of L, there follows that |G| = (s + 1)^2s. Suppose that Λ is a G-orbit in S \ Ω, so since G acts semi-regularly on S \ Ω there holds that |Λ| = |G|. Consider an arbitrary point p in Λ. Then every point of X = p^N is collinear with every point of Y = p^⊥ ∩ Ω, and we denote the set of points which are on a line of the form uv with u ∈ X and v ∈ Y by XY. It is clear that XY \ Y is completely contained in Λ, and that the order of this set is (s + 1)s^2. Now take a point q of Λ outside XY. The points of X and Y are the points of a dual grid with parameters (s + 1, s + 1), and hence, if x, y and z are arbitrary distinct points of Y (or X), there follows that the triad {x, y, z} is 3-regular. Put q^N = {q = q^0, q^1, . . . , q^s}. If q^i is an arbitrary point of q^N , then there follows that |Y ∩ (q^i)^⊥| =: k_{qi} ≤ 2. One notes that k_{qi} = k_{qj} =: k for some constant k, and that Y ∩ (q^i)^⊥ = Y ∩ (q^j)^⊥, for all i and j, by the action of N. If W is an arbitrary line through q which intersects Ω, then W does not contain a point of X since this would imply that q is not outside XY. Applying Result 27 (and recalling the fact that s is odd), we count the number of points which are collinear with a point of q^N and contained in Λ, together with the points of XY ∩ Λ. One notes that every point of q^N is collinear with every point of q^⊥ ∩ Ω, and also that q^N is skew to XY. We obtain the following.

|Λ| = (s + 1)^2s ≥ (s + 1)s^2 + s + 1 + k(s + 1)(s − 1) + (s + 1)(s + 1 − k)(s − 3),

with k ∈ {0, 1, 2}, from which follows that s < 4, a contradiction. Hence this case is excluded.

Next, suppose that s is even. From the fact that |N| = s+1, there follows that S contains a 3-regular triad, and hence a subGQ S^′ of order s. There follows that |XY| = |S^′|. Take

378 K. Thas: The Classification of Generalized Quadrangles with : : :

a point q of Λ outside XY. Then every line which is incident with q and which intersects Ω has exactly one point in common with S^′. Counting the number of points which are collinear with a point of q^N and contained in Λ, together with the points of XY ∩ Λ, we get the following inequality.

|Λ| = (s + 1)^2s ≥ (s + 1)s^2 + s + 1 + (s + 1)^2(s − 2),

and thus there holds that 2s + 1 ≥ s^2, a contradiction if s ≥ 3. The proof is complete. 2

8. Construction of subquadrangles

Suppose S is an SPGQ of order (s, s^2), s ≠ 1, with base-span {U, V }^{⊥⊥}, base-group G and base-grid Γ = (Ω, L ∪ L^⊥, I^′). Also, suppose that G acts semi-regularly on the points of S \ Ω and that G has order (s + 1)s(s − 1). Let Λ be an arbitrary G-orbit in S \ Ω, and fix a line W of L^⊥. By the semi-regularity of G onto the points of S \Ω, the fact that |G| = (s+1)s(s−1) and that G acts transitively on the points of W , we have that any point on W is incident with exactly s − 1 lines of S which are completely contained in Λ except for the point on W which is in Ω, and every point of Λ is incident with a line which meets W (recall that G is generated by groups of symmetries). Now define the following incidence structure S^′ = (P^′, B^′, I^′);

• Lines. The elements of B^′ are the lines of S^′ and they are essentially of two types:

1. the lines of {U, V }^⊥ ∪ {U, V }^{⊥⊥};

2. the lines of S which contain a point of Λ and a point of Ω.

• Points. The elements of P^′ are the points of the incidence structure and they are just the points of Ω ∪ Λ.

• Incidence. Incidence I^′ is the ‘induced incidence’.

Then by the previous lemmas and observations, any point of S^′ is incident with s + 1 lines of S^′ and any line of S^′ is incident with s + 1 points of the structure, and there are exactly (s + 1)(s^2 + 1) points and equally as many lines, and hence one can easily conclude that S^′ is a generalized quadrangle of order s (since it is a subgeometry of a GQ, it cannot contain triangles).

Remark 29. The GQ S^′ is isomorphic to the GQ Q(4, s) by K. Thas [43], since S^′ is clearly span-symmetric for the base-span L.

Lemma 30. Suppose that S is a span-symmetric generalized quadrangle of order (s, t), s, t ≠ 1, with base-span {L, M}^{⊥⊥} = L, base-group G and base-grid Γ = (Ω, L ∪ L^⊥, I^′). Furthermore, let N be the kernel of the action of G on L. If G/N does not act as a sharply 2-transitive group on the lines of L and G acts semi-regularly on the points of S \ Ω, then G is perfect.

Proof. If G/N does not act as a sharply 2-transitive group on L, then we proved in Theorem 11 that G/N is isomorphic to one of the following list: (a) PSL_2(s), (b) R(^3 √ s), (c) Sz( √ s), or

K. Thas: The Classification of Generalized Quadrangles with : : : 379

(d) PSU_3(^3 √ s^2). All these groups are perfect groups, see [13]. Hence, since G/N is a perfect group, there follows that (G/N)^′ = (G/N) = G^′N/N, and thus G^′N = G.

Since G acts semi-regularly on S \ Ω, there follows that |G| = |G/N| × |N| = (s^n − 1)(s + 1)s/r × |N|, with r ∈ {1, 2, (3,^3 √ s + 1)} and n ∈ {1, 2/3, 1/2, 1/3}, is a divisor of |S \ Ω| = (s + 1)(s^3 − s), where r = 2 if and only if s is even and G/N ∼= PSL_2(s) and where r = (3,^3 √ s + 1) if and only if G/N ∼= PSU_3(^3 √ s^2).

Hence, we have that r(s^2 − 1)/(s^n − 1) ≡ 0 mod |N|. (4) First suppose that s is odd, or that s is even and G/N ≁= PSL_2(s).

If r = (3,^3 √ s + 1) and G/N ∼= PSU_3(^3 √ s^2), then s and |N| have a nontrivial common divisor if and only if r = 3 and if 3 is a divisor of s, clearly in contradiction with 3 = (3,^3 √ s+1).

It follows now immediately from (4) that |N| and s are coprime. Hence with s = p^h for some odd prime p and h ∈ N_0 , s is the largest power of p which divides |G|. Thus the full groups of symmetries about the lines of L are exactly the Sylow p-subgroup of G by Lemma 21.

Now suppose G ≠ G^′. We know that |N| and s are coprime, so since |G^′| = (|G| × |G^′ ∩ N|)/|N|, there follows that |G^′| ≡ 0 mod s and G and G^′ have exactly the same Sylow p-subgroups. But G^′ ≤ G and G is generated by its Sylow p-subgroups, so G = G^′, a contradiction. Hence G is perfect. Next, suppose that s is even and that G/N ∼= PSL_2(s).

Then we know that |G| = |G/N| × |N| = |N| × |PSL_2(s)| = |N| × (s^3 − s) is a divisor of (s + 1)(s^3 − s), and again there follows that s and |N| are mutually coprime. In the same way as before, there follows now that G is a perfect group. 2

Remark 31. For s = 2 or s = 3, G/N ∼= PSL_2(2) or PSL_2(3) since S is classical, and in both cases G/N acts sharply 2-transitive on L.

The following crucial result is taken from [43], but we repeat the proof here since that paper essentially only covers the case s = t (although that specific theorem was also valid in general).

Lemma 32. (K. Thas [43]) Suppose S is an SPGQ of order (s, t), s ≠ 1 ≠ t, with base-span L and base-group G. If N is the kernel of the action of G on the lines of L, then N is in the center of G.

Proof. Fix non-concurrent lines U and U^′ of L, and suppose that N is the kernel of the action of G on the lines of {U, U^′}^{⊥⊥} (so N fixes every point of Ω). Then N is a normal subgroup of G. Let H be the full group of symmetries about an arbitrary line M of {U, U^′}^{⊥⊥}. Then N and H normalize each other, and hence they commute. 2

Lemma 33. Suppose that S is a span-symmetric generalized quadrangle of order (s, t), s, t ≠ 1, with base-span L, base-group G and base-grid Γ = (Ω, L ∪ L^⊥, I^′). Furthermore, let N be the kernel of the action of G on L. If G/N does not act as a sharply 2-transitive group on L, then G is a perfect group.

Proof. By Section 6 there follows that G acts semi-regularly on the points of S \ Ω, and by Lemma 30 the lemma follows. 2

380 K. Thas: The Classification of Generalized Quadrangles with : : :

Lemma 34. If S is an SPGQ of order (s, t), s ≠ 1 ≠ t and s ≠ t, with base-group G and base-span L, then G/N acts either as a PSL_2(s) or a sharply 2-transitive group on the lines of L.

Proof. Assume by way of contradiction that G/N does not act as a PSL_2(s) or a sharply 2-transitive group on the lines of L. First of all, by Lemma 33, G is a perfect group, and since N is in the center of G, we have that the group G is a perfect central extension of the group G/N which acts on L. Since G is perfect, there is a subgroup F of the center of the universal central extension G/N of G/N for which G/N/F ∼= G. We now look at the possible cases.

1. If G/N ∼= Sz( √ s), then N must be trivial if √ s > 8 since the Suzuki group has a trivial universal central extension (i.e. G/N ∼= G/N) if √ s > 8 [13], an impossibility since the orders of G and Sz( √ s) are not the same. If √ s = 8, then we have the following possibilities for the orders of any perfect central extension H of Sz(8). (a) |H| = |Sz(8)|; (b) |H| = 2|Sz(8)|; (c) |H| = 4|Sz(8)|.

None of these cases occurs since |G| ≥ (64)^3 − 64 = 262080 and since |Sz(8)| = 29120. 2. If G/N ∼= R(^3 √ s), then we have exactly the same situation as in the preceding case [13], hence this case is excluded as well.

3. Finally, assume that G/N ∼= PSU_3(^3 √ s^2). The universal extension of PSU_3(^3 √ s^2) is known to be SU_3(^3 √ s^2) [13], and also, we know that |SU_3(^3 √ s)| =(3,^3 √ s+1)|PSU_3(^3 √ s)| = (s + 1)s(^3 √ s^2 − 1) [7, 11]. This provides us the contradiction since with s > 1 there follows that s − 1 >^3 √ s^2 − 1.

The assertion is proved. 2

Lemma 35. Suppose S is an SPGQ of order (s, t), s ≠ 1 ≠ t and s ≠ t, with base-group G and base-span L. If s is odd, then G is always of order s^3 − s and G acts semi-regularly on the points of S \ Ω.

Proof. For s = 3 the case is already settled, so we can suppose that s ≠ 3. Putting the results of the preceding sections together, we obtain the following properties if s ≠ 3.

1. If G acts semi-regularly on S \ Ω, then G/N cannot act as a sharply 2-transitive group on L (where N is the kernel of the action of G on L).

2. G acts semi-regularly on S \ Ω.

3. G acts sharply 2-transitive on the lines of L or as a PSL_2(s).

4. If G/N ∼= PSL_2(s) and G acts semi-regularly on the points of S \ Ω, then G is a perfect group. 5. |G| ≥ s^3 − s. 6. N is contained in the center of G.

K. Thas: The Classification of Generalized Quadrangles with : : : 381

By (1), (2) and (3), we know that G/N ∼= PSL_2(s), and by (4) we can conclude that G is a perfect group. Since N is contained in the center of G, this means that G is a perfect central extension of PSL_2(s). By definition, this also means that G is a central quotient of the universal central extension of PSL_2(s), which we denote by PSL_2(s).

First suppose s ≠ 9. Because of (5), G does not coincide with PSL_2(s), and if s ≠ 9, 4, then it is known that PSL_2(s) = SL_2(s), and |SL_2(s)| = s^3 − s, see [13]. From (5) it follows now immediately that G ∼= SL_2(s), and hence the order of G is precisely s^3 − s.

Now put s = 9. We already know that G is a perfect central extension of PSL_2(9). We recall from Lemma 30 that, since G/N ∼= PSL_2(9), |N| is a divisor of 2(s+1) = 20, and from previous observations we can assume that |N| < s + 1. It follows directly that |N| ∈ {2, 4, 5}. Recalling the possible perfect central extensions of PSL_2(9), it is clear that |N| ∉ {4, 5}, and hence |N| = 2. Thus G ∼= SL_2(9). Thus, we can conclude that |G| = 9^3 − 9. 2

Lemma 36. If s is even and if every line which meets some line L ∈ {U, V }^⊥ is an axis of symmetry, then G is always of order s^3 − s and G acts semi-regularly on the points of S \ Ω.

Proof. In this case, we also have the properties (1)–(5). And as in the proof of Lemma 35, there follows that G is a perfect central extension of PSL_2(s). Since PSL_2(s) = SL_2(s) ∼= PSL_2(s) if s is even and s ≠ 4, there follows by (5) that G ∼= SL_2(s), hence |G| = s^3 − s.

Now put s = 4. Then by Result 19, S ∼= Q(5, 4) and the assertion becomes trivial. 2

Theorem 37. Suppose S is a span-symmetric generalized quadrangle with base-span {U, V }^{⊥⊥} and of order (s, t), s ≠ 1 ≠ t and s ≠ t. Furthermore, suppose G acts semi-regularly on S \ Ω and that G has order s^3 − s. Then there exist s + 1 subquadrangles of order s which are all isomorphic to Q(4, s), and such that they mutually intersect exactly in the points and lines of {U, V }^⊥ ∪ {U, V }^{⊥⊥}. Proof. From each G-orbit in S \Ω there arises a GQ of order s which is classical by Remark 29, i.e. isomorphic to Q(4, s). There are exactly s + 1 such distinct G-orbits, and G fixes each orbit. 2

9. Proof of Theorem 1 and Theorem 2

In this section we prove two strong results on (general) span-symmetric GQ’s. The first result is an improvement of Result 5 of Kantor.

9.1. Proof of Theorem 1

If S is an SPQG of order (s, t), s ≠ 1 ≠ t, then s = t or t = s^2 by Result 5. If s = t, then by Result 6, S ∼= Q(4, s), and hence s is a prime power. Now suppose t = s^2. Then by Section 7, Lemma 35 and Lemma 36 the theorem follows. 2

382 K. Thas: The Classification of Generalized Quadrangles with : : :

9.2. Proof of Theorem 2

Suppose S is an SPGQ with base-span {U, V }^{⊥⊥} and of order (s, t), s, t ≠ 1 and s ≠ t, s odd. Then G acts semi-regularly on S \ Ω and G has order s^3 − s. Consequently, there exist s + 1 subquadrangles of order s which are all isomorphic to Q(4, s), and such that they mutually intersect exactly in the points and lines of {U, V }^⊥ ∪ {U, V }^{⊥⊥}. 2

Appendix. In [46], we have established the even case of Theorem 2.

10. Flock generalized quadrangles and property (G)

10.1. Property (G)

Let S be a generalized quadrangle of order (s, s^2), s ≠ 1. Let x_1, y_1 be distinct collinear points. We say that the pair {x_1, y_1} has Property (G), or that S has Property (G) at {x_1, y_1}, if every triad {x_1, x_2, x_3} of points for which y_1 ∈ {x_1, x_2, x_3}^⊥ is 3-regular. The GQ S has Property (G) at the line L, or the line L has Property (G), if each pair of points {x, y}, x ≠ y and xILIy, has Property (G). If (x, L) is a flag, then we say that S has Property (G) at (x, L), or that (x, L) has Property (G), if every pair {x, y}, x ≠ y and yIL, has Property (G). Property (G) was introduced by S. E. Payne [18] in connection with generalized quadrangles of order (q^2, q) arising from flocks of quadratic cones in PG(3, q), see below.

10.2. Flock generalized quadrangles, 4-gonal families and q-clans

Suppose (S^{(p)}, G) is an EGQ of order (s, t), s, t ≠ 1, with elation point p and elation group G, and let q be a point of P \ p^⊥. Let L_0, L_1, . . . , L_t be the lines incident with p, and define r_i and M_i by L_iIr_iIM_iIq, 0 ≤ i ≤ t. Put H_i = {θ ∈ G ‖ M^θ_i = M_i}, H^∗_i = {θ ∈ G ‖ r^θ_i = r_i}, and J = {H_i ‖ 0 ≤ i ≤ t}. Also, set J^∗ = {H^∗_i ‖ 0 ≤ i ≤ t}. Then |G| = s^2t and J is a set of t + 1 subgroups of G, each of order s. Also, for each i, H^∗_i is a subgroup of G of order st containing H_i as a subgroup. Moreover, the following two conditions are satisfied: (K1) H_iH_j ∩ H_k = 1 for distinct i, j and k; (K2) H^∗_i ∩ H_j = 1 for distinct i and j.

Conversely, if G is a group of order s^2t and J (respectively J^∗) is a set of t + 1 (respectively t + 1) subgroups H_i (respectively H^∗_i ) of G of order s (respectively of order st), and if the conditions (K1) and (K2) are satisfied, then the H^∗_i are uniquely defined by the H_i, and (J , J^∗) is said to be a 4-gonal family of type (s, t) in G.

Let (J , J^∗) be a 4-gonal family of type (s, t) in the group G of order s^2t, s, t > 1. Define an incidence structure S(G, J ) as follows.

• Points of S(G, J ) are of three kinds:

(i) elements of G;

(ii) right cosets H^∗_i g, g ∈ G, i ∈ {0, . . . , t}; (iii) a symbol (∞).

K. Thas: The Classification of Generalized Quadrangles with : : : 383

• Lines are of two kinds:

(a) right cosets H_ig, g ∈ G, i ∈ {0, . . . , t}; (b) symbols [H_i], i ∈ {0, . . . , t}.

• Incidence. A point g of type (i) is incident with each line H_ig, 0 ≤ i ≤ t. A point H^∗_i g of type (ii) is incident with [H_i] and with each line H_ih contained in H^∗_i g. The point (∞) is incident with each line [H_i] of type (b). There are no further incidences.

It is straightforward to check that the incidence structure S(G, J ) is a GQ of order (s, t). Moreover, if we start with an EGQ (S^{(p)}, G) to obtain the family J as above, then we have that (S^{(p)}, G) ∼= S(G, J ); for any h ∈ G let us define θ_h by g^{θh} = gh, (H_ig)^{θh} = H_igh, (H^∗_i g)^{θh} = H^∗_i gh, [H_i]^{θh} = [H_i], (∞)^{θh} = (∞), with g ∈ G, H_i ∈ J , H^∗_i ∈ J^∗. Then θ_h is an automorphism of S(G, J ) which fixes the point (∞) and all lines of type (b). If G^′ = {θ_h ‖ h ∈ G}, then clearly G^′ ∼= G and G^′ acts regularly on the points of type (1). Hence, a group of order s^2t admitting a 4-gonal family can be represented as a general elation group of a suitable elation generalized quadrangle. This was first noted by Kantor [12].

Let F = GF(q), q any prime power, and put G = {(α, c, β) ‖ α, β ∈ F^2 , c ∈ F}. Define a binary operation on G by (α, c, β)(α^′, c^′, β^′) = (α + α^′, c + c^′ + βα^{′T} , β + β^′). This makes G into a group whose center is C = {(0, c, 0) ∈ G ‖ c ∈ F}. Let C = {A_u : u ∈ F} be a set of q distinct upper triangular 2 × 2-matrices over F. Then C is called a q-clan provided A_u − A_r is anisotropic whenever u ≠ r, i.e. α(A_u − A_r)α^T = 0 has only the trivial solution α = (0, 0).

For A_u ∈ C, put K_u = A_u + A^T_u . Let A_u = ( x_u y_u 0 z_u ) , x_u, y_u, z_u, u ∈ F. For q odd, C is a

q-clan if and only if

− det(K_u − K_r) = (y_u − y_r)^2 − 4(x_u − x_r)(z_u − z_r) (5)

is a nonsquare of F whenever r, u ∈ F, r ≠ u. For q even, C is a q-clan if and only if

y_u ≠ y_r and tr((x_u + x_r)(z_u + z_r)(y_u + y_r)^{−2}) = 1 (6)

whenever r, u ∈ F, r ≠ u.

Now we can define a family of subgroups of G by A(u) = {(α, αA_uα^T , αK_u) ∈ G ‖ α ∈ F2 }, u ∈ F, and A(∞) = {(0, 0, β) ∈ G ‖ β ∈ F^2 }. Then put J = {A(u) ‖ u ∈ F ∪ {∞}} and J^∗ = {A^∗(u) ‖ u ∈ F ∪ {∞}}, with A^∗(u) = A(u)C. So A^∗(u) = {(α, c, αK_u) ∈ G ‖ α ∈ F^2 , c ∈ F}, u ∈ F,^6 and A^∗(∞) = {(0, c, β) ‖ β ∈ F^2 }. With G, A(u), A^∗(u), J and J^∗ as above, the following important theorem is a combination of results of S. E. Payne and W. M. Kantor.

Result 38. (S. E. Payne [15], W. M. Kantor [12]) The pair (J , J^∗) is a 4-gonal family for G if and only if C is a q-clan.

Let F be a flock of a quadratic cone K with vertex v of PG(3, q), that is, a partition of K \ {v} into q disjoint (irreducible) conics.

6Note that in fact A�(u) = {(α, αA_uα^T + c, αK_u) ∈ G ‖ α ∈ F^2 , c ∈ F} but this yields of course the same group.

384 K. Thas: The Classification of Generalized Quadrangles with : : :

In his celebrated paper on flock geometry [27], J. A. Thas showed in an algebraic way that (5) and (6) are exactly the conditions for the planes

x_uX_0 + z_uX_1 + y_uX_2 + X_3 = 0

of PG(3, q) to define a flock of the quadratic cone K with equation X_0X_1 = X^2_2 . Hence we have the following theorem.

Result 39. (J. A. Thas [27]) To any flock of the quadratic cone of PG(3, q) corresponds a GQ of order (q^2, q).

The following important theorem on flock GQ’s is due to Payne. Result 40. (S. E. Payne [18]) Any flock GQ satisfies Property (G) at its point (∞).

Now we come to the main theorem of the masterful sequence of papers [29], [31], [33], [32], [36] of J. A. Thas; it is a converse of the previous theorem and the solution of a longstanding conjecture.

Result 41. (J. A. Thas [33]) Let S = (P, B, I) be a GQ of order (q^2, q), q > 1, and assume that S satisfies Property (G) at the flag (x, L). If q is odd then S is the dual of a flock GQ. If q is even and all ovoids O_z (see Section 5 of [33]) are elliptic quadrics, then we have the same conclusion.

Remark 42. The point (∞) of a flock GQ S(F) always is a center of symmetry.

11. Translation generalized quadrangles and generalized ovoids

Suppose H = PG(2n + m − 1, q) is the finite projective (2n + m − 1)-space over GF(q), and let H be embedded in a PG(2n + m, q), say H^′. Now define a set O = O(n, m, q) of subspaces as follows: O is a set of q^m +1 (n−1)-dimensional subspaces, denoted PG(n−1)^{(i)}, of H, every three of which generate a PG(3n − 1, q) and such that the following condition is satisfied: for every i = 0, 1, . . . , q^m there is a subspace PG(n + m − 1, q)^i of H of dimension n + m − 1, which contains PG(n − 1, q)^{(i)} and which is disjoint from any PG(n − 1, q)^{(j)} if j ≠ i. If O satisfies all these conditions, then O is called a generalized ovoid, or an egg. The spaces PG(n + m − 1, q)^{(i)} are the tangent spaces of the egg, or just the tangents.

Now let O(n, m, q) be an egg of H = PG(2n+m−1, q), and define a point-line incidence structure T (n, m, q) as follows.

• The points are of three types.

1. A symbol (∞).

2. The subspaces PG(n + m, q) of H^′ which intersect H in a PG(n + m − 1, q)^{(i)}. 3. The points of H^′ \ H.

• The lines are of two types.

(a) The elements of the egg O(n, m, q).

K. Thas: The Classification of Generalized Quadrangles with : : : 385

(b) The subspaces PG(n, q) of PG(2n + m, q) which intersect H in an element of the egg.

• Incidence is defined as follows: the point (∞) is incident with all the lines of type (a) and with no other lines; the points of type (2) are incident with the unique line of type (a) contained in it and with all the lines of type (b) which they contain (as subspaces), and finally, a point of type (3) is incident with the lines of type (b) that contain it.

Then J. A. Thas [26] for some particular cases, and S. E. Payne and J. A. Thas [21] for the general case, prove that T (n, m, q) is a TGQ of order (q^n, q^m), and that, conversely, any TGQ can be seen in this way. Hence, the study of translation generalized quadrangles is equivalent to the study of the generalized ovoids.

If n ≠ m, then by [21, 8.7.2] the q^m + 1 tangent spaces of O(n, m, q) form an egg O^∗(n, m, q) in the dual space of PG(2n + m − 1, q). So in addition to T (n, m, q) there arises a TGQ T (O^∗), also denoted T^∗(n, m, q), or T^∗(O). The TGQ T^∗(O) is called the translation dual of the TGQ T (O).

Each TGQ S of order (s, s^{a+1}a ), with translation point (∞), where a is odd and s ≠ 1, has a kernel K , which is a field with a multiplicative group isomorphic to the group of all collineations of S fixing the point (∞), and any given point not collinear with (∞), linewise. We have |K | ≤ s, see [21]. The field GF(q) is a subfield of K if and only if S is of type T (n, m, q), see [21]. The TGQ S is isomorphic to a T_3(O) of Tits with O an ovoid in PG(3, s) if and only if |K | = s. The TGQ T (O) and its translation dual T (O^∗) have isomorphic kernels.

Now suppose that S^{(p)} = (P, B, I) is a TGQ of order (q^n, q^{2n}), q ≠ 1; then we can see S as a T (n, 2n, q) associated to a generalized ovoid O(n, 2n, q) in PG(4n − 1, q). Suppose S^′ is a subGQ of order q of S which contains the point p. Then S^′ is also a TGQ, and in the projective model S^′ of Thas S^′ is defined by an O(n, n, q) =: O^′ ⊂ O(n, 2n, q) which is contained in a PG(3n − 1, q) ⊂ PG(4n − 1, q). O(n, n, q) is sometimes called a generalized oval of PG(3n − 1, q). Now let S^′ be classical, i.e. isomorphic to Q(4, q) (Q(4, q) is the only classical GQ of order q having regular lines, up to isomorphism, see FGQ), and O^′ is said to be a generalized conic of PG(3n − 1, q).

A TGQ T (O) of order (q^n, q^m), n ≠ m, is called good for an element π ∈ O if for every two distinct elements π^′ and π^{′′} of O \ {π} the (3n − 1)-space ππ^′π^{′′} contains exactly q^n + 1 elements of O (and is disjoint with the other elements). If the egg O contains a good element, then the egg is subconsequently called good, and for a good egg O(n, m, q) there holds that m = 2n.

Result 43. (J. A. Thas [29]) If the TGQ S^{(∞)} contains a good element π, then its translation dual satisfies Property (G) for the corresponding flag ((∞)^′, π^′).

Result 44. (J. A. Thas [37]) Suppose S = T (O) is a TGQ of order (s, s^2) with s even, with O a generalized ovoid which is good at an element π. Then S is classical if and only if O contains at least one generalized conic.

386 K. Thas: The Classification of Generalized Quadrangles with : : :

12. An important observation and proof of Theorem 3

12.1. TGQ’s arising from flocks

We recall two classes of TGQ’s for which the translation dual is the point-line dual of a flock GQ. (1) If S(F) is the classical GQ H(3, q^2), then it is a TGQ with base line L, L any line of S(F). The dual S(F)^D of S(F) is isomorphic to T_3(O), O an elliptic quadric of PG(3, q). Hence the kernel K is the field GF(q). Also, S(F)^D is isomorphic to its translation dual (S(F)^D)^∗.

(2) Let K be the quadratic cone with equation X_0X_1 = X^2_2 of PG(3, q), q odd. Then the q planes π_t with equation tX_0 − mt^σX_1 + X_3 = 0,

t ∈ GF(q), m a given non-square in GF(q) and σ a given automorphism of GF(q), define a flock F of K; see [27]. All the planes π_t contain the exterior point (0, 0, 1, 0) of K . This flock is linear; that is, all the planes π_t contain a common line, if and only if σ = 1. Conversely, every nonlinear flock F of K for which the planes of the q conics share a common point, is of the type just described, see [27]. The corresponding GQ S(F) was first discovered by W. M. Kantor, and is therefore called the Kantor (flock) generalized quadrangle. The kernel K is the fixed field of σ, see [23]. The described quadrangle is a TGQ for some baseline, and the following was shown by Payne in [18].

Result 45. (S. E. Payne [18]) Suppose a TGQ S = T (O) is the point-line dual of a GQ S(F) which arises from a Kantor flock F. Then T (O) is isomorphic to its translation dual T^∗(O).

Recently, Bader, Lunardon and Pinneri [2], relying heavily on results of J. A. Thas and H. Van Maldeghem [39], proved that a TGQ which is the point-line dual of a flock GQ is isomorphic to its translation dual if and only if it is a dual Kantor flock GQ.^7

Remark 46. There are two other types of TGQ’s which arise from flocks, namely the Roman generalized quadrangles and the sporadic semifield flock generalized quadrangle of Penttila- Williams, see [22]. For both types the kernel is isomorphic to GF(3).

The following very interesting theorem classifies TGQ’s arising from flocks in the odd case.

Result 47. (Blokhuis, Lavrauw and Ball [4]) Let T (O) be a TGQ of order (q^n, q^{2n}), where GF(q) is the kernel, and suppose T (O) is the translation dual of the point-line dual of a flock GQ S(F), with the additional condition that q ≥ 4n^2 − 8n + 2 with q odd. Then T (O) is isomorphic to the point-line dual of a Kantor flock GQ.

7A much easier proof of that theorem is contained in [47].

K. Thas: The Classification of Generalized Quadrangles with : : : 387

12.2. Kantor flock generalized quadrangles as SPGQ’s

It was a longstanding conjecture that every SPGQ of order s, s > 1, is isomorphic to the classical GQ Q(4, s) (and then s is the power of a prime). S. E. Payne published a crucial paper on SPGQ’s (Span-symmetric generalized quadrangles, The Geometric Vein, Springer, New York/Berlin (1981), 231–242) which contained a ‘proof’ of this conjecture, but later Payne noted that the proof was invalid. We solved the conjecture in [43] (see Result 6 and Result 7). It is the goal of this paragraph to show that there is no such conjecture for the case s ≠ t (s, t > 1); although it was conjectured in 1983 by Payne that every SPGQ of order (s, s^2) is isomorphic to Q(5, s), see Problem 26 of [17], we will indicate here that any member S of the dual Kantor flock GQ’s (a class which contains nonclassical examples) has a line L such that, for any (!) two distinct and non-concurrent lines U, V ∈ L^⊥, S is an SPGQ with base-span {U, V }^{⊥⊥}. It was Payne who noted this (implicitely) in A garden of generalized quadrangles, Algebras, Groups, Geom. 3 (1985), 323–354. We will start with some notions and results.

A (finite) net of order k(≥ 2) and degree r(≥ 2) is an incidence structure N = (P, B, I) satisfying the following properties:

(N1) each point is incident with r lines and two distinct points are incident with at most one line;

(N2) each line is incident with k points and two distinct lines are incident with at most one point;

(N3) if p is a point and L a line not incident with p, then there is a unique line M incident with p and not concurrent with L.

A net of order k and degree r has k^2 points and kr lines. For more on nets, see e.g. [3].

Result 48. (FGQ, 1.3.1]) Let p be a regular point of a GQ S = (P, B, I) of order (s, t), s ≠ 1 ≠ t. Then the incidence structure with pointset p^⊥ \ {p}, with lineset the set of spans {q, r}^{⊥⊥}, where q and r are non-collinear points of p^⊥ \ {p}, and with the natural incidence, is the dual of a net of order s and degree t + 1. If in particular s = t, there arises a dual affine plane of order s. Also, in the case s = t, the incidence structure π_p with pointset p^⊥, with lineset the set of spans {q, r}^{⊥⊥}, where q and r are different points in p^⊥, and with the natural incidence, is a projective plane of order s.

The following theorem is taken from [44] and implies that a net which arises from a regular point in a thick GQ cannot contain proper subnets of the same degree and different from an affine plane:

Result 49. (K. Thas [44]) Suppose S = (P, B, I) is a GQ of order (s, t), s, t ≠ 1, with a regular point p. Let N_p be the net which arises from p, and suppose N^′_p is a subnet of the same degree as N_p. Then we have the following possibilities.

1. N^′_p coincides with N_p;

2. N^′_p is an affine plane of order t and s = t^2; also, from N^′_p there arises a proper subquadrangle of S of order t having p as a regular point.

388 K. Thas: The Classification of Generalized Quadrangles with : : :

If, conversely, S has a proper subquadrangle containing the point p and of order (s^′, t) with s^′ ≠ 1, then it is of order t, and hence s = t^2. Also, there arises a proper subnet of N_p which is an affine plane of order t.

In [19], S. E. Payne notes the following (we use the standard notation as earlier mentioned). Suppose S = S(G, J ) is a 4-gonal representation of the Kantor flock GQ of order (q^2, q), q odd, with the convention that A_0 is the zero matrix (see [15, 19]).

Payne shows that S is a TGQ for the line [A(∞)] (so each point of [A(∞)] is a center of symmetry). Next, for each r ≠ 0 ∈ GF (q), Payne defines the following automorphism of the group G: θ_r : (α, c, β) −→ (α + βK^{−1}_r , c + 1 4 βA^{−1}_r β^T , β). (7)

The automorphism θ_r has the properties that it maps A(0) onto itself, A(∞) onto A(r) while A(−r) is mapped onto A(∞), and finally, A(t) is mapped onto A(rt/(r + t)) (r ≠ −t). Also, he proves that the collineation of S induced by θ_r is a symmetry about A^∗(0), from which it follows that A^∗(0) is a center of symmetry. There is a major corollary.

Theorem 50. Every point of (∞)^⊥ is a center of symmetry.

Proof. First of all, since (∞) is a center of symmetry there follows that (∞) is also regular, and hence there is a net N_{(∞)} associated to it. Next, we know that A^∗(0) is a center of symmetry, and also every point of the line [A(∞)]. By Result 49, there follows that the net which is generated by all the centers of symmetry of (∞)^⊥ coincides with N_{(∞)}, and hence every point of (∞)^⊥ is a center of symmetry. 2 Note that the dual of Theorem 50 is in fact the following.

Theorem 51. Let S(F) be a Kantor flock GQ of order (q^2, q), q > 1. Then the dual S(F)^D contains a line L such that every line of L^⊥ is an axis of symmetry, i.e. every point of L is a translation point.

This observation is one of the main motivations of the paper; our main result is a generalization of the converse of Theorem 51: what are the GQ’s which have two distinct translation points?

Note. If a flock GQ is not classical, then it is well-known that the automorphism group of the GQ fixes (∞).

12.3. Proof of Theorem 3

A panel of a generalized quadrangle S = (P, B, I) is an element (p, L, q) of P × B × P for which pILIq and p ≠ q. Dually, one defines dual panels. If (p, L, q) is a panel of the GQ S, then a (p, L, q)-collineation of S is a whorl about p, L and q. A panel (p, L, q) of a GQ of order (s, t), s, t ≠ 1, is called Moufang if there is a group of (p, L, q)-collineations of size s. A line L is Moufang if every panel of the form (p, L, q) is Moufang. A GQ is half Moufang if every panel or every dual panel is Moufang, and a GQ is a Moufang GQ if every panel and every dual panel is Moufang.

We are now ready to prove Theorem 3. For completeness’ sake, we repeat the statement of the theorem.

K. Thas: The Classification of Generalized Quadrangles with : : : 389

Theorem 52. Suppose S is a generalized quadrangle of order (s, t), s ≠ 1 ≠ t, with two distinct collinear translation points. Then we have the following:

(i) s = t, s is a prime power and S ∼= Q(4, s); (ii) t = s^2, s is even, s is a prime power and S ∼= Q(5, s);

(iii) t = s^2, s = q^n with q odd, where GF(q) is the kernel of the TGQ S = S^{(∞)} with (∞) an arbitrary translation point of S, q ≥ 4n^2 − 8n + 2 and S is the point-line dual of a flock GQ S(F) where F is a Kantor flock;

(iv) t = s^2, s = q^n with q odd, where GF(q) is the kernel of the TGQ S = S^{(∞)} with (∞) an arbitrary translation point of S, q < 4n^2 − 8n + 2 and S is the translation dual of the point-line dual of a flock GQ S(F) for some flock F.

If a thick GQ S has two non-collinear translation points, then S is always of classical type, i.e. isomorphic to one of Q(4, s), Q(5, s).

Proof. If S contains two non-collinear translation points, then it is clear that every point of S is a translation point, and hence that every line of S is an axis of symmetry. Hence every line is Moufang, and S is half Moufang. By J. A. Thas, S. E. Payne and H. Van Maldeghem [40], there follows that S is Moufang, and by Fong and Seitz [8, 9] S is classical, i.e. S is isomorphic to one of Q(4, s),Q(5, s) since these are the only classical GQ’s with regular lines, see Chapter 5 of [21].

For s = t, the statement follows immediately from Result 6. If s ≠ t, then t = s^2 by Result 5.

Suppose s is even. First suppose that the translation points are collinear. Fix two nonconcurrent lines U and V of L^⊥. If G is the base-group which is defined by the axes of symmetry U and V , and G does not act semi-regularly on the points of S \ Ω, then S is classical, i.e. isomorphic to Q(5, s) by Lemma 26. Thus we can suppose that G acts semiregularly on the points of S \Ω. By Lemma 36 there then follows that G ∼= SL_2(s), and hence that |G| = s^3 − s. Hence, by Theorem 37 we know that S contains more than 2 classical subGQ’s, and then by Result 17 there follows that S ∼= Q(5, s).

Now let s be odd. Now suppose that S contains two collinear translation points u and v. Then clearly by transitivity, every point of L := uv is a translation point, and hence every line of L^⊥ is an axis of symmetry. If we fix some base-span L for which L ∈ L^⊥, then by Theorem 37 there are s + 1 classical subGQ’s of order s which mutually intersect precisely in the base-grid (Ω, L ∪ L^⊥, I^′). Now fix an arbitrary translation point (∞)IL, and consider the TGQ T (O) with base-point (∞). Then clearly O is good at its element π which corresponds to L. Hence, the translation dual T^∗(O) of T (O) satisfies Property (G) for the flag ((∞)^′, L^′) by Result 43, where (∞)^′ corresponds to (∞), and L^′ to L. If we now apply Result 41, then there follows that T^∗(O) is the point-line dual of a flock generalized quadrangle S(F). The theorem now follows from Result 47 and the fact that the dual Kantor flock quadrangles are isomorphic to their translation duals. 2

Remark 53. A span-symmetric GQ with base-span (U, U^′) defines a split BN-pair of rank 1, where the root groups are the the full groups of symmetries about the lines of {U, U^′}^{⊥⊥}. Suppose S is a thick GQ with two distinct collinear translation points p and q, and pq = L. Suppose M and N are arbitrary non-concurrent lines of L^⊥. Since L ∩ M and L ∩ N are

390 K. Thas: The Classification of Generalized Quadrangles with : : :

translation points of the GQ, there follows that the groups of symmetries about M and N are abelian groups (the translation groups corresponding to L ∩ M and L ∩ N are abelian), and hence every full group of symmetries about a line of {L, M}^{⊥⊥} is abelian, since they are all isomorphic. As we mentioned before in Remark 9, the only transvection groups of a finite split BN-pair of rank 1 with abelian rootgroups of order s are isomorphic to a PSL_2(s), or a sharply 2-transitive group. We did not use this fact since it was one of our aims to obtain Theorem 2.

Appendix. Recently [47], we proved that every TGQ of order (q, q^2), q > 1 and q odd, which is the translation dual of the point-line dual of a flock GQ, has a line of translation points. By Theorem 3, this mean that, in the odd case, the generalized quadrangles with two (collinear) translation points are precisely those generalized quadrangles which are the translation dual of the point-line dual of a (semifield) flock GQ. In particular, besides the dual Kantor GQ’s, the theorem applies to the Roman GQ’s and the Penttila-Williams GQ. In [47] it is shown that this observation has important corollaries for the theory of semifield flock GQ’s, and several well-known problems are completely solved in that paper.

13. A complete classification for the even case

The following theorem completely classifies all generalized quadrangles of order (s, t), s ≠ 1 ≠ t and s even, with two distinct translation points.

Theorem 54. Let S be a generalized quadrangle of order (s, t), s ≠ 1 ≠ t and s even, with two distinct translation points. Then S is classical, i.e. isomorphic to Q(4, s) or Q(5, s).

Proof. Immediate from Theorem 3. 2

14. Generalizations of the main result

14.1. A useful lemma

In this section it is our aim to generalize Theorem 3 in various ways. We first recall a theorem which is an improvement of Result 14 for the case s ≠ t.

Result 55. (K. Thas [41, 45]) Let S = (P, B, I) be a GQ of order (s, t), s ≠ t and s ≠ 1 ≠ t. Suppose that there are at least t − s + 3 axes of symmetry through a point p, and let G be the group generated by the symmetries about these lines. Then G is elementary abelian and (S^{(p)}, G) is a TGQ.

Lemma 56. Suppose S is a GQ of order (s, t), s ≠ 1 ≠ t, and suppose L, p and q are such that L is a regular line, pIL is a point which is incident with at least s + 1 axes of symmetry different from L, and qIL is a point different from p which is incident with at least one axis of symmetry which is not L. Then every point of L is a translation point.

K. Thas: The Classification of Generalized Quadrangles with : : : 391

Proof. Suppose N_L is the net which corresponds to the regular line L by the dual of Result 48, and suppose N^′_L is the subnet of N_L of the same degree which is generated by the lines which correspond to the axes of symmetry meeting L in the quadrangle. Then by Result 49 there only are two possibilities:

(a) N^′_L is an affine plane of order s; (b) N^′_L = N_L.

Since we supposed that there is a point on L which is incident with s + 1 axes of symmetry different from L, the second possibility holds. It is clear that there follows that every line of L^⊥ \ {L} is an axis of symmetry, and by Result 55, L is also an axis of symmetry. Hence, S is a translation generalized quadrangle for every point on L by Section 4. 2

14.2. Regularity revisited

The following lemma is a generalization of [21, 1.3.6 (iv)], which states the dual of the lemma for s = t.

Lemma 57.

1. Suppose S = (P, B, I) is a GQ of order (s, t), s ≠ 1 ≠ t, and let L be a line such that every line of B \ L^⊥ is regular. Then every line of S is regular.

2. If L is a line such that every line of L^⊥ \ {L} is regular, then L is also regular.

Proof. Suppose N is an arbitrary line of B \ L^⊥. Then since N is a regular line there follows that {L, N} is a regular pair. Hence L is a regular line. Now suppose L^′ ≠ L is a line of L^⊥. Let M be a line of L^⊥, N ≁ M. Then since L is regular there follows that {L^′, M} is regular. Now suppose that M^′ is arbitrary in B \L^⊥. Then M^′ is regular, and hence {L^′, M^′} is regular. Hence L^′ is regular, and then also every line of S. This proves part (1). Part (2) immediately follows from the proof of part (1). 2

14.3. Classifications for generalized quadrangles

Following K. Thas [42], if p is a point of a GQ S = (P, B, I) such that there is a group of whorls about p which acts transitively on P \ p^⊥, then we call p a center of transitivity.

Result 58. (K. Thas [42]) Suppose S is a GQ of order (s, t), s, t ≠ 1. Then S is isomorphic to either Q(4, s) or Q(5, s) if and only if S contains a center of transitivity p, a collineation θ of S for which p^θ ≁ p, and a regular line.

Theorem 59. Suppose S is a generalized quadrangle of order (s, t), s ≠ 1 ≠ t, and suppose that one of the following conditions is satisfied.

1. There is a regular line L and there are points p and q such that pIL is a point which is incident with at least s + 1 axes of symmetry different from L, and qIL is a point different from p which is incident with at least one axis of symmetry which is not L.

392 K. Thas: The Classification of Generalized Quadrangles with : : :

2. There is a regular line L and there are points p and q such that pIL is a point which is incident with at least s + 1 regular lines L_0, . . . , L_s different from L, for which there are lines M_0, . . . , M_s and points p_0, . . . , p_s such that p_iIL_i ∼ M_iI\p_i for all i, and such that there is a group of whorls about p_i which fixes M_i and which acts transitively on the points of M_i which are not on L_i, and qIL is a point different from p which is incident with at least one regular U line which is not L, for which there is a line M and a point u such that uIU ∼ MI\u, and such that there is a group of whorls about u which fixes M and which acts transitively on the points of M which are not incident with U.

3. S has two distinct centers of transitivity p and q and a regular line which is contained in (pq)^⊥ \ {pq} if p and q are collinear.

4. s is even and S contains a regular line and an elation point p which is not fixed by the group of automorphisms of S.

5. s is odd and S contains two distinct regular lines and an elation point p which is not fixed by the group of automorphisms of S.

Then we have the following possibilities:

(i) s = t, s is a prime power and S ∼= Q(4, s); (ii) t = s^2, s is even, s is a prime power and S ∼= Q(5, s);

(iii) t = s^2, s = q^n, where GF(q) is the kernel of S = S^{(∞)} with (∞) an arbitrary translation point of S and q is odd, q ≥ 4n^2 − 8n + 2 and S is the point-line dual of a flock GQ S(F) where F is a Kantor flock;

(iv) t = s^2, s = q^n, where GF(q) is the kernel of S = S^{(∞)} with (∞) an arbitrary translation point of S with q odd, q < 4n^2 − 8n + 2 and S is the translation dual of the point-line dual of a flock GQ S(F) for some flock F.

Proof. If (1) is satisfied, then by Lemma 56 there follows that L is a line of translation points, and the statement follows by Theorem 3. Case (2) immediately follows from (1) and Theorem 2.7 of K. Thas [42]. Next suppose that we are in case (3). If p and q are noncollinear, then S is classical by Result 58. Suppose p ∼ q; then clearly every point of pq is a center of transitivity. Since there is a regular line M in (pq)^⊥ \{pq}, every line of (pq)^⊥ \{pq} is regular, and by Lemma 57 pq is also regular. By Theorem 2.7 of [42] this implies that every line of (pq)^⊥ \ {pq} is an axis of symmetry, and by Result 55 we can conclude that pq is also an axis of symmetry. The statement follows from Theorem 3 since pq is a line of translation points. Now suppose we are in case (4) of the theorem. If p is mapped onto a point not collinear with p by some automorphism of S, then the statement follows from (3). Hence suppose that p is mapped onto a point x ∼ p ≠ x by some automorphism of S. Then px is a line of which every point is an elation point, and if the regular line is incident with one of these elation points, then by Theorem 4.2 of [42] there follows that every point is a translation point. Now suppose that there is a regular line in S \ (px)^⊥. Then by transitivity every line of S \ (px)^⊥ is a regular line, and hence Lemma 57 implies that every line of S is regular. Now Theorem 4.2 of [42] applies. The proof of case (5) of the theorem is similar by using Theorem 4.1 of [42]. 2 As a direct corollary of the theorem, the following theorem is a characterization of the classical GQ’s Q(4, s) and Q(5, s) with s even.

K. Thas: The Classification of Generalized Quadrangles with : : : 393

Theorem 60. Suppose S is a generalized quadrangle of order (s, t), where s ≠ 1 ≠ t and s even. Then S is isomorphic to one of Q(4, s),Q(5, s) if and only if S contains a regular line and an elation point p which is not fixed by the group of automorphisms of S. 2

A. Addendum: Spreads in span-symmetric generalized quadrangles and dual Kantor flock generalized quadrangles

A spread of a generalized quadrangle S is a set T of mutually non-concurrent lines such that every point of S is incident with a (necessarily unique) line of T. If the GQ is of order (s, t), then |T| = st + 1, and, conversely, a set of st + 1 mutually non-concurrent lines of a GQ of order (s, t) is a spread. Dually, one defines ovoids of generalized quadrangles.

Two spreads T and T^′ of a GQ S are said to be isomorphic if there is an automorphism of S which maps T onto T^′.

In this final part of the paper, we describe a concrete construction of spreads in SPGQ’s, and the construction applies to the dual Kantor GQ’s. We note that for the dual Kantor GQ’s, other constructions (some in a more general context) are known, see e.g. [38].

A.1. Spreads in span-symmetric generalized quadrangles

Theorem 61. Suppose S is a span-symmetric generalized quadrangle of order (s, t), s ≠ 1 ≠ t and t ≠ s, with base-span L and base-group G. If |G| = s^3 − s, then S contains at least 2(s^2 − s) distinct spreads.

Proof. Since s ≠ t, we know by Result 5 that t = s^2. Suppose Λ is an arbitrary G orbit in S \ Ω, where Ω is the set of points incident with the lines of L. Then by Section 8, Λ ∪ Ω is the set of points of a subGQ S^′ of order s, which is classical by the main result of [43], and there are s + 1 subGQ’s which arise in this way, see Section 8. Let L be an arbitrary line of S which is not contained in S^′, and which does not intersect Ω. Then by Chapter 2 of FGQ, there follows that L intersects S^′ in exactly one point (S^′ is a “geometric hyperplane” of S). Since |Λ| = s^3 − s, there follows that the action of G on the points of S \ Ω is semi-regular, and any of the s + 1 subGQ’s which contain Ω, see above, is fixed by G. Now consider the lineset L^G. Then |L^G| = s^3 − s and no two distinct lines of L^G intersect since the action of G on Λ is regular. Now put T = L ∪ L^G and T^′ = L^⊥ ∪ L^G. Then T and T^′ clearly are spreads of S. The theorem now follows from the fact that through a fixed point of Λ there are s^2 − s choices for L. 2

Note. It may be clear to the reader that exactly the same 2(s^2 − s) spreads are obtained if one considers another G-orbit in S \ Ω.

As a direct consequence of Theorem 3 and Theorem 61, we obtain the following theorem which is valid for any SPGQ of order (s, t), s ≠ 1 ≠ t, with s ≠ t and s odd.

Theorem 62. Suppose S is an SPGQ of order (s, t), s ≠ 1 ≠ t, with s ≠ t and s odd. Then S contains at least 2(s^2 − s) distinct spreads.

394 K. Thas: The Classification of Generalized Quadrangles with : : :

Proof. Immediate. 2

Remark 63. If T is such a spread of S, then the group of automorphisms of S which fix T contains a group isomorphic to SL_2(s).

A.2. Spreads in the dual Kantor flock generalized quadrangles

In the remains of this section, we use the following notations: S is the point-line dual of a flock generalized quadrangle S^D = S(F) with F a Kantor flock, and where S^D is a GQ of order (q^2, q), q an odd prime power. Also, if S is not classical, i.e. not isomorphic to Q(5, q), then L will be the (unique) line of translation points of S, see Theorem 3. If S ∼= Q(5, q), then L is arbitrary.

For every pair (M, N) of non-concurrent lines (which are axes of symmetry) in L^⊥, we know for the dual Kantor flock GQ’s that the base-group G corresponding to the base-span {M, N}^{⊥⊥} is isomorphic to SL_2(q), and hence, since |SL_2(q)| = q^3−q, there holds by Theorem 61 that there are 2(q^2 − q) distinct spreads, all containing {M, N}^⊥ or {M, N}^{⊥⊥}, and such that G stabilizes all these spreads and fixes L. The class of spreads which arise with this construction method and containing a span of the form {U, V }^{⊥⊥} with U ≠ V lines of L^⊥, will be denoted by T. The class of spreads which arise with this construction method but not containing such a line span is denoted by T^′. Since an element of T ∪ T^′ is uniquely defined by some line span L = {M, N}^{⊥⊥}, M ≠ N and M, N ∈ L^⊥, respectively L = {M, N}^⊥, M ≠ N and M, N ∈ L^⊥, and a line V which is not contained in a Q(4, q) which contains L, we will sometimes denote a spread T of T ∪ T^′ by T = T(L, V ). Hence, T = T(L, V ) = {L} ∪ {V^θ ‖ θ ∈ G}, where G is the base-group corresponding to L, respectively L^⊥.

Observation 64. If S is nonclassical, then no spread of T is isomorphic to a spread of T^′.

Proof. Suppose T ∈ T and T^′ ∈ T^′. If S is nonclassical, then it is clear from Theorem 3 that no line of S \ L^⊥ is an axis of symmetry, hence T and T^′ can never be isomorphic. 2

Remark 65. If S ∼= Q(5, q), then every element of T is isomorphic to every element of T^′ since the group of automorphisms of S acts transitively on the pairs of non-concurrent lines, see e.g. Chapter 9 of [21].

A spread T of a GQ is called locally Hermitian if there is a line M ∈ T such that for any N ∈ T, N ≠ M, the pair {M, N} is regular, and such that {M, N}^{⊥⊥} ⊆ T. In that case, the spread is locally Hermitian w.r.t. M.^8

Lemma 66. Suppose T is a locally Hermitian spread w.r.t. a line M of a GQ S of order (s, t), s ≠ 1 ≠ t. For any N ∈ T \ {M}, the set (T \ {M, N}^{⊥⊥}) ∪ {M, N}^⊥ is also a spread of S which is not locally Hermitian.

8In [41], we called such a spread semi-regular.

K. Thas: The Classification of Generalized Quadrangles with : : : 395

Proof. The fact that T^′ = (T \ {M, N}^{⊥⊥}) ∪ {M, N}^⊥ is a spread is well-known and easy to prove. Suppose that U ∈ {M, N}^⊥ and U^′ ∈ T \ {M, N}^⊥ are arbitrary. If {U, U^′}^{⊥⊥} ⊈ T^′, then clearly T^′ is not locally Hermitian. Suppose {U, U^′}^{⊥⊥} ⊆ T^′. It is clear that {U, U^′}^⊥ ∩ {M, U^′}^⊥ ≠ ∅, a contradiction since this implies that T^′ has distinct concurrent lines. 2

Observation 67. Any spread of T^′ is locally Hermitian. No spread of T is locally Hermitian.

Proof. Suppose T = T(L, U) is an element of T^′. Recall that L ∈ L^⊥. Let M be an arbitrary line of L. If N ∈ L, M ≠ N, then {M, N}^{⊥⊥} = L ⊆ T. Next suppose that N ∈ T \ L. If G is the base-group corresponding to the base-span L, then the group G_M of symmetries about M is contained in G. This implies that any line of {M, N}^{⊥⊥} is also a line of T. Hence T is locally Hermitian.

The fact that no spread of T is locally Hermitian follows from Lemma 66 and the definitions of T and T^′. 2

Observation 68. For each T ∈ T ∪ T^′ the group of automorphisms of S which stabilize T contains a subgroup isomorphic to SL_2(q).

Proof. Immediate by the definition of T and T^′. 2

Observation 69. |T^′| = q^6 − q^5 = |T|. Also, T ∩ T^′ = ∅.

Proof. It is trivial that T ∩ T^′ = ∅ since every element of T^′ contains lines which intersect L. Now consider two not necessarily distinct elements of T^′, say T = T(L, U) and T^′ = T(L^′, U^′) (so L ∈ L^⊥, L^{′⊥}). If L ≠ L^′, then clearly T ≠ T^′. If we now count the number k of pairs (L^{′′}, T^{′′}), where L^{′′} is a line span for which L ∈ L^{′′⊥} and where T^{′′} is of the form T(L^{′′}, U^{′′}) for some line U^{′′} (so T^{′′} ∈ T^′), then by Theorem 61 there follows that k = q^4(q^2 − q), and k is exactly the number of elements of T^′. The fact that |T| = |T^′| follows from the definition

of T and T^′, and the proof of Observation 67 (no element of T contains two distinct regular

line spans which both contain L). 2

Acknowledgements. The author wishes to thank J. A. Thas and H. Van Maldeghem for detailed proof reading, and J. A. Thas in particular for several interesting talks about flocks. He also wishes to thank S. E. Payne for a fruitful discussion on span-symmetric generalized quadrangles.

The author is a research fellow supported by the Flemish Institute for the promotion of Scientific and Technological Research in Industry (IWT), grant no. IWT/SB/991254/Thas.

References

[1] Aschbacher, M.: Finite Group Theory. Cambridge Studies in Advanced Mathematics 10, Cambridge University Press, Cambridge 1993. Zbl 0826.20001 [2] Bader, L.; Lunardon, G.; Pinneri, I.: A new semifield flock. J. Comb. Theory Ser. A 86 (1999), 49–62. Zbl 0937.51005

396 K. Thas: The Classification of Generalized Quadrangles with : : :

[3] Beth, T.; Jungnickel, D.; Lenz, H.: Design Theory, Bibliograph. Inst. Mannheim, and Cambridge Univ. Press, Cambridge 1985. Zbl 0569.05002 [4] Blokhuis, A.; Lavrauw, M.; Ball, S.: On the classification of semifield flocks. Preprint. [5] Dembowski, H. P.: Finite Geometries. Springer, Berlin/Heidelberg/New York 1968. Zbl 0159.50001 [6] Dixmier, S.; Zara, F.: Etude d’un quadrangle généralisé autour de deux de ses points non liés. Preprint 1976.

[7] Dixon, J. D.; Mortimer, B.: Permutation Groups. Graduate Texts in Mathematics 163, Springer-Verlag, New York/Berlin/Heidelberg 1996. Zbl 0951.20001 [8] Fong, P.; Seitz, G. M.: Groups with a (B,N)-pair of rank 2, I. Invent. Math. 21 (1973), 1–57. Zbl 0295.20048 [9] Fong, P.; Seitz, G. M.: Groups with a (B,N)-pair of rank 2, II. Invent. Math. 21 (1974), 191–239. Zbl 0295.20049 [10] Hering, C.; Kantor, W. M.; Seitz, G. M.: Finite groups with a split BN-pair of rank 1, I. J. Algebra 20 (1972), 435–475. Zbl 0244.20003 [11] Hirschfeld, J. W. P.: Projective Geometries over Finite Fields. Oxford Mathematical Monographs, Clarendon Press, Oxford University Press, New York 1979. Zbl 0418.51002 [12] Kantor, W. M.: Note on span-symmetric generalized quadrangles. Preprint. [13] Karpilovsky, G.: The Schur Multiplier. London Math. Soc. Monographs New Series 2, Clarendon Press 1987. Zbl 0619.20001 [14] Lavrauw, M.; Penttila, T.: On eggs and translation generalised quadrangles. Preprint. [15] Payne, S. E.: Generalized quadrangles as group coset geometries. Congr. Numer. 29 (1980), 717–734. Zbl 0453.05015 [16] Payne, S. E.: Span-symmetric generalized quadrangles. The Geometric Vein, 231–242.

Springer, New York/Berlin 1981. Zbl 0499.51007 [17] Payne, S. E.: Collineations of finite generalized quadrangles. Finite Geometries. Lecture Notes in Pure and Appl. Math. 82, Dekker, New York 1983, 361–390. Zbl 0521.51012 [18] Payne, S. E.: An essay on skew translation generalized quadrangles. Geom. Dedicata 32 (1989), 93–118. Zbl 0706.51006 [19] Payne, S. E.: A garden of generalized quadrangles. Algebra, Groups, Geom. 3 (1985), 323–354. Zbl 0587.51010 [20] Payne, S. E.; Thas, J. A.: Generalized quadrangles with symmetry, Part II. Simon Stevin 49 (1976), 81–103. Zbl 0328.50017 [21] Payne, S. E.; Thas, J. A.: Finite Generalized Quadrangles. Research Notes in Mathematics 110, Pitman Advanced Publishing Program, Boston/London/Melbourne 1984. Zbl 0551.05027 [22] Penttila, T.; Williams, B.: Ovoids of parabolic spaces. Geom. Dedicata 82 (2000), 1–19. Zbl 0969.51008 [23] Rogers, L. A.: Characterization of the kernel of certain translation generalized quadrangles. Simon Stevin 64 (1990), 319–328. Zbl 0735.51008

K. Thas: The Classification of Generalized Quadrangles with : : : 397

[24] Ronan, M.: Lectures on Buildings. Perspectives in Mathematics 7, Academic Press, Inc., Boston 1989. Zbl 0694.51001 [25] Shult, E. E.: On a class of doubly transitive groups. Illinois J. Math. 16 (1972), 434–455. Zbl 0241.20004 [26] Thas, J. A.: Translation 4-gonal configurations. Rend. Accad. Naz. Lincei 56 (1974), 303–314. Zbl 0327.05028 [27] Thas, J. A.: Generalized quadrangles and Flocks of Cones. Europ. J. Combin. 8 (1987), 441–452. Zbl 0646.51019 [28] Thas, J. A.: Recent developments in the theory of finite generalized quadrangles. Acad.

Analecta, Med. Kon. Acad. Wet. Lett. Sch. K. Belg., Kl. Wet. (1994), 99–113. [29] Thas, J. A.: Generalized quadrangles of order (s, s^2), I. J. Combin. Theory, Ser. A 67 (1994), 140–160. Zbl 0808.51010 [30] Thas, J. A.: Generalized Polygons. Chapter 9 of Handbook of Incidence Geometry. Edited by F. Buekenhout, North-Holland, Amsterdam 1995, 383–431. Zbl 0823.51009 [31] Thas, J. A.: Generalized quadrangles of order (s, s^2), II. J. Combin. Theory, Ser. (A) 79 (1997), 223–254. Zbl 0887.51004 [32] Thas, J. A.: 3-Regularity in generalized quadrangles: a survey, recent results and the solution of a longstanding conjecture. Rend. Circ. Mat. Palermo Serie II, Suppl. 53 (1998), 199–218. Zbl 0911.51006 [33] Thas, J. A.: Generalized quadrangles of order (s, s^2), III. J. Combin. Theory, Ser. A 87 (1999), 247–272. Zbl 0949.51003 [34] Thas, J. A.: 3-Regularity in generalized quadrangles of order (s, s^2). Geom. Dedicata 17 (1984), 33–36. Zbl 0557.51004 [35] Thas, J. A.: Generalized quadrangles of order (s, s^2); recent results. Discrete Math.

208/209 (1999), 577–587. Zbl 0939.51005 [36] Thas, J. A.: Geometrical constructions of flock generalized quadrangles. J. Combin.

Theory Ser. A 94 (2001), 51–62.

[37] Thas, J. A.: Translation generalized quadrangles of order (s, s^2), s even, and eggs.

Preprint.

[38] Thas, J. A.; Payne, S. E.: Spreads and ovoids in finite generalized quadrangles. Geom.

Dedicata 52 (1994), 221–253. Zbl 0804.51007 [39] Thas, J. A.; Van Maldeghem, H.: Generalized quadrangles and the Axiom of Veblen.

Geometry, Combinatorial Designs and Related structures. Edited by J. W. P. Hirschfeld, London Math. Soc. Lecture Note Ser. 245, Cambridge University Press, Cambridge 1997, 241–253. Zbl 0891.51004 [40] Thas, J. A.; Payne, S. E.; Van Maldeghem, H.: Half Moufang implies Moufang for finite generalized quadrangles. Invent. Math. 105 (1991), 153–156. Zbl 0718.51002 [41] Thas, K. Symmetrieën in Eindige Veralgemeende Vierhoeken. Master thesis 1999, Ghent University, Belgium, 1–186.

398 K. Thas: The Classification of Generalized Quadrangles with : : :

[42] Thas, K.: On symmetries and translation generalized quadrangles. Finite Geometries, Proceedings of the Fourth Isle of Thorns Conference, 16-21 July 2000, Kluwer Academic Publishers, to appear.

[43] Thas, K.: Classification of span-symmetric generalized quadrangles of order s. Adv.

Geom., to appear.

[44] Thas, K.: A theorem concerning nets arising from generalized quadrangles with a regular point. Des. Codes Cryptogr., to appear.

[45] Thas, K.: On generalized quadrangles with some concurrent axes of symmetry. Bull.

Belg. Math. Soc. Simon Stevin, to appear.

[46] Thas, K.: A Lenz-Barlotti classification of finite generalized quadrangles. Submitted to Proc. London Math. Soc. (3).

[47] Thas, K.: On translation generalized quadrangles of which the translation dual arises from a flock. Submitted to Math. Z.

[48] Tits, J.: Sur la trialité et certains groupes qui s’en déduisent. Inst. Hautes Etudes Sci.

Publ. Math. 2 (1959), 13–60. Zbl 0088.37204 [49] Tits, J.: Buildings of spherical type and finite BN-pairs. Lecture Notes in Mathematics 386 Springer, Berlin 1974. Zbl 0295.20047 [50] Tits, J.: Twin buildings and groups of Kac-Moody type. London Math. Soc. Lecture Note Ser. 165 (Proceedings of a conference on Groups, Combinatorics and Geometry, ed. M. Liebeck and J. Saxl, Durham 1990), Cambridge University Press 1992, 249–286. Zbl 0851.22023 [51] Van Maldeghem, H.: Generalized Polygons. Birkhäuser Verlag, Monographs in Mathematics 93, Basel/Boston/Berlin 1998. Zbl 0914.51005

Received March 16, 2001