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Preliminaries

Introduction

This memoir is a thoroughly revised and updated version of the Subiaco Notebook,
which since early 1998 has been available on the web page of the senior author at
http://www-math.cudenver.edu/~spayne/.

Our goal is to give a fairly complete and nearly self-contained treatment
of the known (infinite families of) generalized quadrangles arising from g¢-clans,
i.e., flocks of quadratic cones in PG(3,q), with ¢ = 2°. Our main interest is in
the construction of the generalized quadrangles, a determination of the associated
ovals, and then a complete determination of the groups of automorphisms of these
objects. A great deal of general theoretical material of related interest has been
omitted. However, we hope that the reader will find the treatment here to be
coherent and complete as a treatment of one major part of the theory of flock
generalized quadrangles.

Since the appearance of the Subiaco Notebook the Adelaide g-clans have
been discovered, generalizing the few examples of “cyclic” g-clans found first by
computer (see [PPRI7]). The revised treatment given here of the cyclic g-clans,
which is a slight improvement of that given in [COP03], allows much of the oner-
ous computation in the Subiaco Notebook to be avoided while at the same time
allowing a more unified approach to the general subject. However, a great deal of
computation is still unavoidable.

Most of the work done on the Adelaide examples, especially our study of the
Adelaide ovals, and major steps in the clarification of the connection between the
so-called Magic Action of O’Keefe and Penttila (see [OP02]) and the Fundamental
Theorem of g-clan geometry, took place while the senior author was a visiting
research professor at the Universities of Naples, Italy, and Ghent, Belgium, during
the winter and spring of the year 2002. This was made possible by a semester-long
sabbatical provided by the author’s home institution, the University of Colorado
at Denver.

During the two months he spent in Italy, at the invitation of Professor Dr.
Guglielmo Lunardon (with the collaboration of Prof. Laura Bader), he received
generous financial support from the GNSAGA and the University of Naples, along
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with a great deal of personal support from his colleagues there. Also, much of the
material on the cyclic ¢-clans derives from the reports [Pa02a] and [Pa02b] and
has appeared in [CP03].

During his two months in Belgium, at the invitation of Prof. Dr. Joseph A.
Thas, he was generously supported by the Research Group in Incidence Geometry
at Ghent University. As always, it was a truly great pleasure to work in the stim-
ulating and friendly atmosphere provided by his colleagues there. All the material
on the Adelaide ovals was adapted from [PT05].

It was in Naples during the trimester February-March 2002 that the second
author became familiar with the Four Lectures in Naples [Pa02a] and the idea of
working with the senior author to complete the present memoir first occured to
us.

The final steps in the clarification of the connections between the Magic ac-
tion and the Fundamental Theorem, together with a revision of all the extracts
from the Subiaco Notebook, were taken while the second author was visiting the
Department of Mathematics at the University of Colorado at Denver in the Fall
of 2002. During that period the present work was essentially completed. It was a
great pleasure to study and work in the friendly, enjoyable and stimulating atmo-
sphere provided by all our colleagues at the University of Colorado at Denver. We
wish to thank in particular our friend and colleague Dr. William Cherowitzo for
several fruitful mathematical conversations and for his many suggestions concern-
ing the use of KTEX. We hope that this memoir will become a standard source of
information for those who are interested in g-clan geometries when ¢ is even.

Finite Generalized Quadrangles

For a thorough introduction to finite generalized quadrangles, see the monograph
[PT84]. However, for the convenience of the reader we review here a few definitions
and elementary results without proof.

A finite generalized quadrangle (GQ) is an incidence structure S = (P, B,I)
in which P and B are disjoint (finite, non-empty) sets of objects called points and
lines, respectively, and for which I C (P x B) U (B x P) is a symmetric point-line
incidence relation satisfying the following axioms:

(i) Each point is incident with ¢ 4+ 1 lines (¢ > 1) and two distinct points are
incident with at most one line;

(ii) Each line is incident with s + 1 points (s > 1) and two distinct lines are
incident with at most one point;

(iii) If x is a point and L is a line not incident with z, there is a unique pair
(y, M) € P x B for which eI MIyIL.

The integers s and t are the parameters of the GQ, and S is said to have order (s, t).
If s =t, S is said to have order s. If S has order (s,t), then |P| = (1 + s)(1 + st)



Preliminaries xi

and |B] = (1+1t)(1+ st). If S is a GQ of order (s,t), then the incidence structure
SP having as lines, the points of S and as points the lines of S, is a GQ of order
(t,s) called the point-line dual of S.

The classical GQs of order g are W (q), which arise as the absolute points and
lines of a symplectic polarity of PG(3, q); and Q(4, q), which arise as the points and
lines of a non-singular quadric of PG(4, q). By ([PT84], 3.2.1), W (q) is isomorphic
to the dual of Q(4,¢) and is self-dual for ¢ even. Another class of GQs of order
q are the T5(0O) constructed by J. Tits and first appearing in [De68] (see [PT84],
3.1.2). Let O be an oval of PG(2,q), and let 7o = PG(2,q) be embedded as a
hyperplane in PG(3, q). The points of T»(O) are: (i) the points of PG(3,q) \ T,
called the affine points; (ii) the planes of PG(3,¢) meeting o, in a single point of
O; and (iii) a symbol (c0). The lines of To(O) are: (a) the lines of PG(3,¢q), not in
Too, that meet mo in a single point of O; and (b) the points of O. Incidence is as
follows: a point of type (i) is incident only with the lines of type (a) that contain
it; a point of type (ii) is incident with all the lines of type (a) contained in it and
with the unique line of type (b) on it; the point of type (iii) is incident with all
lines of type (b) and no line of type (a).

The GQ T>(O) has a slightly simpler description that is easily seen to be
equivalent to the one given above when q is even. Let N be the nucleus of O. Here
the points of T»(O) are the points of PG(3,q) \ e and the planes of PG(3,q)
that contain the point N. The lines of T5(O) are the lines of PG(3,¢q) that meet
O in a single point. Incidence is that inherited from PG(3,q). For example, the
plane 7o, as a point of T5(0) is incident with the lines of mo, that are tangent to
O, i.e., the lines of 7, incident with .

There is a natural analog T5(£2) of the preceding construction also given by J.
Tits that yields GQ of order (g, ¢?) starting from an ovoid  in PG(3, q) (i.e., ¢>+1
points no three on a line). Let  be an ovoid of ¥ = PG(3, ¢) which is embedded
as a hyperplane in PG(4,q). Construct the point-line incidence geometry S =
(P, B, I) with pointset P, lineset 13, and incidence I as follows:

The points of S, i.e., elements of P, are of three types:
(i) The points of PG(4,q) \ 3;
(ii) The hyperplanes of PG(4,q) meeting 3 in a plane tangent to O.
(iii) The symbol (00).
The lines of S are of two types:

(a) The lines of PG(4, q) that are not contained in ¥ and meet ¥ in a (necessarily
unique) point of €.

(b) The points of .

Incidence in T5(£2) is defined by the following: the point (co) is incident with
the 1 + ¢ lines of type (b). Suppose A is a solid of PG(4,q) meeting X in the
plane T, tangent to Q at the point p. Then A is incident with p (as a line of
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type (b)) and with the ¢* lines of A through p but not contained in ¥. Each point
x of PG(4,q) \ Y is incident with the 1 + ¢? lines px, p € .
These GQ constructed by J. Tits first appeared in [De68] (also see [PT84]).
The GQ that are of primary interest in this memoir are those with parameters
(¢%, q) arising from a g-clan, i.e., from a flock of a quadratic cone in PG(3, q). These
will be introduced in Chapter 1. If 2 is an elliptic quadric in X, it turns out that
T5(€2) is isomorphic to the point-line dual of a GQ arising from a linear flock.

As this monograph is an extended and updated version of the Subiaco Note-
book, it seems appropriate to present here an updated version of the Prolegomena
from the Subiaco Notebook.

Prolegomena

At a conference in Han-Sur-Lesse, Belgium, held in 1979, W. M. Kantor [Ka80]
surprised the finite geometry community with the construction of a family of
generalized quadrangles (GQ) of order (¢2,q) for each prime power q with ¢ =
2 (mod 3). His discovery of these examples began with a classical generalized
hexagon, but his description of them introduced the following very important
general method.

Let G be a finite group of order s%¢, 1 < s, 1 < t, together with a family
J ={A4; : 0 < i <t} of 1+t subgroups of G, each of order s. In addition,
suppose that for each A; € J there is a subgroup A} of G, of order st, containing
A;. Put J* = {AF : 0 < i < t} and define as follows a point-line geometry
S=(P,B,I)=S8(G,J) with pointset P, lineset B, and incidence I.

Points are of three kinds:

(i)  the elements of G;

(ii)  the right cosets Afg, (for all A} € J*, g € G);
(ili)  a symbol (c0).

Lines are of two kinds:
(a)  the right cosets A;g, (for all A; € J, g € G);
(b)  the symbols [A4;], A; € J.

A point g of type (i) is incident with each line A;g, A; € J; a point Afg of
type (ii) is incident with [A;] and with each line A;h contained in A7 g; the point
(00) is incident with each line [A;] of type (b).

Kantor [Ka80] was the first to recognize that S(G, J) is a GQ of order (s,t)
if and only if the following two conditions are satisfied:

K1: A;A; N Ay, = {e}, for distinct i, j, k, and
K2: AT N Aj = {e}, fori #j.
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If the conditions K1 and K2 are satisfied, then
Af =U{Adig: Aig= A, or AigNA; =0 for all A; € T},

so that A7 is uniquely defined by A; and J.

Suppose K1 and K2 are satisfied. For any h € G define 6, by ¢’ = gh,
(Aig)" = Aigh, (Azg)* = Atgh, [A]% = [Al], (00)% = (c0), for g € G, A; €.,
Ar € J*. Then 0, is an automorphism of S(G, J) which fixes the point (co0) and
all lines of type (b). If G’ = {0}, : h € G}, then clearly G’ is a group isomorphic to
G, and G’ acts regularly on the points of type (7).

If K1 and K2 are satisfied, we say that J is a 4-gonal family for G, or that
(G, J,J*) is a Kantor family.

The appearance of the new GQ in Kantor [Ka80] inspired the development in
Payne [Pa80] of a more specific recipe for constructing GQ. Then in Kantor [Ka86]
the conditions in Payne [Pa80] for ¢ odd were shown to be equivalent to having
what today we call a g-clan. This in turn inspired an analogous interpretation in
Payne [Pa85] for ¢ = 2¢, and the discovery of a new infinite family of GQ with
order (¢2,q), ¢ = 2¢, e odd. The term ¢-clan was first used in Payne [Pa89]. When
q = 2°, along with each g-clan comes a collection of ovals in PG(2,q). The ovals
in Payne [Pa85] were new, but only exist for ¢ a nonsquare. It was still true that
the only examples of ovals not related to conics that were known for ¢ a square
were associated with the translation ovals (first constructed by B. Segre [Se57])
or with the single example of Lunelli-Sce [LS58] in PG(2,16). Then in 1993 W.
Cherowitzo, T. Penttila, I. Pinneri and G. Royle discovered the Subiaco g¢-clans
with their new ovals and GQ. By the time their paper [CPPRI6] appeared, a
great deal of work on the Subiaco geometries had been done. In particular we
mention [Pa94], [BLP94], [PPP95], and [OKT96]. Work on the Subiaco GQ also
directly inspired [Pa96] and [Pa95], and the latter contains additional results on
the Subiaco ovals.

With the computationally efficient tensor product notation of [Pa95] having
been found only after most the computations for the Subiaco GQ had been done,
with so much work on the Subiaco GQ involving computations only sketched in the
published articles, and with the discovery of the Adelaide examples, we feel that
there should exist a single, coherent treatment of the general body of work related
especially to the GQ arising from g¢-clans and their associated ovals. Especially we
wanted to see one treatment determining the collineation groups of the GQ and
of the associated ovals. Hence these notes!

The scope of this replacement for the Subiaco Notebook remains similar to
that of the Subiaco Notebook (but of course the Adelaide examples were not
known when the Subiaco Notebook was written). We have included an essentially
self-contained introduction to g-clan geometry (i.e., flock GQ, etc.) with ¢ = 2¢,
giving a detailed construction of the known examples and a determination of their
groups. Moreover, even though we attempt to give many details here and always
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enough for the energetic reader to fill in what we have left out, still there are many
computations that we have found it feasible only to sketch.

The other geometries associated with the Subiaco ¢-clans, for example
spreads of PG(3,q) and translation planes, are also mentioned briefly, but the
main goal is to give a complete, self-contained treatment of the GQ and ovals.

For a broad survey of these topics, including geometries over finite and infinite
fields of arbitrary characteristic, see the survey by N. L. Johnson and S. E. Payne
[JPI7]. For an excellent survey of the geometries related to finite ¢-clans, especially
flocks of quadratic cones known prior to the discovery of the Subiaco examples,
see Chapers 7 and 9 by J. A. Thas in the Handbook [Bu95].

The most exciting development not covered in the present work is no doubt
the geometric construction by J. A. Thas of flock GQ for all characteristics, along
with his work on Property (G). See [Th98] and its references for this major work
that succeeded in proving that when ¢ is odd, Property (G) at a point completely
characterizes the flock GQ. His work left the characteristic 2 case not quite finished,
but more recently M. R. Brown (see [BBP06], [Br07] and [Br06]) has finished this
case as well, giving new insight to the constructions.

The present work is not really an introduction to the general theory of finite
generalized quadrangles per se, or even to elation generalized quadrangles. And
although in the preceding section we have repeated Kantor’s construction of elation
generalized quadrangles as group coset geometries, we assume that the reader has
access to some other source of basic concepts and proofs related to finite GQ, for
example the monograph by S. E. Payne and J. A. Thas [PT84]. The most thorough
recent treatment of related topics is surely the new monograph [TTVMO6].



Chapter 1

q-Clans and Their Geometries

1.1 Anisotropism

Let ¢ = 2, F = GF(q). Let A = (2Y) and A’ = (3’, y) be arbitrary 2 x 2

matrices over F.
Definition 1.1.1. A= A’ provided x = x', z=2" andy+w =y +w'.

The definition of “=” is chosen so that 4 = A’ iff aAaT = aA’aT for all
a € F?. Clearly “=” is an equivalence relation.

Definition 1.1.2. The matriz A is said to be anisotropic provided aAa™ = 0 iff
a = (0,0).

Observation 1.1.3. Let A, A’ be as above; let M be any 2 x 2 matrix over F; let
B € GL(2,q); and let o0 € Aut(F). Then

(i) A= A" implies that A is anisotropic iff A’ is anisotropic.
(ii) A is anisotropic iff BA? BT is anisotropic.

(iii) A — A’ is anisotropic iff [BA? BT + M] — [B(A’)° BT + M] is anisotropic.
Recall the absolute trace function tr: GF(q) — GF(2), tr(z) = ZzQiil.
i=1

Observation 1.1.4. The following are equivalent:
(i) A= (Y) is anisotropic.

(ii) a?x + ab(y + w) + b*z is irreducible over F as a homogeneous polynomial of
degree 2 in a and .

(iii) tr ( . fzw)2> =1
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1.2 g-Clans

Let X :t+— ay, Y : t — ys, Z :t — 2z be three functions from F to F', and put
C={A;=(GY):teF} SoCis a set of at most ¢ equivalence classes of 2 x 2
matrices over F.

Definition 1.2.1. C is a g-clan provided all pairwise differences Ay — Ay (s, t €
F, s #t) are anisotropic.

Observation 1.2.2. We may assume that g-clan matrices are upper triangular, i.e.,
(0¥)=(2vtv), and if B = (2%), then the following holds:

z

2 2
x r_ [ @’z +aby+ bz (ad + be)y
B< 0 z >B - ( 0 Ar+dey+d?z ) (1.1)

Note that if C is a g-clan, then it does consist of ¢ distinct equivalence classes.
Since most of the time we write matrices of C in upper triangular form (since
q = 2¢), usually we just write A; = (Iot b )

By Observation 1.1.4 the anisotropic condition is exactly that for any dis-
tinct s, t € GF(q), tr((ze +xs)(2 + 25) /(e +ys)?) = 1. It is easy to check that
when C is a g-clan, each of the functions X, Y, Z is a permutation. Moreover, by
Observation 1.1.3, if 0 # p € F, 0 € Aut(F), B € GL(2,q), and if z,y,z € F,

replacing A; € C with A} = uBAY BT +(§Y) gives anew g-clan C' = {4} : t € F}.

Definition 1.2.3. Let C = {A, :t € F} and C' = {A} : t € F} be q-clans. C and C’
are equivalent and we write C ~ C' provided there exist the following: 0 # u € F,
B e GL(2,q), 0 € Aut(F), M a2 x 2 matriz over F, and a permutation w : t — ©
on F' for which the following holds:

AL = uBAYBT + M for allt € F. (1.2)

1.3 Flocks of a Quadratic Cone

Let K = {(z0,71,72,73) € PG(3,q) : 3 = moxa}. So K is a quadratic cone
in PG(3,q) with vertex V' = (0,0,0,1). Keep in mind that all quadratic cones
of PG(3,q) are equivalent under the action of PT'L(4,q) hence we can take our
favorite one without loss of generality.

Definition 1.3.1. A flock of K is a partition F = {C, : t € F'} of K\ {V} into q
pairwise disjoint conics Cy.

Each conic C; € F is a plane intersection Cy =mNK, where 7 =[x, yt, 24, 1]T
is a plane not containing the vertex V. The notation [z, yt, zt71]T stands for x; Xo+
y: X1 + 2: Xo + X3 = 0. We also refer to m; as a plane of the flock F. In fact, it
has also become common just to define a flock to be the set of planes whose
intersections with the cone are the conics that partition the cone. J. A. Thas
[Th87] first proved the following:
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Theorem 1.3.2 (J. A. Thas [Th87]). Let X : t — x, Y 1t — y;, Z : t > 2z be three
functions on F. Fort € F, put 7y = [v¢,ys, 2, 1]7, Cy = mNK, F ={Cy : t € F}.
Also put Ay = (%t ‘Zf) and C ={A;:t € F}. Then C is a g-clan iff F is a flock.

Proof. F is a flock by definition if and only if any two distinct conics Cs and C
with s different from t are disjoint. If 7, = [z, ys, 26, 1]7 and 75 = [z, ys, 25, 1]
are the planes defining the two conics Cy and Cy, we want that 75 and 7 meet in
a line which is external to K. Thus the system

2 Xo+ye X1+ 2 X0+ X3=0
2sXo +ys X1+ 2: X0+ X3=0
17% = XoT2

must have only the trivial solution. By subtracting the second equation from the
first and making the appropriate substitutions, it is easy to see that the previous
system has a non-trivial solution if and only if the following equation has a non-
trivial solution in Y:

(x¢ — xS)Y2 + (ye —ys)Y + (21 — 2z5) = 0.

Since we are in even characteristic, this holds if and only if (w‘?;:_);i‘);“) has
absolute trace equal to 1 for any s, t € F, s # t.

By Observation 1.1.4 this condition is equivalent to requiring that the matrix
Ags — A; be anisotropic for any s,t € F, s # t, which is exactly the condition for C
to be a g¢-clan. 0

Definition 1.3.3. Two flocks are projectively equivalent when there exists a projec-
tive semilinear map of PG(3,q) leaving the cone invariant and mapping one flock
to the other.

From now on let C = {4; = (7 %) : t € F} be a g-clan. Let F(C) =
{mNK 7w =[x,y 2,1]T : t € F} be the corresponding flock. Then C’' =
{A; = A, — Ay : t € F} is a g-clan equivalent to C with A = (§9). And
T:[z,y 21" — [r — 20,y — 0,2 — 20, 1]T determines a projective (linear) map
on PG(3, q) (defined on planes not through V) that leaves invariant the cone K and
maps F(C) to F(C'). The plane 7, of the flock F(C’) is the plane = [0,0,0,1]7.
Hence from now on we assume without loss of generality that each g-clan C contains
the zero matrix, hence the corresponding flock F(C) contains a conic in the plane
7 =[0,0,0,1]. It is possible that on certain occasions the matrices of C are labeled
so that A, € C is the zero matrix for some nonzero s € F', but usually this is not
the case, i.e., usually A9 = ($9).

Theorem 1.3.4 (Cor. 7.14, p. 158 of J.W.P. Hirschfeld [Hi98]). The most general
projective semilinear map T of PG(3,q) defined as a map on the planes of PG(3,q)
not through the vertex V', that leaves invariant the cone K, is given by the follow-
ing. There is a matrizc B = (2Y) € GL(2,q), 0 # X € F, o € Aut(F), and there
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are fixed elements xg, Yo, z0 € F', for which

x x’ Aa? Aab A2z z°
Y y' B 0 Mad+bc) 0  yo y°
T N I B - Ac? Aed A2z 27 1 (1.3)
1 1 0 0 0 1 1
Proof. See [Hi98]. O

Theorem 1.3.4 has as an immediate consequence the following theorem which
is central to the theory.

Theorem 1.3.5. Let C={A, = (7 ¥'):t € F}, C’:{A§_<%yt> tEF}betwo

(not necessarily distinct) q-clans, normalized so that Ay = A, is the zero matriz,
with corresponding flocks F(C) and F(C"). Then F(C) and F(C') are projectively

equivalent iff there exist the following:

(i) 0#£NeF,
(i) B=(%5)€GL(2,9),
(i) o € Aut(F),
)

(iv) m: F— F': t — t, a permutation, such that the following condition is satisfied:

Ty Aa? Aab b2l 7
vi | | 0 Aad+be) 0 e
| | A Aed A2z 2o |0 tE F. (1.4)
1 0 0 0 1 1

As q = 2° and the matrices of C and C' are upper triangular, Eq. (1.4) is equivalent
to
Ay = ABAYBT + A}, te F. (1.5)

Clearly Theorem 1.3.5 is just a very explicit way of saying that C ~ C’ iff
F(C) and F(C’) are projectively equivalent.

1.4 4-Gonal Families from g-Clans
Put P=(9}), and for a, 3 € F? define a0 8 by
aof=aPpl. (1.6)

Then («, 8) — a o [ is a nonsingular, alternating bilinear form with o 8 = 0 iff
{a, B} is F-dependent.

On the set G® = F2 x F2 x F = {(a,8,¢) : o, 3 € F? ¢ € F} define a
binary operation

(a,B.¢) - (@, 8,d) = (a+a, B+ B c+d +Boa). (L.7)
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The operation defined in Eq. (1.7) makes G® into a group of order ¢° with center
Z = {((0,0),(0,0),c) € G® : ¢ € F}. Note that in the literature the definition
of such a binary operation is usually different (the last two coordinates are inter-
changed). This new point of view has the advantage that the collineations induced
by automorphisms of G® may be described using tensor products of matrices in
such a way that the composition of such collineations appears greatly simplified.
Notation: If the element (a,3,¢) € G® has a = (0,0), we usually just write 0
in place of (0,0) and expect the context to make it clear that something like
(0,0,0) € G? really denotes the element ((0,0), (0,0),0) € G®.

G® has two important families of (elementary abelian) subgroups of order ¢3.
For0#~y€F? put L, ={(y®a,c) € G¥:a € F* ccF}, (1.8)

and
for 0 #a € F?, put Ry = {(Y®@a,c) €G®:y€ F? cc F}. (1.9)

Theorem 1.4.1. Fach L., and each R, are elementary abelian groups of order 7.
And for nonzero a,y € F?, L, = Ly (resp., Ry = Ra) iff {a, 7} is F-dependent,
so we may think of the groups L (resp., Ra) as indexed by the points of PG(1, q).

Proof. This is a routine exercise, but it is convenient to have a reference for the
group operations. First consider £, where v = (g1, g2):

(’Y & Oé,C) . (’Y ® 0/70/) = (910[7920é,c) . (.910/7920/30/)
= (gi(a+a'), ga(a+a'),c+ ¢ + goao gia)
= (7 ® (OZ + Oé/), c+c+ 9192(a © Oé/)),

which is in £,. And clearly each element of £, has order at most 2.

Now consider R,, with v = (g1,92), v = (¢}, g5). Then
(,Y ® a, C) : (7/ ® a, C/) = (91047 g2, C) : (9/1047 gl2a7 C/) = ((,Y + ,Y/) Q@ a,c+ C/) € Ra
(since gaax o giar = 0). O

Definition 1.4.2. Define the scalar multiplication d(y ® a,c) = (dy ® a,d?*c) =
(v ® dev, d*c) where d € F*.

This multiplication makes each £, and R, into a 3-dimensional vector space
over I containing the center Z. Hence there are associated projective planes £,
and R, isomorphic to PG(2,q).

We pause to consider why we choose this particular scalar multiplication.
Suppose we had used d(y® a, ¢) = (y® da, d'c) for some function d +— d*. Then if
Ly, v = (g1,92), is a vector space with this scalar multiplication, it must be true
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that

dl(y®a1,c1) - (v® az,02)] = (v @ dan, d'ex) - (v @ daz, d'ca),
ie, d(y® (a1 + a2),c1 + c2 + g1gacv1 © ()
= (Y®@d(a1 + ag),d'(c1 + c2) + grgad’ar 0 a),
ie., (y®d(ar + as),d (c1 + o+ gigaas 0 an))
= (y®d(ai + az),d (c1 + c2) + g1g2d* (o1 0 az)).  (1.10)

This equality always holds if and only if d* = d2. So if the same scalar multipli-
cation is used in £, as in R, clearly we have chosen a reasonable version. The
scalar product d(y®«, ¢) = (dy®a, dc) also makes R, into a 3-dimensional vector
space over F', but it will turn out a little later not to be as convenient to use this
version.

Note. We use the elements of F = F U {co} to index the points of PG(1,q) as
follows: 700 = (0,1) and v, = (1,t) for ¢t € F. So for (0,0) # v = (a,b), we have
Y= Yv/a-

Let C = {Ay = (G¥) : t € F} be a g-clan with 49 = (). Put K; =
Ay + AT = yP. Also put Ay = (99), and v, = 70 = (0,1). Define then
gla,t) = aAiaT for t € F and o € F2. Tt is easy to see that

gla+ B,t) = g(a,t) +g(B,1) + ye(a o B). (1.11)
For each t € F, there is a subgroup A(t) of G® defined in the following way:
Alt) ={(1y, ® . g(a,t)) € G¥:a € F?} < A*(t) :=L,,, < G®. (1.12)
Using Eq. (1.11) it is easy to check that

('Vyt & a17g(a17t)) © (’Yyt & 042,9(012,15)) = (’Yyt b2 (041 + OéQ),Q(Oél + a27t))a

i.e., A(t) is a subgroup of £, having order ¢*. And A(t)Z = A*(t) = L,,, .

Note that in the literature both g, (t) and g;(«) have been used to denote
the function g(a,t). As we will have occasion to consider this function at different
times for fixed a and for fixed ¢, we have decided not to use these specialized
notations to avoid the necessity of having to switch notation in the middle of our
argument.

Theorem 1.4.3. Put J(C) = {A(t): t € F}, J*(C) = {A*(t): t € F}. Then the
triple (G®, J(C), T*(C)) is a Kantor family, i.e., J(C) is a 4-gonal family for G®.
The associated GQ is denoted GQ(C) and is referred to as a flock GQ.

Sketch of Proof. For t,u € F', t # u, we have y; # y,. This leads easily to a proof
that A(t)NA*(u) = {e} whenever t,u € F, t # wu, which is Kantor’s condition K2.
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Now suppose s,1,u are distinct elements of F with oo € {s,#,u}. Then it
is routine to check that A(s)A(t) N A(u) = {e} precisely because A; — A; is
anisotropic, where {s,t,u} = {00, ,j}. The hard part is to show that for distinct
t,u,v,€ F, A(t)A(u)NA(v)= {e}. So suppose

(e @, g(, 1)) - (vy, ® B, 9(B, 1)) = (a+ B, e+ yuB, g(, t) + g(B,u) + ye (o B))
belongs to A(v), i.e.,

(i) yea+ yuB = yo(a+ B), so that (y: + yo)o = (yu +y)B =7, and

(i) g(e.t) +g(B,u) +y(a o B) = gla+ B,v).
From (i) we have a = (y; +y») ™', 8 = (yu +yu) 17, so a0 8 = 0. Putting these

values of o and (3 into (ii) and using Eq. (1.11), we obtain

0= (ye + o) 2(9(7,t) + 9(7, ) + (yu + 30) 2(9(v,u) + g(v,v)).  (1.13)

This says 0 = yBy”, where B = (¥ %) is the matrix

Ti+ay + Toy+To Yt+Yo 4 YutYov
B=| Wtv)?  (utve)®  (ytye)® * (yutyo)?
Zt+2y Zut2zv .
2 T

(Yt +yo Yu+Yv)?

But B is anisotropic, since 1 = tr(XZ/Y?) = tr(N/D), where

N =22 (Yo + yu)' + Tuza(ye + 90)! + 2020 (ye + yu)*
+ (Te20 + Tuze) (Yo + yt)Q(yv + yu)Q
+ (@20 + 2026) Yu + 92)* (Y + 90)°
+ (Tuzy + Typzu) (Ye + yu)2(yt + yv)2a (1.14)

and
D = (yt + yu)Q(yt + yv)2(yu + yv)Q'

To see that 1 = tr(N/D), note that because A; + A, A; + A, and A, + A,
are anisotropic, we have

1= tr { (e + )zt +20) (4 a) (2t + 20)  (Tw + o) (20 + 20) }
(Yt + yu)? (Yt +yo)? (Yu + Yo)? ’

and this last expression is equal to tr(N/D).
Hence 0 = vB~” implies v = 0, which forces o = 3 = 0, as desired. Thus
J(C) satisfies K1 also and is a 4-gonal family for G®. O

There is an interesting interpretation of the fact that the matrix B above is
anisotropic.
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Corollary 1.4.4.
Fiz v € F. Replace each A; of C, v # t € F, with A}, = (y1 + yo) 2(A: + A,).
Leave AL, = (39), and put A}, = (§ ). Then C' = {A}:t € F} is a g-clan.

The preceding corollary says that if we are given one g-clan (equivalently,
one flock), we immediately have a family of ¢+ 1 ¢g-clans (equivalently, a family of
q + 1 flocks), which might not be pairwise equivalent. This is an analog for char-
acteristic 2 of the concept of “derivation of flocks” introduced by [BLT90] for odd
characteristic. We shall meet this concept again when we study the Fundamental
Theorem and its extensions.

1.5 Ovals in R,

For each t € F, and for fixed nonzero o € F2, put
Aa(t) = At) N Ra = {(y, ® da, g(da, t)) : d € F}. (1.15)

Since g(da,t) = d?g(a,t), we have (v, ® da, g(da, t)) = d(yy, ® a, g(a,t)),
using the scalar multiplication given in Definition 1.4.2 to make R, into a 3-
dimensional vector space over F. Hence A, (t) corresponds to a point p,, (t) (when
d € F*) in the projective plane R,,.

Kantor’s property K1, when interpreted for the groups A, (t) considered as
points, says that O, = {p,(t) : t € F} is an oval (i.e., a set of ¢ 4+ 1 points of a
plane no three on a line) in R, as proved in Proposition 1.5.2.

Definition 1.5.1. The set {(v,, ® da,g(da,t)) : d € F*} of nonzero vectors in
An(t) = A(t) "Ry which correspond to a point of the oval O, in R, is called an
o-point.

We will use the notation ((y ® a,c))1 = {(y ® da,d?c) : d € F*} to mean
the equivalence class with respect to the scalar multiplication defined in Defini-
tion 1.4.2, which represents a point of R,.

Proposition 1.5.2. O, = {p,(t) : t € ﬁ'} is an oval of Re,.
Proof. Take any three distinct points of O, (the details below hold for points
Do (1) with ¢ # o0):

pa(t) = <<7yt ® da,g(da,t))>1 = <(da7ytda7g(da7t))>17

Pals) = ((w., @ d'a,g(d'a, 8)))1 = ((d'v, ysd' v, g(d' v, 5)))1,

Pa(r) = ((y, ® d"a, g(d"a,7)))1 = ((d" o, yrd" v, g(d" v, 7)1,

with ¢t,s,7 € F, d,d',d" € F and t # s # r.
The points in the line spanned by p, (t) and p,(s) have the form:

(Pa(t), Pa(s))
= {{(Mda + pd a yrda + pysd a, ?g(da, t) + p?g(d' e, s)))1 €Ry:
A€ Fo (A p) #(0,0)}
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Suppose now p,, (1) € (p,(t),p,(5)), i.e., I\, u € F* such that

d"o = (M + pd)a
yrd" o = (Aypd + pysd' )
g(d"a,r) = N2d2g(a, t) + p2d*g(a, s).

Since A(t)A(s) = {(a& + o,y + ys’, g(a,t) + g(o/, 8) + a0 ') : &, € F?},
taking @ = Ada and ' = pd'«, it immediately follows that p,(r) € A(r) N
A(t)A(s), which is clearly impossible as Kantor’s property K1 holds by hypothesis.
Hence any three distinct points of O, are never collinear and so O, is an oval of
Ra- O

1.6 Herd Cover and Herd of Ovals

At this point we pause to make some observations about the scalar multiplication
of Definition 1.4.2. These considerations will lead in a natural way to the definitions
of oval cover, herd cover and profile of a herd cover.

Since R, is a projective plane whose points are the equivalence classes
(y® a,c))1 = {(y ® da,d?c) : d € F*} with respect to the scalar multiplica-
tion of Definition 1.4.2, it is interesting to look for an isomorphism between R,
and the projective plane PG(2,¢) in which the scalar multiplication is defined in
the usual way ({...)2 will denote an equivalence class with respect to the scalar
multiplication in the vector space underlying PG(2,q)). The following theorem is
what we need (observe that the g-clan plays a role in the definition of g(«, t))

Theorem 1.6.1. A g-clan C provides a family of ¢ + 1 ovals Oy, one for each
a € PG(1,q), with Oy = {p,(t) : t € F} C Rq. For each d € F* and a fized
a # (0,0) the mapping

Tda : Ra — PG(2,q) : (v ® da, d*c))1 — (7P, d%¢))s (1.16)

18 an isomorphism of planes. )
Moreover, mgo maps Oy to the oval Ogqq = {(V1, 9(de,t)): t € F} provided
that o = (a,b) # (0,0).

Here, if v = (a,b), v := (a?,b?). We will try to give some justification for
the isomorphism 74, just introduced. If d # 7, unfortunately, mgo 7 Tya. By The-
orem 1.6.1, corresponding to the oval O, = Oy, in R, there are ¢ — 1 projectively
equivalent ovals in PG(2,q), namely, {O4o: d € F*}. There are two approaches
that we may take in working with this correspondence. We could associate the
oval O, with the set {Og,: d € F*}.

Definition 1.6.2. The set {O4n: d € F*}is called an oval cover. The set {Ogn: d €
F*} is denoted by [O,].
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We can select otherwise a representative from the oval cover to associate
with O, (this is referred to as normalizing). The first approach more accurately
reflects the relations in the GQ, but the second approach is easier to deal with
computationally. Following the first approach, we get the following definition.

Definition 1.6.3. A herd cover, H(C), of the q-clan C is the set of ¢+ 1 oval covers
in PG(2,q) associated to the ovals O, of the planes R. That is,

H(C) = {[0u]: a € PG(1,q)}. (1.17)

This definition is consistent with the terminology introduced in [C02] for a
more general setting, provided the indices « are interpreted as points of a conic
in PG(2,q). In the current context this distinction is not relevant. As far as the
second approach is concerned, normalization is equivalent to choosing, for each
a € PG(1,q), one specific value d,, € F* and using only the isomorphisms 74, .

Definition 1.6.4. When d, is fized, the set of ¢ + 1 ovals {Og4,a} of PG(2,q)
obtained letting o vary in PG(1,q) and projecting Od,o bY Td,a, is called a herd
of ovals corresponding to the qg-clan C. A herd of ovals is denoted by H(C).

Definition 1.6.5. The set H(C) = {O, : o« € PG(1,q)} of ¢+ 1 ovals of the planes
Ra is called the profile of the herd cover H(C), or simply a profile of the herd.

Observation 1.6.6. The normalization we will use in this book is the one which
selects from the oval cover the representative O, o, with o = (1,s2) or (0,1), and
d,, = 1 for all such a, so that the ovals of the herd will look like Oy = {(1, s, f5(¢)) :
t € FYU{(0,1,0)} where fs(t) = f(t) + (st)'/? + sg(t) for suitable maps f, g (as
we will see in Theorem 1.7.1, f, g are exactly the g-clan functions defining the
matrices of C).

A priori there appears to be no reason to choose one normalization over
another. Different normalizations produce different sets of ovals to be called herds
of ovals for the same ¢-clan. From this point of view, a herd of ovals, since it is
dependent on the normalization, is not as general as a herd cover. Furthermore,
as we shall see in Chapter 3, normalization can have a confounding effect on the
computation of automorphism groups. On the other hand, however, we will often
adopt the normalization as in Observation 1.6.6 because it is very useful in terms
of computations (we will also give some justifications for such a normalization in
Chapter 3 ).

Definition 1.6.7. An o-permutation for PG(2,q) is a permutation polynomial f
over F = GF(q) of degree at most ¢ — 2 with f(0) = 0 satisfying the condition
t t
that s(x) = fla+ i+ ut ),1: #0,5(0) = 0 is a permutation for each t € F.
The set of points {(1,¢, f(¢)): t € F} U {(0,1,0)} form an oval in PG(2,q)
passing through the point (1,0,0) and having nucleus (0,0,1) if and only if f is
an o-permutation.
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Definition 1.6.8. If f(1) = 1 then an o-permutation f is called an o-polynomial.

Associated with an o-polynomial are ¢ — 1 o-permutations, being the nonzero
scalar multiples of the o-polynomial. With an o-permutation g4 is associated a
unique o-polynomial gf(sl).

Note that sometimes we will use the notation D(f) in place of Os where f is
an o-permutation or an o-polynomial (e.g., Section 3.4), i.e., D(f) = {(1,¢, f(¢)) :
t e F}U{(0,1,0)} is an oval in PG(2,q). It was first proved in [CPPR96] that
if there are o-permutations f and g with f(0) = ¢(0) = 0 for which fI(¢) =
F(t) + (st)2 + sg(t) is an o-permutation for all s € F, then

C:{&:<f9 ﬁ»)”EF}

is a g-clan (see Theorem 1.7.1) . We point out the obvious statement that for
s € F, fX(t) is an o-permutation if and only if df¥(¢) is an o-permutation for all
deFrr.

1.7 Herds of Ovals from g-Clans

In this section we will use the normalization as in Observation 1.6.6. It was first
observed by S. E. Payne and C. Maneri [PM82] (in a specific case) that a g¢-clan
yields a herd of ovals, and the general observation was made more explicit in
[Pa85]. The interesting converse, that a herd (i.e., a profile of a herd) yields a
g-clan was first given in [CPPRY6].

Theorem 1.7.1. Given a (profile of a) herd of ovals, a q-clan may be constructed.
Hence (profiles of ) herds and q-clans are equivalent objects.

Proof. Let H(C) = {Os C PG(2,q) : s € F} be a normalized herd of ovals where
fs(t) = f(t)+ (st)/2 + sg(t). We will show that C = {At = (f(ot) 21(/1;) (te F} is
a g-clan. Since Oy is an oval, any three distinct points of Oy are never collinear. For

arbitrary t, u € F, with ¢ # u, take the following three points in Os: (1,t, fs(t)),

1t fo(t
(1,u, fs(u)), (0,1,0). Then |1 uj((u)) = fs(u) + fs(t) # 0Vs € F. Hence the
010

1/2

following equation in s*/< must have no non-trivial solution:

(g(t) + g(u)s + (¢ +u)2(s)2 + f(2) + f(u) =0

which is equivalent to requiring that the absolute trace of (f(t)+'f(u2)(g(t)+g(u)) be

equal to 1 whenever ¢ # u. By Observation 1.1.4, that is exactly the+condition for
the matrix A; — A, to be anisotropic. Since it holds for any t,u € I’ with t # u, it
immediately follows that C is a g-clan. Hence a ¢-clan is constructed from a (profile
of a) herd of ovals, and using Theorem 1.6.1 we have that herds and ¢-clans are
equivalent objects. O
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1.8 Generalized Quadrangles from g-Clans

Also in this section we will still use the normalization according to Observa-
tion 1.6.6. Let C = {A;= (7 ¥%):t€F} be a g-clan normalized so that
Ao = (39), and put A = (§9). In the previous section we saw that J(C) is
a 4-gonal family for G®. Hence by Kantor’s construction (see the Prolegomena)
there arises a generalized quadrangle GQ(C) of order (¢2,q) with the following
incidence diagram (see Theorem 1.4.3).

geG®

(c0)

Incidence Diagram for GQ from Kantor Family

Also, as we have just seen, for each a € PG(1,q) there is an oval O, in
PG(2,q). We want to observe that there is a subquadrangle S, of GQ(C) that
is isomorphic to T2(O,) of J. Tits (cf. [De68] or [PT84]). First consider a more
general setting.

Theorem 1.8.1 (Payne and Maneri [PM82]). Let G be a finite group of order s°t,
1<s, 1<t Let J ={Ao,..., A} be a family of subgroups of G each of order
s. Let C be a normal subgroup of G of order t, and put A7 = A;C, 0 < i < t.
Assume that whenever By, Ba, By are three distinct members of J U {C}, then
B1By N Bz = {e}. Then if T* = {AF : 0 < i <t}, it follows that (G, TJ,T*) is a
Kantor family, and S(G,J) is a GQ with parameters (s,t). Let G' be a subgroup
of G satisfying the following:

(i) |G| = (), 1< <s;
(ii) |G'NA| =" for each A€ J;
(i) C < G
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Then J' ={A'=G' NA:Aec T} is ad-gonal family for G', and S(G',T") is
a subquadrangle of S(G,J) containing the point (00) and having order (t,t), i.e.,
s =t.

Sketch of Proof. It is immediate that J is a 4-gonal family for G and the “tangent
space” A at A; is AT = A;C. Tt is also easy to check that J' is a 4-gonal family
for G’ with (7)* = {(A")* = A/C : A’ € J'}. Tt needs to be checked that points
A*g of the GQ S(G', J’) of type (ii) (see the Prolegomena) can be identified with
points of S(G, J) and the lines A’g of S(G’, J') of type (a) can be identified with
lines of S(G,J). In the first case, if A*g = A*h for A* € J*, g,h € G', then
gh™' € A*AC. Setting gh~' = ac with a € A and ¢ € C, since gh~! € G’ and
c € G', we conclude that a € G’ and gh™ € A'C = (A’)*, and (A")*g = (A")*h.
In the second case, if Ag = Ah for A € J and g,h € G, then gh~! belongs to A
but also to G’. Hence gh~! € A’, implying A'g = A’h.

Incidence in S(G’, J’) is easily seen to imply incidence in S(G, J), so that
S(G', J") is a subquadrangle of S(G, J) of order (s, t). By (the point-line dual of)
2.2.1 of [PT84] it must be that s't < s, and by 1.2.3 of [PT84], s < 2. Hence s’ < t.
Moreover, right multiplication by elements of C' (as in the Prolegomena) induces
a group of ¢ symmetries of S(G, J) about (c0) (collineations fixing each point of
(00)t) leaving S(G’, J’) invariant. Hence (0o) must be regular in both S(G,J)
and S(G’, J’). This forces s’ > ¢ (cf. 1.3.6 (i) of [PT84]), so that s’ = t. O

In the present context we have G = G®, C = Z, J = {A(t): t € F} and
G = R, for any choice of a € PG(1,q). Write G€ = R, Au(t) = A(t) N Ra,
Jo={Au(t):t € F}, A(t) = Au()Z = A*(t) N Ro = L+, N Ra.

Define the following subquadrangle of S(G, J ). The points of the subGQ S,
are of the following types:

i) the elements g = (Y ® a,¢) € Ra;
ii) the cosets A% (t)g, t € F, g € Ra;
iii) the symbol (c0).
The lines of S, are of the following types:
a) the cosets Ay (t)g, t € F, g € Ra;
b) [Aa(t)], t € F.
Incidence is inherited from S(G, 7).

Let T be the dual grid with 2(¢ + 1) points spanned by the points (co0) and
(0,0,0). All the subquadrangles S, constructed above contain I'. We know that
two subquadrangles of order ¢ in GQ(C) that have a dual grid (with 2(¢+1) points)
in common must have in common just the points and lines of that dual grid (cf.
2.2.2(vi) of [PT84]). Hence S, and Sg are identical if {«, 8} is F-dependent, and
they meet in I' otherwise. It follows that we have constructed a family of ¢ + 1
subquadrangles S, of order ¢, pairwise intersecting in I
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Consider now the projective plane PG(2,q) isomorphic to R, via the iso-
morphism 7, and call O, the oval in PG(2,q) which is the image under w, of
the oval O,. If we embed PG(2,q) in PG(3,q) as the plane m : 29 = 0, then
O, = {(1,t,9(a,t)) : t € F} U{(0,1,0)}. Consider the GQ T»(0O,) constructed
from PG(3,q), Too, On. Recall that the points of To(O,) are of the following
types:

i) the points of PG(3,¢q) not in mu;
ii) the planes of PG(3,q) \ oo which meet 7 in a tangent line to O,;
iii) the symbol (c0).
The lines of T5(O,,) are of the following types:
a) the lines of PG(3,¢q) not in 7o, meeting moo in a point of Oq;
b) the points of 7o, on O,.

Incidence is as follows: a point of type i) is incident only with the lines of type a)
which contain it; a point of type ii) is incident with all lines of type a) contained
in it and with the unique line of type b) on it; the point of type iii) is incident
with all the lines of type b) and with no line of type a).

The following is an isomorphism between S, and T5(O,,):

(00) = (o0)
(Y®a,e) = (1,7?,¢)
Ay @ a,¢) = (0,1, ¢, g(e, 1)), (1,72, ¢))
Aa(00)(v @ a,¢) = ((0,0,1,0), (1,73, ¢))
A (v @ a,¢) = ((0, 1,8, g(a, 1)), (0,0,0,1), (1,72, ¢))
An(00)* (y® a,¢) — {(0,0,1,0),(0,0,0,1), (1,7, ¢))
[Aa(®)] = (0,1,¢,9(a, 1))
[An(o0)] — (0,0,1,0)
(cf. [De68] or [PT84] and [BOPPRI1]).

1.9 Spreads of PG(3, q) Associated with g-Clans

Our main interests in this book are generalized quadrangles, ovals and flocks asso-
ciated with ¢-clans. However, starting with a ¢-clan C we may construct a spread
of PG(3,q), which in turn yields a translation plane of order ¢2. There is a consid-
erable body of work on these planes and on planes derived from them. The original
construction of a spread from a flock of a quadratic cone (which we now know is
equivalent to a g-clan) was given independently by J. A. Thas and by M. Walker
[WaT76]. However, we give a more direct construction here clearly equivalent to one
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given by Gevaert and Johnson [GJ88] and shown by them to be equivalent to the
one given by Thas and Walker.

With P = (9}), as usual, let A and B be any 2 x 2 matrices over F. It is
easy to see that A = B iff B = A+ uP for some u € F. A line of PG(3,¢) will be

given as the row space of a 2 X 4 matrix with rank 2. For example, if 0 (resp., I)
is the 2 x 2 zero (resp., identity) matrix over F', put

Loo = ((0,1)) . (1.18)
Then if u € F and A is any 2 x 2 matrix over F', put
Liaw = (I, A+ uP)). (1.19)

Lemma 1.9.1. R = {Loo} U{La,u) : u € F} is a requlus.

Proof. If A = B, then R4 = Rp, so we may assume A = ({5 ¥). It is clear that
R4 consists of ¢ + 1 pairwise skew lines. Fig. 1.1 shows the transversals of R4

(the horizontal lines for (0,0) # (a,b) € F?). O

L(A,0) L(A,u) Lo
° ° °

b= (1,0,.’1‘,y) p+u(0707071) (0707071)
° ° °

ap +bq ap+bq+4(0,0,b,q) (0,0,0,0)
° ° °

q=(0,1,0,2) q+(0,0,1,0 (0,0,1,0)

Figure 1.1: R4 is a regulus

For a line L, let L* denote the set of points incident with L. And for a matrix
A, let R% denote the set of points incident with a line of the regulus R 4.

Lemma 1.9.2. Let A, B be two 2 X 2 matrices over F. Then
(i) ((L,A4)) =((,B)) iff A= B;

(ii) <(I,A)> ERp iff A=B iff Ra = Rp;

(i) Ry NRy D Lk, with equality iff A — B is anisotropic.

Proof. Parts (i) and (ii) are trivial. For part (iii) we may assume (by part (ii))
that A = (0 ¥') and B = (7 ¥2). Then clearly R% N Ry 2 L%. And the
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containment is proper iff there exist u,v € F for which L4,y = (({, A+ uP))
and L(p,,y = ((I, B + vP)) have nontrivial intersection, which holds iff

I A+uP
0 =det{; B+1JP>
_ det I A+uP )
0 B-—A+(v—u)P
et (T2 T Y2 —Y1 +v—1u
u—v zZ9 — 21
= (r2 —21)(22 — 21) + (v — W) (y2 — y1) + (v —u)?
= A.

If (z2 — x1)(22 — 21) = 0, we can put u = 0 and v = y; — y2 to show that
RANRE 2 Ly N Lig ) # (). And it also follows easily in this case that A — B
is not anisotropic. So from now on assume that (zo — x1)(22 — 21) # 0. Then A is
equal to each of the following:

ooy [ (PG IR (R20)] a

and

(l’zizl) |:(U_u71'2—(51)( ey ) ( o )} (1.21)

So if A =0, clearly A — B cannot be anisotropic, i.e., if R N Ry # L%, then
A — B is not anisotropic.

Conversely, suppose R "R = L% . Hence for all u,v € F, A # 0. We claim
that A — B is anisotropic. For suppose (a,b)(B — A) () = 0 with (0,0) # (a,b).
Ifa #0, put u=0, v=(b/a)(z2 — 21) to contradict A # 0 in Eq. (1.20). If b # 0,
put u =0 and v = (a/b)(x2 — x1) to contradict A # 0 in Eq. (1.21). O

As an immediate corollary we have the following theorem.

Theorem 1.9.3. Let X :t— x; Y it — yi; Z 2t — z be three functions from F
to F. Fort € F put A, = (¢ %). Then put C = {A; : t € F}. With the notation
as above, Ry = Ra, is a requlus for each t € F. Put S(C) = U{R; : t € F}.
Then C is a q-clan iff S(C) is a spread of PG(3,q), in which case X,Y and Z are
bijections. O

Hence with each g¢-clan C there is a corresponding line spread S(C) of
PG(3,q), from which a standard construction provides a translation plane 7(C). It
is proved in [GJ88] that two g-clans are equivalent iff their associated translation
planes are isomorphic. For our purposes, however, it is sufficient to show how to
interpret g-clan equivalence as equivalence of the corresponding spreads. This is
taken care of by the following result.
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Theorem 1.9.4. Let C and C' be two (not necessarily distinct) q-clans. Then there
is a semilinear transformation mapping S(C) to S(C') in such a way that it fizes
Lo and maps the q special reguli of S(C) on Lo to the q special requli of S(C') if
and only if C ~ C'.

Proof. First suppose C = {A; : t € F} and ¢’ = {4} : t € F} are equivalent.
This means that there exist nonzero A € F, B € GL(2,q), 0 € Aut(F), a 2 x 2
matrix M over I, and a permutation 7 : t — ¢ on the elements of I for which
Al = ABAYBT + M for all t € F, i.e., for each t € F there is a u; € F for which
Al = ABA?B™ + M + u,P. Consider the semilinear transformation defined by

o o o o [ ATIBTU MBI
TZ($0,$1,$271’3)'—>($07$1,$271’3)( 0 BT )

Clearly T leaves L, invariant, and
T: Liwy = (1, AsuP)) — (A~ IB=LA\"1B~IM + (A? + w° P)BT))

(I, M + A\BAY BT + u")\BPBT)>

(1, )\BAUBT + u?A(det(B))P + M))

((I, AL — ut P + u? A(det(B)) P)).

Hence T': R; — R} and thus maps S(C) to S(C’).
For the converse, suppose there is a semilinear transformation

o ,.0 .0 .0 c C
T:(5607561,1‘2,1‘3)’—>($O,I1,$27$3)( C; Cz >

(here each Cj is a 2 x 2 matrix over F') that fixes L, and maps R; to R} for some
permutation 7 : t +— t of the elements of F'. The fact that T fixes L, implies that
C5(99), so Cy and Cy are invertible.

It is an easy exercise to show that if A and B are two invertible 2 x 2
matrices over F', then APB is a scalar multiple of P iff A is a scalar mul-
tiple of BT. Then T : ((I,A; +uP)) € Ri + {((C1,C2 + (A7 +uP)Cy)) =
((I,C7' 0y + CTMAZCy +u7CT ' PCY)) € RY, for all u € F. Since this holds for
all w € F, C;'PCy must be a scalar multiple of P, so C;' = AC] for some
nonzero A € F'. Hence

T :((I,A;+ uP)) — ((I,\C{ A7Cy + AC{ Cs + M’ (det(Cy)) P)) € R

Therefore A} = \CT A7Cy + AC{ C; for all t € F, implying C ~ C'. O



Chapter 2

The Fundamental Theorem

The “Fundamental Theorem of ¢-Clan Geometry” was given that name in [Pa96]
because it is the analogue for these geometries of the theorem usually called the
Fundamental Theorem of Projective Geometry. In its most basic form (Theo-
rem 2.2.1) it says precisely what are the isomorphisms from one GQ(C) to another
GQ(C') that map [A(0)], (0,0,0), and (00), respectively, of GQ(C) to [A(c0)],
(0,0,0), and (o0)’, respectively, of GQ(C’"). This is really sufficient for some pur-
poses because of the following. If GQ(C) is isomorphic to GQ(C’), then either both
are non-classical and then necessarily (0o) maps to (0c0)’, or both are classical, in
which case we may assume without loss of generality that (co) maps to (oc0)’. And
when this occurs, then also without loss of generality we may assume that (0,0, 0)
maps to (0,0,0). While it is NOT true that without loss of generality [A(c0)]
maps to [A(c0)]’, it is sufficient for our purposes to consider only this case. Then
the collineations being considered are all induced by automorphisms of G® of a
particularly pleasant form. To determine just when such an automorphism of G®
is actually an isomorphism from GQ(C) to GQ(C’) for specific g-clans C and C’,
however, can be a real chore.

When C is the same as C’, the Fundamental Theorem (F.T.) describes the
automorphisms of GQ(C) that fix the line [A(c0)] and the points (co) and (0,0,0).
(This special case of the F.T. was already given in [PR90], but the opportunity to
discover the general result was missed.) By recoordinatizing the GQ so that any
line through (oo) may play the role of [A(co)], it is possible to extend the F.T.
to describe all the automorphisms of GQ(C) that fix the points (co0) and (0,0,0).
This is the main goal of this chapter.

In [OP02] an alternative approach to determining the automorphisms of
GQ(C) was given that depends on a special “Magic Action” of PT'L(3,q), but
an explicit connection between the two approaches was lacking. We have worked
out these details in the next chapter.
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2.1 Grids and Affine Planes

Since in this section we depend so strongly on the computational setup, we review
the notation one more time.

Let C = {A,= (T ¥):te F} bea g-clan normalized so that 4o = (),
and put Ao = (99). We know that (a, 8) — ao 8 = aPAB7 is an alternating,
nonsingular bilinear form with o 8 = 0 if and only if {«a, 8} is F-dependent. Put
g(a,t) = aAial, so g(ca,t) = c2g(a,t), and g(a+p6,t) = gla,t)+g(B,t)+y: (o 3)
for all a, 3 € F2,t € F. And g(a, 00) = 0 for all a € F2. The binary operation in
G® = F? x F? x F is given by

(O[,ﬁ,C)_l = (mﬂ,c—&—ﬁo OZ).
The 4-gonal family J(C) for G® consists of the following q + 1 subgroups:
A(o) = {(0,8,0) € G® : € F?},
At) = {la,ya,g9(a,t) €GP :a € F?} t€ F.

For convenience, we give a listing of when points of GQ(C) are collinear. For

points p, g, and for t € F, P X g means that p and ¢ are elements of G® belonging
to the same right coset of A(t), with a natural adjustment if ¢ = A*(t)(«, 5, ¢):

(,f,¢) =~ (a,8+ 0, c+aof),
(o, 6, ) N A*(o0)(a,0,0), 2.1)
(@.B,0) ~ (a+7,0+yy.ct+ylaoy)+g(v.t), '
(0 f.0) L A0+ pa0)
Now consider the incidence diagram of Fig. 2.1.
[A(00)]
Ql Pl Rl
.Q .P .R
° ° ° At
(00) Po e [A(t)]

Figure 2.1: Potential Grids on [A(c0)] and [A(t)], where

Py = A*(t)(0,8+ 0 + y:r,0); Ry = A*(t)(0,0 +yta 0); Q = A*(c0)(a + 7,0,0);
Q1= A*(00)(,0,0); P = (o, B+ 6,c+ a0 d); Ry = (o, B, ¢);
R=(a+7,8+yy ctyacy+g((v.1)
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The “missing” point P of Fig. 2.1 exists if and only if doy = 0, i.e., if and only
if {6,~7} is F-dependent. So replace v with by and 6 with avy, where 0 # v € F?,
to obtain Fig. 2.2.

[A(o0)]
Ql Pl Rl
.Q .P .R
° ° ° A(t
(00) Po e [A(t)]

Figure 2.2: (¢ +1) x (¢ + 1) Grids on [A(oo)] and [A(t)], where

PO = A*< )( ﬁ+a’7+yta 0) (t)( ,ﬁ—&—ytmO); Q = A*(oo)(a—i—b%(h());
Q1= A*(c0 )(a70,0), P = (a+bv ﬂ+( +0y)v, ¢+ (a+bye) (o) +b2g(7,1));
P = (a,8+ay,ct+al@oy)) R = (a+by,8+yy,c+yoy+ g((v,1));
Ry = (a?ﬂ?c)'

By letting a and b vary independently over the elements of F', we get a
(g+1) x (g4 1) grid. Note that the grid lines that meet [A(c0)] at points other
than (00), meet [A(c0)] at points of the form A*(co)(ar + b7,0,0), b € F. This
set of points is clearly independent of ¢. Moreover, if we coordinatize the point
A*(00) (e, 0,0) with (o, 1) € PG(2,q), the set of points on [A(c0)] other than (co)
is coordinatized by the line [yP, a o 4] of PG(2,q). So the ¢* points of [A(c0)]
other than (co) are the affine points of a projective plane 7(o0) isomorphic to
PG(2,q) with infinite line [0,0,1]7" and whose finite lines are the sets of points of
[A(c0)] meeting the lines of a grid (as in Fig. 2.2).

Similarly, the grid lines meeting [A(t)] at points other than (co) meet it at
the points A*(¢)(0,5 + avy + y:,0), a € F. And the points of [A(t)] different
from (00) are naturally the points of an affine plane. Coordinatize A*(t)(0, 3,0) as
(8,1) € PG(2,q). Then the affine line of points of the form A*(¢)(0, B+av+y:«, 0),
a € F, is coordinatized by the line [yP, (3 + yia) o 4]T, and the infinite line is
0,0,1].

We claim that all (¢ + 1) x (¢ + 1) grids containing (co) and meeting [A(t)]
determine the same affine line. Let a,b € F', u,t € F with u # t, and check Fig. 2.3
for a proof.

Aside: Tt follows from the computations of this section that GQ(C) has Prop-
erty (G) at the point (00) according to the following definition.

Definition 2.1.1. A GQ S with parameters (¢*,q) has Property (G) at a point p
provided the following holds. Let Ly and My be distinct lines incident with p. Let
Ly, Lo, Ly and Ly be distinct lines and My, Ms, Ms, My be distinct lines for
which L; ~ M; whenever 1 <i+ j < 7. Then Ly ~ Mjy.
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[A(w)]
Q1 Py R
.Q .P .R
° ° ° A
(00) n e [A(t)]

Figure 2.3: (¢ + 1) x (¢ + 1) Grids on [A(u)] and [A(t)], where

Py = A*()(0, 8 + yra + a(yu + y1)7,0); Ro A*()(0, B + yiar, 0);

Q = A*(u)(0, 8+ yua + b(y: + yu)7,0); Q1 = A*(u)(0 6+yuoz 0);

Py = (a+ay, 6+ayu%c+ayu(aov)+a 9(% w)); By = (o, B, 0);

P = (a+(a+b)y, B+ (ayu +by)y, ¢+ (ayu + by) (a0 ) +a’g(v,u) +b*g(7,1));
R= ( +b7aﬂ+yt77c+byt(a07)+b2 (’Ya ))

It was shown in [Pa89] that every flock GQ (i.e., g-clan GQ) has Property
(G) at the point (00), for ¢ odd or even. Remarkably, J. A. Thas [Th99] has
shown conversely that having parameters (¢2?,q) and having Property (G) at a
point completely characterizes flock GQ when ¢ is odd and with an additional
hypothesis does so for g even. See Section 8.2 for further remarks on this situation.

2.2 The Fundamental Theorem

With the setup as in the preceding section, assume also that C' = {A} :t € F}isa
second (not necessarily distinct) g-clan, with ¢/(a,t) = aAja®. Let 6 : GQ(C) —
GQ(C’) be an isomorphism for which 6 : (c0) — (00)’, 0 : [A(00)] — [A'(c0)], and
6:(0,0,0) — (0,0,0). The goal of this section is to determine the form of 6.
Clearly 6 is determined as a permutation of the elements of G®. And there
must be a permutation ¢ — ¢ for which 0 : A(t) — A’(f). Moreover, § must take
grids to grids and therefore must map (o) to 7/(c0) and 7 (t) to «'(f), always
mapping infinite points to infinite points and infinite lines to infinite lines. This
means that for each ¢ € F, there are B, D; € GL(2,q) and 0,0, € Aut(F) such
that
0 : A*(00)(cx,0,0) — (A")*(c0)(a’ B,0,0), (2.2)

and

0 A%(1)(0,6,0) > (A) (D)0, 67 Dy, 0). (2.3)
Since (a,f,¢) ~ A*(c0)(v,0,0), clearly (mﬂ,c) < (A)*(c0)(a? B,0,0). This
implies that as a permutation of the elements of G%, § must have the form

0: (. B,¢) = (a7 B, (a, 5,¢)", (. B, 0)™), (2.4)
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for some functions 05, 63 that we proceed to determine.
Apply 6 to the collinearity (o, 3,¢) ~ A*(t)(0,8 + wa,0) to obtain the

collinearity (B, (a, 8,¢)%, (a, 3,¢)%) L (AN*(6)(0, (B + yta)7t Dy, 0). Hence
(o, 8,¢)% +ysa” B = (B + y:)7 Dy, or
(o, B,¢)% = (B + y:2)7* Dy + y7a° B (independent of ¢). (2.5)
Putting a = 0 gives (0,8,¢)% = p7*D; = 370Dy for all t € F. Put 3 = (1,0),
then 8 = (0,1), to get Dy = Dy = D for all t € F. And D is invertible, so o, = og
for all t € F. So now Eq. (2.5) says
(o, 3,¢) = (B4 y,0)°°D + yza® B, for all t € F;a, 3 € F2. (2.6)
From (8 + y:a)?° D + y;0° B = (8 + ysa)?° D + ysa° B, we obtain
(gt +ys)7°a” D = (y; +ys)a’ B. (2.7)
Put a = (1,0) and then oo = (0,1) in Eq. (2.7) to obtain
(Y +y5)7 D = (y + ys) B. (2.8)
Then put Eq. (2.8) into Eq. (2.7):
a”[(y: + )7 D] = a[(yz + ys) Bl = a7 [(y: +y5)7° D).
As D is invertible, it follows that
op = o. (2.9)

Take determinants in Eq (2.8): (y: + ys)*?|D| = (yz + ys)?|B|. So again from
Eq. (2.8),

D:( Vet Vs >B=|D-B—1|1/2-B. (2.10)
(Yt +ys)°

Put T = |[DB~'|"/? so D = TB, and s = 0 gives
ye =97 T + yo. (2.11)

Eq. (2.
So now (a, 3, c)?? ¢ (26) (B4+y1a)’ D+yra® B = (f+y:0)°TB+(y{ T+yg)a’ B =
TB°B + yga® B, which implies

(c, B,0)% = (TB7 + yga”) B. (2.12)
At this point we have

(o, B, c)‘g = (o’ B, (T5° + ysa°)B, («, 3, 0)93). (2.13)
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0

o1 o’1
o2 i> .Pg
0

o3 o3

Figure 2.4: p1 = (Oé,ﬂ,C), P2 = (07/6 + Y@, € + g(avt))7 p3s = A*(t)((),,@ + yta70)
and pf{ = (a?G, (TS + ysa”) B, (a, 3, ¢)%),
pg = (07 T(,B—FytOL)UB, (07 B+ ya, c—|—g(a, t))93)7 pg = (A/)*(E)(Oa T(ﬂ+ yta)ng 0)

Now use the fact that p{ and p§ must be in the same coset of A’(f) (and
(p§) =1 = p§ as elements of G®) to obtain that

(aaB7 (T/[)m + yﬁaU)B7 (Oé, 67 0)03) : (07 T(lg + yta)037 (Oa /6 + o, € =+ g(Oé, t))gg)
= (a7B,yra’ B, (o, 3,0)% + (0, 8 + yrev, ¢ + g(a, 1))%)

must be in A’(#). This holds iff
(@, 8.0)" = (0,0 + g, c + g(o, 1)) + g'(a” B, #). (2.14)

Put t = 0 in Eq. (2.14) to obtain

(o, B,¢)% = (0,8,¢)% + ¢'(a° B,0). (2.15)
0
.pl .pl
o2 .i) .pg
0
.p3 .p3

Figure 2.5: p1 = (Oé,ﬂ,C), P2 = (Oé,O,C—F « O/B)a p3 = A*(OO)(O[7070) and
p? = (aUBﬂ (Tﬁg + yGOéU)B, (Oé, B, 0)03)’ Pg = (aUB7yf)aaB7 (0[70, c+ao 5)03)u
pg = (A')"(00)(a”B,0,0).
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Now use (p{)(p3)~! € A’'(00) and (p§)~! = (ph):

(a° B, (TB° + y52°)B, (a, ,¢)%) - (a° B, y5a° B, (a, 0, ¢ 4 a 0 3)%)
= (0,T3°B, (a,3,¢)” + (0,0, ¢+ a0 3)% + (T B) o (a’ B)) € A'(0)
ie., (o, 0,0)" = (,0,c+aop)’ + T (BPBT)(a®)T. (2.16)
Put a = 0 to obtain
(0, 3,¢)% = (0,0,¢)%, independent of 3. (2.17)
So Eq. (2.15) becomes:
(o, B,¢)% = (0,0,¢)% + ¢'(a° B,0). (2.18)
Since BPBT = det(B)- P, T3°(BPBT)(a”)" = T-det(B)(a0$)?. And of course
(0,0,0) = (0,0,0) implies (0,0,0)% = 0. Also,

(0,0,0)% + ¢'(a” B,0) *2° (a, B,0)% *2° (0,0, + a0 3)% + T'det(B)(a 0 B)°
2.18

= (0,0,c+aop)’ + g/ (a?B,0) + T det(B)(a o B)7
ie., (0,0,¢)% = (0,0,c4+ aoB)% +Tdet(B)(aoB)’. (2.19)
Put ¢ = 0 in Eq. (2.19): (0,0, 0 3)% = T'det(B)(a 0 §)7, i.e.,
(0,0,¢)% = T det(B)c°. (2.20)
Now put A = det(B) and use Egs. (2.20) and (2.18) in Eq. (2.13):
(a, B,¢)? = (@° B, (TS + yga®)B, TAC + ¢'(a” B,0)). (2.21)

The scalar T is not completely determined yet, but for any 7' € F' used in
Eq. (2.21) the @ described is an automorphism of G®. To yield an isomorphism
from GQ(C) to GQ(C'), 6 must map A(t) to A'(t) for each ¢ € F. This says
(o, yee, g, 1))? = (@ B, (Ty? a + ypa®) B, TAg(a,t)” + ¢'(a” B,0)) must be in
A’(t). The middle term is O.K. by Eq. (2.11). So the condition that 6 map A(t)
to A’(t) is precisely that TAg(a,t)? + ¢'(a? B,0) = ¢'(a° B, ), which holds iff

a’ B[TAB™'A7B™T + Aj + Afj(a”B)T =0
(for all « € F?, t € F), which holds iff
1=TAB'A7B~T + A} for all 0 € F. (2.22)
Put A = TA,ie., T = \/A. Then the description of 6 in Eq. (2.21) may be written

((a75)7c)9 = ((a”,57) ( (1) /\zﬁA ) ® B, A\’ + ¢'(a” B,0). (2.23)

And we can now complete the proof of the following fundamental theorem.
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Theorem 2.2.1 (The Fundamental Theorem). Let C = {A, = (4 ¥') :t € F} and

0 z
C'={A, = (%; Z%) 1t € F} be two (not necessarily distinct) q-clans normalized
so that Ag = (3 8) = Aj. Then the following are equivalent:
(i) C~C".
(ii) The flocks F(C) and F(C)" are projectively equivalent.
(iii) GQ(C) and GQ(C)" are isomorphic by an isomorphism mapping (o) + (o),
[A(c0)] — [A'(c0)], and (0,0,0) — (0,0,0).

(iv) The associated spreads S(C) and S(C)" are equivalent by a semilinear trans-
formation leaving Lo fized and mapping the special reguli of S(C) to the
special reguli of S(C)'.

Moreover, these four conditions hold in a canonical way for each 4-tuple (\, B, o, )
with0 # X € F, B € GL(2,q), 0 € Aut(F), 7: t—t a permutation on F for which
the following condition (v) holds (put A = det(B)):

(v) A;=ABTA7B~T + A} for allt € F.
(vi) The corresponding isomorphism 6 : GQ(C) — GQ(C’) is given by

0=0(\,B,o,7): ((o, B),¢) — ((a?,37) ( (1) )\ZI;GA >®B,)\c‘7+g’(a"B,(_))).

(vii) The corresponding isomorphism between the spreads S(C) and S(C') is given
by

A 1B AT1BA.
T:8(C)+— S(C): (xo,z1, 29, 23) — (2,27, 23, 2%) ( 0 B-T 0 ) )

(vii) If Bt = (2Y), the corresponding isomorphism Ty : F(C) — F(C') is defined
for planes of the flock by

Tt xh Aa? Aab b2 i xg
Yt Yr 0 AMad+be) 0 y; vy
To: | 2 |7 2 AP aed A2 2 || e
1 1 0 0 0 1 1

2.3 Aut(G®)

Definition 2.3.1. Let G be the full group of collineations of GQ(C).
Definition 2.3.2. Let Gy be the subgroup of G fixing the points (0,0,0) and (o).

Definition 2.3.3. Let H be the subgroup of G fizing the points (0,0,0) and (c0) and
the line [A(o0)].
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It will follow later as a consequence of the Fundamental Theorem that the
collineation group of GQ(C) fixing (co) and (0,0,0) may be viewed as a subgroup
of Aut(G?®) whose elements have an especially nice form. So in this section we
consider such automorphisms of G®.

Let 0 € Aut(F), 0 # x € F, and let H and S be 4 x 4 matrices over F.
Define 0(o, 2, H,S) : G® — G® by

A routine computation shows that

0(o1,x1, H1,51) 0 0(02, 22, Ha, S2)
=0(01 009,27 w9, H)? Hy, 2257% + HfZSQ(HfQ)T). (2.25)

For a given 0§ = (o, x, H,S), we may write H and S in block form, with 2 x 2
blocks. WLOG we may assume that S is in block upper triangular form (since S
is only used to determine a quadratic form in four variables). Say H = (4 &),
S =(§L2). Clearly C (resp., E) may be replaced with any matrix C’ = C' (resp.,
E’ = E), so we usually take C' and E to be upper triangular. Then a straight-
forward computation expressing the condition that 6 preserve the group operation
shows that # is an automorphism of G® iff H is nonsingular and

(i) C+CT=KPAT,
(i) D=KPBT,

(iii) D =APMT + zP,
(iv) E+ET =MPBT.

(2.26)

For each automorphism of G® of interest here there will be matrices A = (¢?)

and B, both in GL(2,q), for which H = A® B. Put A = det(A), A = det(B).
Then we may rewrite Eq. (2.24) as

0 = H(U,x,A®B,<§ g)%((a,ﬁ)ﬂ)H (2.27)

((a?,B°)(A® B),xc’ +a°C(a®)T +a°D(B°)T + B E(B)T).
And the conditions of Eq. (2.26) are equivalent to:

(i) C+C'=AbdP,
(i) D = AbeP,

(i) == AA = /det(H), (2.28)
(iv) E+ ET = AacP.

This means that the symbols  and D may be suppressed in the notation for 6.
So temporarily we write

0 =0(c,A® B,C,E): ((or, 8),1) —

((a®, B7)(A® B), \At” + a”C(a”)T + Abe(a® o 87) + B2 E(5°)T), (2.29)
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where A = det A, A = det(B), C + CTAbdP, and E + ET = AacP. Writing H
in the form A ® B makes it easy to track the action of 6(c, A ® B,C, E) on the
subgroups £, and R, of G®.

(i) 00, A®B,C.E): Ly — L . 4;

. (2.30)
(ii) 6(0,A®B,C,E):Ra — R 0p-

Using elements of F to label points of PG(1,q) as we did earlier (i.e., t < (1,1)),
if A(G142)and B (}!}?), then we have

. - wmt°+a -
(i) 6(c,A®B,C,E): L, — L, where t = ! 27 teF;
¢ ast? + ay
b1t? + b (2:31)
11 o L Ra, — Ka;, Where © = cr.
0(0,A® B,C,E) : Ra, — Ra,, where { = ' . teF
¢ b3t + by

Let 0 = 0(0, A ® B,C, E) be an automorphism of G® as given in Eq. (2.29).
We want to determine necessary conditions on C and E for 6 to map the members
of the 4-gonal family J7(C) to the members of J(C"). We know by Eq. (2.31) that

0:L, — Ly, wherey, = Z;;i’jgj
Since A(t) < L,,, and A’ (t) < L, if 6 does map members of J(C) to those

of J(C'), there must be a permutation 7 : F — F : t — { satisfying

, ary] +az

r = h At A'(D)). 2.32
i S (where 02 4() — A'() (2.32)

Since t — y; is a permutation of the elements of F', the members of C could be
indexed so that ¢ — y; is any given permutation, say y; = ¢. In the studies made
of the known examples, there has always been some multiplicative permutation
7 (so fixing 0 and 1 and by convention here also fixing oc) such that for all
A= (7 ¥%) eC, wehavey, = 7" In this case we say that C is 7~ '-normalized,
with 77! being multiplicative. Then Eq. (2.32) becomes

B tO’/T T
t:(al +a2> . (2.33)

agtU/T + aq

First consider ¢t = 0, so t = 0 = (az/a4)”. We now determine the image of A(0).
Here

0(c,A® B,C,E) :
(L0 ©a0) - (1L040ws @0 ([ 257 @0
= (((14, 0’2) ®a’B, QUO(QU)T)v

which must be in A’((az/a4)7). If ay # 0, put s = az/as € F, s0 (ag,a2) = (1,s) =
¥s- And ((as, a2)®a’ B,a’C(a®)T) = ((1, 8)®asa B,a’ C(a?)") is in L., which
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contains A’(s7). Then ((1,5) ® aya®B,a’C(a®)T) = (vs ® apa® B,a°C(a”)T) is
in A’(s7) if and only if a®C(a®)T =g/ (a4a° B) = a?a® BA. BT(a”)T. This holds
for all o € F? if and only if C = aZBA'STBT. Now suppose a4 = 0, so s = o0.
Then ((0,az2) ® a’ B, a’C(a”)T)eA/(c0) = A'(c07) if and only if a®C(a”)T = 0.
This holds for all « € F?2 if and only if C = (§9). But C+CT = AazasP = (9 9),
and we take C' to be upper triangular. Hence C' = (3 9) = a3 BAL.- BT7 and in all
cases we have
C=aiBA,, )0 B - (2.34)
Now consider t = 0o, so t = co(a1/az)”. Arguing exactly as in the case t = 0,
we find that

E=aiBAl, -8B (2.35)

This completes a proof of the following theorem (use BPB' = AP).

Theorem 2.3.4. Let 0 € Aut(F), A = (gt a?) € GL(2,q), B € GL(2,q), A =
det(A), A = det(B). Suppose that 0 = 0(c, A ® B,C,E) as in Eq. (2.29) is an
automorphism of G® mapping the 4-gonal family J(C) to the 4-gonal family J(C’),
where both C and C' are 7=1 normalized. Here we suppose T is a multiplicative
isomorphism of F, so that 07 = 0, 17 = 1, oo™ = 00, and T commutes with
elements of Aut(F). Then the following hold:

) C D ajAl o, azaz P
o (G E)=U®m< g i Jueny
ai/asz)”

(ii) #(c,A® B,C,E) =0(0, A® B) : ((o, 8),¢) —

(a7, 87)(A® B), \AC” + a30” (BA,, /oy B )(a”)7

+ Aazag(a o §)7 + a37(BAY, 0. B )(B)7).

- art?/ 4as\T

(iii) 6 : A(t) — A'(t), wheret = (aéig/fia;ﬁ) .
Note. In determining the specific form of C' and F we used only the effect of 6 =
0(c,A® B,C, FE) on A(0) and on A(c0). So the conditions given in Theorem 2.3.4
are necessary but in general not sufficient for 6 to map J(C) to J(C’). In the next
two sections we are going to establish that each automorphism of GQ(C) that
fixes the points (co) and (0,0,0) is induced by an automorphism of G® of the
form 0 = 6(0, A® B) as in Eq. (2.29), where by Theorem 2.3.4 we no longer need
to indicate the matrices C' and E. And using our present point of view it seems
feasible to attempt to find necessary and sufficient conditions on o, A, B for 0 to

map J(C) to J(C).

Lemma 2.3.5. Suppose C is 7~ '-normalized. For (0,0) # (z,y) € F?, (0,0) # a €
F?, c € F, the only member of J(C) that could contain ((z,y)®a,c) is A((y/z)7).
And ((z,y) ® o, ¢) € A((y/)7) iff ¢ = 2%g(a, (y/2)7).
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Proof. For x = 0, ((0,y) ® a,¢) = (0,yc,¢) is in A*(00), and is in A(co) iff
c=0=0-g(a,00). For  # 0, ((z,y) ® o,¢) = ((1,y/x) @ za,c) € A*((y/x)7).
And ((z,y) ® a,c) € A((y/x)7) iff ¢ = (za) Ay 2y~ (za)™ = 22g(a, (y/x)7). O

For 0 # t € F, consider the image under (o, A ® B) of the typical element
of A(t).

0(0, A® B): (1, ") @ o, g(a, 1)) = (o, /7, g, ) —
(1,t7/T)A® a” B, A\Ag(a, )7 + aC(a”)T + 0+ t>/7a E(a”)T)
= ((aq + t/ " as, as + t"/Tal) ® a’B,
a"BOAABATB T + a3 A, sy + 127 T3 Al ) (@ B)T).

This element of G® must be in A} where t= (Z;ii;:IZz)ﬂ and by Lemma 2.3.5
this holds iff

a”BNAB T AB T + a3 A, a2 TAEAL, 0 )@ B)T
= (aj —|—t2‘7/7a§)oz"BA’< )T(o/’B)T.

alta/T+a2
agta/T+a4

As this holds for all @ € F?, we have proved the following result.

Theorem 2.3.6. Let 0 € Aut(F), A = (g2 a?) € GL(2,q), B € GL(2,q), A =
det(A), A = det(B). Then 6 = 0(0, A ® B) (as in (ii) of Theorem 2.3.4) is an
automorphism of G® mapping the 4-gonal family J (C) to the 4-gonal family J (C'),
where both C and C' are T~ -normalized, iff the following condition holds:

)\AB_IAtB_T = a?lAl(aQ/az;)T + t2g/7a§ /(al/as)T
+ (ai —&-tQU/Ta%) ’( )T (2.36)

a1t0/7+a2
a3t/ T tay

forallt € F, t # 0. (Note that C and E were determined in Theorem 2.3.4 so
that the cases t =0, t = co are handled.)

It is an easy exercise to check that the condition in Eq. (2.36) imposes three
separate conditions arising from the three possibly nonzero entries in the matri-
ces of the ¢-clans, and that the condition on the entries in the (1,2) position is
automatically satisfied. So there are really the following two conditions:

a2
aq

NN +bibot™  + b%zt):aix’( )y +t7 a%x’( o) +(af+t7 a%)x’< a1t3+a2>7

ag o
d agzt T +agy
an
—1 20 20
2. A(b3xy +bbat™  +b3) = alzh, +t7 adz +(a] +tTad)d . .
ay asg altg +ag
agtT tay
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Definition 2.3.7. Put N' = {0(id,I ® al) : 0 # a € F}. Then N is a subgroup of
Aut(G®) called the g-clan kernel.

The group N deserves the name kernel for several reasons. For example,
suppose that C = C’ in the statement of the Fundamental Theorem. Then there
is a homomorphism T : 6 — Ty from the group H to the subgroup of PT'L(4,q)
leaving invariant the cone K and the flock F(C). The kernel of T is /. Later on
we shall return to the theme of justifying the name kernel for /. For now, we note
that 0(id, I @ al) : (o, 8, ¢) — (ac,af3,a’c) is an automorphism of G® that leaves
invariant each A(t) for t € F no matter what g-clan C is used to obtain A(t).

In the present context Eq. (2.25) takes the following form:

0(01,A1 @ By) 0 0(02, As @ Ba) = 0(01 0 02, AT* Ay @ B{*Bs). (2.37)
Hence it is easy to check that
0(c,A@B) ' =0, A" "wB ") (2.38)
and
0(c,A® B)-0(id, ] ® al) - 0(c, A® B)™* = 0(id, ] @ a° ' I). (2.39)

Definition 2.3.8. 0(0, A ® B) is linear provided o = id.

Definition 2.3.9. 0(0, A ® B) is called special provided A = det(B) = 1.
Note that {6(c, I ® I) : 0 € Aut(F)} = Aut(F).
Each (o, A ® B) has the following unique decomposition:

Aut(F) special linear kernel
! ) !
0(c,A®B) = 0(o,I®I) - 0%id A®A~Y2B) - 0(id, I ® AY2I).
(2.40)

Since F' has characteristic 2,
ABT1AIB™T = \/A(ATY2B)t A9 (A2 B) T

and A7Y2B € SL(2,q). And we observe that to determine all isomorphisms
0 : GQ(C) — GQ(C") mapping (0), A(c0), (0,0,0) to (c0), A’(c0), (0,0,0), re-
spectively, we need to determine only the special isomorphisms 6(o, A ® B) (i.e.,
A = det(B) = 1). Hence we have the following slightly refined version of that
part of the Fundamental Theorem dealing with GQ derived from 7~ *-normalized
g-clans.

Theorem 2.3.10 (The Fundamental Theorem refined). Let C and C' be two
T~ -normalized q-clans. Then, modulo the q-clan kernel N, each isomorphism
0 : GQ(C) — GQ(C’") mapping (<), A(c0), (0,0,0) to (), A'(0), (0,0,0), re-
spectively, is given by an automorphism 0 : G® — G® mapping J(C) to J(C')
and A(c0) to A'(c0). There is a unique such 0 for each 4-tuple (A, B,o,7) €
F* x SL(2,q) x Aut(F) x Sym(F) for which
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(i) A;=ABPA7B~T + A} for allt € F;
(i) 6 : A(t) — A'(t), where 7 : t — t satisfies t = (\t7/7 4 0Y/7)7.
The associated automorphism 0 : G® — G® is given by

(iii) :9(0,( : GZT ) © B):

1 0V~ _
(@ (@) (5 °) ) o B) A +g@B.0),
Here g'(a? B,0) = a” BA;BT (a?)".
In almost all the applications of the F. T. in this book, the q-clans involved

are 1/2-normalized, i.e., T = 2. We note thatl in this case (ii) takes the following
form:

(i) €= A2t +0 (when T =2).
Note. When 7 = 2 and 0 is linear, so { = At + 0, if t =  with ¢t € F and X not

equal to 1, then ¢t = 1+0>\2, so t is unique! Hence if ¢t = ¢ for two values of t € F' it

must be that £ =t 4 0, which fixes no element of F' or all elements of F'.

So suppose that the g-clan C is 1/2-normalized. If we have an appropriate
4-tuple (A, B, o, m) for which

A;=AB'AIB™T 4 Aj forall t € F, (2.41)

then the associated automorphism 0 : G® — G® (which induces a collineation of
GQ(C)) is given by

9:9(0—,< (1) OA )@B) t((a, 8),¢) =

1
2

((a®,8°) ( (1) | )®B7Acﬂ+g(a03,o)). (2.42)

jen]]

Here g(a®B,0) = a” BAgBT (a”)T.
Since .
ey (L0 ) = a0 1 0)h)
) O )\ - ) b
we see that
0 : [A(t)] — [A(#)], where t = \*t7 40 for all t € F. (2.43)
Similarly, if B = (Z; Z? ), then

b5 + 13 5)
b3s” + b3

(1,52)°B = (1,(
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Hence
b?s% + b3

. 2.44
b5 1 b2 (2.44)

O, — OL where 5 =

Since 6(c,A® B) : (v ® a,¢) — (v7A ® a’B, "), where we are not ready to
compute ¢/, clearly

6(c,A® B): L, — Lyoa and (0, A® B) : Rqa — RarB. (2.45)

For efficiency in calculating later, we also note that if A = (g% 3?) and B is

as above, then
0(0,A® B) : A(t) — A(f) where (1,t°)A® = (1,7), (2.46)

and
0(0,A® B) : O, — Os where (1,57)B? = (1,3). (2.47)

2.4 Extension to 1/2-Normalized g-Clans

Let C = {4, = (”” t1/2) :t € F} be a 1/2-normalized g-clan (so Ag = (§§)). The

0 =z

Subiaco and Adelaide g-clans, to be defined later and which are probably our main
interest, are always given in 1/2-normalized form. But the other known examples
are also easily given in this form.

Any automorphism 6 of G® replaces the 4-gonal family J = J(C) with some
4-gonal family J?. But we are especially interested in certain types of automor-
phisms of G® that produce 4-gonal families easily seen to have associated ¢-clans.

For each s € F, define 7, : G® — G® (shift by s) by

- :G(id,( ;o ) ©1): ((a ), ) >
((ar, B) [( (1) yls > ®I} cc+adsal) = (a, B+ ysa, ¢+ gla,s)). (2.48)

In particular,

s O @ nglant)) = (e w0) | (o % ) 91 gl + afas)
= ('Vyt—&-ys ® «, a(At + As)aT)) = (’Yyt+s X a, gTS (Oé7 t+ S))

Keep in mind that yoo = 0, 7, = (0,1), and s + co = oo for s € F. So the
new g-clan C™ = {A]" : t € F'} satisfies

AP = AR = A+ A de, A = Ay s+ As, z€F. (2.49)
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So clearly C ~ C™ by an equivalence in which A = 1, B = I, 0 = id,
and 7 : t — t =t +s. Then g™ (a”B,0) = gJ*(a) = aAl o’ = a(Af,,)a”" =
a(Ag + Ag)aT = aAsaT = g(a,s). Use this to compare Eq. (2.48) with the F.T.
Also note that y, = t*/? implies that y]* = y,1s + ys = t'/2, so that C™ is also
1/2-normalized.

For 0 # a € F, define o, : G® — G® (scale by a) by

ou=00id, (2 ) @D (@) -

(e 8) K L i )m} [al/%¢) = (a,a/2B,a %), (2.50)

Then o4 : (7, ® o, g(o, 1) = (g, @ @) [( ,102) @ 1],

1/2:Et (at)1/2

@2g(0,)) = O (5 472) @ v (7 WL ) 0T) = (s, © 0,97 (e a))

: : o a2z, (at)t/? . .
Here A; is replaced with A7¢ = ( ¢ ), so C%¢ is 1/2-normalized.

0 al/zzt

Define ¢ : G® — G® (the flip ) by
pr= 0(id,P®1I): ((a,B),c) = ((B,a),c +aop). (2.51)

Here ¢ : A(o0) <> A(0), and for 0 £t € F,

¢ : (. ®a),g(a,t) —
(Y, ® @)(P @ I),aA;aT) = (t/%,1) ® a, aA;aT)
= (Lt @t 20, (t2a) (t7 A (12 )T) = (1y,_, @ 120, g (t 20, t71)).

. . ~1/
As Ay = (%ﬁ tl:) is replaced with AY ,t71A, = (I‘O/t tz;/:), SO

C¥ = {A? = (39)}U{A?, =714, : 0 £t € F}

is 1/2-normalized.

Of the three types of automorphisms of G® just considered, flipping is the
only one that moves A(co). It is clear that flipping replaces a g-clan C with a new
g-clan C¥®, but it is not clear in general whether or not C ~ C¥. We shall return to
this question later.

Shifting, flipping and scaling provide recoordinatizations of a given GQ(C).
As permutations of the indices of the lines through (00), these recoordinatizations
have the following descriptions as linear fractional maps on F : 7y : t +— t + s; 0
t +— at; @ : t — t~1. First shifting, then flipping (or not), then shifting and scaling
provide all the Mobius transformations. Hence we recognize PGL(2, q) acting on
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F = PG(1,q). And PGL(2,q) is sharply triply transitive on PG(1, ¢). Suppose 6,
and 65 are two different sequences of shifts, flips and scales that effect the same
permutation on F and replace GQ(C) with GQ(C?') and GQ(C?), respectively.
It would be nice to know that C% ~ C%. That this is so follows immediately as a
corollary of the first theorem of the next section.

2.5 A Characterization of the g-Clan Kernel

Theorem 2.5.1. Let 0 : G® — G% be an automorphism of G€ obtained as a
finite sequence of shifts, flips and scales. Moreover, suppose C and C' are two 1/2-
normalized q-clans for which 6 : J(C) — J(C') in such a way that 6 effects the
identity permutation on F. Then 6 must have the form 0 : (a, 3, ¢) — (ac, af, a*c)
for some nonzero a € F. Hence J(C) = J(C'), and 0 belongs to the q-clan kernel
N.

Proof. Any word in shifts, scales and flips clearly has the form 6(id, A® I), A =
_ 2 2 _ ~
(%492) with 6 : A(t) — A'(f), where = “7%2 And =t for all ¢t € F iff

a?t+a?
as = a3 = 0 and a3 = a4 # 0, ie., A = a} foAr1 some nonzero a € F. Hence
0(id, AR I)=0(id,al ® I) = 0(id, [ @ al) € N. O

Following Theorem 2.3.6 we made the claim that the following theorem is
true.

Theorem 2.5.2. Suppose that in the F.T. (Theorem 2.2.1) the two g-clans C, C’
are 1/2-normalized and identical, i.e., Ay = Ay for all t € F. Then the map
T : 0 Ty is a homomorphism from the group H (of collineations of GQ(C) fixzing
(00), [A(o0)] and (0,0,0)) onto the subgroup of PT'L(4,q) leaving invariant the
cone K and the flock F(C). The kernel of T is the q-clan kernel N'.

Proof. The original claim was made for g-clans in general form, not just those that
are 1/2-normalized. So we write out the proof for the general form.

Each 6 € H is an automorphism of G® of the form 6 = (), B, o, ). We have
been using the notation 7 : ¢ +— £, so that the image of 0 under 7 is 0. Throughout
this proof, since we will have more than one permutation 7 involved, we need to
write 0™ in place of 0, etc. For example, to say that 61 = 0(\y, By, 01, m) is in H
means that

Api = M ByPAT By T 4 Agry for all t € F. (2.52)

And the action of 6 is given by the following, where A; = det(B;) and
(1 Yo ),
A= ( 0 Ai/A )

01 = 0(c1, 412 B1): (o, 8),¢) — ((a?,87)(A1 @ By), \i¢” + ¢’ (a” B,0™)).
(2.53)
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For such a 6; we can define the action of Ty, on the planes of the flock C as follows,
where Byt = (0 b):

C1 d1
Tt Lir Ara Araiby Ab? o zoe\ [2f
L | Y Yt | _ 0 )\1((11(11 =+ 5161) 0 Yo~ ytgl
T01 oz = Ztm o A1 C% Acrdy % d% 20m1 Ztal . (254)
1 1 0 0 0 1 1

Keep in mind that Eq. (2.52) is really just an efficient encoding of the de-
scription of Ty, given in Eq. (2.54). Suppose we have a second member 65 of H
with Mg, 02, etc. We want to show that Ty, o Ty, = Tp,0p,. To do this we use
Eq. (2.52) instead of Eq. (2.54) to compute Ty, o Tp,. And we use either Eq. (2.37)
or the definition of 6; as in Eq. (2.53) to compute Tp,op,. In the former case we
have

A(twl)‘rrg = )\232_1 [Atn ]02 BQ_T + Agra
= MBy ' MBITAT BT 4 Agm |72 By T+ Age
= APXBy By AT BT BT 4 By AT BT Agrs
= (A\72X\) (B2 Ba) ' AT (B7?By) ™1 4 Agrions.

In the latter case we use A; = (é AZiO/WAzl) for ¢ = 1 and 7 = 2 and then

compute 6y o 02 using Eq. (2.37): (Warning: The notation A; was intended to
avoid confusing this matrix with a matrix of the g-clan, but it gets a bit clumsy.
Here we have chosen to eliminate the overline and hope that the reader will realize
that a matrix A; with ¢ = 1 or ¢ = 2 is a matrix encoding part of the action of a
collineation and not a matrix of the g-clan.) Recall that

9(0’1,141 ® B1) o l(o2, Ay ® BQ) = 9(0’1 o 0'2714(;2142 ® Bi’ng). (2.55)

By the Fundamental Theorem this latter collineation, which clearly must fix
(00), [A(c0)] and (0,0,0) and is hence in H, must be a collineation of the form
0(\, B,o, ). From the above computations we see that A = A{?\2, B = B{?Bs,
0 = 01009, and 7wy o7y. It is now easy to see that T : 6 — T} is a homomorphism.
Tt is also easy to check that the kernel is A/. The fact that it is onto the subgroup
stabilizing the flock is really a corollary of the Fundamental Theorem.

It is amusing first to use Observation 1.2.2 and Eq. (2.52) to check that

Yoriema = (Yom1)7* A2/ Do + yorz, (2.56)

and then to derive the same formula by computing the upper right hand entry of
the matrix AJ?As. O

The preceding theorem provides some justification for calling N the g-clan
kernel. But for nonlinear flocks, i.e., for every non-classical ¢g-clan C, the Theorem



2.5. A Characterization of the q-Clan Kernel 37

2.5.4 shows that A plays a role similar to the one played by the kernel of a
translation GQ (cf. 8.5 of [PT84]), so there is even more reason to call N the
g-clan kernel. In order to prove Theorem 2.5.4, we need to recall the following
result by J. A. Thas [Th87]:

Theorem 2.5.3. Let g = 2°. If all the planes of a flock share a common point, then
the flock is linear.

Proof. Embed the cone K of the flock in the hyperbolic quadric Q% (5, ¢) such
that Q% (5,q) N H = K, where H ~ PG(3,q). Let L be the polarity of PG(5,q)
induced by QT (5,q). Let 7" be the polar plane of m; with respect to Q*(5,q)
and 73 N QT (5,q) be the conic Ci. Since P € m, C H for all t € F*, then
Ht C 7t C P e, each polar plane 7 contains the tangent line L = Ht to
Q1 (5,q) and is contained in P+ = PG(4, q). Intersect now with Q% (5, ¢), then no
two points in O* = U{_, C*, are collinear in Q*(5,q) because m; and =, t # r,
meet in an exterior line to Q7 (5,¢) and hence 7~ and 7= belong to a PG(3,q)
intersecting @7 (5,¢) in an elliptic quadric. So O* is an ovoid of Q1 (5,q) given
by the union of ¢ conics through the vertex of the cone, which is also an ovoid
of Q(4,q) = PN Q7T(5,q). Note that P is the nucleus of Q(4,q) (see [Hi98]).
As in [Th87], for any two distinct points z1, 2o € OF, the plane spanned by
P, z1, zo meets O* only in the points z; and z. Project now O* from P into a
PG(3,q) € PG(4,q) not containing P. No three projected points are collinear
and so they form an ovoid of PG(3,q) given by the union of the ¢ conics, each
obtained as a projection of the conic Cj-.Relying on a result by Brown [Br00],
the projected ovoid is an elliptic quadric, hence also O* is an elliptic quadric, i.e.,
O* =Q(3,q) = SNQ*(5,q), where S ~ PG(3,q). Hence mj- C S, fort =1, ...,q.
Applying the polarity L, S+ C m, i.e., all the planes m; of the flock contain the
common line S+, thus the flock is linear. O

We are now ready to prove the following:

Theorem 2.5.4. When C is a nonlinear 1/2-normalized q-clan, the kernel N is the
group of collineations of GQ(C) fizing (o) and (0,0,0) linewise.

Proof. Clearly each element of N fixes (c0) and (0,0,0) linewise. So let 6 be any
collineation of GQ(C) that does so. Then in the notation of the F. T. (Theorem
2.2.1),0=id,0=0, 7 =4d, A\ =1, and Ay = B~'A4,B~T for all t € F, for some
B € SL(2,q) (i.e., we are reducing § modulo N). Since the lines through the point
(00) correspond to the planes of the flock F(C) and 6 fixes (c0) linewise, 6 has to
leave invariant also each plane of the flock. Among them, also the plane 7y must
a2 a 2
6% > Suppose
c? ed d?

B~1 = (2}) with A = ad + bc = 1, so imposing the condition that each plane of

be fixed, hence we are allowed to deal with the 3 x 3-matrix <
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the flock be fixed, we have

a? ab b? Ty Ty
0 1 0 Yt = Yt
2 ed d? 2t 2t
forallt € F.
a® ab b?
We claim that this implies that I = ( 0 10 ). For if not, then there are
c“ edd

elements u, v, w € F, not all zero, for which the point P = (u,v,w,0) € PG(3,q)
lies on each plane 7 = [x4, Yz, 21, 1]T of the flock F(C).

Relying now on Theorem 2.5.3, the flock has to be linear and hence there is a
contradiction. It follows that B~! = I, so § = id ( mod N)). O

If C is nonlinear and (o, A® B) fixes all lines through (c0), then o = id and
AB=1®al =al®I1.1f Be€ SL(2,q), then A=al for 0 £a € F.

2.6 Very Important Concept

Very Important Concept. To each line through (o0) in GQ(C) we are about to
assign a class of projectively equivalent flocks (i.e., an equivalence class of g-clans).
For each s € F, let iy = 75 0 ¢, a shift by s followed by the flip ¢, i.e., a shift-flip.
And put is = id : G® — G®. Start with a 1/2-normalized g-clan C. For each
s € F, applying i to G® yields a 1/2-normalized g-clan C's. We assign to the
line [A(s)] the class of flocks projectively equivalent to F(C). Then the following
theorem is basic to the theory.

Theorem 2.6.1. Let C be a 1/2-normalized g-clan. Then there is an automorphism
0 of GQ(C) mapping [A(s)] to [A(t)], s,t € F, iff the flocks F(C') and F(C') are
projectively equivalent.

Proof. 1t is an interesting but easy exercise to prove that without loss of generality
we need consider only collineations 6 that fix (co0) and (0,0, 0). However, for our
purposes here it suffices to restate the theorem so that it refers only to such 6.
Then the F. T. applied to Fig. 2.6 completes the proof. 0

2.7 The g-clan Cs, s € F

We continue to suppose that C is -normalized, so always y, = t'/2, t € F. The
image g-clan C’s under i, is also naturally é—mormalized7 since each of Cs and C¥
are. But we prefer to consider i, directly, rather than as a composition 750 p. First
use Eqgs. (2.48) and (2.51) to compute that for s € F,

is = 0(id, ( ‘yls (1) > ®@I): (o, 8),¢) — (ysx + By, ¢+ gla, s) + a0 ). (2.57)
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0
Q(©) S
[A(s)] - [A1)]
\ 4 \
[A (00)] - [AT(c0)]
.S N
cQ(e) - Gy
é:is—loeoit or 9=i30é°it_1

Figure 2.6: Generalized Version of F. T.

For t€ F, consider the image under is, s€ F, of the typical element of A(t).

is : (v, ® @, gy 1)) = (o, 1" e, gl 1)) =
(s + %), o, g(a, t) + g(a, s))
= ((1, (s +)7?) @ (ys + v, g(a, 1) + g(@v, 5))
= (7(5—&-2&)*1/2 ® B, (ys + yt)_2(9(ﬂa t)+9(3,9)),

where 8 = (ys + y¢) o . .

This element of G® must be in A% ((s + t)~'), since we want C’* to be
y-normalized. Hence the matrix Al -1 must equal (s + t)"1(A; + Ay). Put
r=(s+t)"!, sot=s+z"t Then

Ais =2(Agi -1 + Ag), forall z,s € F. (2.58)

At this point we can compare Eq. (2.58) with Corollary 1.4.4 to see that the
q + 1 possibly different g-clans produced back in Corollary 1.4.4 are exactly those
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attached to the ¢ + 1 lines through (c0). Hence we now know that two of them
are equivalent if and only if the corresponding lines through (co0) are in the same
orbit.

By the Fundamental Theorem 2.3.10 , the most general special automorphism
of G® mapping J(C) to J(C%) and A(cc) to A (o) is

- 1 02
0—0(0,(0 \ >®B)7

where Al + Al = AB71A7B~T for all t € F, with 0 # X\ € F, 0 € Aut(F),
B € SL(2,q), and 7 : t — t = A\?t? + 0. And using Eq. (2.58) we find
AY A Al gy + AT
= (27 + ())(A(MZMSQH) + Ag) +0(Agig-1 + As)
A2t940
= (MVt7 +0)A 2o, +ATAS+H0A, 51 (2.59)
(e

for all t € F.
In Fig. 2.6 replace s with co and ¢ with s to see that the most general
automorphism 6 of GQ(C) mapping [A(c0)] to [A(s)] is

a1 1 02 0 1
0=0oi —9(0,(0 \ >®B)09(zd,<1 55>®I)
—oo (0 1O ) o By (260
A As2

We have essentially proved the following;:

Theorem 2.7.1. The most general special automorphism of GQ(C) fizing (00),
(0,0,0) and mapping [A(c0)] to [A(s)], for s € F, is given by the automorphism 0
of G® defined by

(i) 6 = 0(o, ( 6; ! +A§);)2 ) ® B) : A(t) — A(f), where

(ii) £ = (sA%t7 + 0s + 1)/(\*t° + 0), subject to the condition that
(ili) AB"YA7B~T = Al + A% for allt € F.

In this case
(iv) 9(0,( A AS; 1>®B):((a,ﬂ,c)n—>
(a7 0: 1+ (09): ) Bl
A

Ac”+(a”,ﬁ”)(I®B)<G s M1+08)3P )(I@BT)(aU,ﬁU)T).
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1 0
0 A
mapping J(C**) to J(C%) and leaving A% (o) invariant, then

_ 2
Moreover, if 0 = 0(o, ( ) ® B) is a typical special automorphism of G®

A 4057 A2s+ 7 4 057!
0 1+0s
special automorphism of G® leaving J(C) invariant and fizing A(s).

1
— 2
(v) 0 =isofo0il =0(o, ) ® B) is the typical

We now know that every automorphism of the generalized quadrangle GQ(C)
fixing (00) and (0,0,0) has the form 6(c, A ® B), where by Theorem 2.3.6 this
notation completely identifies the map 0(o, A ® B) as an automorphism of G®.
Using Theorem 2.3.4(iii) one can even read off 0 = (a2/a4)? from the matrix A.
This notation is not only useful for keeping track of known automorphisms, but
it is useful in computing compositions of automorphisms since the following has
already been established:

0(0’1,141 X Bl) O 9(0’27142 (24 BQ) = 0(0’1 O 0'2714({2142 (24 BTQBQ). (261)

2.8 The Induced Oval Stabilizers

We now recall what we established in Section 1.5. We generally use the nor-
malization as in Observation 1.6.6. R, = {(y ® a,c) € G® : v € F? ¢ € F}
is a 3-dimensional vector space over F' with scalar multiplication d(y ® «a,c¢) =
(dy ® a,d?c) and having ((1,0) ® «,0), ((0,1) ® ,0), ((0,0) ® a, 1) as a basis. In
fact, a((1,0) ® a,0) 0 b((0,1) ® @, 0) 0 ¢((0,0) ® o, 1) = ((a, ) ® e, ¢?).
For t € I, A(t) = {(vy, ®B,9(B,t)) € G® : B € F?}. And (v, ® B,9(8,1)) €
R iff B=da for some d € F', in which case (v, ®08, g(3,t)) = (7, @da, d*g(a, t)) =
d(vy, ® a, g(a, t)). So A(t) N Ry is the point Po(t) = (v, ® @, g(, t)) in Ry. The
condition K1 that A(s) - A(t) N A(u) = {(0,0,0)} implies that ps(s), Pa(t), Palu)
are three noncollinear points of R,,. Hence
On = {Pa(t) = (75, @ a, g(a, 1)) : t € F} (2.62)
is an oval of R, (see Proposition 1.5.2).
The mapping 7, : Ra — PG(2,q) : (v ® o, ¢) — (y?), ¢) is an isomorphism
of planes mapping O, to the oval
Ou = {palt) = (vi,9(a, 1)) : t € F}. (2.63)
Here if t € F, ma ¢ (1, ® a,g(a,t)) = (7,3 ® o, g(e,t)) = (1, 9(a;t)). And if
t =00, Ta i (Yoo ® @, 9(a,;00)) = ((0,1) ® @, 0) — ((0,1),0) = (Yo, g(c; 0)).
Suppose that
0 =0(c,A® B) : (o, 8),¢) = ((a”, 37)(A® B), uc”
2A 2 a2a3P
+ (a7, 87) (I B ( 4 az/a)
(a”,87)( ) 0 B faay?

) (19 B) (0%, 5)7)
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is an automorphism of G® leaving [J(C) invariant. Here C is assumed to be -
normalized. Take A = (g3 g?), p = det(A4), det(B) = 1, and the form of 6 is
determined by Theorem 2.3.4. Then # induces an isomorphism from R, to Raep
mapping O, to O4e g, and hence induces an automorphism of PG(2, ¢) mapping
O, to Oyo p. Fig. 2.7 gives the maps involved.

('Y®a7c) > 0(U7A®B)('Y®a7c)

\ R, feA9B) R /

T Tac B

v PG(Z,q) > PG(Qaq) v

(v*?,¢)

> é(o’, A ® B)(’Y(Z)a C)
where 0(0. 4@ B)(y @ a,0) = ("Awa’ B).ue” + (200’ B) (1) (@ a” B,
o, A8 B0, = (4 e+ (07w B) () (07 @a” BYT)

0(c, A® B)

Figure 2.7: Collineations induced on PG(2, q)

In Fig. 2.7 we have used C' = aﬁA(az/M)z7 D = asa3zP, and E = a%A(al/%)z.
In this same context, suppose that a°B = « (i.e., {a”B,a} is F-dependent).
Then 6(c, A® B) induces an automorphism of R, (resp., PG(2, q)) stabilizing O,,
(resp., On). We shall make the appropriate specializations in Fig 2.8, giving the
effect of é(m A ® B) on the ovals. For this suppose a?B = Aa and see Fig. 2.8.
But before considering Fig. 2.8, note the following for ¢ € F':

é(a,A@B):(%hg( 1)) — (A2 'ytaA ,ig(a, t)?

= (A7 AP g0, )7 + N (Vo2 ® @) (
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First suppose t € F, 50 Y02 @ a = (a, t°/?c). Then

(a, 172 1) ( g g ) (0, t720)T = aCa® + aazasP)(t°/?0)T +t7aEa”
aCal

_ T o T o
=aCa’ +t°aFEa’ = (1,t )( aEal

) = yo (@Cal , aEa™)T.  (2.65)
Next, for ¢t = 00, Yooz @ @ = (0, ), and (0, «) < g g

T
(0,1) Zng ) = Yoo (aCaT,aEa™)T. Now by appealing to Fig. 2.8 we have

) 0,0)7 = aBaT =

the following theorem.

Theorem 2.8.1. With the notation developed above:
é(o'a A ® B) : (’Yh g(Oé, t)) = (/\QUrthA(Q) ) /Lg(Oé, t)g + /\2715” (O‘OO‘T7 aEaT)T)' O

(rytl/Q ®Oc,g(0é,t)) > 0(07A®B)(’7t1/2 ®Oc,g(0é,t))
\ 0(o, A® B) /
Ra > RaoB

Ta a’B = A\ Tao B

v / PG(2,q) » PG(2,9) \ v
0(c, A® B) )

(v, g, t)) » 0(0,A® B)(v,9(a,t))

where 0(0, A & B) (71/2 00, g(ast)) = (\1y/24 & 0), iglee, )+ A2 (3= (aCalaBa”)T),
0(07 A® B) (’th g(a7 t)) = ()‘ZUFWOA@)? :u‘g(a7 t)a+)‘27ta (O‘CO"J: aEaT)T)

Figure 2.8: Induced oval stabilizer

Note. If € N, then 0 fixes all points of O, for any «a € PG(1,q), so we need
consider only (o, A ® B) where det(B) = 1.

Note. In the published version [Pa95] there is an error, viz., the A in a’B = A\«
was assumed to be 1. Of course this is not always the case.
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It is interesting to see what is the induced map on the herd cover. After a
little computation we can write the effect of € on the points of an oval O, as a
matrix equation. This equation will turn out to be quite useful a little later.

) 1 1
0: t — w
g(Xa,t) A*?g(BTa”, w)
a b 0 1 7
= c d 0 t , (2.66)
a)\Q"g(BToz", Z) b)\Q"g(BTo/’, g) u) \g(Aa,t)

c+dt?
where w = aj;bi(,.

2.9 Action of H on Generators of Cone K

The translation planes associated with the line spreads of PG(3, ¢) that correspond
to the flocks of the quadratic cone have derivation sets that permit the construction
of other translation planes. These new planes are grouped into isomorphism classes
that correspond to the orbits under the action of H on the generators of the
quadratic cone (cf. [JL94]). Hence it is of interest in general to determine at least
the number of such orbits. So we want to determine the effect of the general element

0 =6(o, ((1) 63 ) ® B) of 'H, where we may assume without loss of generality that

det(B) = 1. Since we easily have the action of § on the planes of PG(3,q), we
compute the action on the set of planes tangent to the cone. Each tangent plane
passes through the point N = (0, 1,0,0) and through the vertex (0,0,0,1).

The plane [1,0,0,0]7 is tangent at the generator < 0,0,0,1) >

The plane [¢2,0,1,0]7 is tangent at the generator <

0
-1 _(abd _ . _ 1
B —(cd)vdetB—1,0’€Aut(F),and1f9_0(g7((1)o:>®

then
2

T ua?  pab  pb?  xp x

Yy 0 0 w Y7
0 o puc?  ped  pd? oz b

w 0 0 0 1 w?

A plane [z,y, z,w|" is tangent to some generator of the cone if and only if
y = w = 0, and scalar multiplication by a nonzero u € F always fixes such a plane,
so we may also assume that 4 = 1. Then

0:[x,0,2,0/7 — [z +b227,0, 22" +d*27,0]" = [/,0,2,0]7,
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AEDEL e

This can also be represented as:

where

(2',2') = (g;asz)( Z; ;z ) = (2°,2°)B7T. (2.68)

Here B2 is the result of performing three separate operations on B, viz., taking
the inverse, taking the transpose, and replacing each element a by its image a?
under the Frobenius automorphism. These three operations commute so that the
map B — B72T is easily seen to be a multiplicative isomorphism. Hence the action
of H/N on the generators of the cone is essentially the action of H/N on PG(1,q)
given by

O(o L0 ®B):a— a’B72T,
) O u

We denote this action by T5.

On the other hand, the action of H/N on the ovals O,, a € PG(1, q) is given
by

9(0,<(1) 0; >®B):a|—>a"B.

Denote this action by 77.

We claim that T} and T, are equivalent representations of H/A/. For this
purpose, define p : PG(1,q) — PG(1,q) : a — o2 P. Then by a straightforward
computation using B=27 = PB® P we find that po Ty = T} o p. This result has
the following interesting corollary.

Theorem 2.9.1. The number of orbits of H/N on the generators of the cone K is
the same as the number of orbits of H/N on the set of ovals O,.
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Aut(GQ(C))

We will denote by GQ(C) the Generalized Quadrangle arising from the g-clan C.
In this chapter we will be concerned with the group of automorphisms of GQ(C).

3.1 General Remarks

Recall that G denotes the full group of collineations of GQ(C), and that Gy denotes
the subgroup of G fixing the points ((0,0), (0,0),0) and (o0).

Definition 3.1.1. If p is a point of GQ(C), a collineation 0 of (GQ(C)) is called an
elation about p provided the following two conditions hold:

1. 0 fixes p linewise;
2. either 6 = id or 0 # id and it fizes no point of P\ p=.

Definition 3.1.2. A GQ is an Elation Generalized Quadrangle (EGQ) with base
point (00) provided there is a group G of elations about (00) that is sharply tran-
sitive on the points of P\ (c0)t.

Recently, S. Payne and K. Thas [PKT02] have investigated the problem of
when the set of the elations about a point p is indeed a group. They show that
this is not always the case. However, if we replace condition 2. of Definition 3.1.1
with

2." either 0 = id or if  # id, then 0 acts semiregularly on P\ p*,

then the set of elations about a point p forms a group (we refer to [PKT02] for
further information). A GQ arising from a g-clan C is an EGQ with base point (00)
having the property (G) at (0c0), as we saw in Chapter 2. In the classical case, i.e.,
when C is linear and GQ(C) is isomorphic to H(3,q?), the group G is transitive
on points. In the non-classical case the point (co) is fixed under G (see Theorem
3.1.5), but, as GQ(C) is an EGQ, the group G of elations about (co) is sharply
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transitive on the set of points not collinear with (co). Hence in the non-classical
case, to determine G it is sufficient to determine the group Gy of collineations of
GQ(C) that fix the point (0,0,0) (and hence automatically fix (cc)). The F. T.
provides a basic description of the elements of Gy, but we can say quite a bit more.
Our first result is from [PT91] which holds for both ¢ even and odd.

Theorem 3.1.3. Let GQ(C) be the GQ arising as usual from the q-clan C. If GQ(C)
has property (G) at some point z of (c0)® \ {(00)}, then GQ(C) is classical.

Proof. Recall that C = {At = (%t -’;j) (te F} We will give the proof for ¢ even.
It is possible (see Section 2.4) to assume that z is on the line [A(o0)] by applying
the shifts and flips and so considering an isomorphic g-clan. Using the transitivity
of G on the points of [A(c0)] except for (c0), we can take z = A*(00)(0,0,0) and
by reindexing the elements of GQ(C), we can also take z; = t.

Put o = (1,0), v = (0,1) € F? and for each t € F, put B; = (z,t). Then
{A(00), A(00)(e,0,0), A(c0)(7,0,0)} is a triad of lines meeting [A(c0)] with g+ 1
transversals as in the following figure:

A*(00)(7,0,0) (7,0,0) (1 yy+Be, 7AT) v
° ° ° A(00)(,0,0

A*(00) (e, 0,0) («,0,0) (o, yra+ B, aAra®) (o) )
° ° ° A(o0)

A (OO) (07 07 O) (07 Ov O) (07 ﬂta 0)

Using Property (G) at z, there must be ¢ — 2 values of § = (d1,ds) € F?\
{(0,0), v, v} for which some line A(c0)(d,0,0) through A*(c0)(d,0,0) meets each
of the ¢ + 1 transversal lines A(t)(0,5;,0), t € F. The line A(c0)(d,0,0) meets
A(t)(0, Bt,0) at the point (8,40 + B¢, 5A4;07) on the line A(c0)(d, y¢d + B¢, 6 A7)
which is also a line meeting [A(c0)]. So for the appropriate § all the lines of the
form A(co)(d,y:d + B, 6A0T), as t varies over the elements of F, must be the
same.
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The above condition is equivalent to requiring that &§(A4; + A)d7 +
(Bs + B:)P6T = 0 for all s, t € F. With t = 0, it is equivalent to

(dF + d1)s + didays + (d5 + d2)zs = 0 for all s € F. (3.1)

Here d; - dy # 0, because if da = 0 then Eq. (3.1) is (d? + d1)s = 0Vs which
implies d; = 0 or d; = 1, which is impossible since § ¢ {(0,0), «} and similarly
dy # 0. Since there must be at least three choices for § because ¢ > 8 (for ¢ < 4 all
g-clan are classical), this forces ys and zs to be a constant times s. To see this take

(d1,d2), (e1,ea), (f1, f2) as three choices for § and put in a matrix the coefficients
of Eq. (3.1):

d% +di  dids d% + do
M(d,e,f)=|ei+er elea e3+es|. (3.2)
ff+f difs fi+4fa

Since for each s, (s,ys,25) is in the kernel of M(d, e, f), the rank of the matrix
M(d,e,f) # 3. Suppose rk(M(d,e, f)) = 1 for all choices of three values of §. If
dy = 0, then ds € {0,1} from Eq. (3.1) which is impossible and if d; = 1, then
des = 0, which is again impossible. So for the ¢ — 2 elements § the d;’s are the
q — 2 elements of F'\ {0,1}. Then we may choose e; = dy + 1, with d; arbitrary
in F\ {0,1}. Then Eq. (3.2) appears as

d3 +dy dids d3 + do
M(dye,f)=|d?+d1 (di+1)ez e3+ea|. (3.3)
2+ f di fa 2+ fo

Since we assume that rk(M(d,e, f)) = 1, it follows that dide = dyes + e2 and
d% + dy = €3 + ey from which we have (da + e2)? = da + €2 and hence dy + €3 €
{0,1}. Now, if do = ey then e; = 0 which is not possible (see above), hence
dy = eg + 1 which implies do = dy + 1. Substituting ey = ds = dy + 1 in Eq. (3.1)
we get s+ ys + 25 = 0, 50 25 = ys + 8. Then z,25/y? = (ys + s)s/y? and hence
tr(zszs/y?) = tr((ys + s)s/y?). The equation 22 + x + s(ys + s)/y? = 0 has the
solution z = s/ys and so tr((ys+s)s/y2) = 0 = tr(zsxs/y?)which is a contradiction
because C is a g-clan.

So, rk(M(d, e, f)) = 2 and this forces the kernel to be a 1-dimensional sub-
space and hence there are constants a and b for which ys = as and z; = bs for all
s. That is exactly the condition for the g-clan being classical. O

Lemma 3.1.4. Let GQ(C) be the GQ arising as usual from the g-clan C. If P is a
point not collinear with (o) such that P’ = (0c) for some 0 € G, then the orbit
PY of P under G is the whole pointset P of GQ(C).
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Proof. Since GQ(C) is an EGQ, all points not collinear with (co) are in a same
orbit, so PY consists at least of P\ (c0)*. We claim that also the points collinear
with (c0) are in PY. To this aim, take a point Q in PY but not collinear with P
and fix a line [A(¢)] through (o0o). Since all the points not collinear with @ are
in a same orbit and P is one af those, PY contains also all the points in [A(t)]
except for one (let’s call it Py, that is the unique point obtained as intersection of
[A(t)] and the unique line through @ meeting [A(¢)]). Now, if we take a point not
collinear with @ and not collinear with P;, it follows in the same way as before
that Q and Pj are in a same orbit, hence P; € PY. Doing the same for all the lines
through (00), it follows that PY contains also all the points collinear with (00),
hence PY = P. O

Theorem 3.1.5. Let C be a non-classical q-clan. Then the point (00) is fized under
the complete group G of collineations of GQ(C).

Proof. Suppose (00) is not fixed under the complete group G of collineations
of GQ(C). Then there is a point P # (oo) such that (o00)? = P, where 6 is a
collineation of GQ(C). If P is collinear with (c0), it is a point distinet from (00),
collinear with (c0) and having property (G), which is not possible by Theorem
3.1.3. If P is not collinear with (c0), then by Lemma 3.1.4, the orbit of P under
G (or equivalently, the orbit of (c0) under G) is the whole pointset of GQ(C). So
we can find a point collinear with (co) with the property (G). This is again a
contradiction by Theorem 3.1.3. Hence the point (00) must be fixed by G and the
theorem follows. O

3.2 An involution of GQ(C)

For ¢ = 2¢ there are five known infinite families of g-clans. In the Subiaco Notebook
there is a chapter devoted to the three families of monomial g-clans and a longer
chapter devoted to the Subiaco examples. However, with the discovery in [COP03]
of a unified construction of the so-called cyclic examples that includes a new family,
it now seems more appropriate to treat the cyclic examples together and the
examples of S. E. Payne (from [Pa85]) separately. Moreover, our unified treatment
of the cyclic GQ can now be very much shorter than previous treatments of the
Subiaco GQ. In any case the following theorem will apply to all five families.

Theorem 3.2.1. Suppose C = {A; = (f'gf) ;i)) it € F} is a q-clan for functions
f(t) and g(t) satisfying f(t=1) = t~1g(t) (equivalently, g(t=') = t=1f(t)). Then
¢ =0(id, P2 P) : (o, B,¢) = (BP,aP,c + ao f) is an automorphism of GQ(C)
interchanging A(t) and A(t=1) for all t € F.

Proof. For all t € F, A(t) = {(7,, ® a,g(a,t)) = a € F2}. (Recall that v, =
(0,1).) And (id, P @ P) : (v, ® o, g(, 1)) — (7, P ® aP, g(a,t) + 0). Clearly
Yy P = Yyo and vy P = 7,... Also g(a,0) = g(a,00) = 0. So 6(id,P ® P)
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interchanges A(0) and A(oc0). So suppose 0 # ¢t € F. Then ~,, P = (1,t2)P =
t2(1,t72) = té'yyﬁl. Hence

(v, P @ aP, g(a, 1)) = (’yyﬁ1 ® téaR t_l(téaP -PAP- (téaP)T))

= (’yyrl ®téozP, (téap) ( t_lg(t) t_tl_fz(t) ) (téaP)T)

= (y,., @t2aP,g(t2aP,t71)) € A(t™Y). -

We will continue to use the symbol ¢ to denote the special involution (also
sometimes called the “flip”) described in the preceding theorem. However, later
when we have a unique involution I; fixing the line [A(t)] for each t € F, ¢ will
be denoted by I;.

3.3 The Automorphism Group of the Herd Cover

Recall all the definitions and notation of Chapter 1 Section 1.6. Since herd covers
and g-clans are equivalent objects in some sense, (see Theorem 1.7.1), there ought
to be a close connection between the automorphism group of the herd cover and
the automorphism group of the associated GQ. Since the members of a herd cover
are the projections of the ovals in R, which live in G®, there also ought to be a
direct connection with Aut(G®). We propose the following.

Definition 3.3.1. The automorphism group Gq of the herd cover H(C) is the sub-
group of PT'L(3,q) that induces a permutation of the oval covers of H(C).

According to this definition, the automorphism group of a herd of ovals would
naturally be the group induced on a herd of ovals by the automorphism group of
the corresponding herd cover. We also note that the induced group of the herd of
ovals depends on the normalization used to define the herd of ovals.

Definition 3.3.2. The automorphism group Gy of the profile H(C) of the herd cover
is the subgroup of Aut(G®) that induces a permutation of the ovals of H(C).

We observe that the automorphism group of a herd cover is isomorphic to
the automorphism group of the profile of that herd cover.
Put
T={(y®a,c) € G%~,ac F? ccF}.

Clearly
T=U{L,:v€PG(,q)} U{Rs : « € PG(1,q)}.

It is easy to show that any subgroup of G® spanned by any two distinct “points”
of T" and lying entirely in 7" must either lie in some £, or in some R,. Let p; and
p2 be any two distinct o-points lying in some £,. Then p; - p2 = p3 also lies in L,,.
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Hence any 6 € Aut(G®) that induces a permutation of the ovals maps all three o-
points p1, p2, p3 to o-points for which the third is the “sum” of the first two. Hence
the three images also lie in a same £,.. This implies that § must also permute the
L., among themselves. Also, the points of 7" that are contained in the ovals and lie
in some L, lie on the line that is the member of the 4-gonal family in £,. Hence
0 must permute the members of the 4-gonal family, i.e., # induces a collineation
of the GQ GQ(C). As 6 clearly fixes (0,0,0), the Fundamental Theorem tells us
what form 6 must have. We have shown that

Theorem 3.3.3. The automorphism group Go (Go) of the (profile of the) herd cover
H(C) is isomorphic to the group of automorphisms of GQ(C) that fix the points
(00) and (0,0,0).

Note. In the above argument we only used the fact that § € Gy permutes the
o-points among themselves. But of course since such a 6 induces an automorphism
of the GQ, it will have to permute the ovals among themselves.
1 1
Let 6 = 0(0, A®B) € Gy. Suppose A = (g2 32) = (“f ;f ) , u=det(A), 1 =
2

b2
det(B). According to Theorem 2.3.4 the action of § on the points of T' is given by

0=0(c,A® B): (y®a,r) —
(ATy° @ BTa% ur® + 4?7 ((a®)' BCBTa?, (a?)"BEBTa%)T), (3.4)

a2z
aq

where C' = aZA( )= aA( ) and Ea%A(al)z = bA(g).

2 a3
As we saw in Chapter 2, Section 2.8, 6 induces a map 0 = é(o, A® B) on the
herd cover. We recall here the form of § we have already established:

) 1 1
0: t — w
g(Aa, t) A2 g(BTa” w)
: S VR
= . d t , (3.5)
a)\2”g<BTa”,a> b/\2Ug(BTa”,b> u | \g(Aa,t)

c+dt?
where w = aj‘_bia.

And, as far as a normalized herd of ovals is concerned, we get
00, A@ B) : (3, 9(a, 1)) = (X540 AP, pg(a, )

C D
o) (05 ) Gen©ra))
C

o (e D
= (V770 A®) g (i t) +A2<%a/z®a)( 0 E )ma/z@aﬁ). (3.6)
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3.4 The Magic Action of O’Keefe and Penttila

Let F = {f : F — F : f(0) = 0}. Each element of F can be expressed as a
polynomial in one variable of degree at most ¢—1, and F is naturally a vector space
over F. For f(t) = Y ait' € F and o € Aut(F), put fo(t) = S afti = (f(t))°.
Start with the group PT'L(2, ¢) acting on the projective line PG(1,q),

PTL(2,q) ={x— Az°: A e GL(2,q), 0 € Aut(F)}.

(Clearly = € F? is written as a column vector.)

We are going to construct an action M: I'L(2,q) — Symyz of I'L(2,q) on
the set F. For each f € F and each ¢ € T'L(2,q), where ¢: z — Az for A =
(2b) € GL(2,q) and o € Aut(F), let the image of f under M(v) be the function
Yf: F — F such that

t+c a c
£y =[A>{bt+d)f (" otfe () +are () 3.7
ws) =it {oerage (51t o) wour (3) +ar (3.7
Lemma 3.4.1. M is an action (called the magic action) of I'L(2,q) on the set F
whose kernel contains (so equals) the set of scalar matrices al : 0 # a € F that
form the center of TL(2,q). (The induced action of PT'L(2,q) is also called the
magic action.)

Proof. Tf f is an element in F, 1 f(0) = [A|=2df?(¢) + |A|~2df(S) = 0, as ¢ is
even, hence ¢ f € F. We show now that M yields an action of T'L(2,q) on F,
ie., M(tath1) = M(th2) o M(yn) for any 1, 1o € T'L(2,q) and 1f(¢t) = f(¢).
The identity element of T'L(2,q) is 1 : « — Iz, where I is the identity matrix, so
1f(t) = f(t). Let ¢1 : 2 — Aj2°* and g : & — Azx72, where A; = (‘;; le) and

Ay = (2 b2) are in GL(2,q) and o1, 02 € Aut(GF(q)). Then (applying 1 first),

ca d2
ot)y : x — A AT?27192 so that, since

A — (A2 B\ _ [ alax+ by baz +d7hs
. Ci2 Do aTZCQ—}-c‘l’?dQ bT202+dT2d2 )

then the action of 19101 on F is:

_ A t+012
t) = [A2AT?|7V2 | (Bigt + Do) f7ro2 1 )
(deJl)f( ) | 244 | |:( 12t + 12)f (But + D1o

A C
+Byat f712 <Bi> + Do f7172 <Di>} .

/o1, 1/04 1/o1 o1
+c
LI-E (b d ay 'y 1
wlf(y) | 1| ( 1Y 1) f <b}/o'1y1/o_1 d}/oj

. a}/ﬂl 71 . C}/m o1
+ A1 7201 | f b}/gl y+ A" 2dy | f d}/al

On the other hand,
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so that

U (1 f)(t) = [Aa| 72 (bat + do)

5 f a;/ﬂztl/zm +Cé/02 72
1
by/ 711/ 4 Y/

al/g2 ” 1
U1 f <bf/"2> t+]Az| " 2dy [Mf(
2
1/02 102 1/02
_1 ay "x + ¢
A2 A 1o 1y 4 giren ) T
o w72+ dy

1/0’1 g1
1oy ay/ 7241/ 72401/ 72 1oy
aq 12/0 %/a +c

b2 2t1/02+d2 2

+ |Ag| =Y 2Dy

= | Ao | Y2 (bot + dy)

. a1/
plfon (a7 /724y 72 s
1 by/241/02 4L/ 72 !

1/01 a1 1/02 41 /0 1/02
_ a ay "t +c _
+|A1| 1/Qb1 [f( 1 >‘| ( 2 2 >—|—|A1| 1/2d1

b/ bi/7241/00 4 gl/o
o1 al/o192 -
1/2 1/2 aé/m ai/ 1 b12/"1”2 +c}/ 1
+ |Ag| 720y [|AL7Y2 [ 1y +di | | f Y ore
b;/o'Z bl/a'l a,’ 7172 +d1/01
1 b;/0102 1
1/oy 9t 1/oy 1/o1 71772
—1/2 ay ) —-1/2 !
+| A b | f <b}/01 )] b;/az + | A dy lf <d}/01 t
alfored "y ol

1/o100
d2

1/0’2
—1/2 ~1/2 G2
—+ |A2| / d2 |A1| / (bl d1/02 + dl) f bl/o'l C;/0102 dl/o-l
2

1 d;/0102 1

1/2 ai/al " 05/02 1/2 Ci/gl
+ AT | f pl/on e + A7 5dy | f v
1 2 1

which turns out to be equal to (¢2t1)f(t). Thus M(ath1) = M (1o
hence M defines an action of I'L(2,q) on F. Let ¢ € T'L(2,q) be ¢
where [ is the identity matrix and a # 0, then

w10 = @) 2af (%) = 10

Hence, M induces an action of PI'L(2,¢) on F because the elements

4o\
iy

f(de)] T
i/

g1

i

) o M(31),

cx— alx

of TL(2,q)

corresponding to the scalar matrices (i.e., the center of PT'L(2, ¢)) are in the kernel

of M.

Lemma 3.4.2. The function f € F defined by f(t) = t2 is fized by
PT'L(2,q) under the magic action.

O

every ¢ €
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Proof. Let ) : x — Az, where A = (2%) € GL(2,q) and o € Aut(GF(q)). Note
that if f(t) = t'/2, then f7(t) = f(t) and

1/2 / /
VE(E) = p(V?) = | A1/ <(bt+d) (Z;i;) + bt (Z)l 2+d<2>1 2)

_ |A|_1/2(a1/2d1/2t1/2 + b1/201/2t1/2) — /2

Hence the lemma follows. O

Lemma 3.4.3. The magic action of PT'L(2,q) on F is (projective) semi-linear and
the magic action of the subgroup PGL(2,q) is (projective) linear.

Proof. Let ¢ € PTL(2,q) be ¢ : @ — Az?, where A = (¢}%) € GL(2,¢) and
o € Aut(GF(q)). Let f, g € F and k € GF(q). Since o is an automorphism of
the field, (f 4+ ¢)? = f7 + g and (kf)” = k°f°, then the theorem follows by
straightforward verification. O

It is quite useful to have the following list of generators of PT'L(2,q) and
their magic actions on F.

oa:xH(g ?)x, oof(t) =a"2f(at), for 0 #a € F.
1 0
Te i@ — ( e 1 )3@ Tf(t) = f(t+¢)+ f(e), for c € F.

s (9 g ) o1(t) = 1717,

ot T 27, paf(t) = f7(1).

O’Keefe and Penttila [OP02] proceed to use the magic action in the study
of ovals and herds of ovals. However, if we shift to the examination of oval covers
and herd covers, the F setting for the magic action is not optimal. Since F is a
vector space over F', we can pass to the projective space F whose points (f) are
the 1-dimensional subspaces of F spanned by a nonzero f € F. It is easy to see
that for all A € F*, ¢p(\f) = A9 f, and so, the magic action can be lifted to F.By
a fairly common abuse of notation we will continue to use 1 to denote the result
of the magic action on the points of F, i.e., {f) := (W f). We will now rephrase
further results of [OP02] in the F setting. We will use the following notation. Let
D(f)={(1,¢t, f(t)): t € F}U{(0,1,0)} for any o-permutation f. That is, D(f) is
an oval in PG(2,q). For any primitive element ¢ of F define

DC(f):{(lvta f(t)7 Cf(t)v <2f(t)v i ch_2f(t)): L e F}U{(07 L0,..., 0)} (38)
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to be a set of points in PG(g, ¢) for any o-permutation f. D¢(f) is a coordinate
representation of an oval cover. The oval cover can be recovered by projecting
the coordinates xg,x1,z; of D¢(f) into the same PG(2,q) for each i, 2 < i < q.
Notice that if we rearrange, in any way, the last ¢ — 1 coordinates of D¢(f),
these projections will give the same oval cover. We should therefore consider two
of these sets to be equivalent if one can be obtained from the other by such a
rearrangement. The equivalence classes may be described by

D((f)) = {(1,t, f(t)B): B is a permutation matrix, ¢t € F'},

where f(t) = (f(t),Cf(t),C2f(t),...,¢(?72f(t)) for any fixed primitive element
¢ € F. Note that, as a special case, D¢ (f) and D, (f) will be equivalent for different
primitive elements ¢ and 7.

The next theorem is what makes the magic action useful to us.

Theorem 3.4.4. Let f € F be an o-permutation for PG(2,q) and let ¢ € PTL(2,q)
be p: x — Az® for A= (2%) € GL(2,q) and o € Aut(F). Then g € ¥(f) is
also an o-permutation. In fact, for any o-permutation f, D(f) = ¢ ;D(f) where
Ypix— Apz® (z € F3) for

a b 0
Af: c d 01 . (3.9)
avf(s) buf(y) Al

In terms of oval covers, we have D¢o (Y f) = 77/3<f>DC(f) where 1/_)<f> € PT'L(¢g+1,q)
is such that gy : © — Apa® (z € FITY) for

- (A O2xg-1
Ay = <D |A|éIq—1><q—1 (3.10)
where

apf(e) sy
aCf(s)  becs ()
D= | a¢f(7)  bue(5)

Q¢ 2f(5) b2 (4)
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Proof. We verify that D(vf) = 1 ;D(f) by direct computation. First,

UrD(f) = {s (L, f(1) -t € GF(g)} U{(0,1,0)}
= {Af(l t7,(f(1))7) : t € GF(q)} U{A;(0,1,0)}
= {41t f7(t)) : t € GF(q)} U{A;(0,1,0)}

_ {(a bt et dt, [ A2 5O (8) 4 by f (Zl) t+apf (Z)) te GF@}

o (b W(d))}
{b)

:{<1 ¢+ dt |A|1/2f°'(t)+b¢f(;f)t+a¢f(g)) I }

Ta+ bt a+ bt
u{<o,1,o>,(bdb¢f< ))

On substituting s = (¢ + dt)/(a + bt) (hence t = (as + ¢)/(bs + d)), we obtain

{(1,s,r):seGF(q)\{‘Z}}u{(o,LO), (b,d,bw (Z))}

A2 57 (321) (bs 4+ d) b f (1) (as+ <) + avf (5) (bs +d)
r= ,
Al

which is in fact {(1,s,¢f(s)) : s € GF(¢q)} U{(0,1,0)}. This set of points is an
oval, containing the points (1,0,0) and (0, 1,0), and with nucleus (0,0,1); so ¥ f
is an o-permutation.

We consider now the oval cover extension of this result. By the first part of the
theorem, for ¢ a primitive element of F and 0 <i < ¢—1, D(¥¢" f) = h¢i fD(C f).
Since D(Y(¢' f) = D(C7" f) the result follows. O

Corollary 3.4.5. Let f € F be an o-permutation, and let 1» € PTL(2,q). If ¥ f €
(f), then ¥y multiplied by (0 1 0) where k € F*, is in the stabilizer of D(f) in
PTL(3,q).

Proof. By Theorem 3.4.4, D(vf) = ﬁfz?(f) and by hypothesis there exists u € F™*
such that oy f = pf, hence D(uf) = D(f), ie., by : (1L, f(t) = (1,4, uf(t)).

If we compose 9y with the map sending (z1, 22, x3) to (z1, T2, kvs), with k = p=!
we see that D(f) is fixed, hence the theorem follows. O

where

Corollary 3.4.5 stated in terms of oval covers appears as
Corollary 3.4.6. Let f € F be an o-permutation, and let ¢ € PTL(2,q). If ¥(f) =

(f), then Uy is in the stabilizer of D(\f) in PTL(3,q) for each A € F*. Thus,
Vyy is in the stabilizer of D({f)).



58 Chapter 3. Aut(GQ(C))

The next theorem is crucial to the further development of the theory. Unfor-
tunately, the proof given in [OP02] is flawed, so we will provide a corrected proof
of this result (see [CP03]).

Theorem 3.4.7. Let f and g be o-permutations for which D(f) and D(g) are equiv-
alent under PT'L(3,q). Then there exists 1 € PT'L(2,q) such that ¥{f) = (g).

Proof. For 0 # k € F, D(kf) and D(g) are also equivalent. Suppose n : x +—
Bx? (€ PT'L(3,q)) satisfies nD(g) = D(kf). Since n fixes (0,0,1), n(1,0,0) €
D(kf), n(0,1,0) € D(kf), it follows easily that B has the form

a b 0
c d 0

akf(5) bEf(3) =
for some a, b, ¢,d, z € GF(q) with ad + be # 0 and z # 0. From

1 a+ bt?
n| t | = c+dt?
g(t) akf(S) + bkt f(4) + zg(t)°

we can compute that

g(t)” = (i) [(a+bt")f (Zi‘;ﬁ;) Tt f <‘Z> +af (2)} .

Thus, g(t)7 = (%) |A’|240f(t7) where 1o: @ — A’z with A’ (4b) € GL(2,q). We
then have g(t) = (’;)3’ |A’|204p f () where ¢: & +— (A') o zo. Hence, (|Az’|;1 >g =
Ykf, and so ¢(f) = (g).

Note. It should be noted that the above proof shows that the result is more general
than stated. No properties of o-permutations were used. Besides the inclusion of
the points (1,0,0) and (0,1,0) in D(f) and D(g), the only requirement is that the
projectivity between them fixes the point (0,0,1) (whether or not this point is
considered to be in the sets or even related to them). This comment also applies
to the following corollary.

Corollary 3.4.8. Let f be an o-permutation in F. Then each element of the stabi-
lizer of D((f)) is of the form sy for some » € PTL(2,q) such that ¥(f) = (f).

Lemma 3.4.9. Let ¢: x+— Az® for A € GL(2,q) and o € Aut(F). If

C={< fg) gté) ) :teF} is a g — clan,

then so is
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Note. This can also be stated in terms of herd covers or herds of ovals. O’Keefe
and Penttila normalize the herd cover by insisting that the ovals of the herd always
contain the point (1,1,1). So they write their ¢g-clans in the form

C:{<foét) nfi(t))ZtEF}’

where fo(1) = foo(1) = 1 and & is some fixed element with ¢r(k) = 1. In their
formulas for fi(t), f..(t) and fl(t), they should have written (in their notation
and correcting the last two so that f. (1) =1):

fo(t) = fo(t)/¥ fo(1),

_ fé(t) 4 s2t2 +K‘,/Sf(/>o(t)7 where x/ — 1/)f0(1)¢foo(1)’i’y- (3.12)

!
t
£:() 1+ 52 +5's

Their lemma then states that if {D(f,) : s € lz“} is a herd of ovals, so is {D(f!): s €
F}. Tt then follows that if {D({fs)): s € F} represents a herd cover, so does

{D((f0)): s € F}.

3.5 The Automorphism Group of the Herd

We recall here the following definitions:
Definition 3.5.1. G is the full group of collineations of GQ(C).
Definition 3.5.2. Gy is the subgroup of G fixing the points (0,0,0) and (c0).

Definition 3.5.3. G is the automorphism group of the herd cover H(C),i.e., is the
subgroup of PT'L(2,q) that induces a permutation of the oval covers of H(C).

Definition 3.5.4. G is the automorphism group of the profile of the herd cover
H(C), i.e., the subgroup of Aut(G®) that induces a permutation of the ovals of
H(C).

Let H(C) = {D(f,) : s € F} and H(C') = {D(f]) : t € F} be herds of two
herd covers H(C) and H(C"). O’Keefe and Penttila [OP02] define an isomorphism
6 : H(C) — H(C') to be a pair 6 = (¢, 7) where ¢» € PT'L(2,q) and 7 : s — 5 is a
permutation of the elements of F' such that ¢ fs € (fL) for all s € F.

Definition 3.5.5. G = {6 : H(C) — H(C) : 6 is an isomorphism} is the automor-
phism group of the herd of ovals (i.e., Aut(H(C))).
Notes. 1. O’Keefe and Penttila observe that Gy is the stabilizer of {(f,) : s € F}

in PT'L(2,¢) under the magic action. They go on to calculate the group Gy for
the known herds. For both the classical and the FTWKB herds they get the same
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answer, the group PI'L(2,q). We find this unsatisfactory. In the classical case
the group Gg of the herd cover (which is also the group of the GQ fixing the
points (0,0,0) and (o)) is larger than the group Gy of the herd of ovals. And the
induced stabilizer of an oval (i.e., a conic) in the classical case is smaller than
the full stabilizer of that conic. This would be impossible to detect under the
“magic action” definition since Gog = PI'L(2, q) in the classical case is the largest
possible group permitted by that definition. The classical situation also provides
an example of the difference between working with herd covers and working with
herds of ovals. In the classical case, the automorphism 6 = 0(id, I @ P) of G®
is a collineation of the GQ S(C) that permutes the ovals O, according to the
rule s — s~ !, and so, may be considered as an element of Gy, the automorphism
group of the herd cover. The herd cover {[O,]: s € F} of the classical herd has
[0,] = {D(At2): A € F*} for cach s € F. Now, if we normalize so that [O,]
is represented by D(st2) for s € F* and by D(t2) for s = 0,00, then 6 will be
expressed faithfully! in the automorphism group of this herd of ovals. On the other
hand, if we normalize so that [O,] is represented by D(t2) for all s € F (which is
the normalization used by O’Keefe and Penttila) then 6 induces the identity on
this herd of ovals and so there is no hope to detect the collineation . This cannot
happen in a non-classical situation, since then the automorphisms of the herd cover
faithfully induce automorphisms of any herd of ovals and Gy and Gy are the same
(see below). Thus, although the two definitions generally lead to the same groups,
we believe that our definition of G properly handles the classical case. This is also
consistent with the belief that the classical case should be distinguishable from the
FTWKRB case, where the ovals are non-conical translation ovals.

Let us say some more about the normalization mentioned in Observation 1.6.6
that we often adopt. Since that normalization leads to a faithful action of the
automorphism group of the herd of ovals, we believe our choice of normalization is
a good one. So, even if we believe that the general setting of the herd cover helps
us to understand better the various connections, we also believe that performing
such a normalization helps in carrying out easily all the computations without
affecting the theory.

2. By the Fundamental Theorem and its extensions, if each element of CA}’O is
really induced by an element of Gy, then the permutation 7 : s — 5§ must be of
the form

__as?+b

5T s +d
for some (%) € GL(2,q) and some o € Aut(F). This became obvious once the
tensor product representation of the group Gy had been established.

MIf G acts on a set B and distinct elements of G induce distinct permutations of B, the action
is said to be faithful. A faithful action is therefore one in which the associated permutation
representation is injective.
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3.6 The Groups Gy, Go and éo

The fact that M is an action implies that (M)~ = M(xp~1). Hence for each
nonzero g € F there is a nonzero f € F for which (g) = ¢ (f).

Recall the notation of Eq. (3.5). Then put f(t) = ¢ ~'g(BTa%,t), ie.,
g(BTa% t) = f for ¥ : @ — (¢4) 27, Also, let n = X2

We can then use 0 to define

n%g(a,t)
a b 0O 0 0 1 o
c d 0 0 0 t
af (7) bf(§) w0 0| gl
a¢77f(2) b"/’nf(b) 0 wu 0 ng(a,t) . (3.13)
w21 (5) bt () 0 0 o w) (e
Comparing this with Eq. (3.10) we see that
by =Py (3.14)

By Theorem 3.4.4 f is an o-permutation and 1Z<f->: Dy(f) = Dy (v f) =
D, (9(BTa”,t)). Since
Uiy = 00py 2 Dy(g(a,t)) = Dy (9(BTa”, 1)), (3.15)
it must be that D, (f) = D,(g(a, t)). It follows that (f(¢)) = (g(«,1)).
This proves the following important theorem.

Theorem 3.6.1. If C is a g-clan, then
0 (o, (A7) @ (B 3)) € G iff wigla,t)) = (g(Bar, 1))

for all « € PG(1,q), where ¢: x — Az°. O

In [OP02] 7(C) is defined to be the subspace of F spanned by f(t), t2 and g(t),
the g-clan functions. In the classical case 7(C) is 1-dimensional and for any A €
GL(2,q), 0 € Aut(F) and any B € SL(2,q), if ¢ :  + (A®)T27 automatically
D{g(a,t)) = (g((BP)Ta?, t)). However, following Lemma 13 of [OP02] it is shown
that if C is non-classical, then 7(C) is 3-dimensional and no two herd functions are
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even in the same 1-dimensional space. Hence if ¢ is given, and o is given, clearly
only one B can exist. (This also follows from Theorem 1.10.3 of [Pa98].) This then
implies

Corollary 3.6.2. If C is a non-classical q-clan, then Gy = éo.

3.7 The Square-Bracket Function

As always throughout these notes, ¢ = 2¢. Let F' = GF(q) € GF(¢?) = E. Write
x=uz9forxz € E. Sox =uziff z € F. Let { be a primitive element of E, so the
multiplicative order |¢] of ¢ is [¢| = ¢*> — 1. Put 8 = (9!, so |8] = ¢ + 1. Then
B =39 ="' Define § = 3 + 3. More generally, for each rational number a with
denominator relatively prime to ¢ + 1 we use the following convenient notation:

[a] := B* + 3. (3.16)

Lemma 3.7.1. The following are easy consequences of the definition:

(i) 6 =[1]; 0= [0].

(i) [a] = [b] iff a = +b (mod ¢+ 1).

(iii) [a] - [b] = @ +b] + [a = b]; [a] + [0] = [*5°] - [*3°]-
(iv) [a)® = [oa] for o = 2¢ € Aut(F).

v [*3][2] 2] = la+d +[a] +[d.

(vi) [3a] = [a]® + [a]; [5a] = [a]® + [a]® + [a].

(vii) The map [Jr]k] [Jri';k], for all j € F, permutes the elements of F ina
cycle of length q + 1. If k = 1, the map [3[4']1] jﬁ], for all j € F, is the
same as the map t — t=' 4+ 6. More generally, [J';]k] bf;:{]k] is the map

k+1]4(1
R AE

It will also be useful to have a generahzatlon of the above notation. For each
k1< k< goput B = MY so Bk = L@, Then B = B37 = L. Let
0k = Br+ Br and note that [ka] = B¢ + . When k = 1 we suppress the subscript.
Here we are assuming that k = 1. Since ﬁf_e F if and only if j =0 (mod ¢ + 1),
for 1 <j<gq,2?+[jlz+1= (z+3)(x+ ) is irreducible over F'. Hence we have

() =t () = () = (3.17)

Note. Since [a] = [b] iff @ = +b (mod ¢ + 1) it follows that the elements of F' with
trace equal to 1 are precisely those of the form [}], 1<75<q.
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Put M = (? \}6) with eigenvalues ,Bié. As M7 has eigenvalues ,Bi%, which

belong to F iff j =0 (mod ¢ + 1) iff fE2 =1, we see that M9t = I, and in fact
M has multiplicative order g + 1. Note also that M is symmetric with det(M) =
1. Also M has left eigenvectors (1,[ é) and (8 §71) belonging, respectively, to
eigenvalues 53 and B z. It follows that

I S A I A L 1p
M‘Hﬁ(,@% 1)(0 ﬂ—%)<6% 1)' (3.18)

For any integer j we use Eq. (3.18) to compute

w2 (o ﬁ1%><50§ ,6'02”')(,61% )= (! 4 e

With P = (9}).

ipy—~i— L (U - 1])
MPM™7 = | (.. 420, 3.20
s 67 Vi 520
and it has unique eigenvector ([23‘:1} , [2j;1]).

Our interest in the matrix M derives from the fact that since it has multi-
plicative order g+1, for some integer m (modulo ¢+1) there could be a collineation
of GQ(C) of the form 0(id, M @ M~") permuting the lines through (c0) in a cycle
of length ¢ 4+ 1. We explore this possibility in the next section.

Occasionally it is of interest to know which is the smallest subfield of E =
GF(q?) that contains d.

Exercise 3.7.2. Let  be a primitive element for E = GF(¢?) 2 GF(q) = F, and
let 1 < k < q. Put B, = ¢*F9Y and 6, = By + Br. Then if 1 = ged(k,q + 1),
the field GF(2)(x) is the field GF(2%) where d is the smallest divisor of e for
which § is odd and 241 |r. In particular, if k and ¢+ 1 are relatively prime, then

2441
GF(2)(0x) = GF(q).

3.8 A Cyclic Linear Collineation

Let m be a positive integer (modulo ¢ + 1). If there is a collineation of GQ(C) of
the form 6 = 0(id, M @ M ~™), then by Theorem 2.3.4, 6 has the following effect:

0 = 0(id, M@ M~™) : (0 8),¢)
(. B)(M @ M™™),c+aof+BM "AsM~™3T). (3.21)

A little work shows that if ¢ = [k[:]l] (replacing [k]”f ;2 by « ), then the typical

element of A(t) can be represented in the form

([ [£71]) o timen). e
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It follows that

0 = 0(id, M & M~™) =: ((m 7 [k;LlD 2 a, [k]g(a,t)> -

((m : [k * ID M & aM~™, [Klg(a,t) + [k + 1]aM_mA5M_maT>

2 2
k+1 k+2
— <({ ; }[ ; D ®aM_m,[k:]g(a,t)+[k+1]aM_mA5M_maT>.
So what does it mean for this to be in A(t) where tt~! + §? Since t = [k[:]l],
t= F,:ﬂ So containment holds iff
k+1 k+2
[ e —

= (([k—gl} 7 [k;ﬂ) ®aM ™™ [k+1]glaM ™™t} +5)>

iff
a{lk+ 1M ™A1 sM™™ ol =a {[K]A; + [+ 1]M ™ AsM ™™} ol
iff N N
[k + I]Atfu_(; =Mm"AM™ + [k + I]Ag forallt € F
[£] [£]
iff

MmAtMm =t (Atfl_;'_(; + A5) .
A routine computation shows that M™A,M™ =

1

1([m—l]f(t)+[m;1][’;]té+[m]g(t) S5t2 1 >
5 0 [m]f&)+ 5] t2+[m+1]g(t)
(3.22)

This proves the following theorem.

Theorem 3.8.1. The automorphism 0(id, M @ M~™) of G® induces a collinea-
tion of GQ(C) if and only if:

i) t={f"+8)+f(0)} = [mé‘ ! {f(t)+([m[ni]1]> NE +<[n£m] 1]>g(t)}

and

(11) t = {g(t_1+5)+g(5)} _ [7;] {f(t)+ <[m+1]>2t§ + [m+1]g(t)}

[m]
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Theorem 3.8.2. Suppose that § = 0(id, M @ M~"™) is a collineation of GQ(C).
Then 0 has order q + 1 on the lines of GQ(C) through the point (o). For each
integer j modulo g + 1 we have the following:

(i) 69 = 6(id, M7 @ M—™9) : [A(t)] — [A(t)], where t = {;;ﬂ{j[ﬁ

fft =" then t = VP = 009 gp g —

[i+K] st+1
. ; mj—1 mj
(i1) ¢ : Oy — O, where t = %mj]t-&-][t;guﬁ

_ [k+1] [k mj+1] _ (1+6T’)t+r
Ift= (k] ; then [k—m ! 7l rtbl fr— m_]+1]

3.9 Some Involutions

From now on we will assume that the automorphisms of G® given by 6 =
O(id, M @ M—™) and ¢ = 0(id, P ® P) really do induce collineations of GQ(C).
Recall that ¢ is an involution interchanging [A(t)] and [A(¢~!)] and interchanging
O and Og4-1, for t, s € F.

Theorem 3.9.1. Put
0; =07 0900 =0(id, M/PM ™ @ M~™ PM™7).

Then 0; is an involution fizing

2]’

and fizing )
O, with r = [mj.+ f] .

[mj — 5]

In general 0; : [A(t)] — [A(t)] with

24t [25 1] t(s*+1) + 652
21t +[27]  tS+s241

Similarly, 0; : Oy — O, with

_ [2mglt+[2mj+ 1] t(r?+1)+0r?
C[2mj — 1)t +[2mj]  td+r2+1

If we use the notation that I, is the involution above fixing the line [A(s)],
then the following lemma is sometimes useful.
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oo (2 P )e (% i)

Moreover, using j =0 and j = —} we find I o Ing = 0(id, M @ M~™).
Proof. Simple substitution in the preceding formulas and a short computation. [
The following observations about involutions I, are sometimes useful.

Lemma 3.9.3. Suppose that 6 = 0(id, A ® B) is the involution I with

A= % ® and B = ba b .
az ap bs by

- - a2 a2 52 52
Then 6 : A(t) — A(t) where (1,t) = (1,t)A?) implies t = aéziaé = t(téigi‘; )

Also, A(s) is fized with s = Zi, ay = ay, and a162 + as + asz = 0.
2 2 2 2
Similarly, Oy O, where (1,t)=(1,t)B® implies t = Zéii:é = t(;lsii%i? .
Here O, is fized with r = 2;, by = by, and b15é + by + b3 = 0.

Proof. We will show that A(s) is fixed with s = 327 as = ay, and aléé + as +
a3 = 0. By Theorem 3.9.1 and the note following Theorem 2.3.4, we know that

2 2 2
2 2 2 2 1) g (@2 STl ) ¢4 s?
ajt+as; _ t(s®+1)+ds . . . (ag) (a3 _ 5 :
= which is equivalent to = ) . So it
chera = sl () T ()
follows that ( @2 L 2, (@ P e and (% P en which give ay = a
as — 7 \as - 9 as = % g 4 = ay

and @102 +as+as = 0. Similarly, we can prove the second part of the theorem. [

(As a check, the last equality applied to 6; becomes [mj] [5] = [mj + 3] +

[mj — %}, which is clearly true.)

3.10 Some Semi-linear Collineations

Assume that C is a given g¢-clan for which the conditions in Theorems 3.2.1 and
3.8.1 both hold. In the non-classical case it can happen that each line through
(00) (resp., each oval O;) is fixed by a wunique involution. Even when this is not
true, however, it is profitable to assume that an involution that turns up which
fixes [A(00)] is I, the one we know about. In that case we ask for necessary
and sufficient conditions on the functions f and g that give C so that there is a
collineation of GQ(C) that fixes the line [A(c0)] and the points (c0) and (0,0,0)
and belongs to the field automorphism o. From Eq. (2.42) we see that such a

collineation must be of the form (we use the symbol 6 hoping that the context
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makes clear when it is referred to an induced collineation or to a semi-linear

collineation)
1
6=06(o, ( (1) 0; ) ® B), where

0 : A(t) — A(t) with t = A?t7 40, and det(B) = 1.

Put B = (Z Z) The involution we know about that fixes [A(oc0)] is

0 :Iooze(id’<(1) 61% >®52 ( [li*]] [E%:]l] >>

Since I, also fixes the unique oval O, with r = [’”2_ 1] / [mH} it follows that any
collineation that fixes [A(co)] must also fix this same oval.
Straightforward but somewhat tiresome calculations establish the following:

Lemma 3.10.1. (i) 61 = ¢ <o——17< L% A" )@( drbe ))
0 A o Co Qo
(i) fob_y 00710 (id7( (1) 52[,?—0 )@

(e i el )

E co [t +de [ (3] + (a0) [75,1] + o) [521]

It is clear that 6 o 6_ 10 61 must be an involution fixing [A(c0)], hence
we assume that it equals IOo given above. In the presentation of the collineation,
both factors in the tensor product have determinant 1 so are uniquely determined.
Hence by comparing the entries in the (1,2) positions of the left factors, we obtain
that §2 = 620 A"« , from which we see

A=6"2". (3.23)

First we consider the result of the equality of this involution with I,. By
equating right-hand factors in the tensor products we obtain the following;:

m c—1 [T o—1 1 {m—1 o—1 1 {m+1

[2}_5 - [QG}M a(ac)a[ N }+6 a(bd)a[ N } (3.24)
m—1 o1 2 |m-—1 o1 2 |m-+1
o g o ]

m+1 -1 2 |m—1 -1 2 [m+1
— 20 o 20 o . .2
[2}50[20%5 d[za} (3.26)
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ad + be = 1. (3.27)

It is straightforward to show that Eq. (3.27) applied to the product of
Egs. (3.25) and (3.26) implies Eq. (3.24). Also, we can use these equations to
solve for b and d as linear functions of a and c:

B 5120 [m;l} 2 4 [m—l} 2 |

b= il 20 (3.28)
["3]
=0 rm+175 m—173%
d=54 [ 2 L+TC[2U] (329)
["3]
Put these expressions for b and d in 1 = ad + bc and solve for ¢ to obtain
ol Tm41 m+173%
0254 [ 4 }_j—(i[ 2 } (330)
[ ]*
Now use Egs. (3.29) and (3.30) to express d as a linear function of a:
mio—1 m o—1
d:é‘lza[Q] +(l[ 2_1} (331)
m—110—1 :
("]

At this point we have the entries of the matrix B written as linear functions of
the entry a.

Lemma 3.10.2. (i) For arbitrary j modulo g + 1 we have

é_l o 9]' o é
. (id L ( 17+ 02X + 317 0N + 317+ Al — 37 )
o A5l 17+ 02 A G + 507
. 1 ([mj]" + ablmj — ;]" + cd[mj + ;]" b2[mj — ;]" —|1— d*[mj + 5]1" ))
5% a2[mj—§]"+62[mj+é]" [mj]7 +ab[mj—,]|7+ed[mj+ 5]

where A =6 2" .

(i) 6710600 : A(t) — A(t) where

~ _ 1
L (4 0)0etys B (@0 (P
((t+0)67 1) o 5+s2+1
1—o (t+0)(52+1)060—1+60320
o { (t4+0)67 .67 =1 4520 +1 +0
(06462727 (27 41))+5%727 527 4075
t6+05+02-27 (520 41)

IS

[i-3]

, where s= 1]

This expression must be of the form

t(s? 4+ 1) + 052
t6+s2+1
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It follows that §s* = §3727527 + 0°5 and s> +1 = 05 + 62729 (527 +1). From
this it follows that
0% +06+022 4+ 1=0. (3.32)

Equation (3.32) has two solutions:

‘:[0—1] 99

J
0=>Y [1]* 0] where o: x — 7, (3.33)
o
i=1
and [ 1
o
0= + 1. (3.34)
[o]
lo—1] _ [(e=3)—1] [o—1] jet1] _ (le+H=i\ 7t
Note. o] = [(0—2)4—2] and (0] +[1] = o] = ([(04—2)4—;]) .

Put j =}, so s = 0. Then 0o 01 o0 is the involution fixing A(0).

_ lo-1] _ [(e=3)=3]
A ) : o1 [o=3)+3]
lution =1 o 01 o6 must be 0, 1. So 6=1o 01060 =40, 1, which in fact says

We will be concerned with the case 0 . Hence the invo-

o—111/2 o 301, _
o1 () e e =g
olid - ot Bo-1)/2l0=1"2 | 1110
§/2 1] = 1] [o]1/2 + 5]
oL (BFgalrpadnt B e )
02 a[ 2 ]U+c[ 2 ]U [2]U+ab[ 2 ]U+Cd[ 2 ]U

1 _1 _ 1 _1 1y, 1
=0<id, ) < [o—3] [0 }] >® ) < [m(o 12)}1 [m( ﬂi‘ﬂ))
02 [o] [0~ 3] 53 \[m(o—3)—3] [m(o—3)
Equating the two right-hand factors in the tensor products yields the following
three equations:

%" |:m(<7— ;)} = [’:r+ab |:m2_1:|g+0d [mglr. (3.35)
=" {m(d—;)—ké} s [m2_1r+d2 [mglr. (3.36)
[ {m(o—;)—ﬂ — [mglr+c2 [mglr. (3.37)

Now take Equations 3.30 and 3.37, rearrange them slightly, square the latter and
raise the former to the fourth power to obtain the following two equations:

a*lm +1)7 +c*m — 17 = [m + 1)[1]° . (3.38)
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atlm — 17 +c*m +1)7 = [m(20 — 1) — 1][1]7 . (3.39)

Solving these two linear equations in two unknowns we obtain

Putting this information into the fourth powers of Equations 3.28 and 3.29 yields

[m(c —1)+ (o + 1)] pA — [(m —1)(c —1)] (3.41)

T

At this point we have completed a proof of the following theorem.

Theorem 3.10.3. If there is a collineation of GQ(C) that fizes the line [A(c0)]
and the two points (00) and (0,0,0) and which is semilinear with associated field

automorphism o, there are two possibilities: [A(0)] is mapped to [A(0)] with 0 =
[U[;]l] or 0 = [U[;]l] + [1]. If the first case holds, then the collineation must be the

following:

o (), ([m(a D= (o+1))! [(m—l)(o—l)]{)
T\ -1 o1+ )t

According to the Fundamental Theorem, this will be a collineation of GQ(C)
if and only if A, + A, = [I]I_UB_lAIEU)B_T7 which in this case looks like

oot [ F@)7t2 -T
A[ulwtw[“{;]” +A“’[;]” =B ( 0 g(t)e )B ’
[m(a—lzl+(a+1):| (m—lgl(a—l)
-1 _
where B~ = (m+131(a—1):| m(o’—l)4—(a+1)

After multiplying out the above we find that we have proved the following
under the additional assumption that an involution fixing [A(c0)] must be the one
we call I.

Theorem 3.10.4. Suppose the line [A(00)] is fized by a unique nonidentity involu-
tion. Then there is a collineation of GQ(C) that fizes the line [A(c0)] and the two
points (00) and (0,0,0) and which is semi-linear with associated field automor-
phism o if and only if the following two equations hold:

G R G e (R A PO

{m(o— Do+ 1>} [<m— Do~ 1)} oy {(m— Dl - 1>} g@)a) . (3.42)
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o (10 7)o () e ([ s

{(m—i— 1)(o — 1)} {m(o -1)— (o + 1)} 434 {m(o -1)— (o + 1)} g(t)")

4 4 2

(3.43)

These two equations hold if and only if the collineation of Theorem 3.10.3
actually is a collineation moving [A(0)] to [A([U[;]l])]. By composing with the
involution Ioo = 6_; which maps [A(t)] to [A(t + 6)], we see that both possible
collineations of Theorem 3.10.3 exist or both fail to exist.

Note. It is clear that IF the two equations Eq. (3.42) and 3.43 both hold, then the
two possible collineations of Theorem 3.10.3 both exist even without the hypothesis
that there be a unique involution about the line [A(c0)]. We just cannot say that
these are the only possibilities.

As corollary to Theorem 3.10.3 we give the form of the collineation for o = 2.

Corollary 3.10.5. If there is a collineation of GQ(C) that fizes the line [A(o0)]
and the two points (o) and (0,0,0) and which is semi-linear with associated field
automorphism o = 2, there are two possibilities: [A(0)] is mapped to [A(0)] with
0=20""1or0=09"146. If the first case holds, then the collineation must be the

following:
L (6 1 A B
(22 (5 D)o (0 14))

Theorem 3.10.4 with o = 2 looks like:

Theorem 3.10.6. Suppose the line [A(o0)] is fized by a unique nonidentity involu-
tion. Then there is a collineation of GQ(C) that fizes the line [A(co)] and the two
points (00) and (0,0,0) and which is semi-linear with associated field automor-
phism o = 2 if and only if the following two equations hold:

FETH2 467+ f07
(s [ ).

g+ 67 +9(67h)
a3 o [ ).

We want to determine the order of the collineation given in Corollary 3.10.5.
For this we don’t need to carry along the entries of B. So write

b =62, ( (1) g:z ) ® B) = 0(2, A). (3.46)
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A little induction shows that

. ) 1,6 1 _92 _1y2i 1
g2 AT AT gy (i (L 02O O+ (677 ) ) )
vr=6, ) o 5h (542

(3.47)

v =0(id,( L orr() )), (3.48)

Hence

0 1

which in any case must be I,. (Proof: By Theorem 2.5.4, any collineation of a non-
classical GQ(C) of the form 0(id, I ® B) must have B = I. Hence, if 0(id, A ® By)
and 6(id, A® Bs) are both collineations, then By = Bs.) So 1 has order 2e. Clearly
» = 0(id, P ® P) is in the group

G = (1 = 0(id, M), ¢=9(27((1) g: >>>

It is also easy to check that

1;[}_1 OTm o :TmQa

and
() N {rm) = {id}.

Hence G = O, 41 % Cy. Moreover, By L. E. Dickson [Di58] we know that C41 % Ca,
is a maximal subgroup of PT'L(2, q). .
We collect the above observations about G in the following:

Theorem 3.10.7. Suppose that the conditions of Theorems 3.8.1 and 3.10.4 hold so
that both 1, = 0(id, M @ M~"™) and

_ 1 /462 1 1
¢—9(275;( 0 1)%(

are collineations of GQ(C). Then

m—1
4
m—+3
4

m—3
4
m—+1
4

é = <Tm7w> = Cq+1 X C2e~

Also 1 has order 2e and the flip ¢ is in G. Moreover, G is a mazimal subgroup of
PT'L(2,q).



Chapter 4

The Cyclic g-Clans

4.1 The Unified Construction of [COP03]

By a cyclic g-clan we mean one for which there is some m modulo ¢ + 1 for
which the automorphism 6(id, M @ M~™) of G® given explicitly by Eq. (3.21) is a
collineation of GQ(C). (See Theorem 3.8.1.) In [COPO03] the authors gave a unified
construction that included three previously known cyclic families plus a new one.
We have modified their presentation to obtain what we call the canonical version.
(See [Pa02a] for the connection between the original construction, which we do
not need, and the one given here.) Moreover, we go on to show that the unified
construction really does give cyclic GQ (see [CP03]).

First, recall the notation of Section 3.7. As before, ( is a primitive element
of E = GF(q¢?) and B}, = ¢*4=1 where 1 < k < ¢. Then we have [a] = ¢ + 3*
and [ka] = B¢ + B¢. Write T'(x) = 2 + Z for x € E and note that [k] = Bx + 5.
Put Q={y€ E 7t =1#~} = {¢*aD: k =1,...,¢}. Define the following
functions:

ar(t) = Bt + B7. (4.1)
ve(t) = £+ (Opt)® + 1= (2 + B2)(th + B7). (4.2)
o= (e
O

ha(t) = T(U(: (j)g’“_)lm). (4.5)
Mt:t+ﬁk_té+ﬁk5 (46)

oe(t) 4l +Bé '
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k(m—+1) k(m—1) 1

o= | 4 }+[[% L+hﬁ)+<@>? e
k(m—1) k(m+1) 1

o= i }+[[; L+hi?+<éﬂz' e

1
Let Cj, = {At = (fko(t) qt ?t)) ‘te F}, where the functions fx(t) and gy (t) are the
9k

canonical g-clan functions of Eqs. (4.7) and (4.8).
Lemma 4.1.1. Let  be a primitive element of E such that Q = {¢Fa=1: k =

1,....q}. Then
tr ([kin]> =1 (4.9)

where [km] = By + By = ¢Fa=tm  ckla=bm (e 3 € Q), and k is such that
q+ 1 fkm. In particular, if (m,q+ 1) =1, then Eq. (4.9) holds for all B € Q.

Proof. First note that tr ([k%n]) = 1 if and only if the quadratic equation x? +
[km]z + 1 is irreducible over GF(¢). This equation has roots §* and 3", so
tr ([kin]) = 1if and only if 8" ¢ GF(g). Now B* = ¢*™(@=1) € Q is an element
of GF(q) if and only if ¢*™(4=)* = 1. Hence if By € GF(q) then (q+1)|km, since
(g —1,q+1) = 1. We have shown that if By = ¢¥(¢=Y and m € {1,...,¢*> — 2}
satisfy ¢ + 1 [ km, then tr ([kin]) = 1, as required. Note that if (m,q+ 1) =1
then ¢ +1 fEm. O

Theorem 4.1.2. If m and k are nonzero residues modulo ¢ + 1, where ¢ + 1 does

not divide km and tr (TT(?:;)> = tr (%ﬁ) = tr(1) for all v € Q, then Cy, is a

q-clan.
Proof. To prove the theorem we must show that for distinct s,t € F' we have

. ((fk(s) + fr () (gr(s) + gk(t)>> _1 (4.10)

s+t

To aid in seeing the forest in spite of the trees we separate the following
computations from the main proof. They are all completely routine.

ag(t)ag(t) = Uk(t)2. (4.11)
vk(1)? For(s)? = % +t2 + [k](s + 1). (4.12)
{k(m; 1)} ha (8) + [k<m2_ 1)} ha(t) = [Fhs(t). (4.13)

hi(t)? + h2(t)2.

m(OR (1) = () +

(4.14)
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hi(t)ha(t) 4 hi(s)ha(s)

2] (s + 1)
. () + vk (s )2+ () —|—h2(t) —|—h1() +h2(8)2
[k](s +1) [K][2 ](8+t)
_ [k](s® + 12 + [k](s + 1)) n hi(t)? 4+ ha(t)? + hi(s)? + ha(s)?
[2k](s +1) [K][2k](s + 1)
s+t hi(t)? + ha(t)? + hi(s)? + ha(s)?
= + 1+ ][2k] (s + 1) . (4.15)
R k) T
T(M,) = on(l) and W T T(M,) (4.16)
.\ (s+t)[K]
T(MM;) = on(8)oe(t)” (4.17)
hl(t)hg(s) + hl(s)hg(t) = [k]vk(s)vk(t)T(MZ”M;n) (418)
Put
a0 [ eme
s+t K] Ht+s)>  [5]
and put
_ gk(t) +gr(s) _ {k(m;l)} (t+s)h + ha(t) +ha(s) | 1
s+ k]t +s)2 5]

Ifwesay A= X+Y +Z and B=X'+Y'+ 7' in the obvious way, then we need
to show that 1 = tr(AB) where we write

AB=XX'+(XY'+YX")+(XZ'+ X'Z)+YY' + (YZ' +Y'Z)+ (ZZ').
We easily obtain the following terms:

(t + ) ([km] + [K])

XX = o (4.19)
;s LKI(hs(t) + ha(s)  T(M™) | T(M)
XY + X'y ="V 28] R ToM) T TOL) (4.20)
XZ'+ X'Z = (HS[)]:] %n] Hi (4.21)
, ha(t)ha(t) + ha(s)ha(s) | hi(t)ha(s) + hi(s)ha(t)
Y= [2K] (s + 1) * (2] (s + 1)

s+t hi(t)? + ha(t)? + hi(s)? + ha(s)? T(M™M™)

‘{ T (K][2K](s + 1) } ronar) - 4
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hi(t) + ha(t) 4+ hi(s) + ha(s) .

YZ +Y'Z = ' 4.23
" (s + )b K [A] 423)
27 = ! (4.24)

= ‘

We can lump into a general term C whose absolute trace is zero any pair of
terms of the form t + t2. Clearly X X’ breaks into a sum of two terms, the first
of which is the square of X7’ + X’Z, the second of which cancels with one of
the terms in YY’. Another summand of YY" is the square of YZ' +Y’Z. When
adding up the remaining terms and noticing that AM; and M, M, belong to Q, we
find that
TMP) | TMR) | TOMPALR) 1

+ +1+ =

AB=CF vy T o) T(ML) K

(4.25)

so that tr(AB) = 0+ tr(1) + tr(1) + tr(1) + ¢tr(1) + 1 = 1, as needed. O

Observation 4.1.3. Note that if m = 5(modq + 1) and e = 2(mod 4), there are
four values of k (i.e., k = j(¢+1)/5, 1 < j <4), for which ¢ + 1|5k (and so the
hypothesis of Theorem 4.1.2 is not satisfied) but it still holds that ¢r(1/[k]) = 1
in Eq. (4.25). In the proof of Theorem 4.1.2, the only place in which we use the
fact that ¢+ 1 does not divide km is in the last term of Eq. (4.25) (more precisely,
we need to apply Lemma 4.1.1 to show that ¢r(1/[k]) = 1). However, in the case
m = 5(modqg+ 1) and e = 2(mod4), we have tr(1/[k]) = 1, hence Eq. (4.25) is
satisfied and Cy, is a g-clan.

Observation 4.1.4. Notice that if either & or m is relatively prime to g + 1, the
condition that ¢ + 1 does not divide km is satisfied. In particular, we see that
k =1 will always satisfy the condition.

Lemma 4.1.5. Interchanging m and —m amounts to interchanging fi(t) and gi(t)
in the g-clan matrices.

Proof. Suppose that Cy, = {At = (fko(t) gt%t)) it e F} is a g-clan for which 6 =
k

O(id, M ® M~™) is a collineation of GQ(C) (acting as a cycle of length ¢ + 1
on the lines through (00)). In particular 6 is an automorphism of G®. Also, ¢ =
0(id, I ® P) is an involutory automorphism of G® mapping (y®«, ¢) to (y®aP,¢),
i.e., it leaves each £, invariant.

Also,

P (7& ® o, Aol — (fyt% ® aP, (aP)(PA,P)(aP)T), t € F.
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So ¢ is an automorphism of G® for which ¢ : GQ(Cr) — GQ(C},), where C}, =
1
{Pap= (=0 ft?t)) ite P}, and Al = Ao = (§8). Then, since PM ™" P =
k
M™, o=t o6 o is an automorphism of G® for which

0 tobop=0(id,I®P)ob(id, M@ M ™) od(id, I ® P)
=0(id, M @ PM~"P) =0(id, M @ M"™)
is a collineation of GQ(Cy,) which acts as a cycle of length ¢+1 on the lines through

the point (00)’. It follows that replacing m with —m is equivalent to interchanging
Jr(t) with g (t), which gives an isomorphic GQ. O

4.2 The Known Cyclic g-Clans

In [COPO03] there is the following remarkable theorem.

Theorem 4.2.1. Let k be a nonzero residue mod q + 1. Four infinite families of
q-clans arise:

(1) If m = £1 (mod q + 1), then C is the classical q-clan for all ¢ = 2° and all
k. GQ(C) is isomorphic to H(3,¢%).

(2) If m = £3 (mod q+ 1) and e is odd, then Cy, is the FTWKDB q-clan for all
1 2
k, i.e., in standard form' A, = (“ L3 ) . (see Eq. (5.6)).

0 t4
(3.a) If m = =5 (mod ¢+ 1) and e # 2 (mod 4), then Cy, is the Subiaco q-clan for
all k.
(3.b) If m =45 (mod ¢+ 1), e =2(mod 4) and g+ 1 5k, then Cy is the Subiaco
q-clan.

(3.c) If m = £5 (mod g+ 1) and e = 2(mod 4), there are four values of k (i.e.,
kE=jlg+1)/5, 1 <j<4), for which ¢+ 1|5k but Cy, is still a Subiaco q-clan.

4) If m=+ (qgl) (mod q + 1) with e even, then for all k, C is a new g-clan
called the Adelaide q-clan.

Proof. For each nonzero residue k modulo ¢+ 1 we must show that for the appro-
priate choice of e and m we have

tr CTZ”) = tr(1). (4.26)

First, for all e and m = 1 it is clear that Eq. (4.26) holds. By Theorem 4.1.2, C
is a g-clan. The resulting GQ is classical and isomorphic to H (3, ¢?). For a lengthy
discussion of this example see Section 5.1. This takes care of (1).

by standard form we mean the form of equations as in [COP03].
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Second, for all odd e put m = —2 = I (mod ¢ + 1). Then using Eq. (3.17)

we have
[k: ] = 1r 1 = = 1ir
tr( ] )—t <[§]> 1=tr(1).

Applying Theorem 4.1.2; case (2) follows and gives the FTWKB example. See
Section 5.2 for a discussion of these GQ.

For all e put m = 5. Using part (vi) of Lemma 3.7.1 we have

BRI i 1) — g1
tr( k] ) =tr([k]* + [k]* + 1) = tr(1). (4.27)

By Theorem 4.1.2, case (3.a) immediately follows and (using Lemma 4.1.1) also
case (3.b) easily follows. Now suppose m = £+5 (mod ¢ + 1) and e = 2 (mod 4).
Since e = 0(mod 2), GF(4) < GF(q), so there is an element w € GF(q) with
w?+w+1 = 0. It follows that tr(w) = 1. For k = j(¢+1)/5, 1 < j < 4,
we have [k] € {w, w?}. In this case ¢ + 1|km, but Cj is still a Subiaco g-clan
because Eq. (4.27) holds and it is still true that tr(1/[k]) = tr(w?) = 1. (See
Observation 4.1.3.) This completes case (3.c).

Finally, for even e, so tr(1) = 0, put m = qgl = —7 (mod ¢ + 1). Again
using part (vi) of Lemma 3.7.1 we have

”(r[g]ﬂ) - <[’;1£2§[§}>
:tr<[§[]§]§1:11) _u [§]1+1 . <[,§]1+1>2 —0=u().

This shows that a GQ is obtained by Theorem 4.1.2. For a fuller treatment of
these GQ, named the Adelaide GQ in [COP03], see Section 5.4. O

4.3 q-Clan Functions Via the Square Bracket

For a fixed k, let fi and gi denote the corresponding g-clan functions. We want to
express fi(t) and gx(t) in terms of the bracket function, starting with Eq. (4.7).
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Then with ¢ = U&’“] Eq. (4.7) says
L () G+
Gl Gl
(Bt B BE+ (Bt + BB (Uw)%
Kt + it + piymt N\ LA
[k (") +] + [k () = 3]+ RO + 5]+ [k (751) = - K]
G

[j+k]> _ R

f‘“(t):f‘“( f

+

[+ k]
*”(mm)
[’f(mz“)—j]+[’f(’”£1)—j—/~f]Jrrf+<[1'+1€]>é

' )

Here we can rewrite T' as

m—1 m-+1 m—1

zﬂkQ (t+/6k) ’ +ﬂk2 (t+5k)m2+1
e+ 8" R+ 5"
BT (4 By) <t+5k>m2 LB () (t+ﬂk>m21
%] t+ B ] i+8,)

It is routine to show that for ¢t = [j[';]k]7 (iig’;) = (3% and (:Ig:) = ﬂ2j. Then

after a few steps

o lmk ()]
(/]

Hence

Theorem 4.3.1.

Gk k(MY = Ak Gm+k (M) (R
f’“( il )‘ 7 ) +< ' )
[(k+5) ("G (")) (G + R

] *( ' ) '

In a very similar sequence of steps we find that

(RN GRS (D] (R
9‘““)‘%< f )‘ il *( ' ) '
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Using these forms of f; and g we can study the collineations and isomor-
phisms of the cyclic GQ. Also, note that when f; and g are given in this form,
Lemma 4.1.5 is a triviality! Moreover, replacing m by any integer congruent to
m modulo g + 1 leaves the g-clan functions unchanged. This is not at all obvious
from the form of the functions given in Eqs. (4.7) and (4.8).

4.4 The Flip is a Collineation

Theorem 4.4.1. The q-clan functions fi, and gr are reverses of each other, i.e.,
tgk (1) = fr(t). Hence by Theorem 3.2.1 we have

0(id, P ® P): (o, 8,¢) — ((o, B)(P & P),c+ o 3)
is the involution I'™ : [A(t)]x < [A{t=)]x fort € F.
Here we adopt a natural indexing of objects to indicate the choice of k. Since

I:Ek) is the involution of GQ(Cy) fixing the line [A(1)]y, using (k) as a superscript
to identify the GQ on which Il(k) acts should not lead to confusion.

Proof.

1\ _ (i +A] bl N _ k(=i =kt
()= (U5 ) () =5 e (507
b+ k[ =) (== 0 (7)) =)
{ 5~ K *([—j—k]{k]) }
_GENGHR (] (RN (A
- il () =2 (")
0

eorem e = 1) an = (5] 1) en
Th 4.4.2. Let A ((1)[1]) a8 = ([k(m,;l)] i ) Th
0(id, A® B) : ((o, 3),¢) — ((a, B)(A ® B),c + aBAyBTaT) is the involution
19 mapping [A(t)]k to [A(t + [k])|k for t € F and fizing [A(c0)].
Proof. The details of showing that Ay + Ag = B~14;B~T (where all the matrices
use g-clan functions for a fixed but arbitrary k) are routine. We leave them as an

exercise for the reader. This is partly justified because the results in the next two
sections make this result unnecessary. 0

It is also a routine exercise to calculate

1M o 1)
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It follows that if we had given a proof of Theorem 4.4.2 we would not have
to give the proof of Theorem 4.6.1 that appears in Section 4.6. However, the two
proofs are not that different, and we felt obliged to give at least one of them.

4.5 The Main Isomorphism Theorem

The next result shows that we may put & = 1 from now on. Note: This proof is
ever so much simpler than the proof in the SN that any two Subiaco GQ of the
same order are isomorphic.

Let C denote the g-clan obtained by putting £ = 1 and let C; denote the
corresponding g-clan for arbitrary k.

k
Theorem 4.5.1. Let u = %% = det(A) where we put
2

[*3]]
1 2
[5] 1 (’c—l)(ﬂ}l—l)wk} (k_l)im_l)
A= . , and B= 1] [k] [(}e—l)(m-ﬁ-l)} {(k_l)(m_l)_ﬂ
o [ 4
2

Then 0(id, A ® B) is an isomorphism from GQ(C) to GQ(Ck) mapping [A(c0)] to
[A(c0)]x and in general mapping [A(t)] to [A(D)], where T = Mt + F=U More

[
w't
U+ yhen F— K

important for computations, if t = bl il

Proof. By the F.T. we must show that if A} = (fk(t) t

2
and A; is the
0 gk(t)) '

corresponding ¢-clan matrix when k£ = 1, then
Ar+ Ay =pB ' ABT. (4.28)
First check that det(B) = 1, so that

(k—l)(m—l)—?} (k—1)(m—1)
1 4 4

B~ = [1} [k] [(k—l)i”%l)} {(k—l)(ﬁi—l)”k}

4 4

Using Observation 1.1.3 we easily compute that uB~'A4,B~T = ﬁ] (1: y),
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where
x:'@‘1Wg‘”‘2]ﬂw+{%—1W1-D—2H%—1Tn—w}ﬁ
| o R P}
- e
2 =0,
we [E=Dm+D] 0 [E=Dim+ D[ (k=1)(m—1)+2k] 5
[ 2 } [ 4 J %k _ 1)({_ 1)+ 2% o(t).

It is quite easy to check that the entry in the (1,2) position on left-hand side of
Eq. (4.28) equals the entry in the (1,2) position on the right-hand side. It is not
so easy to check the entries in the (1,1) positions and the (2,2) positions, but the
details are quite similar for the two positions. We give fairly complete details for
the (1,1) positions and leave the details for the other case as an exercise for the
reader.

First consider the left-hand side. So

n+ a0 = (T e (T
R (I (RN
- fl *(mm)
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Now for the entry x in the (1,1) position of the right-hand side we obtain

U [=)m—-1)-2] [[G+D ("] ()] G+
m{ 2 H f *(E‘Ml}) }
[k 1)(m 1)— 2} [ (k— l)im—l):| 41 1
i ] (%})
TG G ) (e
1] { ' " ( I 1] ) }
LG eI ]
B ) i
(S LG+ (] B ()]

[1][4]
(k—l)(m—l)—z} n [(k_l)(’lf_l)_?}

TR
" ( iR ) 1]
[(k—l)im—l)} [%] n {(k—l)ém—l)}
1]

+

+

X

First consider the coefficient on the term ([[jjﬁllD * If we write a =

_ a=11[a][—-1 a
then this coefficient has the form la=11+[" [H?][ '+l = 1, which equals the

(k—1)(m—1)
2 ;

corresponding coefficient on the left-hand side. For the remaining terms, continue
to use a = (k_l)ém_l), S0 k(m;l) =a+ "} — ). Expand out the products on the
right-hand side and multiply through by the denominator [1][j]. Two terms cancel,

leaving the following six terms:

at+ " gmt et T gm= et T == 2
R AL L TR
Hat T i+ e = e "= ]

9 71T 9 179 I ok

When the terms on the left-hand side above are expanded in the same fashion,
exactly the same terms appear, completing this part of the proof. O
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4.6 The Unified Construction Gives Cyclic g-Clans

From now on we assume that £ = 1, i.e., 3 = J; has multiplicative order ¢+ 1. The
theorem of this section shows that every GQ arising from the unified construction is
cyclic in the sense that it admits the collineation 6(id, M @ M ~™) which permutes
the lines through (c0) in a cycle of length g + 1.

Theorem 4.6.1 ([CP03]). The g-clan functions of Eqs. (4.7) and (4.8) (with k = 1)
satisfy the two conditions of Theorem 3.8.1.

Proof. To show that the two conditions of Theorem 3.8.1 are both satisfied is
routine but a bit tedious. The two verifications are quite similar, so we give only
the first one.

For the first condition we need to show that

1 (e 40+ £0)) = - s+ | | []  + ). a29)

Start with the left-hand side and do some special pieces of the computation first:
3m 1

a(d)"f> = § v(0) = 1; tr(a(@)™f2) = [*57']. So [11£(6) = ["5'] +
[+ [P + [

Next, compute v(t~! + ) = v(t)t~!; a(t™! + ) = Ba(t)t™!, so

T(a(t=! + 6)™F2) T(a(t)mﬁm‘é)
vt 4 6m=1  — ty(t)ym-t

Then with several terms cancelling we find:

1t {f(t7 +0)+f(6)}= [m;} + [3”‘2—1} t+ T”%f_”i”) +(t6)2. (4.30)

Now we begin with the right-hand side of Eq. (4.29) which is

[m—=1] | [m+1 m—1 ((t)mB)
i {[ s e g+ w0 } )
-1 m+ 1 T(a(t)™32) !
il {[ }JF[ }t—k o(tym-1 + (t6) }
Consider the summands one at a time. First, the constant term equals

RN R N [m— 1} _

1] 2
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The coefficient on t equals

s+
]

The coefficient on ¢2 is

=1+ " 5] [L] + [m] H

Finally, we consider the term
B2) + [ IT(a(t)™32)
[1]v(t)
at)™ (371 + BB + a()m (B (BT + BBt |
(o)™~

’ﬂ
——

T(a(t)"5m2)
o(tym=1

with another step or two.

When we compare the left- and right-hand sides, we see that we have equality.
O

At this point we know that the involutions studied in Section 3.9 are all
collineations of GQ(C).

4.7 Some Semi-linear Collineations

In this section we show that the cyclic g-clans of the unified construction admit
the semi-linear collineations described in Corollary 3.10.5, i.e., the g-clan functions
satisfy the conditions of Eqs. (3.44) and (3.45) in Theorem 3.10.4.

Theorem 4.7.1. There is a collineation of GQ(C) that fizes the line [A(c0)] and the
two points (00) and (0,0,0) and which is semilinear with associated field automor-
phism o = 2. Specifically, the q-clan functions satisfy the conditions of Egs. (3.44)
and (3.45). In this case the collineation must be the following:

el

L (621 1 3 [
o 2’5;( 0 1>®5; [T]”] ["ﬁ“]

IS
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Proof. We give the details only for the Eq. (3.45).

(75 1) 40 ()
m+1 2 Tatz'Hm almé
) et sy e
(] (ﬂ5§+ﬂ2) it (634 88) 6

R [1(;+1+1

(Br(gy+8%) B+ (81 (") + 1)
m + i)™

(5é+6ﬂ3)m5§+<5é+5ﬁ§)m55

)m—l

(")t
2] T 2]
(842 +1) +552)m5 + (5t +<5ﬂ%)mﬂé
+ 2)(#2 + 6t + 1)m—
] g2 54) " gt 4 (88)" 62
e, L) [2]( )

- 2] (v (t))2m—2
P e (s s (ﬂt2+ﬂ)m52
TR tmt o T 2] (v (t))2m—2
P e [P e T
2 tut YT gt

This carries the left-hand side of Eq. (3.45) as far as we need. Now consider the
right-hand side of Eq. (3.45).

1 m+1] ([m+1] [m—1 , T(a®)?*™3) t
[21{{ 2 H 2 o *[2]u<t>2<m—1)+6}+
m+1][m—3 m—3] (fm—1] [m+1] 5 T(a(t)*™ ) t
% 4 H 1 }”{ 2 H 2 T T e 6}
R BRI e e e o B e R R IR DI e
‘21{ “( not ) )
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N ([’”2“} Pl TP e
2]

("3 T(a(t)>™B) + ["5°] T(a(t)*™B)
[2]w(t)2m—2

T2 2] i

+90@gﬁg

L (87 48" ) (altyr B alt)?m )+ (87 3+ﬁm23><a<t>2w+a<t>2mg}

. { 5, ( [T Pl el ) [m;ﬂ)

2l (t)>m=2

- [;] {[?mz 1} +i[1] 447 {mzﬂ} + oo <ﬂ[;f;2:_§ +ﬂm25>

a(t)?m (,6"‘2*3 v g +6m21>
- 2]u(t)2m—2

(73]

2] [1] [2]
P (575 457 ) watepn (57404 5757)

" 220 (t)2m—2
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[3m=1] L[] a(t)Qmﬁm’;l(ﬂ%+ﬁ_3)+a(t)2m,6m§l (534-5_3)
- [;] +[1]+t [5] + [4]v(t)2m—2
_Pm e, L[] T(a(t)?8? )
2 +[1]+t 2] + [2]v(t)2m—2

This is the same formula we obtained earlier for the left-hand side of Eq. (3.45),
completing the proof. O

At this point we know that each of the four infinite families of cyclic ¢-clans
satisfies the hypotheses of Theorem 3.10.7. This means that the corresponding
GQ(C) admits a collineation group isomorphic to

G = (Tm, 1) 2 Cyq1 % Cae

fixing the points (0,0,0) and (c0). Moreover, as this is a maximal subgroup of
PTL(2,q) (see [Di58]), the group Gy is either just G or is all of PT'L(2, q). Hence,
if C is non-classical we can say the same thing about the group Go. We will
determine the complete oval stabilizers in the Subiaco and Adelaide cases and
thus get an easy proof that G is completely determined. A similar approach will

be used for the Payne examples.

4.8 An Oval Stabilizer

In this section we will adopt the normalization according to Observation 1.6.6.
For the cyclic GQ there is only one case where the group Gy is not transitive
on the ovals of the herd. This is the case in the Subiaco GQ when g = 2¢ with
e = 2 (mod 4), and in this case there are actually two inequivalent ovals. But in
all cases the oval stabilizer studied below does occur.

Put
1o ) ! ( ["®) (73] )
A= ( _ and B = " " .
0 6 e\ e
At this point (see Theorem 3.10.7) we know that 0 = 0(2, A ® B) generates

a cyclic group of order 2e stabilizing the oval O, where o = ([mzl] , [m4—1]). It

is, in fact, an easy exercise to check that a(®) B = Ao, where A = [}].
Use Theorem 2.8.1 (dividing the right-hand image by A\?) to determine the

induced oval stabilizer

1

0: (Ltgla ) = (1A, (g(a,0)® +1-gla, ) +0)

2
1+¢* 1

= (1, 5 7(S(ozAtozT)(Q) —|—aA( )aT).

1
8
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At this point put t = [j[;r.]l], SO H('St? = [2[3537]1]7 and (15 = [_EJQF]”. Then compute

(LD ()
1

G+ (m=1)] [(m+1) , . 11 fmet 1 (i1
=[m§1{[ QLJ[Q }+(%ﬁ”>}+[4}[ﬁ][2]
(

after a couple routine steps. So with t = [j[';]l] , the preceding equality says that
im|[1 j j+1 j 1
sty I 0]+ 1)+ ]+ (1] )
[j]
Then with t = (15 = [_[3;]1]7 we have:

oo (15 - [2m] + [7[711]] [+ (4.32)

g9(a, §)
0 )
1
b
which turns out to be the same as

b gty (1,2 1 B 2 P 411+l 1),

After a little simplification we finally see that

o O =
O = =

0:(1,t,9(a,t)) — (1,t, g(a, 1))@ (

(4.33)
If we put

o= (LG b+ i+ |73 51 5))

for 7 modulo ¢ + 1, then

O ={p; : j (mod ¢+ 1)}
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is the oval and 6 : pj — D2j. Since 2° = ¢ = —1 (mod ¢ + 1), ge pj = Dy =

(], 1 = 11, Gim) (1] + [m) 5] + [751] (2] [3))-
Put

L e (3)
A=10 0
0 0 s
and
1 o [m+ 1 0 [ml+1
B=(01 ¢' |, soB =01 1
00 ¢t 0 0 4]
Use the linear map (z,y, z) — (x,y, z) B to replace the oval O, with the oval

Then 6 induces the map 6 on O/, given by
1 510
(2,9,2) = (2,9,2)P(BTHPAB = (2*,4%,2%) | 0 671 0
0o 0 1

Up to this point there are no general results putting restrictions on those
m for which the cyclic construction actually works, although for small fields the
four examples known are indeed the only ones. However, since for the m that give
g-clans we also have the oval O/, it would be interesting to see if there is an easy
way to check for which m the set O is an oval. This is if and only if for distinct
a, b and ¢ mod j 4 1 it is always true that

[a] [a+1] [am]+1
0#| b [b+1] [bm]+1 |,
] fe+1] [em]+1

which is if and only if

[am][b — ¢] + [bm][c — a] + [em][a — b] # {“;b} {bgc} {c;“] (4.34)

This is as far as we have progressed on this problem (except that we can use
the above to show that m cannot be equal to }).



Chapter 5

Applications to the Known
Cyclic g-Clans

We will use the normalization according to Observation 1.6.6.

5.1 The Classical Examples: q = 2° for e > 1

To obtain the canonical form of the classical ¢-clan put K = m =1 in Eqgs. (4.7)

and (4.8). A simple computation shows that if w = 511 , 8o tr(w) = 1, then the
2

classical g-clan C in %—normalized form is given by

c:{At:(“’éz Uf;):teF}. (5.1)

It is an easy exercise to show that the flock F(C) is linear, i.e., all the planes
of the flock contain a common line. It requires considerably more work to show
that GQ(C) is isomorphic to the classical GQ H(3,¢?), which is the point-line
dual of Q(5,¢q). The notation is a bit different, but the general proof is in 10.6.1
of [PT84].

All the computations below are quite well known, but we find it convenient
to include them here.

It is well known that the orthogonal group PGO™ (6, q) is transitive on the
set of incident point-line pairs of Q(5,¢), and that |PGO_(6,q)| = 2¢°(¢* — 1) -
(¢ + 1)(¢* — 1) (cf. [Hi98], p. 420). We are now going to use the Fundamental
Theorem to show that the collineation group Gy of GQ(C) fixing (c0) and (0,0, 0)
has the correct order, i.e., the order that it should have if it is really true that
GQ(C) = H(3,q?). First note that GQ(C) has (1 + ¢?)(1 + ¢®) points, and that
the number of points not collinear with (co) is ¢°.
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We will show that |Go| = 2¢(q? — 1)2e, where ¢ = 2°. An outline of the proof
is as follows. First we establish that there is a special linear subgroup of Gy acting
sharply triply transitively on the lines through (cc). This subgroup contributes
q(q* — 1) to the order of Gy. Then we show that for each o € Aut(F) there are
exactly 2(q + 1) special collineations with companion automorphism equal to o
and which fix the three lines [A(c0)], [A(0)] and [A(1)] through (co).

First, by Theorem 4.4.1 we see that 6(id, P ® P) is a collineation of GQ(C)
interchanging [A(oco)] and [A(0)].

Second, since g(a, t) = adia” =tz (a(% L)aT), themap t — g is additive.
For r € F, consider the automorphism of G® defined by:

0 = 0(id, ((1) 7’5) ®1): (o, f3,¢) —

Gy 7)o ner@m (o) s
= (a,r2a+ f, ¢+ gla,r)).

Here
1

0: G oaglant) = G, (§ 1) ) @aglann +o(an) = .., ©agla )

Hence 0 : A(t) — A(t+r) for all t € F, so 6 € Gy. These two results show that Go
is doubly transitive on the lines through (o).

Third, for 0 # A € F, put £ = A%t (so 0 = 0). Then A; = 2 (¥ 1) =
Az (Wly = X7tz (@ INI-T + Ap. So by the Fundamental Theorem
0(id, (3 ) @ I) : (a,B,¢) — (a,A\3,c) is an element of Gy mapping [A(t)] to
[A(A?t)], so fixing [A(c0)] and [A(0)]. Hence Gy is triply transitive on the lines
through (c0).

Moreover, the collineations that we have just established to show that G
is triply transitive on the lines through (co) are all special linear. So by The-
orem 2.3.10 and the Note following it we see that this special linear group is
sharply triply transitive on these lines.

For the classical g-clan C (as for all g-clans), there is the kernel N' =
{0(id, I @ al) : (a, B,¢) = (ac,aB,a%c) : 0 # a € F}. This gives a group of
order ¢ — 1 fixing all lines through (o0). However, since we are in the classical
case, i.e., the linear case, we cannot invoke Theorem 2.5.4. But we do know that
to determine |Gp| it suffices to determine all collineations of the form (o, I ® B) :
(@, 8,¢) = (@', 8 (I ® B),c”) = (9B, 3B, 7).

Our next step is to show that for each o € Aut(F) there is a collineation
6 with companion automorphism o and fixing [A(c0)], [A(0)], and [A(1)], i.e.,

9 = 6(c,1 ® B). To this end, for each a € F, let M(a) = (azl ail .
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Then M(a)M(b) = M(a +b). So a — M(a) is an isomorphism from the ad-
ditive group of F' to the multiplicative group of matrices of the form M/a).
Note that M(0) = I, M(1) = P, and for ¢ € Aut(F), (M(a))®?) = M(a).
Now consider the automorphism 6 of G® given by 6 = 0(2,1 ® M(w)). §* =
022, 1 @ M(w?>)M(w)) = 6(2%,1 ® M(w? + w)). By induction it follows that
0c = 0(2¢,1 @ M(tr(w))) = 0(id, I ® P). Hence the order of 0 is 2e. It is also
readily checked that M(w)_1A§2)M(w)_T = A;2. Hence by Theorem 2.3.10,
0 = 0(2,1 ® M(w)) is a collineation of GQ(C) mapping [A(t)] to [A(t?)]. And
0 has companion automorphism equal to 2.

Note that since (1, 1)(2)]\/._/(11}) = (1, 1), it also follows that 0 generates a group
of order 2e leaving invariant O 1).

For each o € Aut(F), let (0, I® B, ) be a particular special collineation fixing
the three lines [A(c0)], [A(0)], and [A(1)] and having companion automorphism o.
Without loss of generality and for convenience a little later, we may suppose that
0(o,1 ® By,) fixes the oval Oy 7). (In fact, we could assume that 6(c, I ® B,) = 6"
if o = 21.)

Now suppose that 0(o,I ® B) is any special collineation fixing the three
lines [A(o0)], [A(0)], and [A(1)] and having companion automorphism o. Then
0(o0,1 ® B) = 0(0,I @ B,) o 0(id, I ® B;'B), where B;'B = D is completely
determined by det(D) = 1, and A; = D' A;D~T. So to complete the computa-
tion of |Gg| we need only count the number k of such matrices D. Then |Gy| =
k(g +1)g(q —1)%.

So we need to determine all D~! = ( Ccl Z ) satisfying

(i) d*w+ ab+ b*w = w;
(ii) ad+be=1, (5.2)
(iii) 2w+ cd + d*w = w.

If b= 0, it is easy to show that the only possibilities are D™' =1 or D~ ! =

( wl_l (1) ) = D. Suppose b # 0. Then (i) has a solution for a if and only

iftr(w“zf““) = tr(w? + (w/b)?) = 0 if and only if tr(w/b) = 1. There are

q/2 solutions for such b, and for each such b, two solutions for a. So there are ¢
pairs (a,b) with a’w + ab + b*>w = w, and b # 0. From (i) put ¢ = 4. Then
(iii) is equivalent to (1";’“‘1)2 w + (1+b“d) d + d*>w = w, which is equivalent to w +
d*(a*w+ab+b?w)+bd+b?w = 0, which holds if and only if d?w+db+b*w+w = 0,
which has exactly two solutions for d since tr (w(b2;§+w)) =tr <w2 + (15)2> =0.

So for each of the ¢ pairs (a,b) with b # 0, there are two pairs (¢, d) satisfying
(i), (ii) and (iii). So if we include the two solutions for b = 0, we have 2(q + 1)
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solutions for D~ such that D=1 A4,D~T = A, for all t € F. Hence

Gol = 2(q + 1)[(q + L)a(q — 1)](q — L)e = 2q(¢* — 1),

as claimed.

The oval stabilizer

We now apply to the classical examples the theory developed concerning the sta-
bilizers of the associated ovals.

Put a = (1,1) and consider the oval Oy = {(v;, g(a, 1)) : t € F} = {(1,¢,t2) :
t e F}U{(0,1,0)} = {(z0,71,72) € PG(2,q) : zoxr1 = z3}. Earlier we found
the following elements of Gy: ¢ = 0(id, P ® P) € Gy, and (1,1)P = (1,1), so ¢
fixes R(1,1). The corresponding ¢ acts on O as: ¢ = 0(id, P P) : (v, g(a, 1)) —
(%P, g(a,t)), ie., qg(z'd, P®P): (1,t, té) — (¢, 1, t2 ). This says & is the collineation

d) : (1’7y,2) = (‘raywz)

O = O
OO =

0
0 | =(y,z,2).
1

1
1 re

0 1
C =aiA( /a2 = Ar = r2 (5 1), and E =0 (recall Eq. (2.26)). So

Second, for any r € F, G(id,( > ®I) € Gy and (1,1)I = (1,1). Here

N G O E e )(2)7g<a,t>+%<r%0>%

ie.,

é(z‘d,((l) rf>®I):(1,t,t5)»—>((1,t)<(1) Z),t5+r5):(1,t+r,(t+r)

o=

).

Third, for 0 £ X € F, 0(id, (} ) ® I) € Gy and (1,1)I = (1,1). Here C' = Ay =0,
E=0.S00(id, ()@ 1) : (Lit,t2) = (1,t) (5 %), Me2) = (1,22, Atz).

At this point we have the following three types of collineations of PG(2,q)
that generate a linear group stabilizing (J; ;) and whose inducing collineations of

GQ(C) act sharply triply transitively on the lines through (co).

¢ =0(id, P P): (#,y,2) = (y,,2);
0(id Lo ®I): (w0, 21,22) — (w0, 720 + 21,7230 + T2);
3 0 1 . 0y L1, L2 0 0 1, 0 2) (53)

> @I): (w0, x1,72) — (w0, N221, Ax2).

D>
—~

~

S
7N
O =
> O
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Here r € Fand 0 # X € F.

Also earlier in this section it was determined that 0(2, I ® M (w)) generates a
group of order 2e of collineations fixing each of the lines [A(c0)], [A(0)], [A(1)] and
leaving invariant O(; ;). Here C' = D = E = 0, so that 02,10 M(w)): (1,t,t2) —
((1,8)I®), (t2)%) = (1,12,1). So

0(2,1 @ M(w)) : (0,21, 2) — (23,23, 23). (5.4)

It follows that the subgroup of Gy stabilizing the conic O(; ;) induces the
group of collineations of PG(2,q) stabilizing the conic O 1), which is known to
be the complete stabilizer in PT'O(3, q) of the conic.

Finally, it is easy to check that each oval O, is a conic, and we want to see
that the group Gy is transitive on these conics. Recall that we produced a special
linear group of order ¢(g?—1) acting sharply triply transitively on the lines through
(00) and fixing O(1,1). Then there was a disjoint cyclic group of order 2e fixing
the lines [A(00)], [A(0)] and [A(1)], and fixing Oy ,1). Also there is the kernel N of
order ¢ — 1 fixing all lines through (co) and fixing O(;1). So in the group Gy with
order 2¢(¢* — 1)2e, we have a stabilizer of O(; 1) having order ¢(¢* — 1)2e(q — 1).
If we could show that this is the complete stabilizer of Oy 1), then the Go-orbit
on the ovals that contains O(; ;) would have order ¢ + 1.

Just for this proof let 7" be the subgroup of Gg stabilizing O(; ). This group
also acts on the lines through (00) and is triply transitive on them. Modulo the
kernel AV, each collineation of 7 fixing the three lines [A(c0)], [A(0)] and [A(1)],
must have the form

0(c,] @ B) =0(0,1 ® B,)o60(id,I ® B;'B),

where B, is the matrix considered above, and where B, !B = D not only satisfies
det(D) =1,and Ay = D' A, D=7, but also it must fix O( 1. So in addition to the
conditions placed on D~! in Eq. (5.2) we must also have the following condition
satisfied:

(tv) a+b+c+d=0 (5.5)

Now using the conditions (z) through (iv) of Egs. (5.2) and (5.5) it is possible to
show that one must have either D~* = D = P or D~! = D = [. It follows that if
o = 2¢, then either 0(c, I® B) = 6" or 0(0, I® B) = 0*7¢, where 0 = 0(2, & M (w)).
This shows that 7 has order q(q? — 1)2e(q — 1) as desired.

5.2 The FTWKB Examples: q = 2° with e Odd

Here m = -1 = é(modq +1). If we compute the canonical form of the g-clan we
get
F)=ti(14+672)+t2(574 +672)+ 6 2¢4,
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and 1 1 1 1 1 3 1
glt)=t4(672)+t2(67+ 407 2)+ti(1 4+ 2).
A Rt B oo
Pth—( 51 L4 6- ).ThenQ—Q =@Q" and

1 1
f0) 1 Nt
o( 1y )e=(% )
The form on the right is the standard form of the matrices of the g-clan.
It is possible to discuss this case abstractly with almost no computations,
since we already know that G (Go) contains a subgroup isomorphic to Cyy1 x Cae

that contains only two semi-linear elements with associated field automorphism

o = 2. In this case
A = A7,

so that the generator p, corresponding to the collineation 6(o, I ® I) belongs to
Gy for any o € Aut(F). This forces the group to be larger than Cyy1 x Co. and
hence to be the entire group PT'L(2, q). (See below for the details.)

It is an interesting (at least to us!) exercise, however, to show that the gener-
ators of PT'L(2, ¢) under the magic action all belong to Go. It gives one confidence
that all the general computations we have done are correct. So we illustrate The-
orem 3.6.1 with one of the generators (using the notation of Section 3.4).

Let 0 # A € F. The computations in [OP02] (easy) show that o2 : x —

(% 9)z and oy ¢ fs > oxzfs € (fas). So B = (§3). If we adjust l? by a scalar

(the kernel again) to have determinant 1, we may take B = (AEJQ )\01 ) With
2

A= (>b2 ?)7 we have

So 0 <id, < E)\ (1) > ® < ;)4 )\01 >) should be in Aut(GQ(C)). To put this in
4

the form given in the Fundamental Theorem we need to adjust A’ by a scalar

multiple so that A’ = (1 0 ) Then routine computations show that

ox?t
1 -1 1 1 1 =T _o 1 _o 1
\-1 ATa 0 ta  t2 ATa 0 o (AT (AR
0 Ai 0 ti 0 A B 0 (i)
Hence by The Fundamental Theorem the proposed automorphism of G® is indeed
a collineation of GQ(C).

Here are the details for the first argument given above. We know that if
Cg+1 x Oy is the largest subgroup of PT'L(2, ¢) acting on the herd of ovals, then
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for the canonical form, 0 = 6(2,
or 0 = 3§14+, if 0 fixes [A(c0)].
This implies

A® B) maps [A(0)] to [A(0)] where either 0 = §—1
In standard form Ay = A7 = 1-T7YAZT-T 4 A,.

QQPATQPQ = Ap

in canonical form. Hence there is a collineation 6(2, ( (1) (1) ) ® QPQ) € Gy

fixing [A(c0)] and [A(0)].
Since 0 = 0 in this case, i.e., there are more than just the two semi-linear
collineations belonging to ¢ = 2, we know that all of PI'L(2, ¢q) acts on the herd.

The oval in this case is a translation oval associated with the map z — zi,
i.e., not contained in any regular hyperoval (conic plus nucleus). When we check
the induced oval stabilizer and compare it with the results of [Hi98] we see that
the induced oval stabilizer is the complete oval stabilizer. This implies that we
have the complete collineation group of the GQ.

The induced oval stabilizer

Let o = (1,0) so that g(«, t) = t1/4, Hence O, = {(1,t,t3): t € F}U{(0,1,0)} =
{(zo,xl,xg) € PG(2,q): a5 = xja1}. Consider the collineations 6(id, (} 51/2) ®
( 1/4 1)) for arbitrary s € F'. Since (1,0) ( i/a ) (1,0), these collineations fix

R(1,0)~ Here C = a4A(a2/a4)2 = A, = ( 10/4 S;Z 1) , B = agA(al/U«S)? = 0. So the

induced oval stabiliser is

6 = (id, ((1) 311/2> ® <511/4 ?)): (9, 9(a,t)) —
(o ) atant) +uls .00,

ie., 0: (1,6, — (1,t + s, (t + 5)'/%). So more generally, 0: (o, x1,22) —
1/4
(w0, 21, 22) (égs? ) = (20, 520 + T1, 054 + T3).

For 0 FoeauF),o—0(o(t ONe(*" O
or 0 # p € F,0 € Aut(F), ¢ = U,Ou® 0 i € Go.

1/4
Since (1,0)° <MO M—O1/4> = 1M/*(1,0), ¢ leaves R(1,0) invariant. At this point

we have that
é: (31, 9(ast)) — (uww( ) pt’* 4 1?0 (aCa” aEa™)T),

where C' = aiA(@/M)z = 0, FE= agA(a1/a3)2 =0.
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So ¢: (1,8, 81/4) — (ut/2, 145/2t°  ut°/*). And more generally,

A u1/2 0 0
¢: (zo, 1, 22) — (2§, 27,25) | 0 wu? 0
0 0 u

Hence the induced group stabilizing O, has order at least ¢(¢ — 1)e, with action
pl/2 o 2 126174
(w0, 21, 29) — (25,25, 23) [ 0 pb/? 0 . Here pi, s € F', with p # 0,
0 0 m
By [Hi98] Cor. 8.27 p. 186, this is the complete stabilizer of O, ). Hence, since
|Go| = (g+1)q(g—1)e, the orbit of R, under Gy has size g+1, i.e, Gy is transitive on
all the R, @ € PG(1,q). This implies that there is only one oval (up to projective
equivalence) arising from the original ¢g-clan, and its oval stabilizer is induced by

Go.

5.3 The Subiaco Examples: q = 2°, e > 4

Putting £ = 1 and m = 5 in Eqs 4.7 and 4.8 we obtain the canonical ¢-clan
functions (as in the SN):

£0) = S+ 33 + (34 + 022 [t 2

N 6212 + 1 §)
and .
(1) = (6% + 623 + 5312 + 6%t £ 2

= 022 + 1 5) -

We know that Gy and Gy contain a subgroup isomorphic to Cy11 x Ca.. This
subgroup induces a stabilizer of each element of the herd which we later show
is the complete oval stabilizer in each case. However, the proof that we have the
complete oval stabilizer is rather involved. Hence we offer a more elementary proof
here that G can be no larger than Cg+1 % Ce. (The reader might want to check
out the proof in [OP02] that if Gy is all of PT'L(2, q), then S(C) is either classical
or FTWKB.) So in particular we have

Gol = 2(q + 1e.

Note that the proof in the SN that the group in this case cannot be larger is
quite lengthy, depending on many computations. So we offer here our version of
the proof left to the reader in [OP02]. O’'Keefe and Penttila make a claim that
is equivalent to saying that the generator os is not in Gy, which is equivalent to
saying that there is no collineation of the form

. 1 0
9:9(Zd7(0 6_; )@B)EGO
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Suppose there is such a collineation. Considering the effect of o5 on functions,
this means there is a matrix B (with determinant equal to 1) for which

Ays=06 2B 'ABT forallteF.

This is equivalent to the following matrix equation:

(1) (2 5) () () (). o
Now consider f(7) = f(/0), that is, replace t with { in Eq. (5.6). Then use

f(5) = Lg(?) afew times; remember that ad+bc = 1, and rearrange the resulting
equations in the form

()= (8 &) () () () e

Add Eq. (5.6) to Eq. (5.7) to obtain

(8) = (ol 37 )(50) () (319 oo

If b ¢, then f(t) = t2 (b+c) and g(t) = t2 (b+c) This implies that C is classical.

So suppose that C is not classical, i.e., b = ¢, implying b*> = ad+ 1. This also means
that we are assuming that ¢ > 8. (When ¢ = 8 there is considerable collapsing
of coefficients, etc., and the GQ is isomorphic to the FTWKB and to the Payne
GQ. For example, necessarily 6% = 6 + 1, f(t) = (1 + 6)t° + 6%t* + 6t2, g(t) =
515 + 62t* + (1 + 0)t2 and g(t) = &2 f(¢/5). The collineation under consideration
exists with @ = 0; b= ¢ = 1; d = §°. Hence we may assume that ¢ > 16.) Multiply
Eq. (5.6) on the left by (dd2,ad2) to get

a(f( +52< < +5f<>>:Oforallt6F. (5.9)

We conjecture that (f(¢) + 529( )) is not a constant times (g(t) + (ﬁf(g))
unless m = +1 or m = £ (or ¢ is quite small).

Now suppose that (f(£)+ 62 g(%)) is indeed a constant times (g() + §2 f(5)
in the Subiaco case. The details are a bit cumbersome, but they lead in a very
straightforward way to the equation 0 = 1+ 8%+ 8% + 6% = (1 +6%)(1 +6%). Recall
that GF(2)(8) = GF(q) (see Exercise 3.7.2). If §°> = 1, then § € GF(4), so for
q > 16 we have a contradiction. If §5 = 1, then § € GF(16). So if ¢ > 16 we have
the desired contradiction.

So let ¢ = 16 and 6° = 1. After some straighfoward but cumbersome compu-
tations (the details are left to the reader) we arrive at 42 = 1, which is clearly not
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possible since §° = 1. So, also for ¢ = 16 and §° = 1 we get a contradiction. This
completes the proof.

In Chapter 6 we give a much fuller treatment of the Subiaco oval stabilizers
in the various cases.

5.4 The Adelaide Examples: q = 2° with e Even

Putting k =1 and m = qgl in Egs. (4.7) and (4.8) (and always requiring that e
be even) gives us the following g-clan functions:

mle] |6 [1](t + (5t)2
and B )
1 (5] [1] (B2t +52)"s g2 £ 2
9lt) = (1] {_6_ o] t} [1)(t+ (5t)2 + 1) - (5) '
If we put t = [j[?]l] and use the square bracket function we get
ey _ TR ey
f(Ca) =G
and

(50 [“?W[?1+(u+u>
A7 ] ]

We know that G contains a subgroup isomorphic to Cy41 % Cac. In the next
chapter we will show that the induced oval stabilizer, which is cyclic of order 2e, is
the complete oval stabilizer. This shows that we have the full group Gy. (In [OP02]
there is also a proof (depending on significant earlier work) that if Gy contains a
Sylow 2-subgroup of PGL(2, q), then the herd is classical or FTWKB.)



Chapter 6

The Subiaco Oval Stabilizers

6.1 Algebraic Plane Curves

Definition 6.1.1. An algebraic plane curve of degree n (n > 1) in PG(2,q) is a
set of points C = V(f) = {(z,y,2) € PG(2,q): f(z,y,z) = 0}, where [ is a
homogeneous nonzero polynomial of degree n in the variables x,vy, z.

If f is irreducible over F' = GF(q), then C is irreducible, and if f is irreducible
over the algebraic closure Fof F = GF(q), then C is absolutely irreducible. Tt
turned out that each Subiaco hyperoval is the pointset of an absolutely irreducible
degree 10 algebraic curve in PG(2,q). (This was shown in [OKT96] for ¢ = 2°¢
with e #Z 2 (mod 4) and in [PPP95] for e = 2 (mod 4). Both cases are treated in
[Pa98].)

The automorphism group of PG(2, q) is the group PT'L(3, ¢) induced by the
semi-linear transformations of the underlying vector space, which transformations
we call collineations.

Definition 6.1.2. The elements of the normal subgroup PGL(3,q) determined by
the linear transformations will be called homographies.

If 0 :  — 27 is an automorphism of F, then o induces a collineation of
PG(2,q) called an automorphic collineation, as follows: o : (x,y,z) — (27,47, 27).
Let A denote the group of automorphic collineations of PG(2,q), so that A =
Aut(F) and |A| = e, if ¢ = 2°. Also, PT'L(3,q) = PGL(3,q) x A.

If X is a set of points in PG(2, q), the stabilizer PT'L(3, q)x of X in PT'L(3, q)
is called the collineation stabilizer of X, while the stabilizer PGL(3, ¢)x is called
the homography stabilizer of X. A set of points in PG(2,¢) which is the image
under an element of PT'L(3,q) of a set X of points is said to be (projectively)
equivalent to X.

Recall that an element g € PT'L(3,q) is of the form g : p — p°B, where
p=(z,y,2) € PG(2,q), B € GL(3,q), and o € A. The image CY of an algebraic
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curve C' = V(f) under g is the curve C9 = {(z,y,2)9 : (x,y,2) € C}. If we want
to write C9 = V(h) for some homogeneous polynomial h = f9, we write

1

fg(z,y,z) = h(z,y,z) = (f((z,y,z)‘f ))U'

Indeed, if p? = p°B, then p? = pes B~ . So f9(p?) = [f((p?)? )] = f(p)° and
f(p) =0 if and only if fg(pg) = 0. At the same time f(p? 1) = f(ps B~ <) gives
a polynomial in x+,ye,z7, so that (f(p? 1)) = fo(pB~!) gives a polynomial
in z,y, 2. Here, if f(z,y,2) = 3 a2’y 2%, then f7(x,y,2) = Za;’jxiyjzk. Also
note that f,, fy,, f. denote the partial derivatives of f with respect to z, y, z,
respectively.

-1

Definition 6.1.3. Let p be a point of the algebraic plane curve C = V(f) of
PG(2,q), and let L be a line containing p. Let p' € L\ {p}; let p = (x,y, 2)
and let p' = (o', y', 2") (we will also say p(x,y,z) and p'(2',y’,2")).

If flx +ta’,y + ty', z + t2") = F(t), then the intersection multiplicity of L
and C' at p, denoted my,(L,C'), is the multiplicity of the root t = 0 of F(t); see 2.7
of [Hi98].

If F'(t) is the zero polynomial, then we say that m,(L,C) = co. This in-
tersection multiplicity m, (L, C) is invariant under the action of PT'L(3, ¢). Let E
denote the algebraic closure of F' = G'F(q), so that C= V(f) is an algebraic plane
curve in PG(2, F).

Definition 6.1.4. The multiplicity of p on C, denoted m,(C), is the minimum of
my (L, C) for all lines L through p in PG(2, F). Then p is a singular point of C if
my(C) > 1 and a simple point of C' if m,(C) = 1.

The curve C' is called singular or nonsingular according as C' does or does
not have a singular point. A line L of PG(2, F) containing p is a tangent line to
C' at p or touches C' at p if m,(L, C') > m,(C). The point p is singular if and only
if fz(p) = fy(p) = f=(p) = 0. If p is simple, then f.(p)z + f,(p)y + f.(p)z = 0 is
the equation of the unique tangent line of C' at p.

Theorem 6.1.5 ([Hi98], 2.7, 2.8). Let C' = V(f) be an algebraic plane curve of
degree n in PG(2,q). Further, suppose that f(z,y,z) =Y., fO(x,y)2""", where
f® s a (homogeneous) polynomial of degree i in the variables x,y. Then

(G) If fO = fO = ... = fm=1 — 0 put £ £ 0,1 < m < n, then C has a
point of multiplicity m at (0,0,1).

(i) With m as in (i), there exists k < m such that the curve V(f(™) consists of
m lines in PG(2,q") each of which is a tangent line to C at (0,0,1). Here a
line corresponding to a linear factor of f™ with multiplicity s is counted s
times, and is said to have multiplicity s at (0,0,1). These multiplicities are
invariant under the action of PT'L(3,q).
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Let C1 = V(f1) and Cy = V(f3) be algebraic plane curves in PG(2,q) of
degrees n1 and ng, respectively, and let p € C7 N Cy. Let F' denote the algebraic
closure of F' = GF(q), so that C; = V(f1) and Cy = V(f2) are algebraic plane
curves of degrees n; and ns in PG(ZF‘). Assume |C’1 N C’2| < oo, that is, C}
and Cy have no common component. Coordinates are chosen in such a way that
p = (0,0,1), (1,0,0) € Cy N Cs, and such that any line of PG(2,F) containing
(1,0,0) has at most one point in common with CinCo.

Definition 6.1.6. If fi1 and f2 are two polynomials in a variable z with coefficients
in a field K, of degrees m and n, (fi = ao + a1z + a2z 4 -+ amz™ and fo =
bo + b1z + bz + -+ b,2"), the Resultant R(f1, f2) of f1 and fo with respect to
z is the determinant of the (m —+n) x (m +n) matriz

apg ar ... Qm O 0 0
0 ap ajq N 4 e 0 0
0O 0 ... a9 a1 ... ... Qm
bo b1 ... by, 0o ... ... 0
0 by by b, O 0
0O ... ... 0 by by .... by,

of coefficients of these polynomials.

Generalizing slightly, suppose that f; and f; are polynomials in the variable z
over the ring K|[z1, ..., x,]. We can still form the matrix of coefficients with entries
a; and b; that are polynomials in 1, ..., 2, the determinant will be a polynomial
in K[x1,...,x,], again called the resultant of f; and fo with respect to z.

Let Ry, (f1, f2) be the resultant of f; and fo with respect to zg; s0 Ry, (f1, f2)
has degree nyns. If 25 is the largest power of z1 which divides R, (f1, f2), then s is
called the intersection multiplicity of Cy and Cs at p, denoted I(p,C1 N Cy). If C'l
and C5 have a common component, but p does not belong to a common component
of C; and Cs, then delete the common components, which yields curves € and C}
of PG(2,q), and define I(p, C1NC%) = I(p, C1NCY%). This intersection multiplicity
is invariant under the action of PT'L(3, ¢); see e.g., [Se68]. Also, this definition of
intersection multiplicity is consistent with the definition of m,(L,C).

Theorem 6.1.7 (Theorem of Bézout; see [Se68]). Let C1 = V(f1) and Cy =V (f2)
be algebraic plane curves of degrees my and no, respectively. Let F denote the
algebraic closure of F = GF(q), so that C1 = V(f1) and Cy = V(f2) are algebraic
plane curves of degrees ni and ns in PG(ZF‘). If Cy and Cs have no common
component, then

Z I(p,él ﬂég) = N1N2. (61)

pe@lﬂéz
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Corollary 6.1.8 ([Hi98], 2.8).

> mp(Cr)my(Ca) < nany. (6.2)

pGél ﬂéQ

Lemma 6.1.9. Let Cy and Cs be plane algebraic curves each containing p as a
simple point, having no common component containing p, each with tangent L at p
and such that m,(L,C1) = s and my(L, Cy) = t, where s < t. Then I(p, C1NCs) >
s.

Proof. Coordinates are chosen in such a way that p = (0,0,1), (1,0,0) ¢ C; N Cy,
L = V(x0), and such that any line of PG(2, F) containing (1,0,0) has at most
one point in common with C; N Csy. Then C; = V(f1) and Cy = V(f2), with

i = xogi(wo, x1,22) + 21 he (21, 22), (6.3
f2 58092(330, Iy, 332) + $§h2($1a $2)a (6~4

for some polynomials g;, h;, i = 1,2. Then it is clear that x5 divides Ry, (f1, f2),
so that I(p,C1 N Cq) > s. O

6.2 The Action of Gy on the R,

In this section we continue to let ¢ be a primitive element for EGF(¢?) 2 F =
GF(q), B =", and 6 = § + AL,
In Lemma 3.9.2 (with m = 5) we observed that

=101, =0(idMoM>®). (6.5)

We know (see Eq. (2.30)) that just as 6 : £, — Lyar, also 6 : Rq — Ron-s-
And since v — yM permutes v € PG(1,q) in a cycle of length ¢ + 1, a +— oM~
permutes the a € PG(1,q) in a cycle of length ¢+ 1 if ¢+ 1 is not divisible by 5,
and in five cycles of length (¢ + 1)/5 when ¢ + 1 is divisible by 5. This proves the
following:

Theorem 6.2.1. Let 6 = 3+ 3~ where 8 = (It for some primitive element ¢ for
E = GF(¢*). Then

(i) If e #2 (mod 4), that is, ¢+ 1 # 0 (mod 5), then I o I permutes the R,
(and hence the ovals Oy) in a cycle of length q + 1.

(ii) If e = 2 (mod 4) so ¢ +1 = 0 (mod 5)), 1) o I permutes the R, in five
cycles of length (¢ +1)/5.

Corollary 6.2.2. If g = 2° with e £ 2 (mod 4), there is a unique Subiaco oval. It
has a stabilizer of order 2e inherited from Gy.
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Proof. The uniqueness follows from part (i) of Theorem 6.2.1, since each two
canonical Subiaco GQ are equivalent (see Theorem 4.5.1). Then since Gy is tran-
sitive on all ¢ + 1 R, |Go| = 2e(g?> — 1), and the kernel A/ induces the identity
map on the plane of the oval O,. O

Later we will study more thoroughly this induced group of order 2e. Now we
recall Lemma 3.9.2 in the particular case m = 2 and using the ‘s notation’ instead
of the ‘j notation’

Lemma 6.2.3. The unique involution of GQ(C) in Gy fixring [A(s)], s € F, is
I, =0(id, A; ® By), where

r 1/2 5 1/2
_ 1+ <32+6s+1) s (32+6s+1>

s = s /2 s 1/2
s
(32+6s+1) 1+ <52+6s+1)

and

where

a(s) = (5 4+ 1) (1+6+%) + (s +5)(1+0)
(82 4+ ds+1)5/2 ’

bs) — §3/255 4 511254 4 §3/25 4 §1/2 4 §°/2
(824 ds+1)5/2 ’
(02 4 65/2) 5% 4 §3/25% 4 61/25 + 53/2

(s2 + ds +1)5/2

t(s? + 1)+ s>
to+s2+1
It is also useful to recall (for m =5) that

o (1 8V _ (146w 8P
IOO—9<Zd,<O 1>®Boo)WhereBoo_(51/2+55/2 14+6+62)"

I, [A()] — [A(D], where £ =

Lemma 6.2.4. Gy has exactly g + 1 involutions, each fixing a unique R .

Proof. We know that for each s € F there is a unique involution I, fixing [A(s)].
Since ¢+ 1 is odd, any involution would have to fix some line [A(s)]. Hence Gy has
just the involutions Is. For each s € ﬁ', Is : Ro — Rap, for a special matrix Bs.
See Lemma 6.2.3 for By, and for Bg with s € F. In all cases it is easy to see that
By # I, tr(Bs) = 0, det(Bs) = 1. Hence z? + 1 = (z + 1)? is both the minimal
and the characteristic polynomial for Bs. This implies that B, has a 1-dimensional
space of eigenvectors belonging to the eigenvalue 1. O
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Note that the preceding lemma does not claim that each R, is fixed by some
involution. When e # 2 (mod 4), Gy is transitive on the entire set of R,'s, so their
stabilizers are conjugate in Gy, implying that indeed each R,, is fixed by a unique
involution. However, when e = 2 (mod 4), this will turn out not to be the case.

It is clear that the cases e = 2 (mod 4) and e # 2 (mod 4) are different.
Hence we adopt a slightly different approach for the case e = 2 (mod 4).

6.3 The Case e = 2 (mod 4)

Let e = 2 (mod 4). Then § = w € F with w? + w + 1 = 0 satisfies tr(1/5) =
w +w? = 1. So we may use § = w to define a g-clan (see Observation 4.1.3) but
this choice of § cannot be used in Theorem 6.2.1, for example. Put L = GF(2)(5) =
GF(4), and r = [F : L], so e = 2r with r odd. Using Lemma 6.2.3, we find that:

) Ioo:0<id,< : “f >®P> (B, ) —

(aP, (w?a+ B)P,c+ glayw)); (and A, = » ).
! ’ ( 0w > (6.6)
(i) I =0(id, P& P): (a, B,¢) — (BP,aP,c+ ao f).

(iif) Iloloo:0<id,< v >®1>.

It is clear from Eq. (6.6)(¢i1) that I; o I, leaves invariant each R, . It is also
easy to check that ({ ') has multiplicative order 5, so that Iy oI is a collineation
of order 5. Clearly Gal(F/L) provides a group of order r stabilizing each R, with
a € PG(1,4), and the kernel provides an additional factor of order ¢ — 1. This
proves the following (use |Go| = 4r(¢*> — 1)).

Lemma 6.3.1. ([; 0 I, Gal(F/L),N) is a group of order 5r(q — 1) stabilizing R,
for each o € PG(1,4). Hence the orbit containing such an R, has length at most
4(q+1)/5. O

With § = w, the details of Theorem 3.10.3 look a great deal simpler. If
o € Aut(F) with o : ¢ — x?’ | we say o is even or odd according as j is even or
odd. Using Eq. (3.32) we obtain

Lemma 6.3.2. The solutions 0 to Eq. (3.32) are as follows:
(i) for o even, 0 € {0,w};
(ii) for o odd, 0 € {1,w?}.

Proof. The calculations are straightforward starting with Eq. (3.33) and using
induction. 0

The group H/N can be given explicitly.



6.3. The case e =2 (mod 4) 107

Theorem 6.3.3. Each special (semi-linear) element of H is one of the following:

(i) for even o and 0 =0, 0 =0(0,I @ I);

2
(ii) for even o andOzw,GzG(m((l) u{ )@P);
= 1 1 wo w?
(111)foroddoand0_1,9_9(0,<0 w>®<w2 w))’

- 1 w w?  w
. — 2
(1V)f07"0ddacmd0—w,9—9(0,(0 w>®(w w2)>

Corollary 6.3.4. Each element of H leaves invariant R 1)

Proof. For each of the §(o, A ® B) € H given above, each column sum of B is 1.
So (1,1)B = (1,1). O

Theorem 6.3.5. The stabilizer in Gy of R(1,1) is U{H-I, : s € L} of order (¢—1)10e,
so the Go-orbit Q1 containing R1,1) has length (¢ +1)/5.

Proof. Since Go = U{H - I, : s € F} (see Lemma 6.2.3: I, : [A(c0)] — [A(szl'ui'l)],
and H leaves R(y,1) invariant, we need only determine which I5 leave R ;1) in-
variant. By Lemma 6.2.3, for ¢ € F, I, = 0(id, A; ® Bs) where B, is given in
Lemma 6.2.3. Then I leaves Ry 1) invariant iff B, has column sums equal, i.e.,
iff b(s) = c(s). Using Lemma 6.2.3 it is easy to see that this holds iff ws* 4+ws =0
iff s € GF(4). As H = HI, the result follows. O

Theorem 6.3.6. If e = 2 (mod 4), Go has two orbits on the Ry, the short orbit Oy
of length (q +1)/5 that contains R1,1) and a long orbit Qy of length 4(q +1)/5.

Proof. Since Gy acts on €7 and |Q1] = (¢+1)/5 is odd, each of the ¢+ 1 involutions
I; € Go must fix some R, € ;. Hence by Lemma 6.2.4 no I can fix any Rg not
in Q7. Suppose 25 is any Gy-orbit on the R, ’s other than £2;. The stabilizer of any
Rp € Q2 must have odd order, implying that 4, the highest power of 2 dividing
|Go|, must divide |[Q3]. By Theorem 6.2.1, we see that |Q2| = k(¢ + 1)/5 with
1 <k < 4. Since (¢ + 1)/5 is odd, it must be that k& = 4. O

At this point we do not have an o € PG(1,q) for which R, € Q3. And with
6 = w, the next theorem seems to be the best we can do. First, however, we need
a general lemma.

Lemma 6.3.7. The general (monic) irreducible quadratic polynomial over GF(4)
has the form: d(x) = x2 + px + p3q, where p = 1,w or w? and ¢ = w or w?. Also
c(s) = 5+ st+w?s+1 = d(s)[s3+ (1+p)s>+ (p+p*¢?) s+ 1+ p*¢*| +ws+1+p+p?q.
This shows that c(s) is irreducible over GF(4). Hence c(s) =0 for some s € F iff
5le.

Theorem 6.3.8. With e =2 (mod 4) and § = w with w? + w + 10, R 1) € Q2 iff
5 fe.
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Proof. We know that R g1y € 21 iff Rg,1) is fixed by some involution Is, s € F.
Clearly I, does not leave R (g, 1) invariant (cf. Lemma 6.2.3). For s € I, I, leaves
R(0,1) invariant iff ¢(s) = 0, where ¢(s) = s° + s* + w?s + 1. O

The stabilizer of O(; 1)

We will use the normalization as in Observation 1.6.6. Use Section 2.8 to compute
the collineations stabilizing the oval

Oun ={(11,9(a,t)) € PG(2,q) : t € 13'}

that are induced by elements of Gy stabilizing R.

6.3.9. Let ¢ = 2° ¢ = 2 (mod 4);0 = w, where w?> +w +1 = 0. Put a = (1,1).
Then
Ouny ={(Lt,h(t)) € PG(2,q) : t € F}U{(0,1,0)},

2044
where h(t) = tf’+fj2;g§21 +t3.

The stabilizer of O, 1y induced by Go has order 10e (since the kernel of the
action indicated by Theorem 6.3.5 is A). In Theorem 6.3.3 put 0 = 2 and 0 = 1
. . A 1 1 w o w? .
to get the collineation v = 0 (2, ( 0 w ) ® ( W w )) of PGL(2,q) fixing
O(1,1) and defined on PG(2,q) by ¢ : (z,y,2) — (22,22 + w?y?, 2% + wz?).
We may now compute:

wei(2( g Yer) w=o(x (g u)e(l B).
(

Y =024 1), v =0 (d

€ (x,y, 2) — (2, y +wz, z + wia
w 7y7 7y b) )

and A
I = 0id,P@P)=6: (2,5,2) — (4,3, 2).

Now 6 o ¢ has order 5. ¢ o 1) # 1) o ¢, while § o) = 1) 0 6.

e (3 2)o(2 8))
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It is straightforward to check that
o (lols) ot = (I olu)’.
So
<¢707d)> Z <90¢> A <¢> = C’5 X 026-

Since the stabilizer of O(y 1y in Go, modulo the kernel AV, has order 10e, the stabi-

lizer of O(y,1y induced by Go is isomorphic to Cs5 x Ca. and has generators fl, foo
and .

Exercise. Show that h(t+w) = h(t) +w? and use it to show that I, does preserve
the oval Oy 7).

Stabilizer of O g 1)
Let ¢ = 2° e = 2 (mod 4), 6 = w where w? + w+ 1 = 0, and put a = (0,1).
0(0,1) = {(1,t,h(t)) : t € F}U{(0,1,0)}, where h(t) = 3 412 4wt + wt>. By

tr w2241
Theorem 6.3.6, if 5 fe, Rp,1) € Q2, so O,y has an induced stabilizer of order

5¢/2 generated by I1 o I, and Gal(F/L), where L = GF(4).

Exercise. Show h((t+w)™1) = (h(t) +w)(t+w) . Use this to show that Ioc oI :
(7,y,2) = (wr +y,, 2 + wr) stabilizes O(g 1.

By Equation (iii) of (6.6),
folw —b(id, (0 1) ® 1.

Here A= (G142) = (!} ), so by Section 2.8, C =0, D =P, E = A, = (v v"),
aFEa” =w. So

(Lt h() = ((1,6) (9 5,),9((0,1),8) + (1,4) () = (£, 1 + wt, h(t) + wt),
ie., é(id, ((1) U}z) Q1) : (z,y,2) — (y,z +wy, z +wy).
Note. [ 0 I, = (foo ) fl)_l.

We have essentially completed the proof of the following theorem.

Theorem 6.3.10. The complete stabilizer of O .1y induced by Go when e=2 (mod 4)
and 5 Je is generated by

(1) éﬂ : (l‘7yaz) = (za’ya7za)’ (S Gal(F/L):
(i) (10 Too)  (@,9,2) = (y,@ + wy, 2 + wy).

Here 0, commutes with I o foo, so the complete induced group is cyclic of order
5e/2.

When 5|e, R(o,1) belongs to the short orbit and we need to choose a different
« € €)y. This is done in the next section.
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6.4 The Case e = 10 (mod 20)

In this section 6 = 3 + S~ ! is chosen as at the beginning of Section 6.2, and
q = 2° with e = 2 (mod 4). (After the first few results we will also assume that
e =10 (mod 20) so that 5 divides both ¢ + 1 and e.)

0

1
Recall § = I o I, = 0(id, M ® M~°), where M = ( 1 s ), and more
generally (see Section 3.7)

s_ (7 B
w=i (T ) 67

Theorem 6.4.1. When e =2 (mod 4), Ry € Qo for o= (1,62).
Proof. Since the orbit of R, under Iy o I is 1, R(1 53
there is an integer j for which (1,1)M % = (1,42). This is iff

€ O if and only if

(L + ) = (162) = (L [3)

iff
1+ =BT+ 10D

iff

1+ 5 =+ 1+ I+ 0%
iff

[—5é—2] _ [—5%—1]
iff
72 =£(7%7 ) mod ¢+ 1

iff

—2=—1(mod g+ 1) or —5j—2=5j+ 1(mod ¢+ 1)
iff

105 +3 =0 (mod g+ 1).
When e =2 (mod 4), ¢+ 1 =0 (mod 5), so 10j + 3 =0 (mod g + 1) implies that
3 =0 (mod 5). Impossible! So ’R(l sk € Q3 when e = 2 (mod 4). O

Corollary 6.4.2. Let e = 2r, 1 odd, and put o = (1,62). Then

a
)
I

{(1,t,h(t)) : t € F}U{(0,1,0)} € Qa, where

824 + 653 + 6212 + 3¢ 1
ht) = 45242 + 1 +1/9)2
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At this point we assume that e = 10 (mod 20) and that a = (1,02). Since
(B =1and 85 #1,8% isaroot of 24+ 2%+ 22 +2+1 = 0, from which it
follows that w = [‘H5'1] satisfies w? +w + 1 = 0. Put W; = [qg4] and Wy = [‘H5'6].
Then Wq + Wy = wd and W1 Wy = w? + 62. So W, and W, are the two roots in

F of 2% + wéz + w? + 62 = 0.

It is clear that ¢ = (I3 o Ioo)qg1 = H(idJ\Jq;1 ®1I) = 0(id,A® I), where
AR = (15 ( I/Zl V?/; >, induces a linear collineation ¢ of PG(2, q) stabilizing O,
and having order 5. Using Theorem 2.8.1 we obtain the following description of 413:

¢ (9, 1) = (%~ ; ( " W, ),9(a7t)+%( gggi )) (6:8)

w

where C' = MglA w, BE="YAw,.
Wy w

In principle we could carry these computations a bit further, but the results
do not particularly reward the effort (see SN).

6.5 Subiaco Hyperovals: The Various Cases

For ¢ € {2,4,8}, each Subiaco hyperoval is a regular hyperoval (i.e., a conic plus
its nucleus). (See [Hi98], Sec. 8.4, but keep in mind that the word “oval” in [Hi98]
corresponds to the word “hyperoval” in our language.) When ¢ = 2, the homog-
raphy stabilizer has order 24 and is isomorphic to Sy. Since Aut(F) = {1} in this
case, the collineation stabilizer also has order 24. When ¢ = 4, the homography
stabilizer has order 360 and is isomorphic to Ag. Hence the collineation stabilizer
has order 720 and is isomorphic to Ag x Co = Sg. When ¢ = 8, the homography
stabilizer has order 504 and is isomorphic to PGL(2,8). Hence the collineation
stabilizer has order 1512 and is isomorphic to PT'L(2,8). (See [Hi79], 8.4).

For ¢ > 8, no Subiaco hyperoval is regular. However, for the first few values of
q > 16 there is some overlap with previously known constructions. When ¢ = 16, a
Subiaco hyperoval is a Lunelli-Sce hyperoval ([LS58]). The homography stabilizer
has order 36 and is isomorphic to C3 x Cy, while the collineation stabilizer of
order 144 is isomorphic to Cy x (C% x Cg). This follows from results in [PC78],
and it is also in [Ko78]. The original source for the collineation stabilizer is [Ha75],
but the given group of collineations was not shown to be the entire stabilizer.
(More recently this situation has been thoroughly investigated without the use of
computers in some work of C. M. O’Keefe and T. Penttila [OKP91].)
If ¢ = 32, the unique Subiaco hyperoval is a Payne hyperoval (see Section 8.2).
Hence the homography stabilizer has order 2, while the collineation stabilizer of
order 2e is isomorphic to Cs..

If ¢ = 64, then the two projectively distinct Subiaco hyperovals are the two
Penttila—Pinneri irregular hyperovals ([PP94]). The homography stabilizer is either
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C5 of order 5 or Dy of order 10, and the respective collineation stabilizers have
orders 15 and 60 and are isomorphic to C15 and C5 x Cis, respectively.

If ¢ = 128 or 256, then the projectively unique Subiaco hyperoval was dis-
covered by Penttila and Royle ([PR95]), with homography stabilizer Cs in each
case and collineation stabilizers isomorphic to Cy4 or Cg, respectively. (In these
cases the order of the collineation stabilizer was obtained with the assistance of a
computer.)

In the remainder of this chapter we concentrate on Subiaco ovals and hyper-
ovals with ¢ > 64.

First, if ¢ = 2¢, with e £ 2 (mod 4) (so ¢ + 1 # 0 (mod 5)), then up to
projective equivalence there is only one Subiaco oval. Moreover, the full collineation
stabilizer of the corresponding Subiaco hyperoval is the cyclic group of order 2e
inherited from Gy (see Section 4.8). For some parts of the proof it is convenient
to arrange the situation e Z 2 (mod 4) into two cases. And the situation with
e = 2 (mod 4) is even more involved. Here ¢ +1 = 0 (mod 5), so there are two

types of ovals. With § = w, the hyperoval (9(+1 1 is always in the short orbit

and has collineation stabilizer Cs x Cq,. of order 10e. But then (9(*671) is in the long
orbit {0y with collineation stabilizer Cs./, if and only if e # 0 (mod 5). The last
case (i.e., e = 10 (mod 20)) is the most involved, and we have not seen how to use
6 = w to advantage here. So the five cases to receive some individual attention are
briefly:

Case 1. ¢ = 2¢, e odd. With § = 1, we may use O(JFM) or O(JBJ),

collineation stabilizer of the unique hyperoval is Cy,.

as convenient. The

Case 2. ¢ = 2° e =0 (mod 4). There is one hyperoval with collineation stabilizer
Coe.

Case 3. ¢ = 2°, e = 2 (mod 4). Put 6 = w. Then (’)2”1 1
stabilizer C5 x Co,.

Case 4. ¢ =2° e =2 (mod 4), e Z 0 (mod 5). Put § = w. Then 065,1) € Q9 with
collineation stabilizer C /5.

Case 5. ¢ = 2¢, e = 10 (mod 20). Choose § = 3+ 3! as usual. Then 05751/2) € Qo

) € )y with collineation

(see Theorem 6.4.1) with collineation stabilizer Cs, ;.

The major goal of this chapter is to show that the complete collineation
stabilizer of each Subiaco hyperoval (with ¢ > 64) is exactly the group induced by
Go. Along the way we need to show that each Subiaco hyperoval may be represented
as an absolutely irreducible algebraic curve of degree 10.

6.6 (9?'1 1) as an Algebraic Curve

By the previous section we assume that ¢ = 2¢ > 64. Let § € F' = GF(q) satisfy
tr(1/6) = 1. In those cases where e # 2(mod 4) we follow [OKT96], but we do not



6.6. O<+1,1> as an Algebraic Curve 113

need to assume that 1+ + §2 # 0. Throughout this section o = (1,1) and we
note that the corresponding Subiaco hyperoval OF = OF has the following form:

Ot ={(1,t,h(t)) : t € F}U{(0,0,1),(0,1,0)}, (6.9)
where
ht) = 24+ 62 (1L + 04 63)(t3 + %) + 6%t Y (6.10)

(t2 + 6t +1)2

In this section we find an algebraic plane curve which coincides with O as

a set of points in PG(2,¢q) and begin to investigate its properties. Starting with

Eq. (6.10) it is a simple exercise to check that in homogeneous coordinates (z, y, 2),
the point (1,¢, h(t)) satisfies

0= F(a,y,2) = (2" + ay)(2® + dzy + y*)*

6.11
+04(22y® 4 28y?) + 511 + 6% + 6%) (zy0 + 20y*). (6.11)

So F(x,y, z) is a homogeneous polynomial of degree 10 and defines an algebraic
curve C in PG(2,q) by

C=V(F(z,y,2)) ={(z,y,2) € PG(2,q) : F(z,y,2) = 0}. (6.12)
Lemma 6.6.1. The curve C and the hyperoval OF coincide as sets of points in
PG(2,q).

Proof. Clearly the curve C and the hyperoval OF coincide on the points (x,y, z)
with 2 # 0, so we need only check that they coincide on the points (0,y, z). But
F(0,y,2)2%y® = 0 if and only if (0,y, z) € {(0,0,1),(0,1,0)}. O

Let F = GF(q) be the algebraic closure of GF(q) and let C = V (F(z,y, z))
denote the corresponding algebraic curve of degree 10 in PG(2, F).

Lemma 6.6.2. The curve C has a unique multiple point (0,0,1) of multiplicity 8,
and the two linear factors of x> +dxy+y2 =0 (conjugate m a quadratic extension
of GF(q)) are the equations of the tangents to C at (0,0, 1) (each with multiplicity

4).
Proof. The multiple points of € are determined by the solutions of the following
system of equations:

F(z,y,z) =0,
Fo(x,y,2z) = y(a® 4 0'z'y* +4°) = 0,
Fy(z,y,z) = (2% + 62ty +4°) = 0,
Fz(‘ra Y, Z) = 0.

A multiple point (x,y, z) has = 0 if and only if y = 0, and we have found
the multiple point (0,0, 1) with multiplicity 8. The factors of (22 + dzy +y?)* = 0
determine the (eight) tangents to C at (0,0, 1).
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If # # 0 and y # 0, then 22 + dxy + y? = 0. Further, with these conditions
holding the following are equivalent:

F(z,y,2) =0,

54 (228 + a8y?) + 04 (1 + 0% + 6 (2Yy® + 28y*) = 0,

82 (xy* + zty) + 62(1 4+ 6 + 62) (229 + 23y?) = 0,

xyly® + 2% + (146 + 6%)(zy? + 2%y)] = 0,

xyly(y® + ozy + 2?) + 2(a? + dwy +y?) + ay(z + y)] =0,

o*z?y*(x +y) =0,

T =y.
Substituting x = y into 22 + dxy +y? = 0 yields 622 = 0, which is impossible. [
Lemma 6.6.3. The curve C is absolutely irreducible.

Proof. If one of the two tangents to C at (0,0,1) is a component of C, then so is
the other, and in this case 22 + dzy + y? must be a factor of F(x,y,z2). Hence
2?2 + dxy + y? must divide

54(1.2?/8 +1’8y2) +54(1 +62 +64)(1’4y6 +$6y4)
— 54x2y2[y6 + .'136 + (1 + 52 + 54)(z2y4 + l,4y2)]
= 042?y?[2%(2? + 0wy +y°)? + Y2 (y7 + dwy + 27) + 0% (2% + 2%y?)].

This forces 22 + dxy + y? to divide 6*22y?(y? + 22) and hence to divide 22 + y? =
22 + Sxy + y2 + Sxy. But clearly 22 4 dzy 4+ y? does not divide dzy. Thus neither
tangent to C at (0,0,1) is a component of C.

As C has a unique singular point, each irreducible factor of F(z,y, z) over F
has multiplicity 1. Suppose that the irreducible components of CareC,...,Cp, for
some r > 1, where deg(C;) = n; and C; has multiplicity m; at (0,0, 1). If for some
i, we have m; = n;, then m; = n; = 1 and the component C; is a line, which must
therefore be a tangent to C;, and hence to C, at (0,0, 1). This possibility has already
been ruled out. Since ny +---+n, =10 and my +---+m, = 8 with n; > m; >0
for all 4, the only possibility is that » = 2 and, WLOG, (n1,n2) = (1,9), (2,8),
(3,7), (4,6) or (5,5), and in each case m; = n; — 1.

As (0,0, 1) is the only singular point of C, it is the unique common point of
C1 and Cy. In particular, (0,0,1) is a point on each of C; and Co. Hence (ny,ns) #
(1,9), as otherwise m; =n; — 1 =0.

First suppose C; and Cy are defined over GF(q). Since any tangent to C; at
(0,0,1) is a tangent to C and is therefore not a line of PG(2,q), it follows that
any line of PG(2,¢q) on (0,0,1) meets C; in a further point of PG(2,¢q). Then
[CLUCs| >2(q¢+ 1)+ 1> q+2|C|, a contradiction.
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Hence C; and Cs are not defined over GF'(q), but rather over some extension
GF(q®), for some s > 1. Let o be a non-identity element of the Galois group
Gal(GF(¢*)/GF(q)). Then C1° = Co, which implies that nq = ne = 5. By [Hi98],
Lemma 2.24, it must be that |C;| < 52, so |C| < 2(25) — 1 = 49. But [C| = ¢ + 2
and g > 64, so the proof is complete. O

Lemma 6.6.4. If ¢ > 64, then PTL(3,q)o+ < PTL(3,q)s.

Proof. Let € PT'L(3,q)p+. Since 0% = OF and OF = C as sets of points in
PG(2,q), we know that Ot = C?. Suppose that C? # C. Since OT C C? N C,
and taking multiplicities into account, we see that ) p sonc mp(C?) - mp(C) >

Yo pco+ mp(C?)-mp(C) > ¢+ 8+ 8. By Corollary 6.1.8 and since both C and C?

are absolutely irreducible, if (f? #* C, then q + 16 < 100, implying that ¢ < 64.
Hence we conclude that C? = C and that 6 € PT'L(3,q). O

Lemma 6.6.5. Let 0 € PI'L(3,q)o+. Then 0 fives the point (0,0,1) and fizes the set
{Q, Q}of lines (in a quadratic extension of PG(2,q)) determined by the equation
22 + dxy+ 92 =0.

Proof. First, € PT'L(3,q)o+ < PT'L(3,q)s by Lemma 6.6.4. Since (0,0, 1) is the
unique point of multiplicity greater than 1 on C, it must be fixed by 6 (see part
(3) of Theorem 6.1.5). So the pair {Q, Q} of tangents to C at (0,0, 1) is also fixed
by 6. 0

Lemma 6.6.6. PI'L(3,q)o+ acts faithfully on PG(2,4q)/(0,0,1) = PG(1,q) as an
element of PTL(2,q), fizing setwise a pair of (conjugate) points 1,1 in a quadratic
extension PG(1,q?).

Proof. First, let PG(2,4q)/(0,0,1) denote the quotient space of lines on (0,0, 1),
so that PG(2,¢)/(0,0,1) = PG(1,q) in the natural way (the line @ corresponds
to the point [, etc.). By the preceding lemma, an element 6§ € PT'L(3, ¢) o+ acts on
PG(2,q)/(0,0,1) = PG(1,q) as an element of PT'L(2,q), fixing setwise a pair of
(conjugate) points [, in a quadratic extension PG(1,¢?). Further, such an action
is faithful since no non-trivial element of PT'L(3,¢q) is a central collineation with
center (0,0,1) (for otherwise, since (0,0,1) € OT, such a collineation would be
an element of PGL(3,q) fixing OF, and hence a quadrangle, pointwise). Thus
PTL(3,q)o+ < PTL(2,q) (11 O

Lemma 6.6.7. PT'L(2,q);, 13 = Cg1 % Cae.

Proof. Let h € PGL(2,q) with |h| = ¢+ 1. Then (h) is a Singer cycle of PG(1, q),
so (h) = Cgy1 acts regularly on PG(1,q). Since h is induced by an invert-
ible 2 x 2 matrix over F with (conjugate) eigenvalues in GF(¢?) \ GF(q), we
have (h) fixing a conjugate pair of points, say {p,p}. As Nprr 2, ({h)) permutes
the fixed points of (h), Nprr(2,q)((h)) stabilizes the conjugate pair {p,p}. Hence
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Nprr,q((h) < PTL(2,q){p - And since PT'L(2,q) acts transitively on conju-
gate pairs of points, then replacing h by a conjugate if necessary,

Nprr2,q((h) < PT'L(2,9) 1 53,

where {I,} is the pair {Q, Q} of conjugate tangent lines (considered as conjugate
points in the quotient space) to the hyperoval at (0,0,1) in PG(2,q). By [Ka79]
and [Hu67], Theorem I1.7.3, we have

NPFL(QxL])(<h>) = C((;(—‘,-1 X Coe.

But the order of PI'L(2, q), 7y is 2(g+ 1)e, so by comparing orders we obtain
the desired result. O

Note. The proof of Lemma 6.6.7 is general, i.e., it has nothing to do with the
special case of Subiaco oval considered in this section. In the Section 6.9 we shall
cite this proof.

6.7 The Case e = 0 (mod 4)

Continuing with the material of the preceding section, we specialize to the case
e =0 (mod 4) and show that the known collineation group of order 2e stabilizing
the hyperoval O = O<+1,1> is its full collineation stabilizer. We have already seen
that PT'L(3,¢)o+ is a subgroup of Cyiq1 X Cae and that it contains Co.. If it
contains Cy. as a proper subgroup, it must have a non-trivial intersection with
the cyclic subgroup Cyy1. We will show that PT'L(3, ¢)o+ contains no non-trivial
element of Cy., so that |[PT'L(3, ¢)o+| = 2e, as claimed.

Aiming for a contradiction, we let G = Cy41 N PT'L(3, q) o+ be a non-trivial
group.

Lemma 6.7.1. The group G has a unique fized line.

Proof. First we note that G = Cyy1 N PT'L(3,¢)o+ = Cy41 N PGL(3,9)o+. Let
p be a prime such that p divides |G| and let ¢ € G have order p. Since 1 # g €
PGL(3,q), g has at most three fixed lines. Further, since p divides |G| and hence
divides ¢ + 1, so ¢ = —1 (mod p), implying that ¢> + ¢+ 1 = 1 (mod p). As the
number of lines fixed by ¢ is of the form kp +1 < 3 and p > 3, clearly g has a
unique fixed line. From this it follows that Cjy41 has a unique fixed line and hence
also a unique fixed point. (As ¢ is prime to ¢ + 1 (whereas ¢ — 1 is not), so any
central collineation in Cy4; must be a homology and never an elation, the fixed
point and line are not incident.) 0

The involution I; = 0(id, P ® P) must leave invariantR; 1y and induce a
collineation of PG(2,q) leaving invariant OF. Using Theorem 2.8.1 we obtain an
homography p defined as follows. The homography p : (z,y,2) — (y,z,2) is an
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elation with center (1, 1,0) and axis [1, 1,0]7, fixing OF. Thus p € PT'L(3,q)o+ <
PTL(2,9) 1,1y

Since Cgq1 ¥ PI'L(2,q) 17y, 80 p € Nprrz,q),, ,(Cat1). It follows that p
permutes the fixed lines of Cyy1, and hence fixes the unique fixed line of Cyq1.
The fixed lines of p are [0,0,1]7 and [1,1,¢|” for ¢ € GF(q), so the fixed line of
Cy+1 (and hence also the fixed line of ) must be one of these lines.

First suppose that the fixed line of G is [0,0,1]7. Then G fixes (0,0,1) (by
Lemma 6.6.5) and also fixes [0,0,1]TNO* = {(0,1,0),(1,0,0)}. If a generator g of
G interchanges (0, 1,0) and (1,0, 0), then g induces an involution on [0,0, 1], so ¢
fixes a point on [0,0, 1]7, hence g and also G fix a line through (0,0, 1), contrary to
Lemma 6.6.5. Thus g and hence G fix (0,1,0) and (1,0, 0) in addition to (0,0, 1),
implying that G has more than one fixed line, again contrary to Lemma 6.6.5.

Thus the fixed line of Cyq1 must be of the form [1,1,c]?. By the proof of
Lemma 6.7.1, the fixed line of C,11 must not be incident with the fixed point
(0,0, 1), implying that ¢ # 0. Let p be a prime such that p divides |G| and let
g € G have order p. The homography ¢ fixes the pencil P of conics

Cs: (v +y+ec2)®+s(a®+dzy+y°) =0, seF.

Since p divides g+1, so is odd, and since Cp : (v+y+c2)?0 and Coo : 22 +62y+y% = 0
are fixed by g, at least one more conic Cs is fixed by g. Since at least three elements
of P are fixed by g, each element of P is fixed by g. In particular, C; : ¢?2%24-6xy = 0
is fixed by g. We have

G = {(Lt, (516/2) t%) te F} U{(0,1,0)}.

Note that G also fixes the nucleus (0,0, 1) of the conic C;.
Lemma 6.7.2. If p is any prime diwiding |G|, then p € {3,5,7}.

Proof. Let p be a prime dividing |G| and let g € G have order p. Since (g) < Cyt1,
(g9) acts semi-regularly on PG(2,q) \ {(0,0,1)}, as the stabilizer in G of any of
these points is trivial. Thus any point in PG(2,q) \ {(0,0,1)} lies in an orbit of
length p. Now (g) fixes C; and O7, so fixes C; N OF, which must therefore be a
union of orbits of (g), each of length p (as (0,0,1) € Cy). Hence p divides |C; NO™T|.
Next we determine [C; N O7|. Certainly (0,1,0) € C; N OT. Further,
(Lt 51/2&) cot o 51/275% _ P ) + (14 0+ 67) (8P + 2 Lyl
c c (t2 + 6t +1)?)

/2N
o Ot (14 6+ 8%)(8 + 12) + 5%t + (1+ 50 >t2(t4+52t2 +1)=0

o OMB 4 01+ 0% + 0% + ) + 0 + (1 + 62) t(t® + 5** +1) = 0.
C
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Now this is a polynomial over GF(q) in the variable ¢ of degree at most 9, so has
at most nine solutions in GF(g). Thus |C; N O] < 10. Since ¢ + 1 is odd, and p
divides ¢ + 1, it must be that p is odd and the result follows. 0

We are in a good position to complete the proof of the main theorem of this
section. If p = 3, then 3 divides ¢ + 1, which happens if and only if ¢ = 2¢ where
e is odd, contrary to assumption. If p = 5, then 5 divides ¢ + 1, which happens if
and only if e = 2 (mod 4), again contrary to assumption. Further, p = 7 implies
2¢ = —1=6 (mod 7), but the powers of 2 modulo 7 are {1,2,4}, a contradiction.

Hence we now may conclude that the group G = Cyp1 N PTL(3,q)0+ is
trivial. By the preceding results, this completes a proof of the following theorem.

Theorem 6.7.3. Let ¢ = 2° where e = 0 (mod 4) and g > 64. The collineation
stabilizer PTL(3,q)o+ of the essentially unique Subiaco hyperoval OF is a cyclic
group of order 2e. The homography stabilizer of OF is a cyclic group of order 2,
generated by p.

We would like to give a very explicit description of the collineations leaving
invariant OT. In theory we should be able to do this. However, the computations
using O(;,1) seemed rather unpleasant. On the other hand, while perhaps still
too messy to be truly satisfying, the computations with O 1) seem a bit more
reasonable. So we start with a description of this oval.

(i) Owp1) ={(Lthon(t) :te F}rU{(0,1,0)},
where (6.13)
4 24,3 3,2 2
(i) ko) = © +(Z43:52tgf1+5 L (t/6)V2

Recall from Section 3.7 that

A”:552<q5][%%>'

Put 0 = I o I, = 0(id, M ® M ~°). Then one may compute directly that

0 0(id Mo M~ —0(id. * 5 [3] S
w=oiawer=oa (Fal ) )e (LA Ll )
Observe that
(Il o IOO)—I/IO _ 9(id,M_l/10 ® M1/2)

17 g1
where M1/? = (L, < [[‘1‘]] M > It is then clear that (I3 0 Ioo) /1% maps O 1)
4l L

to O(p,1)- Since each involution fixes a unique O, and the powers of I o I
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permute the ¢ + 1 ovals transitively, each of the ovals O, is left invariant by
a unique involution. Clearly I = 6(id, P ® P) is the unique involution leaving
invariant Oy ). It follows that

¢: (Il OIoo)l/lo OI]_ o (Il OIOO)—l/IO
is the unique involution fixing O(q 1).
In the following computations put 7" = [é]7 from which it is easy to check
that 7° + T3 + T = §. And since M is symmetric with determinant 1, it follows

also that PM P = M~"'. Then it is amusing to use the tensor product notation to
compute as follows:

¢ = 6(id, Mo @M= )o6(id, P ® P)of(id, M1 @ M?)
= 6(id, M1 (PM w0 PYP® M 2 (PM2P)P)

= 0(id, MsP® M~'P)
- 9 <id, s ( [[léo]] [[EO]] > @ ( (1) 611/2 ))
— 9 <id,521 ( Tj:—fT TT1j2 >® < (1) 611/2 >>

G112 q1/2
Since ¢ = I, = 0 (z‘d7 ( (1 —%10/? " j063)1/2 > ® Bs> for some s, it is easy

to obtain s = [2]/[2] = T/(T? + 1) as a ratio of the off-diagonal entries. Using
either Theorem 2.8.1 (or Lemma 6.2.3) it is possible to describe this collineation
a little more completely.

In the context of Theorem 2.8.1, C =6 'T Aps, and E= 5‘1(T6+T2)A(5+T3)71

4
and A(Q):(S_l( T r

T6 T2 T ) So (after multiplying through by §) we find

¢: (z,y, 2)— (Tx + (T° + Ty, T a+Ty, 62+ Tzpsx + (T° + T2)z(5+T3)71 Y).
Here it seems not worth the bother to compute the entries z7s and z(57s)-1 of

two different matrices in the Subiaco g-clan.

In Theorem 2.8.1 put o =2, 0 = §~! to obtain

_ 1 §5-1/2 5-1/4 51/
0=40 (27 ( 0 §-1/2 > ® < 53/ 4 5-1/a §5/4 >) :

With a little more straightforward computation one may put j = 3/5 and

obtain the following:
_ 1 [7] [1] sU/4 §-1/4
— 3/5 _ 10
d) 9 o 0 9 <2, 6 < [130] [g] ® 0 6_1/4 (614)
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So 1 yields a collineation 7 of PG(2,q) stabilizing O(0,1) and having companion

automorphism ¢ = 2. Here
TC I Y Y T e s I S W -
52 52 ™+T T az a? )-

(5] [5]
Then C' = aiA(az/M)z, E= a%A(al/%p, and det(A) = 6~1/2, so that

2
2
5

’(Z) : (xvya Z) = (($2, yQ)A(2)7 5_1562 + IQQiZ(az/a4)2 + y2Z§Z(a1/a3)2)' (615)

We know that the complete stabilizer of O 1) is cyclic of order 2e, and
we have a concrete description of a collineation with companion automorphism
o = 2. Hence for each automorphism o of F' there are two collineations of PG(2, q)
stabilizing Og,1) and having o as companion automorphism. If 1/} is one of them,

then 1 o ¢ is the other. It follows that ¢ has order 2e and that (1&)6 = ¢.

6.8 The Case e Odd

Suppose that ¢ = 2¢ with e odd. This is a special case of e # 2 (mod 4), so we
continue with our study of the stabilizer of O = O, 1) and the corresponding
hyperoval OF. But in this case we may choose § = 1, so that

OF = {(1,t, f(t)) : t € F} U{(0,1,0),(0,0,1)}

where
AR A A

t) = t2. 6.16
4o (t2+t+1)2 * (6.16)
The corresponding algebraic curve C = V(F') is given by
F(z,y,2) = (2+azy)(@®+ay+y?) + 228 + 28y + 24yb + 25y*
= (@ +y*+ 22 tay)(@® +ay +97)" + 210 + 910 (6.17)

— (SCQ+13y+y2)5+Z2(132+17y+y2)4+l'10+y10.

As in the case for e = 0 (mod 4), we know that there is a group of order 2e
stabilizing O and we want to show that this is the full collineation stabilizer and
it is cyclic. First we consider the homography stabilizer.

Lemma 6.8.1. Let g = 2¢ with e odd, and let OF be the Subiaco hyperoval described
above. Then PGL(3,q)o+ is a group of order 2 generated by the homography p :
(z,y,2) = (y,2,2).

Proof. Let 6§ € PGL(3,q)o+, so 6 can be written as a 3 x 3 matrix, which we also
denote by 6. By Lemma 6.6.5, 6 fixes (0,0, 1), so 67! is of the form

b 0
o1 = 0
hol

e o
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for some a,b, ¢, f,g,h € GF(q). Further, (also by Lemma 6.6.5) over the algebraic
closure F' of GF(q), 0 fixes {(z,y, 2) : 2% + 2y + y* = 0}. Writing out this latter
condition yields the following:

(az+by)*+(az + by)(ex + fy)+(ex + fy)?
= 2%(a® + ae + ) + zy(af + be) + y* (b + fo+ fH) =\ + 2y +y?) (6.18)
for some A € GF(q). As the above equation holds for all z,y € GF(q), it follows

that
a’*+ae+e? =af +be=b+bf + f2 =\

Since 6 fixes OF = C, if F(z,y,z) = 0, then F((z,y,2)? ') = 0 also. Hence we
obtain, using Eq. (6.18) for simplification at the first step and substituting for
22(2% + 2y + y?)* using Eq. (6.17) at the second step:

F((z,y,2)" ) =0
= N (2?2 +oy+yD)5 + (gr+hy+ 2)° M (2 + oy +y) - @x+-by) O+ (ex+ f4) 0= 0
= N(@? +ay +y?)° + M (@? +ay + ) (g% + 1Y)
P 4 2y + y?)° + 20 4 y10)
+ (a®2° + ab zy® + a'baty + b5y + 525 + eflayt + et faty + 502 =0
Vz,y € GF(q)
= 20N+ 2N a4 ) + 2%y (N + X + 2P (V0 + X REN 4 a0 e )
+ 251N + g? At + A1) + 25y (AN + A + 2ty S (A + A2AT + 0
+ 27PN+ N PN a0+ €7 £2) 42y (N + X +y O A+ RPN 0104 £19) =0
for all x,y € GF(q), not both zero. Thus each coefficient in the last equation must
be zero. In particular, the coefficient of 2%y is A>+\* = A*(A\+1) = 0, implying that
A=0or A =1. Butif A = 0, then the matrix 6 is singular (since the determinant
of =1 is af + be = \), which is not possible. Thus A = 1, and the coefficients of

2%y* and 2*y% imply that ¢ = h = 0, respectively. We are left with the following
four equations, corresponding to the coefficients z'°, 2842, 22y%, 3'0:

a’+e’ =1, (6.19)

alb e f =0, (6.20)

ab* +eft =0, (6.21)

b+ f°=1. (6.22)

Multiplying Eq 6.21 by b we obtain ab® + ebf* = 0, hence (by Eq 6.22)

a(l + f5) + ebf* = 0, implying f*(af + be) + a = 0 and thus a = f* (since
detd0~! = af + be = A = 1). Similarly, multiplying Eq. (6.20) by a yields b = e*.
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Substituting for a in Eq. (6.21) gives f4(b* 4+ €) = 0, so either f = 0, or e = b*.
If f =0, then a = f4 = 0 and Eqgs. (6.19) and (6.22) yield b° = ¢° = 1. But
b = e = 1, since the greatest common divisor (2¢ — 1,5) = 1 (as e is odd and
an odd power of 2 modulo 5 is never 1). In this case 6 is the collineation p and
it is straightforward to verify that p fixes OF (see Section 6.7). In a similar way,
using Eq. (6.20), it follows that either e = 0 or f = a*. If e = 0, then analogous
arguments show that 6 is the identity collineation.

We are left with the case in which e = b* and f = a*. Since b = e* and
a = f4, it follows that a'® = e'® = 1. But this implies that a = e = 1, since the
greatest common divisor (15,¢ —1)(2* —1,2¢ —1) = 2(4¢) —1 =1, as e is odd. It
follows that b = f = 1 and

ot =

O = =

10
10
0 1

which is impossible since then the determinant of =! would be 0. 0

Theorem 6.8.2. In PG(2,q), where q = 2¢, ¢ odd and e > 7, let OF = (9(+1 1) Then
PT'L(3,q)o+ is a cyclic group of order 2e, generated by p and the automorphic
collineation (z,y,2) — (22,42, 22). The homography stabilizer of O is a cyclic

group of order 2, generated by p.

Proof. By Lemma 6.8.1, the homography stabilizer of O is (p), a cyclic group of
order 2. Further, since f(t) has coefficients in GF(2), it follows that O is fixed
by the group A of automorphic collineations, so the homography stabilizer of OF
has index e in the collineation stabilizer. Thus the collineation stabilizer of O7 is
(p, A)y = (p) x A. This is a cyclic group of order 2e. O

Corollary 6.8.3. The collineation stabilizer of a Subiaco hyperoval in PG(2,q),
where ¢ = 2%, ¢ > 32 and e is odd, is a cyclic group of order 2e. Further, its
homography stabilizer is a cyclic group of order 2.

Proof. The case ¢ = 32 was discussed in Section 6.5. Suppose ¢ > 128. A Subiaco
hyperoval is equivalent to the hyperoval OT described above, so its collineation (re-
spectively, homography) stabilizer is conjugate in PI'L(3,q) (respectively,
PGL(3,q)) to the stabilizer of OT, and the result follows. O

6.9 The case e = 2 (mod 4)

In this section we assume that e = 2 (mod 4), so there are two Gy-orbits on the
ovals Oy, a € PG(1,q). The short orbit € has length (¢ + 1)/5, and the long
orbit 2 has length 4(q + 1)/5. For convenience here we also assume that § = w,
where w? +w+1 = 0. In this case we know by 6.3.9 that the oval O(1,1) belongs to
the short orbit 2; and has a collineation stabilizer of order 10e. From the proof of
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Theorem 6.3.6 we know that O, (that is, R, ) is in the long orbit {25 precisely if it
is fixed by no involution I;. And we may use the description of B in Lemma 6.2.3
to recognize members of (2s.

We want to reindex the o € PG(1,q) by ¢ € F in the following way. For
ceF , put

w? 4+ we wce
= , . 6.23
“ (1+\/c+wc 1+\/c+wc> (6:23)

Clearly 14 /c+wc # 0 for all ¢ € F. And a, = (1,1) if and only if ¢ = oo, so
Qoo € y. For ¢,d € F, a. = aq if and only if ¢ = d. For ¢ = w, a, = o, =
(0,w?) = (0,1). For ¢ € F\ {o0,w}, ae = (1,¢/(c + w)). Index the ovals O, for
« € PG(1,q) with elements of F so that O. = O, ¢ € F. Hence we have the
following:

Ooo = {(1,t, fo(t)) : t € F} U{(0,1,0)}, where

2t 4wt 6.24
folty= 1 S0 i (024
w22 4+ 1
Then for ¢ € F we obtain
O.={(1,t, fc(t)) : t € F}U{(0,1,0)}, where
2
relt) = (13ottne) (wrats )

(6.25)

(w2+wc)wc 1 w?c? t3+t2 w2t 1
+ ( 1+ct+w2c? t2 + 14+ctw2e? \ t4+w2t2+1 +wt:z

1 14+we?)t+wt® +wt? +wet 2 2 2,1

= 14ctw?e? (( )t4+w2t2+1 + (w +c+wc )t2 .

This choice of o, may seem unnecessarily complicated, but at least it has the
following interesting consequence.

Lemma 6.9.1. Let g € PGL(3,q) be defined by g : (x,y, 2) — (y, x +wy, z + w?y).
Then g is a collineation of order 5 stabilizing O, for every c € F.

Proof. In Section 6.3 it was observed that I10l., = 0(id, ( (1) wlg )®I) is a collineation
of order 5 leaving invariant each R,. We want to use Theorem 2.8.1 to compute
the induced collineation 6(id, ((1J u}z )®1I) of PG(2, q) leaving invariant O,, for each

c € F. In the notation of Section 2.8 we have the following: A = (9 L) = (31 32);

C=0,D=P, E=A,=(vv),B=1,A=p=10=id So A® = (9 1),
and

é:é(z’o@( (1] U}Q ) ®I> (1, 9(ast)) =

<%( (1) 110 >7g(a,t)+%< aE(v)aT ))

(6.26)
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For & = as = (1,1), we have, for t € F, % (%)) = (t,1 + wt) and
aBaT = (1, 1)( v ) (1) = w?. Similarly, for ¢ € F, a.Eal :(w+wc )w+

1+c+w2c2
(ﬁtj_”wé;) w? + (HC;;CQ) w = w?. So Eq. (6.26) becomes 0 : (1,t,g(a,t)) —

(t, 14+wt, g(, t) +tw?). It is now easy to see that 6 : (z, Y,z 2) = (y, z+wy, z+w?y)
for all (z,y,2) € PG(2,q). Hence for every c € F, I, oI =0 is the map g of the
lemma. 0

Lemma 6.9.2. The identification of ovals in .
(i) Oco is always in the short orbit Q.
(ii) Force F, O, € Qs if and only if

pe(z) = 2° + (W + w)z* + (WP + 1Dz +1=0

has no root in F'.

(iii) There is a ¢ € F'\ GF(4) for which both p.(x) =0 and
Plurerpw?) (1) = 2° + (" +w)z? +tz+1=0

have no root in F'.

Proof. We have already seen that (i) holds. For ¢ = w, p,(z) = 2° +2* + w?z + 1.
This polynomial appeared earlier in Lemma 6.3.7 and Theorem 6.3.8, where it was
shown that it is irreducible over F' if and only if O(g,1) € €2 if and only if 5 does
not divide e. For w # c € F, a. = (1,¢/(c+ w)). So put d = ¢/(c + w). Then

O, € Qs

e € o

(1, d) € Qy

(1,d) is fixed by no involution I
(1,d)Bs # (1,d) for all s € F,

where B, = (a(s) b(s)> from Lemma 6.2.3,

I

c(s) a(s)
b(s) + da(s) # d(a(s) + de(s)) for all s € F
b(s) # d%c(s) for all s € F

2 b(s) s°4w?s+s+1
d* # o(s) s34 st tuwatl for all s € F

sP(1+d?) + s*(d* + w?) + s(1 + d?w?) +d*> +1=0
has no solution s € F

s° + (dlzifl”j) st + (“{ﬁf) s+1=0

has no solution s € F

pe(s) #0 for all s € F, where ¢ =

I 1117

!

1+d, that is, d Cw.

This completes the proof of (ii).
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Hence pc( ) = 0 has no root in F for 4(q + 1)/5 values of ¢ € F. Moreover,
¢ — w?c? +w? is a bijection on F, so P(w2e24w2)(2) = 0 has no root in F" also for at
least 4(q+1)/5 values of c. This implies that both p.(z) = 0 and p(y2c2442)(2) =0
have no root for at least 3(¢ + 1)/5 values of ¢, from which (iii) follows. O

Define the conic O : zy = 22, that is
O={(1,t,t2):te F}U{(0,1,0)}.

Lemma 6.9.3. There are ovals in each orbit that meet O in its five points defined
over GF(4).

(i) O NO = PG(2,4)N0O.

(ii) For c satisfying condition (iil) of Lemma 6.9.2, O, € Qg and O, N O =
PG(2,4)N 0.

Proof. To prove (i) note that (O \ {(0,1,0)}) N O = {(1, £, foo(t)) : foolt) =t2}.
Clearly foo(t) = t2 if and only if ¢ € GF(4). Sumlarly, if ¢ satisfies condition (111)
of Lemma 6.9.2, then O, € Q3 and (O, \ {(0, )}) NO{(1,t, fo(t)) : folt) =t2}.
Using Eq. (6.25) we may compute that f.(t) = t2 if and only if

w?t(t® + 1) (° + (* +w)t* + Mt +1) =0,

proving (ii). O

For each ¢ € F we may define the hyperoval OF = O, U {(0,0,1)}, and
with a natural abuse of language refer to OF belonging to €1 or Q5. For example,
OZL € Q. And for ¢ = ¢ satisfying condition (iii) of Lemma 6.9.2, O} € Q,. For
the remainder of this section we fix ¢ = ¢y to be such an element.

Lemma 6.6.3 holds for all e, so OF is already known to be the pointset of
an absolutely irreducible degree 10 algebraic curve in PG(2, q). For ¢ = ¢y we now
establish the same result for OF. However, as the same proof works for both cases,
without any special effort we obtain another proof for OF, when e = 2 (mod 4).

Lemma 6.9.4. For both ¢ = oo and ¢ = co, OF is the pointset of an absolutely
irreducible degree 10 algebraic curve C in PG(2,q) having (0,0,1) as its only sin-
gular point. The multiplicity of (0,0,1) for C is 8, and in PG(2,¢*) there are two
tangent lines for C at (0,0,1). The tangent lines are Q = [n,1,0]T :nz+y =0
and Q = n?,1,0]7 : nix +y = 0, where n € GF(¢%) \ GF(q) satisfies n?* = 1
and n? +n = w.

Proof. For ¢ € {c0,¢cp}, write d = ¢/(c + w), so d € {1,co/(co + w)}. In partic-

ular, we are avoiding the case ¢ = w with d = co. Put m, = (11”\2/3:5%) . So

me 20, Mo = 1, and a. = (m.)?(1,d). Then OF = {(1,¢t, f(t)) : t € F} U
{(0,1,0),(0,0,1)} is projectively equivalent to (9:r = {(1,¢, fe(t)/m.) : t € F} U
{(0,1,0),(0,0,1)}.
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Here
fe(t) with + 13 + 2 1 o (Bt 1
=f(t,d)= tz | +dtz +d t2
me TED= o g FO ) ATy T
w4+ (1 + d®) (£ + ?) + w?d?t 1
= d+wd?)tz.
t4 4+ w22 + 1 +(wtdtwd)

Define g. € PGL(3,¢%) by ge : (2,4,2) = (2,5,mc2). So g : OF = OF,
and g, fixes the two points (0,1,0) and (0,0,1). We show that (9:r satisfies the
conclusions of the lemma. Since g. also fixes the lines @, Q, it will follow that O}

satisfies the same conclusions.
The point (1,¢, f(¢,d)) = (1,y, z) satisfies

2,4 2\( 3 4 2 2,2
wryt + (14 d*)(y° + y%) + d*w?y oy 1
= d d*)y=.
w1 +(w+d+wd)y
Multiply through by y* +w?y? + 1, square both sides, and then make the resulting
equation homogeneous in z, y, z to get the algebraic curve Cyq : Hy(x,y,z) = 0,
where

ha(x,y,2) = (22 + (w? + d? + w?d")zy) (y? + wry + 2%)*

2,8 4,.8,2 4N (4, 6 6,4 (6'27)
+wzy® + wd*z®y* + (1 4+ d*)(z*y® + 2°y*).

By construction, for all ¢t € F, (1,¢, f(t,d)) € C4. But in fact it is routine to

check that the pointset of C4 is exactly the hyperoval (’): (always d = ¢/(c + w)).
So |Cq| = g+ 2, and we want to prove that hq(z,y, z) is absolutely irreducible.

First compute 88};(1 = (w? + d® + w?d®)y(y?> + wry + 2?)* and aafz,d =
(w? +d? + w?d*)z(y? + wry +22)* and 9 = 0. Since w? + z +w?2? is irreducible
over GF(4), and hence over F', w? + d? +w?d* # 0 for all d € F. It follows readily
that the only singular point of C4 is (0,0,1) with multiplicity 8, and (0,0, 1) has
two tangents @, @ in the quadratic extension of F, where the product of Q and Q
is y? + wxy + 22 = 0. If one of @, Q is a component of Cy, so is the other, and in
this case y? + waxy + 22 must divide hy(z,y, z). We now show that this is not the
case. Put y? = way+ 22, and hence y* = 2°(y +wz), y°2°y, v® = wa® +wyz" into
ha(z,y, 2). After a little simplification, hy(x,y,z) = 2°(w?(1 + d*)y + z), which
is not the zero polynomial. This proves that neither tangent to C4 at (0,0,1) is a
component of Cy.

Now suppose that C; has components C1,...,C, [ > 1, with degC; = k;,
and suppose (0,0, 1) has multiplicity ¢; for C;. So >~ k; = 10 and > ¢; = 8. If some
t; = k;, thent; = k; = 1 and C; is a line. But in this case C; must be tangent to C;
at (0,0,1), so C; is tangent to Cy at (0,0, 1), contradicting the previous paragraph.
So the only possibility is that there are exactly two components C; and Cs with
tlzkl—landtgzkg—l.
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First suppose C; and Cy are defined over F, and (0,0,1) is a (k; — 1)-tuple
point for C;, i = 1,2. Any tangent to C; at (0,0, 1) is tangent to C4 and not defined
over F. So any line (over F') through (0,0,1) meets C; in a second point, which
implies |C;| > ¢ + 2. Since any point of C; N Cy is a singular point for Cq4, clearly
|CLUCs| >2(qg+2) — 1> q+ 2 =]Cq4l, an impossibility.

So we may suppose that C7 and Cy are not defined over FF = GF(g), but
over some GF(q"), r > 1. Let id # o € Gal(GF(q")/GF(q)). Then C{ = C4, so
degCy = degCs = 5. By Lemma 2.24 p.55 of [Hi98], |Ci| < 52, so |Cq| < 49. Since
q > 64 we have a contradiction. O

Acknowledgment. The preceding proof was lifted directly from [PPP95], but the
ideas of the proof originated with J. A. Thas.

For the remainder of this section write Of := OF, and O3 := OF . Then for
i=1, 2, let Gj = PTL(3,q)+ be the full collineation stabilizer of the hyperoval

o,

Recall that if g € PT'L(3,¢q) has companion automorphism o € Aut(F), and
if h € Flx,y, 2] is a homogeneous polynomial, then the image h9, of h under g is
defined by:

h =g lohoo,
where this means do ¢! first.

Since goo = id, for d = 1 € F, write hy = hg(z,y,2) = hi(x,y,z). For
d = ¢o/(co+w) let ho be the image of hg(x,y, z) under g.,. So in both cases, (i.e.,
c=o00;d=1and ¢ = cyg,d = c/(c+ w)) we have the following:

O, ={(@,y,2): hala,y,2) = 0},
02_ = {gc(zvyVZ) : hd(zvyVZ) = O} = {(‘TayVZ) : hd(gc_l(JL‘,y,Z)) = O}
= {(‘TayVZ) : hgc(x7yvz) = O}

We have arranged the notation so that for i = 1 and i = 2 we have O} =
{((E, Y, Z) € PG(27 q) : hi(‘ra Y, Z) = O}

Lemma 6.9.5. Fori =1, i =2 we have:
G, ={g € PTL(3,q) : hY = Mh;; A\ € GF(q) \ {0}}.

Proof. First suppose g € PI'L(3,q) with hy = Ah;, A € GF(q) \ {0} for i =1, 2.
Then ¢ fixes the set of points (z,y, z) such that h;(x,y, z) = 0. But these are just
the points of the hyperoval O} for i = 1, 2.

Conversely, suppose that g € G; and suppose that hY # Ah; for a nonzero
A If C; 2 hi(z,y,2z) = 0, i = 1, 2, then the pointsets of C; and C;? coincide.
By Bezout’s Theorem, it follows that the number of points of C; N C;?, counted
according to multiplicity, is at most 100. This is contrary to our hypothesis that
q> 64 and e =2 (mod 4), i.e., ¢ > 256. O
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The following argument is essentially the same as one in the previous section.

Since (0,0, 1) is the unique singular point of C;, ¢ = 1, 2, G; must fix (0,0, 1)
and the set {Q, Q} of tangents. Also, since (0,0, 1) is on O;, so each line through
(0,0,1) passes through a unique point of O;f, no non-trivial element of G; can
have (0,0,1) as its center. Hence G7 and G2 fix (0,0,1) but not linewise, and so
act faithfully on the quotient space PG(2,q)/(0,0,1).

At this point we recall the proof of Lemma 6.6.7 to see that both G; and
G4 are subgroups of Cy11 X Ch.. We are ready to prove the main theorem of this
section.

Theorem 6.9.6. The hyperovals OF and OF in PG(2,q), q = 2¢, are inequivalent
fore =2 (mod 4). The full collineation stabilizer of OF in PTL(3,q) is isomorphic
to the semidirect product Cs x Ca., and the full collineation stabiliser of OF in
PT'L(3,q) is isomorphic to the direct product C5>'<Ce/2.

Proof. For the g from Lemma 6.9.1 we have that (g) is normal in PGL(2,q), 1,
since (g) is characteristic in (h), which is normal in PGL(2, q), ;. Since ¢* +q+1 =
1 (mod 5), g has a unique fixed line, namely = + y + w?z = 0. Since G and G2
normalize (g), they fix # +y + w?z = 0.

Let H; = G; N Cyq1, for i = 1,2. We have H; and H» fixing both tangent
lines @ and @, so fixing their product 2 + way + y?> = 0. They also fix the line
r+y+w?z =0, so fix 2 +y? +wz? = 0. Let P be the pencil generated by these
two. The group induced on the set of conics of P by the stabilizer in PGL(3, q) of
P is cyclic of order ¢ — 1. Since (¢ + 1,¢ — 1) = 1, each H; fixes every conic in P.
So for i = 1,2, H; fixes the conic O : zy = 2%, so it fixes O N O = O N PG(2,4),
by Lemma 6.9.3.

Now H; acts semiregularly on PG(2,q) \ {(0,0,1)} for ¢ = 1,2. All points
(except the fixed point) have orbits of length |H;|. But since H; fixes ONPG(2,4)
and acts semiregularly on O, we have |H;| dividing |O N PG(2,4)| = 5. Hence
|H;| = 1 or 5. But (g9) < H;, so H; = (g) for i = 1,2. Hence G; and Gz are
subgroups of (g) X Cs.. From 6.3.9 we know that the subgroup of H; induced by
Go has order 10e. Hence we have G1 = (g) X Ca,.

As ¢+ 1 =0 (mod 5) with ¢ = 2%, then e = 2r where r is odd, so e/2 is
odd. We now show that G5 < (g) X Cs.. The subgroup C5 x (4 contains all
the involutions of (g) x Cs. (five in total) since €/2 is odd. These five involutions
are conjugate under (g). If G5 contains an involution, then it must contain the
involution ¢ from 6.3.9. Since

o {1t fo(t)):t € F} —
{(t, 1, fo(t)) : t € F} = {(1,u,uf2(u=r)) :u € F},

it follows that if G contains an involution, then fa(t) = tfa(t~!) for all t € F,
but this is not so. Hence 2 does not divide |G| That is, G2 < (g) x C¢/a.
From Theorem 6.3.10 we have the induced group of OF has order 5e/2. Hence
G2 = (g9) x Ccj2. But C,/, has odd order and is acting on (g) where Aut((g))
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has order 4, thus it must be that the semidirect product is in fact direct. Hence
Gy = <g>>< CVe/2~ 0

6.10 Summary of Subiaco Oval Stabilizers

Let F = GF(q), ¢ = 2°. Choose § € F so that 22 4+ dz + 1 is irreducible over F.
We have two “standard” ways to do this.

A. Let ¢ be a primitive root of GF(¢?) C F. Put f = ¢¢ 1 and § = g+ 3~ L.
This choice of § works for any ¢ = 2°. When ¢ is chosen in this way, put
[a] = B* + S~ for rational a with denominator coprime to g + 1.

B. Suppose ¢ = 227, r odd (This is iff e = 2 (mod 4) iff ¢ + 1 = 0 (mod 5).)
Then put § = w € F where w? +w + 1 = 0.

Of course a third possibility is that ¢ = 2° with e odd, in which case we may
choose § = 1.

The basic results show that for each fixed ¢, each two choices of § give equiva-
lent g-clans. Hence we may use whichever § is convenient. Each Subiaco hyperoval
is an absolutely irreducible algebraic curve of degree 10. The complete stabilizer of
the Subiaco oval is exactly the group induced by the group of the associated GQ
of order (g%, q), and this is also the complete stabilizer of the associated Subiaco
hyperoval.

Refer to Section 6.5 for remarks concerning the cases ¢ < 64. In the present
section we summarize the information obtained concerning the stabilizers in each
of the five cases. In each of these cases the hyperoval is given in the form

Ot ={(1,t,f(t)) : t € F} U {(0,1,0),(0,0,1)},

where only the function f(¢) is given. (0,0, 1) is the nucleus of the Subiaco oval
associated with the given Subiaco hyperoval.

Case 1. ¢ = 2°, e odd, e > 7. Up to projective equivalence there is only one Subiaco
oval (resp., hyperoval). We may put § = 1 and choose OF = (9(+1 1) Then
3+ t2 -t
f(t) = T e,
(t2+t+1)2
Here PT'L(3, q)o+ is a cyclic group of order 2e generated by p : (z,y, 2) — (y,z, 2)

and the automorphic collineation (x,vy,z) — (22,42, 2?). The homography stabi-
lizer of OT is the cyclic group {p) of order 2.

Case 2. ¢ = 2°, ¢ =0 (mod 4), e > 8. Up to projective equivalence there is only
one subiaco oval (resp., hyperoval), and PT'L(3, q¢)o+ is a cyclic group of order 2e.
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We have found no simple explicit presentation of the stabilizer for any particular
choice of oval. If we choose O = (’)2”1 1) then

FPtr+ 821+ 0+ 82)(83 +12) + 6%t
(t2 4 6t 4 1)2
In this case it is easy to see that the homography group is again the group (p),
where p : (2,9, 2) — (y,x, z). However, it seems difficult to find a pleasant gener-
ator of order 2e. On the other hand we may put § = 3+ 37!, as explained earlier,

and choose O = (’)?6)1). Then
4 §2\43 | £342 4 52
£(t) = (0 + 64t + 05t + 6 t+(t/6)1/2.

(2 + 6t + 1)2

In this case we can say that PT'L(3, ¢)o+ is generated by ¥ where
1 [7] [1] > ( 51/4 5—1/4 >
=6(2, Y ® _ .
(0 ( 5 < []130] [z] 0 §—1/4 )
From this it follows that t has the following form:

¢1($7yaz) =

o (B ) () o))

The homography stabilizer is cyclic of order 2 generated by I, where s = [2]/[2].

Case 3. ¢ = 2°, ¢ = 2 (mod 4). Put § = w with w? + w + 1 = 0. There are two
classes of Subiaco ovals. One of them contains Oy 1y = O. Then O is given by

Wt +t) 12
= (t2 + wt + 1)2 L

In this case PT'L(3, q)o+ is a semidirect product Cs x Cy. where for a generator
of C5 we may take

fl OfOO : (zayVZ) = (y,l' +wy, 2 +w2y)7
and for a generator of Cy. we may take

p 2

Vo (x,y, 2) (22 22 + wy?, 2 + w2?).

The homography stabilizer is dihedral of order 10 generated by the involutions
p=1; and .
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Case 4. ¢ = 2%, e =2 (mod 4), e Z 0 (mod 5). Put § = w, where w? +w + 1 = 0.

Here OF = O(JB 1 is in the “other” class of ovals with stabilizer Cs, /5. Here

3+ 12 + w?t L
t) = t1/2,
TO= 2y pps12 T

Here PT'L(3, q)o+ is cyclic of order 5¢/2 and generated by
pi @y, 2) = (vt et +wyt 2t wyt).

The homography stabilizer is cyclic of order 5 generated by
Liolyg:(z,y,2)— (y,x+wy,z+ wy).

Case 5. ¢ = 2¢, e = 10 (mod 20). Choose 6 = 3+ 37!, as usual. Then (’)2”1)51/2) is

in the “other” class of ovals with stabilizer Cs, 5. Here

0%t 40513 + 0712 + 0%

#+ot+12 T (t/0)'7.

ft)

Here PT'L(3,q)o+ is isomorphic to the direct product CsxC, /2, and the homog-
raphy stabilizer is cyclic of order 5 generated by Iy o I..



Chapter 7

The Adelaide Oval Stabilizers

7.1 The Adelaide Oval

We now pick up right where we left off at the end of Section 4.8, except that from
now on we assume that ¢ = 2° with e even, and m = qgl = _32 (mod ¢+ 1), so
we are in the Adelaide case. The unique linear map known that stabilizes the oval
O/, is the involution given by

(ULl + 1 m] + 1) — (7.1)
1 [1] 0
(UL U+ 0ml+1) L 0 1 0 | =(],l7—1],im]+1).
0 0 1

The fixed points of this involution are the points of the line = 0, i.e., the points
(0,9, z). But clearly the unique oval point on this line is the point (0,6, 1), hence
this line is a tangent line. The generator of the known stabilizer is 0’ , which acts on
the points of this line as (0,y, z) — (0, y; ,22), from which it follows that exactly
three points on this line are fixed: the oval point (0,4, 1) and two others: (0, 1,0)
and (0,0,1). But the secant line through p} and p’_j passes through the point
(0,1,0), implying that the nucleus must be (0,0, 1).

Hence the line [[j + 1], [5],0]7 is the tangent at ([5], [ + 1], [jm] +1).  (7.2)

7.2 A Polynomial Equation for the Adelaide Oval

If ¢ = 4, clearly m = 1 and the GQ is classical. If ¢ = 16, m = 5 and the GQ is
the Subiaco GQ. Hence we assume from now on that ¢ > 64. Since (m,q+1) =1,
all the ovals in the herd are projectively equivalent to the following oval:

O ={(l, 7 + 1], jm] + 1) : j (mod g+ 1)}, (7.3)



134 Chapter 7. The Adelaide Oval Stabilizers

with known cyclic stabilizer of order 2e generated by

2,2
0: (x,y,2) — (22, * j;y ,22). (7.4)

It is easy to check that for 0 #Z j (mod g + 1),

T? 4 6[4]T + [27] + 6% = 0 has the two roots [j + 1] and [j — 1].

o (555) -0 ()

for all j Z 0 (mod ¢+ 1). But 22 + 6z + 1 = 0 has roots 3 and 3 which are not in
F,sotr (612) = 1. This implies that

Hence

tr (é]) =1 forall 0 #Z j (mod g+ 1). (7.5)

Note. Since [a] = [b] iff a = £b (mod ¢+ 1), this means that all ¢/2 elements of F'
with trace 1 are of the form [}].

Using [a]® = [3a] + [a] for all @ mod g + 1 (see (vi) of Lemma 3.7.1) we see
that

[jm]?* = [‘;jrz[zﬂﬂm
implying
([im] +1)° = [im]® + [jm)* + [im] + 1 = [24] + ([jm] + 1)*,

from which we get

([Fm] +1)° + ([im] + 1)* + [24] = 0. (7.6)
So fix j # 0 (mod ¢+ 1) and put

G(T) = T* + T2 + [21].
Then G(T) = 0 has the root T = [jm] + 1 = z;. Divide G(T) by T — z; to obtain
G(T)= (T —2)(T?* +T(1 4+ 21) + (1 4+ 21)21) = (T — z1)H(T).

The quadratic factor H(T') is irreducible over F, because

tr ((1 * Zl)z;) :tr( “ ) :tr([‘7 I+ 1) —tr (1 .. ) =0+1=1,
(14 21) 1+ 2z [7m] [im]
by Eq. (7.5) and the fact that e is even. This proves that

[jm] + 1 is the unique root in F of T° + T?% 4 [2j] = 0. (7.7)
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The line [[jm]+1, 0, [j]]” is a secant line to O containing the two oval points

(17 + 1], [jm] + 1) and (replacing j with —j) ([jl,[j — 1],[jm] + 1). So if
(ly ] y1,[gm] + 1) and ([j],y2, [jm] + 1) are these two points, we know y; + y2 =
[+ 1+[j—1] =4[], and y1y2 = [j + 1][j — 1] = [§]* + 6. This proves

([4], v, [jm] + 1) € O iff y is a root of T? + §[§]T + [§]* + 6% = 0. (7.8)

Note the following: [jm] 4+ 1 # 0 for all j modulo q + 1. This is clearly true
for j =0 (mod g+ 1). And if j £ 0 (mod ¢+ 1), then Jm 75 1 since tr(1) = 0 and
tr ([jin]) = 1. So if (z,vy, 2) is an arbitrary point of O, then z # 0. If = 0, then
(z,y,2) = (0, 6, 1) = Ma,y,2) with A = 271 If & # 0, then (z,y,2) = (1,7, 2).

There is a unique j (mod g + 1), j # 0 (mod g + 1), for which ¥ = [Jﬁ]l] Put

A= [i]. So Ax,y,2) = (Ax, Ay, Az) = ([4], [1+ 1], Az) where Az (= [jm] + 1) is
the unique root in F of T3 + T2 + (Az)? = 0. This proves

2 2
A= T A and A=

o4
23 '

o (7.9)

By Eq. (7.8) (A\y)2+d(\z)(A\y) + (A\z)? + 8% = 0, so \%(y? + dxy +2?) = 6%, proving

52

2\ = .
Y2 + dwy + 22

(7.10)

This is well defined since y?+dzy+22 = (y+Bz)(y+Bz) # 0 for nonzero z,y € F.
Putting the two previous equations together, we have

Lemma 7.2.1. If (z,y,2) € O, then §22% = (2* + 2%)(y? + day + 22).
Define G(z,y, z) by

G(z,y,2) = 622°+ (2" + 2 (y? + oy + 2?) (7.11)
(z* + 2Yy? + (6x(z? + 2Y))y + 6225 + 212 4 2©

6
= Zf(i)(omz) -7 with
f7<0> =W =f@ =& =q; f® 2o, (7.12)

This shows that (0, 1,0) is a singular point of C': G(x,y, z) = 0 with multiplicity
4. The line z = z is the unique tangent line of C' at (0, 1,0) and it has multiplicity
4 at (0,1,0).

It is also easy to check that

O =dy(x” + 2%); ay =ox(z” + 2%); 55 =0.
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It now follows readily that (0,1,0) is the only point (z,y, z) satisfying

Gz,y,2) = Zf(%%@ = gj(%y72) = gf(%y,Z) =0.
The unique singular point of C': G(z,y,2z) = 0is (0,1,0). (7.13)

If (20, yo, 20) is a simple point of C, then the tangent line of C' at this point
has equation dyo(zg + 23)z + dzo(zd + 23)y = 0, so yoz + 2oy = 0, and hence
contains the point (0,0, 1) which does not belong to C.

Tt is of interest to check directly that the collineation 6 of Eq. (7.4) does leave
C invariant and fixes the point (0, 1,0), which is not on O.

Theorem 7.2.2. C'= 0O U{(0,1,0)}.

Proof. We know that O U {(0,1,0)} C C, so let (z,y, z) be an arbitrary point of
C. If z = 0, then 2*(y? + day + 22) = 0. If also & = 0, then we get the point
(0,1,0). If & # 0, then y? + dxy + 22 cannot be 0 for z,y € F. So (0,1,0) is the
only point (z,y,z) € C with z = 0. Suppose z # 0. If = 0, then G(z,y,2) =0
implies that y = dz and we get the point (0,4,1) of O. So we may assume that
x#0# 2.

There is a unique j (mod ¢ + 1) for which ¥ = [jg.]l]. So

@)= Do) = (1+11.7 ) ec

First check that [j+1]2+[1][j][j+1]+[j]* = 6% Then from G([j], [j+1], */) =

0, we have )
() [

(Zg]>6+ (Zg]>4+ [§]* = 0.

Take the square root to find that

(Zg]>3+ (Zg]f +[j]*=0.

We know by Eq. (7.7) that ZLj] = [jm] + 1. Hence (x,y,2) € O. O

52

Divide by 62 to get

7.3 Irreducibility of the Curve

Recall that if
G(z,y, 2) = 622° + (z* + 2%)(a® + dzy + ),
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then
C =A{(z,y,2) € PG(2,q) : G(x,y,z) = 0}

has a unique singular point P = (0, 1, 0) with multiplicity 4, and the line [1,0, 1]
is the unique tangent line to C' at P and it has multiplicity 4 there. Let F be
an algebraic closure of F and C' = {(x,y,2) € PG(2,F) : G(x,y,z) = 0}. Since
x + 2z does not divide 6225, the tangent line [1,0,1]7 is not a component of C.
As C has a unique singular point, each irreducible factor of G(z,y, z) over F has
multiplicity 1. Suppose the irreducible components of C are Cy,...,C, for some
r > 1, where deg(é’i) = n; and C; has multiplicity m; at P. If for some i we
have m; = n;, then m; = n; = 1 and the component C'Z- is a line, which must
therefore be a tangent to C’i7 and hence to C', at (0,1,0). This possibility is already
ruled out. Since ny +---+n, = 6 and my + --- +m, = 4 with n; > m; > 0 for
all 4, so (n1 —m1) + (ng — ma) + -+ + (n, —m,) = 2, it must be that r = 2,
ny = my + 1, ng = mgo + 1, and without loss of generality we may assume that
(n1,m2) € {(1,5),(2,4), (3, 3)} As P is the unique singular point of C it is the
unique common point of Cy and Cs. In particular, each of C1, Cs has the point P
with multiplicity at least 1, implying n; > 2, forcing (n1,n2) = (2,4) or (3,3).

Suppose that C, and Co are not defined over F , but rather over some
extension GF(¢®) with s > 1. Let o be a generator of the Galois group
Gal(GF(q®)/GF(q)). Then C;° = Cs,, which implies n; = ny = 3. Let C; =
PG(2,F)NC;, with i = 1,2. By [Hi98], Lemma 2.24 (i), it must be that |C;| < 32,
so |C| <2(9)—1=17. But |C| = ¢+ 2 and ¢ > 64, so this case cannot occur.
Hence C; and Oy are defined over F = GF(q).

Again let C; = PG(2, F) NC;, with i = 1, 2. Suppose that C} is irreducible of
degree 2 over F. Since |C1NO| > g, it follows by Theorem 10.21 of [Hi98] that the
unique complete arc containing C; N O is O U {(0,0,1)} = C; U {nucleus of C4}
and hence (0,1,0) € O, an impossibility. So we must have (n1,n2) = (3,3). This
means that each component C; is an irreducible cubic having (0, 1,0) as a unique
double point (singular point with multiplicity 2) with a unique tangent at (0, 1,0).

At this point we know that Cy and C5 are cubic curves with a cusp at (0, 1, 0)
(i.e., (0,1,0) is a double point with a unique tangent). By table 11.7, p. 260 of
[Hi98], C7 and Cs each have ¢ + 1 points with one point in common. This implies
|C| = 2¢ + 1, an impossibility. This completes a proof of the following theorem.

Theorem 7.3.1. The curve C : G(x,y,z) = 0 is absolutely irreducible.

7.4 The Complete Oval Stabilizer

Lemma 7.4.1. PT'L(3,q)o € PT'L(3,q)4.

Proof. Let 6§ € PTL(3,q)o. Recall C = O U {(0,1,0)}. Suppose C' # C?. Since
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occnc?,
g+1< > my(C)-my(C?) < 6° = 36.
peCnCe
Hence if ¢ > 64 then c? =0, completing the proof. O

This means that § € PT'L(3, ¢)o must also fix the points (0, 1,0) and (0,0, 1).
Since we have a collineation fixing O belonging to each field automorphism, it
suffices just to consider the homographies § € PGL(3,q)o.

Suppose that 6 is a non-identity homography

0: (x,y,2) — (x,y,2)A.

Since 0 fixes (0,1,0) and (0,0,1) we may assume WLOG that

b
A= d . with a-d # 0.
0

o O
—_ o o

But 6 must also fix (0,6,1), the unique point of O on the fixed line z = 0. Since
(0,0,1)A = (0,dd, 1), it follows that d = 1.

Since the point (0, 1, 0) is fixed by 6, the secants through (0, 1,0) are permuted
among themselves. Hence given a nonzero j modulo ¢ + 1 there are A and y in F'
and a unique k£ modulo ¢ + 1 for which

Aaljl, il + 5 + 1], elj] + [im] + 1) = ([k], [k + 1], [km] + 1),

and
w(aljl bl] + [ — 1, elj] + [jm] + 1) = ([k], [k — 1], [km] + 1).
Clearly A =p = a[’[c]]] Hence
blk] | (Kl +1] elk] | [K(m]+1)\ _ .
(1, ") G0 0 BB D) 1, o)+ ),
and

(m oy W ] ¢ 1)) 1) (o] £ 1),

Add together the two equations arising from the equality of the y-coordinates.

The result is: [kL[[jJ],][l] = [K][1], which implies that a = 1. Hence

1 b
A=1 0 1
0 0

—_= O 0o
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Since # must also fix the line [1,0,1]7 , which is the tangent to C at the singular
point (0,1,0), and (1,y,1)A = (1,b+ y,e + 1), it follows that e = 0.
We know that for each y € F' there is a unique point (1,y,z) € O for which
(it y = VY, then » = Ut
622% = (1 + 2N (1 + 6y + 4?).
Hence (1,y,2)? = (1,b + y, z) must satisfy
6228 = (1+ 21+ 5(b+y) + b +y?),

implying
0%2% = (1+ 24 (1 40y +¢°) + (1 + 2*)(3b + b?).

As z takes on values different from 1, clearly b =0 or b = ¢.

Of course this forces 6 to be either the identity or the other linear involu-
tion that we already know stabilizes the oval O. This concludes our proof of the
following.

Theorem 7.4.2. The complete stabilizer of the Adelaide oval is exactly the stabilizer
induced by the automorphism group of the Adelaide generalized quadrangle.

The argument used in the proof of Lemma 7.4.1 also shows that if 6 fixes the
hyperoval O U (0,0,1), then it also fixes the curve C. But the point (0,0,1), as the
intersection of the tangents to C' at all points other than the singular point (0,1,0),
must also be fixed. Hence 0 fixes the Adelaide oval. This proves the following;:

Corollary 7.4.3. The full stabilizer of the Adelaide hyperoval is the same as the sta-
bilizer of the Adelaide oval and is induced by the collineation group of the Adelaide

GQ.

Note. The results of this section provide an additional proof that the group Gy in
the Adelaide case must have order 2e(q + 1).



Chapter 8

The Payne g-Clans

8.1 The Monomial g-Clans

Suppose that C = {A4; = (4 ¥!) : t € F} is a g-clan for which each of the functions
Zt, Yt, ¢ 1s a monomial function. In a rather remarkable paper, T. Penttila and L.
Storme [PS98] show that up to the usual equivalence of g-clans, the three known
examples are the only ones. Since the two non-classical families exist only for e
odd, we assume throughout this chapter that e is odd. Then the three known
families have tlhe f?llowing appearance. There is some positive integer 7 for which
C={4, = (to s ):teF}
214

It is easy to see that when ¢ = 1 the classical examples arise (because e
is odd), and when i = 2 the FTWKB examples arise. As GQ these examples
were found by W. M. Kantor [Ka80] before the notion of g-clan had appeared
and supplied the initial stimulus that led to the development of g-clan geometry.
When ¢ = 3, the family first found by S. E. Payne [Pa85] arises. For each value of
i, 1 < i < 3, the following is an immediate corollary of Theorem 3.2.1. (Of course,
for i = 1 and i = 2 we have already obtained this result.)

1 1
Corollary 8.1.1. Suppose C = {A; = (“i 52 ) it € F} for some fized positive
0 t 20

integer i. Then f(t) = t2 and g(t) = t*% satisfy t~lg(t) =t~ =2 = f(t~1). So
by Theorem 3.2.1, 0(id, P ® P) is an automorphism of GQ(C) interchanging A(t)
and A(t™1). O

8.2 The Examples of Payne

Throughout this section we assume that ¢ = 2¢, e odd, so tr(1) = 1 and ¢ + t5 is
1

a permutation of the elements of F = GF(q). Put C = {4, = (tﬁ i ) cte F}If
t6
C turns out to be a g-clan, by putting ¢ = 3 in Cor. 8.1.1 we find a collineation ¢

[

(e
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of GQ(C) interchanging [A(t)] and [A(t~)], t € F. Note that [A(1)] is the unique
line through (o) fixed by ¢.

In S. E. Payne [Pa85], where these examples were first introduced, the notion
of g-clan became clear, but the term was not introduced until [Pa89].

To see that C really is a g-clan, as well as to study the collineations of
GQ(C), it is more convenient to use an ordering of the matrices of C that makes C

3-normalized: C = {A} = (t t3) (teF}

0 t°

(s+8)(s°+1%) _

Then for s,t € F, s # t, Ay + Aj is anisotropic, since 1 + 7 5 ¢

1+ s4+53£+szt2+s§3+t4 _ 45325;-32153 X
st+s2te+t st4s°t2+t
C is a g-clan.

Now let 6 be any collineation of GQ(C) fixing (00), (0,0,0) and [A(c0)]. By
Theorem 2.2.1, modulo the kernel A/, we know that 0 = 0(0, A ® B), where o €
Aut(F), A € GL(2,q), B € SL(2,q), 7 : F — F : t — & = (M3 +0%)3, and
AL =ABH(A)B™T 4+ A (Put B~ = (20), ad+bc=1).

This equivalence of matrices holds if and only if the following three conditions
are satisfied:

2
_ st st
= g24gtag2 T (82+St+t2) has trace 0. Hence

(i) T = a7 +abt? +b*t>7) 40,
(i) £ = 37 +0°, (8.1)
(iii) #© = Mc*7 + cdt3® + d*t°7) + 0°.

Since the expression in (ii) is the cube of that in (i), we have the following:

AT+ 07 = A3 a7 4 abt> + 02t°7)7 + N2 (at7 + abt> + V2°7)20

+A(a%t + abt3® + b%57)0% + 03 ¢ coe

ficient on ¢'°7 is 0 on the left-hand side and A3b® on the right-hand side. Since
A # 0, it must be that b = 0. So we have

A7 = X3a%t37 4 X2a*270 + Aa?t7 02,
for all @ € F. Since b = 0, clearly A2a* # 0, so 0 = 0. It follows that
Aa® = 1. (8.2)

And ad+bc = 1 implies d = a~1. Eq. (iii) now appears as: A(c*t7 +cdt37 +d*t57) =
5 = (A3t7)5 = A5¢59. This forces ¢ = 0 and Ad2 = A3, or A3dS = A%, which implies
d®*=X=a"3. Sod=a"" as needed.

Tt follows that the group of special semi-linear collineations fixing [A(c0)] has

order (¢ — 1)e. Now return to the original ordering of the matrices in C and check
the following with B~! = (4" 9), A = d*:

st o t& 1% 0\ _ p d=2ts 3
0 d 0 t% 0 d ) 0 d%%

(@) @)\ _
L0 @)y )T
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It follows that ¢ — ¢ = d®t°, and by Theorem 2.2.1,

9(0:( o )@ ( o )); (0,8,¢)
((@7,87) [( (1) (?3 )@( g d91 )} d3¢7). (8.3)

One consequence of these computations is that the stabilizer of [A(c0)] in Gy
also stabilizes [A(0)]. Since [A(1)] is the only line through (o0) fixed by ¢, clearly
[A(c0)] and [A(1)] are in different orbits. And since ¢ — ¢ = d°t° shows that all
lines [A(t)], 0 # ¢ € F, are in the same orbit, Gy has two orbits on the lines through
(00), one of which is {[A(c0)], [A(0)]}. And |Go/N]| = 2(q — 1)e.

We now consider the action of Gy on the associated ovals and subquadran-
gles, still using the é—normalized form of the g-clan. Clearly the involution ¢ =
0(id, P ® P) interchanges R(1,0) and R 1). Also, § = 6(c, (§ 1) ® (g 1)) maps
R1,4) 10 Re1,t0d-2)-

Hence it suffices to consider just two cases.

Case (i). a = (1,0). Since (1,0)7 (¢ %) = d(1,0), we have that 6 stabilises R o)

(with A = d in the notation of Theorem 2.8.1). Here
Ouoy = {(Lt,18) -t € FYU{(0,1,0)}.

In the notation of Theorem 2.8.1 we have C' = 0 = E. Hence

1 0

0:(1,t,00) = (d(1,17) ( 0 d

) L d3t6) = (d*,d%7,d3t5) = (1,d%7, dt5).

As a collineation of PG(2,q),

R 1 0 0
0 : (wo,21,22) — (x5,27,25) | 0 d® 0O
0 0 d

This gives a group of order (¢ — 1)e stabilizing
O1,0) = {(z0, 21, 22) : 2§ = zd21}
which is proved to be the complete oval stabiliser in [Pa86].
Case (ii). a = (1,1). Here g((1,1),¢) = 9, where & : t — t® = t6 + 6 + to, then
Oy ={(1,t,t°) : t € FYU{(0,1,0)}.
Since (1,1)P = (1,1), ¢ stabilizes R(; 1) with A = 1. And

¢ =0(id, P@ P): (1,4,t°) = ((1,)) PP, 1°) = (£,1,8°).
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To find the induced stabilizer of O 1) it remains only to observe that
(o, (é d03) ® (g d91 )) stabilizes Ry 1 if and only if d = 1. Then
0=0(0,11): (xo,x1,x2) — (£, 27, 23).

This gives an induced stabilizer of order 2e, which is easily seen to be cyclic and
by [TPGS88] must be the complete stabilizer of the oval.

8.3 The Complete Payne Oval Stabilizers
The Stabilizer of O 4 o)

The oval Oy ) = {(1,t,t6) : t € F}U{(0,1,0)} = {(1,,¢°) : t € F}U{(0,1,0)} is
known to be the Segre oval (it was discovered by Segre [Se62] in 1962). In [Hi98],
p- 190, we find that in PG(2,8) every hyperoval is regular, i.e., it contains a conic.
In particular, the Segre oval involved in this case is a “pointed conic'.” So let
q > 2° = 32. From [Pa86] we know that the complete subgroup of PTO(3,q)
stabilising O(; gy has order (¢ — 1)e. To obtain such a result, Theorem 8.3.1 is
used, which holds for any hyperoval Ot (a) = {4, B} U{(1,¢,¢*): ¢ € F'}, where
A =1(0,1,0), B =(0,0,1) and « is a permutation of the elements of F' fixing 0
and 1 and satisfying

(%) = (g —f)(co —e2) # (g — ¢§)(co — 1)

with cg, ¢1, o € F. For each integer k, the map a: x — 2¥ is a permutation of the

elements of F' fixing 0 and 1 if and only if gcd(k,q — 1) = 1. For such an «, write
k in place of o, put M ={k: 1<k <gq—1, ged(k,q—1) =1}, 7T = {k € M such
that & satisfies condition (%)} and A = {«a: « satisfies () and « is additive} =
{keM:k=2"1<i<e, ged(i,e) =1}.
Theorem 8.3.1 ([Pa86], Cor. IV.1). Let « € Z, with o, a/(a—1), 1 —a ¢ A. Let G
be the group of collineations of PG(2,q) stabilising O*(a) = {A, B,C}UO" where
C = (1,0,0) and O° = O*\ {A, B,C}. Then

(i) Ga = G = G¢o and G4 acts transitively on O° so that its one-point sta-

biliser in O° has no further one-point orbit in OV,

(i) {A, B,C} is invariant under G; O° is an orbit of G.

(iii) G = Ga unless a®> —a+1=0(modq—1), in which cases the map (x,y,z) —
(z,2,y) induces a collineation of PG(2,q) fizing O*(«), having the cycle
(A, B,C) and mapping (1,¢,c¢*) to (1,d,d*), with d = ¢~*.

(iv) Ga is generated by the collineations 0: (x,y,z) — (x7,y7,27), o € Aut(F)
and p: (x,y,z) — (x,dy,d*z),0 £ d € F.

IFor q even, ¢ > 4, if C is a conic with nucleus N and P € C, then (CU{N})\ {P} is an oval
inequivalent to a conic, called a pointed conic.
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Clearly, in our case @ = 6 and O(«) = OEKLO)' Moreover, the complete sub-
group of PT'O(3, q) stabilizing the hyperoval (92‘170) containing O ¢ also has order
(g—1)e except in the one case ¢ = 2°. In that case 62 —6+1 =31 =0 (mod ¢—1),
so there is an extra factor of 3 stabilizing the hyperoval ([Pa86]). But in all cases
with ¢ > 25, Gy induces the complete stabilizer of the oval O1,0)-

The Stabilizer of O 4 1)

For this section we refer to the paper [TPG88]. Recall that

Ouny ={(1,t,t°) : te F}U{(0,1,0)}

where & : t — % = t64t6+t6 and whose nucleus is (0,0, 1). Since § commutes with
each automorphism of the field, 6 = é(o, I®I): (z,y,2) — (279,y%, 29) generates
a group of order e of collineations of PG(2, q) leaving invariant the oval Oy 1. It
is easy to see that (z71)% = 5”:, from which it follows that ¢ : (z,y,2) — (y,z, 2) is
a projectivity of PG(2, q) fixing the points (1,1,1) and (0,0, 1) and interchanging
(1,0,0) with (0,1,0) and (1,¢,¢®) with (1,¢7L, (¢71)%), ¢ # 0. Hence ¢ leaves
invariant the hyperoval O*(1 1) = O(1,1) U {(0,0,1)}. The group G = (é, q[3> has
order 2e and we will show that it is the full group G* of collineations of PG(2, q)
leaving invariant the hyperoval O*(; 1y. The orbits of G on O*(y 1) are the two
singletons {(0,0,1)} and {(1,1,1)}, the set {(1,0,0),(0,1,0)} and the sets of size
2d, where 1 < d and d divides e.

An algebraic curve of degree 6

It can be easily verified that (2°)% = 2(2°)* + 2° + x. Take square roots, put
u = 2% and define f,(u) = ud + z2u® + 2 + 22 which is the same as f,(u) =
(u— a2 (u? 4 (6 4 26 )u+ 2%z + 6)).

Theorem 8.3.2. If v # 1 € F, then x° is the unique root in F of f.(u) = 0. If
x =1 then both 1° =1 or u =0 are roots of f1(u) =0 .

Proof. For x = 0, fo(u) = u® = 0 having u = 0° = 0 as root. For z = 1, f(u) =
u?(u + 1) = 0 having as roots both u = 1° = 1 and u = 0. Recall the elements of
F are partitioned into two sets: Cop = {22+ 2 : 2 € F'} and its other additive coset
C4, where since e is odd C; = Co+ 1. Then u? + au + b is irreducible over F if and
only if b/a2 € Cy (see [PT84]). So for 0 £ x # 1, u2 + (x6 + 26 )u + a°(x6 + x¢)
is irreducible over F iff 2% (x6 4+ 26)/(x6 + 26)2 = 1 + 21/3/(1 + 21/3)2 € O,
which is the case since 1 € C; and 2'/3/(1 + 2'/3)2 = A% + A € Cy, with A =
(14 21/3)1. 0
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Writing homogeneous coordinates for the points of O(; 1y, we find

Ouny ={(z,y,2):x=2=0#yorxz#0and (y/x)° = z/x}
= {(0, 170), (17 1, 1)}U{(x7y,z):x #y # 0 and

()G +()+ -0
={(0,1,0), (1,1, D} U{(z,y,2) :x #y #0and 2° = ay(z +y + 2)*}. (8.4)

Putting x = 0 in 2% = 2y(x 4y +2)* allows only the point (0, 1,0) while z =y # 0
does allow either the point (1,1,1) or also the ‘extraneous’ point (1,1, 0). Define
the algebraic curve I' in PG(2,q) by

I'={(z,y,2) € PG(2,q) : 2° = xy(z +y + 2)*}.

All this proves the following
Theorem 8.3.3. T'= O 1) U{(1,1,0)}.

The special point (1,1,0)

The following results point out the special role played by the point (1,1,0). For
any ¢ € F'\ {0,1}, the line joining the points (1,¢,c) and (1,¢7%, (¢71)°) of Oy 1)
contains the point (1,1,0). Recall that in PG(2,q), ¢ even, the three diagonal
points (i.e., the points obtained pairwise intersecting the lines joining the vertices
of a quadrangle) are on a line.

Proposition 8.3.4. If the distinct lines p1p2 and qi1q2, where p1, p2, q1, g2 € O(11)
contain the point (1,1,0), then the line joining the diagonal points of the complete
quadrangle p1p2q1q2 is always the line [1,1,0].

Proposition 8.3.5. Let pip2, qiq2, m17r2, where p1, p2, q1, q2, 11, 72, € O(1,1) be
distinct lines containing the point (1,1,0). Then p1, p2, q1, g2, 71, T2 belong to an
irreducible conic C'. Moreover, the line [1,1,0] is the tangent to C' from (1,1,0).

Proposition 8.3.6. Let (1,1,0) be on the line p1ps with p1, pa points of O 1y. Then
the line joining the diagonal points of pipars with r = (0,0,1) and s = (1,1, 1), is
external to Oy 1y. In this way there arise all q/2 lines through (1,1,0) having no
point in common with O 1y.

The Complete (Hyper)Oval Stabilizer for q > 32

Our aim is to show that for e > 5 the complete group G* of collineations of
PG(2, q) leaving invariant the hyperoval is exactly the group G spanned by ¢ and
6. The case e = 5 is more difficult and, even though it yields the same results,
we prefer to treat it separately. Since o € G*, it suffices to determine all linear
collineations of PG(2, q) leaving O* invariant.
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Theorem 8.3.7. Let o be a linear collineation in G*. If ¢ > 32 then a € {id, gf)}

Proof. The linear collineation « transforms the algebraic curve I' into an alge-
braic curve I of degree 6. The point (1,1,0) is the only singular point of T' with
multiplicity 4, hence (1,1,0)* is the unique singular point of I'". Suppose I" # I".
Since T" and I are irreducible, by Bezout’s theorem we have [I' N TY| < 36. As
O N (9(0‘171) Cc I'NT’, we have ¢ < [T NTY|. If ¢ > 32 we get a contradiction,
hence I' = TV and (1,1,0)* = (1,1,0). The tangents of I" at the simple points
of ' concur at (0,0,1), so we have (0,0,1)* = (0,0,1). Let L be a line through
(0,0,1). If LN O(y,1y = P, then the intersection multiplicity of L and I' at P is
exactly 6 iff L is x = 0 or y = 0, in which case P is (0,1,0) or (1,0,0). Hence, with
[a, b, ] denoting the line with equation aX + bY + ¢Z = 0, we have the follow-
ing: (’)?1)1) = O1,1); (1,1,0)* = (1,1,0); (0,0,1)* = (0,0,1); [1,1,0]* = [1,1,0];
(1,1,1)* = {0 N [1L,1,00}* = 0 ) N[1, 1,01 = O,y N[1,1,0] = (1,1,1);
{(0,1,0),(1,0,0)}* = {(0,1,0),(1,0,0)}; [0,0,1]* = [0,0,1]. Since « is linear, it
is easy to check that « € {id, ¢}. O

)
)
}

It is clear that the complete hyperoval stabilizer coincides with the complete
oval stabilizer, hence

Corollary 8.3.8. The complete Payne oval stabilizer for q¢ > 32 is (¢,0) of order
2e.

The Complete Payne (Hyper)Oval Stabilizer for g = 32

For ¢ = 32 we refer to the paper [TPG88] and to the paper [OPP91]. In the first
paper the authors show that the following holds.

Lemma 8.3.9. Let o be a linear collineation in G*. Then
(i) if ¢ = 32 and (1,1,0)* = (1,1,0), then o € {id, $};
(ii) if ¢ = 32 and (0,0,1)* = (0,0,1), then o € {id, $}.

Proof. Suppose ¢ = 32 and (1,1,0)* = (1,1,0). The tangents of T" at its simple
points (i.e., the points of O(; 1)) concur at (0,0, 1). Consequently, the tangents of
IV at the points of (9(”‘171) = 01,1y concur at (0,0, 1). Therefore the tangents of T’
and I"" at the points of O(; 1) coincide. This means that, if I' # I and considering
the intersection multiplicities of points of I' NI, the points of O(; ;) account for
at least 2(¢ + 1) = 66 common points, contradicting Bezout’s theorem. Hence we
have I' = I” and also (1,1,0)* = (1,1, 0).

Suppose now that ¢ = 32 and (0,0,1)* = (0,0, 1), so the singular points of
multiplicities 4 of T" and T” coincide. Assume I' # I, Then (1, 1,0) accounts for
at least 4 x 4 = 16 common points of I" and I'"". Since 32+ 16 > 36, we again have
a contradiction by Bezout’s theorem. So in both cases we have I' = I". Now, just
rephrasing the last part of Theorem 8.3.7, the lemma follows. O
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Having established that, they prove (also using the help of the computer)
that if ¢ = 32, then (1,1,0)* = (1,1,0) for any linear collineation o € G* (we
refer to the paper [TPG88] for the details), from which it follows that G* = (¢, 0).

In the paper [OPP91] the authors use a more algebraic approach to the
problem yielding to a computer-free proof. Let H denote the homography stabilizer
of O* and as usual let G* be the collineation stabiliser of O* in PG(2, q). Clearly,
|G*| = e|H| = 5|H|. They find that |[H| = 2 (mod 5), and since |H| = 2¢ for some
0 < ¢ < 6, the only possible values for |H| are 2 and 32. The case |H| = 32 leads
to a contradiction, so |H| = 2 and since |G : H| = 5 we have |G| = 10 and so
G* = (g?), é> Hence we get the analogue of Corollary 8.3.8 also for ¢ = 32.

Theorem 8.3.10. The complete Payne oval stabilizer for ¢ = 32 is (q/37 é> of order
2e.
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Other Good Stuff

This chapter contains very brief introductions to a few important topics and re-
sults related to g-clan geometries. These results were not needed for the general
development of the material in the preceding chapters, but in many cases they pro-
vide resolutions of natural questions arising from the study of the known examples
and show the special importance of these examples in the general theory.

9.1 Spreads and Ovoids

Let S be a GQ with parameters (s,t), s > 1,¢t > 1. A spread of S is a set M of
lines that partition the points of S. Dually, an ovoid of S is a set O of points of
S such that each line of S is incident with a unique point of O. It is easy to see
that a spread must have 1 + st lines and an ovoid must have 1 + st points. For
example, if a GQ &’ of order ¢ is contained as a subquadrangle in a GQ S with
order (¢2,q), then each point X of a line [ exterior to &’ is on a unique line of S’.
Hence the ¢?+1 lines of S’ that meet [ form a spread of S’ said to be subtended by
[. Spreads and ovoids of GQ have been studied a great deal and have a wide variety
of connections with other geometric objects. For a general reference see J. A. Thas
and S. E. Payne [TP94]. For ¢ = 2° see especially [BOPPR1] and [BOPPR2]. In
this section we give a very brief introduction to the material contained in these
latter two papers.

Let O and O3 be ovals of PG(2,q) and let P be a point of PG(2,¢) not on
either oval and different from their nuclei. Then O; and Oy are compatible at P
provided they have the same nucleus, they have a point () in common, the line
(P, Q) is tangent to both ovals, and every secant line to O; on P is external to
0. As a consequence, every line on P which is secant to Os is external to O;.

Let f be an o-polynomial over GF(q), so in particular f(1) = 1. A generalized
f-fanin PG(2,q) is a family F = {Os : s € GF(q)} of ovals in PG(2, g) such that:

e O; has nucleus (0, 1,0) for each s € GF(q).
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e O;NO; =(0,0,1) for all distinct s, t € GF(q).
e O, and O, are compatible at the point Py = (0,1, f(sii{(t)) for all s # t.

The line [1,0,0]7 is called the common tangent of F. If F is a generalized f-fan
for some o-polynomial f where f is not stated explicitly, we say simply that F is a
generalized fan. An augmented fan in PG(2,q) is a family A of ¢ ovals in PG(2, q)
indexed by distinct points of PG(2,q) such that:

1) Each oval of A has the same nucleus N;

2) The ovals of A intersect pairwise in a fixed point P;

(
(2)

(3) The ¢ indexing points together with P form an oval O with nucleus N;

(4) ?Q aI>1d Opg in A indexed by @ and R respectively, are compatible at (Q), R)N
P,N).

The oval O is called the augmenting oval and the remaining ovals are called the
ovals of the fan. A generalized f-fan gives rise to an augmented fan with O =
D(f) = {(1,t, f(t)) : t € GF(¢)} U{(0,0,1)}, P = (0,0,1), N = (0,1,0), O
indexed by (1,t, f(t)), and conversely.

The main interest in augmented fans derives from the fact that there is a
correspondence between augmented fans with augmenting oval O and spreads of
T5(0O). The definition of T»(O) is given in the Prolegomena.

Theorem 9.1.1. (/BOPPR1] ) Let O be an oval of PG(2,q) with nucleus N, and
let T be a spread of To(O). Then T contains a line of To(QO) of type (b), i.e., a point
P of O. Let 7 be a plane of PG(3,q) meeting wo in the tangent line | = (P, N) to
O at P. Each point X of O\ {P} is on q lines of ', and these lines, together with
the line joining X and P, project an oval Ox of m with nucleus N. Moreover, if
Y € O\{P, X}, Ox and Oy are compatible at (X,Y)NI. Taking the image of O
under a collineation of PG(3,q) mapping mo to w as the augmenting oval, gives
an augmented fan. Conversely, given an augmented fan with augmenting oval O,
construct To(O), choose a plane ™ meeting T in the distinguished tangent line |
of O, take the image of the augmented fan in wo under a collineation of PG(3,q)
mapping Teo to ™ and fixing | pointwise, and for each point X of O\, join X
to all points of the image of Ox not on I, to obtain ¢* lines of type (a) of To(O).
Then adding the line P =1N O of type (b), there arises a spread T' of To(O).

Probably the main result of interest to mention here is the following

Corollary 9.1.2. Fvery augmented fan of conics arises from a normalized flock of
the quadratic cone, and conversely, every flock of the quadratic cone arises from
an augmented fan of conics.

This last result in a slightly different form and with a geometric proof first ap-
peared in [ThO1b]. The use of generalized f-fans to represent spreads of To(D(0O))
generalizes the use of fans to represent ovoids of PG(3, ¢) (as in [Pe99] and [G198)),
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in the following sense. An ovoid Q of PG(3,q) is an ovoid of the GQ W (q) con-
structed from the symplectic polarity defined by Q. Since W(q) is self-dual for ¢
even, the ovoid Q of W (q) gives rise to a spread of W (q). For g even, the GQ W (q)
is isomorphic to the GQ T2(O) where O is a conic. Hence the spread of W (q) gives
rise to a spread of T»(O) where O is an oval given by the o-polynomial f(t) = t2.

The preceding approach to studying spreads of T»(QO) yields a great deal
more. We have not mentioned here the connection between spreads of T5(O) with
O a translation oval and a-flocks (see later for the definition of a-flock). (See
[BOPPRI1], [BOPPR2] and [C98].) In fact the above approach leads to the follow-
ing characterization of those ovals that can belong to a herd.

Theorem 9.1.3. Let O be an oval of PG(2,q), q even, with nucleus N. Then O is
projectively equivalent to an oval contained in a herd if and only if the GQ T>(O)
has a spread consisting of an element of O and ¢* lines of PG(3,q) contained in
q quadratic cones, where the nuclear line of each cone contains N .

Using the general theory alluded to in this section all spreads of T5(O) for
fields of order at most 32 have been determined (see [BOPPRI]), with the con-
sequence that many T5(O) of order ¢ = 32 are known not to be contained as a
subquadrangle of any GQ of order (¢%,q) or (¢,¢?). It is worthwhile to mention
here the rather remarkable result obtained by Brown [Br00] regarding ovoids of
PG(3,q) with a conic plane section

Theorem 9.1.4. An ovoid of PG(3,q) having a conic as plane section is an elliptic
quadric.

9.2 The Geometric Construction of J. A. Thas

The problem of finding a geometric construction of a flock GQ was open for quite
some time. As the years passed after N. Knarr [Kn92| found such a construction for
q odd, many researchers came to believe that no such construction could exist for
q even. Hence it was quite surprising when J. A. Thas presented his construction
in [Th99], with refinements of related material in [Th98] and [ThOla]. This con-
struction represents a major resolution of a long open problem, and no treatment
of flock GQ could be considered complete without it. We just give the construction
without any attempt to sketch the long difficult proof.

Let C be a quadratic cone with vertex x of PG(3, ¢). Further, let y be a point
of C\ {z} and let ¢ be a plane of PG(3, ¢) not containing y. Project C \ {y} from y
onto (. Let 7 be the tangent plane of C at the line xy and let 7N = T'. Then with
the g2 points of C \ xy there correspond the ¢ points of the affine plane ¢\ T = (’;
with any point of 2y \ {y} there corresponds the intersection oo of zy and ¢; with
the generators of C distinct from zy there correspond the lines of ¢ distinct from
T containing oo; with the (nonsingular) conics on C not passing through y there
correspond the ¢?(¢ — 1) (nonsingular) conics of ¢ which are tangent to 7" at oo.



152 Chapter 9. Other Good Stuff

Let F' = {C},C3,...,Cy} be a flock of the cone C. Now consider the set
F={C,C,,..., Cq—1, N} consisting of the ¢ — 1 nonsingular conics C4, Co, ...,
Cy—1 and the line N of ¢, which is obtained by projecting the elements of I’ from
y onto ¢. So Cy, Cy, ..., Cy_y are conics which are mutually tangent at co (with
common tangent line T') and N is a line of ¢ not containing oc.

Now we consider planes mo, # ¢ and p # ¢ of PG(3,q), respectively contain-
ing T and N. In p we consider a point 7 with » € ( N 7. Next, let O; be the
nonsingular quadric which contains C;, which is tangent to m at oo and which
is tangent to p at r, with i = 1,2,...,g — 1. As C; N N = (), the quadric O; is
elliptic, 1 <i < q—1.

Next let S be the following incidence structure.
Points of S

(a) The ¢3(q—1) nonsingular elliptic quadrics O containing O; s, = LYumb)
(over GF(g?)) such that the intersection multiplicity of O; and O at oo is at
least three (these are O;, the nonsingular elliptic quadrics O # O; containing

LY UMY (over GF(q?)) and intersecting O; over GF(q) in a nonsingular
conic containing co, and the nonsingular elliptic quadrics O # O; for which
ONO; over GF(¢?) is LY umy (counted twice), with 1 <i <¢g—1.

(b) The ¢® points of PG(3,q) \ Teo-
(c) The ¢* planes of PG(3,q) not containing oo.

(d) The q — 1 sets O;, where O; consists of the ¢* quadrics O of type (a) corre-
sponding with O;, 1 <i < q—1.

(e) The plane 7.
(f) The point co.
Lines of &

(i) Let (w,7) be a point-plane flag of PG(3,q), with w & 7 and co ¢ . Then
all quadrics O of type (a) which are tangent to v at w, together with w and -,
form a line of type (i). Any two distinct quadrics of such a line have exactly
two points (0o and w) in common. The total number of lines of type (i) is ¢°.

(ii) Let O be a point of type (a) which corresponds to the quadric O;, 1 < i <
g— 1.7 ONme = O;N7oe = LY UMY (over GF(g?)), then all points O’ of
type (a) for which O’ N O over GF(q¢?) is LY UMY counted twice, together
with O and O;, form a line of type (ii). There are ¢(¢ — 1) lines of type (ii).

(iii) A set of ¢ parallel planes of AG(3,q) = PG(3,q) \ o, where the line at
infinity does not contain oo, together with the plane 7, is a line of type

(iii).



9.3. A Result of N. L. Johnson 153

(iv) Lines of type (iv) are the lines of PG(3,¢) not in 7+ containing co.
(v) {00, Moo, 01,02, ...,O0y_1} is the unique line of type (v).
Incidence of S
Incidence is containment.

Tt is proved in [Th99] (with an additional hypothesis in case ¢ = 2¢) that S is
a GQ isomorphic to the point-line dual of the flock GQ constructed from the flock
F'. The approach of J. A. Thas is quite technical and uses results from algebraic
geometry. His results led to a more elementary approach to the problem of giving
a geometric construction for flock GQ in characteristic 2 initiated by Barwick,
Brown and Penttila in [BBP06]. More recently, M. R. Brown has given a truly
satisfactory treatment in the preprints [Br07] and [Br06]. His work culminates in
a complete proof that a GQ with parameters (¢2, ¢) with Property (G) at a point
must be isomorphic to a flock GQ.

9.3 A Result of N. L. Johnson

Let g = p° for an arbitrary prime p and suppose that C = {A; = (:%t Zz) :teF}
is a g-clan. It was noted by N. L. Johnson [Jo87] that the associated translation
planes are semifield planes if and only if coordinates can be chosen so that the map
t — A; is an additive map. And it was shown in [Pa89] that the point-line dual of
the associated flock generalized quadrangle is a translation generalized quadrangle
(TGQ) if and only if the same condition holds. So it came as a bit of a surprise

when N. L. Johnson [Jo87] proved the following theorem.

Theorem 9.3.1. ([Jo87]) If ¢ = 2° and if t — A; is an additive map, then C is
classical. Hence if S is a flock GQ whose point-line dual is a TGQ, then S is
classical.

Proof. The proof in [Jo87] is quite technical (if the computations quoted from
earlier papers are included). The proof here is rather pretty and uses only the
characterization by S. E. Payne [Pa71] of translation ovals. This says that if ¢ +— ¢*
is an additive function for which D(p) = {(1,¢,¢?) : t € F} U {(0,0,1)} is an oval,
then there is a nonzero scalar ¢ € I’ and an automorphism ( that generates the
Galois group Aut(F) for which ¢ = ct” for all t € F. (This proof of Johnson’s
theorem was first shown to us by T. Penttila.)

So suppose that C as above is a g-clan for which the map ¢t — A; is an
additive map. For each v € PG(1, q) we know that

Oo = {(1,y1,0Aia™) : t € F} U{(0,1,0)}

is an oval in PG(2, ¢). By assumption ¢t — y; = t* is an additive (and nonsingular)
map. Hence u ! is also additive, implying that ¢ — A +u—1 18 an additive map. Then



154 Chapter 9. Other Good Stuff

we also have that
O = {(Lt.ad,. 1a") st € FYUL(0,1,0)

is a translation oval for each o € PG(1,¢q). By the theorem of [Pa7l], for each
o € PG(1,q) the map t — aA,,—1a” must be of the form ¢ — at? for § a
generator of A = Gal(GF(q)). For a = (1,0), t = z,,-1 = at? for 0 #a € F, o
a generator of A. For a = (0,1), t = 2,,-1 = ct” for 0 # c € F, 7 a generator
of A. Then for a = (1,1), t — Tyt + Yyt + 21 = at? +t+ctT = bt® for
0# b€ F,§ a generator of A. Since the elements of A are linearly independent
over ', 0 =7 =48 =id. Hence A,,— = (4 1), i.e., Ay =t“ (3 1), implying that
C is classical. O

9.4 Translation (Hyper)Ovals and a-Flocks

Let F = GF(q), ¢ = 2¢°. A translation oval O of PG(2,q) is an oval for which there
is a tangent line [ such that the group of all elations with axis [ and stabilising
O acts regularly on O \ {l}. In this case, [ is called an azis of O . A translation
hyperoval is a hyperoval containing a translation oval. As is well known, the au-
tomorphisms of the field GF(2°) (namely, the maps z +— 2 for 0 < i < e — 1)
form a cyclic group of order e generated by the Frobenius automorphism z — 2.
A generator of the cyclic group of automorphisms is said to be an automorphism
of mazimal order and it will be denoted by «. We remark that the hyperovals
D(a) = {(1,t,t%): t € F} U{(0,1,0),(0,0,1)}, for @ a generator of Aut(F) are
translation hyperovals of PG(2,q), ¢ even. In particular, conics are translation
ovals, and every tangent line to a conic is an axis, and so regular hyperovals are
translation hyperovals. The following theorem is due to Payne [Pa71].

Theorem 9.4.1. Every translation hyperoval of PG(2,q) is equivalent to D(«), for
some generator o of Aut(F).

In this section a generalization of the concept of a flock of a quadratic cone in
PG(3,q) is given. Let a be a generator of Aut(F). Following [C98], an a-cone ¥, in
PG(3, q) is defined to be a cone with base a translation oval in a plane 7 of PG(3, q)
and with vertex not belonging to 7. In standard form, %, = {(x,y,z,w): y* =
12~} which is the a-cone with vertex (0,0,0,1) and with base the translation
oval {(t%,¢,1,0): t € F}U{(1,0,0,0)} in 7: w = 0. An a-flock is a set of ¢ planes
7, t € F, of PG(3,¢q) not passing through the vertex of the a-cone which do not
intersect each other at a point of X,,. (Alternatively, we could define an a- flock as
a partition of the a-cone into ¢ disjoint a-conics, where an a-conic is obtained as
the intersection of the a-cone with each of the planes 7). Following Thas [Th87],
the planes 7; of an a-flock may be expressed by a;x +biy+ciz+w =0, t € GF(q)
(although Thas employed this formulation for a flock of a quadratic cone). An
algebraic condition can be derived for ¢ planes, not containing (0, 0,0, 1), to be an
a flock:
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Theorem 9.4.2. The set of planes {my: t € GF(q)} where ¢ is given by the equation
ax + by +cz+w=0,te€ GF(q) is an a-flock if and only if

(ar +ag) =t (o + )
trace o =1 Vt,se GF(q), t #s. 9.1
( NG @), 1 # (9.1)

We can also extend the definition of g-clan to the definition of a-clan in the
following way. An a-clan is a set of ¢ upper triangular matrices A; = ( Y I;Z ) ,teF
such that there exists a k € F, with trace(k) = 1, so that

trace k(at tag)em (Cj ) =1 VtseGF(q), t#s. (9.2)
(bt + bS) ol

Note that the inclusion of k in the definition of a-clan is a cosmetic change from
the earlier definition of g-clans given in Chapter 1. Also note that the g¢-clans
previously introduced are 2-clans according to this new definition. The following
theorem is the analogue of Theorem 1.3.2.

Theorem 9.4.3. {A;: t € F} is an a-clan if and only if {m;: t € F} is an a-flock.

There are certain normalizations we can make in an a-clan which will make
life easier in terms of computations. A convenient choice (without loss of general-
ity) is to work with a-clans which are written in the following standard form:

e (1 oo

where f and ¢ are permutation polynomials over F' with f(0) = ¢g(0) = 0. Note
that the condition that the A;’s in this form give an a-clan is that there exists a
k € F, with trace(k) = 1, such that

1

t a—1

trace [k (<f A (3”) (o(t) + g<s>)] —1 Vs €GF(g), t#s. (93)
s

An interesting and important property of a-flocks is the following connection with

hyperovals of PG(2,q).

Theorem 9.4.4. If {A, = (fgt) t;éj) : t € F} ois an a-clan, then f(t) is an

o-polynomial.

Among the known hyperovals only the O’Keefe-Penttila hyperoval of
PG(2,32) (see [OKP92]) does not arise from an a-flock for any « (see [BOPPR2]).
The concept of a-flock turns out to be very useful to prove that the Cherowitzo
hyperovals form an infinite family of hyperovals. The Cherowitzo hyperovals are
the following:

OF = {(1,t,t° +t°T2 43t t € F} U {(0,1,0),(0,0,1)}.
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What follows is an outline of how « flocks are.usegato show that result. The
concept of ‘flippability’ is needed. An a-clan OR is called p(t)-flippable

0 g(*)
f(t) 1/
for some permutation p(t) of F with p(0) = 0 provided that ( ”g) o ) is also

)
an a-clan with respect to the same trace 1 element k, called the p(t)-flip of the
original. Note that the concept of flippability is a generalization of the operation
on 2-clans called ‘flip’ we have already encountered before.

o+2 o
Lemma 9.4.5. If ¢ = 2¢ = 22"+ ¢ odd then {(14—(14:) 1+(1-tt)3“+4) 1t e F}

is a t-flippable 1/o-clan, where o is the automorphism x +— 22"

Using now Theorem 9.4.4 and Lemma 9.4.5, we get

Theorem 9.4.6. f(z) = 27 + 2772 + 237t is an o-polynomial over GF(2¢) for all
odd e.

9.5 Monomial hyperovals

A monomial hyperoval of PG(2,q) is one equivalent to D(z*) = {(1,x,2%):t €
GF(q)}U{(0,1,0),(0,0,1)}, for some integer k.

Recall that D(z*), D(z'=F), D(x'/*), D(x'=1/*), D(*/ k=D D(x1/0=F),
with 1—k, 1/k, 1-1/k, k/(k—1), 1/(1—k) calculated mod (g—1) are projectively
equivalent. The known examples are the translation hyperoval D(x?") in PG(2,2"),
(i,h) = 1, the Segre hyperoval D(z%) in PG(2,2"), h odd, and the two Glynn
hyperovals D(x°+7) and D(z3°*+*) in PG(2,q), ¢ = 2", h odd, 0% = 2 mod (¢ — 1),
v = o mod(q — 1), with o, 7 automorphisms of F. By using a computer, it has
been checked up to ¢ = 2%° that no other monomial hyperovals exist [G185]. This
has led to the conjecture that all monomial hyperovals have been determined.

A Result of W. E. Cherowitzo and L. Storme

The following theorem by Cherowitzo and Storme (see [CS98]) supports that con-
jecture and gives significant progress on the classification of monomial hyperovals.

Theorem 9.5.1. D(z*) with k = 2° + 27, with i # j is a hyperoval in PG(2,2") if
and only if h =2° —1 is odd, and one of the following holds:

1. k =2+ 22 =6, Segre-Bartocci hyperoval;
2. k=0 +2 with 0> =2(modq— 1), o € Aut(F), translation hyperoval;

3. k=y+~*=vy+0(modq—1) withy* =2 (modq — 1), v € Aut(F), Glynn
hyperoval;

4. k= q/4+ q/2 = 3/4, translation hyperoval.
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A Result of Penttila and Storme

We have already seen that a flock of the quadratic cone is equivalent to a herd
of ovals in PG(2,q), q even and to a flock-generalized quadrangle of order (¢2, q).
O’Keefe and Penttila [OP] studied the problem of herds containing a translation
oval. This is equivalent to studying the flock GQs which contain a subGQ T>(O)
with O a translation oval. The following is the equivalent description of their
result.

Theorem 9.5.2. (1) If at least one oval in a herd is a translation oval, then this
herd is either classical or FTWKB.

(2) If at least one subquadrangle To(QO) in a flock GQ is defined by a translation
oval, then this flock GQ is the classical flock GQ H(3,q*) or the FTWKB-

flock GQ.

Penttila and Storme [PS98] studied herds containing a monomial oval which
is not a translation oval. To do that they came to a complete classification of the
monomial flocks as the following theorem states.

Theorem 9.5.3. A monomial flock of the quadratic cone in characteristic 2 is lin-
ear, Fisher—Thas—Walker or Payne. A non-translation monomial oval in a herd is
Segre—Bartocci.

9.6 Conclusion and open Problems

We are aware that the material in this chapter does not cover all the vast subject
on ovoids, spreads and flocks for ¢ even. Our intention was to sketch some of
the basic results and give references for the interested reader. We also think that
in particular two of the previous sections deserve special attention: the geometric
construction by Thas and the a-flocks of Cherowitzo. We believe that they provide
interesting first steps which would lead to further developments of the theory.

Here we list some of the open problems we believe are worthy of further
investigation:

1. Determine whether or not there are any other m that give cyclic GQ or even
just give ovals (Sec. 4.6 ).

2. In all known cases each automorphism of one oval of a herd can be lifted to
an automorphism of G® and then to a collineation of the GQ. Give a unified
proof of this.

3. Determine when an automorphism of a subquadrangle 75(0) embedded in a
flock GQ & lifts to an automorphism of S (Sec. 1.8).
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finite generalized quadrangle, x
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flocks projectively equivalent, 3
Fundamental Theorem, 19, 26
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herd cover H(C), 10
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