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Abstract

Let C be a g-clan, ¢ = 2¢, and let GQ(C) be the associated generalized
quadrangle. Using a result from S. E. Payne and L. A. Rogers [14], we prove
that there are exactly g+1 flocks of the quadratic cone associated with GQ(C),
and that two of these flocks are projectively equivalent if and only if a special
collineation of GQ(C) exists.

Moreover, the collineation group of the generalized quadrangle associated
with any generalized Subiaco g-clan is investigated, and it is completely de-
termined for a special class of these g-clans.

1 Introduction and review

For ¢ any power of 2, W. Cherowitzo, T. Penttila, I. Pinneri and G. Royle [2]
have given a most interesting construction of new infinite families of ¢-clans. These
provide many new examples of each of the following: generalized quadrangles (GQ)
with order (¢?,¢) having subquadrangles of order (q,q); ovals in PG(2,q); flocks
of a quadratic cone in PG(3,q); line spreads of PG(3,q); translation planes with
dimension 2 over their kernel. In [2] the name Subiaco was given to all these objects.
Apart from the Lunelli-Sce oval in PG(2,16) (cf. [7]), the Subiaco ovals are the first
nontranslation ovals ever found with ¢ a square, and the Lunelli-Sce oval is obtained
as a special case (cf. [2]). The Subiaco translation planes are especially interesting
in that they have no Baer involutions and their elation groups have order 2q.

*The third author was a CNR visiting research professor at the Second University of Rome and
at the University of Naples while this article was written.
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Throughout this article ¢ = 2¢ and F' = GF'(q). As this work is both a continua-
tion and a generalization of [12], we repeat only those definitions and results needed
to clarify the exact context in which we work. And since all our constructions are
based on fields of characteristic 2, the definitions, notations, etc., that we use are
for the most part valid as given only in this case.

Recall that a g-clan C is a set C= {At = ( %t Zt ) te F} of 2x 2 matrices
t

over F' such that A; — A; is anisotropic whenever s,t € F' with s # t. Given a ¢-clan
C, there is a standard (cf. [6], [9]) construction of a generalized quadrangle GQ(C),
associated with C. This construction is reviewed below.

We begin with a Fundamental Theorem for GQ(C), so-called because of its ob-
vious analogy with the Fundamental Theorem of projective geometry. As a conse-
quence of the Fundamental Theorem we are able to assign to each line through the
special point (c0) of GQ(C), a projective equivalence class of flocks of a quadratic
cone in PG(3,¢) in such a way that two such lines belong to the same orbit of the
collineation group of GQ(C) if and only if these two lines are assigned the same class
of flocks. This general theory is then applied to a study of the full collineation group
of the Subiaco GQ of order (g% ¢q) and, when possible, to determine the orbits of
this group on the subquadrangles of order ¢ and their associated ovals. In [12] this
project was completed for a special family with ¢ = 2¢, e odd. Here we succeed for a
special case with ¢ = 22", 7 odd, 5 does not divide . And we provide a great deal of
information in the general case. The results obtained so far suggest that probably
there is always just one orbit on the lines through the point (c0), and hence only
one class of flocks associated with GQ(C). For the case studied here with g = 22" r
odd, at least when 5 does not divide r we can say that there are exactly two orbits
on the associated ovals, one of size (¢ + 1)/5 and one of size 4(¢ + 1)/5.

This article is organized as follows. After concluding section 1 with a review of
the construction of GQ(C) and its associated subquadrangles, ovals and translation
planes, we devote section 2 to the Fundamental Theorem and a description of the
collineation group of GQ(C). This section gives for characteristic 2 an analogue of
“derivation” of flocks given in [1] for ¢ odd. Section 3 gives the Subiaco g-clans as a
specialization of a formally more general version of the type whose study was begun
in [12]. In sections 4, 5 and 6 the collineation group of GQ(C) for this generalized
Subiaco C is studied in great detail. In section 7 a special Subiaco construction with
q = 4",r odd, is studied. Finally, in section 8 we prove that the Subiaco translation
planes have no Baer involutions and have elation groups of order 2q.

Let C= {A; = (%t Zt> .t € F} be a g-clan. Let K be the cone K =
t

{(wo, z1, 22, 3) € PG(3,q) : 22 = woxo} With vertex P = (0,0,0,1). Then the flock
associated with C (cf. [18]) is the partition of K\{P} by the set of ¢ disjoint conics
that are the intersections of K with the planes in

F(C) = {m = [xt, v, 21, 1]T ‘teF} (1)

For convenience, we also refer to F(C) as the “flock of C”. To construct the gen-
eralized quadrangle GQ(C) associated with C we use the group G = F? x F x F?
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with binary operation (cf. [9], [13])
(047 C, B) ' (O/a Cl:ﬁl> = (Oé + O/a ¢+ Cl + B © O/aﬁ + B/> (2)

where

ao 3= /aPpT (3)

0 1) and a, B € F?2. Note that a o 3 = 0 if and only if {a, 3} is

10

F —depeqdent. .
Let F' = F U {oco}. The associated 4-gonal family Q = Q(C) = {A(t) : t € F'}
is given by

foer(

A(oo) = {(0,0,8) € G: B e F?} (4)
Alt) = {(a,\JaAaTya):a€ F?}  teF.

The center of G is Z = {(0,¢,0) € G : ¢ € F}. And for t € F, the tangent space of

Cat A(t) is A*(t) = A(t)Z. Then the standard construction of GQ(C) is as follows:
Points of GQ(C) are of three types:

(7) Elements g = (o, ¢, 3) of G.

(i1) Cosets A*(t)g, t€ F,g€Qq.

(¢4i) The symbol (00).
Lines of GQ(C) are of two types:

(a) Cosets A(t)g, teF,geG.

(b) Symbols [A(t)], teF.

Incidence is defined by: the point (c0) is on the ¢ + 1 lines [A(t)] of type (b).
The point A*(t)g is on the line [A(¢)] and on the ¢ lines of type (a) contained in
A*(t)g. The point g of type (i) is on the ¢ + 1 lines A*(t)g of type (a) that contain
it. There are no other incidences.

The resulting point-line geometry GQ(C) is a GQ of order (¢?, q) precisely be-
cause C is a g-clan (cf. [6], [8], [9]). Since all the GQ considered in this work are
nonclassical and derived from a g-clan, the point (co) is the unique point fixed by
all collineations (cf. [14], [16]). Moreover, right multiplication by elements of G in-
duces a group of collineations of GQ(C) acting regularly on those points of GQ(C)
not collinear with (co), and fixing each line through (co). Hence to determine the
full collineation group G of GQ(C) it suffices to determine the subgroup Gy fixing
(0,0,0) (and of course fixing (c0)).

Recall that for 0 # a € F?, G, = {aa,c,ba) : a,b,c € F} is a subgroup of
G associated with a subquadrangle GQ(«) of order ¢ (cf. [12]), and hence with an
oval O,. If a = (a1, a2) # (0,0), then O, is given by

On = {(1, \/a%xt + arasys + a3z, ye) 1t € F} U{(0,0,1)} (5)

as a set of points of PG(2, ).
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Clearly each element of Gy must permute the G, (and hence the GQ(«), O,
respectively) among themselves, and no multiplication by a nonidentity element of
G can do so. Hence Gy is the full group of collineations of GQ(C) that act on the
set of G. Note: G, = G iff {«, f} is F-dependent.

We wish to thank Tim Penttila for helpful conversations that led to the elimi-
nation of a significant error in section 7.

2 The Fundamental Theorem for GQ(C)

The theorem referred to by the title of this section consists of proposition 2.1 and 2.2
taken together. Moreover, the proof of IV.1 of [14], with only the most trivial changes
in notation, just enough to reflect the change in point of view, yields a proof of the
correct version for all prime powers q. However, we state it here only for ¢ = 2¢ since
we want to use the specific group binary operation given by equation (2). Moreover,

without loss of generality, we may assume that each g-clan C= {A; = ( %t Zt ) :
t

t € F'} has been normalized and indexed so that y; = #5 and Ay = ( 8 8 )

/ /
If ¢ ={A, = ( %’5 Z’f ) :t € F}is a second (normalized!) g-clan, the same
t

group G is used to construct both GQ(C) and GQ(C'). So points of type (i) and
(7i1) are denoted by (a, ¢, ) € G and (o0) for both GQ. But lines of GQ(C’) are
denoted [A’(t)] and A’(t) in the obvious manner, and points of type (i7) of GQ(C’)
are denoted by (A’)*(t)g.

Proposition 2.1 Let 6 : GQ(C) — GQ(C') be an isomorphism with 6 : (co) —
(00), 0 : [A(c0)] — [A'(c0)], 6 :(0,0,0) — (0,0,0). Then the following exist:

(i) o € Aut(F)

. a c

(i) D = ( b d) € GL(2,q)

(iii)) 0 £\ € F

(iv) a permutation @ : F — F : t — t satisfying A; = \DTA7D + Af, for all
te FL

Then 0 : GQ(C) — GQ(C') is induced by an automorphism (also denoted by 6)
of G of the following form:

0=0(c,D,\7):(,c,[)— (6)

(A a’D7T A5 + A‘l\/a‘fD—TAg—)D—l(o/’)T ,B°PDP + 05X’ D7),

Conversely, given o, D, \,m as described above, the map 6 = 0(c, D, \,7) of equa-
tion (6) induces an isomorphism from GQ(C) to GQ(C') mapping (o0), [A(c0)],
(0,0,0), respectively, to (00), [A'(c0)], (0,0,0).

'Recall that (ﬁ i)z (: i)meansxzr,wzuandy—i—z:s—l—t
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Proof. Similar to that of IV.1 of [14]. O

Proposition 2.2 If C, C' are two normalized q-clans, then the flocks F(C) and
F (C') are projectively equivalent if and only if there is an isomorphism 6 : GQ(C) —
GQ(C') mapping (00), [A(0)], (0,0,0), respectively, to (c0), [A'(c0)], (0,0,0). And
any such isomorphism must be of the form given in equation (6).

Proof. According to [5], the general semilinear transformation of PG(3, ¢) (defined
as a map on planes!) which leaves invariant the cone K : z? = xqz, is given (for
planes not containing the vertex P) by

x x! \a? \ab b2 g x°
ly v | 0 Mad+bc) 0 1y y°
To: ST 2 T a2 ed A2 2 27 | (7)
1 1 0 0 0 1 1
for arbitrary D = ( Z 2 ) € GL(2,q), 0 € Aut(F),0# X € F, xo,Y0, 20 € F.

Suppose C and C’ are two (normalized!) g-clans with associated flocks F(C)
and F(C') respectively. Then equation (7) may be interpreted to say that F(C) and
F(C') are projectively equivalent iff there are o, D, A, 7 as described above satisfying

Ty Yy _\pT | T 5 Y
[0 R e R el R (8)
O

Note that a consequence of equation (8) is that y; = A det(D)(y+)? + y§, so that
for C, C’ both normalized,

t = [\ det(D)]*t° + 0. (9)

Remark. The parameters used in equations (6) and (9) are carried over from [12],
where they were used because the condition (iv) of proposition 2.1 or equation (8)
appears in [5]. But we might prefer to change parameters by putting A = p=!, D =
uB™T A = det(B). Then the important revised relationships become:

(i) Ar=uB'ATBT + A} (10)

(it) (a,c,B) = (a"B,u2¢” + \Ja? BAGBT (a)T , (uA™' 37 + 0207) B)
(4ii) T = (A1) 4 0.

The description in equation (10) seems a little simpler to use than the traditional
form in equation (6), so we use it in section 3 to give a description of all collineations
of GQ(C). Unfortunately all the previously published work on collineations of GQ(C)
(for both even and odd ¢), as well as the myriad computations we have done for
C of generalized Subiaco type, have been based on the form given in equation (6).
Hence in section 4 we revert to it.
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In fact any automorphism 6 of G replaces the 4-gonal family Q@ = Q(C) with
some 4-gonal family Q. But we are especially interested in certain types of automor-
phisms of G that produce new 4-gonal families that can easily be seen to have asso-

ciated ¢-clans. For the first type we revert to the general notation A; = ( %t Zt )
t

Shift by s, s € F'. Let

Ts : (a, ¢, B) — (a, ¢+ aAsaTl, B+ ysa). (11)

The important thing is that shifting by s produces a projectively equivalent flock.
The new g-clan C’ has A7 = A}, = A, + A, ie, A, = Apys + Ao And if Cis

normalized so that y; = ¢2, then also C’ has Y = 22. Here we write C/ =C™ and
A, = AP, In equation (10) put t =t +s,u = 1,B = I, Aj = A, to see that F(C)
and F(C™) are projectively equivalent.

For the next two types we really do want to assume that C is normalized.

Scale by a, 0 #a € F. Let
0. (a,¢,B) — (&,aic,a%c). (12)

Here o, leaves A(oo) and A(0) invariant, and for t € F' maps

N[

(0 JadiaT 2 a) = (o, ala? A)aT | (at)

&>7

azz; (at)?

so that A; is replaced with A} = ( ) = A/,. In equation (10) put

1
0 azz;

p=a:B=1I0c = id, A = (8 8>,t = at to see that F(C) and F(C°*) are

projectively equivalent.

The flip. Let

p:(a,c0) = (B,ctaocf a) (13)

Here ¢ : A(o0) <= A(0), and for 0 # ¢ € F,

o (afaaT, o) = (AT (7)),

1 % -1 -1 %
where v = tza. So A; = ( %t I;t ) is replaced with Af = ( t Oxt (:_l,it ),
where £ = t=!. And the new g-clan C’ =C¥ is clearly normalized.

Flipping is the first type of automorphism of G' we have considered that moves
A(o0). It is clear that flipping replaces a g-clan C with a new ¢-clan C¥, but it is
not clear in general whether or not F(C) and F(C¥) are equivalent. By II1.3 of [11]
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they are equivalent for the previously known g-clans (with ¢ = 2¢), and we show
later that they are equivalent for all the Subiaco g-clans (cf. section 3).

Shifting, flipping and scaling provide recoordinatizations of a given generalized
quadrangle GQ(C). As permutations of the indices of the lines through (c0), these
recoordinatizations have the following description as linear fractional maps on F:
Te it t+s ot tl o, t+— at. Thisis for all t € F with the usual
conventions for arithmetics with co. Shifting, flipping (or not), shifting and scaling
provide all of these Mobius transformations. Hence we recognize PGL(2, ¢) acting
on F' ~ PG(1,q). And PGL(2,q) is sharply triply transitive on PG(1,q). Suppose
0, and 6, are two different sequences of shifts, flips and scales that effect the same
permutation on F' and replace Q(C) with Q(C?) and Q(C), respectively. It would
be nice to know that F(C%) and F(C?) are projectively equivalent. That this is
so is an immediate corollary of the next theorem.

Theorem 2.3 Let 6 : G — G be an automorphism of G obtained as a finite sequence
of shifts, flips and scales. Moreover, suppose C and C' are two (normalized) q— clans
for which 0 maps the 4—gonal family Q(C) to the 4—gonal family Q(C') in such
a way that it effects the identity permutation on F. Then 6 must have the form
0: (a,c,B) — (aa,ac,af3) for some non zero a in F, and hence Q(C) = Q(C').

Proof. It is clear that any finite sequence 6 of shifts, flips and scales leads to an
automorphism of G of the form

0:(a,c,B) — (aa + bﬁ,u%c + \/aA&T +aDpT + CBT Jva + wp).

Suppose also that 6 fixes each element of F. Then 6 : GQ(C) — GQ(C'); [A(c0)] —
[A'(c0)], (00) — (00) and (0,0,0) — (0,0,0), so must have the form prescribed
by the Fundamental Theorem, as given for example by equation (10). Then in
equation (10) 0 = id,0 = 0, so clearly b = 0 = v, A =D = C = (8 8),

and B = al. So 6 must have the form 6 : («o,¢,3) — (a@,u%c, a"luf3). Then
0 : (a,VaAaT, tza) — (aa,uzv/aAal, e ut?a). Put v = aa to see that this

image, which must be in A'(f) = A'(t), is (v, \/a~2uyA~T, a 2utz~). And this is in
A'(t) if and only if u = a?. O

Put N={0,:G— G: (o, ¢,B) — (aa,ac,af) | 0 # a € F'}. We define N to be
the kernel of GQ(C).

Note. In the notation of equations (6) and (7) there is a homomorphism 7 :
0 — Ty from the group H of collineations of GQ(C) fixing (c0), [A(c0)] and (0,0, 0)
to the subgroup of PT'L(4, ¢) leaving invariant the cone K and the flock F(C). The
kernel of T is also N. Moreover, for nonlinear flocks, i.e., nonclassical g—clans C,
there is a result related to the preceding theorem which shows that the kernel of
GQ(C) plays a role similar to one played by the kernel of a translation GQ (cf.8.5
of [15]).
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Theorem 2.4 The kernel N for a nonlinear normalized q—clan C, is the group of
collineations of GQ(C) fizing (00) and (0,0,0) linewise.

Proof. Clearly each element of N fixes (00) and (0,0, 0) linewise. So let 6 be any
collineation of GQ(C) that does so. Then for the Fundamental Theorem given in
equation (10), 0 = id, 0 = 0, uA™!' =1, and A, = uB'A;B7T for all t € F.

Suppose B~ = ( (é 2 ) Then A~! = ad + bc and this last relation is equivalent
to
a> ab b? Tt 0
I—u| 0 A7t 0 v | =10
2 cd & 2 0

We claim that this implies that

a? ab b?
I =u 0 A1 0
2 ed &7

For if not, then there are elements u,v,w € F, not all zero, for which the point
(u,v,w,0) € PG(3,q) lies in each plane m = [z¢, s, 21, 1]7 of the flock F(C). In
this case by a result of J. A. Thas [18], the flock F(C) must be linear. So we have
Bl'=al,withuA™' =1, u=a2and0: (a,c,3) — (e 'a,a  c,a™B). Soh € N.

O

We are now able to assign to each line through (c0) in GQ(C) its own class of
projectively equivalent flocks. For each s € F', let i = 75 o ¢, a shift by s followed
by a flip. And put i = id. Start with a normalized g-clan C. For each s € F,
applying is to G yields a normalized g-clan C’*. We assign to the line [A(s)] the
class of flocks projectively equivalent to F(C*). One obvious goal of this section is
the following basic result.

Theorem 2.5 Let C be a normalized q—clafb. Then there is an automorphism of
GQ(C) mapping [A(s1)] to [A(s2)], 51,82 € F, if and only if the flocks F (Cis1) and
F (Cis2) are projectively equivalent.

Proof. If # is an automorphism of GQ(C) mapping [A(s1)] to [A(sz2)], without
loss of generality we may assume 6 fixes (0,0,0) (we recall that we only discuss
collineations fixing (o) ). Then apply proposition 2.2 to i;! 0 6 o iy, : GQ(C%1) —
GQ(C%2) to see that F(C'1) and F(C'2) are projectively equivalent. Conversely,
if F(C%1) and F(C'%2) are projectively equivalent, there is an isomorphism 6 :
GQ(C¥1) — GQ(C%2) of the type described in proposition 2.2. Then

0 =i, 0001, : GQ(C*1) — GQ(C*2) : [A(s1)] — [A(s2)].
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Throughout the remainder of this section C denotes a fixed, normalized ¢-clan.
To fix the notation, Gy denotes the group of all collineations of GQ(C) fixing the
point (0,0,0) (and of course the point (00)). H is the subgroup of G, fixing [A(c0)],
and M the subgroup of H fixing [A(0)]. From proposition 2.1 and equation (10) we
have

H=1{0=0(uB,o,7): A= uB 'ATB™" + Ay, t € F'}, (14)

where

O, B,o,7) : (a,c, ) = (a B, u3¢” + /a7 BAGBT (a?)T, (WA~ 3% + 03a7) B)

and 7 : t — = (A2 +0, A = det(B).
So it is easy to write down M.

M={0=0(u,B,o,r): Ag=uB 'A?B™" t c F}, (15)

where
O(u, B,o,7): (a, ¢, 3) — (&"B,,u%c",,uA_lﬁ"B)
and 7 : ¢t — = (uAT)2t0.
Fix s € F. We now determine the most general collineation 6 of GQ(C) mapping
[A(o0)] to [A(s)]. Given such a 6, then
0=ilobfoi,=0(u B,o,7): GQ(C)— GQ(C™)

for some 0(u, B, o, ) of the type given in equation (10).
So 6 = foi;l. Here

(1)  is:(ay,e,B) — (B—i—s%a,c—l—\/&AsaT—l—@oﬁ,@) (16)
(i) i;': (o, B) (B,c—l-\/BASBT—l—QOB,&—i—s%B).
We have

0=0(u,B,o,x): (a,cfB)— (17)

(o’ B, pEE + \/ONBA%SBT(@")T  (pATIB7 + 6%04")3).
where the following hold:

(i) AF=puB'AIBT + A Vte F.
(i) m:t—t=(uA7)t7 +0,Vt € F.
(iii) Al =x[A,1, + Ay for 0#x € F.

Write gs(ar) = /A0l 0 gs(ca) = cgs(@) and gy(a+ ) = gs(@) + g5 (3) + sTavo 5.
Then using equations (16) and (17) and massaging a bit, we obtain
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Theorem 2.6 There is a collineation 6 : GQ(C) — GQ(C) : [A(c0)] — [A(s)],
for a given s € F, precisely when there is a § = 0(u, B,o,7) : GQ(C) — GQ(C*)
as in equation (17), in which case § = 0o acts on G as

0= (a,c,B)— (/,c, 3 (18)
where

o = 02a°B+ uA~'57B,

¢ = puic’ + \/ONBA%SBT(&")T + (uA g, (87B) + 07 g, (a” B) +
+(14 50)3(1/A)2 (a7 0 37),
3 = puA"'s33°B+ (1+ s0)2a°B.

3 Generalized Subiaco form

Each Subiaco g-clan C consists of matrices A; that have the following special form.
F(t) t2
A= te F 19

where

F(t) = ft)/k(t)+Ht?, 0+ H € F,
G(t) = g(t)/k(t)+ Ktz, 0£ K € F,
t’L

4

) = Yat o) = Yobt

=1

k(t) = t'+ ot + co.

Note that C is normalized. And ¢ + V€2t +/co must be irreducible over F' so that
k(t) # 0 for all t € F. Hence tr(co/c2) = 1, where tr(z) denotes the absolute trace
of x for x € F.

Using this notation we can now give in our notation the Subiaco GQ presented
in [2]:

Construction I. Let ¢ = 2¢ with e odd (so t* +t+ 1 # 0 for all ¢ € F) and
e > 5 (to obtain new GQ). Put f(t) = t* +¢, g(t) = t* + 3, k(t) = t* + * + 1,
H=K=1.

Construction II. Let e = 2r > 6, r odd. Then F' contains an element w
for which w? + w +1 = 0. Put f(t) = t* + wt® + wit?, g(t) = W3 + Wt + wi,
k(t)=t'"+w*t*+1, H=w? K =1.
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Construction III. Let ¢ > 4 and choose § € F' for which both 62+ +1 # 0
and tr(1/6) =1 (so that t* + 6t + 1 # 0 for all ¢ € F'). Then put

ft) = 8 4 (82 + 0%+ 6N + (2 4+ 6° + 62 + 0%, H=1
o) = gt + (74 OO ()

= (07 + 62 +62)71
k(t) = t14 6%+ 1.

(20)

A g-clan C will be called a GS g-clan (for Generalized Subiaco) provided it has the
form given in equation (19), and a Subiaco g-clan if it has the form given by any of
constructions I, IT and III. According to the authors of [2], constructions I and IT may
be transformed into special cases of construction III. Nevertheless we have found it
quite helpful to consider all three, especially as we have yet to complete our study
of construction III. In [12] construction I was investigated and G, was determined
to be transitive on the lines through (co) as well as on the subquadrangles GQ(«).
Here we determine G, for construction II. As a first step we establish the claim made
in section 2 that flipping preserves flocks for Subiaco GQ.

Theorem 3.1 For each of the Subiaco GQ, the flip produces a new flock projectively
equivalent to the original. The corresponding involutory collineation of GQ(C) that
interchanges [A(t)] and [A(t™1)] for t € F, for each of the constructions I, I and
III, resp., is as follows :

(i)  (a,¢,B)— (BP,c+aoB,aP)
(i7) (&,C,B)HW(C‘?Q Cg),c—i-ozoﬁ,&(u% C(‘Jj>)

(i) (@,c,ﬁ)HwG ?),chonﬁ,Oé(i ?))

Proof. For construction I an easy computation shows that t~'F(t) = G(t7') and
1
2

QY ()3 ) In equation (10) put

t7'G(t) = F(t™"). Hence A; = A, = ( 0 P

u=1,B=Po=id Aj= ( 00 ) to see that the flocks are equivalent.

0 0
In construction II we have t7'F(t) = w?G(t™!) and t7'G(t) = wF(t7'). Use

(5 5)(Za LY (2 )= (7 60 ) o compie

the proof.
In construction III, (just for this proof), we adopt the notation F(t) = f(t) +
t2,G(t) = g(t) + Ktz. Then for 0 # ¢ € F it is a straightforward exercise to show
that t=1f(t) = g(t~ ) +t- g(t)
Then ¢~ F (1) = (f( )+17) = gt )+t fg(t)+(
Similarly, t'G(t) = t71(g(t) + Kt2z) = f(t71) + g(t™*

=

EE = )+ = P,
)+ gt + Ktz = F(t~")t3 +
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G(t™"). Now put u = 1,B = ( Lo ) ,o = 1id, Af = ( 00 ) to complete the

11 00
proof. O

4 Collineations of GS g¢-clans.

Throughout sections 4, 5 and 6 we assume that C is a GS g-clan with the notation
of equation (19). Then by proposition 2.1 with C = C/,

H - {O(U,D, )\, 7'(') . Atﬂ' = )\DTA?-D + A()ﬂ' y t € F} (21)

a c
b d

the following hold for all ¢t € F

With D = ( ), 3.4 of [12] says that 6(o, D, A\, 7) is a collineation of GQ(C) iff

(i) (a®H° +ab+ b K°)/H = ad+bc = (¢*H’ +cd+ d*K°)/K.  (22)
(i) m:tst =N (ad+ bc)*t” +0.

(idi) f(D)k(t)7k(0) + Aa® f(t)7 + b*g(t) ]k(£)k(0)
() g(Ok()7EO) + Al f(1)7 + d*g(t)7]k(£)k(0)

k(0)k(t)7 £(0).
k(1)k(t)79(0).

By substituting the expression for ¢ of equation (22) (ii) into equation (22) (ii7)
and (iv) we obtain two polynominal equations in ¢t” having degree at most 8. Since
these equations must hold for all ¢ € F', by assuming that e > 5 (the necessity of
equation (22) (i) as proved in [12] required e > 5) we may compute the coefficients
on (t7)%,0 < 4 < 8, and know that equation (22) holds iff each such coefficient is
Zero.

Certain expressions occur repeatedly in the coefficients of (%), so we adopt the
following notation:

(1) A =det(D)=ad+ bc#0. (23)
(i) T = NA?#£0.

(iii) A; = a’al +b°b7, 1 <i< 4.

(iv) B;=c*al +d*7, 1<i <4

Then we compute the coefficients on (£7)? in equation (23) (iii) and (iv), respectively.
Coefficients on (¢7)8:

(i) T(f(0) + (aa + AA4)k(0)) (24)
) 5

Coefficients on (¢7)":

(i)  T°k(0)(asz + A\A3T) (25)
(i) T3k(0)(bs + ABsT).
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Coefficients on (¢7)5:

)(T7¢5 +c2)} (26)

(2) T2{k(6)[T2(a4c‘27 + )\AQ) + as + Gag + )\CQA4] -+ f(
0 g(0)(T?c5 + )}

(i3)  T*{k(0)[T?(bacg + ABz) + by + 0bs + A2 By +

(i) Th(0)ANALT? + azc3T? 4+ Aea A3T + a1 + a30?] (27)
(i1)  Tk(O)[ABLT? + b3c§T? + Aca BT + by + b307].

Coefficients on (¢7)*:
(1) Kk(0)][asc§T* + (AcaAg + 5 (ag + a30))T? + )\A4k(0)] + (28)
+F(O)(Teg + 5717

(41)  k(0)[bscST* + (Aca By + 5 (by + 030))T? + AB4k(0)] +
+g(0)(T*c§ + 5™ T7?).

Coefficients on (¢7)3:
(2) k(@)[achT + )\Alch + ¢ (a1 + a30 )T + )\Ag ( )] (29)
(22) k(G)[bgCOT -+ )\BlchQ -+ Cy (bl -+ 6302)T -+ )\Ag (G)]
Coefficients on (¢7)*:

(i) k(0)[c5(as + as0)T? + A\Azk(0)] + F(0)eacT? (30)
0)[cg

f(0
(i) Kk(0)[cg(ba + b30)T? + AB2k(0)] + g(0)caci T?.
Coefficients on (¢7):

(i) k(0)[c](ar + az0®)T* + NA,k(0)] (31)
0)[c§

(i3)  Kk(0)[c5(by + b30*)T? + AB1k(0)].

Finally, the constant term is identically zero.
First we concentrate on the coefficients of the odd powers of t?. From equa-
tion (25) we have

(i) by = ABsT
(222) a1bs + bras = )\T(alBg + blAg).

In equation (27) cancel Tk(0), compute b3(i) + a3(ii), and use equation (32) to
obtain

a163 -+ blag = )\T?’(agBl -+ bgAl). (33)

In equation (29) cancel k(0), compute bs(i) + as(ii), and use equations (32) and (33)
to obtain

(albg + agbl)(chQ + CQ) =0. (34)
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In equation (31) cancel k(0) and compute b3(i) + a3(ii), multiply by 7% and use
equation (33) to obtain

(a163 -+ agbl)(ch4 -+ k((])) =0. (35)

From equations (34) and (35) it is clear that it would be convenient to know that
A13 = aibs+aszb; # 0. Moreover, this condition does hold for all the Subiaco ¢-clans.
So we pause to consider this condition a little more closely.

5 Ordinary GS ¢-clans

Let C be a GS ¢g-clan and continue to use notation adopted in section 4. For
1 <1< j <4, put Ay = abj + ajb;. We say C is nonsingular provided Az # 0,
and singular otherwise. Recall that any finite sequence of shifts, flips and scales that
leaves invariant A(t) for three values of ¢+ € F, must leave them all invariant and
must give back the original g-clan. This means that two sequences of shifts, flips
and scales that give the same Mobius transformation on F yield the same ¢-clan.
Hence in order to see what happens to the A;; under such a sequence, it suffices to
consider the shift 7, the shift—flip i,, and the scale o,.

Theorem 5.1 If C is nonsingular, then shifting and scaling each return a nonsin-
gular q-clan.

Proof. The scale g, fixes A(co) and A(0), and replaces the matrix

e (70 8 e (0 00

where
azF(t) = F'(at) = [21: aia%_i(at)i] / [(at)4 + a’cy(at)? + a4co} + H(at)?.

So with F'(z) = f'(z)/K(x) + Hzz, f'(z) = i’ K (z) = * + a2c1? + a*cq
= 391:4A—|— cya? 4 ¢, and similarly for ¢/(z) = Y 0ai, we have o] = a;a27%, b =

bia2 ™" cy = a’ey, ¢y = a'cy, and
/ o 1t v 9—i—j A ..

Then Aj; # 0 iff Aj; # 0, as a # 0.
Now compute the g-clan C™ obtained from the shift 7, which replaces A; with

Al = A+ A, Substitute t = x4 s in F(t) + F'(s) and G(t) + G(s), respectively,
to obtain

(i) (f(t)/k(t) + HtZ) + (f(5)/k(s) + Hs?) = f™(x)/k™(z) + Hz® (37)
(i) (g(t)/k(t) + KtZ) + (g(s)/k(s) + Ks2) = g7 (x) /k™ () + K27

(#ii) k™ (z) = 2* + cpa® + ¢ with ¢ = ¢y, ¢ = k(s),
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where

Fo(2) = atas+ F(s)/h(s)) + asa® + (0 + ags + caf (5) [k(s)) + wla + ag5?)
g7 (5) = @H(bs -+ g(s)/h(5)) + baa® + 52(ba + bys + c29(8)/K(s)) + 2(by + bys?)
E(z) = a* + cor® 4+ k(s).
So with a now obvious choice of notation we have
(1) Afy = A, (38)
f(s)

(it) AL = Aoy + 5A3y + ——=(ba + bss + caby) +

k(s)

which with a little effort can be rewritten as

g(s)

(
k(s)

(ag + azs + cza4),

(222) k(S)A;—Z = C()A24 + S(AlQ + C()A34 + 02A14) + S2A13.
O

Next, compute the g-clan C% obtained from the shift-flip i,, which replaces A,
with AjG, o0 = (t+ s) "' (A + As). After making the substitution ¢ = 27! 4+ s and
clearing terms, we find

(2) ais _ ai + a352 is _ b1 + ng2
! k(s) 70 k(s)

k(s)(az +azs) +caf (s) ,,  k(s)(ba+ b3s) + c2g(s)

o el e o)

(i61) a = k“?; s — WZ) )

(iv aiszmbu:w (39)
1 k(8)2 » Y1 k(8)2

)
(v) o5 =k(s)™ ¢y = cah(s) ™
(vi) k(s)?’Azfg = oAy + $(A12 + coAss + c2A14) + s2 A3
(vii) Ak = B
From equation (39) (vi) it is not clear whether the shift—flip, applied to a nonsingular
g-clan, returns a nonsingular ¢-clan. Define two ¢-clans to be equivalent provided
their associated flocks are equivalent. So when we assigned to a line [A(s)] the class
of flocks equivalent to F(C'), we could also have assigned to it the class of g-clans
equivalent to C’%. Since each Mdobius transformation on F is obtained by a unique
sequence either of the form a shift, a flip, a shift and scale, or just a shift and scale,
and since shifting and scaling return equivalent ¢-clans, and return nonsingular g-
clans if the original is nonsingular, the following definition makes sense. A line
[A(s)],s € F, is nonsingular iff the g-clan C* is nonsingular, in which case all
equivalent g-clans are nonsingular. And we say that C is ordinary provided all lines
through (co) are nonsingular.

It will turn out that all Subiaco ¢-clans are ordinary.

For the present, however, it suffices to assume that the GS ¢-clan C has both
[A(c0)] and [A(0)] nonsingular. From now on we make the following
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Basic assumption: A3 # 0 # Aogy.

It is clear from equation (39)(vi) with s = 0 that this is equivalent to assuming
that both [A(c0)] and [A(0)] are nonsingular.

Then from equations (34) and (35) we conclude

(i) ST?=cy (or T = 021%6) (40)
(i) k(0) =fT" = ¢ (co/3)".
Equation (40) (ii) is equivalent to
(07/c2)” + (07/c2) = (co/c3)” + (co/c3), (41)

from which it follows that either

(co/c3)” =co/c3, and 0=0 or 0=/c, (42)
or
_ ¢ o o1 ¢
(co/c3)” # co/c3, and 0%/c; = (6—2)20 + (6—2)2 +o. 4+ (6—2)0/2 +e (43)

where e =0 or ¢ = 1.
From equations (25), (27) and (40) we have

i) AT?A; = ay + az0? (44)
(1)  AT?B; = by + b30?
(i41) AT Az = a3
(iv) ANT'Bz = bs.

T?ag T2

Write these out in detail and put A = ( ) Then equations (25) and

az b5
(27) (with equation (40) valid) are equivalent to
a2 C2 ap + (L362 bl + 6362
ATA( 2 ) = ( o b, : (45)

which is solved by

a? 1 b(a; + a30%) + T?gasz b3 (b + b30%) + T?b7bs
A 2 12 | T m3A0 o n2 2 o o n2 2 o : (46)
b* d T3A%, \ a3(ar + a30®) + T7afas af (b + b30°) + T7aTbs

And it is now straightforward to verify that equations (40) and (44) imply all of
equations (25), (27), (29) and (31). But we must still deal with equations (24), (26),
(28) and (30). Equation (24) says

(@) f(
(i) 9(

) = (a4 + NA4)k(0) (47)

0
0) = (bs + ABy)k(0).
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And equation (26), in the presence of equation (40), is equivalent to

(i)  MNT?Ay = ay+ az0 + ca(as + NAyg) (48)
(i1) AT?By = by + b30 + co(by + ABy).

And it is now straightforward to check that equations (28) and (30) follow from
equations (40), (47) and (48). Now write out equations (47) and (48) to see that
they are equivalent to

T?ag + coaf T?g + b a’
A ( §Tag T v d? (49)

_ ao + agﬁ + C2_a4 b2 + 636 + CQ_b4
as§T* + f(0)  byc§T* + g(0)

This can be solved to yield a form that we give as part of the following theorem,
whose proof is thereby complete.

Theorem 5.2 Let C be a GS g-clan (¢ = 2°,¢ > 5) given by equation (19) with

a c
b d

7 : F — F be a permutation satisfying w: t — t = Tt + 0, where T = \*(ad + bc)?.
Then the map

Alg 7é 0 7é A24. Let 0 € AUt(F),D = ( ) € GL(Q,Q),O 7é AN € F. Let

0 = 0(o,D,\7):G—G:(a,¢,0)— (AN 1a’D7T, (50)

A3 4 AT ae DT Ag D1 (a?)T, B°PDP + 0:A" D7)

induces a collineation of GQ(C) fizing (0,0,0), fizing [A(c0)], and mapping [A(t)]
to [A(t)], for t € F, iff the following conditions are satisfied:

(i) (a®H +ab+BK°)/H = ad + be = (CH" + cd + d*K°) /K.

(it) §T? = cy

(ii7) k(0) = gT*

. CL2 C2 1 bg(al + a302) + T2b(17a3 bg(bl + 6362) + T2b(1fbg
(“)> A b2 d2

T3A%, \ af(ar + a30?) + T%afas af(by + bs0%) + T?aJbs
1 X Y
T6chg4 W Z
where

X = fO)T? + cob]) + c§THT?asb§ + (az + a30)b3),
Y g(0)(T?b5 + cab7) + cTTHT?bsb3 + (bg + b30)b7),
W F(0)(T?a3 + cpaf) + §TH(T?aqas + (az + az0)ay),
Z = g(0)(T?%a3 + coag) + c§TH(T?bsa3 + (by + b30)ayg).

Conversely, each collineation of GQ(C) fizing (0,0,0) and [A(c0)] (and neces-
sarily (00)) must be of this form.
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It is convenient to have at hand computational information about H.

Let 6; = 0(0;, Di, \i,m;),i = 1,2, be two elements of H (as described in equa-
tion (50). It is an easy exercise to compute the following, where A; = det(D;), so
t7 = N2A27 4 0™ g =1, 2.

(2) 91 092 = 9(0’100'2,D(172D2,)\(172)\2,7T3), where (51)
™ = (A2 A0)2(AT2A5) 2471972  N2A20™°72 4 (72

(ii) 0o, D, A7)  =0(c™, D™ " A" %), where
7= (AA)T (@ 407,

In previously published work (cf. [11], [12], [17]) the notation 0(c, D, \) was used
to denote a collineation of the type given in equation (50). The permutation 7 was
clearly always understood to be present. But this notation that ignores 7, is really
satisfactory only when m is uniquely determined by o, D, A\. The only examples
we have studied where this is not the case have t — A; an additive map, i.e., the
point-line dual GQ is a TGQ (cf. [10]). In this case there are collineations fixing
[A(c0)] and mapping [A(t)] — [A(t + z)], for each fixed € F and for all t € F.
And it turned out that in the work cited above it was always sufficient to determine
these 0(o, D, \) with 0" = 0, i.e., 7 was always uniquely determined by o, D and A.
We now show that for nonsingular ¢-clans it is always the case that 7 is uniquely
determined by o, D and A\ whenever 0(o, D, A\, 7) exists.

Theorem 5.3 For the nonsingular GS q-clan C,if 6(o, D, \,7) € H, then 7 is
uniquely determined by o, D and .

Proof. Suppose there are two collineations (o, D, A\, m;),7 = 1,2, with m # .
Since t™ = A\2A%t% 4 0™, clearly 0™ # 0™. Then

(o, D, \,m)o00(c, D,\,m)"" = 0(0,D,\m)o0(c™ ", D7 A )
= 9(2’d,[,1,7r3),

where t™ = A=2 A=27 (17 0™ ), so that t™ = t+ A2 AT (0™ 0™)7
Hence it suffices to show that if 8(id, I, 1, 7) is a collineation, then = = id. Here we
have m:t —~t=1t+0"=t+0, and A; = A, 15 = A; + Ap.

Since all these matrices are upper triangular, this means that A, .5 = A; + Ajg,
which must hold for all ¢ € F. Writing out what this means for the (1,1) entries
and clearing denominators, we obtain f(t + 0)k(¢)k(0) = k(t + 0)f(¢)k(0) + k(t +
0)k(t)f(0). In this last equation the coefficient on 3 is f(0), forcing f(0) = 0,
this implies f(t + 0)k(t) = k(t + 0)f(t), i.e. [f(t) + f(0) + az(t?0 + t0*)]k(t) =
[k(t) + k(0) + co] f (), or az(t?0 + t0?)k(t) = (k(0) + o) f(¢). Here the coefficient on
t%is a30. So if 0 # 0, then az = 0. Similarly, if 0 # 0 then b3 = 0, this contradicts
the assumption that A3 # 0. Hence 0 = 0 and 7 = id. O
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6 Collineations of special interest

Still assuming that C is a GS ¢-clan with Az # 0 # Aoy, suppose that 0(c, D, \) is
a collineation defined by equation (50), so the conditions of theorem 5.2 are satisfied
for some uniquely determined 0.

Lemma 6.1 Suppose that 0 = 0. From equation (41) we have (co/c3)’ = ca/c3, so

gt = c;%. Then co = k(0) = k(0) = ¢§T*, so CO_TU =T = 02%6 (by equation (50)
(ii)), and f(0) = g(0) = 0. In this case the remaining conditions of theorem 5.2
become

(i) (a*H° +ab+ b K°)/H = ad+bc = (*H° +cd + d°K°) /K.
i) A a? 7 (ST anbg + ash 3T bibg + babg
v d? AL\ 5 rayag 4+ azad 5 tbiag + bsag
_ 1 Cg_1GQbZ + a4b‘2’ Cg_lebZ + b4b(27
AL\ S agad + asal 5t boag 4 byag )

Lemma 6.2 Suppose o fizes all coefficients of f,qg,k, as well as H and K. Then
the following hold.

(i) T=1

(i) If 0 = 0, then all the conditions of theorem 5.2 are satisfied iff b = ¢ =
0,a =d, and X\a® = 1.

(ii) If0#0, then 0= \/c2,a =d, and a = bK + cH.

Proof. From condition (i7) in theorem 5.2 we have 7" = 1. Condition (iv) in that
theorem becomes

1 a36362 b%(]2

2 2 1
A ( e ) - et 1 b (52)
As A
14 F(0) (b2 + c2bs) + co\/Caas3bs g(0)(bg 4 c2ba) + cor/C2bsbs
— _ coAoy _ VALY
f(0)(az + c2a4) + co\/c2a3a4 14 9(0)(ag + caaq) + cor/C2b3as
coAoy coAoy

Hence in any case a = d. Then condition (i) in theorem 5.2 is equivalent to
bla+bK +cH) =0 = cla+bK + cH). If both b = 0 and ¢ = 0, from the first
equality of equation (52), then 0 = 0, since A3 # 0. If not, then a = bK + cH.
And from equation (42) 0 =0 or 0 = |/c5. O

Theorem 6.3 If § = 0(c, D, \) is a nonidentity involution, then A =T = 1,0 =
Ve and o = id. So lemma 6.2 applies and 6 = 0(id, D, 1) is uniquely determined,
if it exists.
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Proof. Suppose that § = 6(o, D, A\, 7) is a nonidentity involution. Since id =
6? = 0(c%, D°D,\°t!) 0% = id. So either ¢ = id or ¢ : x — T is conjugation
with respect to a subfield L of index 2 in F'. First suppose o # id and put L =
GF(2") C F = GF(2*). Put 2 = (07)?/cy and y = ¢y /c3. By equation (43) we have
T = y20+y21 +~~~—|—y2r+1 +¢e, wheree =0ore=1. Sox+7 = ((7420—1—?421 +
ey Y+ T+ 4+ ¥ = tr(y), since € + & = 0. By hypothesis
tr(y) = 1, s0 z + Z = 1. From 6% = id we also have D°D = [, so A°"! = 1 and
A7t = 1. Hence T = 1. Then t™ = Tt +0™ and ¢t = (™)™ = T(Tt°+07)7 +0™ =
Tt 4+ T(07)? + 07, so that 07 = T'(07)?, or T = (07)'~?. By equation (40)(i),
(0™)t=o = CQITU, or ((0M)2/c)'=@ = 1, i.e., ¥ = 2° = Z, contradicting x + 7 = 1.

Hence o = id, implying A = 1 = X and also lemma 6.2 applies. If 0" = 0, by 6.2
(it) D = I, forcing 6 = id. Hence 0™ = ,/c5. O

The preceding two results have interesting consequences for the Subiaco GQ.

Theorem 6.4 Let C be a Subiaco q-clan as given by construction 1, IT or II1. Let
L be the smallest subfield of F' containing co, and put r = [F : L] so r is odd. Then
the subgroup M of Gy fizing [A(c0)] and [A(0)] is given by

M= {b(c,al,a™?): (a,c,3) — (aa”,ac,af) : (53)
0#a€ F,oe€Gal(F/L)}.

So the order of M is (¢ — 1)r. In construction 1, ¢ = 2"; in construction 11, ¢ = 4";
in construction 111 the most we can say is that ¢ = 2" with r odd.

Proof. Let 0 € G fix [A(c0)] and [A(0)], so 6 is of the type covered by lemma 6.1.
Since ¢y = 1 for all Subiaco GQ,0 = 0 implies T = 1 and ¢§ = c¢,. But for all Subiaco
g-clans, ¢§ = co implies that o fixes all coefficients of f, g, k as well as H and K, so
that lemma 6.2 also applies. And lemma 6.2 (ii) explicitly gives the form of § € M.
Since tr(co/c3) = tr(1/cy) = 1,7 = [F : L] must be odd. O

At this point we have nothing to add to the results presented in [12] for con-
struction I, however, using the results of this section they are now rather easy to
obtain.

7 Construction I1

Here ¢ = 2°,e = 2r,r odd, r > 3. And w € F satisfies w? +w +1 = 0.

a4:1 b4:0 C():l A13:A24:w2

a3 = w bg,:w2 02:w2 A12:A34:w2 (54)
as=w by=w?> H=w?> Ay=w

a1:O blzw K=1

Lemma 7.1 The group H consists of four cosets of M, where M is given by equa-
tion (53). So [H| =4(q — 1)r = 2e(q — 1).
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Proof. Suppose 0(o, D, \) € H. There are two cases.

Case 1. w’ = w, i.e., 0 € Gal(F/L). Here T = CQITU =1, k(0) = §T* = 1. So
0=0or0=,/c; =w, by lemma 6.2. The case 0 = 0 was finished by theorem 6.4,
giving exactly the group M. And if 0 = w, then f(0) =1, g(0) = w, and we can use
equation (52) to finish off Case 1. The unique nonidentity involution fixing [A(oc0)]

. , 0 w?
is I = 6(id, ( w 0

mapping [A(0)] to [A(w)].

) , 1), and the coset M, consists of all collineations in H

Case 2. w’ = w? 50t =2 forallt € L. Here T = ¢,> = w?, Ay, = w, A, = w.
Then k(0) = ¢§T* = w? implies 0 = w?+we for e € {0,1}. And also f(0) = w+w?e,
g(0) = w? + &. According to both matrices in condition (7v) in theorem 5.2 we have

a? w+e 1+ we
A(Z)Q d2>_<1—|—w5 14+ w2 |- (55)

Hence b = ¢ and \a® = wAd?, implying a = w?d. The equalities of condition (i)
in lemma 6.2 imply that a*w + ab + b* = w?(ad + be) = w?(*w + ed + d*). These
equalities with b = ¢ and a = w?d are equivalent to d?® + w?db + wb?> = 0, or
(wd/b)? + (wd/b) +1 = 0. So wd/b = w or wd/b = w?. Since T' = N\?(ad+ bc)? = w?,

2
. . woow
we can determine two coset representatives as follows: 6(2, ( W w? ) ,w?) maps

M@HMMWWMmf:Mﬁ+Mﬁm9@<1i)ﬂﬁnmﬁM@Hﬂﬂm
where t = w?t? + 1.
2 2
Hn¢:9@<ﬁ 1)@M§Mﬂz<$ &);ﬁ)T@n%w:whﬂE
1

MW«l

1
w ) ,w?), and we have the following coset decomposition of H.

H = MUMI.UMpUMI0. (56)

Corollary 7.2 The stabilizer H of [A(00)] in Gy has an orbit of length 4 consisting
of [A(t)] with t € GF(4).

We now want to determine the unique involution (if there is one) fixing the line
[A(s)] for each s € F'. Note that the unique (nonidentity) involution fixing [A(oc0)]
is obtained by putting o = id and b = w in equation (56). After shifting by s and
flipping we obtain the following new parameters for C* using equation (39) (write
x' = 7’ for simplicity).
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ws®  , (wis? 4+ w)

I 7 —_— - - =/ H/ — 2
a4 k(g)? 4 k(S) 9 w
oy (ws® + s* + ws + w) ) (w?s® + w?s* + ws + w?) K1

5 k(s)? , P 2_ k(s)? ’ N

/ w / w / w

-y = = o7

Qs k(s)’ 2 k(s)’ Co kgg) ( )

;o (ws*+ 2+ 1) " (w?s® + w?s* + ws) y 1
a, = = -

' k(s)2 k(s)? T k(s
A=

13 — W7 24 — k(8)2

Put v = y/k(s) = s>+ws+1. Then the unique (nonidentity) involution @, of GQ(C')
fixing [A%(w)] and (0,0,0) can be determined and shown to exist by a routine

application of lemma 6.2 and theorem 6.3, and we get:

Lemma 7.3 0, =0(id, D, 1), with 0 = \/g =w/v, and

1 2.4 2 2.5 2.4 2
D—D.— ( wesT +ws wos® +wsT Fws +w ) (58)

Son2 \ wsd + st +ws+w w?st + w?s

Since a = d, D = D™, det(D) =1 and PDP = D=7 it follows that

0, : (o, c,8) — (aDT, ¢+ JaDT Ay Do, (3 + V0a)DT) , 0 =w/v.  (59)

Now using equations (16) and (59) we may compute the involution /s in Gy that
fixes [A(s)]:

I, = is00,04;": (a,c,p) — (60)
(1 + 0v/s)a + 03] DT, —, [sV0a + (1 + Vs0)3]DT) , 0 = w/v.

where we could compute the middle coordinate if we wanted to.
Described as a Mobius transformation on the elements of F' as indices of the
lines through oo, we have

2 2
. . . (S Dt +ws
Ig:t— ((t+s)" +w/v)" +s= il (61)

In particular,
I : 00 — (82 + 1w’ (62)
This completes a proof of the following:

Theorem 7.4 The group Gy of collineations of the GQ(C) of construction 11 that
fiz (0,0,0) is transitive on the lines through (o0) and has order 2e(q* — 1) (q =
2¢ e = 21,1 odd). This implies that only one class of flocks arises from the q-clan

C.
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However, we shall now show that Gy (and hence G) is not transitive on the
subquadrangles GQ(«) of order ¢. (Recall the description of GQ(«) given near the
end of section 1.) To indicate the action of Gy on the subgroups G, it suffices to
indicate the action of Gy on the a considered as points in PG(1,¢q). If o € Aut(F),
and if 27 = 22 for all 2 € F, we write o/? to indicate a®. And since Gy = U{HI; |
t € F}, in light of equation (56) it suffices to consider the action on o € PG(1,q) of
M along with the action on « of each coset representative.

(i) M>30(c,al,a?®) :a—a° (0£a€ F;o € Gal(F/L)) (63)
(i4) Ioo:om—>04<u?2 %’)za(? %2>

ol @8 bls) )

(v) Is:« (c(s a(s))’ er

(vi) Iol,:iaa chs(f> wzas()s> )  sEF

(vi)) I o a® ( wz(a Vi Zzé?gifai ) eer

To determine the orbits of Gy on PG(1,q) we need more information about the

matrices DT = ( a(s) bls) ), where v(s) = s* + ws + 1 and

c(s) als)

(i) a(s) = (w?s* +w?s)/v(s)>/? (64)
(i1)  b(s) = (ws” + s +ws 4+ w)/v(s)*?
(i11)  c(s) = (w?s® + w?s* + ws + w?) Jv(s)*/%

From condition (i) in theorem 5.2 there are two basic relationships for a = a(s),

b=0b(s), c=c(s):

(i) a®+1=bc (65)
(1) a+b—+wc=0

In the computations that follow, there are several times when we need to know
that some 5th degree polynominal with no root in GF(4) is actually irreducible over
GF(4). To do this we show that the remainder after division by a general irreducible
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quadratic polynominal over GF(4) cannot be zero. The general (monic) irreducible
quadratic polynominal over GF(4) has the form

d(x) = 2* + px + p*q, where p=1,w or w? and ¢ = w or w’. (66)

Sop®=1=¢*and ¢°+¢+1 = 0. In what follows d(z) is always such a polynominal
and the dividend always has no root in GF(4).

(1) as)—0<:>ws +ws=0 <= s GF(4) (67)
(i) b(s) =0 < " +w*s"+s+1=d(s)[s’ + (p+w?)s* +
P’ 4 pw?)s + 14 p**w?] + ws + p*q + pw? = 0
(i1i) c(s) =0 <= a(s)=b(s) <= 0=5"+s"+w's+1=

d(s)[s® + (1 +p)s® + (p+ p*¢)s + 1 + p**] + ws + 1 + p + p’q
(iv) a(s)=c(s) <= 0=3s"+tws+1=

d(s)[s® 4+ ps® + p*¢®s + 1] + ws + 1 + p°q.

o

It is a curious fact that in each division the coefficient on s in the remainder is w,
which of course is not zero.
Immediately from equations (65) and (67) we have

(i) a(s) =0 < se GF(4), (68)
giving 4 values of s for which (a(s),b(s),c(s)) = (0, w, w?)
(17) b(s) = 0 has no solution if 5 f r.
If 5|r, there are 5 values of s for which (a(s),b(s), c(s)) = (1,0, w)
(731) ¢(s) = 0 has no solution if 5 f 7.
If 5|r, there are 5 values of s for which (a(s),b(s),c(s)) = (1,1,0).

From equation (65) we note that a = ¢ iff b = wa and b = ¢ iff a = we. It is also
easy to check that:

(i) a(s+w)=a(s) (69)
(i7)  b(s+w) =0b(s) + a(s)
(13i) c(s+w) = c(s) +wa(s).

Then using equations (65), (67) and (69) it is easy to verify that
a(s) =c(s) <= b(s+w) = c(s +w). (70)

And this pair of equations has no solution if 5 f r. If 5|r, there are five values of s
for which both equations hold.

Theorem 7.5 The stabilizer of « = (1,w) is HU(U{HI, : s € GF(4)}), with order
20r(q —1). So the Go-orbit of (1,w) has size 4r(q*> —1)/20r(q — 1) = (¢ +1)/5, and
it consists of all a of the form (a(s) + wc(s), b(s) + wa(s)), s € F.
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Proof. Using equation (63) (i),(¢i),(iii) and (iv) it is easy to check that the sta-
bilizer of & = (1, w) includes H. Then I : (1,w) — (a(s) + wc(s), b(s) +wa(s)) =
(1,w) iff b(s)+wa(s) = w(a(s)+wc(s)) iff b(s) = w?c(s). But a(s)+b(s)+w?c(s) =0
by equation 67(iz), so HI fixes (1,w) iff a(s) = 0 iff s € GF(4) by equation (69)(z).

O

Theorem 7.6 If5 [ e, a = (0,1) belongs to an orbit of length 4(q + 1)/5. Hence
Go has exactly two orbits on PG(1,q), and therefore on ovals.

Proof. Using equation (63) we see that M stabilizes o = (0, 1), but I, ¥ and
I do not. I stabilizes (0,1) iff ¢(s) = 0. I,/ stabilizes (0,1) iff a(s) = 0 iff
s € GF(4). ¥I; stabilizes (0, 1) iff ¢(s) = wa(s) iff b(s) = 0. And 11 stabilizes
(0,1) iff a(s) = ¢(s). So using equation (69) we have the following: if 5 [ e, the
stabilizer of (0, 1) consists of M U{MII;: s € GF(4)} and has order 5r(q — 1).
So its orbit has length 4r(¢* — 1)/5r(¢ — 1) = 4(¢ + 1)/5. O

We conjecture that for e =2 (mod 4) even when 5|r there will be a long orbit
of length 4(¢ + 1)/5.

8 The Subiaco translation planes

Let PG(3, q) be the projective space associated with the 4—dimensional vector space

Y +u

F?2x F2. Deﬁneltvu:{(&,a<fj )) | € F?} (t,u € F)and I, = {(0,0) |

a € F?}. Let
S(C)={liu | t,u€ F}U{lx}. (71)

As C is a g¢-clan, we can prove with a direct calculation that S(C) is a spread
of PG(3,q). f Ry = {liw | u € F} U{lc}(t € F), then R; is a regulus and
S(C)= UerR; is the union of ¢ reguli, each two meeting in the line .

We point out that S(C) is not the spread S associated with the flock F(C)
using the Klein correspondence, whose lines are I, = {(0,a) | « € F?} and my,, =

{(a, ( yt;-u —;t )) | @ € F?} (t,u € F) (see [3] for more details). But the
t

collineation 7 : («, (b1, b2)) — («, (b2, b1)) transforms S(C) into S. We will say that
S(C) is the spread associated with C.

Proposition 8.1 If C; and Cy are two q-clans, then S (Cy) and S(Cz) are isomor-
phic if and only if F(Cy) and F (Cz) are projectively equivalent.

Proof. Fori=1,2let S; be the spread associated with the flock F(C;) using the
Klein correspondence. As S(C;)1 = S, the spreads S(C;) and S(Cy) are isomorphic
if and only if &; and Sy are isomorphic. By [3] &1 ~ &, if and only if F(C;) and
F(Cs) are projectively equivalent. O
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We will denote by 7'(C) the affine translation plane constructed using the spread
S(C), whose points are the vectors of F? x F? and whose lines are the cosets A + v
(v € F?x F?), where A is any vector subspace of F?x F'2 which defines a line of S(C).
Denote by C' the translation complement of T'(C). If 7x denotes the collineation of
PG(3, q) defined by the non-singular semilinear map X : F? x F? — F? x F? then
C={Xe€TlL4,q)| S(C)rx = S(C)}. The subgroup H of PI'L(4, q) defined by C
is the stabilizer of S(C) in PI'L(4, q).

Foru € F,let g, : F?x F? — F? x F? be the linear map defined by g, : (a, 3) —

0

and each of the reguli R; for any ¢t € F'. Moreover E is an elation group of T'(C)
with axis the line {(0,a) | a € F?}.

If S(C) is not a regular spread (i.e., GQ(C) is not isomorphic to the classical
generalized quadrangle H(3,¢?)) and H is the stabilizer of F(C) in PT'L(4, ¢), then
there is a surjective homomorphism ~: H — H whose kernel is E such that:

(1) if g € HNPGL(4,q), then g € H NPGL(4, q);

(2) an element g of H fixes all the reguli R; if and only if g acts as the identity
over F(C) (see [1] corollary 3, we point out that the proof of theorem 2 and corollary
3 of [1] does not depend on the characteristic.).

(o, v ( 2 u ) + () and let E = {g, | u € F'}. Then each element of E fixes S(C)

Theorem 8.2 If C is a Subiaco g-clan, then the plane T(C) has an elation group
of order 2q and no Baer-involution.

Proof. If C is a Subiaco ¢-clan obtained with the construction III, then using
lemma 6.2 and theorem 6.3 one may compute the unique involution I, fixing [A(c0)]

a c
b d

checking that this collineation really exists, we find that f(0) = g(0) = 63+46*+06%+47
and leave the remaining details to the reader.)
Therefore there is always a non-identity involution 6 of GQ(C) fixing [A(c0)].
By theorem 6.3 6 is uniquely defined and 6 = 0(o, D, \) with 0 = id, A = 1 and
g : A(0) — A(\/c2). By equation (7)) there is a unique involution g of PGL(4, ¢q)
fixing F(C). Moreover g : mo — 7 s (we refer to notations of section 1).
Therefore, there is a non-identity element g of PGL(4, ¢q) fixing S(C) such that
g*> € E. Then either g = 1 or g* = 1. Moreover g does not fix all the reguli R;.
As §(C) is not a regular spread, by [4] each collineation of H must fix the line /.
As the 2-elements of PGL(2, q) (¢ = 2°) are all involutions, g induces an involution
over [, and over the set of planes through /.. Then g fixes a point of | and a

tobe[oozﬁ(id,< ),1)With6:5anda:d:1+K‘1,b:c:K_1. (In

plane through /..
If g is the identity over [, then there is an elation X of T'(C) such that 7x = g.
If g does not induce the identity over [, we can choose a basis e, e, €3, €4 of
F? x F? such that < ej,es >= lo and g = 7x where X is represented with respect

11 2z vy
. . 01 2t . 9
to the fixed basis by a matrix of type 0011l As g is a power of 2, X* =1
0001
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and, therefore, g2 = 1.

Then either X is an elation with axis {(0,a) | @ € F?} or X is a Baer-involution
of T(C).

Suppose that X is a Baer-involution. Then ¢ fixes exactly ¢ 4 1 lines of S(C)
one of which is lo. By [4] there are no reguli in S(C) different from R; (t € F).
Therefore if I, ,, is another line of S(C) fixed by g, then g maps the regulus R; into
itself. As ¢ fixes a point p of I, g fixes the transversal line m in R; incident with
the point p. As ¢ — 1 is odd, there is a third line /;, of R, fixed by ¢g. Then g acts
as the identity over m because g € PGL(4, ¢). This implies that ¢ induces over the
plane < [, m > an elation with axis m and center p. As m is a transversal line of
R, each line through p different from I, is a transversal of one of the reguli of S(C).
Therefore g fixes all the reguli of S(C): a contradiction. Hence X is an elation. O
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