Double k-sets in symplectic generalized
quadrangles

Stanley Payne and Morgan Rodgers
University of Colorado Denver
Department of Mathematical and Statistical Sciences
stanley.payne @ucdenver.edu
morgan.rodgers @ucdenver.edu

October 2012

Abstract

In classical projective geometry, a double six of lines consists of 12 lines ¢y,
by, ..., g, my, my, ..., mg such that the ¢; are pairwise skew, the m; are pairwise
skew, and ¢; meets m; if and only if i # j. In the 1960’s Hirschfeld studied this
configuration in finite projective spaces PG(3,q) showing they exist for almost all
values of ¢, with a couple of exceptions when ¢ is too small. We will be consid-
ering double-k sets in the symplectic geometry W(g), which is constructed from
PG(3,g) using an alternating bilinear form. This geometry is an example of a gen-
eralized quadrangle, which means it has the nice property that if we take any line
¢ and any point P not on /, then there is exactly one line through P meeting £.
We will discuss all of this in detail, including all of the basic definitions needed to
understand the problem, and give a result classifying which values of k and g allow
us to construct a double k-set of lines in W(g).

1 Background and Review

In classical projective geometry a double six of lines consists of a set of 12 lines /1, ¢5,
.., bg; my, my, ..., mg, such that the ¢; are pairwise skew, the m; are pairwise skew, and
¢; meets m; if and only if i # j. In the 1960’s J.W.P. Hirschfeld studied the existence of
double sixes in finite projective spaces (see the articles [1], [2], [3], [4]). He concluded
that a double six exists over all fields except for the finite fields of order 2, 3, and 5.

In the present work we shift the basic setting from projective space to the symplectic
geometry W(g) living in PG(3,q). W(q) denotes the point-line incidence geometry
derived from a symplectic polarity of PG(3, ¢), the 3-dimensional projective space over
the finite field F, with ¢ = p® elements, p a prime. It is well known that this incidence
geometry is a generalized quadrangle (GQ) of order ¢ with all points regular for each
prime power g, with all lines regular when p = 2, and all lines antiregular when p
is odd. Conversely, if . is a GQ with all points regular, then it must be isomorphic



to some W(gq). For these results and general background information on GQ see [6].
What is important for the present study is that all lines are regular if and only if each
triad of lines (an unordered set of three distinct pairwise disjoint lines) has either g + 1
transversals or exactly 1 transversal, and all lines are antiregular if and only if each
triad of lines has either O or exactly 2 transversals.

In 1987 the first author of the present study exhibited a double five in W(3) along
with several combinatorial facts concerning it (see [5]). Here we show that W(3) has no
double six, many double twos and double threes, and then we study the more interesting
double fours and double fives.

2 Double k-sets with k =2, 3, or 6

Let .¥ = W(q) for some prime power g, so that either all lines are regular or all lines
are antiregular. Then either all triads of lines have 1 or 1+ g transversals, or all triads
of lines have 0 or 2 transversals. Note that . has too many double twos to mention.

Note: If .7 contains a double k, say Zk = ({1,..., {; my,..., my), then 9| =
(1,..., by_1; my,..., my_q) is a double k — 1. Eventually we are going to prove that
W(q) has a double five if and only if ¢ =1 or3 mod 6. So certainly in these cases
W(q) has double threes, double fours and double fives.

Lemma 2.1. . never contains a double six.

Proof. Suppose that .% contains a double six £1, la,...,0s; my,my, ..., mg. It follows
that (¢1,¢2,¢3) is a triad with three centers m4,ms,mg. This forces us to be in the
situation where all lines are regular (so ¢ is even), i.e. any line meeting two of ¢1,¢,¢3
must meet the third one. Hence the lines m,my,m3 of the putative double six cannot
exist. ]

Let = ({1,0>,¢3) be a triad of lines. We start by considering the existence of
double threes.

Case 1: 7 has no transversal. Hence ¢ is odd and all lines are antiregular. Let P; 3
denote an arbitrary point of £, and let m3 be the line through P; 3 meeting ¢, at a point
P> 3. Clearly m3 cannot meet /3 since .7 has no transversal. Next let P3, denote the
point on ¢3 collinear with P> 3, and let m; be the line through P; » meeting ¢, say in the
point Pj . Then let P> 1 be any point of £, different from P> 3. So P> ; will be collinear
with a point P3| of /3 different from P; », and the line m; through P5; and P> ; will not
meet ¢;. Hence (¢1,0,,03; my,mp,m3) is a double three.

Case 2: .7 has exactly two transversals, so again s is odd and all lines are antireg-
ular. If we now let my and ms be the two transversals of .7, using just the ¢ — 1 points
on each of the lines /1, ¢, and ¢3 (and not on my4 or ms), we can repeat the construction
given in Case 1 to produce a double three.

Case 3: 7 has a unique transversal. So all lines are regular. In this case g = 2¢.
So let = ({1,¢,¢3) be a triad with a unique transversal my4. Say my4 meets ¢; at P, 4,
i=1,2,3. Let P 3 be a point of ¢; different from Pj 4; P, 3 the point of ¢, collinear
with P 3; and m3 the line through P; 3 and P> 3. Clearly m3 does not meet £3. Let P
be the point of £3 collinear with P, 3; Py » the point of /; collinear with P; »; m the line



through Py > and P; . Clearly my cannot meet £». Let P> be the point of ¢, collinear
with Py »; P31 the point of ¢3 collinear with P, ;; m; the line through P> and P .
Clearly m; does not meet £1. So 23 = (£1,4,03; m,my,m3) is a double three. We ob-
tained this double three in a particular way. However, now suppose that 25 = (¢1,45,(3;
my,my,m3) is any double three and that all lines are regular. Then 7 = (¢},¢,¢3) and
' = (my,my,m3) must have unique transversals nmy and /4, respectively. Suppose that
L4 were to meet myg. Then (my,my,ms) would have two transversals, viz., £3 and {4,
which is impossible since all triads must have either 1 or g+ 1 transversals. Hence
Dy = (£1,02,03,04; my,mp, m3,my) is a double four.

We collect these observations into a lemma.

Lemma 2.2. Let . = W(q) for some prime power q. If 7 = (£1,42,¢3) is any triad
that does not have 1+ q transversals, then 7 is contained in a double three. If q is
even, then each double three is contained in a unique double four. In particular, W(q)
contains double fours when g = 2°.

In the course of determining just when W(g) contains double fives we show that
for all prime powers ¢ it is true that W(g) contains double fours.

3 Double Fives

Our first result here implies that if W(g) has a double five, then ¢ must be odd.

Lemma 3.1. Let .¥ = W(q) for some prime power q. Suppose that D5 = (¢1,..., Us;
mi,..., ms) is a double five. Since T = ({1,¢»,03) cannot have 1+ q transversals but
does have two (viz., myq and ms), it must be the case that all lines are antiregular, which
implies that q is odd (see [6]).

Theorem 3.2. The symplectic geometry W(q) has a double five if and only if g =
1 or 3 mod 6.

Proof. Our proof requires the extensive use of coordinates. As each two symplectic
forms are equivalent up to a change of basis, we will represent ours without losing
generality by

X0y =Xoy1 — X1Y0 +X2y3 — X3Y4.

A line / is called isotropic provided oy = 0 for all ¥ and ¥ on /¢, and the points of
PG(3,q) along with the set of all isotropic lines form the symplectic geometry W(g).
The idea is to coordinatize the lines of a putative double five as generally as possi-
ble and determine those restrictions on g which are necessary and sufficient for the
existence of a double five of isotropic lines.

The configuration of lines we wish to consider is this: five pairwise skew isotropic
lines, denoted ¢y, /5, ..., {5, with each four of the ¢; having exactly one transversal ny,
not meeting ¢;. We will refer to the point £; Nm;, where i # j, as P, ;.

We will use some important properties of the symplectic group to put convenient
coordinates on as many points as possible, without losing any generality. Firstly, the



projective symplectic group PSp(4,¢) is transitive on all of the points of W(g); the
stabilizer PSp(4,q) (p} of a fixed point P is transitive on points not collinear with P; and
the stabilizer PSp(4,q) (py (o} of two noncollinear points P and Q is triply transitive on
the points collinear with both P and Q. These results allow us to label

Pis=01Nms= (1:0:0:0).
Pz4—€2ﬁl’l’l4—(0 ]ZOIO),
Pi4a=0Nmy=(0:0:0:1), and
Ps=0Nms=(0:0:1:0).
We have now coordinatized the following lines:

6 ={(1:0:0:0), (0:0:0:1)),
6={((0:1:0:0), (0:0:1:0)),
my=1{0:1:0:0), (0:0:0:1)), and
ms={(1:0:0:0), (0:0:1:0)).

It can be easily verified that /| and ¢, are skew, as are m4 and ms.
From here, we will label points

Pys=(1:0::0)and
Pi3=(1:0:0:P),

which can be seen to force
=(0:1:0: —a ') and

P23—(0 1:B7":0), 50
=((1:0::0), (0:1:0: —a ")) and
={((1:0:0:8), (0:1:B7':0)).

It can be verified that /3 and m3 will be skew so long as ¢ is odd.
Next, we will label the point

Pip=(1:0:0:7),
where v is nonzero and y # 8, which forces us to have

Pao=(l:ay:a:—y)and
={(1:0:0:9), (1:ay:a:—7)).

At this point we should remark that in order for ¢, and m; to not be concurrent, we
must have 2 # 0, showing again that ¢ must be odd.
We will next coordinatize /4. We may arbitrarily label

Py5=(1:0:6:0),



requiring only that § 0 and 6 # «. This can be seen to force

Pi3=(1:—B6:—5:P)and
Po=02-ad oy a:—ayd!)

to be the unique points on m3 and my collinear with P, 5. However, since we must have

these two points collinear with each other as well, we must have § = a(1 — 7).
We would like to compile the coordinates we have determined thus far, as these will

completely determine the coordinates for the rest of the points in our configuration.
On/;:

P1’5:(1202020)
Pi4=(0:0:0:1)
Pi3=(1:0:0:8)
Pip=(1:0:0:7)
On /5:
P275:(02 O)
P,s=(0:1:0:0)
P3=(0:1 - 0)
On /3:
P3s=(1:0:0:0)
Piy=(0:1:0:—a™ )
Psro=(1:ay:a:—7)
On Y4:

Pis=(1:0:a(1-B""y):0)
P3=(1:—af(1-B""y):—a(1-B""y): B)
Py=(1-28""y:ay(1-B"'y):a(l-B"y): —v).

None of the coordinates for points on /5 and m| have yet been determined, and the only
requirement we have imposed on our field up to this point is that 2 = 0.

The next line to tackle will be m;. The line m; intersects (of the lines we have
constructed thus far) ¢;, ¢3, and /4. We will first label

Po1=(0:1:h:0),
where £ is nonzero, and i # B~!. This gives

Pyi=(1: —ah ' a: h_l)



as the unique point on ¢3 collinear with P ;, and

Py = (Bh:—oaf(1 —B7 ') a(Bh—2)(1-B"'y): B)

as the unique point on ¢4 collinear with P 1. For these two points to also be collinear,
we must have

2ayh+20—2aB 'y=0.

Since 2 # 0 we can deduce that yh = B~ 'y—1,andsoh ="' —y L.
At this point we have the freedom to label these three points on m; in terms of ¢,
B and v, and we will do so. We have:

Py=(0:1: B Ly 1:0)

Py=B -y i—aa -y "))

Py = (BB - ’1) —aB(1-B 7'y :aBB =y ) =2)(1-B""y):B)
=(

Bl —vi—a(l-B 'y a(BPy—y ) 1)

At this point we know the coordinates of all points on ¢, ¢», ¢3 and ¢4 in terms of the
arbitrary nonzero field elements o, § and y in F, g odd.

Note: Before proceeding we notice that Py = (£1,€2,03,04;m1,mp,m3,my) is a
double four for all odd prime powers g. Hence by Lemma 2.2 we see that for each
prime power g there is a double four in W(g).

Now /5 is the last line we need, and is a transversal of m; for i # 5. Let us take take
apoint Ps4 = (0:1:0:8) on my. We see that

Psy=(1:—B6':-8":B)=(8:-B:—1:B5)
Psr=(—ad:ay:a:—y2+ad))
Py =B '—y':2a-8": =8B =y "))

are the unique points collinear with P54 on m3, my, and m, respectively. Requiring
Ps 5 and Ps 3 to be collinear means we must have

2036 —2ays —2y=0,

therefore 6 = %’ . But we also need Ps | and Ps 3 to be collinear, so we require
2By ' +2a6 =0
as well. Thus we must have § = —o~ ' By~!

So in order for us to have a double five we have imposed two different conditions
on §, we need 6 = ﬁ ;’ as well as § = —a~'By~!. For these both to hold we must
have

aly

= _ailﬁ’yil’

=

=



which is equivalent to
By 2By '+1=0.

Conveniently, we may consider this a quadratic polynomial in the variable By~ with
coefficients in the prime base field. This allows us to compute the discriminant of this
polynomial, which is —3. Thus this polynomial has exactly one distinct root if g = 0
mod 3, and two distinct roots if —3 is a nonzero square in the field of order g. Using
the Law of Quadratic Reciprocity it is straightforward to determine that the quadratic
equation will have a solution if and only if ¢ is congruent to 0 or 1 mod 3. Since g
must be odd, this is equivalent to having g congruent to 1 or 3 mod 6, as claimed in the

theorem.

O

(1:040: B) (1:0£0:0)
1:040: BX) (0:0[0:1)
0:14p571:0) 0:1:871:0) (0:0]:1:0)
0:1}0:0)
(I:—aBA fa:BA) (1:0} a:0)
(1:aBXa:—BXN) ©0:1]o: —a™1)
(1:aBXfa(l +N): BA) (1: —aB\f —a) : B) (1:0} @\ :0)
A1+ X:—aBN:aX:B)
(1: —aB1+ X)) aX:BA) (1: —afAL —aX:p)
(1: —apX :JaX: B+ N) 0:1:0F —a™'))

Figure 1: Coordinates for a double five; o and B are arbitrary (nonzero) field elements,
and A, A are the two roots of x> —x+ 1.

We should now remark that, in the situations where a double five exists, we can

write A = B! as a chosen root of x> — x + 1, which allows us to replace y = A~
and § = —a~!By~! = —a~'A. This allows us to coordinatize the points of our double
five as shown in Fig. 1.
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