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ON VARIETIES DEFINED BY LARGE SETS OF QUADRICS AND
THEIR APPLICATION TO ERROR-CORRECTING CODES

SIMEON BALL AND VALENTINA PEPE

ABSTRACT. Let U be a ((kgl) — 1)-dimensional subspace of quadratic forms defined on

PG(k — 1,F) with the property that U does not contain any reducible quadratic form.
Let V(U) be the points of PG(k — 1,F) which are zeros of all quadratic forms in U.
We will prove that if there is a group G which fixes U and no line of PG(k — 1,F) and
V(U) spans PG(k — 1,F) then any hyperplane of PG(k — 1,F) is incident with at most
k points of V(U). If F is a finite field then the linear code generated by the matrix
whose columns are the points of V(U) is a k-dimensional linear code of length |V (U)|
and minimum distance at least |[V(U)| — k. A linear code with these parameters is an
MDS code or an almost MDS code. We will construct examples of such subspaces U and
groups G, which include the normal rational curve, the elliptic curve, Glynn’s arc from
[8] and other examples found by computer search. We conjecture that the projection of
V(U) from any k — 4 points is contained in the intersection of two quadrics, the common
zeros of two linearly independent quadratic forms. This would be a strengthening of a
classical theorem of Fano, which itself is an extension of a theorem of Castelnuovo, for
which we include a proof using only linear algebra.

1. INTRODUCTION

Let PG(k — 1,F) denote the (k — 1)-dimensional projective space over an arbitrary field
F. An arcis a subset S of points of PG(k — 1,F) with the property that any hyperplane
is incident with at most k — 1 points of S. A track is a subset S of points of PG(k — 1, F)
with the property that any hyperplane is incident with at most k points of S and some
hyperplane is incident with exactly & points of S. Tracks were first defined by de Boer in
[5]. Let F, denote the finite field with ¢ elements. In this article, we will be interested in
arcs and tracks in PG(k — 1,F,), which give rise to k-dimensional linear codes of length
|S| and minimum distance |S| — &+ 1 and |S| — k respectively, also known as linear MDS
(maximum distance separable) and linear AMDS codes respectively.

In PG(k —1,F,), which we from now on denote by PG(k — 1, q), the classical example of
a large arc is the normal rational curve. This arc has size ¢ + 1 and is larger than taking
a basis plus a point, which is an arc of size k 4+ 1, for £ < ¢ — 1. The classical example
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of a large track comes from an elliptic curve, see Section 2.2l This track has size at most
q+ [2,/q] + 1. These sizes should be compared to the trivial upper bounds in each case.
By considering the hyperplanes through a subset of k& — 2 points of an arc or track, one
quickly deduces that an arc has size at most ¢+ k — 1 and a track has size at most 2q + k.

In this article, we shall be interested in arcs and tracks which are contained in the common
zeros of a large number of linearly independent quadratic forms.

The following theorem is from Glynn [9, Theorem 3.1].

Theorem 1. Let U be a subspace of quadratic forms defined on F* with the property that
U does not contain any reducible quadratic forms. Let V(U) be the points of PG(k —1,F)

which are zeros of all quadratic forms in U. If U has dimension (kgl) and V(U) spans
the space then V(U) is an arc of PG(k — 1,F).

Glynn conjectures in Section 5 of [9] that if we include the additional hypothesis that
[V(U)| = ¢+ 1 then V(U) is a normal rational curve. In Theorem [B we will prove
this conjecture under the hypothesis that 2k < ¢. Glynn suggests that the hypothesis
2k < ¢ + 2 may be necessary.

If the field is a finite field then Theorem [I] implies that the linear code C' generated by
the matrix whose columns are the points of V' (U) is a k-dimensional linear code of length
|V(U)| and minimum distance at least |V (U)| — k + 1. In other words, C is a linear
maximum distance separable (MDS) code.

The following theorem is from [3].

Theorem 2. Let U be a subspace of quadratic forms defined on F* with the property that
U does not contain any reducible quadratic form. Let V(U) be the points of PG(k — 1,F)

which are zeros of all quadratic forms in U. If U has dimension (kgl) —1 and V(U) spans

the space then V(U) is either an arc, a track or contains a line.

The following example indicates that V(U) can contain a line.
Example 1. Let k =4 and
U= (X, X5+ Xo X4, Xo X5+ X1 X4 + X3 X)),
Then U contains no reducible quadratic form, V(U) spans the space and contains the line
spanned by (1,0,0,0) and (0,1,0,0).
The set V(U) also contains the normal rational curve
{(—t,%t =131 %) | t € F,} U{(0,0,1,0)}.

The intersection of V(U) with the quadric V(X? + X1 X3 — X3) is the normal rational
curve.

Supposing that V(U) contains no line, if the field is a finite field then Theorem 2 implies
that the linear code C' generated by the matrix whose columns are the points of V(U) is
a k-dimensional linear code of length |V (U)| and minimum distance at least |V (U)| — k.
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Theorem [3] adds an additional hypothesis to the previous theorem which rules out the
possibility that V(U) contains a line. In Section[3, we shall detail many examples in which
Theorem [Bl applies. These examples include the famous Glynn arc from [8]. This example
has parameters k = 5 and ¢ = 9. The variety V(U) is a track of size ¢ + 2 and contains
an arc of size ¢+ 1 which is not a normal rational curve. The subspace of quadratic forms

has a large symmetry group which contains a cyclic subgroup of size k£ which fixes no line
of PG(4,9).

We say that a set V' of points of PG(k — 1,F) defines r conditions on the subspace of
quadratic forms if the co-dimension of the subspace of quadratic forms in the space of
quadratic forms which are zero on V is r.

Theorem 3. Let U be a subspace of quadratic forms defined on PG(k — 1,F) with the
property that U does not contain reducible quadratic forms. Let V(U) be the points of
PG(k —1,F) which are zeros of all quadratic forms in U. Suppose that there is a subgroup
G of PGL(k,F) which fizes U but which fizes no line of PG(k—1,F). IfU has dimension
(kgl) — 1 and V(U) spans the space then V(U) is either an arc or a track.

Proof. By Theorem 2] we know that V' (U) is either an arc, a track or it contains a line.

Suppose that V(U) contains a line £. Since G does not fix ¢, there is an element o € G
such that o(¢) # ¢. Since G fixes U, it also fixes V(U), so the points of ¢(¢) are also in
V(U). The subspace spanned by ¢ and o(¢) has dimension 2 or 3, depending on whether
the lines intersect or not. We can choose 5 (resp. 6) points on these lines and extend them
to a generating set for a hyperplane 7 by adding an additional k — 3 (resp. k — 4) points
of V(U). This will give a set of k+2 points Y of V(U) in = which define k + 2 conditions
on the space of quadratic forms defined on 7, so the subspace of quadratic forms which
are zero on Y has co-dimension k + 2. Let a(X) be a linear form whose kernel is 7. The
dimension of the subspace of quadratic forms defined on the (k — 1)-dimensional vector
subspace ker(«) of IF’;, which are zero on Y, is at most

(e (7))

Since this is smaller than the dimension of U, there is a quadratic form in U which is
zero on 7 which implies that U contains a reducible quadratic form, contradicting the
hypothesis.

O

We are interested in the applications of V(U) to error correcting codes, so we will assume
that F = IF,. However, we note that, over the algebraic closure of F,, the varieties we will
consider are 0 or 1-dimensional, since any hyperplane intersects them in a finite number
of points.
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2. EXAMPLES OF SPACES OF QUADRATIC FORMS

Throughout the article, {ej,...,e,} will be the points of PG(k — 1,F) defined by the
canonical basis.

2.1. The normal rational curve. Let o, ..., «a; be distinct elements of F and suppose
|F| > 2k — 2.

One can readily check that if
U= <(ai — o) XiX;+ (1 — ) Xa Xi + (o —a1) Xq X 2<i<j< k:>
then
VO = (=) [ FEF\ o} U} U (L D)

Note that dim U = (kgl) Since |V(U)| = 2k — 1 and V(U) is an arc, it is not contained
in the union of two hyperplanes, so U cannot contain a reducible quadratic form.

The set V(U) is a normal rational curve, which is an arc of size g + 1.

2.2. The elliptic curve. Let £ be a plane elliptic curve defined as
E={(,z,y) | y* = 2" +az+b} U{(0,0,1)}.

Define
¢1($ay) =1,
and for ¢ > 2,
vy’ if ¢ = 37,
Gi(z,y) = 2%yt ifi=3j+1,

zy’ if i =35 + 2.
For k > 4, define ®; to be the map from PG(2,q) to PG(k —1,q)
(I)k((lﬁ l’,y)) = (¢1($,y), ¢2($a y)a SRR ¢k(x>y))
and
®,((0,0,1)) = (0,...,0,1).
For example,

(I)12((1a z, y)) = (]-7 x,Y, 1'2, xy, y2a 113'2'3/, Iy2> y3’ $2y2, Iyga y4)

In [7], Giullieti proves that ®(€) is either a track or an arc. He goes on to prove that if
the j-invariant of £ is not zero then ®¢(€) is not extendable as a track, ®4(€) is extendable
as a track by at most 1 point and ®5(€) is extendable as a track by at most 2 points.

Theorem 4. The set of points ®(E) is contained in V(Uy), for some ((kgl) —1)-
dimensional subspace Uy, of quadratic forms defined on IF’;.
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Proof. For k =4, 4(€) is contained in V (U,), where
U4 = <X22 - X1X4, X§ — X2X4 + aX2X4 + bX12>

For k =5, ®5(&) is contained in V (Us), where
U5 = U4 ©® <X1X5 — X2X3,X2X5 — X3X4, X3X5 - XZ + aX22 + bX1X2>

We proceed by induction.
The points of ®(€) are contained in V' (Uy_1) so it suffices to show that there are k — 2
quadratic forms, ¢, ..., qx_2 such that ®,(€) are contained in V(Uy), where we define

U =Up1 ®(q1,- - @e—2)-

We consider three cases.

Suppose that £ = 0 modulo 3. Then, fori=1,...,k — 2,

XkXZ — Xk—lXi—l—l -+ an_lX'_g + ka_gX'_g if 4 =0 mod 3,
g = XeXi— Xg-1Xit1 if i =1 mod 3,
XkXZ — Xk_QXi+3 if 4 =2 mod 3.

Suppose that £ = 1 modulo 3. Then, fori=1,...,k — 2,

X0 Xi — Xpo1Xia1 if i =0 mod 3,
q; = Xsz — Xk—lXi-i-l + an_gXi_g + ka_QX,'_4 if 4 =1 mod 3,
Xsz — Xk—lXi-i-l + an—lXi—l + ka_lXi_g if 4 =2 mod 3.

Suppose that £ = 2 modulo 3. Then, fori=1,...,k — 2,

XkXZ — Xk—lXi—l—l -+ an_gXi_l + ka_gX'_g if 4 =0 mod 3,
g = XeXi— Xp-1Xit1 if i =1 mod 3,
XX — X1 X100 if 7 =2 mod 3.

O

2.3. Glynn’s track. Let G be the dihedral group D5 with 10 elements generated by the
reflections

o1 = (34)(25)(1) and o9 = (13)(45)(2)
and consider the action of G on the coordinates of PG(4, F).
To verify that G fixes no line of PG(4,F) one can suppose that one of the points of the
line is (1,a,b,c,d), since one of the coordinates must be non-zero and after a suitable

permutation of G we can suppose that this is the first coordinate. Then the fact that G
fixes a line containing (1, a, b, ¢, d) implies that all the points in the orbit of this point are
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collinear. Putting the points in this orbit as the rows of a matrix, this is equivalent to
saying that the 10 x 5 matrix

1 a b ¢c d
1 dc b a
b a 1 d c
c b al d
d ¢ b a1l
a b c d 1
b ¢ d 1 a
c d 1 a b
d 1l a b ¢

has rank two. It is a simple matter to check that this matrix never has rank two.
Let U be the subspace

(Xo X5+ X5 Xy + Xo X35 — e(Xy X5 + Xo Xy + X3X5),

Xo Xy + X5 Xy + Xo Xy — e( Xy Xy + Xo X5+ X1 X5),

X3 X5+ X1 X5+ Xo X3 — e(Xo X5 + X1 X5+ X1 X)),

X1 X3+ XXy + X1 X5 — e( X3 X5+ X1 Xy + X5 X)),

XXy + XaXo + Xy X3 — (X1 X3 + Xo Xy + X3X5)),
where €* # 1.

We are interested in finding values of e for which the intersection of these 5 quadrics
contains more than just the canonical basis.

Suppose that cd # 0, ¢ # d* and ¢?,d* # 1 and that the point (c,d,1,1,d) is in V(U).
Since the 5 points in its orbit are in V(U) too, V(U) contains the canonical basis and
at least an additional 5 points which span the space but which are not contained in two
hyperplanes. Note that if the 10 points were contained in the union of two hyperplanes
then two of the points in the orbit of (¢,d, 1,1,d) would be in a hyperplane with three
points of the canonical basis, which they are not. Hence, U contains no reducible quadratic
form, so Theorem Bl implies that V(U) is a track or possibly an arc.

The point (¢, d, 1,1,d) is a zero of all these quadratic forms if and only if
d>+2d—e(1+2d) =0, 2d+cd—e(lc+d*+cd) =0, c+1+cd—e(2d+c) = 0.
This will have a solution for ¢ and e providing
3(d—1)(d* +3d+1) = 0.
The condition e? # 1 implies
d*(d+2)* # (1 +2d)?,

which rules out d = 1.
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Thus, if the characteristic is not 3 then we have to choose d such that d?>+3d+1 = 0 which
imposes the condition that 5 should be a square in F. It also implies that e? +3e+1 = 0.
This will guarantee at least 10 points in the track,

V(U) 2 {e1,eq,€3,€4,65,(c,d, 1,1,d),(d,c,d, 1,1),(1,d,¢,d, 1), (1,1,d,¢,d),(d, 1,1,d,¢c)}.

In fact, V(U) is a normal rational curve, since V(U) is the intersection of the following
six linearly independent quadratic forms (see Theorem [G])

s = X1 Xo — (1 4+ ) X1 X3+ X0 X5, gau = X1 Xo + X0 X5 — (14 €) X0 X5,
Qo3 — —(1 + €)X1X4 + X1X5 -+ X4X5, 24 = X1X3 + (2 + €)X1X5 -+ X3X5,
Qo5 = X1X3 -+ X1X4 + (2 + €)X3X4, 435 = (2 + €)X1X2 -+ X1X4 + X2X4.

This can be seen by verifying that the five quadratic forms in U are (in the same order
as before),

Qs — (€ +2)q3s — eqss + (2e + 1)gas — @24 + o3,
(14 e)gsa + g35 + @1, qus — (1 4 €)q34 + Goa.
(q+ 1)gos — eqas — €qa3, (e+ 1)qos — equs — €qss.

If the characteristic is 3 then the point (1,1,1,1,1)isin V(U). The three equations imply
e = —d and ¢ = —d — 1. Thus, for any value of d # 41, we get at least 11 points in the
track V' (U), namely

{617627 637 647 657 (17 17 17 17 1)7 (C7 d7 17 17d)7 (d7 C7 d7 17 1)7 (17d7 C7 d7 1)7 (17 17d7 C7 d)? (d7 17 17d7 C)}’

In all cases removing the point (1,1,1,1,1) from V(U) we obtain Glynn’s arc. This
implies that the intersection of the 5 quadrics described above can be a Glynn track (if
the characeteristic is 3) or a normal rational curve (if the characteristic is not 3), in which
case the value of e must be chosen accordingly.

3. CYCLIC EXAMPLES

The cyclic representation of the Glynn arc suggests that the cyclic group acting on the co-
ordintaes (and more specifically the di-hedral group) may be a group for which Theorem [3]
will provide us with interesting examples of arcs and tracks.

Let G be a group which fixes no line of PG(k — 1,¢). Instead of trying to construct
subspaces of quadratics forms directly which satisfy the hypothesis of Theorem [3, we aim
to construct arcs A of PG(k — 1, q) of size 2k which are fixed by G and let U be the space
of quadratic forms which are zero on A. Then the hypothesis will be satisfied since V' (U)
spans the space and U cannot contain a reducible quadratic form since A is not contained
in the union of two hyperplanes.
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Let o be the cyclic permuation (1,2,...,k) acting on the coordinates of the points of
PG(k —1,q). The k x k circulant matrix

ry T2 ... Tk
X X e T
M = k 1 k-1
Ty T3 ... T

has rank determined by
k —degged(zy + 20X 4 - - 4+ 2, X1 1 — XFY),
see [10]. Hence, M does not have rank two provided
degged(wy + 20X + -+, X1 - XF 1) £k — 2,
If M does not have rank two then o fixes no line.

If M has rank & then M~! is also a cyclic matrix. Specifically,

Yi Y2 - Yk
M- = 1 Ye Y1o--o Ykt
Tryr + o TR S ’
Y2 Yys ... W
where y = (y1, ..., yx) is a non-trivial solution to the system of equations,

k
Z l’iXi_;,_j =0
i=1

for j € {1,...,k — 1}, indices read modulo k.
Moreover, suppose that the set A of columns of the k& x 2k matrix
(Ix | M)

is an arc. If we multiply by M~! then this amounts to a change of basis, so the arc
property is maintained. Therefore, the set of columns of

(s [IM7H)
is also an arc. Hence, the examples come in pairs which are projectively equivalent.

We will look for examples where M is a symmetric circulant matrix.

3.1. The 5-dimensional case. An exhaustive search for ¢ < 49 using GAP reveals that
A={ey,...,esyU{c’(1,a,b,b,a) | j=1,...,5}

is an arc for which |V(U)| = ¢ + 1 occurs for the following values of a and b. Supposing
that M is the matrix given by the pair (a, ), the pair (a/, V') gives the matrix M~!. In the
following table € is the primitive element of F, used by GAP [11].
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lgla b ]d V |dimU [V(U)]]arcor track|
9] e €] € 5 11 track
e e € 6 10 arc
11l e 6 12 arc
138 8] & 5 15 track
et Qe e 5 15 track
19 e T]el?2 €7 6 20 arc
291 €7 @€ & 6 30 arc
L A . 5 35 track
e 9]0 M 5 35 track
31 ¢ &t & 5 35 track
S 5 35 track
I B 6 32 arc
e 2] ¢ 20 5 35 track
el 9] el2 22 5 35 track
L 2 L 5 35 track
) €2 | l0 2 5 35 track
41 € D] 7 6 42 arc
AT & €20 M 5 55 track
€ 20|27 2 5 55 track
S 5 55 track
49 ] @ B2 0 5 55 track
0 el9] 22 37 5 55 track
ell 26| 30 36 5 55 track
€12 (18] 38 29 5 55 track
i R 5 55 track
3 B3 13 6 50 arc

By Theorem 5] the entries in the table for which the dimension of U is 6 and |V (U)| = ¢+1
are normal rational curves. In fact, since these occur in the table only when ¢ is prime,
this also follows from [I, Theorem 1.8].

It is also of interest to note that a = €%, b = €® gives an arc of size 10 in PG(4,11) for
which the dimension of U is 5 and is therefore not contained in a normal rational curve
(which is contained in the common zeros of 6 linearly independent quadratic forms).

In all cases, apart from the first entry which is the Glynn track, the projection of V(U)
from a point of V(U) into PG(3, ¢) is contained in the intersection of two linearly inde-
pendent quadratic forms, see Conjecture [7 This implies that the projection of V(U) from
two points of V(U) is contained in a plane cubic curve. This is also true of the Glynn
track. However, for the Glynn track, the projection of V' (U) into PG(3, ¢) from one point
of V(U) is not contained in the intersection of two linearly independent quadratic forms.
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3.2. The 7-dimensional case. An exhaustive search for ¢ < 47 using GAP reveals that
A={ey,...,es;yU{0’(1,a,b,c,c,b,a) | j=1,...,7}

is an arc for which |V(U)| > ¢+ 1 occurs for the following values of a, b and ¢. Supposing
that M is the matrix given by the triple (a, b, ¢), the triple (a’, ¥, ') gives the matrix M~1.

lgla b c|]d V ¢ [dmU [V(U)]]arcor track |
13] € €0 S €9 & 15 14 arc
23] e & e 2§ 14 21 track
e €3 €l €5 €l 14 21 track
€ €3 €|t Mt 2 14 21 track
25| € €9 €Tl B &8 14 21 track
e €7 93 &0 & 14 21 track
€ & €T e P €2 14 21 track
€ & B |l 7 €T 14 21 track
A = I 14 21 track
27 | el 21 €™ [l 21 €7 15 28 arc
20 | €T €18 2T 8 15 30 arc
411 e & e & S 15 42 arc
431 e 0 &1 e 0 & 15 44 arc
e €2 270 5 S 14 49 track
€ €9 B e M (0 14 49 track
e €22 2T |3 23 T 14 49 track
471 B 1?2 S & 14 49 track
et ST ® S0 14 49 track
€ € €| 6 M 14 49 track
€ €3 €| eld 2 20 14 49 track
€ €T 0|30 22 T 14 49 track
8 B A3 eld 36 (12 14 49 track
€ €l 2|30 2 M 14 49 track
€l 29 21 ett 33 271 14 49 track
el 3t B3l 31 3 14 49 track
49 € B I M €8 €0 14 49 track
et 0 32| P B 14 49 track
e & e P M2 14 49 track

As in the 5-dimensional case, Theorem [0 implies that the entries in the table for which
the dimension of U is 15 and |V(U)| = ¢+ 1, V(U) is a normal rational curve.

It is also of interest to note that a = €, b = € and ¢ = €'® gives an arc of size 14
in PG(6,17) for which the dimension of U is 14 and is therefore not contained in a
normal rational curve (which is contained in the common zeros of 15 linearly independent
quadratic forms). The parameters a = €3, b = €’ and ¢ = €® give an arc of size 14 in
PG(6,19) which is not contained in a normal rational curve for the same reason.
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In all cases the projection of V(U) from three points of V(U) into PG(3, ¢) is contained
in the intersection of two linearly independent quadratic forms, see Conjecture [[l This
implies that the projection of V' (U) from four points of V' (U) is contained in a plane cubic
curve.

4. CASTELNUOVO’S THEOREM

In this section, we will be interested in deducing precisely what arcs and tracks we get by
intersecting large amounts of quadrics. If V(U) is large enough then it may be that we
get only the classical examples described in the introduction.

Theorem [B] and its corollary Theorem [B], is essentially Castelnuovo’s theorem [4]. It is not
clear to us if it is known that this theorem holds over an arbitrary field, so we include a
proof. Theorem [l verifies the conjecture in Section 5 of [9] under the hypothesis 2k > q.

Theorem 5. Let X be an arc of size 2k + 1 of PG(k — 1,TF) and let U be the subspace of
quadratic forms which are zero on X. If dimU > (kgl) then the projection of V(U) from
any k — 3 points of V(U) is contained in a conic.

Proof. After a suitable change of basis, we can suppose that the canonical basis {eq, ..., e,} C
X and let V =X\ {e,...,ex}.

Let C' be a basis for a (kgl)—dimensional subspace of the space of quadratic forms that
are zero on X.

Let M = (m;;) be the |C| x (kgl) matrix whose rows are indexed by the elements of C,
whose first £k — 2 columns are indexed Xi,..., X;_o and whose next (k;2) columns are
indexed by X;X;, where i, j € {1,...,k—2} and i < j. The row-column entry, where the

row is indexed by the quadratic form

0X)= > a;XiX;

1<i<j<k
is defined as
@ -1 Xp—1 + a; p X5,
for the first ¢+ = 1,...,k — 2 columns and a;; for the remaining columns. Thus, M has

entries which are constants or linear forms in X;_; and X and its determinant is a
homogeneous polynomial of degree k — 2.
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Let x = (x1,...,x)) be a point in the intersection of all the quadrics in C. Then
T
Tk—2 .
M(zp-1, Tk) 1 = VTp-1Tk;,
Lg—3LE—2

where v is the vector whose coordinates are indexed by the quadrics in C' and whose
coordinate indexed by ¢(X) has entry —aj_1 .
We can solve for z; (i =1,...,k —2) and z;x; (i, =1,...,k —2, i < j) by Cramer’s
method, defining M; to be the matrix obtained by from M by replacing the column indexed
by z; by v and M;; to be the matrix obtained by from M by replacing the column indexed
by x;x; by v.
Thus,
det(M(SL’k_l, S(Zk))l’l = TL-1Tk det(Mi(xk_l, LL’k))

and

det(M(zg_1, xx))zix; = 125 det(M;;(Tg—1, k).

If det(M(xg_1,2%)) = 0, for some x € V, then there is a linear combination of the quadrics
in C which is a quadric

(e Xp1 — 21 Xp)(d1 Xq 4+ -+ -+ dp—2Xp—2) = dj_1 X1 Xk,

for some dy,...,d;_1 € F. Since z is a zero of this quadric and xy_1x; # 0 we have
that di_; = 0, which implies that in the space of quadrics spanned by C' there is a
hyperplane pair (reducible) quadric. However, the arc X is not contained in a hyperplane
pair quadric, which is a contradiction. Observe that this implies that det(M)(Xx_1, Xx)
is not identically zero.

Similarly, if det(M)(Xy—1,0) = 0 then there is a linear combination of the quadrics in C'
which is a quadric

Xp(di Xy 4 -+ dp—o Xp—o + dip—1 Xj—1),
for some dy,...,d;_1 € [F, again contradicting the fact that C' does not contain a hyper-
plane pair quadric.

As a homogeneous polynomial in (Xj;_1, Xy), the determinants are non-zero and have
degree

degdet(M(Xx_1, Xy)) = k — 2, degdet(M;(Xp_1,Xx)) =k—3
and
deg det(M;; (Xy—1, Xk)) =k — 2.
Note that we have also proved that the degree of det M in Xj_; is also k — 2.
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From this we deduce that, for x in the intersection of all the quadrics in C', x is a zero of
Xk_le det(MZ) det(Mj) — det(M) det(Mij),

which is a homogeneous polynomial in (X;_1, X}) of degree 2k — 4. Note that we have
not written the indeterminates for the determinants, and will not from now on, for the
sake of readability.

We can choose bj, j € {1,...k— 3} \ {¢}, so that
Xjoo1 X det(My) D~ by det(M;) — det(M) Y ~ b; det(M;;)
i i
is a polynomial of degree at most k in X, ;. This polynomial has a zero (X;_1, X3) =
(ag—1,ax) for every a = (ay,...,ar) € V. Since | X| > 2k + 1, we have that |[V| > k + 1.

Moreover, since X is an arc the pairs (ay_1,ax) are distinct for distinct points in V.
Therefore, the polynomial above is identically zero.

In other words,

(1) Xjo1 X det(M;) > by det(M;) = det(M) Y b det(M;;).
j#i j#i
For all x € V,
det(M(zg—1, xx))r; = 125 det (M;(zg—1, 2x)).
Hence, if
> bjdet(M;) =0
J#i
then
() bj;) det(M (a1, 21)) =0,
J#i
forall z € V.

We have already proven that det(M(xy_1,2)) # 0.
Since V' is a set of more than k points of an arc,
Z bj!lﬁ'j 7£ 0
JFi
for every element x € V.
Thus,
> b det(M;) # 0.
JF#i
Suppose that the degree of g = ged(det(M), X1 X det(M;)) is r < k—4. Let m =
det(M)/g and m; = Xj_1 Xy det(M;)/g.
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We can choose d;, j € {1,...k — 3} \ {i}, so that
my; Z dj det(M]) —m Z dj det(M”)
J# J#
is a polynomial of degree at most k — r in X;_;.

This polynomial is zero at all x € V| which implies that it is identically zero. This implies
that m; divides ., d; det(M;;) and so 3., d; det(M;) has degree k —r— (k—r—1) =1
in X;_;. It is divisible by m, which has degree £k —2 —r > 2 in X;_;. This implies that
i dj det(M;) is identically zero, which we already proved before that it is not.
Thus, the degree of g is k — 3. For all z € V| the point z is a zero of the quadratic form
Xk_le det(Ml) X det(M)
g Z '
This implies that the projection of X from any k — 3 points of X is contained in a conic.

O

Theorem 6. Let X be an arc of size 2k + 1 of PG(k — 1,F) defining at most 2k — 1
linearly independent conditions on the space of quadratic forms. Then X is contained in
a normal rational curve.

Proof. By Theorem [, the projection of X from any k& — 3 points of X is contained in a
conic. It is well-known that this implies that X is contained in a normal rational curve,
see for example [I]. O

We conjecture the following, based on the examples found by computer. This should be
compared to Fano’s theorem from [6] which states that, under the additional hypothesis
that all subsets of X with the same number of elements impose the same number of
conditions on the space of quadratic forms, V' (U) is a curve of degree k.

Conjecture 7. Let X be an arc of size 2k + 3 of PG(k — 1,F) and let U be the subspace
of quadratic forms which are zero on X. Ifdim U > (kgl) — 1 then the projection of V(U)
to PG(3,q) from any k — 4 points of V(U) is contained in the intersection of two linearly
independent quadratic forms.

Observe that Conjecture [1, implies that that projection of V(U) to PG(2,q) from any
k — 3 points of V(U) is contained in a cubic curve. To see this suppose that f; and f, are
quadratic forms defining two linearly independent quadratic forms on PG(3, q). Let

bi(X,Y) = flX +Y) = fi( X) = fuY),

the symmetric bilinear form which is the polarisation of f;(X). Then, for x in the projec-
tion of V(U), let

9:(X) = bi(X, 2) f2(X) = [o(X)ba (X, ).
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Then V(g,) contains all the points of the line joining = and y, for any y(# x) in the
projection of V(U), since g,(Ax+ py) = 0. Since g,(X) has degree three this implies that
the projection of V' (U) from x to PG(2, ¢q) is contained in a cubic curve.

5. ANOTHER GENERALISATION OF GGLYNN’S CONSTRUCTION

Let o be an element of Fg such that o = —1.
The set of points of PG(4,9)

A={1,z,2* + a2’ 2% 1) | v € Fo} U {(0,0,0,0,1)}
is projectively equivalent to Glynn’s arc.

In the following lemma we give a short proof of the fact that A is an arc, which we will
then generalise.

Lemma 8. The set of points A is an arc of PG(4,9).

Proof. The points of a hyperplane section of A satisfy the equation
f(z) = ag + a17 + as(2? + ax®) + azx® + aga* = 0.
If a; = 0, then the equation obviously has at most 4 solutions.

If ay # 0 then we can assume that a; = 1. Since z — 22 is an automorphism of the field,
f(x) =0 if and only if f(z)* = 0. Hence we also have

ay + ajz® + 2% + o*2® + alz + ajzt = 0.
A solution z to f(z) = 0 satisfies f(z) — af(z)® = 0. Hence,
ap — aay + (a; — aal)zr + (1 — a*)z® + (a3 — aa?)2® + (ay — aal)z® = 0.

If a* # 1 then the equation f(z) — af(z)® = 0 is not identically zero and has at most 4
solutions. O

The set of ¢* +1 points of PG(2" —1, ¢*), where the coordinates are indexed by the subsets
of {0,1,2,...,{ — 1}

V, = {(H xqi)Tg{O,l,Z...,t—l} ‘ T € th} U {(O, 0,...,0, 1)}7
€T
is fixed by the map
(o, T1, ..oy ot_1) > (2o, 1, ..., Tt _1)?
and such a map has order ¢.

Theorem 9. Let [ = {q—1}U{¢?—¢¥ ' +1|d=2,3,...,t—1} and suppose that t — 1
of the coordinates of the points of PG(2' +t —2,q") are indexed by the elements of I. Let
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A be the set of points of PG(2' +t —2,q") such that the projection of A onto the subspace
x; =0 fori €I is V, and the i-th coordinate is

t—1

iqJ
E o'
J=0

forv e 1.
If the matrix
;0 (751 HRR O 7, |
q q q
Qe 1 Qg "t Qg o
P= )
t—1 t—1 t—1
q q
Qi Qo o Qg

is mnon-singular then A is a set of ¢" + 1 points of PG(2' +t — 2,¢") such that every
hyperplane is incident with at most ¢¢~* + ¢"=2 +--- + ¢ + 1 points of A.

Proof. In Z_, consider the bijection 7 : ¢ — ¢q. The map 7 has order ¢ and the elements
of I have distinct orbits.
The only element in the orbit of ¢ — 1 larger than
¢+ g+

is ¢! — ¢! = ¢"7!(¢ — 1) and this occurs only when ¢ > 2.
In the orbit of ¢¢ — ¢4=! + 1,

@ =g ) < g g g1
fore<t—1—-dandforec{t—d+1,t—d+2,...,t—1},

qe+d _ qe-l-d—l + qe = qe-i-d—t . qe+d—1—t + qe (IIlOd qt . 1)‘

Hence,
qe+d—t _ qe+d—1—t +¢° < qt—l + qt—2 4+t g+ 1.

The only element in the orbit of ¢¢ — ¢?~! +1 which is larger than ¢/ ~' + ¢ 2 +-- -4+ ¢+1
is qt—d(qd _ qd—l + 1)
A linear section of A is a linear combination I(x) of the monomials

M={]]=" |TC{o,L,2,....t—1}}U{a™ |iel,je{0,1,2,... t—1}}

€T

which is equal to zero.

Also l(l’)qj =0, for j =1,2,...,t — 1 which are linear combinations of the monomials of
M too.

Since the number of elements in M of degree larger than

¢+ g+
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is at most ¢ — 1, there is a suitable linear combination f(x) of

lx), l(z), ... [(x)T
that does not contain those monomials.
Hence, f(z) is a non-zero polynomial of degree at most
e S
or f(x) is identically zero. The latter is only possible if
{l(z), l(x)9,... ()" '}

are linearly dependent as subset of the vector space generated by the monomials of M
over F:.

t—1

t—1
If in I(x) the coefficient of Zaijxiqj is zero for all ¢ € I then [(z) has degree at most
=0
¢ Hq P+ g+ L

If there exist an ¢ € I such that the coefficient of
t—1 _
Z ;' 0
=0

then, by the non-singularity of P, it follows that

{l(x),l(z)!, ... [(x)" }

are linearly independent. Hence, A is a set of ¢* + 1 points of PG(2" +t — 2, ¢") such that
every hyperplane is incident with at most ¢'=! + ¢*=2 4+ --. 4+ ¢ + 1 points of A. O

t—1

To calculate the space of quadratic forms vanishing on A, observe that we have labeled 2
of the coordinates of PG(2" +¢ — 2, ¢") by the subsets of {0,1,...t —1}. Let T;,7;,T;, T,,,
be subsets of {0,1,...¢ — 1} such that T, NT; =T,NT,, =0 and T,UT; =T, UT,,. All
the quadratic forms of type

xTiij = IT1,TT),
vanish on A.
If ¢ = 3 then there are more quadratic forms vanishing on A. We have
I={2u{2-3" +1|d=23,...,t—1}.

Let x; be the coordinate occupied by

t—1 )
pi(z) =) aya'®,
=0
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for some i € I. Then the following quadratic forms vanishing on A,
t—1
ToXT = Z Q25 X7, TTj,, 5
=0

where T, Ty, Ty, € {0,1,...t—1} such that 7;,UT},, = TU{j}, and ford € {2,3,...,t—1},

t—1
TelT = E O(eijjlejm,
J=0

where e =2 - 391 + 1 and T, Ty, Tjp, C {0,1,...t — 1} such that
TgUTj,=TU{j,j+d—-1,j+d—1}
ifd—i+j¢T, and
T UTjm =T\{d—i+j}U{j.j+d}
ifd—i+tjeTl.

6. CONCLUSIONS

Let X be a set of points of PG(k — 1,¢) which are not contained in the union of two
hyperplanes and which impose 2k conditions on the space of quadratic forms. Theorem
tells us that X is either an arc, a track or contains a line. Furthermore, if there is some
symmetry, Theorem [3] implies that the latter case does not occur. This enables us to find
many examples of arcs and tracks as the set of common zeros V' (U) of the subspace U
of quadratic forms which are zero on X. In all but one case, these examples are either
a normal rational curve or have the property that they project onto the intersection of
two quadrics in PG(3,q). The exceptional case is the Glynn track. This leads us to
Conjecture [l We could go further and conjecture that if the hypothesis of Conjecture [7]
holds and V(U) is an arc then V(U) is a normal rational curve.
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