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1 Introduction

Coding theory is the study of reliable communication through a noisy channel. The chal-
lenge of coding theory is to construct codes with little redundancy that have strong error-
correcting capabilities. Finite geometry has contributed in this endeavour in several ways,
one of which is explored further in this article. More specifically, we investigate linear
codes constructed from certain matrices arising from finite geometries. Almost 60 years
ago, Weldon [ 18] initiated the study of such codes by analysing codes constructed from the
incidence matrix of classical projective planes', because they allow an efficient decoding
algorithm. More general classes of codes arising from finite geometries have been investi-
gated since, see e.g. [ | 1] for a detailed survey. Most attention has been paid to codes arising
from the incidence matrix of a finite projective space. This works as follows. Choose in-
tegers 0 < j < k < n and a prime power ¢q. Construct a 01-matrix M/ whose rows and
columns are indexed by the subspaces of the projective space PG(n, ¢) of dimension & and
7 respectively. Let M have entry 1 in a certain position if and only if the corresponding j-
and k-space are incident. Then the code to be studied is the row space of M over a finite
field, typically the prime subfield of IF,. The minimum weight of this code was determined
by Delsarte, Goethals, and MacWilliams [7] in case j = 0 and by Bagchi and Inamdar
[2] for general values of j. Stronger characterisations of the codewords of small weight
are known, see e.g. [1]. The dimension of these codes was determined in case j = 0 by
Hamada [9], but is still unknown if j > Oand k < n — 1.

In this paper, we study a similar code. Choose integers 0 < j,k < n and a prime
power q. Construct a 01-matrix M whose rows and columns are indexed by the subspaces
of PG(n, q) of dimensions k and j respectively. Let M have entry 1 in a certain position if
and only if the corresponding j- and k-space have a non-empty intersection. Let I, denote
the prime subfield of F, and C; ;. (n, ¢) the row space of M over F,,. The length of this code
equals the number of j-spaces of PG(n, ¢). The dimension of this code was determined by
Sin [14]. The general formula is quite involved, so we will not state it here. However, the
case of interest to us are the codes C; 1(3, ¢), and for this fixed set of dimensions j, k, n,
there is a simple formula for the dimension of the code.

Result 1.1 ([14]). Let p be a prime and q = p" with h > 1 an integer. Then

. w2 +1\"
dlmcl,l(?,,q):q( p3 ) .y

Yet, determining the minimum weight of C; ;.(n, ¢) is still an open problem for j, k > 0
and j+k <n—1[11, Open Problem 2.4]. In this paper, we determine the minimum weight
of C1 1(3, q) for sufficiently large ¢. For a set S of lines in PG(3, ¢), we call the 01-vector
whose positions are indexed by the lines of PG(3, ¢) and that has a 1 exactly in the positions
corresponding to the lines of S, the characteristic vector of S. For any line ¢ of PG(3, q),
we refer to the characteristic vector of the set of lines having non-empty intersection with
£ simply as the characteristic vector of £. Our main result is the following.

Theorem 1.2. Suppose that ¢ > 19 and let ¢ be a non-zero codeword of C1 1(3, q) of weight
at most ¢° + 2¢° + q + 1. Then either

! Actually, Weldon [18] studied codes from projective planes arising from perfect difference sets. Classical
projective planes are known to belong to this category. It is still an open conjecture that no other projective planes
do. This conjecture has been verified for planes up to order 2 billion [3].
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(1) ¢ has weight ¢® + ¢> + ¢ + 1 and c is the characteristic vector of the set of absolute
lines of a symplectic polar space W (3, q), or

(2) c has weight ¢® + 2q° + q + 1 and c is a scalar multiple of the characteristic vector
of a line.

Moreover, (1) occurs if and only if q is even.

In order to prove this theorem, we use a classification of small blocking sets on the
Klein quadric. Metsch [12] proved the following result, where ¢ denotes the Kronecker
delta.

Result 1.3 ([12, Theorem 1.1]). Let B be a minimal blocking set with respect to lines on
the hyperbolic quadric Q* (n, q), withn > 5. If
n—1

q -1 n—1
ﬁ +q T —dngs,

1B| <

then B is contained in a hyperplane section of QT (n, q).

It is easy to check that a minimal blocking set B with respect to the lines of Q™ (n, ¢),
which is contained in a hyperplane section, can take two forms:

" 11
q—1

1. B is a parabolic hyperplane section of Q™ (n, q), in which case | B| =

2. There exists a point P € Q% (n, ¢) with tangent hyperplane P~ such that B consists
of the hyperplane section PN Q7 (n, q), where the point P is removed. In this case

Bl = £ g 1.

We are specifically interested in the case n = 5, but we need to strengthen the above
result slightly by removing the term ,, 5 from the upper bound on |B|. We will do this on
the condition that ¢ > 4, and prove the following theorem.

Theorem 1.4. Suppose that ¢ > 4. Let B be a minimal blocking set with respect to the
lines of Q(5,q). If |B| < ¢® + 2¢® + q + 1, then B is contained in a hyperplane section
of Q7 (5,9).

Overview. In Section 2, we state the necessary background. In Section 3, we prove
Theorem 1.4. Finally, in Section 4, we prove Theorem 1.2.

2 Preliminaries

Throughout this article, p denotes a prime number, 4 > 1 an integer, and ¢ = p” a prime
power. The finite field of order g will be denoted as F,,.

We recall the basics of the theory of linear codes, see e.g. [17, §3]. It will be convenient
to represent the ambient vector space of a linear code as the vector space Fqs of functions
from some finite set S to ;. Given a vector v € ]Fg , its support is defined as

supp(v) = {s € § || v(s) # 0},

and its (Hamming) weight as wt(v) = |supp(v)|. The (Hamming) distance between two
vectors v and w is dg (v, w) = wt(v — w). A subspace C' of IE‘qS is said to be a linear
[n, k,d], code if
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* its length, which equals |S], is n,

e its dimension is k,
o its minimum distance min {dy (v, w) || v,w € C, v # w} equals d.

It is well-known that the minimum distance of C' equals its minimum weight, which is
defined as min {wt(v) || v € C'\ {0}}, where 0 denotes the zero vector.
The standard scalar product on Ff is defined as follows, for v, w € Ff :

vow = Zv(s)w(s).

ses

IfC C ]F;Jg is a linear code, then its orthogonal complement with respect to the standard
scalar product is denoted as C* and is called the dual code of C.

The projective space corresponding to the vector space IFZ;“ will be denoted as PG(n, q).
From now on, all dimensions will be projective dimensions. A space of dimension k is
called a k-space for short. Let Gi(n,q) denote the set of k-spaces of PG(n,q). For a
subset S of Gi(n, q), define its characteristic vector as

1 ifkesS

1 Gr(n,qg) = {0,1}: k — ) ’

xs: Gi(n,g) = {0.1} {o ifr ¢ S.
For an integer j and a k-space x of PG(n, q), let X,(.ij ) denote the characteristic vector of

the set of j-spaces of PG(n, ¢) having non-empty intersection with «. We refer to ij) as
the characteristic vector of x.

Definition 2.1. Let ¢ be a power of a prime p, and choose integers 0 < j, k < n. The code

Cj k(n, ) is defined as the IF,,-span of {X,(.ij) || & € Gi(n, q)}

The code of interest to us is C1,1(3, ¢), which we will simply denote as C(3, q). The
code Cp.1(2, q) also plays an important role in this article, as we will heavily rely on the
characterisation of its small weight codewords by Sz6nyi and Weiner [ 16].

Result 2.2 ([16, §41). Suppose that ¢ > 19 and that ¢ € Cy 1(2, q) with

wh(c) < 3¢g—3  ifqis p.rime,
3q — 12 otherwise.

Then c is a linear combination of at most 2 characteristic vectors of lines.

We end the preliminaries by discussing quadrics and symplectic polar spaces. We refer
the reader to [10, §1] for an in-depth treatment of quadrics, and to [6] for a more general
treatment of polar spaces. A form b : Fyt1 x Fi+! — T is called bilinear if it is linear in
both arguments. We call a bilinear form b reflexive if either

* bis symmetric, i.e. b(z,y) = b(y, z) for all z,y € F*, or

* bis alternating, i.e. b(x,y) = —b(y, x) and b(x,x) = 0 forall z,y € Fy+1.
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Now suppose that b is a reflexive bilinear form. A non-zero vector x € IF;”rl is called
singular with respect to b if b(z,y) = 0 forall y € IFZ}H. We call b degenerate if it has a
singular vector. If b is non-degenerate, then it induces an involution L on the subspaces of
F7+! defined by

mt={ye Fot || (Vo € m)(b(z,y) = 0)} .

Since the subspaces of PG(n, ¢) are essentially the subspaces of FZH, we can interpret L
as being defined on PG(n, ¢). Note that L reverses inclusion. Any involution on the sub-
spaces of PG(n, ¢) that reverses inclusion is called a polarity. A subspace 7 of PG(n, q)
is called absolute with respect to the polarity L if 7 C 7.

If b is a non-degenerate alternating form on Fg“, then n is necessarily odd, and up to
a change of basis, b is given by

b({E,y) = oY1 — T1Yo +-- Tn—1Yn — TnYn—1-

We call the corresponding polarity L symplectic, and the set of absolute subspaces with
respect to L is called the symplectic polar space W (n,q). It is worth noting that every
point of PG(n, q) is absolute with respect to a given symplectic polarity L, and that a line
¢ through a point P is absolute if and only if / C P+.

A form f: Fpt!t — Ty is called quadratic if f(ax) = o f(x) for all z € Fp+!
and all « € F,. A non-zero vector z is called isotropic with respect to f if f(z) = 0
and anisotropic otherwise. A point P € PG(n, q) is called (an)isotropic if its coordinate
vectors are (an)isotropic. The set of isotropic points of PG(n, ¢) with respect to a quadratic
form is called a quadric. Every quadratic form f gives rise to a symmetric bilinear form
b(x,y) = fx+y) — f(x) — f(y). We call f and its corresponding quadric degenerate if
some isotropic vector x is singular with respect to b. The non-degenerate quadratic forms
on F7*1 have been classified.

* If nis odd, there are, up to a change of basis, two non-degenerate quadratic forms on
F7+1. They are of the form

f(CL') =20T1+ + Tpn-3Tn-2+ g(xn—la xn)

for some non-degenerate quadratic form g. The corresponding quadric is the hyper-
bolic quadric Q" (n,q) or the elliptic quadric Q™ (n, q), if g is reducible or irre-
ducible over IF, respectively. The corresponding bilinear form b is non-degenerate
and defines a polarity L. If g is odd, then the set of absolute points with respect to L
coincides with the quadric Q% (n, q). If ¢ is even, then L is a symplectic polarity.

* If n is even, there is up to a change of basis a unique non-degenerate quadratic form
on F7+1, given by

flz) =mom1 + -+ + Tp—2xp_1 + a:i

The corresponding quadric is called parabolic and denoted as Q(n, ¢). Let b denote
the corresponding bilinear form. Then b is non-degenerate if and only if ¢ is odd, in
which case Q(n, ) is the set of absolute points of the corresponding polarity.

We also use the notation Q¢(n,q), where ¢ is either —1, 0, or +1, according to the
quadric being elliptic, parabolic, or hyperbolic respectively. In other words, Q=1 (n,q) =

Q™ (n,9), Q°(n,q) = Q(n,q) and Q*(n, q) = Q" (n, q).
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Let 7 and p be two disjoint subspaces of PG(n, ¢) and let S be a set of points in 7. The
set pS = Jpe, (p, P) is called the cone with base S and vertex p. By convention, pS =
if p =0 and pS = pif S = 0. Every quadric is a cone with as base a non-degenerate
quadric. We call a subspace 7 singular with respect to a quadric @ if 7 N (Q is a degenerate
quadric. If P € Q°(n, q) and Q¢ (n, q) has a polarity L, then P~ intersects Q°(n, q) in a
quadric PQ®(n — 2, q). We call P~ the tangent hyperplane of P. A subspace contained in
Q¢ (n, q) of maximal dimension is called a generator.

Result 2.3. (1) The quadric Q¢ (n,q) has qq"_—11 + g™ points.

(2) The quadric Q¢(n, q) has
ﬂ;E

(¢ +1)

i=1l—¢

generators, and their dimension equals ";5 -1

(3) Let G denote the set of generators of QT (n, q). Then the relation

{(ﬂ',p) €G? || dim(rnp) = nT—l (mod 2)}

is an equivalence relation on G, having two classes of equal size.

An equivalence class of generators of QT (3, q) is called a regulus, and two distinct
reguli of the same quadric Q* (3, q) are called opposite.

Lastly, we discuss the Klein correspondence. This is a bijection between the points of
Q™ (5, q) and the lines of PG(3, q). For this reason, the quadric Q" (5, ¢) is also called the
Klein quadric. The lines contained in Q7 (5,q) correspond to the sets
{{ €Gi1(3,q) || P €t Cn}oflinesin PG(3, ), with P and 7 an incident point and plane
of PG(3,¢). The equivalence classes of generators of Q% (5, ¢) are called the classes of
Greek and Latin planes. The Greek planes correspond to the sets {£ € G1(3,¢) || ¢ C 7}
with 7 a plane, and the Latin planes correspond to the sets {£ € G1(3,q) || P € ¢} with
P apoint. A parabolic hyperplane section of Q7 (5, ¢) corresponds to the set of lines of a
symplectic polar space W (3, q). A tangent hyperplane section of Q7 (5, ¢) corresponds to
the set of all lines having non-empty intersection with a fixed line of PG(3, ¢).

3 Blocking sets of the Klein quadric

In this section, we extend Result 1.3 in the case n = 5 to Theorem 1.4. We will closely
follow the original proof by Metsch [12].

Definition 3.1. A blocking set of a quadric () with respect to the k-spaces is a set B of
points of ) that intersects every k-space of (). We call B minimal if none of its proper
subsets is a blocking set.

From now on, blocking sets are always considered with respect to lines. We focus on
Q™ (5, q), which will simply be denoted as Q. The corresponding polarity will be denoted
as L.

Metsch proved the following result.
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Result 3.2 ([12, Lemma 2.2]). Let B be a blocking set of Q with |B| < ¢* + 2¢*> + q. Let
H be a hyperplane of PG(5, q) such that H N B is not a blocking set of Q.

(1) If H is a tangent hyperplane, then |H N B| < |B| — q(¢®> — ¢+ 1) < 3¢>.

(2) If H is a non-tangent hyperplane, then |H N B| < 4q® — 2q. If in addition |H N B| >
3¢ — q, then every line of H N Q meets B in at least two points.

We extend this result using similar arguments to the following lemma.

Lemma 3.3. Suppose that ¢ > 3. Let B be a blocking set of Q with |B| < ¢ +2¢*>+q+1.
Let H be a hyperplane of PG(5, q) such that H N B is not a blocking set of Q. If [ HNB| >
3q% + 2, then H is a non-tangent hyperplane, |H N B| < 4¢*> — 2q + 1, and every line of
H N Q meets B in at least two points.

Proof. Note that the case |B| < ¢3 + 2¢° + ¢ follows from Result 3.2, so we may suppose
that |B| = ¢® + 2¢®> + ¢ + 1.

In case that H is a non-tangent hyperplane, put P := H N Q. In case that H is the
tangent hyperplane of a point Py € @, put P := (H N Q) \ {Fo}. In both cases, P is a
minimal blocking set of Q.

There exist integers 6, ¢, ¢1, d, A such that the following properties hold:

(a) every point P € P belongs to cq lines of ) that do not lie in H;

(b) every line contained in P lies in ¢; planes of () that do not lie in H;

(c) 0 points of P are not in B;

(d) d is the maximal number of points of () \ B on a line contained in P;
(e) A = |B|— |P|, which implies that |B\ H| = |B| — |BN H| < J + A.

Note that |[B\ H| = 6+ A or |B\ H| = 6 + A — 1 and that the latter occurs only when
H is the tangent hyperplane of a point Py € B.

Since B meets every line of (), d # ¢ + 1. The definition of P implies that 7P meets
every line of (). Since, by hypothesis, the points of H N B do not meet every line of (), we
see that P is not contained in B. Hence, d # 0. Thus 1 < d < q.

If X is a point of B that does not belong to H, then X meets H in a quadric Qx
of type Q1 (3, q). Denote by z the maximal number of points of Q \ B that lie in such a
quadric @ x. In case that H is the tangent hyperplane of a point Py € (), note that P, does
not occur in any of the quadrics Q) x .

Then every point X of B\ H is perpendicular to at most z points of P \ B. On the
other hand, a point P of P \ B belongs to ¢ lines of () that are not contained in H and as
each of these lines meets B, the point P is perpendicular to at least ¢ points of B\ H. We
now count the pairs (X, P) of perpendicular points X € B\ H and P € P\ B. We obtain
that |B\ H| -z > dco.

Since | B\ H| < A + 6, this implies that

(A+9) -z > dc. 3.1
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Consider a point X € B\ H for which the quadric Q) x has exactly z points in @ \ B.
Since every line of Q x meets @\ B in at most d points, a simple double counting argument
(cf. [12, Lemma 2.1]) gives

L l@xid
T q+1
So this upper and lower bound for z imply that

dco << |QX|d.
O+A T T g+1

By definition (d) of d, P contains a line ¢ with exactly d points Py,..., Py in Q \ B.
The point P; belongs to ¢q lines of () that do not lie in H and each of these lines meets
B\ H. In this way, the point P; gives rise to at least ¢q points of B \ H. For the point Ps,
the same holds, but c;q of these lines on P lie in a plane of Q on Q7 (5, q) through ¢, so
that the corresponding points of B \ H might have already been counted using the lines on
Py. Thus P, gives rise to at least ¢g — ¢1¢ new points in B \ H and the same is true for
Ps, ..., Py. This shows that

(3.2)

B\ H| > deo — (d—1)erq. (3.3)

But B\ H <A+§,300 >dcy— (d—1)c1q — A.
Inequality (3.2) remains true, if we replace 0 by this lower bound for 4. This gives,
after simplifications using that |Q x| = (¢ + 1)?, that

(deo — (d—1)e1qg — A)eg < (g4 1)d(dey — (d — 1)c1q). (3.4)

There are two possibilities for the intersection of the hyperplane H with the quadric Q.
Either H intersects () in a non-degenerate parabolic quadric Q(4,¢) or H is the tangent
hyperplane P of a point P € Q.

Suppose by contradiction that H is a tangent hyperplane. Then cg = ¢ and ¢; = 1.
The bound on |B| gives A < 1. From (3.4), we obtain (dg*>— (d—1)q) -
(®(¢+1) —d(g+1)%) < ¢*(g+1),s0d = q. Then |B\ H| > dcy — (d — 1)erq =
¢ — ¢*> + ¢, and thus |B N H| < 3¢* + 1, a contradiction.

Therefore, H is a non-tangent hyperplane. Then ¢y = ¢* + ¢ and ¢; = 2. The bound
on |B| gives A < ¢%. From (3.4), we obtain (dqg — d + 2) (¢ — d) < ¢?, so either d = 1,
d=qg—1lord=gq.

If d = 1, then (3.2) implies that § < q + 1 and therefore |B \ H| < ¢? + q + 1. Also,
(3.3) implies that |B \ H| > ¢* + g and therefore § > g. The latter means that there are at
least ¢ points in H N @ not in B, and since d = 1, these points are pairwise non-collinear
in Q. Take two of these points. The number of points of B \ H that are collinear with both
points is at least g% + ¢ — 1, since each point belongs to co = ¢% + ¢ lines of Q*(5,q) \ H,
and | B\ H| < ¢?+q+ 1. There are at most 2 points not collinear with both. The ¢? +¢ — 1
points that are, belong to a hyperbolic quadric Q7 (3, q). If we take a third point of B \ H,
then it can be collinear with at most 2q + 1 points of that hyperbolic quadric Q™ (3, ¢), i.e.
at most 2¢ + 1 + 4 = 2¢ + 5 lines of the ¢ = ¢° + ¢ lines of Q* (5, ¢) \ H through that
third point can be blocked by B, a contradiction.

If d = g—1, then (3.3) implies that | B\ H| > ¢®>—2¢®+3q, so |BNH| < 4¢* —2q+1.
Moreover, d = ¢ — 1 means that every line of H N () contains at least two points of B.

If d = g, then (3.3) implies that |B\ H| > ¢ — ¢> +2¢,s0 |[BNH| < 3¢*> —q+1,a
contradiction. O
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Result 3.4 ([ 12, Lemma 2.4]). Consider in PG(4, q) a degenerate quadric Q' = PQ™ (3, q)
for some point P. Assume that B is a set of at most (q + 1)? + (2q — 3) points of Q' such
that P ¢ B and such that every line of Q' meets B. Then there exists a solid S with P ¢ S
and SNQ' C B.

We are now ready to prove Theorem 1.4, following a similar strategy as [12, Theo-
rem 3.1].

Proof of Theorem 1.4. Let ¢ > 4. If | B| < ¢® + 24> + g, then this follows from Result 1.3,
so suppose that |B| = ¢® + 2¢®> + ¢ + 1.

Let F be one of the two equivalence classes of planes of Q. Then | F| = ¢3+¢*+q+1,
and every point of () belongs to ¢ + 1 planes of F. It follows that ) |7 N B| =
|B|(q + 1). Since |B| < q(q + 1)? + 1, this implies that there exists a plane 7 € F with
|m N B| < g+ 2. It follows from a result of Bruen [5] that |7 N B| = ¢ + 1 and that
¢:=mN Bisaline.

Consider a point P of Q \ B. Then Result 3.4 shows that [P+ N B| > (¢ + 1)2. Tt
also shows that [P+ N B| < (¢ + 1)% + 2¢ — 2 implies that there exists a solid S in the
hyperplane P+, with P ¢ S and S N Q C B. Since P ¢ S, the subspace S meets Q in
a quadric of type Q7 (3,q), which has (¢ + 1)? points. For every point P € Q \ B, put
ep = |P*NB|—(qg+1)>2.

Now we prove the following result.

(1) The set 7 \ ¢ contains at least one point P with ep < ¢ — 1, at least two points P
with ep < g, and at least ¢ + 2 points P with ep < 2¢g — 2, unless ep = ¢ for all the points
Pen\L

Recall that 7N B = {. Every point P of 7\ is perpendicular to | PANB| = ep+(g+1)?
points of B. But then P is collinear to ep + (¢ + 1)?> — (¢ + 1) = ¢ + q + ep points of
B\ ¢. Then every point of B\ ¢ is perpendicular to ¢ points of 7 \ ¢, unless this point of B
lies in the second plane of () through the line £.

Therefore,

> (P +q+ep) < (IBl—q-1)g
Pem\¢
So
> er <(IBl—q¢—1)q—(*+ )" < ¢,
Pem\¢

since |B| < ¢® +2¢°> + g+ 1.

Since |7 \ ¢| = ¢ and since the upper bound is ¢>, there exists at least one point
P en\{withep < g— 1, unless ep = ¢ for every point P € 7 \ £. It is also valid that
there exist at least two points P € 7 \ £ with ep < ¢, and, since ¢ > 4, at least ¢ + 2 points
Pen\{withep < 2q—2.

Case 1. Assume that for some point P € 7 \ £, ep # q.

By (1), we find ¢ + 2 points P, ..., Pyi0 in 7 \ 4, with ep, < 2¢ — 2. For each of
these points P;, the hyperplane Pil contains a solid .S;, with P; ¢ .S;, and such that all the



10 Ars Math. Contemp.

points of the quadric .S; N @ belong to B. These quadrics S; N @ are hyperbolic quadrics
Q+ (37 q)l .

Here, 7 C P;t. Since all the intersection points of the plane 7 with S; belong to B, and
m N B = ¢, necessarily the line ¢ C S.

For i # j, the subspace S; N S; is either the line £ or it is a plane that meets () in two
lines, one of which is the line £. In particular, at most 2¢ + 1 points of @) lie in S; N S;. It
follows that the union S; U S; contains at least 2(¢ + 1)* — (2¢ + 1) = 2¢ +2¢ + 1 points
of B. Also, as £ belongs to all the subspaces S;, the union of three of the solids .S; contains
atleast 3(q +1)* — 3(2¢ + 1) + (¢ + 1) = 3¢ + ¢ + 1 points of B.

By (1), we may assume that ep; < g¢— 1. Consider a point P; with ¢ > 2. The line P; P;
is a line of @; so it lies in two planes of (). One of these planes is 7. Let 7’ be the other
plane. Then 7/ meets S; in a line and this line lies in B. As |[P{- N B| < (¢ +1)? +¢ — 1,
at least two of the points of this line must lie in S1. Hence, the line 7/ N S; lies in Sp. This
shows that S1 N S; is a plane that meets @ in two lines 7 N.S; = £ and 7’ N S;.

The solid Sy lies in ¢+ 1 hyperplanes. One of these hyperplanes is Pi-. As |Pi- N B| =
(g+1)2+ep <(g+1)*+q—1 < 2¢>+2q + 1, the hyperplane P;- cannot contain
one of the solids Ss, . .., S;42. Since S; spans a hyperplane with each of the ¢ + 1 solids
Sa, ..., S¢t2, it follows that there exists a hyperplane I{ on S; that contains at least two of
the solids Sa, ..., Syto. Then |H N B| > 3¢* + q + 1. We may assume that Sy, S5 C H.

In order to prove the theorem, it suffices to show that H N B meets all the lines of Q.
Assume that this is not the case. As |[H N B| > 3¢® + ¢+ 1, Lemma 3.3 shows that H is a
non-tangent hyperplane, that |H N B| < 4¢® — 2q + 1, and that every line of H N () meets
B in at least two points.

Consider the three solids S, .52, S5 of H. The line ¢ belongs to all three of them. As H
is a non-tangent hyperplane, it meets () in a quadric of type (4, ¢). Thus £ meets (¢ + 1)g
other lines of H N Q = Q(4, q). Each of these lines meets B in at least two points. One
of these two points belongs to the line £. Of the (¢ + 1)q lines of H N @ that meet ¢, at
most 3(¢ + 1) lie in one of the solids Sy, Sa, S3. Therefore, at least (¢ + 1)(¢ — 3) lines of
H N @ meet ¢ and are not contained in S1, S3, S3. Since each line of H meets B in at least
two points, each of these (¢ + 1)(¢ — 3) lines contains a point of B that is not in Sy, Sy
or Ss3. Different lines yield different points of B, since H does not contain a plane of )
(or, equivalently, H N Q = Q(4, q) is a generalised quadrangle) [13]. Thus we have found
(q+1)(q—3) extra points in B so that [HNB| > 3¢*+q+1+(q+1)(¢—3) = 4¢*> —q—2.
But |[BN H| < 4¢® — 2g + 1, a contradiction.

Case 2. Assume that for all the points P € 7\ £, ep = q.

If ep = q for every point P € 7\ 4, then |P-NB| = (¢+1)2+¢ < (¢+1)2+2¢—3.
So for every such point P € 7 \ ¢, P+ contains a solid S, with P ¢ Sand SN Q =
Q1 (3,q9) € B by Lemma 3.4. Moreover, S N = / for each such solid S. We want to
find points Py, Ps, ..., Py1o such that for the respective solids S7,.Ss,. .., S4+2, it holds
that S; N S; is a plane for all ¢ = 2,...,q + 2, since then we can continue with the proof
of Case 1.

First choose g + 2 arbitrary points P; € 7 \ £. The line P; P; lies in two planes of @,
one of which is 7. Let m; be the other plane. Its intersection with S; is a line ¢; that is
contained in B. If this line ¢; also lies in .S1, then S; N .S; is a plane. If this is the case for
all i € {2,...,q+ 2}, then we are done. So suppose that this is not the case. Then ¢; € Sy
for a certaini € {2,...,q+2}. W.Lo.g. this is the case for i = 2. Since ¢/, C P;- N B and
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ep = ¢, Pf- N B = Q% (3,q)1 U/2. Now, for any other point P; € 7 \ (£ U 72), {; must
lie in S, since otherwise Pi* N B contains at least ¢ — 1 more points (those extra points on
the line ¢;) and therefore ep, > 2¢ — 1, a contradiction. So .S1 N S; is a plane for all points
P; EW\(EUTFQ).

The remainder of the proof is the same as in Case 1, starting from the paragraph that
begins with the sentence “The solid S; lies in ¢ + 1 hyperplanes.” O

4 Small weight codewords of C(3, q)

In this section, we determine the small weight codewords of C(3, ¢). We do this by inves-
tigating the small weight codewords of a code that contains C(3, q).

Definition 4.1. Let C'(¢) denote the code spanned by C(3, ¢) and the characteristic vectors
of the lines of the symplectic polar spaces W (3, ¢) embedded in PG(3, q).

First, we prove that C'(q) = C(3, ) if and only if ¢ is even. We actually prove a similar
result for a more general class of codes.

Definition 4.2. Let 0 < i < j < n. For c: G;(n,q) = F,, define
proj”(c): Gi(n,q) — Fp:p— Z c(N).
XEG;(n,q)

HCA

Lemma 4.3. Let 0 < 4,5,k < n, ¢ < j. A function c: Gj(n,q) — F, belongs to
Cjx(n,q)* if and only if proj' (c) belongs to Cix(n,q)*.

Proof. Observe that proj*) (c) belongs to C; . (n, q)*

> prof(e)() = 0.

if and only if for each k-space x,

nEGi(n,q)
HNKFAD
On the other hand,
o o)=Y > = Y W) =cx?,
HEG;(n,q) REGi(n,q) AEG; (n,q) AEG;(n,q)
nNKEAD nNKEAD nCA ANK#D

where we used that

0 ifANk=20

d
1 ifANK#0D (mod p),

|{/~L€Qi(n,fJ)||/t§>\,;m/<;7é®}|:{

because the number of i-subspaces of a j-space, having nonempty intersection with a given
subspace, equals 1 modulo p, see e.g. [4, Lemma 9.3.2].

Hence, proj”(¢) belongs to the dual code of i-spaces and k-spaces of PG(n, ¢) if and
only if ¢ - X,(j) = 0 for each k-space r, which is equivalent to ¢ € C; x(n,q)*. O
Proposition 4.4. Let S denote the set of absolute lines of a symplectic polar space W (2n+
1,q) embedded in PG(2n + 1, q). Then xs € C1,,(2n + 1,q) if and only if q is even.
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Proof. First suppose that ¢ is even. Consider a hyperbolic quadric Q" (2n + 1, ¢), and an
equivalence class R of the generators (n-spaces) of Q7 (2n+ 1, ¢). Consider the codeword

c= Z Xg\l)

AER

of the code C1 ,(2n + 1, ). Take a line £ in PG(2n + 1, ¢). Then c(¢) equals the number
of generators in R that intersect ¢ non-trivially. Suppose that £ intersects Q*(2n + 1, q)
in my points. The number of generators of QT (2n + 1, ) of R through a point P equals
0if P ¢ QT (2n + 1, ¢) and equals the number of generators of R in P otherwise, with
L the polarity associated to Q*(2n + 1, ¢). Since P+ intersects Q*(2n + 1,¢) in a cone
PQ%(2n — 1, q), this number equals the number of generators of one equivalence class
in Q1 (2n — 1, q), which is given by H;:ll(qi + 1) (where we use the convention that an
empty product equals 1) by Result 2.3(2) and (3). Let my denote the number of generators
of Q*(2n + 1, ¢) through £. Then

n—1

c(l) =my 1_[(61Z +1)—gma=my (mod p).

Hence, c is the characteristic vector of the singular lines of Q1 (2n + 1, q). Since ¢ is even,
these are the absolute lines with respect to L, which must be symplectic, again by ¢ being
even.

Now suppose that ¢ is odd. Let | denote the polarity associated to W (2n 4 1, ¢). Take
a 3-space . of W (2n + 1, ¢q) such that ¥ N ¥+ = (). Then the absolute subspaces of |
contained in ¥ are the lines and points of a W (3, ¢) in ¥. Consider a hyperbolic quadric
Q1 (3,q) in X and let R and R~ denote its two reguli. Consider the function

1 if¢ e RT,
c:Gi2n+1,q) 5 Fp: b { —1 ifleR,
0 otherwise.

Then proj®)(¢) = 0, hence ¢ € Cy.,,(2n + 1, ¢)* by Lemma 4.3. Therefore, if x5 would
beinCy,,(2n+1, q), then xg-c¢ = 0, which means that S contains the same number of lines
of R and R~ modulo p. Hence, in order to prove that xs ¢ Ci ,,(2n+ 1, q), it suffices to
show that there exists a hyperbolic quadric QT (3, ¢) and a symplectic polar space W (3, q)
in 3 = PG(3, q) where the reguli of Q™ (3, ¢) do not contain the same number of lines of
W (3, ¢) modulo p.

To this end, consider the symplectic polar space of PG(3, g) defined by the bilinear
form

b(x,y) = Toy1 — 1Yo + Tay3z — T3Ya.

From now on, let L denote the polarity of the symplectic space W (3, ¢q) corresponding
to b. A line through two distinct points of PG(3, ¢), with coordinates x = (zo,...,x3)
and y = (yo,...,ys), is absolute if and only if b(x, y) = 0. Now consider the hyperbolic
quadric with equation zgz; = x2x3. Its two reguli are

R* ={{(e,0,5,0),(0,8,0,a)) || ((a, B)) € PG(1,q)},
€

I ((a
R™ = {{(,0,0,8),(0,8,,0)) || {(a,B)) € PG(1,9)}.
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On the one hand,

b((a,0,,0),(0, 5,0, @)) = 2.

Since q is odd, this means that R contains two absolute lines. On the other hand,

b((a707076)a(0767a70)) = Oéﬁ— 60{ = Oa

so all ¢ + 1 lines in R~ are absolute. Note that ¢ + 1 = 1 # 2 (mod p), which finishes
the proof. O

Now we continue our investigation of the small weight codewords of C(q).

Lemma 4.5. Given ¢ € C(q), there exists a scalar o € T, with the property thatc- x5 = «
whenever S is one of the following types of sets:

S is the set of all lines in PG(3, q), i.e. S = G1(3,q),

* S is the set of lines in a plane of PG(3, q),

o S is the set of lines through a point of PG(3, q),

o S is the set of lines through a point in a plane of PG(3, q).

Proof. Let x either be the characteristic vector of the lines of a symplectic space W (3, q),
or a vector of the form x, for some line ¢ in PG(3, ¢). Then for each of the sets S listed
above, x - xs = 1. The proof for the other codewords of C'(q) follows from the linearity of
the code C(q). O

Note that if « % 0 in the above lemma, then ¢ - xs # 0 whenever S is the set of lines
through a point in a plane. Therefore, the image of supp(c) under the Klein correspondence
must be a blocking set with respect to the lines of Q™ (5, q). If wt(c) is small, then we can
apply Theorem 1.4 to obtain strong structural information about supp(c). It remains to deal
with the case a = 0.

We will use a result in projective planes that is a special case of a result in general
combinatorial designs. For a proof, see [15, Theorem 3.1] for the projective planes and
[15, Theorem 4.1] or [8, Corollary 5.3] for the general result.

Result 4.6. A set S of lines in PG(2, q) covers at least (q:iil);l‘sl points.

We need one more small lemma, and then we are ready to deal with the case o = 0.
Given a function f, and a subset S of its domain, denote the restriction of f to S by fis.

Lemma 4.7. Suppose that ¢ € C(q).

s If S is the set of lines in a plane 7 of PG(3, q), then c|5 belongs to the code C1 o(2, q)
defined on the lines of .

e If S is the set of lines through a point P, then c|s belongs to the code of points and
lines Cy 1(2, q) in the quotient geometry through P.
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Proof. Suppose that S denotes the set of lines in the plane 7. Then for each line ¢, either
¢ € 7and Xé% =1, or /N 7 is some point P, and Xgllg is the characteristic vector of the
lines through P in 7. Similarly, if  is the characteristic vector of the lines of a symplectic
space W (3, q) with polarity L, then x| is the characteristic vector of the lines through the
point 7+ in . In all cases, these vectors belong to the code of C1 o(2,q) defined on the
lines of 7r. Then this is valid for all ¢ € C(q) by linearity.

The proof is analogous for S equal to the set of lines through a point in PG(3,q). O

Proposition 4.8. Suppose that ¢ > 19. Let ¢ € C(q), withc-1 = 0. If ¢ # 0, then
wt(c) > ¢ +2¢* + q + 3.

Proof. Assume that ¢-1 = 0 and ¢ # 0. In order to apply Result 2.2, let § denote 3 if ¢
is prime and 12 otherwise, in which case ¢ > 25. Take a plane 7 which is not disjoint to
supp(c) and let S be the set of lines in . Consider the code C; (2, ¢) of lines and points
in 7. Then ¢|g € C1,0(2, q) by Lemma 4.7. Now suppose that 7 contains fewer than 3¢ — 0
points of supp(c). By Result 2.2, ¢|g is a linear combination of at most two characteristic

vectors of points, i.€. ¢|g = axg) +ﬂX§:¢1) for some scalars a, 8 € I, and points P, R € 7.
Lemma 4.5 implies that ¢ - xys = c¢-1 = 0. Since a + 8 = ¢|g - 1 = ¢+ x5 = 0, it follows
that « = —f3. Note that a, 8 # 0 and P # R since we assumed that c|g # 0.

We conclude the following. For any plane 7, one of three cases holds:

* 7 contains no lines of supp(c),

* 7 contains exactly 2¢ lines of supp(c), and there exist two distinct points P, R in
7 so that the lines of supp(c) contained in 7 are exactly the lines of 7 containing
exactly one of the points P and R,

* 7 contains at least 3g — ¢ lines of supp(c).

Completely analogously, any point of PG(3, ¢) belongs to 0, 2¢, or at least 3g — § lines
of supp(c).

First consider the case where some plane 7 of PG(3, ¢) contains 2q lines of supp(c),
and let P, R be as above. Then every point of 7 not on the line (P, R) belongs to two lines
of supp(c) in 7, hence, such a point belongs to at least 2¢ — 2 lines of supp(c) outside of
7. Also, P and R lie on at least 2q lines of supp(c). This yields

wt(e) > ¢*(2¢ —2) +2-2¢ = 2¢° — 2¢> + 4 > ¢* + 2¢* + ¢+ 3.

If some point P belongs to exactly 2¢ lines of supp(c), we can apply a similar argu-
ment. Indeed, by using the duality of PG(3, ¢), we can swap the roles of points and planes
in the above argument.

Thus, the last case to consider is the case where no plane or point of PG(3, ¢) is incident
with exactly 2¢ lines of supp(c). Take a plane 7 containing a line of supp(c). Then 7 con-
tains at least 3¢ — 0 lines of supp(c). By Result 4.6, these lines cover at least %
points of . Each of these points belongs to at least 3¢ — 6 — (¢ + 1) = 2¢ — § — 1 lines

outside of 7. Therefore,

(¢ +1)%*(3¢ —9)

> 30 —
wt(c) >3¢—3d+ 100

(2¢—90—1).
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Plugging in that either § = 3 and ¢ > 19, or 6 = 12 and ¢ > 25, yields
wt(c) > ¢ 4+ 2¢% + g + 2. O
<

Theorem 4.9. Suppose that ¢ > 19 and that c is a non-zero codeword of C(q) with wt(c)
q> + 2¢% 4 q + 1. Then one of the following cases holds.

(1) wt(c) = ¢ + ¢®> + ¢+ 1, and c is a scalar multiple of the characteristic vector of
the lines of a symplectic space W (3, q).

(2) wt(c) = ¢® +2¢®> + q + 1, and c is a scalar multiple ofxél)for some line {.

Proof. Define « as ¢ - 1. By Proposition 4.8, a # 0. As noted before, Lemma 4.5 implies
that supp(c) is equivalent to a blocking set of Q% (5, ¢) under the Klein correspondence,
whose size is at most ¢ + 2¢ + ¢ + 1. By Theorem 1.4, there are two options:

* supp(c) contains the set .S of lines of a symplectic space W (3, ¢). In this case, let x
denote xs. Since S C supp(c), wt(c — ay) < wt(e).

* supp(c) contains the set .S of lines that intersect a given line ¢ of PG(3, ¢) exactly

in a point. In this case, let x denote Xél). Since £ is the only possible element of

supp(x) \ supp(c), wi(c — ax) < wt(c) + L.

In both cases, we find a codeword ¢ — ary of C(q) with (¢ —ax)-1 = 0and wt(c—ay) <
wt(c) + 1 < ¢ + 2¢% + ¢ + 3. By Proposition 4.8, this implies that ¢ = avy. O

Note that Theorem 1.2 follows directly from Theorem 4.9 and Proposition 4.4.

Remark 4.10. Theorem 1.2 requires that ¢ > 19, but for ¢ = 2 we can give a complete
classification of the codewords of C; 1(3, 2). First, observe that for every ¢, 1 € C1.1(3, q).

Indeed, if c is the sum of Xél) over all lines of PG(3, ¢), then for every line ¢, ¢({) equals

the number of lines intersecting ¢, i.e. c(¢) = wt(Xél)) =1 (mod p). Therefore, c = 1.

In C1,1(3,2), there is one zero codeword, there are 28 copies of W (3,2) in PG(3,2)
giving us 28 codewords of weight 15, and there are 35 lines in PG(3,2), giving us 35
codewords of weight 19. For each of these codewords ¢, 1 + c is also a codeword. This
accounts for 2(1 + 28 + 35) = 128 = 27 codewords. By Result 1.1, dim(C; 1(3,2)) = 7,
so this accounts for all the codewords of C; 1(3, 2).
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