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Abstract

We introduce generator blocking sets of finite classical polar spaces.
These sets are a generalisation of maximal partial spreads. We prove
a characterization of these minimal sets of the polar spaces Q(2n,q),
Q™ (2n + 1,q) and H(2n,q?), in terms of cones with vertex a subspace
contained in the polar space and with base a generator blocking set in a
polar space of rank 2.
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1 Introduction and definitions

Consider the projective space PG(3, ¢). It is well known that a line of PG(3, q)
is the smallest blocking set with relation to the planes of PG(3,q). It is also
well known that any blocking set B with relation to the planes, such that |B| <
q+ /q + 1, contains a line ([2]).

Consider now any symplectic polarity ¢ of PG(3,¢). The points of PG(3, q),
together with the totally isotropic lines with relation to ¢, constitute the gen-
eralized quadrangle W(3, ¢). If B is a blocking set with relation to the planes of
PG(3,q), then B is a set of points of W(3, ¢) such that on any point of W(3, q)
there is at least one line of W(3, ¢) meeting B in at least one point. Dualizing
to the generalized quadrangle Q(4,q), we find a set L of lines of Q(4,¢) such
that every line of Q(4, ¢) meets at least one line of £. Together with the known
bounds on blocking sets of PG(2, g), we observe the following proposition.

Proposition 1.1. Suppose that L is a set of lines of Q(4,q) with the property
that every line of Q(4,q) meets at least one line of L. If |L]| is smaller than the
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size of a non-trivial blocking set of PG(2,q), then L contains a pencil of ¢ + 1
lines through a point of Q(4,q) or L contains a requlus contained in Q(4,q).

This proposition motivates the study of small sets of generators of three
particular finite classical polar spaces, meeting every generator. In this section,
we define generalized quadrangles and describe briefly the finite classical polar
spaces, and we state the main theorems to be proved in the paper.

A (finite) generalized quadrangle (GQ) is an incidence structure S = (P, G, 1)
in which P and G are disjoint non-empty sets of objects called points and lines
(respectively), and for which IC (P x G) U (G x P) is a symmetric point-line
incidence relation satisfying the following axioms:

(i) Each point is incident with 1+ ¢ lines (¢ > 1) and two distinct points are
incident with at most one line.
(ii) Each line is incident with 1 4 s points (s > 1) and two distinct lines are
incident with at most one point.
(iii) If X is a point and [ is a line not incident with z, then there is a unique
pair (Y,m) € P x G for which X ImIY Il
The integers s and t are the parameters of the GQ and § is said to have order
(s,t). S =(P,G,1I) is a GQ of order (s,t), we say that &' = (P/,G',T') is a
subquadrangle of order (s',t') if and only if P’ C P, G’ C G, and &' = (P',G", 1)
is a generalized quadrangle with I’ the restriction of I to P’ x G'.

The finite classical polar spaces are the geometries consisting of the totally
isotropic, respectively, totally singular, subspaces of non-degenerate sesquilin-
ear, respectively, non-degenerate quadratic forms on a projective space PG(n, q).
So these geometries are the non-singular symplectic polar spaces W(2n + 1, q),
the non-singular parabolic quadrics Q(2n,q), n > 2, the non-singular elliptic
and hyperbolic quadrics Q™ (2n + 1,¢), n > 2, and QT(2n + 1,¢), n > 1, re-
spectively, and the non-singular hermitian varieties H(d, ¢%), d > 3. For ¢ even,
the parabolic polar space Q(2n, q) is isomorphic to the symplectic polar space
W(2n — 1, q). For our purposes, it is sufficient to recall that every non-singular
parabolic quadric in PG(2n, ¢) can, up to a coordinate transformation be de-
scribed as the set of projective points satisfying the equation X§ + X1 Xo +
..+ Xo,-1 X5, = 0. Every non-singular elliptic quadric of PG(2n + 1, ¢) can
up to a coordinate transformation be described as the set of projective points
satisfying the equation g(Xo, Xl) + X2X3 + ...+ XQnXanJrl = 0, g(Xo, Xl) an
irreducible homogeneous quadratic polynomial over GF(g). Finally, the hermi-
tian variety H(n,¢?) can up to a coordinate transformation be described as the
set of projective points satisfying the equation Xg+1 + Xy Xatl =0,

The generators of a classical polar space are the projective subspaces of
maximal dimension completely contained in this polar space. If the generators
are of dimension r — 1, then the polar space is said to be of rank r.

Finite classical polar spaces of rank 2 are examples of generalized quadran-
gles, and are called finite classical generalized quadrangles. These are the non-
singular parabolic quadrics Q(4, ¢), the non-singular elliptic quadrics Q™ (5, q),
the non-singular hyperbolic quadrics Q* (3, ¢), the non-singular hermitian vari-
eties H(3, ¢?) and H(4, ¢%), and the symplectic generalized quadrangles W (3, q)
in PG(3,¢). The GQs Q(4, ¢) and W(3, ¢) are dual to each other, and have both
order (¢q,q). The GQs Q(4, ¢) and W(3, q) are self-dual if and only if ¢ is even.
Finally, the GQs H(3,¢?) and Q™ (5,q) are also dual to each other, and have
respective order (¢2,q) and (¢, ¢%). The GQ H(4, ¢?) has order (¢?,¢®), and the



GQ Q™(3,q) has order (¢,1). By taking hyperplane sections in the ambient
projective space, it is clear that Q1 (3,q) is a subquadrangle of Q(4,¢), that
Q(4, q) is a subquadrangle of Q™ (5, q), and that H(3, ¢?) is a subquadrangle of
H(4, ¢?). These well known facts can be found in e.g. [9].

Consider a finite classical polar space S of rank r > 2. A set L of generators
of S is called a generator blocking set if it has the property that every generator
of § meets at least one element of £ non-trivially. We generalize this definition
to non-classical GQs, and we say that £ is a generator blocking set of a GQ § if
L has the property that every line of S meets at least one element of L. Clearly,
for finite classical generalized quadrangles, both definitions coincide. Suppose
that £ is a generator blocking set of a finite classical polar space, respectively a
GQ. We call an element 7 of L essential if and only if there exists a generator,
respectively line, of S not in £, meeting no element of £\ {n}. We call £
minimal if and only if all of its elements are essential.

A spread of a finite classical polar space is a set of generators partitioning
the point set. A cover is a set C of generators such that every point is contained
in at least one element of C. From the definitions, it follows that spreads and
covers are particular examples of generator blocking sets.

In this paper, we will study small generator blocking sets of the polar spaces
Q(2n,q), Q™ (2n + 1,q) and H(2n,q?), n > 2, all of rank n. The following
theorems, inspired by Proposition 1.1, will be proved in Section 2.

Theorem 1.2. Let L be a generator blocking set of a finite generalized quad-
rangle of order (s,t), with |L| =t+ 1. Then L consists of a pencil of t + 1 lines
through a point, ort > s and L is a spread of a subquadrangle of order (s,t/s).

Theorem 1.3. (a) Let L be a generator blocking set of Q™ (5,q), with |L| =
> +0+1. If 6 < $(3¢— \/5q® + 2q + 1), then L contains a pencil of ¢* +1
generators through a point or L contains a cover of Q(4,q) embedded as a
hyperplane section in Q™ (5,q).

(b) Let L be a generator blocking set of H(4,q¢?), with |L] = ¢+ + 1. If
§ < q—3, then L contains a pencil of ¢> + 1 generators through a point.

Section 3 is devoted to a generalization of Proposition 1.1 and Theorem 1.3
to finite classical polar spaces of any rank.

2 Generalized quadrangles

In this section, we study minimal generator blocking sets £ of GQs of order
(s,t). After general observations and the proof of Theorem 1.2, we devote
two subsections to the particular cases S = Q7 (5,¢) and S = H(4,¢?). We
remind that for a GQ S = (P,G,1) of order (s,t), |P| = (st +1)(s+ 1) and
|G| = (st +1)(t+ 1), see e.g. [9]. Suppose that P is a point of S, then we
denote by P~ the set of all points of S collinear with P. By definition, P € P,
For a classical GQ S with point set P, the set P+ = 7 NP, with 7 the tangent
hyperplane to S in the ambient projective space at the point P [5, 9]. Therefore,
when P is a point of a classical GQ S, we also use the notation Pt for the
tangent hyperplane 7. From the context, it will always be clear whether P+
refers to the point set or to the tangent hyperplane.

We denote by M the set of points of P covered by the lines of £. Since a
GQ does not contain triangles, different lines on a point not in M meet different



lines of £. As every point lies on ¢ + 1 lines, this implies that || =t 4+ 14§
with § > 0. For each point P € M, we define w(P) as the number of lines of £
on P. Also, we define
W= > (w(P)-1),
PeM

then clearly M| = |L|(s+1) —W.

We denote by b; the number of lines of G \ £ that meet exactly ¢ lines of
L, 0 < i. Derived from this notation, we denote by b;(P) the number of lines
on P ¢ M that meet exactly i lines of £, 1 < i. Remark that there is no a
priori upper bound on the number of lines of £ that meet a line of G\ £. In
the next lemmas however, we will search for completely covered lines not in L,
and therefore we denote by b; the number of lines of G\ £ that contain exactly
i covered points, 0 < i < s+ 1, and we denote by I;l(P) the number of lines on
P ¢ M containing exactly i covered points, 0 <1 < s+ 1.

Lemma 2.1. Suppose that § < s — 1.
(a) Let the point X € P\ M. Then Y, b;(X)(i—1) =0 and
> (w(P)-1) <.
PeXLnMm

(b) A line not contained in M can meet at most § +1 lines of L. In particular,
b;=0;,=0fori=0and ford+1<i<s+1.
()

o+1 o+1

Z&-(ifl) < Zbi(z‘fl)-

(d) If Py is a point of M that lies on a line | meeting M only in Py, then

> (w(P)-1) < s

PeM\Fg-

(e)

o+1
(s—0) Y bi(i—1) < (st —t—6)(s+ 1)3 + Wo.

(f) If not all lines on a point P belong to L, then at most 6+1 lines on P belong
to L, and less than % + 1 lines on P not in L are completely contained in

M.

Proof. (a) Consider a point X € P\ M. Each of the ¢t + 1 lines on X meets a
line of £, and every line of £ meets exactly one of these ¢t 4+ 1 lines. Hence

XEAM|Zt+1=> bi(X).

Furthermore,
> wP)=) bi(X)i=|L]=t+1+4.
rPextnm i

Both assertions follow immediately.



(b) Since every line of S meets a line of £, it follows that by = by = 0. Consider
any line [ € £ containing a point P ¢ M. The ¢ lines different from [ on P
are blocked by at least ¢ lines of £ not meeting I. So at most |£]| —t=0+1
lines of £ can meet [.

(c) Consider a line ! containing ¢ covered points with 0 < ¢ < § + 1. Then [
must meet at least ¢ lines of £, and, by (b), at most 6 + 1 lines of £. On
the left hand side, this line is counted exactly ¢ — 1 times, on the right hand
side this line is counted at least ¢ — 1 times. This gives the inequality.

(d) Each point P, with P & Ps, is collinear to exactly one point X # Py of [.
For X € 1, X # Py, the inequality of (a) gives > pcyiqp(w(P) —1) < 6.
Summing over the s points on [ different from Py gives the expression.

(e) It follows from (b) that every line with a point not in M has at least s — ¢
points not in M. Taking the sum over all points P not in M and using the
equality of (a), one finds

5+1 o+1
S bi(s—0)i—1)< > Y bi(P)(i—1) = (|P| - |M])s.
i=1 PgM i=1

As (M| = |L|(s+ 1) — W, the assertion follows.

(f) Suppose that the point P lies on exactly 2 > 1 lines that are not elements
of L. It is not possible that all these = lines are contained in M, since this
would require zs lines of £ that are not on P, and then |£| > t+1—z+xzs >
t + s, a contradiction with § < s — 1. Thus we find a point Py € P+ \ M.
Then the t lines on Py, different from (P, Py) must be blocked by a line of
L not on P, hence at most § + 1 lines of £ can contain P.

If y lines on P do not belong to £, but are completely contained in M,
then at least 1 4 ys lines contained in £ meet the union of these y lines, so
l+ys<|L]|=t+1+4, soy<§+1as§<s.

O

Lemma 2.2. Suppose that § = 0. If two lines of L meet, then L is a pencil of
t+ 1 lines through a point P.

Proof. The lemma follows immediately from Lemma 2.1 (f). d

Lemma 2.3. Suppose that 6 = 0. If L is not a pencil, then t > s and L is a
spread of a subquadrangle of order (s,t/s).

Proof. We may suppose that L is not a pencil, so that the lines of £ are pairwise
skew by Lemma 2.2. Consider the set G’ of all lines completely contained in M.
The set G’ contains at least all the elements of £, so G’ is not empty. If [ € G’
and P € M not on [, then there is a unique line ¢ € G on P meeting [. As
this line contains already two points of M, it is contained in M by Lemma 2.1
(b), that is g € G’. This shows that (M, G’) is a GQ of some order (s,t') and
hence it has (s + 1)(s + 1) points. As |[M| = (¢t +1)(s + 1), then t's = ¢, that
ist' =t/s and hence t > s. O

This lemma proves Theorem 1.2.



2.1 The case S =Q (5,q)

In this subsection, S = Q™ (5,q), so (s,t) = (¢,¢%), and |£] = ¢*> + 1+ 5. We
suppose that £ contains no pencil and we will show for small ¢ that £ contains
a cover of a parabolic quadric Q(4,q) C S.

The set M of covered points blocks all the lines of Q™ (5, ¢). An easy counting
argument shows that |M| > ¢®+1 (in fact, it follows from [8] that | M| > ¢3+g¢,
but we will not use this stronger lower bound). Thus W = |L|(g + 1) — M| <

(¢+1(g+9).
Lemma 2.4. If§ < %, then W < §(q + 2).
Proof. Denote by B the set of all lines not in £, meeting exactly ¢ lines of £ for

some i, with 2 <7 <4 4+ 1. We count the number of pairs (I, m),l € L, m € B,

I meets m. The number of these pairs is Zf;l bii.
It follows from Lemma 2.1 (e), W < (¢ + 1)(¢ + d), and § < %1, that

o+1 5+1 s o .
Shi < 22@(@'_1)9.@ g* —8)(q+1)5 + W
=2 i=1

q—290

Hla+ 1)0(¢* — ¢* 4+ q)

<2(q—1)(¢® — ¢* =:
< p—: <2(q-1)(¢"—q¢" +q)=:c

Hence, some line [ of £ meets at most |¢/|L£|| lines of B. Denote by B; the
set of lines not in £ that meet exactly one line of L. If a point P does not lie on
a line of By, then it lies on at least ¢> — ¢ — § lines of B (by Lemma 2.1 (f) and
since £ contains no pencil). As § < 451, then ¢/|£] < 2(¢® — ¢ — §), so at most
one point of [ can have this property. Thus [ has x > ¢ points P, that lie on a
line of By, so [ is the only line of £ meeting such a line. Apply Lemma 2.1 (d)
on these = points. As every point not on [ is collinear with at most one of these
x points, it follows that
xdq 5¢?

<
r—1"¢q—-1

<d(g+1)+1.
PeM\L

All but at most one point of [ lie on a line of By, so [ is the only line of £
on these points. One point of [ can be contained in more than one line of L,
but then it is contained in at most ¢ + 1 lines of £ by Lemma 2.1 (f). Hence
> pe(w(P) —1) <6, and therefore W < 6(q + 2). O

Lemma 2.5. If§ < %, then

(@ +¢>—q6—q+1)0

bos1 > +q—6—
g+1 = 4~ +¢q q—5

Proof. We count the number of incident pairs (P,l), P € M and [ a line of

Q™ (5.9), to see
q+1

(Ml +1) = |LI(g+ 1)+ bii.

=1



As Q7 (5,q) has (¢* + 1)(¢* + 1) = || + Zfill b; lines, then

g+1 q+1
ILlg+> bi(i—1) Ll(g+1)+ ) bii — (¢® +1)(¢° + 1)
=1

i=1
= Ml(¢*+1) — (> +1)(¢° +1)
(¢ +1)(g+1)(g+0) = W(g* +1).
(@® +1)(g+1)g = d(¢° +1),
where we used W < §(q + 2) from Lemma 2.4. From Lemmas 2.1 (¢) and (e)
and W < é(q + 2), we have

5+1~ o+1
(qf5)zbi(i -1)< (qf5)zbi(i —1) < (¢* = ¢*)(g+1)5 + 6.

Y

Together this gives

(¢ —¢*)(qg+1)6 + 62
q—9 '

Using |£| = ¢® + 1 + §, the assertion follows. O

Lemma 2.6. If § < 3(3¢ — /5¢2 + 2¢ + 1), then |L|(|£] — 1)§ < bg+1(q + 1)
Proof. First note that the upper bound on ¢ implies that § < %(q —1). Using

(L] +bgs1)a > (@ + 1)(q+ 1)g — 5(¢* + 1) —

the lower bound for I;q+1 from the previous lemma we find
2(q = 8) (bysa(a+ Da — |£I(1£] ~ 1))
>2q" - g(8) + (¢ — 1 - 20)(=20%¢" + 8%q + 3¢" + 3¢° + 2¢° + q)

5
+26 +20° + ¢6% + 3¢°0* + q+ ¢ +3¢° + 5¢*

2
with 1 1
8) = (¢% — =q — ~ — 3¢6 + 62).
9(0) :=(¢" = 54— 7 — 346 +67)
The smaller zero of g is §; = %(3(1 —v/5¢%2+2¢+1). Hence, if § < ¢, then
§ < 1(g—1) and g(6) > 0, and therefore |£|(|£] — 1) < bgi1(q + 1)g. 0

Lemma 2.7. If § < 1(3q — \/5¢® +2q + 1), then there exists a hyperbolic
quadric Q1 (3,q) contained in M.

Proof. Count triples (I1,l2,g), where l1,ls are skew lines of £ and g ¢ L is a
line meeting /; and s and being completely contained in M. Then

ILI(1£] = 1)z = bg+1(g + ),

where z is the average number of transversals contained in M and not contained
in L, of two skew lines of £. By Lemma 2.6, we find that z > §. Hence, we
find two skew lines Iy, o € £ such that § + 1 of their transversals are contained
in M. The lines /; and Iy generate a hyperbolic quadric QT (3, ¢) contained in
Q™ (5,q), denoted by Q. If some point P of QT is not contained in M, then
the line on it meeting 1, > has at least two points in M and the second line of
QT on it has at least § + 1 points in M. This is not possible (cf. Lemma 2.1
(a)). Hence QT is contained in M. O



Lemma 2.8. If§ < %(3(]7\/5(]2 +2q + 1), then M contains a parabolic quadric
Q4,q).

Proof. Lemma 2.7 shows that M contains a hyperbolic quadric Q* (3, ¢), which
will be denoted by Q. We also know that |M|=|L|(¢g+1) =W > ¢> + ¢*> +
g+ 1— 08 by Lemma 2.4. There are g + 1 hyperplanes through QT, necessarily
intersecting Q™ (5, ¢) in parabolic quadrics Q(4, q).

Hence there exists a parabolic quadric Q(4, ¢), denoted by Q, containing QF
such that

M= (g+1D? _

c:=(Q\ Q") nM|> P >q

—qg—1.

Hence, ¢ > ¢?> — q. From now on we mean in this proof by a hole of Q a point
of Q that is not in M. Each of the ¢® — ¢ — ¢ holes of Q can be perpendicular
to at most ¢ points of (Q\ Q)N M (cf. Lemma 2.1 (a)). Thus we find a point
P € (Q\ Q")N M that is perpendicular to at most

(¢ —q—c)d
C

<qd

holes of Q. The point P lies on g+ 1 lines of Q and if such a line is not contained
in M, then it contains at least ¢ — ¢ holes of Q (cf. Lemma 2.1 (b)). Thus the
number of lines of Q on P that are not contained in M is at most ¢d/(q — 9).
The hypothesis on § guarantees that this number is less than ¢ + 1 — d. Thus,
P lies on at least r > § + 1 lines of the set Q that are contained in M. These
meet QF in r points of the conic C' := P+ N QF. Denote this set of r points by
.

Assume that Q\ Pt contains a hole R. For X € C’, the hole R has a unique
neighbor Y on the line P.X; if this is not the point X, then the line RY has at
least two points in M, namely Y and the point RY N Q*t. So if |[R* NC’| =0,
then there are at least r > §+1 lines on the hole R with at least two points in M.
This contradicts Lemma 2.1 (a). Therefore |[R*NC’| > r—§ > 1. As every point
of C' lies on ¢+ 1 lines of Q, two of which are in Q% and one other is contained
in M, then every point of C’ has at most (¢ — 2)q neighbors in Q that are holes.
Counting pairs (X,Y) of perpendicular points X € ¢’ and holes R € Q \ P+,
it follows that Q \ P+ contains at most r(¢ — 2)q/(r — &) < (§ + 1)q(q — 2)
holes. Since P+ N Q contains at most qd holes, we see that Q has at most
g6+ (6+1)q(q — 2) holes. As § < (¢ —1)/2, this number is less than 1¢(¢* —1).
Hence, ¢ > |Q|—|Q"|-3q(¢>~1) = 3q(¢*—1). It follows that P is perpendicular

to at most 5
(¢ —q—c)d

c

holes of Q. This implies that all g+ 1 lines of Q on P are contained in M. Then
every hole of @ must be connected to at least ¢ + 1 — ¢ and thus all points of
the conic C. Apart from P, there is only one such point in Q, so Q has at most
one hole. Then Lemma 2.1 (a) shows that Q has no hole. O

<46

Lemma 2.9. If M contains a parabolic quadric Q(4,q), denoted by Q, and
|L| < ¢ + q, then L contains a cover of Q.



Proof. Consider a point P € Q. As [Pt N Q| = ¢?+ ¢+ 1, some line of £ must
contain two points of PL N Q. Then this line is contained in Q and contains
P. O

In this subsection we assumed that £ contains no pencil. The assumption
that § < %(3(1 — v/5¢? +2q+1) then implies that £ contains a cover of a
Q(4,9) CQ(5,q). Hence, we may conclude the following theorem.

Theorem 2.10. If £ is a generator blocking set of Q™ (5,q), |L] = ¢> + 1+,

0 < %(Bq —/5q2 +2q+1), then L contains a pencil of ¢*> + 1 lines through a
point or L contains a cover of an embedded Q(4,q) C Q™ (5,q).

2.2 The case S = H(4,¢%)

In this subsection, S = H(4, ¢?), so (s,t) = (¢, ¢>). We suppose that £ contains
no pencil and that |£| = ¢ +1+6, and we show that this implies that § > ¢—3.
The set M of covered points must block all the lines of H(4, ¢?). It follows from
[3] that |[M| > ¢® + ¢2, and hence W = |L|(¢® + 1) — M| < (¢* + 1)(q + 9).

Lemma 2.11. If 6 < q — 1, then W < §(¢% + 3).

Proof. Denote by B the set of all lines not in £, meeting exactly ¢ lines of £ for
some 4, with 2 < ¢ < 4 1. We count the number of pairs (I,m), [l € L, m € B,
I meets m. The number of these pairs is Zf;l bii.

It follows from Lemma 2.1 (e), W < (¢* +1)(¢ + ), and § < q — 1, that

o+1 o+1
. . 2(¢° — ¢® = 6)(¢* +1)d +2W$§
bi’L S 2 bl 1 —1 S
2(¢° +1)0(¢° — ¢* + q)
=0

Hence, some line [ of £ meets at most |¢/|L£|| lines of B. Denote by B; the
set of lines not in £ that meet exactly one line of £. If a point P does not lie
on a line of By, then it lies on at least ¢> — ¢ — ¢ lines of B (by Lemma 2.1 (f)
and since £ contains no pencil). As § < ¢ — 1, then ¢/|£| < 3(¢®> — ¢ — J), so
at most two points of I can have this property. Thus [ has x > ¢?> — 1 points
Py that lie on a line of By, so [ is the only line of £ meeting such a line. Apply
Lemma 2.1 (d) on these x points. As every point not on [ is collinear with at
most one of these x points, it follows that

D (wP)-1) <
Pél
Hence, >-pgy(w(P) —1) < d(q* +1).
All but at most two points of [ lie on a line of By, so [ is the only line of £ on
these at least ¢ — 1 points. At most two points of [ can be contained in more

than one line of £, but each such point is contained in at most é+1 lines of £ by
Lemma 2.1 (f). Hence ) 5, (w(P) — 1) < 26, and therefore W < §(¢* +3). O

IN

<2(¢®+1)=:c

6¢>

<8 +1)+ <68 +1)+1.

x—1 q%—2

Lemma 2.12. If § < g — 2, then

(° +2¢° —2¢0 — g +2)0

b1 >qt+q—6—
qul_q +q q275




Proof. We count the number of incident pairs (P,l), P € M and [ a line of
H(4,¢?), to see
P41
IM|(¢>+1) = |L](¢* +1) + Z i

As H(4,¢%) has (> + 1)(¢®° + 1) = |L| + > L7 "1}, lines, then

>+1 ?+1
L+ bi(i—1) = [Ll(@+1)+ > bii—(¢* +1)(¢° +1)
=1 =1

IMI(¢* +1) — (¢° + 1)(¢* + 1)
@+ +@+68(+1) = W(+1)
(¢® +1D)(q+1)¢* —26(¢° + 1).

Y

From Lemmas 2.1 (¢) and (e) and Lemma 2.11, we have

6+1 5+1
(¢* —6) Zb (i—1)<(¢*—6 Zb (i—1) < (¢° — ) (g® + 1) + 262

Together this gives

5 3Y( 2 2
- ¢ —q¢)q +1)d+26
(1£] +bgz11)g* > (q3+1)(q+1)q2—25(q3+1)—( )225) :
Using |£] = ¢® + 1 + J, the assertion follows. O
Lemma 2.13. If § < q — 4, then |L|(|£] — 1)3q < by y1(q? + 1)¢?

Proof. First note that by the assumption on ¢, we may use the lower bound for
by241 from the previous lemma, and so we find

(¢ = 0) (bgr41(® + 1)a* = |£I(1£] — 1)3q)
> (¢ —4-10)(¢° = 8)(¢° +¢° +5g + 53 + 21) + (g, ) ,
with
7(g,0) = (81 4 330 + 56%)¢° + (1 — 26 + 26%)¢° + (6 + 76?)¢*
+ (—26% — 60)q° — 5¢* + (6 + 36% + 36°)q — 844 — 416° — 56°
Since (g, d) > 0 if 6 < g — 4, the lemma follows. O
Lemma 2.14. If L contains no pencil, then § > q — 3.

Proof. Assume that § < ¢ — 3. Consider a hermitian variety H(3, ¢*), denoted
by H, contained in H(4, ¢?). A cover of H contains at least ¢° + ¢ lines by [8], so
H contains at least one hole P. Of all lines through P in H(4, ¢?), ¢® — q are not
contained in H. They must all meet a line of £, so at most ¢+ 1+ lines of £ can
be contained in H. Hence, at most |£|+ (¢+1+8)¢® = 2¢> + > +1+5(*+1) <
(¢*> +1)(2¢ + § + 1) points of H are covered.
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Now count triples (I1,1l2, g), where l1,ls are skew lines of £ and g & L is a
line meeting /; and ls and being completely contained in M. Then

LI(1£] = 1)z = bgz41(¢* + 1)g”

where z is the average number of transversals, contained in M but not belonging
to L, of two skew lines of £. By Lemma 2.13, we find that z > 3¢. So there
exist skew lines |7 and l5 in £ such that at least z transversals to both lines are
contained in M. These transversals are pairwise skew, so the H (3, ¢?) induced
in the 3-space generated by [; and lo contains at least z(¢® + 1) > 3¢(¢®> + 1) >
(¢*> +1)(2¢ + § + 1) points of M. This is a contradiction. O

We have shown that § > ¢ — 3 if £ contains no pencil. Note that we have no
result for ¢ € {2,3}. Hence, we have proved the following result.

Theorem 2.15. If £ is a generator blocking set of H(4,¢%), ¢ > 3, |L| =
@ +1+68,0<q—3, then L contains a pencil of ¢3 + 1 lines through a point.

3 Polar spaces of higher rank

Consider two point sets V and B in a projective space, VN B = (. The cone
with vertex V and base B, denoted by VB, is the set of points that lie on a line
connecting a point of V' with a point of B. If B is empty, then the cone is just
the set V.

In this section, we denote a polar space of rank r by S,. The parameters
(s,t) refer in this section always to (q,q), (¢,q¢°), (¢, ¢>) respectively, for the
polar spaces Q(2n, q), Q” (2n+1, q), H(2n, ¢?). The term polar space refers from
now on always to a finite classical polar space. Consider a point P in a polar
space S. If § is determined by a polarity ¢ of the ambient projective space,
which is true for all polar spaces except for Q(2n,q), ¢ even, then P+ denotes
the hyperplane P?. The set P NS is exactly the set of points of S collinear
with P, including P. For any point set A of the ambient projective space, we
define At := (A)?.

For S = Q(2n, q), q even, P a point of S, P+ denotes the tangent hyperplane
to S at P. For any point set A containing at least one point of S, we define the

notation A+ as
Al = ﬂ X+,
XeAnS

Using this notation, we can formulate the following property. Consider any
polar space S, of rank n, and any subspace 7 of dimension [ < n—1, completely
contained in S,,. Then it holds that 7+ NS, = 7#S,,_;_1, & cone with vertex m
and base S,,—;—1 a polar space of the same type of rank n — 1 — 1 [5, 6].

A minimal generator blocking set of S,,, n > 3, can be constructed in a cone
as follows. Consider an (n — 3)-dimensional subspace completely contained in
Sy, hence 7T,,JL‘_3 NS, = m,—382. Suppose that £ is a minimal generator blocking
set of Sy, then £ consists of lines. Each element of £ spans together with 7,,_3
a generator of S,,, and these |£| generators of S,, constitute a minimal generator
blocking set of S,, of size |L].

Using the smallest generators blocking sets of the mentioned polar spaces of
rank 2, we obtain examples of the same size in general rank, listed in Table 1.
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The notation 7; refers to an i-dimensional subspace. When the cone is 7; B, the
example consists of the generators through the vertex 7;, contained in the cone
m; B, meeting the base of the cone in the elements of the base set, and the size
of the example equals the size of the base set. We will call 7; the vertez of the
generator blocking set.

polar space (s,t) cone base set dimension

Q(2n7Q) (qv(I) 7Tn72Q(2;q) Q(2aq) n+1
7Tn73Q+ (35 q) a Spread Of Q+(3a q) n+ 1

Q (2n+1.9) | (¢:6*) | T—2Q (B3.9) | Q" (3,9) n+2
mn-3Q(4,q) | a cover of Q(4,q) n+2

H(2n, ¢°) (¢°.¢°) | mn—2H(2,¢%) | H(2,¢%) n+1

Table 1: small examples in rank n

The natural question is whether these examples are the smallest ones. The
answer is yes, and the following theorem, proved by induction on n, gives slightly
more information.

Theorem 3.1. (a) Let L be a generator blocking set of Q(2n,q), with |L] =
g+ 1+496. Let € be such that g+ 1+ € is the size of the smallest non-trivial
blocking set in PG(2,q). If § < min{q%l, €}, then L contains one of the two
examples listed in Table 1 for Q(2n,q).

(b) Let L be a generator blocking set of Q™ (2n+1,q), with |L| = ¢*> +1+46. If
0 < %(Sq —\/5q? +2q + 1), then L contains one of the two examples listed
in Table 1 for Q" (2n+1,q).

(c) Let L be a generator blocking set of H(2n,q?), ¢ > 3, with |L| = ¢3 +1+4.
If § < q— 3, then L contains the example listed in Table 1 for H(2n, ¢?).

3.1 Preliminaries

The following technical lemma will be useful.

Lemma 3.2. (a) If a quadric 7,_4Q%(3,q) or 1,_3Q(2,q) in PG(n,q) is cov-
ered by generators, then for any hyperplane T of PG(n,q), at least ¢ — 1 of
the generators in the cover are not contained in T'.

(b) If a quadric 7,—4Q(4,q) or m,—3Q(3,q) in PG(n + 1,q) is covered by
generators, then for any hyperplane T, at least ¢*> — q of the generators in
the cover are not contained in T .

(c) If a hermitian variety m,_3H(2,q?) in PG(n,q?) is covered by generators,
then for any hyperplane T of PG(n,q?), at least ¢> — q of the generators in
the cover are not contained in T'.

Proof. (a) This is clear if T does not contain the vertex of the quadric (i.e. the
subspace 7,_4, T,—3 respectively). If T' contains the vertex, then going to
the quotient space of the vertex, it is sufficient to handle the cases Q(2, q)
and QT (3,¢). The case Q(2,q) is degenerate but obvious, since any line
contains at most two points of Q(2,¢). So suppose that C is a cover of
Q7 (3,q9) C PG(3,q), then T is a plane. If T N Q" (3,q) contains lines,
then it contains exactly two lines of Q" (3,¢). Since at least ¢ + 1 lines are
required to cover QT (3, q), at least ¢ — 1 lines in C' do not lie in 7.
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(b) Again, we only have to consider the case that T contains the vertex, and so
it is sufficient to consider the two cases Q™ (3, ¢) and Q(4, ¢) in the quotient
geometry of the vertex T. For Q™ (3, ¢), the assertion is obvious. Suppose
finally that C' is a cover of Q(4,¢) C PG(4,¢q). Then T has dimension three.
If TN Q(4,q) contains lines at all, then T'N Q(4, q) is a hyperbolic quadric
Q7" (3,q) or a cone over a conic Q(2,q). As these can be covered by ¢ + 1
lines and since a cover of Q(4,q) needs at least g2 + 1 lines, the assertion is
obvious also in this case.

(c) Now we only have to handle the case H(2,¢?). Since all lines of PG(2, ¢?)
contain at most ¢ + 1 points of H(2, ¢?), the assertion is obvious.

Il

From now on, we always assume that S,, € {Q(2n,q), Q™ (2n+1,q), H(2n, ¢*)}.
In this section, £ denotes a generator blocking set of size |[£| =t+ 14 of a
polar space S,,.

Section 2 was devoted to the case n = 2 of Theorem 3.1 (b) and (c), the
case n = 2 of Theorem 3.1 (a) is Proposition 1.1. The case n = 2 serves as the
induction basis. The induction hypothesis is that if £ is a generator blocking
set of S, of size t+1+46, with § < g, then £ contains one of the examples listed
in Table 1. The number &g can be derived from the case n = 2 in Theorem 3.1.

The polar space S,, has PG(2n + e, s) as ambient projective space. Here
e=1if and only if S, = Q™ (2n + 1,q), and e = 0 otherwise. Call a point P of
S, a hole if it is not covered by a generator of £. If P is a hole, then P+ meets
every generator of £ in an (n — 2)-dimensional subspace. In the polar space
Sn—1, which is induced in the quotient space of P by projecting from P, these
(n — 2)-dimensional subspaces induce a generator blocking set L', |£'| < |L].
Applying the induction hypothesis, £’ contains one of the examples of S,_1
described in Table 1, living in dimension n + e; we will denote this example
by £F. Hence, the (n + 1 + €)-space on P containing the (n — 2)-dimensional
subspaces that are projected from P on the elements of £, is a cone with vertex
P and base the (n + e)-dimensional subspace containing a minimal generator
blocking set of S,,_; described in Table 1. We denote this (n + 1 + e)-space on
P by Sp.

Lemma 3.3. Consider a polar space S, € {Q(2n,q), Q™ (2n+1,¢),H(2n,¢*)},
and a generator blocking set of size t + 14 6. If P is a hole and T an (n + e)-
dimensional space m on P and in Sp, then at least t — % generators of L meet
Sp in an (n — 2)-dimensional subspace not contained in T.

Proof. This assertion follows by going to the quotient space of P, and using
Lemma 3.2 and the induction hypothesis of this section. ([

We recall the following facts from [6]. Consider a quadric Q in a projective
space PG(n, ¢). An i-dimensional subspace 7; of PG(n, ¢) will intersect Q again
in a possibly degenerate quadric Q'. If Q' is degenerate, then m; N Q = Q' =
RQ", where R is a subspace completely contained in Q, and where Q" is a
non-singular quadric. We call R the radical of Q'. Clearly, all generators of Q'
contain R. We recall that Q" does not have necessarily the same type as Q.

Consider a hermitian variety H in a projective space PG(n,q¢?). An i-
dimensional subspace ; of PG(n, ¢?) will intersect H again in a possibly degen-
erate hermitian variety H’'. If H' is degenerate, then m; N"H = H' = RH", where
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R is a subspace completely contained in H, and H” is a non-singular hermitian
variety. We call R the radical of H'. Clearly, all generators of H’ contain R.

Lemma 3.4. Let L be a minimal generator blocking set of sizet+ 146 of Sy.
If an (n 4+ 1 + e)-dimensional subspace I1 of PG(2n + e, s) contains more than
% + 1+ 6 generators of L, then L is one of the examples listed in Table 1.

Proof. First we show that IT is covered by the generators of £. Assume not and
let P be a hole of I. If ITN S,, is degenerate, then its radical is contained in all
generators of IINS,,, so P is not in the radical. Hence, P N1II has dimension
n + e and thus Sp NII has dimension at most n + e. Lemma 3.3 shows that at
least t — f generators of £ meet Sp in an (n — 2)-subspace that is not contained
in II. Hence, II contains at most % + 1+ § generators of £. This contradiction
shows that II is covered by the generators of L.

The subspace IT is an (n+ 1+ e)-dimensional subspace containing generators
of §,,. This leaves a restricted number of possibilities for the structure of IT N
Sp: NS, € {m-3Q7(3,¢), m-2Q(2,9)} when S,, = Q(2n,q), INS, €
{mn—aQT(5,9), m_3Q(4,q), 7hn_2Q (3,¢)} when S, = Q™ (2n + 1,q), and II N
Sn € {mn—3H(3,¢?), mn—2H(2,¢%)} when S,, = H(2n, ¢?).

Case 1: [INS,, = 7, 281 (S1 = Q(2,9),Q (3,q), or H(2,¢?)).

A generator of £ contained in II contains the vertex m,_o. If one of the ¢ + 1
generators on m,_o is not contained in £, then at least s generators of L are
required to cover its points outside of m,_5. Hence, if x of the ¢t + 1 generators
on m,_o are not contained in £, then |£| > t+1—xz 4+ zs. Since |L]| =t+ 1+,
with 6 < s — 1, this implies x = 0. So L contains the pencil of generators of
Tp—281, and by the minimality of L, it is equal to this pencil.

Case 2: 1IN S, € {m,-3Q7(3,9), m-3Q(4,9)}.

Recall that TINS,, = m,_3Q™(3,¢) when S,, = Q(2n, q) and then (s,t) = (¢, q),
and that IINS,, = 7,_3Q(4, ¢) when S,, = Q™ (2n+1, ¢q) and then (s,t) = (q, ¢?).

All generators of £ contained in II must contain the vertex m,_3. We will
show that the generators of £ contained in II already cover II N S,,; then £
contains (by minimality) no further generator and thus £ is one of the two
examples.

Assume that some point P of II N'S,, does not lie on any generator of £
contained in II. As all generators of £ contained in II contain the vertex m,_s,
then P is not in this vertex. Hence, PX NIIN S, is a pencil of é + 1 generators
gos---,gt on the subspace m,_o = (P,m,—3). None of the generators g; is
contained in £. Therefore, at least s + 1 generators of £ are required to cover
gi- One such generator of £ may contain the vertex m,_2 and counts for each
generator g;, but this still leaves at least (f + 1)s+ 1 generators in £ necessary
to cover all the generators g;. But |£| < t + s, a contradiction.

Case 3: [INS, € {m,-4Q7(5,9), mn_3H(3,¢*)}, and we will show that this
case is impossible.

Recall that TN S, = m,-4Q"(5,¢) when S,, = Q™ (2n + 1,¢) and then (s,t)
(q,q¢?%), and that IINS,, = m,_3H(3,¢?) when S,, = H(2n, ¢?) and then (s,t)
(¢%,¢%). In both cases, £ = ¢. Denote by V' the vertex of IIN S,,.

All generators of £ contained in II must contain the vertex V. We will show
that the generators of £ contained in II already cover IIN S,,.

Assume that some point P of II N S,, does not lie on any generator of L
contained in II. As all generators of £ contained in II contain the vertex V,
then Pisnot in V. When S,, = Q™ (2n+1, q), then P-NIINS,, contains 2(g+1)
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generators on the subspace m = (P, V). None of these generators is contained in
L. These 2(q + 1) generators split into two classes, corresponding with the two
classes of generators of the hyperbolic quadric Q*(3,¢), the base of the cone
7Q%(3,q) = P NIINS,. Consider one such class of generators, denoted by
9o - - -, gg- When S,, = H(2n, ¢%), then PLNIINS, contains g+ 1 generators on
the subspace m = (P, V), and none of these generators is contained in £. Also
denote these generators by go, ..., gq. So in both cases we consider % +1=gqg+1
generators go, . . ., gq on the subspace m = (P, V'), not contained in £. Consider
now any generator g;, then at least s+ 1 generators of £ are required to cover g;.
One such generator of £ may contain the vertex 7 and counts for each generator
g;, but this still leaves at least (f + 1)s + 1 generators in £ necessary to cover
all the generators g;. But |£]| <t + s, a contradiction.

Hence in the quotient geometry of the vertex V', the generators of £ contained
in IT induce either a cover of QT (5, q), which has size at least ¢> + ¢ (see [4]) or
a cover of H(3,¢?), which has size at least ¢> + ¢* (see [8]). In both cases, this
is a contradiction with the assumed upper bound on |L]|. O

3.2 The polar spaces Q (2n + 1,¢q) and H(2n, ¢*)
This subsection is devoted to the proof of Theorem 3.1 (b) and (c).

Lemma 3.5. Suppose that C is a line cover of Q(4,q) with ¢*> + 1+ § lines.
Then each conic and each line of Q(4,q) meets at most (6 +1)(q¢+1) lines of C.

Proof. If w(P) + 1 is defined as the number of lines of C on a point P, then the
sum of the weights w(P) over all points of Q(4,¢q) is (¢ + 1). Hence, a conic
can meet at most (6 4+ 1)(g + 1) lines of C, and the same holds for lines. O

Lemma 3.6. Suppose that S,, € {Q™(2n + 1,q),H(2n,¢*)}, n > 3. Suppose
that L is a minimal generator blocking set of size t + 14+ 6§ of Sy, 0 < dg. If
there exists a hole P that projects L on a generator blocking set containing a
minimal generator blocking set of Sp—1 that has a non-trivial vertex, then L is
one of the examples in Table 1.

Proof. Let P be the hole that projects £ on an example with a vertex c. Hence,
there exists a line [ on P in Sp meeting at least ¢t + 1 of the generators of £, and
the vertex of Sp equals (P, a). We have [+ NS,, = [S,,_2, hence the number of
planes completely contained in S,, on the line [ equals |P,,_2| (P,—2 is the point
set of §;,—2).

Suppose that a generator g of £ meets such a plane 7 in a line, then this
line intersects [ in a point P’ # P. But then [+ N g has dimension n — 2, so the
number of lines on P’ contained in [+ N g equals 6,,_3, and so 6,,_3 planes of S,,
on [ meet g in a line.

Denote by A the number of planes on [ contained completely in the vertex
of Sp. Then A equals the number of points in a hyperplane of «; when « is a
point, then A = 0. Then there are |P,,_o| — A planes on [, completely contained
in S, but not contained in the vertex of Sp.

Consequently, we find such a plane m meeting the vertex of Sp only in [,
and meeting at most m := |L] - 0,,_3/(|Pn—2| — A) generators g; in a line. A
calculation shows that m < 2 if n > 3. Hence, from the at least ¢t + 1 generators
of £ that meet [, at most one meets 7 in a line, and the at most J generators
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of £ that do not meet [ can meet 7 in at most one point. Hence, 7 contains a
hole @ not on .

At least t 4+ 1 generators of £ meet Sp in an (n — 2)-dimensional subspace
and meet the line [, and at least t + 1 generators of £ meet Sg in an (n — 2)-
dimensional subspace. Hence, at least 2(¢t+ 1) — |£| =t + 1 — § generators of £
meet both Sp and Sg in an (n — 2)-dimensional subspace, and meet the line [.

Suppose that the projection of £ from ) contains a generators blocking set
with a non-trivial vertex o/. It is not possible that lg is contained in ¢/, since
then all elements of £ meeting Sq in an (n — 2)-dimensional subspace would
meet 7w in a line, a contradiction to m < 2.

The base of L£? is either a parabolic quadric Q(4,¢), an elliptic quadric
Q™ (3,9) or a hermitian curve H(2,¢?). In the latter two cases, since neither
Q™ (3, q) nor H(2, ¢?) contain lines, the projection of the line [ from Q, denoted
by lg, is not contained in the base of L. Suppose now that the base of L% is a
parabolic quadric Q(4, ¢), and that this base contains the line lg. The t +1—4¢
generators of £ meeting both Sp and Sg in an (n —2)-dimensional subspace, all
meet [. These t + 1 — & generators are projected on generators of £, meeting
the base of £ in a cover. Hence, in the quotient geometry of the vertex of £%,
l is now a line of Q(4, ¢) meeting at least t+1—§ = ¢> +1 — & lines of a cover
of Q(4,q), a contradiction with Lemma 3.5, since t +1 -8 > (6 + 1)(¢ + 1) if
(50 S q/2.

We conclude that the line g is neither contained in the vertex of L nor in
the base of £L2. (This excludes also the possibility that £ has a trivial vertex,
which is only possible for n = 3 and S,, = Q7 (7,¢)). Hence, lg is a line meeting
o' and the base of £@, and there exists a line I’ # [ in 7 connecting Q with a
point of o’.

The t + 1 — § generators of £ meeting both Sp and Sg in an (n — 2)-
dimensional subspace also meet [’ in a point. At most one of these generators
meets 7 in a line, so at least t — 0 of these generators are projected from the
different points P and @) on generators through a common point, so before
projection, these t —¢ generators of £ must meet in the common point X := IN/’.

Now consider a hole R not in the perp of X. Then S meets at least
(t—d+t+1)—(t+1+49) =t—20 of the generators on X in an (n — 2)-subspace.
These generators are therefore contained in T := (Sg, X). Finally, consider a
hole R’ not in T" and not in the perp of X. Then at least t — 3§ > % +146 of
the generators that contain X and are contained in 7" meet Sg/ in an (n — 2)-
subspace. These generators lie therefore in (Sg: N'T, X), which has dimension
n+ 14 e. Now Lemma 3.4 completes the proof. (]

Corollary 3.7. Theorem 3.1 (c) is true for H(2n,q?), n > 3.

Proof. Theorem 2.15 guarantees that the assumption of Lemma 3.6 is true for
S, = H(2n,q¢*) and n = 3. Theorem 3.1 (c¢) then follows from the induction
hypothesis. O

We may now assume that S,, = Q™ (2n+1, q), n = 3, and that the projection
of L from every hole contains a generator blocking set with a trivial vertex, i.e.
a cover of Q(4,q). As n =3, then L is a set of planes.

Lemma 3.8. If a hyperplane T contains more than q + 1 + 35 elements of L,
then L is one of the two examples in Q™ (7,q) from Table 1.
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Proof. Denote by L' the set of the generators of £ that are contained in T'. If
P is a hole outside of T, then Sp meets all except at most § planes of £ in a
line, and hence more than g + 1+ 29 of these planes are contained in T'. Recall
that Sp is a cone with vertex P over Sp NT, and Sp NT has dimension 4.
Note that P+ N Q™ (7,q) = PQs with Qs an elliptic quadric Q™ (5, ¢), and
we may suppose that Qs C T. Denote by Q4 the parabolic quadric Q(4, q)
contained in Qs such that Sp = PQy, then TNSp N Q™ (7,q9) = Q4. Consider
any point Q € (Q~(7,¢) N P+)\ (Sp U Qs). Clearly W := Q+ NT N Sp meets
Q™ (7,q) in an elliptic quadric Q™ (3,¢). There are (¢* — ¢*)(q — 1) points like
Q, and at most (¢> — ¢q)(¢ + 1) of them are covered by elements of £, since we
assumed that more than ¢+ 14 36§ elements of £ are contained in T'. So at least
¢ —q* —2¢% + ¢* + ¢ > 0 points of (Q~(7,¢) N PL)\ (Sp U Qs) are holes and
have the property that W := Q- NT N Sp meets Q (7, ¢) in an elliptic quadric
Q7 (3,q). As before, SgNT has dimension four and meets at least |£'| —§ planes
of £’ in a line. Then at least |£'| — 26 planes of £’ meet SpNT and SgNT in a
line. As SpNSgNT C W does not contain singular lines, it follows that these
|£'] — 26 planes of £’ are contained in the subspace H := (Sp N T,SqoNT).
We have WNQ (7,9) = Q (3,q), so in the quotient geometry of P, the
|£’| —26 planes induce |£'|—24 lines all meeting this Q™ 3, ¢). Now L is projected
from P on a cover of a parabolic quadric Q(4, q) with at most ¢* + 1 + § lines.
Then |£'| — 20 lines of the cover must meet more than ¢ + 1 points of this
elliptic quadric Q™ (3, ¢). It follows that Sg NT' contains more than g+ 1 points
of the elliptic quadric Q7 (3,¢) in W and hence W C Sg. Then Sp NT and
Sg NT meet in W, so the subspace H they generate has dimension five. As
|£'| — 2§ > ¢+ 1+ planes of L lie in H, Lemma 3.4 completes the proof. [

Lemma 3.9. Suppose that L is a minimal generator blocking set of size t+14§
of Q7 (7,q), 6 < 6. If there exists a hole P that projects L on a generator
blocking set containing a cover of Q(4,q), then L is one of the examples in
Table 1.

Proof. Consider a hole P. Then Sp N Q™ (7,q) = PQ(4, q). Denote the base of
this cone by Q4. The assumption of the lemma is that £F is a minimal cover
C of Q4. Consider a point X € Q4 contained in exactly one line of C. Then
X+ N Qs = XQ(2,q), and each line on X is covered completely, so X+ N Q4
meets at least ¢® + 1 lines of C.

The lines of C are projections from P of the intersections of elements of £
with the subspace Sp, call C’ this set of intersections that is projected on C. Thus
the line h = PX of Sp on P meets exactly one line of C and h*NSpNQ~(7,q) =
hQ(2, q) meets at least ¢? + 1 lines of C’. At most § elements of £ are possibly
not intersecting Sp in an element of C’, so we find a hole @ on h with Q # P.
There are at least ¢? + 1 elements in C’, so at least ¢ + 1 — § elements come
from planes 7 € £ with 7 N Q+ C Sg. For each such element, its intersection
with hQ(2,q) lies in Sg. Thus either Sp N Sg = ht N Sp or Sp N Sg is a
3-dimensional subspace of h- N Sp that contains a cone YQ(2, q).

In the second case, the vertex ¥ must be the point @ (as @ € Sg); but
then projecting from ) we see a cover of Q(4,¢) containing a conic meeting at
least g2 + 1 — § of the lines of the cover. In this situation, Lemma 3.5 gives
@ +1-0<(5§+1)(g+ 1), that is § > ¢ — 3, a contradiction.

Hence, Sp N S has dimension four, so T' = (Sp, Sg) is a hyperplane. At
least ¢* planes of £ meet Sp in a line that is not contained in Sp N Sg. At
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least ¢* — & of these also meet Sg in a line and hence are contained in 7. Tt
follows from & < ¢/2 that ¢> —§ > g+ 1 + 34, and then Lemma 3.8 completes
the proof. (I

Corollary 3.10. Theorem 3.1 (b) is true for @~ (2n+1,q), n > 3.

Proof. Theorem 2.10 guarantees that for S,, = Q™ (7, ¢) and n = 3, the assump-
tion of either Lemma 3.6 or Lemma 3.9 is true. Hence, Theorem 3.1 (b) follows
for n = 3. But then the assumption of Lemma 3.6 is true for S,, = Q™ (2n+1, q)
and n = 4, and then Theorem 3.1 (b) follows from the induction hypothesis. O

3.3 The polar space Q(2n,q)

This subsection is devoted to the proof of Theorem 3.1 (a). Lemma 3.6 can
also be translated to this case, but only for a bad upper bound on é. Therefore
we treat the polar space Q(2n,q) separately. Recall that for Q(2n,q), dy =
min{%, €}, with € such that ¢ + 1 + € is the size of the smallest non-trivial
blocking set of PG(2, ).

We suppose that £ is a generator blocking set of Q(2n,q), n > 3, of size
q+ 149,68 < 6. Recall that £ is the minimal generator blocking set of
Q(2n — 2, q) contained in the projection of £ from a hole R. So when n = 3, it
is possible that £ is a generator blocking set of Q(4, q) with a trivial vertex.

For the Lemmas 3.11, 3.12, and 3.13, the assumption is that n = 3, and that
for any hole R, £ has a trivial vertex, i.e. £L® is a regulus.

So let R be a hole such that £ is a regulus. Let g;, i =1,..., ¢+ 146, be
the elements of £ and denote by I; the intersection of R+ N g;. At least ¢ + 1
of the lines /; are projected on the lines of the regulus £F. We denote the ¢ + 1
lines of the regulus £Z by I;, i = 1,...,¢q+ 1. The opposite lines of the regulus
LT are denoted by m;, i=1,...,q+ 1.

Lemma 3.11. Suppose that m; is a line of the opposite requlus and that Bj is
the set of points that are the intersection of the lines l; with (R,m;). Then B,
contains a line.

Proof. Since at least ¢ + 1 lines [; must meet (R, ;) in a point, |B;| > g + 1.
We show that Bj; is a blocking set in (R, ;). Assume that a line k in (R, ;)
is disjoint to B; and take a point R’ on k, then R’ is a hole. By the assumption
made before this lemma, £ is also a generator blocking set with a trivial
vertex, i.e. a regulus R’. Consider now the plane 7 := (R, k). The plane 7 is
contained in Sg. If the plane 7 is also contained in Sg/, then it is projected from
R’ on a line of R’ or of the opposite regulus of R'; in both cases it is projected
on a covered point of R’, and hence the line k¥ must contain an element of Bj,
a contradiction. So the plane 7 is not contained in Sgr.

There are at least ¢ + 1 elements of £ that meet Sr/ in a line; such a line
is projected from R’ on a line of R’. No two lines that are projected on two
different lines of R’ can meet 7 in the same point. Hence, of the at least ¢ + 1
elements of £ that are projected from R’ on R’, at most one can meet 7 in a
point, since otherwise 7 is projected from R’ on a line of the opposite regulus
of R/, but then the plane m would be contained in Sg/. But then at most § + 1
elements of £ can meet 7 in a point, a contradiction with |B;| > ¢ + 1. O
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We denote the line contained in the set B; by m;, and so m; is projected
from R on 7m;. Now we consider again the hole R and the regulus L.

Lemma 3.12. The generator blocking set L7 arises as the projection from R
of a requlus, of which the lines are contained in the elements of L.

Proof. An element g; € L that is projected from R on the line m; must meet the
plane (R, ;) in a line. But an element g; € £ cannot meet a plane (R, [;) and a
plane (R,m;) in a line, since then g; would be a generator of Q(6, ¢) contained
in R* not containing R, a contradiction. So at most § elements of £ meet Sg
in a line that is projected on a line m;. Hence, at least ¢+ 1 — ¢ planes (R, ;)
do not contain a line [;, so, by Lemma 3.11, there are at least ¢ + 1 — ¢ lines
m; C B; not coming from the intersection of an element of £ and Sg, that are
projected on a line of the opposite regulus of £Z. Number these n > ¢+1—6
lines from 1 to n.

Suppose that I1,1la,...,l;+1 are transversal to m;. Since § < q%l, a second
transversal mo has at least # common transversals with m1. So we find lines
li,... ,l# lying in the same 3-space (mi,ms). A third line mj, j # 1,2, has
at least 2 common transversals with m; and mg, so all transversals m; lie in
(m1, m2). Suppose that we find at most ¢ lines l4,...,l, which are transversal
to mi,...,Mge1—5. Then ¢ +1 — ¢ remaining points on the lines m; must be
covered by the d + 1 remaining lines I;, so § +1 > ¢+ 1 — 9, a contradiction with
the assumption on d. So we find a regulus of lines l1,...,l441 that is projected
on L% from R. (|

Lemma 3.13. The set L contains ¢ + 1 generators through a point P, which
are projected from P on a regqulus.

Proof. Consider the hole R. By Lemma 3.12, R+ contains a regulus R of ¢+ 1
lines [; contained in planes of £. Denote the 3-dimensional space containing
R1 by m3. Consider any hole R € Q(6,q) \ 73. By the assumption made
before Lemma 3.11 and Lemma 3.12, R’ gives rise to a regulus Rs of ¢+ 1 lines
contained in planes of £. Since R’ € Q(6,q) \ 73, R1 # Ro. Hence, at least
945_3 planes of £ contain a line of both R; and Rs and in at most one plane, the
reguli R and Rs can share the same line. The reguli R and R, define a 4- or
5-dimensional space II.

If TI is 4-dimensional, then II N Q(6,q) = (P, Q), for some point P and
some hyperbolic quadric Q" (3, ¢), denoted by Q. For Q we may choose the
hyperbolic quadric containing R;. There are at least %1 planes of Q(6,q),
completely contained in II, containing a line of R and a different line of Rs.
These planes are necessarily planes of £. Consider now a plane mo of Q(6,q),
completely contained in II, only containing a line of R; and not containing a
different line of Ry. If 75 is not a plane of £, it contains a hole Q. Then Q=+
intersects the at least % planes of £ on P in a line, and the projection of these
at least % lines from @ is one line [. If this line I belongs to £, then at least ¢
more elements of £ are projected from @ on the ¢ other elements of £, hence,
q+ % < ¢+ 1+ 4, a contradiction with § < q%l. Hence, 75 is a plane of L,
and £ contains g + 1 generators of Q(6, q) through P, which are projected from
P on a regulus.

If II is 5-dimensional, then its intersection with Q(6,¢) is a cone PQ, Q a
parabolic quadric Q(4, q), or a hyperbolic quadric Q" (5,¢). If TN Q(6,q) =
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PQ(4,q), then the base Q can be chosen in such a way that R; C Q. But then
the same arguments as in the case that II is 4-dimensional apply, and the lemma
follows.

So assume that IINQ(6, ¢) = QT (5, ¢). Consider again the at least %1 planes
ml ..., of £ containing a line of R, and a different line of Ry. Then half of
these planes lie in the same equivalence class and so intersect mutually in a point.
We can assume that the two planes ' and 72 intersect in a point P, hence,
(! w?) is a 4-dimensional space necessarily intersecting Q(6,¢) in a cone PQ,
Q a hyperbolic quadric Q(3,¢). Clearly, since two different lines of R; span
(R1) (and two different lines of Ry span (Rs)), the reguli Ry, Re C (7!, %),
But since the planes w3 ... 7" contain a different line from R; and Rs, these at
least 4t! planes of £ are completely contained in (r!,72). But then again the
same arguments as in the case that II is 4-dimensional apply, and the lemma
follows. O

From now on we assume that n > 3, and that there exists a hole R such
that £F has a non-trivial vertex «. This means that also for n = 3, this vertex
is non-trivial. This assumption will be in use for Lemmas 3.14, 3.16, 3.17, 3.18,
and Corollary 3.15. Remark that also the induction hypothesis is used. We will
call the (n — 2)-dimensional subspace (R, ) the vertex of Sg.

A nice point is a point that lies in at least ¢ — ¢ elements of £. In the
next lemma, for X a hole, we denote by £X the set of generators of £ that are
projected from X on the elements of £X. Hence, the generators of £X intersect
X1 in (n — 2)-dimensional subspaces.

Lemma 3.14. Call o the vertex of L. Then there exists a nice point N on
every line through R meeting o.

Proof. Let [ be a line on R projecting to a point of a, and consider the planes of
Q(2n,q) on l. Consider any generator g € £. Suppose that g meets two planes
7t and 72 on [ in a line different from I. Then in the quotient geometry of [, i.e.
I+ NQ(2n,q) = Q(2n —4,q), the two planes 7! and 72 are two points contained
in the generator [ N g, which is an (n — 3)-dimensional subspace. Hence, any
generator g € £ meets at most 6,,_3 planes through [/ in a line different from /.

If g meets two planes 7' and 72 on [ in only one point not on I, then in the
quotient geometry of I, the two planes 7! and 72 are again two points contained
in the generator - N g. Hence, any generator g € £ meets at most #,,_3 planes
through [ in exactly one point not on [. Finally, if a generator g € £ meets a
plane 7! in a line different from ! and a plane 72 in a point not on /, then g
meets also 72 in a line different from [, since by the assumption, ¢ also contains
a point of [.

Hence, for g € £, 1 g implies that g can meet at most 6,,_3 of these planes
in one or more points outside of . As [ lies in Oa,—5 > 0,,_3(¢ + 1) > %|£|9n_3
planes of Q(2n, q), we can choose a plane 7 on [ such that at most one generator
of £ meets 7 in a line different from [ or in exactly one point of 7\[l. Let Q € mw\!
be on no generator of £. Also, if there is a generator in £ meeting 7 \ [ in a
single point 7', then choose @ in such a way that this point 7" does not lie on
the line QR.

If the generator blocking set £% in the quotient of @ has a non-trivial vertex,
then 7 is not a plane of this vertex, since otherwise all the generators of £%
would meet 7 in a line different from [, but this is a contradiction with the
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choice of . Since £@ and LF share at least ¢+ 1 — ¢ generators, then g+ 1 —§
generators of £¢ meet [, and at most one of these contains a point of 7 \ 1.
Hence, we find ¢ — 0 generators in £9 N L%, each of them meeting 7 in one
point, which is on [.

If the generators of L& are projected from @ on a generator blocking set
with an (n — 3)-dimensional vertex (and base a conic Q(2,¢)), then points in
different generators of £? are collinear only if they are in the vertex of the cone.
But the points of the ¢ — d generators on [ are collinear after projection from
Q. Hence, if two points of these ¢ — ¢ generators on [ are different, then [ is
projected from Q on a line of the vertex of £, so 7 is a plane in the vertex of
Sq, a contradiction. So the ¢ — § generators meeting [ in a point all meet [ in
the same point X, and we are done.

Now assume that the generators of L% are projected from @ on a generator
blocking set with an (n — 4)-dimensional vertex, and base a regulus R. Assume
that [ has no nice point, then at least two of the ¢ — § generators do not meet
l in a common point. Then [ is skew to the vertex of the cone, since otherwise
all the generators of L% would meet 7 in a line different from I, but this is a
contradiction with the choice of 7. Hence, [ is projected from the vertex of Sg
on a line of the regulus R or on a line of the opposite regulus R’. But a line
of R meets exactly one line of £2, so [ must be projected from the vertex of
Sg on a line of the opposite regulus R’. This means that each line of 7 on Q
is met by a generator of £% in a single point. This applies to the line QR, so
some generator of £ meets 7 in a point, which lies on the line QR. This is a
contradiction with the choice of @) inside . (I

Corollary 3.15. If R is a hole and N € R* a nice point, then N lies in the
vertex of Sg.

Proof. A nice point lies in at least ¢ — § generators of £ and at least ¢ — 2§ > 2
if these must belong to L. As two elements of L% necessarily meet in a point
of the vertex of Sg, the assertion follows. O

Lemma 3.16. Letn > 4. If B denotes the subspace generated by all nice points,
then dim(B) > n — 3.

Proof. Suppose that R is a hole. If n > 4, then by the induction hypothesis,
the vertex of £ has dimension at least n — 4. Hence, using Lemma 3.14,
the nice points generate a subspace v of dimension at least n — 4. Suppose
that dim(y) = n — 4, then dim(y*) = n + 3 < 2n, and so we find a hole
P ¢ v, Consider this hole P, then the same argument gives us a subspace 7/
spanned by nice points in P+ of dimension at least n — 4, different from ~. So
dim(5) > n — 3. O

Lemma 3.17. There exists a hole R and a generator g on the vertexr of Sr
such that g meets exactly one element of L in an (n — 2)-dimensional subspace
and such that all other elements of L do not meet g or meet g only in points of
the vertex of Sg.

Proof. First let n = 3. By the assumption, there exists a hole R such that £#
has a non-trivial vertex, which is a point X. So the vertex of Sg is the line RX
and has dimension n — 2.
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Now let n > 4. By Lemma 3.16, we find a subspace v of dimension n — 3
spanned by nice points. Consider a hole R € y+. Clearly, the vertex of Si will
be spanned by the projection of v from R and R, so has dimension n — 2.

So for n > 3, we always find a hole R such that the vertex V of Sk has
dimension n — 2, and V = (R, 7,_3), m,_3 the vertex of LF. As L consists
of the ¢ + 1 generators of a cone aQ(2,q), points in different elements of £
are collinear only when they are contained in 7,_3. So the projection from R
of any (n — 2)-dimensional intersection m; of an element £ and Sk, meets at
most one element of £F outside of the vertex m,_3. Hence, before projection,
no element of £ meets two generators of Q(2n,¢) on V in points outside of V.
Also, at least ¢ + 1 elements of £ meet S in an (n — 2)-dimensional subspace
that is projected from R on an element of £. So at most § elements of £ can
meet a generator on V' in points outside of V', and thus we find a generator of
Q(2n,q) on V only meeting elements of £ in points of V. (]

Lemma 3.18. Let n > 3. There exists an (n — 3)-dimensional subspace con-
tained in at least q elements of L.

Proof. Consider the special hole R from Lemma 3.17. Call again V = (R, m,_3)
the vertex of Sg, with m,_3 the vertex of £®. Denote the elements of £ in-
tersecting Sp in an (n — 2)-dimensional subspace by g;. By Lemma 3.17,
we find a generator g on V intersected by a unique element g; of £ in an
(n — 2)-dimensional subspace, and intersected by further elements g; of £ in at
most (n — 3)-dimensional subspaces contained in V. So we find a hole Q # P,
Qeg\V.

Clearly, at least ¢ — d elements of £ that meet Sg in an (n — 2)-dimensional
subspace, also meet Sg in an (n — 2)-dimensional subspace and are projected
on elements of £¢. Consider now the hole Q, and suppose that £ is a cone
Tn—aR, R a regulus. The generator g; is projected from @ on a subspace g1
not in £?, since § meets at least ¢ — & of the projected spaces g;, i # 1, in
an (n — 3)-dimensional space, which has larger dimension than the vertex of
L. But § lies in m,_4R, since it intersects at least ¢ — & spaces g; in an
(n — 3)-dimensional subspace. Hence, j; meets the ¢ + 1 elements of £ in
different (n — 3)-spaces and is completely covered. So the projection of R from
Q is covered by elements of £?, and hence, the line [ = (R, Q) must meet an
element of £\ {g1}, a contradiction. So L? is a cone 7/, _;Q(2, q).

It follows that §; € L9, so 7l _s C g1, and g; and V are projected from @
on §;. Before projection from R, the elements g; meet V in (n — 3)-dimensional
subspaces contained in V.

The subspace 7,_5 lies in the projection from @ of elements of £ meeting
(7}, _5,Q) in an (n — 3)-dimensional subspace. But the choice of g implies that
there is only a unique element of £ meeting (7},_5, Q) in an (n — 3)-dimensional
subspace and in points outside of V' (the element meeting ¢ in ¢1), so, at least ¢
other elements of £ intersect V' in the same (n — 3)-dimensional subspace. [

The following lemma summarizes in fact Lemmas 3.14, 3.16 and 3.17, 3.18,
and Corollary 3.15. The condition on § enables the use of the induction hypoth-
esis.

Lemma 3.19. Let n > 3. Suppose that L is a minimal generator blocking set
of size ¢+ 1406 of Q(2n,q), 6 < do. If there exists a hole R that projects
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Polar space | Lower bound
Q (2n+1,9) | n>3:¢*+2(3¢— /5> +2¢+1)
QT(An+3,9) [n>1,¢>7:2¢+1
Q(2n,q) n>3:q+ 1+ dp, with 50:min{q%1,e},
€ such that ¢ + 1 + € is the size of the smallest non-trivial
blocking set in PG(2, ¢q).
W2n+1l,q9) | n>2,g>5:2q+1
H(2n, ¢%) n>3:¢+q—2
H(2n+1,¢%) | ¢>13andn >2:2¢+3

Table 2: Bounds on the size of small maximal partial spreads

L on a generator blocking set containing a minimal generator blocking set of
Q(2n — 2,q) that has a non-trivial vertezx, then L is a generator blocking set of

Q(2n, q) listed in Table 1.

Proof. By Lemma 3.18, we can find an (n — 3)-dimensional subspace « of
Q(2n, q) that is contained in at least ¢ elements of £. Consider now a hole
H ¢ at. Then H+ Nat is an (n + 1)-dimensional space containing at least
q—§ intersections of H with elements of £ on « through the (n—4)-dimensional
subspace HNa. Since Sy is (n+1)-dimensional, these ¢g—§ (n—2)-dimensional
subspaces lie in the n-dimensional space Sy Na*. Hence, we find in the (n+1)-
dimensional space (o, Sy Na™t) at least ¢ — & > 6 + 2 elements of £. Lemma 3.4
assures that £ is one of the generator blocking sets of Q(2n,q) listed in Ta-
ble 1. [l

Finally, we can prove Theorem 3.1 (a).
Lemma 3.20. Theorem 3.1 (a) is true for Q(2n,q), n > 3.

Proof. Proposition 1.1 assures that the assumptions of either Lemma 3.13 or
Lemma 3.19, n = 3 are true. Hence, Theorem 3.1 (a) follows for n = 3. But
then the assumption of Lemma 3.19 is true for Q(2n,q) and n = 4, and then
Theorem 3.1 (a) follows by induction. O

4 Remarks

We mentioned already that a maximal partial spread is in fact a special genera-
tor blocking set. The results of Theorem 3.1 imply an improvement of the lower
bound on the size of maximal partial spreads in the polar spaces Q™ (2n+ 1, q),
Q(2n, q), and H(2n, ¢*) when the rank is at least 3. In Table 2, we summarize
the known lower bounds on the size of small maximal partial spreads of polar
spaces. The results for QT (2n+1,q), W(2n+1,¢) and H(2n + 1, ¢?) are proved
in [7].

One can wonder what happens with generator blocking sets of the polar
spaces QT (2n+1,¢), W(2n+1,q), ¢ odd, and H(2n+ 1, ¢?). Unfortunately, the
approach presented in Section 2 for these polar spaces, fails, which makes the
completely approach of this paper not usable for these polar spaces in higher
rank.
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In [1], an overview of the size of the smallest non-trivial blocking sets of
PG(2,q) is given. When ¢ is a prime, then € = %1. So when ¢ is a prime, the
condition on § in the case of generator blocking sets of Q(2n,q), n > 3, drops

g—1
to ¢ < -
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