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Abstract. Quasi-polar spaces are sets of points having the same intersection numbers with
respect to hyperplanes as classical polar spaces. Non-classical examples of quasi-quadrics
have been constructed using a technique called pivoting in a paper by De Clerck, Hamilton,
O’Keefe and Penttila. We introduce a more general notion of pivoting, called switching,
and also extend this notion to Hermitian polar spaces.

The main result of this paper studies the switching technique in detail by showing that,
for ¢ > 4, if we modify the points of a hyperplane of a polar space to create a quasi-polar
space, the only thing that can be done is pivoting. The cases ¢ = 2 and ¢ = 3 play a
special role for parabolic quadrics and are investigated in detail. Furthermore, we give a
construction for quasi-polar spaces obtained from pivoting multiple times.

Finally, we focus on the case of parabolic quadrics in even characteristic and determine
under which hypotheses the existence of a nucleus (which was included in the definition
given in the De Clerck—-Hamilton—O’Keefe—Penttila paper) is guaranteed.

Keywords. Projective geometry, quadrics, hyperplanes, quasi-quadrics, intersection num-
bers

Mathematics Subject Classifications. 51E20

1. Introduction

The characterisation of polar spaces by their intersection properties can be traced back to the
1950’s, with seminal work done by Segre and Tallini and their schools. In general, polar spaces
are not characterised by their intersection numbers with hyperplanes. In [DHOPO0O] De Clerck,
Hamilton, O’Keefe and Penttila constructed sets which were not quadrics but shared the inter-
section numbers with quadrics. We refer to [DD11] for a survey of these classical results.
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We define a quasi-polar space to be a set of points in PG(m, ¢), m > 2, with the same inter-
section sizes with hyperplanes as a non-degenerate classical polar space embedded in PG(m, q).

Consequently, in PG(2n + 1, ¢) we will distinguish between elliptic and hyperbolic quasi-
quadrics, while in PG(2n, ¢) the only quasi-quadrics are parabolic. Quasi-Hermitian varieties
exist in odd and even dimension. We also say that the quasi-polar space is of elliptic, hyperbolic,
parabolic or Hermitian fype. Throughout this paper, all polar spaces will be assumed to be non-
symplectic.

We will call quadrics of types QT (2n + 1,¢) and Q (2n + 1, q) of opposite type. When
talking about hyperplanes meeting in an elliptic (or hyperbolic) quadric, we say that the hyper-
plane is of elliptic (or hyperbolic) type. A hyperplane meeting a quasi-quadric in the number of
points of a singular quadric is a singular hyperplane; the singular hyperplanes of a quadric are
then precisely those meeting in a cone with vertex a point and base a quadric of the same type.
We denote a cone with vertex P and base Q as PQO.

In this paper, we introduce the notion of switching, which takes as input a quasi-polar space P
in PG(m, q). One fixes a hyperplane 7 of PG(m, ¢) in which a set R of points is replaced with
a set R forming the new set P’ = (P \ R) U R'. We say that P’ is obtained by swirch-
ing ‘P in the hyperplane 7. Pivoting is a particular type of switching, and was introduced
in [DHOPOO]: we pivot a polar space P if we switch in a singular hyperplane 7 of P, and
replace the cone 7 NP = PQ by PQ' where Q' is a quasi-polar space of the same type as Q.

Outline and main results of the paper: We refer to the statements in the paper for a pre-
cise version of the statements in this overview, since many have exceptions for small ¢ and are
technical to state. In Section 2 we show that in all cases except for the parabolic quasi-quadric,
the number of points of a quasi-polar space easily follows from the definition. In Section 3 we
discuss switching, and we determine under which conditions a set P’ obtained by switching a
quasi-polar space is a quasi-polar space. In Subsection 3.1 we show that switching preserves
the type of the quasi-polar space (Lemma 3.1). In Subsection 3.2 we show that switching in
non-singular hyperplanes is not possible (Lemma 3.5). In Section 4 we investigate switching
in singular hyperplanes. Our main result appears in Subsection 4.1. It states that if P is not a
parabolic quadric with ¢ even, then switching in a singular hyperplane with vertex P is pivoting
(Theorem 4.8). In Section 5 we provide a repeated pivoting construction (Proposition 5.2). In
Section 6 we investigate parabolic quasi-quadrics when ¢ is even. In Subsection 6.1 we study
the original definition given in [DHOPOO] where a parabolic quasi-quadric is required to have
a nucleus. We study the latter’s properties in Subsection 6.2. In Subsection 6.3 we show that
we can pivot in a parabolic quadric and more generally obtain a quasi-quadric without nucleus
(Proposition 6.4). We also determine what happens if we require the quasi-parabolic quadric to
retain a nucleus (Corollary 6.6). We conclude the paper in Subsection 6.4 by providing a suffi-
cient condition for a parabolic quasi-quadric to have a nucleus (Lemma 6.8), along with a set of
seemingly weaker conditions which prove to be equivalent to those of a parabolic quasi-quadric
with nucleus (Proposition 6.11). Finally, the second case of the proof of Theorem 4.8 (which is
similar to the first case), and results for Q(2n, 2) (Proposition 7.2) and Q(2n, 3) (Proposition 7.3)
have been collected in an Appendix.
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2. Cardinality of quasi-polar spaces

We first show that in all cases except for parabolic quasi-quadrics and two exceptional low-
dimensional cases, the number of points of a quasi-polar space easily follows from the definition.
Throughout this paper, we will use the following convention to treat the elliptic and hyperbolic
quadric simultaneously: we use the + symbol where =+ reads as + when we are in the hyperbolic
case and — in the elliptic case (and vice versa for ). All statements and their proofs should be
read by choosing either the top or bottom row of the symbols & and F consistently (and as such
every statement containing the symbol £ proves two different statements, one for the hyperbolic
case, and one for the elliptic case.)

Lemma 2.1. (i) Let S be a set of points in PG(2n + 1,q), n > 1, such that every hyper-
plane meets in |Q(2n, q)| or |PQ*(2n — 1, q)| points, then |S| = |Q*(2n + 1, q)| unless
n = 1and S is the set of ¢ + 1 points on a line in PG(3, q) (thus meeting every plane in
19(2,9)] = q+ 1or|PQ(1,q)| = 1 points).

(ii) Let T be a set of points in PG(m, ¢*), m > 2, such that every hyperplane meets T in
|H(m —1,¢?)| or |PH(m — 2, ¢*)| points, then | T| = |H(m, ¢*)| unless m = 2 and T is
the set of ¢* +q+ 1 points of a Baer subplane (thus meeting every line in |H (1, ¢*)| = ¢+1
or |PH(0,¢?)| = 1 points).

Moreover, in all of the above cases, except for n = 1 in (i) and m = 2 in (ii), the number of
hyperplanes of a fixed type is a constant.

Proof. (i) Let « be the number of hyperplanes meeting S in v = |Q(2n, ¢)| points and /3 be
the number of hyperplanes meeting S in v = |PQ*(2n — 1, ¢)| points. Standard counting

yields that
2n+2 __ 1
arp=L_""2 @.1)
qg—1
2n+1 _ 1
au+ fo =S| T——= 2.2)
qg—1
q2n -1
au(u — 1)+ pv(v —1) = |S|(|S| — 1) P (2.3)

Using the first two equations to write o and (3 in function of |S|, we see that the third yields
a quadratic equation in |S| whose sum of roots is given by

(@~ )(ut+o 1)
q2n —1

Y=1+ :
One of those roots is |S| = |Q*(2n + 1, q)|, which is an integer so the other root is an
integer if and only X is an integer. Now u +v — 1 = 2% + ¢" — 1. This implies that X
is an integer if and only if ¢*" — 1 divides

q2n_1

2n+1_1 2
@ - el

+q" 1),
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so if and only if ¢** — 1 divides (¢*"™' — 1)(%q¢™ — 1). This is equivalent to (¢*" — 1)
divides (¢" F 1)(¢*"™ — 1), and hence, to the condition that ¢ + 1 divides ¢*** — 1.

We see that in the hyperbolic case, this never happens, while in the elliptic case, X is an
integer if and only if n = 1. In that case, ¢ + 1 is the root for S, different from |Q~ (3, ¢)|.
Since S is a set of ¢ + 1 points in PG(3, ¢) such that every plane intersects itin 1 or g + 1
points, it is easy to see (see also [BB66]) that in this case, the ¢ 4+ 1 points of S form a
line.

We proceed in the same way as above. Let a be the number of hyperplanes meeting
T inr = |H(m — 1,¢*)| points and 3 be the number of hyperplanes meeting 7 in
s = |PH(m — 2,4*)| points.

Standard counting now yields that

q2m+2 -1
qu -1
ar + s =|T]| 71 (2.5)
q2m—2 -1
ar(r—1)+ Bs(s—1)=|T|(|T| - 1) (2.6)

¢ —1

Using the first two equations to write o and 3 in function of | 7|, we see that the third
yields a quadratic equation in | 7| whose sum of roots is given by

(@™ —=1)(r+s—1)

x=1
+ q2m72_1

One of those roots is || = |H(m, ¢*)|, which is an integer so the other root is an in-
teger if and only X is an integer. Using + and F where the top row represents the
case that m is even and the bottom row represents the case that m is odd, we find that
r+s—1= qz;ijltl (2¢™ F (¢* +1)). This implies that ¥ is an integer if and only if
¢>™~2 — 1 divides

(" = D" £ 1)(2¢" F (" + 1))
¢ —1

q;::11 (2¢™ F (¢*+1)). This is equivalent to (¢ F 1)
(@™ = 1)(¢" + (g —1)°
¢ -1 ’
and hence simplifies further to the condition that ¢™~* F 1 divides (¢™ + 1)(¢ — 1), and
hence, ¢™! F 1 divides (¢ — 1)2. It follows that there are no solutions if m is odd, and for
m is even, we only find a solution when m = 2. In the latter case, we find that ¢> + ¢ + 1
is the second root for |7, different from |H(2, ¢?)|, and it is easy to see that in this case,
7T is the set of points of a Baer subplane.

so if and only if ¢! F 1 divides
divides

Finally, we see that the values of «, § are uniquely determined when |S|, resp. |7 is fixed.

]
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3. Switching quasi-polar spaces

We investigate switching in more detail. First we show that switching is type-preserving (Sub-
section 3.1), and then we show that switching is impossible in non-singular hyperplanes (Sub-
section 3.2).

3.1. Switching is type-preserving

The following lemma shows that, if ¢ ¢ {2,4}, switching preserves the type of a quasi-polar
space.

Lemma 3.1. Let P be a quasi-polar space. Suppose that P’ is a quasi-polar space obtained
by switching in the hyperplane w. Then P’ is a quasi-polar space of the same type as P, un-
less {P,P'} is the set of

* a parabolic quasi-quadric in PG(2,4) and a Baer subplane PG(2,2) in PG(2,4), or
* an elliptic and hyperbolic quasi-quadric in PG(2n + 1, 2).

Proof. Suppose first that P is a quasi-Hermitian variety in PG(2n + 1,¢?), n > 1. Then P

meets 7 in either C; = |H(2n,q¢*)| or Cy = |PH(2n — 1,¢%)| points. Note that Cy > C

for all q. Now suppose that P’ is a quasi-polar space of a different type, then necessarily,

P’ is an elliptic or hyperbolic quasi-quadric. Hence, [P’ Nnt| = D, = |PQ*(2n — 1,¢%)|,

or |P'Nx| = Dy = |Q(2n,¢*)|. By Lemma 2.1, if P’ is not the set of ¢* + 1 points on a line,

then [P'| = |Q*(2n+1,¢%)| = 5 and [P| = [H(2n+1,¢%)] = (¢ +1) Lt
Thus [H(2n + 1,¢2)| — |QF(2n + 1, ¢?)| = L2020 4 gon o g2n,

q+1
2n (q2n+2

Since qu_l) +@"F ¢ >0y > C) foralln > 1,q > 2, we see that for all 4, 7,

H(2n +1,¢°)| # Q7 (2n + 1,¢%)| + Ci — D;.

Recall that P and P’ coincide outside m. Since the number of points of P, not in 7
is |H(2n+1, ¢*)|—C; for some 7, and the number of points of P’, notin , is |Q* (2n+1, ¢*)|—D;
for some j, we obtain a contradiction.

Ifn=1and |P|=¢*>+1,wefindthat Cy = ¢+ ¢*+ 1, D, = 1and Dy = ¢*> + 1. As
above, we see that |[H(3,¢%)| — (¢* + 1) > Cy, 50 [H(3,¢%)| — (¢* + 1) # C; — D, forall 4, j, a
contradiction. By reversing the roles of P and P’, we deduce that it is impossible for a switched
quasi-quadric in PG(2n + 1, ¢) to be a quasi-Hermitian variety.

Suppose that P is a quasi-quadric embedded in PG(2n + 1, ¢) such that P’ is a quasi-quadric
of a different type. W.Lo.g. suppose that P is a hyperbolic quasi-quadric and P’ is an elliptic
quasi-quadric. By Lemma 2.1, if |P'| # |Q (2n + 1, ¢)|, then P’ is the set of ¢ + 1 points
on a line. It is impossible for P’ to be the set of ¢ + 1 points on a line of PG(3, ¢) since the
complement of a hyperplane meets Q" (3, ¢) in at least ¢ points; whereas it has ¢ or 0 points in
common with the ¢+ 1 points of a line. This implies that |P’| = |Q~(2n+1, ¢?)| and hence, that
the hyperplane 7 needs to contain | Q" (2n+1, ¢)|—|Q~ (2n+1, q)| = 2¢" points of P\ (PNP’);
letS =P\ (PN7P),then S is a set of 2¢™ points contained in 7.
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Consider a hyperplane y, different from (possibly) 7, meeting P in |PQ"(2n— 1, ¢)| points.
Since this hyperplane contains |Q(2n, q)| or |[PQ~(2n — 1, ¢)| points of P’, it has to intersect S
in |[PQT(2n—1,9)[ = |Q(2n,q)| = ¢" or [PQ(2n —1,¢)| — [PQ~(2n — 1, ¢)| = 2¢" points,
which are contained in the codimension 2-space 7 M .

Moreover, a hyperplane that has |Q(2n,q)| points of P either contains |Q(2n,q)| or
|PQ~(2n — 1,q)| points of P’. This implies that every hyperplane of 7 meets S in 0, ¢" or 2¢"
points. Standard counting yields that

q2n+1 -1
a+pB+vy= q——l 3.1
" -1
Bq" +72¢" = 24" p— (3.2)
q2n—1 -1
Bq"(¢" — 1) +72¢"(2¢" — 1) = 2¢"(2¢" — 1) ; (3.3)

qg—1

where o, (3, v denotes the number of hyperplanes of m meeting S in 0, ¢, 2¢" points respectively.
Subtracting the second from the last equation and simplifying gives that

_ _an + q2n + 2q3n—1 _ q2n—1 _ qn
q"(q—1) ’

so v < 0if ¢ > 2, a contradiction.

If ¢ = 2, we find that (v, 3, ) = (271, 22+L —2n 97—l _ 1) and S is a set of 2" ™! points
in PG(2n, 2) meeting every hyperplane in 0, 2" or 2" points. We will show that S is the set
of points of an (n + 1)-dimensional affine subspace. Since 7 equals the number of hyperplanes
containing an (n + 1)-dimensional space in PG(2n,2) and since |S| = 2"*! the intersection
of hyperplanes containing S is an (n + 1)-dimensional space II,,;,. Since a > 0, there is a
hyperplane H with 0 points of S. This hyperplane necessarily meets I1,,; in a hyperplane p
of I1,,;1, so all points of S are contained in the affine subspace IT,,;; \ p. Since S has 2!
points, S equals this affine subspace.

Consider an (n — 1)-space contained in a generator of Q" (2n + 1,2), then we see that the
symmetric difference of the two n-spaces thus found forms an affine (n 4 1)-space. It follows
that it is possible to switch Q" (2n + 1, ¢) to obtain a quasi-elliptic quadric.

Finally, suppose that P is a quasi-Hermitian variety in PG(2n, ¢*). Let 7 be a hyperplane of
PG(2n, ¢*). Suppose that P’ is a parabolic quasi-quadric obtained from switching P in 7. First
assume thatn > 1. Note that 7 meets P in at most |H(2n—1, ¢*)| points since |H(2n—1, ¢%)| >
|PH(2n—2, ¢*)|. Since there are q;;_—11 hyperplanes of 7w and q4;27_21_ ! hyperplanes of 7 through a
point of 7, this implies that there exists a hyperplane x4 of 7 with at most
k= |H(2n -1, q2)|q;;2__11 points of 7. A hyperplane p of PG(2n, ¢*) through 4 has at least
|PH(2n — 2,¢?)| points of P, so it has at least | PH(2n — 2, ¢*)| — k points of P outside of 7.
This implies that [p N P'| > |PH(2n — 2,4¢?)| — k.

Now p N P’ is either |QT(2n — 1,¢%)],]Q~(2n — 1,¢%)| or |PQ(2n — 2, ¢*)|, and hence,
p NP’ has at most |Q"(2n — 1,¢?%)| points. Since |[PH(2n — 2,¢*)| — k > |QT(2n — 1,¢?)
forn > 1 and ¢ > 2, we obtain a contradiction.




COMBINATORIAL THEORY 2 (3) (2022), #5 7

Now let n = 1. From Lemma 2.1, we know that a quasi-Hermitian variety in PG(2, ¢*) has
either ¢® + 1 points or is a Baer subplane PG(2, ¢?).

First assume that P has ¢* + 1 points. Then there are at least ¢> — ¢ points of P outside 7.
Let R be a point of 7, not in P, then R lies on ¢ lines, different from 7. Since each of these
lines has either 1 or ¢ + 1 points of P, R lies on at least one line with ¢ 4+ 1 points of P. Since
these ¢ + 1 points belong to P’, and ¢ + 1 > 2, we find a contradiction.

Now assume that P is a Baer subplane. Since P’ is a parabolic quasi-quadric, every line
meets P’ in 0, 1 or 2 points. Any line, different from 7 meeting P in ¢ + 1 points has at least
q points of P’, a contradiction if ¢ > 2. If (n,q) = (1, 2), then a Baer subplane B = PG(2, 2)
in PG(2,4) is a quasi-Hermitian variety. Let L be a line meeting 3 in 3 points. If we switch P
in L by removing the 3 points of BN L, we find a set P’ of 4 points such that every line meets it
in0=19(1,4)|,1=|PQ(0,4)| or 2 = |Q7"(1,4)| points, which means that P’ is a parabolic
quasi-quadric. By reversing the roles of P and P’, we deduce that it is impossible for a switched
quasi-quadric in PG(2n, q) where (n, q) # (1,2) to be a quasi-Hermitian variety. O

Corollary 3.2. Let P be an elliptic or hyperbolic quasi-quadric in PG(2n + 1,q), ¢ # 2, ora
quasi-Hermitian variety in PG(m, q), and let P’ be the quasi-polar space obtained by switch-
ing ‘P with respect to a hyperplane . Then |P| = |P'|.

Proof. Let P be as in the statement, then we have shown in Lemma 3.1 that the type of P does
not change when switching. If P is an elliptic or hyperbolic quasi-quadric or a quasi-Hermitian
variety, then by Lemma 2.1 the number of points in P is determined by its type, so |P| = |P'|,
unless P is an elliptic quasi-quadric in PG(3, g) or P is a quasi-Hermitian variety in PG(2, q),
q square. If P is an elliptic quasi-quadric in PG(3, ¢) of size ¢> + 1 and P’ is an elliptic quasi-
quadric of size ¢ + 1, then the complement of 7 contains at least ¢> — ¢ points of P, whereas the
complement of 7 contains at most ¢ points of P’. Since P and P’ coincide outside 7, and ¢ > 2
this is a contradiction. Similarly, if P is a quasi-Hermitian variety in PG(2, q) of size ¢,/q + 1
and P’ is a Baer subplane, then the complement of 7 contains at least ¢,/q — /g points of P
and at most ¢ + /g points of P’, a contradiction if ¢ # 4. If ¢ = 4, we see that the 6 points
obtained by removing 3 points of a secant line to a unital cannot be the set of 6 points obtained
by removing one point of a Baer subplane; for the latter set there is a unique point lying on three
2-secants, whereas the former set has at most two 2-secants through each point. [

3.2. Switching in non-singular hyperplanes is impossible
We start with an easy lemma which we will use frequently.

Lemma 3.3. Let P and P’ be two point sets in PG(m, q), such that for every hyperplane 7
of PG(m, q) one has |t N P| = |7 N'P'|. Then P =P’

Proof. Counting pairs (z, H), where € P and where H is a hyperplane containing x, in two

ways yields that ]P|q;n:11 = D Hercimg) [H N Pl. Similarly, we have that
P|C=E = 3 fepmg [HNP'|. Since [HNP| = |[HNP'| forall H, it follows that [P| = |P'|.

Let () be a point in PG(m, ¢) and let Ip(Q) be the indicator function with respect to P.
Considering triples (@), R, H) where the point R # () is contained in P and the hyperplane H
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contains both () and R we obtain

m—1
q -1
(1Pl =Ip(@)—— = Y (HNP|-Ip(Q)).
4 H5Q
A similar equation holds for P’, with indicator function Ip. Since |P| = |P’| and since
|H NP| = |H N P’| for all hyperplanes H this implies that I»(Q)) = Ip/(Q). Hence, for
all points ), we have that Q € P if and only if Q € P, so P = P". ]

In most of what follows, we will consider quasi-polar spaces in PG(m, q), m > 3. The
following proposition shows that this condition is not a restriction since switching for quasi-
polar spaces contained in PG(2, q) is essentially trivial. We use standard terminology to call
a parabolic quasi-quadric of size |Q(2,¢)| = ¢ + 1 an oval, and a quasi-Hermitian variety
in PG(2, ¢) a unital.

Proposition 3.4. Let L be a line in PG(2, q).

1. Let P be a unital in PG(2, q) and let P’ be a unital obtained by switching P in L. If ¢ > 4
is a square, then P = P’

2. Let P be an oval in PG(2, q), and let P’ be an oval obtained by switching P in the line L.

e Ifq > 3isodd, then P =P’

* If q is even, then either P = P’ or L is a tangent to P, say at the point P, and P’
consists of the points of P\ {P} U {N} where N is the nucleus of P.

Proof. Let P be a unital. Recall that |P| = |P’| by Corollary 3.2, and that P and P’ coincide
outside L, so [P N L| = |P' N L|. Let @ be a point of L, not in P, then @ lies on at least one
tangent line and at least one secant line to P, different from L. It follows that ) ¢ P’ for all
points on 7 not in P. But since [P N L| = |P’ N L], this implies that the points of L NP need
to be contained in L N P’. Hence, P = P’.

Let P be an oval in PG(2,¢q), ¢ odd. Since we assume that P’ is an oval, we have that
PN L| =|P' NL| If Q is a point of 7, not in P, then, since ¢ > 3 is odd, () lies on at least
one 2-secant and at least one passant to Q, different from 7. It follows that () ¢ P’, and hence,
as above, that P = P’.

Finally, let P be an oval in PG(2, ¢), g even and let N be its nucleus. Since we assume that P’
is an oval, we have that |P N L| = |P' N L|, so if P # P’, necessarily L is a secant or tangent
line. Every point ) of L not in P, different from the nucleus NN, lies on at least one passant and
2-secant. It therefore follows that ) ¢ P’. Hence, we see that P’ is different from P only if L is
a tangent line to P, say at the point P, and P’ is obtained by removing the point P and adding
the point V. 0

Lemma 3.5. Let P be a quadric or a Hermitian variety in PG(m, q), m > 3 with ¢ # 2 for
elliptic and hyperbolic quadrics and q > 4 for parabolic quadrics. Let P # P be a quasi-
quadric or quasi-Hermitian variety obtained from switching ‘P in the hyperplane T, then 7 is a
singular hyperplane.

Proof. The proof is split in three cases.
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Case 1: P = Q*(2n + 1,q). We know that every hyperplane meets P in |Q(2n,q)| or
|PQ*(2n — 1,q)| points. Suppose that 7 is a non-singular hyperplane (i.e., meeting P in a
Q(2n, q)), and that P’ is a quasi-quadric obtained by switching in 7. We will deduce that P = P’
by showing that the conditions of Lemma 3.3 are met.

From Corollary 3.2, we know that P’ has size |P|, which implies that |7 NP’| = |Q(2n, q)|.
Let i be a hyperplane in 7, then p meets Q(2n,q) in either an elliptic quadric, a cone
PQ(2n — 2,q) or a hyperbolic quadric.

If 11 is a hyperplane of 7 meeting P in a QF(2n — 1, ¢), then p lies only on non-singular
hyperplanes, since a PQ*(2n—1, ¢) does not have hyperplanes meeting ina QT (2n—1, ¢). That
means that g has either |QF(2n — 1,¢)| or |QF(2n —1,q)|+ ||PQ*(2n —1,q)| — |Q(2n, q)|| =
|97 (2n — 1,¢)| + ¢" points of P’ in 7.

If 12 is a hyperplane of 7 meeting P in a Q*(2n — 1, ¢), then p lies on exacty two singular
and ¢ — 1 non-singular hyperplanes, one of which is 7. Hence, if ¢ > 2, there is at least one
hyperplane through y, different from 7 with ||Q(2n, q)| — |Q*(2n — 1, ¢)|| points of P outside
of 41 and there are two hyperplanes through i with |[PQ*(2n — 1,¢)| — |QF(2n — 1, ¢)| points
outside of y. This means that ;1 has to meet P’ in exactly |Q*(2n — 1, ¢)| points.

If 1 is a hyperplane of m meeting P in a PQ(2n — 2, q), then p lies on a unique hyperplane
meeting P in a PQ*(2n — 1, q) and ¢ hyperplanes meeting P in a Q(2n, q), one of which is 7.
It follows that 1 needs to contain exactly |PQ(2n — 2, ¢)| points of P’.

So we find that 7 = P’ N 7 is a set of |Q(2n, ¢)| points in PG(2n, ¢) such that every hyper-
plane meets in 7 in |Q*(2n —1,q)|, |PQ(2n — 2, q)|, | QT (2n — 1, ¢)| points. But furthermore,
the set of hyperplanes meeting in | PQ(2n — 2, ¢)| or |Q*(2n — 1, )| points is the same as the
set of hyperplanes meeting a fixed @ = Q(2n, ¢). In Lemma 2.1, we have shown that the num-
ber of hyperplanes of each type meeting a quasi-quadric is a constant. Since the hyperplanes
meeting P N7 in |PQ(2n — 2, q)| or |QF(2n — 1, ¢)| points respectively are meeting P’ N 7 in
|PQ(2n — 2,q)| or |Q*(2n — 1, q)| points respectively, it follows that all hyperplanes meeting
PNmin |QF(2n — 1, ¢)| points also meet P’ N7 in |QF(2n — 1, ¢)| points. By Lemma 3.3 we
obtain that P N7 = P’ N, and hence, since P and P’ coincide outside 7, that P = P’.

Case 2: P = Q(2n,q), n > 2. We know that every hyperplane meets P in either
|9~ (2n — 1,q)|, |PQ(2n — 2,q)| or |Q*(2n — 1, q)| points. Suppose that 7 is a non-singular
hyperplane (i.e., meeting P in a Q*(2n — 1,¢)), and that P’ is a quasi-quadric obtained by
switching in 7. We will show that P = P’.

If o is a hyperplane of 7 meeting Q*(2n — 1,¢q) in |[PQ*(2n — 3, ¢)| points, then y is
contained in exactly 1 singular hyperplane and ¢ non-singular hyperplanes. So the hyperplanes
through p have either | PQ(2n—2, q)| — |PQ*(2n—3, q)| or |QF (2n—1,q)| - |POQ*(2n—3, q)|
points of P outside 7. This implies that ;1 N P’ has either |Q(2n — 2, ¢)| or |[POQ*(2n — 3,q)]
points.

If 12 is a hyperplane of m meeting Q*(2n — 1,¢) in |Q(2n — 2, ¢)| points, then y lies on at
most 2 singular hyperplanes, and on at least (¢ — 1)/2 hyperplanes of elliptic and hyperbolic
type. Hence, if ¢ > 4, there is at least one elliptic and one hyperbolic hyperplane through i,
different from 7. It follows that | N P’| = |Q(2n — 2,q)|.

Hence, we find that P’ N 7 is a set 7 of points in PG(2n — 1, ¢) such that every hyperplane
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meets 7 in either |Q(2n — 2,q)| or |[PQ*(2n — 3, ¢)| points. Thus P’ N 7 is a quasi-quadric
in PG(2n — 1, ¢), and has, since ¢ > 2 by Lemma 2.1, |Q%(2n — 1, ¢)| points. Moreover, we
see that hyperplanes meeting P N 7 in |Q(2n — 2, ¢)| points meet T in |Q(2n — 2, ¢)| points.
There are only two types of hyperplanes, and the number of each of them is determined (see
Lemma 2.1). It follows that hyperplanes of m meeting P in |PQ*(2n — 3, ¢)| points meet P’ in
|PQ*(2n — 3, q)| points. By Lemma 3.3, the point sets P N7 and P’ N7 coincide. This implies
that P = P'.

Case 3: P = H(m,q*). Let P = H be a Hermitian variety H(m, ¢*). We know that every
hyperplane meets H in either |H(m — 1,¢?)| or |[PH(m — 2, ¢*)| points. Suppose that 7 is a
non-singular hyperplane (i.e., meeting H in a H(m — 1,¢?)) and that ' is a quasi-Hermitian
variety obtained by switching in 7. We will show that # = H’. By Corollary 3.2 we know
that |H| = |H'|.

If 1 is a hyperplane of 7, then p lies on both singular and non-singular hyperplanes, different
from 7. This implies that ;z meets # in the same number of points as H’. Using Lemma 3.3 we
find that H N 7 and H' N 7 coincide. Hence, H = H'. O]

Remark 3.6. In [DHOP0O, Theorems 13-16], it is shown that for Q(2n + 1,2) and
Q1 (2n + 1,2), it is possible to switch in a non-singular hyperplane and obtain a quasi-quadric
which is not a quadric when n > 2 (Every hyperbolic or elliptic quasi-quadric in PG(3,2) is a
quadric.). Hence, the condition ¢ # 2 in the above theorem is necessary.

In the Appendix, we will show that there exists a quasi-quadric, which is not a quadric,
obtained by switching in non-singular hyperplane of the parabolic quadrics Q(2n,2), n > 2
(Proposition 7.2) and Q(2n,3), n > 2 (Proposition 7.3). We will discuss pivoting for ovals
in PG(2, 3) there too (Proposition 7.1).

4. Switching singular hyperplanes

4.1. Switching is pivoting

A proof of the following result from the theory of polar spaces can be extracted from [HT16,
Sections 22.3 and 22.4]. It will be used to prove that certain intersection sizes with hyperplanes
need to be preserved after switching, which severely restricts the possibilities.

Lemma 4.1. Let P be a non-singular, non-symplectic polar space in PG(m, q) and let 7 be a
singular hyperplane meeting P in the cone PC. The following holds:

* If v is a hyperplane of 7 through P, then the q hyperplanes through v, different from T,
are all of the same type as v N C.

* Ifv is a hyperplane of , not through P, then

— If P is a quadric but not Q(2n, q), q even, then there are 2 singular and q — 1 non-
singular hyperplanes through v. Furthermore, if P is a parabolic quadric and q is
odd, then (q — 1)/2 of the non-singular hyperplanes are elliptic, and (¢ — 1)/2 of
the non-singular hyperplanes are hyperbolic.
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- If P = Q(2n,q), q even, and v does not contain the nucleus N, then there are q/2
elliptic and q/2 hyperbolic hyperplanes through v.

— If P is a quasi-Hermitian variety, then there are \/q singular and q—/q non-singular
hyperplanes through v, different from .

In what follows, we use the terminology truncated line through a point P to denote the set
of points on that line, except the point P. Similarly, a truncated cone with vertex a point P and
base a point set C consists of the point set of the cone PC where the point P is removed. The
following lemma is the crucial technical result needed to prove that switching is pivoting.

Lemma 4.2. Let K be a set of points in PG(m, q) and let P, and P; be two points of PG(m, q),
not in IC, such that all hyperplanes of PG(m, q) containing neither P, nor P, contain a fixed
number s of points of K. Then every plane through P, P, meets K\ P, Ps in a set of (truncated)
lines through P;, where depending on the plane 1 is either 1 or 2. Moreover the set K N P, P,
contains all or none of the points of P, P, different from P, and Ps.

Proof. Consider an (m — 2)-dimensional space p meeting the line P, P, in a point (), different
from P, and P». Let m = (u, P,), then PP, € . Denote |IC N x| by z,. The ¢ hyperplanes
through 4, different from (4, P;), then each contain s — x,, points not in 4. It follows that

Kl =[Nl +q(s — ).

It follows that x,, is uniquely determined by |KC N 7|. In other words, all hyperplanes, not
through P, nor P, in the (m — 1)-space 7 contain a fixed number of points. Repeating this
argument inductively, we find that for every plane £ through P, P, each line of £ not through P;
nor P, meets K in a fixed number, say y points. Note that y as well as other quantities below
depend on £ but we omit this in our notation.

Consider the points in £ N K, not contained in the line P, P,. We first show that either all
points of P, P, different from P, and P, belong to /C, or none of those belong to K. Counting
incident pairs (P, L), where P is a point of K and L is a line not through P; or P, yields:

(¢* =y = KNP Pg+ |K\ (KN PPR)|(g—1).

Since the left hand side is a multiple of ¢ — 1, it follows that IC N P, P is a multiple of ¢ — 1. So
KNP P,=0o0rqg—1 as claimed.

This implies that every line, not through P, nor P, has a fixed number, say x, of points of
the set K" := (ENK)\ (KN PP,) (notethat z = yorx =y — 1).

Let () be a point of P, P, different from P, and P,. Since every line in £ through () contains
x points of K', we have that |K'| = gx.

If K’ does not consist of the points of a set of lines through P, with P; removed, then we find
a point R of K’ and a point S ¢ X', not on P, P;, on RP;.

Counting points of £’ on lines through R yields

(—1)(z-1)+|ARNK'|+ |PRRNK'| —1=qu,
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and similarly for S, we find
(q— Dz + |PSNK'|+ |PRSNK'| =qx.

It follows that |[PLR N K'| + |RRNK'| = ¢+ x and |[PL.S N K| + [PS N K| = z. Since
PR = P, S, it follows that

|P2RHIC/|—|PQSQIC/|:(].

Now recall that P, ¢ K’ so |P,RNK'| < g. It follows that | P, RNK'| = gand | PSNK'| = 0.
We see that for every point R’ in K on P, R, the points of R'P, \ { P>} belong to K, and for
every point S” ¢ K, there are no points of K’ on the line S’ P,. It follows that X’ consists of the
point set of a set of lines through P, with P, removed. Since /C N & consists of the set X' with
all or none of the points of P, P, different from P and P, added, the lemma is proved. U]

Corollary 4.3. Let IC be a set of points in PG(m, q) and let P be a point of PG(m, q) such
that all hyperplanes of PG(m, q) not containing P contain a fixed number s of points of K.
Then IC U { P} consists of the qs + 1 points of a cone with vertex P and base a set of s points.

Proof. 1f () is an arbitary point of PG(m, ¢), then applying Lemma 4.2 to P, = P and P, = @)
shows that X is a union of lines through P and () (without P, ()). Since this holds for every
choice of (), we find that X consist of lines through P only. ]

Recall that there are two different intersection sizes for hyperplanes with quasi-polar spaces
of elliptic, hyperbolic or Hermitian type. In what follows, we will use the following convention
for these sizes in PG(m, q): we let A,,_; and B,,_; denote the sizes of their intersection with
hyperplanes, where we assume that A,, ; < B,,_1. More precisely, if the quasi-polar space P
in PG(m, q) is

* elliptic, then A,,, 1 = |PQ~(m — 2,q)| and B,,,_, = |Q(m — 1,q)|,

* hyperbolic, then A,,_1 = |Q(m — 1,¢)| and B,,,_1 = |[PQ(m — 2,q)|,

* quasi-Hermitian with m even, then A,,_; = |PH(m —2,q)| and B,,,_1 = |H(m — 1,9)|,

* quasi-Hermitian with m odd, then A,,_1 = |H(m — 1,¢)| and B,,,_1 = |PH(m — 2, q)|.
It can be checked that in all cases B,,, 1 — A1 = ¢(Bim_3 — An_3).

Proposition 4.4. Let P be a polar space of elliptic, hyperbolic or Hermitian type in PG(m, q),
q arbitary, or of parabolic type in PG(m, q), q odd, m > 3. Suppose that P’ is a quasi-polar
space with |P| = |P'|, obtained by switching in a singular hyperplane © of P with vertex P.
Then P’ is the point set of a cone with vertex P over a quasi-polar space of the same type as P.

Proof. Let i be a hyperplane of 7, not through P. Then ;2 meets the cone PN in a non-singular
polar space of the same type as P. If P is of elliptic, hyperbolic or Hermitian type, then there
are two types of hyperplanes. By Lemma 4.1, p lies on hyperplanes, different from 7, of both
types. Since P and P’ coincide outside 7, and P and P’ need to have the same intersection
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sizes with hyperplanes, it follows that |t N P’| = | N P|. Since this holds for all hyperplanes y
not through 7, and | N P| is independent of the choice of x, we find by Corollary 4.3 that P’
is indeed the point set of a cone with vertex P. Note that P needs to be included in P’ since
|PN7| = |P' Nnw| =1 (mod ¢) and the set of points of a cone, without the vertex P has
size 0 (mod q).

Suppose first that P is of elliptic, hyperbolic of Hermitian type. Since we already know that
P’ is the point set of a cone with vertex P, in order to prove the proposition, we only need to
show that for all hyperplanes v of 7 through P, |u N P'| € {qAm—3 + 1,¢Bm_3 + 1}.

Consider a hyperplane H of PG(m,q), different from =, through v and suppose

that [v N P| = ¢A,_3 + 1. By Lemma 4.1, |[H N P| = A,_1 and it follows that
|HOP'| = |(H\m) 0P|+ [unP'| = [(H\m)NP|+|pNP'| = Ay — (qAm-s+1)+|pOP|.
Since |H N P'| € {An_1,Bmn-1}, it follows that either |p N P/| = q¢A,—3 + 1 or

luNP|=Bn1—An1+qAn_s+1=qB,_3+ 1. If|[HNP| = B,,_1, we obtain the same
conclusion, using again that B,,, 1 — A;,—1 = ¢(Bim—3 — Am—3).
Now assume that P is a non-singular quadric Q(2n, q), ¢ odd. Let v be a hyperplane of 7

through P and let 2n = m, A,.1 = |Q (m — 1,9)|, Bn1 = |PQ(m — 2,9)|,
Cr1 = |Q7(2n — 1,q). Since we already know that P’ is the point set of a cone with ver-
tex P, and |P| = |P’|, in order to prove the proposition, we only need to show that for all

hyperplanes v of 7 through P, | NP’| € {qAm—_3+1,¢Bm—3+ 1,qCy—3 + 1}.

Consider a hyperplane H of PG(m,q), different from =, through v and suppose that
v NPl = ¢A,3 + 1. By Lemma 4.1, |H N P| = A, and it follows that
[HOP'| = [(H\m) P+ [0 P'| = [(H\m)OP|+ 0P| = Ayt — (qAm—s+ 1)+ NP,
Since |H NP'| € {An—1,Bm-1,Cm-1}, it follows that either |z N P'| = ¢A,,—3 + 1 or
’ﬂ N ,P,‘ = Bpn-1 — Amfl + qu73 +1 = qu73 + 1, or ‘,u N Pl’ = Cmfl - Amfl +
qAm-3+1 = qCp_5 + 1. Similarly, if [y NP| = ¢B,,—3 + 1, then |[u NP’'| = ¢B,,—3 + 1 or
wNP'| = A1 —Bn-1+¢Bp—3+1 =qA,_s+1,0or |uNP'| = Cpymy — Bim1+¢Bm—3+1 =
qCo—3+ 1. Finally, if [ NP| = ¢B,,_3+ 1, then |uNP'| =¢B,_3+ Lor |uNP| = A1 —
Bm—l + qu_g +1= qu_g +1, or |[Lﬂ73/| = Cm—l - Bm—l +qu_3 +1= qu_g +1. O

Proposition 4.4 does not treat the case Q(2n,q), ¢ even. For parabolic quadrics in even
characteristic, it is no longer true that pivoting in a singular hyperplane 7 can only be done by
replacing P N 7 with a cone over a quasi-quadric. For Q(4,q), we will be able to describe
exactly what other possibilities we have for P’ N 7 (see Proposition 4.6) whereas for Q(2n, q),
n > 2, q even, we find a strong restriction on the set P’ N7 but no full classification. We provide
an example of switching in a singular hyperplane which is not pivoting in Q(2n, q), ¢ even, in
Example 4.7.

Proposition 4.5. Let P = Q(2n,q), q even, n > 2, and suppose that P’ is a parabolic quasi-

quadric with |Q(2n, q)| points, obtained by switching in a singular hyperplane m of P with
vertex P. Then P’ N is the point set of % truncated lines through P or N, to which either

all points of the line PN or exactly one of the points P and N is added. The only points lying
on more than one line are possibly P and N. Furthermore, every hyperplane through P or N
meets P'in |[PQ~(2n — 3,q)|,|Q(2n — 2,q)|, or |[PQ" (2n — 3, q)| points.
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. q2n—271 . .
Conversely, the point set of any set of ) truncated lines through P or N, to which

either all points of the line PN or exactly one of the points P and N is added, which satisfies
the property that every hyperplane through P or N meets P’ in |PQ~(2n—3,q)|,|Q(2n—2, q)
or |PQ"(2n — 3, q)| points, gives rise to a parabolic quasi-quadric.

’

Proof. Let i be a hyperplane of 7, not through P or N. Then p meets the cone P N 7 in a
Q(2n — 2, q), and by Lemma 4.1,  lies on at least one hyperbolic and one elliptic hyperplane.
This implies that [uNP’| = [uNP| = |Q(2n — 2, q)|. It follows from Lemma 4.2 that P’ is the
set £ of (truncated) lines through P and N. Since |P’| =1 mod ¢, we have that if PN is not
a line of this set, exactly one of P and N are in P’, and there are exactly QQZ:QI_I lines in L.

Now consider a hyperplane v of 7 through N. All hyperplanes through v are
singular, and hence, a hyperplane different from = through v has precisely
|PQ(2n — 2,q)| — |Q(2n — 2, q)| = ¢°" 2 points of P, not in 7. It follows that v N P’ has
|[PQ~(2n — 3,q)|,|Q(2n — 2,q)|, or |[PQT(2n — 3, ¢q)| points.

A hyperplane § of 7 through P contains |PQ~(2n—3, ¢)|, |Q(2n—2, q)|, or |PQ*(2n—3, q)|
points of P, and by Lemma 4.1, it follows that, in all these cases, every hyperplane, different
from 7 through & has the same number, namely ¢?"~2, of points of P not in 7. It again follows
that v N P" has |[PQ~(2n — 3,¢)|,|Q(2n — 2,q)|, or |[PQT(2n — 3, q)| points.

It is clear from the above reasoning that any set S of |PQ(2n — 2, q)| points such that all
hyperplanes not through P or N contain |Q(2n—2, ¢)| points of S and all hyperplanes through P
or N contain |[PQ~(2n — 3,q)|,|Q(2n — 2,q)|, or |[PQT(2n — 3,q)| points of S satisfy the
property that every hyperplane meets the set P\ (PN7)US in |Q~ (2n—1,q)|, |PQ(2n—2, )|,
or |QT(2n — 1, q)| points, and hence, gives rise to a parabolic quasi-quadric. O

Corollary 4.6. Let P = Q(4,q), q even, and suppose that P’ is a parabolic quasi-quadric
with |Q(4, q)| points, obtained by switching in a singular hyperplane 7 of P with vertex P.
Then P’ N« is one of the following:

* a cone with vertex P and base an oval;
e a cone with vertex N and base an oval;

* the union of a truncated cone with vertex P and base a q-arc together with one line through
N disjoint from the truncated cone, and different from PN;

* the union of a truncated cone with vertex N and base a q-arc together with one line through
P disjoint from the truncated cone, and different from PN,

and for all of the above possibilities, P’ is indeed a parabolic quasi-quadric.

Proof. By Proposition 4.5, we have that P’ consists of the point set of ¢ + 1 truncated lines L,
to which either the points of the line PN, or exactly one of the points P and NV are added.
Note that the roles of P and [V are the same, so assume without loss of generality that P € P’.
If all lines of £ go through P then we get a cone with vertex P. Let n be a plane not through P
or N, then p meets the lines of £ in a set S of ¢ + 1 points. Since every plane through P has at
most 2¢ + 1 points of P’, we have that every line of 1 has at most 2 points of S; so S is an oval.
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If there is exactly one line, say L, through P, different from PN, contained in £, then L is
union of L with a cone with vertex N. Since every plane through N contains at most 2¢ + 1
points, the set C' meets every line of  in at most 2 points, and hence, C'is a g-arc.

Assume thus there are two lines, L, L, through P contained in £ but not all ¢+ 1 lines of £
go through P. Then there is a line L3 through N, different from PN, such that L3 \ {N} is
contained in P’. But this implies that the plane (L, L) contains at least 2¢g 4+ 1 + 1 points of P/,
namely those on L, L, together with N N (Ly, Lo), a contradiction. By reversing the roles of P
and IV, we see that P’ is one of the four possibilities of the statement.

Finally, it is easy to see that all the above sets have the property that every plane not through P
or N meets this set in ¢ + 1 points, while the planes through P and N meetin 1,q+ 1 or 2¢g + 1
points. We will show that for all solids H, |H NP’ € {¢* + 1,¢* + ¢+ 1,¢* + 2q + 1}.

It is clear that all solids H not through P or N have |H N7 NP| = |H N« N P’| which
implies |H NP| = |H N P’|. By Lemma 4.1, we see that all solids, different from 7, though P
have ¢? points of P, not in 7. Likewise, all solids different from 7 through N have ¢? points
of P outside 7: all those solids are singular, and hence, meet P in P +qg+1 points, and all
planes through N in 7 have ¢ + 1 points of P. Since |P' N x| € {1,q+ 1,2¢ + 1} we find that
all solids through P or N meet P in ¢> + 1, ¢*> + ¢ + 1 or ¢*> + 2¢q + 1 points as desired. Finally,
we see that if H = 7, then |[H NP'| = ¢* +q+ 1. O

Example 4.7. Consider a hyperplane 7 intersecting P = Q(2n,q), ¢ even, n > 2, in a cone
PQ(2n — 2,q), where we take the base to be contained in a hyperplane y of 7, not through P.
Let vp be an (n — 2)-space contained in the base Q(2n — 2, ¢), and let vy be an (n — 2)-space
of pu, disjoint from Q(2n — 2,q) \ vp. Note that v always exists since vp is contained in a
unique (n — 1)-space which intersects Q(2n — 2,q) exactly in vp. To see this, consider the
quotient with a hyperplane 7y of vp: there is a unique tangent line through the point vp /7y to
the conic Q(2n — 2, q)/my.

Let S be the set (PQ(2n — 2,q) \ Pvp) U Pry. Then it is easy to check that this set S
satisfies the conditions of Proposition 4.5: any hyperplane of 7 not through P and N clearly
has |Q(2n — 2, q)| points of S. Any hyperplane of 7 containing both Pvp and Nvy has the
same intersection size with S as with PQ(2n — 2, ¢), and hence, meets S in |PQ~(2n — 3, q)|,
|Q(2n — 2,q)|, or |[PQT(2n — 3,q)| points. If a hyperplane ¥ contains Pvp but not Nvy,
it meets Nvy in an (n — 2)-space. Since X contains Prp, it meets P in |Q(2n — 2,q)| or
|PQT(2n—3, q)| points, so it meets in S in |Q(2n—2,q)|—|P1/1p|+qn_l_1 =|PQ (2n-3,q)|or

q—1
|POQT(2n—3,q)|—|Pvp|+ qn;1—1 = |Q(2n—2, ¢)| points. Similarly, if ¥ does not contain Pvp
but does contain Nvy, it meets S in |[PQ~(2n — 3,q)| — qn;_ll_l + |Nuvy| = 1Q(2n — 2,q)]| or

Q(2n — 2,q)| — =7 + |[Nuy| = [PQ*(2n — 3,¢)| points.

qg—1
Parabolic quasi-quadrics in even characteristic will be looked at in more detail in Section 6.

4.2. Switching quasi-quadrics

Theorem 4.8. Let P be a quasi-polar space of elliptic, hyperbolic or Hermitian type
in PG(m, q), m > 3, where q is square in the case P is Hermitian, or P is a parabolic quasi-
quadric in PG(2n, q), n > 2, of size |Q(2n, q)|. Suppose that P contains a hyperplane 7 such
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that m NP is a cone with vertex a point P and base a quasi-polar space P of the same type as
P in a hyperplane i not through P of m. Let P’ be a quasi-polar space of the type of P in pu,
then the set P' = (P \ PP)U PP’ is a quasi-polar space of the type of P.

Proof. The proof is split in two cases.

Case 1: Let H be a hyperplane of PG(m, ¢). We need to show that
HNP e {Am_1, Bm—l}-

Note that PN (H \ 7) = P' N (H \ 7).

If H does not contain P, then H N 7 has A,,_s points of both P and P’, so
|[HNP'| = |HNP| € {An_1,Bn_1}. So suppose that H contains P, then, since ev-
ery hyperplane of ; meets the base P in either A,,_3 or B,,_s points, H N 7 meets in P in
qA;_3+ 1 orqB,, 3+ 1 points. Likewise, H N7 meets P’ in ¢A,,_3+ 1 or ¢B,,_3+ 1 points.
If HhmNP| = qA,,—3+1,then |[HNP| = A,,_1 by Lemma4.1. We find that | H N'P’| is either
Ap—ror Ay 1—(qAm—3+1)+(¢Bm—3+1). Since ¢By;,—3—qAm—3 = Bp—1— Am—1, we indeed
have that |H N P'| € {A—1, Bim—1}. Similarly, if |H N7 NP| = ¢B,,—3 + 1, by Lemma 4.1,
|HNP| = B,,_1, and it follows that | H NP’ is either B,,, 1 or By, _1—qBy_3+qAm—3 = Apn_1.

Case 2: P is a parabolic quasi-quadric in PG(2n, q) of size |Q(2n, ¢)|. The proof is included
at the end of the Appendix and is similar to that of Case 2, this time with three intersection
numbers. U

5. Repeated pivoting

In [DDI11, page 19], the authors write that “one can repeat pivoting as much as one wants,
implying that the family of quasi-quadrics is quite wild”. But since they define pivoting as
cone replacement, it is not clear that one can repeat this procedure as much as one wants: after
each pivot, in order to be able to pivot again, there still should be a hyperplane meeting the
obtained quasi-quadric in a cone. In fact, [DD11] does not show how to pivot more than once.
In Proposition 5.2 we give a construction enabling us to pivot ¢ + 1 times.

Recall that if | denotes the polarity associated with a polar space P in PG(m, ¢) and P is
a point of P, then P+ N P is a cone PCp, where Cp is a classical polar space of the same type
as P in PG(m — 2, q).

While there is no orthogonal polarity associated to @ = Q(2n, q), ¢ even, we still have that
for every point P € Q, there is a unique hyperplane 7p containing all points which are collinear
with P in Q, and these form a cone PC where C is a non-singular parabolic quadric contained
in a hyperplane of 7p. We will, by abuse of notation, denote this hyperplane 7 by P*. Note
that the nucleus N of Q is contained in all spaces P*.

Using this definition for hyperplanes P+ defined for points on a parabolic quadric, g even, the
following now holds for all non-singular polar spaces P in PG(m, q): if @) is a point collinear
with P in P, then P~ N Q™ is an (m — 2)-dimensional space meeting P in a cone LP with
vertex the line L = P() and base a non-singular polar space P of the same type as P contained



COMBINATORIAL THEORY 2 (3) (2022), #5 17

in an (m — 4)-dimensional subspace of P+ N Q+, disjoint from PQ. The ¢ + 1 hyperplanes
of PG(m, q) through P+ N Q+ are precisely those of the form S+ for a point S on the line PQ.

The following lemma is a classical result, so we omit the proof, which is (hidden in) [HT16,
Sections 22.3 and 22.4].

Lemma 5.1. Let P be a non-singular, non-symplectic polar space contained in PG(m, q) and
let T be a hyperplane of PG(m, q). Let 11 be an (m—3)-dimensional subspace of m such that PNp
is a cone PC, where C is a non-singular polar space of the same type as P.

Then all but one hyperplane of m through | intersects ‘P in a non-singular polar space of
the same type as P. The last hyperplane, P+ meets P as follows:

o if P =Q*(2n+1,q), then PLrN'Pisacone PQ(2n—2,q) if PN H = Q(2n,q) and a
cone LO*(2n —3,q) if PN H = PQ*(2n —1,q).

s if P = H(m,q), then P- NP is a cone PH(m — 3,q) if PN H = H(m — 1,q) and a
cone LH(m —4,q) if PN H = PH(m — 2,q).

s if P = Q(2n,q), then P-NPisacone PQ*(2n—3,q) if PN H = Q*(2n — 1,q), and
acone LO(2n —4,q)if HN'P = PQ(2n — 2,q).

The following proposition shows that we can construct a quasi-polar space by pivoting ¢ + 1
times. This construction can be thought of as repeated pivoting in the singular hyperplanes
defined by each of the g+ 1 points on a fixed line. But since we are not modifying the intersection
of any two of these singular hyperplanes, these ¢+ 1 pivots can be done simultaneously and their
order does not matter.

Proposition 5.2. Let P be a non-singular, non-symplectic polar space inPG(m, q). Let P and Q)
be two collinear points in P and let & be the (m — 2)-space P+ N Q+.

For every point R € PQ, consider a cone RC}, contained in R*, such that RCl, N £ =
R*NPNE, and such that Cy, is a polar space of same type as P. Then the set P’ = UgrepgoRCh
is a quasi-polar space (of the same type as P).

Proof. Let H be a hyperplane of PG(m, ¢). We need to show that | H NP’| is one of the intersec-
tion numbers of hyperplanes with respect to P. We distinguish 3 cases, according to whether H
contains &£, H meets £ in a hyperplane containing the line P, or H meets ¢ in a hyperplane not
containing the line PQ).

Case 1: H contains £&. In this case, we have seen that H = S* for some S € PQ, so
|HNP'| =1|SCs| = |SCs| = |HNP].

Case2: H does not contain the line P(Q). Let R be the unique intersection point of P() with H.
Note that
HAP|= Y [(HAS\O)NP|+|(HNg NP,
SePQ
By our construction, ENP = (NP, and hence, |(HNE)NP'| = [(HNE) NP|. We also see
that |(H N St)NP’| = |[(H N S+) N 7P| for all points S # R in PQ: the hyperplane S meets
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both P and P’ in a cone with vertex .S and base a polar space Cg and Cg of the same type as P.
Since H N S+ is a hyperplane of S+, not through the vertex S, it indeed meets both cones in
|Cs| = |C%| points. Since, ENP = ENP’, we have that |HN(SH\&))NP'| = [(HN(SH\E))NP.

Now consider the intersection H N R+ N P’. We know that R NP and R+ N P’ are cones
with vertex R and base a polar space P, P, resp. of the same type as P in a hyperplane o of R*.
Suppose first that P is of elliptic, hyperbolic or Hermitian type, then there are two intersection
numbers of hyperplanes with respect to P. As before, let these be denoted by A,, ; and B,,
with A,, 1 < B,,_1. Every hyperplane of ¢ then meets the base P in either A,,_5 or B,_s
points and since R € H, (H N R*) NP then has two intersection sizes, namely g A,, 3 + 1 and
qBm_s+ 1. If|[HNP| = A1, then by Lemma 5.1, H N R meets the cone RP in qA,—3+1
points. Hence, if |[H N R* NP| # |[HNR*NP'|,then |[HNR*NP'| = ¢B,3+ 1. It
follows that |H NP'| = |HNP|+ qBm_3 — qAm_3. Since ¢B,,_3 — qA—3 = Bpo1 — A1,
it follows that |H NP’| = B,,_;. Similarly, if |H NP| = B,,_; and |H NP’| # By,_1, then
|[HNP'| = A1

If P is of parabolic type, then P = Q(2n,q) and all hyperplanes meet in
Asnor = [Q7(2n = 1, q)|, Ban—1 = [PQ(2n — 2,q)|, or C3,m1 = [Q7(2n — 1,¢)| points.
As above, we know that R+ NP and R+ N P’ are cones with vertex R and base a polar space
Q(2n — 2) in a hyperplane o of R*. We see that every hyperplane of o then meets the base P in
either Ay, _3, Bay,_3, or Cy,_3 points and since R € H, (H N R*) NP then has three intersection
sizes, namely qAs, 3+ 1, ¢Ba,_3+ 1 and ¢Cs,,_3+ 1. If |[HN'P| = Ay,_1, then by Lemma 5.1,
H N R* meets the cone RP in gA,,_3+ 1 points. Hence, if [HNR-NP| # |HNR*NP’|, then
|HNR*NP'| € {qBan_3+1,qCs,_3+1}. Itfollows that |[HNP'| = |HNP|+qBan_3—qA2, 3
or |Hﬂ73’| = |Hﬂ73| + q02n_3 — (]Azn_g. Since QCQn_g — qun_g = C2n—1 — Agn_l, it follows
that |H NP’| = Cy,—1. The cases where |H NP| = By, 1 and |H NP| = Cy,,_; follow by an
analogous reasoning. We conclude that |H NP’| € { Ay, 1, Bay—1,Con_1}-

Case 3: H N ¢ is a hyperplane of ¢ containing P(). Recall that
HOP| =) [HAS\O)NP|+[(HNNP.

SePQ

We claim that for each R € PQ, |[(HN (R+\ &) NP'| = |(HN(R*+\E)NP|. Wehave
that R meets both P and P’ in a cone with vertex R and base a polar space Cr and C, of
the same type as P. These bases, Cr and Cj are contained in a hyperplane o of R+ which
meets £ in a hyperplane 1 of o, not through R. Let 7" = P N p. By our assumption that
RCrNE = RENPNE we have that u N Cr = N Ch. Moreover, since p is contained in
£ =P-NQ*, uc T+, and hence, 1 N Cr is a cone with vertex 7" and base a polar space of the
same type as P.

The hyperplane H meets £ in an (m—4)-space v of p through the vertex 7". Since H contains
the vertex R of the cone RCr, showing our claim that | ( HN(R\&))NP’| = [(HN(RT\&))NP| is
equivalent to showing that the hyperplane HNo of o, which meets £ in the (m—4)-space v, meets
Cr and C, in the same number of points. Recall that NP = {NP’, and hence, v NP = vNP'.
The (m — 4)-space v lies on one singular (m — 3)-space in o, namely y, all other (m — 3)-spaces
through v in o are of the same type for both P and P’ by Lemma 4.1. This proves our claim and
we conclude that |[H N P| = |H NP|. N
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Remark 5.3. Not all quasi-quadrics can be obtained by applying repeated switching to a quadric.
For example, it follows from Lemma 4.4 that switching Q~ (3, ¢) is not possible (since a singular
hyperplane of Q (3, ¢) consists of a cone with vertex P and base the empty set). This shows that
Suzuki-Tits ovoids cannot be obtained from an elliptic quadric @~ (3, ¢) by repeated switching.

6. Parabolic quasi-quadrics in even characteristic

6.1. Definition of De Clerck—-Hamilton—O’Keefe—Penttila

Recall that we have defined a parabolic quasi-quadric in PG(2n, ¢) as a set S of points such that
hyperplanes intersect S in | Q" (2n— 1, ¢q), |Q (2n—1, q)| or |[PQ(2n — 2, q)| points. Parabolic
quasi-quadrics have three different intersection numbers with respect to hyperplanes, and as
such, behave differently from the other quasi-polar spaces. In particular, the size of a parabolic
quasi-quadric does not follow from the definition (unlike in the other cases, see Lemma 2.1
and Remark 6.13). Parabolic quadrics in PG(2n,q), ¢ even, always have a nucleus. This is
a point NV, not contained in the quadric, such that all lines through N intersect the parabolic
quadric in exactly one point (see [HT16, Corollary 1.8 (i)]).

In [DHOPOO], when introducing parabolic quasi-quadrics for ¢ even, the authors explicitely
ask for the size to be that of a parabolic quadric and for the existence of a point that acts as a
nucleus.

More precisely, they define a parabolic quasi-quadric with nucleus N in PG(2n, q), g even,
to be a set S of points such that

(@) [S] = L4
(b) Every hyperplane not through N intersects S in |Q~(2n—1, ¢)| or |QT(2n—1, ¢)| points;

(c) Every line through N contains exactly one point of S.

We see that N ¢ S. Note that (a) follows immediately from (c).
Consider a parabolic quasi-quadric as defined by us: this is a set of points S in PG(2n, q)
such that

(b’) every hyperplane intersects S in [Q~(2n — 1,q)|, |QT(2n — 1,¢)| or |PQ(2n — 2,q)|
points.

It is easy to see that a parabolic quasi-quadric with nucleus N as defined in [DHOPOO]
satisfies our definition of a parabolic quasi-quadric:

Lemma 6.1. A set S with nucleus N satisfying (b)-(c) satisfies (b’).

Proof. Tt follows from (c) that the number of points of S in a hyperplane through N is the number
of lines through a point in PG(2n — 1, ¢), which is precisely |PQ(2n — 2, q)|. O
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6.2. Properties of the nucleus

The singular hyperplanes of a parabolic quadric are precisely those hyperplanes through the
nucleus (see e.g. [HT16, Lemma 1.13(ii)]). Note that some authors use this as the definition for
a parabolic quadric: they define the nucleus as the intersection point of all singular hyperplanes.

In order to investigate the situation for quasi-quadrics, we will consider the following prop-
erties, where it is clear that (d”) implies (d).

(d) Hyperplanes meeting S in |PQ(2n — 2, ¢)| points contain a common point V;

(d’) Hyperplanes meeting S in |PQ(2n — 2, ¢)| points contain a common point N and all
hyperplanes through N meet S in |PQ(2n — 2, q)| points.

Lemma 6.2. (i) §uppose that § and N satisfy (a) and (b’), then the number of singular hy-

. g1
perplanes is P

(i) Suppose that S and N satisfy (a) and (b’) and (d), then S satisfies (a)-(b)-(c) where N is
the nucleus.

(iii) Suppose that S and N satisfy (a) and (b’) and (c), then S satisfies (a)-(b)-(d’).

Proof. (i) Let ay be the number of hyperplanes meeting S in u; = |Q~(2n — 1, ¢)| points,
iy be the number of hyperplanes meeting S in uy = |Q"(2n — 1, ¢)| points and a3 be
the number of hyperplanes meeting S in ug = |PQ(2n — 2, q)| points (i.e. the number of
singular hyperplanes). Standard counting yields that

q2n+1 -1
ot toay=——"1" (6.1)
q—1
2n 1 2n 1
QU + QolUg + QisUug = a (62)
g—1 qg—1
2n 1 2n 1 2n—1 __ 1
aug(ug — 1) + agug(uz — 1) + agug(us — 1) = qq — (qq — 1)qu
(6.3)

Solving this system of equations, we find that a3, the number of singular hyperplanes
277.71

qg—1 "~

1

(ii) Assume now that, on top of (a)-(b’) also (d) holds, that is, that all singular hyperplanes

contain a common point N. Since q%__ll, the number of singular hyperplanes found in

(i) is precisely the number of hyperplanes though N, (b’) implies that all hyperplanes not
through N meet S in |Q~(2n — 1,¢)| or |Q"(2n — 1, q)| points. Hence (b) follows.

In order to show (¢) we will show by induction that a codimension j-space through N

contains q%;:l_l points of S. For 7 = 1, this follows from the fact that /V is the intersection

point of all singular hyperplanes, and singular hyperplanes contain q2n__1*1 points of S.
Suppose the statement holds for all codimension jy-spaces such that 1 < jo < 2n — 2
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. . . . Jo+1_ . . .
and consider a codimension (jy + 1)-space 7. There are 2271 codimension jo-spaces

q—1
2'71_ j —_— . . .
! q_ﬂi L _ 1 points of S where z is the number of points of S

through 7, each containing

in 7. Since
q2n -1

-1

2n—jo _ 1 Jo+1 _q

q q

_— = _— = |9 =
— () 4o 18

. n—(io+1) _ . . .
we obtain that z = £ 2"V=1  The statement follows by induction, and taking

—1
o= 2n — 1. !

(iii) Now assume that (a),(b’),(c) are satisfied. By (c), all hyperplanes through N are singular,
and (i) shows that the number of singular hyperplanes is precisely the number of hyper-
planes through NV, so (b) follows. It also shows that the singular hyperplanes are precisely
those hyperplanes going through NV, so (d’) follows. 0

From Lemma 6.2(iii) we immediately obtain:

Corollary 6.3. For a parabolic quasi-quadric in PG(2n, q) of size Q(2n, q), q even, the notions
of nucleus as point only lying on tangent lines and as point lying on only singular hyperplanes
coincide.

Consider now a set S satisfying (a) and (b”) for n = 1. This is a set of ¢+ 1 points in PG(2, ¢)
such that every line meets itin 0, 1 or 2 points, i.e. an oval. Itis well-known (and an easy exercise)
that for ¢ even, there is a unique point N such that all tangent lines to the oval go through a
common point /V, the nucleus. In other words, when n = 1 and q is even, the properties (a) and
(b”) imply the existence of a point /V such that (c) holds.

Proposition 6.4 below shows that the case n = 1 is exceptional: parabolic quasi-quadrics
in PG(2n, ¢), n > 1, do not necessarily have a nucleus.

6.3. Pivoting for parabolic quasi-quadrics

In the following proposition, we show that we can pivot in a parabolic quadric and obtain a
quasi-quadric without nucleus.

Proposition 6.4. A parabolic quasi-quadric in PG(2n, q), g even, n > 1, with |Q(2n, q)| points,
does not necessarily have a nucleus.

Proof. Consider the parabolic quadric Q@ = Q(2n, q) in PG(2n, q), g even, n > 2. Then Q has
a nucleus N. Let 7 be a singular hyperplane of O, then 7 contains N and m meets Q in the
points of a cone PC where C = Q(2n — 2, ¢q). Without loss of generality we can take the base C
in an (2n — 2)-space p through N. We then see that the nucleus N of Q is also the nucleus
of C. Now consider a parabolic quadric C’ in p with nucleus N’ # N. We claim that the set
Q' = (Q\ PC) U PC' obtained by pivoting in Q is a parabolic quasi-quadric without nucleus.
The hyperplane 7 is a singular hyperplane of Q' so it follows from Corollary 6.3 that if Q" has
a nucleus N, then N’ is contained in 7.

We will show that every point of 7, not in 7', lies on at least one line which is not a tangent
line to P’. First note that the point N lies on a 2-secant to C’ by our construction, so N does
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not only lie on tangent lines to P’. Furthermore, a point of 7 in Q which does not lie in P’ is
necessarily different from P, and hence, lies on lines of Q which are not contained in 7. Since
P and Q coincide outside 7, these lines meet P’ in ¢ > 2 points, and hence, are not tangent
lines.

It remains to show that a point of 7, not in Q, and different from /N, lies on at least one 2-
secant to P’. We will count the number of 2-secants to Q and subtract the number of 2-secants to
Q in 7. Since this is a positive integer and the points of Q not in 7 are points of P’, the statement
then follows.

The stabiliser of Q in PG(2n, ¢) has three different point orbits: the first orbit consists of
the points of Q, the second of the nucleus, and the third of all other points (see e.g. [HT16,
Theorem 1.49]). Thus the number X of 2-secants through a fixed point # N, of PG(2n, ¢), not
in Q, is a constant.

The number of 2-secants to Q is
points in Q.

Now count couples (R, L), where R is a point, not on Q and different from N, and L is a
2-secant to Q through R.

[QUQIEIPLER=2.9)) since P is collinear with | PQ(2n—2, )|

«_ lalieI-1Poen—2.9))

(1PG(2n, )| — 1 - |2I) :

(¢ —1).
It follows that X = £

To find the number of 2-secants through a point R different from N, notin Q, of 7 to the cone
PQ(2n—2,q) inm, consider a hyperplane v of 7 through R but not through P. The hyperplane v
meets PQ(2n — 2, ¢) in a non-singular parabolic quadric Qin (v which implies by the previous
count that R lies on g 2-secants to (). Now every 2-secant M through R in 7 gives rise to a
unique 2-secant L through R in v, namely (P, M) Nu. We see that every 2-secant through R in v
is determined ¢ times, namely, by every of the ¢ lines through R in the plane (L, P), different

2n—2

from RP. It follows that the number of 2-secants through R in 7 is qq22_3 = 4——. This means
that there are w > () 2-secants to points of Q \ 7 through a point of 7, different from N
and not in Q. ]

Remark 6.5. In the definition of pivoting for parabolic quadrics with a nucleus given
in [DHOPOO], the authors replace a cone over a parabolic quadric with nucleus /N by a cone
with the same vertex and base a different parabolic quadric with the same nucleus /N. In this
way they ensure that pivoting a parabolic quadric for ¢ even always gives rise to a parabolic quasi-
quadric with nucleus N. In [BHJS20, Lemma 1.6] it is proved that a parabolic quasi-quadric in
PG(4, 2) with nucleus is always a Q(4,2), however, when we do not enforce the existence of a
nucleus, we have seen that pivoting in Q(4, 2) can result in a parabolic quasi-quadric in PG(4, 2)
which is not a quadric.

We have seen in Corollary 4.6 and Example 4.7, that we can replace the pointset of a singular
hyperplane of Q(2n, ¢), g even, by a set of points which is not a cone over a quasi-quadric and
obtain a parabolic quasi-quadric. But Remark 6.5 leads to the question: can we still do that if we
want our obtained quasi-quadric to have a nucleus? The following corollary shows that this is not
the case: when we want our quasi-quadric to have a nucleus, switching in singular hyperplanes
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is essentially pivoting, just like we have shown for all other polar spaces in Proposition 4.4. The
only difference is that in this case, we have two choices for the vertex of the cone to pivot with.

Corollary 6.6. Let P = Q(2n,q), n > 1, g even and let N be its nucleus. Suppose that P’ is a
parabolic quasi-polar space with nucleus N' obtained by switching in a singular hyperplane 7
of P with vertex P. Then either

* N = N’ and P’ N« is the point set of a cone with vertex P. If u is a hyperplane of ©
containing N but not P then the base of the cone is a parabolic quasi-quadric in p with
nucleus N.

* N = P and P’ N is the point set of a cone with vertex N. If ji is a hyperplane of
containing P but not N then the base of the cone is a parabolic quasi-quadric in p with
nucleus P.

Proof. Since 7 is a singular hyperplane, 7 contains the nucleus, say N, of P. Since P’ is a
parabolic quasi-quadric with nucleus, say N’, we know that |P’| = |P|, and hence, that 7 is a
singular hyperplane for P’ too, and hence, N’ is contained in 7. A point () of PN, except for P
lies on a line contained in P which is not contained in 7. Since a nucleus only lies on 1-secants
to P’, and P and P’ coincide outside of 7, () is not the nucleus of P’. From Proposition 6.4, we
know that every point R of 7, not in P and not NV, lies on a 2-secant to P, not in 7, so R cannot be
the nucleus of P’. We conclude that N = N’. Since all hyperplanes of 7 through N’ meet P in
|Q(2n — 2, q)| points, we have that all hyperplanes of 7 not through P meet P’ in |Q(2n — 2, q)|
points, and hence, by Lemma 4.2, P’ is a cone with vertex P. Since all hyperplanes of 7 through
PmeetP in|PQ~(2n—3,q)|,|Q(2n—2,q)| or |PQ*(2n—3, ¢)| points by Proposition 4.5, we
see that P’ has as base a parabolic quasi-quadric, say contained in a hyperplane x. The nucleus
of this quasi-quadric is then the point ;N PN.

Finally, if N/ = P, then reversing the roles of P and NV in the above reasoning yields that P’
is the point set of a cone with vertex /V and base a parabolic quasi-quadric with nucleus on the
line PN. 0

6.4. A sufficient condition for the existence of a nucleus

Keeping Proposition 6.4 in mind, we see that in order to have the existence of a nucleus follow
from our hypotheses on a quasi-quadric, we need to add an extra condition. Henceforth, we
assume that n > 2 and we will modify condition (c) into the following weaker one:

(c’) Every codimension 2-space is contained in at least one singular hyperplane.

We will show in Proposition 6.11 that the sets satisfying (a)-(b)-(c), that is, the parabolic quasi-
quadrics with nucleus as defined in [DHOPOO0], are exactly those satisfying (a)-(b’)-(c’).

Lemma 6.7. A parabolic quasi-quadric with nucleus N (that is, a set of points satisfying

(a)-(b)-(c)) satisfies (a)-(b’)-(c’).
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Proof. Let S be a set of points satisfying (a)-(b)-(c). From (b) we know that a hyperplane
not through N meets in |Q"(2n — 1,q)| or |Q(2n — 1, q)| points, whereas (c) implies that
the hyperplanes through N meet in |[PQ(2n — 2, q)| points, hence S satisfies (b’). Now every
codimension 2 space . either goes through N and hence lies on only singular hyperplanes, or
lies on exactly one singular hyperplane, namely (33, N). [

We will now show that the weaker condition (c’) is strong enough to imply the existence of
a nucleus.
Lemma 6.8. Suppose that S is a point set such that (a)-(b’)-(c’) hold, then (d’) holds.
Proof. We first show that every point is contained in q27;:11_1 or ‘1(21"__11
We count, in two ways, pairs (P, 1) where P is a point in a singular hyperplane II and then
triples (P, 11, 11") where I1’ is a hyperplane and P is a point contained in the hyperplane inter-

section II N II'. Let  index the points of PG(2n, ¢); then |I| = (¢®"+1-1)
of singular hyperplanes through the i-th point. We find:

-
i ¢—1
2n_1 2n_1 2n—1_1
Sty - Eo (e
i q—1

singular hyperplanes.

. Let z; be the number

q—1 q—1

2n+1 1

Since |I| = —_—— we obtain

2n—1 __ 2n __
3 (az _ qq_—ll) (:c — qq - 11) —0. (6.4)

7

2n—1__ . . . .
We need to show that z; > < pa L This follows from an induction argument: each codi-

mension j-space, where j > 1 lies on at least £—: smgular hyperplanes.
The case j = 1 is precisely (¢’). Now let E be a codimension (5 + 1)- space Then > is
contained in q2—J codimension j-spaces, each of which are contained in at least smgular

hyperplanes. The number of codimension j-spaces containing a codimension (j + 1) -space in

a hyperplane is equal to %. Thus we obtain that X is contained in at least

@ =) =1) =1
@ T=1)-1)  Tg-1

singular hyperplanes, which completes the inductive proof
Using Equation (6.4), it follows that, for all 7, z; = g e

1—1

or r; = qq . Let a; be the

number of points lying on % singular hyperplanes and as be the number of points lying on
q2n_1
—

T singular hyperplanes. Standard counting yields

q2n+1 _ 1

a1—|—a2:ﬁ
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2n—1 2n 2n
" -1 " =1 q"—=1,
“ qg—1 +a2q—1 _(q—l)
It follows that as = 1, so there exists a unique point, say N lying on all qz”_—11 singular
hyperplanes. ]

We now show that we can deduce the size of a parabolic quasi-quadric if we impose condi-
tion (d’).

Lemma 6.9. If (b’) and (d’) hold, then (a) holds.

Proof. AsinLemma 6.2, let oy be the number of hyperplanes meeting Sinu; = [Q~(2n—1, q)|
points, ap be the number of hyperplanes meeting S in us = |Q7(2n — 1, ¢)| points. By (d”) we

know that the number of hyperplanes meeting S in u3 = |[PQ(2n — 2, ¢)| is qznjll and we find:

2n+1 _ 1 2n 1
o+ ay =1 1 6.5)

q—1 q—1
2n 1
Q1U + Qg = |S’ — q— 1 Uus (66)
q2n—1 -1 q2n -1

alul(ul — 1) -+ (IQUQ(UQ — 1) = |S|(|S| — 1) q— 1 — q— 1 U3(U,3 - 1) (67)

Using the first two equations to write o and ay in function of |S|, we see that the third
2n _ _
yields a quadratic equation in |S| whose sum of roots is given by (g qlg)n(f}qu 2=l | 1. Since

S| =1Q(2n,q)| =~

q

n

__11 is a solution, the other solution is an integer if and only if

(q2n — 1)(U1 + U — 1)

q2n—1 -1
is an integer.
This expression equals
2n_1 2n71_1 2n_1 2n_1
q (24 1y =9 g
q2n—1_1 q_l q_l q2n—1_1
and we see that the latter term in not an integer for n > 2. [

Finally, we show that when a parabolic quasi-quadric has a nucleus, then ¢ is necessarily
even.

Lemma 6.10. If (b’) and (d’) hold for a point set in PG(2n, q),n > 2, then q is even.

Proof. Suppose that (b’) and (d’) hold, then Lemma 6.9 implies that |S| = |Q(2n, q)|. The sin-
gular hyperplanes are precisely the hyperplanes containing N. Note that if ¢ is odd,
|S| = 19(2n, q)| is even, |Q*(2n — 1,q)| is even and |PQ(2n — 2,¢)| is odd. Hence, when
we consider the set S’ = S U { N} we see that every hyperplane meets S’ in an even number of
points. Note that |S’| = 1 (mod 2). We claim that a codimension j space has j + 1 (mod 2)
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points of S’ and will proceed to show this by induction. We have just established the base case
J = 1 so suppose our claim holds for some 1 < jo < 2n — 2 and consider a codimension jo + 1
space . There are q;O_—_ll codimension jj-spaces through 7 which is a number congruent to
Jo (mod 2). Suppose to the contrary that 7 contains j, (mod 2) points, then, by our induction
hypothesis, each codimension j, space through 7 contains 1 (mod 2) points of S outside 7, and
we find that |S'| — 2 = jp (mod 2). Since x = jy (mod 2), we find that |S'| = 0 mod 2, a
contradiction. By induction, our claim holds. In particular, we see that every line, which is a
codimension 2n — 1 space, contains an even number of points of S’. Now consider a hyperplane

w meeting S in |Q~(2n — 1, ¢)| points and let P be a point of S. Since every line through S

2n—1__ .
needs to contain at least one extra point of SU{ N}, we find that there are at least < pu| L points
. o s . 2n—1_1 _
of § in y, a contradiction since “———— > [Q7(2n — 1, ¢)|. O

Combining the above lemmas, we see that the parabolic quasi-quadrics as defined by the
properties (a)-(b)-(c) are precisely the parabolic quasi-quadrics satisfying the weaker hypotheses

(a)-(b’)-(c’).

Proposition 6.11. The parabolic quasi-quadrics with nucleus as defined in [DHOPOO] are pre-
cisely those point sets S in PG(2n, q), satisfying (a)-(b’)-(c’).

Proof. If n = 1, itis well known that an oval in PG(2, ¢), ¢ even has a nucleus. It is clear that the
point sets satisfying (a)-(b)-(c), as well as those satisfying (a)-(b’)-(c’) are precisely the ovals.
If n > 1, then we have seen in Lemma 6.7 that every parabolic quasi-quadric with nucleus as
defined in [DHOPOO] satisfies (a)-(b’)-(c’). On the other hand, if S is a set of points satisfying
(a)-(b’)-(c’), we have shown in Lemma 6.8 that (d’) (and hence (d)) holds. Lemma 6.2 then
shows that S indeed satisfies (a)-(b)-(c). Finally, Lemma 6.10 shows that ¢ is indeed even. [

Corollary 6.12. The parabolic quasi-quadrics that have the property that the singular hyper-
planes are precisely those through a common point (i.e. they satisfy (d’)) are precisely the
parabolic quasi-quadrics with nucleus as defined in [DHOPOO].

Proof. For n = 1, this follows from the fact that a parabolic-quadric that satisfies property (d’)
necessarily has size ¢ + 1, and hence, is an oval. For n > 2, we have seen in Lemma 6.9 that
every parabolic quasi-quadric satisfying (d”) has size |Q(2n, ¢)|, so (a) holds. Lemma 6.2(ii)
then shows that S indeed satisfies (a)-(b)-(c) and Lemma 6.10 shows that ¢ is indeed even. [

Remark 6.13. We have shown in this paper that a point set satisfying (b’) and (c’) has
size |Q(2n,q)|. It is an interesting open question to see whether (b’) implies (a). It is clear
that for n = 1, any arc will satisfy (b’), and hence, (a) does not follow from (b’) when n = 1.
However, we were unable to construct an example of a parabolic quasi-quadric in PG(2n, q),
n > 1 that does not satisfy (a).

Using similar standard counting arguments as in Lemma 6.2, one can show that the size of a
parabolic quasi-quadric in PG(4,q) is congruent to 1 mod ¢ and lies in the interval
(3 + ¢ — q/q+ 1, e+ ¢+ q/q + 1]. There are several values in this interval for which the
corresponding solutions to the system of Lemma 6.2 are positive integers, which explains our in-
ability to deduce that the size would necessarily be ¢+ ¢+ ¢+ 1. Furthermore, showing that the
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size of a quasi-quadric is |Q(2n, ¢)| under the additional hypothesis of knowing the intersection
sizes with co-dimension 2-spaces, is already fairly complicated (see [DS10, Lemma 2.21]).
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7. Appendix

Proposition 7.1. Let P be an oval in PG(2,3) and let P’ be an oval obtained by switching P
in the line L. Then P = P’ or L is a secant line to P and P’ is obtained by removing one of

the two intersection points of P with L and adding the unique external point to the oval on the
line L.

Proof. Since both P and P’ are ovals, and P’ is obtained by switching P, we know that |[PNL| =
|P" N L|. If L is a tangent line to P in the point P, then we see that every point of L, different
from P lies on a secant line and a passant to P. It follows that for a point P on L, P ¢ P’
implies P ¢ P’. Since |P N L| = |P' N L| and P and P’ coincide outside L, we have that
P = P’. Now let L be a secant line to P, let P;, P, be the intersection points of L with P and
let P;, P, be the points of P, not on L. The point ) = P3P, N L does not lie in P, lies on a
2-secant and a passant to P. It follows that ) ¢ P’. The point R on L, different from Py, P,
and () is the unique external point to P on L and lies on two tangent lines and one passant. It
follows that if P # P’, then the point R was added and one of P;, P, was removed; note that
the set { P, Py, P;, R}, i = 1,2 is indeed a set of 4 points, no three of which lie on a line, i.e. an
oval. [
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We conclude by discussing switching Q(2n, 2) and Q(2n, 3).

Proposition 7.2. There exists a quasi-quadric, which is not a quadric, obtained by switching in
non-singular hyperplane of the parabolic quadric Q(2n,2), n > 2.

Proof. Let P = Q(2n,2), let N be its nucleus and let 7 be a non-singular hyperplane meeting
Q(2n,2) in Q*(2n — 1,2). Since 7 is non-singular, N ¢ . Let P’ be the set P\ (PN w) U Q'
where Q' is a quasi-quadric in 7 = PG(2n — 1, 2) of the same type as QF(2n — 1,2). We will
show that P’ is a parabolic quasi-quadric. Consider a hyperplane H of PG(2n,2). If H = 7
then |[H NP| = |HNP'| = |Q*(2n — 1,2)| and we are done. If H # 7 then H meets 7 in
a hyperplane p of . Then p lies on exactly one singular hyperplane (the hyperplane through g
and V). This shows that the other, non-singular, hyperplane must be of the same type as P N 7
if 4 NP = PQ*(2n — 3,2) and of the opposite type of NP = Q(2n — 2,2).

If NP = Q(2n — 2, 2), then the singular hyperplane contains |[PQ(2n — 2,2)| — |Q(2n —
2,2)| = 222 points of P outside 7 and the non-singular hyperplane contains the other [P —
(PN — 222 = |Q(2n,2)| — |Q*(2n — 1,2)| — 2272 = 22=2  2"~1 points outside
7. If [u N 7| = [PQ*(2n — 3,2)|, then the singular hyperplane contains |PQ(2n — 2,2)| —
|PQ*(2n—3,2)| = 22"~2F2"~! points outside 7 and the non-singular hyperplane contains the
other |P— (PNm)|— (22 2F2" 1) = |Q(2n,2)| — |QF(2n — 1,2)| F (222 —2n1) = 2202
points. Hence, all hyperplanes, different from 7 have 2272 = 2"~! or 22"~2 points of P outside
7. Since Q' is a quasi-quadric, every hyperplane of 7 meets P’ Nw = Q' in |Q(2n — 2,2)|
or |[PQ*(2n — 3,2)| points. Note that 2272 F 2"~ + |Q(2n — 2,2)| = |QF(2n — 1,2)
222 4 19(2n—2,2)| = |PQ(2n—2,2)|, 22" 2 F 2" 1+ |PQ*(2n—3,2)| = |PQ(2n—2,2)
and 2272 4+ |PQ*(2n — 3,2)| = |Q*(2n — 1,2)|. It follows that every hyperplane meets P’ in
|9~ (2n — 1,2)],|PQ(2n — 2,2)| or Q1 (2n — 1,2)| points. Finally, we need to show that it is
possible to pick Q' such that P’ is not a parabolic quadric. For n > 2, let Q' be a quasi-quadric
in 7, which is not a quadric (see Remark 3.6), then P’ is not a quadric since a parabolic quadric
cannot contain a subspace 7 with |Q*(2n — 1, 2)| points that do not form a Q*(2n — 1, 2). For
Q(4,2), we claim that there is always a quadric Q' such that P’ does not have a nucleus. This can
be readily checked by the use of a computer, e.g. using the package FinInG [BBCDLN19]: of the
280 choices for a hyperbolic quadric Q1 (3, 2), 270 give rise to a quasi-quadric without nucleus,
of the 168 choices for an elliptic quadric, 162 give rise to a quasi-quadric without nucleus. [

)

Proposition 7.3. There exists a quasi-quadric, which is not a quadric, obtained by switching in
a non-singular hyperplane of the parabolic quadric Q(2n,3), n > 2.

Proof. Let £ be a hyperplane intersecting P = Q(2n, 3) in a non-singular quadric Q*(2n—1, 3)
and let 7 be a singular hyperplane of ¢ to Q*(2n — 1,3). Then 7 N P is a cone P Q with
vertex a point P and base a non-singular quadric Q*(2n — 3, 3). Let P’ be the set of points of
(P\(PNE))US, where S is the set of internal points to P in &, not contained in 7, together
with the points of PQ. In other words, P’ is obtained by taking the points of PP and replacing
the points of P in £ \ 7 by the internal points to P contained in £ \ 7.

The number of internal points to P in PG(2n, ¢), ¢ odd, is the number of elliptic hyperplanes,
which is %q”(q" — 1), and the number of internal points in ¢ is the number of hyperplanes of the
type of £ through an internal point, which is ¢"*(¢" 1) (see e.g. [HT16, Sections 1.5-1.7]).
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We also see that the number of internal points in a hyperbolic hyperplane is the number of
elliptic hyperplanes through an external point, which is %q”fl (" —1).
We now determine the number of internal points in codimension 2-spaces.

* A codimension 2-space p for which p is a passant lies on 2 elliptic and 2 hyperbolic
hyperplanes, from which it follows that 1 has £3"~!(3" + 1) — 3*"~2 internal points.

* A codimension 2-space x for which ! is a 2-secant lies on 1 elliptic, 1 hyperbolic and
2 singular hyperplanes, from which is follows that 4 has $3"7(3" — 1) — 3*"~? internal
points.

» Finally, a codimension 2-space j for which pt is a tangent line either meets P in a cone
over an elliptic quadric, in which case y lies on one cone and 3 elliptic hyperplanes, which
implies that ;¢ has $3"7(3" + 1) — 3*"~? internal points, or meets P in a cone over a
hyperbolic quadric, in which case p lies on one cone and 3 hyperbolic hyperplanes, which
implies that  has £3"~1(3" — 1) — 3*"~2 internal points.

In particular, it follows that there are $3"~'(3" F 1) — (33" }(3" F 1) — 3*"72) = 32
internal points in &, not in 7.

This shows that |S| = |PQ*(2n — 3,3)| + 3*" 2 = |PN¢&| = |QF(2n — 1,3)].

Every hyperplane of PG(2n, 3), different from &, intersects £ in a hyperplane of £, which
either meets P in |PQ*(2n — 3, 3)| or |Q(2n — 2, 3)| points.

A hyperplane p of £ with |PQ*(2n — 3, 3)| points of P is such that = is a tangent line to
P. Then y lies only in hyperplanes meeting P in |[PQ(2n — 2,3)| or |Q*(2n — 1, 3)]| points,
and as such, we need to show that y has either |PQ*(2n — 3,3)| or |[PQ*(2n —3,3)| F 3! =
|Q(2n—2, 3)| points of P’ in order for these hyperplanes to have |Q~(2n—1, 3)|, |PQ(2n—2, 3)|
or |QT(2n — 1, 3)| points of P’.

A hyperplane p of £ with |Q(2n — 2, 3)| points of P for which z* is a 2-secant to P lies on &,
on 2 hyperplanes meeting P in |PQ(2n — 2, 3)| and one hyperplane meeting in |QF (2n — 1, 3)|
points. Hence, we need to show that 1 has either |Q(2n — 2,3)| or [Q(2n — 2,3)| £ 37! =
|PQ*(2n— 3, 3)| points of P’ in order for these hyperplanes to have |Q~(2n—1,3)|, |PQ(2n —
2,3)| or |Q"(2n — 1, 3)| points.

Finally, a hyperplane 1 of £ with |Q(2n—2, 3)| points of P for which u is a passant to P lies
on &, on 2 hyperplanes meeting P in |QF (2n—1, 3)| points and on one hyperplane, different from
¢ meeting P in |Q*(2n — 1, 3)| points. Hence, we need to show that ;1 has exacty |Q(2n — 2, 3)|
points of P’ in order for these hyperplanes to have |Q~ (2n — 1, 3)| of |Q"(2n — 1, 3)| points
of P'.

Now let v be a hyperplane. If v = 7 then we have argued above that |v N P| = |v N P’| and
we are done. So let v # 7 and let L be the intersection of v with 7, which is a hyperplane of .

There are 3 possibilities for L N P if £ is an elliptic hyperplane.

)

* L NP is an elliptic quadric @~ (2n — 3, 3). There are 4 hyperplanes of ¢ through L, one
of which is 7. Now L NP is a conic, 7' a tangent line to P, contained in L+, and gi is
an internal point in L+ on 7. Hence, through &+, there are two tangent lines to L+ N P
in L, one secant line, and one external line. It follows that there are 3 hyperplanes of &
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through L with %3”’1 (3™ +1) — 32"~2 internal points and one hyperplane (corresponding
to the unique 2-secant to P through &+ in L*) with 13"1(3" — 1) — 3?"~2 points. It
follows that L contains 3" 2(3"~! + 1) internal points.

Hence, if v+ is a tangent or external line to P, we find |[v= N P'| = 13" 1(3" + 1) —
3272 — 13m72(3"7 1 1) + |Q7 (2n — 3,3)| = |Q(2n — 2, 3)| points as needed. And if
v+ is a 2-secant line to P, we find [+ NP'| = 33" 1(3" — 1) — 3772 — 13772(3n~1 4
1)+ 19 (2n —3,3)| = |PQ~(2n — 3, 3)| as needed.

e LNPisacone MQ (2n—5,3), where M is a line through P. There are 4 hyperplanes of
¢ through L, one of which is 1. Now L+ NP is a line in the plane L', and £* is a point in
L+, not in P. Hence, through £+, there are four tangent lines to L~ N P. It follows that all
4 hyperplanes of £ through L have 13"~!(3"+1) — 32"~2 internal points and it then follows
that L contains 3" *(3" + 1) — 3*"~% — 3?"~% internal points. Hence, any hyperplane
v of £ through L has v+ a tangent line to P, and we find [v- N P'| = $3"71(3" + 1) —
3272 — (233" 4 1) — 3772 — 3273 4 IM Q™ (2n — 5,3)| = |PQ(2n — 3,3)| as
needed.

 LNPisacone PQ(2n — 4,3). There are 4 hyperplanes of £ through L, one of which is
. Now L+ NP are two lines, and £ is an internal point in L. Through £+, there is one
tangent line to LN, and 3 2-secants. It follows that the 3 hyperplanes of &, different from
11, through L have $3"71(3" — 1) — 322 internal points and  has £3"~1(3" + 1) — 322
points. It follows that L contains $3"~!(3"~! — 1) — 3*"~% internal points. Hence, for any
hyperplane v # 7 in £ through L, v+ is a 2-secant line to P. Hence, we find [v+ N P’| =
$3mI(3n — 1) = 322 — 23n I (3n — 1) — 323 - | PQ(2n — 4,3)| = |Q(2n — 2,3)]
as needed.

There are 3 possibilities for L N P if £ is a hyperbolic hyperplane:

* L NP is a hyperbolic quadric |Q"(2n — 3, 3)|. There are 4 hyperplanes of £ through L,
one of which is 7. Now L+ NP is a conic, 7+ a tangent line to P, contained in L, and
&1 is an external point in L+ on 7. Hence, through &+, there are two tangent lines to
L+ NP in L*, one secant line, and one external line.

It follows that there are 3 hyperplanes of ¢ through L with $3"7*(3" — 1) — 32" internal
points and one hyperplane (corresponding to the unique passant to P through £+ in L1)
with 13"71(3" + 1) — 32"~ 2. It follows that L contains £3"~?(3"~! — 1) internal points.

Hence, if v is a tangent or secant line to P, we find [v-NP’'| = 13" 1(3" —1) —3%2 —
£3772(3" 1 — 1) + |QT(2n — 3,3)| = |Q(2n — 2, 3)| points as needed.

And if v+ is a passant to P, we find [v- NP'| = 13"71(3" + 1) — 322 — 13n=2(3n~1 —
1)+ 19" (2n — 3,3)| = |PQ*(2n — 3, 3)| as needed.

e LNPisacone M Q" (2n—>5,3) where M is aline through P. There are 4 hyperplanes of
¢ through L, one of which is ;.. Now L+ NP is a line in the plane L, and £ is a point in
L+, not in P. Hence, through £+, there are four tangent lines to L+ N P in L*. It follows
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that all 4 hyperplanes of ¢ through L have 13"7!(3" — 1) — 32"~2 internal points and it
then follows that L contains 33" *(3"~2 — 1) internal points.

Hence, any hyperplane v of ¢ through L has v+ a tangent line to P, and we find [v-NP’| =
13n71(3n — 1) =32 — 13n71(3n72 — 1) + [M QT (2n — 5,3)| = |PQT(2n — 3,3)| as
needed.

e LNPisacone PQ(2n — 4, 3). There are 4 hyperplanes of ¢ through L, one of which is
7. Now L+ NP are two lines, and £+ is a point in L+, not in P. Through £+, there is one
tangent line to L NP, corresponding to 7 and 3 2-secants. It follows that all hyperplanes
of ¢ through L have %3"‘1(3” — 1) — 3?2 internal points, from which it follows that L
contains 3"~ !(3"~% — 1) internal points.

Hence, for any hyperplane v # 7 in & through L, v+ is a 2-secant line to P. Hence, we find
NP = 13771 (37 —1) =322 = 13" (3" 2 — 1) +|PQ(2n—4,3)| = |Q(2n—2, 3)|
as needed.

It remains to show that P’ is not a quadric. Consider a line M which is a 2-secant to P
and intersects & in a point of P’ \ P. Then M contains 3 points of P’. Since lines intersect
quadrics in 0, 1, 2 or 4 points we conclude that P’ is not a quadric. [

Proof of Theorem 4.8. There are three intersection numbers of hyperplanes with respect to P.
Let 2n = m, A1 = |Q (m — 1,¢)|, Bn—1 = |[PQ(m — 2,q)|, Cpm1 == |QT(2n — 1, ¢).
Now let H be a hyperplane of PG(m, ¢). We need to show that HNP’" € {A,,_1, Bp—1,Cin_1}-
Recall that PN (H \7) =P’ N (H\ 7).

If H does not contain P, then H N 7 has the same number of points of both P and P’, so
|[HNP'|=|HNP|e€{An-1,Bm-1,Cn_1}. Sosuppose that H contains P, then, since every
hyperplane of ; meets the base P in either A,, 5, By,_3 or Cy,_3 points, H N 7 meets in P
ingA,,_3+ 1, ¢B,,_3 + 1, or ¢qC,,,_3 + 1 points. Likewise, H N 7 meets P’ in gA,,_3 + 1,
qBpm—3+1,0r qC,,_5 + 1 points. If |H N7 NP| = gA,,_3 + 1, then an easy count shows that
all hyperplanes through v, different from =, have A,,_; points of P. We find that |H N P’| is
either Am—lv Am—l — (qu_g + 1) + (qu_g + 1), or Am—l — (qu_g + 1) + (qu_g + 1)
Since ¢B,,—3 — qAm_3 = Byi1 — A1 and qC,_3 — qA,,—3 = Cyi_1 — A,,,_1 We indeed have
that |H N P'| € {Apm_1, Bin_1,Cr—1}. Similarly, if |H N7 0P| = ¢C,,_3 + 1, then an easy
count shows that all hyperplanes through v, different from 7, have C,,,_; points of P. We find that
|HNP'|is either C,,,—1, Crim1—(qCr—3+1)+(qBm—3+1),0r Cpp,_1—(qCr—3+1)+(qAm_3+1).
Since ¢B,,_3 — qC,r—3 = Bp_1 — C_1 and ¢A,,_3 — q¢C,r_3 = A,,_1 — C,,_1 we indeed have
that |[H NP’'| € {Apn—1, Bm-1,Cr_1}.

Finally, suppose that |H Nw NP| = ¢B,,_3 + 1. Note that, unlike in the case of Q(2n, q), it
does not immediately follow that all hyperplanes through 7 N7 have B,,_; points. But we will
show that this property still holds.

From the above reasoning we deduce that every singular hyperplane (i.e. meeting P in B,,,_;
points), different from 7, needs to intersect m N P in exactly ¢3,,_3 + 1 points. Furthermore,
since we assume that [P N 7| = ¢|Q(2n — 2,¢| + 1 and that every hyperplane of = meets the
cone PNrwingA,,_3+1,qBn_s+1=1Q(2n—2,q)|, or ¢C,,_1 + 1 points of P. It follows that
the number of hyperplanes of each of these three types meeting P N7 is a constant, independent
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of the choice of P. Hence, the number of hyperplanes of each type is the same as the number
of hyperplanes intersecting a cone with base a Q(2n — 2,¢). By Lemma 4.1, we know that in
that case, all hyperplanes through a hyperplane of 7 with ¢5,, 3 + 1 points are singular, while
those different from 7 through a hyperplane with ¢ A,,,_3+ 1 have A,,_; points and those through
a hyperplane with ¢C,,,_3 + 1 have C,,_; points. Since we have that all hyperplanes through a
hyperplane of 7 with ¢ A,,,_3+1 of P have A,,_; points of P and those through a hyperplane with
qCr—3 + 1 of P have C,,,_; points of P, and all hyperplanes with B,,_; meet 7 in a hyperplane
of m with ¢B,,_3 + 1 points, we conclude that all hyperplanes through a hyperplane of m with
qBy,—3 + 1 points of P have B, ; points. It then follows, as in the other cases, that |H N P’| is
either By, 1, Bypio1 — (¢Bm—3+ 1)+ (¢An_3+1),0r By,1 — (¢Bm-3+ 1) + (¢Cr_z + 1).
Since ¢A,,—3 —qBy,—3 = Apu1 — B—1 and qC,,,_3 — ¢B,,_3 = C,,,_1 — B,,,_1 we indeed have
that |Hﬂ73/| € {Am—laBm—hC’m—l}- ]
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