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Abstract. A dimensional dual hyperoval satisfying property (H) [6] in a projective space
of order 2 is naturally associated with a “semi-Boolean” Steiner quadruple system. The only
known examples are associated with Boolean systems. For every d > 2, we construct a new d-
dimensional dual hyperoval satisfying property (H) in PG(d(d + 3)/2,2); its related semi-
Boolean system is the Teirlinck one. It is universal and admits quotients in PG(n,2), with
4d <n<d(d—+3)/2,if d = 6. We also prove the uniqueness of d-dimensional dual hyperovals
satisfying property (H) in PG(d(d + 3)/2,2), whose related semi-Boolean systems belongs to
a particular class, which includes Boolean and Teirlinck systems. Finally, we prove property
(mlI) [6] for them.

1 Introduction

1.1 Definitions and preliminary results. As in [7], a d-dimensional dual hyperoval is
a family F of d-dimensional subspaces in a projective space IT of dimension n and
order ¢ satisfying the following conditions:

(1) every point of IT belongs to either 0 or 2 members of F;
(i) any two members of F have precisely a point in common;
(iii) the set of points belonging to the members of F spans II.

Since the number 0(d,q) of points of PG(d, q) is equal to (¢! —1)/(g — 1), it
follows by (i) and (i) that |F| = 0(d,q) + 1 = (¢*' +¢—2)/(¢ — 1).

When n =2 and d = 1, we get the classical definition of dual hyperoval in a pro-
jective plane. In that case ¢ is necessarily even. This property has been generalized in
[4] for any d-dimensional dual hyperoval in PG(n, ¢) with n odd.

d-dimensional dual hyperovals appear as a particular case of d-dimensional dual
arcs, defined in [11] substituting (i) with

(j) every point of IT belongs to at most 2 members of F.
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For any result on d-dimensional dual arcs, we refer to [12]. In this paper we restrict
the subject to d-dimensional dual hyperovals. We also assume d > 1, since d = 1
corresponds to the usual dual hyperovals in projective planes. We use the terminol-
ogy dimensional dual hyperoval if we do not need to point out the dimension d.

Yoshiara proved in [12] that D = d(d + 3)/2 and D + 2 are upper bounds for the
dimension of a projective space of order ¢, containing a d-dimensional dual hyper-
oval, in the cases ¢ > 2 and ¢ = 2, respectively.

For ¢ = 2", h > 1, this is the best possible, since Yoshiara also constructed in [12]
a d-dimensional dual hyperoval, for any d, by completing a d-dimensional dual arc
defined by Thas and Van Maldeghem in [9].

The upper bound D + 2 in the case ¢ = 2 maybe could be improved. In fact the
d-dimensional dual hyperovals, which are known until now in projective spaces of
order 2, also suggest D as upper bound.

As in [6], we give the following definition.

Definition 1.1. Given a d-dimensional dual hyperoval F and an m-subspace W
in PG(n, gq), if the family F' obtained factorizing F by W is a d-dimensional dual
hyperoval in PG(n — m — 1, ¢), we say that F' is a quotient of F. A dimensional dual
hyperoval which is not a quotient of any other one is called universal. A dimensional
dual hyperoval is minimal if does not admit any quotient.

We get the following result for the existence of quotients of dimensional dual
hyperovals in projective spaces of order 2.

Theorem 1.2. A d-dimensional dual hyperoval F in PG(n,2), with n > 4d, admits a
quotient in PG(k,2), 4d < k < n.

Proof. We recall that a d-dimensional dual hyperoval F in PG(n,2) can be factorized
in a d-dimensional dual hyperoval in PG(n — i — 1,2) if and only if there is an i-
subspace of PG(n,2) disjoint with the union, say L, of the 2d-spaces spanned by the
pairs of distinct d-spaces of F ([6], [12]).

Since the number of pairs of d-spaces of F is 2¢(2¢%! — 1) and the number of points
of a 2d-space is 229*! — 1, we have:

IL| < 29244 —1)(22F! — 1) < 2%+2 _ 1 = |PG(4d + 1,2)]

Since n > 4d + 1, the complement €L of L in PG(n,2) is not empty. Therefore, fac-
torizing by a point of ¥L, we get a d-dimensional dual hyperoval of PG(n — 1,2).
By induction we get the statement. O

Definition 1.3. A dimensional dual hyperoval F in PG(n, ¢) is said to satisty property
(H) if, for any triple of distinct members of F, denoting by = the plane containing
their pairwise intersection points, the set of lines of 7 contained in some member of F
is a dual hyperoval (then g is even).
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Note that any quotient of a dimensional dual hyperoval defined as above also sat-
isfies property (H).

Definition 1.4. A d-dimensional dual hyperoval F is said to satisfy property (ml) if,
for any triple of distinct members of F, the intersection between the 2d-space spanned
by two of them and the third one is a line.

Property (ml) is not necessarily preserved by quotients. Property (ml) is denoted
by (T) in [4] and in [12]. Huybrechts proved in [6] that (mI) implies (H).

It is immediate to see that property (H) allows to group the members of F in
blocks of size ¢ + 2 such that any ¢ + 1 members of a block B meet the remaining
member of B in ¢+ 1 points belonging to the same line. These blocks give rise to
a(3,q+2,(¢g"" +q—2)/(g—1)) Steiner system (whose points are the members of
F) whose derived systems are isomorphic to PG;(d, ¢), the point-line system asso-
ciated with PG(d, ¢). We recall that, enriching such a Steiner system by all possible
pairs of distinct points, called lines, we get a geometry belonging to the diagram
c.PGi(d,q).

We remark that any quotient of a dimensional dual hyperoval F satisfying prop-
erty (H) gives rise to the same Steiner system related to F.

For ¢ = 2 a Steiner system as above is said to be a semi-Boolean Steiner quadruple
system of order 29+! (SBQS(2¢*") in short). A particular case of SBQS(2¢*") is the
Boolean Steiner quadruple system of order 2¢%! | i.e., the point-plane system associated
with the affine space of dimension d + 1 and order 2.

In [1] an explicit construction of SBQSs is proposed. Here we describe a particular
case of it. Let V" be the (d + 1)-dimensional vector space over Z, and let z be an ele-
ment chosen in ¥V — {0}. Given X = V' — {0,z} such that xe X if and only if
x + z € X, consider the map ¢ from (Z) to V defined as follows:

q({a;b,c}) =a+b+c+[xla+b)+yla+c)+ b+ )z, (1)

where y is the characteristic function of X. Set 2(X) = {{a,b,c,q({a,b,c})}|
{a,b,c} € (%)}. In [1] it is proved that the pair (¥, 2(X)) is an SBQS. In the fol-
lowing such a system will be called characteristic. Since in [1] it is also proved that
there are at least 213(“=3)/2) characteristic SBQS(2¢*!), we may state the following
theorem.

Theorem 1.5. For any d > 3, there exist at least 2P\@=3/2 geometries belonging to the
diagram c.PG(d,?2).

Remark 1.6. The Boolean SBQS(27+!) is characteristic, since it corresponds to the
case X = J. Also, the SBQS(2¢*!) as defined by Teirlinck in [8] is characteristic
since it may be viewed as (V,2(X)) with X = V' — {0, z}.

1.2 Examples of dimensional dual hyperovals. We give a list of the dimensional dual
hyperovals which are known until now.
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author d n q | reference
a Yoshiara any | d(d+3)/2 | 2" [12]
b Huybrechts any | d(d+3)/2 2 [6]
c Yoshiara any | 2d and 2d +1 | 2 [10]
d | Cooperstein-Thas | any 2d 2 (3]
e | Huybrechts—Pasini | 2 5 4 | [7] and [2]
f | Buratti-Del Fra | any | d(d+3)/2 2 | this paper

Property (ml) (and consequently property (H)) always holds in cases b), ¢) and f),
while in case c) it holds only if (d,n) = (2,5). Property (H) also holds, for each d, for
exactly one d-dimensional dual hyperoval of ¢) in dimension 2d + 1. All these dimen-
sional dual hyperovals satisfying (H) are related to the Boolean Steiner system. Prop-
erty (H) (and consequently property (ml)) does not hold for any dimensional dual
hyperoval of a), as proved by Yoshiara (private communication).

The d-dimensional dual hyperovals of b) admit quotients in PG(xn, 2), for every n
with 2d +1 <n < D =d(d +3)/2 ([12], Theorem 14). Those of {) admit quotients
in PG(n, 2), for every n with 4d < n < D, if d = 6 (Theorem 3.4). The d-dimensional
dual hyperovals of a) also admit quotients in PG(n,2"), for every n with 4d — 2 <
n < D ([12], Proposition 15).

We refer the reader to the papers recalled in the above table for more information
about the examples. Here, we describe explicitly only the dimensional dual hyper-
ovals of b). Consider in PG(D,2) the Grassmann variety of lines of PG(d + 1,2)
(D=d(d+3)/2). The image of the point set of a copy of AG(d + 1,2) inside
PG(d + 1,2), under the Grassmann transformation, is a d-dimensional dual hyper-
oval of PG(D, 2).

1.3 Dimensional dual hyperovals and c.AG* geometries. As remarked in [7], every
d-dimensional dual hyperoval F gives rise to a geometry belonging to the diagram
c.AG,,,, where AG,, represents the dual of the point-line system of a (d + 1)-
dimensional affine space. This geometry satisfies property (LL), and also satisfies
property (T) (see [7], §1.5) if and only if F satisfies property (ml). If ¢ =2, the
previous diagram becomes c.c* and the corresponding geometries are semi-
biplanes.

2 Characteristic dimensional dual hyperovals

As in the previous section let ¥ = Z§"! and let X be a subset of V' — {0, z} (z a non-
zero element of V'), with the property that x € X implies that x + z € X.

Let % be a basis of V' containing z and set ¥ = ZU {0}. Every vector of V is the
sum of an odd number of elements of ¥, in a unique way. We denote by J(v) the odd
subset of ¥ related to the vector v.

Recall that the symmetric difference AN\ B between two sets A, B is defined by
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AAB=(AUB) — (AN B). More generally, given A4y,...,4,, the symmetric differ-
ence A} A --- A A, is the set of elements belonging to an odd number of A4;’s.
For every ordered pair (u,v) of elements of V/, let us define:

Xuo = [[X N ({u+why gy Au+ 0}, (2)
where [y] means the residue class of y modulo 2. Note that:
{v,v+z}NG # F = x,,=0. (3)
We remark that, for any u,v e V'
Xup = Xuotz = Xubz,o = Xutz,v4z (4)
and, in particular,
Xu,0 = Xuzy Xou = Xzu- (5)

We point out that, in the following, all equalities involving x,, ,’s are understood in
Z,. By abuse of notation, we will write y instead of the residue class [y].

Proposition 2.1. For every triple of elements u, vy, vy in V, we have
Xu,vp + Xuyos T Xuyu + Xuuto 40, = |X N {u + v, u+v2, 01 + UZ}" (6)
Proof. Using (2) we get

2
Xu, vy + Xu, v, + Xuu =

|X N ({u + W}we.l(v,-) A{u + Ui})| + |X N {u + W}we.l(u)|’
i=1

(7)
Since J(v; + v2 +u) = J(v1) AJ(v2) AJ(u), we also have
Xu o4, = | X N ({u+ W}weml) A{u+ w}“_emz) A{u+ w}“_em Aoy + v}
(8)
From (7), (8) we deduce the statement. O

Let F be a d-dimensional dual hyperoval in PG(n,2) satisfying property (H).
Assume that its associated SBQS, say Q, is characteristic and related to X < V' —
{0,z} (z a non-zero element of ¥ such that x € X = x + z € X). Such a structure will
be called a characteristic d-dimensional dual hyperoval.

For every v e V, let S, be the d-space of F associated with v. Given two d-spaces
Sy, Sy in F, denote by a, , (or indifferently by a, ,) the intersection point S, N S,.
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From now on we will work in Z;’“ that, by abuse of notation, will be identified
with PG(n,2) U {0}. For every u € V, we set:

ay,y = 0. 9)
Given pairwise distinct u, v1,v; in V, in view of property (H) we have

Ay, v, + Ay v, = au,q({u,vl,vz})7 (10)

where g({u, v1,v,}) is the 4th point of the block of Q determined by u, vy, v,. Since Q
is characteristic, equalities (10), (9) and (1) imply

Qo+, A0 (XD {u+oi} A {ut o} A{or +02})
Aoy + Ay py = is even, (11)
Ay, utv +v,42 Otherwise.

Thus, chosen vy, vs,...,0;, 1 > 2,

—if i is even, we have

Au,py + Ay, + -+ Ay,

uuto4tn I [ XD {u+o}A - Au+ oo+ +ui})]
= is even, (12)
Qo +-tu+2  Otherwise.

—if i is odd, we have

Ay + Ay, + -+ Ay,
Ay pyiorn, [ XND{u+01}A - AMut v} A{u+ v+ -+ v:})]
— is even, (13)
Ay, py+-4u+z  Otherwise.
We remark that, for any u, v in 7, we get by (13)

Ay v+z = Aup + ay.0 + ay,z- (14)

For any ordered pair (u,v) of elements of V', we get by (2), (13) and (14)

Ay = Z au,w+xu,v(au,0+au72)- (15)
weJ(v)

By iterated use of (15) and (4), we get
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Ay v = § Ay y + xu,v(aO,u + az,u)

welJ(v)
= E ' + § xw,u(aw,O + aw,z)
welJ(v),w'e](u) welJ(v)

+ Xu,v Z ao, w + xO,u(a0,0 + aO,z) + Z az w + xz,u(az‘O + az,z)
welJ(u) welJ(u)

= Z yy ! + Z xw,u(aw,O + amz) + Xu,v Z (a()‘, w+ a;, w)-

welJ(v),w'e](u) welJ(v) welJ(u)

In conclusion, for any u,v € V" we have:

ay v = Z yy ! + Z xw,u(aw,O + aw.z) + Xu,v Z (a().w + az,w)- (16>

welJ(v) welJ(v) weJ(u)
w'el (u)

Note that from (14) we also deduce

Ay vz = Ay + Z (aw,O + aw,:) (17)
weJ(u)
and in particular
Ay yt+z = Z (aw,O + amz)- (18)
wed(u)

The previous results allow to get the following upper bound for the dimension of a
projective space containing a characteristic d-dimensional dual hyperoval:

Theorem 2.2. If a characteristic d-dimensional dual hyperoval F exists in PG(n,2), then
n<d(d+3)/2.

Proof. In view of (iii) in Section 1, it is enough to prove that the set {a,, ., | w,w' €
G, w #w'} of size (‘@2) spans all the points a, , of the d-spaces of F. The statement
follows from equality (16). O

Remark 2.3. Equality (16) shows that a characteristic dimensional dual hyperoval in
PG(d(d + 3)/2,2) is completely determined by the characteristic SBQS related to it.
In particular, for any d, the only d-dimensional dual hyperoval in PG(d(d + 3),2)
whose related SBQS is Boolean belongs to the Huybrechts’ family.

Remark 2.4. For any u, v € V, equalities @, , = 0 and a,, , = a, , imply, by (16), strong
conditions on the values x, , and consequently on the SBQS associated with a char-
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acteristic dimensional dual hyperoval. We already know that the Boolean system of
order 29*! is suitable for a d-dimensional dual hyperoval (the Huybrechts’ one).
Now, we prove that the Teirlinck SBQS(29*!) is also related to a d-dimensional dual
hyperoval.

Theorem 2.5. Let Q be the Boolean or the Teirlinck system S(3,4,29%1). Up to isomor-
phism, there is exactly one d-dimensional dual hyperoval in PG(d(d + 3)/2,2), sat-
isfying property (H) and admitting Q as related SBQS.

Proof. The uniqueness has been noticed in Remark 2.3. The existence in the Boolean
case is clear in view of the Huybrechts’ family. It remains to prove the existence in the
case when Q is a Teirlinck system. a2

Take an arbitrary bijection o between ( ) and a fixed basis of W = Z, () and set:

9
by = by = a({w,w'}) forall {w,w'} e <2 > (19)

We also set b, ,, = 0 for every w € 4.
For every pair {u, v} of elements of V', we define b, , as suggested by (16):

Z bw w Z X, u w o+ bn 7) + Xu,v Z (bW,O + bw“’:)- (20)

weld(u welJ(v welJ(u)
w EJ(U)

We note that (20) is an identity for u, v in ¥, since in this case J(u) = {u}, J(v) = {v}
and x,, , = x, , = 0 by (3).

We recall that the Teirlinck system is related to the set X = V' — {0, z} (see Remark
1.6). Since the size of {{u + w},,c ;) 2 {u + v}} is even, by (2) we have x,,, = 1 if and
only if {v,v+z} N¥% = & and one of the following conditions holds:

A) {0,z} £ J(v) and {u,u+z} NJ(v) # &;
B) {0,z} = J(v) and {u,u+z} N (J(v) — {0,z}) # &
) ue{v,v+z}

Hence, a straightforward computation shows that (20) implies

buu=0 forallue V, (21)

buuiz= Y (bwo+by:) forallueV (22)
weJ(u)

and for any u, v with u ¢ {v,v + z}

Z bu w T+ Z (bw,O + bmz) + iu,vbO,z (23)

wed(u we (J(u)NJ(v))—{0,z}
w eJ( )
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with i, , € Z, defined by
iy =04 {0,z} <« J(y) forsome ye {u,u+zuv,0+z}. (24)

It follows that, for any u,vin V'
buv :bvﬁu- (25)

If b,,, # 0, (23) allows to express b, , as a sum of some pairwise distinct elements
bp.4, with p, g € 4. This sum will be called reduced sum of b, ,. If b, , = 0, we will say
that the reduced sum of b, , is null.

Let us prove that u # v implies b, , # 0. Let v # u+z. If v =0, equality (23)
becomes b, o = ZWE]W bw.o + iuo0bo - # 0 since J(u) — {z} # . We get the analo-
gous result for v =z or u = 0 or u = z. If both u and v are different from 0 and z, by
(23) there is at least one b,, ,» with w,w’ € 4 — {0, z} appearing in the reduced sum of
by,y- On the other hand (22) implies b, ,4. # 0. Thus, in every case, from u # v we
deduce b, , # 0.

For any u,vin V, a straightforward but quite tedious computation shows that (21),
(22) and (23) imply

bum = Z bu, wt xu,v<bu70 + bu,z)- (26>
welJ(v)

Given three pairwise distinct elements u, vy, v, in V, from (26) and (21) it follows:

busy = > bue + X (buo +buz)  (1=1,2), (27)
wed(v;)
Z bu,w = xu,u(bu,O + bu,:)a (28)
welJ(u)
bu,u+v1+v2 = Z bu, w T X, utv)+v, (bu,O + bu,:)- (29)

weJ(u+v;+v)

Recalling that J(u + vy 4 v2) = J(u) AJ(v1) AJ(v2), we deduce from (27), (28) and
(29)

u u+vi+vy — Z bu w + Z bu w + Z bu w + Xu, ,u+v1+02 (bu,O + bu,:)
weld(vy) wed(v2) wed(u)

= bu.vl + bu,vz + Z bu,w + (xu,vl + xu,vg + xu,u+vl+vz)(bu,0 + bu‘z)
wed(u)

= bu,vl + bu,vz + (xu,vl + Xu, v, + Xu,u + xu,u+v1+v2)(bu70 + bu,z)a

whence
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bu,vl + buﬁ vy — buA, 401402 + (xu,vl + Xu, v, + Xu,u + xu,u-o—vl-‘rvz)(buﬂ + bu,z)~ (30)

Since by, vy 4094z = buutvy+v, + bu0 + by, -, we get from (6) and (30)

by ytvy+v if | X N{u+vy,u+vy,v1 + 12} is even,
buv, + by, = {b e OtIL { ! 2 2}| (31)
U, u+v1+vy+2 CTWISEC,
that is by (1)
b“,l’l + bu,vz = bu,q({u,vl,vz})~ (32)

For every u € V, define S, = {b,,, : ve V'}. By (32) S, is a subspace of W, which,
by (26), is spanned by the elements b, ,, with w € 4.
For any u € V and w € J(u), (28) implies

bu,x_v = Z bu,w + xu,u(bu,o + bu,z)- (33)
weld(u)—{w}

Thus we deduce that the dimension (as vector space) of S, is at most d + 1. Now,
our goal is to prove that, for any choice of two distinct pairs of distinct elements of
V, {u, v}, {u',v'}, we have b, , # by .

Partition the set of pairs {u,v}, u # v, in equivalence classes of type {{u,v},
{u+z,v},{u,v+z},{u+z,v+ z}}. We denote such a class by [{u, v}].

Note that (23) implies that any w e (J(u) UJ(v)) — {0, z} appears an even or odd
number of times as index of some elements in the reduced sum of b, ,, according to
whether w belongs to J(u) NJ(v) or J(u) A J(v), respectively.

This remark allows, starting from the reduced sum of b, ,, to completely determine
J(u) —{0,z}, J(v) — {0,z}, and therefore the equivalence class [{u,v}]. It follows
that, if {u, v}, {u’, v’} do not belong to the same class, then b, , and b, ,» have distinct
reduced sums, namely they are distinct.

Now we choose an equivalence class [{u, v}]. If v = u + z, this class is a singleton.
If v # u + z, it is formed by four distinct pairs. In this case, from (23) we deduce

bu,v+z = bu,v + bu,O + bu,z = bu,v + Z (bw,O + buuz)a
weJ(u)

whence

bub"’Z L10+bu

welJ(v

bqu vtz — bu v + Z w,0 + bu Z (bw.O + bw,z)~

weld(u welJ(v)

Then b, 4, by viz, butz, v, butz v+- have pairwise distinct reduced sums.
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. o . () .

Since the set {b, v | {w,w'} € (5)} is a basis of Z, * , it follows that b, , # by,
whenever {u,v}, {u’,v'} are distinct pairs of (}). This implies that for any two dis-
tinct S, S, we have S, NS, = {0,b,,}.

Now note that |S,| = [{b,,|ve V}| = 29%!, so that S, has dimension d + 1. Inter-
preting the previous results in PG(d(d + 3)/2,2), we deduce that the projective d-
spaces corresponding to the S,’s form a d-dimensional dual hyperoval. It satisfies
property (H) by (32). O

3 Universality and quotients

Theorem 2.2 immediately implies:

Theorem 3.1. All characteristic d-dimensional dual hyperovals in PG(d(d + 3)/2,2)
are universal.

Now, we prove that any characteristic d-dimensional dual hyperoval is quotient of
a suitable one in PG(d(d + 3)/2,2).

Theorem 3.2. Any characteristic d-dimensional dual hyperoval F in PG(n,2), n <
d(d+3)/2, is the quotient of a characteristic d-dimensional dual hyperoval in
PG(d(d + 3)/2,2), related to the same characteristic SBQS.

Proof. We use the same notation as in the previous section. Since n < d(d + 3)/2, the
set A = {ay, : {x,y} € (J)} is a set of generators but not a basis of PG(n,2). Let A’
be a basis contained in 4, and take ag j in 4 — A’. Consider PG(n, 2) as a hyperplane
o in PG(n + 1,2) and fix a point p in PG(n + 1,2) — o. Set

a,, =ay, forx,ye%with {x,y} # {X, j} and

!
dy 5= as5+p.

For any a,, in PG(n,2) consider equality (16) and define a, , in PG(n+ 1,2) by

u,v

replacing every ay , (X, y € 9) with a; , in the right hand side of (16).

X,y

For any fixed u, the elements a[“ again determine a d-space S,, whose projection
from p on o is S,. The family F’ = {S,},., is a d-dimensional dual hyperoval hav-
ing F as quotient. By a finite number of liftings, we get a d-dimensional dual hyper-

oval in PG(d(d + 3)/2,2) having F as quotient. O
Theorems 3.1, 3.2 imply:

Theorem 3.3. A characteristic d-dimensional dual hyperoval in PG(n,2) is universal if
and only if n = d(d + 3)/2.

We note that Theorem 1.2 implies:

Theorem 3.4. If d > 6, any characteristic d-dimensional dual hyperoval in PG(d(d +
3)/2,2) admits quotients in PG(k,2), 4d < k < d(d + 3)/2.
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In particular the above result holds for the universal dimensional dual hyperovals
constructed starting from the Teirlinck SBQS’s in Theorem 2.5. In our opinion, the
lower bound 4d should be improved for them, as it happens for the Huybrechts’
family.

4 Property (ml)

Lemma 4.1. 4 d-dimensional dual hyperoval satisfying property (H) does not satisfy
property (ml) if and only if there exist six pairwise distinct elements of V, u,v,u’ v’ u",
v", such that

Ay v + Ay vt = Ay yr. (34>

Proof. Suppose that (34) holds. Since the elements u,v,u’,v',u” v" are pairwise
distinct, the intersection of S,» with the 2d-space spanned by S, and S, contains
the point a,» ,». We want to prove that this point does not belong to the line
{ay,yr, ay y . If not this line would be coplanar with the line <a, ,,a, ,» so that
{ay,py Ay y and <a, . a, ,»y would meet in the point a,, . In this case a,» ,»
would lie on the plane determined by the pairwise meeting points of S, S, and S,».
Property (H) would imply v = v’ = v” = ¢({u,u’,u"}), a contradiction. Since a,
belongs to Sy, Sw) — {duu", @y ) (hence {S,,S,»>NS,s is not a line), property
(mI) does not hold.

If property (ml) does not hold then there exist three pairwise distinct elements
u,u’,u” in V such that <{S,,S, >N S, contains a point a,» ,», with v" ¢ {u,u’,u”,
q({u,u’,u"})}. Thus there exist v and v’ in V" such that

au,v —|— au!7vl = au”,v”- (35)

Obviously, both v and v’ are different from u and u’. It remains to prove that
v,v’',v" are pairwise distinct. If not, we may suppose v = v’. In such a case, property
(H) also implies v = v’ = v”. Thus, by property (H) and (35), we have:

au//,v// = au,t‘” —|— au’,u” = aq({u,u’.u”}),v”
whence u” = q({u,u’,v"}), i.e., v" = q({u,u’,u"}), a contradiction. O

From now on, let F be a characteristic d-dimenlsional dual hyperoval. As in the
d+2

previous sections we work in the vector space Z, 2 Again we choose a basis %
containing z in ¥ = Z§*! and set, as in Section 2, ¥ = U {0}.

Lemma 4.2. For any u,u’,u" in V, we have
Ay, utz + Qu sz + ur gz # 0. (36)

Proof. Suppose ay, y+: + ayr yr+z + ayr yry- = 0. It follows from (18) that

0= Z (aw,O + amz) + Z (aw,O + amz) + Z (aw,O + aw,:)-

wed(u) wed(u') wed(u")
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The above equality implies J(u”) = J(u) AJ(¢'), and then J(u”) would be even, a
contradiction. O

Lemma 4.3. For any u,u’,v' in V, we have
Ay u+tz + ay' oy + Ay' 4z, 0'+z # 0. (37)

Proof. Suppose day, y+: + dy, v + a4z = 0. It follows from (14) and (18) that

0= Z (aw,O + aw,z) + Z (am() + aw,:) + Z (aw,O + aw,z)-

wed(u) wed(u') wed(v')

The above equality implies J(u) = J(u') AJ(v"), and then J(u) would be even, a con-
tradiction. |

We give some new notation. For every u in V, we set J*(u) = J(u) — {0, z}. For
u,v in V, we also set:

Ly =Jw)NJ(v) L7, =J"(w)NJ"(v)
Do =J(u) = J(0) D}, =J"(u) = J*(v)
(38)
Dy =J(v)=Ju) Dy, =J"(v)—J"(u)
Upo =J(w)UJ(v) U, =J"(u)UJ"(v)

Furthermore, for any pair of subsets S, T of 4, define

as,tr =dr,s = E ds,¢-

sesS
teT

Finally, define by (16) the reduced sum of the a, ,’s as done by (23) for the b, ,’s in
the proof of Theorem 2.5.

Remark 4.4. Since J(u) and J(v) have odd size, we deduce |D, .| = |D;.| =
[L,o] +1 (mod2). If wel;, then the number y, of elements a, , in the reduced

sum of a, , equals either |D, | + |Dy 4| or |Dy | + | Dy | + 2 (taking into account the
possible term a,, o + ay -) so that y,, is even. If w e D} | then the number y,, of ele-

u,v’

ments a,,  in the reduced sum of a, , equals either |J(v)| or |J(v)| + 2 so that y, is
odd. Analogously it happens for the elements w in D; ..

Proposition 4.5. Let Ay + ay v + ayr yr = 0. Every we (Uu.v u Uu’,v’ u Uu”,v”) -
{0, z} belongs to at least two sets among U, ,, Uy 1, Uy v and belongs to 0 or 2 sets

among D, y, Dy, Dy yr, Dy yyry Dy pny Dy .

Proof. The equality in the hypothesis implies that the number of distinct elements
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ay, x in the sum of the three reduced sums of ay v, @’ v, ay» o is even. The statement

follows from Remark 4.4.

O

Theorem 4.6. Every characteristic d-dimensional dual hyperoval in PG(d(d + 3)/2,2)

satisfies property (ml).

Proof. According to Lemma 4.1, it is enough to prove that equality (34) does not

hold for any choice of pairwise distinct elements u, v, u’,v’,u”,v" in V. Set

ﬂu_p = Z xw,u(aw,O + aw,z) + Xu,v Z (aw,() + aw,z)~

welJ(v) welJ(u)
Using (16) and (39), equality (34) becomes

O = aln.uaDu.L + almv:Dv.u + aDILU‘,Dl‘.M +ﬂuﬁv

+a[/ o Doy + alu’,v"rD’ / +aD”/_L./,DI,/_u/ +ﬂu’,u/

ul ol Hul o vl u

+ar,

u' v

.//.,DLJ/‘”// + ap " ”7Dv”.u” +ﬁu/"y/"

v u v

iy Dy o T Al

(39)

(40)

Since the points a, , with x, y distinct elements of ¢ (and in particular of ¥ — {0, z})

are independent in PG(d(d + 3)/2,2), equality (40) implies

0=ay p; +ap, p:, +ap: p;

u, v v u u, v v u

+ar, .o,  tar b, +dp: b

w' v N LN

+ay-

ull o’

* ay« ¥ ap- o
Dll”,l'” + I“/I‘L,H‘VDL,HY”H + D"H_l.ll'rDL,H‘“//

With

A:Iu.v_ Uu’,u’; A/:Iu’.v’_ Uu,m B:Iu.vau’,U’a

(41)

E:Iu,vau’,v’; F:]u,vav’,uH E' = u’,u’mDu.vz F' = u’,v’mDv,u;

H = Duw - Uu’,v’v K= Dv,u - Uu’,U’a H/ = Du’,v’ - Uu,Ua K/ = Dv’,u’ -

Uu,v;

P:Du,vau’,v’7 Q:Dv,umDv’,u’v X:Du,vﬂDv’,u’; Y:Dv,umDu’,v’a

we have

aps py, taps, pr, v apy pr = A4 E t A4 H T A4 P+ a4 x T AgF + a4 K

* %
w01 P u, v

+a40+ayy+agp +apy+app+agx+app +apg+ago+apy+agk

+agn+tagp+agx +agr tagk +ago+agy+ar g +ar g +arp+arx

+arF +ar g +aro+ary+ag r+ap gk +ag o+ ag vy +ag r +apgk

+amo+agy+apr +apg+apo+apy+axr +axkx+adxo+ax yvy;
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ar+ ..p+, ,tar, . p+  +ap+ . p  =dadq E+as g +aqgpt+aqgy+agr
ut,v S u N

ul ol ul v’ v l(l.U” 1",”’

+ay. g tagot+ay x +agg+agp +apgp+apy+apgr+apgg +apg+apx
+ap g+ap g +ap p+ag y +ap F+ag x +ag o+ ag x +ar g+ ar g
+ag . p+ar y+ap r+ar g +arp o+ ap x +agrF+agg +ag o+ agx +ag. r
+ap .k +ag o +ayg x +apr+apkx +apog+apx+ayr+ayg +ayo+ayx-

It follows from (41) that

ar +ar, p

D* *
ull !y ull o

“+ap

*
ult

D =dy g +d4 g+ dqp

‘agx tagr tagxtago0+asytagg+agy g +agptagy
+‘aqg F+aqg g +aq 0+as x +app +apy+apr +apkx+AaskE
+appy +apr+apgkx +ag g+ agp+ag g +agy+dagrF+agx
+ar,g+arx t+ark +aro+ag p+ag gk +ag g+ ag p+ag g
+ap x +ar g +ap y +arp x +ar o+ ag Fp +agk +amgo+angy
+ag F+ag xk +am o +ag x tapk+apy+apg +apx +dxk

+ax o+ayk +ayp. (42)

By Proposition 4.5, 1, ,» contains 4, A’ and a (possibly empty) set 7" which is the
union of some sets among B, P, 0, X, Y, while D;, ., UD}, ,, contains E, F, E', F',
H, K, H, K

The presence of any non-empty set among the last ones either in Dy, ,» or in DJ
implies some conditions for the position of some other ones. We only explicitely
declare the conditions related to the presence in D,

,u”

E#@, EQD;//‘U//:}D:;// :FUHUKUK/, T:BUPUY

ul

=D  =EUHUKUH/, T=BUQUX

IJU, u”

=D}, =FUH'UKUK', T=BUPUX

F # &, F <D,

o

E #¢, E <D

u p"

F'#g, F cD:

T

, =D +=EUHUH'UK', T=BUQUY

"
U

H#@, H;D;// :>D://7u//:EUFUF/UK, T:BUQUY

o

K+g, KcD:

u” "

=D}, =EUFUE'UH, T=BUPUX
H' #@, H <D

u” v

K'# @, K =D} .= D}

u' "

=D} ~=FUE'UF' UK, T=BUQUX

EUE'UF'UH', T=BUPUY (43)

"=
,u

The presence of ap,y,ap x,ax,g,ay,o in equality (42) also implies

P=0=g or X=Y=(, (44)
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while the presence of a4 p,du x,a4. 0,04, v,d47.p,d4r v, a4 0,44, x In equality (42)
implies
AUA' #F=>P=0=X=Y = (. (45)
The absence of a4, pr,a4,k1,04 £, a4 r in (42) implies
A+#F=H =K' =E=F=(Q (46)
while the absence of a4/ g, a4 k, a4 g/, a4 r, implies
A+F=H=K=E =F=. (47)
If A # & and A’ # &, it follows from (45), (46) and (47)
I,,= AUB, D,, =, D, ., = J;
Ly, =A"UB, Dy,y =, Dy =;
Loy =AUA'UB, Dy =@, D=0

Thus we have v = u +z, v/ = u’' + z, v” = u” + z and equality (34) does not hold by
Lemma 4.2.

If 4 # ¢ and A’ = &, by (45), (46) we have, up to exchange between D, ,» and
DU”,U”

Iu.v:AUBa Du,u:E,UH7 Dv,u:FIUK;
Iu’,v’ = BUE/UF,» Du’,v’ =, Dv’,u’ =
Ly = AUB, Dyryr = E'UH, Dy =F UK.

Thus v/ =u'+z, u” =u+z and v = v+ z and equality (34) does not hold by
Lemma 4.3.

Analogously we also exclude the case 4 = ¢, A’ # .

The case A = A’ = (& can be discussed in a similar way, distinguishing some
subcases according to the non-empty sets among E,E’.F,F' H,H' ,K,K’'. In
every case one gets a contradiction, using Lemmas 4.2, 4.3 or falling in a coincidence
between two elements among u,u’, v, v’ u", v". O

Theorem 4.6 includes Huybrechts’ family (for which property (ml) is already
proved in [6]) and the dimensional dual hyperovals constructed in Theorem 2.5.

5 Open problems

We have proved that d(d + 3)/2 is the upper bound for the dimension of a projective
space containing a characteristic d-dimensional dual hyperoval. Is this true for any d-
dimensional dual hyperoval satisfying property (H), or better, for any d-dimensional
dual hyperoval?

Boolean and Teirlinck systems are associated with some dimensional dual hyper-



S270 Marco Buratti and Alberto Del Fra

ovals. Are there other (possibly characteristic) SBQS’s related to dimensional dual
hyperovals satisfying property (H)? In view of Remark 2.4, we conjecture that the
answer is negative. In other words, the link between SBQSs and dimensional dual
hyperovals does not appear so strong as we suspected at the beginning of our research
on this subject.

As noticed by Huybrechts in [6], Huybrechts’ family gives rise to semi-biplanes (see
Section 1.3) that are quotients of upper 3-truncated Coxeter complexes. Are the semi-
biplanes defined by the dimensional dual hyperovals of Theorem 2.5 completely new?

Acknowledgement. The authors wish to thank S. Yoshiara for having pointed out
useful information about the family a) in the table of Section 1.2.
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