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Abstract

Let PG(k — 1, g) be the (k — 1)-dimensional projective space over the finite field ;. An
arc in PG(k — 1, g) is a set of points with the property that any k of them span the entire
space. The notion of a pseudo-arc generalises that of an arc by replacing points with higher-
dimensional subspaces. Constructions of pseudo-arcs can be obtained from arcs defined
over extension fields; such pseudo-arcs are necessarily Desarguesian, in the sense that all
their elements belong to a Desarguesian spread. In contrast, genuinely non-Desarguesian
pseudo-arcs are far less understood and have previously been known only in a few sporadic
cases.

In this paper, we introduce a new infinite family of non-Desarguesian pseudo-arcs con-
sisting of (h — 1)-dimensional projective subspaces of PG(hk — 1, ¢) based on the imaginary
spaces of a normal rational curve. We determine the size of the constructed pseudo-arcs
explicitly and show that, by adding suitable osculating spaces of a normal rational curve
defined over a subgeometry, we obtain pseudo-arcs of size O(¢"). As g grows, these sizes
have the same asymptotic order as the classical upper bound for pseudo-arcs established by
J. A. Thas. We further investigate the interaction between these new pseudo-arcs and
quadrics. While Desarguesian pseudo-arcs from normal rational curve are complete inter-
sections of quadrics, we prove that the new pseudo-arcs are not contained in any quadric
of the ambient projective space. Finally, we translate our geometric results into coding
theory. We show that the new pseudo-arcs correspond precisely to recently introduced fam-
ilies of additive MDS codes arising from a polynomial framework. As a consequence of
their non-Desarguesian nature, we prove that these codes are not equivalent to linear MDS
codes. Moreover, the extension of pseudo-arcs via osculating spaces yields longer families
of additive MDS codes.

2020 Mathematics Subject Classification: STE20 (Primary), 94B27, 11T71 (Secondary)

1. Introduction

Let F, be the finite field of order g, where ¢ is a prime power. We denote by PG(k — 1, ¢)
the (k — 1)-dimensional projective space over [F,. An arc in PG(k — 1, g) is a set of points
with the property that any k of them span the entire space. These objects have a long and
rich history, dating back to the foundational works of B. Segre [36-38, 40] and they have
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2 FRANCESCO PAVESE AND PAOLO SANTONASTASO

played a central role in the development of finite geometry. Also, one of the main reasons
for the long-standing interest in arcs is their deep connection with coding theory: arcs can be
regarded as the geometric counterparts of linear maximum distance separable (MDS) codes.
We refer to [7] for a comprehensive survey of classical and modern results on arcs.

The notion of arc was later generalised to that of a pseudo-arc. The systematic study of
pseudo-arcs goes back to the seminal paper of J. A. Thas [46], where these objects were
introduced and investigated in terms of arcs in projective spaces over matrix algebras. A
pseudo-arc in PG(hk — 1, g) is a family of (4 — 1)-dimensional projective spaces with the
property that any k of them span the entire space. When / = 1, this definition reduces to the
classical notion of an arc in a projective space. Over the years, pseudo-arcs have attracted
growing attention, both for their intrinsic geometric interest and for their connections with
other combinatorial and geometric structures. A particularly well-studied case is that of
k =3. When a pseudo-arc in PG(3% — 1, ¢) has size ¢" + 1, it is called a pseudo-oval. In
this context, pseudo-arcs arise in the study of generalised quadrangles, Laguerre planes and
orthogonal arrays, see, for instance, [34, 35, 47, 48].

More recently, pseudo-arcs have attracted renewed attention due to their role in coding
theory, and in particular in the study of additive codes in the Hamming metric. Additive
codes extend the class of linear codes by weakening the linearity assumption on the alphabet.
Additive codes in the Hamming metric can also be interpreted as linear codes equipped with
the so-called folded Hamming distance, see e.g. [32]. From a computer science perspective,
codes of this type have been investigated in several contexts, including byte error correction
[17] and the construction of low-density MDS codes [10, 51]. In recent years, additive codes
have also received considerable attention due to their applications in the construction of
quantum error-correcting codes; see, for instance, [4, 6, 13, 14, 21].

Additive codes can be studied from a geometric perspective. In [11], it was shown that
additive codes over [F4 admit a geometric description in terms of multisets of lines in a pro-
jective space over [F,. More generally, in [1] and [6], the authors proved that additive codes
are in one-to-one correspondence with multisets of subspaces in finite projective spaces,
thus extending the classical correspondence between linear codes and multisets of points.
Further properties of additive codes have been recently investigated from a geometric point
of view in [8, 15, 28, 32].

In this work, we focus on pseudo-arcs in PG(hk — 1, ¢) and their related additive MDS
codes.

1-1. Our contribution

A way to construct pseudo-arcs in PG(hk — 1, ¢) is by using arcs defined over an exten-
sion field. For instance, the normal rational curve in PG(k — 1, ¢"*) gives rise to a pseudo-arc
of size ¢" + 1 in PG(hk — 1, q). However, pseudo-arcs obtained in this way have the prop-
erty that their elements belong to a Desarguesian (2 — 1)-spread of PG(hk — 1, ¢); we will
refer to these types of pseudo-arcs as Desarguesian. For the definition and properties of a
Desarguesian spread, see Section 2-2. In this paper, we are primarily interested in pseudo-
arcs in PG(hk — 1, g) that are non-Desarguesian, that is, not contained in any Desarguesian
(h — 1)-spread of PG(hk — 1, g).

Non-Desarguesian pseudo-arcs have so far been studied only in a few small cases,
in connection with non-Desarguesian spreads and partial spreads, or for (g,h)e
{(2,2),(2,3),(3,2), (4, 2)} and specific values of k via coding-theoretic approaches; see [6].
A fundamental result in this area, due to J. A. Thas, provides an upper bound on the size of
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On pseudo-arcs from normal rational curve and additive MDS codes 3
a pseudo-arc A in PG(hk — 1, q):

9" +k if g is even,

Al<17, o
q"+k—1 ifgisodd,

-1

see [46, theorem 4-11]. This bound serves as a natural benchmark for the construction of
large pseudo-arcs. The first main contribution of this paper is the introduction of a new
family of pseudo-arcs in PG(hk — 1, g) constructed from the imaginary points of a normal
rational curve N nkq defined over the extension field IFu, see Section 3-1. Although the
construction originates from a normal rational curve, we show that the resulting pseudo-arc,
namely Py, x4, behaves in a fundamentally different way from the classical Desarguesian
ones. More precisely, by studying the action of a subgroup H of PGL(kk, g) acting on the
normal rational curve in a suitable subgeometry, and by using recent results connecting
Desarguesian spreads and Segre varieties [12], we prove that this pseudo-arc is not contained
in any Desarguesian (h — 1)-spread of PG(hk — 1, g). Consequently, it is not equivalent to a
Desarguesian pseudo-arc in PG(hk — 1, g), see Section 3-2.

In Section 3-3, we prove that Pjx, can be extended by adding the (h — 1)-osculating
spaces of the normal rational curve N g = N, nkgh NV PG(hk — 1, ). This yields a pseudo-arc
of size

|Angl +q+1=0@",

where Aj4 denotes a set of representatives of the orbits of size i of F, under the
g-Frobenius automorphism; as g grows, this size asymptotically attains the upper bound in
(1-1). As a consequence, we obtain the largest known family of non-Desarguesian pseudo-
arcs. Moreover, for fixed /1 and £, the size of our examples has the same asymptotic order as
the upper bound in (1-1) as g — oo.

A further contribution concerns the interaction between pseudo-arcs and quadrics, see
Section 3-4. A normal rational curve is known to be a complete intersection of quadrics, and
the related Desarguesian pseudo-arc inherits this property. On the other hand, we prove that
Ph.kq is not contained in any quadric of the ambient projective space. In particular, it cannot
arise as intersections of quadrics.

Finally, in Section 4, we translate our geometric constructions into coding-theoretic
results. We prove that the new pseudo-arcs are the geometric counterparts of additive MDS
codes recently constructed via a polynomial framework [33]. Since the pseudo-arcs are non-
Desarguesian, it follows that the associated additive MDS codes are not equivalent to linear
MDS, see Section 4-3. Moreover, by extending the pseudo-arcs via osculating spaces, we
obtain larger families of additive MDS codes, see Section 4-4.

2. Preliminaries

In this section, we recall the notions and results that will be used throughout the paper. In
particular, we review the basic properties of the normal rational curve. Moreover, we recall
the notion of Desarguesian spread in a projective space.

2-1. Normal rational curve and osculating spaces

An arc in PG(k — 1, g) is a set of points with the property that any k of them span the
entire space. One of the most prominent examples of an arc in a projective space is the
normal rational curve.
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4 FRANCESCO PAVESE AND PAOLO SANTONASTASO

Definition 2-1. A normal rational curve Ny 4 over F is the set of points in PG(k — 1, q)
defined as

{{(go(u, 1), g1(u, 1), . .., gr—1(u, D))F, 1w, 1 €Fg, (u, 1) 7 (0, 0)}, 2-1)

where go(x, y), g1(x, ), . .., gk—1(x, y) € Fy[x, y] form a basis for the space of homogeneous
polynomials in Fy[x, y] of degree k — 1.

A normal rational curve in PG(k — 1, ¢) consists of ¢+ 1 points and, when ¢ >k — 1, it
forms an arc of PG(k — 1, q), see, e.g., [26, theorem 6-30]. If the condition ¢ >k —1 is
not satisfied, then the normal rational curve contains fewer than k points. Consequently,
./\/'k,q spans at most a hyperplane of PG(k — 1, ¢) and in this case, Nk,q defines an arc in the
subspace spanned by Ny 4 itself. For further basic properties of the normal rational curve,
we refer the reader to [7, 22, 26].

In view of (2-1), the normal rational curve Nj,, can be regarded as the image in
PG(k — 1, g) of the projective line PG(1, ¢) under the Veronese embedding

Vig: ((u, D)r, —> ((go(u, 1), g1(u, 1), . . ., gk—1(u, D))F,» (2-2)
where
gi(x,y) =17y e Fy[x, 1,

foreveryie€ {0, ...,k — 1}. We will also denote the image vk,q(((u, t))]Fq) simply by vy 4(u, 1)
whenever no confusion can arise. For j > 1, let

3/g; 3/g;

— and e

ox/ ay’

denote the usual jth partial derivatives of the polynomials g;(x, y). When char(F,) =p > j
and k — 1 > j, not all coefficients of the partial derivatives are zero. We can then define the
Jj-th derivative of the parametrisation with respect to x and y by

ajvk,q 9 By
3xj (x’ y) = <(mgo(xs y)s ey ng—l(xs y)))]Fq
and
3/ vig 8/ il
8y-] ()C, )’) = ((Wg()(x’ )7), cees ng—l()a J’))>Fq,

respectively. Each point ((u, 1))r, = ((1, 7/u))F,, u # 0, is determined by #/u € ;. Therefore,
each point of PG(1, ¢) is represented by a single element of I, U {oo}, where ((0, 1))r,
corresponds to 0o. Hence the coordinate functions become g;(1,¢) = #, and the curve j\/‘k,q
can also be written as

(e A7) creFg JULO.. ... 0. D) |- (2:3)
Note that the jth derivative with respect to ¢ is

itizi(i— - (i—j+ 1)zf—f=ﬁ (i—e)t.

de/ s
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On pseudo-arcs from normal rational curve and additive MDS codes 5

Since p > j, no coefficient in this product vanishes in F, whenever i > j. Hence the jth
derivative of the Veronese map vy 4 at the point (1, H))g , 18

gjj Vi q(1, t)—<( o]_[(, z)]_[(;+1—£)z]_[(;+2 0,

j Zeros
j_
[J®k—1 —E)tk_l_j>> , (2-4)
=0 F,

where the first j entries vanish because the jth derivative of ¢ is zero for i < j. Therefore, the
formulae above describe the derivatives of the Veronese map at every point of the normal
rational curve, except at the point ((0, ..., 0, 1))f " that is described below. The jth derivative
of the Veronese map at the point ((u, 1))F PRE

3/ = k—1—j = k—2—j
ﬁvk,q(u,l)=<<n(k—l—£)u L Tk—2-0u*2, ..,
=0 =0
j—1
[Ti—-0u, 0,...,0)> .
F,

=0 j P

Evaluating at u = 0, the first k — 1 — j entries vanish. Therefore,

9/
— g0, D)=(10,...,0,1,0,...,0 . (2-5)
oul — =/,

o ’

—j—1 J q

Since p > j, in both cases each of the sets of points

o/
— Vg, t)}, withz € Fy,

0
{vkqa 0. S kg(LD) s o

and

3]’

0
{vkq(O 1), vkq(O 1), .

span a (j — 1)-dimensional projective space of PG(hk — 1, g). So, in view of the discussion
above, we are now ready to define the osculating spaces of a normal rational curve.

Definition 2-2. Assume that the characteristic of the field is char(IF,)=p >j, for
je{l,...,k—2} and consider the normal rational curve

Nicg = {vig(u, 1) : ((u, 1)z, € PG(1, q)} SPGk — 1, ).

For every point v ,(1,1) with t € Fy, the osculating space of order j at vi4(1,1) is the
j-dimensional projective space

97
Oscj(vpq(1, 1) := <vkq(1 1), vkq(l 1), . aﬂv"”’(l’t)>’
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6 FRANCESCO PAVESE AND PAOLO SANTONASTASO

whereas the osculating space of order j at vy 4(0, 1) is the j-dimensional projective space

3 3/
Osc; 0,1)):= 0,1), — 0,1),..., — 0,1)).
J(Vk,q( )) <Vk,q( ) 9 Vk,q( ) EY Vk,q( )>
When j = 1, the osculating space of order 1 at a point P is simply the tangent line to the
curve at P. Also, for every point P one obtains a natural flag of osculating spaces

P C Osci(P) C Oscy(P) C --- C Osci_a2(P).

Finally, with /\/’k,q as in (2-3), the transformation given by #+> (at + b)/(ct + d), with
a,b,c,d €Ty, ad — bc # 0 induces the transformation

(0,1, ..., 5 D> ar+ b)) (@t + b2 (ct + d), . . ., (at + b)(ct + A2, (ct + dF
=,t,...,5Hr

for a suitable non-singular matrix 7. Hence there is a subgroup of PGL(k, g) isomorphic to
PGL(2, g) which fixes ./\/'k,q, see e.g. [26, theorem 6-30(vi)]. Moreover, by selecting the pro-
jectivities induced by those matrices 7 with determinant one, we obtain a group isomorphic
to PSL(2, g) stabilising Nj.4.

LEMMA 2-3. There exists a group H isomorphic to PSL(2, q) stabilising Afk,q-

Observe that H has order (¢°> — ¢)/d, where d = ged (2, g — 1), [24, p. 261].

2-2. Desarguesian spreads

An isomorphism from P; to P,, with P1,P, both projective spaces of the same dimen-
sions and defined over the same finite field, is a mapping from P; to P, preserving the
incidence of points and lines. If such a map exists, then P; and P, are said to be isomor-
phic, denoted by P >~ P,. If P; ='P,, then an isomorphism from P; to itself is called
a collineation of P;. The Fundamental Theorem of Projective Geometry states that any
collineation of PG(hk — 1, qh) can be described as (x1,x2,...,x%) = (x],x3,. .., X7 )A,
where o is an automorphism of I, and A is a non-singular matrix of order hk over F i. A
collineation with o =id is called projectivity, otherwise it is said semilinear collineation.
A g-order subgeometry of PG(/ik — 1, ¢") is a pointset of PG(hk — 1, ¢"') isomorphic to the
canonical PG(hk — 1, g), i.e., it is obtained by restricting the coordinates to I,. Let W be the
semilinear collineation of PG(hk — 1, qh) induced by (x1,x2,...,Xpk) — (x‘f,xg, . ,ka).
Then W fixes PG(hk — 1, g) pointwise and one can prove that a d-dimensional subspace of
PG(hk — 1,4") is fixed by W if and only if it intersects the subgeometry PG(hk — 1, g) in a
d-dimensional subspace.

LEMMA 2-4 (see [31, lemma 1]). Let T1 be a subspace of PG(hk — 1,¢"). Then (I1N
E)th = <H>th if and only if TTY =T1.

An (h — 1)-spread of the projective space PG(hk — 1, ¢) is a family S of mutually disjoint
(h — 1)-dimensional projective spaces such that every point of PG(hk — 1, ¢) lies in exactly
one element of S. An important class of spreads, called Desarguesian spreads, has been
described in [39] and can be constructed as follows. Embed ¥ ~ PG(hk — 1, g) as a g-order
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On pseudo-arcs from normal rational curve and additive MDS codes 7

subgeometry of PG(hk — 1, ¢") in such a way that ¥ is the set of fixed points
3 = Fix(¥)

of a semilinear collineation ¥ of PG(hk — 1, qh) of order h. For each point P € PG(hk —
1, ¢"), define

X*(P):= (P,PY,...,PY"") . (2-6)

q

Note that for any point P € PG(hk — 1, ¢"), the subspace X*(P) has dimension at most & — 1.

Definition 2-5. We say that P is an imaginary point of PG(hk — 1, ¢"') (with respect to = and
W) whenever X*(P) is an (h — 1)-dimensional projective space.

Let © be a (k — 1)-dimensional subspace of PG(hk — 1, ¢") such that

h—1

(0,8%,...,0%"") , =PGUik - 1,4").

It follows that the space X*(P) is an (h — 1)-dimensional projective space of PG(hk — 1, ¢"),
for every point P € ®; in other words, P is an imaginary point of PG(hk — 1, ¢").

By construction, for every P € ®, the subspace X*(P) is fixed by W, and hence, by
Lemma 2-4,

X(P):=X*(P)NZ
is an (h — 1)-dimensional projective space of X. As P varies in ®, we obtain the set
D(®):= {X(P): P B},

which consists of ¢"*~D 4 g"*=2 ... 4 ¢" 4 1 mutually disjoint (k2 — 1)-dimensional
projective spaces of 3, and hence forms an (k — 1)-spread of X. Two (h — 1)-spreads Sy and
Sy of PG(hk — 1, g) are equivalent if there exists a collineation of PG(hk — 1, ¢) mapping
one to the other. Any (h — 1)-spread of the projective space PG(hk — 1, g) that is equiv-
alent to the construction D(®) is called a Desarguesian spread of PG(hk — 1, g). The
(h — 1)-dimensional projective spaces O, oY, ..., @“’h_l are uniquely determined by the
spread D(®). More precisely, if D(®) = D(@_’ ) for some (k — 1)-dimensional subspace ®’
of PG(hk — 1, qh), then necessarily ®' = OY' for some i € {0, ..., h— 1}. For this reason,
the subspaces ©®, evY,. .., @‘I'}H are referred to as the director spaces of ‘D(®). For further
details, see [2, 31, 39].

Let ' be the subgeometry of PG(/ik — 1, ¢") isomorphic to PG(hk — 1, ¢) consisting of
the points represented by

h—1 h—1 h—1
— q q q q q q
d)(x)_<x1’x1"'-,x1 7x2,.X:2,.--,x2 ,...,Xk,xk,...,xk ),

where x=(x1,...,X) eIF’;h, with (x1,...,x) #(0,...,0). Let ® be the (k—1)-
dimensional subspace of PG(hk — 1, ¢") given by

Xori=...=Xppi=0,  i=0,h2h,... hk—1).
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8 FRANCESCO PAVESE AND PAOLO SANTONASTASO

In this case, ¥’ is the set of fixed points of the semilinear collineation ¥’ of PG(hk — 1, ¢")
of order A, defined by

W (V1 e v s Vhs Vit Do« « s V2o + + + s Yh(k—T)4 15 - « - ,yhk))]th —>

q .4 g 9 4 q q 4 q
((yh’yl’ o Y0 Yo Yo Yon—10 0 Yk Yig—1)+1 - - "yhk—1)>th‘

2-2-1 Automorphism group
Here we briefly recall the subgroup of PGL(hk,q) leaving invariant the (h— 1)-
Desarguesian spread D(®). The projectivities induced by the matrix

Ay A ... A
Ay Axn ... Ay
, (2-7)
At A ... A
where
a; 0 0
0 a?j 0
Alj - 1)
h—1
0 0 ... al

)

for some A = (a;j) € GL(k, qh), fix ¥/, D(®) and each of its director spaces. They give rise
to a group of projectivities Gy with structure

GL(k, ¢")
Z(GL(k, 9))’

LEMMA 2-6. The stabiliser in Go of a point P of X' fixes pointwise the member of D(®)
containing P,

Proof. Let g be a projectivity of H induced by (2-7) and fixing the point P of X’ represented
by ®(x). Since the image of P under g is represented by ®(Ax) and P is fixed by g, it follows
that ®(Ax) and ®(x) represent the same point of X’. Hence Ax = px, for some p € th. Let
i, with 1 <i <k, be such that the i-th entry of x is non-zero, i.e., x; # 0, and denote by (Ax);
the i-th entry of Ax. Then on the one hand (Ax)l-q = ,ox?, since ®(Ax) and ®(x) represent the
same point of ¥’. On the other hand, (Ax)l-q = pqxf, due to the fact that Ax = px. Therefore
pl=p,ie, pe IFZ. A point Q of ¥’ belonging to the member of D(®) containing P is
represented by ®(Ax), for some A € ]FZ,,. Hence the image of Q under g is represented by
®(A(Mx)), where A(Ax) = AAx = Apx. Moreover, since p € F*, ®(Ax) and ®(Apx) represent
the same point of X’. Consequently, Q is fixed by g, as required.
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On pseudo-arcs from normal rational curve and additive MDS codes 9

The projectivity induced by

B 0 ... 0
0 B
0 0 ... B

where

0 I
B=

generates a cyclic group Cj, of order 4 fixing both ¥/, D(®) and permuting the director
spaces of D(®) in a single orbit. They give rise to a group of projectivities G with structure

GL(k. ")
Z(GL(k. q))

Actually, it turns out that G contains all the projectivities of X’ leaving D(®) invariant, see
[16, 50]. In particular, the orbit of a director space of D(®) under G has size h.

2:2-2 Quadrics
Let IF be a finite field and let V be an F-vector space. A quadratic form over [F is a map
Q: V — F such that:

(1) Qlav)=a?Q(), foralla €F, veV;

(2) the map B(u,v) = Q(u +v) — Qu) — Q(v) is bilinear.

The set of points P = (v)r of the projective space PG(V, IF) that satisfy Q(v) =0 is called
quadric (or quadratic variety) of PG(V, ) associated with Q. By abuse of notation, we
denote both the quadratic form and the corresponding quadric by O.

Let ' be the subgeometry of PG(ik — 1, ¢") isomorphic to PG(hk — 1, q) consisting of
the points represented by

h—1 h—1 h—1
q q q q q q
(xl,xl,...,xl N A R R ),

where xieIth, for i=1,...,k, with (x1,...,xx)#(0,...,0). Let ® be the (k— 1)-
dimensional subspace of PG(hk — 1, ¢") given by

Xori=...=Xpsi=0,  i=0,h2h, ... hk—1).

Starting from a quadric Q of @, it is possible to construct a family of quadrics of ¥’ by
means of the so—called rrace trick. More precisely, let Tr, , denote the trace map from ]th
to F, and, for a € th, define

Ly: th — Iy, X Trqh/q(ax).
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10 FRANCESCO PAVESE AND PAOLO SANTONASTASO

Then, it is easy to check that the composition L, 0 @Q: V — F is a quadratic form over
[F,. Therefore, to any quadric Q of © one can naturally associate a system of quadrics
LyoQ,xe th of ¥’. For further details on this construction, see for instance [18, 29].

A set of projective subspaces is said to be an intersection of quadrics if there exists a
family of quadrics whose intersection contains each of its subspaces. It is called a com-
plete intersection of quadrics if that intersection contains no further points. Here, we note
that if a point set Z C ® >~ PG(k — 1, ¢") is intersection of a family of quadrics, then the
members of

X(Z)={X(P):Pec Z}

are still contained in the intersection of a suitable family of quadrics. Moreover, X(2Z) is a
complete intersection of quadrics if Z does.

PROPOSITION 2-7. Let Z € ® ~PG(k — 1, ¢") be an intersection of quadrics of ©. Then
X(Z2) is an intersection of quadrics of ' ~PG(hk — 1, q). Moreover, if Z is a complete
intersection of quadrics, then X(2) is a complete intersection of quadrics as well.

Proof. Let Qy,...,Qp be quadrics of ® >~PG(k — l,qh) such that Z C ﬂle Q;. This
means that for every point P = (V)th € Z,we have Q;(v) =0, foralli=1,...,£. Foreach
o€ IF:‘]h, consider the quadratic form L, o Q; obtained via the trace Tryn 4> which defines a

quadric of ¥’ >~ PG(hk — 1, ¢). Since Q;(v) = 0, we also have
(Lo Q)(»)=0 foralla € th.

Therefore, the (h — 1)-dimensional projective space X(P) associated with P is contained in
every quadric L, o Q;, and hence

L
XP)S() [ TaoQ. 2:8)

i=1 qecF*
qh

Since this holds for every P € Z, it follows that X(Z) is an intersection of quadrics of
¥ ~PG(hk — 1, g).

Assume now that Z is a complete intersection of quadrics, that is, Z = ﬂle Q;. By the
first part of the proof, we have that (2-8) holds, for every P € Z. Let R = (w)]pq be a point of
¥ ~PG(hk — 1, g) belonging to the right-hand side of (2-8). Then R lies on every quadric
LyoQ; foralla e th and for all i. By definition of L, this yields

Trpn (o Qi(w)) =0, forallee IE‘Z,,.
Since the trace form is non-degenerate, it follows that Q;(w) =0, and this holds for every
i=1,...,¢ Hence the point R* = (W)th € ® ~PG(k — 1, 4") belongs to ﬂle Qi=2Z.

Consequently, R € X(R*), with R* € Z, proving that X(Z) is complete intersection of the
quadrics Ly 0 Q;, o € th, i=1,...,¢,in X ~PG(hk — 1, g).

3. New constructions of pseudo-arcs

Recall that a pseudo-arc in PG(hk — 1, g) is a set of (h — 1)-dimensional projective spaces
such that every subset of k of them spans the entire space. In this section, we first present a
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On pseudo-arcs from normal rational curve and additive MDS codes 11

construction of a pseudo-arc in PG(hk — 1, ), namely Py, 4, obtained from the subspaces
generated by the imaginary points of a normal rational curve of PG(hk — 1, g"). Next, we
prove that Py, is not contained in any Desarguesian (k2 — 1)-spread of PG(hk — 1, ¢) and
therefore is not equivalent to a Desarguesian pseudo-arc in PG(hk — 1, ¢). Finally, we show
how Py x4 can be further extended and investigate its connection with quadrics.

Let ¥ ~PG(hk —1,q) be a subgeometry of PG(hk — 1,4") such that ¥ is the set of
fixed points ¥ = Fix(W), where W is a semilinear collineation of PG(hk — 1, qh) of order h.
Throughout the remaining part of the paper, we assume that ¢ > hk 4+ 1 and we set X to be
the canonical subgeometry PG(hk — 1, g), i.e.,

Y= {((xl,...,xhk))th LOn ) €I o) # 0, 0))

Clearly, ¥ is the set of fixed points of the semilinear collineation W of PG(hk — 1, ¢"") of
order h, defined by

LV ((x1, e ,xhk))th > ((x?’ e ’ka)>th.

3-1. Construction
Consider a normal rational curve /\/},k’qh in PG(hk — 1, ¢"). For an imaginary point P of
Nk gh» the subspace X*(P) = (P, PY,. .., P‘I’h_l)th is an (h — 1)-dimensional projective

subspace of PG(/k — 1,4"). We now consider the projective subspaces X(P) obtained by
intersecting X*(P) with the subgeometry X. We show that these subspaces form a pseudo-arc
in PG(hk — 1, ¢).

PROPOSITION 3-1. Let Py, ..., P, be imaginary points of Nhk’qh in PG(hk — l,qh), no
two of which lie in the same orbit under the cyclic group generated by V. Assume that
W stabilises Ny gn and that £ > k. Then the set

(X, i=1,...,¢}
is a pseudo-arc in X.

Proof. Since the points P, . .., Py are imaginary points of hk,gh» it follows from the def-
inition and from Lemma 2-4 that each X(P;) is an (h — 1)-dimensional projective space
of 2. Suppose, by contradiction, that k£ of them do not span the whole space X. Then, with-
out loss of generality, we may assume that X(P1), ..., X(Py) are contained in a hyperplane
of X. This would imply that the points

] \I}hfl ] \Ilhfl ] qlhfl
PI’PI”"’PI ,Pz,P2,...,P2 ""’Pk’Pk""’Pk

are contained in a hyperplane of PG(hk — 1, qh). However, since Py, ..., Py belong to dis-
tinct orbits under the cyclic group generated by W, all the above points are distinct. Thus
we obtain hk distinct points of the normal rational curve N hkgh» that are contained in a
hyperplane of PG(hk — 1, ¢"), contradicting the fact that hk,gh 15 an arc of PG(hk — 1, qh.
Therefore, every k of the subspaces X(P;) span X, and the claim follows.

From the above result, the question of determining normal rational curves Nhk’qh
stabilised by W naturally arises. We consider it in the following.
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12 FRANCESCO PAVESE AND PAOLO SANTONASTASO
PROPOSITION 3-2. Let Ny i be a normal rational curve of PG(hk — 1, q"). Then Nigegh 0

% = Niq if and only ifN}:Ik’,qh = ./\/’hk’qh.
Proof. Recall that ¥ = Fix(W), that is,
PeY < PY=P. @31

Assume first that Ny n N E = N g Then Ny g © Ny n and N 4 is pointwise fixed by
W, by (3-1). Moreover, since |Nhk,q| =g+ 1> hk+ 2, by [26, theorem 6-30], Nhk’qh is the
unique normal rational curve of PG(hk — 1, qh) containing Nhk,q. Since W is a collineation
of PG(hk — 1, qh), it follows that ./\/;l‘p is also a normal rational curve containing Mk,q;

k.g"
v
hence NV, g = Nk gh-

Conversely, assume that NV, h‘i,qh :Nhk,qh. Let vy g0 - PG(1, q") — PG(hk — 1, 4") be the
Veronese embedding and set

Nigh = Wnegn(u 02 (. 0)5,, € PG(1,¢")} S PGk — 1,¢").
Every normal rational curve of PG(hk — 1, ¢") is projectively equivalent to ./\/Zk e Hence
there exists A € GL(kk, qh) such that

Nikg ={A V@, 07 (. 0)r , € PG(L, ")},

Since NV, hk,g" is W—invariant, for every ((u, 1)) € PG(1, qh) there exists a (necessarily unique)
point (', ¥')) € PG(1, ¢") such that

AT vy i )T = (A vy i (u, nH)Y =4 Vg )T (32)
Multiplying (3-2) on the left by A~! yields
S Vg @ 1) T = vy @ ¥)T, where  S:= A~'A% € GL(hk, ¢").

Thus the projectivity induced by S stabilises the standard curve N};k e By [26, theorem

6-32], there exists a matrix B € GL(2, qh) such that the action of S on ./\/Zk / is induced by
B, that is, for every ((u, t))th € PG(1, qh),

Vgt (B @) =S vy (. 1) (3-3)

We now determine Ny » N E. Let P=A vy, ()" € Njy . By (3:1), P€ T if and
only if PY =P, that is,
S vhk,qh(uq, T = Vpk g (U nr. (3-4)

Note that, by definition of S, we have the identity

h—1

S§9...87  =].

Equivalently, by (3-3), the matrix B € GL(2, g") (defined up to scalar multiplication)
satisfies
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On pseudo-arcs from normal rational curve and additive MDS codes 13

By Hilbert’s Theorem 90 (see, for example, [42, proposition 3, p. 151] and [19, proposition
1-3]), there exists C € GL(2, qh) such that

B=C"lc1. (3-5)
Substituting (3-5) into (3-3) and using (3-4), we obtain
Vg (CTHCIWI 1D T) = vy (s, 1),

which implies that ((u, 1)) € PG(1, ¢).

Therefore, N nk,gh N Z 1s the image under A vy i of a PG(1, g)-subline. Consequently,
N, hk,gh (1 2 is a normal rational curve in X.

At this stage, we need to compute the number of imaginary points of a normal rational
curve of PG(hk — 1, ¢") fixed by W. Taking into account Proposition 3-2, we can represent
the normal rational curve as in (2-3):

Nikgr = {022 g, 1€ Fpf U (O, ..., 0, D), ).

We next determine the conditions under which a point of the normal rational curve is
imaginary.

LEMMA 3-3. The imaginary points of N, hk,gh are precisely the points of the form
Po=((La,a?,....a" g, (3:6)

where o € th satisfies Fy(a) = th.

Proof. Forany @ € Fp andi=0,...,h— 1, we have
v q 24 (hk—1)q'
P, ((1 ol a0, ..« ))th.
h—1
Consider the matrix whose rows are representatives of the points Py, P, ,...,P;I’ s
namely
1 o O[2 . Olhk_l
hx hk
My=1| . . . . el ;( .
: : : : q
1 o' g2 L k=D
This is a (rectangular) g-Moore matrix associated with the elements 1, o, a2, ..., o1,

By [30, lemma 3-51], we get that the rows of M, are linearly independent over IF g if and
only if « does not belong to any proper subfield of I, that is, if and only if Fq(a) =
Consequently, the points

U \.Ilh71
Py PY.....P

o

span an (h — 1)-dimensional projective space if and only if « generates I » over ;. This
proves the claim.
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14 FRANCESCO PAVESE AND PAOLO SANTONASTASO

In view of Proposition 3-1, we consider imaginary points that do not belong to the same
orbit under the cyclic group generated by W. It is straightforward to verify that this con-
dition corresponds to selecting elements « € F s lying in distinct orbits of the g-Frobenius
automorphism. For this reason, we define Ay, to be a set of representatives of the orbits
of size h of F_» under the g-Frobenius automorphism. Note that « € Ay 4 if and only if
Fg(a) =F . The size of Aj 4 coincides with the number of monic irreducible polynomials
over I, of degree h and is given by

1 h
Angl =~ ~)q*
|Angl= Zu(d) :
dlh
where u denotes the Mobius function, defined for m € N by
1 ifm=1,
w(m)= 3 (=% ifmis the product of k distinct primes,
0 if m is divisible by the square of a prime.

See for instance [25, section 1-6]. The size of A4 can be expressed as

1 h 1 h\ 4
|Ah,q|:_ZM(‘)qd=—+—ZM<—>q.
h 4o \d h hdet\d
d<h

In particular, for fixed /, the dominant term is ¢”/h, and hence

qh
[Apgl ~ 7 as g — oo.

Thus, for fixed A, the quantity |Aj,4| has the same asymptotic order as ¢". In particular,
[Apgl= O(¢g"), as g grows. Finally, we observe that, when & is prime, the expression for
| Ap,g| simplifies to

h

9 —q
Apgl = .
| h,q| h
The following result holds true.
THEOREM 3-4. The set
Phig:= {X(Pa) =X"(Py) N E, o € Apgyl, (37

where Py is as in (3-6), is a pseudo-arc in ¥ >~ PG(hk — 1, q) having size | Apq4].

Remark 3-5. Note that, in order to construct a pseudo-arc as in Proposition 3-1, it is enough
to consider an arc of PG(hk — 1, ¢") left invariant by W. Hence, the proposition can be
extended to any arc of PG(hk — 1, ¢") having this property. However, one then needs to
determine the imaginary points of such an arc that do not belong to the same orbit under the
cyclic group generated by W.
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On pseudo-arcs from normal rational curve and additive MDS codes 15
3-2. The pseudo-arc Py 4 is non-Desarguesian

Let D be a Desarguesian (h — 1)-spread of ¥ with director spaces O, ev, ..., @‘I’}H.
A natural way to construct a pseudo-arc of X is the following. Consider an arc A in
® ~ PG(k — 1, ¢"). The subset of D given by

XA)={X(P):Pc A}

is a pseudo-arc of X. Since all the elements of a pseudo-arc obtained from an arc A in this
way belong to the Desarguesian (h — 1)-spread D of ¥, we will refer to such a pseudo-
arc as a Desarguesian pseudo-arc. In this section, we prove that the pseudo-arc P 4 is
non-Desarguesian, that is, there is no Desarguesian (2 — 1)-spread of ¥ containing all its
members.

Consider the setting as in Section 3-1. Let .A/'hk’qh denote the normal rational curve of
PG(hk —1,4"), ¢ > hk + 1, as in (2-3). Then ./\/—hk’qh N = = Ny g, where X is the canonical
subgeometry PG(hk — 1, ). Let H be the subgroup of PGL(/k, ¢) of order (¢° — ¢)/d, where
d =gcd (2, g — 1), isomorphic to PSL(2, g) acting on ./\/hk,q, see Lemma 2-3.

LEMMA 3-6. The group H fixes the pseudo-arc
Phig={X(Po) =X*(Pos)N T 0 € Apg).

Proof. The group H stabilises both ¥ and N hkgh- I particular, if § € H, and P, is a point

of ./\/’hk’qh, where o does not lie in any proper subfield of th, then Pi = Pg, with $ not
contained in any proper subfield of F . The assertion follows.

LEMMA 3-7. There is no Desarguesian (h — 1)-spread of % left invariant by H.

Proof. Assume, by contradiction, that D(®) is a Desarguesian (h — 1)-spread fixed by H.
Then H is a subgroup of the group of projectivities G of X leaving invariant D(®). See
Section 2-2-1, for a description of G. Since the orbit of a director space of D(®) under G has
size h, it follows that O the orbit of © under the action of H, has size at most 4. Hence the
stabiliser in H of © is a subgroup of H having order |H|/|®|. Since g > hk + 1 >2h + 1,
we have that

HI _\HI_ 2IH| _ 2q(q+1)
©H = h —g—1 d

By [45, theorem 6-25], there are no proper subgroups of H of order greater than or equal to
2q(g + 1)/d. Therefore, ® is fixed by H. In particular, H is a subgroup of Gy. Next, denote
by C the subgroup of H of order g(g — 1)/d fixing the point P1 = ((1,0,. .., 0))F, of ./\fhk,q.
By Lemma 2-6, the group C has to fix pointwise the member of D(®) containing Py, say I.
An element of C is induced by the matrix

k=1 (hkl—l)ahkfzb (hkz—l)ahk,'jbz o phk—1
0 =3 (hk;Z) dh=4p L phk=24-1
M(a, b) = 0 0 a"k=5 c. P32 ’
0 0 0 A R
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16 FRANCESCO PAVESE AND PAOLO SANTONASTASO
for some aeIFZ, beF,. M(a, b) sends (1,0,...,0) to a*=1(1,0,...,0). Let T=

((x1,x0, ... ,xhk))]Fq be a point of I' distinct from P;. Observe that every projectivity
of C has to fix T. Then M(a, b) sends (x1,x2,...,xm) to a™®'(x1,x2,...,xpm), for
all a € IF; b eF,. In particular M(a, 0) sends (x1,x2,...,Xu) to ahk—l(xl,xz, s Xhi)s

for all a e IF;. Therefore, if xjy; # 0, with 0 <i < hk — 1, then ahk_l_Zixi+1 = ahk_]x,url
implies a %=1, for all a er, that is ¢ — 1124, with 0 <i<hk—1<g—2. Two pos-
sibilities occur, either i =0, or ¢ is odd, with ¢ <2hk— 1, and i=(¢ — 1)/2. In the
former case T and P; coincide, a contradiction. Assume that ¢ is odd, with ¢ <2hk —
1, and T = {(x1,0,...,0, xq+1 0,...,0))r,, where Xq+l #0. Note that M(1, b) sends
(1,0,...,0) to (1,0,...,0). Hence necessarlly, M(1,b) sends (x1,0,...,0,x441,0,...,0)
to (x1,0,...,0, X%I, O, ...,0), for all b € IF;. Hence the following hold: ’

hk—1—i 3
( - .’):0, 0<’<qT' (3-8)

L= —i

2

Setr=/hk—1—(g—1)/2.Since (g — 1)/2 <hk — 1 < q—2= (g — 1)/2+ (g — 3)/2. then
0 <r<(g—3)/2, and (3-8) are equivalent to

<rﬂ> —o, 1<j<L
J 2

Let g=p° and m=p*~!. We claim that (/") #0 in F,. Since p>3 and m > 1, then
pm—1)/2—m=((p—2)m—1)/2>0 and hence (pm —DR2=@'-1)/2=(@-1)/
2 >m. For a fixed r, with 0 <r < (g — 3)/2, let b, c¢ integers such that r = bm + ¢, with
0<c<m-—1.Notethat 1 <b+1<(p+ 1)/2, otherwise, if b> (p + 1)/2, then r = bm +
c>bm>(p+1)/2m> (q—3)/2, a contradiction. Consider the polynomial (1 + X)" "
over F,. Since r +m= (b + 1)m+ ¢, we have that (1 +X)" " = (1 + X)"*+D(1 + X)¢ =
(1 +X™P+1(1 4 X)°. On the one hand, the coefficient of X" in (1 + X)"*" equals ("),
whereas on the other hand, since ¢ < m, the coefficient of X in (1 + X"™)**t1(1 + X)¢ equals
b+ 1. Therefore

(’+m)zb+1 (mod p)
m

and hence (’ +’") #0 in F,. As a consequence, the group C does not stabilise T,
a contradiction.

The next result has been obtained in [12].

THEOREM 3-8. Let F be a pseudo-arc of PG(hk — 1, q) of size k+ 1 and let D, D' be
distinct Desarguesian (h — 1)-spreads of PG(hk — 1, q) such that F C DND’. Then |D N
D'|=(g" — 1)/(q" — 1) for some proper divisor r of h. Moreover, if D = D(®), then D N D’
corresponds to a subgeometry isomorphic to PGk — 1, ¢") of ©® ~ PG(k — 1, ¢").

Combining the previous result, together with [23, p. 66], the following holds.

COROLLARY 3-9. Let D, D’ be distinct Desarguesian (h — 1)-spreads of PG(hk — 1, ).
The size of a pseudo-arc of PG(hk — 1, q) contained D N'D’ cannot exceed q" + k, for some
proper divisor r of h.
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On pseudo-arcs from normal rational curve and additive MDS codes 17

We are now ready to prove that the pseudo-arc Py, 4 is non-Desarguesian.
THEOREM 3-10. The pseudo-arc
Phig={XPo) =X*(P)NE € Apy}
is non-Desarguesian.

Proof. Assume, by contradiction, that D is a Desarguesian (h — 1)-spread of ¥ such that
Phig CD. Since H fixes Py 4, but there is no Desarguesian (h — 1)-spread left invariant
by H, it follows that there is a Desarguesian (h — 1)-spread of X, say D', contained in D,
with D # D', and such that Py, C D ND’. Therefore, by Corollary 3-9, we have

[ Phigl <q" +k

for some proper divisor r of 4. On the other hand,

b h-1
q' —q qg—1 ,_
| Phigl = 1Angl > h == s

Since g > hk + 1, we have (¢ — 1)/h > k, and hence

| Angl = kg" ™",
Since r < h, we have ¢" < ¢"~!. Therefore
d+k<qd" " +k<kd ' <|Apgl:
where the strict inequality follows from & > 2 and ¢"~!
contradiction proves the assertion.

> k under our assumptions. This

3-3. Extending the pseudo-arc Py 4

A pseudo-arc is said to be complete if it is not contained in a larger pseudo-arc. The study
of the completeness of the normal rational curve has been addressed in a series of papers
(41, 43, 44]. In this section, we show that it is possible to enlarge the pseudo-arc Py, in X,
which arises from the normal rational curve N, nkgh of PG(hk — 1, ¢"), by adding the oscu-
lating spaces of the normal rational curve ./\fhk,q of X. Throughout, we keep the notation of
Section 3-1 and assume that char(IFq) =p > h. Again, let ./\/’hk’qh denote the normal rational
curve of PG(hk — 1, qh), q > hk — 1, as in (2-3). Then ./\/’hk,qh nx =J\/hk’q, where X is the
canonical subgeometry PG(hk — 1, g). For each point Q € /\/hk,q, let Oscy—1(Q) be the oscu-
lating space of order & — 1 at O, which is an (4 — 1)-dimensional projective space of X since
p > h. Consider the family

On—1 1= {Oscp_1(pig(1, 1) : t €Fy} U {Oscp_1(varq(0, 1))},
which consists of g 4+ 1 projective subspaces of dimension 2z — 1 in X.
THEOREM 3-11. Assume that char(F;) = p > h. Then
PhigU On_1

is a pseudo-arc in ¥ = PG(hk — 1, q) of size |Ap 4|l +q+ 1.
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18 FRANCESCO PAVESE AND PAOLO SANTONASTASO

Proof. By Theorem 3-4, we know that P, is a pseudo-arc. We need to show that adding
the osculating spaces in O, preserves the pseudo-arc property. For each r € IF,, let A; be
the matrix whose rows form a basis for the osculating space of order & — 1 of N, at the
point vy 4(1, 7). According to (2-4), we can write

1 ¢ t2 . thkfl
2% .- (hk — 1)i*—2
0 0 21 --- (hk—1)(hk—2)"*3
A= e Fhx. (3-9)
h—1
o -~ 0 .- [1 (hk — i) ="
i=1

According to (2-5), the osculating space of order & — 1 at vy 4(0, 1) is spanned by the rows
of the matrix

0 0 1
0 1

A= |0 10 0feR/ (3-10)
0 --- 1 0 0 0 0

Finally, for each @ € Ay, 4, define B, as the matrix whose rows are the vectors representing
the points P, PY

\Ph—l
w2 Py ,namely

1 o o? . ofk=1
1 aq azq [N a(hk—l)q
2 2 2
q 2 ... (hk—1)q
B,=|1 « o o € Fhxhk,
q
1 of" g2 L k=D

The row space of B, spans the subspace X*(P,) associated with the orbit of P, under V.
To prove the assertion, it is enough to show that for any j € {1, . . ., k}, if we take j pairwise
distinct elements #1, ..., # € F, U {oo} and k — j pairwise distinct elements o, ..., 0 €
Apg4, then the block matrix

Nim | 20 | e

By, ;
is nonsingular. When j = k, only the matrices A;, appear in N.
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Assume, for contradiction, that N is singular. Then there exists a nonzero vector

hk
c=(co,...,cm—1) €F

such that Ne T = 0. This means that
Ac’ =0 forallie(l,...,j), Byc' =0 forallrefl,... .k—j}.

Define the polynomial

hk—1
f@)=)" iz €F 41Z].

i=0
From B,,¢' = 0 we deduce that

f@f)=0,  refl,....k—j}, sef{0,1,...,h—1},

since the s-th row of B, corresponds to the evaluation of f at ol . Because F gloy) = ]th,

h—1
the conjugates «;., al ... al  are hdistinct elements of th. Hence each «, contributes &

distinct simple zeros of f.
From A,l.cT =0, if t; % oo we obtain

FfOu)=0, forallee{0,1,...,h—1}

where f© denotes the ¢-th derivative of f. Thus each #; is a root of multiplicity at least /. In
total, f has at least j - h zeros (counted with multiplicity) coming from the #;, and (k —j) - h
distinct simple zeros coming from the «,. Hence f has at least sk zeros in F» counting
multiplicities. Since deg f < hk — 1, this is impossible for a nonzero polynomial. Therefore f
must be the zero polynomial, implying ¢ = 0. Hence N is nonsingular. Finally, if one of the
parameters t; = 0o, then the last & coordinates of ¢ vanish, that is, cp—p = cpg—pt1 =+ - =
chk—1 = 0. In this case f has degree at most hk — h — 1, and the same argument as above
applies verbatim, yielding the desired contradiction.

We now compare the size of the pseudo-arc Py, U Op—1 with the upper bound in (1-1).
For fixed h, we have

|Angl =0(g") asg— oo.
Therefore, the pseudo-arc Pp i, U Op_1 has size
|Angl +g+1=0(").

In particular, for fixed / and k, its size has the same asymptotic order as ¢"* as ¢ — oco. Thus
the order of magnitude of the provided constructions matches with the order of magnitude
of the upper bound in (1-1), also in the non-Desarguesian setting considered here.

Remark 3-12. The question whether the pseudo-arc Pj i, U Op—1 is complete naturally
arises. We remark that, in the case (%, k) = (2,2), the pseudo-arc P>, U O in PG(3, q)
coincides with the one presented in [24, section 21-4]. In this case the pseudo-arc is com-
plete if g=1 (mod 3) [24, theorem 21-4-1]; on the other hand, if g= —1 (mod 3), g > 2,
by adding the imaginary axis, a non-Desarguesian spread of lines of PG(3, g) is obtained,
see [24, theorem 21-4-2].

Downloaded from https://www.cambridge.org/core. UNIVERSIDAD AUTONOMA METROPOLITANA, on 16 Nov 2026 at 02:22:44, subject to the Cambridge Core terms of use
, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/50305004126102308


https://www.cambridge.org/core/terms
https://doi.org/10.1017/S0305004126102308
https://www.cambridge.org/core

20 FRANCESCO PAVESE AND PAOLO SANTONASTASO
3-4. Pseudo-arcs and quadrics

Quadrics are intimately connected with arcs. For instance, in [20] it is proved that every
arc in PG(k — 1, ¢) having size 2k — 1 is contained in the intersection of a unique projec-
tive space S of quadrics of dimension (kgl) — 1 that does not contain a quadric that is the
union of two hyperplanes. Moreover, a normal rational curve in PG(k — 1, ¢) is the complete
intersection of such a space S of quadrics. We refer to [20] for further results of this type. In
the following, we investigate this relationship in the context of pseudo-arcs. A pseudo-arc
is said to be an intersection of quadrics if there exists a family of quadrics whose intersec-
tion contains each of its subspaces. It is called a complete intersection of quadrics if that
intersection contains no further points besides those lying in the union of its subspaces. By
Proposition 2-7, we see that if an arc A in ® ~PG(k — 1, ¢") is intersection of a family of
quadrics, then the members of the associated pseudo-arc

XA)={X(P):Pc A}

are still contained in the intersection of a suitable family of quadrics. Moreover, X(A) is a
complete intersection of quadrics if A does.

PROPOSITION 3-13. Let AC © ~PG(k — 1, qh) be an arc, and assume that it is an inter-
section of quadrics in PG(k — 1, ¢"). Then the associated Desarguesian pseudo-arc X(A) of
PG(hk — 1, q) is an intersection of quadrics in PG(hk — 1, q). Moreover; if A is a complete
intersection of quadrics, then the associated pseudo-arc X(A) is a complete intersection of
quadrics as well.

By [20, theorem 3-3], a normal rational curve of PG(k — 1, ¢) is the complete intersec-
tion of a space of quadrics not containing any hyperplane-pair. More precisely, consider the
normal rational curve

Nig =, 6,2, 8 D), 1 1€ Fg U {0, ..., 0, D), ).
The space of quadrics whose complete intersection is /\/k,q is generated by the quadrics

Q,’JZ XiXj — xiy1xj-1 =0, 1<i<j—2,2<j<k, (3-11)
of PG(k — 1, g) which span a vector space of dimension (kgl). None of these quadrics is
a union of two hyperplanes, and their intersection coincides exactly with the normal ratio-
nal curve. Clearly, we can apply this description to a normal rational curve N kgt of O
PG(k — 1, ¢"). By Proposition 3-13, the Desarguesian pseudo-arc X(V, k) of PG(hk — 1, g),
associated with ./\[k’qh, is a complete intersection of quadrics as well.

Now, we investigate the situation for the pseudo-arc P4, constructed from the imagi-
nary points of a normal rational curve as in Theorem 3-4. We prove that, despite the fact that
it also originates from points of a normal rational curve, its geometric behaviour is funda-
mentally different: no quadric of the ambient projective space contains all of its elements.
Consequently, this pseudo-arc is not an intersection of quadrics.

We consider the same setting as in Section 3-1, with ¥ = PG(hk — 1, ¢), ¥ and the normal
rational curve Ny, . as defined therein.

THEOREM 3-14. There is no quadric of PG(hk —1,q) containing all the (h— 1)-
dimensional projective spaces of the pseudo-arc Ppyg4. In particular, Phy g is not an
intersection of quadrics.
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Proof. Assume, by contradiction, that there exists a quadric © of PG(hk — 1, ¢) containing
all the (h — 1)-dimensional projective spaces

X(Py)=X"(P)NZE, o€,

where P, is as in (3-6). Let Q* denote the extension of Q to PG(hk — 1, ¢"), obtained
by viewing the defining homogeneous quadratic equation of Q over Ith. Since Q con-
tains X(Py), it follows that Q* contains X*(P,). In particular, Q* contains the points
P,, P(‘f, - ,P(‘XI’ i for every a € Apy. These are pairwise distinct points of the normal
rational curve N\, hk,gh- Therefore, Q* contains the sub-arc

o

Ao:={Py € Apg. i=0,....h—1} SNy .
whose size is

| Aol =hlAngl =q" =Y ¢ =q"—q"".

dlh
d<h

In particular, since g > hk, then | Ag| > 2hk — 1. Hence, by [20, theorem 3-3], the quadric
Q* vanishes on the whole normal rational curve N hkg and must belong to the space of

quadrics defining ./\/'hk’ 4'» namely the space generated by the quadrics of PG(hk — 1, "

Q;; 1 xixj — Xip1xj—1 =0, 1<i<j—2,3<j<hk,

cf. (3-11). In particular, we may write
Qr: Z Aij (xXixj — Xip1x-1) =0,
1<i<j—2

3<j<hk

for some coefficients A;; € I n, not all zero. It can then be checked by direct computation
that the bilinear form

B*(x,y) = Z YijXiVj»

i

with x = (x1,...,xm) and y = (y1, . . ., yur), is the bilinear form associated with Q*, where
the coefficients y;; are given by

Y11 = V12 = Vik—1hk = Ynk.nk = 0,

YLj = Al for all j > 3,

Yi.hk = Aihks for all i < hk — 2,

Yii = —2Ai—1,i+1, forall2 <i<hk—1,

Viitl = —Ai—1,i+2, forall 2 <i<hk—2,

)’j,iZViJZ)»iJ—)\,i_lJ+1, forall2§i§j—2, 4§j§hk— 1.

Since the coefficients A;; are not all zero, it follows from the above expressions that the
bilinear form B* is not identically zero. Moreover, since X*(P,) C Q* for every o € Aj 4,
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22 FRANCESCO PAVESE AND PAOLO SANTONASTASO

and since P, P;I’, ... ,Pg’lﬂ belong to X*(Py), it follows from [26, lemma 1-5] that
B*(PY,PY"") =0 (3-12)
foreverya € Apgandi=0,...,h—1.

Now,letZ=(1,Z,..., th—l), and consider the polynomial

f2):= B L. 2= y;;z" ' 240D,
iy
Since g > hk and B* is non-zero, f(Z) is a non-zero polynomial over th of degree at most

(hk —1)(g + 1). By (3-12), for every a € Ap, the elements o, a9, . .. ,oﬂh_l are zeros of
f(Z). Hence, f(Z) has at least

WAyl =d" ="'
distinct zeros. In particular, for ¢ > hk + 1 this number is strictly larger than deg (f) <
(hk — 1)(g + 1), which contradicts the degree bound. Therefore, no such quadric Q exists.

4. Applications to additive MDS codes

Pseudo-arcs have recently regained considerable attention, especially because of their
connection with additive MDS codes. Indeed, in [6] it was shown that they represent the
geometric counterpart of additive MDS codes. In this section, we first recall the neces-
sary background on additive codes and their geometric interpretation. We then prove that
the codes associated with the pseudo-arc P,k 4 constructed in Theorem 3-4 correspond pre-
cisely to the additive MDS codes arising from a polynomial construction recently introduced
in [33]. As a consequence, we show that these codes are not equivalent to any linear MDS
code. Finally, by considering the extension of the pseudo-arc Py, via osculating spaces,
we can also extend the codes constructed in [33].

4-1. Basics on additive Hamming metric codes
We begin by recalling some basic notions of Hamming-metric codes that will be needed
in the following. For further background, we refer the reader to [3].

Let n be a positive integer and let I denote a finite field. The Hamming distance on F”" is
defined by

da(x,y) := [{i:x;i #yi}l,

for all vectors X = (x1,...,x,) andy = (y1, . . . , ¥p) in F"". A Hamming-metric code is simply
a subset of the metric space (F", dy). A code C is called additive if it is closed under vector
addition, i.e., if x,y € C implies x +y € C. Suppose now that the alphabet is F =T, the
finite field with ¢" elements. Viewing IF,» as a vector space over its subfield Fy, we say that
acode C C IF’;h is Fy-linear if it is an IF;-subspace of (IFZh, dp).

We write that C is an Fy-linear (n, qk ,d) " code if C is an [F;-linear Hamming-metric code
in th, dimg, (C) =k, and d is the minimum distance:

d =dyg(C) := min{dy(ci, c2):¢c1,¢2 €C, €] #¢3).

If the minimum distance is not known or not relevant, we simply denote C as an F,-linear
(n, g~ 4+ code. Note that every additive code is ), -linear, and every Fy-linear code is additive.
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On pseudo-arcs from normal rational curve and additive MDS codes 23

When C is [ »-linear, we refer to it simply as a linear code. The Hamming weight of a vector
X=(X(,...,X,) € IFZh is defined as

wH(X) := du(x, 0) = [{i : x; #0}].

Since dy(x,y) =wn(x —y) for all x,y € F’;h, the minimum distance of an additive code C
can be equivalently expressed as dg(C) = min{wg(c): c € C \ {0}}, see e.g. [6, lemma 3].
The fundamental trade-off between the parameters of a Hamming-metric code is expressed
by the classical Singleton bound: if C is an Fy-linear (n, e d)4n code, then

g < ghn=d+D),
Codes that attain equality in the Singleton bound are called maximum distance separable
codes, or simply MDS codes.

Definition 4-1. Let C and C’ be FF4-linear Hamming-metric codes in ]th. We say that C and

C' are [Fy-linearly equivalent if there exist I -linear automorphism ¢, . .., ¢, of F granda
permutation 6 of {1, ..., n} such that

C ={(@1(x0(1))s - - - » Puxo(m)) : (X1, - . ., xn) €C}.

Codes that are [ -linear equivalent clearly have the same size and the same minimum
distance. Note that this notion of additive equivalence includes the monomial equivalence,
where each ¢; is of the form y — «;y, with «; € F*,, in which case the codes are also called

monomial (or linear) equivalent, see e.g. [27].

Remark 4-2. When g = p is prime, the notion of IF,,-linear equivalence coincides with the
general notion of equivalence for Hamming-metric codes. Indeed, in full generality two
Hamming-metric codes C and C’ are said to be equivalent if the maps ¢; in Definition 4.1
are arbitrary permutations of Ith. However, as shown in [5], for additive MDS codes the
appropriate notion of equivalence is precisely additive equivalence, i.e., IF,-linear equiva-
lence. Indeed, [5, theorem 4] shows that if C and C’ are additive MDS codes in FZ,,, then C

and C’ are equivalent if and only if they are F,-linearly equivalent. It should also be noted
that, as observed in [5, section 4], it is not known whether equivalence can in general be
characterized in terms of additive equivalence for all additive codes. Our study, however, is
restricted to additive MDS codes, for which, in the case where g = p, this characterization
applies. For further details on equivalence in Hamming-metric spaces, we refer the reader to
[5, 9] and the references therein.

Finally, we recall that in the sequel we only consider Hamming-metric codes that are
nondegenerate, meaning that the code cannot be isometrically embedded into a smaller
ambient space.

4-2. The geometry of additive Hamming metric codes

There is a well-known geometric interpretation of codes endowed with the Hamming
metric. A linear (n, qk, d)4 code C corresponds to a multiset of points in PG(k — 1, ¢), and
conversely, see e.g. [49]. In [6], this correspondence was extended to additive codes over
finite fields, see also [1]. Below we briefly recall this viewpoint.
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A generator matrix of a (n, qhk ,d) ¢ code C, which is linear over I, is an sk x n matrix
with entries from [F,, whose row space over I, is C. Fix an Fy-basis {w1, . . . , wp} of th and
let w=(wi,..., a)h)T. Then the j-th column of G is of the form Gjw, for some G; € sz”’.
Define 7; as the subspace of PG(hk — 1, g) corresponding to the column space of G;, for
eachje{l1,...,n}. Each 7; has projective dimension at most & — 1. Also the subspace 7; is
independent of the chosen [F;-basis of ]th, see [1, remark 3-1]. Therefore, we can consider
the multiset Y = {rmry, ..., w,}. Conversely, given a multi-set of subspaces of PG(hk — 1, q)
of projective dimension at most & — 1, once that an F-basis {1, . .., w,} of th is fixed, an
additive code C can be constructed by reversing the above process.

THEOREM 4-3. C is an additive (n, qkh,d)qh code which is linear over ¥ if and only if
the multi-set U of subspaces obtained from a generator matrix G of C is such that every
hyperplane of PG(hk — 1, q) contains at most n — d elements of U and some hyperplane
contains exactly n — d elements of U.

Note that different choices of the generator matrix G yield different representatives of the
same multisets of subspaces. Precisely, if G’ is another generator matrix for C, then G’ = MG
for some M € GL(hk, g), and the multisets of subspaces defined by G and G’ lie in the same
orbit under PGL(%k, g). The following holds.

THEOREM 4-4 (see [1, result 3-3]). There is a one to one correspondence between equiva-
lence classes of F4-linear (n, g, d)qh codes and orbits of multisets U formed by n subspaces
of PG(hk — 1, q) of projective dimension at most h — 1, such that every hyperplane contains
at most n — d elements of U and some hyperplane contains exactly n — d elements of U.

For the case h = 1, the correspondence reduces to the classical connection between linear
Hamming-metric codes and multiset of points in a projective space.

We now turn our attention to MDS codes. It is a classical result that linear MDS (n, qk )g
codes correspond to arcs in PG(k — 1, g). Using the geometric description of additive codes,
this correspondence can be extended to provide the geometric counterpart of additive MDS
codes.

THEOREM 4-5. Let C be an additive (n, qkh, d)qh code which is linear over IFy. Then the set

of subspaces obtained from a generator matrix G of C is a pseudo-arc in PG(hk — 1, q) if
and only if C is an MDS code.

4-3. The pseudo-arc Py 4 and additive MDS codes

In view of Theorem 4-5, the pseudo-arc Py 4 constructed in Theorem 3-4 correspond to
additive MDS codes. In this subsection, we show that these additive MDS codes coincide
precisely with the family of additive MDS codes recently introduced in [33]. Exploiting the
geometric properties established for these pseudo-arcs, we then prove that the corresponding
codes are not equivalent to any linear MDS code.

We start by recalling the additive MDS codes introduced in [33].

Definition 4-6. Let @ =(ay,...,a,), where ay, ..., a, are distinct elements of Aj 4. For
any integer 1 <k < n, define the code

Shkg(@) = {(F(@1), . ... flan)) :f(x) € Fylx], deg () < hk} SF,. (4-1)
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The codes Sy, k,q(e¢) can be regarded as the sublinear analogue of Reed—Solomon codes.
Indeed, they are F-linear MDS codes over th, and can be obtained as subcodes of classical
Reed-Solomon codes over I of dimension /k, evaluated on subsets of Aj 4. As proved in

[33, theorem 5-17], the code Sh,k,q(oc) is an Fy-linear (n, qhk, n—k+1 )qh code, and hence

an [F,-linear MDS code in th. The maximum length occurs when n = |Aj 4|. Note that a
generator matrix of Sy 4(e) is given by

1 1 .. 1

o a ay

— 052 062 Ol2 hkxn
G g(0r) 1 2 n € th . 4-2)
hk—1 hk—1 hk—1
a; a, a,

PROPOSITION 4-7. Let a = (o, ...,q,), where ay,...,oa, are the distinct elements of

Ap 4. For any integer 1 <k <n, the set of subspaces obtained from the generator matrix
Gi,n(et) coincides with the pseudo-arc Py g4 as in (3-7).

Proof. A generator matrix for Sy 4(et) is G = Gprq4(e) as in (4-2). Let o be a normal ele-

ment of the extension th /Fg, and set @ = (w, 0, . .. ,a)qh_] )T. The j-th column of G can
be written as
1
aj
. =Gjw, (4-3)
hk—1
&;j

for some G; € IF‘Zth. Keeping the notation of Section 3-1, recall that

h—1
X*(P(X])=<P(¥]9P(\)Z’7P§; )Fh’
q

where Py, is as in (3-6) and note that
Py ={(af @) ),
If Gjl, e, G]'.‘ denote the columns of Gj, by (4-3), we have
T T
Py €((Gj) ... (G) g -

q

Moreover, for every i,

a)q
1 wqi+l
qi
(Xj i
2\49 h—1
(aj ) = G] Cl)q s
: )
hk—1\4' :
o .
(@)
a)q
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so that Po‘g_i € ((G})T, e, (G]’.’)T)th as well. Therefore,
X(Pog) = X*(Pey) N 3 = PG(U}, F,),

where U; is the [F -column space generated by the columns of G; and so a pseudo-arc
associated with Sy, x 4(e) is P4 provided in Theorem 3-4.

The question of determining whether the codes Sy, k. 4(et) are equivalent to linear MDS
codes remained open in [33]. In what follows, we answer this question in the negative by
adopting a geometric approach. A geometric criterion for determining when an additive code
is F,-equivalent to a linear code is recalled below.

PROPOSITION 4-8 (see [1, lemma 3-7]). An [Fy-linear (n, g™, d)qh code C is Fy-equivalent
to a linear code in F", if and only if the set of subspaces obtained from a generator matrix
q

G of C consists of (h — 1)-dimensional projective subspaces contained in a Desarguesian
(h — 1)-spread of PG(hk — 1, q).

Since, by Theorem 3-10, the pseudo-arc P, is non-Desarguesian, we obtain the
following result.

PROPOSITION 4-9. Assume that ¢ > hk + 1 and let « = (a1, . . ., aty), where oy, . . ., a, are
all the distinct elements of Ay 4. For any integer 1 < k < n, the code Sh,k,q(a) - ]th, defined
in (4-1), is not Fy-equivalent to any linear MDS code in ]th.

Proof. By Proposition 4-7, the set of subspaces obtained from the generator matrix Gy i 4 (o)
is the pseudo-arc P 4. By Theorem 3-10, the pseudo-arc Pp i, is non-Desarguesian.
Therefore, by Proposition 4-8, the assertion follows immediately.

4-4. Extending the code Sy, i 4(o)

As shown in Section 3-3, the pseudo-arc Py, 4, can be further extended to a larger pseudo-
arc. An immediate consequence on the coding-theoretic side is that the corresponding codes
S;hk,q(oc) can be extended to longer additive MDS codes. In this section, we provide an
explicit description of these extended codes.

Definition 4-10. Let & = (ay, . .., ®,), Where a, ..., a, are distinct elements of Ay 4, and
let t=(t1, ..., ty), where t1, ..., 1, are distinct elements of [F,. Let w be a normal element
of F» over IF. For any integer 1 <k < n, define the code

h—1 _ h=1 ,-
Shiglee, t,00):= {(flar), ... flen), Y [P o?, ... ) " fPm) o, f(50)
i=0 i=0
(4-4)

:f(x) € Fylx], deg (f) < hk gIF;,f’"“.

where, if f(x) = Y150 i, we define £(50) 1= Y0 fr—ni 9.

The code S q(e, t, 00) extends Sy 4(e) by adding evaluation points corresponding to
derivatives and to the point at infinity. We prove that the resulting code is still an additive
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MDS code by showing that it is precisely the code associated with the extended pseudo-arc
Phig U On_1 as defined in Theorem 3-11.

THEOREM 4-11. The code Sp . 4(et, t, 00) C IE‘Z,T’"H defined as in (4-4) is an additive MDS
code.

Proof. By considering as an F,-basis of the space of polynomials in [ [x] of degree

less than Kk the set {1, x, x2, ..., xll }, we can explicitly describe a generator matrix of
Shiglee, t,00). Setw = (w, 0, . . ., w?"” )". More precisely, a generator matrix is given by
G= (Gh,k,q(a) |H1 | T ’Hm | Hoo),

where Gj g 4(@) is as in (4-2), H; :A;w fori=1,...,m, and Hy :AoTow. Here A;, and
A are defined in (3-9) and (3-10), respectively. Hence, the set of subspaces obtained
from the generator matrix G of Sj4(et, t, 00) is Pp iy U Op—1. The assertion follows by
Theorem 3-11 and Theorem 4-5.

We remark that the maximum length of the code S,k 4(et, t, 00) is
|Ah,q| + q + 1’

and that, if ¢ > hk — 1, it is not F,-equivalent to any linear MDS code in th, as immediate
consequence of Proposition 4-9.

4.5. Further comments

For small parameters, additive MDS codes that are not equivalent to linear MDS codes
have been classified in [6, section 6]. In particular, the authors have proved that the longest
(n, 46, n — 2)42 additive MDS code that is not equivalent to a linear MDS code has parame-
ters (11,4, 9),2. Moreover, the corresponding pseudo-arc P is unique up to a collineation
of PG(5,4) and can be described as follows. Let w be a primitive element of [F4> such that
w*=w+ 1. Then e =w?’ is a primitive element of Fy4 satisfying e =e + 1 and P consists

of the lines:

(1,0,0,0,0,0),(0,1,0,0,0,0)r,,
(1’ 0’ 1’ 09 1’ 0)’ (0’ 1’ O’ 1903 1)>F4’ (1’ O’ 0’ e’ 1’ e), (0’ 1’ e’ ez’ e’ 0)>F4’

( t=((1,0,e,e,e,1),(0,1,¢, 1,1, D)F,,
( Ly =
((1,0,e,¢%,0,1),(0,1,¢%, 6%, 1,eM)F,, £6=((0,0,1,0,0,0),(0,0,0,1,0,0)),,
( lg=(
(

(07 0’ 0’ 0? 17 0)’ (07 0’ 0’ 0? 07 1)>1F47 (1’ 07 O’ 1’ 09 e)? (O’ 17 17 62’ e’ e2)>]F4’
(1,0,1,¢%, €%, 1),(0, 1, 1,1,0,e))r,,  £10=1((1,0,1,¢,¢,0),(0,1,¢%0,¢,e))p,,
£11={((1,0,¢,0,¢,¢),(0,1,1,¢,¢, e))p,.

£
43
Ls
%
Ly

Actually, the pseudo-arc P can be described as the pseudo-arc Py, UOp—1 in
Theorem 3-11, with k =3, h =2, and ¢ = 4. In this case, the size of P234 U Oy is

2

42 _4
[Apgl +q+1=|Ar4|+5= +5=11,
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since h =2 is prime and hence |Ap 4| = q'= , and P34 U Oy coincides with P. Indeed,
embed PG(5, 4) in PG(5, 4%) and consider the set N formed by the points

(11,0, % €%, 0))
((1,€%,1,0,0, €))p,,
(0,0, 1,w*,0, 0))rye»
((0,0,0,0,1,w )>]F16’
(
(

((1,0,0,0,0,0)F,,
=((L,e,1,e,1,€))F,
Ls=((0,1,¢* ¢% 1, e*)p,q,
L¢ = ((0,0,1,w°,0,0)p,,
LY =((0,0,0,0, 1, w'H)p,q,

5 14 12
(lw wd WL WL W) Fyes

LY = ((1, w13 w2 w5 w11 w3))]1r16, ={((, w? , W w4 w10 w ))]Fm,
10 11 11 13
L9 - ((1 W W W, W, W ))]F]()’ L10= ((l,W W o, W, W, W ))]F]()’
14 7 4 .6 2 .6 .3 .90
(Lw W W wt wO)p, Lyt = (1, w,w", W, w”, w))F,

=
={(1, wh wd, w? w2, w6))]1r16

Here W is the involutory collineation of PG(5, 4%) fixing pointwise PG(5, 4). The projectivity
induced by the matrix (acting on the left)

1 e 0 1 1 €2
e 1 1 1 €& 0
e 1 e 0 1 1
1 e 1 e 0 1
e 21 &2 e ¢
2 e 0 e e 1

maps N to the normal rational curve N/ 6,42 consisting of the points
U628, 8 P))p e |1 € Fi6) U {((0,0,0,0,0, D)p,o).

Hence A is a normal rational curve of PG(5, 4%). Moreover, the line ¢; is the intersection of
the line (L;, L;I’)F] ¢ With PG(5,4),if i =6, ..., 11; whereas the line ¢; is the intersection of
the line tangent to A at the point L; with PG(5, 4) in the case wheni=1,2, 3,4, 5.
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