ARCS AND TENSORS

SIMEON BALL AND MICHEL LAVRAUW

ABSTRACT. To an arc A of PG(k — 1,q) of size ¢ + k — 1 — ¢t we associate a tensor in
(vk1(A))®F 1 where vy ; denotes the Veronese map of degree ¢ defined on PG(k — 1, q).
As a corollary we prove that for each arc A in PG(k —1,¢q) of size ¢+ k — 1 —t, which is
not contained in a hypersurface of degree ¢, there exists a polynomial F(Y7,...,Ys_1) (in
k(k — 1) variables) where Y; = (X1, ..., Xjx), which is homogeneous of degree ¢ in each
of the k-tuples of variables Y}, which upon evaluation at any (k — 2)-subset S of the arc
A gives a form of degree t on PG(k — 1, ¢) whose zero locus is the tangent hypersurface
of A at S, i.e. the union of the tangent hyperplanes of A at S. This generalises the
equivalent result for planar arcs (k = 3), proven in [2], to arcs in projective spaces of
arbitrary dimension. A slightly weaker result is obtained for arcs in PG(k — 1, q) of size
q + k — 1 —t which are contained in a hypersurface of degree t. We also include a new
proof of the Segre-Blokhuis-Bruen-Thas hypersurface associated to an arc of hyperplanes
in PG(k —1,q).

1. INTRODUCTION AND MOTIVATION

An arc of PG(k —1, q) is a set of points no k of which are contained in a hyperplane. Arcs
are the subject of Segre’s fundamental problems proposed in 1955 [10] and they play an
important role in Galois geometry [11]. Segre’s celebrated result from [9] which says that
an arc of size ¢ + 1 in PG(2,¢), ¢ odd, is a conic, has inspired many mathematicians to
work on problems related to arcs in projective spaces over finite fields. Normal rational
curves are well known examples of arcs of size ¢+ 1. There are arcs of size ¢+2 in PG(2, q)
when ¢ is even called hyperovals. For a list of the collineation groups of these arcs, see [8].

Another driving force for the study of arcs is the fact that they are equivalent to linear
Maximum Distance Separable codes (MDS codes), which according to [7] form “one of
the most fascinating chapters in all of coding theory”. These codes have been extensively
studied and a well-known conjecture (called the MDS conjecture) claims that if 4 < k <
g — 2, then a k-dimensional linear MDS code over the finite field with ¢ elements has
length at most ¢ + 1. The MDS conjecture was proven for ¢ prime in [1].

The most recent result from [2] verifies the MDS conjecture for k < /g —/q/p+2, in the
case that ¢ = p?* and p is an odd prime. Contrary to most previous results in this direction
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(for example, the bounds from [5], [6], [12], [13], [14] and [15]) the result from [2] does not
rely on Segre’s algebraic envelope associated to an arc, and deep results on the number of
points on algebraic curves over finite fields, in particular the Hasse-Weil theorem and the
Stohr-Voloch theorem. Instead, the results in [2] are based on the existence of a certain
bi-homogeneous polynomial which upon evaluation at a point of the arc splits into linear
factors corresponding to the tangents of the arc through that point. In this paper, this is
generalised to arcs in projective spaces of arbitrary dimension, resulting in Theorem 1.

In Section 7 we compare this result to the hypersurface associated to an arc of hyperplanes
as obtained in the sequence of papers [11] for k = 3, in [3] for k = 4, 5, and [4] for arbitrary
dimension k£ > 3.

2. THE TANGENT HYPERSURFACES AND THE MAIN THEOREM

Throughout, A will be an arc of PG(k — 1, q) of size ¢+ k — 1 — ¢, arbitrarily ordered, and
we identify each point of A with a fixed vector representative. Let V;.[X] denote the vector
space of forms (homogeneous polynomials) of degree r in F,[X7, ..., Xk], and ®,[X] the
subspace of V,.[X] consisting of forms vanishing on A. As in the previous sentence we will
often write X instead of Xi,..., X}.

Each subset S of size k — 2 of A is contained in precisely ¢ hyperplanes of PG(k — 1, q)
meeting A exactly in S (called tangent S-hyperplanes). Their union forms the tangent
hypersurface of A at S. Each such hypersurface has degree ¢ and is the zero locus of

& f5() = [Jau(x),

where «;(X), i =1,...,t, are linear forms whose kernels are the ¢ tangent S-hyperplanes.
This defines fs(X) up to a nonzero scalar factor, which we will now determine based on
the evaluation of fg at carefully chosen points of A.

Let E be the set of the first kK — 2 elements of A. For each (k — 2)-subset S C A, scale
the polynomial fs(X) so that

(2) fs(e) = (=1)* foi o ay (a),

where e is the first element of F'\ 'S, a is the last element of S\ E, and s is the parity of the
permutation which orders S U{e} as in the ordering of A (to determine the value of s we
assume the ordering of A for the subset S). With this notation it should be understood
that the order is respected when taking the union of ordered sets, i.e. with “union” we
mean the concatenation of the ordered sets.

We are now in a position to state the main result of this article.

Theorem 1. Let A be an arc in PG(k — 1,q) of size q + k — 1 —t and let &,[X] denote
the space of homogeneous polynomials of degree t in X = (X1, ..., Xy) which are zero on
A. There exists a homogeneous polynomial F(Y1,...,Yr_1) (in k(k — 1) variables) where
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Y, = (Xj1,...,Xjk), and F is homogeneous of degree t in each of the k-tuples of variables
Y;, with the following properties.

(i) For every (k — 2)-subset S = [ay,...,ar—2] of the arc A we have
Flay,... a2, X)=(=1)*“"V fs(X) modulo ®,[X],

where s is the parity of the permutation which orders S as in the ordering of A.
(ii) For every sequence ay,...,ax_1 of elements of A in which points are repeated,

F(al, .. .,ak_l) =0.
(iii) For every permutation o € Sym(k — 1),
F(Yoqy, - Yo(en) = (1) VPV, Vi),

modulo ®,[Y1], ..., ®4[Ys_1], where s is the parity of o.
(iv) Any form F(Y1,..., Y1) satisfying (i), (ii) and (iii) is unique modulo ®,[Y1], ...,
O, [Vi_1].

The following three sections are mainly dedicated to proving Theorem 1.

3. THE SCALED COORDINATE-FREE LEMMA OF TANGENTS

In this section we prove what we call the scaled coordinate-free lemma of tangents for an
arc in a projective space of arbitrary dimension. The original lemma of tangents is due to
Segre [11]. A coordinate-free version was given in [1], and a scaled coordinate-free version
for the planar case was introduced in [2].

As before, A is an arc in PG(k — 1, ¢), with tangent hypersurfaces given as the zero loci of
the forms fg(X) as defined in (1) and scaled as in (2). Define the function g on ordered
subsets of A of size kK — 1 by

(3) g9(S U{a}) = (=1)*"* fs(a),

where S is an ordered subset of A of size k — 2 and s is the parity of the permutation
which orders S as in the ordering of A. Note that S is considered as an unordered set in
the notation fs(a). Extend the definition of ¢ by setting it equal to zero when evaluated

at (k—1)-tuples with repeated elements. Recall that E consists of the first k£ — 2 elements
of A.

Lemma 2. If o is a permutation in Sym(k — 1) and T is an ordered (k — 1)-subset of A
containing E, then

g(17) = (=1)""g(T),

where s is the parity of the permutation o.

Proof : If o is a permutation in Sym(k — 1) fixing £ — 1 then, by definition,
(4) g(T7) = (=1)*“Vg(T),
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where s is the parity of the permutation o.

So in order to prove the assertion is suffices to show that

g(ay, ..., ap—s, ap-1,ax—2) = (=1)*g(ay, ..., ar-1),
for any distinct aq,...,a5_1 € A.
Pick any ordered subset B = [ay,...,a;] C A of size k. Since A is an arc, it follows that

B is a basis. Denote by B;; ; the ordered set obtained from B by removing the [-th, the
i-th and the j-th point from B and by By, ;j(z,y) the ordered set of points obtained from
B by removing the [-th point from B and replacing the i-th point by x and the j-th point

by .
Let 1 <1< j <k be fixed. For z,y € A\ By define

h(x,y) = 9(Bijr(z,y))

Then for any point u, with coordinates (u1, ..., u;) w.r.t. B, we have
t t t
h(a;,u) = H(bijuj + bigug), haj,u) = H(Cil“l + caug),  h(ag,u) = H(dilul + diju;),
i=1 i=1 i=1

for some bz‘j; Cij, dij € Fq.

Let B;; denote the ordered set of points obtained from B by removing the I-th and
the j-th point. With respect to the basis B, the hyperplane containing (B; ;) and s =
(s1,82,...,5;) € A\ B is the kernel of the linear form X; — (s;/s;)X;. Since these
hyperplanes are distinct from the tangent (B, ;)-hyperplanes, together they constitute all
hyperplanes containing B; ;, except the kernels of the linear forms X; and X;. Hence,

3 11 - 11 a--

U seA\B 5 deFq\{0}
Observing that h(ay, a;) = [['_, dij and h(ay,a;) = [[._, du, this gives
h(ax,a;) H D= |A\B|+1h(ak a) H 5;.
s€A\B s€cA\B
Similarly, by considering hyperplanes through B,
h(a;,a;) H sp = (—1)M\ B R (a;. ap) H Sy
s€A\B s€A\B
and by considering hyperplanes through B,

h(ay, ax) H s; = (—1)M\BH (g H Sk

s€A\B sEA\B
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Combining these three equations, and observing that (—1)M\BlI*1 = (—1)*! we obtain
h(a;, ag)h(ak, a;)

haj, ) = (=1 hla, a;) h(ay, a;)h(ar, ar)

We can rewrite this as
9(B)g(B;")
ik
a(B)a(B))
where B is obtained from B by removing the [-th vector, and with the understanding that

By denotes the result of removing the [-th vector from B after applying the permutation
o € Sym(k) to the k positions.

(5) g(BYY) = (~1)"*1g(By)

Consider any k — 1 distinct points ay,...,a,_1, and put T = [ay,...,a,1]. If E =
le1, ..., er_o] = [a1,...,ar_s] then by the definition of g and the scaling (2) of the tangent
forms fg(X) we have

g(ah s ap1) =gler, ..l g, ap ) = fE(ak;—l) = (_1>(k_2)(t+1)fT1(61)-

This is equal to

(—)*2E N g(es, . epa, apot,e1) = (1) Vglar_y,ea,.. . 52, €1)
where the last equality was obtained by applying (4).
Likewise, for any j € {2,...,k — 1} we obtain

felag) = (=)D £ (e;)
which is equal to
(_1)(k_1_j)(t+1)g(617 s €51, €541y - -+ CE—2, A1, ej)a

and by applying (4) we obtain

gler, ... epo,ap 1) = (—1)(”1)9(61, ey €1, A1, €ty - - Cho2, ).
We have shown that for any 7" = [ey, ..., ex_2, ax_1],

g(T7) = (=1)"g(T)

for any transposition ¢ = (7, k — 1). In combination with (4) this proves the lemma. [

Next we formulate and prove the main result of this section.

Lemma 3. [Scaled coordinate-free lemma of tangents| Let A be an arc in PG(k — 1,q),
with tangent hypersurfaces given as the zero loci of the forms fs(X) as defined in (1) and
scaled as in (2), and let g be the function as defined in (3). If o is a permutation in
Sym(k —1) and T is a (k — 1)-subset of A then

g(T7) = (=1 g(T),

where s is the parity of the permutation o.
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Proof : We will prove this by induction on the size of T'\ E (as sets), where E consists
of the first & — 2 elements of A.

If |T\ E| =1 then the lemma follows from Lemma 2.

Suppose that for each ordered (k — 1)-tuple T" for which 7'\ E has size at most r > 1, we
have
g(T?) = (1) Vg(T)

for any transposition o € Sym(k — 1).
Consider an ordered (k—1)-tuple T' = [ay, . .., aj_1] with T\ E of size r+1. Let e, denote
the first point in E' \ T in the ordering of A, and put B = [ay, ..., a5_1, €y).
Suppose that ay_o, a1 € E. Then the left hand side of (5), with j =k—2and | = k—1,
becomes ‘

g(B,(j”) =g(a1,...,ap_3,ar1,ar 2)
while the right hand side equals

(_1)t+1 (B )g(a'h ceey O3, k-2, 677)9(0,1, ceey O3, 67]7 ak—l)
g g(a'lv ceeoy A3, €p, ak—?)g(aflv ceey O3, k-1, 677) ’
which by the induction hypothesis equals
(_1)t+1g(B/€) = (_1)t+1g(a17 ceey Qp—3,AK—2, ak—l)v

since B; \ E and B; \ E are of size . This proves that if the points of 7" in position k — 2
and £ — 1 do not belong to E then

(6) 9(T7) = (=1)""1g(T)
for the transposition o = (k — 2,k — 1).

Next, suppose ax_o € E and a1 ¢ E is the last point of T" in the ordering of A. Let e,
denote the first point in E \ (T"\ {ax_2}), in the ordering of A.

Let S ={ay,...,ax_3,ax_1}. By the scaling (2) of the tangent forms fg(X) we have
(7) fs(en) = (=1 fo\fa_yuteny (@r1),

where s is the number of transpositions needed to reorder S U {e,} as in the ordering of
A. Moreover, by the definition of g, we have

fS(eﬂ) = (_1)81(t+1)g(a17 ey A3, k1, 677)7
where s; is the number of transpositions needed to reorder [ay,...,ax_3,a5_1] as in the
ordering of A, and

S92 (t—‘rl)

fS\{ak_l}U{En}(ak—l) = (_1) g(a17 ceey A3, 6777 ak—l)

where s, is the number of transpositions needed to reorder [ai,...,a;_3,€,| as in the
ordering of A. Since ay_; is the last point of T in the ordering of A we have

S =s1+s—1 mod 2
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and therefore
(_1>s1(t+1)(_1>s(t+1)(_1>sz(t+1) _ (_1)(t+1)'

Combining this with (7) we obtain
glay,...,05-3,Qp—1,€n) = (— glay, ..., 0k-3, €y, Ag—1)-
(8) ( ) = (=1)"*Vg( )
Let B denote the ordered k-tuple obtained from 7" by adding the point e,,. With j = k—2
and [ = k — 1, the induction hypothesis implies
ik

9(B) = (=1)Vg(B)
since B; \ F has size r, and by (8)

9(B;) = (=) g(B™).

Therefore by (5), with j =k —2 and [ = k — 1 we obtain g(B,ijl)) = (=1)HVg(By), ie.

g(T) = (=1)*Vg(T7),

for the transposition 0 = (k — 2,k — 1).
Next suppose ar_o € F, a1 ¢ FE and aj_; is not the last point of 7', in the ordering
of A. If a; is the last point of 7" in the ordering of A, then consider the transpositions
7= (j,k—2) and 0 = (k — 2,k — 1). Applying the permutation To7o7 to T we get

777" = [al, vy Gy Qp—1, ak_g]
which is T7. Moreover, the first time that o is applied, the pair of points in the last two
positions is (a;, ax_1), consisting of two points of 7'\ E, and therefore by (6) this gives a
factor (—1)®*V to the evaluation of g. The second time ¢ is applied, the pair of points
in the last two positions is (ax_2, a;) where a;_» € E and a; is the last point of 7" in the
ordering of A, and so, this time by (7), this gives a factor (—1)®**! to the evaluation of
g.
Finally, by (5), each of the three applications of 7 also gives a factor (—1)**V. This
amounts to a total of five factors (—1)**Y and we may conclude that also in this case

9(T) = (1) Vg(17),
for the transposition o = (k — 2,k — 1).
Thus, we have proved that if ay_o € F and ap_1 € F orif ai_s ¢ E and a1 € F then
(9) 9(T7) = (=1)""1g(T)
for the transposition o = (k — 2,k — 1).

Finally suppose that both elements a;_s,ax_1 € E. Let a; (j € {1,...,k—3}) be a point
of T\ E and consider the transpositions 7 = (j,k — 2), and ¢ = (k — 2,k — 1). Then,
similarly as above we have 777" = T  which this time also making use of (9) implies

(10) 9(T7) = (=1)""1g(T).



8 SIMEON BALL AND MICHEL LAVRAUW

This concludes the proof. 0

4. A TENSOR ASSOCIATED WITH AN ARC

In this section we show how the coordinate-free lemma of tangents can be used to construct
a particular tensor which will eventually lead to our main result Theorem 1. Let v} ; denote
the Veronese map of degree t

et - PG(k—1,9) > PG(N —1,q9) : 2= (21,...,7%) = (-..,z",...),

where N = ("~1). Under this map, the image of a point z is the point whose coordinate
¢ P g p p

vector consists of all possible monomials x! of degree ¢ in x1,...,x,. Thus, a coordinate
of the image of x is of the form z! = 2 .. -xz’“, where d; + --- 4 d, = t. The image of

the Veronese map is an algebraic variety, called the Veronese variety, and is denoted by

Vit (Fy).

For each ordered (k — 2)-subset S C A we consider the associated linear form hg €
F,[Z1,...,Zx] defined by

(11) hSOkat :fg.

We define a function h from

Vkt(A) X v (A) X oo x v (A) (B —1 factors)
to I, by
(12) h(vei(ar), vee(as), ..., vgi(ag—1)) := glay, ag, ..., ag_1).

A t-socle for A is a set of points of A whose image under the Veronese map of degree t
spans the subspace spanned by A under the Veronese map. So a t-socle is a set of points
€1, ...,em € A for which

(re(er), - s vkilem)) = (Vri(A)).
We define the function h from (v, +(A))®*~! to F, by

h Z C1iy Vi e(€iy) ® Z Cois Vi t(€iy) ® ... ® Z Clip_, Vit(€ip )

i1 i2 Tg—1

= E Clil E C2i2 e E Clik,19<€i17 ey 6,;1671),
11 12

lp—1
where each sum is from ¢; = 1,...,m.

We will show that for each aq, ..., a1 € A,

h(vgi(ar) @ vgi(as) @ ... @ vgi(ak—1)) = glai, as,. .., ax_1).
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Lemma 4. The function h defines a multilinear form on (v, ;(A))®*~1 whose restriction
to

Vet(A) X v (A) X oo x v (A) (k=1 factors)

equals h.

Proof: By definition, the function A is multilinear, and coincides with h when evaluated
at arguments of the form

v = (vkelen), vi(€s), - vrelei ) -

For each x € A with vy (z) =Y. AMivk(e;), and for each j € {1,...,k — 2}, we have

h (Vk,t(ei1)7 ceey Vk:,t(eij_1)7 Vk‘,t(x>a Vk,t(eij+1)7 ceey Vk,t<€ik_1))
= g(eip o 76ij,17xa 6ij+17 ce 7€7ﬁk_27 eik_l)
= (=1)""g(eiys - €051, Cip ys €iyprs e Ciggr T)

— (=) hp (ves())
= (=1t Z Nihg(vii(e;))

where E' = [e;,,...,€i,_,€i_,,€i ,---,€i_,). Thisin turn equals

§ t+1
)\Z<_1) g<€il7 ceey ei]'_la eik,p 6ij+17 s 7672/6,27 ei)
i

- Z Aig(eip s 7€ij_17 €, e’i]'+17 L T eik_1>
= Z \h (ykﬂf(eil) ® ... @ Vkile ) @ vri(ei) @vpelei,,) ®...Q Vk7t(eik_1))

=h (I/k7t(€i1) ® ... @ Vkelei_,) @ Vrs(T) @ vpylei,,) ® ... @ l/k,t(eik_l)) )
This shows that h and h are equal when evaluated at arguments obtained from
v = (kalen) vealei), - viilei_,))
by replacing the j-th argument in v by v4(z) (z € A).

The proof can now be finished by induction. As induction hypothesis we assume that the
values of h and h are equal when evaluated at (k — 1)-tuples obtained from v by replacing
s > 1 of the arguments of v by vg¢(x1),. .., vk(xs) for any s points x4, ...,z € A.

Let w be obtained from v, by replacing s + 1 of the arguments of v by expressions of the
form vg (1), ..., Vk(Ts41) where zq, ..., 2541 € A.

If vj1(2s41) is not in the last position of w, then define w' as the (k — 1)-tuple obtained
from w by interchanging the argument where x4, appears with the argument in the last
position. Then, by Lemma 3,

h(w) = (=1)"h(w).
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If vy (2541) is in the last position of w then put w = w.

Then h(w') = hg(vki(xsi1)) for a suitable E, and since hg is a linear form, we can
rewrite h(w’) as a linear combination of evaluations of h at (k — 1)-tuples obtained from

v by replacing s arguments of v by expressions of the form vy (71),..., vk (7s) with
x1,...,xs € A. By induction the values of A and h are equal when evaluated at such
(k — 1)-tuples. O

5. PROOF OF THEOREM 1
The previous sections contain the necessary lemma’s to prove the main theorem. We

restate the theorem for the convenience of the reader.

Theorem 1 Let A be an arc in PG(k — 1,q) of size g+ k — 1 —t and let ®,[X] denote
the space of homogeneous polynomials of degree t in X = (Xy,..., Xx) which are zero on
A. There ezists a homogeneous polynomial F(Y1,...,Yr_1) (in k(k — 1) variables) where
Y; = (Yj1,...,Yjr), and F is homogeneous of degree t in each of the k-tuples of variables
Y;, with the following properties.

(i) For every (k — 2)-subset S = [aq,...,a,_2] of the arc A we have
Flay,... a2, X) = (=1)*“V fo(X) modulo ®[X],

where s is the parity of the permutation which orders S as in the ordering of A.
(ii) For every sequence ay,...,ax_1 of elements of A in which points are repeated,

F(al, cee ,ak_l) =0.
(iii) For every permutation o € Sym(k — 1),
F(Yo@y,- - Yo(en) = (=1)* V(Y1 Vi),

modulo ®,[Y1], ..., ®4[Yi_1], where s is the parity of o.
(iv) Any form F (Y1, ..., Y 1) satisfying (i), (ii) and (iii) is unique modulo ®,[Y1], ...,
D, [Vi_1].

Proof :

Let A be an arc of size g+k—1—tin PG(k—1,¢). By Lemma 4, there exists a multilinear
form h on (v 4(A))®*71, such that for all ay,...,a5_1 € vg(A)

h(vge(ar),...,vpe(ag—1)) = glay,...,ax-1) = (—1)S(t+1)fg(ak_1),

where S = [aq, ..., ar_2| is an ordered subset of A and s is the parity of the permutation
which orders S as in the ordering of A.

The multi-linear form h corresponds to a hyperplane # in (v, (A))**~. Let H be a
hyperplane of (V. +(F,))®*~! intersecting (v +(A))® 1 in H.
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The hyperplane H is the zero locus of a linear form a on (Vg (F,))®*~!. This defines
up to a nonzero scalar factor. Now scale a such that the restriction of o to (v (A))®F~1
coincides with h (which is possible since H N (v, (A))&F~1 = H).

Denote by ¢ the polynomial map from
PG(k—1,q) x ... x PG(k — 1,¢q) — PG(N*' —1,¢q),
where N = (Hi_l), obtained as the composition of first applying the Veronese map
vpe © PG(k—1,q9) — PG(N —1,q),
in each of the k — 1 factors, and then applying the Segre embedding
o : PG(N —1,¢9) x ... x PG(N —1,q) — PG(N*' —1,¢).

Define F' as the polynomial map « o ¢. It follows that F' is a homogeneous polynomial
F(Y1,...,Y,_1) where Y; = (Yj1,...,Y);), which is homogeneous (of degree t) in each of
the Y;’s. Moreover,

F(ay,...,ax1) = (@op)(ay,...,ap_1) =g(ar,...,ar 1)

For an ordered subset S = [ay,...,a;_o] of A, consider
H(X) :=F(ay, ... a5 9, X) — (=1 f5(X),
a homogeneous polynomial of degree t.

The polynomial H(X) vanishes at the points of A and therefore belongs to ®;[X], which
proves (i).

For S = [ay,...,ax_s|, where a; € A and for which one of the a;’s is repeated,
F(ai,...,ap_o,a5_1) = g(ay,...,ax_o,ar_1) =0,

which proves (ii).

To prove (iii) it suffices to prove that

F(Xo, X1, X3, o, Xjo1) = (“ 1) F(X), Xo, Xa, oo, Xost) (mod @[ X4], .., @[ Xji]).

the other transpositions following by the same argument.

By induction on r we will prove that

F(ay,as,as,... a0 Xoi1, ..., Xpo1) = (=1)" Flag, a1, a3, ... a0, Xpi1, ... Xp_1)

modulo ([ X, 1], ..., D[ Xk1]).

This holds for » = k — 1 (in which case there are no X;’s) by Lemma 3.

By induction, whenever we evaluate at X, = a, € A, the polynomial

F(ay,as,a3,... 01, Xp, Xoi1s oo, Xpo1)— (=1 Flag, a1, a3, ..., ar—1, Xp, Xps1, s Xp_1)

is zero modulo (®,[X,11],..., P[Xk_1]). Hence, it is zero modulo (®4[X,], ..., ®;[Xk_1]),
which proves (iii).
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To prove (iv), suppose that both F' and G are polynomials satisfying (i), (ii) and (iii).
Then
Flay,...,a5—9,Ys-1) = G(ay,...,a5—2,Yr—1) (mod ®;[Y;_1]).

for any [as, ..., ar_s], where a; € A are possibly repeated.

We proceed by induction. Suppose that for all [a4,...,a,], where a; € A are possibly
repeated,

F(ai,...,ap, Y1, ..., Y1) = G(ar, ... ar, Yoga, .., Yeor)  (mod @4[Y,iq], ..., @[Yiq]).

Then, evaluating Y, at any point of A, the polynomial
F<a17 cee >ar717Y;7 s 7Yk71) - G(ah s 7&7“71>Y;”7 s 7Yk71)7

is zero (mod ®;[Y,11],...,®:[Yx_1]), which implies that
Flay,...;ar—1,Yr ..., Y1) =Glay, ... 0,1, Y, ..., Y1) (mod &Y, ], ..., §[Vi1]).
This complete the proof. O

Definition 1. The multi-homogeneous polynomial F\(Y1,...,Y,_1) whereY; = (Yj1,...,Yk),
which is homogeneous (of degree t) in each of the Y;’s, is called a tensor form of A. Note
that a tensor form of an arc is unique modulo the ideals of forms of degree t vanishing on
A in each of the k-tuples of variables Y1, ..., Yr 1.

6. HYPERSURFACES CONTAINING AN ARC

Suppose ¢ = p", where p is an odd prime. Let A be an arc in PG(k — 1,q) of size
g+ k—1—1tand let S be a subset of A of size k — 3. Projecting A from S one obtains
a planar arc and the results from [2] apply. These results imply that A is contained in a
hypersurface of degree ¢t + pl°&» ¥ which is the cone of a planar curve of degree t 4 pll°g»t
and the subspace ().

The following theorem implies that there may be more hypersurfaces containing A. In-
deed, we will consider a specific example in which Theorem 5 tells us more than what we
obtain from simply projecting.

In the following, X (i) = X1 ... X',

Theorem 5. Let A be an arc in PG(k—1,q) of sizeq+k—1—t and let F(Y1,...,Ys1)
be the (t,t,...,t)-form whose ezistence is given by Theorem 1. If A is not contained in a
hypersurface of degree t then the coefficient of Y{* -+ Y, 52, where i = (imis - - -y imk), 0
FYi+X,.... Vs o+ X, X)—FY1,...,Ys 2, X)
1s @ homogeneous polynomial in X of degree at most
k=2 k

(B =1t =" im,

m=1 j=1

which is zero on A.
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Proof. Let x € A and define F,(Y],...,Y; o) as the F' we obtain by applying Theorem 1
to the arc A obtained by projecting A from x. Explicitly, this can be done in the following
way.

Choose a coordinate j such that x; # 0. For each a = (a4, ..., a;) € A, define a point @ of
PG(k —2,q), whose i-th coordinate is a;x; — a;x;, for i # j. So @ has no j-th coordinate.

Let -
A={a|aec A\ {z}}.

Theorem 1 implies the existence of a form G(Z1, ..., Zx_2) for A. Note that each Z,,; has
not j-th coordinate. Then define F, as the polynomial obtained from G by substituting
Zmi = Iiji — ZEiij for ¢ 7£ j
Since Z,,; is unaffected by the substitution Y,,; — Y,.; + z;

Fx(}/l +$7"'7Yk—2+x) = Fx(}/la"'a}/k—2)-
Both F,(Y3,...,Ys o) and F(Y7,... ,Yk,z,_:c) satisfy all the properties of the F-form ob-
tained by applying Theorem 1 to the arc A, apart from the fact that each Y; is a k-tuple

and not a (k — 1)-tuple. However, the same uniqueness argument used in part (iv) of the
proof of Theorem 1 applies, so they are the same.

Therefore, for all x € A,
FYi+x,....Yy ot x,2)=F(Y,...,Yr0,2),
from which the theorem follows. O
We now consider an example which illustrates that Theorem 5 can prove the existence of
hypersurfaces containing A which are not obtained simply by projection.
Theorem 6. If q is odd then an arc of size ¢ + 1 in PG(3,q) is contained in a quadric.
Proof. Suppose that A is an arc of PG(3, ¢q) of size ¢+ 1 not contained in a quadric. Then
k=4,t=2and & = {0}.
By Theorem 1, there is a (2,2, 2)-form
F(1,Y2,Ys) = ) b Y1 Y3Y3,
J1,J2,J3
where the sum goes over all j,, = (Jin1, Jm2, Jm3, Jma) such that jo1 + Jme + jms + Jma = 2,
with the properties therein stated.

Since t + 1 is odd, and ®; = {0}, Theorem 1 (iii) implies

bjl’j27j3 = _b
Since F,,(Y1,Y2) has no Yj; or Yo terms

J1,J3:J2°

b(2707070):j27j3 = O’

ifjll 7é 0 or jgl 7é 0.
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Applying Theorem 5 to the coefficient }/1(2’0’0’0)1/2(0’1’0’0)

(13) 2X5 feres (X3, Xa) + (b(2,0,0.0),(0.1,1.0),(0.0.1.1) T 0(2,0,0,0),(0,1,0.1),(0.0.2.0)) X3 X4
+(b(2,0,0,0),(0,1,0,1),(0,0,1,1) + b(2,0,0,0),(0,1,1,0),(0,0,0,2))X3X42
defines a hypersurface containing A.

Note that it is not zero, since ¢ is odd and fe,, (X3, X4) # 0.
1(02,0.0)3,(1,00,0)
1 2

, we have that the polynomial

Applying Theorem 5 to the coefficient
(14) 2X1 feres (X3, Xa) + (5(0,2,0,0),(1,0,1,0),(0,0,1,1) F 5(0,2,0,0),(1,0,0,1),(0,0,2,0)) X3 X4

+(b(0,2,0,0),(1,0,0,1),(0,0,1,1) + b(0,2,0,0),(1,0,1,0),(0,0,0,2))X3Xf
defines a hypersurface containing A.

Then dividing X;(13) — X5(14) by X3X, we have that there is a polynomial
c13X1 X3 + 14 X0 Xy + €3 Xo X3 + a0 Xo Xy,

which is zero on A. Again, this polynomial is not zero since this would imply that
2X1 feres (X3, Xy) is zero on A, which it is not.

Hence, A is contained in a quadric. O

, we have that the polynomial

7. THE SEGRE-BLOKHUIS-BRUEN-THAS HYPERSURFACE

In this section we elaborate on the hypersurface associated to an arc of hyperplanes in
PG(k —1,q) obtained in [11] for k = 3, in [3] for k = 4,5, and [4] for arbitrary dimension
k > 3. We will give a new proof for its existence and compare this result with Theorem
1.

For j = 1,...,k — 1 consider X; = (X;1,...,Xjx) as a k-tuple of indeterminates. We
denote by
det(Xb . 7Xk71)

the determinant of the matrix which is obtained from the matrix with the X;’s as rows
and the 7-th column deleted.

The main theorem of [4] implies that there is a homogeneous polynomial ¢(Z1,..., Z)
of degree t for g even and of degree 2t for ¢ odd, which vanishes at the points of the dual
space which are dual to the hyperplanes containing exactly k — 2 points of an arc A. We
paraphrase the main result of [4] as follows.

Theorem 7. Letm € {1,2} be such that m—1 = q modulo 2. If A is an arc in PG(k—1, q)
of size ¢+ k — 1 —t, where |A| > mt + k — 1, then there is a homogeneous polynomial
in k variables ¢(Zy,...,Z), of degree mt, which gives a polynomial G(X1,..., Xy_1) in
k(k—1) indeterminates under the substitution Z; = det;(Xq, ..., Xx_1), with the property
that for each (k — 2)-subset S ={y1,...,yx—2} of A

G- Yr2, X) = (fs(X))™
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Proof. Order the arc A arbitrarily and let E be a subset of A of size mt + k — 1. Define

(15> G(Xh s an—l) = Z (fT\{ak—l}(ak—l))m det(Xl, — ’Xk_l’ U)

- weB\T det(ay,...,ax_1,u)
where the sum runs over subsets T' = {a1,...,a5_1} of E.
Observe that G can be obtained from a homogeneous polynomial of degree mt in 71, ..., Zj

under the change of variables Z; = det;(Xy,..., X;_1).
For S = {y1,...,yr—2} define

hs(X) =Gy, ... yr-2,X).
Note that hg(X) is well-defined since any reordering of S can only ever multiply hg(X)
by (—1)™ = 1.

For S C E, the only nonzero terms in hg(X) are obtained for subsets T' of E containing
S. Therefore

hs() = Y Gslap™ [ Sl oten X

a€E\S uEE\(SU{a}) det(yi, ..., yr—2.a,u)

The evaluation of hg(X) at x € E is equal to zero if x € S and equal to (fs(x))™ # 0
otherwise. Since, with respect to a basis containing S both fg' and hg are homogeneous
polynomials in two variables of degree mt, we conclude that hg = fg".

If S is not contained in F then we proceed by induction on the size of S\ E. As induction
hypothesis we assume that for each subset S with S\ F of size r the polynomials hg and
f& are equal. Let S = {y1,...,yr—2} be such that S\ E is of size r + 1. W.l.o.g. assume
yp—1 ¢ E. Then for x € E we have

hs(z) = (=1) hs (yk—1) = hs (ys-1),

where S’ is the set obtained from S by replacing the (k — 1)-th element y,_; of S by x.
On the other hand, by the definition (3) of ¢ and the scaled coordinate-free lemma of
tangents, we have

(fs(@)™ = (g1, ye-1,2)" = (91, Ur—2, T, yp—1))" = (fsr (yr—1))™"

By induction hg/(yr—1) = (fs'(yx—1))™, and therefore the polynomials hg and f&* have
the same evaluation at points in F. Applying the same argument as in the case where
S C E we obtain hg = fg". O

We now compare Theorem 7 to Theorem 1. First, observe that the polynomial G as
defined in (15) is homogeneous of degree mt in each of its k-tuples of variables, and
G takes the value zero when evaluated at an argument which contains repeated points.
Next, by Theorem 7, for any subset S = {a1, ..., ax_2} of A we have G(ay,...,a,_1,X) =
(fs(X))™. Also, as we already explained in the proof of Theorem 7, it follows from the
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scaled coordinate-free lemma of tangents that the polynomial G it is not affected by
reordering of the points in its arguments. We obtain the following theorem.

Theorem 8. Let m € {1,2} be such that m — 1 = q modulo 2. If A is an arc in
PG(k—1,q) of size g+ k —1—t, where |A| > mt+ k — 1, then there exists a polynomial
G(Y1,...,Ye1) (in k(k — 1) variables) which is homogeneous of degree mt in each of the
k-tuples of variables Y;, with the following properties.

(i) G(ay,...,a5—2,X) = (fs(X))™ for every (k — 2)-subset S = {ay,...,a5_2} of A;
(i) G(ay,...,ax—1) =0 if a;, = a; for some i # j;
(i) G is symmetric in its k — 1 arguments Y1,...,Ys_1;

Note that for ¢ even, Theorem 8 is an improvement of Theorem 1. It proves that the
modulo ®,[X] is not necessary in Theorem 1 for ¢ even, although the uniqueness would
not be valid without the modulo ®,[X]. For ¢ odd, Theorem 8 has the advantage that
its properties hold true without the modulo ®;[X]; the disadvantage is that the degree of
G in each of its k-tuples of arguments is 2t whereas for the form F' from Theorem 1 it
is only t. We do not believe that the modulo ®,[X] is necessary in Theorem 1 for ¢ odd

although, as in the ¢ even case, the uniqueness would not be valid without the modulo
o, [X].
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