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Abstract

Using commutative algebra methods, we study the generalized minimum distance
function (gmd function) and the corresponding generalized footprint function of a
graded ideal in a polynomial ring over a field. The number of solutions that a system of
homogeneous polynomials has in any given finite set of projective points is expressed
as the degree of a graded ideal. If X is a set of projective points over a finite field and /
is its vanishing ideal, we show that the gmd function and the Vasconcelos function of /
are equal to the rth generalized Hamming weight of the corresponding Reed—Muller-
type code Cx (d) of degree d. We show that the generalized footprint function of 7 is a
lower bound for the rth generalized Hamming weight of Cx (d). Then, we present some
applications to projective nested Cartesian codes. To give applications of our lower
bound to algebraic coding theory, we show an interesting integer inequality. Then,
we show an explicit formula and a combinatorial formula for the second generalized
Hamming weight of an affine Cartesian code.

Keywords Reed-Muller-type codes - Minimum distance - Vanishing ideal - Degree -
Hilbert function.
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1 Introduction

LetS =K|[r,...,t] = 69[‘}0:0501 be a polynomial ring over a field K with the standard
grading, and let / # (0) be a graded ideal of S. In this work, we extend the scope
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of [25] by considering generalized footprint and minimum distance functions. Given
d,r € N4, let 74, be the set:

Far:=Uft..... frY T Sal fi..... f, are linearly independent over
K’(I: (flv‘-'afr)) #I}a

where f = f + I is the class of f modulo 7 and (I: (f1,..., f)) = {g € S|gf; €
I, Vi}is referred to as an ideal quotient or colon ideal.

We denote the degree of S/1 by deg(S/I). The function §;: Ny x N} — Z given
by

51(d.r) = deg(S/1) — max{deg(S/(U, F)| F € Fq,} if Fa,r # 0,
IRET) = deg(S/1) if Far =19,

is called the generalized minimum distance function of I, or simply the gmd function of
1.1fr = 1, one obtains the minimum distance function of I [25]. To compute §; (d, r)
is a difficult problem. One of our aims is to introduce lower bounds for §; (d, ) which
are easier to compute.

Fix a monomial order < on S. Let in (/) be the initial ideal of 7, and let A_([) be
the footprint of S/ consisting of all the standard monomials of S /I with respect to <.
The footprint of S/1 is also called the Grobner éscalier of I. Given integersd,r > 1,
let M 4., be the set of all subsets M of AL(I)y := A<(I) N Sy with r distinct
elements such that (in<(1): (M)) # in<(I). The generalized footprint function of I,
denoted fp,, is the function fp; : Ny x Ni — 7Z given by

tp,(d,r) = deg(S/I) - max{deg(s/(in<(1), M) | M e M<,d,r} if M<,d,r ;é @,
Pri&T) =10 deg (/1) it Mg, =0.

If r = 1, one obtains the footprint function of / that was studied in [28] from a
theoretical point of view (see [25,26] for some applications). The footprint of vanishing
ideals of finite sets of affine points was used in the works of Geil [9] and Carvalho [3]
to study affine Reed—Muller-type codes. Long before these two papers appeared, the
footprint was used by Geil in connection with all kinds of codes (including one-point
algebraic geometric codes); see [10—12] and the references therein.

The definition of &;(d, r) was motivated by the notion of generalized Hamming
weight of a linear code [19,21,37]. For convenience we recall this notion. Let K = [,
be a finite field, and let C be a [m, k] linear code of length m and dimension k, that is,
C is a linear subspace of K™ with k = dimg (C). Let 1 < r < k be an integer. Given
a subcode D of C (that is, D is a linear subspace of C), the support x (D) of D is the
set of nonzero positions of D, that is,

x(D):={i|3(a1,...,amn) € D, a; # 0}.
The rth generalized Hamming weight of C, denoted §, (C), is the size of the smallest

support of an r-dimensional subcode. Generalized Hamming weights have received a
lot of attention; see [3,6,9,15,18,20,30,32,35,37-39] and the references therein. The
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study of these weights is related to trellis coding, t—resilient functions, and was moti-
vated by some applications from cryptography [37].

The minimum distance of projective Reed—Muller-type codes has been studied
using Grobner bases and commutative algebra techniques; see [3,4,9,13,25,31] and
the references therein. In this work, we extend these techniques to study the rth gen-
eralized Hamming weight of projective Reed—Muller-type codes. These linear codes
are constructed as follows.

Let K = F, be a finite field with g elements, let P*~! be a projective space over K,
and let X be a subset of P! The vanishing ideal of X, denoted I (X), is the ideal of S
generated by the homogeneous polynomials that vanish at all points of X. The Hilbert
function of S/1(X) is denoted by Hx(d). We can write X = {[Py], ..., [Pn]} C ps—1
with m = |X]. Here, we assume that the first nonzero entry of each [P;] is 1. In the
special case that X has the form [X x {1}] for some X C ]F;’l, we assume that the
sth entry of each [P;] is 1.

Fix a degree d > 1. There is a K-linear map given by

evg: Sq— K™, [ (f(P),..., f(Pw).

The image of S; under evy, denoted by Cx(d), is called a projective Reed—Muller-
type code of degree d on X [7,16]. The points in X are often called evaluation points
in the algebraic coding context. The parameters of the linear code Cx (d) are:

(a) length: |X],
(b) dimension: dimg Cx(d),
(c) rth generalized Hamming weight: 5x(d, r) := §,(Cx(d)).

The contents of this paper are as follows. In Sect. 2, we present some of the results
and terminology that will be needed throughout the paper. If F is a finite set of
homogeneous polynomials of S \ {0} and Vx(F) is the set of zeros or projective
variety of F in X, over a finite field, we show a degree formula for counting the
number of points in X that are not in Vx(F):

 [deg(S/U(): (FY) if U(X): (F)) # I(X),
XA V()] = {deg(sn(X)) if (1(0): (F)) = 1(),

and a degree formula for counting the zeros of F in X (Lemmas 3.2 and 3.4). These
degree formulas turn out to be useful in order to prove one of our main results (Theo-
rem 4.9).

If X is a finite set of projective points over a finite field and 7 (X) is its vanish-
ing ideal, we show that 8;¢x)(d, r) is the rth generalized Hamming weight dx(d, r)
of the corresponding Reed—Muller-type code Cx(d) (Theorem 4.5). We introduce
the Vasconcelos function 9 (d, r) of a graded ideal I (Definition 4.4) and show that
1 x)(d, r) is also equal to 8x(d, r) (Theorem 4.5). These two abstract algebraic for-
mulations of §x (d, r) give us a new tool to study generalized Hamming weights. One
of our main results shows that fp; x;, (d, r) is alower bound for §x (d, r) (Theorem 4.9).
The footprint matrix (fp 1(X) (d, r)) and the weight matrix (5x(d, r)) of I(X) are the
matrices of size reg(S/1(X)) x deg(S/1(X)) whose (d, r)-entries are pr(X) d,r)
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and 8x (d, r), respectively (see Remark 4.6). In certain cases, the rth columns of these
two matrices are equal (Example 6.3, Theorem 9.5). The entries of each row of the
weight matrix (§x(d, r)) form an increasing sequence until they stabilize [37]. For
parameterized codes, the entries of each column of the weight matrix (6x(d, r)) form
a decreasing sequence until they stabilize [14, Theorem 12].

In Sect. 5, we introduce projective nested Cartesian codes [4], a type of evaluation
codes that generalize the classical projective Reed—Muller codes [22,27,33]. It is an
interesting open problem to find an explicit formula for the minimum distance of
a projective nested Cartesian code. Using footprints and the integer inequality of
Lemma 5.3, we show a uniform upper bound for the number of zeros in a projective
nested Cartesian set X for a family of homogeneous polynomials of fixed degree d,
where d is close to the regularity of the ideal /(&) (Theorem 5.5). For projective
spaces, this upper bound agrees with the classical upper bound of Sgrensen and Serre
[33, p. 1569].

As an application of our methods using generalized minimum distance functions,
we were able to find a simple counterexample to a conjecture of Carvalho et al. [4],
[25, Conjecture 6.2] (Example 6.1). In Sects. 6 and 7, we show some examples and
implementations in Macaulay?2 [17] that illustrate how some of our results can be used
in practice. A finite set of generators for the vanishing ideal of a projective space, over
a finite field, was found by Mercier and Rolland [27, Corollaire 2.1]. More generally,
for the vanishing ideal of a projective nested Cartesian set a finite set of generators was
determined in [4, Lemma 2.4]. These results are especially useful for computational
purposes (Examples 6.1 and 6.4).

To show some other applications to algebraic coding theory, we prove the following
interesting and non-trivial inequality.

Theorem 8.5 Letd > 1l and 1 < e; < --- < ¢, be integers. Suppose 1 < a; < ¢; and
1 <bj <ejfori =1,...,m,areintegers such thatd = ) ;a; =), b; and a # b.
Then,

m m
w(a,b) > (Zai_ Z ei—(k—2))ek+1-~-em—ek+2~-~€m

i=1 i=k+1

fork=1,...,m— 1, where w(a,b) = [ a; + [/, bi — [/, min(a;, b;).

We give two more applications. The first is the following explicit formula for the
second generalized Hamming weight of an affine Cartesian code.
Theorem 9.3 Let A;,i = 1,...,s — 1, be subsets of Fy, and let X C P! be the
projective set X = [A] X --- X Ag_1 x {1}]. If d; = |A;| fori =1,...,5 — 1 and
2<dy <---<ds_1,then

(drv1 — L+ Ddiyo---dg 1 —dpyz---ds—y if k<5 -3,
(SX(d,Z) = (dk_H — 0+ 1)dk+2"'d5_1 -1 1fk=S—3,
di g — €+ 1 ifk=s—2,

where ) < k < s—2and ¢ are integers,d = Zle di—D+L,and 1 <€ < dp41—1.
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Using this result, one recovers the case when X is a projective torus in P! [14,

Theorem 18] (Corollary 9.4). The second application of this paper gives a combi-
natorial formula for the second generalized Hamming weight of an affine Cartesian
code, which is quite different from the corresponding formula of [1, Theorem 5.4],
and shows that in this case the second generalized Hamming weight is equal to the
second generalized footprint.
Theorem 9.5 Let P, be the set of all pairs (a, b), a, bin N*, a = (a;), b = (b;), such
thata #b,d =) ";a; =) ;bi,1 <a;,bj <di—1fori=1,....,n,n:=s5—1,
ai #0and b; # Oforsome 1 <i,j <n IfX =[A] x--- x A, x {1}], with
A; CFy,di =|Ail,and2 < d < --- < d,, then

fp;x)(d, 2) = 6x(d,2) = min{P(a, b)| (a,b) € Pa} for d < Yo (di — 1),

where P(a, b) = H?:l(di —a;) + l_[?:l(di —b;) — l_[?:l min{d; — a;, d; — b;}.

In case the set of evaluation points X lie on an affine algebraic variety over a finite
field IF,;, the work done by Heijnen and Pellikaan [18], though formulated in a different
language, relates footprints and generalized Hamming weights and introduces methods
to study affine Cartesian codes (cf. [18, Section 7]). These methods were used in [1]
to determine the generalized Hamming weights of these codes.

There is a nice combinatorial formula to compute the generalized Hamming weights
of g-ary Reed—Muller codes [18, Theorem 3.14], and there is an easy-to-evaluate
formula for the second generalized Hamming weight of a projective torus [14, The-
orem 18]. There is also a recent expression for the rth generalized Hamming weight
of an affine Cartesian code [1, Theorem 5.4], which depends on the rth monomial in
ascending lexicographic order of a certain family of monomials. It is an interesting
problem to find alternative, easy-to-evaluate formulas for the rth generalized Ham-
ming weight of an affine Cartesian code.

For all unexplained terminology and additional information, we refer to [2,5,8] (for
the theory of Grobner bases, commutative algebra, and Hilbert functions) and [24,35]
(for the theory of error-correcting codes and linear codes).

2 Preliminaries

In this section, we present some of the results that will be needed throughout the paper
and introduce some more notations. All results of this section are well known. To
avoid repetitions, we continue to employ the notations and definitions used in Sect. 1.
Generalized Hamming weights Let K = [, be a finite field, and let C be a [m, k]
linear code of length m and dimension k.

The rth generalized Hamming weight of C, denoted §, (C), is the size of the smallest
support of an r-dimensional subcode, that is,

8, (C) :=min{|x(D)| : D is alinear subcode of C with dimg (D) = r}.

The weight hierarchy of C is the sequence (61(C), ..., 8;(C)). The integer §1 (C) is
called the minimum distance of C and is denoted by § (C). According to [37, Theorem 1,
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Corollary 1], the weight hierarchy is an increasing sequence
1 <61(C) <+ <8(C) <m,

and 6,(C) <m —k+rforr =1,...,k. Forr = 1, this is the Singleton bound for
the minimum distance. Notice that §,(C) > r.

Recall that the support x (8) of avector B € K™ is x (K ), that is, x (B) is the set
of nonzero entries of S.

Lemma 2.1 Let D be a subcode of C of dimensionr > 1. If B1, ..., B, is a K-basis
Sor D with 8; = (Bi1, ..., Bim) fori =1,...,r, then x(D) = U;_, x(B;) and the
number of elements of x (D) is the number of nonzero columns of the matrix:

Bri - Bri- Bim
B B Bom
ﬂr,l ﬂr,i ﬂr,m

Commutative algebra Let I # (0) be a graded ideal of S of Krull dimension k. The
Hilbert function of S/1 is:

H;(d) :=dimg (Ss/14), d=0,1,2,...,

where I; = I N S4. By a theorem of Hilbert [34, p. 58], there is a unique polynomial
hy(x) € Q[x] of degree k — 1 such that H;(d) = hj(d) for d > 0. The degree of the
zero polynomial is —1.

The degree or multiplicity of S/I is the positive integer

e =D limg oo Hi(d)/d*"if k> 1,
deg(S/1) := {dimK(S/I) if k= 0.
We will use the following multi-index notation: for a = (ay, ..., as) € N°, set

=" t{*. The multiplicative group of the field K is denoted by K*. As usual,

ht(7) will denote the height of the ideal /. By the dimension of 7 (resp. S/I), we mean

the Krull dimension of S/7. The Krull dimension of S/ is denoted by dim(S/1).
One of the most useful and well-known facts about the degree is its additivity:

Proposition 2.2 (Additivity of the degree [29, Proposition 2.5]) If I is an ideal of S
and I = q1 N ---Nqy is an irredundant primary decomposition, then

deg(S/I) =) deg(S/q)).

ht(q;)=ht(/)
If F C S, the ideal quotient of I with respect to (F) is given by (/: (F)) = {h €

S|hF C I}. An element f is called a zero divisor of S/1 if there is 0#aeS/I
such that fa = 0, and f is called regular on S/I if f is not a zero divisor. Thus, f is
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a zero divisor if and only if (/: f) # I. An associated prime of / is a prime ideal p
of S of the form p = (/: f) for some f in S.

Theorem 2.3 [36, Lemma 2.1.19,Corollary 2.1.30] If I is an ideal of S and I =
q1 N ---Nqpy is an irredundant primary decomposition with rad(q;) = p;, then the set
of zero divisors Z(S /1) of S/1 is equal to | J{_, pi, and pi, . . ., py, are the associated
primes of I.

Definition 2.4 The regularity of S/I, denoted reg(S/I), is the least integer ro > 0
such that Hy(d) is equal to i;(d) ford > ry.

The footprint of an ideal Let < be a monomial order on S, and let (0) % I C S be
an ideal. If f is a nonzero polynomial in S, the leading monomial of f is denoted by
in< (f). The initial ideal of I, denoted by in<(/), is the monomial ideal given by

in.(I) = ({in<(f)| f € I}).

A monomial ¢ is called a standard monomial of S/I, with respect to <, if # is not
in the ideal in< (/). A polynomial f is called standard if f # 0 and f is a K-linear
combination of standard monomials. The set of standard monomials, denoted A L (7),
is called the footprint of S/I. The image of the standard polynomials of degree d,
under the canonical map S — S/I, x — X, is equal to S;/I,, and the image of
A<(I) is a basis of S/I as a K-vector space. This is a classical result of Macaulay
(for a modern approach see [5, Chapter 5]). In particular, if 7 is graded, then Hy(d) is
the number of standard monomials of degree d.

Lemma 2.5 [3, p. 2] Let I C S be an ideal generated by G = {g1, ..., g}, then

A-(I) C AL(in<(g1),...,in<(gr)).

Vanishing ideal of a finite set The projective space of dimension s — 1 over the field
K is denoted P*~!. It is usual to denote the equivalence class of o by [«].

For a given a subset X C P! define 7 (X), the vanishing ideal of X, as the ideal
generated by the homogeneous polynomials in S that vanish at all points of X, and
given a graded ideal I C S define its zero set relative to X as

Vx(I) = {[e] € X| f(¢) =0 Vf € I homogeneous} .

In particular, if f € §is homogeneous, the zero set Vx (f) of f isthesetofall [¢] € X
such that f(x) = 0, that is Vx (f) is the set of zeros of f in X.

Lemma2.6 Let X be a finite subset of P’~1, let [a] be a point in X with o =
(a1, ...,0) and o # O for some k, and let Iiy) be the vanishing ideal of [o].
Then, Ijq) is a prime ideal,

lio) = (owti —aiti|k #i € {1,...,s}), deg(S/lje)) = 1,
ht(Ijo)) =5 — 1, and 1 (X) = ﬂ[ﬂ]ex I1py is the primary decomposition of I(X).
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Definition 2.7 The set T = {[(x1, ..., x5)] € P*"!|x; € K*, Vi} is called a projec-
tive torus.

3 Computing the number of points of a variety

In this section, we give a degree formula to compute the number of solutions of a
system of homogeneous polynomials over any given finite set of points in a projective
space over a field.

Lemma 3.1 Let X be a finite subset of P~ over a field K. If F = {fi,..., f;}
is a set of homogeneous polynomials of S \ {0}, then Vx(F) = @ if and only if
(IX): (F)) = I(X).

Proof =) We proceed by contradiction assuming that 1(X) C (I/(X): (F)). Pick a
homogeneous polynomial g such that gf; € I(X) for all i and g ¢ I(X). Then, there
is [«] in X such that g(a) # 0. Thus, f;j(e) = O for all i, that is, [e] € Vx(F), a
contradiction.

<) We can write X = {[P], ..., [Py]} and I(X) = ﬂ,*":lpi, where p; is equal to
I;p,1, the vanishing ideal of [ P;]. We proceed by contradiction assuming that Vx (F) #
#. Pick [P;] in Vx(F). For simplicity of notation assume that i = 1. Notice that
(p1: (F)) = (1). Therefore,

(pi =16 = UE): (F) = (i (F) = [)i: (F)) Cpr.
i=1 i=1 i=2

Hence, p; C (p;: (F)) C p; for some i > 2, see [36, p. 74]. Thus, p; = p1, a
contradiction. O

Anideal I C S is called unmixed if all its associated primes have the same height,
and [ is called radical if I is equal to its radical. The radical of / is denoted by rad(/).

Lemma 3.2 Let X be a finite subset of P~ over a field K, and let 1(X) C S be its
vanishing ideal. If F = {f1, ..., fr} is a set of homogeneous polynomials of S \ {0},
then

[deg(S/U): (FY) i I(X): (F) # [(X),
A V()] = {deg(S/I(X» if (1(0): (F)) = 1(X).

Proof Let[P1], ..., [P,]be the points of X with m = |X], and let [ P] be a point in X
with P = (ay, ..., o) and o # O for some k. Then, the vanishing ideal /;p) of [P]
is a prime ideal of height s — 1,

Iipy = (oti — itk #i € {1, ..., s}), deg(S/Iipy) =1,

and I(X) = (., I;p, is a primary decomposition (see Lemma 2.6).
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Assume that (I(X): (F)) # I(X). Weset I = I(X) and p; = [jp) fori =
1,...,m.Notice that (p;: f;) = (1) if and only if f; € p; if and only if f;(P;) = 0.
Then,

a-Fn=a: o= () &V ) »il= [ ¥

i=1 f1(Pj)#0 Sfr(Pj)#0 [Pj1¢Vx(F)

Therefore, by the additivity of the degree of Proposition 2.2, we get that
deg(S/(I: (F))) isequal to | X\ Vx(F)|. If {(X): (F)) = I(X), then Vx(F) =0
(see Lemma 3.1). Thus, |Vx(F)| = 0 and the required formula follows because
IX| = deg(S/1(X)). O

Lemma3.3 Let I C S be a radical unmixed graded ideal. If F = {f1, ..., fr} is
a set of homogeneous polynomials of S \ {0}, (I: (F)) # I, and A is the set of all
associated primes of S/I that contain F, then ht(I) = ht(I, F), A # ¢ and

deg(S/(1, F)) = ) deg(S/p).
peA

Proof As I C (I: (F)), thereis g € S\ I such that g(F) C I. Hence, the ideal (F)
is contained in the set of zero divisors of S/I. Thus, by Theorem 2.3 and since [ is
unmixed, (F) is contained in an associated prime ideal p of S/ I of height ht(7). Thus,
I C (I, F) Cp, and consequently ht(/) = ht(Z, F). Therefore, the set of associated
primes of (I, F) of height equal to ht(7) is not empty and is equal to A. There is an
irredundant primary decomposition

(I,F)=qiN--NgyNepyy NNy, 3.1
where rad(q;) = pi, A = {p1. ..., pa}, and ht(q}) > ht(/) fori > n. We may assume
that the associated primes of S/I are py, ..., p, with n < m. Since I is a radical

ideal, we get that I = N p;. Next, we show the following equality:

i=l
PLO- NP =0 N Ny N NG NPy N O P (3.2

The inclusion “D>” is clear because q; C p; fori = 1, ..., n. Theinclusion “C” follows
by noticing that the right-hand side of Eq. (3.2) isequal to (1, f)Np,+1N---Np;,, and
consequently it contains I = N/_ p;. Notice that rad(q’j) = p’j ¢ p; foralli, j and
pj & p; fori # j. Hence, localizing Eq. (3.2) at the prime ideal p; fori =1, ..., n,
we getthatp; = Ip, NS = (q;)p; NS =q; fori =1, ..., n. Using Eq. (3.1), together
with the additivity of the degree of Proposition 2.2, the required equality follows. O

Lemma 3.4 Let X be a finite subset of P~ over a field K, and let 1(X) C S be its
vanishing ideal. If F = { f1, ..., fr} is a set of homogeneous polynomials of S \ {0},
then the number of points of Vx (F) is given by

[Vx(F)| = deg(S/(1(X), F)) if (I(X): (F)) # [(X),
Sl if I(X): (F)) =I(X).
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Proof Let [P1], ..., [Pn] be the points of X with m = |X]. The vanishing ideal I}p,;
of [P;] is a prime ideal of height s — 1, deg(S/I;p;)) = 1, and I (X) = ﬂ;-"zl I;p;) (see
Lemma 2.6).

Assume that (1(X): (F)) # I(X). Let A be the set of all /[p,] that contain the set
F.Notice that f; € Irp,if and only if f;(P;) = 0. Then, [P;]is in Vx(F) if and only
if F C I;p,. Thus, [P;]is in Vx(F) if and only if /p,; is in A. Hence, by Lemma 3.3,
we get

Vx(F)l = > deg(S/ipy) = Y deg(S/Iipy) = deg(S/(I(X), F)).
[Pi1eVx(F) FClip

Assume that (I (X): F) = I(X). Then, by Lemma 3.1, Vx(f) = @ and |Vx(f)| =
0. O

Proposition 3.5 If X is a finite subset of P*~!, then
deg(S/1(X)) = deg(S/(1(X), F)) + deg(S/(1(X): (F))).

Proof 1t follows from Lemmas 3.2 and 3.4. |

4 Generalized minimum distance function of a graded ideal

In this part, we study the generalized minimum distance function of a graded ideal. To
avoid repetitions, we continue to employ the notations and definitions used in Sects. 1
and 2.

Lemma4.1 Let I C S be an unmixed graded ideal, and let < be a monomial order. If
F is a finite set of homogeneous polynomials of S and (I : (F)) # I, then

deg(S/(I, F)) < deg(§/(in< (1), in<(F))) = deg(S/1),

and deg(S/(1, F)) < deg(S/1) if I is an unmixed radical ideal and (F) ¢ I.

Proof To simplify notation, we set J = (I, F), L = (inx(I),in<(F)), and
F ={f1,.... fr}. We denote the Krull dimension of S/ by dim(S/I). Recall that
dim(S/I) = dim(S) — ht(/). First, we show that S/J and S/L have Krull dimension
equal todim(S/I). AsI C (I: F), all elements of F are zero divisors of S/I. Hence,
as [ is unmixed, there is an associated prime ideal p of S/I such that (F) C p and
dim(S/I) = dim(S/p). Since I C J C p, we get that dim(S/J) is dim(S/I). Since
S/1I and S/in. (1) have the same Hilbert function, and so does S/p and S/in (p), we
obtain

dim(S/in< (1)) = dim(S/I) = dim(S/p) = dim(S/in<(p)).

Hence, taking heights in the inclusions in<(/) C L C in<(p), we obtain ht(I) =
ht(L).
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Pick a Grobner basis G = {g1, ..., g-} of 1. Then, J is generated by G U F and by
Lemma 2.5 one has the inclusions

A<(J) =A<, F) C A(inc(g1), ..., in<(gr), in<(F)) =
A-(inc (1), in(F)) = Ac(L) C Ac(in<(g1), ..., in<(gr)) = A<(]).

Thus, A(J) C A<(L) C A-(I). Recall that H;(d), the Hilbert function of I at d,
is the number of standard monomials of degree d. Hence, H;(d) < Hy(d) < H;(d)
for d > 0. If dim(S/1) is equal to O, then

deg(S/J) = > H;(d) < deg(S/L) =Y Hp(d) <deg(S/I) =) _ H(d).

d>0 d>0 d>0

Assume now that dim(S/7) > 1. By a theorem of Hilbert [34, p. 58], H;, Hr, H;
are polynomial functions of degree equal tok = dim(S/I)—1 (see [2, Theorem 4.1.3]).
Thus,

k! lim H;(d)/d* < k! lim Hy(d)/d* <k! lim H;(d)/d,
d— o0 d— o0 d—o0

that is, deg(S/J) < deg(S/L) < deg(S/I).

If 7 is an unmixed radical ideal and (F) ¢ I, then there is at least one minimal prime
that does not contains (). Hence, by Lemma 3.3, it follows that deg(S/(I, F)) <
deg(S/1I). O

Corollary 4.2 Let X be a finite subset of P*~1, let I(X) C S be its vanishing ideal, and
let < be a monomial order. If F is a finite set of homogeneous polynomials of S and
(I(X): (F)) # I(X), then

[V (F)| = deg(S/(1(X), F)) = deg(S/(in<(1(X)), in<(F))) < deg(§/1(X)),

and deg(S/(1(X), F)) < deg(S/1(X)) if (F) ¢ 1(X).
Proof 1t follows from Lemmas 3.4 and 4.1. O

Lemmad4.3 Let X = {[P1], ..., [Pn]} be a finite subset ofIP’S’l, and let D be a linear
subspace of Cx(d) of dimension r > 1. The following hold.

(1) There are 71, cees ?r linearly independent elements of Sq/14 such that D =
1K Bi, where B is (fi(P1), ..., fi(Pn)), and the support x(D) of D is
equal to U;_, x (Bi).
1) [x(D) =X\ Vx(f1, ..., fr)l- -~
(i) 6,(Cx(d)) = min{IX \ Vx(F)| : F = {fili_; C Sa, {fi}j_linearly
independent over K }.

Proof (i): This part follows from Lemma 2.1 and using that the evaluation map evy
induces an isomorphism between S;/1; and Cx(d).
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(i1): Consider the matrix A with rows f, ..., 8. Notice that the ith column of A
is not zero if and only if [P;]is in X\ Vx(f1, ..., f;). It suffices to observe that the
number of nonzero columns of A is | x (D)| (see Lemma 2.1).

(iii): This follows from part (ii) and using the definition of the rth generalized
Hamming weight of Cx(d) (see Sect. 2). m|

Definition 4.4 If I C S is a graded ideal, the Vasconcelos function of I is the function
1 Ny x Np — N given by

9.y - | MRS/ U () F € Fa )it Fyp 20,
T2 deg(S/1) if 7y, = 0.

Theorem 4.5 Let K be a field, and let X be a finite subset of P~V If |X| > 2 and
ox(d, r) is the rth generalized Hamming weight of Cx(d), then

dx(d,r)=38;x)(d,r) =vx)(d,r) ford > 1and 1 <r < Hix)(d),

and §x(d,r) =r ford > reg(S/1(X)).

Proof If F;, = (J, then using Lemmas 3.2, 3.4, and 4.3 we get that x(d, r),
Srex)(d, r), and ¥1¢x)(d, r) are equal to deg(S/1(X)) = |X]. Assume that Fy4 , # ¢
and set I = I(X). Using Lemma 4.3 and the formula for Vx(F) of Lemma 3.4, we
obtain

4.3 .
Sx(d, r) "= min{|X\ Vg (F)|: F € Fy,)

G %) — max{deg(S/(1, F)| F € Fa,)

=deg(S/I) — max{deg(S/(I, F))|F € F4,} =6,;(d, r), and

sx(d. r) ) min(IX\ Ve(F)|: F € Fu)

D) tmin{deg(S/(1: (F)| F € Fa,} = 01(d. ).

In these equalities, we used the fact that deg(S/1(X)) = |X|. As H;(d) = |X] for
d > reg(S/I), using the generalized Singleton bound for the generalized Hamming
weight and the fact that the weight hierarchy is an increasing sequence we obtain that
Sx(d,r) =r ford > reg(S/1(X)) (see [37, Theorem 1, Corollary 1]). O

Remark 4.6 Let X be a finite set of projective points over a field K. The following
hold.

(a) r <éx(d,r) <|X|ford > 1and 1 <r < Hjx)(d). This follows from the fact
that the weight hierarchy is an increasing sequence (see [37, Theorem 1]).

(b) If d > reg(S/1(X)), then Cx(d) = K¥ and 8x(d, r) = r for 1 <r < |X|.

(c) If Cx(d) is non-degenerate, i.e., for each 1 < i < |X| there is ¢ € Cx(d) whose
ith entry is nonzero, then dx(d, Hx(d)) = |X].

(d) If r > Hyexy(d), then Fy , = @ and §;xy(d, r) = [X].
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Lemma 4.7 Let < be a monomial order, let I C S be anideal, let F = {f, ..., fr}be
a set of polynomial of S of positive degree, and let inL(F) = {in<(f1), ...,in<(f)}
be the set of initial terms of F. If (in<(I): (in<(F))) = in<(1), then (I: (F)) = 1.

Proof Let g be a polynomial of (I: (F)), thatis, gf; € [ fori =1, ..., r. It suffices
to show that g € I. Pick a Grobner basis g, ..., g, of I. Then, by the division
algorithm [5, Theorem 3, p. 63], we can write g = Y /_, h;g; + h, where h = 0 or h
is a finite sum of monomials not in in (/) = (in<(g1), ..., in<(g,)). We need only
show that h = 0. If h # 0, then Af; is in [ and in<(h)in<(f;) is in the ideal inL (1)
fori = 1,...,r. Hence, inL(h) is in (in<(/): (in<(F))). Therefore, by hypothesis,
inL (h) is in the ideal inL (), a contradiction. O

Let < be amonomial order, and let 7~ 4 . be the set of all subsets F = {fi, ..., f;}
of Sy such that (I: (F)) # I, f; is a standard polynomial for all i, 71, e, ?r are
linearly independent over the field K, and in<(f1), ..., in<(f;) are distinct mono-
mials. Let F = {f1,..., f-} be a set of standard polynomials. It is not hard to see
that 71, R ?, are linearly independent over the field K if in.(f7), ..., in<(f;) are
distinct monomials.

The next result is useful for computations with Macaulay2 [17] (see Procedure 7.1).

Proposition 4.8 The generalized minimum distance function of I is given by

8;(d.r) = deg(S/1) — max{deg(S/(I, F)I F € F<ar}if F<ar # Y,
RET7 =1 deg(S/1) if Fear = 0.

Proof Take F = {f1, ..., fr}in F4 . By the division algorithm, any f; can be written
as f; = pi + h;, where p; is in Iz and h; is a K-linear combination of standard
monomials of degree d. Setting H = {h1, ..., h,}, notice that (/: (F)) = (I: (H)),
(I,F) = (I,H), f; = hj fori = 1,...,r. Thus, H € F,,, that is, we may
assume that f1, ..., f, are standard polynomials. Setting KF = Kf; +--- + Kf,,
we claim that there is a set G = {gy, ..., g-} consisting of homogeneous standard
polynomials of S/I of degree d such that K F = K G, in<(g1), ..., in<(g,) distinct
monomials, and in<(f;) > in<(g;) for all i. We proceed by induction on r. The
case r = 1 is clear. Assume that r > 1. Permuting the f;’s if necessary we may
assume that in<(f;) > --- > in<(f;). If in<(f1) > in<(f2), the claim follows
applying the induction hypothesis to f2, ..., fr. If in<(f1) = in<(f>), thereis k > 2
such that in(f]) = in<(f;) fori < k and in<(f1) > in<(f;) fori > k. We set
hi = fi — fifori = 2,....,kand h; = f; fori = k+ 1,...,r. Notice that
inL(f1) > h; fori > 2 and that hy, ..., h, are standard monomials of degree d which
are linearly independent over K. Hence, the claim follows applying the induction
hypothesis to H = {h3, ..., h,}. The required expression for é;(d, r) follows readily
using Theorem 4.5. O

Let I be a graded ideal, let AP (I, be the set of standard polynomials of S/I of
degree d, and let F i’ 4. be the set of all subsets of AL ()4 with r elements. If K = F,
is a finite field, then

Hid) _ q
q
AL (D4l = "D —1 and |FP, | = :
d. .
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Thus, computing §7(d, r) is very hard because one has to determine which of the
polynomials in F i’, 4. arein F g4, and then compute the corresponding degrees.
To compute fp;(d, r) is much simpler because we only need to determine the set
A (I)g,, of all subsets of AL(I)y with r elements, and one has

H;(d
A (Da.,| =< ’r( )>,

which is much smaller than the size of F f dr
We come to one of our main results.

Theorem 4.9 Let K be a field, let X be a finite subset of P*~!, and let < be a monomial
order. If |X| > 2 and §x(d, r) is the rth generalized Hamming weight of Cx(d), then

fp,(x)(d,r) <dox(d,r) ford > 1land1 <r < Hicxy(d).

Proof This follows from Theorem 4.5, Lemma 4.7, and Proposition 4.8. |

5 Projective nested Cartesian codes

In this section, we introduce projective nested Cartesian codes, a type of evaluation
codes that generalize the classical projective Reed—Muller codes [22,27,33], and give
a lower bound for the minimum distance of some of these codes.

Let K = [, be a finite field, let Ay, ..., A, be a collection of subsets of K, and let

X =[A] x--- x A{]

be the image of A| X --- x Ay \ {0} under the map K* \ {0} — Pl x — [x].

Definition 5.1 [4] The set X is called a projective nested Cartesian set if
1) {0,1} Cc Ajfori=1,...,s,
(i) a/lbe Ajforl <i < j<s,acA;,0#be¢cA;, and
(i) dy <--- <d;, whered; = |Aj|fori =1,...,5s.
If X is aprojective nested Cartesian set and C y (d) is its corresponding dth projective
Reed-Muller-type code, we call Cy (d) a projective nested Cartesian code.

The next conjecture is not true as will be shown in Example 6.1.

Conjecture 5.2 (Carvalho et al. [4], [25, Conjecture 6.2]) Let Cx(d) be the dth pro-
Jective nested Cartesian code on the set X = [A1 X --- X Ag] with d;i = |A;| for
i =1,...,s. Then, its minimum distance is given by

s
(2 =€+ Ddpys---ds ifd < ) (di — 1),
Sx(d, 1) = 52

1 ifd>= Y (di—1)+1,
=2
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where O < k < s — 2 and € are the unique integers such that d = Zf‘:zl di—1)+¢
and 1 <€ <dypyp — 1.

This conjecture is true in some special cases [4, Theorem 3.8], which includes
the classical projective Reed—Muller codes [33]. The minimum distance of Cy (d)
proposed in Conjecture 5.2 is in fact the minimum distance of a certain evaluation
linear code [25, Corollary 6.9].

In what follows X = [A] x --- X Ag] denotes a projective nested Cartesian set,
with d; = |A;|, and Cx(d) is its corresponding projective nested Cartesian code.
Throughout this section < is the lexicographical order on S, with #; < --- < t;, and
inL (I (X)) is the initial ideal of I (X).

Lemma5.3 [25, Lemma 5.6] Let 1 < e; < --- < epand 0 < b; < ¢; — 1 for
i =1,...,m beintegers. Then,

m k m
[ —bn=> (Z(ei —b)—(k—1)— Y bi>ek+1-~-em (5.1)
i=1 i=1 i=k+1

fork =1,...,m, where ej41---ey = 1ande":k+lbi =0ifk =m.

Lemma 5.4 Let g be a homogeneous polynomial of S of degree | < d < le;ll (di—1),
and let [ P] be a point of P*~\. If g vanishes at all points of X \ {[P]}, then g(P) = 0.

Proof Assume that g(P) # Oandset ¥* = Aj x---x A;. One can write the point [ P]
in standard form [P] = (0, ..., 0, pk, ..., ps) with pr = 1. Notice that Vy«(g), the

zero set of g in X'*, has cardinality equal to | X™*|— (dy —1). Setting f; = ]_[yeAl_ ti—y)
for 1 <i < s and applying [23, Lemma 2.3], we get

I(X*Y=(fi,..., fs) and in (I(X*)) = (tf', ...,tf“).
Therefore, by the division algorithm, we can write
g=hifi+---+hsfs+ f,
where f(0) =0, deg(f) < deg(g), and deg,l_ (f) <d; — 1 foralli. Thus,
[Va= () = Vax(@ =di---ds — (dx — D).

The initial term of f has the form r* = 1" ---£{", where a; < d; — 1 for all i.
Hence,

di---dy — (dp — 1) = [V« (f)| = deg(S/(I(X), [))
< deg(S/(in<(1(X*), in<(f)) = deg(S/(t", ..., 1%, 1))
=dy---dy — (dy —ap) - (ds — ay).
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Thus, dy — 1 > (dy — ay) - -- (ds — a;). Applying Lemma 5.3 withm = k = s,
e; =d;, and b; = a; for all i, we get

(di—ap)--(dy—a) = Y (di —a;) — (s = 1)

i=1

s—1 K
= (di—1) =) ai+ds>d > d.
i=1 i=1

Thus, (di — ay) - - - (dy — ay) > di, a contradiction. O

The next result gives a uniform upper bound for the number of zeros in a projective
nested Cartesian set for a family of homogeneous polynomials of fixed degree d, where
d is within a certain range, and a corresponding lower bound for § y (d, 1).

Theorem 5.5 Let f be a polynomial of degree d that does not vanish at all points of
X Ifd=332,d; — 1)+ Land 1 < £ <dj — 1, then

[Va () < deg(S/1(X)) — (d1 — £+ 1).

In particular, x(d, 1) > d; — €+ 1 > 2.

Proof We proceed by contradiction assuming that |Vy (f)| > |X| — (d] — €). If nis
the number of elements of X \ Vy(f), thenn < d; — €. Let [P1], ..., [P,] be the
points of X' \ Vy(f).Foreach 1 <i <n — 1, pick h; € Sj such that #; (P;) = 0 and
hi(P,) # 0. Setting g = fhy---h,_1, one has

s—1 s—1

deg(@) =(n—D+d=n—-D+Y (di—D+L<d+) (d—1),
i=2 i=2

g(P,) # 0, and g vanishes at all points of X' \ {[ P,]}. This contradicts Lemma 5.4. O

6 Examples

In this section, we show some examples that illustrate how some of our results can be
used in practice. In particular, we give a counterexample to Conjecture 5.2.

Example 6.1 Let K be the field [Fy4, let X be the projective nested Cartesian set

X =[A] x Ay x A3] C IP?
where A; = {0, 1}, A» = {0, 1}, A3 = F4, and let I = I(X) be the vanishing ideal of
X. The ideal [ is generated by | t22 — tlztz, tltg‘ — tft3, tztﬁ' — t§t3, reg(S/I) =5, and

deg(S/I) = 13. This follows from [4, Lemma 2.4]. Using Procedure 7.1, we obtain
the following table with the basic parameters of Cy (d):
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d 1 2 3 4 5
|X] 13 13 13 13

Hy(d) 3 6 9 2 13
Sx(d, 1) 8 4 3 1 1

A direct way to see that §x(4,1) = 1 is to observe that the polynomial f =
13(t3 — t3 — t; + t}12) vanishes at all points of X'\ {[es]} and f(e3) = 1, where
e3 = (0,0, 1). The ideal I is Geil-Carvalho [26], that is, dx(d, 1) = fp;x)(d, 1) for
d > 1. Using the notation of Conjecture 5.2, the values of §x(d, 1) according to this
conjecture are given by the following table:

d 1 2 3 4 5
k 0 1 1 1
¢ 1 1 2 3
sy, 1) 8 4 3 2 1

Thus, the conjecture fails in degree d = 4.

Example 6.2 Let K be the field Fy, let X be the projective nested Cartesian set
X =[A1 x Ay x A3] C P2,

where A1 = {0, 1}, A» = {0, 1}, A3 = T4, and let I = I(X’) be the vanishing ideal
of X. Consider the following pairs of polynomials F = { f1, f»} of degree d:

Cased =1: Cased =2: Cased = 3: Cased =4
fi=ti—t, fi=t—n)t —5), i =0 -0t —6)h, fi =0 — o)t — 6,
h=n-—-t. f=0—nn. fr= (1 — )i f2=(t1 — )2 — B3)0at3.

If Vy (F) is the variety in X’ defined by F = { f1, f2}, using Procedure 7.2 we obtain:

Cased = 1: |Vy(F)| =deg(S/(I, F)) = 1, Case d = 2: |Vx(F)| = deg(S/(I, F)) = 6,
Cased = 3: |V (F)| = deg(S/(I, F)) =9, Cased = 4: |Vx(F)| = deg(S/(I, F)) = 10.

Example 6.3 Let (fp;(x(d, r)) and (8x(d, r)) be the footprint matrix and the weight
matrix of the ideal I (X') of Example 6.1. These matrices are of size 5 x 13 because the
regularity and the degree of S/I(X) are 5 and 13, respectively. Using Procedure 7.3
we obtain:
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8 12 13 00 00 00 00 00 00 0O 00 00 OO
4 7 8 11 12 00 00 00 00 OO0 00
(pr(X)(d, ry=1{3 4 6 7 8 10 11 12 00 00 00 00
1 3 4 5 6 7 8 9 10 11 12 13 o0
1 2 3 4 5 6 7 8 9 10 11 12 13

If r > Hy(d), then M. 4, = ¥ and the (d, r)-entry of this matrix is equal
to | X[, but in this case we prefer to write co for computational reasons. Therefore,
by Theorem 4.9, we obtain (fp,(X)(d, r)) < (6x(d,r)). By Example 6.1, one has
pr(X) d,1) = éx(d,1) for d > 1, and by Example 6.2 it follows readily that
fprxy(d,2) = dx(d,2) ford > 1. Using that the generalized footprint is a lower
bound for the generalized Hamming weight we have verified that fp; y(d, r) is equal
tody(d,r) foralld,r.

Example 6.4 Let X = P? be the projective space over the field F». The vanishing
ideal I = I(X) is the ideal of S = [F»[#, 12, 13] generated by the binomials # t22 —
tlztz, t t32 — t12t3, t22t3 — t2t32 [27, Corollaire 2.1]. If S has the GRevLex order <,
adapting Procedure 7.1 we get

d 1 2 3
deg(S/1) 7 7 7
Hi(d) 3 6 7
Sx(d, 1) 4 2 1
fp;(d, 1) 4 1 1

7 Procedures for Macaulay2

In this section, we present the procedures used to compute the examples of Sect. 6.
Some of these procedures work for graded ideals and provide a tool to study generalized
minimum distance functions.

Procedure 7.1 Computing the minimum distance and the footprint with Macaulay?2
[17] using Theorem 4.5 and Proposition 4.8. The next procedure corresponds to Exam-
ple 6.1.

g=4

G=GF (g, Variable=>a)

S=G[t3,t2,tl,MonomialOrder=>Lex]

I=ideal (t1*t272-t172*t2,t1*t374-t174*t3,t274*t3-t2*t374)
M=coker gens gb I, degree M, regularity M

init=ideal (leadTerm gens gb I)

H=(d) ->hilbertFunction(d,M), apply(l..regularity (M), H)
h=(d) ->degree M - max apply(apply (apply (apply (

toList (set(0,a,a”2,a"3)) " **(hilbertFunction(d,M))
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- (set{0}) "**(
hilbertFunction(d,M)), toList),x->basis(d,M)*vector x),
z->ideal (flatten entries z)), x-> if not
quotient (I,x)==I then degree
ideal(I,x) else 0)--h(d) is the minimum distance in
degree d
apply (1l..regularity (M)-1,h)
f=(x)-> if not quotient(init,x)==init then degree
ideal (init,x) else O
fp=(d) ->degree M -max apply(flatten entries basis
(a,m), f)
--fp(d) is the footprint in degree d
apply (l..regularity (M), fp)
f=t3*(£373-t273-t173+t1"2*t2), degree ideal(I, f)

Procedure 7.2 Computing the number of solutions of a system of homogeneous poly-
nomials over any given set of projective points over a finite field with Macaulay2 [17]
using the degree formula of Lemma 4.5. The next procedure corresponds to Exam-
ple 6.2.

g=4

G=GF (g, Variable=>a)

S=G[t3,t2,tl,MonomialOrder=>Lex]

I=ideal (t172*t2-t1*t272,tl*t374-t174*t3,t274*t3-t2*t374)

fl=t1l-t2, f2=tl1-t3, quotient(I,ideal (fl,f2))==I

degree (I+ideal (fl,£f2))

fl=(tl-t2)*(tl-t3), £2=(tl-t2)*t2, quotient(I,ideal
(f1,£f2))==I

degree (I+ideal(fl,£f2))

fl=(tl-t2)*(tl-t3)*t2, f2=(tl-t2)*t2"72, quotient(I,ideal
(f1,£f2))==I

degree (I+ideal(fl,£f2))

fl=(tl-t2)*(tl-t3)*t272, f2=(tl-t2)*(t2-t3)*t2*t3

quotient (I,ideal(fl,f2))==I

degree (I+ideal(fl,£f2))

Procedure 7.3 Computing the footprint matrix with Macaulay?2 [17]. This procedure
corresponds to Example 6.3. It can be applied to any vanishing ideal / to obtain the
entries of the matrix (fp;(d, r)) and is reasonably fast.

g=4

G=GF (g, Variable=>a)

S=G[t3,t2,tl,MonomialOrder=>Lex]

I=ideal (tl"2*t2-tl1*t272, tl*t374-tl1"4*t3, t274*t3-t2
*t374)

M=coker gens gb I, regularity M, degree M

init=ideal (leadTerm gens gb I)
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er=(x)-> if not quotient(init,x)==init then degree ideal
(init,x) else O

fpr=(d,r)->degree M - max apply (apply (apply (

subsets (flatten entries basis(d,M),r), toSequence),
ideal) , er)

g=(r)->apply(sort toList(set(l..regularity(M)) **set{r}),
fpr)

--g(r) is the rth column of the footprint matrix

8 An integer inequality

Fora:ai,...,amand b : by, ..., b, sequencesin ZT = {1, 2, ...}, we define

m m m
n(a, b) := l_[ai + l_[bi - l_[rnin(ai, b;).
i=1 i=1 i=1

Lemma8.1 Let ai, az, b1, by € Z*. Set a] = min(ay, a2) and @, = max(ay, a2).
Then,

min(ay, b1) min(az, bp) < min(aj, b)) min(aj, b).

Proof 1t is an easy case-by-case verification of 4! possible cases. O

Lemma8.2 Leta:ay,...,ay andb : by, ..., by be sequences in ZT. Suppose:

() r <s,ar > a5. Seta, = ay, a; = a,,a, = a; fori #r,s; andb;, = min(b,, by),
by = max(b,, by), b, = b; fori #r,s. Then, w(a,b) > w(a’, D).

() r <s, b, =a, <a; <bs. Seta, =a, —1,a;, =a,+1,a, =a; fori #r,s.
Then, 7t(a, b) > m(a’, b).

(ii) r < s, b, < ar <ay. Seta, =a, — 1, a; = a5+ 1, a, = a; fori # r,s. Then,
w(a,b) > m(d,b).

(v) r <s, ar < ag, by = a5, bs = ay, b = a; fori #r,s, h:=a; —a, > 2. Set
b, =a, +1,b;, =a;—1,b; =a, fori #r,s. Then, n(a,b) > w(a,b’).

Proof We verify all cases by direct substitution of a” and 4’ into 7 (a, b).

() m(a.b) —n(@. by =[Jai+]]bi = [[ai =[]
+ [ [ min(a], 5}) — ] [ min(a;, b;)
= (min(a,, b,) min(a,, b,) — min(a,, by) min(as, bs))
[ | min(ai. b:) = 0. (Lemma 8.1)
ir,s
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(i) m(a.b) —7(@'.b) = [ai — [ [ 4] + [ [ min(a]. b;) — [ [ min(a:. b))

= (ara; — (a, — D(as;+ D) [] @
i#r,s
+ (min(a,., b,) min(a,, by)

— min(a,, b;) min(as, bs)) [ min(a;. b;)

i#r,s
=@ —a+1) [[ @+ (@ - D+ 1) —ara)
i#r,s
[ ] mincai, bi)

i#r,s

=(as—ar+1) l_[ a; — l_[ min(a;, b;) | > 0.
i#r,s i#r,s

(iii) w(a,b) —n(d', b) = Hai — l—[al{ + l_[min(al{, b)) — l—[min(ai, b))
= (@,a5— (@, = D@+ D) [] @

i#r,s
+ (min(ay, by) min(a;, by) — min(ay, b,) min(as, bs)) [ ] min(ai, bi)
i#r,s
= (a;—a, + 1) [ [ @ + b (min(a; + 1, b,) — min(ay, b)) [] min(a, b;) = 0.
i#r,s i#r,s

For the last inequality, note that min(ag + 1, by) — min(as, by) =0 or 1.

(iv) m(a,b) —n(a,b) = ]_[b,- - ]_[b; + Hmin(a,-, b)) — Hmin(ai, b;)

= (@ras — (@ + D@y — ) +ar(a; — 1) —a)) [] a
i#r,s

=@ —-Dh-1]]a=o0. o
i#r,s

Lemma 8.3 Ifay, ..., a, arepositive integers, thenay - --a, > (a1+---+a,)—(r—1).
Proof It follows by induction on r. O
Lemma8.4 Letl <e; <---<eyandl <a;,b; <e;,fori =1,...,mbeintegers.
Suppose ai = b; = 1 fori <r,a; =b; =e¢j fori >r+1:=s,1=<a;, b <e;for
i =vr,s, witha, +as = b, + by and (ar, ag) # (by, bs). If by < a5 and by = a5 — 1,

then
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7(a,b) = (Zai— > e,-—<k—2)> Cirt o em — ek em (8.0)

i=1 i=k+1
fori=1,...,m— 1, where eyt --ey; =1 whenk =m — 1.
Proof Seto =Y /L, a; — Y i, ei — (k—2).Since bs(b, —a,) = as; — 1, one has
the equality
m m
7(a,b) = (aras +bybg —arby) [] e = @as+ag—1) [ et 82)
i=r+2 i=r+2

Case k + 1 < r: The integer o can be rewritten as

o=k+—ey)+--+A—e—1)+(a —e)+ (a; —e5) — (k—2).
Since a, < b, < e, itholds thata, — e, < —1,andhenceo < 1.Ifo <0, Eq. (8.1)
trivially follows (because the left-hand side is positive and the right-hand side would

be negative). So we may assume ¢ = 1. This assumption implies that exy; = 1
because a, < b, < e,. Then, the right-hand side of Eq. (8.1) is

(0)ekt1 - em —eky2- - em = (e41 — Dekgo -+ -e, = 0.
Case k + 1 = r: The integer o can be rewritten as
o=k+ (ar —e) + (ag —e5) — (k = 2).

By the same reason as above, we may assume o = 1. This assumption implies a, =
e, — 1 and ag = ey. Then, by Eq. (8.2), we obtain that Eq. (8.1) is equivalent to

m
(eres = 1) [ ez @ e em—erri--em,
i=r+2

which reduces to e;e; — 1 > (1) e,e5 — e, or equivalently, e; > 1.
Case k + 1 =r + 1: We can rewrite o as

o=(k—-D+a +(a; —e)—(k=2)=ar+ (as —e5) + 1.

Then, using Eq. (8.2), we obtain that Eq. (8.1) is equivalent to

m
(aras +ag — 1) 1_[ e = (0)ery1 - em —ery2 e,
i=r+2
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which reduces to a,a5 + ag > (a, + a; — es + 1) es, or equivalently,
(e —ag)(es —ar — 1) = 0.
Case k + 1 > r 4 1: One can rewrite o as
oco=r—-)~+a +---4+a,— (k—2).
Then, using Eq. (8.2), we obtain that Eq. (8.1) reduces to
(arag +as —1)e 40 - -epy1 = (0) efy1 — 1.
But, as a; > 2, using Lemma 8.3, we get

(arag +as — Depyo---ep > (aras +ag— 1) +epo+---+e—(k—r—1)
> (ar+ag) +ar2+--ta+r—k+1=o.

So, multiplying by ek 1, the required inequality follows. O
Theorem 8.5 Letd > land 1 < ey < --- < ey, be integers. Suppose 1 < a; < ¢;
and 1 < b; < e, fori =1,...,m, are integers such thatd = Y_|"  a; = > ;" b;

and a # b. Then,

m m
m(a,b) > (Zai— Z ei—(k—2))ek+1---em—ek+z--~em

i=1 i=k+1
fork=1,...,m — 1, where ex42---e, =1 whenk =m — 1.

Proof Apply to (a, b) any of the four “operations” described in Lemma 8.2, and let
(a’, b") be the new obtained pair. These operations should be applied in such a way
that 1 < a,b; <e;fori =1,...,manda’ # b'; this is called a valid operation. One
can order the set of all pairs (a, b) that satisfy the hypothesis of the proposition using
the GRevLex order defined by (a, b) > (a’, b’) if and only if the last nonzero entry
of (a,b) — (a’, b') is negative. Note that by constructiond = ) a; =Y b} =) a;.
Repeat this step as many times as possible (which is a finite number because the result
(a’, b') of any valid operation applied to (a, b) satisfies (a, b) > (a’, b’)). Permitting
an abuse of notation, let @ and b be the resulting sequences at the end of that process.
We will show that these a and b satisfy the hypothesis of Lemma 8.4.

Set r = min(i : @; # b;). By symmetry we may assume a, < b,. Pick the first
s > r such that a; > by (the case a, > b, and a; < by can be shown similarly).

Claim (a): For p < r, ap, = 1. Assume a, > 1. If a > a,, we can
apply Lemma 8.2(i)[ p, r], which is assumed not possible; (this last notation means
that we are applying Lemma 8.2(i) with the indexes p and r). Otherwise, apply
Lemma 8.2(ii)[p,r]. Soa, = b, = 1forp <r.

Claim (b): s = r + 1. Suppose r < p < s. To obtain a contradiction, it suffices to
show that we can apply a valid operation to a, b. By the choice of s, a, < b,. If b, >
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by, we can apply Lemma 8.2(i)[r, p]. If b, > by, we can apply Lemma 8.2(i)[ p, s].
Hence, b, < b, < b,. Notice that b, > 2 because a, < b, < b,.1If a, = b),, we can
apply Lemma 8.2(ii)[p, s]. If a, < b, we can apply Lemma 8.2(iii)[p, s] because
ap < b, < by < ay.

Claim (c): For p > s,a, = b, = e,.1If b, < a,, applying Claim (b) to r and
p we get a contradiction. Thus, we may assume b, > a,. It suffices to show that
ap = ep. If a; > ap, then by Lemma 8.2(i)[s, p] one can apply a valid operation to
a, b, a contradiction. Thus, ag < a,.If ap, < ep, then by < a; < a, < e, and by
Lemma 8.2(iii)[s, p] we can apply a valid operation to a, b, a contradiction. Hence,
ap = 6‘[7.

Claim (d): b, < a; and by = ay; — 1. By the previous claims, one has the
equalities s = r + 1 and a, + a; = b, + bs. If a; < by, then by < a; < by,
and by Lemma 8.2(i)[r, s] we can apply a valid operation to a, b, a contradic-
tion. Hence, a; > b,. Suppose a; = b, then a, = bs. If ag — a, > 2, by
Lemma 8.2(iv)[r, s] we can apply a valid operation to a, b, a contradiction. Hence,
in this case, a; — by = ag — a, = 1. Suppose a; > b,. If b, > by, then a; > b, > by,
and we can use Lemma 8.2(i)[r, s] to apply a valid operation to a, b, a contradic-
tion. Hence, b, < b;. If ag — by = b, — a, > 2,then a, < b, < by < ag, and by
Lemma 8.2(iii)[r, s] we can apply a valid operation to a, b, a contradiction. So, in
this other case, also a; — by = 1. In conclusion, we have that b, < a; and by = a5 — 1,
as claimed.

From Claims (a)-(d), we obtain that a, b satisfy the hypothesis of Lemma 8.4.
Hence, the required inequality follows from Lemmas 8.2 and 8.4. O

Fora :ay,...,a,and B : By, ..., B, sequences in 7%, we define
n n n
P(a, B) = [ i — o) + [ i — pi) = [ [ mintdi — i, di — B:}.
i=1 i=1 i=1

Lemma8.6 Letl <d| <---<dp,,0<q;,Bi <di—1fori=1,...,n,n>2 be
integers such that y '_yo; = >+, Bi and (@1, ..., an) # (B1, ..., Bn). Then,

k+1 n
P(a,p) = (Z(di —a)— (k=)= Y a;-) diya-dy —diys---dy  (8.3)
i=1 i=k+2

fork=0,...,n—2 wherediy3---d, =1lifk =n—2.

Proof Making the substitutions m = n, k =k — 1,d; — o; = a;, di — B; = b;, and
d; = e;, the inequality follows at once from Theorem 8.5.

9 Second generalized Hamming weight

Let Ay, ..., As_1 besubsetsof F; and let X :=[A] x --- x Ay x {1}] C P~ lbea
projective Cartesian set, where d; = |A;|foralli =1,...,s—land2 <d; <--- <
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ds_1. The Reed—Muller-type code Cx(d) is called an affine Cartesian code [23]. If
X* = Ay x -+ X Ag_1, then Cx(d) = Cxx(d) [23]. Assume d = Y *_, (di — 1) + £,
where k, £ are integers such that 0 <k <s—2and 1 < ¢ <dj4; — 1.

Lemma 9.1 We can find two linearly independent polynomials F and G € S<q4 such
that

[V« (F) N Vx=(G)|
dy---ds—1 — (i1 — €+ Ddpgo - - -ds—1 +dig3---ds—1 ifk <5 =3,

={d-di_y — (diy1 — L+ Ddiga---dy—1 + 1 ifk=s—3,
dy--dg—y —ds—1 +€—1 ifk=s—2.
Proof Case (I) k < s — 3. Similar to [23], we take A; = {B; 1,..., Bi.4}, for

i=1,...,5s — 1. Also,fori =1, ...,k,let
fi=Bi1—t)Biz2—t) - (Bia_, — )
8 = (Brr1,1 — it 1) Brt1.2 — k1) -+ - (Be1,0-1 — tet1)-

Settinghl = ﬂk+1,g—tk+1 and hy = ﬂk+2,g—tk+2.WedeﬁneF = f1--- fr-g-h
and G := f1--- fx - g - ho. Notice that deg F = deg G = Zle(d; —1)+¢=dand
that they are linearly independent over IF,. Let

Vii=(Ar x - x Ag—) \ (V= (F) N V= (G)),

d
Vo= {Bra} X - X (B} X Brt1,itisy X Aksa X - X A1

It is easy to see that Vi C Vp and (V2 \ Vi) N (Vxx(F) N Vx+(G)) = V3, where

Va — i Bra} x - X {Br.a} X {Bre+1.e} X {Br+2.0} X Aggz X -+ - X Ay ifk <5 =3,
P B X x (B} x {Brrred X (Bt} ifk=s—3.

Therefore,

(dky1 — €+ Ddkqa---dg—1 —dgy3---ds—1 ifk <5 —3,

Vil = [Va] — V3] = {(dk+l — 0+ Ddign - ds_y — 1 ifk=s—3,

and the claim follows because |Vx«(F) N Vx«(G)| =d; -+ -ds—1 — |V1].
Case(I):k =5 —2.As ¥l < dk+1 —1,441< dk+1. Let h3 := ﬂk+1,g+1 — Trk+1,
and F, f;, g, hy asinCase (I). Let G’ := f1--- fi - g - h3. If

Vi= (A x - x Ag) \ (Ve (F) 0 V= (G),

d
Vy = {Bra} X -+ X B} x {Bernidisy
then (because /1 and /3 do not have common zeros) Vl’ = VZ’ and thus
Vil =dis1 —C+1=dyy — L+ 1.
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The result follows because | Vi« (F) N Vi« (G| =dy -+ -dy—1 — | V] O
Lemma9.2 [26, Lemma 3.3] Let L C S be the ideal (tfl, ”_’[;15:11 ), where
di,...,ds—1 are in N4. If t% = ti” cee s, aj > 1forsomel < j <s—1, and

ai <di —1fori <s—1, then

s—1
deg(S/(L, 1) = deg(S/(L, t{" ---1°7" ) =dy -+ -ds—1 — l_[(di — aj).
i=1

We come to one of our applications to coding theory.
Theorem9.3 Let A;, i = 1,...,5 — 1, be subsets of F,, and let X C P! pe the

projective Cartesian set given by X = [A] X --- X Ag_1 x {1}]. If di = |A;]| for
i=1,....,s—land2 <dy <--- <ds_y, then

(diy1 — L+ D dpgr - ds—1 —dpgz---ds—1 ifk <5 =3,

(di+1 =€+ Ddgyo---ds—1 — 1 fk=s-3,
ox(d,2) = ds—1 —€+1 ifk=s—2,
s—1
2 ifd=> 3 (d—1),
i=1

where 0 < k < s — 2 and { are integers such that d = Zf-‘zl di—1)+ ¢ and
1<l <diy1— 1.

Proof We setn = s — 1,1 = I(X), and L = (#', ..., #"). By [37, Theorem I,
Corollary 1], we get dx(d,2) = 2 ford > Zf;ll (d; — 1). Thus, we may assume
d < Zf;ll (d; — 1). First, we show the inequality “>". Let < be a graded monomial
order with#; > - - - > t,. Theinitial idealin< (/) of I isequalto L = (tldl, e, tf”); see
[23].Let F = {t*, t’} beanelementof M 4o, thatis, ¢ =" - 1", 10 = tf” b,
d=Yi_ai=Yi_1bi,a#b,a <di—1landb; <d; —1fori =1,...,n,and
(L: (F)) # L.In particular, from the last condition it follows readily that a; # 0 and
bj # 0 forsome 1 <i, j < n. There are exact sequences of graded S-modules

0 — (S/((L,1%): t"))[—|b|] “® S/(L,t%) — S/(L,t* ") > 0,
0 — (S/((L, ") : t“D[—lall LN S/(L,t") = S/(L, 1% ") — 0,

where |a| = ) _}_, a;. From the equalities,

(L, 191 17) = (L1 t%) + (% 12y = @0 o T et =bny,

(L, %) 19) = (L 19) 4 (P2 19) = (M7, L g T, gmextanbil=ary,
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it follows that either ((L, t%): ) or ((L, t?): t%) is contained in (1, . . ., t,). Hence,
at least one of these ideals has height n. Therefore, setting

n n n
P(a.b) = [ [(di —ai) + [ [(di — bi) — [ [ min{d; — a;. d; — bi},
i=1 i=1 i=1
and using Lemma 9.2 it is not hard to see that the degree of S/(L, ¢, tb) is
n
deg(S/(L. 1. t")) = [ | di — P(a.b).
i=1
and the second generalized footprint function of 7 is
mﬂ¢m=nm{mmmuﬂ¢ﬂewp¢4. ©.1)
Making the substitution —¢ = Zf-‘zl (di — 1) — >~}_, a; and using the fact that

fpy(x)(d, r) is less than or equal to dx (d, r) (see Theorem 4.9) it suffices to show the
inequalities

k+1 n
HWMzC3¢—m—w—Dﬂm—Xpﬁaﬁw@—@%m@,
i=1 i=k+2
9.2)
for (19,1} € M 42if0 <k <s —3,where djy3---d, = 1 ifk =s — 3, and
s—1
P(a,b) = ) (di —a) — (s —3) —as, (9.3)
i=1
for {t%, 1%} € Mo g2ifk =5 —2.As (aj,...,a,) isnotequal to (by, ..., b,), one

has that either [}_,;d; — [1/_;(di —a;)) = Lor [[}_,di —[T'_,(di — bi) = 1. If
as > lorbs > 1 (resp. ag = by = 0), the inequality of Eq. (9.2) follows at once from
[25, Proposition 5.7] (resp. Lemma 8.6). If a; > 1 or by > 1 (resp. a; = by = 0), the
inequality of Eq. (9.3) follows at once from [25, Proposition 5.7] (resp. Lemma 8.3).
This completes the proof of the inequality “>".

The inequality “<” follows directly from Lemma 9.1. O

Using Theorem 9.3, one recovers the following main result of [14].

Corollary 9.4 [14, Theorem 18] Let K =, be a finite field and let T be a projective
torus in P51, Ifd > 1 and s > 3, then

(g— 1D g -Dg-0—-11if1 <d <n,
or(d,2)=q1q—¢ ifn<d<y,
2 ifd >y,
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where k and € are the unique integers suchthatd = k(qg—2)+4,k > 0,1 < < g-2,
n=(@q—-2)(s—2)andy =(q—2)(s —1).

Another of our applications to coding theory is the following purely combinatorial
formula for the second generalized Hamming weight of an affine Cartesian code which
is quite different from the corresponding formula of [1, Theorem 5.4].

Theorem 9.5 Let P; be the set of all pairs (a,b), a,b in N°, a = (ay,...,ay),
b= (b1,...,by), suchthata #b,d =Y ;_jai =y ;_bi, 1 <aj,bj <di —1
Jori =1,...,n,n:=s—1a # 0and b; # 0 for some 1 < i,j < n. If
X=[A; x - x Ay, x{1}] CP", with A; CFy, di =|Ai|,and2 <dy < --- < dp,
then

fp;x)(d, 2) = 6x(d,2) = min{P(a, b)|(a,b) € Pa} for d < Yo (di — 1),

where P(a, b) = H?:l(di — a,‘) + l_[?zl (d,‘ — b,‘) - 1—1?:1 min{di — dai, d,‘ — b,’}.

Proof Let y/(d) be the formula for 8x(d,2) given in Theorem 9.3. Then, using
Egs. (9.2) and (9.3) one has y(d) =< fp;x)(d,2). By Theorem 4.9, one has
fpyx)(d, r) < éx(d, r), and by Lemma 9.1 one has §x(d, r) < y/(d). Therefore,

Y(d) < fpeo(d,2) < 8x(d, r) < ¥(d).
Thus, we have equality everywhere and the result follows from Eq. (9.1).

Remark 9.6 Let ¥ (d) be the formula for §x(d, 2) given in Theorem 9.3. Then,
Y (d) = min{P(a, b)|(a,b) € Pa}

ford <Y "_,(d; — 1). This equality is interesting in its own right.

Acknowledgements We thank the referees for a careful reading of the paper and for the improvements
suggested.
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