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Abstract—A sharp upper bound for the maximum integer not
belonging to an ideal of a numerical semigroup is given and the
ideals attaining this bound are characterized. Then the result
is used, through the so-called Feng-Rao numbers, to bound the
generalized Hamming weights of algebraic-geometry codes. This
is further developed for Hermitian codes and the codes on one of
the Garcia-Stichtenoth towers, as well as for some more general
families.
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I. INTRODUCTION

The generalized Hamming weights of a linear code are the
minimum size of the support of the linear subspaces of the
code of each given dimension. They have many applications
in a variety of fields of communications. The notion was first
used by Wei to analyze the performance of the wire-
tap channel of type II introduced in and in connection
to t-resilient functions. See also [28]. The connections with
the wire-tap channel have been updated recently in [37],
this time using network coding. The notion itself has also
been generalized for network coding in [30]. The generalized
Hamming weights have also been used in the context of list
decoding [21]], [20]. In particular, Guruswami shows that his
(e, L)-list decodibility concept for erasures is equivalent with
the generalized Hamming weights for linear codes. Finally, the
generalized Hamming weights also appear for bounding the
covering radius of linear codes [24], and recently for secure
secret sharing based on linear codes [10], [26].
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A small part of the results presented in this paper (Section II and a reduced
version of Theorem 11) was presented in the Forum “Galois Geometries and
Applications” held at the Royal Flemish Academy of Belgium for Science
and the Arts in 2012 [3].

In this contribution, we deal with the generalized Hamming
weights of one-point AG codes from the perspective of the
associated Weierstrass semigroup, that is, the set of pole
orders of the rational functions having a unique pole at the
defining one point. A numerical semigroup is a subset of
the nonnegative integers Ny that contains 0, is closed under
addition, and has a finite complement in Ny. The elements
in this complement are called the gaps of the semigroup and
the number of gaps is called the genus. The maximum gap is
usually referred to as the Frobenius number of the semigroup
and the conductor is the Frobenius number plus one. By the
pigeonhole principle it is easy to prove that the Frobenius
number is at most twice the genus minus one, and there
are semigroups, called symmetric semigroups, attaining this
bound.

An ideal of a numerical semigroup is a subset of the
semigroup such that any element in the subset plus any
element of the semigroup add up to an element of the subset.
Again the ideal will be a subset of Ny with finite complement
in it. Our first result is an analogue of the upper bound on the
Frobenius number of the semigroup, for the largest integer not
belonging to an ideal, which will also be called the Frobenius
number of the ideal. Indeed, we prove that it is at most the size
of the complement of the ideal in the semigroup plus twice the
genus minus one (Theorem [3)). This generalizes the bound on
the Frobenius number of the semigroup since that bound can
be derived from this bound by taking the ideal to be the whole
semigroup. Then we characterize the ideals whose Frobenius
number attains the bound. It turns out that the set of codes in
a sequence of one-point AG codes are pairwise isometric to
the set of duals of the same codes if and only if the set of
pole-orders defining the codes is exactly the complement of
one such ideal [19].

A nice tool for tackling the generalized Hamming weights
for AG codes are the generalized order bounds introduced in
, involving Weierstrass semigroups. In [[13]], a constant
depending only on the semigroup and the dimension of the
Hamming weights was introduced, from which the order
bounds could be completely determined for codes of rate low
enough. This constant was called Feng-Rao number. In the
present contribution, using the upper bound on the Frobenius
number of an ideal, we derive a lower bound on the Feng-Rao
numbers and consequently a new bound on the generalized
Hamming weights (Theorem[I1] Corollary[I3). This is done by
analyzing the intervals of consecutive gaps of the Weierstrass
semigroup. Consecutive gaps were already used in [16] for
bounding the minimum distance of codes and in for
bounding the generalized Hamming weights, in this case for
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primal codes. In the last section, we study the intervals of
consecutive gaps for Hermitian codes and for codes in one of
the Garcia-Stichtenoth towers of codes attaining the Drinfeld-
Vlddut bound, as well as for their respective generalizations to
semigroups generated by intervals and inductive semigroups.

II. THE FROBENIUS NUMBER OF AN IDEAL

From now on, A will denote a numerical semigroup and
the elements of A are denoted {\g = 0 < A\ < ...}
The Frobenius number is F', the conductor is ¢, and the
genus is g. Given an ideal I of a numerical semigroup A,
we call the size of A\ I the difference of I with respect to
A. We call the ideals of the form a + A for some a € A
principal ideals. Tt was proved in [23] Lemma 5.15] that the
difference of the principal ideal a + A is exactly a. So, for
principal ideals, the Frobenius number of the ideal is at most
the difference plus twice the genus of the semigroup minus
one. In Theorem 3] we will prove that the same holds for any
ideal of a numerical semigroup. Then we will characterize the
semigroups for which the inequality is indeed an equality.

A. An upper bound for the Frobenius number of an ideal

Define the set of divisors of \; by
D(’L):{)\Jg)\l/\z—/\J EA}

and v; = #D(i) for i € Ny. Some results related to the
sequence v; and also to its applications to coding theory can

be found for instance in [23]], [3l], [4], [29], [31]], [132], [33].

Barucci [2] proved the next result.

Lemma 1. Any ideal of a numerical semigroup is an inter-
section of irreducible ideals and irreducible ideals have the
form A\ D(i) for some i.

The next result was proved in Theorem 5.24].

Lemma 2. Let g(i) be the number of gaps smaller than \;
and G(i) the number of pairs of gaps adding up to \;. Then

vi=1—g(i)+G(i) + 1.
Now we can state the main result of this section.

Theorem 3. Suppose that a numerical semigroup has genus
g. Suppose that I is an ideal of the semigroup with difference
d. Then, the Frobenius number of I is at most d+2g— 1. That
is, d+2g+1i €l forall v > 0.

Proof: If two ideals satisfy the result, then their intersec-
tion also satisfies it. So by Lemma [T} it suffices to prove the
result for irreducible ideals. Now we want to prove the result
for the ideal 7 = A\ D(i). That is, v; +2¢g > max{c, \; + 1},
where c is the conductor of A. If ¢ > \; + 1 then we are
done since ¢ < 2g. Suppose then that \; + 1 > c. Then
g(i) = g, \i = i + g, and hence by Lemma ] v; + 2g =
(i—g+G(i)+1)+2g = i+g+1+G(i) = \i+1+G(i) = \i+1.

|

B. Ideals attaining the upper bound

We will devote this section to characterize the ideals of
semigroups that attain the upper bound on the Frobenius
number of the ideal. We first need some preliminary lemmas.

Lemma 4. If G(i) =0 then \; > c.

Proof: If G(i) = 0 then, since 1,...,A\; — 1 are gaps,
Ai — A1+ 1,...,\; — 1 are non-gaps. But also A\; € A so
the interval [\; — A1 + 1,..., ;] is included in A. Now, by
adding multiples of A; to the elements in this interval we get
the whole set of integers A\; + k& with £ > 0. Then \; > c. &

Lemma 5. G(i) =0 if and only if {\i — F} U{\i — F +h:
hg A,F—hgA} CA.

Proof: Suppose G(i) = 0. Then obviously \; — F' € A.
Now suppose that h ¢ A, F' — h ¢ A. We need to see that
AMi—F+heABut\,—F+h=X\—(F—h)€ A since
G(i) =0 and F — h ¢ A. On the other hand, suppose that
{N—F}U{\—F+h:h¢g AN, F—h¢g A} C A and we want
to prove that G(7) = 0. If G(i) # 0 then there exists a gap b’
such that \; — 1/ is a gap. But \; —h/ = (\; — F)) + (F = }/).
Since \; — F' € A by hypothesis, F'—h’ must be a gap. Let us
call this gap h = F'—h'. Then both h and F —h = h’ are gaps
and, by the hypothesis, \;—F+h € A. But \;—F+h = \;—}/
is a gap, a contradiction. Then G(i) = 0. ]

Lemma 6. [f G(i) = 0 then A\ D(i) = {\; —h : h € Z\ A}.

Proof: By Lemma [ we know that \; > c. To see the
inclusion D suppose that h € Z\A. If h < 0 then \; —h > \;
and thus \; € A\ D(:). If h > 0 then h < ¢ and, since
Ai =2 ¢, \i —h > 0. Then \; — h € A because G(i) = 0.
Finally \; — h & D(i) by definition of D(i). For the reverse
inclusion, suppose that A € A\D(7). If A > \; then A = \;—h
with h < 0and so h € Z\ A. If A < \; then \; — )\ is a gap
h because otherwise A € D(i). So, A € {\; —h: h € Z\ A}.

|

Theorem 7. Suppose that A is a numerical semigroup of genus
g. Let I be an ideal of A with difference d > 0. Then the next
statements are equivalent:

1) The Frobenius number of I is exactly d + 2g — 1.

2) I = A\ D(i) for some i with G(i) = 0.

3) A\T=AN((d+29—1)—A)={AeA:d+29g—-1-)X¢e
A}

4) I ={N —h:heZ\A} for some i with G(i) = 0.

5) fa+h:hg ANF—hgA} CAand I = (a+A)U
{a+h:h& AN F—heA} for some a €A, a>0.

Proof: (1)<=(2): Suppose first that I = A\ D(i) for
some i with G(i) = 0. Then d = v;. Also, by Lemma [
g(i) =g and \; = i + g. Now, by Lemmal2l d +2g — 1 =
A &1

Conversely, suppose that the Frobenius number of [ is d +
2g — 1. If I is a proper intersection of two ideals I’ and I”
with difference d’ and d” respectively, then I has difference d
strictly larger than d’ and strictly larger than d”. If d+2¢g — 1
does not belong to I then it does not belong either to I’ or
to I”, but d + 2g — 1 is strictly larger than d’ + 2g — 1 and
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strictly larger than d” + 2g — 1, contradicting Theorem 3 So,
I must be, by Lemmal[ll A\ D(z) for some 3.

Since I = A\ D(i), it holds d = v;. If \; < ¢, then
vi+29—1>1429g—1=29g>candsod+2g9g—1¢€1,
which contradicts our assumption. Therefore \; > c. Then
v; = i—g+G(i)+1 by Lemmall So d+2g—1 = z—l—g—l—G( )=
Ai + G(i). Since d 4+ 29 — 1 ¢ I, it follows that G(i) =

(2)<=(3) is immediate by replacing 7 by d + g — 1.

(2)<=(4) follows immediatelly from Lemma

(4)<=>(5) follows from Lemma [3] by setting a = \; — F,
and using the equality {\; —h:h € Z\ A} ={a+ (F —h):
h € Z\ A}, and the fact that {F'—h:h e Z\ A} = AU{h:
hed A,F —h & A} [ |

As an example, consider the semigroup

A =1{0,4,5,8,9,10,12,13, —}.

We will list all the ideals I satisfying d +2g — 1 & I (d the
difference of I). Since the largest ¢ for which G(i) > 0 is 16
as 11 4+ 11 = 22 = Ayq, all ideals I = A\ D(i) with ¢ > 17
attain the bound. It remains to see what indices ¢ between 6

and 15 satisfy G(i) =
Forz—6,G(z)>Osmce)\ =12=11+1.
For i =7, G(i) > 0 since \; = 13 = 11+ 2.
For i =8, G(i) > 0 since \; = 14 = 11+ 3.
For i = 9, G(i) = 0. Indeed, {15 —1 = 14,15 — 2 =

13,15—-3=12,15—-6=9,15—-7=8,15— 11 =4} C A.
For ¢ = 10 G(i) = 0. Indeed, {16 — 1 = 15,16 — 2 =
14,16—-3=13,16—-6=10,16—7=9,16 — 11 =5} C A.
For i =11 G(i) > 0 since A; = 17 =11 +6.
For i =12 G(i) > 0 since \; = 18 =11 4 7.
For i = 13 G(i) = 0. Indeed, {19 — 1 = 18,19 — 2 =
17,19-3=16,19-6=13,19—-7=12,19—-11 =8} C A.
For i = 14 G(i) = 0. Indeed, {20 — 1 = 19,20 — 2 =
18,20—-3=17,20—6=14,20—7=13,20—11 =9} C A.
For i = 15 G(i) = 0. Indeed, {21 — 1 = 20,21 — 2 =
19,21-3=18,21-6=15,21—-7=14,21—-11 =10} C A.
Hence, all ideals attaining the bound in Theorem [3| are

Iy = A\D(9) = {4,8,9,12,13, 14, 16,17, 18,19, 20, 21, 22, ..

with D(9) = {0,5,10,15},d=4,d + 2g — 1 = 15;

Lo = A\D(10) =

with D(10) = {0,4,8,12,16},d=5,d + 29 — 1 = 16;
Lis = A\ D(13) = {8,12,13,16,17,18,20,21,22, ...},

with D(13) = {0,4,5,9,10,14,15,19},d=8,d+ 29 — 1 =
19;

Ly =A\ D(14) =

with D(14) = {0,4,5,8,10,12,15,16,20}, d = 9, d + 2g —
1 =20;

{9,13,14,17,18,19,21,22, ...},

Lis = A\ D(15) = {10, 14, 15, 18,19, 20,22, ...},

with D(15) = {0,4,5,8,9,12,13,16,17,21}, d = 10, d +
29 — 1 =21;

Lz = A\ D(17) = {12,16,17,20,21,22,24, ...},

3¢ is a-isometric to ct.

{5,9,10,13,14, 15,17, 18,19, 20, 21, 22, . .. }define Cy,

with D(17) = {0,4,5,8,9,10,13,14,15,18,19,23}, d = 12,
d+2g—1=23;and A\ D(3) for all 4 > 17. In this last
case, D(i) = {0,4,5,8,9,10,12,13,...,0+6 — 12,5+ 6 —
10,i4+6—-9,i+6—8,i+6—5,i+6—4,i+6}, d=1i—5,
d+29g—1=1i+6.

In the next corollary we prove that for a symmetric semi-
group, the ideals attaining the bound on the Frobenius number
of the ideal are exactly the principal ideals.

Corollary 8. Let A be a symmetric numerical semigroup with
Frobenius number F' and genus g. Suppose that I is an ideal
of A with difference d. Then the Frobenius number of I is
d+2g — 1 if and only if I is principal.

Proof: 1t follows from Theorem [7] and the fact that for

any gap h of a symmetric semigroup, F' — h € A. |

This can be checked again with the previous example since

the semigroup A in there is symmetric. Notice though that the

hypothesis of being symmetric is necessary. For instance, take

A =1{0,4,8,9,...} which has genus 6 and Frobenius number
7 and so it is not symmetric. Consider its ideal

I = A\D(10)

Its difference is d = 5 and its Frobenius number is d+2g—1 =
16. However, I is not

94+ A ={9,13,17,18,...}.

The elements 10, 11, 14, 15 have to be included in I in order
to have d + 2g — 1 ¢ I. Hence, I is not principal as [ =
(9+ A)uU{10,11,14,15}.

Remark 9. It is shown in that the ideals attaining the
bound in Theorem [ arise in the characterization of sequences
of one-point AG codes that are auto-dual in the following
sense. Two codes C, D C Fg are said to be x-isometric, for
x € Fy if and only if the map x, : Fjy — F¢ given by the
component-wise product y,(v) = x x v satisfies x,(C) = D.
Then, a sequence of codes (Ci)i:07,,,7n is said to satisfy the
isometry-dual condition if there exists z € (F;)" such that
for all + = 0,1,...,n. Now let
Py, ..., P,,Q be different rational points of a (projective, non-
singular, geometrically irreducible) curve with genus g and
={(f(P),...,f(Py)) : f € L(mQ)}. Note that
it can be the case that C,,, = C,,,_1. Let W be the Weierstrass
semigroup at @ and let W* = {0} U{m e Nym > 0:C,, #
Cm-1} ={mo=0,mq,...,my,}. Then W\ W* is an ideal
of W (this is stated in different words in Corollary 3.3.]).
In particular, Cy,, Cry s - - ., Cpy,, satisfies the isometry-dual
condition if and only if n +2¢g — 1 € W, that is, if and only
if W\ W* hits the bound in Theorem [l This is proved in
Proposition 4.3.].

III. A LOWER BOUND ON THE FENG-RAO NUMBERS
A. Feng-Rao numbers

Suppose A = {A = 0 < A\ < ...} is a numerical
semigroup. In coding theory, the v sequence of A defined
above is very important. In particular, for an algebraic curve
with Weierstrass semigroup A at a rational point P, the order

=A\{0,4,8,12,16} = {9,10, 11,13, 14, 15,17, . ..
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(or Feng-Rao) bound on the minimum distance of the duals of
the one-point codes defined on P by the evaluation of rational
functions having only poles at P of order at most \,, is defined
as 0(m) = min{w; : ¢ > m} [135], [25], [23]. Some results on
its computation can be found in [8], [23], [31, [291, [311, [32I,
.

A generalization of this bound is the r-th order bound on the
generalized r-th generalized Hamming weight. For this define
D(i) as before and

D(ir,...,iy) = D(iy) U--- U D(iy).

Then the r-th order bound is defined as
dr(m) = min{#D(i1,...,97) 1 i1,...,5 > m}.

This definition was introduced in [22]. It is proved by Farrdn
and Munuera in that for each numerical semigroup A
and each integer r > 2 there exists a constant F,. = E(A,r),
called r-th Feng-Rao number, such that
1) 6,(m)=m+2—g+E, for all m such that \,,, > 2¢—2
Theorem 3],
2) §.(m) = m+2— g+ E, for any m such that \,,, > ¢
Theorem 8],
where c and g are respectively the conductor and the genus of
A. Note that this is an extension of the Goppa bound for the
case r =1, with E. =0 Theorem 5.24].
Furthermore, E, satisfies
3) r<E.<A_1ifg>0(and r > 2) Proposition
51,
4 B, =\_ifr=c Proposition 5],
5) Er=r—1ifg=0.
Some further results related to the Feng-Rao number can be
found in [13], [14]], [11]. Here we use the main result in the
previous section to obtain a lower bound on FE,, which is
strictly better than the bound FE, > r for r > 2 and for
semigroups with more than two intervals of gaps.

B. Bound on the Feng-Rao numbers

For our bound on the Feng-Rao numbers we first need the
next lemma.

Lemma 10. Consider the set of sets

Alar,ar,r,l) = {ACNy:#A=r,

min(A) = a1, max(4) = a,,

A contains at least { consecutive integers}.

For each A € A define a(A) = max{a € A : a—{+
1,...,a € A}. If A has minimum o(A) among the sets in A,
then

a(A) =max{a; +¢—1,a1 + (¢ — 1)(a1 — a,) + £(r — 1)}.

Proof: Suppose that A has minimum «(A) among the
sets in A. If a1,a1 +1,...,a1 +({ —1) € A and o(A) =
ay = a1 + ¢ — 1, this means that there must be at least %
integers in the interval [a1,a,] not belonging to A since for
each ¢ — 1 integers remaining in A there must be at least one
element not in A. But the number of integers in [a1,a,] \ A

isa,—a1+1—r.S0,a,—a;+1—r=> % or, equivalently,

(—1> ({—1)(a1—a,)+£(r—1). Hence, ®(A) = a1 +0—1 =

max{a; +¢—1,a; + (¢ = 1)(a1 — a,) + £(r — 1)}.
Otherwise, we can assume that a(A) > a1 + (¢ —1). In this

case, A must be equal to

{a1,a1 + 1,01 +2,...,a(A) =a, — €t} U{a, — 0L+ 2,...,a, — £(t —

U---Ufar—204+2,...;a, —L}U{a, —L+2,...,a,},

for ¢ the number of integers in the interval [aq,a,] not
belonging to A, that is, t = a, —ay + 1 —r. So, a(4) =
a1+ —1)(a1 —a,)+l(r—1) =max{a; +¢—1,a1+ (£ —
1)(ay —ar) +4(r—1)}. [ |
Theorem 11. Suppose that ¢ > 1 is an integer and that ny_

is the number of intervals of at least { — 1 gaps of A. Then
the following inequality holds.

E. > min{r—Z—l— {Lw =14 {MHD

-1 L
Proof: By definition of &,(m), there exist integers
i1,...,4. with m < 4, < .-+ < 4, such that
6-(m) = #D(i1,...,4,). The integers 41, ...,%, minimize

#D(i1,...,i.). Denote A the set {i1,...,%,}. Suppose that
m is an integer with m > 2c — 1 — g. By the definition of E,,
dr(m)=m+2—g+E,.

Since A minimizes #D (i1, .. .,1,), it necessarily holds that
i1 = m~+1. Applying Theorem[lto the ideal A\ D(iy, - .., i),
we get (m+2—g+FE,.)+(2g—1) > \;, = g+i,. Reorganizing
the inequality gives

i <m+1+E,. )

Suppose now that there are no ¢ consecutive integers in A.

Then /-1
ir>m+1+r—1+[%—‘. 3)

Now, by @), E, >r—2+ {ﬁw Suppose on the other hand
that there are at least ¢ consecutive integers in A. Let i; be

the maximum integer in A such that i; — ¢+ 1,...,i;, € A
and so ’L'j,[Jrl:’L'j—g—i-l,...,ij,l:ij—l and
/\ij72Jrl = )\ij -/ + 1,...,)\”71 = /\ij —1.

Let
F={MeA:X+1,... . A+L—-1&A}

In particular, if A € T then A < ¢, for ¢ the conductor of A.
Obviously #I' =ny_y. If A € I then

(Ai; =1) =X € D(ij—1)\ D(35),
(\i; =2) =X € D(ij—2)\ D(ij),

Ay =€+1) =X € D(ijr1)\ D(z).
and so
{)\ij—l—)\, Ai;=2=A A —0+1-X} C D(ij—_g+1,--
In fact,

UAEF{)\ij —1=X,..., /\ij —l+1-A} C D(ij,ngl, ..

-1\ D(75).

- 15-1)\D(ij)
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and the sets in this union are disjoint. Indeed, for A\, \’ € T, bound makes sense when ¢ < r/2+ 1. The same happens for

with A > )\, it holds A — X" > /. Then, min{\;; — 1 — ng_1 = 0. So, we are interested in the values of £ such that
Ny, —0+1=XNy=X;, —L+1-=XNZ)X\, +1-X> e ny_1>0
max{A; —1—=X,..., ; —€+1—=A} o [ <1241,
So,
Corollary 13. Let m be such that \,,, > c and let { > 2. Then
#D(i1,...,0p) = #D(j_rs1,...,75) 4) r (t—1n
- - . 1
> (0= Dne 1+, dr(m) = m+2—g+min{r—2+ [m—‘ ,r—1+4 {ﬁ—‘ 1.
= ({—1ng1+ij+1—g. Remark 14. From bound (I), taking ¢ = 2, we deduce that, if
Since D(i1,....i)) =m+2— g+ E, we get that m +2 — " is the number of intervals of (at least one) gaps of A, then
g+E = —=1)ne1+i;+1-g,s0 E, > min{2(r —1),r — 1+ [n/2]}. )
E.>{—1neg_1+i; —m—1. (5) Remark 15. If r = 2 or n < 2 then bound Q) equals the

b d E,. > r. Buti th , b d is better.
Now, by the maximality of j, and by Lemma [I0 oun r. But in any other case, bound @ is better

Corollary 16. If A is a semigroup with conductor ¢ and n
intervals of gaps then, for any m with \,, > ¢,

This implies 5.(m) > m—g+2r ifr<[n/2]+1,
i; =i +0—1, 7 ZU m—g 4+ [n/21 41 otherwise.

ij = max{iy + € —1,iy 4+ (€ = 1)(iy — i,) + £(r — 1)}. (6)

and C. Sharpness of the bound

i =201+ (0 —1)(i1 — i) +0(r—1). 8 .

/ 1 )@ )+ U ) ®) Analyzing the proof of Theorem [II] we see that the
On one hand, using (3) and (@), we deduce that E, > (£ — bound (I) may be sharp only if

1)(ng—1 + 1). On the other hand, using @) and (8), and then 1) The inequality in (@), obtained applying Theorem [3] to

@. the ideal A \ D(iy,...i,), is indeed an equality. This
. . . means, by applying Theorem [7] to the same ideal, that
> _ _ _ N

Bz (C=Dneatint (E= D —i) + =1 =m =1 5, 7 7 D), and s0 iss ... iyt C iy — A. In

= ((=Dng1+(C—=1)(i1 —ip) +L(r — 1) particular, i, — i1 > A1.
> (—=1)ne1—(L—-1)E, +L(r—1) 2) Either the inequality in (B) or both the inequalities in
(—1)m @) and (@) are indeed equalities, which means that the
and we conclude that £, > r — 1+ [%W difference between i, and i,_; is at most two. So, i, —

We have seen that, depending on whether I contains ¢ i1 < 2.

consecutive integers or not, either E, > r — 2 + {ﬁ} or We conclude that the only semigroups for which the bound

B, > max{(f— 1)(n o1+ P@_l)n“l“} So. we May be sharp are hyperelliptic semigroups, that is, semigroups
r 2 £—1 ) L T that contain 2.

It is proved in [14, Theorem 1] that for hyperelliptic
E, > min{r—2+ { r -‘ (0= D)(ne_r + D)}, semigroups, £, = A\,_1 = 2(r — 1). The bound (1) for the

deduce the bounds

-1 hyperelliptic semigroup of genus g is
0—1)ne— .
E, > min{r_Q_i_{L-"T_l_F{w-‘}' r—1 if £>2
-1 ¢ E,>{ 2(r—1) if ¢=2andr—1< [g/2]
Notice, though, that the second bound is always at least as r—1+[g/2] if{=2andr—1>[g/2]
good as the first one, so the first one can be ommitted. Indeed, Hence the bound is sharp if and only if A is hyperelliptic,

ifr—24 [ﬁ—‘ <r—1+4+ [M#w,then we are done. On ¢ =2, and r < 1+ [g/2].

the contrary, assume that r —2+ hfl—‘ >r—14 M%W .
D. An example

We need to prove that in this case » — 1 + {“_1)#] >
(€= 1)(nes +1).
o MJ s W_l%nm] then MJ - {0,3,6,9,...,36,37,38,...},
with ¢ = 3. Let us analyze the bounds in (1) and (@) for

(t—1)n " different values of r. In this case ny_1 = n1 = 12 and so the
sor>(-1)(1+—=)=0=1)((ne—1+1) = =F)-  bound in (@ is
This implies 7 + (6_1)# > (0 —1)(ng—1 + 1) and so r —

1+ [(f—l)#—‘ > (0 —1)(ne—1 + 1) as desired. L

As an example consider the semigroup

1+ [ ] which implies that 725 > 1+ 522 and

r

. _9 ’V
min{r + 5

—‘,T-l-?}

Remark 12. Notice that if » < 2(/ — 1) then the bound in 1€ the bound in @ is

Theorem [1] does not improve the bound E, > r. So, the min{2(r — 1), + 5}.
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Case r = 6: Bound (I is min{7,13} = 7 while bound (@)
is min{10,11} = 10. So, bound (9) (with the first element
being the minimum) is better than bound ().

Case v = 8: Bound (0 is min{10,15} = 10 while bound
@) is min{14,13} = 13 So, bound (@) (with the second
element being the minimum) is better than bound ().

Case r = 15: Bound (@) is min{21, 22} = 21 while bound
@) is min{28,20} = 20 So, bound () (with the first element
being the minimum) is better than bound ().

Case r = 20: Bound (I) is min{28,27} = 27 while bound
@) is min{38,25} = 25 So, bound (1) (with the second
element being the minimum) is better than bound (©).

IV. EXAMPLES OF THE COMPUTATION OF THE NUMBER OF
INTERVALS OF GAPS

Now we analyze n, for two classical families of codes,
that is, for Hermitian codes and for codes in one of the
Garcia-Stichtenoth’s towers of codes attaining the Drinfeld-
Vlddut bound, as well as their respective generalizations to
semigroups generated by intervals and inductive semigroups.

A. Hermitian codes

Let ¢ be a prime power. The Hermitian curve over F 2 is
defined by the affine equation

2Tt =yl 4y
and it has a single rational point at infinity and ¢ more
rational points. Its weight hierarchy has already been studied
in [41], [1]. However, for its simplicity, we wanted to give a
description of ny. The Weierstrass semigroup at the rational
point at infinity is generated by ¢ and ¢ + 1 [38], [23]. Some
results concerning this semigroup can be found in [6] and, in
particular, concerning the weight hierarchy, in .

The semigroup generated by ¢ and ¢ + 1 is {0} U {q,q +
1}U{2¢q,2q+1,2q+2}U---U{(¢—2)q, (¢—2)q+1,...,(qg—
2)g+(¢—2)=(¢—1)g—2U{jeNo:j=(¢g—1)g}. It
is easy then to see that the lengths of the intervals of gaps, as
they appear in the semigroup, are ¢ — 1,¢ — 2,...,1. So,

-/
nz—{g

B. A generalization: semigroups generated by intervals

if1</l<q
if{>q

The semigroup of the Hermitian curve can be thought as
generated by the interval of length 2 starting at g. Suppose
that a numerical semigroup is generated by the interval of
x integers starting at a: {a,a + 1,...,a + © — 1}. These
semigroups can be found, for instance, in [18]]. Also, the Feng-
Rao numbers of such semigroups are studied in [11].

In this case, the semigroup is {0} U{a,a+1,...,a+z —
1YuU{2a,2a+1,...,2a+22—-2}U---U{ka,... ka+kx —
Eyu{(k+1a,...,(k+1)a+(k+1)z—(k+1)}U....

The gap intervals correspond to the sets between ka + kx —
k+1and (k4 1)a —1 for &k > 0 and whenever (k + 1)a —

1 > ka + kx — k + 1. The number of gaps of these sets is
(a—1) —k(x —1). So,

#{kaﬂth{ggEJ—Mf—D>€}

17
#{k such that 0 < k < “7}
rx—1
{ [t 41 e

We see that this result generalizes the one previously found
for Hermitian codes. We leave it as an open problem to
compare the bound proved in Theorem [I1] using this value
of n, with the results in [L1].

g

C. Codes on the Garcia-Stichtenoth tower of codes

Garcia and Stichtenoth gave in a celebrated tower of
function fields attaining the Drinfeld-VIddut bound, which
became of great importance in the area of algebraic coding
theory. Since then other towers have also been found, although
we will focus on the tower in [17]. It is defined over the finite
field with ¢? elements I, for ¢ a prime power. It is given by
Fi1=Fp(x1); Fin = Frm—1(zm), with x,, satisfying
q
m—1

e+

4 T
Ty, + Ty =

It is shown in that the number of its rational points is
Ny(Fm) = (¢ — q)¢™ " and that the genus g, of F, is
Im = (quTHJ — 1)(q(mTflw — 1). Hence, the ratio between
the genus g(F,,) and N2 (Fy,) converges to 1/(q — 1), the
Drinfeld-Vladut bound, as m increases. From these curves one
can construct asymptotically good sequences of codes.

For every function field F,, in the tower we distinguish
the rational point @), that is the unique pole of x;. The
Weierstrass semigroup A,, at @, in F,, was recursively
described in [33]). Indeed, the semigroups are given recursively
by

A = Ny

m 10
Am = ¢-AmiUfieNo:isqn— g2y, (9

In [7] a non-recursive description of these semigroups is given
as follows.

L%
Am::Ljymﬂ”B@u{jer:j>cmL (11)
=1

where ¢, is the conductor of A,,,, which is ¢"* — quTHJ, and
Aj={coici+j:j=0,...,¢ (¢—1)—1}.

From (II) we can deduce that there are exactly #A4; =
¢ (¢ — 1) intervals of length ¢™~2*1 — 1. Now, if j
is maximum such that ¢ < ¢™ Tl — 1 then n, =

T 147 (g—1)=¢’—1.But £ < ¢™ 1 —1is equivalent
to j < w and we can take j = L%&Z(HI)J
So,

m41—logg (¢+1)

ne = qt 2 I-1

12)
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D. Inductive semigroups

In an inductive sequence of semigroups is defined as a
sequence for which there exist sequences (a,, : m € N) and
(b, = m € N), with a,,b,, < b1 such that Ay = Ny and
A = amAp—1 U{n € Ng : n > an,b,,} or all m > 1. See
also [9], [27].

The semigroups in the previous subsection are an example
of inductive sequence of semigroups with a,, = ¢ for all
m. In general, if a,, = ¢ for all m, then the semigroup A,,
equals the disjoint union of the next sets (recall the condition
@b, < bpy4q for all m > 1).

If N is even then

N
-0 (> d"=)) = 20-D0+g+P++qF )
k=1
N/2_1
g
= gq-1nL—=
(q )q_1
= 2(qN/2_1)5

while, if N is odd, then

N
-1 (Y47 =
k=1

200 -1 +qg+q*+--

N_1_q
q 2 N-1
. = 20¢-1)———+(@@—-1)¢~
Agg 1) = {qm_172qm_17"'7b2qm_1}7 ~ q_l N N
- N-1 +1 N-1
A,(g 5 _ {bzqm—l +qm—27b2qm—1 +2qm72,...,b3qm72}, = 223+12 _N1)1+q 2 —q 2
AYTT = e T g e 4 207 bag ™, = ¢* tgr -2
Agg) _ {bm—1q2 g, bmo1q® + 2, .. ., b}, In both cases, we obtain that ny, = quJ ;1'1Ni“2’e§?38titut_
AD = (bt Lbng+2,...) ing N by its value, we check that ny = ¢l= =2~ 1 —1.

So, A, has by intervals of ¢" ! — 1 gaps, baq™ " ?

bz — gbs intervals of ¢™~2 — 1 gaps, b4qm7;n,3
qbs intervals of ¢™~2 — 1 gaps, and so on. In general, it has
bi+1 — gby intervals of gnk —1 gaps, for k > 1, where by

may be assumed to be 0.

Now, when looking for intervals with at least ¢ consecutive
gaps, we need to take into account that qm_k — 1>/ if and
only if k¥ < m —log,({+1). Let N = [m — log, (£ + 1)].
Then,

N
ny > b1 — g
k=1

N
i+ Y (1—q)bx. (13)
k=1

Let us check that this result generalizes (I2). In fact, for the

inductive semigroups in the previous section, one has b,, =
m—1 . . . .

¢! — ¢ql7= 1. Substituting this value in (I3) we get

The floor in the numerator of the exponent is redundant, and
so this result coincides with (12)).
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