@ axioms

Article

Ratio-Covarieties of Numerical Semigroups

Maria Angeles Moreno-Frias '*

check for
updates

Citation: Moreno-Frias, M.A.; Rosales,
J.C. Ratio-Covarieties of Numerical
Semigroups. Axioms 2024, 13, 193.
https:/ /doi.org/10.3390/
axioms13030193

Academic Editor: Fabio Caldarola,

Gianfranco d’Atri

Received: 9 January 2024
Revised: 6 March 2024
Accepted: 7 March 2024
Published: 14 March 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

t© and José Carlos Rosales >*

-

Department of Mathematics, Faculty of Sciences, University of Cddiz, E-11510 Puerto Real, Spain
Department of Algebra, Faculty of Sciences, University of Granada, E-18071 Granada, Spain; jrosales@ugr.es
Correspondence: mariangeles.moreno@uca.es

These authors contributed equally to this work.

[N]

Abstract: In this work, we will introduce the concept of ratio-covariety, as a family % of numerical
semigroups that has a minimum, denoted by min(%), is closed under intersection, and if S € #Z
and S # min(%), then S\{r(S)} € %, where r(S) denotes the ratio of S. The notion of ratio-
covariety will allow us to: (1) describe an algorithmic procedure to compute Z; (2) prove the
existence of the smallest element of % that contains a set of positive integers; and (3) talk about
the smallest ratio-covariety that contains a finite set of numerical semigroups. In addition, in
this paper we will apply the previous results to the study of the ratio-covariety Z(F,m) = {S |
S is a numerical semigroup with Frobenius number F and multiplicity m}.
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1. Introduction

Let N be the set of nonnegative integers. A numerical semigroup S is a submonoid of
(N, +) such that N\ S is finite. The set N\ S is known as the set of gaps of S, and its cardinality
is called the genus of S, denoted by g(S). The largest integer not belonging to S is the Frobe-
nius number of S, and it will be denoted by F(S). For instance, F(N) = —1.Let {ay,...,a,} C
N such that ged(ay,...,a,) = 1. Then, (ay,...,a,) = {2?:1 wja; | {aq,...,an} C N} is a
numerical semigroup, and every numerical semigroup has this form (see [1], Lemma 2.1).
The set {ay,...,a,} is called a system of generators of S, and we write S = (ay,...,a,).
A system of generators of a numerical semigroup is called the minimal system of generators
if none of its proper subsets generates the numerical semigroup. In ([1], Corollary 2.8)
is proven that every numerical semigroup has a unique minimal system of generators
which, in addition, is finite. We denote by msg(S) the minimal system of generators of
a numerical semigroup S. Its cardinality is called the embedding dimension, and it will be
denoted by e(S). The multiplicity of S is another invariant which we will use in this work. It
is denoted by m(S), and it is the minimum of S\ {0}. It is verified that e(S) < m(S) (see [1],
Proposition 2.10).

Definition 1. A numerical semigroup S is said to have a maximal embedding dimension if e(S) =
m(S); from now on, we will call such an MED-semigroup.

In the literature, one can find a long list of works dealing with the study of one di-
mensional analytically irreducible local domains via their value semigroups. One of the
properties studied for this kind of ring using this approach is that of the maximal embed-
ding dimension (see [2-5]). The characterization of rings with the maximal embedding
dimension via their value semigroup gave rise to the notion of the MED-semigroup.

The Frobenius problem (see [6]) for numerical semigroups is a classical mathematical
problem. It consists of obtaining formulas for calculating the Frobenius number and the
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genus of a numerical semigroup in terms of its minimal system of generators. The solution
to the problem was found for numerical semigroups with embedding dimension two in [7].
Since then, many researchers have tried to solve this problem for numerical semigroups
with an embedding dimension greater than or equal to three. However, the problem is still
open. Furthermore, in this case, the problem becomes NP-hard (see [8]).

The main aim of this paper is to introduce the concept of ratio-covariety and justify
its study.

For integers a and b, we say that a divides b if there exists an integer ¢, such that
b = ca, and we denote this by a | b. Otherwise, a does not divide b, and we denote this
by a {1 b. Let S be a numerical semigroup such that S # N, the ratio of S, is defined
r(S) := min(msg(S)\{m(S)}). Note that r(S) = min{s € S | m(S) ¢ s}.

Definition 2. We say that a nonempty family % of numerical semigroups is a ratio-covariety if it
verifies the following conditions:

(1)  There is the minimum (with respect to set inclusion) of %, denoted by min(Z).
(2) If{S,T} C X, thenSNT € %.
(3) IfSe€ Zand S # min(Z), then S\{r(S)} € %.

The most trivial example of a ratio-covariety is the singleton {S} with any numerical
semigroup S. There are another families of numerical semigroups satisfying these condi-
tions. For instance, the next two families of numerical semigroups are ratio-covarieties:
Z(F,m) = {S | Sisanumerical semigroup, F(S) = F and m(S) = m} and MED(F,m) =
{S | S is a numerical semigroup with maximal embedding dimension, F(S) = Fandm(S) =
m}. Section 2 is devoted to proving that every ratio-covariety is finite and its elements can be
ordered in a rooted tree. Moreover, we will describe the children of an arbitrary vertex of the
tree. As a consequence, we obtain an algorithmic procedure to compute all the elements of a
ratio-covariety.

Definition 3. Let % be a ratio-covariety. A subset X C N will be call an Z#-set if X Nmin(Z%) = @
and there exists S € % with X C S.

We will investigate, in Section 5, the smallest element of # containing an %#-set, X.
This element will be denoted by #[X], and we will say that it is the element of % generated
by X.

Definition 4. If S = Z[X], X is called an %-system of generators of S. Moreover, if S # Z[Y]
forallY C X, then X will be called a minimal Z2-system of generators of S.

In Section 5, we will show an example of ratio-covariety %, in which the minimal
Z-system of generators is not unique.

Definition 5. Let % be a ratio-covariety and S € %, then the Z-rank of S is Zrank(S) =
min{#X | X is Z-set and Z[X] = S} (where #Y denotes the cardinality of a set Y).

We will characterize the elements of Z with Z-rank 0 and 1. In Section 6, we will show that
if Sq,- -+, Sk are numerical semigroups with multiplicity m and F = max{F(S1),--- ,F(5¢)},
then there is the smallest ratio-covariety containing the set {Sy, - - - , Sx}, and with A(F,m) =
(m) U{F 41, —} as its minimum (the symbol — means that every integer greater than F + 1
belongs to the set). This ratio-covariety is denoted by (Sy, - - -, S¢), and we present an algorithm
which computes all its elements.

Along with this work and with the aim of giving examples of general results, we will
use the ratio-covariety Z(F, m). In particular, we will obtain an alternative algorithm to the
one presented in [9] to compute all the elements of Z(F, m).
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Throughout this paper, some examples are shown to illustrate the proven results. For
the development of these examples, the GAP (see [10]) package numericalsgps (see [11])
can be used.

2. Basic Properties and Examples

If T is a numerical semigroup, we have the following result.
Proposition 1. Every ratio-covariety has a finite cardinality.

Proof. As N\T is a finite set, the set {S | S is a numerical semigroup and T C S} is also
finite, and every ratio-covariety has a minimum. O

Throughout this work, m and F denote positive integers such that m < F and m { F.
Recall that Z(F,m) = {S | Sisanumerical semigroup, F(S) = Fand m(S) = m} and
MED(F, m) = {S | S is a numerical semigroup with maximal embedding dimension, F(S) =
F and m(S) = m} are examples of ratio-covarieties.

Definition 6. A numerical semigroup S is Strong if x +y —m(S) € S for every (x,y) €
(S\{0})? such that x # y(mod m(S)).

The set ST(F,m) = {S | Sis a Strong numerical semigroup, F(S) = F and m(S) =
m} is another example of ratio-covariety.

The following result has an easy proof.

Lemma 1. With the above notation, we have that
A(F,m) = (m)U{F+1,—}
is the minimum of %(F, m).

Proof. Obviously A(F,m) € %#(F,m), and it is clear that every numerical semigroup with
multiplicity m and whose Frobenius number is F, then it contains A(F,m). O

The next Lemma is known, and its proof is not difficult.

Lemma 2. Let S and T be numerical semigroups and x € S. Then, the following conditions hold:

1. SN Tisanumerical semigroup and F(SNT) = max{F(S),F(T)}.
2. S\{x} is a numerical semigroup if and only if x € msg(S).

Lemmas 1 and 2 immediately imply the following result.
Proposition 2. %Z(F, m) is a ratio-covariety.

3. The Tree Associated with a Ratio-Covariety

A graph G is a pair (V, E), where V is a nonempty set and E is a subset of {(x,y) €
V x V| x # y}. The elements of V and E are called vertices and edges, respectively. A path,
of length n, connecting the vertices u and v of G, is a sequence of different edges of the form
(x0,x1), (x1,x2),...,(xn_1,%n), such that xy = u and x,, = v.

A graph G is a rooted tree if there is a vertex r (known as the root of G), such that for any
other vertex x of G, there exists a unique path linking x and r. We say that x is a son of y, if
(x,y) is an edge of the rooted tree G.

Let # be a ratio-covariety and S € %. Recursively define the following sequence of
elements of % :

[ ] S():S,
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. Sy = { Sa\{r(Sx)}  if S, # min(2),

min(%) otherwise.
By observing the definition from the above sequence, the following result is immediately clear.

Lemma 3. Let Z be a ratio-covariety, S € % and let {S,},cn be the sequence of elements of
Z defined above. Then, there exists k € N such that min(Z) = S € Sx_.1 C -+ C Sp = S.
Moreover, #(S;\S; 1) = 1 foralli € {0,1,--- ,k—1}.

If # is a ratio-covariety, then we define the graph G(#) as follows: Z is the set of its
vertices and (S, T) € #Z x % is an edge of G(#), if and only if T = S\{r(S)}.

Note that in the sequence {S, },cn of elements of # defined above, the pair (Sy, S;11)
is an edge of the graph G(#). As a consequence from Lemma 3, we have the following result.

Proposition 3. Let # be a ratio-covariety. Then, G(Z) is a tree with root min(Z).

A tree can be built recursively starting from the root and connecting, through an edge,
the vertices already built with their children. Hence, it is very interesting to characterize
the children of an arbitrary vertex in the tree.

Definition 7. Let S be a numerical semigroup. An integer z is called a pseudo-Frobenius number
of S,ifz ¢ Sandz+s € S forall s € S\{0}.

We denote by PE(S) the set formed by the pseudo-Frobenius numbers of S. The elements
of the set SG(S) = {x € PF(S) | 2x € S} are called the special gaps of a numerical semigroup
S. The following result is [1], Proposition 4.33.

Lemma 4. If S is a numerical semigroup and x € N\S, then x € SG(S) if and only if SU {x} isa
numerical semigroup.

Example 1. Let S = (3,5,7) = {0,3,5,—}, then it is clear that PF(S) = {2,4} and
SG(S) = {4}.

Proposition 4. Let Z be a ratio-covariety and S € %. Then, the set formed by the children of S in
the tree G(%) is

{SU{x} | x €SG(S), m(S) < x <r(S)and SU{x} € #}.

Proof. If Tisachild of S, then T € Z and T\{r(T)} = S. Therefore, T = SU{r(T)} € Z,
r(T) € SG(S) and m(S) < r(T) < r(S).

if m(S) < x < r(S), then r(SU{x}) = x. Hence, (SU{x})\{r(SU{x})} = S and,
consequently, SU {x} € Z is a child of S in the tree G(#). O

As a consequence of Propositions 2 and 4, we can characterize the children of the tree
G(Z(F,m)).

Proposition 5. If S € %(F, m), then the children of S in G(Z(F,m)) form the set {SU {x} |
x € SG(S), m < x <r(S)and x # F}.

Given a numerical semigroup S and n € S\ {0}, the Apéry set of n in S (in honor of [12])
is the set Ap(S,n) = {s € S | s —n ¢ S}. This set has n elements, one for every congruence
class modulo n. Thatis, Ap(S,n) = {0 = w(0),w(1),...,w(n — 1)}, where w(i) is the least
element of S congruent with i modulo #, foralli € {0,...,n — 1} (see [1], Lemma 2.4).

Let S be a numerical semigroup. We define an order relation on Z as follows: a <g b if
b—acs.
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Definition 8. Let A C Z. An element a € A is called maximal with respect to <g, if there exists
nob € Asuchthata <g band b # a. Denote by Maximals< A, the maximal elements of a set A
with respect to the ordering <g.

The following result is Proposition 2.20 from [1].

Lemma 5. If S is a numerical semigroup and n € S\{0}, then
PF(S) = {w —n | w € Maximals<,Ap(S,n)}.

Lemma 6. Let S be a numerical semigroup, n € S\{0} and w € Ap(S,n). Then,
w € Maximals<,(Ap(S,n)) if and only if w4+ w' ¢ Ap(S,n) forall w' € Ap(S,n)\{0}.

Proof. Necessity. Asw <g w+ ', then w + w' ¢ Ap(S,n).
Sufficiency. Letw’ € Ap(S,n) suchthatw <g w' thenw’ —w € Ap(S,n)\{0}. Consequently,
we have that w’ = w + (w’ — w) € Ap(S,n), a contradiction. [

It is straightforward to prove the following result, since if x € PF(S), then either
2x € PF(S) or2x € S.

Lemma 7. Let S be a numerical semigroup such that S # N. Then,
SG(S) = {x € PE(S) | 2x ¢ PF(S)}.

Note 1. As a consequence of Lemmas 57, observe that if S is a numerical semigroup, and we know
Ap(S,n) for some n € S\{0}, then we can compute easily the set SG(S).

We will explain the above note with an example.

Example 2. If S = (11,12,25,41), then Ap(S,11) = {0,12,24,25,37,41,49,50,53, 62, 65}.
By applying Lemma 6, we have that Maximals<,(Ap(S,11)) = {49,62,65}. Then, Lemma 5,
asserts that PF(S) = {38,51,54}. Finally, by using Lemma 7, we have that SG(S) = {38,51,54}.

The following result has an easy proof.

Lemma 8. Let S be a numerical semigroup, n € S\{0} and x € SG(S). Then, x +n € Ap(S,n).
Moreover, Ap(SU {x},n) = (Ap(S,n)\{x+n}) U{x}.

Note 2. Observe that as a consequence of Lemma 8, if we know Ap(S,n), then we can easily
calculate Ap(S U {x},n). In particular, if Z is a ratio-covariety and S € %, then Lemma 8
allows us to compute the set Ap(T,n) from Ap(S, n), for every child T of S in the tree G(Z) (see
Proposition 4).

The next example illustrates the previous note.

Example 3. Let S = {0,7,—} be a numerical semigroup. We have that
Ap(S,7) ={0,8,9,10,11,12,13}. By Example 2, we know that 5 € SG(S).If T = SU {5}, then
Lemma 8 asserts that

Ap(T,7) = ({0,8,9,10,11,12,13}\ {5+ 7}) U {5} = {0,5,8,9,10,11,13}.

We already have all the necessary tools to present the algorithm that gives title to this
section. That is, we start by computing the root A(F, m), using Lemma 1, of the tree and,
by using Proposition 5 and Lemma 8, we determine the children of each vertex. Namely
we obtain Z(F, m).
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Algorithm 1 Computation of Z(F,m)

INPUT: Two positive integers F and m, such that m < Fand m { F.
OuTPUT: Z(F, m).
(1) Compute Ap(A(F,m),m).
(2) R(F,m)={A(F,m)} and B= {A(F,m)}.
(3) Forall S € Bcompute 0(S) = {x € SG(S) | m < x <1(S) and x # F}.
4) If | J 6(S) = @, then return R(F,m).

SeB
G) C=J{su{x}|xecb(s)}

SeB

(6) R(F,m)=R(F,m)UCandB = C.
(7) Forevery S € B, compute Ap(S,m) and go to Step (3).

Next, we show how this algorithm works.

Example 4. We compute %#(7,4) by using Algorithm 1.

A(7,4) = {0,4,8,—} and Ap(A(7,4),4) = {0,9,10,11}.

R(7,4) = {A(7,4)} and B = {A(7,4)}.

6(A(7,4)) = {5,6}.

C={A(7,4)U{5},A(7,4)U{6}}.

R(7,4) = {A(7,4),A(7,4) U {5}, A(7,4) U {6} } and B = {A(7,4) U {5}, A(7,4) U {6} }.
Ap(A(7,4) U {5},4) = {0,5,10,11} and Ap(A(7,4) U {6},4) = {0,6,9,11}.

0(A(7,4) U{5}) = Dand 6(A(7,4) U{6}) = {5}.

C = {A(7,4)U{5,6}}.

R(7,4) = {A(7,4),A(7,4) U {5}, A(7,4) U {6}, A(7,4) U {5,6}} and B = {A(7,4) U
{5,6}}-

Ap(A(7,4) U {5,6},4) = {0,5,6,11}.

e 0(A(7,4)U{56}) =.

o The Algorithm returns

(7,4) = {A(7,4),A(7,4) U {5}, A(7,4) U {6},A(7,4) U {5,6}}.

4. The Elements of #(F, m) with a Fixed Genus

Let F, m and g be positive integers. Denote by Z(F,m,g) = {S € %#(F,m) | g(S) = g}.
From [1] (Lemma 2.14), and the fact that g(S) < F(S), we can deduce the following result.

Proposition 6. If S is a numerical semigroup, then F(52)+1 < g(S) <F(S).
The following notion appears in [1].

Definition 9. A numerical semigroup is irreducible if it cannot be expressed as the intersection of
two numerical semigroups properly containing it.

In [1], Theorem 4.2, the next result is proven.

Lemma 9. Let S be a numerical semigroup. Then, S is irreducible if and only if S is a maximal
element in the set {T | T is a numerical semigroup with F(T) = F(S)}.

The irreducible numerical semigroups are very interesting because, from [3,13], we
know that a numerical semigroup is irreducible if and only if it is symmetric or pseudo-
symmetric. This kind of numerical semigroup has been widely studied in the literature,
because a one dimensional analytically irreducible local ring is Gorenstein (respectively
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Kunz), if and only if its value semigroup is symmetric (respectively pseudo-symmetric), as
it can be seen in [3,14].
From ([1], Corollary 4.5), we have the following characterization.

Lemma 10. Let S be a numerical semigroup. Then, the following conditions hold.
F(S) +1

—

2. Sis pseudo-symmetric if and only if g(S) =

1. Sis symmetric if and only if g(S) =
F(S) 42
—
. o . F(S)+1 .
3. Sisirreducible if and only if g(S) = 5| where [ | denotes the ceiling operator.

Denote by Max(Z(F,m)) the set formed by the maximal elements of Z(F,m).
The following result is the same as [15], Proposition 6, with a bit different notation.

Proposition 7. With the above notation, we have the following.

1.  IfF =m—1,then Max(%(F,m)) = %#(F,m) = {{0,m, —}}.

2. Ifm < F < 2m, then Max(%(F,m)) = {{0,m, = }\{F}}.

3. IfF > 2m, then Max(Z(F,m)) = {S € Z(F,m) | S is irreducible}.

As a consequence of Lemma 10 and Proposition 7, we have the following result.
The proof can be obtained as a direct application of them.

Corollary 1. Let S € Z(F,m). Then, S € Max(Z(F,m)), if and only if one of the following
conditions are satisfied.

1. F=m-—1.
2. m<F<2mandg(S)=m.

3. F>2mand g(S) = [F;ll

For a numerical semigroup S # N, the ratio-sequence associated to S is recursively
defined as: Sy = S and S;,11 = S, \{r(S,)} foralln € N.

For a numerical semigroup S, we set A(S) = {x € S | x < F(S)and m(S) { x}.
The cardinality of A(S) will be denoted by a(S).

Let S be a numerical semigroup and let {S, },,cy be the ratio-sequence associated with
S, then the set Rat-Cad(S) = {So, S1, ..., Sy(s) } is called the ratio-chain associated to S. 1t is
clear that S,(5) = A(F(S), m(S)).

F
Lemma 11. With the above notation, it is verified that g(A(F,m)) = F — L”J , where | | denotes
the floor operator.

Proof. Itis enough to observe that
F
A(F,m) = {0,m,2m,- - -, {mJ m,F+1,—}.

O
The following result has an easy proof.
Lemma 12. Ifm < F < 2m, then

#(F,m)={AU{0,m,F+1,—-} |AC{m+1,--- ,F—1}}.
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Proof. In order to see this, it is enough to observe that, by Lemma 1, A(F,m) = (m) U {F +
1, —} is the minimum (with respect to inclusion set) of Z(F,m). [

By applying the previous results, we can easily deduce the following proposition.

Proposition 8. With the above notation, the following holds:
1. IfF=m—1,then{g(S)|S e Z(F,m)}={m—1}.
2. Ifm<F<2m,then{g(S)|Se€ #%(F,m)}={mm+1,---,F—1}.
3. IFF > 2m, then {g(S) | S € Z(F,m)} = { FZHW - {FJ }

m

We have now all the ingredients needed to give an algorithmic procedure to compute

Z(F,m,g), where F > 2m, m t F and [F_zkl—‘ <g<F-— L};J

That is, by using Lemma 11 and Proposition 8, we compute the genus of each vertex
of the tree until we achieve the given genus.

Algorithm 2 Computation of % (F,m, g)

F+1 F
INPUT: Positive integers F, m and g, such that F > 2m, m { F and [;——‘ <g<F- {J
OuTPUT: Z(F,m,g).

(1) H={A(F,m)},i=F— ﬁJ
(2) Ifi= g, return H.
(3) Forall S € Hcompute §(S) = {x € SG(S) | m < x <r(S) and x # F}.
(6) H:= [J{SU{x}|x€6(S)}, i:=i—1and go toStep(2).

SeH

We are going to see how the previous algorithm works in the following example.

Example 5. By using Algorithm 2, we will compute the set %(12,5,8).
H={A(12,5)},i = 10.

6(A(12,5)) = {8,9,11}.

H = {A(12,5) U {8},A(12,5) U {9}, A(12,5) U {11}},i = 9.

0(A(12,5) U {8}) = @, 8(A(12,5) U {9}) = {8} and 0(A(12,5) U {11}) = {8,9}.
H={A(12,5) U {8,9},A(12,5) U {8,11},A(12,5) U {9,11}},i = 8.

The algorithm returns

%(12,5,8) = {A(12,5) U {8,9},A(12,5) U {8,11},A(12,5) U {9, 11} }.
We finish this section, noting that in [9], an equivalence relation ~ is defined on
Z(F, m) such that the set

Z%(F,
Em) _ 115]1's € Max(#(F, m))}
is the quotient set of Z(F, m) by ~ .
F
As Z(E,m) is a partition of Z(F, m), to compute all the elements of Z(F,m), it is

enough to have:

1. An algorithm which computes Max(Z(F,m)).
2. Another algorithm which computes [S] when S belongs to Max(Z (F, m)).

This idea is applied in [9] to obtain an algorithm that calculates Z(F, m).
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5. Z-System of Generators

Throughout this section, Z will denote a ratio-covariety. Recall that if X is an %-
set, then we will denote by #[X] the intersection of all elements of # containing X.
By Proposition 1, we know that Z is a finite set, and so the intersection of elements
of #Z containing X is an element of #. Therefore, #[X] is the smallest element of %,
with respect to set inclusion, containing X.

Recall that if X is an Z-setand S = Z[X], we will call that X is an #-system of generators
of S. Moreover, if S # Z[Y] for all Y C X, then X will be called a minimal %-system of
generators of S. Observe that X = @ is the unique minimal Z-system of generators for
min(%Z).

In general, the minimal #-system of generators is not unique, as we can show in the
following example.

Example 6. Let # = {S | S isanumerical semigroup, m(S) = 8, r(S) > 10and F(S) <
15} U{S; = {0,8,9,10,11,15,—},5, = {0,8,9,13,15, 1}, S5 = {0,8,9,15, =} }.

It is easy to see that % is a ratio-covariety with min(#) = {0,8,16, =}, Z[{9,10}] =
Z[{9,11}] = S1, Z[{9}] = S3, Z|{10}] = {0,8,10,15, =} and Z[{11}] = {0,8,11,15, —}.
Therefore, {9,10} and {9,11} are minimal %-system of generators of Sy.

Our next aim in this section will be to prove that every element of Z(F, m) admits a
unique minimal Z(F, m)-system of generators.

Lemma13. IfS € %, then X = {x € msg(S) | x ¢ min(Z)} is an Z-set and Z[X] = S.

Proof. Itis clear that X is an #Z-set. As S € Z and X C S, then Z[X| C S. We are going to
show the reverse inclusion. Let T € % such that X C T. Then, X Umin(%) C T and so
msg(S) C T. Hence, S C T and, consequently, S C Z[X]. O

Proposition 9. If S € %Z(F,m), then X = {x € msg(S) | x ¢ A(F, m)} is the unique minimal
2 (F, m)-system of generators of S.

Proof. By Lemma 13, we know that X is an #(F, m)-set and Z(F, m)[X] = S. To conclude
the proof, it remains to show that if Y is an Z(F, m)-set and Z(F,m)[Y] = S, then X C Y.
In fact, if X ¢ Y, then there is x € X\Y. Note that x € msg(S) and x ¢ A(F,m), then
m < x < F.By applying Lemma 2, we deduce that S\{x} € Z(F,m) and Y C S\{x}.
Therefore, S = %Z(F,m)[Y] C S\{x}, a contradiction. [J

If % is a ratio-covariety and S € Z, then we define the Z-rank of S as
Zrank(S) = min{#X | X is an #Z-set and Z[X| = S}.

As an immediate consequence of Lemma 13, in the following result, we show the
relation between the #-rank and the embedding dimension of a numerical semigroup.

Proposition 10. If % is a ratio-covariety and S € %, then Zrank(S) < e(S).
The following result has an immediate proof.

Lemma 14. Let % be a ratio-covariety and S € Z. Then, #rank(S) = 0 if and only if S =
min(Z).

Lemma 15. If % is a ratio-covariety, S € %, S # min(#) and X is an %-set such that S = Z[X],
then r(S) € X.
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Proof. If r(S) ¢ X, then X C S\{r(S)}. As S\{r(S)} € Z, then S = Z[X] C S\{r(S)},
which is absurd. O

As a consequence of preceding two results, in the following result we characterize the
numerical semigroups S € # such that Zrank(S) = 1.

Proposition 11. Let % be a ratio-covariety and S € %. Then, Xrank(S) = 1 if and only if
§ = Z[{r(5)}]-

As a consequence of Propositions 9 and 11, we have the following result.

Corollary 2. Let m < r < F be positive integers, such that m { r and F ¢ (m,r). Then,
(m,r) U{F +1,—} belongs to % (F, m) with %(F, m)-rank equal to 1. Moreover, every element
of Z(F, m) with %(F, m)-rank equal to 1, has this form.

6. The Elements of #(F, m) with Maximum % (F, m)-Rank

Our first goal in this section will be to show that the maximum of the set
{Z%(F, m)rank(S) | S € Z(F,m)} does not exceed m — 2. To this end, we need to introduce
some results.

In ([1], Corollary 3.2) appears the following result.

Lemma 16. If S is an MED-semigroup and S # N, then F(S) = max(msg(S)) — m(S).
Proposition 12. If S € %Z(F, m), then % (F, m)rank(S) < m — 2.

Proof. By Proposition 9, we know that Z(F, m)rank(S) is the cardinality of the set X =
{x € msg(S) | x ¢ A(F,m)}. Asm € msg(S) and m € A(F,m), then Z(F, m)rank(S) <
e(S) — 1. Now, by applying that e(S) < m(S), we have that Z(F, m)rank(S) < m(S) — 1.
To finish the proof, we will show that the case Z(F, m)rank(S) = m(S) — 1 is impossible.
Indeed, if Z(F, m)rank(S) = m(S) — 1, then we deduce that e(S) = m, and so S is an MED-
semigroup. But then, Lemma 16 implies max(msg(S)) € A(F,m). Since e(S) < m(S), this
implies Z(F, m)rank(S) <e(S) —2<m—2. [

From Proposition 9, the following result is easily deduced.
Proposition 13. If {m =a; < ay < --- < ay < ag1 = F} CNanda; 1 & (a1,--- ,a;) for

alli € {1,--- ,k}, then (ay,--- ,ay) U{F +1,—} is an element of % (F, m) with Z(F, m)-rank
equal to k — 1. Moreover, every element of Z(F, m) with % (F, m)-rank equal to k — 1 has this form.

Corollary 3. If S € Z(F,m) and % (F, m)rank(S) = m — 2, then F > 2m — 1. Moreover, if
F=2m—1,then S ={0,m,m+1,---,2m—2,2m,—}.

Proof. By Proposition 13, it is straightforward to see that F > 2m — 1. By now applying
Lemma 12 and Proposition 13, we have that S = {0,m,m+1,--- ,2m —2,2m,—}. O

Proposition 14. If F > 2m, then the set {S € %#(F,m) | Z(F, m)rank(S) = m — 2} # @.

Proof. LetS = (m,F—(m—1),F—(m—2),--- ,F=1)U{F+1,—}. AsF > 2m, then F —
(m—1) > m. As m{ F, then there is a unique i € {1,--- ,m — 1}, such that m | F —i. Then,
we easily deduce that {x € msg(S) | x ¢ A(F,m)} = {F—(m—1),--- ,F—=1}\{F —i}.
By now applying Proposition 9, we have that Z(F, m)rank(S) = m —2. O

The above proposition allows us to define a new kind of semigroup.

Definition 10. A numerical semigroup S is said to have maximal rank (hereinafter MR-semigroup)
if F(S) > 2m(S) and Z(F(S), m(S))rank(S) = m(S) — 2.
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The existence of MR-semigroups is assured by Proposition 13. Now, we present a
characterization of these semigroups, which is also a direct consequence of Proposition 13.

Proposition 15. Let S € % (F, m) with F > 2m. Then, S is an MR-semigroup if and only if one
of the following statements is true:

e e(S)=m—1andmsg(S) C {1,--- ,F—1}.

e ¢e(S)=mand #{x € msg(S) | x > F} =1.

Next, we illustrate this characterization with an example.

Example 7.

1. LetS=(57911). Then, S € #(13,5),e(S) = 4 and msg(S) C {1,---,13},s0 Sisan
MR-semigroup by Proposition 15.

2. IfS = (512,13,14,21), then S € %#(16,5), e(S) = 5 and {x € msg(S) | x > 16} =
{21}. Consequently, by Proposition 15, we can assert that S is an MR-semigroup.

7. The Ratio-Covariety Generated by a Finite Family of Numerical Semigroups

In general, the intersection of ratio-covarieties is not a ratio-covariety. Actually, if
S and T are numerical semigroups, such that S # T, then %; = {S} and %, = {T} are
ratio-covarieties. However, %1 N %, = &, which is not a ratio-covariety.

The following result has an immediate proof.

Lemma 17. If {%,;}ic; is a family of ratio-covarieties and A is the minimum of %; for every i € I,
then Njc1%; is a ratio-covariety.

Let m and F be positive integers such that m < F and m { F, then define by </ (F, m) =
{S | S is a numerical semigroup, F(S) < F and m(S) = m}.

Remark 1. The set <7 (F, m) is obviously a ratio-covariety with minimum A(F,m).

Remark 2. Let Sy, - -, Sg be numerical semigroups with multiplicity m, and let F = max{F(S),
-+, F(Sg)}. Then, {Sq,- -+ ,Sx} C &/ (F, m).

Let {51, cee, Sk} be a finite set of numerical semigroups with multiplicity m and
F = max{F(S1),--- ,F(Sk)}. Then, we denote by (Sy,---,Sk) the intersection of all the
ratio-covarieties which contain the set {Sy, - - - , Sx}, and have the set A(F, m) as minimum.

Note that 7 (F, m) is a ratio-covariety with the above features. Next, by applying
Lemma 17, we obtain the following result.

Proposition16. If Sy, - - , Sy are numerical semigroups with multiplicity m and F = max{F(S7),
-+, F(Sk)}, then (Sy,- - -, Sk) is the smallest (with respect to set inclusion) ratio-covariety con-
taining the set {Sy, - - - , S} and having the set A(F, m) as minimum.

We will call (Sq, - - -, Sg) the ratio-covariety generated by {Sy,- - - , S }. Our next aim will
be to present an algorithm which allows us to compute all the elements of (S, - - -, Sg).
Foreveryi € {1,---,k}, define the following sequence recursively:
o S? = Sll
o grr1_ [ SIME(SH))if SP#A(Em),
! A(F,m) otherwise.
The following result has an immediate proof.

Lemma 18. Foreveryi € {1,-- -k} there exists P; = min{n € N | S} = A(F,m)}.
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Foralli € {1,---,k}, set Q(S;) = {S%,---,5/"}. Observe that A(F,m) = SI' C
SP N C - C 89 =5 and #(SP\S!1) =1 foreach n € {0,- -, P —1}.

In the next proposition, we give the previously announced algorithmic procedure.

Proposition17. Let Sy, - - - , Sy be numerical semigroups with multiplicity m and F = max{F(S1),

-+ F(S)}. Then, (S1,-+-,S) = {(\Tp | @ # B C {L,--- ,k}and T, € Q(Sp)for
beB

all b € B}.

Proof. To prove the proposition, it will be enough to see that

Z={(\Tp|@2#BC{1, - ,k}and T, € Q(S}) forall b € B}
beB

is a ratio-covariety with minimum A(F,m). We also have to show S; € # for all i €
{1,--- ,k} (which is easy, of course, just choose B = {i}.)

Itis clear that min(#) = A(F, m). Also, it is easy to demonstrate that the intersection of
two elements belonging to Q)(S;) is also an element of ()(S;). Therefore, the intersection of
two elements of Z is again an element of . We prove next thatif T € # and T # A(F,m),
then T\{r(T)} € Z.Infact, if T € #, then thereis @ # B C {1,--- ,k} and there exists
T, € Q(Sy) forallb € Bsuch that T = (| Tj,. Asr(T) € T, then r(T) € T, forall b € B.

beB
For every b € B, denote by T) = A(F,m)U{x € T, | x > r(T)}. As T, € Q(S;) and
T, is obtained by removing recurrently r(T) from Ty, then T € Q)(S;) for all b € B and

T\{r(T)} = () T}- Therefore, T\{r(T)} € Z. O
beB

This result immediately implies:
Corollary 4. If S is a numerical semigroup, then (S) = Rat-Cad(S).
We end up illustrating the content of Proposition 17 with an example.

Example 8. Let S1 = (5,7,9) = {0,5,7,9,10,12,14, — } and S, = (5,6,8) = {0,5,6,8,10, —
}. Then, 13 = max{F(S1),F(S2) } and so Q(S1) = {S1,51\{7},51\{7,9}, 51\{7,9,12} } and
Q(S2) = {S2,5\{6},5,\{6,8},52\{6,8,11},5,\{6,8,11,12},5,\{6,8,11,12,13} }.
By applying Proposition 17, we have that

(51,52) = Q(S1)UQ(S2) U{ThNTo | Ty € Q(S1) and T € Q(S2) }.
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