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NUMERICAL SEMIGROUPS BOUNDED BY A CYCLIC MONOID

M. A. MORENO-FRiAS AND J. C. ROSALES

(Communicated by T. Buri¢)

Abstract. We will say that a numerical semigroup S is bounded by a cyclic monoid if there exist
integer numbers 0 < oo < 8 such that S = {x € N| ko < x < kf3 for some k € N} U{0}. The
goal of this work is to study this kind of numerical semigroups. In particular, we will determine
important invariants of them such as multiplicity, embedding dimension, Frobenius number and
genus.

1. Introduction

Let N={0,1,2,...} be the set of nonnegative integers. A numerical semigroup
is a subset S of N which is closed by sum, 0 € § and N\ § is finite.

Let M be a submonoid of (N?,+). Following the notation introduced in [5], we
will say that a positive integer n is bounded by M if there exists (x,y) € M such that
x <n<y. We will denote by A(M) = {n € N | nisbounded by M}. The following
result appears in [5, Proposition 2.2].

PROPOSITION 1. If M is a submonoid of (N*>,+) and A(M) is a non-empty set,
then A(M)U{0} is a numerical semigroup.

The above result induces us to give the following definition. We will say that a
numerical semigroup S is bounded by a submonoid of N?, if there exists M a sub-
monoid of (N?,+4) such that § = A(M)U{0}. These numerical semigroups will be
called .7 -semigroups.

The concept of 7 -semigroup was introduced in [5]. The following result is a
characterization of these numerical semigroups and it appears in [5, Theorem 2.4].

THEOREM 2. Let S be a numerical semigroup. Then S is < -semigroup if and
onlyif {x+y—1,x+y+1}CS forall {x,y} CS\{0}.
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We will say that a submonoid M of (N?,+) is cyclic if there exists (&, 8) € M
such that M = {(kot,kB3) | k € N}.

Our aim in this work is to study the numerical semigroups bounded by a cyclic sub-
monoid of (N2, +). This kind of numerical semigroups will be called .76 -semigroups.
Accordingly, a numerical semigroup S is an /% -semigroup if only if there exists
(o, ) € N>\ {(0,0)} such that S = {x € N | kot < x < k3 for some k € NU{0}}.

Following the notation introduced in [8], a proportionally modular Diophantine
inequation is an expression of the form ax mod b < cx where a, b and ¢ are positive
integers, and ax mod b is the remainder of the division of ax by b. If we denote
by S(a,b,c) the set of integer solutions of the previous inequality, then in [8] it is
shown that S(a,b,c) is a numerical semigroup. We say that a numerical semigroup is a
proportionally modular numerical semigroup (PM-semigroup, for short) if there exist
positive integers @, b and ¢ such that S = S(a,b,c).

We will denote by R, R* and ]R(J)r the set of real, positive real and non-negative
real numbers respectively. If X is a subset non empty of R(J{ , then we will denote by
(X) the submonoid of (Rj,+) generated by X. That is, (X) = {A1x1 4+ ...+ Aux, |
n €N\ {0}, x1,...,x, € X and Ay,..., A, € N}. In [8] it is proved that S(X) = (X) NN
is a submonoid of (N,+). Moreover, it is shown that a numerical semigroup is a
PM -semigroup if and only if it has the form S([p,q|) where p,q € R, p < q and
[p,q] ={reR|p<r<q}. We will refer to [p,q] as the closed interval with ends p
and ¢g. We will call open interval, semi-open interval and semi-closed interval to the sets
Ip.al={reR|p<r<q}, [p.q[={reR[p<r<q}and]p,q|={reR|p<r<q}
respectively. In [7] it is shown that if / is an interval (closed, open, semi-closed or semi-
open) then S(I) is also a PM-semigroup. In Section 2, we will see that every /¢ -
semigroup is a PM -semigroup. More concretely, we prove thatif (a, 8) € N>\ {(0,0)}
where oo < 8 and M = {(ka,kf3) | k € N}, then A(M)U {0} = S(Jer,B[). So, the
/€ -semigroups are the PM-semigroups associated to the open intervals which have
nonnegative integers ends.

If S is a numerical semigroup, we denote by F(S) the maximum integer number
that does not belong to S and by g(S) the cardinality of N\ S. We will call to F(S)
and g(S) the Frobenius number and the genus of S respectively. In Section 2 we will
give formulas to calculate F(S(Jet, B[)) and g(S(Jer, B[)) in function of o and 3.

Let S be a numerical semigroup and A C N. If § = (A), we will say that A is a
system of generators of S. Besides, if S # (B) for all B C A, then we will say A is a
minimal system of generators of S. In [6, Corollary 2.8] it is shown 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 S. The cardinality of msg(S)
is called the embedding dimension of S and will be denoted by e(S). The smallest
positive integer that belongs to S is called the multiplicity of S and it is denoted by
m(S). It is well known (see, for instance [6, Proposition 2.10]) that e(S) < m(S). A
numerical semigroup is called a MED -semigroup (numerical semigroup with maximal
embedding dimension) if e(S) = m(S).

In Section 3 we will study the PM-semigroups S(Ja, o + 1[), S(Jer, 00 +1]),
S([et, o0+ 1]) and S(Ja, x+2[), where a is a positive integer. We will prove that they
are MED-semigroups and we will give explicitly their minimal systems of generators.
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In Section 4, we will study S(]ot, B[) where o, B € N\ {0} and B —o > 3. In
this case, we will see that S(]o, B]) is not a MED-semigroup. We will give explicitly a
finite system of generators of S(]et, B]). Finally, we will calculate positive integers a,
b and c such that S(Jo,, B[) = {x € N| ax mod b < cx}.

2. o/¢ -semigroups and PM-semigroups

If oo and B are integer numbers, we will denote by A(o,f) ={neN|a<n<

B}

PROPOSITION 3. Let S be a numerical semigroup. Then S is an </6 -semigroup
if and only if there exist o, € N such that oo < B and S = (UgenA(ko,kB)) U{0}.

Proof. If S is an «/%¢ -semigroup, then there exists M a cyclic submonoid of
(N?,+) such that S = A(M) U {0}. But, if M is a cyclic submonoid of (N? +) then
there exits (o, 8) € N? such that M = {(ko,kB) | k € N}. Therefore, S = A(M) U
{0} = (UkenA(kar,kB)) U{0}. Finally, applying that A(M) # 0, we deduce that o <
B.

Conversely, if M = {(ka,kB) | k € N} then M is a cyclic submonoid of (N?,+).
Moreover, S = A(M)U{0} and A(M) # 0. Thus, S is an /% -semigroup. [

The next result appears in [7, Lemma 2].

LEMMA 4. Let I be an interval (open, closed, semi-open, semi-closed) of Rg and
x € R*. Then x € (I) if and only if there exists k € N\ {0} such that % € 1.

The following result shows the relationship between the <74 -semigroups and the
PM-semigroups.

PROPOSITION 5. Let o and B be integer numbers such that 0 < o < B and
M = {(kot,kB) | k € N}. Then AM)U{0} = S(Jet, B]).

Proof. If x € A(M)\ {0} then there exists k € N\ {0} such that x € A(ko,kf3).
This is, kot <x <kB. So, oo < 7 < B. Thus 7 €]a, B[. By applying Lemma 4, we have
that x € S(Ja, B]). For the other inclusion, if x € S(Jer, B[) \ {0}, then applying Lemma
4, we have that there exists k € N'\ {0} such that 7 €]a, B[. Therefore, x € A(kot, k).
Thus, x € A(M). O

As an immediate consequence of Proposition 5, we have the following result.

COROLLARY 6. Every /€ -semigroup is a PM-semigroup. Moreover, the set
formed by all the /6 -semigroups is {S(Jet, B[) | (at,B) € N> and o < B}

Following the notation introduced in [10], a sequence of fractions Z—i < Z—; <... Z—Z
is a Bézout sequence if {ai,by,a2,bs,...,a,,b,} CN\{0} and a;1b; —a;bj 1 =1 for
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allie{l,...,p—1}.

The following result follows of [10, Lemma 11, Corollary 27 and Theorem 12].

a1 Q2 4 5 .
PROPOSITION 7. If by < B < < B, IS a Bézout sequence, then:

1. S([Z—LZ—;D = ({a1,a2}).
2. 8([#12]) = G U l{azash U U {ap1.ap).

3. S({Z—i7 Z—Z]) = ({ar,az,...,ap}).

By applying Lemma 4, we easily deduce that if § € N\ {0}, then S(]0, B[) = N.
Therefore, from now on, and unless otherwise stated, we will assume that o, B €

N\ {0} and & < B. Note that ¢ < & < .. < g is a Bézout sequence. So, by
applying Proposition 7 (3), we obtain the following result.

COROLLARY 8. If o, B € N\{0} and o < B then S([o, B]) = ({o, 00+ 1,...,B}).

If r € R, we denote by |r] =max{z € Z | z < r}. The following result is deduced
from [12, Theorem 4] which is, in turn, attributed by its author to [4], [2] and [3].

PROPOSITION 9. If {a,k} CN\{0}, a>2 and S = ({a,a+1,...,a+k}), then
L F(S)= (2] +1)a—1.
2. gls)= (|22 + 1) a2 modk

Note that as Jo, B[C [, B] then, applying Lemma 4, we deduce easily that S(]ot, B[)
< S([a, B])-

LEMMA 10. Let {o,f} C N\ {0} where a < 3. Then x € S([a, B]) \ S(Jex, B])
ifandonly if x € {rac|t € {1,..., | g5 N U{B 1€ {1,..., [ 5% ]}

Proof. If x € S([er, B]) \ S(Jer, B]) then, applying Lemma 4, we deduce that there
exists € N\ {0} such that ¥ = o or 7 = B. In addition, if = a, then 8 < =&
and so ¢ < ﬁ’%a If + =f, then t%l <o and so t < ﬁ The another inclusion is
trivial. [

We illustrate the above result with an example.

EXAMPLE 11. By applying Lemma 10, we obtain the following.

L S((5,7)\S(5,7) ={t.5t{1,...., [ 2]} u{rT[re{1,....[3]}} = {5,10,15}
U{7,14} = {5,7,10,14,15}.
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2. S([4,6)\S(4,6))={ra|te{l,.... |5} ufr6|re{l,....[5]}} ={4,8,12}
u{6,12} = {4,6,8,12}.

Given a set X, we denote by #X, the cardinality of X. If o and 3 are integer
numbers, we denote by d = ged{c, B} the greater common divisor of o and f3.

LEMMA 12. Let {o,B} € N\ {0} such that oo < B. Then we have

#s(BD\S B0 = | 525 | + [ 522 ]~ | 55 |

Proof. By Lemma 10, we know that

#(S([e, B\ S(Jex, B))

(el oo 522 1)

If to=1¢'P then ra =1 = lﬂ for some [ € N\ {0}. Therefore, % <rand & <
’. So, ’flgLﬁﬁaJ and Lﬁ ik Thusggﬁp;a and 13 =~ Then B — a<d
On the other hand, it is clear that d < B — . Hence, d = B a.
The proof is concluded observing that

{ta|t€ {1,...,%}}0{#& |ZE{17...,%}}:{%}. O

THEOREM 13. Let {or,} C N\ {0} such that oo < B. Then
F(S(eBD) = max{ | £ | . [ 5% | B}
g(S(]a,ﬁ[))Z([E‘;iJ—l—l)a+(a_2)m0d(ﬁ_a)+{ B J+{ o J_

) 2 B—a B—a
{gCﬁ{f&ﬁ}J .
Proof.

1. By applying Corollary 8, Proposition 9 and Lemma 10, we deduce that F(S(]a, B[))
= max{(b3 aJ + 1) LB’%J a, [ﬁJ ﬁ} The proof of this point is
concluded observing that Qﬁ J + l) o—1< LB’%OCJ o.

2. This result is an immediate consequence of Corollary 8, Proposition 9 and Lem-
mas 10and 12. O

We will illustrate the above theorem with an example.
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EXAMPLE 14. By using Theorem 13, we can easily deduce the following.
F(5()5,7]) =max {|5]5,|3]7} =max{15,14} = 15 and
805,70 = (13)+ 1)L + |71+ 3] - [3] =1L

((16,8[) =max {56, $|8} =max {24,24} =24 and
8(5(16.8)) = (13)) + 2R + (5] + (5] - [5] =15,

2.

1

3. Particular cases

Let o € N\ {0}. In this section we are especially interested in calculating the
minimal system of generators of the numerical semigroups S(Jor, o+ 1), S(Jer,  +1]),
S([et, ¢+ 1]) and S(Jor, o +2[).

3.1. The PM-semigroup S(Jot, ot + 1)

As an immediate consequence of Theorem 13, we have the following result.

PROPOSITION 15. If o is a positive integer, then F(S(Jo, o0+ 1[)) = o(a+ 1)
and g(S(Jo, 00+ 1[)) = L&),

The following result gives us explicitly how we can calculate the elements of
S(lo, o+ 17).

PROPOSITION 16. If o is a positive integer, then S(Jo, 00+ 1[) = {kot+i | k €
N\{0,1} and i€ {1,....k—1}}U{0}.

Proof. By applying the Propositions 3 and 5, we obtain

S(a,o+1[) = (UA(ka,k(a+l)> U{0} = {ko+i| ke N\{0,1}

keN
and i€ {1,...,k—1}}u{0}. O

If S is a numerical semigroup and n € S\ {0}, the Apéry set of n in S (called so
by [1]) is Ap(S,n) = {s € S| s—n ¢ S}. The following result appears in [6, Lemma
2.4].

LEMMA 17. Let S be a numerical semigroup and let n be a nonzero element of
S. Then Ap(S,n) = {0 =w(0),w(1),...,w(n— 1)}, where w(i) is the least element of
S congruent with i modulo n forall i € {0,...,n—1}.

Notice that as a consequence of previous lemma, we have #Ap (S,n) = n. Observe
that an integer x belongs to S if and only if there exists (k,w) € Nx Ap(S,n) such that
x = kn+ w. Therefore, (Ap(S,n)\ {0})U{n} is a finite system of generators of S.

If o is a positive integer, then o < % < o+ 1. Thus, applying Lemma 4 we

have that 200+ 1 € S(Jar, ot + 1]).
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THEOREM 18. If « is a positive integer, then Ap(S(Jo, e +1[),20+1) = {ka +
ilke{3,...,00+2} and i € {1,k—1}} U{0}.

Proof. 1t is clear from Proposition 16 that
B={ko+i|ke{3,...,0+2}andi€ {l,k—1}}U{0}

is a subset of S(Jor, + 1[). Moreover, #B = 20+ 1 because if k and k are integers
greater or equal than 3 and kot +1 =ko +k— 1, then (k—k)oo =k—2,50 k—2 >
whence k > o +3. As BC S(Ja, o0 + 1]) and #B = 2 + 1, then applying Lemma
17, to prove B =Ap(S(Jer, o + 1]),2cx + 1), it is enough to see that if x € B then
x— 20+ 1) ¢ S(Jor, 00 + 1]) . For this purpose, we distinguish two cases.

1. We will see that if k € {3,...,00+2} then (koo +1)— 2o+ 1) ¢ S(Ja, o+
1[). But, (koo +1)— (2a+1) = (k—2)a and (k—2)ax ¢ S(Ja,a+1[) as a
consequence of Lemma 10.

2. We will see that if k € {3,...,00+2} then (ka+k—1)— 2a+1) ¢ S(Jor, 00 +
1]). But, (koc+k—1)—(2oc+1)=(k—2)(oc+1) and (k—=2) (o +1) ¢ S(Jer, o+
1[) as a consequence from Lemma 10. [

The following result appears in [9, Proposition 1].

PROPOSITION 19. Let S be a numerical semigroup. Then S is a MED -semigroup
ifand only if x+y—m(S) € S forall {x,y} C S\ {0}.

By applying the Propositions 16, 19 and Theorem 18, we obtain easily the follow-
ing result.

COROLLARY 20. [f a is a positive integer; then S(]o, a+ 1[) is a MED -semigroup
with multiplicity 20c+ 1. Moreover, {koc+i|ke€{2,...,a+2} and i€ {1,k—1}} is
its minimal system of generators.

We illustrate the above result with an example.

EXAMPLE 21. By applying Corollary 20, we know that S(]4,5[) is a MED-
semigroup and {2.4+1,3.4+1,3.4+2,44+1,44+3,54+1,54+4,6.4+1,6.4+
5} =1{9,13,14,17,19,21,24,25,29} is its minimal system of generators.

3.2. The PM-semigroup S(]o, o+ 1])

Let o be a positive integer. In this subsection we will study the PM-semigroup
S(o, o +1]).

THEOREM 22. If o is a positive integer, then S(Jo, o0+ 1]) = {ko.+i | k € N\
{0}andi € {1,...,k}} U{0}. Moreover, Ap(S(Ja,ax+1]),00+1) = {ka+1]|k e
{2,...,00+1}}U{0}.
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Proof. By Lemma 4, we know that a positive integer x belongs to S(Jer, ot +1]) if
and only if there exists k € N\ {0} such that kax < x < k(o +1). Therefore, x = kot + i
for some k € N\ {0} and some i € {1,...,k}. Let B= {0,200+ 1,3+ 1,...,(a +
o+ 1}. Ttis clear that B C S(Jo, a0+ 1]) and #B = o+ 1. So, using Lemma 17, to
prove that Ap(S(Ja, o + 1]), ¢+ 1) = B it is enough to see that if k € {2,...,0+ 1}
then ko +1—(a+1) = (k—1)o ¢ S(Jo,a + 1]). By applying Lemma 4 and that
(kkill)a =a<a+l< (kkilz)a’ we deduce that (k—1)a ¢ S(Ja,x+1]). O

The following result appears in [11].

LEMMA 23. If S is a numerical semigroup and n € S\ {0}, then:
1. F(S) = max(Ap(S,n)) —n.

2. g(S) = % (ZWGAp(S,n) W) - %

By applying Theorem 22 and Lemma 23, we obtain the following result.

COROLLARY 24. If « is a positive integer, then F(S(Jo, 00 + 1])) = o and

(sl a+ 1)) = A2

By using Proposition 19 and Theorem 22, we easily obtain the following result.

COROLLARY 25. If a is a positive integer; then S(]o, o+ 1]) is a MED -semigroup
with multiplicity oc+ 1. Further, {oc+1,2a+1,...,(ac+ 1)oc+ 1} is its minimal sys-
tem of generators.

EXAMPLE 26. By Corollary 25, we know that S(]4,5]) is a MED-semigroup with
multiplicity 5 and {5,2.44 1,34+ 1,44+ 1,54+ 1}={5,9,13,17,21} is its mini-
mal system of generators. Further, by Corollary 24, we know that F(S(]4,5])) = 4% =
16 and g(5(]4,5])) = %> = 10.

3.3. The PM-semigroup S([ct, ot + 1[)

Let o be a positive integer. In this subsection, we will study the PM-semigroup
S([or, o+ 17).

THEOREM 27. If  is a positive integer, then S([a, o0+ 1) = {ka+i |k e N\
{0} andi€{0,...,k—1}}U{0}. Moreover, Ap(S([e, x4+ 1[), ) = {ka+k— 1|k €
{2,...,0}}U{0}.

Proof. By Lemma 4, we know that a positive integer x belongs to S([er, ot + 1[) if
and only if there exists k € N\ {0} such that koo <x < k(cr+ 1). Therefore, x = ko +i
with k € N\ {0} and i € {0,...,k—1}. Let B={ka+k—1| k€ {2,...,a}} U{0}.
It is clear that B C S([a, o + 1[) and #B = o.. Hence, using Lemma 17, to prove that
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B=Ap(S([a,a+ 1]), o) it will be enough to see that if k € {2,...,0} then kot + k —
l—a=(k—1)(a+1) ¢ (S([or,x + 1]). But this is easily deduced from Lemma 4 and
k—1 1 k—1 1
the fact that K= DOFD o gy k2Dl
k k—1
By applying Lemma 23 and Theorem 27, we obtain the following result.

COROLLARY 28. If « is a positive integer; then F(S([or,ot +1[)) = o> — 1 and

g(S([a,a+1[)):%2(0‘—1>.

By using Proposition 19 and Theorem 27, we easily obtain the following result.

COROLLARY 29. If a is a positive integer; then S([o, a+ 1[) is a MED -semigroup
with multiplicity a. Moreover, {kot+k—1|k € {1,...,a}} is its minimal system of
generators.

EXAMPLE 30. By Corollary 29, we know that S([4,5]) is a MED-semigroup and
{1.4+0,2.44+1,3.4+2,44+43} = {4,9,14,19} is its minimal system of generators.
Besides, from Corollary 28, we know that F(S([4,5[)) =4°—1=15 and g(S([4,5])) =

63 _
63 =9,

3.4. The PM-semigroup S(]ot, ot +2)

Let o be a positive integer. Our aim in this subsection is to study the numeri-
cal semigroup S(Jor, o +2[). As an immediate consequence from Lemma 4, we have
S(o, o +2[) = S(Jor, o0+ 1]) US([ee + 1,00 + 2[). Then, applying Lemma 17, we de-
duce that if Ap(S(Jo, @ +1]), 00+ 1) = {0 = w(0),w(1),...,w(a)} and Ap(S([a +
Lo+2]),0+1) = {0=w(0),w(1),...,w' ()}, then Ap(S(Jet,ct +2[),x + 1) =
{0=w(0),w(1),...,w(c)} where w(i) =min{w(i),w (i)} forall i € {1,...,a}. By
Theorems 22 and 27, we know that w(i) = (e +2—i)oo+ 1= (oc+1—i)(a+1)+i
and (i) = (i+1)(a+1)+i forall i € {1,...,a}. Hence, w(i) =min{(i+ 1)(o +

. . i+ 1) (a+1)+i ifi <%,
Dtifetl=dlat+)+1} = { Ea—k i(— i)(a)+ 1)+i otherwzise.

Now we can enunciate the following result.

THEOREM 31. If o is a positive integer, then Ap(S(Jot, 00+2[), 00+ 1) ={0,2(ax +
D4+13(a+1)+2,.... (5] +D)(a+1)+ 5], l.(a+ 1) +a2(e+1)+o—1,...,
(c+1—[%]—D(a+1)+[§]+1}.

The following result is obtained as an immediate consequence of Theorem 13.

COROLLARY 32. If o is a positive integer; then
oo +2)
_ 2
Fsea+2))=4 o 2
2

if o is even,

if ais odd
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and

o . .
T—i—a if o is even,
o? —

4

ssloa+2)) =4 %
+a ifoisodd.

PROPOSITION 33. If a is a positive integer, then S(]o, o +2[) is a MED -semi-
group with multiplicity o+ 1. Moreover {a—l—l 2(a+1)+l S5+ (e41)+
LS. 1+ 1) +a2(a+1)+a—1,....(a— [$])(e+ 1)+ [§] + 1} is its minimal
system of generators.

Proof. We know that S(Jo, ot +2[) = S(Jor,a + 1)) US([er + 1, 0t + 2). Besides,
from Corollaries 25 and 29, we know that S(Jor,a + 1]) and S([or + 1,0 +2[) are
MED -semigroups with multiplicity o+ 1. To prove that S(Jer, o + 2[) is a MED-
semigroup, using Proposition 19, it will be enough to see that if x € S(Jor, 00 +1]) \
S(le+ 1,004+ 2[) and y € S([a+ 1,0+ 2[) \ S(Ja,a + 1]), then x+y— (a+1) €
S(Joe+ 1, +2[). To this effect, if we use the result at the beginning of this subsection,
it will be enough to prove thatif i € {1,...,|§ ]} and j € {| 5] + ,a} then ((i+
Die+1)+i)+ ((a+1— )(a+1)+1) (a+1)= (oc+1+z— )(oc+1)+z+]e
S(Jet, oc 4 2[). For this, we distinguish two cases.

L Ifi+j<o+1then (a+1+i—j)a+1)+i+j=(a+1—i—j)(a+1)+
i+j+2i(a+1)eS(a,a+1]) CS(a, o +2[).

2. Ifi+j>oa+1then (a+1+i—j)oa+1)+i+j=(a+1+i—j+1)(a+
D+(+j—(a+1)=((+j+1—(a+1))(a+1)+(i+j—(c+ 1))+ Ra+
2-2j)(a+1)eS(o+1,a0+2]) CS(o,a+2[). O

EXAMPLE 34. From Proposition 33, we know that S(]5,7[) is a MED-semigroup
and {6,2.6+1,3.6+2,1.6+5,2.6+4,3.6+3}={6,13,20,11,16,21} is its minimal
system of generators. Further, by Corollary 32, we know that F(S(]5,7[)) = % =15

and g(5(5,7[)) = 2L A 4+5=11.

4. The general case

Let o and B be positive integers such that B — o > 3. In this section we are
interested in studying the PM-semigroup S(]a, B]).

THEOREM 35. Let a and B be positive integers such that B — o, > 3. Then {o.+
L2+ 1,3a+1,...,(a+ o+ 1} U{o+1,aa+2,...., —1}U{B-1,2(B—1)+
L3B-1)+2,...,(B—1)(B—1)+(B—2)} is a system of generators of S(Jo,B]).

Proof. By Corollary 25, we know that {ot+ 1,2+ 1,..., (e +1)a+1} is a
system of generators of S(Ja, + 1]). By Corollary 8, {ot+ 1,0t +2,...,8 —1} is
a system of generators of S([oc+ 1, —1]). By Corollary 29, {k(B—1)+k—1|k €
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{L....p=1}}={B—-12B-1)+1,3(B—1)+2,....,(B—1)(B—1)+B—2} isa
system of generators of S([ — 1, (). The proof ends noting that S(Jet, B]) = S(Jet, o +

Nus(a+1,-1))us(B—-1,8). O

COROLLARY 36. Let o and B positive integers suchthat B —o. >3 and B < 2.
Then S(|at, B]) is a numerical semigroup with multiplicity oo+ 1. Moreover, S(]ct, 3])
is not a MED -semigroup.

Proof. By Theorem 35, we easily deduce that a4+ 1 is the multiplicity of S(Jet, B]).
Moreover, using Proposition 19, we have that S(Jot, B[) is not a MED-semigroup be-
cause {a+2, -1} CS(Ja,B)\{0} and a+2+B—-1—(ax+1)=B ¢ S(Ja,B]).
Let us observe that 3 ¢ S(Ja,B[) as a consequence of Lemma 4 and the fact that
% <a<f= % O

EXAMPLE 37. By Theorem 35, we know that a system of generators of S(]4,7[)
is {441,244+ 1,34+41,44+1,54+1}U{5,6}U{6,2.6+1,3.6+2,4.6+3,56+
4,6.6+5} ={5,9,13,17,21}U{5,6} U{6,13,20,27,34,41} = {5,6,9,13,17,20,21,
27,34,41}.

Therefore, {5,6,9,13} is the minimal system of generators of S(]4,7[). Note that
S(]4,7[) has multiplicity 5, embedding dimension 4 and so it is not a MED-semigroup.

Now, we are interested in calculating some positive integers a,b and ¢ such that
S(Jot, B[) = {x € N | axmodb < cx}. The following result is a consequence of [10,
Lemma 1].

LEMMA 38. If a\, by, ay and by are positive integers and Z—i < Z—i, then

S ([%, %}) ={x e N|abixmod(ajay) < (arby — a1by)x}.
1 b2

LEMMA 39. Let o, B be positive integers such that B — o > 3. Then

(a+Ua+10%4ﬂﬁ—U+B—1)
a+1 7’ B—1 ’

sl =5(|

Proof. Ttis clear that

(a+1Do+1  o.o+1 o+1 o+2
< <...<

o+1 o 1 1

2B-1)+1 _3(B-1)+2 B-1)B-1)+p-2
5 < 3 <...< 51 ,

<B-1<

is a Bézout sequence. Hence, applying Proposition 7, we have that {o + 1,20 +
L...,(a+)a+1}u{a+l,a+2,....—1}U{B-1,2(B—1)+1,....,(B—-1)(B—
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(a+1o+1 (B—l)(B—l)+ﬁ—2}>
o+1 B—1 '

1)+ —2} isasystem of generators of S ( [
From Theorem 35, we obtain that

(a+Doa+1 (B-1)(B-1)+p-2
a+1 7 B—1 D =

sl =5 |

As an immediate consequence of Lemmas 38 and 39, we have the following result.
THEOREM 40. Let o, [ be positive integers such that B — o0 = 3. Then
S(o,B)) = {x €N (a+1)(B?— B — l)xmod (c* + a+1)(B*— B — 1)
<((a+1)(B*=B-1)—(B-1)(a*+ 0o +1))x}.
EXAMPLE 41. By applying Theorem 40, we have
S(J4,7[) = {x € N | 205xmod 861} < 79x}.

REMARK 42. 1. By applying Corollaries 20 and 8, and that

(a+2)a+1  (o+1)a+1 20+1 3a+2
< <
o+2 o+1 2 3

(a+2)a+oa+1
o+2

)

is a Bézout sequence, we obtain

SGma+lD=S<Fa+@a+l(a+ma+a+1>.

o+2 o+2

2. By applying Proposition 33, Corollary 8 and that

(o= [§)(oe+1)+ 5] +1 2@+ D+ (ax—1) (a+1)+a
o [T <...< <

w
[\S]

o+1 2(e+1)+1 (5] +D(a+1)+ %]
< <... . :
1 2 ij +1
is a Bézout sequence, we obtain

(a—[5)(a+1)+[5]+]1 (L%HU(HUH%JD
a—[F]+1 ’ 1] +1

S(loc, a0 +2]) :Sq

Acknowledgement. The authors would like to thank the editor and the referee for
their comments and suggestions.



[1]

[2]
[3]

[4]
[5]

[6]
[7]
[8]
[9]
[10]
[11]

[12]

NUMERICAL SEMIGROUPS BOUNDED BY A CYCLIC MONOID 1231

REFERENCES

R. APERY, Sur les branches superlinéaires des courbes algébriques, C. R. Acad. Sci. Paris 222 (1946),
1198-2000.

P. T. BATEMAN, Remark on a recent note on linear forms, Amer. Math. Monthly 65 (1958), 517-518.
D. D. GRANT, On linear forms whose coefficientes are in arithmetic progression, Israel J. Math. 15
(1973), 204-209.

J. B. ROBERTS, Note on linear forms, Proc. Amer. Math. Soc. 7 (1956), 465-469.

A. M. ROBLES-PEREZ AND J. C. ROSALES, Numerical semigroups in a problem about cost-effective
transport, Forum Math. 29 (2017), 329-345.

J. C. ROSALES AND P. A. GARCIA-SANCHEZ, Numerical Semigroups, Developments in Mathemat-
ics, Vol. 20, Springer, New York, 2009.

J. C. ROSALES AND J. M. URBANO-BLANCO, Opened modular numerical semigroups, J. Algebra
306, (2006), 368-377.

J. C. ROSALES, P. A. GARCIA-SANCHEZ, J. I. GARCIA-GARCIA AND J. M. URBANO-BLANCO,
Proportionally modular diophantine inequalities, J. Number Theory 103, (2003), 281-294.

J. C. ROSALES, P. A. GARCIA-SANCHEZ, J. I. GARCIA-GARCIA AND M. B. BRANCO, Numerical
semigroups with maximal embedding dimension, Int. J. Commut. Ring 2, (2003), no. 1, 47-53.

J. C. ROSALES, P. A. GARCIA-SANCHEZ AND J. M. URBANO-BLANCO, The set of solutions of a
proportionally modular Diophantine inequality, J. Number Theory 128, (2008), 453—467.

E. S. SELMER, On the linear diophantine problem of Frobenius, J. Reine Angew. Math. 293/294
(1977), 1-117.

A. TRIPATHIL, The Frobenius problem for modified arithmetic progressions, Journal of Integer Se-
quences 16 (2013), Article 13.7.4.

(Received May 27, 2019) M. A. Moreno-Frias

Dpto. Matemdticas, Facultad de Ciencias
Universidad de Cddiz
E-11510, Puerto Real, Cadiz, Spain

e-mail: mariangeles.moreno@uca.es

J. C. Rosales

Dpto. de Algebra, Facultad de Ciencias
Universidad de Granada

E-18071, Granada, Spain

e-mail: jrosales@ugr.es

Journal of Mathematical Inequalities

v.ele-math.com

jmi@ele-math.com



