NUMERICAL SEMIGROUPS WITH FIXED MULTIPLICITY
AND CONCENTRATION

J. C. ROSALES, M. B. BRANCO, AND M. A. TRAESEL

ABSTRACT. We define the concentration of a numerical semigroup
S as C(S) = max{nexts(s) —s|s € S\{0}} wherein nexts(s) =
min{z € S | s <x}. In this paper, we study the class of numerical
semigroups with multiplicity m and concentration less than or equal to
k, denoted by Ci[m]. We give algorithms to calculate the whole set
Cix[m] with given genus or Frobenius number. In addition, we prove
that if S € C[m] with k < /7, then S verifies the Wilf’s conjecture.

1. INTRODUCTION

We start by recalling some terminology related to numerical semigroups
and setting some notations to be used along the paper. Let Z be the set of
integers and let N = {n € Z | n > 0} be the set of nonnegative integers. A
submonoid of (N, +) is a subset of N closed under addition and containing
0. A numerical semigroup is a submonoid S of (N, +) such that N\S =
{neN|n¢S} is finite.

If S is a numerical semigroup, then m(S) = min(S\{0}), F(S) =
max(Z\S) and g(S) the cardinality of N\S are three important invariants
of S known as multiplicity, Frobenius number and genus of S, respec-
tively.

If S is a numerical semigroup and s € S\{0}, we denote by
nextgs(s) = min{z € S| s <z} and by prevg(s) = max{z € S |z < s}.
We define the concentration of a numerical semigroup S as C(S) =
max {nextg(s) —s | s € S\{0}}.

For m a positive integer, the semigroup A(m) = {0,m,—} is called
half-line or ordinary which has concentration 1. Moreover, every numeri-
cal semigroup with concentration 1 is of this form. The family of numerical
semigroups with concentration 2 has been studied in [16].

Given m and k positive integers, we denote by

Z(m)={S | S is a numerical semigroup with m(S) = m}
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2 J. C. ROSALES, M. B. BRANCO, AND M. A. TRAESEL

and by, Cglm|={S|S € Z(m) with C(S) < k}.

Observe that if k& > m, then Cx[m] = Z(m). The purpose of the present
paper is to study the set of numerical semigroups Ci[m| when m > 3 and
ke{2,...,m—1}.

If X is a nonempty subset of N, we denote by (X’) the submonoid of (N, +)
generated by X', that is,

(X) = {ZAm | ne N\ {0}, z1,...,2, € X,and Al,...,AneN},
=1

which is a numerical semigroup if and only if ged(X) =1 (see [19]).

If M is a submonoid of (N,+) and M = (X) then we say that X is a
system of generators of M. Moreover, if M # ()) for all Y & X, then we
say that X is a minimal system of generators of S. In [19, Corollary 2.8]
it is shown that every submonoid of (N,+) has a unique minimal system
of generators, which is finite. We denote by msg(M) the minimal system
of generators of M, its cardinality is called the embedding dimension of M
and is denoted by e(M).

This paper is organized as follows. In Section 2, we will show that if S'is a
numerical semigroup, then C(S) = max {nextg(z) —z | x € msg(S)}. Also,
we will see that if S € Cix[m| and S # A(m) then SU{F(S)} € Cx[m]. This
will allow us to order the elements of Cix[m] making a tree with root A(m).
We will characterize the sons of an arbitrary vertex of this tree and this will
give us an algorithmic procedure to compute the elements of Ci[m| with a
given genus. Besides, we will prove that Ci[m] is an infinite set if and only
if there exists d € {2, ..., k} wherein d divides m.

Given S € .Z(m), denote by 6(S) = SN{m+1,...,2m — 1}. An (k,m)-
set is a set A fulfilling that A = 6(S), for some S € Ci[m]. We will start

the Section 3, by proving that the set Cy[m] is equal to {S € Z(m)| AC

S for some (k:, m) —set A}. From this, we will show that Ci[m] is the union
of finitely many Frobenius pseudo-varieties (see [14]).

Following the notation introduced in [17], we say that S is
an elementary numerical semigroup if F(S) < 2m. Denote
by E(m) = {S€.Z(m)|Siselementary} and by &(Cixlm]) =
{S € Cg[m] | S is elementary}. In Section 3, we will prove that the set

E(Ck[m]) is equal to {{O}U{m, m+x1, m+xi1+s, ..., m+ri+rot+-- '—f—xp}U
{2m,—> } | ($1,1§2,...,$p,£13p+1) e{l,.... kP and z; +wo+ -+ xps =
m . As a consequence of this result, we will be able to give an algorithm to

compute the whole set £ (Ck[m]) with given genus and Frobenius number.
Let Cix[m, F| = {S € Cx[m] | F(S) = F }. In Section 4, we will give an
algorithm to compute the whole set Ci[m, F'] (note that the case F(S) < 2m
has been studied in the Section 3). Using the terminology introduced in
[18] a numerical semigroup is irreducible if it cannot be expressed as the
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NUMERICAL SEMIGROUPS 3

intersection of two numerical semigroups properly containing it. Denote
by #(Cilm, F]) = {S € Cx[m, F] | S is irreducible}. 1In this section, we
define an equivalence relation ~ over Ci[m, F] such that Cg[m, F]/ ~=
{[S]| S € #(Cx[m, F])} where [S] denotes the equivalence class of S with
respect to ~.

This way, in order to determine explicitly the elements in the set Ci[m, F]
we need:

(1) an algorithm to compute the set .# (Cy[m, F]);
(2) an algorithm to compute the class [S], for each S € .#(Ci[m, F]).

Since (1) is solved in [3], we only need to solve (2).

An element s in S is a small element if s < F(S). Denote by N(S) the set
of all small elements in S and by n(S) its cardinality. In 1978, H. S. Wilf
(see [20]) conjectured that g(.5) is bounded above by (e(S) — 1)n(S). This
question has been solved in some special cases, but remains open in general,
and it is one of the most important issues in Numerical Semigroups Theory.
In Section 5, we will show that if S € Cp[m] with k < |/, then S satisfies
Wilf’s conjecture.

2. THE TREE ASSOCIATED TO Cg[m]

Throughout this paper, m and k are positive integers such that 2 < k <
m — 1. From [19, Lemma 2.3] we can deduce the following result.

Lemma 1. Let M be a submonoid of (N,+) such that M # {0} and M* =
M\{0}. Then msg(M) = M*\(M*+ M*).

The next result gives us characterizations for numerical semigroups with
multiplicity m and concentration less than or equal to k.

Proposition 2. Let S be a numerical semigroup with m(S) = m. The
following conditions are equivalent:

(1) S belongs to Ci[m].
(2) if h € N\S such that h > m(S), then {h+1,...,h+k—1}NS # (.
(3) {s+1,....s+k}NS#0D for all s € S\{0}.
(4) {z+1,...,2+k}NS #0 for all x € msg(S).

Proof. (1) implies (2). Let s € S\{0} such that s < h < nextg(s). As h >
m(S), then s > m and thus nextg(s) —s < k. Hence, h+ (nextg(s) —h) € S
and nextg(s) —h e {1,...,k—1}.

(2) implies (3). If s+1 ¢ S then by (2), we deduce that {s +2,...,s+ k}N
S # 0.

(3) implies (4). Trivial.

(4) implies (1). If s € S\{0}, then there exists z € msg(S) and t € S such
that s = x+t. Leti € {1,...,k} such that z+7 € S, then s+i = x+i+t € S
and thus nextg(s) —s < s+i—s<k. O

From the proof of the previous proposition we obtain the following.
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4 J. C. ROSALES, M. B. BRANCO, AND M. A. TRAESEL

Corollary 3. If S is a mnumerical semigroup, then C(S) =
max {nextg(z) —z | z € msg(9)}.

Example 4. Using the previous results, we deduce that S = (5,7,9) is a
numerical semigroup with C(S) = 2, because max{nextg(5) — 5, nextg(7) —
7,nextg(9) — 9} = max {7 —5,9—7,10 -9} = 2.

The following result can be deduced from Proposition 2 item (2).

Corollary 5. If {S,T} C Z(m) such that S C T and S € Cilm]|, then
T e Ck[m]

It is well known that if S is a numerical semigroup such that S # N, then
SU{F(S)} is a numerical semigroup. As a consequence of Corollary 5, we
have:

Corollary 6. If S € Cix[m]| such that S # A(m), then SU{F(S)} € Cx[m].

The previous result enables us, given an element S € Cg[m], to define
recursively the following sequence of elements in Cy[m]:
i SO = Sa
. _ { Sp U{F(S,)} if S # A(m)
ntl A(m) otherwise.
The next result is easy to prove.

Proposition 7. If S € Ci[m] and {S,, | n € N} is the previous sequence of
numerical semigroups, then Sg(g)—mi1 = O(m).

A graph G = (V, E) consists of a set V and a collection E of ordered
pairs (v, w) of distinct elements from V. Elements of V are called ver-
tices and elements of E are called edges. A path of length n connecting
the vertices u and v of G is a sequence of n distinct edges of the form
(v, v1), (v1,v2), ..., (Vn—1,v,) With vg = v and v, = v.

A graph G is a tree if there exists a vertex r (known as the root of G) such
that for every other vertex v of GG, there exists a unique path connecting v
and 7. If (u,v) is an edge of the tree then we say that u is a son of v.

We define the graph G(Ck[m]) as the graph whose vertices are elements
of Cx[m] and (S, T) € Ci[m] x Cx[m] is an edge if T = S U {F(S)}.

As a consequence of Proposition 7, we have the following result.

Theorem 8. The graph G(Ci[m]) is a tree with root equal to /\(m).

From this, it is possible to construct recursively the elements of the set
G(Ck[m]), starting in A(m), we connect each vertex with its sons. Hence,
we need to characterize the sons of an arbitrary vertex of this tree and so
we need the next result.

Lemma 9. [15, Lemma 1.7] Let S be a numerical semigroup and x € S.
Then S\{z} is a numerical semigroup if and only if x € msg(S).

The following result is easy to prove.
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Proposition 10. If S € Cglm], then the set of sons of S in the tree
G(C[m)) is equal to {5\{93} |z € msg(S), > F(S) + 2} U {S\{F(S) +

1} | F(S)+1 € msg(S), F(S)+1 # m and F(S)+2— prevg(F(S)+1) < k}

Example 11. From previous proposition, we construct the tree G(C2[5]).

A(5) = (5,6,7,8,9)

i

(5,7,8,9,11) (5,6,8,9) (5,6,7,9) (5,6,7,8)

(5,7,9,11,13) (5,7,8,11) (5,7,8,9) (5,6,8)

\\

(5,7,9,13) (5,7,9,11) (5,7,8)

.

(5,7,9)

Note that the number z appearing on either side of an edge (@, P) means
that @ = P\{z} and F(Q) =

We have that G(C2[5]) is finite, in fact by [16, Proposition 12] we already
knew that G(Cz[5]) is finite but, for example, G(C2[4]) is infinite. Our next
goal is to characterize the pair of positive integers (k, m) such that Ci[m] is
finite.

If S is a numerical semigroup, then N\S is a finite set. Hence we can
announce the next result.

Lemma 12. If S 18 a  numerical  semigroup, then
{T | T is a numerical semigroup and S C T'} is a finite set.

Proposition 13. The set Ci[m] is infinite if and only if there exists a divisor
d of m such that 2 < d < k.

Proof. Necessity. If S € Cix[m], then nextg(m) € {m+1,...,m+ k} and
so Cx[m] C {5 | Sis a numerical semigroup and (m, m~+i) C S, for some i €
{1,...,k}}. By using Lemma 12, we can deduce that there exists i €
{1,...,k} such that ged(m,m + i) = d # 1. Hence, d is a divisor of m
such that 2 < d < k.
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6 J. C. ROSALES, M. B. BRANCO, AND M. A. TRAESEL

Suf ficiency. For each t € N define S(t) = {0} U ({m} + (d)) U
{m +t.d,—}. It is clear that S(¢) is a numerical semigroup in Cg[m] with
F(S(t)) = m + t.d — 1. Therefore, C[m] is an infinite set. O

Example 14. Let d =2, m = 14 and k = 3. As 2 divides 14 and 2 < 3, by
Proposition 13, we have that C3[14] has infinite cardinality.

On the other hand, none of the elements of {2, 3,4} divides 25, then C4[25]
has finite cardinality.

Let us finish this section by giving an algorithm that allows us to compute
the whole set Cx[m| with a given genus.

Let G be a tree with root, and v one of its vertices. The depth of the
vertex v is the length of the path that connects v to the root of G, denoted
by dg(v). Given n € N, denote by

N(G,n) ={v | dg(v) =n}.

The height of the tree G is defined as h(G) = max {k € N | N(G, k) # 0}.
The following result is easy to prove.

Lemma 15. With the above notation, we have:
(1) N(G(Ck[m]),n) ={S € Cym] | g(S) =m — 1 +mn},
(2) N(G(Cp[m]),n+1) = {S | S is a son of an element in N(G(Ci[m],n))}.

Algorithm 16.
INPUT: Integers m,g such that g > m — 1.
OutpuT: The set {S € Cx[m] | g(S) =g}
1) A={(m,m+1,....2m—1)},i=m— 1.
2) If i = g then return A.
3) For each S € A compute Bg = {T" | T is a son of S € G(Cg[m])}.
4) If Ugea Bs = 0, then return (.
5) A:=gea Bs,i=1i+1 and go to step 2.

Example 17. Let us compute the set {S € C3[4] | g(S) = 6}.
(1) Start with A = {(4,5,6,7)}, i = 3.
(2) The first loop constructs Byse7 = {(4,6,7,9),(4,5,7),(4,5,6)}
and then A = {(4,6,7,9),(4,5,7),(4,5,6)}, i = 4.

(3) The second loop constructs Bag7,0) =
{<4, 7,9, 10)7 <4,6,9,11>, (4,6,7)}, B<4’5,7> -
{(4,5,11)} and  Bsg = 0 and then A =
{(4,7,9,10Y, (4,6,9,11), (4,6,7), (4,5,11)}, i = 5.

(4) The third loop comstructs By 79100 = {(4,7,10,13),(4,7,9)},
B<4,6,9,11) = {{(4,6,11,13),(4,6,9)}, B(4,6,7) =
@ and B<4,5711> = {<4, 5>} and then A =
{(4,7,10,13), {4,7,9), (4,6,11,13), (4,6,9), (4,5)}, i = 6.

(5) Return

{(4,7,10,13), (4,7,9), (4,6,11,13), (4,6,9), (4,5) }.
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NUMERICAL SEMIGROUPS 7

3. (k,m)-sETS

Recall that a (k,m)-set is the set of the form 6(S) = SN
{m+1,...,2m — 1} with S € Cg[m]. The next result characterizes the
set Cim].

Theorem 18. With the above notation, Ci[m] = {S € Zim) | AC
S for some (k,m)—set A}.

Proof. If S € Ci[m], then S is a numerical semigroup with multiplicity m
and 0(S) C S.

Conversely, if A is a (kz,m)—set, S € Z(m) such that A C S, we distin-
guish two cases:

(1) If ged({m} U A) =1, then T = ({m} U A) € Z(m). From (4)
Proposition 2, we deduce that T' € Ci[m]. Since S € Z(m), T C S
and T € Ci[m], then by Corollary 5, we have that S € Ci[m)].

(2) If ged({m}UA) =d # 1, then T = ({m} UA) U{F(S) +1,—} €
Cg[m] and T C S. By applying Corollary 5 again, we get S € Cg[m].

[l

Let Q = {A | Ais a (k:,m) — set}. Clearly, the binary relation C is a
partial order on € (i.e. reflexive, transitive and antisymmetric). If w is a
subset of 2, we denote by Minimalsc (w) the set of minimal elements of w
with the order C.

Following the notation introduced in [14], a Frobenius pseudo-variety is
a non-empty family P of numerical semigroups that fulfills the following
conditions:

(1) P has a maximum element (with respect to the order C);
(2) If {S,T} C P, then SNT € P,
(3) If S € P and S # max P, then SU{F(S)} € P.

The next result is easy to prove.

Lemma 19. If A C {m,—}, then P(A) ={S € L(m) | A C S} is a Frobe-
nius pseudo-variety with max(P(A)) = A(m).

Note that, if the set Minimalsc {A | Ais a (kz,m) — set} =
{A1,Ay,...,A,} then, as a consequence of Theorem 18, we have that
Ci[m] = U, P(A;). From this fact we have:

Proposition 20. With the above notation, Ci[m] is the union of finitely
many Frobenius pseudo-varieties.

Our next goal is to give an algorithm to compute all (k:,m)—sets, with
given k and m positive integers. To this end, we need to introduce some
concepts and results.

Given a (k:,m)—set A such that A # {m+1,m+2,...,2m — 1}, denote
by

B(A) =max({m+1,m+2,...,2m — 1} \A).
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8 J. C. ROSALES, M. B. BRANCO, AND M. A. TRAESEL

The following result is easy to prove.
Lemma 21. If Aisa (k‘,m)—set and ACBC{m+1,m+2,...,2m — 1},
then B is also a (k:,m) -set.

The previous result enables us, given a (k, m)—set A | to define recursively
the following sequence of (k:, m)-sets:
o Ay = A,
o A — { A, U{B(A,)} if Ay #{m+1,m+2,...,2m—1}
ntl {m+1,m+2,...,2m — 1} otherwise.

Let %(k:,m) = {A | Ais a (kz,m) — set}. We define the graph
G(%(k,m)) as the graph whose vertices are elements of Cf(k,m) and

(X,Y) € €(k,m) x €(k,m) is an edge if Y = X U {B(X)}. From pre-
vious results it is easy to prove the next one.

Proposition 22. The graph G’(‘K(k‘, m)) is a tree with root equal
to {m+1,m+2,...,2m—1}. Moreover, if A is a (k, m) -set,
then the set of sons of A in the tree G(%(k, m)) s equal to
{A\{a} | {a,a+1,....2m—1} C A andeither a < m + k —
1 or {a—l,a—2,...,a—(k—l)}ﬂA;é(Z)}.

Example 23. By using Proposition 22, we construct the tree G<‘K (2, 4))

15,6,7}
/N
{6,7} {5,7} {5,6}

7
{6}

Observe that Minimalsc (%'(2,4)) = {{6},{5,7}}. Hence, by Theorem
18, we obtain that Co[4] = {S| S € Z(4) with {6} C S or {5,7} C S}.
Moreover, by Proposition 20, Cy[4] is the wunion of the
Frobenius pseudo-varieties {S] 5 e Z4) with {6} C S} and
{S|S e Z4) with {5,7} C S}.

Now, our goal in this section, is to compute all (k:,m)—sets with a given
cardinality.

Proposition 24. Let p be a positive integer. The following conditions are
equivalent.
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(1) Ais an (k‘,m) -set with cardinality p,

(2)<A = {n@ + x1,m + 1 4+ x2,....m + X1 + T2 + - +
zp | (.731,1‘2,...,$p,$p+1)G{l,...,k}p+1 and x1+ a2+ -+ xp+
Tp41 =M .

Proof. 1) implies 2). Assume that A = {a1 < az <--- <ap}, x1 =a; —m,
Tit1 = ai41—a; foralli € {1,...,p — 1} and 2,11 = 2m —a,. Then, we can
conclude that (z1, 2, ..., 2p, zpr1) € {1,..., k:}pﬂ7 T1+To+ Ty tTpr1 =
mand A={m+xi,m+z1+z2,..., m+x1+22+ -+ 2p}

2) implies 1). It is clear that, under desired conditions, every A = {m +

1, m+ 1 +x2,...,m+m1+x2+---+xp} is contained in {m+1,m+
2,...,2m —1}. Then, we have that S = {0,m} U AU {2m, —} € Cx[m] and
A =0(S). Hence, A is a (k,m)-set with cardinality p. O

Given ¢ € Q and p € N\{0}, we denote by [¢] = min{z € Z | ¢ < z} and
by n(k,m,p) = # {A | Ais a (k:,m) — set with cardinality p} (where #A
stands for cardinality of A).

As a consequence of Proposition 24, we obtain the following result.

Corollary 25. With the above notation, we have that n(k,m,p) # 0
if and only if [l —1 < p < m — 1.  Furthermore, n(k,m,p) =
#{(z1,22,...,2p11) € {1, kYT |y +xo 4+ T+ Tpy1 = m}.
Example 26. By using Proposition 24 let us calculate:
(1) the set {A | Ais a (2,4) — set with cardinality 2}, which is equal
to {{4—1—301,4—1—:61—1—:62} | (71,22,73) € {1,2}® and 27 +
T + 13 = 4}. Since {(:1:1,:52,:5'3) € {1,2}3 | 21 + x2 +
zg = 4} = {(1,1,2),(1,2,1),(2,1,1)}, then the solution is
{{5’ 6}7 {57 7}a {67 7}}5
(2) the set {A | Aisa (2,4) — set with cardinality 1}, which is equal
to {{4+ 21} | (w1,22) € {1,2}? and @1 + 22 = 4}. As {(21,32) €
{1,2}? | z1+z2 =4} = {(2,2)}, then the solution is equal to {{6}}.
Recall that S is an elementary numerical semigroup if F(S) < 2m/(S). We

denote by £(m) the set of elementary numerical semigroups with multiplicity
m.

Proposition 27. [17, Lemma 1] Let A be a subset of {m +1,...,2m — 1}.
Then {0,m} U AU {2m,—} is an elementary numerical semigroup with
multiplicity m. Moreover, every elementary numerical semigroup with mul-
tiplicity m is of this form.

Denote by
E(Crlm]) = {S € Cx[m] | S is elementary} .

Thus, from Theorem 18 and Propositions 24 and 27, we deduce the next
result.
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10 J. C. ROSALES, M. B. BRANCO, AND M. A. TRAESEL

Proposition 28. With the above notation, £(Cyxlm]) = {{0} U {m,m +
r1,m+xi+x,..., m+r1+ro+-- -+;1:p}U{2m,% } | ($1,$2, ce ,a:p,:cpH) S
{1, kY™ and 21 + 29+ - + Tpt1 :m}.

As a consequence of the previous proposition we have:

Corollary 29. Let g be a positive integer. Then, the set of
{S € £(Ck[m]) with g(S) =g} is equal to {{0} U{m,m + z1,m + z; +
x9,..., M+x1+xTo+"- -+$2m_g_2}U{2m, — } | (:El, T, ... ,xp,me_g_l) €
{1, kY¥*" 9 Y and xy + 29 + - + Tom—g—1 = m}.

Example 30. Let us calculate all numerical semigroups S in £(Cs[5]) with
g(S) = 6. By Corollary 29, we have that {S € £(C3[5]) with g(5) =6} =
{{O}U {5,5+x1,5+x1 —l—xg} U {10, — } | (wl,mg,x3) € {1,2,3}3 and 21 +
Ty + 13 = 5}. As {(a;l,mg,mg) € {1,2,3}3 and z1 + 22 + 23 =
50 = {(1,1,3),(1,2,2),(1,3,1),(2,1,2),(2,2,1),(3,1,1)}, then {S €
E(Cs[5]) | g(S) = 6} = {0} U AU {10,—~} such that A belongs to
{{5,6,7},{5,6,8},{5,6,9},{5,7,8},{5,7,9},{5,8,9} }.

Given a positive integer F', denote by
Cx[m, F] ={S € C,[m] | F(S)=F }.

We will finish this section studying the elementary elements in Cg[m, F].
The next result is easy to prove.

Proposition 31. With the above notation, we have the following:
(1) If F =m — 1 then Cx[m, F] = {A(m)};
(2) If F=m+r with1 <r < k—1, then Cx[m, F| = {{O,m}UAU
{m+r+1,-} | AC {m—i—l,...,m—i—r—l}};
(3) If F=m+r with k <r <m, then Cg[m, F| = {{0,m}UAU{m+
r+1,—} | A={m+z,m+z +22,....m+z +a2+ -+
Tpt, (T1,@2,...,Tp, Tps1) € {1, kYT with T1+xo+ta,+
Tpr1 =7+ 1 and vpy1 > 2}.
Example 32. Let us calculate the set of numerical semigroups Ca[5, 8]. By
Proposition 31, we get that Cy[5,8] = {{0,5} UAU{9,—} | A= {5+
r1}, (21,72) € {1,2}% with 2y + 20 = 4 and x5 > 2} U {{5 4+ 21,5+ 21 +
ro}, (w1,m2,23) € {1,2}® with 21 + 20 + 23 = 4 and 23 > 2}. Then,

Co[5,8] = {{0,5} UAU{9, 5} [ Ae {{7},{6,7}}}.
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4. NON ELEMENTARY ELEMENTS OF Cy[m, F|

The aim of this section is to give an algorithm to compute all elements in
the set Ci[m, F| with F' > 2m.

Following the terminology introduced in [18] a numerical semigroup is
irreducible if it cannot be expressed as the intersection of two numerical
semigroups properly containing it. This class of numerical semigroups has
been widely studied in the literature and depending on the parity of the
Frobenius number, which is odd or even, are called symmetric or pseudo-
symmetric, respectively (see[11] and [1]). Of the many characterizations
of irreducible numerical semigroups existing in the literature, we have the
following results.

Proposition 33. [19, Corollary 4.5] Let S be a numerical semigroup.

. o . F(S)+1
(1) S is symmetric if and only if g(S) = % b1
(2) S is pseudo-symmetric if and only if g(S) = =5—.

Note that if S is a numerical semigroup, then g(S) > % (see, [19,

Lemma 2.14]. As a consequence of Proposition 33, we obtain that the ir-
reducible numerical semigroups are those with the least possible genus in
terms of their Frobenius number.

Proposition 34. [2, Lemma 4] Let S be a numerical semigroup. The fol-
lowing conditions hold:

(1) S is irreducible if and only if S is maximal in the set of all numerical
semigroups with Frobenius number F(S).
(2) if h = max{x eN\S |F(S)—x ¢S and x # @}, then S U {h}
is also a numerical semigroup with Frobenius number F(S).
(3) S is irreducible if and only if {x € N\S | F(S) —x ¢ S and x #
EED}::@
5 :

Let S be a non-irreducible numerical semigroup. Denote by «(S) =
max {1: eN\S |F(S)—x ¢S and x # @} If S is an irreducible numer-
ical semigroup, then by definition a(S5) = 0. Observe that, if a(5) # 0 then
FS) < a(S) < F(9).

If S € Ci[m, F], as a consequence of Corollary 5 and Proposition 34, then
we can define the following sequence of elements in Cg[m, F:

° SO - Sv
® Sn1=5SnU{a(S)}
It is easy to prove the next result.
Proposition 35. Let S € Cx[m, F] and let (S, )nen be the previous sequence.

Then there exists a non negative integer p such that S, is an irreducible
numerical semigroup in Cg[m, F].
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We denote by I(.S) the irreducible S, obtained from a numerical semigroup
S

We define the following equivalence relation over Cy[m, F:
S ~ T if and only if I(S)=I(T).

Denote the equivalence class modulo ~ by [S] = {T € Cx[m,F| | S ~ T}
and by & (Cix[m, F]) = {S € Cix[m, F] | S is irreducible}. As a consequence
of Proposition 35, we deduce the next result.

Theorem 36. The quotient set Cg[m,F]/~ is equal to
{[S]| S €7 (Cklm,F])}.  Moreover, if {S,T} C 7 (Ci[m,F]) and
S #£ T then [S|N[T] = 0.

In view of Theorem 36, in order to determine explicitly the elements in
the set Cx[m, F'] we need:

(1) an algorithm to compute the set .# (Cy[m, F]).
(2) an algorithm to compute the class [S], for each S € .#(Cx[m, F]).

In [3] an efficient algorithm was given to compute all irreducible numerical
semigroups with fixed multiplicity m and Frobenius number F. By using
Proposition 2, we choose those with concentration less than or equal to k
and thus we have solved (1). Our goal now is to provide an algorithm to
solve (2).

Let V be an element in % (Ci[m, F]). Let G([V]) be the graph with
vertex set [V] and (S,T) € [V] x [V] is an edge if and only if " = SU{a(S)}
and «a(S) # 0.

Proposition 37. If V € % (Cy[m, F]), then the graph G([V]) is a tree
with root equal to V. Moreover, the sons of a vertex T is {T\{x} | z €
msg(T), & <a < F, o(T) <z, nestr(z) — prevp(z) < k and z > m}.

Proof. If S is a son of T, then T' = S U {«(S)} with «(S) # 0 and thus
T\{a(S)} = S. By Lemma 9, we have that «(S) € msg(T). Clearly,
L <a(S) < F, a(T) < aS) and nexty(a(S)) — prevp(a(S)) < k.
Conversely, if z € msg(7T), g < x < F, nextr(x) — prevp(z) < k, then
we get that T\{z} € Cx[m, F|. If o(T) < x, then we have a(T\{z}) = =.
Therefore, T = (T\{z}) U{a(T\{z}} and thus T\{x} is a son of T. O

Algorithm 38.
INPUT: V € .#(Ci[m, F]).
Ourtput: The set [V].
1. A={V} and C = {V}.
2. For each S € C' compute the set
Bg={T | T isasonof S in the tree G([V])}.
3. C =Ugee Bs-
If C = () then return A.
5. A= AUC go to step 2.

e
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Example 39. By Propositions 2 and 33 we have (5,7,9,11) € f(Cg[S, 13]).
Let us compute [(5,7,9,11)].

e Start with A = {(5,7,9,11)} and C = {(5,7,9,11)}.
e The first loop constructs Bys 7911y = {(5, 7,11), (5,7, 9>}, then C =

{(5, 7,11), (5,7, 9>} and thus A = {<5,7,9, 11), (5,7,11), (5,7, 9>}

e The second loop constructs By = {(5,7, 16, 18>,} and
Bisrgy = 0, then C = {(5,7,16,18),} and thus A =
{(5,7,9,11>,<5,7,11>,<5,7, 9), (5,7, 16, 18)}.

e The third loop constructs Bs 7 16,18) = (), then C' = 0.

o Hence, [(5,7,9,11)] = {(5,7,9,11), (5,7,11), (5,7,9), (5,7, 16, 18>}.

5. WILF’S CONJECTURE

We say that s is a small element in S if s < F(S). Denote by N(S) the
set of all small elements in S and by n(S) its cardinality.

In 1978, H. S. Wilf (see [20]) conjectured an upper bound for g(5), namely
g(9) < (e(S) —1)n(S). Nowadays, Wilf’s conjecture remains unanswered in
general, but for some specific families of numerical semigroups this conjec-
ture is known to be true (see for example [6], [7], [9], [8], [10], [12], [13], [4]
and [5]).

The next result appears in [8, Corollary 6.5].

Lemma 40. If S is a numerical semigroup with F(S)+ 1 < 3m(S), then S
verifies Wilf’s conjecture.

It is clear that {0,1,...,F(S)} = N(S)U(N\S) and so F(S)+1 = g(5) +
n(S). Hence, we have that F(S) 4+ 1 < e(S)n(S) is another way to present
Wilf’s conjecture.

Theorem 41. If S € .Z(m), p= #6(S) and 2m < (p+1)?, then S satisfies
Wilf’s conjecture.

Proof. Let ¢ € N and r € {1,...,m — 1} such that F(S) = ¢m +r. If
q € {0,1,2}, then by Lemma 40, S satisfies Wilf’s conjecture.

Now, we suppose that ¢ > 3. By Lemma 1, we know that 6(5) U {m} C
msg(S) and thus p+ 1 < e(S). Clearly, we have that {0}, 6(S) U {m},
{m}+ (6(5) U{m}), {2m} + (0(S) U {m}), -, {(g—2)m} + (0(S) U {m})
are disjoint subsets of the set N(.S) and so we can conclude that (¢ —1)(p+
1)+ 1< n(S).

As by hypothesis 2m < (p + 1)?, then 2(¢ — 1)m < (¢ — 1)(p + 1)%. If
q >3, then ¢+1 < 2(¢—1) and so we deduce that (g+1)m < (¢g—1)(p+1)2.
Since r < m — 1, then we get F(S)+1 = (¢g+ 1)m < (¢ — 1)(p+ 1) As
p+1<e(S) thus FI(S)+1<(¢g—1)(p+ 1)e(S). Applying the inequality
(g—1)(p+1)+1<n(Y), we obtain F(S) + 1 <e(S)(n(S) —1). Hence, we
have F(S) + 1 < e(S)n(S) and thus S verifies Wilf’s conjecture. O
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Corollary 42. If S € Cilm] with k < \/?, then S satisfies the Wilf’s
conjecture.

Proof. 1f S € C[m], by Proposition 24, 6(S) = {m—l—:rl,m—i—:rl +xo,...,m+

T1+x+- x| (21,22, .., 2p, Tpp1) € {1,...,k}p+1 and z1+xzo+---+
Tp + Tpp1 = m} From Corollary 25, we have that #6(S) > [7] — 1. If

k< \/?, then 2m < (%)2 This implies that 2m < (p + 1)2. Finally, by
Theorem 41, we conclude that S satisfies Wilf’s conjecture. O

Example 43. If S € C5[100], by Corollary 42, S satisfies Wilf’s conjecture.
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