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EMBEDDING THE SET OF NON-DIVISORIAL IDEALS
OF A NUMERICAL SEMIGROUP INTO N”

DARIO SPIRITO

ABSTRACT. The set Gy(S) of the classes of non-divisorial ideals of
a numerical semigroup S can be endowed with a natural partial
order induced by the set of star operations on .S. We study embed-
dings of Go(.S) into N™, specializing on three families of numerical
semigroups with radically different behaviour.

1. INTRODUCTION

The concept of star operation was born in the setting of integral
domains as a way to generalize the properties of the divisorial closure
[10, 6]; it admits a natural extension to numerical semigroups, allowing
to define semigroups with properties similar to Krull domains [9]. In
[15], the main properties of star operations on numerical semigroups
were studied: in particular, it was proven that the number of star
operations on a numerical semigroup is always finite and that, for n >
1, there is only a finite number of numerical semigroups S with exactly
n star operations.

A deeper examination of the questions tackled in [15] led in [16]
and [17] to the introduction of a partial order on the set Gy(.S) of the
classes of non-divisorial ideals of a numerical semigroup S: in partic-
ular, it was shown that there is a strong link between the set Star(.S)
of star operations on S and the antichains of Gy(S) (an antichain of
a partially ordered set P is a subset of P composed by pairwise in-
comparable elements). In particular, [16] provided a full analysis of
the case when the multiplicity of the numerical semigroup is 3, while
[17] presented some estimates on the number of star operations on a
numerical semigroup and, consequently, on the cardinality of the set of
semigroups with some fixed number of star operations.

In this paper, we concentrate on the order on the set Gy(S). In par-
ticular, we are interested in ways to embed it into a product of chains,
or, rather, in N, for some (possibly small) integer n; this lead to the
question of finding the dimension and the tight dimension of Gy(S5)
(see Section 3 for the definitions). While we are not able to prove
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2 DARIO SPIRITO

general results, we analyze three different families of numerical semi-
groups with rather different properties: pseudosymmetric semigroups
with multiplicity 4 (Section 4), semigroups of the form (4,6, z,z + 2)
(with x > 9 odd; Section 5), and pseudosymmetric semigroups with
F(S) <2u(S) + 2 (where F(95) is the Frobenius number and p(.S) the
multiplicity of S; Section 6). In all cases, we determine an embedding
of Go(S) into N" and determine the dimension and the tight dimension
of Go(S); we also use these embeddings to estimate the number of star
operations on members of these families. Finally, in Section 7, we give
two examples of individual numerical semigroups with even different
behaviour.

2. NOTATION AND PRELIMINARIES

For further information about numerical semigroups, the interested
reader may consult [14].
A numerical semigroup is a subset S of N such that:

e a+be S for every a,b e S;

e eSS,

e N\ S is finite.
The notation S = {0,xy,...,z,, —} indicates that S contains the ele-
ments 0, xy,...,z, and every integer bigger than x,.

The greatest element in Z \ S is the Frobenius number of S, and is
denoted by F(S5); the least element of S\ {0} is the multiplicity of S,
and is denoted by u(95).

A fractional ideal (or simply an ideal) of S is a subset I C Z such
that i + s € I for every ¢ € I, s € S; in particular, each fractional
ideal is bounded below, and there is a unique ¢t € Z such that I +1 :=
{i+t | € I} has minimum 0. We denote by F(S) the set of fractional
ideals of S, and by Fy(S) the set of fractional ideals I of S such that
min / = 0; equivalently, Fo(S) is the set of fractional ideals I of S such
that S C 1T CN. If I € Fy(S) and I # N, we set n(I) := max(N\ 7).
Moreover, if I € Fo(S) and k € I, we define the k-shift of I as the
fractional ideal pi (1) := (—k + 1) NN € Fy(95).

The set M := S\ {0} is an ideal of S, called the mazimal ideal of S.

If I is an ideal of S and x a positive integer, the Apéry set of I with
respect to x is

Ap(l,z) ={iel|i—x ¢ I}

In particular, Ap(/,z) has cardinality x.

If I and J are two fractional ideals, (I — J) :={t € Z |t+J C I}
is again an ideal. The set (S — M) \ S is denoted by T'(S), and its
cardinality, denoted by t(.9), is called the type of S.

A semigroup S is symmetric if F(S) —a € S for every a € N\ §,
and it is pseudosymmetric if F'(S) is even and F(S) —a € S for every
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a € N\S, a# F(S)/2. A semigroup S is symmetric if and only if
t(S) =1 [4, Proposition 2].

A star operation on S [15] is a map * : F(S) — F(S) such that,
for every I,J € F(5), x € Z,

o [ C I* (x is extensive);

o (I*)* = I* (x is idempotent);

o if ] C J, then I* C J* (x is order-preserving);

o+ ["=(x+1)%

o 5 =05
In particular, since N* = N for every star operation x (this follows from
[15, Lemma 3.3]), a star operation x restricts to a map *q : Fo(S) —
Fo(S), and * is completely determined by %g. An ideal I such that
I = I* is said to be a *-closed ideal.

The set of star operations on S is denoted by Star(.S), and is always a
finite set; moreover, if n > 1, there is only a finite number of numerical
semigroups S such that |Star(S)| = n [15, Theorem 4.15]. If %, %y €
Star(S), we set x; < xq if I*t C I*2 for every I € F(S), or equivalently
if I = I"*? implies that [ = I*".

The maximum of Star(S) under this order is the divisorial closure,
defined by I" := (S — (S — I)) [15, Section 2J; if I = I" then I is said
to be divisorial. The divisorial closure coincides with the identity (i.e.,
|Star(S)| = 1) if and only if S is symmetric [1, Proposition 1.1.15]. The
set of non-divisorial ideals I such that min I = 0 is denoted by G (.5).

Every non-divisorial ideal I generates a star operation xj, defined,
for every J € F(S), by (see [15, Proposition 3.6])

Jr=Tn{I-I-0)=J"n () (—a+]).

ace(I-J)

Alternatively, *; is the biggest star operation * such that I is x-closed.
We have x; = *p if and only if [ = x 4+ I’ for some integer z. In
particular, the map
x: Go(S) — Star(.S)
[ — *r

is injective, and it can be used to define an order on Gy(S). We define
the x-order <, to be the opposite order with respect to the one induced
by the map above: more explicitly, given I, J € Gy(.S), we have

1<, J < % >%x; < [=1".

An antichain of a partially ordered set (P, <) is a (possibly empty)
subset X C P such that no two different elements of X are comparable
under <. We denote the cardinality of the set of antichains on (P, <)
by w(P, <) (or simply w(P) if there is no danger of confusion). The
n-th Dedekind number, denoted by w(n), is the number of antichains
of the power set of a set with n elements, under the order given by the
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set-theoretic containment. Every antichain A of (Gy(S), <.) induces a
star operation x5 on S, defined by

Jo=Tr=0r0) () (a+1)

IeA IeA ae(I-J)

for every J € F(S); moreover, every star operation on S is in the form
xa, for some antichain A of (Gy(S), <,) [17, Section 3.

If x € N\ S, we denote by Q, the set of ideals I € Gy(S) such that
n(l) =z and x € IV. Ifalso F(S)—x ¢ S, orif x = F(S), then [ € Q,
if and only if n(I) = x [17, Proposition 5.2(e)]. The *-order on Q, is
coarser then the set-theoretic containment (i.e., if I <, J, then I C J)
[17, Proposition 5.7(c)]; if Q, # 0, then the *-maximum of Q, is the
ideal [17, Proposition 5.2(b)]

M, = J{I e Fo(S) |z ¢ I} ={yeN|z—y¢ 5}

If v <yand Q, # 0, then also Q, # 0, and M, <. M, [17, Propo-
sition 5.2(c)]. When S is not symmetric, the ideal Mp(s) generates
the identity star operation [15, Corollary 4.5] (see also [8, Satz 4 and
Hillsatz 5]), and thus it is the maximum of (Gy(S5), <.); it is called the
canonical ideal of S.

An atom of S (or of Gy(S5)) is an I € Gy(S) such that, whenever
k7 > %1 A\ kg for some xp, %9 € Star(S), then x; > %3 or *; > %9
(here *; A %5 indicates the infimum of *; and x3) [17, Definitions 4.1
and 4.3]. Sufficient conditions for I € Gy(S) to be an atom are that
|I" \ I| = 1 [17, Proposition 4.8] and that I is an element of Q, such
that |M, \ I| <1 [17, Proposition 5.3]. If every non-divisorial ideal I
is an atom, then the number of star operations on S is equal to the
number of antichains of (Gy(S), <.), and conversely [17, Proposition
4.9].

We state explicitly two results which will be useful in the rest of the
paper.

Lemma 2.1. Let S be a numerical semigroup, 1,J € Go(S). Let x €
JUN\J. If J <. 1, there is at € I such that J C p(I) andt +x ¢ I.

Proof. By [15, Proposition 3.6], we have
J=J"=J1"n [\ (—a+I).
ac(I-J)
In particular, there must be a t € (I — J) such that z ¢ —t + I; hence,
t+J C I (equivalently, J C (—t+I)NN=p(I)) andx+t ¢ . O

Lemma 2.2. Let S be a pseudosymmetric semigroup and I € Gy(S);
let 7:=F(S)/2. Then, n(I) > T

Proof. If n(I) < 7, then each element bigger than 7 is in /. Hence,
T4+i>71foreveryie l,and 7+ 1 C 1, ie, 7€ ([—1). Thus, I =1I"
by [1, Proposition 1.1.16], and I ¢ Gy(S5). O
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3. EMBEDDINGS AND DIMENSIONS

Due to the link between antichains of Gy(S) and star operations, a
natural way to find the cardinality of Star(S) is to study the x-order on
Go(.9), calculate the number of antichains and then trying to determine
which ones give star operations. This program was carried out in [16]
for the case of numerical semigroups of multiplicity 3. More precisely,
the following result was proved.

Proposition 3.1. [16, Theorem 7.4] Let S := (3,3a + 1,38 + 2), with
a, 8 positive integers. Then, (Go(S), <.) is order-isomorphic to C(2a—
B) x C(26 —a+ 1), where C(k) denotes a chain of k elements.

In a more geometrical way, this proposition can be rephrased by
saying that Gy(S) is isomorphic to a rectangle with sides of length
2ac — and 28 — a + 1.

In particular, the proposition asserts that Gy(S) can be embedded
into N2, where an embedding of partially ordered sets is amap f : P —
Q such that, for every pi,ps € P, py < po if and only if f(p1) < f(p2).
Similarly, an order-reversing embedding is a map f : P — Q such
that p; < py if and only if f(p1) > f(p2).

The dimension of a finite partially ordered set P (denoted by dim(P))
is the smallest n such that P can be embedded into N” endowed with
the the product order (that is, (ag,...,a,) < (by,...,b,) if and only if
a; < b; for every 7); note that this is not the original definition intro-
duced in [3], but it is equivalent [12, Section 10.4]. Such an n always
exists; indeed, dim(P) < |P| [7]. Clearly, dim(P) is also the smallest
integer n such that there is an order-reversing embedding of P into N”.

It is natural to ask for a characterization of all numerical semigroups
S such that Gy(S) has a fixed dimension; the first cases are not difficult.

Proposition 3.2. Let S be a numerical semigroup.
(a) dim(Gy(S)) = 0 if and only if S is symmetric.
(b) dim(Go(S)) = 1 if and only if u(S) = 3 and S is pseudosym-

metric.

Proof. (a) follows immediately from the fact that dim P = 0 if and only
if [P| <1, and that |Gy(S)| > 2 as soon as .S is not symmetric.

(b) By the previous point, we can suppose that S is not symmetric;
let p:= p(S). If u = 3, then the claim is essentially [16, Proposition
7.8]. Suppose p > 4: we want to find two ideals I and J such that
I £, Jand J £, I. Since S is not symmetric, there is an a € N such
that a, F'(S) —a ¢ S and a < F(5)/2. We distinguish four cases.

If a > 3, then by [15, Lemma 4.13] there are z1, x2 € N\ S such that
a—p < z; <a;consider I; := SU{zx € N|z > a}U{z;}. By [15,
Lemma 4.7], both I; are in Q,; moreover, I} ¢ I and Iy ¢ I. Hence,
I, and I, are not comparable in the %-order [17, Proposition 5.7(c)].
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If a <3 and p > 5, let x1, 25 be two different elements in {1,2,3} \
{3 — a}, and define I; := SU{z € N| 2 > 4} U{3 — a,z;}. By the
proof of [17, Proposition 5.20], I; and I are in Qy, and again by [17,
Proposition 5.7(c)] they are not comparable in the %-order.

If o =4 and a = 2, consider the ideals I := S U {F(S) — 2} and
I, := SU(2+ S). Then, they are both elements of Qps). We have
2 ¢ I, (otherwise 2 = F'(S) — 2 and F(S) = 4, against u(S) = 4) and
F(S)—2¢ I, (otherwise F'(S)—2 €245, ie., F(S)—4 € S, against
4 € S and F(S) ¢ S). Hence, we can apply again [17, Proposition
5.7(c)], and I and J are not *-comparable.

If y=4and a=1, then F(S)—1¢S. Let [ := SU{F(S)—1} and
J := Mp(s)-1. By [17, Lemma 5.10], since I € Qp(g) and J € Qp(s)-1,
we have I £, J. By Lemma 2.1, if J <, I there is a t € I such that
J C p(I)and t + F(S) —1 ¢ I. The latter condition implies that
t = 1; however, the definition of I now implies that 1 = F(S) — 1, i.e.,
F(S) = 2. This is impossible when p = 4, and thus I and J are not
x-comparable. O

Already in dimension 2, however, it does not seem so easy to obtain
a characterization.

Example 3.3. Let S := (4,5,6,7). By [17, Example 5.21], putting
I(t) == SU{t} and I(s,t) := SU{s,t}, the Hasse diagram of Gy(S) is
the following;:

1(1,2)

N
2) 1(1,3) ()
N N
1(2,3) 103)

It is not hard to embed Gy(S) into N2, by sending (see the left of
Figure 1)

I1(1,2) — (2,2) 1(2) — (2,0) I(1) — (0,2)
I(1,3) — (1, 1) 1(2,3) — (1,0) I1(3) — (0,1).
Hence, dim(Gy(S)) =

Given z,y € P (where P is a partially ordered set) we say that x
covers y, and we write z < y, if x < y and there is no z € P such
that z < z < y. An embedding f : P — Q is tight if x < y implies
f(z) < f(y) [11]. Any distributive lattice can be tightly embedded
into a product of chains [11, Proposition 1]; on the other hand, a non-
distributive lattice must have a sublattice isomorphic to M3 or Nj
(see Figure 2), and it is easily seen that neither Mj; nor Nj; can be
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PN

FIGURE 1. Two possible embeddings of Gy((4,5,6,7))
into N? and N3.

Ms N

FIGURE 2. The two lattices M3 (on the left) and N5 (on
the right).

tightly embedded into a product of chains. Note that it is not known
if (Go(9), <) is always a distributive lattice.

With this terminology, the embedding given in Example 3.3 is not
tight and, indeed, there is no tight embedding of Gy((4,5,6,7)) into
N2 On the other hand, we can tightly embed it into N3 (see the right
of Figure 1):

1(1,2) — (1,1,1) I(2)— (1,1,0)  I(1)— (0,1,1)
I(1,3) = (1,0,1)  I(2,3)— (1,0,0)  I(3)— (0,0,1).

If P can be tightly embedded into N”, but not in N*~! we call n
the tight dimension of P, and we denote it by dim;(P). If P cannot
be embedded into any N, we say that the tight dimension is infinite.
Clearly, dim;(P) > dim(P).

The previous results shows that, if S ha multiplicity 3 and is not
pseudosymmetric, then dim(Gy(S)) = dim(Go(S)) = 2, while if S =
(4,5,6,7) then dim(Gy(S)) = 2 and dim(Gy(S)) = 3.
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4. PSEUDOSYMMETRIC SEMIGROUPS OF MULTIPLICITY 4

In this section we analyze the case of pseudosymmetric semigroups
with multiplicity 4. By [13, Theorem 8|, such a semigroup must be
of the form S := (4,z,2 + 2), where z > 5 is an odd number. In
particular, the smallest element of S congruent to 2 modulo 4 will be
2x; hence, FI(S) =2x —4. We set 7 := F(S)/2 =z — 2.

In the following, the calculations take a slightly different shape ac-
cording to whether z = 1 mod 4 or x = 3 mod 4, but are essentially
analogous. For the sake of simplicity, we shall only carry them out for
the case z = 1 mod 4.

Let thus x := 4k + 1; then, 7 = 4k — 1, and the Apéry set of S with
respect to 4 is {0,4k+ 1,4k + 3,8k +2}; in particular, each t > 7,t ¢ S
is congruent to 2 modulo 4. Given integers «, 3,7y, we set

[, B,7] :=4NU (4o + 1 +4N) U (48 + 2 + 4N) U (4y + 3 + 4N).

It is straightforward to check that [a, 8,7] is an ideal in Fy(S) if and
only if

(0 <4da+1<4k+1 0<an<h
0<48+2 < 8k+2 0;6’<5k
(1) 0<4y+3<4k+3 that is, -
da+1+z>48+2 athkzp
4y +34+24+2>48+2 kL2 0

Suppose I := [«a, 5,7] € Fo(S). For I to be non-divisorial, we must
have 7 ¢ (I —1I) [1, Proposition 1.1.16]; hence, at least one between the
following must hold:

4642417 <4da+1 B+k <«
(2) dy+3+7<48+2 that is, v+k<pB
T<4y+3 kE<~y+1.

Note that the first condition can never hold, since o < k.
We divide Gy(S) into two classes:

o X :={leGyS)|Tel};
o V:={Ie€GyS)| T¢I}
We note that ) can be further subdivided, in a natural way, into Q.
(the ideals with n(/) = 7) and the ideals with n(I) > 7 (since, by
Lemma 2.2, n(I) > 7); however, this is not necessary for our analysis.
We first analyze the two classes separately.

Suppose [ = [a,f,7] € X. Since 7 = 4k — 1 € I, we have v <
k — 1, so the third condition of (2) never holds; hence, v+ k < f3, i.e.,
v+k+1<p. By (1), we have y+k+1> (3, and thus f =vy+k+ 1.
The condition 8 < « + k thus becomes v + 1 < a; hence, the ideals of



EMBEDDING NON-DIVISORIAL IDEALS INTO N" 9

this class have the form
r(w,A) == [w, A+ k+ 1, )]

with 0 <w <k and 0 < A <w — 1. Moreover, no x(w, A) is divisorial,
and

2(@, )" = [, A+ &, A] = 2(w, A) U {47+ 4k + 2},

We now want to find the *x-order on X. We claim that z; :=
x(wr, A1) <i x(wa, Ay) =: a9 if and only if A} < Ag and A\ —w; < Ag—ws.
Without loss of generality, we may suppose that x; # xs.

Suppose the two inequalities hold. Since A\; < Ay, we have

x = 104()\2_)\1)(.132) = [WQ - )\2 + )\17 )\1 +k+ 17 )\1]

with wy — Ao + A1 < w; — A1 + A1 = wy; hence, 1 C 2/. However, 2’
does not contain 4\; + 4k +2; hence, x1 = 27 N2’ = 27 N papr,—»r,)(72),
and thus z; <, xs.

Conversely, suppose 1 <, 5. Since n(x1) =4\ +4k+2 € 1"\ I,
we must have n(x2) > n(zq), and thus Ay > A;. Since every element
out of xy bigger than 7 is congruent to 2 modulo 4, we must have
21 C parg—r,)(22), which by the previous calculation is equivalent to
/\1-&)1 S)\Q_CUQ.

Let now [ := [a, 3,7] € Y. Since 7 ¢ I, we have v = k. Hence, [ is
in the form

y(w, ) = [w, A\, k]

with 0 < w < k and 0 < A < w + k. Moreover, these ideals are non-
divisorial unless w = k and A = 2k (since [k, 2k, k] = S is divisorial),
so we must exclude this case.

We claim that y; = y(wi, A1) <, y(ws, A2) =: ys if and only if
wy > wo and \; > \o, i.e., if and only if y; C ys.

Indeed, y(w, A)" = y(w, A) U {7}; hence, if y; C yo then y; = yj Nyo
and y; <, Y.

Conversely, suppose y1 <. y2 but y; € y2. Then, there must be a
t € yo such that y; C py(y2) but 7+1¢ € yo. Since y; € ya, t > 0; hence,
T4+t =2 mod 4, and since 7 = 3 mod 4 also t = 3 mod 4. Since t € y,,
it must be t > 7 4 4; but this implies t + 7 > 7+ 4+ 7 > F(S) + 4,
which belongs to S and, a fortiori, to y,. This is a contradiction, and
we must have y; C ys.

Theorem 4.1. Let S := (4,4k + 1,4k 4+ 3). Then, the map

U: Go(S) — N?
(W, ) — 2k =1+ A —w,k+1+N)
y(w,\) — 2k — N\ k — w)

15 a tight embedding.
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Proof. The fact that ¥ is an embedding when restricted to X or to ) is
a consequence of the previous reasoning. Moreover, k+14+X > k > k—w
for every \,w > 0, and thus ¥ is injective.

Let now I := z(wi, A1) € X and J := y(wq, Ag) € V: we have to
prove that I <, J if and only if ¥(I) < ¥(J), and that I >, J if and
only if U(I) > ¥(J).

For the former case, W(I) < W(J) never happens; suppose I <, J.
Since IV \ I = {4\ + 4k + 2}, there is a t € J such that I C p,(J) and
4N +4k+2+t ¢ J. Since I € J (being 7 € I\ J) and all elements
bigger than 7 and out of S are congruent to 2 modulo 4, we must have
t =0 mod 4, i.e., t = 4s for some integer s. Then,

pi(J) = [wa — s, A0 — 8,k — 8]

and thus we must have

wy — s < wy

Ma—s=M+k+1

k—s <M\
The second condition implies A\ = Ay — s — k — 1; plugging it in the
third condition we have

k—s<X—s—k—1= X\ >2k+1.

However, Ay < 2k by construction; hence, I £, J, as claimed.
For the second case, we have W(I) > ¥(J) if and only if

2k-1+)\1—W122k—)\2 . )\1—&)1—12—)\2
that is,
E+1+M>k—w AL+ 12> —wy;

since the second condition is always satisfied, W(I) > ¥(J) if and only
ifwl—)\l—lz )\2.

Suppose this inequality holds. The Apéry set Ap(7,4) is equal to
{0,4w; + 1,4\ + k+ 1) + 2,4); + 3}; hence,

Ap(—(AM +3)+ 1,4) ={—(4)\ +3),4(w1 — A\ — 1) + 2,4k + 3,0}
and thus

p4)\1+3([) = [O,w1 — )\1 — 1,k] = y(O,w1 — )\1 — 1)

However, by hypothesis w; — A\; —1 > \g; by the analysis of the *-order
in ), it follows that

I>, 90,01 — A1 — 1) 2, y(0, X2) >, y(wa, M),

as claimed.

Conversely, suppose [ >, J. Since 7 € JV \ J, there must be a
t € I such that p,(I) contains J but not 7. Since 7 € I, t > 0; hence,
t + 7 =2mod 4, and thus t = 3 mod 4. Since I = [wy, \; + k + 1, \q],
we must have ¢t = 4(A\; + s) + 3 for some s > 0; hence, applying the
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PN A
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QT Q‘r

i T

FIGURE 3. The image of U(Gy(S)) for the semigroups
(4,9,11) (on the left) and (4,11, 13) (on the right). Black
circles represent ideals of ), gray circles are ideals of X.

same reasoning of the previous case, p;(/) = [0,w; — Ay — 1, k]. Since
J C I, this implies Ay < w; — A1 — 1, as claimed.

The fact that ¥ is tight follows directly from the previous part of
the proof. The theorem is proved. O

The case z = 4k + 3 is essentially analogous: the set Gy(S) can be
divided into the two classes X and ), with X containing the ideals

r(w,A) = [MA+k+1,w] for { -

while Y contains the ideals
y(w,A) == [k+1,\w] for

The analogue of Theorem 4.1 is the following.
Theorem 4.2. Let S := (4,4k + 3,4k + 5). Then, the map
U: Go(S) — N?
r(w,\)— 2k + 1+ A —w,k+1+X)
Y(w,\) — 2k +1 - Nk —w)
1s a tight embedding.

The range of ¥ in these two cases is pictured in Figure 3.
An immediate consequence is the following.

Theorem 4.3. Let S be a pseudosymmetric semigroup of multiplicity
4. Then, dim(Gy(S)) = dim;(Go(S5)) = 2.
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Proof. By Theorems 4.1 and 4.2 we have dim(Gy(5)) < dim(Go(S)) <
2. However, dim(Gy(S)) > 2 by Proposition 3.2(b). The claim is
proved. Il

This embedding allows also to determine the number of star opera-
tions on these semigroups S. Indeed, we have seen in the analysis of
X and Y that [IV\ ] = 1 for every I € Gy(S); hence, by [17, Proposi-
tions 4.8 and 4.9], the cardinality of Star(S) is exactly the number of
antichains of Gy(5).

Let now H(n) be the set of points (z,y) € N? such that 0 <z < n
and 0 < y < x: then, H(n) is just an “half-square”. By Theorems
4.1 and 4.2, the image of Gy(.5), for S a semigroup of multiplicity 4, is
exactly H(n) \ {(0,0)} (for an appropriate n).

Proposition 4.4. The partially ordered set H(n) has 2" antichains.

Proof. If n =0, then H(n) is just a point and has two antichains (the
empty one and the one formed by the point).

Suppose the claim holds for n—1. We can divide the set of antichain
of H(n) into the n+2 sets Ap, ..., A", A"  where an antichain belongs
to AP if it contains the point (n,i), and to A% if it does not contain
any point with first coordinate n. (Note that an antichain cannot have
two points with first coordinate n, and thus these sets are disjoint.)

If now R is the bottom row of H(n), the difference H(n)\ R is order-
isomorphic to H(n—1), and (for ¢ > 0) the antichains in A} correspond
bijectively to antichains in A?"'; moreover, the antichain of A} corre-
spond to the antichains in A”!. On the other hand, antichains in A"
correspond to the antichains of H(n) \ C, where C' is the rightmost
column; however, H(n) \ C' ~ H(n — 1). Therefore,

n—1

w(M(n)) = |AL]+ DAY = w(H(n — 1)) + |A [+ A =
=0 e
= w(H(n—1)) + w(H(n — 1)) = 2011 4 gn-141 — gntl.
as claimed. By induction, the claim holds for every n. |

Theorem 4.5. Let S be a pseudosymmetric numerical semigroup of
multiplicity 4, and let T := F(S)/2. Then,

Star(S)] = 27" —1=2"7" —1

Proof. By the discussion before Proposition 4.4, |Star(S)| is exactly
the number of antichains of Gy(S), or, equivalently, the number of
antichains of U(Gy(S)) (where ¥ is the embedding defined in Theorem
4.1 or Theorem 4.2, according to the equivalence class of x modulo
4). Since ¥(Go(S)) = H(n) \ {(0,0)} for some n, and since (0,0) is a
minimal element of H(n), we have |Star(S)| = 2" — 1; hence, we just
have to find n in function of S.
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If S = (4,4k + 1,4k + 3), then the rightmost element of W(Gy(S))

on the z-axis is (2k,0). Since 7 = 4k — 1, it follows that n = 7%, and
T4+3

thus [Star(S)| =272 — 1.
Analogously, if S = (4,4k + 3,4k + 5) then the rightmost element
is (2k + 1,0), and 7 = 4k + 1; hence n = = and thus [Star(S)| =
zﬁ' —1.
The other expression follows, since 7 = F'(S)/2. The claim is proved.
U

In particular, since there is exactly one pseudosymmetric semigroup
of multiplicity 4 for every Frobenius number F(S), we see that the
number of such semigroups with [Star(S)| < n, where n > 7, is exactly
llogy(n+ 1)) — 2.

5. A LINEAR FAMILY

In this section we analyze semigroups of the form (4,6,z,x + 2),
where x > 9 is an odd number. As in the previous section, the calcula-
tions for the cases x = 1 mod 4 and x = 3 mod 4 are slightly different,
but essentially equivalent; for the sake of simplicity, we shall do the full
analysis only of the former case.

Let thus k > 2 and let S := (4,6, 4k+1,4k+3) = {0,4,6,8, ..., 4k, —
}. Let

[, B,7] :=4NU (4o + 1 +4N) U (48 + 2 + 4N) U (4 + 3 + 4N).
Then, [a, 5,7] is an ideal in Fy(S) if and only if

0<a,v<k
a—2<~v<a+1
0<B<1;
therefore, ]:O(S ) can be divided into the following eight classes:

c
e Rp—2 ={[a,0,a—2]|2<a<k}
.R07_1 {[aOa—1]|1<a<k}
.R070 {[OZ,O Oé]|0<(1/<k’}

eRo1 ={[o,0,a+1]|0<a<k-1}
e Ry ={lo,l,a—-2]|2<a<k}
eRi_1 ={lo,l,a-1]|1<a<k}
.RLO {[05717 ]‘O<a<k}

.Rl,l {[04,1, ]’O<Ck<k—1}

In partlcular, S = [k,1,k]. The ideals p;(S) different from N are
pau(S) =k — 1,0,k — 1] and py2(S) = [k — 1,0,k — [ — 1] (both cases
for 0 < [ < k), and these ideals are all comparable; thus, this class is
closed by intersections. Therefore, the divisorial ideals are exactly the
families R and R 1, with the exception of [k, 0, k] and [k, 0, k — 1].

We shall consider three subsets of Gy(.S) separately; the first one is
./4 = RO,l U Rl,l U R07,2 U RL,Q.
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FIGURE 4. The embedding of A into N2.

Proposition 5.1. Let S and A be as above. The map

Uy A— N?
[, ,a+ 1] — (k—a—1k—«)
[, 0,a+1]— (k—a—1,k—a—1)
[a,0,00 = 2] — (k—a+ 1,k — «)
[, l,a=2] — (k—a+2,k—«)

1s an order-reversing embedding.

From a graphical point of view, this map sends each class into a
segment parallel to the bisector of the first and the third quadrant (see
Figure 4).

Proof. Let I := [aq, B1,71] and J := [ag, B2, 72] be two ideals. We must
show that I >, J if and only if U(/) < W(J) (where, for simplicity,
U := W ,). We shall divide the proof according to which class I and J
belong. Let Ry be the class of I and Ry be the class of J.

Let S; := U(R;), and suppose first that the two segments Sy, Sy are
contiguous (i.e., the other two segments are outside the strip between S;
and Sy). Then, §;US, is linearly ordered (it suffices to go alternatively
one step to the right and one step up in the grid); thus, the embedding
condition is equivalent to the condition that Ry UR; is linearly ordered
(in the “right” way).

Suppose I € Ry and J € Rp;. Then, U(I) < ¥(J) if and only if
a1 > ap and a; > as + 1, i.e., if and only if the latter holds. Similarly,
U(I) > ¥(J) if and only if oy < as. Hence, we must prove that, for
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every a,
[a,0,a+ 1] >, [, L,a+ 1] >, [a — 1,0, a].
Indeed, pgn+1([er, 0, + 1]) = [0, 1,0], and thus
[a,1,a+ 1] = [o,0,a 4+ 1] N[0, 1, 0]
is *[q,0,a41]-closed; analogously, p4([a, 1, «+1]) = [« — 1,0, o, and thus
the latter is <, [a, 1, + 1].
If I € Rpy and J € Ry _2, then we must prove that

[, 0,a+ 1] >, [a+ 1,0, — 1] >, [a — 1,0, q],
which is true since each term is equal to the 2-shift of the previous one.
If I € Rop—2 and J € Ry o, then we must prove that

[, 0,0 — 2] >, [a, 1, — 2] >, [a — 1,0, 0 — 3],

which follows from the fact that ps([e, 1,0 —2]) = [ — 1,0, ¢ — 3] and
that [, 1, @ — 2] = paa—s([a, 0, — 2]) N e, 0, . — 2].

In particular, these cases also provide a proof for the case where the
class of I is equal to the class of J.

Suppose now that the segments are not contiguous.
If I € Riyand J € Ry g, then V(1) < W(J) if and only if oy > as.
If the latter condition is true, then

[042, 1,0&2 + 1] 2* [CKQ — 1,0,@2] 2* [CYQ,O,CKQ — 2]

by the previous part of the proof; since ay > aq, moreover, [as, 0, g —
2] >, [a1,0,00 — 2], and I >, J.

Conversely, suppose that a; 2 as. We want to show that I 2, J, and
thus it suffices to consider the case as = a1 +1; i.e., we must show that
I =la,1,a+1] 2. [a+1,0,a—1] = J for every . The biggest element
in N\ J is 4o+ 1, and it does belong to [a+ 1,0, — 1]Y = [, 0, — 1].
Thus, if I >, J there must be a ¢t € I such that J C p,(I) but
da+1+t ¢ I. The only element of N\ I greater or equal than 4a+1 is
4o+ 3, so t should be 2; however, 2 ¢ I. Hence, I %, J, as requested.

All the other cases follow by using the same technique. O

Let us now consider the other two classes of non-divisorial ideals,
namely R,y and R;_;. For reasons that will be clear shortly, we
define

B:=(RioURi_1)\{lk,1,k—1]}.
Proposition 5.2. B is linearly ordered (in the x-order).
Proof. We claim that
[, 1,0] >, [a+1,1,a] forae€ [0,k —1]

and
[, 1, — 1] >, [a, 1, ] for a € [1,k — 1].
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Indeed, [¢,0,t — 1] is divisorial for every ¢ € [0,k — 1], and thus
a+1,1,a] =[a,1,a]N[a+1,0,a — 1],

e, [a+1,1,a] <, [a,1,a]. In the same way, [t,0,¢] is divisorial for
every t € [1,k — 1], and thus

[a,1,a] = Ja+1,1,a] N[a,0,q]
so that [a, 1, a] <, [o, 0, al. O

How do the ideals of B compare with the ideals of A7 The upper
right corner of the image of W 4 is the following (arrows go from bigger
to smaller in the *-order):

0,1, 1]

|

0,0, 1]

|

[2,0,0] —— [2,1,0].
We claim that W 4 can be extended to B in the following way:

0,1,1] —— [1,1,0] —— [1,1,1] —— [2,1,0] -~ ---

| |

[0,0,1] —— [0,1,0]

| f

2,0,0] — [2,1,0].

We first show the positive:

i [07 07 1] o [07 17 O] since /01([07 07 1]) [07
e [0,1,1] >, [1,1,0] since pi([0,1,1]) = [1,

For the negative, it is enough to show that |
that [0, 1, 0] is not bigger than any element of A.

For the former case, we note that 7([0,1,0]) = 2 € [0,1,0]”, and
thus there must be a t € [0,1, 1] such that [0,1,0] € p([0,1,1]) but
t+2 ¢ [0,1,1]. However, N\ (]0,1,1]) = {2,3}, and thus ¢ can only
be 0 or 1: in both cases, p;(]0,1,1]) does not contain [0,1,0], and
0,1,1] #.[0,1,0].

Suppose now that J <, [0, 1,0] for some J € A. We first note that
the only shifts of [0,1,0] that are not equal to N are the 0-shift (i.e.,
the identity) and the 1-shift, which gives [1,0, 0] (which is a divisorial
ideal). Hence, any element smaller than [0, 1,0] must also be smaller
than [0,1,0] N I, where [ is a divisorial ideal. Now I is either in the
form [a, 0, a] or [a, 0, @ —1]; the intersection of these ideals with [0, 1, 0]
gives only elements of B. Since all the elements of B (except [0, 1, 0])

0];
0].
1,1] %, [0,1,0] and

L,
L,
0,
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are smaller than [1,1,0], and [1,1,0] is smaller than [0, 1, 1], we have
J <, [0,1,1]. However, by Proposition 5.1, [0, 1, 1] is a minimal element
of A; since also [0,1,1] >, [0,1,0], J cannot exist.

There is a lot of freedom in the choice of the embedding on B: for
example, the image of B can be chosen to be a segment parallel to the
r-axis, or a segment parallel to the y-axis. We choose a middle ground,
with the image extending over two diagonals: more specifically, we
define

\IJB: B — N2
[,0,a] — (kK + a, k + «)

[a,0,a + 1] — (k+ a,k+a+1).

The only ideals to which we still have to find a place are now [k, 0, k],
[k,0,k — 1] and [k, 1,k — 1]. It is worthwhile to note that, up to now,
we were able to construct a tight embedding of A U B into N2,

We start with considering [k, 0, k] and [k,0,k — 1]. We claim that
(as above, arrows go from bigger to smaller)

[k —1,0,k] —— [k,0,k — 2]

| |

[k,0,k] —— [k,0,k —1].

Indeed:
o [k—1,0,k] >, [k, 0,k — 2] follows from Proposition 5.1;
o no([k,0,k]) = [k,0,k — 1], so [k,0,k] >, [k,0,k — 1];
e [k —1,0,k] is the canonical ideal, so [k — 1,0, k] >, [k, 0, kl;
o [k,0,k—1] =[k—1,0,k—1]N[k,0, k—2], and since [k—1,0, k—1]
is divisorial we have [k, 0,k — 2] >, [k,0,k — 1].
We claim that these are the unique relationships between [k, 0, k],
[k,0,k — 1] and the other ideals.

Proposition 5.3. Let I € Gy(S) be an ideal that is comparable, in the
x-order, with [k,0, k] or with [k,0,k —1]. Then, I € {[k,0,k],[k,0,k —
1], [k —1,0,k], [k,0,k — 2]}.

Proof. Since [k,0,k] >, [k,0,k — 1], it is enough to show that, if
[k,0,k] >, I orif I >, [k,0,k — 1] then I is one of these four ideals.
Consider the shifts of [k, 0, k]: then,
o py([k,0,k]) = [k — 1,0,k — [], which is divisorial when [ > 0,
and equal to [k, 0, k] when [ = 0;
® pyio([k,0,k]) = [k — 1,0,k — | — 1], which is divisorial when
[ > 0, and equal to [k,0,k — 1] when [ = 0.
Moreover, the intersection of [k, 0, k] or [k,0,k — 1] with a divisorial
ideal is either divisorial or one of these two ideals; hence, no other
ideal is *-smaller than [k, 0, k].
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Suppose now that I >, [k,0,k — 1], and let I = [a, B,7]. We have
n([k,0,k—1]) = 4k—3, and 4k —3 belongs to [k,0,k—1]" = [k—1,0, kJ;
hence, there is ¢ € I such that [k,0,k — 1] C pi(I) and 4k — 3+t ¢ I.
Since F'(S) = 4k—1, and since 4k—2 € S C I (since 6 € S and k > 2),
t can be either 0 or 2.

If t =0, then a = k and 5 = 0; hence, I is one of [k, 0, k], [k,0, k—1]
and [k, 0, k — 2|, and we have nothing new.

If t = 2, then v = k; hence, I should be one of [k,0,k], [k — 1,0, k],
[k,1,k], and [k — 1,1, k]. The first two are known, while the other two
are divisorial, and thus they cannot give anything new. The claim is
proved. Il

In particular, the previous proposition shows a way to extend W,
keeping it a tight embedding, by adding a new dimension: we set

U([k,0,k]) :==(0,0,1) and W([k,0,k—1]):=(1,0,1),
while elements of A U B go into the zy-plane.
The last ideal to consider is [k, 1,k — 1].

Proposition 5.4. [k, 1,k — 1] is a minimal element of (Go(S), <.).
Moreover, if J >, [k, 1,k—1], then J € {[k—1,0, k], [k,0,k—2], [k, 1, k—
2]}.

Proof. Let I :=[k,1,k—1] ={0,4,6,8,...,4(k—1)+2,—}. Ift € I,
t > 0, then p,(1) is divisorial. Moreover, I is contained in any divisorial
ideal J of Fy(S) (with the exception of S); therefore, I is minimal in

We have [k — 1,0,k] >, [k,0,k — 2] >, [k, 1,k — 2|; furthermore,
I" =]k —1,0,k—1], and thus I = I" N [k, 1,k — 2], and hence I <,
[k, 1,k —2].

Suppose now that J >, I for some J = [a, 3,7]. Then, there is a
t € Jsuchthat I C py(J)but 4(k—1)+1+t ¢ J (since 4(k—1)+1¢€
IV \ I). Hence, there must be an element of N\ J that is at least
4(k — 1) 4 1; since the greatest element of N\ S is 4k — 1, this means,
as in Proposition 5.3, that N\ J contains at least one between 4k — 3
and 4k — 1, and ¢ € {0,2}.

If t =2, then v = k, and so J is [k,0,k] or [k — 1,k,0]; however,
Proposition 5.3 shows that these ideals are not *-bigger than I.

If t = 0, then @ = k and we have six possibilities: [k,0,k — 2],
[k,0,k—1]), [k,0,k], [k, 1,k—2], [k,1,k—1] and [k, 1, k]. However, this
ideals are either divisorial or have already been considered, and thus
we don’t get anything new. The claim is proved. U

The images of [k — 1,0,k], [k,0,k — 2] and [k, 1,k — 2] under V¥ lie
on the z-axis; thus, the natural way to extend ¥ to [k, 1,k — 1] is by
putting ¥ ([k, 1,k — 1]) = (L, 0,0), with L chosen bigger than the first
coordinate of W([I), for every I € AU B. In particular, L = 2k + 1
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suffices. Another possibility is to introduce a new dimension, sending
[k, 1,k — 1] to (2,0,0,1) (and leaving the rest in the space where the
fourth coordinate is 0).

Putting together all the results of this section, we get the following.

Theorem 5.5. Let S := (4,6,4k + 1,4k + 3), with k > 2. Then, the
map

U: Gy(S) — N?

o, l,a+1]— (k—a—1,k—a,0) for0<a<k-1

0,0, a+1]— (k—a—-1,k—a—-1,0) for0<a<k-1

2,0, = 2] — (k —a+ 1,k — a,0) for2<a<k

[, 1, = 2] — (k —a+ 2,k — «,0) for2<a<k
[a,1,a] — (kK + a, k + «,0) foro<a<k-1

la, 1, + 1] — (k+ o,k + a+1,0) foro<a<k-1
[k,0, k] — (0,0,1)

[k, 0,k — 1] — (1,0, 1)

[k, 1,k — 1] —s (2k +1,0,0)

18 an order-reversing embedding. Moreover, the map
U Go(S) — N
I— (U(1),0) if I #[k,1,k—1]
[k, 1,k —1] — (2,0,0,1)
18 an order-reversing tight embedding.

The version for = 3 mod 4 is structurally analogous.

Theorem 5.6. Let S := (4,6,4k — 1,4k + 1), with k > 3. Then, the
map

[ |— (k—a,k—a+1,0) for2<a<k
[a,0,a — 2] — (k — a, k — o, 0) for2<a<k
[,0,a+ 1] — (k—a+3,k—a+2,0) for0<a<k-—2
[, a4+ 1] — (k—a+4,k—a+2,0) for0<a<k-—2
la, 1, a] — (k+a+2,k+ «,0) for0<a<k-—2
[, l,a+ 1] — (k+ a,k+a+1,0) foro<a<k-—2
[k,0,k — 1] — (0,0,1)
[k — 1,0,k — 1] —> (1,0,1)
k— 1,1,k — 1] — (2k +1,0,0)
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FIGURE 5. Growth of ¥(Gy(S)) in the family (4,6, z, z+
2). Black circles are the image for (4,6, 9, 11), gray circles
are the ideals added by (4, 6,11, 13) and white circles are
the ideals added by (4, 6,13,15). The black circle on the
far right “moves” to be always on the right of the rest of
the image.

1s an order-reversing embedding. Moreover, the map

v QO(S) —>N4
[ (U(1),0) ifI#[k—1,1k—1]
k— 1,1,k — 1] —> (2,0,0,1)

15 an order-reversing tight embedding.
The existence of ¥ and ¥ allows to find the dimensions of Gy(.5).

Theorem 5.7. Let S := (4,6, z, x+2), where x > 9 is an odd number.

(a) dim(Go(S)) = 2.
(b) dim,(Go(S)) = 4.

Proof. (a) By Proposition 3.2(b) we have dim(Gy(S5)) > 2. Let n >
2k + 1; then, ¥(Gy(.S)) is contained into R := Ry U Ra, where

Rl = {([L’,y,O) ’ OS:U?ygn}

and

Ro:={(x,0,2) |0 <z, 2z <n}.
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We claim that R can be embedded into N2. Indeed, define
0: R — N
(2,y,0) — (z,(n+ 1)y + 2)
(2,0,2) — ((n+ 1)z 4+ z, 2).

Note that © is well-defined since R1NRy = {(2,0,0) | 0 <z < n} and
(x,0,0) get sent to (z, ) under both definitions.

Since 0 < x < n, we have (n + 1)y; + 1 < (n 4 1)y + a2 if and
only if y; < yo; hence, O|g, is an embedding. Analogously, O|g, is
an embedding. If now P := (z1,y,0) € Ry \ R2 and Q := (29,0, 2) €
R \ Ri, then y # 0 # z, and thus P and ) are not comparable;
moreover, (n+ 1)z +x > z and (n + 1)y + > z, and thus neither
O©(P) and ©(Q) are comparable.

Therefore, © is an embedding of R into N?, and © o ¥ embeds Gy(.59)
into N2, Hence, dim(Gy(S)) < 2, and thus dim(Gy(S)) = 2, as claimed.

(b) The existence of U shows that dim;(Gy(S)) < 4. For the sake
of simplicity, we shall give the proof only in the case x = 4k + 1
(but the case = 4k + 3 is completely analogous). Let X = AU
{[k,0, k], [k,0,k—1]}. We claim that, up to permutation of coordinates,
any order-reversing tight embedding ® of X’ into N® coincides with the
U defined in Theorem 5.5.

Without loss of generality, we can put ®([k—1,0, k]) = (0,0,0). The
ideal [k — 1,0, k] covers three ideals, namely [k — 1,1, k], [k,0,k — 2]
and [k, 0, k]; since @ is tight, they must be sent (in some order) to
(0,1,0) and (1,0,0) and (0,0, 1); again without loss of generality, we
can suppose that ® and ¥ coincide on them.

The ideal [k,0,k — 1] is covered, in the *-order, by [k, 0,k — 2] and
[k,0,k]; to respect the tightness of ®, therefore, it must be sent to
(1,0,1). Likewise, [k—2,0, k—1] is covered by [k, 0, k—2] and [k—1, 1, k]
and thus must be sent to (1,1,0).

Consider now [k, 1,k — 2|: it is covered by [k, 0, k — 2], and thus its
image has distance one from ®([k,0,k — 2]) = (1,0,0): hence, it must
be one between (2,0,0), (1,1,0) and (1,0, 1). The second and the third
ones are impossible since ® must be injective; hence, ®([k, 1,k —2]) =
(2,0,0). Similarly, [k—2,1, k—1] is covered only by [k—1,0, k— 3] and
thus its image has distance 1 from (1, 1,0); hence, it must be (2, 1,0),
(1,2,0) or (1,1,1). The first one is impossible because (1, 1,0) = ®([k—
1,1,k]) < (2,1,0) while [k — 1,1, k] 2. [k — 2,1,k]; the third one is
impossible because (1,0,1) = ®([k,0,k — 1]) < (1,1,1) while [k,0,k —
1] 2+ [k — 2,1, k]; hence ®([k — 2,1, k]) = (1,2,0).

Step by step, we can thus construct all the image of X without any
choice (except the starting ones). Hence, ¥ is essentially the unique
tight embedding of X into N3.

Finally, consider [k, 1,k — 1]: it is covered only by [k, 1,k — 2], and
thus its image must be at distance one from ¥([k, 1,k —2]) = (2,0,0);
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0) or (2,0,1). The first one would

1,1,k — 3], Wthh is false; the second
one is already the image f [k — 1,0,k — 3]; the third one would imply
[k,0,k — 1] >, [k, 1,k —1]. Slnce all these cases are impossible, we
cannot embed tightly X U{[k, 1,k — 1]} into N?; hence, dim,(Gy(S)) >
dim; (X U {[k, 1,k — 1]}) > 3. It follows that dim;(Gy(S)) = 4, as
claimed. O

hence, it can be only (3,0,0), (2,
imply that [k, 1,k — 1] >, [k —

Y

1
0,

Unlike what happens in the previous section, this representation
does not lead directly to the calculation of the number of star opera-
tions on these semigroups: the reason is that not all ideals are atoms.
For example, [0,1,0] = [0,1,1] N [1,1,0], but [0,1,0] £, [0,1,1] and
[0,1,0] £, [1,1,0], so [0,1,0] is not an atom of S [17, Proposition 4.4].

However, we can at least recursively count the number of antichains
of Go(S). Let S; := (4,6,9+2-1,11 4+ 2 - [); then, an application of
Theorems 5.5 and 5.6 (or a look at Figure 5) shows that

w(Go(S14+1)) = w(Go(S1)) + 30
for every [ > 0, and thus that

In particular, we have the following.

Proposition 5.8. Let S := (4,6,9+2-1,114+2-1), where l > 0 is an
nteger.

(a) [Star(S))| < 65 +30- 1.
(b) Let £(n) be the number of semigroups S; such that |Star(S;)| <

n. Then, £(n) > —

>
30 30

It is reasonable to think that, like for the number of antichains,
also the cardinality of Star(S) verifies a similar linear growth; indeed,
a computer calculation (obtained by checking the image of the map
A defined in [17, discussion after Definition 3.2], implemented using
GAP’s package numericalsgps [5, 2|) shows that

Star(9))| =51 +20-1 for 0 <1< 20.

However, we are not yet able to prove this formula.

6. TWO PSEUDOSYMMETRIC FAMILIES

In this section, we analyze two families of pseudosymmetric semi-
groups whose Frobenius number is small compared to the multiplicity.

Lemma 6.1. Let p > 3 be an integer.
(a) There is a unique pseudosymmetric semigroup S such that p(S) =
poand F(S) =2 — 2.

(b) There is a unique pseudosymmetric semigroup T' such that p(T) =
poand F(T) =2u + 2.
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Proof. Let S be a pseudosymmetric semigroup such that p(S) = p and
F(S) =2u—2. None of the integers 1, ..., u— 2 belong to S, and each
one is smaller than F'(S)/2 = p—1; hence, FI(S)—1,..., F(S)—(1n—2)
are in S. Since F'(S) = 2u—2, these numbers are exactly p, ..., 2u—3,
and S = {0, u, u+1,...,2u—3,2u—1,—}, which is pseudosymmetric.

Analogously, if T" is pseudosymmetric, p(7) = p, and F(T) = 2u+2,
then 7" must be equal to {0, u, pu +3,...,2u+ 1,2u+ 3, —}. O

Before starting with the analysis of the two cases, we fix a notation.
Let X := {x1,...,2,} be an ordered set of n elements. The standard
embedding of the power set P(X) of X is

v,: P(X) — N"
Ar— (6(A,21),...,0(A, z,))

where 6(A,x;) = 1if ; € Aand (A, z;) =0 if x; ¢ A. Clearly, ¥, is
a tight embedding.

6.1. The case F'(S) =2u(S) — 2. Let now S :={0, u, pu+1,...,2u—
3,2u—1,—}. Let F:=F(S)=2p—2and let 7:= F/2=p— 1.

This case was treated in [17, Proposition 6.3]: the elements of Gy(5)
are J:=SU{r} and [, := SU{F}UA, forany A C {1,...,u—2}.
Moreover, J is the canonical ideal of S, while I, >, Ip if and only if
ADB.

It follows that (Go(.S), <«)\ {J} is order-isomorphic to the power set
of {1,..., u — 2}; hence, the map

Go(S) — N+2
J— P
[A — ‘IIN,Q(A%

where ¥,_5 is the standard embedding of {1,..., 1 — 2} and P is any
point such that P > (1,...,1), is an embedding. In particular, choosing
P =(2,1,...,1) the embedding is also tight, and we have the following.

Theorem 6.2. Let S := {0, pu,pn+1,...,2u — 3,2 — 1,—}. Then,
dim(Gy(9)) = dim¢(Go(95)) = p — 2.

Proof. The existence of ¥ shows that dim(Gy(S)) < dim(Go(S)) <
w — 2. Moreover, dim(Gy(S)) > dim(Go(S) \ {J}), which is p — 2 by
[12, Theorem 10.4.4], since Go(S) \ {J} is isomorphic to the power set
of {1,...,u —2}. The claim is proved. O

The description of Gy(S) also allows to prove that |Star(S)| = 1 +
w(p — 2) (see [17, Proposition 6.3]).
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6.2. The case F(S) =2u(S) + 2. Let now S := {0, p, u+3,...,2u+
1,2u+3,—}. Let F:= F(S) =2u+2and let 7 := F/2 = p+ 1.
Clearly, N\ S ={1,...,pu— 1, 7,7+ 1, F}.

By Lemma 2.2, n(I) € {r,7+ 1, F'} for every I € Gy(S). We distin-
guish four classes of ideals:

(1) n(I) = F. Then, [ = SU {7} = M.

(2) n(I) = 7. Then, I = SU{7+1, F}UX, where X C {2,...,u—1}
(1 ¢ I since otherwise 1 + pu =7 € I). Define Ax := SU{T +
1,F} U X: then, A% = Ax U {7}, so that each Ay is non-
divisorial.

B)n(l)=7+1land7 ¢ I. Sincer=p+land7+1=pu+2
are not in I, we have 1,2 ¢ I. Therefore, I = SU{F}UY,
with Y C {3,...,u—1}. Each subset Y defines a non-divisorial
ideal; if By := SU{F}UY then by [17, Proposition 6.2(a)] we
have By = By U {7}.

(4) n(I) =7+ 1and 7 € I. Then, 2 ¢ I; moreover, if 1 ¢ I then
I+ 7 C I, and I would be divisorial [1, Proposition 1.1.16].
Therefore, [ = SU{1l,7, F}UZ, with Z C {3,...,u— 1}; each
Z defines a non-divisorial ideal, and if Cy := SU{l,7, F} U Z
then Cy = Cz U {7 4+ 1} (since Cz U {7 + 1} is divisorial by
Lemma 2.2).

Let A, B, C be the sets of ideals Ax, By and C, respectively. Note
that A= Q, and C = Q, ;.

Clearly, if X C X’ then Ay = A% N Ay/, and thus Ax <, Ax.
Conversely, if X ¢ X’ and Ax C p(Ax/), then ¢t > 0, and thus 7 €
pi(Ax); this implies that the * 4 ,-closure of Ax contains 7, and thus it
cannot be Ay. Hence, Ay £, Ax/. Therefore, A (with the %-order) is
isomorphic to the power set of {2,..., u—1}. With the same reasoning,
we see that the same happens for B and C. In particular, we have the
standard embeddings ¥, o : A — N2 0, 5 : B — N3 and
\Ifu_g :C — N#=3,

To obtain the full picture of Gy(5), we need now to show how ideals
of different classes compare under the x-order.

Suppose Ax <, By. Since 7 € A% \ Ay, there must be a t € By
such that I C p(By) and t + 7 ¢ By. The latter condition implies
t=0ort=1; however, Ay ¢ By (since 7+1 € Ax\By) and 1 ¢ By.
Hence, Ax £, By. In a similar way, we can see that, for every X,Y, Z,
we have CZ g* BY and CZ f* Ax.

On the other hand, we claim that By <, Ax if and only if Y C X.
Indeed, if Y C X then By = B{ N Ay; however, if By C p;(Ay), then
either t =0 (and Y C X)) or ¢ > 0 (in which case By C p;(Ax) would
not be significant for the calculation of By¥).

To study the case of C, we need a notation. For each Z C {3,... , u—
1} let vy(Z2) :={2z—1:2€ ZU{u}}. Then, we claim that Ax <, Cyz
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if and only if X C 14(Z): indeed, if the latter is true then Ax =
p1(Cz)NA%. On the other hand, if Ax <, Cyz, let t € Cz be such that
t+Ax CCyzand t+71 ¢ Cy: the latter condition implies ¢t = 1, which
forces Ax C p1(Cz) and X C 14(Z). The same reasoning shows that
By <, Cz if and only if Y C v (Z).

We can now construct an embedding ¥ of Gy(S) into N*72. The
“smallest” elements are the ideals in B: we put

U(By) = (0,¥,3(Y)).

Then, there are the elements of A: we move them along the first di-
mension, and define

U(Ay) =0, »(X)+(1,0,...,0).

Clearly, UV(Ax) > W(By) if and only if X D Y, and so if and only if
Ax >, By. The image of A is a cube extending from (1,0,...,0) to
(2,1,...,1); the class C will need to be parallel to another face of the
cube. For simplicity of notation, we choose

U(Cy) = (¥Y,-5(2),2)+ (1,0,...,0).
Then, the i-th component of ¥,,_5(Z) is exactly 6(11(Z),1),1.e., V,_3(Z); =
1 if and only if ¢ € 11(Z), so that WV(Ax) C ¥(Cy) if and only if
X C 11(Z), and analogously V(By) C ¥(Cy) if and only if Y C 1, (Z).
Hence, if P is any point such that P > (2,1,...,1,2), the map
v go(S) — N’u72

Ax — U, »(X) + (1,0,...,0)

By — (0,V,_3(Y))

Cy— (V,-3(2),2) + (1,0,...,0)

Mp+— P

will be an embedding, and choosing (for example) P = (2,2,1,...,1,2)
it will also be tight.

Theorem 6.3. . Let S := {0, p,n+3,...,2u+ 1,2u+ 3,—}. Then,
dim(Gy(9)) = dim¢(Go(95)) = p — 2.

Proof. 1t is enough to repeat the proof of Theorem 6.2. U

We further note that every ideal of S is an atom (since |\ I| = 1 for
every I [17, Proposition 4.8]); hence, this description allow, in principle,
to calculate the number of star operations on 7'. Since this seems to
be quite hard to do, we just note that, since A = Q, and C = Q, 1,
by [17, Proposition 5.11] we have

Star(S)| > w(p —2) +w(p —3),

and in particular |Star(S)| grows super-exponentially in .
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FIGURE 6. The embedding of Gy({0,5,8,9,10, 11,13, —
}) into N3. White circle ares elements of B, gray circles
are elements of A, and black circles are elements of C.
The striped circle is Mp(gs).

7. TWO INDIVIDUAL EXAMPLES

In this section we collect two examples of Gy(S) for numerical semi-
groups S outside the families considered in the previous sections; both
highlight behaviour not found in the other cases we considered. Both
calculations — of which we present only the end result — were carried
out by using GAP, and in particular its package numericalsgps.

Example 7.1. Let S := (5,6,13) = {0,5,6,10,11,12,13,15, —}. Then,
S is a pseudosymmetric numerical semigroup with multiplicity 5 and
Frobenius number 14. If xy,..., 2, € N\ S, denote by I(z1,...,xy)
the ideal SU {x1,...,z}. Then, the x-order on Gy(S) is the following

(arrows goes from bigger to smaller):

1(7)

~

1(2,7,8,14) «—— I(1,2,7,8,14)

~ ~

1(3,8,9,14) «—— I(3,4,8,9,14) +—— I(1,4,7,9,14)

l ~ ~

1(8,14) «—— I(8,9,14) +——— 1(4,8,9,14) +—— I(1,7,9,14)

| | | |

[(14) «— I(9,14) +— I(4,9,14) «— I(1,7,14)
In particular, dim(Gy(S)) = dim(Go(95)) = 2.
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We also note that Gy(S) is isomorphic (as a partially ordered set)
to Go((4,9,11)) (see Figure 3). Moreover, as in that case the ideals of
Q. (where 7 := F(S5)/2) form a square: in this case, it is composed
by the ideals (3,4,8,9,14), I(4,8,9,14), I(3,8,9,14) and I(8,9, 14).
However, the dimension and the position of the square differs in the
two cases.

Example 7.2. Let S := (4,10,15,21). Then, S is the prototype of
the family of semigroups of the form S; := (4,10,15+4-1,21 + 4 - 1),
whose behaviour seems similar to the family considered in Section 5:
for example, experimentally we have

|Star(S;)| = 1368 +400 -1 for 0 <1 <8.
Let
J :=10,2,2] := SU(1+4N)U(114+4N) = ANU(1+4N)U(10+4N)U(11+4N).

There is an embedding of Gy(S) into N* with the following image:
A

y
I3
° Io
o0 o
Ly
00012
I
® o o o
oo o
e o o
e o o

°o

z

In particular, using the same proof of Theorem 5.7, we have dim(Gy(.S)\
{J}) = 2 and dim;(Go(S) \ {J}) = 4.

On the other hand, J cannot be easily put in this picture: we have
Iy >, J >, I, and J >, I3, and in the *-order there are no ideals
between I; and J, nor between J and I, or J and I5.

Indeed, Gy(.S) cannot even be tightly embedded in any N": the subset
{I1, Ly, Lo, J, I3} is a sublattice of Gy(S) that is isomorphic to N5 (see
Figure 2), and thus the tight dimension of Gy(.S) is infinite.
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8. FURTHER QUESTIONS

The families we analyzed in the previous sections are, obviously, a
rather tiny section of all the numerical semigroups, and the two ex-
amples in Section 7 show more pathological behaviour. There are a
number of questions that can be posed on the general properties of the
x-order of Gy(S) with respect to S; the following list collects some.

e Is the dimension (and the tight dimension, when not infinite)
of Go(S) bounded by some function of the multiplicity?

e Which semigroups S satisfy dim;(Go(5)) < o0?

e Beyond semigroups of multiplicity 3 and pseudosymmetric semi-
groups of multiplicity 4, which are the other semigroups S with
dim(Go(S)) = 27

e Which semigroups S satisfy dim(Gy(S)) = 27

e If S is pseudosymmetric, is it true that dim(Gy(S)) = dim(Go(5))?

e If S is pseudosymmetric, does the inequality dim;(Go(S)) <
i — 2 hold?

e Let u > 4. For which integers k there is a numerical semigroup
with multiplicity x4 and dim;(Go(S)) = k7 For which k it can
be chosen to be pseudosymmetric?

9. ACKNOWLEDGEMENTS

The author wishes to thank the referee for his/her thorough reading
of the manuscript and for his/her suggestions.

REFERENCES

[1] Valentina Barucci, David E. Dobbs, and Marco Fontana. Maximality proper-
ties in numerical semigroups and applications to one-dimensional analytically
irreducible local domains. Mem. Amer. Math. Soc., 125(598):x+78, 1997.

[2] M. Delgado, P. A. Garcia-Sanchez, and J. Morais. NumericalSgps, a package for
numerical semigroups, Version 1.0.1. http://www.fc.up.pt/cmup/mdelgado/
numericalsgps/, June 2015. Refereed GAP package.

[3] Ben Dushnik and Edwin W. Miller. Partially ordered sets. Amer. J. Math.,
63:600-610, 1941.

[4] Ralf Froberg, Christian Gottlieb, and Roland Haggkvist. On numerical semi-
groups. Semigroup Forum, 35(1):63-83, 1987.

[5] The GAP Group. GAP — Groups, Algorithms, and Programming, Version
4.8.7, 2017.

[6] Robert Gilmer. Multiplicative ideal theory. Marcel Dekker Inc., New York,
1972. Pure and Applied Mathematics, No. 12.

[7] Tosio Hiraguti. On the dimension of orders. Sci. Rep. Kanazawa Univ., 4(1):1-
20, 1955.

[8] Joachim Jéger. Langenberechnung und kanonische Ideale in eindimensionalen
Ringen. Arch. Math. (Basel), 29(5):504-512, 1977.

[9] Myeong Og Kim, Dong Je Kwak, and Young Soo Park. Star-operations on
semigroups. Semigroup Forum, 63(2):202-222, 2001.

[10] Wolfgang Krull. Idealtheorie. Springer-Verlag, Berlin, 1935.



[11]

[12]

13]
14]
15]
16]

[17]

EMBEDDING NON-DIVISORIAL IDEALS INTO N" 29

Rebecca N. Larson. Embeddings of finite distributive lattices into products of
chains. Semigroup Forum, 56(1):70-77, 1998.

Oystein Ore. Theory of graphs. American Mathematical Society Colloquium
Publications, Vol. XXXVIII. American Mathematical Society, Providence,
R.I., 1962.

José Carlos Rosales and Manuel Batista Branco. Irreducible numerical semi-
groups. Pacific J. Math., 209(1):131-143, 2003.

José Carlos Rosales and Pedro A. Garcia-Sanchez. Numerical semigroups, vol-
ume 20 of Developments in Mathematics. Springer, New York, 2009.

Dario Spirito. Star Operations on Numerical Semigroups. Comm. Algebra,
43(7):2943-2963, 2015.

Dario Spirito. Star operations on numerical semigroups: the multiplicity 3
case. Semigroup Forum, 91(2):476-494, 2015.

Dario Spirito. Star operations on numerical semigroups: antichains and explicit
results. Journal of Commutative Algebra, to appear.

DIPARTIMENTO DI MATEMATICA, UNIVERSITA DEGLI STUDI “ROMA TRE”,
LARGO SAN LEONARDO MURIALDO, 1, 00146 ROME, ITALY
E-mail address: spirito@mat.uniroma3.it



