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Abstract We recall L-shapes, which are minimal distance diagrams, related to
weighted 2-Cayley digraphs, and we give the number and the relation between min-
imal distance diagrams related to the same digraph. On the other hand, we consider
some classes of numerical semigroups useful in the study of curve singularity. Then,
we associate L-shapes to each numerical 3-semigroup and we describe some main in-
variants of numerical 3-semigroups in terms of their associated L-shapes. Finally, we
give a characterization of the parameters of the L-shapes associated with a numer-
ical 3-semigroup in terms of its generators, and we use it to classify the numerical
3-semigroups of interest in curve singularity.

Keywords Numerical semigroup - Symmetric - Free - Curve plane semigroup -
Cayley digraph - L-shape - Frobenius number

1 Introduction

We are interested in numerical semigroups useful in the study of curve singularity,

which receive the name of the corresponding classes of associated curves. Combi-
natorial objects, as simplicial complexes [3], have been introduced to study some
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Classification of numerical 3-semigroups by means of L-shapes 671

geometrical properties of these numerical semigroups. But the particular numerical
semigroups dealt with here will be introduced arithmetically and they will be consid-
ered as pure arithmetical objects. From now on, a numerical n-semigroup denotes a
numerical semigroup generated by n generators.

The 2-Cayley digraphs have been widely used to study metrical applications of
local area networks. Their generalization to weighted 2-Cayley digraphs, adding
weights to the arcs, allows other applications to be studied. Looking for paths of
minimum length in these digraphs, periodical plane tessellations with L-shaped tiles
appear in the bibliography [5, 6]. Particular classes of L-shapes, the so called minimal
distance diagrams, have been used to study certain distance properties in 2-Cayley
digraphs, and have also been associated with numerical 3-semigroups [1, 9].

These particular L-shapes associated to a numerical 3-semigroup contain relevant
information about the semigroup and, in fact, some main invariants of the semigroup,
such as Apéry sets, Frobenius number, set of gaps, ... can be described in terms of
the associated L-shapes.

Our goal in this work is to show the close relation between numerical 3-semi-
groups, which are interesting in the mentioned geometric context, and their associated
L-shapes, in such a way that we can describe problems in a numerical 3-semigroup
in terms of the associated L-shapes, and vice-versa.

Our last objective is to understand in depth the relations between semigroups and
L-shapes to try to understand some complex problems in geometry by means of these
combinatoric tools, which are not so complex as those used in geometry [3]. In partic-
ular, we try to understand complete intersection numerical n-semigroups [4, 8] which,
for n > 4, are distinguished from symmetric semigroups. A thorough knowledge of
the case n = 3 will allow us to approach the case n = 4.

In Sect. 2, we introduce L-shapes related to weighted 2-Cayley digraphs and min-
imum distance diagrams in this context. In Sect. 3, we study the number and the rela-
tion between the minimum distance diagrams related to the same digraph. In Sect. 4,
we introduce numerical semigroups interesting in the study of curve singularity and
we describe some invariants of numerical 3-semigroups in terms of their associated
L-shapes. Finally, in Sect. 5 we characterize these numerical 3-semigroups in terms
of the number and the type of their associated L-shapes.

2 L-shaped minimum distance diagrams

In this section we introduce L-shapes related to certain weighted 2-Cayley digraphs
and particular cases of them which are also minimum distance diagrams. These geo-
metrical objects will be used to obtain the main information about their related semi-
groups.

For integers g,n € N, let us denote the equivalence class of g modulo n by
[gl,. Given integers a,b,c € N, 1 <a < b < ¢, ged(a,b,c) =1 and weights W,
Wy, € RT, aweighted 2-Cayley digraph G(c; a, b; W,, Wp,) = Cay(Z¢; a,b; W,, Wp)

Wa

is a directed graph with sets of vertices V(G) = Z. and arcs A(G) = {[g]l. —

[g + ale, [g]e ﬁ) [¢ +Dble: g=0,...,c — 1}, where LY and ﬂ) stand for
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Fig. 1 L-shape L(l, h, w,y) ——
and the related plane tessellation

weighted arcs with related weights W, and W), respectively. In this context, we con-
sider Z. generated by the set {a, b}. We denote the distance from vertex [g]. to vertex
[A]c in G by dg ([g]c, [7]c) (the weight of a minimal weighted path from [g]. to [&].).
From now on, we simplify “weighted 2-Cayley digraph G(c; a, b; W,, Wj)” to “di-
graph G(c; a, b; W,, Wp,)”. Metrical properties of these digraphs have been widely
studied using minimum distance diagrams [5, 6, 10] that will be defined later.

Let us consider unit squares [[i, jll = [i,jIl x [ +1,j + 1] C R? with integer
non negative coordinates (i, j) € N?. Each square [[7, j]| is related to the equivalence
class [ia + jb]., and we denote the weight of the unit square [/, j]] by 8(, j) =
iW, + jWy. Given any integer 0 < n < c, let us consider the set of unit squares in the
first quadrant related to [n].

Ql’l = {[[15,]]]. [la+lb]c = [n]670§i9j}7
and the weight of [n].
M, =min{8(G, j): i, j1 € Qn} =dc ([0l [n]c).

As it is well known, an L-shape related to the digraph G(c; a, b; W,, W},) consists
of ¢ unit squares related to the equivalence classes [n].,0 < n < c. L-shapes are
denoted by the lengths of their sides, L(l, h, w,y), withO <w <land 0 <y < h as
in the left hand side of Fig. 1. Rectangles are considered degenerated L-shapes, i.e.,
L-shapes with wy = 0. Conditions

Ih—wy=c and gecd(,h,w,y)=1 (€))

are necessary for an L-shape L (I, h, w, y) to be related to a given digraph G(c; a, b;
Wa, Wp). It is also well known that an L-shape L(I, h,w,y) periodically tessel-
lates the plane by translation through the vectors u = ([, —y) and v = (—w, h)
(right hand side of Fig. 1). In terms of equivalence classes, this fact results in
lia+ jble =[G +Da+ (j — y)blc and [ia + jble =[(i —w)a + (j + h)b]c, that is

la=yb (modc) and hb=wa (mod c). 2)

Fiol et al. [6] showed that an L-shape L(/,h, w,y) is related to the digraph
G(c;a,b; Wy, Wp) if and only if (1) and (2) hold.
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Fig. 2 Regions Ay, By, Cy !
and some highlighted unit CH 3
squares : A’H
[0,n]
M L‘q:[[l—w—l,h—l]]
Hl - w, h — y]
Cl T----i -
[0,4] p=[l-1h—y—1]
[
H By
[0,0] [w, 0] [Z,0]
1 1 [1

Let A(i, j) be the set of unit squares in the first quadrant dominated by [[Z, j]I, i.e.
AG, j)={llu,v]l: 0<u<i,0<v<;}

Definition 1 An L-shape related to G(c; a, b; W,, Wp), L, is a minimum distance
diagram (MDD for short) if it satisfies the following two properties:

(a) Foreach [[s, ] € L, identity 8(s, t) = Ms,+¢p holds.
(b) If [s,7]) € L then A(s,t) C L.

The following result is a geometrical characterization of minimum distance dia-
grams.

Theorem 1 ([2]) Let H = L, h, w,y) be an L-shape related to the digraph G =
G(c;a,b; Wy, Wp). Then H is an MDD related to G if and only if IW, > yWp,
hWy, > wW, and both equalities do not hold at the same time.

3 Properties of MDDs related to a weighed 2-Cayley digraph

In this section we study geometrical properties of MDDs related to the same weighed
2-Cayley digraph. In particular, we give their cardinal and geometrical links between
them.

From now on, given an L-shape H = L(/, h, w, y), we assume the left lower
square of H is [[0,0] by default. Set V(, j) = {lls,tll: s >i,t > j}, Ay =
V(l—w,h—y),By=V({I,0\V(,h—y)and Cyx =V (0,h)\ V(I — w, h). Note
the disjoint union N?> = H U Ay U By U Cy as it is depicted in Fig. 2.

We use the notation [[Z, j]| ~ [[m, n]] whenever [ia + jb]. = [ma + nb]..

Lemma 1 Let H = L(l,h, w,y) be an MDD related to a digraph G = G(c; a, b;
W, Wp). Then,
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@ iflli, j1 ~ s, tN with [[i, j1 € H and §(i, j) < (s, t), it follows that §(m,n) >
dg ([0]¢, [ma + nbl.) for all unit squares [[m,n]l € V(s, 1),

(b) no other MDD related to G intersects region Ay,

(c) ifIW, > yWy, no other MDD related to G intersects region By,

(d) if hWp > wW,, no other MDD related to G intersects region Cyy,

(e) if IW, = yWy, then hWj, > wW,,

®) ifhWy, =wW,, then IW, > yWj,

Proof Ttem (a) is a consequence of the fact that any subpath of a minimum path in G
is also a minimum path.

Item (b) comes from the equivalence [0, 0] ~ [/ — w, h — y]], i.e. by condi-
tions (2). Thus, applying (a), no unit square [[s,#]] € Ay satisfies minimality con-
dition § (7, j) = Mg4++» and so, it can not belong to any MDD related to G.

Consider the unit squares [0, y]] € H and [[/,0] ¢ H. From the equivalence
[0, yTI ~ [/, OT (by (2)), we can apply again item (a) to prove (c). The same argu-
ment proves (d) by taking unit squares [[w, O]] € H and [[0, h]] ¢ H.

For (e) and (f), we have hWp, > yW;, =IW, > wW, and IW, > wW, = hW}, >
yWp.

Note that if w =0, then hWj, £ wW,, and if y =0, then [W, # yWj,.

Given any MDD related to the digraph G(c; a, b; W,, W},), following Theorem 1
and items (e) and (f) of Lemma 1, we discuss the three possible cases: either [W, =
yWp or AW, =wW, or IW, — yWp)(hW, —wW,) > 0.

Theorem 2 Let H = L(l,h, w,y) be an MDD related to a digraph G = G(c; a, b;
Wa, Wp). If IW, — yWp)(WWp — wW,) > 0, then there is no other MDD related
to G.

Proof From Lemma 1(b), another MDD related to G, H’, only intersects region By, U
C3 UH'. From Lemma 1(c) and (d), the MDD H’ only intersects H. As H and H’
have the same area, it follows that H = H’. O

Theorem 3 Let H = L(l,h, w,y) be an MDD related to a digraph G = G(c; a, b;
Wy, Wp). If kW, = wWy,, then there is another MDD H' related to G given by

L(w,2h —y,2w —1,h) [ <2w,
H = Lw,(/w]l+Dh—y,w—rh) [>2w>0,l=[l/wlw+7r0<r<uw,
L(w,lh/w—y,0,h) [>2w>0,l=[l/w]w.

Proof Equivalence between unit squares, defined by the compatibility equations (2),
leads to the idea of equivalence between regions of the plane (those regions contain-
ing clusters of equivalent unit squares). This idea allows us to think of the L-shaped
MDD #H' as a recomposition of pieces of H, like a puzzle.

If hW, = wW,, from Lemma 1, another MDD related to G, H =
L{I',h,w',y") #H, intersects the region Cy, thatis H' ¢ H and H' C HU Cy.

Note that w # 0. We consider the two cases, either [ < 2w or [ > 2w > 0.

Case [ < 2w: Fig. 3 shows which piece of A has to be considered to obtain H’'.
The two shaded pieces are equivalent regions, in the sense mentioned above, and they
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Fig.4 Case!/>2w > 0and 0 <r < w. H is divided into |//w] + 1 pieces

follow the distribution given by the vectors u = (I, —y) and v = (—w, h) from (2).
It follows that I’ = w, ' =2h — y, w’ =2w — [ and y' = h. So H' = L(w, 2h —
y,2w — 1, h).

We check now that H’ fulfills compatibility conditions (1) and (2), and Theorem 1.
Conditions (1): clearly I'h’ — w'y’ = ¢, and ged(I’, h’, w’, y") = ged(w, —y, 2w —
l,h) =gced(w, y,l,h) =1.

Conditions (2) are also clear since ['a =, y'b <= wa =. hb and w'a =, h'b
Qw —Da=. 2h — y)b <= la =, yb.

Theorem 1: the first inequality I'W, > y'W;, <= wW, > hW, is true because
hWj, = wW,; the second one is also true because i’ W, > w'W, <= 2h — y)W,, >
Qw —-DW, <= 1IW, = yW,.

Casel>2w>0:Set!l=[l/w]jw+r,with0<r <w.

In the case 0 < r < w, see Fig. 4, it follows that I’ = w, i’ = [I[/w|h + (h — ),
w=w-—randy =h.SoH =Lw, (|I/w|+Dh—y,w—r,h).

Conditions (1):

' —w'y =wl[(ll/w]+1)h—y]—(w—rh
= (le/wJ +r)h —wy=1lh—wy=c,
gcd(l/, W,w, y’) = gcd(w, (Ll/wJ + 1)h -y, w—r, h) =ged(w, —y, =1, h) =1.
Conditions (2): We have I'a =, y'b <= wa =, hb, and
wa=ch'b (w—rya=[(ll/w]+1)h—y|b< yb=.l/w|hb+ra,

since wa =, hb
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Fig.5 Case/>2w > 0and r =0. H is divided into //w pieces

< wa =, hb, since yb=;la = (Ll/ij +r)a

Theorem 1: We have I'W, > y'W), &= wW, > hW,. The second inequality is
also true because h'Wp > w'W, < [([[/w] + Dh — yIW) > (w — W, <
(U/wlh — y)Wp +rW, >0, since |[[/w] > 2.

In the case r =0, see Fig. 5, we have ' = w, h' = (l/w — Dh+ (h—y) =1lh/w —
y, w' =0and y =h. So, H = L(w,lh/w — y,0, h) (note the position of 0 in the
figure).

Conditions (1): I'h' —w'y = w(lh/w —y) —0=1h — wy = ¢, and

ged(I', 1, w', y') = ged(w, lh/w — y, 0, h) = ged(w, —y, h)
=gcd(w, —y, h, 1) =1,
Conditions (2): I'a =, y'b <= wa =, hb, and
wa=.h'b+= 0=, (lh/w— y)b <<= yb=. (I/w)hb =la,

follows from hb =, wa and la =, yb.

Theorem 1: The first inequality, I’ W, > y'Wj, is fulfilled by the same reasons as in
the previous case; for the second one, i’ Wy, > w'W, <= (lh/w — y)W,, > 0, since
l[/w>2. O

Theorem 4 Let H = L(l,h, w,y) be an MDD related to a digraph G = G(c; a, b;
Wy, Wp). If IW, = yW,,, then there is another MDD H' related to G given by

L2l —w,y,l,2y —h) h <2y,
H ={ L((|h/y] + Dl —w,y,l,y—r) h>2y>0,h=|h/y]ly+r,0<r<y,

Proof We can proceed analogously to the proof of Theorem 3. The MDD H’ is now
formed by unit squares from H and the region By . Note that if (W, = yW,, then

y#0. O
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From now on, we denote the transformations given in Theorems 3 and 4 by
Ti(H) =H' and To(H) = H/, respectively.

Theorem 2 shows that there is a unique MDD H = L(I, h, w, y) related to a di-
graph G = G(N; a, b; W,, W) whenever (IW, — yWp)(hW, — wW,;) > 0. On the
contrary, Theorems 3 and 4 show that if (W, — yWp,)(hW, —wW,) =0, then G has
more than one related MDD. Moreover, in the latter case, we also see that an MDD
can be obtained from another one by applying a suitable transformation, 7 or 75,
given by either Theorems 3 or 4. The last results in this section show that no more
than two MDD are related to the same weighed 2-Cayley digraph.

Lemma 2 Let H = L(l,h,w,y) be an MDD related to a digraph G = G(c; a, b;
Wy, Wp) with (IW, — yWp)(hWp — wW,) =0.If H' = L{', k', w', y') is the MDD
related to G obtained from H by the corresponding transformation Ti or T, then

o IW,=yW,=1'W, >y W,
o hWy=wW, = h'W;, > uw'W,.

Proof Let us assume hW;, = wW,. From Lemma 1(f) it follows [ W, > yW,,. Then,

— If] <2w,wehave H' = L(w,2h—y,2w—1,h) andso i’ Wj, > w' W, = IW, >
yWp.

—If ] >2w >0 with [ = |//wJw +r and 0 < r < w, we have H =
L(w, (|I/w] + 1)h — y, w — r, h). Therefore, W), > w'W, < [I/w]hW) +
Wy > yWp < (U/w]jw+1r)W, > yWp <= IW, > yW,,.

— Ifl > 2w > 0 with = |I/w|w, we obtain H' = L(w,lh/w — y,0, h) and so

KWWy >wW, < (h/w—y)W, >0 IW, — yW;, > 0.
If IW, = yW,, the proof is analogous to the previous case, now using Lemma 1(e). O

By Lemma 2, transformations 77 and 7, can not be applied in any order. There
are only two allowed compositions, 75 o 71 or 71 o 7>, and both result in the identity
transformation.

Theorem 5 Let H = L(l,h,w,y) be an MDD related to a digraph G = G(N; a, b;
Wa, Wp) with IWy, — yWp) (W, —wW,) = 0. Then, there are just two MDD related
to G.

Proof We first prove that if H' = L(I’, ', w’, y’) is the MDD related to G obtained
from 7 by the corresponding transformation 7; or 7, then any other MDD re-
lated to G is contained in the region H U H’. Let us assume ZW;, = wW,. Then,
from Lemma 1(f) we have IW, > yW,, and, by Lemma 2, »’W;, > w’'W,. Hence, by
Lemma 1(a), the region V(0, 2’) = V(0, 2h — y) can not contain any piece of some
other MDD related to G. By items (b), (c) and (d) of Lemma 1, we also know that
none of the regions Ay, and By can intersect any other MDD related to G. Thus, any
other MDD related to G is contained in N? \ (Cgy U Ay U By;) = H U H'. The case
[W, = yW}, can be proved by analogy.
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678 F. Aguil6, C. Marijudn

Now we prove that there are just two MDD related to G. If hW;, = wW,, then
H' = T1(H) follows from Theorem 3. Clearly H’ # H. Analogously, if [IW, = yW,
we have 7 (H) # H. Therefore, we have at least two MDD related to G. We have to
prove that there is no other MDD, H” # H, H/, related to G.

Let us assume AW, = wW, (H' = T;(H)) and the subcase [ < 2w (see Fig. 3).
Denote the rectangle {[[m,n]l: i <m <s,j <n <t} by p[(i, j), (s, )] whenever
i <sand j <t. Define the regions

E=p[(,0),0-1Lh—y—-D]=p[w.0),l—-1,h—y—1],
E=p[0.h), (' —w' —1L,K=1)]=p[0,h), —w—1,2h—y — D],
F=H\&=Aw-1h—y—-1DUA(l—w—1,h—1).

Regions &1 and &, are the shadowed pieces appearing in Fig. 3, and the region F is
the lighter piece in the same figure.

Clearly Cyy = & U Cyy and & = &1 + v. So, when applying 7} to H to obtain H/,
region F remains fixed and region & is transformed into &. Then, any other MDD
H" related to G, different from H and H’, is contained in the region R =H U H =
ETUFUSE,.

Let us consider the unit squares [[w, O] and [0, 2]] = [[w, O] + v, which repre-
sent the same equivalence class [wa]. = [hb].. The class [wa]. is only represented
by these two unit squares in the region R. Therefore, the MDD H” contains either
[[w, O] or [[0, A]). If [w, O] € H”, then V(0, h) N H" = @ because H" is an MDD.
So, H” contains no unit square located in the region &. Hence, H" = FU &) = H.
On the contrary, if [0, h]] € H”, then H” = H'. In any case, we conclude that the
MDD H” is not different from either H or H'.

The other subcases, [ > 2w > 0 with r > 0 and / > 2w > 0 with r =0, lead to the
same conclusion with similar arguments.

If IW, = yW;, and H' = T,(H), the statement can be proved by analogous reason-
ings. g

4 L-shapes associated with numerical 3-semigroups

In this section, we first introduce some general classes of numerical semigroups use-
ful in the study of curve singularities. Second, we associate L-shapes with numerical
3-semigroups and we describe how the main invariants of these semigroups are rec-
ognizable in their associated L-shapes.

4.1 Numerical semigroups

A numerical semigroup S is an additive subsemigroup of N with 0 € S. We can
suppose that gcd(S) = 1, otherwise we would take the quotient S = S/ gcd(S). This
condition is equivalent to the fact that the complementary of S in N is finite, and
we denote the set and the number of gaps in the semigroup S by S =N — § and
|S|, respectively. They are also equivalent to the existence of a conductor element
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Classification of numerical 3-semigroups by means of L-shapes 679

c(S) =min{x € §: n € Sfor anyn > x} in S. The number f(S) = c(S) — 1 is called
the Frobenius number of S.

Numerical semigroups are finitely generated and any set of generators includes
the minimal set of generators S = (by, ..., by), where by = min(S — {0}) and b; | =
min(S —(bg, ..., b;)),i =0, ..., g—1.The Apéry set of S with respect to the element
me Sis Ap(S,m)={s € S: s —m ¢ S}. Then we have max Ap(S, m) = §(S) — m.
For an up-to-date information about numerical semigroups see [11] and [8].

The classes of numerical semigroups that we will consider in what follows receive
the name of their corresponding classes of associated curves.

In general, any numerical semigroup S verifies thatm € S = c¢(S) — 1 —m ¢ S.
A numerical semigroup S is symmetric if it satisfiesm € S <= c(S) —1—m ¢ S. In
this case, the conductor verifies c(S) = 2|S’| [7].

A numerical semigroup S = (by, ..., b,) is free if it satisfies

Nib; € {by,...,bj_1), fori=1,...,g

where N; = ¢;_1/e; with e¢; = ged(bg, ..., b;),i =0,1,...,g.

A particular case of free semigroups are the so called plane curve semigroups
arising as semigroups of values of analytically irreducible plane curve singularities.
For the former, one has in addition

Nibi <bjy1, i=1,...,g—1
In general, plane curve implies free and free implies symmetric.

Lemma 3 A numerical semigroup with two generators S = (a, b) is a plane curve
semigroup, it has the Apéry set Ap(S,a) =1{0,b,2b,...,(a — 1)b} and conductor
c(S)=@-1)d-1).

A numerical semigroup with three generators S = (a, b, c) is a free semigroup
if and only if cgced(a, b) € (a, b) and it is a plane curve semigroup if furthermore
¢ > lcm(a, b).

Lemma 4 Let S = (a,b,c) be a minimally generated numerical semigroup with
1l <a<b<cand ged(a,b) = p > 1. Considering S, = (a/p,b/p) and S' =
(a/p,b/p, c) we have that:

(a) S is symmetric if and only if S’ is symmetric.

(b) S isfree if and only ifc € Sp.

(c) S is plane curve if and only if c € S, and ¢ > Iem(a, b).

Proof Ttem (a) is the Proposition 8 of [7], and (b) and (c) follow from Lemma 3. [
4.2 L-shapes associated with numerical 3-semigroups

The digraph G* = G(c; a, b; a, b) (i.e., the particular case W, = a and W), = b) is
closely related to the numerical 3-semigroup S = (a, b, c). Let L be an MDD related

to G* then, for each [[i, j]| € L, identity M, j» = ia + jb holds. In other words,
the value ia + jb is the minimum element of the equivalence class [ia + jb]. that
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belongs to the semigroup S. Thatis ia + jb € Ap(c, S). This observation leads to the
identity

{dg+ (101, lia + jbl.): [, jll€ L} = {ia+ jb: [i, jl€ L) =Ap(c.S). (3)

Definition 2 An L-shape L is associated with the numerical 3-semigroup (a, b, c) if
L is an MDD related to the digraph G(c; a, b; a, b).

Many properties of a numerical semigroup S = (a, b, ¢) can be derived from a re-
lated Apéry set. Note that, by (3), the set of unit squares gives the Apéry set Ap(c, S).
Thus, some computations can be efficiently done from the associated L-shape. See
[1] for how the sets of gaps of S can be obtained from an associated L-shape. The
following result gives the Frobenius number and the number of gaps of a numerical
3-semigroup from an associated L-shape.

Theorem 6 ([1]) Let S = (a, b, ¢) be a numerical semigroup and H = L(l, h, w, y)
an L-shape associated with S. Then
F(S) = max{(l —DDa+th—-—y—Db,(l—w—1a+ (h— 1)b} —c 4

o lh=y)
215| = cy

[ = Da+ ¢ —y—1b]

- (—w—1a+Qh—y—1Db]—c+1 5)

Note that the numbers (I — 1)a+ (h —y — D)band (I — w — 1)a + (h — 1)b are
the weights of the unit squares [/ — 1,h—y — 1] and [/ —w — 1,k — 1]], i.e., the
“dominant right interior corners” of the L-shape .

In the next section we will use the following result about the weight of the convex
corner, i.e., the unit square [/ — w, h — y]], of an L-shape L(l, h, w, y) associated to
a semigroup.

Lemma$5 Let H=L(l,h,w,y) be an L-shape associated with the numerical semi-
group S = (a,b,c),with 1 <a <b < c and gcd(a, b, c) = 1. Then, if hb = wa (or
la = yb), the weight of the convex corner of H is ac/h (or bc/h) and this weight
does not change with the transformation T1 (or T2).

Proof If hb = wa, the weight of the convex corner of H is (I — w)a + (h — y)b =
la — yb = ac/h. Now we compute the weight of the convex corner of 71 (H) = H’
by cases.

e If [ < 2w, the convex corner preserves its position and its weight, since H' =
L(w,2h — y,2w —[,]) and its convex corner is [w — Qw —1),2h —y —1I]] =
[ —w,h—yl.

o If / > 2w and w divides I, we have H' = L(w,lh/w — y,0, k) and its convex
corner is [[w, [h/w — y — h]] with weight wa 4+ (lh/w —y — h)b =la — yb.
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o Ifi>2wand! = |l/w]w+r with0 <r < w, wehave H' = L(w, (|I/w] + 1)h —
y,w — r,h) and its convex corner is [w — (w —r), ([{/w]+1Dh—y—h] =
[r, lI/w]h — y] with weight ra + (|I/w]h — y)b=ra + |l/w]wa — yb =la —
vb. O

Lemma 6 Let H = L(l,h, w,y) be an L-shape associated with the numerical semi-
group S = {a,b,c), with 1 <a <b < c and gcd(a, b,c) = 1. Consider m,n € N
with gcd(m, n) = gcd(m, ¢) = 1, nla, n|b and mb < nc. Then H is also related to the
3-numerical semigroup S' = (a", b, c).

Proof Obviously, conditions (1) and Theorem 1, taking W, = a and W), = b, are
fulfilled by H and S'.

Consider the congruence /la = yb (mod c¢) in (2), then there is some A € Z with
la — yb = Ac. From n|(la — yb) and gcd(n, c) = 1, we have n|\ and then m(l% —
y%) =m %c andsola’ = yb" (mod c) holds. The second congruence hb7 = wa’;
(mod c) follows from the same argument. Thus, conditions (2) hold for H and §’. O

5 Classification of numerical 3-semigroups by means of L-shapes

In this section, we characterize the numerical 3-semigroups considered in the previ-
ous section, in terms of the parameters of their associated L-shapes.

The next theorem gives a first characterization of symmetric 3-semigroups by
means of the parameters of an associated L-shape.

Theorem 7 Let S = (a, b, ¢) be a numerical semigroup and H = L(l, h, w,y) an L-
shape associated to S. Then, S is symmetric if and only if wy(la — yb)(wa — hb) = 0.

Proof We can write the expression (4) as
fS)=0—-w—1a+ (h—y—1)b+max{wa, yb} —c (6)

Using (5), (6) and ¢ =1h — wy we have
e If wa = yb, then [[w, 0] and [[0, y]] belong to H and have the same weight, so
w=y=0.
e If wa > yb, then
S symmetric <= 2|S5| = (S) + 1
< (I —w)y(hb —wa)=0
< y(hb —wa) =0, since0<w </.

e If wa < yb, in the same way, S is symmetric if and only if w(la — yb) = 0.

So, if S is symmetric, then wy(la — yb)(wa — hb) = 0. Reciprocally, note that w =0
implies wa < yb and also la — yb = 0 implies wa < yb. Analogously, y(wa —hb) =
0 implies wa > yb. O
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As a consequence of this result, a symmetric 3-semigroup has associated either
an L-shape H = L(l, h, w, y) with wy = 0, in which case # is rectangular but not
unique, or (la — yb)(wa — hb) = 0, in which case S has associated two L-shapes,
where only one of them can be rectangular (Theorems 3 and 4).

Note that, in the characterization of symmetric 3-semigroups given in Theorem 7,
it is not required that {a, b, c} be a minimal system of generators for S. In this section,
we classify numerical semigroups introduced in Sect. 4 in the 3-generated case, S =
(a, b, c). This classification is done with respect to the number and the degeneration
or not of their associated L-shapes. This classification basically depends on whether
{a, b, c} is a minimal system of generators for S or not, and on whether the terms a, b
and c are coprime or not.

First of all, we consider the case 1 < a < b < ¢ with ged(a,b,c) =1 when
{a, b, c} is not a minimal system of generators of S. Thus, ged(a, b) € {1, a}.

If ged(a,b) =1, then ¢ = a + ub, 1, u € N and we have the following result
for S.

Theorem 8 Let S = (a,b,c) be a numerical semigroup with 1 <a < b < c,
ged(a, b) =1 and ¢ = Aa + ub with A, u € NU {0}. We have:

(a.1) If ¢ = ka with A < b, then S has associated a unique rectangular L-shape
H=L(,a,0,0) if A divides b, and H = L(A,a,A —1,0), with . —r =b
(mod A), if not.

(@.2) If ¢ = Aa with . > b, then S has associated a rectangular L-shape H =
L(A,a,b,0) and another, H' = T{(H), that can be rectangular or not (also
H="To(H)).

(d.1) If c = ub with u < a, then S has associated a unique rectangular L-shape
H=L(0b,un,0,0) if u divides a, and H = L(b, u,0, 0 —r), with u —r =a
(mod w), if not.

b.2) If ¢ = ub with u > a, then S has associated a rectangular L-shape H =
L(b, 1,0, a) and another, H' = T>(H), that can be rectangular or not (also
H="Ti(H)).

(c) S has associated two rectangular L-shapes if and only if c = La = ub > ab.

(d) If c = Aa + ub such that a and b do not divide c, then S has associated two
non rectangular L-shapes H = L(\' + b,a,b,a — '), being ¢ = M'a + u'b
withl <u' <a,and H' =Ti(H) (also H = T>(H))).

Proof In each case, we prove that the corresponding L-shapes verify the compatibil-
ity conditions (1) and (2), and Theorem 1.

(a.1) There exists »,0 <r < A, such that b+ r =0 (mod )\) and so ab +ar =0
(mod Aa) (see left hand side of Fig. 6). Note that » = 0 if and only if A divides b.

For conditions (1), if gcd(A,a,r —r) = g > 1, then gcd(A,a,r) = g and g di-
vides b, thus we obtain the contradiction gcd(a, b) > g > 1.

For Theorem 1, we have la — yb = Aa > 0 and hb — wa = a(b— L +r) > 0, since
0 < r < X, which also proves the unicity of this L-shape. Only a simple inspection is
needed to verify the rest of the conditions.

(a.2) If A > b, the situation is represented in the right hand side of Fig. 6, where the
zero [Aa], in the unit square [, O] is also obtained in the unit square [[A — b, a]].
Hence, an associated L-shape is H = L(A, a, b, 0).
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Fig. 6 Diagrams of

L., a,—r,0) and ab | | abra
L(A,a,b,0) (a;_ l)b
7777377 wa—T
b | | » b4ra |
0! a2| ral (A-Da | Aal
Lab! (bt Da ' a |
(a—1)b
7777377 w:/\—r
b : | | | | |
0 a2a, | ba Aa |

Conditions (1) and (2) are clear. Now we have la — yb = Aa > 0 and hb — wa =
ab — ba = 0. Then the statement follows from Theorems 1 and 5.

In a similar way we can prove (b.1) and (b.2).

(d) We have ¢ = Aa + ub = (A + kb)a + (u — ka)b for any k € Z. Since a does
not divide c, there exists k € NU {0} such that 0 < . — ka < a. Denoting i’ = u — ka
and A = A + kb, we can write c = Aa + /b with 1 < u’ < a.

Let us see that H = L(X + b, a,b,a — 1) is a non rectangular (1’ < a) L-shape
associated with S, as shown in Fig. 7. Conditions (1) are clear. From la — yb =
MN+ba—(a—pu)b=Na+ub=0 (modc) and hb —wa=ab—ba=0=0
(mod c¢) follow conditions (2). Since la — yb > 0, the L-shape H verifies Theorem 1,
and Theorem 3 gives the other L-shape H' = L(b, W’ + a,b — 1", a), where ¢ =
AMa+ubwithl <) <b.

(c) As ¢ = Aa = ub > ab, by exclusion, we are simultaneously in the cases (a.2)
and (b.2). So S has associated the L-shapes # = L(A, a, b,0) and H' = L(b, ., 0, a).
Obviously 71 (H) = H and To(H) = H. O

If ged(a, b) = a, then b = ka, k € N and ged(a, c¢) = 1. In this case, we have the
following result for S.

Theorem 9 Let S = (a,b,c) be a numerical semigroup with 1 <a < b < c,
gcd(a,b,c) =1 and b =ka. Then:

(a) S has associated two L-shapes and at least one of them is the rectangular L-shape
H=L(,1,k,0).

(b) S has associated two rectangular L-shapes if and only if k divides c. The other
rectangular L-shape associated with S is T{(H) = L(k,c/k,0, 1).
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(a—1)b
7;;’7()71 sl ;\;(:1 +ub=c
‘ b
0l Na.

Fig. 7 Diagramof H=L(\ +b,a,b,a — ')

(c) If k does not divide c, the other non rectangular L-shape associated with S is
Lk, |c/k]+1,k—r,1),withc=|c/klk+rand0<r <k.

Proof As gcd(a,c) = 1, the zero [ca]. is located at unit squares [c, 0] and
[c —k,1]. So H = L(c, 1, k,0), verifying conditions (1) and (2) and Theorem 1,
is an L-shape associated with S. Furthermore, hb — wa = 0 and Theorem 3 give the
other L-shape H' = T;(#), which completes part (a).

If k divides c, then T{(H) = L(k,c/k,0,1). As ¢ > 2k in H, the other unique
possible 71 (H) corresponds to the case in which k does not divide c. If ¢ = | ¢/ k]k +
r, with O <r <k, then T1(H) = L(k, |c¢/k] + 1,k — r, 1). This new L-shape is non
rectangular since O < r < k. This proves (b) and (c). O

Remark 1 The geometric classification of numerical 3-semigroups whose system of
generators is not minimal is irrelevant since, in fact, they are 2-generated semigroups
and, in particular, they are plane curve semigroups (Lemma 3). Theorems 8 and 9
can be used as a classification of numerical 2-semigroups in terms of their asso-
ciated L-shapes, and we next use them to classify minimally generated numerical
3-semigroups.

Now we consider numerical 3-semigroups S given by a minimal system of gener-
ators (a, b, c), and we discern the cases gcd(a, b) = 1 and ged(a, b) > 1.

Remark?2 If S = (a, b, c) is anumerical semigroup with | <a <b < ¢, ged(a, b) =1
and ¢ ¢ (a, b), then ¢ can only take values in the set of gaps of the semigroup
S’ = (a, b). In particular b < ¢ < (a — 1)(b — 1). Therefore, there are a finite number
of numerical semigroups S under these conditions. The following theorem character-
izes them in terms of their associated L-shapes.

Theorem 10 Let S = (a,b,c) be a numerical semigroup with 1 <a < b < c,
ged(a,b) =1and c ¢ (a, b). Then,

(a) S is non symmetric if and only if S has associated a unique non rectangular
L-shape.
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7*7'73/\ ged(a, )b *'71/\ ged(a, €)b + ka
. w=I[—-k
Q
S
=
[ ! ac
< le lem(a, €) = q(aam
b o (
0'la 2a: ka' .

I =c¢/gcd(a,c)

Fig. 8 L(c/gcd(a,c), ged(a, ¢), ¢/ ged(a, ¢) —k, 0)

(b) S is symmetric if and only if S has associated a unique rectangular L-shape H
where:
(b.1) if ged(a,c) = p > 1 and ged(b,c) = 1, then H = L(%, p,0,0) or H =
L(%,p, % —k,0) with0 <k < % andb—i—k% =0 (mod %);
(b.2) if ged(a,c) =1 and ged(b,c) =g > 1, then H = L(q, 2,0,0) or H=
L(g,5,0,5 =k withO <k < & anda+k§ =0 (mod £);
(b.3) ifged(a,c)=p > land ged(b,c) =q > 1,thenH isasin (b.1)ifag < bp
orasin (b.2)ifaq > bp.
(c) S isnon free.

Proof

(a) Follows from Theorem 7.

(b) It is well known [7] that if S = (a,b,c) is a symmetric semigroup, then the
generators a,b and ¢ can not have any coprime pairs, thus gcd(a,c) > 1 or
ged(b,c) > 1.

If ged(a,c) = p > 1, then a/p and ¢/ p are coprime and so, there exists k with

0<k< suchthatb+kg 50<m0d E)

c
4 4 4

and so pb + ka =0 (mod c¢). This means that we have a zero [0], in the unit
square [[k, p]l. On the other hand, since lem(a, c¢) = ac/p, there is another zero
[0]; in the unit square [[c/p, O]].

The rectangle L(/, h, w,0) of Fig. 8 with [ =c¢/p,h=py w=1[1—k is an
L-shape associated with S. This L-shape is unique because la — yb =la > 0 and
hb — wa = pb 4+ ka — lem(a, ¢) > 0 since pb + ka is the zero [0]. in the unit
square [k, p]l and lem(a, c) is the zero [0]. in the unit square [[c/p, O], and both
have distinct weight.
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If ged(b, ¢) = g > 1 we obtain analogously the unique L-shape L(/, A, 0, y)
withl=¢g,h=c/q,y=h —k and

b
0<k< suchthata—f-k—zO(mod 3).
q q

c

q

In the hypothesis (b.3) we have gcd(p, ¢) = 1 and aq # bp, since if aqg = bp

then identities gcd(a,b) =a/p =b/q = 1 imply a = p and b = q. Therefore we
have ¢ > pq, a contradiction with b < ¢ < (a — 1)(b — 1) (Remark 2).

(c) Follows from Lemma 3 and the hypothesis ¢ ¢ (a, b). O

We illustrate Theorems 8 and 10 in the following example.

Example 1 Let S, = (6,7, c) with ¢ > 7. Then, the term c takes values in the set
RUT, where R=1{8,9,10, 11, 15, 16, 17, 22, 23, 29} is the set of gaps of the semi-
group (6, 7) that are greater than 7, and T is the set of terms of the semigroup (6, 7)
greater than 7.

e If c € T, then S is ruled by Theorem 8:

(a.1) Ifc=6AwithA <7,thenH,=L(A,6,A—r,0)withA—r =7 (modA),0 <
r<A.
@2y If c=61 with A >7 and A=7p+r,p>1,0<r <7, then H, =
L(,6,7,0)and Tiy(He)=L(7,6(p+1),7—r,6).
(b.1) If c=7u with u <6, then H, = L(7,1,0,7—r) with u —r =6 (mod ),
0<r<upu.
®2) If c=7n with A >6 and u =6p +r,p > 1,0 <r <6, then H, =
L(7,1,0,6)and T(Ho) =L(T(p+1),6,7,6—r).
(c) If c =42k with k > 1, then H. = L(7k,6,7,0) and H, = L(7, 6k, 0, 6).
d Ifc=6A+Tuwithl<pu<6and A=T7k+r withO<r <7, then H, =
L(A+7,6,7,6 —p)and Ty (H;)=L(7,6(k+ 1)+ pn,7—r,6).

e If ¢ € R then S, is ruled by Theorem 10: the semigroups (6,7,8), (6,7,9)
and (6,7,15) have, respectively, a unique rectangular L-shape L(4,2,1,0),
L(3,3,2,0) and L(5,3,1,0) and, so, they are symmetric.

For the values ¢ = 10, 11, 16,17,22,23 and 29 we have, respectively, unique
non rectangular L-shapes L(4,4,3,2), L(3,4,1,1), L(5,4,2,2), L(4,5,3,1),
L(6,4,1,2), L(5,5,2,1) and L(6, 5, 1, 1) and, so, they are non symmetric.

Theorem 9 is illustrated in the following example.

Example 2 Each numerical semigroup S, = (4,12, c), with ged(4,12,¢) =1 and
¢ > 12, has associated a rectangular L-shape H, = L(c, 1, 3, 0). The other L-shape
depends on whether 3 divides ¢ or not.

(b) If 3 divides c, then ¢ = 3¢ with ¢ > 5 odd, i.e., c = 15,21,27, ..., and the other
L-shape is 71 (H:) = L3, 4,0, 1).
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(c) If 3 does not divide ¢, we discern the cases:
¢ =3qg + 1 with ¢ > 6 even, i.e., c =19,25,31, ..., and the other L-shape is
Ti(H)=L3,q+1,2,1).
c=3q +2withg > 5 o0dd, i.e., c =17,23,29,..., and the other L-shape is
Ti(H)=L3,q+1,1,1).

Theorem 11 Let S = (a, b, ¢) be a minimally generated numerical semigroup with
l <a<b<cand ged(a,b) = p > 1. Considering S, = (a/p,b/p) and S" =
(a/p,b/p, c) we have that:

(a) S is non symmetric if and only if S’ has associated a unique non rectangular
L-shape.

(b) S is symmetric but not free if and only if S has associated a unique rectangular
L-shape as described in Theorem 10(b).

(¢c) S is free if and only if the associated L-shapes to S’ are ruled by Theorem 8.

(d) S is plane curve if and only if S is free and the weight of the convex corner
(I —w, h — y) of any associated L-shape with S’ is greater than lcm(a, b).

Furthermore, in all cases, the semigroups S and S’ have associated the same
L-shapes. In each case, these L-shapes are given by the corresponding Theorems 10
and 8.

Proof Clearly 1 <a/p < b/p < ¢ and gcd(a/p,b/p) = 1. If S is not free, then
c¢ S, and, so, S’ verifies the hypothesis of Theorem 10. It proves the parts (a)
and (b).

On the contrary, if S is free, then ¢ € §;, by Lemma 4, and hence S’ is described
by Theorem 8. Finally, note that the weight of the convex corners of the associated
L-shapes with the semigroups S and S’ are cp and c, respectively, and from Lemma 4
we conclude ¢ > lcm(a, b).

That S and S’ have the same L-shapes follows from Lemma 6. g

Note that, from Theorems 10 and 11, all minimally generated numerical 3-
semigroups, excepting a finite number, are free.
The following example illustrates Theorem 11.

Example 3 Let S, = (12,14, c), with ¢ > 14 and gcd(12, 14,¢) = 1, and let Sé =
(6,7, c). The semigroup S, is ruled by Theorem 11:

(a) S; is non symmetric if and only if ¢ = 17,23, 29, with respective L-shapes
L#4,5,3,1),L(5,5,2,1), L(6,5,2,1).
(b) S. is symmetric but not free if and only if ¢ = 15, with L-shape L(5, 3, 1, 0).
(c) Following Theorem 8 and Example 1, S, is free:
(bl) if ¢ =21, 35, with respective L-shapes L(7,3,0,7),L(7,5,0,1).
(b2) if c=Tp with u>7 odd and u =6p +r with p > 1 and 0 < r < 6, with
two L-shapes H, = L(7,1,0,6) and To(H:) =L(7(p+1),6,7,6 —r).
(d) ifc=6A+7u with u=1,3,5and A =7k +r with 0 < r < 7, with two
L-shapes H.=L(A+7,6,7,6 — ) and T{(H.) =L(7,6(k+ 1)+ u,7 —
r, 6).
(d) The free semigroups of (c) are plane curve if and only if ¢ > 85.
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