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Introduction

Let N be the set of nonnegative integers. A numerical semigroup is a nonempty
subset S of N that is closed under addition, contains the zero element, and whose
complement in N is finite.

If ny,...,n, are positive integers with gcd{ny,...,n.} = 1, then the set (n,...,
ney ={Ani+--+An, | A1,...,A € N} is a numerical semigroup. Every numer-
ical semigroup is of this form.

The simplicity of this concept makes it possible to state problems that are easy to
understand but whose resolution is far from being trivial. This fact attracted several
mathematicians like Frobenius and Sylvester at the end of the 19th century. This
is how for instance the Frobenius problem arose, concerned with finding a formula
depending on ny,...,n, for the largest integer not belonging to (ny,...,n,) (see [52]
for a nice state of the art on this problem).

During the second half of the past century, numerical semigroups came back
to the scene mainly due to their applications in algebraic geometry. Valuations of
analytically unramified one-dimensional local Noetherian domains are numerical
semigroups under certain conditions, and many properties of these rings can be
characterized in terms of their associated numerical semigroups. For a field K, the
valuation of the ring K[[t"!,...,¢"]] is precisely (ni,...,n.). This link can be used
to construct one-dimensional Noetherian local domains with the desired properties,
and it is basically responsible for how some invariants in a numerical semigroup
have been termed. Such invariants include the multiplicity, embedding dimension,
degree of singularity, type and conductor. Some families of numerical semigroups
also were considered partly because of this connection: symmetric numerical semi-
groups, pseudo-symmetric numerical semigroups, numerical semigroups with max-
imal embedding dimension and with the Arf property, saturated numerical semi-
groups, and complete intersections, each having their counterpart in ring theory. A
good translator for these concepts between both ring and semigroup theory is [5].
It is worth mentioning that these semigroups are important not only for their ap-
plications in algebraic geometry, but also because their definitions appear in a very
natural way in the scope of numerical semigroups. One of the aims of this volume
is to show this.

J.C. Rosales, P.A. Garcia-Sanchez, Numerical Semigroups, 1
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© Springer Science+Business Media, LLC 2009



2 Introduction

Recently, the study of factorizations on integral domains has moved to the set-
ting of commutative cancellative monoids (this is mainly due to the fact that addition
is not needed to study factorizations into irreducibles). Numerical semigroups are
cancellative monoids. Problems of factorizations in a monoid are closely related to
presentations of the monoid. By taking advantage of the results obtained in the past
decades for the computation of minimal presentations of a numerical semigroup,
numerical semigroups have become a nice source of examples in factorization the-
ory. This is not the only connection with number theory. Recently, the study of
certain Diophantine modular inequalities gave rise to the concept of proportionally
modular numerical semigroups, which are related with the Stern-Brocot tree, and
whose finite intersections can be realized as the positive cone of certain amenable
C*-algebras.

Finding the set of factorizations of an element in a numerical semigroup can
be done with linear integer programming. We will also show another relation with
linear integer programming, by proving that the set of numerical semigroups with
given multiplicity is in one-to-one connection with the set of integer points in a
rational cone.

From a classic point of view, people working in semigroup theory have been
mainly concerned with characterizing families of semigroups via the properties they
fulfill. In the last chapter of this monograph, we present several characterizations of
numerical semigroups as finitely generated commutative monoids with some extra
properties.

At the end of each chapter, the reader will find a series of exercises. Some cover
concepts not included in the theory presented in the book, but whose relevance has
been highly motivated in the literature, and can be solved by using the tools pre-
sented in this monograph. Others are simply thought of as a tool to practice and to
deepen the definitions given in the chapter. There is also a series of exercises that
covers some recent results, and a reference to where they can be found is given.
Sometimes these problems are split in smaller parts so that the readers can produce
their own proofs.

Some of the proofs presented in this volume can be performed by using com-
mutative algebra tools. Our goal has been to write a self-contained monograph on
numerical semigroups that needs no auxiliary background other than basic integer
arithmetic. This is mainly why we have not taken advantage of commutative algebra
or algebraic geometry.
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Chapter 1
Notable elements

Introduction

The study of numerical semigroups is equivalent to that of nonnegative integer
solutions to a linear nonhomogeneous equation with positive integer coefficients.
Thus it is a classic problem that has been widely treated in the literature (see
[12, 13, 22, 28, 42, 101, 102]). Following this classic line, two invariants play a
role of special relevance in a numerical semigroup. These are the Frobenius num-
ber and the genus. Besides, in the literature one finds many manuscripts devoted to
the study of analytically unramified one-dimensional local domains via their value
semigroups, which turn out to be numerical semigroups (just to mention some of
them, see [5, 6, 19, 27, 32, 44, 105, 107]). Playing along this direction other invari-
ants of a numerical semigroup arise: the multiplicity, embedding dimension, degree
of singularity, conductor, Apéry sets, pseudo-Frobenius numbers and type. These
invariants have their interpretation in this context, and this is the reason why their
names may seem bizarre in the scope of monoids. In this sense the monograph [5]
serves as an extraordinary dictionary between these apparently two different parts
of Mathematics.

1 Monoids and monoid homomorphisms

Numerical semigroups live in the world of monoids. Thus we spend some time here
recalling some basic definitions and facts concerning them.

A semigroup is a pair (S,+) with S a set and + a binary operation on S that is
associative. All semigroups considered in this book are commutative (a+b =>b+a
for all a, b € S). For this reason we will not keep repeating the adjective commutative
in what follows. Usually we will also omit the binary operation + while referring
to a commutative semigroup and will write S instead of (S,+). A subsemigroup T
of a semigroup S is a subset that is closed under the binary operation considered on

J.C. Rosales, P.A. Garcia-Sanchez, Numerical Semigroups, 5
Developments in Mathematics 20, DOI 10.1007/978-1-4419-0160-6_2,
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6 1 Notable elements

S. Clearly, the intersection of subsemigroups of a semigroup S is again a subsemi-
group of S. Thus given A a nonempty subset of S, the smallest subsemigroup of S
containing A is the intersection of all subsemigroups of S containing A. We denote
this semigroup by (A), and call it the subsemigroup generated by A. It follows easily
that

Ay ={ a1+ + Aay, | n € N\ {0}, A4,...,4, e N\ {0},ay,...,a, €A}

(where N denotes the set of nonnegative integers). We say that S is generated by
A C Sif S = (A). In this case, A is a system of generators of S. If A has finitely many
elements, then we say that S is finitely generated.

A semigroup M is a monoid if it has an identity element, that is, there is an
element in M, denoted by 0, such that 0+a = a+0 = a for all a € M (recall that we
are assuming that the semigroups in this book are commutative, whence this also
extends to monoids).

A subset N of M is a submonoid of M if it is a subsemigroup of M and 0 € N.
Observe if M is a monoid, then {0} is a submonoid of M. This is called the trivial
submonoid of M. As for semigroups, the intersection of submonoids of a monoid is
again one of its submonoids. Given a monoid M and a subset A of M, the smallest
submonoid of M containing A is

Ay ={ a+ - +Na,|neN, 4,....,.,, eNand ay,...,a, EA},

which we will call the submonoid of M generated by A. As in the semigroup case,
the set A is a system of generators of M if (A) = M, and we will also say that M
is generated by A. Accordingly, a monoid M is finitely generated if there exists a
system of generators of M with finitely many elements. Note that () = {0} = (0).

Given two semigroups X and Y, amap f: X — Y is a semigroup homomorphism
if f(a+b) = f(a)+ f(b) for all a,b € X. We say that f is a monomorphism, an epi-
morphism, or an isomorphism if f is injective, surjective or bijective, respectively.
Clearly, if f is an isomorphism so is its inverse f~!. Two semigroups X and Y are
said to be isomorphic if there exists an isomorphism between them. We will denote
this factby X = Y.

A map f:X — Y with X and Y monoids is a monoid homomorphism if it is a
semigroup homomorphism and f(0) = 0. The concepts of monomorphism, epimor-
phism, and isomorphism of monoids are defined as for semigroups.

2 Multiplicity and embedding dimension

The set N with the operation of addition is a monoid. In this book we are mainly
interested in the submonoids of N. We see next that they can be classified up to
isomorphism by those having finite complement in N. A submonoid of N with fi-
nite complement in N is a numerical semigroup. In this section we show that every
numerical semigroup (and thus every submonoid of N) is finitely generated, admits
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a unique minimal system of generators and its cardinality is upper bounded by the
least positive element in the monoid.

For A a nonempty subset of N, (A), the submonoid of N generated by 4, is a
numerical semigroup if and only if the greatest common divisor of the elements of
A is one.

Lemma 2.1. Let A be a nonempty subset of N. Then (A) is a numerical semigroup
if and only if gcd(A) = 1.

Proof. Letd = gcd(A). Clearly, if s belongs to (A), then d | s. As (A) is a numerical
semigroup, N\ (A) is finite, and thus there exists a positive integer x such that d | x
and d | x+ 1. This forces d to be one.

For the converse, it suffices to prove that N\ (A) is finite. Since 1 = gcd(A), there

exist integers z1,...,2, and ay,...,a, € A such that zja; + - - - +2z,a, = 1. By moving
those terms with z; negative to the right-hand side, we can find iy, ..., i, ji,...,j; €
{1,...,n} such that Zi @i+ +zpa;, =1 —zja; —---—zja;. Hence there exists

s € (A) such that s+ 1 also belongs to (A). We prove that if n > (s — 1)s+ (s — 1),
then n € (A). Let g and r be integers such that n = gs + r with 0 < r < 5. From
n>(s—1)s+ (s—1), we deduce that ¢ > s — 1 > r. It follows that n = (rs+r) +
(g=r)s=r(s+1)+(g—r)s € (A). O

Numerical semigroups classify, up to isomorphism, the set of submonoids of N.

Proposition 2.2. Let M be a nontrivial submonoid of N. Then M is isomorphic to a
numerical semigroup.

Proof. Let d = ged(M). By Lemma 2.1, we know that S = ({% |meM}) is a
numerical semigroup. The map f: M — S, f(m) = % is clearly a monoid isomor-
phism. g

If A and B are subsets of integer numbers, we writte A+B={a+b|acA,be
B}. Thus for a numerical semigroup S, if we write S* = S\ {0}, the set S* + S*
corresponds with those elements in S that are the sum of two nonzero elements in S.

Lemma 2.3. Let S be a submonoid of N. Then S*\ (S* 4 S*) is a system of generators
of S. Moreover, every system of generators of S contains S*\ (S* 4 S*).

Proof. Let s be an element of S*. If s ¢ §*\ (S* +5), then there exist x,y € S* such
that s = x+y. We repeat this procedure for x and y, and after a finite number of steps
(x,y < s) we find s1,...,5, € 5"\ (§*+S*) such that s = s; + - - +5,,. This proves
that $*\ (S* +5*) is a system of generators of S.

Now, let A be a system of generators of S. Take x € §*\ (S* +5*). There exist
n €N\ {0}, 41,...,4, € Nand ay,...,a, € A such that x = Aja; + - - + A,a,. As
x & §*+ 8%, we deduce that x = g; for some i € {1,...,n}. O

This property also holds for any submonoid S of N” for any positive integer r.
The idea is that whenever s = x+y with x and y nonzero, then x is strictly less than s
with the usual partial order on N”. And there are only finitely many elements x € N"
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with x < 5. However the set $* \ (S* 4 S*) needs not be finite for r greater than one
(see Exercise 2.15). We are going to see that for » = 1 this set is always finite. To this
end we introduce what is probably the most versatile tool in numerical semigroup
theory.

Let S be a numerical semigroup and let n be one of its nonzero elements. The
Apéry set (named so in honour of [2]) of n in S is

Ap(S,n)={seS|s—n¢gS}.

Lemma 2.4. Let S be a numerical semigroup and let n be a nonzero element of S.
Then Ap (S,n) = {0=w(0),w(1),...,w(n—1)}, where w(i) is the least element of
S congruent with i modulo n, for all i € {0,...,n—1}.

Proof. Tt suffices to point out that for every i € {1,...,n— 1}, there exists k € N
such thati+kn € S. a

Example 2.5. Let S be the numerical semigroup generated by {5,7,9}. Then S =
{0,5,7,9,10,12,14,—} (the symbol — means that every integer greater than 14
belongs to the set). Hence Ap (S,5) = {0,7,9,16,18}.

Observe that the above lemma in particular implies that the cardinality of Ap (S, 7)
is n. With this result, we easily deduce the following.

Lemma 2.6. Let S be a numerical semigroup and let n € S\ {0}. Then for all s € S,
there exists a unique (k,w) € N x Ap (S,n) such that

s=kn—+w.

This lemma does not hold for submonoids of N in general. However, there are
certain families of submonoids of N” for which a similar property holds, and this
apparently innocuous result makes it possible to translate some of the known results
for numerical results to a more general scope (see [78]).

We say that a system of generators of a numerical semigroup is a minimal system
of generators if none of its proper subsets generates the numerical semigroup.

Theorem 2.7. Every numerical semigroup admits a unique minimal system of gen-
erators. This minimal system of generators is finite.

Proof. Lemma 2.3 states that $* \ (S* +.5*) is the minimal system of generators of
S. By Lemma 2.6, we have that for any n € §*, we get that S = (Ap (S,n) U {n}). As
Ap (S,n)U{n} is finite, we deduce that $*\ (S* 4 S*) is finite. O

As every submonoid of N is isomorphic to a numerical semigroup, this property
translates to submonoids of N.

Corollary 2.8. Let M be a submonoid of N. Then M has a unique minimal system
of generators, which in addition is finite.



3 Frobenius number and genus 9

Proof. Set d = gcd(M). Then T = {% |x€ M} is a submonoid of N such that
gcd(7T) = 1. In view of Lemma 2.1, this means that 7' is a numerical semigroup.
If A is the minimal system of generators of 7', then {da|a €A} is the minimal
system of generators of M. a

Corollary 2.9. Let M be a submonoid of N generated by {0 #my <my < --- <my}.
Then {my,...,m,} is a minimal system of generators of M if and only if miy\ &
(myy...,m;).

Let S be a numerical semigroup and let {n; < ny < --- < np} be its minimal
system of generators. Then n; is known as the multiplicity of S, denoted by m(S).
The cardinality of the minimal system of generators, p, is called the embedding
dimension of S and will be denoted by e(S).

Proposition 2.10. Let S be a numerical semigroup. Then

1) m(S) = min(S\ {0}),
2) e(S) <m(S).

Proof. Clearly the multiplicity is the least positive integer in S. The other statement
follows from the fact that {m(S)} U Ap (S,m(S)) \ {0} is a system of generators of
S with cardinality m(S). O

Observe that e(S) = 1 if and only if S = N. If m is a positive integer, then clearly
S ={0,m,—} is a numerical semigroup with multiplicity m. It is easy to check that
a minimal system of generators for S is {m,m+1,...,2m— 1}. Hence e(S) = m =
m(S).

3 Frobenius number and genus

Frobenius in his lectures proposed the problem of giving a formula for the largest
integer that is not representable as a linear combination with nonnegative integer co-
efficients of a given set of positive integers whose greatest common divisor is one.
He also threw the question of determining how many positive integers do not have
such a representation. By using our terminology, the first problem is equivalent to
give a formula, in terms of the elements in a minimal system of generators of a nu-
merical semigroup S, for the greatest integer not in S. This element is usually known
as the Frobenius number of S, though in the literature it is sometimes replaced by
the conductor of S, which is the least integer x such that x+n € S for all n € N. The
Frobenius number of S is denoted here by F(S) and it is the conductor of S minus
one. As for the second problem, the set of elements in G(S) = N\ S is known as the
set of gaps of S. Its cardinality is the genus of S, g(§), which is sometimes referred
to as the degree of singularity of S.

Example 2.11. Let S = (5,7,9). We know that S = {0,5,7,9,10, 12, 14, —} and thus
F(S) = 13, G(S) = {1,2,3,4,6,8, 11,13} and g(S) = 8.
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There is no known general formula for the Frobenius number nor for the genus
for numerical semigroups with embedding dimension greater than two (see [21]
where it is shown that no polynomial formula can be found in this setting or the
monograph [52] for a state of the art of the problem). However, if the Apéry set of
any nonzero element of the semigroup is known, then both invariants are easy to
compute.

Proposition 2.12 ([101]). Let S be a numerical semigroup and let n be a nonzero
element of S. Then

1) F(S) = (maxAp(S,n)) —n,
2) g(S) = %(ZWGAp(S,n) W) - %

Proof. Note that by the definition of the elements in the Apéry set, (max Ap (S,n)) —
n¢S. If x > (maxAp(S,n)) —n, then x+n > maxAp(S,n). Let w € Ap(S,n) be
such that w and x + n are congruent modulo n. As w < x + n, this implies that x =
w + kn for some positive integer k, and consequently x —n = w + (k — 1)n belongs
to S.

Observe that for every w € Ap (S,n), if w is congruent with / modulo n and i €
{0,...,n— 1}, then there exists a nonnegative integer k; such that w = k;n +i. Thus,
by using the notation of Lemma 2.4,

Ap(S,n) ={0,w(l) =kin+1,w(2) =kan+2,...,wn—1) =kp_in+n—1}.
An integer x congruent with w(i) modulo n belongs to S if and only if w(i) < x. Thus

g(S) =ki+-+kn

1 n—1
:;((k1n+1)+~0+(kn71n+nf1))* 3
1 n—1
= - Z w— . O
nweAp(S,n) 2

If S is a numerical semigroup minimally generated by (a,b), then
Ap(S,a) ={0,b,2b,...,(a—1)b}

and Proposition 2.12 tells us the following result that goes back to the end of the
19th century.

Proposition 2.13 ([102]). Let a and b be positive integers with gcd(a,b) = 1.

1) F({a,b)) = ab—a—b,
2) gl{a,b)) = =44

Observe that for numerical semigroups of embedding dimension two g(S) =
(F(S) +1)/2 (and thus F(S) is always an odd integer). This is not in general the
case for higher embedding dimensions, though this property characterizes a very
interesting class of numerical semigroups as we will see later.
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If S is a numerical semigroup and s € S, then F(S) — s cannot be in S. From this
we obtain that the above equality is just an inequality in general.

Lemma 2.14. Let S be a numerical semigroup. Then

F(S)+1
g8z —5—-

Thus numerical semigroups for which the equality holds are numerical semi-
groups with the “least” possible number of gaps.

Remark 2.15. If one fixes a positive integer f, then it is not true in general that
there are more numerical semigroups with Frobenius number f + 1 than numerical
semigroups with Frobenius number f. The following table can be found in [91]
(ns(F) stands for the number of numerical semigroups with Frobenius number F).

A F s P w0 ]
1 14| 103 ||27| 16132
1 |[15] 200 [|28| 16267
2 |{16] 205 |[29| 34903
2 |[17] 465 ||30] 31822
5

4

18] 405 ||31| 70854
19] 961 ||32| 68681
20| 900 ||33| 137391
10 |[21| 1828 |[34| 140661
21 |[22| 1913 ||35| 292081
22 |[23[4096 ||36| 270258
51 |[24|3578 ||37| 591443
12| 40 ||25|8273|38| 582453
13| 106 |[26| 8175 |[39|1156012

—_
—

F
1
2
3
4
5
6
7
8
9
10
11

Bras-Amor6s in [10] has computed the number of numerical semigroups with
genus g for g € {0,...,50}, and her computations show a Fibonacci like behavior
on the number of numerical semigroups with fixed genus less than or equal to 50.
However it is still not known in general if for a fixed positive integer g there are more
numerical semigroups with genus g+ 1 than numerical semigroups with genus g. We
reproduce in Table 1 the results obtained by Bras-Amorés (in the table ng stands for
the number of numerical semigroups with genus g).

Lemma 2.16. Let S be a numerical semigroup generated by {ni,na,...,np}. Let
d=gced{ny,....,n,_1} and set T = (n1/d,...,n,_1/d,np,). Then

Ap(S,np) =d(Ap(T,ny)).
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Table 1 Number of numerical semigroups of genus up 50.

1 Notable elements

g ng Ng—1 +Ng—2 (ng—1+ng2)/ng  ng/ngy

0 1

1 1 1

2 2 2 1 2

3 4 3 0.75 2

4 7 6 0.857143 1.75

5 12 11 0.916667 1.71429

6 23 19 0.826087 1.91667

7 39 35 0.897436 1.69565

8 67 62 0.925373 1.71795

9 118 106 0.898305 1.76119
10 204 185 0.906863 1.72881
11 343 322 0.938776 1.68137
12 592 547 0.923986 1.72595
13 1001 935 0.934066 1.69088
14 1693 1593 0.940933 1.69131
15 2857 2694 0.942947 1.68754
16 4806 4550 0.946733 1.68218
17 8045 7663 0.952517 1.67395
18 13467 12851 0.954259 1.67396
19 22464 21512 0.957621 1.66808
20 37396 35931 0.960825 1.66471
21 62194 59860 0.962472 1.66312
22 103246 99590 0.964589 1.66006
23 170963 165440 0.967695 1.65588
24 282828 274209 0.969526 1.65432
25 467224 453791 0.971249 1.65197
26 770832 750052 0.973042 1.64981
27 1270267 1238056 0.974642 1.64792
28 2091030 2041099 0.976121 1.64613
29 3437839 3361297 0.977735 1.64409
30 5646773 5528869 0.97912 1.64254
31 9266788 9084612 0.980341 1.64108
32 15195070 14913561 0.981474 1.63973
33 24896206 24461858 0.982554 1.63844
34 40761087 40091276 0.983567 1.63724
35 66687201 65657293 0.984556 1.63605
36 109032500 107448288 0.98547 1.63498
37 178158289 175719701 0.986312 1.63399
38 290939807 287190789 0.987114 1.63304
39 474851445 469098096 0.987884 1.63213
40 774614284 765791252 0.98861 1.63128
41 1262992840 1249465729 0.98929 1.63048
42 2058356522 2037607124 0.989919 1.62975
43 3353191846 3321349362 0.990504 1.62906
44 5460401576 5411548368 0.991053 1.62842
45 8888486816 8813593422 0.991574 1.62781
46 14463633648 14348888392 0.992067 1.62723
47 23527845502 23352120464 0.992531 1.62669
48 38260496374 37991479150 0.992969 1.62618
49 62200036752 61788341876 0.993381 1.6257
50 101090300128 100460533126 0.99377 1.62525
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Proof. Ifwe Ap(S,np), thenw € (ny,...,n,_1). Hencew/d € (n1/d,...,n,—1/d) C
T.1fw/d—n, €T, then w—dn, € S, which is impossible.

Now take w € Ap(T,n,). Then w € (n1/d,...,np_1/d), and thus dw € (ni,...,
np—1) C S. If dw —n,, also belongs to S, then dw —n, = Ayny+ -+ Ap_1np_1 +
Apny, forsome A1, ..., A, € N. Since S is a numerical semigroup ged{ny,...,n,} =1,
which implies that ged{d,n,} = 1. This leads to d|(A, + 1), because (A, + 1)n, =

dw— (Mny +---+A,_1np_1). But then w = % +- 4 % + }””Jlnl,, with

(Ap+1)/d a positive integer, contradicting that w € Ap (T',n),). O

By putting Proposition 2.12 and Lemma 2.16 together, we obtain the following
property.

Proposition 2.17 ([42]). Let S be a numerical semigroup with minimal system
of generators {ni,ny,...,np}. Let d = ged{ny,...,np_1} and set T = (ni/d, ...,
ny—1/d,np). Then

1) B(S) = dF(T) + (d —1)n,,

2) g($) = dg(T) + =,

Example 2.18. Let S = (20,30,17). As ged{20,30} = 10, T = (2,3,17) = (2,3).
Hence F(S) = 10F(T)+9-17 = 10+ 153 = 163, and g(S) = 10g(T) + 2 = 10+
72 =82.

4 Pseudo-Frobenius numbers

Let S be a numerical semigroup. Following the notation introduced in [71], we say
that an integer x is a pseudo-Frobenius number if x ¢ S and x+s € S for all s €
S\ {0}. We will denote by PF(S) the set of pseudo-Frobenius numbers of S, and
its cardinality, which deserves a name of its own, is the type of S, denoted by t(S).
From the definition it easily follows that F(S) € PF(S), in fact it is the maximum of
this set.

Over the set of integers we can define the following relation: a <gbifb—a € S.
As §is a numerical semigroup, it easily follows that this relation is an order relation
(reflexive, transitive and antisymmetric). From the definition of pseudo-Frobenius
numbers, we obtain that they are the maximal elements with respect to <g of Z\ S
(Z denotes the set of integers).

Proposition 2.19. Let S be a numerical semigroup. Then

1) PE(S) = Maximals<((Z\ S),
2)x € Z\ S ifand only if f —x € S for some f € PF(S).

This result establishes a sort of duality between minimal generators and pseudo-
Frobenius numbers of a numerical semigroup, since Minimals< (S {0}) is the min-
imal system of generators of S.

A characterization in terms of the Apéry sets already appears in [32, Proposi-
tion 7].
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Proposition 2.20. Let S be a numerical semigroup and let n be a nonzero element
of S. Then
PF(S) = {w—n|w € Maximals<,Ap (S,n) } .

Proof. Letx € PF(S). Hence x € S and x+n € S, or in other words, x+n € Ap (S, n).
Let w € Ap(S,n) be such that x+n <gw. Then w — (x+n) =w—n—x € S. This
means that w —n = x+s for some s € S. As w—n ¢ S and x € PF(S), this forces s
to be zero and thus w = x +n.

Now take w € Maximals<,Ap(S,n). Then w—n ¢ S. If w—n+s & S for
some nonzero element s of S, then w+s € Ap(S,n), contradicting the maximality
of w. O

Example 2.21. Let S = (5,7,9). Then Maximals<sAp (S,5) = {16,18}. Hence
PF(S) = {11,13}.

Example 2.22. If S is a numerical semigroup minimally generated by (a,b), then as
we have pointed out above,

Ap(S,a) ={0,b,2b,...,(a—1)b}.

This implies that Maximals<sAp (S,a) = {(a — 1)b} and PF(S) = {ab — a — b}.
Thus numerical semigroups with embedding dimension two have type one.

As the cardinality of Ap(S,n) is n and the zero element is never a maximal el-
ement, from the above proposition we obtain an upper bound for the type of a nu-
merical semigroup.

Corollary 2.23. Let S be a numerical semigroup. Then
t(S) <m(S) — L.

Recall that the embedding dimension of a numerical semigroup does not exceed
the multiplicity of the numerical semigroup. We already know (Example 2.22) that
numerical semigroups with embedding dimension two have type one. We will see in
Chapter 9 that numerical semigroups with embedding dimension three have type one
or two. However, for embedding dimension greater than three, the type is not upper
bounded by the embedding dimension as the following example due to Backelin
shows.

Example 2.24. [32] Let S = (s,s +3,s+3n+ 1,s+3n+2). Forn > 2, r >3n+2
and s = r(3n+2) + 3, the type of S is 2n+ 3.

Example 2.25. Let m be an integer greater than one. Note that for S = {0,m,—},
PF(S) = {1,2,...,m — 1}. These semigroups reach the bound given in the above
corollary.

Let S be a numerical semigroup. Denote by

N(S)={seS|s<F(S)}.
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This set fully determines S. Its cardinality is denoted by n(S). Clearly g(S) +n(S) =
F(S)+1.

We already know that if x is an integer not in S, there exists f € PF(S) such that
x <g f. Define f, = min{ f € PE(S) | f —x € S}. Then the map

G(S) — PE(S) x N(S), x — (fx, fx — X)

is injective, which proves the following bound.

Proposition 2.26. [32, Theorem 20] Let S be a numerical semigroup. Then
g(8) <t(S)n(S).

This inequality is equivalent to F(S) + 1 < (t(S) + 1)n(S). Wilf in [108] con-
jectured that F(S) 4+ 1 < e(S)n(S). For some families of numerical semigroups this
conjecture is known to be true, but the general case remains unsolved.

Example 2.27. The following picture is obtained by using the GAP package
numericalsgps ([23]). The picture represents the Apéry set of 11 in the semi-
group S ordered by the relation <g. We also illustrate the use of some functions
related to the elements described in this chapter.

gap> S:=NumericalSemigroup( 11, 12, 13, 32, 53 );;
gap> MinimalGeneratingSystemOfNumericalSemigroup (S) ;
[ 11, 12, 13, 32, 53 1

gap> MultiplicityOfNumericalSemigroup(S) ;

11

gap> FrobeniusNumberOfNumericalSemigroup (S);

42

gap> GapsOfNumericalSemigroup (S);

(1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 14, 15, 16, 17,
18, 19, 20, 21, 27, 28, 29, 30, 31, 40, 41, 42 ]
gap> DrawAperyListOfNumericalSemigroup (

> AperyListOfNumericalSemigroupWRTElement (S,11));

gap> PseudoFrobeniusOfNumericalSemigroup (3);
[ 21, 40, 41, 42 ]

gap> SmallElementsOfNumericalSemigroup (S) ;

( 0, 11, 12, 13, 22, 23, 24, 25, 26, 32, 33,
34, 35, 36, 37, 38, 39, 43 ]
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Example 2.28. And now an example of a numerical semigroup with less embedding
dimension than type.

gap> S:=NumericalSemigroup (41,152,373,407);
<Numerical semigroup with 4 generators>

gap> MinimalGeneratingSystemOfNumericalSemigroup (S) ;
[ 41, 152, 373, 407 ]

gap> PseudoFrobeniusOfNumericalSemigroup (S) ;

[ 1161, 1195, 1332, 1381, 1451, 1479, 1582 ]

Exercises

Exercise 2.1. Let S be a numerical semigroup and let x be an element of S. Prove
that S\ {x} is a numerical semigroup if and only if x belongs to the minimal system
of generators of S.

Exercise 2.2. Prove that the intersection of finitely many numerical semigroups is a
numerical semigroup. Show with an example that the result does not hold for infinite
intersections.

Exercise 2.3. Let S and T be two numerical semigroups. Take m € SNT with m # 0.
Prove that if Ap(S,m) = {0,u1,...,uu—1} and Ap(T,m) = {0,v1,...,vpu_1} (with
u; and v; the smallest elements congruent with i modulo m in S and T, respectively),
then Ap (SNT,m) = {0, max{u;,vi},...,max{uy_1,vm_1}}

Exercise 2.4. Let S and T be two numerical semigroups. Prove that

a) S+ T is a numerical semigroup,

b) S+ T is the smallest numerical semigroup containing SUT,

c) if A and B are systems of generators of S and 7', respectively, then AUB is a
system of generators of S+ 7.

Give an example of two numerical semigroups with minimal systems of generators
A and B and such that AU B is not the minimal system of generators of (A UB).

Exercise 2.5. Prove that S is a numerical semigroup of type one if and only if g(S) =
F(S)+1

-

Exercise 2.6. Let S be a numerical semigroup other than N and assume that PF(S) =

{fi>f>>fi}

a) Prove that SU{f1,..., fx} is a numerical semigroup for all k € {1,...,¢}.

b) Prove that if F(S) > m(S), then 7 = SU{F(S)} is a numerical semigroup with
e(S) <e(T)<e(S)+1.

¢) Give examples in which e(7) =¢(S) and e(S) + 1 =¢(T).



Exercises 17

Exercise 2.7. Let a and b be two integers with 0 < b < a, and let S = (a,a +
1,...,a+b). Prove that F(S) = [%;}]a — 1, where for g a rational number, [q]
denotes the minimum of the integers greater than or equal to ¢ (see [33] for the
computation of other notable elements of these semigroups).

Exercise 2.8 ([8]). Let S be a numerical semigroup with positive conductor c. Let
d =max{s € S|s < c}. This integer is the dominant of S.

a) Prove that the dominant of S is zero if and only if § = {0, ¢, —}. These numerical
semigroups are sometimes called in the literature half-lines or ordinary.

b) Assume that S has positive dominant d. For s € S, define g(s) as the cardinality
of {x € G(S) | x < s} (note that g(d) < g(c) = g(S5)). Set

¢ =min{seS|g(s)=g(d)},d =max{seS|s<c}.

We say that S is acute if c —d < ¢/ —d’. Prove that every numerical semigroup of
the form (a,a+1,...,a+ b) that is not a half line (or equivalently, with a and b
positive integers such that b < a — 1) is acute.

Exercise 2.9. Let S be a numerical semigroup and let m be a nonzero element of
S. Show that 7 = (m+ S) U {0} is also a numerical semigroup with m(7") = m,
e(T)=mand t(T)=m—1.

Exercise 2.10. Prove that Wilf’s conjecture holds in the following cases.

a) For every numerical semigroup of type 1.
b) For every numerical semigroup of type 2.
¢) For numerical semigroups S with e(S) = m(S) — 1.

Exercise 2.11 ([63]). Prove that if S is a numerical semigroup with multiplicity
three, then
§ = (3,3g(8) — F(S),E(S) +3).

Exercise 2.12 ([63]). Let S be a numerical semigroup with minimal system of gen-
erators {n; <ny < --- <np}. Then we say that n; is the ratio of S. Prove that if S is
a numerical semigroup with multiplicity four and ratio r, then

S = (4,1,4g(S) —F(S) — r+2,F(S) +4).

Exercise 2.13. Let S be a numerical semigroup. A relative ideal I of S is a subset of
ZsuchthatI+SClands+1={s+i|icl} CSforsomes € S.An ideal of S is
a relative ideal of S contained in S.

a) If H and K are relative ideals of S, then prove that
H-K={z€Z|z+KCH}

is also a relative ideal of S.
b) M = S* is the maximal (with respect to set inclusion) ideal of S.
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c¢) Given a relative ideal I of S, denote by /* = S — I. Prove that
hI1CI,
i) I° = 1°*.
d) Show that PF(S) = S\ M°.
Exercise 2.14. [4] Let S be a numerical semigroup. Define
Q={z€Z|F(S)—z¢S}.

i) Prove that S C 2 C N and that Q is a relative ideal of S. This ideal is called the
canonical ideal of S.

ii) Show that the map PF(S) — Q\ (2 + M), f — F(S) — f is a one-to-one cor-
respondence (where M is the maximal ideal of S, Exercise 2.13). As a conse-
quence, t(S) is the cardinality of Q \ (2 +M).

Exercise 2.15. Let M = { (x,y) € N?|x>5}U{(0,0)}. Prove that M is a sub-
monoid of N? that is not finitely generated.

Exercise 2.16. Let S be a numerical semigroup. The enumeration of S is the only
increasing bijective map A from N to S, that is, A (i) corresponds with the ith element
of S. Fori € N, let v; denote the cardinality of { j € N| A(i) — A(j) € S}. Define for
i and j two nonnegative integers,

i©j=1""(A0)+A0))
Prove that

a) the semigroup S is uniquely determined by the sequence {V; };cn ([8]),

b) for every nonnegative integer i, v; is the number of pairs (j,k) € N? such that
Jj @k =i (and thus it can be determined by the set of integers j & k, with j k €
{0,...,i}, [9D).



Chapter 2

Numerical semigroups with maximal
embedding dimension

Introduction

Even though the study and relevance of maximal embedding dimension numerical
semigroups arises in a natural way among the other numerical semigroups, they
have become specially renowned due to the existing applications to commutative
algebra via their associated semigroup ring (see for instance [1, 5, 15, 16, 99, 100]).
They are a source of examples of commutative rings with some maximal proper-
ties. As we mentioned in the introduction of Chapter 1, this is partially due to the
fact that the study of some attributes of an analytically unramified one-dimensional
local domains can be performed via their value semigroups. Of particular interest
are two subclasses of maximal embedding dimension numerical semigroups, which
are those semigroups having the Arf property and saturated numerical semigroups.
These two families are related with the problem of resolution of singularities in a
curve.

Inspired by [3], Lipman in [47] introduces and motivates the study of Arf rings.
The characterization of these rings via their value semigroups yields the Arf prop-
erty for numerical semigroups. The reader can find in [5] a considerable amount
of characterizations of this property for numerical semigroups. Arf numerical semi-
groups have gained lately a particular interest due to their applications to algebraic
error correcting codes (see [18, 7] and the references given therein).

Saturated rings were introduced in three different ways by Zariski ([109]), Pham-
Teissier ([50]) and Campillo ([17]), though their definitions coincide for alge-
braically closed fields of zero characteristic. As for the Arf property, saturated nu-
merical semigroups come into the scene after a characterization of saturated rings
in terms of their value semigroups (see [26, 49]).

J.C. Rosales, P.A. Garcia-Sanchez, Numerical Semigroups, 19
Developments in Mathematics 20, DOI 10.1007/978-1-4419-0160-6_3,
© Springer Science+Business Media, LLC 2009



20 2 Numerical semigroups with maximal embedding dimension

1 Characterizations

Let S be a numerical semigroup. We know that its embedding dimension, e(S), is
less than or equal to its multiplicity, m(S). We say that S has maximal embedding
dimension if e(S) = m(S). In this section we give several characterizations of this
property in terms of the notable elements presented in Chapter 1.

If x is a minimal generator of S, and n € S\ {0,x}, then x — n does not belong to
S. This implies that x € Ap (S,n).

Proposition 3.1. Let S be a numerical semigroup minimally generated by {n; <
ny < -++ <ne}. Then S has maximal embedding dimension if and only if Ap (S,n;) =
{0,n,...,n.}.

Proof. As we have pointed out above, {na,...,n.} € Ap(S,n;)\ {0}. We know
that the cardinality of Ap(S,n;) is n;. Hence e = n; if and only if {0,n2,...,n.} =
Ap(S,ny). O

As a consequence of Propositions 2.12 and 2.20 we obtain the following proper-
ties.

Corollary 3.2. Let S be a numerical semigroup minimally generated by {n| < ny <
e ne}'

1) If S has maximal embedding dimension, then F(S) = n, —n;.
2) S has maximal embedding dimension if and only if g(S) = n%(nz +-4n,) —

-1
-
3) S has maximal embedding dimension if and only if t(S) =n; — 1.

Example 3.3. The numerical semigroup S = (4,5,11) has F(S) = 11 =4 =n, —ny,
but it does not have maximal embedding dimension.

Remark 3.4. Let S be a numerical semigroup minimally generated by {n; < np <
e ne}.

1) We already know (Corollary 2.23) that t(S) < m(S) — 1. So the numerical semi-
groups with maximal embedding dimension are those with maximal type (in
terms of their multiplicities).

2) As by Selmer’s formula (Proposition 2.12) g($) > %(nz +etne) — % nu-
merical semigroups with maximal embedding dimension can also be viewed as
those with the least possible number of holes (in terms of their minimal genera-
tors).

Given a nonzero integer n and two integers a and b, we write a = b mod n to
denote that n divides a — b. We denote by b mod n the remainder of the division of
b by n. The following result characterizes those subsets of positive integers that can
be realized as Apéry sets of a numerical semigroup.
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Proposition 3.5 ([57]). Let n € N\ {0} and let C = {w(0) = 0,w(1),...,w(n —
1)} € N be such that w(i) is congruent with i modulo n for alli € {1,...,n—1}. Let
S be the numerical semigroup ({n}UC). The following conditions are equivalent.

1) Ap(S,n) =C.
2) Foralli,je{l,....n—1}, w(i) +w(j) > w((i+ j) mod n).

Proof. Note that w(i) +w(j) and w((i + j) mod n) are congruent modulo n for all
i,j€{l,...,n—1}. Hence Condition 2) is equivalent to

2 foralli,je {1,...,n— 1}, there exists ¢ € N such that w(i) + w(j) = tn+w((i+
Jj) mod n).

If Ap(S,n) = C, then by Lemma 2.6, w(i) +w(j) = kn+ ¢ for some k € N and
¢ € C. Clearly w(i) + w(j) = ¢ mod n, and thus ¢ = w((i+ j) mod n).

Now, assume that the second statement holds. Let us show that Ap (S,n) C C. If
s € Ap(S,n) C S, then there exist cy,...,¢; € C such that s = Y'}_, ¢;. By applying
several times Condition 2'), we get that s = kn+c, withc € Cand k € N. As s €
Ap(S,n), k must be zero and consequently s = ¢ € C.

In view of Lemma 2.4, the cardinality of Ap (S,n) is n. As the cardinality of C is
also n and Ap (S,n) C C, this forces Ap (S,n) to be equal to C. O

As we have seen in Proposition 3.1, the Apéry sets of the multiplicity in nu-
merical semigroups with maximal embedding dimension have special shapes. This
together with the last characterization of Apéry sets yields an alternative way to dis-
tinguish numerical semigroups with maximal embedding dimension by looking at
the Apéry sets of their multiplicities.

Corollary 3.6. Let S be a numerical semigroup with multiplicity m and assume
that Ap(S,m) = {w(0) = 0,w(1),...,w(m — 1)} with w(i) =i mod m for all
i€{l,....m—1}. Then S has maximal embedding dimension if and only if for
alli,je{l,...,m—1}, w(i) +w(j) > w((i+ j) mod m).

Proof. The necessity follows from Propositions 3.1 and 3.5.

By Lemma 2.6, we know that S = (m,w(1),...,w(m —1)). From the condition
w(i) +w(j) > w((i+ j) mod m), we deduce that {m,w(1),...,w(m—1)} is a mini-
mal system of generators of S. Hence S has maximal embedding dimension. O

Proposition 3.5 and Corollary 3.6 can be used to construct maximal embedding
numerical semigroups from an arbitrary numerical semigroup.

Corollary 3.7. Let S be a numerical semigroup and let n be a positive integer in S.
Then (n,w(1)+n,...,w(n—1)+n) is a maximal embedding dimension numerical
semigroup, where foralli € {1,...,n—1}, w(i) is the element in Ap (S,n) congruent
with i modulo n.

Example 3.8. Let a and b be two positive integers greater than one with gcd{a,b} =
1. We already know that Ap ((a,b),a) = {0,b,2b,...,(a— 1)b}. By Corollary 3.7,
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(a,a+b,a+2b,...;,a+ (a—1)b)

has maximal embedding dimension.

A sort of converse operation can be performed on a numerical semigroup with
maximal embedding dimension. The proof also follows from Proposition 3.5 and
Corollary 3.6.

Corollary 3.9 ([57]). Let S be a numerical semigroup with maximal embedding di-
mension and multiplicity m. For all i € {1,...,m— 1}, write w(i) for the unique ele-
ment in Ap (S,m) congruent with i modulo m. Define T = (m,w(1) —m,...,w(m—
1) —m). Then T is a numerical semigroup with Ap (T,m) = {0,w(1) —m,... , w(m—

1) —m}.

From these two last results and Proposition 2.12, we obtain the following corre-
spondence.

Corollary 3.10 ([57]). There is a one to one correspondence between the set of
numerical semigroups with multiplicity m and Frobenius number f, and the set of
numerical semigroups with maximal embedding dimension, Frobenius number f +
m, multiplicity m and the rest of minimal generators greater than 2m.

Remark 3.11. If we want to construct the set of all numerical semigroups, according
to this last result, it suffices to construct those having maximal embedding dimen-
sion. In other words, maximal embedding dimension numerical semigroups can be
used to represent the whole class of numerical semigroups.

The following characterization can be deduced from [5, Proposition 1.2.9]. For
an integer z and a subset A of integers, the set {z+a | a € A} is denoted by z+ A.

Proposition 3.12. Let S be a numerical semigroup. The following conditions are
equivalent.

1) S has maximal embedding dimension.
2) Forallx,y € §*, x+y—m(S) € S.
3) —m(S) +S* is a numerical semigroup.

Proof. 1) implies 2). If either x —m(S) € S or y —m(S) € S, then 2) follows trivially.
So assume that both x and y are in Ap (S, m(S)). The result now follows by Corollary
3.6.

2) implies 3). Trivial.

3) implies 1). Denote by w(i) the unique element in Ap (S,m(S)) congruent with
i modulo m, 1 <i<m— 1. We use Corollary 3.6 again. If w(i) +w(j) = w((i+
J) mod m(S)) for some i, j € {1,...,m(S) — 1}, then w(i) —m(S) +w(j) —m(S) =
w((i+ j) mod m(S)) —2m(S) & {x—m(S) | x € §*}, contradicting that this set is a
numerical semigroup. a

If in the last proposition we use T to denote the semigroup —m(S) + S*, then
S = (m(S)+ T)U{0}. From this proposition it is not hard to prove the following
characterization (see also Exercise 2.9).
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Corollary 3.13 ([63]). Let S be a numerical semigroup. Then S has maximal embed-
ding dimension if and only if there exists a numerical semigroup T andt € T \ {0}
such that S = (t+T)U{0}.

Example 3.14. Let S = (4,5,7) = {0,4,5,7,—}. Then T = (94 S)U {0} =
{0,9,13,14,16,—} is a maximal embedding dimension numerical semigroup. Note
that 7 = (9,13,14,16,17,19,20,21,24).

Lemma 3.15. Let S and T be numerical semigroups. Let s € S* and t € T*. Then
(s+S)U{0} = (r+T)U{0} ifand only if S=T and s =t.

Proof. Assume that (s+S)U{0} = (r+7T)U{0}. Note that m((s+S)U{0}) =
and m((r+T)U{0}) =r. Hence s =t. Moreover, S = —s+ (s +S) = —s+ (t+7T) =
—t+ (t+T) =T. The other implication is trivial. |

If S is a numerical semigroup and s is a nonzero element of S, then s+ is an ideal
of S (see Exercise 2.13). These ideals are called principal ideals of S. Numerical
semigroups of the form (x+ S)U{0} with S a numerical semigroup and x a nonzero
element of S are called in [63] pi-semigroups (Where pi is an acronym of principal
ideal). For a given numerical semigroup S define

PI(S) = { (x+8)U{0} |x €S},

If x # 1, it can be shown that F((x+S)U{0}) = F(S) +x and that g((x+S)U{0}) =
2(8) +x—1 (clearly, the multiplicity of (x+S)U{0} is x; see Exercises 2.9 and 3.6).
From this it easily follows that two elements S; and S» in Z2I(S) coincide if and only
if they have the same Frobenius number, or equivalently, they have the same genus.

Proposition 3.16. The set { Z1(S) | S is a numerical semigroup } is a partition of
the set of numerical semigroups with maximal embedding dimension.

Proof. Follows from Corollary 3.13 and Lemma 3.15. a

This result is telling us that from a fixed numerical semigroup we obtain in-
finitely many maximal embedding dimension numerical semigroups, and that dif-
ferent numerical semigroups produce different maximal embedding dimension nu-
merical semigroups. All maximal embedding dimension numerical semigroups are
constructed in this way.

2 Arf numerical semigroups

A numerical semigroup S is Arf'if for all x,y,z € S, withx >y >z, x+y—zis in
S. In this section we present some characterizations of this property. For a numer-
ical semigroup we will show how to compute the least Arf numerical semigroup
containing it.

From Proposition 3.12 it follows that an Arf numerical semigroup has maximal
embedding dimension.
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Example 3.17. If m is a positive integer, then the numerical semigroup {0,m,—} is
anumerical semigroup with the Arf property. Note that the semigroup 7" of Example
3.14 has maximal embedding dimension, while it is not Arf, because 14414 — 13 =
15¢T.

Given a positive integer x in a numerical semigroup S, the numerical semigroup
(x+8)U{0} is Arf if and only if S is Arf. This follows easily from the definition.

Proposition 3.18 ([63]). Let S be a numerical semigroup and let x € S*. Then S is
Arfifand only if S = (x+8) U{0} is Arf.
In particular, S is Arf if and only if all the elements in ZI(S) are Arf.

Let S be an Arf numerical semigroup. Then S has maximal embedding dimen-
sion. By Corollary 3.13 there exists a numerical semigroup S’ and x € S’ \ {0} such
that S = (x+ 8 )U{0}. If S £ N, then S C §'. In view of Proposition 3.18, § is also
an Arf numerical semigroup. We can repeat this argument with §’, and obtain an
Arf numerical semigroup S” and y € §”\ {0} such that §' = (y+S”)U{0}. AsN\ S
has finitely many elements, this process is finite, obtaining in this way a stationary
ascending chain of Arf numerical semigroups: So =S C S; € --- € S, = N, with
Si = (xi41 4+ Siy1) U{0} for some x; 4 € Sit1 \ {0}. The following statement can be
derived from this idea.

Corollary 3.19. Let S be a proper subset of N. Then S is an Arf numerical semigroup
if and only if there exist positive integers x1,. .., X, such that

S={0,x1,x1 +x2,..., X1+ FXp_1,%1 + -+ X5, —}
and x; € {xit1,Xi+1 +Xig2, . Xip1 + -+ xn,—} foralli€ {1,... n}.

Proof. Necessity. Follows from the construction of the chain S =Sy C S; € --- C
S, =N, with §; = (Xi+1 +Si+])U {0} and x;j+1 € Sit+1 \{0}
Sufficiency. Note that

§= @1+ G2+ (- + ((n+N)U{o})---)u{o}.
As N is Arf, by applying Proposition 3.18 several times, we obtain that S is Arf. O

Example 3.20. Take x; =7, xo = 4 and x3 = 2. This sequence fulfills the condition
of Corollary 3.19. Then S = {0,7,11,13,—} is a numerical semigroup with the
Arf property. In view of Proposition 3.18, (74 S)U{0}, (114 S)U{0},(134+S)U
{0}, ... are Arf numerical semigroups as well. Proposition 3.18 also states that 7 =
—7+ S§* is an Arf numerical semigroup, because so is S = (74T ) U {0}.

Recall (see Exercise 2.2) that the intersection of finitely many numerical semi-
groups is a numerical semigroup.

Example 3.21. It can be easily seen that
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() (n,n+1) = {0}.

neN

Hence the above result does not extend to the intersection of arbitrary families of
numerical semigroups.

From the definition it also follows that the intersection of finitely many Arf nu-
merical semigroups is again Arf.

Proposition 3.22. The intersection of finitely many Arf numerical semigroups is an
Arf numerical semigroup.

Let S be a numerical semigroup. Since the complement of S in N is finite, the
set of Arf numerical semigroups containing S is also finite. Proposition 3.22 ensures
that the intersection of these semigroups is again an Arf numerical semigroup (it is
actually one of them). We will denote this intersection by Arf(S) and we will refer
to it as the Arf closure of S. Observe that the Arf closure of S is the smallest (with
respect to set inclusion) Arf numerical semigroup containing S.

If X is a nonempty subset of nonnegative integers with ged(X) = 1, then (X) is
a numerical semigroup. Any Arf numerical semigroup containing X must contain
(X). So it makes sense to talk about the Arf closure of X, and define it as Arf((X)).
We make an abuse of notation and will write Arf(X) to denote Arf((X)).

Computing the set of numerical semigroups that contain a given numerical semi-
group can be tedious. Even more if one has to decide which are Arf among them,
and then either compute the intersection of them all or decide which is the smallest.
We now describe an alternative way introduced in [88] to compute the Arf closure
that is much more efficient.

Lemma 3.23. Let S be a submonoid of N. Then
S'={x+y—-zlxyzeSx>y>z}
is a submonoid of Nand S C §'.

Proof. Letx€ S. Thenx+x—x¢€ S, whence S C §'. Clearly S’ C N. Now take a,b €
S’. By the definition of ', there exist x1,x2,y1,y2,21,22 € S, such that x; > y; > z;,
ie{l,2},anda=x;+y; —z1,b=xp+y — 2. Hence, a+ b = (x; +x2) + (1 +
y2) — (z1 +22). Clearly x1 +x2,y1 +y2,21 +22 € S and x; +x2 > y1 +y2 > 21 + 22.
This proves thata+b € §'. O

For a given submonoid S of N and n € N, define S” recurrently as follows:

o S0=5,
° Sn+1 — (Sn)/_

We see that this becomes stationary at the Arf closure of S.

Proposition 3.24. Let S be a numerical semigroup. Then there exists k € N such that
Sk = Arf(S).
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Proof. By using induction on n, it can be easily proved that S" C Arf(S) for all
n € N. By Lemma 3.23, §" C S§"*t1and S C " for all n € N. As we pointed out
before, the number of numerical semigroups containing S is finite, whence S¥ = §¥+1
for some k € N. It follows that S* is an Arf numerical semigroup. As S C Arf(S)
and Arf(S) is the smallest Arf numerical semigroup containing S, we conclude that
Sk = Arf(S). O

Although this is a nice characterization, we have not yet shown how to compute
S*. So more effort is needed to find an effective way to compute the Arf closure of
a numerical semigroup.

Lemma 3.25. Let m,ry,...,rp,n € N such that gcd({m,ry,...,rp}) = 1. Then
m+ (m,ry,...,rp)" C Arf(m,m+ry,...,m+rp).

Proof. We use once more induction on n. For n = 0 we have to prove that m +
(m,ri,...,rp) CAf(m,m~+ry,...,m+rp). Leti,je{1,...,p}. Thenm,m+r;,m+
rj € Arf(m,m+ry,....,m+r,), whence m+ri+rj = (m+r;))+ (m+r;)—me
Arf(m,m +ri,...,m+r,). Now, for k € {1,....p}, mm+ri+rjm+r; €
Arf(m,m+ry,...,m+ry), and therefore m~+ri+rj+r = (m~+ri+r;)+ (m+ry) —
m € Arf(m,m+ry,...,m+ r;). By repeating this argument we obtain that for every
a,ai,...,a, € N, wehave that (a+1)m+ayri +---+apry, € Atf(m,m+ry,...,m+
rp), and thus m+ (m,ry,...,r,) C Arf(m,m~+ry,...,m+rp).

Now assume that m+ (m,ry,...,rp)" C Arf(m,m+ry,...,m+r,) and let us
prove that m + <m,r1,...7r,,>"+1 C Arf(m,m +ry,...,m+r,). Let a € m+
(m,r1,...,rp)""'. Then a = m+b with b € (m,ry,...,r,)" . Hence there ex-

ist x,y,z € (m,ry,...,rp)" such that x >y >z and x+y—z = b. In this way
a=m+b=m+x+y—z=(m+x)+(m+y)—(m+z) € Arf(m,m+ry,....m+rp),
since by induction hypothesis m+x,m~+y,m~+z € m+(m,ry,...,r,)" C Arf(m,m+
Tl ,m=+1p,). O

From this we can give a procedure to compute Arf closures that has an extended
Euclid’s algorithm taste.

Proposition 3.26. Let m,ry,...,r, be nonnegative integers with greatest common
divisor one. Then

Arf(m,m+ry,....m+r,) = (m+ Arf(m,ry,...,r,)) U{0}.

Proof. By using Proposition 3.24 and Lemma 3.25, we obtain that (m + Arf(m,
ry...1p)) {0} C Arf(m,m+ry,...,m+rp). For the other inclusion observe that
mm+ry,...,m+ry, € (m+ Arf(m,ry,...,r,)) U{0}, which by Proposition 3.18
is an Arf numerical semigroup. It follows that Arf(m,m+ry,...,m+r,) C (m+
Arf(m,ry,...,r,))U{0}. O

The Frobenius number of the Arf closure can then be computed as follows.
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Corollary 3.27. Let m,ry,...,r, be nonnegative integers with greatest common di-
visor one. Then

F(Arf(m,m+ry,...,m~+r,)) =m~+F(Arf(m,r,...,rp)).

We have now all the ingredients needed to give a recursive way of calculating
the elements of the Arf closure of any subset of nonnegative integers with greatest
common divisor one. Let X C N\ {0} be such that gcd(X) = 1. Define recursively
the following sequence of subsets of N:

L] A] :X,
o A1 = ({x—minA, |x€A,}\{0})U{minA,}.

As a consequence of Euclid’s algorithm for the computation of ged(X), we obtain
that there exists ¢ = min{k € N | 1 € A;}.

Proposition 3.28. With the above notation, we have that
Arf(X) = {0,minA,minA; + minA,...,minA; +---+minA, |, —}.

Proof. Since 1 € A, Arf(A;) = N. Hence by Proposition 3.26, Arf(A,_) =
(minA,_; +N)U{0}. This implies

Arf(A,_1) = {0,minA,_1,—}.
Assume as induction hypothesis that

Arf(A,_;) = {0,minA,_;, minA,_; + minA,_;;1,...,
minA,_;+---+minA,_1,—}.

‘We must prove now that

Arf(A,—i—1) ={0,minA,_;_;,minA,_;_; +minA,,...,

minA, ;| +---+mind, ;,—}.

By Proposition 3.26, we know that Arf(A,_;_1) = (minA,_;_; + Arf(A,_;)) U{0}.
By using now the induction hypothesis and Corollary 3.27, we obtain the desired
result. O

Example 3.29 ([88]). Let us compute Arf(7,24,33).

Ay = {7,24,33}, min<A; =7,
Ay ={7,17,26}, min<A, =7,
Az ={7,10,19}, min<A3 =7,
A4 = {7,3, 12}, min§A4 = 3,
A5 = {4,3,9}, min§A5 = 3,
As = {1,3,6},

whence Arf(7,24,33) = {0,7,14,21,24,27, —}.
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3 Saturated numerical semigroups

A numerical semigroup S is saturated if the following condition holds: if s, sy, ... s, €
Sare such thats; <sforallie€ {l,...,r}and zy,...,z, € Z are such that z;s; +- - - +
zpsr > 0, then s+zy51 +---+ 2,5, € S.

Example 3.30. The semigroup S = (7,11,13,15,16,17,19) appearing in Example
3.20 is an Arf semigroup but it is not saturated. Note that 7,11 € Sand 12 =11+
2x11-3x7¢8S.

From the definition it easily follows that every saturated numerical semigroup is
Arf, and thus it has maximal embedding dimension.

Lemma 3.31. Every saturated numerical semigroup has the Arf property.

Next we describe a characterization of this kind of semigroup that appears
in [89].
ForA CNanda €A\ {0}, set

dg(a) =ged{xecA|x<a}.

Lemma 3.32. Let S be a saturated numerical semigroup and let s € S. Then s+
ds(S) es.

Proof. Let {s1,...,5,} = {x € § | x < s}. By Bézout’s identity, there exist inte-
gers zp,...,2z, such that zys; + -+ + z.5, = dg(s). As S is saturated, we get s+
ds(s) es. O

We are going to see that this property characterizes saturated numerical semi-
groups. First we need some previous lemmas.

Lemma 3.33. Let A be a nonempty subset of positive integers such that gcd(A) = 1
and a+da(a) € A forall a € A. Then a+kdy(a) € A forallk € N, and AU{0} is a
numerical semigroup.

Proof. We proceed by induction on d4 (a).

Note that da(a) > 0. We show that if d4(a) = 1, then a + k € A for all k € N. To
this end we use induction on k. For k = 0, the result is clear. Assume that a +k € A.
Since 0 # da(a+k) < da(a) = 1, we have that dg(a+k) = 1. Hence a+k+ 1 =
a+k+da(a+k) €A

Now assume that if @’ € A and da(a’) < da(a), thend’ +kda(a’) € A forall k € N.
Thus, suppose that d4 (a) > 2 and let us prove that a+kd4 (a) € A for all k € N. Since
gcd(A) = 1, there exists b € A such that da(b) = 1. If da(a +kda(a)) = da(a) and
a-+kds(a) € A, then a+ (k+ 1)da(a) = a+kda(a) +da(a+ kda(a)) € A. From
these two remarks, we deduce that there exists a least positive integer ¢ such that
a+tds(a) €Aand ds(a+1da(a)) <da(a). Asda(a+tda(a)) < da(a), by applying
the induction hypothesis, we obtain that (a +td4(a)) +kda(a+1tda(a)) € A for all
k € N. Clearly, d4(a +1da(a)) divides d4(a), whence d4(a) = Ids(a+tda(a)) for
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some positive integer /. Consequently, a +tda(a) + %dA(a) € A for all k € N, and
thus a + (1 +n)da(a) € A for all n € N. From the definition of ¢, it follows that
a+kdy(a) € Aforall k € {0,...,t}. We conclude that a+ kd4 (a) € A for all k € N.

Finally, let us prove that A U {0} is a numerical semigroup. Since ged(A) = 1, it
suffices to prove that for any a,b € A, a+b € A. Assume that a < b. Then ds(b)
divides d4 (@) and thus there exists A € N such that ds (a) = Ad4 (). Note also that
d4(a) divides a, whence a = pdy (a) for some p € N. Therefore a+b = pdy(a) +
b= puAds(b)+ b, which, as we have just proven, belongs to A. O

Proposition 3.34. Let A be a nonempty subset of N such that 0 € A and gcd(A) = 1.
The following conditions are equivalent.

1) A is a saturated numerical semigroup.
2) a+da(a) €A forallac A\{0}.
3) a+kda(a) €A foralla e A\ {0} and k € N.

Proof. 1) implies 2). Follows from Lemma 3.32.

2) implies 3). Follows from Lemma 3.33.

3) implies 1). By Lemma 3.33, we know that A is a numerical semigroup. Let
a,ai,...,a, € Awitha; <aforalli€ {1,...,r}, and let zj,...,z, be integers such
that zja; + -+~ + a,z, > 0. Since a; < a, it follows that ds(a) divides a; for all i €
{1,...,r}. Hence, there exists k € N such that zja; + - - - + z,a, = kd4 (@), and thus
a+zia) +---+zra, = a+kdy(a) € A. This proves that A is saturated. O

We now focus on obtaining a similar characterization as the one given in Propo-
sition 3.18 and Corollary 3.19 for Arf numerical semigroups. As we will see in this
setting the characterization is not so generous.

Proposition 3.35 ([63]). Let S be a numerical semigroup. The following conditions
are equivalent.

1) S is saturated.
2) There exists x € S* such that (x+ S)U{0} is a saturated numerical semigroup.

Proof. 1) implies 2). Assume that § = {0 < 51 < 53 < --- < s, < --- }. We prove
that (s +S)U{0} = {0 <s1 <s1+s1 <51+ < <s1+8, <--} is satu-
rated. In view of Proposition 3.34, it suffices to show that for all n € N, the ele-
ment 51 + s, + ged{0,s1,51 + 51,...,51 + 5, } lies in (s + ) U{0}. Since S is satu-
rated, s, + gcd{0,s1,...,s,} € S. Moreover gcd{0,s1,s1 + 1,51 +52,...,51 + 8, } =
gcd{0,s1,52,...,8,}, whence s1 + s, + gcd{0,s1,s1 +s1,...,51 + 8.} € (51 +S5)U
{0}.

2) implies 1). If S={0<s; <---<s, <---}, then (x+S)U{0} ={0<x<
S1+x <o <sp+x<---} Since ged{0,x,x+s1,...,x+5,} = gcd{0,x,51,...,8,},
we have that gcd{0,x,x+s1,...,x+s,} divides gcd{0,s1,...,s, }, namely, there ex-
ists k € N such that k(gcd{0,x,x+s1,...,x+s,}) = gcd{0,sy,...,s,}. By Propo-
sition 3.34, if we want to prove that S is saturated, it suffices to show that s, +
gcd{0,s1,...,5,} € S for all n. As (x+S)U{0} is saturated, by Proposition 3.34,
we have that x + s, + k(ged{0,x,x+ s1,...,x+5,}) € (x+S)U{0} and thus s, +
gcd{0,s;,...,s,} €S. O
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From the proof of this result we obtain the following consequence.

Corollary 3.36. Let S be a numerical semigroup. Then S is saturated if and only if
(m(S) +S)U{0} is saturated.

Example 3.37. The semigroup S = (5,7,8,9,11) is a saturated numerical semi-
group. From Corollary 3.36 we have that both (5+5)U {0} and —5+ S* are satu-
rated.

Corollary 3.38. Let S be a proper subset of N. Then S is a saturated numerical
semigroup if and only if there exist positive integers X1, .. .,X, such that

S={0,x1,x1+x2,...., 01+ +x,,—}

and
ged{xr, .. X} € {Xkr 1, Xk Xk 25 Xa 1 o X, — )

forallke {1,...,n}.

Proof. Necessity. Since S is a saturated numerical semigroup, S is also Arf, whence
by Corollary 3.19 there exist positive integers xi, ... ,x, such that

S={0,x1,x1+x2,..., X1+ +x5,—}.

As S is saturated, for all k € {1,...,n}, (x; + -+ +x) + ged{0,x1,x] +x2,...,%1 +
<« +x;} € S and since ged{0,x1,x; +x2,...,x1 + - +x;} = ged{xy,...,x}, we
have that (x; +--- 4+ x) +ged{xy,...,x¢ } € {0,x1,%1 +x2,..., %1+ +x,,—}, 0r
equivalently, gcd{x1,..., X} € {Xpr1, X1 F X402y -y X1 + 00+ X0, — 1}
Sufficiency. By using Proposition 3.34, it suffices to show that (x; +--- +x;) +
gcd{0,x1,x; +x2,...,x1+---+x;} € Sforall k € {1,...,n}. As pointed out above,
this is equivalent to prove that (x; +--- +x¢) +ged(xy,...,x;) € S, and this follows
from the hypothesis. ]

As for Arf numerical semigroups, the intersection of finitely many saturated nu-
merical semigroups is again saturated. This follows easily from the definition.

Proposition 3.39. The intersection of finitely many saturated numerical semigroups
is a saturated numerical semigroup.

This allows us to define the saturated closure of a numerical semigroup (or of
a subset of nonnegative integers with greatest common divisor one), as we did for
Arf numerical semigroups. Given a numerical semigroup S, we denote by Sat(S) the
intersection of all saturated numerical semigroups containing S, or in other words,
the smallest (with respect to set inclusion) saturated numerical semigroup containing
S. We call this semigroup the saturated closure of S.

The saturated closure of a semigroup (or of any set of nonnegative integers with
greatest common divisor one) can be computed as follows.
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Proposition 3.40. Let n; < np < --- < n, be positive integers such that gcd(ny, ...,
ne)=1. Foreveryi€{l,... e}, setd;=gcd(ny,...,n;) andforall j€{1,...,p—1}
define kj = max{k € N | nj+kd;j <njy1}. Then

Sat(nl,...,ne) = {O,n],nl +dy,...,n1+kidy,ny,ny+ds,...,ny+kody,
o e e F o1, Mg FKe1de—1,Re, e+ 17_>}-

Proof. Let

A=A{0,n1,n1 +di,...,n1+kidy,ny,na+ds,...,n +kads,
ey Ne—1,Me—1 +de71a~~-vnp71 +ke,1de,1,ne,ne+ 17_)}~

Clearly A is not empty, 0 € A, gcd(A) = 1 and a +ds(a) € A for all a € A. By
Proposition 3.34, A is a saturated numerical semigroup, and as {nj,...,n.} C A,
we get that Sat(ni,...,n.) C A. For the other inclusion, take a € A. Then there
exists i € {1,...,e} and k € N such that a = n; + kd; (note that d, = 1). Since
{n1,...,n.} CSat(ni,...,n.), we have that dgy(s, ... n,) (1) divides d;, whence there
exists [ € N such that d; = Idgyy,,...,)(n:). From Proposition 3.34, we know
that n; + tdsy(n, ....n,) (ni) € Sat(ni,...,ne) for all + € N and thus a = n; + kd; =
ni + kldsy(n, ...n,) (1) € Sat(ny, ... ,ne). O

Example 3.41. Sat({12,20,26,35}) = {0,12,20,24,26,28,30,32, 34,35, —}.

Exercises

Exercise 3.1 ([45, 87]). Let m be an integer greater than or equal to two, and let
(ki,....km—1) € N™=! Prove that {0,kim+1,... ,ky_1m-+m— 1} is the Apéry set
of m in a numerical semigroup with multiplicity m if and only if (ki,...,k,—1) is a
solution to the system of inequalities

x>1 forallie {1,...,m—1},
Xi+xj—xiy; >0 foralli,jwithl1 <i<;j<m—1,i+j<m—1,
Xi+xj—Xipj—m=>—1 foralli,jwithl <i<j<m—1,i+j>m.

Exercise 3.2 ([87]). Let m be an integer greater than or equal to two, and let
(ki,....km—1) € N"~! Show that S = (m,kym+1,...,ky_ym-+m— 1) is a numer-
ical semigroup with multiplicity m and maximal embedding dimension if and only

if (k1,...,km—1) is a solution to the system of inequalities
xi>1 forallie {1,...,m—1},
Xi+xj—xip;>1 foralli,jwithl1 <i<j<m—1,i+j<m—1,

Xi+Xj—Xipj—m >0 foralli,jwithl1 <i<j<m—1,i+j>m.
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Exercise 3.3. Let m be a positive integer. Prove that the intersection of finitely many
maximal embedding dimension numerical semigroups with multiplicity m is again
a maximal embedding dimension numerical semigroup with multiplicity m.

Show with an example that the intersection of finitely many maximal embedding
dimension numerical semigroups might not have maximal embedding dimension.

Exercise 3.4. Let S be a numerical semigroup and let m be a nonzero element
of S. Denote by Apy(S,m) = {w e Ap(S,m)|wiseven} and by Ap,(S,m) =
{w e Ap(S,m) | wis odd }. Prove that

a) if m is even, then the cardinalities of Ap,(S,m) and Ap,(S,m) are the same and
equal to 75,

b) if m is odd and Ap, (S,m) = m — 1, then S is a maximal embedding dimension of
multiplicity m.

Exercise 3.5. Let S be a numerical semigroup. Show that if S has maximal embed-
ding dimension, has the Arf property or it is saturated, then so is SU{F(S)}.

Exercise 3.6. Let S be numerical semigroup and let m € S\ {0,1}. Set T = (m +
S)U{0} (see Exercise 2.9). Prove that

a) F(T) = F(S) +m,
b) &(7) = g(S) +m— 1.

Exercise 3.7. Let S be a numerical semigroup with maximal ideal M (see Exercise
2.13) and multiplicity m. Prove that § has maximal embedding dimension if and
only if M — M = —m + M. Show that this is also equivalent to m +M = M + M(=
{x+y|x,yeM}).

Exercise 3.8. Let S be a maximal embedding dimension numerical semigroup with
minimal system of generators {n; < ny < --- < n,}. Prove that g(S) > %

Exercise 3.9. Let S = (5,7,9). Compute the smallest (with respect to set inclusion)
maximal embedding dimension numerical semigroup with multiplicity 5 containing
S.

Exercise 3.10. Prove that { (2,2k+ 1) | k € N} is the set of all maximal embedding
dimension numerical semigroups of type 1. Which is the set of all Arf numerical
semigroups of type 1? And that of saturated numerical semigroups?

Exercise 3.11. Check that (4,9, 10, 11) is the smallest (with respect to set inclusion)
Arf numerical semigroup containing (4,9,11).

Exercise 3.12. Show that (10, 14,16, 18,22,27,29,31,33,35) is the smallest (with
respect to set inclusion) saturated numerical semigroup containing (10, 14,27).

Exercise 3.13 ([8]). Prove that every Arf numerical semigroup that is not a half-line
is acute (see Exercise 2.8).



Chapter 3
Irreducible numerical semigroups

Introduction

Symmetric numerical semigroups are probably the numerical semigroups that have
been most studied in the literature. The motivation and introduction of these semi-
groups is due mainly to Kunz, who in his manuscript [44] proves that a one-
dimensional analytically irreducible Noetherian local ring is Gorenstein if and only
if its value semigroup is symmetric. Symmetric numerical semigroups always have
odd Frobenius number. The translation of this concept for numerical semigroups
with even Frobenius number motivates the definition of pseudo-symmetric numeri-
cal semigroups. In [5] it is shown that these semigroups also have their interpretation
in one-dimensional local rings, since a numerical semigroup is pseudo-symmetric if
and only if its semigroup ring is a Kunz ring.

Irreducible numerical semigroups gather both symmetric and pseudo-symmetric
numerical semigroups. This concept was introduced in [73]. Its study is clearly well
motivated from the semigroup theory point of view as the reader will see from the
definition.

1 Symmetric and pseudo-symmetric numerical semigroups

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

We are going to show that irreducible numerical semigroups are maximal in
the set of numerical semigroups with fixed Frobenius number. First we prove that
adding the Frobenius number to a numerical semigroup yields a numerical semi-
group. This is a particular case of a more general result that we will present later.

Lemma 4.1. Let S be a numerical semigroup other than N. Then SU{F(S)} is again
a numerical semigroup.
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34 3 Irreducible numerical semigroups

Proof. The complement of SU{F(S)} in N is finite, because N\ S is finite. Take
a,b € SU{F(S)}. If any of them is F(S), then a + b > F(S) and thus a+b € SU
{F(S)}.If botha and b are in S, thena+b € S C SU{F(S)}. As 0 € SU{F(S)}, this
proves that SU{F(S)} is a numerical semigroup. O

Theorem 4.2 ([73]). Let S be a numerical semigroup. The following conditions are
equivalent.

1) S is irreducible.
2) S is maximal in the set of all numerical semigroups with Frobenius number F(S).
3) S is maximal in the set of all numerical semigroups that do not contain F(S).

Proof. 1) implies 2). Let T be a numerical semigroup such that S C T and F(T') =
F(S). Then S = (SU{F(S)})NT. Since S is irreducible, we deduce that S =T.

2) implies 3). Let T be a numerical semigroup fulfilling that S C 7" and F(S) ¢ T.
Then T U{F(S) + 1,F(S) +2,—} is a numerical semigroup that contains S with
Frobenius number F(S). Therefore, S = T U{F(S) + 1,F(S)+2,—}andso S=T.

3) implies 1). Let S; and S, be two numerical semigroups that contain S properly.
Then, by hypothesis, F(S) € S| and F(S) € S». Hence S # S N Ss. O

This result is also stated in [32, Proposition 4], but using a different terminology.
We now introduce this terminology and see why both results are equivalent.

A numerical semigroup S is symmetric if it is irreducible and F(S) is odd. We say
that S is pseudo-symmetric provided that S is irreducible and F(S) is even.

Given a numerical semigroup S, if § is not irreducible, then by Theorem 4.2, there
exists an irreducible numerical semigroup T containing S with F(S) = F(T'). The
following result can be viewed as a procedure to construct this irreducible numerical
semigroup.

Lemma 4.3 ([58]). Let S be a numerical semigroup and assume that there exists
h=max{x€Z\S|F(S)—x¢& Sandx #F(S)/2}.
Then SU{h} is a numerical semigroup with Frobenius number F(S).
Proof. Clearly SU{h} has finite complement in N, and 0 € SU{h}. Let
H={x€Z\S|F(S)—x¢gSandx#F(S)/2}.

If x € H, then F(S) —x € H. From this we deduce that 7 > F(S)/2.

Take s € S\ {0}. If i+ s ¢ S, from the maximality of 4, F(S) — (h+s) =1 € S (as
h>F(S)/2, h+s#F(S)/2). Hence F(S) —h =t +s € S, contradicting the definition
of h.

If 2h & S, then again by the maximality of &, we get that F(S) —2h =1 € S. As
we have seen above, i+t € S. However, h+t = F(S) — h, which cannot belong to
S. This is a contradiction. O
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The next proposition gives characterizations for the concepts of symmetric and
pseudo-symmetric numerical semigroups. Sometimes in the literature these are cho-
sen as the definitions.

Proposition 4.4. Let S be a numerical semigroup.

1) S is symmetric if and only if F(S) is odd and x € 7.\ S implies F(S) —x € S.
2) S is pseudo-symmetric if and only if F(S) is even and x € Z\ S implies that either
F(S) —x € Sorx=F(S)/2.

Proof. We only prove the first statement, because the second follows analogously.
Necessity. If there exists x € Z '\ S such that F(S) —x ¢ S, then there exists the
maximum /4 defined in Lemma 4.3. Hence SU {h} is a numerical semigroup with
Frobenius number F(S), contradicting the maximality of S in Theorem 4.2.
Sufficiency. In view of Theorem 4.2, it suffices to prove that § is maximal in
the set of all numerical semigroups that do not contain F(S). Let T be a numerical
semigroup with S C T. Take x € T\ S C Z\ S. Then by hypothesis F(S) —x € § and
thus F(S) —x € T. But this implies that F(S) = x+ (F(S) —x) € T. O

From this result one easily deduces the following alternative characterization.

Corollary 4.5. Let S be a numerical semigroup.
1) S is symmetric if and only if g(S) = %

2) S is pseudo-symmetric if and only if g(S) = F<Sz)+2.

Remark 4.6. We know (Lemma 2.14) that if S is a numerical semigroup, then

2(S) > % As a consequence of this corollary, we have that irreducible nu-
merical semigroups are those numerical semigroups with the least possible genus
in terms of their Frobenius number.

From Proposition 2.13 and Corollary 4.5, we obtain the following consequence.

Corollary 4.7. Every numerical semigroup of embedding dimension two is symmet-
ric.

Example 4.8. The numerical semigroup (4,6,7) = {0,4,6,7,8,10,11,—} is sym-
metric, (3,4,5) = {0,3,—1} is pseudo-symmetric, and (5,7,9) is not irreducible.

The Apéry sets of irreducible numerical semigroups have special shapes. This
shape characterizes them as we see in the rest of this section.

Lemma 4.9. Let S be a numerical semigroup and let n be a positive integer of S. If
X,y € S are such that x+y € Ap (S,n), then {x,y} C Ap(S,n).

Proof. This is an immediate consequence of the definition of Apéry set. O

Proposition 4.10. Let S be a numerical semigroup and let n be a positive integer
of S. Let Ap(S,n) = {ap < a; < --- < a,_1} be the Apéry set of n in S. Then S is
symmetric if and only if a;+an—1—; = a1 foralli € {0,...,n—1}.
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Proof. Necessity. By Proposition 2.12, we know that F(S) =a,_1 —n. Asa;—n ¢ S
and S is symmetric, F(S) — (a; —n) = a,—1 —a; € S. By Lemma 4.9, we deduce that
there exists j € {0,...,n—1} such that a,_; = a;+a;. Since ap < a; < --- < a,_1,
jmustben—1—i.

Sufficiency. From the hypothesis, we deduce that {a,_; } = Maximals<;Ap (S,n).
By Proposition 2.20, PF(S) = {F(S)}, and thus {F(S)} = Maximals<,(Z\ ). This
in particular implies that if x € Z\ S, then F(S) —x € S. Besides, if F(S)/2 is an
integer, then F(S)/2 € Z\ S. We have just shown that this would imply that F(S) —
F(S)/2 =F(S)/2 € S, a contradiction. Thus F(S) is an odd integer and Proposition
4.4 ensures that S is symmetric. a

From the above proposition (and its proof) it can be easily seen that symmet-
ric numerical semigroups are those numerical semigroups with type one (see also
Exercise 2.5).

Corollary 4.11. Let S be a numerical semigroup. The following are equivalent.

1) S is symmetric.
2) PE(S) = {F(S)}.
3)S)=1.

Proof. Observe that F(S) always belongs to PF(S). Thus Conditions 2) and 3) are
equivalent. The equivalence between Conditions 1) and 2) follows from the proof of
Proposition 4.10. a

Thus in view of Proposition 2.20, Corollary 4.11 can also be reformulated as
follows.

Corollary 4.12. Let S be a numerical semigroup and let n be a nonzero element of
S. Then S is symmetric if and only if

Maximals<,Ap (S,n) = {F(S) +n}.
Example 4.13. Let S = (4,6,7). Then Ap (S,4) = {0,6,7,13}. Hence
Maximals<,Ap (S,4) = {13}
and thus PF(S) = {9}. This means that S is symmetric.

Similar characterizations can be obtained for pseudo-symmetric numerical semi-
E(S)

groups, but paying special attention to —5~.
Lemma 4.14. Let S be a pseudo-symmetric numerical semigroup and let n be a
positive integer of S. Then F(S)/2+n € Ap (S,n).

Proof. Since F(S)/2 ¢ S, we only have to prove that F(S)/2+n € S. If this were not
the case, then by Proposition 4.4, F(S) — (F(S)/2+n) = F(S)/2 —n € S. But this
leads to F(S)/2 = F(S)/2 —n+n € S, which is impossible. O
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Observe that this statement is also showing that if S is pseudo-symmetric, then
F(S)/2 € PE(S).

Proposition 4.15. Let S be a numerical semigroup with even Frobenius number and
letn € S\ {0}. Then S is pseudo-symmetric if and only if

Ap(S;n) ={ap <aj < <an2F(S)+n}U{F<25)+n}

and aj+ay_p—; = an_y foralli € {0,...,n—2}.

Proof. Necessity. By Lemma 4.14, (F(S)/2) 4+ n € Ap(S,n). Clearly (F(S)/2)+
n < maxAp (S,n) = F(S) +n (Proposition 2.12). If w € Ap (S,n) \ {(F(S)/2) +n},
then w—n ¢ S and w —n # F(S) /2. By Proposition 4.4, we have that F(S) — (w —
n) € S and thus max Ap (S,n) —w =F(S) +n—w € S. By Lemma 4.9, we deduce
that max Ap (S,n) —w € Ap(S,n). Furthermore max Ap (S,n) —w # (F(S)/2) +n
because otherwise we would have w = F(S) /2. The proof now follows as the proof
of Proposition 4.10.

Sufficiency. Let x be an integer such that x # F(S)/2 and x ¢ S. Let us show that
F(S) —x € S. Take w € Ap (S, n) such that w = x mod n. Then x = w — kn for some
k € N\ {0}. We distinguish two cases.

1) If w = (F(S)/2) +n, then F(S) —x = F(S) — ((F(S)/2) +n—kn) = (F(S)/2) +
(k—1)n. Besides, x # F(S)/2 leads to k # 1 and therefore k > 2. Hence we can
assert that F(S) —x € S.

2) Ifw=# (F(S)/2)+n,then F(S) —x=F(S) — (w—kn) =F(S)+n—w+(k—1)n=
an—2—w+ (k—1)n € S, since a,_» —w € S by hypothesis. O

The analogue to Corollary 4.11 for pseudo-symmetric numerical semigroups is
stated as follows. As we see with an example we cannot get a condition similar to
the third condition in that result.

Corollary 4.16. Let S be a numerical semigroup. The following conditions are
equivalent.

1) S is pseudo-symmetric.
2) PE(S) = {F(S),F(S)/2}.

Observe that in this case if t(S) = 2, we cannot ensure that PF(S) = {F(S),

F(S)/2}.

Example 4.17. Let S = (5,7,8). The set of pseudo-Frobenius numbers of S is
PF(S) = {9, 11}. This semigroup has type two, but it is not pseudo-symmetric.

Example 4.18. Let S = (5,6,7,9). Then Ap(S,5) = {0,6,7,9,13} and
Maximals<,Ap (S,5) = {9,13}.

This implies that PF(S) = {4,8} = {F(S)/2,F(S)}. Hence S is pseudo-symmetric.
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By using Proposition 2.20, we can obtain an alternative characterization in terms
of the Apéry sets.

Corollary 4.19. Let S be a numerical semigroup and let n be a nonzero element of
S. Then S is pseudo-symmetric if and only if

F(S)

Maximals<,(Ap (S,n)) = { )

+nF() ).

2 Irreducible numerical semigroups with arbitrary multiplicity
and embedding dimension

We will see that if S is an irreducible numerical semigroup with m(S) > 4, then
e(S) <m(S) — 1. The aim of this section is to show how to construct, for given m
and e integers such that 2 < e <m— 1, a symmetric numerical semigroup with multi-
plicity m and embedding dimension e. We already know that numerical semigroups
of embedding dimension two are symmetric, thus we cannot find pseudo-symmetric
numerical semigroups with embedding dimension two. If we change the above con-
straint to 3 < e < m— 1, then we are able to construct a pseudo-symmetric numerical
semigroup S with m(S) = m and e(S) = e.

2.1 Symmetric case

Lemma 4.20. Let S be a symmetric numerical semigroup with m(S) > 3. Then
e(S) <m(S)—1.

Proof. Write Ap (S,n) ={0=ap < aj <--- < ap(s)_1 }- Then by Proposition 4.10,
m(s)—1 = @i + am(s)—1—; for all i € {0,...,m(S) — 1}. If m(S) > 3, then we can
choose i = 1, which implies that ay,(5)_1 is not a minimal generator. As at least
one nonzero element of Ap (S,n) is not a minimal generator, e(S) < m(S) — 1 (see
Proposition 2.10). a

Remark 4.21. As a consequence of this result and Corollary 4.7, we have that a
symmetric numerical semigroup has maximal embedding dimension if and only if
it has multiplicity two.

Next we describe a method given in [62] to obtain for fixed integers e and m, with
2 <e <m— 1, asymmetric numerical semigroup S with e(S) = ¢ and m(S) = m.

We introduce two families of symmetric numerical semigroups. Each of them
will be used to produce the desired symmetric numerical semigroup depending on
the parity of the multiplicity minus the embedding dimension.
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Lemma 4.22. Let m and q be positive integers such that m > 2q+ 3 and let S be the
submonoid of (N,+) generated by

{m,m+1,qgm+2q+2,...,gn+(m—1)}.

Then S is a symmetric numerical semigroup with multiplicity m, embedding dimen-
sion m — 2q and Frobenius number 2qgm+2q + 1.

Proof. Since ged{m,m + 1} = 1, we have that S is a numerical semigroup (by
Lemma 2.1). Clearly, {m,m+1,qm+2q+2,...,qn+ (m— 1)} is a minimal system
of generators for S and thus m(S) = m and e(S) = m — 2q. It is easy to deduce that

Ap(S,m)={0<m+1<2m+2<---<gm+qg<gm+2q+2<---
<gm+(m—1)<(qg+1)m+qg+1<---<(2q+1)m+2g+1}.

We use Proposition 4.10 to prove that S is symmetric. We must find for all w €
Ap(S,m) an element w' € Ap(S,m) such that w+w' = (2g+ 1)m+2g+ 1.

e Forie{0,1,....m—1—2q—2},
(gm+2g+2+i)+ (gn+m—1—i) = (2g+1)m+2q+1.
e Forke{0,1,2,...,q},
(km—+k)+((2g+1—k)m+2g+1—k) = (2g+1)m+2q+1.

Besides, as F(S) +m = max Ap (S,m) (Proposition 2.12), we deduce that F(S)
2gm+2g+ 1.

vy Ol

Lemma 4.23. Let m and g be nonnegative integers such that m > 2q+4 and let
be the submonoid of (N, +) generated by

{m,m+1,(g+1)m+q+2,....(qg+ )m+m—q—2}.

Then S is a symmetric numerical semigroup with multiplicity m, embedding dimen-
sion m —2q — 1 and Frobenius number 2(q+ 1)m — 1.

Proof. As in Lemma 4.22, we deduce that S is a numerical semigroup with m(S) =
mand e(S) =m—2q— 1.
It is easy to prove that

Ap(S,m)={0<m+1<2m+2<---
<(g+1)m4+q+1<(qg+1)m+q+2<---<(g+1)m+m—qg—2
<(q+2m+m—q—1<(q+3)m+(m—q) <---<2(q+1)m+m—1}.

Furthermore, as a consequence of the following comments, by Proposition 4.10, S
is symmetric.
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e Forie{0,1,...,m—2q—3},
((g+1)m+qg+1+i)+((g+1)m+m—qg—2—i)=2(q+1)m+m—1.
e Forke{0,1,...,q},
(g+2+k)m+m—qg—1—k)+((g—kym+qg—k) =2(qg+1)m+m—1.

As F(S) +m = max(Ap (S,m)) (see Proposition 2.12), we obtain that F(S) = 2(g+
)m—1. O

Theorem 4.24. Let m and e be integers such that 2 < e < m — 1. There exists a
symmetric numerical semigroup with multiplicity m and embedding dimension e.

Proof. If e =2, then S = (m,m+ 1) is a symmetric numerical semigroup with mul-
tiplicity m and embedding dimension 2 (Corollary 4.7). Thus, in the sequel, we may
assume that e > 3. We distinguish two cases.

e If m— eis even, then there exists ¢ € N\{0} such that m — e = 2¢. Furthermore,
e > 3 implies that m > m — e + 3 and therefore m > 2¢g + 3. Lemma 4.22 en-
sures the existence of a symmetric numerical semigroup with multiplicity m and
embedding dimension e = m — 2gq.

e If m—eis odd, then there exists ¢ € N such that m —e = 2¢g + 1. The constraint
e > 3 implies that m > m — e+ 3 and thus m > 2¢g+4. Lemma 4.23 is used now to
construct a symmetric numerical semigroup with multiplicity . and embedding
dimension e =m —2¢q — 1. g

Example 4.25 ([62]). The semigroup (12, 13,44,45 46,47) is symmetric with mul-
tiplicity 12, embedding dimension 6 and Frobenius number 79 (¢ = 3).

The semigroup (15,16,81,82,83,84) is symmetric and has multiplicity 15, em-
bedding dimension 6 and Frobenius number 149 (g = 4).

2.2 Pseudo-symmetric case

We now proceed with the pseudo-symmetric case. In view of Lemma 4.14 we will
encounter slight differences with the symmetric case. The construction we explain
in this section appears in [74].

We start by proving that for multiplicity greater than or equal to four, the em-
bedding dimension of a pseudo-symmetric numerical semigroup never reaches the
multiplicity.

Lemma 4.26 ([73]). Let S be a pseudo-symmetric numerical semigroup with m(S) >
4. Then
e(S) <m(S)—1.
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Proof. By Proposition 2.10, e(s) < m(S). If e(S) = m(S), then S is minimally gen-
erated by {m(S),n1,...,n,(s—1} and by Proposition 4.15, Ap (S, m(S)) is of the
form

Ap(S,m(S)) ={0<ny <+ < myg)—1 }U {nl = F(2+m(S)}

As m(S) — 1 > 3, by Proposition 4.15, we deduce that n,,5)_; —ny € S, which
contradicts the fact that {m(S),n1,...,m,(s)—;} is a minimal system of generators
for S. O

In view of this result, we must pay special attention to the case of multiplicity
less than four. Numerical semigroups with multiplicity two are symmetric (as a
consequence of Corollary 4.7). Thus we must study those with multiplicity three.

Lemma 4.27 ([73]). The following conditions are equivalent.

1) S is a pseudo-symmetric numerical semigroup with m(S) = e(S) = 3.
2) S = (3,x+3,2x+ 3) with x an integer not divisible by three.

Proof. 1)implies 2). 1 m(S) =e(S) =3, then {3,n;,n,} is a minimal system of gen-
erators for S. From Proposition 4.4, we deduce that F(S) is even, and by Proposition
4.15 we have that
F(S)
Ap(S,3) = {O,nl =—" +3,m =F(S) —|—3} )
By taking x = F(S)/2 we have that n; = x+3 and n, = 2x+ 3. Since x =F(S) /2 ¢ S,
we get that x is not a multiple of 3.

2) implies 1). Clearly {3,x+3,2x+ 3} is a minimal system of generators for S,
and thus m(S) = e(S) = 3. Hence Ap(S,3) = {0,x+3,2x+ 3}. By Proposition 2.12,
2x+3 =F(S) + 3, and consequently (F(S)/2) 4+ 3 = x+ 3. Proposition 4.15 asserts
that S is pseudo-symmetric. O

By Corollary 4.7, every embedding dimension two numerical semigroup is sym-
metric. We see that for embedding dimension three, there are always pseudo-
symmetric numerical semigroups with arbitrary multiplicity.

Lemma 4.28. Let m be a positive integer greater than or equal to four. There exists
a pseudo-symmetric numerical semigroup S with F(S) even, m(S) =m and e(S) = 3.

Proof. We distinguish two cases depending on the parity of m.
1) If mis even, then m = 2q + 4 for some g € N. Let
S=(mm+1,(g+1)m+ (m—1)).
It is clear that m(S) = m and e(S) = 3. Under this condition

Ap(S,m)={0,m+1,2(m+1),...,(m—2)(m+1)}U{(g+1)m+ (m—1)}.
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By Proposition 2.12, F(S) = (m — 2)m — 2, which is even, and @ +m=

(g + 1)m+ (m — 1). By Proposition 4.15 we conclude that S is an irreducible
numerical semigroup.
2) If mis odd, then m = 2¢g + 3 for some ¢ € N\ {0}. Let

S=(mm+1,(g+ 1)m+qg+2).

Clearly, m(S) = m and e(S) = 3. In this setting,

Ap(S,m)={0,m+1,2(m+1),...,q(m+1),(g+ 1)m+q+2,
(m+1)+(q+D)m+qg+2,....qm+1)+(g+1)m+q+2}
U{(g+1)(m+1)}.

Hence, F(S) = 2(1 4+ g +mgq) is even and @ +m=(qg+1)(m+1). By Propo-
sition 4.15, we have that S is pseudo-symmetric. a

We now proceed as in the symmetric case by presenting two families of pseudo-
numerical semigroups that will be used depending on the parity of the desired mul-
tiplicity minus the desired embedding dimension.

Lemma 4.29. Let m,q € N be such that m > 2q+ 5 and let S be the submonoid of
(N, +) generated by

{mm+1,(g+1)m+q+2,....,(q+ )m+m—q—3,(q+ )m+m—1}.

Then S is a pseudo-symmetric numerical semigroup with m(S) = m, e(S) =m —
2q—1andF(S) =2(qg+1)m—2.

Proof. Since gcd{m,m+ 1} = 1, we have that S is a numerical semigroup (by
Lemma 2.1). Note that m = min S\ {0} and so m(S) = m. It is straightforward
to see that

{no=mmn =m+1,m=(g+1)m+q+2,...,
np_1=(@+1)m+m—q—3,n,=(qg+1)m+m—1}

is a minimal system of generators for S and thus e(S) = m —2g — 1. It is easy to
check that

Ap(S,m) ={0,n1,2ny,...,(q+ )ny,na,...,np_1,ny +np_1,2n1 +np_y,...,
gni +np—1,F(S) +m=(q+1)ni +np_1} U{n,},

and if p > 4, then in addition F(S) +m =n;+n,_; foralli € {2,...,[p/2]}. Hence,

F(S) =2(¢+ 1)m—2 and so @ +m = (qg+1)m+ (m—1) = n,. By applying

Proposition 4.15, we deduce that S is pseudo-symmetric. ad
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Lemma 4.30. Ler m € N and g € N\ {0} be such that m > 2q+4 and let S be the
submonoid of (N,+) generated by

{m,m+1l,gn+2q+3,....qn+m—1,(g+ )m+q+2}.

Then S is a pseudo-symmetric numerical semigroup with m(S) =m, e(S) =m —2gq
and F(S) =2gm+2q+2.

Proof. As gcd{m,m+ 1} =1, S is a numerical semigroup (as a consequence of
Lemma 2.1). Since m = min S\ {0}, we get that m(S) = m. Clearly,

{np=m,n; =m+1,np =qgm+2q+3,...,
np-1=qm+(m—1),n, = (q+1)m+q+2}

is a minimal system of generators for S and so e(S) = m — 2¢. The reader can prove
that

Ap(S,m) ={0,n1,2n1,...,qni,na,...,np_1,np,n1+np,2n1 +np,. ..,
F(S)+m=qn +ny,} U{(g+1)n},

and F(S)+m =n;+n,_iy1 forall i € {2,...,[(p+1)/2]}. Then F(S) = 2gm +

2g + 2 and thus @ +m=(q+1)m+qg+1=(qg+ 1)n;. Proposition 4.15 asserts
that S is a pseudo-symmetric numerical semigroup. a

Theorem 4.31. Let m and e be positive integers such that 3 < e < m— 1. Then there
exists a pseudo-symmetric numerical semigroup with multiplicity m and embedding
dimension e.

Proof. 1f e = 3, then Lemma 4.28 ensures the existence of this semigroup. Thus, in
sequel, we shall assume that 4 < e < m — 1. We distinguish two cases depending on
the parity of m —e.

1) If m — e is odd, then there exists ¢ € N such that m — e = 2¢g + 1. Moreover,
since e > 4, m > 2q+5. By Lemma 4.29, we deduce that there exists a pseudo-
symmetric numerical semigroup S with m(S) =mande(S) =m—2g—1=e.

2) If m— e is even, then there exists ¢ € N\ {0} such that m —e =2q. As e > 4,
m > 2g+4. By Lemma 4.30, we deduce that there exists a pseudo-symmetric
numerical semigroup S with m(S) =m and e(S) =m—2g =e. O

Example 4.32 ([74]). The numerical semigroup S = (11,12,37,38,39,43) is pseudo-
symmetric with m(S) = 11, e(S) = 6 and F(S) = 64 (¢ = 2).

The semigroup S = (11,12,29,30,31,32,37) is a pseudo-symmetric numerical
semigroup with m(S) = 11, e(S) =7 and F(S) = 50 (¢ = 2).

As for embedding dimension three,

e §=(6,7,17) is anirreducible numerical semigroup with m(S) = 6 and F(S) = 22.
e §=(7,8,25) is an irreducible numerical semigroup with m(S) =7 and F(S) = 34.
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3 Unitary extensions of a numerical semigroup

We introduce the concept of special gap of a numerical semigroup. Its definition is
motivated by the problem of finding the set of all numerical semigroups containing
a given numerical semigroup.

Given a numerical semigroup S, denote by

SG(S) = {x € PE(S) | 2xe S}.

Its elements will be called the special gaps of S.
It is easy to prove that the elements of SG(S) are precisely those gaps x of S such
that SU {x} is again a numerical semigroup.

Proposition 4.33. Let S be a numerical semigroup and let x € G(S). The following
properties are equivalent:

(1) x € SG(S),
(2) SU{x} is a numerical semigroup.

Example 4.34. Let S = {0,7,—}. Then S is a numerical semigroup with PF(S) =
{1,2,3,4,5,6}, and consequently SG(S) = {4,5,6}. This implies that {0,4,7,—1},
{0,5,7,—} and {0,6,—} are numerical semigroups.

If the numerical semigroup S is properly contained in a numerical semigroup
T and we take x = max(7 \ S), then x+s € T and x+ s > x for all s € S*. Thus
x+s € S. Analogously, 2x € T and 2x > x, which implies that 2x € S. This proves
the following result.

Lemma 4.35. Let S and T be two numerical semigroups such that S C T. Then
SU{max(T \ S)} is a numerical semigroup, or equivalently, max(T \ S) € SG(S).

Given a numerical semigroup S, we denote by J/(S) the set of all numerical
semigroups that contain S. We will refer to &'(S) as the set of oversemigroups of S.
Since the complement of S in N is finite, (S) is finite.

Given two numerical semigroups S and 7 with S C T, we define recursively

o Sop=2,
e Sy =S, U{max(T\S,)}ifS, #T,and S, = S, otherwise.

If the cardinality of 7'\ S is k, then
S§=8CSC---CS=T.

By using this idea we can construct the set 0'(S). We start setting &'(S) = {S}, and
then for every element in &'(S) not equal to N (observe that SG(N) is the empty set),
we attach to ¢(S) the numerical semigroups SU {x} with x ranging in SG(S).
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Example 4.36 ([90]). Let S = (5,7,9,11). For this semigroup, SG(S) = {13} and
thus SU{13} =(5,7,9,11,13) is a semigroup containing S (the only one that differs
in just one element). As SG(SU{13}) = {6,8}, from SU {13} we obtain two new
semigroups which are SU{13,6} and SU {13,8}. By repeating this process we
obtain €(S), which we draw below as a graph.

S=(57,9,11)
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As a consequence of Lemma 4.35, if S is a numerical semigroup, then S is max-
imal (with respect to set inclusion) in the set of all numerical semigroups not cut-
ting SG(S). Moreover, SG(S) is the smallest set of gaps that determines S up to
maximality.

Proposition 4.37. Let S be a numerical semigroup and let {g1,...,g} C G(S). The
following conditions are equivalent.

1) S is maximal (with respect to set inclusion) in the set of all numerical semigroups
T such that TN{g1,...,&} is empty.

2) SG(S) C{g1,---:&}-

Proof. Let x € SG(S). By Proposition 4.33, SU {x} is a numerical semigroup con-
taining S properly. Thus if Condition 1) holds, then (SU{x}) N {g1,...,&} # 0.
Hence x € {g1,...,&}.

The implication 2) implies 1) follows easily from Proposition 4.33 and Lemma
4.35. O

As a corollary we find another characterization of irreducible numerical semi-
groups. By Theorem 4.2, we know that a numerical semigroup S is irreducible if
and only if it is maximal in the set of numerical semigroups that do not cut {F(S)}.
Clearly F(S) belongs to SG(S), whenever S is not equal to N.

Corollary 4.38. Let S be a numerical semigroup. Then S is irreducible if and only
if SG(S) has at most one element.
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The following two results enable us to find a generalization of the construction
proposed in Lemma 4.3 to find an irreducible oversemigroup of a given numerical
semigroup with the same Frobenius number.

Lemma 4.39. Let S be a numerical semigroup and let {g1,...,g} C G(S). The fol-
lowing conditions are equivalent.

1) S is maximal in the set of numerical semigroups T such that TN {gy,...,&} is

empty.
2) If x € G(S), then there existi € {1,...,t} and k € N\ {0} such that g; —kx € S.

Proof. 1) implies 2). Letx € G(S). Since S C (S,x), we have that (S,x) N {g1,...,&}
is not empty. Hence there exist i € {1,...,7}, k € N\ {0} and s € S such that g; =
s+ kx. This leads to g; —kx € S.

2) implies 1). Let T be a numerical semigroup such that S C 7. Take x € T'\ S.
Then S C (S,x) C T and by hypothesis there exist i and k such that g; — kx € S.
Hence g; € (S,x), which implies that g; € T a

Proposition 4.40. Let S be a numerical semigroup and {g1,...,8} € G(S). If there
exists

h=max{x€Z\S|2xeS,gi—x ¢S forallic{l,...,t}},
then SU{h} is a numerical semigroup not intersecting {g1,...,8}.

Proof. By Proposition 4.33, we must prove that 2 € SG(S). Clearly 2 € S. Assume
that there exists s € S\ {0} such that h+s ¢ S. Since 2(h+s) € Sand h < h+s,
we get that g; — (h+s) € S for some i € {1,...,7}. But this yields g; —h € S, in
contradiction with the definition of 4. g

Corollary 4.41. Let S be a numerical semigroup and {g1,...,8} C G(S). The fol-
lowing conditions are equivalent.

1) S is maximal in the set of all numerical semigroups whose intersection with

{glw-'agt} is empty
2) Foreveryx € N, if x € G(S) and 2x € S, then g; —x € S for some i € {1,...,t}.

Proof. 1) implies 2) follows from Proposition 4.40.

For the other implication, in view of Lemma 4.39, it suffices to show that for
every x € G(S), there exist appropriate i and k such that g; — kx € S. Let x € G(S) and
set k =max{n € N\ {0} | nx € S}. Clearly kx € G(S) and 2kx € S. By hypothesis
gi—kx e Sforsomeie{l,...,t}. O

As a consequence of these two results, we obtain a characterization of irreducible
numerical semigroups that gathers Conditions 1) and 2) of Proposition 4.4.

Corollary 4.42. Let S be a numerical semigroup. Then S is irreducible if and only
ifforallx € N, x € G(S) and 2x € S imply F(S) —x € S.

Proof. Follows from Theorem 4.2 and Corollary 4.41. O
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Let . be the set of all numerical semigroups. For {g1,...,8} C N, define

y(gl,...,g,):{S’E&”\S’ﬂ{gl,...,g,}:@}.

Proposition 4.40 can be used to find a maximal element in .7 (gy,...,g;). We only
have to take as starting point S = {0, max{gi,..., g} +1,—} and define recursively
e So=25,

e S,r1=>5,U{h(S,)}, where h(S,) is
max{x € G(S,) | 2x € S, gi —x ¢ Sy foralli e {1,...,t}};

if h(S,) does not exist, then S, is the desired semigroup (Corollary 4.41 gives
this stop condition).

Example 4.43 ([90]). We compute an element in Maximalsc (.(5,6)).

(1) So=8=1{0,7,—},h(Sy) =4,
(2) S1 ={0,4,7,—}, h(S;) does not exist and thus S; belongs to
Maximalsc (.7 (5,6)).

4 Decomposition of a numerical semigroup into irreducibles

We present a procedure to compute a decomposition of a given numerical semigroup
into irreducible numerical semigroups. We will also show how to obtain “minimal”
decompositions.

Let S be a numerical semigroup. If S is not irreducible, then there exists S; and
S, properly containing it such that S = S| N.S,. We might wonder now if S or S are
irreducible, and in the negative write them as an intersection of two other numerical
semigroups. We can repeat several times this process, but only a finite number of
times, since every numerical semigroup appearing in this procedure properly con-
tains S and &(S) is finite.

Proposition 4.44. Every numerical semigroup can be expressed as the intersection
of finitely many irreducible numerical semigroups.

Recall that we have a procedure to construct &'(S) for any numerical semigroup
S, based on the computation of the set SG(S). While performing this procedure we
can choose those over semigroups with at most one special gap, which in view of
Corollary 4.38 are those irreducible oversemigroups of S. Denote by

F(S)={T € O(S)| T is irreducible } .

It follows that S = (¢ () T. We can remove from this intersection those elements
that are not minimal with respect to set inclusion, and the resulting semigroup re-
mains unchanged.
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Proposition 4.45. Let S be a numerical semigroup and let
{S1,...,8,} = Minimalsc.7 (S).

Then
S=8N---N8S,.

This decomposition does not have to be minimal (in the sense of minimal number
of irreducibles involved) as the following example shows.

Example 4.46 ([90]). Let S = (5,6,8). We compute the set Minimalsc.#(S). Since
EH(S) = {7,9}, by Proposition 4.33, SU {7} and SU {9} are numerical semi-
groups. As SG(SU{7}) = {9}, SU{7} is irreducible (Corollary 4.38), which im-
plies that it belongs to Minimalsc (-#(S)). The semigroup SU {9} is not irreducible
(SG(SU{9}) = {3,4,7}). By Proposition 4.33 the sets SU{9,3}, SU{9,7} and
SU{9,4} are also numerical semigroups. Both SU{9,3} and SU {9,4} are irre-
ducible semigroups, and SU {9,7} contains the semigroup SU {7} (the first irre-
ducible we have found). Hence the set

Minimalsc (& (S)) = {SU{7},SU{9,3},SU{9,4}}.
Finally,
S=E@U{7HNSU{9,4})N(SU{9,3}) = (SU{7}HN(SU{9,4}). O

When looking for the least n such that S =S, Nn---NS,, with §1,...,S, €
Z(S), then it suffices to search among the decompositions with elements in
Minimalsc (. (S)).

Proposition 4.47. Let S be a numerical semigroup. If S = SN ---NS, with Sy,...,
Sp € F(S), then there exists S}, ...,S, € Minimalsc (. (S)) such that

S=S8n---ns.

Proof. For every i € {1,...,n}, if S; does not belong to Minimalsc (-#(S)), then
take S; € Minimalsc (.#(S)) such that S: C S;. O

The next proposition gives a clue on which semigroups must appear in a minimal
decomposition.

Proposition 4.48. Let S be a numerical semigroup and let Sy,...,S, € O(S). The
following conditions are equivalent.

1)S=8nN---NnS,.
2) For all h € SG(S), there existsi € {1,...,n} suchthat h € S,.

Proof. 1)implies2).1f h € SG(S), then h ¢ S and thus 2 & S; for some i € {1,...,n}.
2)implies 1).1f S C S N---NS,, then by Lemma 4.35, h = max((S1N---NS,)\S)
is in SG(S), and in all the S;, in a contradiction with the hypothesis. O
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We can compute Minimalsc (.#(S)) = {S1,...,S,}. Forevery i € {1,...,n}, set
C(Si) ={heSG(S) |h¢Si}.
By Proposition 4.48 we know that
S=S5; M---NS, if and only if C(S;, ) U---UC(S;,) = SG(S).

From the above results we can obtain a method for computing a decomposition
of S as an intersection of irreducible semigroups with the least possible number of
them.

For a set Y, we use #Y to denote its cardinality.

Algorithm 4.49. Let S be a non-irreducible semigroup.

(1) Compute the set SG(S).
(2) SetI =0 and C = {S}.
(3) For all §’ € C, compute (using Proposition 4.33) all the semigroups S such that

#(S\ ') = 1. Remove S’ from C. Let B be the set formed by the semigroups
constructed in this way.

(4) Remove from B the semigroups S’ fulfilling that SG(S) C §'.

(5) Remove from B the semigroups S’ such that there exists S € I with S C §'.

(6) Set C ={S§" € B| S is not irreducible }.

(7) Set I =1U{S € B|S isirreducible }.

(8) If C # 0, go to Step 3.

(9) For every S € I, compute C(S).

(10) Choose {Si,...,S,} such that r is minimum fulfilling that

C(S1)U---UC(S,) = SG(S).
(11) Return Sy, ...,S;.
Next we illustrate this method with an example.

Example 4.50. We take again the semigroup S = (5,6,8). We have that SG(S) =
{7,9}. Performing the steps of the above algorithm we get (in Steps 6 and 7) that
I1={(5,6,7,8)} and C ={(5,6,8,9)}}. Since C # 0, we go back to Step 3 obtaining
that I = {(5,6,7,8),(3,5),(4,5,6)} and C = 0. Step 8 yields

C((5,6,7,8)) = {9}’ C((3,5)) = {7}7 C((4,5,6)) = {7}
The minimal decompositions of S are
S=(5,6,7,8)N(3,5)

and
S§=(5,6,7,8)N{4,5,6).
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Given a numerical semigroup we can consider two kinds of minimality in a de-
composition of this semigroup into irreducibles. The first is in terms of the cardinal-
ity, that is minimal in the sense that the least possible number of irreducibles appear
in the decomposition. The second is in terms of redundancy, that is, a decomposi-
tion is minimal if no semigroup involved is redundant (cannot be eliminated and the
intersection remains the same), or in other words, it cannot be refined into a smaller
decomposition. Both concepts do not coincide. Clearly a decomposition with the
least possible number of irreducibles involved cannot be refined. However there are
decompositions that cannot be refined with more irreducibles than other decompo-
sitions.

Example 4.51. The numerical semigroup S = (5,21,24,28,32) can be expressed as
S=1(5,9,12,13)N(5,11,12,13) N (5,12,14,16) N (5,14,16,18)

and as
S=(57)n{5,8).

Let us make the computations with the numericalsgps package.

gap> s:=NumericalSemigroup(5,21,24,28,32);
<Numerical semigroup with 5 generators>

gap> DecomposelIntolrreducibles (s);

[ <Numerical semigroup>, <Numerical semigroup>,
<Numerical semigroup>, <Numerical semigroup> ]
gap> l:=last;;

gap> List (1,

> MinimalGeneratingSystemOfNumericalSemigroup) ;
( (5 9 12, 131, [ 5, 11, 12, 13 1,

[ 5, 12, 14, 16 1, [ 5, 14, 16, 18 1 1]

gap> s=IntersectionOfNumericalSemigroups (
>NumericalSemigroup (5, 7) ,NumericalSemigroup (5, 8));
true

gap> s=IntersectionOfNumericalSemigroups (1[1],

> IntersectionOfNumericalSemigroups (1[2],1[3]));
false

gap> s=IntersectionOfNumericalSemigroups(1[1l],

> IntersectionOfNumericalSemigroups (1[2],1[4]1));
false

gap> s=IntersectionOfNumericalSemigroups (1[1],

> IntersectionOfNumericalSemigroups (1[3],1[4]1));
false

gap> s=IntersectionOfNumericalSemigroups (1[2],

> IntersectionOfNumericalSemigroups (1[3],1[4]1));
false
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5 Fundamental gaps of a numerical semigroup

In view of Proposition 4.37, if S is a numerical semigroup, the set SG(S) determines
S up to maximality (with respect to set inclusion). This does not mean that it deter-
mines it uniquely. There can be found numerical semigroups S and T with 7' # §
and SG(S) = SG(T) (this implies that neither S C T nor T C ).

Example 4.52. For S in {(3,8,13),(4,7,9),(6,7,8,9,11)}, SG(S) = {10}.

We present in this section a subset of the set of gaps of a numerical semigroup that
fully determines it. This subset was introduced in [91]. Most of the results appearing
in this section can be found there.

Let S be a numerical semigroup. We say that a set X of positive integers deter-
mines the gaps of § if S is the maximum (with respect to set inclusion) numerical
semigroup such that X C G(S).

Given X C N we denote by D(X) the set of all positive divisors of the elements
of X, that is,

D(X) ={a € N]adivides somex € X }.

Proposition 4.53. Let X be a finite set of positive integers. The following conditions
are equivalent.

1) The set X determines the gaps of a numerical semigroup.
2) N\D(X) is a numerical semigroup.

If these conditions hold, then X determines the gaps of the numerical semigroup
N\ D(X).

Proof. 1) implies 2). Let S be the numerical semigroup whose gaps are determined
by X. Since X C G(S), we have that D(X) C G(S) and thus S C N\ D(X). Take
a € N\D(X). Then §' = (a,max(X) + 1,—) is a numerical semigroup such that
X C G(Y), and from the definition of S, we have that S’ C S. Hence a € S and
this proves that N\ D(X) = S. In particular we obtain that N\ D(X) is a numerical
semigroup.

2) implies 1). Obviously, N\ D(X) is the numerical semigroup whose gaps are
determined by X. O

Proposition 4.54. Let S be a numerical semigroup and let X be a subset of G(S).
The following conditions are equivalent.

1) X determines the gaps of S.
2) Foreverya €N, if a € G(S) and {2a,3a} C S, then a € X.

Proof. If X determines the gaps of S, then by applying Proposition 4.53, we have
that § = N\ D(X), and consequently G(S) = D(X). If @ is an element of G(S), then
there exists x € X such that a | x and thus ka = x for some k € N. If in addition we
assume that {2a,3a} C S, we have that la € S for every positive integer / greater
than one. Therefore k =1 and a = x € X.
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For the other implication, in view of Proposition 4.53, it suffices to prove that
S = N\ D(X). By hypothesis X C G(S) and thus D(X) C G(S). Hence S C N\
D(X). If a is a nonnegative integer not belonging to S, then a € G(S). Let k =
max{n € N | na € G(S) } (G(S) is finite, 0 ¢ G(S) and thus k € N\ {0}). It follows
that ka € G(S) and {2ka,3ka} C S. This implies by hypothesis that ka € X, and
consequently a € D(X). This proves S = N\ D(X). O

This result motivates the following definition. A gap x of a numerical semigroup
S is fundamental if {2x,3x} C S (or equivalently, kx € S for all k > 1). We denote
by FG(S) the set of fundamental gaps of S.

Example 4.55. Let S = (5,8,9) = {0,5,8,9, 10, 13, —}. Then FG(S) = {7,11,12}.
With this new notation we can reformulate Proposition 4.54.

Corollary 4.56. Let S be a numerical semigroup and let X be a subset of G(S). Then
X determines the gaps of S if and only if FG(S) C X.

Hence for a numerical semigroup S, FG(S) is just the smallest (with respect to
set inclusion) subset of G(S) determining the gaps of S. Two different elements of
FG(S) are not comparable with respect to the divisibility relation.

Proposition 4.57. Let X be a finite subset of N\ {0}. The following conditions are
equivalent.

1) There exists a numerical semigroup S such that FG(S) = X.
2) N\ D(X) is a numerical semigroup and x Jy for all x,y € X such that x # y.

Proof. 1) implies 2). This implication has been already proved.

2) implies 1). If S = N\ D(X) is a numerical semigroup, then X determines
its gaps. Moreover, by applying Corollary 4.56 we get that FG(S) C X. From the
hypothesis x [y for all x,y € X, x # y, it follows that for every x € X, we have
that {2x,3x} ND(X) is empty. Hence x € G(S) and {2x,3x} C S. This means that
x € FG(S). O

Let S be a numerical semigroup and let x € SG(S). Then 3x =x+2x € S, because
2x € S by definition. Hence SG(S) C FG(S). Moreover, the condition x+ s € S for all
s € S* implies that the elements of SG(S) are those maximal in FG(S) with respect
to the ordering <g.

Proposition 4.58. Let S be a numerical semigroup. Then
SG(S) = Maximals< FG(S).
Corollary 4.38 can be reformulated according to this information.

Corollary 4.59. Let S be a numerical semigroup. Then S is irreducible if and only
if the set Maximals< FG(S) has at most one element.

The set of fundamental gaps of a numerical semigroup give an alternative way to
construct the set of all its oversemigroups (see [91]).
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Exercises

Exercise 4.1 ([73]). Prove that S is a pseudo-symmetric numerical semigroup with
multiplicity four if and only if S = (4,x+2,x+4) with x an odd integer greater than
or equal to three.

Exercise 4.2 ([73]). Let S be an irreducible numerical semigroup and let n € S be
greater than or equal to four. If Ap(S,n) = {0 =wp < w; < -+ < wy,_1}, then
S" = (n,w +n,...,w,_»+n) is a numerical semigroup with multiplicity n and em-
bedding dimension n — 1.

Exercise 4.3 ([73]). Let S be an irreducible numerical semigroup with m(S) > 5
and e(S) = m(S) — 1. Assume that {n; < ny < --- < np,—1} is a minimal system
of generators of S. Prove that S’ = (ni,ny —ny,...,n,—1 —np) is an irreducible
numerical semigroup.

Exercise 4.4 ([73]). Prove that there exists a one-to-one correspondence between
the set of irreducible numerical semigroups with multiplicity m > 5 and Frobenius
number F, and the set of irreducible numerical semigroups S with m(S) =m, F(S) =
F +2m and with any minimal generator other than the multiplicity greater than twice
the multiplicity.

Exercise 4.5 ([32, 33]). Let a and b be integers such that 0 < a < b and let S =
(a,a+1,...,a+Db). Prove that S is symmetric if and only if ¢ =2 mod b.

Exercise 4.6 ([70]). Let S be a numerical semigroup and let x € G(S). Prove that
there exist an irreducible numerical semigroup 7 with S C T and F(T) = x.

Exercise 4.7 ([70]). Let S be a numerical semigroup and let {fi,....f,} = {f €
PFE(S) | f > F(S)/2}. Prove that there exist irreducible numerical semigroups
Si,...,Sysuch that F(S;) = fi foralli € {I,...,r} and S=S;N---NS,.

Exercise 4.8 ([71]). Prove that S can be expressed as an intersection of symmetric
numerical semigroups if and only if for all even integer x € G(S) there exists a pos-
itive odd integer y such that x+y ¢ (S,y). Show that (4,5,6,7) cannot be expressed
as an intersection of symmetric numerical semigroups.

Exercise 4.9 ([71]). Show that if all the pseudo-Frobenius numbers of a numeri-
cal semigroup S are odd, then S can be expressed as an intersection of symmetric
numerical semigroups. Prove that S = (5,21,24,28,32) is the intersection of some
symmetric numerical semigroups, and that 16 € PF(S).

Exercise 4.10 ([91]). For a positive integer, define D(a) as D({a}). Prove that N'\
D(a) is a numerical semigroup if and only if a € {1,2,3,4,6}.

Exercise 4.11 ([91]). Let S be a numerical semigroup. Show that

7] < <[]
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Exercise 4.12 ([68]). Let S be a symmetric numerical semigroup with m(S) > 3 and
let T =SU{F(S)}. Prove that t(T) = e(S) = e(T) — 1.

Exercise 4.13 ([68]). Let m and ¢ be integers such that 1 <7 < m — 1. Show that
there exists a numerical semigroup S with t(S) =¢ and m(S) = m.

Exercise 4.14 ([68]). Let S be a symmetric numerical semigroup and let x be a min-
imal generator of S. Show that if x < F(S), then

{F(S),x} S PE(S\{x}) € {F(S),x,F(S) —x}.

Exercise 4.15 ([68]). Let m be a positive integer greater than or equal to 3. Prove
that (m,m+1,...,m+m—2) is a symmetric numerical semigroup with Frobenius
number 2m — 1.

Exercise 4.16 ([68]). Prove that if e is an integer greater than or equal to 3, then
there exists a numerical semigroup with e(S) = e and t(S) = 2 (Hint: Use Exercise
4.15 with m = e+ 2 and remove the minimal generator 2e + 2).

Exercise 4.17 ([68]). Prove that if e is an integer greater than or equal to 4, then
there exists a numerical semigroup with e(S) = e and t(S) = 3 (Hint: Use Exercise
4.15 with m = e and remove the minimal generator e).

Exercise 4.18 ([65]). Let S be a pseudo-symmetric numerical semigroup and let x
be a minimal generator of S. Show that if x < F(S), then
F(S)
{E(8),x} © PE(S\ {x}) € {F(S),x, —=,F(S) —x}.
Exercise 4.19 ([65]). Prove that if e is an integer greater than or equal to 4, then
there exists a numerical semigroup with e(S) = e and t(S) = 4.

Exercise 4.20. Let S be an irreducible numerical semigroup and let n be a minimal
generator of S. Prove that if F(S) —n € SG(S\ {n}), then (S\ {n}) U{F(S) —n} is
also an irreducible numerical semigroup. (This gives a procedure to construct the
set of all irreducible numerical semigroups with given Frobenius number.)

Exercise 4.21 ([5]). Let S be a numerical semigroup. Show that S is symmetric if
and only if for every relative ideal / of S, I*® = I (see Exercise 2.13). The reader can
check that the result is also true for principal relative ideals of the form x 4§ with x
a positive integer.

Exercise 4.22 ([4]). Let S be a numerical semigroup and let £2 be its canonical ideal
(see Exercise 2.14). Prove that S is symmetric if and only if S = Q.

Exercise 4.23 ([34]). Let f be a positive integer. Assume that2 | f,3 | fand 4 | f.
Let o and ¢ be such that f = 3%g, with ged{3,¢} = 1 (and thus 4 | ¢). Then

ot 43309 943309 9 4
S={ 5 T3,3% 543, 2+2+>

is an irreducible numerical semigroup with F(S) = f.
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Exercise 4.24 ([34]). Every positive integer is the Frobenius number of an irre-
ducible numerical semigroup with at most four generators (Hint: Let f be such an
integer; if f is odd, use (2, f +2); if f is even and not a multiple of three use Lemma
4.27; if f is a multiple of two and three, and not a multiple of four, use Exercise 4.1;
finally for the rest of the cases use Exercise 4.23).

Exercise 4.25 ([8]). Prove that every irreducible numerical semigroup that is not a
half-line is acute (see Exercise 2.8).

Exercise 4.26 ([4]). Let S be a numerical semigroup, let M be its maximal ideal
(Exercise 2.13), and let Q be its canonical ideal (Exercise 2.14). Prove that #(Q \
(Q4M))=#(2\S)+1ifand only if M = Q + M. A numerical semigroup fulfilling
any of these equivalent conditions is called almost symmetric.



Chapter 4
Proportionally modular numerical semigroups

Introduction

In [94] the authors introduce the concept of a modular Diophantine inequality. The
set of integer solutions of such an inequality is a numerical semigroup. In that
manuscript it is shown that the genus of these semigroups can be obtained from
the coefficients of the inequality. However, to date we still do not know formulas for
the Frobenius number or the multiplicity of the semigroup of solutions of a modular
Diophantine inequality.

Later in [92] these inequalities are slightly modified obtaining a wider class of
numerical semigroups. The new inequalities are called proportionally modular Dio-
phantine inequalities. In [95] the concept of Bézout sequence is introduced, which
became an important tool for the study of this type of numerical semigroup. These
sequences are tightly related to Farey sequences (see [40] for the definition and
properties of Farey sequences) and to the Stern-Brocot tree (see [38]).

1 Periodic subadditive functions

We introduce the concept of periodic subadditive function. We show that to every
such mapping there exists a numerical semigroup. This correspondence also goes
in the other direction; for every numerical semigroup and every nonzero element in
it, we find a periodic subadditive function associated to them. The contents of this
section can be found in [66].

Let Qg denote the set of nonnegative rational numbers. A subadditive function
isamap f: N — Qf such that

(1) f(0)=0,
(2) flx+y) < f(x)+ f(y) forall x,y € N.

From this definition it is easy to prove our next result, in which we see that every
subadditive function has a submonoid of N associated to it.
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Lemma 5.1. Let f : N — Qg be a subadditive function. Then

M(f) ={x e N[ f(x) <x}
is a submonoid of N.

Let m be a positive integer. The map f : N — Qj has period m if f(x-+m) = f(x)
for all x € N. We denote by ..%, the set of m-periodic subadditive functions. If
f € S Fy, then we know that M(f) is a submonoid of N. Clearly, for every x € N
such that x > max{f(0),...,f(m— 1)} one has that x € M(f), which implies that
N\ M(f) is finite. This proves the following lemma.

Lemma 5.2. Let m be a positive integer and let f € ./ F . Then M(f) is a numer-
ical semigroup.

The use of subadditive functions is inspired in the following result, which is a
direct consequence of Lemma 2.6 and Proposition 3.5.

Lemma 5.3. Let S be a numerical semigroup and let m be a nonzero element of S.
Assume that Ap (S,m) = {w(0) = 0,w(1),...,w(m— 1)} with w(i) =i mod m for
all i € {0,...,m—1}. Define f: N — N by f(x) = w(x mod m). Then f € ./ F,
and M(f) = S.

If m is a positive integer and f € .F ,, then as 0 = f(0) = f(0+m) = f(m),
we have that f(m) < m, or equivalently m € M(f), as expected.

Lemma 5.4. Let m be a positive integer and [ € ./ F . Then m € M(f).

Let ., be the set of numerical semigroups containing m. As a consequence of the
results given so far in this section, we obtain the following result which shows the
tight connection between numerical semigroups and periodic subadditive functions.

Theorem 5.5. Let m be a positive integer. Then
Im={M)|feSFnt.

We now introduce a family of periodic subadditive functions whose associated
semigroups will be the subject of study for the rest of this chapter.
Let a, b and c be positive integers. The map

FiN= @, f) =0

c

is a subadditive function of period b. Hence

S(a,b,c):M(f):{xeN‘ MOdb<x}:{x€N|axmodb<cx}

c

is a numerical semigroup.



2 The numerical semigroup associated to an interval of rational numbers 59

A proportionally modular Diophantine inequality is an expression of the form
ax mod b < cx, with a, b and c¢ positive integers. The integers a, b and c are called
the factor, modulus and proportion, respectively. The semigroup S(a, b, c) is the set
of integer solutions of a proportionally modular Diophantine inequality. A numerical
semigroup of this form will be called proportionally modular.

Example 5.6. S(12,32,3) = {x € N| 12x mod 32 < 3x} = {0,3,6,—} = (3,7,8).

2 The numerical semigroup associated to an interval of rational
numbers

We observe in this section that proportionally modular numerical semigroups are
precisely the set of numerators of the fractions belonging to a bounded interval. The
results of this section also appear in [92].

Given a subset A of Q(J{ , we denote by (A), the submonoid of Q(J{ generated by
A, that is,

Ay={ Aa+---+Nay|ai,...,a, €Aand Ay,..., A, N},

Clearly S(A) = (A) NN is a submonoid of N (we use the same letter we are using for
proportionally modular numerical semigroups by reasons that will become obvious
later). We say that S(A) is the numerical semigroup associated to A.

Given two rational numbers A < 11, we use [A, 1], [A, u[, A, ] and |4, u[ to de-
note the closed, right-opened, left-opened and opened intervals of rational numbers
between A and u.

In this section, I denotes any of these intervals with 0 < A < p.

Lemma 5.7. Let xy,...,x; € I, then %(x] +otxg) €L

Proof. As k(min{xi,...,x}) < x; + - +x < k(max{xy,...,x;}), we have that
min{x,...,x} < % <max{xy,...,x}, and thus § (x4 +x¢) isinZ. O

The set S(7) coincides with the set of numerators of the fractions belonging to I.
This fact follows from the next result.

Lemma 5.8. Let x be a positive rational number. Then x € (I) if and only if there
exists a positive integer k such that 3 € I.

Proof. 1If x € (I), then by definition x = Ajx] + - - - + Ax; for some Ay,..., 4 € N
and xi,...,x; € [. By Lemma 5.7, m el
If 7 €I, then trivially k3 € (). O

We now see that every proportionally modular numerical semigroup can be re-
alized as the numerical semigroup associated to a closed interval whose ends are
determined by the factor, modulus and proportion of the semigroup.
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Lemma 5.9. Let a, b and c be positive integers with ¢ < a. Then

S(a,b,c) =S (BLD .

Proof. Letx € S(a,b,c)\{0}. Then ax mod b < cx. Hence there exists a nonnegative
integer k such that 0 < ax—kb < cx. If k =0, then ax < cx, contradicting ¢ < a. Thus
k # 0 and 2 <z< %. By Lemma 5.8, we obtain x € S([b b })

a’a—c

Now take x € S([2,-£-1)\ {0}. By Lemma 5.8 again, there exists a positive

a’a—c

integer k such that % < % < %. This implies that 0 < ax—kb < cx, and consequently
ax mod b < cx. O

Remark 5.10. The condition ¢ < a might seem restrictive. However this is not the
case, because if ¢ > a, then the semigroup S(a, b, ¢) is equal to N.

Note also that the inequality ax mod b < cx has the same set of integer solutions
as (@ mod b)x mod b < cx. Hence we can, in our study of Diophantine proportionally
modular inequalities, assume that 0 < ¢ < a < b.

Example 5.11. S(44,32,3) =5(12,32,3) =S ([3,3]) =s ([%,32]) =Nn({o}u
55U U8 F]u-) = {036}

Numerical semigroups associated to closed intervals are always proportionally
modular. Its factor, modulus and proportion are determined by the ends of the inter-
val. This result is a sort of converse to Lemma 5.9.

Lemma 5.12. Let a1, ay, by and by be positive integers with Z—: < Z—;. Then

by b
S ({17 2}) = S(ai1by,b1by,a1by —arby).
ay az

Proof. Note that S ({b' sz =S ([b‘b2 blbz] ) The proof now follows by Lem-

ay’ay aiby’ byay

ma5.9. O

With this we can show that the numerical semigroup associated to a bounded
interval is proportionally modular.

Lemma 5.13. S(I) is a proportionally modular numerical semigroup.

Proof. As S(I) = (I) NN, we have that S(I) is a submonoid of N. Take a and f3
in I with o¢ < 8. Then S([et,8]) € S(I) because [a, ] C I. By Lemma 5.12 and
Theorem 5.5, we know that S([et, 8]) is a numerical semigroup, and thus has finite
complement in N. This forces S(I) to have finite complement in N, which proves
that it is a numerical semigroup.

Let {ni,...,n,} be the minimal generating system of S(/). By Lemma 5.8, there
exist positive integers di,...,d, such that Z—i el forallie{l,...,p}. After rear-
ranging the set {ni,...,n,}, assume that
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ni np

— << -2

dy d,
Then S ([3—1, Z—ZD C S(), and by Lemma 5.8 again, {ny,...,n,} CS ([3—:, Z—zD
Thus S ( [Z—:, %} ) = S(7). In view of Lemma 5.12, S(I) is proportionally modular.
O

With all these results we obtain the following characterization for proportionally
modular numerical semigroups, which states that the set of solutions of a propor-
tionally modular Diophantine inequality coincides with the set of numerators of all
the fractions in a bounded interval.

Theorem 5.14. Let S be a numerical semigroup. The following conditions are equiv-
alent.

1) S is proportionally modular.
2) There exist rational numbers o and B, with 0 < a < 3, such that S = S([a, B]).
3) There exists a bounded interval of positive rational numbers such that S = S(I).

3 Bézout sequences

In this section we introduce the concept of Bézout sequence. As we have mentioned
at the beginning of this chapter, this is one of the main tools used for the study of
the set of integer solutions of a proportionally modular Diophantine inequality. This
sequences and their relation with proportionally modular numerical semigroups are
the main topic of [95].

A sequence of fractions Z—: < Z—; <-ee < Z—Z is a Bézout sequence if ai,...,ap,
bi,...,b, are positive integers such that a;; 1b; —a;b; 1 =1 forallie {1,...,p—1}.
We say that p is the length of the sequence, and that Z—: and Z—;’ are its ends.

Bézout sequences are tightly connected with proportionally modular numerical
semigroups. The first motivation to introduce this concept is the following property.

Proposition 5.15. Let ay, b1, ar and by be positive integers such that ayb, — axby =
1. Then S ([’Ll ’%D = (by,b2).

ay’a

Proof. Letx € (b1,by)\ {0}. Then x = Ab; + ub, for some A, u € N, not both equal

to zero. As
bt - Aby+uby X - by

a; ~— Aay+pay  Aay+pay ~ ar’

in view of Lemma 5.8, x € S ([b‘ bz} )

ay’ ay
From Lemma 5.12, by using that a;b, —a;b; = 1, we know that

S (|:bl7 bz:|) = S(a1b27b1b2, 1).

ap az
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ay’ ay

Ifxes ([ﬂ ZLZ] ) then a1 byx mod by by < x, and thus by(a;x mod by ) < x. Since

— d by)b
x:x (alx;no 1) 2b1+(a1xm0db1)b2»
1

for proving that x € (by,bs), it suffices to show that )%W € Z (we al-

ready know that it is nonnegative). Or equivalently, that (a;x mod b;)b, and x
are congruent modulo b;. Note that (ajx mod b;)by = ajbox mod bib, = (1 +
byaz)x mod b1by = x+ biaxx+kb1by = x+ by (axx + kby) for some integer k. O

Remark 5.16. Assume now that “—' < "—2 << b—" is a Bézout sequence. From

Lemma 5.8 a positive integer belongs to S <|:bl , Z—’D if and only if there exists

a positive integer k such that 7 € [Z‘ =2 ] Note that 7 {Z—i, Z—Z] if and only if

X aj Gitl H i it :
T € |:Fi7h[+l] forsomei € {1,...,p— 1}. This is equivalent to x € S ([b ”%HD in
a

view of Lemma 5.8 again. Proposition 5.15 states then that x € S ({b—l b—”D if and
only if x € (a;,ai41) for some i € {1,...,p—1}. That is,

S <[ZZZD = (a1, @) Uay,az) U+~ Uap_1,ap).

This also proves the following.

Corollary 5.17. Let ‘b” < b2 << % be a Bézout sequence. Then
p

a dp i _
S([bl’b,,}) (ar,az,...,ap).

Example 5.18. Let us find the integer solutions to 50x mod 131 < 3x. We know that

the set of solutions to this inequality is S ([}, 1]). As

131 76 21

50 20585354 59 ST 47
S

is a Bézout sequence, we have that S ([2L,1]) = (131,76,21,8,11,25,39) =
(8,11,21,25,39).

In this example we have given the Bézout sequence connecting the ends of the
interval defining the semigroup of solutions to the Diophantine inequality. We will
soon learn how to construct such a sequence once we know the ends of an interval.

As another consequence of Proposition 5.15, we obtain that every numerical
semigroup with embedding dimension two is proportionally modular.

Corollary 5.19. Every numerical semigroup of embedding dimension two is pro-
portionally modular.
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Proof. Let S be a numerical semigroup of embedding dimension two. There ex-
ist two relatively prime integers a and b greater than one such that S = (a,b). By
Bézout’s identity, there exist positive integers u and v such that bu —av = 1. Propo-
sition 5.15 ensures that S = (a,b) = S ([%,2]). Theorem 5.14 tells us that S is pro-
portionally modular. O

Next we will show that given two positive rational numbers, there exists a Bézout
sequence whose ends are these numbers. First, we see that the numerators and de-
nominators of the fractions belonging to an interval whose ends are rational num-
bers admit special expressions in terms of the numerators and denominators of these
ends.

Lemma 5.20. Let ay,az,b1,b2,x and y be positive integers such that bl < “2 . Then

Aaj+uay

al <i< 2 2 ifand only if § = 707

for some A and U positive integers.

Proof. Necessity. If Z—} <3< Z—i, then it is not difficult to show that (x,y) belongs
to the positive cone spanned by (a;,b;) and (az,b) (that is, to the set of pairs of
the form r(ay,by) + s(az,br) with r and s positive rational numbers). Hence there
exist positive rational numbers % and % such that (x,y) = fl’ L(ay,by) + (az,bg).

Thus q1q2x = pi1g2a1 + pagiaz and q1g2y = p1g2by + p2q1ba, and consequently
X _ Q192X _ P19201+p2q192
Y 4192y p1gabi+paqibyt

Suﬁiciency Follows from the fact that for any positive integers a,b,c and d, if

5 < g.then § < ZLLJ < 4 (this has already been used in Proposition 5.15). O

The next result gives the basic step for constructing a Bézout sequence whose
ends are two given rational numbers.

Lemma 5.21. Let ay, a>, by and by be positive integers such that hl < Zz and
gcd{ay,b1} = 1. Then there exist x,y € N\ {0} such that Zi <3< i and bix —
ary=1.

Proof. Observe that bjx —ajy = 1 if and only if x = 1’;& As ged{ay, b1} =1,

the equation a1 y = —1 mod b; has infinitely many positive solutions. Hence £ =
1;:'”)}) = b1 + b fulfills the desired inequalities for y a large-enough solution to the
equation a;y = —1 mod b;. O

Among all possible values arising from the preceding lemma, we fix one that
will enable us to apply induction for proving Theorem 5.23. As we will see next,
this choice will allow us to effectively construct a Bézout sequence with known
ends.

Lemma 5.22. Let ay, az, by and by be positive integers such that b‘ < ‘blz, gcd{ay,
b1} = ged{az,ba} = 1 and ayby —a1by =d > 1. Then there existst € N, 1 <t <d
such that ged{ta + ap,tby + by} = d.
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Proof. Inview of Lemma 5.21, there exist x,y € N such that Z—i < f < Z—; with byx—

ary= 1. Now, from Lemma 5.20, we have that § = %:iﬁi; for some A, € N\ {0}.

Asbix—ayy =1, we know that gcd{x,y} = I and thus x = od{Aa; T fiay Ab T}
Abi+uby

Y = sedlhar tpay b Tab} By substituting these values in b1x —a;y = 1 we deduce
that gcd{lal + Uaz,Ab; —|—ub2} = U(apby — a1by) = pud. Hence u | Aaj + pas
and U | Aby + uby, and consequently i | Aa; and p | Ab;. By using now that
gcd{aj,b1} = 1, we deduce that u | A. Let o0 = % € N\ {0}. We have then that
d= ng{Otal +ay, by —|—b2}.

Note that if d = ged{a,b}, then d | (a — kd,b —kd) for all k,k € N. By applying
this fact, we deduce that if t = mod d, then d | gcd{ta; +ay,tb; + b, }. Besides,
by ra];;az _alrb];rbz _ b|a2;alb2 — 4 — 1. Hence gcd{ta1+a2 tb]erz} 1 and thus
gcd{tal +ay,th —|—b2} =d.

Since t = oo mod d, obviously 7 < d; also 1 # 0, because gcd{az,br} =1#d. O

Aaj+pay

and

Now we are ready to show that for every two positive rational numbers, we can
construct a Bézout sequence connecting them.

Theorem 5.23. Let ay, ay, by and by be positive integers such that Z—i < Z—;
gcd{ay,b} = ged{az,br} = 1 and axby — a\by = d. Then there exists a Bézout
sequence of length less than or equal to d + 1 with ends bl and a2

Proof. We proceed by induction on d. For d = 1 the result is trivial. Now assume
that the statement holds for all the integers k with 1 < k < d. By Lemma 5.22, we
know that there exists a positive integer ¢, 1 <t < d such that ged{ta; + ay,tb; +
by} =d. Let x; = 52 and y; = ’b1+b2 . Since i = “4F% T emma 5.20 asserts

! . tb;aerb, _ b b
a X1 - % _ tajt+ay th+by 1a—ajby __ 4 _
that By < " < bz.Moreover,blxl aiy1 =by T —a = = =41

and ayy; — byx1 = a» tb‘;bz bz m‘jaz = (azbl —aiby) _ ud —t < d. By applying the

induction hypothems to ’% <3 , we deduce that there exists a Bézout sequence
L<P< << w1ths<t Hence, gl <L <2 <. <3+ < 72 isaBézout
sequence of length less than or equal to 7 + bl < d + 1. a

Remark 5.24. The proof of Theorem 5.23 gives an algorithmic procedure to com-
pute a Bézout sequence with known ends bl and “i Thus we have a procedure to

compute a system of generators of S ([“‘ , ZZ} ) We must first compute the least

positive integer ¢ such that gcd{ta; + aa,tb; + by} = d, and then repeat the proce-
dure with (1442 ) /(1ithay < b

Example 5.25 ([95]). We start with the fractions 13/3 < 6/1. Here d = 5 and so
there existsz € {1,...,4} such that gcd{ 137+ 6,37+ 1} = 5. The choice ¢ = 3 fulfills
the desired condition, whence we can place 33XX133++16 =9/2 between 13/3 and 6/1.
Now we proceed with 9/2 < 6/1, and obtain d = 3. In this setting gcd{1 x 9+ 6,1 x
2+ 1} = 3. Thus we put 528 = 3 between 9/6 and 6/1. Finally for 5/1 < 6/1, it
holds that d = 1 and consequently the process stops. A Bézout sequence for the

given ends is
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13 - 9 - 5 - 6
3 721 1
Observe that Bézout sequences connecting two ends are not unique, since if 7 <

[ 4 g @ o~ atc ¢
Jisa Bézout sequence, then so is 5 <tp3d <7

4 Minimal generators of a proportionally modular numerical
semigroup

We have seen the connection between systems of generators of a proportionally
modular numerical semigroup and Bézout sequences. In this section we will try to
sharpen this connection in order to obtain the minimal system of generators of a
proportionally modular numerical semigroup. We follow the steps given in [95].

A Bézout sequence Z—]‘ < Z—; << Z—i is proper if a;;pb; — aib;, > 2 for all
h > 2 such that i,i+h € {1,...,p}. Every Bézout sequence can be refined to a
proper Bézout sequence, by just removing those terms strictly between %; and %
whenever a;,b; —a;bip, = 1.

Example 5.26. The Bézout sequence % < 17—2 < % < % is not proper, and % < % < %
is proper.

Lemma 5.27. Let § < % < i be a Bézout sequence. Then b = % with d = cu—aw.

Proof. The proof follows easily by taking into account that bu —av = cv —bw = 1.
O

The next result shows that the maximum of the set of numerators of a proper
Bézout sequence is always reached at one of its ends.

Lemma 5.28. Ler Z—i < Z—i << Z—Z be a proper Bézout sequence. Then
max{ai,as,...,a,} = max{ai,ap}.

Proof. We proceed by induction on p. For p = 2, the statement is trivially true. We
assume as induction hypothesis that max{a>,...,a,} = max{a>,a,}. We next show
that max{ay,...,a,} = max{ai,ap,}. If max{as,a,} = a,, then the result follows
trivially. Let us assume then that max{as,a,} = a. If we apply Lemma 5.27 to
£ aj a as : _ _ajtas 1
the Bézout sequence B < By < by then we obtain that a, = Tb—a\by’ and as this
Bézout sequence is proper, azb; —ajbs > 2. Hence ap < “1’;“3 < zm‘“{;"“3} . We

distinguish two cases depending on the value of max{a;,as}.

e If max{ai,a3} = a3, then we deduce that a> < a3. Since max{as,...,a,} = as,
this implies that a; = a3. By using that Z—; < Z—z is a Bézout sequence and a, = a3,
we obtain that ay(by — b3) = 1, whence ay = 1. Since a; > 1, we conclude that

max{ai,...,ap} = ai.
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e If max{aj,as} = aj, then a; < ay, and the proof follows easily. O

As a consequence of this result, we have that the numerators of the fractions of a
proper Bézout sequence are arranged in a special way.

Proposition 5.29. Let ‘bl—i < Z—; << Z—i: be a proper Bézout sequence. Then

ai,...,ap is a convex sequence, that is, there exists h € {1,...,p} such that
ap2>ax > 2ap < apyp <o < dp.

Two fractions Z—: < Z—; are said to be adjacent if

aj ag aj ag
<—,andb;=1lor — < .
byl b T RO S T

As we will see later, this is the second condition required to obtain Bézout sequences
whose numerators represent minimal systems of generators.

First we show that 1 cannot be the numerator of a fraction in a Bézout sequence
of length two with adjacent ends.

Lemma 5.30. If Z—‘ < Z—z is a Bézout sequence whose ends are adjacent, then 1 ¢
1 2

{al,az}.

a

Proof. Assume that a; = 1. Then 1 = axby —a1by = arb; — by. Since Byt

we have that axb; < by + 1, in contradiction with axby = by + 1.

Suppose now that a; = 1. Observe that in this setting b # 1, since otherwise
< % and thus a1b, < 1. Hence é < bl“ll and therefore by — 1 < ab,. But this
is impossible because 1 = ayby —ai1by = by — a1 bs. O

1
<E’

Proposition 5.31. If % < Z—; << % is a proper Bézout sequence whose ends
P

are adjacent, then {ai,...,a,} is the minimal system of generators of the numerical
semigroup S = (ai,...,a,).

Proof. We use induction on p. For p =2, we know by Lemma 5.30 that a; and a»
are integers greater than or equal to 2 with gcd{a;,az} = 1. Thus the statement is
true for p = 2.

From Lemma 5.28, we know that max{aj,...,a,} = max{ai,a,}. We distin-
guish two cases, depending on the value of max{ay,a,}.

e Assume that max{ay,...,a,} = a;. Obviously Z—; << Z—Z is a proper Bézout

sequence. We prove that its ends are adjacent. Clearly % < Z—;. Note also that
P
by # 1, since otherwise the inequality “T‘ < Z—; would imply that a, > aj, con-

tradicting that a; = max{ay,...,a,}. Since a;by < axb; and a < a;, we have
that a1b» —a; < ayb; — a». Hence, if by # 1, we have that Z—z < g < 52

by by—1°

This proves that Z—Z << Z—” is a proper Bézout sequence with adjacent ends.
2 14

By using the induction hypothesis, we have that {a,,...,a,} minimally gener-

ates (az,...,ap,). Since a; = max{aj,...,a,}, in order to prove that {ay,...,a,}
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is a minimal system of generators of (ai,...,a,), it suffices to show that a; ¢

(a2,...,ap). In view of Corollary 5.17 we know that (az,...,a,) =S ( [Z—i, Z—ﬂ ) .
Hence, if a; € (az,...,al,), then by Lemma 5.8 there exists a positive inte-
ger y such that “—2 < “—1 < a—p. This leads to h—‘ < “1 < Z and consequently
;,]ail < “y‘ <z , , contradlctlng that “' and 72 are ad]acent

e Assume now that max{ai,...,a,} = a,. The proof follows by arguing as in the
preceding case, but now using that in this setting Z—: < < Zi—:: is a proper

Bézout sequence with adjacent ends. g

We see next that the converse to this result also holds: every proportionally mod-
ular numerical semigroup is minimally generated by the numerators of a proper
Bézout sequence with adjacent ends. The key to this result is the following lemma.

Lemma 5.32. Let S be a proportionally modular numerical semigroup other than
N. Then there exist two minimal generators ny and n,, of S and positive integers by

and by, such that § = S (|:b1 ' B D Moreover, Z and *. b are adjacent.

Proof. Let o and B be two positive rational numbers such that @ < 8 and S =
S([a,B]) (Theorem 5.14). By Lemma 5.8, we know that if n is a minimal gen-
erator of S then there exists a positive integer x such that a < 2 < B. Note
that ged{n,x} = 1, since if ged{n,x} =d # 1, then o < "/" < B, which would
mean that 5 is in S, contradicting that n is a minimal generator of S. Let a(n) =

max {x € N\ {0} | @ <2 }. We are assuming that S # N, thus if n; and n; are
two distinct minimal generators of S, then ﬁ * #”{j)’ because ged{n;,a(n;)} =

ged{nj,a(n;)} =1, and a( 5= a(rlr{j) would imply that n; = n;. Hence there exists an

arrangement of the minimal generators ny,...,n, of S such that a@ < a( 1) < % <
< #"p) <B.Forallie{l,...,p—1},letb(n;) = mm{xeN\{O} | %< anrf,,) }
Then there exists a permutation ¢ on the set {1,...,p — 1} such that
o (1) o (2) o (p-1) p
a< < << < <B.
b(ng(1y)  blng()) b(ng(p—1))  a(np)

ng ng .
Note that o < a(”(:(ll))) < b(ni((l))) since b(nd(l)) <a(ng(1)), and that a(n ) < o due

to the maximality of a(n,). Hence ;-rb—

np) — b(r:’g((ll))). Besides, it is clear from the
L. . n ng(1)
definition of b(ng(1)) thatif b(ng(1)) # 1, then ﬁ < Blrg) T
In order to conclude the proof, it suffices to show that S is the numerical semi-

) p a(l) p
group T =S (|:b(nc(1)> , “(’WD Since [b( o) a(m} C [, B], we have that T C S.
s (1) s (2) o(p—1) n
S m b("o—(z)) m < a(}’lpp)’ by Lemma 5.8 we deduce that

{n1,...,np} CT.Thus S=T. O
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Proposition 5.33. Let S be a proportionally modular numerical semigroup with
e(S) = p > 2. Then there exist an arrangement ny,...,n, of the set of minimal gen-
erators of S and positive integers by, ..., b, such that Z—: < % << Zf is a proper
Bézout sequence with adjacent ends.

Proof. By Lemma 5.32, we know that there exists 71 and n,, minimal generators of

S and positive integers by and b, such that § = S ([Z—i, Zf]) and the limits of this
interval are adjacent.

As we pointed out in the proof of Lemma 5.32, since n; and n, are mini-
mal generators of S and in view of Lemma 5.8, it must hold that ged{n;,b;} =
ged{np,bp} = 1.

If we apply Theorem 5.23 to Z—i <

Zl and refine the resulting Bézout sequence,
P

. 7z n
then we obtain a proper Bézout sequence Z—; < i—: << i—j < 3£ whose ends are
P

adjacent. From Proposition 5.31, we conclude that {n,x1,...,x;,n,} is the minimal
system of generators of S. a

We end this section by giving an arithmetic characterization of the minimal sys-
tems of generators of a proportionally modular numerical semigroup (and thus a
characterization of these semigroups). The following easy modular computations
will be useful to establish this description. Given positive integers a and b with
gcd{a,b} = 1, by Bézout’s identity, there exist integers u and v such that au+bu = 1.
We denote by a~! mod b the integer # mod b.

Lemma 5.34. Let ny and ny be two integers greater than or equal to two such that
ged{n|,na} = 1. Then nz(ngl mod 1) —ny((—ny) ! mod np) = 1.

Proof. Since nz(ngl mod n;) = 1 mod n; and n;l mod n; < nj, we have that
—1

dny)—1 . . .

W is an integer less than n,. Besides,

~1
mod —1
nz(nz_l mod n;) —n1n2(n2 m)

217

ny
—1 a —1 -
which implies that n; W = —1(mod ny). Hence nalny mod my)—1 equals
(=n1)~" mod ny. Thus ns(ny ' mod ny) —ny ((—n) ™' mod na) = 1. O

The above-mentioned characterization is stated as follows.

Theorem 5.35. A numerical semigroup S is proportionally modular if and only if
there is an arrangement ny, ... ,n, of its minimal generators such that the following
conditions hold:

1) ged{nj,nip1} =1 forallie {1,....p—1},
2)ni—1+nir1 =0mod n; forallie{2,...,p—1}.
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Proof. Necessity. By Proposition 5.33, we know that (possibly after a rearrange-

ment of ny,...,n,) there exist positive integers by,...,b, such that Z—: << Z—[’j
is a Bézout sequence. Hence ged{n;,n;+1} =1 forall i€ {1,...,p—1}. In view
of Lemma 5.27, we obtain that n; = — =14l for all j € {2,...,p— 1} and

niy1bi—1—ni—1bit
consequently n;_; +n;—1 =0 mod n; foralli € {2,...,p—1}.

Sufficiency. From Lemma 5.34 and Condition 2), it is not hard to see that

ni ny np—1 np

— < — << — < -
ny' modn;  ny' modn; ny' modn,_;  (~np-1)"' modn,

is a Bézout sequence. By Corollary 5.17 and Theorem 5.14, we conclude that S is a
proportionally modular numerical semigroup. O

Example 5.36. This theorem gives a criterium to check whether or not a numerical
semigroup is proportionally modular. We illustrate it with some examples.

(1) The semigroup (6,8, 11,13) is not proportionally modular, since ged{6,8} # 1.

(2) We already know that the semigroup (8,11,21,25,39) is proportionally mod-
ular. Let us check it again by using the last theorem. In the arrangement of
the generators described in Theorem 5.35, 8 and 11 lie together (in view of
Proposition 5.29, this arrangement yields a convex sequence). It does not really
matter if we start with 8,11 or 11,8, since if an arrangement fits the conditions
of Theorem 5.35 so does its symmetry. The next generator we must place is 21.
As 21+ 11 =32=0 mod 8 and 21 + 8 # 0 mod 11, thus 21 goes at the left
of 8. Proceeding in this way with 25 and 39, we conclude that the generators
arranged as 21,8,11,25,39 fulfill the conditions of Theorem 5.35.

(3) Let us see that (5,7, 11) is not proportionally modular. The generators 5 and 7
must be neighbors in the sequence. Hence we start with 5,7. If we want to place
11, then we must check if 11+ 7 is a multiple of 5 or 5+ 11 is a multiple of 7.
None of these two conditions hold, and thus there is no possible arrangement of
5,7,11 that meets the requirements of Theorem 5.35.

5 Modular numerical semigroups

Given a, b and c positive integers, we leave open the problem of finding formulas
to compute, in terms of a, b and ¢, the Frobenius number, genus and multiplicity of
S(a,b,c). In this section we present the results of [94], which show that a formula
for the genus of S(a,b, 1) can be given in terms of a and b.

A modular Diophantine inequality is an expression of the form ax mod b < x,
with a and b positive integers. A numerical semigroup is modular if it is the set of
solutions of a modular Diophantine inequality.

Remark 5.37. 1) Every numerical semigroup of embedding dimension two is mod-
ular (see the proof of Proposition 5.15 and Corollary 5.19).
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2) There are proportionally modular numerical semigroups that are not modular (for
instance (3,8, 10) as shown in [92, Example 26]; this is proposed as an exercise
at the end of this chapter).

Easy computations are enough to prove the following two results. We write them
down because we will reference them in the future.

Lemma 5.38. Let a and b be two integers such that 0 < a < b and let x € N. Then

|0, if axmod b =0,
a(b—x) mod b= {b— (ax mod b), if axmod b # 0,
Lemma 5.39. Let a and b be integers such that 0 < a < b. Then ax mod b > x implies
that a(b—x) mod b < b —x.

As a consequence of this we obtain the following property, which shows that the
modulus of a modular numerical semigroup behaves like the Frobenius number in a
symmetric numerical semigroup.

Proposition 5.40. Let S be a modular numerical semigroup with modulus b. If x €
N\S, then b—x € S.

As every integer greater than b belongs to S(a,b, 1), in order to compute the
genus of S(a,b, 1) we can focus on the interval [0,b — 1]. Next we see when for x in
this interval, both x and b — x belong to S(a,b, 1).

Lemma 5.41. Let S = S(a, b, 1) for some integers 0 < a < b, and let x be an integer
such that 0 <x <b—1. Thenx € S and b—x € S if and only if ax mod b € {0,x}.

Proof. Necessity. Assume that ax mod b # 0. As x € S, we have that ax mod b < x. If
axmod b < x, then by Lemma 5.38, we have that a(b—x) mod b = b— (ax mod b) >
b — x, and consequently b — x ¢ S, which contradicts the hypothesis. We conclude
that ax mod b = x.

Sufficiency. If ax mod b = 0, then clearly x € S. Moreover, by Lemma 5.38, we
have that a(b —x) mod b = 0 and thus b — x is an element of S.

If ax mod b = x # 0, then again x € S, and Lemma 5.38 states that a(b —
x) mod b = b — (ax mod b) = b — x, which implies that b —x € S. |

We consider both possibilities separately. Easy modular calculations characterize
them.

Lemma 5.42. Let a and b be positive integers, and let x be an integer such that
0<x<b—1. Then ax mod b =0 if and only if x is a multiple ofm.
Lemma 5.43. Let a and b be positive integers, and let x be an integer such that
0<x<b—1. Then ax mod b = x if and only if x is a multiple ofm.

With this we can control the set of integers x in [0,5 — 1] such that x € S(a,b, 1)
and b —x € S(a,b, 1).
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Lemma 5.44. Let S = S(a, b, 1) for some integers a and b such that 0 < a < b. Let
d =gcd{b,a} and d' = ged{b,a— 1}, and let x be an integer such that 0 <x < b—1.
Then x € S and b—x € S if and only if

b b

b
,E,ZE,... s

b b
X=40 d—1 2—, ..., (d=1)=».
X € { ( )d,a L a( )d}

QUlIS

Moreover; the cardinality of X is d' +d — 1.

Proof. By Lemma 5.38 we know that x € S and b —x € S if and only if ax mod b €
{0,x}. By using now Lemmas 5.42 and 5.43, we know that this is equivalent to
xeX.

Note that ged{a — 1,a} = 1 and thus ged{d’,d} = 1. If sb/d' = tb/d for some
5,1 € N, then sd = td’ and since ged{d’,d} = 1, we deduce that there exists k € N
such that sd = td’ = kd'd. Hence s = kd’ and r = kd. Therefore the cardinality of X
isd' +d—1. O

The number of gaps of S(a,b, 1) can now be easily computed as we show in the
following theorem.

Theorem 5.45. Let S = S(a, b, 1) for some integers a and b with 0 < a < b. Then

b+1—ged{a,b} —gcd{a—1,b
)= 1 stlot] oLt}

Proof. Letd, d" and X be as in Lemma 5.44. By using Proposition 5.40 and Lemma
5.44, we deduce that for the set ¥ = {0,...,b— 1} \ X, the cardinality of (Y NS)
equals that of (¥'\ S). Hence the cardinality of Y is 2g(S). From Lemma 5.44, we
deduce that 2g(S) =b— (d+d' —1). |

Open Problem 5.46. How are the minimal generators of a modular numerical semi-
group characterized? More precisely, which additional condition(s) must be im-
posed in Theorem 5.35 to obtain a characterization of modular numerical semi-
groups in terms of their minimal generators?

6 Opened modular numerical semigroups

In this section we characterize those proportionally numerical semigroups that are
irreducible. The idea is extracted from [97].

Recall that a numerical semigroup of the form {0, m, —} with m a positive integer
is called a half-line. We say that a numerical semigroup S is an opened modular
numerical semigroup if it is either a half-line or S =S (] s, % D for some integers
aand b with 2 < a < b.

Note that the half-line {0,m,—} = S([m,2m]) and thus it is a proportionally
modular numerical semigroup in view of Theorem 5.14. The semigroups of the
form S (] b a%l D are also proportionally modular by Theorem 5.14.

a’
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We are going to see that every irreducible proportionally modular numerical
semigroup is of this form. The idea is to compute the genus of these semigroups
by using what we already know for modular numerical semigroups. As the Frobe-
nius number for opened modular numerical semigroups is easy to compute, we can
then search which of these semigroups have the least possible number of gaps in
order to get the irreducibles.

The next result shows that opened modular numerical semigroups play the same
role in the set of proportional numerical semigroups as irreducible numerical semi-
groups do for numerical semigroups in general.

Proposition 5.47. Every proportionally modular numerical semigroup is the inter-
section of finitely many opened modular numerical semigroups.

Proof. Let S be a proportionally modular numerical semigroup. If § = N, then
clearly S is a half-line and thus opened modular. So assume that S # N. By Theorem
5.14, there exist rational numbers ¢ and 8 with 1 < o¢ < 8 such that § = S([et, B]).
Let h €G(S).Ifh>a, in view of Lemma 5.8, there exists n;, € N such that n;, > 2

=S G ,fih, n/}il D, which contains S. If & < ¢,
set Sh ={0,h+ 1,—>}. Observe that in this setting m(S) > & (use Lemma 5.8), and
consequently Sy, contains S. Hence S C (Ncs)Sh- If x € S, then x € G(S) and by
Lemma 5.8 (or simply by the definition in the half-line case) x ¢ S,. This proves that

(Mhec(sySk © S, and thus both semigroups coincide. O

In this section, a and b represent two integers such that 2 < a < b, and d and d’
will denote gcd{a,b} and gcd{a — 1,b}, respectively.
—1)(
<a

Lemma 5.48.

p+1-rcs (|22

Proof. Let n be a positive integer. As a(b+n) — b+n) =b-+n> b, there
exists a posmve integer k such that (a—1)(b+n) < kb (b+n). This implies that
bbb LemmaS5.8 ensures thatb+n e S (]2, -2 ). 0

Lemma 5.49. Let x be a nonnegative integer. Then

xES<[b,b ]) and x¢SGb, b D
a a—1 a a—1
if and only if

xXe {/IZ ‘Ae{l,...,d}}u{ﬂt

Proof. LetT =S ([2,-2;]) and let S =S (]2, -2; [). By LemmaS 8,ifxeT\S,
then there exists a positive 1nteger k such that either ; = Q or z = 7. This 1mphes
that either x is a multiple of % or 5. As by Lemma 5.48, {b+ 1 —>} C s(]2,-%0),

thlsforcesxe{)LdMe{l7 d}}U{l [Ae{l,....d}}.

/Ie{l,...,d’}}.
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For the other implication, take x € {12 |1 € {17...,d}}u{1§ A e{l,....d}}
Then either x = lg orx = l%. In both cases x € T by Lemma 5.8. Assume that
lg € S. Then again by Lemma 5.8, there exists a positive integer k such that

b AL

*<7<
a k a—1"

And this implies that (a — 1)A < dk < aA. As a is a multiple of d, both dk and aA are
multiples of d. Since dk < aA, we have that dk < aAd —d. Hence (a—1)A < ad —d,
which leads to d < A, in contradiction with the choice of A. This proves that l% Z8.

In a similar way it is easy to show that A % isnotin S. |

We have achieved enough information to compute the Frobenius number and
genus, with the help of Theorem 5.45, of an opened proportionally modular numer-
ical semigroup that is not a half-line.

Theorem 5.50. Let a and b be two integers with 2 < a < b. Let d = gcd{a,b} and
d' = gcd{a—1,b}. Then

(o5t ) oo (2 ) - do v

Proof. By Lemma 5.48 and Proposition 5.49, F (S (] 3, % [)) =b.Asged{d.d'} =
1,AL#2"L forany A € {1,...,d—1}and A’ € {1,...,d"— 1}. By Proposition 5.49
this implies that

SN R () e

We obtain the desired formula by using Theorem 5.45. a

Open Problem 5.51. Even though we know formulas for the Frobenius number and
genus of an opened modular numerical semigroup, a formula for the multiplicity in
terms of a and b is still unknown.

From the formula given in Theorem 5.50 and the characterization of irreducible
numerical semigroups established in Corollary 4.5, we get the following conse-
quence.

Corollary 5.52. Let a and b be integers such that 2 < a < b.

1)s (]t % [) is symmetric if and only if gcd{a,b} = ged{a—1,b} = L.

2)S (] E?T ) is pseudo-symmetric if and only if {gcd{a,b},gcd{a — 1,b}} =
{1,2}.

Example5 53.8(]3,55[) = (3,5) is an example of the first statement. And

S(]%, -4 [) = (3,5,7) illustrates the second assertion of the last corollary.



74 4 Proportionally modular numerical semigroups

The next result characterizes irreducible half-lines.

Lemma 5.54. Let S be an irreducible numerical semigroup. Then S is a half-line if
and only if S € {N,(2,3),(3,4,5) }.

Proof. If S is a half-line, there exists a positive integer m such that S = {0,m,—}.
Hence S = (m,m+1,...,2m—1) and e(S) = m(S). As S is irreducible, by Remark
4.21 and Lemma 4.15, either S has embedding dimension two or is of the form
(3,x+3,2x+3). Since S is a half-line, S must be either (2,3) or (3,4,5). O

If S is not a half-line, then m(S) < F(S). This, with the help of Lemma 5.8, trans-
lates to the following conditions in a proportionally modular numerical semigroup.

Lemma 5.55. Let o and B be rational numbers such that 1 < oo < B and let S =
S([a, B]). If S is not a half-line, then

F(S)
F(S)—1

<a < <FE(S).

Proof. As we have mentioned above m(S) < F(S). By Lemma 5.8, there exists a
positive integer k such that o < &2/ < B (k < m(S) because a > 1). This leads to
o< % < @ < ¥ As F(S) ¢S, Lemma 5.8 forces F(S) to be greater than f3.

Besides, § > @ > mr&(le > FFS()SE] . By using again that F(S) ¢ S and Lemma 5.8,

()
m < a. I:l

We can now prove that every irreducible proportionally modular numerical semi-
group is opened modular.

Lemma 5.56. Let S be an irreducible proportionally modular numerical semigroup
that is not a half-line. Then there exists an integer k such that 2 < k < F(S) and

s=s (|5 54)

Proof. By Theorem 5.14, there exist rational numbers o and f such that 1 < o <
B and S = S([e, B]). From Lemmas 5.8 and 5.55 we deduce that there exists an

integer k with 2 < k < F(S) such that ()<a<ﬁ<k ) LetT = SG ()712(51) D

Theorem 5.50 ensures that F(7) = F(S). The inequalities S c o< B < 1) imply
that S C T. The irreducibility of S forces by Theorem 4.2 that S must be equal to 7',

since both have the same Frobenius number. O

With all this information, by using Corollary 4.5 it is not hard to prove the fol-
lowing characterization of irreducible modular numerical semigroups.

Theorem 5.57. Let S be a proportionally modular numerical semigroup.

1) S is symmetric if and only if S =N, S = (2,3) or S = SGa,a <) for some
integers a and b with 2 < a < b and gcd{a,b} = gcd{a—1,b} =

2) S is pseudo-symmetric if and only if S = (3,4,5) or S=S (] Z, D for some
integers a and b with 2 < a < b and gcd{a,b} = ged{a —1,b} = {1,2}.
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Exercises

Exercise 5.1. Let a, b and ¢ be positive integers with gcd{a,b} = 1. Prove that
S={(a,a+b,a+2b,...,a+cb) is a proportionally modular numerical semigroup.

Exercise 5.2. Let S be a proportionally modular numerical semigroup with minimal
system of generators {n; < ny < --- <n,} and e > 3. Prove that {ny,...,n,_1) is
also a proportionally modular numerical semigroup.

Exercise 5.3 ([25]). Given integers a, b and ¢ such that 0 < ¢ < a < b, prove that
S(a,b,c) =S(b+c—a,b,c).

Exercise 5.4 ([95]). Prove that a numerical semigroup S is proportionally modular
if and only if there is an arrangement n1,...,n, of its minimal generators such that
the following conditions hold:

1) (n;,ni+1) is a numerical semigroup for all i € {1,...,e — 1},
2) (ni—1,ni,ni41) = {(ni—1,n;) U{n;,n;) foralli € {2,...,e—1}.

(Hint: Use Theorem 5.35.) Observe that this result sharpens the contents of Remark
5.16.

Exercise 5.5. Let S = (7,8,9,10,12). Prove that S is not proportionally modular.
However S = (12,7) U(7,8) U(8,9) U(9,10).

Exercise 5.6. Find two proportionally modular numerical semigroups whose inter-
section is not proportionally modular.

Exercise 5.7. Give an example of a proportionally modular numerical semigroup
S # N such that SU{F(S)} is not proportionally modular.

Exercise 5.8 ([25]). For integers a, b and ¢ with 0 < ¢ < a < b, prove that

F(S(a,b,c)) =b— ﬁbJ ~1,

where { =min{k e {1,....,a—1} [kbmoda+ |2 |c> (c—1)b+a—c}.

Exercise 5.9 ([94]). Let ax mod b < x be a modular Diophantine inequality (with as
usual 0 < a < b). We define its weight as w(a,b) = b — gcd{a,b} — gcd{a — 1,b}.

a) Prove that if two modular Diophantine inequalities have the same set of integers
solutions, then they have the same weight.

b) Find an example showing that the converse of a) does not hold in general.

¢) Prove that w(a,b) is an odd integer greater than or equal to F(S(a,b,1)).

d) Show that S(a,b, 1) is symmetric if and only if w(a,b) = F(S(a,b,1)).

e) Show that S(a, b, 1) is pseudo-symmetric if and only if w(a,b) = F(S(a,b,1))+1.
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Exercise 5.10 ([94]). Let a and b be integers with 0 < a < b. Prove that b >
F(S(a,b,1)) +m(S(a,b,1)) and that the equality holds if and only if

. b b
m(S(a,b, 1)) # min { ng{a,b}’ gcd{a—1,b} } .

Exercise 5.11 ([94]). Given integers a and b with 0 < a < b, show that
b <12g(S(a,b,1))—6.

Exercise 5.12. Prove that S = (3,8, 10) is a proportionally modular numerical semi-
group that is not modular.

Exercise 5.13 ([94]). Let a and b be positive integers. Prove that
a) m(S(a,ab,1)) =0,

_ | (a=1)(-1)
b) F(S(a,ab,1)) = | —p—=|b— 1.

Exercise 5.14 ([94]). Let a and b be integers such that 0 < a < b and b mod a # 0.
Show that

a) F(S(a,b,1)) =b— [S] if and only if (a —1)(a — (b mod a)) < b,
b) if (a— 1)(a— (b mod a)) < b, then m(S(a,b,1)) = [2].



Chapter 5

The quotient of a numerical semigroup
by a positive integer

Introduction

A generalization of the linear Diophantine Frobenius problem can be stated as fol-
lows. Let ny,...,n, and d be positive integers with gcd{ny,...,n,} = 1. Find a
formula for the largest multiple of d not belonging to (ni,...,n,). This problem is

equivalent to the computation of the Frobenius number of the semigroup M’

and it still remains open for p = 2.

Semigroups of the form % also occur in a natural way in the scope of proportion-
ally modular numerical semigroups. In [98], it is shown that a numerical semigroup
is proportionally modular if and only if it is the quotient of an embedding dimension
two numerical semigroup. This result is later sharpened in [54] where it is shown
that it suffices to take numerical semigroups generated by an integer and this integer
plus one. So far we have no general formula for the largest multiple of an integer
not belonging to (a,a + 1), with a an integer greater than two.

Since numerical semigroups with embedding dimension two are symmetric, we
wondered which is the class of all numerical semigroups that are quotients of sym-
metric numerical semigroups. Surprisingly, this class covers the set of all numerical
semigroups as shown in [83]. What is more amazing is that it suffices to divide by
two. The same does not hold for pseudo-symmetric numerical semigroups, and we
need to divide by four to obtain the whole set of numerical semigroups as quotients
of pseudo-symmetric numerical semigroups (see [69]). As for other families of nu-
merical semigroups, for instance, we still do not know how to decide if a numeri-
cal semigroup is the quotient of a numerical semigroup with embedding dimension
three.

In [106] a class of numerical semigroups is presented whose elements are the
positive cones of the Ky groups of some C*-algebras. These semigroups are intersec-
tions of quotients of embedding dimension two numerical semigroups under several
extra conditions. It turns out that this class coincides with that of finite intersections
of proportionally modular numerical semigroups (see [84]).

J.C. Rosales, P.A. Garcia-Sanchez, Numerical Semigroups, 77
Developments in Mathematics 20, DOI 10.1007/978-1-4419-0160-6_6,
© Springer Science+Business Media, LLC 2009
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1 Notable elements

We describe in this section those notable elements that are easy to compute in a
quotient of a numerical semigroup by an integer (once these notable elements are
known in the original semigroup).

Let S be a numerical semigroup and let p be a positive integer. Set

S
;:{xEN|px€S}.

Proposition 6.1. Let S be a numerical semigroup and let p be a positive integer.

1) % is a numerical semigroup.
2)SC 3.
3) g =Nifand only if p € S.

The semigroup % is called the quotient of S by p. Accordingly we say that % is

one half of § and that % is one fourth of S. We mention these two particular instances
because they will be of some relevance later in this chapter.

As we have seen in Section 5 of Chapter 3, the fundamental gaps of a numerical
semigroup determine it uniquely. Fortunately, the fundamental gaps of the quotient
of a numerical semigroup can be relatively easily calculated from the fundamental
gaps of the original semigroup. This does not hold for minimal generators; this is
why we focus on the fundamental gaps of the numerical semigroup.

Proposition 6.2 ([92]). Let S be a numerical semigroup and let d be a positive inte-

ger. Then
S h
FG(d)-—{d’heFGw)th:OHmdd}.
Proof. The integer h belongs to FG(%) if and only if h ¢ % and kh € % for every
integer k greater than one. This is equivalent to dh & S and kdh € S for any integer k
greater than one. O

Corollary 6.3. Let S be a numerical semigroup and let d be a positive integer. Then
d €FG(S) if and only if 5 = (2,3).

Proof. Observe that FG((2,3)) = 1. Then use Proposition 6.2. O
Example 6.4.

gap> S:=NumericalSemigroup(5,7,8);
<Numerical semigroup with 3 generators>
gap> FrobeniusNumberOfNumericalSemigroup (S) ;
11

gap> List([1..11],

> d->QuotientOfNumericalSemigroup (S,d));;
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gap> List (last,

> MinimalGeneratingSystemOfNumericalSemigroup) ;

[ [ 5 7, 81, [ 4, 5, 6, 71, [ 4, 5, 6, 71,
(2,31, 1>21, 12 31, (11, (Y1, [2, 31,
(11, [ 2, 311

As we know, one of the best ways to describe a numerical semigroup is by means
of the Apéry set of any of its nonzero elements. Note that if S is a numerical semi-
group, m € S* and d | m, then % € % We describe Ap (%, %) in terms of Ap (S, m).

Proposition 6.5. Let S be a numerical semigroup. Let m be a nonzero element of S
and let d be a divisor of m. Then

S m w
Ap(d,d) _{E‘weAp(S,m) andw:Omodd}.

Proof. The idea of the proof is analogous to the proof of Proposition 6.2. O

By now using Selmer’s formula (Proposition 2.12), we obtain the following nice
consequence.

Corollary 6.6. Let S be a numerical semigroup. Let m be a nonzero element of S and
let d be a divisor of m. Assume that Ap (S,m) = {0,kym+1,... . ky_im+m—1}.
Then

]) Ap(% %):{O kdm k(m l)d% ’L_l}
Z)g(ﬁ) ka+kaa + - +k( "
(g) max{kdd +1,. k(;—l)d%—F%—l}—%,

2 One half of an irreducible numerical semigroup

In this section we show (following [83]) that every numerical semigroup is one half
of infinitely many symmetric numerical semigroups. We will also prove that every
numerical semigroup is one fourth of a pseudo-symmetric numerical semigroup (by
using to this end the ideas given in [69]).

For a numerical semigroup S, set

285={2s|seS}.

This set is a submonoid of N. Moreover, 2(ny,...,n,) = (2n1,...,2n,). Recall that
if A and B are subsets of integer numbers, we write A+B = {a+b |a € A,b € B}
(note that in general with this notation A +A # 2A).

Theorem 6.7. Let S = (ny,...,np,) withPE(S) ={f1,..., fi}. Let f be an odd integer
such that f — f;— f; € Sforalli,j € {1,...,t}. Then
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T= <2n1,2n2,...,2np7f—2f1,...,f—2f,>

is a symmetric numerical semigroup with Frobenius number f and S = % Moreover,

T =2SU({f—2f1,....f —2f,} +25).

Proof. Leti,j e {1,...,t}. Observe that f —2fi+ f —2f; = 2(f — f; — f;), which
by hypothesis belongs to 2S.
From the above remark, it easily follows that

T=2SU({f=2f,...f—2f}+2S), TN2N=2S. (1)

We see now that f ¢ T. If this were not the case, then as f is odd, there would
exist i € {1,...,#} and s € S such that f = f — 2f; + 2s. But this would lead to
fi = s €S, which is impossible.

Now we prove that all even integers greater than f are in 7. As F(S) = max{fj,
..., [}, by hypothesis, we have that f —F(S) —F(S) € S and thus f > 2F(S). Clearly,
every positive even integer greater than 2F(S) is in 2S. Hence, every even integer
greater than fisin2SC T.

Next we show that F(T') = f. From the preceding paragraphs, it suffices to show
that every odd integer greater than f belongs to 7. Let k € N\ {0}. Then f + 2k =
(f—2F(S))+2(F(S)+k). As f=2F(S) e {f—=2f1,....f—2f; } and 2(F(S) + k) €
28, we deduce in view of (1) that f+2k € T.

In order to prove that T is symmetric, take x € Z\ T. We must show that f —x € T
(Proposition 4.4). We distinguish two cases depending on the parity of x.

e If xis even, then as x ¢ T, we have that )2—‘ ¢ S. In view of Proposition 2.19, there
exists i € {1,...,t} such that f; — 5 € S. Thus 2f; —x € 2S. Hence from (1), we
have that f —x = (f —2f;) + (2fi—x) € T.

e If xisodd, then f —xiseven. Thus if f —x & T, by using the preceding case, we
obtain that f — (f —x) =x € T, contradicting the choice of x.

Finally, we prove that S = g Ifxe %, then 2x € T. In view of (1), this means

that 2x € 28, whence x € S. Conversely, if x € S, then 2x € 25 C T, which leads to
T

X e bR O

Next we see as a consequence of this theorem that we can choose infinitely many
T for every semigroup S.

Corollary 6.8. Let S be a numerical semigroup. Then there exist infinitely many
symmetric numerical semigroups T such that S = %

Proof. Assume that PF(S) = {f1,...,f;}. Choose an odd integer f greater than or
equal to 3F(S) + 1. For i,j € {1,...,t}, f— fi— fj = 3F(S) + 1 —F(S) —F(S) =
F(S)+ 1. Thus f — f; — f;j € S. From Theorem 6.7, we know that Ty = 25U ({f —
2f1,...,f—2f;} +28) is a symmetric numerical semigroup with Frobenius number
f and such that S = g The proof now follows by observing that we can choose
infinitely many odd numbers greater than or equal to 3F(S) + 1, and that for each of
them we obtain a different 7. O
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Now let us proceed with the pseudo-symmetric case. As a consequence of the
following result, we will see that there is not a parallelism between the symmetric
and pseudo-symmetric case.

Lemma 6.9. Let S be a numerical semigroup with even Frobenius number. Then

)12

Proof. Follows by Proposition 6.2, by taking into account that the Frobenius num-
ber of a numerical semigroup is the maximum of the fundamental gaps. O

Remark 6.10. Note that if S is a numerical semigroup and 7 is a pseudo-symmetric
numerical semigroup with § = %, then from the preceding lemma we deduce that
F(T) = 2F(S). It is clear that there exist finitely many numerical semigroups with
Frobenius number 2F(S). Hence we cannot obtain a result similar to Corollary 6.8
for the pseudo-symmetric case.

We even have another issue that makes the pseudo-symmetric case different from
the symmetric case, as we see in the next proposition.

Proposition 6.11. Let T be a pseudo-symmetric numerical semigroup. Then g is an
irreducible numerical semigroup.

Proof. Let S = % and suppose that PF(S) = {f; < -+ < f;}. Recall that F(S) is the
maximum of the pseudo-Frobenius numbers. Hence F(S) = f;. Thus, by applying
Lemma 6.9, we get F(T) =2f;.

Let i € {1,...,t}. Then f; ¢ S and so 2f; ¢ T. From Proposition 4.4 we have
that either 2f; —2f; € T or 2f; = f;. If 2f, — 2f; € T, then 2(f; — f;) € T. Hence
fi — fi € S and, in view of Proposition 2.19, we obtain f; = f;. This proves that

PF(S) C {ﬁ, fj’} = {F(S)7 @} In view of Corollaries 4.11 and 4.16, we have

that S is either a symmetric or a pseudo-symmetric numerical semigroup. In both
cases, S is an irreducible numerical semigroup. a

This in particular means that we cannot obtain that every numerical semigroup is
one half of a pseudo-symmetric numerical semigroup.

We can sharpen a bit more the preceding result in order to distinguish in which
cases one half of a pseudo-symmetric numerical semigroup is symmetric or pseudo-
symmetric.

Corollary 6.12. Let S be a pseudo-symmetric numerical semigroup. Then
1) % is symmetric if and only if F(S) # 0 mod 4,
2) % is pseudo-symmetric if and only if F(S) = 0 mod 4.

Proof. This is a consequence of Lemma 6.9, Proposition 6.11 and Proposition 4.4.
O
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Now we see that every symmetric numerical semigroup is one half of a pseudo-
symmetric numerical semigroup. This together with the fact that every numerical
semigroup is one half of a symmetric semigroup will prove that any numerical semi-
group can be expressed as one fourth of infinitely many pseudo-symmetric numeri-
cal semigroups.

Lemma 6.13. Let S be a symmetric numerical semigroup. Let

A:{F(S)Hk‘ke {1F(S)2_]}}

Then
T =2SUAU{2F(S)+1,—}

is a pseudo-symmetric numerical semigroup with Frobenius number 2F(S) and such
that S = L.
2

Proof. Since S is symmetric, F(S) is odd. Notice that A is the set of odd integers
belonging to the set {F(S)+2,...,2F(S) — 1} and that #4 = F(Sz)fl .

We start by proving that 7' is a numerical semigroup. In one hand it is obvi-
ous that the sum of two elements of 2§ is an element of 25 and that the result
of adding any nonnegative integer to any element in {2F(S)+ 1,—} remains in
{2F(S)+1,—}. On the other hand the sum of elements of A is an element of
{2F(S) +1,—}. Finally the sum of an element of 2§ with an element of A is an
element of AU {2F(S) + 1,—}. Notice also that since {2F(S) +1,—} C T, we have
that N\7 is finite.

Now let us prove that 2F(S) is the Frobenius number of 7. As {2F(S)+1,—} C
T, we only have to show that 2F(S) ¢ T. But this holds since 2F(S) is an even
number and 2F(S) ¢ 2S.

Next we will see that T is a pseudo-symmetric numerical semigroup. In view of
Corollary 4.5 and since 2F(S) is the Frobenius number of 7', it suffices to prove that

n(T) = F(S). As S is symmetric, by Corollary 4.5 we have n(S) = % Hence

#{xe25|x<2F(S)} = #{x eS| x<F(S)} = n(S) = XL Therefore n(T) =
F(52)+1 LHA — F(Sz)Jrl T F(Sz)fl —F(S).

Finally we prove that S = % We have x € % if and only if 2x € T. Since the
elements of A are odd, we obtain 2x € T if and only if 2x € 2SU {2F(S) +1,—}.
If 2x € 28, then trivially x € S. If 2x > 2F(S) + 1, then x > F(S) + 1 and thus x € S.

Therefore x € % if and only if x € S. O

As a consequence of this lemma and Corollary 6.8, we obtain the following.

Theorem 6.14. Every numerical semigroup is one fourth of infinitely many pseudo-
symmetric numerical semigroups.

We can achieve a result similar to Lemma 6.13 for pseudo-symmetric numeri-
cal semigroups. This will help us to establish a new characterization of irreducible
numerical semigroups.
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Lemma 6.15. Let S be a pseudo-symmetric numerical semigroup. Let

A:{F(S)+2k—1 ‘ke{lF(ZS)}}

T =2SUAU{2F(S)+1,—}

Then

is a pseudo-symmetric numerical semigroup with Frobenius number 2F(S) and such
that S = 1.
2

Proof. Since S is pseudo-symmetric, F(S) is even. Notice that A is the set of odd
integers belonging to the set {F(S)+1,...,2F(S) — 1} and that #4 = @

The proof that T is a numerical semigroup with Frobenius number 2F(S) and that
S= % is similar to the one performed in Lemma 6.13.

Let us see that T is pseudo-symmetric. In view of Corollary 4.5 and the fact that
2F(S) is the Frobenius number of T, it suffices to prove that n(7') = F(S). Since
S is a pseudo-symmetric numerical semigroup, from Corollary 4.5 we deduce that
n(S) = 8 Hence #{x €25 |x<2F(S)} = #{xe S| x<F(S)} = n(s) = Z&.
Therefore n(T') = @—I—#A: @4—@ =F(S). O

With all this information we get a new characterization of irreducible numerical
semigroups.

Theorem 6.16. A numerical semigroup is irreducible if and only if it is one half of
a pseudo-symmetric numerical semigroup.

3 Numerical semigroups having a Toms decomposition

Let S be a numerical semigroup. According to [106], we say that S has a Toms
decomposition if there exist q1,...,qn, mi,...,m, and L such that

1) ged({gi,m;i}) = ged({L,q;}) = ged({L,m;}) =1 foralli € {1,...,n},
2) §= %ﬂ?:l <C]i7mi>-
(a,b)

Let a, b and ¢ be positive integers. We say that the monoid =+ is a Toms
block if ged({a,b}) = gcd({a,c}) = gcd({b,c}) = 1. As we are imposing the con-
dition ged({a,b}) = 1, every Toms block is a numerical semigroup. Observe that

10 (gimi) = M2 w So a numerical semigroup admits a Toms decomposi-
tion if and only if it can be expressed as an intersection of finitely many Toms blocks
with the same denominator.

Our aim in this section is to prove that a numerical semigroup admits a Toms
decomposition if and only if it is the intersection of finitely many proportionally
modular numerical semigroups. We start by showing that the set of proportionally

modular numerical semigroups coincides with the set of quotients of embedding



84 5 The quotient of a numerical semigroup by a positive integer

dimension two numerical semigroups. First we need to show that the numerators of
the ends of an interval of rational numbers defining a numerical semigroup can be
chosen to be coprime.

Lemma 6.17. Let a, b and c be positive integers with ¢ < a < b. Then there exist

positive integers k and d such that S ([f —]) =S ([b kde ] )

a’>a—c

Proof. LetS =S ([
number 7,

2] ) By Lemma 5.8,if x € N\ S, then there exists a unique

a’>a—c

] < < 2= < ;-. Since S is a numerical semigroup,
then N\ S is finite and so there exists the minimum ¢ of the set { = |xeN\S }

Note that % < ¢ and in consequence there exist two positive integers d,k such
that d > b < kb+1 < dq. The interval inclusion [Z byct kbjl] implies that

’a—c a’
SCS ([” K£11) To show that S ([2,%2+1]) C S, take x € S([2, ¥2-L]). By Lemma
5.8, there exists a positive integer y such that z <z 3 < kbjl . Since % 3 < g, this implies
that x € S. O

Theorem 6.18 ([98]). Let ny,ny and d be positive integers with ny and n; relatively
prime. Then % is a proportionally modular numerical semigroup. Conversely,

every proportionally modular numerical semigroup can be represented in this form.

Proof. As ged{n1,n,} = 1, there exist two positive integers u,v such that un, —
vny; = 1. By Lemma 5.16 and Proposition 5.21 we know that

(n1,m) ={x €N |unpx mod nyny <x},
and it is not hard to see that

(n1,m2)

y ={x € N|unydx mod niny, <dx},

which shows that M is a proportionally modular numerical semigroup.

Suppose now that S is a proportionally modular numerical semigroup defined by
the condition ax mod b < cx. By Lemma 5.9 we know that S =S ([f L] ) From

a’a—c
Lemma 6.17, we deduce that there exist positive integers ay,by,as, and by such

that Z—: < Z—;, gcd{aj,ap} =land S=S ({Z—i, Z—ED By Lemma 5.12, we have that
S={xeN|abixmodaja, <dx}, withd = ayby —ab;.

We show that S = M . The condition gcd{a;,a>} = 1 implies that there exist
positive integers u,v such that aou — ayv = 1. Hence we have that

(ar,a2)
d

={x € N|uardx mod ajap <dx}.

To conclude the proof, we check that the inequalities axb1x mod aja; < dx and
uardx mod ajay < dx have the same set of solutions. In order to see this, it is enough
to see that uard = a,b; mod aja;. But this is clear because ayu = 1 mod a; implies
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that aoub; = by mod ay, and so (axb; —a1by)u = by mod ay, that is, du = by mod a;.
Finally, by multiplying by a, we get dua, = a;b; mod ajas. O

We can extract the following consequence from the proof of this last result.

Corollary 6.19. Let ay, ay, by and by be positive integers such that b' < Zz and

gcd{ai,ar} = 1. Then
gf|a a])_ _tlana)
b1 by azby —aby’

Open Problem 6.20. Let n; and n, be two positive relatively prime integers and let
d be a positive integer.

1) Find a formula for the largest multiple of d that does not belong to (n,n;).

2) Find a formula for the cardinality of the set of multiples of d that are not in
<n1 5 n2>.

3) Find a formula for the smallest multiple of d that belongs to (nj,n2).

The first and second problems are a generalization of the Frobenius problem
solved by Sylvester in [102] (see Proposition 2.13); they propose to find a formula
for the Frobenius number and genus of <"1’"2> . The third problem asks about the
multiplicity of <"1 m)

As a consequence of Theorem 6.18 we obtain the following property.

Proposition 6.21. Every numerical semigroup having a Toms decomposition can be
expressed as a finite intersection of proportionally modular numerical semigroups.

We will show that the converse also holds following the steps given in [84].
The key idea is contained in the following result, which is telling us that we can
slightly modify the ends of the interval defining a proportionally modular numerical
semigroup without modifying the semigroup.

Proposition 6.22. Let & and B be rational numbers with 1 < ot < B. Then there exist
rational numbers @ and B such that 1 <o < o0 < B < B and S(]ot, B[) = S([ex, B]).

Proof. Let S = S([ct, B]). We know (by Lemma 5.8) that if & € G(S), then there
exists n; € N such that ’fH <a<fB< —h The proof follows by choosing @ =

max{m’heG(S)}andB:mm{nﬁhMeG )} O

With this, we can prove that a proportionally modular numerical semigroup given
by a closed interval can be represented by infinitely many quotients of embedding
dimension two numerical semigroups.

Lemma 6.23. Let ay, ar, by and by be positive integers such that 1 < bl < a2 . Then
there exist positive integers ay, by and N such that by < ag and for every mteger
x> N with ged{x,a,} = 1,
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S (|:a1 az:l) - <X7a2>
, = .
Penl) e |

Proof. By Proposition 6.22, we deduce that there exist positive integers ag and by
such that 1 < bo < b‘ < bz’ and if “g <% i< < ”: for some positive integers x and y,

then S ([Z—l, Z—ZD =S ({" “2D. Let N be the Frobenius number of S ({Z—O, Z—'D
1 2 0 1

plus one. If x is an integer greater than or equal to N, then x € S ([Z—g, Z—iD,

and by Lemma 5.8 there exists a positive integer y such that {2 < & < “—i Hence

0 = ¥
box . . box box a box

y< % As y is an integer, y < {%J < % We deduce that bg <x/ { 0 J < Z—:.

Thus S ({Z‘ , Z;D ({x/voxJ , Z—;D We now use Corollary 6.19 to conclude

the proof. O

Among the representations given in the preceding result, we can choose infinitely
many that are Toms blocks as we see next.

Lemma 6.24. Let ay, az, by and by be positive integers such that 1 < b‘ < Zz and

gcd({az,ba}) = 1. Then there exist positive integers ao, by and N such that by < ag
and for every integer k > N one has that

S ([al az]> _ (kaoboar 41, a2)
b] ’ b2 kb0a2 (b0a2 — bzao) — b2 ’

Moreover, this is a Toms block.

by by
integers by < ap and N such that for all x > N with ged({x,a>}) = 1, one has that

§= @) etk >

Dy
2[0%AJ byx

gcd({x,a2}) = 1, and since bo < ay,

b kaob} b
{OXJ VO 02 OJ:kazb(z).

ao aO

Proof. Let S =S ([“1 “ZD. By Lemma 6.23, we know that there exist positive

= kagboay + 1 is greater than or equal to N,

ao
Hence
_ <ka()b()a2 +1, a2> - <kaob0a2 +1, a2>
ka%b% —by (kaoboaz =+ 1) kay by (a2b0 — aobz) —by '
Next we show that this representation is a Toms block.
e gcd({kaphbpar + 1,a2}) =1,

] ng({kazb()(azbo —Clobz) — bz,az}) = ng({bz,az} = 1
o gcd({kaoboar + 1,ka3b} — by (kaoboar +1)}) = ged({kaoboa + 1,ka3b3}) —1

Now we see that in a family with finitely many proportionally modular numerical
semigroups given by closed intervals, we can choose the denominator of the right
ends to be the same for all the semigroups in the family.
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bi1’ by
biy positive integers with 1 < ¢ u < b’2 Then there exist positive integers c1,...,Cr
and d such that for all i € {1,.. r},

o Si:S({Zi—ii,%Dand
o ged{ci,d} = 1.

Lemma 6.25. Foreveryi € {1,...,r}, letS; =S ({a" u,zD with a; 1, a;2, b1 and

a4l

Proof. The sequence { kb 5 }keN\{O} is strictly decreasing and converges to b’—z

Thus, in view of the proof of Proposition 6.22, there exists N; € N such that if

ki 1
ki > N;, we have that S; =S ([Z‘—:, Z_’sz ]) To conclude the proof it suffices to
2 2 i, iDi,

choose k; =1 ]’22 "2 with ¢ large enough so that k; > N; for all i € {1,...,r}. O

Theorem 6.26. A numerical semigroup has a Toms decomposition if and only if it
is the intersection of finitely many proportionally modular numerical semigroups.

Proof. We already know one implication (Proposition 6.21).
Let S be the intersection of finitely many proportionally modular numerical semi-

groups IfS=N,thenN= 23) 5 3) suits our needs. Otherwise, S =51 N---NS, for some
S1,...,S, proportionally modular numerical semigroups different from N. In view
of Theorem 5.14 and Lemma 6.25, there exist some positive integers ay,...,d,,
bi,....by, 1y ¢, and d such that S; = S ({b—ﬂ) with ged{c;,d} = 1 for all
ie{l,...,r}. From Lemma 6.24, we know that there exist positive integers b;, < a;,
and NV; € N such that for all k; > N;, one obtains that

(kiajybigci + 1, c;)
k,'C,'b,'O (C,'b,'o — a,'od) —d

is a Toms block equal to S;. Let m; = c;bj,(c;bj, — ajyd). Let t = max{Ni,...,N,}.
Then setting k; = tm‘ ' one concludes that
_ h (kiaiybiyci+ 1, ci)
iy tm ceemy—d
is a Toms representation for S. a
We end this section by giving some other consequences of Proposition 6.22.

Proposition 6.27. Let S be a proportionally modular numerical semigroup other
than N. Then there exists a positive integer N such that if x and y are relatively
prime integers greater than N, there exists a positive integer z such that S = sz

Proof. By Theorem 5.14, there exist positive rational numbers o and  with 1 <
o < B suchthat S =S ([, B]). Let @ and B be the rational numbers whose existence
is ensured by Proposition 6.22. Let N = F(S(]Jet,t]) N S([B, B[)) + 1. For every x
and y greater than N, by Lemma 5.8, there exist positive integers u and v such that



88 5 The quotient of a numerical semigroup by a positive integer

o< <oa(xeS(a,al) and B‘g > < B (v € S([B,B)- As a consequence of the
proof of Proposition 6.22, S ( [%, H ) = S. If we choose x and y relatively prime, then
Corollary 6.19 ensures the existence of an integer z such that § = sz O

This result produces a surprising characterization of proportionally modular nu-
merical semigroups more restrictive than Theorem 6.18.

Corollary 6.28 ([54]). Every proportionally modular numerical semigroup is of the

(a,a

+1> .. .
Jorm ===~ for some positive integers a and d.

Choosing a large enough, we get the following characterization of numerical
semigroups having a Toms decomposition.

Corollary 6.29 ([54]). A numerical semigroup has a Toms decomposition if and
only if there exist positive integers a, py, ..., py such that

<a,a+1>m'”ﬁ (a,a+1)
p1 Pr

S =

Exercises

Exercise 6.1 ([92]). A numerical semigroup is said to be arithmetic if there exist
integers a and b with 0 < b < a such that A = (a,a+1,...,a+b).

a) Prove that x € (a,a+1,...,a+b) if and only x mod a < Lﬂ b ([33)).

b) Show thatif S =S ([%, %]) for some positive integers a, b and ¢, then S = (a,a +
I,...,a+b)/c.

¢) Prove that a numerical semigroup is proportionally modular if and only if it is the
quotient of an arithmetic numerical semigroup by a positive integer.

Exercise 6.2 ([92]). Show that (4,6,7) has no Toms decomposition (Hint: Prove
first that this semigroup is irreducible).

Exercise 6.3 ([98]). Let nj, n and 7 be positive integers such that ged{n;,m,} = 1.
Show that

(n1,tny) <n1,n2>'

td d

Exercise 6.4 ([98]). Let n; and n;, be odd relatively prime integers. Prove that

(ni,m) b,
B 1,12, 2 .

Exercise 6.5 ([98]). Let n; and ny be positive integers such that ny, n, and 3 are
relatively prime. Prove that

a) if n; +n, = 0 mod 3, then w = (ny,nz, "‘;’”2),
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b) if 71 +2n2 = 0 mod 3, then L2 — (5, py, 22 2minzy
Exercise 6.6 ([98]). Let ny, ny and d be positive integers with ged{n;,ny} = 1.

Prove that if d divides njny — ny — ny, then %

ample that the converse is not true.

is symmetric. Show with an ex-

Exercise 6.7 ([64]). Let n; and ny be coprime integers greater than or equal to three.
Prove that

a) if ny is even, then F < <"1é"2>) = WL and g <<"lé"2>> = ("'71%4("272),

b) if n1 and ny are odd, then F(<"12’"2>> = "1"2’”"”22*mi"{"1’”2} and g (Llé’m) =
("1_1%"2_1)

Exercise 6.8 ([64]). Let n; and n, be coprime integers greater than or equal to three.
Prove that

a) if n, is even, then #FG((n;,n3)) = w — VFZW "1(:3 ,

b) if ny and ny are odd, then #FG((ny, np)) = L1=Uin=b _ P”Z*ﬂ [ﬁ] .

6 6

Exercise 6.9 ([64]). Let n; and n, be coprime integers greater than or equal to three.

Let S = <"]37nz> Denote by F3(S) the largest multiple of 3 not belonging to S. Show
that

a) if no, = 0 mod 3, then F3(S) =niny —3n; —ny,

b) if n; and ny are congruent with 1 modulo 3, then F3(S) = nynp —ny —ny —
min{ny,ny},

¢) if n; = 1 mod 3 and ny = 2 mod 3, then F5(S) = nyny —ny —np —min{2n;,ns},

d) if n; and ny are congruent with 2 modulo 3, then F(S) = njny —ny —na.

Exercise 6.10 ([24]). Let S = (4,6,7,9). Prove that

a) S admits a Toms decomposition,
b) S\ {6} also admits a Toms decomposition,
¢) S\ {9} does not admit a Toms decomposition.

Exercise 6.11. Let S be a proportionally modular numerical semigroup minimally
generated by {ni,...,n,}, where these generators are arranged in a way that there
exist positive integers d1, . .. ,d), such that '[}—i << Z—? is a proper Bézout sequence
with adjacent edges (Proposition 5.33). Assume that 4 € {1,..., p} is such that nj >
<o >ny < -+ < np (Proposition 5.29).

a) Prove that forall i € {1,...,p}, 725 < Z—: and if d; # 0, then =5 > Z—i.

b) Leti € {1,...,h—1}. Prove that d; # 1 and that S C S <:|%7din_il D

dit1°d; | )
d) Show that forall i € {1,...,p}, S\ {n;} admits a Toms decomposition.
e) Prove that for all {ij,...,it} C {I,...,p}, S admits a Toms decomposition.

c¢) Leti € {h,...,p}. Prove that S C S G B
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Exercise 6.12 ([54]). Let o and 8 be rational numbers with 0 < o < 3. Prove that
there exist a positive rational number € such that for all rational numbers & with
0 < 6 < &, the equality S([a — 8, B + 8]) = S([e, B]) holds.

Exercise 6.13 ([54]). We say that two systems of proportionally modular Diophan-
tine inequalities are equivalent if they have the same set of integer solutions. Prove
that any system of proportionally modular Diophantine inequalities is equivalent to
a system of proportionally modular Diophantine inequalities in which any inequality
has the same modulus and furthermore this modulus can be chosen to be prime.



Chapter 6

Families of numerical semigroups closed under
finite intersections and adjoin of the Frobenius
number

Introduction

The concept of Frobenius variety was introduced in [67] in order to unify most of
the results appearing in [88, 89, 24, 11].

In this chapter we show that some families appearing previously in this book are
Frobenius varieties. We will introduce new varieties, as for instance, those fulfilling
a pattern and those families generated by an arbitrary set of numerical semigroups.

We also show how the numerical semigroups belonging to a Frobenius variety
can be arranged in a directed acyclic graph, and will paint part of this graph for
some known Frobenius varieties.

While working with numerical semigroups in a Frobenius variety we can repre-
sent these semigroups in the classic way by their minimal systems of generators.
By doing this we are not taking advantage of the fact that these semigroups belong
to a certain Frobenius variety. In order to avoid this, for a Frobenius variety V, we
introduce the concept of minimal V-system of generators.

1 The directed graph of the set of numerical semigroups

We see how the set of numerical semigroups can be arranged in a tree. This will
enable us to construct recursively the set of all numerical semigroups. We use this
idea later in this chapter for certain families of numerical semigroups.

A directed graph G is a pair (V,E), where V is a nonempty set whose elements
are called vertices, and E is a subset of { (v,w) € V xV | v # w}. The elements of
E are called edges of G. A path connecting the vertices x and y of G is a sequence
of distinct edges of the form (vo,v1),(vi,v2),--.,(Vy—1,vs) With vgp =x and v,, = y.
A graph G is a tree if there exists a vertex r (known as the root of G) such that for
every other vertex x of G, there exists a unique path connecting x and r. If (x,y) is

J.C. Rosales, P.A. Garcia-Sanchez, Numerical Semigroups, 91
Developments in Mathematics 20, DOI 10.1007/978-1-4419-0160-6_7,
© Springer Science+Business Media, LLC 2009
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an edge of a tree, then we say that x is a son of y. A vertex in a tree is a leaf if it has
N0 SOns.

Let . be the set of numerical semigroups. We define the directed graph ¢(.%)
as the graph whose vertices are the elements of . and (7,S) € % x . is an edge
it S=TU{F(T)}.

Clearly, the candidate of root for ¥(.%) is N. The path connecting a numerical
semigroup S with N can be defined by means of the following sequence:

e So=35,
o S — S;U {F(S,)} if §; #N,
il N otherwise.
As the complement of S in N is finite, there exists a positive integer k such that

Sr = N. Clearly
§=8&S & &S%=N

provides a path connecting S and N in the graph ¥ (.”). We define
Ch(S) = {S0,51,---,5}

and will refer to this set as the chain associated to S.

Note also that if S =7 U{F(T)}, then F(T) becomes a minimal generator of
S, which in addition is greater than the Frobenius number of S. Conversely, if we
choose a minimal generator 1 of S, then S\ {n} is a numerical semigroup, and if this
generator is greater than the Frobenius number, then F(S'\ {n}) = n. With all this
information the following property is easy to prove.

Proposition 7.1. The directed graph 4 () is a tree rooted in N. Moreover, the sons
of S€ S are S\ {x1},...,S\ {x,}, with x1,...,x, those minimal generators greater
than F(S).

This result can be used to recurrently construct the tree, starting in N, containing
the set of all numerical semigroups. Clearly, a leaf is a semigroup all of whose
minimal generators are smaller than the Frobenius number.

Proposition 7.2. Let S € 7. Then S is a leaf of 9 () if and only if it does not have
minimal generators greater than F(S).

Example 7.3. We draw three levels of ¢(.%).

PN

(3,4,5) (2,5)
(4,5,6)  (3,5,7) (3,4) (2,7)
The semigroup (3,4) is a leaf. The semigroups of the form (2,k) with k > 3
always have exactly one son.
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It is also easy to prove from the definitions the following proposition.

Proposition 7.4. If (T,S) is an edge of 9(7), then

e F(T)>F(S),
o g(T)=g(S)+1.

With this result, we can use the recurrent construction of ¢(.¥) to determine
all numerical semigroups with Frobenius number (or genus) less than a given
amount.

2 Frobenius varieties

Recall that the intersection of two numerical semigroups is again a numerical semi-
group (Exercise 2.2). If S is a numerical semigroup, then by Lemma 4.1, SU{F(S)}
is also a numerical semigroup. In the rest of this chapter we will make use of these
two results without quoting them.

A Frobenius variety is a nonempty set V of numerical semigroups fulfilling the
following conditions

1) if Sand T are in V, thensois SN T,
2) if SisinV and S #N, then SU{F(S)} € V.

Clearly the set . of all numerical semigroups is a Frobenius variety. The chain
associated to a numerical semigroup is also a Frobenius variety. We review in this
section some other notable examples of Frobenius varieties.

Let A be a subset of N. The set {S €. | A C S} is a Frobenius variety. In par-
ticular, 0/(S), the set of oversemigroups of S, is a Frobenius variety.

2.1 Arf numerical semigroups

Recall that a numerical semigroup S has the Arf property if for any x,y,z € § with
x>y>z x+y—z€ S We already know (Proposition 3.22) that the set of Arf
numerical semigroups is closed under finite intersections. In order to prove that this
family is a Frobenius variety, we must prove the following result.

Lemma 7.5. Let S be an Arf numerical semigroup other than N. Then SU{F(S)} is
also an Arf numerical semigroup.

Proof. Take x,y,z € SU{F(S)} such that x > y > z, and let us prove that x+y—z €
SU{F(S)}.

e Ifx,y,z €S, then as S is Arf, we obtain that x+y—z € S C SU{F(S)}.
o IfF(S) € {x,y,z}, then x+y—z > F(S) and thus x+y—z € SU{F(S)}. O
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As we have mentioned above, this together with Proposition 3.22 proves that the
set of Arf numerical semigroups is a Frobenius variety.

Proposition 7.6. The set of Arf numerical semigroups is a Frobenius variety.

2.2 Saturated numerical semigroups

Now we see that the same holds for the set of saturated numerical semigroups. We
proceed analogously. Proposition 3.39 asserts that the intersection of finitely many
saturated numerical semigroups is again saturated (this fact follows easily from the
definition, as was already mentioned before stating Proposition 3.39). Thus once
more, proving that the family of saturated numerical semigroups is a Frobenius
variety passes through demonstrating the following lemma.

Lemma 7.7. Let S # N be a saturated numerical semigroup. Then SU{F(S)} is also
saturated.

Proof. Let T = SU{F(S)}. In view of Proposition 3.34, it suffices to show that
if s €T, then s+dr(s) € T. If s < F(S), then s € S and dg(s) = dr(s),
whence s+dr(s) =s+dg(s) € S C T.If s > F(S), then s +dr(s) > F(S), and thus
s+dr(s)eT. |

Proposition 7.8. The set of saturated numerical semigroups is a Frobenius variety.

2.3 Numerical semigroups having a Toms decomposition

The set of numerical semigroups having a Toms decomposition coincides with the
set of numerical semigroups that are intersections of finitely many proportionally
modular numerical semigroups (Theorem 6.26). Clearly, this family is closed under
finite intersection. So it suffices to show that this family is also closed under the
adjoin of the Frobenius number to see that it is a Frobenius variety. Following [24],
we start proving that adding the Frobenius number to a proportionally modular nu-
merical semigroup yields a numerical semigroup that is the intersection of finitely
many proportionally modular numerical semigroups.

Lemma 7.9. Let S be a proportionally modular numerical semigroup with S # N.
Then SU{F(S)} is the intersection of finitely many proportionally modular numeri-
cal semigroups.

Proof. Assume that S is generated by {ni,...,n,}. Since S is proportionally mod-
ular, S = S([et, B]) for some real numbers ¢, with 1 < o <  (Theorem 5.14).
By Lemma 5.8, for every i € {1,...,p}, there exists d; € {1,...,n; — 1} such that
% € o, B]. Assume that after rearranging the generators (if needed), we have that
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ni np
— << -2
4 d,
Then
ny np
S{|—,—| ) CS =S
(|52 e st =s.
and as ny,...,n, € S([Z—i, Z—Z]) (Lemma 5.8 again), we deduce that

Since F(S) ¢ S, by using Lemma 5.8 once more, there exists d € N such that

F(S)

F(S) n np

L c—<.-.<L<

d+1 "4, d, " d
If d =0, then F(S) < Z—j, and thus F(S) < n; foralli € {1,...,p}. Hence F(S) < s for
all s € S\ {0}, which means that S = {0,F(S) + 1,—}. In this setting SU{F(S)} =

{0,F(S),—} = S([F(S),2F(S)]), which is proportionally modular by Theorem 5.14.
Now assume that d # 0. We prove that

s =s([28,3]) s (2)

which in view of Theorem 5.14 proves that S is the intersection of proportionally
modular numerical semigroups. The inclusion

SU{F(S)} S(L,(f)l ZPDQSQZ’F(;)D

is clear. Now, assume that there exists x € S([7~¢ &) 21N S([ <S)}) with x & SU

a+1°d, d
{F(S)}. Thus x < F(S) and there exist n and m positive 1ntegers such that

)
F($)

+
(Lemma 5.8). As 7, = & [d—l d—”] (this would imply that x € S), we have that

which in particular implies that m < n. From the preceding inequalities we deduce
that
F(S)n <xd +x <F(S)m+x <F(S)m+F(S) =F(S)(m+1),

and this leads to n < m+ 1. We conclude that m < n < m+ 1, which is impossible.
O
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With this result it is now easy to show the following.

Lemma 7.10. Let S be a numerical semigroup. If S # N and S is the intersection of
finitely many proportionally modular numerical semigroups, then SU{F(S)} is also
the intersection of finitely many proportionally modular numerical semigroups.

Proof. Assume that there exist Sy,...,S; proportionally modular numerical semi-
groups such that § = §;N---NS,. Then SU{F(S)} = (S U{FS)}H)N---N(S; U
{F(S)}).Forie{1,...,t},if F(S) € S;, then S;U{F(S)} = S;. If F(S) € Si,as SC S,
this implies that F(S) = F(S;). In view of Lemma 7.9, S; U{F(S;)} is the intersection
of finitely many proportionally modular numerical semigroups. Thus SU{F(S)} is
also the intersection of finitely many proportionally modular numerical semigroups.

O

With the use of Theorem 6.26 the contents of this section read as follows.

Proposition 7.11. The set of numerical semigroups having a Toms decomposition is
a Frobenius variety.

2.4 Numerical semigroups defined by patterns

The idea of pattern on a numerical semigroup was introduced in [11] in order to
generalize the concept of Arf numerical semigroups. We see in this section that the
set of numerical semigroups defined by certain patterns is a Frobenius variety.

A pattern P of length n is an expression of the form ajx; + --- + apx, with
X1,...,%, unknowns and ay,...,a, nonzero integers. We say that a semigroup S
admits the pattern P if for every sy,...,s, € S with s; > 55 > --- > s,,, the element
asy + - -+ aps, belongs to S. We denote by .(P) the set of all numerical semi-
groups admitting the pattern P.

Remark 7.12. The set .7 (x1 +x2 — x3) is the set of all Arf numerical semigroups.

From the definition it is easy to see that if P is a pattern and Sy, ..., S, are numer-
ical semigroups admitting this pattern, then the intersection S1 N --- NS, also admits
the pattern P.

Lemma 7.13. Let P be a pattern. The set . (P) is closed under finite intersections.

We next see what are the patterns for which .(P) is also closed under the ad-
junction of F(S), or in view of the preceding lemma, for which .’ (P) is a Frobenius
variety. To this end, we use the results given in [11]. First we see for which patterns
the set .7(P) is not empty.

Lemma 7.14. Let P = ax| + - - - + ayx, be a pattern. The following conditions are
equivalent.

1) Ne 7(P).
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2) Z(P) is not empty.
3) Zf‘;lai >0 foralln' <n.
Proof. Clearly I) implies 2).
Let us prove that 2) implies 3). Assume to the contrary that there exists n’ < n
such that Zl’i] a; < 0. Let S be a numerical semigroup in . (P), and let [ be a

nonzero element of S. Take s1 =5, =--- =5,y =land sy | =--- =35, =0.Itis
obvious that )7 | ¢;s; < 0 and thus it is not in S, a contradiction.
Finally we see that 3) implies /). We must show that if sy, ..., s, are nonnegative

integers such that s; > sp > -+ > s, then a;s; + -+ + a,s, € N. But this is clear
because ays| + -+ ansSp > a18, +a28, + - -+ +as, = (L1, a;)s, which is nonneg-

ative by hypothesis. g

We say that a pattern P is admissible if . (P) is not empty. From the above
characterization it easily follows that a; > 0 if P = ax| + - - - +a,x, is an admissible
pattern.

Given a pattern P = a1 x| + - - - + a,x, define

P (a1 —xi+app+--+apx, ifa;>1,
T axo - Fanx, otherwise.

The pattern P is strongly admissible if both P and P’ are admissible patterns. As
we see next for these patterns, . (P) is a Frobenius variety. In order to show that
S € .7 (P) implies SU{F(S)} € .7 (P), we need a technical lemma.

Lemma 7.15. Let P = aix| + - - - + a,x, be a strongly admissible pattern of length
n. Then for every ky > --- > ky, it holds that a1ky + - - - + apk, > ky.

Proof. Since P’ is admissible, we have that
P(ki,... k) >0
(P'(kay...,ky) >0, if a; = 1), which leads to
P(ki,... k) =ki+P'(ki,....kn) > ki
(P(kyy. . kn) =ki +P'(ka,....ky) > ky,ifa; = 1). O

Now it is easy to show that .(P) is closed under the adjoin of the Frobenius
number for P a strongly admissible pattern.

Lemma 7.16. Let S be in .7 (P) \ {N} with P a strongly admissible pattern. Then
SU{F(S)} € Z(P).

Proof. Assume that P has length n and let sy, ..., s, be elements in SU{F(S)} such
thats; > --- > s,. We wonder if P(s1,...,s,) € SU{F(S)}. We distinguish two cases.

o IfF(S) > sy, then {s1,...,5,} CS. As S € . (P), it follows that

P(s1,...,sn) €S C SU{F(S)}.



98 6 Frobenius varieties
e IfF(S) <sj, then by Lemma 7.15, P(s1,...,s,) > s1 > F(S) and thus
P(s1,...,8,) € SU{F(S)}. |
Gathering all this information we obtain the result mentioned above.

Proposition 7.17. Let P be a strongly admissible pattern. Then . (P) is a Frobenius
variety.

Example 7.18. Note that x| 4+ xp +x3 — x4 is a strongly admissible pattern. Clearly
& (x1 4 x2 + x3 —x4) contains the set of all Arf numerical semigroups. However,
(3,4) € L (x1 +x2+x3 —x4) and (3,4) is not Arf (it does not have maximal embed-
ding dimension).

3 Intersecting Frobenius varieties

Due to the following property we can obtain new Frobenius varieties by intersecting
those appearing in the preceding sections.

Proposition 7.19. The intersection of Frobenius varieties is a Frobenius variety.

Proof. Let {V;}icr be a family of Frobenius varieties. Observe that N belongs to any
Frobenius variety. Hence ();; V; is a nonempty family of numerical semigroups. If
S,8" € NiesVi- then S, 8" € V; for all i € I. So we have that SNS" € V; forall i € I and
thus SNS" € Nig; Vi If S € Ny Vi and S # N, then SU{F(S)} € V; for all i € I and
therefore SU{F(S)} € Nic; Vi- O

This result is not only useful to construct new Frobenius varieties from known
varieties, it also allows us to talk about the Frobenius variety generated by a family
X of numerical semigroups. We denote this variety by .%(X) and define it as the
intersection of all Frobenius varieties containing X.

Given a family X of numerical semigroups, we denote by

Ch(X) = | Ch(S).
SeX

Theorem 7.20. Let X be a nonempty family of numerical semigroups. Then % (X)
is the set of all finite intersections of elements in Ch(X).

Proof. Let
V={8N-NS,|neN\{0} and$i,....S, € Ch(X)}.

By using that .# (X) is a Frobenius variety containing X, we deduce that V C .7 (X).
We see now that .7 (X) C V. It suffices to prove that V is a Frobenius variety
containing X and then apply that .% (X) is the smallest Frobenius variety con-
taining X. Clearly, if S,8’ € V, then SNS € V. Now we prove that if S € V and
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S #N, then SU{F(S)} € V. Since S € V, there exist Sy,...,S, € Ch(X) such that
S=8N---NS,. It is easy to prove that F(S) = max{F(S}),...,F(S,)}. Hence
F(S;) < F(S) for all i € {1,...,n}. For i € {1,...,n}, if F(S) > F(S;), we have
S;U{F(S)} = S;, and if F(S) = F(S;), we have S; U{F(S)} = S; U{F(S;)}. Hence,
we obtain that for every i € {1,...,n}, S;U{F(S)} € Ch(X). From the equality
SU{F(S)} = (S1U{F(S)})N---N (S, U{F(S)}), we can assert that SU{F(S)} € V.

O

4 Systems of generators with respect to a Frobenius variety

In all the examples of Frobenius varieties given so far, the concept of closure of a
numerical semigroup (or of a subset of nonnegative integers) can be defined as the
smallest (with respect to set inclusion) semigroup in the variety containing the given
semigroup (or subset of nonnegative integers). Since these varieties are closed under
intersections, this is the intersection of all the elements of the variety containing the
given set. From this idea one can define the concept of system of generators with
respect to the variety. These were studied for Arf semigroups in [88], for saturated
semigroups in [89], for semigroups that are the intersection of proportionally modu-
lar numerical semigroups in [24], and for numerical semigroups defined by strongly
admissible patterns in [11]. This idea was then abstracted and generalized to any
Frobenius variety in [67].

In this section, ¥* denotes a Frobenius variety. A submonoid M of N is a /-
monoid if it can be expressed as the intersection of elements of #". From the defini-
tion it easily follows that the intersection of #'-monoids is a ¥"-monoid.

Lemma 7.21. The intersection of ¥ -monoids is a ¥ -monoid.

In view of this result, given a subset of nonnegative integers A, we can define the
¥ -monoid generated by A as the intersection of all #-monoids containing A. We
will denote this ¥"-monoid by ¥ (A), and we say that A is a ¥ -system of generators
of ¥/(A). If no proper subset of A generates this ¥ -monoid, then we say that A is a
minimal ¥ -system of generators.

Our aim in this section is to prove that minimal ¥ -systems of generators are
unique and have finitely many elements.

The following properties are a direct consequence of the definitions.

Lemma 7.22.

1) Let A and B be subsets of N. If A C B, then ¥ (A) C ¥ (B).
2) For any subset A of nonnegative integers, ¥ (A) = ¥V ((A)).
3) If M is a ¥ -monoid, then ¥ (M) = M.

In view of these properties, we can deduce that every #-monoid admits a fi-
nite system of generators, because we can always make use of the classic minimal
system of generators of the underlying monoid (which is finite by Corollary 2.8).



100 6 Frobenius varieties

Proposition 7.23. Every ¥ -monoid has a V' -system of generators with finitely many
elements.

Minimal 7 -systems of generators can be characterized as in the classic sense.

Lemma 7.24. Let A C N and M = ¥ (A). The set A is a minimal ¥ -system of gen-
erators of M if and only ifa & V' (A\ {a}) for all a € A.

Proof. Ifa€ ¥ (A\{a}),then A C ¥ (A\ {a}) and by Lemma 7.22 we obtain that
M=7(A) CV(V(A\{a})) =V (A\{a}) C ¥ (A) =M. Thus, M = ¥ (A\ {a}),
which implies that A is not a minimal # -system of generators of M.

Conversely, if A is not a minimal ¥ -system of generators of M, then there exists
a proper subset B of A such that ¥/ (B) = M. Let a € A\ B; applying again Lemma
7.22 we have thata € M = ¥ (B) C ¥ (A\{a}). Hence a € ¥ (A\ {a}). O

The proof of the fact that minimal 7 -systems of generators are unique relies on
the following result. If M is a submonoid of N and x € M, then x can be expressed
as a linear combination of those generators of M smaller than or equal to x. This ob-
servation that is obvious for submonoids of N needs to be clarified for #'-monoids.

Lemma 7.25. Let ACN. Ifx € ¥ (A), thenx € ¥V ({a € A|a < x}).

Proof. If x € ¥ ({a € A | a < x}), then from the definition we deduce that there
exists S € ¥ suchthat {a € A|a<x} CSandx ¢ S. As ¥ is a Frobenius variety and
S € ¥ the semigroup SU{x+ 1,—} is also in ¥ (this semigroup belongs to Ch(S)).
Clearly, AC SU{x+1,—}and x SU{x+1,—}. Hence x € 7 (A) = Nscy acsS-

O

Theorem 7.26. Let V' be a Frobenius variety. Let M be a ¥ -monoid, and let A and
B be two minimal ¥ -systems of generators of M. Then A = B.

Proof. Assume that A = {a; <ay <---} and B={b; <bp <---}.If A # B, then
there exists i = minimum{k | a; # by }. Without loss of generality we can assume
that ¢; < b;. By using that a; € M = ¥ (A) = ¥'(B), from Lemma 7.25 we deduce that
a; € ¥ ({b1,...,bi_1}). Now by the minimality of i we know that {by,...,bi_1} =
{ai,...,a;_1}. Thus a; € ¥ ({a1,...,a;—1}). From Lemma 7.22 we have that a; €
¥ (A\ {a;}), which is impossible in view of Lemma 7.24. O

Summarizing we obtain that minimal ¥ -systems of generators are finite and
unique as are classic minimal systems of generators of submonoids of N.

Corollary 7.27. Every ¥ -monoid has a unique minimal ¥V -system of generators
and this set is finite.

5 The directed graph of a Frobenius variety

Let ¥ be a Frobenius variety. We present here a similar construction to the one
already presented in Section 1 to build the graph of all numerical semigroups in 7.
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First we focus on the calculation of the sons of a given element in #". The result
obtained is analogous to the classic one, but substituting minimal generators by
minimal ¥'-generators.

Proposition 7.28. Let M be a V' -monoid and let x € M. The set M\ {x} is a V-
monoid if and only if x belongs to the minimal ¥ -system of generators of M.

Proof. Let A be the minimal 7 -system of generators of M and let x € M. We see
that if M \ {x} is a #-monoid, then x € A. If x ¢ A, then A C M \ {x}. Since M \ {x}
is a ¥"-monoid containing A, we have that M = ¥'(A) C M \ {x}, a contradiction.
Conversely, if x belongs to A, then by Theorem 7.26 we deduce that ¥ (M \
{x}) # ¥ (A) = M, since otherwise from M \ {x} we could find a minimal system
of generators contained in M \ {x} and thus not equal to A. Hence M \ {x} C ¥ (M \
{x}) € M and consequently ¥ (M \ {x}) = M \ {x}, obtaining that M \ {x} isa ¥-
monoid. O

Recall that if S is a numerical semigroup other than N, then F(S) becomes a
minimal generator of SU{F(S)} greater than F(SU {F(S)}). The same holds with
minimal ¥ -systems of generators.

Corollary 7.29. Let S be a numerical semigroup. The following statements are
equivalent.

1) S=TU{F(T)} for someT € V.
2) S € ¥V and the minimal ¥V -system of generators of S contains an element greater
than F(S).

Proof. 1)implies2). AsT € ¥ and since ¥ is a Frobenius variety, S = TU{F(T)} €
V. By Proposition 7.28, we deduce that F(T') belongs to the minimal ¥ -system of
generators of S. Furthermore, we clearly have that F(S) < F(T).

2)implies 1).1f S € ¥ and x is an element of the minimal ¥ -system of generators
of S such that F(S) < x, then by Proposition 7.28 we obtain that 7 = S\ {x} € 7.
We also have that F(T) = xand S = T U {x}. O

Given a Frobenius variety ¥/, define ¢ (%), the associated graph to ¥, in the
following way: the set of vertices of 4 (%) is ¥ and (T,S) € ¥ x ¥ is an edge of
& () ifand only if S=TU{F(T)}.

Given S € 7(S), as Ch(S) C ¥, we deduce that there exists in ¢(¥") a path con-
necting S with N. By applying now Corollary 7.29 we obtain the following analogue
to Proposition 7.1.

Theorem 7.30. Let V" be a Frobenius variety. The graph (V) is a tree with root
equal to N. Furthermore, the sons of a vertex S € ¥V are S\ {x1},...,S\ {x,} where

X1,...,X, are the elements of the minimal ¥ -system of generators of S which are
greater than F(S).
In the following examples, for the sake of simplicity, we will write ¥ (x1,...,x,)

instead of ¥ ({x1,...,x,}).
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Example 7.31 ([67]). Let S, = (5,7,9) = {0,5,7,9, 10,12, 14, —} and S» = (4,6,7) =
{0,4,6,7,8,10,—} and let ¥ = F({S], S, }). Its associated tree is printed below.

’
’
(3)
\
¥ (4,5)
/ N
7(5,6) 7(4,9)
e ™~ |
¥(6,9) 7 (5,8) V(4)
e ~ |
¥(8,9) 7(6)  ¥(5,11)
— ™~ \

X

X

=X

Example 7.32 ([88]). Let now ¥ be the variety of Arf numerical semigroups. Part of
the associated tree of the variety is drawn below (we indicate the Frobenius number
of each of the nodes).

N=7(1)

Fe—1

|

7(2,3),

Fe

- N
¥(3,4), 7(2,5),
F=2 F—3
y A |
V(4,5), v3,5),  7(27),
Fo3 F—4 F—5s
e AN

~

—

}Il

(@)}

o

x

\'-P

\’0\

S

X

T

~J

ol
- N
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Each node has at most two sons (see [88]).

Example 7.33 ([89]). We now draw part of the tree associated to the Frobenius va-
riety ¥ of saturated numerical semigroups.
7 (1),
=-1

7(2,3),
F=1
e N
7(374)7 7(275)7
F=2 F=3
e N N
V(4,5), 7(3,5), 7 (2,7)
F=3 F=4 F=5
7 AN N AN
7 (5,6), 7(4,6,7), 7(3,7), 7(2,9),
F= F=5 F=5 F=7

4
Every node has at most two sons, and there are no leaves (see [89]).

Example 7.34 ([11]). We now delineate part of the tree associated to the Frobenius
variety .7 (x] +x2 +x3 — x4) (see Exercise 7.7).

N=v(1),
F=—
7 (2,3),
/ o \

7(3,4,5), 7(2,5),
F=3
2,7),
F=5
7/(57677a 7 ) 2’9)7
F=4 F=5 F=6 F=7 F=5 F=7 F=7

In this example there are elements with more than two sons. For instance,
¥ (4,5,6,7) has four sons. The leaves in the portion of the directed acyclic graph
drawn in the figure are #'(3,4), ¥ (4,5,6) and 7(3,5).
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Exercises

Exercise 7.1 ([67]). Prove that a Frobenius variety is finitely generated if and only
if it is finite.

Exercise 7.2 ([67]). Let X be a set of numerical semigroups and let ¥ = .7 (X).
Choose A C N. For every S € X, define

S ifACS,
(8)= {SU{min(A\S)7—>} ifAZS.

Show that ¥ (A) = Nsex < (S).

Exercise 7.3 ([67]). Let S; = (5,7,9) and S, = (4,6,7). Set ¥ = FZ({51,5}).
Prove that 7 ({5,6,9}) = (5,6,7,8,9).

Exercise 7.4 ([67]). Let X be a nonempty family of numerical semigroups, 7 =
F(X) and ACN. If S€ X and A £ S, define a(54) = min(A \ S). Show that
{a(sa)|S€X,AZS} is the minimal ¥ -system of generators of ¥ (A).

Exercise 7.5 ([67]). Let X be a nonempty family of numerical semigroups and let
¥V = Z(X). Prove that every minimal 7 '-system of generators has cardinality less
than or equal to X.

Exercise 7.6 ([67]). Let S| = (5,7,9) and S» = (4,6,7). Set ¥ = .Z({S1,52}).
Prove that {5,6} is the minimal ¥ -system of generators of ¥'({5,6,9}).

Exercise 7.7 ([11]). Let P be the pattern x; +x, +x3 — x4. Prove that ¥ = . (P) is
a Frobenius variety. Show that ¥'({7,15}) = (7,15,31,47,48).

Exercise 7.8 ([24]). Let 7 be the Frobenius variety of all numerical semigroups
having a Toms decomposition. Prove that ¥'({4,6,7}) = (4,6,7,9).

Exercise 7.9. Let 7 be the Frobenius variety of all numerical semigroups with the
Arf property. Demonstrate that {7,24,33} is not a minimal ¥ -system of generators
of ¥({7,24,33}).

Exercise 7.10. Let 7" be the set of all numerical semigroups that are a half-line.
Prove that

a) ¥ is a Frobenius variety,
b) every minimal 7 '-system of generators has cardinality one.



Chapter 7
Presentations of a numerical semigroup

Introduction

Rédei in [53] shows that every congruence on N” is finitely generated. This result
has since been known as Rédei’s theorem, and it is equivalent to the fact that ev-
ery finitely generated (commutative) monoid is finitely presented. Rédei’s proof is
long and elaborated. Many other authors have given alternative and much simpler
proofs than his (see for instance [31, 39, 41, 56]). Since numerical semigroups are
cancellative monoids, a different approach can be chosen to prove Rédei’s theorem.
And this is precisely the path we choose in this chapter.

Another way to study presentations for finitely generated monoids relies on the
following idea. Associated to a monoid M and to a ring R, one can define its
semigroup ring R[M] (see [37]). Presentations of monoids translate into binomial
ideals on the ring of polynomials over R with as many unknowns as M has gen-
erators. Hilbert’s basis theorem can be then used to derive Rédei’s theorem (see
[31,41,51]).

An important peculiarity of finitely generated cancellative (commutative)
monoids is that minimal presentations with respect to set inclusion have minimal
cardinality (see [93]). In this chapter we focus on the computation of a (and in fact
all) minimal presentation of a numerical semigroup. The idea comes from Rosales’
PhD thesis ([55]) and was published later in [59].

The cardinality of a minimal presentation of a numerical semigroup cannot be
bounded in terms of its embedding dimension. This follows from Bresinsky’s fam-
ily of embedding dimension four numerical semigroups, which have arbitrarily
large minimal presentations (see [14]). In this chapter we offer an upper bound
for the cardinality of a minimal presentation in terms of the multiplicity of the
semigroup.

J.C. Rosales, P.A. Garcia-Sanchez, Numerical Semigroups, 105
Developments in Mathematics 20, DOI 10.1007/978-1-4419-0160-6_8,
© Springer Science+Business Media, LLC 2009
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1 Free monoids and presentations

As in other branches of algebra, a monoid can be represented via a free object in the
category of monoids modulo certain relations between the generators. To this end
we need to introduce the concept of free monoid and state the isomorphism theorem
for monoids.

Let X be a nonempty set. A binary relation on X is a subset ¢ of X x X. If
(a,b) € 0, we write xo'y and we say that x is o-related with y. If ¢ is reflexive (aca
for all a € X), symmetric (acb implies boa) and transitive (acb and boc implies
aoc), then we say that ¢ is an equivalence binary relation. For every a € X, we
define its class modulo o called its o-class as

[alc ={beX|ach}.

The set
X

~={ldo laex}

is the quotient set of X by &, and it is a partition of X.
A congruence on a monoid M is an equivalence binary relation such that for all
a,b,c € M, if ach, then (a+c)o(b+c).

Lemma 8.1. Let M be a monoid and ¢ a congruence on M. Then % is a monoid
with the operation
a6 + [b]o = [a+ Do

Proof. In order to see that 4 is a map, we must prove that if ach and cod, then
(a+c)o(b+d). But this is an easy consequence of the fact that ¢ is a congru-
ence, because (a+c)o(b+c) and (b+c¢)o(b+d), and by transitivity we obtain the
desired property. The identity element is clearly [0]s, and the operation is trivially
associative and commutative. O

The monoid (¥, +) is the quotient monoid of M modulo ©.
Let f: X — Y be a monoid homomorphism. We define the kernel congruence of
f as
ker(f) ={(a,b) e X xX | f(a) = f(b) }

(which clearly is a congruence on X because f is a homomorphism). The image of
f, defined as
im(f) ={f(a)|acX},

is a submonoid of Y.

Observe that there are slight differences between the usual definitions in Abelian
groups and monoids. The condition f(0) = 0 for monoid morphisms is not imposed
for group morphisms, since it follows directly from f(0) = f(0+0) = £(0) + £(0).
This is because in monoids we do not have a “cancellative” law (we will come back
to this concept later). The other main difference is the definition of kernel. In group
theory it is defined as the preimage of the identity element, that is, the set of elements
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that map to the identity element. This is because in group theory f(a) = f(b) implies
f(a)— f(b) =0, or equivalently f(a—b) = 0. Thus in order to measure how far our
morphism is from being injective, it suffices to study those elements that map to the
identity element. This of course cannot be translated to monoids in general, since
we do not have the notion of inverse. Although there are some differences, the first
theorem of isomorphy still holds.

Proposition 8.2. Ler [ : X — Y be a monoid homomorphism. Then

~ X
T ()

is a monoid isomorphism.

- lm(f)? f([a]ker(f)) = f(a)

Proof. This definition of f does not depend on the choice of the representative of
[@]ker()» because of the meaning of ker(f). This map is both injective and surjective,
and it is a homomorphism since f is a homomorphism. g

The free monoid on a set X is defined as
Free(X) = {Aix;+- -+ | keNJ A, .., 4 €NJxy,o o x €X T
Addition is defined componentwise, that is,
(Axr + - 4 M) + (axy + -+ ) = (A + p)oxen + -+ (A + i) X

(some of the A; or y; can be zero). This set with this operation is a monoid. It coin-
cides with the set of maps 4 : X — N with finite support (A (x) # 0 for only finitely
many x € X). In order to simplify notation we will sometimes write Free(x1,...,x,)
to denote Free({xi,...,x,}). Observe that Free(x1,...,x,) (with x; # x; for all i # j)
is isomorphic to N".

If M is generated by {m,...,m;}, then the map

(p:Free(xl,...,xk) —M, (p(?lel +~~~+/’L]<xk) =Alimy + -+ Amy,

is a monoid epimorphism (assuming that x; # x; for i # j).

Note that we could have just defined ¢ as the (unique) monoid homomorphism
determined by @(x;) = m; for all i € {1,...,k}. Hence by Proposition 8.2, M is
isomorphic to Free(xy,...,x,)/ker(¢).

Proposition 8.3. Let M be a monoid generated by {my,...,my}. Let X be a set with
cardinality k. Then there exists a congruence ¢ on Free(X) such that M is isomor-
phic to Free(X)/o.

As a consequence of this property, every finitely generated monoid is isomorphic
to NK /o for some positive k and some congruence ¢ on [\

In order to achieve a finite representation of a finitely generated monoid, it still
remains to see that the congruence ¢ can be “finitely described.” We see next what
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we mean by this. First we introduce the concept of congruence generated by a set.
We can do this because the intersection of congruences on a monoid is a congruence,
and thus for a set X and a subset p of Free(X) x Free(X) we define the congruence
generated by p as the intersection of all congruences on Free(X) containing p. We
denote this congruence by Cong(p). We next see what are the elements in this set.

The binary relation A(X) = { (x,x) | x € X } is known as the diagonal on X. For
a binary relation p on a set X, its inverse relation is the set

p ' ={(b.a)|(ab)ep}.
Proposition 8.4. Let X be a nonempty set. Let p C Free(X) x Free(X). Define
p’ =puUp ' UA(Free(X)),

p'={(v+uw+u)|(vw) e p®ucFree(X)}.

Then Cong(p) is the set of pairs (v,w) € Free(X) x Free(X) such that there exist
k € N and vy,...,v; € Free(X) with vo = v, v = w and (vi,viy1) € p' for all 0 <
i<k—1

Proof. We first show that the set constructed in this way is a congruence. Let us call
this set ©.

(1) Since A(Free(X)) C o, the binary relation o is reflexive.

(2) If (v,w) € o, there exist k € N and vy, ..., v, € Free(X) such that vo = v, vy =
w and (v;,viy1) € p! forall 0 <i <k~ 1. Since (v;,vis1) € p! implies that
(viy1,vi) € p', defining w; = v;_; for every 0 < i < k, we obtain that (w,v) € ©.
Hence o is symmetric.

(3) If (u,v) and (v,w) are in o, then there exists k,/ € N and vy, ..., v, wo,...,w; €
Free(X) such that vo = u, vy = wo = v, w; = w and (v;,vis1),(Wj,wjs1) € p!
for all suitable 7, j. By concatenating the sequences {v;}; and {w;}; we obtain
(u,w) € . Thus o is transitive.

(4) Finally, let (v,w) € 0 and u € Free(X). There exists k € N and vy,...,v; €
Free(X) such that vo = v, vy = w and (v;,v;11) € p! for all 0 <i <k— 1.
Defining w; = v; +u for all 0 < i < k we have (w;,w;y1) € p! and thus
(v+u,w+u) €o.

It is clear that every congruence containing p must contain ¢ and this means that
is the least congruence on Free(X) that contains p, that is, 6 = Cong(p). O

A congruence o is generated by p if 6 = Cong(p). We say that p is a system
of generators of ©. A congruence O is finitely generated if there exists a system of
generators of ¢ with finitely many elements.

A presentation of a finitely generated monoid M is a congruence on Free(X),
for some finite set X, such that M = Free(X)/Cong(p). We say that M is a finitely
presented monoid if p is finite.

Let X be a nonempty set and let o be a congruence on Free(X). An element (a,b)
in 6{(0,0)} is irreducible if it cannot be expressed as (a,b) = (a1,b1) + (a2, b2)
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with (ai,b1),(a2,b2) € 0\ {(0,0)}. Let Irr(o) be the set of irreducible elements
of o. Note that ¢ is a submonoid of Free(X) x Free(X), since as we have seen in
the proof of Lemma 8.1, if (a,b) and (c,d) are in o, so is (a+c¢,b+d), and by
reflexivity (0,0) € o. As we see next, Irr(0) generates ¢ as a monoid.

Proposition 8.5. Let X be a nonempty finite set and let 6 be a congruence on
Free(X). Then o = (Irr(0)).

Proof. Assume that X = {xj,...,x;}. We define the following order relation on
Free(X): Aixy 4« + Axp < pyxg + -+ + ey if Ay < g for all i € {1,...,k}.
Given x = Ajx; + -+ + A4xx € Free(X), the set of elements in Free(X) less than
or equal to x is finite (there are (A; +1)--- (A4 + 1) of them). In the same way we
can define on Free(X) x Free(X) the relation (a,b) < (c¢,d) if a < c and b < d.
We write (a,b) < (c,d) if (a,b) < (¢,d) and (a,b) # (c,d). It follows that given
(a,b) in Free(X) x Free(X) the set of elements (c,d) € Free(X) x Free(X) such that
(¢,d) < (a,b) is finite.

Let (a,b) € 0. If (a,b) is not irreducible, then (a,b) = (a1,b1) + (a},b}), with
(ai,by),(dy, b)) € 0\ {(0,0)}. Then (aj,b) < (a,b) and (d},b}) < (a,b). If any
of them is not irreducible, then we can repeat the process with them. In this way
we can construct a binary tree rooted in (a,b) and every node is the sum of its two
sons. A leaf in the tree is an irreducible element of ¢. Since all the elements in
the tree are smaller than (a,b) (except (a,b) itself), and the number of elements in
Free(X) x Free(X) smaller than (a, ) is finite, this tree has only finitely many nodes
and thus finitely many leaves. From the way the tree is constructed, (a,b) is the sum
of all the leaves in the tree, obtaining in this way that (a,b) € (Irr(o)). O

A monoid M is cancellative if for any a,b,c € M, a+c = b+ c implies a = b. We
say that a congruence ¢ on Free(X) is cancellative if Free(X) /o is cancellative. We
now see that, as a consequence of Dickson’s lemma, finitely generated cancellative
monoids are always finitely presented.

Lemma 8.6 (Dickson’s lemma). Let X be a nonempty set with finitely many ele-
ments. Let N be a nonempty subset of Free(X). The set M = Minimals<(N) has
finitely many elements.

Proof. Assume that X = {xj,...,x,}. We use induction on n. For n = 1, the result
follows easily from the fact that < is a well order on Free(x;) = {Ax; |A € N},
because < is a well order on N (every subset of N has a minimum).

Assume that the statement is true for n — 1 and let us show it for n. Choose an
element ajxy +---+ayx, € M. Foreach 1 <i<nandeach0 < j <gq; define

Mij:{(m1x1+~~~—|—m,,xn)€M|mi:j}

and

Bij={bixi+---+by_1x,—1 € Free(xi,...,x,—1) |
bixi+ -+ bi_1xi_1 +jxi+bixi+1 +ot by Xy eMij}-
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Observe that Minimals<(M) = M and for this reason Minimals<(M;;) = M;; and
Minimals<(B;;) = Bj;. By induction hypothesis, B;; must be finite. Hence, M;; is
finite as well. Since there are finitely many sets M;;, the set [JM;; is again finite
and nonempty. Hence it is enough to show that M C (JM;;. Take mix; + - -- +myx,
to be an element in M. There exists i € {1,...,n} such that m; < g; (if this were
not the case, ajx; + --- +apxy < myx; + --- 4+ my,x, and this is impossible, since
mixy =+ - - +myX, is a minimal element of N). Hence mx1 +--- +x,m, € M;p,. O

Given a = ajx) + -+ + ayXn,b = byx1 + -+ + byx, € Free(xy,...,x,). If a < b,
then a; < b; for all i € {1,...,n}. Thus (b; —ay)x; + -+ + (b, — ay)x, € Free(X).
We denote this element by b —a.

Proposition 8.7. Let X be a nonempty set with finitely many elements. Let & be a
cancellative congruence on Free(X). Then the set Irr(0) is finite.

Proof. 1f we prove that
Irr(o) € Minimals< (o \ {0,0}),

then by using Dickson’s lemma the set Irr(c) must be finite. Let (a,b) be an ele-
ment in Irr(o). Assume that (a,b) is not a minimal element of ¢\ {(0,0)}. Thus
there exists (a;,b1) € Minimals<(o \ {0,0}) such that (a;,b1) < (a,b). Hence
(a,b) = (a1,b1) + (az,b2) with (az,bz) = (a —a1,b —by) € Free(X) x Free(X).
Since (a,b) = (a1 +az,b1 +b2) € o and (b1,a;) € o, we have that (ax + (a; +
b1),by + (a1 + b)) € 6. By hypothesis, Free(X)/o is cancellative and this implies
that from the equality

[a2+ (a1 +Db1)]6 = [a2]6 + [a1 + b1]e = [b2]6 + [a1 + D16 = [b2+ (a1 + b1)]6

we obtain that [a2]¢ = [b2]o. Thus (a2,by) € 6, which means that (a,b) & Irr(o).
The contradiction comes from the assumption (a,b) € Minimals< (o \ {0,0}). O

With this we obtain the desired consequence.

Corollary 8.8. Every finitely generated cancellative monoid is finitely presented.

2 Minimal presentations of a numerical semigroup

Every numerical semigroup is a finitely generated cancellative monoid and thus it is
finitely presented. We characterize in this section those presentations of numerical
semigroups that are minimal. We will see that the concepts of minimal with respect
to set inclusion and cardinality coincide for numerical semigroups.

Let o be a congruence on Free(xy, ...,x,) and let p be a system of generators of
o. We say that p is a minimal relation if the cardinality of p is the least possible
among the cardinalities of systems of generators of ¢. Let S be a numerical semi-
group minimally generated by {ny,...,n.} and let X = {xy,...,x.} with x; # x; for
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all i # j. We say that p is a minimal presentation if p is a minimal relation of the ker-
nel congruence of @ : Free(xy,...,x.) — S, @(a1x] + -+ dexe) = aing +- -+ + dene.
In this section, we use o to denote the kernel congruence of ¢.
Given n € N the set of expressions of n in § is defined as

Z(n)=¢ '(n)={aix; +-+acx, |aini +--+acn,=n}.

Fora=ajx; +-+daexe,b =b1x1 + -+ + bx, € Free(xy,...,x.). Define the dot
product of a and b as
a-b=ayby+---+a.b,.

We define the following relation on Free(xi,...,x.). For a,b € Free(xy,...,x.),
aRb if either a = b = 0 or there exist ky,...,k; € Z(n) for some n € S such that
ki =a,kj=>bandk;-kiy1 #0foralli € {1,...,]—1}. This is an equivalence binary
relation on Free(X). The elements of Free(X)/R are called R-classes.

The concept of graph differs slightly from that of directed graph (see page 91).
We recall it now since it is of crucial importance in what follows. A (nondirected)
graph G is a pair (V,E) where V is a set whose elements are known as the vertices
of G and E is a subset of {{u,v} | u,v € V,u#v}. The unordered pair {u,v} will
be denoted as uv, and if it belongs to E, then we say that it is an edge of G.

A sequence of edges of the form vovi,viva,...,Vy—1V,, is known as a path of
length m connecting vy and v,,,. A graph is connected if for any two vertices of the
graph, there is a path connecting them. It is well known that a connected graph with n
vertices has at least n — 1 edges (see [48]). A tree is a connected graph with n vertices
and n— 1 edges for some positive integer n (this is one of the many characterizations
of a tree). A subgraph of the graph G = (V,E) is a graph G’ = (V' E’) such that
V/ CV and E' C E. Itis also well known that any connected graph G with n vertices
has a subgraph with the same vertices that is a tree. This tree is called the generating
tree of G.

Let X be a nonempty set, let P = {Xj,...,X,} be a partition of X and let y be
a binary relation on X. The graph associated to y with respect to the partition P is
Gy = (V,E), where V = P and X;X; € E with i # j if there exists x € X; and y € X;
such that (x,y) € yUy L.

Let n € N and let Xp,...,X, be the R-classes contained in Z(n). If B is a binary
relation on Free(xi,...,x.), we denote by

B = BN (Z(n) x Z(n))

and by Gg, the graph associated to the partition {Xi,...,X,} of Z(n). As we see
next, these graphs are crucial for our characterization of minimal presentations of a
numerical semigroup.

Lemma 8.9. Let n € N. If B is a binary relation on Free(xy,...,x,) generating o,
then Gp, is connected.

Proof. LetXj,...,X, be the R-classes contained in Z(n). Let f and s be in {1,...,r}
with 7 # 5. We prove that there exists a path connecting X; and X;. Let k € X; and
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h € X. As k,h € Z(n), koh. Since Cong(f3) = o, by Proposition 8.4, there exist
bo,by,...,b; € Free(xy,...,x.), such that k = bg, h = b; and (b;,b;1) € B! fori €
{0,...,] —1}. Hence there exist for all i € {0,...,l — 1}, z; € Free(xy,...,x,) and
(xi,y:) € B Uﬁ71 such that (b;,bi+1) = (xi + zi,vi + zi). If z; # 0, then b;Rb;4 1.
And if z; = 0, then {b;,b; 11} C B,,. Hence the nonordered pairs {b;,b;;1} such that
(bi,bir1) € R yield the path in Gg, connecting X; with X;. O

Theorem 8.10. Let B be a binary relation on Free(x1, ..., x,) with x; # x; for i # J.
Then Cong(B) = o if and only if Gg, is connected for all n € N.

Proof. The necessary condition is the preceding lemma. So let us focus on the suf-
ficiency. Observe that in order to prove that Cong(f3) = o, it suffices to show that
foralln € N, if k,k' € Z(n), then (k,k’) € Cong(f3). We use induction on n. If n =0,
then Z(n) = {0} and trivially (0,0) € Cong(f3). Hence assume as induction hypoth-
esis that the result holds for integers less than n. If n ¢ S, then Z(n) is empty and the
result follows by vacuity. Thus we can assume that n € S. We distinguish two cases.

1) If kRK, then there exist ko,...,k; € Z(n) such that k = ko, ¥’ = k; and for all
i €{0,....,0— 1}, ki - kir1 # 0, or equivalently, there exists 7 € {1,...,e} such
that x; < k; and x; < k;y1. It follows that k; — x;, ki1 — x, € Z(n —n). By in-
duction hypothesis (k; —x;,k;+1 —x;) € Cong(f). As Cong(3) is a congruence,
(ki,ki+1) € Cong(B) and by transitivity, this leads to (k,k’) € Cong(p).

2) If (k,k') € R, then there are at most two R-classes on Z(n). Assume that the
sequence X1, ..., X, defines a path connecting X; and X, where X is the R-class
of k and X, that of k. For every i € {1,...,r— 1}, as X;X;;1 is an edge of Gg,,
there exists {a;,b;} C B, with a; € X; and b; € X;1|. Hence (a;,b;) € Cong(f)
for all i. Moreover, by 1), both (k,a;) and (b,_1,k’) belong to Cong(f3). By
transitivity, we conclude that (k,k’) € Cong(f3). |

As we already know what are the smallest connected subgraphs of a graph with
the same vertices, we can find a characterization for minimal presentations of a
numerical semigroup.

Corollary 8.11. Let S be a numerical semigroup. A subset B of ¢ is a minimal
presentation of S if and only if the cardinality of B, equals the number of R-classes
in Z(n) minus one and Gg, is connected for all n € .

Remark 8.12. Observe that if  is a minimal presentation for S, then Gpg, is a gener-
ating tree of G, for all n € N.

In order to obtain a minimal relation for ¢ (equivalently, a minimal presentation
for S), it suffices to focus on those n € S for which the number of R-classes in Z(n)
is greater than or equal to two. If X, ..., X, are these R-classes, we construct a tree
T, whose vertices are Xi,...,X,. For every X;X; edge of T, take a; € X; and b; € X;.
Define f3, as the set of all (a;,b;) built in this way. Set 8, = @ if there are less than
two R-classes in Z(n). Then 8 = J,,cs B, is a minimal relation of ©.

Recall that we have defined a minimal relation of ¢ as a generating system with
minimal cardinality. The above result also implies that the concept of minimal gen-
erating system of o with respect to cardinality and inclusion coincide. This does not
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hold for monoids in general (monoids for which these two concepts are the same
are studied in [93]).

Corollary 8.13. The concept of minimal presentation with respect to cardinality and
set inclusion coincide for any numerical semigroup. In particular, all minimal pre-
sentations have the same cardinality.

3 Computing minimal presentations

We present a method described in [59] to compute a minimal presentation of a nu-
merical semigroup. In this section, S = (nj,...,n.) and ¢ are as in the preceding
section.

For every n € S, define the graph G, = (V,, E,) with

Vi={ni|n—n; €S}

and
E,,:{Tnj\n—(ni—knj)eS,i#j}.

We will refer to this graph as the graph associated to n in S. We are going to relate
these graphs with the ones appearing in the last section.

A connected component of a graph G is a maximal connected subgraph of G. If
G is connected, then it has only a connected component. We next describe the con-
nected components of the graph associated to an element in a numerical semigroup.

Let n be an element of S. If Xj,...,X, are the R-classes of Z(n), for all i €
{1,...,r} define

Ai={nj|xj<xforsomexeX;}.

These sets contain the set of vertices of the different connected components of
G,,. To prove this, we first must show that {A;,...,A,} is a partition of V,,.

Lemma 8.14. The set {Ay,...,A,} is a partition of V,,.

Proof. If nj € V,, thenn—n; € S. Take a € Z(n—n;). Then a+x; € Z(n) and thus
there exists i € {1,...,r} such that a +x; € X;. Hence n; € A;. This proves that
Vi CA1U---UA,, and consequently V, = A U---UA,.

Now assume that ny, € A;NA; with i # j. Then there exists x € X; and y € X; such
that x; < x and x; <y. This implies that x -y # 0 and consequently xRy. But this is
impossible because X; and X; are different R-classes. This proves that {A1,..., A}
is a partition of V. g

Now we show that there is no edge in G,, connecting a vertex in A; with a vertex
inAj wheni# j.

Lemma 8.15. If ny € A; and ny € Aj with i # j, then mn; € E,.
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Proof. Observe that by Lemma 8.14, k cannot be equal to /. Assume to the contrary
that g7y € E,,. Then n— (ng+n;) € S. Take a € Z(n — (ng+n;)). Then a+x; +x; €
Z(n). From ny € A; and n; € Aj we deduce that there exists y € X; with x; <y and
z € X; with x; < z. This leads to y - (a +x¢ +x;) # 0 and (a +x; +x;) - 2 # 0, which
implies that yRz, contradicting that X; and X; are different R-classes. g

And finally we prove that any two vertices in the same Ay are connected with a
path in G,,.

Lemma 8.16. If ny,n; € As, with l # k, then there is a path in G, with vertices in A
Jjoining ny with n;.

Proof. By definition, there exist a,b € X such that x; < a and x; < b. As aRb, there
exist a sequence day, . . . ,a, of elements in X, such that ag =a, a, =b and a;-a;+1 #0
foralli € {0,...,r— 1}. We proceed by induction on r.

If r = 1 (the case r = 0 makes no sense since k # [), then a - b # 0. Thus there
exists m € {1,...,e} such that x,, < a and x,, < b. It follows that x; + x,, < a and
Xm + X < b. And this implies that n— (n; +ny,) € S and n— (n,, +ny) € S. This gives
the path joining n; and n; (note that it may happen that either n,, = n; or n,, = ny,
but not both). Observe that from the definition of Ay, n;, n,, and n; belong to As.

Now assume that » > 1 and as induction hypothesis that the result holds for all
sequences of length less than r. As k # [, there exists m € {0,...,r— 1} and j # 1
such that x; < a, xj < @, Xj < apt1 and x; £ ap41. Choose m to be minimum
fulfilling this condition. From x; < a,, and x; < a,,, we deduce that 771 € E,,, and as
am € Xy, both n; and n; are in Ag. If j = k, then we are done. Otherwise, the induction

hypothesis applied t0 a1 1, ..., a, ensures the existence of a path connecting n; and
ni in G, with vertices in A;. Adding at the beginning of this path the edge 7;7;, we
conclude the proof. O

With all this information it is easy to see that the sets of vertices of the different
connected components of G, are Ay, ...,A,. Thus the number of connected compo-
nents of G, equals the number of R-classes in Z(n).

Theorem 8.17. Let S be a numerical semigroup and let n be a nonzero element of
S. The number of connected components of G, equals the number of R-classes in
Z(n).

Proof. Let X,...,X, be the different R-classes in Z(n). For every i € {1,...,r},
define the subgraph G, = (V,E!) of G, as follows. Set V) = A; and E, = {mm; €

E, | ni,nj € A;}. From Lemmas 8.14, 8.15 and 8.16 we deduce that these are the
connected components of G. a

Remark 8.18. From these results we deduce that to obtain a (in fact any) minimal
presentation of S, we only have to find those n € § for which G,, is not connected. Let
n be such that G, is not connected and let G}, ..., G” be its connected components.
Choose now for every i € {1,...,r} a vertex ny, € Vi and an element &; € Z(n) such
that x;, < o. Then [ ]R,...,[0;]r are the different R-classes of Z(n). If we define
pn = {(,11),...,(a, 1)}, then Gy, is a tree. Hence, by Corollary 8.11, p is a
minimal presentation of S.



3 Computing minimal presentations 115

From this we deduce that if we want to compute a minimal presentation by using
this idea, we must find the elements in a numerical semigroup whose associated
graph is not connected. The following property makes this search possible.

Proposition 8.19. If G, is not connected, then n =w+n; with w € Ap (S,n1)\ {0}
and j€{2,... e}.

Proof. Ifn—n; € S,thenn=w € Ap(S,n;)\ {0}. Since G, is not connected, there
existnj,nj € V, withi # j > 2 such that m;r; € E,,. This implies thatn = (n—n;) +n;,
and clearly n—n; € Ap(S,n;)\ {0} (n# n; because n —n; € Sand {ny,...,n.}isa
minimal generating system of S).

Now assume that n —n; € S. As G, is not connected, there exists n; € V,, with
i>1,suchthatn—(n;+n;) €S m; €E,). Asn—n; € Sandn—n; —n; € S, we
have that n —n; € Ap(S,n;) \ {0} (again n —n; # 0 because n —n; € S). We can
write n = (n—n;) +n;. O

Remark 8.20. Note that this proposition gives a finite set in which are contained the
elements n € S such that G, is not connected. If we apply to this set the procedure
described in Remark 8.18, we have an algorithmic procedure to compute a minimal
presentation of a numerical semigroup.

Example 8.21 ([80]). Let
S=(5,7,9,11).

As
§=1{0,5,7,9,10,11,12,14,15,16,17,18,...},

Ap(S,5) = {0,7,9,11,18}.
Now we calculate (Ap(S,5)\ {0})+{7,9,11} obtaining
{14,16,18,20,22,25,27,29}.

Hence, we look at the graphs G, with n in the set (Ap (S,5)\{0})+{7,9,11}.

We find an expression of 14 in which 5 is involved: 14 =1 x5+ 1 x 9;
and another in which 7 is used 14 = 2 x 7. We proceed analogously with 16, 18,
20 and 22.

|Graph|Connected components| ~ Relations |

Gs {5,9},{7} (xl —|-X3,2XQ)
Gie {5,11},{7,9} (x1 +x4,%2 +x3)
Gig {7,11},{9} (2 +x4,2x3)
G {5},{9,11} (4x1,x3+x4)
Gy {5,7},{11} (3X1+X2,2)«C4)
Gos {5,7,9,11}

Gy {5,7,9,11}

Goo {5,7,9,11}
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Therefore a minimal presentation of S is
p = {(x1+x3,2x2), (x1 +xa,x0 +x3), (32 + x4,2x3), (4x1,x3 +x4), (3x1 +x2,2x4) }.

Example 8.22. Let S = (nj,n,) with gcd{n|,np} = 1. Then a minimal presentation
for Sis {(n2x1,n1x2)}. The Apéry set of n; in S is

Ap (S,nl) = {O,n272n2,...,(n1 — ])nz}.
The only n for which G, is not connected is n = nyny = (ny — 1)ny + ny.

Example 8.23. Assume now that S is minimally generated by {n;,n,,ns3}. For every
re{1,2,3}, define

¢, =min{k € N\ {0} | kn, € (ng,n;),{r,s,1} ={1,2,3} }.

For n € {ciny,cana,c3nz}, the graph G, is not connected, and these are the only
elements in § fulfilling this condition. We distinguish three cases.

1) If cyny = cynp = c3ng3, then
{(c1x1,¢2x2), (c1X1,¢3%3) }

is a minimal presentation for S.
2) Assume now that ¢1n| # cyny = c3ns (we omit the other similar cases). If cjny =
Any + unz with A, € N, then

{(c1x1,Ax2 4+ ux3), (c2x2,c3x3) }

is a minimal presentation for S.
3) If the cardinality of {cn;,can,c3n3} is three, then suppose that

ciny = ripny +ri3nz,
Cang = Ny +13n3,
c3n3 = r3ny +ryng,

for some nonnegative integers r;;. Then
{(c1x1,r12x2 + r13x3), (€2X2, r21X1 + 123X3), (€3X3,731X1 4+ 732X2) }

is a minimal presentation of S.

Note that (6,10, 15), (4,6,7) and (5,6,7) are examples of 1), 2) and 3), respectively.
We show how we can compute the presentations of these examples by using GAP.

gap> MinimalPresentationOfNumericalSemigroup (
>NumericalSemigroup(6,10,15));

rtrrs o6 o1, 00, 3,011, [ [5 0 01,
(0, 0, 21 1]
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gap> GraphAssociatedToElementInNumericalSemigroup (30,
> NumericalSemigroup(6,10,15));
[ [ 6, 10, 151, [ [ 1 11

gap> MinimalPresentationOfNumericalSemigroup (
>NumericalSemigroup(4,6,7));

rtrrs3 06 01, 1006 2,011, 02 1, 01,
[ 0, O, 21 11

gap> GraphAssociatedToElementInNumericalSemigroup (12,
> NumericalSemigroup(4,6,7));

04 61, [ L1711

gap> MinimalPresentationOfNumericalSemigroup (
>NumericalSemigroup (5,6,7))
rtrri, 6, 11, [0, 2

01 1, I
to 1, 211, (003 1, 01, [0, 0, 3]
gap> GraphAssociatedToElementInNumericalSemigroup (12,
> NumericalSemigroup (5,6,7));

05 6 71, 005 7111

The output of the minimal presentation command is a list of pairs, each one contain-
ing a list of coefficients, by using the isomorphism N° 2 Free(x;,x2,x3). As for the
graphs, the output is a list whose first element is the list of vertices and the second
the list of edges of the graph.

4 An upper bound for the cardinality of a minimal presentation

We assume, unless otherwise stated, that S is minimally generated by {ni,...,n.}.
In this section we are concerned with upper bounding the cardinality of a minimal
presentation for S. In order to find this bound we must deepen in the study of those
elements n in S for which G, is not connected. The bound given here is sharp,
in the sense that it is reached by a large family of numerical semigroups: those
with maximal embedding dimension (however this does not mean that better bounds
can be given; see the exercises at the end of this chapter and the references given
there). In fact, this characterizes numerical semigroups with maximal embedding
dimension.

Lemma 8.24. Let n be an element in S with nonconnected G,. Then there exists
ng € {na,...,n.} andw € Ap(S,n1)N---NAp(S,ng_1) such that
Dn=w+n&Ap(S,n)N---NAp(S,m_1),

2)w +n, € Ap(S,n1)N---NAp(S,nk_1), for all w' € S\ {w} such that w' <g w.
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Proof. Leti= min{j e{l,....e} |njeV, } As G, is not connected, we can also
find k the minimum of j € {1,...,e} such that n; and n; are in different connected
components of G,.

1) Since ng € Vi, w=n—ny € S. Assume that w —n; € S for some j € {1,...,k—
1}. Then 7ij7; € E, and thus n; and ny are in the same connected component.
This in particular means that n; and n; are in different connected components.
The minimality of k ensures that k < j, a contradiction. Hence n = w + n;, with
weAp(S,n)N---NAp(S,nk_1). As i < k, we have that n ¢ Ap (S,n;)N---N
Ap (S, Ng—1 )

2) Asw—w' € S\ {0}, there exists [ € {1,...,e} such that w—w' —n; € S. Hence
n— (n;+n;) € S, which implies that n;, and n; are in the same connected compo-
nent of G,. If w'+ny & Ap (S,n1)N---NAp(S,nk_1 ), then there exists j < k such
that w' +ny —n; € S. This leads to (W +ny) —nj+(w—w'—n)) =n—(nj+n;) €
S, which implies that n; and n; are in the same connected component of ny, con-
tradicting the minimality of k. O

For k € {2,...,e}, define Dy as the set of w € Ap(S,n;)N---NAp(S,n_y) ful-
filling Conditions 1) and 2) of Lemma 8.24.

Lemma 8.25. The cardinality of any minimal presentation of S is less than or equal
to the sum of the cardinalities of the sets D,,...,D,.

Proof. Denote by D = U,i:le the disjoint union of the sets D;. We will re-
fer to its elements as (w,k) pointing out in this way that w € Dy. Let p be
a minimal presentation of S such that if (a,b) € p, n = ¢(a) = @(b) and i =
min{ j € {1,...,e} | nj €V, }, thenx; < a (a presentation of this form exists in view
of Remark 8.18). Define ¢ : p — D, in the following way. If (a,b) € p and ¢(a) =
n(= ¢@(b)), then a belongs to an R-class X; and b belongs to a different R-class X;
of Z(n). From the way p is constructed, k =min{/ € {1,...,e} |n; €A; } > 1. De-
fine g((a,b)) = (n— ny,k). As in the proof of Lemma 8.24, from the minimality of
k, we can deduce that w = n—ny € Ap(S,n1) N---NAp(S,ng—1) and that it fulfills
Conditions 1) and 2) of Lemma 8.24. From the way p is constructed, it follows that
g is injective. Thus the cardinality of p is less than or equal to that of D. By Corol-
lary 8.13, all minimal presentations have the same cardinality, and this concludes
the proof. O

Thus the natural step to give is finding an upper bound for the cardinalities of the
sets Dy,...,D,.

Theorem 8.26. Let S be a numerical semigroup minimally generated by {ny,...,n,}.
The cardinality of any minimal presentation for S is less than or equal to

(2n1 —e+1)(e—2)
2

Proof. Define ¢, = min{k € N\ {0} | kn, € (n1,...,n,—1)}. Clearly D, = {(c, —
1)n.} and thus it has just one element. Besides,

+1.
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Dy C (Ap(S;m)N---NAp(S,m—1)) \ {0}

As the cardinality of Ap (S,n;) is n; (Lemma 2.4), and ny, ..., nt_1 € Ap(S,n;) but
they do not belong to Ap(S,n1)N---NAp(S,nk_1), we have that the cardinality
of Dy is less than or equal to n; — (k — 1). The sum of the cardinalities of the sets

D»,...,D, is then bounded by 1—1—):2;%011 —k+1)=1+ W O

By Proposition 2.10, e is less than or equal to n;. We use this to give a weaker
version of the above bound.

Corollary 8.27. Let S be a numerical semigroup. The cardinality of any minimal
presentation of S is less than or equal to
m(S)(m(S) —1)
> .
Proof. By Theorem 8.26, we know that the cardinality of any minimal presentation
(Zm(S)fe(S)2+1)(e(S)72) + 1. Observe that

(2m(S) —e($) +1)(e(5) =2) |  m(S)(m($)— 1)
2 - 2

of S is less than or equal to

if and only if (m(S) —e(S))(m(S) —e(S) +3) > 0. This last equality holds since by
Proposition 2.10, e(S) < m(S). O

Recall that a numerical semigroup S is said to have maximal embedding dimen-
sion if e(S) = m(S). One should expect a simpler result for this class of numerical
semigroups. In fact, as we will see next, numerical semigroups having maximal em-
bedding dimension can be characterized as those for which the bound in Corollary
8.27 is reached, and thus with respect to the multiplicity they are those numerical
semigroups with the largest possible presentations.

Lemma 8.28. Let S be a numerical semigroup. If the cardinality of a minimal pre-

sentation of S is % then S has maximal embedding dimension.

Proof. From the proof of Corollary 8.27 it easily follows that if the cardinality of a
minimal presentation of S is w, then (m(S) —e(S))(m(S) —e(S)+3) =0.

Then either e(S) = m(S) or e(S) = m(S) + 3. This last possibility cannot hold since
e(S) < m(S) in view of Proposition 2.10. O

This proves one direction of the above-mentioned characterization. Let us pro-
ceed with the other implication.

Lemma 8.29. Let S be a maximal embedding dimension numerical semigroup. Then

o o L m(S)(m(S)-1)
the cardinality of any of its minimal presentations is ——>—~—.

Proof. Set m = m(S). As S has maximal embedding dimension, S is minimally gen-
erated by {m,ny,...,n,_1} for some positive integers ny,...,n,,— and Ap (S,m) =
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{0,n1,...,nm—1} (see Proposition 3.1). By particularizing Proposition 8.19 to this
setting, we have that if n is an element in S for which G, is not connected, then
n=n;+n;forsomei,j € {1,...,m—1}. We distinguish two cases.

1) If i = j, then n = 2n;. Observe that 2n; ¢ Ap (S,m), which in particular implies
that n —m € S. Hence n; is the only vertex of a connected component, and m
belongs to a different connected component.

2) Ifi# j,thenn=n;+n;. Again n;+n; ¢ Ap(S,m), and thus m is not in the same
connected component containing n; and n; (a component which is just the edge

In view of 1) and 2), if G,, is not connected, then m € V,,. Take n; to be a vertex of
G, that is not in the same connected component of m. Then n —ny € Ap (S, m), that
is, n =ny +mn; for some [ € {1,...,m— 1}. This proves that G, is not connected if
and only if n = n; +n; for some i, j € {1,...,m —1}. Moreover, m is in a different
connected component of n; and n;. Hence the cardinality of a minimal presenta-
tion coincides with the cardinality of the set {{i,j}|i,j € {1,...,m—1}}, which

. (m—1)
is equal to “=5—. 0

Theorem 8.30. A numerical semigroup S has maximal embedding dimension if and

. - o . m(S)(m(S)-1)
only if the cardinality of any of its minimal presentations is —=—>=—~—".

Exercises

Exercise 8.1 ([79]). Prove that the cardinality of a minimal presentation of (7,8,
10,19) is 7.

Exercise 8.2 ([4]). Show that (19,23,29,31,37) is symmetric and that any minimal
presentation for it has cardinality 13.

Exercise 8.3 ([57]). Let S be a numerical semigroup minimally generated by {n; <
-+ < ne} with F(S) > m(S). Let T = SU{F(S)}. Assume that {ni,...,n.,F(S)} is
a minimal system of generators of 7. Let n € S. Denote by ncc(S,n) (respectively
nce(T,n)) the number of connected components of the graph associated to n in S
(respectively T'). Prove that the following assertions are equivalent.

a) ncc(S,n) < nce(T,n).
b) n € {E(S)+ny,...,F(S)+n.,2F(S)}.
¢) nce(T,n) = nce(S,n) + 1.

Prove also that the following are equivalent.
a) ncc(7T,n) < nce(S,n).
b) n = F(S) +n; +n; with i € {2,...,e} and such that n; and n; are in different

connected components of the graph associated to n in S.
¢) ncc(S,n) = nce(T,n) + 1.
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Exercise 8.4 ([57]). Let S be a numerical semigroup minimally generated by {n; <
o+ < ne} with F(S) > m(S). Let T = SU{F(S)}. Assume that {ny,...,n.,F(S)} is
not a minimal system of generator of 7. By using the same notation as in Exercise
8.3, prove that the following assertions are equivalent.

a) ncc(S,n) < nce(T,n).
b) n € {F(S)+na,....F(S)+ne_1,2F(S)}.
¢) nce(T,n) = nce(S,n) + 1.

Prove also that the following are equivalent.

a) ncc(T,n) < nce(S,n).
b)n € {ne+na,....,ne+n._1,2ne}.
¢) ncc(S,n) =nee(T,n) + 1.

Exercise 8.5 ([57]). Let S be a numerical semigroup with F(S) > m(S). Set T =
SU{F(S)}. Assume that s and ¢ are the cardinality of minimal presentations of S
and 7, respectively. Prove that

a)ife(T)=¢e(S)+1,thens+2 <t <s+e(S)+1,
b) if e(T) =e(S), then s =1.

Exercise 8.6 ([57]). Prove that if S is a numerical semigroup and p is a minimal
presentation of S, then

S)(m(S) — 1
o< ODOD )
(Hint: Consider the set of semigroups in Ch(S) = {Sp = S,S,...,5 = N}. For
somem € {1,...,k}, S,y = {0,m(S), —}, which is a maximal embedding dimension
numerical semigroup. Then use the preceding exercise.)

Exercise 8.7 ([79]). Let S be a numerical semigroup with e(S) = m(S) — 1 and let
p be a minimal presentation for S. Show that

(m($) — 1)(m(S) —2)

(m($) —1)(m(S) —2)
5 :

2

—1<#p<

Exercise 8.8 ([79]). Let S be a symmetric numerical semigroup with e(S) € {m(S) —
1,m(S) —2,m(S) — 3} and let p be a minimal presentation for S. Prove that
S)(e(S)—1
4o S -1
2

Exercise 8.9 ([73]). Let S be an irreducible numerical semigroup with embedding
dimension greater than four. Prove that the cardinality of any minimal presentation
of S is less than or equal to

(m(S) — 2)2(111(5) D (m(s) —e(s)).
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Exercise 8.10 ([33]). Let a and b be integers with 1 < b < a. Assume that p is a
minimal presentation of (a,a+1,...,a+ b). Prove that
b(b—1)

#p = > +b—((a—1) mod D).

Exercise 8.11. Let o be the congruence on N generated by {(1,2)}. Prove that & is
not finitely generated as a submonoid of N x N.

Exercise 8.12. Let S be a numerical semigroup minimally generated by {ni,...,n.}.
A factorization of n € S is an element a = a1 x| + - - - + aex, of Z(n). The length of
ais|a| =ay+---+ay,. A finitely generated monoid is half-factorial if for every el-
ement in the monoid, all its factorizations have the same length. Prove that the only
half-factorial numerical semigroup is N.

Exercise 8.13 ([20]). Let S be a numerical semigroup minimally generated by
{ni1,...,n.} and let n € S. Let a,b € Z(n), with a = ajx; + - + aex, and b =
bi1x1 + -+ bex,. The greatest common divisor of a and b is defined as

gcd{a,b} = (min{a;,b; })x; + - + (min{ae,b, } )x,.
The distance between a and b is
dist(a,b) = max{|a — ged{a,b}|,|b — gcd{a,b}|}

(see [36, Proposition 1.2.5] for a list of basic properties concerning the distance).

Given a positive integer N, an N-chain of factorizations from a to b is a sequence
205 - - -, 2k € Z(n) such that zo = a, z; = b and dist(z;,z;41) < N for all i. The catenary
degree of n, cd(n), is the minimal N € NU {eo} such that for any two factorizations
a,b € Z(n), there is an N-chain from a to b. Let p be a minimal presentation. Prove
that cd(n) < max { max{|al,|b|} | (a,b) € p }.



Chapter 8
The gluing of numerical semigroups

Introduction

If K[V] is the ring of coordinates of a variety V, then V is said to be a complete
intersection if its defining ideal is generated by the least possible number of polyno-
mials. In the special case K[V] is taken to be a semigroup ring K[S], the generators
of its defining ideal can be chosen to be binomials whose exponents correspond to
a presentation of the monoid S (see [41]). In this way the concept of complete in-
tersection translates to finitely generated monoids as those having the least possible
number of relations in their minimal presentations.

The concept of gluing of numerical semigroups was introduced in Rosales’ PhD
thesis ([55]) in order to prove that a numerical semigroup is a complete intersection
if and only if it is the gluing of two complete intersection numerical semigroups,
rewriting in this way Delorme’s characterization of complete intersection numerical
semigroups ([27]). Later the definition of gluing is generalized for affine semigroups
(finitely generated submonoids of N”) in [60]. These results were then used in [77]
to generalize the characterization of complete intersection numerical semigroups to
submonoids of N2, N3 and any simplicial affine semigroup. Finally, in [30] the idea
of gluing is used to prove that an affine semigroup is a complete intersection if and
only if it is the gluing of two complete intersection affine semigroups.

Complete intersection numerical semigroups are symmetric, and thus they pro-
vide examples of one-dimensional Gorenstein local domains via their semigroup
rings. This is why some authors have given procedures to construct complete inter-
section numerical semigroups. Bertin and Carbonne in [6] introduce a subclass of
complete intersection numerical semigroups which they call free semigroups (this
has nothing to do with the concept of categorical freeness, since the only free nu-
merical semigroup in this sense is N). These semigroups have later been used by
other authors to produce examples of one-dimensional Gorenstein local domains
with a given multiplicity and embedding dimension (see [107]), and also algebraic
codes (see [43]).

J.C. Rosales, P.A. Garcia-Sanchez, Numerical Semigroups, 123
Developments in Mathematics 20, DOI 10.1007/978-1-4419-0160-6_9,
© Springer Science+Business Media, LLC 2009



124 8 The gluing of numerical semigroups

1 The concept of gluing

The idea of gluing is the following. A set of positive integers A, which is usually
taken as the set of generators of a monoid, is the gluing of A; and A, if {A],A>}
is a partition of A and the monoid generated by A admits a presentation in which
some relators only involve generators in Ay, other relators only involve generators
in A, and there is only one element in this presentation relating elements in A; with
elements in A,. In order to formalize this definition we need to recall and introduce
some notation.

Let A = {my,...,m,} be a subset of positive integers. Let X = {xy,...,x,}. Let
¢ : Free(X) — N the monoid homomorphism

oaix+...+amx,) =aym +---+am,.

Denote by o the kernel congruence of @, that is, acb if and only if ¢(a) = @(b).
For B C A, set Xg = {x; | m; € B}. Then Free(Xp) C Free(X). We define @ and op
accordingly. Note that o C ©.

With this notation it is now easy to express the concept of gluing. Let {A},A,}
be a partition of A. We say that A is the gluing of A and A, if there exists a system
of generators p of ¢ such that p = p; Up, U {(a,b)} with p; C oy4,, p2 C Oa,,
0 # a € Free(X,, ) and 0 # b € Free(Xa,).

The Apéry set of an element with respect to a set of integers can be defined in
the following way. If C is a subset of N and x € (C) \ {0} denote by

Ap(Cx) ={xe(C)[s—x & (C)}.

Clearly, if y € (C), then there exists a unique (s,k) € Ap(C,x) x N such that y =
s + kx (compare with Lemma 2.6).

The following technical lemma will be helpful to control (A;) N (A2) in order to
give a characterization of gluing.

Lemma 9.1. Let p = py Upa U{(a,b)} be a system of generators of 6, with p; C
04, P2 € O, 07# a € Free(Xy,) and 0 # b € Free(Xa, ). Let 51,11 € Ap (A1, @(a)),
$2,0 € Ap (Az,9(a)) and k € N such that sy + so = k@(a) + 11 + 2. Then k =0,
s1 =t and 5o = 1.

Proof. Assume for the sake of simplicity and without loss of generality that A} =
{mi,...,mp} and Ay = {my,11,...,m,}. Observe that 0 # ¢(a) = @(b) € (A1) N{A2).
Thus, ¢(a) = aym; + - + apmy, = apympsq + -+ - + a,m, for some ay,...,a, €
N. As 51,11 € (A1) and s3,1, € (Ap), there exist dy,...,d,,by,...,b, € N such that
sy =dymy +---+dymy, t1 =bymy + -+ bymy, s = dpyympq + -+ +dym, and
tr = bypimpyy + -+ by

By hypothesis s + 52 = k@(a) +1 + 1. Then

(dix) + -+ +dwx)o((kay +br)x1 + -+ (kap +bp)xp + bpp1Xp1 + -+ -+ brxy).
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Since p is a system of generators of ¢, by Proposition 8.4, there exist vo,...,v; €
Free(X) such that

L4 V02d1x1+"'+drxr7
e V= (ka1 +b1)x1 +---+ (kah+bh)xh+bh+1xh+1 + -+ byx, and
o (vi,viy1)€p! forallie{0,...,t—1}.

We prove by induction on i that if v; = v; x| + --- +v;.x,, for some v;,,...,v;, €N,
then s; = v;my +---+v;mp and 5o = v, mpy1 + -+ v,

The result is clear for i = 0. Assume that the result holds for i and let us prove
it for i+ 1. As (v;,vi11) € p', there exist (u,v) € pUp ' UA(Free(X)) and w =
wixy + -+ wpx, € Free(X) such that (v;,vir1) = (u+ w,v+w) (see Proposition
8.4). We distinguish five cases.

1) If (u,v) € A(Free(X)), then the result is true, because in this setting v; = v 1.

2) If (u,v) = (a,b), thenas v, =u+w=a+w, s =vymy+---+v,m, = ¢(a) +
wimj + - -+ w,.m,. However this implies that s; & Ap (A, ¢(a)), contradicting
one of the hypotheses. Thus this case cannot occur.

3) The same stands for (u,v) = (b,a).

4) If (u,v) € p1 Upfl, then there exist ¢y, ...,cp,e1,...,e, € N such that (u,v) =
(c1x1 4+ cpxp,e1x; +- - +epxy). Hence

vi=(c1+wi)xi+ -+ (ch+Wn)Xp + W1 X1 + -+ wpx,
and
Vigr = (er +wi)xy 4+ 4 (ep +Wp)Xp +Whg 1 Xpg1 + -+ wpx,.

As (u,v) € o, we have that cym +- - - +c¢,m, = eymy +- - - +e,m,. Thus vy, m; +
s Vipymp = vipmy + oo+ vimy = spoand vigp, mpsy A+ Vi, me =
Vipg Mh1 1 Vi, my = 83,

5) The case (u,v) € pUp, !'is analogous to the preceding case.

As v, = (k(ll + b])xl + -+ (kah +bh)xh + bpr1xp+1 + -+ + byx,, we obtain that
s1 = (kay +by)my + -+ (kay, + by)my, and sy = by ymyyq + -+ bym,. It is clear
that k = 0 because s; € Ap(A1,¢(a)) and ¢(a) = aym; + - - -+ apmy,. Hence k = 0,
s1 =t and s, = 1. O

The concept of gluing can be characterized in several ways. We collect here some
of the given in [55]. These will enable us to define the gluing of two numerical
semigroups and control the notable elements as well as the presentation of the gluing
from the original semigroups.

Theorem 9.2. Let A be a subset of positive integers. Let {A1,Ay} be a partition of
A. The following assertions are equivalent.

1) A is the gluing of A and A,.
2)If di = gcd(Ay) and dy = ged(Az), then lem{d),d>} € (A1) N (A2) (where lcm
stands for least common multiple).
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3) There exists d € (A1) N (Az), d # O, such that the correspondence
/e Ap(Alad) X Ap(Azad) - Ap(Aad)v f(S],Sz) =s1+s82

is a bijective map.

4) There exists (a,b) € o with 0 # a € Free(Xs,) and 0 # b € Free(Xy,) such that
p1UpaU{(a,b)} is a system of generators of G, for every py and p, systems of
generators of 04, and Oy,, respectively.

Proof. 1) implies 2). Let d = @(a). As (a,b) € 0, 0 # a € Free(X,,) and 0 #
b € Free(Xy,), we deduce that d € (A1) N (Az) and d # 0. We prove that d =
lem{d;,d>}. Since d € (A1) N (Az), d is a multiple of d; and d». Hence d is
a multiple of lem{d;,d>}. By using Bézout’s identity, we can easily derive that
there exist y;,z; € (A;) for i € {1,2} such that lem{d;,d>} = y1 —z1 = y2 — 22.
Hence there exist ky,l1,ky, [ € N, s1,t; € Ap(A;,d) and 55,10 € Ap(Az,d) such
that y; = kid +s; and z; = I;d +1; for i € {1,2}. By using that y; —z; = y» — 22,
we obtain that (k; +)d + 51+t = (ko +11)d + 11 + s2. Assume without loss of
generality that ky + 1/ < ky + ;. Then 51+, = (k2 +0 —k — lz)d—‘rll +s5. By
Lemma 9.1, we have that s; = 7| and that s = f,. Hence lem{d;,d»} =y, —z1 =
kid+ sy —lLid —t; = (k; —I1)d. This proves that lem{d,,d»} is a multiple of d and
consequently d = lcm{d;,d}.

2) implies 3). Let d = lem{d;,d>}. We first prove that if (s1,s2) € Ap(A1,d) x
Ap(Az,d), thens; +s2 € Ap (A,d). As 51 +s2 € (A), there exists (s,k) € Ap (A, d) x
N such that s; + s = kd + 5. Since s € (A), there exists nonnegative integers
by,...,b, such that s = bym| + ...+ b,m,. It follows that t{ = bym; +--- + b,my, €
Ap(A;,d) and that tp = by ympq + -+ bym, € Ap(Az,d). Then s; + 55 = kd +
11 + 1. Hence s; —t| = kd + s» —t,. Observe that s; — ¢ is a multiple of d; and
kd + s —t; is a multiple of d,. Consequently, s — 1] = kd + sp — tp = zd for some
integer z. As both s; and #; belong to Ap (A,d), this equality forces z to be zero.
Thus kd + s5 = tp, and this again forces k to be zero, since otherwise 1, & Ap (A, d).
This proves that s = 51 + 52 € Ap(A,d).

Now let us show that f is injective. Assume that f(s1,s2) = f(t1,72). Then s; —
1] = sp —ty. Arguing as above, there exists an integer z such that s| —t; = sp —t, = zd.
And again this forces z to be zero, which leads to s; = #; and s, =1,.

Finally take s = bym; + --- + b,m, € Ap(A,d). Then setting s; = bym; +---+
bymy, and sp = by ymy 1 + - - -+ bpm,, we have that (s1,52) € Ap (A,d) X Ap (Az,d)
and f(s1,82) =s.

3) implies 4). Asd € (A1) N (Ay), there existay,...,a, € N such thatd = aym; +
< apmy = app1Mpgy + - - +apme. Let pyoand po be systems of generators of oy,
and oy,, respectively. Leta = ajx| +--- +apx; and b = ap1x4-1 +- - +a,x,. Then
0 # a € Free(Xy,), 0 # b € Free(Xy,) and @(a) = ¢(b) = d. Hence (a,b) € ©.
We prove that p = py Upo, U{(a,b)} is a system of generators of . As p C o,
Cong(p) C o. Take (byx; + -+ bpx,,c1x1 + -+ + ¢x,) € ©. Since bymy + -+ +
bymy, € (A1), there exists (s1,k1) € Ap(A1,d) x N such that bym; + -« + bpmy, =
kid +s;. Arguing analogously, there exist (¢1,/1) € Ap(A;,d) and (s2,k2), (t2,12) €
Ap (Az,d) such that by ymyyy + -+ bymy = kpd + 57, cymy + -+ +cpmy, = Lid +
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ty and cpympyy + - +cmy = bhd + 1. From bymy + -+ +bym, = cymy + -+ +
cymy, it follows that (k; +ka)d +s1 +s2 = (I) + l)d + 11 + 1. We deduce that kj +
ky =11 + b, because s| + 52,11 + 1 € Ap(S,d). Hence 5| + 52 = 1] + 1. By using
now that f is injective, s; =#; and s» = ;. Let g1,...,g- € N be such that s; =
ty = gumy + -+ gumy, and s =t = gpy 1My + -+ gom,. Then (bixy +--- +
bpxp, (krar+g1)x1+- -+ (kiap+gn)xn) € 04, (because bymy +---+bymy, =kid +
s1), and thus (byxy + -+ -+ bpxp, (kjay + g1)x1 +- -+ (kian + gn)xp) € Cong(p;) C
Cong(p). Analogously, (bji1xp1 + -+ bexy, (kaapg1 + &hs1)Xng1 + -+ + (koar +
gr)x;) € Cong(py) C Cong(p). Taking into account that Cong(p) is a congruence,
(bixy -+ bpxy, (kyar +g1)x1 + -+ (krap + gn)xn + (kaap1 + ghy1 )X+ +
(koa, + gr)x,) € Cong(p). In the same way, we obtain that (c1x; +- -+ +c¢px, (Lhar +
gu)xi+ -+ (hap+gn)xn + (haps1 + gne1)xne1 + - - - + (bar + gr)x,) € Cong(p).

Let §{ = Cong({(a,b)}). As ki +ky = I1 + o, (kia+ kob)E (k1 + k2)DE (1) +
L)blia+ Lb. Hence (kja+ kab,lia+ hb) € Cong({(a,b)}) C Cong(p). We can
then conclude that (b1x) + -+ + byx,,c1x1 +- -+ ¢,x,) € Cong(p).

4) implies 1). Trivial. O

This theorem can be used sometimes to compute presentations of numerical
semigroups as the following example shows.

Example 9.3. Let S be the numerical semigroup (minimally) generated by A =
{85,187,221,60,80,90}. Let A; = {85,187,221} and A> = {60,80,90}. Then
gcd(Ap) =17, ged(A2) = 10 and lem{10,17} = 170 € (A;) N (Az). Hence A is the
gluing of A; and A,. The monoid (A;) is isomorphic to (A;/17) = (5,11,13). A
system of generators for 6, is {(7x1,2x2 +x3), (3x2,4x1 +x3), (2x3,3x1 +x2) } (see
Example 8.23). Furthermore, (A,) 2 (A, /10) = (6,8,9). A minimal presentation for
On, 18 {(4x4,3x5), (3x4,2x6) } (again by Example 8.23). Moreover, 170 =2 x 85 =
80+ 90, whence we can choose (a,b) = (2x1,x5 4 x¢) and obtain by the preceding
theorem that

p = {(7)61,2)62 +X3), (3)62,4)61 +X3), (ZX3,3X1 —‘y—)Cz),
(4x4,3x5), (3x4,2x6), (2x1,Xx5 +x6) }

is a presentation for S.

2 Complete intersection numerical semigroups

In this section we give a lower bound for the cardinality of a presentation of a numer-
ical semigroup. Then we will characterize those numerical semigroups for which
this bound is reached. Recall that we already know an upper bound for the cardi-
nality of a minimal presentation of a numerical semigroup, and that this bound was
reached for (and only for) numerical semigroups with maximal embedding dimen-
sion (see Section 4 of Chapter 7).
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We assume that S is a numerical semigroup minimally generated by A = {n;, ...,
ne} and that X = {xj,...,x.}. As in the preceding section ¢ : Free(X) — N denotes
the monoid morphism defined as @(ajx; + -+ + aex,) = aijng + -+ - + aen,, and o is
its kernel congruence. Let p be a system of generators of ©.

Given B a nonempty proper subset of A, denote by

u(B)=min{x € (B) |[x—a € Sforsomea € A\B}.

This minimum always exist.
For s € S, recall that Xz = {x; € X | n; € B}. Define

Zp(s) = Z(s) NFree(Xp).

The following lemma ensures the existence of certain elements in a minimal
presentation of any numerical semigroup.

Lemma 9.4. Let B be a nonempty proper subset of A. Then there exist eg(lL(B)) €
Zs(u(B)) and e(u(B)) € Z(1(B))\ Zu(u(B)) such that (ep(1(B)), e(1(B))) € pU
p

Proof. Assume for the sake of simplicity (and without loss of generality) that B =
{ni,...,n,} and that 4 (B) —n,41 € S. There existay,...,a,,by,...,b, € N such that
w(B) =an;+---+amn, =biny+---+b.n, with b} #0. Write a = ayx; +---+
axrand b =byx;+ -+ bex,.

Letd =dix)+---+dx, € Zg(1(B)). Let us see that if c = cjx; + -+ ¢ox, €
Z(u(B)) is such that d - ¢ # 0, then ¢, = --- = ¢, = 0. Assume to the contrary
that ¢, # 0 for some k greater than r. As d - ¢ # 0, there exist i € {1,...,r} such
that ¢; # 0 # d,. This implies p(B) —n; € (B), and also that u(B) — (n; +ny) € S,
contradicting the minimality of t(B). It easily follows that

e ifcix;+...+cpx, isin the R-class of a, then ¢, = --- = ¢, = 0;
e thus, the elements a and b are in different R-classes of Z(u(B)) (because b, #
0).

By using that p is a minimal system of generators of ¢, the proof is a consequence
of Lemma 8.9. ad

Recurrently define the pair (P, %), with P, a partition of A and ¥, a subset of
p, as follows

[ ] P1 = {{nl},...,{ng}} and " =0
e once defined P, = {By,...,B;} and ¥y,

— if there exists (ep,(n),ep;(n)) € p withn € Nand i,j € {1,...,t},i# j, then
set

P+ = (Pn\{Bi,B;}) U{B;UB,},
Y1 = YmY {(eBi(n)7ij(n))}7



3 Gluing of numerical semigroups 129

— otherwise, set P, 1 = P, and Y41 = Y-

Let us study some of the properties of these pairs. They will be used to find the
lower bound for the cardinality of a minimal presentation of a numerical semigroup,
and later to understand the structure of those numerical semigroups reaching this
bound.

Lemma 9.5. Under the standing hypothesis and notation.

1) #yy, = e —#P,,
2)if P, :{Bh...,Bt}, then Y, QGBI J---Uop,
3) if#tp < e—1and #P, > 2, then #P,, | = #P, — 1.

Proof. 1) and 2) follow directly from the definition. As for 3), if P,, = {By,...,
B;}, by Lemma 9.4, we know that there exists & = {(ep, (U(B1)),e((B1))),.- -,
(en, (U(B,)),e(u(B;))) C pUp~!. Let B be the set obtained by replacing (a,b) with
(b,a) in p whenever (a,b) € p. Then %, UB C p. As ¥, C 0, U---Uop, and BN
(o, U---Uog,) is empty, we have that #y,, +#B < #p. We are assuming that #p <
e—1,whichleadstoe—t+# < e—1, and consequently #§ <7— 1. We deduce then
that there exist i,j € {1,...,t}, i # j such that (ep,(L(B:)),ep,(L(B;)))) € B C p.
Hence #P,, 1 <#P, — 1. O

The lower bound can now be established.

Theorem 9.6. Let S be a numerical semigroup. Then the cardinality of a minimal
presentation for S is greater than or equal to e(S) — 1.

Proof. Let{ny,...,n,} be a minimal generating system of S and let p be a minimal
presentation for S. Assume to the contrary that #p < e — 1. From Lemma 9.5 we
deduce that #P, = 1 and that #y, = e — 1. As 7, C p, this forces e — 1 < #p, a
contradiction. O

A numerical semigroup is a complete intersection if the cardinality of any of its
minimal presentations equals its embedding dimension minus one.

Example 9.7. Observe that N is a complete intersection. Its multiplicity minus one
is zero, and this is precisely the cardinality of any minimal presentation for N.

If n; and ny are integers greater than one such that ged{n;,n2} = 1, then a min-
imal presentation for (nj,n,) is {(n2x1,n1x2)} (see Example 8.22). Thus (n,ny) is
a complete intersection.

From Example 8.23, we deduce that complete intersection numerical semigroups
of embedding dimension three (nj,ny,n3) are those fulfilling that #{cn,con,
C3I’l3} <2.

3 Gluing of numerical semigroups

We translate the concept of gluing to numerical semigroups and prove that complete
intersection numerical semigroups are always a gluing of two complete intersection
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numerical semigroups. As a consequence of this, we will see that every complete
intersection numerical semigroup is symmetric.

Let S; and S, be two numerical semigroups minimally generated by {n,...,n,}
and {n,41,...,n.}, respectively. Let A € S; \ {ny,...,n,}and p € s\ {n+1,...,n.}
be such that ged{A, 1} = 1. We say that

S= (Ui fny, Ay M)

is a gluing of S| and S,. We now see the connection between this concept and that
of gluing of subsets of nonnegative integers.

Lemma 9.8. Under the standing hypothesis,

1) S is a numerical semigroup with minimal system of generators
{uny,...,uny Anpiy,...,Ang},

2){uny,...,unp Anpiy,...,Ane} is the gluing of {uny, ..., un,} and
{Anys1,...,Ane}.

Proof.

1) Ttis clear that ged{uny,...,uny Anyiq,...,An.} = ged{u,A} =1 and thus S is
a numerical semigroup. Assume that un; = appiny + -+ +a,un, + a1 Any1 +
-+ a,Ane. Then a, \Anyy1 + -+ + a.An, is a multiple of Au. Hence un; =
axiny + - - - +ayun, + A pk for some nonnegative integer k. This leads to n; =
axny + - - +a,n, + Ak. But this is impossible because A € S| and n; is a mini-
mal generator of Sj. In the same way we prove that the rest of the elements in
{uny,...,uny Anpyy,...,An,} are minimal generators of S.

2) In view of Theorem 9.2, it suffices to prove that

Al € (Unyy... uny) V(AR ... Ane).
This follows easily from the choice of A and u. a

Now that we have the connection with these two concepts, with the help of The-
orem 9.2 it is not hard to prove that a gluing of complete intersections yields a
complete intersection numerical semigroup.

Proposition 9.9. A gluing of two complete intersections is a complete intersection.

Proof. Let S and S, be complete intersection numerical semigroups, and let S be
a gluing of S and S». By Lemma 9.8, we know that e(S) = e(S1) +e(S2). Let p;
and p be minimal presentations for S; and S,, respectively. Then #p; = e(S;) — 1
for i € {1,2}. By using Lemma 9.8 and Theorem 9.2, we obtain that S admits a
presentation of the form p = p; Up, U{(a,b)}. Hence #p = #p; +#p2+1=¢(S)) —
1+e(S2) — 141 =-¢e(S)— 1. By using now Theorem 9.6 and Corollary 8.13, we
deduce that S is a complete intersection. a

The converse is also true, as we prove next.
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Theorem 9.10. A numerical semigroup other than N is a complete intersection if
and only if it is a gluing of two complete intersection numerical semigroups.

Proof. Sufficiency is Proposition 9.9, so we focus on the necessary condition. Let
S be a complete intersection numerical semigroup with minimal system of gener-
ators A = {ny,...,n.}. We know that S admits a presentation p with #p = e — 1.
From Lemma 9.5, we deduce that P, = {A}, P._; = {A],A;} and that p =}, =
Ye—1 U{(ea, (L(A1)),e4,(1(A2)))}, with Y1 C 04, UOy,. Then A is the gluing of
A and Aj. Assume (after rearranging the elements in A if necessary) that A; =
{ni1,...,n,} and Ay = {ny41,...,n.}. Let d; = gcd(A,) and d» = gcd(Az). Define
St = (g, q) and Sy = ("5, 5e). Clearly {44, 7} and {75, %}
are minimal systems of generators of S; and S;, respectively. As A is the gluing
of A and Aj, by Theorem 9.2, didy = lem{d,,d2} € (n1,...,n:) NV {Ryi1,... Re).
Hence d» € S| and d; € S>. Assume that d, = 2’—; for some i € {1,...,r}. Then
dydy =n; € (ny41,...,n,), contradicting that A is a minimal system of generators of
S. This proves that d, & {n,...,n,}. Thatd; & {n,+1,...,n.} follows analogously.
Hence S is the gluing of S| and S». Let us prove that S; and S, are complete intersec-
tions. Clearly, p; = 64, N p is a presentation of S;, i € {1,2}. As #p; +#p, =e—2
and by Theorem 9.6, #p; > r— 1 and #p, > e —r — 1, we conclude that #p; = r — 1
and that #p, = e — r — 1. This proves that S| and S, are complete intersections. O

We end this section proving that every complete intersection numerical semi-
group is symmetric. This is a consequence of the following result that shows that
the symmetry is preserved under gluing.

Proposition 9.11. A gluing of symmetric numerical semigroups is symmetric.

Proof. Let S and S, be numerical semigroups with minimal systems of generators
{ni1,...,n,} and {n41,...,n.}, respectively. Let A € S; \ {ny,...,n,} and p € S»\
{ny+1,...,n.} be such that gcd{A,u} = 1. Let S = (uny,..., Un, An,q,...,An,).
By Lemma 9.8, {uny,...,un, An,i1,...,An,} is the gluing of {uny,...,un,} and
{An;41,...,An.}. By Theorem 9.2 we deduce that

Ap(S,Au) = {s1+s2[s1 €Ap(A1,Al),52 € Ap(Ar,Ap) }.
Hence
Ap(S,Ap) ={Aw; + uwa | w; € Ap(S1,A),w2 € Ap(S2,1t) }.
The result now follows from Proposition 4.10. a

Corollary 9.12. Every numerical semigroup that is a complete intersection is sym-
metric.
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4 Free numerical semigroups

In this section we introduce the family of numerical semigroups given by Bertin and
Carbonne in [6]. The semigroups in this family are complete intersections. Their
definition and characterization rely on the following constants.

Let S be a numerical semigroup minimally generated by {ni,...,n,}. For every
i€{2,...,e}, define:

1) di:gcd{nl,...,ni,l},

2) ¢;=min{k € N\ {0} | kn; is a multiple of d; },

3) ¢ =min{k € N\ {0} | kn; € (ny,...,ni_1) },

4) Ci:min{kEN\{O} |kn, € <n1,...,ni_l,ni+1,...,ne>}.

We study how these constants are related.

Lemma 9.13. Under the standing hypothesis.

1)ci <clforallice{2,... e},
2)¢i<c}forallie{2,... e},

3)ci= dﬁl forallie€{2,...,e} (andd, = 1),
4)n=7c3-Ce

Proof. 1) and 2) follow directly from the definition. As for 3), note that ¢;n; =

lem{n;,d;}. .Since lcm{n.i,di} = % = sj—f;', we obtain that ¢; = diiu . Finally,
4) follows directly applying 3) and the fact that d, = n; and d,+1 = 1. a

The constants ¢; can be used to express uniquely any integer as a linear combi-
nation of ny,...,n,.

Lemma 9.14. Under the standing hypothesis. Every integer z can be written unique-
ly as z = AMny + Aang + -+ + Aente, with Ay € Z and A; € {0,...,¢ — 1} for all
ie{2,....p}

Proof. As ged{ni,...,n.} = 1, there exist integers Ui,..., U, such that z = pn; +
-+ + Uene. By using the division algorithm, there exist integers ¢ and A, such that
Ue = qc; + A, with 0 < A, < T,. Hence z = ing + -+ + He_11e—1 + qCTohe + Aehe.
By substituting c¢.n, with its expression in terms of ny,...,n._ (via Bézout’s iden-
tity), we get z = ying + - + Yo 11e—1 + Aente With 9q,..., % integers. We repeat
the operation with the coefficient of n,_; up to that of n,, obtaining the desired
expression.

Now let us prove that this expression is unique. Assume that z = Ajn; +--- +
Aene = ing + -+ -+ Uene With Ay, ..., Ae, Wy, ..., e integers such that A;, i; € {0, ...,
¢i—1} for all i € {2,...,p}. Let j be the largest integer in {I,...,e} such that
Aj # uj. Note that j must be greater than one, since Ajny = pyn forces A to be
equal to ;. Assume without loss of generality that A; > u;. Then (4; — u;)n; =
(i —A)ny+ -+ ((j—1 — Aj—1)nj—1, which is a multiple of d;. As 0 < A; — yj <
¢;, from the minimality of ¢; we deduce that 7Lj = U, a contradiction. O
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The semigroups we are looking for are those for which the relations given in
Lemma 9.13 become extreme.

Proposition 9.15. Under the standing hypothesis, the following are equivalent.

I)ny=c5---cj.

2) Ap(S,n1) ={ ona+---+2An. | 2; €{0,...,c; =1} foralli€ {2,... e} }.
3)F(S)+n = (c5—Dno+---+(c; — Dne.

4)ci=cf forallie{2,... e}.

5)ci=ciforallie{2,... e}.

6)ci=c=clforallie{2,... e}

Proof. 1) implies 2). By using the argument of the division algorithm used in
Lemma 9.14 but now with ¢ instead of ¢;, we obtain that every element w of
Ap(S,n;) admits an expression of the form w = Any + --- + Aen, with A; €
{0,...,¢f —1}. Hence

Ap(S,n1) C{ ana+---+Aen. | 2; €{0,...,c; —1} foralli€ {2,....e} }.

The cardinality of this latter set is less than or equal to ¢ - - - ¢;. Since by hypothesis
¢5---cy =n; and by Lemma 2.4, Ap (S,n) = n1, we obtain the desired equality.

2) implies 3). Follows from Proposition 2.12, which asserts that F(S) +n; =
max Ap (S,n;).

3) implies 4). Arguing as in Lemma 9.14, we can express ¢;n; as ¢;n; = Ajny +
-4+ Aimini—y with Ay,..., A;_ integers such that 0 < A; < ¢ forall j e {2,...,i—
1}. Since ¢; < ¢}, if we prove that A; € N, then ¢} = ¢;. Assume to the contrary that
A <0.Then Apny +---+Ai_1nj—1 =cin; + (—A,l)l’ll. This implies that Aong + -+
Aiini—1 & Ap(S,n;) and consequently (c5 — 1)np +---+ (¢; — )n, & Ap(S,ny).
This, in view of Proposition 2.12, contradicts 3).

4) implies 5). By definition, ¢, = c;. Thus ¢, = . Assume that ¢;;1 = cjy1,
..., Ce = ¢, and let us prove that ¢; = c¢;. From the definition of ¢}, by using once
more the division algorithm procedure, we deduce that ¢;n; can be expressed as
cinj=ain+---+aj_nj_1+ajn;+---+aen, withay,...,aj_1,aj41,...,a. €N
and a;, < cjyy forall j+ke {j+1,...,e}. Since ¢; = ¢}, we have that a, must
be zero, since otherwise aon, = —aini +---+(—aj_1)nj_1+cjnj+(—aji1)nj1+
«+++(—=ae—1)ne—1, which is a multiple of d, and a, < ¢,. By repeating this argument,
we obtain that ;i =--- = a. = 0. Hence ¢; = ¢ and consequently ¢; = c;.

5) implies 6). Let us see that ¢; = ¢} for all i € {2,...,e}. Clearly c. = c}. Now
assume that ¢ =¢jy,...,cc = ¢, and let us prove that ¢; = ¢;. In this setting,
Citk = Cjyk = c}f+k forall j+k€{j+1,...,e}. Thus we can repeat the steps of the
preceding implication.

6) implies 1). This is a direct consequence of Lemma 9.13. a

A numerical semigroup S is free (not to be confused with the notion of free
monoid) if there is an arrangement of its set of minimal generators {nj,...,n,}
fulfilling any of the conditions of the last proposition. As mentioned above, free
semigroups are complete intersections. This follows easily from the next property.
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Theorem 9.16. Let S be a numerical semigroup other than N. Then S is free if and
only if S is a gluing of a free numerical semigroup with embedding dimension e(S) —
1 and N.

Proof. Necessity. Let {ny,...,n,} be a minimal system of generators arranged so
that it fulfills the conditions of Proposition 9.15. We prove that S is a gluing of T =
(..., ") and N = (1) (recall that d, = ged{ni,...,n.-1}). As ged{ne,d} = 1,
d, =Ce, Wthh by hypothesis equals ¢, > 2. Thus

den, € <n1,...,ne,1>\{n1,...,ne,1}.

Hencen, € T\{7',..., %1 }. Since {n1,...,n.} = {de 3. .., de ™5 me - 1}, we de-
duce that S is the glumg of T and N. Now we prove that T is free Define

 — mi o fmo
ci_mm{keN\{O}‘kdee<de,..., o >}

Forie {2,...,e—1}, clearly & =c}. As d, = ¢}, é; = d,. Since § is free, we know
that ny = ¢5---c;, whence Z—i = ¢5---¢,_,. This proves that T is free in view of
Proposition 9.15.

Sufficiency. Assume that S is a gluing of 7, minimally generated by {m;,...,
me—1}, and N = (1). Then there exists a minimal system of generators of S of the
form {ny,...,n.} ={dmy,...,dme_y,n,-1} for some d € N\ {1} and somen, € T\
{my,...,me_1 }.Moreover, dn, € (dmy,...dm_1) N (n.). Define ¢; and ¢} as above.
Observe that any element in (ny,...,n,_1) is a multiple of  and that gcd{d,n.} = 1.
This implies that ¢} = d. Moreover, ¢} = ¢} foralli € {2,...,e—1}. As T is free,
my = ¢5---¢,_ . Hence dmy = ny = ¢5---c,_,c;. This proves that § is free because
it fulfills one of the conditions of Proposition 9.15. a

By using induction and that N is a complete intersection, together with Theorem
9.10, one easily proves the following consequence of this characterization.

Corollary 9.17. Every free numerical semigroup is a complete intersection.

As another consequence we get an explicit description of the shape of a minimal
presentation for a free numerical semigroup.

Corollary 9.18. Let S be a numerical semigroup for the arrangement of its minimal
set of generators {ny,...,n,}. Assume that cin; = ajny+---+a;_ ni_ for some
@y .. ai,_, € N. Then

{(c;‘x,-,ailxl +-+a xi1)|i€ {2,...,@}}
is a minimal presentation of S.

Proof. Follows by induction by using Theorem 9.16, Lemma 9.9 and the definition
of gluing. O
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Moreover, free numerical semigroups can be characterized as those having a min-
imal presentation with the stair shape of the presentation given in this last corollary.

Corollary 9.19. Let S be a numerical semigroup. The following are equivalent.

1) S is free for the arrangement of its minimal generators {ni,...,n,}.
2) S admits a minimal presentation of the form

{(aixi,ai]xl +-ta xi1)|i€{2,...,e} }

Proof. 1) implies 2). This is a consequence of Corollary 9.18.

2) implies 1). We use induction on e. For e = 1 or e = 2 the result is true.
Assume that the result holds for e — 1. From the hypothesis, we deduce that
{ni,...,np} is a gluing of {ny,...,n._1} and {n.}. By induction hypothesis, and
setting d = ged{ny,...,n._ }, we deduce that T = (%, ..., %71} is free. Finally, by
using Theorem 9.16 we deduce that S is free. a

Example 9.20. Let S be a numerical semigroup minimally generated by {n;,n,,n3}.
If the cardinality of {cin,cony,cans} is less than three, then by the above corollary
and Example 8.23, S is free.

Exercises

Exercise 9.1. Let S be a numerical semigroup with embedding dimension greater
than two. Assume that every two minimal generators of S are coprime. Prove that S
is not a complete intersection.

Exercise 9.2. Prove that for every integer e greater than one, there exists a complete
intersection numerical semigroup with embedding dimension e.

Exercise 9.3. Let S be a symmetric numerical semigroup with e(S) € {m(S) —
1,m(S) —2,m(S) —3}. Prove that S is a complete intersection if and only if e(S) = 3
(see Exercise 8.8).

Exercise 9.4. Find a numerical semigroup with embedding dimension 6 and such
that the cardinality of any of its minimal presentations is 7.

Exercise 9.5. Show with an example that the gluing of two free numerical semi-
groups needs not to be free.

Exercise 9.6. Let S be a numerical semigroup with maximal embedding dimension.
Prove that S is a complete intersection if and only if e(S) € {1,2}.

Exercise 9.7 ([33]). Let a and b be integers with 1 < b < a and let S = {(a,a +
1,...,a+Db). Prove that S is a complete intersection if and only if b =1, or b =2
and a is even.
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Exercise 9.8 ([72]). Let x1,...,Xp,¥1,...,yp be integers greater than one with
ged{y;---yi,xi} =1 forallie{l,...,p}.

Prove that
S:<xl...xp,yle...xp,”_7yl...ypilxp’yl...yp>

is a free semigroup with e(S) = p+ 1.
Exercise 9.9 ([72]). Let x1,...,Xx5,¥1,...,y, be integers greater than one with
ged{xj,x;j} =1fori#j and ged{x;,y;}=1foralliec{l,...,p}.

Let M = x; - - - x,. Prove that

S—<M,y1M,...,pr>
X1 Xp

is a free semigroup with e(S) = p+ 1.

Exercise 9.10 ([72]). Let a and b be integers greater than one with gcd{a,b} = 1.
Prove that for every positive integer p,

S = <a”,a”+b,a”—|—ab,...,a”—|—a”71b>
is a free semigroup with e(S) = p+1.

Exercise 9.11. Let S be a numerical semigroup. Define ;) as the set of elements in
S that can be expressed as sums of k nonzero elements of S. Prove that S, U {0} is
a numerical semigroup.

Exercise 9.12 ([86]). A numerical semigroup S minimally generated by {n; < --- <
ne} is telescopic if it is free for the arrangement of generators ny,...,n,. Let

¢ :Free(xy,...,x.) =S, @(ajx; + - +aex,) = ajn; + -+ aen,.

Prove that if S is telescopic, then the map ¢ defines a one to one correspondence
between the set

{aix1+---+aex, |ar+---+a, > k0<a; <ci,i€{2,...,k} }

and S(k).



Chapter 9

Numerical semigroups with embedding
dimension three

Introduction

Herzog in [41] proves that for embedding dimension three numerical semigroups,
the concepts of symmetric and complete intersection coincide. Hence with the help
of Proposition 2.17 and what we know about embedding dimension two numeri-
cal semigroups, a formula for the Frobenius number and the genus of a symmetric
numerical semigroup with embedding dimension three can easily be found.

As for the pseudo-symmetric case, an expression for the Frobenius number of a
numerical semigroup of embedding dimension three can be given in terms of the
generators (and consequently also a formula for the genus in view of Corollary 4.5).
This formula is presented by the authors in [82].

The general case is not that simple. There is no algebraic formula in terms
of the minimal generators ([21]). However, an analytic formula is given in [29].
The algebraic formulas known so far for the Frobenius number of a numeri-
cal semigroup minimally generated by (nj,nz,n3) depend on the constants ¢; =
min{x € N\ {0} | xn; € ({n1,n2,n3}\ {n;} } and how ¢;n; is expressed in terms of
the other two generators (see [13, 42]). In [81] the authors make an extensive study
of these semigroups.

1 Numerical semigroups with Apéry sets of unique expression

We start this chapter by reviewing some results appearing in [61] for a special class
of numerical semigroups. These properties will be used later for embedding dimen-
sion three numerical semigroups.

Let S be a numerical semigroup minimally generated by {n; < --- < n,},
and let X = {xi,...,x.}. As usual let ¢ : Free(X) — S be the map defined by
o(Mx;+ -+ Aexe) = Ayny + - - - + A.n, with kernel congruence o. Recall that the
set of expressions of n € N is defined as Z(n) = ¢~ !(n). We say that n € S has

J.C. Rosales, P.A. Garcia-Sanchez, Numerical Semigroups, 137
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unique expression if the set Z(n) has only one element. We say that S is a numerical
semigroup with Apéry set of unique expression if every element in Ap(S,n;) has
unique expression.

We see that minimal presentations for semigroups with Apéry set of unique ex-
pression are relatively easy to control. Define

J(S) - {)L'Z-x2+"'+2rexe | AQ"Q"’"""‘Afene ¢AP(S,’11)}

Recall that by Dickson’s lemma (Lemma 8.6) the set of minimal elements of J(S)
with respect to the ordering < is finite. Assume that {ay,...,a,} = Minimals< (J(S)).
Forallie {l1,...,t}, as @(a;) & Ap(S,n;), there exists b; € Z(¢(a;)) such that x; <
bi.Forie {1,...,1}, write

aj = A X2 + - + A Xe, bj = bjyx1 + -+ bj,x,

(note that b;, # 0).
These elements can be used to compute a minimal presentation for S, if S has
Apéry set of unique expression. First we see what are the R-classes of a;.

Lemma 10.1. Under the standing hypothesis, if S is a numerical semigroup with
Apéry set of unique expression, then for all i € {1,...,t}, the R-class of Z(¢(a;))
containing a; has just one element, that is, [a;|r = {a;}.

Proof. Let n = ¢(a;). Assume to the contrary that there exists ¢ € Z(n), ¢ # a;,
such that g; - ¢ # 0. Then there exists j € {1,...,e} such that x; < g; and x; < c. As
x1 £ a;, this implies that j > 2. By the minimality of g;, the element a; —x; ¢ J(S),
or in other words, @(a; —x;) € Ap(S,n). But then ¢(a; —x;) admits at least two
different expressions, say a; — x; and ¢ —x;, contradicting that § has Apéry set of
unique expression. a

Theorem 10.2. Let S be a numerical semigroup with Apéry set of unique expression.
Let{ay,...,a;} =Minimals<J(S) and let by, ...,b; be such that x; < b; and ¢(a;) =
o(b;) foralli€ {1,...,t}. Then

{(a15b1>7' "7(at7bt)}
is a minimal presentation of S.

Proof. Let p = {(ay,b1),...,(as,b;)}. In order to see that p is a minimal presenta-
tion of S, we see that it can be obtained by following the construction given in Re-
mark 8.12. By definition, p C 0, and thus p = U,.c5 (0} P N (Z(n) X Z(n)). From the
preceding lemma, we deduce that a; and b; are in different R-classes of Z(¢(a;)).
Hence if n € S is such that Z(n) has a unique R-class, then p N (Z(n) X Z(n)) is
empty.

Assume that n is an element in S such that the R-classes of Z(n) are Xi,...,X,,
with » > 2. As S has Apéry set with unique expression and r > 2, we have that
n & Ap(S,n;). Hence there exists at least an element b € Z(n) such that x; < b.
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Assume without loss of generality that X; contains all the elements in Z(n) that are
greater than x| (with respect to <). In order to conclude the proof, it suffices to prove
that if a € X;, with i > 2, then a € {ay,...,a;}. Since a € A1, a = pxa + -+ - + AeXe
for some A,,...,A, € N. We already know that n ¢ Ap (S,n;), and consequently a €
J(S). Moreover, let j € {2,...,e} besuchthat A; #0.If n—n; = Any + -+ (A; —
Dnj+---+Ane € Ap(S,ny), thenn— (nj+n;) € S, which contradicts Lemma 8.15.
Hence Ayny +---+ (A; — )nj+--- + Aene € Ap(S,n1), which means that A>x, +

<4 (A —1)xj+ -+ Aexe € J(S). This proves that a € Minimals<J(S). O

We now characterize numerical semigroups with Apéry set of unique expression
that are symmetric. These numerical semigroups turn out to be free.

Recall that a numerical semigroup S is symmetric if and only if Maximals<
Ap (S,m(S)) = {F(S) + m(S)} (see Corollary 4.12). Different expressions of an el-
ement w in Ap (S,m(S)) translate to different expressions of any w' € Ap (S, m(S))
such that w <gw'. Hence a numerical semigroup has Apéry set of unique expression
if and only if the elements in Maximals< (Ap (S, m(S))) have unique expressions.
By Corollary 4.12, a symmetric numerical semigroup has Apéry set of unique ex-
pression if and only if the element F(S) + m(S) is of unique expression.

Lemma 10.3. Let S be a symmetric numerical semigroup. Then S has Apéry set of
unique expression if and only if B(S) 4+ m(S) has unique expression.

We prove now that free and symmetric properties coincide for numerical semi-
groups with Apéry set of unique expression.

Proposition 10.4. Let S be a numerical semigroup with Apéry set of unique expres-
sion. Then S is symmetric if and only if it is free.

Proof. We already know that if S is free, then it is a complete intersection (Corollary
9.17), and thus it is symmetric (Corollary 9.12).

Now assume that S is symmetric and that {n,...,n.} is a minimal system of
generators of S. Suppose that n; = min{ny,...,n.}. For every j € {l,... e}, de-
fine ¢; =min{ k € N\ {0} | kn; € (n1,....nj—1,nj41,...,ne) }. Assume that c;n; =
Ajymi -+ Aj,n, for some 4j,...,A;, € Nand A;; = 0. Then, as S has Apéry set
of unique expression, c;jn; ¢ Ap(S,n;), and thus we can take A;, to be nonzero.
Moreover, from the minimality of ¢;, we deduce that (c; —1)n; € Ap(S,n;). As S is
symmetric, we know that {F(S) + n;} = Maximals<,Ap (S,n;) (Corollary 4.12).
Hence for all j € {2,...,e}, there exists s; € Ap(S,n;) such that F(S) +n; =
(¢cj—1)nj+s;. AsF(S)+n; has unique expression and ¢;n; & Ap (S,n1), we deduce
that F(S) 4+n; = (co — 1)ny + -+ - + (¢, — 1)n,. Note that this also proves that

Ap(S,m) ={ lanmy+ -+ Aene | A; €40,...,c;— 1} forall j€ {2,...,e} }.

From the equality

(C271)Il2+~~~+(cefl)ne: (A’2| +~~~+lel)n1
+()L'22+"'+)L€2_1)n2+"'+(a’28+"'+l€g_1)”67
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by using that Ay, +---+A,, # 0 and that F(S) +n; € Ap(S,n;), it follows that some
of the coefficients in the right-hand side cannot be nonnegative integers. Then there
exists j € {2,...,e} suchthat Ay, + -+ A;; = 0. As Ay,..., A¢; € N, we have that
lgj =--- = A¢; = 0. Assume without loss of generality that j = e. By iterating the
process we obtain that

cony = Ay,
c3ny = A3 ny + Az, na,

Celle = lelnl + - +A€€_1n671'

This shows that ¢; = ¢ forall j € {2,...,p}, and as F(S) +ny = (c2 — )ma +--- +
(ce — 1)n,, we also have that

Ap(S,n1) = { A+ -+ Aene | 4 €{0,...,c; — 1} forall j€{2,....e} }.
This proves, by using Proposition 9.15, that § is free. a

For embedding dimension three numerical semigroups a bit more is achieved,
since we now prove that the complete intersection, symmetric and free properties
coincide in this scope.

Corollary 10.5. Let S be a numerical semigroup with embedding dimension three.
The following are equivalent.

1) S is a complete intersection.
2) S is symmetric.
3) S is free.

Proof. We know by Example 9.20 and by Corollary 9.17 that for numerical semi-
groups of embedding dimension three, it is equivalent to be free and a complete
intersection. We also know that every complete intersection is symmetric (Corol-
lary 9.12). So it suffices to prove that if S is symmetric, then it is free. Let S be a
symmetric numerical semigroup minimally generated by {n; < n, < n3}. If S has
Apéry set of unique expression, then by the preceding proposition, we are done.
Hence assume that there exists w € Ap(S,n1) and Ay, A3, to, U3 € N such that w =
Aony + Aans = Uony + Usns, with (Ax,A3) # (o, U3). Assume without loss of gen-
erality that A, > (. Then (A — tp)np, = (U3 — A3)ns € Ap(S,n1). Let 71,7 € N be
such that cany = Y1y + Y313, with as usual ¢; = min{ k € N\ {0} | kn, € (ny,n3) }.
Then by definition, ¢; < (A — ). Let ky = ¢ — (A2 — 1a). We have that cony =
(A2 — W + ka)na = kanp + (U3 — A3)n3. From the minimality of ¢; we deduce that
k, = 0. This proves that ¢c; = Ay — Uy, and in the same way we can show that
¢3 = U3 — A3. Thus cony = c3nz. By Example 9.20 we have that S is free. O



2 Irreducible numerical semigroups with embedding dimension three 141

2 Irreducible numerical semigroups with embedding dimension
three

We already know that symmetric numerical semigroups with embedding dimen-
sion three are free, and thus they must be a gluing of a numerical semigroup with
embedding dimension two and N. Hence we are going to be able to describe the
generators of these semigroups, and also we can give explicit expressions of their
Frobenius numbers and genus. Pseudo-symmetric numerical semigroups of em-
bedding dimension three cannot be a gluing as happens with the symmetric case.
However, by using some tricks we will be able to parameterize the minimal gener-
ators of this family of numerical semigroups and will also find closed expressions
for the Frobenius number and genus of these semigroups.

2.1 The symmetric case

We already know that symmetric numerical semigroups with embedding dimension
three are free and a gluing of a numerical semigroup of embedding dimension two
and N. This can be used to give an explicit description of the minimal generators of
a semigroup of this kind.

Theorem 10.6. Let m| and my be two relatively prime integers greater than one. Let
a, b and ¢ be nonnegative integers with a > 2, b+c¢ > 2 and gcd{a,bm; +cmy} = 1.
Then S = (amy,amy,bm| + cmy) is a symmetric numerical semigroup with embed-
ding dimension three. Moreover, every embedding dimension three symmetric nu-
merical semigroup is of this form.

Proof. Since ged{am,,amy,bm| 4+ cmy} = ged{a,bm; + cmy} = 1, we have that S
is a numerical semigroup.

We now prove that {am,amy,bm; + cm;} is a minimal system of generators.
The elements of (am;,am;) are multiples of a, and consequently bm; + cmy cannot
belong to this monoid. If am; € (amy,bm; + cmy), then am; = Aamy + p(bm; +
cmy) for some A, € N. This implies that a divides u, since ged{a,bm; +cma} = 1.
Hence m; = Amy + %(bml +cmy). Assume that £ #0.If b #0, then b =1 and ¢ =0,
contradicting b+ ¢ > 2. If b =0, then m; = (A + %)mz, contradicting that m; and
my are relatively prime. Hence p = 0, and then m; = Amy, which again contradicts
that m; and m; are relatively prime. This proves that am; & (amy,bm; + cmy). In
the same way it can be shown that am; & {(am;,bm| + cmy).

Finally, observe that S is a gluing of (m,m,) and N. Thus it is a gluing of two
symmetric numerical semigroups ({(m,my) is symmetric by Corollary 4.7, and N is
trivially symmetric). Proposition 9.11 ensures that S is symmetric.

Assume now that S is an embedding dimension three symmetric numerical semi-
group. By Corollary 10.5, we know that S is free. Assume that it is free for the
arrangement {ny,ny,n3} of its minimal generators. By Proposition 9.15, we have
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that c3ns € (ny,ny), and by Lemma 9.13, we have that ¢3 = ged{n;,n,}. Let b and ¢
be nonnegative integers such that c3n3 = bn| +cny. Note that b+c¢ > 2 and c3 > 2,
since otherwise {n1,7n2,n3} would not be a minimal system of generators. By setting
a=tc3,m; = =L and my = 72, we obtain the desired result. O

Remark 10.7. Assume that a, b, c,m; and m; are as in Theorem 10.6. From Proposi-
tion 2.17, it follows that F({am,ama,bm; 4+ cmz)) = aF((m;,mz)) + (a—1)(bm; +
cmy). Hence

F({amy,bmy,bm; +cmy)) = a(mymy —my —my) + (a— 1)(bmy + cmy).

2.2 The pseudo-symmetric case

In this section we study pseudo-symmetric numerical semigroups with embedding
dimension three. These semigroups have been characterized in [82], where an ex-
plicit description of the Apéry sets of their multiplicities and the Frobenius num-
ber is also presented. We will recall here some of the results appearing in that
manuscript.

In this section, S denotes a numerical semigroup minimally generated by {n;,n,
n3 }. Define as usual for i € {1,2,3},

Cci = min{k S N\{O} | kn; € ({nl,ng,n3}\{n,~}>}.

Lemma 10.8. If an; = bnj+ ny with {n;,nj,ni} = {n1,n2,n3}, a,b € Nand b < c;,
then a = c;.

Proof. Let q,r € N be such that a = gc; +r with 0 < r < ¢;. From the definition of ¢;,
there exists A, u € N such that ¢;n; = Anj+ ung. As an; = bnj+ ny, we deduce that
gAnj+quni+rn; =bnj+ni. If 4 =0, then gAn;+ rn; = bn; +ni. By assumption
{ni,ny,n3} is the minimal system of generators of S, which implies that b > gA.
Hence rn; = (b —qA)nj+ng, and as r < ¢;, this contradicts the definition of c;.
Thus u # 0. If ¢ = 0, then we get the same contradiction. Hence gt > 0 and bn; =
gAnj+(qu — 1)ni+rn;, which leads to b > gA and (b—gA)nj = (qu — 1)ng +rn;.
By hypothesis b < ¢, and consequently b — gA = 0. This implies that » = 0 and
gy = 1. This yields u = g = 1. We conclude that a = ¢;. a

Recall (Corollary 4.19) that S = (n1,n2,n3) is pseudo-symmetric if and only if
Maximals< (Ap (S,n1)) = {F(S) +ni, @ +n;}. We are going to see what these
two elements are. First we focus on @ +np, discarding a possible value that leads
to the symmetric case. The results we obtain are enounced for n; but can analo-

gously be obtained for n; and n3.

Lemma 10.9. IfF(S) +n; = (ca — )na + (¢3 — 1)n3, then S is symmetric.
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Proof. Assume that cony € Ap (S,n1). Then cpny = ans for some a € N. This forces
a to be equal to c3 (see the argument in the proof of Corollary 10.5). In view of
Example 8.23, this implies that S is a complete intersection and thus it is symmetric
(Corollary 9.12 or 10.5). Therefore we next assume that neither c,7, nor c3n3 belong
to Ap(S,n;). In this setting, if w € Ap(S,n;), then w = anp + bns with a,b € N,
a < ¢y and b < ¢3. By hypothesis F(S) +n; = (c2 — 1)nz + (¢3 — 1)n3. Hence w <g
F(S) + n;. This proves that S is symmetric by Corollary 4.12. O

( )

There are two possible values for +n; as we see next.

Lemma 10.10. If S is pseudo-symmetric, then ( L pn e {(c2—1)na, (3 —1)n3}.

Proof. Since S is pseudo-symmetric, arguing as in the proof of Lemma 10.9, we
have that neither cyn; nor c3n3 belong to Ap (S,7;). Assume that TS 4 ny & {(ca—
1)na, (c3 — 1)ns}. From the definition of ¢y, it follows that (C2 —1np —ny €8.
Then by Proposition 4.4, F(S) — ((c2 — )na —n1) =F(S) +n1 — (c2 — )na € S. As
cang,c3nz & Ap(S,ny) and F(S) +n; € Ap(S,n1), we have that F(S) +n; = (c2 —
1)ny +bnz with b < ¢3. By using now the definition of ¢3, we have that (¢c3 — 1)n3 €
Ap(S,n1), and since (¢3 — 1)n3 ;é S 4y, Proposition 4.4 asserts that F(S) +n; —
(c3 —1)n3 € S. Arguing as above, there exists a € N such that F(S) +n; = (¢3 —
1)n3 4+ any with a < ¢p. Hence any + (¢3 — )nz = (co — 1)na +bnz, a < ¢, — 1 and
b < c¢3 — 1. By using again the definitions of ¢, and c3, we deduce that a = ¢, — 1
and b = ¢3 — 1. Therefore F(S) +n; = (¢2 — 1)na + (¢3 — 1)n3, which in view of
Lemma 10.9, contradicts the fact that S is pseudo-symmetric. ad

This, as we see next, provides us with an explicit description of the Apéry set
of any of the minimal generators in a pseudo-symmetric numerical semigroup with
embedding dimension three. In particular, in view of Proposition 2.12, this descrip-
tion is telling us what F(S) 4 n; is.

Lemma 10.11. If S is pseudo-symmetric and ( ) +ny = (¢ — 1)ny, then
Ap(S,n) ={ama+bn3 |0<a<c;—2,0<b<cz3—1}U{(ca—na}.

Proof. We already know that c3n3 & Ap (S,n;) (see the proof of Lemma 10. 9) From

Corollary 4.19, we deduce that if a,b € N and any + bns € Ap(S,n;) \{ ) 4 ni},
then @ < ¢y —2 and b < ¢3 — 1. In order to conclude the proof, it sufﬁces to show
that F(S) +n = (02 — 2)7’12 + (03 — 1)1’13. As (02 — 2)1’12, (C3 — 1)n3 S Ap(S,nl) \
{@ +n1}, by Corollary 4.19, we obtain that F(S) +n; = (¢33 — 1)n3 +anp, = (¢ —
2)ny + bns for some a,b € N with a < ¢, —2 and b < ¢3 — 1. From the equality
(3 —Dns+any = (ca — 2)ny + bns, we deduce thata =c; —2and b=c3— 1. O

The parameters in Example 8.23 can be explicitly computed in the pseudo-
symmetric case.

Lemma 10.12. [f S is pseudo-symmetric and ( ) bny = (c2 — 1)ny, then
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1) ciny = (Cz — 1)n2+n3,
2) conp = (03 — 1)}13 +nq,
3) c3ng = (C] — 1)111 “+ny.

Proof. By Corollary 4.19, we have that (¢, — 1)ny € Maximals<,(Ap (S,n1)). Hence
(2 — )np +n3 € Ap(S,n;). Thus there exist a,b,c € N with a # 0 such that
(c2 — D)np 4+ n3 = any + bny + cn3. Since by Lemma 10.11, (c; —2)ny +n3 €
Ap(S,n;), we obtain that ¢ = 0 and b = 0. Therefore an; = (¢ — 1)ny + n3. By
using Lemma 10.8, We deduce that @ = c;. This proves 1).
As B8 7& + ny = (¢ — 1)ny, in view of Lemma 10.10, we obtain that
( ) +n3 (c1 — 1)n1 Arguing as above, we can deduce that c3n3 = (¢ — 1)n| +na.

Flnally, ( ) +ny = (c3—1)nz and cony = (3 — 1)n3 +ny. O

These values of the r;;’s characterize in fact the pseudo-symmetric property as
we see in the following result.

Proposition 10.13. Let S be a numerical semigroup with embedding dimension
three. Then S is pseudo-symmetric if and only if for some rearrangement of its gen-
erators {ny,ny,n3} we have that cyny = (¢ — 1)np +n3, cong = (¢3 — 1)ns +ny and
c3n3 = (Cl — 1)n1 +ny.

Proof. Necessity. This is a consequence of Lemmas 10.10 and 10.12.
Sufficiency. In view of Example 8.23, case 3),

p= {(CUC],(CZ — I)XQ +X3), (CQ)CQ,X] + (C3 — I)X3), (C3X3, (C] — l)xl —|—x2)}

is a minimal presentation for S. By using Proposition 8.4, we deduce that the element
(¢3 — 1)nz + (¢ — 2)ny is of unique expression. This in particular implies that (c3 —
1)nz+(c2 —2)ny € Ap(S,n1). By using the same argument, (¢ — 1)n; also belongs
to Ap(S,n;). Observe also that (c; — 1)na +n2 = (¢3 — 1)n3 +ny & Ap(S,n1) and
that (c; — 1)ny +n3 = ciny € Ap(S,n1) (and clearly (c; — 1)ny +ny € Ap(S,ny)).
Hence (¢2 — 1)ny € Maximals<((Ap (S,n1)). The same stands for (c3 —1)n3 + (c2 —
2)ny. Now let any + bns, with a,b € N, be an element of Ap(S,n;). Since c3nz =
(c1 — 1)ny + ny, we have that b < ¢3; and cony = (¢3 — 1)ns + ny forces a < ;.
Finally, the equality cijn; = (cz — 1)np + n3 implies that if a = ¢; — 1, then b must
be zero. This proves that Maximals<,(Ap (S,n1)) = {(c2 — 1)na, (c2 —2)nz + (¢3 —
1)ns}. In view of Corollary 4.19, in order to show that S is pseudo-symmetric, it
suffices to show that 2((c; — 1)np —ny) = (¢3 — 1)n3 + (c2 — 2)np — ny . This equality
holds if and only if (2¢; —2)ny = (¢35 — 1)n3 + (c2 —2)n2 +n1. As (2c2 —2)np =
(c2 —2)np + conp = (c2 —2)ny + (¢3 — 1)n3 +ny, we get the desired equality. m|

As a consequence of this, we obtain that the minimal generators of an embedding
dimension three pseudo-symmetric numerical semigroup are pairwise coprime, in
contrast with what happens in the symmetric case (Theorem 10.6).

Corollary 10.14. If S is a pseudo-symmetric numerical semigroup with embedding
dimension three, then its minimal generators are pairwise relatively prime.
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Proof. As S is a numerical semigroup ged({n,n,,n3}) = 1. By Proposition 10.13,
n3 = ciny — (ca — 1)ny, and thus ged({n;,nz2}) = ged({ny,nz2,n3}) = 1. The same
stands for ged({n1,n3}) and ged({nz,n3}) in view of the rest of the equalities ap-
pearing in Proposition 10.13. a

By counting the elements in the Apéry sets of the minimal generators in an em-
bedding dimension three pseudo-symmetric numerical semigroup, we obtain an in-
teresting consequence.

Corollary 10.15. Let S be a pseudo-symmetric numerical semigroup with embed-
ding dimension three. Then there exist a,b,c € N\ {0, 1} such that

{e(b—1)+1,(c—1at1,b(a—1)+1}
is the minimal system of generators of S.

Proof. Let{ny,ny,n3} be the minimal system of generators of S. Since #Ap (S,n;) =
ny, in view of Lemma 10.11, we deduce that n; = ¢3(c; — 1) + 1. In the same way
we can obtain that ny = ¢1(c3 — 1)+ 1 and that n3 = ca(c; — 1) + 1. O

This property characterizes pseudo-symmetric numerical semigroups with em-
bedding dimension three. It also provides us with a parameterization of the minimal
generators of this kind of numerical semigroups.

Proposition 10.16. Let a,b,c € N\ {0,1} be such that ged(c(b—1)+1,(c —1)a+
1) =1. Then
S={c(b-1)+1,(c=Da+1,bla—1)+1)

is a pseudo-symmetric numerical semigroup with embedding dimension three and
such that
F(S)=2(a—1)(b—1)(c—1)—2.

Proof. Let nj = c(b—1)+1, np = (¢c—1)a+ 1 and n3 = b(a— 1) + 1. Since
gcd(ny,ny) = 1, the monoid S is a numerical semigroup. The reader can check
that an; = (b— 1)ny +n3, bny = (¢ — 1)n3 +ny and cn3 = (a— 1)n; + ny. Observe
that ged{n|,na} = ged{na,n3} = ged{n;,n3} = 1. If we prove now that ¢; = a,
¢y = b and ¢3 = ¢, then {nj,np,n3} is a minimal system of generators of S and
by Proposition 10.13 we are done. Assume that there exists x € N with 0 < x < a
and xn; = ynp + zn3 for some y,z € N. As n; = bnp — (¢ — 1)n3, we have that
xny = xbny —x(c — 1)n3. Hence yny + zn3 = xbny — x(¢ — 1)n3 and thus (xb —y)ny =
(z+x(c—1))ns. Since ged{ny,n3} = 1, this last equality implies that xb — y = kn3
for some positive integer k (xb —y # 0, because otherwise z = —x(c¢ — 1), which is
impossible). Hence xb > n3 and consequently (¢ — 1)b > n3, in contradiction with
n3 = (a— 1)b+ 1. This proves that a = c¢;. Analogously one obtains that ¢, = b and
c3 =C.

From Lemma 10.11 and Proposition 2.12, F(S) +n; = (¢3 — 1)nz + (c2 — 2)na,
and so F(S) isequal to (c—1)(b(a— 1)+ 1)+ (b—=2)(alc—1)+1) = (c(b—1)+
=2(a—1)(b—1)(c—1)-2. O
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By gathering all this information together we obtain the following closed formu-
las for the c¢;’s and the Frobenius number.

Theorem 10.17. Let S be a numerical semigroup with embedding dimension three
minimally generated by {ny,ny,n3}. Then S is pseudo-symmetric if and only if for
some rearrangement of {ny,ny,ns},

{ (m—na+n3)+ \/(m +ny +n3)% —4(nyiny + nynz +nany — nynonz)

2n1 ’
(m +ny — n3) + \/(nl +ny +n3)2 —4(}’11}’12 +nin3 +non3z — n1n2n3)
2112 ’
(—n1 +ny —|—n3) + \/(nl +ny —|—n3)2 —4(n1n2 +niny+non3 —n1n2n3) } CN
21’13 ’

If this is the case, then

F(S) = —(n1 +I’12+I’l3) + \/(I’ll +ny +I’l3)2 —4(n1n2+n1n3 +non3 —n1n2n3),

and

(m —n2+n3)+\/(n1 +ny4n3)2—d(nny+niny+nony—ninonz)

Ccl1 —

2ny ?

- (n1+n2—n3)+\/(n1+n2+n3)2—4(n1n2+nln3+n2n3—n1n2n3)
2= 2ny )
3= (—n1+n2+n3)+\/(n]+nz+n3)2—4(n]n2+n1n3+n2n3—n1nzn3)

2n3
Proof. Consider the system of equations
m=cb-1)+1,
npy=(c—a+1,
ny =bla—1)+1,
with unknowns a, b, c. Set

A=(m +n2+n3)2 —4(niny + nin3 +npnz —ninans).

The solutions of the above system are

(a,b,c) = ((nl—nz—i—m)—\/Z (n +ny—n3) — VA (—”1+n2+n3)—\/Z>

2ny ’ 2ny ’ 2n3

and

(a,b,c) = <(nl —m4m) +VA (it —n3)+VA (n1+n2+n3)+\/Z>.

2n; 2ny ’ 2n3
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Observe that

\/> = \/(—n1+n2+n3)2+4(n1—1)n2n3 > —ny +ny+nsa,
VA = \/(nl —nmy+n3)2+4n(no—ng > ny —ny +na,
VA = \/(n1+n2—n3)2+4n1n2(n3—1) > ny+ny—n3.

Hence all these solutions are real numbers and the only positive solution is the sec-
ond choice of a,b,c.

Sufficiency. If {a,b,c} are integers, then by Theorem 10.16 we have that S is
pseudo-symmetric (observe that a,b,c > 2, since nj,np,n3 # 1). The reader can
check that the formula given by F(S) is obtained by applying that F(S) = 2(a —
Db—1)(c—1)-2.

Necessity. If S is pseudo-symmetric, then by Corollary 10.15, the above system
of equations has a nonnegative integer solution. a

3 Pseudo-Frobenius numbers and genus of an embedding
dimension three numerical semigroup

In this section, we assume that S is a numerical semigroup minimally generated
by {ni,n2,n3}, and that every two minimal generators are relatively prime. This
assumption is not restrictive for the computation of the Frobenius number, pseudo-
Frobenius numbers and genus of S. This is due to Proposition 2.17 (for the Frobenius
number and genus), and to Lemma 2.16 and Proposition 2.20 (for the computation
of the pseudo-Frobenius numbers).

The results of this section are extracted from [81]. As usual define for i €
{1,2,3},

ci=min{k € N\ {0} | kn; € ({n1,n2,n3} \ {n;}) }.

Hence by using the same notation as in Example 8.23, there exist nonnegative inte-
gers 112,713, 721,123,731,732 € N such that

ciny = riphg +r13nz,
Cony = 121Ny + 12313,
c3n3 = r3jng +ryny.

We now give some of the properties of these integers and show their relevance in
the computations we want to perform in this section.
First we show that under the standing hypothesis, no r;; can be zero.

Lemma 10.18. 712,713,721,723,731 and r3, are positive integers.

Proof. Assume that r13 = 0. Then ¢jn; = ripnp. Since ged{n;,ny} = 1 and by def-
inition ¢; < ny, we have that ¢; = n,. Besides, as gcd{n;,n} = 1, we know that
there exists x € {1,...,np — 1} such that xn; = n3 mod ny. Hence xn| = n3 + zny for
some integer z. As {nj,np,n3} is a minimal system of generators of S, z € N and
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consequently ¢; < x < np, in contradiction with ¢; = ny. Analogously, one proves
that the rest of the r;; are all positive. O

Next, we prove that the ¢;’s are determined by the r;;’s.

Lemma 10.19. For every {i, j,k} = {1,2,3},
Ci = Tji+ Tk

Proof. Note that (r13 + r3)ns = (¢c1 — rp1)ny + (c2 — ri2)n2, whence ry3 + rys > cs.
In a similar way we obtain that rp; + 731 > ¢; and ryp +r32 > ¢;. Besides, c¢inj +
cong + cang = (r21 + r31)ny + (ria + ra2)na + (r13 + r23)ns3 and consequently ¢; =
21+ 7131, ¢2 = ri2+r3 and ¢3 = 13 +123. O

With this we can describe the maximal elements (with respect to <g) of the Apéry
set of any of the minimal generators. This is of interest to us because by Proposition
2.20 it gives a formula for the pseudo-Frobenius numbers and type of S.

Lemma 10.20. For every {i, j,k} = {1,2,3},
Maximals<s(Ap (S,n;)) = {(cj — 1)nj+ (ric — 1)ng, (ck — Vg + (rij — 1)n;}.

Proof. We prove the statement for i = 1. The rest of the cases follow analogously.

We first show that (c3 — 1)ns + (r12 — 1)n2 € Ap(S,n1). Assume to the contrary
that (6‘3 — 1)1’13 + (rlz — 1)1’12 =ajn| +axny +azns for some ay,a,a3 € N with a #
0. From the minimality of ¢3 and ¢, (which is greater than rj» by Lemma 10.19),
we have that az < ¢3 — 1 and ap < r1, — 1. We deduce that ajn; = (¢3 — 1 —a3z)ns +
(ri2—1—az)ny with ¢3 — 1 —as,ri» — 1 —ap € N and consequently a; > ¢;. Let
g € N\ {0} and 0 < r < ¢; be such that a; = gc| +r. Then (¢3 — 1 —a3)n3 + (rjp —
1 —az)ny, = rny +qriana+qrians. Thus (c3— 1 —az —gqri3)ny = rn + (qgriz —rin +
1 +az)ny with r € N and gri2 —rip+ 1 +ap € N\ {0}, in contradiction with the
definition of c3.

In a similar way it follows that (c; — 1)na + (r13 — 1)nz € Ap(S,n1).

Take now any + bnz € Ap (S,n1). We show that either (a,b) < (rjp—1,¢c3—1)
or (a,b) < (cy—1,r;3—1). In view of Lemma 10.18, we deduce that a < ¢, and
b < c3.If (a,b) £ (ri2 — 1,c3 — 1), then a > ry5. Let us prove that in this setting
b < ry3. Assume to the contrary that b > ri3. Then any + bnz = ripny + riznz + (a —
ri2)ny + (b — ri3)ns = ciny + (a — ri2)ny + (b — r13)n3, contradicting that any +
bnz € Ap (S,ny). Hence (a,b) < (c2—1,ri3—1). O

From Proposition 2.20 we obtain the following.
Proposition 10.21. S has type two.

In particular this implies [32, Theorem 14]. Moreover, with this we also recover
[32, Theorem 11].

Corollary 10.22. A numerical semigroup with embedding dimension three has at
most type two.
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Proof. Let S be a numerical semigroup minimally generated by {n;,n,n3}. If the
three minimal generators are pairwise relatively prime, then the above proposition
tells us that the semigroup has type two. Otherwise, two of the minimal generators
have greatest common divisor d # 1 (not the three of them because S is a numer-
ical semigroup). From the reduction given in Lemma 2.16, we have that either the
semigroup 7 in that lemma has embedding dimension two or embedding dimension
three. The type of T equals the type of S. In the first case 7" has type one (Corollaries
4.7 and 4.11), and in the second S has type two. O

Recall that the ¢;’s are determined by the r;;’s: By counting the elements in
Ap(S,n;) as we did in Corollary 10.15, we can express the minimal generators in
terms of the r;;’s.

Lemma 10.23.
ny = r2r3 +rar3 +risrg,
ny = 1137121 + 121723 + 123131,
n3 =rar31 + 3+ r3ir3n.

Proof. We know by Lemma 2.4 that #Ap (S,n) = n for all n € S\ {0}. Note that from
the minimality of ¢, and ¢3, if axny +aznz = bony +b3nz with a;, b; € {0, e, G 1},
then (ay,a3) = (by,b3). Hence by Lemma 10.20, we deduce that

#Ap (S,m) =#{(a,b) € N*| (a,b) < (riz—1,c3—1) or (a,b) < (2 — L,ri3—1)}

= r12¢3 +C2r13 — r12r13.

Hence ny = riac3 + cari3 — riari3, and by Lemma 10.19, ny = ripri3 + riors +

r32713.
The corresponding equalities for n, and n3 follow analogously. a

We go for the converse. By choosing 7;; random and positive, we obtain an em-
bedding dimension three numerical semigroup.

Lemma 10.24. Let ajp,a13,a21,a23,a31, a3 be positive integers and let

m| = apa3 +appas +azaz,
my = aj3az) + a1 a3 + arzasy,
m3 = ajpa3) +a1az + a1 as;.

For every {i, j,k} ={1,2,3},

1) (aji+ax)m; = ajjm; + agmy,
2) if ged{m;,m;} = 1, then my. & (m;,m;).

Proof. 1) Itis easy to check.

2) Let us prove thatif ged{m;,my} = 1, then m3 & (m;,my). The other cases follow
by symmetry. Assume that ms € (m,my), then m3 = Amj + wmy forsome A, i €
N. By 1), we know that (az; + az;)m; = ajpomy +ajzms. Hence ajzms = (ax +
a31)m1 —ajpomy. Thus, a13(lm1 —l—[.ng) = (Clgl +a31)m1 —ajpmy and (a13u +
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aiz2)my = (a1 +az; —aj3A)my. By using that ged{m;,my} = 1, we deduce that
azj +az) —ajzA = kmy for some k € N\ {0}. In particular ap| +az; > kmy > my,
in contradiction with my = (a21 +as31)ax3 +ai3az1, because a;; > 0 for all 7, j and
consequently az| +az; < my. O

Given a sequence of integers x1,...,x, we say that it is strongly positive if x; > 0
forallie {1,...,p}.

Theorem 10.25. Let my, my and m3 be positive integers such that gcd{m;,m;} =1
for i+ j. Then the system of equations

my = X12X13 + X12X23 + X13X32,
my = X13X2] + X21X23 + X23X31,
m3 = X12X3] + X21X32 + X31X32,

has a strongly positive integer solution if and only if {m|,ma,m3} is a minimal
system of generators of (my,my, m3).
Moreover, if such a solution exists, then it is unique.

Proof. Necessity. Follows from Lemma 10.24.

Sufficiency. This is a consequence of Lemmas 10.18 and 10.23.

Now let us prove the uniqueness of the solution. For n; = m;, i € {1,2,3}, we
know in view of Lemmas 10.18 and 10.23 that ()C127)C13,XQ1 ,)C237)C31,X32) = (1’12, r3,
r21,13,131,132) 18 a strongly positive integer solution. Assume that (ay2,a13,4d21,
ay3,asy,asy) is another strongly positive integer solution of the above system of
equations. Then we must have that a;; < r;; for some i, j. Without loss of generality
we can assume that ajp < ri2. Then ciny = ripny + ri3n3 = (a12 + A)ny + rizns for
some A € N\ {0}. By 1) in Lemma 10.24 we deduce that ajony = (a21 + azj)n; —
aznz and that ap| +az; > ¢;. Hence cjny = (6121 +a31)n1 —ayznz + Any + ryzng.
Thus, (a13 — r13)n3 = (ag1 +as; —c1)n; + Any and consequently a3 > ¢3. As ny =
appaizt+apaxs+azaz = a13(a12 +a32) +aj2ar3 and since by 1) in Lemma 10.24,
ayz +asy > ¢, we obtain that ny > ¢3¢y +ajnaz; > c3cp. However, ny = ria(r13 +
r3) + r13r32 = cac3 — raar3p which is smaller than ¢3¢, a contradiction. O

In view of this, a three embedding dimension numerical semigroup, with pairwise
coprime minimal generators, is encoded by the constants 7;;’s. We arrange these
constants in what we call a O-matrix.

A 0-matrix is a matrix A of the form

0 app a3
A=|ay 0 apx
az azx 0

where a12,a13,a21,a23,a31, a3 are positive integers such that gcd{A;,A;} = 1, with
Ay = apaiz +apnax; +apas,

Ay = ajzaz; +az a3 +azsazy,
A3z = aypaz +az1az +az1as.
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0 apap
Theorem 10.26. I[fA = | a1 0 aa3 | isaO-matrix, then (A,A2,A3) is a numer-
aspap 0
ical semigroup with embedding dimension 3 and whose generators are pairwise
relatively prime. Moreover,

(aji+ak)Ai = aijAj + aAy

and
aji+a; =min{x € N\ {0} | xA; € (A;,Ax) } .

Conversely, if S is a numerical semigroup with embedding dimension 3 and
whose generators are pairwise relatively prime, then there exists a O-matrix A such
that S = <A1,A2,A3>.

Proof. As a consequence of Theorem 10.25, we have that (A1,A;,A3) is a numerical
semigroup with embedding dimension 3. In view of Lemma 10.24, we have that
(aji +ai)A; = a;jAj + ajgAy. From Lemmas 10.19 and 10.23 and Theorem 10.25,
we deduce that aji+ag = min {x eN \ {0} | XA; € <Aj,Ak> }

Assume now that S is a numerical semigroup with minimal system of generators
{n1,n2,n3} such that ged{n;,n;} =1 for i # j. Then by Lemma 10.23, we know

0 ripr3
that A= | r21 0 ra3 | isaO-matrix fulfilling that S = (A},A2,A3). O
r31r 0
012
Example 10.27 ([81]).A= 1| 101 | isaO-matrix withA; =5, A, =7 and A3 =9.
410

Hence (5,7,9) is a numerical semigroup with embedding dimension 3. Moreover,

S5x5=1x7+2x9,
2xT7T=1x54+1x09,
3x9=4x5+1x7.

1
Example 10.28 ([81]). A = 0 is a O-matrix with A; = 41, A, = 63 and

w N O
S W

11
Az =102. Hence (41,63, 102) is a numerical semigroup with embedding dimension

3. Moreover,

w

9x41 =1x63+4+3x102,
12x63 =6x414+5x102,
8x102=3x41+11x63.

As a consequence of the above theorem, Lemma 10.20 and Proposition 2.20, we
obtain the following explicit description of the pseudo-Frobenius numbers.
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0 ap a3

Corollary 10.29. Let A = | a1 0 aps | be a O-matrix and let S = (A1,A5,A3).
azy azx 0

Then PF(S) = {g1,g2}, where

1) g1 = —apa13 — a12a23 — a12a31 — a13a21 — A13a32 — A21A23 — A21A32 — A2303] —
az1az; + a12a13a21 + a12a21a23 + a12a13a31 + 2a12a23a31 +ayzaz1az +
ax1ax3az +ajzazjas +axazasy,

2) g2 = —appaiz —apdz —apdz| — a13az| — d13a — d21d23 — az1A432 — 23431 —
a31az +a2a13az1 +a2az1a23 +a2a13a31 +apaxsasy +2azazazy +
az1a23a32 +aj3asziasy +as3az az.

This can be reformulated as follows in terms of the minimal generators and the
C,"S.

Theorem 10.30. Let S be minimally generated by {ny,n»,n3} with gcd{n;,n;} =1
Sforalli,je {1,2,3}, withi# j. Then

A= \/(clnl +cony +c3nz)? —4(cinicang + cinyc3ng + conocanz — nynang)

is a positive integer and

PE(S) — {;((q 2y 4 (e2— 2o+ (5 — 2)ms +4)
%((6‘1 — 2)1’11 + (Cz — 2)”2 + (C3 — 2)1’13 — A)} .
In particular,
F(S) = %((Cl —2)n1+ (c2 —2)na + (c3 —2)n3 + A).

Proof. By using the definitions of the ¢;’s and r;;’s, together with Lemma 10.23 and

Corollary 10.29, one can deduce that (ra3n3 — r3m2)% = (ciny + cong + c3n3)? —

4(cinycony + cinjcsns + canpesns — nynpns). Hence A is a positive integer.
From Lemma 10.20 and Proposition 2.20 (with Ap (S,n,)), we deduce that
PF(S) = {Cll’ll + r3n3 — (I’ll +ny +I’l3),C3I’l3 +rny — (I’ll +ny +n3)}.

Recall that c3n3 = r31n; + r3na, whence cynz +rpnp = (}”31 + }”21)711 +r3on;. By
Lemma 10.19, this equals to cyny 4 r3pn,. Hence

PF(S) = {Clnl “+rzng — (n1 “+ny +n3),c1n1 +r3ny — (n1 “+ny +n3)}.

We can reformulate this as

PF(S) = {Cﬂ’ll +max{r23n3,r32n2} — (}’l] “+ny +I’l3),

ciny +min{rinz, ryna} — (n +ny+n3)}
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By taking into account now that for any a,b € N, we have that

(a+b)++/(a—b)?
2

(a+b)—+/(a—b)?

bl =
max{a,b} 5 ,

, min{a,b} =

we obtain that PF(S) = {cin) + (ra3nz + rony + A)/2 — (n) + na + n3),ciny +
(r3nz+r3ony —A) /2 — (ny +ny+n3)} = {(cin + riony +ri3nz +r3nz +raano +
A)/2 — (n1 +ny+n3),(cimy + riony +ri3n3 +rpnz +raony — A) /2 — (ng +ny +
n3)} ={(cini+com+c3n3+A)/2— (n1+ny+n3), (cin +cony +czn3 —A) /2 —
(n1+ny+n3)}. O

Observe that from the proof of this result, we also deduce that F(S) = c¢in; +
max{ry3ns, rxpny } — (n1 +ny +n3), which is the well known formula given by John-
son in [42, Theorem 4] (compare also with the expression given in [13]).

By using Selmer’s formula for the genus of a numerical semigroup (Proposition
2.12) we obtain the following consequence.

Theorem 10.31. Let S be minimally generated by {ni,ns,n3} with ged{n;,n;} =1
Sforalli,je{1,2,3}, withi# j.

1
g(S) = 5((01 —Dny+(ca—1)nma+(c3 — Dnz —creacz + 1).
Proof. From the proof of Lemma 10.23, we know that
Ap(S,n)) = {any + bns ‘ (a,b) < (riz—1,c3—1)or (a,b) < (c2—1,ri3—1) }.

By Proposition 2.12,

1 ny — 1
g(8)=— Z W=
M weap(sm)
An easy computation yields the desired result. O

By combining this result with Theorem 10.26 we obtain the following.

0 ap az
Corollary 10.32. Let A = | a1 0 a3 | be a O-matrix and let S = (A},A,A3).
az azn 0
Then
g(8) = s (1 —anaiz —anaxs —apaz; —aza

2

—a3az —az1dz3 —az1az —a3az] —as1az
+apaax +apaziax +apnaizas + 2apaaz,

+2a13az1a3; + apzaziaz + axiaxzaz +axzaziaz).



154 9 Numerical semigroups with embedding dimension three

Exercises

Exercise 10.1. Prove that (10,19,28,42) is a free numerical semigroup that does
not have an Apéry set of unique expression.

Exercise 10.2. Prove that any maximal embedding dimension numerical semigroup
has Apéry sets of unique expression.

Exercise 10.3. Let S be a numerical semigroup with minimal system of generators
{ni <my<---<n}.Foreveryi€ {1,...,e},setc;=min{k € N\ {0} | kn; € ({ni,
coner\{mi}) }. We say that S is simple if ny = (c2 — 1) +---+ (¢, — 1). Prove that
a) (4,5,7) is simple,

b) if S is simple, then Ap (S,n;) = {0,n2,...,(c2 — V)nay...,ney..., (co— )ne},

c) if S is simple, then it has Apéry sets of unique expression,

d) if S is simple and n € S, then the graph associated to n in S, G,, is connected if
and only if n = n; +n; for some i, j € {1,...,e} with i # j or n = ¢;n; for some
i€{l,....e}.

Exercise 10.4. Let a be a positive integer. Prove that if a is even, then S = (a,a +

1,a+2) is not pseudo-symmetric. For which values of a is S pseudo-symmetric?

Exercise 10.5. Let S be a symmetric numerical semigroup with embedding dimen-
sion three. Prove that there is an arrangement 71, n;,n3 of its minimal generators so
that

a) dnsz € <I’l] ,n2>, with d = ng{I’ll ,l’lz},

b) F(S) = "2 —ny —ny — (d — 1)n3.

Exercise 10.6 ([95]). Let S be a proportionally modular symmetric numerical semi-
group with embedding dimension three. Prove that there is an arrangement of its
minimal generators ny,n;,n3 such that

o ninpn3 —niny —nany

B ny+nj3 '

F(S)

ny+nj
ny

(Hint: Prove that d = ged(ny,n3) =

and use the preceding exercise.)

Exercise 10.7 ([96]). Let n;, ny and n3 be positive integers with ged{n;,ny} =1,
and let u be a positive integer such that un, = 1 mod n;. Setm = m(S(unynz,niny,n3)).
Prove that mns3 is the least multiple of n3 belonging to (n1,n2).

Exercise 10.8 ([34]). Prove that if S is an irreducible numerical semigroup with
embedding dimension less than or equal to three, then F(S) # 12 (Hint: Compute
the set of irreducible numerical semigroup with Frobenius number 12; there are only
two).

Exercise 10.9 ([104]). Let a, b and ¢ be integers greater than one with ged{a,b} =

gcd{a,c} = gcd{b,c} = 1. Let n be an integer greater than or equal to three. Prove
(" b")

= is not minimally generated by {a",c"!,b"}.

that the numerical semigroup

Exercise 10.10 ([81]). Every positive integer is the Frobenius number of a numeri-
cal semigroup with at most three generators (compare with Exercise 4.24).



Chapter 10
The structure of a numerical semigroup

Introduction

The aim of this chapter is to study which properties a monoid must fulfill in order
to be isomorphic to a numerical semigroup. Levin shows in [46] that if S is finitely
generated, Archimedean and without idempotents, then S is multiple joined. By
using this as starting point, we will show that a monoid is isomorphic to a numerical
semigroup if and only if it is finitely generated, quasi-Archimedean, torsion free
and with only one idempotent. We will also relate this characterization with other
interesting properties in semigroup theory such as weak cancellativity, being free of
units, and being hereditarily finitely generated.

In [76] the concept of H1-monoid is presented, and generalizing the results given
by Tamura in [103], one can construct all 9t-monoids up to isomorphism. In this
chapter we also place numerical semigroups in the scope of 91-monoids.

1 Levin’s theorem

An element x in a semigroup S is Archimedean if for all y € S there exists a positive
integer k and z € S such that kx = y +z. We say that S is Archimedean if all its
elements are Archimedean.

We say that an element x in a semigroup is idempotent if 2x = x.

A semigroup S is multiple joined if for all x,y € §, there exist positive in-
tegers p and ¢ such that px = gy. Clearly, every multiple joined semigroup is
Archimedean. Our next goal is to prove a result given by Levin, which states that
every Archimedean finitely generated semigroup without idempotents is multiple
joined.

Since in this section we deal with semigroups, we need to translate some of the
concepts already introduced in this book to the more general scope of semigroups.

J.C. Rosales, P.A. Garcia-Sanchez, Numerical Semigroups, 155
Developments in Mathematics 20, DOI 10.1007/978-1-4419-0160-6_11,
© Springer Science+Business Media, LLC 2009
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The following result will be used several times in this chapter. On an Archimedean
semigroup without idempotents some nice properties hold.

Lemma 11.1. Let S be an Archimedean semigroup without idempotents. Then

1)ifa,besS, thena+# a+b,
2) ifb €8, then e joy (nb +S) is empty.

Proof. Assume to the contrary that a = a+b for some a,b € S. As S is Archimedean,
there exist a positive integer k and ¢ € S such that kb = a+ c. Hence (k+ 1)b =
a+c+b=a+c=kb.Itfollows that (k+ h)b = kb for all h € N, and in particular
2kb = kb, contradicting that S has no idempotents.

Assume now that there exists b € S and a € (e oy (b + S). Again, as S is
Archimedean, there exist a positive integer k and ¢ € S such that kb = a + c¢. Since
a € kb+ S, there exists d € S such that a = kb+d. Hence a = a+c+d, contradicting
1). O

As in a monoid, we can define on a semigroup S the binary relation <g, but we
have to modify it slightly so that it becomes reflexive. For a,b € S, we write a <g b
if either a = b or b = a + ¢ for some ¢ € S. Observe that the condition a = b was
not needed for monoids, since they have an identity element. Recall that for any
numerical semigroup, the relation <y is an order relation. We next see that the same
holds for any Archimedean semigroup without idempotents.

Lemma 11.2. Let S be an Archimedean semigroup without idempotents. Then

1) <y is an order relation,
2) Minimals<S is contained in any system of generators of S.

Proof. As pointed out above, reflexivity follows directly from the definition. Anti-
symmetry follows from Lemma 11.1, and the transitivity holds because S is a semi-
group.

Now let M =Minimals<(S), and let A be a system of generators of S. Let m € M.
Thenm =a; +---+a, forsome ay,...,a, € A. Hence a; <gm. From the minimality
of m, it follows that a; = m. O

Recall that for a numerical semigroup S, the set Minimals<(S\ {0}) is the min-
imal system of generators of S. Note also that S\ {0} is itself a semigroup and that
foralla,b € S\ {0}, a <gbif and only if a <g\ (o) b. Clearly, S\ {0} is Archimedean
and has no idempotents (the only idempotent of S is 0).

We will write a <g b whenever a <g b and a # b.

Lemma 11.3. Let S be an Archimedean finitely generated semigroup without idem-
potents. Then

1) there are no sequences {an}n,en C S such that ai) <s a; foralli € N,
2) § = (Minimals<(S)).
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Proof. Assume to the contrary that {a, },cn is a sequence of elements in S and
that @, = a,+1 + x,+1 for some x,,| € S and for all n € N. Then for every k € N,
ap =ag+xy+---+x.

Let {s1,...,s } be a system of generators of S. Then x| +--- 4+ x; = p, 51 +--- +
Pk, St forsome py,,...,pr, € N.Forall je {1,...,¢},letR; =limy_.. Pk; and assume
that there exists R = max{Ry,...,R;} < 0. Observe that the sequence {py; }r>, is
nondecreasing. Hence the finiteness of R implies that the set {x; + - -+ 4 x }x>1 is
finite. Thus there exist positive integers k and % such that x; +--- +x; = x; +--- +
Xk + Xg1 + -+ + Xg4p, contradicting Lemma 11.1. Hence there exists j such that
Rj = oo. It follows that ap = a; +y1 = 2a;+y» = --- = naj+y, = --- for some
i, 2., ¥n,...} C S. This implies that ag € (,»1(na;+S), contradicting once
more Lemma 11.1. -

Condition 2) follows as in the second part of Proposition 8.5. The proof is left to
the reader. a

Let S be a semigroup. A congruence on S is an equivalence binary relation com-
patible with the binary operation on S. As with monoids, if S is a semigroup and ©
is a congruence on S, then the quotient set S/ o is a semigroup, called the quotient
semigroup of S by o.

Given a semigroup S and b € S define the binary relation 6}, on § as follows:

x0py if x+nb = y+ mb for some n,m € N\ {0}.

In order to simplify notation we will write [a] for the o)-class of a in S. This binary
relation has some nice properties.

Lemma 11.4. Let S be a semigroup and let b be an element of S. Then

1) oy is a congruence on S,

2) [b] is the identity element of S/ op,

3) [b] is a subsemigroup of S,

4) if b is an Archimedean element of S, then G% is a group.

Proof. For every x € S, x+b = x+ b, and thus o}, is reflexive. If x +nb =y 4+ mb,
then y + mb = x + nb, whence o}, is symmetric. Transitivity follows from the fact
thatif x+nb =y+mb and y+kb = z+1b, then x+ (n+k)b = z+ (m+1)b. Finally, if
x+nb=y+mb, then (x+z)+nb = (y+z)+mb forall x,y,z € Sand n,m € N\ {0}.

As x+b+b = x+2b, we have that [x] + [b] = [x+ b] = [x], which means that [b]
is the identity element in the quotient semigroup c%,

If x,y € [b], then x + nb = mb and y + kb = Ib for some positive integers n, m, k
and [. Hence x+y+ (n+k)b = (m+1)b, and thus x+y € [b]. This proves that [b] is
a subsemigroup of S.

Assume now that b is an Archimedean element of S. Let x € S. Then there exists
y € S and a positive integer k such that kb = x+y. Hence [x] + [y] = [kb] = [b], which
proves that [y] is the inverse of [x]. O

We can still sharpen these properties for Archimedean finitely generated semi-
groups without idempotents.
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Lemma 11.5. Let S be an Archimedean finitely generated semigroup without idem-
potents, and let b € S. Set I, = S\ (b+S). Then

1) ifa] € 6%, then [a] N1}, is not empty,
2) the set I, has finitely many elements,
3) % is a finite group,

4) if x € b+ S, there exists py € I, and a positive integer ky such that x = py + kyb
(and thus b and py are in the same oy-class).

Proof. Leta € S.Ifa € b+S, then a = b+x; for some x; € S. In particular, [a] = [x;].
If x; € b+ S, then we are done. Otherwise, x; = b + x;, for some x; € S. Once we
have defined x;, if x; € b+ S, then set x;;.; = x;, otherwise x; = b + x;;1 for some
x; € S.By Lemma 11.1, x;4| # x;+1 + b, and thus x; = x; if and only if x; € b+ S.
In this way a sequence a >g x; >g x >g --- of elements in [a], which in view of
Lemma 11.3 must be stationary. Thus there exist i such that x; = x; 4|, which as we
have pointed out above means that x; € (b+ ) N [a]. This proves 1). Note also that
in this setting a = ib + x;, which also proves 4).

Assume now that 7, has infinitely many elements and let {a, },en C I, with a; #
ajfori# j. By Lemma 11.3, § = (Minimals<(S)), and by Lemma 11.2, we know
that Minimals<(S) must have finitely many elements because S is finitely gener-
ated. Let Minimals<(S) = {ay,...,a}. There exists for all i € N, 4;,..., 4, € N
such that x; = A;,a; +--- + A;,a;. As the sequence {x,},c is infinite, there exists
i€ {l,...,t} such that {A, }ren is not bounded. Since S is Archimedean, there ex-
ists a positive integer [ and x € S such that /a; = b+ x. Choose k big enough such
that Ay, > . Then x; = Ay a1+ + A,a; + - -+ A, a; = b+y for some y € S, con-
tradicting that x; € I,. In this way we have shown that Condition 2) is true.

From 1) and 2) we have that S/oj, is finite. From Lemma 11.4 we deduce that it
is a finite group. O

These were the tools needed to prove Levin’s theorem.

Theorem 11.6 ([46]). Let S be an Archimedean finitely generated semigroup with-
out idempotents. Then S is multiple joined.

Proof. Let x,y,b € S. From Lemma 11.5, the semigroup S/o;, is a finite group
and by Lemma 11.4, [b] is its identity element. Hence there exist positive inte-
gers such that n[x] = [b] = m[y]. This in particular implies that {nx,my} C [b].
Now let {pi,...,p,} = I, N[b] (this set is finite by Lemma 11.5). Then there
exist positive integers ny,...,n,kq,...,k. such that p; +n1b = k1b,pr + mb =
kab,...,pr+nb=kb. Lemma 11.1 forces n; to be less than k; for all i € {1,...,r}.
As S does not have idempotents, by Lemma 11.1, we deduce that the elements in
the sequence {knx};> are all different. Since I, is finite, there exists u € N\ {0}
such that unx & I, or equivalently, unx € b+ S. By Lemma 11.5, there exists
i €{1,...,r} and a positive integer ¢ such that unx = p; +tb. Note that if r < n;,
then kunx + sb = kp; +kn;b = p; + (k — 1)(p; +nib) +nib = p; + ((k — 1)k; +n;)b,
and now (k— 1)k; +n; > n; for k positive. Thus we can also assume that ¢ > n;. Hence
unx = p;+nib+(t —n;)b =kib+ (t —n;)b = ab for some o € N\ {0}. Analogously,
we can find v, § € N\ {0} such that vmy = Bb. Thus Bunx = avmy. O
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2 Structure theorem

Our aim in this section is to prove Theorem 11.18, which characterizes those mon-
oids that are isomorphic to a numerical semigroup. On the way to this result some
interesting properties of numerical semigroups will show up.

Observe that if on a monoid M, the identity element O € M is Archimedean, then
for every x € M there exist a positive integer k and y € M such that k0 = x + y.
Hence 0 = x+y and thus x has inverse y. This in particular implies that if a monoid
is Archimedean, then it is a group. Clearly, the converse is also true, because for
a and b in a group G, la = b+ (—b+ a) (recall that we are omitting the adjective
commutative).

Lemma 11.7. A monoid is Archimedean if and only if it is a group.

Recall that if S is a numerical semigroup, then S\ {0} is Archimedean, and 0
is trivially not Archimedean. These are the monoids we are interested in, since
Archimedean monoids are groups as observed above. Let A be a monoid. We say
that A is quasi-Archimedean if 0 is not an Archimedean and the rest of the elements
in A are Archimedean. Hence every numerical semigroup is quasi-Archimedean.
Note that {0} is not quasi-Archimedean, since 0 in {0} is Archimedean. Thus any
quasi-Archimedean monoid is nontrivial.

An element @ in a monoid A is a unit if there exist b € A such thata+5b=0. A
monoid is free of units if its only unit is the identity element. It is easy to prove the
following result.

Lemma 11.8. Let A be a monoid free of units. Then A\ {0} is a semigroup. More-
over, if A is finitely generated as a monoid, then so is A\ {0} as a semigroup.

Quasi-Archimedean monoids are free of units as we see in the following result
(as occurs with numerical semigroups).

Lemma 11.9. Every quasi-Archimedean monoid is free of units.

Proof. Let A be a quasi-Archimedean monoid. Assume that there exista,b € A\ {0}
such that a+b = 0. Let ¢ be an element of A. As a # 0, it is Archimedean, and there
exist a positive integer k and d € A such that ka = ¢+ d. Hence k0 = ka + kb =
¢+d + kb, which proves that 0 is Archimedean, contradicting the hypothesis. O

As a consequence of Lemma 11.1, we obtain the following result.

Lemma 11.10. Let S be an Archimedean semigroup without idempotents. Let a € S
and ky,ky € N\ {0} be such that kia = kya. Then k; = k.

A semigroup S is torsion free if for any positive integer k and a,b € S such that
ka = kb, then a = b. With this we close the first list of properties that characterize
those monoids isomorphic to a numerical semigroup.

Proposition 11.11. Let A be a monoid. The following conditions are equivalent.
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1) A is isomorphic to a numerical semigroup.
2) A is finitely generated, quasi-Archimedean, torsion free and with only one idem-
potent.

Proof. 1) implies 2). We have already mentioned that a numerical semigroup is
quasi-Archimedean. Clearly, it is also torsion free, and its only idempotent is 0. By
Theorem 2.7 it is finitely generated.

2) implies 1). Let {my,...,m.} be a system of generators of A\ {0} as a semi-
group (Lemma 11.8), and thus it is a system of generators of A with m; # 0 for all i €
{1,...,e}. Observe that A\ {0} is Archimedean and has no idempotents. By Levin’s
theorem (Theorem 11.6) we know that A\ {0} is multiple joined. Hence there ex-
ist positive integers a,...,dq,ba,...,b, such that aom| = bomy, ... ,a.m; = b,m,.
Let M =by-bs---b, and let S = (M, %az, %ag, R %ae> C N. As every nontrivial
submonoid of N is isomorphic to a numerical semigroup (Proposition 2.2), we only
have to show that A is isomorphic to S. Define

M M
f:A—=S, f(Ami+---+ Aeme) = AIM+l2b*02+"'+leb*ae-
2 e
e Let us see that f is a map, that is, if Aymy + -+ Aem, = ymy + - - + Ueme,
then L, M + lz%az 4ot le,%ae = M+ uz%az 44 ueb—"fae. Note that
(}LlM + lz%az + -+ ﬂ.e%ae)ml = MMm; + M%azml + -+ ),eb%aeml =
M(Aymy + - + A.m,). Analogously, one shows that (UM + %az 4+t
uebﬂgae)ml =M(uym;+---+ uem,). By Lemma 11.10, as (11M+12%a2+---+
/'Lengag)ml = (,u1M+,uz£4—2a2 4. +ue%a6)m1 , we deduce that A{M + A, %az +
"'+7Le%ae = H1M+”2247a2 +ee +.ue%ae~
e Let us prove that it is injective. If f(Aym; + -+ Aeme) = f(ymy + - -+ tem,),
then f(Aimy + -+ Aeme)my = f(U1my + - - - + Uem,)m; . Arguing as in the pre-
ceding paragraph, we get that M(Aym; + -+ + A.m,) = M(ymy + -+ + Uom, ).
As A is torsion free, we get that Aymy + - - - + Aem, = [ymy + -+ - + Upme.
e The map f is surjective by definition and it is clearly a monoid morphism.

Hence f is a monoid isomorphism. g

Recall that we used that every numerical semigroup is cancellative in order to
show that it was finitely presented. We will try to include this property in the list
of conditions we must impose to a monoid so that it is isomorphic to a numerical
semigroup.

The identity element is always an idempotent of any monoid. If the monoid is
cancellative, this is the only idempotent.

Lemma 11.12. The only idempotent of a cancellative monoid is its identity element.

Proof. Let A be a cancellative monoid. Let x be an idempotent of A. Hence 2x = x,
and thus x +x+ 0 = x4 0. By cancelling in both sides x, we get that x = 0. a
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As a consequence of this result and Proposition 11.11, we obtain an alternative
characterization of monoids isomorphic to numerical semigroups.

Proposition 11.13. A monoid is isomorphic to a numerical semigroup if and only if
it is finitely generated, quasi-Archimedean, cancellative and torsion free.

These conditions can be slightly modified and still get the same result. In partic-
ular, we are going to perturb the cancellative property, and substitute it by a lighter
condition.

We say that a monoid A is weakly cancellative if given x,y € A such that x +
a=y+a for all a € A\ {0}, one gets that x = y. Every cancellative monoid is
weakly cancellative. The converse does not hold in general, though under certain
circumstances it does.

Lemma 11.14. Let A be a quasi-Archimedean weakly cancellative finitely generated
monoid. Then A is cancellative.

Proof. Let {my,...,m,} be a system of generators of A such that s; # 0 for all
ie{l,...,e} (if s; = O for some i, then it is not needed in the system of generators
and thus we can remove it). Assume that there exist 5,7,x € A such that s+x=14x
and s # . As A is quasi-Archimedean, for all i € {1,...,e} there exist a positive
integer k; and y; € A such that k;m; = x +y;. Hence, s+ (aymy + --- + a.m,) #
t+ (aymy +- -+ aem,), forces (ay,...,a.) < (ki,...,k.). Thus the set

M = Maximals< {(ay,...,a,) € N°|
s+ (aymy+---+aeme) £t + (aymy + - +aem,) }

is finite. If (dy,...,d.) € M, then s+ (dym| + - - +dom,) #t + (dym) + -+ - +demy)
and s+ (dymy +- - +deme) +m; =t + (dymy + - - - +dem,) +m; forall i € {1,... e}
This implies that s + (dym) + -+ +dem,) +a =t + (dym) + - -- + dom,) + a for all
a € A\ {0}. By using now that A is weakly cancellative, we deduce that s+ (dym; +
«-+dome) =t + (dymy +--- +dem,), contradicting that (d,...,d,) € M. O

As a consequence of this result and Proposition 11.13, we deduce a new charac-
terization for the monoids that are isomorphic to a numerical semigroup.

Proposition 11.15. A monoid is isomorphic to a numerical semigroup if and only if
it is finitely generated, quasi-Archimedean, weakly cancellative and torsion free.

We still can modify the conditions imposed in the preceding propositions. Ob-
serve that any submonoid S of a numerical semigroup is a submonoid of N and
thus it is finitely generated (Corollary 2.8). This property does not hold for mon-
oids in general (see Exercise 2.15). A monoid fulfilling that any of its submonoids
is finitely generated is a hereditarily finitely generated monoid. Thus any numerical
semigroup is hereditarily finitely generated.

Lemma 11.16. Let A be a nontrivial monoid that is hereditarily finitely generated,
cancellative, torsion free and free of units. Then A is quasi-Archimedean.
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Proof. As A is free of units, 0 is not Archimedean (see the paragraph preceding
Lemma 11.7). Let x € A\ {0} (we are assuming that A # {0}) and let y € A. The
set H={ax+by|a,b e N\ {0} } U{0} is a submonoid of A, and thus it must be
finitely generated.

First we show that all the elements in X = {ax+y |a € N\ {0} } are different.
Assume to the contrary that there exist a,b € N'\ {0}, with for instance a < b, such
that ax +y = bx+y. As A is cancellative, this yields (b —a)x =0 = (b — a)0,
and x # 0, contradicting that A is torsion free. In particular this implies that
{ax+y|a €N\ {0} } must be infinite. By using that H is finitely generated and
that all the elements in X are different, we deduce that there exist an equality of the
form ax+y = cx+dy with d > 1. By using again that A is cancellative, we get that
ax = cx+(d —1)y. If ¢ > a, we obtain that (¢ —a)x+ (d — 1)y = 0, contradicting
either that A is free of units (if ¢ —a > 0) or that it is torsion free (if ¢ = a; note that
d > 1). Hence ¢ < a and consequently (a — ¢)x = (d —2)y+y. This proves that x is
Archimedean. a

This, together with Proposition 11.13 yields another characterization of those
monoids that are isomorphic to a numerical semigroup.

Proposition 11.17. A nontrivial monoid is isomorphic to a numerical semigroup if
and only if it is hereditarily finitely generated, cancellative, torsion free and free of
units.

By gathering all these characterizations, we obtain the following.

Theorem 11.18. Let A be a monoid. The following conditions are equivalent.

1) A is isomorphic to a numerical semigroup.

2) A is finitely generated, quasi-Archimedean, torsion free and with only one idem-
potent.

3) A is finitely generated, quasi-Archimedean, cancellative and torsion free.

4) A is finitely generated, quasi-Archimedean, weakly cancellative and torsion free.

5) A is hereditarily finitely generated, cancellative, torsion free and free of units.

3 9t-monoids

We now relate numerical semigroups with a concept that has been well studied in
the semigroup literature.
Let S be a cancellative monoid. Define on S x § the following binary relation:

(a,b) ~ (c,d)ifa+d =b+c.

Note the similarity of this definition with that of the congruence used on a domain
to define its quotient field.

Proposition 11.19. Let S be a cancellative monoid and let ~ be defined as above.
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1) The relation ~ is a congruence.
2) (Sx8)/ ~ is a group.
3) S is isomorphic to a submonoid of (S x S)/~.

Proof. Condition 1) is straightforward to prove. Clearly [(0,0)] is the identity el-
ement of the monoid (SxS)/ ~. For [(a,b)] € (SxS)/ ~, [(a,b)] + [(b,a)] =
[(a+b,a+b)] =[(0,0)]. Hence every element has an inverse. This proves 2).
Define i : S — (SxS)/ ~, i(a) = [(a,0)]. It is easy to see that i is a monoid
homomorphism. If i(a) = i(b), then [(a,0)] = [(b,0)], or equivalently, (a,0) ~ (b,0).
By definition this means that a+0 = b+0. Thus a = b, and i is injective. This shows
3) because S and im(i) are isomorphic monoids. O

We will denote the group (S x S)/ ~ by Q(S) and will call it the quotient group
of S.

Lemma 11.20. If two cancellative monoids are isomorphic, then so are their quo-
tient groups.

Proof. Let f: S — T be a monoid isomorphism between the monoids S and 7. Let
Q(S) and Q(T) be the quotient groups of S and T, respectively. Recall that the map
i: T — Q(T), t — [(t,0)] embeds T as a submonoid of Q(7T'). Define g : Q(S) —
Q(T) by g([(s1,52)]) = i(£(51)) — i(£(s2)). Note that g([(s1,52)]) = [(£(51), f(52))]
As [(s1,52)] = [(r1,72)] if and only if s; +r; = s2 +r}, and as f is a monoid iso-
morphism, this holds if and only if f(s;)+ f(r2) = f(s2) + f(r1), or equivalently,
[(f(s1),f(s2))] = [(f(r1),f(r2))]- This proves that g is a map and it is injective.
Clearly, g is surjective because f is surjective. Finally g([(s1,s2)] + [(r1,72)]) =
g([(s1+r1,50+1)]) =[(f(s1+7r1),f(s24r2))]. By using that f is a monoid homo-

morphism, this equals [(f(s1) + f(r1), f(s2) + f(r2))] = g([(s1,52)]) + g([(r1,72)])-
0

As a consequence of Proposition 11.19 we obtain a nice characterization of can-
cellative monoids.

Corollary 11.21. A monoid is cancellative if and only if it is isomorphic to a sub-
monoid of a group.

An M-monoid is a cancellative monoid that is not a group and with at least an
Archimedean element. Next, we see how we can construct the set of all )t-monoids.
This construction relies on the choice of a group and a map [ fulfilling certain con-
ditions.

In this section and unless otherwise stated, Gis a groupand / : GXx G — Nisa
map such that

P.1) I(g1,82) =1(g2,g:1) forall g;, g, € G,
P2) I(g1,82) +1(g1+82,83) =1(82,83) +1(g1,82+g3) forall g1,82,83 € G,
P3) 1(0,0) = 0.

These conditions will make sense soon, because this map behaves like a carry
operation. Next we see that 1(0,g) =0 for all g € G.
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Lemma 11.22. 1(0,g) =0 forall g € G.

Proof. Use P.2) with g; = go = 0 and g3 = g. Then 1(0,0) +1(0,g) = 1(0,g) +
1(0,g). Hence 1(0,g) = I1(0,0), which is 0 by P.3). O

If M is a monoid contained in a group H (and thus it is cancellative), then the set
{a—b|a,b e M} is asubgroup of H. The map

M xM

—{a—bla,beM},[(a,b))—a—b

is a group isomorphism (note that a —b = ¢ —d if and only if a+d = b+ ¢, which
means that [(a,b)] = [(c,d)]). So we will sometimes identify Q(M) with this set.

Proposition 11.23. The set 7. X G is a group with the binary operation

(z1,81) +1(22,82) = (21 + 22 +1(81,82), 81 + 82).-
Moreover, (N x G,+) is a monoid and (Z x G,+/) is its quotient group.

Proof. By using P.1), P.2) and P.3), it is easy to see that +; is associative and com-
mutative, and also that (0, 0) is the identity element in view of Lemma 11.22. More-
over, (z,g)+1(—z—1(g,—g),—g) = (0,0), and consequently (Z x G,+) is a group.

Clearly N x G is closed under +; and (0,0) € N x G. Thus it is a submonoid of
(Z X @G, +l)-

Now take (z,¢) € Z x G and let a,b € N be such that a — b = z. Note that (a,0) +
(—a,0) = (0,0). Hence (b,g) —1 (a,0) = (b,g) +1 (—a,0) = (b—a+1(0,8),8
which by Lemma 11.22 equals (b —a,g) = (z,g). This implies that (Z x G,+;
is the quotient group of (N x G, +/).

— — ~

O

The following result is similar to Lemma 11.9.

Lemma 11.24. Let S be a monoid. Assume that S has a unit that is Archimedean.
Then S is a group.

Proof. Let u be a unit of S that is Archimedean. Assume that v € S is such that
u+v=0.LetseS. As uis Archimedean, there exist a positive integer k and 7 € §
such that ku = s +¢. Hence 0 = k0 = k(u+v) = ku+ kv = s +1 + kv, which implies
that # + kv is the inverse of s. O

If S is a cancellative monoid, then by Corollary 11.21, § is a submonoid of some
group G. Let a € S. Then it makes sense to write —a when we refer to the inverse of a
in G. Note also that if a+ b = ¢ for some a,b,c € S, then we can writea=c—b € S.
In particular, if a is a unit of S, then we can denote by —a its inverse.

Given (a,g) € Z x G and n € N, we will write for sake of simplicity n(a, g) for
(a,g)+1---+1(a,g) (ntimes). If n is a negative integer, n(a, g) represents the inverse
of (—n)(a,g) in (Z x G,+).
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Theorem 11.25. Let G be a group and let I : G X G — N be a map fulfilling con-
ditions P.1), P2) and P.3). Then (N x G,+/) is an 9M-monoid. Moreover, every N-
monoid is of this form.

Proof. As (N x G,+/) is a submonoid of the group (Z x G,+;) (Proposition 11.23),
we have that (N x G, +) is cancellative. Let us see that it is not a group. And for this,
we show that (1,0) has no inverse. If (1,0) +; (n,g) = (0,0) for some (n,g) € Nx G,
then (n+ 1+41(0,g),g) = (n+ 1,g) = (0,0), which is impossible. Moreover, let
us see that (1,0) is an Archimedean element. By induction, it easily follows that
k(1,0) = (k,0), for any nonnegative integer k. Let (n,g) € N x G. Then (n,g) +;
(0,—g)=(n+1(g,—g),0) = (n+1(g,—g))(1,0). This proves that (N x G,+j) is
an 91-monoid.

Let S be an 91-monoid, and let b be an Archimedean element of S. Define o}, as
in page 157. By Lemma 11.4, S/0}, is a group. This group will play the role of G in
our representation of S as (N x G,+).

Let x € S. As b is an Archimedean element, there exist k € N\ {0} and y €
S such that kb = x +y. Assume that there exist / > k such that x —[b € S. Then
(kb —x)+ (x—1Ib) = (k—1)b € S. And as | > k, (I — k)b also belongs to S. Thus
b+ (k—1)b+ (I —k—1)b = 0, which implies that b is a unit of S. By Lemma
11.24, S is a group, contradicting that S is an 1-monoid. Thus implies that the set
{neN|x—nb e S} is finite. Hence it has a maximum, which we will denote by
ky.

We now prove that if xo,y, then x +kyb = y + k.b. If x0},y, then by Lemma 11.4,
(x4 kyb)op(y + kcb). By definition, there exist positive integers k and / such that
x+kb+kb=y+kdb+1b.If | >k, thenx— (ky+1—k)b =y—k,b € S, contradicting
the maximality of k. Analogously k cannot be greater than /, and consequently k = .
By using that S is cancellative, we obtain that x +k,b = y + k.b.

In particular, the above paragraph implies that 6 : G% — S, defined by 0([x]) =
x — kb, is a map. Note that im(6) = {s € S|s—b &S} (compare this with the
definition of Apéry set of an element in a numerical semigroup).

We see next that for any s € S, there exists a unique (k,x) € N x im(6) such that
s = kb + x (compare with Lemma 2.6). Clearly, s = k;b + (s — kyb), and this proves
the existence. For the uniqueness, assume that kb +x = [b+y for some k,/ € N and
x,y €im(0). If I > k, then x — (I — k)b € S, contradicting that x € im(0). A similar
contradiction occurs if [ < k, whence k = [ and as S is cancellative x = y.

Note that if x,y € S, then (x+y) — (k. +k,)b € S, which implies that k., >
ki~ ky. Also, if [x] = [x'] and [y] = [y/] in S/0p, then as shown above, x +kyb =
X +keb,y+kyb =y +kband (x+y) +kyyb= (' +y') +keyyb. It follows that
keyy — ke —ky = kyyy — kv —ky. Hence we can define the map [ : 6% X 6% — N
as I([x],[y]) = kyy — ky — ky. Let us show that [ fulfills Conditions P.1), P.2) and
P.3). The first condition follows trivially, and the second after an easy computation.
Observe that kg = 0, since otherwise b would be a unit which we already know is
impossible. From this remark we easily obtain P.3).

Finally let us prove that S is isomorphic to (N x G%,—i—l). The isomorphism is

defined by s — (k, [x]), with (k,x) the unique element in N x im(s) such that s =
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x+kb. As [x] = [s] and k = k;, this map can also be written as s — (kg, [s]). By using
this, it is easy to show that this map is a monoid isomorphism. O

From the definition, it follows that every numerical semigroup is an Ji-monoid.
Now that we know how to construct all 9t-monoids, we focus on those that are
isomorphic to a numerical semigroup. That is, we see which conditions G and [
must fulfill so that (N x G,+/) is isomorphic to a numerical semigroup. First we see
that G must be cyclic and with finitely many elements.

Proposition 11.26. Let G be a group and let I be a map fulfilling P.1), P.2) and
P3). If (N x G,+/) is isomorphic to a numerical semigroup, then G is a finite cyclic

group.

Proof. Note that the quotient group of a numerical semigroup is (isomorphic to) Z.
Hence if (N x G,+/) is isomorphic to a numerical semigroup, in view of Lemma
11.20 and Proposition 11.23, (Z x G,+/) is isomorphic to Z. As Z is cyclic, then
s0is (Z x G,+y). Let (a, &) be a generator of (Z x G,+I). Then for every g € G,
there exists k € Z such that (0,g) = k(a, o). Hence g = kot. This proves that G is
generated by « and thus it is cyclic.

By Theorem 11.18, we know that (N x G,+;) is hereditarily finitely generated.
Let H={(a,g)|a€N\{0},§ € G}U{(0,0)}. Then H is a submonoid of (N x
G,+/) and every system of generators of H must contain the set { (1,¢) |g€ G}.
This forces G to be finite. a

Lemma 11.27. Let G be a finite group. Then the monoid (N X G, ) is finitely gen-
erated.

Proof. Note that (a,g) = a(1,0)+;(0,g). Hence the set { (0,¢) | g € G} U{(1,0)}
is a system of generators of (N x G,+/). O

Next we see the condition 7 must fulfill so that (N x G,+/) is free of units.

Lemma 11.28. The monoid (N x G,+;) is free of units if and only if (g,—g) # 0
Sforall g € G\ {0}.

Proof. If g is an element in G \ {0} such that I(g, —g) = 0, then (0,g) +;(0,—g) =
(0,0). This implies that (0, g) is a nonzero unit and thus (N x G,+/) is not free of
units.

If (a,g),(b,h) € Nx G are such that (a,g) +; (b,h) = (0,0), thena+b+1(g,h) =
Oand g+h=0. Asa, band I(g,h) are nonnegative integers, this implies thata = b =
I(g,h) = 0. Note that h = —g. By hypothesis this implies that g = 0 and consequently

(a,g) = (070) O

The quasi-Archimedean property is ensured when G is finite and (N x G,+) is
free of units.

Lemma 11.29. If G is finite and (N x G,+) is free of units, then (N X G,+) is
quasi-Archimedean.
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Proof. Recall that (1,0) is an Archimedean element of (N x G,+/) (see the proof
of Theorem 11.25). Note also that if a, b and ¢ are elements in a monoid such that
a = b+ c, and b is Archimedean, then so is a.

For every (a,g) € Nx G\ {(0,0)}, (a,g) = a(1,0) +;(0,g). Hence if a # 0,
then (a,g) is Archimedean. Thus assume that @ = 0 (and consequently g # 0). As
G is finite, there exist a positive integer such that kg = 0. Hence —g = (k— 1)g.
Note that k(0,g) = (0,g) + (k—1)(0,8) = (0,8) + (b, —g) = (b+1(g,—).0) for
some nonnegative integer b. By Lemma 11.27, we know that /(g,—g) # 0 and thus
k(0,g) = (1,0) +; (c,0) for some nonnegative integer c¢. This implies that k(0, g) is
Archimedean. Therefore (0, g) is Archimedean. O

Let G be a finite group. The order of an element g € G is defined by o(g) =
min{k € N\ {0} | kg = 0}. Recall that if kg = 0 for some positive integer k, then
k=0mod o(g) (just divide k by o(g) and let r be the remainder of the division; then
rg = 0 and the minimality of o(g) forces r to be zero).

Lemma 11 30. Let G be a finite group. Then (Z x G,+) is torsion free if and only

iF X" 1(g,ig) # 0 mod o(g )forallgGG\{O}-
Proof. Letg € G\{0}. If): (g, ig) = o(g)a for some a € N, then
o(g)-1
o(g)(—a,g) = (—o(g)a+ ) 1(g,ig),0(g)g) = (0,0),

i=1

which implies that (Z x G, +7) is not torsion free.

Assume that (Z x G,+;) is not torsion free. Then there exist (z,g) € Z X G\
{(0,0)} and a positive integer k such that k(z,g) = (0,0). This implies that g # 0,
since k(z,0) = (kz,0) which is nonzero for z # 0. Hence

o(g)—1
(kz—i— Y I(g,ig),kg> = (0,0).

i=1

This leads to kg = 0 and thus there exist [ € N\ {0} such that k = o(g)/. Rewriting
the first coordinate of the above equality, we get

o(g)l-1
o(g)lz+ Z I(g,ig) =0.
i=1

So

and consequently
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Note that every submonoid of a torsion free group is torsion free. Thus by The-
orem 11.18, with this last lemma we already have all the ingredients to describe
the conditions we should impose on 7 and G so that (N x G,+;) is isomorphic to a
numerical semigroup.

Theorem 11.31. Let G be a finite cyclic group and let I : G x G — N be a map
Sfulfilling

P1)1(g1,82) =1(g2,81) forall g1,8> € G,

P2)1(g1,82)+1(g1+82,83) =1(82,83)+1(81,82+83) forall g1,8>,83 €G,
P.3)1(0,0) =0,

P4)1(g,—g) # 0 forall g € G\ {0},

P5) 2% 1(g,ig) # 0 mod o(g) for all g € G\ {0}

Then (N x G,+7) is isomorphic to a numerical semigroup. Moreover, every numer-
ical semigroup is isomorphic to a monoid of this form.

Proof. We know by Theorem 11.25 that (N x G,+/) is an 9t-monoid. Hence it is
cancellative. Lemma 11.27 tells us that it is finitely generated. As a consequence
of Lemmas 11.28 and 11.29, this monoid is quasi-Archimedean. Lemma 11.30 as-
serts that it is torsion free. Hence by Theorem 11.18 it is isomorphic to a numerical
semigroup.

Every numerical semigroup S is an 91-monoid and by Theorem 11.25 there exist
a group G and [ fulfilling P.1), P.2) and P.3) such that S is isomorphic to (N x G, +1).
By Proposition 11.26, G is cyclic with finitely many elements. Lemmas 11.28 and
11.29 ensure that Conditions P.4) and P.5) hold. O

Exercises

Exercise 11.1 ([80]). Let S be a finitely generated monoid. Prove that S is cancella-
tive and torsion free if and only if it is isomorphic to a submonoid of (Z*,+) for
some positive integer k. (Hint: As S is finitely generated, S is isomorphic to N" /o
for some congruence ¢ over N. The set {a—b| (a,b) € 6} is a subgroup of Z",
and the columns of its defining equations generate a submonoid isomorphic to S.)

Exercise 11.2 ([80]). Let S be a finitely generated monoid. Prove that S is cancella-
tive, torsion free and free of units if and only if it is isomorphic to a submonoid of
(NK,+) for some positive integer k.

Exercise 11.3 ([80]). Let S be the monoid
{(y)€Z [x>0}U{(0y) €Z®|y>0}.

Prove that S is cancellative, torsion free and free of units. Show that there isno k € N
such that S is isomorphic to a submonoid of N,
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Exercise 11.4. Let S = ((1,1) +N?)U{(0,0)}. Prove that S is quasi-Archimedean,
torsion free, cancellative, free of units, with only one idempotent, and it is not iso-
morphic to any numerical semigroup.

Exercise 11.5. Let S be a finitely generated submonoid of N¥ for some positive
integer k. Prove that S is isomorphic to a numerical semigroup if and only if it is
quasi-Archimedean (that is, numerical semigroups are the only quasi-Archimedean
affine semigroups).

Exercise 11.6. Let S be a nontrivial submonoid of N for some positive integer k.
Prove that S is isomorphic to a numerical semigroup if and only if it is hereditarily
finitely generated.

Exercise 11.7. Find a finitely generated monoid and a submonoid of this monoid
that it is not finitely generated.

Exercise 11.8 ([75]). Let X = {x1,...,x,} and let ¢ be a congruence over Free(X).

Prove that ) jg hereditarily finitely generated if and only if for all i,j €
{1,...,n} with i # j, there exists an element in 6 \ A(Free(X)) of the form

(aixi+ (bi; + 1)xj, cipxi +x;).

Exercise 11.9. Find a cancellative, free of units, hereditarily finitely generated mon-
oid that is not torsion free.

Exercise 11.10. Let X be a set and let &?(X) be the set of subsets of X. Prove that
(Z(X),N) is a torsion free monoid that in general is not cancellative.

Exercise 11.11 ([80]). Prove that every finitely generated monoid is the union of
finitely many Archimedean semigroups. (Hint: For x,y € S define x0y if there ex-
ist z € S and n € N such that nx = y 4+ z. This is an equivalence relation and its
equivalence classes are the Archimedean semigroups we are looking for.)
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List of symbols

(ni,...,np) - submonoid generated by {ni,...,n,}, p. 1.

Arf(S) - Arf closure of the numerical semigroup S, p. 25.

Ap (S,m) - Apéry set of the element m # 0 in S, p. 8.

Ch(S) - chain associated to the numerical semigroup S, p. 92.

Ch(X) - union of the chains associated to the numerical semigroups in X, p. 98.
Cong(p) - congruence generated by p, p. 108.

da(a) - greatest common divisor of the elements in A less than or equal

toa €A, p.28.

D(X) - set of all positive divisors of the elements of X, p. 51.

A(X) ={(x,x) | x € X} - the diagonal of X x X, p. 108.

e(S) - embedding dimension of the numerical semigroup S, p. 9.

F(S) - Frobenius number of the numerical semigroup S, p. 9.

FG(S) - set of fundamental gaps of S, p. 52.

Free(X) - free monoid on X, p. 107.

Z (X) - Frobenius variety generated by the set of numerical semigroups X, p. 98.
2(S) - genus (or degree of singularity) of the numerical semigroup S, p. 9.

4 (¥') - graph associated to the Frobenius variety ¥, pp. 92, 101.

J(8) - set of irreducible numerical semigroups containing the numerical semigroup
S, p.- 47.

im(f) - image of the homomorphism f, p. 106.

Irr(o) - set of irreducible elements of o, p. 109.

J(S) - for a numerical semigroup minimally generated by n; < --- < n, is the set
{7sz2+ e Ao, ‘ Aong 4+ 4+ Aohle ¢Ap(S,n1) }, p. 138.

ker(f) the kernel congruence of the monoid homomorphism f, p. 106.

m(S) - multiplicity of the numerical semigroup S, p. 9.

M(f) - monoid associated to the subadditive function f, p. 58.

Maximals< (X) - maximal elements of X with respect to the ordering <, p. 13.
Minimals< (X) - minimal elements of X with respect to the ordering <, p. 13.

a mod b - is the quotient of the division of a by b;

a = b mod m means (a —b) mod m = 0, p. 20.

n(S) - cardinality of the set of elements in S less than its Frobenius number, p. 15.
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N(S) - set of elements in S less than its Frobenius number, p. 15.

N - set of nonnegative integers, p. 1.

o(g) - order of an element g in a group G, p. 167.

0 (S) - set of numerical semigroups containing the numerical semigroup S, p. 44.
PF(S) - set of pseudo-Frobenius numbers of the numerical semigroup S, p. 13.

Qg - set of nonnegative rational numbers, p. 59.

Q(S) - quotient group of S, p. 163.

. - set of all numerical semigroups, p. 47.

S - set of numerical semigroups with multiplicity m, p. 58.

Z(g1,--.,&) - set of numerical semigroups not cutting {g1,...,8g}, p- 47.

Z(P) - set of numerical semigroups admitting a pattern P, p. 96.

S(a,b,c) - set of integer solutions to ax mod b < cx, p. 58.

S(A) - with A C Qj, the set of integers of the submonoid (A), p. 59.

Sat(S) - saturated closure of the numerical semigroup S, p. 30.

S F p - set of m-periodic subadditive functions, p. 58.

SG(S) - set of special gaps of S, p. 44.

R - relation defining the R-classes of the expressions of a given element in a numer-
ical semigroup, p. 111.

t(S) - type of the numerical semigroup S, p. 13.

¥ - a Frobenius variety, p. 99.

¥ (A) - ¥-monoid generated by A, p. 99. Used also as a prefix to denote systems of
generators and monoids relative to this variety; see Chapter 6.

7 - set of integers, p. 13.

Z(n) - set of factorizations or expression of 7 in a numerical semigroup S, p. 111.
Zg(n) - set of factorizations or expression of 7 in a numerical semigroup S relative
to the set of generators B, p. 111.



Index

Symbols
O-matrix 150
A

adjacent fractions 66
Apéry set 8

with respect to aset 124
Archimedean element 155
Arf closure

of a semigroup 25

ofaset 25

B

Bézout sequence 61
endofa 61
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graph 111
associated to an element in a numerical
semigroup 113
connected 111
generating tree 111
connected component 113
directed 91
edge 111
path 111
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I

ideal 17
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maximal 17
principal 23
relative 17
idempotent element 155
irreducible element of a congruence 108

M

minimal presentation 111
minimal system of generators 8
modular Diophantine inequality 69
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cancellative 109
epimorphism 6
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half-factorial 122
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numerical semigroup 6
acute 17
admitting a pattern 96
almost symmetric 55
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free 133

half-line 17
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ordinary 17

proportionally modular 59
pseudo-symmetric 34

saturated 28
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symmetric 34

telescopic 136

with Apéry set of unique expression
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order 167
oversemigroup 44
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pattern 96

admissible 97
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presentation 108
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proportionally modular Diophantine inequality

59
factorofa 59
modulus of a 59
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pseudo-Frobenius number 13

Q

quotient group 163

quotient of a numerical semigroup by an
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quotient set 106

R

ratio 17
R-class 111

S

Saturated closure 30

semigroup 5
Archimedean 155
epimorphism 6
finitely generated 6
homomorphism 6
isomorphism 6
monomorphism 6
multiple joined 155
quotient 157
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