SEMIGROUP-THEORETICAL CHARACTERIZATIONS OF
ARITHMETICAL INVARIANTS WITH APPLICATIONS TO
NUMERICAL MONOIDS AND KRULL MONOIDS

V. BLANCO AND P. A. GARCIA-SANCHEZ AND A. GEROLDINGER

ABSTRACT. Arithmetical invariants—such as sets of lengths, catenary
and tame degrees—describe the non-uniqueness of factorizations in atomic
monoids. We study these arithmetical invariants by the monoid of rela-
tions and by presentations of the involved monoids. The abstract results
will be applied to numerical monoids and to Krull monoids.

1. INTRODUCTION

Factorization theory describes the non-uniqueness of factorizations into ir-
reducible elements of atomic monoids by arithmetical invariants, and it studies
the relationship between these arithmetical invariants and algebraic invariants
of the objects under consideration. Here, an atomic monoid means a com-
mutative cancellative semigroup with unit element such that every non-unit
may be written as a product of atoms (irreducible elements), and main exam-
ples are the multiplicative monoids consisting of the non-zero elements from
a noetherian domain. In abstract semigroup theory, minimal relations and
presentations are key tools to describe the algebraic structure of semigroups.
Thus, there should be natural connections between the arithmetical invariants
of factorization theory and the presentations of the semigroup. However, only
first steps have been made so far to unveil these connections and to apply
them successfully for further investigations. We mention two results in this
direction (more can be found in the references). In [9], it was proved that the
catenary degree of a monoid allows a description in terms of R-equivalence
classes (see Proposition 4.6 for details). In [36], semigroup-theoretical de-
scriptions are used in the study of the arithmetic of non-principal orders in
algebraic number fields.
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The aim of the present paper is to explore further the connections be-
tween arithmetical invariants and semigroup-theoretical invariants, such as
the monoid of relations and presentations. We discuss central invariants from
factorization theory, such as the w-invariants (Section 3), the catenary and
monotone catenary degrees (Section 4), the tame degrees (Section 5), and
finally Section 6 deals with unions of sets of lengths. We provide—in the ab-
stract setting of atomic monoids—new characterizations or new upper bounds
(as in Propositions 3.3, 5.2, Corollary 6.4), and reveal the influence of spe-
cial presentations to the arithmetic (as in Theorem 5.6). Throughout, we
apply the abstract results to concrete classes of monoids, mainly to numerical
monoids and to Krull monoids (Corollaries 5.7 and 5.8, Theorem 6.6). More-
over, some of the results have relevance from the computational point of view,
as they can provide explicit algorithms which partly have been implemented
in GAP (see Example 3.6 or Remarks 5.9, and [14]). A more detailed discussion
of the results will be given at the beginning of each section as soon as we have
the required terminology at our disposal.

2. PRELIMINARIES

We denote by N the set of positive integers, and we put Ny = N U {0}.
For every n € N, we denote by C), a cyclic group with n elements. For real
numbers a,b € R, we set [a,b] = {x € Z | a <2 <b}. Let L,L' C Z. We
denote by L+ L' = {a+b|a € L, b € L'} their sumset. Two distinct elements
k,l € L are called adjacent if L N [min{k,l}, max{k,l}] = {k,l}. A positive
integer d € N is called a distance of L if there exist adjacent elements
k,l € L with d = |k —l]. We denote by A(L) the set of distances of L. If
0 #L C N, we call

m sup L
p(L) = sup{ﬁ ‘ m,n € L} = FIIZL € Q>1 U{oo}
the elasticity of L, and we set p({0}) = 1. By a monoid, we mean a commu-
tative, cancellative semigroup with unit element. Throughout this paper, let
S be a monoid.

We denote by A(S) the set of atoms (irreducible elements) of S, by S* the
group of invertible elements, by Sreqa = {aS* | a € S} the associated reduced
monoid of S, and by q(S) a quotient group of S with S C q(S). A submonoid
T C S is said to be saturated if T = S N q(T) (equivalently, if a,b € T and a
divides b in S, then a divides b in T'). We say that S is reduced if |S*| = 1.
If not stated otherwise, we will use multiplicative notation. Submonoids of
(Z?,+), in particular numerical monoids, will of course be written additively.

For a set P, we denote by F(P) the free (abelian) monoid with basis P.
Then every a € F(P) has a unique representation in the form

a= H p'»(@  with v,(a) € Ng and vy(a) =0 for almost all p€ P.
pEP



CHARACTERIZATIONS OF ARITHMETICAL INVARIANTS 3

We call |a| = 3 cpvp(a) the length of a and supp(a) = {p € P | vp(a) >
0} C P the support of a.

The free (abelian) monoid Z(S) = F(A(Sred)) is called the factorization
monoid of S, the unique homomorphism

w: Z(S) = Srea satisfying w(u) =u for each u € A(Sreq)
is called the factorization homomorphism of S and

~s ={(z,y) € Z(S) x Z(5) | m(x) = 7(y)}

the monoid of relations of S. Clearly, we have Z(S) = (N(()A(Sre"),-l-), and if

S is written additively, then Z(S) and ~g will be written additively too.

Let 0 C ~g be a subset. Then 0! = {(z,y) € ¢ | (y,7) € o}, and
o is called a presentation of S if the congruence generated by o equals ~g
(equivalently, if (z,y) € Z(S) x Z(S), then (z,y) € ~g if and only if there
exist zg,...,2x € Z(S) such that ¢ = 2o, 2z = y, and, for all i € [1,k],
(z,-_l,z,-) = (mi_lwi,miwi) with w; € Z(S) and (iti_l,ill'i) € o 0'71). A
presentation o is said to be

e minimal if no proper subset of o generates ~g (see [38, Chapter 9] for
characterizations of minimal presentations in our setting).
e generic if o is minimal and for all (z,y) € o we have supp(zy) =
-A(Sred)-
If S has a generic presentation, then Speq is finitely generated and has no
primes.

For a subset S’ C S, we set Z(S') = {z € Z(S) | n(z) € S'}. Let Z C Z(S)
be a subset. We say that an element © € Z is minimal in Z if for all elements
y € Z with y|z it follows that x = y. We denote by Min(Z) the set of
minimal elementsin Z. Let x € Z. Since the number of elements y € Z with
y |z is finite, there exists an z* € Min(Z) with z* | z.

For a € S, the set

Z(a) = Z({a}) C Z(S) is the set of factorizations of a and
L(a) = {|7| | z€Z(a)} CNoy isthe set of lengths of a.

By definition, we have Z(a) = {1} and L(a) = {0} for all a € S*. The monoid
S is called atomic if Z(a) # 0 for all a € S (equivalently, every non-unit can
be written as a product of atoms), and it is called factorial if |Z(a)| = 1 for all
a € S. It S is reduced and atomic, then the set of atoms A(S) is the uniquely
determined minimal generating set of S ([26, Proposition 1.1.7]). We denote
by £(S) = {L(a) | a € S} the system of sets of lengths of S, and by

AS) = |J A@) cN
LeL(S)

the set of distances of S.
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For z, z' € Z(S), we can write

Z=UL WV Uy and 2 =g cwwy ..y,
where [, m, n € Ny and u1,...,up, U1, ,Um, Wi, ..., Wy € A(Sreq) are such
that
{vi, .. ;vm}N{wy, . .,w,} = 0.
Then ged(z,2') =wuy - ...y, and we call

d(z,2") = max{m, n} = max{|z ged(z, 2') 7|, |2' ged(z,2") 7|} € No
the distance between z and z'. For subsets X,Y C Z(S), we set
d(X,Y) = min{d(z,y) |z € X,y € Y} € Ny,

and thus d(X,Y) =0 if and only if ( XNY #Qor X =Qor Y =0).
Numerical Monoids. By a numerical monoid we mean a submonoid S C
(Ng, +) such that the complement N\ S is finite. The theory of numerical
monoids is presented in the recent monograph [39]. The connection to semi-
group algebras and to one-dimensional local domains (in particular, to power
series domains K[S]) is documented in the surveys [7, 5, 6] (all these are
domains which have received a lot of attention in factorization theory). We
shall make use of this in Section 5.

Let S be a numerical monoid. Then S is reduced and finitely generated.
Suppose that A(S) = {ny,...,n:} with ¢ € Nand 1 < n; < ... < ng.
Then we write S = (ni,...,ns), and since N\ S is finite, it follows that
ged(ng,...,ny) = 1. Writing factorizations of an element a € S we put the
atoms in boldface in order to distinguish between the atoms and the scalars.
Thus z = kynq + ... + kg, with kq,..., k € Np, is the factorization of the
element a = 2221 kin; € S of length |z| = k1 + ... + k. We denote by
Ap(S;a)={s€ S|s—a¢ S} the Apéry set of ain S (see [39]).

Krull monoids. The monoid S is called a Krull monoid if it satisfies one of
the following equivalent properties ([26, Theorem 2.4.8]):

(a) S is v-noetherian and completely integrally closed,
(b) S has a divisor theory,
(¢) Sreq is a saturated submonoid of a free monoid.

The theory of Krull monoids is presented in the monographs [32, 26]. Let
S be atomic. Clearly, ~¢ C Z(S) x Z(S) is saturated and hence ~g is a
Krull monoid by Property (c¢) (more on that can be found in [37, Lemma 11]),
and hence, in particular, it is atomic. Moreover, if S;eq is finitely generated,
then ~g is finitely generated as a saturated submonoid of a finitely generated
monoid (see [26, Proposition 2.7.5]). An integral domain R is a Krull domain
if and only if its multiplicative monoid R \ {0} is a Krull monoid, and thus
Property (a) shows that a noetherian domain is Krull if and only if it is
integrally closed.
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Main portions of the arithmetic of a Krull monoid—in particular, all ques-
tions dealing with sets of lengths—can be studied in the associated monoid
of zero-sum sequences over its class group. To describe this concept, let G
be an additive abelian group, Go C G a subset and F(Gj) the free monoid
with basis Gy. According to the tradition of combinatorial number theory,
the elements of F(Gy) are called sequences over Gy. For a sequence

U:glgl: H gvg(U) Ef(Go),
9€Go
we call vy (U) the multiplicity of g in U,
1
Ul=1= ng(U) € Ng the length of U, ando(U) = Zg,- the sum of U.
geG i=1
The monoid
B(Go) ={U € F(Gy) | o(U) = 0}
is called the monoid of zero-sum sequences over Gy, and Property (c) shows
that B(Gp) is a Krull monoid. We define the Davenport constant of Gy by
D(Go) = sup{|U| | U € A(B(Gp))} € NgU{o0},

which is a classical constant in Combinatorial Number Theory (see [19, 22]).
We will use that for a reduced finitely generated monoid S the following
statements are equivalent ([26, Theorem 2.7.14]):
e S is a Krull monoid,
e S is isomorphic to a monoid B(Gg) with Gg C G as above,
e S is isomorphic to a monoid of non-negative integer solutions of a
system of linear Diophantine equations.

3. THE w-INVARIANTS

Definition 3.1. Let S be atomic. For b € S, let w(S,b) denote the smallest
N € Ny U {oc} with the following property :

For all n € N and ay,...,a, € S, if bla;y - ... - a,, then there exists a
subset  C [1,n] such that || < N and

b ‘ H ay .
veQ
Furthermore, we set

w(S) = sup{w(S,u) | u € A(S)} € Ny U {o0}.

Let S be atomic. By definition, an element b € S is a prime element
if and only if w(S,b) = 1, and S is factorial if and only if w(S) = 1. Thus
these w-invariants (together with the associated tame degrees, see in particular
Equation 5.2) measure in particular how far away atoms are from primes (see
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[29, 28, 27, 30]). An algorithm to compute the w(S,-) values in numerical
monoids was recently presented in [4]. Here we start by showing that a slight
variant of the property in the definition of w(S,-) does not change its value.
Also the forthcoming characterization of w(S) will be easy to prove, but it is
useful from a computational point of view. Although special cases have been
handled in the literature before (Prop. 3.3 was done for numerical monoids
in [4, 3.3.1], and L. 3.2 for domains in [3]), we provide short proofs because
these technical results are the key ingredient in the proof of our main results
(seeTheorem 5.6).

Lemma 3.2. Let S be atomic and b € S. Then w(S,b) is the smallest N €
No U {oo} with the following property:

For alln € N and ay,...,a, € A(S), ifblay -...-ay, then there exists
a subset Q C [1,n] such that |Q] < N and

b‘ Ha,,.

Proof. Let w'(S,b) denote the smallest integer N € Ny U {oo} satisfying the
property mentioned in the lemma. We show that w(S,b) = w'(S,b). By
definition, we have w'(S,b) < w(S,b). (Note, if b € S*, then w(S,b) =
w'(S,b) =0).

In order to show that w(S,b) < w'(S,b), let n € N and ay,...,a, € S with
blay - ...-ayn. After renumbering if necessary there is an m € [0, n] such that
ai,...,am € S\ S* and aps1,...,a, € S*. Then blay - ... - ap, and for
every i € [1,m] we pick a factorization a; = u;1 - ... u; %, with k; € N and
Uiyy oo Uik; € A(S). Then there is a subset I € [1,m] and, for every i € I, a
subset ) # A; C [1, k;] such that

111 <> Al <w'(S,0) and b [T JT wiw
el i€l veA;

which implies that b| [];.; a:- O

Proposition 3.3. Let S be atomic.

1. For every s € S we have
w(S, s) =sup{|z| | x € Min(Z(sS))} .
2. w(S) = sup{|z| | z € Min(Z(uS)) for some u € A(S)}.

Proof. Obviously, it is sufficient to prove the first statement. Furthermore,
we may assume that S is reduced.

Let © = [],c05 u™ € Min(Z(sS)). Since z € Z(sS), it follows that s
divides [, ¢ 4¢g) u™ (in S), and since z is minimal in Z(s.5), s does not divide
a proper subproduct. Therefore, we get that w(S,s) > ZueA(S) my, = |z|.
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Conversely, let (m.y)uea(s) € NS‘(S) be such that s divides [, ¢ 4.5y u™
(in S). Then z = [],ca5u™ € Z(sS), and there exists some minimal

a* = [Tueacs) u™ € Z(sS) with 2* |z (in Z(S)). Then
s| H u™e | H u™  (in S)
u€A(S) u€A(S)
and hence w(S,s) <3, c 45y My < sup{|y| | y € Min(Z(sS))}. O
Remarks 3.4.
1. Note that w(S,s) is finite for all s € S not only for finitely generated

monoids, but more generally for all v-noetherian monoids (see [28, Theorem
4.2]).

2. Let k,r € Ny and n,dy,...,d; € N. Let S C (N2, +) be the set of all

non-negative integer solutions (z1,...,2,) € N of the following system of
equations

a1 + -+ a1y =0 mod dy,

apa1T1 + -+ Qg Ty =0 mod dg,

Qp41,1T1 + -+ agr1,0Tn =0,

Qpir1%1 + -+ Qpip Ty =0,

where all a; ; are integers. Obviously, S C (Nj, +) is a submonoid with

(*) q(S)NNg = S.
Let G =Z/dZ x ... x L]/dZ x Z" and
Go ={(a1,i + diZ,...,a; + dpZ,aps14, ..., 0k405) €G | i € [1,n]}.

Then S is obviously isomorphic to B(Gy), the monoid of zero-sum sequences
over G. This (or independently, the fact that S C (N§, +) is saturated) show
that S is a reduced, finitely generated Krull monoid. If a finitely generated
Krull monoid is given in that form, then the characterization of Proposition
3.3 turns out to be extremely useful, as the next corollary illustrates.

Corollary 3.5. Let S C (N§,+) be a saturated submonoid with A(S) =
{s1,...,8¢}, wheren,t € N, and let A € M, +(Z) be the matriz whose columns
are s1,...,8¢. If s € S and (z1,...,2¢) € Nb, then

T
181 +...+xse €Z(s+S) ifandonlyif Al | >s,
Ty

where < denotes the component-wise order on N§.
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Proof. Observe that, by definition of A, we have for s and (x1,...,2¢) as
above, that

181 +...+ 28, € Z(s) ifandonlyif Af : [ =s.

T

If 181 +...+x48¢ € Z(s+ S), then there is some s’ € S such that z1s1 +
.+ z8 =s+s €85, and hence A(xy,...,z;)t = s+ >s.

Conversely, let z € N (considered as a column) be such that Az > s.
Then ' = Az € Sand ' —s € q(S)NNj = S. Thus s’ € s+ S and
2181+ ...+ xse € L(s') CZ(s+ S). O

The following example illustrates how Proposition 3.3 and Corollary 3.5 can
be used to calculate the w-invariants. It was developed by using an algorithm
due to E. Contejean and H. Devie with slack variables (see [13]; these authors
published later a paper to avoid the use of these extra variables).

Example 3.6. Let S C (N3, +) be the set of non-negative integer solutions
of

z+2=0 mod 2,

y+2z=0 mod 2.

Then
A(S) = 0 ) 2 ) 0 b) 1 )
0 0 2 1

and S is isomorphic to B(Gy) with Go = (Z/2Z x 7Z/2Z) \ {(0,0)}. The set
of solutions of

2 0 0 1 1

020 1]z>[1

00 2 1 1
is {(0,0 , 0,1),(1,1,1,0)}+N3, and thus, by Proposition 3.3 and Corollary 3.5,
w(S,(1,1,1)) = 3. The set of solutions of

2.0 0 1 P
020 1lz>1{0
00 2 1 0

is {(1,0,0,0), (0,0,0 2)} + N§, whence w(S, (2,0,0)) = 2. By symmetry, we
(0,2,0)) =2 =w(S,(0,0,2)). Thus it follows that w(S) = 3.

)
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4. THE CATENARY AND MONOTONE CATENARY DEGREES

Definition 4.1. Let S be atomic and a € S.

1. Let z, 2’ € Z(a) be factorizations of a and N € Ny U {o0}. A finite
sequence zp, 21,-...,2, in Z(a) is called an N-chain of factorizations
from z to 2’ if 2 = 209, 2’ = z; and d(z;_1,2;) < N for every
i € [1,k]. In addition, the chain is called monotone if |zo| < ... < |zg]
or |zo| > ... > |z
If there exists a (monotone) N-chain of factorizations from z to z', we
say that z and 2’ can be concatenated by a (monotone) N-chain.

2. We denote by c(a) € No U {oo} (or by cmon(a) resp.) the smallest
N € Ny U {oo} such that any two factorizations z, z' € Z(a) can be
concatenated by an N-chain (or by a monotone N-chain).

3. Moreover,

c(S) = sup{c(d) | b€ S} € NgU {0}
and
Cmon (S) = sup{cmon(d) | b € S} € Ny U {0}
denote the catenary degree and the monotone catenary degree of S.
Whereas the catenary degree is a classic invariant in factorization theory,
the monotone catenary degree was introduced only in [15]. However, since
then the existence of monotone and of near monotone chains of factorizations
have been investigated in various aspects (see [16, 17, 24, 31, 35]). The mono-
tone catenary degree is always (explicitly or implicitly) studied in a two-step
procedure.
Definition 4.2. Let S be atomic and a € S.
1. For k € Z, let Zy(a) = {z € Z(a) | |z| = k} denote the set of factoriza-
tions of a having length k. We define
Cadj(a) = sup{d(Zx(a), Zi(a)) | k,l € L(a) are adjacent}
and we set
Cadj(S) = sup{cadj (b) | be S} eNpU {OO}
2. Let ceq(a) denote the smallest N € Ng U {oo} with the following prop-
erty:
For all z,2' € Z(a) with |z| = |2’| there exists a monotone N-chain

concatenating z and z’.
We call

Ceq(S) = sup{ceq(b) | b € S} € Ny U {o0}

the equal catenary degree of S.
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Obviously, we have
c(a) < cmon(a) = sup{ceq(a), cagj(a)} <suplL(a) forall a€S,
and hence
(4.1) c(S) < tmon(S) = sup{ceq(S), Caa;j(S)} -

It is well-known that the monotone catenary degree ¢y, (S) is finite for finitely
generated monoids ([15, Theorem 3.9]), and hence also for Krull monoids with
finite class group, because it is stable under transfer homomorphisms; note
that, for such Krull monoids, both inequalities caqj(S) < Ceq(S) < o0 and
Ceq(S) < €aqj(S) < oo can happen (for all this see [31]). Our results will
provide a more natural upper bound for ¢y, (S), valid among others finitely
generated monoids. Inequality 5.1 will show that there is a canonical chain of
inequalities involving the set of distances, the w-invariants, and the catenary
and tame degrees. However, there seems to be no obvious relationship between
Cmon (), on the one side and w(+), the tame degree or on their canonical upper
bound (see Proposition 5.2) on the other side. We study these phenomena
by investigating ceq(-), and caqj(-) individually, and summarize our discussion
after Proposition 5.2.

Definition 4.3. Let S be atomic. Then
~seq= 1(z,y) € Z(S) x Z(S) | m(x) = 7(y) and |z] = |y|}
is called the monoid of equal-length relations of S.

Note, if (z,y) € A(~g.eq), then either ged(z,y) = 1 or z = y € A(Sred)-
Furthermore, we use the convention that sup () = 0.

Proposition 4.4. Let S be atomic.

1. ~seq C ~s is a saturated submonoid, and hence ~s.oq @5 a Krull
monoid.

2. If Syeq is finitely generated, then ~g.q is finitely generated.

3. Ceq(S) <sup{|z|| (z,y) € A(~s,eq) for somey € Z(S) \ {z}}.

4. Forde A(S) let Ay ={z € Z(S)||ac| —deL(n(z))}. Then
Caqj(S) < sup{|z| | x € Min(A44), d € A(S)}.

Proof. 1. Obviously, ~g ¢q is @ submonoid of ~g. In order to show that it is
saturated, let (z1,22), (21,22) € ~g.eq be such that (z1,22) divides (21, 22) in
~g. Then there exists (y1,y2) € ~s such that z;y; = z; and z2y2 = 2». This
implies that |y;| = |z1| — |z1] = |22| — |z2| = |y2|, and hence (y1,¥y2) € ~seq-
Thus ~geq C ~g is saturated. Since ~g is a Krull monoid by [37, Lemma
11], ~s.eq is a Krull monoid by [26, Proposition 2.4.4].

2. Let S,eq be finitely generated. Then ~g is finitely generated (as observed
in Section 2), and hence ~g ¢ is finitely generated as a saturated submonoid
of a finitely generated monoid ([26, Proposition 2.7.5]).
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3. We set M = sup{|z| | (z,y) € A(~s,eq) for some y € Z(S)}, and have to
show that ceq(a) < M foralla € S. Let a € S and z,2' € Z(a) with |z| = |2/|.
Then (z,2') € ~g.eq, and we consider a factorization, say

(2,2') = (z1,2}) - ...  (z,7;) where (z;,7}) € A(~g.eq) -

for all i € [1,1], ged(zy,z}) = 1 for all i € [1,k] and z; = 2} € A(Srea) for all
i € [k + 1,1]. Then

— — ! — [
Z =20, /1 =T1T2 " ... Ty B2 = T ToTL3 " v " Tly---,
— ! / 0 1t
2R =LY Xl e T =X Ty = 2
is an M-chain of factorizations from z to z’ and with |z;| = |z| for all ¢ € [0, &].

4. Let a € S and k,l € L(a) be adjacent lengths, say | — k = d € A(S).
We pick some z € Z;(a). Then there exists some z € Min(A4) such that
x|z If o' € Z(w(x)) with |2'| = |z| — d, then 2’ = 2/(z7'2) € Zi(a) and
d(Zx(a),Zi(a)) < d(z,2') < |z|. This shows that caqj(a) < sup{|z| | = €
Min(Aq4),d € A(S)}, and hence the assertion follows. O

The above upper bounds for c.q(S) and for c,g;(S) are sharp for Krull
monoids with small class group (see [31, Section 5]). Moreover, Proposition
4.4.4 will allow us to obtain a more explicit finiteness criterion for cuq;(S) in
Proposition 5.2.

Definition 4.5. Let S be atomic.

1. Two elements z,z’ € Z(S) are R-related if z = 2z’ = 1 or if z and 2’ can
be concatenated by a chain of factorizations z = 2g,...,2; = 2’ such
that 7(z;) = w(z) and ged(z;-1,2;) # 1 for all i € [1, k]

2. For a € S, we denote by R, the set of R-(equivalence) classes of Z(a).
For 0 € R, we set |o| = min{|z| | z € o}, and we define

pla) =sup{|o| | o € Ry}.
3. We set
u(S) = sup{u(a) | a € S with |R,| > 2}.

We will need the following result, first proved for finitely generated monoids
(see [9, Theorem 3.1]) and then in the general setting (see [37, Corollary 9]).

Proposition 4.6. If S is atomic, then c(S) = u(S).

There is no analogous result for the monotone catenary degree. Below
we will provide the first example of a monoid which is not tame but which
has finite monotone catenary degree (indeed the catenary and the monotone
catenary degree coincide). On the other side of the spectrum there are tame
monoids with infinite monotone catenary degree. We recall the notion of
finitely primary monoids, a concept which stems from ring theory. The monoid
S is called finitely primary if there exist s, @ € N with the following properties:
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S is a submonoid of a factorial monoid F = F* X [py,...,ps] with s
pairwise non-associated prime elements py, ..., ps satisfying

S\S*Cpi-... psF and (p-...-ps)*FCS.

If this is the case, then we say that S is finitely primary of rank s
and exponent «.

If s =1and F* = {1}, then S is isomorphic to a numerical monoid. Further-
more, S is tame if and only if it is of rank 1 ([26, Theorem 3.1.5]).

Example 4.7. Let S = (N x NU{(0,0)},+). Then c(S) = cmon(S) = 3 and
hence A(S) = {1}. However, we have p(S) = co and hence w(S) = t(S) = o0
(for the invariants not defined so far, see the discussion at Inequality 5.1).

Proof. By definition, S is a finitely primary monoid of rank 2 and exponent
1. Tt is a special case of the monoid studied in [26, Example 3.1.8], where all
assertions have been verified apart from the formula for cpmen(S). Indeed, it
is straightforward that A(S) = {(1,m), (m,1) | m € N}. Furthermore, every
element a = (a1,a2) € S\ (A(S) U {(0,0)}) can be written as a sum of two
atoms, namely (ai,as3) = (1,as — 1) + (a1 — 1,1). These two observations
easily imply the assertions on c(S), A(S) and p(S). In order to show that
Cmon(S) = 3 we proceed in two steps.

First we show that cuqj(S) = 3. Let @ € S and k,l € L(a) be adjacent
lengths, say & < I. Since A(S) = {1}, it follows that ] = k+ 1 > 3. Let

Z =y ... upp € Z(a) with uy,...,up1 € A(S). Since wjusug is a
product of two atoms, say ujusus = v1vs with vy,vs € A(S), we infer that
2 = vivauy ... - upr € Zg(a), and hence 3 = d(z,2') = d(Z41(a), Zi(a)).

Thus have c,qgj(a) = 3, and hence we get caq;(S) = 3.

Second, we verify that ceq(S) = 3. Let a = (m,n) € S and k € L(a). We
have to show that each two factorizations z, 2’ € Z;(a) can be concatenated
by a monotone 3-chain of factorizations. By symmetry, we may assume that
m < n, and then we clearly have k¥ < m. We consider the factorization

= (k—2)(1,1) +(m—k+1,1)+ (L,n—k+1) € Z(a).

Clearly, it is sufficient to show that from every factorization z € Zy(a) there
is a monotone 3-chain of factorizations to z*. Let z € Zy(a) be given. We
proceed by induction on v(1,1)(2). If v(3,1)(2) = k — 2, then z = 2* and
we are done. Suppose that v(;,1)(2) < k —2. Then there are two atoms
u1 = (1,a1) and us = (1, az) with a1, a; € N5 and (u; +u2) | 2, or there are
two atoms u; = (a1, 1) and uy = (a2, 1) with a;,a2 € N>o and (u1 +us) | 2.
By symmetry, we may suppose that the first case holds. Then we define
Z'=—u; —us + 2+ (1,1) + (1,a1 4+ a2 — 1). Clearly, we have z' € Z,(a),
d(z,2') = 3, v(1,1)(2) < v(1,1)(¢'), and hence the assertion follows. O
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5. THE TAME DEGREES

Definition 5.1. Let S be atomic.

1. For a € S and z € Z(S5), let t(a,z) € Ny U {oc} denote the smallest
N € Ny U {oo} with the following property :

If Z(a) N 2Z(S) # @ and z € Z(a), then there exists 2’ € Z(a) N
xZ(S) such that d(z,2") < N.
2. For subsets S’ C S and X C Z(S), we define

(S, X) =sup {t(a,z) |a € §',x € X} € NgU {00},

and for a € S, we set t(a, X) = t({a}, X).
3. S is said to be locally tame if t(S,u) < oo for all u € A(Syeq). We call

t(S) = t(SaA(Sred)) = sup{t(S, U) | u € A(Sred)} eNg U {OO}

the tame degree of S, and S is called tame if t(S) < co.
4. Weset a(S) = sup{|z| | (z,y) € A(~g) for somey € Z(S)} € NgU{oo}.

Let S be reduced and atomic. Local tameness is a central finiteness prop-
erty in factorization theory, but the finiteness of the tame degree is a rare
property (a non-principal order o in an algebraic number field is locally tame
with finite catenary degree, and it is tame if and only if for every prime ideal
p containing the conductor there is precisely one prime ideal p in the prin-
cipal order o such that pN o = p). Whereas in v-noetherian monoids (these
are monoids satisfying the ascending chain condition for v-ideals) we have
w(S,u) < oo for all atoms u € A(S), this does not hold for the t(S,u) values
(see [29, Corollary 3.6], [28, Theorems 4.2 and 4.4], [27, Theorems 5.3 and
6.7]). However, we have w(S) < oo if and only if t(S) < oo (see Inequality 5.1
below). A main aim in this section is to show that monoids having a generic
presentation satisfy w(S) = t(S) (Theorem 5.6 and its corollaries). After that
we provide the first examples of numerical monoids S with w(S) < t(5).

Let S be atomic and, to avoid trivialities, suppose that S is not factorial.
Let us consider a(S). If S is finitely generated, then ~g is finitely generated,
hence A(~g) is finite, and thus a(S) < oco. It has been proved that a(S) is
an upper bound for a variety of arithmetical invariants, such as the catenary
degree (e.g., [37, Proposition 14]; see also the forthcoming Corollary 6.4).
However, we have

(5.1) 245w A(S) € c(S) 2 w(S) L 1(S) L w(S) and p(S) L w(S),

where p(S) is the elasticity (see Definition 6.1): for (1) see [26, Theorem
1.6.3], for (2),(4) and (5) see [30, Section 3], and (3) can be found in [28,
Theorem 3.6]. In the next proposition, we will verify that a(S) is an upper
bound for the tame degree t(S), but even this inequality can be strict (even
for numerical monoids, see [9, Example 4.4]).



14 V. BLANCO AND P. A. GARCIA-SANCHEZ AND A. GEROLDINGER

Proposition 5.2. Let S be atomic.
1. For every u € A(Speq) we have

t(S,u) < sup{|zl|,|y| | (z,y) € A(~s), € uZ(S)}.

2. 1(S) < a(9).
3. If a(S) < 00, then cyugi(S) < 0.

Proof. 1. and 2. Obviously, it is sufficient to prove the first statement. Fur-
thermore, we may assume that S is reduced.

Let u € A(S), a € uS and z € Z(a). We have to find a factorization
z' € Z(a) NuZ(S) such that

d(z,2') < sup{|z|,|y| | (z,y) € A(~s), = € uZ(S)}.
Since a € uS, there exists some Z € Z(a) NuZ(S). We consider a factorization
of (z,%2) in ~g, say
(272) = (21,2_1) Tt (Zkaz_k)v
where k € N, (z;,%;) € A(~g) for all i € [1,k] and 7 € wZ(S). Then
2 =7 (27" 2) € Z(a) NuZ(S) and
d(z,2") < max{|z1, |2} < sup{lz|,|y| | (z,y) € A(~s),z € uZ(S)}.
3. Suppose that a(S) < co. Then
B = {la] ~ y] | (x,) € A(~s)} C 7

is finite. Furthermore, by 2. and Inequality 5.1, the set of distances A(S) is
finite. By Proposition 4.4.4, it suffices to verify that

sup{|z| | z € Min(44), d € A(S)} < o0,

where Ay = {z € Z(S) | |z|]—d € L(n(z))}. Let z € Min(4,) and y € Z(n(z))
such that |y| = |z| — d. Consider a factorization

(,9) = (x1,91) - - (Th> 08)
where k£ € N and (z;,y;) € A(~g) for all i € [1,k]. There exists a bound

M (B, d) with the following property (for the construction of an explicit upper
bound, see [23, Lemma 5.1]). There is a subset I C [1,k] with |I| < M(B,d)

such that for
z = Ha:z and y' = Hyi
il i€l
we have |y'| = |2'| — d. Thus 2’ € Ag4, and since z' | z, it follows that 2’ =
and |z| = |2'| < M (B, d)a(S). O

We discuss the relationship between the finiteness of the monotone catenary
degree, of the tame degree and of its upper bound a(S). Example 4.7 shows
that the monotone catenary degree can be finite even if the monoid is not
tame. Conversely, Example 4.5 in [15] provides a finitely primary monoid of
rank 1 (hence it is tame and has finite catenary degree) for which ceq(S) is
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infinite. In contrast to that example, Theorem 5.1 from [30] shows that a
slightly weaker variant of c,qj(S) is finite for tame monoids. More precisely, it
states that in a tame monoid S there is a constant M € N with the following
property:
For each two adjacent lengths k, | € L(a) N[minL(a)+ M, maxL(a)—
M] we have d(Zx(a),Z;(a)) < M.
Proposition 5.2.3 shows that the finiteness of a(S)—which is stronger than
the finiteness of the tame degree—enforces the finiteness of c,q;(S). It is an
interesting open problem whether the finiteness of the tame degree is strong
enough to guarantee the finiteness of caqj(S).
Let S be atomic but not factorial. We discuss the relationship between
w(S) and t(S). If u € S is an atom but not prime, then

t(S,uS™*) = max{w(S,u),1 + 7(S,u)} € N>» U {oc}
and thus
(5.2) t(S) = max{w(S),1+ 7(5)}

(see [28, Theorem 3.6]; since it is not needed again, we do not repeat the
definition of the 7-invariant). For a large class of Krull monoids it was deter-
mined that t(S) = 14+7(S) ([28, Corollary 4.6]). In contrast to that result, M.
Omidali recently proved that w(S) = t(S) for numerical monoids generated
by almost arithmetical progressions (see [33, Theorem 3.10]). Theorem 5.6
provides a result of this type in a more general setting. We will frequently
make use of the following fact: if t(S) < oo, then there is an a € S and a
u € A(Srea) such that t(a,u) = t(a, A(Srea)) = t(S).

Lemma 5.3. Let S be a reduced and finitely generated. Then for every subset
X C S there exists a finite set E C X such that X C EH. Clearly, E can be
chosen to be minimal.

Proof. This is a special case of [26, Proposition 2.7.4]. O
The next lemma is a generalization of Lemma 5 in [9].

Lemma 5.4. Let S be reduced and atomic, a € S, z € Z(a) and u,v € A(S).
1. Suppose that t(a, A(S)) = d(z,Z(a) NuZ(S)) > 0, 2 € vZ(S) and
a € uwvS. Then t(v—'a, A(S)) > t(a, A(S)).
2. Let a € S be minimal such that t(a, A(S)) =
that mo proper divisor b of a satisfies t(b,.A )
Z(a) NuZ(S) such that d(z,2') = d(z,Z(a) N uZ
z € Min(Z(uS)).

Proof. 1. By definition, we have t(v™'a A( ) > d( Z(v_la) NuZ(9)).
If 2/ € Z(v™'a) NuZ(S) such that d(v™'z,2') = d(v

and let 2’ €

t(S) > 0 (this means
5))
= t(S). Then

9
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then

t(v™'a, A(S)) > d(v'2,2") = d(z,v2") = d(z,v(Z(v""a) NuZ(9)))

>d(v!
> d(z,Z(a) NuZ(S)) =t(a, A(S)) .

2. Assume to the contrary that z ¢ Min(Z(uS)). Then there exists an
atom, say v, such that v1z € Z(uS). Since 2’ € uZ(S) with d(z,2") = t(S) >
0, it follows that u t z and hence d(z,Z(a) NuZ(S)) > 0. Thus 1. implies
that t(v—'a, A(S)) > t(a, A(S)) = t(9), a contradiction to the minimality of
a. d

We say that S has a unique minimal presentation if it has a minimal pre-
sentation ¢ and for each minimal presentation 7 we have cUo ™! = rUr— L. If
this holds then o is called a unique minimal presentation of S. Next we show
that every generic presentation is a unique minimal presentation. We would
like to remind the reader that the term generic presentation (in semigroup
theory) has been chosen to reflect the origins of this concept in generic lattice
ideals (see the work by I.Peeva and B.Sturmfels [34]).

Proposition 5.5. Fvery generic presentation of S is a unique minimal pre-
sentation.

Proof. We may suppose that S is reduced. Then S is finitely generated. Recall
that any minimal presentation is constructed by choosing pairs of elements in
different R-classes of elements with more than one R-class (see [38, Chapter
9)).

Let 0 C ~g be a generic presentation. Then every pair (z,y) € ¢ has full
support, and z and y are in different R-classes. Thus, if z,y € Z(s), then
Z(s) can consist of only two R-classes, and the union of their support is the
set of all atoms. So for every s € S with |Z(s)| > 2, the set of factorizations
Z(s) consists of precisely two R-classes, and o is unique if and only if each
such R-class contains precisely one factorization.

Assume to the contrary that there is an s € S such that Z(s) consists of two
R-classes and that two distinct factorizations z, 2’ € Z(s) are in the same R-
class. By definition, z and 2z’ can be concatenated by a chain of factorizations
z = 2q,...,2; = 2’ such that w(z;) = s and ged(z;—1,2;) # 1 for all i € [1,k].

We set 21 = zy1, 20 = zys and s; = 7(y1) € S where x = ged(z, 22) and
y1,y2 € Z(S). Note that s; is a proper divisor of sy = s. Since supp(y1) C
supp(z1) and supp(y2) C supp(zz2), y1 and y» are in the same R-class, because
otherwise Z(s1) would consist of two R-classes and there would be a relation
without full support.

Iterating this construction we obtain an infinite sequence (s;);>o where
s;+1 is a proper divisor of s; for all i € Ny, a contradiction to S being finitely
generated. O
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Theorem 5.6. Let S be atomic, P C S a set of representatives of the set of
primes of S and T the set of all a € S such that p{a for all p € P. Suppose
that T = Hie[ T;, T # T and that there is an i* € I such that T;« has a
generic presentation and t(T3+) = t(T). Then c(S) = w(S) = t(S).

Remark. Since t(T) = sup{t(T;) | i« € I} ([26, Proposition 1.6.8]), the as-
sumption is of course satisfied if all 7; have generic presentations.

Proof. By [26, Theorem 1.2.3], T C S is an atomic submonoid and S =
F(P) x T. Note that neither .S nor T' are factorial because T' # T*. Since

(T3) < o(T) = c(S) < w(S) < t(S) = sup{t(T}) |i € I} = t(T;-),

it suffices to show that c(T3«) = t(T;+). Thus, after a change of notation, we
may assume that S is reduced, not factorial and has a generic presentation.
Let 0 C ~gs denote this generic presentation of S. We start with the following
assertion.

A. For every u € A(S) we have
Min(Z(uS)) = {u} U {z € Z(S) | (z,y) € cUc™" for some y € uZ(S)}.

Proof of A. Since u € Min(Z(uS)), we may focus on the elements different
from u. Let z = [[,cas) vhv € Min(Z(uS)) \ {u} with k, € Ny for all
v € A(S), and set a = w(xz) € S. Since z # u, it follows that k, = 0.
There exists a y € Z(a) NuZ(S), and the pair (z,y) belongs to the congruence
generated by o. Hence there exists (z/,y') € 0 Uo ! with 2’ |z. Since u t ,
we get that w t 2’ and because o is generic, it follows that « |y’ and hence
y' € Z(uS). Since z € Min(Z(uS)) \ {u}, we infer that 2 = 2’. The uniqueness
property of a generic presentation implies that Z(a) = {z',y'}. Thus we get
that y = 3’ and hence (z,y) = (z',y’) € 0.

Conversely, let z € Z(S) and y € uZ(S) be such that (z,y) € cUo~!. Then
we clearly have € Z(u.S), and assume to the contrary that it is not minimal.
Then there is an o’ = [[,¢ 4(s) v*e € Z(uS), where k!, € Ny for all v € A(S),
and with 2’ | z and 2’ # z. Note that k], = 0, because u|y and the supports of
x and y are disjoint. Since o is generic, there exists a y’ = HvEA(S) v™, where
all 1, € Ny, with I, # 0 and n(z’) = 7(y'). Since the pair (z',y') is in the
congruence generated by o, there exist (z,y") € o Uo~! such that 2" |2'.
This implies that 2" |z and 2" # . This contradicts the fact, that elements
whose factorizations appear in a generic presentation are not comparable ([21,
Corollary 6]). O

Since o is a generic presentation, for every u € A(S) and every (z,y) € o
we have u |z or u|y. Thus A and Proposition 3.3 imply that

w(§) = max{max{|z|, [y[} | (z,y) € o} .
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Now the minimality property of a generic presentation (see Proposition 5.5),
the above formula for w(S) together with Proposition 4.6 imply that w(S) =
c(S).

Since w(S) < t(S), it remains to show that converse inequality. Let a € S
be minimal such that t(a, A(S)) = t(S), and let u € A(S), z € Z(a) and
z' € Z(a) NuZ(S) such that

t(S) = t(a, A(S)) = d(z,Z(a) NuZ(S)) = d(z,2").

By Lemma 5.4, it follows that z € Min(Z(uS)). Thus, by A, there exist
(xz,y) € 0 Uo~ ! such that y = z. Therefore z and y are factorizations of a,
which appear in the unique presentation of S. This implies that Z(a) = {z,y},
and thus 2/ = z and t(S) = d(z, 2’) < max{|z|,|y|} < w(S). O

Let R be an integral domain. We denote by R®* = R\ {0} its multiplicative
monoid of non-zero elements, by X(R) the set of all minimal non-zero prime
ideals of R, by R its complete integral closure, and by (R: ﬁ) ={f €R|
fR C R} the conductor of R in R.

Corollary 5.7. Let R be a weakly Krull domain, f = (R:}Af) # {0}, P* =
{p € X(R) | pDf}and S =TIR) the monoid of v-invertible v-ideals equipped
with v-multiplication. If for every p € P*, the monoid R,* has a generic
presentation, then c(S) = w(S) = t(S).

Proof. By [26, Theorem 3.7.1], the monoid S is isomorphic to F(P)x T, where

P={peXR)|ppf} and T= [] (B*)rea-
peP*

Thus the assertion follows from Theorem 5.6. O

Let all notations be as in Corollary 5.7. It is easy to point out explicit
examples where the assumptions hold (for details see [26, Section 3.7]). Every
one-dimensional noetherian domain, in particular every order in a Dedekind
domain, is weakly Krull. Let p € P*. Then R,*® is finitely primary, and
R,* is tame if and only if there exists precisely one prime ideal p € %(}/%)
satisfying p N R = p. Suppose this holds true, and set H = (R®)req. Then
H C F = F* x [p] where p is a prime element of the factorial monoid F', and
its value monoid v,(H) = {vp(a) | a € H} C (Np,+) is a numerical monoid.
If R is a non-principal order in an algebraic number field, then F* is finite.

Corollary 5.8. Let S be a numerical monoid with A(S) = {n1,n2,n3}. De-
fine

¢ =min{k € N | kn; € (nj,ng)} and cing =105 + 70,

where {i,j,k} = {1,2,3} and r; ; € Ng. Then S has a generic presentation if
and only if i ; > 0 for alli,j € {1,2,3}. If this is the case, then

c(S) = w(S) =t(S) = max{ci,ca,¢3,712 + 113,721 + 723,731 + 32}
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Proof. The first assertion follows from [39, Example 8.23]. The formula follows
from the proof of Theorem 5.6 by taking into account that in this setting, the
minimal presentation for S is {(c;nq, i n; +rigne) | {4, 5,k} = {1,2,3}} (see
again [39, Example 8.23]). O

The catenary degree of numerical monoids with embedding dimension three
has been also described (with a different approach) in [1]. Let S be atomic.
Obviously, the requirement that S has a generic presentation (enforcing ¢(S) =
t(S)) is a strong assumption, and also the general philosophy in factorization
theory confirms the idea that the equality of the catenary and the tame degree
should be an exceptional phenomenon (see also Corollary 5.10). On the other
hand, all types of numerical monoids studied so far share this exceptional
phenomenon. This contrast will become more clear in the following remark,
where we also construct the first infinite family of numerical monoids whose
catenary degrees are strictly smaller than the tame degrees.

Remarks 5.9.
1. Let S be a numerical monoid with A(S) = {ny,...,n}, where t € N
and 1 < n; <...<nyg, and let s € S. Consider a factorization z = ajn; +

<o+ agng € Min(Z(s + S)) Then z € Z(a) where a = ajng + ... + azng, and
a = s+u for some u € S. Pick some j € [1,¢] such that n;|z. The minimality
of z implies that z —n; ¢ Z(s+5), and thusa—s—n; =u—n; € S, whence
u € Ap(S,n;). Thus, if we want to compute the elements in Min(Z(s + S))
(which in view of Proposition 3.3 enables us to determine w(S)), we only have
to find the factorizations of the elements of the form s+ with w in the Apéry
set of some atom.

We implemented this procedure in GAP by using the numericalsgps pack-
age (see [14]). We did an exhaustive search computing all numerical monoids
with Frobenius number up to 20. That makes 3515 numerical monoids, and
the only monoids S in this set fulfilling w(S) < t(S) are (5,6,9), (5,8,12) and
(6,8,9).

2. The minimal presentations of the above three numerical monoids are
very similar. Playing around with the Smith normal form of the matrix whose
rows are the differences of the relators of these monoids, one can find even
wilder examples. The monoid .S = (19,46, 391) has w(S) = 23 < 39 = t(S).

3. We present an infinite family of numerical monoids whose w-invariants
are strictly smaller than the tame degrees. Let ¢ be a prime, p;,p; € N
with p1 < pa2, p1 + p2 = ¢ and ged(p1,p2) = 1, and k € N>5 \ ¢N such that
pmk < q < pok. We define

Sk = <p1k7 q, p2k>7

and set ny = p1k, ny = ¢, ng = pok and ¢; = min{m € N | mn; € (nj,ng)}
with {7, 7,k} = {1,2,3} (note that ¢1,ce and c3 are as in Corollary 5.8).
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(a) The Diophantine equation gx + poky = pokt has general solution z =
kt — poks, y = —t + qs, s € Z. The first ¢t for which z and y can be
non-negative is ¢t = po. This in particular means that p;k is not in
(¢, p2k) and that ¢; = ps. In fact, pan; = pinz, and (p2 + 1)ny =
k"nz + (p1 — 1)77,3.

(b) Analogously one proves that ca = k; kna = ny + ns.

(c) It is also easy to show that c3 = pi: pins = pany. Moreover, (p; +
1)n3 = (pz — ].)’I’l1 + kTLQ.

By using this information it easily follows that

MIH(Z(TL:L + Sk)) = {nlakn27pln3}7
Min(Z(n2 + Sk)) = {(p2 + D)mi, n1 + n3, 0o, (p1 + 1)ns},
Min(Z(ns + Si)) = {p2n1, kns,n3}.

Therefore Proposition 3.3 implies that
w(Sy) = max{k,p» + 1} .

Note that Z((pl + 1)n3) = {(p1 + )ns, (p2 — 1)n; + kny, pon; + nz}. Thus,
analyzing the factorizations of the elements in 7 (Min(Z(n; + Si))) for i €
[1,3], and by using 1., we obtain that

t(Sk) = max {t((p2 + 1)e1, A(Sk)), t((p1 + 1)es, A(Sk)) }
=max{py +L,k+p -1} =k+p; -1,

which is strictly larger than w(Sg). Furthermore, if k& > ps + 1, then

t(Sk) P2 — 1 P2 — 1
=1 <1
oSy T TR st T

We end this section with a brief glance at Krull monoids. For them the
equivalence of the catenary and the tame degree is an even rarer phenomenon
than it is for numerical monoids. Let S be a Krull monoid with class group
G and let Gp C G denote the set of classes containing prime divisors. If
D(Gp) < oo, then S is tame, and the converse holds—among others—if S
the multiplicative monoid of non-zero elements of a domain (see [30, Theorem
4.2]). If G is finite with |G| > 3 and Gp = G, then [26, Corollary 3.4.12]
shows that

1< < 2.

¢(S) = ¢(@) < D(G) = w(S) < @) <(S),
where the final inequality can be strict ([26, Example 3.4.14]).

Corollary 5.10. Let G be a finite abelian group with |G| > 3.
1. ¢(G) =t(Q) if and only if G € {Cs,Cy,C2,C3}.

2. The monoid of zero-sum sequences B(G®) has a generic presentation if
and only if G € {C3,C3}.
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Proof. 1. See [26, Corollary 6.5.7].

2. By 1. and by Theorem 5.6, we have to check only the groups in
{C3,04,C%,C3}. We recall the following facts (for details see [38, Chap-
ter 9]). If o is a minimal presentation for B(G*) and (a,b) € o, then a and b
are in different R-classes. In fact, any minimal presentation is constructed by
choosing pairs of elements in different R-classes of elements with more than
one R-class.

IftG = 03 = {Oagv 29}7 then A(B(G.)) = {Ul = gga U = (29)37 V= 9(29)}
and o = {(U1U2,V?)} C ~p(ge) is a generic presentation.

IfG = 02 ©® CQ = {0,61,62,81 + 62}, then .A(B(G.)) = {Ul = 6%,U2 =
e3,Us = (e1 + €2)%,V = erez(er + €2)} and 0 = {(U1U>Us,V?)} C ~p(ge) is
a generic presentation.

Let G = Cy = {0,9,29, —g}. Then A(B(G*®)) = {U1 = ¢*,U> = (29)*,Us =
(=9)*,Us = (=9)9,Us = ¢°(29),Us = ((29)(~=9)*} and (U1Us3,U}) € ~p(ge).-
Since Z(Uf) = {U,Us,U¢}, the set of factorizations of U} has only two R-
classes, where each consists of precisely one factorization. Thus (U}, U,Us) €
oUo ™!, for every minimal presentation o. Obviously, this pair does not have
full support, and hence B(G*®) has no generic presentation.

Let G=Co®Ca® Cy = {0,e1,€2,e3,e1 +€2,€1 +e3,e9+e€3,e1 + €3+ €3}
Then Uy = €3,U, = €3,Us = (e1 + €)%,V = erea(er + ez) € A(B(G*))
and (UyUs,V?) € ~p(gs). Since every minimal presentation o contains the
relation (U;Us,V?) which does not have full support, it follows that B(G*)
has no generic presentation. (]

6. UNIONS OF SETS OF LENGTHS

Definition 6.1. Let S be atomic and £ € N.

1. If S=5%, weset U(S)={k}. If S#S*, let U(S) denote the
set of all m € N for which there exist wy,...,ug,v1,...,0, € A(S)
with ug -...-ug =01 ... V.

2. We define

pi(S) = supUp(S) € NU{oo} and N (S)=minld(S) € [1,k].
3. Fora € S, p(a) = p(L(a)) is called the elasticity of a, and
p(S) = sup{p(L) | L € L(S)} € Rx1 U{oc}

is called the elasticity of S. We say that S has finite accepted elasticity
if there exists some a € S with p(a) = p(S) < oo.

Let k,l € N. Then k € U (S), Ux(S) + U (S) C Ur11(S),
M1 () S Ak(S) + Nu(S) < k41 < pi(S) + pu(S) < pra(S),

p(&zsnp{@ ‘ keN} — fim )

k—o00 k
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and

L (9) o A(9)
p(S)_mf{ % ‘“N}_klinéo ko

(see [26, Proposition 1.4.2] and [20, Section 3]). Moreover, if S # S, then

U(S) = U =

keL,LEL(S)

is the union of all sets of lengths containing k. These unions were introduced
by S.T. Chapman and W.W. Smith in [12]. It was proved only recently that
a v-noetherian monoid, which satisfies pg(S) < oo for all k € N, is locally
tame (see [28, Corollary 4.3]). For Krull monoids with finite class group, the
invariants py(S) are studied in [25].

The first part of this section is devoted to the invariant p(S) in a more
general setting, and after that we study the structure of the unions of sets of
lengths for numerical monoids.

Proposition 6.2. Let S be atomic with S # S*.
1. If S has finite accepted elasticity, then the sets

_ pr(S) _ P Ae(S) 1

M={keN| ’ =p(S)}U{0} and M' = {k e N| - —p(S)}U{O}
are submonoids of (Ng,+), distinct from {0}.

2. Letae S, z=u-...-wy € ZL(a) and 2’ = v, -...-v, € Z(a) where

leN, p=p(S) and uy ..., u,v1,...,v, € A(Srea)- If there is no
k € [1,1 — 1] such that pi(S) + pi—(S) = pi(S), then (z,2') € A(~g).

Proof. We may suppose that S is reduced.

1. Suppose that S has finite accepted elasticity. First we consider the set
M. By definition, there is an a € S such that p(S) = p(a). If ¥ = minl(a)
and p = maxL(a), then

B pr(S)
p(S) = o

and hence k € M. Let i € [1,2] and k; € M. Since (k1 + k2)p(S) = pg, (S) +
Prs (S) < Pry+ky (S), it follows that

<

< p(S),

ESl IS

Pk1+ko (S) Pk (S) +pk2(5)
> > = .
p5) 2 kv + ke ki + ko o(5)

Thus equality holds, and k; + ks € M. To verify the assertion on M’, we
choose an [ € N such that p;(S)/l = p(S). Then A, (5)(S) <1, and since
1 < Aoi(5)(S) < l 1

p(S) = m(S) ~ (S pS)’
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it follows that p;(S) € M'. Let i € [1,2] and k; € M'. Since (k1 + k2)/p(S) =
Ay (S) + Apo (S) > Ay 1k, (S), it follows that
1 < )\k1+k2(S) < )‘k1 (S) + )‘kz(S) 1
p(S) = kidky ki + ko p(S)”
Thus equality holds and k; + ks € M'.

2. Assume to the contrary that (z,2') ¢ A(~g). Then there exists (z,z') €
~g such that (z,z')|(z,2") with 1 # (x,2") # (z,2'). After renumbering, if

necessary, we may suppose that £ = uy -...-uy and 2’ = vy -...- vy where

ke[l,l—1)and ¢ € [1,p —1]. Then w41 -... U = Vy41-... v, and
pi(S)=p=v+(p—) <pr(S) + pi—x(S) < pu(S),

a contradiction. O

Corollary 6.3. Let S be a numerical monoid with A(S) = {nq,...,n;} where
teNandl <np <...<nyg.

1. Then
p(S) = % and min A(S) =ged(ng —ny,...,n —ng_q).

ne

3. {keN|Akk)=ﬁ}u{0}=%NO_

Proof. 1. See [11, Theorem 2.1] and [8, Proposition 2.9].
2. Let a € N be a multiple of lem(ny,n;). We show that a/n; is in the set
on the left hand side. We have

1
2. {k € N| 255 = p(S)} U {0} = RELLON,,
&

a= inl = —mng, minl(a) < g, max L(a) > @
ni Uz ny
and L(a)
N¢ maxL(a N¢
— =p(S) > = —
ny p(S) 2 pla) min L(a) ny

n¢

Pmin L{a) (S) Ny

ny pla) < min L(a) p(5) n

Thus equality holds and min L(a) = a/n; has the required property.
Conversely, let k € N with pg(S)/k = p(S) = nt/n,. We choose a € Uy (S)

with maxL(a) = pg(S). Then minL(a) < k and

o pkl(f) < max L(a) ~ pa) <

min L(a) ny

Ny

ni
implies that minL(a) = k. Since a/n; < minL(a), maxL(a) < a/ny and
T ) < MM ™

nq ~a/ng ny’
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it follows that ny | @ and n; | a. Therefore lem(ny, ny) | a and

1
k=minl(a) = e mNO.
Ny n¢
3. Let a € N be a multiple of lem(ny,n:). We show that a/n; is in the set
on the left hand side which runs along the lines of 2. Conversely, let k € N with
Ae(S)/k = 1/p(S) = ny/n:. We choose a € Uy (S) with minL(a) = Ag(S).
Again arguing as in 2., we infer that
1
k = maxL(a) = e lem(na, ne)
nq ny

Np. d

Corollary 6.4. Let S be a reduced Krull monoid, F = F(P) a free monoid
such that S C F is a saturated and cofinal submonoid, G = F/S and Gp =
{pa(S) | p € P} C G the set of classes containing prime divisors. Suppose
that Gp = —Gp and that D(Gp) < oo.

1. We have p(S) =D(Gp)/2 and 2N C {k € N | ka(S) =p(S)}.

2. Let m € N be minimal such that

p2m+1(Gp) — mD(Gp) = max{par41(Gp) — kD(Gp) | k € N}.
Then pam+1(S) < a(B(Gp)).

Proof. 1. See [26, Theorem 3.4.10].

2. For every k € N, we set (as it is usual) pr(Gp) = pr(B(Gp)), and by
[26, Theorem 3.4.10] we have p(S) = pr(Gp). Thus it suffices to verify that
p2m+1(Gp) has the asserted upper bound. Let Uy,...,Uspy1,Vi,...,V, €
A(B(Gp)) with Uy - ... Uspg1 = Vi +...-V, and p = papmy1(Gp). We assert
that there is no k € [1,2m] such that pp(Gp) + pam+1—k(Gp) = p. If this
holds, then Proposition 6.2 implies that (z = Uy -...-Uspps1,2' = V1-...-V)) €
A(~p(Gp)) and hence

pam+1(Gp) = p=max{2m + 1, p} = max{z], |2'[}

< sup {|z| | (z,y) € A(~p(Gy)) for some y € Z(B(Gp))} = a(B(Gp)) .
Assume to the contrary, that there is a k& € [1,2m] such that px(Gp) +
P2m+1—k(GpP) = pam+1(Gp). Then either k or 2m + 1 — k are odd, say
k =2s +1 with s € Ng. Since, by 1., we have ps(,,—s)(Gp) = (m — 5)D(Gp),
we infer that

p25+1(Gp) — sD(GP) = pam+1(Gp) — paqm—5)(Gp) — sD(Gp)
= pam+1(Gp) —mD(Gp),

a contradiction. O

Let all notations be as Corollary 6.4, and suppose in addition that Gp = G
is finite abelian. In all situations studied so far, the set
Pi(S)

M= {keN| === =p(5)}U{0}
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contains an odd element, and hence (by Proposition 6.2 and by Corollary
6.4.1) M is a numerical monoid. The standing conjecture is that this holds
for all finite abelian groups G (see [25]).

Next we deal with the structure of the unions of sets of lengths. Suppose
S is a Krull monoid such that every class contains a prime divisor. Then it
was shown only recently that, for all k¥ € N, the unions Uy (.S) are arithmetical
progressions with difference 1 (see [18, Theorem 4.1], [22] for a simpler proof,
and also [20]). In [36], unions of sets of lengths are studied for non-principal
order in number fields, and in [10], for domains of the form V + X B[X], where
V is a discrete valuation domain and B the ring of integers in a finite extension
field over the quotient field of V. In [2], S.T. Chapman et al. showed that
in numerical monoids, generated by arithmetical progressions, all unions are
arithmetical progressions. We now generalize this result. Clearly, monoids
generated by arithmetical progressions satisfy the assumption in Proposition
6.5 and Theorem 6.6. A numerical monoid, for which the assumption and the
statement fail, is discussed in Remark 6.7.

Lemma 6.5. Let S be a numerical monoid with A(S) = {ni,...,n:}, where
teN, 1<n; <...<ng, and d=ged(nz —ny,...,ny —ny_1). Suppose that
the Diophantine equations

(’I'I,Q—’I’Ll)l'z-l-. . .+(nt—n1):ﬂt = dTLl and (nt—nl)y1+. . .+(nt—nt,1)yt,1 = dnt

have solutions in the non-negative integers. Then there exists an element
a* € S such that p(a*) = p(S) and L(a*) is an arithmetical progression with
difference d.

Proof. We proceed in several steps.
1. Let a € N be a multiple of n; and of n;. Then
z= inl and 2 = gnt
ny g
are factorizations of a. Obviously, we have minL(a) = a/n¢, maxL(a) = a/ny
and hence p(a) = ny 'n;. By Corollary 6.3.1 it follows that p(a) = p(S).

2. Since S is finitely generated, Proposition 5.2.2 and Equation 5.1 imply
that S is locally tame with finite set of distances A(S), and A(S) # () because
p(S) > 1. Thus [26, Theorem 4.3.6.1] implies that there is an @ € S with the
following property: for every b € S we have

L@a)=y+ (L'UL*UL") Cy+dZ
where y € Z, L* is an arithmetical progression with difference d, min L* = 0,
L'c [-t(S,Z(a)),—1] and L" C max L* + [1,t(S,Z(a))]-
3. Let (ag,...,q¢) € Né_l and (B4,...,B:—1) € Nf)_l be solutions of the
given Diophantine equations, and set

ap=as+...+a and Br=—-(F1+...+0i-1)-
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Now let a* € N be a multiple of lem(a, n1,n:) such that

*

a—Z’y(d-l-oq) and a—2'y|d+/3t| where *y:[
ni n¢

t(9,Z(a)) '|
7 .
We assert that a* has the required properties. By 1., it follows that

min L(a") = a—, max L(a") = 2 and p(a™) = p(S).
¢ niy
We set a* = @b with b € S, and write L(a*) in the form L(a*) =y + (L' UL* U
L") C y + dZ with all properties as in 2. (note that such a representation
need not be unique).
Let v € [0,7]. Then

T, = (Z—j —v(d+ al))nl +vagng + ...+ rvagng
is a factorization of a* of length
|z, | = Z—i —vd—v(g —as —...—ag) = maxL(a*) —vd € L(a").
Similarly,

*

a
Yy = (n— +rv(d+ ﬁt))nt +vbing + ...+ vfi_1ni—1
t

is a factorization of a* of length

*

lyw| = % +vd+v(Br+ ...+ Bi—1 + B) =minl(a”) +vd € L(a”).
¢

This reveals that L(a*) starts and ends with arithmetical progressions having
difference d and (y + 1) elements. Thus it follows that L' and L" are (possi-
bly empty) arithmetical progressions with difference d, and thus L(a*) is an
arithmetical progression with difference d. O

Theorem 6.6. Let S be a numerical monoid with A(S) = {n1,...,n;} where
teN, 1<n; <...<mny, and d = ged(na —nq,...,ny —ny_1). Suppose that
the Diophantine equations

(’I'I,Q—’I’Ll)l'z-f-. . .+(nt—n1):ﬂt = dTLl and (nt—nl)y1+. . .+(nt—nt,1)yt,1 = dnt

have solutions in the non-negative integers. Then there exists a k* € N such
that Uy (S) is an arithmetical progression with difference d for all k > k*, and

kILII;o k. d

ni g

) L)

Proof. By Lemma 6.5, all assumptions in [18, Theorem 3.1] are satisfied, and
hence this result implies the assertion. |
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Remarks 6.7.

1. If A(S) is an arithmetical progression, then all sets U, (S) are arithmeti-
cal progressions (see [2, Theorem 2.7]). However, in general, we have k* > 2.
Indeed, S = (4,5,13,14) satisfies the assumptions of Theorem 6.6, but since
Us(S) = {2,6,7} is not an arithmetical progression, it follows that k* > 2.

2. Unions of sets of lengths in finitely generated monoids are almost arith-
metical progressions (see [20, Theorems 3.5 and 4.2]). But even in a numerical
monoid, there may exist infinitely many k € N, for which these unions are not
arithmetical progressions, as the following example shows.

Let S = (4,10,21) and k € N. Then d = gecd(6,11) = 1. We assert
that Uy (S) is not an arithmetical progression with difference 1. We set Sy, =
{a € S| k € L(a)} and observe that S; = {a4 + 10 + ¢21 | a,b, ¢ €
No with a4+ b+ ¢ =k}, min S, =4k and maxS; = 21k. In particular, we
see that Sy = {4k, ...,21k — 28,21k — 22,21k — 17,21k — 11,21k}, where the
elements are written down in increasing order. The element 21k has a unique
factorization of maximal length, namely

21t4 if k= 4t
21t4 + 21 i k=4t +1,
(21t + 8)4 + 10 if k=4t +2,

(21 +8)4 + 10 + 21 if k = 4t + 3.

Setting | = maxL(21k) we assert that there is no s € Sy with I — 1 € L(s).
If this holds, then U (S) is not an arithmetical progression with difference 1.
To verify our assertion we distinguish four cases.

o If £ = 4¢, then [ = 21¢t. An element with a factorization of length
21t — 1 is greater than or equal to (21t — 1)4 = (21¢)4 — 4 > 21k — 11,
and thus it does not belong to Sg.

o If k =4t+1, then [ = 21t+1. Elements having a factorization of length
21t are (21t)4, (21t —1)4+10 = (21£)4+6, (21t —2)4+2-10 = 21¢+12,
(21t —1)4+21 = (21£)4+17, (21t —2)4+ 10+ 21 = (211)4+23,.... In
this setting the four largest elements of Sy, are (21t)4 + 21, (21¢)4 + 10,
(21¢)4 + 4 and (21t)4 — 1. Hence also in this case, there is no element
in Sy having a factorization of length [ — 1.

o If k = 4t+2, then | = 21t+9. The set of elements having a factorization
of length 21t + 8 is {(21¢t+8)4 = (21¢)4 + 32, (21t +7)4+ 10 = (21¢)4 +
39,...,(21¢ + 8)21}, and the two largest elements of S, are (21t)4 +
42 and (21t)4 + 31. Again we see that no element in S can have a
factorization of length [ — 1.

o If k = 4t + 3, then | = 21t + 10. Arguing as above one easily checks
that no elements in Sy, have factorizations of length [ — 1.

In view of Theorem 6.6 and the Remarks 6.7 we end this paper with the
formulation of the following problem.
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Open Problem. Characterize the numerical monoids S for which there
exists a k* € N such that the unions of sets of lengths U, (S) are arithmetical
progressions for all k > k*.

Acknowledgment. We thank the referee for reading the manuscript so
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paper.
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