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Abstract

In this paper we study the arithmetic of strongly primary monoids. Nu-
merical monoids and the multiplicative monoids of one-dimensional local Mori
domains are main examples of strongly primary monoids. Our investigations
focus on local tameness, a basic finiteness property in the theory of non-unique
factorizations. It is well-known that locally tame strongly primary monoids have
finite catenary degree and finite set of distances.

1. Introduction

Strongly primary monoids occur as multiplicative monoids of certain integral
domains and play a crucial role as auxiliary monoids in the theory of non-unique
factorizations. Every v-noetherian primary (commutative and cancellative)
monoid H is strongly primary (cf. Definition 2.1), and if its conductor (H : ﬁ)
is non-empty, then its complete integral closure H is a Krull monoid (see Lemma
3.1). It is this special situation we mainly have in mind in the present paper.
If R is a one-dimensional local Mori domain, then its multiplicative monoid
R\ {0} is strongly primary. Numerical monoids are further examples of strongly
primary monoids (see [6], [27] for recent results on numerical monoids, and [4]
for their importance in the theory of semigroup algebras). Note that all strongly
primary monoids are finitary (cf. [15, Example 3.7]).

In this article we study the arithmetic of strongly primary monoids with
a special emphasis on local tameness (cf. Definition 2.3), a basic finiteness prop-
erty in the theory of non-unique factorizations (see [14] for general information
and [8], [9] for recent results on this invariant). In the setting of strongly pri-
mary monoids local tameness implies the finiteness of various other arithmetical
invariants (see Theorems 2.4 and 4.1).
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making valuable suggestions and comments.
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Let H be a strongly primary monoid such that (H : H ) # 0 and H is
a Krull monoid. In all situations investigated so far local tameness has been
proved under the additional assumption that the class group C(H) is finite
(cf. the first paragraph of Section 3). In this paper we prove that H is locally
tame—without imposing any conditions on the size of the class group C (I;' ).
Theorem 3.5 is the main finiteness result for local tameness in the setting of
monoids, and Corollary 3.6 shows its consequences for integral domains. If D
is a (global) v-noetherian monoid such that the class group C(D) is finite, then
D may have a divisor-closed primary submonoid H with infinite class group
C(H). Therefore Theorem 3.5 is a crucial tool for arithmetical investigations
of (global) v-noetherian monoids D, even if C(D) is finite (for details we refer
to [17]).

It turns out that local tameness does not hold for arbitrary strongly
primary monoids. In Proposition 3.7 we construct a wv-noetherian primary
monoid H that is not locally tame, and Example 3.8 shows that such monoids
occur as submonoids of certain one-dimensional local noetherian domains. Our
construction yields the first known examples of v-noetherian primary monoids
that fail to be locally tame.

It is well-known that (long) sets of lengths in locally tame strongly pri-
mary monoids have an extremely simple structure (cf. Theorem 4.1). As a
counterpart we show that every finite set L C N>, can be realized as a set of
lengths in some locally tame strongly primary monoid (Theorem 4.2).

2. Preliminaries

We denote by N the set of positive integers, and we put No = NU {0}. For
integers a,b € Z we define [a,b] = {r € Z | a < x < b}. For a non-empty set
L C Z we denote by A(L) the set of all d € N for which there exists [ € L
such that LN [l,l +d] = {I,l + d}. Clearly, |A(L)| = 1 if and only if L is
an arithmetical progression. For an abelian group G we denote by exp(G) its
exponent. By a monoid we mean a commutative cancellative semigroup with
unit element. In the following we briefly recall some algebraic and arithmetic
notation for monoids. Our terminology is consistent with [14], and any notion
that is not defined in this paper is explained there.

Throughout this paper H denotes a monoid.

Let H* denote the set of invertible elements of H, Hyeq = {aH* | a €
H} the associated reduced monoid, and q(H) the quotient group of H. We
denote by
H={zeq(H)|z" € H for some n € N}

the root closure of H, and by

H= {z € q(H) | there exists ¢ € H such that ca™ € H for all n € N}
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the complete integral closure of H. We have
HCHCcHCqH).

The monoid H is said to be completely integrally closed if H = ﬁ, and it is
said to be seminormal if x%,2% € H implies x € H for all x € q(H) (see, e.g.,
(7], [25]).

A submonoid S C H is called saturated if S = q(S) N H and cofinal if
for all h € H there exists s € S such that h divides s in H. Let X C q(H)
be a subset. Then X is called an s-ideal of H if X C H and XH = X. We
put X' =(H:X)={a€q(H)|aX C H}, and we call X,, = (X~1)7! the
v-ideal generated by X . Every v-ideal a C H is an s-ideal of H. We denote
by s-spec(H) the set of all prime s-ideals of H, and by X(H) the set of all
minimal non-empty prime s-ideals of H. The monoid H is called v-noetherian
if it satisfies the ascending chain condition on wv-ideals, and it is called a Krull
monoid if it is v-noetherian and completely integrally closed. If H is a Krull
monoid, then its class group is denoted by C(H) (see [14, Definition 2.4.9]).
For all the terminology used in the theory of Krull monoids we refer to one
of the monographs [14], [19], [21]. In Definition 2.1 we recall the definition of
some less known classes of monoids which play a role in this paper, and then we
discuss some of their main properties (for details and proofs see [14, Sections 2.7
and 2.9]).

Definition 2.1.
1. H is called primary if H # H* and s-spec(H) ={0,H \ H*}.

2. H is called strongly primary if for every a € H \ H* there exists n € N
such that (H \ H*)" C aH. We denote by M(a) the smallest n having
this property.

3. H is called a G-monoid if

([l »#0.

pEs-spec(H)
p#£0D

4. Let F = F* x [p1,...,ps] be a factorial monoid with pairwise non-
associated prime elements pi,...,ps, and suppose that H C F is a
submonoid such that H N F* = H*. Then H is called a C-monoid
(defined in F' with parameter a € N) if there exist a € N and a subgroup
V C F* such that the following two conditions are satisfied:

(Cl) (F*:V)|aand V- (H\H*)CH.
(C2) For all j € [1,s] and a € p§F we have a € H if and only if
pjac H.
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A monoid is strongly primary if and only if it is finitary and primary.
Every monoid H with s-spec(H) finite is a G-monoid, and therefore every
primary monoid is a G-monoid. If H is primary, then its root-closure H
is primary, too. Every C-monoid H defined in a finitely generated factorial
monoid is a v-noetherian G-monoid with (H : H) # () (see [14, Theorems
2.9.11 and 2.9.13]). The algebraic properties and the interplay of the various
types of primary monoids are investigated in a series of papers [11], [15], [16],
[22], [14, Sections 2.7-2.10], and [21, Chapter 15]. Here we need the following
result [14, Theorem 2.7.9]:

Theorem 2.2. Suppose that H is a v-noetherian G-monoid. Then H is
finitary and s-spec(H) is finite. If (H : H) # 0, then H is a Krull monoid,
s—spec(f[) is finite, and Hyeq is finitely generated.

Next we recall some basic arithmetical notions from factorization theory.
If P is a set, we denote by F(P) the free abelian monoid generated by P.
Clearly, F(P) is isomorphic to the coproduct of |P| copies of (No,+). We
denote by A(H) the set of atoms of H, and we call Z(H) = F(A(Hyea))

the factorization monoid of H. Further, 7: Z(H) — Hyeq denotes the natural
homomorphism. For a € H the set

Z(a) = Zy(a) =7 Y(aH™) C Z(H) is called the set of factorizations of a,
and

L(a) = Lu(a) ={|z| | z € Z(a)} C Ny is called the set of lengths of a.

H is said to be atomic if Z(a) # 0 for all a € H. Strongly primary monoids
and v-noetherian monoids are atomic, and all their sets of lengths are finite (see
[14, Theorem 2.2.9]).

For the rest of the section we suppose that H is atomic.

For a prime element p € H we denote by v,:q(H) — Z the p-adic
valuation. The set of distances A(H) of H is defined by

A(H) = | J A(L(a)) C N

acH

By definition, A(H) = 0 if and only if |L(a)] <1 for all a € H. Let k € N,
and suppose that H # H*. We set

pr(H) =sup{supL(a) |a € H, minlL(a) <k} € NU{o0}.

Then

p(H)zsup{@ |ZGN} € R>1 U{oo}

is the elasticity of H (cf. [14, Proposition 1.4.2]).
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Let z, 2z’ € Z(H). Then we can write
Z=UL e WU e Uy and 2 =up oWy .. W,
where I, m, n € No, ©1,...,U;, U1,...,Vm, W1,..., W, € A(Hpeq) such that
{v1, -y om} N {wy, ..., w,} = 0.

We call d(z,2') = max{m, n} € Ny the distance of z and 2. Let a € H
and N € Ny U {oco}, and suppose that z,2’ € Z(a). We say that z and
2’ can be concatenated by an N -chain if there exists a finite sequence z =
20,21,--.,2Kk = 2 of factorizations in Z(a) such that d(z;—1,2;) < N for all
i € [1,k]. For an element a € H, we define its catenary degree c(a) to be
the smallest N € Ny U {oco} such that any two factorizations of a can be
concatenated by an N -chain, and we call

c(H) =sup{c(a) |a € H} € Ny U {0}
the catenary degree of H. Next we recall the definition of local tameness.

Definition 2.3.

1. For a € H and z € Z(H) let t(a,z) € Ng U {oco} denote the smallest
N € Ny U {oo} with the following property: If Z(a) N zZ(H) # 0 and
z € Z(a), then there exists a factorization 2z’ € Z(a) NxZ(H) such that
d(z,2') < N.

2. For subsets H' C H and X C Z(H) we define
t(H', X) = sup{t(a,z) |a € H', x € X} € NgU {o0}.

3. H is called locally tame if t(H,u) < oo for all u € A(Hyeq)-

Local tameness is a basic finiteness property in the theory of non-unique
factorizations. In most settings local tameness has to be proved first, and then
the finiteness of more refined arithmetical invariants—such as the catenary
degree—can be investigated. For strongly primary monoids, however, local
tameness already implies the finiteness of the catenary degree (see Theorem 2.4
below) as well as a strong structural result for sets of lengths (cf. Theorem 4.1).
In the sequel we shall make use of the following result (see [14, Theorems 3.1.1
and 3.1.5]).

Theorem 2.4. Suppose that H is strongly primary.
1. Suppose that one of the following conditions is satisfied:

e sup{minl(c)|ce H} < 0.
o There exists a € H\ H* such that ppq)(H) < oo.
o There exists a € H\ H* such that t(H,Z(a)) < 0.

Then H is locally tame.
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2. If H is locally tame, then c(H) < oo, and A(H) is finite.

The precise values of the arithmetical invariants occurring in Theorem 2.4
are only known in very special situations, see, e.g., [2], [5], [8].

3. Local tameness of strongly primary monoids

A special type of strongly primary monoids (called finitely primary monoids)
was first introduced in [20] as a multiplicative model for one-dimensional local
noetherian domains with non-zero conductor. A finitely primary monoid H is
locally tame [13, Lemma 5.3], and its complete integral closure H is factorial.
In Theorem 3.5 we present a result showing that local tameness of strongly
primary monoids holds in more generality.

We start with Lemma 3.1 where we show that important properties such
as being v-noetherian or primary are preserved when passing to saturated
submonoids. We note that Theorem 3.5 does not only apply to_v-noetherian
monoids: There exist strongly primary monoids H for which H is factorial,
(H : H) # () (hence all assumptions of Theorem 3.5 are satisfied), and which fail
to be v-noetherian (see [22, Example 3.7]). Multiplicative monoids of domains
will be discussed in Corollary 3.6.

Lemma 3.1. Suppose that H is v-noetherian and primary.

1. H is strongly primary and v-spec(H) = {0, H\ H*}. In particular H
is v-local.

2. If (H:H)#0, then H is a Krull monoid.

3. If H is v -noetherian, then H is a Krull monoid.
4. Let S C H be a saturated submonoid.

(a) S is v-noetherian and primary.

(b) S C H is saturated, and if H is a Krull monoid, then S is a Krull
monoid.

(c) If (H:H)#0, then (S:S) #0.

Proof. 1. Theorem 2.2 implies that H is finitary, and hence it is strongly
primary. We have v-spec(H) C s-spec(H) = {0, H\ H*}, and thus it remains
to show that H \ H* is a v-ideal. If a € H \ H*, then aH is contained in
some maximal v-ideal [14, Proposition 2.2.4]. Therefore H \ H* is a maximal
v-ideal.

2. This follows from Theorem 2.2.

3. Since H is primary and (H : H) # 0 [15, Proposition 4.8], the
assertion follows from 2.

4.(a) This follows from [14, Corollary 2.4.3.3.(b)] and [14, Proposition
2.4.4.2.(b)].
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4.(b) The first assertion follows from [18, Lemma 3.3, and thus S inherits
the Krull monoid property from H (see [14, Proposition 2.4.4.3]).

4.(c) Let f € (H : H) and pick s € S\ §%. Since H is primary there
exists n € N such that f divides s" in H. Thus s" € (H : H) N S, whence
s"SCcq(S)NH=S5. n

Lemma 3.2. Suppose that H is strongly primary, and let a € H and b €
H\ H* such that sup{minL(ab¥) | k € N} < oco. Then sup{minL(c) | ¢ €
H} < o0.

Proof. Let ¢ € H. If ¢ € H*, then L(¢) = {0}. Thus suppose that
ce H\H*. If afc, then a ¢ H* and maxL(c) < M(a). Hence assume that
a | ¢, and let n € Ny be maximal such that " | a=*c. Then ¢ = ab™d with
d e H and btd, and it follows that

minL(c) < minL(ab") + minL(d) < sup{minL(ab®) | k € N} + M(b) =

Lemma 3.3. Suppose that H is primary and assume that F = F* X
[p1y...,ps], with s € N and non-associated primes p1,...,ps, is a factorial
monoid such that H C F is cofinal.

1. H is a BF-monoid with HNF* = H* . For every a € H\ H* we have
supp(a) = {p1,...,ps} and maxL(a) < min{v,,(a) |7 € [1,s]}.

2. If there exist i € [1,s] and M € N such that M is an upper bound for
{vp,(u) | w € A(H)}, then pi(H) < kM for all k € N. In particular,
p(H) <M.

Proof. 1. Since H C F is cofinal there exists b € H such that p;-...-ps | b
in F. Let a € H\ H*. Since H is primary there exists n € N such
that b | a™. This implies that vy, (a) > 1 for every ¢ € [1,s]. Therefore
HNF*=H*,and H is a BF-monoid [14, Corollary 1.3.3]. If a = uy - ... - uy
with uq,...,ux € A(H), then

k

k< vai (uj) = Vp; (a‘)

Jj=1

for all ¢ € [1,s]. This yields the purported upper bound for maxL(a).
2. fkeNand a=wuy ... -up € H with uy,...,ux € A(H), then 1.
implies that

max L(a) <vp,(a) = vav(uj) < kM.

i

Jj=1

From this inequality we obtain

pr(H) < kM and p(H):sup{%|m€N}<M. ]
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Lemma 3.4. Suppose that H is a G-monoid.

1. H is completely integrally closed.
2. (H:H)#0 if and only if (H : H) # 0.
3. If(H:ET);é(Z), then H = H.
Proof. 1. See [11, Theorem 4].
2. Since H C H it follows that (H : ﬁ) C (H : H). Since H is a
seminormal G-monoid, (H : H) # { by [15, Proposition 4.8]), and thus

o~ o~
~

0+ (H:H)(H:H)C(H:H)C(H:H).
3. If (H: H ) # 0, then H is completely integrally closed [21, Theorem
14.1.(v)], and hence H ¢ H c H = H. [

Suppose that H is strongly primary. If there exists a sequence of monoids
H=DyCDyC--C Dy Cq(H) such that D; = D;_; for all ¢ € [1,k] and

~

Dy, is a Krull monoid, then D = H . This follows from Lemma 3.4.1, and it is
this situation which we consider in the next theorem.

Theorem 3.5. Suppose H is strongly primary and H is a Krull monoid.

1. There exists a factorial monoid F = F* x F(P) containing H such that

=X = =
F*=H , |P|=|X(H)|<oo, and Hyea — F(P) is a divisor theory.
Moreover H C F' is cofinal, HNF* :ﬁx, and HNF* = H*.

2. H={aec H |supp(a) = PYUH*, and H is a C-monoid if and only if
C(H) is finite.

3. If H is a Krull monoid and |X(H)| > 2, then sup{minL(c) | c € H} < .

4. If (H:H)#0 and |X(H)| =1, then p(H) < 0o and pp(H) < oo for all
keN.

In particular, if the assumptions of 8. or 4. are satisfied, then H is locally
tame, c(H) < oo and A(H) is finite.
Proof.  The statement “In particular...” follows from Theorem 2.4.

1. Since H is a G-monoid, the overmonoid H is again a G-monoid,
and Theorem 2.2 (applied to H) implies that s-spec(H) is finite. Thus X(H)
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is finite, and the first assertion follows from [14, Theorem 2.7.14]. Since all
inclusions R R
HcH, HCH and HCF

are cofinal, H C F' is cofinal. Since H is primary, H is primary, and [12,
Propositions 1 and 2| implies that

~ X

HNH*=H* and HNH =H*,

whence .
HNF*=HNHNH =HNH*=H*.

2. Let a € H with supp(a) = P. By [15, Proposition 4.8] there exists
fe (f] : IA-j) Clearly, there exists n € N such that f divides @™ in F' and
hence in H. This implies that

a" = f(f~ta") € fH c I,

and thus a € H. Conversely, let a € H \ H*. Since H C F is cofinal and
(H : H)H C H there exists ¢ € H such that supp(c) = P. Since H is primary
there exists n € N such that ¢ | o™ in H, whence supp(a) = P.

If H is a C-monoid, then [14, Theorem 2.9.11] implies that C(H) is
finite. Conversely, suppose that C (PNI ) is finite. In order to show that Hisa
C-monoid (defined in F'), we verify conditions (C1) and (C2) of Definition 2.1
with V = F* and o = exp(C(H)). By 1. we have HNF* = H*. If ¢ € F*
and a € H\ H*, then supp(a) = P = supp(ea), whence ca € H. Therefore we
obtain F*(H\H*) C H. Let p € P and a € p®F. Then supp(a) = supp(p®a).
We know that a € H if and only if

~

a€ H and supp(a)=P,
and p®a € H if and only if
pa € H and supp(p®a) = P.

By the choice of a we have p® € H , and hence we conclude that a € H if and
only if p®a € H.

3. Since H is a Krull monoid it follows that H=H , and we write
P ={p1,...,ps}. Since F is a divisor theory of H there exist finite subsets

E,FE' C H such that

p1-... ps—1 =gcd(E) and py-...-ps=ged(E).
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Thus there exists a € F with ps { a. Hence supp(a) = {p1,...,ps-1}-
Similarly, there is some b € E' with p; 1 b and supp(b) = {p2,...,ps}. Then
2. implies that ab € H. After replacing a and b by a suitable power if
necessary, we obtain that a,b € H, ab € H, supp(a) = {p1,...,ps—1} and
supp(b) = {p2,...,ps}. Let ¢ € H such that ca® € H and cb* € H for all
k € N. Then Lemma 3.3.1 implies that

min L(c?(ab)*) < minL(ca®) + minL(cb*) < v, (c) + vy, (c),

and hence the assertion follows from Lemma 3.2.

4. Since (H : H) # () Lemma 3.4 implies that H = H and that there
exists f € (H : H). Let P = {p}, and suppose that u € A(H). We assert
that vp(u) < 2v,(f). Then the assertion follows from Lemma 3.3.2. Assume to
the contrary that v,(u) > 2v,(f). Then f2 | u in F and hence in H. Then
f(f2u) e H\ H* and u = f(f 'u), a contradiction to u € A(H). ]

First we outline how Theorem 3.5 applies to integral domains, and then
we discuss the additional assumptions in 3. and 4. of Theorem 3.5.

Let R be an integral domain and R®* = R\ {0} its multiplicative monoid.
Then R® is primary if and only if R is one-dimensional and local. R is a Mori
domain if and only if R*® is v-noetherian, and R is a Krull domain if and only
if R* is a Krull monoid (see [14, Section 2.10]). We denote by R the complete
integral closure of R. Clearly, we have R=FReuU {0}. Suppose that R is a one-
dimensional local Mori domain. In each of the following situations its complete
integral closure is a Krull domain:

e If R is noetherian, then R is a Krull domain by the Mori-Nagata Integral
Closure Theorem (see [10, Chapter 1]).

o If (R: E) # {0}, then R is a Krull domain [14, Theorem 2.10.9].
e If R is seminormal, then R is a Krull domain [3, Theorem 2.9).

On the other hand there exist one-dimensional local Mori domains R whose
complete integral closure is not a Krull domain (see [24, Example 9] where
R = R is completely integrally closed but not a Mori domain).

Corollary 3.6. Let R be a one-dimensional local Mori domain whose com-
plete integral closure is a Krull domain. Then its multiplicative monoid H = R®
is strongly primary, and in each of the following situations H is locally tame:

1 |X(H)| > 2.
2. |X(H)| =1 and (R: R) # {0}.

3. R is noetherian.
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Proof.  R® is strongly primary by [14, Proposition 2.10.7.1]. If |X(H)| > 2 or
(|X(H)| =1 and (R : R) # {0}), then the assertion follows from Theorem 3.5.
The case when (R, m) is local noetherian and (R : R) = {0} was treated by the
second-named author in [23, Theorem 3.5]. ]

Let R be as in Corollary 3.6. The case when |X(H)| =1 and (R: R) =
{0} remains open, and we conjecture that also in that case R® is locally tame.
However, this does not remain true for monoids. In Proposition 3.7 we construct
a strongly primary monoid H such that H is Krull, |X(H)|=1, (H: H) =0,
and H is not locally tame. In Example 3.8 we show that such a monoid H can
be obtained as a saturated submonoid of Nagata’s example of a one-dimensional
analytically ramified local domain [26, E 3.2].

Suppose now that H is strongly primary and H is a Krull monoid with
|%(ﬁ)| > 2. Theorem 3.5.3 shows that H is locally tame if H = H. It is

tempting to speculate that this is also true if H #+ H , and we build an example
(Example 3.9) to support this conjecture. The assumption that H is strongly
primary is essential: There exists a primary BF-monoid H which is neither
strongly primary nor locally tame [18, Example 4.6].

Proposition 3.7. Let F = F* x [n] be a factorial monoid, where w is
a prime element of F'. Suppose D C F is a primary submonoid such that
D*=DNF*, exp(F*/D*) < 0o, and A= {vz(u) | u € A(D)} is infinite.

1. If A(A) is finite, then sup{minL(c) | ¢ € D} < 0.

2. Suppose that w € D, D= F, and exp(F*/D*) = 2. Then there exists
a saturated submonoid H C D having the following properties: H is
primary, # € H, H = H, and A(H) is infinite. Moreover, if D is v-
noetherian, then H is strongly primary but not locally tame, (H : IC—\I) =0,

~

Hieqa =& (No,4), and H has infinite catenary degree.

Proof.  Taking [14, Proposition 2.3.4.1] into account it is easy to see that D
may assumed to be reduced. Since D N F* = D* = {1} it follows that D is a
BF-monoid.

1. Since D # {1} there exist ¢ € F’* and [ € N such that a = ex! € D.
Then a®P(F™) = 7% € D, where o = lexp(F*). If n € F* and k € N, then
(nmF)* = (7*)¥ € D, whence F® C D.

Let k € N. Then there exists u = nn" € A(D), with n € F* and n € N,
such that k—n € [0, max A(A) —1]. We can write 7%* = u®7**~") and obtain

min L(7%*) < min L(u®) 4+ min L(7**~)) < o max A(A).

Thus the assertion follows from Lemma 3.2 (with ¢ =1 and b = 7%).
2. Let H C D be any saturated submonoid with # € H. Then H is
primary by [14, Corollary 2.4.3.3.(b)]. Since F* is a torsion group and = € H
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it follows tl/l\at f0~r all z € F D H there exist n € N such that z"™ € H. Thus
we obtain H = H.

Suppose that A(H) is infinite and D is v-noetherian. Then H is strongly
primary by Lemma 3.1. Thus Theorem 2.4.2 implies that H is not locally tame,
and by [14, Theorem 1.6.3] we infer that H has infinite catenary degree. By
Theorems 3.5.4 and 2.4.1 it follows that (H : H) = (). Since H C D is saturated
(see Lemma 3.1.4) and D is a discrete valuation monoid, it follows that H is
a discrete valuation monoid, too. To prove 2. it thus remains to construct a
saturated submonoid H C D with m € H such that A(H) is infinite.

For any r > 2 we choose a number C,. > 3 such that the set {C,. | r > 2}

is unbounded. Set ¢; = 7, t; = 1, and choose a sequence of atoms (g, ),en of
D with v,(g,) =t € N such that

r—1
ty >C Yt (1)
i=1

for all » > 2. For all » € N we have
¢ = ;1" € A(D), withe, € F¥ and ¢? = ¢¢'r = n%'r.

Denote by H, C D the smallest saturated submonoid of D containing {q1, ...
qr}, ie., H.={q,...,q-) N D, and put

H = [j H,.
r=1

We continue with three assertions.

Al. Let r>2 and p € A(H,)\ A(H,_1). Then

r—1
|V7r(p) - trl < Zti (2)
=1

and
2t,—1 < vg(p) < 2t,. (3)
Proof of Al. Since p € H,. \ H,_1, we have p = qf’”mlq;"2 R et
with k € Z and m; € {0,1}. Since p is an atom of H,. it follows that k£ < 0
and v, (p) < Z::_ll mit; +t, < tp + Z:ll t;. Now we consider pH;:ll @t =

qf(k+m1)q§m2 e qfin{‘lqr = qlq,, with n € Z. Since g, is an atom, we have

n > 0, and therefore v, (p)—l—Z::_ll mgt; > t,., which yields v, (p) > tT—ZZ:_ll t;.
Thus (2) is proved. ]
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Together with (1), (2) gives (Cp — 1)ty < (Cr — 1) 201t < ve(p) <

(1+ C7Y)t,.. This implies (3) since C,. > 3. For any r > 2 we pick p, € A(H)
with

Vr(pr) = min <{vﬂ()|q€A el —Zt“t +Zt]>

Since ¢, € A(H), we can find such a p,, and furthermore v,(p,) <t

A2. There isno q € A(H) and no r > 2 such that
> i <valg) < va(pr). (4)

Proof of A2. Assume to the contrary that there exist » > 2 and ¢ € A(H)
such that (4) is satisfied. It follows that 1 = ¢; < vi(q), and therefore
q ¢ HA = [r]. Let m € N be minimal such that ¢ € H,,. Then m > 2
and ¢ € A(Hp,) \ Hyp—1. From (2) and (3) we obtain the inequality

m
2tm71 S Vw(q) S th
=1

Combining this with (4) gives SX—\ #; < vx(g) < 3.7, t;, and it follows that
m > r. The inequality 2t,,—1 < v.(q) < vx(p,) < 2¢,, on the other hand, yields
m < r. Thus m = r, contradicting the choice of p, .

A3. Let r > 2 and g € A(H) with q |g p2. Then ¢ € H,., and if furthermore
Vr(q) > Vo (pr), then g € H, \ H, 1.

Proof of A3. Since v.(q) < 2vr(p,) < 2t,, (3) yields ¢ € H,. If vz(q) >
VT{'(p’l‘) > 2tr717 (3) yields q g H’r‘fl .

Now we show that A(H) is infinite. Let r > 2 and 2 € Zy(p?). Suppose
first that there exists ¢ € A(H) such that q |z(z) 2 and v (q) > vx(p,). From
A3 we know that ¢ € H, \ H,_,. Put y = p?¢~! € H. Using (2), we obtain

Vﬂ(y) = 2Vﬂ(pr)_VW(Q) > 2 (tr - i%) - (tr + ih‘) > (CT—S) z_:ti. (5)

If y is irreducible, then |z| = 2. Suppose y is not irreducible. Then, for every
u € A(H) with u |z¢gy y, we have vq(u) < va(y) < vx(p,), and A2 yields

r—1

Combining this with (5) gives |z| > C; — 2.
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Suppose now that for all ¢ € A(H) with q |z(z) z we have vr(q) <

Vr(pr). Thus, by A2, we have v, (q) < Z:;ll t; for all such ¢. By the definition
of p, we obtain

2(t, — Y0t
o> 2 2= ) s g, ),
Zi:l L
Since 2 and v, (p?) = 2t, > 2C,. are both contained in Ly (p?), the minimum

of Ly (p?)\{2} is at least C, — 3. By the choice of the sequence C, it follows
that |A(H)| = oo. m

Example 3.8.  There exists a one-dimensional local noetherian domain
(R, m) having the following properties:

e The integral closure R of R is a discrete valuation domain with maximal
ideal m.

° (R:R)Z{O}.
e mR=m.
. exp(RX/RX):Q.

e The monoid D = R® is v-noetherian, primary and locally tame. There
exists an element 7 € D which is a prime element of F = R = F* X [n] =
D, A={v,(u) | u€ A(D)} is infinite, and A(A) is finite.

Proof. = We take for R the domain built in [26, E 3.2], where the field K
has characteristic 2. For the convenience of the reader we briefly recall the
main steps of the construction. Let K be a field with characteristic 2 such that
[K : K] = oo, where K12l = {2? | € K}, and let (b;)ien be an infinite
sequence of 2-independent elements of K (for the notion of p-independence see
[26, p. 195, fourth paragraph]). Let X be an indeterminate over K, and set
=Y, biX' € K[[X]]. We claim that R = K?[[X]][K][c] has the required
properties.

By [26, E3.2] R is a one-dimensional local noetherian domain whose inte-
gral closure R fails to be a finitely generated R-module. Thus (R : R) = {0}.
In order to show that R is a discrete valuation domain put V = KPI[X]][K].
By [26, E3.1], V is a discrete valuation domain. Since ¢ is integral over V,
the integral closure of R is equal to the integral closure of V' in q(V)(c). Since
q(V)(c)/q(V) is a purely inseparable extension of degree 2 it follows that R is

local, and that R /R* has exponent 2. Finally, we see easily that X € R and
that X is a prime element of R.

Since R is a one-dimensional local noetherian domain, D is v-noetherian
and primary. Since (R : R) = {0}, we have p(R) = p(D) = oo by [1, Theorem
2.12], and thus A is infinite by Lemma 3.3.2. Furthermore, A(A) is finite
by [23, Theorem 3.8], and thus D is locally tame by Proposition 3.7.1 and
Theorem 2.4. ]
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Example 3.9. Consider the monoid
H = {(z1,22) € N’ | 25 <27} U{(0,0)} C (NG, +).

1. H is v-noetherian and primary with (H : ﬁ) = (). Moreover, q(H) = Z2,
H =N2U{(0,0)} (hence H is a C-monoid), and H C H = NZ (hence H
is not completely integrally closed).

2. A(H) =U,>1{(n,k) [k € {1} U2+ (n—1)% 0]}

3. For all a € H we have minL(a) < 3.

4. H is locally tame, c(H) < oo, and A(H) is finite.

Proof. 1. This monoid has already been studied in [16, Theorem 3] and in
[21, Exercise 14.3]. In particular, it has been proved that H is primary, " - PNI,

and that H , H and q(H) have the asserted form. It remains to show that H
is v-noetherian. Then Theorem 2.2 implies that (H : H ) = () because H is not
a Krull monoid.

Let X C H be a subset. We prove that there exists a finite subset £ C X
such that E~1 € X~!. Then H is v-noetherian by [14, Proposition 2.1.10].
Without loss of generality we may assume that X is an infinite set.

(a) Construction of E. Put

m = min{z} — o | (z1,22) € X \ {(0,0)}} € N,
and choose e = (e1,e2) € X \ {(0,0)} with ;2 — ez = m. Let
E=FE, UE,U E;,

where
Ey={(z1,22) € X |21 <e1,22 > €2} e
and Fs, E3 are defined as follows.
For i € Ny let X = {(z1,20) € X | 2o = i}. If XU £ ) put
xgl) =min{z; | (21,i) € X¥} and 20D = (:rgl),i) € X . We define

Ey = {2 |ie0,es] and X© £ (}.

If z€ Q=[—e1,—1] x [—e2,m — 1] C Z* with z+ X ¢ H, we choose z(,) € X
such that z 4 x(;) ¢ H, and we define

Ez={x) | z€Qwith 2+ X ¢ H}.
(b) Proof that E=' C X1, Let z = (21,22) € q(H) = Z* with

z+ E C H. We have to show that z + X C H. Choose any z € X \ E.
We shall verify that z +x € H.
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Suppose first that z; < 0. Since e € E, we have z+e € H C N3, and
an easy calculation yields z € Q. Since z+ F3 C z + E C H we infer, by the
definition of F3, that z 4+ x € 2+ X C H. Suppose from now on that z; > 0.
Since x € Fj, we either have x5 < eg or e+ (1,1) < z.

CASE 1: i = 29 < ey. Then 2 € X\ By, say = = (x1,1), with z; > xgi).
Since |X®| > 2 we have i > 1, and from z + (2\",i) € 2 + FEy C H it follows
that zo 4+ < (2 —l—atgz))Q < (21 + ). Thus z+x € H.

CASE 2: e+(1,1) <z. From z+e € H C N2 and from e+ (1,1) < z we infer
that z 4+ 2 € N2. Using z; > e; + 1, we obtain

IN

z9 + €9 (Zl —+ 61)2

IN

zg—zf—2zlel e?—egzm

IN

zz—zf—lezlgzg—zf—Zzlel mgx%—xg

IN

29 + X2 (IL‘l +Zl)2.

This proves that z +z € H.

2. Let n,k € N such that (n,k) € A(H). Then k € [1,n%]. If
ke2,14+(n—1)%, then (n—1,k—1) € H and (n,k) = (1,1)+(n—1,k—1),
a contradiction.

To verify the converse inclusion, let n € N. Clearly, we have (n,1) €
A(H). Let k € 2+ (n —1)?,n?] and assume to the contrary that

(n,k) = (a,b) + (n —a,k —b), where (a,b),(n—a,k—0b)e H\{(0,0)}.
Then it follows that b < a? and k — b < (n — a)? whence

2+ (n—12<k <
1+2n—a—1)(a—1)
2n—a—1

2(n—a)

IA N IAN IN

,'_‘Qgs\
T
=8
~ ©
Q
o+
= %

contradicting (n —a,k —b) € H\ {(0,0)}.

3. Let a = (n,k) € H with n,k € Nyg. We may suppose that a ¢
A(H) U {(0,0)}, whence n > 2 and k € [2,1+ (n — 1)?)]. If &k = 2, then
(n,k) = (n—1,1) + (1,1) is the sum of two atoms. Thus suppose that k > 2.
We distinguish two cases:

CASE 1: k —2 is not a square.

Then there exists a unique m € N such that k —1 € [2+ (m — 1)%,m?],
and 2. implies that (m,k —1) € A(H). Since k € [2,1 + (n — 1)?], it follows
that m < n, whence (n—m,1) € A(H). Thus (n,k) = (m,k—1)+ (n—m,1)
is a factorization into two atoms.
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CASE 2: k —2 is a square.

Let m € N such that k —2 =m?. Since k < 2+ (n —1)2, it follows that
m? =k—2< (n—1)%, whence m <n—2. Thus (n,k) = (m,k—2)+ (1,1) +
(n —m —1,1) is a factorization into three atoms.

4. This follows from 3. and from Theorem 2.4. |

4. Sets of lengths in strongly primary monoids

Sets of lengths in a locally tame, strongly primary monoid are arithmetical
progressions, apart from some gaps in their initial and end parts. A proof of
the following result can be found in [14, Theorem 4.3.6].

Theorem 4.1. Suppose that H is locally tame and strongly primary, and
assume that A(H) # 0. Then there exists M € N such that, for every a € H,
the set of lengths L(a) has the form

L) =y+ (L'U{vd |ve0,l}UL") Cy+dZ,

where d = min A(H), 1 € Ny, L' C [-M,—1] and L" C ld+ [1, M].

The aim in this section is to prove a realization theorem for sets of lengths.
Recall that every C-monoid is v-noetherian and locally tame [14, Theorems
2.9.13 and 3.3.4], and thus every primary C-monoid is strongly primary by
Lemma 3.1.

Theorem 4.2.  Let L C N>y be a finite set. Then, for all sufficiently large
s € N, there exist a primary C-monoid H defined in (N§,+) with H = N*U{0}
and H =N, and an element a € H such that L(a) = L.

For sets of lengths in finitely generated monoids and for sets of lengths
in Krull monoids with finite class group much stronger realization results are
known (see [14, Section 4.8] and [28]). For the proof of Theorem 4.2 we need
two lemmas.

Lemma 4.3. Let L C N> be a finite set. Then, for all sufficiently large
s € N, there exist a finitely generated Krull monoid H C (N§,+) and some
a € H such that L(a) = L.

Proof. By [14, Proposition 4.8.3] there exist a reduced finitely generated
Krull monoid H' and @’ € H' such that Ly (a’) = L. By [14, Proposition 2.4.5]
H’ is isomorphic to a saturated submonoid H” C (Nf,+), where t = [X(H")].
Thus the assertion holds for all s > |X(H")]. [

Let {e1,..., es} denote the canonical basis of Z*. If & € Z*, then let
T1,...,xs € Z be defined by © =>"_ z,e,.
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Lemma 4.4.  Suppose that H C (N§,+), with s € N, is a finitely generated
submonoid.

1. There exists a submonoid H' C (N§,+) such that H' = H and H'\{0} C
N*.

2. If H\{0} ¢ N* and o = max{u, | u € A(H), v € [L,s]}, then

H* = HUNY , is a primary C-monoid defined in N§ with H* = N°U{0},
H* =Nj and A(H) C A(H*).

Proof. 1. Since the matrix

s 1 1
1

M = . € M;xs(2)
1 1 s

has positive determinant, pp;:Z° — Z°, z +— Mz is a monomorphism with
enm (N§\ {0}) € N*. Therefore H' = ¢ (H) has the required properties.

2. By definition of o we have A(H) C A(H*). If * € N°, then ax € H*
and thus @ € H*. This implies that H* = N°uU{0}. Since (a,...,a)+Nj C H*
it follows that H* = Ng. Obviously H* is primary, and thus H* is primary
[12, Proposition 2].

We assert that H* is a C-monoid defined in N§ with parameter

B =a -max{u, | u € A(H), v €[1,s]} andsubgroup V = {0}.

We shall verify conditions (C1) and (C2) of Definition 2.1. (C1) is obviously
satisfied. To verify condition (C2) let j € [1,s] and « € fe;+N§. If ¢ € N2,
then clearly * € H* and fe; +x € H™. B

Suppose that = ¢ N3 . Then there exists A € [1,s] such that z) < a,
and * € fe; + Nj implies that A # j. Thus fe; + * ¢ N _. Let
y € {z,Be; + ©}. We show that y ¢ H*. Assume to the contrary that
y € H*. Then y € H whence y = Z:Zl w,; with wq,...,u; € A(H). Since
A(H) C H\ {0} C N® and y, < « it follows that ¢ < o. This implies

y; <t-max{u, | u € AH), ve[l,s]} <p
for all 7 € [1,¢], a contradiction to y; > z; > 3. ]
Proof of Theorem 4.2. By Lemma 4.3 there exist, for all sufficiently large

s € N, a finitely generated monoid H' C (N§,+) and some a € H’ such
that Ly/(a) = L. By Lemma 4.4.1 we may suppose without restriction that
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H'\ {0} ¢ N°. We define

o =max{a,,u, | w € A(H'), ve[l,s]} and H=H UN3,.

Now Lemma 4.4.2 implies that H is a primary C-monoid with A(H') C A(H),
and that H and H have the asserted form. Since A(H') C A(H) and o >
max{a, | v € [1,s]} it follows that
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