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Abstract

Let M be a commutative cancellative atomic monoid. We consider the behaviour of the asymptotic length
functions £(x) and L(x) on M. If M is finitely generated and reduced, then we present an algorithm
for the computation of both £(x) and L(x) where x is a nonidentity element of M. We also explore the
values that the functions £(x) and L(x) can attain when M is a Krull monoid with torsion divisor class
group, and extend a well-known result of Zaks and Skula by showing how these values can be used to
characterize when M is half-factorial.

2000 Mathematics subject classification: primary 20M14, 20M25, 13F05, 11Y05.

Introduction

Let N and N* represent the nonnegative integers and positive integers respectively.
Call a mapping A : Nt — N* subadditive if L(x + y) < A(x) + A(y) for all
x,y € N*, in which case, by an elementary argument, lim,_, ., A(n)/n exists and
equals inf{A(n)/n | n € N*}. Call A : N* — Nt U {oo} superadditive if A(x +y) >
A(x) + A(y) for all x,y € N*, in which case lim,., o A(n)/n exists and equals
sup{A(n)/n | n € N*} (which is possibly 00). Let M be an atomic monoid, that is,
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every nonunit can be expressed as a product of irreducible elements, and x a nonunit
from M. Define

£x)=infX and L(x)=supX

where X = {n € N* | x = x;---x, withx; € M irreducible}. Then the mappings
n— £(x") and n — L(x") are subadditive and superadditive respectively. Thus

e n e n L n n
lim &) =inf[ &) ne N*] and lim ") =sup{ LG
n n

n—00 n n—»00 n

neN+}.

Following [2], denote these limits by £(x) and L (x) respectively. Their existence has
been observed in [2] for multiplicative monoids of atomic domains and in [11] for a
wider class of commutative monoids. Also in [2], the authors conjecture that if R is
a Krull or Noetherian domain, then these limits are always positive rational numbers.
In [10], this conjecture was proved for Krull domains and several kinds of Noetherian
domains, but an example of Noetherian domain R having an irreducible element x
with £(x) = 0 was given. In more generality, [10, Theorem 2] actually shows that if
H is an atomic monoid and x € H is a nonunit where the set

{y € H | y divides x" for some n > 1}

has only a finite number of non-associated irreducible elements, then ¢ (x) and I:(x)
are positive rational numbers (this result was also independently obtained in [1, The-
orem 12]).

Our purpose in writing this paper is twofold. First, in Section 1 we explore
the possible values that the functions £(x) and L(x) can attain in Krull monoids
with torsion divisor class groups. As a by-product, we obtain (in Theorem 1.4) an
extension of a theorem proved independently by Zaks [17, Theorem 3.3] and Skula
[15, Theorem 3.1] which characterizes certain Krull monoids which are half-factorial.
We also give in Theorem 1.6 and Corollary 1.8 a ‘Carlitz type’ version of this result
for algebraic rings of integers. We close this section by giving bounds for the values of
£(x) and L(x) when x is irreducible and show that these bounds are the best possible.
In Section 2, we build on the proof of Theorem 2 in [10] and give an algorithmic
process which allows us to compute the numbers £(x)and L(x) fora nonidentity x in
any finitely generated reduced cancellative monoid. We organize Section 2 into four
subsections. After some notation and definitions in Section 2.1, Section 2.2 presents
some general properties of the function £(x). These are then used in Section 2.3 to
develop an algorithm for its computation. Section 2.4 is devoted to the development
of a similar algorithm for L (x).

While the settings in each of the two sections are different, they allow us to empha-
size the strong similarities and differences which they present. By [7, Proposition 1],

https://doi.org/10.1017/51446788700003396 Published online by Cambridge University Press


https://doi.org/10.1017/S1446788700003396

3] Asymptotic values of length functions 423

the study of lengths of factorizations in a Krull monoid M can be reduced to that of
the same study in an appropriate block monoid (see [9] for more information on block
monoids). If the divisor class group of M is finite, then the block monoid is finitely
generated and our algorithm of Section 2 can be applied. Conversely, in Section 2 we
present examples to demonstrate that many of the properties proved for the functions
Z(x) and L(x) in Section 1 for Krull monoids, fail in the general finitely generated
case.

1. {(x) and L(x) in Krull monoids

Unless otherwise noted, we assume that M is a Krull monoid with torsion divisor
class group ¥ (M) and set &/ (M) of irreducible elements. Hence, if x is a nonunit of
M, then there exist unique prime divisors py, ... , p, and natural numbers n;, ... , n,
such that x = p}' - -- p/". Given a prime divisor p, let [p] represent the divisor class
of p in €(M). For x as above, set

!

n;
k0 =2

i=1

where |[p;]] represents the order of the element [p;] in ¥(M). Setting k(u) = O if
u is a unit of M defines a function from M into Q¢ known in the literature as the
Zaks-Skula function (see [6]). For a nonunit x of M, the value k(x) is also known as
the cross number of x [12]. If x and y are elements of M, then it is easy to verify that
k(xy) = k(x) + k(y). When k is considered as a function, it is merely an example
of what is known as a length function on M (see [2]). It is well know that M is a
half-factorial domain (that is, an atomic domain where the length of factorization of
a nonzero nonunit y into irreducibles is constant) if and only if k(x) = 1 for every
irreducible x € M (see [16, 17, 15]).

We explore further the functions £ and L on Krull monoids with torsion divisor
class group, but begin with a few general results.

Basic LEMMA 1.1. Let M be an atomic commutative monoid, x an irreducible
element of M and y a nonunit element of M.

(1) If y can be written as a product of m irreducibles (where m € N), then L )>m
and Z(y) <m.

(2) &(x) < 1and L(x) > 1. Hence, if £(x) = L(x), then £(x) = L(x) = L.

(3) £(y) < 1if and only if for some k € N, y* can be written as a product of less

than k irreducible factors.
(4) L(y) > lif and only if for some k € N, y* can be written as a product of more

than k irreducible factors.
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o) If E(y) = l_,(y) then every irreducible factorization of y" (for any n € N) has
the same length.

PROOF. Parts (1)—(4) are immediate from the definitions and facts noted in the first
paragraph. For (5), suppose y" can be factored as a product of m and ¢ irreducibles
where m < t. Then
L{(y")’)

ns

€O _ i). O
ns

t m
>—>—
n n

L(y) = lim > lim
5— 00 §—00

PROPOSITION 1.2. Let M be an atomic commutative monoid. The following state-
ments are equivalent:

1) Mis hal_f-factorial.
(2) €(x) = L(x) for every nonunitx € M.

PROOF. That (1) implies (2) is obvious, and that (2) implies (1) follows from
Lemma 1.1 (5). O
Before proceeding, we introduce some notation. If M is a Krull monoid with €' (M)

a torsion group and x is a nonunit of M, then write

1N X=p--p

where the p; are prime divisors of M. Let k = lem({{[p:]l, ..., |[p.]|} and for each i
set k = k;|[p;]|- Then

) x* = (plllﬁdl)kl . @Il[plll)k:

and setting o; = p'?", we have that

l(_ k k;
3) =o'

where each a; € & (M) and k(x;) = 1 for each i. Notice that (3) implies that

ki+ - +k

@) k(x) = ;

LEMMA 1.3. Let M be a Krull monoid with €(M) a torsion group and suppose
that x is nonunit element of M. Then £(x) = L(x) = 1 if and only if

(1) x isirreducible in M, and
(2) every irreducible divisor a of the collective powers of x has k(a) = 1.
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PROOF. (=) That x is irreducible follows from Basic Lemma 1.1 (1). By Basic
Lemma 1.1 (5), every irreducible factorization of x" has the same length. Now,
suppose that « is an irreducible divisor of some power of x (say x’). Then a® | x*
for every s € N. Since every x* has unique irreducible factorization length, then so
too must each . By writing o in the form (3), we have that k = k, + --- + k, and
k(@)= +---+k)/ k=1

(<=) We argue that conditions (1) and (2) imply that 2(x) = L(x). The result then
follows from Basic Lemma 1.1 (2). Suppose that x is irreducible and

=y =6 By
with each y; and B; in &/ (M). By the properties of the Zaks-Skula function,
k(x") = nk(x) = k(y)) +--- + k(ys) = k(1) + -+ + k(B)

and c01_1dition (2) then implies that n = s = ¢. Thus, for each n, [(x") = L(x") and
hence £(x) = L(x). d

Lemma 1.3 allows us to extend a well known characterization of half-factorial
domains (see [16, 17, 15]).

THEOREM 1.4. Let M be a Krull monoid with € (M) a torsion group. The following
statements are equivalent:
(1) M is half-factorial.
2) Z(x) = I:(x)for every nonunitx € M.
(3) k(x) =1 forevery x € o (M).
4) E€(x) = L(x) = 1foreveryx € o (M).
(5) €x")=L(x")=tforeveryt € Nandx € o(M).

PROOF. (1) and (2) are equivalent by Proposition 1.2. The equivalence of (1) and (3)
is proved in both [17, Theorem 3.3] and [15, Theorem 3.1]. Lemma 1.3 implies the
equivalence of (3) and (4). Clearly (1) implies (5) and (5) implies (4). O

We can also deduce the following from Lemma 1.3.

COROLLARY 1.5. Let M be a Krull monoid with € (M) a torsion group.

(1) Ifx isirreducible and primary in M, then £(x"y = L(x") =t forevery t € N*.
(2) Ifx is primary, then £(x) and L(x) are positive integers.

PROOF. By [11, Satz 10A ii)], if x is primary in M, then x = p” where p is a
prime divisor of M and |[p]| divides r. Suppose that x is irreducible and primary.
Since every irreducible divisor of the powers of x is of the form o = p!lPll that
Z(x) = L(x) = 1 follows directly from Lemma 1.3, and it follows immediately for
each ¢ € N* that £(x") = L(x*) = . (2) now follows directly from (1). a
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Theorem 1.4 and Corollary 1.5 are not valid in general (see Examples 2.12 and 2.10).
If M is an atomic commutative cancellative monoid, set

(M) = {£(x) | x anonunitin M},
and
L(M) = {L(x) | x anonunitin M}.

If M is a Krull monoid, then the results of {10] imply that both ¢(M) and L(M) are
contained in Q.,, a fact that we use below without further comment. If M is half-
factorial, then clearly (M) = L(M) = N*. While the converse of the last statement
is not true in general (see Example 1.7 below), we show that it is true under a certain
assumption on a Krull monoid M.

THEOREM 1.6. Let M be a Krull monoid with torsion divisor class group € (M)
such that every nontrivial divisor class of M contains a prime divisor. Conditions
(1)—(5) of Theorem 1.4 are also equivalent t0:

(6) €(M) and L(M) are both contained in N*.
(7) €M) = L(M) = N*.

PROOF. Clearly (7) implies (6). Under our hypothesis, M must contain an irre-
ducible primary element, and so (6) implies (7) by Corollary 1.5. We argue that (1)
implies (6). If M is half-factorial and x € M can be written as a product of ¢
irreducibles, then /(x") = L(x") = tn and Z(x) = [(x) = t; proving (6). Sup-
pose (7) holds. To see (1), we argue that the divisor class group of M must be trivial
or Z,. From this the result follows very easily. Suppose that € (M) contains an
element g of order greater than 2. Let p, and p, be prime divisors of M so that
[p1] = g and [p;] = —g. Then x = p,p, is irreducible in M and £(x"¢!) = 2n
50 £(x) = lim,_o 2n/(nlgl) = 2/lg| ¢ N*. Suppose now that g, and g, are in
€ (M) with |g1] = |g2] =2and g\ # g. If g3 = g1 + g and [p1] = g1, [P2] = &
and [p3;] = g3, then x = p,p,p; is an irreducible element, L(x*") = 3n and so
L(x) = 3/2 ¢ N. Thus ¥(M) must be trivial or Z,. O

EXAMPLE 1.7. We show for a general Krull monoid with torsion class group that (7)
does not imply (1). Let F = {py,..., ps) be the free commutative monoid on 6
generators, expressed multiplicatively, and put

M:{p:'...pg(’elelg...Ex6 m0d3}

It is routine to check that M is a Krull monoid with divisor class group isomorphic to
Z3 and the irreducibles are p3, ..., pland p, - - - ps. Further, ifa = pi' .- p¢* € M,
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then one can easily verify that
L@ =@+ - +x)/3 and &)= L()—minfxi, ..., xe),

which are positive integers. Observe also that k(p, --- ps) = 2 and (as predicted
by Theorem 1.4) M is not half-factorial. For example, pf ... pg = (p;...ps)° are
factorizations of different length.

Theorem 1.6 can be applied to rings of algebraic integers.

COROLLARY 1.8. Let R be a ring of integers in a finite algebraic extension of the
rationals. Denote the multiplicative monoid of R by R*. Conditions (1)—(7) are
equivalent to

® IR <2

PROOF. Since R* is a Krull monoid with finite divisor class group with the property
that every divisor class of €(R*) contains a nonzero prime divisor, we can apply
Theorem 1.6. (1) and (8) are equivalent by a well-known theorem of Carlitz [3]. O

Recall that the elasticity of M is defined as
p(M) = sup { 2 loq -y =Py Bm where each @; and B; € d(M)} .
m
We use the elasticity to provide some bounds for the values 2 (x) and L(x).

PROPOSITION 1.9. Let M be a Krull monoid with torsion divisor class group € (M)
and finite elasticity p(M). Suppose that x is a nonunit of M. Then,
@ £(x) < k(x) < L(x), and ] )
(b) ifx isirreducible, then 1/p(M) < £(x) < k(x) < L(x) < p(M).

PROOF. (a) Letx = p, - p, be as in (1) By ), x* = o:l ozf' where the «; are

klm

primary and for every m € N, x*™ = o af™. The last equality and Corollary 1.5
imply

I(xkm) < I(af™) < Z 1 l(a "") _ 1 — k().

km =& km pdl km < |lpdl

Similarly L(x*™)/km > k(x).
(b) Let x be irreducible. Then I(x™), L(x™) and m represent factorization lengths

of the product x™. Hence,
1 < I(x™) < L(x™)

0D S Tm S < p(M).
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Applying limits yields 1/p(M) < £(x) < L(x) < p(M) and the result now follows
from (a). O

While we have shown previously that condition (7) of Theorem 1.6 does not in
general imply condition (1), when €(M) is finite (7) does imply two interesting
properties. Our argument will require the following lemma.

LEMMA 1.10. Let M be a Krull monoid with torsion divisor class group and suppose
that k(y) = 1 for all atoms (and hence also for all nonunits) y € M. Then L(y) =

k().

PROOF. Let y be a nonunit of M. If n € N* and y* = z;, - -- z, is a factorization
of maximal length, then nk(y) = k(") = k(z)) +--- + k(z,) = t = L(y") so that
L(y™)/n < k(y). Thus f,(y) < k(y). By Proposition 1.9 (a) (noting that the elasticity
is irrelevant) we get equality. a

PROPOSITION 1.11. Let M be a Krull monoid where € (M) is a finite group. Con-
sider the following conditions on M.
(a) €M)= L(M)=N*.
(b) k(y) € N* for every nonunitry € M.
(c) p(M) e N*.

Then (a) = (b) = (c) and none of these implications are reversible.

PROOF. Suppose (a) holds. If x is an atom then k(x) > 1, because otherwise, by
Proposition 1.9 (a), E(x) < k(x) < 1, which contradicts (a). By Proposition 1.9, (b)
holds.

Now suppose (b) holds. The finite divisor class group hypothesis implies that
{k(x) | x € &/ (M)} achieves a maximum p € N*, If ;.- = B; -+ B, Where
each a;, B; € &/ (M), thenm < k(1) + -+ + k() = k(B1) + -+ + k(By) < npu,
so that m/n < . Hence p(M) < w. But taking x € &/ (M) such that k(x) = u,
and using the notation of (1), (3) and (4), we get that x¥ = af' ~--af’, so that
p(M) > (ky+- -+ k)/k =k(x) = . Hence p(M) = u € N*, and (c) is proved.

That (c) does not imply (b) follows by considering any algebraic ring of integers
whose divisor class group contains an element of even order > 2. That (b) does not

imply (a) follows by Example 1.12 below. [

EXAMPLE 1.12. Let M be the set of nonnegative integer solution to the linear
Diophantine equation 15x; + 10x; + 6x; + x; = 30xs. By [5, Theorem 1.3], M is
a Krull monoid with € (M) = Z3 and the prime divisors pi, ... , ps can be viewed
such that [p,] = 15, [p,] = 10, [p3] = 6 and [ps] = 1in €(M). Using elementary
number theory (or the algorithm suggested in [17, Chapter 7]) one can verify easily
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that v = (1, 2, 4, 1, 2) is the only irreducible (corresponding to p,p2p4p, and having
k(v) = 2) with Zaks-Skula value # 1. Consider u = (1,2,3,7,2) € M. By
considering the 3rd and 5th coordinates of u and v, it is straightforward then to verify
that £(u*) = 2k — [3k/4], so that £(u) = 5/4 & N*.

For more information on Krull monoids which satisfy condition (b) of Proposi-
tion 1.11, the interested reader is referred to [8, Section 4]. While the implications
in Proposition 1.11 are not reversible, there is a partial converse involving the first
implication.

COROLLARY 1.13. Let M be a Krull monoid with finite divisor class group. If
k(y) € N for every nonunity € M, then L(M) = N.

) PROOF. If k(y) € N for all nonunits y € M, then k(y) > 1 for each such y. Now,
L(y) = k(y) by Lemma 1.10 and the result follows. O

Recall that if G is a finite abelian group, then the Davenport constant of G (denoted
D(G)) is the length of the longest finite sequence of elements of G that sums to 0,
which has no nonempty subsum equal to 0.

COROLLARY 1.14. Let M be a Krull monoid with finite divisor class group € (M).
If x is irreducible in M then,
2 - - D(€(M))
_— <y <k <L < —.
D@D = (x) <k(x) < Lx) < 2
PROOF. This follows directly from Proposition 1.9 by using the well-known fact
that p(M) < D(€(M))/2 (see [6, Introduction]). O

EXAMPLE 1.15. In general, the bounds presented in Corollary 1.14 are the best
possible. We have already seen in Lemma 1.10 an example where there are irreducibles
x with k(x) = L(x). Itis easy to argue that if x is a primary element in a Krull monoid
with finite divisor class group, then k(x) = £(x). Suppose that M is an algebraic ring
of integers. If (M) = Z, with n > 2, then let p; and g, be prime divisors of M
with [p;] = 1 and [q;] = n — 1. Setting x = p,qi, it is easy to see that [((x")*) = 2k
for each positive integer k. Thus 2(x) = limy_, o I((x"") /nk =2/n = 2/D(E(M)).
Now, suppose that ¥(M) is an elementary 2-group of rank z > 1. Observe that
D& M)) =t + 1[4, Theorem 1.4] and let py, ..., p,y1 be a sequence of prime
divisors in M such that [p;] + --- + [p,s1] = O in ¥ (M) and no nonempty proper
subsum of the [p;]'s is zero. Then y = p,---p,4 is irreducible in M and y? =
w) + - - - + w,,; where the w;,’s are irreducibles of the formw; = p2forl <i <r+1.
An argument similar to that used on x above yields that L(y) = D(¥(M))/2.
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2. The computation of £(x) and L(x) in finitely generated monoids

2.1. Notation and definitions All monoids appearing in this section are commuta-

tive and cancellative. By [10] and [13], when considering problems involving lengths
of factorizations, we can assume without loss of generality that the monoid we are
considering is reduced (it has only one unit, its identity element). Moreover, in [13]
an algorithmic method that allows us to compute from the presentation of a finitely
generated monoid a presentation of its associated reduced monoid is given. Since in
this section we consider quotients of N* (for some k € N), we use additive notation
and denote the identity element of a monoid (S, +) by 0. An element s of S is a unir
if there exists s’ such that s + s' = 0. Denote by % (S) the set of units of S.

The basic concepts related with factorizations are translated to additive notation as
follows. If a, b € S, then a divides b, denoted a | b, if there exists s € S such that
a+s = b. Two elements a, b € S are associated, denoted a >~ b, if there exists
s € %(S) such that a + s = b (note that a >~ b if and only if a | b and b | a). An
element s € S is irreducible (or an atom) if a | s implies that either a € Z (S) or
a ~ s. Denote by &/ (S) the set of all the atoms of S. We say that a monoid § is
atomic if every element which is not a unit can be expressed as a sum of atoms.

It is well known and routine to see that if S is a commutative cancellative reduced
monoid with {s;, ... , s,} its minimal system of generators, then:

e a~bifandonlyifa =0>b,
o F(S)={s1,...,5,})
As a consequence, we obtain in this setting that S is an atomic monoid.
Consider the monoid epimorphism ¢ : N — S defined by

olxy, ... ,x,,) =x;51 4+ +x,5,

and let o be the kernel of ¢, so § is isomorphic to N? /o. Note also that if p(x) = s,
then elements of the set [x], correspond to factorizations of s in terms of irreducible
elements of S, since (y,...,y,) € [x], ifand only if y;5, +--- + y,5, = 5.

Given a subgroup H of Z*, define the congruence ~y on N? by a~ybifa—b € H.
Since N /g is isomorphic to S, the monoid NP /o is cancellative and therefore, using
[14, Proposition 1.4], we deduce that there exists a subgroup M of Z? such that

= ~y. Under the assumption that S is reduced, N? /o is also reduced, so by [14,
Propositions 3.6-3.7] we may assume that M N NP = {0}. Note also that in this
setting [x]-,, has finite cardinality (see [14, Lemma 9.1]) and using the results of {14,
Chapter 8] we can determine all its elements. Hence, from M we can compute all the
factorizations into irreducible elements of any element of S.

Givena = (ay, ... , a,) € N?, wedenoteby |a| = a,+- - -+a,. Using this notation,
define ¢({a]~,) = min{|b| | b € [a]-,} and L([a]l~, ) = max{|b| | b € [a]-,} which
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are equal to £(¢(a)) and L(¢(a)), respectively, as defined in the introduction.

2.2. The asymptotic behaviour of I Throughout the remainder of this paper, our

standing hypothesis will be that M is a subgroup of Z” such that M N N7 = {0}
(this simply means that the finitely generated cancellative monoid N? /o is reduced).
The elements of NP /~, will be denoted by [a] (this element is equal to the set
{6 | a~ub)).

Letx € N? \ {0}. Our aim in this section is to describe the behaviour of £([nx])/n
as n goes to 00.

Let < represent a graded order on N (a well order compatible with the operation
of the monoid such that |a| < |b| implies that @ < b). One such graded order is given
by the lexicographical total degree order on N?. Let i : N? /~,, — N’ be the map
defined by i([a]) = min([a]). Note that if y = u([al), then |y | = £([a]).

Let A = {u([nx]) | n € N*}. Since A is a subset of N7, we deduce, by Dickson’s
Lemma, that this set has only a finite number of minimal elements with respect to the
usual order of N?. Assume that these minimal elements are

B = {u(lkix]), ..., u([kxD}.
LEMMA 2.1. Let a, b, c € NP and assume that u([a]) = b+ c¢. Then b = u([b)).

PROOF. Observe that u([b]) + ¢ € [a], so b+ ¢ < u([b]) + ¢ < b+ ¢, whence
b = u([bD). O

LEMMA 2.2. Leta € N? \ {0} and k, k € N. If [ka] = [ka), then k = k.

PROOF. Assume that k > k. Then [(k — I;)a] = [0] and_therefore (k—k)aeM.
Applying the fact that M N NP = {0}, we deduce that k = k. g

LEMMA 2.3. Letn € N. There exist Ay, ... , A, € N such that:

o u(lnx]) = Aip(lkix]) + - - + A p([kex]),
o n=Xxk + -+ Ak,

PROOF. Since B is the set of minimal elements of A, there exist i € {1,...,r}
and y € NP such that u([nx]) = u([kix]) + y. Using Lemma 2.1, we deduce that
y = u(lyD) = u([(n — k;)x]) (observe that k; < n, since N? /~,, is cancellative
and reduced). Performing this process as many times as necessary, we obtain that

there exist Aq,...,A, € N* such that u([nx]) = Au(fkix]) + - -+ + A u([kx])-
Finally, [nx] = [(Ak; + --- + A.k.)x] and applying Lemma 2.2, we have that
n=Axik +---+Ark,. O
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Set ¥ = u(fkix]), ..., . = u([k,x]) and (by reordering if necessary) assume
that yil/ky < nal/ke < -+ < |¥il/kre

LEMMA 2.4. Under the standing hypothesis we have that £([ny]) = n|y| for all
n € N*.

PROOF. By Lemma 2.3, there exist Aq, ... , A, € N such that

w(nn]) = ullnkix) =1 + - + Ay

with A1ky + - -« + Ak, = nky. Thus &([ny1]) = M|yl + -+ - + A, |¥.|. Applying now
that |y;| > kilni|/ ki forall 1 <i <r, we get

Lnn)) = ki + - -+ Ak) Nl ki = nkinl/ ki = n|nl.
But £([ny1]) < niyl, whence £([ny1]) = n|yil. O
THEOREM 2.5. Under the standing hypothesis, we have that £([x]) = |n|/k;.

PROOF. We know that the E-([x]) exists and equals lim,_, o, £([nk;x])/nk,. Since
[nkix] = [ny], by Lemma 2.4

7 £([nk Vi
£([x]) = lim M = lim M = lim nly| — I_):ﬂ O
n—oo nkl n—00 nkl n—o00 nkl kl

2.3. An algorithm to compute f([x ) Letx e NP\ {0}. In this section, our goal
is to give an algorithm to compute lim,_, .o (£([nx])/n) from x and M.
The algorithm is based in the following two lemmas.

LEMMA 2.6. Let y € N? such that y € [kx] for some k € N* and u([ny]) = ny
foralln € N*. Then £([x]) = |y|/k.

PROOF. Since y € [kx], we have that
e(lnkx])
nk -

= lim —— = —.

lim
n—>o00 nk k

n— 00

Z([x]) = lim %’V_]Z nlyl Iyl -

The following lemma proves the existence of an element y with the properties of
the previous lemma.

LEMMA 2.7. There exists y € NP such that y € [kx] for some k € N* and
w(lnyl) = ny for alln € N*,
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PROQF. Let y4, ... , ¥, be as in Section 2.2 and
C={(, ..., 2)eN" |y +---+ Ay, = u([nx]) forsome n € N*}.

By Lemma 2.3, we deduce that the cardinality of C is not finite. Thus, there exists

ie(l,...,r}suchthat IT,(C) ={A, e N| (A, ..., A,) € C}isnot finite.
Let n € N*. We will show now that u([ny;]) = ny;. Since I1;(C) is not finite,
there exists A; € I1;(C) such that A; > n. There exist Ay, ..., Ai_1, Aigg, ... , A, €N

such that A;y; + -+ + Ay, = u([mx]) for some m € N*. Applying Lemma 2.1, we
deduce that A;y; = w([A;y:]). Therefore, u([Aiy;]) = Aivi = (A — n)y; + ny; which,
by Lemma 2.1, implies that ny; = u([ny;]). a

In [14, proof of Proposition 8.2], it is proved that ~ is a submonoid of N? x N?
generated by the minimal elements of ~, \ {(0, 0)}. Denote this set by & (~4) (in
fact this set is the set of atoms of ~,,). Furthermore, [14, Chapter 8] illustrates an
algorithm to compute from M the set &' (~y).

Assume that &' (~y) = {(a, B1), - .. , (e, B;)} and let

{6, ... ,9,}={aeN”

a = max{q;, B;} forsome i € {1, ..., t} witha; # B; ] .

Givena = (ay, ... ,a,) € N7, denote by Supp(a) the set {i € {1, ..., p} | a; # 0}.

LEMMA 2.8. Under the standing hypothesis the following statements are equiva-
lent:

(1) u([ny]) =ny foralln € N*.
(2) Supp(8:) & Supp(y) foralli e (1,...,1}.

PROOF. Assume that Supp(d;) € Supp(y) for some i. There exists n € N*
such that ny — 6; € NP. Without loss of generality, we can assume that a; <
6; = B; = max.{q;, B;}. Since (¢;, B;) € ~y and ny — B; € NP, we have that
ny — B; + a; € [ny]. Furthermore, @; < f; and thus ny — §; + «; < ny, allowing
us to assert that u([ny]) # ny.

Suppose now that (2) holds and a € [ny]. Then (a, ny) € ~y and there exist
A, ..., A, € Nsuchthat (a, ny) = A (e, Bi) + - - - + A (a,, B;). Note that by (2) we
can deduce that if A; # 0, then 8; < «;. Hence

a=h o+ + o, = MBi+--+ X B =ny,
whence we get u([ny]) = ny. O

ALGORITHM 2.9. The input is an element x € N? and the output is £({x)).
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1. k=1

2. Compute [kx].

3. Check if there exists y € [kx] such that Supp(d;) € Supp(y) for all i €
{1,...,1}.

4. If there exists such y, then return |y |/k. Else k = k + 1 and go to 2.

By Lemma 2.6 and Lemma 2.8, if y exists, then ([x)) = |yi/k. By Lemma 2.7
the algorithm ends after a finite number of steps.
We illustrate the above algorithm with an example.

EXAMPLE 2.10. Let S = N\ {1, 2,5} be the primitive numerical submonoid of
(N, +) generated by {3, 4}. Clearly S is a commutative cancellative reduced monoid
with minimal system of generators equal to {3, 4}. Furthermore, § is isomorphic to
N2/~y with M = {(x,y) € Z* | 3x + 4y = 0}. Applying the results of [14] we
have that & (~) = {((1, 0), (1, 0)), ((0, 1), (0, 1)), ((4, 0), (0, 3)), ((0, 3), (4,0))}.
Taking < as the lexicographical total degree order on N2, we get that I = 1
and {6} = {(4,0)}). We use Algorithm 2.9 to compute 2(3) which is equal to
lim,_, o (£([n(1,0)})/n). For k = 1, 2, 3, we obtain

[k(1,0] = {(k,0)} and Supp(6;) = Supp((k, 0)).

But [4(1,0)] = {(4,0), (0, 3)} and Supp(8,) € Supp((0, 3)) and therefore we can
assert that

Hin(L, O _ 10,3

L3n = "lirl;lo n

= 3/4.
Notice that 3 is both irreducible and primary in §.

2.4. The asymptotic behaviour of L Letx € N? \ {0}. Our goal in this section is
to compute L([x]). The results and its proofs are analogous to the ones given in the
previous sections.

Let A : NP /~) — NP be the map defined by .# ([a]) = max.([a]). Note that, as
we indicated in Section 2.1, the cardinality of [a] is finite and therefore its maximum
exists. Note also that if y = .# ([a]), then |y| = L([a]). We take now

A = {A([nx]) | n e N*)

and let B = {A# ([kyx]), ..., # ([k,x])} be its minimal elements. As in Section 2.2
we have that:

o If #([a]) =b+ c, then b= #Z(b)).

e Ifn € N,thenthereexist A, ..., A, € Nsuchthat # ([nx]) = A A ([kix])+
s+ A Mk xPandn = Ak + -0+ Xk,
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e Denoteby y, = A ([kix]), ... , v» = A ([k,x]) and without loss of generality
we assume that |y |/k; < -+ < |y |/k,.

o L([ny,]) = nly,| foralln € N*.

e L(xD = |y l/k.
The results of Section 2.3 can now be restated as follows:

e Let y € NP such that y € [kx] for some k € N* and .# ([ny]) = ny for all
n € N*. Then L([x]) = |y|/k.

e There exists y € N? such that y € [kx] forsome k € N* and .# ([ny]) = ny
foralln € N*,

o If A (~y) = (a1, B1), ..., (a;, B,)), then we define {6, ... , 8]} as the set

{a e N? |a = min_{a;, B;} forsome i € {1,..., ) witha; # B; }
o H([ny]) = ny for all n € N* if and only if Supp(d;) & Supp(y) for all
iefl,..., 1}

e Finally, with this notation, the algorithm to compute lim,, o, L([nx])}/n is
identical to the algorithm obtained from Algorithm 2.9 changing [ by L.

EXAMPLE 2.11. Let § be as in Example 2.10. We compute now

i(3) = lim Ml
n— oo n
We have that {6} = {(0, 3)} and [(1, 0)] = {(1, 0)}. Since Supp(6;) Z Supp((1, 0))
we can assert that
i L([n(1,00])  I(1,0)]
im =

n—»00 n 1

1
=-=1
1
We close with an example which relates to behaviour observed in Section 1.

EXAMPLE 2.12. Let S = N3/~ where M = ((1,1,1, -1, ~1)). If ¢ repre-
sents the ith basis vector of N3 for 1 < i < 5, then we have that ~,, is generated
as a monoid by {(e;, e1), ..., (es, e5), ((1, 1, 1,0, 0), (0, 0,0, 1, 1)), ((0,0,0, 1, 1),
(1,1, 1,0,0))}. The irreducible elements of S are {[e], [e:], - .. , [es]} and an easy
application of the formulas in this section shows that 2([e;]) = L([&:]) = 1 when
1 <i <5. Also, {e;] + [e,] + [e3] = [es] + [e5] and S is not half-factorial.
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