THE NUMBER OF STAR OPERATIONS ON
NUMERICAL SEMIGROUPS AND ON RELATED
INTEGRAL DOMAINS

DARIO SPIRITO

ABSTRACT. We study the cardinality of the set Star(S) of star op-
erations of a numerical semigroup S; in particular, we study ways
to estimate Star(S) and to bound the number of nonsymmetric
numerical semigroups such that [Star(S)| < n. We also study this
problem in the setting of analytically irreducible, residually ratio-
nal rings whose integral closure is a fixed discrete valuation ring.

1. INTRODUCTION

A star operation on an integral domain D is a particular closure op-
eration on the set of fractional ideals of D; this notion was defined to
generalize the divisorial closure [13, 5] and has been further general-
ized to the notion of semistar operation [16]. Star operations have also
been defined on cancellative semigroups in order to obtain semigroup-
theoretic analogues of some ring-theoretic (multiplicative) definitions
[11]. A classical result characterizes the Noetherian domains D in which
every ideal is divisorial or, equivalently, which Noetherian domains ad-
mit only one star operation: this happens if and only if D is Gorenstein
of dimension one [2]. Recently, this result has been a starting point of a
deeper investigation on the cardinality of the set Star(D) of the star op-
erations on D, obtaining a precise counting for h-local Priifer domains
[7] (and, more generally, an algorithm to calculate their number for
semilocal Priifer domains [25]), some pseudo-valuation domains [17, 24|
and some Noetherian one-dimensional domains [8, 9, 23]. In particu-
lar, for Noetherian domains, a rich source of examples are numerical
semigroup rings, that is, rings in the form KI[S]] := K[[X* | s € S]],
where K is a field and S is a numerical semigroup.

Inspired by this example, the study of star operations on numerical
semigroups (and, in particular, of their cardinality) was initiated in
[20]. In particular, the main problem that was tackled was the follow-
ing: given a (fixed) integer n, how many numerical semigroups have
exactly n star operations? By estimating the cardinality of Star(.S), it
was shown that this number is always finite, and that the same holds
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for residually rational rings (see Section 10 for a precise statement).
Subsequently, in [26], better estimates on |Star(S)| allowed to give a
much better bound the number of semigroups with at most n star op-
erations, while in [21] the set Star(S) was described in a very precise
way when the semigroup S has multiplicity 3.

In this paper, we give a unified treatment of the study of Star(S),
surveying the main results of [20], [21], [26] and [22] and deepening
them. In particular, we give a rather precise asymptotic expression
for the number of semigroups of multiplicity 3 with less than n star
operations (Theorem 6.4), an O(n°) bound for the semigroups of prime
multiplicity (Theorem 7.4), we list all nonsymmetric numerical semi-
groups with 150 or less star operations (Table 4), and prove an explicit
bound for residually rational rings (Theorem 10.5).

The structure of the paper is as follows: Sections 2 and 3 present
basic material; Sections 4 and 5 present estimates already present in
[20] and [26]; Section 6 deepens the analysis of [21] on semigroups
of multiplicity 3; Section 7 studies the case where the multiplicity is
prime (and bigger than 3); Section 8 introduces the concept of linear
families (one example of which was analyzed in [22]); Section 9 is
devoted to algorithms to calculate [Star(S)| and to determine all the
nonsymmetric semigroups with at most n star operations; Section 10
studies the domain case, and contains analogues of the results of Section
4 for residually rational domains.

2. NOTATION

For all unreferenced results on numerical semigroups we refer the
reader to [19].

A numerical semigroup is a set S C N that contains 0, is closed
by addition and such that N\ S is finite. If ay,...,a, are coprime

positive integers, the numerical semigroup generated by aq,...,a, is
(ar,...,an) = {>1 tia; | t; € N}. The notation S = {0,by,...,b,, —
} indicates that S is the set containing 0,by,...,b, and all integers

bigger than b,.
To any numerical semigroup S are associated some natural numbers:

e the genus of S'is g(5) := [N\ S|;
e the Frobenius number of S is F(S) := sup(N\ 5);
e the multiplicity of S is m(S) :=inf(S\ {0}).

A hole of S is an integer x € N\ S such that F(S) —z ¢ S. A
semigroup S is symmetric if it has no holes, while it is pseudosymmetric
if g(5) is even and ¢(.5)/2 is its only hole.

An integral ideal of S is a nonempty subset I C S such that I+S5 C I,
i.e., such that i +s € [ foralli € I, s € S. A fractional ideal of S
is a subset I C Z such that d + I is an integral ideal for some d € Z,
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or equivalently an I C Z such that I +.5 C I. We shall use the term
“ideal” as a shorthand for “fractional ideal”.

If {I,}aca is a family of ideals, then its intersection (if nonempty) is
an ideal, while its union is an ideal if and only if there is a d € Z such
that d < ¢ for all 7 in the union. If I, J are ideals, the set (I — J) :=
{r €Z|x+ J C I} isstill an ideal of S.

We denote by F(S) the set of fractional ideals of S, and by Fy(95)
the set of fractional ideals contained between S and N; equivalently,
Fo(S) =4I € F(S) | 0 =inf(I)}. For every ideal I, there is a unique
d such that —d + I € Fy(S) (namely, d = inf([)).

If a,b are integers, we use (a,b) to indicate their greatest common
divisor. If f, g are functions of n, we use f = O(g) to mean that there
is a constant C' such that f(n) < C-g(n) for all n > 0.

3. STAR OPERATIONS

Definition 3.1. [20, Definition 3.1] A star operation is a map * :
F(S) — F(9), I — I*, that satisfies the following properties:

x 18 extensive: [ C I*;

* 1s order-preserving: if [ C J, then I* C J*;

* 1s idempotent: ([*)* = I*;

x fizes S, that s, S* = S;

e x s translation-invariant: d + I* = (d + I)*.

We denote by Star(S) the set of star operations on S.

If I = I*, we say that I is *-closed; we denote the set of *-closed
ideals by F*(S).

The set Star(S) can be endowed with a natural partial order: we
say that x; < o if I C [*? for every ideal I, or equivalently if
F*2(S) € F*(S). Under this order, Star(S) is a complete lattice:
its minimum is the identity, while its maximum is the v-operation (or
divisorial closure) v : I — (S — (S —1)).

Since N is v-closed, any star operation restricts to a map *q : Fo(S) —
Fo(S); furthermore, *¢ uniquely determines * (since every ideal can be
translated into Fy(S)). We define Go(S) := Fo(S) \ FU(S), that is,
Go(S) is the set of ideals I of S such that 0 = inf I and I # I*.

Since Fo(.9) is finite, Star(.S) is a finite set for all numerical semigroup
S [20, Proposition 3.2]. Furthermore, |Star(S)| = 1 if and only if v is
the identity, which happens if and only if S is symmetric [1, Proposition
1.1.15].

4. ESTIMATES THROUGH THE GENUS

Our main interest in this paper will be the function Z(n) that asso-
ciates to every integer n > 1 the number of numerical semigroups S
such that 2 < |Star(S)| < n. More generally, if S is a set of numerical
semigroups, we define Zg(n) as the number of semigroups S € S such



4 DARIO SPIRITO

that 2 < |Star(S)| < n. We will mainly be interested in the asymptotic
growth and in asymptotic bounds of = and =g, for some distinguished
set S of semigroups.

It is very difficult to determine precisely the number of star opera-
tions on a numerical semigroup S, while it is easier to find estimates
for |Star(S)|: for this reason, we work with = instead of the function
that counts the number of semigroups with exactly n star operations.
Most of the bounds proven in the paper will be obtained in a two-step
process:

(1) find a function ¢ (depending on some of the invariants of S)

such that |Star(S)| > ¢(S) for all S € S;
(2) estimate the number of S € S satisfying ¢(S) < n.

In this way, we obtain an estimate on the number of semigroups S € &
satisfying |Star(S)| < m: indeed, if |Star(S)| < n then we must also
have ¢(S) < n.

The first important result is to prove that = is actually well-defined,
that is, that there are only a finite number of numerical semigroups
satisfying 2 < |Star(S)| < n. To do so, the first estimate involves the
genus of S.

Theorem 4.1. [26, Proposition 8.1] Let S be a nonsymmetric numer-
ical semigroup. Then, |Star(S)| > ¢g(S5) + 1.

Sketch of proof. For every ideal I € Gy(S), we define *; as the largest
star operation * such that I = I*; equivalently, *; is the map such that

JT=J"n( - (I-J))

for every ideal J [20, Proposition 3.6]. Then, *; = x; if and only if
I = J [20, Theorem 3.8]. Let 7 be an hole of S (which exists since
S is nonsymmetric), and let A := min{r,g — 7}. If x € N\ 9, let
M, :={z € N|x—2z¢ S} then, M, is an ideal (which is not always
divisorial). We associate to each x € N\ S a non-divisorial ideal I:
eifr<Xland A\—x ¢ S, then [, :=SU{zeN|z>uz2¢€ M,};
eifr<Xand A\—z € S, then I, :=SU{zeN|z>g—(\—1)};
e if v > A, then I, := M,.
Each I, is non-divisorial, and I, # I, if x # y. Hence, they generate
g(S) different star operations, all different from the divisorial closure.

Thus, |Star(S)| > ¢(S) + 1. O
We now translate this estimate to a bound on =.

Theorem 4.2. [26, Section 8] Preserve the notation above.
(a) Z(n) < oo for every n > 1.
(b) If ¢ == @ is the golden ratio, then

Z(n) = O(¢") = O(exp(nlog ¢)).
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Proof. By [30], the number of numerical semigroups of genus at most
n is O(¢"). The claim follows from Theorem 4.1. O

5. ESTIMATES THROUGH THE MULTIPLICITY

The proof of Theorem 4.1 involves star operations generated by a
single ideal (called principal star operations). In general, not all star
operations have this form; to work more generally we define, given
A C Gy(S), the star operation induced by A as

xa = 1inf{x; | I € A}.

Every star operation can be represented in this form [26, Section 3],
but in general it may be xx = %, even if A # A. To obtain better esti-
mates, we want to identify special subsets of Gy(.S) that induce pairwise
different star operations. We introduce the following definitions.

Definition 5.1. [26, Definition 3.1] Let I,J € Go(S). We say that I
18 x-manor than J, and we write I <, J, if x; > *;; equivalently, if 1
18 * y-closed.

Definition 5.2. Let (P, <) be a partially ordered set. An antichain of
P is a subset of pairwise noncomparable elements.

Definition 5.3. Let a € N\ S. Then, Q, is the set of ideals I € Gy(S)
such that a = sup(N\ I) and such that a € I°.

The set Q, is nonempty if and only if M, is nondivisorial (in which
case M, € Q,) [26, Proposition 5.2].

Proposition 5.4. [26, Proposition 5.11] Let a,b € N\ S, and let A C
Q., A C Q, two nonempty sets of ideals that are antichains with respect
to set inclusion. If A # A, then xa # *,.

As a corollary, we get:

Corollary 5.5. [26, Corollary 5.12] Denote by w;(P) the number of
antichains of P with respect to set inclusion. Then, for every numerical
semigroup S, we have

Star(S)] > 1+ Y (wi(Qa) — 1).

aeN\S

This corollary allows a relatively quick estimate of Star(S) when
S is a fixed semigroup, since finding Q, and counting the antichains
with respect to inclusion is much quicker than determining and con-
fronting star operations. From a theoretical point of view, it can be
used through the following construction.

Suppose a is a hole of S. Let J := SU{x € N | x > a}, and
let Z(a) :={a—m+1,...,a—1}\ S. For every A C Z(a), the set
I, :=JUAis an ideal of S, and it belongs to Q, since g —a ¢ S [20,
Lemma 4.7]. Furthermore, I, C I if and only if A C B; hence, the
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set of the I, (under the containment order) is isomorphic to the power
set of Z(a). The number of antichains of the power set of a set with n
elements is called the n-th Dedekind number, and we denote it by w(n).
The sequence {w(n)} grows extremely quickly (as an exponential of an
exponential), and for this reason it is known only up to n = 8 [12, 29].
A similar construction can be done if a < m(S) is not an hole, but
there is an hole b < a; in this case, we consider Z(a) = {1,...,a — 2},
and the best estimate is obtained with a = m(S) — 1. Using these
constructions (and some variants), we can prove the following.

Proposition 5.6. [26, Propositions 5.19 and 5.21] Let S be a nonsym-
metric numerical semigroup, and let v(S) = [%W . Leta e N\ S.

(a) If m(S) <a<g/2 and g—a ¢ S then w;(Q,) > w(r(S)).
(b) If2m(S) <a <g/2 and g—a & S then w;(Q,) > 2w(v(S)) —2.
(c) If a <m(S) and g —a ¢ S then w;(Q,) > w(a —1).
(d) If a < m(S) and there is an hole b < a of S, then w;(Q,) >
w(a—2).
In particular, |Star(S)| > w(v(S)).

As in Section 4, we can use the last estimate to obtain a bound on

—_
—
—

Theorem 5.7. [26, Theorem 8.4] For every e > 0,

=(0) = 0 [exp (125 + ) st ogo(n) )|

Sketch of proof. Let A, = @ + €. Using Proposition 5.6 and the
estimates in [12], we have that if [Star(S)| < n then (for any ¢ > 0
and n > ng(€))

n>w(s)) > 2 (1w(s))21) > 9207
when v(S5) is large. Writing it as a function of m(S), we get m(S) <
Acloglogn.

Let =,(n) be the number of nonsymmetric numerical semigroups of
multiplicity p with at most n star operations: then, using Theorem
4.1 Z,(n) is at most equal to the number of numerical semigroups of
multiplicity p of genus < n, which is at most (n—1)*~1. Tt follows that

Acloglogn
S < Y (n— 1) < nAoEsn) < exp(A, log(n) log log(n)),
n=3
as claimed. U

6. MULTIPLICITY 3

In the last passage of the proof of Theorem 5.7, we needed to estimate
the function =, (n) counting the nonsymmetric numerical semigroups of
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multiplicity p with at most n star operations. While a very crude bound
was enough to obtain the theorem, it is reasonable to ask for more
precise estimates: in this section we analyze the case of multiplicity 3,
while in the next one we study the case where m(S) > 3 is prime.

The case of numerical semigroups of multiplicity 3 can be analyzed
very thoroughly, obtaining a complete solution to the problem of find-
ing the set of star operations on S.

Theorem 6.1. Let S := (3,3a+ 1,35 + 2) be a numerical semigroup
of multiplicity 3, where Ap(S) = {3,3a + 1,38 + 2}.

(a) [21, Theorem 7.4] (Go(S), <.) is order-isomorphic to the direct
product {1,...,2a — f} x{1,...,26 —a+ 1}.
(b) [21, Corollary 6.5] Star(S) is order-isomorphic to the set of an-

tichains of (Go(95), <).
o T - (575 (577

Using Proposition 5.4, we can also improve [21, Proposition 7.8].

Proposition 6.2. Let S be a nonsymmetric numerical semigroups.
Then, the following are equivalent:

(i) S is a pseudosymmetric semigroup of multiplicity 3;
(11) (Go(S), <.) is linearly ordered;
(111) Star(S) is linearly ordered.

Proof. If m(S) = 3, the result is exactly [21, Proposition 7.8]. Suppose
thus m(S) > 3; we need to show that (Go(.S), <,) is not linearly ordered,
and to do so it is enough (by Proposition 5.4) to find two ideals J;, Jo
in some Q, that are not comparable. Let 7 be a hole of S such that
7 < g/2 (it exists because S is not symmetric). We distinguish several
cases.

If 7 > 3, then by [20, Lemma 4.13] we can find ay,a2 € ({7 —m +
1,...,7/—=1}NN)\ S; then, we set J; :==SU{x e N|z > 7} U{a;}.

If 7 < 3and m(S) > 4, consider b := 4: then, the set {1,2,3}\{3—7}
contains two different elements, say x; and x,, and we take J; :=
SU{z € N|z >3} U{3— 7,2} (they belong to Q3 by the proof of
26, Proposition 5.20]).

Suppose m(S) =4 and 7 < 2. If 7 = 1 then one between g := g(5)
and g — 1 is even; call it e. Then, e/2 is a hole of S which is not bigger
then g/2; in particular, if § > 3 we are in the case above. If £ < 2,
then g < 5, and so either ¢ = 3 or ¢ = 5. In the latter case we would
have g—1 =4 ¢ S, a contradiction; in the former case, S = (4,5,6,7),
and by direct inspection Gy(S) is not linearly ordered (see [26, Example
5.21]).

If 7 =2, consider J; := SU{g —2} and J, := SU(2+S5). Then,
both are elements of Q,, and g —2 ¢ J, (otherwise g—2—-2=g—4 =
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g —m € S, which is absurd); furthermore, J; # J; since otherwise
2=g—2,1ie., g =4, a contradiction, and so they are noncomparable.
Therefore, if m(S) > 3 the x-order on Gy(S) is not total, as claimed.
O

We now want to use Theorem 6.1 to calculate Z3(n). The idea is
to divide the set of semigroups of multiplicity 3 in sets defined by the
relation 2a — B =k (if a < B) or 28 —a+ 1 =k (if @ > f3), and then
estimate Zg(n) for each of these families.

Lemma 6.3. Let k,n be integers, and define

pn(X) = X(X—-1)- .k.!(X —k+1) .

Then:

(a) pin has a unique zero xy,, that satisfies xy,, >k — 1;
(b) for all k, there is a no(k) such that, for all n > ny(k),

(k)% — 1 < g < (KIn)YF 4k — 1.

Proof. (a) Let ppn(X) == prn(X +k—1) = X(XH)'}C'!(XH“_U —n: then,
Dk.n is a polynomial whose coefficients are all positive, and thus py, is
increasing for X > 0, i.e., py, is increasing for X > k—1. Furthermore,
Prn(k—1) = pn(0) = —n, and thus py, has a unique zero zy, > k— 1.

(b) We have

(ki)

Pron((KI)/ + ks = 1) = Pn((Kln) /") > =1

—n=n—n=70,

K
and thus 7y, ,, < (k!n)Y*+k—1. On the other hand, write k!py ,(X) = Z A X
=0

then, A\, = 1 and \g = —k!n. We have

1
=0

A (k)% — k)t =N zt: (t) (= 1) (kln)/FEE=D/k,

Adding all these terms, we see that klpy,(X) is a sum of monomials
(with fractional exponent) in n. The maximal exponent is 1, which
appears twice: for t = k =4 and for ¢ = 0. The former is equal to k!n
and the latter to —k!n, and so their sum is zero. The next term is the
one with exponent (k — 1)/k, and again we have two monomials: for
t=kand?=1and for t = k—1 = i. Hence, the leading term of
kDo (k)% — k), as a function of n, is

= () B (B8 DRy
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We have \y .1 = 14+24+.---+k—-1 = @; hence, the sign of

E'pn((k'n)'/F — k) is equal to the sign of

k(k—1) K +k
2 2

Therefore, for large n we have xy,, > (k!n)'/*—k+(k—1) = (kln)/*—1,

as claimed. Il

—k’Q + )\k—l = —kQ + < 0.

Theorem 6.4. For every integer t > 1, we have

t—1
E3(n) = z (2:(]&)”11C : nl/k) + O(n*1og?n).
3

k=1
Proof. Given a numerical semigroup S = (3, 3a+1, 35+2) of multiplic-
ity 3, let p(S) := a+ f+ 1 and ¢(S) := 2a — . Then, p(S) + ¢(S) =
3a + 1; we have p(S) > ¢(S5) for all nonsymmetric semigroups, and
furthermore p(S) # 2¢(S) for all S, which means that p(S) < 2¢(S) or
p(S) > 2q(5).

Given an integer k£ > 1, define the following sets: Sy is the set of
numerical semigroups with p(S) < 2¢(S) and ¢(S) = k, while S_y is
the set of semigroups with p(S) > 2¢(S) and p(S) — q(S) = k. Then,
each nonsymmetric semigroup belongs to exactly one S or S, and

thus
Z3(n) = Y Es,(n) + Es_,(n).

k>1

We claim that Zg, (n) = (k!)Y/¥ . n/* 4 O(1) for each k.
Indeed, =g, (n) is equal to the number of integer solutions to the

system
(i) <n

X+k=1mod3
X > 2k
In the notation of Lemma 6.3, the first equation is exactly py,(X) < 0;
hence, the number of solutions is 3 (x, — 2k) + € for some || < 1
(depending on k and n). For large n, using Lemma 6.3(b) this is equal
to
Lok e 2 Lo im 1k

for k fixed, as claimed. A completely analogous reasoning holds for
S_}, since also (X)fk) = Prn(X).
Take any integer t and let S :=J,_, Sy US_x. Then,

t—1 t—1 t—1
2 2
E Es(n)+Es ,(n) = (gk!”’fnl/’wo(l)) =3 (§ :k!l/knl/k>+0(t).
=1 =1

Let &’ be the complement of § in the set of all numerical semigroups
of multiplicity 3, and consider Zgs/(n). Let G,(n) be the number of
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binomial coefficients (‘;) such that (’Z) <n,b>tand a > 2b; then,
since a binomial coefficient arises from at most one semigroup, we have

(1) Esi(n) <2) Gi(n).

If & > logy(n), then

2k Aloga(n) n?
> > >n
(k> ~ V4logy(n) T \/Alogy(n)
for large n. Thus, it is enough to consider the sum in (1) only for k
going from t to log,(n).
By Lemma 6.3, if (¢) > n then a < (k!n)'/*; hence, Gy(n) < (kln)"/*
and

logs(n) logy n
Es(n) <2 > (kln)"/% <20ty " (k)F = O(n'/!log® n).
k=t k=t
since (k!)'/* < k. The claim is proved. O

Note that we cannot write =5 as the series

o0

2

= _z Nk ., 1/k

Zy(n) = = S (R)VE -l
k=1

because at fixed n the terms have limit 1, and so the series does not

converge. When n is fixed, a good approximation for Z3(n) is obtained

stopping the series at k = log,(n); an even better approximation can

be obtained stopping it at k = %(log2 n+log, log, n), since also for this
value we have (2: ) > n.

7. PRIME MULTIPLICITY

The formula for |Star(S)| in the previous section was based on an
explicit (and very regular) description of Gy(.S). For semigroups of big-
ger multiplicity, both listing all non-divisorial ideals and understanding
the *-order becomes much more complicated (see the examples in [22]),
and so we need to rely on estimates. In this section, we shall obtain
good estimates for some particular classes of semigroups.

The main idea is to generalize the reasoning used to obtain the
estimate [Star(S)| > w(v(S)) by considering not only the elements
be{a—m(S)+1,...,a—1}\ S, but also the integers in the form
b—km.

Theorem 7.1. Let S be a nonsymmetric numerical semigroup of mul-
tiplicity m, and let a € N\ S be an hole of S. Suppose that there are
bi,by € (a —m,a) NN and o € N such that:

[ ] bl,bg ¢ S,’
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o for c € {a —by,a — by, |by — bal}, the element a. € Ap(S,m)
congruent to ¢ modulo m satisfies a. > om.

Then, |Star(S)| > (2"> |
g

Proof. For 0 < j, k < o, let 1(j, k) be the ideal
I(j,k):=SU{zeN|z>a}U(by — jm+ S)U (by — km +9).

We first prove that max(N\I(j, k)) = a. Clearly, every element larger
than @ is in I(j, k). On the other hand, a ¢ S, while a € by — jm + S
is equivalent to a — (b — jm) € S, and the latter is impossible since
a— (by —jm) = (a — by) + jm < om; hence, a ¢ by — jm + S, and in
the same way a € by — km + S.

Furthermore, by — jm —m ¢ I(j, k): the only possibility would be
by —jm —m € by — km + .S, but his would imply

by —jm—m—(by—km)=b; —bs+(k—j—1)me S,

which is impossible since by — by + (k — j — 1)m < om. Hence, the
Apéry set of I(j, k) contains a, by — jm and by — km; in particular,
these ideals all distinct.

Since a is an hole of S, all the I(j, k) belong to Q,, and by Proposition
5.4 every nonempty antichain with respect to containment induces a
different star operation on S. Under the containment order, the set of
the I(j, k) is isomorphic to the direct product {1,...,0} x {1,...,0};
by [21, Lemma 7.5], the latter set has (2;) antichains. The claim now
follows from Corollary 5.5. O

When instead of b; and by we have z elements, say by,...,b,, in
(a — m,a) NN but out of 5, the same reasoning (with the natural
modifications to the hypothesis) can be applied, considering the set
containing the ideals in the form

I(ji,....j:) = SU{z €N |z >a} U Jb; — jim + S},
=1

which will be isomorphic to {1, ..., c}?. Numerically, this version gives
a much better bound on |Star(S)|, although there isn’t a simple formula
to express it; however, the version of the theorem with only b; and by
will suffice for our purpose.

Lemma 7.2. Ifa is an hole of a numerical semigroup S and a+m(S) ¢
S, then a +m(S) is an hole of S.

Proof. Immediate from the fact that F/(S)—(a+m(S)) = (F(S)—a)—
m(S) can’t belong to S if F'(S) —a ¢ S. O
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Lemma 7.3. Let S be a numerical semigroup with multiplicity m, and
let a € Ap(S,m). If (a,m)|(F(S),m), then

a>F(S)—i—m
- m-1

Proof. Suppose first that (a,m) = 1: then, S’ := (m, a) is a numerical
semigroup, and F(S) < F(S’). However, F(S') = am —a —m =
a(m — 1) — m; solving for a we have our claim.

If (a,m) =: d > 1, we consider the semigroup S’ := S/d := {z/d |
x € SNdN}: then, since d divides m and F(S), we have m(S") =
m(S)/d, F(S") = F(S)/d and a/d € S’. By the previous part of the
proof,

a F(S') +m(S")  F(S)+m(5) d _F(S)+m>F(S)+m
d= m(s)-1 d m(S)+d m—-d T m-—1"
and the claim is proved. Il

Theorem 7.4. Let m > 3 be a prime number. Then, for every e > 0,
ZEm(n) = O(log™ ' n) = O(nf).

Proof. There are only finitely many numerical semigroups of multiplic-
ity m satisfying F'(S) < km, for every k € N; hence, we can ignore them
and only consider (nonsymmetric) semigroups satisfying F'(S) > m?.

Fix such a semigroup S, and let a be an hole of S satisfying a <
F(S)/2. Applying Lemma 7.2, we see that for any k € N, the element
a + km is either an hole of S or belongs to S; let h be the largest of
such holes that is also smaller or equal than F'(S)/2. By Lemma 7.3,
and since m > 3, we must have h > % —-—m > %__17”2 Note that,
since F'(S) > m?, we have h > m.

By [20, Lemma 4.13], since m < h < F(S)/2, there are two elements

b1, by € (a—m,m)\ S; taking o := %F(g%lm
7.1, obtaining [Star(S)| > (*7). Now
{l F(S) +mJ - 1FES)+m F(S) 1 F(S)

J , we can apply Theorem

1= + 1>

m m—1 |~ m m-—1 m(m—1) m-—1 m?

using F(S) > m?. Setting o’ := [ -‘ for these semigroups we have

220 -1 o
|Star(S ( U/ > ,
If |Star(S)| < n, this means that o’ < log2 n, i.e.,
F(S
(%) (S) < m?log, n.

Therefore,
Em(n) < C+(m?logyn)™t = C4+m*™ VY (log,n)™* = O(log™ ' n) = O(n®)
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for every € > 0. O

Corollary 7.5. Let S be the set of all numerical semigroups whose
multiplicity s a prime number > 3. Then, for every e > 0, we have

Es(n) = O(nf).

Proof. By [26, Proposition 8.2], we need to consider only semigroups
with multiplicity up to A.loglogn, where A, := @ +e.

There are at most (m?)™~! = m2™~1 semigroups of multiplicity m
with F'(S) < m?; hence, by the proof of the previous theorem we have

m—+2

2
Ep(n) <mAm=D 4 = p2m=Dgem—ly < log" ™ n

log 2 ~ log2
for large n, since m2(™~1 < (A, loglogn)?4<181°8™ < 1og® n. Therefore,

Acloglogn

4
Es(n) = Z En(n) = Z Zn(n) < (Acdoglogn)- o 2 (log n)A6 log logn7
m>3 prime m=5
m prime
which is O(n€). The claim is proved. 0

The proof above is based on the fact that if m(S) is prime then no
generator of S can be too small. The same happens if we consider only
the elements of the Apéry set that are coprime with m(S); however, in
this case, we also need to find a large hole. If F'(S) is even, one easy
solution is using F'(5)/2.

Theorem 7.6. Let S be the set of numerical semigroups of multiplicity
m >4 such that 31 m and F(S) =0 mod 2. Then, for every ¢ > 0,

Es(n) = O(nf).

Proof. Let S,, be the set of numerical semigroup with (fixed) multiplic-
ity m satisfying F'(S) = 0 mod 2; for large n, by the proof Theorem
5.7 we have Zg, (n) = 0 if m > 2loglogn.

As in the previous proof, there are at most m?™ semigroups S of
multiplicity m with F(S) < 2m?.

Fix a semigroup S such that F(S) > 2m? and let 7 := F(S)/2:
then, 7 is an hole of S and, since F(S) > 2m? we have 7 > m?.
Consider the elements 7 — 2 and 7 — 1.

If 7,7 ¢ S, then we can apply Theorem 7.1 with b; = 7 — 2,

(2,m) divide (m, F(5))).

If 74,75 € S, then 7 + 1 and 7 + 2 cannot belong to S (otherwise
T—1474+1=27r = F(5) € S, a contradiction, and analogously
for 7 — 2). Hence, we can apply Theorem 7.1 with by = 7 — m + 2,

bp=7—m+1and o= {@J

m2

bp=7—1land o = LF(S)J applying Lemma 7.3 (since both (1,m) and
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Suppose that 7 —2 € S while 7 — 1 ¢ S. As before, 7+ 2 ¢ S, and
we take by :=7—m-+2 and by := 7 — 1. Then, by — b; = m — 3, and so
(m,m—3) =1 (since 3 { m). Using Lemma 7.3 we can apply Theorem
7.1 with 0 = {%J Analogously, if 7 —2 ¢ S and 7 — 1 € S we use
by =7—m+1and by :=7— 2.

In all cases, we have [Star(S)| > (*7) > 27. Hence, for large n, is

S € 8, satisfies [Star(S)| > n we must have F(S) < m?log,n; as in
the proof of Theorem 7.4 it follows that

2
Zs,, (n) < m*™ + Tog2 log™ ™ n

for large n, and summing on m we have

2
Eg<n) < (2 loglogn>4loglogn+l + 10g2(10gn)A€loglogn — O<ne>

for every € > 0. U

Proposition 7.7. Let S be the set of numerical semigroups of multi-
plicity m > 4 such that F'= 0 mod 6. Then, for every e > 0,

Es(n) = O(nf).
Proof. The proof is entirely analogous to the proof of Theorem 7.6. [J

An interesting point to note is that, if we are interested in an asymp-
totic bound or expression for Z(n), the families considered in Theorems
7.4 and 7.6 or in Proposition 7.7 give a contribution of a lower order
than Z3 (for which Theorem 6.4 gives a linear term); hence, these
families are irrelevant when considering (the dominant term of) the
asymptotic growth for =.

8. LINEAR FAMILIES

In the previous section, Theorem 7.1 has been applied on families
where, while the Frobenius number increases, also the generators (or at
least some of them) increase; this is then used to prove an exponential
bound on |Star(S)|, which in turn gives a bound of type O(n¢) on =Zg.
In general, however, it is possible to have a family of semigroups where
the Frobenius number increases, while some generators remain fixed.

Let S be a numerical semigroup and d > 1 be an integer dividing
m(S). Let {b1,...,bs} be integers such that b; > d- (F(S)+m(S)) and
such that each b; is coprime with m(S). Then, T := (dS,by,...,bs) is a
numerical semigroup. We can divide the Apéry set of T" into two parts,
dAp(S) and a set A :={ay,...,a;} where each q; is bigger than every
element of dAp(S5).

For every k > 0, let now T} := (dS, A + kd); then, T} is still a
numerical semigroup, and T}, = dS U (A + kd + m(T)N). Considering
the family {7} }r>0, this means that one part of the semigroup remains
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fixed for every member of the family, while another part gets smaller
and smaller.

We call a family 7 := {T}}r>1 constructed in this way the linear
family constructed from S, d and {by,...,bs}.

In particular, we have F(Ty) = F(T) + kd; furthermore, if z € N\ S
and x +m(S) € dS, then F(T) —x € T if and only if F(T}) —z =
F(T)+ kd — x € Ty. Suppose now that 7" has only two holes, = and
F(T)— x, and suppose that z+m(S) € dS. Then, the only holes of T,
will be x and F(T') + kd — z; in particular, the method applied in the
previous section using Theorem 7.1 can fail badly, in the sense that the
integer o will be the same for all members of the family. In particular,
the bound on |Star(S)| does not increase with k.

Example 8.1. Start from S = (2,3) and take d = 2. Then, d(F(S) +
m(S)) = 6, so we can take {by,b} = {9,11}. Hence, T":= (4,6,9,11),
while Ty := (4,6,9 + 2k, 11 + 2k). The only holes of T" are 2 and 7, so
the holes of T}, are 2 and 7 + 2k. For the hole a = 2, the only possible
o is 0, while for the hole a = 7 + 2k the set {a —m +1,...,a — 1}
contains a unique element out of S, namely a — m + 2 = 5 + 2k, and
thus Theorem 7.1 cannot even be applied to 7 + 2k.

The only estimate we have is thus Theorem 4.1, which gives |Star(T})| >
g(Ty) + 1 = k + 5 and corresponds to a bound Zr(n) < n — 4, where
T = {Tk}k21~

For this particular family, [22, Proposition 5.8| gives the upper bound
Star(T})| < 65 + 30k, which in particular implies Z7(n) > zn — 5.

A calculation of |Star(7})| for low k suggests that the behavior of
|Star(7% )| is linear in k; more precisely, that |Star(7})| = 51+ 20k, and

thus that Z7(n) = 55n — 31 = 5 (n — 31).

In general, there will be linear families for which |Star(7})| does not
exhibit a linear behavior: for example, if m(5) is odd and coprime with
3 (and so d must be odd too) then F'(T}) will be alternatively even and
odd, and so for at least one half of the semigroups of the family we can
apply Theorem 7.6; the same happens if T" has holes that are bigger
than the elements of dAp(S5).

On the other hand, if the behavior of |Star(7})| is linear (as it seems
to happen in the example), then the contribution of Z7 to = has the
same asymptotic growth of =3, contrary to what happens for the fami-
lies of Section 7. In particular, the overall contribution of these families
will depend also on the precise value of the linear bounds on =, which
seem difficult to calculate theoretically for all families.

In Table 1, we list the precise value of |Star(7})| for a few fami-
lies obtained with the above construction and for which the sequence
{|Star(Ty)|} exhibits (experimentally) a linear behavior.
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S d| {by,...,bs} Ty |Star(T})| Range checked
2.3y 12 {911} (1,6,9+ 2k, 11 + 2k) 51 + 20k 0< k<20
(2,5) | 2| {1521} | (4,10,15+ 2k, 21 +2k) | 1368+ 400k | 0<k <15
(2,7) | 2| {21,23) | (4,14,21 + 2k, 23+ 2&) | 29800 + 6800k | 0 <k <4

TABLE 1. Linear behavior of |Star(.S)].

9. ALGORITHMS AND EXPLICIT DATA

A star operation * is uniquely determined by its restriction x :
Fo(S) — Fo(S). Since Fy(S) is a finite set that can be computed
explicitly, the set of star operations (and, in particular, its cardinality)
can be determined just by listing all maps from Fy(S) to itself and
checking which ones satisfy the properties of a star operation.

An easier way to work algorithmically is to consider the set of closed
ideals. Indeed, a star operation * is also uniquely determined by the set
Fi(S) :={I € Fo(S) | I = I'"}; furthermore, a set A C Fy(S) is equal
to F(S) for some * if and only if it satisfies the following conditions
20, Lemma 3.3]:

e SeA;
o if [,Je A then INJ € A,
eif /e Aand k€I, then (-k+1)NN e A.

In particular, since every star operations is smaller than the divisorial
closure, A must also contain the set FJ(S) = {I € Fo(5) | I = I"}.
Hence, we can write F§(S) = FJ(S)UG;(S), where G5 (S) := Go(S)N
Fi(S). By definition, Gj(S) must be downward closed in the *-order:
thus, we need only to check the subsets of Gy(S) that are downward
closed, and these can be constructed recursively (either directly or by
constructing the antichains © of Gy(S) and then considering the sets
Ot :={J | J <. I for some I € ©}). Furthermore, for any ideal I, the
ideals I N J (for J divisorial) and (—k + I) NN (for k € I) are always
x-smaller than 7, and thus they do not need to be checked.
Therefore, we can write the following algorithm to calculate the car-
dinality of Star(.S).
(1) Find all ideals in Fy(S):
(a) find Ap(S) = {0 = ag,a1,...,am_1}, where m = m(S) and
a; = 1 mod m;
(b) for each 1 <i<m —1, let b; := |a;/m];
(c) for each vector v :=[cy, ..., ¢p_1] such that 0 < ¢; < b; for
all ¢, consider the set I(v) := S U, (¢; + mN);
(d) if I(v) is an ideal, store it into Fy(.S).
(2) Divide Fy(S) into F(S) and Go(S) by checking whether I = I”
or I # IV for all T € Fy(S).
(3) Construct the s-order by checking if I <, J or J <, I for every
pair (1, J).
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(4) For all downward closed subset A of Gy(S):
(a) consider A := AU FJ(S);
(b) check if INJ € Aforall I,J € A;
(c) if this condition holds, A = F;(S) for some star operation
x.

This algorithm has been implemented in GAP, using the functions
of the package numericalsgps [4, 3].

To calculate explicitly Z(n) (for some n > 2), we can use Theorem
4.1 and Proposition 5.6 to limit the calculation to a finite number of
semigroups, and the estimates in Sections 5-7 to greatly shrink the
number of semigroups.

(1) Find the maximal m such that w (["52]) < n (call it M);

(2) For m = 3, calculate how many binomial coefficients (Z) satisfy
a-+b=1mod 3 and (Z) < n.
(3) For 4 <m < M, find all numerical semigroups S of multiplicity
m with ¢(S) <n —1.
(4) For every such semigroup S:
(a) for every a € N\ S, bound w;(Q,) by using Proposition
5.6, Theorem 7.1 or an explicit calculation;
(b) if their sum is strictly larger than n, by Corollary 5.5 we
have [Star(S)| > n;
(c) if the sum is at most n, calculate explicitly |Star(S)].
Remark 9.1.

(a) The number of numerical semigroups of multiplicity m and
genus up no n— 1 grows polynomially, and M grows very slowly
with n (as a double logarithm of n, by [26, Proposition 8.2] /The-
orem 5.7 — for example, if n = 7000 we have only M = 7).

(b) Those semigroup can be efficiently found by solving linear in-
equalities, using the so-called Kunz polytope of S (see [18, 10]).

(c) Step 4 of the algorithm is very flexible, because it allows to use
any kind of estimate on |Star(S)| before calculating it explic-
itly. For example, it is possible to use first Proposition 5.6 to
obtain a quick estimate, and then, for those semigroups whose
estimate is below n, calculate explicitly all of the sets Q, (which
is slower, but gives a better bound). It can also be used with
other estimates, not necessarily depending on Q,.

Using this algorithm, I calculated Z(n) and =,,(n) for all n < 150,
and Z,,(n) for m € {3,5,7} and for all n < 2000 (for m = 4 and
m = 6, the fact that m is not prime introduces linear families, which
slow down considerably the calculation). Tables 2 and 3 show these
values, and Table 4 lists those semigroups for m(S) > 3.
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TABLE
3. En(n)
for
n <
2000
and
m
TABLE 2. =(n) for n < 150. c 3
— — — — — ——5;7}.
n En) [ Z3(n) | Za(n) | Zs(n) | Ze(n) | Z7(n)
10 8 7 1 0 0 0 Es(n) | Z5(n) | =7(n)
SOl 2r g 22 4 L O oo | J14s | 13 | 0
40 40 31 6 3 0 308 290 16 0
50 46 37 6 3 0 40Q 290 21 0
60 57 46 8 3 0 508 361 921 0
70 69 54 9 6 0 608 431 929 0
80 76 60 10 6 0 70@ 500 929 0
90 83 67 10 6 0 808 570 929 0
100 93 75 11 7 0 908 639 24 0
110 101 82 12 7 0 10&) 709 24 0
120 111 | 90 | 13 | 8 0 |udll 776 | 25 | o
130 122 | 98 | 15 | 9 0 [l lsis | 2 |1
140 | 131 | 105 | 17 | 9 0 3| lowa | 25 | 1
150 141 | 112 | 17 | 12 | 0 [udl lose | a8 |1
1500 || 1050 28 1
1600 || 1120 28 1
1700 || 1186 29 1
1800 || 1257 30 1
1900 || 1326 30 1
2000 || 1393 30 1

10. THE RING VERSION

Suppose D is an integral domain with quotient field K. A star
operation on D is a map * : F(D) — F(D) that is extensive, order-
preserving, idempotent, satisfies D = D* and such that x - I* = («I)*
for all z € K and all I € F(D) (where F(D) is the set of fractional
ideals of D, i.e., of the D-submodules I of the quotient field K of D
such that I C D for some x # 0).

The concepts of principal star operations and of the x-order can be
introduced also for rings; however, in general, there is no set corre-
sponding to Fo(S) (and so to Gy(S)). Furthermore, it can be *; = %,
even if I, J are nondivisorial and I # xJ for all x.
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TABLE 4. Numerical semigroups with few star opera-
tions (with |Star(S)| in parentheses).

m(S) = 4, |Star(5)| < 150

e (4,5,7) (7) e (4,11,13) (63) o (4,13,15)
e (4,5,6,7) (14) e (4,6,11,13) (127)
o (4,5,11) (14) (71) e (4,7,13) (129)
o (4,7,9) (15) e (4,6,13,15) e (4,6,17,19)
e (4,9,11) (31) (91) (131)
o (4,6,7,9) (32) e (4,7,10,13) e (4,7,9,10)
o (4,6,9,11) (105) (131)

(51) e (4,6,15,17)
o (4,7,17) (57) (111)

m(S) = 5, [Star(S)| < 2000

e (5,6,7,9) (21) e (5,6,7,8,9) e (5,7,8,9,11)
e (5,6,13) (31) (163) (824)
e (5,6,7) (32) e (5,6,14) (206) e (5,8,11) (867)
e (5,7,16) (63) e (5,9,22) (255) e (5,11,28)
e (5,7,13) (65) e (5,6,19) (275) (1023)
e (5,6,8) (68) e (5,7,9,13) e (5,6,13,14)
e (5,8,9,11) (340) (1331)

(96) e (5,9,16) (351) e (5,8,9) (1356)
e (5,7,8) (117) e (5,7,8,11) e (5,11,12,14)
e (5,8,19) (127) (369) (1363)

e (5,8,11,12) e (5,6,9,13) e (5,7,23)

(141) (387) (1685)

e (5,7,9) (147) e (5,9,12,13) e (5,8,9,12)
e (5,6,8,9) (400) (1726)
(148) e (5,7,11) (539)

m(S) =7, |Star(S)| < 2000
o (7,8,9,19) (1116)

In this section, we want to study star operations on a class of domains
which is close to numerical semigroup. In particular, we shall study
domains R satisfying the following conditions:

R is Noetherian, one-dimensional and local;

its integral closure V' is a discrete valuation ring (DVR);

the conductor ideal (R : V') is nonzero;

the extension of residue fields R/mg C V/my induced by the
extension R C V is an isomorphism.
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Note that, in the previous conditions, we could have dropped “one-
dimensional” and “local”, since they follow from the fact that the in-
tegral closure is a DVR. An equivalent characterization is that the
domains we study are one-dimensional local Noetherian domains that
are analytically irreducible and residually rational.

From now on, fix a discrete valuation ring V', and denote by Z(V') the
domains of this form whose integral closure is V'; R will be a domain in
(V') and m its maximal ideal. We shall use v to denote the normalized
valuation relative to V: then, the set v(R) := {v(r) | r € R} is a
numerical semigroup.

The question we want to answer in this case are the same of the
numerical semigroup case: is the number of rings in Z(V') with exactly
n star operations finite? how many have less than n star operations?
how to bound |Star(R)|, for R € Z(V)? For n = 1, the answer is well-
known: |Star(R)| = 1 if and only if R is Gorenstein, which happens
if and only if v(R) is symmetric, i.e., if and only if [Star(v(R))| = 1
2, 14).

Define Fo(R) :={/ € F(R) | R C I C V}: then, every fractional
ideal I is isomorphic to an element of Fy(R) (just take z~'I, where
x € I satisfies v(z) = minv(])). However, unlike the semigroup case,
this ideal is not unique: that is, if y € I is another element of minimal
valuation, it may be that =!I # y~'I. In particular, we can have
sy-17 = *,-17 even if x~11 # y~'I. However, if I and .J are in Fy(S) and
not divisorial, then %; = %; implies that v(I) = v(J) [20, Proposition
6.4]. We can thus prove an analogue to Theorem 4.1.

Proposition 10.1. Let R € Z(V), and suppose that R is not Goren-
stein. Then, |Star(R)| > g(v(R)) + 1.

Proof. Let S := v(R), let 7 € T(S) \ {9} and let A := min{r,9 — 7}.
For any positive a € N, let T, := RU{¢p € V | v(¢) > a}; then,
T, is aring in Z(V) and v(T,) = v(R)U{x € N | x > a}, so that
F(v(T,)) = a. We let Q, be a canonical ideal of T,; in particular, v(£2,)
is the canonical ideal of v(T,), i.e., v(Q,) ={t e N|a—t € v(T,)}.

Let z € N\ S. We distinguish three cases.

Ifex<Xdand A—xz ¢ S, let I, := R+{¢ € Q) | v(¢) > z}. Then, I,
is an R-module, and v(I,) = v(R)U{t € v(2)) | t > z}; in particular,
A ¢ v(I,), and thus v(I,) is not divisorial over S, which implies that
I, is not divisorial over R [1, Lemma I1.1.22].

Ifx<Xand A—z € S, let y := g(S) — A +z = g(S) — (N —x),
and define I, := RU{¢ € V' | v(¢) > y}. Then, v(I,) is not divisorial
since it contains ¢(S) but not g(S) — A, and so I, is not divisorial.

If x> Xand z # g(S), let I, := €, then, I, is not divisorial since
otherwise T, = (£, : ,) would be divisorial, against the fact that
v(T;) contains g(S) but not A (if z = g, then €, is not divisorial since
otherwise S would be symmetric).
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It is straightforward to see that v(I,) # v(/,) for x # y; hence, each
one generates a different star operation, and |Star(R)| > g(v(R)) +
1. U

We also note that Proposition 5.6 carries over to the domain case,
and in particular |Star(R)| > w(v(v(R))). We now prove an analogue
of Theorem 4.2, but we have to add an important additional hypothesis.

Theorem 10.2. Let V' be a DVR with finite residue field.

(a) Every R € Z(V) has only finitely many star operations.
(b) For every n > 1, the set {R € Z(V) | 2 < |Star(R)| < n} is
finite.

Proof. The first claim is a special case of [8, Theorem 2.5]. (It follows,
for example, from the fact that Fo(R) is finite.)

For the second claim, we see that if 2 < |Star(R)| < n, then v(R)
is not symmetric and g(v(R)) < n — 1; hence, there are only finitely
many possible v(R). Furthermore, since the residue field of V' is finite,
for any S there are only finitely many R such that v(R) = S [20,
Lemma 5.13(a)]; hence, there are only finitely many R € Z(V') with
|Star(R)| < n. The claim is proved. O

In the previous theorem, the restriction to a finite residue field is not
really restricting, since otherwise Star(R) is very often infinite.

Proposition 10.3. Let R € Z(V), and suppose that the residue field F
of R is infinite; suppose also that R is not Gorenstein. If m(v(R)) > 3,
then Star(R) is infinite.

Proof. Let A := (m : m); then, A is a ring, and it is local since its
integral closure is V. Since R is not Gorenstein, dimp(A/m) > 2 [2,
Theorem 6.3]. If dimp(A/m) > 4, then [Star(R)| = oo by [8, Corollary
2.8]. If dimp(A/m) = 3, then following [9] let N be the maximal ideal
of A and let B := (N : N); by [9, Theorem 2.15], if Star(R) is finite
then B =V and dimp(B/mB) = 3. By [15],

dimp(B/mB) = |[v(B) \ v(mB)| = m(v(R))
since mB contains all elements of valuation m(v(R)) or more. Hence,
if m(v(R)) > 3 then Star(R) is infinite, as claimed. O
We can also obtain an explicit version of Theorem 10.2.

Lemma 10.4. Let F' be a finite field of cardinality q, and let W be a
vector space over F' of dimension n. Then, W has at most 2"¢""~1/2
vector subspaces.

Proof. The number of vector subspaces of W of dimension £ is the
q-binomial coefficient (or Gaussian binomial coefficient)

(n) @)@ =) - )

k (¢" =g =1)---(¢g—1)
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(see e.g. [27, Proposition 1.3.18] or [6, Chapter 13, Proposition 2.1]).
Using the g-binomial theorem [27, Chapter 3, Exercise 45] with y =
z =1 we have

n—1

Z ( ) Zq (k—1) /2( ) _ H(l + qk) < ann(n—l)/27
k=0 q 4 k=0
as claimed. 0

Theorem 10.5. There is a constant C' such that, for all discrete val-
uation rings V' with residue field F' of finite cardinality q and for all
n}

Ev(n)={ReZ(V)|2 < |Star(R)| < n}| < O(4gp)nqn(2n—1)

where ¢ 1= H‘[ 1s the golden ratio.

Proof. 1f |Star(R)| < n, then by Theorem 10.2 we have g(v(R)) < n—1,
and by [30] there are at most C"p" ! semigroups with this property, for
some constant C’. If S is a numerical semigroup, then as in the proof

of [20, Lemma 5.13(a)] the R € Z(V') such that v(R) = S correspond
to certain F-vector subspaces of V/ mF(S)Jrl since F'(S) < 2¢(S), using
Lemma 10.4 we see that each S gives at most 22"¢™?"~1) rings. Hence,

Ev(n) < Clgpn_l . 22”(1”(2”—1) — 0(490>n n(2n—1)
with C' := C"/ . 0

In this bound, the term ™ can be substituted by a better bound,
using (the analogue of) Proposition 5.6; however, the main term is
¢"?"=Y_ whose lowering hinges on a more precise grasp of how many
rings correspond to a given semigroup.

In general, the cardinality of Star(R) does not depend only on S =
v(R) and on the residue field of V', but also on the precise nature of
R itself; as a consequence, while it is possible to calculate explicitly
|Star(R)| for a fixed R, in general there will not be a general formula
(valid for each R). Sometimes, however, knowing S and the residue
field is everything we need.

Proposition 10.6. Let V be a DVR with residue field F', and let ¢ :=
|F|. Let R € Z(V). Then:
(a) [8, Theorem 3.8] if v(R) = (3,4,5), then |Star(R)| =
(b) [8, Example 3.10] if v(R) = (3,5,7), then |Star(R)| =
(c) [23, Proposition 3.4] if v(R) = (4,5, 7), then |Star(R)| = 22‘1+3
(d) 28, Corollary 4.1.2] if v(R) = (4,5,6,7), then |Star(R)| =
22q+1 + 2q+1 + 2.
Remark 10.7.

(a) If ¢ = oo, then the last two cases should be interpreted as saying
that Star(R) is infinite.
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(b) The proofs given in [8, Example 3.10] and [28, Corollary 4.1.2]
for v(R) = (3,5,7) and v(R) = (4,5,6,7) (respectively) were
given only in the case R = K|[[S]]. However, their proofs can
be applied also to the general case.
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