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Abstract

A natural operation on numerical semigroups is taking a quotient by a positive integer. If S is a quotient
of a numerical semigroup with k generators, we call S a k-quotient. We give a necessary condition for
a given numerical semigroup S to be a k-quotient and present, for each k > 3, the first known family
of numerical semigroups that cannot be written as a k-quotient. We also examine the probability that a
randomly selected numerical semigroup with k generators is a k-quotient.
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1. Introduction

We denote N = {0, 1,2,...} and we define a numerical semigroup to be a set S C N
that is closed under addition and contains 0. A numerical semigroup can be defined by
a set of generators,

{ai,...,ay) ={aix; +--- +a,x, : x; € N},

and if ay, ..., a, are the minimal set of generators of S, we say that S has embedding
dimension e(S) = n. For example,

(3,5)=10,3,5,6,8,9,10,.. .}

has embedding dimension 2.
If S is a numerical semigroup, then an interesting way to create a new numerical
semigroup is by taking the quotient
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by some positive integer d. Note that S/d is itself a numerical semigroup, one that in
particular satisfies S € §/d € N. For example,
3,5
<2—> =1{0,3,4,5,...} =(3,4,5).
Quotients of numerical semigroups have appeared in the literature over the past couple
of decades [17, 21] as well as recently [1, 14]. See [18, Ch. 5] for a thorough overview.

DEFINITION 1.1. We say a numerical semigroup S is a k-quotient it S = (ay, ..., ax)/d
for some positive integers d, ay, ..., ag. The quotient rank of S is the smallest k such
that S is a k-quotient, and we say S has full quotient rank if its quotient rank is e(S)
(since § = 8/1, its quotient rank is at most e(S)).

Numerical semigroups of quotient rank 2 are precisely the proportionally modular
numerical semigroups [22], which have been well studied [6, 20]. This includes
arithmetical numerical semigroups (whose generators have the form a,a +d,...,
a + kd with gcd(a,d) = 1), which have a rich history in the numerical semigroup
literature [2, 4, 9]. In fact, generalised arithmetical numerical semigroups [16], whose
generating sets have the forma, ah + d, . . ., ah + kd, can also be shown to have quotient
rank 3.

For quotient rank k£ > 3, much less is known. It is identified as an open problem
in [8] that no numerical semigroup has been proven to have quotient rank at least 4.
Since then, the only progress in this direction is [13], wherein it is shown that there
exist infinitely many numerical semigroups with quotient rank at least 4, though no
explicit examples are given.

With this in mind, we state the main question of the present paper.

MAIN PROBLEM. When is a given numerical semigroup S a k-quotient?
Our main structural results, which are stated in Section 2, are as follows.

* We prove a sufficient condition for full quotient rank (Theorem 2.1), which we use to
obtain, for each k, a numerical semigroup of embedding dimension k& + 1 that is not a
k-quotient (Theorem 3.1). When k > 3, this is the first known example of a numerical
semigroup that is not a k-quotient. We also construct, for each k, a numerical
semigroup that cannot be written as an intersection of k-quotients (Theorem 3.2),
settling a conjecture posed in [13].

* We prove quotient rank is sub-additive whenever the denominators are coprime.
This provides a new method of proving a given numerical semigroup is a quotient:
partition its generating set and prove that each subset generates a quotient, for
example,

(11,12, 13,17, 18,19, 20) = (11,12, 13) + (17, 18, 19, 20) = <11’213> + <17’320>

_ 311, 13) + 2(17,20) (33,34, 39, 40)

2-3 6 '
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We use this result to prove that any numerical semgiroup with maximal embedding
dimension (that is, the smallest generator equals the embedding dimension) fails to
have full quotient rank (Theorem 4.5).

Our remaining results are probabilistic in nature. We examine two well-studied
models for ‘randomly selecting’ a numerical semigroup: the ‘box’ model, where the
number of generators and a bound on the generators are fixed [3, 5, 7]; as well as
a model where the smallest generator and the number of gaps are fixed [10], whose
prior study has yielded connections to enumerative combinatorics [19] and polyhedral
geometry [11, 12]. We prove that under the first model, asymptotically all semigroups
have full quotient rank (Theorem 4.1), while under the second model, asymptotically
no semigroups have full quotient rank (Theorem 4.5).

Our results also represent partial progress on the following question, which has
proved difficult.

PROBLEM 1.2. Given a numerical semigroup S and a positive number k, is there an
algorithm to determine whether S is a k-quotient?

REMARK 1.3. Some texts require that the generators of a numerical semigroup be
relatively prime, so that N\ S is finite. This assumption is harmless, since any
numerical semigroup can be written as mS, where the generators of S are relatively
prime, and it does not affect k-quotientability: given a positive integer d, one can
readily check that

ms _ m,(é)
a \a/
where m’ = m/ ged(m,d) and d’ = d/ gcd(m, d).

2. When is S not a k-quotient?

In this section, we give two structural results. The first (Theorem 2.1) is a necessary
condition for a given numerical semigroup S to be a k-quotient, which forms the
backbone of the constructions in Section 3 and the probabilistic results in Section 4.
The second (Theorem 2.3) is a constructive proof that quotient rank is sub-additive,
provided the denominators are relatively prime.

In what follows, we write [p] = {1,2,..., p} for any positive integer p, and given a
collection of vectors {v;} and a set of indices /, we define v; = 3 };; v;.

THEOREM 2.1. Suppose

_ bi b
d

for some b; € N and positive integer d. Given any elements si,...,s, € S with p > k,
there exists a nonempty subset I C [p] such that s;/2 € S.

S
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PROOF. Letb = (by,...,b;).For 1 <i < p,lete; = (cit,...,ci) € N be such that
s; = d(cpby + -+ + cubp),

which exist since s; € S. For a vector v eZ*, define vmod2eZ! to be the
coordinate-wise reduction of v modulo 2. For J C [p], examine ¢; mod 2. There
are 27 possible J and 2k possible values for ¢; mod 2, with p > k, so there must be two
distinct J; and J, such that

¢;, mod 2 = ¢;, mod 2.
Let ] = (J; \ J2) U (J2 \ Jq) be their symmetric difference, which is nonempty. Then,

¢; mod 2 = cy +Cp, — 2(3JI|qJ2 mod 2 =0,

so ¢; has even coordinates. Let ¢; = (2q, .. ., 2q;) where g; € N. Then,
k k
$1/2= ) (d- (cuby + -+ cub)/2 =d ) by Y cj/2=d ) gib;
icl =1 iel =1
is an element of S, as desired. |
COROLLARY 2.2. Let 8 ={ay,...,a,) be a numerical semigroup. If S does not have

full quotient rank, then there exists I C [n] such that
a]€<ajlj¢l>.

PROOF. By applying Theorem 2.1 to the generating set {ai,...,a,}, we see that
ay/2 € S for some J C [n]. So there exist ¢, € N such that

Z aj = Z 2c,a,,

jeJ rerR

where R = {r : ¢, > 0}. Letting I = J \ R and subtracting each a; with j € J N R from

both sides, we have
a; = Zai = Z 2c, — Da, + Z 2c,a,

iel reJNR reR\J
is an element of {(g; : j ¢ I), as desired. Note that I is nonempty, as otherwise
O=ar= > Qc,—Da,+ Y 28,2 Y ar=> a,>0
reJNR reR\J reJNR reJ

since J is nonempty, which is a contradiction. ]

THEOREM 2.3. If S and T~ are numerical semigroups and gcd(c,d) = 1, then
S T dS+cT

+
c d cd
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PROOF. First suppose that x € S/c + 7 /d. Then x = s+ ¢, where cse Sand dt € T,
SO

cdx = d(cs) + c(dt) € dS + T,

which implies x € (dS + ¢7)/cd. Note this containment does not require ged(c, d) = 1.
However, suppose cdx € dS + ¢T, so

cdx =ds+ct forsomeseS,te7. 2.1)

In particular, ct = d(cx — s) is a multiple of d. Since ¢ and d are relatively prime, this
implies that ¢ is a multiple of d, say ¢ = bd. Since t € 7, we conclude that b € 7 /d.
Similarly, we can write s = ac for some a and so a € S/c.

Substituting t = bd and s = ac into (2.1), we obtain

cdx = dac + cbd = cd(a + b).
By cancellation, we obtain x = a + b witha € §/c and b € 7 /d, as desired. O

Given the ease of proving Theorem 2.3, it is surprisingly more difficult when the
denominators do have a common factor. In a follow-up to this current paper, we
will translate the quotient operation into a geometric setting, which will allow us to
generalise Theorem 2.3 to drop the ‘coprime denominators’ hypothesis. Intriguingly,
the translation can cause a large blow-up in the numbers, for example,

(11, 13) . (17,19) (2416656, 2894591, 3441983, 3869571)
2 2 25357536 '
Based on experimentation, this blow-up seems necessary.

3. Some families of numerical semigroups with full quotient rank

In this section, we produce two families of numerical semigroups: those in the first
have embedding dimension k + 1 but are not k-quotients, so in particular have full
quotient rank (Theorem 3.1); and those in the second are not even infersections of
k-quotients (Theorem 3.2).

THEOREM 3.1. Given a positive integer k, let a > 2* be an integer. Define a; = 2a + 2!
fori=0,1,...,k Then the numerical semigroup

S ={ao,ar, ..., ar)
is not a k-quotient.

PROOF. For 1 <j<2K—1, let b; = w(j)a + j, where w(}j) is the number of 1s in the
binary representation of j. We first prove that if 7 is any k-quotient that contains
ao,...,ax (so 7 =8 will be an example), then there exists j (1 <j < 2% —1) such
that b; € 7. Indeed, we apply Theorem 2.1. We know that there exists a nonempty
I1c{0,1,...,k} such that a;/2 € 7. If 0 € I, then g, is odd and q;/2 is not an integer,
sowe know I C {1,...,k}. Let
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j=y 2

iel
We have 1 <j < 2% -1, and
a/2 = Z(Za +21)/2 = lla + Z 271 = w(j)a+j= b,
i€l iel
sob €T

Now we apply this to 7" = S. Seeking a contradiction, suppose S is a k-quotient,
so that some b; € S, that is, b; = Zf:o a;x; with x; € N. Examining this sum modulo a,
and noting that b; = j (mod a) and a; = 2/ (mod a), we see that

k

Zx,- > w(}j).

i=0
However, a sum of w(j) generators of S is too large:
w(a+j=b;>w(j) a)=w(2a+1)>w(jla+a> a)(j)a+2k,
which is a contradiction. Therefore, b; ¢ S and so S cannot be a k-quotient. |
THEOREM 3.2. Given a positive integer k > 2, let a > k2% be an integer. As before,

define a; = 2a +2' and b; = w(j)a + j, where w(}j) is the number of Is in the binary
representation of j. Let N = (2k + 1)a. Then,

S = (ag,al, e ,ak,N— bl,N— bz, .. .,N— bzk_]>
cannot be written as an intersection of k-quotients.

PROOF. Suppose, seeking a contradiction, that S=)_ S;, where the S, are
k-quotients. Each S, must contain ay, ay, . . . , a;, and we noted in the proof of Theorem
3.1 that this implies that S, must contain b; for some j. However, then S, contains
both b; and N — b;, and so additive closure implies that it contains N. This means
N € m?:l S =38. Let

k 2k_1
N = Z ax; + Z;(N —~ b)y;, (3.1)
i= Jj=

where x;,y; € N. We break into three cases.
o If 3}, y; > 2, then (3.1) would be too large, as for some ji, ja,
2k+1a=N2>= (N -b;)+ (N -b;)
= 2N — (w(j1) + w(j2))a = (1 + j2)
> 2.2k + Da—2ka-2-2*
= (2k + 2)a — 2K,

which is impossible since a > 2¢*1.
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o If 3;y; =1, then (3.1) uses exactly one N — b;. However, then N = (N — b)) + b;
implies that b; € {ap,a; ..., ar), which we saw was impossible in the proof of
Theorem 3.1 since a > 2.

« If 3;y; =0, then N = }; a;x;. If }; x; <k, then

2k + Da = N < k(2a +2%),
which is impossible since a > k2*. However, if 3 i X; > k, then
2k+1a=N2>k+1)Q2a+1)> 2k + 1)a,
which is also impossible.

In each case, we obtain a contradiction. O

4. How often do numerical semigroups have full quotient rank?

In this section, we consider the question ‘how likely is a randomly selected
numerical semigroup to have full quotient rank?” We consider two sampling methods.
The first is the ‘box’ method, wherein a fixed number of generators are selected
uniformly and independently from an interval [1, M]. Numerical semigroups selected
under this model have high probability (that is, approaching 1 as M — o) of having
full quotient rank.

THEOREM 4.1. Fix a positive integer n. If S ={ay, ...,a,), where ay,...,a, € [M] are
uniformly and independently chosen, then the probability that S has full quotient rank
tends to 1 as M — oo. More precisely, this probability is 1 — O(M~/").

PROOF. By Corollary 2.2, it suffices to bound the probability that there exists I C [n]
such that a; € (g, : j ¢ I). Let A be this event, and let B be the event where a; < M=)/
for some i. We will use the fact that

Pr(A) = Pr(B) Pr(A | B) + Pr(B°) Pr(A | B) < Pr(B) + Pr(A | B).

For the first term, the union bound gives

M(n—l)/n) n

Pr(B) < n( i = i

For the second term, fix a nontrivial subset I C [n] and b; € N for i ¢ I. If b; > nM/"
for some i ¢ I, then since every a; is greater than M®~D/" we have

> by = biai > (aM MO = .
el
However, a; cannot be this large because it is the sum of at most n — 1 integers that

are each at most M. So we need only consider b; < nM'/". Letting i* = min(/) and
m = nM'/",
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Pr(A B < Y ZPr(Zai=Zbiai

ay,...,a, > M”/(”*l))

IC[n] bj<m iel il

1#0 jgI
= 3 S pelar = Y b=y a0 )

IC[n] bi<m i¢l iel\{i*}

10 eI

1 om_9 Ml/n n—1 om_9 n—1
< Z Z < ( YnM Y ( nm ’
M — M(Vl—l)/n M — M(n—l)/n Ml/n -1
IC[n] bj<m
10 eI

where the second inequality comes from the fact that for any choice of the a; with

i # i", there is at most one choice of a; that makes the linear equation hold. Thus,

(2" - 2)n"! n
M1 M1

which completes the proof. i

Pr(A) < = oM™,

REMARK 4.2. The ‘minimally generated’ and ‘finite complement’ conditions, which
are often imposed on numerical semigroups, do not affect Theorem 4.1. Indeed, under
this ‘box’ probability model, the chosen generators aj, . .., a, need not form a minimal
generating set. Since the quotient rank is at most the embedding dimension, the
(asymptotically rare) event that the rank of S is less than n contains the event that
the chosen generating set is not minimal. Additionally, the probability that ay, ..., a,
are relatively prime approaches the positive constant 1/{(n) by [15], where {(n) is the
Reimann zeta function Z;’Zl 1/i". Therefore, even if one restricts to those ay, . . ., a, that
are relatively prime, the conditional probability that the quotient rank of the resulting
numerical semigroup is less than # still tends to 0.

Under the second model, a numerical semigroup S is selected uniformly at random
from among the (finitely many) with a fixed smallest generator m and number of
gaps g. Such numerical semigroups have high probability (that is, tending to 1 as
g — oo) of having embedding dimension m (such numerical semigroups are said to
have maximal embedding dimension). We prove that maximal embedding dimension
numerical semigroups never have full quotient rank, illustrating a stark contrast in
asymptotic behaviour to the first model.

We first recall a characterisation of quotient rank 2 numerical semigroups, which
appears in [18] as a characterisation of proportionally modular numerical semigroups
in the case gcd(S) = 1. Our statement here is more general, thanks to Remark 1.3.

THEOREM 4.3. A numerical semigroup S with gcd(S) = D has quotient rank 2 if and
only if there exists an ordering by, . . ., b, of its minimal generators such that:

(@) ged(by,bis))=Dforl1 <i<n-1;and
(b) b;_1 + by is divisible by b; for2 <i <n-— 1.
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LEMMA 4.4. For any a,b,m > 1, the numerical semigroup S = (m,am — 1,bm + 1) is
a 2-quotient.

PROOF. If e(S) < 2, then § is clearly a 2-quotient. Otherwise, letting by = am — 1,
by =m and b3 =bm+1, it is clear that gcd(by,b;) = gcd(by,b3) =1 and that
by | (b1 + b3). As such, S is a 2-quotient by Theorem 4.3. O

THEOREM 4.5. If m = min(S \ {0}), then S is an (m — 1)-quotient. In particular, if
e(S) = m, then S does not have full quotient rank.

PROOF. If § = §/1 has embedding dimension less than m, then the proof is immedi-
ate. If not, then S has m minimal generators, and so they must all have distinct residues
modulo m. That is,

S=(mbm+1,...,bp_im+ (m—1))
for some positive integers by, ..., b,-1. Write S = S + S,, where
S] = (m, bym + 1, bk,lm + (m— 1)), 32 = <b2m +2,..., bm,zm + (m— 2))

Now by Lemma 4.4, S; as a 2-quotient, and S, = S5/1 is trivially an (m — 3)-quotient.
Since 1 is coprime to every integer, Theorem 2.3 implies S is an (m — 1)-quotient. O

Acknowledgements

The authors thank Pedro Garcia-Sanchez, John Goodrick and Francesco Strazzanti
for helpful conversations.

References

[1] A. Adeniran, S. Butler, C. Defant, Y. Gao, P. Harris, C. Hettle, Q. Liang, H. Nam and A. Volk,
‘On the genus of a quotient of a numerical semigroup’, Semigroup Forum 98(3) (2019), 690-700.

[2] J.R. Alfonsin, The Diophantine Frobenius Problem, Oxford Lecture Series in Mathematics and its
Applications, 30 (Oxford University Press, Oxford, 2005).

[3] I Aliev, M. Henk and A. Hinrichs, ‘Expected Frobenius numbers’, J. Combin. Theory Ser. A 118(2)
(2011), 525-531.

[4] J. Amos, S. Chapman, N. Hine and J. Paixdo, ‘Sets of lengths do not characterize numerical
monoids’, Integers 7 (2007), Article no. AS0.

[S] V. Arnol’d, “‘Weak asymptotics of the numbers of solutions of Diophantine equations’, Funktsional.
Anal. i Prilozhen. 33(4) (1999), 65-66.

[6] M. Bullejos and J. C. Rosales, ‘Proportionally modular Diophantine inequalities and the
Stern—Brocot tree’, Math. Comp. 78(266) (2009), 1211-1226.

[71 Z. Burgein and Y. Sinai, ‘Limit behavior of large Frobenius numbers’, Uspekhi Mat. Nauk 62(4)
(2007), 77-90.

[8] M. Delgado, P. Garcia-Sanchez and J. Rosales, ‘Numerical semigroups problem list’, Preprint, 2013,
arXiv:1304.6552.

[9] P. Gimenez, I. Sengupta and H. Srinivasan, ‘Minimal graded free resolutions for monomial curves
defined by arithmetic sequences’, J. Algebra 388 (2013), 294-310.

[10] N. Kaplan, ‘Counting numerical semigroups’, Amer. Math. Monthly 124(9) (2017), 862-875.
[11] N. Kaplan and C. O’Neill, ‘Numerical semigroups, polyhedra, and posets I: the group cone’,

Combinatorial Theory 1 (2021), Article no. 19.

https://doi.org/10.1017/5S0004972723000035 Published online by Cambridge University Press


https://arxiv.org/abs/1304.6552
https://doi.org/10.1017/S0004972723000035

76

[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
(21]

[22]

T. Bogart, C. O’Neill and K. Woods [10]

E. Kunz, ‘Uber die Klassifikation numerischer Halbgruppen’, Regensburger Math. Schr. 11 (1987),
81 pages.

M. A. Moreno, J. Nicola, E. Pardo and H. Thomas, ‘Numerical semigroups that are not intersections
of d-squashed semigroups’, Canad. Math. Bull. 52(4) (2009), 598-612.

A. Moscariello, ‘Generators of a fraction of a numerical semigroup’, J. Commut. Algebra 11(3)
(2019), 389—400.

J. E. Nymann, ‘On the probability that k positive integers are relatively prime’, J. Number Theory
4(5) (1972), 469-473.

M. Omidali and F. Rahmati, ‘On the type and minimal presentation of certain numerical
semigroups’, Comm. Algebra 37(4) (2009), 1275-1283.

J. Rosales and P. Garcia-Sdnchez, ‘Pseudo-symmetric numerical semigroups with three generators’,
J. Algebra 291(1) (2005), 46-54.

J. Rosales and P. Garcia-Sanchez, Numerical Semigroups, Developments in Mathematics, 20
(Springer-Verlag, New York, 2009).

J. Rosales, P. Garcia-Sanchez, J. Garcfa-Garcfa and M. Branco, ‘Systems of inequalities and
numerical semigroups’, J. Lond. Math. Soc. (2) 65(3) (2002), 611-623.

J. Rosales, P. Garcia-Sédnchez, J. Garcia-Garcia and J. Urbano-Blanco, ‘Proportionally modular
Diophantine inequalities’, J. Number Theory 103(2) (2003), 281-294.

J. C. Rosales, ‘Numerical semigroups that differ from a symmetric numerical semigroup in one
element’, Algebra Collog. 15(1) (2008), 23-32.

J. C. Rosales and J. M. Urbano-Blanco, ‘Opened modular numerical semigroups’, J. Algebra 306(2)
(2006), 368-377.

TRISTRAM BOGART, Departamento de Matematicas,
Universidad de los Andes, Bogotd, Colombia
e-mail: tc.bogart22 @uniandes.edu.co

CHRISTOPHER O’NEILL, Mathematics Department,
San Diego State University, San Diego, CA 92182, USA
e-mail: cdoneill @sdsu.edu

KEVIN WOODS, Department of Mathematics,
Oberlin College, Oberlin, OH 44074, USA
e-mail: kwoods @oberlin.edu

https://doi.org/10.1017/5S0004972723000035 Published online by Cambridge University Press


mailto:tc.bogart22@uniandes.edu.co
mailto:cdoneill@sdsu.edu
mailto:kwoods@oberlin.edu
https://doi.org/10.1017/S0004972723000035

	1 Introduction
	2 When is S not a k-quotient?
	3 Some families of numerical semigroups with full quotient rank
	4 How often do numerical semigroups have full quotient rank?

