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CYCLOTOMIC NUMERICAL SEMIGROUPS
ALEXANDRU CIOLAN, PEDRO A. GARCIA-SANCHEZ, AND PIETER MOREE

ABSTRACT. Given a numerical semigroup S, we let Ps(x) = (1 — ) x* be its semigroup polynomial. We
study cyclotomic numerical semigroups; these are numerical semigroups S such that Ps(x) has all its roots in
the unit disc. We conjecture that S is a cyclotomic numerical semigroup if and only if S is a complete inter-
section numerical semigroup and present some evidence for it.

Aside from the notion of cyclotomic numerical semigroup we introduce the notion of cyclotomic expo-
nents and polynomially related semigroups. We derive some properties and give some applications of these
new concepts.

1. INTRODUCTION

A numerical semigroup S is a submonoid of N (the set of nonnegative integers) under addition, with
finite complement in N. The nonnegative integers not in S are its gaps, and the largest integer not in S
is its Frobenius number, F(S). A numerical semigroup admits a unique minimal generating system,; its
cardinality is called its embedding dimension e(S), and its elements minimal generators. The smallest
positive integer in S is called the multiplicity of S, and it is denoted by m(S) (see for instance [24] for an
introduction to numerical semigroups).

To a numerical semigroup S, we can associate Hg(x) := > sesX®, its Hilbert series, and Ps(x) = (1 —
x)D g X%, its semigroup polynomial. Since all elements larger than F(S) are in S, Hg(x) is not a polyno-
mial, but Pg(x) is. On noting that Hg(x)=(1—x)"! — Zs¢sx5, we see that

1) Pg(x)=1+(x — 1)Zx5,
SES

and hence the degree of Ps(x) equals F(S)+ 1. (With s ¢ S we mean the sum over the numbers in N\S.)
Note that Ps(x) is a monic polynomial.
The following result is a generalization of [21, Corollary 2].

Lemma 1. Let S be a numerical semigroup and assume that Ps(x) = ag+ a1x +---+ axx*. Then fors €
{0,...,k},
1 ifseSands—1¢S,
as=4—1 ifs¢Sands—1¢€S,
0  otherwise.

Proof. The proof easily follows from the fact that Ps(x) = (1 — x)Hg(x) and that a coefficient of xHg(x) is
one if and only if its degree minus one belongs to S. U

Corollary 1. The nonzero coefficients of Ps(x) alternate between 1 and —1.

Recall (see, for instance, Damianou [6]) that a Kronecker polynomialis a monic polynomial with integer
coefficients having all its roots in the unit disc.

We say that a numerical semigroup is cyclotomic if its semigroup polynomial is a Kronecker polyno-
mial.
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2 ALEXANDRU CIOLAN, PEDRO A. GARCIA-SANCHEZ, AND PIETER MOREE

Lemma 2 (Kronecker, 1857, cf. [6]). If f is a Kronecker polynomial with f(0) # 0, then all roots of f are
actually on the unit circle and f factorizes as a product of cyclotomic polynomials.

As usual we will denote the nth cyclotomic polynomial by ®,. The cyclotomic polynomials ®,, are
monic polynomials of degree ¢(n) (where ¢ denotes Euler’s totient function) and are irreducible over Q
(see, e.g., Weintraub [28]). Over the rational numbers x™ — 1 factorizes into irreducibles as

@) x™ —1:1_[<I>d(x).
dlm
By Mobius inversion it follows from (2) that
3) @, () =] Jx? =1y,
din

where u(n) denotes the Mdébius function. It follows for example from (3) that if p and g are distinct
primes, then

(xP9—-1)(x—1)
(xP —1)(x9—-1)"
On using that Zdln u(d)=0for n > 1, we infer from (3) that
5) @,(x) =] Ja—xtypr/,

dln

(4) ®pq(x)=

and on using that Zdln du(n/d)=¢(n), we deduce that

(6) x?We, (1) =®,(x),
X

and hence ®,, is selfreciprocal for n > 1. Note that ®;(x) = x — 1 is not selfreciprocal.
Throughout, the letters p and q are used to denote primes.
In the sequel we will use often that if p|n, then ®,,(x) = ®,(x?) (this is easily derived from (3)).

Lemma 3. Suppose thatS is a cyclotomic numerical semigroup. Then we have

(@) Ps(x)= [ [ ®atx)s,

de9

where 9 ={d1,d>,...,ds} is a set of positive integers and the e, are positive integers too. Furthermore, all
elements of 9 are composite.

Proof. The first assertion is a consequence of Lemma 2 and the fact that, by (1), Ps(0) # 0.
It is a well-known fact, see, e.g., Lang [18, p. 74], that

0 ifn=1;
¢,()=1p ifn=p™
1 otherwise.

By (1) and (7) we have 1 =Ps(1)=] | 4eq ®a(1)°4, and hence by the above fact the proof is completed. [

Corollary 2. IfS is cyclotomic, then Ps is selfreciprocal.

Proof. This follows on using that ®,, is selfreciprocal for n > 1, i.e. that (6) holds. g
We can now formulate the main problem we like to address:

Problem 1. Find an intrisic characterization of the numerical semigroups S for which S is cyclotomic, that
is a characterization that does not involve Ps or its roots in any way.
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Recall that a numerical semigroup S is said to be symmetric if SU(F(S) — S) = Z, thus symmetry is an
example of an intrinsic characterization of S.

Theorem 1. IfS is cyclotomic, then it must be symmetric.

Proof. Using (1) it is not difficult to conclude (see Moree [21]) that S is symmetric if and only if Pg is
selfreciprocal. By Corollary 2 Ps is selfreciprocal. g

If e(S) = 2, then S is cyclotomic if and only if S is symmetric. One thus might be tempted to think that
this also holds if e(S) > 3. The following observation is not deep, see Section 3.

Lemma 4. Every complete intersection numerical semigroup is cyclotomic.

As every symmetric numerical semigroup with embedding dimension e(S) < 3 is a complete intersec-
tion numerical semigroup ([13]), we get a positive answer for e(S) < 3. We thus have the following result.

Lemma 5. Ife(S) <3, thenS is cyclotomic if and only if S is symmetric.

It is not difficult to show that the condition e(S) < 3 is necessary. The example with smallest Frobenius
number of a symmetric numerical semigroup S that is not cyclotomic is S = (5,6, 7,8), where we have
Ps(x) = x10—x%+ x5 —x+1 and F(S) = 9 (for A C N, we use (A) to denote set of integers of the form
Z aea Maa With a € A, A, € N and all but finitely many of them equal to zero). For Frobenius number 11,
we have two symmetric numerical semigroups that are not cyclotomic: (5,7,8,9) and (6,7,8,9,10). These
examples were found with an implementation using [8] of the Graeffe method, [4]; the procedures used
in this paper are all included in the development version of numericalsgps (see https://bitbucket.
org/mdelgado/numericalsgps), and will be added to the next official release.

On the basis of Lemma 4 and computer evidence we make the following conjecture.

Conjecture 1. Every cyclotomic numerical semigroup is a complete intersection numerical semigroup.

The notion of complete intersection numerical semigroup does not involve Ps or its roots in anyway
and thus this gives together with Lemma 4, conjecturally, the answer to Problem 1, namely we conjecture
that S is cyclotomic if and only if S is a complete intersection numerical semigroup.

1.1. Cyclotomic numerical semigroups of prescribed height and depth. It follows from Lemma 3 and
the identity (2) that if S is a cyclotomic numerical semigroup, then Ps(x)|(x™ — 1)¢ for some integers m
and e.

We say that a numerical semigroup S is cyclotomic of depth d and height h if Ps(x)|(x? — 1)", where
both d and h are chosen minimally, that is, Ps(x) does not divide (x” — 1)"~! for any n and it does not
divide (x4 —1)" for any divisor d; < d of d.

On noting that ®,,(x)|(x" — 1) if and only if m|n one arrives at the following conclusion.

Lemma 6. Suppose that S is a cyclotomic numerical semigroup with Ps factorizing as in (7), then S is of
depthlcm(d,, ds, ..., ds) and of height max{e,..., es}.

Problem 2. Classify all cyclotomic numerical semigroups of a prescribed depth and height.

As in this problem we focus on a subclass of the cyclotomic numerical semigroups, it might be less
challenging to resolve it than to resolve Problem 1. In the rest of the paper we present contributions
towards resolving Problem 1 and the more restricted Problem 2.

For a more pedestrian introduction to numerical semigroups and cyclotomic polynomials the reader
is referred to Moree [21].

2. APERY SETS AND SEMIGROUP POLYNOMIALS

The Apéry set of S with respect to a nonzero m €S is defined as
Ap(Ssm)={seS|s—m¢S}.
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Note that
® S=Ap(S;m)+mN
and that Ap(S; m) consists of a complete set of residues modulo m. Thus we have

9) Hs(x)= Y, x”’ix'”":l_lxm > x,

weAp(S;m) i=0 weAp(S;m)

cf. [23, (4)].
Apéry sets can also be defined in a natural way for integers m not in the semigroup (see for instance
[12] or [7]), but in this case #Ap(S; m) # m.

Proposition 1. Let S be a numerical semigroup and m be a positive integer. Then #Ap(S; m)= m if and
onlyifmesS.

Proof. Forie{0,...,m—1},setw; =min{s €S|s=imod m}. By definition, wy =0 and {wy,..., wy,_1} <
Ap(S; m). Hence #Ap(S; m) > m, and equality holds if and only if {0 = wy, wy, ..., wm-1} = Ap(S; m).

If m €8, [24, Lemma 2.4] asserts that {0 = wy, wy,..., wn_1} =Ap(S; m).

Now assume that {0 = wy, wy, ..., Wy,—1} = Ap(S; m). Then for every i € {0,...,m — 1} and every k €N,
w;+km €S. Inparticular wy+m =m 8. [l

Example 1. Let S be a numerical semigroup minimally generated by {a, b}. Assume that u, v are integers
with0<u <b and 1 = ua+ vbh. By Lemma 1, the number of ones in Ps equals #Ap(S; 1) and in view of
[7, Theorem 14], we have that #Ap(S; 1) = u(a + v) (compare with [21, Corollary 1]). Given 0 <y < 1/2, let
C,(x) denote the number of numerical semigroups S = (p, q) with p,q primes and m = pg < x such that
#Ap((p,q);1) < m1/2tr, Bzdega [5] was the first to obtain sharp upper and lower bounds for this quantity.
Fouvry [11], using deep methods from analytic number theory, even obtained an asymptotic for C,(x) in

the range ye(%,% .

Example?2. Let m and g be positive integers such that m > 2g + 3 and let
S=(m,m+1,gm+2q+2,...,qm+(m—1)).

Then by [24, Lemma 4.22] S is symmetric with multiplicity m and embedding dimension m —2q. It is
easy to deduce that Ap(S;m)={0,m+1,2m+2,....qm+q,qm+2q+2,....qm+(m —1),(g + 1)(m +
1),...,(2g +1)(m + 1)}. On invoking (9) we have Pg(x) = ll_;x’fn Z )x“’ and computations give

weAp(S;m
2(m+1)(g+1 —2g-2
Py(x)= L-x (1—xmeierd | gamizqr2 L X
S 1—x™m 1—xmtl 1-x

For instace, taking m =6 and g = 1 leads to S= (6,7,10, 11), with e(S)=4 and Ps(x)=x16 — x15+ x10 —
x84+ x®— x + 1, which is not Kronecker. Hence S is not cyclotomic. We have done an exhaustive search
in this family of numerical semigroups up to multiplicity 30 with our GAP functions, and only those with
embedding dimension three were cyclotomic.

Example 3. Let m and g be nonnegative integers such that m >2g+4 and let
S=(m,m+1,(g+1)m+qg+2,....,(g+1)m+m—q-—2).

Then by [24, Lemma 4.23] S is symmetric with multiplicity m and embedding dimension m —2qg — 1. By
appealing to the Apéry set again we compute

1—x q+1 m—q-—2 q
Po(x) = xmhk 4 (g+)m " 4 xla+3Im—q-1 PLER A
s(0)= T kz_o( ) PN g( )

For instance, taking m = 8 and g = 1 leads to S = (8,9, 19,20, 21), with e(S)=5 and Ps(x) = x32 — x3! +
x4 —x?2 4+ x16 — x104 x8 — x 4+ 1, which is not Kronecker. Hence S is not cyclotomic.
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The following problem could turn out to be difficult.

Problem 3. Prove that the numerical semigroups given in Examples 2 and 3 are not cyclotomic or find a
counterexample.

3. GLUINGS OF NUMERICAL SEMIGROUPS

Let T, Ty and T> be submonoids of N. We say that T is the gluing of 71 and T, if
1) T=TH+1D,
(2) lem(d,,d») € i N T, with d; = ged(T;) for i € {1,2}.
We will denote this fact by T =Ty +4 T, with d =lcm(d;, d2).
Every submonoid T of N is isomorphic as a monoid to T/gcd(T), which is a numerical semigroup.
Hence, in the above definition if T = S is a numerical semigroup, and S = T3 +4 T3, then T; = d;S;,
with S; = T;/d;, and gcd(d1,d>) = ged(S) = 1. Hence lcm(d1,d?2) = dyd>, which leads to d; € S; for

{i,j}=112}
In [1] it is shown that
(10) Ha, 8144y 0y 228, (1) = (1 — x“1“2)Hg, (x“1)Hs, (x*2).
For the particular case S=(a,a2) = a1N+,,4, a2N, we obtain (see also [21])
1—x®az
(11) H(al,az)(x) = »
(1=x9)1—x%)
and by using (2),
(1 -x)(1—xnaz)
(12) Play,an(X)= —— —= [] .
(1= x)(1 —x42) dlayay, dta, dia,
Hence
(I =x)(1—xnaz)
(13) Pa151+a1a261252(x) = (1 — x“l)(l — xﬂz)Psl (xal)P&(xaz) = P(u1,az)(x)PS1 (xal)P&(xaz)-

Delorme in [10] proved (but with a different notation) that a numerical semigroup S is a complete in-
tersection if and only if either S is N or it is the gluing of two complete intersection numerical semigroups.
If we proceed recursively and A = {a;,...,a,} is a minimal generating system of S, we will find positive
integers gi,...,8:—1 such that

S=aN+g ---+g,_, a;N.
By using [1, Theorem 20], we obtain

t—1 t
(14) Po(x)=(1 -] Ja—x&] Ja—x*,
i=1 i=1

and we deduce the following consequence.
Corollary 3. Every complete intersection numerical semigroup is cyclotomic.

This proves one of the directions of Conjecture 1. There is some computer evidence that this con-
jecture might hold. As we have seen above, cyclotomic implies symmetric. We took all symmetric nu-
merical semigroups with Frobenius number less than or equal to 70, and saw that in this set cyclo-
tomic equals complete intersection. The strategy we used to try to prove this conjecture, without suc-
cess so far, was the following. For S = (n,...,n.), according to [26, (1)], the only nonzero terms of
Q(x)=Hg(x) ]_[le(l —x"i) are those of degrees n € S such that the Euler characteristic of the shaded set of
n,Ap={LC{ny,...,n.}|n—3 ., s €S} isnotzero, thatis, ys(n):= ZLGA,,(_]‘)#L #0. We have been try-
ing to determine when Q(x) factors as [ | beB etti(S)(l —xb)ym» where Betti(S) is the set of elements for which
the underlying graph of A, is not connected (the graph whose vertices are the elements n; € {ny,..., n.}
such that n — n; €S, and n;n; is an edge whenever i,j € {1,...,e}, i # j and n —(n; + n;) €S; see [24,
§7.3]) and my, € N. This is what actually happens in (14).
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3.1. Free semigroups. Let S be a numerical semigroup generated by {n;,...,n;}. We say that S is free if
either S =N oritis the gluing of the free semigroup (7, ...,n,-1) and (n;) (see [3]). The way we enumerate
the generators is relevant. For instance S is free for the arrangement {n; =4, n, =6, n3 = 9} and it is not
for{n, =4,n,=9,n3==6}.

Example 4. Let S be an embedding dimension three symmetric numerical semigroup. Then S is free
and it has a system of generators of the form (am;,am,,bm; + cmsy), with a,b,c € N such that a > 2,
b+ c > 2 and gcd(a,bm; + cmy) = 1 ([24, Theorem 10.6]). It follows that S can be expressed as S =
al{my, mz) +a(bmy+cm,) (M1 + cmz)N. From (14),

1-x)1 _xa(bm1+cm2))(1 — xamimz)
(1 —xam)(1 — xamz)(1 — xbrmtemz)

Ps(x)=

If S = (n1, ny, n3) is nonsymmetric with embedding dimension three, then it can be deduced from [26]
and [2] (see also [23, Theorem 4]) that
(1 _ x)(l _ xclnl _ sznQ _ x03n3 +xf1+n1+n2+n3 +xf2+n1+nz+n3)

Bs(¥)= (=) —xm)(1 = x™) ’

where

e ¢;=min{m €N\ {0} | mn; €(nj,n)} forall {i, j, k} ={1,2,3},
e f1=F(S)and f> # fi is such that f>+S\ {0} € S (f1 and f, are the pseudo-Frobenius numbers of S;
their expression can be found for instance in [2, Corollary 11]).
Formulas for symmetric and pseudo-symmetric embedding dimension four can be derived from [2, Sec-
tion 4], and the number of nonzero coefficients of Hs(x)]_[;l:l(l —x') is 12 and 14, respectively (recall
that S is pseudo-symmetric if F(S) is even and for every x € Z\ S, either x = F(S)/2 or F(S) — x € S). From
[26] it is derived that the number of nonzero coefficients is not bounded for embedding dimension four.

Let n >2and (a,,ay,...,a,)be asequence of relatively prime positive integers. For every k € {1,...,n},
let dy = gcd(as,...,ar). For k € {2,...,n}, let cx = d—1/dk. Let Sk be the semigroup generated by
a,...,ar. We say that the sequence (ai, as,...,an)is smoothif cra € Sy—, forevery k =2,...,n.

Observe that a numerical semigroup S is generated by a smooth sequence if and only if S is free. Also
cxay € Sk—1 is equivalent to Z—’; S ﬁsk_l (and ﬁSk_l is a numerical semigroup). Notice that S; =
Sk—1+ axN. With the notation of gluing, we have d—lksk = Ck (ﬁsk_l) +e, ok Z—’;N. By using (14), we

_ h
recover the following result.

Lemma 7. (Leher [19, Corollary 8].) Let n > 2 and (a1, a,...,a,) be a smooth sequence. Let S be the
semigroup generated by a,, ..., a,. We have

Ps(x)=(1—-x)] Ja-xn] Ja-x*,
i=2 i=1

which factorizes as

(15) Psz@ll_[q);lll[ [T .

d|a1 i=2 dlciai, dJ(a,-
From this lemma we recover the following well known facts.

Corollary 4.

a) F(S)=>"",ciai— Y ;_, a; (this formula can also be derived from [14] or [10]).
b) S is symmetric.

¢) S is cyclotomic.
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Special families of free numerical semigroups are the telescopic ones (free with respect to the arrange-
ment n; < np <--- < ny, [16]) and numerical semigroups associated to irreducible plane curve singulari-
ties ([29]).

Example 5 (Binomial semigroups). Consider B,,(a,b):=(a™,ba™"1,...,b™ 1a,b™), where a,b > 1 are
relatively prime. Putting ay = a™ Kbk, k € {0,...,m}, we see that the sequence (ay,...,a) is smooth
(with ¢y =a for k€{l,...,m}and crax =bay_ €(ao,...,ax-1)). By Corollary 4 it follows that

F(Bul(a, b))—zam+1 kpk— Zam kpk.

k=1
Further, we have

m m
Ps, i@ =1 —x) [ Ja =" Ja -z
k=1 k=0
In particular, let B = B,(p, g) be a binomial semigroup with p and g two different primes. From (15)

we infer that
n k
Sy @10 Dpe) [ [] [@pr-tgis

Pg =
k=1 j=0
n+1
- [ erw=T1 T1 2
=1j=1 1=2 i+j=I
1<i,j<l

By Lemma 6 we see that Pg is of depth d = p"*1g”*! and of height h =1.

4. CYCLOTOMIC EXPONENTS

The reader might wonder whether the expression in the right hand side of (14) is unique. It is easy to
see the answer is yes and indeed a little more can be shown, see Moree [20, Lemma 1].

Lemma8. Let f(x)=1 +a1x +---+aqx? € Z[x] be a polynomial of degree d (henceay #0). Letay,...,aq
be its roots. Putsg(k)=aj Kyt adk Then the numbers s ¢(k) are integers and satisfy the recursion

spk)+arsplk—1)+--+ar_1sf(1)+kar =0,

1 k
by(k)=1 > ss(d)p (5)

with ay =0 for every k > d. Put

dlk
Then b¢(k) is an integer. Moreover, we have the formal identity
o0
l1+aix+-+aqgx? =l_[(1 — x/)brU),
j=1

It is a consequence of this lemma that given a numerical semigroup S, there are unique integers
e1, eo,...such that

o0
ps(r) =] Ja-x/).
j=1
The sequence e = {ey, ez, ...} we call the cyclotomic exponent sequence of S.

Problem 4. Relate the properties of S to its cyclotomic exponent sequence.
By Lemma 10 we have e; =0if S=(1) and e; =1 otherwise.

Lemma9. A numerical semigroup S has a cyclotomic exponent sequence with finitely many nonzero terms
ifand only if S is a cyclotomic numerical semigroup.
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Proof. Necessity. We can write Ps(x) = l—[;czl(l — xJ)¢ for some k and hence Ps(x) has only roots of unity
as zeros and so S is a cyclotomic numerical semigroup.
Sufficiency. Use Lemma 5 and formula (3). O

Write S=(n1, no,...,n.), with e =e(S)and 0 < n; <--- < n,. Note that

1 1 1
(1—x")(1—x")---(1—x")= Z Z ...Z(_1)J'1+J'z+'"+jexf1n1+jzﬂ2+'"+jene_
J1=0j2=0  j.=0
We can thus write

(16) Ps(x) _ 1 —X Z Z Z( 1)]1+]2+ +]L x]1n1+]2a2+ +]e ne+S

— yh1)... — ne
1=xm)---(1—x ey S|

where m + S :={m + s | s € S}. We can rewrite (16) as

1—x

17) Pg(x)= 1)1z )sz(n)x

Note that Zn xs(n)x™ is a (finite) polynomial since, for every n > F(S)+ n; + -+ n,, n can be written
as > u;a; with u; > 1 for 1 < i < e(S) and hence ys(n) = 0; this recovers the formula given in [26].
Alternatively, this can be seen by noting that ), ys(n)x" is the product of the polynomials Ps(x) and
(I—=xm1)---(1=x")/(1—x).

Remark 1. As afirst step in proving our conjecture, the following can be shown. Let u be the minimum of
{n>1| ys(n)# 0} and let 9(n) be the denumerant of n, that is, the number of different ways in which n
can be written as sum of the generators n;. If u > n, and if there is s € S, s < n, with 9(s) > 2, then there
existl<di<dr,<---<drpande; >1,i=1,...,k (Wichf:1 e; = e — 1) such that
(1 _xdl)el -1 _xdk)ek
(1 _xnl)...(l _xne)

Note that the above conditions are rather restrictive. However, solely from the factorization (18), it is easy
to prove that d; €S, 0(d;)>2foralli =1,...,k and d; =min{s | s € Betti(S)}.

(18) Hs(x) =

5. SEMIGROUP POLYNOMIAL DIVISORS OF X" — 1

Various authors studied the coefficients of divisors of x” —1 [9, 15, 22, 25, 27]. Note that if a divisor f(x)
of x™ — 1 is of the form Ps(x) we immediately know that its nonzero coefficients alternate between 1 and
—1, hence it is of some interest to find divisors of x” — 1 that are semigroup polynomials.

We start with considering Problem 2 for height # = 1. We will need the following trivial observation.

Lemma 10. IfS# (1), then Ps(x)=1—x (mod x2).
Proof. 1fS# (1), then 0 S and 1 ¢ S and hence Zsesxs =1 (mod x2). O

Theorem 2. Let p,q and r be distinct primes. Suppose S is cyclotomic of depth d = pqr and height h =1.
Then S = (pr,q) or one of its cyclic permutations.

Proof. Suppose that Ps(x)|xP9" — 1 for some S. Then by (2) and Lemma 3 we have Ps = <I)k1 <I>’CZ <I>k3 <I)l’§4qr
with 0 < k; < 1. Since the problem is symmetric in p, g and r, we may assume without loss of generahty
that k; > k» > k3. Note that, modulo x2, f(x) =1+ (ks — k1 — k2 — k3)x. On invoking Lemma 10 we now
deduce that (k1, k2, k3, k4) € {(1,0,0,0),(1,1,0,1)}. The first case we can exclude, as this leads to a depth
d =pq. By (12) we have ®,,®4,®pqr =Piprq). U

Theorem 3. Suppose T is a cyclotomic numerical semigroup of depth d = p™q and height h = 1. Then
={p",q)-

The proof makes use of the following lemma.
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Lemma 11. Letk > 1 bean integer,0<e; <1 (i €{l,...,k —1}) arbitrary and e;. = 1. Suppose that

er $2 ...Hk —
(19) <I>plq<bp2q @pkq—PT,

with T a numerical semigroup. Thene; =1 for1<i <k and T =S(p*, q).

Proof. In case e; =1 for 1 < i < k the identity (19) holds with S = (p*, g) by (12) with a; = p* and a, =gq.
Since, modulo x2, ®,m, =1 for m > 2 and ®,, = 1 — x, we infer that e; = 1. Suppose now we are not in
the case where e; =1 for 1 < i < k, hence the largest integer j; with e;, = 1 satisfies 1 < j; < k. We let j,
be the smallest integer such that j, > j; and ej, = 1. Since ex = 1, j exists. We now rewrite the left hand
side of (19) as

P

it ) ()@ (P )02 @y (P )%,

which by (4) equals, modulo x?”*+1,
P
(

pi ()1 —xP").

From this and (19) we infer that
Z x5(1—xP?)=Hp(x) (mod xP?*).
SES(pjl,q)
It follows that p/t € T and pJ2 ¢ T and hence T is not a numerical semigroup, contradicting our assump-
tion. U

Proof of Theorem 3. By (2) with m = p"q and Lemma 3 we deduce that

— He e .. .Hén
(20) Pr =09, 8% 8%,

with 0 < e; < 1. Since, modulo x2, P,i,=1 for i > 2 and ®,, =1—x, we infer that e; = 1. Note that e, =1,
for otherwise d|p”~'q. The proof is concluded with the help of Lemma 11. U
6. POLYNOMIALLY RELATED HILBERT SERIES

We say that two numerical semigroups S and T are polynomially related if there exists f(x) € Z[x] and
an integer w > 1 such that

21 Hs(x") f(x)=Hr(x).
From (21) we infer that
(22) Ps(x) f(x)=Pr(x)1+x +---+x¥"1).

Note that (21) and (22) are equivalent formulations of S and T being polynomially related.

Example 6. Put S; = (p,q) and S3 = (p3,q). By (12) we have ®)q®p24P 34 = Ps,. Recall that Ps, = ®,,. We
have
2
PSI(I)pzq(I)p3q = PS3, Psl(xp)(bqul)psq = PSS, Psl(xp )‘I)pq(I)qu = PS3,

giving three different polynomial relations between S; and Ss.
Problem 5. Find necessary and sufficient conditions for S and T to be polynomially related.

In proving the following result we make repeatedly use of the fact that Ps(1)=1 and Ps’(l) =g(S), where
g(S) denotes the number of gaps in S, the genus of S (this follows from (1)).

Lemma 12. Suppose that (21) holds with S, T numerical semigroups. Then

a) f(0)=1.

b) f()=w.

o 1'(1)= w(g(T) - wg(S)+(w —1)/2),
d) F(T)= wF(S)+deg(f).



10 ALEXANDRU CIOLAN, PEDRO A. GARCIA-SANCHEZ, AND PIETER MOREE

Proof.

a) We have Ps(0)=Pr(0)=1.

b) On substituting x = 1 in the identity (22) and noting that Ps(1) =Pr(1) =1, we obtain f(1)= w.
c) The identity (22) yields (on differentiating both sides) that

w—2
Py(x ) wx" "1 f(x)+ Ps(x™) f'(x) = PL(x)(1+x +---+x" ")+ Pr(x) Z(j +1)x.
j=0
The claim now easily follows on setting x = 1 and invoking part b.
d) Use that deg(Ps) =F(S)+ 1. O

Lemma 13. Being polynomially related defines a partial order on the numerical semigroups.

Proof. Obviously a numerical semigroup is polynomially related with itself. Further being polynomially
related is clearly transitive. Using part d of Lemma 12 we see that F(S) < F(T) unless S = T. This implies
that being polynomially related defines an antisymmetric binary relation on the numerical semigroups.

O

Lemma 14. Suppose that S and T are numerical semigroups. Then Hg(x%)f(x) = Hr(x) for some integer
w > 1 and f eN[x] ifand only if there are0 = e} < ey <--- < ey, such that f(x) =Z?’:1xew andeveryteT
can be written in a unique way as

t=e;+s-w,1<i<w, seSs.

Proof. Necessity. If f were to have a coefficient greater than 1, this would lead to a coefficient greater than
1 in Hr, which is not possible. By Lemma 12 we have f(0) = 0 and f(1) = w, and hence it follows that
fx)=3" x° with0=e; <--- < e,. The identity ) ,_ x° Y _cx** =Hr(x), yields that every element
t €T canbewrittenast =e;+s-w, with1 <i <w and s €S. Since every nonzero coefficient of Hr is 1,
this writing way of ¢ must be unique.

Sufficiency. Obvious. g

Remark 2. By Lemma 12 we have Zf’zl e;=w(g(T)—wg(S)+(w—-1)/2).
Let us write S <p T if S and T are polynomially related.

Corollary 5.

a) We have (p%,q?) <p(p™,q") ifl<a<mand1<b<n.

b) We have (p?,q®) <p B,(p,q) ifa,b>1and2<a+b<n+1.

¢) Let V be a numerical semigroup generated by {n,,...,nx}. Let d = gcd(ny,...,ni-1) and set U =
S(ny/d,...,nx—1/d, ng). The numerical semigroups U and V are polynomially related.

Proof.

a) This is a consequence of the identity

(23) Psiprgn(@)= [ | @pago(x),
1<a<m
1<f<n

which is a consequence of (12).
b) Results on comparing (23) with the factorization of Py given in Example 5.

c) It is easy to see (cf. [24, Lemma 2.16]) that Ap(V; ni) = d Ap(U; ni). By using this identity and (9) we
derive

1—xmkd

Hy(x®) (W) =Hy(x). O
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6.1. An application. We will use our insights in polynomially related Hilbert series to establish the fol-
lowing result.

Theorem 4. Let p # q be primes and m, n positive integers. The quotient
Q(x):= P(p’”,q”)(x)/q)p’"q"(x)
is monic, is in Z[x] and has constant coefficient 1. Its nonzero coefficients alternate between 1 and —1.

Proof. On using that Ps(x) =(1 — x)Hg(x) and the identity (12), we infer that
n 11 m 17
(24) Hypm gy (x) = Hpp gy (xP" 9" 7) Z xiP" Z xka",
k=0
The identity (23) yields that Q(x) is a polynomial in Z[x]. On noticing that

Py (xP" ") = B pmgn (x)

we obtain from (24) that

nll mll

Q)= T wa Zx

{ap"+Bq"10<a<q" ' -1, 0<p<p" -1}
forms a complete residue system modulo p~1g”~! and it follows that around x = 0 we can write Q(x) =
(1—x) g x* for some set $’ containing zero and all large enough integers. From this it follows that Q(x)
is a monic polynomial and that the nonzero coefficients of Q(x) alternate between 1 and —1. O

The set

Remark 3. An alternative, much more conceptual proof of the identity (24) is obtained on using the fol-
lowing lemma; one notes that on writing down the Hilbert series for both sides of (25), we obtain the
identity (24).

Lemma 15. Let T = (p™,q") andS={p,q). Every element of T can be uniquely written as

(25) t=ap™+Bq"+sp™ 1q" L 0<a<q" ' -1,0<p<pml-1,5€S.

Proof. Suppose that t € T. Then

(26) t=ap™+bq"=(q" " ai+a)p™ +(p" b1+ p)q",
with0<a<g"1'—-1land0< B < p™-1—1. Puts =a;p+b1q. Clearly s €S. From (26) we then infer

that t =ap™+ fq" +sp™1g"~1, as required. The congruence class of  modulo p”~1g"~! determines
a and 8 uniquely. Since a and 3 are determined uniquely, so is s. g

Theorem 4 can be alternatively proven on invoking the following more general result together with Lemma
15.

Theorem 5. Suppose thatS and T are numerical semigroups withHg(x%)f(x) =Hr(x) for some w > 1 and
f eN[x]. Put Q(x)=Pr(x)/Ps(x¥). Then Q(0)= 1, Q(x) is a monic polynomial and its nonzero coefficients
alternate between 1 and —1.

w

Proof. By Lemma 14 we can write f(x) = Zizlxei. Since T contains all integers sufficiently large, it

follows that ey, ..., e, forms a complete residue system modulo w. By (22) we see that

Qx)= f()(l—)

Around x =0 we have f(x)/(1—-x¥)= ZzeZ x* for some infinite set of integers Z. Since ey, ..., e;, forms a
complete residue system modulo w, it follows that all integers large enough are in Z. From this we then
infer that Q(x) is a monic polynomial. Note that Q(0) = f(0) =1 by Lemma 12 and so 0 € Z. For any set
Z' €N containing zero the nonzero coefficients in (1 —x))_ Lez X7 alternate between 1 and —1. [l
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6.2. Gluings and polynomially related numerical semigroups. Assume that S is a gluing of two numer-
ical semigroups, say S = @151 +4,4, a252. The following lemma is inspired by [12, Lemma 8.(2)].

Lemma 16. Every element s in S = a,S1 +4,a4, G252 can be written uniquely as s = ayw) + azsz, with
wy €Ap(Sy;az) and sy €8Ss.

Proof. First proof. Using (10) and (9) we obtain

27) Hg(x)=Hg,(x%) Y x@v
weAp(Sy;az)

This shows that each s € S can be written in the indicated way. Since the nonzero coefficients of all
monomials in Hg(x) are 1, the representation is unique.

Second proof. Let s € S. Then there exists #; € S; and t» € S, such that s = a1 t) +azt,. As t; €51 and
a, €8, t; = w; +ka, for some w; € Ap(S;; az) and k €N (this is easy to deduce, and a proof can be found
in [24, Lemma 2.6]). Hence s = a; w; +ax(t,+ka;). Observe that a; €S, and consequently t,+ka; €S.

Now assume that awi + a»s, = a,w; + a»s, with wy, w] € Ap(S1;az) and sz, s, € S. Assume without
loss of generality that w; > w]. Then a1 (w;—w/) = ax(s,—s2). Since gcd(a1, a») =1, this forces as|ur —w;.
But then w; = w/ + ka, for some k €N. The fact w, w; € Ap(Si; a2) yields k =0, and hence w, = w] and
2 =S5. O

The following lemma is an immediate consequence of (27). It can also be proved (without using Hilbert
series) on invoking Lemma 16 and Lemma 14. (Observe that a; Ap(S;; a2) is a complete system modulo
a, since gcd(a;,az)=1. Thus w = a; (or a; by symmetry) and {ey, ..., e, } in Lemma 14 is a; Ap(S1; az).)

Theorem 6. Assume that$ is a gluing of two numerical semigroups, say S = a151 +a,a, @252, then S} <p S
and S, <p S with a relating polynomial f e N[x].

Notice that Theorem 6 implies that part d of Lemma 12 is a generalization of Delorme’s formula for the
conductor of a gluing [10, 10. Proposition (i)] (the conductor is just the Frobenius number plus one). As
a consequence of the Theorems 5 and 6 we obtain the following.

Corollary 6. Assume thatS is a gluing of two numerical semigroups, say S = a151 +4,a, @2S2. Put Q;(x)=
Ps(x)/Ps;(x4) fori =1,2. ThenQ;(0) =1, Q;(x) is a monic polynomial and its nonzero coefficients alternate
between 1 and —1.

Lemma 17. LetS and T be numerical semigroups with wS C T for some positive integer w. Assume that
there are nonnegative integers ey, ..., ey such that T = {e;,...,ey} +wS and foreveryt € T, t = e; + ws
for somei € {1,...,w} and s € S. Let u = gcd(ey,...,ey) and U = (w,e1/u,...,ey/u). If u €S, then
T=uU++,, wS.

Proof. Ttsufficesto provethat uUC T.ButuwewSC Tand ue;/u =e; €iey,...,ep}+wS=T. |

Theorem 7. LetS and T be two numerical semigroups. Assume thatS <p T, with Hg(x%)f(x) = Hr(x) for
some w €N and some polynomial f € N[x]. Let u be the greatest common divisor of the exponents of f. If
u isin S, then there exists a numerical semigroup U such that

T: uU"Fuw LUS.

Proof. The proof follows from Lemmas 14 and 17. O
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