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ON THE COMPUTATION OF THE APERY SET OF
NUMERICAL MONOIDS AND AFFINE SEMIGROUPS

GUADALUPE MARQUEZ-CAMPOS, IGNACIO OJEDA, AND JOSE M. TORNERO

ABSTRACT. A simple way of computing the Apéry set of a numerical semigroup
(or monoid) with respect to a generator, using Groebner bases, is presented,
together with a generalization for affine semigroups. This computation allows
us to calculate the type set and, henceforth, to check the Gorenstein condition
which characterizes the symmetric numerical subgroups.

1. INTRODUCTION

The most elementary structure this paper deals with is that of numerical monoid.
A numerical monoid is a very special kind of semigroup that can be thought of as
a set

<a1, ...,ak> = {/\1(11 + oo+ Arag | A € Zzo}, with gcd(al, ...,ak) =1.

This object has been thoroughly studied in the last years, when a significant
number of problems concerning the description of these semigroups and some of
their more interesting invariants have been tackled. Unless otherwise stated, all
proofs which are not included can be found in [9] [15].

Given a numerical monoid S, there are some invariants which will be of interest
for us. The most relevant will be the set of gaps, noted G(5), and defined by

G(S)=Zx>o\ S,
which is a finite set. Its cardinal will be noted g(S) and its maximumm, noted

f(S), is called the Frobenius number of S.
The Apéry set of S [2] with respect to an element s € S can be defined as

Ap(S,s) = {0,wp, ..., ws—1}

where w; is the smallest element in .S congruent with ¢ modulo s.
This set has some highly interesting properties, which we will review now.

Lemma 1. With the previous notations, for all s € S,
Ap(S,s)={ze S | v —s¢ S}

Example 1.1. Let S = (7,9,11,15). Some of the Apéry sets associated to its
generators are:
Ap(S,7) = {0, 9, 11, 15, 20, 24, 26}
Ap(S,15) = {0, 7,9, 11, 14, 16, 18, 20, 21, 23, 25, 27, 28, 32, 34}

In particular, for a monoid with two generators, the Apéry sets associated to its
generators are fully determined.
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Lemma 2. Let S = (a1, az). Then
Ap(S,a;) =10, aj, 2aj, ..., (a; — L)a;}

The importance of the Apéry set can be illustrated in the following result, where
the previous numerical invariants of a numerical monoid are expressed in terms of
Apéry sets.

Proposition 3. Let S be a monoid, s € S. Then:

f(S):maX{Ap(Sas)fs}a g(S):é Z w+8;1.
weAp(S,s)

This expression of ¢g(S) in terms of the Apéry set is known as Selmer’s formula.

Our first purpose is to develop an easy algorithm to compute the Apéry set
of a S associated to any of its generators. As it turns out, these are the most
interesting ones. We will do that with the help of Groebner bases with respect to
some monomial orderings, and more specifically in terms of the characterization of
elements in (respectively, out) a monoid in terms of these bases.

This characterization can be found in [12], but we will review it in the second
section of the paper for the convenience of the reader (Theorem [)). It will be
extensively used in the sequel as it provides an easy (not necessarily in complexity
terms) and versatile characterization of elements in (or not in) S, with a quite wide
choice of monomial orderings.

After that, in the third section, we show how to compute (and see) the Apéry
set associated to the generators (Theorem [B). We are interested not only on the
computation, but also on the variety of choices we can make for the orderings. This
will be the most important feature in the sequel.

The computation can be generalized to a wider class of semigroups: the affine
semigroups. This will be done in the fourth section of the paper at the cost of being
more restrictive with the orderings.

The computation of the Apéry set will prove useful in order to study a related
concept: the set of pseudo—Frobenius elements (PF(S)) and the type set. We will
explore this relationship in the fifth section. Precisely, if we consider, for a given
S ={ay,....,ag), with a; < --- < ay, its type set

T(S)={m € Ap(S,ar) | m+ a; ¢ Ap(S,ar), Vi=1,...,k},
then we have [13], [10]

0(8) = 5 (J(8) +1) = #T(5)=1.

This condition (#7'(S) = 1) always holds for monoids with two generators [I§],
but in general it is not so. The condition is subsequently known as the Gorenstein
condition. Concerning this, we will show how we can compute the type set by
calculating the Apéry set Ap(S,ay) for a variety of monomial orderings (Theorem
5.

We will end with a word on pseudo—Frobenius elements and how they are related
with more complex algebraic structures which can be defined from S.

Finally, something should be said on previous work. The Apéry set has been
thoroughly studied in the literature [4, Bl [16] 1] [I7] but its computation has not
been treated so often.

The work by P. Pisén—Casares [14] used a technique close to Groebner bases (al-
though the orderings used there were not strictly monomial orderings) to compute
Apéry sets in the context of affine semigroups. Our third and fourth section are
actually a twist of her arguments, in order to use monomial orderings.
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In particular, our main result in section 3 (generalized in section 4) is included
anyway, both for the convenience of the reader and also because it provides a
detailed description of the several orderings that we can consider. This will be the
most important thing in section 6 and hopefully in future applications.

2. THE GROEBNER CORRESPONDENCE

All the general results referred to the general theory of Groebner bases that we
will use can be found in standard textbooks on the subject; for instance in [11 [6].
We will work in the polynomial ring Q[z,y1, ..., yx]. Given a polynomial

g= > aazYrt .yt € Qlz, yi, - Yl

Q:(a07~-~7ak)€Z;+ol
and a monomial ordering <, define
exp(g) = max {alaa #0} € Zg’gl.

Let then S = (a1, ...,ar) C Z>o be a numerical monoid. Consider the following
binomial ideal associated to S:
IS = <y1 - :Cal’:gQ - $a23y3 - :Cas’ e Yk — xak> C @['Tayla sy yk]
As Ig is a binomial ideal (i.e., it can be generated by binomials), it has a lot of
special properties [§]. In particular we are interested in the following ones:

e A reduced Groebner basis of Ig consists of binomials.
e The normal form of a monomial with respect to a reduced Groebner basis
of Is is again a monomial.

So, consider Ig and let B = {g1, ..., g} be the reduced Groebner basis of Is with
respect to <, an elimination ordering for z, and Np the normal form with respect
to B.

Let us write also:

T
¢ = exp_(gi) GZ';(Sl, Ky, :qurZ’;gl, E(Is) = Uin CZ’;(Sl.
i=1
A preliminary elementary result is:
Lemma 4. Let 5 be the ring homomorphism defined by:
¢:@[:C7y15y27"'7yk] — Q[Z']
y; — x%
r —

Then ker (5) = Ig. Therefore

Ni(g) = No(h) <= g—heker(3) < dlg) = aln).

The main result in [I2] goes as follows:

Theorem 5. With the previous notations, let E(Ig) = ZFt1\ E(Is). Then:
o The mapping
F:G(S) — E(s)\{z=0}cz!
N +— exp (NB (acN))

is bijective.
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e The mapping
G:S — EB(s)( |{z=0}czty
M +—— exp (NB (:I:M))
is bijective.

Furthermore, for any l € Z>q, if
Np (:cl) = (00,01, -, 0k) ,

then
l =09+ 0101 + ... + opa%.

So the mapping | — Np ( l) separates the non—negative integers into (or out

of) E(Is) N {z = 0}, depending on whether they are in S or not.

Example 2.1. Let us consider an example of dimension 3 (taken from [12]). Let
S =(7,9,11). The Frobenius number of this numerical semigroup is:

f(8) =26,
and its set of gaps:
G(S)=1{1, 2, 3, 4, 5, 6, 8, 10, 12, 13, 15, 17, 19, 24, 26}.
We can take the binomial ideal:
Is = (y1 — a7, y2 — 2% ys — 2'") C Qz,y1, Y2, ys3]
and find the Groebner basis B, using an elimination ordering for x. For this exam-

ple, we have taken the usual lexicographic ordering x > y1 > y2 > ys. With this
particular choice we get:

{ya' —v3, —v3 +ysyr. vour — v, eyt — va. Y3yt — uS. vsyt — v,
5 4 3 6 2 2 3 3 4
Y1Y2 — Y3, —Y2Ys + Y1, —Y2Y1 T Y32, —Yi + Y3Y2&, Y3 — Yy,
Yauir — 3, —ys + i, yor® —ys, yia® —ya, ys2® —yi, —p a2’}

We have to consider then, q; = exp(g;) where g; is the i—th polynomial in B, and
take the corresponding set

Kg, =a¢+ ZkJrl - Z];(r)lv

in order to establish our bijections F and G. In this case,

¢ = (0,0,11,0), 2 = (0,1,0,1), g5 = (0,1,9,0),
qa = (0a2a750) q5 = (0a3a5a0)a 6 = (0a4’3a0)a
qr (0a571a0)7 g = (076a070>a q9 = (1a070a2)7
g0 = (1,0,1,1), g1 = (1,0,3,0), q2 = (1,2,2,0),
as = (1,3,0,0), qsa = (2,0,1,0), @5 = (2,1,0,0),
die = (3,0,0, 1), qi7 = (7,0,0,0)

Let us have a closer look to F, so we are only interested in points of E(I) outside
xz = 0. In order to represent the points, we will consider the subcases x = A, with
A € Z>o. We have then:

e x = 1. In this hyperplane we find several corners q;, precisely
9 = (0,0,2), q1o = (0,1,1), q11 = (0,3,0), 12 = (2,2,0), 13 = (3,0,0)

These points determine the elements of E(Is) C Z>07 along with the point
(1,1,0,1) € Ky,. In the following pictures we will draw square points for
points in UKy, and round points for points outside UK, thus associated
with a unique element of G(S) by means of F:
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o At x = 2 these are the points which determine the set:

qi14 = (07 150)7 qi5 = (17050)7 (0705 2) S qu

Ys

q14

1
715 Y2

n

o At x =3, we have these points in UKy,
qi6 = (0,0, 1)7 (17050) € KQ157 (0, 170) € Kq14

Ys

416

Ya

Y1

o Atz =4,z =5 and x = 6, the only relevant point is the origin, as y; < 1
fori=1,2,3.

e Last, in x =7 we have (7,0,0,0) = q17, so this is, so to speak, the ceiling
for variable x.
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If we compute the normal form of monomials ™, where n; is the i—th gap, we
get:

Np(zl) = = Np(2?) = 22 Np(x3) = a3
Ng(zt) = ot Ng(z®) = 2° Ng(z8) = af
Np(a®) = zy Np(@'%) = zp Ns(z'?) = wys
Np(@'?) = 2%y3  Ne(@'®) = ayi Np(z') = zyiys
Np(z') = way3  Np(@®) = ayiyz  Np(@®) = apy3

3. COMPUTATION OF THE APERY SET: THE NUMERICAL CASE
Consider the polynomial ring Q[z,y1,...,yx|, and let us define an elimination
ordering for x, written <;, as follows:

(1) First, we take into account the exponent on x.
(2) After that, we take a graded ordering in {y,...,yx} leaving aside y;, and
determined by the generators ay, ..., ag, that is, we order by

i=k
E Q;aq,

i=1,i%j

where «; is the exponent on y;.

(3) Then we use any monomial ordering for all variables y;, where i = 1,...,k
and i # j.

(4) Finally, we use the exponent on y;.

We will call such an ordering an Apéry ordering (with respect to a;).

Example 3.1. If one wants to use the matrix notation for the ordering, an example
of <; will be given bgﬂ

(3+1)

=~
1 0 0 0 0
0 ap ag 0 ag
0O 1 0 0 0
0O 0 1 0 0
o o0 0 .. 0 .o 1
o o0 0 .. 1 .. 0

This will be precisely the matriz of the Apéry ordering we should use if we con-
sider in (3) the lexicographic ordering y1 < ... < yj—1 < Yjt1 < ... < Y.

Let S = (ai, ..., ax) be a numerical monoid with a; # 0, and the ideal Is defined
as in the previous section. Let B; be the reduced Groebner basis of Is with respect
to <;, and let us write /V; the normal form with respect to this basis.

We define the following set:

AL, (S aj) = {N € Zso | exp (N; (zV)) € {z =y; =0} N E(Is) } .
The important result in this section is the following:

Theorem 6. A (S, a;) = Ap(S,a;).

INote that, if one needs a square matrix, as some computer algebra packages do, one can
always add a numb variable or erase a row between the 3rd and the (k + 1)-th.
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Proof. Let us show first Ap(S,a;) € AL, (S,a;). Let n € Ap(S,a;) other than 0 (as
the zero case is trivial), which implies n € S and n > a;. There are z1, ..., € Z>o

such that
k
n = Z a;X;
i=1

and, being in the Apéry set, we already know n —a; ¢ S.
We want to prove
exp (N, (z™)) € {x =0} n{y; =0}.

But the exponent lies in {z = 0} from Theorem Bl Let us write

exp (Nj (")) = (71,725 -+ k-
From the expression above
n—a; = av+..+a;v+ .+ agve —aj
= am+...+ai(y—1)+ ... + e
Asn—a; € G(5), the above expression must have a strictly negative coefficient.
As vy, € Zso for i = 1,..., k; it must be (y; — 1) ¢ Z>o and therefore v, = 0, as we
wanted to show.
Let us prove now A (S,a;) € Ap(S,a;), so take n € A (S, a;). From the
definition of A<, (S,a;) we know n € S and

exp (N (z")) € {y; =0} N {z = 0}.

Hence there must exist

V15 oy Vim1s Vi+1s s Yk € Lix0,
such that
which, from Theorem [ yields
n="vya1+..%-10;-1 + Vj+10j4+1 + ... + Vk0k.
Let us assume n ¢ Ap(S,a;). So, either n ¢ S (which is impossible as n €
AL, (S,a;)) or n > a; and besides n —a; € S.
Then there are o, ..., o € Z>¢ verifying

k
n—a; = E a; 0,
i=1

that is,
k

n= Z a;o; + aj(a; +1).
i=1,i%]
So we have two expressions for n, and
n = aimm + ...+ aj—-17j-1 + 5417541 =+ ...+ AKYk
= a1y + ...+ aj(aj + 1) + ...+ apog,

which yields
k

Z ai(ai - ")/Z) + aj(aj + 1) =0. (*)
i=1,ij
From Lemma M and the definition of (y1, ..., %),

i j i+1 .
yzn C y}ill y;yfijil .. ka = N; (xn) = Nj; (y?q . .yj% .. y?k)
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So, as the normal form of a monomial must be a monomial, we know that
(Oa YiyeeesVi—1, 0) Y41y ey ’Yk) _<J (0’ aq, 2, ..., ak)
which implies
k k k
Z Vit < Z Qia; = Z a; (a; = i) = 0.
i=1,i#j i=1,i#j i=1,i#j

This contradicts (x), as a;(c; + 1) must be positive. O

Note that our assumptions on the monomial ordering are in fact quite sparse.
This will give us a lot of elbow room to work with, and we will take advantage of
this fact.

Corollary 7. The set AL(S,a;) does not depend on the choice of < (as long as it
is an Apéry ordering).

Example 3.2. Let S = (7,8,9,13). We have
Is=(y1 —a2",yo — 2% y3 — 2%, ya — 2'%) C Qlz, Y1, y2, Y3, y4],
For this monoid we have
G(S)={1, 2, 3, 4, 5, 6, 10, 11, 12, 19 }
and
Ap(S,13) = {0, 7, 8, 9, 14, 15, 16, 17, 18, 23, 24, 25, 32}, T ={32}.

Let us take an Apéry ordering <1, taking the lex ordering y1 < ys < ys in step
(3). The Groebner basis is
B, = {z7 —y1, @'ys —ya, T2Y3 — Y1ya, Y2 — Y3, Ty — Y2, TYa — Y1,
Y3 — YTV, YsYs — V1Y, YiYs — Y3a, Y3 — Yivas Y25 — Ui,
y%yg — Y3y, yf’ — Y24, Y193 — y%}
Let us compute A4, (S,13). In order to do that let us draw in {x = ys = 0} the
integer corresponding by G~ to each element (0, a1, az, ag,0) (that is, Tag + 8ag +

9as). The shadowed regions in the picture below are precisely E(Is) N{x = y4 = 0}
(the horizontal axis is y1, the vertical is ys).

At Yz = 0
0 0 1 2 3 4
0 o r 14 21 28
1 & 15 22 25 36
2 16 23 20 37 44
3 24 31 38 45 52
4 32 39 46 33 60
3 40 47 54 61 68

On the other hand, at y3 =1
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1 o 1 2

0 16 23
1 24 3l
2 32 a9
2 33 40 47
4 41 43 35
3 49 56 63

Finally, at y3 =3

2 0 1 2
To NN s 32
1 26 22 40
2 34 41 48
2 42 43 56

That is, as expected,
A_,(S,13)={0, 7, 8, 9, 14, 15, 16, 17, 18, 23, 24, 25, 32 }.
Mind that, although the set A<, (S,a;) does not depend on the chosen ordering
Jor {y1,...,yx} \ {y;}, the actual arranging of the integers inside A~ (S, a;) might

well depend. In the same example, consider now in the step (3) the ordering <2,
taking the lex ordering yo < ys < y1 in step (3). The Groebner basis is

By, = {x7—y17 2hys — ya, T2Y3 — Y1ya, TY2 — Y3, TYL — Y2, TY4 — YL,

Ys — Yiya, Y2U3 — Y3, Yive — Y3ys, Ui — Yoy, Ys — ylys}.

Then the picture of A<, (S,13) is, at x = y4 = y3 =0,

0 o 1 2 3 4

0 21 28
1 22 29 36
2 16 23 30 a7 44
2 24 3l 38 45 a2
4 32 39 46 33 60

1 o 1 2 3 4

0 30 37
1 31 38 45
2 25 32 39 46 33
3 33 40 a7 54 61
4 41 43 a5 62 69

And at last, at =y, = 0, y3 = 2,
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2 0 1 Z £

0 18 25 32 a9
1 20 33 a0 47
2 34 41 48 23
3 42 43 36 63

4. COMPUTATION OF THE APERY SET: THE AFFINE CASE

An affine monoid is a finitely generated monoid that is isomorphic to a submonoid
of Z%,d > 0. For the sake of simplicity, we will assume that all our affine monoids
are submonoids of Z? for some d > 0.

Let S = (ay,...,a,) be an affine monoid with a; € Z¢\ {0}. We will say that S
is pointed if SN (—S5) = {0}, that is to say, if 0 is the only invertible element of S.
Equivalently, if the rational cone

pOS(S) = {/\1a1 + ...+ Apag | i € on}

is pointed.

Observe that if d = 1, then pointed affine monoids are nothing but numerical
monoids. In this case, the corresponding rational cones are all equal to Qxo.

Let A C {aj,...,a,} be such that pos(S) = pos(A). The Apéry set of S with
respect to A is defined as follows (see, e.g., [I4, Definition 1.1])

Ap(S,A)={ac S|a—b¢gS VbeA}

For d = 1, one has that pos(S) = pos(s), for all s € S\ {0}. Thus, by Lemma [I}
the above definition of Apéry set is a generalization of the one given for numerical
semigroups.

Let us fix A C {ay,...,ax} such that pos(S) = pos(A). Without loss of general-
ity, we may suppose that A = {ag_n41,...,a5}, n < k.

Consider the polynomial ring Q[x1,...,24,¥1,-..,yk] and let <x be a block
ordering on A such that <, is an arbitrary monomial ordering <, for x and <, is
a S—graded reverse lexicographical ordering <, for y such that y; <, v;, for every
je{l,....,k—n}andje{k—n+1,...,k}.

Example 4.1. If < is the lexicographical ordering with x4 <z ... <z T1 and <

is the S—graded reverse lexicographical ordering with yi <y -+ <y y1, then < is
given by

I;Jo 0 -~ 0

0lar as -+ ag

oo o --- -1

ofo -1 --- 0

Let Is be the kernel of the ring homomorphism

o :Qlx1,...,xa, 1, Y] — Qlz1,..., x4
y; — xM =gl al®
Ti > X
Let By be the reduced Groebner basis of Is with respect to <5 and set N, for
the normal form operator with respect to this basis. For the sake of convenience,

we will write {z1,..., 2, } instead of {yk—n+1,...,yx} in what follows.
Now, define the following set

0.4,(8) = {ae Z%O lexp (Na(x?)) e{ar=...0a=21=... =2, = O}OE(IS)}
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Notice that there are finitely many elements in Q~, (S). Indeed, since pos(S) =
pos(A), then, for each a;, j = 1,...,k — n, there exist u; € Z>o and v; =
(V1j,- -+ Unj) € Z%, such that uja; = 371" | vijag_pnii. Therefore,

y}” — Na(zY7) € By.
The next theorem generalizes Theorem [0] for affine monoids.
Theorem 8. O, (S5) = Ap(S,A).
Proof. Let a € Q~,(S) and consider the fiber of
2l — S

d+k

(ul,...,ud_,_k) — Z Uik
i=d+1

over a, that will be denoted by 7—1(a).
By hypothesis, there exists

u=(0,...,0,Ugs1,. .., Uq1k-n,0,...,0) € 7 (a) N E(Ig).
Ifa—b e S, for some b € A, there exist v = (0,...,0,v441,- -, Vdtk—n,0,...,0)

and w = (0,...,0,wy,...,w,) € Z‘é‘gk with w; # 0, for some i, and v+w € 7 1(a).
That is to say, there exists a nonzero

f=y"—y'z" € Is.

Finally, since, by the definition of <A, v + w < u, we obtain that u € E(Ig),
a contradiction.

Conversely, if a € Ap(S,A) and u € 7 !(a), then u; = 0, for every i €
{d+k—n+1,...,d+ k}. In particular,

exp(Na(x*) e{z1=...2a=21=... =2, =0}

and we are done. O

5. PSEUDO—FROBENIUS NUMBERS AND THE TYPE SET

Let us fix a numerical monoid S and let us review some classical definitions.
First, we define a partial ordering <g in S as follows:

r<gy <= y—xz €S

We also say = € Z is a pseudo—Frobenius number for S if:

e x ¢S
e x+seSforall se S\ {0}.

The set of pseudo-Frobenius numbers for .S will be noted PF(.S) and its cardinal,
which we will call the type of S will be written as #(S).

It is clear that f(.S) is the maximum of PF(S) (with respect to the usual ordering
in Z). A very special familiy of monoids are precisely those where PF(S) = {f(S)}
(equivalently, where t(S) = 1). These monoids are called symmetric.

The relationship between <g and PF(S) comes from the next result.

Proposition 9. An integer g € Z belongs to PF(S) if and only if for any n € S,
g+ n is a mazimal element in Ap(S,n) with respect to the ordering <g.

Corollary 10. t(S) = # {max<, Ap(S,n)}.
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In [13] Nijenhuis and Wilf studied when the property

1

9(8) = 5 (/(8)+1)

holds for a given numerical semigroup S (the same goes for monoids, of course). As
we mentioned, the case k = 2 was completely known from Sylvester [I8]. Looking
for conditions that are equivalent to this property, they proved the following result
(essentially proved independently by Kunz [10]).

Theorem 11. Let S = (a1, ...,ar) and let us consider the set
T(S)={m € Ap(S,ar) | m+a; ¢ Ap(S,ar), Vi=1,...k}.

Then
1

9(8) = 5 (f(5) +1) = {T(5) =1L

The set T'(S) will be called the type set of S, and the condition $7°(S) = 1 will
be called (after [13]) Gorenstein condition.
There is also a tight relationship between T'(S) and PF(S) [13].

Proposition 12. PF(S)={m —ay | m € T(5)}.

Corollary 13. Under the previous assumptions:
o #T(S)=1t(9).
o A monoid verifies the Gorenstein condition if and only if it is symmetric.
o T(S) = {max<, Ap(S,ax) }.

In the following section we will give a different method for computing the type
set using the algorithm we developed above.
6. COMPUTATION OF THE TYPE SET

Example 6.1. Let us take again our monoid from a previous example S = (3,7,11).
Remember we already computed

Ap(S,11) = {0, 3, 6, 7, 9, 10, 12, 13, 15, 16, 19}.

If we want to compute the type set T(S) and the set PF(S) we can use the partial
ordering <g as indicated above. In fact, the ordering induces the following diagram
in Ap(S,11) (an arrow x — y indicates x <g y):

7 10 13 16 19
0 3 6 9 12 15

Therefore we have T'(S) = {15, 19}, PF(S) = {4, 8}.

In this section we will give a different, systematic way of computing T'(.S), using
our previous algorithm to compute Ap(S, s).

Under the assumptions of the previous section, we compute Ap(S, aj) using an
Apéry monomial ordering < whose normal form will be denoted by Ng(-). Let
N € Ap(S, ar), and therefore let us write

exXp (Nk (:CN)) = (Oa’yla "'a’yk—lao)'

We will say N is an extremal element of Ap(S,ay) for < if, for alli =1,...,k we
have

(05717 v Vi 15 ---a’7k7170> ¢ E(IS) N { T =Yr = 0 }
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Mind that the set of extremal elements does depend on the ordering chosen <.
That is why we will denote

0<(S, ar) = { Extremal elements of Ap(S,ay) for < }.
Lemma 14. T(S) C 0<(S, ax) for any Apéry ordering < with respect to a,.
Proof. Assume it is not so, for some N € T'(S) with

€xXp (Nk (zN)) = (05717 "'7/7]67150)'
Then there exists i € {1,...,k — 1} such that

(05717 ey Vi 15 "'afykflvo) € E(IS) N { T =Yr = 0 }
This implies, from Theorem [, and using G~! from Theorem [, that N + a; €
Ap(S, ay,), contradicting the fact that N € T'(S). O

Theorem 15. If O is the set of Apéry orderings with respect to ay, then
() 9<(S,ar) = T(S).

<e€0

Proof. By the previous lemma, we only need to proof the following: If N ¢ T(S),
then there exists an Apéry ordering <€ O such that N ¢ 9-(S, ay).

If N ¢ T(S), there must exist a generator a; for ¢ = 1,...,k — 1 such that
N + a; € Ap(S,ar). Let us take <€ O any monomial ordering such that, in step
(3), we choose the reverse lexicographic ordering with respect to

{yb ey Yi—1,Yit 1y oo Y—1, yz} .

That is, given two (k 4+ 1)—uples, the smallest is the one with bigger (i + 1)-th
coefficient (corresponding with y;) and so on. Mind that this is a monomial ordering
(in particular, it is a well ordering) only beacuse of the grading stablished in step
(2) of the definition of Apéry orderings.

Let us write

exXp (N-< (xN)) = (Oaﬁla -"aﬁia "'aﬁk—lao)'
Then it must hold that,

exXp (N-< (:EN—H“)) = (Oa 613 aﬁl +1,.., Bk—la 0))
This comes straightforwardly, if we had otherwise
exp (N< (xNJ”“)) = (0,1, .oy @y oey j—1, 0),

then, from our ordering, we must have either a; > 5; + 1, or a; = 8; + 1 and we
break the tie in another coordinate of the (k + 1)—uple.

This last case cannot happen, because the rest of the coordinates must be the
coefficients of the smallest representation (with respect to our chosen ordering) of
N — ﬁiai.

The first option is also impossible, because if a; > §; + 1, then it is clear that

(0,0[1, vy — 1, ...,Oék,170> S Z];O

is a (k + 1)—uple which represents N and it is smaller than (0, 31, ..., Bi, ..., Bk—1,0)
with respect to our ordering. Therefore N ¢ 0-(S, ax). O

Despite our result displays a infinite intersection it is clear from the proof that
we need, at most, k — 1 monomial orderings (and the subsequent computations of
the sets 9<(S, ax)) for the full computation of T'(.S).
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Example 6.2. Let us consider again the monoid S = (7, 8, 9, 13), which verifies
G(S)=1{1,2 3 4, 5, 6, 10, 11, 12, 19}

and
Ap(S,13)={0, 7, 8, 9, 14, 15, 16, 17, 18, 23, 24, 25, 32},
T(S)={32},
that is, S is symmetric.
From Theorem we need to consider (at most) 3 monomial orderings. Let
us write <1 the Apéry ordering which takes, in step (3), the reverse lexicographic
ordering with respect to {y1, y2, ys}. The Grobner basis is precisely the basis Bo

in Example 3.2. From the arrangement of the set Ap(S,13) according to this basis,
we see that the extremal elements are precisely:

0=, (S,13) = { 24, 32).
Note that 24 ¢ T'(S) because 24+ az = 24+ 8 € Ap(S,13). The same results are

obtained if we use the ordering <3, which uses the reverse lexicographic ordering

with respect to {ya, Y3, y1}-

However, if we consider (following the strategy of the proof) the ordering <2,
taking in step (8) the reverse lexicographic ordering with respect to {y1, ys, Y2},
we get the Grobner basis By from Ezample 3.2.

In this case we have

0<,(5,13) = { 14, 18, 23, 25, 32 },
so we have four stowaways, namely {14, 18, 23, 25} which verify
14+a3=144+9 € Ap(S,13), 18+ a; =18+ 7 € Ap(S,13),

23+a3=234+9¢€ Ap(S,13), 25+ a1 =25+ 7 € Ap(S,13).
As expected, T(S) ={ 32 } = 0<,(5,13) N I<,(S,13).

7. ANOTHER INTERPRETATION OF PSEUDO—FROBENIUS NUMBERS

We will end with a word on an important feature of the pseudo—Frobenius ele-
ments (and hence the set T(S)) in a more highbrow context. Let

S:<a1,---,ak>CZZO

be a numerical monoid and let Q[S] be the monoid algebra associated to S, that is
to say,

Q[S] == P Qx*, with x* - X = x*".
ses
Obviously, the monoid algebra Q[S] is an S—graded ring. We also consider the
polynomial ring A := Q[y1, ..., yx] as an S—graded ring, by assigning degree a; to
y;. Thus, the ring homomorphism

@Yo - A — Q[S]
yi — X"
is clearly S—graded too.
This allows to construct an S—graded minimal free resolution of Q[S] as A-mo-

dule that will be finite of length dim(A4) — depth(Q[S]) = k — 1, by the Auslander-
Buchbaum theorem. More explicitly, the resolution has the form

le—1 l
0= @ Ai(=bp1;) — ... — @A™ (~b1;) — A5 Q[S] -0,

j=1 j=1
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where the integer 3; := Z?:l ri; is the rank of the i—th syzygy module of Q[S] and
bij # bijr, J# 75"

The integers b;; do not depend on the resolution and they can be combinatorially
characterized as follows.

Let a € S. Consider the abstract simplicial complex A, consisting of all subsets
F of {1,...,k} such that a — ), . a; € S, and let H;(A,) be the i—th simplicial
homology vector space of A, with values in Q.

Theorem 16. f[i_l(Aa) # 0 if and only if a = b;; for some j. Moreover, in this

case, dim(H;—1(Ag)) = 7ij
Proof. See [3| Theorem 2.1]. O

Corollary 17. PF(S) = {b— ¥ a; [ b {by-11,.,bp—14, ,}}-
Proof. Tt suffices to observe that a € PF(S) if and only if AaJrE;;

=19

. has the
reduced homology of a (k — 2)-sphere. O

8. FINAL REMARKS

The computation of the Apéry set and the type set may be seen as a first step
in the understanding of more complicated structures inside a numerical monoid. In
particular, different partial orderings from <g can be considered in order to gather
more interesting data (see for instance [7]). We hope this work may serve as a first
approach to tackle this further—reaching problems.

The authors wish to thank P. Garcia—Sanchez, for pointing us the example which
eventually led to Theorem [I3] to J.L. Ramirez—Alfonsin and M. D’Anna for their
help and advice and also to S. Robbins for his enlightening conversations during
his stay in Seville in December 2013.
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