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Abstract

In this paper we characterize the value set A of the R-modules of the form R + zR for
the local ring R associated to a germ & of an irreducible plane curve singularity with one
Puiseux pair. In the particular case of the module of Kihler differentials attached to &, we
recover some results of Delorme. From our characterization of A we introduce a proper
subset of semimodules over the value semigroup of the ring R. Moreover, we provide a
combinatorial algorithm to construct all possible semimodules in this subset for a given
value semigroup.
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1 Introduction

Let (C,0) be an irreducible plane curve singularity with an arbitrary number of Puiseux pairs de-

fined by a germ of function f. There exists a Puiseux parameterization (x(t),y(t)) = (", ¥ j>na;t’)
such that the morphism

R:=C{x,y}/(f) — C{1},

where R is the local ring of (C,0), induces a discrete valuation v : F — NU {eo} of the field of
fractions F of R as

v(h) == ord; (h(x(1),¥(1))),

where ord; stands for the usual order of a power series in t. The set of values, or value set,
['(C) :=v(R) = (By,... ,Bg> of the discrete valuation v associated to the local ring R of the
curve C has the structure of numerical semigroup, and —more remarkably— it is known to be a
topological invariant of the singularity [19]. If we set n; := gcd(ﬁo, . ,Ei_l) / gcd(ﬁo, .. ,Ei)

foreveryi=1,...,g and ny = 1, then I'(C) satisfies the following properties:

1. nB; € (By,By,---,B;_ ), foreveryi=1,....g;
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2. miP; <Py foralli=0,....g—1.

For further fundamental facts on the subject, the reader is encouraged to consult Zariski’s work
[19]; this should serve as a fundamental introductory reference guide for those readers interested
in more in-depth inquiries, without detracting from the many other excellent expository works.

In 1972, Bresinsky [3, Theorem 2] and Teissier [17, Chap. I. 3.2] independently proved that,
for any numerical semigroup I'" satisfying conditions and (2)), there exists a plane branch
(C,0) C (C?,0) such that I" = I'(C); we will refer to this statement as the Bresinsky-Teissier
Theorem. The analytic counterpart of I" is the value set of Kéhler differentials. The value set of
Kihler differentials of an irreducible plane curve singularity is defined as A’ = v(Rdx + Rdy);
this is an analytic invariant, as proved by Delorme in 1978 [6]]. Moreover, one can easily check
that A’ has structure of I'-semimodule, its normalization is given by A = A’ — (Eo — 1), where
By is the multiplicity of C at the singular point, and A = v(R 4 Rdy/dx); therefore we will
employ the terminology Kdhler semimodule.

In this paper, we will focus on the case that C : f(x,y) = 0 is the germ of an irreducible plane
curve singularity with one Puiseux pair, i.e. a germ of plane curve with equation

fey)=x—y+ Y axy,
iq+jp>pq

where ged(p,q) = 1. In this particular case the semigroup of values of C is minimally generated
by pand g,ie. ' = (p,q) :={n € N|n=ap+bq}.

The main goal of this paper is to provide an extension of the Bresinsky-Teissier Theorem to I'-
semimodules, which will lead to the notion of increasing semimodule. First of all, we present
—with the help of the lattice path representation of the elements in N\ I" due to the third author
and Uliczka [11} 12— a constructive algorithm to compute all possible increasing semimod-
ules for a fixed I" (see Section [2.3). As a consequence, we prove that the set of all possible
increasing semimodules of a given I" has a natural tree structure (see Section[2.3). After that, in
a purely abstract way, our main theorem (Theorem [3.1]) reads as follows: given both a numerical
semigroup I = (p,g) with two minimal generators and an increasing I'-semimodule A, we can
construct a Puiseux parameterization of a plane curve with value semigroup I whose local ring
has an R-module M such that Ay; = A. In particular, the existence of an increasing semimodule
induces naturally a deformation of the parameterization of the curve, see Remark This
contrasts with the fact that —in the one Puiseux pair case— none of Piontkowski’s results [13,
Section 3] impose specific conditions over the I'—=semimodule A; therefore, they do not provide
a complete classification of value set of modules. From this point of view, Theorem [3.1] can be
thought as a sort of analogue to Teissier’s result [[17, Chapter I, Prop. 3.2.1] and hence as an
improvement of Piontkowski’s results for the case of modules over the local ring associated to
a branch with one Puiseux pair. These outcomes can be considered as the main contributions of
this work.

In this generality, the converse of our Theorem|3.1]is still a work in progress. However, thanks to
Delorme’s findings [[6, Lemma 12] we can prove it for the particular set of increasing semimod-
ules whose first generator is ¢ — p, assuming p < g (Corollary {.5)). In particular, this implies
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that the value sets of Kihler differentials can be computed from the combinatorics of the in-
creasing semimodules over I'. We illustrate this fact with a final example obtained from the
implementation of our constructive proof of Theorem in Mathematica code [[18]] available
in the PhD Thesis of the second author [[1, Appendix A].

In the last stage of the preparation of this manuscript, different works which investigate topics
of this paper have appeared, as we sum up here. In [7], de Abreu and Hernandes present a
procedure to recover the semigroup of values of an irreducible plane curve singularity with any
number of Puiseux pairs from the semimodule of Kéhler differentials, which provides a test to
decide whether a given subset is a semimodule of Kéhler differentials or not; combining that
result together with [9,[10], they present an algorithm to obtain all possible Kihler semimodules
associated to an equisingularity type based on the computation of all possible standard bases for
the Tjurina algebra. (For additional insights, please refer to the observations in Casas-Alvero
[S, Section 7] and the references therein). As previously mentioned, our procedure has the
advantage of circumventing the standard basis approach for branches with a single Puiseux pair.
In [4], Cano, Corral and Senovilla-Sanz investigate the Kihler differentials of a branch with
one Puiseux pair using foliation theory; they consider our notion of increasing semimodule in
order to study the particular case of Kédhler semimodules, and describe the different truncations
as analytic semiroots. In contrast to these cases, we proposet a more general framework that
addresses modules over the ring of a plane branch with one Puiseux pair. In the particular case
of Kéhler differentials, our techniques allow to prove that all combinatorial possibilities of a
semimodule to be a Kidhler semimodule can be realizable; to the authors’ knowledge, this fact
cannot be obtained using any methods currently available in the existing literature.

2 Numerical semigroups and semimodules

A numerical semigroup I' is an additive sub-semigroup of the monoid (N, +) such that the
greatest common divisor of all its elements is equal to 1. The complement N\ I" is therefore
finite, and its elements are called the gaps of I'. Thus, I' is finitely generated. The number
¢(T") = max(N\T') 4 1 is called the conductor of I".

A T'-semimodule is a non-empty subset A of N such that A+I"C A. A system of generators
of A is a subset & of A with A = (J,co(x+1T); it is called minimal if no proper subset of &
generates A. Notice that, since A\ I is finite, every ['-semimodule is finitely generated, and so
A has a conductor, which is defined as ¢(A) = max(N\ A) 4 1. Moreover, every I'-semimodule
A has a unique minimal system of generators (see e.g. [11, Lemma 2.1]). Two I'-semimodules
A and A’ are called isomorphic if there is an integer n such that x — x + 7 is a bijection from A
to A’; we write then A = A’.

For every I'-semimodule A there is a unique semimodule A" = A containing 0; this semimodule
is called normalized. Accordingly, the I'-semimodule

A% ;= {x—minA:x € A}

is called the normalization of A; the normalization of A is the unique I'-semimodule isomorphic
to A which contains 0.



The minimal system of generators xop = 0,x1,...,x; of a normalized I'-semimodule is what the
third author and Uliczka called a I'-lean set [[11]], i.e. it satisfies that

|xi—xj| ¢ T forany 0<i< j<s,

and conversely, every I'-lean set of N minimally generates a normalized I'-semimodule. Hence
there is a bijection between the set of isomorphism classes of I'-semimodules and the set of
I'-lean sets of N, cf. [11, Corollary 2.3].

For specific material about numerical semigroups, the reader is referred to the books of Rosales
and Garcia Sanchez [16]] and Ramirez Alfonsin [15]].

2.1 Lattices paths

In this paper we will restrict our attention to numerical semigroups with two generators, say
I'=(a,B) = Na+ Np for two integer numbers «, B with 1 < @ < 8 and ged(a, ) = 1. In this
case the conductor of I" is simply ¢ = c¢({(a,8)) = (ot — 1)(B — 1). The gaps of («, B) are also
easy to describe: they are of the form a8 —aa —bf, where a € |0, 8 — 1] and b € ]0, & — 1]. This
description yields a map from the set of gaps of (a, B) to N? given by af —aa — b — (a,b),
which allows us to identify a gap with a lattice point; since the gaps are positive numbers, the
point lies inside the triangle .7, g with vertices (0,0), (0, @), (j,0).

In the following, we will use the notation
X; = OCB —a; —biﬁ or x; = 06[3 —a(x,-)(x — b(x,-)ﬁ
for a gap x; of the semigroup (¢, B). We define a partial ordering < on the set of gaps as follows:

Definition 2.1. For gaps x;,x, of (¢, 3), we define
X1=xy <= a<ay N by >b

and
X1 <Xy <= a1 <ay N by > bs.

Consider the subset {x1,...,x;} C N\ T of gaps of I' = (a, B) such that for every i = 1,...,s it
fulfills a; < ap < --- < a;. Define & := {0,x1,...,x}. Corollary 3.3 in [11] ensures that & is
(a, B)-lean if and only if by > by > -+ > by. This simple fact leads to an identification between
an (o, B)-lean set and a lattice path . with steps downwards and to the right from (0, @) to
(B,0) not crossing the line joining these two points, where the lattice points identified with the
gaps in & mark the turns from the x-direction to the y-direction, see [11, Lemma 3.4]; these
turns will be called ES-turns for abbreviation. As an example, Figure [I] shows the lattice path
corresponding to the (5,7)-lean set [0,9,6, 8].
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Figure 1: Lattice path for the (5,7)-lean set [0,9,6, 8|.

We will use the notation [0,x,...,x,] for the minimal system of generators of a normalized
I'-semimodule just to emphasize the ordering of Definition [2.1

Let [go = 0,g1,...,g;s] be the minimal system of generators of a (¢, B)-semimodule A. In [11]]
the third author and Uliczka introduced the notion of syzygy of A as the (¢, B)-semimodule

syz@)i= U ((T+e)n(T+gy)).
i,j El{ijs}
According to [11, Theorem 4.2], for I' = (e, B) the syzygies of a normalized I'-semimodule A
can be characterized as follows:

Proposition 2.2. [/ 1| Theorem 4.2] Let A be a I'-semimodule with minimal system of generators
[g0=0,g1,...,8s]. Assume that the minimal system of generators is ordered with the gap-order,
ie. g0 < g1 < -+ =< gs. Then the syzygy of A is the set

Syz(A) = U <(F+gk)ﬂ(r+gj)) = O(F—i—hk),
0<k<j<s k=0

where hy, ..., hs_1 are gaps of T, ho,hs < a3, and

h =grmod B, hy > gr for k=0,....s
hy = gg+1 mod o, hy > gr1 for k=0,...,5s—1
hy =0mod o, and Ay > 0.
Remark 2.3. Observe that the modular conditions for the generators of the syzygy module

[ho, ..., hs] give us explicit expressions for A; in terms of the coordinates of the minimal sys-
tem of generators of A.

Assume that, for the minimal system of generators [go = 0,g1,...,85] of A, forany i=1,... s
we write g; = aff —a;a — b; i.e. with gg < g1 < --- < g,. Then,

h; = aﬁ —ai_la—biﬁ.
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Example 2.4. Let us consider again I = (5,7) and the semimodule A with minimal system
of generators [0,9,6,8] and lattice path as in Figure [I} Then the (5,7)-semimodule Syz(A) is
minimally generated by hy = 15, h; = 13, hp = 16 and h3 = 14.

The syzygies allowed the second and third authors [2] to give a formula for the conductor c(A)
of A:

Theorem 2.5. [2| Theorem 1] Let A be a I'-semimodule. Let I be a minimal system of generators
of A and J be a minimal system of generators of Syz(A). Let M := max<,{h € J} denote the
biggest, with respect to the usual ordering of the natural numbers, minimal generator of the
syzygy module. Then

c(A)=M—-o—p+1.
In particular, if we denote by (my,my) the point in the lattice path £ representing M, then we

have
c(A)=c¢(') —ma—mpP.
Remark 2.6. From now on, all minimum and maxima will be taken under the order of the natural
numbers; we will then write max<, min< .
As said, with the ordering gg < g1 < --- < g for the elements of A we write
Ei= |J (T+g)) for0<i<s.
0<j<i
Foranyi=1,...,s, the number u; := min< {(I"'+ g;) N E;_; } will play an important role in the
sequel. We may write u; in terms of the coordinates in the lattice path .Z:
Proposition 2.7. For any i = 1,...,s and g; = aff —a;o. — b;f3, let us define ay = by = 0,
xi = a(B —a;), yi = B(a—b;) and m; = min< (x;,y;). Let us assume that go < g1 < --- < gs.
Then
U = H<lin{06ﬁ —a;— 10 — b,ﬂ,mi}.
=N

Proof. Along the whole proof min := min< . Forevery i =0,...,sand j=1,...,sset Q; ; :=
(I'+gi)N(I'+g;) and ; j := min Q; ;. It is easily checked that

w; = min{f(a—b;),a(f—a)}

Wirj = of—ao—b ;B

8i

e
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Figure 2: Shaded regions (I'+x;) U(I'+y;) and Q; ; ;.



Now fori=1,...,s we get

j—1
u; =min{(F—|—g,~) ﬂEl;l} = min{(l“—kg,-) N U (F+gj)}
j=0

:min(Qovi UQL,‘ U--- UQ,',L,') = min{(l)o,i, Oy CO,',L,'}.
Observe that @;; < w1 ; for j=1,...,i—1since ay > ay4 forall k =1,...,i —2; therefore

u; = min{ @y ;, Wi_1,}, as desired. O

Remark 2.8. 1f all u; became of the form aff —a;_jo — b;3, then u; = h;, i.e. they are minimal
generators of the semimodule of syzygies.

Finally, we recall a few properties of the u;’s previously defined which will be very useful in the
sequel. These properties were already given by Delorme [6] in a different context:

Lemma 2.9. [6| Lemma 10] Let p,q € Z be such that |p— q| ¢ T'. We set

u::n%iNn{(F—I-p)ﬂ(F‘i‘CI)}

aswellasii:=u+c()—of,vi=p+qg+af —uand v:=v+c(T) — af. Then we have:
1. T+p)N(T+q)=T+u)uT+v),
2 T+puT+q)=T+u—oaf)N(T+v—af),
3. N+vC (C+p)UT+gq),
4. N+a)n((C+p)u(T+q)) = (N+a)N(T+v—oap).

2.2 Increasing semimodules

From now on, and throughout the paper, when referring to the minimal set of generators
{g0,81,--.,8s} of a '-semimodule A, we will assume that it is ordered by the natural order-
ing go <y g1 <y -+ <N &s unless we mention the contrary. For the scope of this paper, we are
interested in a particular subset of semimodules:

Definition 2.10. Let I" be a numerical semigroup minimally generated by (¢, B). A '-semimodule
L is called an increasing semimodule if it satisfies the following property:

If L has minimal set of generators {go =0,g1,...,8s}
and we put gs1 = oo, ug =0,

then for all 0 <i < s we have g;+1 > u;,

where u; = min{(I'+g;)NE;_1}for1 <i<s

and E; = U (C'+gj)for0<i<s.

0<j<i

(CY)



Before proceeding, let us clarify that the class of increasing semimodules is non-empty.
Lemma 2.11. Any normalized semimodule with two generators is increasing.

Proof. Because of the minimal set of generators is of the form [0, g] with g € N\ I, then condi-
tion (P trivially holds, since g, = o0 and uy = 0. O
Also, an immediate consequence of Delorme’s [6, Lemma 12] (cf. Theorem 4.1 as well) is the
following

Corollary 2.12. Let be A = v(R+ Rdy/dx), where R is the local ring of an irreducible plane
curve singularity with one Puiseux pair (¢, ). Then A is an increasing I'—=semimodule, where

I'=(a, ).
Proof. By [6, Lemma 12], the generators @; of R+ Rdy/dx satisfy @;1] = Z F;j®; where
0<j<i
Fii €R, u; = v(Fii)+gi= il’lfj{v(Fjvl') —I—gj} and v(w;11) = giy1- Since
v(0i41) = min{v(Fj;) +v(®;)},
the claim follows. O

Moreover, the set of increasing semimodules is a proper non-empty subset in the set of I'-
semimodules: consider for instance the I'-~semimodule minimally generated by {0,6,8,9} (see
Figure [I)); this is not an increasing semimodule since inf((5,7) N ((5,7) 4+ 6)) = 20 > 8.

To conclude this section, we present a somewhat technical lemma that will prove valuable in

subsequent discussions.

Lemma 2.13. Let be I = (a, B). Let L be an increasing I'-semimodule with {go =0,g1,...,8s},
we set gs1 = o0 and i := u;+c(I') — af. Then, foranyi=0,...,s— 1 there exists an element
ci € (=T), namely ¢; = c;—1 + g; — u;, such that

(N—}—IZ,‘) NE; = (N—l—b_ti) N (1“+c,-).
Proof. We proceed by induction on s. The case s = 1 is easily deduced from Lemma with
p=g0=0,q=gi;then uy = min{(I"+ g;) NI’} € I, therefore it is enough to consider

co=v-oaf=go+g+oap—u—ap

=g1—U € (—F).
Since u; < uy < gy+1, we have gz € N+1g; this together with the fact that g, ¢ E; implies
that gs+1 ¢ N+ ¢, by induction hypothesis. Therefore g1 —cs ¢ I and we apply Lemma[2.9](4)
with p = g1 and ¢ = ¢, so that ug | = min{(I'+ g, 1) NEs}. if weset cg1 = g1 — Ut 1 +Cs,
then Lemma|[2.9)again yields the equality

(N_'_ﬁs—f—l) NEgt = (N_'_ﬁs—f—l) N (F+Cs+1)a

as desired. O]

Remark 2.14. Lemma [2.13| was proven by Delorme [6, Lemma 12 (a)] for the case of an in-
creasing semimodule with g = 8 — o.

Remark 2.15. By the proof of Lemma [2.13]itself, we observe that the statement of that result
still holds if we substitute the assumption g;+1 > u; for all i by the hypothesis g;1 > u; for all i.
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2.3 Lattice paths of increasing semimodules

To conclude the section, we are going to show a procedure to construct any lattice path as-
sociated to an increasing semimodule. Recall that we are assuming that the minimal sys-
tem of generators gop = 0,g1,...,8s of a '-semimodule is ordered by the natural ordering

80=0<y g <y- <N &s-

An easy consequence of Lemma [2.TT]is that any lattice path with a unique ES-turn is an increas-
ing semimodule A1) generated by gy =0, g € N \T". Let us write J = {hg, h; } for the minimal
set of generators of the syzygy semimodule Syz(A(l)). Therefore, it is a straightforward com-
putation to check that min{/g, s } = min{I'N (I"+g1)}.

Write u; = min{ho,/;}. There exists an increasing semimodule A(®) with three generators
containing AV if and only if there is an element g, € N \A(l) with g > u; such that

A = AW YT+ g2).
Since u; is a generator of the syzygy module and g, must be a gap, then g, > u; means
g€ {(a,h) eN?*: uy < aff —aa—bp}.

On the other hand, the condition g; € N'\ AM) means that g» 1s a point above the lattice path
associated to AW, Let us denote by L(A(l))Jr the region above the lattice path associated to
AW Hence the existence of A?) is equivalent to

LAY N {(a,b) e N?: u; < aff —aa—bB} #0.

So, let us assume that we start with AG—1) minimally generated by I = {go =0,g1,---,8i-1}-
Consider u;—1 = min{(I"'+ g;—1) NE;_»}. Observe that, since the u;’s are in correspondence
with ES-turns by construction, the syzygy module SyZ(A(l‘l)) is minimally generated by

{ulw"vuiflaM}a

where M = c(A(i_l)) + o+ B — 1. We observe that we are ordering g; here by the natural order
in N, and this ordering does not necessarily coincide with the order <. So, the indices in the
minimal set of the syzygies may not coincide with those in Proposition [2.2]

As before, let us denote L(A("_l))Jr the region above the lattice path associated to A(i_l), then,
there is a g; € N\ I" with g; > u;_; if and only if

LA N {(a,b) e N?: ui_y < aff —act—bB} # 0.
The previous construction gives us the following immediate consequence:

Proposition 2.16. LetT"= (o, ) and et A be an increasing T—semimodule minimally generated
by {go=0<p - <ng&} Then, uy <y - <yus <y M :=c(A)+a+ B — 1 are the minimal
set of generators of Syz(A).



Remark 2.17. Proposition shows that, different from Proposition the minimal set of
generators of the syzygy semimodule of an increasing semimodule can be obtained with the
natural ordering. Obviously the labeling may differ from the order established in the lattice
path.

Example 2.18. To see how the ordering in the labeling of the minimal generators of the syzygy
semimodule may differ, let us consider I' = (7,9) and the increasing I'-semimodule A min-
imally generated by 0,5,20 and 31. (This will appear in Example [2.19] again). Observe
that Syz(A) is minimally generated by u; = 14,uy = 27,u3 = 38 and ¢(A) + o + B — 1 = 40.
If we order the minimal generators of the syzygy module with the order < then we have
hy =14,h; =40,h, =38, hz =27.

The previous construction encloses a rooted tree structure over the set of incresing semimodules
in terms of its first non zero minimal generator; the root corresponds to the semimodule associ-
ated to a gap of the semigroup, and represents the unique I'-semimodule of the form A = [0, g].
We assign this to the level O of the tree. The next level represent the possible increasing I'-
semimodules with three generators [0, g1,g2] with g; = g; hence the number of leaves at this
level is

LAY N {(a,b) e N?: u; < af —ao—bB}|.

In general the number of nodes at a level k represent the number of increasing I'-semimodules
with g as first non zero generator and k + 2 minimal generators. To each node at level k we
attach exactly

ILAY NN {(a,b) e N> : upy; < af —ao—bB}|

leaves. Obviously, this tree representation is finite; observe that k < . Let us show the proce-
dure with an example:

Example 2.19. Let us consider the semigroup I' = (7,9). We are going to construct all possible
increasing I'-semimodules with g; = 5. Since u; = 14, the first step of the above procedure
says that there are eight increasing I'-semimodules with g; = 5 and three minimal generators,
see Figure

Figure 3: Lattice path for the (7,9)-lean set [0,5] and the eight candidates for g, in gray.
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As a second step, let us choose g> = 20 as minimal generator. Then, uy = 27 and the following
figure shows that there is only one increasing I'-semimodule with g =35, go =20 and 4 minimal
generators in total, namely A = [0,5,20,31], which has u3 = 38. (This semimodule has already

appeared in Example [2.18)).

O

Figure 4: Lattice path for the (7,9)-lean set [0,5,20] and candidate for g3 in gray.

Finally, it is an easy computation to see that the set of increasing I'-semimodules with g; =5
has the tree structure showed in Figure [5]

A Level Added generators

[0,81] 0 =8
[0,g1,82] 1 &
[0,g1,82,83] 2 8

Figure 5: Tree of increasing I'-semimodules with first non zero generator g; = 5.

3 Realization of increasing semimodules as value set of R—
modules

At this point, we are ready to present the main result of this paper. We are going to show that
for fixed I" and an increasing I'-semimodule, we can find a plane curve with value semigroup I,
as well as non-zero functions (elements in the local ring R) such that the associated R-module
has as value set the given increasing semimodule.

Theorem 3.1. Let I' = (o, B) be a numerical semigroup with o < 3. Let L be an increasing
[-semimodule, and set b := c¢(T') — B — 1. Then there exist a tuple (ay,...,a;) € C’ and 7 € R
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such that L = v(R+ zR), where R is the local ring of the germ of plane curve singularity defined
by the Puiseux parameterization

x(t):= t*
b

y(t) = P+ Y an'P.
i=1

Proof. We first introduce some notation and definitions. Let us denote by gg=0<g; <--- < gs
the minimal set of generators of L. Also set

E; = U (F'+gj), and E;:=L

0<j<i
ui:=min{E;_1 N (C'+g;)}
Oy = Z (gj+1 —uj) with 6p =01 =0, fori=1,...,5s—1
I<j<i

hi:=gi—o;, fori=1,... s
li:=0i_1,0]NN, fori=2,...,s.
Let us consider the polynomial ring C[X,...,Xp|[T] in the variable T with coefficients in the

ring of polynomials C[Xj,...,Xp,]. We consider formal elements Y,z € C[X],...,X,|[T] of the
form

b b
Y:Tﬁ<1+ZX,-T’>, =T <c0+2c,~x,-T’>.
i=1 i=1
Step 1: We set Ugo =1, U(l,1 = z. We will prove the existence of a family of polynomials

{{{U}(T)}jel,»}i:;,,,,ﬁl} C ClX1,....Xp)[T]
such that
i b i
viT) = (X [T Aver; + Vi) T+ Y (X [T Aker,+ Vo) T+ hot
k=2 r=jrl N k=2
with V, € (C[Xl, . aerl] ifr>j A € C[Xl, e ,Xo-ifl] and Ck,r € C.

Remark: We are considering U j’(T) € C[Xy,...,Xp][T], thus the expression h.o.t. denotes
higher order terms in the variable 7.

Step 2: For U J’(T) we observe that Ay = lcT(U(’;k(T)) is the leading coefficient as polynomial
inT. Set @y := ng for k=0,...,s. By construction, we have that ordy (@) = gi if Ay # 0 for

k=0,...,sand forall j € (0y_1,0;) we have lcT(UJI.‘) = 0. We want to show that the system of
polynomial equations defined by

Ar #0, for all k
ler(Uf) =0,  forall kandall j € (0y—1,0) (1)
ICT(US_‘—1 ) =0.

Os+1
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has a non-trivial compatible solution (ay,...,ap) € CP.

Step 3: Finally, let us take a solution (ay,...,a,) € C? of the system . We can consider the
ring morphism defined by

C[X1,...,Xp,T] = R=C{r}
X; —> a;
T — t.

Therefore, we can define the germ & of plane curve singularity given by the following Puiseux

parameterization:
x(t) = %

. b .
& y(it):= ev(Y)=1P+ Zait”rﬁ.
i=1
If R stands for the local ring of the curve C, then I' = v(R). Moreover, it is easy to check that, by
construction, the set {ev(wy)} is a minimal set of generators of the R-module R+ zR. Therefore,
we have v(R+zR) = L, since ordy (@y) = ord, (ev(wy)).

We conclude proving Steps 1 and 2.
Proof of Step 1. we apply induction. Define

Ug (T):=1, Ug(T):=T%(co+ Y c:XiT").
i>1

In order to lighten the notation, we will mainly denote Uél instead of Ucl,1 (T). Itis easily checked

that Ugo, Ucl,l are of the required form. Letbe € = ejo+ e €T, and write P(g) := T1*Y°2. Let

us assume that for i < k < s there exists this family of polynomials. We are going to construct
{U jk} for j € Ii; first, we define U§k_ =Pl — gk_l)U(’;I:ll. Since by induction hypothesis

k=1 ; - - 77k
Us, Is of the desired form, so is Ug,_,.
recursively:

Now, for j < o} we define the corresponding U]’-‘

o If hy+j ¢ Ex_1 we put

Uf(T) :=UNT) = ler (U T" .

o Ifhy+jeEnN(N\E,_) for some m < k we set
Uf(T) :=1er (U )US —ler (USUZ..

Finally, it is a straightforward computation to check that in both cases U Jk 1 has the desired
form.

Proof of Step 2: Observe that, by construction,

Av=[]AjX6 4+ Vs, with Vg € C[X,... , Xg—1]
j<k

13



so that the condition Ay # 0 is equivalent to Xg, # %}fA/ Also observe that for ¢ € (0y_1,0k)
J
by definition
lCT(Ué{) = ch7fAij +V, withV, € C[Xy,..., Xy 1]
Jj<k
Ve
[lj<kcjeds
Therefore, the system (1)) can be rewritten as

so that lc7 (Uf) = 0 is equivalent to X; =

Vs
Xck;ém forallk=2,...,s

(2)

X, = W forallk=2,...,s+ 1 and for all £ € (C4_1,0y).
Finally, observe that (0;_1,0;) N (0j_1,0;) = 0 if i # j. Since every isolated variable in the
system is different, we can solve the system in the following recursive way. We start with
Ap,A; € C*, and for ¢ € (01,02) = (0,82 —u;) we have Xy = 0. Thus, X, # 0. Let us denote
as, = Xo, € C*. After that, since V;, depends on variables of lower index than ¢ a recursive
reasoning solves the system. 0

The systems (1)) and (2)) have more equations than needed in order to obtain the required semi-
module; the reason is that, if j € (ox_1,0}) is such that iy + j € Ex_, then U Jk cannot be an
element with v(U ]k) = g, since v(U ]k) = hy+ j € E;_1. As aresult of that we may replace the
system of equations given in the proof with the following:

Vs,
XG"#T:AJ forallk=2,...,s

3)

Xy fork=2,...,5+ 1 and for all £ € (0}_1, O%)

such that iy +¢ € N\ E_.

Remark 3.2. We have programmed with Mathematica software the computations of all possible
increasing I'-semimodules with g; = 8 — a and the corresponding system of equations (2)), see
[1, Appendix Al].

Remark 3.3. A result of Zariski [19, Chap. VI Prop. 2.1] shows that any plane branch with one
Puiseux pair is isomorphic to a deformation of the monomial curve given by 7 — (¢%,¢P). The
system of equations (3) together with the proof of Theorem show that if (ay,...,ap) € C?is
a solution of this system, then the increasing I'-semimodule L associated to the equation system
induces the deformation of the parameterization of the monomial curve defined by

_ Vi
[lj<kcjAj

x(t) = %

b
y(t) = tP+Y ap'tP.
i=1
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4 Revisiting Kahler differentials for one Puiseux pair

Consider the local ring R of an irreducible plane curve with one Puiseux pair. Recall that to any
C-algebra A we can associate the A-module Q4 := I/I?, where I is the kernel of the diagonal
surjection A@QcA — A; we call Q4 the module of Kihler differentials. The injection R — R
induces a morphism of R-modules ¢ : Qg — Q. Now, the R-module Qg is free of rank 1 and
it is generated by dt :=t® 1 — 1 ®t. On the other hand, the R-module Qg has two generators,
namely
dx=ar*" and dy=BP 1+ Z jajt'~".
J>B
In this way we can see that @(Qg) is a free sub-R-module of rank 1 generated by cr®~!.

We may define the set of values of the module of Kahler differentials as A" := v(@(Qg)). Ac-
cording to [10], A’ is a non-normalized I'-semimodule, since minA’ = a. Its normalization is
defined as y
/o y

A= (A) _v<R+Rdx>.
From now on, we will deal with the normalized set of values A. Let us recall a few notation from
Delorme’s paper [[6]. Let us denote by gop =0 < g1 < --- < g, the minimal set of generators of
A and gg41 = o0 > g,. Also set

Ei:= |J (T+gj), E;:=Aand u;:=min{E;i_; N (C+g)}.
0<j<i

Delorme proves the following result

Theorem 4.1. Consider a plane branch with one characteristic exponent. Under the previous
notation, set @y = 1, @) = dy/dx and @z = 0. Then, for all 1 <i < s there exists a relation

1= Y Fjio;
0<j<i

where FjJ' €ER, ui= V(Fi’l') +gi= infj{v(Fj’,-) +gj} and V(CO,‘_H) =git+1-
Proof. See [6, Lemma 12 (b)]. ]

Here it is necessary to make two important remarks. The first one is the fact that in this case
g1 = B — a. The second one is that, as a consequence of Theorem the value set of Kahler
differentials has the property that, for all 0 <i < s we have the inequality g;; > u;. Moreover,
it is easily checked that this property is no longer true if we increase the number of Puiseux
pairs of the irreducible plane curve singularity.

Remark 4.2. Our definition is in the setting of a numerical semigroup minimally generated by
two elements since, the value sets of Kéhler differentials for curve singularities with more than
one Puiseux pair are not in general increasing semimodules: let us consider an irreducible plane
curve singularity with semigroup (4,6, 17) with equation

flxy) = (=) =xy.
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With the aid of Singular [8]], we can calculate the minimal generators of the module of Kahler
differentials by computing a standard basis of the ideal (f,df/dx,df/dy). Once we have ob-
tained the standard basis, one can compute the minimal generators of the set of values of Kéhler
differentials by using the results of [14]. In this example, the normalized set of values is min-
imally generated by {go = 0,g; =2,g> = 11,g3 = 13}. A straightforward computation shows
that up = min{E; T+ gy} = 17 > g3. However, it would be certainly interesting to explore
the properties of the increasing semimodules defined over a numerical semigroup with arbitrar-
ily many minimal generators.

The combination of Delorme’s Theorem and Theorem [3.1] guarantees the fact that all com-
binatorially possible value set of Kihler differentials can be realized. This fact together with the
constructive proof of Theorem [3.1|yield some advantages with respect to some results existing
in the literature.

In the sequel, we will call (B — o)—increasing I'-semimodule to an increasing I'-semimodule
with gg =0, g1 = B — a. Observe that the I'-semimodule of values of Kihler differentials A is
a particular example of a (8 — o¢)—increasing I'-semimodule. Recall that the set A is an analytic
invariant of the curve &, as deduced from [6, §4].

Moreover, Hefez and Hernandes [[10, Theorem 2.1] prove the following general result:

Theorem 4.3. [10, Theorem 2.1] Let T" = (BO, ... ,Bg) be the semigroup of values of a plane

branch &. Then, a Puiseux parameterization of & is analytically equivalent to either (tﬁo,tﬁl)

or
<tﬁ0,tﬁ1 +ir+ Y aiti> :
i>A
igA'—PB
where A 4 By = min(A'\ (I'\ {0}) and A’ is the non-normalized set of orders of differentials
of the branch. Moreover, if ¢ and @' are Puiseux parameterizations of the previous form with
the same T" and A then they are analytically equivalent if and only if there is r € C* such that

AP =1 and a; = r=Pid.

Remark 4.4. Theorem [4.3| was already stated by Delorme in [6, Proposition 6] under two re-
strictions, namely the conditions (CE) and (CU) of [[6, Proposition 6]) for the set A’. Therefore,
Hefez and Hernandes’ theorem[4.3|could be formulated in a rough sentences as: the restrictions
of Delorme for the set A’ can be eliminated.

From the computational point of view, Hefez and Hernandes [9] provided a method to compute
all possible A sets appearing in Theorem [4.3} this is a method involving Grébner bases compu-
tations, i.e. the Buchberger algorithm, which has a high computational cost due to the number
of S-polynomials and reductions to be considered. In the case of plane curve singularities with
one Puiseux pair, our constructive Theorem [3.1|computing all possible A sets points out exactly
which S-polynomial suffices to consider in order to obtain the standard (or Grobner) basis for
the module, see the proof of Step 1 within the proof of Theorem[3.1] This implies a considerable
gain in terms of computational time costs in comparison with the standard bases process imple-
mented by Hefez and Hernandes. Moreover the following corollary to our Theorem shows
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that in fact all combinatorial possibilities for the attainable value sets of Kihler differentials are
realizable.

Corollary 4.5. LetT'= (a, B) be a numerical semigroup. Then, L is an increasing T —semimodule
with first non-zero minimal generator equal to B — o if and only if L can be realized as the set of
values of Kdhler differentials of some irreducible plane curve singularity with value semigroup
Ir.

Proof. This is a straightforward consequence of Theorem #.1]and Theorem 3.1 [

Example 4.6. Let us consider the numerical semigroup I' = (4,9). Following the tree structure
explained in Section all possible B — a—increasing '-semimodules have the following tree
structure:

A Added generators

[055] —g1=5
[0,5,82] 10 11 15 19 &
[0,5,82,83] 15 8

Figure 6: Tree of increasing I'-semimodules with first non zero generator g; = 5.

According with Zariski [[19], we can always consider a short Puiseux series of the form:
y(t) = 12 +ciot' +ent' +erst ot

Our program [1, Appendix A] computes all the associated conditions according to the proof of
Theorem [3.1] Those conditions read as follows:

e Conditions for the Kdhler semimodule [0, 5] :

clo=c11 =c15 =c19 =0.

e Conditions for the Kihler semimodule [0, 5, 10] :

cl0#0 and ¢y = (19/18)c,.
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Conditions for the Kéhler semimodule [0,5,11] :

C10 =0 and C11 7&0.

Conditions for the Kihler semimodule [0,5, 15] :

Cl()ZCH:O and C15750.

Conditions for the Kéhler semimodule [0, 5, 19] :

C10 = C11 2615:0 and 619750.

Conditions for the Kihler semimodule [0,5,10,15] :

cl0#0 and cq1 # (19/18)c,.

Observe that this corresponds to the generic component of the moduli space.

Declarations

Funding The first named author is also with the Barcelona Graduate School of Mathematics
(BGSMath) and the Institut de Matematiques de la UPC-BarcelonaTech (IMTech), and partially
supported by PID2019-103849GB-100 and PID2023-146936NB-100 financed by the Spanish
State Agency MCIN/AEI/10.13039/501100011033/FEDER/UE, and 2021SGR-00603 financed
by the Generalitat de Catalunya. The second named author is supported by Grant RYC2021-
034300-I funded by MICIU/AEI/10.13039/501100011033 and by European Union NextGener-
ationEU/PRTR and during the elaboration of this work was also supported by the IMAG—Maria
de Maeztu grant CEX2020-001105-M / AE1/10.13039/501100011033 and by Spanish Ministe-
rio de Ciencia, Innovacién y Universidades PID2020-114750GB-C32/AE1/10.13039/501100011033.
The third named author was partially funded by MCIN/AEI/10.13039/501100011033, by “ERDF
A way of making Europe” and by “European Union NextGeneration EU/PRTR”, Grants PID2022-
138906NB-C22 and TED2021-130358B-100, as well as by Universitat Jaume I, Grants UJI-
B2021-02 and GACUJIMA-2023-06.

Conflict of interest: The authors declare no conflict of interest.

Ethics approval: Not applicable.

Consent to participate: Not applicable.

Consent for publication: Not applicable.

Data availability: All data generated or analyzed during this study are included in this pub-
lished article.

Code availability: The code is available in Appendix A of the thesis of the second author [1].
Authors’ contributions: Not applicable.

18



References

[1] P. Almirdn, Analytic invariants of isolated hypersurface singularities and combinatorial
invariants of numerical semigroups, Tesis Doctoral, Universidad Complutense de Madrid,
Spain (2022).

[2] P. Almir6n, J.J. Moyano-Ferndndez, A formula for the conductor of a semimodule of a
numerical semigroup with two generators, Semigroup Forum 103 (2021), 278-285.

[3] H. Bresinsky, Semigroups corresponding to algebroid branches in the plane, Proc. Amer.
Math. Soc. 32, no. 2 (1972), 381-384.

[4] F. Cano, N. Corral, D. Senovilla-Sanz, Analytic semiroots for plane branches and singular
foliations, Bull. Braz. Math. Soc., New Series 54, 27 (2023).

[5] E. Casas-Alvero, Polar germs, Jacobian ideal and analytic classification of irreducible
plane curve singularities, Manuscripta math. 172 (2023), 169-207.

[6] C. Delorme, Sur les modules des singularités des courbes planes, Bull. Soc. Math. France
106 (1978), 417-446.

[7] M.O.R. de Abreu, M.E. Hernandes, On the value set of 1-forms for plane branches, Semi-
group Forum 105, no.2 (2022), 385-397.

[8] W. Decker, G.-M. Greuel, G. Pfister, H. Schonemann, SINGULAR 4-1-2 — A computer
algebra system for polynomial computations, http://www.singular.uni-kl.de (2019).

[9] A. Hefez, M.E. Hernandes, Standard bases for local rings of branches and their modules
of differentials, J. Symbolic Comput. 42 (2007), 178-191.

[10] A. Hefez, M.E. Hernandes, The analytic classification of plane branches, Bull. Lond.
Math. Soc. 43 (2011), 289-298.

[11] J.J. Moyano-Fernandez, J. Uliczka, Lattice paths with given number of turns and numeri-
cal semigroups, Sem. Forum 88, no. 3, (2014), 631-646.

[12] J.J. Moyano-Fernandez, J. Uliczka, Duality and syzygies for semimodules over numerical
semigroups, Sem. Forum 92, no. 3, (2016), 675-690.

[13] J. Piontkowski, Topology of the compactified Jacobians of singular curves, Math. Z. 55,
no.1 (2007), 195-226.

[14] D. Pol, On the values of logarithmic residues along curves, Ann. Inst. Fourier (Grenoble)
68 (2018), no. 2, 725-766.

[15] J. L. Ramirez Alfonsin, The Diophantine Frobenius problem, Lecture Series in Mathemat-
ics and Its Applications 30, Oxford U.P. (2005).

19


http://www.singular.uni-kl.de

[16] J. C. Rosales, P. A. Garcia Sanchez, Numerical Semigroups, Springer (2009).
[17] B. Teissier, Appendix, in [19], 1986.
[18] Wolfram Research, Inc., Mathematica, Version 12.3, Champaign, IL, 2021.

[19] O. Zariski, Le probleme des modules pour les branches planes, with an appendix by B.
Teissier. Hermann, 1986.

M. Alberich-Carramifiana, INSTITUT DE ROBOTICA I INFORMATICA INDUSTRIAL (IRI, CSIC-UPC), DEPAR-
TAMENT DE MATEMATIQUES & INSTITUT DE MATEMATIQUES DE LA UPC-BARCELONATECH (IMTECH),
UNIVERSITAT POLITECNICA DE CATALUNYA - BARCELONATECH, AV. DIAGONAL 647, 08028 BARCELONA,
SPAIN.

E-mail address: maria.alberich@upc.edu

P. Almirén (Corresponding author), DEPARTAMENTO DE MATEMATICAS, UNIVERSIDAD DE ZARAGOZA, C.
PEDRO CERBUNA 12, 50009 ZARAGOZA, SPAIN.
E-mail address: patricioalmiron@ugr.es;

J.J Moyano-Fernidndez, UNIVERSITAT JAUME I, CAMPUS DE RIU SEC, DEPARTAMENTO DE MATEMATICAS
& INSTITUT UNIVERSITARI DE MATEMATIQUES I APLICACIONS DE CASTELLO, 12071 CASTELLON DE LA
PLANA, SPAIN.

E-mail address: moyano@uji.es

20



	Introduction
	Numerical semigroups and semimodules
	Lattices paths
	Increasing semimodules
	Lattice paths of increasing semimodules

	Realization of increasing semimodules as value set of R–modules
	Revisiting Kähler differentials for one Puiseux pair

