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Introduction

This thesis is concerned with some problems in Commutative Algebra and Numerical Semigroup
Theory. Classically, Commutative Algebra was developed together with Algebraic Geometry and
several important geometric invariants such as dimension, multiplicity and embedding dimension
have become central also in the algebraic context. Furthermore, the notions of local and graded
ring play an important role in Commutative Algebra also because they represent the coordinate
rings of affine and projective varieties. Analogously, some rings which arise in a natural way in
Commutative Algebra turned out to be of great importance in Algebraic Geometry, for instance
Cohen-Macaulay and Gorenstein rings. The first definition is strictly connected to the concept
of regular elements; for example a one-dimensional Cohen-Macaulay local ring is simply a ring
containing a regular element. These rings play an important role in Commutative Algebra and
this is due also to the fact that the coordinate rings of many interesting algebraic varieties are
Cohen-Macaulay. We refer the reader to the fundamental book of W. Bruns and J. Herzog [17]
for more details. An important class of Cohen-Macaulay rings is represented by Gorenstein
rings, see [30, Chapter 21], [17, Chapter 3] or [14]. They were introduced by A. Grothendieck,
together with the notion of canonical module, in order to provide a duality theory; in fact their
name is due to a duality property of singular plane curves studied by D. Gorenstein in his PhD
thesis.

One of the main purposes of this thesis is to construct Gorenstein rings having particular
properties. To this aim it is useful to introduce monomial curves, i.e. affine curves C of A% defined
parametrically by x1 = t", xo =12, ..., x4 = t"4, where nq,...,ny are nonnegative integers. It
is not difficult to see that the homogeneous coordinate ring of C is isomorphic to k[t"™, ..., t"4];
particularly interesting are the completions of such rings, which are the one-dimensional local
integral domains k[[t", ..., t"4]]. These rings are often called numerical semigroup rings because,
if ged{ni,...,nq} = 1, they are essentially determined by the numerical semigroup formed by
the exponents of the monomials in it. A numerical semigroup S is a subsemigroup of the natural
numbers containing zero and such that N\ S is finite. In other words, this means that there is an
element f(.5) not in S such that every integer larger than f(.5) is in the semigroup; this element
is known as the Frobenius number of S. In fact, Frobenius was the first to study numerical
semigroups, in connection with the coin problem: “which is the largest monetary amount that
cannot be obtained using only coins of specified denominations?”. Clearly, the solution is the
Frobenius number of the numerical semigroup generated by the denominations of the coins, see
[69] for more details. In the last century were found many applications of Numerical Semigroup



Theory; we have already seen how it is possible to associate numerical semigroups to some
particular rings and varieties, but there are more connections with Commutative Algebra and
Algebraic Geometry, see e.g. [8, 12]. Algebraic Geometry also leads to applications of Numerical
Semigroup Theory to Coding Theory via Weierstrass semigroups and AG-codes, see e.g. [27, 33]
and the references therein. Again, in [8] it is possible to find other connections with Factorization
Theory, whereas some applications to Number Theory can be found in the [77], that is also a
very good introduction to Numerical Semigroup Theory.

Another central topic in Commutative Algebra and Algebraic Geometry is the theory of
the Hilbert functions. In the graded case (with coefficients in a field) it is very natural, since
associates to n € N the dimension of the vector space of the homogeneous elements of degree n.
The importance of Hilbert functions is due to the fact that it contains a great deal of information
about the ring and the associated variety, such as dimension, multiplicity and arithmetical genus,
see for instance [17, Chapter 4]. For a local ring R, one can consider the associated graded ring
with respect to the maximal ideal of R, denoted by gr(R), that, roughly speaking, corresponds
to the tangent cone at the origin of the variety associated with R; then the Hilbert function of
R is defined as that of gr(R). Also in this case it is possible to obtain information about the
ring from its Hilbert function, such as that provided by embedding dimension and multiplicity.

After the first preliminary chapter, this thesis is essentially divided into two parts. The first one,
constituted by Chapters 2, 3 and 4, is concerned with local rings and numerical semigroup rings;
more precisely in Chapter 2 we develop a new construction that we use in Chapters 3 and 4 to
provide applications to Gorenstein local rings and Numerical Semigroup Theory, respectively.
The second part, consisting of Chapter 5, is devoted to some problems regarding Hilbert function
of local cohomology modules of graded rings.

In his famous book Local Rings, M. Nagata introduces a construction called idealization R x M
in order to generalize several results from the class of ideals to that of R-modules, where R is
a commutative ring and M is an R-module. In the last fifty years many authors have studied
this construction and have used it for several purposes, for instance for characterizing when a
Cohen-Macaulay ring admits a canonical module, proving some versions of the Local Duality
Theorem, and constructing new rings with particular properties. Quite a few generalizations
and variations of idealization can be found in the literature; for example in [21] and [24], M.
D’Anna and M. Fontana introduce a new ring that they call amalgamated duplication of R with
respect to an ideal I; amalgamated duplication behaves in a similar fashion to idealization, but
it has the advantage that it is a reduced ring if R is, whereas idealization is never reduced.

After recalling several preliminary results in the first chapter, we devote the second one to
developing a new family of rings which generalizes both idealization and amalgamated dupli-
cation. Let I be an ideal of R and let R[It] = @;>0I"t" be the Rees algebra associated with
R and I, where t is an indeterminate. Consider a monic polynomial t* + at + b € R[t] and let
(I%(t? + at + b)) be the contraction of the R[t]-ideal (t* + at + b) to R[It]. We define

B R[It]
R(I)gyp := (I2(t2 + at + b))’

If we fix R and I, we get a family of rings depending on a and b and in Proposition 2.1.2




we prove that among the rings in this family there are always some which are isomorphic to
the idealization and some to the amalgamated duplication or R with respect to I; for instance
the members with a = b = 0 and a + 1 = b = 0 respectively. We also prove that in this
family many properties are independent of a and b, e.g. dimension, noetherianity, embedding
dimension, multiplicity, Cohen-Macaulayness; furthermore, most notable for us, we also prove
that Gorensteinness and almost Gorensteinness depend only on R and I, see Corollary 2.2.3,
Theorem 2.3.3, Proposition 2.3.8 and its corollary. These results explain on the one hand why
idealization and amalgamated duplication have similar properties; on the other hand we can use
them for producing other rings that share many properties with them. For instance, in Corollary
2.4.7 we show that, if R is a local integral domain, there are always infinitely many choices of b
such that R(I)oy is an integral domain, whereas it is well-known that neither idealization nor
amalgamated duplication can be integral domains.

Surprisingly, this new family of rings has several applications also in Numerical Semigroup
Theory. We recall that a numerical semigroup S is a submonoid of the natural numbers N such
that N\ S is finite. If k is a field, we have already seen that we can associate a ring with .S, called
the numerical semigroup ring of S, that is defined as k[[S]] := k[[t*|s € S]] C k[[t]] which is
always a one-dimensional local integral domain. There is an extensive literature focusing on these
rings; it is known that several properties of k[[S]] can be read from those of S and, consequently,
concepts like embedding dimension, multiplicity, type, ideals and other notions that come from
Commutative Algebra and Algebraic Geometry have been introduced in numerical semigroup
theory. For instance £ C S is said to be an ideal of S if E+ S C F.

Given an ideal F of S and an odd integer b € S, in Section 2.6 we introduce a new numerical
semigroup S x° E called the numerical duplication of S with respect to E and b. Moreover, if R
is a numerical semigroup ring, in Theorem 2.6.1 we show that there are infinitely many choices
of b for which R(I)gy is still a numerical semigroup ring, which is exactly the one associated to
the numerical duplication of S with respect to suitable E and b. This fact turned out to be very
useful for investigating the properties of the family, since all the other members often share the
same properties.

Given a local ring (R,m), its associated graded ring is defined as gr(R) = @;>om’/mitl.
The understanding of which properties gr(R) inherits from R or vice versa is a classic problem
in local algebra. For example, it is well-known that if R is Cohen-Macaulay, its associated
graded ring does not need to be Cohen-Macaulay. If R is a one-dimensional Cohen-Macaulay
standard graded algebra it is well-known that its Hilbert function is non-decreasing, however in
the local case, where the Hilbert function of R is equal to that one of gr(R) by definition, this
is not true. In fact, in 1975 J. Herzog and R. Waldi found a numerical semigroup ring with
embedding dimension 10 whose Hilbert function fails to be non-decreasing. After this example,
there has been a great deal of interest in finding conditions for which the Hilbert function of
a one-dimensional Cohen-Macaulay local ring is non-decreasing; the problem is far from being
well-understood, but there is an extensive literature on this subject, see e.g. the survey [79,
Section 4]. In this context M.E. Rossi posed the following problem: “Is the Hilbert function of
a Gorenstein local ring of dimension one not decreasing?”. In the last decade several authors
have considered this problem giving a positive answer for some particular classes of numerical



semigroup rings, see for instance [4, 5, 6, 7, 51, 63, 66]. However, in Chapter 3, we show that the
answer is negative; this is probably the main result of the thesis. In fact, we prove that for any
positive integers m and h > 2 such that h ¢ {14+22k, 35+46k | k € N} there exist infinitely many
non-isomorphic one-dimensional Gorenstein local rings R such that Hgr(h — 1) — Hr(h) > m,
where Hg denotes the Hilbert function of R, see Theorem 3.4.4. Its proof is constructive and,
thus, we are able to produce infinitely many examples, see Section 3.4 for several explicit rings.
In the proof we use the construction R(I),p, which let us reduce the problem to finding some
suitable almost Gorenstein rings. Moreover, since the almost Gorenstein rings that we find
are actually numerical semigroup rings, the above result holds also in the numerical semigroup
rings case, which is the most studied one. In fact, the notion of almost Gorenstein ring is
a generalization of that of almost symmetric numerical semigroups. More precisely, if S is a
numerical semigroup, we define M := S\ {0}, f := max(Z\S) and K := {f —z |z € Z\ S}, that
are called the maximal ideal, the Frobenius number and the canonical ideal of S respectively;
then S is said to be symmetric if S = K and almost symmetric ift M + K C M. If R is
a one-dimensional Cohen-Macaulay local ring, a similar definition can be given replacing M
with the maximal ideal of R and K with a canonical module of R included between R and its
integral closure (when there exists); it is well-known that a numerical semigroup ring k[[S]] is
(almost) Gorenstein if and only if S is (almost) symmetric. Since they are the counterpart of
Gorenstein rings, it is not surprising that symmetric numerical semigroups play an important
role in numerical semigroup theory, but it is not limited to the connections with Commutative
Algebra and Algebraic Geometry. In [78], given a numerical semigroup 7" and an integer d, the
numerical semigroup 7'/d := {x € N|dx € T} is defined and called one over d of T' in order to
study the solutions of proportionally modular diophantine inequalities, which are inequalities of
the form ax mod b < cx, where a, b, and ¢ are positive integers. In [75] and [76] J.C. Rosales
and P.A. Garcia-Sanchez prove that every numerical semigroup S is one half of infinitely many
symmetric numerical semigroups and characterize all the symmetric “doubles” of S. It is easy
to see that the numerical duplication S x? E is always a double of S and thus it turned out to
be useful also in this context. A set E C Z is said to be a relative ideal of Sif E+ S C E
and there exists x € Z such that x + £ C S. It is possible to generalize the definition of the
numerical duplication allowing that F is a relative ideal such that £+ E 4+ b C S; in this way
in Proposition 2.6.6 we are able to prove that every numerical semigroup can be written as a
numerical duplication. Using this new tool we reprove and generalize the results of J.C. Rosales
and P.A. Garcia-Sénchez; more precisely in Corollary 4.1.9 we prove that, if S has type ¢, then
it is one half of infinitely many almost symmetric numerical semigroups with odd type included
between 1 and 2t + 1 and we characterize all of them in Corollary 4.1.5. Moreover, in Corollary
4.1.18 we prove that S is one half of an almost symmetric numerical semigroup with even type if
and only if it is almost symmetric and also in this case we characterize all its almost symmetric
doubles, see Corollary 4.1.14; these generalize the results of [73]. Moreover, given d > 2 and
x < 2t + 2, we also prove in Corollary 4.2.4 that there exist infinitely many almost symmetric
numerical semigroups 17" with type = and such that S is one over d of T'; in this way we generalize
the results of I. Swanson that proves that for < 2 in [89)].

The genus ¢(S) of a numerical semigroup S is defined as the cardinality of N\ S and it



is a very important number, especially for its connections with algebraic geometry and coding
theory. In [71] A.M. Robles-Pérez, J.C. Rosales, and P. Vasco ask for “a formula, that depends
on S, for computing min{g(S) | S is a double of S}”. Here we give a complete answer in a more
general context, in fact in Theorem 4.3.1 we prove that

min {g(S)|S - fl} = g(9) + [(d;”q .

Another important problem in this area is the searching for a formula for the Frobenius number
of a quotient of a numerical semigroup; in Theorem 4.4.2 we give a formula for d-symmetric
numerical semigroup and, as a consequence, also for symmetric and pseudo-symmetric, see
Corollaries 4.4.4 and 4.4.6.

In the second part of the thesis we study the Hilbert function of certain graded modules. Let
R = k[z1,...,x,) be a polynomial ring over a field k and let I be a homogeneous ideal of R. A
monomial ideal L is said to be a lex-ideal, if for any monomial u € L and all monomials v € R
with degu = degv and u <iex v it follows that v € L, where <ix denotes the lex-order. It is
well-known that there is a one-to-one correspondence between Hilbert functions of homogeneous
ideals of R and lex-ideals of R; i.e. it is possible to associate a unique lexicographic ideal I
with I. In [16, 49, 65] A.M. Bigatti, H.A. Hulett, and K. Pardue prove that the Betti numbers
of I are always less than or equal to those of I'®*. Moreover, if Gin(I) is the generic initial ideal
of I with respect to the reverse lexicographic order, it holds that ; ;(R/I) < f; ;(R/ Gin(I)) <
Bij(R/I'®%) for all i, 5. Several authors have studied when above equalities hold, but also when
there are some rigid behaviours in the equalities; for instance in [19] A. Conca, J. Herzog and
T. Hibi prove that if .J is either a generic initial ideal of I or ' and 8; ;(R/I) = B;;(R/J) for
some fixed ¢ and all j, then By ;(R/I) = By ;(R/J) for all k > i and all j. We are interested in
similar properties of the Hilbert functions of the corresponding local cohomology modules with
support on the maximal ideal m = (z1, ..., ;). More precisely, if we set h*(R/I); :== HL(R/I);,
in [83] E. Sbarra proves that hi(R/I); < h'(R/Gin(I)); < h*(R/I'®); and therefore it is natural
to ask whether there is results of rigidity type, like the theorem above for the Betti numbers.
However, in Section 5.3 we introduce the notion of i-partially sequentially Cohen-Macaulay
module proving that h*(R/I); = h*(R/Gin(I)); for all k > i and for all j if and only if R/I
is ¢-partially sequentially Cohen-Macaulay; this generalizes a result of J. Herzog and E. Sbarra
[47]. In Theorem 5.5.6 we use this characterization to prove the rigidity property between I
and I'* we are interested in, i.e. if h(R/I); = hi(R/I'*); for some fixed i and for all j, then
the equalities hold also for all k& > i; when ¢ = 0 this results was already proved by E. Sbarra
in [82]. Actually we prove that, if hi(R/Gin(I)); = hi(R/I'*¥); for a fixed i and all j, then
h*(R/I); = h*(R/I1'); for all k > i and all j; this is a stronger result and, in fact, it does not
hold for Betti numbers.

Many results of this thesis are contained in [10, 11, 25, 26, 62, 84, 87, 88]. Several compu-
tations are performed by using the softwares Macaulay2 [41] and GAP [36], in particular the
NumericalSgps package [28].



Chapter 1

Preliminaries

In this chapter we recall some preliminary results and fix the notation that we use throughout
the thesis. All the rings considered are commutative and unitary and with (R, m, k) or simply
(R,m) we denote a local ring R with maximal ideal m and residue field £k = R/m. We write
Q(R) for the total ring of fractions of R, while R is the integral closure of R in Q(R). The length
of an R-module M will be indicated by ¢r(M).

Let (R, m, k) be a noetherian local ring. Of great importance is the embedding dimension of
R which is defined as v(R) := m/m? and, by Nakayama’s lemma, it is equal to the number of
minimal generators of m. More generally, if M is an R-module, the embedding dimension of M
is v(M) := M/mM and it is equal to the minimal number of generators of M; we also denote
by G(I) this set of generators.

The notion of reduction of an ideal is of central importance in local algebra and we recall
it here. Given an ideal I of R, a reduction of I is an ideal J such that JI™ = I"*! for some
n; moreover J is said to be minimal if there are no other reductions of I contained in J. If
k is infinite, minimal reductions always exist, see [50, Theorem 8.3.5; in particular, if R is
one-dimensional and [ is reqular, i.e. contains a regular element, every minimal reduction of I
is principal, see [50, Proposition 8.3.7 and Corollary 8.3.9].

In the one-dimensional case we will need a generalization of the notion of reduction. Let M
be a fractional ideal of R, i.e. there exists a non-zero-divisor y € R such that yM C R and, if
yM is regular, we consider an its minimal reduction zR. With some abuse of terminology, we
call zy~!R a minimal reduction of M, where now zy~! € Q(R). If R C M, then xy ! is an
invertible element of Q(R): in fact y M is a regular ideal, since y € yM, and a minimal reduction
of a regular ideal has to be generated by a non-zero-divisor.

The notion of regular element naturally generalize to that of regular sequence. More precisely
if M is an R-module, a sequence z1,...,z, of not invertible elements of R is said to be an M -
regular sequence if M/(xz1,...,x,)M # 0 and x; is an M/(x1,...,xi—1)-regular element for
i=1,...,n. An M-regular sequence x1,...,x, is maximal if there is no element x such that
T1,...,Tn, 2 is M-regular. If R is a noetherian local ring and M is a finitely generated R-module,
it is well-known that all maximal M-regular sequences have the same length, which is called
the depth of M and is denoted by depth M. It is not difficult to see that depth M < dim M



and M is said to be a Cohen-Macaulay module, if the equality holds. When R is not local,
M is called Cohen-Macaulay if My, is either the zero module or a Cohen-Macaulay Ry,-module
for all maximal ideals m of R. Furthermore, we say that R is a Cohen-Macaulay ring if it is
a Cohen-Macaulay R-module. Given three R-modules M, N and K, we set N :x M := {z €
K|zM C N} or simply N : M, if K is the total ring of fractions of R; we also denote the
annihilator of M by Ann M := 0 :gp M, whereas the dimension of M is defined as dim M :=
dim R/ Ann M. A mazimal Cohen-Macaulay R-module is a Cohen-Macaulay module satisfying
dim M = dim R. See [17, Sections 1.1 and 1.2] for more detail about Cohen-Macaulay modules.
If R = k[xy,...,z,] is a polynomial ring over a field k, it is possible to give the same definitions
above, considering only homogeneous regular elements.

Let M be a finitely generated module over a noetherian local ring (R, m, k) and let 1, ..., z,
be a maximal M-regular sequence. The socle of M is defined as soc(M) := 0 :py m =
Homp(k, M) and the type t(M) of M is defined to be the dimension as vector space of the
socle of M/(x1,...,xn)M.

We will need a well-known result about maximal Cohen-Macaulay ideals, but we prefer
include an easy proof, because we do not know an explicit reference.

Lemma 1.0.1. Let R be a Cohen-Macaulay local ring and let 1 be a reqular ideal. If I is
a maximal Cohen-Macaulay R-module, then ht I = 1 and R/I is a Cohen-Macaulay ring of
dimension dim R — 1.

Proof. From the very definition of maximal Cohen-Macaulay module it follows that depth I =
depth R and, since [ is regular, it has positive depth. Therefore the Depth Lemma [17, Propo-
sition 1.2.9] yields that

dmR—-1>dimR—ht] =dimR/I > depthR/I >
> min{depth I — 1,depth R} = depthR —1=dim R — 1.

Hence, all the above inequalities are indeed equalities and the conclusion is now straightforward.
O

An important tool in local algebra are the superficial elements. Let (R, m, k) be a noetherian
local ring and let M be a finitely generated R-module. Given an ideal q of R, a chain M of
R-modules

M= My 2 M 2 My 2 MszD...

is a g-filtration if qM; C M;4q for all i. We set M := {M;};en. An element x € R is
called M-superficial for q if there exists ¢ € N such that (Mp41 :pr @) N M, = M, for ev-
ery n > c¢. A sequence of elements x1,...,x, is said to be an M-superficial sequence for q
if x; is a M/(x1,...,z;—1)M-superficial element for i = 1,...,n, where M/(z1,...,x;—1)M :=
{M;/(x1,...,2i—1)M;}ien. More details on superficial elements can be found e.g. in [80, Chapter
1]; in the next proposition we collect the two properties useful for our purposes.

Proposition 1.0.2. Let (R, m, k) be a noetherian local ring, let q be an ideal of R and let M be
a q-filtration of a finitely generated R-module M. Then:

10



1. If k is infinite, q contains a M-superficial element for q.

2. If x1,...,x, is a superficial sequence for m, then it is a M-reqular sequence if and only if
depth(M) > r.

1.1 Hilbert functions and lex ideals

In this section we recall several results about Hilbert function and lex-ideals; our main reference
here is [17, Section 4.1]. A ring R is said to be Z-graded if R = @;czR; as abelian group and
R;R; C R;,; for all i and j. In commutative algebra there are many natural graded rings, for
instance the polynomial ring R = k[z1,...,z,] is standard graded, where R; is the group of the
homogeneous polynomial of degree i. More generally a graded R-module M is an R-module
M = ®;czM;, where M; are abelian groups, such that R;M; C M;; for all i and j.

If M is a finitely generated graded R-module, the function Hp; : Z — N defined as
Hyy (i) := Lr(M;) is called Hilbert function of M. Furthermore, its generating series Hilb(M) :=
> iz Hu(i)t" is known as the Hilbert series of M.

If M has dimension d, there exists a unique polynomial h(M;t) € Z[t,t], called the h-
polynomial of M, such that h(M;1) # 0 and

: h(M;t)

Hilb(M) = .
Moreover for n > 0 the Hilbert function is equal to a polynomial Pps(t) called the Hilbert
polynomial of M. There exist ey, eq,...,eq_1 € Z such that

d—1

_ t+1
Purtt) = Y0 (1),
1=0

where d = dim M. By definition the multiplicity e(M) of M is equal to either eg, if d > 0, or
¢(M) otherwise.

Let R = k[z1,...,z,] be a standard graded polynomial ring over a field k£ and let I be a
homogeneous ideal. The saturation of I is the ideal 153 := ] : m® = U (I : m*) and it is
well-known that PR/I (t) = PR/I sat (t)

A monomial ideal I is said to be a lex-ideal, lexicographic or lexsegment ideal, if for any
monomial v € I; and all monomials v € Ry with u <iex v one has v € I, where <i.x denotes the
lex-order in which 1 < 29 < --- < x,. It is well-known from Macaulay’s work that, given an
ideal I, there exists a unique lex-ideal with the same Hilbert function as I (cf. for instance [46,
Theorem 6.3.1]) and we denote that by I1°x.

Among all lex-ideals we are interested in a special class. Following [56] we call an ideal
universal lex-ideal if it is a lex-ideal of k[z1,...,x,] and has at most n generators. This notion
was first introduced in [9] and the use of the word “universal” is due to the fact that the universal
lex-ideals are exactly those lex-ideals whose extensions to any polynomial overring of R are still
lex-ideals, see [56, Corollary 1.3]. Since there is a bijection between Hilbert functions and lex-
ideals we can give a related definition: A numerical function H : N — N is said to be critical

11



if it is the Hilbert function of an universal lex-ideal and, accordingly, a homogeneous ideal is
called critical if its Hilbert function is. We state some results about critical ideal proved in [56],
while in the next section we will see another important property of the universal lex-ideals.

Theorem 1.1.1. Let I be a homogeneous ideal of R = k[x1,...,x,]. Then:
1. depth R/I'** = max{n — |G(I'*¥)|,0 };

2. If I is critical, then depth R/I = depth R/T'™* =n — |G(1'*¥)|;

3. If R/I'*® has positive depth, then I is critical.

Proof. The first two properties are proved in Corollary 1.4 and Theorem 1.6 of [56], while the
last one is a consequence of 1. O

In the non-graded setting we cannot define the Hilbert function as above; on the other hand,
in the local case it is possible to get information from the Hilbert function of a related ring.
More precisely, if (R, m, k) is a noetherian local ring, the associated graded ring of R is defined
as gr(R) := @,;>om’/m" ™, where R := m®. The Hilbert function of R is by definition that of
its associated graded ring, that is the function Hg : N — N defined as Hg(i) = fr(m’/mi+1).
In the same way the multiplicity of R is by definition the multiplicity of the associated graded
ring of R; it is clear that Hr(1) = v(R).

1.2 Generic initial ideals

The notion of the generic initial ideal is essentially a variation of the initial ideal; this has the
advantage that, if we do that with respect to the reverse lexicographic order, it preserves several
properties of the ideal, like depth, projective dimension, and Castelnuovo-Mumford regularity,
see e.g. [46, Section 4] or [42].

Let R = k[z1,...,%y], where k is an infinite field and the variables 1 > x2 > ... > x,, have
degree one. Let GL, (k) denote the general linear group and consider the automorphism of R
associated with an element a = (a;5) of GLy(k), i.e.

a:R— R, f(ml,...,a:n)Hf(Zalixi,...,Zanmi).
i=1 i=1

Given a monomial order < on R, there exists a non-empty Zariski open subset U C GL, (k)
for which ingal = ingd'I for all a,a/ € U (see [46, Theorem 4.1.2]). If o € U, the ideal
ing al is said to be the generic initial ideal of I and it is denoted by gin([); if < is the
reverse lexicographic order we only write Gin(/). In the next proposition we collect some useful
properties of the generic initial ideals, see [46, Chapter 4] for more details. The last property is
proved in [58, Lemma 2.6].

Proposition 1.2.1. Let I be an ideal of R and let < be a monomial order. The following
properties hold:

1. I and gin<(I) have same Hilbert function and same depth;
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N

- ginz(gin< (1)) = gin<(1);

. gin<(llex) — Ilex;

4. Gin([) % = Gin(I %),

5. If I is critical, then gin,(I) = I'°%,

w

Some other properties of the generic initial ideals are, indeed, shared by a larger class of
ideals: weakly stable ideals. Given a monomial u € R, let m(u) denote the maximum integer
for which z,,(,) divides u and let [ be the largest integer such that xfn () divides u. We say that
a monomial ideal I is weakly stable if for any monomial u € I and for all j < m(u), there exists
a positive integer k£ such that :c;“u/afin w € I. These ideals are also called Borel-type ideals,
quasi-stable ideals or monomial ideals of nested type. In the next proposition we summarize
some properties of weakly stable ideals.

Proposition 1.2.2. Let I be an ideal of R and let < be a monomial order. The following
properties hold:

1. 1'% 4s weakly stable;

. gin< (1) is weakly stable;

3. I590 =T : 2% =, (I :ak);

4. depthR/I = n — max{m(u) |u € G(I)}.

N

Proof. Since I'** = gin_(I'®¥), the first property is a particular case of 2, that is in turn implied
by [46, Theorems 4.2.1 and 4.2.10]. The proof of 3 can be found in [46, Proposition 4.2.9],
note also the definition above that proposition. Finally, the formula for the depth follows from
the fact that, if r = max{m(u)|u € G(I)}, then z;41,...,2, is a regular sequence of R/I

and (z1,...,2,) € Ass(R/I); in fact, the image of 2, in R/I is a zero-divisor and the associated
primes of a weakly stable ideals are of the form (1, ..., x;) for some j, see again [46, Proposition
4.2.9]. 0

Let M be an R-module. We set M_; = 0 and, for each non-negative integer k, we denote
by M}, the maximum submodule of M of dimension less than or equal to k; we call {My}r>_1
the dimension filtration of M. The module M is said to be sequentially Cohen-Macaulay, briefly
sCM, if My /Mj._1 is either zero or a k-dimensional Cohen-Macaulay module for all k¥ > 0. If
M = R/I is a sCM module we simply say that I is a SCM ideal. The notion of sSCM modules
was introduced independently by P. Schenzel [85] and R.P. Stanley [86]. We notice that a weakly
stable ideal is always sCM, see e.g. [18, Proposition 1.9].

1.3 Gorenstein and almost Gorenstein rings

In the first part of this section we recall the definitions and some properties of canonical modules
and Gorenstein rings following [30, Chapter 21], but see also [17, Chapter 3]. Let R be a ring
and let M C F be two R-modules. We say that E is an essential extension of M if for all
non-zero R-submodule N of E we have N N M # 0; if E' is also an injective module, we call E
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an injective hull of M. It is well-known that every module admits an injective hull and that it
is unique up to isomorphism; we denote it by E(M).

Let (R, m, k) be a Cohen-Macaulay local ring of dimension d. If d = 0 the canonical module
wpr of R is defined as the injective hull of k, while if d > 0 a finitely generated R-module wp is
said to be a canonical module of R if there exists a non-zero-divisor x € R such that wgr/zwpr
is a canonical module of R/xzR. Two canonical modules of R are always isomorphic, however
there exist Cohen-Macaulay local rings that do not admit canonical modules. Furthermore we
recall that a canonical module of R is always a maximal Cohen-Macaulay R-module. If M is
an R—module, we denote its dual Homg(M,wr) by M"; when R is one-dimensional and M is
a fractional ideal it follows that M"Y = wpr : M. We recall some useful properties:

Proposition 1.3.1. Let wr a canonical module of R and let M be a mazximal Cohen-Macaulay
R-module, then:

1. wg has type 1 and v(wr) = t(R).

2. RY 2 wp and (wg)" = R.

3. (M) = M.

4. If N is mazimal Cohen-Macaulay of R that is also a submodule of M, then

'(¥)=(iw)

The notion of canonical module leads immediately to define a very important class of rings:
Gorenstein rings; more precisely a Cohen-Macaulay local ring R is said to be a Gorenstein ring
if it is isomorphic to its canonical module. This condition is equivalent to the fact that R has
finite injective dimension or, most important for us, that R has type 1. In the non-local case
we say that a Cohen-Macaulay ring is Gorenstein if its localizations at every maximal ideal are
Gorenstein rings.

If an ideal is a canonical module of R is said to be a canonical ideal of R. We have already
notice that not all the ring admits a canonical module, more precisely a Cohen-Macaulay local
ring admits a canonical module if and only if it is a homomorphic image of a Gorenstein local
ring. Even if a canonical module exists, it is not always true that there exists also a canonical
ideal, in fact this happens if and only if R is generically Gorenstein, i.e. R, is Gorenstein for
each minimal prime p of R (see [17, Proposition 3.3.18]).

An important class of Gorenstein rings is that of the complete intersections. Following [30,
Section 18.5], we recall that a local ring R is said to be a complete intersection if its completion
with respect to the m-adic topology can be written as a regular local ring modulo a regular
sequence.

Let now (R, m, k) be a one-dimensional Cohen-Macaulay local ring. We say that R is an
almost Gorenstein ring if its canonical module is isomorphic to a fractional ideal wgr of R such
that R C wg C R and m = mwg; this is equivalent to saying that R C wr C m : m, in fact it
is easy to see that m : m C R using the determinant trick. It follows that for a one-dimensional
almost Gorenstein ring we have an exact sequence of R-modules

0—>R—wp—>wr/R—0
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with mwpr € m. Moreover 1 ¢ mR O mwp, because mR is contained in all the maximal ideals of
R; it follows that mwp C m is equivalent to mwg C R, i.e. m(wg/R) = 0.

The notion of almost Gorenstein rings is introduced in [13] for one-dimensional analytically
unramified rings and, if k is infinite, this definition is equivalent to the one given in [39]. Further-
more, in [40] the definition is generalized also in the case of arbitrary dimension. More precisely
a Cohen-Macaulay local ring (R, m) of dimension d, admitting a canonical module wg, is said
to be almost Gorenstein if there exists an exact sequence of R-modules

0—-R—>wr—>C—0

such that v(C) = e(C); in particular it follows that dimC' = d — 1. Therefore, in general
the condition mC = 0 given in dimension one, becomes mC = (fi,..., f4-1)C, for some
fi,--.y fa—1 € m, that is equivalent to say v(C) = Ar(C/mC) = Ar(C/(f1,..., fa—1)C) = e(C).

If we assume that R is one-dimensional and k is infinite, the definition of one-dimensional
almost Gorenstein rings given above is equivalent to that given in [40], as proved in [40, Propo-
sition 3.4].

Finally we notice that a zero-dimensional ring is almost Gorenstein if and only if is Goren-
stein.

1.4 Local cohomology

Let R = k[z1,...,2n), m = (x1,...,2y,) and let M be an R-module. Set
Co(M) = {z € M |m"z = 0 for some h € N}.

It is easy to see that I'y(-) is a left-exact additive R-linear functor and its right derived functors
H () are called local cohomology functors. The module H: (M) is called i-th local cohomology
module of M with support on m and, if M is a graded modules, then also H (M) is graded.
From the definition it follows that H) (M) = I'y(M) and it is not difficult to see that HO(R/I) =
Isat /I

Local cohomology were introduced by A. Grothendieck for their applications in algebraic
geometry. He also proved a famous vanishing theorem, i.e. if ¢ = depth M and d = dim M, then
Hi (M) =0fori<tandi>d, while H, (M) # 0 and HL(M) # 0. In particular the depth and
dimension of a module M are respectively the minimum and the maximum index ¢ for which
Hi, (M) # 0.

There exists a formula that links the Hilbert function of a module to the Hilbert function of
the local cohomology modules. This was proved by Serre, but a proof can be found also in [17,
Theorem 4.4.3 (b)].

Theorem 1.4.1. (Serre’s formula) If R is positively graded and M is a finitely generated R-
module of dimension d, then for all j € 7Z we have

d

Hy(4) = Par() = ) (=1)" dimy, Hy, (M);.
i=0
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As in the local case, it is possible define the canonical module wgr of R in the graded case.
If M is a finitely generated graded R-module, using the canonical module Grothendieck also
proved a kind of duality, known as local duality theorem:

Homy (HYy(M), k) & Bxtis (M, wp),
see [17, Theorem 3.6.19].

1.5 Idealization and amalgamated duplication

Given a ring R and an R-module M, the idealization of R with respect to M, also called trivial
extension, is a new ring defined as the abelian group R @& M endowed with the multiplication
(r,m)(s,n) = (rs,rn+sm); we will denote it by R x M. It was introduced by M. Nagata in [59]
in order to study an R-module as an ideal, in fact N := {(0,m)|m € M} is an ideal of R x M
and it is clearly isomorphic to M as R-module. On the other hand idealization is important also
for other reasons, for example it can be used to prove that a Cohen-Macaulay ring possesses a
canonical module if and only if is an image of a Gorenstein ring or to prove some versions of
local duality theorem, but probably the most important application is the construction of new
rings with particular properties. For more details about idealization see e.g. the survey [2].

It is easy to see that N2 is equal to zero and thus idealization is never a reduced ring, if
M # 0. For this reason, when the module is an ideal I, in [21] and [24] M. D’Anna and M.
Fontana define the amalgamated duplication R« I of R with respect to I as the abelian group
R @& I endowed with the multiplication (r,)(s, j) = (rs,7j+ si+1j). This new ring is reduced if
and only if R is and so it is possible to use other techniques to study amalgamated duplication,
for example when R is an algebroid branch (see e.g. [21]). On the other hand R x I and
R« I share a lot of properties; for instance they have the same dimension and R x [ is local,
noetherian or Cohen-Macaulay if and only if R x I is. In the next chapter we generalize these
two constructions and re-prove all these properties in more generality. However we will need
the following theorem; the part about idealization is proved by I. Reiten in [70], while the part
regarding amalgamated duplication is proved by M. D’Anna in [21].

Theorem 1.5.1. Let R be a local ring and let I be a proper reqular ideal. Then Rx I and Rx 1
are Gorenstein if and only if R is Cohen-Macaulay and I is a canonical ideal of R.

We notice that R x I and R x I are never integral domains. Our first goal in this thesis will
be to find a similar construction that can be an integral domain; in this way we will show that if
R is a numerical semigroup ring, several properties of R x I and R I are related to a suitable
numerical semigroup, even if it is not possible to associate numerical semigroups with them in
the standard ways.

1.6 Numerical semigroups

In this section we recall some definitions and results about numerical semigroups and numerical
semigroup rings, we refer to the books [12] and [77] for the unproven facts stated here. A
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numerical semigroup S is a submonoid of the natural numbers such that its complement in N is
finite. We called the elements of N\ S gaps, while their cardinality is said to be the genus of S.
The greatest gap f(S) plays a central role in numerical semigroup theory and is called Frobenius

number of S. If ny,na,...,n, € N, we set (ny,ng,...,n,) := {aan; +asng+---+ayn, | o; € N};
this is a numerical semigroup if and only if ged(nq,ne,...,n,) = 1 and in this case we say that
ny,ng,...,N, is a system of generators of (ny,na,...,n,). It is well-known that every numerical

semigroup has a unique minimal system of generators, in fact, if M := S\ {0}, it is the finite
set (M + M)\ M. We often represent a numerical semigroup by S = {0, s1, s2,..., f(S)+1 =},
where — means that all the integers greater than f(S) + 1 are in S.

We are interested in numerical semigroups because, if S = (ni,...,n,) is a numerical semi-
group and k is a field, the ring k[[S]] := E[[t™,...,t™]] is strictly connected to S, as we will see.
We refer to k[[S]] as the numerical semigroup ring associated with S or only semigroup ring for
short. The integer v is said to be the embedding dimension of S, while the smallest generator of
S is the multiplicity of the numerical semigroup; we denote them by v(S) and e(S) respectively.
We notice that S and k[[S]] have the same embedding dimension and multiplicity.

Example 1.6.1. Consider the numerical semigroup S generated by 8,13,15 and 19, i.e.
S =(8,13,15,19) = {0, 8,13,15,16, 19, 21, 23, 24, 26, 27, 28, 29, 30, 31, 32,34 —}.

In this case the Frobenius number is 33, whereas the multiplicity is 8. Moreover, it is easy to
see that the generators are minimal and therefore the embedding dimension is 4. Finally, the
genus of S, i.e. the number of its gaps, is 18.

The Apéry set of S is defined as Ap(S) := {s € S|s—e(S) ¢ S}. Let w; be the minimum
element of S that is congruent to i modulo e(S); it is not difficult to see that Ap(S) = {wo =
0, w1, w2, - - 5 We( S)_l} and, consequently, the Apéry set has cardinality e(S). It follows from the
definition that f(S) 4+ s is in S for all non-zero s € S; more generally the elements of

PF(S) :={x €Z\S|z+se Sforal seS\{0}}

are called pseudo-Frobenius numbers of S and their cardinality ¢(.5), that is finite, is called the
type of S. We notice that t(S) = t(k[[S]]), see e.g. [12, Proposition II.1.16] or [35, Theorem
23]. Moreover, if we order Ap(S) setting n <g m if and only if there exists s € S such that
m = n + s, then the maximal elements are exactly = + e(S) for any = € PF(S).

Example 1.6.2. Let S be the numerical semigroup considered in Example 1.6.1. The Apéry
set of S is Ap(S) = {0,41,26,19,28,13,30,15}. The minimal elements in Ap(S) are the min-
imal generators, whereas the maximal elements are 19,30 and 41. This means that PF(S) =
{11,22, 33} and consequently the type of S is 3.

As in ring theory, it is possible to develop an ideal theory for numerical semigroups. More
precisely a set £ C Z is said to be a relative ideal of S if E+ S C E and there exists z € S such
that x + E € S; if furthermore x =0, i.e. £ C S, we say that E is a proper ideal or, simply, an
ideal of S. It is not difficult to see that the integral closure of k[[S]] is k[[t]], that is a DVR; if
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we consider the valuation v induced by k[[t]] on k[[S]], we have that S = v(k[[S]]) := {v(z) |z €
E[[S]] \ {0}} and, for any ideal I of k[[S]], we remark that v([) is an ideal of S.

An obvious example of proper ideal is the mazimal ideal M (S) := S\ {0}, while an important
relative ideal is the standard canonical ideal K(S) := {x € N| f(S) —x ¢ S}; more generally, we
call canonical ideal all relative ideal of the form z + K (S) for some z € Z. If E and F are two
relative ideals, it is not difficult to verify that also E — F := {z € Z|z + F C E} is a relative
ideal. The following lemma gives some useful properties of the standard canonical ideal.

Lemma 1.6.3. The following properties hold:

K(S) is finitely generated by the elements f(S) — x, where x € PF(S);
For any relative ideal E, K(S) — E={zx € Z|f(S)—xz ¢ E};
ECF&K(S)-FCK(S)—EandE=F < K(S) - F=K(S) - E;
IfE CF, then |F\ E| = |(K(S) - B)\ (K(5) - F)|;
K(S)—(K(S)—E)=E;

6. K(S)—K(S)=S5.

[t

AN ol A

Proof. The first two properties follow from [74, Proposition 12] and [52, Hilfssatz 5] respectively,
while the others are straightforward applications of the second one. ]

A numerical semigroup is said to be symmetricif f(S)—s € S for all s ¢ S, that is equivalent
to say that S = K(.5). As the choice of the name can suggest, canonical ideals of S correspond
exactly to the canonical ideals of k[[S]] and S is symmetric if and only if £[[S]] is a Gorenstein
ring, as it was proved by E. Kunz in [53]. Tt is easy to see that if S is symmetric, its Frobenius
number has to be odd, since otherwise f(S5)/2 and f — f(5)/2 are not in S. Thus we say that
S is pseudo-symmetric if f(S) —s € S for all s ¢ S, except f(5)/2.

Since t(S) = t(k[[S]]) and k[[S]] is Gorenstein exactly when has type 1, it follows that a
numerical semigroup is symmetric if and only if it has type 1. Moreover it is easy to see that
a pseudo-symmetric numerical semigroup has type 2, but there are numerical semigroups with
type 2 that are not pseudo-symmetric. It is not difficult to prove that S is symmetric if and only
if g(S) = (f(S)+1)/2 and S is pseudo-symmetric if and only if g(S) = (f(S)+2)/2. In [13], V.
Barucci and R. Froberg call a numerical semigroup almost symmetric if g(S) = (f(S) +¢(S))/2
and they prove that this condition is equivalent to requiring that M (S) + K(S) = M(S). For
this reason, they also define almost Gorenstein rings as we did in Section 1.3 and, in fact, k[[S]]
is almost Gorenstein if and only if S is almost symmetric. The trivial observation that, if S is an
almost symmetric semigroup, the type of S is odd if and only if f(S) is odd, will be important
in Chapter 3 and will result a great difference in behaviour between almost symmetric with
odd and even type. We recall now a useful characterization of almost symmetric numerical
semigroups which is due to H. Nari.

Theorem 1.6.4. [60, Theorem 2.4] Let S be a numerical semigroup. Set m = e(S) — t(5)
and Ap(S) = AU B, where A = {0 < a1 < -+ < ap}, B = {1 < - < Bys)—1} and
PE(S)={8i—e(S) |1 <i<t(S)—1}U{am —e(S) = f(S)}. Set also f; = B;i —e(S). Then the
following conditions are equivalent:
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1. S is almost symmetric;

2. aj+apmi = ay foralli € {1,2,...,m — 1} and B + Bys)—; = am + e(S) for all j €
{1,2,...,t(S) — 1};

3. fi + ft(S)—i = f(S) foralli e {1,...,t(S) —1}.

Using the theorem above it follows that the numerical semigroup considered in Example
1.6.2 is almost symmetric, since 11 + 22 = 33.

If z € S, it is clear that f(S) — x ¢ S, because f(S) ¢ S. These gaps are said to be
gaps of the first type and represent the gaps that “have to be” in a numerical semigroup; it is
straightforward to see that S is symmetric if and only if all its gaps are of the first type. This
leads to define the set of gaps of the second type of S as L(S) = {x ¢ S| f(S) —z ¢ S}; V.
Barucci and R. Froberg proved that S is almost symmetric if and only if L(S) C PF(S), see
[13]. As a consequence, we can give another characterization of almost symmetric numerical
semigroups:

Lemma 1.6.5. A numerical semigroup S is almost symmetric if and only if the following
property holds for all s € 7\ {0}:

se€S < f(S)—s¢ S UPF(S) (1.1)

Proof. 1f s is an element of S and f(S)—s € S U PF(S), then we would have f(S) = s+ (f(5)—
s) € S, that is a contradiction; as a consequence, (1.1) is equivalent to f(S) —s € S U PF(95)
for all s ¢ S. Clearly, the set of the elements such that f(S) —s ¢ S for some s ¢ S is L(95),
and then Condition 1.1 is equivalent to L(S) C PF(S), i.e. S is almost symmetric. O

Let E be a relative ideal of S. We set e(E) := min E, f(F) := max(Z \ E) and g(F) :=
(Z\ E)N{e(E),e(E)+1,..., f(E)}|. Sometimes it is useful to shift a relative ideal £ in order
to get f(S) = f(F), for this reason we define E := E + f(S) — f(E). The following hold:

Lemma 1.6.6. Let E be a relative ideal of S. Then

1. J(B) = £(5);

2. EC K(5);

3. f(S)+1—g(S) < g(E) + e(E) and equality holds if and only if E = K(S), i.e. E is a
canonical ideal.

Proof. The first statement is obvious, whereas the second one follows easily from the definitions
of relative ideal and of K (S): if z € E\K(S), then f(S)—x € S and consequently (f(S)—z)+z =
f(S) = f(E) € E, a contradiction. As for the last assertion, we note first that the integer
g(E)+e(E) is the number of elements in N\ F; on the other hand f(S)+1—g(S) is the number
of elements in S which are smaller than f(S) 4+ 1. Since s € S implies f(S) — s ¢ K(S) D E,

the thesis follows from the definition of K(S). O

We conclude this section with a lemma that will be useful in Chapter 4.
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Lemma 1.6.7. The Frobenius number of the relative ideal K(S) — (M(S) — M(S)) is equal to
f(S). Moreover, K(S)+ M(S) C K(S)— (M(S)—M(S)) C K(S).

Proof. Let E := K(S) — (M(S) — M(S)). By Lemma 1.6.3.2 the Frobenius number of E is
f(S) — e(E), but since 0 € M(S) — M(S) C N, it follows that f(S) = f(FE). Moreover, since
S C M(S)—M(S), we get K(S)— (M(S)—M(S)) C K(S)—S = K(S). Finally, let y € K(9),
s€ M(S)and z € M(S)— M(S). Then y+ (s +2) € K(S)+ M(S) C K(S). O

Remark 1.6.8. It is possible to associate numerical semigroups with other type of rings that
are useful for example in algebraic geometry or in coding theory. An algebroid branch is a
local ring (R, m) of the form k[[z1,...2,]]/p, where p is a prime ideal of height n — 1 and k is
algebraically closed. Thus, R is a one-dimensional, noetherian, complete, local integral domain
and its integral closure is isomorphic to k[[t]]. If we consider the valuation v induced by k[[t]] on
R, we get that v(R) := {v(r)|r € R\ {0}} is a numerical semigroup, called the value semigroup
of R, and that v(I) :={v(i)|i € I\ {0}} is an ideal of v(R).

We end this chapter by recalling a definition. Given a numerical semigroup 7" and a positive
number d > 2 in [78] it is defined the set

L ={s|ds e T}.

d
This is a numerical semigroup called one over d of T or, if d = 2, one half of T. If S'is 1/d of T
we also say that T is a d-fold of S or, when d = 2, a double of S. In general, if T is a d-fold of S
for some d, we say that T' is a multiple of S and that S is a quotient of T'. It is clear that there
are infinitely many d-folds of a given numerical semigroup. These semigroups were introduced
in order to study the solutions of inequalities of the form ax mod b < cx, where a, b, and ¢ are
positive integers; see [78] for more details.
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Chapter 2

A family of quotients of the Rees
algebra

Given a ring R and an ideal I, in this chapter we introduce a family of rings that includes
idealization and amalgamated duplication among its members, giving a unified approach to
them. We will prove that many properties of the family depend only on R and I and thus are
the same for all the members. On the other hand, if R is an integral domain, there are integral
domains in the family, even if it idealization and amalgamated duplication are never integral
domains. In the last section we introduce the numerical duplication of a numerical semigroup,
that is a particular case of the family and will play a crucial role in the following two chapters.
Several results of this chapter are contained in [10, 11, 25, 26].

2.1 The family R(I).;

Before to introduce the new family, we set some notations and prove some preparatory results.
We recall that the Rees algebra associated with the ring R and its ideal I is the ring R[It] =
D, I"t" C R[t], where t is an indeterminate.

Lemma 2.1.1. Let f(t) € R[t] be a monic polynomial of positive degree k and let (I*f(t)) :=
f(t)R[t] N R[It]. Then:

L (I*f(t) = {f()g(t) | 9(t) € I*R[It]};

2. Each element of the ring R[It]/(I* f(t)) is represented by an unique polynomial of R[It] of
degree less than k;

3. Both ring extensions R C R[It]/(I*f(t)) C R[t]/(f(t)) are integral. In particular, the three
rings have the same dimension.

Proof. 1. Since IFR[It] = {31 bit' | b; € IF+%}, if g(¢) € I¥R[It] then it is clear that f(t)g(t)
is in (I*f(t)). Conversely, let h(t) € (I*f(t)), i.e. h(t) = f(t)g(t) € R[It] with g(t) € R[t]; we
want to prove that g(t) € I*R[It] by induction on the degree of g(t). If the degree of g(t) is
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zero, i.e. g(t) = r € R, the leading term of f(¢t)r is rt* and, since f(t)r € R[It], it follows
that r € I¥ C I*R[It].

Assume now that the thesis is true for polynomial of degree n—1 and suppose that the leading
term of g(t) is gnt"; thus, the leading term of f(t)g(t) is g,t*™™ and, since f(t)g(t) € R[It],
then g, € I**". Therefore f(t)g,t" € R[It]. It follows that f(t)g(t) — f(t)gnt™ = f(t)g(t) €
R[It], where deg g(t) < n. By inductive hypothesis g(t) € I*R[It], hence g(t) = g(t) + gnt" €
IFR[Tt).

2. Let h(t) be an element of R[It] and consider the euclidean division by f(¢) that gives
h(t) = f(t)q(t)+r(t), with degr(t) < k. Moreover, an easy calculation shows that q(t) € I*R[It]
and 7(t) € R[It]. Thus h(t) = r(t) mod (I¥f(t)). Finally, if r1(t) and ro(t) are distinct
polynomials of R[It] with degree less than k, then deg(ri(t) — r2(t)) < k and therefore they
represent different classes.

3. In the light of 2, the inclusions hold. Moreover, the class of ¢ in R[t]/(f(t)) is integral over R
and, a fortiori, over R[It]/(I*f(t)), then the conlusion follows from immediately. O

Now we can show that idealization and amalgamated duplication can be obtained as suitable
quotients of the Rees algebra.
Proposition 2.1.2. There are the following isomorphisms of rings:
1. R[It]/(I**) 2 Rx I;
2. R[It]/(I*(t* —t)) 2 Rx 1.
Proof. 1. By the previous lemma we know that every element of R[It]/(I?t?) is represented in
an unique way by a polynomial r+it, where r € R and i € I. The map « : R[It]/(I*t?) = Rx I

defined by setting a(r + it + (I%t?)) = (r, 1) is well-defined and it is a bijection. Moreover, it is
straightforward that o preserves sums and, if r, s € R, i,j € I, we have

a((r + it + (I**)) (s + jt + (I*t?))) = a(rs + (1] + si)t + ijt* + (I*t%)) =
= a(rs + (1] + si)t + (I*t?)) = (rs,rj + si) = (,4)(s, ).
2. As above, we claim that the map 3 : R[It]/(I?(t? —t)) — R~ I defined by setting B3(r +
it + (I2(t> —t))) = (r,r + 1) is an isomorphism of rings. We only need to show that 3 preserves
products: for any 7,5 € R and 4, € I we have that B((r +it+ (I2(t> —t)))(s + jt + (I2(t> —1))))
is equal to
B(rs+ (rj+ si)t + ijt* + (I*(t* — 1)) = B(rs + (rj + si +ij)t +ij(t* — t) + (I*(t* — 1)) =
= B(rs+ (1j + si + i)t + (I*(t* = 1)) = (rs,rs + 1] + si +ij) = (r,r +i)(s,5 + j).
O
In [1] it is introduced a generalization of idealization, called n-trivial extension of R by a fam-
ily of n modules. There, the authors note that, using the same argument above, R[It]/(I" 1" +1)
is isomorphic to n-trivial extension of R by the family {I7|j =1,...,n}.

To provide a unified approach to idealization with respect to an ideal and amalgamated
duplication, it is enough to consider the following family of rings.
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Definition 2.1.3. Let R be a ring and let I # 0 be a proper ideal of R. We set
R(I)ayp := R[It]/(I*(t* + at + b)),

where a,b € R. In the light of Lemma 2.1.1, we will denote the elements of R(I),; by polynomials
r + t.

It is clear that, as an R-module, R([),y is isomorphic to R @ I and the natural injection
R — R(I)qp is a ring homomorphism; it must be noted that in general {(0,%) |7 € I} is not
an ideal of R(I),p, although this happens in the special cases of idealization and amalgamated
duplication. We start our investigation studying the total ring of fractions and the integral
closure of R(I)gp-

Proposition 2.1.4. Let Q be the total ring of fractions of R(I)qp. Then the elements of Q are

of the form Tt“, where u is a reqular element of R.

Proof. Let s+ jt be a regular element of R(I), and assume (r+it)/(s+ jt) € Q. Then for any
x € R\ {0}, one has z(s + jt) # 0.

Consider, now, the element (ja — s+ jt). It is enough to show, and we do, that it is a regular
element of R([),4 and that the product w = (s+jt)(ja — s+ jt) is a regular element of R; since,
if this is case, we can write (r +it)/(s + jt) = (r + it)(ja — s — jt)/u.

Since —at — 1> = b € R, we have u = s(ja — s) — j2b € R. If 2(ja — s + jt) = 0, for some
x € R\ {0}, then zj = 0 and consequently z(ja — s + jt) = —xs = 0, that is a contradiction
because it implies that z(s+ jt) = 0. It follows that u is regular in R, because, otherwise, there
would exist x € R\ {0} such that uxz = 0 and this would imply that (s + jt) is not regular in
R(I)qp, since (ja — s+ jt)x # 0.

Moreover if (ja — s + jt) is not regular in R(I),p, there exists (h + kt) # 0 such that
(ja— s+ jt)(h + kt) = 0. Hence, u(h + kt) = 0 and therefore u is not regular in R(1),;. But
this would imply that w is not regular in R, that is a contradiction. ]

Corollary 2.1.5. Let I be a regular ideal. The rings R(I)ap and R[t]/(t? + at + b) have the
same total ring of fractions and the same integral closure.

Proof. Let Q, Q" denote the total rings of fractions of R(I),, and R[t]/(t* + at + b) respectively
and let ¢ € I be a regular element of R. It is clear that ¢ is regular also as element of the ring
R(I)qp and then, if r+ 71t is an element of R[t]/(t* + at +b), we have r +rit = (ir +irqt)/i € Q.
Moreover if r + 71t is regular in R[t]/(t? + at + b), it is straightforward to see that it is regular
also in Q. Consequently, if (r + r1t)/(s + s1t) is in @', the elements r + rit, s+ sit are
also in @ and s + st is regular in @, therefore (r + r1t)/(s + sit) € Q. On the other hand, if
(r +it)/u € Q, where u is R-regular, it is clear that u is regular also in R[t]/(t? + at + b) and,
thus, (r +it)/u € Q'. Finally, since the R(I),, C R[t]/(t* + at + b) is integral, it follows that
they have the same integral closure. O

Remark 2.1.6. The previous corollary implies that the integral closure of R(I)q contains
R[t]/(t? + at + b), where R is the integral closure of R. If I is a regular ideal, in the particular
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cases of idealization and amalgamated duplication the equality holds, as easily follows from
[2, Theorem 4.2] and [24, Corollary 3.3] respectively, but this does not happen in general: for
instance Z[t]/(t? + 4) is not integrally closed, since (¢/2)? + 1 = 0.

Now we are going to show that the noetherianity of R(I), does not depend on a and b.
Proposition 2.1.7. The ring R(I). is noetherian if and only if R is noetherian.

Proof. If R is noetherian, then the Rees algebra R[It] is noetherian; hence, also R([)q; is
noetherian as a quotient of a noetherian ring.

Conversely, assume by contradiction that R is not noetherian; then there exists an ideal
J = (f1, f2,...) of R that is not finitely generated, where we may assume that f;1+1 ¢ (f1,...fi)
for all i. By hypothesis, the ideal JR(I),y is finitely generated; thus, its generators can be
chosen among those of J (regarded as elements of R(I)y3), i.e. JR(I)ap = (f1,...,fs) for
some s. Consequently, fsi1 = > iy fr(rx + ixt) for some 1, € R and i € I and therefore
fs+1 =D _p_y furk, that is a contradiction. O

In this and next chapter we are mainly interested to the local case, i.e. when R([1), is local.
In the next proposition we show how the maximal ideal of R(I),y is linked to R.

Proposition 2.1.8. The ring R(I),y is local if and only if R is local. In this case, if m is the
mazimal ideal of R, then mgp == {m+it|m € m,i € I} is the mazimal ideal of R(I)qp.

Proof. If R(I),4 is local, also R is local, because R C R([)qy is an integral extension by Lemma
2.1.1. Conversely if (R, m) is local, it is enough to show that all the elements r + it with r ¢ m
are invertible in R(I), 4. From the equation (r +it)(s + jt) = 1, we obtain the linear system

rs—ibj =1
is+ (r—ia)j =0
whose determinant is § = r% — iar + i%b € > + m, that is invertible in R. Moreover, it is easy

to check that if (s,j) is the solution of the system, then j € I. Hence, s + jt € R([)q is the
inverse of r + it. O

As in the previous proposition, if (R, m, k) is local we will denote by m,; the maximal ideal
of R(I)qp- It is easy to see that k =2 R(I)qp/mgy for all a,b € R.

Remark 2.1.9. Since R([), is an R-algebra, every R([),-module N is also an R-module by
restriction and then g, ,(N) < £r(N). On the other hand, if we consider a R(I),p-module
N annihilated by m,;, we have that, as an R-module, N is annihilated by m and, hence, it
is naturally an (R([)qp/mqp)— and an (R/m)—vector space; in particular, since k = R/m =
R(I)ap/map, we get Lr(p), ,(N) = dimg(N) = Lr(N).

Lemma 2.1.10. Let (R,m) be a local ring. Then, for any a,b € R and n > 1,
my = {mpn, + mp_1it | mp, € m", my,_;1 € m"l e I}.

In particular, m!', = m" @ m” 1 as R-modules.
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Proof. Let m™+m"~ !t denote the ideal on the right side. Let us first consider n = 2. If (r +it)
and (s + jt) are in m,p, then their product 7s — bij + (rj + si — aij)t € m® + mIt. Conversely, if
rs + uit is an element of m? + mIt, we have rs + uit = rs + u(it) € mib. Arguing similarly for
all n > 2, we immediately obtain that mg , = m™ + m It O

The previous lemma allows us to prove that the Hilbert function and the completion of
R(I)q are independent of a,b. This is shown, together with some other consequences, in the
next result.

Corollary 2.1.11. Let R be a noetherian local ring and I # 0 a proper ideal of R. Then, for
every a,b € R, we have:

1. The Hilbert function of R(I)qy is
Hppy,,(h) = Hr(h) + (w1 /m" 1)

for all h > 1;
2. The embedding dimension of R(I)ayp is v(R(I)ap) = v(R) +v(I);
3. The multiplicity of R(I)qy is independent of a and b;

4. R(I)qp is never a regular ring;

~

5. R(I)a,b = R(I)a,b-

Proof. By Remark 2.1.9, the length of mg‘yb/mggl as (R(1)q,)—module coincides with its length
as R-module and this, together with the previ07us lemma, implies 1. Furthermore 2 and 3 follow
from 1, since v(R(I)qp) = Hr(1),,(1) = Hr(1) + {g(I/ml) = v(R) + v(I) and the multiplicity
of R(I),y are determined by the Hilbert function. Moreover, dim R(I),, = dimR < v(R) <
V(R) 4+ v(I) = v(R(I)qp) and consequently R(I),y is never regular.

Finally, it is straightforward to see that the m,;-adic topology on R(I),; coincides with
the m-adic topology on R([), induced by its structure as an R-module. Hence, as R-module,

m p = }ie\[ ~ Rl Moreover, we can assume R C R by noetherianity and then a,b € R;

consequently it is clear that }if)\a b= R(I )ab- O

Remark 2.1.12. In [23, Corollary 5.8] M. D’Anna, M. Fontana and C. Finocchiaro prove that, if

(R,m, k) is a Cohen-Macaulay local ring and k is infinite, then e(RxI) = e(R)+¥{r(I/1J), where

J is a minimal reduction of m; in particular, if dim R = 1, this implies that e(Rx I) = 2e(R).
Under the same assumptions, Proposition 2.1.11 implies that

e(RxI)=e(R)+(r(I/IJ)
for every a,b € R, where J is a minimal reduction of m.

We conclude this section by proving that, in the local case, also Cohen-Macaulayness is
independent of a and b.
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Proposition 2.1.13. Let R be a local ring. The following conditions are equivalent:
1. R is a Cohen-Macaulay ring and I is a mazximal Cohen-Macaulay R-module;

2. R(I)qp is a Cohen-Macaulay R-module;

3. R(I)qyp is a Cohen-Macaulay ring;

4. R is a Cohen-Macaulay ring and each regular R-sequence of elements of R is also an R(I)qp-
reqular sequence.

Proof. We set d = dim R = dim R(I),; and observe that it is also equal to the dimension of
R(I)qyp as an R-module, because Anng(R(I),p) = 0.

1 < 2. As R-module, R(I)g, is isomorphic to R®I and, therefore, it follows that depth R(1),, =
min{depth R, depth I'}. Thus, R(I),; is a maximal Cohen-Macaulay R-module if and only if

R is a Cohen-Macaulay ring and depthl = d = dim R, i.e. [ is a maximal Cohen-Macaulay
R-module.

2 & 3. We have already noticed that the dimension of R(I),y as a ring and as an R-module co-
incide. Moreover, since the extension R C R([)q is finite, the depth of R(I),; as an R—module
is equal to the depth of R(I), as an R([),s—module (see [17, Exercise 1.2.26]).

3 = 4. R is Cohen-Macaulay, because 3 is equivalent to 1. Moreover, since in a Cohen-Macaulay
ring x is a regular sequence if and only if it is part of a system of parameters (cf. [17, Theorem
2.1.2 (d)]), it is enough to show that, if x is part of a system of parameters of R, then it is
also part of a system of parameters of R([),; this is true because the extension R C R([)q is
integral.

4 = 2. This is obvious. O

2.2 The Gorenstein property

In this section we generalize Theorem 1.5.1 to all the members of our family. We start with the
artinian case. In this case R has no proper canonical ideals and in fact in the next theorem we
prove that R(I),y is never Gorenstein.

Theorem 2.2.1. Let (R,m,k) be a local artinian ring and let I # 0 be a proper ideal of R.
Then R(I)qy is not Gorenstein for all a,b € R.

Proof. Since an artinian ring is Cohen-Macaulay, R(I), is Gorenstein if and only if its socle is
a one-dimensional k-vector space. By definition, r + it is an element of soc R(I), if and only if

rm — ijb = 0,

rj+mi—aij =0
for all m + jt € myy, ie. forall m €m andall j € I. In particular, if j = 0 we get
r € soc R and i € I Nsoc R; thus

socR(I)qp C {r+it|r €socR,ielNsocR}.
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It is straightforward to check that also the opposite inclusion holds, thus the above is an equality.
Furthermore, we claim that I Nsoc R # (0). Indeed, if 0 # = € I, we have zm™ = (0) for some
n € N, because m is nilpotent by artinianity. We can assume that am™~! # (0) and clearly
am™ 1 C I NsocR.

Consequently, if 0 # ¢ € I Nsoc R, we have that i and it are elements of soc R(I),, and they
are linearly independent over k; hence R(I)qy is not a Gorenstein ring. O

To study the Gorenstein property of R(I), in positive dimension, in the next theorem we
will give a formula for its type.

Theorem 2.2.2. Let (R, m, k) be a local Cohen-Macaulay ring of positive dimension d and let
I be a proper ideal of R that is also a mazimal Cohen-Macaulay module. The type of R(I)qp is

t(R(I)ap) = (g (U :m) r}(‘n : D) + il (‘]{Hm> :

where J = (z1,...,2q) is an ideal of R generated by an R-regqular sequence. In particular, the
type of R(I)qp is independent of a,b.

Proof. The type of R(I),y is equal to ZR(I)a,b((H : mgp)/H) for any ideal H generated by a
maximal R(I)qp-regular sequence. By Proposition 2.1.13 we can choose H generated by an
R—regular sequence x = x1,...,2q. This means that H = JR(I)ap = {j1 + Jjot | j1 € J, j2 €
JI,t* = —at — b}, where J is the ideal of R generated by x. Moreover, since (JR(I)qp :
mgp)/JR(I)qp is annihilated by m, Remark 2.1.9 implies that its length as an R(I),;—module
coincides with its length as an R—module. Hence,

JR(I)ap : ma,b)

t(R(I)ap) = LR ( JR(D)ayp

We claim that

JR(I)a,b:mayb:{:qLZt\:e(JI:I)ﬂ(J:m),;G(JI:m)}.

By Proposition 2.1.4 an element of Q(R([),p) is of the form r/s + (i/s)t, where r,s € R,i € I
and s is regular. Therefore, this is an element of JR(I)gyp : mgp if and only if

(r/s+ (i/s)t)(m + jt) =rm/s+ (im/s)t + (rj/s)t + (ij/s)t? =
=rm/s—ijb/s+ (im/s+rj/s —ija/s)t

is an element of JR(I)yy, for all m € m and j € I, that means rm/s —ijb/s € J and im/s +
rj/s —ija/s € JI.

Suppose that r/s 4+ (i/s)t € (JR(I)qp : Map). In particular, if j = 0 we have rm/s € J and
im/s € JI, that is r/s € (J : m) and i/s € (JI : m). Moreover, since ja € I C m, we have that
im/s, ija/s and im/s + rj/s — ija/s are elements of JI; therefore rj/s € JI for all j € I and
then r/s € (JI :1).
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Conversely, suppose that i/s € (JI :m) and r/s € (JI:I)N(J:m). Then rm/s —ijb/s €
J+JI =J and im/s+rj/s —ija/s € JI + JI + JI = JI and consequently r/s + (i/s)t €
(JR(I)a,b : ma,b)'

Now it is straightforward to see that the homomorphism of R-modules

(J:m)Nn(JI:1) " JI:m

J JI
defined by r/s + (i/s)t — (r/s+ J,i/s + JI) is surjective and its kernel is JR(I),p. The thesis
follows immediately. O

JR(I),Lb Mgy —

Since in positive dimension the type of R(I),, does not depend on a,b € R, this happens also
for the Gorenstein property; therefore, Theorems 1.5.1 and 2.2.1 imply the following corollary:

Corollary 2.2.3. Let R be a local ring and let I be a proper regular ideal of R. For every
a,b € R the ring R(I)qy is Gorenstein if and only if R is a Cohen-Macaulay ring and I is a
canonical ideal of R.

Corollary 2.2.4. Let R be a reqular local ring and let I be a proper ideal of R. The ring R(I)q
is Cohen-Macaulay if and only if is Gorenstein.

Proof. By Auslander-Buchsbaum Formula, the ideal I is a maximal Cohen-Macaulay module if
and only if is free (cf. [17, Theorem 1.3.3]). Moreover, R is an integral domain and an ideal of
an integral domain is free if and only if is principal, that, since R is Gorenstein, is equivalent to
say that I is a canonical ideal. Therefore, it is enough to apply Proposition 2.1.13 and Corollary
2.2.3. O

The next proposition characterizes when R([), is complete intersection.

Proposition 2.2.5. Let R be a local ring and let I be a proper regular ideal of R. The ring
R(I)qp is a complete intersection if and only if R is a complete intersection and I is a canonical

ideal of R.

Proof. Let i1,...,1, be a set of minimal generators of /. Cohen’s Structure Theorem guarantees
that there exists a complete regular local ring S such that R = S/J for some ideal J of S.

Consequently, using Corollary 2.1.11.5, the ring R([),; can be presented as S[[y1, . .., yp]]/ ker ¢,

where ¢ @ S[[y1,...,yp]] = R(I)qp is defined by ¢(s) = s + J and ¢(yn) = int, for every
h=1,...,p. It is well-known that also S[[y1,...,y,]] is a regular local ring.

Since (ipt)? = —aiit — bi,% and aih,bi,% € R, if we choose ap, B, € S such that o(ap) = aip,
and ¢(B) = bii, it follows that ker ¢ contains the elements of the form Fj := y,% + apyn + Bh.
Consequently, ker ¢ O J+ (F1,..., F,). For every h, up to multiplication by invertible elements,
Fy, has to be a generator of ker ¢, since it contains a pure power of y, of the lowest possible
degree. Moreover, since the restriction of ¢ to S gives the presentation of R, it follows that
kero NS = J and it is easy to see that the minimal generators of J have to be also minimal
generators of ker ¢. Consequently, v(ker ¢) is bigger than or equal to v(J) + p.
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Assume now that R([), is a complete intersection, i.e. that dimS + p — dim R(1)qp =
v(ker ¢), therefore we get:

dim S+ p — dimmb = y(ker ) > v(J) +p > dim S — dim R + p.

Since dim R = dim R/(I)\a b, all the above are equalities and, in particular, v(J) = dim S —dim R,
i.e. R is a complete intersection. Since complete intersection are Gorenstein, Corollary 2.2.3
yields that I is a canonical ideal of R.

Conversely, assume that R is a complete intersection and that I is a canonical ideal of R. It
follows that v(I) = t(R) = 1 and then, with the above notation, we get ker ¢ O J + (Fy). The
other inclusion is also true, since, if g(y1) € ker ¢, its class modulo J+(F}) is of the form go+g1y1
(with go,¢g1 € S) and it belongs to ker ¢ if and only if go € J and ¢(g1)i1t = 0; since i; is a
non-zero-divisor, the last equality implies that also g; € J. This proves that v(ker ) = v(J)+1
and, since v(J) = dim S — dim R, it follows that R(I), is a complete intersection. O

2.3 The almost Gorenstein property

In this section we will study when R([),; is almost Gorenstein and will prove that also this
property is independent of a and b. We start with the classical case, i.e. the one-dimensional
case, and then we use that to say something about the higher dimensional case. In this section
all canonical ideals will be fractional ideals.

The one-dimensional case

Throughout this section we assume that (R(1)q 4, Mg 4, k), and consequently (R, m, k), are Cohen-
Macaulay one-dimensional local rings. We also assume that k is infinite and that R has a
canonical module wp that is a fractional ideal such that R C wr € R. We know that there
exists a minimal reduction zR of the fractional ideal (wg : I); recall that z is an element of
QR).

Since the inclusion R C R([)qy is a local homomorphism and R(I),y is a finitely generated
R-module, it follows from [17, Theorem 3.3.7 (b)] that the canonical module of R(I)q; is
WR(I),, = Homp(R(I)ap,wr), where the structure as an R(I),p—module is given by ((r +
it)p)(s + jt) == @((r +it)(s + jt)), for ¢ € Homp(R(I)qp,wr). Clearly, as R-modules,

wR(I)a,b = HOIIlR(R D I,wR) = HOH]R(R, wR) S¥ HOIIlR(I,wR) =

1 1
%wR@(wR:I)%;(wR:I)@;wR.

We want to show that %(wR : 1) @ fwp and WR(I),, are isomorphic as R(I),-module as
well. More precisely, we define another R—module that is isomorphic to %(wR 1)@ %wR, that

is
K := {§+gt|x€(w3:l)7y€w3}
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and, for all r + it € R(I)qp and %+ %t € K we define

rit) (54 L4) = (%(@uy)t)efc

z z z z
It is easy to see that K is now an R([),-module.

Proposition 2.3.1. The R(I),p-module K defined above is a canonical ideal of R(I)qp such

that R(I)ap C K C R(1)ay.

Proof. Let ¢ : K — Homp(R(I)qyp,wr) be the map that associates (£ + ¥t) with the homomor-
phism
foy s+ jt—=xj+y(s—ja).

Clearly ¢ is well defined and, since if r +it, s+ jt € R(I),p and £+ 2t € K, one has

T
(r+itye (2 +28)) (s+5t) = (r+ i) fuy (s + 38) =
= foy((r +it)(s + jt)) = foy(rs —bij + (rj +is — aij)t) =
= xrj + xis — aijx + yrs — bijy — arjy — aisy + a*ijy =
= fmcfbiy, im+ry7aiy(3 +]t) =@ ((T + Zt) <; + %t)) (S +]t).

This shows that ¢ is a homomorphism of R([),-modules. Moreover, if f; (s + jt) = 0 for all
s+ jt € R(I)qp and A € I is regular, one has

Y= fay(l)=0
At = foy(Aa+ At) =0,
then (x,y) = (0,0) and therefore ¢ is injective.

As for the surjectivity, let g be an element of Hompg(R([)qp,wr). Consider a regular element

A € I and let \
L= g()\t) +9g(a)
y=g(1)
Clearly, y € wg and we claim that = € (wg : I); indeed, for all i € I,

x = zg(;\t) +ig(a) = )\gg\zt) + g(ai) = g(ai +it) € wr

and thus 2 4+ %t € K. Finally, for all s + jt € R(I)q;, we get

Foa(s 1) =2 +y(s — ja) = D25 1 g(ad) + g(s) — g(aj) =

A
= MU o) = gls + 5t)
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and consequently ¢ is surjective.

We have R C %(wR : I) and, since z € (wg : I), also I C %wR; this means that R(I),, C K.
Furthermore, since z is a minimal reduction of (wg : I), it follows from [13, Proposition 16] that
wr C (wg : I) C zR. Therefore, R(I),, C K C R[t]/(t*> + at +b). We have already noticed in
Remark 2.1.6 that the integral closure of R(I),; contains R[t]/(t? + at +b), thus we have proven
the desired inclusions.

Finally, it is easy to see that K is a fractional ideal of R([),;: by choosing two regular
elements i € I and r € R such that rwgp C R, the element riz € R C R([),; is such that
rizK C R(I)gp. O

The following lemma is proved in the proof of [39, Proposition 6.1], but we include an
alternative and easy proof here for the sake of clarity.

Lemma 2.3.2. Let a,b, and ¢ be fractional ideals of R. The following hold:
1. ab C ¢ if and only if acV CbY;

2. mIY C zR if and only if mwpg C 21;

3. IIV =21 if and only if 21V = (IV)2.

Proof. From the properties of colon ideals we get
abCecec/ Clab) ¢V CbY:asac’ CbY

and 1 is proven. Moreover, 2 and 3 follow from 1 witha=m,b=1",¢c=zRanda=1Y,b =1,
¢ = zI respectively. O

In the following theorem we characterize when R(I)qy is almost Gorenstein. The equiva-
lence between 1 and 2 was already proved by S. Goto, N. Matsuoka and T.T. Phuong in [39,
Proposition 6.1] in the case of idealization.

Theorem 2.3.3. The following conditions are equivalent:

1. The ring R(I)qp is almost Gorenstein;

2. IIV =21 and zm=ml";

3. RCzMVC(m:m) and 271V is a ring.

In particular, the almost Gorenstein property is independent of a and b.

Proof. 1 & 2 Let K be the canonical ideal defined before Proposition 2.3.1. By definition
R(I)qp is almost Gorenstein if and only if Km,;, C my; or, equivalently, zKmg,;, C zmgy,.

Given m+it € myy and © + yt € zK, where mem, i€, z €I’ and y € wg, thisin
turn means that (m +it)(x + yt) = mz — biy + (my + iz — aiy)t € zm,y, that is

mx — biy € zm
my + 1x — aty € z1.
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Assume now that R(I), is almost Gorenstein. If we choose ¢ = 0, the first equation becomes
mIV C zm, i.e. mIY = zm. Moreover, if we let y = 0, the second equation yields I1V C zI, i.e.
ITV = 2.

Conversely, if 2 holds, in the light of the previous lemma we have

mx — by € mIv+IwR Czm+mwp Czm+2] C zm+zm C zm
my +1x — aiy € mwp + 1TV + Iwp C 2zl + 2] + mwp C zI.

2 < 3 By Lemma 2.3.2, the condition ITV = zI is equivalent to zIV = (IV)? and we claim
that this holds if and only if 2711V is a ring. In fact zIV = (IV)? if and only if for all z,y € IV
one has xy € zIV; this is in turn equivalent to 2z 'zz='y € 2711V forall z 'z, 271y € 271V,
i.e. 2711V is a subring of Q(R).

Moreover, the condition zm =mIV isequivalent to m: m 2D 2711V ie. (zm:m) DIV,
because the inclusion mIY D zm is always true, since z € IV. Finally, since zI C wg, it follows
that R = (wg : wr) C (wg: 2I) = z711V. O

The last point of the previous theorem gives a way to construct a large class of one-
dimensional almost Gorenstein rings. Consider an overring A of R such that A C (m : m); it
follows that AV is a fractional ideal of R. Let r € R be a regular element such that rAY C R and
set I :=rAY. Since a minimal reduction of IV =714 is z=7r"1 and z7'IV =rr 1A= A,
it is clear that I satisfies the conditions of the last point of the previous theorem. For instance,
if A =R, we get A = (wg : A) = wg; therefore, any ideal I = rAY is a canonical ideal
and thus R([),p is Gorenstein. The other extremal case is A = (m : m), that is a ring; then
AY = (wg : (m:m)) and every ideal I of the form r(wg : (m: m)) is such that R(I),; is almost
Gorenstein, see [39, Corollary 6.2] for idealization’s case.

On the other hand, if R is Gorenstein but not a DVR, R(I), is almost Gorenstein only in
the above two cases. In fact, from the fact that R is not a DVR it follows that R : m = m : m,
since z € (R :m) \ (m: m) means that xm = R and it is not possible, because R and m are not
isomorphic; consequently, if t(R) = 1, there are no proper overrings between R and m : m. See
[39, Corollary 6.4] for idealization’s case.

When R(I), is almost Gorenstein there is a simpler formula for its type.

Proposition 2.3.4. Assume that R(I), is almost Gorenstein, then

—IIV
HR(I)ap) = 2r (Z = ) T 1=20p (%) +1.

Proof. In the one-dimensional case the formula of Theorem 2.2.2 becomes

HR(Dap) = Ln (<R A ”) t i (II‘“> |

We note that I : [ = (wg: (wr:I)): I = (wg:1Y): I =wg: IV =211V by Theorem 2.3.3.2.
Moreover I : I C R : m. Indeed, since zm = mI" by Theorem 2.3.3, it is easy to see that z(I :
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I) =wp: I C 2(R:m). Finally, what we need to prove is that £g((I : m)/I) = fr(z~1IV/m):

gR(I}m>ZER((WRi(OJ}}:I)%m):ER(um}nlIV):

. v —17V
. wr: T . L . z71 7
mlV zm m

where, since R(I),p is almost Gorenstein, we used m/¥ = zm. O

If R is a DVR, Corollary 2.2.4 implies that R([),; is almost Gorenstein if and only if is
Gorenstein. On the other hand, if R is not a DVR, we have already noted before the previous
proposition that its type is the length of (m : m)/R and then, since in the almost Gorenstein
case z~' IV C (m : m), Proposition 2.3.4 implies the following corollary:

Corollary 2.3.5. Let R(I),p be an almost Gorenstein ring. The type of R(I)qyp is odd and
1 <t(R(1)ap) <2t(R) + 1.

As we proved above, the almost Gorenstein property and the type are independent of a and
b; the next proposition can be thus derived from [39, Theorem 6.5], whereas the same statement
is proven in idealization’s case. We prefer to include a simpler and self-contained proof here.

Proposition 2.3.6. The ring R is almost Gorenstein if and only if R(m), is almost Gorenstein.
In this case, if R is not a DVR, the type of R(m),y is 2t(R) + 1.

Proof. Using Corollary 2.2.3, it is clear that if R is a DVR, then R(m),; is Gorenstein. Con-
versely, if R(m),p is Gorenstein, then m is a canonical ideal and m : m = R; this is possible only
if R is a DVR, otherwise t(R) = ¢((m:m)/R) = 1.

If R is almost Gorenstein and not a DVR, we claim that wpg : m =m: m. Indeed we have

)+ 1 =t (M) =t (M) e (4

—lp (m‘m> + 4R (“‘”*) . (m‘m> +H(R),
WR mwpg WR
that implies {g((m : m)/wgr) = 1 and, since {g((wgr : m)/wgr) = {r(R/m) = 1, the claim follows
(see also [13, Definition/Proposition 20]). Moreover, it is straightforward to see that a minimal
reduction of m : m is 1, in fact if 2 € m : m, then * = -1 € (m : m)?; it follows that
2z~ 'mY = m : m and, by Theorem 2.3.3 and Proposition 2.3.4, R(m), is almost Gorenstein of
type 2t(R) + 1.

Conversely, if R(m),; is almost Gorenstein, but not Gorenstein, then Theorem 2.3.3 implies
that 2~ !(wg : m) € m : m. Moreover, it is well-known that in dimension one wg is an irreducible
fractional ideal and £g((wg : m)/wg) = 1, thus wg : m C R since, otherwise, if * € R\ (wg : m),
we have wr = (wgr : m) N (wg,x). Consequently, by [13, Proposition 16], z = 1 is a minimal
reduction of wg : m and then wg C wr : m C m : m. This implies that R is an almost Gorenstein
ring. O
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The general case

We will prove now that the almost Gorenstein property is independent of a and b also in the
higher dimensional case, by reducing the problem to the one-dimensional case by means of the
following lemma.

Lemma 2.3.7. Let x be an element of the ring R that determines a non-zero-divisor on R/I,
i.e. (I:x)=1. Then,

R(I)a,b ~ E I+ xR
-TR(I)a,b N TR TR ab
where @ and b are the images of a and b in R/zR.

Proof. 1t is not difficult to check that the ring homomorphism

R (I+zR
: R(I — ] )
a: R( )a’b—>:cR< e )mb, r+it— (r+zR)+ (i +zR)t

is surjective. The assumption on z implies that I N xR = xI and, therefore, i € I N xR if and
only if i = zj with j € I. Hence, Ker(a) = 2R(I)q, as desired. O

Proposition 2.3.8. Let (R, m) be a Cohen-Macaulay local ring with positive dimension d and
let I be a regular ideal of R. The almost Gorenstein property of R(I)q is independent of a and
b.

Proof. In the light of Theorem 2.3.3, we may assume that d > 1. Suppose that there exist two
elements a/,b" € R such that R(I), 1 is almost Gorenstein, i.e. there exists an exact sequence
of R(I)q iy —modules

0— R(I)a’,b’ — WR(I),

’

, = C =0,
b

where the number of elements of a minimal system of generators of C' equals its multiplicity. It
is enough to show that R(I),y is almost Gorenstein for all a,b € R. By Corollary 2.2.3, we may
also assume that R([), p is not Gorenstein. Consider the filtration M of C' induced by mg j:

C 2 ma/7b/C :_> mgl’blc 2 e :_) m217b10 :_> e

This is a m, y —filtration of the R(I)q iy —module C, but, if we consider C' as an R-module, it is
also a m-filtration. Therefore, an iterated use of Proposition 1.0.2 implies that there exists a M-
superficial sequence f = f1,..., fy_1 for m in R; it is easy to verify that f is also a M—superficial
sequence for my ;. Moreover, we can choose f also R-regular and, since I has height one by
Lemma 1.0.1, such that I + fR is m-primary. Consequently, f is also a R([),-regular sequence
for all a,b € R and the ideal of R/I generated by the classes fi,...,f;_; is m/I-primary.
Therefore f is a R-regular sequence, because R/I is a Cohen-Macaulay ring of dimension d — 1

by Lemma 1.0.1. Hence, by the previous lemma and [40, Theorem 3.7 (2)], it follows that

R(I)a/y ~ R (I+fR
ftR Jow

fRI)yy fR
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is almost Gorenstein of dimension 1. Therefore, by Theorem 2.3.3

R (I+fR
fR\ fR ).;

is an almost Gorenstein ring for all @,b € R/fR. Observe also that the ideal (I + fR)/fR is
m/fR-primary. Finally, since f is an R([),p-regular sequence by Proposition 2.1.13, it follows
that R(1)q is almost Gorenstein for all a,b € R, by [40, Theorem 3.7 (1)]. O

Remark 2.3.9. It is easy to see that if V| and Ny are two isomorphic R-modules, then Rx Ny =
R x Ny; however if I and J are two isomorphic ideals, the rings R(I), and R(J),, do not need
to be isomorphic. On the other hand, the previous proposition implies that R([),; is almost
Gorenstein if and only if R(I)po = R x I is and, as consequence, if I and .J are two isomorphic
regular ideals of R, then R(I), is almost Gorenstein if and only if R(J)g is almost Gorenstein.

In [40] S. Goto, T. Takahashi, and N. Taniguchi characterize when idealization is almost
Gorenstein; using their result we can prove a similar statement for all rings R(I)qp.

Corollary 2.3.10. Let I be a reqular ideal of R and assume that IV is isomorphic to a reqular
ideal of R. Then the following are equivalent:

1. R(I)qp ts almost Gorenstein for some a,b € R;

2. R(I)qp is almost Gorenstein for all a,b € R;

3. I is a maximal Cohen-Macaulay R-module and any proper ideal J of R isomorphic to IV
is such that fi € J, m(J + Q) = mQ, and (J + Q)? = Q(J + Q), for every parameter ideal
Q= (f1,...,f1) of R.

Proof. The equivalence between 1 and 2 is just a reformulation of Proposition 2.3.8.

2 = 3 By Proposition 2.1.13, I is a maximal Cohen-Macaulay R-module, therefore also J = IV is
a maximal Cohen-Macaulay R-module by [17, Theorem 3.3.10] and is also isomorphic to a regular
ideal; moreover JV = I, thus the idealizations Rx I and Rx JV are isomorphic. Furthermore, by
Lemma 1.0.1 R/J is a Cohen-Macaulay ring of dimension d — 1; thus R(I)op 2 Rx [ = Rx JV
is almost Gorenstein and the thesis follows from [40, Theorem 6.1].

3 = 1 Using again [40, Theorem 6.1] we immediately get that R x JY = R(I)o is almost
Gorenstein. n

2.4 Spectra and localizations

In the previous sections we saw how many important properties of R(I),; are independent of a
and b, whereas in this section we will show that this is not the case of the spectrum of R([)qp.
It is already known that idealization and amalgamated duplication have different spectra, as,
for instance, idealization is never a reduced ring, whereas amalgamated duplication can be. The
knowledge of the spectrum of R(I), will allow us to find suitable a and b such that R(I), is
an integral domain, provided that R is a domain (note that R C R(I)gy).
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We recall that R C R(I),p C R[t]/(t* + at +b) are integral extensions, cf. Lemma 2.1.1, so that
we can get some information on the spectrum of R([),; from the knowledge of the spectrum of
R[t]/(t* + at + b).

Proposition 2.4.1. For every prime ideal p of R there are at most two prime ideals of R(I)qp
lying over p. Moreover, if t2 + at + b is irreducible over R/m for all mazimal ideal m of R, then
there is exactly one prime ideal of R(I)qp lying over p for every p.

Proof. Every prime ideal of R(I),; lying over p has to be the contraction of a prime ideal of
R[t]/(t>+at+b). Furthermore, given a prime ideal p of R, it is well known (see e.g. [37, Chapter
6]) that p[t] is a prime of R[t] lying over p and there exist infinitely many other prime ideals in R][t]
lying over p, all of them containing p[¢] and with no inclusions among them. More precisely, there
is a bijection between these ideals and the non-zero prime ideals of Q(R/p)[t]; therefore if J is
one of these ideals, its image in Q(R/p)[t] is of the form (f(¢)), for some irreducible polynomial
f(t); hence J = ¢, '((f(t))), where ¢, is the composition of the canonical homomorphisms
R[t] — R/p[t] — Q(R/p)[t]. It follows that the prime ideals of R[t]/(t? + at + b) lying over p
are of the form J/(t? 4+ at + b), with J D (t? 4 at + b). This means that the polynomial f(t),
corresponding to J, divides the image of t?+at+bin Q(R/p)[t]. Hence, if t2+at+b is irreducible
in Q(R/p)[t], there is only one prime of R[t]/(t* + at + b) lying over p; on the other hand, if
t? + at + b has two distinct irreducible factors in Q(R/p)[t], there exist exactly two prime ideals
in R[t]/(t? + at + b) lying over p. In all cases we proved that there are at most two prime ideals
in R(I)q lying over p.

Suppose now that J/(t?+at+b) is in the spectrum of R[t]/(t*+at+b) and (J/(t*+at+b))NR =
p. We know that J = ¢, '((f(t))), where f(t) is an irreducible factor of t2 +at +b in Q(R/p)]t].
If p’ € Spec R, p’ C p, then the prime ideals of R[t]/(t? + at + b) lying over p’ correspond to the
irreducible factors of t2 +at +b in Q(R/p’)[t]. Since the factorization of 2+ at +b in Q(R/p’)[t]
induces a factorization in Q(R/p)[t], f(t) is irreducible also in Q(R/p’)[t] and we have a prime
ideal of R[t]/(t?+at +b) lying over p’ of the form J'/(t? +at +b), with J' = (pp_,l((f(t))) cJ.In
particular, if m is a maximal ideal of R containing p and t? + at + b is irreducible on R/m, then
there is one and only one prime ideal of R[t]/(t? 4 at +b) lying over p and the same happens for
R(I)qp, because the extension R(I),p, C R[t]/(t* + at + b) is integral. O

Remark 2.4.2. 1. For particular a and b the factorization of t* + at + b in Q(R/p)[t] may not
depend on p. For example, in the case of idealization, the equality ¢> = t - t implies that there
is only one prime ideal lying over p both in R[t]/(#?) and in idealization. As for the case of
amalgamated duplication, the equality t> —¢ = ¢ - (+ — 1) implies that there are two primes in
R[t]/(t* — t) lying over p, namely (p,t) and (p,t — 1). Contracting these ideals to amalgamated
duplication we get the same ideal if and only if p D I (see e.g. [24]).

2. By the proof of Proposition 2.4.1 we see that the extension R C R[t]/(t* + at + b) and the
extension R C R(I)qy as well fulfill the going down property. In particular a minimal prime of
R(I)4y lies over a minimal prime of R.

Now we want to show explicitly the prime ideals of the ring R(I), with respect to those of
R. In the previous proposition we showed that these depend on the reducibility of t> 4 at + b in
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Q(R/p)[t]. If it is reducible and its roots are a/y and /J, we can assume that v = §. In this
case it is easy to see that in Q(R/p) one has ya = —a —  and v2b = a3 and, clearly, the same
equalities hold in R/p; in this section we will use these equalities several times. We start with
a technical lemma.

Lemma 2.4.3. Let p be a prime ideal of R and suppose that t* +at +b = (t — a/v)(t — 3/7)
in Q(R/p)[t]. The two sets

p1:={r—+it|reRiel,vyr+aiecpl
poi={r+it|reRyicl,yr+ ficp}

are prime ideals of R(I)qp. Moreover p1 = po if and only if (a« — B)I C p.

Proof. First of all, we notice that these sets do not depend on the choice of a, 3, and + and
then they are well defined. Cleary it is enough to consider p;. We notice that, since v ¢ p by
definition, the condition yr + avi is equivalent to y(yr +ai). Let r+it € p1 and s+ jt € R(I)qp.
Then (r + it)(s + jt) = rs —ijb + (rj + si — aij)t and, since ya = —a — B,7%b = af and
yr 4+ «ai € p, in R/p we have

v2rs —ijy?b + yarj + yasi — yaaij =
= 7%rs — ijaf +yarj —*rs +%arj = jryB + yarj — yarj — 1B =0

and this means that (r 4 it)(s + jt) is in p;. Now we need to prove that p; is prime. Suppose
that (r + it)(s + jt) € p1, then yrs — ijby + asi + arj — aija € p and, mupltiplying by -, in
R/p we have

0 =~%rs —ijof + yasi + vyarj + a%ij +ijaf =
vs(yr +ai) + aj(yr + ai) = (yr + ai)(ys + o).

Since R/p is a domain this implies that either (yr + ai) =0 or (ys + aj) =0, i.e. either r 4 it
or s+ jt is in py.

As for the last statement suppose first that (o — 8)I C p. Then if r + it € p; we have
yr+ Bi = yr + ai — (o — B)i € p; therefore p; C po and the other inclusion is clear for the same
reason. Conversely, given an element ¢ € I, one has ai — ~it € p;. Since p; = pa, it follows that
~yai — Biry € p and therefore v(aw — B)i € p. Hence (o — 5)i € p because by definition v ¢ p and
p is a prime ideal. O

Proposition 2.4.4. Let p be a prime ideal of R.

1. If t + at + b is irreducible in Q(R/p)[t], then the only prime ideal of R(I)ay lying over p is
q:={p+it|pep,iclnp}.

2. Ift2+at+b=(t—a/y)(t—B/y) in Q(R/p)[t], then the ideals p1 and pa of the previous

lemma are the only prime ideals of R(I)q lying over p.
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Proof. The first case is straightforward, because the prime ideal of R(I),y lying over p is

R[]

Vi rarp  Fee={p+itlpepiclny}

As for the second case we clearly have that p; N R =p = pa N R, hence p; and po lying over
p. In general we know that they can be coincide and in this case it could be another prime ideal
lying over p, but actually this can not happen. In fact, as we proved in the proof of Proposition
2.4.1, we know that one prime ideal of R(I), lying over p is the contraction to R(I), of the
ideal J = <pp_1((t — /7)), see the proof of Proposition 2.4.1 for the notation. Since J contains
p, it is easy to see that p; is contained in J. In fact if r + it € p1, then

. . . "
r+z’t:m+z’t:—m+z‘t+7r+m=i<_a+t>+w+m € (t—a>Q(>
vy y y vy y Y p

and therefore r + it € J. Consequently by Incomparability, see [30, Corollary 4.18], we get that
p1 = J and, using the same argument for ps, this concludes the proof. ]

Proposition 2.4.5. R(I),y is an integral domain if and only if R is an integral domain and
t2 + at + b is irreducible in Q(R)[t].

Proof. Clearly we can assume that R is an integral domain. If 24 at+b is irreducible in Q(R)[t],
the ideal q = {p+it|p € (0)R,i € IN(0)R} = (0)R(I)4 is prime and thus R(I), is an integral
domain. Conversely, suppose by contradiction that ¢? + at + b is reducible in Q(R)[t] and let
p1, p2 be the prime ideals of R(I), lying over (0). These are the minimal primes of R(I), and,
since it is a domain, they are equal to (0)R(I)sp. On the other hand it is easy to see that for
all non-zero ¢ € I the element iy — it is in py and it is different to zero, because R is a domain,
and this is a contradiction. O

Our next goal is to show that, if R is a local noetherian integral domain, there are always
integral domains R([), for some choices of a and b. To do this we need the following proposition
that is due to M. D’Anna and R. Re.

Proposition 2.4.6. Let R be a local noetherian integral domain with positive dimension. For
all integers n > 1, not multiple of 4, there exist infinitely many elements b € R such that the
polynomial t™ — b is irreducible over Q(R).

Proof. We will use the following well-known criterion of irreducibility: if b is not a p-th power for
all primes p|n and b ¢ —4Q(R)* if 4|n, then " — b is irreducible (see [54, Chapter VI, Theorem
9.1]). In particular, if 4 does not divide n and b is not a d-th power for all integers d > 1 such
that d|n, then ¢" — b is irreducible.

Let p be a prime ideal of R with height 1. Then dim R, = 1 and, by the Krull-Akizuki
Theorem, its integral closure in Q(Rp) = Q(R) is noetherian (see, e.g. [50, Theorem 4.9.2)),
hence it is a Dedekind ring. So there is a discrete valuation v : Q(R)* — Z with v((Ry)m) = N,
where M is the maximal ideal of E. Since R C R, C (E) » have the same field of fractions, it
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follows that v(R) C N is a semigroup and it is easy to see that it is a numerical semigroup. So
any = > f(v(R)) belongs to v(R). In particular, there exist infinitely many elements b € R such
that v(b) is prime to n, so b cannot be a d-th power in Q(R) for all d > 1 such that d|n. Hence
we can find infinitely many b € R such that (¢" — b) C Q(R)[t] is irreducible. O

By the previous proposition we can find infinitely many b such that t> — b is irreducible in
Q(R)[t] and by Proposition 2.4.5 we immediately get the following corollary.

Corollary 2.4.7. Let R be a local noetherian integral domain with positive dimension and let
I be an ideal of R. Then, there exist infinitely many elements b € R such that R(I) —y is an
integral domain.

In Section 2.6 we will prove that if R is a numerical semigroup ring, the rings R([)o—p of
the previous corollary are still numerical semigroups. This will lead us to define the numerical
duplication of a numerical semigroup that will be of crucial importance in the next two chapters.

Proposition 2.4.8. Let p be a prime ideal of R.
1. Suppose that t> + at + b is irreducible in Q(R/p)[t] and that q is the prime ideal of R lying
over p. Then (R(I)ap)q = Rp(Ip)ap-
2. Suppose that t> +at +b = (t — a/v)(t — B/7) in Q(R/p)[t] and let p1,p2 be the prime ideals
of R(I)qp lying over p.
(a) If (o B)I C p, then (R(I)
(b) If (a = A)I & p, then (R(1)

Proof. 1. We have s + jt € R(I)qy \ q if and only if at least one between s and j is in R \ p.
Given an element (r+it)/(s+ jt) € (R(I)qp)q, we can multiply it by (s —aj — jt)/(s —aj — jt);
in fact clearly s —aj — jt € R({)qp \ g, if j € R\ p, but this also happens if j € p and s € R\ p,
because in this case s —aj € R\ p. Hence we get an injective homomorphism between (R(1)q.5)q
and Ry(Iy)ayp given by

Jo; = By(Ip)ap fori=1,2.

a,b
ab)p; = Ry fori=1,2.

r+it'_>r+it (s —aj—jt) rs—ajr+ijb si—1j

t.
s+t s+jt (s—aj—jt) s*—ajs+bj2  s2—ajs+ bj?

Moreover this is surjective because a generic element r/s+ (i/s')t comes from (rs’ +ist)/(ss’) €
(B(L)ap)q-
2. (a) We recall that in this case p; = pa. Consider an element r + it € R([)qp \ p1, then
ia —r + it ¢ p1, because yia —yr + i = —ia — i3 — yr + «i ¢ p since r + it ¢ po. Therefore,
given an element (s + jt)(r +it) € (R(I)qp)p,, one has

s+t da—r+it  sia—rs— bij st —rj

= t.
r+it ia—r+it ria—r2—"0b2 ria—r2—bi?

Clearly ria — r* — bi2 € R\ p, because p; N R = p, and therefore we get a well-defined ring
homomorphism

[ (R(Dap)p = Bo(Lp)ap
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f s+gt\ _ sia—rs—bij st —1]
r+it )  ria—r2—b2  ria —r2 — bi2

that is injective by construction. As for surjectivity, if - + ét is an element of Ry(Iy)ap, it is

r32+islt)
5182

~
i =

easy to see that it is equal to f(
Ry(Iy)ap fori=1,2.

(b) Consider the map g1 : Ry = (R(I)ap)p,» 91 (%) = L. Clearly this is well defined and is an
injective ring homomorphism. As for surjectivity consider a generic gjr';i € (R(I)qp)p, and let X
be an element of I such that A(a — 8) ¢ p. Then —BAy + 2\t ¢ p; and it is easy to see that
(r +it) (= BA\y + y2Mt) = (ry +ia)(—BA + yAt). It follows that

. Hence f is an isomorphism and therefore (R(I)qp)p

T+t —B)\’y+72)\t_r’y+ia
s+t —BMy+2IAt sy +ja’

and (R(I)ap)p, = Ry. For (R(I)qp)p, We can use the same argument.
O

ryfia\ it
sy+ja s+jt

Hence g1 (

In the light of the previous proposition we can immediately state the following corollary.

Corollary 2.4.9. Let R be a ring, let I be an ideal of R and let a,b € R. Denote by M the
set of all the maximal ideals m of R except those for which t* +at +b= (t — a/v)(t — B/7) in
R/m[t] and (o — B)I € m. Then:

1. The ring R(I)qy is Cohen-Macaulay if and only if R is Cohen-Macaulay and Iy is a mazimal
Cohen-Macaulay Rm-module for all m € M;

2. Assume that I, is reqular for all m € M. The ring R(I)qy is Gorenstein if and only if R is
Cohen-Macaulay and I, is a canonical ideal of Ry for all m € M.

2.5 Idealization and amalgamated duplication

In Proposition 2.1.2 we proved that idealization and amalgamated duplication are isomorphic
to R(I)oo and R(I)_1, respectively. It is natural to ask if there are other choices of a and b
for which we get a ring isomorphic either idealization or amalgamated duplication and when we
find new rings. In this section we will restrict us to the case in which the polynomial t* + at + b
is reducible in R[t] and our first goal is to understand when R(I), is reduced.

Clearly we can assume that R is a reduced ring. Since idealization is never reduced and in
this case amalgamated duplication is always a reduced ring, it is clear that this property depends
on a and b, but in both cases does not depend on the ideal I. In the next example we will show
that for other choices of a and b this is not true.

Example 2.5.1. Let k be a field with characteristic 2 and set R := k[X,Y]/(XY), that is a
reduced ring. Denote by z,y the images of X,Y in R and consider R(I), 2 := R[It]/I?(¢* +
wt+y?). If I := (y), it follows that (y)*(¢* + xt + y*) = (y(t +y))? in R[t] and then R(I), > is
not a reduced ring.
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On the other hand if I := (x) one has (z)?(t? + at + y?) = (22)(t? + 2t) in R[t] and we claim
that this ring is reduced. In fact suppose that there exists a nilpotent element r + Azt in
R(I)y,2 = R(I)zp0, ie. 0= (r+ Axt)" =" +1(...). Since R is reduced, it follows that r = 0;
moreover 0 = (Az)"t" = A\"x?"~1t implies that Y|\ in k[X,Y], that is Az = \jay = 0 in R.
This proves that R(I), ,» is a reduced ring.

Actually using Corollary 2.5.5 it will be possible to see that the two rings of the previous
example are isomorphic to R x (y) and R x (2?) respectively. However in Example 2.5.7 we
will show a ring of our subfamily that is isomorphic to neither idealization nor amalgamated
duplication.

Proposition 2.5.2. Let R be a ring, let I be a proper ideal of R and suppose that t*+at+b = (t—
a)(t—p) in R[t]. The ring R(I)qp is reduced if and only if R is reduced and INAnn(a— ) = (0).

Proof. According to Proposition 2.4.4, the set of minimal primes of R(I),p is A = {p1,p2|p €
Min(R)}, where Min(R) denotes the set of the minimal primes of R, and therefore R(I), is
reduced if and only if N := (A = (0).

Assume that R is reduced and I N Ann(a — 8) = (0). Fix p € Min(R) and let r + it be
an element of N. Since r + it € py N po, it follows that r + ai and r + B¢ are in p and then
( — B)i € p. This implies that we get i(aa — ) € () p = (0) and then i = 0, because

peMin(R)
I N Ann(a — ) = (0) by hypothesis. Finally » = 0, since R is reduced.

Conversely it is clear that R is reduced, because it is contained in R(I)qp. Moreover, if
i € I N Ann(a — (), the equalities

(—Bi +it)? = %% — bi2 + (—2Bi® — ai®)t = (B — )i®B + (a — B)i*t = 0,
imply that —pB% + it = 0 and consequently i = 0. O
Corollary 2.5.3. Let R be a reduced ring, let I be a proper ideal of R and suppose that t> +

at+b=(t—a)(t—p) in R[t]. If o — B is reqular, then R(I)qy is reduced. In particular this
happens when R is an integral domain and o # 5.

Proposition 2.5.4. Let R be a ring, let I be a proper ideal of R and suppose that t* +at +b =
(t —a)(t — B) in R[t]. The following statements hold:

1. RI)ap 2 Rx I, if o — B € Ann(I?).

2. R(I)ap = R ™ (v — B)1, if Ann(a — B) NI = (0). In particular if a — [ is invertible, then
R(I)gp = RxI.

Proof. Consider the ring automorphism of R[t] given by ¢ — ¢t + .. Then

R[] N R[]

R(I)up = = =R(I)a—3o.
Do = B— =) = PO+ (=P es0
1. If a — B € Ann(I?), then Proposition 2.1.2 implies that
It It
R(I)gp = ity il 2 Rx 1

PTPRET (a-pt) ()
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2. Consider the map ¢ : R(I)q—pgo — R((a — B)I)-1,0 given by o(r +it) = r — (a — B)it. This
is a ring homomorphism, in fact

((r+it) (s + j8) = (rs + (rj + si — i@ — B)t) =rs — (& — B)(rj + si — iji(cx— B))t

p(r +it)p(s +jt) =(r — (o = Bit)(s — (a = p)jt)=rs — (v = B)(rj + si — ij(a = B))t.

Moreover ¢ is clearly surjective and, since Ann(a — 8) N I = (0), it is also injective. Hence ¢
is an isomorphism and the thesis follows, since R((ac — 3)I)-10 = R » (o — §)I by Proposition
2.1.2. O]

Corollary 2.5.5. Let R be a reduced ring. The following statements hold:
1. R(I)ap = R x I if and only if o — B € Ann(]).
2. R(I)ap = R x (a— B)I if and only if Ann(o — ) N1 = (0).

Proof. 1. If « — B € Ann(I), R(I)ap = R x I by previous proposition. Conversely suppose that
R(I)qp =2 R x I. Then, over any prime ideal of R lies exactly one prime ideal of R(I),; and
by Lemma 2.4.3 and Proposition 2.4.4 this happens if and only if (« — 8)I € [ p = (0),

p prime
because R is reduced. Hence o — 8 € Ann([).
2. We need to prove that if R(I),p = R X (o — 3)I, then Ann(a — 3) N1 = (0). If this
does not happen R(I),y is not reduced by Proposition 2.5.2 and this is a contradiction because
amalgamated duplication is reduced, if R is reduced (see [24, Theorem 3.5]). O

If R is not reduced the first point of previous corollary does not hold as shown in the next
example.

Example 2.5.6. Consider the ring R := Z/2"7Z. The non units of R are the classes represented
by 2%m with « > 1 and m odd. It follows that the square of any ideal is annihilated by 2"2.
This means that, for any ideal I, one has R[It]/I?(t? +2"2%t) = R[It]/I*(t?) = R x I. Moreover
if we choice I = (2), it follows that 2"~2 ¢ Ann([).

The next example shows that there are choices of a and b for which R x I is not isomorphic
to idealization or amalgamated duplication.

Example 2.5.7. Consider R := k[X,Y]/(XY) and I = (z,y), where k is a field with char k # 2
and x and y denote the image of X and Y in R. Defining o := y — r and § := —y — r, with
r € R, it follows that (t — a)(t — B) = t> + 2rt + r2 — 2. We have a — 3 = 2y ¢ Ann(/) and
r € Ann(a — B)N 1. It follows from Corollary 2.5.5 that R(I),, ,2_,2 is not isomorphic to R x I;
moreover, since Ann(a — 3) N1 # (0), R(I)g,2_,2 is not reduced and then is not isomorphic to
Rx1.
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2.6 Numerical duplication of a numerical semigroup

Given a numerical semigroup S and an ideal of S, in this section we introduce a construction
that gives another numerical semigroup. We will show that this is a particular case of the
general construction considered in this chapter, while in the next two chapters we will show
some applications.

More precisely let £ C S be a proper ideal of S and let b € S be an odd integer. We set
2-X :={2z|x € X}, where X is either S or E (note that 2- X # 2X := X 4+ X). Then we
define the numerical duplication of S with respect to E and b as the following subset of N:

SxbE:=2-SU(2-E+b).

It is easy to check that S x” E is a numerical semigroup. The next theorem shows that this
construction is a particular case of the rings R([)qp, moreover it gives a simply way to get
explicitly examples that are not isomorphic to both idealization and amalgamated duplication.

Theorem 2.6.1. Let R := k[[S]] be a numerical semigroup ring, let I be a proper ideal of R
and let b := z™ € R, with m odd. Then R(I)o _p is isomorphic to the semigroup ring k[[T]],
where T := Sx™v(I).

Proof. If S = (n1,...,n,), an element of R(I)y s is of the form r(x) + i(x)t, where r(z) =

r(z™,...,2™) € k[[S]] and i(z) = i(2™,...,2™) € I. Now it is easy to check that the map
® : R(I)g—p — Kk[[T]], defined by ®(r(x) + i(x)t) = r(z?) + i(z?)2™, is an isomorphism of
rings. O
Example 2.6.2. If R := k[[2%,27,2° 217]], b := 27 and I := (23,24, 2'%), then we get

~Y

R(I)o—p = k[[z'2, 214, 218 233 234 235 239]]. Since I is a canonical ideal of R, according to
Corollary 2.2.3, the ring R(I)o —p is Gorenstein. In fact it is easy to see that the numerical
semigroup (12,14, 18, 33, 34, 35, 39) is symmetric.

In the next remark we show an immediate consequence of the previous theorem.

Remark 2.6.3. It is well-known that if the embedding dimension of an almost symmetric
numerical semigroup S is less than 4, then ¢(S) < v(S). In [61] the authors ask if this holds also
when v(S) = 4 and indeed A. Moscariello proves this fact in [55]. In the latter paper the author
computes all the almost symmetric numerical semigroups whose genus is not greater than 32,
that are more or less 10%, and finds that in all these examples ¢(S) < v(S) + 1, consequently
he asks if ¢(5) is always bounded by a function of v(S). On the other hand if we take an
almost symmetric semigroup S such that ¢(S) > v(S), from Theorem 2.6.1, Corollary 2.1.11
and Proposition 2.3.6 follows that T = S x® M (S) is still almost symmetric for all odd b € S
and t(T) — v(T') > t(S) — v(S). This implies that the inequality ¢(S) < v(S) + = does not hold
for any x € N.

In the next example we show how the construction of the previous remark works.

Example 2.6.4. All the following numerical semigroups are almost symmetric:
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Sy = (17,18,22,23,25, 49);

Sy := Sy w17 M(S)) = (34,36,44, 46, 50,51, 53, 61, 63, 67, 98, 115);

Sy = Sy x% M(S) = (68,72,88,92,100,102, 106,119,122, 123,126, 134,139, 143, 151,
153,157, 173,177,185, 196, 230, 247, 281);

Sy = S3 xM9 M(S3) = (136,144,176, 184,200,204, 212, 238, 244, 246, 252, 255, 263, 268,
278,286,295, 302, 303, 306, 314, 319, 323, 331, 346, 354, 357, 363, 365, 370, 371, 387, 392, 397,
405, 421,425,433, 460, 465, 473,489, 494, 511,562, 579, 613, 681);

A direct computation shows that ¢(S1) = 7 and v(S1) = 6, while according to the previous
remark we have t(Ss) = 2t(S3) + 1 = 4t(S2) + 3 = 8¢(S1) + 7 and v(Ss) = 2v(S3) = 4v(S2) =
8v(S1). Consequently we get t(S1) — v(S1) = 1, t(S2) — v(S2) = 3, t(S3) — v(S3) = 7 and
t(S4) — v(S4) = 15. Clearly if we continue in this way we can arbitrarily increase the difference
between the type and the embedding dimension.

Even if we are interested especially in the case of Theorem 2.6.1, in the following we show
that the numerical duplication arises also when R is an algebroid branch.

Theorem 2.6.5. Let R be an algebroid branch, let I be a proper ideal of R and let b € R
such that m := v(b) is odd. Then R(I)y _p is an algebroid branch and its value semigroup is
v(R)x™u(I).

Proof. Let R = k[[z1,...,2y]]/p. In this first section of this chapter we saw that R(I)g_p is a
local, noetherian and complete one-dimensional ring, because R is. Moreover, since v(b) is odd,
from the proof of Proposition 2.4.6 it follows that ¢* — b is irreducible in Q(R)[t] and R(I)o _p is
an integral domain. Then, since R(I)o _p contains its residue field k, Cohen’s structure theorem
implies that it is isomorphic to a ring of the form k[[y1,...,u]]/q, for some prime ideal q of
height [ — 1, i.e. R(I)o,—p is an algebroid branch.

Let k[[y]] the integral closure of R(1)o — in its quotient field Q(R(1)o,—p) = Q(R)(t) = k((y)).
We denote by v’ the valuation associated with k[[y]], in particular v'(y) = 1. Since Q(R) =
k((z)), we have k((y)) = k((z))(t). Moreover, t> = b implies that 20v/(t) = v'(b) = mv'(z). In
order to obtain v'(y) = 1 it is necessary that v'(t) = m and v'(z) = 2. Consequently it easily
follows that v'(R(I)o,—p) = v(R) x™v(I). O

In the case of the numerical duplication it is possible to generalize the definition. In fact
given a numerical semigroup S, an odd integer b € S and a relative ideal F, it is still possible
to define the numerical duplication of S with respect to £ and b in the same way:

SxbE:=2-5U(2-E+b).

This time S x?E is a numerical semigroup if and only if E+ E +b C S. We will see that
the numerical duplication has a better behaviour when E is a proper ideal, but working with
relative ideals we have a huge advantage, as the next theorem shows.
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Proposition 2.6.6. Fvery numerical semigroup T can be realized as a numerical duplication
S b E, where S = %, b is an odd element of S and E is a relative ideal of S such that
b+E+ECS.

Proof. Let b be an odd element of S and set E := {z € Z|2x € T — b}. It follows that F is a
relative ideal of S, in fact if there exist s € S and e € E such that s+e ¢ E, then 2(s+e)+b ¢ T,
but 2s+ (2e+b) € T+ T C T, since s € S and e € E; contradiction.

Moreover if e, ¢/ are two elements of E, then b+2e and b+2¢’ is in T; therefore 20+2e+2¢’ € T
and it is equivalent to b+ e+ ¢’ € S. Hence b+ F + E C S. Finally, by construction, it is clear
that T'=Sx’E . O

Note that in the previous proof we have not determined b, so there exist infinitely many
ways to obtain a numerical semigroup as a numerical duplication.

Proposition 2.6.7. Let S be a numerical semigroup, let E be a relative ideal of S and letb € S
be an odd integer such that E + E +b C S. The following properties hold:

1. f(SxPE) = max{2f(S),2f(E) 4 b}. Furthermore f(S~®E) = 2f(E) +b, if E is proper;
2. g(Sx®E) = g(S) + g(E) + m(E) + 5;

3. SxPE is symmetric if and only if E is a canonical ideal of S.

Proof. 1. This is straightforward because 2f(S) is the greatest even gap, while 2f(E) + b is
greatest odd gap. Furthermore, if E is proper, it is clear that f(E) > f(S) and then 2f(FE)+b >
2£(S).

2. The even gaps of S x’E correspond bijectively to the gaps of S. Moreover every odd integer
smaller than 2m(E) + b (that is positive) is not in S x°E and if 2 ¢ S x°E is an odd integer
such that 2m(E)+b <z < 2f(FE)+b, then v = 2y +b, with y ¢ E and m(F) <y < f(E). Now
the thesis is clear.

3. We recall that S x°E is symmetric if and only if f(S x?E) + 1 = 2¢(S x°E). Moreover a
symmetric semigroup has odd Frobenius number and then f(Sx°E) has to be 2f(E) +b. Using
this and 2 we get that S x°E is symmetric if and only if

2f (E) + b+ 1 = 2g(S) + 29(E) + 2m(E) + b — 1
= f(E)+1=g(5)+g(E) +m(E).
With the notation of Section 1.6, we have m(E) = m(E) + f(S) — f(E) and g(F) = g(E).

Therefore the last equality is equivalent to f(S)+ 1 — g(S) = g(E) + m(E) and, by Lemma
1.6.6, S is symmetric if and only if F is a canonical ideal of S. O

Corollary 2.6.8. Every symmetric numerical semigroup T can be written as S x® K(S) for
some odd b € S, where S is one half of T'. In particular the set of the symmetric doubles of a
numerical semigroup S is {S®*K(S) | K(S)+ K(S)+bC S}.

Proof. By Theorem 2.6.6 and Proposition 2.6.7, every symmetric numerical semigroup 7" is of
the form S x® E for some canonical ideal E and some odd b € S. Then E = K(S)+ x and, since
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0€ K(S)and E+E+bC S, it follows that b’ := 2z +b € S. Consequently Sx?E = S x¥ K (S)
by definition and, since the numerical duplication of S is always a double of 5, the thesis follows
immediately. O

The previous corollary gives an different proof of the results of [75] and [76], where it is stated
that every numerical semigroup is one half of infinitely many symmetric numerical semigroups,
and gives another way to construct all of them.

Remark 2.6.9. By definition K(Sx°E) = {z € Z| f(Sx"E) — 2 ¢ Sx"E} and we have that
a:= f(SX’E) -z ¢ Sx’E if and only if either a is even and a/2 ¢ S or a is odd and %% ¢ E.
Hence it follows that

ZEK(SNbE) <= z:f(SNbE)_a with g_% S, a even,
2 gEa a odd.

If ' is a proper ideal, using Theorems 2.2.2 and 2.6.1 it is possible to find a formula for the
type of S x® E. In particular it follows that ¢(S x” E) does not depend on b. However in the
next proposition we easily generalize this formula when F is relative.

Proposition 2.6.10. Let S be a numerical semigroup, let E be a relative ideal of S and let
b € S be an odd integer. Then the number of the even pseudo-Frobenius numbers of S is
[(M(S) = M(5)) N (E - E))\ S| and

t(S " E) = |(M(S) = M(S)) N (E — E))\ S| + (B — M(8)) N (M(S) ~ (b + E))) \ E|.

Proof. Denote T = S x? E. If 2 = 2h be an even integer not belonging to T, i.e. h ¢ S, then
x € M(T)—M(T) if and only if 2h+2s € M(T) for every s € M(S) and 2h+2t+b € M(T) for
every t € E. These two conditions are equivalent to h € M(S) — M(S) and h € E(S) — E(S),
respectively. Hence we get the first part of the statement and consequently the first summand
of the formula.

Let now x = 2h + b be an odd integer not belonging to T, i.e. h ¢ E. In this case
x € M(T)— M(T) if and only if 2h + b+ 2s € M(T) for every s € M(S) and 2h +b+ 2t + b €
M(T) for every t € E. In this case the two conditions are equivalent to h € E — M(S) and
h € M(S) — (b+ E), respectively. O

If E is a proper ideal, it follows that £ — M(S) C M(S) — (b + E). To prove this, we
first notice that if £ = S, then given h € S — M(S) = M(S) — M(S) we get h +b+ S C
M(S)+ S = M(S). Otherwise if E C M(S), since b € M(S), the condition h € E — M(S)
implies h+b+FE C E+FE C M(S). Hence E— M (S) C M(S) — (b+ E) and clearly the formula
of the previous proposition is independent of b. However we remark that it is not true if E is
not proper, see for instance Example 4.1.20.
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Chapter 3

One-dimensional Gorenstein local
rings with decreasing Hilbert
function

A problem posed by M.E. Rossi is the question whether the Hilbert function of a one-dimensional
Gorenstein local ring is non-decreasing. In this chapter we solve this problem constructing
infinitely many one-dimensional Gorenstein local rings, including numerical semigroup rings,
whose Hilbert function decreases at some levels. Using the construction of the previous chapter,
we first reduce the problem to find some suitable almost Gorenstein rings and then we give an
explicit construction to find them. We also prove that for any positive integers m and h > 2 such
that h ¢ {14+ 22k, 35+ 46k | k € N} there exist infinitely many non-isomorphic one-dimensional
Gorenstein local rings such that Hr(h — 1) — Hr(h) > m. In the last section we show several
explicit examples. This chapter is based on [62].

3.1 Historical background

The study of the Hilbert function is a very classic problem in commutative algebra and algebraic
geometry, both in the graded and local settings. Even if we restrict our attention to the context
of one-dimensional Cohen-Macaulay local rings, we will find out an extensive literature regarding
this topic (see e.g. the survey of M.E. Rossi [79]). One very natural question is to understand
when the Hilbert function is non-decreasing; in fact it it is well-known that this is always
true in the graded case. Clearly, this is the case when the associated graded ring is Cohen-
Macaulay. However, in [48] J. Herzog and R. Waldi show that in the numerical semigroup
ring R = k[[t30, 35 42 447 4148 1153 4157 3169 1181 41931] one has Hr(1) = 10 > 9 = Hp(2); we
also notice that the associated graded ring of R is Buchsbaum, which is another generalization
of the Cohen-Macaulay property. In 1978 J. Sally conjectured in [81] that a one-dimensional
Cohen-Macaulay local ring with embedding dimension at most three has non-decreasing Hilbert
function. This conjecture was proved in the equicharacteristic case by J. Elias in 1993 and in
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general by J. Elias and J. Martinez-Borruel in 2011, see [31] and [32] respectively. Furthermore,
if the embedding dimension is greater than four, in [64] F. Orecchia constructs reduced one-
dimensional local rings with decreasing Hilbert function, whereas in [43] S.K. Gupta and L.G.
Roberts find a one-dimensional Cohen-Macaulay local ring with embedding dimension 4 and
decreasing Hilbert function; here, and in the rest of the chapter, decreasing Hilbert function
means that Hr(h — 1) > Hp(h) for some h. We remark that it is not known if there exist
numerical semigroup rings R with 4 < v(R) < 9 and decreasing Hilbert function, in fact the
example with smallest embedding dimension is that of Herzog and Waldi above (but there are
also several other examples with embedding dimension 10, see for instance [63]).

M.E. Rossi formulated the following problem, which was later written in [79, Problem 4.9]:
“Is the Hilbert function of a Gorenstein local ring of dimension one not decreasing?”. In the
last ten years several authors provided some partial positive answers, most of all confined in the
semigroup case. We recall some of these in chronological order:

e in [5] F. Arslan and P. Mete, for large families of complete intersection rings and the Gorenstein
semigroup rings with embedding dimension 4, under some arithmetical conditions;

e in [6] F. Arslan, P. Mete and M. Sahin, for infinitely many families of Gorenstein rings obtained
by introducing the notion of nice gluing of numerical semigroups;

e in [66] D.P. Patil and G. Tamone, for the rings associated with balanced numerical semigroups
with embedding dimension 4;

e in [7] F. Arslan, N. Sipahi and N. Sahin, for other 4-generated Gorenstein semigroup rings
constructed by non-nice gluing;

e in [51] R. Jafari and S. Zarzuela Armengou, for some families of Gorenstein semigroup rings
through the concept of extension;

e in [4] F. Arslan, A. Katsabekis, and M. Nalbandiyan, for other families of Gorenstein 4-
generated semigroup rings;

e in [63] A. Oneto and G. Tamone, for semigroup rings R for which v(R) > e(R) — 4.

However, we will see that in general the question has a negative answer. We notice that the
Hilbert function of a numerical semigrup S is simply the function Hg : N — N defined as
Hg(h) := |hM(S) \ (h+ 1)M(S)|. In the sequel we will denote the Hilbert function of S by
Hgs =[Hs(0),Hg(1),...,Hgs(r) —], where — means that Hg(h) = Hg(r) for all h > r. We also
say that S has decreasing Hilbert function at level h when Hg(h — 1) > Hg(h).

3.2 Reduction to the almost Gorenstein case

Let R be a one-dimensional Cohen-Macaulay local ring and let I be a canonical ideal of R. In the
previous chapter we proved that in this case R(I), is a one-dimensional Gorenstein local ring for
all a,b € R. Moreover, by Corollary 2.1.11 we know that Hg(p, ,(h) = Hr(h) +Lp(mh=1 /mhT)
for all h > 1.

Suppose now that R is almost Gorenstein and let wgr be a canonical module for which
R Cwr C R. If z € R is a regular element such that zwgr C R, the ideal I = xwg is a canonical
ideal of R; actually, all canonical ideals of R can be obtained in this way, see e.g. [39, Corollary

a,b
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2.8]. Therefore, for all h > 2 we get

Tmh—1 zwpmh—1 rmh—1 mh—1
lp| —— | =4lr| ———— ) =/ =/ = Hgr(h—1). 3.1
() = () =0 () = 00 () = e
Therefore, using Corollary 2.1.11 and the fact that the embedding dimension of a canonical ideal
is the type of R (cf. [17, Proposition 3.3.11]), we get the following proposition:

Proposition 3.2.1. Let R be an one-dimensional almost Gorenstein ring and let I be a canonical
ideal of R. Then the Hilbert function of R(I)qp is:

Hg,,(0) =1
Hpgp,,(1) = v(R) +t(R)
Hpp, ,(h) = Hr(h) + Hr(h—1)  if h>2.

This easy proposition has a corollary of great importance for us.

Corollary 3.2.2. Let R be a one-dimensional almost Gorenstein ring and let I be a canonical
ideal of R. Then R(I),y is a one-dimensional Gorenstein local ring for all choices of a,b € R.
Moreover

Hgy,,(1) — Hp),,(2) = t(R) — Hr(2)

Hp),,(h—1) = Hg(p,,(h) = Hr(h —2) — Hg(h)  if h > 3.
Proof. We only need to prove the formulas for the Hilbert function. It follows from the previous
proposition that for all h > 3

Hpn,,(h—1)—Hp(), ,(h) = Hr(h—1)+ Hp(h—2) — Hg(h) — Hr(h—1) = Hr(h—2) — Hp(h)
and the first formula can be found in the same way, since Hg(1) = v(R). O

This corollary gives us a method to find one-dimensional Gorenstein local rings with decreas-
ing Hilbert function, in fact it is enough to find one-dimensional almost Gorenstein rings R such
that Hr(h — 2) > Hpg(h) for some h > 3. This clearly implies that R has decreasing Hilbert
function as well, but as far as we know there are not almost Gorenstein rings with decreasing
Hilbert function to be found in the literature; on the other hand it is not surprising that having
decreasing Hilbert function is a weaker condition, as the next examples show.

Example 3.2.3. 1. The ring R = K[[t30, 35,42 47 4108 110 3113 3118 3122 4127 4134 4139]] jg
almost Gorenstein and its Hilbert function is Hp = [1,12,17,16,25,30 —]. Therefore Hp
decreases, but Hr(h — 2) < Hg(h) for all h > 2.

2. The almost Gorenstein semigroup ring

k[ﬁ56,t63,t72,t79,t271,t273,t275,t278,t282,t285,t289,t291,t298,t304,t305,t307,t311,t314,t318,t320,

t321,t322,t325,t332ﬂ

has Hilbert function [1,24,23,27,25,36,49,56 —|. It is also interesting to notice that it has two
“valleys”, as far as we know this is the unique example of a such semigroup ring in literature.
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In the next section we give a procedure to find almost Gorenstein semigroup rings such that
Hpr(h—2) > Hgr(h) for any fixed h > 3. Moreover in Proposition 3.3.5 we will show a particular
case in which having decreasing Hilbert function is equivalent to have Hr(h —2) > Hg(h) for a
fixed h > 3.

Obviously Corollary 2.1.11 can be also used to construct family of rings with non-decreasing
Hilbert function. For instance, let S be a two-dimensional Cohen-Macaulay local ring with
minimal multiplicity, i.e. having multiplicity 1 + codim S. In [68, Theorem 1.1] it is proved
that if (R, m) is a one-dimensional Cohen-Macaulay local ring which is a quotient of S, then
every maximal Cohen-Macaulay R-module M has non-decreasing Hilbert function, where the
Hilbert function of M is defined as Hys(h) = ¢(Mw"/Mm"*1). Therefore Corollary 2.1.11
implies that R([), has non-decreasing Hilbert function for any maximal Cohen-Macaulay ideal
I; in particular, if I is a canonical ideal, R(I),p is a one-dimensional Gorenstein local ring with
non-decreasing Hilbert function for all a,b € R. See [68] for several classes of rings verifying the
above hypotheses.

3.3 Construction of almost Gorenstein rings

In order to obtain almost Gorenstein local rings R such that Hr(h—2) > Hg(h) for some h > 3,
we focus on semigroup rings. First we give some definitions.

Definition 3.3.1. Let S = (nq,...,n,) be a numerical semigroup with maximal ideal M and
multiplicity e.

If s is an element of S, the order of s is ord(s) := max{i|s € iM}.

A maximal representation of s € S'is s = 25:1
Ap,(S) :={s € Ap(9) | ord(s) = k}.

Dy :={s€ S|ord(s) =k —1and ord(s+e) >k}, D! := {s € Dy | ord(s +e) = t}.
Cr:={seS|ord(s) =kand s—e ¢ (k—1)M}.

Remark 3.3.2. The importance of the sets Cj and Dy, lies in the formula Hg(k—1) — Hg(k) =

|Di| — |Ck|. Moreover, it holds that Cy = Ap,(S) U{Un(DF + e(5))|2 < h < k — 1}. For the
proof of this results see for instance [20] or [66].

a;nj, where aj € N and » 7_, a; = ord(s).

Aol

In [22, Corollary 3.11] it is proved that if a numerical semigroup S has decreasing Hilbert
function, then | Apy(S)| > 3. Therefore we start by considering the simpler case | Apy(S)| = 3.

Proposition 3.3.3. Let S be a numerical semigroup and assume that | Apy(S)| = 3, Ap,(S) =0
for all k > 3 and Hg is decreasing. Then S is not almost symmetric.

Proof. Since | Ap(S)| = e(S) and | Ap,(S)| = v(5), it follows that v(S) = e(S) — 3. Moreover,
[63, Theorem 4.2.3] implies that there exist ny < ng € Ap,(S) such that Apy(S) = {2n1,n1 +
ng,2n9}. Since 2n —e ¢ S, the element 1y — e is not a pseudo-Frobenius number of S; therefore,
if S is almost symmetric, Theorem 1.6.4 implies that ord(f(S)4e(S)) > 1 and f(S)+e(S) = 2na.
On the other hand, 3ns — e(S) € Ap(S) by [63, Proposition 4.3.1] and this is a contradiction
because 3ng — e(S) > 2nao. O
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In the light of the previous proposition we focus on the case | Aps | = 1. Under this assump-
tion the following proposition holds:

Proposition 3.3.4. [63, Proposition 3.4] Let S be a numerical semigroup and assume that
| Apo(S)| = 3,| Ap3(S)| = 1 and Hg is decreasing. Let ¢ = min{h | Hg decreases at level h} and
let d = max{ord(o)|o € Ap(S)}. Then ¢ < d and there exist n1,ny € Ap;(S) such that for
2<h</

Chp = {hn1,(h—1)n1 +na,...,n1 + (h — 1)ng, hna} = Ap,(S) U (Dp—1 + €(5))
Dy +e(S)={(d+ 1)ni,ln; +na2, (¢ — 1)ng +2na,..., (¢ + 1)na}.

Furthermore, if (¢£,d) # (3,3), then Apy(S) = knq, for 3 <k <d.

Proposition 3.3.5. Let S be a numerical semigroup and assume that | Aps(S)| = 3, | Aps(S)| =
1 and Hg is decreasing. Let £ be the minimum level in which the Hilbert function of S decreases.
1. If ¢ > 3, then Hs(h) = Hg(¢ — 1) for all h € [1,¢ — 1]. Furthermore Hg({ —2) — Hg(¢) = 1.
2. If S is almost symmetric, then f(S) = dny — e(S) and kn; — e(S) is not a pseudo-Frobenius
number for any k < d.

3. If S is almost symmetric, then £ > 3.

Proof. 1. If 2 < h < ¢, it follows from Proposition 3.3.4 that C}, = (Dp—1 +e(S)) U Ap,(S) and
then |Dp_1| = |Ch| — 1, since | Ap,(S)| = 1. Moreover it also implies that |Cp| = |Cp—1| + 1.
Hence for all h =2,...,¢ — 1 we have

Hg(h—1) = Hs(h) = [Dp| = |Ch| = [Cpy1| =1 = (|Chpa] = 1) = 0.

Consequently Hg(1) = Hg(2) = --- = Hg(¢ — 1). As for the last part of the statement it is
enough to note that, again by the previous proposition, we have

Hg(l—1) — Hg(€) = [Dg| = |Co| = +2—(£+1) =1

2. Of course f(S)+e(S) is the greatest element of the Apéry set and in our case it can be either
2ng or dny. If f(5)+e(S) = 2ng, then by Theorem 1.6.4 there would exist n € Ap(S) such that
(d — 1)n1 + n = 2ng, but this is impossible, since d > 3 implies ord(2nz) > 3. Finally if follows
from Theorem 1.6.4 that kn; is not a pseudo-Frobenius number, because knj + (d — k)n; = dn;.
3. Suppose by contradiction that ¢ = 2. By Proposition 3.3.4, (d + 1)n; — e € Dy and so
ord((d + 1)n; — e) = 1. Consequently by Theorem 1.6.4 there exists n € Ap(S) such that
(d+ 1)ny —e(S) +n = dny + ke, with either ¥ = 0 or k£ = 1. It follows that ny +n =
(14 k)e(S) < 2e(S), which is impossible. O

Inspired by Theorem 1.6.4 and Proposition 3.3.4 we can construct a new family of numer-
ical semigroups. We will prove that it defines almost symmetric numerical semigroups with
decreasing Hilbert functions satisfying the assumptions of Proposition 3.3.4.
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Construction 3.3.6. Let £ > 4 be an integer such that ¢ ¢ {14 + 22k, 35 + 46k | k € N} and let
e =%+ 30+ 4. We also set

n = +50+3=e+(20—1), ng:=2024+30—-2=ce+ ({2 —-6), if ¢ is odd
np=0C+4+1=e+(l—3), ng:=202+20—2=e+ ({>?—¢—6), if£iseven

Let S be the numerical semigroup generated by the subset I' C N

[':= ({e,n1,na, tr, ta} U{sp gt U{rpg}) \ {na +na2, 2n0}

where:
{spat = {pni+tana—(p+q-2)e|0<p<{1<qg<l+12<p+qg<{+1}
{rpgt = {ni+e—spql2<p+q<l+1,p>1q>1}
t1 = (+1n;—(L—1e,
ta = fni+e—t; =le—ny.

The idea of the previous construction is the following. We want to construct a numerical
semigroup S satisfying the hypothesis of Proposition 3.3.4 with a fixed d = ¢ > 4. Suppose first
that we already know e := e(S), n; and ng; then we know all the elements of the Apéry set
with order greater than 1. Moreover, since the elements of Dy have order k — 1, the elements of
Dy, — (k—2)e have order 1 or are not in S. The latter case means that some elements of Dy, — he
are in Ap, for some ¢ > 2 and it is possible to exclude this with a suitable choice of e, n; and
ngy: for this and other technical reasons we require that ¢n; = (¢ 4+ 2)na — (¢ — 1)e. We get the
following generators:

Sp,g ‘= DN1 + qna — (p+q—2)e,
t1: =+ 1ny — (£ —1)e,

where 0 <p</{ 1<g</l+land2<p+qg<{+1.

Moreover, to force that S is almost symmetric we use Theorem 1.6.4, where we recall that in
our case a;, = ¢ny. Clearly the elements {pni |1 < p < ¢} satisfy the first condition of Theorem
1.6.4.2 and we will show that also the elements of {na} U {qna — (¢ —2)e |2 < ¢ < ¢+ 1} satisty
the one of the conditions of Theorem 1.6.4.2. On the other hand, if 2 <p+¢</¢+4+1,p> 1 and
q > 1, we require that among our generators there are also

Tpg = N1 +e — spq,
ty :=4fny +e—t1 =Lle—n.
Since Ap(S) = Ap;(S) U{2n1,n1 + na,2n2} U {kny |3 < k < £}, it follows that | Ap;(S)| has to

be equal to e — ¢ — 1. Moreover, the elements {e,ni,no,t1,t2}, {spq} and {rp 4} \ {n1 +neo, 2ns}
are in Ap;(S). Thus, if we require that these elements are distinct, we get
430 P+d

e25+——+— — 240 +1=1%+30+4,

and therefore, if we set e = ¢ 4+ 3¢ + 4, we can expect that in the Apéry set there are only
the elements described above; in fact this happens with the values of n; and ns given in the
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previous construction. Clearly, many details have to be checked, but, before we deal with this,
it is preferable to show the validity of the construction by giving some examples.

Example 3.3.7. In this example we show the almost symmetric semigroups of Construction
3.3.6 for £ € [4,7].

1. If / = 4 we get the numerical semigroup
S = (32,33,38,69,72,73,74,75,77,78,79, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89, 90,
91,92,93, 94, 95).
In this case we have Ap,y(S) = {66,71,76}, Aps(S) = {99}, Ap,(S) = {132}. Furthermore,
PF(S) ={37,39,...,61,63,100} and Hg = [1,27,27,27,26,27,29, 30,31, 32 —|.
2. If £ = 5 the numerical semigroup S is
S = (44,53,63,117,125,127,134, 135, 136, 137, 142, 143, 144, 145, 146, 147, 152, 153, 154,
155,156,157,162,163,164,165,166,167,172,173,174,175,182,183, 184,192,193, 202).
Moreover, we have Ap,(S) = {106,116,126}, Ap;(S) = {159}, Ap,(S) = {212}, Ap; = {265},
PF(S) = {72, 73, 81, 82, 83, 90, 91, 92, 93, 98, 99, 100, 101, 102, 103, 108, 109, 110, 111,
112, 113, 118, 119, 120, 121, 122, 123, 128, 129, 130, 131, 138, 139, 140, 148, 149, 221 } and
Hg =[1,38,38,38,38,37,44 —|.
3. If £ =6 we get
S = (58,61,82,137,146, 149, 152, 155, 158, 161,167,170, 173,176,179, 182, 185, 188,191, 194,
197, 200, 203, 206, 209, 212, 215, 218, 221,224, 227,230, 233, 236, 239, 242, 245, 248, 251,
254,257,260, 263, 266, 269, 272, 275, 278, 281, 284, 287).
Moreover, Hg = [1,51,51,51,51,51,50, 51,53, 54,55, 56,57, 58 —].
4. Finally if £ = 7 we have
S = (74,87,117,217,221, 230, 243, 247, 251, 252, 256, 260, 264, 269, 273, 277, 281, 282, 286, 290,
294,299, 303, 307,311, 312, 316, 320, 324, 329, 333, 337, 341, 342, 346, 350, 354, 359, 363,
367,371,372,376, 380, 384, 389, 393, 397,401, 402, 406, 410, 414,419,423, 427,431, 432,
436,440,449, 453, 462,466,479, 492)

and its Hilbert function is [1, 66, 66, 66, 66, 66,66, 65, 74 —|.

To validate Construction 3.3.6, we need some technical lemmata. The coming results are not
difficult, but they require a lot of work before we can move on to the proof of our main result
here, Theorem 3.3.13. In the following results S, e, n1, ny and £ will be as defined in Construction
3.3.6.

Lemma 3.3.8. We have:
1. If ¢ is odd, then ged(e,ny,n2) = 1 if and only if £ ¢ {35+ 46k | k € N}.
2. If ¢ is even, then ged(e,ny,n2) = 1 if and only if £ ¢ {14 4+ 22k | k € N}.

In particular S is a numerical semigroup.
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Proof. 1. If we suppose that ged(e, ni,n2) # 1, it follows that

20 —1=ab 20=ab+1
?—-6=ac, a,bjceN 40% — 24 = 4ac = a®b® + 2ab — 23

that implies a(ab® + 2b — 4c) = 23. Therefore, if a > 1, we get a = 23 and 23b? + 2b — 4c = 1.
Thus b = 2g + 1, for some ¢ € N and the last equation becomes 92¢> + 96¢ + 24 = 4c, that is
c = 23¢%> + 24q + 6. Hence

0 =23q+ 12 ¢ = 46k + 35
b=2¢+1 —q¢=2k+1,keN= a=23, b=2¢+1
c=23¢>+24q+6 c=23q¢>+ 24q + 6.

Furthermore, since e = (£ + 2)(2¢ — 1) — (¢* — 6), it follows that ¢ € {35 + 46k | k € N} implies

ged(e,ny,ng) # 1.
2. Since (/2 — ¢ —6) = ({ — 3)(£ + 2), as above we get

{—3=ab {=ab+ 3
P +30+4=ac, a,bodd,ceven a(ab?® +9b — ¢) = —22,

therefore @ = 11 and ¢ = 11b + 3 = 14 4 22k for some k € N. The thesis follows as above. [
Lemma 3.3.9. If{ is odd, set F = (2(—1) and G = ({*—6); set F = ({—3) and G = ({* —£—6)
otherwise. Then:

1. If n € {spq} U{rpq}, it follows that n = 2e + aF + bG with a+b € [1,{+1],a € [—{,{] and
bell,l+1].

2. If n,n’ € {spqt U{rpq}, then n —n' = aF + bG with —¢ < a+b,b</{ and —2¢ < a < 2/.

3. If aF 4+ bG = he, with a,a +b € [-20 — 3,20 + 3] and b € [—¢ — 1,20 + 2|, then a,b and h
verify one of the following systems:

Zf”(V“Q) a=2 L a=-20-2
L b=10(+1 - b=/0+3
= 1 b=4/0+2
(1) Cjiyi(‘;* ) 24 a+b=1+3 (3) Hbf W{ a+b=1—1¢
h—_ 'f_ﬁ dd h=4¢-2,if Lodd h—ﬁi?) h=/¢—4, if Lodd
A h=1(-3, if Leven - h=10—3, if Leven
h =0, if Leven

If h <0, in addition to the case (1) there is also the case (2') obtained from (2) by substituting
a,b, h with their opposites.

Proof. 1. If £ is odd, using (¢ — 3)e = —£(2¢ — 1) + (£? — 6)(£ + 2), we get
Spg = pritqna—(p+q—2)e = 2e+(20—1)p+ (2 —6)q

Tpg = Ini+e— sy, = 2e—(2—-1)p+(?-6)({+2—¢q) =
= 2+ (20—-1)p +(*-6)q.
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Otherwise, if £ is even, since (£ — 3)e = —£({ — 3) + ({? — £ — 6)(¢ + 2), we get

Spg = pnitqna—(p+qg—2)e = 2e+({—3)p+({2—L—6)q
g = fmte= s = 2~ ((-3)p+ (2 —L—6)((+2—q)
= 2+ (L=3)) + (B —L—6)q,

where in both cases we have

2<p+q<t+1, 0<p< 1<qg</i+1

¢,
1<p+¢ <t —£<p <0, 1<¢<0+1

2. It immediately follows from 1.

3. We can assume that h > 0, while the other case can be obtained by changing the values of
a and b to their opposites, but we need to be careful that b is in the prescribed range. If ¢ is
odd and a(2¢ — 1) + b(¢? — 6) = he = h((£ 4 2)(2¢ — 1) — (£2 — 6)), then for all u € Z we get
(a—h(+2)+ pu(l*—6))(20 — 1)+ (b+h — u(2¢ — 1))(£* — 6) = 0 and therefore

a—h(l+2)=—u(l?—-6) h=pu20—1)—b
{b+h:u(2€—1), :>{a—(u(2£—1)—b)(€+2):—u(€2—6)

that implies a+b(¢£+2) = pe. On the other hand, when £ is even, we have a(£—3)+b({*—(—6) =
(¢ —3)(a+b(f +2)) = he. Therefore, since (¢ — 3,e) = 1 by the previous lemma, it follows
that h = (¢ — 3)p for some p and then a + b(¢€ 4+ 2) = pe. In both cases we obtain the equality
a+ b(l +2) = pe. Moreover, since e = — + (£ + 2)(¢ + 2), we get:

a=—pl+v(l+2)
b=p(l+2)—v
at+b=2p+v{l+1)

Since h > 0, we can assume that also p is non-negative. If = 0 we get v € [—1,1] and

a=v(l+2),
b= —v,

() a+b=v(+1)
h =v, if L odd,
h =0, if {even.

Otherwise if > 0, we get again v € [—1,1]. Indeed a +b € [—-2¢ — 3,2¢ + 3] implies that v < 1,
while v > —1 because —¢ +v({ +2) >a=—L+v(l+2)— (u—1)¢ > —2¢ — 3; furthermore, if
v = —1, then u = 1. Moreover if v = 0, 1, it follows from b = p(¢+2)—v = p(l+1)+pu—v < 2042
that u < 1. Therefore for 4 =1 and v € [—1, 1] we get the systems (2), (3), (4) of the thesis. [
Lemma 3.3.10. Let IV := {kni |k € [1,£]} U{ng,t1,t2} U{spq} U{rpq}. Then:
L. 5,1 ={n1 —ng and fny + e — soq € {s0,g 12 <¢ < ¢}, for each 2 < q < £.

2. e < ny < ng are the lowest elements in I, while fny is the greatest element in I".
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Proof. 1. The first equality follows from ¢n; = (£+2)ny — (¢ —1)e. Moreover, if ¢ =0+2—q €
[2, /4], by definition and by formula above we get

ni4+e—soq=0L+2-qne— (L —qle=¢ns— (¢ —2)e=s04.

2. The first statement is easy to check. To show that fn; is the greatest element, it is straight-
forward to see that it is greater than ng,t;,t2, and kny for k € [1,¢ — 1]. Moreover according
to the previous lemma we have n = 2e + af' 4+ bG € {sp 4} U {ry o}, where b and a + b are in
[1,¢+1]. If £ is odd we get

ny—n=»le+F)—2e—aF -bG={(—-2)e+(l—a—b)F—b(G—-F)>
> (0 —2)(2+30+4)—(20—1)— (L +1)(2—20—5) =20 +30 —2=mny > 0.

If 7 is even, we can use the same argument. O

Lemma 3.3.11. As above, let I := {kni |k € [1,£]} U{ng,t1,t2} U{spq} U{rpq}. Then:

1. The elements of I are all non-zero modulo e.

2. The elements of I have distinct residues modulo e.

3. If m,n,n’ € T, the equality m +n = n' + ae implies either « >0 or « =0 and n’ € T :=
{n1 4+ na,2n9,kni |2 < k < {}.

Proof. 1. For any element s € I, following the notation of Lemma 3.3.9 we have s = aF+bG+ke.
Therefore if s = Ae for some \ > 0, it follows that aF’ 4+ bG = he with h = A — k. Then we get
four cases:

se{spgtU{rp gy} aF+bG=(AN-2)e a+be[l,{+1] bell,l+1],a €[4,/

s=11 l+1)F=(A-2e a+b=a=L+1 b=0
s =ty F=({(—-X—-1)e at+b=a=1 b=0
s=kny EF =(A—k)e at+b=a=k<{ b=0
Every case verifies the assumptions of Lemma 3.3.9.3. In the cases (1), ..., (4) of Lemma 3.3.9.3,

either b = —v € [—1,1] or b > £+ 1; moreover, b = ¢+ 1 if and only if a+b = ¢+ 3, while b = —v
if and only if a + b = v (£ + 1). It is easy to see that there are no possible cases.

2. Let m,n € I' and suppose that m = n + he with h > 0. If m = pF + ¢G + ke and
n =pF+¢dG+ ke, we get he = m—n= (p—p)F+ (q—¢)G+ (k— K)e and then
aF + bG = (h — k + k')e. Thus, recalling the table above and Lemma 3.3.9, the possible cases
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are:

m,n € {Spq, Tp' g }

[ [
m € {Spq,Tp'.q' }, 1 = kny 11—k, ¢—Fk+1] 1,0+ 1]
m e {SP#P TPCCI’}v n="n3 [076] [076]
m € {Spg,Tprg )0 =11 [—¢,0] 1,0+ 1]
m € {Sp.q,Tp' g}, = t2 [2,¢+ 2] 1,0+ 1]
m=kny,n = no k—1 -1
m=kni,n =11 k—0—1 0
m = kni,n =ty k+1 0
m=1t;,n=no { -1
m=1t1,n =t £+ 2 0
m=1ts,n =Ny -2 -1

As in 1, we can easily see that there are no possible cases using Lemma 3.3.9.3.
3. We set:

kni =kF + ke at+tb=a=k</¢ b=0 or
pri=4 t1 ={U+1)F+2 a+b=a=(+1 b=0 or
ty =-F+{—-1)e a+b=a=-1 b=0

Then we can write p; = aF + de, with § € [1,/] and a € [-1,¢+ 1] \ {0}. Consequently we can
divide the elements of I in three types:

p1 =aF +de §el,/], a+be[-1,+1 b=0

ng =G+e a+b=1 b=1,a=0 .

ps =aF +bG+2e€{spq,rp g} a+be[l,{+1] ac[-L{], be[l,{+1]

Denote by o1 any sum p; + p}:

((kni+hny = (k+h)F+(k+he  a+be ][22 b=0
kni+t1 ={+14k)F+2+kle atb=a={(+1+k) b=0

) k4t =(k-1)F+(k+{l—-1)e atb=a=k-1 b=0
7T 2 = (20 +2)F + 4e a+b=20+2 b=0
t1 + to :€F+(£+1)€ a+b=1¢ b=0

2t = —2F 4 (20 — 2)e a+b=—2 b=0

Denote by o9 the sum pj + no:

kni+ne =kF+1G+ (k+1)e a+b=k+1 a=k b=1
o =4 ti+ny ={U+1D)F+G+3e a+b=(+2 a=(+1 b=1
to + no =—F+G+/le a+b=0 a= -1 b=1

Moreover, let p3,ph € {Spq,Tpq}, Where ps = a'F + b'G + 2e and ps = o”F + V"G + 2e, and
denote by o3 := aF + bG + e any sum p3 + p1,p3 + n2, p3 + ph:
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ps+kn =(k+d)F+0VG+(k+2)e a+belk+1,0+k+1] bell,l+1]
ps+ti ={L+1+d)F+bG+4e a+be[l+2,20+2] €[1,0+1]

o3=1% ps+ta =(@-1)F+bVG+{l+1)e a+bel0,/ be[l,0+1]
ps+ny =dF+ U +1)G+3e a+be(2,(+2] € (2,4 +2]
ps+p;  =(d+d)F+ O +V)G+4e a+be (2,204 2] € 12,20+ 2]

In conclusion we can write:

o1 =aF + e, A€ [2,2/] a=a+be[-2,20+2] b=0

or =aF+G+pe, pe2,l+1 a+l=a+bel0,0+2] b=1

2ny = 2G + 2e, =2 a=0 b=2

o3 =aF+bG+ve, ve3L+2 ac|[-2(,20], a+be[0,204+2] be[l,20+2]

We notice that, since 2ny > no, if 0; = no + ae it follows that @ > 0 by Lemma 3.3.10.2.

Let m+n = o; and n' = p;, where 1 <4, j < 3. Assume 0; = p; + «e and consider the following
table:

€E2-4,20—-1] a+be

—p1 =aF + ue —0—3,20+3] b=0

[ [

—p3 = aF + bG + ue, €1[0,2¢ — 2] at+be[—L-320+1] be[-(—-1,-1]
o9 —p1 = aF + G + ue, u€l2—1,4 a+be[—l—-1,4+43] b=1
o9 — p3 = aF + bG + ue, €10,0—1] a+be[—l—-1,0+1] be]-¢0]
2ng —p1 = aF +2G +ue, we2-141] a+be[—0+1,3] b=2
2ng — p3 = aF + G, u=0 a+be[—l+1,1] be[—4+1,1]
o3 —p1 =aF +bG +ue, uwe3—(Ll+1 a+be[-0—-1,20+3] be[l,20+2]
03 —p3 =aF +bG +ue, uc[l/] a+be[—0—-1,20+1] be[-{20+1]

Setting h = o — u, we have that o; — p; = aF" + bG + ue = «e if and only if aF 4 bG = he.
Therefore to prove that, in all possible cases, either @ > 0 or @ = 0 and p; € I'”, we can apply
Lemma 3.3.9.3, in fact we notice that the integers a, b and a + b verify the required assumptions.
It is straightforward to see that the cases 2no — p; and 2ng — p3 are impossible, except when
2n9 = p3. Now we listed all possible cases.

e Case 2ny = ps3: this equality means 2G + 2e = a'F + b'G + 2¢, that is o/F + (V) — 2)G = 0,
where a' € [—¢,4],b' € [1,£ + 1]. Hence we are in case (1) of Lemma 3.3.9.3 with » = 0 and so
either b’ —2 =0,a = 0,p3 = 2n9, or £ even, b’ — 2 = +1 and a = +(¢ + 2), that are impossible.

e Case 01 — p1: we have b = 0 and then a +b = a = h = 0 by Lemma 3.3.9.3. If p; ¢ T,
it is easy to see that p; = t; and thus oy = (¢ + 1)F + (£ + 1)e, because ¢ = 0. In this case
a=u=0+1-2>0.

e Case 01 — p3: we have u > 0 and b € [—¢ — 1,—1], thus A > 0 and « is always positive,
except when either h = u = 0,b = —1,a = ¢+ 2, and £ is even or a = —2,b = —¢ — 1, and
h € [2—1¢,3—1/]. In the first case, it is easy to see that u = h = 0 implies o3 = 2n;. From
this case follows that a + b > £ + 1, but this is impossible when o; = 2n;. In the second one
p3 = (0 4+ 1)G + 2e implies that o1 = 2ty = —2F + (20 —2)e, then u =20 —4 and o > £ —2 > 0.

e Case 09 —pj: we have b =1,a+b= —¢—1, and h € {—1,0} by Lemma 3.3.9.3. It follows
that oo = —F+ G+ ({+1)eand py = ({ +1)F +2e; then u =¢+1—-2 > 2 and a > 0.
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e Case 09 — p3: in this case u > 0 and, according to Lemma 3.3.9.3, we have b € [—1,0] that
implies A > 0. Thus we always have o > 0, except when ©v = h = 0 and it is easy to see that
u = 0 implies 09 = nq +ng9. If b =0, then a + b = 0 implies p3 = ny +ng € I'”.

e Case 03 — p1 = aF + bG + ue = ae, where 03 = /F + b'G + Ve and p; = @’ F + de:
-if h > ¢ —2, then a > 0, since u € [3 — ¢, + 1].

-ifh=¢—-3=—u,wehavea=0and v/  —§ =3/, ie. § =/¢+ 1/ — 3. This implies v/ = 3
and § = ¢, because v/ < 3 and £ > J; therefore p; = ¢n; € I'.

-if h < £—3 and / is odd, the possible cases of Lemma 3.3.9.3 are (1) and (4). In case (1), since
b>1,wegetb=1and thush=—-1,b=1and a+b= —1— /. Since a’ + bV > 0, we deduce
that a” = ¢+ 1 and hence p; = t; = (¢ + 1)F + 2e, while o3 = ph + ¢ has v/ = £ + 1; therefore
u=¢—1>2anda=h+{¢—1>0. In case (4) we have h = £ — 4 and then a > 0 except
when u € [4—¢,3—/{]. f u=4—¢, then « =0 and § = £+ v/ — 4; thus /' € [3,4], since § < £.
Moreover v/ = 4, implies 6 = £ and then p; = ¢n; € I'”, while from v/ = 3 follows § = £ — 1 that
implies py = (¢ — 1)ny € T, because, if p; = t3, then a + b € [1,2¢ — 1]; this is a contradiction
by (4). If u =3 — /¢, then § = ¢+ 1/ — 3 implies v/ = 3 as above and the possible o3 are ps + ny
and p3 + ng and thus b = b’ < ¢+ 2, but this is incompatible with the value b= ¢+ 3 in (4).
-h <{¢—3and/is even, then h =0, b= —v and a+ b = v(1 + £). Since in o3 — p; we have
a+b>—f—1,thenv > —1. Now b > 1 impliesv = —1,b=1and a + b = —¢ — 1. Therefore
we can proceed as in the case h = —1,b = 1 treated above, when £ is odd.

e Case 03 —p3: we always have a > 0, except if b =1 =wu,a+b = —¢—1 and £ is odd; in this case
o3 =ad F+VG+ Ve, witha +V > 0. Hence a + b = —¢ — 1 implies that p3 = o F + V"G + 2e,
with a” +b0" =¢+1and o’ +b = 0. Then o3 = py+to =d F+VG+({+1)eandu=0—1> 2,
that is a contradiction because u = 1. O

Proposition 3.3.12. The Apéry set of S is {0} UT’, where
I = {kny |k € [1, 0} U{ng, t1,t2} U{spq} U{rpq}-
Furthermore ¢ny — e is the Frobenius number of S and, with the notation of Theorem 1.6.4,

Apy(S) = {2n1,n1 + n9, 2ns} Ap,(S) ={kni} for 3<k </
A ={0,n2, 50041} U{kni |k € [LA} B ={spql(p,q) # (0,£+ 1)} U{rpe} U{t1, t2}.

Proof. We notice that if r > 2, 8> 0 and s,s1,...,s, € I/, the equality s = s1 +--- + s, + e
is impossible or implies 5 = 0 and s € I := {n; + ng,2n2} U {kn; | k > 2}. In fact by the
previous lemma there exists s’ € I such that sy + s9 = s’ + B’e, where 3/ > 0. Therefore if
r >3, we have s = s+ s3+---+ s, + (8 + §)e; by iterating and by Lemma 3.3.11, we deduce
that the unique possible case is § = 0 and s € I'. Since the minimal generators of S are in I”,
this implies that for every element s € IV we have s —e ¢ S and this means that 0UT" C Ap(S).
From |[{0} UT'| = e and the fact that these elements are all distinct by the previous lemma, it
follows that Ap(S) = 0UT”; moreover it is clear that the elements in T of order greater than 1
are in I'”.

Since by Lemma 3.3.10 n; < ng are the smallest elements in I, it follows that ord(2n;) =
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ord(ny + ng) = 2. On the other hand ord(2n2) = 2, because in the proof of Lemma 3.3.11.3 we
proved that o; = 2ng if and only if o; = ny + ng. Consequently Apy(S) = {2n1,n1 + na, 2n9}.
Moreover ord(kni) = k because n; is the smallest element of S and then Ap,(S) = {kni}.

Finally, it follows from Lemma 3.3.10 that (/n; — e) is the Frobenius number of S and, by
construction and by Lemma 3.3.10, we get A and B as in the statement. ]

Theorem 3.3.13. Let R = K][[S]], where S is as in Construction 3.3.6. Then
1. The ring R is almost Gorenstein;
2. The embedding dimension of R is v(R) =e — ({ +1) = (2 + 20 + 3;

3. The Hilbert function of R decreases at level £, in particular
Hrp=[1l,v,v,...,v,v—1,Hg({+1),...];
4. The type of R is t(R) = v(R) — 1 = (> + 20 + 2.

Proof. 1. This is a consequence of the previous proposition and Theorem 1.6.4.

2. In the previous proposition we showed that there are £+ 1 elements of the Apéry set of S with
order greater than 1. Consequently v(R) = v(S) = | Ap;(S)|+1 =e—1—({+1)+1 = 2 4+20+3.
3. First we show that if ord(d) = k — 1 and d € Dy, then

d+ e = any + bny with ord(an; 4+ bng) =k + 1. (1)

For any = € C},, where h > 2, consider a maximal representation x = ) a;n;, with ) a; = h and
ni € Ap(S). If y =Y bin;, with 0 < b; < a; and Y b; = b/, then [63, Proposition 1.4.1] implies
that y € Cj. Since in our case Cy = {2n1,n1 +ng, 2n2}, it follows that Cy C {ani +bng|a+b =
h} for every h > 2. In particular for each k € [2,{ — 1] and d € Dy, we have the maximal
representation d+e = anj +bns. Now suppose by contradiction that ord(an; +bns) = k' = k+p,
with p > 2. By [63, Proposition 2.2.1], for any y = a'ny + V'ny with 0 < o’ < a,0 <V <'b
and @’ +b = q < p+ 1, we have y € Ap,(S5). Since &' > 4 and Ap;(S) = {3n1}, if & < £t
follows that ani + bny = k'ny; € Dy +e C M(S) + e, that is impossible because k'n; € Ap(S).
Ifk =0+1+a witha>0,wegetd+e=(+1)ng+an; =t; + (¢ —1)e+ any and thus
ord(d) > 1+ (¢ —2)+a = k' —2. Tt follows that ord(d) = k' —2 = k — 1, because ord(d) < k' —2.
Hence any + bng € Cyxy1 N (Dy, + €).

Since H(k) = H(k — 1) + |Cy| — | Dy, to prove that the Hilbert function of R decreases al level
¢ it is enough to show that:

- Dp+e={kni+na, (k—1)n1 +2ng,...,(k+1)n2} = Crp1 \ {(k+1)n1} for any k € [2,¢ —1],
in particular |Dy| =k + 1;

-Dy+e={(l+ 1ni,fny +n2, (¢ — 1)ny + 2ng,..., (¢ + 1)na}, in particular |Dy| = £ + 2.

If k = 2 we have Cy = Ap,(S) and, by definition of s, 4, we get Dy 2 {2n1 +ng —e,ny + 2ny —
e,3ny —e}. Then Dy = {2n; + ny — e,n1 + 2n2 — €,3n2 — e}, otherwise the Hilbert function
decreases at level 2, that is impossible by Proposition 3.3.5. Hence C5 = (D3 + ¢) U {3n1}.
Now we proceed by induction. Let 3 < k < £ and assume the thesis true for £k — 1. This means
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that we know the structures of Co,...,Cy, Do, ..., Dyi_1. Consider the element an; + bny with
a+b=k+1€[4,/+1]and a < k+1,if k # £. We know that s, = ani+bna—(k—1)e € Ap, is
such that ord(sqp+ (k—1)e) > k+1. Moreover, since sqp, ¢ Do, it follows that ord(sqp+e) = 2;
hence there exists € [1, k—2] such that ord(s,p+re) = r+1 and ord(sqp+(r+1)e) > r+2, ie.
Sqp+re € Dyyo, where r+2 < k. If r+2 < k, by induction there would exist a’'ni+b'na—e € Dy 4o
such that s, +7e = a'ni +b'ngy —e = sy + (' +b' = 3)e, but this is impossible because s, and
54 have distinct residues modulo e. Hence, r = k—2, any +bnga —e € Dy and any +bng € Ciyq
by (1). This proves 3.

2 y4 Ry
4. The type of Ris t(R) =t(S) = |B|+ 1= +36_ i

1 =0 +20+2. O
5 +— +3 + 20+

Without using Construction 3.3.6, but by similar techniques, it is possible to construct other
almost symmetric semigroups such that Hg(h — 1) > Hg(h). Since in Construction 3.3.6 we
require h > 4, the following provides examples for h = 2,3. Moreover, we exhibit also another
almost symmetric semigroup with | Ap,(S)| = 3, | Ap3(S)| = 1 and decreasing Hilbert function,
but with multiplicity less than that of the semigroups of Construction 3.3.6.

Example 3.3.14. 1. The numerical semigroup

S = (33,41,42, 46, 86,90, 91, 95,96, 97,98, 100, 101, 103, 104, 105, 106, 109, 110, 111,
113,114,118, 122)

is almost symmetric and its Hilbert function [1, 24, 23, 23, 31, 33 —] decreases at level 2. Moreover
Ap,(S)=1{82,83,84,87,88,92,127}, Aps(S)={126}, Ap,(S)={168} and Ap,(S)=0, if k > 5.
2. The numerical semigroup
S = (32,33, 38,58,59,60,61,62,63,67,68,69,72,73,74,75,77,78,79, 80, 81, 82, 83,
84, 85, 86, 87, 88)

is almost symmetric with Hilbert function [1,28,28,27,27,29, 30, 31,32 —] decreasing at level
3. Furthermore Apy(S) = {66,71,76,121} and Ap,(S) =0, if k > 3.

3. The numerical semigroup

S = (30,33, 37,64,68,71,73,75,76,77, 78,79, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89, 91,
92,94,95,98,101)

is almost symmetric with decreasing Hilbert function [1, 25, 25, 25, 24, 27, 28,29, 30 —]. Moreover
Ap,(S) = {66, 70,74}, Aps(S) = {99}, Ap,(S) = {132} and Ap,(S) =0, if & > 5.
3.4 The Gorenstein case

In this section we consider the Gorenstein case and in particular we give many explicit examples
of one-dimensional Gorenstein local rings with decreasing Hilbert function. To this purpose
we use numerical duplication to produce suitable semigroup rings; in this case it is enough to
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show that numerical duplication is symmetric and has decreasing Hilbert function. Since the
Gorenstein property and the hilbert function are independent of a and b, it is clear that we
can use the same argument for every member of the family R([),p, for example idealization or
amalgamated duplication.

We also notice that it is easy to compute the generators of S x? E: if G(S) = {n1,...,n,}
is the set of the minimal generators of S and FE is generated as an ideal by {m1,...,ms}, then
SxPE = (2n1,...,2n,,2m1 +b,...,2ms +b). If E = K(S) + 2, by Lemma 1.6.3 the numerical
semigroup S x? E is generated by

(214, 2(£(S) — zj + 2) + b|n; € G(S), z; € PF(S)}.

Moreover, if S is almost symmetric, Theorem 1.6.4 implies that S x® (K (S) + z) is minimally

generated by
{2n,224+b,22; + 2z + b|n; € G(S),z; € PF(S)\ {f(9)}}.
Now we are ready to show the first one-dimensional Gorenstein local ring with decreasing Hilbert

function.

Example 3.4.1. Consider the first numerical semigroup S of Example 3.3.7. Set b = 33 and
E=K(S)+101 = K(S)+ f(S)+1 C S. Since we know the generators and the pseudo-Frobenius
numbers of S, it follows from what we said above that k[[S x® E]] is equal to

k[[t64, t66, t76, t138, t144, t146, t148, t150, t154, t156, t158, t160, t162, 751647 t166, t168, t170, t172, t174, t176,
t178, t1807 t182, t184, 751867 t188, t1907 152357 t309, 753137 t315, t317, 753197 t321, t323, t325, t327, 753297 t331, t333,

335 ;337 1339 ;341 ;343 345 ,347 349 ,351 ,353 ,355 1357 ,361
[AREIS AAAIE AAATE A A A AR AAE ARRIE ARSIE ASSIS ASLIS At |

and this is a one-dimensional Gorenstein local ring. Moreover, Proposition 3.2.1 implies that its
Hilbert function is [1, 53, 54, 54, 53, 53, 56, 59, 61, 63, 64 —|.

The semigroups of Construction 3.3.6 allow us to produce Gorenstein rings whose Hilbert
function decreases at level h, for any h > 4 and h ¢ {14 + 22k, 35+ 46k | k € N}, while for h = 3
we can use Example 3.3.14.2. The next example will be useful to cover the case h = 2.

Example 3.4.2. Consider the numerical semigroup

S = (68,72,78,82,107,111,117,121, 158, 162, 166, 168, 170, 172,174,176, 178, 180, 182, 184,
186, 188,190, 192,194, 196, 197, 198, 200, 201, 202, 205, 206, 207, 209, 210, 211, 213, 215,
217,219,221, 223, 225, 227, 229, 231, 233, 235, 237, 239, 241, 245, 249).

Using GAP [36], it is possible to see that S is almost symmetric, has type 53 and its Hilbert
function is [1,54, 52, 50, 54, 64,68 —]. Consequently Proposition 3.2.1 implies that k[[S x® K]] is

a Gorenstein ring and has Hilbert function [1,107,106,102,104, 118,132,136 —] decreasing at
levels 2 and 3 for all proper canonical ideals K and for all odd b € S.

Now we want to show that there are no bounds for Hg(h—1) — Hg(h) for any h, even if R is
Gorenstein. We start with a lemma which is a straightforward consequence of Corollary 2.1.11
and Proposition 2.3.6.
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Lemma 3.4.3. Let R be a local ring.
1. Consider the ring RU1) = R() (m(i))a(i)7b(i), where m() is the mazimal ideal of R and
a® b are two arbitrary elements of R . Then

Hpi(h) =2Hpua-1(h) =--- = 2iHR(0)(h) for all h > 0.

2. If RO s a one-dimensional almost Gorenstein ring and has type t, then R® is almost
Gorenstein and, if R is not a DVR, has type 2t + 2¢ — 1.

Theorem 3.4.4. Let m and h > 1 be positive integers such that h ¢ {14+22k,35+46k |k € N}.
There exist infinitely many non-isomorphic one-dimensional Gorenstein local rings R such that
HR(h — 1) — HR(h) >m.

Proof. Let h =2 and let R = k[[S]] be the ring of Example 3.4.2. The previous lemma implies
that R is almost Gorenstein, Hpi(1) = 542", Hp)(2) = 52 - 2° and t(RM) = 542" — 1;
therefore, it is enough to apply Corollary 3.2.2 to R = R®: if i > ig = |logy(m + 1)], then
Hgy,,(1) = Hr(),,(2) =t(R) — Hr(2) =54-2' =1 -52-2" =21 — 1 >m.

If h > 3, consider an almost Gorenstein ring R such that Hr(h — 2) — Hgr(h) = n > 0,
whose existence we proved in Example 3.3.14.2 for h = 3 and in Theorem 3.3.13 for h > 4.
The construction of the previous lemma with ig = [logy(m/n)| + 1 implies that H g (h — 2) —
Hpiy(h) = 2in > m for all i > .

For each h of the statement, if i > ig, let w be a canonical ideal of R and a,b € R®.
It follows from Corollary 3.2.2 that the ring R(® (W)q,p has all the properties we are looking
for. Clearly, for any ¢ > ig we get infinitely many non-isomorphic rings, because their Hilbert
functions are different. O

For any m and h as above, among the infinitely many rings provided by the previous theorem,
there are always non-reduced rings (idealization), reduced rings that are not integral domains
(amalgamated duplication), and semigroup rings (numerical duplication). As for semigroup
rings, even if we do not require the Gorenstein property, as far as we know there are not
examples of this kind in literature, in fact in all examples we know m is very small and h < 4;
moreover, before the appearance of the very recent paper [63], in all examples h = 2.

In the next example we show how the construction of Lemma 3.4.3 and Theorem 3.4.4 works.

Example 3.4.5. Let T be the second semigroup of Example 3.3.7 and construct the numerical
semigroups of Lemma 3.4.3 applying numerical duplication, that is a particular case of the
lemma. All the following semigroups are almost symmetric:

e T has type 37 and Hp) = [1,38,38,38,38,37,44 —;
o T := TO) 53 p(TO) has type 75 and Hpqy = [1,76,76,76,76, 74,88 —;
o T2 .= 7MW x4 M (TM) has type 151 and Hpey = [1,152,152,152, 152,148,176 —;

o TG) .= T2 317 M(TP?)) has type 303 and Hps) = [1,304, 304, 304, 304, 296, 352 —];
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o T = T70G) 66 Ar(TG)) has type 607 and Hpwy = [1,608, 608,608,608, 592, 704 —];

o T:=TWxBBEK where K := K(TW)4 f(TW) 41 C TW, is symmetric and has Hilbert
function
Hr = [1,1215, 1216, 1216, 1216, 1200, 1296, 1408 —].

If we want to find symmetric semigroups with bigger difference between H(4) and H(5), we
can continue in this way and apply at the last step the numerical duplication with respect to a
canonical ideal. We notice that in this example T has 1215 minimal generators included between
1408 and 23835.

Example 3.4.6. Consider the almost symmetric numerical semigroup
Ty := (30,33,37,64,68,69,71,72,73,75,76,77,78,79, 80,81, 82,83, 84, 85, 86, 87, 88, 89, 91, 92)

that has Hilbert function [1,26,26,25,24,27,28,29,30 —|. Let K'(T;) be a proper canonical
ideal of T; and b; an arbitrary odd element of T;. All the following numerical semigroups are
symmetric and, since they are almost symmetric, their Hilbert functions can be computed by
means of Proposition 3.2.1.

e The semigroup Ty := Ty x% K'(Tp) has Hilbert function

Hrp, =[1,51,52,51,49,51,55,57,59,60 —|;

The semigroup T := Ty x%t K'(T}) has Hilbert function

Hr, = [1,52,103,103, 100,100, 106,112,116, 119, 120 —];

The semigroup T3 := Ty x*? K'(T3) has Hilbert function

Hr, = [1,53, 155,206, 203, 200, 206, 218, 228, 235, 239, 240 —];

The semigroup T} := T3 x% K'(T3) has Hilbert function

Hr, = [1,54,208, 361, 409, 403, 406, 424, 446, 463, 474, 479, 480 —];

The semigroup Ty := Ty x%* K'(T}4) has Hilbert function

Hr, = [1,55,262, 569, 770, 812, 809, 830, 870, 909, 937, 953, 959, 960 —].

In the next example we show that if S is not almost symmetric, it is possible that its numerical
duplication with respect to a canonical ideal has decreasing Hilbert function. Moreover it is
proved in [63, Corollary 4.11] that in a symmetric semigroup with decreasing Hilbert function
the difference between the multiplicity and the embedding dimension has to be greater or equal
to 5: in the following example is 6.
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Example 3.4.7. Consider S := (30, 33,37,64,68,69,71,72,73,75,...,89,91,92,95) that has
Hilbert function [1,27,26,25,24,27,28,29,30,—] and set K := K(S) + 66 C S. Then the
semigroup S x33 K is symmetric and has Hilbert function [1,54,55,55, 54,57, 58,59,60 —].
Moreover, Proposition 3.2.1 implies that S is not almost symmetric.

When one considers a non-proper canonical ideal, the Hilbert function of its numerical duplica-
tion can be different from the expected one. On the other hand, the next examples show that
also in this case it is possible to find symmetric semigroups with decreasing Hilbert function.

Example 3.4.8. In [63, Example 3.7] the following numerical semigroup is exhibited:
S = (30,33,37,73,76,77,79, 80,81, 82,83, 84, 85, 86, 87, 88, 89, 91, 92, 94, 95, 98, 101, 108),

which has Hilbert function [1,24, 25,24, 23,25, 27,29, 30 —].

Set K := K (S). It is easy to see that, for the following choices of b, one has K + K +b C S, but
S )Y K cannot be realized as a numerical duplication with respect to a proper ideal. We know
that if the canonical ideal is proper the Hilbert function of its numerical duplication does not
depend on b, while if it is not proper it is interesting to see how the Hilbert function can change
for different choices of b. Moreover all of the following semigroups, but H,4, are symmetric and
have decreasing Hilbert function:

e Hy:= Sx% K has Hilbert function [1,43,47,45,49, 51,60 —];

e Hy:= Sx"™ K has Hilbert function [1,44, 43, 41,49, 58,60, —;

e Hj3:= Sx™ K has Hilbert function [1,44, 41,40, 52, 58,60, —];

e Hy:= Sx8' K has Hilbert function [1, 43,45, 47,52, 54,56, 58, 60 —];
e H;:= Sx% K has Hilbert function [1,44,42, 45,52, 54,58, 60 —];

e Hg:= Sx® K has Hilbert function [1,46,48,47,49, 51,56, 58,60 —;
e H7:= Sx% K has Hilbert function [1,47, 49,48, 48, 50,55, 58,60 —].

Note that H7 has the same Hilbert function of the numerical duplication with respect to a
proper canonical ideal of S.

In many of our examples there are symmetric semigroups whose Hilbert function decreases
at more levels. The next one decreases at 13 consecutive levels included level 14, suggesting that
the restrictions of Theorem 3.4.4 could be removed.

Example 3.4.9. Let S be the semigroup of Construction 3.3.6 with ¢ = 15, that has 258
minimal generators. According to GAP [36], the symmetric semigroup S x%7 K () has Hilbert
function

[1,514,514,513,512,511, 510, 509, 508, 507, 506, 505, 504, 503, 502, 500, 523, Hg(17), .. .].
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With the last example we show that S x? K(S) can have decreasing Hilbert function, even
if that of S is non-decreasing. We point out that, among all the symmetric semigroups with
decreasing Hilbert function this is the semigroup with the smallest multiplicity and embedding
dimension that we know.

Example 3.4.10. Consider the semigroup S = (19, 21,24, 47,49, 50, 51, 52, 53, 54, 55, 56, 58, 60),
shown in [63, Example 3.2.1], and let T := S x*° K(S). The Gorenstein local ring k[[T]] is

kﬂ[t38,t42,t48,t49,t94,t100,t101,t102,t104,t105,t106,t107,tlog,t109,tllo,tlll,tllz,t113,t115,t116,

t117,t119,t120,t121,t123,t127ﬂ.

Even if k[[S]] has non-decreasing Hilbert function [1, 14, 14, 14, 16, 18,19 —], the Hilbert function
of k[[T]] is [1, 26, 25,25, 32,38 —]; we also note that its multiplicity is 38.
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Chapter 4

Quotients and multiples of a
numerical semigroup

In this chapter we study quotients and multiples of a numerical semigroup. Using numerical
duplication we show that it is possible to study all the doubles of a fixed numerical semigroup
and we prove that every numerical semigroup is one half of infinitely many almost symmetric
numerical semigroups with odd type included between 1 and 2¢(S) + 1; we also prove that it
is one half of an almost symmetric numerical semigroup with even type if and only if is almost
symmetric. Moreover, we characterize all almost symmetric doubles of a numerical semigroup. If
d > 3 we generalize the above results by proving that every numerical semigroup is one over d of
infinitely many almost symmetric semigroups with type ¢, where 1 < ¢ < 2¢(S)+2. Furthermore,
we find a formula for the minimal genus of the multiples of a numerical semigroup, solving a
problem settled by Robles-Pérez, Rosales, and Vasco in [71]. Finally, we prove a formula for
the Frobenius number of the quotient of some families of numerical semigroups. Some results
of this chapter are contained in [87] and [88].

4.1 Almost symmetric doubles

The notion of quotient of a numerical semigroup was introduced by in [78] in order to solve
proportionally modular diophantine inequalities. Since its appearance several authors studied
such quotients; for instance J.C. Rosales and P.A. Garcia-Sanchez proved in [75, 76] that every
numerical semigroup is one half of infinitely many symmetric semigroups, while J.C. Rosales
proved in [72] that a numerical semigroup is one half of a pseudo-symmetric semigroup if and
only if is either symmetric or pseudo-symmetric. In this section we will generalize these results;
our main goal is to characterize all almost symmetric doubles of a numerical semigroup. Since
we know that every double of a numerical semigroup can be obtained using the numerical
duplication with respect to a relative ideal, we first focus on this construction. If we restrict to
proper ideals, it is possible to use Theorem 2.3.3 to characterize when numerical duplication is
almost symmetric. This result is not completely satisfactory, since there exist almost symmetric
numerical semigroups that cannot be obtained as numerical duplication with respect to a proper
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ideal. In fact if such semigroup has even Frobenius number, we need to use a relative ideal,
because numerical duplication with respect to a proper ideal has always odd Frobenius number.
Moreover, the following example shows that we need relative ideals even if we want to construct
all almost symmetric numerical semigroups with odd Frobenius number.

Example 4.1.1. Consider the numerical semigroup
T = (9,10,14, 15) = {0, 9,10, 14, 15,18, 19, 20, 23, 24, 25, 27, 28, 29, 30, 32 —}

which is almost symmetric and has odd Frobenius number. Its one half is

T
S = 3= {0,5,7,9,10,12,14 —}.
and we prove that there are not any b € S and ideals F such that T = S x® E. If these exist,
we should have 2-F + b= {9,15,19,23,25,27,29,33,35,37...} and therefore

E =1{2,5,7,9,10,11,12,14 —} ifb=5
E ={1,4,6,8,9,10,11,13 —} itb="7
E =1{0,3,5,7,8,9,10,12 —} ifb=9
FE contains a negative element if b> 0.

In all cases FE is not contained in S and therefore E cannot be a proper ideal of S.

It is convenient to consider the cases with odd and even Frobenius number separately. For
simplicity, in this section S will be a numerical semigroup and M = M(S), K = K(S) and
A= f(E)— f(S); recall that E =FE — X. We consider first the odd case.

Lemma 4.1.2. Let E be a relative ideal of S and assume that K — (M — M) C E. Then:
1. f(E)—xeM—-M foralx¢FE;
2. If K — E is a numerical semigroup, then f(E)—x€ E—FE forallx ¢ E.

Proof. 1. Since z ¢ E, it follows that z — A ¢ E D K — (M — M). This implies that there
exists y € M — M, such that x — A+ y ¢ K, ie. f(S)+A—z—y=f(E)—x—y € S. Since
y € M — M, which is a relative ideal, f(E) —z = (f(F)—x—y)+ye M — M.

2. As above, there exists y € M — M such that f(E) —z—y € S. If f(E) —x —y € M, then
f(E)—z € M and, since E is an ideal, f(E) —x+t € E, forevery t € E, i.e. f(E)—2 € E—E.

It remains to consider the case f(E) —z —y = 0. We have f(S) —y =z — A ¢ E; hence,
applying Lemma 1.6.3, it follows that y € K — E. We need to show that, for every t € FE,
y+teFE, ie y+t— A€ E. Assume by contradiction that y +1 — A % FE and applying again
Lemma 1.6.3, we obtain f(S) — (y+t— ) € K — E. Since y € K — E, which is a numerical
semigroup, f(S)—t+A = (f(S)—(y+t—N))+y € K—FE and then f(S) € K, because t —\ € E;
contradiction. O

68



Theorem 4.1.3. Let E be a relative ideal of S, b € S odd and assume that 2f(E)+b > 2f(S).
Then T = SXYE s almost symmetric if and only if the following properties hold:

1. K—(M—-M)CECK;
2. K — E is a numerical semigroup;
3. b+ A+ E+KCM.

Proof. Assume that the three conditions of the statement hold and prove that T is almost
symmetric, i.e. M(T)+ K(T) C M(T'). Using Remark 2.6.9, we get four cases:

(i) 2s € M(T) and 2f(E) + b —a € K(T), where s € M, a is even and § ¢ S;

(ii) 2s € M(T) and 2f(E) + b —a € K(T), where s € M, a is odd and %52 ¢ E;
(iii) 2t + b€ M(T) and 2f(E) +b—a € K(T), where t € E, a is even and § ¢ S;
(iv) 2t +b€ M(T) and 2f(F) +b—a € K(T), where t € E, a is odd and “T_b ¢ E.

(i) Since 25+ 2f(E) +b—a is odd, it belongs to M(T) if and only if s + f(E) — § € E, i.e.
s+f(S)—-95 € E. Since S¢S ie f-gecK, wegets+f(S)—§eM+KCK—-(M-M)C E
see Lemma 1.6.7.

(ii) Since 2s+2f(E)+b—a is even, it belongs to M (T) if and only if s+ f(E) — %5% € M. Since
“T_b ¢ E, we can apply Lemma 4.1.2 to obtain f(E) — %b € M — M that implies the thesis.
(iii) Since 2t +b+2f(E)+b— a is even, it belongs to M (T) if and only if t +-b+ f(E) — § € M,
ie. t4+b+ A+ f(S)—§ € M. This follows from Condition 3, because t € E and f — § € K.
(iv) Since 2t + b+ 2f(E) + b — a is odd, it belongs to M(T) if and only if t + f(E) — %45 € E.
Since “be ¢ E, the thesis follows immediately from Lemma 4.1.2.

Conversely assume that K(7') + M (T) C M(T). Using the same argument of the case (iii)
above, it is easy to see that the last condition is true. Moreover by Lemma 1.6.6 we know that
E C K. Pick now y € K— (M — M) and assume by contradlctlon that y ¢ E that is equivalent
toy+ A ¢ E. By Remark 2.6.9 we get 2(f(S)—y) = 2f(E)+b— (2(y+ ) +b) € K(T), because
2(y+e)+bisodd and y + A ¢ E. It follows that 2(f(S) — y) +2s € M(T) for every s € M,
that is f(S) —y+ s € M for every s € M and thus f(S) —y € M — M. On the other hand
y € K — (M — M) and therefore f(S) € K, that is a contradiction. Hence K — (M — M) C E.

It remains to prove that K — E is a numerical semigroup. Since ECK , it is clear that
0 € K — E. Moreover from K — (M M) C E C K and Lemma 1.6.3, we also get S C K — E -
M — M:; in particular, [N\ (K — E)| < 0.

Let y and z be two elements of K — E and assume by contradiction that y + z ¢ K — E.
By Lemma 1.6.3 f(S) — (y + 2) € E or, equivalently, f(E) —(y+2) € E. Tt follows that
2f(E) —2(y +z) +be M(T). Moreover, since y € K — E, applying again Lemma 1.6.3 we get
f(S) —y ¢ E, that is f(E) —y ¢ E; consequently 2f(E) + b — (2(f(E) —y) +b) = 2y € K(T)
(see Remark 2.6.9) and analogously 2z € K(T'). It follows that f(T) =2f(E)+b =2y + (22 +
(2f(E) —2(y+2)+b) € K(T)+ (K(T)+ M(T)) = M(T). This is a contradiction and then
K — F is a numerical semigroup. O

Remark 4.1.4. 1. If the conditions of the previous theorem are satisfied, then £ = A + E -
A+ K; then the last condition yields that £+ E +b C S.
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2. If E is a proper ideal, then 2f(E) + b > 2f(S). Moreover, if K — (M — M) C E, the
last condition of the theorem is always satisfied. In fact, by definition of K, an element of
b+ A+ E+ Kisofthefoorm z=b+\X+e+ f(S)—x, with e€ Fand x ¢ S D E; then
Lemma 4.1.2 implies that

z2=b+f(E)—f(S)+e+f(S)—z=(f(E)—x)+b+tec (M-M)+E\{0} C (M—-M)+M C M.

Thus, according to Theorem 2.3.3, S XY E is almost symmetric if and only if K — (M — M) C
E CK and K — E is a numerical semigroup. In particular this property does not depend
on b.

3. If F is not proper, the last condition is necessary as the following example shows. Consider
the numerical semigroup S = {0,4,5,6,8 —} and the relative ideal £ = {2,3,4,6 —}. It is
a straightforward verification that K — (M — M) = M = E, K =S5, E+E+5CS,

K—E=M-M and 2f(E)+5 > 2f(5); then T = S x°E and K — E are numerical
semigroups and K — (M — M) C E C K. However, T = {0 8,9,10,11,12,13,16 —} is not
almost symmetric because 1€ K(T), but 1+ M(T) ¢ M(T

The following corollary is an immediate consequence of Theorem 4.1.3.

Corollary 4.1.5. The almost symmetric doubles of S with odd type are exactly the numerical
semigroups S« E such that:

1. 2f(S) < 2f(E)+b

2. K—(M—-M)CECK;

3. K — E is a numerical semigroup;
4. b+ N+ E+KCM.

If E is a proper ideal and S x° E is almost symmetric, it is possible to use Proposition 2.3.4 to
obtain a simpler formula for the type of S x®E. Here we provide another proof that works also
if F is a relative ideal.

Lemma 4.1.6. Let E be a relative ideal of S. Assume that K — (M — M) C E. Then the map
oy f(S) —y induces a bijection between (K —E)\S and (E— M) \(EU{f(S)}). I
particular, |(K E)\S|=|(E—M)\E|—1.

Proof. We first prove that ¢ : (K — E)\ S —>~(E — M)\ (EU{f(S)}) is well defined. Let
y € (K —E)\S. By Lemma 1.6.3, f(S) —y ¢ E, whereas y ¢ S implies that y # 0 and, thus,
f(S) —y # f(S). It remains to show that f(S) -y € E — M. Assume that there exists
s€ M suchthat f(S)—y+s¢ E=K—(K—FE). Then there exists z € K —E, such that
F(S)—y+s+2¢ K, ie. y—s—z€S. Since 26 K—ECM—M, weget s+z€M
and, therefore, y=(y—s—2)+(s+2) €S+ M CS which contradicts the choice of y.
Since ¢ is clearly injective, we only need to show the surjectivity: for all z € (E — M)\ (E U
{f(9)}), f(S)—ze(K—-E)\S. Assume that f(S)—z € S;since z# f(S), we then have
f(S) —z€ M. Hence, f(S)=z+(f(S)—2)€(E£~-M)+MCE, thatisa contradiction.
Finally, since z ¢ F, applying Lemma 1.6.3 we obtain f(S) —z¢€ K — E. O
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Proposition 4.1.7. Let E be a relative ideal, b € S odd, and assume that S x® E is almost
symmetric with odd Frobenius number. Then

t(SxPE)=2|(E - M)\ E|-1=2|(K —E)\S|+1=2|K\ E|+1
In particular, 1 < t(Sx°E) < 2t(S) + 1.

Proof. Since S x°E is almost symmetric with odd Frobenius number, if z is the number of the
even pseudo-Frobenius numbers of S x? E, Theorem 1.6.4 implies that ¢(S NbE) = 2x+1. On the
other hand, it follows from Proposition 2.6.10 that z = |((M —M)N(E—E))\ S|, while Theorem
4.1.3 implies that K — (M — M) C ECK. Therefore, we have £ —E = EFE-ECK-ECM-M
and

t(SxPE) =2|(F — E)\ S| + 1.

Moreover, we claim that K — E = F — E. Assume by contradiction that there exists y €
(K —E)\ (E—E), i.e. there exists t € E such that y+¢ € K\ E. Lemma 1.6.3 now implies that
f(S)—y—te K —E and, since y € K — E, which is a numerical semigroup by Theorem 4.1.3,
we can conclude that f(S) —t € K — E. Thus, f(S) = f(S) —t+t € K, that is a contradiction.
It follows that ~ B

t(SxPE)=2|(K —E)\S|+1=|K\ E| + 1.

The missing equalities of the statement follow from the previous lemma. As for the last part, it
is enough to show that t(S x® E) < 2¢(S) + 1. We have that ¢(S) = |[(M — M) \ S| and, since
SCK—-FECM-— M, weget |(K—FE)\S|<t(S) as desired. O

Remark 4.1.8. The previous proposition implies that, if S x®E is almost symmetric with odd
Frobenius number, its type is independent of b. It follows that, if S x?E and S x” E are almost
symmetric with odd Frobenius numbers, they have the same type; however, if one of them is
almost symmetric, it is not true that the other one is and, in this case, it is possible for them to
have different type. For example, if S and E are as in Remark 4.1.4.3, the numerical semigroup
S x? E is almost symmetric and, according to the previous proposition, has type 3, whereas
S x® E is not almost symmetric and has type 2.

Now we are ready to generalize some results of [75] and [76].

Corollary 4.1.9. Let S be a numerical semigroup and x be an odd integer such that 1 < x <
2t(S) + 1. Then, for every odd b € S, there exist infinitely many ideals E C S such that Sx®E
is almost symmetric and t(S x® E) = x. In particular, S is one half of infinitely many almost
symmetric numerical semigroups T with type x.

Proof. Assume that x = 2m + 1 with 1 < m < ¢(S), let F' be the relative ideal obtained by
adding to S the m biggest elements of (M — M)\ S and consider E = K—F. 1t is straightforward
to check that F' is a numerical semigroup and, if we consider the ideal £ = E + z, for some
z € N such that E C S, we get that S x® E is almost symmetric. Then, its type t(S x° E) is
equal to 2|(K — E)\ S|+ 1 =2|F\ S|+ 1 = 2m~+ 1. The last part of the statement is clear. [
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We now consider the case when the Frobenius number of S x? E is even. We start by proving
an easy lemma.

Lemma 4.1.10. Let T be a numerical semigroup and let PF(T) = {f; < --- < fi}. Set S := L

5
1. If f; is even, then f;/2 € PF(S). In particular, the type of S is greater than or equal to the
number of even pseudo-Frobenius numbers of T'.

2. If fy is even, then f(S) = fi/2.

Proof. 1. If f; is even, then f;/2 € N\ S, since f; ¢ T. For all positive elements s of S, 2s € T
and 2s + f; € T, since f; € PF(T). Hence, s+ f;/2 € S and then f;/2 € PF(S).

2. This follows immediately from the fact that f; and f(S) are the maximal gaps of T and S
respectively. O

It is proved in [72] that one half of a pseudo-symmetric numerical semigroup is either sym-
metric or pseudo-symmetric, i.e. an almost symmetric semigroup with type 1 or 2. In the follow-
ing we generalize this result to all almost symmetric numerical semigroup with even Frobenius
number.

Theorem 4.1.11. IfT is almost symmetric with even Frobenius number, then S := % 1s almost
symmetric and its type is exactly the number of even pseudo-Frobenius numbers of T'.

Proof. Let PF(S) = {f1 < --- < fi}. Since f; ¢ S, then 2f; ¢ T and by Lemmata 1.6.5 and
4.1.10, Q(ft — fz) =2f;—2f; = f(T) —2f; €eTU PF(T) If Q(ft — fz) €T, thens=f;—f; €S
and, therefore, f; = f; +s. If s # 0, then f; € S, since f; € PF(S5); thus, s = 0 and f; = f;.
Consequently, if i € {1,...,t—1}, it follows that 2f;_1 = 2(f; — f;) € PF(T). In this way we get
t — 1 even pseudo-Frobenius numbers. Therefore, since we have to add 2f:(S), there are at least
t even pseudo-Frobenius numbers in 7" and, by the previous lemma, they are exactly ¢. Finally,
from Theorem 1.6.4 easily descends that .S is almost symmetric. O

As in the odd case, using numerical duplication we can construct all almost symmetric dou-
bles with even Frobenius number of a numerical semigroup. Let us start with some preparatory
facts.

Lemma 4.1.12. Suppose that S is almost symmetric and that E is a relative ideal such that
E+E+bCS, wherebe S is odd. Assume also that 2f(S) > 2f(E) +b. Then, the following
conditions are equivalent:

1. PF(S)CE—E.
2. M-MCE-E.
3. KCE-E.

Proof. First, claim that f(S) € E— E. Suppose that there exists e € E such that f(S5)+e ¢ E;
then we clearly have 2e + b > 0, since it is odd and F + E + b C S. Therefore, 2f(S) <
2(f(S)+e)+b < 2f(E)+ b, that is a contradiction. Now, by definition of almost symmetric
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semigroups, we have M — M = SUPF(S) = SUL(S)U{f(S)} = KU{f(S)}. Moreover, since
FE is a relative ideal, we have S C E — E. Thus

PF(S) CE—E < SUPF(S)CE— E <
S M-MCE-E<~ KU{f(S)}]CEFE-FE< KCFE-FE,

as desired. O

Lemma 4.1.13. Let S be almost symmetric and let E be a relative ideal. If the equivalent
conditions of the previous lemma hold, then M — E = K — F.

Proof. Clearly M — E C K — FE, because M C K. Suppose by contradiction that equality does
not hold, i.e. there exists z € (K — E) \ (M — E). This means that there exists e € E such that
x+ee€ K\ M. Since x+e € K, one has f(S)—z—e ¢ S and then f —x—e € L(S)U{f(5)} =
PF(S) C E — E. Hence, f(S)—z = (f(S) —z —e) +e € E and, since x € K — E, we get
f(S) = (f(S) —z)+ 2 € K, that is a contradiction. O

We are now ready to characterize almost symmetric numerical semigroups with even Frobe-
nius number.

Theorem 4.1.14. Let E be a relative ideal of S and let b € S be an odd integer for which
E+E+bCS and 2f(S) > 2f(E) +b. Then, the numerical semigroup T := S x® E is almost
symmetric if and only if the following properties hold:

1. S is almost symmetric;

2. M —-EC(E—M)+b;

3. KCE-E.

Proof. By definition, T is almost symmetric if and only if M (T)+ K(T) C K(T') and by Lemma
2.6.9 this is equivalent to the following four conditions:

(i) 2m +2f(S) —a € M(T) for all m € M and a even such that § ¢ S;

(ii) 2m + 2f(S) —a € M(T) for all m € M and a odd such that CLT_Z’ ¢ E;
(iii) 2¢ + b+ 2f(S) —a € M(T) for all e € E and a even such that § ¢ S;
(iv) 2+ b+ 2f(S) —a € M(T) for all e € E and a odd such that aT_b ¢ E.

Analyzing each of the above conditions, we will see that (i), (ii), (iii) are equivalent to the
properties 1,2,3 respectively, whereas condition (iv) always holds, if (i) and (iii) do. The thesis
will follow immediately from these facts.

(i) We have 2m + 2f(S) —a € M(T) if and only if m + f(S) — § € M, that is f(S) — § €
M — M = SUPF(S), for all § ¢ S. By Lemma 1.6.5, thus is equivalent to say that S is almost
symmetric.

(ii) In this case 2m + 2f(S) —a € M(T) if and only if W € E, that is m + f(5) —
%b — b € E. The latter is equivalent to f(S) —z € (E — M) + b, for all x ¢ E; thus, applying
Lemmata 1.6.3 and 4.1.13, we get M — E C (E — M) + .
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(iii) The property 2e 4+b+2f(S) —a € M(T') is equivalent to e + f(S) — § € E, i.e. f(5)—§ €
E — E. Recalling the definition of K, this is in turn equivalent to K C E — E.

(iv) We have 2e+b+2f(S) —a € M(T) if and only if e+ f(S) — %52 € M, ie. f(S)—z € M—E
for all ¢ E. Lemma 1.6.3 yields that it is equivalent to say that K — E C M — E and, if we
assume (i) and (iii), this is always the case by Lemma 4.1.13. O

Also, for an almost symmetric numerical semigroup with even Frobenius number, we provide
a good formula for its type.

Corollary 4.1.15. Under the assumptions of the previous theorem, if S x® E is almost sym-

metric, then
t(SPE) =t(S) +|(M — (b+ E)) \ E|.

Proof. Using Proposition 2.6.10, it is enough to observe that M — M C E — FE by Lemma 4.1.12
and that M — E C (E— M) + b is equivalent to M — (b+ E) C E — M. O

Corollary 4.1.16. If .S is almost symmetric, its almost symmetric doubles with even Frobenius
number are exactly the numerical semigroups S E such that

1. M—EC(E—-M)+0b;

2. KCE-FE;

3. 2f(S) > 2f(E) +b.

Moreover, if S is not almost symmetric, then it has not almost symmetric doubles with even
Frobenius number.

Next, to complete the picture, we show that when S is almost symmetric, it always has
almost symmetric doubles with even Frobenius number.

Lemma 4.1.17. If S # N is almost symmetric, then there exists at least one relative ideal E
and one odd integer b € S such that S XY E is almost symmetric with even Frobenius number.

Proof. We set E := N and b := f(5) + 1 if it is odd, or b := f(S) + 2 otherwise. First
of all, we notice that, if e,e’ € E, then e + ¢ +b > f(S) and E+ E +b C S. Moreover,
2f(E) +b=—-24+b< =2+ f(S)+2 < 2f(S). By Theorem 4.1.14, we have to prove that
KCE—-Fand M—-EC(E—M)+b=(E+0b)— M. It is easy to see that £ — F = N and
M — E = {f(S) +1 —}; thus we clearly have K C F — E and, if m € M and 2 € M — E,
we also have m + x > f(S) + 2; therefore, m +x € {f(S)+2 —} C {b —»} = E + b yields
M —EC ((E+b)— M), as desired. O

We have already seen that one half of an almost symmetric numerical semigroup with even
Frobenius number is almost symmetric and the previous lemma proves the converse. We have
then proven the following corollary, which generalizes [73, Theorem 15].

Corollary 4.1.18. A numerical semigroup different from N is almost symmetric if and only if
it is one half of an almost symmetric numerical semigroup with even Frobenius number.
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Notice that, if N is one half of a semigroup 7T, then T contains every even positive integer.
Hence, f(T) is odd and it is easy to see that in this case 1" is symmetric.

Remark 4.1.19. 1. Assume that £+ E + b C S. We may assume without loss of generality
that the smallest element of F is zero. If we define E' := F —m(F) and b’ := b+2m(FE) € S, we
have that m(E') =0 and E'+ E'+b =E—-m(E)+ E—m(E)+b+2m(E)=E+E+bCS.
Moreover, if e € F, then 2e + b = 2(e — m(FE)) + b+ 2m(FE) € 2E' +b' and vice versa; therefore,
SxPE=Sx"E.

2. If S is almost symmetric, we would like to find its almost symmetric doubles with even
Frobenius number. By the previous observation we can assume that the smallest element of
E is zero. According to Corollary 4.1.16, we need 2f(S) > 2f(F) 4+ b which implies b <
2f(S) —2f(E) < 2f(S) + 2. Hence, we have a finite number of possibilities for b; moreover, if
b is fixed, we have —1 < f(F) < f(S) — g and then there are only finitely many choices also
for E. This fact is obvious because there is a finite number of semigroups with fixed Frobenius
number, but this remark will be useful in the next example.

Example 4.1.20. Consider the pseudo-symmetric numerical semigroup S = {0,3,5 —}. We
want to construct all the almost symmetric doubles of S with even Frobenius number.

By the previous remark, we have b < 10 and, for a fixed b, we get —1 < f(F) < 4— %; we are
looking only for those ideals which contain 0 and for which f(E) # 0. We have four possibilities:

b=3 = f(E)=-1,1,2;

b=5 — f(E)=-1,1;
b="17 = f(E)=-1;
b=9 — f(E)=-1

The unique ideals with Frobenius number —1 and 1 are, respectively, £1 = N and Ey = {0,2 —1},
whereas there are two ideals with Frobenius number 2: E3 = {0,3 —} and E4 = {0,1,3 —}.
Now we notice that, if b = 3, E; and E, are not acceptable, because in this case £+ E + b ;{ S.
It is also straightforward to check that E; — E; = E; for i = 1,2,3 and, thus, K = {0,2,3,5 —}
is contained in E; — F; for ¢ = 1,2 but not for ¢ = 3. Finally, we have,

M — Ey = {5 —}, Ey — M = {-3 >},
M—E,={3,5—}, Ey—M={-3-1-}

and consequently we get:

b=3 M — Ey C (Ey— M) +b,
b=>5 M= Ey C (By — M) +b,

M—Egg(EQ—M)—i-b,
b=7 M—Elg(El—M)+b,
b=9 M —Ey ¢ (Ey — M) +b.

We conclude that there are three possibilities which give raise to the numerical semigroups

Sx3 By =1{0,3,6,7,9 =},
S5 E; ={0,5,6,7,9 =},
Sx"E; =1{0,6,7,9 —}.
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The first two are pseudo-symmetric, whereas the last one is almost symmetric of type four.
This example also shows that the type depends on b, even when numerical duplication is almost
symmetric.

4.2 Almost symmetric multiples

In this section we construct some almost symmetric multiples of a numerical semigroup. In
this way we generalize some results of the previous section and of [89]. Let S be a numerical
semigroup and let d > 2 be an integer. Consider b € S which is not a multiple of d and such
that b > df(S); let also E be a relative ideal such that K(S) — (M(S) — M(S)) C E C K(S),
where the last condition implies that f(S) = f(E). Then, we define the following sets:

A:={d-S}, B:={d-E+b}, C:={zeN|z#0,b modd, z> [(df(S)+b)/2]}
and Sx»?E := AU BUC. In the rest of the section we use the notation above.
Lemma 4.2.1. The set Sx®? E is a d-fold of S and has Frobenius number df (S) + b.

Proof. First of all we note that, by definition, all integers greater than df (S) +b are in S x> E.
We need to show that S x%? E is a numerical semigroup; for this we need to consider six cases:

o Let dzx,dx; € A. In this case dx + dz1 = d(x + z1) € A, because S is a numerical semigroup;
o Let dx € A and dy + b € B. Since F is a relative ideal, dz +dy + b=d(x + y) + b € B;

o Let de € A and z € C. Since de + 2z =2z mod d and dx + z > z > [(df(S) + b)/2], we have
dx + z € C,

o Let dy + b,dy1 + b € B. In this case dy + b+ dy; +b > b+ b > df(S) + b and, therefore, the
sum is in S x> E;

oLet dy+be€ B and z € C. Clearly dy + b+ z cannot be equal to b modulo d; if it is not a
multiple of d, then it belongs to C, since otherwise dy + b + z > dy + df (S) + z > df(S) and,
thus, is in A;

o Let z,2z1 € C. If df (S) +b is even, then z+ 21 > (df(S)+b)/2+ (df (S)+b)/2 = df (S) + b and,
thus, it belongs to S x*? E. Otherwise z+2z1 > (df (S)+b+1)/2+(df (S)+b+1)/2 = df (S)+b+1
and, again, this means that z + 21 is in S x*¢E. O

Lemma 4.2.2. Let A= {d(f(S)—=z)|x € K(S)\ E} and B={dz+b|xz € K(S)\ E}. Then,
the gaps of the second type of S x>¢E are

AUB if df(S) + b is odd,

L(Sx"E) =
( ) {AUBUCH(SZ)H’ if df(S)+ b is even.

Proof. Let y be an integer. If y # 0,b mod d, then df(S)+b—y=b—y # 0,b mod d. In this
case, if y is a gap of the second type, we have

S)+b
2

df(S)+b=(df(S)+b—y)+y < Vf(SQ) +bJ + Vf( J < df(S) +0b,
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and this is only possible when df(S) + b is even and y = (df(S) + b)/2. Suppose now that
y = dx+b; it is clear that dz+b € L(S x>? E) if and only if df (S) +b— (dx+b) = d(f(S)—z) €
L(S x>? E). Therefore, it is enough to consider the elements of this form. Moreover, dz + b and
d(f(S) —z) are not in Sx®?E if and only if 2 ¢ F and f(S) -z ¢ S,ie. x € K(S)\E. O

Theorem 4.2.3. The numerical semigroup S x*? E is almost symmetric if and only if K(S)—E
s a numerical semigroup. In this case

HS bl ) — 2IK(S)\ E|+1 if df(S)+ b is odd,

2|K(S)\ E|+2 if df(S) + b is even.

Proof. We first assume that S x®? E is almost symmetric and suppose by contradiction that
K(S) — E is not a numerical semigroup. Given z,y € K(S) — E such that z + y is not in
K(S) — E, it follows by Lemma 1.6.3 that f(S) —z, f(S) —y ¢ E and f(S) —z —y € E. This
means that dz,dy € L(S x>? E) C PF(S x»? E) and d(f(S) — 2 —y) + b € (S x> E)\ {0};
therefore, df(S) is in S x»? E, that is a contradiction.

We assume now that K (S) — F is a numerical semigroup and we will prove that L(S x*?
E) C PF(Sx"E). Let A and B be as in Lemma 4.2.2. We suppose first that df (S) 4 b is odd
and analyze the following six cases:

o Let d(f(S) —z) € Aand dm € A\ {0}. Since K(S) — (M(S) — M(S)) C E, we have
K(S)—E C M(S)— M(S) and then f(S) —x € M(S)— M(S). Hence, f(S) —z+m € M(S)
and d(f(S) — x) + dm belongs to S x*? E.

o Let d(f(S) —z) € A and dy 4+ b € B. Their sum belongs to S x»? E if and only if f(S) —
x4y € F; suppose by contradiction that this does not hold. It follows from Lemma 1.6.3 that
x—y, f(S)—x € K(S)— E and this implies that f(S) —y € K(S) — E, because K(S) — F is a
numerical semigroup. Therefore, f(S) € K(S) and we are done.

o Let d(f(S) —z) € Aand z € C. We have d(f(S) — )+ 2z =z mod d and then it belongs to
SxP? E, because it is greater than z.

o Let dr+b € B and dm € A\ {0}. Suppose by contradiction that dz + b+ dm does not belong
to S x®? E. This means that = 4+ m does not belong to E and f(S) —x —m € K(S) — E by
Lemma 1.6.3. As in the first case we have K(S)—E C M(S)—M(S) and, thus, f(S)—z—m €
M(S)—M(S). This implies that f(S)—z = f(S)—x—m+m € M(S) and we get a contradiction,
because z is in K (S).

oLetdr+be Banddy+be B. Asin Lemma 4.2.1, dz +b+dy+b>b+b>df(S)+ b and
then it belongs to S x> E.

o Finally, if de +b € B and z € C, we can use the same argument of Lemma 4.2.1.

Now suppose that df(S) + b is even. According to Lemma 4.2.2, in this case there is another
element in L(S x”? E). Since d is not a divisor of b, it is easy to see that (df(S) +b)/2 # 0,b
mod d. Therefore, using the same argument as in Lemma 4.2.1, we easily get that this is a
pseudo-Frobenius number of S x»¢ E. The formula for the type follows from the previous
lemma. O
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In [89, Theorems 5 and 6], I. Swanson proves that for all d > 3 there exist infinitely many
symmetric and pseudo-symmetric d-folds of S. By means of the previous theorem we generalize
these result as follows:

Corollary 4.2.4. Let d > 3 be an integer. Fvery numerical semigroup S is one over d of
infinitely many almost symmetric semigroups with type t, where 1 <t < 2t(S) + 2.

Proof. Let t = 2v + 1 be an odd integer included between 1 and 2¢(S) + 2. We only need to
find an ideal E such that |K(S)\ E| = v and K(S) — E is a numerical semigroup, since we may
choose infinitely many b such that df (S) + b is either odd or even (note that this is not possible
if d = 2). We have already found such an ideal in the proof of Corollary 4.1.9, so the conclusion
follows. O

We notice that the previous corollary is only a partial result, in the sense that in general
there also other possible values of t. Consider for instance the almost symmetric numerical
semigroup 7' = {0,9 —} that has type 8 and set d = 3. Then % = {0,3 —} has type 2 and
t(T) =3t (%) + 2. Hence we can not find this multiple with the previous construction.

Moreover, if d = 2°, using Corollary 4.1.9, we can construct an almost symmetric double S
of S that has type 2¢(S) + 1; in the same way we get an almost symmetric double S of S; that
has type 2t(S1) + 1 = 4¢(S) + 3 and we eventually find an almost symmetric d-fold of S that
has type dt(S) +d — 1.

4.3 Minimal genus of the multiples

In the previous sections our aim was to find and characterize some particular multiples of a
numerical semigroup. It is natural to ask for some their properties; for example A.M. Robles-
Pérez, J.C. Rosales, and P. Vasco posed the following problem:

Problem. [71, Problem 42] Let S be a numerical semigroup. Find a formula, that depends on
S, for computing min{g(S)|S is a double of S}.

We will answer to this question in a more general context, indeed in the next theorem we
find a formula for the minimal genus of a d-fold of S. We recall that d - X = {dz |z € X}.

Theorem 4.3.1. Let S be a numerical semigroup with Frobenius number f and let d > 2 be an

integer. Then B
min {9(5) 5 = ‘3} —g(8) + [(d;l)q .

Moreover every d-fold with minimal genus has Frobenius number df .

Proof. Let S be a d-fold of S. By definition, S has exactly ¢g(S) gaps that are multiples of d.
In order to count the other gaps, we first notice that f ¢ S implies df ¢ S. Consider now
0 < z < df /2, where z is not a multiple of d. If x is not a gap of S, then df — x ¢ S, since df is
not in S. All these gaps are different and, since there are ng multiples of d smaller than df /2,

they are |4 | — [£] = [Y51). From this it follows that ¢(S) >= g(S) + [“5H1].
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Now, the proof is complete if we can exhibit a d-fold of S with genus g(S) + L%j — L%J It
easy to see that an example of such a semigroup is

T=d -SU{b+ilieN, dfb+i},

where b = L%J + 1. Finally, from the proof it is clear that every d-fold with minimal genus has
Frobenius number df. O

Since the d-folds with minimal genus have all the same Frobenius number, there are a finite
number of such semigroups. In the next example we see that in general a numerical semigroup
has more than one d-fold with minimal genus.

Example 4.3.2. Consider the numerical semigroup S = {0,5,7,8,10,12 —} and set d =
3. In the proof of the previous theorem we proved that a 3-fold of S with minimal genus is
{0,15,17,19, 20, 21, 22, 23, 24, 25, 26, 28,29, 30, 31, 32,34 —} and is genus is g(S) + [ G211 =
7+ 11 = 18. It is easy to see that {0, 8,14, 15, 16, 20, 21, 22, 23, 24, 26, 28, 29, 30, 31, 32,34 —} is
another such 3-fold.

Proposition 4.3.3. Let S be a numerical semigroup with Frobenius number f and let S be a
d-fold of S with minimal genus.

1. If either f is even or d is odd, S has type t(9).

2. If f is odd and d is even, S has type either t(S) or t(S) + 1. Moreover, if S is almost
symmetric, then S has type t(S) + 1.

Proof. Reasoning as in the proof of Theorem 4.3.1, we easily see that, if 2 ¢ S is not a multiple
of d, then either df —z € S or x = df /2. Therefore, the pseudo-Frobenius numbers of S different
from df /2 are multiples of d. It is easy to see that, if f is even or d is odd, it follows that

t(S) < t(S), whereas t(S) < t(S) + 1 otherwise, since in the first case df /2 is not an integer or
is a multiple of d.

If x is a pseudo-Frobenius number of S, we claim that dr € PF(S). Clearly if dy € S, it
follows that dz + dy = d(x + y) € S, because x € PF(S). Let z be a non-zero element of S
such that d does not divide x and suppose that dr + z ¢ S. We have already noticed that
df —dv—z=d(f—x)—2¢€ 8, thend(f —x) =d(f —x) — 2+ 2 € S and this implies f —z € S;
this is a contradiction because z € PF(S) and then = + (f — z) = f € S. Hence, t(S) > t(9)
and this proves 1 and the first part of 2.

We only need to prove that if f is odd, d is even and S is almost symmetric, then df /2 is
a pseudo-Frobenius number of S. Suppose by contradiction that there exists z € S\ {0} such
that df /2 +x ¢ S. If df — (df /2 +x) = df /2 — x € S, then df /2 € S and, thus, df € S; this
is a contradiction. Whereas, if df /2 — 2 ¢ S, since it is a multiple of d by the beginning of the
proof, we have df&% € L(S) C PF(S) that implies df /2 — x € PF(S) by the first part of the
proof and, thus, df /2 = df /2 — = + x € S; contradiction. O

If f is odd and d is even, but S is not almost symmetric, the type of S can be ¢(S) as the
following example shows. We notice that in this case the semigroup constructed in the proof of
Theorem 4.3.1 has always type ¢(S) + 1.
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Example 4.3.4. Consider S = {0,5,6,7,10 —}, which is not almost symmetric. The numerical
semigroups

T = {0,19, 20, 21,22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 33, 34, 35, 37 —},

T' = {0, 14, 19,20, 21, 23, 24, 25, 26, 27, 28, 29, 30, 31, 33, 34, 35, 37 —}

are 4-folds of S with minimal genus. It is easy to see that 18 is a pseudo-Frobenius number of
T but not of 77 and this implies that ¢(T') = 3 = (S) + 1, whereas t(T") = 2 = t(.5).

Corollary 4.3.5. Let S be an almost symmetric numerical semigroup with Frobenius number
f and let S be a d-fold of S. Set t := t(S), if either f is even or d is odd, and t := t(S) + 1
otherwise. Then S has minimal genus if and only if is almost symmetric and has type t.

Proof. In the light of the previous proposition we may assume that S has type t. Suppose first
that f is even or d is odd. Since S is almost symmetric, we have t(S) = 2¢(S) — f by definition
and, thus,

(d-1)f
2

df+t:df+2g(5)—f

9(5) =2 = 5

=9(5) +

=g(S5) + [(d_l)q .

2

Moreover, S has minimal genus if and only if the above equality holds and this happens exactly
when S is almost symmetric. A similar argument proves the remaining case. O

Since a d-fold of S with minimal genus has Frobenius number df (S), we get the next corollary.

Corollary 4.3.6. Let S, S, and t be as in the previous corollary. If S is almost symmetric and
has type t, then d divides f(S) and f(S) = f(S)/d.

Now let D(S) denote the set of the symmetric doubles of S. We proved in Corollary 2.6.8
that all the elements in this family are of the form S x® K(S) for some odd b € S such that
b+ K(S)+ K(S) C S. Since S x” K is symmetric and has Frobenius number 2f(S) + b, its
genus is
fISXPK(S)+1  2f(S)+b+1 b+1

2 2 2

and, therefore, the genus is minimal when b is minimal. Hence, we have the following:

g(Sx’K(S)) = = f(5) +

Proposition 4.3.7. There exists an unique numerical semigroup with minimal genus among
the members of D(S) and this is S x® K (S), where b is the smallest odd element of S such that
K(S)+ K(S)+bC S; its genus is f(S) + 2.

Observe that if b > f(5), then K(S)+ K(S) + b C S. This means that, in order to find the b
of the previous proposition, we have to check only a finite number of elements.
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Example 4.3.8. Consider S = (6,7,11) = {0,6,7,11,12,13,14,17 —}; in this case K(S) =
{0,1,6,7,8,11,12,13,14,15,17 —}. Since 0+1+7 ¢ S, it follows that K (S) + K(S) +7 ¢ .
On the other hand, K(S)+ K(S)+ 11 C S and, thus, the symmetric double of S with minimal
genus is

S K(S) = {0,11,12,13, 14, 22, 23,24, 25, 26, 27, 28, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 44 —},

that has genus f(S) + HTl = 16 + 6 = 22. We notice that the minimal genus of a double of S is

g9(S) + [@1 = 10 + 8 = 18 and, according to the proof of Theorem 4.3.1, it is obtained by the
numerical semigroup {0,12,14,17,19, 21, 22,23, 24, 25, 26, 27, 28,29, 31,33 —}.

There is a particular case in which we can avoid to look for the “right” b.

Corollary 4.3.9. Let S be an almost symmetric numerical semigroup. The element with mini-
mal genus in the family D(S) is S x® K (S), where b is the smallest odd element of S. Its genus
is f(S) + L.

Proof. By definition K (S) =S U L(S) and this implies that K(S) = (SUPF(S))\{f(S)}, since
S is almost symmetric. Hence, since b € S\ {0}, it follows that K(S) 4+ K(S) +b C S and the
proof is complete by Theorem 4.3.7. 0

4.4 Frobenius number of some quotients

In this section we study the Frobenius number of the quotients of some classes of numerical
semigroups. This is a widely open question, see e.g. [29] and [77, Open Problem 6.20]; on the
other hand, we recall that we have already found a formula in Corollary 4.3.6. We start with a
definition due to I. Swanson, see [89).

Definition 4.4.1. Let d be a positive number. A numerical semigroup is said to be d-symmetric
if for all integers n € Z, whenever d divides n, either n or f(S) —n is in S.

A symmetric numerical semigroup is d-symmetric for all d € N and a 1-symmetric semigroup is
symmetric.

Theorem 4.4.2. Let d > 2 be an integer and S be a d-symmetric numerical semigroup. If x is
the smallest element of S such that v = f(S) mod d, then

()=

Proof. Since z € S, it follows that f(S) — x is a gap of S and then f(S%‘g—x ¢ %. Suppose by

contradiction that there exists a gap y of % greater than f(sfgfx. Therefore dy ¢ S and thus
f(S) —dy € S, since S is d-symmetric. Consequently we have z < f(S) — dy by definition of =
and this is a contradiction because y > W, ie. x> f(S) — dy. O
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Example 4.4.3. Let S = {0, 11,14, 16, 20, 21, 22,25,27 —}. S is 5-symmetric but not 2, 3 or
4-symmetric. By the previous theorem, we get

S 26 — 11
1(3)="5"=s

and in fact % = {0,4 —}. On the other hand, if d = 3,4 we get f(%) = 5,3 that is wrong.
Finally we notice that, even if S is not 2-symmetric, the formula for d = 2 is correct, because 2
divides f(.59).

The notion of d-symmetric numerical semigroups is not much studied, but Theorem 4.4.2
yields interesting consequences for other classes of semigroups.

Corollary 4.4.4. Let S be either a symmetric or a pseudo-symmetric numerical semigroup. If
x is the smallest element of S such that x = f(S) mod d, then

i(0)-"

for all integers d > 2.

Proof. A symmetric numerical semigroup is d-symmetric, while a pseudo-symmetric numerical
semigroup is d-symmetric if and only if 2d does not divide f(S). On the other hand, if f(.5) is
a multiple of d, we have x = 0 and f(S)/d is the maximum gap of %. O

Symmetric and pseudo-symmetric numerical semigroups are the almost symmetric numerical
semigroups with type one and two respectively, but the next example shows that the previous
corollary does not hold in the almost symmetric case.

Example 4.4.5. Let d > 2 be an integer and consider the numerical semigroup S = {0,d+2 —}.
We have % = {0,2 —}, but the formula of the previous corollary would predict

S\ d+1—-(2d+1)
1(G)= =

Unfortunately, in general, it is not easy to find the element x required in Theorem 4.4.2.
However, since in a symmetric numerical semigroup the Frobenius number is odd, we get the
following interesting corollary.

Corollary 4.4.6. Let S be a symmetric numerical semigroup. Then

f<5):f<5)—w

2 2 ’
where x is the smallest odd generator of S.

The next corollary was proved in a different way in [72, Proposition 7].

82



Corollary 4.4.7. Let a < b be two positive integers with ged(a,b) = 1. Then

f <<a,b>> _ b _q if ais odd,
2 L{“—b if a is even.
Proof. Tt is well-known that (a,b) is symmetric and that f((a,b)) = ab — a — b, see [77, Prop.
2.13 and Cor. 4.17]. If a is odd, we have z = a and then

f<<a,b>> _f(ab) —a _ab—a-b—a _ab—b

2 2 - 2 Ty T *

If a is even, then b is odd because ged(a,b) = 1 and consequently x = b. The second formula
can be found with a similar argument. O

d
aim, Corollary 4.4.4 can be of some use, even though it might be difficult to find x. For instance,

in the next corollary we give a formula for d = 5.

In [77] and [29] the authors ask for a formula for f (<a’b>), at least when b = a + 1. To this

Corollary 4.4.8. Let a be a positive integer. Then

“—a—-1 ifa=0 mod}H,
f<<a,a+1>>_ % if a=1,2 mod 5,
)

B % if a=3 mod 5,

a1l _ 4 ifa=4 mod 5.

Proof. By [77, Proposition 2.13], the Frobenius number of {a,a + 1) is a> — a — 1. Tt is enough
to find the smallest € S such that x = a® —a —1 mod 5 and it is easy to see that

xr=4(a+1) ifa=0 mod 5,
x=2(a+1) ifa=1,2 mod?5,
=0 if a=3 mod 5,
x=4a ifa=4 mod 5.

O]

Corollary 4.4.6 gives a formula for the Frobenius number of one half of S, provided that we
know a formula for f(5). In the next corollary we collect some cases using the formulas found
in [44, Corollary 3.11], [34, Theorem 4], and [15, Théoreme 2.3] respectively; for the first and
the third case see also Remark 10.7 and Proposition 9.15 of [77].

Let T'= (ni,...,n,) be a numerical semigroup. We set

x = min{n; | n; is odd},

c; = mln{k‘ eN \ {0} | kn; € <7”L1, SRS (77 A ¢ 7T ,TLV>},

cing; = E rijnj.

J#i
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Corollary 4.4.9. 1. Let S be a numerical semigroup with three minimal generators. It is
symmetric if and only if S = (amy, amg,bmi + cma), where a,b,c,m1, ma are natural numbers
such that a > 2,b+ ¢ > 2, ged(mq,ma) = 1, and ged(a, bmy + cme) = 1. In this case

f <S> _ a(mamy —my — my) +2(a —1)(bmy +cmg) —x

2 b
2. Let S = (n1,...,nq) be a symmetric numerical semigroup that is not complete intersection,
then
f S\ _ naoca +ngeg +narig — (N1 +ng+ng+ny+ 1)
2) 2 ’
3. If S is a free numerical semigroup for the arrangement of its minimal generators {ni,...,n,},
then
S (co—1)no+---+(c—1ny, —ny —x
N\2)= 2 '
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Chapter 5

Rigidity properties of local
cohomology modules

Given a homogeneous ideal I of R = k[z1,...,xy], in this chapter we compare the Hilbert
function of H:(R/I) with that of Hi(R/I'°%), where m = (z1,...,7,). Our main result says
that if there exists 4 such that the Hilbert functions of H:, (R/I) and H. (R/I'®*) are equal, then
the same equality holds for all h > i. Moreover we give some characterizations of these ideals,
especially when ¢ = 0. We also introduce the notion of i-partially sequentially Cohen-Macaulay
module that allows us to characterize the ideals for which H(R/I) and H"(R/Gin(I)) have
the same Hilbert function for all h > i, generalizing a result of J. Herzog and E. Sbarra [50].
This chapter is based on the article [84].

5.1 Inequalities and known results

In this chapter I will be a homogeneous ideal of R = k[x1,...,x,]|, where k is a field, that we
can assume infinite without loss of generality. In the recent literature there are several results
concerning the Betti numbers of I, in connection with those of its generic initial ideals and its
lex-ideal. For instance, the classical Bigatti-Hulett-Pardue theorem, proved in [16], [49] and [65],
assure that the maximal Betti numbers of a given Hilbert function are achieved by its lex-ideal
or, equivalently, that the Betti numbers of I are always less than or equal to those of !X,
Furthermore, it is well-known that, for all 4 and j, the following inequalities hold:

Bi(R/I) < Bij(R/ Gin(I)) < Bi;(R/1').

It is natural to ask when equalities hold above and in fact in [3] A. Aramova, J. Herzog and T.
Hibi prove that in characteristic zero the first inequality holds for all 4 and j if and only if [ is
componentwise linear, while in [45] J. Herzog and T. Hibi prove that the both hold for all 7 and
j if and only if I is a Gotzmann ideal, i.e. Bo;(I) = Boj(I'*) for all j. Their result also provides
an example of what we mean by rigidity property: if holds an equality for ¢ = 0, then this forces
all other equalities for ¢ > 0.
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Since the Betti numbers are defined as £;;(R/I) = dimy Torf*(R/I,k);, it is also natural to
ask whether similar results hold for dimy Extz(R/I, R); or, equivalently via local duality, for
h(R/I); := dimy HL(R/I);, i.e. the Hilbert function of the local cohomology modules with
support on m = (z1,...,%,). As happens in the case of the Betti numbers, in [83] E. Sbarra
proves that for all ¢ and j

W(R/I); < W(R/ Gin(D)); < W(R/T'™);. (5.1)
The next two theorems show when above equalities hold for all ¢ and j.

Theorem 5.1.1. [47, Theorem 3.1] The equality h'(R/I); = h'(R/ Gin([)); holds for all i and
j if and only if I is a sCM ideal.

Theorem 5.1.2. [82, Theorem 0.1] The following conditions are equivalent:
1. (I sat) lex _ (I lex) sat .
2. WO(R/I); = hO(R/1'%);, for all j;
3. h{(R/I); = hi(R/I'™);, for all i,j.

These two theorems were proved when char k = 0, where the additional hypothesis on the
characteristic is assumed in order to use some properties of Gin(/) that were not known in
positive characteristic. We observe that, since Gin(I) is weakly stable in any characteristic,

it is easy to see that the original proofs work in general. Thus, throughout this chapter no
assumption on the characteristic is required.

5.2 Maximality and rigidity results

We study by stating another condition that we prove to be equivalent to those of Theorem
5.1.2. Despite its simplicity, it has important consequences that will be useful in the rest of the
chapter.

Proposition 5.2.1. Conditions 1-3 of Theorem 5.1.2 hold if and only if the following condition
holds:

4. GID(I) sat __ (I lex) sat'

Proof. 1 = 4 Since (I%%)1*% is a saturated lex-ideal, it has positive depth and I is a critical
ideal by Theorem 1.1.1. Therefore, Proposition 1.2.1 implies that Gin(I)%* = Gin(/%) =
(I sat) lex _ (Ilex) sat

4 = 1 Since the saturation of a lex-ideal is still a lex-ideal, we get that
(Ilex) sat _ ((I lex) sat) lex _ (Gin(I) sat) lex _ (Gin(] sat)) lex )

It is now enough to recall that 153 and Gin(I %) have the same Hilbert function. O
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Remark 5.2.2. 1. An ideal I satisfying the equivalent conditions 1-4 is a sCM ideal, see [82,
Proposition 1.9].

2. From (5.1) follows that if h'(R/I); = h'(R/I'*¥); for all i and j, then h'(R/Gin(I)); =
hi(R/1');. Actually also the converse holds. In fact if hi(R/Gin(I)); = hi(R/I'*); for all i
and j, the previous proposition and Proposition 1.2.1 imply that

Gin( ) sat GIH(GIH( )) sat (Gln( ) lex) sat (I lex) sat

and thus it is enough to use Condition 4 again.

3. If I is critical, then Gin(I) = I'** and hence h'(R/I); = hi(R/I'*);, for all 4, j. In particular,
I is a sCM ideal by 1.

4. In [56, Theorem 1.6] it is proved that a critical ideal has the same depth of its lex-ideal.

Then, the first point can be seen as a generalization of this fact, because the depth of R/I is
the least integer i such that h*(R/I); # 0 for some j.

We will give another equivalent condition to those of Theorem 5.1.2 and Proposition 5.2.1
using the Bjorner-Wachs polynomial, an invariant introduced by A. Goodarzi in [38] in order to
characterize sCM ideals. We first introduce some notations and recall a few results, see [38] for
more details.

Let I =[] q; be a reduced primary decomposition of I and let p; = /q; the radical of g; for all
1 <[ < 's. Furthermore we denote by [ {© the ideal

= (1
dim R/p;>1
it follows that 1Y = T and I ﬂp sm i = = [ Fori =0,...,d = dimR/I, we also

denote by U;(R/I) the R-module I /I~ These modules are sald to be the unmized layers
of R/I; if they are non-zero, they have dimension i. We notice that, 0 € I/ € 1{V /I C
- C 1"V /I C R/I is the dimension filtration of R/I and then the modules U;(R/I) are the
quotients that appear in the definition of sCM-module.
The Bjorner-Wachs polynomial of R/I, briefly BW-polynomial, is defined to be

dim R/I

W(R/I;t;w) Z h(Uk(R/T); t)w"
where we recall that h(Ux(R/I);t) is the h-polynomial of Ui(R/I). One of the main results of
[38] is that BW(R/I;t;w) = BW(R/ Gin(I); t;w) if and only if R/I is sCM.

Proposition 5.2.3. The equivalent conditions of Theorem 5.1.2 and Proposition 5.2.1 hold if
and only if BW(R/I;t;w) = BW(R/I'*; t;w).

Proof. Suppose first that I and I'®* have the same BW-polynomial. For all i > 0, U;(R/I)
and U;(R/I'**) have the same Hilbert function and the same happens for IV and (I'®%)(,
Therefore, for all j we have

WO(R/D); = Hyo () — Hi(j) = Hyproyo (3) — Hyiex(3) = BO(R/T');.
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Ilex —

Conversely let ﬂjzlqg be a reduced primary decomposition of I'®*. By assumption

GID(I)<O> _ GID(I) sat _ (Ilex) sat _ (Ilex)<0> _ ﬂ qg
Vit

It follows that Gin(I)® = (') for all i > 0, U;(Gin(I)) = U;(I'*) for i = 1,...,d — 1 and,
therefore, Hilb(U;(Gin(I))) = Hilb(U;(1'*¥)) for i > 0. Consequently Gin(I) and I'®* have the
same BW-polynomial. Moreover, since I is a sCM ideal by Remark 5.2.2.1, I and Gin(/) have
the same BW-polynomial by [38, Theorem 17]. O

The following corollary follows from the proof of the previous proposition.

Corollary 5.2.4. If I and I'** have the same Bjorner-Wachs polynomial BW, then
1. Gin(I)® = (1'% for alli=0,...,d —1.
2. BW(R/Gin(]);t;w) = BW, i.e. I is a sCM ideal.

We also notice that the only if part of Proposition 5.2.3 can be obtained also using [38,
Theorem 20].

5.3 Partially sequentially Cohen-Macaulay modules

We recall another rigidity property of Betti numbers proved by A. Conca, J. Herzog and T. Hibi
in [19, Corollary 2.7].

Theorem 5.3.1. Assume chark = 0. Let J be either the lex-ideal of I or a generic initial ideal
of I and suppose that B;(R/I) = B;(R/J) for some i. Then By(R/I) = Br(R/J) for all k > 1.

It follows from Bigatti-Hulett-Pardue theorem that this statement is equivalent to say that,
if i;(R/I) = pij(R/J) for some i and all j, then SBy;(R/I) = pi;(R/J) for all k > i and all j.

It is natural to ask for a similar result for the Hilbert function of local cohomology modules.
It is easy to see that in general the answer is negative for generic initial ideals. For instance if
one considers a non-sCM ideal with positive depth ¢, then h'(R/I); = hi(R/Gin(I)); = 0 for all
0 <i < tand all j, but Theorem 5.1.1 guarantees that there exists at least one index ¢ for which
h{(R/I); # h'(R/ Gin(I)); for some j. Furthermore Gin(I%) = Gin(I)** yields immediately
that, for any ideal I, h%(R/I); = h°(R/ Gin([)); for all j.

In this section we introduce the notion of partially sequentially Cohen-Macaulay module
which naturally characterizes those ideals for which h*(R/I); = h¥(R/ Gin(I)); for all k larger
than some fixed i. In the last section we consider and positively solve the similar problem for
lex-ideals. We start by introducing the new definition.

Definition 5.3.2. Let i be a non-negative integer. A finitely generated R-module M with di-
mension filtration { My }x>_1 is called i-partially sequentially Cohen-Macaulay, i-sCM for short,
if Ug(M) == My /My_1 is either zero or a k-dimensional Cohen-Macaulay module for all
i <k<dimM.
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Clearly, sequentially Cohen-Macaulay modules are exactly the 0-sCM modules. It is not
difficult to see that several known results about sCM modules can be generalized to context of
the above definition. In the following lemma we collect some properties of this kind; the proofs
are easy generalizations of the original ones that can be found in [38] and [85], but we include
them for the sake of the completeness. For the rest of the chapter we let h*(M) = Hilb(HE (M)).

Lemma 5.3.3. Let M be a finitely generated R-module with dimension filtration { My }r>_1.
If x € R is an M -reqular element, then M is i-sCM if and only if M /xM is (i — 1)-sCM.
R/I is i-sCM if and only if R/I%* is i-sCM.

If M is i-sCM, then HE(M) = HE(M},) = HE(Up(M)) for all k > i.

If R/I is i-sCM, then h*(R/I) = Hilb(Ux(R/I)) for all k > i.

R/I is i-sCM if and only if Hilb(Ux(R/I)) = Hilb(Ux(R/ Gin(I))) for all k > i.

AN ol o

Proof. 1. First of all we note that Mg = 0, because R contains a regular element, and that
the dimension filtration of M/xM is {M' := (Myy1 + aM)/xM }i=o....a—1. Moreover, since
x is M-regular, we claim that it is also M/ Mj-regular for all k. Indeed if xm € My, for some
m € M, then for all y € Ann(My,) we get zym = 0 and, since x is M-regular, it follows ym = 0
that in turn implies y € Ann(My, + (m)). Consequently Ann(My) = Ann(My + (m)), then
dim My, = dim(My, + (m)) and from the definition of My, follows that m € My. Clearly this
implies that x is also Uy (M )-regular for all k. Furthermore, it follows that My NzM = x My, in
fact if m € M and xm € My, we have proved above that m € M. Now consider the surjective
homomorphism Uy (M) — M'_1/M';_q, defined as m + My_1 — (m + M) + M’;_5. Then
m + Mj_1 is in the kernel if and only if m € Mg NazM = xM;, and so there is an isomorphism
U(M)/2xUp_1 (M) = M'_1/M'_5. Since zx is a regular element, M is a i-sCM if and only if
Up(M)/xUp(M) is either zero or Cohen-Macaulay for all k > i; by the isomorphism above, this
is equivalent to say that M’y /M’y is either zero or Cohen-Macaulay for all k > i — 1, i.e.
M/xM is (i — 1)-sCM.

2. This is trivial because HY(R/I) = I /T and, since it has dimension zero, if we quotient by
HY(R/I) the dimension filtration does not change, except for k = 0.

3. The short exact sequence 0 — Myp_1 — My — Up(M) — 0 yields the exact sequence
HE(My_1) — HEMy) — HE(UL(M)) — HEHY(My_1) and, since dimMy_; < k — 1, it
follows that HY(My) = HE(UL(M)). Moreover if i < t < k, we also get the exact sequence
HYW(Ug_1(M)) — HL (My_1) — HE(My) — HE(Ug(M)) and, since Uy,_1(M) and Uy (M) are
Cohen-Macaulay of dimension k — 1 and k respectively, it follows that H (My) = HE (Mg_1).
Consequently

HY (M) = Hi(Mq) = HE(Mg_1) = ... = Hy (Mpyq) & HE(My) = Hy (Up(M)).

4. By 3 we can assume that U(M) is Cohen-Macaulay of dimension k. If x is a U(M)-regular
element of degree one, we have the exact sequence

0 — Hy ' (Up(M)/2Up(M)) = Hpy(Up(M))(—1) = Hy(Ug(M)) = 0
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which, together with 3, implies that h* =1 (U (M) /zUx(M)) = (t—1) h*(U;(M)) = (t—1) h¥(M).
In the same way, if x is a maximal regular sequence for Uy (M), we get h®(Ux(M)/xUi(M)) =
(t — 1)!h¥(M). On the other hand, since Uy(M)/xU;(M) has dimension zero, it follows that
RO(Up(M) /xUy(M)) = Hilb(U, (M) /xU;(M)) and then the thesis follows immediately.

5. The equality Hilb(Ugx(R/I)) = Hilb(Uyx(R/Gin(l))) holds for all £ > ¢ if and only if
Hilb(R/I*)) = Hilb(R/ Gin(1)¥)) for all k > i — 1 and, since Gin(I*)) C Gin(I)* by [38,
Proposition 13], this condition is equivalent to Gin(I**)) = Gin(I)%*) for all k > i — 1. On the

other hand, if we consider the short exact sequence
0 — Up(M) — R/I%*V — R/ — 0,

using the Depth Lemma [17, Proposition 1.2.9], it is easy to see that R/I is i-sCM if and only
if depth(R/ Gin(I**))) = depth(R/I¥)) > k+1 for all k > i — 1. Since for all ideals J the depth
of R/ Gin(J) is equal to the smallest integer ¢ such that Gin(J) is a proper subset of Gin(.J){®
(see [38, Lemma 11]), the last condition is in turn equivalent to Gin(I*)) = Gin(I*))) for all
k > i — 1. Finally to conclude the proof we only need to show that Gin(I**))*) = Gin(1)*).
Since I C I®), it follows immediately that Gin(I) € Gin(I**))%*) C Gin(I)¥). Then this implies
that Gin(I)*) € Gin(I*))* C (Gin(1)* )k = Gin(1)*¥), see [38, Corollary 15], and this is
enough to conclude the proof. O

Remark 5.3.4. We define the i-th truncated Bjorner-Wachs polynomial of R/I as

dim R/I
BW/(R/Iit;w) = Y h(Un(R/I);t)w".
k=1

A trivial consequence of the previous lemma is that R/I is i-sCM if and only if BW!(R/I;t;w) =
BW*(R/ Gin(1);t; w).

In the rest of the chapter we set R[i} = k[z1,...,2;] and J; = J N R; for any ideal J of
R. Let I € Ry be a generic linear form which, without loss of generality we may write as
l=a1x1+ -+ an_1Tn_1 — Tpn, where a; € k. Consider the map g, : R — R[n_l], defined by
r,—x;fori=1,...,n—1and z, — a1x1+ - +an_12,_1. It follows that the homomorphism

£ IZE’:(};] is surjective and its kernel is (I + (1))/I; therefore it induces the isomorphism

R Ry
0 D) (5:2)

Since Gin(7) is an initial ideal, it is clearly a monomial ideal and consequently the image of
Gin(I) in Rp,_y) via the mapping z,, + 0 is Gin(I)j,—;). With this notation, it follows from [42,
Corollary 2.15] that

Gin(gn (D) = Gin(D)j1). (53)

Now we are ready to prove a characterization of partially sequentially Cohen-Macaulay
modules, that explains the reason why we introduced them.
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Theorem 5.3.5. The following conditions are equivalent:
1. R/I isi-sCM;
2. h¥(R/I); = h*(R/ Gin(I)); for all k > i and for all j.

Proof. Since R/ Gin([) is sCM, it is always i-sCM and then 1 = 2 is a consequence of the last two
points of Lemma 5.3.3. As for the converse we use induction on d = dim R/I = dim R/ Gin([).
If d = 0 the ring is Cohen-Macaulay and then sCM. If d > 0, by Lemma 5.3.3.2 we can
substitute I with 7% and then we can assume that R/I and R/ Gin(I) have positive depth.
It follows from [47, Theorem 1.4] that there exists a linear form !’ which is R/ Gin([)- and
Ext™*(R/ Gin(I),wg)-regular for all k, where wg denotes the canonical module of R. Therefore,
since a change of coordinates does not affect the computation of the generic initial ideal, we may
assume that x,, is R/ Gin(I)- and Ext%_k(R/ Gin(I),wg)-regular for all k. Consequently, for all
k, the short exact sequence 0 — R/ Gin(I)(—1) = R/ Gin(l) — R/(Gin(I) + (x,)) — 0, gives
raise via Local Duality to short exact sequences

0 — HN"YR/(Gin(I) + (z,))) = HY(R/ Gin(I))(-1) = HE(R/ Gin(I)) — 0.

It follows that h*~1(R/(Gin(I) + (x,))) = (t — 1)R*(R/ Gin([I)), for all k.
We also know that there exists a generic linear form [ which is R/I-regular, because R/I
has positive depth. Thus, for all £ and some modules My, we get the exact sequences

0— M, — HE-Y(R/(I 4 (1)) = HE(R/I)(-1) = HE(R/I) - C = 0

and then h*=Y(R/(I + (1))) > (t — 1)h*(R/I) for all k.
Using (5.2) and (5.3), we thus have

(t = DRF(R/T) < BN R/(T + (1)) = K (Rpy-1y/gn (1))
< W (Ryyyy/ Gin(ga(1))) = K (Rppyy/ Gin(I) 1)
= *Y(R/(Gin(I) + (x,))) = (t — 1)A*(R/ Gin(1)),

where all of the above inequalities are equalities for all £ > i by hypothesis. In particular,
the equalities hk(R[n,l]/gn(I)) = hk(R[n,l]/Gin(gn(I))) for all K > ¢ — 1 and the inductive
assumption imply that R,_1)/gn(I) =~ R/(I + (1)) is (i — 1)-sCM. Consequently, R/ is i-sCM
by Lemma 5.3.3.1, because [ is R/I-regular. O

5.4 Consecutive cancellations

In this section we prove a technical property of the Hilbert function of local cohomology modules,
that we will use in the next section to prove the main result of the chapter. In [67, Theorem
1.1], using the proof of [65, Proposition 30], it is proven that the graded Betti numbers of a
homogeneous ideal can be obtained from the graded Betti numbers of its associated lex-ideal
by a sequence of consecutive cancellations. We will follow the same line of reasoning, but first
introduce some definitions.
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Let {c;;} be a set of natural numbers, where (i, j) € N2, Fix an index j and choose i and
7/ such that one is even and the other is odd; then we obtain a new set by a cancellation if
we replace ¢;; by ¢;; — 1 and ¢y j by ¢y ; — 1. Such a cancellation is said to be consecutive if
i =4+ 1. If I and J are two homogeneous ideal of R with the same Hilbert function and d is
the dimension R/I, Theorem 1.4.1 implies that

d
Hp/1(j) = Pry1(j) = Z(—l)i h(R/T);
=0
| (5.4)
d . .
Hp/5(j) — Pryy(j) = Z(—l)z h'(R/J);.
=0

In [83] E. Sbarra proves that for any monomial order < one has h'(R/I); < h'(R/in<(I)); <
hi(R/1'); and then it follows from the equalities above that it is possible to obtain the set
{h{(R/I);} from either {hi(R/in(I));} or {h*(R/I'*¥);} by a sequence of cancellations. In
fact, we will show that the use of consecutive cancellations is enough.

In the following proposition we make use of a standard deformation argument by flat families,
see [30, Section 15] for more details. We set some notations before proceeding with it. Consider
S = R[t] and let A be an integral weight function on R such that iny(I) = ins([). Given
f=>3,mi € Rand b=max;{\(m;)}, we define f = t*f(t @)z ... ¢t~z ) and consider
I = (f|f eI that is an ideal of S.

Proposition 5.4.1. Let < be a monomial order. The set {h'(R/I);} can be obtained from the
set {h*(R/in<(I));} by a sequence of consecutive cancellations.

Proof. In the proof of [83, Lemma 2.2] it is proved that there exist 1 ;, by j, ps € N such that

my; hi
Extl(5/7. ), ~ QD ki o DA /()
s=1 s=1
dimy, Extlz(R/I, R); = my j;
dimy, Extly(R/in< (1), R); = my; + hyj + b1,
and the local duality theorem yields
WO (R/in<(I)); = h®(R/1); + huj + hu-1,
W'(R/in<(I)); = h'(R/1)j + hn—1,j + hn—2,

h YR/ ins(1)); = KN (R/T)j + hn-ags1 + Pn—ayj,
h(R/in(I)); = hY(R/T); + hn—q,.

Therefore the thesis follows, because 0 = Z?ZO(—l)i RY(R/in(I)); — Zgzo(—l)i RY(R/I);
P j.

Ol
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Corollary 5.4.2. The set {h'(R/I);} can be obtained from the set {h'(R/I1'*);} by a sequence
of consecutive cancellations.

Proof. Following the proof of [67, Theorem 1.1], there is a finite sequence of homogeneous ideals
which starts with the ideal I and finishes with the ideal I'®*. This sequence is obtained by
applying three types of basic operations: polarization, specialization by generic linear forms
and taking initial ideals with respect to the lexicographic order. By the proof of [83, Theorem
5.4], we only need that {h*(R/I);} can be obtained from {h‘(R/in<(I));} by a sequence of
consecutive cancellations and then the thesis follows from the previous proposition. O

5.5 A rigidity property of lex-ideals

In this section we prove the main result of the chapter, which establishes an analogue of Theorem
5.3.1 and generalizes Theorem 5.1.2. We start with some preliminary results.

Lemma 5.5.1. [18, Lemma 1.4] Let I be a weakly stable ideal. Then
Iy Tl =(1: x?)[n—l} P

Lemma 5.5.2. [18, Lemma 1.5] Let I be a weakly stable ideal, let 0 < i < n be an integer and
set J = (Ijp—it1) : T iy1)n—i)- Then

Hilb (HW(R/I)) — Hilb (H;i[n_i] (Rpn_y /J)) Y

7<0
forallk=0,...,n—1.

Lemma 5.5.3. Let I and I’ be two weakly stable ideals. If they have the same Hilbert polynomial,
then Ij,_; and I['n_i} have the same Hilbert polynomial for all i =0,...,n. Moreover the ideals
(Tpn—it1] * 70211 n—i) and (I[/n—iﬂ] L 25 i 41)[n—i] have the same Hilbert polynomial.

Proof. Since I and I’ are weakly stable, I : 25° and I’ : x2° are their saturation by Proposition

1.2.2 and then they have the same Hilbert polynomial; clearly this happens also for (I : 23°)},—1
and (I" : £3°)(p—1]- Saturating again these ideals and using Lemma 5.5.1, we get that Ij,,_qj : 257

and [ [’n_l] : xp? | have the same Hilbert polynomial; consequently this happens also to I}, _q
and I [’n_l]. The last statement is clear. dJ

We prove first our rigidity property for weakly stable ideal, but we will remove this hypothesis
in Theorem 5.5.6.

Proposition 5.5.4. Let I C R be a weakly stable ideal. If h'(R/I); = hi(R/I'*%); for some
i >0 and all j, then h*(R/I); = h*(R/1'%); for all k > i and all j.
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Proof. Clearly, by Theorem 5.1.2, we can assume ¢ > 1. By Proposition 5.4.2, we know that the
set {h¥(R/I);} can be obtained from {h¥(R/I'*);} by means of a sequence of consecutive can-
cellations. Since at level i there is nothing to be cancelled, it follows that the set {h*(R/I);}r>:
can be obtained from {h*(R/I'*);};>; by a sequence of consecutive cancellations. In particular
this implies that

n n

DR RMR/D; =Y (-1 W R/,

k=i k=i
Set J = (Ijp—it1] : T jy1)jn—i) and J' = ((Ilex)[n,iﬂ} 1 25° ;1) [n—i)- Theorem 1.4.1 and Lemma
5.5.2 now imply that

n—i

Hp,, 700) = Pr,_y00) = Z(—l)k W (Rp—iy/J)j =

k=0

3
J

= (=D W (Rpi/ ) = Hry 700 (G) = Py ()
0

e
Il

Since J and J' have the same Hilbert polynomial by the previous lemma, they also have the
same Hilbert function; moreover J' = J!®X because J’ is a lex-ideal. Furthermore, the ideal
(I 10")[n,i+1} tap’ ;. is a saturated lex-ideal of Rj,_; ) by Proposition 1.2.2.1 and, therefore,
it has positive depth and at most n — ¢ generators, by Theorem 1.1.1.1. It follows that J" has
at most n — ¢ minimal generators, i.e. is an universal lex-ideal, and thus J is a critical ideal.
Consequently Remark 5.2.2.3 yields that hk(R[n_i]/J)j = hk(R[n_ﬂ/J’)j for k =0,...,n—1
and, the conclusion follows using again Lemma 5.5.2. O

It will be useful to re-state what we have just proved as follows.
Corollary 5.5.5. Let I be a weakly stable ideal of R and let i be a positive integer. Set J =
Tpn—ig1) : 252 i) i) and J' = (1) 1) 252 1) n—i)- The following are equivalent:
1. h(R/I); = h{(R/1'); for all j;
2. h¥(R/I); = h*(R/1'*%); for all k > i and all j;
3. J and J' have the same Hilbert function;
4. J is a critical ideal;

5. Gin(J) = J'.

Proof. In the proof of the previous proposition we showed that 1 = 3 = 4 = 2, which in turn
obviously implies 1. Moreover Condition 3 descends immediately by 5, whereas, since J' = J 1%,
4 implies 5 by Proposition 1.2.1.5. O

We are now ready to prove the desired rigidity property.
Theorem 5.5.6. Let i be a non-negative integer such that h'(R/ Gin(I)); = h'(R/I1'*); for all
j. Then h*(R/I); = h*(R/1'*); for all k > i and all j.
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Proof. We proved the case i = 0 in Remark 5.2.2.2, therefore we may assume that ¢ > 0.
Since Gin(I) is a weakly stable ideal, it follows from Proposition 5.5.4 that h*(R/Gin(I)); =
h*(R/I'°X); for all k > i and all j; hence, by Theorem 5.3.5, it is enough to prove that R/I is
i-sCM.

Since R/I % has positive depth, there exists a generic linear form I,, which is R/I %3'-regular.
Now, by (5.2), Rjp—1)/gn(I%") =~ R/(I%" +(1,)); thus, if we set .J; := g,,(I°*"), by (5.3) it follows
that Gin(J;) = (Gin(I)*"),_1) and R/I is i-sCM if and only if Ry,,_q1/J1 is (i — 1)-sCM. If
i—1 >0 we can go on in this way: we saturate .J; with respect to the maximal ideal of R},_yj,
take a generic linear form l,—1 € Rjp,_y), which is Rj,_y//1 sat_regular, and apply (5.2). By
letting J» be the ideal g,,—1(J1 %), we have Ry, o)/ J2 ~ Rpy,_17/(J1%*" +(ln-1)) and

Gin(J2) = (Gin(J1) ) p—g) = (((GIn(I) ***) 1)) ) u—g) = (GIn(D) pp17) ™) =2y

where the last equality holds by Lemma 5.5.1. After i steps, we get

Gin(J;) = ((GIn(1) jp—i1+1) **) i (5.5)

and R/I is i-sCM if and only if Ry,,_;)/J; is 0-sCM, i.e. sCM. Since Gin([) is a weakly stable ideal
and h'(R/ Gin(I)) = hi(R/I1'*¥), it follows from Corollary 5.5.5 that (GIn(1) jp—it1]) )y 18
a critical ideal. By (5.5) also J; is a critical ideal and Remark 5.2.2.3 implies that Rp,_;/J; is
sCM, as desired. 0

Corollary 5.5.7. Set J = (Gin(I)j—iq1] * Tp iy 1)n—i] and J' = ((Ilex)[n_iﬂ] DT 1) i)
where © is a positive integer. The following are equivalent:

h{(R/ Gin(I)); = h (R/1'*); for all j;

RY(R/I); = h*(R/I'°%); for all j;

R¥(R/I); = h*(R/1'%); for all k > i for all j;

J and J' have the same Hilbert function;

J is a critical ideal;

6. Gin(J) = J'.

=

AN ol S

Remark 5.5.8. 1. Clearly Theorem 5.5.6 implies that if h*(R/Gin(I)); = h*(R/I1'); for all
4, then hi(R/I); = h(R/1'); for all j. Even if the previous theorem is inspired by Theorem
5.3.1, we note that this is not true for the Betti numbers, see [57, Theorem 3.1].

2. As in Remark 5.3.4, it is easy to see that I and I'®* have the same i-th truncated BW-
polynomial if and only if h*(R/Gin(I)); = h'(R/1'®¥); for all j.

3. In [18] the authors introduce the notion of zero-generic initial ideal of an ideal, denoted by
Ging(I). This shares many interesting properties with the usual one Gin(I) and the two notions
coincide in characteristic 0. It is easy to see that all the equivalent conditions of the previous
corollary are still valid for Ging(I). In fact, since h'(R/Ging(I)) = hi(R/Gin(I)) for all i,
Theorem 5.5.6 clearly holds for Ging(/), and, since Ging(I) is weakly stable, the conclusions of
Corollary 5.5.5 hold as well. Thus, we only need to show that Ging(J) = J' is equivalent to
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conditions 1-5. Onme direction is immediately seen, since if Ging(J) = J', they have the same
Hilbert function; the ideal .J’ is a universal lex-ideal and, thus, J is critical. Conversely, if J is
critical, so is Ging(.J). Therefore, Gin(Ging(J)) = Ging(J)'*. It is known that the ideal on the
left is Ging(J), while the ideal on the right is J’ = J!°* because Ging(J) and J have the same
Hilbert function.
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