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Abstract

We find a resolution for the coordinate ring R of an algebraic monomial curve associated to a GS numerical semigroup
(i.e. generated by a generalized arithmetic sequence), by extending a previous paper (Gimenez, Sengupta, Srinivasan)
on arithmetic sequences, A consequence is the “determinantal” description of the first syzygy module of R. By this
fact, via suitable deformations of the defining matrices, we can prove the smoothability of the curves associated to a
large class of semigroups generated by arithmetic sequences, that is the Weierstrass property for such semigroups.
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0 Introduction

Let k[xo, ..., x,] /1 =~ Kk[t*, s € S] be the affine coordinate ring of a monomial algebraic curve X C A7 defined by
a numerical semigroup S and let R = k[zg,...,z,]/I (k field). Several properties of these rings have been studied
in the recent years; on the other side, some questions are still open and, among them, the problem of classifying the
Weierstrass semigroups, which are appropriate for the construction of algebraic geometric codes (see [3], [9] and e.g.
[13]). By a well-known Pinkham’s Theorem in [15], the smoothability of a monomial curve, i.e., the existence of flat
deformations with smooth fibres, assures the “Weierstrass property” of the associated numerical semigroup.

We consider semigroups generated by generalized arithmetic sequences (GS for short), i.e., S =< mg,...,m, >
with m; = nmg + id, for n,i > 1; it can be noted that these sequences are particular cases of almost arithmetic
sequences that also appear in the literature (if 7 > 2, the first generator of a GS semigroup is the one that is not in
arithmetic progression). The defining ideal I of a GS curve X is generated by the 2 X 2 minors of two matrices (first
noted in [4] in case n = 1, when S is generated by an arithmetic sequence, AS for short). By adapting to GS semigroups
a procedure shown in [5] for AS semigroups and based on iterated mapping cone technique, we obtain a minimal free
resolution and the Betti numbers for GS semigroup rings. Further we give a “determinantal” description of the first
syzygy module based on the explicit definition of the boundary maps (Theorem 1.6) .

In view of these facts and some results of Shaps and Pinkham, one can easily prove the Weierstrass property of
GS semigroups of maximal embedding dimension (in particular the Arf ones). More generally, for a GS semigroup, it
is quite natural to deal with the smoothability of the associated curve X by finding suitable compatible deformations
of the matrices defining I and by considering the variety Y defined by the 2 x 2 minors of the deformed matrices:
the “determinantal” description of the first syzygy module immediately gives the flatness of the induced morphism
m:Y — 3 (base space). By these tools, we prove the Weierstrass property for some classes of AS semigroups.
Let mg = b (mod.n); when n < 3b, we construct a deformation of the curve X and, via Bertini’s Theorem with
some more technical trick, we show this deformation has smooth fibres, as concerns AS semigroups (Theorem 3.2 and
Theorem 3.4). In particular, this result and the well known “determinantal” case b = 1 proved in [17], ensure the
Weierstrass property of all the AS semigroups with embedding dimension < 7 and of every AS semigroup with b # 2
and embedding dimension < 10.

1 Free resolution and syzygies.

Notation and preliminary results 1.1 We fix the following Notation.

(a) Let S be a semigroup minimally generated by a generalized arithmetic sequence (GS for short):
S = g<icn Nm; , where m; = nmo +id, (1 <i<n) and GCD(myg,d) =1,
let a,b,;n € N be such that
mog=an+b, a>1, 1<b<n, p:=an-+d.
Let P :=k[zo,...,zn] (kfield), with weight(z;) :=m;, and let k[S] = k[t®, s € S].

(b) We shall denote by Sy the AS semigroup generated by the sequence mg, mg + d, ..., mo + nd, and by X, the
associated AS monomial curve Spec k[Sp].

(¢) As in the case of AS curves the defining ideal I C P of a GS curve is generated by the 2 x 2 minors of the
following two matrices:

] n
A= Ty T1 ... Tp—2 Tp—1 A Ty Xy oo Tpep
= = 5 .
r1 T2 ... Tp-1 e ) Ty ... Tp



and a minimal set of generators for I can be obtained by the <Z> maximal minors {f1, ..., f()} (we choose

lexicographic order) of the matrix A and the n — b + 1 maximal minors M;; containing the first column of the
matrix A’. For h = 1 this fact is well-known, see [4, Theorem 1.1].

If h > 1, letm = (zg,21,...,2,) C R = P/I, and let Gr(k[S]) := Gra(R) = @,,>,m"/m""! be the
associated graded ring (with deg(z;) = 1, V7). B

For ¢ € R define its initial form ¢* as the homogeneous component of the least degree; the graded ideal I*
generated by {f*, f € I} is called the initial ideal of I and Gr(k[S]) ~ P/I*. If h > 1, it is straightforward
that the (3) + (n — b+ 1) elements described in (c) are in I, further their initial forms generate the ideal I*

corresponding to the graded ring , as proved in [18, Corollary 3.5]. Then by applying [8, Theorem 1.2] one can
deduce that the above elements constitute a standard basis of 1.

(d) We call € the codimension two ideal generated by the 2 x 2 minors of the matrix A.

(e) For h =0,...,n — b, we shall denote by g, the minor formed by the columns |c;, ¢;,—p12—p| Of A’
+
go = 2% —ala, y gh = 20 p — T by Gnop = 2z — 2T

and by 0y = am,, + my_p its weight.

9.

1.1 Resolution and syzygies of /.

Via mapping cone, quite analogously to what is done in [5] for AS monomial curves, we can construct a free minimal
resolution for the ideal I generating a GS curve, see Theorem 1.4 below, which extends [5, Theorem 3.8 ]. We briefly
recall the main steps and the changes to adapt the proof of [5, Theorem 3.8 ] to the case of GS curves.
An interesting corollary is that the Betti numbers of the ideal I are the same as the Betti numbers of I, the ideal of the
related AS curve X (as in Notation1.1b); further these values are maximal, since coincide with the Betti numbers of the
associated graded ring to k[S]. Another consequence is the determinantal shape of the syzygies among the generators
of I. To show this property we shall describe explicitly the maps

ds dy

RQ — R1 — P

considered in Theorem 1.4 below.

The starting point of the construction is the existence of the well-known exact sequence

0 — R/I:2) —— R/I — R/I+(z) —0

where [ is an R-ideal, z € R, 7 is the multiplication by z (See [18] and [5]). Hence we start with a generalization of
[5, Lemma 3.1].
Lemma 1.2 With Notation 1.1: assume 1 < b < n — 1 : then (6 + (9o, ...,gh)) D ght1 = (21,...,2n), foreach
0<h<n-b-1
Proof. To prove the inclusion “ 2O 7, we divide the proof in several subcases:
(a) 0<h<n—-0-2, 1<i<n-—1:

First observe that ;119n+1 — Tign = Tit1(XETp_p—1 — ThTn—b—n—1) — Ti(TETp_p — THTp_p—p) =

= 2% (Tip1Tp—h—1 — TiTn—p) — TH(Tit1Tn—b—h—1 — TiTn—p—pn) € €, hence the inclusion D is clear.
b 0<h<n-0-2, i=0:

T1Gh41 — T0Gh = T1 (T8 Tp_p—1 — TG Tp—p—h—1) — TL(TETp—p — THTp—p—p) =

=28 (21@n—n—1 — TTn—n) — h(T12p—p—p—1 — T Tpn_p_p) € €.
(¢ h=n—-0b—-1, 1<i<n-1:

Tit1Gn—b — Tign-b—1 = Tiy1(ThT — ) — zi(zhry — 2gT1) =

= 2% (i1 — Ti%pt1) — h(Tip12] — x5m1) € €.
d h=n—-b—-1, i=0:

T1Gn—b — TGn—p—1 = z1 (2%, — T

To prove “ C 7, first note that by the above items we deduce
() : (a), (c) = wigh = Tiy19nt1 + n, ¢n€C, YVO<h<n-b-1

(0), (d) = @0gh =T1gh41 +Pn, Yn €€ YO<h<n-b-1, 1<i<n—1

1)n+d
:E(()a+ )n+

—xl (@l — xhxr) = 28 (v12p — 2lTp41)271) € €.



Now assume that zggp+1 € €+ (9o, -.., gn)- Then zogr+1 = B+ apgo + ...angn, a; € P, B € €. Hence, by (e):

xgth_H =zl + aoxlgo + ... + apzign = B1 + o191 + ... + ARTIGH+1 =

B2 + aprage + ... + (Qp—1T2 + ApT1)Ght1 = ... = P + agni1, With B, € €, a € (71, ..., 2y).
This would imply that ("' — a)g41 € €, impossible since € is prime, gn 11 ¢ €, 20" —a = zI" — (apzni1 +

Q1Th + ... + apry) ¢ € (because Mo ¢ (pma gy o

The mapping cone construction starts with two well-known complexes, which are still exact for GS curves:

1.3 Assume R weighted graded with deg(xz;) =m;, 0<i<n.

(1) The weighted-graded Eagon-Northcott, minimal free resolution of the determinantal R-ideal € = ( fi, - f(n) ) , 18
2

dn—l dn—2 d2 dl
E: 0 — n—-1 — n—-2 T — B — FE — Ey
where By = P, E, = AP P Q@ (Symo—1(P?))" = PPe(—s—1), for I<s<n—1, fB,=s(7").

Syms_1(P?) free P-module of rank s.

(2) The Koszul complex K, minimal free resolution for P/(x1, ..., x,), is
Al A1
K: 0—K, — .. — K — Ky — P/(z1,...,zy) —0
where K, = A*P" Kg = P(= Ey).
(3) The maps in [E, K are defined as follows. Let

DA vo +v1 =s—1}, (1 < s <n—1)beabasis of Syms_1(P?);
<ep N Nej @APAT, (1 <4y <idg < ... <igp1 <n, vy +wvr =5 — 1) > beabasis of Eg;
e1 N\ej, — (azng — T1%; ,1)
di: B — E 2 2 2 . . . ;
te 0 { iy A€y = (Tiy—1Ti, — Tiy Tiy—1), f 2<i1<izg<n
ds ((eil JANAN €i5+1) X )\80)\11)1) = Ao(eil JANAN eis+1) ® /\8071)\11)1 + Al(eil... A eiSJrl) X )\80)\11)171, s> 2,
where only the summands with non-negative powers of \g, \; are considered, and, for ¢ =0,1,s > 1, the maps
Ayt NP — AST1 P are defined as:
AQ(ei) = Titq—1; (1 <i< n, s§= 1)7 A0(61) ixg
Aglei Ao Neg,) = ijl(—l)JJ“lxij_,_q_l ey Ny Ny, (1< <..<ig<n, 2<s<n).
and when j; +¢— 1 =0, the monomial 2o must be replaced with .

(4) Further for (0 < h < n — b) denote respectively by

133 the basisof Ko(—dp), 0<h<n-—b>
65?) A A 65?) the basisof K (—dp), (1<h<n—-b, 1<i<..<is;<n)
eg?) Ao A eESJ)rl ® AP AT the basisof  Es(—dp), (1<i3<ig<..<isp1<n, vo+vy=s5—1

Eh
weight(e!) A .. A eg)) =my, +...+m;, — (s —1)d.

1

weight(z;) = m; =nmgo +1id (0 <i < n)
) weight(Ag) =0 weight(Ay) = d,
with weight(ep) = —0p,
( )

Then the Eagon-Northcott and Koszul complexes are naturally weighted graded, with the following grading of
modules K, F:

Ks(=0n) = @1<iyc..cisan P (=00 —miy — . =my_ + (s = 1)d), for 1<s<n+1, h=0,.,n-0b,

By =@ cor |Brcircrcinon P (—miy — o mma, + (s — vl)d)], for 1<s<n—1, Eg=P.

According to 1.3, quite similarly as done in [5], one can construct a resolution for the generating ideal I of a GS curve:



Theorem 1.4 [5, Theorems 3.8 and 4.1].
(1) With Notation (1.1), (1.3), the following complex is a free minimal resolution of the ideal I defining a GS curve:

d* ds d
R : O — R, — R,_.1 .. Rb — Ry L p
Ry = Ko(—0p—p) D ... ® Ko(—01) ® Ko(—80) ® E1  andfor s> 2,
1(—80) @ E, if b=n
n (Ks_l(—én_b) B o @ K1 (—01) ® Es_1(—00) @ ES)/DS if 1<b<n-—1

Deng 1(*5n b)@ @Ks 1( 61)@E9 1( 50)
dimk(D)—Vé( )—I—Vé 1(5 1) where v, == min{p — 1,n — b}

(2) The Betti numbers of the ideal I are

(n—b+2—s)(sfl)+s(szl), if 1<s<n-—-b+1
Bs = dim(Rs) =

(S*l*TLer)(:)#*S(SZl), if n—b+2<s<n

Ry =Ki(=0p—p)® ... ® K1(—61) B E>
dim Ry = (n —b)n + 2(3)

Ry = FEq1(—0dp) @ Es

(3) In particular, if b<n: , ifb=n: dim Ry — (g) v 2(;) .

We note that if n = 3, the above Betti numbers could be deduced also from [16].

It is well-known that the Betti numbers satisfy 3;(R) < 5;(Grn(R)), in our GS case, the equalities hold for each i:
Corollary 1.5 Let R = k[S] where S is a GS semigroup. Then 3;(R) = 3;(Grm(R)) foreachi =1,...,n

Proof. It is immediate by (1.4.2) and by [18, Theorem 4.1].

Corollary 1.6 With Notation 1.1, the first syzygies of the generating ideal I of a GS curve can be described as follows:

(1) The 2(’;) syzygies concerning the ideal € are given as determinants of the 3 x 3 minors obtained by doubling a
row in the matrix A.

) If 1 <b<n-—1 theremaining (n —b)n syzygies can be written by expanding the determinants of the
following matrices along the first column and the third row:

l<h<n—b f% Tn—b—h Tn—b—h+1 hen—b 56% L) Tpoponi1
{ 9 2 i<n : Ty Tp—h Tp—h+1 ; { 2<i<n : Ty Tp Tht1 ;
- 0 Ti—1 Z; - - 0 =z T
1<h<n—b T Tn—bh Ta—bhil h=n—b T o
{ ( _ 1) : Z mn;h Tn—h+1 5 { i=1 : ) HJZ Ty+1
0 T 1 0 zp =1

(3) If b=n the remaining ( ) syzygies are trivial:  f;g0 — figo = 0.

Proof. From the technical construction via mapping cone in the proof of Theorem 1.4, we deduce in particular that:

(1). The construction of the 2(%) determinantal first syzygies of € by doubling one row of the matrix A, is well-
known [10] (and comes out as d3(E2)).

(2). Let 1 < b < n — 1: the remaining n(n — b) syzygies are obtained as
ds(e (h)), forl<h<n-b 1<i<n, where

%

Ry =Ki(=0p—p)®D ... D K1(—61) ® Es ﬂ Ry = Ko(=0p—p) ® ... & Ko(—61) ® Ko(—0o) ® E1, and
dy = ®1<n<n—p di(e (h)) ® do(Es), with di(e (h)) (A1 — Ap)(e (h))—l—ei/\ (z8en—ht1 — Then—b—nt1)
dQ(eg )) = x1ep — TQEn—1 + €1 N (J;nen,hﬂ — a:gen,b,h+1)7 1<h<n-0»
d;(egh)) =zien — Tic16n-1 + € A (28en—ni1 — Then—pnt1), if 2<i<n, 1<h<n-b
da(en Nex ANep @ Ng) = Ag((en Nex Aer),  (g=0,1).
By noting that the map dj : Ry — P is such that



di(en) = gn
d’{(el N 6]‘) = Z‘gﬂl‘j — T1%j1
L d*{(ez /\Cj) =Ti—1Tj; — T;Tj—1 2<i < i<n
we deduce for 7 > 2, that:
[ 2idi(en) = zigh = Ti(T2Tn—p — THEETP—p—h),
di(e1 A (2hen—nt1 — Then—b—nt1) ) = T8 (B]Tn—nt1 — T1Tp—n) — TH (T0Tn—b—nt1 — T1Tp—p—n) ,
L di(ei A (2len—nt1 — Then—pnt1) ) = T0(Tic1Tp—ht1 — TiTn—n) — Th (Tic1Tp—p—h+1 — TiTn—b—n) -
Therefore we have: if 1 < h <n —b,
[ (h) n n T

dids(ey”’) = x1gn — 2gh-1 + T (T0Tn—ht1 — T1Tn_n) — T (T{Tn—b—ht1 — T1Tn—p—pn) = 0,

(h) w .

| dids(e; ) = @ign — im1gn—1 + 24 (Tic1Zp—n41 — TiTn—n) — 20 (Tim1Tn—b—nt1 — TiTp—p—n) = 0;

if h=n-—»,

o
dids(ef" ") = wign — algn—1 + 28 (xTpe1 — T128) = 0,

wr (h
i deQ(E( )) =Zigh — Ti—1Gh—1 + 24 (Tim1Tp41 — Tixp) + b (2w, — v12i21) =0 .

()

In each case, did3(e
the third row.

) is the expansion of the determinant of one of the above matrices , along the first column and

(3). If b = n, the remaining (%) syzygies are obtained as d (e(-o)), 1 < i < n, with

ds * _
Ry = Ey(=8) @ By — Ry = Ko(—00) &E1 = Eo(~6) ® Ey dj(ei Aej) = da(es Aej) = go- (ei Aej).
Hence de;(ez AN €j) = dl(ei AN Gj)g() - ggdl(ei A €j). &

2  Arf-GS monomial curves and their smoothability.

The definition of Arf semigroups comes from the classical one given by Lipman [11] for a semi-local ring R. When R
is analitically irreducible, residually rational there exists a finite sequence R = Ry C R1 C ... C R,,-1 C R,, = R
of one dimensional local noetherian rings such that for each 1 < ¢ < m, the ring R; is obtained from R;_; by
blowing up the maximal ideal m;_; of R;_;. Then R is called Arf if for each : = 1, ..., m the embedding dimension
of R; is equal to the multiplicity of R;, i.e. embdim(R;) = e(R;). In particular, if a local ring R is Arf, then R
has maximal embedding dimension. According to Lipman’s definition, for X = Speck[[S]], S numerical semigroup
minimally generated by mg < my < ... < my, the blowing-up L(S) of S along the maximal ideal M = S\ {0}
is L(S) = thl(hM — hM), where hM := M + --- + M (h summands, h > 1), hM — hM = {z € Z|
z+ hM C hM}. Tt is well-known by [1, (1.2.4), and (1.3.1)] that:

(@) L(S) =< mg,mi —mg, ..., My — Mg >.
(b) There exists a finite sequence of blowing-ups: S C S; =L(S) C...C Sy, = L(Sp—1) =IN.

Definition 2.1 A numerical semigroup S is called an Arf semigroup if the sequences of its blowing-up S C S =
L(S) C ... C S, = L(Sm—1) = IN satisfy embdim(S;) = e(S;) Vi=1,...,m.

According to a well-known result of Shaps [17] and Pinkham’s Theorem [15], we get

Proposition 2.2 Every GS semigroup as in Notation 1.1 of maximal embedding dimension is Weierstrass. In particular,
each Arf semigroup generated by a generalized arithmetic sequence has the Weierstrass property .

Proof. If S is a GS semigroup of maximal embedding dimension , then n + 1 = embdim(S) = e(S) = my.
Therefore a = b = 1, and so the defining ideal I is determinantal generated by the 2 X 2 minors of the matrix A’.
Then the associated curve is smoothable according to [17] and so .S is Weierstrass. In particular, it holds for the GS
semigroups which are also Arf since ( as above recalled ) they have maximal embedding dimension.

As regard Arf-GS semigroups we recall the following characterization

Proposition 2.3 We have:



(1) A numerical GS semigroup is Arf if and only if either e(S) = 2, ord = 1,2  [12, Prop.2.4 and its proof] .

(2) Given a semigroup of maximal embedding dimension, minimally generated mg < m; < ... < my, ifm; = 1,
then S is Arf if and only if it is GS (with d = 1).

Proof. (1) follows by noting that for .S minimally generated by < mq,nmg + d, ..., ymg + nd >, with n > 2, then its
blowing-up is L(S) =< mg, (n — 1)mg + d, ..., (n — 1)mgo + nd >; further L(S,)) =< myg, d >.
(2). The proof is in [20, Prop.3.1]. ¢

3 Smoothability of AS curves via modifications of the defining matrices.

In general, if X and ¥ are schemes over a field k, a deformation of X over X is a k-scheme Y, flat over X, together
with a closed immersion X < Y such that the induced map X — Y Xy k is an isomorphism: namely there is a

X = Y
cartesian diagram l l” with 7 flat morphism.
{0} — X

A variety X is said to be smoothable if there exists an integral scheme X of finite type and a deformation Y of X over
> admitting non-singular fibres.

This section deals with the smoothability of AS monomial curves (GS curves with n = 1); this topic is strictly
closed to the classification of Weierstrass semigroups, see [3] for a survey. In fact, by Pinkham’s Theorem [15], if
the field k is algebraically closed of characteristic 0, the semigroup associated to any smoothable monomial curve is
Weierstrass. We refer to [7] and [13], for the basic tools on deformations and Weierstrass semigroups.

For an AS semigroup S as in Notation 1.1, let mg = b (mod. n) and let X be the associated monomial curve. If b =1
or b = n, then X is smoothable: for b = 1, the defining ideal I of X is determinantal and the result follows by [17],
for b = n, see [13]. Further for n < 4, the smoothability of X is proved in [14].

Now we extend the above result to the curves verifying n < 3b. The bideterminantal shape of the ideal I and the
determinantal description of the first syzygy module explained in (1.6), allow to construct suitable deformations of the
matrices defining I and by this way to get immediately the flatness of the induced morphism, since the first syzygies
naturally lift to the set of deformed generators. The proof of the smoothability is based on the following version of the
classical Bertini’s Theorem:

Theorem 3.1 Let X be a nonsingular variety over an algebraically closed field k of characteristic 0. Let D be a finite
dimensional linear system.Then almost every element of D, considered as a closed subscheme of X, is nonsingular (but
maybe reducible) outside the base points of D.[6, III Corollary 1.9, Remark 1.9.2]

We suppose the field k algebraically closed of characteristic 0, even if some of the following results hold under more
general assumptions.

3.1 Casen <2b.

We set up explicitly a 2-dimensional family of curves containing X as special fibre, whose generic member is regular.

Theorem 3.2 Assume that n < 2b. Deform the matrices A and A’ in Notation 1.1, respectively as

a —
Adef:(a:o A xn_1) A/def:( ¢ To ... Toop V).

Ty ... Tp_p—V .. x, ngU Ty ... Tn
Let Y C A™3 be the variety defined by the union of the 2 x 2 minors of Ager and Aiief. Then
(1) The ideal Iy C K[z, ..., xn, U, V] is minimally generated by the 2 x 2 minors {F1, ,F(g)} of Ages (lexico-
graphically ordered) and by the minors {Goq, ..., Gp_p} ofAiief containing the first column.
(2) The induced morphism 7 : Y — Speck[U, V] is a deformation, with smooth fibres, of the monomial curve X.

Proof. (1). The 2 x 2 minors of the matrix A’def not containing the first column, have two possible shapes:
My, = det( v with 0<i<j<n-—Db,

Tio b =V 0<i<n—b.

Mipnp = det (
' Totiq T
These minors belong to the ideal generated by the 2 X 2 minors of Ag.f. In fact:



M;j = (ibrj — Tit1Tp4j-1) T (Tip1Z045-1 — TigaTorj—2) + o+ (Tj-1Tb4it1 — T3 Thpi)s

sinceb>n—>b and b+j>b+j—1>..>b+i+1>n—10;

M;n—p = (2i&n—Tig1Tn—1)+(Tit1Tn—1 —Tit2Tn—2)F ...+ (Tn_p—2Tptit2 — Trn—b—1Tbtit1) T (Trn—p—1Tbpit1—
Tppi(Tn—p —V)), sinceb+i+k>n—bforl<k<mn-—b—i.

(2). According to this “compatibility” among the minors of the two matrices A 4.y, A’def and by Theorem1.6, we can

see that the expansions of the determinants of the following matrices along the first column and the third row, are
relations among the chosen generators of Iy which lift those of I found in (1.6):

a

Ty Tn—b—h LTn—b—h+1
oy —U  xp_p Ty—hi1 with 1<h<n-b 1<i<n, i#%n—0,
0 Ti—1 x4
et Tpn—b-1 Tp-p—V
zh—U  xp T with h=1, 1<i<n, i#n-—0b,
0 Ti—1 T
x5 Tn—b—h Tn—b—hil
zy —U  xp_p Tn—ha1l with 1<h<n-b i=n-0b,
0 Tn—b—-1 Tn—b — |4
Ty Tp—bp—1 Typ_p—V
zhy —U  xp Ty with h=1 i=n—0.
0 Tn—b—1 Tn—b — v

Therefore there exists a flat morphism 7 : Y — Spec k[U, V] with special fibre the curve X.

It remains to verify that this deformation has smooth fibres, equivalently, that the rank of the jacobian matrix of the
generic fibre is n at every point. For this, we fix V' = V;; # 0 and we first prove that the two-dimensional variety
Z defined by the minors of Ag.r, (with V' = 14), is non singular (Z is a deformation of the cone on the rational
normal curve). This fact allows us to apply Bertini’s (3.1) to Z and to the divisor D on Z defined by the element
Go = 22T — (2 — U)(wp—p — Vp): a fortiori the generic fibre X’ of 7 is smooth outside the fixed points of D.
Finally, by choosing other suitable generators of X', we shall deduce the regularity of X' at the above fixed points.

To show that the variety Z is regular, we prove that the Jacobian matrix J(P) has rank n—1 for each V' # 0 and for
each P € Z. Consider the submatrix J}, of Jz formed by the rows corresponding to the elements Fi, ... F,,_; :

X2 —2$1 i) 0 e 0 0 0

x3 —Xo X1 Xo .- 0 0 0
Tnp— Vo Xp_p—1 0 ... xz¢ ... O 0
Ty —XTpn9 0 ... =1 =z O
Ty —Xn1 0 0 ... 0 =1 =z

If 29 # 0 the rank is n—1. The points belonging to Z with zq = 0 are
P(0,0,...,0,z,), Q(0,0,...,0, Vo, Ty—pt1s vy Tnr)-
At the points P a non vanishing minor with size (n—1) of J; comes from the subset of generators of A .¢ of the shape

det ( i:l i"n—l;—_l Ve ) =2i(zp—p — Vo) — iz1%n—p—1, 1=0,.,n—1, i#n—->b—1
3 n—

Now, to achieve the proof, consider the (n x (n + 1)) submatrix Ji, of Jy related to the minors

x; Tpn—b . . Tn—b—1 Tn—b
det ,0<i<n—1,i#n—b (of Ager), and det =G,
($¢+1 Tp—b+1 ) - 7 ( def) ( Tn—b— Vo Tp—bt1 > b



Ln—b1 —Tnb - 0 0 —X7 o 0
0 Tn—b+l . 0 0 —XT2 T 0
0 .
0 0 —Tn—-b 0 —Tn—b-2 0
0 0 Ln—b+1 —Tpb —Tn—p-1 e 0
0 0 0 Tpopn —22p—p+Vo Tp—p-1 ... O
0 0 0 e Ln—b+2 _2rn4r%1
0 0
0 0 In —Tp-—1 oo —IpbH Tn—b
7(IL+I)ES+U 0 0 s az‘}flxb

To see the regularity of Z at the points of type @, one can consider the minor of .Ji/ obtained by deleting the first, the
(n — b+ 2)-th column and the last row. Therefore we conclude that Z is a regular variety.

Now by Bertini’s Theorem 3.1, applied to Z and to the linear system D defined by Gy, it remains to prove that the
generic fibre X' is smooth at the fixed points of D, which are

R(x0,0,...,,0,Vp,0...,0) (where Vj, is the (n — b + 1)-th component of R).
This fact holds because the Jacobian matrix Jx- evaluated at the points R has rank n. In fact a (n x n) non-null minor
in Ris: —V" '(u+1wh+U (the minor of J§- obtained by deleting the (n — b+ 2)-th column), for each R as above
and foreach U # 0 (since R € X' = G,_y(R) = 0=z}, =U). o

3.2 Case 2b<n<3b.

The preceding algorithm of deforming the matrices A, A’ cannot always be used, because, in general, the conditions
of compatibility which hold for n < 2b are more than the number of parameters. In this section, we first note that if
hb <n < (h+1)b foreach h > 2, there exists a matrix A” such that the 2 x 2 minors of A, A” are still a system of
generators for the ideal I. In the case h = 2 by deforming the matrices A, A”, we still get a deformation of the curve
X with smooth fibres.

. . To T1 ... Tme2 Tp— .
Lemma 3.3 With Notation 1.1, let A = o n=2 n-l and for h > 2 consider
r1 T2 ... Tp—-1 In
1
- xd T T cer Tp—hb | Zn—hbt1 . xg_b
= n .
Ty Tr—hbtbThb  Tr—hbtbThbtl -+ Tn—hbtbTn | Tn—hbtiqdTn .. T

Then the 2 x 2 minors of A, A" are still a system of generators for the ideal I.

Proof.
o for 0<i<n—hb: det(xﬁ i ):
Ty  Ti4b

28 (i bTn — Titpr1Tn-1) + oo + (T hbrb—1Tithb+1 — Tn—hb+bTithb)]+

1
x? x; .
T8 b Tiny — Thr; = 28 Lo+ det n k , where o € € (see Notation 1.1);
To Lp—hb+bLithb
e for0<i<j<n-—hb det ‘ J =
Tp—hb+bLithb Ln—hb+bTj+hb

Tn—hb (TiThitrj — Tig1Thbtj—1) + oo + (Tj—1Zhotit1 — TjTppyi)] € €.

e for0<:<n—hbn—hb+1<j3j<n—>b: det Ti L =
Tyn—hb+bTi+hb xnxj-&-b

Tipp[(Tin — Tig1Tn—1) + oo + (Tn—hb—1Thbtit1 — Tn—hbThbti)]+
Thotil (Tn—hbTotj — Tnehb+1To4j—1) + - + (Tjm1Tn—hbtb+1 — TjTn—nb+b)] € €.

oifn—hb+1<i<j<n—b:det<mi Ly )e@. o
Ti+bTn Tj4bTn



Note also that the syzygies obtained with the method described in (1.6.b) by considering A, A”, instead of A, A’
still generate the first syzygies module of 1.
If 2b < n < 3b we can again find suitable “compatible” deformations of A, A”: the ideal Iy~ generated by the union of
the 2 x 2 minors of Agef, Ay, ; defines a deformation of X with smooth fibres, as in Theorem (3.2).

Theorem 3.4 Assume 2b < n < 3b. Deform the matrices A, A" as

Ay ;= o ... Tpn—b-2 Tn-b-1 LTn—b Tn—b+1 --- Tn-1
of =
T oo Tp—b—1 Tp—b— Vv Tpn—b+1 Tn—b4+2 --- ITn
-1
. % o 1 cer Zpeop | Tp—opy1 . Tpep =V
def — Ho_ U ‘ 2 .
) Tpn—bpT2b Tpn—bpL2b+1 --- Tpn—bIn Tn—b+1Tn - -- Ty,

Let Y C A"T3 be the variety defined by the union of the 2 x 2 minors of Aqer and A’éef. Then

(1) The ideal Iy C k[zqg, ..., xn, U, V] is minimally generated by the 2 x 2 minors {F1, ..., F(Q)} of Agef, (lexico-
graphically ordered), and by the minors {Go, ..., Gn—p} of A}, containing the first column.

(2) The induced morphism 7t : Y — Spec k[U, V] is a flat deformation of the monomial curve X with smooth fibres.

Proof. The result follows with the same arguments as in Theorem 3.2. It suffices to prove the “compatibility” among
the minors of Ag.y, A’éef.

ofor 0<i<j<n-—2b det| “ i =
Tn—bTit2b Tn—bLj42b
xn_b[(xix2b+j — jS+1$2b+j_1) —+ ...+ (Ij—1z2b+i+1 — Ijl‘gb+1;)] € Q:def since 2b +7 > 2b+17>n—0b, by
assumption.
) ) Ti Ly
o for 0<i<n—-2bn—2b+1<j3<n—-b—-1: det =
Tn—bTi+2b TnZjt+b

Tipo|[(TiTn — Tix1@Tn—1) + ... + (Tn—20—1%20+i4+1 — Tn—26T2p+i) |+
Topti[(Tn—26Tbtj — Tn—2b41Tb4j—1) + - + (Tjm1Zn—2p4b41 — TjTn—2v+b)] € Cqef, since
n>..>2b+1+1>n—-bandb+j5>..>n—->b+1.
e for0<i<n—2bj=n—b: det(xi I;’_b_v —
Tn—bLi+2b Ty
Tp[(@iTn — Tig1Tn—1) + .. + (Tp—2—1T204i+1 — Tn—26T2p44)]+

x2b+i[(l'n—2bxn - mn—2b+1xn—1) +...+ (I71,—b—2$n—b+2 - mn—b—lxn—b+1) + (xn—b—lxn—b—&-l - l‘n—b(l'n—b -
V)] € Caey.

oifn—2b+1<i<j<n—b—1:det<xi i )GCdef.
Ti+bTn Tj4+bTn
T; Tpp—V

2
TitbTn Th

o ifn—2b+1<14,j=mn—>b: det ( = Tp[(@i®n — Tig1Tn-1) + ... + (Tn—b—2Tbtit2 —

Tr—bp—1Tbtit1) + (Tn—b—1Tbtit1 — Toti(@n_p — V)] € Cgep. ©
Recalling that if b = 1 the ideal I is determinantal and so the curve X is smoothable by [17], we deduce the following
Corollary 3.5 With Notation 1.1 : the AS semigroups with n < 3b are Weierstrass. In particular every AS semigroup

with embedding dimension less or equal to seven and every semigroup with b # 2 and embedding dimension < 10
have this property.

Remark 3.6 When n > 3b (e.g. for the AS semigroup withn = 7,a = 1,b = d = 2) we cannot find a compatible
deformation of the two matrices A, A’. Hence it is more complicated to check the flatness of the possible maps. In
these cases one can consider the module T}% and try to lift the infinitesimal deformations as described e.g. in [19] (see
also the procedure we use in [13]). To this end we are implementing an algorithm with Cocoa [2].
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