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Minimal Generators of the Defining Ideal
of the Rees Algebra Associated with a
Rational Plane Parametrization with p = 2

Teresa Cortadellas Benitez and Carlos D’Andrea

Abstract. 'We exhibit a set of minimal generators of the defining ideal of the Rees Algebra associated
with the ideal of three bivariate homogeneous polynomials parametrizing a proper rational curve in
projective plane, having a minimal syzygy of degree 2.

1 Introduction

Let K be an algebraically closed field, and let uy(To, T1), u1(To, T1), ua(To, T1) €
IK[To, T1] be homogeneous polynomials of the same degree d > 1 without com-
mon factors. Denote with T the sequence Ty, T}, set R := K[T], and let [ :=
(uo(T), u1 (T), us(T)) be the ideal generated by these polynomials in R. The Rees
Algebra associated with I is defined as Rees(I) := €D, ., I"Z", where Z is a new vari-
able. Let Xy, X;, X, be another three variables and set X = X, X;, X,. There is a
graded epimorphism of K[T]-algebras defined by

(1.1) ®: K[T][X] — Rees(I),
’ X; — MI(I)Z
Set K := ker(®). Note that a description of X also allows a full characterization of
Rees(I) via (1.1). This is why we call it the defining ideal of the Rees Algebra associated
with I.

The search for explicit generators of X is an active area of research in the com-
mutative algebra and computer aided geometric design communities. Indeed, the
defining polynomials of I induce a rational map

¢ PLo— P2,
(L.2)

(to: 1) — (uo(to,tl) sui(to, 1) : MZ(thtl))a

whose image is an irreducible algebraic plane curve C, defined by the zeros of a ho-
mogeneous irreducible element of K[Xy, X1, X;]. This polynomial can be computed
easily by applying elimination techniques on the input parametrization, but it is easy
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to see that the elimination can also be applied on any suitable pair of minimal ele-
ments in K, leading to better algorithms for computing invariants associated with ¢.
This is why finding such elements are of importance in the computer aided geometric
design community; see for instance [SC95,SGD97, CSC98, ZCG99, CGZ00, Cox08].

Alot of progress has been made in recent years: a whole description of X has been
given in the case when C has a point of maximal multiplicity in [CHWO08, HSV08,
Bus09, CD10]; an extension of this situation to “de Jonquiéres parametrizations” is
the subject of [HS12]. In [Bus09], a detailed description of generators of K via inertia
forms associated with the syzygies of I is done; the case when ¢ has an inverse of
degree 2 is the subject of [CD13]; extensions to surfaces and/or non planar curves
have also been considered in [CCL05, HSV(09, CD10, HW10, KPU09]; connections
between singularities and minimal elements in X are studied in [CKPU11,KPU13].

In this paper, we give a complete description of a minimal set of generators of the
defining ideal of the Rees Algebra associated with I in the case when there is a minimal
syzygy of I of degree 2 (in the language of u-bases, this means just 4 = 2). Our main
results are given in Sections 3 and 5, where we make explicit these generators in two
different cases: when there is a singular point of multiplicity d — 2 (Theorem 3.4 for
d odd and Theorem 3.7 for d even), and when all the singularities are double points
(Theorem 5.4). The latter situation is just a refinement of [Bus09, Proposition 3.2],
where an explicit list of generators of X is actually given. Our contribution in this
case is to show that Busé’s family is essentially minimal: there is only one member
in this family that can be removed from the list such that the list still generates the
whole XK.

There is some general evidence that the more complicated the singularity, the sim-
pler the description of Rees(I) should be; see for instance [CKPU11]. The situation
for ;4 = 2 is not an exception; indeed from Theorems 3.4, 3.7, and 5.4 we easily de-
rive that the number of minimal generators of X is of the order O(g) in the case of

a very singular point, and O(d;) otherwise. Note also that the generators we present
in the very singular point case are not specializations of the larger family produced
in [Bus09] (it was shown in that paper that they are always elements of X), but they
actually appear at lower bidegrees. Moreover, we show in Section 4 that in the very
singular case not all the elements in X , are pencils of adjoints, as shown also by Busé
in the other case. We should mention that a few days after we posted a preliminary
version of these results ([CD13b]) in the arxiv, the article [KPU13] was uploaded in
the same database. In that work, the authors get the same description we achieved in
Section 3 with a refined kit of tools from local cohomology and linkage.

The paper is organized as follows. In Section 2 we review some well-known facts
about elements in K and focus on the case where the curve C has a very singular
point. We detect in Theorem 2.10 a special family that is part of a minimal set of
generators of K. The rest of the paper focuses on the case = 2. In Section 3 we
show that if the curve has a very singular point, we only have to add one (if d is odd)
or two (if d is even) elements to this special family to get a whole set of minimal
generators of K. This is the content of Theorems 3.4 (d odd) and 3.7 (d even).

We then introduce pencils of adjoints in Section 4 and show in Theorem 4.4 that
XK\ « strictly contains the subspace of pencils of adjoints in the case of a very singular
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point. The other case has already been studied in [Bus09].

Section 5 deals with the case when all the singularities are mild (i.e., no multiplicity
larger than two). In this case, we show in Theorem 5.4 that Busé’s family of generators
of K given in [Bus09, Proposition 3.2] is essentially minimal in the sense that there is
only one of them that can be removed from the list. The paper concludes with a brief
discussion of how these methods may not work for larger values of x in Section 6.

2 Preliminaries on Rees Algebras and Singularities

Set u(T) = (up(T),u1 (), up(T)) for short. By its definition, X C K[T,X] is a
bihomogeneous ideal that can be characterized as follows:

(21)  P(I,X) € Xjj <= bideg(P(T,X)) = (i,j) and P(T,u(T))=0.

There is a natural identification of X, ; with Syz(I), the first module of syzygies of I.
A straightforward application of the Hilbert Syzygy Theorem shows that Syz(I) is a
free R-module of rank 2 generated by two elements, one of T-degree y for an integer
psuch that 0 < p < g, and the other of T-degree d — . In the computer aided
geometric design community, such a basis is called a p-basis of I (see for instance
[CSC98,CGZ00, CCLO5]). Indeed, by the Hilbert—Burch Theorem, I is generated by

the maximal minors of a 3 x 2 matrix ¢, and the homogeneous resolution of I is

o, 1, U2)

(22) 0 —R(—d— ) ®R(—d — (d — p)) — R(—d)° RN

This matrix is called the Hilbert-Burch matrix of I and its columns describe the
p-basis. In the sequel, we will denote with P, 1 (T, X), Qa—,,1 (T, X) € K, a (cho-
sen) set of two elements in Syz(I) that are a basis of this module over R.

Throughout this paper we will work under the assumption that the map ¢ defined
in (1.2) is “proper”, i.e., birational. If this is not the case, then by Liiroth’s Theorem
one can prove that ¢ is the composition of a proper map ¢: P! — P2 with a poly-
nomial automorphism p: P! — P!) and our results can be easily translated to this
case. B

The following statements have been proven in [CD13]. We will use them in the
sequel.

Proposition 2.1 ([CD13, Section 1 and Lemma 3.10]) Let ¢ be as in (1.2), a proper
parametrization of a rational plane curve C, and let TyBy(X) — T1A¢(X) € Ky bea
non zero element. Then the map

P C N P!,
(xo:x1:%2) V> (A(xo,x1,%2) : Belxo, x1,%2))

is an inverse of ¢. Moreover, the singularities of C are contained in the set of common
zeros of { A¢(X), B¢(X)} in P%. Reciprocally, any inverse of ¢ induces a nonzero element
in Ky ¢ via the correspondence shown above, with £ being the degree of the polynomials

defining ¢~ 1.
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Denote by € 4(X) the irreducible polynomial of degree d defining C; it is a primi-
tive element generating KXNIK[X]. Note that it is well defined up to a nonzero constant
in K.

Proposition 2.2 ([CD13, Proposition 4.1])  Suppose ToF} (X) — T\ T}, (X) € K,
for some kg € N. Then G; j(T,X) € X if and only if G; (T} (X), T (X),X) is a
multiple of € 4(X).

Theorem 2.3 ([CD13, Theorem 4.6]) Let uo(T), u1(T), us(T) € K[T] be homoge-
neous polynomials of degree d having no common factors. A minimal set of generators
of X can be found with all its elements having T-degree strictly less than d — p except
for the generators of K. 1 with T-degree d — .

2.1 Curves with Very Singular Points

Definition 2.4 Let i be the degree of the first non-trivial syzygy of I. A pointp € C
is said to be very singular if mult, (C) > p.

The following result is an extension of [CWL08, Theorem 1]. Recall that we have
fixed a basis of the K[X]-module Syz(I) that we denote by {P,, 1 (T, X), Qa—,1(T,X)}.

Proposition 2.5 A rational plane curve C can have at most one very singular point. If
this is the case, then after a linear change of the X variables one can write

(2.3) P (T, X) = pp(T)Xo — pl(T)X1.

Reciprocally, if 2pn < d and after a linear change of X-coordinates P, 1 (T, X) has a form
like (2.3), then C has p = (0:0:1) as its only very singular point.

Proof The first part of the claim follows directly from [CWL08, Theorem 1]. For

the converse, note that if P, ;(T, X) is like (2.3), then by computing u(T) from the
Hilbert Burch matrix appearing in (2.2), we will have

(24) uo(T) = p(D)g(T), (D) = p(Dq(T),
for a homogeneous polynomial q(T) € K[TI] of degree d — pn > u. Hence, the
preimage of the point p = (0:0:1) has d — p values counted with multiplicities (the

zeros of q(T)), and so we get multp(C) > p. [ |

Remark 2.6 Note that if C has (0:0:1) as a very singular point, then
(2.5) Ea(X) = EY(Xo, X1) + €4 (X0, X1)Xo + -+ - + &y, (Xo, X1)X5,

with Sfj_i(Xo,Xl) € K[Xo, X;] homogeneous of degree i, and Sg,#(XmXO #£0.

The syzygy P,.1(T,X) in (2.3) is called an axial moving line around (0:0:1) in
[CWLO08]. The following result is well known and will be used in the sequel
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Proposition 2.7 Let a,, (T), b,,(T) € KI[T] be homogeneous of the same degree s
without common factors. Then (as, (L), by, (T))s = K[L]; fors > 25y — 1.

Proof By hypothesis, the classical Sylvester resultant of a,, () and b, (T) is not zero
(for its definition, see for instance [CLO07]), and moreover from the Sylvester matrix
that computes this resultant we can get a Bézout identity of the form

a._(Day,(T) +b]

sp—1

(I)bso (T)= ReSI (“50 (I)7 bSo(I)) T({leawlfj

for j =0,1,...,2s50 — 1. This shows that (aso(I), bSO(I))ZSO—l = K([T]z—1, and the
rest of the claim follows. u

Several of the proofs in this text will be done by induction on degrees. In order to
be able to pass from one degree to another, we will apply a pair of operators, one that
decreases the degree in T and another that does it with X. Recall from (2.3) that we
have P, 1 (T, X) = p,,(1)Xo — pp(D)X,.

Definition 2.8 1f G, ;(T,X) € K[T,X];;, withi > 2 — 1, then write

Gij(T,X) = py(D)G]_, (T, X) + p,(T)G;

i—p,j ;7%]‘(17)4)7

and set
Dr(Gij(T,X)) == XoG}_, (T,X) + X,Gj_, ;(T,X) € K[T,X]i 1.
If G j(T,X) € K[T,X];j N (Xo, X1), then write
Gij(T,X) = XoG); (L, X) + X,G} ;_, (T, X),
and set

Dy (Gij(T, X)) = p2UTIGY (T, X) + p(TIGL;_ (T, X) € KIT, Xjsyj1-

Note that both operators are in principle not well defined, as the decomposition
of G; ;(T, X) given above is not necessarily unique. In the next proposition we show
that it is actually well defined modulo P, (T, X).

Proposition 2.9 Both Dr(G; (T, X)) and Dx(G; ;(T,X)) are well defined modulo
P,1(T,X). Moreover, the image of Dr lies in the ideal (Xo, X1) and

(2.6) Dx(Dr(Gij(T,X))) = Gij(T,X) mod Py, (T,X).

In addition, if G; j(T,X) € X, then both Dr(G; ;(T,X)) and Dx(G; (T, X)), when
defined, are also elements of K.
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Proof Consider first Dy, so it is enough to show thatifi > 2y — 1 and
27) PAUDIGL, (T, X) + pL(T)GL, (T, X) =0,

then X, G?

g M(T X)+X,G;_ M(T X) is a multiple of P, ; (T, X). But from (2.7), we
get

l 1y ](T X) p}L(I)Hi—Zu,j(Ia K)v

Gl (T, X) = —pO(T)Hi— 00 (T, X),

with H,-,zw-(l, X) € K[T, X], and hence

GV, /(LX) + X, G, (T, X) = P\ (T, X)H(T, X).

The proof of the claim for Dx and for the composition Dx o D follows analogously.
To conclude, suppose G; ;(T,X) € X with i > 2u — 1. Due to (2.1), this is
equivalent to having

Gij(T,u(D)) = P#(T)G? M(T,E(I)) "'P#(T)G,1 M(T,E(I)) =
From here, by using (2.4), we get immediately that
Dr(Gij(X, T)) |XH&(D = q(I)(P#(T)G? i (L u(D) + PM(T)G,1 i (L u(T)))
= O’

which shows that Dt ( G; (X, I)) € X, again by (2.1). The proof for Dx(G; ;(T, X))
follows analogously. ]

2.2 Elements of Low Degree in X

We will assume here that y < d — pand set d = ku + r,withk € Nand —1 < r <
1—1; i.e., k and r are the quotient and remainder respectively of the division between
d and p, except in the case when d + 1 is a multiple of p.

With this information we will produce minimal generators of Rees(I) in the case
where the curve C defined by the generators u(T) of I has a very singular point, which
we will assume without loss of generality is P = (0:0:1).

We start by setting

Fp“l(Ia X) = pu,l(I, X)) F(k*l);ﬁrnl(l: X) = Qdfu,l(I7 X)v

a basis of the syzygy module of I. Note that we have (k — 1)u +r =d — p.
Now for j = 2,...,k — 1 we will define recursively F_j),+j(T,X) € X as
follows:

(2.8) Fge— jyusnj(L, X) = D (Fipe vy j1 (L, X)) -

Note that we can apply the operator D to these polynomials as their T-degree is
(k—j+1Dup+r>2u— 1. Also, we have to make a choice in order to define each
of these polynomials, but we know that they are all equivalent modulo F, ;(T, X)
thanks to Proposition 2.9.
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Theorem 2.10

(i) Foreach j = 1,...,k — 1,Fg_ju4rj(T,X) is in X, and it is not a multiple of
F, (T, X). In particular, it is not identically zero.

(ii)  Up to a nonzero constant in K, we have

ReSI<F#,1(I7X)7F(k—j)/t+r,j(I7X)) = 8d(§)7 ] = 1,2, ceey k—1.

(iii) IfG;;(T,X) € K;jwithi+pj < d, then G; j(T, X) is a multiple of F,, | (T, X).
(iv) The set of k + 1 elements

(29) { 8(1(&)7 F/ly,l (Ia X)v F;Hr?‘.k—l (Ia K)a F2u+1‘,k—2(17 X)a e 7Fd—,u,.1 (Ia X)}

is part of a minimal system of generators of K.

Proof
(i) The proof is by induction on j, the case j = 1 being obvious. Suppose then
that j > 1. Due to Proposition 2.9, we know that

Fie— jyyuenj (T, X) = Dy (Fip— jrvypanj—1 (L, X)) € K.
Note also that by construction, we have straightforwardly
XiFie— (i1 j—1 (L, X) = pu(D)F e jypusnj(L, X) € (Fua (T, X)).

If F— jyusr,j(T,X) is a multiple of F,,;(T, X), then as the latter is irreducible, we
would then conclude that Fx—(j—1)),1r,j—1(T, X) is also a multiple of this polynomial,
which again contradicts the inductive hypothesis.

(ii) Clearly Resy(F, (T, X), Fx—jyuri(L, X)) € K[X]. Moreover, an explicit
computation reveals that the X-degree of this resultant is equal to ki +r = d, which is
the degree of €4(X). So it must be equal to A&;(X) with A € K. If A = 0, this would
imply that both {F,, (T, X), Fik—j).i+r;(T,X)} have a nontrivial common factor in
KI[T, X]. But F,,1(T, X) is irreducible, and we just saw in (i) that F_ j),.1,,;(T, X) is
not a multiple of it, which then shows that the resultant cannot vanish identically, so
A#£0.

(i1) We have

Resz( F,u.l (Iv X)v Gi,j(Iv )7()) = Ed()i()a,u.jﬂ’—d(g);

so in order to have this resultant different from zero we must have 0 < pj +1i — d,
contrary to our hypothesis. Hence, the resultant above vanishes identically, and due
to the irreducibility of F,, 1 (T, X), we have that G; ;(T, X) must be a multiple of it.

(iii) Clearly F,, ;(T, X) is minimal in this set, so it cannot be a combination of the
others. Also, the family

{Fy+r,k—1 (Ia X)a F2u+r,k—2(Ia X)a R 7Fd—u,l (Ia X)}

is pseudo-homogeneous with weighted degree deg +x deg, = d (i.e., all the expo-
nents lie on a line). This shows that none of the elements in this family can be a
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combination of the others, and as we have seen in (i), none of them is a multiple
of F,1(T, X), so this is a minimal set of generators of the ideal they generate. To
see that they can be extended to a whole set of generators of X, consider the max-
imal ideal Mt = (T, X) of R. The pseudo-homogeneity combined with (i) and (iii)
implies straightforwardly that the family (2.9) is K-linearly independent in the quo-
tient I /MXK. By the homogeneous version of Nakayama’s lemma (see for instance
[BH93, Exercise 1.5.24]), we can extend this family to a minimal set of generators of
XK. This completes the proof. ]

Remark 2.11 1If 4 = 1, then one can take k = d or k = d + 1. If we choose k = d,
then it is easy to see that the family (2.9) actually specializes in the minimal set of
generators of K described in [CD13, Theorem 2.10]. So this construction may be
regarded somehow as a generalization of the tools used in [CD13] for the case u = 1.

3 The Case i = 2 with C Having a Very Singular Point
3.1 d4d0Odd

In this case, we will show that the family given in Theorem 2.10(iv) is “almost” a
minimal set of generators of . We only need to add one more element of bidegree
(1, %) to the list in order to generate the whole K. Suppose then in this paragraph
that p = 2, and d = 2k — 1, with k € N, k > 2 (otherwise ¢ = 1). Note that in
this case, there is a form of T-degree one in (2.9). We will define an extra element in
X by computing the so called Sylvester form among F; (T, X) and F, ; (T, X). This
process is standard in producing nontrivial elements in X; see for instance [BJ03,
Bus09,CD10,CD13].

e Write F, |(T,X) = TyG(T,X) + T1H, (T, X), with G, (T, X),H,,(T,X) €
IK[T, X]. Note that this decomposition is not unique.

o Write Fy4_1(T,X) = ToF,_,(X) — T1F)_,(X), with F}_|(X) € K[X], homoge-
neous of degree d — 1.

e Set

(3.1) Fil(L,X) = T, (X)Gra (T, X) + Ty (X)H, 1(L, X).
The following claims will be useful in the sequel.
Lemma 3.1 F;(T,X) € K\ (F1x-1(T,X)); in particular, it is not identically zero.
Proof By construction, we have
Fiu(F) (0, Ft,(X), X) = Fo (F)_,(X), Ff_,(X), X)
= iReSz(Fz,l(I, X),Fl,k—l(l, X)) = +E4(X),

the last equality due to Theorem 2.10(ii). By Proposition 2.2, we then conclude
that F (T, X) € Xk, and it is clearly nonzero. Moreover, as both F, x(T, X) and
Fx—1(T, X) have degree 1 in T, the fact that F17k(3§(’71(X),ff,i_l()7(),X) # 0 im-
plies that they are K-linearly independent, and from here the rest of the claim follows
straightforwardly. ]
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Lemma 3.2 Fy(T,X) € (Xo,X1), and modulo F> (T, X), we have

(3.2) Dx(Fix(T,X)) € (Fia—1(T,X)).

Proof Write F, (T, X) = TyG,,(T,X) + T1H,,1 (T, X) as before and note that as
B (T,X) € KI[T,Xo,X;], we then have G 1(T,X) = G;1(T,Xo,X;) and also
H(T,X) = Hi,1,(T,Xo,X1). From the definition of F, (T, X) given in (3.1), we
get

Fii(T,X) = F)_ 1 (X)G11(T, Xo, X1) + Fi_,X)H1 1 (T, Xo, Xi1) € (Xo, X1),

and a choice for Dx(F; (T, X)) is actually

(3.3) Dx(Fix(T,X)) =
T X)Gi (T, p3(D), p3(D)) + Ty y (OH11 (T, p2(D), p3(D)).
From (2.3), we actually get that F, ; (T, X) € K[T, X, X;], and hence
Foy (T, pS(D), p3(T)) =0 = ToGyi (T, p3(D), p3(D)) + TiHy 1 (T, p3(T), py (1)),
so we conclude that there exist q,(T) € K[T] homogeneous of degree 2 such that
GuLI(T, p3(D), p2(D) = Trga(D),
Hio(Z, p3(T), p3(D)) = —Toqa(D).
Replacing the left-hand side of the above identities in (3.3), we get
Dx(Fix(T,X)) = (TiF)_,(X) — ToF4_1(X)) 2(T) € (Fipr(T,X)). ™
Lemma 3.3 The set
{€a(X), Fi4—1(T, X), Fi (T, X), F>1 (T, X), F3 (T, X), ..., Fage—)—1.1(T, X) }

is contained in the ideal (Xo, X).

Proof Each of the Fy_j)—1 ;(T, X) is actually equal to Dr(F—j+1)—1,j—1(T, X)),
and by the definition of this operator, its image always lies in (Xy, X1 ).

The claim for F, (T, X) follows from its definition in (2.3), and for F; x(T, X)
from Lemma 3.2. To conclude, due to (2.5), we also have that £;(X) € (Xp,X;). W

Now we are ready for the main result of this section.

Theorem 3.4 Suppose p = 2,d = 2k — 1 with k > 2 and the parametrization
¢ induced by the data u(T) is proper with a very singular point. Then the following
k+2= % polynomials form a minimal set of generators of K :

F, = {Sd(l),Fz,l(LK), Fz(k—1)—1,1(17 X),... ,Fl,k—l(L L{),Fl,k(L X)}-
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Proof Theorem 2.10 shows that the family F, \ {F; x(T, X)} is a set of minimal gen-
erators of the ideal that generates it. Lemma 3.1, and the pseudo-homogeneity of
the elements in this family show that by adding F; x(T, X) to the list, we still get a
minimal set of generators (of the ideal generated by the whole family).

Let us show now that F, generates K. Due to Theorem 2.3, it is enough to consider
G;,;(T,X) € X of bidegree (i, j) with i < d — .. We will proceed by induction on i.

e Ifi =0,as 4(X) generates K N IK[X], the claim follows straightforwardly.
e Ifi = 1, by Proposition 2.2, we have

G1j (T2 (X0, Ty (X, X) = Ea(X)Aj—k(X),
with A;_;(X) € K[X];_t. Then it is easy to see that
Resz ( Gl,j(I, X) - -Aj—k(g)FLk(I, X)a FlAkfl (Ia X))) =0
by evaluating the first polynomial in the only zero of the second. But this implies that
G1j(T,X) — Aj i (T, X)Fi (T, X) € Ky j N (Frp1(T, X))

* Fori = 2, we compute Rest(G; j(T, X), Fy -1 (T, X)) to get E4(X)A;_1(X), with
A;_1(X) € K[X];_1. By reasoning as in the previous case, we get

G (T, X) — Aj 1 (X)Fo (T, X) € Ky N (Frx—1 (T, X)),

as this polynomial also vanishes after the specialization T — J,_,(X).

e If i > 3, then we can apply Dr to G;;(T,X) and get, by Proposition 2.9,
Dr(Gi;(T,X)) € Ki_ ;. Now we use the inductive hypothesis and get the following
identity where all elements are polynomials in K[T, X] :

(34) Dr(G;(T,X)) = AT, X)€a(X) + B(T, X)F1 (T, X) + C(T, X)F,, (T, X)
+ Z Dy (T, X)Fotk—my—1,m (T, X).
1<2(k—m)—1<i—2

Due to (2.6), we have that G; ;(T,X) = Dx(D1(G; ;(T,X))) modulo F, ; (T, X), and
thanks to Lemma 3.3, we can apply Dx( - ) to each of the members of the right-hand
side of (3.4). We verify straightforwardly from the definition given in (2.8) that

Dx(Fak—my—1.m(T, X)) = Fak—m+1)—1,m—1(TL, X),
and then get the following identity modulo F, ; (T, X) :
Gij(T,X) = A(T, X)Dx(€4(X)) + B(T, X)Dx (F1 +(T, X))
+C(T,X)Dx(F,, (T, X))

+ Z Du(T, X)Dx (Fak—my—1.m(T, X))

1<2(k—m)—1<i—2

= A(T, X)Dx(E4(X)) + B(T, X)Fy 1 (T, X)

+ Z D, (T, X)Fz(k—mﬂ)—l,m—l (1,X),
1<2(k—m)—1<i—2
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where the last equality holds thanks to (3.2). The claim now follows straightforwardly
from this identity by noting that Dx(€4(X)) € K, 41, and that we just proved (this
is the case i = 2) that this part of X is generated by elements of F,,.

A
0,2k — 1)

(1, k)
“Lk—1)

(2,1

(2k — 5,2)
R (2k —3,1)

, 1

Figure I: Bidegrees of a set of minimal generators of X for the case d = 2k — 1

Example 3.5 For k > 3, consider

uo(To, T1) = Té"*‘, u(To, Th) = TSHTIZ,

uy(Ty, Ty) = THL.

These polynomials parametrize a curve of degree 2k — 1 with 4 = 2 and

T?X, — T2X,, 73X, — T3°X,

as p basis. The minimal system of generators of K given in Theorem 3.4 is in this

case

EX) =X = XX,
FZ,l(Ia )7() = T12X0 - TgXb

Fi(T,X) = Fyj—1)—1,1 = lek_axl — Tgk_3X2,
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k=) =1 k=) =1y
Fz(k—j)—l.j(LL()Zle( DX - T X TX

R0 = TXE - TX 2,

ELi(T,X) = ToXy — TiXg ™' X,

3.2 dEven

We will assume here that d = 2k, with k > 3 and that ;1 = 2. In this case, the family
in Theorem 2.10(iv) becomes

{Sd(g)aFZ,l(I7 5)7 F2,k71(Ia XL F4,k72(17 X)7 cee 7F2(k71),1(17 X)}

Note that there are no generators of degree 1 in T. We will produce two of them
by making suitable polynomial combinations among F, ; (T, X) and F, (T, X) as
follows. Write

Fo (T, X) = ToF(X) + TiF(X) + ToTh 57 (X),
(3.5)
Fop1(T, X) = TeMR_, (X) + TiMG_ (X) + To iV, (X0,

and define FY (T, X) and Fll_’k(I7 X) via the identities

MY (X)F (T, X) — FYX)Fa i (T, X) = TlF?,k(I, X),

(3.6)
Moy (X)Fai (LX) = T} (X P21 (L, X) = ToF} (L. X).
We write
F?Ak(l-‘a X) - TO?Q’O(X) _ Tlg'g,l(X)’
(3.7) ,

Fi (T, X) = ToF,°(X) — TiF, ' (X).

Proposition 3.6

(1) Fi,k(zvz) S j<:l,k N <X07X1>afori = 07 1.
(ii)  Up to a nonzero constant in I,

F0F X0 — FOX)FNX) = Resy (F) (T, X), Fl (T, X)) = Ea(X).
(iii) {F‘l),k(I7 X), F%,k(L X)} is a basis of the K[X]-module K .
(iv) Modulo F, y(T,X), Dx(Fi (T, X)) € (Fy4—1(T, X)) fori = 0,1.

Proof

(i) This follows straightforwardly from the definition of Fi,k(L X) given in
(3.6), by taking into account that both F,; (T, X) and F, (T, X) are elements of
KN (Xo, X;).
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(i) The fact that Resy(F} (T, X), F} (T, X)) coincides with F,°(X)F'(X) —
?i’o()j)gg’l()j) follows from the definition of Resy and (3.7). As both Fi‘k(LL() S
XK,i = 0,1, it turns out then that Resy(F} (T, X), F] .(T, X)) must be a multiple of
€4(X). Computing degrees, both polynomials have the same degree 2k = d, so the
resultant actually must be equal to A\&;(X). To see that A # 0, it is enough to show
that the forms F’1 (T, X) are K-linearly independent, as they have the same bidegree.

Suppose that this is not the case, and write )\OF(I)_’,((I, X) + M F] (T,X) = 0 with
Ao, A1 € KK, not both of them equal to zero. We will then have, from (3.6):

(AoToMgfl(X) + )\lTlM}cfl(X)) b (T,X) =
(MToF(X) + M T1F1 (X)) B (T, X).

From Theorem 2.10(ii), we know that F, ; (T, X) and F, (T, X) are coprime, so an
identity like the above cannot hold unless it is identically zero, which forces Ay =
A1 = 0, a contradiction to our assumption.

(iii) The K[X]-linear independence of the family {F} (T, X), F} (T, X)} follows
from the fact that their T-resultant is not zero, which has been shown already in (ii).
So it is enough to show that any other element in X, , is a polynomial combination
of these two. Let Gy ;(T, X) € X, ;. Then, as before, we have that

Resy (F (T, X), G1j(T,X)) = E4(X)P; (X)),

with P;_(X) € K[X];_t. If the latter is identically zero, then the claim follows
straightforwardly. Otherwise (note that this immediately implies j > k), set

G1j(T,X) = G j(T,X) — Pj_x(X)F} ((T,X) € K[T,X],;.

It is then easy to show that ResI(F(l)‘k(I7 X), 61,]'(17 X)) = 0, which implies that
él,]’(L X) € <F111k(L X)), so we get immediately from the definition of élﬁj(I, X)
given above that G, ;(T, X) € (Fﬁk(l, X), F%,k(L X)).

(iv) Firs‘; note that, because of what we just proved in (i), the operator Dx can be
applied to F’Lk(I7 X) fori = 0, 1. Also, it is immediate to check that the polynomials

FU(X) and F}(X) defined in (3.5) belong to (Xp, X1). So we can actually apply Dy to
both identities in (3.6) and define DX(FL;{(L X)) in such a way that
—F(p)(D), p5(D)) Fay—1(T, X) = TiDx (F) (T, X)),

—F1(p7 (D), p5(D)) Fax1(T, X) = ToDx (F} 1(T, X)) .
Note that F, (T, X) cannot have any proper factor. Indeed, by Theorem 2.10, it
belongs to a subset of a minimal generator of the (prime) ideal K. This shows that

T; divides —F(pY(T), pA(T)) fori,j = 0,1, i # j, and hence DX(Fi,k(LX)) c
(Fox—1(T,X)) fori =0, 1. .
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Now we are ready to prove the main theorem of this section. Just note thatif n = 4
and p = 2, if there is a point of multiplicity strictly larger than p, then it is a triple
point and that forces . = 1, a contradiction to our hypothesis.

Theorem 3.7 Suppose u = 2,d = 2k with k > 3, the parametrization being proper
with a very singular point. Then a minimal set of generators of X is the following set of
k+3= % polynomials

Fe = { 8(1(&)71—:‘(1)7]{(17 X);Fll7k(l7 X);FZ,I(Ia X)a FZ.k—l(Ia K)a s 7F2(k—1),1(17 X)} .

Proof The proof follows the same lines as the proof of Theorem 3.4. To begin with,

Theorem 2.10 and Proposition 3.6(iii) show that F, is a minimal set of generators of

an ideal contained in XK. In order to see that they are equal, we will proceed again by

induction on the T-degree of the forms, the case i = 0 follows analogously from the

proof of Theorem 3.4. For i = 1, the claim has been proven in Proposition 3.6(iii).
Suppose then that i = 2, and write G, ; € X;,; as

Gy, j(T,X) = Ty S5(X) + T{ S5 (X) + ToTh G (X)),
Recall the notation we introduced in (3.5) and write
GHX)Fo (T, X) = FY(X)G,,j(T,X) = ThHy jii (T, X),
GHXOFo (T, X) = M} (X)Go,j(T, X) = TiHy jy1 (T, X),
SO we get
(3.8) M, (XSS X)Fo (T, X) — F XSG XFo k1 (T, X) = TiHy 5 (T, X)

with Hy j1 (T, X),Hl*’]}k_l(l, X),Hf‘_”]‘-ﬂ(l, X) € X« By Proposition 3.6(iii), we
know that X, ,. is generated by (Fﬁk(I, X), F%ﬁk(I, X)), so we have

Hyjor (T, X) = g1 (X)F (T, X) + Bt (X)FL (T, X),
it (T,X) = & (OF (T, X) + 81 (X)FL (T, X)
HY (LX) = o (XOF) (T, X) + 87 (X)F (L, X).

Note that

(3.9) a7 (X) = M) (X)ej i (X) — F(Xa7_ 1 (X).

From (3.6), we deduce

IO (X)Fo1 (T, X) = F)(X)Fop1 (T, X)) = T SHXF (T, X).

By subtracting this identity from (3.8), and using the obvious fact that F?, (T, X) and
F}’k(I7 X) are K[X]-linearly independent, we deduce that

(3.10) GHX) = ;" (X) = M, (Xaj 1 (X) — Fl(X)aj_,(X),
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where the last equality is (3.9). So by setting
éz,j(L X) =G (T, X) — aj 1 (X Fop—1 (L, X) + o (X) 21 (T, X)),

due to (3.10) we easily deduce that 527]- = T1GT,]‘(L X), with Gij(L X) € Ky ;.
Again by Proposition 3.6(iii), it turns out that G} ;(T,X) € <F(1)_’k(I, X), F%ﬁk(I, X))
and hence

G2,j(17 X) € <F?k(Ia X)a Fik(Ia X)a FZ,I(I7 X)7 FZ,k*l(I7 X)> 9

which proves the claim for i = 2.
If i > 2, we proceed exactly as in the proof of Theorem 3.4, and we only have to
verify that Dy (F} (T, X)) and D x(F (T, X) belong to the ideal generated by F,. But

this follows immediately from Proposition 3.6(iv). [ |
j
A
0, 20)
(1,k)
* k-
: (2k — 4,2)
@ U @2
i

Figure 2: Bidegrees of a set of minimal generators of X for the case d = 2k

Example 3.8 For k > 3, consider
up(To, T1) = o', (To, Th) = To* 2T} + ToTh), wa(To, Th) = TH (] + ToTh).
These polynomials parametrize properly a curve of degree 2k with ¢ = 2 and

(T? + T,T)Xo — TeXa,  THF2X, — T3F2X,

as p basis. Indeed, by computing the implicit equation, we get

k—1

1 2k — 2\ gk ais , ,

Ezk(X)Zka—zzk_a(E ,( 2j )XS Y 2(X§+4X0X1)’)X1X2 + X377 X3.
j=0
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4 Adjoints

We now turn our attention to geometric features of elements in X, ,. Recall that a
curve C is adjoint to C if for any point p € C, including “virtual points”, we have

(4.1) my(C) > my(C) — 1.

Here, m,(C) denotes the multiplicity of p with respect to C. Adjoint curves are of
importance in computational algebra because of their use in the inverse of the im-
plicitization problem, i.e., the so-called “parametrization problem”; see [SWP08] and
the references therein. For a more geometric approach to adjoints, we refer the reader
to [CAO00].

Definition 4.1 A pencil of adjoints of C of degree ¢ € N is an element TC)(X) +
T:€}(X) € K[T,X], with (‘32(5) of degree ¢, defining a curve adjoint of C, for
i=0,1.

For £ € 7>, we denote by Adj,(C) the K-vector space of pencils of adjoints of C
of degree ¢. In [Bus09, Corollary 4.10], it is shown that if C has ¢ = 2 and only mild
singularities, then both X; 4, and X, 4_; are contained in Adj,(C), { =d—2,d—1
respectively. We will show here that if C has ¢ = 2 and a very singular point, then
Adj,(C)NK, ; is strictly contained in X, ¢ if the later is not zero. We will also compute
the dimension of these finite dimensional IK-vector spaces for a generic C to measure
the difference between them.

Lemma 4.2 With the notation introduced in the previous section, fori = k— 1, k and
j =0, 1, we have that

Fii(T,X) € (Xo, X)' ™"\ (X0, X1,

Fl (T, X), € (Xo, X1)* 1\ (Xo, X)".
Proof The operator D from Definition 2.8, when applied to a polynomial in
(Xo,X1)%, has its image in (Xo, X;)"*!. From here, it is easy to deduce that
Fix1(T,X) € (Xo,X,)* 2. If it actually belonged to (Xo, X;)¥!, then it would not
depend on X;. But as

Resr (Fz,l(I,X),FLkﬂ(I,X)) = &4(X)
and F, 1 (T, X) does not depend on X5, we would then have that €,(X) € K[Xy, X],
which is a contradiction to the irreducibility of this polynomial. The same argument
holds for F, x(T, X) by noting now that
Resz (FZ,l (Ia )7(), Fl,k(Ia AX)) = Sd(X)AZ (X)a

with A, (X) # 0.
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For the second part of the proof, we get that F{ﬁk(I, X), € (Xo, X)L for j =
0, 1 straightforwardly from the definition of these forms given in (3.6). An explicit
computation also shows that

Resy (F] (T, X), Fy) (T, X)) = £€4(X)L](X)

with L{(X) # 0, which proves that F; (T, X) has a term that is linear in X,. ]

In the sequel, we set (;) = 0ifa < b. For a K[X]-graded module M and an integer

¢, we denote by M, the ¢-th graded piece of M.

Proposition 4.3 Let ¢ be as in (1.2), a proper parametrization of a curve C having
= 2 and a very singular point. let { > 0.
(i) ifd=2k—1,then K,y = (F1s—1(T, X)) ® (F1x(T, X)) and the dimension of
this K-vector space is (" 57) + (“5*2);
(ii) ifd = 2k, then K1y = (F} (T, X))r @ (F} (T, X))e, its K-dimension being
2([—k+2) '
5).
Proof Suppose first that d = 2k — 1. From the statement of Theorem 3.4, we have
that X, . = (F1x—1(T, X), F1x(T, X))x(x]- Moreover, from Lemma 3.1 and the proof
of Theorem 3.4, we easily deduce that

(Fra(L,X), Fip(T, X)), = (Fix1 (L, X)), & (Fix(T, X)),

for any £ > 0. From here, the claim follows straightforwardly by computing dimen-
sions in each of the subspaces involved in the last equality. The case d = 2k follows
analogously, using now Proposition 3.6(iii). ]

Theorem 4.4 Let ¢ asin (1.2) be a proper parametrization of a curve C having i = 2
and a very singular point. For any ¢ > 0:

e Ifd =2k — 1, then

0 ift < 2k — 3,

dim (Adj,(C) N K1) <
imy (Adj, (C) N Kyp) < {g(£_2k+4) otherwise.

o Ifd =2k, then

d Adj,(C)NXK <
img (Adj,(C) 1) < {g(g —2k+3) otherwise.

For a generic curve C with u = 2 and a very singular point, the equality actually holds.

Proof Suppose d = 2k — 1 with k > 3 (otherwise there cannot be a point of multi-
plicity larger than 2), and without loss of generality assume that (0:0:1) is the point
of multiplicity d — 2 = 2k — 3. Fix £ > 0, and set

Je= <x03~xl>d73 NKie.
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Due to (4.1) applied to p = (0:0:1), it turns out that Adj,(C)NXK, ; C 3. Moreover,
the equality holds for a generic curve with ¢ = 2 and (0:0:1) being very singular.
Indeed, such a curve has all its singularities of ordinary type (i.e., there are no “virtual
points”). For this class of curves it is easy to show that any nonzero element in 3,
is a pencil of adjoints, as we already know that (0:0:1) has the correct multiplicity,
plus the fact that all the other singular points have multiplicity two thanks to Propo-
sition 2.5 (and are ordinary due to genericity). So condition (4.1) for these points is
satisfied provided that the pencil also vanishes at these points, and this follows from
Proposition 2.1.

To compute the dimension of 3/, Proposition 4.3 and Lemma 4.2 imply that the
set {X2F 41 (T, X), X2F ((T,X)} with [a| = £ —k+ Lag + oy > k—2,|8] =
0 —k,Bo+ B > k—3,isabasis of 3,. If ¢ < 2k — 3, the cardinality of this set is zero.
Otherwise, it is equal to

0=kl 0—k
Z G+1)+ Z (j+1) =0l — 2k + 4).
j=k—2 j=k—3
The proof for d = 2k follows mutatis mutandis the argument above. ]

Remark 4.5 Combining the dimensions computed in Proposition 4.3 and Theo-
rem 4.4, we get that

. . (k — 2)2 ifd=2k—1,
dim (%, ¢/ Adj,(C) N Ky ,) >
im (X1.e/ Adj,(C) N Ky ) > {(kl)(kZ) ifd = 2k,

with equality for £ > d — 2 and C generic in this family of curves. Note that the
dimension of the quotient is independent of £ for £ > d — 2.

5 Curves with Mild Multiplicities

Now we turn to the case where there are no multiple points of multiplicity larger
than 2. In this case, a whole set of generators of K has been given in [Bus09, Proposi-
tion 3.2], and our contribution will be to show that this set is essentially minimal in
the sense that there is only one element that can be removed from the list.

We start by recalling the construction of Busé’s generators. In order to do this,
some tools from classical elimination theory of polynomials will be needed. As
in the beginning, our p-basis will be supposed to be a fixed set of polynomials
{P21(T,X), Qi—21(T,X)}. Recall that in this situation, we now have

Py (T, X) = ToLY(X) + TTLI(X) + ToTh L (X),

with V2 (L9(X), L}(X), L} (X)) = @, in contrast with the previous case where this
variety was the unique point in C having multiplicity d — 2 on the curve.
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5.1 Sylvester Forms

FOl’Z = (VOa Vl) € {(07 0)7 (la 0)7 (07 1)}7 write
Poi(T,X) = Ty ™PY, (T,X) + T{™PyY, (T,X),
Qu—21(T,X) = Ty Q% (L. X) + T Q%5 (LX),
and set

P?fvo,l(l“, X) 1 1/1 1(T X)

AK(I7 X) = v v
QY (LX) Qi (1.X)

€ KIT, XJg—2—}y2-

It is easy to see (see also [Bus09]) that these polynomials are elements of K, well
defined modulo X, ;. Note also that one has the following equality modulo X, ;:

(5.1) AT, X) = TobAMN(T, X) = T,APV(T, X),

which essentially shows that these elements are not independent modulo X. These
forms are called Sylvester forms in the literature; see for instance [Jou97, CHWO0S,
Bus09].

5.2 Morley Forms

Now we will define more elements of X of the form A,(T,X), for2 < |y| < d —1.
In order to do that, we first have to compute the Morley form of the polynomials
P,1(T,X) and Qq—»,(T,X), as defined in [Jou97, Bus09], as follows. Introduce a
new set of variables S = Sy, S1, and write

(5.2)
Py 1(T,X) — P21(S,X) = P°(S, T, X)(Typ — So) + P'(S, T, X)(T1 — S1),

Qd*Z,l(Iv )i() - Qd*l,l (57 X) = Q0(§a Ia X)(TO - SO) + Ql (57 I? X)(Tl - Sl)a
and define the Morley form of P, 1(T, X) and Q1 (T, X) as

P(S, T,X) P'(S,T,X)

Mor(S, T.X) = | oo(s T, x)  Q'(S, T.X)|°

Due to homogeneities, it is easy to see that we have the following monomial expan-
sion of the Morley form:

(5.3) Mor(S, T,X) = > Fi_,_,,(T, 08",
v|<d—2
with Fd >y ‘Z(T,X) € KI[T, X](a—2—}y,2)- It can also be shown (see for instance

[Jou97] or [Bus09]) that the elements F 2|y, 2(T X) are well defined modulo the
ideal generated by P, 1 (T, X) — P,1(S, X) and Qg1 (T, X) — Qu—2.1(S, X).
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To define nontrivial elements in X, we proceed as in [Bus09, Section 2.3]. Fix
i,1 <i<d—2andlet M; bethe (d —1—1) x (d — 2 — i) matrix defined as follows:

Bx) o 0 o ESTOIX
LX) L o - ng”*?”(z,;c)
v [ L 1o e BTN
0o . LX) FEY77ULLX)

By looking at the last column, we see that the rows of IV; are indexed by monomials
v such that |v| = d — 2 — i. For each of these monomials, we define Ai%d_l_i(l", X)
as the signed maximal minor of M|; obtained by eliminating from this matrix the row
indexed by v. By looking at the homogeneities of the columns of M);, we easily get
that Aix’ i-1-:(T,X) € K[T, X]; 4—1—;. Moreover, we have the following proposition.

Proposition 5.1 ([Bus09, Theorem 2.5]) Each of the Afdflfi(l, X) is independent
of the choice of the decomposition (5.2) modulo (P 1(T, X), Qi—2.1(T, X)) and belongs
to XK.

In connection with the matrices M; defined above, we recall here the matrix con-
struction for the resultant given in [Jou97, 3.11.19.7]. Forafixed i,1 < i < d — 4,
we set M; the (d — 2) x (d — 2) square matrix, defined as follows:

_ (M) Mor(i)
(5.4) Mf—< 0 Mdzimf)’

where M;(1) is the submatrix of M ; where we have eliminated the last column, and
the matrix Mor(i) has its rows (resp. columns) indexed by all T monomials of total
degree d — 2 — i (resp. i), in such a way that the entry Mor(i),,is equal to the

coefficient of IZ, S* in Mor(S, T, X) defined in (5.3). With this notation, we easily
deduce that
(5.5) F, (LX) = > Mor(i),,I*.

v/ |=d—2—v|

Proposition 5.2 ([Jou97, Proposition 3.11.19.21])

IMi| = €4(X).
To prove our main result, we will need the following technical lemma.
Lemma 5.3 LetK bea field, ny,N € Nand wy,wy,...,wy—2,71,...,7n € K", such
that dimg (wo, w1, ..., wy—2) =n— 1, and foreach j =1,... N,
dimg (wo,wi, ..., wp—, 7)) <n—1

(where (F) denotes the K-vector space generated by the sequence F). Then for each
i,7,1 <i,j <N, we have

dimg(wy, ..., wp—2, 7, 7)) <n— 1L
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Proof Suppose that the claim is false. Then, we will have (wy, ..., w,—, 7, 7)) = K"
for some i, j and by applying Grassman’s formula for computing the dimension of a
sum of vector subspaces:

dimK(W1, sy Wn—2,Ti, 7-])
< dimg(wo, Wi, - - -, W2, i) + dimg(wo, w1, .« . ., Wy—2,7})
- dimK(WOa Wiy .- awnfl)

<2n—1)—(n—1)=n-—1,

a contradiction. |

5.3 Minimal Generators

We are now ready to present the main result of this section.

Theorem 5.4 If ;o = 2 and the curve C has all its singularities having multiplicity 2,

then the following family of ““U4=1 1 5 polynomials

2

{(c-:‘dv PZ,] (Iv X)7 Qd—Z,l(I7 X)v A(l’O) (Ia X)a A(O‘l)(I7 X)}

4
U{A (T X h<icd—ay|—d—2—i
is a minimal set of generators of K.

Proof In [Bus09, Proposition 3.2], it is shown that F U {A%(T, X)} is a set of gen-
erators of K, and we just saw in (5.1) that we can remove A%°(T, X) from the list. So
we only need to prove that this family is minimal, i.e., that there are no superfluous
combinations. Apart from &€;(X), P, (T, X), Qs—2,1(T, X), note that the rest of ele-
ments in F have total degree in (T, X) equal to d — 1. The only generator whose total
degree is lower than or equal to d — 1is P, 1 (T, X). So, due to bihomogeneity of the
generators, the proof will be done if we just show that

o AT X)and A®D(T, X) are K-linearly independent modulo P, ; (T, X);
o foreachi=1,...,d—4, theset {A7, | (T, X) }yj=d—2—i is K-linearly indepen-
dent modulo P, (T, X).

To prove the first claim, suppose we have A\, A\; € K such that
MACNT, X) + MAC(T,X) =0 mod P,y (T, X).
Recall also from (5.1), that we have
T AT, X) = TV AYD(T,X) =0 mod P, (T, X).
From these two identities, we get

(AT — MT)AYN(T, X) € (P1(T, X)),
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ie, AOD(T, X) € (P, (T, X)). But this is impossible, as (5.1) shows that
T AO(T, X) = AT, X),

and the latter is an element different from zero (the “discrete jacobian” )in the quo-
tient ring K[ T, X] modulo P, (T, X), Qu—2,1(T, X); see for instance [Bus09, 2.1] So
Ao = A1 = 0 and the claim follows.

Now choose i such that 1 <i < d — 4, and consider the family

{Al d—1— 1(T7 X)}M:dfz,i.

Suppose that there is a non trivial linear combination

> ANAY L (T,X) =0 mod Py (T,X),

lv|=d—2—i

with ), € KVy. By the definition of the polynomials A7, | .(T,X), this last identity
implies that the square extended matrix

LY(X) 0 0 Fl(‘;_z_i‘o (T,X)  Aa—2-i0)

L) LX) 0 o FSUTUUTLX) Agssoin

LX) Lix) LX) - F}d I X)) Aaeai,
o= ' 2 M
0 . LX) F}%‘"*”(L X) Nod—2-i)

is rank-deficient modulo P, ; (T, X). We claim the matrix that results by eliminating
the second to last column has maximal rank. Indeed, if this were not the case, by
looking at the Sylvester-type structure of the matrix and performing linear combina-
tions of the columns of this rectangular matrix, we would deduce an identity of the
form

S e =288, gy,
ly|=d—2—i B B(X) ’

with A(T, X) € K[T, X], B(X) € K[X]. But this is impossible, since from
B(X)( > Am) = AT, X)P,,,(T, X),
lv|=d—2—i

we would deduce that P, 1 (T, X) is not irreducible, which is a contradiction. Hence,
these columns are K[X]-linearly independent. By expanding the determinant of the
rank-deficient matrix (IM;|\) by the second to last column, and using (5.5), we get

L)(X) 0 0 <o+ Mor(i)yr (d—2—i0)  Ad—2-i0)
Ly(X) LX) 0 <o Mor(d)ys (d—3—i1)  Ad—3—i1)
LX) LyX) LYX) - Mor(d)y (—a—i2) Ad—i—ip)|
o=>"| . : .|
wi=i| B R : :
0 e LI(X) Mor(i)y/ (0.d—2—i) A0d—2—i)
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so we conclude that

LY(X) 0 0 coo Mor(i)ys (d—2—i0)  Ad—2—i0)
Li(X) LY(X) 0 coo Mor(i)ys (d—3—i1)  Ad—3—i)
LX) LiX) LYX) -+ Mor(i)y (d—a—iz) Ad—a—i2) 0
0 ax LX) Mor(i)y (0.d—2—i) A0.d—2—i)
forall v/, |v'| = i. Lemma 5.3 above then implies that
L)(X) 0 0 <o Mor(i)ys (d—2—i0) Mor(i)yr (a—2—i0)
Li(X) LY(X) 0 <+ Mor(i)ys (d—3—i1y Mor(i)yr (a—3—i1)
LX) LiX) LYX) -+  Mor(i)y —a—iz Mor(i)y (a—a—iz)
(5.6) . . . . :
0 e LI(X) Mor(i)y (0,d—2—i) Mor(i)yr 0.d—2—i)
for any pair v', v’ such that |v/| = |¢"/| = i. If we compute the determinant of

the matrix M; defined in (5.4) by Laplace expansion along the first block of rows
(M;(1) Mor(i)), then due to the zero-block structure of this matrix it is easy to see
that the only non zero minors contributing to this Laplace expansion coming from
this block are of the form (5.6). This implies then that |[M;| = 0, which contradicts
Proposition 5.2. Hence, there cannot be a nontrivial linear combination of the form
ZMZd—Z—i AKAiK,dflfi(I’)—() =0 mod P2,1(I; X) n

6 What About . > 32

One may wonder to what extent what we have done in this text for curves with p = 2
can be extended with the same techniques for larger values of ;1. We have worked out
several examples with Macaulay 2, and the situation does not seem to be straight-
forwardly generalizable. For instance, there will be no statement equivalent to what
we obtained in Theorems 3.4 and 3.7 for ;+ > 3, where once you fix the degree d of
the curve with a very singular point, the bidegrees of the minimal generators of X are
determined by it for p = 2.
Indeed, consider the two following p-bases:

F5 (L, X) = Ty Xo + (T} — ToTHX,

F(T,X) = (TeT) — ToT))Xo + (T Ty + ToTHXa + (T + T)HX,
133,1(1,&) = (Tg - TéTl)Xo + (T13 + TOT% - T0T12)X1

ﬁm(LK) = (TeTy — ToT))Xo + (To T3 + ToTH)Xo + (Tg + T X,.

Each of them properly parametrizes a rational plane curve of degree 10 having
(0:0:1) as a very singular point. However, an explicit computation of a family of
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minimal generators of X for the first curve gives in both cases families of cardinality
10, but in the first one the generators appear in bidegrees

(3,1),(7,1),(2,3),(2,3),(4,2),(2,4),(1,6),(1,6),(1,6), (0, 10),
while in the second curve, the generators have bidegrees
(3,1),(7,1),(2,3),(2,3),(4,2),(2,4),(1,5),(1,6), (1,6), (0, 10).
Also, the family we can get from (2.9) only detects the elements in bidegree
(3,1),(7,1),(4,2),(0,10),

so it will no longer be true that for T-degrees larger than p — 1, this set actually gives
all the generators of K.

All of this shows that, for ¢ > 3, more information from the curve apart from
(d, 1) and if it has a very singular point or not, must be taken into account to get a
precise description of the minimal generators of K. Note also that in the case of mild
singularities, the set of elements of K proposed by Busé in [Bus09] does not generate
the whole ideal, and by computing concrete examples, we find that they almost never
contain or are contained in a minimal set of generators of XK.
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