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Introduction

In this thesis we compute the number of moduli of certain families of plane curves with
nodes and cusps as singularities. Let X} ; C P(HO(P?, Op2(n))) := PV, with N = ”(”T%), be
the closure, in the Zariski’s topology, of the locally closed set of reduced and irreducible plane
curves of degree n with k cusps and d nodes. We recall that, for £ = 0, the varieties V;, ;, = 3¢ ;
are called the Severi varieties of irreducible plane curves of degree n and geometric gemis
g= ("51) —d. Let ¥ C ¥} ; be an irreducible component of 2 g and let g = ("51) —d—k be
the geometric genus of the plane curve corresponding to the general point of . It is naturally
defined a rational map

HE DTS Mg,

sending the general point [I'] € ¥ to the isomorphism class of the normalization of the plane
curve I' corresponding to the point [I']. We set

number of moduli of ¥ := dim(Ilx(X)).

We say that X has general moduli if Ily; is dominant. Otherwise, we say that ¥ has special
moduli. 1t is possible to prove that, if k¥ < 3n, then

(1) dim(Ilx (X)) < min(dim(M,), dim(Mgy) + p — k),

where p := p(2,9,n) = 3n — 2g — 6 is the Brill-Neother number of the linear series of degree
n and dimension 2 on a smooth curve of genus g. We say that > has the expected number of
moduli if the equality holds in (1). By classical Brill-Neother theory when p is positive and by a
well know result of Sernesi when p < 0 (see [37]), we have that X ;, (which is irreducible), has
the expected number of moduli for every d < ("51) Working out the main ideas and techniques
that Sernesi uses in [37], under the hypothesis 0 < k < 3n, we find sufficient conditions in order
that an irreducible component X C ¥ ; has the expected number of moduli. If ¥ verifies these

conditions, then p < 0. In particular, we prove the following two results.

Proposition 1 (See proposition 3.1 of chapter 3.). Let ¥ C Xp g with 0 < k < 3n, be an
irreducible component of ¥} ; and let [I'] € X be a general element, corresponding to a plane
curve I' with normalization hap ¢:C —T. Let HCT be the divisor cut out on I' from the
general line of P2 and K¢ the canonical divisor of C. Suppose that:

(1) T is geometrically linearly normal, i.e. h%(C, ¢*(H)) = 3,
(2) the Brill-Noether map
Ho,C HO(Ca ¢*(H)) ® HO(Ca Ko — ¢*(H)) - HO(Ca KC)

of the pair (C,H), is surjective.
Then % has the expected number of moduli equal to 3g — 3+ p — k.

5



6 INTRODUCTION

Lemma 1 (See lemma 3.8 and corollary 3.9 of chapter 3.). Let ¥ C X ; be an irreducible
component of Yha withn >5 and 0 < k < 3n. Suppose that X has the expected number of
moduli and that the general element [I'] € ¥ corresponds to a geometrically linearly normal
plane curve I' of geometric genus g such that, if C — I is the normalization of I', then the map
Wo,c is surjective. Then, for every k' < k and d' < d+ k — k', there is at least an irreducible
component ¥ C X such that ¥ C X', the general element [D] € X' corresponds to a g.l.n.
plane curve D of geometric genus g’ with normalization DY — D and the Brill-Noether map
po,pv surjective. In particular, also X' has the expected number of moduli.

In the following theorem, by using induction on the degree n and on the genus g of the
general curve of the family, we construct examples of families of plane curves with nodes and
cusps verifying the hypotheses of proposition 1 and so having the expected number of moduli.

Theorem 1 (See theorem 3.11 of chapter 3.11.). Let Yk a be the algebraic system of irre-

ducible plane curves of degree n > 4 with k cusps, d nodes and geometric genus g = (";1) —k—d.
Suppose that:

(2) n—2<g equialently k +d < h°(P?, Op2(n — 4))
and

n—8| .
(3) kSG—i—[ 3 ]szn—Qgganan&
(4) k<6 otherwise.

Then X ; has at least one irreducible component % which is not empty and whose general
element [I'] € ¥ parametrizes a geometrically linearly normal curve I' such that the Brill-
Noether map of the pair (C, H), where C' is the normalization of I' and H denote the pull-back
to C of the hyperplane section of P2, has mazimal rank. In particular, when p < 0, the algebraic
system X has the expected number of moduli equal to 3g — 3+ p — k.

The previous result may be improved, see remark 3.12 of chapter 3. By theorem 1, it follows
that X7 ;, (which is irreducible), has the expected number of moduli if p < 0. Moreover, from
a result of Eisembud and Harris, it follows that X7 ; has general moduli if p > 2. In theorem
3.13 of chapter 3, by using induction on n we find that 214 has general moduli also when
p = 1, concluding that 214 has the expected number of moduli for every d < ("51) - 1.
We are extending this result to the case & < 3. Finally, we consider the variety 2270 of
irreducible sextics with six cusps. It is classically known that Eg,o is reducible. One of the
irreducible components of 280 is the parameter space X1 of the family of plane curves of
equation f3(wg,z1,22) + f3(z0,71,22) = 0, where fo and f3 are homogeneous polynomials
of degree two and three respectively. The general point of ¥; corresponds to an irreducible
sextic with six cusps on a conic as singularities. Moreover, %8 ; contains at least an irreducible
component Yo whose general element corresponds to a sextic with six cusps not on a conic
as singularities. The results above can’t be useful in order to compute the number of moduli
the irreducible components of Eg,Ov because in this case p = 4. In section 4 we prove that
¥ has the expected number of moduli equal to dim(My) + 4 — 6 = 7 and that %¢, contains
at least an irreducible component having the expected number of moduli and whose general
element corresponds to a sextic with six cusps not on a conic. We don’t still know examples of
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irreducible complete families of plane curves with nodes and cusps having number of moduli
smaller that the expected.

The previous results are contained in chapter three of this thesis. The first chapter of this
thesis is devoted to very basic notions of algebraic geometry. In chapter two we recall some
standard results of deformation theory of plane curves which will need in chapter three and
we prove some little results of deformation of plane singularities. In particular, section 6 of
chapter 2 is devoted to the equigeneric locus of the étale versal deformation space of an ordinary
plane singularity, (see section 5 of chapter 2 for the étale versal deformation space of a plane
singularity). We prove the following result.

Proposition 2. [See proposition 6.1 of chapter 2.] There exists an étale neighborhood U
of 0 € EG C B in the equigeneric locus EG of the étale versal deformation space B of I, such
that every point y € U corresponds to a plane curve with only ordinary multiple points.

This result is very 'natural’ and in all probability it is known, but we have not found in
literature a proof of it. In order to prove the previous proposition, we show the following
lemma.

Lemma 2. [See lemma 6.7 of chapter 2.] Let Cri1 C P™! be a rational plane curve of
degree 7+ 1 and let A be a (r — 2)-plane with no intersections with Cr41 and having finitely
many intersections with the secant variety S(Cr41) of Cry1. Then, the projection plane curve
TA(Cry1) := C of Cri1 from A has only ordinary multiple points as singularities if and only
if A transversally intersects S(Cri1) at r(r —1)/2 points each of which lies on a proper secant
line to the rational normal curve.

Then, by a result of Franchetta and a result of Morelli (see lemma 6.14 and 6.11 of chapter
2) we deduce the following proposition.

Proposition 3. For every integer r there exists an integer R > r such that for every
ordinary plane singularity of multiplicity r of analytic equation g(x,y) = 0, there exists an
irreducible rational plane curve of degree R with an ordinary r-fold point analytically equivalent
to g(x,y) = 0.

By using proposition 3 and the properties of the étale versal deformation space of a plane
singularity, we deduce proposition 2 by lemma 2.

Acknowledgment. I would like to express deep gratitude to my advisor Prof. C. Ciliberto
who initiated me into the subject of algebraic geometry and who provided me many invaluable
suggestions and corrections. I have also enjoyed and benefited form conversation with many
people including F. Flamini, E. Sernesi, L.. Caporaso and G. Pareschi.






CHAPTER 1

Preliminaries

The standard results on algebraic systems of plane curves of a given degree with prescribed
singularities, which we shall use in this paper, are collected in chapter 2. In this chapter we recall
some basic results, which we shall use later. First of all we fix some notation and terminology.
Through all this paper a curve X will be a projective separated scheme of finite type over C,
of pure dimension one. We shall say that X is reduced (smooth) if every local ring of X has
no nilpotent element (is regular). We define the geometric genus g(X) of a reduced curve X
to be the arithmetic genus of its normalization. In particular if X has irreducible components
Xi,..., Xy then g(X) =), g(X;) —g+1. A plane curve will be a projective curve X contained
in the projective plane P?(C) := P2. We shall assume as known the correspondence between
base point free linear series on a smooth curve C' and morphisms ¢ : C' — P" from C to a
projective space. Usually we shall work with projective singular curves. If X C P" is such a
curve and o is a linear system on P", then the linear series cut out by o on the normalization
curve ¢ : X — X C P" of X will be the linear series cut out on X by the linear system which
is the pullback to X , with respect to ¢, of o.

1. Adjoint curves to a plane curve

Our definition of adjoint plane curve follows that of [6], Appendix A of chapter 1. Let
f(x,y) = 0 be the affine equation of a reduced plane curve I' C P2 of degree n with normalization
¢:C —T. Let p € I" be a singular point of I and let py,...,ps be the points of C' which lie
over p. The adjoint divisor A, of p is the divisor on C' defined by

A, = Z a;p;
i

dx )
of /oy~
We say that a plane curve of affine equation g(z,y) = 0 is adjoint to f(z,y) = 0 at p if, denoting
by (-) the divisor associated to -, we have that

(9%9) = Ap.
The plane curves adjoint to f(z,y) = 0 at p form an ideal which we denote by A, C Opz2 ,
while the adjoint curves to I' at p of a given degree form a linear system. Notice that, by
definition, a plane curve g(z,y) = 0 is adjoint to I at p if and only if the local form

¢*g(w, y)dz

af /0y

is holomorphic at each of the points py,...,ps € C mapping to p. Moreover, we define the num-
ber of adjoint conditions d, at p as the index of the ideal Ay in Ops2 ), i.e. 6, = dim(Op2 ,/Ap)
as vector space over C. Denoting by Sing(I") the set of singular points of I', the adjoint divisor

where

a; = —multy, (¢

9



10 1. PRELIMINARIES

A of ¢ : C — T is the divisor A = >

is defined by 6 = > g0
every point p € Sing(I"). The plane curves adjoint to I' form an ideal, which we shall denote
by A C Op2. The notion of adjoint curve is very important in the theory of plane curves for
several reasons, first of all because of the relation with the canonical sheaf we which we explain
below. Let (U, 2) be an holomorphic chart of C. If we set ¢|7(2) = (2(2),y(2)), then the local
form of w in U is

peSing(T) A, and the number of adjoint conditions § of I’
dp. A reduced plane curve is adjoint to I' if it is adjoint to I' at

y ~ 0z(2) dz
U™ "0z af(x(2),y(2)) /0y

Ay = (0x(2)/02) — (0f (x(2),y(2))/0y).
We observe that, if 7 : C' — P! is the composition of the normalization morphism of I with the
first projection map, then the divisor (0x(z)/0z) is the restriction to U of the ramification divi-
sor R, of m, that is the zero divisor of the differential map of . Denoting by 1 a meromorphic
one form on P!, we recall that

and we find that

(7*n) = Rr + 7" (n).
From the former two equalities, denoting by K¢ = (7*7n) a canonical divisor on C' and by H
the pullback to C' of the divisor cut out on I' by a general line, we deduce that

A=R,—(n—1)H=Kc+2H - (n—1)H,
or equivalently,
(5) we = 6 (Oc(n — 3)(—A)),
where we set Oc(n —3) = Oc((n — 3)H).

Lemma 1.1. The linear system of plane curves of degree n — 3 adjoint to I' cuts out on C
the complete canonical series, that is

—1
ho(we) = HO(P*, A ® Opa(n — 3)) = (n 0 > — 4.
In particular, for every r > n — 3 the linear system of plane curves of degree r adjoint to I' has
the expected dimension equal to h°(P% Opa2 (1)) — 6.
PROOF. By the equality (5) it follows that, if g(C) is the geometric genus of C, then

(n—1)(n—2)

9(C) = h’(we) = 5 —1/2deg(A)
and
D022 ) jadeg(a) > H(Oc(n - 3)(-a) > LN g
that is
(6) deg(A) < 26.

We want to show that in (6) the equality holds. As before, let p € ' be a singular point of I’
and let py, ..., py be the points of C which lie over p. Let V be the (degA,)-dimensional vector
space
V =H%C,0c/0c(-Ay)).
We consider the bilinear pairing
Pv:VxV—=>C
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defined by
W(g.h) = ) Resp, (ghw).
i

First of all we observe that this pairing is not degenerate. To see this, let g € V' be a not zero
element. We still denote by g a meromorphic function on C' whose image in V' is equal to g € V.

If r; = multy, (gw), then there exist a meromorphic function h on C having order —rg, ..., —ry
at po,..., pr respectively and order —ry — 1 at p;. The one form ghw is holomorphic at
o, ..., pr and have a simple pole at p;. This proves that ¢ is not degenerate. Now we claim
that
k
(7) Z Resp,¢"gw = 0,
i=1

for every polynomial g(z,y). We prove the claim by induction on the minimal number blowing-
ups necessary to resolve the singularity of I' at p. If this number is zero, that is if p is a smooth
point of I', thus ¢*gw is holomorphic at p and the claim is true. Now suppose that I'" has a
singular point of multiplicity s at p and that, blowing up the plane at p, the singular points
of the strict transform I' of I which map to p verify (7). Let g(z,) be a polynomial which
vanishes with multiplicity r at p. If we assume, as we may, that p = (0,0) and that the line
x = 0 is not tangent to I" at (0,0), then, by taking analytic coordinates (z,7) on the blowing-
up of the plane b : IB%lp]P’2 — P2, where §j = y/x, we have that the strict transforms of I' and

g(x,y) = 0 have equations f(z,7) =0 and g(x,y) = 0 respectively, with
f(xvy) - .%'S.]?(.%',g) =0

and
g(@,y) =2"g(z,§) = 0.

Moreover, all the points of the strict transform of f (z,y) = 0 which lie over p have finite
coordinates. Differentiating the previous equalities with respect to y we find that

g(x’ y)d‘r — ‘,L,rferl g(‘r’ g)dx
of /0y of /0y
Denoting by ¢~) :C — BlpIP2 the map such that ¢ = b¢~), we find that

N _
Z Respiqb*gw = Z Z Respiﬁg*(fﬂr_Hl%) =0.
i=1 q€T'|b(q)=p pi|d(pi)=q Y

The equality (7) follows by inductive hypothesis on T'. This proves that, if W = H(T', O /Ap)
and W is the image of W under the injection

H°(T,0r/A,) = H(C,0c/0c(~Ay)),
then (W, W) = 0 and hence W C Ann(W). We deduce that
8, = dimW < deg(A,) — 5y,
for every p € Sing(T"). Hence the equality holds in (6) and

1O (we) = HO(P2, A @ Ops(n — 3)) = <" ) 1) s
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In particular, it follows that the evaluation map
HO(P?, Op2(n — 3)) — H°(P?, Op2(n — 3)/A) = C°,
which we deduce from the following exact sequence
00— A® Op2(n—3) = Op2(n—3) = Op2(n—3)/A =0

is surjective. Since for every r > n — 3, we have that H°(P2, Op2(r)) 2 H(P?, Op2(n — 3)),
the evaluation map

H(P?, Op2(r)) = H°(P*, Op2(r)/A) = C°
is surjective too and hence h%(A ® Op2(r)) = h®(Op2(r) — 4. O

We conclude this section by observing that, if the plane curve I' has only nodes and cusps
as singularities, then the rational one-form w defined above has simple poles at the points of
C mapping to the singular locus of I' and hence a plane curve D is adjoint to I if and only if
D passes through every singular point of T'. In this case it is immediate that 20 = deg(A).

2. Dualizing sheaf of a curve with nodes and cusps

We refer to [22] for the properties of the dualizing sheaf of a projective variety. In this
paper it will be convenient for us to give the following definition of the dualizing sheaf of a
curve.

Definition 2.1. Let C be a curve with normalization v : C¥ — C. The dualizing sheaf we
associates to each U C C' the set of rational one-forms n on v=1(U) C C¥ such that

(8) Z Resq(v*fn) =0

qev—1(p)

for every p € C' and for each f € Oc,.

We compute the dualizing sheaf of a curve C' with at most nodes and cusps as singularities.
Let C be such a curve, U C C an open set of C' and 1 € we(U) a local section of the dualizing
sheaf of C on U. If ¢ € U is a smooth point, then, by (8), n has to be holomorphic at ¢, and
hence, if C is smooth, the dualizing sheaf of C' coincides with its canonical sheaf. Suppose
that ¢ is a node of C and let ¢; and g2 be the points C* which lie over ¢. In this case, by
(8), the one-form 7 can have at most simple poles at each of the points ¢; and go. In order to
see this, let (Uy, z1) and (Us, z2) be disjoint holomorphic charts of ¢; and ¢o respectively. We
may assume that vy, (21) = (21,0) and vy, (22) = (0, 22). Now suppose that g, = >, a2,
with r < =2 and a, # 0. If y : v(Uy) Nv(Uz) — C is the second projection map, then
vy g, (22) = aizy '+ f(22), where f is an holomorphic function, while I/*y‘_U’;_l =0 and
hence

Resgv*y ™"t + Resg, vy~ "'y = a, # 0.

That proves that 7, as rational form on C” has at most simple poles at g; and g». Moreover,
applying (8) to the case that f is a not zero constant function, we find that

(9) Resg,m+ Resg,n = 0.

Viceversa, every rational one-form 1 € wev (v~1(U)) having at most simple poles at ¢; and g9
and verifying (9) is a local form of wer on U. Indeed, if n is such a local rational one form
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and f € Ogp, then, by using the same notation as before, we may set 1, = (3,55 ¢izi)dz1,
Mo, = —c,lzgldzz + Zizo(dizé)dz% v fiu, = Zizo a;z] and v* fiy, = ao + Zizo bjz. Thus
Resq, V" fn+ Resg, V" fn = c_1a0 — c_1a9 =0,

as we wanted. Finally, suppose that C has a cusp at ¢q. Let p be the point of C*¥ which lies over
q and let (V; z) be a holomorphic chart containing p such that v}y (z) = (22,2%). First of all we
notice that if a local rational form on V' satisfies (8), then  may have at p a pole of multiplicity
at most equal to two. Indeed, if gy = Y5, a;z', with r < =3, and z : (V) — C is the first
projection map, then Res,(v*x~""!n) = a, # 0. Moreover, a rational one form with at most a
double pole at p satisfies (8) if and only if res,n = 0. Indeed, if f € O¢, is a not zero constant
function then Res,v* fn = 0 if and only if Res,n = 0. On the other hand, if Res,n = 0, that is
v = a_9z2dz + Zz‘zo a;z'dz, then, for every f € Oc, such that Vi fiv = Zz‘zo b;z*, we have
that v*(f)ny (2) = f(z%, 2%)n(z) = boa_z2~2dz + 1/ (2)dz, where 7' is an holomorphic function,
and hence Res,v* fn = 0. This proves the following result.

Lemma 2.2. Let C' be a curve with nodes and cusps as singularities. Then, denoting by
Sing(C) the singular locus of C and by setting v*(q) = v=1(q) if q is a node and v*(q) = 2v71(q)
if q is a cusp, the dualizing sheaf we of C' is the subsheaf of vi(wev (ZqESing(C) v*(q))) which
associates to each U C C' the set of local section n on v=*(U) C C¥ such that

Z Resq(n) =0

qev=1(p)

for every p e C'.

3. Geometric genus in a flat family of curves.

In this section we prove that the geometric genus is a lower semicontinuous function on a
flat family of curves. This is a very basic fact in the theory of curves. All the proofs of this
section have been taken from [13]. From now on, for a flat family family of curves we mean a
proper morphism X — Y which is flat and whose fibres have all dimension one.

Let

X C P"xY

(10) ml
Y

be a flat family of projective curves with all fibres reduced and such that X and Y are reduced
separated scheme of finite type over C. Let ¢.(y) be the geometric genus of 7~ 1(y), for all
yev.

Lemma 3.1. Suppose that Y is a reqular curve and let w : X' — X be the normalization
map. Then w- f: X' =Y is a flat family of projective curves with all fibres reduced.

PROOF. By proposition I11.9.7 of [22], a family of curves X — Y parametrized by a smooth
curve Y is flat if and only if every component of X dominates Y. We deduce that X and X’
dominate Y and the family 7 - f : X’ — Y is flat. In order to prove that a fibre of 7 - f cannot
have multiple components, we recall that 7 is a birational finite map which is invertible at
every smooth point of X. Since all fibres of f are reduced and X is smooth at every smooth
point of any fibre of f, every fibre of 7 - f is birational to the corresponding fibre of f, and so it
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cannot have multiple components. To prove that a fibre of 7 - f has not nonreduced points, it
is enough to prove that on each irreducible component of X’. Since Y is smooth, every fibre of
m - f is principal. Recalling that in a normal Noetherian domain principal ideals are unmixed,
the lemma is proved. O

Proposition 3.2. Let X — Y be a family like (10). Then ¢ is a lower semicontinuous
function in the Zariski topology.

PRrROOF. Suppose that Y is a smooth curve. By using lemma 3.1, we see that the fibres of 7- f
are the normalizations or partial normalizations of the corresponding fibres of f. Actually, since
X'’ is normal, it has at most finitely many singular points. Applying the generic smoothness
theorem to the restriction of 7- f to the open set of smooth points of X', we find that the general
fibre of - f is smooth. We conclude that ¢, = ¢r.; and ¢r.5 is constant on the Zariski open set
of Y where all fibres are nonsingular, because the arithmetic genus remains constant in a flat
family. Finally, recalling that the geometric genus of a reduced singular curve is always strictly
less than the arithmetic genus, we have that ¢.; decreases at singular fibres. Suppose now that
Y is a reduced separated scheme of finite type over C. First of all we prove that there is an open
set U of Y on which the function ¢, is constant. Let U; be the open set of regular points of Y.
Let V be the normalization of 771(Uy) and g : V — U; the induced family of curves. since V is
normal, its singularities points form a closed set A of codimension at least two in V. Since g is
proper, U — g(A) is a dense open set of U;. By generic smoothness theorem, we find that there
is an open set U C U; — g(A) on which the morphism g~ (U) — U is smooth. The fibre of g on
U are just the normalizations of the corresponding fibers of w. Thus ¢, is constant on U. Now
ifyeY — U, then ¢-(y) < g := ¢(U). To see this, let Z be a general curve in Y through y
whose general points belongs to U. Let Z’ be the normalization of Z and let h : C' — Z’ be the
pullback family of X — Y to Z’. From what we proved before, ¢}, is a lower semicontinuous
function. Thus ¢r(y) < g. Finally, let n € Z and let B(n) = {y € Y| ¢(y) < n}. We have
to show that B(n) is Zariski closed. Fix n. If B(n) =Y we are done. If not, from what we
proved before, there is a Zariski closed set Y1 &Y, (Y1 =Y — U) such that B(n) € Y1. If
B(n) = Y; we are done. If not, arguing as before on the family 7=1(Y;) — Y7, we find that
there is a Zariski closed Y, G Y1 with B(n) € Y». Since Y is assumed to be of finite type over
C and hence Noetherian, this process must terminate. So we find a k such that Y, = B(n). O

Finally we need the following result.

Theorem 3.3 ([44], p. 80). Under the general assumptions of proposition 3.2 assume
further that Y is normal and ¢, is constant. Let f : X' — X be the normalization map. Then
m-f: X' =Y is a smooth family of curves and each fiber of 7 - f is the normalization of the
corresponding fiber of m.

Example (2.6) of [13] shows that there are families of reduced projective curves 7 : X — Y
with Y non normal, such that ¢, is constant and which don’t admit a simultaneous desingu-
larization.

Remark 3.4. Finally, we observe that, if m : X — Y is a flat family like (10) whose fibres
of maximal genus have genus g, then, applying generic smoothness theorem to the regular locus
of the normalization X' of X, by functorial properties of the moduli space My of curves of
genus g, we get a rational map

II:Y --» M,
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which sends the general point y € Y to the isomorphism class of the normalization curve of
7~ Y(y). In general, even if ¢, is constantly equal to g, the map 11 doesn’t extends to a reqular
map on all Y. By theorem 3.3, under the hypothesis that ¢, is constant and denoting by Y’
the normalization of Y we have that

Y/
AN
Y -—» M,

the map 11 is defined at the regqular locus of Y and it extends to a reqular map on Y’.

4. Deformations of morphisms on a smooth curve

In this section we give the definition of deformation of a morphism on a smooth curve and
we state the two main theorems of Horikawa deformation theory. In section 7 of chapter 2 we
will show some applications of Horikawa deformation theory to the study of families of plane
curves with nodes and cusps. In this section, we shall denote by C a smooth curve of genus ¢
and by Y a smooth projective algebraic scheme over C. Given two smooth curves C' and C’,
we say that two holomorphic maps ¢ : C' — Y and ¢ : C' — Y are equivalent if there exists an
isomorphism f : C'— C’ such that ¢ =1 - f. We recall the following definition.

Definition 4.1. A deformation (C, b, T, B) of an holomorphic map ¢ : C — 'Y is given
by a flat deformation m : C — B, where C and B are separated schemes of finite type over
C, a morphism qg :C — Y and a closed point 0 € B such that the restriction morphism
Co :=n1(0) = Y is equivalent to ¢.

A deformation of ¢ is said to be infinitesimal if B = Spec(Cle]) = Spec(C[t]/(t?)) and it is
said to be effective if dim(B) = 1. If we denote by ©¢ and ©y the tangent sheaf to C' and Y
respectively, we have the following exact sequence of sheaf on C

0—O¢c— ¢"Oy - Ny — 0

where the map ¢, : ©c — ¢*Oy is the differential map of ¢. The cokernel Ny of ¢, is called

the normal sheaf to ¢. Let (C, b, , B) be a deformation of ¢ and let 0 € Y be a closed point
such that the induced morphism Cy := 771(0) — Y is equivalent to ¢. From what has been
proved in [26], there exists a characteristic map

p:ToB — HO(C, Ny),

from the tangent space to B at 0 to the global sections space of the normal sheaf to ¢. We
have the following two results.

Theorem 4.2 (Horikawa, theorem 2.1 of [26]). If the characteristic map p defined above
is surjective, then the family of morphisms (C, qg, m, B) is complete, i.e. for every other defor-
mation (D, F, G, B") of ¢ and for every closed point 0' € B’ such that the induced morphism
Do — Y is equivalent to ¢, there exist an open neighborhood U of 0/ in B’ and a morphism
h:U" — B such that h(0') = 0 and such that the restriction of (D, F, G, B') to U is equivalent

to the pullback family of (C, ¢, m, B) with respect to h.

Theorem 4.3 (Horikawa, theorem 3.1 of [26]). If H(C, Ny) = 0, then there exists a
deformation (C, ¢, m, B) of C' such that the characteristic map is an isomorphism.
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A family of morphisms (C, b, , B) satisfying (4.3) is said to be a universal deformation
family of ¢, and we will call the parameter space B a universal deformation space of ¢.



CHAPTER 2

Families of plane curves with nodes and cusps

1. Introduction

In this chapter we recall some standard results of deformation theory of plane curves which
will need in the next chapter. In particular, we are interested in the scheme X} ; C pr(n+3)/2

parametrizing irreducible plane curves of degree n and geometric genus g = (”;1) —k—d, with
k cusps and d nodes as singularities.

Section 2 is devoted to Severi varieties. We define the Severi variety V;, , C PU"+3)/2 a5
the Zariski closure in the Hilbert scheme of plane curve of degree n of the locally closed subset
parametrizing irreducible plane curves of degree n and genus g. It is well know that V;, ;4 is
irreducible and the general element of V,, , corresponds to a plane curve with d = (";1) —g
nodes as singularities, (see [19], [2] and [47]).

In section 3, by following the Zariski’s papers [47], [48] and [49], we introduce classical
techniques used to study algebraic systems. An algebraic system of plane curves of degree
n is a Zariski closed subset of the Hilbert scheme P™"+3)/2 of plane curves of degree n. We
give the definition of equivalence between plane singularities and we prove the Dimension
Characterization Theorem of Severi varieties of Zariski, (see theorem 3.12). As corollary of this
theorem, we deduce that every irreducible component ¥ of ¥ ; C P("+3)/2 has dimension at
least equal to 3n+ g — 1 — k and that the equality holds if k& < 3n, see corollary 3.13. Moreover,
we prove that, if k < 3n, then nodes and cusps of an irreducible plane curve of degree n with
k cusps and d nodes as singularities, may be smoothed independently, (see section 3 of section
5 for the meaning of this statement). In particular, we prove that for every k' and d’' such that
kK < kand d < d+ k — K, there exists at least an irreducible component X' of Yy o such
that ¥ C X', see lemma 3.17. As corollary of lemma 3.17 we prove that X} ; is not empty for
every k < 4. In lemma 3.22 we study the local geometry of the varieties 7271170 and X, at a
neighborhood of a point parametrizing a plane curve with d nodes and k cusps. Finally, in
the examples 3.15 and 3.20 we give examples of families of plane curves with nodes and cusps
as singularities with dimension bigger that the expected one and we prove that the algebraic
system 2270 of sextics with six cusps as singularities is reducible, see [49].

In section 4, by following modern literature and, in particular, the Wahl’s paper [45], we
describe the moduli scheme of irreducible plane curves of degree n with k cusps and d nodes, as
a scheme representing a suitable deformation functor F. When k < 3n, the scheme representing
F' is reduced, if it is not empty. When k£ > 3n are known examples of non reduced moduli
schemes of plane curve with nodes and cusps as singularities.

In section 5, by following essentially [13], we introduce the étale versal deformation family
of a plane curve. We introduce the notions of equigeneric deformation and equisingular defor-
mation of a plane curve and we recall the main properties of the étale versal deformation space
of a plane singularity. Finally, in this section we give a second proof of lemma 3.17.

17
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Section 6 is devoted to the étale versal deformation space of an ordinary plane singularity.
In particular, we prove that, if I' is an irreducible plane curve with an ordinary r-fold point
and no further singularities, then there exists an étale neighborhood U of 0 € EG C B in the
equigeneric locus of the étale versal deformation space B of I', such that every point y € U
corresponds to a plane curve with only ordinary multiple points, see lemma 6.1. In order to get
this result, in lemma 6.7 we prove that a rational plane curve I' of degree n has only ordinary
multiple points if and only if it is projection of the rational normal plane curve C,, C P" from
an (n — 3)-plane intersecting the secant S(C),) transversally. By this lemma, by using lemmas
6.11 and 6.14, we deduce lemma 6.1.

Finally, section 7 is devoted to Horikawa deformation theory and to its applications to
the study of families of plane curves with nodes and cusps as singularities. In particular,
in this section we identify the tangent space to an irreducible component ¥ of i a at its
general element [I'] € ¥ with a suitable subspace of the infinitesimal deformations space of
the normalization map ¢ : C — I' of I'. This identification will be very useful in proposition
3.1 of chapter 3. By using this identification and lemma 7.1, we prove a very special case of
lemma 3.17, see lemma 7.5 and remark 7.7. Moreover, we recall some known results on the local
geometry of >k q at apoint corresponding to an irreducible plane curve of genus g = (";1) —k—d
with singularities worst than nodes and cusps, see proposition 7.8 and theorem 7.12. Theorem
7.11 gives a sufficient condition in order that an irreducible plane curve I' of degree n, genus
g and class ¢ may be obtained as limit of curves of genus ¢g and class ¢ with only nodes and
cusps as singularities. (We recall that the class of a plane curve is equal to the degree of its
dual curve). Finally, our proposition 7.13 is a simple application of Horikawa deformation
theory to the study of the deformations preserving genus and class of a curve with prescribed
singularities.

2. Severi varieties

Let P? be the complex projective plane. Since a plane curve of degree n is defined by an
homogeneous polynomial up to multiply by a scalar, the set of plane curves of degree n can be
identified with the projective space P(H® (P2, Op2(n))) = P . pN , whose coordinates are
the coefficients of a general homogeneous polynomial. Notice that PV is the Hilbert scheme of
complex plane curves of degree n and every flat family 1 : X — Y of projective plane curves
of degree n is the pullback of the tautological family

G = {(P,[C])such that P € C} C P?xPV

]
]P;N

with respect to the natural morphism 7 : Y — PV, sending every point y of ¥ to the point
corresponding to the curve ! (y). From now on we will denote by [I'] the point of PV associated
to a curve I' C P? and by Sing(T') the singular locus of I'. By using elimination theory, we
see that the set of smooth plane curves of degree n is parametrized by a Zarisky open subset
of PV, More in general, the set of reduced plane curves of degree n corresponds to a Zariski
open set R C PV, Indeed, every such curve is defined by an homogeneous polynomial without
multiple components. Then R is the complement of the image in PV of the proper closed set

NR = UsqypnP(H° (P2, Op2(2a))) x P(H°(P?, Op2(b))) C PV,
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Moreover, R properly contains the open set I of reduced and irreducible plane curves of degree
n, which is the complement of the image in PV of the closed subset

Ua+b=nP(H"(P?, Op2(a))) x P(H"(P?, Op2(b))) 2 NR.

Recalling that the arithmetic genus of a plane curve of degree n is (";1), by proposition 3.2 of

chapter 1, for every 0 < g < (”;1) the locus of points corresponding to curves of genus at most
g is Zariski closed in R.

Definition 2.1. The Severi variety V,, 4 C PN of plane curves of degree n and genus g is
the closure in PN of the locally closed set of reduced and irreducible plane curves of degree n
and geometric genus g.

To compute the expected dimension of V;, 4, we essentially follow [2]. Let V' be an irreducible
component of V;, ;, and let [I'] € V' be a general element, corresponding to a curve I' C P? with
normalization C'— I'. Let [C] be the point of M, corresponding to C'. There exists a smooth
family of curves of genus ¢

p:C— S

parametrized by a smooth connected algebraic variety S, such that the canonical morphism
m: S — My is finite and dominant and such that [C] € 7(S5) (see [33]). Let us denote by Pic"
the relative Picard variety of the family p and by W2 the subvariety of Pic” whose points are
the pairs (s,7), with s € S and where ~ is a complete linear series of dimension at least two on
the curve p~!(s). Let  =0if g>2,6=1if g=1 and § = 3 if g = 0. Then Pic" is a smooth
variety of dimension 4g — 3 + &, whereas W? is a locally determinantal variety, locally defined
by the vanishing of the minors of order m — 2 of an holomorphic matrix of type m x [ where
m—1=n—g+1, (see [3] or [6]). It follows that, when 2 > n — g, the dimension of W? is at
least equal to

49—-3+0—[m—(m—=3)]l—(m—-3)]=49—-3+5—3(g —n+2).

Let G2 the variety whose points are the pairs (s,g2) where s € S and g2 is a linear series of
dimension two and degree n on p~1(s). In [3] or [6] one can find a construction of G2. Since is
naturally defined a surjective map G2 — W2, always under the hypothesis 2 > n — g, we have
that

(11) dim(G2) > 49 —34+6-3(g—n+2)=3n-+g—9+94.

If 2 < n — g, then W2 = Pic", the general fibre of the map G2 — W?2 is the grassmannian of
subspaces of dimension three of a space of dimension n — g+ 1 and (11) still holds. Let now F2
be the variety whose points are the triples (s, g2, {so, 51, s2}) where (s,¢2) € G2 and {sq, 51, 2}
is a frame of the three dimensional space associate to the linear series g2. Since all the fibres of
the projection map F2 — G2 are isomorphic to Aut(P?), we have that dim(F2) > 3n+g—1+4.
Notice that every point (s, g2, {s0, 51, s2}) € F2 determines a morphism p~!(s) — P2. Let F be
the irreducible component of F2 containing the point corresponding to the morphism C' — T.
Sending every point of F to the point of PV parametrizing the image curve of the associates
morphism, we get a rational map
F—=VcPV

Since two morphisms 1, ¢ : C — P? from a smooth curve C' to P? have the same image if and
only if there is an automorphism A : C — C such that ¢ - A = v, we deduce that

dim(V)>3n+g—1.
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Actually, every irreducible component of the Severi variety has the above expected dimension.

Theorem 2.2 (Zariski [47], Arbarello-Cornalba [2]). Let V' be an irreducible component of
Vin,g- Then

dim(V)an—f—g—l:w—d:N—d
where d = (”;1) — g and the general point of V' corresponds to an irreducible plane curve of

degree n with d nodes and no further singularities.

From now on we will denote by V7, the locally closed set of V4 parametrizing irreducible
nodal curves of genus g. Notice that the dimension of V;7  has been computed first by Severi,
by showing that the tangent space to every irreducible component V7  at the general point
[['] is the linear space parametrizing the linear system of the adjoint curves of degree n to
I, (see section 1 of chapter 1 and section 3.1). An attempt of proof of the fact that every
irreducible plane curve of degree n and genus ¢ is limit of nodal plane curve of the same degree
and genus, can be found in the paper by Albanese [1]. But, this paper contains a gap which
we have not been able to fill-up. Albanese does not prove that, if I' € P? is an irreducible
plane curve of degree 2n and genus g, with n > g — 1, having three ordinary triple points at
three general points P, P, and Ps of the plane and other singularities, then there exists a one
parameter family of plane curves G — A of degree 2n and genus g, whose special fibre G is
equal to I' and whose general fibre has an ordinary triple point at a neighborhood of every F;,
for i = 1, 2, 3, and nodes as further singularities. As we will see in the next section, in order
to prove the theorem 2.2, Zariski starts from Severi ideas, putting them in a more general and
formal context, see theorem 3.12. Arbarello and Cornalba approach is very different. They
look at the Severi variety as the locus of pairs (C,¢), where C' is a smooth curve of genus g
and ¢ : C — P? is a morphism from C to P2, and they use Horikawa deformation theory to
prove theorem 2.2, ([2] and [3]). This paper doesn’t contain Arbarello and Cornalba proof of
the theorem 2.2, but we started on their ideas to prove our proposition 7.13. Now we want to
show the following more elementary fact.

Lemma 2.3. The set S,, q which parametrizes reduced plane curves with at least d singular
points is Zariski closed in PV and every its irreducible component has dimension at least equal
to N —d, if it is not empty. Moreover, let U, q C Sy q be the locus of reduced d-nodal plane
curves of degree n. Every not empty irreducible component U of U, q is Zariski dense in an
irreducible component S of Sy, 4.

Before proving the lemma, we remark that V7 is contained in U, 4 and it is the union of
irreducible components of U, 4 parametrizing irreducible plane curves. Then, by the former
lemma and by theorem 2.2, we have that if 1 < d < (”;1) and g = (”;1) — d then, the union
of irreducible components of S, 4, whose general element corresponds to an irreducible curve,
coincides with V;, 4.

PROOF OF LEMMA 2.3. Let R be the open set of PV parametrizing reduced curves. Let
Sp.a C PN x (P?)? be the closure in PV x (P?)4 of the incidence family

{([C],p1, - pa)lpi # pjandp; € Sing(C), for1 <i,j <d} C Rx (P*)%,
Denoting by F(zg,z1,z2) = Zi—i—j—i—k:n aijkxéx{xlg the general homogeneous polynomial of de-

gree n, then, by Euler’s equality, a point ([F' = 0],p) belongs to 5;,; if and only if it verifies
the following bihomogeneous equations in PV x P2
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F(p) = 0, i=1,...d

oF
— |y, 0, i=1,....d
pecle = 0. =1
OF
—p, = 0, i=1,....d
Sl = 0 =L

Since the projection map p; : S:L:l — PV is a closed morphism we get that S, 4 = pl(%)

is a Zariski closed subset of PV, for every 0 < d < @ Moreover, for every irreducible

component S C S, 4, we have that the general fibre of p; on S is finite and hence we find that

3
dim(S) >N +2d—3d=N —d = w—d:&n—l—g—l,
where g = (”;1) — d. Moreover, let I' C P2 be a plane curve with exactly d singular points
P1y--ypa- I Uz = {[xg : 21 : 29)]|z2 # 0} C P2, up to projective transformations, we can

suppose that p; € Us for every i. Then, denoting by F(zg,x1,x2) = Zi—i—j—i—k:n aijkxéx{xlg the
homogeneous polynomial defining I', we have that I has a node at every point p; if and only if

oF 9 oF oF
e — . £ 0.
(61‘08.%'1 ‘pz) 821‘0 ‘pz 621‘1 ’pz 7&
for every 1 <14 < d. This proves the lemma. O

Remark 2.4. Now, let us consider the second projection map
{(C),p1,-- - pa)lpi # pjandp; € Sing(C), for1 <i,j<d} < PN x (P?)?

p2
(P?)

We want to remark that,in general, is not simple to compute the dimension of the image of
this map. Has been proved in [5] that py is dominant when 3d < M Given p1,...,pq
different points of P?, then pgl(pl, ...,pd) parametrizes the linear system of plane curves of
degree n singular at p1,...,pq. The problem to compute the dimension of pgl(pl, ...yDd) S a
classical problem of interpolation theory. We will go back on this topics in section 2 of chapter
3.11. Anyway, when d = 1 it is immediate that ps is surjective and all its fibres are linear

spaces of dimension exactly N — 3. It follows that Sp1 =V, ("s1)-1 s a not empty irreducible
’ 2

hypersurface parametrizing singular curves of degree n.
Actually, Severi varieties are always not empty and irreducible.

Theorem 2.5 (Severi, [38]). For any fized d, such that 0 < d < (”;1), there exist irreducible
plane curves of degree n with d nodes and no further singularities. In particular the Severi
varieties are nonempty.

Theorem 2.6 ( Harris, [19]). V}, 4 is irreducible for every 0 < g < (”51)

We shall prove Severi’s theorem 2.5 in a more general form, see corollary 3.18. As it is
well known, theorem 2.6 was stated from Severi in [38], but its proof contains a mistake,
(see [47] for a discussion about it). First of all, Severi shows that V}, ¢ is irreducible. By
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using a deformation argument, which we will explain in the next section (see lemma 3.17),
he proves that for every 0 < g < (”51) — 1, there exists at least one irreducible component
of V,, 4 containing V;, o. Moreover, by using a suitable monodromy argument, he shows that
there is only one irreducible component of V,, ; having this property, see lemma 1.1 of [19].
Then Severi would prove that every irreducible component of V;, , contains V,, o, deducing
that V,, 4 is irreducible. But this part of the proof is not complete. Several mathematicians
attempted to prove the irreducibility of Severi varieties, obtaining sometime a partial result,
see for example [47] or [4]. Finally, in [19], Harris gave a complete proof, by showing that
every irreducible component of V;, ; contains at least one irreducible component of V;, ,_1, for
every 1 < g < ("51) We shall not include the Harris proof of this fact. We prove theorem 2.6
only for the variety V;, o of rational plane curves of degree n. In this case the result follows by
elementary projective geometry.

Lemma 2.7. The Severi variety Vi, o of rational plane curves of degree n is irreducible and
not empty.

PROOF. Let I' C P? be a rational plane curve of degree n. Let £ C |Opi(n)| be the
linear series associated to the normalization morphism P! — T'. The complete linear series
|Op1(n)| embeds P! in P" as a rational normal curve C,, C P". The previous linear series £
corresponds in P” to a two dimensional space of hyperplanes whose base locus is a linear space
A of dimension n — 3 with no intersections with C,,. Since the hyperplanes through A cut out
on C,, just the linear series £ and since a linear series defines a morphism only up to projective
motion, projecting C,, to P? from A we shall get the curve I' or one projectively equivalent to
. If U € G(n—3,n) is the open set parametrizing the hyperplanes which have not intersection
with C,, all the rational plane curves of degree n can be obtained from C,, by projecting from
an (n — 3)-plane corresponding to a point in U. It follows that there is a rational dominant
map

G(n —3,n) x Aut(P?) --» V,, ¢
from an irreducible variety to V;, 9, from which we deduce that V;, ¢ is not empty and irreducible.
We also notice that the singularities of the projections of the rational normal curve C,,, arise
from the intersections of the (n— 3)-space, which is the center of the projection, with the secant
variety S(Cy,) of C,,, and by proposition 6.6 of section 6, it follows that the general projection
of C}, is a nodal curve. O

3. Algebraic systems of plane curves of degree n

Definition 3.1. An algebraic system 3 is a set of plane curves of degree n parametrized by
a Zariski closed subset of PN = P(H®(P?, Op2(n))).

We will say that an algebraic system ¥ C PV is irreducible if it is parametrized by an
irreducible Zariski closed subset of PV. Linear systems are examples of algebraic systems
parametrized by linear subspaces of PY. Another example of algebraic system is the hyper-
surface S, 1 C PV of singular plane curves of degree n. Consider for example the case n = 3.
Since there exist cubics with only a node as singularity, (take for example 2% + y? = 23), by
lemma 2.3, the general element of S31 corresponds to a cubic with only a node as singularity.
In particular, two general points [I'] and [D] of S3; correspond to two plane curves I' and D
with the same number of singularities and the singularities of D are analytically equivalent to
the singularities of I'. The same is not true for all algebraic systems. We recall the following
definition.
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Definition 3.2. Two points p € I' and q € D of two plane curves I' and D are analytically
equivalent if the completion Or, of the local ring of I' at p is isomorphic to the completion
Op,q of the local Ting of D at q.

If p is an ordinary double (triple) point of a plane curve I' , then the complete local ring (’A)np
is isomorphic to C[[z,y]]/(zy) (C[[z,y]]/(zy(z — y))), (see [22], ex. 1.5.14). On the contrary,
ordinary plane curve singularities of multiplicity > 4 are not all analytically equivalent. Indeed,
it is well known that two four-fold points of affine equation

zy(z —y)( — Ay) + gs(z,y) =0
and
zy(z —y)(x — py) + hs(z,y) =0,
where g5 and hs are two polynomials in « and y of degree at least five, are analytically equivalent

if and only if there exist an automorphism of P! sending the points 0, co, 1, A to the points
0, 00, 1, u, (see, for example, [45]). This happens if and only if

N =A+1)P (@ —p+1)°

NA-1)2 0 pA(p—-1)

(see [20], p. 121). It follows that, denoting by ¥4 C PV the irreducible algebraic system of
plane curves of degree n with a four-fold point, for every given class of analytical equivalence
of four-fold points, the locus of points corresponding to a plane curve with a four-fold point
of that equivalence class, is Zariski closed in ¥4. We expect that it is possible to define a
right notion of equivalence between plane curve singularities in such a way that the property
of parametrizing curves with singularities equivalent to those of the curve corresponding to
the general point of an irreducible algebraic system, is open in such algebraic system. That
has been done by Zariski in [47] and [49]. Let I" be a reduced plane curve of affine equation
f(z,y) =0 at a point p = (0,0) € I'. By theorems 1.5.4A and 1.5.5A of [22], the completion of
the local ring Or, of I" at p is isomorphic to the power series ring

(C[(L‘, y]/(f))(:c,y) ®(C[x,y}(m’y) C[[.%’, y]] = (((C[.%’, y])(m,y) ®(C[:v,y] (C[.%', y]/(f)) ®(C[x,y}(m’y) C[[.%’, y]]
Cllz, ]/ (1)-

The scheme Spec(Cl[x,y]]/(f)) is called the algebroid plane curve associated to I' at p. The
irreducible components of Spec(C[[z,y]]/(f)) are called the branches of I" at p. Let I" and D
be two reduced plane curves with the same number of branches at two points p, g € I'. We
denote by ~1,...,7 the branches of I' at a point p € I and by vy, ..., v the branches of D at
qgeD.

Definition 3.3 ([49], p.510). A (1,1) mapping © of the set of branches of I' onto the set
of branches of D is said to be a tangentially stable pairing m: ' — D between the branches of
I' and those of D if the following condition is satisfied: given any two branches ~y; and ~y; of T,
the corresponding branches m(v;) and w(v;) of D have the same tangent line if and only if ;
and vy; have the same tangent line.

12

Now blow-up the plane Spec(C|[x,y]]) at the origin. The proper transforms I and D’ of
I' and D will have a certain number of connected components. Now, the proper transforms
of two branches of I" will be in the same connected component of IV if and only if they have
the same tangent line at p. Since 7 : I' — D is tangentially stable, the number of connected
components of I will be the same as the number of connected component D’. We denote by
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F} and j = 1,2,..., the connected components of IV and by D} and j = 1,2,..., the connected
components of D’. We can suppose to number them in such a way that the pairing 7 : ' — D
between the branches of I' and the branches of D, induces a pairing 7; : I‘; — D;- between
the branches of I'; and the branches of D7, for every j = 1,2,.... We now define equivalence
of algebroid plane curves by induction on the number of blow-ups required to resolve the
singularity. If I and D are smooth at p and g respectively, we say that a pairing of the unique
branch of I' with the unique branch of D is an equivalence.

Definition 3.4 ([49], p.511). An equivalence w : T' — D is a pairing ™ between the branches
of I' and the branches of D having the following properties:
(1) 7 is tangentially stable,
(2) if vy = w(ys), then multy(v;) = multy(v;),
(3) the pairing m; : F;. — D;- is an equivalence, for every j =1,2,....

We say that two singularities of plane curves are equivalent if the associated algebroid plane
curves are equivalent.

Remark 3.5. Notice that if two plane singularities are analytically equivalent, then they are
equivalent. Moreover, by remark V.3.9.4 and example V.3.9.5 of [22], it follows that two plane
singularities of multiplicity two are equivalent if and only if they are analytically equivalent. But
equivalence relation is weaker than analytical equivalence. For instance, two ordinary plane
singularities of the same multiplicity are equivalent. But we know that there exist ordinary
plane singularities of multiplicity n > 4 which are not analytically equivalent.

Theorem 3.6 ([47], p. 213-214). Let ¥ C PN be an irreducible algebraic system of reduced
plane curves of degree n. Then there exists a Zariski open set U C X such that, for every
equivalence class of singularity, every plane curve I' C P2, corresponding to a point [U] € U, has
the same number of singularities of that equivalence class. Moreover, for every point [I'] € U
and for every closed curve Y C U with [I'] € Y, denoting by 7 : C — Y the tautological
family, we have that for every singular point p of the special fibre Cy = ", there is a analytic
neighborhood V- C C of p, such that every fibre of the family V. — w(V') has singular point
equivalent to p and no further singularity, and the locus of singular points of the fibres is a
section of V.— (V).

We can now introduce the algebraic systems which are the subject of this thesis. We recall
that a cusp, or more precisely an ordinary cusp is a plane singularity which is analytically
equivalent to the plane singularity of equation y?> = 23 while a nonordinary cusp is a plane
singularity of analytic equation y? = 22571, with s > 2.

Definition 3.7. Let X7 ; be the Zariski closure in PN of the locally closed set of points
corresponding to a reduced and irreducible plane curve of degree n and geometric genus equal to
g= (";1) — k — d with d nodes and k cusps as singularities. More in general, we shall denote
by S};d the Zariski closure of the locus of the reduced plane curves of degree n with k cusps and

d nodes as singularities.

Notice that Sp ; and X} ; C S ; are well defined by the theorem 3.6. Our object of studies
is Xy 4 Observe that, by theorem 2.2, we have that 254 =~ Vng, where g = (”;1) —d and

0<d< (”;1), while, for £ > 0, ¥} ; is a proper closed subvariety of V, ;. We shall see later
that, when k& > 0, these algebraic systems may be reducible or empty.
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Example 3.8. The simplest example of algebraic system of plane curves with nodes and
cusps which is irreducible and not empty is X7 . With the tools we have available at this point,
we can’t prove that X1 is not empty. We shall prove this in corollary 3.18. In order to see

that XY o is irreducible, let fﬁ) be the incidence family of plane curves with at least a cusp
with assigned tangent line. If Uy = {[zo : 21 : xa]|z2 # 0} C P? then Z/lﬁ] is locally defined in

PN x Uy x Uj by the equations

oF oF
F(Q):a—xo|q28—x1|q = 0,
oF oOF
A — - e
1 621'() |q O@xlaxo |q Oa
oF oF
A082—x1|q - 1m|q = 0,

where F(xzo,x1,x2) = 0 is the equation of the generic homogeneous polynomial of degree n, the
point q lies in Us and Ag and Ay are the coefficients of a line passing through q. If L is the
incidence family £ = {(p,1)|p € I} C P? x (P?)*, then the second projection map ps : o= L
is surjective and all its fibres are linear space of dimension N —5. It follows that E/Iﬁ) and XY
are irreducible of dimension N — 2.

In order to compute the dimension of X7 ;, we need some further terminology.

Definition 3.9. An algebraic system ¥ C PN of plane curves of degree n is said to be
complete if there does not exist an algebraic system ¥! C PN containing ¥ such that, for every
equivalence class of singularity, the curve I' corresponding to the general point [I'] of ¥ has the
same number of singular points of that equivalence type as the curve D C P? corresponding to
the general point [D] of 3.

By definition 3.7, every irreducible component of X! ; is complete. We give an example of
algebraic system which is not complete.

Example 3.10. Let £° C P27 be the locally closed set of irreducible plane curves of degree six
with siz nodes on a conic. It is the intersection of the locally closed set Vi, of irreducible plane
curves of degree six with siz nodes and the closed set which is the projection of the tautological
family

{(IT],p1,--.,p6,[C])|pi € Sing(T') and p; € C for 1 <i <6} C P27 x (]P’2)6 x PP

where P is the parameter space of the conics. In order to see that X° is not empty, let C C P3
be a canonical curve of genus 4. By proposition 6.6 of section 6, a general projection T' C P? of
C to P? is a nodal plane curve of degree six. Moreover, the lines of P? cut out on C a subseries
of dimension two of the canonical series. On the other hand, the complete canonical series
is cut out on C' by the plane curves of degree 3 passing through the node of I, see section 1.
By Bezout theorem, we conclude that the nodes of I lie on a conic. Likewise every irreducible
plane curve I' of degree siz with siz nodes on a conic is a projection of a canonical curve of
genus four, because, denoting by C — T' the normalization of P2, the lines of P? cut out on C
a subseries of dimension two of the canonical series. It follows that

dim(%°) = dim(My) + dim(Aut(P?)) + dim(G(0,3)) = 20
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and ° is irreducible because it is dominated by the irreducible variety My x Aut(P?) x P3. The
Zariski closure 3 of %° is an example of irreducible algebraic system which is not complete.
Indeed, we have that ¥X° C V4 and we proved at the and of the previous section that

dim(Vg'y) > 27 — 6 = 21.
Actually, we shall see in this section that the equality holds.

A very important result in the theory of algebraic systems is the theorem 3.12 which is
called the dimensional characterization theorem of Severi varieties by Zariski.

Definition 3.11. The characteristic linear system of an algebraic system ¥ at a point [I']
is the linear system parametrized by the tangent space to X at [I']. The linear series cut out on
the normalization curve C' of I by the pull-back, with respect to the normalization morphism,
of the characteristic linear system, is called the characteristic linear series of ¥ at [I'].

Theorem 3.12 ([47], p. 215-226). Let X be an irreducible algebraic system whose general
element [I'] parametrizes a reduced plane curve I' of degree n and geometric genus g. Then, the
characteristic linear system of ¥ at [I'] is contained in the linear system of adjoint curves to T’
of degree m. In particular,

dim(X) <3n+g—1

and equality holds if and only if ¥ is complete and I' is a nodal curve.

PRrROOF. If dim(X) = 0 the theorem is true, hence we assume that dim(X) > 0. Let I' be
the plane curve corresponding to the general element [I'] of Yia By generality, we can suppose
that X is smooth at [[]. Under this hypothesis for every line I C Tir(¥) passing trough [I'],
there is a holomorphic arc v : C — ¥ such that [ is tangent to the image of v at [[']. We want
to show that all the plane curves of the pencil corresponding to [ are adjoint to I'. Let p be a
fixed point of T'. Denoting by f(z,y) = 0 the local affine equation of " at p, by

f(x,y) +tf1(x7y) =0
the equation of the pencil of curves corresponding to [ and by ¢ : C' — I' the normalization of
I", we have to prove the following
claim: the pull-back to C of the local form

_ fl (CC, y)dCC
T f(zy)

Oy
is regular at each of the finitely many points of C which lie over p.

(12)

If ' is regular at p the claim is true. Let r, be the minimal number of blowing-ups necessary
to resolve the singularity of I' at p. By induction, we suppose that the claim is true for every
rp such that r, < n and we prove it for 7, = n. Let I' be a holomorphic arc v : C — ¥ passing
through [I'] with tangent line at [I'] equal to [. It corresponds to a one parameter family of
plane curves I'y of degree n of local equation

OF
F(x,y;t) = f(z,y) + fi(z,y)t + @\tzot"’ + ...

Since [I'] is general in X, by theorem 3.6, for ¢ small, the curve Cy has a singular point p,
which specializes to p, as t specializes to 0, and the singularity that I' and I'; have at p and
pr respectively are equivalent. Let £(¢) and n(t) be the x and y coordinates of p;. They are
power series in ¢ with coefficients in C. By blowing-up A? x A! along the holomorphic arc
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(£(t),n(t),t), we get a monoidal transformation T : A2 x Al — A2 x Al such that for every
t, the restriction map T~1(A? x {t}) — A% x {t} is the blowing-up of the plane at the point
(&(t),n(t)). Assuming, as we may, that the line z = 0 is not tangent to I' at p = (0,0), it
follows that the line z = £(¢) is not tangent to I'y and hence, by taking on T71(A% x {t}) the
analytic coordinates x and ¥, where

o y —n(t)

13 y=y(t) = ,

19) W=

we have that all the points of the strict transform of I'; in T~!(A2 x {t}) have finite  coordinate.
Assuming that p; is an s-fold point of I'y, we will have that

(14) F(z,y;t) = (z = £1))° F(z,5;t),

where F(z,§;t) = 0 is the equation of the strict transform T; of I'; with respect to the blowing-
up of the plane at p;. Applying our inductive hypothesis to every singular point of the affine
plane curve of equation F(z,7;0) := f(x,y) = 0 mapping to p, we find that the pullback to C
of the local one form

~ fl(CC,g)dIE
(JJ —_— =
of (2,9)
oy
is regular at each of the finitely many points of C' over p, where we set fl(:c,gj) = %b.
Now, by using (14), we get that
OF (x,y;t) OF (x,§;t) | OF(x,5;t) 9y
R Sl A —£()° <
oy v = EOP [—5,— + T 1)

~sle 60 2 e i),

Moreover, by using (13), we have that

o _ o g
ot z—&@1t) ot (z—¢(t))
and hence
8F(g;yat) _ [.’L’—f(t)]s_l
OF (w,;t) | OF (x,5;0) 94(t) . On(t)
{lo - s() ="+ S0 S By - )
sag—(tt)ﬁ’(x,yj;t)}.

By dividing the former equality by

OF (z,y;t) . OF (z,7;1)
S = ey =
by setting ¢ = 0 and by using that the pull-back to C of the local form
F(z,§;0)dz
F(z.§:0)

0y
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is zero, we deduce the relation

9(0) . 9n(0)
ot VT o
Since every term of the right hand of this equality is a local one form whose pull-back to C
is regular at every point over p, we conclude that the pull-back of w to C' is regular at every
point of C' over p too. This proves that the characteristic linear system Lx([I']) of ¥ at [I']
is contained in the linear system Ajp of the adjoint plane curves of degree n to I'. ' We prove
the second part of theorem only when I is irreducible and we refer to [47] p. 222-226 for the
general case. Then assume that I' C P? is irreducible. By section 1 of chapter 1, we have that

(15) W=z +| |dz.

3 —1
dim(.A[p}) = %— <n2 ) +g9g=3n+g—1,
and hence we find that
(16) dim(%) < d’im(Am) =3n+g-—1

Now we recall that in the previous section we proved that the locus U, 4 of reduced d-nodal
plane curves is locally closed in PV and every its irreducible component has dimension at least
equal to N —d =3n+ g — 1, where g = (";1) —d. Tt follows that the equality holds in (16)
if 3 is a complete algebraic system whose general element is a nodal irreducible plane curve.
Suppose now that I' has a singular point p which is not a node. We consider separately the

following three cases.

(1) At least one branch v of I" at p has multiplicity s > 1, that is a branch v of analytic
equation y* = x5t

(2) All branches of v at p are smooth and there exist at least two branches v; and 7,
which have distinct tangent lines at p.

(3) All branches of I' have the same tangent line.

Suppose that (1) holds. Then, denoting by p the point of C' over p which corresponds to the
branch v, we have that ¢*z and d(¢*x) vanish at p with order s and s — 1 respectively. Thus,
from the equality (15), the pull-back to C of the one form (12) vanishes with order at least s —1
at p. It follows that the point (s — 1)p is contained in the base locus of the characteristic linear
series gLy g—2 of ¥ at [[']. Then, outside of this point, the characteristic linear system Lx([I'])
cuts out on C' a linear series of degree 3n+2g—2—s+1 = 3n+2g—s—1 and dimension equal to
dim(Lx([I'])) =1 = dim(X) — 1, since I' € Lx([I']). This is a non special series, since s — 1 < n.
Hence, by using Riemann-Roch theorem, we find that dim(¥) < 3n+g—s < 3n+g — 1,
because s > 1.

Suppose now that (2) holds. Let I; : y = a;x be the equation of the tangent line to the
branch v; at p, for i = 1, 2, and let p; and p> be the points of C over p corresponding to the
branches y; and . If we impose to the curves of the characteristic linear system Ly ([I']) of ¥ at
[['] to be tangent to {1 and s at p, we get a subspace S C Lx([I']) of dimension p > dim(X) —2,
such that for every plane curve D € S the associated one form ¢*w on C' vanishes on p; and
p2. Now, by using that ¢*z vanishes at p; and po, d¢*x is not zero at these points because 1
and 7y, are smooth branches of I" and ¢*(7)(p;) = a;, for ¢ = 1, 2, by looking at the relation
(15), we get that

WO o on
lat t=0 ot t=0 — 28t t=0 ot t=0 — Y.
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Since a1 # asg, it follows that %\tzo = %\tzo = 0 and, by (15), the one form ¢*w vanishes at
each of the points py,...,ps of C' which lie over p. It follows that the linear system S cuts out
on C a ggr:ingZfs' By Riemann-Roch theorem, we find that p < 3n + g — 1 — s and hence
dim(X)<p+2<3n+g—s+1<3n+g—1since s > 3.

Finally, suppose that (3) holds. Let ¢ : y = ax be the common tangent line of the s branches
Y1,.-.,7% of I at p and let py1,...,ps be the s points of C' which lie over p. If we impose to
the curves of the characteristic linear system Ly ([I']) to be tangent to ¢, we get a subspace
S C Lx([I']) of codimension at most equal to one, such that for every adjoint curve D € S, the
divisor ¢*(D) on C contains all the point p1,...,ps. It follows that S cuts out on C' a linear
series of degree 3n + 2g — 2 — s and dimension dim(S) — 1. Again by using the Riemann-Roch
theorem, we find that dim(X) < dim(S)+1<3n+g—s<3n+g—1since s > 2. O

PROOF OF THEOREM 2.2. In the previous section, we proved that every irreducible com-
ponent V' C V,, , of the Severi variety of reduced and irreducible plane curves of degree n and
geometric genus g has dimension at least equal to 3n + g — 1. On the other hand, by theorem
3.12 we have that dim(V') < 3n+ g — 1. Hence dim(V') = 3n+ g — 1 and, again using theorem
3.12 and theorem 3.6, the general element of V' corresponds to an irreducible nodal curve of
genus g and the tangent space to V,, 4 at [I'] parametrizes the linear system of plane curves of
degree n adjoint to I', that is the linear system of plane curves of degree n passing through the
nodes of T'. O

Corollary 3.13. For every irreducible not empty component S of the complete algebraic
system S} ; of reduced plane curves of degree n with k cusps and d nodes, we have that

dim(§) > N—-d—-2k=3n+g—1—k.
and, if k < 3n then dim(S) =3n+g—1—k.
PROOF. Let :97?; c PN x (P?)? x (P?)* be the Zariski closure of the locally closed set

{([F]’pla --sPdyq1, - - - aq]€)|r is reduced, bi, 45 € Slng(r)
for 1 <i<dand 1< j <k and there exists at least a singular branch of

I' passing through every g¢;}.

In order to see that every irreducible component S of :97?; has codimension at most 3d + 4k
and the locus

{(IC],p1,---,pa>q1;s---,qk)|pi is a node of I" and ¢; is a cusp of I'}
is open in S, it is enough to prove it locally. Let F(xg,x1,22) = Zz‘+j+k:n aijk:céx{x’g be the
equation of the generic homogeneous polynomial of degree n and let Us be the open set of the
plane Us = {[zg : 21 : 2]|z2 # 0} C P2. Thus S, is defined in PV x (Us)? x (Us)* by the
following 3d + 4k equations

oF oF
Fpi) = 5—lp =5 —lps = —1,..
(pi) B0 ‘pz o7 ’pz 0, i=1,...,d
oF or
Flg:) = —| =" = 1k
(qj) 61‘0 ’q] 8.’1]1 ’q] 0, ] s ,
or 2 OF . OF
) 4yl = 0, j=1k
(8.’1108.7]1 ‘QJ) 621.0 ’CI] 82.’111 ’q] sy ) s ,
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In the previous section we proved that having a node a each of the points p1,...,ps is an open
condition in S} .. Moreover, a reduced plane curve of degree n of equation

n
F(x()’xl’xQ) == Zfi($07x1)$g_z
=2

with a double branch at the point [0: 0 : 1], has a cusp at [0: 0 : 1] if and only if fo(zo,21) =
(axg+br1)? # 0 # f3(x0, 21) and axg + by does not divide f3(xg,z1). It follows that having a
cusp at each of the points ¢, ..., gy is an open condition in §7,. We get that, if p; : S§, — PN

is the first projection map, then pq (S’E/k) = &}, and hence, for every irreducible component S,
we have that

dim(§) > N—-d—-2k=3n+g—1—k.

Moreover, if [I'] is the general element of S corresponding to a plane curve I' C P? with nodes at
Pi,...,pq and cusps at q1,. .., gk, it follows from the case (1) of the proof of the theorem 3.12,
that the characteristic linear system Ls([I']) of S at [I'] is contained in the linear system Ajp
of plane curves of degree n adjoint to I' and tangent at every point g; to the cuspidal tangent
line to I' at ¢;. Therefore the adjoint curves of degree n cut out on the normalization curve
C of T' a linear series of dimension dim(Ar)) — 1 and degree n?—2d -3k =3n+29 -2 —k,
where g = (”;1) —d— k. If £ < 3n this series is not special and applying the Riemann-Roch
theorem, we get that

dim(S) < dim(Apr) <3n+29—-2—-k—-g+1=3n+g—-1-k
U

Remark 3.14. Notice that, from the previous corollary it follows that there does not exist
reduced plane curves of degree n with k = 3n — 1 cusps as singularities with geometric genus
g < 7. Indeed, by setting k = 3n — 1 in the statement of the former corollary and by using that
every irreducible not empty algebraic system has dimension at least equal to 8 = dim(Aut(P?)),
we find that

dim(S) =g > 8.

Example 3.15. We give an example of algebraic systems of irreducible plane curves with
nodes and cusps of dimension greater than the expected one. This example has been found by
Segre (see [48]). Let ¥, be the parameter space of plane curves of degree 6m of equation

(17) Fam (0,71, 22) + fan (0,71, 22) = 0,

where fo, and fs, are homogeneous polynomials of degree 2m and 3m respectively. As the
reader may verify, the general element of X, corresponds to an irreducible plane curve with
a cusp at every intersection points of fom, = 0 and f3,, = 0 and no further singularities. In
particular, in order that a plane curve U : f3 (wo,x1,22) + fa, (20, 21,72) = 0 has only 6m
ordinary cusps at the intersections points of fop, = 0 and fs, = 0, it is enough that fo,, = 0
and fsy, = 0 are smooth and they intersect transversally, (see lemma 4.5 of chapter 3). It
follows that %, is contained in an irreducible component of 227’2270. On the other hand, ¥, is
an irreducible algebraic system of dimension

(2m + 1)(2m + 2) N Bm+1)Em+2) 13m? + 15m
2 2 B 2

+ 1.
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Now, w +1 > Mw —12m? = 6m? + 9m and the equality holds if and only if

m = 1,2. We deduce that %, is an irreducible component of Eng,O if m = 1,2 and it there
exists at least an irreducible component of Egmgvo, containing 3, and having dimension bigger
than the expected one, if m > 2. Actually, as it follows for instance from [42], we have that
Yim is complete even if m > 2. Finally, we observe that, as we shall see later, 2270 contains at

least an irreducible component different from 3.

Another consequence of theorem 3.12 is lemma 3.17. In order to show it we need the
following intermediate lemma, whose proof is very elementary.

Lemma 3.16. Let G — B be a one parameter flat family of plane curves. Suppose that
the special fibre I' := Gy of the family has only singular points of multiplicity two. Then the
general fibre of the family has at most singular points of multiplicity two. Moreover, if I' has
only nodes and cusps as singularities, the general fibre of the family has at most nodes and
cusps as singularities.

PROOF. Let f(z,y;t) = 0 be the equation of a one parameter family of plane curves of
degree n. Suppose that f(x,y;0) = 0 has only singular points of multiplicity two. Then
also the general curve of the family has at most singular points of multiplicity at most two.

Indeed, if it is not true, then there are power series £(t), ((t), with coefficients in C, such that
Of (£(1).C()st)
ozt oyl
a contradiction. Similarly, if f(z,y;0) = 0 has only nodes and ordinary cusps as singularities,
the same is true for the general fibre of the family. Indeed, the plane curve f(z,y;0) = 0 has
a node at (0,0) if and only if f(x,y) = > ,~, fi(z,y), where f; is an homogeneous polynomial
of degree i, and f5 is reduced. This properties is locally closed. Then, if the general fibre of
the family is not smooth at a neighborhood of (0,0), i.e. if there exist power series £(t), ((t)
with coefficients in C such that (£(0),¢(0)) = (0,0) and such that f(z,y;t) = 0 is singular at
(&(t),¢(t)), the degree two homogeneous part of the polynomial f(x —&(t),y — ((t)) is reduced,
for every t sufficiently small. Finally, the plane curve f(z,y) = 0 has a cusp at the point
(O’O) if and Only if f(x,y) = Zz‘>2 fi(x’y)a f2(xay) = (am + by)2 7& 0 7& f3(xay) and az + by
doesn’t divide f3(z,y). Also this property is locally closed. Then, if the general fibre of the
family is not smooth or it has not a node at a neighborhood of (0,0), it must have a cusp at a
neighborhood of (0, 0). O

Lemma 3.17. Let S be an irreducible not empty component of Sy, @Z,d) with k < 3n.
Then, for every k' and d' such that k¥’ < k and d’ < d+k—k', there exists at least an irreducible
component S" of S , (X3, ») such that S C S'.

= 0, for every i, j such that i + j = s for some s > 1. By specializing ¢ to 0 we get

PROOF. Let I' be a reduced (and irreducible) plane curve I" with & cusps and d nodes as
singularities. Let

S5 = {([CL.p)lp € Sing(C)} < PN x P?

T N\ T2
PN P?

be the incidence family of the hypersurface ¥7; ~ 5 ~ V_ ("51)-1 of singular plane curves of
; (75

degree n. Let

Sy 1
Xo=n (X10) C 201



32 2. FAMILIES OF PLANE CURVES WITH NODES AND CUSPS

the incidence family of X7, C 25 1. We denote by p1, ..., pg the nodes of I' and by ¢1, ..., q; the
cusps of I'. Let Uy,...,Ug and Vi,..., Vi be analytic neighborhoods of py,...,pg and q1, ..., g
respectively, such that U; NU; =0 =V;NV; if i # j and Uy NV, =0, for every 1 <1 < d and
1 <m <k Weset Ny, := mi(my {(U3)), Ny, = mi(m5 (V) and Cy, = mi(my ' (V;) N 2F),
for every 1 <4 < d and 1 < j < k. Notice that N, := m (7, }(U;)) and Ny, = m1(my H(V}))
are analytic neighborhoods of [I'] in X ; while Cy; := m(my Yv)n 271‘/0) is an analytic open
neighborhood of [I'] in Y1, for every i and j. Now, choose at pleasure k' cusp points of
I, say qi1,...,qr. Then choose at pleasure k points among the other cusp points of I, say

Q415 - - > Gy and d points among the nodes of T', say p1,...,pg. If we set d =d+k, for
every irreducible component V of

ﬂ?le i ﬂ ﬂlecqj ﬂ mf:ﬂithqz
we have that
dim(V) > N —d' — 2K

Moreover, since [I'] € V and I is reduced (reduced and irreducible) with only double points as
singularities, we deduce that the general element [D] of V, (which we assume to be smooth),
corresponds to a reduced (and irreducible) plane curve with at most singular points of multi-
plicity two. On the other hand, since the analytic open set U; and V; are pairwise disjoint, the
point [D] € V corresponds to a plane curve D with at least d’ + &’ distinct singular points. In
particular, by construction, the curve D has k' cusps r1,...,7 specializing to qi,...,qw, as
D specializes to I', and d’ double points specializing to the other marked singular points of T".
It follows that the geometric genus g(D) of D is at most equal to (”;1) — k' —d'. Moreover,
denoting by 77, ..., the points of the normalization curve D of D which lie over r1, ..., 7
respectively, by the proof of theorem 3.12, the points 7, ..., are contained in the base locus

of the characteristic linear series v of V at [D]. Out of these points, v has degree equal to
3n+2g(D) — 2 — k' and hence

-1
dim(V)§3n+g(D)—1—k’§3n+<n2 )—Qk’—d’:N—Qk’—d’.

It follows that dim(V) = N —2k'—d' and ¢g(D) = (”51) —k'—d'. In particular, the curve D has
an ordinary cusp at each point of the points 71,...,7, d nodes and no further singularities.
Finally V is an analytic neighborhood [I'] in an irreducible S of S, (X} ,)- O

Corollary 3.18. For every k <4 and 0 < d < ("51) — k, the algebraic system X ; is not
empty.

PrROOF. When d = k = 0 the lemma is trivially true. When n = 3 we may have (k,d) =
(0,1) or (k,d) = (1,0). The plane curve of equation xy = x> + y> is an example of rational
cubic with a node, while y?> = 22 is an example of rational cubic with a cusp. An irreducible
quartic may have at most three double points. In order to show the statement for n = 4,
by lemma 3.17, it is enough to prove that there exist rational quartics with three cusps. By
Pliicker formulas, (see [17], p.280), a rational plane curve of degree 4 with three cusps is the
dual curve of a cubic with a node. Since there exist cubics with a node, there exist too quartics
with three cusps. When n > 5, by lemma 3.17, it is enough to show that there exist rational
plane curves with four cusps and nodes as other singularities. We shall prove this statement
by induction on n. A rational plane curve of degree 5 with four cusps and two nodes is the
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dual curve of a quartic with two nodes and one cusp. Since there exist quartics with two nodes

and one cusp, there exist too quintics with four cusps and two nodes. Let I'" be a rational

plane curve with four cusps and nodes as other singularities. Let R be a line intersecting

transversally the curve I'" and let IV be the union curve of I' and R. By lemma 3.17, we have

that [ =TUR] € EQJ(F’%*l)Jrn—l In particular, for every fixed node p of I staying of I' N R,
’ 2

there exists a family of plane curves C — Y of degree n + 1, with special fibre Cy ~ I" and
whose general fibre C; has four cusps and ("51) —-3+n—1= (";rl) — 3 nodes as singularities, in
such a way the cusps of C; specialize to the cusps of I', the nodes of C; specialize to the nodes of
I different from p. The curve C; can’t be reducible. Indeed, if C; is reducible then C; = C;U Ry,
where C; is a plane curve of degree n specializing to T, as ¢ specializes to 0, and R; is a line
specializing to R as t specializes to 0. In particular, R; intersects C; at n points specializing
to the intersection points of R and I', as ¢ specializes to 0. This is not possible, because, by
construction, the point p € I' N R is not limit of any singular point of C;. We deduce that C; is
irreducible and rational. 0

Remark 3.19. The bound k < 4 in the statement of the former corollary, is sharp. Indeed,
it is known the there exist irreducible quintics with five cusps as singularities, (see [25], ezample
6.4.4). But, by Plicker formulas (see [17], p.280), the dual curve of a rational quintic with
five cusps and a node is a cubic with two nodes. Since there are not irreducible cubics with two
nodes, we have that Egl is empty. As far as we know, the existence problem of the varieties
EZ,d is still open, i.e. there does not exist a complete list of value of d and k such that EZ,d 18
not empty.

Example 3.20. By theorem 2.6, the Severi variety Xy ; of irreducible plane curves with d
nodes are irreducible. On the contrary, for k > 0, we may found examples of reducible algebraic
systems of irreducible plane curves of degree n with d nodes and k cusps. We proved that Egp
contains an irreducible component X1, whose general point corresponds to an irreducible sextic
with siz cusps on a conic. In order to prove that Eg,o 1s reducible, it is enough to prove that
there exists irreducible sextics with six cusps not on a conic as singularities. To do this, let D
be a smooth cubic. By using Plicker formula, we see that the dual curve I' of D is a sextic
with nine cusps p1,...,pg. These points can’t lie on a conic by Bezout’s theorem. If we choose
five points p1,...,ps among p1, ..., Py, then, by still using Bezout theorem, we find that no four
of these points are aligned, and in particular, there exists an unique conic Co passing through
P1,---,P5. At least one cusp, say pg, among pg, - - ., pg does not lie on Cy. By the proof of lemma
3.17, we have that there exists a one parameter family G — A of sextics such that Gy =T and
the general curve Gy of the family has a cusp at a neighborhood of p;, fori=1,...,6, and no
further singularities. Since p1,...,pg don’t lie on a conic, also the siz cusps of I'y don’t lie on
a conic. It follows that there exists at least one irreducible component %o of Eg,o whose general
point corresponds to a sextic with six cusps not on a conic. This example of reducible complete
algebraic system has been given by Zariski in [48].

The irreducibility problem of X7 ; is still open. Enough conditions for the irreducibility
or emptiness of X} ;, under the hypothesis n > 8 and a list of examples of values of n, k and
d, such that X7 , is reducible are in [39], [40] and [28]. The irreducibility if X7 ,;, for every

d< (”51) —1, has been proved by Ziv Ran in [50]. Finally, Kang has proved the irreducibility of
¥ 4 for k < 3, generalizing the Harris proof of the irreducibility of Severi varieties of irreducible
plane curves of degree n and genus g.
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Theorem 3.21 (Kang, [29]). The variety X} ; of irreducible plane curves of degree n with
d nodes and k cusps is irreducible if k < 3.

Let now C C P? be a reduced plane curve with d nodes, k cusps and possibly other
singularities. By the proof of the lemma 3.17, for every node p € C, the point [C] € PV is
origin of an analytic branch NN, of X, whose general element corresponds to an irreducible
plane curve of degree n with only a node at a neighborhood of p. Similarly, for every cusp
q € C, the point [C] € PV is origin of an analytic branch C, of 3Ty, whose general element
corresponds to an irreducible plane curve of degree n with only a cusp at a neighborhood of q.
Arguing as in [21] on p. 30, we want to prove the following lemma.

Lemma 3.22. For every node p € C, we have that N, is smooth at the point [C] € PV and
the tangent space Tic)Np to Ny at [C] corresponds to the linear system of plane curves of degree
n passing through the point p € P2. Similarly, for every cusp q € C, we have that Cy is smooth
at the point [C] € PN and the tangent space Tic)Cq to Cy at [C] parametrizes the plane curves
of degree n passing trough the point q and tangent to q to the cuspidal tangent line to C at q.

PROOF. Let p € C be a node of C and let ([C],p) € PY x P? be the corresponding point
of the incidence family XT&/I of 3§ ;. Since N, is the image with respect to the projection map

ZTQ; — P¥ of an analytic neighborhood of the point ([C],p), in order to see that ¥4 is smooth

at [C], it is enough to prove that ¥, is smooth at ([C],p) and the projection map ¥, — PN
is a local immersion at ([C],p). To prove this, we can assume that p = [0: 0 : 1]. Thus, if we
fix affine coordinates z and y on Uy = {[zg : 21 : @2]|z2 # 0} C P2, the local equations of ZTQ;
in PN x Uy are

F(x,y) = ago + arox + apry + annzy+ ... = 0,
oF

G(z,y) = %(% y) = a0 + a1y + 2a0x + 3agox? + 2a01 1Yy + a12y2 +... = 0,
oF

H(z,y) = a—y(x, y) = ap1 + a1 + 2ap2y + 3a03y2 + 2a102y + ayx’+... = 0,

where F(z,y) = >, +i<n aijz'y’ is the affine equation of the generic plane curve of degree n.
Denoting by A;; the coefficients of the affine equation of C' at p, the first three rows of jacobian

matrix of XTS; at a point ([C],[0:0: 1]) are

F G H
% 0 245 Ap
= | 0 A1 2Ap
1 0 0

Since p=[0:0: 1] is a node of C, we have that 445042 — A%, # 0 and hence ¥¢1 is smooth
at ([C],[0 : 0 : 1]). Moreover the tangent space to EAQTI at ([C],[0 : 0 : 1]) is defined by the
equations
agp = 0,
24207 + Anny + a0 = 0,
Anz + 2402y +ann = 0,
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and hence, using again that 4A4s9Ag2 — A%, # 0, we find that the map PV x P2 — PV is a
local immersion mapping isomorphically the tangent space to xn 01 ab ([C],]0 : 0 : 1]) to the
hyperplane of PV of equation agy = 0. This proves the first part of the lemma. Let now ¢ € C'
be a cusp of C. As before, since Cj is the image, with respect to the projection map E 0~ PN,
of an analytic nelghborhood of the point ([C],q), in order to see that X7 is smooth at [C] it
is enough to see that E 10 is smooth at ([C],g). We may assume that ¢ = [0: 0 : 1]. By using
the same notation as before, E?,o is locally defined in 276‘7/1 N (PN x Us) by the equation

K(o,) = (g (0. = g5 0.0) g5 (0.0) =0

If we assume, as we may, that y = 0 is the cuspidal tangent line to C at g, thus the first rows
of the jacobian matrix of E 1o at (C,[0:0:1]) are

F G H K

Z 10 0 0 —124340
T 10 0 24 —44yAg
&?y 1 0 0 0

00
210 1 0 0

10
210 0 1 0

801
go= 10 0 0 —4Agp

It follows that the jacobian matrix of E 10 at ([C], ¢) has maximal rank and 271;0 is smooth at
(IC1,q).- Moreover, all the missing entries in the matrix above are zero and hence the tangent
space to X7 at ([C],q) is defined by the equations

apo 0
alg = 0
2402y +amn = 0
3A03$ - 2A21y - 2@20 = 0.
Since C' has an ordinary cusp at ¢ = [0 : 0 : 1] with cuspidal tangent line equal to y = 0, we
have that Aoz # 0 and the map PN x P2 — P is a local immersion mapping isomorphically the
tangent space to E 1o at ([C],[0:0:1]) to the (IV —2)-space of PV of equations agy = ayg = 0.
The lemma is proved. 0

)

)

Corollary 3.23. Every reduced plane curve I' C P2 of degree n with nodes and k < 3n
cusps as singularities, corresponds to a smooth point [I'] of S ;.

PROOF. By using lemma 3.22, for every node (resp. cusp) p; (resp. g;), the point [T] € PV is
origin of a smooth analytic branch N, (resp. Cp,) of the variety 37, (resp. X7 ) whose general
point corresponds to a plane curve with only a node (resp. a cusp) at a neighborhood of p;
(resp. gj). Moreover, the tangent space Tjjr)) Ny, to Np, at [I'] is the linear space parametrizing
the plane curves of degree n passing through p;. Similarly, the tangent space TjjrCy; to C;
at [I'] is the linear space parametrizing the plane curves of degree n passing through ¢; and
tangent at g; to the cuspidal tangent line to I' at ¢;, for every 0 < j < k. By the proof of
lemma 3.17, we already know that every irreducible component of

k
= sz’ m mj:ICq]'a
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containing [I'], is an analytic open subset of S ;. On the other hand the linear system £
corresponding to

Z IT pz ﬂm] IT
cuts out on the normalization curve of I" a hnear series of degree n?—3k—2d =3n+29—2—k,

where ¢ is the geometric genus of I'. Since £ < 3n, this linear series is not special and
dim(L) =3n+g—1— k. Since

d k
N Ty N [ N1 Ty Coy 2 Ty (N1 Ny [ M521Coy),

we conclude that N N, N ﬂflleq]. is smooth at [I'] and in particular it is locally irreducible
at [I']. O

We conclude this section by proving the so called Enriques’ conjecture. Notice that it is
an easy consequence of Zariski’s Main Theorem, (corollary II1.11.4 of [22]). But, following
Albanese in [1], we show it by using the result of this section.

Lemma 3.24 (Enriques’ conjecture). Let I' be a reduced plane curve of degree n with irre-
ducible components I'v, ..., Iy such that I'; intersects transversally I';, if i # j. Let G =Y be
a one-parameter family of plane curves of degree n with special fibre Gy ~ I' and such that the
general fibre Gy is irreducible. Then there exist at least v — 1 singular points p1,...,pr—1 of I’
such that

e cach of them is not limit of singular points of the general curve Gy of the family;

o for every 1 < i < r —1 there exist two irreducible components I';, and I';, of I such
that p; € I';, NTy,;

e the partial normalization C — ' obtained by smoothing all the singular points except
Ply---,Pr—1, 1S connected.

PROOF. Let us choose s < r irreducible components of T', say I'y,..., I's and let IV =
Mmu--—-Ulgand T = g4y U--- UT,. If every irreducible curve I'; has degree n;, we set
n' =37 niandn” =377 n; Thus, the curves I" = T'yU- - -UT'; and I'” meet transversally
at n'n” points p1,...,punr. By using lemma 3.22, there exist n'n” different smooth analytic
open sets Uy, ..., Uppr of X, passing through [['], such that the general point of every U;
corresponds to an irreducible plane curve of degree n with a node at in neighborhood of p;

and no further singularities. Moreover, for every 1 < i < n'n”, the tangent space TirU; to
U; at the point [I'] € PV parametrizes plane curves of degree n passing through the point
p; € P2. Since the nodes of a reduced plane curve of degree n impose independent linear
conditions to plane curves of degree n, (see section 1 of chapter 1), we have that the linear
spaces TinU; for 1 < i < n'n” intersects transversally. It follows that Uy, ..., Uy, intersect

in an unique analytic open set of S" », which is smooth at the point [I'] and whose general
/ 1

n'n
element corresponds to a reduced plane curve D of degree n with n'n
D1, .-, Pune as D specializes to I'. In particular, we have that
n(n + 3) I/
— —n'n".
2
We claim that all the points of U := U; N --- N U,,» correspond to reducible curves. Indeed,
U contains the locus R of plane curves of degree n with two irreducible components of degree
n' and n” respectively, which specialize to I'. But this family is irreducible of
/ / 3 " " 3 3 ,
n (n2—|— ) L (n2+ ) _ n(n2—|— ) R

nodes specializing to

dim(Uy N - NUppr) =
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and hence R ~ U. This proves the claim. Let now ¢ — Y be a one-parameter family of
plane curves of degree n whose special fibre is Gy = I' and whose general fibre G; is irreducible.
Applying the previous result to I =T'y and I/ =Ty U --- U T, we find that there is at least
a point p; of connection between I'1 and I'” which is not limit of any singular point of the
general fibre. Let 'y be the other component with contains p;. Repeating the same argument
for ' =T1UT'y and I = I'sU- - -UT,., we find that there exists at least a point po of connection
between IV =Ty Uy and T = '3 U --- U T, which is not limit of any singular point of the
general fibre of G — Y. Up to rename the irreducible component of I' we can suppose that
p2 € I'o NT'3. Repeating the same argument finitely many times, we get the statement. O

4. Universal family of plane curves of a degree n with d nodes and k cusps

In the previous sections we essentially followed Zariski’s paper [47] and we introduced
classical techniques used to study and describe the geometry of a family of plane curves with
assigned singularities. Modern literature about families of plane curves differs from the classical
literature not only for the techniques but especially for the way to formulate the problems. By
the definition 3.1, an algebraic system of plane curves of degree n is a Zariski closed subset of
PN and, in particular, it is always reduced. After the work of Kuranishi and Kodaira-Spencer
in the analytic case and Grothendieck, Murford and others in the algebraic case, every moduli
object is defined as the object representing a suitable deformation functor F'. In particular, if
F is defined on the category of C-schemes, the scheme representing F', if it there exists, may be
not reduced. In order to define the deformation functor of plane curves with nodes and cusps,
we recall the following definition.

Definition 4.1. A flat morphism of finite type X — S, where S is an algebraic C-scheme,
is a formally locally trivial family at s € S if, denoting by Og s the local ring of S at s and by
mg the mazimal ideal of Og s, for every n > 0, the induced family

X <« X < X1
) \ ]
S« SpecOgs/my < SpecC
is such that X, is a locally trivial deformation of X1 in the Zariski topology.

From the following proposition, formal locally trivial families of plane curves are families
of plane curves with analytically equivalent singularities.

Proposition 4.2 (Prop. 3.23 of [13]). Let

X C YxA?
I p = projection
Y

be a flat family of reduced affine plane curves. Assume that X and Y are reduced, separated
and of finite type over C. Lety € Y be a closed point and let x be a singular point of p~1(y).
Then the following two conditions are equivalent:

(1) There exists a Zariski open set U C Y with y € U such that the restricted family
p:U — p(U) is formally locally trivial.
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(2) For each Zariski open neighborhood U of x in X there exists a Zariski open neigh-
borhood U' C U of x in X such that for all closed points z € p(U’), we have that
p~ 1 (2)NU’ has only one singularity which is analytically isomorphic to the singularity
of p~(y) at x.

Recalling that plane singularities of multiplicity two are analytically equivalent if and only
if they are equivalent (see definition 3.4 and remark 3.5), if J is the functor on the category of
C-schemes defined by

J(S) = {Relative effective Cartier divisor C C P? x S which, as a family of
curves over S, is formally locally trivial at all s € S, and which is such
that the geometric fibres of C — S are reduced plane curves of degree n
with exactly d nodes and k cusps as singularities},
we expect that there exists a scheme X C PN representing this functor and that the associated
reduced scheme X4 is open in the algebraic system S;' ; defined in the previous sections. This

has been showed by Wahl in [46]. We briefly summarize his results.
Let C be the category of finite local artinian C-algebras.

Definition 4.3. We say that a covariant functor
F:C — Sets

from C to the category of sets is pro-representable if there exists a complete local C-algebra R
with mazimal ideal m, such that R/m™ € C for every n > 0 and such that there exists an
isomorphism of functors Hom(R,-) ~ F.

Definition 4.4. Given a covariant functor F : C — Set, a vector space O(F), is said to be
an obstruction space of F, if for any A € C and for any element A € F(A) there is a linear
map

én.a: Ext(A,C) — 0(F)
from the vector space Ext(A,C) of the extensions
0--C—>B—+A-0

in C, to O(F), such that B goes to 0 if and only if A € F(A) lifts to an element of F(B), i.e.
A lie in the image of the map H(B) — H(A). If the linear map £a 4 is zero, we say that the
element A is not obstructed.

Under quite mild conditions, a functor F' on C, has an obstruction space, see [15]. All the
functors which we shall define in this section have an obstruction space.

Given a smooth projective variety Y and a divisor I' C Y, we consider the functors Hr and
H{ on C defined by

Hr(A) = {Subschemes of Y X gpccc SpecA, flat over A, inducing I" on Y'}
and

Hp{(A) = {Subschemes C CY Xgpecc SpecA, flat over A, inducing I on Y
and such that the family C — SpecA is formally locally trivial at
the closed point of SpecA},
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for every A € C'. We recall that, for every A € C, the elements of Hr are called infinitesimal
deformation of I'. By using the Lichtenbaum-Schlessinger cotangent complex bundle [30], we
define the sheaf ./\fﬁY on I' as the kernel of the map Ny — T — 0.

Proposition 4.5 (Proposition 3.2.5. of [46]). The functors Hr and H{. are pro-representable.
Moreover, denoting by Cle] the artinian algebra Cle]/(€?), we have that

(1) Hr(Cle]) = H(C, Nry) and the obstruction space of Hr is contained in the image of
the natural map H'(T, Oy (")) — HY(T',Nt).
(2) H[(Cle]) = HO(F,./\/%‘Y) and the obstruction space of H}. is contained in H' (T, N}).

Let now Y = P2 let I' C P? be a reduced plane curve of degree n with k cusp and d nodes
as singularities and let J = J,, j 4 be the functor defined before.

Theorem 4.6 (Wahl, theorem 3.3.5 of [46]). There exists a scheme X, which is a disjoint
union of locally closed subschemes of PV, and a family of curves C € J(X), which represents
the functor J. Moreover,

(1) if = is the point corresponding to I' in X and if R is the complete local ring pro-
representing H' = H{., then R = Ox 5.
(2) Finally, denoting by X,eq the reduced scheme associated to X, we have that
= dim(Ox.,.) = dim(R/V0) < dim(m/m?)
= dim(H'(Cle])) = dim(H°(C, NIL‘PQ)),
where m is the maximal ideal of R, and the equality holds if and only if X is reduced
and smooth at x.
The difference w = h°(T, f“P,Q) — dim(0Ox,., ) is said to be the deficiency of X at z. In
order to compute explicitly H O(F,Nﬁw), we recall that, denoting by Zr the ideal sheaf of T,

the normal sheaf of I' in P? is defined by Nppz := Homo, (Ir/IE, Or) ~ Homo,, (Ir, Or) ~
Or(I'). Moreover in this case, all the infinitesimal deformations of I' are not obstructed because
HI(F,NF‘PQ) = HY(TI',Op(T")) = 0. Denoting by f the local equation of I', by Or the sheaf of
derivations of Or and by Op2 the tangent sheaf of P2, in the exact sequence

0—Or— gb*@]pQ g)NF“pQ — TIl —0

the locally free sheaf map Opz|p = NI“‘PQ is locally given by

0 af
ox (f 6x)
0 af
and Tll is a skyscraper sheaf supported at the singular points of I', where the map « is zero.
In particular, in a neighborhood of any node P, ..., P;, the curve I' is analytically equivalent
to xy = 0 and the map ap,, induced by « on the stalks, is defined by
O ey
— T
O y—=y
0

oy o),
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In a neighborhood of any cusp Q1, ..., Q; the curve I is analytically equivalent to 3% = z3 and
the map agq; is given by

9 2 3 2

— = —z° =3

5 (y° —a” = 327)

9 = (-2t = 2y).

dy

So, at any node P4, ..., Py the stalk of Tll in P; is
(Npp2)p, /Im(ap,) ~ Orp,/(z,y)p, = C
and at any cusp Q1,...,Q; is

(Npip2)q./Im(aq;) = Orq, /(2% y)q, ~ C*.

Finally, denoting by Z the ideal sheaf of plane curves passing through any singular point of I
and tangent at every cusp @, for ¢ = 1,...,¢, to the cuspidal tangent line to I' at ();, we have
that the image sheaf of « is given by

(18) I&Npp: =Z® Or(T) := Np,
as we would expect. Moreover, by the long exact sequence
(19) 0= H°(T, Myp2) = H(T, Npjp2) = HO(T, Ty) = H'(T, Njyp2) = 0
which we deduce from
0— NIC‘PQ — NF|]P>2 — Tll — 0
we find that
X(Nypz) = PO (Nppe) — h! (Mypz) = N — 2k — d.
Since r = dim(Oyx,,,») > N — 2d — k, we deduce the upper-bound on the deficiency of X at x
w < hH(Nfyp2).
Notice that if k& < 3n, thus h!(T, E‘Pg) = w = 0 and so H(T, 1Q|P2) has the expected
dimension and X is smooth at the point corresponding to I'. It follows that when k < 3n,
the scheme X is reduced and smooth at every its point. Always in [46], Wahl proves that
when k£ = 900, d = 3636 and n = 104 the scheme X representing J is not reduced but X,.q

is smooth. Tannenbaum proves in [42] that for every reduced plane curve of degree n = 6m

with m > 2, with & = 6m? cusps and d = 0 nodes as the only singularities, we have that

T, N ) = =2l

p. 25). Recently, it has been given an example of universal scheme X of plane curves with
nodes and cusps which is not reduced and such that the singular locus of X,..q4 is not empty,
see [18].

but the universal scheme X is smooth at every its point, (see also

5. Etale versal deformation family of a plane curve

This section is devoted to the étale versal deformation family of a reduced plane curve. The
existence of such a deformation is a very strong result which follows from [35], [36] and [8].
We briefly summarize main results and properties of étale versal deformation spaces, following
essentially [13].
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Definition 5.1 (Versality). Let
C Cc A*’xB

T
B

be a flat family of reduced affine plane curves and let T = w=1(0) be a fibre of ™ over a closed
point 0 € B. Suppose that C and B are of finite type over C. Then the family w is said to be a
versal deformation of I if, given the following data: a flat family of reduced curves f : X =Y,
where X and Y are of finite type over C, a closed point y € Y, a finite number of closed
points x1,...,7, € f1(y) and an isomorphism of an étale neighborhood of {x1,...,r,} in
f~Y(y) with an étale neighborhood of a finite set of points py,...,pn in T, then there exist étale
neighborhoods V of 0 in B, V' of y in Y, W of {p1,...,pn} in Vx5 C and W' of {x1,...,x,}
in V' xy X, a morphism g : V' — V and an isomorphism ¢ : W' — W xy V' such that the
following diagram commutes.

C « W 2 wxov & w5 X
(20) vy NI I
B +« V — Vi - Y

Definition 5.2 (Miniversality). A flat family like the family C — B in definition 5.1 is
said to be a miniversal deformation of U if, for every other étale versal deformation p: € — F
of I, the dimension of F is greater than or equal to the dimension of B.

Suppose I of affine equation f(x,y) = 0. Let J = (f, %, ?)_5) be the jacobian ideal of I'. Choose
91y, 9m € Clz,y] so that their images in C|x,y]/J form a base for this complex vector space.

Theorem 5.3 ([8], [35] and [36]). The following family of affine complex plane curves
C=A{f+ Ztigi =0} C SpecClz,y] x SpecClti, ..., tm]

(21) i
B = SpecClty,..., tn]

is a miniversal deformation of I'. Moreover, there exists a Zariski open subset U C B containing

(0,...,0) such that w: C — B is an étale versal deformation of all fibres over closed points of

U.

From now on we shall call the family C — B constructed as before the étale versal defor-
mation of T' while B will be the étale versal deformation space of T.

Example 5.4. Let I' be the affine plane curve of affine equation xy = 0. The curve I' has
only a node and the étale versal deformation family is given by

C={(z,y,a)|lzy +a =0} C A? x A

We see that the étale versal deformation space of I' is Al :== B and, for every a € A —(0,0),
the corresponding fibre of C is smooth.

Example 5.5. Let T’ be the affine plane curve of equation y*> + x> = 0. It has a cusp as
singularity. The étale versal deformation space of T is given by B := Spec(Clzy]/(22,y)) ~
Spec(Cla, b)) = A? and the étale versal deformation family C C A2 x A? of T has equation

v+ a3 +ax+b=0.
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By computing the discriminant of the previous equation, we see that the locus S C A?, parametriz-
ing singular curves, has equation 4a® — 27b*> = 0. Moreover, the reader can verify that (0,0)
is the only point of S corresponding to a cuspidal curve and every point (a,b) € S — (0,0)
corresponds to a plane curve with a node as singularity.

By using versality, from the examples 5.4 and 5.5, we find again lemma 3.16. In particular
we deduce that, if I corresponds to a plane curve with only nodes and cusps as singularities and
if x € B is a point of the étale versal deformation space B of I' corresponding to a singular curve
D, then D has nodes and cusps as singularities. More generally, as it follows by the following
two propositions, in order to describe the singular fibres of the étal versal deformation family
of a reduced affine plane curve I' with singularities at the points p1,...,p,, it is enough to
describe singular fibres of the étale versal deformation family of a reduced affine plane curve
I'; with only a singular point analytically equivalent to that of I' at p;, for every 1 <17 <.

Proposition 5.6 (Corollary 3.20 of [13]). LetT'y,..., T, be reduced curves in P? and p; € T;
singular points. Then, for any sufficiently large e, there exists a reduced irreducible curve
E C P2 of degree e such that E has exactly r singular points q1, ... ,q, and, for each i, an étale
neighborhood of q; in E is isomorphic to an étale neighborhood of p; in I';.

Let C — B be the étale versal deformation family of an affine plane curve I'. By the previous
proposition, for every finite set of singular points 1, ..., x, of 7~1(y), there exist affine reduced
plane curves I'y,..., T, so that I'; has an unique singular point at (0,0) and there is an étale
neighborhood of (0,0) in I'; which is isomorphic to an étale neighborhood of x; in 7=!(y), for
every i < n. If m; : C; — B; is the étale versal deformation of T'; constructed as (21), for every
1 < i <r, by versality, there are étale neighborhoods V; of (0,...,0) in B and V; of (0,...,0)
in B; and morphisms g; : V/ — V; making a diagram like (20) commute. This give a morphism

T T
g: ﬂ%’—)HVZTZl CHBi
i=1 i i=1
from the intersection (;_, Vi C B to the product [[;_, Vi C []i_, B;.

Proposition 5.7 (See p.439 of [13]). There exists an étale open neighborhood of the point
y € B corresponding to T' such that, for every y € U, the morphism g : (\i_, V! — I[, V"4
constructed before is surjective.

In order to describe the étale versal deformation of a plane singularity, we need the following
definition.

Definition 5.8. Let X — Y be a flat family of affine plane curves parametrized by a
separated scheme Y over C'. We say that this family is equisingular if it satisfies the following
properties.

(1) There exists a finite number of disjoint sections of the family, the union of whose
contains the locus of singular points of the fibres, and X is equimultiple along these
sections.

(2) If, in addition, all the singular points of the fibres are ordinary double points, we say
that the family is equisingular. If not, we blow up the sections.

(3) Now we require that in the family of reduced total transforms there exist sections lying
over the former section (at least one over each former sections) satisfying (1). Then
return to (2).
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Moreover, if X and Y are as before, we say that the family p : X — Y is locally equisingular
in the étale topology if for each closed point y € Y and each closed point z € p~!(y) there exist
étale open neighborhoods U of y in Y and V of z in p~!(U) such that the induced family
V — U is equisingular.

Proposition 5.9 (Proposition 3.32 of [13]). Let

X C YxS

pd
Y

be a flat family of reduced curves on a smooth surface S. Assume that X, Y and S are all
reduced, separated and of finite type over C. Let A be the locus of the singular points of the
fibres of p. Assume that A is proper over Y. Then the following two conditions are equivalent.
(1) The family is locally equisingular in the étale topology.
(2) For each equivalence class of singularity all the fibres over the closed points of Y have
the same number of singularities of that equivalence class, (see definition 3.4).

Now, let I' € A? be an affine plane curve of equation f(z,y) = 0. Assume that (0,0) = p
is the only singular point of I'. Let J = (f, %, g—g) be the jacobian ideal of T and let C — B
be the étale versal deformation of T'.

Theorem 5.10. The étale versal deformation space B of I' satisfies the following properties:

(1) B is smooth, with tangent space ToB at (0, ... ,0) naturally identified with the quotient
Or,p/J. (See [8], [35] and [36].)

(2) The dimension of B is equal to 20 —r+1, where § are the number of adjoint conditions
of I': f(z,y) =0 at p=(0,0) and r is the number of irreducible branches of I' at p.
This number is said to be the Milnor number of T' at p. (See Corollary 6.4.3 of [10].)

(3) There exists a Zariski open subset U of B containing (0,...,0) on which (0,...,0) is
the only point whose fibre has a singularity analytically equivalent to that of T'. (See
lemma 3.21 of [13]).

(4) There exists a Zariski closed subset ES C B, which is called the equisingular locus
of B, parametrizing equisingular deformations of I'. Moreover, ES is smooth at the
point (0,...,0) and there exists an ideal I C Ory such that I O J and such that the
tangent space ToES at (0,...,0) is naturally identified with the quotient I/J. (See
45].)

Of course, the equisingular locus ES C B is contained in the locus EG C B of points cor-
responding to curves having the same geometric genus as I'. We say that EG is the equigeneric
locus of B. By proposition 3.2 of chapter 1, we deduce that, for every singular plane curve
I", the equigeneric locus of the étale versal deformation space B of I' is Zariski closed in B.
Moreover, we have the following result.

Theorem 5.11 (Lemma 4.4 and Theorem 4.15 of [13]). Let T' C P? be a plane curve, let J
be the jacobian ideal of I' and let B be the étale versal deformation space of I'. Then, denoting
by A the adjoint ideal of ', the tangent cone to EG at 0 is supported on a linear subspace of
B which, under the identification B = SpecClz,y]/J, is identified with the quotient A/J.
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Remark 5.12. Notice that, by our definition of adjoint ideal (see section 1 of chapter 1),
the jacobian ideal of a reduced plane curve I' is contained in the adjoint ideal of I'. Then, the
quotient A/J is well defined. Moreover, we remark that, as we have seen in the example 5.5, the
equigeneric locus of the étale versal deformation space of a plane curve I' may be singular at the
point 0 = (0,...,0) € B. More about the equigeneric locus of a plane singularity can be found
in [13], section 4 and 5. An easy consequence of theorem 2.2 is that the general element of
the equigeneric locus of every plane singularity is a plane curve with only nodes as singularity.
In the next section we shall consider the equigeneric locus of an ordinary plane singularity,
proving that it contains only points parametrizing plane curves with ordinary singularities.

Finally we remark that the local result of theorem 5.11 corresponds to the following global
result, proved by Albanese in [1]

Theorem 5.13 (Albanese, section II of [1]). Let V,, , be the Severi variety of irreducible
plane curves of degree n and genus g. Let [I'] € V,, 4 be a point corresponding to an irreducible
plane curve of genus g. Then the tangent cone to Vy, 4 at [I'] is supported on the linear space
parametrizing the linear system of plane curves of degree n adjoint to I'.

Another proof of the locally irreducibility of the Severi variety V;, 4 at the points parametriz-
ing irreducible plane curves of genus ¢ is contained in the more recent paper [4]. We shall go
back on the étale versal deformation B of a plane curve in the last section of this chapter,
defining the equiclassical locus of B. Now we want to use the results of this section to give
another proof of lemma 3.17.

Let T' C P? be a reduced plane curve of degree n with singular points py, ..., p,. For every
1 <i < r,let T'; be an affine reduced plane curve with only a singular point at (0, 0) analytically
equivalent to that of I' at p;. We denote by B; the étale versal deformation space of I'; C P?,
for every 1 < ¢ < r. By versality there exist open étale neighborhoods U of [I'] in PN and U;
of 0 € B; and a map

T
g: U=
i=1
such that the tautological family parametrized by U is the pull-back, with respect to g, of the

product of the étale versal families parametrized by the open sets U;. By recalling the versality
property of every U; and the property (3) of theorem 5.10, we give the following definition.

Definition 5.14. We say that the singular points of I' can be smoothed independently if the
map g 1S surjective.

Lemma 5.15 (Corollary 6.3 of [25]). By using the same notation as before, let J be the
jacobian ideal of T'. Then, we have that H'(T', Or(n) ® J) = 0 if and only if the singular points
of I can be smoothed independently.

Proor. Consider the following standard exact sequence
0— @F — Qb*eﬂﬂ g)NF“pQ — TIl —0

Exactly as we did in the previous section for a curve with only nodes and cusps, we deduce the
exact sequence

0— Or(n)® J — Npjpz = 11 — 0
from which it follows the long exact sequence

(22) 0— HT',Op(n) ® J) = H*(T, Npjp2) — HO(T, T¢) — H'(I',Or(n) ® J) — 0
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The map H O(F,Npmﬂ) — HO, T, Il) is the differential map of the map g constructed before
and H(T, Or(n) ® J) is the tangent space to the fibre of g over the point (0 x --- x 0). If we

assume that H(T', Op(n) ® J) = 0, then

n+3)

KT, Op(n) ® J) = n > n(n +3)

-0 1) = M S dim(U)

(2
and the map g is surjective. For the proof of the second part of the lemma see [25], corollary
6.3. O

ANOTHER PROOF OF LEMMA 3.17. If I is a reduced curve of degree n with d nodes and &
cusps as singularities, then, as we have seen in the previous section, the condition k£ < 3n is a
sufficient condition to the vanishing h*(T', Or(n) ® J) = 0 and hence nodes and cusps of I' can
be smoothed independently. In particular we have that S, C Sy, ,, for every k" and d' such
that ¥ < kand d <d+k—K. O

6. On the equigeneric deformations of an ordinary plane singularity

Let I' ¢ A2 be a plane curve with an ordinary singular point of multiplicity r at the point
p = (0,0) and no further singularities. Let B be the étale versal deformation space of T
and let EG C B be the equigeneric locus of B. In [13], lemma 3.6, it has been proved that
dim(EG) = r — 2. In particular, there exist subvarieties X; C EG, with 0 < i <r — 2, such
that dim(X;) = dim(X;4+1) — 1 and

{0}=XoC X1 S C X, 2=EG

and such that the general element of X; corresponds to an affine plane curve with an ordinary

singular point of multiplicity » — ¢ and ir — i22+ i nodes as singularities. In this section we want

to prove that following result.

Proposition 6.1. There exists an étale neighborhood U of 0 € EG C B in the equigeneric
locus of the étale versal deformation space B of I', such that every point y € U corresponds to
a plane curve with only ordinary multiple points.

To make an example, proposition 6.1 implies that if C — Y is a flat equigeneric family of
plane curves whose general fibre has a tacnode and four nodes as singularities, then, there are
no special fibres of C — Y having a four-fold ordinary point as singularity. More generally, we
give the following definition.

Definition 6.2. Let 7 :C — Y be a flat family of curves, lety € Y and let p € 771 (y) be a
singular point of 7= (y). We say that C — Y is locally equigeneric at p if there is an analytic
neighborhoods U of p in C such that p is the only singular point of =1 (y) in U and, for every
y' € n(U), we have that

zenm—L(y)NU

where we denoted by 5(x) the number of adjoint conditions of 7~ 1(y') at =, (see section 1 of
chapter 1).

By using versality, proposition 6.1 is equivalent to the following proposition.
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Proposition 6.3. Let C — Y be a flat family of plane curves. Lety € Y be a point such
that 7= (y) has an ordinary singularity at x. Suppose that C — Y is equigeneric at a point
x. Then there exists an analytic neighborhood U of x in C such that, for every y' € w(U), the
curve 7~ (y') has only ordinary singularities in U.

In order to show proposition 6.1, we will show proposition 6.3 in the special case of a family
of rational plane curves and then we shall deduce the general case. To get started, we recall the
basic properties of the secant variety of a non degenerated curve. Let X C P™, with m > 3, be
a non degenerate projective curve. Let S(X) and T'(X) be the secant variety and the tangent
variety of X.

Lemma 6.4 (Terracini Lemma for curves.). Let x and y be two points of X and let p € S(X)
be a point lying on the secant line < x,y > generated by r and y. Then, denoting by T, X the
tangent line to X at x and by T,S(X) the tangent space to S(X) at p, we have that

(23) < T.X,T,X >C T,5(X),

where we denoted by < T, X,T,X > the subspace generated by T, X and Ty, X. Moreover, if x
and y are general in X and z is general in < x,y > , the equality holds in (23). In particular,

we have that dim(S(X)) = 3.

We recall that a secant line of X is said to be proper if it schematically intersects X only
at two points. A multisecant is a secant line which is not proper.

Lemma 6.5 (Trisecant lines lemma for curves.). A general point p € S(X) lies on a proper
secant line of X.

By Bertini theorem, it follows that a generic (m — 3)-plane A C P™ transversally intersects
S(X) at deg(S(X)) points each one lying on a proper secant line of X. Projecting X from A,
we obtain a plane curve whose singularities arise from the intersection points of A with S(X).

Proposition 6.6 ([32]). Let X be a not degenerate curve in P™. Let A C P™ be an (m—3)-
plane with no intersections with X and intersecting the secant variety in finitely many points,
and let m : X — P? be the projection morphism from A. Then © is birational onto its image
and ©(X) has only deg(S(X)) nodes as singularities, if and only if

(1) A doesn’t meet any tangent line of X,
(2) A doesn’t meet any multisecant of X, and
(3) every (m — 2)-plane passing through A contains at most a proper secant line to X.
Moreover, every hyperplane passing through A and containing a proper secant line to
X at points P and Q, contains at most one of the tangent lines to X at P and Q.

In particular the general projection of X to P? is a nodal curve.

We don’t show the former proposition but its proof is rather elementary. The reader can
verify that condition (1) is equivalent to require that the projection from A of X is a local
embedding, whereas the conditions (2) and (3) are verified if and only if the projection curve of
X from A does not contain a multiple point of order bigger that two, or a multiple point with
at least two branches with the same tangent line. Moreover, the sets of points of G(m — 3,m)
parametrizing the (m —3)-planes of P™ verifying one of the conditions (1), (2) or (3) are locally
closed of codimension at least one.

Lemma 6.7. Let C,y1 C P™! be a rational plane curve of degree r + 1 and let A be a
(r — 2)-plane with no intersections with Cy11 and having finitely many intersections with the
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secant variety S(Cyry1) of Cry1. Then, the projection plane curve wp(Cri1) := C of Cry1 from
A has only ordinary multiple points as singularities if and only if A transversally intersects
S(Cyry1) at r(r —1)/2 points each of which lies on a proper secant line to the rational normal
curve.

PROOF. Before proving the lemma, we recall that the secant variety S(C,y41) C P™+! is
smooth at every point p which does not lie on C).; 1 and which is contained in a proper secant line
of Cyr41. Indeed, if T(C,41) is the tangent variety of C,.1, the open subset S(Cyy1) —T(Cri1)
is an orbit of the action of PGLyC = Aut(P') on P"*1 (see for example section 10 of [20]).
Now, let A be a (r — 2)-plane such that the projection mz(Cr41) := C to the plane is a rational
plane curve with an ordinary multiple point of order s < r at a point p € P2. Let p1,...,ps
be the points of C,41 lying over the point p and let ly,...,Ils be the tangent lines to C' at p.
Denoting by < — > the linear space of P"*! generated by —, we have that

<A, p;i > NP =D

and
<A, T),Cryy > NP =1,

for everyi =1,...,s. In other words, A is contained in an (r—1)-plane Q@ =< A, p >=< A, p; >,
for every ¢ = 1,...,s, containing @ proper secant lines p;p; to Cryq, for 1 <1 < j <'s,
in such a way that neither of the tangent lines 7}, C,;1 is contained in €2 and the hyperplanes
< A, T,,Cr41 > are all different, for ¢ = 1,...,s. In particular, A intersects every secant line
pipj at a point Pj;, for 1 <4 < j < s. Moreover, since r + 2 points over the rational normal

curve C,41 generate P"™!, we have that P, ; # P, if (i,j) # (I,m) and
dzm(< Tp,LCTJrlanerJrl >) = 3.
By Terracini lemma,
(24) < Tpicr+1, ij Cr+1 >= TPZ"]'S(CT+1)'
Moreover,
< TPM-S(CT-i-l), A >= ]P’T—H

and, hence, every point P; ; is a transversal intersection of A with S(Cy41). The first part of
the lemma is proved. Let, now, A be a (r — 2)-plane such that the projection ma(Cr11) to the
plane is a rational plane curve with a singular point at p € P? containing at least an analytic
branch €y which is singular at p. Then, denoting by p; the point of C,;1 mapping to C}, the
dimension of the linear space < T}, C,41,A > is r — 1, because

< Ty, Cri1, A > NP2 = p,

and hence A intersects the tangent line 7}, C,,1. Therefore, in this case, A has not empty
intersection with the tangent secant variety T'(Cy41) of Cyy;. Finally, let A be a (r — 2)-plane
such that the plane projection ma(Cy11) has a multiple point at a point p € P? with at least
two smooth branches C; and Cy having the same tangent line I C P2. We denote by p; and p
the points of C,41 which lie over p. By using that the linear space

<Tp, Crs1, A >=<Tp,Cr1, A >=<[,A >

is an hyperplane, A doesn’t intersect the tangent lines 7,,C,41 and T, Cy41. Moreover, since
< pip2, A >=< p, A > has dimension r — 2, the linear space A intersects the proper secant pips
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to Cr41 at a point P. Now, since < 1), Cr41,1,Cry1 >= TpS(Cry1) has dimension three, P
is a smooth point of the secant variety of C, 4. But, since

<TpS(Cri1), A >=P"

in this case P will not be a transversal intersection point of A with S(Cy41). 0
n(n+3)
Lemma 6.8. Let W, C P > be the closure, in the Zariski topology of the locus of rational
plane curves of degree n with an ordinary plane singularity of multiplicity r. Then, if W, is
not empty, we have that

dim(W,) =dim(Vp0) —r+2=3n—r+1.

ProOOF. Let C), C P" be a rational normal curve of degree n. Since, up to projective
transformations, every rational plane curve is a plane projection of C),, in order to compute
the dimension of W,., we compute the dimension of the locally closed subset R C G(n — 3,n)
of (n — 3)-planes A such that the plane projection 7 (C),) has a ordinary r-fold point. Then,
the dimension of W, will be equal to dim(W,.) = dim(R) + dim(Aut(P?)) — dim(Aut(P')). To
see that R is locally closed and to compute its dimension, let Sym”(C,,) be the r-th symmetric
product of C),, and let U be the open set of G(n — 3,n) of (n — 3)-planes which have not

intersections with C,,. Consider the incidence family R C Sym”(C,,) x U defined by

R = {(qu,-..,q;[A])|thereis ¢ € P?>suchthat mp(g;) = ¢ for i =1,...,rand
the plane projection m(C),) has an ordinary r-fold point}.

In order to prove that R is locally closed and to compute its dimension, it is sufficient to do
this for R. Let R(qy, ..., q) C G(n—3,n) be the set of (n—3)-planes A C P such that 74 (Cl,)
has an ordinary r-fold point at a point ¢ € P? and ¢i,...,q, are the points of C, over ¢. If
[A] € 75((11, ..., qr), then the linear space < A,p1,...,p, > has dimension n — 2. In particular,
if ﬁ(ql, ...,qr) is not empty, then it is an open set in the irreducible subvariety of G(n — 3,n)
parametrizing the (n — 3)-planes A, such that there exists a (n — 2)-plane © such that A C ©
and < py,...,pr >C ©. Then

dim(R(q1,-..,q)) = dim(G(n—r—2,n—r))+dim(G(n—2,n—-3)) = dim(G(n—3,n))—2(r—1).

Finally, R and R are locally closed of dimension

dim(R(q1,-..,q)) +r=dim(G(n—3,n)) —r+2
and
dim(W,) = dim(R) + dim(Aut(P?)) — dim(Aut(P')) =3(n —2) —r+2+8—-3=3n—r+1,
if they are not empty. O

Proposition 6.9. For every integer r there exists an integer R > r such that for every
ordinary plane singularity of multiplicity v of analytic equation g(z,y) = 0, there exists an
irreducible rational plane curve of degree R with an ordinary r-fold point analytically equivalent
to g(x,y) = 0.

In order to show the previous proposition we need the following intermediate results.
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Lemma 6.10. Let z1,...,z; be k distinct compler numbers. Then, however we choose
positive integers hy,...,h, and constants c;, for 1 < i < k and 0 < | < h;, there exists a
polynomial p(z) of degree equal to Y, h; — 1 such that

p(l)(zi) =cy,for1 <i<kand0<1<h;—1.
PRrooF. For every fixed i, let p; be the polynomial defined by

pi(z) = [[(z = 2)" fi(2),
i

where fi(2) = (1/ [Tz(2i — 2))")(cio + Shitey (Zfl!zi)l ). The polynomial p defined by

k
p(z) =Y pi(2)
i=1

verifies the desired properties. ]

Let A be the open complex disc A = {z € C t.c. | z|< 1} and let

r=t
25
25 {yzZﬁlailtl, teAandi=1,...,r,

be the parameterizations of  smooth analytic branches 71, ..., 4, of plane curve passing through
the origin (0,0) of the plane and having pairwise distinct tangent lines l1,...,[,. at (0,0).

Lemma 6.11 (Morelli, [31]). However we choose positive integers hi,...,h, and g, there
exists an irreducible plane curve I' of genus g having at (0,0) an ordinary multiple point of
order r with tangent lines ly,...,l. in such a way that the branch of T', passing through (0,0)
and tangent to l;, approximates the branch 7; up to order h;, for every 1 <i <r.

Proor. Fixed positive integers hi, ..., h, and g, we want to prove that there exists a plane
curve I' of genus g with an ordinary plane singularity at (0,0) and such that, if p; ..., p, are
the points of the normalization curve C of I' mapping to (0, 0), then the local expression of the
normalization morphism at every point p; is given by

=1
y=202 Byt teA
with
Bi, = ay,for every [ such that iy < h; — 1 and By, = o,
where @, is any constant different from aj,. In order to prove this, let IV be an irreducible
plane curve of genus g. Let (£,7) be affine coordinates of the plane. We will find a birational
transformation of the plane of equation
(26) r=0¢E) =a"+a "+ +ay
y=m) =bon™ +bin™ 4+ by,
sending the plane curve I/ to a plane curve I" with the desired properties.
Step 1. Let ¢} = (&,m;), fori = 1,...,7, be r smooth points of I' such that the tangent line
to I at every point (&, ;) is not parallel to the &-axis or to the n-axis. Suppose, moreover,
that the constants &1, ...,&. and nq,...,n, are all different. Let ¢(£) be a polynomial such that

(27) #(&) =0, for every 1 <i<r.
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Let ¢; be the image point of ¢} with respect to (26), for every i. Let n’ : C' — I” be the
normalization of I and let

t— (t,ni(t))
be the local expression of n’ in a neighborhood of ¢;, for every ¢ = 1,...,r. Then, if we set
U, (&) = ¥(n;i(§)), then, the branch ~; of I' passing through ¢; which is image, with respect to
(26), of the branch of I” passing through ¢;, has equation

L =3 (&) +- -+ 3V S
Z y—i(&) =0 — 5)+xp2><5 &y

(28)

where Egl) = 8¢(§ le—¢, and \Il<) = 8\1’ (5 le=¢,- Setting & = 7 in the first equality of (28),
let f & = 2]21 Ai;7/ be the inverse functlon of the holomorphic function 7 = 7(§) =

Zz et g’ . By substituting in the second equality of (28), we find the local expression

x =7
y—i(&) = Zi21 ﬁile

of the normalization morphism of ~; at g;, for every i = 1,...,r. Now we impose the following
conditions
(&) =0
Bi, = oy, for every 4 < h; — 1,
Bh, = ap,,
for every i = 1,...,r. By these relations, by using that every (;, is a linear combination of the
T

constants V., with s = 1,...,[, we find the value of @SS), for every s. Then, by the equality

)

WE”(&) =y (771-)771( )(f), by setting & = &;, we find the value () (1;) := 6;. In a similar way we

go on determining the values () (1;) := d,, for s = 1,..., h;. Finally we deduce the following
conditions:

(29) {¢(U¢) =0,

Y (m;) =0, with s <h;and 1 <i<r.

For every pair of polynomials ¢(&) and (&) verifying the conditions (27) and (29), the image
curve T' of T, with respect to the transformation (26), has r smooth branches vy, ..., passing
through (0,0), such that every branch ~y; approzimates the branch 7; defined by (25), up to order
hi, for every 1 < i < r. Notice that the set of polynomials verifying (27) and (29) are not
empty by lemma 6.10.

Step 2. Now we want to find conditions on ¢(£) in such a way that the only branches of
I' passing through the point (0,0) are the smooth branches ~1,...,7,, constructed before. Let
1'(&,m) = 0 be the equation of the plane curve I". Let &41,...,&y, with n’ < n, be the roots of
the polynomial ¢(§) different from &1, ...,&,.. Moreover, let 7,41,...,7s, be the roots, different
from 7y, ..., 7., of the polynomials f'(&;,n), for i =r+1,...,n/. If we choose constants p; # 0,
with i =r+1,...,0, and if we assume that 1 (n) verifies the further conditions

(30) P(n;) = p; foreveryi=r+1,....0

then the plane curve I' has the desired property. As before, notice that the set of polynomials
verifying conditions (30), (27) and (29) are not empty by lemma 6.10.
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Step 3. Finally, we want to find conditions on % (n) in such a way the transformation (26)
of the plane defines a birational transformation between I'” and I'. First of all, we notice that
if 1)(n) is a polynomial which verifies the conditions (29) and (30), then, for every polynomial
x(n), also the polynomial

(31) Y(n) =)+ (n—m)" ... (n—ne)" x(n),

with g1, ..., 1, large enough, satisfies the conditions (29) and (30). Let (8o,60) be a general
point of I, whose image with respect to (26) is the point (xg,y0) € I'. Let f1,..., By, with
n’ < n — 1, be the other roots of the polynomial ¢(n) — z, different from By. We denote by
01,...,0, the roots, different from 6y, of the polynomials f/(3;,n), fori =0,...,n'. Ifdy,...,d;
are constants different from zero and if the polynomial x(n) in (31) satisfies the properties

x(6o) = 0
(32) x(0;) = d;, foreveryi=1,...,m,

then the point (8y, 6p) is the only point of I sent by (26) to the point (zg,yo) € I'. As before,
notice that, by lemma 6.10, the set of polynomials verifying the condition (32) is not empty.
We have found conditions on ¢(§) and 1(n) in such a way that the image curve I" of I, with
respect to (26), has at (0,0) an ordinary r-fold point with the desired properties. Applying
lemma, 6.10, we conclude. U

Remark 6.12. By using the same notation as in the proof of lemma 6.11, notice that, by
the proof of lemma 6.10, the degree of the polynomials ¢(&) and ¥ (n) verifying conditions (27),
(29), (30), (31) and (32), in such a way that the regular transformation of equations (26) has
the desired property, does not depend on the analytic class of the ordinary r-fold defined by
(25), but it depends only on r, on the degree of the curve I'" and on the constants hy, ..., h;.

Remark 6.13. For our convenience, we stated and proved lemma 6.11 for an ordinary
plane singularity, but in [31] it is proved that, given any set of plane singularities g1(x,y) = 0,
g2(x,y) = 0,...,9x(x,y) = 0, for any reduced plane curve I", there exists a plane birational
model T' of T having k singularities equivalent, but not necessarily analytically equivalent, to
the given plane singularities. (For the definition of equivalent plane singularities see definition

3.4).

Lemma 6.14 (Franchetta, [16]). LetT' and IV be two reduced plane curves with an ordinary
r-fold point at (0,0) and let v1,...,v and 4, ...,~. be the branches of T’ and I, respectively,
passing through (0,0). Then, if every branch ~y; of T intersects the corresponding branch v, of
I with multiplicity at least equal to r — 1, then the r-fold point of T' at (0,0) is analytically
equivalent to the r-fold point of T at (0,0).

PROOF. Let (z,y) be analytic coordinates of the plane. We want to construct an analytic
transformation of the plane of equations

(33) {x,’ =z

Yy = GO(CC)?/T_I + .- +CL7«71(-T),

where a;(z) are holomorphic functions in a neighborhood of zero, defining an isomorphism
between an analytic neighborhood of (0,0) in I' and a neighborhood of (0,0) in I". Since
we work locally in the analytic topology, we may suppose that the equations of I' and I"
are given by [[;_, fi(z,y) = 0 and [[/_; gi(z,y) = 0. Moreover, we may assume that the
z-axis and the y-axis are not tangent to everyone of the branches v; and ~; at the point (0,0).
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Then, by the Implicit Function Theorem, there exist holomorphic functions y;(z) and y}(z) on
{x € C| 0 <| z |< o}, with o small enough, such that (z,y;(x)) € v; and (z,y}(x)) € 7.,
for every i = 1,...,r. We want to determine the functions a;(x) in such a way that the
transformation (33) sends every point (z,y;(z)) to the corresponding point (x,y.(z)), for every
i=1,...,r. Now, for every fixed x such that 0 <| z |< o, we get a linear system of r equations
in 7 variables ag(z), ..., a,—1(x)

vi(@) = y() tao(@) + yi(2)" Par(x) + -+ aroa (@)

(34) : :
() =yr(@) tao(@) +yr(2)Par(z) + -+ apa (@),

Since y;(x) # yj(x), if i # j, and the determinant of the matrix A(x) of the coefficients of

the former linear system is the Vandermonde’s determinant relative to yi(z),...,y.(z), the
previous system has an unique solution, given by
_ det(A(z)
ao(x) = 7det(A(x)§
(35) : :
_ det(A(x)r)
ar—1(z) = det(A(z)) °
where A(z); is the matrix obtained from A(x) by substituting the ¢ — th column of A(z) with
the vector (vi(z),---,y.(x)). Moreover, if A(x), is the matrix which we get by substituting

the i — th column of A(x) with the vector (v(x)—y1(z), - ,y.(z) — yr(x)), then we have that

_ det(A(x __det(A(x)))
ao() = det((A((x))l)) - det(A(w)l)

(36) det(A(z)._,)

ar—2(z) =1+ —garamy

_ det(A(x);)
Clrfl(CC) = W.
Now we notice that the determinant det(A(z)) = [],;(vi(z)—y;(x)) is an holomorphic function
at a neighborhood of x = 0. Moreover, by using that f;(z,y;(z)) = 0 and the hypothesis that
the tangent line to 7; at (0,0) does not coincides with the z-axis or the y-axis, we find that
every holomorphic function y;(z) vanishes at zero with order equal to one and, in particular
we find that det(A(z)) = Zz’z(g) a(z);z*, where a(z); := W and a(m)(;) # 0. Similarly,
if we assume that the multiplicity of intersection between ~; and 7, is at least equal to r — 1,
then the Taylor expansion of the holomorphic function det(A(z)}) at = 0, begins with a term
of order > (1) if i = 1 and with a term of order > (}) if ¢ # 1. Then, under the hypothesis
ordy(yi(z) —y;(z)) > r—1, the functions a;(z), for i = 0,...,r —1 are defined and holomorphic
at zero and the equations (33) define an analytic transformation of a neighborhood U C A2
of the origin, which restricts, by construction, to an analytic isomorphism between I' N U and

I'nU. O
From the previous lemma we may deduce the following well-known result.
Corollary 6.15. Ordinary triple points of plane curves are all analytically equivalent.

PRrROOF. Let I' be a reduced plane curve with an ordinary singularity of multiplicity three at
a point P € P? and let I'" be a reduced plane curve with an ordinary singularity of multiplicity
three at a point P’ € P?. There exists a projective motion of the plane sending the point P to
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the point P’ and the tangent cone to I" at P to the tangent cone to IV at P’. The statement
follows by lemma 6.14. O

Remark 6.16. Unfortunately, the result of lemma 6.14 is not sharp. Indeed, it is well
know that two ordinary four-point of plane curve are analytically equivalent if and only if they
have projectively equivalent tangent cones, (see [45]). Then, for r = 4, lemma 6.14, gives
only a sufficient conditions in order that T' and I have analytically equivalent singularities at
(0,0). Finally, notice that there exist examples of ordinary plane singularities with projectively
equivalent tangent cones which are not analytically equivalent. For instance, in [34] it is proved
that the plane singularities of equation (z* — y*)x = 0 and (2* — y*)(z — y?) = 0 are not
analytically equivalent. Notice that the branch x = 0 intersects the branch x — y> = 0 with
multiplicity two.

PROOF OF PROPOSITION 6.9. Let g(z,y) = 0 be the analytic equation of an ordinary plane
singularity of multiplicity  and let TV be a rational cubic. By the proof of lemma 6.11, we may
construct a rational transformation of the plane A : P? --s P? of affine equations

r=0¢() =apf" +ar &1+ +ap
y=v(n) =bon™+bin™ + - 4 by,

which restricts to a birational map on I and such that the strict transform I" of I, with respect
to A, has an ordinary r-fold point at (0,0), with the same tangent cone as g(z,y) = 0 and such
that every branch of I at (0,0) intersects the branch of g(x,y) = 0, having the same tangent
line, with multiplicity » — 1. By remark 6.12, the degree of the polynomials ¢ and ¢ does not
depend on the analytic equivalence class of singularity of g(z,y) = 0, but it depends only on r
and the on degree of I'. We conclude by using lemma 6.14. U

PROOF OF PROPOSITION 6.1. Let g(z,y) = 0 be the analytic equation of an ordinary plane
singularity of multiplicity r. By the property (2) of the theorem 5.10, the dimension of the
étale versal deformation space B of g(z,y) = 0 is given by

dim(B) = dim(Cla.g)/ (52, 50.9) = (r — 1)

Moreover, if ES C B is the equisingular locus of B, then

dim(ES) = (r— 12 - " FD _(r=2)(=3)
2 2

To see this we recall that, by the proposition 5.6, for any n sufficiently large, there exist plane
curves of degree n with an ordinary r-fold point analytically equivalent to g(z,y) = 0 and no
further singularities. If I' is such a plane curve of degree n, by versality there exists a morphism
F : U — V from an étale neighborhood U of [['] in PV to an étale neighborhood of 0 € B.
By the proof of lemma 5.15 the tangent space to the fibre over 0 of F' can be identified with
H°(T,Or(n) ® J), where J is the jacobian ideal of I'. Up to consider plane curves of higher
degree, we may assume that H'(I', Or(n) ® J) = 0. Under this hypothesis F is surjective and,
in particular, F'~!(ES) is the locus in U of plane curves with an ordinary r-fold point. We
deduce that

(r—2)(r—3)'
2 2 2

2

+ (r—1)% =
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Now, let EG C B be the equigeneric locus of B. By theorem 5.11, we now that

dim(EG) = (r — 1)2 _ (7"_21)7“ _ (r — 1)2(7“—2)'

We want to prove that there exists an étale neighborhood U of 0 € EG C B such that every
point y € U corresponds to a plane curve with only ordinary multiple points. In order to see this,
we recall that, by proposition 6.9, there exists an integer R such that, for every ordinary plane
singularity of multiplicity 7 of analytic equation ¢'(z,y) = 0, there exist irreducible rational
plane curves of degree R with an ordinary R-fold point analytically equivalent to ¢'(x,y) =0 .
Then, if I is a rational plane curve of degree R with an ordinary r-fold point analytic equivalent

to g(x,y) = 0, then, by versality we have a morphism F': U — V from an étale neighborhood U
R(R+3) R(R+3)

of '] in P~ 2 to an étale neighborhood V of 0 in B. By construction, if W,, C P~ 2 is the
locus in U of rational plane curves with an ordinary plane singularity of multiplicity r, then F
maps W, surjectively on ES. By lemma 6.8, we know that dim(W,) = 3R—1—r+2 = 3R—r+1.
In particular, the general fibre of F' on ES has dimension equal to

J— —_— 2 -
w —3R—1— T?’%H = dim(Vgo) — dim(EG).

3BR—1—r+2—
We deduce that F' maps surjectively the Severi variety Vg o of rational plane curves of degree
R on the locus in V of equigeneric deformations of g(x,y) = 0. Thus, in order to show the
proposition, it is enough to prove that if G — Y is a one-parameter family of rational plane
curves with special fibre Gy = T, then the general fibre G; of the family has only ordinary
multiple points as singularities. To prove this, we remember that every irreducible rational
plane curve of degree R, is projection of a rational normal curve Cr C P® of degree R from
a linear space A of dimension R — 3. Thus there exists a one parameter family A;, t € Y
of (R — 3)-planes of P such that for every t the projection curve of Cr from A; is equal to
Gt, up to projective motions. The statement follows by lemma 6.7 by using that transversally
intersecting the secant variety S(Cg)) is an open condition in G(R — 3, R). O

7. Families of plane curves with nodes and cusps and Horikawa deformation
theory

In this section we shall assume as known the notion of deformation of a morphism, for which
we refer to section 4 of chapter 1. Let ¥ C X} ; be an irreducible component of ¥} ; and let I'
be the irreducible plane curve of geometric génus g with k cusps and d nodes, cofresponding
to the general element [I'] of ¥. In the next chapter will be convenient for us to identify the
tangent space to X at [I'] with a suitable subspace of the infinitesimal deformations space of
the normalization map ¢ : C' — I' of I'. We recall that, if ©c and Ope are the tangent sheaf of
C and of P? respectively and

¢s 1 Oc — ¢*@P2

is the differential map of ¢, then the cokernel Ny of ¢, is called the normal sheaf to ¢. If we
denote by Z the ramification divisor of ¢, i.e. the zero divisor of ¢,, the normal sheaf to ¢ is
invertible if and only if ¢ is not ramified, i.e. Z = 0. On the other hand, ¢, naturally extends
to a sheaves map O¢(Z) — ¢*Opz, which we still denote by ¢, and whose cokernel N’ is an
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invertible sheaf.

0
1
0 Ky
i i
0 — B¢ ﬁ P Op2 — N¢ - 0
I H I
0 — @C(Z) ﬁ P Op2 — N¢/ - 0
1
0

The normal sheaf Ny to ¢ maps surjectively on Nj with kernel Ky supported on Z. By
the Horikawa deformation theory, (see [26], [27] and page 15 of this paper), the vector space
H(C, Ny) parametrizes the infinitesimal deformations of C. Moreover, if H'(C,N}) = 0, every
infinitesimal deformation of ¢, corresponding to an element s € H°(C, N3), is not obstructed,
i.e. it extends to an effective deformation of ¢, which we say to have Horikawa class equal to
s. Now, by the exact sequence which defines N, we have that

N (¢*Op2) ~ Oc(Z) @ N,
and then
(37) 5= Oc(¢"(—Kp2)) ® Oc(Kc) ® Oc(—Z),

where Kp2 and K¢ are the canonical divisors of P2 and C. From what we proved in the section 1
of chapter 1, denoting by H the pullback to C of the divisor cut out on I' by the general line and
by A the adjoint divisor of the map ¢ : C' — I', we have that Oc(K¢) = Oc((n — 3)H)(—A).
Hence, by (37) and (18) we find that

N = Oc(nH)(=A — Z) =~ ¢"Nypa.

It follows that, if the number k = deg(Z) of cusps of I' is smaller that 3n, we have that N
has degree deg(Ny) = 3d —k +29 — 2 > 2g — 2, so H(C, NG = HY(C, Ng) = 0 and, by
Riemann-Roch theorem, h%(C, N(;) =3n+ g — 1 — k. In particular, we find that, if & < 3n,
then

(38) HO(C, Nj) ~ HOT, Ngm,g) ~ T (%),

the space H°(C, Ny) has the expected dimension equal to 3n + g — 1 and all the infinitesimal
deformations of ¢ are not obstructed. Going back to the exact sequence

0—Kg =Ny =Ny —0
we find the exact sequence
0— H(C, Kg) — H(C, Ny) — H(C, N}}) = 0

from what we deduce that, if k& < 3n, the tangent space to ¥ at [I'] may be identified with a
subspace of dimension 3n + g — 1 — k of H(C, N) intersecting H°(C, Ky) only at zero. In
order to say more about the global sections of the torsion sheaf Ky, we recall the following
standard definitions. Let D be a smooth curve of genus g, let ¢ : D — P" be a holomorphic
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map and let p € D be a point. We may always choose a holomorphic chart (U, z) of D at p
and affine coordinates of P" at ¢(p), in such a way the local expression of ¥ on U is given by

V() = (" 4 gry (2), - 2 g1, (2))

with 1 < k1 < ko < --- < k, and k; { ko and where g;(z) is a holomorphic function with
vanishing order > k; +1 at z =0, for every ¢ = 1,...,r. These integers depend only on v and
p. The integer k1 — 1 is said to be the ramification index of i at p, while the integer ko — 2
is called the ramification type of 1) at p. The point p is said to be a ramification point of ¢ if
k1 > 2 and it is said to be simple if k1 = 2 and ko = 3. The normalization map of a double
branch of a plane curve of analytic equation y? — 2% = 0 has a simple ramification point at the
point over (0, 0).

Lemma 7.1 (Corollary 6.11 of [3]). Let m : C — B = {t € C :| t |< 1} be a family of
smooth curves of genus g and let ¢ : C — P", with r > 2, be a holomorphic morphism. Let
us suppose that, for every fived t, the morphism ) : C; = n~1(t) — P" is birational onto its
image and that number, index and type of ramification points of vy don’t depend on t. Thus,
the Horikawa class s of the family of morphism (C, 1, m, P?) at t = 0 is not contained the space
H°(Cy, Ky), unless s = 0.

Remark 7.2. Actually, it is evident by its proof (see page 27 and 28 of [3]) that the previous
result is local. Therefore it can be generalized as follows. Let C — B be a deformation of a
smooth curve C = Cy parametrized by the open disc B = {t € C:| t |< 1}. Suppose that there
is a holomorphic map ¢ : C — P such that the restriction to ¥ to each fibre is birational onto
its image. Moreover, suppose that there exists a section p : B — C such that the ramification
index and type of the restriction morphism 1y : C; = w1(t) — P" at the point p(t) € C; don’t
depend on t. Thus the localization s, at the point p = p(0) € C of the Horikawa class s of
(C, ¢, m, P?) at t =0 is not contained in Ky, p, unless s, = 0.

Lemma 7.1 and remark 7.2 allow us to give another proof of lemma 3.17 in a very special
case, (see lemma 7.5 and remark 7.7). In order to do this, let I C P? be an irreducible
plane curve of degree n and genus g whose normalization map ¢ : C — I' has only k simple
ramification points p1,...,pr, with k < 3n. Notice that I' could have singularities worst than
nodes and cusps. By using the same notation as before, we find that deg(N}) = 3d—k+2g—2 >

2g — 2 and hence H'(C, NG = H(C, N) = 0. By theorem 4.3 of chapter 1 , this vanishing
is a sufficient condition for the existence of a universal deformation

C 4 pe
(39) m
B

of the normalization map ¢, which we denote by (C, b, , B). The tangent space to B at
the point 0 corresponding to the morphism ¢ is naturally identified with H°(C, Ny) and B is
smooth at 0 of dimension 3n + g — 1. If 7 is a holomorphic coordinate of B centered at 0, we
set C; = 7~ (z) and ¢, = @|c,. With this notation, it is naturally defined a 1: 1 map

n:B—=V,,

from B to an analytic open neighborhood U of [I'] in V;, 4, sending a point 7 € B to the point

of V,, 4 corresponding to the plane curve 451 (C;). Now let By be the locus of B parametrizing
the morphisms with at least s ramification points. Notice that, if we assume that there exists
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a plane curve I' as before, then B; is not empty, for every s < k < 3n, since the point 0 € B
corresponding to ¢ belongs to Bs.

Lemma 7.3. Under the hypotheses and with the notation introduced before, we have that
By is an analytic closed subset of B which is smooth at 0 of codimension equal to k. Similarly,
for every s = 1,...,k — 1, we have that Bs has codimension equal to s in B. The general
element of By corresponds to a morphism with only s ramification points and Bs is smooth at
every point corresponding to a morphism with only s ramification points.

PROOF. Let C* be the k-th symmetric fibre product over B of C and By, C B x g C* the set
By = {(z;pT, . .. .p7) | T € B and pi,...,pp € m (1) :=C; € are ramification points of ¢~)|CL}.

Since the natural projection Bj, — By, is a finite map, in order to show that Bj is closed of
dimension 3n + g — 1 — k, it’s enough to show it for B;. We may work in a neighborhood U of
the point = (0;p1,...,pk) € By, corresponding to ¢. We choose local complex parameters z;
on C' centered respectively at p;, for i = 1,..., k, in such a way that the pair (7, 2;) is a local
parameter of C at the point p;, for every 1. Moreover always working locally, we may suppose
that ¢ maps in to the complex affine plane and we may set (T, 2) = (d1(T, ), b2 (T, %)).
Under these assumptions, By, is defined by the 2k equations

8ZZ'

This proves that By (and hence By) is closed and that every its irreducible component has
dimension at least equal to

|, =0, for i=1,... k.

dim(B x g C*) — 2k = dim(B) — k.

Moreover, by lemma 7.1, the tangent space Ty By C H°(C, N3) to By, at 0 intersects HO(C, Ks)
only at zero. Since h?(C, Ky) = k, it follows that By, is smooth at 0 of codimension equal to
k in B. Similarly, let 7 be a general point Bs, with s < k. By arguing as before, we have
that every irreducible component of B, has codimension < s in B. Moreover, if qBT :Cr — P?
is the morphism corresponding to the point 7 € By and, if ¢1,...,qs € C; are ramifications
points of g?)l, then, by remark 7.2, the tangent space T;rB, to B, at 7 intersects the linear
space W generated by H°(C, K(;T’qi), fori=1,...,s, only at zero. To see that dim(W) = s
and hence that every irreducible component of By has dimension dim(B) — s, observe that,
however we choose s sections sq, ..., Ss, with s; € H° (Cs, IC ) we have that they are linearly
independent, because every s; has support at q;. This proves that there is a stratification

B, C By 1SS B CB,

from which we deduce that the general point of By corresponds to a morphism with only s
ramification points. Finally, by using again lemma 7.1, we see that every point corresponding to
a morphism with only s ramification points, is a smooth point of By, for every s =1,...,k. O

Remark 7.4. Notice that, since ¢ has only simple ramification points, for every s =
1,...,k, the general element of Bs corresponds to a morphism with only simple ramification
points.

Lemma 7.5. Let I' C P? be an irreducible plane curve of degree n and genus g whose
normalization map ¢ : C' — ' has only k simple ramification points p1,...,pg, with k < 3n.
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We denote by m : C — B the universal deformation of ¢. Then, for any subset of s < k
ramification points of ¢, say p1,...,ps, there exists a one parameter deformation of ¢,

#C) c ¢ 5 P
Loowd
A 5 B
parametrized by a curve A C B, such that the general element z of A corresponds to a morphism

¢. : C. — P? with only s ramifications points which specialize to pi,...,ps, as z specializes to
the point 0 € A corresponding to ¢ = ¢g.

ProoF. Consider the incidence family
By = {(z;p") |z € By and p~€n (z):= C: is a ramification point of &]cl} CCxp B

of By. Let m; : By — C and 7y : By — By be the projection maps. We choose pairwise disjoint
analytic open neighborhoods Uy,. .. ,Uy of the points p,...,ps in C. If V; = ma(m1(U;)), then, by
construction, the general element 7 of N;V; corresponds to a morphism with at least s different
ramification points, specializing to p1, ..., ps, as T specializes to 0. In particular N;V; C Bs. On
the other hand, every irreducible component of N;V; has dimension > dim(B) — s and hence
N;V; is an analytic neighborhood of 0 in Bs. This proves the lemma. Moreover, we observe
that, by remark 7.2, the tangent space Tp(N;V;) to N;V; at 0 intersects the linear space W
generated by HO(C, Ky, ), for every i = 1,...,s, only at zero. Since dim(W) = s, we deduce
that N;V; is smooth at the point 0 € B corresponding to ¢. O

Corollary 7.6. For every s =1,...,k, the variety Bs has an ordinary (]:) -fold at the point
0 € By corresponding to ¢.

PRrOOF. The statement follows from the proof of the previous lemma. O

Remark 7.7. Notice that, if the above plane curve I' has d nodes and k < 3n cusps as
singularities, then the former lemma says that, for any subset of cusps x1,...,xs of I', there
erists a one parameter family of plane curves G — A, such that Go = I' and the general
curve Gy of the family has a cusp in a neighborhood of every point x1,...,xs and a node in
a neighborhood of every cusp of T, different from x1,...,xs. In particular, this proves the
existence of the following stratification

Yha G Xk-14+1 S S Todrks
which we already know by lemma 3.17 or lemma 5.15.

We have seen how Horikawa deformation theory may be useful to study equigeneric de-
formations of an irreducible plane curve I' C P? of genus g and degree n. Looking at the
universal deformation space B of the normalization map ¢ : C' — I' of I', (when it there exists),
instead of the Severi variety V,, 4, is very convenient if we are interested in the local geometry
of V,, 4 at the point [I'], corresponding to I'. Without further restrictions on index and type of
ramification points of ¢, if we assume that the degree of the ramification divisor of ¢ is smaller
than 3n, the existence of a universal deformation family of ¢ like (39) follows from theorem
4.3 of chapter 1. As before, the universal deformation space B of ¢ is smooth at the point 0
corresponding to ¢ and it is naturally defined a map

n:B—=V,,
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from B to V,, 4, sending every point € B to the image plane curve of the morphism correspond-
ing to z. But, in this case, H°(C, k) is the 'normal space at 0’ to the locus of deformations
of ¢ preserving number, type and index of the ramification points of ¢.

Proposition 7.8 (Arbarello-Cornalba, [4], p. 487). Let [I'| € V;, 4 be a point corresponding
to an irreducible plane curve T C P? of genus g and degree n. Let Z C C be the ramification
divisor of the normalization map ¢ : C — I of I'. Assume that deg(Z) < 3n. Then, if we
denote by B the universal deformation space of ¢, by n : B — V, 4 the natural map from
B to V,, 4 and if we identify the tangent space to B at the point 0, corresponding to ¢, with
H%(C,Ny), then the kernel of the differential map

dn : ToB — TtV, 4

of n at 0 coincides with H°(C,Ky). In particular, Vy 4 is smooth at [T if and only if the
normalization map C — T is not ramified.

Remark 7.9. If in the previous theorem we have that 0 < k = deg(Z) < 3n, then the Severi
variety Vy, g is singular at [I'] and, from what we proved before, the map n is a desingularization
of an analytic neighborhood U at [I'] in V,, 4.

Proposition 7.8 has been generalized to the variety X ; of irreducible plane curves of degree
n with d nodes and k cusps by Diaz in [12]. But, before stating his result, we have to say
something about the boundary of 2 g In section 3 of chapter 1 and in sections 2 and 3.1 of
this chapter, we proved that the genus is a lower semicontinuous function on a flat family of
curves and that d-nodal plane curves of degree n are general in the locally closed family V7,

of irreducible plane curves of degree n and geometric genus equal to g = (”;1) —d. Of course,
the degree of the ramification divisor is an upper semicontinuous function on a flat family of
morphisms to P? on a smooth curve of genus g, and then the set Vn‘i ok C Vi g of irreducible
plane curves I' of genus g = (”;1) — d — k, whose ramification divisor of the normalization map
C — T has degree k, is locally closed in the Severi variety V,, ;. Under suitable hypotheses on
k, reduced plane curves with d nodes and k cusps as singularities are general in the Zariski

o
closure V;, 4 of Vn,g,k‘

Theorem 7.10 (Diaz-Harris, Theorem (1.2) of [13].). Suppose that k < 2n — 1, then the
general element of every irreducible component of Vno,g,k corresponds to an irreducible plane

curve with k cusp and d = ("51) — g — k nodes as singularities, i.e. Vi g = X} 4.

Notice that in [13] V¢ gk 15 defined as the locus of irreducible plane curves of degree n and
genus g with class equal to ¢ = n(n — 1) — § — 2k, where § = ("51) — g, and it is denoted by
V8¢ We recall that the class of a plane curve I' is defined as the degree of the dual curve of
I'. For a proof of the Pliicker formula

(40) c=n(n—1)—06— 2k,

see [13]or [10]. By (40) we see that ¢ remain constant if 6 and k remain constant and hence the
variety V"9 coincides with V;, 5 x. The Diaz and Harris result has been improved by Shustin
in [41].

Theorem 7.11 (Shustin, Theorem 1.1 of [41].). Suppose that k < 3n — 4, then the general
element of every irreducible component of VHOg i corresponds to an irreducible plane curve with

k cusp and d = (";1) — g — k nodes as singularities, i.e. V, g = 27 ;.



60 2. FAMILIES OF PLANE CURVES WITH NODES AND CUSPS

We can now state the following Diaz’s result.

Theorem 7.12 (Diaz, [12].). Suppose that k < 3n and let [I'] € V,, 41 be a point corre-
sponding to an irreducible plane curve of degree n and genus g such that the ramification divisor
of the normalization map ¢ : C' — I" has degree equal to k. Then, the variety V, 41 is smooth
at [T] if and only if the local expression of ¢ at each ramification point is ¢(z) = (2", 2" 1),
with r > 2.

OUTLINE OF THE PROOF. In order to prove the theorem, Diaz looks at the universal de-
formation space B of ¢. If we denote by Bj the locus in B of morphisms with at least k
ramification points and by n : B — V}, 4 the natural map from B to V;, 4, then n(By) C V,, g k-
In [12], Diaz writes explicitly the equations of the tangent space ToBjy to By at the point
0 € By, corresponding to ¢, proving that By is smooth at 0. Moreover, in [12] it is proved
that, if ¢ has local expression ¢(z) = (27, 2"!) at every its singular point, then H°(C,K,)
intersects Ty By only at zero. On the contrary, if p € C' is a ramification point such that the
local expression is given by ¢(z) = (2%, 2"), with r > k + 1 then H%(C,K4,) C ToBk. The
theorem follows from proposition 7.8. O

If V is an irreducible component of V;, 4 and [I'] is the general point of V', then theorems
7.10 and 7.11 are obtained by studying the tangent space to the locus of equisingular defor-
mations of I' and by proving that if I' has singularities different from nodes and cusps, then
the dimension of V;, 4 is smaller than the expected. We mean that, by using Diaz’s results
contained in [12] and working out the ideas and techniques used by Arbarello and Cornalba
to prove theorem 2.2 (see theorem 3.1 of [2]), it is possible to get an alternative proof of the
Shustin’s result. Unfortunately, we don’t know how to weaken the bound k£ < 3n—4 in theorem
7.11. Naturally, the hypothesis £ < 3n —4 may be weakened under more restrictive hypotheses
on the singularities of the plane curves which we want to prove to be limit of plane curves
with nodes and cusps. In the following proposition, where we use the same techniques of 2.2,
we consider the case of plane curves with nodes, cusps and triple points of analytic equation
(x —y)(y? — 23) = 0 as singularities.

Proposition 7.13. Let I' C P? be an irreducible and reduced plane curve of degree n of
genus g with d nodes, k cusps and k' triple points of analytic equation (y — z)(y?> — x3) = 0 as
singularities. If k + k' < 3n — 2 the curve I is limit of plane curves of degree n with d + 2k’
nodes and k + k' cusps.

PRrROOF. Let ¢ : C — I be the normalization of I'. By the hypothesis about the singularities
of ', the map ¢ has k + k' simple ramification points and no further ramification points.
Moreover, by the hypothesis k + k' < 3n — 2 < 3n, there exists an universal deformation family

c 4 p
Tl
B

of ¢ and the universal deformation space B of ¢ which is smooth at the point 0 corresponding
to ¢. From what we proved before, the locus Bjjs, parametrizing the morphisms with &k + &’
ramification points, is smooth at 0 of the expected codimension equal to k + &’. In particular,
every infinitesimal deformation of ¢, corresponding to a tangent vector in Ty (By1x), extends to
an effective deformation of ¢ parametrized by a curve in By s, passing through 0. Moreover, by
lemma 7.1, the tangent space to Ty By C H(C, Ny) to By at 0 intersects H(C, Ky) only
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at zero. Let now p € I' be a triple point of I and let p1, po be the points of the normalization
C of T' which lie over p. Choose two disjoint holomorphic charts (U, hy) and (Us, ha) of C
biholomorphic to the open disc A = {z € Ct.c. | z |< 1}, with p; € Uy, po € Uy and
hi(p1) = 0 = ha(p2). Suppose that ¢ maps U; to the singular branch of I" through p. Denote
by
friA—C?

the holomorphic maps defined on A by fi(z) = ¢(h;1(z)), for ¢ = 1,2. Note that, from the
hypothesis that ¢(Uy) is singular at p, we have éé,—f;(()) =0# %—Jj(O). Now, let s € HY(C,Ny)
be an infinitesimal deformation of ¢ such that s(p;) = 0 and s(p2) # 0. Let

CxgpE — C — P?

I I
FE — B

be an effective deformation of ¢ parametrized by a curve E C B passing trough the point 0
corresponding to ¢. Suppose that it has Horikawa class equal to s at ¢ = 0. We claim that
the associated plane deformation of I' is not equisingular at p. Let us suppose by contradiction
that the previous statement is not true. Thus, assume that for every t there exists a point
z(t) € A such that there exist holomorphic maps ff(z) = f(t, z) such that fi(z) = fi(z), for
i=1,2, %L (2(t) = 0 # UL(2(t) and fL(2(t)) = F2(2(1)). Since 2L (2(t)) # 0, by using the
Implicit Function theorem, we see that the function ¢ — z(¢) is holomorphic. Differentiating
the last equality with respect to ¢, we find that

of} of} 0 of} of} 0
ety + 2 1 B8 U oy O (2D

Recalling that ég—f;(z(t)) =0 and 88—J21 lt=o (0) = s(p1) = 0, evaluating the previous equality at
t = 0, we find that

of? afz o
U )+ 2 ) 220

2
But, by construction %L; lt=0 (0) = s(p2) # 0, while, by (41), s vanishes at po as global section

of the sheaf Ny = ¢*(Op2)/¢+(0O¢), because %—J;g is the zero section of Ny. This proves the

claim. Now, via the isomorphism

(41) l—o= 0.

ToBiww — H°(C,N})

the vector space ToBgix/(—p1 — p2) maps injectively to HO(C,N(;(—pQ —p1)). On the other
and, by the hypothesis k+ k' 4+ 2 < 3n, we find that hO(C’,N(;(—pg —p1)) = hO(C’,N(;) —2 and
ToBp i (—p1 — p2) = HO(C, N(;S(—pQ —p1)). It follows that there exist a section s € TyBgyx
such that s(p1) = 0 and s(p2) # 0. This section extends to an effective deformation of ¢
parametrized by a curve contained in By /. This proves that the general element of the image
locus Vi1 of Biiys in V,, 4 via the natural map

B — Vyg,

is not a plane curve D with a triple point of analytic equation (z — y)(2® — y?) = 0. Of course
D as a node in a neighborhood of every node of I' and a cusp in a neighborhood of every cusp
and triple point of I'. Finally, D could have a tacnode and a cusp at a neighborhood of a triple
point of I'. By arguing exactly as in [2], p. 97-98, and by using the hypothesis 3n —2 > k+ ¥/,
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we can exclude this possibility and we may conclude that D has k + k' cusps and d + 2k’
nodes. O



CHAPTER 3

On the number of moduli of algebraic systems of plane curves
with nodes and cusps

1. Definitions and known results

By using the notation introduced in section 2 and section 3.1 of chapter 2, we denote by

¥ra C P(H°(P?, Op2(n))) := PV, with N = @, the closure, in the Zariski’s topology, of
the locally closed set of reduced and irreducible plane curves of degree n with k£ cusps and d
nodes. Moreover, we still denote by V,, 3 = X ; the Severi variety of irreducible plane curves of
degree n and geometric genus g = (”51) —d. In this chapter we are interested in the number of
moduli of complete irreducible families of reduced and irreducible plane curves with nodes and
cusps. Let ¥ C ZZ’ 4 be an irreducible component of the variety ZZ’ 4 of irreducible plane curves
of degree n with d nodes and k cusps. We denote by ¥y the open set of ¥ of points [I'] € ¥
such that ¥ is smooth at [I'] and such that [I'] corresponds to a reduced and irreducible plane
curve of degree n with d nodes, k cusps and no further singularities. Since the tautological
family Sy — Yo, parametrized by X, is an equigeneric family of curves, by normalizing the

total space and by using the theorem 3.3 on page 14, we get a family

S, —S cP’xy

N

2o
of smooth curves of genus g = (”;1) —t —d. Because of the functorial properties of the moduli
space M, of smooth curves of genus g, we get a regular map ¥g — My, sending every point
[['] € 3y to the isomorphism class of the normalization of the plane curve I' corresponding to
the point [I']. This map extends to a rational map
Iy : X --» M,.
We set
number of moduli of ¥ := dim(Ilx(X)).

Notice that, when X} ; is reducible, two different irreducible components of ¥} ; can have
different number of moduli. We say that 3 has general moduli if Iy is dominant. Otherwise,
we say that X has special moduli. In general, to calculate the number of moduli of these families

of curves, is not simple. But, when k£ < 3n and g > 2, we may always find an upper-bound for
dim(Ilx(X)).

Definition 1.1. When 0 < k < 3n and g > 2, we say that % has the expected number of
moduli if
dim(Ilx (X)) = min(dim(My), dim(Mg) + p — k),
where p := p(2,g,n) = 3n — 2g — 6 is the number of Brill-Noether of the linear series of degree
n and dimension 2 on a smooth curve of genus g.

63
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In order to understand the previous definition, we have to recall some elements of Brill-
Noether theory. Given a smooth curve C of genus g, the set G2(C) of the linear series g2 on
C of dimension 2 and degree n, is a projective variety which is not empty of dimension at least
p, if p(2,n,9) = 3n — 29 — 6 > 0, (see theorem V.1.1 and proposition IV.4.1 of [6]). More
precisely, let g2 be a given linear series, let H € g2 be a divisor and let W € H°(C, H) be the
three dimensional space corresponding to g2. Denoting by K¢ the canonical divisor of C, let

foc: W& H(C,Kc — H) — H°(C, K¢)

be the natural multiplication map, also called the Brill-Noether map of the pair (C,W). The
dimension of the tangent space to G2(C) at the point [g2],corresponding to g2, is equal to

dim(Tj2)G2(C)) = p+ dim(ker(io,c)).

(see [3] or [6] for a proof). Moreover, if C' is a curve with general moduli (i.e. if [C] varies
in an open set of M), the variety G2(C) is empty if p < 0, it consists of a finite number
of points if p = 0 and it is reduced, irreducible, smooth and not empty variety of dimension
exactly p, when p > 1. In the latter case, by theorem 2.2 of chapter 2, the general g2 on C
defines a local embedding on C and it maps C to P? as a nodal curve. We deduce that, the
Severi variety 04 =Vng of irreducible plane curves of genus g = (”;1) — d, (which we recall

to be not empty and irreducible for 0 < g < (”;1)), has general moduli when p > 1 and has
special moduli when p < 0. When p <0, and then g > 2, we expect that the image of V,, ;, to
M, has codimension exactly —p. Equivalently, recalling that, in this case,

dim(Vyg) =3n+g—1=3g—3+p+8=dim(M,) + p + dim(Aut(P?)),

we expect that on the smooth curve C, obtained normalizing the plane curve corresponding to
the general element of V,, 4, there are only a finite number of g2 mapping C to the plane as a
nodal curve. This is a well known result proved by Sernesi in [37].

Theorem 1.2 (Sernesi, [37]). The Severi variety Vy, 4 of irreducible plane curves of degree
n and genus g has number of moduli equal to

min(dim(M,), dim(My) + p).

What happens when k& > 07 By section 7 of chapter 2, we know that an ordinary cusp
P of a plane curve I' corresponds to a simple ramification point p of the normalization map
¢:C =T, ie. toa simple zero of the differential map d¢. We denote by G2 ,(C) C G2(C)

the set of g2 on C defining a birational morphism with k ramification points.

Lemma 1.3. G%Jg(C) is a locally closed subset of G2(C) and every irreducible component
G of Gi x(C) has dimension at least equal to p — k, if it is not empty.

ProOOF. First of all, we observe that linear series defining a birational morphism on C,
are an open set of G2(C). Let F2(C) be the variety whose points correspond to the pairs
([92], {50, 51, 52}) where [g2] € G%(C) and {sq, 51, s2} is a frame of the three dimensional space
associate to the linear series g2. Since all the fibres of the natural map F2(C) — G2(C) are
isomorphic to Aut(P?), we have that dim(F?2(C)) > p+8. Let p1,...,px be fixed points of C.
Let F be the irreducible component of F2(C) mapping to G. We choose a local parameter z;
centered at p;, for every 1 < i < k. The points p1, ..., py are ramification points for a g2 on C
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if, given a base {sg, 51, s2} of the three dimensional vector space associated to g2, we have that
so(pi) # 0, ordp,s1 < ordy,so — 1 and

681
682

for every 1 <14 < k. It follows that the set of g2 on C with k ramification points at p1,...,px
is locally closed of codimension < 2k in C* x F, where C* is the k-symmetric product of C.
This proves the lemma. O

Now we have the tools to understand the definition 1.1. As before, let 3 C E};d be an
irreducible component, let [I'] be a smooth point of ¥ corresponding to a plane curve I' C P?
of genus g > 2 with d nodes and k cusps as singularities, and let C — I be the normalization
curve of I'. By considering the natural map Gi’k(C) x Aut(P?) — ¥} 4 and using that the
image of an irreducible variety is irreducible, we see that, if g2 is the linear series associated
to the normalization map C' — I, then, every linear series lying in one of the irreducible
components of G%’k(C) containing g2, has to map C to a plane curve lying in . It follows
that the dimension of the general fibre of the moduli of ¥ is always at least equal to eight if
p—Fk <0 and it is at least equal to p — k + 8, if p — k > 0. Furthermore, if we assume that
k < 3n, then

dim(X) =3n+g—1—k=3g—3+8+p—k=dim(M,) + p— k+ dim(Aut(P?)),

and, by definition, ¥ has the expected number of moduli if the general fibre of the map of
moduli of ¥ has the expected dimension. Hence, if k& < 3n then

dim(II5 (X)) < min(dim(My), dim(Mg) + p — k).

On the contrary, when k£ > 3n, we have not a bound for dim(Il5 (X)), since the dimension of
the fibre of the moduli map of ¥ is always at least equal to p—k+ 8, but X may have dimension
bigger than 3n 4+ g — 1 — k. However, from the following result, we may deduce that every not
empty irreducible component of 227 4 has special moduli if k£ > 3n.

Proposition 1.4 (Arbarello-Cornalba, [2]). Let C be a general curve of genus g > 2 and
¢ : C = P? be a birational morphism, then the ramification divisor degree of ¢ is smaller than
p. In particular, every irreducible component of X7 ; has special moduli if p = 3n —2g —6 < k.

A sufficient condition for the existence of complete irreducible algebraic systems of plane
curves with nodes and cusps with general moduli is given by the following result.

Proposition 1.5 (Kang, [28]). X7 ; is irreducible, not empty and with general moduli if
n > 2g — 1+ 2k, where g = (”;1) —d—k.

Actually, in [28], Kang proves that if n > 2g—1+2Fk, then X} , is not empty and irreducible.
But from his proof it follows that, under the hypothesis of pr(;position 1.5, X7 ; has general
moduli because the general element of Yk corresponds to a curve which is a prbjection of an
arbitrary smooth curve C of genus g in P"79, from a general (n — 3)-plane intersecting the
tangent variety of C' in k different points. Another result which may be used to find examples
of families of plane curves with nodes and cusps having general moduli is the following.
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Theorem 1.6 (Corollary 5.43 of [21]). Let C' be a general curve of genus g, let p be a
general point on C' and let b = (b, ..., by) be any ramification sequence. There exists a g, on
C having ramification at least b at p if and only if

> (i+g-n+r)s <y
1=0
where (—)4 = max(—,0).

We recall that, if g7 is a linear series on C associated to a (r + 1)-space W C H°(C, L),

where L is an invertible sheaf on C, and if {sg,...,s,} is a basis of W, then the ramification
sequence of the g;, at p is the sequence b = (b, ..., b,) where b; = ordys; —i. Choosing another
basis of W, the ramification sequence of g], at p doesn’t change. We say that the ramification
sequence of the g;, at p is at least equal to b = (by, ..., b,) if b; < ordys; — i, for every 7, and we
write (ordpso, . ..,ordys, —1) > (by,..., by). From theorem 1.6, we easily deduce the following
result.

Corollary 1.7. E?}d has general moduli if p = 3n —2g — 6 > 2, where g = (”51) —1—d.

PRrROOF. It has been proved in [29] that X7 ; is irreducible for every d < (";1) — 1. More-

over, by using the terminology of theorem 1.6, the variety ¥, contains every point of PN
corresponding to a plane curve I' of genus g such that the normalization morphism of I' has at
least a ramification point with ramification sequence (b, b1,b2) > (0,1,1). Then, by theorem
1.6, if p > 2, then moduli map of E?,d is surjective. O

In this chapter we construct examples of complete irreducible families of plane curves with
nodes and cusps with the expected number of moduli. Theorems 2.4 and 3.11 and technical
results of sections 2 and 3 are obtained using and working out the main ideas and techniques
that Sernesi uses in [37]. In theorem 2.4 we prove the existence of complete irreducible families
of plane curves with nodes and cusps in sufficiently general position. In proposition 3.1 and
corollary 3.7, we give sufficient conditions in order that a complete irreducible family of plane
curves with nodes and cusps has the expected number of moduli, when p < 0. In corollary 3.9
we prove that, if an irreducible component ¥ of 2k d verifies the conditions of proposition 3.1,
then, for every k' < k and d’ < d there exists an irreducible component ¥’ of X}, , containing
3} and verifying the conditions of proposition 3.1. In theorem 3.11, by using also theorem
2.4, we prove that if £k < 6 and p = 3n — 29 — 6 < 0, where g = (”51) — k — d, then there
exists a non empty irreducible component ¥ of Xhd verifying the conditions of proposition 3.1
and hence having the expected number of moduli. In theorem 3.13 we prove that if p = 1,
then X7 ; has general moduli. By theorem 3.11 and corollary 1.7, we deduce that %7 ; has the
expected number of moduli for every d < ("51) — 1. Finally, lemma 4.2 proves that, under
the less restrictive hypotheses p — k < 0 and g > 2, if ¥ is an irreducible component of Yk
with expected number of moduli, then there exist irreducible components ¥’ of ¥, , and X"
of X7 ; 1, having the expected number of moduli and containing ¥. By using this lémma, we

prove that Eg,o has at least an irreducible component with expected number of moduli equal to
seven and whose general element corresponds to a sextic with six cusps not on a conic. Finally,
in corollary 4.7 we find that also the irreducible component of 22,0 parametrizing sextics with
six cusps on a conic has the expected number of moduli. We don’t know examples of complete
irreducible families of plane curves with nodes and cusps with number of moduli smaller than
the expected.
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2. On the existence of certain families of plane curves with nodes and cusps in
sufficiently general position

It is well know that there exist values of n, d and k such that there are no irreducible plane
curves of degree n with d nodes and k cusps, (see for instance remark 3.19 of chapter 2). As
far as we know, the existence problem of 37  is still open. We known that X} ; is irreducible

and not empty for £k < 3 and k+d < (";1), (see corollary 3.18 and theorem 3.21 of chapter
2). In this section we are interested in a little more specific existence problem. We shall prove
the existence of plane curves with nodes and cusps as singularities whose singular points are
in sufficiently general position to impose independent linear conditions to a linear system of
plane curves of a given degree. Notice that, if we fix a set .S of general points of the plane, it
is not always true that there is an irreducible and reduced plane curve with nodes and cusps
only at S. For example, it is classically known that the only sextic with nine nodes Py, ..., Py
in general position in the plane is the double cubic determined by P, ..., Py, (see [1] and [5]).

On the other hand, it has been proved in [5], that if 3d < ”(”T%), n # 6 and d # 9, however
we choose d points in general position in the plane, there exists an irreducible plane curve of
degree n with nodes at these points and no further singularities.

Definition 2.1. A projective curve C' C P" is said to be geometrically ¢t-normal if the linear
series cut out on the normalization curve C of C by the pull-back to C' of the linear system of
hypersurfaces of P™ of degree t is complete.

From a geometric point of view, a projective curve C' C P is geometrically ¢- normal if
and only if the image v ,(C) of C by the Veronese embedding v, : P" — P("7") of degree t, is
not a projection of a not degenerate curve living in a higher dimensional projective space. We
shall say that a curve is geometrically linearly normal (gln. for short) if it is geometrically
l-normal. Every such a curve C' is not a projection of a curve lying in a projective space of

bigger dimension.

Lemma 2.2. Let I' C P? be an irreducible and reduced plane curve of degree n and genus g
with at most nodes and cusps as singularities. Let t be an integer such that n —3 —t < 0, then
T" is geometrically t-normal if and only if it is smooth. On the contrary, if n —3 —t > 0, the
plane curve I' is geometrically t-normal if and only if its singular points impose independent
linear conditions to plane curves of degree n — 3 —t.

PrOOF. Let ¢ : C' — T" be the normalization of I and let A be the adjoint divisor of ¢. We
denote by H the divisor on C' which is the pullback of the divisor cut out on I' by a general
line. The plane curve I' is geometrically ¢-normal if and only if, by definition,

WO(C, Oc(tH)) = 1O(B, Ops (1)) — h(B2, Ty (1))

where Zr is the ideal sheaf of I' in P2. By Riemann-Roch theorem, I' is geometrically t-normal
if and only if

(t+1)(t+2)
2
where g is the geometric genus of I' and K¢ is the canonical divisor of C'. On the other hand,
from section 1 of chapter 1, we have that H°(C, Oc(Kc—tH)) = HY(C,Oc((n—3—t)H)(-A)),
where A is the adjoint divisor of ¢. If n —3 —t < 0 then h%(C,O¢((n —3 —t)H) = 0 and T is

(42) W (C,0c(Ke —tH)) = —nt +g—1+ — WO (P2, Zr (1)),
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geometrically t-normal if and only if
n? —3n
2
where § = (";1) — g = deg(A)/2. This equality is verified if and only if § = 0, i.e. T" is smooth.
If n — 3 >t hO(P%,Zr(t)) = 0 and (42) is verified if and only if
h(C,O0c((n — 3 —t)H)(=A)) = h°(P?, Op2(n — 3 — t)) — 6.
On the other hand, if ¢~) : S — P? is the blowing-up of the plane at the singular locus of T',
then the strict transform of I' with respect to ¢ coincides with the normalization curve C of
I'. Moreover, still denoting by H the pullback to S of the general line of P? and denoting by

>; E; the pullback of the singular locus of I' with respect to ¢~), we have the following exact
sequence

0= Os(—(3+1t)H) = Os(n—3—t)(—>_ E;) = Oc(n—3—t)(=A) =0

RO(P?, Op2(t)) — hP(P?, I (t)) = nt — -,

from which we deduce that
RO(C,Oc((n — 3 —t)H)(—=A)) = h(S, Og(n — 3 — t)( ZE = hO(P%, Op2(n — 3 —t) ® A)

where A is the ideal sheaf of adjoint plane curves to I', i.e. the ideal sheaf of the plane curves
passing through the singular points of I'. O

Remark 2.3. Notice that, if an irreducible and reduced plane curve I' of degree n with
only nodes and cusps as singularities is geometrically t-normal, with t < n — 3, then it is
geometrically r-normal for every r < t. Indeed, by denoting with A the ideal sheaf of adjoint
plane curves to ', if we consider the following exact sequence

0= Op2(n—t—3)®@A— Op2(n—t—3) = Op2/A — 0,
the plane curve I' is geometrically t-normal if and only if the induced map
HO(P%, Opa2(n — t — 3)) — HO(P?, Op2 /A) = CIHE,

where k+d = (";') — g, is surjective. Since |Op2(n—1r—3)| 2 |Op2(n—t —3)| for every r < ,
the valuation map

HO(P%, Opa(n — r — 3)) — H(P?, Op2/A)
is surjective too, and hence I' is geometrically r-normal for every r < t.

Theorem 2.4. Let ¥} ; be the variety of irreducible and reduced plane curves of degree n
with d nodes and k cusps. Suppose that d, k, n and t are such that

- n?—(3+2t)n+2+t2+3t

2
< n—-3ifk=0,
< min(6,h*(Op2(n —t —3))) ift =1, 2 and

"B K (Opan — 6)) it =3

where [—] is the integer part of —. Then the variety X3 ; is not empty and there is at least one
irreducible component W C X3 ; whose general element parametrizes a geometrically t-normal
plane curve.

43

44

(43) d+k
(44)
(45) k
(46)

= h%(Op2(n —t — 3))

46 k

IN

mm(6 + [
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Before proving the previous theorem, we want to consider the example of the algebraic
system of reduced and irreducible plane curves 2270 of degree six with six cusps. By example
3.15 and remark 3.20 of chapter 2 we know that it contains at least two irreducible components
31 and 5. The general point of ¥ parametrizes a sextic with six cusps on a conic, whereas
the general element of Y5 corresponds to a sextic with six cusps not on a conic. Note that, by
the previous lemma the general element of Yo parametrizes a geometric linearly normal sextic,
unlike the general element of ¥;. Then, theorem 2.4 could be useful to show the reducibility
of some variety Yp g with k <6, if one knows the existence of a component whose general
element parametrizes a non geometrically t-normal curve, with ¢ < 3.

In the case of k = 0 and ¢ = 1, theorem 2.4 has been proved by Sernesi in [37], section 4.
The case k =0 and ¢ < n — 3 is already contained in [7]. To show theorem 2.4, we proceed by
induction on the degree n and on the number of nodes and cusps of the curve. The geometric
idea at the base of the induction on the degree of the curve is, mutatis mutandis, the same as
that of Sernesi.

PROOF OF THE THEOREM 2.4. First of all, we observe that, if ¢ is an arbitrary positive
integer such that n —3 —t >0, and if W C X ; is an irreducible component of 2% 4 such that
there exists a point [C] € W which parametrizes a geometrically t-normal curve with only &
cusps and d nodes as singularities, then this is true for the general element of W. In fact, under
the hypotheses (43), (45) and (46), every component of X} ; has the expected dimension equal
to3n —k — 14 g, where g = (”;1) — k —d, and every point which parametrizes an irreducible
curve with only k£ cusps and d nodes as singularities, is a smooth point for Xk (see corollary
3.13 and corollary 3.23 of chapter 2). Then, let A C 2 4 be a general complete curve through
[C]. Consider a local parametrization of A in [C], which we will still denote by A. Taking the
restriction to A of the tautological family

{(P,[C]) such that P € C} C P* x Yk
we obtain a family of irreducible plane curves with k& cusps and d nodes
¢p:C— A

parameterized by a smooth curve, whose special fibre is Cy = C. By theorem 3.3 of chapter 1,
normalizing C we obtain a family of smooth curves

p:C— A

of geometric genus g,

whose fibres are the normalizations the curves of family C. If H, is the pullback to C, := ¢~)_1(z)
of a general line H C P2, by using semicontinuity theorem, we have

ho(éz, Oéz (tH,)) < ho(éo, Oéo (tHp))

= hY(P?, Opa(t)).
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Then C, := ¢~ !(z) is geometrically t-normal. Similarly, if the theorem is true for fixed n,
t <n-—3, kasin (45) or in (46) and k + d as in (43), then the theorem is true for n, ¢t and any
k' <kand d <d+k — K. Indeed, by the proof of lemma 3.17 of the section 2, if £ < 6 < 3n,
for any subset S of ¥/ < k cusps of C, there exists a family of plane curves

C C ]P)Q X EZ’,d/
ol
A C Ypa

of degree n and geometric genus g, parametrized by a complete curve A C X with special
fibre Cp = I' and whose general fibre C, with a cusp in a neighborhood of any cusp of I' in S,
and at most a node in a neighborhood of the other singular points of I'. The curve A may
be not regular at [C]. But this is not a problem. In fact, normalizing A and considering the
pull-back of C over the obtained smooth curve A, and still normalizing this family, we obtain
a family of curves
$:C— A

whose general fibre is the normalization of the general fibre of C, and whose special fibre Cj is a
partial normalization of the original curve C. By the geometric t-normality of C', with obvious
notation, we have that h%(C, Og, (1)) = hO(P2, Op2(t)). Applying the semicontinuity theorem
to C, we have that the general fibre of C is geometrically t-normal. Finally, it’s enough to show
the theorem when the equality holds in (45), (46) and (43).

First of all we consider the case k = 0. We will show the statement for any fixed ¢ and
by induction on n. Let, then ¢ > 1 and n = ¢t 4+ 3. In this case the equality holds in (43)
if d = 1 = h°(P?,Op2). Since one point imposes independent linear conditions to regular
functions, by using lemma 2.2, we find that every irreducible plane curve of degree n =t + 3
with one node and no more singularities is geometrically t-normal. So, the first step of the
induction is proved. Suppose, now, the theorem is true for n = ¢ +3 4+ a and let [I'] € V;, 4

be a point corresponding to a geometrically t-normal curve with &2‘”2 nodes. Let D be a
line which intersects transversally I and let Py, ..., P;11 be t + 1 marked points of ' N D. If
I =TUD C P? then Py,..., P..1 are nodes for I". Let C — T be the normalization of I and
C’" — T the partial normalization of IV, obtained by smoothing all singular points of I/, except
Py, ..., Pry1. We have the following exact sequence of sheaves on C',

(47) 0— Op(tH)(=P1 — ... — Pry1) = Oci(tH) — O¢(tH) — 0,
where H is the pullback by €’ — I'" of the generic line in P2. Since
deg(Op(tH)(—P1 — ... — Pi11)) <0,
we get that
(D,Op(tH)(—Py — ... — Piy1)) = 0
and so

W(C, O (tH)) < hO(C,O¢(tH))
hO(P%, Op2(tH)).
But h%(C’,Ocr (tH)) > h°(P?, Op2(tH)) and hence h°(C’, Oci (tH)) = h°(P?, Op2(tH)). Now,
from the lemma 3.17 of chapter 2, we can obtain I"” as the limit of a family of irreducible plane

curves

P:C— A
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of degree n+ 1 =1t + a 4+ 4 with

2 2
a +2a+2+n—t—1: (a+1) +2(a+1)+2

nodes specializing to nodes of I different from the marked points Py, ..., P,;1. Normalizing
C, we obtain a family whose special fibre is exactly C’, and we conclude the induction on the
degree via semicontinuity as before.

Now we consider the case t = 1,2 or 3 and k as in (45) and in (46). Suppose the theorem
is true for n and let [I'] € ¥}, be a general point in one of the irreducible components of ¥}! ;.
Then, let D be a smooth piane curve of degree t if t = 1, 2 or an irreducible cubic with a
cusp if ¢ = 3. By the generality of I', we may suppose that D transversally intersects I'. Let
Pi,..., P2y be t? + 1 fixed points of TN D. If I =T U D, then Py, ..., P2 are nodes for I".
Let C — T be the normalization of I' and C' — T the partial normalization of I/, obtained
by smoothing all singular points except Py, ..., P2 ;. We have the following exact sequence of
sheaves on C’,

= (P Op2(n 41—t —3))

0— Op(tH)(—P, — ... — I)tQ—I—l) — Oci(tH) — O¢(tH) — 0,
where tH is the pullback by C’ — I" of the general line in P2. Since
deg(Op(tH)(—P1 — ... — P2 1)) <0,
we have that
W (Op(tH)(=Pi — ... = Payy)) = 0

and so
RO(C", Oci(tH)) < h2(C,0c(tH))
= Rh(P?, Op2(tH)).

But, h°(C",Oc: (tH)) > h%(P2, Op2(tH)). So, h®(C',Oc/(tH)) = h(P?, Op2 (tH). Now, from

what we showed in section 2, we have IV € X", ) . In particular, we can obtain
R 12=3E2 g nt—12 -1

IV as limit of a family of irreducible plane curves
¢p:C— A
24 (342t) (n+t)+t2+3t+2
2

of degree n 4+t with d+nt —t2 —1 = (n+t)

of I different to Py, ..., P2 ¢, and k + '52_% cusps specializing to cusps of I'. Normalizing
C, we obtain a family whose special fibre is exactly C’, and we conclude the inductive step
by semicontinuity theorem, as before. Now we have to show the first step of the induction.
For t = 1 the induction begins with the cases (n,k) = (4,1), (5,3), (6,6). Trivially, if n = 4
and k£ = 1 one point imposes independent conditions to the linear system of regular functions.
If n =5 and k = 3 we have to show that there are irreducible quintics with three cusps not
on a line. We already observed that there exist quintics with three cusps as singularities, see
corollary 3.18 of chapter 2. By Bezout theorem the three cusps of such a plane curve can’t
lie on a line. If n = k = 6, we proved that there exist sextics with six cusps which do not
lie on a conic, see example 3.20 of chapter 2. For ¢ = 2 we have to show the theorem for
(n,k) = (5,1), (6,3), (7,6), (8,6). If n =5, then k = 1 as before. When n = 6 and k = 3
we have that n — 3 —¢ = 1. Now, three points impose independent linear conditions to the
lines if and only if they are not collinear. To show that there exists an irreducible sextic with
three cusps not on a line, consider a rational quartic Cy with three cusps, (see corollary 3.18
of chapter 2 for the existence). By Bezout theorem, the three double points of Cy can’t be

nodes specializing to nodes
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aligned. Then consider a sextic Cg which is union of C4 and a conic Cy which intersects Cy
transversally. By lemma 3.17 of chapter 2, there exist a one-parameter family G — A of sextics,
whose special fibre is equal to Cg and whose general fibre G; is an irreducible sextic with three
cusps at a neighborhood of the cusps of Cy and no further singularities. The three cusps of G,
are not aligned. For n =7 and k = 6 we argue in the previous case, by using a sextic Cg with
six cusps not on a conic and a line R with intersects Cg transversally. Similarly for n = 8 and
k = 6. For t = 3 we have to show the theorem for (n,k) = (6,1), (7,3), (8,6), (9,6), (10,6).
If n =6 and £k = 1 we argue as in the previous cases. If n = 7 and k = 3, we have to show
the existence of an irreducible plane curve of degree 7 with three cusps not on a line. We
can obtain such a plane curve by a reducible septic which is union of a geometrically linearly
normal quintic with three cusps and an irreducible conic intersecting transversally. If n = 8
and k = 6, we have to show the existence of an irreducible plane curve of degree 8 with six
cusps not on a conic. We can construct this curve as before by using a geometrically linearly
normal sextic and a conic intersecting transversally. The cases (n,k) = (9,6), (10,6) can be
showed similarly. O

Remark 2.5. We observe that a result like theorem 2.4 can be found for every fized t. But
we are not able to find a result which works for everyt < n—3 when k > 0. Moreover we notice
that the inequality (43) of the previous theorem can’t be improved. Indeed, if g = ("51) —k—d,
then k +d > h°(P?, Op2(n — 3 — t)) if and only if g < 2n—t*=3t  Op the other hand, by using

2
the same notation of theorem (2.4), if g < M%M, then, by Riemann-Roch theorem, we have

that h°(C,Oc(t)) >tn —g+1 > % +1 = hO(P?, Op2(t)). On the contrary, the inequalities
(45) and (46) are not sharp. To see this, we can consider the example of curves of degree ten.
Theorem 2.4 ensure the existence of geometrically linearly normal irreducible plane curves of
degree ten with k < 6 cusps and at most nodes as other singularities. But by using the same
ideas of theorem 2.4 it is simple to prove the existence of geometrically linearly normal plane
curves of degree ten with nodes and k <9 cusps. It is enough to consider a sextic I'g with siz
cusp not on a conic and a rational quartic I'y with three cusps intersecting I'g transversally.
We choose five points Py, ..., Ps of Ty NTg. If T4 and Ty are the normalization curves of T'g
and T4 respectively and C' is the partial normalization of T'¢ U Ty obtained by normalizing all
its singular points except Py, ..., Ps, by considering the following exact sequence

0— Opﬁl(l)(—Pl — = P5) — Ocl(l) — Opé(l) —0

we find that h°(C’,Oci(1)) = 3. The statement follows by the lemma 3.17 on page 31 and by
semicontinuity theorem, as in the proof of theorem 2.4. The bound on the number of cusps of
theorem 2.4 can be improved also for t = 2 ort = 3. For example, theorem 2.4 ensure the
existence of geometrically three normal curve of degree 12 with k < 6 and nodes as further
singularities. But, by considering a geometrically three normal curve of degree 8 with six cusps
and a quartic with three cusps and arguing as before, we can find geometrically three normal
irreducible plane curve of degree twelve with nodes and k < 9 cusps.

3. Examples of families with expected number of moduli

First of all we find sufficient conditions for the existence of complete families of plane curves
of degree n with d nodes and k cusps with the right number of moduli.

Proposition 3.1. Let X C X7 ,;, with 0 < k < 3n, be an irreducible component of ¥} ,
and let [I'] € ¥ be a general element, corresponding to a plane curve I' with normalization map
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¢:C —T. Let HCT be the divisor cut out on I from the general line of P? and K¢ the
canonical divisor of C. Suppose that:

(1) T is geometrically linearly normal, i.e. h°(C,¢*(H)) = 3,

(2) the Brill-Noether map
Ho,C HO(Cv ¢*(H)) & HO(Cv KC - ¢*(H)) — HO(Cv KC)
of the pair (C,H), is surjective.
Then X has the expected number of moduli equal to 3g — 3+ p — k.

PROOF. Let I" be a plane curve which verifies (1) and (2). We recall that, by the hypothesis
k < 3n, we have that ¥ is smooth at [I'] of dimension 3n+¢g—1—k. Now, consider the following
exact sequence of sheaves on C'

(48) 0— O¢ ﬁ ¢ Op2 — N¢ —0
where ©O¢ and Op2 are respectively the tangent sheaf on C and on P2,
Oy : Oc — ¢ Ope

is the differential map associated to ¢ and N is the normal sheaf to ¢. Since k < 3n, we have
that H'(C, Ny) = 0 and we deduce the following long exact sequence

0 — HY(C,0¢) — HO(C,¢*Ope) — HO(C,N;y) %S HY(C,0¢) — HY(C,¢*Ops) — 0

By theorem 4.3 of chapter 1, the vanishing H'(C,N;) = 0 is a sufficient condition for the
existence of a universal deformation family

c 4 p2
Tl
B

of the normalization map ¢. Moreover, denoting by V, ; = 3 ;. the Severi variety of irre-

ducible plane curves of degree n and genus g = (”51) — d — k, it is naturally defined a 1 : 1
map
n:B—=V,,

sending every point € B to the point of V;, 4 corresponding to the image curve of the morphism
&\ﬂq(m). By Horikawa deformation theory, the tangent space to B at the point 0, corresponding
to the normalization map ¢ : C' — T, is naturally identified with H°(C, N3). In particular B
is smooth at 0. Moreover, if we denote by By, = n~!(2) the locus of points of B corresponding
to a morphism with £ ramification points, then, by lemmas 7.1 and 7.3 of chapter 2, under the
isomorphism Ty B = H%(C, N), the tangent space to n~1(X) at 0 is identified with a subspace
W of H(C,Ny) of codimension k such that W N H°(C,Ky) = 0, where Ky is the torsion
subsheaf of M. By proposition 7.8 of chapter 2, we deduce that the Severi variety V;, 4 is
singular at [I'], the universal deformation space B is a desingularization of V,, , at [I'] and,
finally, the differential map dn : TyB — TV, 4 induces an isomorphism between W and the
tangent space TirjX to X at [[']. Going back to the number of moduli of ¥, we recall that the
space H'(C,0O¢) is canonically identified with the tangent space TicyMy to My at the point
associated to the normalization C' of I. The coboundary map d¢c : H(C,Ny) — H'(C,0¢)



74 3. ON THE NUMBER OF MODULI ...

maps the Horikawa class of an infinitesimal deformation of ¢ to the Kodaira- Spencer class of
the corresponding infinitesimal deformation of C. So, d¢|W is the differential map at the point
0 € B of the moduli map s, n : By = n~1(X) --» M,. Since the point [I'] is general in ¥, and
recalling the isomorphism dn : W = T, the

number of moduli of ¥ = dim(6c(W)).
Now, from the exact sequence (48), we have that

dim(6c(H"(C,Ny)) = 3g — 3 — h'(C, ¢"Op2).
Moreover, from the pull-back to C' of the Euler exact sequence

(49) 0 — Oc — Oc(¢*(H)) @ (H(C,¢*(H)))* = ¢*Opz — 0

we get a map

= HY(C,00) ™5 HY(C,¢" (H)) @ (HO(C,¢" (H)))" — H'(C,¢"Op) = 0
which is the dual of the Brill-Noether map. In particular, we find an isomorphism
HY(C, ¢*Op2) ~ coker(ug o) =~ (ker(po,c))”
and we conclude that

(50) dim(6o(HO(C, N;)) = 3g — 3 — dim(ker(jio,0)).

Notice that the previous equality is always true, also if I' doesn’t verify (1) or (2) of the
statement. Moreover, if I' is geometrically linearly normal, i.e. h°(C, ¢*(H)) = 3, we have that
p=3n —2g — 6 = dim(coker(uo,c)) — dim(ker(po,c))-

When p, ¢ is surjective, p = —dim(ker(po,c)) and
(51) dim(5c(H°(C,Ny)) = 39 — 3+ p = dim(B) — 8 = dim(V,,4) — 8.
Since the dimension of the fibre of the moduli map

IIyon:B — M,

has dimension at least equal to 8 = dim(Aut(P?), from (51) we deduce that the differential
map of Iy, o n has maximal rank at 0. It follows that B is mapped to M, with general fibre
of dimension exactly equal to 8. In particular, dim((IIy o n)~1([C])) = 8. Equivalently, there
exist only finitely many g2 on C. It follows that there are only finitely many g2 on C' mapping
C to the plane as a curve with k& cusps and d nodes. Equivalently,

dim(6,(W)) = dim(Il()) = 3¢ — 3 + p — k.
]

Remark 3.2. Arguing as in the proof of the previous proposition, it has been proved in [37]
that, if T is a geometrically linearly normal plane curve with only d nodes as singularities and
the Brill-Noether map o c of the normalization morphism of I' is injective, then ¥ = X ; has
general moduli. When T' is an irreducible plane curve, with nodes and 0 < k < 3n cuéps as
singularities, verifying the hypothesis (1) of the proposition 3.1 but such that p,c is injective,
we may only conclude that 11y, , o n is dominant with surjective differential map at [I']. So
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dzm(H;jg([C])) = p+8. But this is not useful to compute the dimension of 6c(W) = oc(Tir)%).
However, in this case we get that

5c(TinE) 4 6c(H(C,Ky)) = dc(HY(C,Ny)) = H'(C,O¢).

Then, by using that dim(5c(H®(C,K4))) < k and by recalling that if k < 3n the number of
moduli of Yk.a s at most the expected one (see section 1), we find that

39 — 3 — k < number of moduli of ¥ < 3g—3+ p— k.

Remark 3.3. Notice that, if a plane curve I' of genus g verifies the hypotheses (1) and
(2) of the previous proposition, then the Brill-Noether number p(2,g,n) is not positive and, in
particular, g > 2. We don’t know examples of complete irreducible families ¥ C hd with the
expected number of moduli whose general element [I'] corresponds to a curve I' of genus g, with
p(2,9,n) <0, which doesn’t verify properties (1) and (2). But we mean that, also under the
hypothesis p < 0, the properties (1) and (2) are not necessary conditions in order that ¥ has
the expected number of moduli. Indeed, if h°(C,Oc(1)) = 3, and X has the expected number of
moduli, then, it may happen the dim(G2(C)) = dim(coker(uo,c)) > 0, but on C there are only
a finite number of g> mapping C' to the plane as a curve with d nodes and k cusps.

Definition 3.4. A coherent sheaf F on P" is said to be m-regular if and only if
KT, F(m —14)) = 0, for any i > 0.

Proposition 3.5 (Castelnuovo, Mumford). Let F be a coherent sheaf on P". Then, if F is
m-regular, we have that:
1) the maps
HO(P", F(1 - 1)) ® H(P", Opr (1)) — HY(P", F(1))
are surjective for any l > m; and
2) H{(P", F(1)) =0, fori >0, 1 +i>m.

Lemma 3.6 ([7], Corollary 3.4). Let I" be an irreducible plane curve of degree n with only
nodes and cusps as singularities and let ¢ : C — ' be the normalization morphism of T'.
Suppose that T is geometrically 2-normal, i.e. h°(C,Oc(2)) = 6, where Oc(1) is the sheaf on
C associated to the pull-back of the hyperplane section of I'. Then the Brill-Noether map

fio.c : H(C,0c (1)) ® H°(C,we(-1)) — H(C,we)
is surjective, where we is the canonical sheaf of C.

PRrROOF. By lemma 2.2, the curve I is geometrically 2-normal if and only if the scheme
N of the singular points of I' imposes independent linear conditions to the linear system
H°(P%, Op2(n — 5)) of plane curves of degree n — 5, i.e. the evaluation map

H°(P?, Op2(n — 5)) — CtF
is surjective. Since H°(P?, Op2(n — 5)) C HO(P2, Op2(n — 4)), also the evaluation map
HO(P?, Op2(n — 4)) — CI+k

is surjective, and, still using lemma 2.2, we get that h%(C,O¢(1)) = 3, i.e. T is geometrically
linearly normal. Now, denote by Zyp2 the ideal sheaf of N. By using the terminology intro-
duced in the definition 3.4, we have that the curve I' is geometrically 2-normal if and only if
the ideal sheaf Zyp2(n —4) is O-regular. Indeed, since h2(P2,IN‘P2 (n—6)) =0, the ideal sheaf
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Iyp2(n — 4) is O-regular if and only if h'(P?, Zyp2(n — 5)) = 0. On the other hand, by the
standard exact sequence

0 —>IN|]P>2(’I’Z— 5) — O]P)Q(n — 5) — ON —0

we have that hl(P2,IN|]P>2 (n —5)) = 0 if and only if I' is geometrically 2-normal. Therefore
Inip2 (n —4) is O-regular and, by setting [ = 1 and r = 2 in the proposition 3.5, we deduce that
the natural map
HO(P?, Iypp2(n — 4)) @ HO(P?, Op2(1)) = HO(P?, Zyypz(n — 3))
is surjective. On the other hand, by section 1 of chapter 1, there is the following commutative
diagram
HO(P2,0pa(1)) ® HO(P2, Iyppa(n—4) —  HO(P2, Typps(n — 3))
\ \ \

Ho,C

HY(C,0c(1)) ®  H(Cwe(-1) = H°(C,we)
where the left-hand vertical arrow and the middle vertical arrow are surjective. Since I is

geometrically linearly normal, the left-hand vertical arrow is bijective and hence the Brill-
Noether map p, ¢ is surjective too. O

Corollary 3.7. Let ¥ C EZA, with 0 < k < 3n, be an irreducible component of EZ,d} such
that the general point [I'] € ¥ corresponds to a geometrically 2-normal plane curve. Then %
has the expected number of moduli equal to 3g —3 + p — k.

Proor. It follows from proposition 3.1 and lemma 3.6. U

In order to produce examples of families of plane curves with nodes and cusps with the
expected number of moduli, we study how increases the rank of the Brill-Noether map by
smoothing a node or a cusp of the general curve of the family.

Let ¥ C X} 4, with n > 5, be an irreducible component of ¥} ;, let [I'] € ¥ be a general
point of ¥ and let ¢ : C' — T be the normalization of I'. Consider the multiplication map

poc : H'(C,00(1)) © HY(C,we (1)) = H(C,we),
where O¢ (1) is the sheaf on C' associated to the pull-back of the linear series cut out on I' by
the lines of P?, and w¢ is the canonical sheaf of C. Choose a singular point P € I and denote
by ¢’ : C" — T the partial normalization of I" obtained by smoothing all singular points of T',
except the point P. If wer is the dualizing sheaf of C’ and

Ho,C" HO(C/, OC/(l)) (9 HO(C/,WC/(—l)) — HO(C/,WC/),
is the natural multiplication map, we have the following result.
Lemma 3.8. If h%(C,0¢(1)) = 3, and the geometric genus g of C is such that g > n — 2,

with n > 5, then rk(pocr) > rk(poc) + 1. In particular, if h°(C,0c(1)) =3, n > 5 and po.c
is surjective, then also p, cr is surjective.

PROOF OF LEMMA 3.8. Let ¢ : C' — C’ be the normalization map.
c 4%

N ¢
T



3. ON THE NUMBER OF MODULIL... 7

We recall that, if we set ¢*(P) := p1 + p2 when P is a node and ¢*(P) = 2¢~1(P) when P is a
cusp, then the dualizing sheaf of C’ is a subsheaf of ¥, (wc(¢*(P))), (see page 12 of this paper

r [21], p.80). More precisely, a local section 1 of 1, (wc(¢*(P))), as section of we(¢*(P)), is
a section of wer, if and only if Resy-1pyn =0 if P is a cusp and Resy, 1+ Resp,n =0, if P is
a node of I'. We deduce the following exact sequence

(52) 0—)&)0/ —H/)*wc(qb*(P)) —)Cp—)O

where Cp is the skyscraper sheaf on C' with support at P. By the Residue Theorem, we have
that

H°(C' wer) = HY(C,we(¢" (P)))-

Moreover, tensoring (52) by O¢/(—1), we find the exact sequence

(53) 0 — wer(—1) = Yuwe (o™ (P))(—=1) = Cp — 0
from which we get an injective map H°(C’,wer(—1)) = H°(C,we(¢*(P))(—1)). On the other
and h°(C’, wei(—1)) = h°(C,we(¢*(P))(—1)) = g — n+ 3 and so
HY(C' wer(—1)) = HY(C,we(¢* (P))(~1)).
Moreover, from the hypothesis h(C, Oc(1)) = 3, we have that H°(C, O¢ (1)) ~ H(C', Oci (1)) ~

H°(P%2, Op2(1)). Therefore, in the following commutative diagram

/J’o,C’
=

HY(C",0cr(1)) ? H(C" wer(-1)) HO(CL,WC”)

H(C,0c(1)) ® H(C,we(-1)(¢*(P))) g HO(C,we (o™ (P)))

where we denoted by p ~ the natural multiplication map, the vertical maps are isomorphisms.
In particular, 7k(pocr) = rk() ). In order to compute the rank of u! -, we consider the
following commutative diagram

H(C,00(1)) ® H(C,we(-1)) "™ HC,we)
F Ne
HYC,00(1) @ HYC,wo(=1)(¢*(P))) ' HO(Cwe(d*(P)))

where the vertical maps are injections. Notice that, since we supposed n > 5, h%(C, O¢(1)) = 3
and g > n — 2 > 3, the sheaf O¢(1) is special. We deduce that C' is not hyperelliptic and,
chosen a basis of H(C,wc), the associated map C' — P9~! is an immersion. On the contrary,
the sheaf we(¢*(P)) doesn’t define an immersion on C. Choosing a basis of H(C,wc(¢*(P))
and denoting by ® : C' — P9 the associated map, this will be an immersion outside ¢*(P). If
P is a node of C' and ¢*(P) = p; + pe, the image of C' to P9, with respect to ®, will have a
node at the image point @ of P; and P». If P € T is a cusp, then ®(C) will have a cusp at the
image point @ of ¢~!(P). The hyperplanes of PY passing through @ cut out on C the canonical
linear series |wc|. Moreover, if we denote by B C P9 the subspace which is the base locus of the
hyperplanes of P9 corresponding to Im(uy, ), then Q ¢ B. Indeed, B intersects the curve C
in the image of the base locus of [Oc(1)| + [we(¢*(P))(=1)| := P(Im(i ), which coincides
with the base locus of |wco(¢*(P))(—1)|, since |O¢(1)] is base point free. Now,
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W(wo(d"(P)(=1)) = h(C,0c(1)(—=¢*(P))) +29—2+2-n—g+1
= 3+g—n
h2(C,we(—1)) + 1.

Then ¢*(P) is not in the base locus of |wa(¢*(P))(—1)], and so dim(< @, B >ps) = dim(B)+1.
Finally, we find that

rk(po,c) = rk(Gho,c) dim(Im(G) N Im(p, )
g+1 —dim(< B, Q >]P>g) -1
g—1—dim(B)

= rk(uyc) — 1.

IA A

0

Corollary 3.9. Let ¥ C EZ,d be an irreducible component of Eg’d, withn >5 and 0 < k <
3n. Suppose that ¥ has the expected number of moduli and that the general element [I'] € X
corresponds to a g. l. n. plane curve I' of geometric genus g such that, if C — T is the
normalization of T, then the map p, ¢ is surjective. Then, for every k' <k andd < d+k—F,
there is at least an irreducible component X' C X such that ¥ C Y/, the general element
[D] € X corresponds to a g.l.n. plane curve D of geometric genus g with normalization
DY — D and the Brill-Noether map o, pv surjective. In particular, also X' has the expected
number of moduli.

PrROOF. Let I be the curve corresponding to the general element [I'] of ¥ C X} ;, with cusps

at q1,...,qr and nodes at p1,...,pq. Since k < 3n, we can "smooth independently nodes, cusps
and cusps to nodes” of I', (see corollary 3.17 of chapter 2 ), i.e. chosen arbitrarily k; cusps,
say qi,...,qk, among the k cusps of I', kg cusps among gk, 11, -..,qr and d’ nodes among the

nodes of I', there exists a family of plane curves G — A of degree n, whose general element
G has d’' nodes, tending to the marked nodes of ', as G; specializes to I', k; cusps tending to
Q1 - - -5k, and ko nodes tending to the second group of marked cusps of I'. Suppose now k' < k
and d' = d + k — k'. Let ¥’ be an irreducible component of X}, ;, containing ¥. The general
element of ¥’ corresponds to a plane curve with the same geometric genus g of the plane curve
', corresponding to the general element [I'] of . Let A C ¥’ be a general curve of ¥’ passing
through [['] and let A’ be the normalization of A. We denote by C — A’ the pullback to A’ of
the tautological family of plane curves parametrized by A. Normalizing the total space C, we
get a family C' — A’ of smooth curves of genus g whose fibres are the normalizations of the
respective fibres of C — A’. Since the special fibre Cj) := C of C’ is such that h°(C,O¢(1)) = 3
and the map p, c has maximal rank, by semicontinuity, if C; is the general fibre of C’, then
ro(C;, Oc¢;(1)) = 3 and the Brill-Noether map

'U‘O,C/
H°(Cf,0¢y(1)) ® HY(Cpwey(=1)) =" HY(Ctowey)

is surjective. In order to prove the statement in the general case, it is enough to show it under
the hypothesis k = K and d = d —1or k = kK —1 and d = d'. Let ¥’ be an irreducible
component of ¥}, ., containing ¥. In this case, if ' — A’ is a family of curves constructed as
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before, the general fibre of it is a smooth curve of genus g + 1 which is the normalization of the
plane curve corresponding to the general element [I] of X - On the contrary, the special
fibre C{, := C" is a partial normalization of I' obtained by smoothing all the singular points
of I', except for a node or a cusp. By using the geometrically linear normality of C, we find
that h%(C’,Ocr(1))=3. Moreover, since the map f, ¢ has maximal rank, by lemma 3.8 also
the map p, ¢ has maximal rank equal to g + 1. The corollary follows by semicontinuity and
by proposition 3.1. U

The following lemma has been stated and proved by Sernesi in [37]. Actually, Sernesi
supposes that I' has only nodes as singularities. But, since his proof works for plane curves I
with any type of singularities and, since we need it for curves with nodes and cusps, we state
the lemma in a more general form.

Lemma 3.10. ([37], lemma 2.3) Let T be an irreducible and reduced plane curve of degree
n > b with any type of singularities. Denote by C the normalization of I'. Suppose that
h(C,0¢(1)) = 3 and the Brill-Noether map

to.c - H(C,0c(1)) @ HY(C,we(—1)) — HY(C,we),

has mazximal rank. Let R be a general line and let Py, Py and Ps be three fized points of I' N R.
We denote by C' the partial normalization of I' = I' U R, obtained smoothing all the singular
points, except Py, Py and P3. Then h°(C’,Oc: (1)) = 3 and, denoting by wer the dualizing sheaf
of C', the multiplication map

o0 HO(C/, Ocl(l)) ® HO(C/,WC/(—l)) — HO(C/,WC/),
has maximal rank.

Proor. Consider the following exact sequence of sheafs on C’
0= Opi(1)(—P1 — Po— P3) - Oci(1) - Oc(1) = 0

By using that h°(P!, Op1 (1)(—P; — P,— P3)) = 0, we find that h°(C’, Oc: (1)) = h°(C, Oc (1)) =
3. We have to prove that the map pg ¢ has maximal rank. If h%(C’,wer(—1)) < 1, the map
oo is obviously injective. We assume that h%(C’,wer(—1)) > 1. Then, by using that the
arithmetic genus ¢’ of C' is equal to ¢ = ¢g + 2 and that, by Riemann-Roch theorem for
singular curves, we have that

hO(C wer(=1)) = B°(C",0cr(1)) +2¢' =2 —n—1—¢' +1=g—n+3=h"(C,wc(-1)) +1,

we conclude that h°(C,wc(—1)) > 1 and C is a not hyperelliptic curve of genus g > n —2 > 3.
Now, by the generality of R, we may assume that P;, P, and P3 are nodes of C’. Let, then,
n: CUR — C’ be the normalization map of C’ and let p1, p2, p3s and q1, g2, g3 be respectively
the points of C' and R over Py, P,, P3. We recall that the dualizing sheaf wor of C” associates
to every open set U C C' the set of the rational one-form 1 on n~'(U) with at most simple
poles at the points p; and ¢; and such that Res,,n + Resgn = 0, for i = 1, 2, 3. Since, for
every triple a1, as, a3 € C such that a; + ag + ag = 0, there is a rational one-form 1 on P!
with at most simple poles at g1, g2, g3 and such that Res,n = a;, for i = 1, 2, 3, we get
that the natural restriction map wer — we(p1 + p2 + p3) is surjective with kernel equal to
wpt (1 + q2 + q3)(—q1 — g2 — q3) = wpr. It follows the isomorphism

HO(Clva’) = HO(Cv wC(pl + D2 +p3))‘
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Furthermore, by tensoring the exact sequence
0 — Wp1 —» Wy —>wc(p1 + p2 —|—p3) —0
by O¢/(—1), we find an isomorphism
H°(C",wer(-1)) = HO(Cwe(=1)(p1 + p2 + p3)).
Finally, in the commutative diagram below
HO(C/,OC/(l)) ® HO(Cl,wc/(—l)) HO(C,,OJC/)
\J 3
0,0

HO(C,0c(1)) @ HOC,wo(—1)(pr+p2+ps) 25 HOC,wo(ps+p2+ps))

the verticals maps are isomorphisms. Therefore, we conclude that rk(uoc) = 7k(u;, o). In

'u’o,C’
=

order to prove that the map H:),C has maximal rank, let < go,...,g9441 > be a basis of
HY(C,wc(p1 + p2 + p3)) and let ¥ : C — P9t be the associated morphism. Notice that
U is an embedding. Let us denote by C the image of C' in P9t with respect to W. Let
B C P9t be the base locus of the hyperplanes of P9t cutting out on C the linear se-
ries |Oc(1)] + |we(=1)(p1 + p2 + p3)| == P(Im(u;, ). Since h(wc) = g, the linear span
< p1, P2, p3 >pet1:= 1 of the point p; in PI*! is a line. Moreover, since |w¢| is base point free,
we have that

rncC= {pla b2, p3}
We claim that

Bnr=40.

Notice that, since |O¢(1)] is base point free, the intersection of B with C' coincides with the base
locus of |w(—1)(p1+p2+ps3)|. Since p1, p2 and p3 are not base points of |we(—1)(p1+p2+ps3)|, we
deduce that p; ¢ B, fori = 1, 2, 3. Suppose that B intersects r at a point @) different from py, po
and ps. Let H € |O¢(1)| be the divisor associated to a line different from R passing through
p1. Moreover let H' € |we(—1)(p1 + p2 + p3)| be a divisor such that p1, p2, p3 ¢ Supp(H’).
The divisor H + H' € |O¢(1)| + |we(—1)(p1 + p2 + p3)| generates a hyperplane A in P91, By
construction, A D< B, p1 >pe+1=< B,r >pg+1. It follows that

p2, p3 € ANC.
But this is not possible because
P2, p3 ¢ Supp(H)U Supp(H') = AN C.

Thus BNr = () and so, from the commutative diagram below

HY(C,00(1)) ® HO(C,we(—1)) Hog HO(C,we)
Fl INE
“;,c

HY(C,0c(1)) ® H°C,we(=1)(p1 +p2+p3) = HYC,we(pr+p2+ps3))

where the vertical map are injections, we deduce that
rk(poc) = rk(Guoc) < dim(Im(G)N Im(,u’O’C))

= g+ 1—dim(< B, p1, p2, p3 >)

= k(o) — 2.



3. ON THE NUMBER OF MODULIL... 81

It follows that, if ugc is surjective then M;,C too is surjective. Now, suppose that p,c is
injective but not surjective. In this case, we have that 7k(uoc) = rk(Guo,c) = 3(g —n + 2).
Since h°(Oc(1))h® (we(—1)(p1 + p2 + p3)) = 3(g — n + 3), the lemma follows if we show that
k(1 o) = 7k(po,c) + 3. By (54), it is enough to prove that

Im(Gpo,c) C Im(G) N Im(py ).
In order to do this, we consider the following multiplication map

tg o H'(C,0c(1)(—=p1 — p2 — p3)) ©® H*(C,wo(—1)(p1 + p2 + p3)) = H'(C,woe).

Since HY(C,Oc(1)(—=p1 — p2 — p3)) € HY(C,0c(1)), we have that

Im(Gug,c) € Im(pg,c) 0 Im(G).
We shall prove that

Im(ug. ) & Im(po,c)-
Let C — P91 be the canonical map of C. Let A C P9~! be the base locus of the hyperplanes
cutting out on C' the minimal sum |O¢ (1) |+|wc(—1)| := P(Im(uo,c)). We denote by pi+- - -+pp,
the divisor cut out on C by the line R in P2. Notice that A is contained in every (n — 3)-plane
Apr :=< Supp(E’) >pg-1, for E' € |Oc(1)] and, in particular, we have that
AC<pry.e..,pp > .
(Indeed, for every H € |O¢(1)|, we have that
< Supp(H) >po—1= Npejue(—m) < Supp(H) U Supp(D) >pg-1

Observing that H + |wo(—1)] C |Oc(1)| + |we(—1)], we conclude that

A C< Supp(H) U Supp(D) >pg-1
for every D € |wc(—H)|, and so A C< Supp(H) >ps—1). Now, by using that h°(p3+---+p,) =
h2(Oc(1)(=p1 — p2)), we find that

<P3;--+yPn Zpe-1=<P1, .-, Ppn >py-1
and < p3,...,Pi,-..,Pn >pe—1 IS an hyperplane of < py1,...,pn >ps-1, for ¢ = 3,...,n. More-
over, since N; < P3,...,Piy---,Pn >po—1= (), there is some i such that
A SZ< D3y Pis- -y Dn >py-1 .

On the other hand, by the generality of the divisor p; + - -+ + p,, by using general position
theorem, we can interchange any two of the p;’s by moving pi,...,p, in |O¢(1)|. It follows
that

AG<ps,....Piy...,Pn >po—1, for alli.
In particular, A is not contained in < p4,...,p, >. Now, the n — 4 plane < py4,...,p, > is
contained in the base locus Y of the family of hyperplanes in P9~! cutting out on C' the linear
series
[Im(pg,c)l = pat- - +pnt|we(=pa—+-—pn)l = [Oc(1)(=p1—p2—ps))|+|we(=1) (p1+p2+p3)|.
On the other hand, the dimension of the previous linear series is equal to
h(C,we(=1)(p1 + p2 +p3)) =g — (n — 3).

Then, we have that dim(Y) =n —4 and Y =< py,...,p, >. It follows that the linear series
[Im(u; )| is not contained in [Oc¢(1)| + |we(—1)[. This completes the proof. O
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Theorem 3.11. Let 3% ; be the algebraic system of irreducible plane curves of degree n > 4
with k cusps, d nodes and geometric genus g = ("51) — k —d. Suppose that:

(55) n—2<g equivalently k +d < h°(P?, Op2(n — 4))
and

n—8| |
(56) kSG—i—[ 3 ]szn—Qgganan&
(57) k<6 otherwise.

Then ¥ ; has at least one irreducible component ¥ which is not empty and whose general
element [I'] € X parametrizes a geometrically linearly normal curve T' such that the Brill-
Noether map of the pair (C, H), where C is the normalization of I' and H denote the pull-back
to C of the hyperplane section of P2, has mazimal rank. In particular, when p < 0, the algebraic
system Y. has the expected number of moduli equal to 3g — 3+ p — k.

PROOF. Suppose that (56) holds. Then, by observing that
g >3n—9 if and only if k+d < h%(P?, Op2(n — 6))

and by using theorem 2.4 for ¢t = 3, we have that there exists an irreducible component ¥ of
Y. ; whose general element is a plane curve I' geometrically 3-normal, i.e. a plane curve I' with
nodes and cusps in sufficiently general position to impose independent linear conditions to the
linear system of plane curves of degree n — 6. In other words, the linear system cut out by the
cubics on the normalization C of I' is complete. By remark 2.3, it follows that also the linear
systems cut out on C by the conics and the lines are complete. The statement follows from
corollary 3.7.

In order to prove the theorem under the hypothesis (57), we consider the following subcases:

(1) 2n —5<g<3n—9, ie. h%(Op(n—6)) <k+d<h’(Op2(n—5)) and n >5,
2) n—2<g<2n—7and n>5,

(3) g=2n—6 and n >4.

Suppose that (1) holds. By theorem 2.4 for t = 2, we know that, under this hypothesis,
there exists a nonempty component X C X ;, whose general element is geometrically 2-normal.
We conclude as in the previous case, by corollary 3.7.

Now, suppose that g and n verify (2). We shall prove the theorem by induction onn and g.
Set g = 2n — 7 —a, with a > 0 fixed. Suppose that the theorem is true for the pair (n,g), with
n > 7. We shall prove the theorem for (n + 1, g + 2), observing that g +2 =2(n+1) — 7 — a.
Notice also that, since g < 2n—7 and n > 7, then (”;1) —g>6. Let ' bea g. 1. n. irreducible
plane curve of degree n and genus g = 2n — 7 — a with k < 6 cusps, d nodes and no more
singularities. Let C be the normalization of I'. Suppose that the Brill-Noether map p,,c has
maximal rank. Let R C P? be a general line and let P;, P, and P3 be three fixed points of
I'N R. Since the number of cusps of I is less than 3n, we can ”smooth independently the nodes
and cusps of I'U R”, see corollary 3.17 of chapter 2. In particular, [[[UR] € EZ,Jdr}m—B and there
exists a family of irreducible plane curves

C— A
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of degree n+1, parametrized by a projective curve A C Zztlin73, whose special fibre Cg = TUR
and whose general fibre is irreducible of genus g + 2 with d +n — 3 nodes specializing to nodes
of ' U R different to P, P, and P3; and k cusps specializing to cusps of I". Normalizing A
and C, we get a family of curves ' — A/, parametrized by a smooth projective curve A/,
whose general fibre is the normalization of the general fibre of C — A and whose special fibre
is exactly the partial normalization C’ of I' U R obtained by smoothing all the singular points,
except Py, P, and P;. By lemma 3.10, h%(C’, Oc/ (1)) = 3 and, denoting by wcr the dualizing
sheaf of C’, the multiplication map,

Ho,C" - HO(C/, Ocl(l)) & HO(Cl,wC/(—l)) — HO(Cl,wC/),

has maximal rank. By semicontinuity, we conclude that also the general curve C; of the family
C — A is geometrically linearly normal and the Brill-Noether map of the pair (C'y, H), where H
is the pull-back to C; of the general hyperplane section of C;, has maximal rank. The induction
step is proved.

Now we prove the first step of induction forn >7. If n =7, we get 0 < a < 2. Let a =0,
then g = 2n — 7 —a = 7. Let T' be a geometrically linearly normal irreducible plane curve
of degree n = 7, of genus g = n = 7 with k£ < 6 cusps and nodes as other singularities, such
that no seven singular points of I' lie on an irreducible conic. To prove that there exists such a
plane curve, notice that, by applying theorem 2.4 for ¢t = 1, we find that, for any fixed k < 6,
there exists a geometrically linearly normal irreducible sextic D of genus four with k cusps and
d = 6 — k nodes. Let Rq,..., Rg be the singular points of D. Since the points Ry,..., Rg of
D impose independent linear conditions to the conics, however we choose five singular points
Ri,...,R;,, with I = (i1,...,i5) C (1,...,6), of D, there exists only one conic C7, passing
through these points. Let us set S =J; C;N D and let R be a line intersecting D transversally
at six points out of S. By Bezout theorem, no seven singular points of I = D U R belongs
to an irreducible conic. Moreover, if D is the normalization of D, if Q1,...,Q4 are four fixed
points of D N R and D’ is the partial normalization of I obtained by smoothing the singular
points except @1, ..., {4, then, by the following exact sequence

(58) 0—)OR(l)(—Ql—---—Q4)—>0D/(1) —)OD(l) —0

we find that h°(D’,Op/(1)) = 3. It follows that every irreducible septic I' obtained from I"
”by smoothing the nodes @1, ...,Q4", is like we need. Let now C be the normalization of such
a plane curve I'. We shall prove that ker(u,c) = 0. Let A C C be the adjoint divisor of the
normalization map ¢ : C' — I'. We recall that, if I' has a cusp at each of points P,..., Px
and it has a node at every point Pgyq,...,Ps, then A = Zle 2p; + Z?:k+1(p]1- +p?), where
pi=¢ (P, for 1 <i <k, and {pjl-, pj2} = ¢~ 1(P;), for k+1 < j <8, (see section 1 of chapter
1). Since I' is geometrically linearly normal, we have that

R(C we (1)) = R(C,0c(3)(=A)) =g —n+2=2.
Then, by the base point free pencil trick, we find that
ker (1o,0) = H'(C,wi(B) @ Oc(2)),

where B is the base locus of |wc(—1) = Oc(3)(—A)|. Let F be the pencil of plane cubics passing
through the eight double points Pj,..., Ps of I and let Br be the base locus of the pencil F.
Let I'3 be the general element of F. Suppose that Br has dimension one. If Br contains a
line [, then, by Bezout theorem, at most three points among P, ..., Ps, say Pi,..., P3 can lie
on | and the other points have to be contained in the base locus of a pencil of conics F’. Still
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using Bezout theorem, we find that also the curves of F’ are reducible and the base locus of F’
contains a line I’. But also I’ contains at most three points of Py,..., Ps. It follows that there
is only one cubic through Pi,..., Ps. This is not possible by construction. Suppose that Br
contains an irreducible conic I's. By Bezout theorem, at most seven points of P;,..., Ps may
lie on I'y. On the other hand, since dim(F) = 1, there are exactly seven points of Pj, ..., Py,
say Pp,...,P7, on I'y and the general cubic I's of F is union of I's and a line passing through
Pg. Since, by construction, no seven singular points of I' lie on a conic, also in this case we get
a contradiction. So the general element I's of F is irreducible. Still using Bezout theorem, we
find that '3 is smooth and F has only an other base point ). We consider the following cases:
a) @ doesn’t lie on T

b) @ lies on ', but Q # Py, ..., Pg;

c¢) Q is infinitely near to one of the points P, ..., Py, say P, i.e. the cubics of F have at P,
the same tangent line [, but [ is not contained in the tangent cone to I' at P;

d) @ is like in the case c), but [ is contained in the tangent cone to I' at P;.

Suppose that the case a) or c¢) holds. Thus B = 0 and

ker(poc) = HY(C,wi © 0c(2)) = HY(C, 0c(~2)(8)).

By Riemann-Roch theorem, h?(C, Oc(—2)(A)) = h%(C, Oc(6)(—2A)) —4. In order to compute
h(C,0c(6)(—2A)), let ® : S — P2 be the blow-up of the plane at P, ..., P, and let E1, ..., Eg
be the exceptional divisors of S. Since I' has only nodes and cusps as singularities, the map ®
restricts on the strict transform C' := ®*(I") to the normalization map of I"and A = C.(} ", E;).
From the following exact sequence,

0— Og(— ZE )= Os = Oc — 0

by tensoring with Og(6)(—2)_, E;), we get the exact sequence
0— Og(—1) = Og(6 QZE — O0c(6)(—2A) = 0

from which we deduce that h°(C, Oc(6)(— 24)) =
Leray spectral sequence, we find that H*(S, Oz (-
Denoting by C'5 the strict transform with respect
following exact sequence

ho(S,0s(6)(—2Y"; E;)), because, by using
1)) = HY(P? Op2(—-1)) = 0, for i = 0, 1.
0 @ of the general cubic I's of F, from the

0— Og(— ZE ) = Og = Oy = 0

by tensoring with Og(6)(—2)_, E;), we obtain the exact sequence
(59) 0— 0s(3)(— Y _ Ei) = Os(6) QZE — O, (6 QZE

By Riemann-Roch theorem,

H°(O¢, (6) QZE )=18—-16—-1+1=2 and HY(O¢,(6 QZE

Moreover, from the following exact sequence

8
0— Os(—>_ E;) = Os = @O, — 0
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by tensoring with Og(3), we get the exact sequence

0— Os(3 ZE ) — Os(3 —>@(’)E — 0

i=1
By using that H'(S, Og(3)) = 0 and HO(S, Os3)((— >, Ei))) = 2, we find that

hi(S, 0s(3 ZE )=2-10+8=0.

So, from the exact sequence (59), we find that
R°(S, Os(6) QZE )=2+2=4 and ker(u,c)=0.

7

Suppose now that the case b) holds. Thus B = @ and
ker(po,c) = HY(C,0c(=2)(A + Q) = H'(C,0c(6)(—2A - Q)) -

Let qg : S = P? be the blow-up of P2 at P,...,Ps and Q. Let Ey, ..., Es,C and Cs as before
and let Eg be the exceptional divisor corresponding to the point . By the following exact
sequence,

0— Og(—1) = Og(6 QZE Eg) = Oc(6)(—2A — Q) — 0

we find that h°(C, O (6)(—2A-Q)) = hO(S O5(6)(=2, Ei—Eq)), because, by Leray spectral
sequence H'(S, Os(—1)) = H'(P?,Op2(—1)) = 0, for i = 0, 1. From the following exact
sequence

0 — Og( ZE+EQ)—>(’) — Oc, — 0
by tensoring with Og(6)(-2>_; E; — EQ), we get the exact sequence
(60) 0 — O4 ZE ) — Og( QZE Eq) — Oc,(6) QZE Eq) —

Now, from the following exact sequence

8
0— 0s(3)(—= Y _Ei) = 05(3) » P Or, — 0

i=1
we find that H'(S, Os5(3)(=>_; E;)) = 0. Therefore, by (60), we conclude that

h0(S,04(6)(—2) B — Eq)) =2+1=3, and ker(uoc) = 0.

7

Finally, suppose that d) holds. Let ® : S — P? be the blow-up of the plane at Pi,..., P
with exceptional divisors F1,..., Fg. Let @Q € E; be the intersection point of E; and the strict
transform Cj of the general cubic I's of the pencil 7. We denote by ®: S — S the blow-up
of S at @ and by WV : S — P2 the composition map of the maps ® and ®. We still denote by
E\, ..., Es their strict transforms on S, by C' and Cj the strict transforms of T' and I's and by
Eq the new exceptional divisor of S. In this case we have that ¥~1(T') = C + 23", E; + 3E,
U1(T3) = C5+ >, E; + 2Eg. Moreover, the divisor A is cut out on C from Y, F; + Eg and
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the base locus B of the linear series |wc(—1)| coincides with the intersection point of E¢g and
C. So, we have that

dim(ker(po,c)) = h*(C, Oc (- ZE +2Eq)) = h(C,0¢(6 QZE —3Eq)) — 3.

Moreover, from the following exact sequence

0 — Og( ZE+3EQ)—>(’) — Oc — 0

by tensoring with Og(6)(—2>_, E; — 3E,), we get the exact sequence
0 — Og(—1) = O4(6)(=2>  E; —3Eq) — Oc(6)(—2> _ E; —3Eg) — 0

from which we find that H°(C, Oc(6)(-23; E;—3Eq)) = H°(S,04(6)(—2 Y, E; —3Eg)) and
HYC,00(6)(—2X, E; — 3Eq)) = H(S,05(6)(—23, E; — 3Eg)). Now, from the following

exact sequence

(61) 0 — Og( ZE Eq) — 04(6 22E—3EQ)—>OCB 2ZE—3EQ) -0

by using that, by Riemann-Roch theorem,
h(Cs, 0cy (6)(—2) " Ei —3Eq)) =1 and h'(Cs, Oc;(6)(—2) _ Ei —3Eq) =0

we find that
hO(S, O4( QZE—SEQ)) h'(S,04(6 QZE—SEQ)) =

—ZEi—EQ — (S, 04( ZE Eg))
Moreover, from the exact sequence
(62) 0— Og( ZE Eq) — 03(3) = Op.up, @ O, — 0
i#i
we find that
hO(S, Og( ZE Eq)) — h (S, 0g( ZE Eg)) =
hO(S,Og( )) —hO(EQ U; EiaoEquQ@OEi = 10-8=2.

i1
Now, by using Serre duality, we have that

— > Ei - Eq))) = H'(S,04( ZE +3EQ))).

From the exact sequence

(63) 0 — Og(—6)(+2) _ Ei+3Eg)) = Og(1) = Oc(1) = 0
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by using that the map HO(S, O5(1)) = H%(C,0c¢(1)) is surjective and that HY(S, 05(1)) =0,
we find that

H'(5,04(—6)(+2) _ Ei + 3Eg))) = H' (5, O4( ZE Eg))) = 0.

Finally, by the exact sequence (61), we deduce that h'(S, O5(6)(=2); E; — 3Eg)) =0,

ho(8, 05(6)(—22 E; —3E,)) =3, and ker(u,c) = 0.

The first step of induction for g=n =7 and k < 6 is proved.

We complete the proof of the first step of the induction. Whenn =7 and a =1 or a = 2,
the existence of a g. 1. n. plane curve I' always follows from theorem 2.4. Using the above
notation, h%(C,wc(—1)) = 1if a = 1 and h%(C,we(—1)) = 0 if @ = 2. In any case p, ¢ is
injective. Whenn > 8 and a <n—6 =2(n—1) —7— (n — 1 — 2) the theorem follows by
induction from the case n = 7. Forn > 8 and a =2n—7—n+2 =n—>5, we find that g = n—2,
or, equivalently, k + d = h%(P2, Op2(n — 4)). Always in theorem 2.4, we proved the existence
of geometrically linearly normal plane curves of degree n > 8 and genus g = n — 2, with nodes
and k£ < 6 cusps. For every such plane curve I', using the notation above, the Brill-Noether
map fi,.c is injective since h?(C,we(—1)) = 0. We still have to prove the first step of the
induction for n =5, 6. For n =5 we find ¢ = n — 2 and we argue as before. For n = 6 we find
g=4=n—-2o0r g=>5=n-—1. Bylemma 2.2, every quintic I' of genus 4 with nodes and
cusps as singularities is geometrically linearly normal. Moreover, if C is the normalization of
T, then p, ¢ is injective since h%(C,wc(—1)) = 1. The cases n = 6 and g = 4 and n = 6 and
g = b are similar.

Suppose now that n and g verify (3). First of all we prove the theorem for (n,g) = (4,2),
(5,4), (6,6). For n =4 and g = 2, we find n = g + 2 and we argue as in the case n > 8 and
g = n — 2. Similarly, for (n,g) = (5,4). For n = 6 and g = 6 in theorem 2.4 we proved the
existence of plane curves I' with £ < 4 cusps and at most nodes as singularities. For every such
a plane curve I', denoting by C its normalization, we get that h°(C,wc(—1)) = 2, i.e. the linear
system JF of conics passing through the four singular points Pi,..., Py of I' is a pencil which
cuts out on C the complete linear series |wc(—1)|. Since, by Bezout theorem, two irreducible
conics intersect in four points, the base locus of F consists of the points Pi,..., P, and the
linear series |wc(—1)| has no base points. Then, by the base point free pencil trick , we find that
ker(uoc) = HY(C,wl ® O(2)) = HY(C,0c(—1)(A)), where A C C is the adjoint divisor of
the normalization map C' — I'. By Riemann-Roch theorem, we have that h(C, O¢(—1)(A)) =
hO(C,O0c(4)(—2A)) — 3. If S is the blow-up of the plane at P,..., Py and Ey,..., E; are the
exceptional divisors of S, then, by the following exact sequence

0 — Og(—2) = Og(4 QZE )= Oc(4 QZE

we find that h9(C, Oc(4)(—24)) = hO(S, 0s(4)(—2Y, E;)). Moreover, if Cy C S is the strict
transform of the general conic of the pencil F, then, by the following exact sequence

0— Og(2 ZE ) = Og(2 —>€BOE -0
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we have that h!(S,Og(2)(— >, E;)) = 0. By the following exact sequence

0— O0g(2 ZE ) = Os(4 2ZE — Oc, (4 QZE

we deduce that
KOS, 05(4 QZE 0(8,05(2 ZE ) + h0(Cy, Oc, (4) QZE

and, in particular, ker(u,c) = 0, as we wanted.

Finally, we show the theorem under the hypothesis (3) for n > 7, by using induction on n.
In order to prove the inductive step we may use lemma 3.10, exactly as we did in the case (2).
We prove the first step of induction. If n = 7 we have that ¢ = 8. On page 83 we proved the
existence of geometrically linearly normal plane curves I' of degree 7 and genus 7 with k& < 6,
such that, if Py,..., Py are the singular points of I', then no seven points among Pi,..., P
lie on a conic. In particular, we proved that, for every such a plane curve I', the general
element of the pencil of cubics passing through Py, ..., Ps is irreducible and, if ¢ : C — T is
the normalization of T, then the Brill-Noether map f, ¢ is injective. Let C” be the partial
normalization of I' which we get by smoothing all the singular points of I' except a node, say
Ps. We recall that, if we denote by ¢*(Ps) the divisor of the points of C' which lie over Pg
and by ¢ : C — C’ be the normalization morphism of C’; then the dualizing sheaf wer of C’
is the subsheaf of ¢, (wc(¢"(F3))), whose local sections n are such that 3 . ,-1(p,) respn = 0.
By using the same notation and by arguing exactly as in the proof of lemma 3.8, we get the
following commutative diagram

'u’o,C’
=

H(C',0c (1)) % H(C" wer(-1)) HO(CLWC’)

HY(C,00(1)) ® HO(Cwo(-D(¢"(R) = HOC,we(d" (%))
where :“/o,c is the multiplication map and the vertical maps are isomorphisms. We want to
prove that the map p, s is surjective. By the previous diagram it is enough to prove that
I, 18 surjective. Since hO(C,we(¢*(Pg))) = 8 and h(C,0c(1))h%(C,we(—1)(¢*(FR))) =
3(7T—T7+3) =9, we have that dim(ker(uo,cr)) > 1 and p, ¢ is surjective if dim(ker(po cr)) = 1.
By recalling that I' is geometrically linearly normal, we have that, if Z is the scheme of the

points Pi,..., Pr and Zype is the ideal sheaf of Z in P2, then in the following commutative
diagram
Ho, .
H(C.0c(1)) ® H(Cwe(-1)(¢"(R))) = H(C,wec(d*(Fy)))
\J \J
HO(P?,0p2(1)) ®  HO(P?,Zzp2(3)) L HO(P?, Iype(4))

the vertical maps are isomorphisms. Hence, it is enough to prove that the kernel of the mul-
tiplication map p has dimension equal to one. Let {fo, f1, fo} be a basis of the vector space
H 0(P2,Iz|]p2 (3)). Since the general cubic passing through P, ..., Ps is irreducible, we may as-
sume that fy, fi1 and fo are irreducible. Suppose, by contradiction, that there exist at least two
linearly independent vectors in the kernel of 1. Then, there exist sections ug, u1, us and v, v1, v9
of HO(P?, Op2(1)) such that the sections Y, u; @ f; and >, v; ® f; are linearly independent in
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H°(P?, Op2(1)) ® H(P?, Typ2(3)) and

(64) { Z;;:o uifi = 0

di—ovifi = 0.
The linear system (64) is a linear system of rank one in the variables fy, fi, f2 and the space of
solutions of (64) is generated by the vector (ujvy—ugv1, ugvg—ugvs, upv; —uivg). In particular,
if we set ¢; = (—=1)'u;v; — vu;, we find that fjq; = fiq;, for every i # j. But this is not
possible since f1, fo and f3 are irreducible. We deduce that

dim(ker(p)) = dim(ker(pocr)) =1

and p, cr is surjective. Now let G — A be a family of plane curves of degree 7, parametrized
by a smooth curve A, whose special fibre is equal to I' and whose general fibre is a curve of
genus 8 with a node at a neighborhood of every node of I' different from Pg and a cusp at a
neighborhood of every cusp of I'. Such a family there exists by the lemma 3.17 of chapter 2. If
C — A is the family obtained by G — A by normalizing the total space, then the general fibre
C: of C — A is the normalization of the general fibre G; of G — A, whereas the special fibre of C
coincides with C”. Since h?(C’, O¢r(1)) = 3 and the map g, ¢ is surjective, by semicontinuity,
we conclude that h%(Cy, O¢, (1)) = 3 and the Brill-Noether map

o,
H"(Cl, 0c, (1) ® H(Chywe, (—1)) 5" H(Cywey)
is surjective. This completes the proof of the theorem. O

Remark 3.12. Notice that the conditions which we found in theorem 5.11 in order that
Y5 4 has at least an irreducible component with the expected number of moduli, are not sharp,
even if we suppose p < 0. To see this, notice that in remark 2.5 we proved the existence of an
irreducible component X3 of 25’20 whose general element corresponds to a 3-normal plane curve.
By remark 2.3 and corollary 3.7, we have that ¥ has the expected number of moduli.

Theorem 3.13. X7, has the expected number of moduli, for every d < (”51) —1.

PRrROOF. Before proving the theorem, we recall that, by theorem 3.21 and corollary 3.18 of
chapter 2, the variety X7 ; is irreducible and not empty for every d < ("5 ) —1. Moreover, from
theorem 3.11 and from corollary 1.7, we know that X7 d has the expected number of moduli if
p < 0or p>2 Now we shall prove that, if p =1, then the algebraic system

n __yn
FEDY

—3)2
17(n 23) _1

has general moduli. Equivalently, we will show that, if [I'] € X} 1ais a general point and

g = ( ) —1—-d= %, then, on the normalization curve C of I' there are only finitely
many hnear series gn with at least a ramification point. First of all we notice that, if g =
(”2 1) —1-d= 3” , then n is odd and n > 5. We prove the statement by induction on n.
Let n =5 and let U C 21’1 be the open set of 21’1 parametrizing irreducible plane curves
I" of degree 5 with a node and a cusp as singularities such that the cuspidal tangent line of I'
does not contain the node of I'. In order to see that U is not empty, we recall that, by corollary
3.18 of chapter 2, there exists an irreducible plane quintic D with a cusp and two node s; and
so as singularities. By Bezout theorem, at least one, say s1, among the nodes of D doesn’t lie
on the cuspidal tangent line of D. By corollary 3.17 of chapter 2, there exists a family of plane
quintics D — A whose special fibre is equal to D and whose general fibre D; has a node at a
neighborhood of s;, a cusp at a neighborhood of the cusp of D and no further singularities.




90 3. ON THE NUMBER OF MODULI ...

The node of D; does not lie on the cuspidal tangent line of D;. Thus U is not empty. Now, in
order to prove that Ei’,l has general moduli, it is enough to prove that U has general moduli.
Let I' € P? be a plane quintic corresponding to a point [I'] € U and let ¢ : C — T be the
normalization of I'. If p € T is the cusp of ', we denote by P € C the point P = ¢~ !(p).
If we denote by O¢(1) the sheaf on C' associated to the divisor which is the pull-back of the
general hyperplane divisor on T, then h?(C,O¢ (1)) = 3, the sheaf O¢(1) is special and C' is a
not hyperelliptic curve of genus four. Moreover, the linear series |wc(—1)| consists of a point
R € C. By the hypothesis that [I'] € U, we have that R # P. Indeed, if we denote by S; and
S, the points of C over the node s of T, then H(C,we(—1)) = H(C,0c(1)(—S; — Sz — 2P))
and R = P if and only if the node of I' lies on the cuspidal tangent line [ to I' at the point
p. Thus R # P. Now, let C C P? be a canonical model of C in P3. We recall that there
exists an unique quadric Sy in P3 containing C, and C is complete intersection of S, and a
cubic Ss, (see for example [22] or [6]). If we still denote by P and R the image points of P
and R in P3, then the linear series |O¢(1)] is cut out on C in P? by the two dimension family
of hyperplanes passing through the point R € C. Projecting C' from R we get a birational
morphism from C' C P3 and I' € P2. Moreover, since I" has a cusp at the point p € P2, then the
tangent line to C at P in P3 passes through R € C. Now, suppose by contradiction that on C
there exist infinitely many g2 mapping C to the plane as a quintic parametrized by a point of
U C Eil. Then, through the general point x of C' passes a tangent line to C' at a point 2’ # x.
In particular, the general tangent lines to C' cuts out on C a divisor of degree r > 3. By using
Bezout theorem, it follows that the general tangent line to C is contained in So, i.e. S5 is the
tangent variety T'(C') of C. But, by using Hurwitz formula, we see that T'(C') has degree 8.
Hence Sy # T'(C) and, if

IT: 55, > My

is the moduli map of ¥ |, then II(U) = My =II(X7 ;).

Now we suppose that the theorem is true for n and we prove the theorem for n + 2. Let
(n—3)*

I' C P? the plane curve with a cusps and — 1 nodes corresponding to a general point

I € ET (-2, and let C5 be an irreducible plane conic intersecting I' transversally. By
77_

lemmas 3.17 of chapter 2 the point [Co UT'] belongs to E;”?f 252 - In particular, however we

choose four points Py, ..., Py of intersection between I' and C5, there exists an analytic branch

Sp,,...p, of ETT&DQ X passing through [Cy UT] and whose general point corresponds to an

irreducible plane curve of degree n + 2 with a cusp at a neighborhood of the cusp of I and a
node at a neighborhood of every node of Co UT" different from Py,..., Py. Moreover, it follows
by lemma 3.22 of chapter 2 that S := Sp, _ p, is smooth at the point [Co UT]. Let

11 : En+2 -—2 M3(n+2)77
2

—1)2
17(n 21) 1

be the moduli map of E"fz TR In order to prove that II is dominant it is sufficient to show
1,0

that II(S) = M3sn_1. Always by lemma 3.17 of chapter 2, there exists an analytic branch S* of
2

yrt? , with ¢ =1, 2, 3, and such that

_3)2
1,287 90—

S=8nP =2, . JcS cscscs.
o T
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The general point of every irreducible component of S?, with i = 1, 2, 3, corresponds to an
irreducible plane curve I'; of degree n—+2 with a cusp at a neighborhood of the cusp of I'; a node
at a neighborhood of every node of CoUT" different from P, ..., Py and 4 — ¢ nodes specializing
to 4—1 fixed points among P, ..., Py, as I'; specializes to CoUI'. Moreover, it follows by lemma
3.22 of chapter 2 that every irreducible component of S’ is smooth at [Co U T and, hence, S*
has an ordinary multiple point at [Co U T] of order (3) for every ¢ = 1, 2, 3. Now, notice that
the moduli map IT is not defined at the point [Cy UTY, but, if S is sufficiently small, then the
restriction of II to S extends to a regular function on §. More precisely, let C — A be any
family of curves, parametrized by a projective curve A C S, passing thought the point [Co UT]
and whose general point corresponds to an irreducible plane curve of degree n + 2 of genus
3” 1 — 3("22) with a cusp and nodes as singularities. If we denote by C’ — A the family
of curves obtained from C — A by normalizing the total space, we have that the general fibre
of ¢’ — A is a smooth curve of genus 3”2 L corresponding to the normalization of the general
fibre of C — A, whereas the special fibre (|, is the partial normalization of Cy UT, obtained by
normalizing all the singular points, except Pi,..., P;. Then, the map II ; is defined at [C2 UT]
and it associates to the point [Cy U T the isomorphism class of Cj. Similarly, if [C) UT"] is
a point of S°, corresponding to the union of an irreducible conic C} and an irreducible plane
curve I of degree n with a cusps and nodes, then II; ([C5 UT"]) is the isomorphism class of the
partial normalization of C5UI”, obtained by smoothing all the singular points of C4,UT", except
the four nodes tending to Pi,...,P; as C5UT” tends to Co UT'. Finally, if [I';] is a general
point in one of the irreducible components of S?, with i = 1, 2, 3, then 4 ([I]) is the partial
normalization of I'; obtained by smoothing all the singular points except for the 4 — ¢ nodes

of I'; tending to Py,..., Py as I'; tends to Cy UT. It follows that, if we denote by MY a1 the

locus of M3n 1 parametrizing j-nodal curves, then IIg(S?) C /\/lgn ano1, fOr every i = 0, oo 4y
and IIs(S?) g; [s(S*1). In particular, we find that
dim(I4(S)) > dim(I1 4 (S%)) + 4.
In order to compute the dimension of II| (8°) we consider the rational map
Fill(S%) - Mo
forgetting the rational tail. Since, by the hypothesis that ET

_.2 _ has general moduli, we
’(n 23) _1
have that F' is dominant. Moreover, if C' is the normalization curve of I', by the generality

of [I'] in X" L2 we may assume that C' is general in Mszn—7. We want to show that
2 L ?

dz’m(F_l([C])) = 5. In order to see this, we recall that, by the hypothesis that 271‘ . has

(n—3)2

general moduli, on C' there exist only a finite number of linear series of degree n and éimension
two, mapping C to the plane as curve with a cusp and nodes as singularities. If g2 is such a
linear series, {sg, 51, s2} is a basis of g2 and ¢’ : C' — I C P? is the associated morphism, then,
if Q1,...,Q4 are four general points of I, the linear system of conics through Q1,...,Qy4 is a
pencil F(Q1,...,Q4). Let C5 and D} be two general conics of F(Q1,..., Q4). If n: P! — C}
and 3 : P! — D} are isomorphisms between P! and C% and D) respectively, then the points
77 Q1),...,n 1 (Q4) are not projectively equivalent to the points 371(Q1),...,571(Q4). In
order to prove this, we may consider a conic F' C P? of the plane. If we choose two sets of
points pi1,...,p4 and qi,...,q4 of F not projectively equivalent, then there exist projective
automorphisms A : P2 — P? and A’ : P2 — P2 such that A(p;) = Q; and A'(¢;) = (Qs),
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for every i. This shows that, if C} and D} are general in F(Q1,...,Q4), then the points
1 HQ1),...,n 1 (Q4) are not projectively equivalent to the points 371(Q1),...,571(Q4). In
particular, this implies that the partial normalizations C’ and D’ of IV U C} and I U DJ,
obtained by smoothing all the singular points except Q1, ..., Q4, are not isomorphic. Now, let
C), be a general conic of F(Q1,...,Q4) and let Ry,..., Ry be four general points of IV and
different from @1, ..., Q4. If D} is a general conic of the pencil F(Ry,..., R4), then the partial
normalization C' and D’ of I U C4 and I U D), obtained, respectively, by smoothing all the
singular points except Q1,...,Q4 and Ry,..., R4, are not isomorphic. Indeed, since C is a
general curve of genus % > 7, the only automorphism of C' is the identity. We deduce that
dim(F~1([C])) = 5. In particular, we have proved that

3n -7
dim(I15(8%) = 37—~ —3+5
and
3n— 7 3(n+2) -7
dim(IT 4 (S) > 322 —3+9:3%—3.

0

By using theorem 7.11 of chapter 2, theorem 1.6 and theorem 3.11, we are extending the
previous theorem to the case k < 3.

4. On the number of moduli of complete irreducible families of plane sextics with
six cusps

Corollary 3.9 tells us how to compute the number of moduli of an irreducible component
Y of 22,7 o if we know the number of moduli of an irreducible component X of ¥k a such that
Y. C ¥/, under the hypothesis that the Brill-Noether number p(2,n,g) of the linear series of
dimension two and degree n on the normalization curve of the plane curve corresponding to
the general element of ¥ is not positive. In this section we shall prove a result like corollary
3.9 by assuming p — k£ < 0 but not necessarily p < 0. In order to do this we need the following
result.

Fact 4.1. Let

D = {(a,b,z,9)|y* =2 +ax +b} C C? x A?
i}
CZ
be the versal deformation family of an ordinary cusp, (see section 5 of chapter 2). We recall
that the general curve of this family is smooth. The locus A of C? of the pairs (a,b), such that
the corresponding curve is singular, has equation 27b* = 4a3. For (a,b) € A and (a,b) # (0,0),
the corresponding curve has a node and no other singularities. Let G — C? be a two parameter
family of smooth curves of genus g > 2, locally given by y?> = x> + ax + b, with (a,b) € C2.
It has been proved in [21], page 129, that, if A C C? is a curve passing through (0,0) and not
tangent to the axis b = 0 at (0,0), then the j-invariant of the elliptic tail of the curve which
corresponds to the stable limit of Go,0), with respect to A, doesn’t depend on A. Otherwise, for
every jo € C, there exists a curve Aj) C C? passing through (0,0) and tangent to the azis b = 0

at this point, such that the elliptic tail of the stable reduction of G ) with respect to Ajy, has
j-invariant equal to jg.
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Lemma 4.2. Let ¥ C E’kl,d, with k < 3n, be an irreducible component of EZA. Let g be the
geometric genus of the plane curve corresponding to the general element of 3. Suppose that
g>2,p2,9,n)—k <0 and X has the expected number of moduli equal to 3g— 3+ p—k. Then,
for every k' <k and d’ < d such that ¢’ = ("51) —kK —d >g= ("51) —k —d, there is at least
a component X' of Xy, ; such that ¥ C X' and such that the number of moduli of ¥' is equal
to 3¢’ —3+p(2,¢',n) — K.

PRrROOF. It is enough to prove the theorem in the following two cases:

(a) ¥ =k —1and d =d,
(b) ¥ =kand d =d— 1.

Suppose that (a) holds. Let g1, ...,qr be the cusps of I'. Since k < 3n, by using lemmas
3.17 and 3.22 of chapter 2, [I'] is a k-fold ordinary point for ¥} _, ;. In particular, for every
fixed cusp p; of I' there exists an analytic smooth branch §; of 2732717 4 Passing through the
point [I'] and whose general point corresponds to a plane curve IV of degree n with d nodes
and k — 1 cusps specializing to the singular points of I' different from p;, as IV specializes to
I'. Let ¥ one of the irreducible components of ¥, ; containing X. Since p(2,¢',n) — k' =
3n—29—2—-6—k+1=p(2,9,n) —k—1<0, in order to prove the theorem it is enough to
show that the general fibre of the moduli map

sy : ¥ —-» Mg

has dimension equal to eight. Let us notice that the map Ilsv is not defined at the general
element [I'] of ¥. More precisely, let v C S; C ¥’ be a curve passing through [I'] and not
contained in X. Let C — « be the tautological family of plane curves parametrized by . Let
C' — ~ be the family obtained from C — « by normalizing the total space. The general fibre
of C" — ~ is a smooth curve of genus g + 1, while the special fibre C := I" is the partial
normalization of I" obtained by smoothing all the singular points of I, except the marked cusp
pi. If we restrict the moduli map Ilsy to 7, we get a regular map which associates to [I'] the
point corresponding to the stable reduction of IV with respect the family C’ — v, which is the
union of the normalization curve C of I' and an elliptic curve, intersecting at the point p € C
which maps to the cusp p; € I'. Now, let G C ¥’ x My be the graph of sy, let 7y : G — X/
and 72 : G — M1 be the natural projections and let U C X be the open set parametrizing
curves of degree n and genus g with exactly k cusps and d nodes as singularities. From what
we observed before, if we denote by IIsy (%) the Zariski closure in Myy1 of mom; *(U), then
IIsv(X) is contained in the divisor Ay C Mg41, whose points are the isomorphism class of the
reducible curves which are union of a smooth curve of genus g and an elliptic curve, meeting
at a point. Denoting by Il : ¥ — M, the moduli map of 3, the rational map

Ay - M,
which forgets the elliptic tail, restricts to a rational dominant map
q: HE/(E) -—2 Hz(z)

The dimension of the general fibre of ¢ is at most two. Since, by hypothesis, the dimension of

the fibre of the moduli map Il is eight, there exists only a finite number of g2 on C, ramified
n(n+3)

at k points, which maps C to a plane curve D such that the associated point [D] € P 2

belongs to . In particular, the set of points z of C such that there is a g2 with k simple
ramification points, one of which at x, is finite. So, the dimension of the general fibre of ¢ is
at most one. In order to decide if the general fibre of ¢ has dimension zero or one, we have
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to understand how the j-invariant of the elliptic tail of the stable reduction of I with respect
the family C’ — v, depends on . If C — C? is the étale versal deformation family of the

n(n+3)

cusp, by versality, for every fixed cusp p; of I, there exist étale neighborhoods U — P~ 2

of [I'] in Pn(n2+3), V 5 C2 of (0,0) in C? and U; of p; in the tautological family U — P
with a morphism f : U — V such that the family U; — U is the pullback, with respect to f,
of the restriction to V of the versal family. By the property (3) of theorem 5.10 of chapter
2, we have that f~1((0,0)) is an étale neighborhood of [I'] in the (smooth) analytic branch
Y7o whose general element corresponds to an irreducible plane curves with only one cusp at a
neighborhood of the cusp p; of I'. So, dim(f~1((0,0))) = n(”TjL‘g) —2 and the map f is surjective.

Moreover, if g is the restriction of f at u=1(¥'), then also g is surjective. Indeed,

g7 1((0,0) = f7H((0,0)) Nu”H(T) = u” ().
Since k < 3n, then dim(X) =3n+g—1—k = dim(¥') — 2 and g is surjective. By using (4.1),
it follows that the general fibre of the natural map IIy/(¥) — IIx(X) has dimension exactly
equal to one. Therefore,

and

dim(Ils/ (X)) > dim(g (X)) +1=3(g+1) =3+ p(2,9+ 1,n) =k + 1.
Since it is always true that dim(Ily/ (X)) < 3(g+1) =3+ p(2,9+ 1,n) — k + 1, (see section 1),
the statement has been proved in this case.

Suppose, now, that k = k¥’ and d = d — 1. Also in this case ¥ is not contained in the
regularity domain of IIyy. More precisely, if [I'] € ¥ is general, then IIs/([I']) consists of a
finite number of points, corresponding to the isomorphism class of the partial normalizations
of T obtained by smoothing all the singular points of I', except for a node. Then Ily/(X) is
contained in the divisor Ay of M1 parametrizing the isomorphism classes of the analytic
curves of arithmetic genus g + 1 with a node and no more singularities. The natural map
A --+ M, sending the general point [C’] of Ag to the isomorphism class of the normalization
of C', restricts to a rational dominant map ¢ : IIy/(X) --» Iy (X). Since we suppose that ¥
has the expected number of moduli and p(2,g9,n) — k < 0, if C is the normalization of the
plane curve corresponding to the general element of Y, then the set S of the linear series of
dimension 2 and degree n on C with k simple ramification points, mapping C' to a plane curve
D such that the associated point [D] in the Hilbert Scheme belongs to 3, is finite. We deduce
that also the set S’ of the pairs of points (p1, p2) of C, such that there is a g2 € S such that the
associated morphism maps p; and ps to the same point of the plane, is finite. So, also ¢~1([C])
is finite and dim(Ilsyy (X)) = dim(IIx(X)). It follows that

dim(Ilg(Y) >3g—3+3n—29—6—k+1=3(g+1)—3+3n—-2(g+1)—6—k.
O

Remark 4.3. Notice that, the arguments used before to prove lemma 4.2 don’t work if the
dimension of the general fibre of the moduli map of 2 has dimension bigger than eight. Indeed,
in this case, the dimension of the general fibre of the map Ilx/(X) --» IIx(X) could be bigger
than one if k' =k —1 and d = d', or than zero if k' =k and d =d' — 1.

Corollary 4.4. There exists at least one irreducible component Yo of 2870 having the ez-
pected number of moduli equal to dim(My) — 2 and whose general element corresponds to a
sextic with siz cusps not on a conic.
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PrROOF. Let 28’0 be the variety of elliptic plane curves of degree six with nine cusps and
no more singularities. It is not empty and irreducible, because, by the Pliicker formulas (see
[6]), the family of dual curves is 2870 ~ P9, which is irreducible and not empty. Moreover, if
we compose an holomorphic map ¢ : ¢ — P? from a complex torus C' to a smooth plane cubic
with the natural map ¢(C) — ¢(C)", we get a morphism from C to a plane sextic with nine
cusps, and viceversa. Therefore, the number of moduli of 2870 is equal of the number of moduli
of 2870, equal to one. Since 6 < 3n = 18, there is at least one irreducible component ¥’ of Eg,o
containing 28’0. Let IIyy : ¥/ --» My be the moduli map of ¥ and let G C ¥/ x My be its
graph. If we denote by m1 : G — ¥/ and w5 : G — My the natural projection, by U the open set
of 2870 parametrizing cubics of genus one with nine cusps and by Hg/(EgO) the Zariski closure

in Ms of Wgwfl(U), then, by arguing as in the first part of the proof of the lemma 4.2, we have
a dominant map HZ’(ES,O) --» M, whose general fibre has dimension one. We conclude that

dim(msy (X)) > dim(msy (5§ )) + 1 =3

and so, the moduli map of ¥’ is dominant, as one expects, because p(2,2,6)—8 = 18 —4—6—8 =
0. Let D be the plane sextic corresponding to the general point of ¥'. By Bezout theorem, the
height cusps Pi,..., Ps of D don’t belong to a conic and, for however we choose five cusps of
D, no four of them lie on a line. Then, let C5 be the unique conic containing P, ..., P;. There
exists at least a cusp, say Fg, which does not belong to C5. "By smoothing the cusps P; and
Pg’ of I and by applying lemma 4.2, we get a family of irreducible sextics with six cusps not
on a conic as singularities, parametrized by a curve A, contained in an irreducible component
>y of 280 with the expected number of moduli. O

Now we consider the irreducible component 1 of Eg,o parametrizing plane curves of equa-
tion f2(wo,x1,72) + fi(wo,71,72) = 0, where fy is an homogeneous polynomial of degree
two and f3 is an homogeneous polynomial of degree three, (see remark 3.15 of chapter 2).
The general element of Yy corresponds to an irreducible plane curve of degree six with six
cusps on a conic. We want to show that ¥; has the expected number of moduli equal to
12—3+4+p(2,4,6) — 6 = 7 = dim(My) — 2. Equivalently, we want to show that the general fibre
of the moduli map

21 -2 ./\/l4

has dimension equal to eight.

Lemma 4.5. Let I'y : fo(zo,2x1,22) = 0 and T's : f3(xzo,z1,22) = 0 be a smooth conic and
a smooth cubic intersecting transversally. Then, the plane curve

T fi(wo,z1,22) — f3(w0,21,29) =0

1s an irreducible sextic of genus four with six cusps at the intersection points of I's and I's
as singularities. The curve T' is projection of a canonical curve C C P3 from a point p € P3
which is contained in siz tangent lines to C. Moreover, for every point ¢ € P3 — C such that
the projection plane curve my(C) of C' from q is a sextic with siz cusps on a conic of equation
g3 (w0, v1,72) — g3(x0, 71, 72) = 0, where g3 and go are two homogeneous polynomials of degree
three and two respectively, there exists a cubic surface Sz € |Zops(3)|, containing C, such that
the plane curve my(C) is the branch locus of the projection my : Sg — P2.

Remark 4.6. It was pointed out to our attention by G. Pareschi, who provided a proof of
this, that every irreducible sextic with six cusps on a conic as singularities has equation given
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by (f2(zo, 21,72))% + (f3(w0, 21,22))% = 0, with fo and f3 homogeneous polynomials of degree
two and three. In order words, all the sextics with siz cusps on a conic as singularities are
parametrized by a point of 1.

PROOF OF LEMMA 4.5. Let f(xo,21,22) = f3(%0,21,22) — f3(20,21,22) = 0 be the equa-
tion of I'. From the relation f3(z) = £f2(x)+/ f2(x), we deduce that g—ﬁ(g) = :th—fj(g) fa(z)
and hence

U5 =222 10) - 320 2 @) = -2 L (o).

By using that the conic I'y : fo = 0 is smooth, it follows that, if a point € I' is singular, then
z € T'y and hence x € T'3NT5. On the other hand, always from (65), if z € T'o N T3, then z is a
singular point of I'. Hence, the singular locus of I' coincides with I'3 N I's. Let x be a singular
point of I'. If

(65)

p1(x,y) + terms of degree two = 0

and
q1(x,y) + terms of degree > two =0

are respectively affine equations of I's and I's at z, then, the affine equation of I' at x is given
by
2 3 _
q1(x,y)* — p1(z,y)° + terms of degree > four = 0.

Since I'y and T's intersect transversally, we have that ¢;(z,y) does not divide p;(z,y) and hence
I" has an ordinary cusp at . Let now ¢ : C — I' be the normalization of I". Then, by section 1
of chapter 1, the cubics passing through the six cusps of I' cut out on C' the complete canonical
series |wc|. Since the cusps of I is contained in the conic T'y C P2 of equation fo = 0, the lines
of P? cut out on C a subseries g C |wc| of dimension two of the canonical series. Moreover, if
we still denote by C a canonical model of C in P3, then the linear series g is cut out on C in
P3 from a two dimensional family of hyperplanes passing through a point p € P3 — C. If we
project C from p we get a plane curve projectively equivalent to I'. Since I' has six cusps as
singularities, we deduce that there are six tangent lines to C' passing through p. To see that I’
is the branch locus of a triple plane, let S3 C P3 be the cubic surface of equation

Fs(z0,...,23) = x5 — 3f2(w0, 21, 32)73 + 2f3(70, 21, 72) = 0.

If p = [0,0,0,1], then, by using Implicit Function Theorem, the ramification locus of the
projection m, : S3 — P2, is given by the intersection of S3 with the quadric So of equation
3_533, = x%—fg(xo,xl,xg) = 0. Now, if z = [.%'0,.%’1,1‘2] € S3N5Sy, then z3 = £ fg(xo,xl,xg). By
substituting in the equation of S3, we find that the branch locus of the projection ), : S3 — P2
coincides with the plane curve I'. From what we proved before, it follows that the ramification
locus of the projection map 7, : S3 — IP? is the normalization curve C of I'. Finally, if ¢ € P3—C
is an other point such that the plane projection m,(C') is an irreducible sextic with six cups on
a conic parametrized by a point x, € ¥ C P?7, then, up to projective motion, we may always
assume that ¢ = [0:0:0: 1] and hence, if g3(xo, z1,22) — g3 (20, 71, 2) = 0 is the equation of
the plane curve 7,(C'), then C' is the locus of ramification of the projection from ¢ to the plane
of the cubic surface of equation

x5 — 3g2(wo, x1, 22)r3 + 293(20, 1, 22) = 0.
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Corollary 4.7. The irreducible component X1 of 22,0 parametrizing plane curves of equa-
tion f2(zo,w1,72) + f3 (w0, 71, 72) = 0, where fo is an homogeneous polynomial of degree 2 and
f3 is an homogeneous polynomial of degree three, has the expected number of moduli equal to

7= dim(My) + p(2,4,6) — 6.

PRrROOF. Let [I'] C P? be a plane sextic of equation f3(xo,x1,22) — f3(%0,71,2) = 0, where
the conic fo = 0 and the cubic f3 = 0 are smooth and they intersect transversally. Let C C P3
be the normalization curve of I' and let S¢ be the set of points v = [vg : - - - : v3] € P? such that
there exists a cubic surface Sz € [Zgps(3)|, containing C, such that the plane curve C is the
ramification locus of the projection 7, : S3 — P2, By the former lemma, in order to prove that
Y1 has the expected number of moduli, it is enough to find a point [I'] of 31 corresponding to
an irreducible plane sextic I' C P? with six cusps of a conic such that the set S¢ is finite. Let
'y be the smooth conic of equation fa(xo, 1, z2) = 2% + 22 — 23 = 0 and let I'; be the smooth
cubic of equation f3(xg,z1,22) = x% + xox% — x%xg = 0. If a1, a9 and ag are the three different
solutions of the polynomial 23 4+ 22 + x — 1 = 0, then I'y and I's intersect transversally at the
points [a;, /@i, 1], [a;, —/a;, 1], with ¢ = 1,2,3. By the former lemma, the plane sextic I" of
equation f3 — 3? = 0 is irreducible and it has six cusps at the intersection points of I'y and I's
as singularities. Moreover, the normalization curve C' of I' is the canonical curve of genus 4 in
P3 which is intersection of the cubic surface S5 C P? of equation

Fs(xo,x1, T2, 23) = 5 + (28 4+ 23 — 23)x3 + 23 + 2025 — 2329 = 0
and the quadric Sy of equation

OF3

L =323 +ad+af — 23 =0,
We want to show that Sc is finite. To see this we observe that, since h%(P?, Zeps(2)) = 1 and
hO(P3, Zcpps(3)) = 6, the equation of every cubic surface containing C' and which is not the
union of S9 and an hyperplane is given by

Lo, L1, T2, 563)
61‘3

3
OF:
G(.%'(), <oy, L35 607 cee 763) = F3($0,(I,‘1,(I,‘2,.%'3) + Zﬁ]xj 3(
=0

with ; € C, for ¢ = 0,...,3. Now, a point [v] = [vp,...,v3] € S¢ if and only if there exist
Bo, - .., 3 such that C is contained in the intersection of G(xo,...,xs;0o,...,03) = 0 and
8G(x°""’gfjﬁo"“’53) = 0. Still using that h%(P?, Zgps(2)) = 1, a point [v] € P? belongs to S¢ if
and only if

6G(x07"' 7‘7:3;/807"'763) _ A8F3(x07"' 7‘7:3)

(66) ov Oxs

for some A € R — 0, or, equivalently,

= > OF; 8F3
(67) Z + > i Z Bix;) o0 8&0 (A — Z viB; — .
=0

=0 7=0
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The previous equality of polynomials is equivalent to the following bilinear system of ten
equations in the variables vy, ...,vs and By, ..., (3

(1 + B3)vo + 35pvs = 0 (xoxg)
(1 + 53)1}1 + 3P1v3 =0 (xlxg)
(14 B3)v2 — 3P2v3 =0 (w223)
Prvo + Bovr =0 (mo71)
(68) Bavo + (1 — Bo)va =0 (mow2)
(1= B2)v1 + Brva =0 (7129)
2B1v1 — vy = A= D0_ Bjvs — vs (z7)
—vo + 2f2v2 = A — Z?:o Bjv; —v3 (z3)
(3+2B0)vo = A — 37— Bjvj — v3 (z3)
2B3v3 = A — Y7o Bjvj — v3 (23)

The points of S¢ are the solutions v of the previous linear system, as a linear system whose
coefficients depend on fy, ..., B3. In order to resolve this linear system we consider the matrix
A of the coefficients of the equations (zgx3), (x123), (xoz3) and (xgx1). The determinant of A
is equal to

1+p5 0 0 350
det(A) = det 8 1%53 1f53 _3552 = —6051(1 + B3)*.

B1 Bo 0 0

It follows that, if BoB1(1 + B3)? # 0, then the linear system (68) has not solutions because,
under this hypothesis, the subsystem of (68) of equations (zoz3), (z1x3), (x2x3) and (zox1)
admits an unique solution equal to v = (0,...,0) but (0,...,0) is not a solution of (z?). Let
now fBof1(1 + f33)* = 0.

Suppose that By = 0. Then, by the equation (zox1), we deduce that vofy = 0. If vg =
Bo = 0, then, by the equation (zgx2), it follows that v = vy = fy = 0. By substituting
in the equation (z3), we find that A\ — Z?:o Bjvj — vz = 0, and hence, by substituting in
(22) it follows that 1181 = 0. If v = vg = By = v; = 0, then the system (68) admits
solutions only for Sy = --- = 3 = 0 and, in this case, (68) admits an unique solution equal to
(vo,...,v3) = (0,...,0,N). If vy = vy = By = 1 = 0 then, by recalling that A # 0, we find that
the equations (z7) and (23) are compatible if and only if 85 = 0 and v3 = A\. By (z2z3) and
by (z1x3) it follows that S = v; = 0. Then, also in this case, the linear system (68) admits an
unique solution equal to (0,0,0, ) if 5y = B1 = B2 = B3 = 0 and it has not solutions otherwise.
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Now suppose that 1 = 0 and By # 0. Then, by the equation (z¢z;) it follows that v; =0
and the linear system (68) is equivalent to the following linear system

(14 B3)vo + 3Bovs = 0 (wow3)

(14 B3)v2 — 3B2v3 =0 (zow3)’

Bavo + (1 — Bo)ve =0 (zoz2)’

(69) Bovo+ (B2 — Nva + (B3 + Dvg =X (a3)
—vg + (1 +282)v2 =0 (z3)

(3 + 260)’[)0 + vy =0 (1‘3)/

vo + 283v3 =0 (x3)

where the last three equations of (69) are obtained from the respective equations of (68)
subtracting the equation (7). In order to resolve the previous linear system, we consider the
matrix B of the coefficients of the subsystem of equations (zox3)’, (w2x3)" and (z3)’. The
determinant of B is equal to

1+ 53 0 380
det(B) = det 0  1+p83 =382 | =(1+33)[283(1+ B3) + 38].

0 1 26
We deduce that, if (1 + 3)[283(1 + 3) + 352] # 0, then the subsystem of (69) of equations
(wox3)’, (z2w3) and (z2)" admits an unique solution equal to (vg,v2,v3) = (0,0,0). Since

(0,0,0) is not a solution (%), we deduce that, in this case, the system (69) has not solutions.

Now suppose that (1 4 £3)(382 + 283(1 + 83)) = 0. If B3 = —1, then, by (xox3)" it follows
that v3 = 0. Therefore, by (z3)" and (z3)" it follows that vo = vy = 0 and, as before, the
linear system (69) has not solutions. Finally, suppose that f3 # —1 and 82 = —f3(1 + f3). If
B2 = B3 = 0, then, by the equations (23)’, (z3)" and (zoz3)’, it follows that vo = vy = v3 = 0
and by (27)’ the linear system (69) has not solutions. Finally, suppose that 82 = —233(1 + 33)
but 23 # 0. Then, by (23), it follows that vy = —253v3. By substituting in (zoz2) and by
using (zoz3)’, it follows that (28y — 1)vs = 0. Now, if v3 = 0, then, as before, the linear system
(69) has not solutions. If 3y = 1/2, then the subsystem of (69) of equations (zox2)’, (¥3)! and
(23)" admits an unique solution equal to (vg,v2) = (0,0). As before, also in this case, the linear
system (69) has not solutions.

Finally, suppose that s = —1 and [yf51 # 0. Then, by the equation (zgz3), it follows that

(70) v3 =0

By (z3) it follows that

(71) A=Y Bivi=0
and by (2?) it follows that

(72) ve = 2v131.
By substituting in (z()?, we find that

(73) (34 28p)vo = 0.

If vy = 0, then, by (z¢z1) and by (z%), it follows that v; = ve = 0. Since (vg, vy, va,v3) =
(0,...,0) is not a solution of (), in this case, the linear system (68) has not solution. If
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Bo = —3/2, then the determinant of the matrix of the coefficients of the equations (zox1),
(roz2) and (z122) is equal to
f1 =3/2 0
det | B2 0 5/2) =(=5+8B2)B/2.
0 1-5 B

If B2 # 5/8, then the subsystem of (68) of equations (zgz1), (xox2) and (z122) admits an unique
solution equal to (vg,v1,v2) = (0,0,0) and the linear system (68) has not solution, because,
by (71) and (70), we have find that 0 # A = >, fiv; = 0. If By = —3/2 and 2 = 5/8, then,
by using (71), we find that the determinant of the matrix of the coefficients of the equations
(roz1), (Toz2) and (3) is equal to

Ao—3/2 0 35 5 15, B 15,5
det 5_/18 8 ggz :—5(1@—1—5):—Z(7+1):—Z(1—6+1)7&0-

As before, also in this case, the linear system (68) has not solutions.

Finally, we have found that the linear system (68) has only a solution equal to (vg, v, ve,v3) =
(0,0,0,\) if By = 1 = B2 = B3 = 0 and it has not solutions otherwise. By the previous lemma,
we conclude that the point [0 : 0 : 0 : 1] € P? is the only point which belongs to six tangent
lines to the canonical curve C' C P? which is intersection of the cubic surface of equation

3 2., .2 2 3 2 _ 2
Fs(zg, 1,2, 23) = 3 + (25 + 2] — 23)x3 + x5 + voxs — 702 =0
and the quadric of equation

0F;

Os =323+ a4+t —axk=0,
It follows that, on the normalization curve D of the plane curve I'” corresponding to the general
point of 31 C 280 there exists only a finite number of linear series of dimension two with six

ramification points. O]

Remark 4.8. By using the notation introduced in the proof of corollary 4.7, we observe
that in this corollary we have proved that if C is a general canonical curve of genus four such
that the set S¢ is not empty, then Sc is finite. Actually, C. Ciliberto pointed out that it is
possible to show, with a very simple argument, that for every canonical curve C of genus four
such that Sc is not empty, we have that Sc is finite. Finally, we observe that, by remark 4.6,
for every canonical curve C of genus four, the set S¢ coincides with the set of points of P>
which are contained in six tangent lines to C'.
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