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Short Presentation

These notes originate in a workshop held in Rome, University “Tor Vergata”, from October 2015
to June 2017, in the framework of the Marie Sktodowska Curie project “Families of Subvarieties
in Complex Algebraic Varieties”.! We would meet on a weekly basis, on Tuesday afternoons.
The talks were scheduled to last two hours, but it happened frequently that we discussed over
the whole afternoon. Let me take the occasion to thank all colleagues and friends in Rome for
the lively, enthusiastic, and dedicated atmosphere in the workshop, which hopefully reflects on
these notes.

The main theme of these ntoes is the enumeration of singular curves on surfaces. The first
instance of this problem is arguably the enumeration of plane curves: consider the family ng of
degree d and genus g curves in the projective plane; it has dimension dimension DZ =3d+g—1;
now, the question is: given Dg fixed general points in the projective plane, how many curves
are there in the family ng that pass through these DZ points? For example, take d = 3 and
g = 0, which is the first non-trivial case. Smooth plane cubics are elliptic curves, hence rational
plane cubics have one singular point, either an ordinary double point or an ordinary cusp. The
question is to find how many of these rational cubics pass through 8 general points; the answer
is 12, as we will prove in many different ways in the course of the notes.

We give a particular focus to the approach to this problem by degeneration. The idea is to
let the surface degenerate to, say, the transverse union of two surfaces, and in the same time let
some of the fixed points go on one side and some on the other side, as indicated in the figure
below.

/
/

fa)

The initial enumerative problem is thus reduced to a collection of simpler enumerative problems
(the degrees and genera of these auxiliary problems are smaller than those of the initial problem).

There are other guises of approaching enumerative problems by degeneration. In these notes,
we also consider such approaches using tropical geometry, and Gromov-Witten invariants. We
also study solutions coming from intersection theory, both in a very classical form involving
calculus on polynomials, as well as in a nowadays more standard form involving Chern classes
and the likes.

The problem of counting curves on the projective plane is now fairly well understood, and
its solution is discussed at length in this volume. The current research is more concerned with
counting curves on varieties with trivial canonical bundle; we give particular attention to the

IProject FOSICAV, which has received funding from the European Union’s Horizon 2020 research and inno-
vation programme under the Marie Sklodowska-Curie grant agreement No 652782.



6 Short Presentation

problem of counting curves on K3 surfaces, which indeed was the goal of the workshop these
notes arose from.

The chapters in this volume are of different natures: some offer a detailed account with
complete proofs of existing results (e.g., Lecture VI), while others propose a more streamlined
presentation (e.g., Lecture XI); some chapters make the most of by now classical articles by
pushing their ideas as far as possible (typically, Lecture III), and the appendices contain original
material (Lectures B and C). All along we have striven to provide a comprehensive treatment,
and as a result we haven’t hesitated to work out numerous detailed examples.

It is in principle possible to read each chapter independently, although some make use of
others.
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Lecture 1
Limits of nodal curves: generalities and examples

by Ciro Ciliberto and Thomas Dedieu
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1 — The basic question

The objective of this lecture is to introduce to the subject of interest in this series of seminars.
This exposition is mainly based on [4]. In this text we will work over the complex field.

Let f : S — D be a flat, projective family of surfaces of degree d in P" (with r > 3),
with S a smooth threefold, and D the complex unit disc, usually called a degeneration of the
general fibre Sy := f~1(t), for t € D* := D — {0}, which we assume is a smooth irreducible
surface, to the central fibre Sy, which may be singular and even reducible. This is also called
a smooth deformation of Syg. One has S C D x P", so that S is endowed with the line bundle
L = p*(Opr(1)), where p : S — P" is the projection to the second factor: this is called the
polarizing (hyperplane) bundle on S.

(1.1) Question. What are the limits of tangent, or in general of multitangent, hyperplanes to
Si, fort #£0, ast tends to 09

The same question makes sense, more generally, for varieties of any dimension. In the case
of degeneration of (plane) curves we refer to [15, pp. 134-135] for a glimpse on this subject. In
dimension higher than 2 the problem is quite complicated and few results are known (however,
B. Segre’s paper [23] is an interesting classical source of basic information on the subject).

One of the main interests in Question (1.1) arises form enumerative geometry, since, by
degenerating a surface to a reducible one, whose components are much simpler than the original
surface (e.g., a degeneration into a union of planes), we may hope that the configuration of limits
of pluritangent hyperplanes is easier to understand and their number (if finite), or in general
the degree of the variety parameterising them, may be computed. This is indeed the subject
of the foundational work by L. Caporaso and J. Harris [1, 2], and independently by Z. Ran

9



10 I. Limits of nodal curves: generalities and examples

[18, 19, 20], which were both aimed to the study, with degeneration techniques, of the so—called
Severi varieties, i.e., the families of irreducible nodal plane curves of a given degree.

Section 2 contains classical enumerative formulae for surfaces. Sections 3-5 present general
facts about Question (1.1), following the presentation given in [4]. Finally, Sections 6-8 present
several examples in detail in order to illustrate the general theory.

2 — Classical results

Enumerative results on the number of (pluri)tangent planes to a general surface S of degree
d > 1 in P3? are quite classical, and probably the first of them go back to G. Salmon, see
21, 22).

The set S C P? of tangent planes to S is the dual of S, which is birational to S. One has

deg(S) = d(d —1)%

Assoonasd > 2, S is singular. How do the singularities of S look like if S is general enough?
There is a nodal curve Dy, whose general points correspond to bitangent planes to S. Salmon
computes

1
deg(Dy) = 5d(d —1)(d — 2)(d® — d* +d — 12).
There is also a cuspidal curve Dg, whose points correspond to stationary tangent planes to

S, i.e., tangent planes to S in parabolic points, namely points x € S such that the tangent plane
to S at x cuts S in a curve with a cusp at z. Salmon computes

deg(D,) = 4d(d — 1)(d - 2),

whereas the curve I',, of parabolic points on S is the complete intersection of S with its Hessian

surface, hence
deg(T',) = 4d(d — 2).

Finally, there are finitely many triple points of S , which are triple points of D too. Salmon
computes their number

1
(2.0.1) t=gd(d- 2)(d” — 4d°® 4 7d° — 45d* + 114d* — 111d* + 548d — 960).

For all these classical formulae, the reader is invited to consult [XII, C].

All these numbers have been computed in recent times by I. Vainsencher [41, 26] and by
S. Kleiman and R. Piene [12, 13], via Chern class computations, see [XIII]. However several
questions are still open, like:

(2.1) Question. What are the singularities of Dy and of Ds? Are these curves irreducible?
How do they intersect? Is Iy smooth? What is the monodromy of the covering T — U, given
by the triple points of S, when S moves in the open subset U C |Ops(d)| of smooth surfaces?

Partial answers to some of these question have been given for d =4 in [4].

3 — Semistable degenerations

A degeneration f : S — D as in §1 is said to be semistable if the central fibre Sy is reduced and
with local normal crossing singularities. We will often assume that all irreducible components
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of Sy are smooth, so the singularities of Sy are: double curves, along which only two irre-
ducible components of Sy intersect transversally and triple points, where only three irreducible
components of Sy intersect transversally.

As in §1, we will assume there is a polarising line bundle £ on S (although, in principle, it
could be neither ample nor relatively ample). Denote by L; the restriction of £ to S; for all
t € D. Then we will say that (So, Lo) is a limit of (S¢, Ly) (with t € D*), when ¢ — 0 (or that
(St, Ly) with t € D* is a deformation of (S, Lo)).

The limit (Sp, Lo) s not unique if Sy is reducible. Indeed, if W is an effective divisor
supported on the central fibre Sy, consider the line bundle £(—W), which is said to be obtained
from L by twisting by W. For t € D*, its restriction to S; is the same as L;, but in general
this is not the case for Sp; any such line bundle L£(—W)|g, is called a limit line bundle of Ly for
t € D*. If @ is an irreducible component of Sy, the restriction Ly,q := L(—W))q is called the
aspect of L(—W) on Q.

(3.1) Remark. Since Pic(D) is trivial, the divisor Sy C S is linearly equivalent to 0. So if W
is a divisor supported on Sp, one has L(—W) = L(mSy — W) for all integers m. In particular
it W+ W' =Sy then L(—W) = L(W).

Another family of surfaces f’ : S — D as above is said to be a model of f:S — D if there
is a commutative diagram

[ =/ A S
N T A
t4 ot t>t?

where the two squares marked with a O are Cartesian, and p is a birational map, which is an
isomorphism over D*. The family f’ : S’ — D, if semistable, is a semistable model of f : S — D
if in addition d’ = 1 and p is a morphism. The semistable reduction theorem of [12] asserts that
any family f: S — D as in §1 has a semistable model.

(3.2) Example (Families of surfaces in P?). Consider a linear pencil of degree d surfaces in
P3, generated by a general surface S and a special one Sy. We will usually consider the case
in which Sy has local normal crossing singularities, and S. intersects transversally the double
curve of Sy at smooth points of it. This pencil gives rise to a flat, proper family ¢ : S — P!,
with S a hypersurface of type (d, 1) in P? x P!, isomorphic to the blow—up of P? along the base
locus scheme Sy N Sso of the pencil, and it has Sy, Ss as fibres over 0,00 € P!, respectively.

We will study the family obtained by restricting S to a disk D C P! centered at 0, that
by abuse of notation we will still denote by f : S — D, such that S; is smooth for all ¢ € D*,
and we will consider a semistable model of f : S — D. To do so, we resolve the singularities
of S which occur only in the central fibre of f, at the points mapped by Sy — Sy C P? to
the intersection points of S, with the double curves of Sy (they are the singular points of the
curve SgNSs). These are ordinary double points of S, i.e., singularities analytically equivalent
to the one at the origin of the hypersurface zy = zt in A*. Such a singularity is resolved by a
single blow—up, which produces an exceptional divisor £ = P! x P!, and then it is possible to
contract E in the direction of either one of its rulings without introducing any singularity: the
result is called a small resolution of the ordinary double point.

Let f : S — D be a semistable model thus obtained. One has S; = S, for ¢ € D*. If 50

has irreducible components Q1, ..., Q,, then Sy consists of irreducible components Q1, ..., Q.
which are suitable blow—ups of @1, ..., Q,, respectively. If ¢ is the number of ordinary double
points of the original total space S, we will denote by Ei,..., E, the exceptional curves on

Q1,...,Q, arising from the small resolution process.
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The simplest example of this situation is when Sy is the union of a general surface S’ of degree
h with a general surface S” of degree d — h (and 1 < h < L%J), intersecting along a smooth
curve R of degree h(d — h). In this case Sy consists of two components Q1,Q2, and we may
assume that Qo = S”, whereas Q; = S’ is the blow—up of S’ at the ¢ = dh(d — h) intersection
points of R with S,. Then @1 and @2 intersect along a curve which can be identified with R
and the exceptional curves Ey,..., E,; all lie on Q;.

The case h = 1 in which S’ = P is a general plane, is particularly interesting since it shows
the geometric significance of twisting the polarising line bundle £ = p*(Ops(1)) on S. The
polarising line bundle Ly maps Sy to the reducible surface S” U P. If we twist by Q; = P and
consider £’ = £(—P), then its aspects are:

e the trivial bundle on Q> = S”;

© |0p(dH = S8V Ey)| on Q1 = P.

Hence Lj, contracts S” to a point x. Moreover dim(|Os(dH — Z?gil) E;|) = 3 and this linear
system maps P to a monoid ¥, i.e., to a rational surface of degree d with a point of multiplicity
d —1 at x (see Remark (7.3) for the case d = 4).

In conclusion, by twisting, we see that the degeneration of (S, Os,(1)) to (S” U P, Ly) is
also a semistable model of the degeneration of (S;, Og, (1)) to a general monoid (3, Ox(1)).

(3.3) Example (Families of polarised K3 surfaces). A special case of the previous example is
the one of a general quartic surface in P3 degenerating to the general union of two quadrics.
This is also a special case of degenerations of polarised K3 surfaces to a union of two scrolls (see
[7]), which are type IT degenerations according to the Kulikov-Persson-Pinkham classification of
semistable degenerations of K3 surfaces (see [11, 17]).

Let C,, be the moduli space of primitively polarized K3 surfaces (S, L) of genus p > 3, i.e.,
the dualising sheaf wg of S is trivial, h!(S,Og) = 0, and L is big, nef and indivisible in Pic(S),
with L? = 2p — 2. Write p = 2] + ¢, with e = 0,1 and [ € N. If £/ C P? is an elliptic normal
curve of degree p+ 1, set Ly = Op/(1). Consider two general line bundles Ly, Ly € PicQ(E’)
with Ly # La. Denote by X/ the rational normal scroll of degree p — 1 in P? described by the
secant lines to E’ spanned by the divisors in |L;|, for 1 < ¢ < 2. One has

o P! x P! if p=2[+1isodd,
R if p = 2l is even.

The surfaces 3} and 34 are P!~bundles on P'. Denote by o; and f; a minimal section and
a fiber of the ruling of ¥/, respectively, so that 07 = — 1, f2 =0, and

(3.3.1) LZ; = 022(1) o~ OZ; (0‘1' + lfi), for 1<i<2.
By [7, Thm. 1], ¥} and X intersect transversally along E’, which is anticanonical on X, i.e.

(3.3.2) E ~ —Ky ~20; + B—e)f; for 1<i<2,

where ~ is the linear equivalence. Hence ¥’ = ¥} U X/ has normal crossings and its dualising
sheaf wyy is trivial. Set Ly := Osy(1). The first cotangent sheaf T3, (cf. [4, § 1]) is the degree
16 line bundle on E’

(3.3.3) T = Np s, ® Npsy 2 L8 @ (L1 ® Ly) 37279,

where N/ /s is the normal sheaf of E' in ¥}, for i = 1,2, and the last isomorphism comes from
(3.3.1) and (3.3.2).

The surface ¥’ is a flat limit of smooth K3 surfaces in P?. Namely, if #,, is the component
of the Hilbert scheme of surfaces in P? containing K3 surfaces S such that (S, Og(1)) € K,,
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then X' sits in H, and, for general choices of E’, L1, Lo, the Hilbert scheme is smooth at ¥’ (see
[7]). The fact that T3, is non-trivial implies that ¥’ is not a semi-stable limit of K3 surfaces:
indeed, the total space &' of every flat deformation of ¥’ to K3 surfaces in H,, is singular along
a divisor T' € |Ti,| (cf. [4, Prop. 1.11 and § 2]). More precisely (see again [7] for details), if

(3.3.4) Y= @C——=DxP?
l \L , pr2 \L
0~——=D PP

is a deformation of ¥’ in P? whose general member is a smooth K3 surface, then &’ has double
points at the support of a divisor T' € |T4,| associated to the tangent direction to H, at ¥’
determined by the deformation (3.3.4), via the map

(3.3.5) Ty, s = H(X',Nsy pr) — HO(T%)
induced by the surjective sheaf map
NE//P]J — Tzly

If T is reduced (this is the case if (3.3.4) is general enough), then the tangent cone to & at each
of the 16 points of T has rank 4. If IT: & — &' is a small resolution of singularities, one gets a
semistable degeneration 7 := 7’ o Il : &—D of K3 surfaces, with central fiber ¥ := ¥; U 2o,
where ¥; = II71(%), for i = 1,2, and still wy = Ox. The polarising line bundle on & is
£ = T (pr3(Ops (1))).

Set E = X1 N Xy; then £ = E’ and

(3.3.6) TL ~ Op.

Equation (3.3.6) is a particular case of the following general fact (see [1, 4] for a more general
formulation).

(3.4) Lemma (Triple Point Formula). Assume f:S — D is semistable. Let Q,Q’ be smooth
irreducible components of Sy intersecting along the double curve R. Then

deg(Np/q) + deg(Nr/q/) + Card{ triple points of So } =0,

along R

where a triple point is the intersection RN Q" with a component Q" of Sy different from Q,Q’.

4 — Limit linear systems

Consider a semistable degeneration f : & — D as in §3. Suppose there is a polarising, ample,
fixed components free line bundle £ on the total space S, such that h°%(S;, L;) is constant for
teD.

Consider the subscheme Hilb(L) of the relative Hilbert scheme of curves of S over D, which
is the Zariski closure of the set of all curves C € |Ly|, for t € D*. Assume that Hilb(L) is
a component of the relative Hilbert scheme, a condition satisfied if Pic(S;) has no torsion for
t € D*. One has a natural projection morphism ¢ : Hilb(£) — D, which is a projective bundle
over D*, because Hilb(L£) is isomorphic to P := P(f.(L)) over D*. We call the fibre of ¢ over
0 the limit linear system of |L:| as t € D* tends to 0, and we will denote it by £.
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(4.1) Remark. In general, the limit linear system is not a linear system. One would be tempted
to say that £ coincides with |Lg|. This is the case if Sy is irreducible, but it is in general no
longer true when Sy is reducible. Indeed in this case, there may be non—zero sections of Ly whose
zero—locus contains some irreducible component of Sy, and accordingly points of |Lg| which do
not correspond to points in the Hilbert scheme of curves. This is related to the non—uniqueness
of the limit line bundle and to the twisting procedure mentioned in § 3 (see, e.g., Example (4.2)
below). We will come back to this in a while.

The variety Hilb(£) is birational to 3, and £ is a suitable degeneration of the projective
space |Lq|, t € A*.

As the following example shows, in passing from 9B to Hilb(L), one has to perform a series
of blow—ups along smooth centres contained in the central fibre, which correspond to spaces of
non-trivial sections of some (twisted) line bundles which vanish on divisors contained in the
central fibre. The exceptional divisors one gets in this way give rise to components of £, and
may be identified with birational modifications of sublinear systems of twisted linear systems
restricted to Sy.

(4.2) Example (See [9]). Consider a family of degree d surfaces f : & — D arising, as in
Example (3.2), from a linear pencil generated by a general surface S, and by Sy = S” U P,
where P is a plane and S” a general surface of degree d — 1. One has a semistable model
f:S — D as described in Example (3.2), from which we keep the notation.

Let £ be the polarising hyperplane bundle. The component Hilb(L) of the Hilbert scheme
is gotten from the projective bundle P (L), by blowing up the point of the central fibre |Og,(1)]
corresponding to the 1-dimensional space of non—zero sections vanishing on the plane P. The
limit linear system £ is the union of £;, the blown—up |Og,(1)], and of the exceptional divisor
£y = P?, identified as the twisted linear system |Og (1) ® O3(—P)|, whose aspects have been
described in Example (3.2).

The components £; and £, of £ meet along the exceptional divisor & 2 P? of the morphism
£1 — |O0g,(1)]. The elements of & C £, identify as the points of |Og(1)| & |Op(1)|, whereas
the plane & C £, is the set of elements C € |Op(d) ® Op(— Z?gil) E;)| containing the proper
transform R = R of R on P. The corresponding element of |Og(1)| is cut out on R by the
further component of C, which is the pull-back to P of a line in P.

All this will be made explicit in the case d =4 in §7.2.

5 — Severi varieties and their limits

Let f : S — D be a (not necessarily semistable) family as in §3, polarised by a line bundle £ on S.
Fix a non-negative integer §, and consider the locally closed subset Vs(S, £) of Hilb(£L) formed by
all curves D € | L], for t € D*, such that D is irreducible, nodal, and has exactly § nodes. Define
Vs(S, L) (resp. VE(S, L)) as the Zariski closure of V5(S, £) in Hilb(L) (resp. in P = P(f.(L))).
This is the relative Severi variety (resp. the crude relative Severi variety). Sometimes we may
write Vs, Vs, and Vs, rather than f/(;(S, L), V5(S, L) and V5 (S, L), respectively.

There is a natural map f5 : Vs — D. If ¢ € D*, the fibre V5 of fs over t is the Severi variety
Vs(St, Ly) of 6—nodal curves in the linear system |L;| on S;. The degree of Vs, as a subvariety
of |L¢| is independent on ¢ € D*, and will be denoted by ds(L£) (or simply by ds). Let Us(S, L)
(or simply 2Us) be the central fibre of f5: Vs — D; it is the limit Severi variety of V5(Sy, L) as
t € D* tends to 0. This is a subscheme of the limit linear system £, which has been studied by
various authors (in the present setting by Z. Ran [18, 19, 20], then by L. Caporaso, J. Harris
[1, 2], more recently by C. Galati and C. Galati and A. Knutsen [9, 11] following Z. Ran; this
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theme is however quite classical as B. Segre’s paper [23] shows, and it appears in disguise in
work of other authors, like S. Kleiman [13]).
In a similar way, one defines the crude limit Severi variety 0§ (S, L) (or U§"), sitting in |Lo|.

(5.1) Remark. Fort € D*, the expected dimension of the Severi variety Vs (S, L) is dim(|L¢|)—
d (see [24, Thm. 6.3]). We will always assume that the dimensions of (all components of)
Vs(St, Lt) equal the expected dimension for all ¢ € D*. This is a strong assumption, implying
that Vj is smooth; it will be satisfied in our applications.

Let us come now to the description of the limit Severi variety, under the assumption that
the family f : & — D is semistable. We will freely use the notation introduced above and
follow the approach in [9, 11]. We will suppose that the central fibre Sy has smooth irreducible
components Q1, ..., Q,, with double curves Ry, ..., Rs. We will assume, in addition, that there
are g exceptional curves Fjy, ..., E, on Sy, arising from a small resolution of an original family
with singular total space, as discussed in §3.

(5.2) Notation. Let N be the set of sequences 7 = (7,,)m>2 of non—negative integers with
only finitely many non—vanishing terms. Define two maps v, u: N — N as follows

v(o)=> e (m=1), and p@)=][ _ m™.

Given a p-tuple T = (74, ... ,1p) € NP, set
v(z) =v(my) + - +v(z,), and pu(z)=p(z)- - pz,),
defining two maps v, p: N” — N. Given d = (d1,...,d,) € N”, set
|6] ;=01 + -+ 0.
Given a subset I C {1,...,q}, |I| will denote its cardinality.

(5.3) Definition. Consider a divisor W on S, supported on the central fibre Sy, such that the
twist L(—W) is centrally effective, i.e., all the aspects of L(—W') on the components Q1,...,Qy
of Sy are effective. Fiz

deN", 7eNP and TC{l,...,7}.

Let V(W,8,1,7) be the Zariski locally closed subset in |L(—W) ® Og,| parametrizing curves D
such that:
(i) D contains no double curve Ry, with 1 € {1,...,s}, and no triple point of So;
(ii) D contains E;, with multiplicity 1, if and only if i € I, and has a node on it;
(iii) off the singular locus of Sy the curve D —>_._; E; has only nodes as singularities, and their
number is §5 on Qg, for s € {1,...,1};
(iv) for everyl € {1,...,s} and m > 2, there are exactly 7, points on Ry, off the intersections
with ) ;e B and off the triple points of So along Ry, at which D has an m-tacnode (see below
for the definition), with reduced tangent cone equal to the tangent line of Ry there.

We let V(W,8,1,7) be the Zariski closure of V(W,8,1,7) in |L(—W) ® Og,|.

el

Recall that an m-tacnode is an Asg,,_1-double point, i.e., a plane curve singularity locally
analytically isomorphic to the curve of C? defined by the equation y? = 2?™ at the origin.
Condition (iv) in Definition (5.3) requires that D is a Cartier divisor on Sy, having 7 ,, m—th
order tangency points with the curve R;, at points of R; which are neither points on Zie 1 B
nor triple points of Sy.
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(5.4) Notation. Rather than using the notation V(W, 4,1, T), we may sometimes use a more
expressive one like, e.g., V(W,dg, = 2,E1,7r, 2 = 1) for the variety parametrizing curves
in |L(-W) ® Og,|, with two nodes on @1, one simple tacnode along R;, and containing the
exceptional curve Ey. Similarly V(dg, = 1) is the variety parametrizing curves in |£ ® Osg,|,
with only one node on @)1, etc.

(5.5) Proposition (]9, 11], see [VIII]). Let W, 4,1, T be as above, and set
=8|+ [I] + v(z).

Let V' be an irreducible component of V(W, 68,1, 7). If

(i) the linear system |L(—W) @ Og,| has the same dimension as |L| for t € D*, and

(i) V has (the expected) codimension § in |[L(—W) ® Og,|,

then V' is an irreducible component of multiplicity p(V') := p(x) of the limit Severi variety
Us5(S, L).

(5.6) Remark. Same assumptions as in Proposition (5.5). If there is at most one tacnode (i.e.
all 7 ,,, but possibly one vanish, and this is equal to 1), the relative Severi variety Vs is smooth
at the general point of V' (see [9, 11]), and thus V' belongs to only one irreducible component of
Vs. There are other cases in which such a smoothness property holds (see [1] or, in this volume,
V1)),

If Vs is smooth at the general point D € V| the multiplicity of V' in the limit Severi variety
Us is the minimal integer m such that there are local analytic m-multisections of Vs — D, i.e.
analytic smooth curves in Vs, passing through D and intersecting the general fibre Vs, t € D*,
at m distinct points.

Proposition (5.5) does not provide a complete picture of the limit Severi variety. For instance,
curves passing through a triple point of Sy could (and in fact do; see [4], and §8.1 below) play a
role in this limit. It would be desirable to know that one can always obtain a semistable model
of the original family, where every irreducible component of the limit Severi variety is realized
as a family of curves of the kind stated in Definition (5.3).

(5.7) Definition. Let f: S — D be a semistable family as in §3, with a polarising line bundle
L, and & a positive integer. The regular part of the limit Severi variety Us(S, £) is the cycle in
the limit linear system £ C Hilb(L) defined as

51.) CRCEES DD VR TEH D ol
7))

W 8| +|I|+v(T)=48 Vel (V(W,8,1,

(sometimes simply denoted by U ) where:

(i) W wvaries among all effective divisors on S supported on the central fibre So, such that L(—W)
is centrally effective and h°(Lo(—=W)) = hO(L;) for t € D*;

(ii) IrrS(Z) denotes the set of all codimension § irreducible components of a scheme Z.

Proposition (5.5) asserts that the cycle Z(Us) — Uy is effective where Z(Us) is the cy-
cle associated to Us. We call the irreducible components of the support of U5*® the regular
components of the limit Severi variety.

Let now f : S — D be a semistable model of a (not necessarily semistable) degeneration
f:S — D, and £ the pull-back on S of a polarising line bundle £ on §. There is a natural

map Hilb(L) — Hilb(L), which induces a morphism ¢ : £ — |Lg|.
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(5.8) Definition. The semistable model f : S — D is a 6-good model of f : S — D (or simply
a good model, if it is clear which 0 we are considering), if the following equality of cycles holds

¢*( geg(g,z)) = mgr(s,ﬁ).

Note that the cycle U§" (S, L) — ¢. (‘Bgeg(g, E)) is effective. The family f: S — D is said to
be d—well behaved (or simply well behaved if ¢ is understood) if it has a d-good model.

(5.9) Remark. Suppose that f : S — D is d-well behaved, with §-good model f : S — D.
It is possible that some components in U5#(S, L) are contracted by ¢ to varieties of smaller
dimension, and therefore their push—forwards to 0§ (S, £) are zero. Hence these components of
05(S, L) are not visible in B (S, L). They are however usually visible in the crude limit Severi
variety of some other model f’: S’ — D, obtained from S via an appropriate twist of £. The
central fibre S{ is then a flat limit of Sy, as t € D* tends to 0, different from Sy (a situation met
in Example (3.2)).

(5.10) Conjecture (See [4]). Let f : S — D be a degeneration of surfaces, endowed with a line
bundle L as above, and § a positive integer. Then f:S — D is d—well behaved.

The local computations in [9, 11] provide a criterion for being well behaved:

(5.11) Proposition. Assume there is a semistable model f : S — D of f : S — D, with a limit
linear system £ which does not contain, in codimension & + 1, curves of the following types:
(i) curves containing double curves of So;

(ii) curves passing through a triple point of So;

(#ii) non—reduced curves.

If in addition, for W,8,1, T as in Definition (5.3), every irreducible component of V(W, 8,1, 1)
has the expected codimension in |Lo(—W)|, then f:S — D is d-well behaved.

(5.12) Remark. While there are good reasons to believe that Conjecture (5.10) has an affir-
mative answer, one cannot expect that, in the algebraic category, there is a good model of a
given family, which universally works for all polarising line bundles £. This in fact could require
infinitely many birational modifications of the total space.

On the other hand, it is hopeless to ask for a semistable model on which all irreducible
components of the limit Severi variety would parametrize nodal curves (i.e., such that there are
no tacnodes as in Item (iv) of Definition (5.3)): we explain this in [B], together with C. Galati.

The three final sections are devoted to examples which will hopefully clarify the considera-
tions and results in Section 5.

6 — Example: Limits of 1-nodal plane sections for surfaces
in P3

Consider a degeneration of a general degree d surface S in P? to a reducible surface S’ U S”,
as in Example (3.2), from which we keep the notation. Here Sy = S’ U S”, and R =5 N S"
is a smooth curve of degree h(d — h). Then in the semistable model f : S — D constructed in
Example (3.2), So = Q1 U Q2, and Q; and Qs intersect transversally along a curve which may
be identified with R.
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reg

(6.1) Assume h > 2. Then the only twist which is centrally effective is the trivial one and U
consists of 3 4+ ¢ components (remember that ¢ = hd(d — h)), precisely:
(1) V(ég, = 1), with ¢ = 1, 2, with multiplicity 1;
(2) V(rr,2 = 1), with multiplicity 2;
(3) V(E;), for i =1,...,q, with multiplicity 1.
This tells us that in the above degeneration, the limit of the dual variety S , which sits in
Lo = P? and coincides with the crude limit of the Severi variety 2", contains:
(i) the dual varieties S’ and S” with multiplicity 1 (corresponding to (1));
(i) the dual variety R with multiplicity 2 (corresponding to (2));
(iii) the ¢ planes z;- C P3, orthogonal to the points z;, for i = 1,...,q, with multiplicitiy 1
(corresponding to (3)).
One computes:
(a) deg(S") = h(h —1)? and deg(S”) = (d — h)(d — h — 1)?;
(b) deg(R) = h(d — h)(d — 2).
So adding up, we see that the sum of the degrees of the components in (i)—(iii) above, counted
with the appropriate multiplicities, is d(d — 1)?, hence the components in (1)—(3) exhaust the

limit Severi variety 2, i.e., the above degeneration is 1-well behaved.

(6.2) If h = 1, one needs to change the analysis, due to the presence of the non—trivial twist
by @1 which is centrally effective. In this case U7°® consists of the following components:

(o) V(0g, = 1), with multiplicity 1 (note that V(dg, = 1) is zero);

(B) V(Q1,d¢g, = 1), with multiplicity 1;

(v) V(tr,2 = 1), with multiplicity 2;

(0) V(E;), for i =1,...,q, with multiplicity 1.

However, only the components in (), () and () contribute to the crude limit of the Severi
variety 2U§*, and exhaust it (same computation as above), because the component in () is not
visible in the crude limit, since it is contracted to a point (see Remark (5.9)). In conclusion also
this degeneration is 1-well behaved and the limit of S is the union of § plus d(d — 1) planes
plus the dual of the plane curve R counted with multiplicity 2.

7 — Example: Limits of 3—nodal plane sections for quartic
surfaces in P?

The number of 3-nodal plane sections of a general quartic surface S in P3 (or of triple points
of the dual S) given by Salmon’s formula (2.0.1) is 3200.

7.1 — Degeneration to two quadrics

Let us recover this first by considering a degeneration to two quadrics: thus we will look at the
case h = d —h = 2 in Example (3.2) (from which we keep the notation; this is the same as the
degeneration in Example (3.3) for p = 3).

In this case R is an elliptic quartic curve, the semistable degeneration has central fibre
Q1 UQ2, with R = Q1 N Q2, @1 is a quadric, and @2 a quadric blown up at the complete
intersection points z1,...,z16 of R with a general quartic surface S (see Figure 1).

For the computation, one has to consider the various cases for V(W, 4,1, T) as in Definition
(5.3). No non-trivial twist is centrally effective, so W = 0. If |§| = 3, then V(W,d,1,7) is
empty, because one cannot have two (or more) singular points on a plane section of a smooth
quadric. Hence:



Ciro Ciliberto and Thomas Dedieu 19

Figure 1: Degeneration into two quadrics

e 0 < |6] <2, and if |§] = 2 then §; = dp = 1;
o 7= (72,73,74) and |I| + 279 + 373 + 474 < 4;
o |0+ |I| + 2 + 273 4+ 314 = 3.
Therefore the cases to be discussed are the following.
Case 1: 01 =02 =1, |I| = 1.
For each i = 1,...,16, a plane tangent to both S’ and S”, and passing through x; in P3 is
entirely determined by the choice of a line passing through x; in both @; and Q3. There are
exactly 2 x 2 = 4 such choices (two rulings on each quadric). We get 16 x 4 = 64 curves.

Case 2: 6y =62 =1, 7 = 1.

The intersection S’ N.S” N R consists of 2 x 2 x 8 = 32 points. From this, we want to remove
the points corresponding to planes tangent to one quadric at some point lying on R. Each of
them has multiplicity 2 in the intersection S'NS"NR by the:

(7.1) Lemma (Lemma 3.5, [4]). Let R be a smooth, irreducible curve contained in a smooth
surface S in P3. Let Rg be the irreducible curve in P3 parametrizing planes tangent to S along
R. Then the dual varieties S and R both contain RS, and do not intersect transversally at its
general point.

Proof. Clearly Rg is contained in S N R. If either S or R are singular at the general point of
Rg, there is nothing to prove. Assume that S and R are both smooth at the general point of
Rs. One has to show that they are tangent there. Let © € R be general. Let H be the tangent
plane to S at . Then H € Rg is the general point. The biduality theorem (see , e.g., [10,
Example 16.20]) says that the tangent planes to S and R at H both coincide with the set of
planes in P3 containing x, hence the assertion. o

The curve parametrizing planes tangent to S’ at some point of R has degree 4 (to see this,
intersect R with a general polar plane of S’, cf. [XII, Appendix ??]). Hence this curve intersects
S at 8 distinct points (without multiplicities). Eventually, we have to remove 2 x 2 x 8 points
from S’ NS N R, and there does not remain anything.

Case 3: 0; =1 for ani=1,2, |I| =2.

For each i = 1,2 and each set {r,s} C I, r # s, we count points of intersection of Qi with

the line of P3 orthogonal to the line (x,,z;). There are 2 x (126) X 2 = 480 such points.

Case 4: 6;=1 forani=1,2, |[I|=1, o, =1.
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For each ¢ = 1,2 and r = 1,...,16, there are two lines on @; through the point x,.. They
determine two pencils of planes tangent to Q); and passing through x,.

The planes of each of these pencils cut out a g3 on R: the intersection of such a plane with
R consists of 4 points, two of which are fixed (the two intersection points of the chosen line
through x, with R).

Since a g3 on an elliptic curve has 4 double points, we get 2x 4 planes satisfying our conditions
for each ¢ and r. These give a contribution of 2 x 16 x 2 x 8 = 512 to our computation.

Case 5: ;=1 forani=1,2, 1o = 2.
Planes satisfying these conditions are spanned by two lines belonging respectively to the two

rulings of @;, both tangent to R. By genericity, two such lines do not meet on R.

Each ruling of @Q; cuts out a g3 on R, and thus contains exactly 4 tangent lines to R (since
a g3 on R has 4 ramification points). We thus get 16 planes satisfying our conditions for each
1. This contributes 2 x 4 x 16 = 128 to our computation.

Case 6: 6; =1 forani=1,2, 73 = 1.

This requires planes spanned by two lines on ;, one of which is tangent to R, and meets
the other line on R at this tangency point. Such a plane is tangent to @); at a point lying on R,
and therefore cuts a curve with worse singularity than required. Hence they do not contribute
to our computation.

Case 7: 74 = 1.

Since R is a smooth degree 4 elliptic curve in P3, the set of its hyperplane sections is
{(a,b,c,d) € Sym*(R) |a+b+c+d=0¢ (R,+)}.

Hence, the planes we are looking for are in 1-1 correspondence with 4-torsion points of R and
so there are 16 of them, each to be counted with multiplicity 4, so we get a contribution of 64.

Case 8: |I| =1, 13 = 1.

Fix r = 1,...,16, and consider the projection 7 from z,. It maps R to a smooth cubic
plane curve. Since this has 9 flexes, this gives us 9 planes through x, satisfying the required
condition. Each of them has to be counted with multiplicity 3, and this gives a contribution of
16 x 3 x 9 =432 to our computation.

Case 9: |I| =2, 7o = 1.

For given r, s distinct in {1,...,16}, the pencil of planes through z, and z, cuts out (off
of ¥, + x5) a g3 on R. Tt has 4 double points, hence the pencil contains 4 tangent planes to
R. By genericity, the tangency points are distinct from x, and x,. This gives a contribution of

(126) X 2 X 4 =960 to the computation.

Case 10: |I| = 3.

For each choice of three different indices r, s and [ in {1, ..., 16}, there is one plane through
Zr, Ts and ;. So we get a contribution of (136) = 560.

Adding up all the non—trivial contributions as in the following table, we get exactly 3200,
which is the number predicted by Salmon’s formula. This shows that this degeneration is 3—good.
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Figure 2: Degeneration into a cubic plus a plane

Cases Contribution
Case 1 64
Case 3 480
Case 4 512
Case 5 128
Case 7 64
Case 8 432
Case 9 960
Case 10 560
| Total | 3200 |

7.2 — Degeneration to a cubic and a plane

We will now do the same enumeration as in Section 7.1, this time by considering a degeneration
to a cubic and a plane. Thus, we want to count 3—nodal plane sections of a general quartic
surface S in P?, and we will look at the degeneration in Example (3.2), with d =4 and h = 1.
This will be instructive, because it will require to make one of the first non—trivial cases of
computation of the degree of a Severi variety of plane curves with nodes.

We simplify a bit the notation of Example (3.2). We denote by T+ Py the reducible surface
So in Example (3.2) (so T is a general cubic, Py a general plane, with Py N T = R a general
plane cubic), and we denote by T'+ P the central fibre of the semistable degeneration, where
P is the plane Py blown—up at 12 points zy,...,x12 forming a general divisor in |Or(4)| (see
Figure 2).

Now we explain in some detail in this case what we stated in Example (3.2) about the limit
linear system £ of the plane sections of S;.

(7.2) Proposition. Let Hps be the blow up of |Ops(1)| = P3 at the point corresponding to the
plane Py C P3. Let Dp, = P? be the exceptional divisor of this blow up.

Set Hp = |Op(4H — 21121 E;)| = P? and denote by Dr C Hp the plane parametrizing strict
transforms of plane quartic curves that contain R (H denotes the pull back to P of a general
line of Py).

Then the limit of the limit linear system £ of |Og,(1)| as t tends to 0 is obtained by glueing
7:[1:3 and Hp along Dp, and Dg.



22 I. Limits of nodal curves: generalities and examples

HP

TS

Figure 3: Limit hyperplane linear system for a degeneration into a cubic and plane

Proof. One has dim(|4H — 21131 E;|) = 3 (see Example (3.2) and Remark (7.3) below).

There is only one non—trivial twist of the polarising hyperplane bundle L, i.e., the twist by
P, which is centrally effective. As we saw in Example (3.2), the twist £(—P) is trivial on T,
whereas on P it restricts to Op(H + R) = Op(4H — 21121 E;).

Up to a multiplicative constant, there is only one non-zero section of £z p vanishing on

P, hence it gives no element in £. To see the corresponding curves in £ we have to blow up
|Li74+p| = |Ops(1)] at Fy. One has

Tps 1y = HO(P?, Ops (1)) /H' (P*, Ops) = HO(P¥, O, (1)).

This says that Dp, = P(Tps ) identifies with the 2-dimensional linear system |Op,(1)[. To
give a geometric interpretation of this, let us look at the limits of the curves cut out on 7'+ Py
by a plane II of P? tending to Py. The limit curve II N T tends to R, while the limit curve of
II N Py is a line moving freely in |Op, (1)].

On the other hand, the plane Dp is

[4H — R| = |Op(H)| C |4H — Y12 Ei|.

There is therefore a natural identification between Dp, and Dp, with the glueing as in the
statement. O

(7.3) Remark. As mentioned in Example (3.2), the surface P is mapped to a quartic with a
triple point in P3 by the linear system [4H — Zil E;|. This mapping is an isomorphism outside
R, and contracts R to the triple point.

Indeed, one has an exact sequence

12
0— OP(H) — Op(4H—ZEl) — OR — 0.

i=1

Since h'(P,Op(H)) = h'(P? Op2(1)) = 0, the sequence is exact on global sections, which
implies hO(P,Op(4H — 3.2, E;)) = 4.

The linear system |4H — 21121 E;| has no base points and the morphism determined by
it is birational onto its image (we leave this to the reader to check). The image of P via
this map has degree 4, since (4H — 211; E;)?> = 4. The map contracts R = 3H — 211; E;
because (4H — 21121 E;)- (3H — 21121 E;) = 0, and its image is a triple point because R? =
(3H — 21121 Ei)2 = —3.
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7.2.1 Curves in the hyperplane bundle

According to the structure of the limit linear system £, one has to compute the limit of trinodal
curves appearing in both Hps and in Hp. First we perform the computation for Hps.

Here one has to consider the various cases for V(0,6,1,7) as in Definition (5.3), with I C
{1,...,12}. Since there cannot be any node on P in this linear system, one has |§| = J, the
number of nodes on T'. Then:

e 0<d<3and 7 = (12, 73);
° |I| + 279 + 3713 < 3;
o0+ ||+ 712+ 2713 =3

Hence the cases to be discussed are the following.
Case 1: § = 3.

Tritangent planes to the general cubic surface T' correspond to the triangles contained in 7.
These are 45: the reader may apply Salmon’s formula (2.0.1) or, better, directly compute this
number as an exercise.

Case 2: 6 =2, |I| =1.

Binodal hyperplane sections of 7' must contain a line. Since 7" contains 27 lines, there are 27
pencils of such curves. In each of these pencils, and for every r € {1,...,12}, there is exactly
one curve passing in addition through the point z,.. This gives a contribution of 27 x 12 = 324
to the computation.

Case 3: 6 =2, 75 = 1.

Each of the 27 pencils of bitangent planes to T cuts out a g3 on R, off the fixed intersection
of the line with R.

A gd on an elliptic curve possesses 4 ramification points. Each of this contributes to the
computation, with multiplicity 2, hence the total contribution is 27 x 4 x 2 = 216.

Case 4: 6 =1, |I| = 2.

For any pair of distinct indices r and s in {1,...,12}, the pencil of planes passing through
x, and z, contains 12 = deg(7T") tangent planes to 7. The contribution is then (122) x 12 = 792.
Case 5: 6 =1, |I| =1, 7o = 1.

For each r = 1,...,12, consider the projection 7, from the point z,. It gives a double cover
T — P2 branched along a plane quartic curve B, where T is the blow up of T at z, (the curve
B is the projection from z, of the curve TN D* T, which has degree 6 and multiplicity 2 at
xr, see [XII, Section ??]; by D**T we denote the first polar of T' with respect to the point ;).
Being contained in the plane Py, which passes through z,, R is mapped 2-1 to a line g C P2,
which is nowhere tangent to B.

Tangent planes to T containing z,. in P? map via 7, to tangent lines to B. Tangent planes
to R containing x, map to lines passing through one of the 4 points of {r N B.

Let p be a point in £z N B. The pencil of lines through p in P? contains 12 = deg(é) tangent
lines to B. Among them there is the tangent line to B at ¢, with multiplicity 2 (this can be
seen as in Lemma (7.1)), which corresponds to a plane tangent to T at a point lying on R in
P3. Such a plane gives a section of T+ P with a singularity worse than a tacnode, so it has to
be discarded from computation.

Finally, the contribution in this case is 12 x 4 x 2 x 10 = 960.

Case 6: 6 =1, 3 =1.

The plane cubic R possesses 9 flexes. For each of them, there is the pencil of planes containing
the tangent line to R at that flex. Such a pencil is a line in P3, meeting T at 12 points. One
needs to remove from these 12 points the one corresponding to the tangent plane to T at the
flex of R. It is of multiplicity 3 (the proof of this fact is similar to the one of Lemma (7.1) and
we leave it to the reader).
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Planes satisfying the given conditions have to be counted with multiplicity 3. So we get a
contribution of 3 x 9 x 9 = 243.
The table below shows the result of the total summation.

Cases Contribution
Case 1 45
Case 2 324
Case 3 216
Case 4 792
Case 5 960
Case 6 243
| Total | 2580 |

7.2.2 Curves in the twisted hyperplane bundle: plane quartics

Since Salmon’s formula (2.0.1) gives a total of 3200 tritangent planes to a general quartic,
we are missing a total of 3200 — 2580 = 620 limit trinodal curves. These have to be seen in
Hp = |4H — 21121 E;|. This system however contains the 2-dimensional system Dp of trinodal
curves, which is the plane along which Hp and Hps glue. So these curves do not contribute to
the computation. Hence, we have to compute the number of trinodal curves in [4H —Zzl E;| off
Dpg. All such curves will be irreducible, since, by the genericity assumptions, the only reducible
curves in [4H — 211; E;| are the ones in Dg (the reader is invited to prove this).

The linear system |[4H — 21121 E;| is mapped to the plane Py to |Op2(4) ® Zp|, where
D = {z1,...,x12} and 1 + -+ + z12 € |Ogr(4)] is a general divisor. The varieties of d-nodal
curves not containing R in this linear system are logarithmic Severi varieties of the pair (P2, R):
on logarithmic Severi varieties, see [III], and in particular [III, Section 5.3] about the particular
kind we are considering right now.

Since dim(|Op2(4)]) = 14, D imposes only 11 conditions to |Op2(4)|. Since passing through
a point imposes at most one condition, there is a set Y of 11 points in D that imposes the 11
conditions (in fact, by genericity of 1 + -+ + x12 € |Or(4)], any subset of 11 points does).
Hence

|Op2 (4) ® ID| = |Op2 (4) ® Iyl

Finally, Y can be seen as the limit of |Op2(4) ® Zz|, where Z is a general set of 11 points in the
plane.

We will compute the number of trinodal curves in |Op2(4) ® Zz|. Their limits, when Z tends
to Y, will be trinodal curves in |Op2(4) ® Zy| = |Op2(4) ® Zp|, and this gives the required
information on the number we want to compute.

Finally what we have to compute is the number of trinodal quartics passing through 11
general points in the plane, which is the degree of the codimension 3 family of trinodal curves
in |Op2(4)] = P4, i.e., this is the degree of the appropriate Severi variety. This has been done,
in general, by Caporaso and Harris in [1, 2]. Their result in this case reads as follows:

(7.4) Proposition. If Z is a general set of 11 points in P2, then the 3—dimensional linear
system |Op2(4) ® Iz| contains 675 trinodal curves:

(i) 620 of them are irreducible;

(ii) 55 = (121) are reducible in a line joining 2 of the points of Z and the cubic through the
remaining 9 points of Z.

When Z tends to Y as above, the 55 reducible quartics as in (ii) of Proposition (7.4) tend
to curves in Dp, which ought to be discarded. The limit of the 620 curve in (i) is the missing
contribution we need.
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It would be however unsatisfactory at this point to rely on (the quite difficult) general
Caporaso—Harris’ result to finish the computation. And in fact we can perform it our way, by
using a new degeneration.

The degeneration we want to use is the following. Consider the blow up S of D x P? along
a general line E of P2 in the central fibre over 0 € D. Then there is a morphism f : S — D
which is a semistable degeneration of S; = P2 for t # 0 to Sy = PUF, with P = P? the proper
transform of the original central fibre and F' the exceptional divisor of the blow up (see Figure
4).

E

Figure 4: the degeneration of the plane

Note that F = Fy, i.e., the plane blown up at a point p, and PN F = E, with E?> = —1 on
F (i.e., the exceptional divisor corresponding to p), according to the Triple Point Formula in
Lemma (3.4).

There is an obvious polarizing bundle £ on S, which restrict to Op2(1) on the general fibre
and to Lo on the central fibre, with the aspects

Lp=0p2(1), Lp=O0r(f),

where f is a fibre of the morphism 7 : F =~ F; — P!,

Now pick a set A = {a1,...,a6} of six general points on P and a set B = {f1,...,85} of
five general points on F. Then Z, := AU B is the limit of a set Z; of 11 general points on the
general fibre S;. Denote by Z the curve {Z;};ep in S. Consider L& ® Tz|s, which restricts
to Op2(4) ® Iz, on the general fibre S;. In order to have information about trinodal curves in
|Op2(4) ® Iz, |, we have to look at their limits in the limit linear system £ of L&* ® Zzs.

(7.5) Lemma. There is only one twist of L% ® Tz|s which is centrally effective, namely
LB Q@ Os(—F)®Izs.

Proof. Any twist is of the form £L®* ® Og(—aF) ® Iz|s and on Sy this resticts to:
(i) Op2(4 —a) ® T4 on P = P?;
(ii) Op,(4f + aE) ® Ip on F = Fy. As F; is the blow up of P? at p, then (with a slight abuse
of notation) one has |Op, (4f + aF) ® Ip| = |Op2(4) @ Ip ® Z*~°|.

Since B is a general set of 5 points on F', for the effectivity on F' one needs a > 1, because
dim(|Ow, (4f)|) = 4. Similarly, for the effectivity on P we need a < 1, because |Op2(h) ® Z4| is
empty for h < 2. This proves the assertion. o

In conclusion, we have to look at limits of trinodal curves only in |[£L2*®@Os(—F)®Zzs®0s,|,
which is:
(i) Lp :=|0p2(3) ® Z4|, the aspect on P, of dimension 3;
(ii) Lr := |Op, (4f + E) ® Zp|, the aspect on F, which is the same as [Op2(4) ® Z® ® Ip| in
the identification of F with the blow-up of P? at a point p, also of dimension 3;
(iii) the two curves on P and F in the two aspects have to match along E, i.e., they have to cut
out on F the same divisor. This matching condition implies dimension 3 for |[£%4 ® Os(—F) ®
Tzs ® Og,|: indeed, given a curve in |Op2(3) ® Z4|, which depends on 3 parameters, this fixes
the degree 3 divisor it cuts on E and there is only one curve in |Op, (4f — E) ® Tp| matching it.
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Next we introduce the self-explanatory notation § = (dp,dr) and 7 = (72, 73) (in this case
there is no I to be considered) and

|(5|+7’2+2T3 :3

It is useful to notice that a curve in |O, (4f + E)| ® Zp with a node at a point = € F, splits
in the unique element f, of |f| through z, and in a curve of |Op, (3f + E) ® Zp| (which is the
same as |Op2(3) ® Ip ® I$?|) passing through z.

Now the cases to be analyzed are the following. We will be sketchy, leaving the details to
the reader. The corresponding analysis for the simpler enumeration of 2-nodal plane quartics is
carried out in [VII, Section 4].

Case 1: 6 = 3.

A trinodal curve on F contains three curves in |f| with residual in |Op, (f + E)|, which is
the same as |Op2(1)| (with the curves in |f| mapping to lines through p). This implies that the
three splitting curves in | f| have to contain three points of B, and the residual in |Op, (f + E)|
contains the remaining 2. This fixes the curve on F' and accordingly also the curve on P. This
shows that the contribution in this case is (g) = 10.

Case 2: 6p =2,0p = 1.

Two curves in |f| split from the curve on F and either only one or exactly two points of B
lie on splitting elements of |f|. If two points 1,82 of B lie on splitting elements of |f]|, these
curves cut F each in one point by, bs. Then the matching curves on P lie in the pencil of cubics
|Op2(3) ® Tau{s, b,}| Which, as well known, contains exactly 12 nodal curves (the reader may
be asked to verify this as an exercise). Each such curve cuts a divisor on E (which contains
b1 + b2), and the matching uniquely determines the remaining component of the curve on F,
which lies in the pencil |Op, (2f + E) ® Tp_(p, g,3| = |Op2(2) ® Ip_(3, g,3u{p}|- This gives a
contribution of (g) x 12 = 120 to our computation.

The reader may check, with similar arguments, that if only one point of B lies on a splitting
element of | f| (and there are 5 possibilities for this), then one also has a well determined pencil
of curves on P with 12 nodal curves, hence we have 5 x 12 = 60 more limit trinodal curves of
this type, for a total of 180.

Case 3: 0 = 2,|7| # 0.
Since, as above, two curves in |f| split from the curve on F, it is not possible to have a
tangency to FE, so this case gives no contribution to the computation.
Case 4: ép = 1,0p = 2.
Only one curve in |f]| splits from the curve on F', and there are two possible cases:
(a) this curve does not contain any point of B;
(b) this curve contains one point of B (this depends on 5 choices).
Also the curve on P is reducible in a conic and a line, and there are two possible cases:
(a’) 5 of the points in A lie on the conic, and one lies on the line (this depends of 6 choices);
(b’) 4 of the points in A lie on the conic, and two lie on the line (this depends of 15 choices).
One has that:
Case (a,a’) contributes with 12 curves,
Case (a,b’) contributes with 30 curves,
Case (b,a’) contributes with 30 curves,
Case (b,b’) contributes with 75 curves, for a total contribution of 147.
Let us check case (b,b’), and leave the others to the reader. Each of the 15 choices of 2 points in
A determines a unique line, and then the residual conic through the 4 remaining points moves in
a pencil. Each choice of one point in B determines a unique curve in |f|, and then the residual
curve in |3f + E| through the 4 remaining points moves in a 2-dimensional linear system. Finally,
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the residual conic on P is determined by its matching with the fixed curve in |f| on F', and
then the residual curve in [3f 4+ E| on F is fixed with its matching with the conic on P at its
remaining point of intersection with £ and with the fixed line on P. Hence the contribution is
of 5 x 15 =175.

Case 5: p =1,0p =1, = 1.

Again one has the two alternatives (a) and (b) as in Case 4. Case (a) contributes with 40
curves, case (b) with 160. Let us check case (b), and leave case (a) to the reader.

Once the splitting curve of |f| has been fixed (which depends on 5 choices, i.e., the choice
of the point in B), it intersects E at a point g. The matching condition on P gives the net of
cubics through A and ¢. This net maps P to P2 as a double cover, branched along a quartic
D which, by genericity, is smooth. The curve F is mapped to a conic C. We have to count
the number of lines tangent to both, D and C, which is the intersection number 24 of C (a
conic) and D (a curve of degree 12), minus the number of points where D and C' are tangent
to each other (which is 4, the number of branch points of the double cover E — (), counted
with multiplicity 2 (this is similar to Lemma (7.1)). Since each of these curves contributes with
multiplicity 2 to the total, we have a total of 2 x 5 x 16 = 160.

Case 6: 6p=1,73 =1.

Each of the curves in question counts with multiplicity 3. The linear system Lp maps P to
a smooth cubic surface ® in P3, and E is mapped to a rational normal cubic I' C ®. Consider
the duals:

° (i), which is a surface of degree 12;
. f‘, which is a scroll of degree 4, with a cuspidal curve I'* of degree 3, which is the rational
normal cubic of P? described by all osculating planes to I' in P? (see [XII]).

The surface I is the projection of a smooth rational normal scroll ¥ of degree 4 in P, and
we denote by H the hyperplane class in this embedding and |f| the pencil of lines on ¥. One
has H?> =4, =0,H -f=1. !

The strict transform of T* on ¥ is clearly unisecant with the curves in |f| and therefore
I'*=H-1

The curve IV described by the tangent planes to ® at the points of T" sits in dNT. Itisa
rational curve of degree 6 (to see this, intersect I' with a general polar quadric of S’), meeting
the curves of |f| in 1 point. Hence on ¥ one has IV = H + 2f, and therefore I - T* = 5.

We have to compute the intersection number of $ and T'*, which is 36, and subtract the
number of osculating planes to I" tangent to ® at a point of ', which is IV - T'* = 5, counted
with multiplicity 3 (to see this, imitate the proof of Lemma (7.1)). In conclusion we get a
contribution of 3 x 21 = 63.

Case 7: 6p = 2,179 = 1.

Each of the curves in question counts with multiplicity 2. The curve on P splits, and we have
the two alternatives (a’) and (b’) as in Case 4. However, case (a’) gives no contribution to the
computation, because in a pencil of lines there is no line tangent to E. Each of the situations
in case (b’) (which depend on 15 choices, i.e., the pairs of points of the splitting line ¢ on P)
gives rise to 2 curves, corresponding to the conics of the residual pencil to £ tangent to F. In
conclusion, one has a contribution of 2 x 15 x 2 = 60.

Case 8: 6p = 3.

The curve on P splits in 3 lines, which have to contain the points in A. The reader will

readily check that their number is 15.

The following table shows the result of the total summation of non—trivial contributions.

LOne has that ¥ = Fg embedded in P® via the morphism determined by the linear system |H| of curves of
type (2,1). Indeed it cannot be ¥ 2 Fa because otherwise there would be a pencil of tangent planes to I" along
moving points, which is not possible.
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Cases Contribution
Case 1 10
Case 2 180
Case 4 147
Case 5 200
Case 6 63
Case 7 60
Case 8 15
| Total | 675 |

From this total we have to subtract the limit of reducible quartic curves passing through 11
general points of the plane. Their number is 55 = (121), since they are the ones appearing in (ii)
of Proposition (7.4). We leave it to the reader to check that the limits of these 55 curves are

the ones in Case 1 and Case 4 (b,a’) and (a,b’).

(7.6) Remark. In conclusion, also the degeneration to a cubic plus a plane is 1-good. However
the reader will have noticed that, both in this case and in the previous one, we do not have an a
priori proof of this (as in the intentions of Conjecture (5.10)), but the proof relies on Salmon’s
formula (2.0.1), rather than proving it.

8 — A non-good case

8.1 — Degeneration of cubics to three planes

Consider a degeneration as in Example (3.2), where d = 3, with Sy consisting of the union of
three distinct planes Py, P1, Po. Let us denote by ¢; the intersection line of P; and P;4q (for
i = 0,1,2; the indices will now be considered to vary in Z/3Z), and by p the intersection point
of Py, Py, P,. The central fibre of the corresponding semistable degeneration constructed in
Example (3.2) is Sy = Qo UQ1 UQ> as in Figure 5, and we may assume that each of the surfaces
Q@; is the blow up of P; at three points along /;.

p

Figure 5: the degeneration of a cubic to the union of three planes

If we look at limits of nodal curves in the polarising hyperplane bundle, according to Propo-
sition (5.5) we have to consider only planes passing by one of the aforementioned blown up
points. This gives a contribution of 9 to the degree of the dual of a general cubic surface in P3,
whereas we know that this degree is 12. So we are missing something of degree 3, which shows
that this degeneration is not 1-good. In what follows we will construct a 1-good model, which
will show that the degeneration under consideration is 1-well behaved.

(8.1) Remark. This degeneration is however 3-good. To see this, notice that the limit of the
27 lines on a general cubic can be seen here as the lines different from the ¢;’s joining pairs of
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blown up points. Hence we see all triangles formed by these lines, which are 45, so we see also
the limit of all 3—nodal planes sections of a general cubic surface.
For the same reason this degeneration is also 2—good.

The obvious guess is that the limit of the dual of the general cubic consists of the 9 afore-
mentioned planes in p3 plus the plane pt counted with multiplicity 3, i.e., there is something
of degree 8 hidden at p. This is indeed the case and to see it, one has to look at another model
of the degeneration. This is explained in detail in [4] in the more complicated situation of a
general quartic degenerating to a tetrahedron (i.e., the union of four linearly independent planes
in P3). Let us now see how this 1-good model is gotten in the present case.

(8.2) Construction of a good model. Let f : S — D be the family obtained from f : § — D
(notation as in Example (3.2)) by the base change t € D + t3 € D. The central fibre Sy is
isomorphic to Sy, so we will keep the above notation for it.

Analytically locally around p, the total space S is isomorphic to the hypersurface of C*
defined by the equation zyz = t* at the origin. Blow-up S at p. The blown-up total space
locally sits in C* x P3. Let [€ : n: ¢ : 9] be the homogeneous coordinates in P3. Then the new
total space is locally defined in C* x P3 by the equations

(8.2.1) rk@ g z f9><1 and  &n¢ = 0%,

Denote the exceptional divisor by T'; it is isomorphic to the cubic surface with equation én¢ = 93
in the P3 with coordinates [¢ : i : ¢ : 9]. This cubic contains three lines, along which it intersects
the proper transforms Qo, Q1, Q2 of Qo, Q1, Q- respectively; thus, each line on T identifies with
the exceptional (—1)-curve on one of Qo,Q1,Q2. The cubic T has three Ay double points,
located at the intersections of T with the proper transforms o, {1, 0o of £o, (1, {5 respectively.
See Remark (8.3) below for more about this cubic. The new central fibre is shown in Figure 6.

0
Figure 6: the central fibre after base change and blow—up of the vertex p

The model we have arrived at at this point is good enough to see all limits of 1-nodal curves,
but it is not yet a good model because it is not semistable. Indeed, the total space is singular
along the proper transforms Co, 01,05 of £y, 01, ls: analytically locally around the general point of
one of these curves, it is isomorphic to a neighbourhood of the origin in the hypersurface defined
by zy = t> in C*; thus, the total space is locally the product of an A, surface singularity with
a smooth curve.

To resolve these singularities, we blow up along the three (disjoint) curves lo, 01, 0y. This
has the effect of replacing each of these curves by a chain of two ruled surfaces; correspondingly,
all three Ao double points of T" are resolved, each being replaced by a chain of two (—2)-curves.
Thus, 7" is replaced by its minimal resolution, which we will denote by 7. The three surfaces
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Figure 7: the central fibre of the good model (seen from above)

Qo, Q1,Q2, on the other hand, remain unchanged, and we will denote their proper transforms
by the same symbols.

The new central fibre is shown in Figure 7. We leave to the reader the verification of the
self-intersections of the double curves of the central fibre indicated on the figure, as an exercise
in the triple point formula. With our choice of distribution of the (—1)-curves in the small
resolution at the beginning, the chains of rational ruled surfaces are made of an F; and an Fo
surface, as indicated on the figure.

(8.3) Remark. The cubic surface T is the image of the plane via the linear system C of cubic
curves with two base points x1, z2, and infinitely near base points such that the cubics C' € C
have two common flexes along lines L; and Ls. One has to blow up the plane at x; and x5 three
consecutive times to make the proper transform C of C base point free. This is shown in Figure
8, where we denote by C' the proper transform of the general curve C' € C, by L; the proper
transforms of the lines L;, for i = 1,2, and by E;;, for i = 1,2, j = 1,2, 3, the exceptional curves
of the blow—ups, and one has E} = —1 for i = 1,2 and E}; = =2, for i,j = 1,2. ?

The cubic T has three As—double points, at the vertices of the trlangle 9 =0,&n¢ =0. They
are the images of L1 + L2 and of E;; + Ejo, for ¢ = 1,2. The three lines pairwise joining the
As—double points, lie on T and are easily seen to be the only lines on T. They correspond to
the two exceptional divisors F13 and Es3 and to the line L3 joining x; and xs.

The cubic T is self-dual, i.e., T is projectively equivalent to T', hence it has degree 3. This
(heuristically) explains the contribution by 3 to the degree of the dual hidden at p.

(8.4) Goodness of the new model. The degeneration we have just constructed is 1-good.
Indeed now there is a new centrally effective twist, which corresponds to a degeneration of the
cubics Sy, t € D\ {0}, to the cubic T C P3. It provides the missing contribution by 3, as we
will now briefly explain.

Let £ be the pull-back to the new degeneration of the polarising hyperplane bundle on the
initial degeneration. On the central fibre, it restricts to the pull-back H of the line class on
the surfaces Qo, Q1, Q2, to the trivial class on T, and to the class of the ruling on the chains of

2In [4] we gave a different plane linear system of cubics representing the same surface T. Tt is the linear
system of cubics that pass through three independent points y1,y2,y3 in the plane and are tangent there to the
lines (y;,yi+1), with ¢ =€ Z/3Z. To pass from C to this linear system, just make a quadratic transformation
based at x1 and x2 and at the point infinitely near to x; along L.
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Figure 8: the linear system of curves C

ruled surfaces. The new relevant twist is £(—T): it restricts to the class H — E; on Q; for all
i =0,1,2 (recall the notation from (8.2)), to the pull-back of the hyperplane class of T C P3
on T, and it is trivial on the chains of ruled surface; thus, it maps T to T, contracts Q; to the
line E; on T for all i = 0,1, 2, and contracts the three chains of ruled surfaces to the three A
double points of T.

Now, let us fix a general pencil of planes in the P3 spanned by Sy, and let us count the
“tangent planes to Sp” in this pencil. Nine of them are the planes in the pencil passing through
each of the special points on the lines ¢;, 0 < i < 2. As for the remaining three, consider the
plane in the pencil passing through the triple point; it cuts out three coplanar lines meeting at
the point p, the triple point of Sy. Thus its proper transform determines three points on T,
one on each line of T', and these three points are collinear. The planes in the P? spanned by T’
which contain these three points form a pencil, and in this pencil there are three planes which
are tangent to T in simple points. This provides us with the remaining three “tangent planes
to So”. For further details, see [4].

8.2 — Degeneration of quartics to four planes

We conclude this text by a brief discussion of degenerations, as in Example (3.2) and Section

8.1 above, of smooth quartics S; to the union Sy of four planes Py, P;, P>, Ps in linear general

position, which we call a tetrahedron. This is one of the main topics in [4], and many examples

in this volume are inspired by this situation. An interesting feature is that this is a degeneration
of K3 surfaces.

There are four different kinds of alternative degenerations of the S;’s to be considered in
order to reveal all limits of §-nodal hyperplane sections, 1 < § < 3. Each corresponds to a kind
of twist in some suitable good model of the initial degeneration.

— The contributions of the faces of the tetrahedron (i.e., the planes P; themselves) are visible in
degenerations to monoid quartic surfaces, similarly to what we have seen for the degeneration
to a cubic and a plane in Section 7.2.

— The contributions of the sections by a hyperplane containing a vertez (i.e., a triple point
P; N P; N Py) are visible in degenerations to the union of a cubic T' C P? as in the previous
Section 8.1 and the plane spanned by the three lines of T'; the plane corresponds to the face
of the tetrahedron opposite to the vertex in consideration.

— The contributions of the sections by a hyperplane containing an edge (i.e., a double line
P; N P;) are visible in degenerations to a rational quartic surface with a double line and two
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triple points on the latter; the double line is the image of the opposite edge, and the two

triple points are the respective images of the two faces adjacent to the edge.
More can be found on the rational surfaces appearing in these degenerations in [X, Section ?7].

The construction of a good model follows the same lines as in Section 8.1; it is rather
complicated in practice, but can be organized so as to be manageable, see [4]. Starting from
the degeneration to So = Py + P1 + P> + P3 as in Example (3.2), one performs the base change
t — t% and then resolve the singularities. Morally, a degree 3 base change is needed to unravel
the contributions involving the vertices, as in Section 8.1, and a degree 2 base change is needed
for those involving the edges. The central fibre of this good model is represented in Figure 9;
the reader may also see [4, p. 143] for another picture, with a different design. The dotted curve
represents (in a tropical fashion, see [X, Section ??]) the pull-back of a hyperplane section of
the initial tetrahedron.
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This text surveys some foundational material from the deformation theory of singular curves
on surfaces, of ubiquitous use and necessity in this whole collection. The included topics are
best described by the above table of contents.

1 — Algebroid plane curves

A curve singularity is a scheme of the form Spec(B), where (B, m) is the local ring at a singular
point of a reduced algebraic curve. If the curve is contained in a nonsingular algebraic surface
then we speak of a planar curve singularity. We will be mostly interested in this second case and
in some of our considerations it will be convenient to replace such a B by its m-adic completion.
In this section we will focus on this case and therefore we will consider local rings of the form

B =C[X,Y]]/(f)

for some power series f without constant term and without multiple factors. The scheme
C' := Spec(B) for such a ring is called an algebroid plane curve. If f is irreducible then C' is
called an analytic branch. N

Assume that f is irreducible. Then the normalization B of B is a complete DVR and therefore
it is isomorphic to a formal power series ring in one variable. Thus there exists t € K(B), the
field of fractions of B, such that B = C[[t]] and K (B) = C((t)), the fraction field of C[[t]], which
coincides with the field of formal Laurent power series in t.

We can write:

f(va) = fn(XaY) +fn+1(X,Y) —+ ..

for some n > 1, where f; is a homogeneous polynomial of degree i. The integer n is the
multiplicity of f (or of C') at 0 = [m]. The polynomial f,(X,Y") is called the initial form of f.

35



36 II. Deformations of curves on surfaces

We have two ideals associated to the algebroid plane curve C":

(af of

8_X’8_Y) = (fx, fr)

is called the Milnor ideal or gradient ideal of f. The corresponding algebra:
My = C[X,Y]l/ (fx, fv)

is the Milnor algebra of f.
The ideal

(f7 fX7 fY)
is called the Tjurina ideal of f and

Ty == C[[X, Y]]/ (f, fx: fv)

is the Tjurina algebra of f. It will be convenient to describe the Tjurina algebra as follows:
Ty=B/J

where J = (f, fx, fv)/(f) C B is the so-called jacobian ideal. Viewed as a B-module T is also
called the first cotangent module of B, and denoted by T. Since C' is either nonsingular or has
an isolated singularity at [m], the Tjurina ideal is either (1) or supported at [m], and therefore
Tt is a finite dimensional C-vector space. Then

7(f) :=dim(Ty) < o0

is called the Tjurina number of f (or of B). On the other hand it is also true that M/ is finite
dimensional because of the following:

(1.1) Lemma (Risler [12]). If f € (X,Y)? C C[[X,Y]] has no multiple factors then fx, fy
form a regqular sequence.

Proof. 1t suffices to prove that fx and fy have no common factors because they are contained
in (X,Y). Assume that they have a non-constant irreducible factor p and consider the algebra
A =C[[X,Y]]/(p). Let f € A be the image of f. Then f is annihilated by every C-derivation
D : K(A) — K(A). Let t € K(A) be such that K(A) = C((¢)) and consider the derivation
D= %. Then ker(D) = C. Therefore f € C and therefore f = 0, which means that f = pq for
some ¢ € (X,Y). Therefore, since fx = pxq + pgx is divisible by p but px is not, it follows
that ¢ is divisible by p, and therefore f is divisible by p?, a contradiction. O

For a proof of Lemma (1.1) in the case of convergent power series see [8], Lemma 2.3 p. 113.
The dimension

p(f) = dim(My)
is called the Milnor number of f (or of B). By construction we have:

7(f) < u(f)

and equality holds if and only if f € (fx, fy). Notice also that

u(f) =i(fx, fr)

where i(—, —) denotes intersection multiplicity.
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(1.2) Definition. A polynomial P(X,Y) = > aoX*'Y* is called quasi-homogeneous (qh)
of weights w = (w1, wz) € N? and degree d if

1w + awy = d

for all & such that a,, # 0. An algebroid plane curve Spec (C[[X,Y]]/(f))) s quasi homogeneous
if there is a q.h. polynomial P such that C[[X,Y]]/(f) = C[[X,Y]]/(P).

If P(X,Y) is gh then we have the generalized Euler relation in C[X,Y]:
dP = ’LU1XPX + ’wQYPy

and therefore P € (Px, Py). Therefore an algebroid gh plane curve satisfies u(f) = 7(f). The
converse is true, by the following:

(1.3) Theorem (Saito [13]). The algebroid plane curve Spec (C[[X,Y]]/(f)) is gh if and only
if u(f) =7(f)-

(1.4) Example ([8, p. 111]). The polynomial P(X,Y) = X® + Y® 4+ X2Y? is not qh. One
can compute that a C-basis of T} is defined by the monomials 1, X,..., X4 XYY,...,Y* and
a C-basis of My has the additional monomial Y'5. Thus 7(P) = 10 < u(P) = 11.

(1.5) Example. The polynomial f = X@+Y? is qh of weights (b, a) and degree ab. Therefore:

T(f) =p(f) =(a=1)(b-1)

(1.6) Example. The simple singularities (also called ADE singularities) are gh. They have
the following equations:

o Ay aftlyy2=0, Ek>1

o Di:z(y?+282) =0, k>4

. E62 SCB 4+ y4 = 0

o E7: x(2? +y3) =0.

. Eg: SCB 4+ y5 = 0

1(Ak) = p(Dy) = p(Ex) = k.

2 — The conductor

Let B be a ring and let B C Frac(B) be a subring of the total ring of fractions containing B.
The homomorphism .
Homp(B,B) = B, ¢+~ (1)
induces an isomorphism - -
Homp (B, B) = Anng(B/B).
Then Anng(B/B) is an ideal both in B and in B. Tt is called the conductor of B in B. We
define the d-invariant of B C B as

8(B/B) = dimc(B/B).

If B is the integral closure of B in Frac(B) then Anng(B/B) is simply called the conductor of
B and denoted by A(B); §(B/B) is denoted by §(B) and called §-invariant of B.

In case C' = Spec(B) is either a curve singularity or an algebroid plane curve, 6(B) is denoted
by 6(C) or §(f) in case B = C[[X,Y]]/(f). It is called the d-invariant of B (of C).

Notice that if C' = Spec(B) is any curve singularity then 8(B) = §(B), by the flatness of B
over B.
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(2.1) Definition. Let ¢ : C — C be a birational morphism of reduced curves. The conductor
of ¢ is the sheaf of Oc-ideals:

Alp) = Ann(.05/Oc)

or, equivalently:

A(p) = Hom(p.O0g, Oc).

For each x € C, the finite nonnegative integer

6(,2) = 0((9:0)e/Oca) = dime ((9.0z)/Oca )

is called the (local) d-invariant of ¢ at z, and

3(p) = h2(p.0z/0c) = > 8(, )

zeC

is the (global) é-invariant of . In case ¢ is the normalization of C (i.e., C is nonsingular) we
write A(p) = A(C) and 6(¢) = 6(C) and call them the conductor of C' and the §-invariant of
C respectively.

The exact sequence
0—0c —v.05 — 1/*(95/(90 ——0

gives
X(0z) = x(1:0z) = x(Oc) + d(p),
which can be rephrased as:

(2.1.1) () =pa(C) —pa(C)

where as usual p,(—) denotes arithmetic genus of —. In case ¢ is the normalization of C, the
above identity takes the form:

(2.1.2) 5(C) = pa(C) — pg(C)

which shows that the d-invariant of C' measures the difference between the arithmetic genus and
the geometric genus of the curve.
For the next lemma, observe that A(p) is naturally a sheaf of @*Og-modules. Therefore,

since ¢ is affine, we have C' = Spec(p+Og) and A(p) corresponds to a sheaf of Oz-modules

which we denote by A(yp).

(2.2) Lemma. Let ¢ : C — C be a birational morphism of reduced projective curves. Then
there is a canonical isomorphism:

(2.2.1) prwgz = Homo (9O, we)
If moreover C is Gorenstein, then

(2.2.2) Paw =~ A(p) ®0, we
and

(2.2.3) wg = Alp) ®o~ Y we.
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Proof. The proof of (2.2.1) follows from standard facts and is valid for finite morphisms of
projective schemes. Recall the two following facts from [9, ITI, Ex. 6.10, p. 239]. For each quasi-
coherent sheaf G on C, the module Homo, (¢+Og,G) has a natural structure of quasi-coherent

sheaf on C~', and as such it is denoted by ¢'G. For each quasi-coherent sheaf F on 6’, there is a
natural isomorphism:

QO*HOmOg(‘Fv @‘g) = %Omoc (90*]:5 g)

Taking ¢ = we and F = O gives
s (plwe) = Homoo (p+0g,w0).

Therefore it suffices to prove that p'we = wg (which is [9, III, Ex. 7.2(a)]. For all coherent 7

on C we have:

HY(C,F)Y = HY(C, ¢, F)" = Homo,.(p+F,we) = Homo (F, p'we),
C

and this isomorphism is functorial in F. This implies that ¢'wc is a dualizing sheaf for C in
the sense of [9, Definition p. 241] (see [18, Exercise 29.1.A]) , and thus (2.2.1) is proved.
If we is invertible, then we have:

pwg = Homoo (pOz,we) = Homo (p+0z, Oc) ® we = A(p) ® we,

which is (2.2.2). Then, by the Projection Formula we have

0 (Alp) ® p'we) = puA(p) ® we = Alp) ® we,

where the equality p..A(¢) = A(p) follows from [9, I, Ex. 5.17¢]. Thus

pawz = 0. (A(p) ® p*wo),

hence wz = A(p) ® ¢*we, again by [9, II, Ex. 5.17¢]. O

We refer the reader to [18, §29.3-4] for versions of the formula ¢'we = wg valid in a more
general framework.

(2.3) Corollary. (a) Let C = Spec(B) be a Gorenstein reduced curve singularity. Then:

§(B) = dimc(B/A(B)).

(b) Let C be a Gorenstein reduced projective curve and ¢ : C — C a birational morphism. Then

() = h°(Oc/ A(yp)).

Proof. Tt suffices to prove (b). Let A = A(p). By definition we have an exact sequence:
0——s Homoc ((,0*05, Oc) —_— OC —_— Oc/.A —0.
Tensoring by we, using the fact that C' is Gorenstein and recalling (2.2.1), we obtain:

0—><p*w5—>wc—>[(’)c/¢4]®wc—>0.
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From this exact sequence we deduce:

h(Oc/A) = x([Oc /Al ® we)

= x(we) = x(pawg)
= x(we) — x(wg)
=a(C) — pa(0)
= ()
and comparing with (2.1.1) we conclude. O

(2.4) Corollary. Let ¢ : C — C be a birational morphism of projective reduced curves and
assume that C' C'Y, a projective nonsingular surface. Then

Alp) ® Oc(C) = puwz @ wy'

and _
Alp) ® 9" 0c(C) = wz ® p*wy .

Proof. The assumptions imply that C' is Gorenstein. Then the corollary is an easy consequence
of Lemma (2.2). O

(2.5) Lemma. Let C be a reduced curve contained in a nonsingular algebraic surface Y. Let
p € C be a point of multiplicity m and b : Z — 'Y the blow-up of Y at p. Then, letting C C Z
be the proper transform of C and E C Z the exceptional curve we have:

biwg = we ® b0z (—(m —1)E).

Proof. Left to the reader. [l
The Milnor number and the d-invariant are related as follows:

(2.6) Proposition (Milnor formula). Let f = f1--- f, € C[[X,Y]], where f1,..., fr are pair-
wise distinct analytic branches. Then:

0(f) =5 [n(f) +r—1].

|~

Proof. See [8, Prop. 3.35, p. 208]. O

(2.7) Remark. Let ¢ : C — C be a birational morphism of reduced curves, and denote by
A C C and A C C the two subschemes defined by A(p) and A(p) respectively. If both C' and C

are Gorenstein, then it follows from (2.2.3) that A is Cartier. However it is not true in general
that A is a Cartier divisor (for instance, at a node xy = 0 the conductor is the ideal generated
by  and y).

(2.8) Remark. In general the two sheaves of Oz-modules A(p) and @* A(¢p) are different, even
though, in the words of [11, (1.6), p. 350], “many writers who should know better write ¢* A(p)
for the ideal A(p) - O5” (the latter being A(¢) in our situation).

For the remainder of this remark, we write A and A for A(p) and A(p) respectively. By
definition, o* A = <p_1A®¢710 . O, and then the multiplication map induces an exact sequence
of Oz-modules

o’

0—K—¢*A— A—0.
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We shall see in the two following examples that in general K is non-trivial and ¢*A has a non-
trivial torsion part, which is a manifestation of the fact that ¢ is not flat. The conclusion is
that the object we want to consider is indeed .4 and not ¢*A.

Our first example is the normalization of the node zy = 0. The adjoint ideal is (z,y). Locally
on the branch y = 0 in the normalization, the multiplication map ¢~ A ®p-10¢ (95 — (95
corresponds to the multiplication map

which has non-trivial kernel, generated by y ® 1 and thus killed by multiplication by z. The
upshot is that the torsion part of ¢* A is OK’ where A consists of the two points in the preimage
of the node.

Our second example is the normalization of the cusp y? —x® = 0, which we see as t — (t2,3).
The adjoint ideal is again (z,y), equivalently (¢*,¢%). The multiplication map ¢ ™' A ®,-10,
O — Og corresponds to the multiplication map

(t*,t%) ®c(ez,43) C[t] — Clt],

which has non-trivial kernel generated by t2 @t —t3 ® 1 and thus killed by multiplication by 2.
Again the torsion part of p* A is Oz, where this time A is defined by the ideal (t?) of C[t].

3 — Equivalence of singularities
We say that two algebroid plane curves:
C = Spec(C[[X, Y]]/(f), D = Spec(C[[X,Y]]/(9)
are isomorphic or analytically equivalent if there is an isomorphism of C-algebras

CIX YI/(f) = ClX, YT/ (9)

Because of the following result it is not restrictive to assume that f is a polynomial when
studying isomorphism classes of algebroid plane curves.

(3.1) Theorem (Samuel [14]). Given a reduced non-constant f € C[[X,Y]] there is a polynomial
g such that C[[X, Y]]/(f) = C[[X,Y]]/(g)-

A weaker equivalence relation has been introduced by Zariski as follows. Consider and
analytic branch C' = Spec(C[[X,Y]]/(f) and let n = e(C) be its multiplicity (at 0). The
blowing up of Spec(C[[X,Y]]) at 0 is defined by the substitution

X=X, vY=XY'
Then
f(X, Y) — f(XI,XIY/) — X/nf/(XI,YI)

and f’ is the proper transform of f. One easily shows (see [20], p. 3) that f’ is irreducible, i.e.,
defines an analytic branch C’. Let e(C’) its multiplicity. Then e(C’) < e(C'). The theorem of
resolution of singularities guarantees that after a finite number of iterations of this operation
we obtain a nonsingular branch C, i.e., such that e(C') = 1. Let

c.c,....,cY, ...
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be the successive proper transforms of C and e; = e(C’(i)). Let N > 1 be such that ey = 1 but
en—1 # 1 and let
6*(0) = {€Oa €1,.-+, eN—l}

The sequence e*(C) is uniquely determined by C.

(3.2) Definition. Two analytic branches C, D are said to be equivalent or equisingular, if

It is possible to show that two simple singularities are equisingular if and only if they are
analytically equivalent. The simplest examples for which the two notions differ are ordinary n-
fold points, with n > 4. For example, any two ordinary 4-fold points are equisingular, but they
are isomorphic if and only if their respective 4-tuples of principal tangent lines have equivalent
cross ratios. For more details about equisingularity we refer to [20].

4 — Generalities on deformations

Deformation theory studies local deformations of a given algebro-geometric object X (a pro-
jective scheme, a singularity, etc.). Under good hypotheses it produces a family containing all
sufficiently small deformations of X, up to isomorphism, and having certain functorial prop-
erties. Here we are interested in deformations of planar curve singularities, a case where the
theory simplifies consistently. Before adventuring into the details we need a general preamble
about what we mean by (local) deformations.

Consider the category Loc of local C-algebras with residue field C. A deformation of X
parametrized by Spec(R), where R € Ob(£oc) is a pullback diagram:

¢: X———x

.

Spec(C) —— Spec(R)
where 7 is flat. Given another deformation of X parametrized by Spec(R):

K Xe—=)y

L)

Spec(C) —— Spec(R)

we say that ¢ and n are isomorphic if there is an isomorphism of R-schemes

X\ g / y
Spec(R)

compatible with the identifications of X with the fibres over Spec(C).
Deformation theory associates to X a covariant functor Mx : Loc — Gets taking values in
the category of sets. It is defined by:

Mx (R) = {isom. classes of def.s of X parametrized by Spec(R)}
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for all R € Ob(Loc), and Mx(f : R — S) is defined by pullback. This functor can be extended
to the category of pointed C-schemes in an obvious way. Since deformation theory is unable to
give a satisfactory information on either of these functors what can be done is to restrict Mx to
more amenable gl\bcategories of Loc. Two full subcategories are relevant in deformation theory.
The first one is £oc, the category of complete local C-algebras with residue field C. The second
one is 2Art, whose objects are the local artinian C-algebras with residue field C.

Covariant functors F' : Art — Gets are called functors of Artin rings. The restriction of Mx
to At is such a functor. If A € Ob(Art) then the elements of Mx(A) are called infinitesimal
deformations of X parametrized by A. R

A formal deformation of X is a pair (R, &) where (R, m) is a complete local C-algebra, i.e.,

R € Ob()jo\c), and € = {&, € Mx(R/m™ 1)}, 51 is a sequence of infinitesimal deformations
which are compatible, i.e., such that &, — &,_1 under the map

Mx(R/m™ ') — Mx(R/m")

for each n > 1. Associating to every R € Ob()fo\c) the set of formal deformations (R, E) we
define a new functor P
Mx : Loc — Gets.

A formal deformation (R, &) is called effective if there is a deformation & € Mx(R) such that
& — &, under the map:
Mx (my) : Mx(R) = Mx(R/m"*1)

induced by the projection 7, : R — R/m"*! for each n > 1.

Important point: Not every formal deformation is effective, i.e., the functor M x is not
isomorphic to the restriction of Mx to £oc. Namely in general Mx(R) # Mx(R).

o~

A formal deformation (R, §) is called algebraizable if there is a deformation ¢ of X parametrized

by a pointed algebraic scheme (.5, s¢p) and an isomorphism u : R & 65?0 and such that the se-
quence of deformations

Z: {¢n € MX(OS,So/mn+1)}

obtained by pulling back ( is mapped to E under u. Every algebraizable formal deformation is
effective because ¢ can be pulled back to Og s, but the converse is not true.

To every R € Ob(i/lo\c) one can associate the functor of Artin rings:

hp: At — Gets, A — Hom(R, A).

Functors of this form are called prorepresentable. Consider a formal deformation E eM x(R),
for some R € Ob(Loc). Let A € Ob(Art) and f € hr(A) = Hom(R, A). Since A is artinian
there is an n > 0 such that f factors as

R —— R/m"*!
\ J,f"
A

One can then associate to f the element Mx (fn)(&,) € Mx(A). Since this is independent of n
we have defined a morphism of functors of Artin rings that we denote with the same symbol:

EZhR—>Mx.
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(4.1) Definition. If a formal deformation E € ]/W\X(R) is such that E is an isomorphism of
functors then we say that the pair (R, ) prorepresents Mx . In this case My is prorepresentable.

~

In practice if a pair (R, &) prorepresents Mx it means that for every A € Ob(2(tt) every
& € Mx(A) is induced as above by a unique f: R — A.

The prorepresentability of Mx is a strong property which is often not satisfied even by very
simple objects X. For example, if X is the singularity XY = 0 then Mx is not prorepresentable
(see [15, Example 2.6.8, p. 95]). The condition can be weakened in two ways as follows.

(4.2) Definition. A formal deformation fe J/W\X(R) is called versal if for every A € Ob(2Art)
the induced map

€:hp(A) — Mx(A)

18 surjective.
A formal deformation & € Mx(R) is called miniversal (or semiuniversal) if it is versal and
in addition

E(Cle)) : hr(Cle]) — Mx(Ce])
1s bijective.

The map E (Cle]) is called the differential of §A Versality and miniversality are satisfied in
most natural geometrical situations. Finally we give the following:

(4.3) Definition. An algebraic deformation ¢ of X parametrized by a pointed algebraic scheme
(S,s0) is called formally versal (resp. formally semiuniversal) if the associated algebraizable

formal deformation ((55750,2) is versal (resp. semiuniversal).

For more details on the contents of this section we refer to [15] and [10].

5 — The semiuniversal deformation of an isolated singularity

The case we will consider is X = Spec(B) where (B, m) is a noetherian local C-algebra with
residue field B/m = C. Assume that B is either essentially of finite type (eft), i.e., a localization
of a C-algebra of finite type, or complete, and that Spec(B) has an isolated singularity at [m].
Under these conditions deformation theory ensures the existence of a formal semiuniversal family
of deformations of B, or of Spec(B) (see [15]). In the cases of interest for us such a deformation
can be easily constructed explicitly. Note firstly the following:

(5.1) Proposition. If B and B’ are local C-algebras as above such that B = B, then their
deformation functors are isomorphic.

Proof. [10, ex. 18.6, p. 127]. O

This means that it is not restrictive to study deformations of a complete local C-algebra.
Since we are interested in planar curve singularities, i.e., in the local ring B of a reduced curve
C contained in a nonsingular surface Y at a point p € C, we can replace B by its completion
and therefore we may assume that = C[[X,Y]]/(f), i.e., that C is an algebroid plane curve.

Consider indeterminates ty,...,tNy where N = 7(f) and let

pl(X,Y),. .. ,pN(X,Y) (S (C[[X,Y]]
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be polynomials inducing a basis of the Tjurina algebra T';. Consider the following family:

(5.1.1) T( Spec(B) =: C
Spec(C) —— Spec(C|[[t1, . ..,tn]]) = M(B)
where

B:=Clltr,....tn, X, Y]|/(f(V,Y) + Y _tipi(X,Y)).

(5.2) Proposition. The family (5.1.1) is a formally semiuniversal deformation of C'.
Replacing C[[t1, ..., tn]] by C[t1,...,tn] we obtain an algebraic formally semiuniversal fam-
tly of deformations of C':

(5.2.1) T;) Spec ((C[tl, NG YD/ Y) + Y tapa (X, Y)))
Spec(C) Spec(Clt1, ..., tn])

Therefore, letting
S, := Spec(C[[t1, ..., tn]]/(t1, ... tn)" ), n>1,

the restrictions of (5.1.1) (or, what is the same, of (5.2.1)) to S,, define a sequence of (infinites-
imal) deformations of C':
C———=C,

Spec(C) —— S,
which is an algebraizable formal semiuniversal deformation 7T = {m,} of C.

Proof. See [10], §14, for a detailed explicit proof. O

The support of C is different from the support of m,, which is C', and a priori there is no
information on how to recover C starting from 7. Nevertheless from general properties of formal
schemes it follows that 7 is uniquely determined by 7 := {m,} (see e.g. [15], Theorem 2.5.11,
p. 81). This fact implies that Proposition (5.2) can be strengthened as follows.

(5.3) Corollary. a) For every deformation

c— 7D

.

Spec(C) —— Spec(R)

of C where R € Ob(i/lo\c), there is a morphism ¢ : Spec(R) — M(B) (not unique, but whose
differential is unique) inducing an isomorphism

D= Spec(R) XI\/[(B) C
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compatible with the isomorphisms of the closed fibres with C.

b) Given a family of deformations of C':

Ce—r— X

|

Spec(C) —= S

parametrized by an algebraic scheme S (or by the spectrum of an eft local C-algebra) there is a
morphism (not unique, but whose differential is unique)

Spec(Os.s,) — Spec(C[[t1, . . ., tn]]) = M(B)
which induces an isomorphism of deformations over Spec(@s,so):
Spec(Os,sy) X5 X 2 Spec(Os.y) X nr(5) C-
For another discussion of this property see [10], Prop. 15.2, p. 108.

(5.4) Remarks. (1) If C' is nonsingular then T = 0 and the semiuniversal deformation is:

C=—oxn—C
| |
Spec(C) == Spec(C)

(see §1 for the definition of T3).

(2) If C' : f =0 is singular then it is immediate to verify that f + ¢ = 0 is nonsingular for
small values of €. This implies that C' has nonsingular deformations, i.e., that it is smoothable.
The same proof shows that any germ of hypersurface in C* with an isolated singularity at the
origin is smoothable. An obvious modification of the argument shows that a germ of complete
intersection isolated singularity is smoothable.

(3) Versality is an open property, but not semiuniversality. In other words, the semiuniversal
family (5.1.1) is versal in a neighborhood of 0. Obviously it is not semiuniversal, e.g. where
the fibres are smooth, because there the fibres are rigid and their semiuniversal deformation
just consists of the fibre itself (see Remark (1) above). The standard reference for openness of
versality is [7].

(5.5) Example. (i) The semiuniversal deformation of A; : X2 —Y? =0is X? - Y2+t =0.
The only singular fibre is for ¢ = 0.
(ii) Consider Ay : X2 — Y3 = 0. Then the semiuniversal deformation is

Ft,u, X,Y)=X?-Y3 +1tY +u=0

The singular fibres are determined by the conditions F' = Fx = Fy = 0 which are equivalent
tot = 3Y?% u = —2Y3. We obtain the locus A : 27u? — 4¢3 = 0 inside M(B). The fibres
are the cusp at (0,0) and one node over the other points of A. The fibres over M (B) \ A are
nonsingular.
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6 — Equigenericity and equisingularity

It is possible to define two interesting loci inside M (B), the equigeneric locus and the equisingular
locus.

The equigeneric locus EG C M(B) is supported on the points of M (B) whose fibre is a
singularity imposing the same number of conditions to adjoints as C' does, i.e., on the points
having the same d-invariant as C. The locus EG C M (B) is only defined set-theoretically,
it does not have a functorial definition. As a locally closed subset of M(B) it is analytically
irreducible near 0 € M (B) and its tangent cone is a vector subspace of Ty. Identifying Ty = B/J
the tangent cone to EG at 0 is identified with A/J. In particular A contains J and EG has
codimension §(C) in M (B). In Example (5.5)(ii) we have EG = A.

The equisingular locus ES C M(B) is roughly the locus where the topological type of the
singularity is the same as that of C. In particular ES C EG. In example (5.5)(ii) we have
ES = {0}.

The locus ES has a scheme structure because it has a (complicated) functorial definition
that we do not need to recall here. ES is nonsingular and its tangent space at 0 € M(B) is the
vector space I/J C B/J =Ty where I C A C B is an ideal called the equisingular ideal.

(6.1) Lemma. (i) I = A if and only if B is an A;j-singularity (a node).
(i) All the simple singularities satisfy I = J, i.e., they have no nontrivial equisingular defor-
mations. Equivalently ES = {0}.
(iii) The simplest example such that dim(ES) > 0, i.e., J # I, is an ordinary 4-ple point.

For detailed information on equisingularity and many examples we refer to [8]. The following
results due to Teissier are important in this context.

(6.2) Theorem (Teissier [17]). LetC — S be an equigeneric family of reduced curves, S reduced.
Then there is a Zariski dense open set U C S such that C xg U — U 1is equisingular.

(6.3) Theorem (Teissier [17]). Let p : C — S be a flat family of reduced curves with C,S
reduced of finite type. If S is normal then the following are equivalent:
(a) p:C — S is equigeneric.
(b) The composition
¢ —t>C—"=5
where v is the normalization, is smooth and for all s € S the induced morphism on the
fibres vs : C. — Cs is the normalization.

Note: if S is not assumed to be normal the theorem is false: see [5], Ex. (2.6).

7 — Families of curves on surfaces

We now fix a projective nonsingular algebraic surface Y, a class £ € NS(Y) and the scheme of
curves of class ¢ in Y, denoted Curvesé. We have a universal family:

Y Curvesg xY

§
Curvess,
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whose fibres have arithmetic genus p,(¢) depending only of £. If [C] € Curves§, then

pa(g) - (Cj—’—# + 1

For a given 0 < g < p,(§) one can consider the (possibly empty) locally closed locus ng C
Curves§, parametrizing reduced curves having geometric genus g. Inside ng one has the locus
V&9 parametrizing reduced curves having § = p,(£) — g nodes and no other singularities. We
want to compare these two loci, exploring the conditions under which we have VES = Vgg.

Let C C Y be a reduced curve parametrized by a point of Vg&. Dualizing the conormal
sequence we obtain an exact sequence of sheaves on C":

0 Tc Ty‘c OC(C) —>Té—>0

where T} is the first cotangent sheaf of C, which has been described locally in §1. Note that in
§1 we considered the case of algebroid plane curves. The module T} has an analogous definition
for eft local rings and, being a torsion module in our case (isolated singularities), it is invariant
under completion.

Locally at the point v € Vg5 parametrizing C' the restricted universal family

p:Cg%Vgg

induces a family of deformations of the singular points of C'. The semiuniversal families induce

a morphism from Spec(@ to the product of the bases of the semiuniversal families of

V;,v)
deformations of the singularities of C'. The differential of this morphism turns out to be precisely
the map:

H°(C,0c(0)) — HY(T})

appearing in the above exact sequence. Let’s denote, as before, by 7 CZ C A C O¢ respectively
the jacobian, equisingular, and conductor ideal sheaves. Then this observation implies the
following:

(7.1) Proposition. If we identify T,(Curves.) = HO(C,Oc(C)) then:

(i) H°(C,J ® Oc(C)) is the tangent space to the subscheme of formally locally trivial defor-
mations of C' in Y.

(ii) H°(C,T ® Oc(C)) is the tangent space to the subscheme of equisingular deformations of
CinY.

(iii) H°(C, A ® Oc(C)) contains the reduced tangent cone to the subscheme of equigeneric
deformations of C' in Y.
8 — Deformations of morphisms
Given C' C Y as in the previous section we may consider a partial normalization morphism:
Q: C—>CCY

where we assume that C has at worst local complete intersection singularities. There is a well
defined deformation theory for such a morphism, which produces a semiuniversal deformation
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of ¢:

where M () = Spec(R) for some complete local C-algebra. Semiuniversality here means a
property analogous to the one considered in §5 for deformations of local rings; in particular
¢ is the fibre of ® over the the closed point 0 := [mpg] € M(p). The properties of M(yp) are
determined by the deformation functor Def,, of ¢. For the infinitesimal study of M (y) one
considers the complex:

Q= [* ) — Qla]

The hyperext spaces Ext%9~(Q;, (95) and EX‘C%JQ;,, (95) are respectively the tangent space
C C

and the obstruction space of Def,. Then deformation theory implies the following:

(8.1) Proposition. There is a canonical identification
ToM(p) = Extp (23, 0)
C
and inequalities:
exty (0%, 0=) —ext?,_(Q%,0=) < dim(M < exth _(Q%,0=).
OC( © C) OC( © C) = ( ((,0)) = Oc( © C)
For details we refer to [6, Sec. 3.2]. Our assumptions imply that ¢ is unramified at the

general point of every component of C. Therefore a simple computation (see [3, Lemma 11])
implies that there is a sheaf N, which fits into an exact sequence:

(8.1.1) 0— "Hom(ng, Og) = Hom(f*Qy,05) = Ny — 5zt1(915, Oz) =0
and such that
H°(C,N,) = Extgg(ﬂ;, Oz), H'(C,N,) = Extég(Q;, 0z).
The sheaf N, is called normal sheaf of .
We will be interested in two special cases:
(a) C is nonsingular, i.e., ¢ is the normalization map.

(b) ¢ is unramified.

In case (a) the sheaf Qla is locally free and therefore the sequence (8.1.1) becomes:
(8.1.2) 0 —T5— ¢"Ty — Ny — 0.
The sheaf IV, has torsion in general. More precisely we have an exact sequence:
(8.1.3) 0—H, —N,— N, —0

where H, = Oz for some effective divisor Z supported on the locus where the differential dy
degenerates. Therefore p(Z) C C is the set of points where C' has a non-linear branch. The
exact sequences (8.1.2) and (8.1.3) imply that:

c1(Ny) = wz ® p'wy!
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and o
Ny Zws® oWy (=2).

We have the following useful:

(8.2) Lemma (Arbarello-Cornalba [4]). If 8 € H°(H,) then the corresponding infinitesimal
(first order) deformation of ¢ leaves the image fized.

In case (b) we have an exact sequence

(8.2.1) 0= K — ¢"Q) — Qx =0

where K is invertible because 915 has homological dimension 1 since C has lc.i. singularities
(which implies that Qla is resolved by the conormal exact sequence of a local embedding). Then
in the sequence (8.1.1) we have an identification N, = KV.

(8.3) Lemma. In case (b) we have
~ *, —1

N, = W ® P wy .

Proof. Since C is a local complete intersection, we have
wg = det(Qla)
by [9, Thm. IT1.7.11]. On the other hand the exact sequence (8.2.1) yields
det(ng) = det(¢*Qy) @ K™ = p*wy & N,,.
The result follows since ¢*wy is invertible. O
(8.4) Corollary. In case (b) we have, in the notation of Section 2 for the conductor:
Ny, = 0" Neyy ® Alp)

and
(P*Nt,a = NC/Y ® A((,D)

Proof. Tt is a direct consequence of the previous lemma and Corollary (2.4). O

9 — A criterion for the density of nodal curves

We keep the same notations of the previous section.

(9.1) Theorem. Let V C ng be an irreducible component and let [C] € V be a general point

with normalization ¢ : C — Y. Consider the following conditions:
(a) ws ® <p*w;1 is globally generated.
(b) dim(V) > hO(C w5 ® p*wyt).
(c) ho(w5® p*wyt(—a)) = hO(wE ® p*wy ) — 3 for every effective divisor a of degree 3 on C.

If (a) and (b) are satisfied then C is immersed, i.e., all its local branches are linear. If also (c)
1s satisfied then C' is nodal.
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For the proof we refer to [11]. Let’s see an application.

(9.2) Corollary (Arbarello-Cornalba [3], Zariski [19]). The general element of any component
of the Severi variety Vq 4 of integral plane curve of degree d and genus g is a nodal curve.

Proof (outline). Let [C] € Vg 4 be a general element of a component. We have
deg(wz ® P wps') =29 —2+3d

Since d > 3 (otherwise there is nothing to prove) conditions (a) and (c) of the Theorem are
clearly satisfied. One can construct a family of curves in Vg 4 as the image of the semiuniversal
deformation of . Using (8.1.3) one can easily deduce that this family satisfies (b) as well. O
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This lecture is devoted to the study of logarithmic Severi varieties of a pair (S, R), where S is
a surface and R is a curve on S: these are the families of curves on S with prescribed homology
class and geometric genus, and prescribed contact pattern with R, meaning that contact orders
with R are prescribed both at fixed assigned points and at unassigned, a priori mobile, points.
Logarithmic Severi varieties are often referred to as relative Severi varieties.

Logarithmic Severi varieties naturally appear as irreducible components of limit Severi vari-
eties in degenerations of smooth surfaces, see [I]. The emblematic example is that of logarithmic
Severi varieties of the pair (P2, line) appearing in degenerations of Severi varieties of plane curves
of a given degree and genus, see [VI] and [VII] in this collection. On the other hand, in degen-
erations of K3 surfaces we will rather encounter logarithmic Severi varieties of pairs (S, R) such
that Kg + R =0, see Section 5.3.

The central result of this text is Theorem (1.7). On the one hand it gives the expected
dimension of logarithmic Severi varieties, together with a condition ensuring that this is indeed
the actual dimension. On the other hand it gives various regularity properties of the general
members of logarithmic Severi varieties, under suitable assumptions on the positivity of —Kg
with respect to the prescribed homology class and contact conditions with R.

Another important result is Proposition (4.3), which characterizes logarithmic Severi vari-
eties as essentially the families of curves of maximal dimension with respect to the homology
class, the genus, and the number of moving contact points with R, under a positivity assumption
on the logarithmic canonical divisor —(Kg + R). It will be used in subsequent lectures to prove
(in specific situations) that the irreducible components of a degeneration of logarithmic Severi
varieties are again logarithmic Severi varieties (or rather, irreducible components thereof).
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The main source for this lecture is Caporaso and Harris’ [1, §2]; slightly earlier important
works are [20] and [4]. T have adapted the presentation given in [1], which is restricted to the
pair consisting of the projective plane and a line, in order to make it fit to the more general
situation studied here, and needed further in this volume. My treatment is very much inspired
by [11], which I worked out together with Edoardo Sernesi, see also [II] earlier in this volume. I
have included many examples throughout, with the two purposes of clarifying the subtleties of
the various definitions and statements, and of putting these results in perspective.

The organization of the text is as follows. Section 1 is devoted to the definition of logarithmic
Severi varieties and the statement of the main theorem (1.7), and Section 2 contains the material
in deformation theory necessary for the proof of the main theorem, which is given in Section 3.
Section 4 is devoted to the aforementioned Proposition (4.3) characterizing logarithmic Severi
varieties by the maximality of their dimensions, and its proof. Finally, Section 5 is devoted
to expanded examples, featuring many examples of superabundant logarithmic Severi varieties,
and highlighting some specificities of the case when the logarithmic canonical divisor Kg + R
is trivial; we also point out some interesting applications of logarithmic Severi varieties (e.g., to
the tropical vertex group, and to Al-curves on open surfaces obtained as the complement of an
anticanonical curve).

1 — Definitions and main results

(1.1) Let S be a nonsingular, projective, connected, algebraic surface over the field C of complex
numbers, and let R C S be a reduced curve.

By a curve on S, we always mean a closed subscheme of .S of pure dimension 1. The geometric
genus of a reduced curve C is the (arithmetic) genus of its normalization C', namely

1-x(0g) =) gi—n+1
=1

where g1, ..., g, are the respective genera of the connected components C1,...,C, of C. Note
that with this definition, denoting by g the geometric genus of C, the canonical bundle of the
normalization C has degree 2g — 2, and one has the usual Riemann—Roch Formula on C| i.e.,

X(L) =1—g+deg(L)

for all line bundles on C.
For every € € NS(9) (thus, ¢ is a homology class on S that can be represented by a divisor)
and integer g, we consider the space M, gf’bir(S ) parametrizing morphisms

¢p:C— S

from a smooth genus g curve C (projective, but possibly disconnected) that are birational on
their image, and such that ¢.[C] = £. The space M, gf bir(S) is defined more precisely and studied
in Subsection 2.1.

We also consider the locally closed subscheme Vi (S) of Curve(S), consisting of those points
[C] such that C is a reduced curve having geometric genus g and homology class £; by Curve(S),
we denote the Hilbert scheme of curves on S.

(1.2) We denote by N the set of sequences o = [y, o, ...] of non-negative integers with all
but finitely many «; non-zero. In practice, we may omit the infinite sequence of zeros at the
end. We may also drop the brackets if only a; is non-zero.



Thomas Dedieu 55

For all @« € N, we let

ol =01 + g+

Ia=a1+2a9+---+na, +---
For all a, o/ € N, we say that a > o/ if a; > o for all ¢ > 1.

By a set  of cardinality o € N, we mean a sequence of sets Q = (21,9, ...) such that each
Q; has cardinality a;.

(1.3) Definition. Let g € Z, £ € NS(5), and «, 8 € N be such that
Ia+18=¢-R,

and consider a set ) = ({pi,j}1<j<ai)i>1 of a points on R.!

We define Mg(a, B)(R2) as the locally closed subset of Mgf’b"(S) consisting of those [¢ : C —
S] such that the intersection ¢(C) N R is proper and contained in the smooth locus of R, and
there exist o points ¢;; € C, 1 < j <y, and B points r; ; € C, 1 < j < B4, such that

(1.3.1) Vi<j<oi: ¢lai;)=pi;  and
(1.3.2) R=D g+ Y irig
1<i<aq 1<5<Bs

Note that this definition is functorial. In other words, Mg («, 5)(2) represents a certain
functor, see (2.10).

(1.4) Remark. We emphasize that we do not assume the points in €2 to be general, and neither
do we in the Main Theorem (1.7) below. It will be important for some applications to have this
flexibility.

(1.5) Definition. Continuing with the situation of Definition (1.3), we let V5 (a, 8)(R) be the
locally closed subscheme of Vgg(S) consisting of those points [C] such that the normalization
v:C — C C S belongs to Mgg(oe,ﬂ)(ﬂ). We call it a logarithmic? Severi variety of the pair
(S, R).

(1.6) Notation, examples, and comments. In practice we will try to find a balance between
rigorous and decipherable notation. For instance we will frequently drop the 2, and replace &
with an adequate shorthand.

Let us consider the emblematic case when S = P? and R is a line. Let & = d[H] with
[H] the hyperplane class; we shall simply denote £ by d. For example, for all g, we may write
ng([O, 1],d— 2) for the family of plane d-ics of genus g, tangent to the line R at some prescribed
general point p € R (in this case, Q = {p}).

Let p(d) be the arithmetic genus of plane curves of degree d. The logarithmic Severi variety
Vpd( d)([O, 1],d — 2) parametrizes smooth d-ics tangent to R at p; it has codimension 2 in the

1If R is reducible one should consider more precise data, specifying the distribution of the contact points

with R on its various components: let Rjp,..., R, be the irreducible components of R; one should consider
al,...,an € Nand B1,...,8, € N such that Ta; +18; =&-R; foralli =1,...,n, and Q1,...,Q, sets of points
on Rjp,..., Ry, respectively, with cardinalities g, ..., an. For the purposes of this chapter we can safely ignore

this, and we will do so for obvious reasons of simplicity. (There will be, however, some examples with reducible
R, in Section 5 most notably, and then of course we will consider data with the necessary precision).

2in [1] it is a called a generalized Severi variety; the terminology relative Severi variety is nowadays quite
popular; I prefer the term logarithmic which refers to the fact that we consider pairs instead of “absolute”
surfaces, whereas relative often refers to the consideration of a map (or a family) instead of a surface.
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linear system |dH|. The logarithmic Severi variety Vpd( d)—1 ([0, 1],d — 2) parametrizes plane d-
ics of cogenus 1, tangent to R at p; it has codimension 3 in the linear system |dH| (hence
Vp”l(d)f1 ([0,1],d — 2) is a divisor in Vpd(d) ([0,1],d — 2)), and its general member is a curve with
one node at a general point of P2, as we will see.

We emphasize that Definition (1.3) requires that curves in Vpd( d)_l([O, 1],d — 2) have one
local branch with the prescribed order two of contact with R at p; we illustrate this below.

: ~

p D R p

o d
([0,1]) in Vp(d)_l([(),l])
Another subtlety of Definition (1.3) worth noting is the following. Consider the logarithmic
Severi variety V = Vpd( a) (1, [d—3, 1]): loosely speaking, it parametrizes curves passing through
an assigned point on R, call it p, and tangent to R. However, looking closely at the definition,
one sees that a curve that is simply tangent to R at p and otherwise intersects it transversely

does not belong V; a curve having an order 3 contact at p and otherwise transverse does belong
to V, on the other hand.

not in Vp”éd)_l([(), 1]) in Vp”éd)_l

The following is the main result of this chapter. It is a vast generalization of the result proved
independently by Arbarello and Cornalba [3] and Zariski [20] for plane curves of fixed degree
and genus.

(1.7) Theorem. Let g € Z, £ € NS(5), a,8 € N, and Q@ = {pijti<i<a;s € R be as in
Definition (1.8), and consider an irreducible component V of V5(a, B)(Q). Let [C] be a general
member of V, ¢ : C — C C S its normalization, ¢;; (1 < j < a;), ri; (1 <7 < i) points on
C such that (1.3.1) and (1.3.2) hold. Set

D= Z i gij + Z (i — 1) 7.

IS 1<I<Bi

(1.7.00) One has
dimV > —(Ks+R)-{+9g—1+18|

(1.7.0) If =Kg-C;—deg ¢.D|g, > 1 for every irreducible component C; of C, then the inequality
in (1.7.00) above is an equality.
(1.7.1) If —Ks - C; — deg ¢.D|, = 2 for every irreducible component C; of C, then:
(abb) the normalization map ¢ is an immersion, except possibly at the points r; j;
(b) the points q; ; and r;; of C are pairwise distinct;
(c”) none of the points s; j := ¢(r; ;) belongs to Q;
d) for every curve G C S and finite set T' C S such that (GUT)NQ = @, if [C] is general
with respect to G and I, then C intersects G transversely and does not intersect I.

(1.7.2) If —Kg - C; — deg ¢*D|Ci > 3 for every irreducible component C; of C, then:
(a®) the normalization map ¢ is an immersion;

(c) the points p; ; and s;; = ¢(r; ;) on C are pairwise distinct;

(e) the curve C is smooth at its intersection points with R.
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(1.7.3) If =K - C; — deg ¢..D|, = 4 for every irreducible component C; of C, then
(a) the curve C is nodal.

The tangent space of V5(a,8)(€2) at the general point [C] of V is described in Remark
(3.9) under the assumptions of (1.7.2), and in Paragraph (3.6) under the weaker assumptions of
(1.7.0).

We emphasize once again that it is not required in the above statement that the set € be
general. The only requirement is that the points in € be smooth points of R, which in turn
is imposed by the requirement, in Definitions (1.3) and (1.5), that the intersection with R be
proper and contained in the smooth locus of R.

We will see examples in Section 5 of the effect that imposing the passing through a set 2
of non-general points may have. We will also see examples of components of Severi varieties
parametrizing reducible curves, for which the assumption of (1.7.0) fails for one irreducible
component C;, and having dimension strictly larger than expected (i.e., the inequality in (1.7.00)
is strict).

2 — Background from deformation theory

Throughout this section, we consider a nonsingular, connected, projective surface .S, defined
over C.

2.1 — Deformations of maps with fixed target

(2.1) Let ¢ : C — S be a non-constant morphism from a smooth projective curve C. A
deformation of ¢ with fized target over a pointed base (B,0) is the data of a deformation C = B
of C over (B, 0) together with a morphism ® : C — S x B of B-schemes, such that the restriction
of ® over 0 equals ¢.

This defines the deformation functor Defy,s of ¢ with fixed target S. It is prorepresented
by a complete local C-algebra Ry, see [15, Thm. 3.4.8].

(2.2) The deformations of ¢ with fixed target S are controlled by the normal sheaf of ¢, i.e.,
the sheaf IV, of Oc-modules defined by the exact sequence on C'

(2.2.1) 0 Te 22 6" Ts — Ny — 0

the spaces H(C, Ng) and H'(C, Ny) are respectively the Zariski tangent space and an obstruc-
tion space for the deformations of ¢ with fixed target S. In particular, we have

(2.2.2) X(Ny) < dim Ry, < hO(Ny).

(2.3) The rank 1 sheaf N may have torsion. We denote by H, its torsion part and by Ny its
maximal torsion-free quotient; they fit in an exact sequence

(2.3.1) 0—>H¢—>N¢—>N¢—>O.

The torsion sheaf Hg is supported on the divisor Z of zeroes of the differential d¢, and it is zero
if and only if Z = 0, i.e., if and only if the differential d¢ is everywhere non-vanishing; in this

case, we say that ¢ is an immersion. Moreover, there is an exact sequence of locally free sheaves
on C

(2.3.2) 0— Tc(Z) — ¢*Ts — Ny — 0,
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which readily implies the identification of line bundles on C'
(2.3.3) Ny 2 we ® ¢*wg!(=2).

(2.4) The scheme of morphisms. We will pretend in this text that the global deformation
functor of maps from smooth genus g curves to the surface S is represented by a scheme, which
we will denote by M,(S). This comports the existence of a family & — My(S) of smooth genus
g curves defined over M, (S), and of a universal morphism ® : U — S x M, (S5).

It is not strictly true that the global deformation functor of genus g maps to S is representable
in the category of schemes, but it will be harmless for our purposes to pretend it is: one possible
way to make things rigorously work out is to use Hartshorne’s modular families [12, Def. p.171],
as in [11, Subsec. 2.1]. A modular family of curves of genus g is a surrogate of a universal family
of curves of genus g. Let us consider such a modular family C,/M,, with the abuse of notation
of denoting its base M, although it is not the moduli space of genus g curves. Then we may
work with the scheme Hom g, (Cg, S x M) as a surrogate for My(S), with Hom defined as in
[14, Thm. I.1.10]. We will not enter in these technicalities here, and refer the reader to [11,
Subsec. 2.1] for the complete details.

In this text, we will be mostly interested in the following subspace of Mgy(S). For all
£ € NS(S), we consider M5P"(S) the subspace of M,(S) parametrizing morphisms ¢ that
are birational on their image, and such that ¢.[C] = &.

2.2 — Comparison of the spaces of maps and curves

Let £ € NS(5), and g be a non-negative integer.

(2.5) From maps to curves. Consider the universal morphism ® : Uy — S x M§P" defined
over M gfvb“. Let M be the semi-normalization of the reduced scheme underlying M, g’bir, Ups =
Uy X MEP M the base change of the universal family U, and @ : Uy — S x M the induced
morphism of M-schemes. I claim that the scheme-theoretic image ®(Uys) is flat over M.

Indeed, the morphism w := pry : ®(Uy) — M is a well-defined family of codimension 1
algebraic cycles of S in the sense of [14, 1.3.11]. Since M is normal, the claim follows from [14,
1.3.23.2].

It follows that there is a morphism from M to the Hilbert scheme of curves on S. It factorizes
through ng (S), and actually through the normalization ng — ng by the universal property of

the normalization. Since by definition the semi-normalization morphism M — M, gf’bir is1:1,
two points [¢ : C — S],[¢' : C" — S] € M are mapped to the same point [I'] € ng if and only if
there exists an isomorphism ¢ : C' = C” such that ¢ = ¢’ o ¢.

(2.6) From curves to maps. On the other hand, consider the universal family Uy — Vf of

curves gotten from the universal family over the Hilbert scheme of curves on S. Let V be the

normalization of ng, and Uy the normalization of Uy Xye V. Teissier’s Résolution Simultanée
g

Theorem [17] asserts that Uy — V is a family of smooth genus g curves; it comes with a
morphism of V-schemes - - -
UV%Z/[V XV5V§SXV.
g

It follows that there is a morphism from V to the space M, gvbir. It is generically injective, because
the universal family of curves over ng is nowhere isotrivial.

From the considerations in (2.5) and (2.6) above, one deduces the following.
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(2.7) Proposition. Let [¢p: C — S| € Mgg’b"(S) be a general point (i.e., a general point of any
irreducible component of Mg’b"(S)). Let T := ¢(C), £ € NS(S) the homology class of T, and g
its geometric genus. Then [T] belongs to a unique irreducible component of Vg5 and

dimr) V& = dim Ry.

(Recall that Rg, is the complete local C-algebra that prorepresents Defy,g).

The next result provides a sharper upper bound on the dimension of the Severi varieties
than that given by the inequality dim R, < h°(Ny) in (2.2.2).

Let ¢ : C' — S be a morphism from a smooth projective curve C, birational onto its image I'.
Let £ € NS(S) be the homology class of ', and g its geometric genus. We consider & : C — Sx B
a deformation of ¢ over a pointed normal connected scheme (B,0). Then ®(C) C S x B is a
deformation of T over (B,0), see (2.5). There are thus two classifying morphisms « and ~ from
(B,0) to M&P(S) (or Ry) and Curve(S) respectively, with differentials

dk: Tpo — HY(C,Ny) and dy:Tpo— H°(T, Nr/x).

(2.8) Lemma. The inverse image by dk of the torsion HY(C,Hs) C H°(C, Ny) is contained
in the kernel of d~y.

Proof. Given a non-zero section o € H(C, Ny), the first order deformation of ¢ defined by o
can be described in the following way: consider an affine open cover {U;};c of C, and for each
i € I consider a lifting §; € C(U;, »*Tx) of the restriction oy,. Each 0; defines a morphism

¢; : U; x Spec(Cle]) —» S

extending ¢y, : U; — X. The morphisms qu are then made compatible after gluing the trivial
deformations U; x Spec(Cle]) into the first order deformation of C' defined by the coboundary
d(0) € HY(C,T¢) of the exact sequence (2.2.1). In case o € H(C,Hy), everyone of the maps
®; is the trivial deformation of oy, over an open subset. This implies that the corresponding
first order deformation of ¢ leaves the image fixed, hence the vanishing of dgo (o). O

(2.9) Corollary. Let g € Z, { € NS(S). Let [C] be a general point of VS, and ¢ : C — C C S
its normalization. Then

dim V5 < hO(C, Ny).

Proof. By generality we may assume that [C] is a smooth point of ng. Then dim ng =
dim Tj¢; ng, and by (2.6) there is a map

dli[¢] : T[C]Vgg — HO(C’,N¢).

It is injective because to every tangent vector 6 € TjcV corresponds a non-trivial deformation
of C. On the other hand, it follows from Lemma (2.8) that Im dr (s € H°(C, Ny). O

Lemma (2.8) (see also [II, Lemma (8.2)]) is a crucial observation (and indeed one of the
cornerstones of the proof of Theorem (1.7)) that was made by Arbarello and Cornalba [4, p.
26], who deemed it a fenomeno assai curioso. They write: « nel caso in cui ¢ sia una birazionalita
tra C e I, la presenza di “cuspidi” su I', comporta ’esistenza, dal punto di vista infinitesimo,
di pitt di un modello liscio della curva I', se cosi ci possiamo esprimere. »3

3a very curious phenomenon; in the case when ¢ is birational between C and I, the presence of “cusps” on I'

comports the existence, at the infinitesimal level, of more than one smooth model of the curve T, if we may say
S0.



60 ITI. Geometry of logarithmic Severi varieties at a general point

Next, paraphrasing them, in order to use this phenomenon constructively they establish [4,
Cor. 6.11]: in the above notation, if B is the complex unit disk and if the family of curves is
equisingular, then dr(0/0t) belongs to H°(C,H) if and only if it is zero. Later, Caporaso and
Harris (together with J. de Jong, they write) state and prove [1, Lem. 2.3]. They add the remark
that this is linked to the notion of equisingularity, even though they make absolutely no use of
that notion, neither in their statement nor in its proof.

The treatment I give above is that of Sernesi and myself in [11]. Although essentially
equivalent to that of [1], it slightly differs in its formulation. This formulation, I hope, sheds
some light on what is actually going on, and in particular shows that it is not necessary to
invoke equisingularity in order to prove Corollary (2.9).

The standard application of Corollary (2.9) is to the proof that curves in a given family are

immersed, i.e., they have no cusps: we will use it in Paragraph (3.7) below to prove assertion
(a”) of Theorem (1.7).

2.3 — Tangency conditions with respect to a fixed curve

We consider R a fixed reduced curve on S. In this subsection we study deformations of curves
on S satisfying some tangency conditions with R; it follows from our Definition (1.3) that it
suffices to treat the case when R is smooth.

(2.10) Let m be a non-negative integer. Let ¢ : C' — S be a non-constant morphism from a
smooth projective curve C. A deformation of ¢ with fixed target preserving a tangency of order
m with R over a pointed base (B,0) is a deformation ® : C — S x B of ¢ with fixed target
as in (2.1), such that there exists a section @ of C — B such that the pulled-back divisor ®*R
contains @ with multiplicity m (i.e., ®*R — mQ@Q > 0).

c-2 5xB

ol 4

B

The tangency is said to be respectively at a fized point p € R if ®(Q) = {p} x B, and at a
variable point if pr; o ®(Q) is a curve.

We say that a family of maps ® : C — S x B preserves a tangency of order m with R if for
all b € B it is locally around b a deformation of maps preserving a tangency of order m.

The following result displays the additional conditions the class of a deformation of maps
has to meet for this deformation to preserve a tangency with R. It is [1, Lem. 2.6]. Let B be a
reduced scheme, and ® : C — S x B be a family of maps preserving a tangency with R of order
exactly m. Let b € B be a general point, and ¢ : C' — S be the corresponding map. This comes
with a classifying map r, with differential dx : ToB — H°(C, Ny); we call dk its composition
with the projection H%(C, Ny) — H°(C, Ny).

Let ¢ := QN C, and | — 1 be the order of vanishing of the differential d¢ at ¢ (i.e., [ is the
multiplicity of the point p := ¢(q) in the local branch of ¢(C) corresponding to ¢). Note that
necessarily | < m.

(2.11) Lemma. Let o € Im(dk) C H°(C, N,) be a non-zero section, and denote by v, (o) its
order of vanishing at g = Q NC.

(a) One has vy(c) € {m — 1} U [m, +oo[.2

(b) If the tangency is at a fized point of R, then actually vy(o) € [m, +oof.

41 use the notation [a,b] = [a,b] N Z for a,b € R U {4o0}; albeit being standard probably only in France, it
is convenient.
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Proof. This is a local computation. Let (x,y) be (analytic) local coordinates on S at p = ¢(q),
such that R is defined by the equation y = 0. Then the vector fields 9/9x and /0y generate
Ts near p, and their pull-backs generate ¢*Ts near ¢; by abuse of notation we shall denote them
by 0/0x and 0/dy as well.

We may assume that B is a curve. Let € be a local coordinate on B centered at b, and ¢ be
a local equation of the section @ near g. Thus (¢,¢) are local coordinates on C at q. We may
assume that ¢ gives a local coordinate on C' at ¢, in such a way that ¢ is given locally by

o(t) = (" + apr tT ™), if l <m
N (t"+an+1t"+1+--- ,tm) for some n > m, ifl=m.

From now on we assume [ < m and leave the other, similar, case to the reader. Then the
differential of ¢ at ¢ is

G+ U+ Dagat' +---) - L +mtm - L

=t (4 (4 Vagpat+--) - & +mtm ™! 2.

We see that around ¢ on C, the torsion part He of Ny is a skycraper sheaf of length [ — 1
concentrated at ¢, generated by the image in Ny of the local section

T:tv—>(l+(l+1)al+1t+~~~)~6%+mtm_l~6%

of ¢*Tg; thus the torsion-free quotient N¢ is generated by the class of /9y modulo 7. Observe
that modulo 7, 9/9z equals t™~! - 3/Jy times an invertible, hence the image of 9/0z in Ny,
vanishes to the order exactly m — [ at q.

In turn the family ® may be written locally as

D(t,e) = ((t' + apprt"™™ + ) +e(uo +urt + -+ ) + O(%), 1™, ¢),

since ®*R contains @ with multiplicity m. By definition, the corresponding section dr(9/¢)
of ]\_f¢, is

dﬁ(%) = (ugp+urt+---)- 6% mod 7.
Since 09z itself vanishes modulo 7 to the order m — [ as we have seen, one has v, (dx(0/0¢)) >
m — [l in any event.

Moreover, by generality of b € B we may assume that all ®(-,¢) have their differential
vanishing to the order [ at @Q N C., which translates into the fact that vy = -+ = w;—1 = 0.
Then dk(8/d¢) vanishes either to the order m — I, if ug # 0, or to some order larger than m, if
up = 0. When the tangency is maintained at a fixed point we are necessarily in the latter case.
The lemma is proved. O

Let C C S x B be a family of a reduced curves over a reduced base B. It is said to preserve
a tangency of order m with R if the corresponding family of normalization maps over the
normalization B of B (see (2.6)) does.

(2.12) Corollary. Let V' C Curve(S) be a family of curves of genus g having a tangency
of order m with the divisor R. Let [C] be a general member of V, ¢ : C — C C S be the
normalization of C, q € C the tangency point, and | — 1 the order of vanishing of the differential
do at q. Then

dim V. < h°(C, Ny(—~(m — 1)+ - q).
where (m — 1)+ denotes max(m —1,0). If the tangency is at a fized prescribed point on R, then

actually
dim V < h°(C, Ny(—m - q)).
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Proof. As in the proof of Corollary (2.9), we have dim V' = dim Tj¢)V' by generality of [C], and
there is an injective map Tic)V — H°(C,Ny). By Lemma (2.11) the image of this map is
contained in H°(C, Ny(—a - q)) with a = (m — 1) if the tangency is mobile, and a = m if the
tangency is fixed. This ends the proof. O

3 — Proof of the Main Theorem

In this section we prove Theorem (1.7). The proof itself is in Subsection 3.2, after we give some
lemmas in Subsection 3.1.

3.1 — Applications of the Riemann—Roch formula

Lemma (3.1) below is standard, but we will also use the more clever Lemma (3.2), which amounts
to [1, Observation 2.5].

(3.1) Lemma. Let X be a smooth (possibly disconnected) projective curve, and L a line bundle
on X. Let k € N*. If deg(L ®w;(1|x_) > k for all irreducible component X; of X, then the

linear system |L| separates any k points on X.

Proof. Let Z be a subscheme of X of length k, and let Z’ be another subscheme of X such
that Z' ¢ Z. The assumption on the degree of L ensures that both L(—Z) and L(—Z') are
non-special, hence h°(L(—Z)) < h°(L(—Z’)) by the Riemann-Roch formula. O

(3.2) Lemma. Let X be a smooth (possibly disconnected) projective curve of genus g = 1 —
X(Ox), and L, M two line bundles on X such that

V X; irreducible component of X :  deg(M|y,) < deg(L|y,).
(a). Ifdeg L ® w;(l ’Xi > 0 for every component X; of X, then
(3.2.1) RO(X, M) < h°(X,L) = deg(L) — g + 1.

(b). If deg L ®w;{1‘x > 1 for every component X; of X, then equality holds in (3.2.1) if and
only if deg M = deg L.

Proof. Assumption (a) ensures that L is non-special, hence the right-hand-side equality in
(3.2.1), by the Riemann-Roch formula. If M is non-special as well, then h%(L) — h%(M) =
deg(L) — deg(M) again by the Riemann—-Roch formula, which gives the result in both cases (a)
and (b).

We thus assume from now on that M is special. Then,

RO(X, M) < h*(X,wx)=g+n—1.
Under Assumption (a),
deg(L) = Zdeg(L|Xi) > Z(Qgi —1)=2g—2+n,
i=1 i=1

where n is the number of components of X and g; is the genus of X; for all i = 1,...,n; recall
that ¢ = > g; — n+ 1. By the Riemann—Roch formula, one has

KO(X,L) = deg(L) —g+1>g—1+n
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hence h°(X, L) > h°(X, M).
Under Assumption (b) one has in the same fashion deg(L) > 2g — 2 + 2n, hence
RO(X,L) > g+2n—1>h°(X, M).

This ends the proof, as the specialty of M implies deg(M) < deg(L) under the assumption of
(a), and a fortiori under the assumption of (b). O

3.2 — Proof of the main theorem

This section is dedicated to the proof of Theorem (1.7). We consider an irreducible component
V of V5(a, 8)(Q2) and a general point [C] of V, as in the theorem. We use freely the notation
introduced in the statement.

(3.3) We start by proving that V' has expected dimension

(3.3.1) expdim Vi (a,, B)(Q) = —=(Ks + R) - £+ g — 1+ 3]

By (2.2.2) the expected dimension of ng is x(Ny), which by the Riemann-Roch formula and
the exact sequence (2.2.1) equals

(3.3.2) expdim ng =degws —degp*ws+1—g=—-Kg-C+g—1.

Now requiring that a curve C have tangency of order m with R at a specified point p is m linear
conditions on the coefficients of the equation of C, and if we let the point p vary along R the
expected codimension of the corresponding locus of curves C' is one less, i.e. m — 1. We thus
end up with

expdim (V5 (o, 5)(2)) = expdim(V;)) =37 37 =30 > (i-1)
i 1SSy i 1<i<Bs
= expdim(Vgg) —Ia— (I8 —|p)),
which together with (3.3.2) gives (3.3.1) after one remarks that o+ I =R -&.
Note that this proves that, in any event,

(3.3.3) dim(V) > —(Ks+ R)-£+g— 1+ 18],
which is assertion (1.7.00). O

(3.4) We now turn to the proof that the dimension of V equals its expected dimension under
assumption (1.7.0).

Note that the points ¢; ; are necessarily pairwise distinct because they have distinct images
pi,; € R. Let us first assume in addition that the points ¢; ; and r; ; are all together pairwise
distinct; the case when this does not hold will be dealt with in (3.5).

We set

(3.4.1) Di= > igii+ Y, (i—1)ry,

1<j<a; 1<5<Bs

the divisor on C' of “infinitesimal tangency conditions with R” (compare (3.3)), and

(3.4.2) Do:= Y (lij—1)rij,

1<I<Bi
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where [; j := vy, ;(d¢) is the order of vanishing of the differential d¢ at the point r; j, i.e., Dy is
the “ramification divisor of ¢ in the points r; ;. We then decompose the difference of these two
divisors as

(3.4.3) D—Dy=D,— D),

where D; and D] are non-negative divisors on C with disjoint supports; note that D} may be
nonzero only at the points 7; ;, and that it is so if and only if /; ; > 1.
It follows from Corollary (2.12) that

(3.4.4) dim(V') < h°(C, Ny(—Dy)).

Let Zp be the non-negative divisor on C such that the ramification divisor of ¢ is Dg+ Zy. Then
by (2.3.3) we have Ny & ws ® ¢*wg ' (—Do — Zo), and therefore (3.4.4) above reads

(3.4.5) dim(V) < h°(C,we ® ¢*wg' (—Do — Zo — D1))
(3.4.6) =h’(C,we ® ¢*wg'(—D — D} — Zy))
(3.4.7) <A (CLwe ® ¢*wg ' (—D)).

Now by assumption (1.7.0) the line bundle ws ® gb*wgl(fD) is non-special, hence

(3.4.8) R (C,we ® ¢*wg'(=D)) = h°(C,we ® ¢*ws(R) ' (¢*R — D))
(3.4.9) =29-2-(Ks+R)-{+[Bl+1—yg
(3.4.10) = expdim Vgg(a,ﬁ)(Q).

We thus have dim V' < expdim V2 (a, 5)(€2) which, together with (3.3.3) implies that V has the
expected dimension, if indeed the points ¢; ; and r; ; are all together pairwise distinct.

(3.5) Now if it is not true that the points ¢; ; and r; ; are all together pairwise distinct, then
V is actually a component of some Severi variety Vi (a/, 8/)(€') with |8'] < |3] for which the
corresponding points ¢; ; and r; ; are indeed pairwise disjoint (as sets 2 = @', i.e., ;% = U; €%,
and Q; € Uys, ).

Then, setting correspondingly D’ as in (3.4.1), one gets dim V < h%(C,wa ® ¢*wg'(—=D'))
exactly as in (3.4). Now degD’ > deg D because |f'| < |8], and it therefore follows from
Lemma (3.2), part (a) that

(3.5.1) R (C,we ® ¢*wg'(=D')) < h°(C,we ® ¢*ws ' (—D)),
so that it still holds that dim V' < expdim V (c, 8)(€2), hence V has the expected dimension. [

(3.6) Note that the above proof gives the additional fact that, under the assumption of (1.7.0),
the tangent space of Vgg(oz, B)(Q) at the general point [C] of V identifies with

H°(C,we ® ¢*wg' (—D)) 2 H°(C, Ny(—D1)) = H°(C, Ny(Do — D)) € H°(C, Ny).

(3.7) We now prove that under Assumption (1.7.1) the assertions (a”), (b), (¢’), and (d) hold.

Suppose by contradiction that (b) doesn’t hold. Then we argue as in (3.5). In this case,
part (b) of Lemma (3.2) applies thanks to Assumption (1.7.1), and we get that the inequality
(3.5.1) is strict, which is in contradiction with (3.3.3).
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The same argument shows that none of the points ¢(r; ;) can be fixed on R. This implies in
particular that (c”) holds.

The proof of (d) is similar: if C' were tangent to G, then it would belong to an irreducible
component W of some Severi variety of the pair (S, R+ G). Assumption (1.7.1) implies that W
is liable for part (1.7.0) of Theorem (1.7), hence dim(W) < dim(V'), in contradiction with the
fact that [C] is a general member of V. The same argument shows that C' avoids I" (pick some
random curve on S containing I').

Finally, we note that equality holds in (3.4.7) if and only if D] = Zy = 0 since the line bundle
we ® ¢*wg ' (—D) is globally generated by assumption (1.7.1). Now it is indeed the case that
equality holds in (3.4.7) since we have proved that dim(V') = expdim(V$(a, 8)). We conclude
that D} = Z; = 0, which means that (i) ¢ is an immersion outside of the points r; ; (this is
assertion (a”)) and (ii) 1, ; < i for 1 < j < ;. O

Remark. It is not enough to assume that ws ®¢*w§1(—D) is non-special and globally generated
because of the argument we made to assume that the points ¢; ; and r; ; are pairwise distinct.
We actually need to know something about every possible ws ® (b*wgl(fD’ ), where D' =

>.iq; ; + (i — 1)r} ; in the notation used for this argument.

(3.8) We now prove that, under the assumption (1.7.2), ¢ is an immersion also at the points
T, t.e. that l; ; =1 for 1 < j < i, thus completing the proof of assertion (a”).

Let i > 1 and 1 < j < B;. It follows from the assumption that the linear series ‘w@ ®
(b*wgl(fD)‘ separates any two points, so there exists a section o € H° (C’,wé ® (b*wgl(fD))

with vanishing order v, (o) = 1 at the point 7; ;. Seen as a section & € H°(C, Ny), it vanishes
at r; ; with order v, ;(5) =1+ (i — ;) (see (2.3.3)). By Lemma (2.11) this implies

141¢— l@j S {Z - l@j} @] [[i, -‘rOO[[
and therefore /; ; = 1 as required. O

(3.9) Remark. Under the conditions of (1.7.2) the map ¢ is an immersion, hence Ny = Ny =
we ® qb*wgl, see Paragraph (2.2). Therefore, the tangent space of Vgg(a, B)(R2) at the general
point [C] of V identifies with

H°(C,Ny(—D)) = H°(C,we ® ¢*wg ' (—D))
(the definition of D is in (3.4.1) above).

(3.10) Let us prove that Assumption (1.7.2) implies Assertion (c), i.e., the points p;; and
si,j = &(ri ;) are pairwise distinct.

By (3.7), we already know that (c”) holds, i.e., none of the s; ; = ¢(r; ;) belongs to Q = {p; ; }.
We thus only need to show that no two of the points s; ; coincide.

Suppose there exist (7, 7) and (¢/, ") distinct such that ¢(r; ;) = ¢(ri ;). Assumption (1.7.2)
implies that the series |ws ® ¢*wg' (=D)| = |Tic)V'| separates any two points. Therefore there
exists a section o € Tj]V = H°(Ny(—D)) such that

v, ;(0) =1 and Vrys (o) = 0.

This implies the existence of a deformation of C' in which the points ¢(r; ;) and ¢(ry /) no
longer coincide, a contradiction to the generality of [C] in V. o
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(3.11) Let us prove that Assumption (1.7.2) implies Assertion (e), i.e., C is smooth at its
intersection points with R.

At this point we know that (a’) and (c) hold under Assumption (1.7.2), i.e., the curve C
is immersed and the points p; ; and s; ; are pairwise distinct. Because the intersection C' N R
is set-theoretically the union of all the points p; ; and s; ;, this implies that C' is smooth at its
intersection points with R. |

(3.12) We eventually prove that under the Assumption (1.7.3) the curve C is nodal, which is
Assertion (a) of Theorem (1.7).

Since we already know that the curve C' is immersed, it is enough to show that for all point
p € C, C has neither three or more local branches, nor two or more tangent local branches.

To exclude the former possibility, suppose by contradiction that there exist a,b,c € C
pairwise distinct such that ¢(a) = ¢(b) = ¢(c). The assumption (1.7.3) implies that the
linear series ‘w@ ® qﬁ*wgl(—D)‘ separates any three points, so there exists a section o €
H(C,ws ® ¢*wg'(—D)) such that

o(a)=0c(b) =0 and o(c)#0;

it corresponds to a first-order deformation of ¢ leaving both ¢(a) and ¢(b) fixed while moving
@(c). By generality of [C], there is correspondingly an actual deformation of the curve C for
which the three local branches under consideration are no longer intersecting in a common point,
a contradiction to the generality of [C] in V (see, e.g., [11, Prop. 1.4]).

We exclude the second possibility in a similar fashion. Suppose by contradiction that
there exist a,b € C distinct such that ¢(a) = ¢(b) and Imd¢, = Imdg,. Again since
‘w@ ® ¢*w§1(—D)| separates any three points, there exists o € H° (C_', we ® qﬁ*wgl(—D)) such
that o(a) = 0 and o(b) € Imdg,. It corresponds to a first-order deformation of ¢ leaving
¢(a) fixed while moving ¢(b) in a direction transverse to the common tangent to the two local
branches of C' under consideration. This contradicts the generality of [C] as before. g

This ends the proof of Theorem (1.7).

4 — A dimensional characterization of logarithmic Severi
varieties

We consider a pair (S, R) consisting of a smooth surface S and a reduced boundary divisor R,
as described in 1. In this Section we give an upper bound for the dimension of families V' of
(not necessarily reduced) curves in S with prescribed homology class and genus, together with
a dimensional characterization of logarithmic Severi varieties: it turns out that the irreducible
components of logarithmic Severi varieties are essentially those families for which the upper
bound is reached. The content of this section is basically [1, Cor. 2.7]. The main result,
Proposition (4.3), is a generalization of Zariski’s dimensional characterization of (classical) Severi
varieties [20].

(4.1) Let V be an irreducible locally closed subset of the Hilbert scheme of curves on S, and
suppose that it parametrizes genus g curves in the following sense: for a general member X of
V', there exists a smooth curve C of genus g, and a morphism ¢ : C — X, not constant on
any component of C, and such that the push-forward in the sense of cycles ¢.[C] equals the
fundamental cycle of X.
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(4.2) Let £ € NS(S) be the homology class of members of V. Letting the general member
X of V have irreducible components X, ..., X,,, with respective classes &1, ..., &,, we assume
furthermore:

Vi=1,....,n: —(Ks+R)-& >0,
so that we may apply (1.7.0) without any restriction on the contact conditions with R.

(4.3) Proposition. Consider a finite subset Q@ C R. Under the above assumptions in (4.1) and
(4.2), for all general member X of V', one has

(4.3.1) dim(V) < =(Ks+R)-£+g— 1+ Card((X NR)\ Q),

where the last number is defined set-theoretically (i.e., we do not count with multiplicities).
Moreover, if equality holds in (4.3.1), then there exist o, B such that V is a dense subset of
a component of a log-Severi variety Vgg(a,ﬁ)(Q) if and only if

(4.3.2) Card(¢~'(R)) = Card(X N R),

with ¢ : C — X a genus g morphism as above.

Note that a and 8 are of course uniquely determined by the contacts of X and L. Before
proving this statement we make a few observations, in the hope that they will clarify some of
its subtleties.

(4.4) Remark. Proposition (4.3) is really a result about families of embedded curves in S, not
families of maps.

Indeed, if a general member X is not reduced, then genus g maps ¢ : C — X as above
involve multiple covers, and there is in general a positive dimensional family of maps giving the
same X, so that the family of maps corresponding to V' has in general dimension larger than V.

When equality holds in (4.3.1), the map ¢ is necessarily a birational isomorphism on each
component of C'. If moreover g > 1, then the general member of V is actually reduced. See
(4.9) for precisions about this.

(4.5) Remark. A straightforward corollary of Proposition (4.3) which may be useful for the
applications is that the inequality (4.3.1) still holds if we only assume C to be reduced and
replace g by the arithmetic genus of C; this alternative inequality is always strict when C' is not
smooth.

(4.6) Remark. Assumption (4.3.2) ensures that the normalization of X is unibranch over the
points in X N R.

(4.6.1) Example. Set (S, R) = (P2, L) whith L a line, and ¢ = 3[H] with [H] the hyperplane
class. The family V of plane cubics with one node on L and otherwise smooth has dimension 7,
which equals

—(Ks+R)-£€+ g —1+Card((XNR)\Q) with Q=0.
—_— =

=2[H]|-3[H]|=6 =0 =2

It is a divisor in the log-Severi variety V03[H] (0,3)(2), but it is not a component of the fam-

ily V03[H] (0,[1,1])(@) of rational plane cubics with one variable tangency along L, which has
dimension 7 as well.
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(4.7) Remark. In the equality case for (4.3.1), if one replaces (4.3.2) with the weaker condition
that

(4.7.1) Card(¢™'(R\ Q)) = Card((X N L)\ Q),

the families that we get that are not log-Severi varieties may be considered as “log-Severi varieties
with  containing repeated points”, see Example (4.7.2) below. (These are not log-Severi
varieties according to Definition (1.3)).

Beware that in [1, Cor. 2.7], the weaker (4.7.1) is used instead of (4.3.2), which is slightly
inaccurate.

(4.7.2) Example. Set (S, R) = (P? L) as above, and ¢ = 4[H], and fix p € L. The family of

plane quartics with one triple point at p has dimension (g) — 1 —6 =8, which equals

—(Ks+R)-£+ g —1+Card((XNL)\Q) with Q= {p}.
—_— =

=2[H]-4[H]=8 =0 =1

One may wish to consider it as VOB[H] (3,1)(p,p,p).

Proof of Proposition (4.3)

We divide the proof into several steps, which correspond to paragraphs (4.8)—(4.10). We first
treat the case when X is irreducible; the general case is taken care of by induction in (4.10).

(4.8) We first prove the proposition under the assumption that X is reduced and irreducible;
in this case ¢ is the normalization of X and C = X.

If e := Card((X N R) \ Q) = 0, then the statement is a slight variant of part (1.7.0) of the
main Theorem (1.7): we get the required inequality (4.3.1) exactly as in paragraph (3.4), with
D = ¢*R and Dy =0 in (3.4.1) and (3.4.2) respectively. The only difference with the setting of
(3.4) is that here two distinct points of the support of ¢*R C X may have the same image by
¢ in X; this makes absolutely no difference in the argument.

Now if (4.3.2) holds, then X is unibranch over the points of X N R. This implies that V is
contained in a certain log-Severi variety ng (r,0)(2). If moreover equality holds in (4.3.1), then
V is dense in an irreducible component of this same log-Severi variety by (1.7.0).

In the case when e > 0, we consider the map
p:V —Sym°R

sending a curve to its reduced intersection scheme with R \ €; this may not be well-defined
everywhere since e may drop along certain closed subschemes of V', but it is in a neighbourhood
of [X].

Then we can apply the e = 0 case of the Proposition to the fibres of p; for a general
¥ € Sym® R, setting ' = Q U Supp ¥ one gets that the fibre p~!(3) has dimension at most
—(Ks+ R)- £+ g — 1. Inequality (4.3.1) follows, and the equality case of the Proposition as
well, again applying the e = 0 case to the fibres of p.

Remark. Note that the above reasoning also proves that, if V is dense in a suitable irreducible
component of a log-Severi variety, then the map p: V — Sym® R is dominant.
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(4.9) Let us now cousider the case when X is non-reduced, but still irreducible; we shall show
that inequality (4.3.1) holds, and that it is almost always strict; when equality holds in (4.3.1),
condition (4.3.2) does not hold. This will also prove the second part of the proposition, since V
is not a dense subset of a component of a log-Severi variety when X is non-reduced.

We have to consider ¢ : C' — X where X is non-reduced but irreducible, and C' may be
reducible. We let m > 1 be the degree of ¢, i.e. the sum of the degrees of the various ¢; : C; — X.
The key is to write the appropriate version of the Riemann—-Hurwitz Formula: we have

29 — 2 =deg(wc) 2 m deg(wx,.,) = m(2q — 2),

with ¢ the arithmetic genus of X,.q. Let h be the geometric genus of X,.q: we have h < ¢, so
that eventually g — 1 > m(h — 1).

Then we apply Proposition (4.3) in the reduced case, which we have already proven above,
to the reduced curve X,.q underlying X: it has class %5 , SO we get

1
dim(V) < =(Ks+ R)- —{+h—1+ Card((X NR) \ Q)
m
1 g—1
<—(Ks+R) — — 4+ Card((XNR)\ Q);
(Ks+R) - —¢+ "+ Card((X N R)\ Q)
recall that X N R is considered as a set, so that

Card((X NR)\ Q) = Card((Xsea N R) \ ©).

Now the required inequality (4.3.1) follows from the basic inequality:
1 g—1

(%) —(Ks+R)-—¢(+——< —(Ks+R)-£+9g— 1.
m m

If g > 1, the latter inequality () is straightforward, and always strict, as —(Kg+ R) - £ > 0
and m > 1. If g < 0 however, one has —(Kg + R) - £ > m on the one hand, because %5 is an
integral class, and g > —m + 1, with equality holding if and only if C' is the disjoint union of m
smooth rational curves; thus inequality (x) holds also in this case, and it is an equality if and
only if —(Ks+ R) - %«f =1 and C is the disjoint union of m smooth rational curves. When the
latter condition is realized, condition (4.3.2) does not hold.

(4.9.1) Example. Let S be the projective plane blown-up at eight general points, with excep-
tional divisors F1,..., Fg, and take R = 0. We consider the class

€=mBH - | E)

where H as usual denotes the pull-back to S of the line class on P2. Let Xy be an irreducible
rational curve in the linear system |[3H — ZleEiL and consider the family V' consisting solely
of X = mXj as a 0-dimensional family of curves of genus —m + 1, by means of the morphism
¢ : C — X consisting of m disjoint copies of the normalisation of Xy. Equality holds for V in
(4.3.1).

(4.10) It remains to consider the case when X is reducible. Proceeding by induction on the
number of irreducible components, we may assume that X = X; U X5 where X; and X5 move
in two families V7 and V5 of curves of genera g7 and g respectively, such that V' C V; x V5 and
the Proposition holds for V; and V5. Adding the two corresponding inequalities gives
(4.10.1)

dim(V) < dim(V;) + dim(V3)

=—(Ks+R)- {4 (g1+92—1)— 1+ Card((X1 NR) \ Q) + Card((X2 N R) \ Q).
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If (X1NXoNR)\Qis empty then this readily gives the required inequality, and the second part
of the proposition in the equality case also follows.

So let us consider the case when (X1 N X2 N R) \ © is non-empty, and let us assume for
simplicity that this set consists of only one point p, the general case being strictly similar. In
this case condition (4.3.2) does not hold because p has at least two preimages.

If p is a fixed point of the intersection with R for either one of the two families, say Vi,
then it is also a fixed point for the other family: indeed, otherwise, by the generality of X we
could perturb Xs a little so that it does not pass through p, and then p is no longer a point in
X1 N X2 N R. In this case, applying the proposition to V7 and Vo with Q' := QU {p}, one gets

dim(V) < —(Ks+ R)-&+ (g1 + 92 — 1) — 1+ Card((X; N R) \ Q) + Card((X2 N R) \ ),

—Card((XNR)\Q) -1

and the result follows; note that inequality (4.3.1) is strict in this case.

Otherwise p is variable for both V; and V5; in this case V necessarily has codimension at
least 1 in V3 x V4 (this may be proved for instance as in (4.8) by applying the Proposition to
the fibres of the projection V' — V1), and therefore (4.10.1) gives the required inequality (4.3.1).
Equality may hold in (4.3.1), but V' cannot be dense in a component of a log-Severi variety,
since it already has positive codimension in V; x Vs.

(4.10.2) Example. Take S = P? and R a line, let V; = Vo = O[H] (0,1)(2), and consider V' the

sub-family of V7 x V5 parametrizing the sums of two lines, the intersection point of which lies
on R. Then V has dimension 3, and parametrizes curves of genus —1, so that equality holds
in (4.3.1) because Card(X N R) = 1 for a general membre X of V. It has codimension 1 in
V1 x Vi, which is an irreducible component of V£21H] (0,2)(@). Concretely, on V we are artificially
decreasing Card(X N R) by imposing that two contact points with R coincide, and the latter
prescription is not of Severi type.

The proof of Proposition (4.3) is now over. O

5 — Examples

5.1 — An example with contact points in special position

In this short subsection I give an example illustrating (i) the effect of having the points in
in special position (which is also a theme in Subsection 5.3 below), and (ii) the importance
of considering the positivity of —Kg - C — deg ¢.D (in the notation of Theorem (1.7)) on all
irreducible components of C' separately.

(5.1) Example. Let S be the projective plane, R be a smooth cubic, and © be cut out on
R by another cubic R’. We consider the Severi variety V;(9,3)(f) of rational quartics passing
through the 9 intersection points of R and R’ (and thus with 3 unassigned additional contact
points with R); it has expected dimension

~(Ks+R) ¢+ g —1+ | =2
=0 =0 =3

It has a 3-dimensional irreducible component V},; parametrizing reducible quartics Cy + Cs
where C is a cubic in the pencil generated by R and R’, and Cs is a line. The component Vj;
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thus has dimension larger than expected, and indeed (1.7.0) does not apply in this case because,
in the notation of Theorem (1.7),

—Kg-Cy —deg ¢.D| =0.

The Severi variety V04(9, 3)(2) has another component Vi, which parametrizes irreducible
quartics C'. This time,
—Kg-C —deg¢.D =3,

so (1.7.0) applies and all irreducible components of Vj,; have dimension 2 as expected. It is
however not obvious that there indeed exist irreducible rational quartics passing through Q (so
that Vi, is non-empty): we give an argument in the next paragraph.

(5.2) Le me now show that Vi, introduced above is non-empty, following a suggestion of
Edoardo Sernesi. Consider the family W of reducible quartics C7 + Cs, where C; and Cy
are two conics, passing respectively through the first five points of 2, and through the remain-
ing four points. Since no four points of 2 are aligned, C is fixed and Cy moves in a pencil,
hence W has dimension 1 as expected. Besides,

—Ks-C1 —deg ¢.D|, =1 and — Kg-Cy—deg ¢.D|g, =2,

so (1.7.0) indeed applies to W.

The fact that the dimension of W equals the expected dimension implies that the nodes of
a general member of W may be smoothed independently, i.e., a general member of W may be
deformed in such a way that an arbitrary subset of its nodes are preserved while the other are
smoothed. Indeed the assumption implies that W is smooth at a general point [C], and the
conditions defining its tangent space as a linear subspace of H°(C,O¢(C)) are independent,
hence these conditions may be relaxed independently. This is a standard argument going back
to Severi himself, of which a modern account may be found in [16].

The upshot is that one may smooth one and only one node of a general member C; + C5 of
W, while preserving the condition of passing through the points in €: the result is a necessarily
irreducible quartic curve with three nodes, passing through (2, as required.

5.2 — Superabundant log Severi varieties coming from double covers

In this subsection I give examples of superabundant logarithmic Severi varieties, i.e., such that
the dimension exceeds the expected dimension: the inequality in (1.7.00) is strict, and (1.7.0)
does not apply. These examples live on the projective plane, and come from linear systems on
double covers. This is taken from [8]. The examples are given in (5.5) below, after a few recaps
on double covers.

(5.3) We shall use the following elementary facts about double covers. Let d be a positive
integer, and B be a degree 2d curve in P2. We consider the double cover 7 : S — P2 branched
over B. Let H be the line class on P2, and L be its pull-back to S. For all kK € N we have

H°(S,kL) = n*H°(P?,kH) ® n*H°(P*,kH — 1B),

which is the isotypical decomposition of HY(S,kL) as a representation of Z/2Z. The first
summand corresponds to divisors that are double covers of degree k curves in P2, and the
second to divisors that decompose as B (seen as the ramification divisor in S) plus the double
cover of a degree k — d curve in P2.
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(5.4) Proposition. For k > d, the general member C' of |kL| is not a double cover of some
hypersurface in P2, the restriction 7| is birational on its image, a degree 2k hypersurface c’
in P? everywhere tangent to B, with a node at every point of a complete intersection Z of type
(k,k —d).

Proof. The divisor C belongs to a unique pencil (A’, B+ D’), with A’ and D’ the double covers
of curves A and D in P? of respective degrees k and k — d. Thus C” := 7(C) belongs to the
pencil (24, B 4 2D), from which it follows that C” is double along Z := AN D, and touches B
doubly along A N B, which accounts for the whole intersection scheme of C” and B. The base
locus of this pencil is the scheme defined by the ideal sheaf Z%(Z3 + Zg).

The pull-back 7*C” € |2k L] splits as C + i(C), with i the involution on V associated to 7 ;
it has a double singularity along Z’ := 7=1(Z) and 7—1(B N A), with at each point one local
sheet belonging to C' and another to i(C). The union Z’ U w~(B N A) is the base locus of the
pencil (A’, B+ D’). O

(5.5) Example. We consider the image Vp 1 in |2kH| of the linear system |kL| on S. It has
dimension

R°(S,kL) —1 = h°(P% kH) + h°(P?, (k — d)H) — 1,
and parametrizes curves of geometric genus
Gka = 3(2k — 1)(2k — 2) — k(k — d),

everywhere tangent to B; the number of contact points is thus 2kd.
The family of curves Vp y is therefore contained in the log-Severi variety V.25 (0, [0, 2kd]) of
the pair (P2, B), for which the expected dimension is

—(Kp2 + B) - 2kH + gjq — 1 + 2kd = k(k + 3 — d).

By (1.7.0) a component of the Severi variety has the expected dimension if it has an irreducible
member and

—Kp2-2kH —2kd>1 <= 2k(3—d)>1;

we note that the latter inequality holds if and only if d < 2.

It turns out that the dimension of our family Vp  exceeds the expected dimension of the
log-Severi variety. Indeed a direct computation shows that

dim(VB,k) _ expdim(‘/;ilff (0’ [()’ de])) = (d—l)Q(d—Q)
= pg(S)

(cf. [5, V.22 p.237] for the last equality).

5.3 — Logarithmic K3 surfaces

In this subsection I discuss logarithmic Severi varieties of pairs (S, R) with K¢+ R = 0, in
relation with Severi varieties of K3 surfaces. This is a central theme of this volume, and as such
it will be revisited in various other chapters.
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(5.6) K3 surfaces. Let us first consider the case of “absolute” K3 surfaces: let S be a K3
surface, and R = 0. In this case Theorem (1.7) is not quite accurate, a (well-known) prominent
issue being that the condition in order for (1.7.0) to apply is not verified, and indeed the expected
dimension given in (1.7.0) is not the actual dimension.

Suppose S is equipped with a polarisation L of genus p (i.e., L? = 2p — 2). The expected
dimension of VgL as defined in (3.3) is g — 1, whereas its actual dimension is g, if 0 < g < p and
S is very general, say. Technically, the deformations of [C] € VgL are governed by the invertible
sheaf L|, = wc, hence the obstruction space is H'(C,w¢) which is 1-dimensional; it turns out
however that the equigeneric deformations of C' are unobstructed, even though the obstruction
space is non-trivial. A conceptual explanation for this is that there exist non-algebraic K3
surfaces, which do not carry any curve at all; the expected dimension for Severi varieties on
K3 surfaces thus becomes accurate if considered in family over all K3 surfaces, including the
non-algebraic ones. I refer to [11, §4.2] for a detailed account; in the present volume, this
phenomenon will be considered again in [XI, subsection 3.1], in the context of Gromov-—Witten
theory.

We shall now describe some analogous phenomena for K3 pairs, by looking at typical exam-
ples.

(5.7) Surfaces with canonical curve sections. Let S be P?, and R be a smooth cubic; note
that in this case one has Ks+ R = 0. Let C' be a smooth curve of degree d > 4 on S, and set
Q= C N R (for simplicity we may assume that C' and R intersect transversely). The blow-up
S" of P? at Q is a smooth surface having a unique anticanonical divisor, namely the proper
transform R’ of R. The linear system |C’| of the proper transform C” of C' gives a birational
model of S’ in PP, in which the proper transform of R is contracted, and whose hyperplane
sections are the canonical models of the degree d plane curves passing through Q (we have let
p equal p(d), the genus of smooth plane d-ics).

In many aspects the surface S’ behaves like a K3 surface. Beware, however, that it may not
always be deformed to a K3 surface: this is the case if and only if d < 6; if d > 6 the elliptic
singularity on S’ gotten from the contraction of the proper transform of R is not smoothable,
see [2].

Surfaces of this kind naturally occur in degenerations of K3 surfaces. For instance, surfaces
S’ as above with d = 4 appear in degenerations of smooth quartics in P? to the union of a
smooth cubic and a plane, see [I, Section 7.2]; there we have seen that the logarithmic Severi
variety Vg4(12, 0)(Q2) of the pair (P2, R) appears in the limit of the Severi varieties of genus g
hyperplane sections of smooth quartics.

There are of course many variants of this situation. For instance, Du Val surfaces® have been
brought in the foreground recently in [1]. In this volume we shall often consider the case when
S is a toric surface, and R is a cycle of smooth rational curves, the sum of all toric divisors of
S. An emblematic instance of this situation is that of the pair consisting of P2 and a triangle,
endowed with the linear system of plane quartics passing through twelve points cut out as above
on the triangle by a quartic; it occurs in the degeneration of quartic K3 surfaces in P3 to a
tetrahedron, see [I, 8.2] in which it corresponds to the contribution of a face (see ibid.). Other
examples are given in [X, Section ?7].

5a genus p Du Val surface is the projective plane blown-up at nine points on a smooth cubic R, endowed with
the linear system of the proper transforms of plane curves of degree 3g with a g-tuple ordinary point at the first
eight blown-up points, and a (g — 1)-tuple ordinary point at the remaining blown-up point; these curves have
geometric genus g, and the linear system has dimension g (note that it has a tenth base point lying on R).
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(5.8) Logarithmic K3 surfaces. Let S’ C PP be as in (5.7). For all g = 0,...,p, we may
view the Severi variety of genus g hyperplane sections of S’ C PP as the logarithmic Severi
variety Vi#(3d,0)(€) of the pair (P? R). Its expected dimension, as defined in (3.3), is g — 1,
whereas its actual dimension is g; note that once again (1.7.0) does not apply, because the
required inequality does not hold. In this case the discrepancy between the actual and expected
dimensions comes from the fact that the points in 2 are not general points on R. This is
illustrated in Examples (5.8.1) and (5.8.2) below.

It is pleasant to think of the pair (P2, R) endowed with a set 2 as a logarithmic K3 surface,
algebraic when € is cut out on R by a plane curve as above, and non-algebraic otherwise, when
the points in 2 are in general position. One may prefer to consider that the logarithmic K3
surface is the equivalent data of the pair (S, R'), where S’ is the blow-up of P2 at Q, and R’ is
the proper transform of R. For a more conceptual definition, as well as a classification, I refer
to [13].

In the logarithmic context, the manoeuver of taking non-algebraic K3’s into account to
adjust the expected dimension takes the following guise: one chooses an arbitrary point a € €2,
and considers V4(3d — 1,1)(Q — a) instead of V,#(3d,0)(£2). Statement (1.7.0) applies to the
former, which thus has both expected and actual dimension equal to p, and it turns out that the
mobile contact point with R remains in fact immobile, so that all members of V,/(3d—1,1)(Q2—a)
automatically pass through the point a as well.

(5.8.1) Ezample. Let us illustrate this in the concrete case d = 4 (then, p = 3). The linear
system of plane quartics has dimension 14. If we take a set ) of 12 general points on R, then
the Severi variety V3'(12,0)(Q) is empty: Q imposes 12 independent conditions on quartics, the
linear system of quartics through €2 is 2-dimensional, and all its members are made of R plus a
line. On the other hand if we take €2 the complete intersection of R with a smooth quartic C,
then one sees using the restriction exact sequence

0— Op2(1) = Op2(4) — Or(4) = 0

that the linear system of quartics through €2 is 3-dimensional, generated by C' and the net of
reducible quartics containing R. If we take a set €2 of 11 general points on R, it imposes 11
independent conditions on quartics, and the linear system of quartics through €2 is 3-dimensional
with a 12-th base point on R.

(5.8.2) Ezample. We may consider the linear system |2C’| in a similar fashion. Seen on P?, it
is the system of plane (2d)-ics with a node at each of the 3d points of Q@ = C N R.

Again we shall work this out in the case d = 4. One has (2C")? =4-(C")?=16=2-9 — 2,
so the adjunction formula on S’, which is essentially the same as on a K3 surface, tells us that
curves in |2C’| have genus 9. Moreover the Riemann—-Roch Formula, which works as on a K3
as well, tells us that |2C’| has dimension 9.

On the other hand plane octics have arithmetic genus 21, so an octic with 12 nodes has
geometric genus 9, confirming the above computations carried out on S’. The linear system of
plane octics has dimension 44. Since a node at a prescribed point is 3 conditions, the expected
dimension of a linear system of octics with 12 nodes at prescribed points is 44 — 36 = 8. When
the nodes are imposed at a general set of points 2 on R, this is indeed the correct dimension,
and the linear system consists only of curves made of R plus a quintic curve passing (in general
simply) through Q. When Q is cut out on R by a quartic curve C1, the linear system has an
extra generator (namely, the curve 2C1), and thus has one extra dimension.

This may also be verified using a resolution of the ideal sheaf Z3, where I, is the ideal sheaf
of Q C P2. Let r and f be homogeneous equations of the curves R and C respectively. While
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for Zg there is the Koszul resolution, for its square we have the exact sequence

—f 0
(7] ”
0= O(-10)® O(—11) ~ 25 0(—6) ® O(~T) & O(—8) "L 72 g,
which gives h?(Op:(8) ® Z3) = 10 as required.

This carries over to all systems |kC’|, to the effect that the condition of having a k-uple point
at all 3d points of Q = C'N R imposes one less condition on plane d-ics than if the 3d points of
Q were in general position. We leave this to the reader.

(5.9) Severi varieties of curves with full contact. Logarithmic Severi varieties of logarith-
mic K3 surfaces (S, R) parametrizing curves having one point of contact with high order with
R have attracted the attention for several reasons. A first reason is the possibility, if (S, R)
comes from a degeneration of K3 surfaces, to deform such a logarithmic Severi variety (roughly
speaking) to a Severi variety on the nearby K3 surfaces, the contact point of high order m
deforming to m — 1 nodes: this is the central theme of the present volume, in particular see
[VIII]. Besides, this possibility is not specific to K3 surfaces.

Another reason is the search for Al curves (i.e., curves isomorphic to the affine line, in
other words affine rational curves) on logarithmic K3 surfaces, which is the analogue of the
search for rational curves on K3 surfaces. Let me use an example to clarify this problem.
Consider the projective plane together with a smooth cubic curve R (and an empty set of points
Q). The problem is to find A! curves lying in the open surface P? \ R. To this effect it
is relevant to consider the logarithmic Severi varieties Vi(0, [0, ...,0,3d]) of the pair (P2 R).
They have expected dimension 0, and of course for any such curve the contact point with R
must be one of the (3d)? order 3d torsion points of R. The problem of the existence of Al
curves thus corresponds to that of the non-emptiness of these logarithmic Severi varieties. The
characterization of the log- K3 surfaces for which there exists infinitely many A! curves has been
carried out in [7]. The interested reader may also consult [9] for other non-emptiness results, in
particular [9, Prop. 3.12].

Logarithmic Severi varieties with one point of full contact have also been related in [11] with
the tropical vertex group. Elements of this group are formal families of symplectomorphisms of
the 2-dimensional algebraic torus (C*)2. The relevant Severi varieties are the following: let S
be a toric surface, and let R be the sum of all toric divisors Ry, ..., Ry, Rout (Rout is simply one
of the toric divisors, to which we want to give a special role); one considers logarithmic Severi
varieties of the pair (S, R) of the form

Ve (@1, ey @, 0),(0,...,0,00,...,0,m]) (1, ..., 2, D),

which parametrize rational curves having fixed intersection schemes with R;,..., R,, and one
contact point of maximal order m = £ - Royt with Royt. These logarithmic Severi varieties
have expected and actual dimension 0, and the number of points they are made of may be
interpreted as Gromov-Witten invariants. The main result of [11] is that these numbers are
structure constants of the tropical vertex group; they are in fact determined by ordered product
factorizations of commutators in the tropical vertex group, namely they appear as the coefficients
of the logarithms of the factors.
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This text is dedicated to a somewhat technical-looking statement (Theorem (1.2)) which is
the cornerstone of many results in this volume: it is the key to understand the phenomenon of,
loosely speaking, (m — 1)-nodal curves degenerating to m-tacnodal curves within a degeneration
of smooth surfaces to the transverse union of two surfaces. About this phenomenon see, in
particular, [I, VI, B].

1 — Statement of results

Let C be a planar curve. A point P € C is called an m-tacnode if the local equation of C at
P has the form y(y + ™) = 0, where (z,y) are local coordinates centered at P. The Jacobian
ideal of C at P is J = (2y + 2™, yx™ 1) and

Onz/J = (y,xy,...,x" 2y, 1,z,...,.a™ 1),

m—1

We denote by 7 : § — A the versal deformation space of P € C, where A ~ Aio vvvvv B0 B
and S C A x Ai,y is defined by the equation

(1.01) 9 +ya™ + am_ayz™ 2+ ...+ aryz + aoy + Brmo1z™ T 4+ Bz + o =0,
see [II, Section 5]. We set

(
(

(1.1) Proposition. (1.1.1) The locus A,, is smooth of dimension m — 1, and it is defined in
A by the equations fo =01 = ... = PBm-1 =0.
(1.1.2) The locus Ap,—1 has dimension m, and has m local sheets at a general point of Ay, .

\
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1.0.2 B B
1.0.3) Amo1 = {(aB) € A7 (a, ) has m — 1 nodes}.

Proof. The equation of 7~ 1(«, B) has degree two in y and its discriminant is given by

ba,p(x) = (™ + Q2™ 2 4 F oz ag)? = 4(Bmor™ 4+ Bra 4 Bo).

If V' denotes the space of monic polynomials of degree 2m in x with no degree 2m — 1 term, the
regular map 6 : A — V mapping a point (a, ) to its discriminant d, g(x) is an isomorphism;

7
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indeed, a and § can be easily expressed in terms of the coefficients of d,, g(2). We remark that,

for fixed (e, ), the locus 7~ *(a, §) is a double cover of the a-axis branched along the vanishing
locus of d4 (), which is a divisor of degree 2m.
A point (a, B) lies in A, whenever d, s(z) has m double roots, that is, if and only if d4 5(z)
is a square, equivalently if and only if o = 81 = ... = Bm_1 = 0. This proves (1.1.1). N
Analogously, (a, ) lies in A,,_; exactly when d, g(x) has m — 1 double roots, that is, we

can rewrite the discriminant as

i=1

(1.1.3) da,p(z) = (ﬁ(m—ai)2> (2?4 bx + ¢),

where in fact b = 2 Zz_ll a; because the degree 2m — 1 term of 0, g(2) vanishes. Hence, A,,,_;
has dimension m, and the m local sheets at a general point of A,, as in (1.1.2) reflect the
possibilities for choosing m — 1 double roots out of m. |

Our main goal is to prove the following theorem.

(1.2) Theorem ([2, Lemma 2.8]). Let A C A be a smooth m-dimensional variety such that:
(i) A contains Ap,;
(7t) the tangent space TyA of A at 0 is not contained in the hyperplane H defined by the equation
Bo = 0.
Then, we have AN A1 = A UV, where U is a smooth curve intersecting A, at 0 with
multiplicity m.

Note that A,,_1 and A both have codimension m — 1 in A, which has dimension 2m — 1,
so that the expected dimension for their intersection is 1. The theorem thus states that if A
contains A,,, under a suitable transversality assumption, namely (ii), the intersection ANA,,,_1
residual to the obvious superabundant component A,, has the expected dimension.

The reader may also consult [A] for complements and detailed examples.

2 — Proof of the main theorem in a model case

We first prove Theorem (1.2) in the special case where A=Ay ={f1=... = Bm-1 =0}
Equation (1.0.1) of S restricted to A is:

(2.0.1) Y2+ yz™ 4 am_oyz™ 2 4+ ..+ oy + ooy + Bo = 0,
and the discriminant of a point (a, 8) € A has the form:
(2.0.2) ba,p(x) = (2™ + Q2™ 2+ Fagx + ap)® — 45o.

If Bo = 0, then (a, §) lies in A,,. Therefore, AN A,,_1 contains A, with multiplicity m, since
by Proposition (1.1) A,,—1 has multiplicity m along A,,.
From now on, we assume 3y # 0, set () := 2™ + qpm_22™ 2 + ...+ a17 + ap and rewrite

(2.0.2) as:
(2.0.3) 8ap(x) = (v(x) = 2/Bo) (v(x) + 2v/Bo)-

Note that the polynomials v(x) — 2v/b and v(z) 4 2v/b have no common roots since fy # 0. We
impose that d, g(x) has m — 1 double roots, taking advantage of the following lemma.
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(2.1) Lemma. Let v := 2y/fy with By # 0. Then, for every integer m > 2 there exists a
polynomial

vy () = 2™ + ep_a(7)2™ 2 4+ ()T + co(y)

in x with complex coefficients c;(y) such that cy—2(y) # 0 and the following are satisfied:
(a) if m =21+ 1 is odd, then both vy(z) 4+~ and v (x) — v have | double roots;
(b) if m = 2l is even, then vy(x) + v (respectively, v (x) — ) has 1 (resp., | — 1) double roots.

Furthermore, v (z) is unique up to replacing it with v ({x) for some m-th root & of unity, and
it is odd (respectively, even) if m is.

Taking the lemma for granted, we set m := 2l + ¢ with ¢ € {0,1} depending on the parity
of m and consider the polynomial

vi(z) = 2™ 4+ o)™ 2 4 g (D)™ 4+ 4 co(1)2®

obtained for v = 1. For any other v € C*, by setting v := u™, we get v, (x) = u"14 (%) The
coefficients of v.,(x) are thus obtained from those of v4(z) in the following way:

Conte(7) = conpe(u) = u? ey (1), for 0< h <1 —1.
By the change of variable ¢ := u?, the equations
Conge(t) =t eopyc(1), for 0 h<l—1

parametrize a curve ¥g in ANA,,_1. This curve is smooth because ¢,,—2(1) # 0, and its contact

m

order with A,, at 0 is m because 5y = tT. Therefore, it only remains to prove the lemma.

Proof of Lemma (2.1). We first prove the existence of a degree m covering f : P — P! mapping
oo to oo and with {oo,v, —7} as branch locus; we also require f to be totally ramified at oo
and the number of ramification points in the fiber f=!(—v) (respectively, in f~1(v)) to coincide
with the number of double roots we are requiring for the polynomial v, (x) + v (respectively,
vy(x) — 7).

Assume that m = 2] + 1 is odd. By Riemann’s Existence Theorem, the existence of f is
equivalent to the existence of two permutations 7,0 in the symmetric group .S,,, each one the
product of [ disjoint transpositions, such that 7 - ¢ is cyclic of order m in .S,,. The permutations
7:=(12)(34)---(20—12l) and o := (23)(45) - - - (21 2] + 1) satisfy these requirements and they
are the only elements of S, doing that, up to conjugation. As a consequence, f exists and is
unique up to automorphisms of the domain fixing co. The even case is analogous.

Since f(00) = o0, the covering f defines a polynomial v.,(z) satisfying (a) or (b) respectively.
By acting with an automorphism of P! fixing oo (i.e., composing vy(x) with a polynomial of
degree 1), we can assume v () to be monic and with no degree m—1 term. The polynomial v, (x)
is then unique up to replacing it with v, ({z) for some m-th root ¢ of unity. By Proposition (A.1)
in the Appendix, we can therefore assume that v (z) coincides with the Chebyshev polynomial
of the first kind T, (x); in particular, it is even or odd depending on the parity of m, and the
coefficient ¢,,—2(1) is nonzero, as one can easily check using (A.0.1) in the Appendix. The same
properties hold for v (z) for any v = u™ € C* because v, (x) = u™vy (£).

O
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3 — Proof of the main theorem in general

We now prove Theorem (1.2) in full generality.

We consider the blow-up 7 : A — A of A along A,, and denote by Z := 771(A,,) the
exceptional divisor and by @ := 77'(Q) the inverse image of 0. Then & ~ P}~ ! 5,._, can be
identified with the space of polynomials of degree at most m — 1 in  modulo scalafs The open
subset ® D @y := {fy # 0} parametrizes polynomials that do not vanish in z = 0 and the point
Q=[1:0:...:0] € g corresponds to constants. The proof of Theorem (1.2) in general is

based on the description of the strict transform A,,_1 of A,,_1 in A and proceeds by steps.
Step 1. The point Q lies in Ap,—_1.

Let K(/) be the strict transform of the linear space Ag = {61 = ... = Bm— 1= = 0} under 7. We
have already shown that AgNA,,—1 = A, U¥( as in Theorem (1. 2) Since AgN® = {Q}, then

Q lies in the strict transform \IIO of the curve ¥y and hence also in Am 1.

Step 2. The locus ® is an irreducible component of Apy—1 N Z and is the only component
containing Q.

We identify A,,, with the space of monic polynomials of degree m in x with no degree m — 1
term. Let a(t) € A,, be any arc such that a(0) = 0. As ¢ goes to 0, all the roots of the

polynomial corresponding to a(t) tend to x = 0 and hence the limit of 77! (a(t)) N A,,—1 is not

—_~—

contained in ®y. As a consequence, any component of A,,_1 N Z containing @ is contained in
®, and thus coincides with it by dimensional reason.

Step 3. The strict transform A _1 1s smooth at Q.

—_~—

The previous step implies that the only irreducible component of KB N A,,—1 containing
Q is the curve \/I;:). In particular, the intersection is proper in a neighborhood of @ (indeed,
dim;\v() = dimA/,:/,l = m, and dim A = 2m — 1); smoothness of (Ilv() thus yields smoothness of
Ap 1 at Q.

Step 4. The strict transform A, _1 is smooth at every point of Pq.

For every ¢ € C*, let 0. be the automorphism of A such that o.(a;) = ¢™ i, for 0 < i <
m — 2 and o.(8;) = ch_ij for 0 < 7 < m — 1. This defines an action of the multiplicative
group C* on A, under which A, is clearly invariant. Since 6, (a),0.(8)(%) = ¢ da,8 (%), then

A,,_1 is invariant, too. As a consequence, the action of C* on A lifts to an action on A

preserving A,,_1. Furthermore, 0 is a fixed point lying in the closure of any orbit and hence
the lifted action also preserves ®. In particular, given ¢ € C*, we obtain an automorphism o,
of ® mapping a point P of homogeneous coordinates [Bg : B1 : ... : Bm-1] to

Go(P) = [¢*™ By : ™1y ™ ] =1Bo e B c*(mfl)ﬂm,l].

Since the limit for ¢=! going to 0 of g.(P) is Q as soon as By # 0, this shows that @Q lies in the

closure of any orbit of A,,_; intersecting ®¢. The statement thus follows from Step 3.

Step 5. The intersection multiplicity of Ap,—1 and Z along ® is m.
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Since the intersection multiplicity of ¥y and A,, at 0 is m, then the same holds for that of
(Ilv() and Z at . On the other hand, the intersection (Ilv() N Z is contained in A,,,_1 NZN Xg, and
the intersection multiplicity at @ of ® (which is the only component of Z;:l N Z containing )
by Step 2) with Xg is 1, because ZXVO N Z is a section of 7|z : Z — A,,. The statement follows.

Step 6. Conclusion.

Let A, € A C A be as in the hypotheses. Since AN Z is a section of 7|z : Z = A, then
the intersection AN ® is a point R with multiplicity one. The assumption ToA € H = {5y = 0}

ensures that R lies in &y and hence A,,_; is smooth at R by Step 4. The m-dimensional

—_~—

tangent space TrA,,—1 contains Tr®, that has dimension m — 1. Since TRK NTr® = {0} and
dim TR/~\ = m, then TrA,,_1 and TRT\ generate the (2m — 1)-dimensional tangent space TRA.

Equivalently, A,,_1 and A intersect transversally along a smooth curve U ina neighborhood of
R. Moreover, the curve ¥ is not tangent at ® in R (again because TrANTRr® = {0}) and its
intersection multiplicity with Z at @ is m by Step 5. Therefore, ¥ := T(\If) is a smooth curve
having intersection multiplicity m with A,, at 0.

A — Appendix: Chebyshev polynomials

There exist four families of Chebyshev polynomials, T},, Uy, Vi, Wy, — called of the first,
second, third and fourth kind — each satisfying

(A.0.1) Py(z)=1, and Ym>1: Ppii1(z)=22P,(x) — Pn_1(x).

They may be defined by the following choice of initial conditions:

(A.0.2) Ti(z) = uz,
(A.0.3) Ui(z) = 2a,
(A.0.4) Vi(z) = 2z -1,
(A.0.5) Wi(z) = 2x+1.
They are the unique polynomials satisfying
(A.0.6) Tm(cos®) = cos(mb),
(A.0.7) Un(cosf) = W
~ cos((m+1/2)0)
(A.0.8) Vin(cosf) = W,
_ sin((m +1/2)0)
(A.0.9) Win(cosf) = —n02)

for all 8 € R. The Chebyshev polynomials of the first kind can be explicitly written down as
1 m m
Tm(x)ZQ[(ac—i—\/xQ—l) + (z— Va2 - 1) },

and are even (respectively, odd) whenever m is even (respectively, odd). Polynomials of the
third and fourth kind satisfy W,,(2) = (—=1)™V;, ().
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These are the first few values of Chebyshev polynomials:

To(x) = 1,

Ti(x) = ux,

To(z) = 22% -1,

Ty(x) = 4a° — 3,

Ty(x) = 8x* —8x?+1,...
Up(z) = 1,

Ui(z) = 2z,

Us(z) = 4a*—1,

Us(z) = 8z® —4ux,

Uy(z) = 162* —1222 +1,...

r) = 1,
r) = 2x-—1,
2% — 22 — 1,

= 8z% —4x® — 4z + 1,
= 162* — 823 — 1222 + 4z +1,...

SES S S

A~ N N S

\./\./\%/\/\./
I

8

Wo(z) = 1,

Wi(z) = 2z+1,

Wa(z) = 4a®+2z—1,

Ws(z) = 82°+42® —4dr -1,

Wi(z) = 162" +82% — 1222 — 4o +1...

The next result summarizes some properties of Chebyshev polynomials.
(A.1) Proposition. If m = 2l is even, then

(a1) Tp(x) +1=2(Ti(2))?,

(a2) To(z) — 1 =2(2* = 1)(Ui(x))?;

in particular, the polynomial Ty, (x) + 1 is a perfect square, while T,,(x) — 1 is the product of a
perfect square by a degree two polynomial.
If instead m = 2l + 1 is odd, then:

(b1) T(z) +1 = (x4 1)Vi(x)?,
(b2) Tp(z) — 1= (z — )Wy (2)*;

in particular, both Tp,(x) + 1 and T, (x) — 1 are the product of a perfect square by a linear
polynomial.

Proof. Set x = cosf. If m = 2l is even, then T),,(z) + 1 = cos(210) + 1 = 2 cos?(10) = 2(T}(x))?.
Similarly,
sin?(16)

Tpn(x) — 1 = cos(210) — 1 = —2sin*(1) = —2sin?f - — oy = 2(z% — 1)(Uy())>.
sin
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If instead m = 20 + 1 is odd, one has

cos®>(mf/2)

T (z) + 1 = cos(mf) + 1 = 2 cos*(mb/2) = 2cos®(6/2) - o2(0)3) (z + 1) (Vi(x))?,

and

sin?(mf/2)

T (x) — 1 = cos(mb) — 1 = —2sin*(mb/2) = —2sin*(0/2) - sin?(0/2)

— (¢ — 1) (Wi(x)).
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1 — Introduction

This lecture retraces [1, Section 4.2], and concerns Caporaso and Harris’ description of products
of deformation spaces of higher-order tacnodes. Of course, this description relies on the analysis
included in [IV] about deformations of a single tacnode. The main result of this lecture shall
be involved in the proof of [VI, ??], which is [1, Theorem 1.3], in order to describe the local
geometry of hyperplane sections of generalized Severi varieties V%9(«, 8), around a point [Xo)
parameterizing a reducible curve Xy = X U L endowed with some tacnodes of orders m;, each
deforming to m; — 1 nodes on the curves parameterized nearby.

We consider a sequence m := (mq,mg, ..., my) of integers m; > 2, and we set
A= lem {m;}, ,u::]:[mj, K= E,
- A

where lecm denotes the least common multiple.

For any 1 < j < n, let (Cj,p;) be a tacnode of order m;, and let m;: S; — A; be the
corresponding versal deformation family described in [IV]. Therefore, A; = A?™i~! i an
affine space with coordinates (gj,l_)j) = (@jm;—2s--+@j,0,bj,m;~1,---,bj0), the subscheme S; C
A% x A; has equation

y2 + (xmj + aj,mj_}rmjf? co aj,O) Y+ bj,mj—lzfmjil +---+bj0=0,

and 7;: §; — Aj is the second projection. Moreover, we introduce the subloci Aj,,, and
Aj,mj—l of Aj as

Djm; = {(Qj,lgj) €A ‘7‘(;1 (Qj,lgj) is a curve having m; nodes}

and

Djm;—1:= {(Qj,bj) €A ’7'(]-_1 (Qj,lgj) is a curve having m; — 1 nodes}.

We recall that Aj ,,, = A™ =1 is the linear (m; —1)-dimensional subspace given by the equations
bjm;—1="-++=bjo =0, and it is the locus over which the fibers 7rj_1 (Qj, Qj) are reducible plane
curves, whereas Aj ., 1 is an mj-dimensional subvariety containing Ay, .

Then we define
A=A X XA,

85



86 V. Products of deformation spaces of tacnodes

Ap = A1y X X D

and
A7n 1= A1 mp—1 X o X Ann’bnfla

so that A = A®®mi—1) g an affine space endowed with coordinates (a1,b1,-.-,0a,,b,), the

linear subspace A,, = AZ(mi=1) g given by equations {b;;i=0,1<j<n, 0<i<m;—1},
and Ap,—1 is a subvariety of dimension ) m; containing A,,. Finally, we set

H = J{bj0 =0},

which is a union of hyperplanes of A.

We now state the main result of this lecture (cf. [1, Lemma 4.3]). Along the same lines as
IV, (1.2)] (cf. [1, Lemma 4.1]), it describes the local intersection at the origin 0 € A between
Apm—1 and varieties W C A containing A,, as a subvariety of codimension 1 and satisfying a
suitable transversality assumption.

(1.1) Lemma. Let W C A be a smooth subvariety of dimension Y (m; — 1) + 1 containing
Am, and such that the tangent space ToyW at the origin 0 € A is not contained in H. Then, in
an étale neighborhood of the origin,

WﬁAmfliAmUIHUFQU'“UFm

where'y, ..., 'y, €W are distinct reduced unibranched curves such that each T',, has intersection
multiplicity ( Am) = X with Ay, at the origin, and the origin is a point of multiplicity

multg (') = _ofF

max; {m]}

Note that A,,—1 has codimension ) (m; — 1) in A, so the expected dimension of the inter-
section W N Am_l is 1.

(1.2) Remark. (i) The intersection multiplicity at 0 € A between A,,, and the reducible curve
'=Ihu.-.--uUl'y is (F . Am)o = kA = p, in analogy with the case of a single tacnode.

(i) If A = m; for some 7, then all the curves T',, are smooth.

Before proving Lemma (1.1), we state another result which shall turn out to be equivalent
to it. We denote by N
A:=Bla,A A

the blow-up of A along A,,. Let E C A be the exceptional divisor, and let F := 771 (0) C F

be the fibre over the origin 0 € A. Finally, let Am_l and H denote the proper transforms of
Ay,—1 and H, respectively. Then the following holds (cf. [1, Lemma 4.4]).

(1.3) Lemma. The intersection szl NE contains F' as a component of multiplicity p. More-

over, in an étale neighborhood of any point p € F not contained in I;', the variety 5@-1 consists

of k reduced branches, each having multiplicity along F, intersection number X\ with

A
max;{m;}
FE along F, and tangent cone at p supported on a linear space contained in E.

2 — Proofs

In analogy with the argument used to deduce [1, Lemma 4.1], the proof of Lemma (1.1) proceeds
in three steps. The first one consists of proving the assertion when W is assumed to be a linear
space. Then we use it to achieve Lemma (1.3). Finally, we conclude by deducing Lemma (1.1)
for an arbitrary subvariety W satisfying the hypothesis of the statement.
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(2.1) Proof of Lemma (1.1) with linear W C A. We assume that T = AZ(mi—D+1 jg 5
linear subspace of A such that A,, €W and W =T,W ¢ H. Thus A,, C H is a hyperplane
in W, and we may choose a point v € A~ H such that W = (A,,v), i.e., W is the linear span
of A,, and wv.

For any 1 < j < n, let pj: A — A be the j' projection, and let ¢: W — C be a non-zero
linear function vanishing along the hyperplane A,,. We note that p; (Am_l) = Ap,; -1 and
p;j (Am) = Ap,. Moreover, setting W; := p;(W) and v; := p;(v), we have that v; € W; \ Ay,
as v € H. Thus W; = (A,,,,v;) € Aj is an mj-dimensional plane not contained in the
hyperplane {b;¢ = 0}. In particular W; satisfies the hypothesis of [IV, (1.2)], so the intersection
between A,,, 1 and W; in A; consists of the union of A,,; and a smooth curve I'; having

intersection multiplicity (Fj . Am]‘)o = m; with A,,; at the origin 0 € A;. Therefore, in some

étale neighborhood of the origin 0 € W;, we may choose local coordinates (xjyo, ey T2, t]—)
such that p; (t;) = t,' A, is the hyperplane with equation ¢; = 0, and the curve I'; is defined
by the equations

Tj1 =" "= zj,m]‘*Q =0 and tj = (ZEjﬁo)m]‘ .

Then the functions t = p7 (t;) and y;; = pj (5:), with 1 < j < nand 1 <i < m; -2,
define a system of local coordinates on some étale neighborhood of W at the origin. It follows
from their very definition that the intersection W N A,,—1 consists of the plane A,, = {t =0}
and of the subvariety I' defined by the equations

(2.1.1) t=(y50)™ and y;; =0, forl<j<mnand1<i<m;—2.

We point out that I' is a curve, as for any fixed value of ¢ € C, there exist finitely many

((Z m;—1)+ 1)—tuples (Y1,05- - » Yn,mn —2, t) satisfying (2.1.1), which depend only on the choice
of an m;-h root of ¢ for each coordinate y; o.
In order to parameterize any branch of I', let us consider a sequence ¢ := (¢1, (2, .- ., ,) such
th

that each (; is a m;" root of unity. Then we define a local parameterization ¢¢: C — W as

t = 2
L‘
(2.1.2) 2= e = 2] for1<j<n
J
yii = 0 forl<j<nand1<i<m;—2,

and we denote by I'¢ its image. Notice that the map ¢ is injective.? Furthermore, every branch
of I' can be parameterized in this way: for any point y € I with coordinates (y1,0, - -, Yn,m, -2, 1),

A
it is enough to choose a A*' root z of t and set (; = 2™ /y;0, which is an m;-h root of unity

by (2.1.1). We also point out that the multiplicity of I'c at the origin is the least power of

z appearing in the parameterization, i.e., multy(I¢) = ﬁ{m} On the other hand, the
- - J J

intersection multiplicity at the origin between I'¢c and the hyperplane A,, = {t =0} is (Fg .
Am),
and it remains to enumerate them.

To this aim, we note that two distinct sequences ¢ := (1, (2, ..., ) and 1 := (91,72, ..., M)

=)\ ast=2"on I'¢c. Therefore the behavior of the branches of I' satisfies the statement,

BN
parameterize the same branch if and only if (; = ™ n; for all j, where ¢ is some A" root of

L1t suffices to choose t;: W; — C to be a linear function such that t; (Am;) =0 and t;(v;) = t(v).
A

th

2Suppose that ¢¢(z) = ¢¢(w) for some z,w € C. Then (z/w)™i =1 for any j, hence z/w is a v*™® root of

unity, where v divides any ml Thus v = 1 as A is the least common multiple of the integers m;, hence z = w.
J
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unity.>
Y
Moreover, (; = €™ (; for any j if and only if ¢ = 1 4. We conclude that the number of
branches of I' equals the number of sequences ¢ := (1, (2, ... ,(,) divided by the number of AR
roots of unity, that is k = §£. Thus we achieved Lemma (1.1) when W is assumed to be a linear
subspace of A. O

We now turn to prove Lemma (1.3).

(2.2) Proof of Lemma (1.3). Let G be the Grassmannian of vector subspaces of A =
A®Cmi=1) of dimension 3 (m; — 1) + 1, and let B = P¥™i~! be the subvariety of G' parameter-
izing those subspaces containing A,,, = AZ(Mi=1) et Wy, denote the subspace parameterized
by b € B, and consider the incidence variety A := { (y,b) € A x B|g € Wy} € A x B. Then A
is the restriction to B of the universal family over G, and it fits in the following diagram

(2.2.1) A
|
pry
A - Y B,

where pr; and pry are the natural projections, while ¢ is the map sending any y € A N Ay,
to the point parameterizing the linear span (y, A,) € A 5. We point out that pry: A — A
is an isomorphism outside (pr;)~! (A.,), whereas the fibre (pr;)~*(y) over any point y € Ap,
is a section of pr,, that is a projective space of dimension > m; — 1. Therefore pr;: A — A
coincides with the blow-up A := Bla,, A 5 A of A along A, (see, e.g., [2, p.604]). 6.
Consider the proper transforms gm_l,f[ - A of Ap—1 and H. Let &9,171 - Em_l and
AY 1 C A,,—1 denote the open subsets of points not lying on H and H , respectively, and let

By C B be the open subvariety parameterizing subspaces not contained in H. Then the diagram
(2.2.1) restricts to

m—1

(2.2.2) AY

| X

Aomfl % Bo.
We note that the closure (¢)~1(b) € A,,—1 of the fibre over a point b € By is the residual
intersection of A,,—1 and the subspace W} when we remove A,,. By Lemma (1.1) applied

to W, = A¥(mi—D+1 " in some étale neighborhood of the origin 0 € A, the latter intersection
consists of x distinct reduced unibranched curves I'1,...,T's, each satisfying (I‘a . Aﬂ) 0= A

2 .
3Indeed, ¢¢(2) = @y (w) for some z,w € C if and only if (z/w)* =1 and n;2™i = (;w™ , that is z = cw for
B - Y
some A" root ¢ of unity and ¢ =¢€"in;.
A

h

4Notice that ¢ =1 for any j if and only if € is a ¥*® root of unity, where v divides any ml Hence v = 1.

5We note that B is naturally identified with the projectivization P (A/Am) o pEm; =1 of the quotient A/Am.

T=n’=n

Under this identification, we may view 1 as the map sending a point y = (QI,QI, ...a b ) € AN Ap, to the
point b € P (A/Am) having homogeneous coordinates b = [1_71, ...,b } .

r=n

6In other terms, the dominant rational map ¢: A --» P (A/Aﬂ) can be resolved to a morphism by blowing
up A along the indeterminacy locus Asp,.
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= —2___ Notice that the proper transform W, = (pry)~1(b) of W) meets

and Inultg (Fa) ~ max;{m;}

the fibre F' := 771(0) at a single point p € AN H (recall that 7 : A — A is the blow-up
is the blow-up along A,,, which identifies with pr; : A — A). It follows that in some étale
nelghborhood of p, the closure of the fibre (19)*(b) C A,,—1 consists of the proper transforms

Fl, .. F of the curves I'y € A,,—1. Moreover, any I', is a reduced unibranched curve such
that
(2.2.3) (T E), = (Ta-Am), = A
and
(2.2.4) (To - F) =multy(Ts) = I
p = ) s )

by the Projection Formula and [3, Lemma 1.40 p.28].
Fmally, as we vary b € By, each 1" describes a reduced branch A% of Am 1 having multi-

plicity along F', intersection number A\ with E along F', and since the curves I, are

max; {m }
unibranched, the tangent cone to A% at p is supported on a linear space contained in E. In
particular, the intersection A,,—1 U E contains the whole fibre F', with multiplicity given by

the sum of the intersection multiplicities along F' between F and each branch of Em_l, that is
KA = l. O

Finally, we conclude this lecture by proving Lemma (1.1) for an arbitrary subvariety W C A
satisfying the hypothesis of the statement.

(2.3) Proof of Lemma (1.1). Let W C A be a smooth (> (m; — 1) 4+ 1)-dimensional variety
containing A, and such that ToW ¢ H. By the smoothness of W, its proper transform % - A
intersects the exceptional divisor E transversally, and cuts out on the latter a section over
Aﬂ. Moreover, since ToW ¢ H, we have that W meets F := = 7-1(0) at a single point p € A
which lies off H, hence TPW NT,F = {0}. By Lemma (1.3), in some étale neighborhood of p,
the variety Em 1 consists of k reduced sheets Al ...,&”, and the tangent cone to a branch

A% at p is supported on a linear space L C F. In particular, 7,FF € L C E. We notice
that dim L = dim A® = > mj, and dimT,F = dimF = ) " m; — 1 = dim A® — 1. Thus
dim (TpW N L) < 1, so that the linear span of T}, W and L satisfies

dim(T,W,L) > dimT,W +dimL—1=> (m;—1)+1+» m;—1
= Z(Qmj -1)= dim A,
that is (TPW7 L)= Tpg. Therefore, the intersection around p between W and A? is transverse,

and it consists of a unibranched reduced curve fa such that (fa . F)p equals the multiplicity

of A« along F', and (fa . E)p is the intersection number A between A% and E along

max; {m }

For any 1 < a < k, we consider the reduced curve I',, := W(fa), and in some étale neigh-
borhood of the origin, we have

Ap i NW=A,Ul'MU---UTL.
Since each fa meets F only at the point p, the curve I'y, is unibranched as well. Furthermore,
by arguing as in (2.2.3) and (2.2.4), we deduce that each I', satisfies multy (I'a) = (I's - F)p =
and (Fa . Aﬂ)o = (fa -E)p = \. Thus Lemma (1.1) follows. O

max; (m;}



90 V. Products of deformation spaces of tacnodes

References

Chapters in this Volume

[VI] Th. Dedieu and C. Galati, Degenerations and deformations of generalized Severi varieties.

[IV] M. Lelli-Chiesa, Deformations of an m-tacnode into m — 1 nodes.

External References

[1] L. Caporaso and J. Harris, Counting plane curves of any genus, Invent. Math. 131 (1998), no. 2,
345-392.

[2] P. A. Griffiths and J. Harris, Principles of Algebraic Geometry, Pure and Applied Mathematics,
Wiley Interscience, New York, 1978.

[3] J. Kolldr, Lectures on resolution of singularities, Annals of Mathematics Studies 166, Princeton
University Press, Princeton, NJ, 2007.



Appendix A
Geometry of the deformation space of an m-tacnode
into m — 1 nodes

by Thomas Dedieu

1 Introduction . . . . . . . . . 91
2 General results . . . . ... 91
3 Complete description in the case m =2 . . .. .. ... .. ... .. ... 93
4 Thecase m =3 and beyond . . . . . . . ... ... ... ... ... ... 96

4.1 Thecase m =3 . . . . . . . . e e 96

4.2 General conclusions . . . . . . . . ... 98
References . . . . . . . . . e 98

1 — Introduction

This appendix complements the previous lecture [IV], of which we shall keep the notation:
let 7 : S — A be the versal deformation space of the m-tacnode defined by the equation
y(y + ™) = 0 in the affine plane; we have A = A?m~1 ,» and S is defined in

@0y m—2,80,- s Bm—

A%y x A by the equation
v y(@™ + amox™ 4 ag) + Bro12™ T 4+ o

Inside A we consider the two subvarieties A,,_1 and A,,, the closures of the two loci of those
t € A such that the curves 7=1(¢) have m — 1 nodes and m nodes, respectively.

The goal of [IV] was to establish some properties of A,,_; around the origin in A, of fun-
damental importance in order to carry out the program of [1], see [VI]. Here we shall provide
complementary results, and work out detailed examples for m = 2 and 3. The first motivation
is that this will hopefully give more insight into the main result of [IV], as well as help to follow
the arguments given there. On the other hand, the variety A,,_; for m = 2 will show up under
another guise in this volume, see [XII], namely as the local model for the dual variety XV C p3
of a surface X C P3, around a point corresponding to a tacnodal hyperplane section; this makes
A,,—1 one of the main characters of this volume. We are therefore interested in more properties
of A,,—1 than those strictly necessary for the Caporaso—Harris Program.

Finally, I would like to point out before I start that the singularity of A,,,_1 at the origin is
known for m = 2 as a swallowtail singularity, queue d’aronde in french, one of seven elementary
situations in René Thom'’s théorie des catastrophes.

2 — General results

Let 7: A — A be the blow-up along A,,; recall that A,,, C A is the affine plane with equations
Bo=""=PBm-1=0,

91
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and it is contained in A,,_;. Let Z C A be the exceptional divisor, a P™~1-bundle over A,,,
and let ® be the fibre of Z over the origin. Let A,,_; be the proper transform of A, 1. Let H
be the hyperplane Sy = 0 in A, and let H be its proper transform in A.

The main result of [IV] may be reformulated as follows, cf. [1, Lemma 4.2], where the
equivalence of the two statements is proved (all the ingredients for this proof are present in
[IV)).

(2.12 Proposition. Let Z,,—1 be the intersection Am_l N Z (this is the exceptional locus of
T Apo1 = Ap-1). Then Zp, 1 contains ® as a component of multiplicity m. Moreover,
A, _1 s smooth at all points of ® not in H.

We shall now prove the result below, following [2, §2.4.4]. It is interesting in itself, but also
as a pretext to give a local description of A,,,_1 at an arbitrary point of A,,.

(2.2) Proposition. The fibres of Zy,—1 over A,, are unions of linear spaces.

Before we prove this, we introduce a natural stratification of A,,. Each stratum is the
locus in which the m-tacnode deforms into k£ non-infinitely near tacnodes of orders my,...,mg
respectively, with mi + --- +myg = m.

The space A,, identifies with the space of monic degree m polynomials in x with no x
term, and we shall consider in this space the loci of polynomials having roots with given multi-
plicities. For all partition m =mq + - - - + my, we let

m—1_

A{mlv"'vmk}gAm QA

be the locus corresponding to monic degree m polynomials with no 2™ !-term of the form
(x — A1)™ -+ (x — Ag)™F, with Aq,..., A\; pairwise distinct. Note that A{mq,...,my} has
dimension k£ — 1 (because we impose that there is no 2™~ !-term, equivalently the \;’s sum up
to zero), so its codimension in A, is m — k = Zle(mi —1).

For a € A{mi,...,my}, the curve S, = 7~ '(a) C AZ  is a reducible curve with two
branches, defined by the two equations y = 0 and y = (x — A1)™ -+ (x — \g)™* respectively;
these two branches intersect at the k points r1 = (A1,0),...,7% = (Mg, 0), with multiplicities
maq, ..., My respectively.

For all i = 1,...,k we consider the versal deformation space A(Sy,7;) of the singular point
r; € Sa; note that this is an my;-tacnode. There is then a natural map

k
o:U— HA(Sa,ri),

i=1

where U is an open neighbourhood U of « in A, and by the openness of versality it has surjective
differential at «; the fibre of ¢ over the origin parametrizes the equisingular deformations of S,
for which only the location of the points r; varies along the x-axis.

For alli =1,...,k we consider the subvarieties A,,,_1(r;) and A, (r;) of A(Sq,r;), defined
as the closures of the loci where r; deforms to m; — 1 nodes and m; nodes respectively. Then,
in the neighbourhood U of « in A, we have

A =0 (Apy(r1) x - Ay (72))

and
k

A1 = U ail(Aml(rl) X o X Ay, —1(ry) X ---Amk(rk)).
=1
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From this we see that A,,_1 has k local sheets in a neighbourhood of «, each containing A,,.
The [-th sheet looks like the product of A,,,_1 C A,,, with some smooth factor, and along this
sheet the fibres of 7 : S — A have m; nodes tending to r; for i # [, and m; — 1 nodes tending
to 7.

We are now ready to prove the statement.

Proof of Proposition (2.2). Inthe above setup, applying Proposition (2.1) to the spaces A(Sq, r:),
we will be able to describe the fibre of Z,,_1 over o € A,,,. Note that ®, the fibre of Z over the
origin, identifies with the projectivization of the space of degree m — 1 polynomials in z (with
coefficients fo, ..., Bm-1), equivalently with the projectivization of the space of polynomials
modulo those vanishing to order m at the origin (i.e., C[z]|/(z™)).

Then, for all [ = 1,...,k, by Proposition (2.1) applied to A,,,—1(r;), the proper transform
of the [-th sheet of A,,_; intersects the fibre ®, of Z over « in the linear subspace of &,
corresponding to polynomials in z vanishing to order my, at r, for all h # [; in other words, if
we identify ®, with the projectivization of

k
Clal/((x = A)™ - (x = Ae)™) = ] Clal/((x = An)™),
h=1

then the proper transform of the [-th sheet of A,,_; intersects @, in its linear subspace which
is the projectivization of Clz]/((z — \)™) (with multiplicity m).

In turn, the intersection of A,,—1 with the fibre ®,, of Z over « is the union of these linear
spaces for [ ranging from 1 to k. O

(2.3) A complement. Consider a small arc t € D — «a(t) € A,, tending to the origin as ¢
tends to 0, where D stands for the unit disc in C. If this arc is small enough, then all points «/(t)
with ¢ # 0 lie in the same stratum A{m;,...,mg}. Moreover, as t goes to 0 € D the singular
points r;(t) of the curve S,y € A2, tend to the origin. It follows that the limiting position
in ® of the intersection with @, of the [-th sheet of A,,_1 along A{my,...,m} is the space
of polynomials vanishing to order m — m; at 0 (in the identification of ® with polynomials in
modulo those vanishing to order m at the origin).

This implies, as in [IV, 2], that ® is an irreducible component of Z,,_1, the general point of
which corresponds to the tangent direction of an arc in A,,_1 which intersects A,, only in the
origin.

3 — Complete description in the case m = 2

When m = 2 we are considering the versal deformation space of the ordinary tacnode, defined
in A7, by the equation y(y +2?) = 0; this is § — A= A3, ;  with S defined in A2 x A
by the equation

v? +y(z? + ag) + Brz + Bo = 0.
We are interested in the surface A; C A of deformations of cogenus at least one of the tacnode,

especially along the curve Ay C A of deformations of cogenus two, which is the line 51 = Sy = 0,
along wich the tacnode deforms to two nodes. The picture looks as follows, as we shall see.
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Acusp

A1 /

Ay

Figure 1: Geometry of Ay along Ay (beware the singularity along Acysp)
(reproduction from [2, p.181])

The surface A; has two local sheets along the line As; they intersect transversely along the
complement of the origin in A, but they have the same tangent plane at the origin. Also, it
is important to keep in mind that the surface A; is singular along the curve Acysp, which is
the locus along which the tacnode deforms to an ordinary cusp: the surface A; has a cuspidal
singularity at the generic point of Ag,sp, although this not pictured on the above figure.

The proper transform of A; under the blow-up of A along the line Ay looks as follows.

Ay
Z

Figure 2: Intersection of A; with the exceptional divisor
(reproduction from [1, p.379])

(3.1) Equation of A;. The surface A; is defined in Aio,ﬁo,ﬁl by the condition that the
polynomial

0o, 80,8 (T) = (Jc2 + a0)2 —4(B1z + Bo) = 2t + 2002 — 481z + ag — 48,

has at least one non-simple root (see [IV, Section 1]), equivalently its discriminant vanishes.
Using the formula for the discriminant of monic degree 4 polynomials with no z3-term, namely

Disc(z? + az? + bz + ¢) = —4a®b* + 16a*c — 27" + 144ab’c — 128a%c* 4 256¢°,
we find the equation for Ay in A3 5 5,

(3.1.1) 256 - (160387 + 160387 — 72008087 — 2781 — 64/35) = 0.
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Note that it is quasi-homogeneous of degree 12 for the weights 2,4, 3 of ay, 8y, 51 respectively.

(3.2) Equations of the curve Ac,s,. We consider the locus Aqygp of those t € A such that
the curve S; has (at least) a cuspidal singularity. The locus Acygp is defined by the condition
that the polynomial 4, 5,5, has at least one triple root, in other words that there exists u € Al
such that

Seg 0.0 () = (& — u)® - (2 + 3u)
= 2% — 6u?2? + 8ux — 3u?

(recall that the roots of da,,6,,8, Sum up to zero as it has no z3-term). Therefore, Ac,sp is the
projection on the second factor of the complete intersection in Al x Aim 0,5, defined by the
equations

20 = —6u?
—46, = 8u?
ag — 48y = —3u*.

Eliminating « from these equations (note that this can be done algorithmically), one finds the
following equations defining Acysp in A3 5 5,

as —3By=0
4o + 2787 = 0.

(3.3) Singularities of the surface A;. To compute the equations of the singularities of Ay,
we consider the Jacobian ideal (Ou, F, Op, F, 03, F'), where F is the equation of Ay given in (3.1.1).
It readily defines the singular subscheme of Ay, since F' is quasi-homogeneous hence liable to the
generalized Euler formula, cf. [II, Section 1]. Using a software for symbolic computation with
polynomials, e.g., Macaulay2 [3] and its command primaryDecomposition, one finds the ideal
defining the singular subscheme of A; is the intersection of the two following primary ideals,

(Bo,B1) and (9aoB3 — 4ad B + 2437, 8ai — 2765 — 36 B1, 2765 + 160237 — 6437)

The former is the defining ideal of As, while the latter is not prime, with radical the defining
ideal of the curve Acygp.

Also, one sees directly from the equation of Aj, (3.1.1), that it has a triple point at the
origin, with tangent cone the triple plane at the origin 55 = 0.

(3.4) Blow-up along the line A,. The blow-up of Aio-,ﬁmﬁl along the line Ay is the hy-
persurface in P%uo:ul) X Aio,ﬁo,ﬁl defined by the equation ug81 — u189 = 0. Pulling back the

equation of Aq, (3.1.1), we find

Bt - (16agug — 6481uf + 160 — T2a0B1u0 — 2767) = 0
in the affine chart u; # 0, and

B - (16ag — 6480 + 16agui — T2a0B80ui — 2785ut) =0

in the affine chart ug # 0; the factors between parentheses are thus the defining equations of
the proper tr~ansform Apin Ay x A} 5 and Al x A}, respectively. From these equations
we see that Aj is smooth in the latter affine chart, and has a double point at the origin of the
former, with tangent cone there given by 87 = 0.
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To obtain the intersection with the exceptional divisor Z, we plug 81 = 0 and By = 0
respectively in these two equations; we find

1603 (ua +ap) =0 and 16a2(1 + apui) =0

for the two equations of Z; = A; N Z in the two charts A1 x A3 .5, and A1 X AZO,BO
respectively. The exceptlonal divisor Z; thus has two 1rredu01ble component the ﬁbre ®y, and
the hypersurface ug + apu?) = 0; the latter maps 2 : 1 onto the line Ay, and corresponds to the

normal directions of the two sheets of A; along As.

4 — The case m = 3 and beyond

From this point on it is no longer advisable to do the computations by hand, and I have used
Macaulay?2 [3]. In fact, even with a computer it is not realistic to go much further. Still we can
make some interesting observations, that are summed up in Subsection 4.2.

4.1 — The case m =3

When m = 3, we are considering the versal deformation space of the 3-tacnode, defined in Ai,y
by the equation y(y + %) = 0; thisis S — A= AJ | 5 5 5, with S defined in A% x A by
the equation

y? +y(2® + a1z + ag) + o + frx + o = 0.

We are interested in the solid Ay C A of deformations of cogenus at least two of the 3-tacnode,
especially along the locus Az C A of deformations of cogenus three, which is the plane Gy =
B1 = Bo = 0 along wich the 3-tacnode deforms to three (possibly infinitely near) nodes.

The singularities of Ay are more complicated than those of A; in the case m = 2, and we
will content ourselves with the description of the exceptional divisor of As.

(4.1) Equations of As. We shall proceed by elimination, as in (3.2). The solid Ay is defined
by the condition that the polynomial

(4.1.1)  bag.ar.p0.8:.8: () = (2° + a1z + ag)® — 4(B22” + 1z + Po)
= 2% 4+ 201 2% + 202> + (a? — 4B)x? + (2apa; — 461)x + ( —45)

has at least two non-simple roots, equivalently that there exist (u,v,w) € A? such that

(412) 60&0,a1,ﬁ0751752 (:C) = (1' - u)2(z - ’U)Q(z - ’LU)(:L' +2u+2v+ ’LU)

It is thus the projection to the second factor of the complete intersection in Au v X Agojm Bo.B1.Ba

defined by the four non-trivial equations obtained by identifying the z-terms in (4.1.1) and
(4.1.2). Eliminating u, v, w from these equations, for instance by using the function eliminate
from Macaulay2 [3], one finds the ideal of Ay in A is the following:

(4800383 + 3a}Bop1 + 45a001 BT — T2a01 B0z + 2703 152
— 12801 8182 + 64083 + 270082 — 12582 4 1808051 B2,
903 B0B1 — 9ol B3 + 63apa?fofz — Sdadar BiB2 — 81al B3 + 1603 5182 — 128apan B3 — Bdagan B2
— 8102 Bof1 + 25011 B3 — 25201 Bo 182 + 1350087 B2 + 32400 fo B2 + 192531 85 + 405582 81,
160162 + 160382 — 1603 B2 — 2160201 2 — 12803 85 — 8lapar Bof1 — 1350287 4 13502 BofB2
— 1201 33 B2 + 5761 B0 + 288a0 5155 + 25603 + 6755067 — 43233 B2,
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16a}BoB2 — 16apa’ 1Bz — 160385 — 8lagaiBofi + 8lada B7 — 216aia1BoB2 + 13503 812
+ 16036782 — 128a7 803 + 192a0a1 81635 + 13502 82 + 2401 Bo B — 2250083 + 57601 53 B2
— 25200808182 — 32068252 + 2568085 — 43243,
8lagalfofz — 8la2a?Bi B2 — 1215a3 a1 B2 + 24003 5182 — 8laga? B2 — 486ad a1 Bof1 — 72903 B3
+ 2400283 + 72903 Bo B2 — 42002 B0 B1 B2 + 261apar B2 B2 + 1980ap i oS3 + 205202 31 52
— 224001 185 + 25600085 + 2431 B2 81 + 364500 8087 — 18360082 B2 — 230083 B2 + 33128081 55)_

It has five generators, quasi-homogeneous of degrees 15, 17, 16, 18, 19 respectively, for the weights
3, 2 for ap, X1 and 6, 5, 4 for ﬂo, Bl; 52.

(4.2) Tangent cone at the origin. Using the ideal of Ay in A, one finds (e.g., with the
function tangentCone of Macaulay?2) its tangent cone at the origin is defined by the primary
ideal

(258087 — 1633 B2, B3 B1, B, 2Tao 85 — 12553 + 1808051 32) -

It defines a degree 6 projective scheme, supported over the 3-plane g1 = 82 = 0.

(4.3) Blow-up along the plane Az. We consider the blow-up of A along Az as the subvariety

of P%umul:uz) X Aao,al,ﬂo,ﬂl,[b defined by the equations u;3; — u;8; = 0 for all distinct 7 and j
in {0,1,2}.
Let us consider the affine chart ug = 1 to fix ideas; it may be seen in A2, < A% . by

eliminating By and §1, since By = ugf2 and $1 = u1fB2 in this chart. The pull-back of the ideal
of Ay in A is the intersection of the two primary ideals (53) and

(3afuour +45a0a1uf —1252uf +48agaf — 72001t +27aoud +27agu1 — 128a1 Baur +180B2uou1 +64a0 B2,
16a3u2 4 16aF — 16a3ug — 8lapaiuour — 135a2u? — 120a1 Bau? + 675B2upu? — 216a2a1 — 12803262
+ 13502 u0 + 5761 faug — 432B2u2 + 28800 B2ur + 25652,

144apa3u? — 400aq foul + 14dapal — 279a0a3ug + 135a0a1ud + 1350 aur — 40003 Baur + 8ladugus
+ 79201 Baugur — 40582udur — 135a02u? + 81a3 + 320apaq B2 — 324apB2ue — 19263u1,

o/lluo — a?ug — ozoof;’ul + 81048041113 + a?ﬁzu? + 15041B2u0u? — 225040B2u‘;’ + 8104(2)04? — 13504(2)041uo

— 804%B2u0 + 5404311(2) + 36a1 ﬁgug — 27521}% + 54a8u1 — 204ap a1 Bau

+ 2880 Bauour — 2083u? + 108a B2 + 165§u0)_

The latter has four generators, and defines the proper transform Ay of A, in this affine chart.
To obtain the intersection Zs of Ay with the exceptional divisor, we plug in the equation S = 0.
We find the ideal of Zs in Aio, x A3 is the intersection of the three primary ideals

u1 ao,a1,B2
(aoal, a%,a%ul + 9aou0,a‘;’),
(u% + a1 — up, uou1 + @p, x1up — ug — ozoul), and
2 3 2 2 3 2
(aluoul — apui + ajug — 2a1ug + ug — aparul + 3aguoul + ag,
1604%11% + 16041;’ - 31a%uo + 15a1ug + 15apgaiur + 9aguoul + 904(2),
a%uom + 15a0a1u% + 160{0&% — 24apaiug + 9a0u(2) + 9a%u1,
oz‘;’uo - a?ug - aooz?ul — 6apaiugul — 9048113 — 15048041 + 9aguo,
16a] — 15a3u2 — 96apaur — 90aparugur — 13503u? — 360akar + 216agu0).
The first one has radical («p, 1), and defines the fibre ®g of Z over the origin with multiplicity

3. The second one is radical, and defines a locus that dominates Ag (this can be seen by
eliminating the variables ug and w1, which gives the zero ideal); moreover, one finds there are
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three points in this locus over the generic point of Az. As for the third one, if we eliminate ug
and wuq, we find the ideal

((4af +2708)?),

which is generated by the square of the discriminant of the polynomial 2% + a1z + ag; over the
generic point of the locus defined by this discriminant in Ag, we find the the third ideal defines
a line with multiplicity 2.

Computations in the two other affine charts are similar, although they take a little more
time to the computer. In conclusion we find that the exceptional divisor Zs of As — Ay has
three irreducible components: (i) the fibre ®g of Z over the origin; (ii) a surface dominating As,
and corresponding to the normal directions of the three sheets of Ay along Ag; (iii) a surface
fibered in lines over the cuspidal curve A{2,1} C Ag (in the notation of Section 2).

4.2 — General conclusions

(4.4) Some computations in the case m = 4. For m = 4 it is still possible to compute the
defining ideal of the fourfold As in Azm _j5» although it took about half an hour on my
personal computer.

s 2,00,

This ideal has 20 generators, all quasihomogenous if we assign the weights 4, 3, 2 to a2, a1, ag
and 8,...,5 to (3,..., 0 respectively. For what it’s worth, the degrees of the generators are
18,19, 20,20, 21,21, 21,22, 22, 22, 23,23, 24, 24, 28, 28, 29, 30, 30, 31.

The tangent cone to Ay at the origin is supported on the 4-plane 8y = 1 = f2 = 0, and has
degree 10.

I have not been able to compute a primary decomposition of the intersection of As with the
exceptional divisor Z of the blow-up of A along Ay.

(4.5) General conjectures. From the above computations one can conjecture that the defin-
ing ideal of A,,_1 in A will always be quasihomogeneous for the weights m, ..., 2 for ag, am—2
and 2m,...,m+ 1 for By,..., Bm—1, respectively.

The origin will be a point of multiplicity Y ;- , k, with tangent cone there supported on the
m-plane Sy = -+ = Bp—2 = 0.

The exceptional divisor of Am_l — A,,—1 will have m — 1 irreducible components, respec-
tively dominating the following lociin A,, : A{1,...,1} = A,,, A{2,1,...,1}, ..., A{m—1,1}.

The latter two facts are probably not very hard to prove using the setup of Section 2. It
is plausible that the first conjecture may be approached using reduced discriminant theory (see

[C])-
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This text is dedicated to the recursive formula obtained by Caporaso and Harris [1] as
a solution to the problem of “counting plane curves of any genus”, see Corollary (1.5) and
Theorem (5.4). Fix a degree d € N*, and denote by p,(d) = 4(d — 1)(d — 2) the genus of

smooth plane curves of degree d. For all ¢ = 0,...,p,(d), (reduced) plane curves of degree d
and geometric genus g form a family of pure dimension Vg = 3d+ g — 1. The problem is to find

the number of plane curves of degree d and geometric genus g passing through I/;l general points
in the plane. It turns out that this number equals the number of j-nodal plane curves of degree
d which pass through 1/;; general points in the plane, with 6 = p,(d) — g (a curve is d-nodal if
its singularities are exactly 0 nodes, i.e., 0 ordinary double points).

Caporaso and Harris obtain their inductive formula by specializing one after another the
aforementioned l/g imposed crossing points to general points on a fixed line L. This may be
conveniently formulated in terms of a degeneration of the projective plane P? to the transverse
union along a line of P2 and a minimal rational ruled surface Fy, using the formalism presented
in [I]. We will do it on an example in [VII], but here we stick to the presentation given in [1].
A similar result for curves on minimal rational ruled surfaces has been obtained by Vakil [6],
following a similar degeneration procedure, and around the same period of the time. We shall
nevertheless concentrate on the case of plane curves.

The above described degeneration procedure makes it necessary to generalize the problem.
Thus, one is led to count curves of given degree and genus with, in addition, a prescribed
intersection pattern with the line L, both at assigned and unassigned points. We shall call
generalized Severi varieties the families formed by these curves: they are a particular case of
the logarithmic Severi varieties studied in [III].

We give precise definitions and statements in Section 1 below. There, we shall also provide
more details about the general strategy of the proof, which will explain the title of this text.
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1 — The counting problem and its solution

Let us fix once and for all a line L C P2. We shall use freely the notation and definitions
introduced in [ITI, Section 1], in the special case when the pair (S, R) is (P2, L); every class
¢ € NS(P?) is d times the linear equivalence class of a line for some integer d, and therefore it
shall be denoted simply by d.

Let d € N and g € Z, let @ = ();>1 and 8 = (B;)i>1 be two sequences in N such
that Ta + I3 = d, and let = ({pi,j}lsjsai)i>1 be a set of a points on the line L. The

logarithmic Severi variety V& (o, B)() is the locally closed subset of |Op2(d)| (the projective
space of dimension %d(d + 3) parametrizing all plane curves of degree d) parametrizing those
reduced plane curves of degree d and geometric genus g that intersect L at the points of 2
with the multiplicities prescribed by « and at further unassigned points with the multiplicities
prescribed by S; for the rigorous definition, see [III, Definition (1.5)]. The points of £ shall be
referred to as the fized, or assigned, contact points, and the other intersection points with L as
mobile, or unassigned, contact points (as it turns out, in the present situation, the unassigned
contact points indeed move as the curves moves in the Severi variety, see Proposition (2.2)
below). The relevant notation for these points and their relatives is explained in Paragraph
(2.1). Forgetting about the location of assigned intersection points at 2, we may also loosely
say that the curves in ng(a, B8)(€2) have intersection pattern with L prescribed by « and S.

As it turns out (see Proposition (2.2) below), the general element of every irreducible com-
ponent of V4 (a, 3)(€2) has § nodes and no further singularities, with

5=pa(d) —g = 5(d~1)(d~2)  g.

The upshot is that it is indifferent to require either that the geometric genus be g or that the
singularities be exactly ¢ nodes.

(1.1) Definition. For all natural integers d and 6, and all o, € N and Q as above, the
generalized Severi variety V49 (a, B)(2) is the Zariski closure in the projective space |Opz(d)|
of the logarithmic Severi variety Vpci(d)_é(oz, B)(Q) of the pair (P?,L).

In the particular case when o = 0, and thus Q@ = @, and 8 = (d,0,...) (i.e., when no conditions
are imposed on the intersection with L), the Severi varieties V;(c, 8)(2) and Va2 (o, B)(Q) will
simply be denoted by ng and V%9 respectively, and called plain Severi varieties.

Although this should not create any problem, beware that in our notation ng and V49 (with
any additional decorations) are respectively locally closed and closed in |Op2(d)|.

For any point p € P2, the degree d plane curves passing through the point p form a hyperplane
pt in the projective space |Opz(d)|. Therefore, the problem of counting curves of degree d and
genus ¢ (and no further conditions) mentioned in the introduction amounts to the problem of
computing the degree of the plain Severi variety V&° = VZ, with § = pa(d) — g. We shall
denote this number by N%9. More generally, for all o, 3 € N, we shall denote by N%%(a, 3) the
common degree of all ng(oz, B8)(Q), where Q is a general, cardinality «, set of points of L.

The recursion procedure of Caporaso and Harris consists in computing the number N%? by
cutting V%® by hyperplanes p- with p € L. Their main result is Theorem (1.4) below. We need
some additional notation to state it.

(1.2) Notation. For all k € N*, we let e, = (0,...,0,1) € N: it is the sequence with only one
non-zero entry, in k-th position and equal to 1 (recall the convention made in [ITI] that we may
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omit the infinite sequence of zeros at the end of elements of N). For all 8,5’ € N, we let

1P = Hk>1 P and (Bﬁ/) = Hk>1 (gé)

If Q = (Q1,9Q0,...) is a set of cardinality o € N, a subset of  of cardinality o/ < « is simply a
set ' = (Q],95,...) of cardinality o’ € N such that Q) C Q for all k > 1.

The following notation is not needed to state the main theorem below, but we shall use it
for the proof and in the more precise Theorem (4.1). For all § € N, we let

lem(8) = lem{i : B; # 0} and max(3) = max{i: 8; # 0}.

(1.3) Convention. In the statement below, generalized Severi varieties V419" (o/, /)(€V) C
|Op2(d — 1)| are considered as the projective subvarieties of |Op2(d)| parametrizing all curves
of the form C + L with C € V4=1%" (/| §/)(€'). We will make this identification freely all along
the text, where needed.

(1.4) Theorem (Caporaso-Harris). Let d and § be natural integers, and let o, € N be
sequences such that Ia+ I8 = d, and Q be a set of a general points on the line L. Let p be a
general point of L. Then one has the following equality of cycles:

(141) VS, p) (@ npt= Y k-VYa+erB—er)(QU{p})
k>1: B >0

/
>, (Bﬂ) VR (!, 8)(@)
Q'CQ, Card(QY)=a’
B'=2B: I’ +IB'=d—1
§'=6+|8"~Bl-d+1

where, in the first sum, QU {p} means that we add the point p to the k-th term of Q =
(Q1,94,...).

Note that, in the above theorem, if we start with a plain Severi variety for V49 (a, 5)(f)
(ie., if @ = 0 and thus Q = @, and 3 = (d)), then the intersection with p* decomposes as a sum
of genuinely generalized (i.e., non-plain) Severi varieties. This is why one needs to generalize
the problem of counting curves of fixed degree and genus for the inductive solution proposed by
Caporaso and Harris.

It follows from Proposition (2.2) below that if p is outside of §2, then no irreducible component
of V49 (a, 8)(£) is contained in the hyperplane p*. Therefore, all irreducible varieties appearing
on the right-hand-side of (1.4.1) above have codimension one in V% («a, 3)(Q), and indeed we
shall verify this by hand later in the text. The number N%9(a,3) we are looking for is the
degree of V4 (a, 3)(Q) as well as that of the cycle on the right-hand-side of (1.4.1). Thus,
Theorem (1.4) has the following direct corollary.

(1.5) Corollary. Let d and 6 be natural integers, and let o, € N be sequences such that
Ia+ 18 =d. Then one has the following equality:

N, B)= S k- N®(ater,f—er)+ S (ﬁﬂ’) (a’) NI (of ),

(0%
k>1: B >0 o' <a
B'>B:Ia’+Ip =d—1
§'=6+|8"—-B|—d+1

Since the numbers N9 (a, 8) are readily computed, the above recursive formula enables one
to compute all numbers N%(qa, 8), and thus to completely solve our counting problem. Note
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that the recursion indeed terminates, as those terms appearing in the first sum are all of the form
N4 (o 3") with 3" < 3, so that unassigned intersection with L are exhausted after finitely
many applications of the formula, and then only terms of the form N d_l"s/(a’ ,B') appear. It is
of course helpful to watch the inductive process work on a concrete example. For this we refer
to [VII], or [1, p. 349]; see also Example (5.1).

Although, arguably, the relevant enumerative problem is to count irreducible plane curves
of any genus, there is no irreducibility requirement in our definition of Severi varieties, and
therefore the numbers N%9(a, 3) count curves regardless of their being irreducible or not. It
is yet possible to derive a recursion formula counting irreducible curves using the inductive
process of Caporaso and Harris (and so do they in the original article). We postpone this until
Section 5, as the formula is yet more complicated than the above one, and having the geometry
of the inductive process in mind helps in understanding it.

The proof of Theorem (1.4) is in two parts. The first one consists in using stable reduction
in order to limit the possible irreducible components of the intersection of V4 (o, 8)(2) and p*.
This is the degeneration part; it is carried out in Section 3 and the result is Theorem (3.1). The
dimensional characterization of Severi varieties (Proposition (2.3)) is fundamental in identifying
the components of the intersection as generalized Severi varieties.

The second part consists in showing that all the generalized Severi varieties found in the first
part indeed occur as irreducible components of the intersection of V%9(a, 3)(€2) and p*, and to
compute their multiplicites in this intersection. This is the deformation part; it is carried out
in Section 4 and the result is Theorem (4.1). A fundamental result for this part is the study of
the deformation space of an m-tacnode into m — 1 nodes, also due to Caporaso and Harris, and
described in [IV]. The latter result is certainly the central result of this whole volume of notes.

Theorems (3.1) and (4.1) together directly imply Theorem (1.4).

2 — Recap on Severi varieties

(2.1) We shall use consistent notation to denote assigned and unassigned contact points with

the line L. Consider a generalized Severi variety V%°(a, 5)(Q2) as in Definition (1.1). The
assigned contact points with L are the elements of €2, which we write as {2 = ({pi7j}1<j<0¢i)i>1'
Let [C] be a general member of any irreducible component of V4% (a, 8)(£2). Denote by C—cC
the normalization of C, and by ¢ : C — P? its composition with the inclusion C' C P2. By
definition of the Severi varieties, there exist a points ¢; ; € C, for all > 1 and 1 < j < a4, and

B points r; ; € C, foralli > 1 and 1 < j < f3;, such that

Vizl, Vi=1...,ai: &) =pi;

¢*L:Z Z ’qu’j+z Z ’L'Tiﬁj.

i>1 1<j<a; i>11<5<B;

and

Moreover, we let s; ; = ¢(r; ;) foralli > 1 and 1 < j < 6.

Thus, the assigned and unassigned contact points of C' with L are, respectively, the p; ;’s
and the s; ;’s, and their respective counterparts on the normalization C are the gi,;’s and the
Ti1j7S.1

The two following results are key ingredients in the proof of both Theorems (3.1) and (4.1).
They are direct applications of Theorem (1.7) and Proposition (4.3) in [III], respectively.

IThe reader may wish to keep in mind that &(qi,j) = pi,j whereas ¢(r;;) = sij; thus, beware, ¢ goes
backwards with the alphabetical order for the assigned contact points, but forward for the unassigned ones.
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(2.2) Proposition. Let the notation be as in (2.1) above. The generalized Severi variety

Va9(a, B)(Q) has pure dimension 2d + g — 1+ |B|, with g = pa(d) — . Morever:

— the curve C C P? is 6-nodal, and smooth at its intersection points with the line L;

— the contact points of C with L, i.e., all the points p; ; and s; ;, are altogether pairwise distinct;

— the counterparts on the normalization C' of the contact points of C' with L, i.e., all the points
gi,; and r; ;, are altogether pairwise distinct;

— for any curve G and finite set T in P2, if (GUT)NQ = @ and [C] is general with respect to
G and T, then C intersects G transversely and does not intersect I

(2.3) Proposition. Let V C |Op2(d)| be an irreducible variety, parametrizing genus g curves
in the following sense: for a general member [X] of V', there exists a smooth curve X of genus
g, and a morphism f : X — X, not constant on any component of X, and such that the
push-forward in the sense of cycles f+ X equals the fundamental cycle of X .

Let Q C L be a finite set of points. For any general member [X] of V, one has

dim(V) <2d+g— 1+ Card((X N L)\ Q),

where the last number is defined set-theoretically (i.e., multiplicities do not count).
Moreover, if equality holds, then there exist a, 8 € N such that V is a dense subset of a
component of the generalized Severi variety V¥°(a, 8)(Q), § = po(d) — g, if and only if

Card(f (X NL)) = Card(X NL),

with f: X — X a genus g morphism as above.

Lastly, let us mention that, although we pretend not to know it in this text, all generalized
Severi varieties V%4 (a, 8)(2) have their irreducible components in bijection with the possible
splittings of degree d, d-nodal curves, into several irreducible components. Thus, for instance,
there is at most one irreducible component of V%°(a, 3)(Q2) parametrizing irreducible curves.
This is proved in [12] for plain Severi varieties, and in [7] for generalized Severi varieties.

3 — Degenerations of generalized Severi varieties

This section is dedicated to the analysis of how curves in a generalized Severi variety V% (o, 8)()
degenerate when one imposes the passing through a general point of the line L. The main re-
sult of this section is Theorem (3.1) below, but we will also provide in Section 3.4 a geometric
decription of the degeneration at play, of fundamental importance for the proof of the theorem
in the other direction, i.e., Theorem (4.1) on deformations of generalized Severi varieties, which
is the object of the next section.

In the following statement, and as in Convention (1.3), for all ¢, ¢/, 5/, €, the generalized
Severi variety V4=19" (o, 3')(€) is identified with a variety parametrizing degree d curves con-
taining the line L, namely

{lcuL]: [0 e VI~ (!, B) ()} C |Op2(d)|.

(3.1) Theorem ([1, Theorem 1.2]). Let p € L be a general point, and let V' be an irreducible
component of the intersection V& (o, B)(Q) NpL. Then V is an irreducible component of one of
the following varieties:

a) for all k such that By, > 0, the variety

Vd"s(oé +ex, B —er) QU {Prapt1})

with PEk,ap+1 = P;
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b) foralld < a, B’ =B, and &’ < § such that (i) I&'+18" = d—1, and (ii) §—§"+|8'—B| = d—1,
the variety
Vo, B)(9),

where Q' is an arbitrary cardinality o subset of ).

(3.2) Remark. The condition § — ¢’ + |8’ — 8| = d — 1 in case b), is equivalent to the condition
dim(VI=19 (o/, B")(Q")) = dim(V % (o, 5)(2)) — 1. Indeed,

dim(V%4 (e, B)) — dim(VI=1 (o, 8)) = 2d + g — 1 +|8]) — 2(d - 1) + ¢ — 1+ |5
=g—4¢ +|8-01-2,

where we let g and g’ be the genera of the members of V49 («, 8) and yd-14' (o, B") respectively,

and thus
g—g = <d21>5 <d22)+5’d25+5’

by the Pascal Formula.
Later on we will be able to explain geometrically where the § — ¢’ nodes degenerate, see
Subsection 3.4.

(3.3) Remark. Note moreover that, still in case b), the conditions o/ < «, 8/ > S, and
Ia/ +1p" = d — 1 altogether imply that o' < a, i.e., there exists an ig such that of < a,.

It is however possible that 3 = 3, but in that case all the irreducible components of
V49(a, B) having V in their intersection with p parametrize reducible curves, see Remark (4.21).

Proof of Theorem (3.1). Let [Xo] be a general point of V. There are two cases to be considered.
The first case is when the curve X, does not contain L. Then, in order for [Xo] to sit in pt, we
must have one of the mobile contact points (which we may loosely refer to as points of type j3)
be at the prescribed point p (note that by generality, p is off Q). Thus one mobile contact point
must be turned into an assigned contact point (i.e., a point of type § is turned into one of type
«), hence V must be contained in a variety

V(o + ek, B — 1) (U {prar+1 = p}).

Since the latter varieties all have pure dimension dim(V%°(a, 8)(Q2)) — 1 = dim(V'), this implies
that V' is an irreducible component of a generalized Severi variety as in case a) of the theorem.

The remaining case is when X has L as an irreducible component; then we shall loosely say
that Xo = L UC. In this case the content of Theorem (3.1) is Proposition (3.15) below. O

The proof of Proposition (3.15) occupies most of this section. The general idea is to apply
(a suitable version of) semistable reduction to a family of general members of V% (a, 5)()
degenerating to Xg, in order to derive some necessary conditions on Xy which will limit the
number of dimensions in which it can move. Comparing this with the fact that Xy has to move
in dimension dim(V%?(a, 8)(2)) — 1, and taking advantage of the dimensional characterization
of generalized Severi varieties (Corollary (2.3)), we will then be able to conclude.

(3.4) Setup. Let V be an irreducible component of V%°(a, 3) N p*, the general member of
which has L as an irreducible component. Let X, be a general member of V| and let C' be
the sum of the components of Xy supported on curves different from L; we shall loosely write
Xo=LUC.
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(3.5) Semistable reduction. Let I' be a general analytic curve in V%9(a, 3) passing through
the point [X], and let X — T be the corresponding family of curves. By the generality of T, its
general member [X,] is general in an irreducible component of V49(a, 3), hence it corresponds
to a reduced curve X, with 6 nodes as its only singularities.
Let v : T — T" be the normalization of ', and let by € T be a point with v(bg) = [Xo]. We
let X¥ be the normalization of the total space X xr I'”, obtained from X by the base change
I'” — I'. The general fibre of X¥ — T' is smooth of genus g = p,(d) — §, by the Teissier
Simultaneous Resolution Theorem, see [III].
Applying a suitable version of stable reduction to the family X* — I', we arrive at a family
of curves f : Y — B, with special fibre Yo = f~1(bg), satisfying the following conditions:
e Y — B is a nodal reduction of X¥ — I'V| i.e., all fibres of f are reduced, nodal curves,
and B is a branched cover of I';

o the total space Y is smooth;

o there are |af sections @Q;; (1 < j < «;) and || sections R; ; (1 < j < ;) of Y — B,
altogether pairwise disjoint, such that 7(Q; ;) = p;; (the points of ), and for all b # b

one has
(7ly,) L =i Qijly, + > i Rijly, ;

o the map sending the general fibre Y}, of Y to the corresponding plane curve X, extends to
a regular map 7 : ) — P? (here v = v(n(b)), see diagram (3.5.1) below);

e the family ) — B is minimal with respect to the above properties.

Note that, since Y is smooth and the @Q); ;’s and R; ;’s are sections, they do not pass through
any singular point of the central fibre Yj.

The family Y — B is obtained from X'¥ — I'V by applying a finite number of base changes
and blow-ups. A number of additional such operations may be required with respect to the
usual nodal reduction in order to first organize the points ¢; ; and p; ; on the fibres into sections
(a priori they may be permuted by the monodromy), and then separate these sections. The
situation is summarized in the diagram below.

(3.5.1) Qij, Ri;——=Y

NS
N

'Y ——T

3.1 — General picture of the degeneration

(3.6) Components of the central fibre of Y. The irreducible components of the central
fibre Yy of ) come in three types. Namely, we let:

e L be the union of the components of Y; on which 7 is nonconstant and maps to L;

« C be the union of the components of Y; on which 7 is nonconstant and maps to C;

e Z be the union of the components of Y, on which 7 is constant.

(3.7) Degenerations of assigned and mobile contact points. We shall now relabel the
sections (Qi;)1<j<a; and (R; j)1gj<p, according to the type of the irreducible component of
the central fibre they pass through. We advise the reader to read this paragraph with Figure 1
at hand.
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_ For all i, we let ozic and o be the number of the sections Qi 1 < j < a4, passing through
C and L, respectively. We package all these numbers as sequences a® = (aic)@l € N and
af = (alF);>1 € N, and label the corresponding sections as (ng)1<j<aic and (Qﬁj)lgjgalp,
their respective intersection points with the central fibre as (qgj)lgjgaf and (qu)lgjgaf, and
the images by 7 in L of the latter as (ng)lgjgaf and (PiL,j)lgjgaf- (Note that, by definition,
also the qi(fj e C are mapped to L by ).

_ Similarly, for all i we let B€ be the number of the sections R;;, 1< j < B, passing through

C. We also let B¢ = (8Y);>1 € N, label the corresponding sections (Rfj)lgjgﬁc, and name

(rfj)lgjgﬂic their respective points on the central fibre Yy, and (ng)1<j<5ic their images on L
by 7.

The aware reader will have noticed that we have not considered all possibilities, as there are
neither o, nor % or B%. The reason for this is that these turn out not to exist, as we will see
in Claims (3.9) and (3.10) below.

(3.8) New mobile contact points. We now identify some new points on C which, as we
shall see, induce new mobile contact points with L as C' moves in the family V. These are the
intersection points of C' with the vertical part of 7*L, i.e., the part of the divisor 7*L C Y with
support contained in the central fibre Yy, which is

(77'*171)‘181rt =7"L — ZiQi’j — ZiRiJ‘

Thus, for all i, we let 37 be the number of points in CN(7* L)¥e"* appearing with multiplicity 7
in the divisor (7*L)¥e'*, and label these points as (TEJOL)KKﬁicm. We also let (SEFL)KKL??“
be the images of these points by 7, and 3¢ = (B3¢"E),5; € N.

The reason for the notation is that it will turn out that the support of (7* L)V®'" is the union
of L and those connected components of Z which intersect L (this follows from Claim (3.9)
below and the argument given in (3.19)). Therefore, on the surface )’ obtained from ) by
contracting Z, we can see the points v as the intersection points of (the images in N of) C

N %]
and L.

The situation is summarized in Figure 1 below. In fact, we want this figure to picture the
situation as it occurs in reality, and therefore we shall make a number of claims before we draw
the picture. The proof of these claims occupies a substantial part of the remainder of this
section.

The final interpretation in terms of degenerations of Severi varieties of the data introduced
above is given in Proposition (3.15) below.

3.9) Claim. The sections (Q;.;)i<i<a, and (R; i)1<i<s. are disjoint from Z.
JI1< < JI1LG<Bi J
(3.10) Claim. All sections (R; j)i<j<p; pass through C.

Note that Claims (3.9) and (3.10) imply that
{Qijhicica: = {QF hcicar U{Qf jhicicar and  {Rij}icica, = {R{ hi<i<ar-

(3.11) Claim. The curve L consists of a unique irreducible component, on which 7 is an
isomorphism.

This claim implies that the line L appears with multiplicity 1 in Xy, so Xg = C U L with C
a degree d — 1 curve.
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(3.12) Claim. The curve Z consists of a disjoint union of chains of rational curves joining L
to C.

This Claim implies that the surface )” obtained from the smooth surface ) by contracting
Z has only rational double points as singularities.

(3.13) Claim. The map 7 is a birational isomorphism on each irreducible component of C.
This Claim implies that the curve C is reduced.
(3.14) Claim. The curve C is smooth (though not connected, in general).

We may now draw a picture of the situation.

C c
Q5 4 2 } a®

TC- C
jo ,J } ﬂ
Zl ZQ
L
T cNnL
" cnr b
1,7
L
i i
s, } L
[0
\ ;

Figure 1: General picture of the degeneration

We shall prove the following result, which encapsulates Theorem (3.1) in the case of an
irreducible component having general member of the form Xy = C U L.

(3.15) Proposition. In the situation of (3.1), the curve C is a general member of the gener-
alized Severi variety V=19 (o/, 8')(Q), where:

—a =a%, and U = (ng)1<j<a§7'

*ﬂ/ :ﬂc+ﬂCﬁL.

— 0 =0—d+14+|5 -0

In other words, we will prove that the assigned contact points for the curves X, (recall the
notation from (3.5)) that end up on C' transfer to assigned contact points for C, whereas those
that end up on L vanish, being accounted for by the component L of X, = C'U L; moreover, all
mobile contact points of X, end up on C and thus transfer to mobile contact points on C; the
curve C has additional mobile contact points with L, which come out of the intersection points
of C and L in ).

We will provide an explicit geometric description of the degeneration of the curves X, in a
neigbourhood of all these points in Subsection 3.4 below. Then, we will be able to track the
limits of the 6 nodes of the curves X, and thus provide a geometric explanation for the formula
relating ¢’ and 0.

3.2 — Simplified proof of Proposition (3.15)

We follow the presentation of [1], and first give a proof of Proposition (3.15) under some simpli-
fying assumptions, in order to describe as clearly as possible what is actually going on in reality.
We shall prove later on that these simplifying assumptions do indeed hold, in Subsection 3.3.
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We have made six claims in Subsection 3.1 above, with numbers (3.9)—(3.14). Our simplifying
assumptions consist in taking the three Claims (3.9), (3.11), and (3.12) for granted, for the
moment.

(3.16) Proof of Proposition (3.15) assuming Claims (3.9), (3.11), and (3.12). Claim (3.12)
ensures that the surface )’ obtained from ) by contracting Z has at worst rational double points
as singularities, and is still a nodal reduction of the family X — I'. From now on we work on
this new family, and denote any curve in )” image of a curve in ) by the same symbol (with
the exception of the central fibre of J*, which we will denote by Yob).

Since Yy and Yob are semistable limits of the curves X, which are smooth of genus g, it holds
that

Pa(Yo) = pa(Yy) = g.

Claim (3.11) ensures that ; ~ L is rational. On the other hand, YY = LU C is nodal, and the
total number of points in C' N L is |3"F|. Thus one finds

(3.16.1) 9=pa(Y5) = pa(LUC) = pa(C) + 87| -1

We shall now apply Corollary (2.3), which gives a dimension bound on families of genus g
curves and a dimensional characterization of generalized Severi varieties. Let V' be the irreducible
component of V4 (a, 8) N p* of which Xy = C'U L is a general member. The dimension bound
tells us that

(3.16.2) dim(V) < 2(d — 1) + g(C) — 1 +|B8° + B°NE|,

since the number of unassigned contact points of C' with L is at most |3 4+ 3|, and C has
degree at most d — 1 (indeed, the unassigned contact points of C' with L are the points in the
support of m,C - L off Q, one has m,C - L = 7«(C - m*L) by the projection formula, and the
intersection points of C W1th the sections @Q;; are mapped to ; besides, Claim (3.9) ensures
that the number |3€ + BCNL| does not count any point in C N L C Y? several times).

But p* is a hyperplane which does not contain any irreducible component of V4 (a, 8)(£2),
by Proposition (2.2), and since p ¢ ). Hence

(3.16.3) dim(V) = dim(V*(a, 8)) —1=2d+g -2+ |A].

In the upshot, we have the following sequence of equalities and inequalities:

2d+g+ |8 —2<2(d—1)+g(C) — 1+ |8° + gL by (3.16.2) and (3.16.3)
<2(d—1) +pa< 7) =1+ (8 + B since g(C) < pa(C)
(3.16.4) =2(d—1)4g— || + |8 + p°E by (3.16.1)
=2(d—1)+g+|/30|
<2(d-1)+g+18l.

We conclude that equality holds throughout. In particular, (3.16.2) is an equality and therefore,
by Corollary (2.3), V is an irreducible component of the Severi variety V4= (o, 8')(€) where
o/, QV, and B’ are as stated in Proposition (3.15), and ¢’ is determined by the geometric genus
of C (note in particular that the orders of contacts of C' with L are given by the multiplicities in
7*L - C, and therefore they are indeed o/ and ). Yet a couple of words are in order as to why
the condition Card(C'N L) = Card(r~1(C' N L)) of Corollary (2.3) is indeed verified: on the one
hand, it follows from Claim (3.9) that the sections Q; ; are still mutually disjoint in )”, so that
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there is a unique point in C' over each point of €'; on the other hand, the equality in (3.16.2)
implies (by Corollary (2.3) again) that C indeed intersects L at |3¢ + B¢"| pairwise distinct
points, so that eventually all points in 7=1(C' N L) have distinct images in L, as required.

To finish, let us explicitly derive the formula for ¢’: it follows from the series of equalities in
(3.16.4) that the geometric genus of C' is

9(C) = g(C) = pa(C) = g — |B| +1,

so that

o= (137) ~ater=("57) oo -

(459)- (45 1) #0115 a- 1570

which is the value asserted in Proposition (3.15), as 3" = 5/ — 3, since B3¢ = 3 by the series
of equalities in (3.16.4). O

(3.17) Proof of Claims (3.10), (3.13), and (3.14) assuming Claims (3.9), (3.11), and
(3.12). As we have already observed, it follows from the series of equalities in (3.16.4) that
B = ¢, which proves Claim (3.10).

On the other hand, the fact that equality holds in (3.16.2) implies by Corollary (2.3) that
C' is reduced. Thus, Claim (3.13) holds. Eventually, we have already observed that the series
of equalities in (3.16.4) implies the equality g(C') = p,(C), which proves that C' is smooth, i.e.,
Claim (3.14) holds. O

3.3 — Complete proof of Proposition (3.15)

(3.18) Labelling of the remaining sections. In order to prove Claims (3.9), (3.11), and
(3.12), we need to consider the situation as complicated as it could a priori be, and therefore to
introduce some more notation with respect to that already given in Subsection 3.1.

Thus, for all ¢ we define (in the surface )) Bic’z as the number of the sections (R; ;)i1<j<s;
passing through a connected component of Z that intersects C, and package these numbers in
the sequence 5% = (ﬁZCZ)

On the other hand we redefine |3°"%| as the sum of the number of points of C' meeting
L plus the number of connected components of Z meeting both C and L. Thus it is the
number of intersection points between C' and L after we contract Z. Note that |[f°"%| no
longer corresponds to an actual sequence €N = (BZC NL); the point is, without Claim (3.12),
there could be a connected component of Z meeting C' at several distinct points with different
multiplicities in (7* L)vert.

(3.19) Bounding the number of mobile contact points of C' and L. To this end, we
note that every connected component of Z mapping to a point of L by 7 necessarily intersects
either L, or a section among @);; and R; ;. Indeed, otherwise there would exist a connected
component of 7~1(L) entirely contained in Z, and thus after contracting Z we would obtain a
surface with an isolated point in the preimage of L, which is impossible.

Therefore the number of mobile contact points of C' and L (in P?) is bounded from above
as follows:

(3.19.1) Card(C' N (L - Q) < |87+ 597 +15°77.
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(3.20) Bounding the genus of C. As in (3.16), Y) is a semistable limit of the curves X,
and therefore p,(Yy) = g. Since the number of intersection points between C' and L after we
contract Z is |3, we find that

(3.20.1) 9 =pa(Yo) = pa(L) + pa(C) + |B°7F| - 1.

Note that this inequality is strict if some connected component of Z has positive arithmetic
genus, or intersects C' or L at more than one point.

(3.21) Proof of Claim (3.11). Let e be the multiplicity of L in Xg = C U L. Then C has
degree d — e. On the other hand, L is mapped e : 1 to L by , so by Riemann—Hurwitz we have

the inequality p,(L) > —e + 1. Together with (3.20.1), this gives the bound:
(3.21.1) Pa(C) < g — B +e.

Now, we argue exactly as in (3.16): by Corollary (2.3), we find that the irreducible component
V of V49(a, ) N p* that C moves in has dimension at most

2(d —€) + pa(C) — 1+ [8° + BOZ| + 1B < 2(d —€) + g + B + B9F | + e — 1

(3.21.2)
=2d+ g+ |8 + 97| —e—1.
But since
dim(V) = dim(V* (o, 8)) — 1 =2d + g + |B| — 2,
and |B] < |3 + B9?|, one necessarily has e = 1. O

(3.22) Proof of Claim (3.12). By the fact that (3.21.2) is in fact an equality, we see that also
(3.16.1) must be an equality. Thus, as already observed in (3.20), every connected component
of Z has arithmetic genus 0, i.e., it is a tree of rational curves, and intersects each of L and C
at most once.

In order to prove that such a connected component is a chain of rational curves connecting L
and C, it is therefore sufficient to prove that any “end component” of a connected component of
Z meets either C or L. By an end component, we mean an irreducible component Z; that meets
at most one other irreducible component of Z (one if the corresponding connected component
of Z has several irreducible components, zero if Z; is itself a connected component of 7).

The key argument is that if an end component Z; of Z intersects neither C nor L, then by
the minimality of J there must be at least two of the sections (Q; ;)igj<e: and (Rij)1<i<s:
meeting Z1, for otherwise we could blow down Z; in ) and still satisfy all the conditions imposed
on Y. (Note that Z, being a rational curve intersecting Yy — Z; in exactly one point since Yj
is connected, is a (—1)-curve).

These two sections cannot be both of type a, for otherwise they would be contracted by 7 to
the same point of L, which is excluded by the definition of generalized Severi varieties. To rule
out the other possibilities, we use the fact that since (3.21.2) is an equality, then also (3.19.1)
must be an equality. But if two sections either both of type 5, or of types o and 3 respectively,
meet the same connected component of Z, then the two corresponding points of C' in P? are
the same, hence (3.19.1) is a strict inequality. This ends the proof of Claim (3.12). O

(3.23) Proof of Claim (3.9). Now we know that Claim (3.12) holds, i.e., the connected

components of Z are chains of rational curves connecting C' and L. Therefore we can indeed
consider the points (Tg]OL)lgjgﬁCﬁL introduced in (3.8), and their respective images by , the
points (s§75), ;< gone (see also (3.18)).
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Our main argument here is that (3.19.1) is an equality, as we have already observed in (3.22)
above. If a section of type a intersects a connected component of Z, then the image in P? of

the point TEJOL corresponding to this component must lie in , which implies that (3.19.1) is a
strict inequality, a contradiction.

Similarly, if a section of type [ intersects a connected component of Z, then the point rg ]’-Z
CNL
iu’m
same image in P2, hence (3.19.1) is a strict inequality, a contradiction. o

corresponding to this section and the point r corresponding to the component of Z have the

We have now proved all three Claims (3.9), (3.11), and (3.12). In Subsection 3.2 we had
proved Proposition (3.15) assuming these three claims. Thus, we now have a complete proof of
Proposition (3.15), and the proof of Theorem (3.1) is over.

3.4 — Local picture of the degeneration of curves

We consider the situation set up in (3.1) and (3.5), when a general member X, of V4°(a, )
degenerates to a curve Xg = LUC. We shall now give a complete description of this degeneration,
in its concrete incarnation as a degeneration of plane curves. This will be useful in the next
section, when we prove the theorem going the other direction than Theorem (3.1) above.

We carry on with the notation introduced above for Proposition (3.15). Something non-
trivial happens only at the points where C' and L intersect, which come in the following four
types: (3.24)—(3.27).

(3.24) Vanishing assigned contact points. These are the points of Q\ @', i.e., the points
pij. Since C is general in the component V' of Vi=L8(o/ 3)(), by Proposition (2.2) it does
not pass through any point pfj. Thus the curve Xy is smooth at those points, i.e., it has only
one local branch there, which is an open subset of the line L itself.

Therefore the degeneration happens like this: locally at a point pij, the curves X, v # 0,
have one smooth local branch tangent to the order ¢ with L, which degenerates in Xy to an
open neighbourhood of pf; in L.

o, L L

SadNE B VY

X,NU=C,NU XoNU=LNU

Figure 2: Degeneration in a neighbourhood U of a vanishing assigned contact point

(3.25) Non-vanishing assigned contact points. These are the points of €', i.e., the points
pfj. Such a point is by definition the image of the point qu e C, and C is smooth at pfj by
Proposition (2.2). On the other hand pgj also has a preimage in L, and exactly one as L — L
is an isomorphism: let’s call it (qgj)’ . It follows that X, has two smooth local branches at pfj,
tangent to ¢-th order, so that pfj is an i-tacnode of Xj.

As we have just seen, the map Yy — Xy factors through the normalization of pgj in Xy
(recall that Yy is the central fibre of the semistable reduction introduced in (3.5)), and thus the
family ) is smooth in a neighbourhood of the two preimages of pfj in Yy. This implies that the

curves X, as they approach Xy, have two local branches analytically locally around pz-(fj € P2
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The difference in arithmetic genus between Y} and X, over a neighbourhood of ¢ ’; in P2
is constant as b moves (with v = v(n(b), see diagram (3. 5 1)), because both ) and X are flat
families. Moreover, X is equigeneric over I\ {0}, and Y is a nodal reduction of X, so for b # 0,
the difference in arithmetic genus between Y}, and X, is just the sum of the §-invariants of the
singularities of X.,; since the curves X, are nodal for v # 0, this is therefore the number of nodes
of X, tending to the point pgj as 7 tends to 0. On the other hand, over a neighbourhood of pfj,
Yo — X is the normalization of an i-tacnode, so the difference in arithmetic genus between Y
and X, over a neighbourhood of pz-(fj equals <.

The upshot is that locally at pfj, the curves X, v # 0, have two local branches intersecting
transversely in ¢ points tending to the i-tacnode of Xg at pz-(fj; one of the two branches of X, is
tangent to order 7 with L at the fixed point pfj € Q' C Q (this is the branch corresponding to

the branch of Y} intersecting the section Q¢ ., namely that tending to the branch of Y; contained

in C).

%57

L
c oy il COL

U= (C,+C))nU XoNU=(Co+L)NU

Figure 3: Degeneration in a neighbourhood U of a non-vanishing assigned contact point

(3.26) Limits of unassigned contact points. These are the points s$;. At those points the
situation is almost exactly the same as that at the points pZ i descr1bed above, the key point
being that the points s’ ; € L have two points in their preimage in Yy, namely 7’ ; € C and an
additional point on L, Wthh we may call (r w) so that, as in (3.25), the map YO —> Xo factors
through the normalization of the i-tacnode of X at sfj. The only difference is that here the
branch of X, which is tangent to order ¢ with L touches L at a mobile point, different from

s¢. ; by Proposition (2.2) (this is the branch corresponding to the branch of Y}, intersecting the

sectlon RS, which tends to a local branch of C).

’L_]’

L

U= (C,+C))nU XoNU=(Co+L)NU

Figure 4: Degeneration in a neighbourhood U of a limit of unassigned contact points

(3.27) New unassigned contact point. These are the points sCﬂL.

image of a point rCﬁL which, in the surface }* obtained from ) by contracting Z, lies at the

Such a point is the

intersection of C' and L; it is thus an ordinary node of the central fibre YOb (in fact, seen in Y
it is a node as well, although there it may lie on C N Z rather than on C' N i) and the point

CmL therefore has only one point in its preimage in Y. Since the nearby fibres Y; are smooth
(because X is equigeneric over T' \ {0}, and Y is a nodal reduction of X), they have only one
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branch in an analytic neighbourhood of the preimage of SEJOL

X, v # 0, have only one local branch in a neighbourhood of s
onL
i,

are smooth at SEJOL by Proposition (2.2), and intersect there with multiplicity ¢ because by
definition SEFL lies on a component of multiplicity 4 of (7*L)Ve'*. In particular the difference

EJOL is ¢ — 1. Since this difference for the families
Y and X is constant over a neighbourhood of siCFL

in ), and therefore the curves
cnL i P2
i in P-.

The points s are again i-tacnodes of the curve Xy, this time because both L and C

in arithmetic genus between Yy and X over s

, and the curves X, are nodal for v # 0, we
enL
iy
To sum up, analytically locally around spr, the curves X, v # 0, have one irreducible,

et
]

see that the latter will have ¢+ — 1 nodes tending to s

(i—1)-nodal local branch, transverse to L and not passing by s
at SEFL formed by C and L.

, degenerating to the i-tacnode

L

onLi
Sij

X,NnU=0C,nU XoNU=(Co+L)NU

Figure 5: Degeneration in a neighbourhood U of a new unassigned contact point

We emphasize that this phenomenon is arguably the central topic of this whole volume; its
local model has been studied in detail in the previous chapters [IV] and [A].

Whereas the above description of the degeneration will be needed in the next section, the
remainder of this subsection is not necessary for the proof of the main theorem. I believe it is
nevertheless helpful.

First of all, having the above descriptions at hand, we may now give the promessed geometric
interpretation for the relation between 0 and ¢’ in Theorem (3.1) and Proposition (3.15).

(3.28) Book-keeping of the nodes in the degeneration. As a result of (3.24)—(3.27) above,
we see that as X, degenerates to Xo = C' U L there are 7 nodes of X, tending to each point
of types af and B¢ (respectively the preserved tangencies at assigned points, and the limits of
tangencies at unassigned points, which are all preserved), and i — 1 nodes of X, tending to each
point of type Bic AL (the new tangency conditions, all at unassigned points); the degeneration is
otherwise equisingular. Therefore, we have:
5—6 = IaC —i—IﬁC + (IﬁCﬂL _ |ﬁCﬂL|)-
On the other hand we know that, in the notation of Proposition (3.15), o/ = a¢ and ' =
B + BENE | so that
IoC +1B° + I =1/ + I8 =C-L=d—1;
since moreover 3 = B¢, we also have |3°"| = |5' — j3|. Finally, we find
§—0"=(d=1)— |8 B

as required.

Lastly, let us analyze the multiplicities of the irreducible components of Yy in the divisor

m*L. This will be helpful in understanding the multiplicities of the components of the type
Va=19"(a/ A"} in the intersection of V4 («, B) with the hyperplane pt, cf. Theorem (4.1).
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(3.29) Multiplicities of the divisor 7*L in ). Recall that the central fibre Y; of Y is reduced
and consists of (i) L, an irreducible curve mapped isomorphically to L, (ii) C, the normalizations
of the various irreducible components of C, and (iii) Z, the union of disjoint chains of rational
curves joining L to C.

Let m be the multiplicity of L in the divisor 7*L on ). Let us remind that the integer m
records the ramification of  : ) — P2 along L in the direction normal to L, hence m > 1 does
not contradict 7|; being an isomorphism onto L; instead, if =|; : L — L had degree k, this
would translate into 7, L = kL.

The main output of this paragraph will be the divisibility of m by lem(B97F) = lem(B' — B)-
To see this, consider a point rcmL e C. By definition, see Paragraph (3.8), r CmL sits both on C
and on a multlphclty i component of (m*L)¥*'*, and we have seen that (7 *L)"ert is supported on
L+27. Thus, if ¢ < m, then rgJDL sits on a smooth irreducible rational curve Z; C Z which has
multiplicity ¢ in 7% L. Let Z2 be the next curve in the chain of rational curves joining Cto L
and containing Z; (here, next’ is intended relative to the direction pointing to L; if Z; directly
joins C' to L, then we take Zo = L) and let io be its multiplicity in 7#*L. Since 7 contracts Z1,

we have m*L - Z1 = 0, hence
(iZ1 +1i225) - Z1 = 0.

Since Z; is a (—2)-curve? and Z; - Zo = 1, we find that io = 2i. We continue by induction to
compute the successive multiplicities: the connected component of Z containing Z; is a chain of
(—2)-curves; let us denote them by Zi,...,Z;, in that order, and let Z;11 = L. Let i, ... S 41
be their multiplicities in 7* L. Once we know, for some k < [, that i = si for all s =1,...k,
we have

7L Zy = (ik—12Z1 + 162k + tpr1Zk41) - Zx =0,

hence i1 = 2ij, —ip_1 = (k + 1)i, as required. Finally, the multiplicity m of L = Z; ;1 in 7*L
equals (I41)7; thus, m is divisible by 4, and the length of the chain of (—2)-curvesis ! = m/i — 1.

. Z
- ©
@ =D

Figure 6: Multiplicities of the components of (7* L)vert

CNL
m.j

CNnL

i with @ > m, and all points r

The same argument shows that there are no points r;
appear directly on L.
In conclusion, for all i such that 38" = (8’ — 3); > 0, the multiplicity m is divisible by i

equivalently, m is divisible by lem(8’ — ).

4 — Deformations of generalized Severi varieties

In this section we prove the result going the other direction than Theorem (3.1). It asserts
that all the generalized Severi varieties which, according to Theorem (3.1), may appear in the
hyperplane section Vd"‘s(a, B) Npt, do indeed appear.

2this is well-known and may be seen as follows: all fibres of ) are linearly equivalent, and have intersection
number 0 with Z1; therefore, Yy - Z1 = (C'+ Z1 + Z2) - Z1 = 0, hence Zf =—(C+1L) Z1=-2
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(4.1) Theorem ([1, Theorem 1.3]). Let p be a general point of L.

a) Let V' be an irreducible component of V3O (a + ex, B — ex)(Q U {p}) as in part a) of
Theorem (3.1). Then V' is a component of the intersection V%9 (a, 8)(Q) Np*, and at a general
point of V', the variety V4 (a, B) is smooth and has intersection multiplicity k with p* along
V.

b) Let V' be an irreducible component of V=15 (!, 8)(Q') as in part b) of Theorem (3.1).
Then V' is a component of the intersection V4 (a, B)() N p* and, at a general point of V',
the variety V4 (a, B) has (%/)Iﬁlfﬁ/lcm(ﬂ’ — B) local sheets, each of which has intersection

multiplicity lem(S' — B) with p* along V'. Moreover, each of these sheets has the generic point
of V! as a point of multiplicity lem (5" — ) /max (8’ — S),

In both cases a) and b) the general strategy will be to show that the general member of V'
may be deformed to general members of V49 (a, 5)(2). We treat the two cases separately, in
Subsections 4.1 and 4.2 respectively.

The multiplicity in case a) displays a phenomenon reminiscent of the fundamental principle
of projective duality. The deformation argument for case b) is much more demanding, and
eventually relies on the local material on deformations of tacnodes gathered in Chapters [IV]
and [V], which is arguably the keystone of the present volume.

4.1 — Fixing an unassigned contact point

This section is devoted to the proof of part a) of Theorem (4.1), which is the case when V’
parametrizes curves that do not contain the line L, and for which the condition that they lie on
the hyperplane p* is accounted for by the fact that p is one of the assigned contact points.

It is fairly clear that V%°(a + e, B — ex)(Q U {p}) is contained in the hyperplane section
of V49 (a, B)(2) by p*, so the point here is to establish the assertion on the smoothness and
intersection multiplicity.

The multiplicity is as one would expect it to be from the point of view of projective duality.
Indeed, the latter tells us the following. Consider a variety X C PV, and its dual XV C Py
in the dual projective space, which parametrizes hyperplanes in PV tangent to X. Then for
a general point p € X, the hyperplane p+ C PN (consisting of those hyperplanes of PV that
contain the point p) is tangent to XV at the points T+ € PN corresponding to hyperplanes that
are tangent to X at p. More generally, one may consider “osc-dual” varieties XV# C PN of X ,
parametrizing hyperplanes of PV osculating X to the order 3, and then p* osculates XV# to
the order 3 at points O+ corresponding to osculating hyperplanes to X at p. Some of these are
discussed in Chapter [XII].

In the situation under consideration, this has to be applied to the case when X is the degree
d — I« rational normal curve image of L by the linear system cut out by degree d plane curves
with the contact conditions at assigned points determined by a and 2. In fact this is exactly
what we do in practice, following the approach of [1, §4.3], and establishing along the way the
appropriate biduality principle for osculating hyperplanes to rational normal curves, which is
the following.

(4.2) Proposition ([1, Lemma 4.7]). Consider the line L C P2, and a general point p of L.
We assume the data of d, o, 8, and Q = (p; j)1<j<a; 5 given as in Theorem (4.1); in particular,
Ta+ I =d. We define the following three loci in |Or(d)|:

. pj‘ :{DpGD},

o Dop(Q)={D= Di<ico; Pt D 1cjep, B Siy  for some s; s in L};

e U,5(Q) = {D =k-p+ Z1<j<ai i-pig+ Elgjg(ﬁ—ek)i i-8;; for some s;;’sin L}.
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In a neighbourhood of a general point [Dg] € ¥q (), the variety o () is smooth and has
intersection multiplicity k with the hyperplane p* along W, 5(2).

Proof. We will proceed by an explicit local computation. Let x be an affine coordinate on L
centered at the point p. Let the points p; ; have respective coordinates \; ;, and let the points

s ; such that
Dy=Fk-p+ Z 1-pi+ Z Z'~S?’j
AN 1<i<(B—er)i
have respective coordinates u; ;. By generality of Dy, we may assume that these coordinates

are altogether mutually distinct.
Then we can parametrize a neighbourhood of [Dy] in ®,,(2) by

(i)~ @) =@ T[] @=xp"  [I - ms =) € Calel,

INAE?} 1<i<(B—er)i
from which we see first of all that ®, 5(£2) is smooth at [Dg]. On the other hand, writing
f(z) = 2+ by 1z b+ by € Calz],

we get a system of affine coordinates on some chart of |Or(d)|, in which the hyperplane p* is
defined by the linear equation by = 0. Then, in the local coordinates (e, &; ;) on ®,, () around
[Dy], the intersection with p* is defined by the equation

12 e TEs +miy) =0 <= & [Jlei; +my) =0,

hence, locally around [Dy], it is k times the divisor defined by the equation € = 0, and the latter
divisor is exactly ¥, (). O

In order to relate the local geometry of generalized Severi varieties to the model situation of
Proposition (4.2), we consider the restriction map 7 : |Op2(d)| --+ |OL(d)|. Note that this is
merely the projection from the codimension d + 1 linear subspace L of |Op:(d)| parametrizing
curves wich contain L. Finally, observe that the hyperplane pt of |Opz(d)| is the preimage by
7 of the hyperplane p* of |Op(d)|.

Let W be the plain Severi variety V%9, and denote by my the restriction of = to W. By
definition, using the notation of Proposition (4.2), we have

Vd";(oz, B)(Q) = ﬂgvl (@aﬁg(Q)) and Vd"g(oz +ek,0—ep)(QU{p}) = ﬂgvl (\Ilag(Q))

Therefore, part a) of Theorem (4.1) follows directly from the following proposition together with
Proposition (4.2) above.

(4.3) Proposition. Let X be a general member of (any irreducible component of) V& (a +
ek, B —er)(QU {p}). The differential of the map mw : W --» |OL(d)| is surjective at the point
[Xo].

Proof. First note that, being general, Xy does not contain L and therefore 7 is well defined at
[Xo]. Since the map 7 is a linear projection, it suffices to show that the projective tangent space
Tix W to W = V49 at the point [Xo] intersects the center of the projection transversely, i.e.,
that the intersection Tx, )W N L+ has codimension d + 1 in Tix, W.

Now, the projective tangent space T|x, W identifies with the linear series of degree d curves
passing through the nodes of Xy, and thus its intersection with L1 identifies with the linear
series of degree d — 1 curves passing through the nodes of X;. By Lemma (4.4), these two

linear series have dimensions 422 — § and % — § respectively, so the codimension of
T(x,]WNL* in Tx,;W equals that of |Op2(d—1)|in |Op2(d)|, which is d+1, as we wanted. [
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The following lemma is the classical fact that, on a regular surface, the adjoint series cut out
the complete canonical series. We include the proof for completeness.

(4.4) Lemma. Let C C P? be a 6-nodal curve of degree d. For all e > d — 3, the nodes of C
impose independent conditions on curves of degree e.

Proof. 1t is sufficient to prove that the nodes of C impose independent conditions on curves of
degree d — 3. Let Z C Op> be the ideal sheaf of the nodes of C as a subscheme of P2, and let
A C O¢ be the conductor ideal sheaf of C' (with respect to its normalization C). The ideal A
is the restriction of Z to C' (see, e.g., [II, Lemma (2.5)]), and we have an exact sequence

0— Op2(—3) — Op2(d—3)®Z — Oc(d-3)® A — 0.

It follows that there is an isomorphism H?(Op2(d —3) ® Z) = H(O¢(d — 3) ® A). Now, by
[I1, Corollary (2.4)], H°(Oc(d — 3) ® A) is isomorphic to H°(C,wg), where C still denotes the
normalization of C, hence it has dimension g, the geometric genus of C, so that finally

h?(Op2(d —3)®TI) = g = pa(d) — 6
= h°(Op2(d — 3)) — 4,

as we wanted to prove. O

4.2 — Merging a line

This section is devoted to the proof of part b) of Theorem (4.1), which is the case when V’
parametrizes curves containing the line L. The proof will be divided in two parts (Sections 4.2.1
and 4.2.2) which we shall describe shortly, but we first need to introduce some notation. We
advise the reader that he should have Sections 3.1 and 3.4 clear in mind in order to understand
what is going on.

(4.5) The situation. We consider a curve Xy = C' U L, where [C] is a general member of the

component V' of V4=19 (/. )(Q') we have started with.

We have o/ < a, and correspondingly € is a subset of Q; by this we mean that Q' =
(pi,j)1<j<a; such that for all i, (p; ;)1<j<a; is a subsequence of (p; ;)i1<j<a;-

On the other hand we have 5’ > 3, and we choose a subset A = (s; j)1<;<p; of cardinality
5 of the sequence (s; Ji<i< g, of unassigned contact points of C' with L.

(4.6) General strategy. The first part of the proof will consist in deforming the curve Xy to
degree d curves locally equigenerically around the points of ' and A, while maintaining the
contact conditions encoded in «, 3, and 2. At a point pQJ or s; j, the curve C'U L has an order
i tacnode; the requirement that the deformation be locally equigeneric around such a point
amounts in pratice to the requirement that the i-th order tacnode deforms into i nodes.

In the second part of the proof we will take care of the 5/ — 8 remaining mobile contact
points, i.e., those points sgﬁj that are not in A. At these points, the curve C' U L has order i
tacnodes as well, but these ones will be deformed into ¢ — 1 nodes only. This will ensure in
particular that the line L be merged with C' along the deformation, so that for instance if C is
irreducible, then the curves deformed from C U L will be irreducible as well.

The reader should consult Section 3.4 to see that these are indeed the appropriate defor-
mations. The reason for this two steps deformation process is that we want to isolate the
deformations of i-tacnodes to ¢ — 1 nodes from the rest, in order to apply the results from the
two previous lectures [IV] and [V].
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4.2.1 The relaxed Severi variety

Here we perform the first step of the proof, as described in (4.6) above. The deformation
procedure described there will amount to defining a relaxed Severi variety, seeing Xg = C U L
as one of its members, and showing that our relaxed Severi variety is smooth at [Xo].

We use the notation introduced in (4.5) above, and in particular we fix the choice of a
subsequence A. Moreover we label the points in Q\ ' as (piL,j)lgjgaiL; then, letting o =

LYis1, we have a = o/ + al'. Note that around a point pﬁj, the curve X has only one local
branch, which is an open subset of the line L.
On the other hand, we label the mobile contact points of C' with L that have not been

included in A as (SEJDL)lgjgﬂ_an; then, letting 3L = (BEL);>1, we have 5/ = 3 + BT,

(of

(4.7) The relaxed Severi variety. In an analytic neighbourhood of the point [Xg] in |Opz(d)],
we define the relaxed Severi variety Wy to be the closure of the locus of reduced, degree d curves
X, satisfying the following six conditions:

(i) X preserves the ¢’ nodes of C, i.e., for every node of X off L, X; will have a node nearby;

(ii) at each point piL,j € Q\ @, X; has contact of order ¢ with L;

(iii) in a neighbourhood of each point pQJ € ¥, X; has singularities with total cogenus i, i.e.,
if we let X; be the normalization of exactly these singularities, then p,(X;) = pa(X¢) — 4

(iv) in a neighbourhood of each point s; ; € A, X, has singularities with total cogenus i;

(v) in a neighbourhood of each point p; ; € ', it follows from condition (iii) that X; has two
local branches; we require that the one branch that is a deformation of an open subset of
C has contact of order i with L at p; ;;

(vi) in a neighbourhood of each point s; ; € A, the curve X; has two local branches; we require
that the one branch that is a deformation of an open subset of C has contact of order 4
with L at a point near s; ;.

Just to be sure, we recall that the curve Xy = C'U L has an i-th order tacnode at each point
p’m- € ¥ or s;; € A, with two local branches that are open subsets of C' and L respectively.

Conditions (iii) and (iv) imply that in a neighbourhood of such a point, the curves X; have two

local branches as well, which are deformations of open subsets of C' and L respectively.

With this definition for the relaxed Severi variety, it is clear that [Xo] € Wa. We could have
defined Wy alternatively, by requiring in (iii) and (iv) that in a neighbourhood of each point
p;j Or 8;j, the curve X; has 7 nodes. The reason why W, will be smooth at [Xo] is because
the only special feature of Xy with respect to a general member of W)y is that it has several
groups of i nodes coming together as i-th order tacnodes (for various i’s), and this is perfectly
harmless from the point of view of the deformation theory of nodal curves: somehow, this is the
classical view that an i-th order tacnode is just ¢ infinitely near ordinary nodes. This will be
made precise when we compute the Zariski tangent space to W, at the point [X].

In order to show the smoothness of Wy at [X] we will compare the dimension of W, with
that of its tangent space at [Xp]. We proceed to compute the dimension of W, in the next
paragraph.

(4.8) The relaxed Severi variety as a local sheet of a Severi variety. The basic ob-
servation in this paragraph is that the six conditions defining the relaxed Severi variety Wy in
fact essentially define a generalized Severi variety in the plain sense. Namely, we are requiring
that the curves X;, (i) have a certain genus (or, equivalently, cogenus), defined by the §’ nodes
deformations of those of C' and the various groups of ¢ nodes deformations of the points p;, ;€ Q
and s;; € A, and (ii) satisfy certain contact conditions with L. Specifically, the cogenus, i.e.,
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the difference in arithmetic genus between the curves X; and their normalizations, is required
to be:

§" =8 +Id +18=06+1d + 18 —I(8 —B)

- =&+ (d-1)~I(5' = B) =6 - (I(8'=B) — |5 = B)
(for the last equality, recall the relation between § and ¢’, given for instance in Theorem (3.1)).
On the other hand the contact conditions with L are exactly those prescribed by «, 8 and €.
Altogether, these are the conditions defining the (generalized) Severi variety V%% (v, 8)(€2).

The additional requirements in the definition of W) have the effect of selecting an open
subset of some local sheets of V4% (o, 8)(Q) at [Xo]. We are first of all requiring that the i
nodes corresponding to a point p;7 ;j or s;; be in a neighbourhood of this same point; in other
words we prescribe among the tacnodes of Xy which deform to ¢ nodes, and which are ignored.
This already selects local sheets of V%" (a, 8)(Q) at [Xo], determined by A: indeed, if we
consider Wy as a space of maps from curves of cogenus §” to P2, then the member of Wy
corresponding to Xy is the partial normalization of X = C'U L at the points of " and A; if one
considers another partial normalization of X, at the points of ' and some other A’, one gets
a curve member of the space of maps corresponding to V4% (a, 8)(€2), which however does not
belong to Wjy.

We are moreover requiring that, locally around a point pg, ;j or s;j, the order ¢ contact with
L be supported on the one local branch that is a deformation of the local branch of C'. This
again, and in the same way as above, has the effect of operating a selection among the local
sheets of V%" (a, 8)(Q) at [Xo].

The upshot is that the relaxed Severi variety Wy is an open subset in some local sheets of
the generalized Severi variety V49" (a, 8)(Q). Since the latter is equidimensional, we have

dim(Wy) = dim (V%" (a, 8)) = 2d + ¢" + 18] — 1,

with g// _ pa(d) —_5" = (dgl) — 5",

(4.9) The ideal defining the tangent space to the relaxed Severi variety. We shall
prove, in Proposition (4.10) below, that the tangent space at [Xj] of the relaxed Severi variety
Wy identifies with the subspace H°(Xg,Z(d)) of H°(Xo,O(d)) defined by an ideal sheal Z of
Ox, which we shall now describe, based on the description of the tangent space of generalized
Severi varieties given in [III].

If X is a 6-nodal curve member of the ordinary Severi variety V%9, then the tangent space
T[X]Vd’5 is H°(X, A(d)), with A the ideal sheaf of the points supporting the nodes of X. When
1 of the ¢ nodes become infinitely near so as to form an i-th order tacnode, the ideal sheaf A has
to be modified in the most straightforward way, i.e., it is merely the ideal sheaf of the possibly
infinitely near points supporting the nodes of X. In other words, it is cut out locally at an order
1 tacnode by curves osculating to the order 7 the two local branches of X at the tacnode.

On the other hand we have seen in a previous Lecture, see [III, Lemma (2.11)], that an order
1 contact condition with L at an assigned (resp. unassigned) point translates into the vanishing
to the order i (resp. i — 1) of the sections in H°(X, Nx) corresponding to vectors tangent to
such deformations.

These considerations motivate the definition of the ideal sheaf Z.

(4.9.1) Definition. We consider the curve Xo = C'U L introduced in (4.5) above. For all 4, j
with 1 < j < o, we let *Z; ; be the subsheaf of Ox, of those regular functions f, such that the
restrictions f|, and f[; vanish at p; ; to the orders 7 and 2i respectively.
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Similarly, for all ¢, j with 1 < j < §;, we let 51}-& be the sheaf of regular functions f on Xj,
such that f|, and f|, vanish at s; ; to the orders i and 2i — 1 respectively.

For all points x € X, we denote by m, the ideal sheaf defining = in Xy. Lastly, we call
u1,...,us the ¢ nodes of C. Finally, we set:

= I] we I] mi - I °Zs II "Z

1<i<o 1<j<ak 1<5<al 1<5<Bs
(4.10) Proposition. The relaxzed Severi variety Wy is smooth at [Xo], with tangent space
Tixg Wa = H*(X0,Z(d)) € Tix,) (|Op2(d)]) = H*(Xo, Ox, (d)),
where T is the sheaf of ideals defined in (4.9.1) above.

Proof. We will compare the deformations of Xy along W, with those of the map given by a
certain partial normalization of Xg. Let pu : Xo — X, be the normalization of Xo = C U L at
the nodes u; of C and at the tacnodes p ; € Q" and s; ; € A (at which C' and L touch), but not
at the tacnodes s; ;» because the latter are off A. We will consider the deformations of the map
¢ : Xo — P2 obtained as the composition of y with the inclusion X, C P2.

The map ¢ is unramified, hence its normal sheaf Ny is locally free, equal to wg ® (b*wl;;,
see [II, Lemma (8.3)]. By Lemma (4.11) below, H'(Xo, N,) vanishes, hence the deformation
space of ¢ is smooth of dimension

hO(Xode)) = hO(Xovng ® (b*wl;Zl)

The smoothness of this space ensures in particular the existence of a map F' from a neighbour-
hood of [¢] to |Op2(d)|, mapping a deformation of ¢ to its image in P?, as in [IIL, (2.6)].

The image of F is what we will call the superrelazed Severi variety Wa, which we define as
Wy but only with the three requirements (i), (iii), and (iv) out of the six defining Wj; simply
put, we just drop the contact conditions with L. Arguing as in (4.8) above, we see that W)y is
a local sheet of the plain Severi variety V49" at [Xo], which implies that it has dimension

dim(Wy) = dim(V4") = 3d + ¢ — 1.

That F surjects onto a neighbourhood of [Xo] in Wy is a consequence of Teissier’s Résolution
Simultanée Theorem, as in [III, (2.6)].

In order to analyze the tangent space to Wy at [Xq], we let A = (Ox, : pxOx,) be the
conductor of X, in X, see [II, §2]. It is a sheaf of ideals of Oyx,, trivial on the open subset
onto which p is an isomorphism, equal to m,,, locally at the nodes u; of C, while locally at the
points p; ; € Q" and s; ; € A it is the sheaf of regular functions vanishing to the order i on both
C and L; this can be seen for instance with [II, Lemma (2.5)].

By [II, Corollary (8.4)], one has p.Ny = A ® Nx,/p>. Therefore, there is a canonical
isomorphism

H"(Xo, Ny) = H°(Xo, A® N, /p2).

This isomorphism identifies with the differential of F at [¢], and thus we see that F is an
isomorphism onto a neighbourhood of [X] in Wa; in particular, the superrelaxed Severi variety
W, is smooth at [X;], with tangent space H°(Xo, A ® Nx,/p2)-

Now, it follows from [III, (2.11)] that the Zariski tangent space at [¢] to the image by F~!
of the relaxed Severi variety W, C WA is contained in

HO<X0,N¢< Z iqr; - Z Qg — Z (il)'ﬂ;j)),

1<j<af 1< 1<I<Bi
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where (i) qiLJ is the unique point of X, over piL,j, and (ii) ¢; ; and r;; are the points on the
proper transform of C' in X, lying over p’L ; and s; ; respectively. Moreover, it follows from the
description of A given above that

A®¢*0XU(* Z qul:_]* Z i~q£7jf Z (i*l)'ﬁﬁj):l—,
1<j<al 1<5<a 1<5<Bi
hence
¢*N¢(— Z i'qi{‘j— Z i'q;,j_ Z (’i—l)-?‘i,j):l—@Nxo/pm
1<j<al 1< 1< <Bs

Therefore, the Zariski tangent space to the relaxed Severi variety Wy at [Xp] is contained in
H°(X0,I® Nx,/p2). Then, the proposition follows from the equality

h’(Xo0,Z ® Nx,/p2) = dim(Wy),
which is given by (4.12.2) below. O

The rest of the present Section 4.2.1 is devoted to some elementary considerations leading
to the non-speciality of the invertible sheaves on X involved in the above proof, and the com-
putation of the dimensions of their spaces of global sections with the Riemann—Roch Formula.

(4.11) Lemma. Let p be any point of the partial normalization Xo, and

D= Y g+ Y id+ Y (i-1) iy,

1<j<af 1<y 1SI<Bi

with the notation as in the proof of Proposition (4.10) above. The two line bundles Ny(—D)
and Ny(—D — p) on Xo are non-special.

Proof. Let C' and L be the proper transforms in Xy of C' and L respectively. Since Ny =
wg, ® ¢*w1§21 as we have seen above, one has

-1 "
wg, ® (N(—D)) " = ¢"Op2(-3) ® O, (D).
The degree of the restriction of this line bundle to C' has degree

=3d-1)+Ia"+(IB—|B]) < =3(d—1)+Id +1p
=-2(d-1) <0,

hence every global section of wg, ® Ny(—D)~! vanishes identically on C. One proves similarly
that the same holds for wg, ® Ny(—D — p)~!, noting that it restricts on C to a line bundle of

degree —2(d — 1) 4 &, where ¢ equals 0 or 1 depending on whether p sits on C or not.
Thus, every global section of wg, ® Ny(=D)~1 restricts on L to a global section of the line
bundle }
¢*Op2(—3) ® O; (D|;) ® O (- C|;),

which has degree
34+ Tal — 189 = 3+ I(a—a')—I(F —B)
=-3+{Ta+1B)— (Id +18)
=-3+d—(d—1)=—-2.
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1

Therefore every global section of wg ® Ng(—D)~" vanishes identically on L as well, hence

h°(Xo,wyg, ® Ny(—D)™1) = h!(Xo, Ny(—D)) = 0.

One concludes in the same way that every global section of wg ® Ny(—D — p)~! vanishes
identically, hence Ny(—D — p) is non-special. O

(4.12) Lemma. The following equalities hold:

(4.12.1) h(Xo,Ng) =3d+g" — 1;
(4.12.2) h?(Xo, Ng(—D)) = 2d+¢" — 1+ |3].

Moreover, the line bundle Ny(—D) has no base point.

Proof. Both equalities follow from the application of the Riemann-Roch Formula on the curve
Xo, which has arithmetic genus g”, see (4.8). The line bundle Ny equals wg ® (b*wl}} which is
obviously non-special, hence

hO(Ng) =1—g" + deg(wg, ® ¢*wpa)
=1-¢"+ (29" —2)+3d
=3d+g" —1.

The line bundle Ny (—D) is non-special by Lemma (4.11) above, hence

K’ (Ny(—D)) =1 — g" + deg(Ny) — deg(D)
=3d+g" —1— (Ia"+1d +18—|B)
=2d+¢" —1+|p|,

because
Iat +1d/ + 18 =Ta+ I8 =d.

Eventually, since for all p € X, the line bundle Ny(—D — p) is non-special as well, we have
hO(XOa N¢(7D 7p)) = h’o (X()v Nd)(iD)) - 15

hence not all global sections of Ng(—D) vanish at p. O

4.2.2 Deformation of order 7 tacnodes to i — 1 nodes

Here we perform the second step of the proof of part b) of Theorem (4.1), as described in (4.6)
above. We assume that 8 > 3, for otherwise there is nothing left to do in the second step (see
Remark (4.21) below for what happens in this case).
We consider the map
Fp:Wp — A,

from the relaxed Severi variety W), introduced and studied in the previous Section 4.2.1, to
the product A of the versal deformation spaces of the tacnodes sgpL of Xg =CUL, i.e., those
tacnodes of X not included in A.

We refer to [IV] and [V] for background and the necessary material on deformation spaces
of tacnodes and their product. The result we shall need here is [V, (1.1)], which we now recall
in a form adapted to our context.
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(4.13) The tacnodes SEJOL are indexed by 3’ — 3, and thus

a=11 II 2w

iEN* 1< <B|—Bi

where each A; ; is the versal deformation space of the i-th order tacnode SE]OL. For all ¢ and
J, we let A; ;.; and A; j;—1 be the subvarieties of A; ; of those deformations of SEFL into 7 and
i — 1 nodes respectively. We let
m:(ml)1<l<|5/,ﬁ|:(1,...,1, ceey n,...,n)
—— ——
B1—B1 B —Bn
with n = max(3’ — f3), and consider
Am= ] ] A and Ama=]] [ Qi
iEN* 1< <B!—B; iEN* 1< <B—Bs
Each A, ; is a (2¢ — 1)-dimensional affine space, with coordinates ao, ..., a;—2,bo, ..., bi—1,

such that the corresponding versal deformation is the hypersurface

(4.13.1) v+ y(a' 4+ ai2x 2 4+ dag) bt 4 4 b
in A x A2 -1 In these terms, A; j; is the dimension i — 1 affine subspace defined by the
equations bg = --- = bj_1 = 0. We consider in addition the hyperplane H; ; C A;; defined

by the equation by = 0 in this system of coordinates. Observe that H;; parametrizes those
deformations of the tacnode defined by y(y + ™) = 0 that still pass through the origin in Ai,y;
in other words, these are the deformations maintaining one assigned contact point of order 1
with the line y = 0. The general member of H; ; is an irreducible curve. Eventually we let

H=JHi; € A
4,J

Now, the result is the following. Let W C A be a smooth subvariety of dimension dim(Ap,—1)+
1, containing Ay,—1, and such that the tangent space at the origin ToW is not contained in H.
Then, in an étale neighbourhood of the origin 0 € A,

WNAm_1 =AU U---Uly,

where
my ,
glpr-p 1P P
~ lem my  lem(B - B)’
1<ig|p =8| : (ﬂ ﬂ)
and I'y,..., 'y are distinct reduced unibranched curves, each of which has the origin as a point
of multiplicity

I
1<isip-pl _lem(p' - B)

max m; max(8 — )’
1<IL|B7 =B

and has intersection multiplicity lem;¢;<|g—g My = lem(f’ — 3) with Ay, at the origin.

We now proceed to prove a series of claims in order to see that the hypotheses of the above
statement are verified in our situation, taking W = Fx(Wy).
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(4.14) Claim. The inverse image Wy m = Fy ' (Am) is the locus of those members of W, that
contain L. It is also the intersection of W, with the hyperplane p~ C |Opz(d)|, for general
p€E L.

Proof. Let us first prove the first assertion. The inverse image Fy Y(Am) is the locus in Wy
along which all the tacnodes sf?L of Xy deform equigenerically. Taking in addition into account
the requirements (i), (iii), and (iv) in the definition of the relaxed Severi variety Wy, we see
that the curves in F Y(Ap) are equigeneric deformations of Xg. Therefore they all come from
deformations of the map ¢ : Xy — P2 obtained from the total normalization v : Xy — X, by
the same argument that has been used in the proof of Proposition (4.10), which is essentially
Teissier’s Résolution Simultanée. Now since the normalization X is disconnected, the domain
of any deformation of ¢ is disconnected as well by the Principle of Connectedness (see, e.g., [13,
Exercise IT1.11.4]). The upshot is that all curves in F '(Ay,) consist of a deformation of C' plus
a deformation of L.

On the other hand we are assuming here that 8’ > 3, for otherwise the second step of the
proof of part b) of Theorem (4.1) is pointless. Since

Iao+I8=d and Id +18 =d—1,

it follows that I(a — o) > 2, i.e., Ia® > 2. Now by requirement (ii) in the definition of the
relaxed Severi variety, for each member of F~1(A,,), the component that is a deformation of L
must satisfy the contact conditions with L encoded in a. Therefore it intersects L in at least
two points (possibly infinitely near), hence it is L itself, and our first assertion about F~1(Ap,)
is proved.

As for the second assertion, the first assertion gives us of course the inclusion F° 1(Am) -
Wy Npt for all p € L. To prove the other inclusion, we note that for all p € L neither in € nor
in A, any curve in W Np* in a neighbourhood of [X,] has a total of

Ta+I3+1=d+1
imposed points of intersection with L whereas it has degree d, so that it must contain L. [l
(4.15) Claim. The image of F contains the locus Ap,.

Proof. The projection of F(Wy) to the factor A, ; of A contains A; ;,; if and only if we can
find a deformation X; of Xy along W) in which a neighbourhood of the tacnode SEFL € Xp
deforms to a reducible open curve X' 4+ X", such that X7’ and X7 intersect transversely in
i points that can be chosen arbitrarily on X'

To see that this holds simultaneously for all tacnodes sgpL € Xo, we note that F 1(Am)
identifies as in (4.8) with a local sheet at [Xg] of the Severi variety

VAL (o B+ I(B — B)er) () :

we have seen that Fy ! (Ap) consists of those curve in W having L as an irreducible component,
and these curves correspond to equigeneric deformations of C' maintaining the contact conditions
with L in the points pgﬁj € ¥ and s;; € A, but dropping those in the points encoded in the
points s; ; ¢ A; the latter dropping so to speak amounts to turn 5’ — 8 into I(8’ — B)es.

Then the condition we need to verify essentially follows from Proposition (2.2) applied to
ya-1,¢ (a’ ,B+I(8 — ﬁ)el) (Q'). More explicitly, the latter Severi variety contains locally around
[Xo] the Severi varieties

VI (o + (5" = Ber, B) (Y UE,),

where E; is an arbitrary choice of ¢ points on L around each of the points s; ; € A, which is
exactly the condition we needed to verify. O
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(4.16) Claim. The inverse image Wa m = Fy '(Am) has codimension one in Wj.

Proof. This follows from the identification given above of Fy !(Ay,) with a local sheet at [Xo]
of the Severi variety Vd—19' (o/,B + I(B" — B)e1). Explicitly, this identifications tells us the
dimension of FXl(Am) as in (4.8), then

dim(W,) — dim (Fy ' (Am))
=[2d+ (1) = 6" = 1+18]] = [20d = 1) + () = =1+ |8+ [(8' = B)
=2+4(d—2)— (6" =) —I(8' - B),
and this equals one by (4.8.1). O

(4.17) Remark. It is instructive, although not strictly necessary for our purposes, to identify
the fibre of F over a general point of A,,. We shall obtain such an identification from the
considerations in the proof of Claim (4.15) above, after we observe that a point of A, ;;; C A; ;
corresponds to the choice of i points on one branch of the tacnode at s;;, but only up to
reparametrization. This amounts to the fact that, in (4.13.1), the polynomial

'+ a4+ -+ ag

defining the unions of these i points has no z°~! term; any degree i polynomial in  can be put
in this form by a change of variable, which amounts to translating the roots so that they sum
up to zero.

Then the fibre of F over a general point of Ay, identifies with an open subset of the Severi
variety

(4.17.1) VAL (o 4 [I(B = B) — |8 — Bller, B+ B — Blex) (Y UED),

with Z7 an arbitrary choice of ¢ — 1 points on L around each of the points s; ; ¢ A. The fibre
of F over the origin of A on the other hand identifies with an open subset of

(4.17.2) VLT (o, B (),

which was indeed our starting point. It may be useful for the conclusion in (4.20) below to recall
that it has dimension one less than V%% (a, B3).

The fibre over the general point of Ay, and the fibre over the origin have the same dimension:
indeed the Severi varieties (4.17.1) and (4.17.2) have the same dimension

2d—1)+g -1+ 8|+ 18 =B8] = 2(d—1)+4¢ —1+15|,

with ¢/ = pu(d—1) — ¢ = (d§2) —4¢.
We leave it to the reader to verify that the latter common dimension of the fibre over the
general point of Ay, and the fibre over the origin also equals

dim(Wy) — dim(Am) — 1;
this is yet another straightforward computation after one notes that
. o o o I -
dim(Am) = o O =1) = 1(8'=5) — |6 = Bl.

(4.18) Claim. Let dFy : Tix,)Wa — ToA be the differential map of Fiy at the point [X,]. One
has
dim (dFH (ToAm)) = dim (Fy " (Am)) = dim(Wy) — 1.
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Proof. The second equality is Claim (4.16) above. For the first one, the key observation is that,
under the isomorphism

T[XO]WA = HO (XOa I(d)) )
the inverse image of ToA, C ToA by the differential dFy at [X] is the subspace of sections

vanishing identically along L C Xj.
The restriction Z(d)|, has degree

d—Ia—138=0,
and is therefore trivial. Now, the restriction map on global sections,
H°(Xo,Z(d)) — H°(L, Z(d)|,) = C,
is non-zero by Lemma (4.12), hence
dim(dFy ' (ToAm)) = h° (X0, Z(d)) — 1 = dim(Wx) — 1,
where the last equality comes from the smoothness of W, at [Xo]. O

(4.19) Claim. The image of the differential map dFy : Tix,)Wa — ToA is not contained in #.

Proof. From the description of H in (4.13), the inverse image (dF))~!(H) is the union of the
subspaces in H°(Xo,Z(d)) of sections vanishing at one point sgpL. By Lemma (4.12) these are

all proper subspaces (in fact, hyperplanes) of H° (XO,I (d)), and the claim is proved. O

(4.20) Conclusion. We may now finish the proof of part b) of Theorem (4.1). It follows from
the description given in Section 3.4 that, locally around the point [Xj], the sum of the local
sheets of the Severi variety V%9(a, 3)(f2) corresponding to the choice of A is given as the closure
in the relaxed Severi variety Wy of the inverse image

Fil(Am-1\ Am).
Now, it follows from Claim (4.18) that the differential map
dFy : T[XO]WA — ToA

has rank dim(Ap) + 1, equal to the dimension of W = Fj(W,). Thus W is smooth at [Xo], of
dimension dim(A,) + 1, and the map F} is a submersion over W, locally around the origin in
A.

The subvariety W C A is smooth and, by Claim (4.19), its tangent space is not contained
in H. We may thus apply the main result of [V], to the effect that

WNAp_1 =AUl U---UTly,

with T'y, ..., T curves as in (4.13) above. The upshot is thus that the local sheets of V%49 (a, 3)(2)
corresponding to the choice of A are in the number k = I B —p /lem(B’" — ), each a fibration over
acurve I, [ =1,..., K, with the fibre V4=1.%’ (o, ") () over the origin. The local sheet corre-
sponding to the curve I'; has multiplicity lem(8’ — 8)/max (8’ — ) at the generic point of the
fibre over the origin, i.e., the generic point of V4=19' (o, 8) (), and intersection multiplicity
lem(B’ — B) with the inverse image Fy ' (Am), i.e., with the hyperplane p* C |Opz(d)| for general
p € L by Claim (4.14), along the fibre over the origin.

Finally, note that (B /) is the number of possible choices for the subsequence A of the sequence
of unassigned contact points of C' with L. O
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The proof of Theorem (4.1) is now over. We end this section with a remark about what
happens when ' = 3.

As we have already observed, in this case the first step performed in Subsubsection 4.2.1
above is sufficient to prove Theorem (4.1). Indeed, if 8 = ', then the relaxed Severi variety
Wy itself is the unique local sheet of the Severi variety V49 (a, 8)(2) at [Xo], we already know
that it is smooth at [X(], and there is nothing else to prove.

(4.21) Remark. If 3/ = j3, then all the irreducible components of V%9(«, 3) having an irre-
ducible component of V414 (a/,3') in their intersection with the hyperplane p* C |Op:(d)|
parametrize reducible curves.

Indeed, the members of such a component W in a neighourhood of [Xy] = [C U L] with
[C] € Vd’l"s,(a’, ') correspond to deformations of the total normalization X — Xo € P2, and
therefore they are reducible curves because X is disconnected. This is the same argument we
have used in the proof of Claim (4.14) above.

Conversely, if 3 > f, and if V is an irreducible component of V4= 19’ (o, B) that parametrizes
irreducible degree d — 1 curves, then all the irreducible components of V%?(a, 8) having V in
their intersection with p parametrize irreducible curves.

Indeed, if 3’ > 3, then there is at least one order i tacnode of Xy = C' UL that is deformed to
i—1 nodes only, so that locally around such a point the two local branches of X, corresponding
respectively to an irreducible component C; of C and to L, deform to only one, irreducible,
local branch, and thus C; and L merge into the same irreducible component of the curves X;
neighbouring Xj.

5 — The formula for irreducible curves

In this section we give and explain the version of Caporaso and Harris’ recursion formula en-
abling the counting of irreducible curves. The formula is given in Theorem (5.4) below. The
key observation to pass from the standard formula to the formula for irreducible curves is Re-
mark (4.21) at the end of the previous section. Let us start with an example.

(5.1) Example. We consider the enumeration of quartics with three nodes and two assigned
simple contact points with the line L, i.e., curves parametrized by V*43(2,2)(£2). By the recursion
formula, we have

(5.1.1) N*3(2,2) = N*3(3,1) + 3N31(0,3) + 2N3°(1, 2).

The irreducible components of V43(2,2)(Q) parametrize either irreducible quartics, or quartics
that are the sum of a cubic and a line. We let N*+3(2,2);,, and N*3(2,2)35,; be the respective
contributions to N43(2,2) of irreducible and decomposable quartics. Thus,

N*3(2,2) = N*3(2,2)i + N*3(2,2)341.
Formula (5.1.1) splits accordingly into

(5 1 2) Néf’@’ 2) = Ni%"l‘3(3’ 1) + ?’]\fi?:r;r1 (0’ 3) + 2Ni?;7r0(1a 2) and
- N3P (2,2) = N3 (3,1) + 3N3 (0,3) + 2N35 (1,2).

Note that all components of V31(0,3) and V3°(1,2) parametrize irreducible cubics, hence
the distribution of N31(0,3) into N;'(0,3) and N3 (0,3) (and similarly that of N30(1,2)) de-
pends on whether the merging of these irreducible cubics with the line L produces an irreducible
or a decomposable quartic. The upshot of Remark (4.21) is that

N39(1,2) = N39(1,2)31 and N310,3) = N340, 3)ip,
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because 5’ = f for the former and 5’ > f for the latter, in the notation of Remark (4.21).
Therefore, (5.1.2) reduces to

NE3(2,2)

irr

4,3 4,3 ,
N371(2,2) = Ny7i (3,1) + 2N20(1,2).

NY3(3,1) +3N%1(0,3)  and

irr

Now let us show these formulas in action. First note that
N310,3)=12 and  N*9(1,2)=1

(the former is the plain number of rational cubics, while the latter is merely the number of cubics
passing through one assigned point on L, and passing through eight general crossing points in
both cases).

Let us compute the contributions N*3(2,2)3,1 and N*3(3,1)341. Since V*43(2,2) has di-
mension 9, N*3(2,2)3, is the number of quartics decomposed as a cubic plus a line passing
through two assigned points p1, p2 on L, and through nine general points a4, . .., ag in the plane.
There are only the two following possibilities (recall that in the definition of Severi varieties it
is requested that its members should not contain L itself):

(i) the line passes through one of p; and ps and through one of the a;’s, and the cubic passes

through the remaining nine points among p1, p2, and aq, ..., ag;
(ii) the line passes through two of the a;’s, and the cubic passes through p;, p2 and the seven
points remaining among ay, ..., ag.
We thus find

N*3(2,2)341 =2 x 9+ (J) = 54.

Similarly, N43(3,1)341 counts decomposed quartics passing through three assigned points p1, pz, p3
on L and eight general points ai,...,ag on the plane. We have the same possibilities as in the
previous case, and thus

N*3(3,1)341 =3 x 8+ () = 52.
We can now observe that, indeed,
N*3(2,2)341 = 54 = N*3(3,1)341 + 2N30(1,2) =52+ 2- 1.
Besides, one has N43(2,2);, = N43(0,4);x because putting two crossing points on L doesn’t

put the crossing points in special position, and therefore N*3(2,2);, = 620, see [I, Section
7.2.2], or [1, p. 349]. As a sanity check, note that

N*3(2,2) = 674 = N*3(2,2)ir + N*3(2,2)311 = 620 + 54

(see [1, p. 349] for N*3(2,2) = 674). On the other hand, N*3(3,1) = 636 by [1, p. 349], hence
N4’3(3, D)irr = 636 — 52 = 584. We can now observe that, indeed,

NE3(2,2) = 620 = Ni2(3,1) + 3N>1(0,3) = 584 + 3 - 12.

The main point in passing from the standard formula to the formula for irreducible curves
is to reconsider Remark (4.21) carefully in order to make it cover all possible cases. The upshot
is the following.
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(5.2) Let the notation be as in Section 4.2 above. In particular, we assume that V4=19"(o/, 57)
appears in the intersection of V%%(a, 3) with the hyperplane p*, and let V' be an irreducible
component of V4-1:¢’ (o, B"). Let C be a general member of V', and assume that it decomposes
as a union of irreducible curves C1, ..., Ck.

Then, a local sheet of V%% (a, B) at the point [C'U L] parametrizes irreducible curves if and
only if the corresponding choice of A as in Paragraph (4.5) is such that, for all [ = 1,... k,
there is at least one unassigned contact point of C with L on the component C; that is off A.

Indeed, A is the subset of cardinality 8 of the set of unassigned contact points of C' with L
around which two local branches are maintained in the deformation of C'U L. Moreover, two
local branches are maintained at all assigned contact points of C' with L. Therefore, the contact
points of C with L at which the two local branches deform to a unique irreducible branch are
exactly the points sZCJmL in the notation introduced at the beginning of Section 4.2.1, which
deform to ¢ — 1 nodes only; those form the complement of A in the set of unassigned contact
points of C' with L.

The other ingredient of the proof of the recursive formula for irreducible curves is the fol-
lowing basic enumerative theoretic computation.

(5.3) Let V be the sum of irreducible components of V%9 (a,3) that parametrizes all the
curves that decompose as unions of irreducible curves C1, ..., Cy, such that for all I =1,... k,
the curve C; is a general member of an irreducible component of V9% (!, gY). For all I, let
Vi= Vi‘rir“él (a!, BY) be the sum of irreducible components of V%9t (a!, 3') that parametrizes all
irreducible members of V%% (al, 8'). Then, V is the image of the product Hle V; by the Segre
map

D H |Op2 (d))| — |Op2(d)|.

The degree of V is the intersection number V - H4™(V)  where H denotes the hyperplane
class in the Chow ring of |Op2(d)|. It may be computed by pulling-back by . One has
¥*H = Hy + - -+ + Hy, where H; is the hyperplane class of |Opz(d;)| for all [, and then

(HZ; Vl) (S H)AmY) = (H;; Vz) (Hy + -+ -+ Hy,)dmW)
= (Hf:l Vl) . Z (Vlc,li.m Vyk>Hi/1 - Hp

vi+-+rg=dim(V) t

dim V k dim(V})
= v, - giimvi
<dimV1, . ,dika> L ’

by computing in the Chow ring of Hle |Op2(d;)|, as explained in [3, Section 2.1.4].

The above number equals V - H4™(V) if the restriction of ¥ to H;;l V} is birational, which
happens if and only if the V;’s are pairwise distinct; otherwise the restriction of ¥ has finite
degree, equal to the order of the group of permutations of the factors that leaves the product
unchanged. The upshot is that, denoting by o the order of this group (we shall in fact use a
refined version of this in the recursion formula),

1 dim V k
deg(V) = — deg(V}).
eg(V) o (dim Vi,...,dim Vk) Hl:l (Vi)

For the application below, recall that the dimensions of generalized Severi varieties is given in
Proposition (2.2). Now, fasten your seatbelts, the formula is the following.
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(5.4) Theorem. For all d,d,«, 8 as in Corollary (1.5), let N 5( ,B) be the number of irre-

rr

ducible members of the generalized Severi variety V%9 (a, 3)(Q) passing through 2d +g — 1+ ||
general points of the plane (g = pa(d) — &), for any general Q. Then,

Nii;s(a’ﬂ>: Z k - Nﬁf(()éﬂ*ek,ﬂ*ek)
k>1:ﬁk>0

+Z 2d+g—1+1p] . a
o\2d1 +g1 —1+|8Y, ..., 2dp + gr — 1 + |BF] al, ., oFa—of
k ﬁl
d5
' (ﬂl ) HI’Y ]:[Nlril :|7
=1

where the second sum is taken over all integers k > 0, and over all collections of integers
di,...,ds, and 61, ...,0k, and all collections of sequences o' ok Bl Bk, and At L AR,
subject to the relatzons

0/:041+~~+ak§a

B =B 4 +8F=0+1 4+ +AF

Vi=1,...k: A #£0
di+-+dp=d—-1
Sit 0 =0+8 =Bl —d+1- dyd,
h<l
and o is defined as follows: define an equivalence relation on {1,...,k} by declaring h ~ 1 if

dh:dl; 6h:6la ah:ala ﬁh:Bla and ’Yh:’yl;
then o is the product of the factorials of the cardinalities of the equivalence classes.

In the recursion formula, we have used multinomials for elements of IN; we define them as

( . ) ( N )
1 k 50 _H 1 k -0/
aty ..., af o is1 QG 0,

The interpretation of the first sum in the formula should be fairly clear; let us decipher the
second sum. Each summand corresponds to the contribution of

dl 51 l l c Vd1+"'+dk751+"'+5k+2h<l dpd; (ZlalaZlﬂl)

lI‘I‘

E?r

=1

to V% (a, 8) N pt determined by the sequences 7', ...,7* € N in the following way: for all
l=1,...,k ~' € N is the number of unassigned contact points of the general member C; of
Vifr”;l (a!, 8') at which an open neighbourhood of C; U L deforms to only one irreducible branch;
the deformation of C; U---UC) U L is irreducible if and only if there is at least one such point
for all [ (see Paragraph (5.2) above), which corresponds to the requirement that ~! # 0 for all

{. Note that the number of nodes of C; U---U C} is indeed 61 + - -+ + 0, + Zh<l dpd,.
This contribution in fact means the sum of the contributions of all Hf 1 Vidroral ghy (),

for all sets Q, ..., QF of cardinalities a',...,o* € N such that Q = Ule Q! the multinomial
(al S ,) corresponds to the number of possible Q... QF. On the other hand, the factor
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1 times the first multinomial is the degree of Hle Vifr”;l (al, 8L, 4") (see Paragraph (5.3)); note
that we have added the decoration 4! (with the meaning explained above), and the “stabilizer
term” o has been changed accordingly in the theorem with respect to Paragraph (5.3).

We leave to the reader the excellent exercise of filling out the details of the proof of Theorem

(5.4).
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In this text we show on examples how the Caporaso—Harris recursion procedure [1], explained
in details in [VI], can be formulated in terms of a degeneration of the projective plane to the
union of a projective plane and a rational ruled surface F; intersecting transversely along a line.

We formulate the degeneration procedure in a general framework in Section 1, and work it
out explicitly on two examples in Sections 2 and 3, namely for the enumerations of 2-nodal plane
quartics, and of 1-nodal cubics tangent to a line, respectively. In Section 4 we follow a different
degeneration procedure, by way of comparison, in order to enumerate 2-nodal plane quartics.

We assume the reader is familiar with the two chapters [I] and [VI], and will freely use
terminology and notation from them.

1 — The degeneration procedure

(1.1) Consider the projective plane P2 and a line R in it. Let d,§ be integers and «, 3 € N be
sequences such that d > 0, 6 > 0, and Ia+ I8 = d. Let Q be a (sequence of) set(s) of o points
on the line R. Let Z be the union of 2d + p,(d) — § — 1 + | 5] general points in the plane, where
pa(d) = 1(d —1)(d — 2). We want to count the (finitely many) plane curves of degree d with &
nodes, intersecting R at the points of 2 with the multiplicities prescribed by « and at further
unassigned points with the multiplicities prescribed by 3, and passing through all points of Z.
The result is the number N%%(«, 8) in the notation of [VI] and [1].

(1.2) Let S be the blow-up of P? x A! along the line R x {0}, and let 7 : & — Al be the
composition of the blow-up map with the second projection. For ¢t # 0, the fibre S; of w over t is
a projective plane, whereas the central fibre Sy is the union of a projective plane and a rational
ruled surface F;, which we shall call P and F respectively, intersecting transversely along a
curve E which is a line in P, and the section of the ruling with self-intersection —1 in F; we
shall write So = P Ug F.

Let £ be the line bundle on S obtained by pulling-back Opz(1) successively by the first
projection P2 x Al — P2 and by the blow-up map. The line bundle £ restricts to Op (H) and
Or(F) on P and F respectively, where H is the line class and F is the class of the ruling.

135



136 VII. The Caporaso—Harris recursion within a degeneration of the plane

Let R be the proper transform of R x A in S. For t # 0, the fibre R; of R over t € A! is the
line R in P2, whereas the central fibre Ry is a section of the ruling of F that has self-intersection
+1. Let W be the proper transform of Q x A', and denote by Q its central fibre: this is merely
Q seen on the section Ry = P! of F.

In order to perform the Caporaso—Harris degeneration procedure, we let the set of points Z
degenerate as follows. Let p be one point of Z, and consider a general section o, of P2x Al — Al
which intersects R x {0}, and whose fibre over 1 € A! coincides with p. Then we consider the
proper transform Z in S of (Z — p) x A' + 0,,; its fibre over 1 € Al is Z C P2, whereas its
central fibre is the sum of Z — p C P and a general point py of F.

(1.3) We consider the family of surfaces 7 : S — A!, equipped with the sheaf £2?. It provides
a degeneration to Sp = P Ug F of the linear system |dH| on P2. Moreover, R provides a
degeneration of the line R C P2, and W and Z provide degenerations of Q and Z respectively.
We want to solve the enumerative problem stated in (1.1) by considering its limit within this
degeneration.

Let Zz,s be the ideal sheaf defining Z in S, and let Zyy be the ideal sheaf encoding the
contact conditions with R at W corresponding to & € N. It follows from the results in [VI],
which are taken from [1], that the pair (S/A', £L®? ® Tz,s ® Tyy) is 6-well behaved, in the
terminology of [I, Section 5]. Thus, our enumerative problem stated in (1.1) can be solved by
computing the regular part of the limit Severi variety

Vs (S/AY, LE @ Tz/5 ® Tw);

in other words, the number we are looking for equals the number of curves in the linear systems
on P UF corresponding to all possible twists of £8¢, passing through Z — p on P and through
po on F, with contact conditions with Ry determined by o € N at the points ¢ and by f € N
at unassigned points, and with dp nodes on P, g nodes on F, and 7 tacnodes along E = PNF
(1 € N), such that

(1.3.1) 6 = dp + oF + v(7)

with v(7) = >, 55 Tm (m — 1); it is understood that these curves are counted with the multi-
plicity (1) = [1,,52 mTm !

The framework of [I] does not allow to formally take in consideration the contact conditions
at unprescribed points; however this appendix is intended to be illustrative, so I will remain
informal. Moreover, the framework of [I] would require to have an invertible sheaf instead of
L% QT /s ® Lyy; this can be easily remedied by considering a suitable blow-up of S, but I
prefer not to do it here.

2 — Two-nodal quartics

In this section we enumerate 2-nodal plane quartics by repeatedly applying the procedure de-
scribed in Section 1.

!Beware the difference in notation between a = (m)m>1 and 8 = (Bm)m>1 on the one hand, and 7 =
(Tm)m>2 on the other hand: while the former encode all contact points with Rg, including the transverse
ones, the latter only encodes m-tacnodes with m > 1. One can extend 7 to 7 to put it in /8 style, by setting
71 = deg( £®d(—W)’E) - Zm22 mTm and 7 = (71, 7), where L&4(—W) is the twist of L&¢ under consideration;

then, v(7) = I¥ — |7|, and p(r) = I7.
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(2.1) Our initial problem is to count 2-nodal plane quartics passing through 12 general points.
In the notation of (1.1), we consider d = 4, § = 2, 8 =4, and o = 0. The result is the number
N%2 = N+2(0,4).

(2.2) We will let our 12 points degenerate one by one to general points on F, and we will need
to consider the restriction to P U F of all possible twists of £84. The line bundle £®* itself
restricts to Op(4H) and Op(4F') on P and F respectively. Thus, members of the corresponding
linear system on Sy consist of a plane quartic on P and four fibres of the ruling of F, which
have to match along their intersections with £ = P N F, which consist of four points.

The only other relevant twist will be £L®4(—F), which restricts to Op(3H) and Og(E + 4F)
on P and F respectively. The linear systems |3H|p and |E + 4F|p have dimensions 9 and 8
respectively. Members of the linear system on Sy corresponding to £L&4(—F) consist of a member
of |3H|p and a member of | E4+4F|g which match along their intersections with E, which consist
of three points; the dimension of the linear system on Sy is therefore 9+ 8 —3 = 14 (both |3H|p
and |E + 4F|p restrict to the complete linear system [3H|g on E ~ P), equal to that of the
linear system of all plane quartics.

To rule out the other twists, we will use (i) that £L&4(—aF) with a > 1 restricts to Op2(4—a)
on P2 hence the corresponding curves on P have degree at most 2, and (ii) that £L&4(aF) with
a > 0 restricts to Op, (—aFE + 4F) on F, which is not effective, so that it is already clear that
the latter twists will never give any contribution to our enumerations.

Now, let us start the enumeration. The relations we get at each step are all spelled out in
Paragraph (2.8).

(2.3) N*2(0,4). Let us apply the procedure described in Section 1 to our initial enumerative
problem: we end up with 11 general points on P, and 1 general point on F, as indicated on the
figure below.

° E RO

+1]-1 +1

11 points

Only the trivial twist is relevant, because there is no curve of degree d’ < 4 on P passing through
the 11 base points. Thus we are only considering curves consisting of a plane quartic Cp on P
and of four rulings of F. One of these rulings must pass through the base point on F, and has a
fixed intersection point with F, which imposes a fixed passing point to Cp on E. On the other
hand, the only way to fulfil Relation (1.3.1) with § = 2 with the curves under consideration is
to have ép = 2 (and dp = 0 and 7 = 0). The upshot is that N42(0,4) = N*+2(1, 3).

(2.4) N*2(1,3). We now apply the procedure of Section 1 to the enumerative problem corre-
sponding to the number N*2(1,3). We end up with 10 general points of P, 1 general point of
Ry, and 1 general point of F, as pictured below.

Ro

+1

10 points
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Again, only the trivial twist is relevant, and one must have ép = 2. This time, two of the rulings
on F must pass through the two base points on F, and they each impose one fixed passing point
on E. The upshot is that N*2(1,3) = N*%(2,2).

(2.5) N*2(2,2). We repeat the procedure to compute this number. We end up with 9 general
points of P, 2 general point of Ry, and 1 general point of F, as pictured below.

Lo

E

[ ]
+1

Ry

+1

LZ(-F)

—

E

Ry

L 2

+1

o o

+1

9 points

This time the two twists £L&4 and £L®4(—F) will contribute. The trivial twist gives a contribution
of N*2(3,1) as in the previous cases. The contribution of the other twist comes from curves
made of a cubic Cp on P and a curve Cg on F linearly equivalent to E + 4F. The cubic Cp
is uniquely determined by the 9 base points on P (if one will, N3°(0,3) = 1), it is smooth and
fixes 3 pairwise distinct passing points on E for Cg. Therefore, the curve Cy must be 2-nodal.
Since Cf - F' = 1, this implies that it must be of the form F; + F, + C’ with F; and F5 two
rulings, and C’ ~ E + 2F. The two rulings must take up two of the fixed points on E, which
gives (3) possibilities, and then C’ is uniquely determined by the third point on E and the base
points on F| as the linear system |E + 2F'| has dimension 4.

(2.6) N*2(3,1). We repeat the procedure, and end up with 8 general points of P, 3 general
point of Ry, and 1 general point of F, as pictured below.

° E RO
° [ ]
P ® . ? F
° * )
° ¢ +1|-1 +1
—
8 points

The trivial twist £54 contributes by N42(4,0) as in the previous cases, and this time the twist
L®4(—F) contributes in several different ways: on the P side we have cubics through the 8 base
points, which thus move in a pencil, and cut out a g1 on E, while on the F side we have curves in
|E + 4F| through the 3 + 1 base points, which impose independent linear conditions, so that we
end up with a 4-dimensional linear system. Therefore we have the following three possibilities
to fulfil (1.3.1) with § = 2.

(a) dp = 0 = 1. The number of 1-nodal cubics through the 8 points on P is N*1(0, 3), and
each of these fixes 3 points on E. In turn, the curve on F has to split as F} + C’ with F} ~ F
and C' ~ E + 3F in order to be 1-nodal; moreover, in order to match with the curve on P, the
ruling F; must pass through one of the 3 fixed points on E. Since |E + 3F| has dimension 6,
the curve (' is then uniquely determined by the two other fixed points on F and the 3 + 1 base
points on F. The number of curves of this kind is thus (})N31(0,3).

(b) 72 =1 (i.e., one 2-tacnode) and dg = 1. The number of cubics through the 8 points
on P that are tangent to E is N>°(0,[1,1]) (this number is the degree of the dual surface of a
twisted cubic, which is 4). The curve on F has to split as F; + C’ as in the previous case, and
this time the ruling F} can only pass through the simple point of the divisor fixed on E by the
curve on P. Then, the curve C1 is uniquely determined by its passing through the double point
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of the divisor on E and the 3 4+ 1 base points on F. The number of curves of this kind is thus
N30(0,[1,1]), to be counted with multiplicity 2 because of the tacnodal contribution in (1.3.1).

(¢) 6p = 2. In this case the curve on F has to split as Fy + F» + C’ with Fy, F5 ~ F and
C'" ~ E+2F. One of Fy and Fy, say Fi, must pass through one of the three base points on
Rg, and C’ must pass through the other two: this gives (i’) choices. Then F} fixes a point on
E, which determines a unique cubic through the 8 base points on P (which we can formulate
as N30(1,2) = 1), which fixes two other points on E. The ruling F» must pass through one of
them, which gives (f) possibilities, after what the curve C’ is uniquely determined by the third
point on E, the two remaining points on Ry, and the general point on F. The number of curves
of this kind is thus (3) (3)N>0(1,2).

(2.7) N*2(4,0). We repeat the procedure, and end up with 7 general points of P, 4 general
point of Ry, and 1 general point of F, as pictured below.

° E RO
. ¢
P . . . . )t F
. b
+1|-1 +1
——
7 points

The trivial twist £%4 no longer contributes, because there is no curve in F linearly equivalent
to 4F and passing through the 4 + 1 base points on F'. This is thus the point in the recursion
where “contributions of degree 4 curves have been entirely exhausted.”. For the contribution of
the twist L24(—F), we have the following possibilities.

(a) dp = 2. The number of 2-nodal cubics through the 7 points on P is N32(0,3) (which
equals (;) because all such cubics are decomposed as a conic plus a line). For each such cubic,
there is a unique matching curve in |E + 4F| on F passing through the 4 + 1 base points.

(b) 0p = 6 = 1. The curve on F must split as F; + C’, with F; ~ F and C' ~ E + 3F.
The ruling F; must pass through one of the base points on Ry (which gives 4 possibilities), and
therefore fixes a point on E. Then, there is a finite number N3:1(1,2) of 1-nodal cubics on P
passing through this point and the 7 base points on P (the number N31(1,2) is easily seen to
equal N*1(0,3), which is 12). In turn, each of these fixes two new points on E, and the curve
(' is uniquely determined by these two points and the remaining 3 + 1 base points on F. Curves
of this kind are thus in the number (1) N*>'(1,2).

(¢) 6p = 2. The curve on F must split as Fy + F» + C', with Fy, Fy ~ F and C' ~ E + 2F,
and the two rulings F; and Fb each must pass through one of the 4 base points on Ry, which
gives (;1) possibilities. These two rulings then fix a unique cubic on P through the 7 points
(which we can phrase as N>%(2,1) = 1), which in turn fixes a third point on E. The curve C’
is then uniquely determined by the latter point and the remaining 2 + 1 base points on F. We
thus find (3)]\73’0(2, 1) curves.

(d) dp = 1 and 72 = 1 (i.e., one 2-tacnode). There is a finite number of possible curves
on P, in the number N31(0,[1,1]), and each of these determines a unique matching curve in
|E 4+ 4F| on F. These curves count with multiplicity 2.

(e) 6 =1 and 72 = 1. The curve on F must split as Fy +C’, with F; ~ F and C' ~ E+3F.
The ruling F; must pass through one of the base points on Ry (which gives 4 possibilities), and
therefore fixes a point on E. Then, there is a pencil of cubics on P passing through this point
and the 7 base points on P; it cuts out (residually) a g3 on E, which has two members made
of a double point, meaning that there are two cubics in the pencil that are tangent to E: in
other words, N3°(1,[0,1]) = 2. Finally, for each such cubic there is a unique matching curve C’
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which also pass through the 3 + 1 remaining base points on F. Thus we find (})N°(1,[0,1])
curves; they count with multiplicity 2.

(f) 73 = 1. There is a finite number of possible curves on P, which is N3:°(0,[0,0,1]). This
number equals the number of divisors of the form 3¢ in the g3 cut out on E by the 2-dimensional
linear system of cubics through the 7 base points on P, which is 3 (this is the number of flexes
of a 1-nodal cubic, see [XII, Section ??]). For each such cubic there is a unique matching curve
in |E 4+ 4F| on F which also passes through the 4 + 1 base points. We thus find N3-9(0, 0,0, 1])
curves, and they count with multiplicity 3.

(2.8) Summary and conclusion. We have applied the degeneration procedure of Section 1
five times, and after that we are reduced to enumerations of curves of degrees d’ < 4. The
relations we have obtained are the following:

N*2(0,4) = N*2(1, 3)
= N*2(2,2)
= N*2(3,1) + (3) N*°(0,3)
=1

N*2(3,1) = N*2(4,0) + (3) N*1(0,3) +2- N*°(0,[1, 1)) +(3) () N*°(1,2)

=12 =4 T
N42(4,0) = N32(0,3) +(3) N1 (1,2) +(5) N2, 1) +2- N*'(0.[1,1])
— ——— NN
=2 =12 =1 =36
+2- (1) N*(1,[0,1]) +3 - N*°(0, (0,0, 1]).
=2 _3

With the (possible) exception of N31(0,[1,1]), which is computed in Section 3 below, the
numbers of cubic curves appearing in the relations above can all be more or less elementarily
computed; hints for these computations have been given in the course of the recursive application
of the degeneration procedure. In the upshot, we get

N*2(4,0) =21 +48 + 6+ 72+ 16 +9 = 172
N*2(3,1) =172 4 36 + 8 4 6 = 222
N*2(0,4) = N*%(1,3) = N*?(2,2) = 222 + 3 = 225.

3 — An ancillary enumeration of cubics

In this section we compute the number of 1-nodal plane cubics tangent to a line; the result is the
number N*1(0,[1,1]). This is necessary for the enumeration of 2-nodal quartics in the previous
section, and will serve as an additional illustration of the recursive degeneration procedure. We
will need to consider the line bundles £®3, which restricts to Op(3H) and Op(3F) on P and F
respectively, and £%3(—F), which restricts to Op (2H) and O (E+3F) on P and F respectively.
The generalized Severi variety V31(0,[1, 1]) has dimension 7, so we start with 7 base points.

(3.1) N31(0,[1,1]). We apply the degeneration procedure of Section 1, which gives 6 general
base points on P, and one general base point on F.
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E Ro

+1]-1 +1

Only the trivial twist contributes, because there is no conic on P through the 6 base points,
and we must have dp = 1 in order to fulfil (1.3.1) with § = 1. To have the correct intersection
pattern with Ry, the curve on F must be of the form Fy 4+ 2F5 with F}, F» ~ F. Then, either
Fy passes through the base point on F, after what there are N31(1,[0,1]) matching 1-nodal
cubics through the 6 base points on P, or F» passes through the base point on F, and then
there are N31(]0, 1], 1) matching 1-nodal cubics through the 6 base points on P; it follows from
the analysis in [1], reported on in [VI], that the latter curves count with multiplicity 2.

(3.2) N31(1,[0,1]). Applying the degeneration procedure, we get 5 general base points on P,
one general base point on Ry, and one general point on F.

E Ro

il

P . —] " F

+1]-1 +1

A priori, the two twists £83 and £L®3(—F) contribute in this case. In the contribution of the
trivial twist £®3, the curve on F must once again be of the form Fj + 2F, with F}, Fy ~ F in
order to meet the contact condition with Ry. Then, F) must past through the base point on
Ro, and Fy through the general base point on F. There are then N31([1,1],0) matching curves
on P, and the curves we find in this way count with multiplicity 2 because of the assignement
of the tangency point with Ry.

In the contribution of the twist £L&3(—F), we find a unique conic through the five base points
on P. It is smooth and fixes two distinct points on F. The curve on F must be decomposed
as Fy + C’ with F; ~ F and ¢/ ~ E + 2F in order to be 1-nodal. The ruling F; must pass
through one of the two points on F, and therefore does not pass through the base point on Ry.
It follows that it is impossible to choose C’ so that the contact conditions with Ry are fulfilled
(it is possible to choose C’ tangent to Ry at the base point, but this does not give an admissible
curve, see the comment on the definition of logarithmic Severi varieties in [III, (1.6)]; this curve
will contribute in (3.3) however).

(3.3) N*1([0,1],1). We apply the degeneration procedure, and end up with 5 general base
points on P, one general base point on F, and a fixed tangency point with Ry.

E Ro

+1]-1 +1

We will have contributions from the two twists £&3 and £L®3(—F). For the trivial twist L3, the
curve on F must be of the form F} + 2F, with F; and F, two rulings, with F, passing through
the fixed point on Ry and Fj through the general base point on F. This curve fixes a tangency
point and a simple passing point on F, and the possible cubic curves on P are in the number
N31([1,1],0).

In the situation defined by the twist £®3(—F) the curve on P is a conic, and there is a unique
one through the five base points (i.e., N>°(0,2) = 1), which fixes two points on E. In order to
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be 1-nodal, the curve on F must be decomposed as Fy +C’ with F; ~ F and C' ~ E+2F. The
curve F7 must pass through one of two points on F, which gives two possibilities, and then C’
must pass through the second point on E, through the base point which is general on F, and
be tangent to Ry at the prescribed point: these are 4 independent linear conditions, hence the
curve C” is uniquely determined. The contribution of £&3(~F) is thus by (2)N°(0,2).

(3.4) N*>1([1,1],0). We apply the degeneration procedure and get 4 general base points on P,
one general base point on F, and a fixed tangency plus a fixed simple intersection point with
Ry.

E Ry

° ——

+1[-1 +1

This time only the twist L&3(—F) may contribute, because it is impossible for a curve in [3F| to
fulfil all the conditions on F. This is therefore the point in the recursion procedure where there
only remain numbers Nd,ﬁ,(o/,ﬁ’) with d’ < 3. Thus, we have a conic on P, which moves in
a pencil determined by the four base points. We have the following possibilities to fulfil (1.3.1)
with § = 1.

(a) dp = 1. There are N>1(0,2) 1-nodal conics through the 4 base points on P, and each
fixes two points on E (N?1(0,2) = 3 because all such conics are decomposed in two lines). Then
the curve on F must satisfy 6 independent linear conditions, and is thus uniquely determined.

(b) 0r = 1. Then the curve on F must be of the form F; +C’ with F} ~ F and ¢’ ~ E+2F.
The ruling F} must pass through the fixed simple intersection point with Ry. This fixes a point
on E, which determines a unique conic on P through the 4 base points (N2°(1,1) = 1), which
in turn fixes a second point on E. Then the curve C’ must pass through this point, through the
general base point on F, and be tangent with Ry at the prescribed point: it is thus uniquely
determined.

(¢) 2 = 1. The curve on P must be a conic tangent to E: these are in the number
N?29(0,10,1]) (which equals 2, the number of double points in the g3 cut out on E). Then the
curve on F has an imposed tangency with E at a prescribed point, hence it must in total satisfy
6 independent linear conditions, and thus it is uniquely determined. These curve counts with
the multiplicity 2.

(3.5) Summary and conclusion. In the four above applications of the degeneration proce-
dure, we have obtained the following relations:

N®H0,[1,1]) = N>Y(L,[0,1]) + 2 - N*([0,1], 1)
N371(17 [07 1]) =2 Ngﬁl([lv 1]7 0)
(3.5.1) N3([0,1],1) = N>1([1,1],0) + (}) N*°(0,2)
=1
NH([1,1],0) = N21(0,2) + N27(1,1) +2 - N*°(0, [0, 1])
=3 =1 =2
Putting these identities all together, we obtain N31([1,1],0) = 8, N®1([0,1],1) = 10, N*1(1,[0,1]) =
16 and, finally, N*1(0, [1,1]) = 36.
(3.6) Remark. The numbers N31([1,1],0) and N31([0,1],1) may also be computed by appro-

priately enumerating singular cubics in a pencil, following [XI, Section 2.1], and doing so sheds
some light on our degeneration procedure.
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For the first number, we consider the pencil of plane cubics defined by 8 base points as
follows: 3 of base points on a line R, 2 of which are infinitely near, and 5 general points of P2.
There are 12 singular members (counted with multiplicities) in this pencil, as in any pencil of
cubics, and the curves counted by N*1([1,1],0) are all among them. Some singular members
of the pencil must be excluded however, namely (a) the unique member of the pencil with a
double point at the point where there are two infinitely near base points, and (b) the member
of the pencil made of the line R itself plus the unique conic through the 5 general base points.

Rl VN YT
C*’ RO T

Both these curves have two nodes after we blow-up the base points of the pencil, so they
contribute each by 2 to the number 12 of singular members in the pencil, and we thus find
N31([1,1],0)=12—-2—-2=38.

For the second number, we put the 8 base points as follows: 2 infinitely near base points on
the line R, and 6 general points of P2. This time there is no member of the pencil made of the
line R and a conic, and only the member as in case (a) above must be excluded. We thus find
N3Y([1,1],0) = 12 — 2 = 10.

The difference between these two enumerations explains Relation (3.5.1) above.

4 — Alternative degeneration procedure

In this section I present, by way of comparison, an alternative way of enumerating 2-nodal
plane quartics by degeneration, which somehow packages all five degenerations in Paragraphs
(2.3)—(2.7) in just one degeneration. This is the same degeneration procedure as in [I, Section
7.2.2], where 3-nodal quartics are enumerated, so I will be brief.

We consider always the same degeneration of the projective plane to the transverse union
P Ug F, and this time we let 5 of the 12 base points on P? degenerate to general points of F.

° L4 B ° °
° °
P . . F
o © . °
+1]-1
—— ——
7 points 5 points

This prevents the trivial twist £%* to give any contribution, and therefore the total number
N%2 will be accounted for by the contributions from the twist L&4(—F). In this twist, we have
a net of plane cubics on P defined by the 7 general base points on P, which cuts out a g3 on
E; on the other hand, the 5 general base points on F define a 3-dimensional linear subsystem
of |E + 4F|, which cuts out a g3 on E. We have the following possibilities to fulfil (1.3.1) with
0=2.

(a) dp = 2. There are N>2(0,3) = (7) two-nodal cubics through the 7 base points on P,
and for each of those there is a unique matching member of |E + 4F| through the 5 base points
on F.

(b) 0p = ép = 1. The 1-nodal curve on F necessarily decompose as Fy + C’ with F} ~ F
and C' ~ E + 3F. There are the two following combinatorial possibilities.
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(i) The ruling F; passes through 1 base point and C’ through the other 4 ((?) = b possibilities).
There are then N3!(1,2) = 12 1-nodal cubics on P matching with Fy along E, and for each of
those there is a unique matching curve C".
(ii) The ruling F; moves freely in the pencil |F|, while C’ passes through the 5 base points and
thus moves in a pencil. The divisors cut out on F by curves of this kind form a quadric surface
in the g3 cut out by the complete system |E + 4F|. It follows that the number of curves made
of a curve of this kind and a nodal cubic on P through the 7 base points is 2 x N31(0,3) = 24.

(¢) 6p = 2. The 2-nodal curve on F must decompose as Fy + Fy + C’ with Fy, F» ~ F and
C' ~ E + 2F, and there are the two following combinatorial possibilities.
(i) The two rulings F; and Fy pass through 1 base point each, and C’ moves in the pencil
defined by the 3 remaining base points ((g) = 10 possibilities). There is a cubic through the
7 base points and matching with Fy and Fy (N39(2,1) = 1), and it cuts out a third point on
E. Then, there is a unique curve C’ passing through this third point and the remaining 3 base
points on F.
(ii) The curves Fy and C’ pass through 1 and 4 base points respectively ((“;’) possibilities), thus
both are fixed, and Fy moves freely in |F|. As in case (i), there is a unique cubic on P matching
with F; + C’, and in turn a unique ruling F» through the third intersection point of this cubic
with F.

(d) 6p = 1 and 75 = 1. There are N**(0, [1,1]) = 36 one-nodal cubics tangent to E, and for
each of those there is a unique matching curve on F. These curves count with multiplicity 2.

(e) op = 1 and 7 = 1 (with multiplicity 2). The curve on F decomposes as F; + C’ with
Fy ~ F, and there are the two following possibilities.
(i) The ruling F; passes through 1 base point ((3) possibilities). There are then N°(1,[0,1]) =
2 cubics on P tangent to E and matching with F}. Each of those determines a unique curve C’.
(ii) The ruling F; moves freely in |F|. There are finitely many curves C’ in |E + 3F| passing
through the 5 base points and tangent to E (in the number 2, which is the number of double
points in a g3 on E). For each of those there is a unique matching cubic on P (N3°([0,1],1) = 1),
which cuts out a third point on E and thus fixes F7.

(f) 73 = 1 (with multiplicity 3). There are N3°(0,[0,0,1]) = 3 cubics on P triply tangent
with F at some point, and each of those determines a unique matching curve on F.

These eventually add up as :

N3’2(0a3) - 921

+(NPHL,2) + (§) x 2 x N*H(0,3) 4+5.1242.12

+ (N2, 1) + (N(2,1) 11045

+2- N*1(0,[1,1]) 19.36

+2- (HNO(1,[0,1]) +2- (3) x 2 x N3([0,1],1) +2.5.242-2-1

+3-N*%(0,(0,0,1]) +3-3

N**0,4) — 295,
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Lecture VIII

Proving the existence of curves on smooth sur-
faces by smoothing tacnodes and other singulari-
ties on reducible surfaces

by Concettina (Galati

Abstract. Let X — D be any flat projective family of complex surfaces parametrized by
the disc D, with smooth total space X, smooth general fiber X}, and reducible special fiber
Xop = UX; with normal crossing singularities. Let C = U,C; C X, be a reducible Cartier
divisor with only nodes on the smooth locus of Xy and tacnodes and nodes on the singular
locus E of Xp. We will show how to study deformations of C' to nodal curves C; C X; by
using Caporaso and Harris’ local analysis of the versal deformation space of an m-tacnode
in [1] and [2]. Results of this paper are known. We especially refer to [7] and [10]. But they
are usually proved in literature with some special assumptions on the surfaces ;. Here we
work in full generality. This paper is in particular a generalization of [10, Section 3].

1 Introduction . . . . . . ... oL 147
Our deformation problem . . . . . .. ... .. ... ... ......... 148
2.1 Some local geometry: the versal deformation space of the singularities of
C e 150
2.2 Equisingular deformationsof C' . . . . . ... ..o 151
2.3 Image of the versalmap . . . . ... ... ... ... ... ... 154
3 Global deformationsof C' . . . . . .. ... oo 157
References . . . . . . . . e 162

1 — Introduction

Let X be a smooth complex projective surface and let D be a smooth Cartier divisor of genus
pa(D). Describing the singular elements in the linear system | D| defined by D is not in general an
easy problem, even if we restrict our interest to the existence of nodal divisors. There are various
deformation arguments which may be helpful case by case. For example, if X = P2, we know
that, for any d > 3, there exist degree d irreducible nodal curves of any genus 0 < g < W,
cf. [19] and [12]. These curves are deformations of a rational nodal plane curve of degree d,
obtained as a general projection of a rational normal curve Cy C P? of degree d. Notice that
% is the number of nodes of a rational nodal plane curve and so it is the maximal number
of nodes of an irreducible plane curve of degree d. If X is any smooth complex projective surface
and D is any smooth Cartier divisor, it is not in general obvious how to produce irreducible
or even reducible curves |D| with “the maximum allowed number of nodes”. One very classical
strategy is to degenerate the surface X ~ A} to a reducible normal crossing surface Xy and to

147
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prove the existence of divisors on X = A&} with certain singularities as deformations of suitable
Cartier divisors on Xy. This method was used in particular by Chen in [7] to prove the existence
of irreducible rational nodal curves on a very general K3 surface, in the primitive linear system
and in all its multiples. The key idea of Chen’s theorem is to construct, on a suitable reducible
K3 surface Xy = AU B, a curve with tacnodes at points of the singular locus of X and to study
its deformations on a very general K3 surface X}, by using the analysis of the locus of (m — 1)-
nodal curves in the versal deformation space of the m-tacnode, carried out in [1] and [2], see
[IV]. The local analysis in [1] and [2] of versal deformations of tacnodes has later been extended
in [10], where the authors provide a method to construct curves with Ay, singularities on smooth
surfaces, for every k > 1. In particular [10] contains a new proof of the aforementioned Chen’s
theorem. Results in [10] have later been applied in [4] and [5].

In [10] the authors work in a family of regular surfaces. An output of the present paper is
that this regularity assumption is unnecessary. Here we provide a generalization of [10, Section
3] using a simpler notation. We hope it will be clear to the reader how all results of this paper
can be generalized to the study of deformations of reduced curves in a smooth total space with
complete intersection singularities, see for example [11].

This paper is divided in four sections. In Section 2 we describe our degeneration argument
and we state our deformation problem (Problem (2.2)). We moreover collect several local results
from which, in Section 3, we will deduce our main result, Theorem (3.1). The latter proves in
particular [I, Proposition (5.5)]; besides, [I] contains many applications of Theorem (3.1).

The degeneration argument which we are going to explain in the next section is useful to the
study of many problems. For example, in [6], it has been applied to the study of the number of
moduli of Severi varieties of nodal curves on K3 surfaces. Here we will restrict to the existence
problem of nodal curves on smooth surfaces.

(1.1) Terminology and notation. We will work over C. A curve will be a reduced separated
scheme of finite type and dimension 1.

(1.2) Acknowledgments. I would like to thank Thomas Dedieu for reading the preliminar
version of this paper.

2 — Our deformation problem

(2.1) Let X — D be a flat projective family of complex surfaces parametrized by the disc D,
with smooth total space X, smooth general fiber X;, and reducible special fiber Xy with normal
crossing singularities, i.e., locally at every point in the analytic topology, Xy is isomorphic to
the closed subset of an open polydisk of C* defined by {(x1, 2, x3)|II*_,2; = 0}, where k may
be 1,2, or 3, cf. [8]. Thus every irreducible component X; of Xy = Ul_; X; is smooth, and the
singular locus of &) consists of the intersection locus of its irreducible components, where X
has singularities of multiplicity 2 or 3. We denote by E' = Ui<;<;<rEi; the singular locus of Ap,
where E;; = X; N X, (possibly empty), and by E° C E C X, the set of points of multiplicity
exactly 2.

Let p € E° be a double point of Ay. Working locally at p, we may assume that X is
isomorphic to a closed subset of an open polydisk of C* x D, with coordinates (z,y, z,t), in
such a way the local analytic equation of X" at p is given by

xy =1t,

and zy =t = 0 are the analytic equations of X at p.
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Now we consider a reduced Cartier divisor
C=U;C; C Xy =Ui_ X,

where every C; = C N X; C X; is a reduced d;-nodal curve, that is smooth at every intersection
point with E and does not contain any triple point of Ay. The local equations of C' at every
intersection point p € E;; NC = C; N Cj are

y+z—2"=0
(2.1.1) zy =1
t=0,

for some m > 1 (depending on p). Thus the singularity of C' at p € C' N E;; is analytically
isomorphic to the planar curve singularity of local equation

which is called a tacnode of order m or an m-tacnode; observe that a 1-tacnode is a node.
Thus the curve
C=UC; C X =Ui_ X,
has only planar singularities that are nodes and tacnodes.

(2.2) Problem. We want to find sufficient conditions for C C Xy to be deformed to a nodal
curve Cy C X;. More precisely we want to understand which is the maximal number of nodes of
a curve Cy C X that is deformation of C C Xp.

(2.3) Remark. Every tacnode of C' at a moving point p € E;; = X;NX; C E imposes at most
m — 1 independent conditions to the linear system |Ox, (C)|, being m — 1 the expected number
of conditions imposed to the linear system |Ox,(C)| by a tangency of order m with E;; C £
at an unprescribed point. Thus the naive expectation is that one may deform C to a curve
Cy C A} in such a way every m-tacnode of C on E deforms to m — 1 nodes of C; and all nodes
of C on Ay \ E are preserved. In this case we will say that an m-tacnode of C is smoothed to
m — 1 nodes of Cy because m — 1 nodes impose one less condition to the arithmetic genus than
an m-tacnode.

(2.4) Remark. Let us recall that an m-tacnode is an As,,—1 planar curve singularity. An
Ay, planar curve singularity has analytic equation y? — 2*T1. Every plane curve singularity of
multiplicity 2 is an Ag-singularity, for some k& and two plane curve singularities of multiplicity
two are topologically equivalent if and only if they are analytically equivalent. We refer to [13]
and [II] for the notion of equisingularity from the topological and the analytic point of view
for a family of reduced curves on a smooth surface. In particular, for an Ag-singularity the
equisingular ideal coincides with the Jacobian ideal, given by I = J = (y,z*) [13, Proposition
5.6]. This implies that an Ag-singularity at a moving point of a smooth surface imposes as most
k = dim(Clx,y]/J) independent conditions to a linear system. Now, an Aj-singularity locally
deforms to an Ay/-singularity for every &k’ < k. Thus, in the same vein as in Problem (2.2), one
could ask about deformations C; C X; of C C X with Ag-singularities. As in Remark (2.3),
one expects that the curve singularity (2.1.1) deforms on X; to d; singularity of type A;, for
every multi-index (di, ..., d,) such that )", id; = m — 1.

Deformations of C' in X are parametrized by suitable subschemes of the relative Hilbert
scheme HYIP of X — D [18]. We denote by H C H*!P the union of irreducible components
containing the point [C] corresponding to the curve C, and by H; the fibre of H over t € D. We
say that a Cartier divisor Cy C X; is a deformation of C' C Xy if the point [Cy] € H; belongs to
a curve v C H, which is a multi-section of order r > 1 of H — D, totally ramified at the point
[C], i.e., intersecting Ho at r[C].
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2.1 — Some local geometry: the versal deformation space of the singu-
larities of C'

Every deformations of C' in & induces a deformation of each singularity of C. Isolated singu-
larities, i.e., germs of isolated singularities in the analytic topology, have a moduli space with

the property of versality, cf. [13, Section 3], [18, Chapter 2], [12, Chapter 2] and [II].
For a plane curve singularity (D, q), a versal deformation family is given by

(24.1)  Cp={g(z,y) +tigi(z,y) + ... +tmgm(z,y) = 0}~ A2 x Ap,

T

Ap g = Spec(Clt1, ..., tm))

where, denoting by J, = (g, g—z, %) the Jacobian ideal of the local equation g(y, z) of D at p,

the polynomials gi(z,y), ..., gm(x,y) are such that their images in C(y, z)/J,; form a basis of
C(y, z)/Jq, as a C-vector space. The parameter space

Ap. 4 = Spec(Clt1, ..., tm)]),

is a (mini)-versal deformation space of (D, q). Using the terminology of [13], we will refer to
(2.4.1) as the étale versal deformation family of the plane curve singularity (D, q), and to Ap 4
as the étale (mini)-versal deformation space of (D, q).

We now provide an explicit description of the étale versal deformation family of every sin-
gularity of our curve C C X. At every node p € X, \ F, the curve C' is analytically equivalent
to the plane curve f(y,z) = yz = 0, thus

C[ya Z]/JP = C[ya Z]/(yv Z) = 07
and a versal family for (C,p) is C, = A(cp) = Spec(C[t]), with
Cp = {azy+t=0} C A* x Spec(C]t]).

The only singular fibre is that over ¢t = 0, implying that a deformation of a nodal curve is either
a nodal curve or a smooth curve.

At every tacnodal singularity p € E;;, a local equation f of C' at p is given by (2.1.2), so
that Jy = (2y — 2™, mz™"1y) and

Cly,z]/Jp ~ C*™ L.
In particular, at every tacnodal singularity p € E;; of C, choosing
{1, 2, 2%, ..., 2"y, gz, y2?, L g™
as a basis for Cly, z]/Jy, a versal deformation family of (C,p) is given by C, = A(cp), where
Ac,p) = Spec(Clag, ..., ¥m—2, Bo, -, Bm—1])
and C, C A? x A has equation
m—2 m—1

(24.2) Cpi Fly.za,B) =2+ (D iz’ +2")y+ Y Bz =0,

i=0 =0
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where we are using the same notation as in [1] and [13], see [IV, V].

We now want to introduce the versal property of the versal family C, — A ). Keeping in
mind [13, Appendix B], we will do this in the analytic topology instead of the étale topology as
in [13, Section 3], to simplify notation.

Let us denote by D — H the universal family parametrized by the Hilbert scheme . By
versality, for every singular point p of C, there exist analytic neighborhoods U, of [C] in H, U,
of pin D, and V,, of 0 in A(¢,p), and a map ¢, : Uy — Vj, such that the family Dy, N U}, is
isomorphic to the pull-back of Cp|v, by the map ¢,, making the following diagram

(2.4.3) Cp 2Colv, Up xv, Cplv,, — Dl|v, NU}——D
l S l 5 \ l ¢
T, v, Up H

commutative. Thus, answering Problem (2.2) is the same as describing the image of the versal
map

(2.4.4) o= I o: [ U= ][I Awcw
p€ESing(C) p€Sing(C) p€eSing(C)

where Sing(C') is the singular locus of C.

2.2 — Equisingular deformations of '

In order to understand the image of the versal map ¢ of (2.4.4), we describe its differential d¢c;
at the point [C] € (N, U, € H, which splits in the direct sum do|c] = B, cging(c) Pp,(c]; Where
d¢, (¢ is the differential of ¢, at the point [C].

The differential map d¢é|c) can be identified with the map

(245)  HYB)=déicy= €D dopic: H(C.Ngx) — HUC.TH = P T4,
peSing(C) p€eSing(C)

induced by the exact sequence

a B
(2.4.6) 0 O¢ Ox|c Nejxy — T, ——0,

where ©¢ and Oy are the tangent sheaves of C' and X, respectively, Ny is the normal bundle
of C'in X, and T} is the first cotangent sheaf of C, cf. [18, Prop. 1.1.9]. We are in particular using
standard identifications of the tangent space Tio)H at [C] with H°(C,Ngx) and of ToA ()
with Tclvyp.

The kernel of the sheaf map § in (2.4.6) is usually denoted by NC/JI v and is called the
equisingular normal sheaf of C in X. This terminology is due to the fact that the origin
0 € A(c,p) is the only point in the mini-versal deformation space corresponding to a singularity
analytically equivalent to (C,p). Thus, by the short exact sequence

(2.4.7) 0 Lix Nejy —Th —>0,

we have that H°(C, N¢)x) can be identified with the kernel of the differential d¢cy in (2.4.5),
and it parametrizes the tangent space to the analytically equisingular deformation locus of
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C in X. One says that H°(C, Né‘ ) parametrizes first order infinitesimal deformations of C'
preserving all singularities of C from the analytic point of view. Similarly, the kernel

ker(dqbn [C] )

of the differential doy, () : H*(C,Neojx) — T, in (2.4.5) parametrizes first order infinitesimal
deformations of C' in & which are analytically equisingular at p, and there is an obvious inclusion
HO(C,Né‘X) - ker(d¢p7[C]).

(2.5) Definition. We denote by
£8(C) = 6710, ., 0)

the (scheme theoretic) inverse image of the origin with respect to the versal map ¢ in (2.4.4).
We will call it the equisingular deformation locus of C'.

(2.6) Remark. As already observed, the inverse image ¢~1(0, ...,0) of (0, ...,0) by the versal
map (2.4.4) is, in general, the locus of analytically equisingular deformations of C' in X. Since
we assume C' with only nodes and tacnodes, analytically equisingular deformations of C' in X
coincide with topologically equisingular deformations of C' in X, c¢f. Remark (2.4). For this
reason we call ES(C) = ¢~ 1(0,...,0) the equisingular deformation locus of C, with no further
specification. Similarly, we refer to its tangent space H°(C, Nx) = Tiey(ES(C)) at [C] just as
the space of equisingular first order infinitesimal deformations of C in X.

(2.7) Remark. The versal map ¢ in (2.4.4), as well as the description of its differential d¢j¢) in
(2.4.5), and the exact sequences (2.4.6) and (2.4.7), are defined for any reduced Cartier divisor
C on Xj, whose singularities (C,p) are all reduced complete intersection singularities in C3.
Moreover, the description of the étale versal deformation family of (C,p) provided in (2.4.1)
under the assumption that (C,p) is a planar curve singularity, extends to complete intersection
curve singularities in C™ (see [12], or [11, Section 3] for an example of explicit computation
when (C, p) is a complete intersection curve singularity in C3).

(2.8) Lemma. Let X — D be a flat projective family of complex surfaces as in (3.1).

(a) For any reduced Cartier divisor C C Xy with non-empty intersection with E, one has
(2.8.1) HO(C, NG ») = HY(C, NG x,) € HY(C, Nejx,)-

More generally, for every intersection point p € C N E, the kernel of the differential
dép,cy: H'(C,Nejx) = Té,, in (2.4.5) is such that

(2.82) H(C\Ngyx) = HY(C, NG x,) € ker(depy,ic)) € HO(C, Noya, ).

(b) If C C Ay is a reduced Cartier divisor as above with only 6 = ), 0; nodes on Xy \ E
and tacnodes on E, then H°(C, Now) = H(C, N(/J\Xo) is contained the linear subspace
of sections of H°(C, Nejx,) vanishing at every node p of C on Xy \ E and vanishing at
every m-tacnode p € E of C with multiplicity m — 1.

Proof. We first prove part (a) of the lemma and, in particular, equality (2.8.1) for any reduced
Cartier divisor C' on Xy with non-empty intersection with the singular locus E of &p. Fix any
intersection point p € E N C. Keeping in mind Remark (2.7), we want to write equisingular
infinitesimal first order deformations of C' in & locally at the point p. We consider the localized
exact sequence

(2.8.3) 0——=Ngx, —Nejx,p e 0.
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Fix local analytic coordinates x, y, z, t at p in such a way that C' has equations
tZO, fl(xayaz):()a and fQ((E,y,Z):(Ey:O
at p. Then we may identify:

o the local ring Oc,, = Oxp/Zcjxp of C at p with the localization at the origin of
C[ZC,y,Z]/(fl, fQ)a

e the Oc p-module N x , with the free Oy, ,-module homp, (Zox,p, Oc,p) generated by
the morphisms f; and fJ, defined by

fi(s1(@,y, 2) fil@,y, 2) + s2(@,y, 2) fa(2,y, 2)) = sil@,y,2), fori=1,2,
and, finally,
o the O¢ p-module
Oxlc)p = Oxp/(lcy®Ox,)
~ (0/0z, 8/dy, 9/0z, 8/8t>oc’p/<8/8t — 20/0y — yd/0x)
with the free Oy, ,-module generated by the derivatives 9/9x,9/0y,0/0z.

With these identifications, the localization ay, : (Ox|c)p = Nejx,p of the sheaf map a from
(2.4.6) is defined by

0p(0/02) = (s =s1fi+s2far— 05/00 =00, 9101/ + $:0f2/0x)
= O0fh/oxfl +yfs,

ap(0/0y) = Of1/0yf; +xfy, and

ap(0/0z) = 0f1/0xf].

By definition of N, y, a germ s € Ngjx,, is equisingular at p, i.e., s € ¢, . if and only if
there exists a germ

u = ug (2, y,2)0/0x + uy(2,y,2)0/0y + u-(2,y,2)0/9z € (Ox|c),

such that s = ay,(u). Hence, locally at p, an equisingular first order infinitesimal deformation of
C in X has equation

(2.8.4) { fi(z,y, 2) + e(ugdf1/0x + uy0f1/0z + u,0f1/0z) =0
o zy + e(yug + zuy) = 0.

We claim that the second equation of (2.8.4) is the local equation at p of an equisingular
deformation of Xy in X. Indeed, by the exact sequence

0 ——Ox, — Ox|x, —= Nxyjx 2 Ox, —= Ty, £ Op —0,

one finds that N;O‘X ~ Tg|x,-
Now if s = a,(u) is the localization of a global section of NélX, by the equality H° (X, /\/}le) =
H%(Xy,Zg|x,) = 0, we find that the analytic function

Yuz (v, y, 2) + vuy (2,9, 2)
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must be identically zero in the second equation of (2.8.4). This proves inclusion (2.8.1) and
(2.8.2).

We now prove part (b) of the lemma. Assume that C' is a Cartier divisor with only 6 =", J;
nodes on Ap \ F and tacnodes on E, as in (3.1), and consider p € E N C. In this case we may
assume

fl(xvyaz) :x+y+zm

so that the equations in (2.8.4) become

(2.8.5) {“yﬂ + (g + uy + mzus) =0

zy + e(yug + zuy) = 0.

If these equations are the equations of the localization of a global section in H%(C, NC‘ x), then,
as above, we find that yu, + zu, is identically zero. We deduce in particular that

o u,(0,0,0) = u,(0,0,0) =0, and

o for every n > 1, no z"-terms appear in ug(x,y, z) and u,(z,y, 2), no y"-terms and y"z"-
terms appear in u,(x,y, z) and, finally, no 2"™-terms and 2" 2"-terms appear in u,(z, y, z).

In particular, if X;, with local equations x =t = 0, and X, with local equations y = ¢ = 0,
are the two irreducible components of A containing p, then the local equations at p on X; of
equisingular infinitesimal deformations of C are given by

(2.8.6) { y+ 2" +e(mz™ tuz(2,y,2) + yq(y,2)) =0
© z =0,

where ¢(y, z) is an analytic function in the variables y and z, and similarly on X ;. This proves
that all sections in H%(C, Nél ) vanish with multiplicity m — 1 at every m-tacnode of C on FE.

The fact that all sections of H°(C, N(’J‘Xo) vanish at every node p of C on Xp \ F is a very
classical result, which can be proved here with the same approach as above, by using that at a
node on Ay \ E the local equations of C are z —t =t = 0 = yz (see also [II]).

Thus the lemma is proved. O

2.3 — Image of the versal map
We now consider:

e X — D be a flat projective family of complex surfaces with smooth total space X', smooth
general fibre X; and central fibre Ay with normal crossing singularities,

e C C Xy = UX; a reduced Cartier divisor with only tacnodes at the intersection points
with the singular locus E = U;; E;; of Xy and nodes on &p \ E,
as in (3.1).

(2.9) Lemma. In the above setting, let p € C N E;; C Xy C X be an m-tacnode, with m > 1.
Then, using the parametrization (2.4.2) for the mini-versal family of (C,p), we have that the
image of the differential map

déy c) : H(C,Nejx) = Téy, = ToA o)

is always contained in the linear subspace H, : f1 = -+ = Bm—1 = 0, while the image of the
differential map
diy,(c) - HO(C, Neyx,) = Té,, = ToAcp)
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is always contained in the tangent space I'y = ToEGcpy @ fo = -+ = Pm—1 = 0 at Q to the
equigeneric locus EG ¢ py in Acp) (cf. [18] and [II]). In particular, the subspace

(2.9.1) ker(dey, jc)) € H(C, N{x,)
has dimension
dim(ker(dg, (1)) = h*(C,Neja,) —m+1 = h°(C, Ngjx) — m.

The differential map de, (] is surjective on Hy, if and only if the subspace ker(de, 1) of in-
finitesimal first order deformations of C' in Xy that are equisingular at p has codimension exactly
m—1in H°(C,N¢|x,)-

Proof. We first observe that Hj, contains in codimension 1 the tangent space
FP = TQEG(C,p) : ﬂO == ﬂm72 =0

at 0 to the equigeneric locus EG (¢ ) € A(c,p)-

The image of U, N Ho with respect to ¢, (recall the notation from Diagram (2.4.3)) is
contained in the equigeneric locus EG(cp) € A(cp). Indeed, no matter how we deform C
in &Xp, the smooth tangency of the irreducible components C; and C; with F;; at p deforms
to smooth tangencies with E;; at r < m points p;, with 1 < I < r, of multiplicity m; with
>-,my = m. This corresponds locally to a deformation of the m-tacnode of C' at p into r
tacnodes of orders myq,...,m,, each decreasing the geometric genus by m; with respect to the
arithmetic genus. Thus, dé, (c](H*(C,N¢|x,)) € Tp = ToEG ¢

Now, by the exact sequence

\p)

0—>Nc|;(0 _>NC\X _>NX0|X =0x, — 0,

we have that H°(C, N¢)x,) has codimension less or equal to 1 in H(C, Ngjx ). If h%(C, Nejx,) =
h%(C, N¢|x), the lemma is true because TyEG ¢,y C Hy. If h°(C,Ngjx) = h°(C,Neyx,) + 1,
it is enough to find a section

o€ HO(C,NC|X) \ HO(C,N0|X0)
such that d¢, ¢1(0) € Hy \ ToEG ¢ p). In this case, one has
HO(CaNC\X> = HO(CaNC\X()) S2) HO(C5 OXO) = HO(CaNC\Xo> o C.
The section o € H°(C,Ngjx) \ H*(C,N¢|x,) corresponding to the pair (0,1) via the above

isomorphism has local equations

(2.9.2) { r+y+2"=0

TY = €.

It follows that the image of o via d¢, [¢ is the point corresponding to the curve y(y +2™) = fo.
This proves the lemma. O

(2.10) Corollary. In the same setting as above and with the same notation and hypotheses as
in Lemma (2.9) and Diagram (2.4.3), assume that:

a) hO(C’NCP(U) = hO(CaNC\X) - 1;'

b) the relative Hilbert scheme H*'P is smooth at [C] of dimension h°(C, Nox);
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¢) dim(ker(doy, c))) = hO(C,NC‘Xo) —m+ 1.
Then the image of the versal map
bp : HNUp = Acp)

is a smooth variety of dimension m in A p), with tangent space at 0 given by the linear subspace
Hy: p1=...= Bm—1 =0, while the image of the versal map

¢p :HoN Up — A(C,p)

coincides with the equigeneric deformation locus EG (¢ p) € A(c,p), which is smooth of dimension
m at 0, with tangent space given by I'y = ToEG (¢ py @ fo = ... = Bm—1 = 0, and whose general
element corresponding to an m-nodal curve.

Moreover, ¢,(H NU,) intersects the locus of (m — 1)-nodal curves in A py along T'p U7y,
where 7y is a curve that is smooth at 0 and intersects I'y, with multiplicity m. In particular the
curve C may be deformed in H in such a way the tacnode at p is deformed into m — 1 nodes.

Proof. First observe that, by hypothesis b), there is only one irreducible component H of H*P
containing [C], which is smooth at [C] of dimension h%(C, N¢ix). Moreover, by hypothesis a),
the central fibre of Ho of H is smooth at [C] of dimension h%(C, N¢|x,) = h°(C,Nejx) — 1.

In particular, in Diagram (2.4.3), we have that the analytic varieties H N U, and Ho N U,
are irreducible. It follows that the image of ¢, : H N U, — A(¢cp) is an irreducible variety of
dimension < m, since ¢,(Ho N U,) is contained in the equigeneric locus, which has dimension
m—1 and ¢,(H NUp) has dimension < dim(¢,(HoNUp))+ 1. In particular, ¢, has general fibre
of dimension at least dimc(#) — m. Under the hypotheses of this corollary, the differential
déy (c) has rank m. Hence, under hypotheses a), b) and c), the fibre gb;l(Q) has dimension
exactly dimc)(H) —m = h°(C,Ngjx) — m, and ¢,(H N Up) is irreducible of dimension m and
smooth at 0. The fact that ¢,(H N U,) intersects the locus of (m — 1)-nodal curves in A p
along I', Uy, where 7 is a curve that is smooth at 0 and intersects I', with multiplicity m follows
from [1, Lemma 4.1], cf. [IV, Theorem (1.2)]. O

(2.11) Remark. Under the hypotheses of Lemma (2.10), by [10, Proposition 3.7 and Corollary
3.12], one has more generally that there exist deformations C; C A; of C C Aj such that the
m-tacnode of C' at p deforms to d; singularity of type A;, for every multi-index (ds, ..., d,) such

The following lemma provides a standard way to verify when the hypothesis ¢) in Corollary

(2.10) is satisfied.
Let I/V]LC;L1 C |Ox, (C)] be the linear system of Cartier divisors in |Oy,(C)| intersecting F
at p with multiplicity m — 1. We have that

dim(W!° ) > dim(|Ox, (C)]) — m + 1.

p,m—1

(2.12) Lemma. In the same setting as above, and with the same notation and hypotheses as
in Lemma (2.9), assume that:

(2.12.1) dim(W/9 ) = dim(|Ox, (C)]) = m + 1.

p,m—1

Then we have
dim(ker(d¢, (c])) = h°(C, Neja,) —m + 1.
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Proof. By the hypothesis that dim(W}‘,ﬂfl) = dim(|Ox, (C)|) — m + 1, we have

dim(W[C1) = dim(|0x, (O)]) — 7 + 1,
for every r < m — 1. Via the natural inclusion
|0x,(C)| = H(Xp, Ox,(C))/H®(Xo,Ox,) € H*(C, Ngyx,)
induced by the standard exact sequence
0— Ox, = Ox,(C) = Oc(C) =0,
we find a chain a codimension 1 linear subsystems

Wi e W g e Wl ¢ |0x, (C)] € HY(C,Neya)-

p,m—1 pm—2
By Lemma (2.8), we know that Wj‘gg‘ N ker(doyp, 1) € W}‘,ﬂfl, for every r < m — 2. Since
HO(C, Ne|x,) is mapped by dé, (¢ to the (m—1)-dimensional linear subspace To EG C ToA (¢, p),
we find that d¢, (¢ : HO(C, Nejx,) = ToEG is surjective by standard linear algebra, and thus
dim(ker(d¢p7[c])) = hO(C,Nc|XU) —m+ 1. O

3 — Global deformations of C

Let X - D and C = U;C; C Ay = U; X; be respectively the flat projective family of surfaces
and the Cartier divisor C on Xj as in (3.1). We recall that X has smooth general fibre X; and
reducible central fibre Xy = U; X; with normal crossing singularities. We denoted by X; the
irreducible components of Xy, and by E = U; ; E;; the singular locus of &y, where E;; = X;NX;.
Moreover, we assume that C' N X; = C; is a reduced J;-nodal curve intersecting E at smooth
points, in such a way that the only singularities of C' are nodes on A \ E and tacnodes on E.
For every tacnode p of C, we denote by m,, its order and by

(3.0.1) A = lem{m,| p tacnode of C'}

the least common multiple of the m,. We furthermore set

"
3.0.2 = d k=~
(3.0.2) z IIT m an \

p tacnode of C'

Finally, we assume that C has

0= 261- nodeson Xy \ E,

and we denote by
T the number of m — tacnodes of C on E,

for every m > 1.

Here we will provide sufficient conditions for C' C A, to be deformed to a nodal curve
Cy C A;.

We recall that we denoted by H¥P the relative Hilbert scheme of the family X — D, by
#H the union of the irreducible components of H¥P containing [C], and by H; the fibre of H
over t € D. Let now D° =D\ 0, X° = X\ Ay, and H° = H \ Ho. For all o € N, we denote
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by uy °Ip* C H° the relative Severi variety of o-nodal curves, the fibre of which over t € D° is
the locally closed (possibly empty) subscheme Us* C H,; (endowed with its reduced structure)
parametrizing reduced o-nodal Cartier divisors on X;. We moreover denote by vy D C H the
L{fo‘Do. Observe that, for every ¢ # 0, the fiber V¥ of Vle over t

is the Zariski closure of U2t while V¥ 'D Ho will have several irreducible components, whose
general point corresponds to a curve on Xy with singularities possibly different than nodes.

Zariski closure in H of

(3.1) Theorem. In the above setting, let

C
WG s €10x,(0)]

be the linear system of Cartier divisors in |Ox,(C)| passing through every node of C on X\ E,
and intersecting E with multiplicity m — 1 at every m-tacnode of C. Assume that:

1. hO(C,NC‘XO) = hO(C,NC‘X) —1;
2. the relative Hilbert scheme H¥IP is smooth at [C] of dimension h°(C, Neix)- In particular,
there is only one irreducible component H C H*IP containing [C), which is smooth at [C);
. c .
3. dlm(W[lc][es) = dim(|Ox, (C)]) =0 = X, Tm(m — 1).

Then C C Xy may be deformed to (6 + Y, Tm(m — 1))-nodal curves Cy C Xy, in such a way
every node of C on X \ E is preserved, and every m-tacnode of C on E is smoothed to m — 1
nodes. All nodal curves Cy obtained in this way are such that

(3.1.1) hO(Co, NGy x,) = BO(CeNeya,) = 0 = Y Tin(m — 1),

thus, the corresponding point [Cy] € Hy is a smooth point of the Severi variety V;\izm (1)’
In particular the nodes of Cy may be smoothed independently , i.e. the versal map (2.4.4) for C;

is surjective. This implies that

[C] € VI forevery o <6 + Z'rm(m —1).

Moreover, the equisingular deformation locus ES(C) C Xy of [C] in Xo (cf. Definition (2.5)) is
an analytic open set of the smooth locus of an irreducible component Vi of the central fibre

Vo = V2

6+Zm -,—m(m_l) M 7—[0 = N"/O + ..

of py¥ID C H, of scheme theoretic multiplicity

6+Zm Tm(m—1) —
o= H myp.

p tacnode of C

. . . ) . X|D
More precisely, at an analytic neighborhood of [C], the universal Severi variety V‘”Zm (1)

will be the union of k branches, each intersecting Ho at [C] with multiplicity \, where k and

A are defined by (3.0.2). These k local analytic branches of V;_l;: ()

at [C] if A = my, for some tacnode p of C; otherwise they will all be singular at [C], with
multiplicity A

will all be smooth

max{my|p tacnode of C}*
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(3.2) Remark. Hypothesis 3 in Theorem (3.1) can be weakened by asking

(3.2.1) hO(CaNé)w) = hO(CaNé\Xo) = hO(C,NC\XO) —0-— ZTm(m - 1).

As we will observe in the proof of the theorem, under hypotheses 1 and 2, we have that hypothesis

3 is a sufficient condition for the equality (3.2.1). The reason we preferred this statement of

Theorem (3.1) is that hypothesis 3 in the theorem is usually easier to be verified than (3.2.1).
We finally observe that, if

(322) HO(C’NC‘XO) :HO(CaOC(C))a

which happens in particular if the family X — D is a family of regular surfaces (i.e., h'(X;, Ox,) =
0 for all ¢), then, under hypotheses 1, 2, and 3 of Theorem (3.1), we have that H°(C, Né‘pc) =

W[lcc]|65. Indeed, if (3.2.2) holds, then H°(C, Nox) € I/I/[|CC]|6S by Lemma (2.8), and this inclusion

is in fact an equality for dimensional reason.

(3.3) Remark. In Theorem (3.1), the nodes of C' on E cannot be preserved by deforming C
to a curve in X, with ¢ # 0. This is a very general result that holds for any reduced Cartier
divisor on X with a node on F under our hypotheses on X — D, i.e., just assuming X — D
a flat projective family of surfaces with smooth total space, smooth general fibre and central
fibre Xy with normal crossing singularities (or more generally, with normal crossing singularity
at a neighborhood of the node). A proof of this can be found in [9, Section 2]. This also follows
from the hypotheses 1, 2 of Theorem (3.1), by Lemma (2.8). In order to see this, we fix a node
p of C on E, and we consider the diagram (2.4.3). What we want to prove is that

(3.3.1) ¢, 1(0) = U, N Ho.

p

By Lemma (2.8), we know that

To(¢, " (0)) = ker(depy,c)) € H(C, Neya, ),

and, by the hypothesis 1 of Theorem (3.1), we get that dim(Ty(¢,'(0))) = h%(C,Ngjx,) =
ho(C,Nejx) — 1. Now observe that U, N Ho C ¢, '(0) because every deformation of C'in X
preserves the node of C' at p. Finally, by the hypotheses 1 and 2 in Theorem (3.1), we have that
Ho is smooth at [C] of dimension h%(C, N¢|x,) = h°(C,N¢|x) — 1. This proves (3.3.1), which
in particular says that Theorem (3.1) completely answers Problem (2.2) for a curve C' verifying
the hypothesis (3.2.1).

Proof of Theorem (3.1). Let Sing(C') be the singular locus of C. For every singular point p €
Sing(C), we consider the mini-versal deformation space A,y described in Section 2.1, the
versal map (2.4.4)

¢ = H bp : ﬂ Up — H Ap)
p€eSing(C) p€eSing(C) p€eSing(C)

and its differential

doic) = @ ddy.c) : H(C,Nejx) — HY(C,T4) = @ TS,
pESing(C) pESing(C)

at [C] € H, described in Sections 2.2 and 2.3.
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Arguing exactly as in the proof of Lemma (2.12), we see that

WS, € 10x,(0)] € HO(C. Neja).

and the hypothesis 3 of the theorem implies that the image of the differential d¢(c) has dimension
d+ >, Tm(m — 1), hence

(3.3.2) dim(ker(dgic))) = h°(C, NG x) = h(C, NG x,) = h2(C, Nejx,) — 6 — ZTm —1).

This in turn implies that
dim(ker(dqﬁp,[(;])) = ho(C, Neix,) —m+1, for every m-tacnode p € ENC of C
and
dim (ker(d¢,, (7)) = h*(C,Ngja,) — 1, for every node of C in Xy \ E.

In particular, Corollary (2.10) applies at every m-tacnode p of C on E.
Now, by Remark (3.3), we know that every 1-tacnode (i.e., node) of C' on E is necessarily
smoothed as we deform C' C A}y outside the central fibre of X — D. Thus, denoting by

Sing®(C) = Sing(C) \ {nodes on E},

we may restrict our attention to the versal map

(3.3.3) o= I o: [ U — (H 11 A(c,m))x IT Acn

p€ESing®(C) p€ESing® (C) m>2 peENC peC\E
m-tacnode node

and its differential at [C],

d(p[c (C NC\X — (@ @ Té«,p)@ @ Té’,pa

m2>=2 peENC peC\E
m-tacnode node

obtained by composing d¢jc) with the natural projection map. By Lemma (2.9) and Corollary
(2.10), and using the notation therein, we know that

depic) (H(C, Neyr)) € (@ D Hp) o D 12,

m>=2 peENC peC\E
m-tacnode node

doic)(H(C, Neya,)) € (@ @ )ea @ Tk .

m22 peENC peC\E
m-tacnode node

and

More precisely, observing that
ker(dpic)) = H*(C,NEyx,) € HY(C,Neyx,)

because every node on F is trivially preserved if we deform C' in Xp, by (3.3.2) we get that
dpie)(H°(C, Neyx,)) has dimension

S rn(m 1) +5—dlml<@ D rp>@ D 1,
m>2 peENC peEC\E
m-tacnode node
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Thus we obtain that

(3.34) ey (H°(C, Nejx,)) = <@ . Fp>@9 P 1,

m>2 peENC peC\E
m-tacnode node
and
(3.3.5) doe)(H(C,Newx) =@ @ Té,,
pEC\E
node

for some linear subspace Q2 C @, ,,~, P, Hp containing P,,, P, I'y in codimension 1. Arguing
as in the proof of Corollary (2.10), we get that:

o the versal map ¢ defined in (3.3.3) maps Hg surjectively onto the product

(H H Fp)xQx...xQ,

m>=2 peENC
m-tacnode

o the image of ¢ is an analytic variety, smooth of dimension ) 7,(m —1)+d+ 1 at 0,
which is a product

W x H A(C,p)a

peC\E node

where W C Hm>2 (HpGEﬁC motacnode A(Cyp)) may be identified with the image of the
versal map

(3.3.6) P II 4: N =10 I 2ce
pESing® (C)NE pESing®(C)NE m>=2 pEEmC;i
m-tacnode

In particular, W is a smooth analytic variety of dimension ) 7, (m — 1) + 1, with tangent
space ToyW = Q at 0, where Q is as in (3.3.5). Keeping in mind the affine equations of the
subspaces I'y, € H, € A,y in Lemma (2.9), the theorem follows by [1, Lemma 4.4] (see [V,
Lemma (1.3)]), as we shall now explain.

To help the reader comparing our notation with that in [1], we observe that, for every m-
tacnode (C,p), our subspace I', € A(¢p) is denoted in [1, Lemma 4.4] by A; ,,. Moreover, the
product of the subspaces I',, is denoted in [1, Lemma 4.4] by A,,. Finally, the curves denoted
by T'1, ...,k in the statement of [1, Lemma 4.4], will be denoted here by 71, ..., .

By [1, Lemma 4.4], we have that the intersection of W with the locus of ) 7, (m —1)-nodal

curves 1n Hm>2 HpEEﬁC m-tacnode A(Cap) 1s grven by

T ) U J---u
(Hm22 HpeEﬂC m-tacnode  © n Tk

where 71, ..., C W are distinct, reduced, unibranched curves having intersection multiplicity
exactly A with [, 55 [Tpe pne m-tacnode L'p @t the origin, with A and k as defined in (3.0.1) and
(3.0.2). The curves 71, ..., v are all smooth at [C] if A = m,, for some tacnode p of C'; otherwise
they are all singular at [C], with multiplicity A\/max{m,|p tacnode of C'}.

The proof of the theorem is now complete if we observe that the versal map ¢ defined by
(3.3.3) has differential of maximal rank at [C], thus

e (M U..Up x0x...x0)
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is locally a fibration over 1 U... U~ x 0 X ... X 0 with smooth fibre of dimension h°(C, Nejx) —

d— >, Tm(m — 1), and it actually consists of k£ analytic branches of V;:_‘DZ (m—1) at [C].

(e then (3.1.1)

holds, follows by semicontinuity. O

The fact that, if [C] is general in one of these analytic branches of V;i‘DZ

(3.4) Remark. Theorem (3.1) proves in particular [I, Proposition (5.5)]; besides, [I] contains
many applications of Theorem (3.1). In order to help the reader compare Theorem (3.1) with
[I, Proposition (5.5)], we observe that [I, Proposition (5.5)] is stated under the assumption that
Hilb(L) (notation from loc. cit.) is an irreducible component of the relative Hilbert scheme of
curves in the family of surfaces S — D, see [I, Section 4].

(3.5) Remark. The failure of hypothesis 3 in Theorem (3.1) is not always an obstruction to
study deformations of C' outside Xy. It may happen for example that the singularities of C' do
not impose the expected number of conditions because several nodes of Xp\ E are “disconnecting
nodes”, i.e., normalizing C' at these nodes produces a reducible curve, and for some geometric
reason it is not possible to deform C on X; to a reducible curve. In this case the disconnecting
nodes cannot be preserved by deforming C outside the central fibre, and the singularities of C' do
not impose the expected number of conditions. This happens for example for curves constructed
in [10, Section 4].

When hypothesis 3 in (3.1) Theorem fails, one has to restrict the attention on the subset of
singularities imposing the right number of conditions (namely, 1 condition for a node on Ay \ E,
and m — 1 conditions for an m-tacnode on F) to the linear system |Ox,(C)|, and study the
versal map only for this subset of singularities.

(3.6) Remark. Under the hypotheses of Theorem (3.1), by [10, Proposition 3.7 and Corollary
3.12], one has more generally that there exist deformations C; C &; of C C A} so that every
m-tacnode p of C is deformed to d; , singularity of type A;, for every multi-index (di p, ..., drp)
such that ). id;, = m — 1, and every node of C' C A} is preserved. For these curves Cy the
equality (3.1.1) still holds, thus the corresponding generalized universal Severi variety is smooth
at [Cy], but describing its local geometry at [Cp] is much more complicated.
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0 — Introduction

The objective of this note is to provide down-to-earth explanations of the following phenomenon,
which is a central theme of the present collection of articles. It is studied in detail in [IV],
following Caporaso and Harris [2, 2], and in [VIII] in the same context that we are considering
here; it also appears in various guises in many other places.

Let S — A! be a family of surfaces such that the general member S;, t # 0, is a smooth
projective surface, and the central member Sy is the union of two smooth projective surfaces
intersecting transversely along a smooth curve B. Let £ be a line bundle on S, and consider
the family of Severi varieties

V= #Ovl(st,Lt) — A= A" — {0},
where V1(S;, Lt) is the family of 1-nodal curves in the linear system |L¢| on the surface S;, with
Li = L|g,. Let Vo be the family of curves in the linear system |Lo| on S having a tacnode along
B, i.e., Vj is the family of curves Cy € |Lg|, such that there exists a point p € BN Cp, at which
Cy locally consists of two smooth branches C{; C S and C{/ C 5§, both of which are tangent to
B at p. Then, at least in principle, Vj appears in the central fibre of the closure V of V, with
multiplicity 2.

We carry out a detailed local study of the nodes degenerating to a tacnode in the above
situation, with stable reduction as a central concept. We investigate in particular the following
questions, with various points of view: (i) in which way is such a tacnodal curve of the ap-
propriate genus? (ii) why does it count with multiplicity 2? (iii) how should one modify the
family of surfaces in order to see a tacnodal limit curve in Sy as a nodal curve in an alternative
semi-stable limit of the S;’s?

The multiplicity 2 is fairly straightforward to understand, cf. (2.5). Seeing the tacnodal
curve as a curve of the appropriate genus may be done in various ways, according to the chosen

165
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point of view, and is not always straightforward. We do provide a solution to problem (iii), but
the conclusion is that although it is possible to see one tacnodal limit curve as a nodal curve in
some semi-stable limit of the S;’s, it is impossible to do it simultaneously for all curves of the
family V. Therefore, tacnodal curves in the degeneration cannot be avoided, and have to be
considered as definitely acceptable limits of nodal curves in their own right: in [I, Section 5],
a degeneration of surfaces is said to be well-behaved if the limits of Severi varieties can all be
accounted for, up to some reduction, by families of nodal and tacnodal curves: the upshot of
our discussion here is that it is hopeless to ask that the limits of Severi varieties be accounted
for only by families of nodal curves.

The text is organized as follows. Section 1 is meant as an overview of this note, and hopefully
clarifies in what sense we study the questions (i-ii-iii) mentioned above: in this section, we outline
various ways of viewing a tacnodal curve as an appropriate limit of 1-nodal curves, in order to
illustrate all the local computations performed in the subsequent sections. In Section 2, we give
the equations of the local situation we want to study, namely 1-nodal curves in smooth surfaces
degenerating to a tacnodal curve in the transverse union of two smooth surfaces. In Section 3,
we perform the stable reduction of a family of 1-nodal curves degenerating to a tacnodal curve,
forgetting about the ambient degeneration of surfaces. The stable reduction process in this
section is rather simple (we first normalize the total space, which normalizes the general fibres,
then do some modifications, and finally return to 1-nodal general fibres), but it is unfortunately
not suitable to answer question (iii) above. Therefore, in Section 4, we compute the same stable
reduction without normalizing the total space. Finally, we are able to answer question (iii) in
Section 5, providing what we call a flag semi-stable reduction of the nodes degenerating to a
tacnode inside surface sheets degenerating to two smooth transverse sheets. The name refers to
the fact that we perform semi-stable reduction simultaneously for the family of curves and for
the ambient family of surfaces.

1 — Synthetic descriptions of nodal curves degenerating to
tacnode

In this section we outline various ways to see a tacnodal curve as the (equigeneric) limit of nodal
curves, in the context described in the introduction above. We do not enter in too many details
for the moment; a fully rigorous treatment will be given in the next sections.

(1.1) An example of ambient deformation space. We will follow throughout this section
the guiding example of smooth quartics degenerating to two quadrics, and their hyperplane
sections.

Let S — A! be a pencil of quartic hypersurfaces in P3, generated by a general quartic Seo,
and the sum Sy of two smooth quadrics S} and S intersecting transversely along a quartic
elliptic normal curve B. The total space S has ordinary double points at the finitely many
points of Soc N B, which one usually prefers to resolve in one way or another; in our context we
can safely ignore this, as our study is local, away from the incriminated points. This example
is described in more detail in [I, 7.1].

(1.2) Degeneration of smooth curves. A general hyperplane section C; of S, t # 0, is a
smooth plane quartic, and thus has genus 3. On the other hand, a general hyperplane section
Cp of Sp is the union of two non-degenerate conics meeting transversely at 4 points: it has
arithmetic genus 3, and it is a stable curve of genus 3.
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S, L i
C Cy Co /\CO
' o ~e
~ ~ ~{
S~ —
= \

Figure 1: Degeneration of smooth curve sections
On Figure 1 above, the curves Cjj and C{j are pictured in Sy = Sy U S following a tropically
inspired design, which is well suited for our drawings, see [X].

(1.3) Degeneration of 1-nodal curves. Continuing with our example of a pencil of quartic
surfaces, we now consider for the rest of this section a family of 1-nodal hyperplane sections C}
of S, t # 0, degenerating to a tacnodal hyperplane section Cj U Cff of Sp, i.e., Cfj and C{ are
non-degenerate conics on Sj and S respectively, tangent to B at some point ¢, and meeting
transversely at two other points p1,ps € B (recall that B is the curve Sj N S{)).

(1.5.1) An abuse of presentation. In fact, as we shall see in Section 2, such a family must be
2-valued, i.e., the curve C; must consist of two 1-nodal hyperplane sections for ¢ # 0, and the
central fibre Cjy must be the double of Cj U C{/ on Sp. This is an important point but we shall
ignore it for the moment, while we are outlining the situation, as it is not the aspect we want
to focus on in this note. Thus, for the sake of keeping this outline simple, we shall pretend for
the rest of this section that the curves C; are irreducible 1-nodal curves, and Cj is a reduced
tacnodal curve, without any further mention. In particular, on Figure 2 and the other figures
in this section, we only picture one 1-nodal curve tending to C{y U C{, whereas in fact there are
two. From Section 2 on, our treatment will be fully rigorous without any abuse of presentation.

St Sh Sy

"

C(/) g/ =0 Ct C(/) CO

g =
A C(/)/ C—> <

Cy

g=2 \

Figure 2: Degeneration of 1-nodal curves to a tacnodal curve

The curves Ct, t # 0, have geometric genus 2. In the next paragraphs we give various ways
of appropriately seeing Cy as a genus 2 limit of the C,’s.

(1.4) Degeneration of the normalizations. We may incarnate the 1-nodal curves Cy, t # 0,
as the stable maps Cy — S; given by the normalizations C; — C}; these are maps from smooth,
genus 2, sources. From this perspective, the relevant incarnation of the curve Cj is as the image
of a stable map as pictured on Figure 3 below, with source a stable, genus 2, curve consisting of
two smooth rational components meeting transversely at three points (this source is a partial
normalization of the tacnode of Cp).
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Sh Sy
Ch cy

g =Da =2

Figure 3: Degeneration of the normalizations of 1-nodal curve sections

To see this, one considers the family C of the curves C;, t € A', and normalize it. It follows
from Teissier’s simultaneous resolution theorem [6] that the fiber of the normalization C over
t # 0 is the normalization C;. The fibre over 0 is computed in (3.2) below; it is singular over the
tacnode, because there is a jump in §-invariant when the node of C; degenerates to the tacnode
of Cy. This is compensated for by the jump in the number of irreducible components, which
allows for the genus to be constant.

The latter point of view is arguably the more transparent. It is yet also desirable to under-
stand the situation by seeing the curves C; as singular curves in the surfaces S;.

(1.5) Degeneration of the stable maps. The 1-nodal curves Cy are stable curves of arith-

metic genus 3. As such, their limit Cy can be modified into a stable curve of genus 3. In other

words, the closed immersions C; < S; are stable maps of genus 3, and have a limit as such.

These limits are pictured on Figure 4 below.

S, s sy
C(,) C/ C//

Ct C(/)/ Ct 0

A D - PUNN <

Po = 3 with 1 node Ppa = 3 with 1 node \

Figure 4: Degeneration as stable maps of the immersions of 1-nodal curve sections

The component D on Figure 4 is a 1-nodal rational curve (p, = 1 and p, = 0); it is contracted
to the tacnode of Cy by the stable map with target Sy which is the limit of the maps C; — S;.
The computations are carried out in Section 3.

One nice feature of this point of view is that we see our limit of curves of arithmetic genus
3 with 1 node as a curve of arithmetic genus 3 with 1 node as well; the node in question is that
of the component D (of course, the source of the limit stable map has other nodes; what we are
saying is that the node of D is the limit of the node of C; as ¢ tends to 0). The price one pays
is that this stable limit of maps has a contracted component.

(1.5.1) Observation. The above model may be used to recover that described in (1.4). To do
so, one simultaneously normalizes the nodes of all the curves Cy: on the central fibre, this
normalizes the node of D, which then becomes a destabilizing smooth rational component; the
stable model of the central fibre is obtained by contracting this component, which gives the
central fibre of the family of curves described in (1.4).
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(1.6) Degeneration of the stable maps, II. It frequently happens in practice that one has
to modify the family of surfaces S — A! by adding one or more ruled surfaces over B between
S}y and Sy. Typically, one performs a base change t € A! — t™ € Al and then resolves
the singularities of the obtained family. In particular, the description below is very useful to
understand [IX].

Let us assume here that there is one ruled surface ¥ over B between our two quadrics
St and S§, and that our family of surfaces has reduced central fibre. In this model of S, our
tacnodal curve Cj is modified as indicated on Figure 5, by the adding of (i) reduced fibres of ¥
to connect the points on C} and C{ that previously were transverse intersection points of C{
and C{/, and (ii) one double fibre to connect the two points that previously were the tacnode.

S(/) ZB S(/)/
/
Al o |-
&
E—

po = 3 with 1 node

Figure 5: Degeneration as stable maps of the immersions of 1-nodal curve sections, II

The stable map limit of the immersions C; < S; in this context is easily deduced from
the limit in paragraph (1.5). The two intersection points between C{} and C{ are replaced by
smooth rational curves F} and Fb, mapped isomorphically to the corresponding fibres of X 5.
The nodal curve D on the other hand is mapped 2 : 1 to the double fibre “at the tacnode”, with
ramification divisor the sum of the two points D N C{ and D N C{'; the node of D is mapped to
the limit of the nodes of the curves C; as t approaches 0, which lies on the double fibre of ¥ p;
the pre-image of this point in D consists only of the node of D.

Alternatively, this limit may be computed using the reduction which we discuss next, and
which is constructed in Section 5.

(1.7) Flag semi-stable reduction. Ultimately, one may desire to see the stable limit of the
1-nodal curves C%, depicted in Figure 4, not mapped to Sy with some contracted components,
but rather immersed in some semi-stable limit of the surfaces S;. It is of course asserted by
the general stable reduction theorems that this is possible, provided one allows the replacement
of the stable limit of the C}’s by another semi-stable model. We carry this out explicitly in
Section 5, and the result is depicted in Figure 13 there. We dub this a flag semi-stable reduction
of the pairs (Cy, St), t # 0.

2 — The local situation

In this section, we set up an explicit incarnation of the situation that we study throughout this
text, of a family of 1-nodal curves degenerating to a tacnodal curve inside a degeneration of
smooth surfaces to the transverse union of two smooth surfaces. This is the same setup as in
[IV].

(2.1) Notation. The notation Aiyzt denotes the affine 4-space equipped with affine coordi-

nates (z,v, 2,t); we will also use obvious variations, e.g., A} denotes the affine line with affine
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coordinate t. Similarly, Pglc:y denotes the projective line with homogeneous coordinates (z : y),
and obvious variations will be used.

The arrow A3, ., — A} without further indication denotes the affine projection map (z,y, z,t) €
At > te AL

(2.2) We consider the degeneration of surfaces S — A}, where the total space S is the hyper-
surface of Aiyzt defined by the equation

S:zy=t,

and the map & — A} is the restriction of the affine projection A3, _, — A}.
For all t # 0, the fibre S; of S over t is smooth and irreducible, whereas the central fibre
So is the union of two planes Sj and S/, defined by the equations t =y =0 and t =z =0

respectively, which intersect transversely along the line defined by the equations x =y =t = 0.

(2.3) We want to study degenerations of nodal curves to a tacnodal curve inside this degener-
ation of surfaces, i.e., families of curves C — A! fitting in a commutative diagram

such that the fibres C; with ¢ # 0 are 1-nodal curves, and the central fibre Cp is a curve with
a tacnode along the double curve of Sy, by which we mean that Cy consists of two smooth
branches Cj) and C{ contained in S{ and S{ respectively, which intersect in only one point
where they are both tangent to the curve S{N Sy .

(2.4) As a matter of fact, families of curves as in (2.3) cannot exist, because if they would, then
the singularities of the curves would form a section of S — A! meeting the central fibre along
its double curve, which is impossible since the total space S is smooth.

As we shall now see, there exist instead families of curves with central fibre the double of the
curve Cj as in (2.3) above, and fibre over ¢ # 0 the sum of two 1-nodal curves. We let, indeed,
*c — A} be defined in S by the equation

ﬁC:(erysz)Q:ZLt.

Its central fibre is indeed the double of a tacnodal curve Cy as described in (2.3): it is defined
by ¢ = 0, and thus it is the double of the curve with the following equations in A2, _ (the latter
being the central fibre of A2 _, — A}):

TYZ

zy =0 yly—2)° =0
o4y — 2 0 — 2
Yy—z = r=y—z".
On the other hand, for all t5 # 0, the fibre C}, consists of two irreducible 1-nodal curves Ci,

with the following equations in A2, _, the fibre of A3 _, — A} over to:

(2.4.1) —oytto=0  _ [F Vi)' -y =0
o r+y—22F 2/t =0 —x =y — 22 F 2v/to.
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(2.5) The family “C inside S over A is the universal local model for 1-nodal curves in smooth
surfaces degenerating to a tacnodal curve along the transverse intersection of two smooth surface
sheets.

The necessity of having two 1-nodal curves in each fibre S, t # 0, tending to the tacnodal
curve Cy explains why a tacnodal curve in the limit amounts for (at least) two 1-nodal curves.

(2.6) Next, we shall perform a degree 2 base change in order to separate C in two distinct
families C* and C~ with the same central fibre Co.
Thus, let S — A} be the family of surfaces with total space defined by

S: TY = t2
in A% _,, and with the map S — A} given by the affine projection A% _, — Al. Note that S is

singular along the double curve of its central fibre Sy. There are two families of 1-nodal curves
tending to a curve with a tacnode along the double curve of Sy, namely C* defined by

Ctiaty—22=42

inside S. We will usually only look at one of these two families, namely C~, which we will simply
denote by C, in spite of the conflict of notation with (2.3).

3 — Abstract reduction of nodes degenerating to a tacnode,
via normalization of the nodes

In this section, we compute the stable reduction of the family C — A' of 1-nodal curves
degenerating to a tacnodal curve described in the previous section. We start by normalizing the
total space C, which has the effect of normalizing the fibres C; with ¢ # 0. Then, we make some
modifications in order for the pre-images of the nodes to form two disjoint sections. The last
operation is to glue these two sections, so that we come back to a family with general member
a 1-nodal curve.

(3.1) Setup. We consider the family C defined as C~ in (2.6) (recall also Notation (2.1)). It
may be identified with its affine projection in Agzt, which is defined by the single equation
(3.1.1) C: yly—22+2)+t2 =0 <= (y+1)* —yz* =0,

obtained by eliminating = from the two equations xy = t? and z +y — 22 4+ 2t = 0 defining C~.
The total space C is a surface with a double curve along

R: y+t=2=0,

and a pinch point at the origin (which is the intersection point of R with the central fibre),
and is otherwise smooth. For all ¢ # 0, C} is a 1-nodal curve with its node at C; N R, and Cj
is a 1-tacnodal curve with its tacnode at the pinch point Cy N R. We let C{, C{/ be the two
irreducible components of Cy, defined respectively by y =t =0 and y — 22 =t = 0.

(3.2) Normalization of the total space. The first move in the present approach is to nor-
malize the total space C. We do this by blowing-up the double curve R in C. Let ¢; : C; — C
be the corresponding morphism.
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1
t1:21

The surface C; lives in the subscheme of the product Azzt xP defined by the equation

(3.2.1) z1(y +t) = t12,
in which it is defined by the equation
(3.2.2) 3 —yzi = 0.

First note that the surface C; is smooth. The exceptional locus of ;1 (i.e., the total transform
via €1 of R) is the curve R; defined by

y+t=2=0

in Cy; it is a bisection of C; — A} (which is the composed map C; — C — A}), mapped 2 : 1
onto R by €1 with ramification over the tacnode. The central fibre of C; is defined by ¢t = 0,
which gives z1y = t1z by (3.2.1), hence (3.2.2) becomes

tl(tl — 221) = 0;

thus the central fibre of C; consists of two branches intersecting transversely, which we shall still
denote by C}) and C{/. The situation is summed up in Figure 6.

!
C(}

"
CU

Figure 6: Normalization of the total space, €1 : C; — C

(3.3) Base change. The next step is to perform the base change t € A — 2 € Al in
order to separate the pre-images of the nodes of the Cy’s in two sections. Let C; — C; be the
corresponding double cover. In practice, this amounts to replacing ¢ by t? everywhere in the
equations defining C;. The notable fact is that this yields an ordinary double point on the
surface C; at the point where C} and CY intersect. We call R} and Ry the two irreducible
components of the pre-image of R;.

(3.4) Resolution. The next thing we do is to resolve the ordinary double point of C;. We
call C; — C; the corresponding map. It is a birational morphism, with exceptional locus a
(—2)-curve which we call E. The resulting family of curves is depicted on the right-hand-side
of Figure 7.

(3.5) Reconstruction of the nodes. Finally, since what we are looking for is the stable
reduction of the 1-nodal curves C;, t # 0, we reconstruct the nodes that have been normalized
in the first step by identifying the two disjoint sections R} and R/ of the family C; — A'. We
call Co — A' the obtained family of curves, see the left-hand-side of Figure 7. Its central fibre
is reduced, with a 1-nodal rational curve D (image of E) connecting C and C{; the node of D
is the limit position of the nodes of the curves Cy, t # 0.
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11
C'O

Figure 7: After the base change, Co + C; — C;

(3.6) Why we’re not satisfied with this. We want to perform the stable reduction of the
nodal curves C; (or possibly a semi-stable variant of it), while simultaneously performing the
semi-stable reduction of the degeneration of surfaces S — A, with notation as in Section 2. The
main problem with the above described stable reduction process is that the normalization of the
family of curves and later the reconstruction of the nodes necessitate unwanted modifications
of the surfaces S, t # 0.

Indeed, the normalization of C inside S requires to blow-up every surface S, ¢ # 0 at the
point where the curve C; has a node, which introduces a (—1)-curve. Finally, once the remaining
steps of the reduction of the C}’s are performed, we have to recontract all these (—1)-curves,
and this messes everything up, in particular this destabilizes the central fibre. We leave it to
the reader to check for himself what indeed happens.

Our solution is to follow another path to the stable reduction of C, which doesn’t involve the
normalization of the nodal C;’s. This is what we do in the next section.

4 — Abstract reduction of nodes degenerating to a tacnode,
maintaining the nodes

4.1 — The construction

In this section we present our construction of the stable reduction of the family of 1-nodal curves
C; without normalizing the nodes. The setup is the same as that formulated in (3.1), and we
don’t repeat it here. We use Notation (2.1), as always.

(4.1) Blow-up of the tacnode. Let £, : C; — C be the blow-up of C at the origin of A3,
(here we use the same notation as in paragraph (3.2) for a different blow-up, but we believe this
will not cause any confusion). We will see that the reduced exceptional locus of £; is a smooth
P!, which we shall call E;, and the central fibre of C; consists of the proper transform of Cp,
which is the transverse union of two smooth curves, namely the proper transforms of C{, and
C{/, which we continue to denote by the same symbols, plus E; with multiplicity 2; the total
space C; has a double curve along the proper transform of R, still with a pinch point at its
intersection with the central fibre; besides this double curve, C; has an ordinary double point
at Cj N CY/, which lies on Fj, and no other singularities. See Figure 8.

We realize C; as the proper transform of C in the subvariety of A3 , x P2 defined by

y1:21:t1
the equations
rk y =z 1 < 2.
y1 21 b

In the affine chart t; = 1, C; has the equation

(4.1.1) Ciinftp =1]: (g1 +1)% —y25t = 0.
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We thus see that C; has a double curve along the proper transform R; of R, which has equations
y1 + 1 = z; = 0, with a pinch point at the point (—1 : 0 : 1) on the exceptional divisor (the
latter is the fibre of C; over the origin in the projection A3, x P2 ., — A3 ). In this chart,
the proper transform of Cj is at infinity, and the central fibre ¢ = 0 is the exceptional divisor,
namely the double line (y; + ¢1)? in P2

In the affine chart z; = 1, we get the equation
(4.1.2) Ciinfz; =1]: (y1+t1)? —y12=0.

We thus see that C; has an ordinary double point at the point (0 : 1 : 0) on the exceptional
divisor. The central fibre is defined by the equation t = 0, which gives t;z = 0: ¢; = 0 is the
proper transform of Cp, and has equation y;(y; — z) = 0, while z = 0 defines the exceptional
divisor: it is the divisor defined by (y; +t1)? = 0, i.e., By with multiplicity 2.

c o/t

pinch point isolated double point

Figure 8: Blow-up of the tacnode, €1 : C; — C

(4.2) Blow-up of the ordinary double point. Let €5 : C2 — C; be the blow-up at the point
C{NC{ N Ey. The three curves C}, C{/, Ey in C; intersect transversely at this point, hence they
are separated by this blow-up. The reduced exceptional locus is a smooth P!, which we shall
call Esy; it appears with multiplicity 2 in the central fibre. See the right-hand-side of Figure 9
for a picture of the situation.

Note that the central fibre of C; is Cj + C{ + 2E1, hence it has multiplicity 4 at the centre
of the blow-up 2. However, as we shall now see, Fy indeed appears only with multiplicity 2 in
the central fibre of Cy, because the centre of €5 is a singular point (of multiplicity 2) of C;.

This is fairly elementary, so we’ll only sketch the computations. It is enough to consider
the part of C; in the affine chart z; = 1, which has equation (4.1.2). We add the new set of
homogeneous variables (ys : 2o : t2) with the new equations

k(v F Y1+t <9
Yo 22 to

Then, C has equation t3 — y222 = 0. Its central fibre has equation ¢ = 0, which, in the affine
chart y2 = 1, since t = t12, t; = y1(t2 — 1), and z = y; 29, reads

(ta — 1)2ay7 = 0.

Now, to — 1 = 0 defines one of the two branches Cj and C{ (the other is invisible in this affine
chart), zo = 0 is the equation of the proper transform of Fj, and y? = 0 that of the exceptional
curve Fy with multiplicity two.

(4.3) Base change and normalization. Let Cs — C5 be the double covering of Cy ramified
over the central fibre, and C; — Cs the partial normalization obtained by leaving only the
singularity along the proper transform of R. As we shall see, the family C; — A is a semi-
stable reduction of C — Al.
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Algebraically, C, is defined by adding a square root of ¢, i.e., a new variable s with the new
equation s? = t, to the equations of Co. The normalization process may be chopped in several
local computation units, which we gather in Section 4.2 below. The upshot is as follows. Denote
by abuse of notation E7, Fs C C~2 the reduced pre-images of E7, Fs C Cy. The normalization
may be obtained by successively blowing-up the Weil divisors E; and FEj.

First, the blow-up of F produces two smooth rational curves F; and EY, disposed as pictured
in Figure 9, and both mapped isomorphically onto F; (to see this, use (4.7) at the pinch point,
and (4.6.1) at E; N Ey). Then, the blow-up of Ey produces a double covering E; — Eo, with
FE5 a smooth rational curve disposed as pictured in Figure 9; this double covering branches at
the two points C) N Ey and C} N Es, and the associated involution exchanges the two points
E{ N By and EY N E5 (to see this use (4.5) at the two points Cfy N By and C} N Ey, and (4.6.2)
at the point (E] + EY) N Es).

(4.8.1) A wuseful variant. Although arguably less natural, blowing-up first Fo and then E;

produces the same result. The blow-up of Fy produces a double cover Es — F, ramified at
the two points C{ N E5 and cin F,, and with a node over the point E; N Fy, as depicted in
Figure 9. Then, the blow-up along E; produces two curves Fi and E} over Fj, and resolves
the node of Fs.

Figure 9: Removing the multiplicities, Co — Co

(4.4) Conclusion. It follows from the previous considerations that the family Co — A! is
indeed semi-stable. One may check that the final family has an ordinary double point all along
the proper transform of R, i.e., the pinch point has disappeared. To build a stable model out
of this semi-stable model, one has to contract the two rational curves E{ and E{, which turns
the curve F5 into a 1-nodal rational curve, with its node at the limit of the nodes of the curves
Cy, t # 0.

4.2 — Ready for use toroidal computations

In the following paragraphs we gather some local computation, useful to normalize families
of curves gotten by base change from families with non-reduced but normal crossing central
fibre; the normalization will be expressed as a succession of blow-ups. We only include the
computations needed for (4.3) above, but the reader will undoubtly figure out how to generalize
them to similar situations. [5, p. 125] is a useful reference on this subject.
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(4.5) Local situation 2%y = t*. We consider the surface C defined by this equation in A3, ,,

together with the fibration over A} induced by the projection A3, — A}. This is the family
gotten by a degree two base change totally ramified at the origin from a central fibre with
one double component 24 and one reduced component B meeting transversely, defined by the
equations 2 = 0 and y = 0 respectively.

The normalization of C amounts to the blow-up C — C of the Weil divisor A, defined by the
two equations = ¢t = 0 (note that C has an ordinary double point at the generic point of A,
and a pinch point at the origin). To write down this blow-up, we add the set of homogeneous
coordinates (z1 : t1) with the new equation z1t = 1.

The surface C is defined by the homogeneous equation

(4.5.1) xiy =t3.

One thus sees that C is smooth. We claim that its central fibre has the form A + B, with two
maps A — A and B — B induced by C — C, respectively a double covering of A ramified at
the point AN B, and an isomorphism.

Indeed, the central fibre is defined by ¢ = 0, which gives ¢ty = 0. The equations z =t =0
define the exceptional divisor in C; using (4.5.1), one sees that the exceptional divisor is a double
cover of the line # =t = 0 in A2 ,, which is the divisor A. The equation ¢; = 0, on the other
hand, implies y = 0 by (4.5.1), and one sees that it defines a divisor projecting isomorphically
to B.

(4.6) Local situation z?y* = t*. We consider the surface C defined by this equation in A3 ,,
together with the fibration C — A} defined by affine projection. The central fibre of C consists
of the two Weil divisors A (y =¢ =0) and B (x =t = 0), each with multiplicity 2.

(4.6.1) Blow-up of the Weil divisor A. We add the homogenous coordinates (y; : t1), with the
equation yit = t1; the blow-up C; of C is defined by the equation z2y? = t2. Let us restrict to
the chart y; = 1, to fix ideas; then C; is defined by the equation z? = t2. The central fibre is
defined by t = 0, which implies 1y = 0, hence it consists of the proper transform B; of B, still
with multiplicity 2 (defined by ¢t = ¢t; = 0, hence 22 = 0), plus the exceptional divisor, defined
by t =y =0 and (z — #1)(z + t1) = 0, which is thus a sum A’ + A” of two divisors mapping
isomorphically to A.

(4.6.2) Successive blow-up of the second Weil divisor B. Now, we consider the blow-up Cs of
Cy along the Weil divisor Bj, which is the proper transform of B in C;. Thus we blow-up
along the subscheme defined by t; = x = 0, and take the proper transform Cs of C;: we add
the homogenous coordinates (z2 : t2), with the equation xot; = tox; the blow-up Cy of C; is
defined by the equation x3 = ¢3 which gives (29 : t2) = (1 : £1). The central fibre is defined by
t = 0, which implies t;y = 0. If t; = 0, we get x = 0 and we obtain two reduced curves since
(2 : ta) = (1: £1). These are the curves B’ + B” because x = 0. If y = 0, we get the equations
x = =t1, which give the two proper transforms of A’ and A” respectively.

Of course the situation in the present paragraph is more or less trivial, as the surface C
has two smooth irreducible components, defined by zy = ¢t and xy = —t respectively, hence
its normalization is the disjoint union of these two components. However, we find it useful to
describe the normalization as an explicit composition of blow-ups.

(4.7) Local situation z? = y?t*>. We consider the surface C defined by this equation in A3 ,,
together with the fibration over A} defined by the projection A3, — A}. The family C — A!
is gotten by a degree 2 base change from the family defined by x? = y?t, which has a double
curve dominating A!, and a pinch point on the central fibre; the central fibre is a smooth curve

with multiplicity 2.
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We blow-up the Weil divisor x = ¢ = 0: this introduces homogeneous coordinates (x; :
t1) € PL, with the equation 21t = t12, and the blown-up surface is defined by the homogeneous
equation z? = y?t?. The exceptional divisor is given by the latter equation together with
x =t = 0, hence it is the union of two lines meeting at the point (0,0,0, (0 : 1)). The central
fibre is defined by ¢ = 0, hence also t;2 = 0, and one sees that it equals the exceptional divisor.

The total space is singular along the curve y = x1 = 0, where it uniformly has an ordinary

double point. In particular, the pinch point has been resolved by the blow-up.

5 — The flag reduction

We now use the construction of Section 4 in order to perform the semi-stable reduction of both
families C — A! and & — A at the same time (in the notation of (2.6)).

(5.1) Setup. We briefly recapitulate the situation. We consider the threefold S defined by the
equation

(5.1.1) S: ay=t>
in Aiyzt, and the map S — A! induced by the projection A3, — Aj. Thus S — Alis

a family of surfaces. We call S} and S}/ the two components of its central fibre, defined by
y =1t =0 and x =t = 0 respectively. The family of curves C studied in Sections 3 and 4 is a

Cartier divisor of S, defined in A}, .; by the equations

+r—2242t=0
(5.1.2) c: {y

ry =t

(5.2) Blow-up of the tacnode. Let ¢; : S; — S be the blow-up of S at the point z =
(0,0,0,0) € A% and let C; be the proper transform of C in Sy; the restriction €1lc, is the same
map C; — C as in (4.1). We call ; the exceptional divisor of ;.

The blow-up amounts to adding the new homogeneous variables (1 : y1 : 21 : t1) € P3, with

the equations
k(FY 7 t < 2.
1 Y1 A h

The total space S; is defined by these equations plus the homogeneous equation

(5.2.1) Ty =t
in A3, _,xP3 . . Theexceptional divisor ¥ is the corank 1 quadric defined by the equation
(5.21)in P3 . . . (and it sits over the origin of A}, ;). The central fibre of Sy is defined by

the equation ¢ = 0, which implies tix = t1y = t12 = 0, hence it is the reduced sum of divisors
Sy +S{ +X1, where we denote by abuse of notation S{, S{ C S; the respective proper transforms
of S5, S € S (the former are the respective blow-ups of the latter at their smooth point z).

The surface C; on the other hand is defined inside &; by the same equations as in (4.1). We
leave it to the reader to check that the central fibres of S§; and C; are arranged as indicated on
Figure 10 (compare also with Figure 8, right-hand-side).
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1"
S// SO
0

€1

Figure 10: Blow-up of the tacnode, 1 : S — &

(5.3) Blow-up of the vertex of X;. Let g2 : S — &1 be the blow-up at the point z; =
(0,0,0,0,(0 : 0 : 1:0)) € X4, C2 be the proper transform of C;, and ¥ be the exceptional
divisor. As usual, we call 31 its own proper transform in Ss.

To fix ideas, we consider the affine chart z; = 1 with respect to the homogeneous coordinates
introduced in (5.2) for the previous blow-up; there, S is defined by the affine equation z1y; = t3
(compare (5.2.1)) in A* with coordinates (1,1, z,t1). We add the new homogeneous variables
(g 1y @ 29 : t2) € P3, with the new equations

k <$1 gro = tl) <2
Ta Y2 22 to
Then S, is defined by the homogeneous equation
(5.3.1) Loy = 13.

Exactly as in (5.2), the exceptional divisor ¥ is a corank 1 quadric surface. The central fibre
of S is defined by t = 0, or equivalently (in the affine chart z; = 1) by t;z = 0. Let us work
in the chart x5 = 1. Then we have z = x129,t1 = x1t2 and therefore t1z = zfzztg. Hence
the central fibre of Sy is the sum of the three divisors respectively defined in Sy by the three
equations 72 = 0,20 = 0,tp = 0. The first equation gives a double component; the second
a simple component; the third gives xoy> = 0, hence two reduced components. The double
component is necessarily the exceptional divisor over the vertex of the cone. The upshot is that
the central fibre is the non-reduced sum Sj + S + 31 + 2¥2, with our usual abuse of notation:
S4,S§ € Sy are the blow-ups of S|, S{ C & at their smooth point z;, and 31 C Sy is the
blow-up of ¥; C & at its vertex (in particular, it is isomorphic to an Fo minimal rational ruled
surface).

Again, the surface Cs is defined inside Sz by the same equations as in (4.2), and we leave it to
the reader to check that the central fibres of So and Cy are arranged as indicated on Figure 11,
right-hand-side (compare also with Figure 9, right-hand-side). Note in particular that the curve
F» is contained in Yo and tangent to the curve X5 N 3.
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Figure 11: Blow-up of the vertex of X1, 2 : So — &1, and its resolution S — So

(5.4) Resolution of singularities of S. The threefold S, is singular along the curve S{N.Sy,
at the generic point of which it has an A; singularity. Let S — Sy be the blow-up along this
curve, with exceptional divisor ¥y a P1-bundle over S) N S{. Then, S} is non-singular, with
central fibre

(5.4.1) So+ S+ 21+ 280 + X

all summands are isomorphic to their counterparts in Sy except %o C S5, which is the minimal
resolution of the quadric cone X5 C Sy. On Figure 11, left-hand-side, we picture the central
fibre of S} with the self-intersections of the intersection curves of any two of its irreducible
components. One may check that they concord with the triple-point-formula, which we recall
as Lemma (5.5) below.

One may prefer to skip step (5.4); this induces only minor changes.

(5.5) Lemma (Triple Point Formula, see [1, 4]). Let f : X — A' be a family of surfaces with
smooth total space, such that the central fibre Xy has simple normal crossing support but may
be non-reduced. Let Q, Q' be irreducible components of Xg, with respective multiplicities m and
m' in Xo, intersecting along the double curve B. Then

m'Bg + mBg, + Z multx, (Q") - Card(BN Q") =0,
Q'#Q,Q’

where Q" ranges through all irreducible components of Xo besides Q' and Q" .

In the above statement, multx,(Q"”) denotes the multiplicity of @” in the central fibre X,
and B} = deg(Np/q) (resp. By, = deg(Np,q)) is the self-intersection of B as a curve in the

surface @ (resp. Q).

(5.6) Base change and resolution. Let Sy — Sj be the double covering ramified over the
central fibre. It is defined by adding a square root of ¢, i.e., we introduce a new variable s with
the new equation s = ¢, and consider the family of surfaces Sy — A defined by the projection
map. The proper transform of Cy in Sy is isomorphic to the family Cy of (4.3).

The central fibre of S, is, of course, the same as that of S. We let S, — Sy be the blow-up
of the Weil divisor ¥5. This has the effect of replacing X5 by its double cover 22 branched over
the anticanonical divisor (Sj + S + X1 + Xo) N X2, and doesn’t change anything else.

Let C} be the proper transform of Cy in Sj. It is obtained by replacing the curve Ey with its
double cover E5 branched along the divisor (CH+ Cl +2Eq) N Ey: this is a rational curve with



180 B. Flag semi-stable reduction of tacnodal curves at the limit of nodal curves

an ordinary double point at the intersection with Ey (see (4.3.1)). The central fibre is depicted
on Figure 12, right-hand-side.

One checks with local computations in the style of those in subsection 4.2' that Sé is singular
only along the four curves at the intersection of one of S{, S/ with one of X, X1, where it has
lines of A; double points. Correspondingly, the surface ¥ has four ordinary double points over
the double points of the anticanonical divisor of .

It follows that the blow-up of Sé along the four aforementioned curves is non-singular. We let
Sy — S} be the corresponding blow-up morphism. The central fibre of Sy — Al is pictured on
the left-hand-side of Figure 12 below (see also Figure 9 central-bottom). The self-intersections
of the double curves of the central fibre are indicated as well.

Sh Sy
Yo °
& 0 Co
~ -1
SQ — Sé 22
— > ~
Es
—-1/0 0\—1
1
R b3 -
-2/0 El 0\-2
- @. i

Figure 12: Base change and resolution

(5.7) Conclusion. Eventually, let S3 — So be the blow-up along the curve Ej, and ¥ its
exceptional divisor. The curve E; is contained in 675, hence the proper transform of the latter
family of curves in S3 is isomorphic to Cs in (4.3), see (4.3.1). The result is indicated on Figure 13
below (see also Figure 9, left-hand-side).

— T

cr Ccy

Ej bl

Figure 13: Flag semi-stable reduction, S3

This is the flag semi-stable reduction we were looking for: the family of surfaces S3 is semi-
stable, and so is the family of curves Cs it contains; thus, we have realized a tacnodal limit curve
of 1-nodal curves as a curve with one distinguished node, in a semi-stable limit of the ambient
surfaces.

Ifor instance, at the generic point of Sy N X, & has an equation equivalent to a2b = u2, and S'é — Sy is
locally the blow-up of a = u = 0.
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One may in turn modify this flag semi-stable reduction in order to obtain whatever variant
we fancy. For instance, it is possible to understand in this way the model described in (1.6).
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1 — Introduction

The scope of these notes is to explain various enumerative results about K3 surfaces without
assuming familiarity with Gromov—Witten theory; in fact, they represent an attempt on my
part to understand what these results mean in classical terms.

The enumerative results in question are due to Beauville, Bryan and Leung, Pandharipande,
Maulik, Thomas, and others, and confirm conjectures made by Yau-Zaslow, Gottsche, and
Katz—Klemm—Vafa. They are listed in (1.1) below.

They fall in three categories: (i) some don’t really need Gromov—Witten theory at all either
to be formulated or to be proved; (ii) others may be formulated without Gromov—Witten theory
but their proofs we know so far heavily rely on techniques from this theory; (iii) the remaining
ones require an understanding of Gromov—Witten theory to be fully apreciated. It was therefore
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unavoidable to assume that the reader nevertheless has a minimal idea of what Gromov—Witten
invariants are; it should be more than enough to know the relevant facts listed in (1.2) below.

(1.1) Contents description.. In Section 2, I state a formula giving the number of rational
curves in a primitive linear system on a K3 surface, and give its proof by Beauville using the
universal compactified Jacobian, following the strategy suggested by Yau—Zaslow; this falls in
category (i). I also give two geometric interpretations, due to Fantechi-Gottsche—van Straten
of the multiplicity with which a given rational curve is counted, namely the topological Euler
number of its compactified Jacobian.

This is generalized in Section 3 to a formula giving the number of genus g curves in a primitive
linear system passing through g general points, which had been conjectured by Gottsche. I give
an outline of its proof by degeneration to an elliptic K3 surface due to Bryan—Leung, as detailed
as the scope of these notes and the ability of the author permit; it requires the formulation of
the result in terms of twisted Gromov—Witten invariants specifically designed for algebraic K3
surfaces (see subsection 3.1), and relies among other things on a multiple cover formula for nodal
rational curves.

Essentially all remaining results fall in category (iii). The goal of Section 4 is to explain the
extension of the Yau—Zaslow formula to non-primitive linear systems, which has been proven by
Klemm-Maulik—Pandharipande—Scheidegger (this proof is streamlined in subsection 6.3). This
features the Aspinwall-Morrison multiple cover formula, and its application to define corrected
Gromov—Witten invariants known as BPS states numbers. I also discuss other degenerate con-
tributions, striving to sort out the relation between the number given by the formula and the
actual number of integral rational curves.

Section 5 is devoted to various generalizations. Special care is accorded to the close con-
nection between Gromov—Witten integrals on K3 surfaces and curve counts on threefolds. For
instance I discuss the Katz—Klemm—Vafa formula, proved by Pandharipande-Thomas, which
has to be seen as computing, in any genus, the excess contribution of a K3 surface to the
Gromov—Witten invariants of any fibered threefold in which it appears as a fibre.

Section 6 introduces Noether—Lefschetz numbers for families of lattice-polarized K3 surfaces,
and states a result due to Maulik—Pandharipande which shows, on a threefold fibered in lattice-
polarized K3 surfaces, how these Noether—Lefschetz numbers give an explicit relation between
Gromov—Witten invariants of the threefold and of the K3 fibres. Eventually, I discuss the
application of this formula to the proof of the Yau-Zaslow formula for non-primitive linear
systems. It involves a mirror symmetry theorem that enables the computation of Gromov—
Witten invariants of anticanonical sections of toric 4-manifolds, as well as modularity results for
Noether—Lefschetz numbers following from the work of Borcherds and Kudla—Millson; the latter
enable the computation of all Noether—Lefschetz numbers of the family of lattice-polarized K3
surfaces considered in the proof.

(1.2) Gromov—Witten theory.. Let X be a projective manifold, say. The starting idea of
Gromov—Witten theory is to view genus g curves on X as stable maps, i.e., morphisms f : C' = X
where C' is a connected nodal curve of arithmetic genus g such that there are only finitely many
automorphisms ¢ of C' satisfying the identity fo¢ = f. The latter condition is called the stability
condition, and amounts to the requirement that each irreducible component of arithmetic genus
0 (resp. 1) of C' which is contracted by f carries at least 3 (resp. 1) special points, i.e., either
intersection points with other irreducible components of C' or, if relevant, marked points. An
integral embedded curve C' C X is then encoded as the map f : C — X obtained by composing
the normalization of C with its embedding in X.

The point in choosing this point of view is to compactify the space of curves on X, which
is a prerequisite to the definition of well-formed invariants counting curves on X. There are
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of course other possible ways to do so; they all come with some specific drawbacks, but this is
inevitable. See the enlightening survey [29] for more on this question.

This being said, Gromov—Witten invariants are integrals (or intersection products if one
prefers)

(1.2.1) /_ evi(y1)U...Uevi(vk),
[M g,k (X,B)]vir

where 3 is a homology class in Ha (X, Z), M, (X, B) is the moduli space of genus g stable maps
f: C — X such that [f.(C)] = 8 with k marked points z1,...,2, € C, ev; : My x(X,8) = X
is the evaluation at the i-th marked point sending (f : C — X, z1,...,2) to f(x;) € X for
1 =1,...,k, and v1,...,v are cohomology classes in H*(X,Z); the virtual fundamental class
[M, (X, 8)]""" is a rational homology class in Haydim (ngk(X, B), Q) where vdim is the virtual

(or expected if one prefers) dimension of M, (X, 3)
(1.2.2) vdim M, (X, 3) = (dim X — 3)(1 — g) — Kx - B+ k!,

and the integral (1.2.1) is defined to be 0 if the degree of the integrand does not match the
dimension of the virtual class. The virtual class is the usual fundamental class when the moduli
space M, (X, 3) has the expected dimension; otherwise it is given by an excess formula (it is
the top Chern class of the obstruction bundle when M, x (X, 3) is non-singular). Typically the
cohomology classes v1, . .., 7% are the Poincaré duals to algebraic cycles I'1, ..., I'y on X; in this
case, the condition that the degrees of 1, ..., sum up to 2 vdim M, (X, ) is equivalent to
the equality

k —
> (codimy (I'y) = 1) = vdim My 0(X, 5),
i=
which means that the incidence conditions imposed by I'y, ..., 'y to genus g curves in the class

B are expected to define a finite number of curves. Therefore, under suitable transversality
assumptions, and provided the moduli space M, (X, 3) (or equivalently M, (X, 3)) has the
expected dimension, the Gromov—Witten invariant (1.2.1) gives the number of genus g curves
in the class 8 (interpreted as stable maps, and counted with multiplicities) which pass through
the cycles I'y, ..., I'x. We will be mainly concerned with the case when all I';’s are points, which
is the only relevant case when X is a surface.

(1.3) Terminology and conventions.. We always work over the field of complex numbers.

Let C be a curve. Its arithmetic genus, denoted by p,(C), is the integer 1 — x(O¢). If C
is reduced, its geometric genus is the arithmetic genus of its normalization, and is denoted by
pg(C). When I write 'genus’, this means 'geometric genus’

A reduced curve C' is immersed when the differential of its normalization map is everywhere
non-degenerate. Concretely this means that C' has no cuspidal points; it may have however
points of any multiplicity, and non-ordinary singularities (e.g., a tacnode, i.e., a point at which
there are two smooth local branches tangent one to another). A node is an ordinary double
point.

A K3 surface S is a smooth surface with trivial canonical bundle and vanishing irregularity;
we may occasionally qualify as K3 a surface with canonical singularities, the minimal smooth
model of which is a smooth K3 surface. Let p be a positive integer. A K3 surface of genus p is
a pair (S, L), where S is a K3 surface and L an effective line bundle on S, such that L? = 2p—2

Lif one can find a stable f : C — X corresponding to a point of Mg’k(X, B) such that f is unramified on a
dense open subset of X, this may be computed as x(Ny) +k where N is the normal sheaf of f, i.e., the cokernel
of the injective map T — f*Tx; see [38, § 3.4.2] or 29, § 1%] for how to do this in general.
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(in particular, the K3 surface S is algebraic). Under these assumptions, the complete linear
system |L| has dimension p, and its general member is a smooth curve of genus p. The pair
(S, L) is primitive if the line bundle L is indivisible, i.e., there is no line bundle L’ on S such
that L = (L')®™ for some integer m > 1.

In the notation of (1.2), we write M ,(X, 3) for M, o(X, 3). If S is a surface equipped with
an effective line bundle L — S, we write M (X, L) for M, (X, ) where 3 is the homology
class of the members of |L|.

(1.4) Let (S, L) be a K3 surface of genus p. Members of |L| with exactly § nodes as singularities
have geometric genus p — d, and are expected to fill up a locus of codimension § in |L|. For
this reason (and because |L| has dimension p), the locus of genus ¢ curves in |L| has expected
dimension g; note that this does not match with the virtual dimension (1.2.2) of M, (S, L) (see
subsection 3.1). One can actually prove that this is indeed the correct dimension, and that the
locus of genus g curves is equidimensional (see [11, § 4.2]). This implies that for a general set
of g points x1,...,x, € S, there is a finite number of genus g curves in |L| passing through all
points x1,...,T4.

(1.5) Acknowledgments.. I thank Jim Bryan and Rahul Pandharipande for patiently an-
swering my naive questions.

2 — Rational curves in a primitive class

In this Section we discuss the following result proved by Beauville [3], following a strategy
proposed by Yau and Zaslow [28].

(2.1) Theorem ((Yau—Zaslow, Beauville)). Let (S,L) be a smooth primitive K3 surface of
genus pg, and assume that PicS =2 Z - L. Then there is a finite number NP° of rational curves
in the complete linear system |L|, and it is determined by the formula

+oo —+oo
1
(2.1.1) 1+ Nrgr = ] e
p=1 n=1 ( q )

= 14 24+ 324¢® + 3200¢> + - - -

Of course, NP has to be understood as the number of rational curves counted with multiplic-
ities for formula (2.1.1) to hold without any further genericity assumption. As we shall see, the
multiplicity with which a given integral rational curve counts is the topological Euler number of
its compactified Jacobian e(JC'), which depends only on its singularities, and may be explicitly
computed; it is 1 whenever the curve is immersed. For a very general (S, L), all rational curves
in |L| are actually nodal by [7], hence (2.1.1) holds without multiplicities.

The assumption about (S, L) that is really used in the proof is that all members of |L| are
integral curves. Although it may possible to drop the assumption that all members of |L| are
irreducible, it seems unavoidable to require that they are all reduced (see however Section 4 for
some hints on how to handle this situation).

Theorem (2.1) is a particular case of the more general result that we treat in Section 3.2.
We will recall there the relevant facts from the theory of modular forms needed to explore the
modular aspects of formula (2.1.1), and give more values of N? for small p.
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The strategy of Yau-Zaslow was inspired by physics; it is an elaboration of the elementary
argumentation using Euler numbers presented in Subsec. 2.1. The BPS state counts for Calabi-
Yau 3-folds introduced by Gopakumar and Vafa are conjecturally computable in a similar way,
see [29, Sec. 2%] for an introduction. The corresponding invariants are considered in Section 4.

2.1 — An elementary topological counting formula

Let X be a complex variety, and f a 1-dimensional family of divisors of X, the general member of
which is smooth. It is possible to count the number of singular members of § using the standard
topological Lemma (2.3).

(2.2) Euler number.. Let X be a topological space. Recall that the (topological) Euler
number of X is
e(X) =Y (-1)"dimH(X, Z),
where it is understood that the cohomology groups Hi(X ,Z) should be replaced by the coho-
mology groups with compact support H.(X, Z) whenever X is not compact.
If FF C X is a closed subset, there is a long exact sequence

- HY(X -F,Z) - H(X,Z) - H(F,Z) - B (X - F,Z) — ---
which implies the additivity formula
e(X)=e(X —F)+e(F).

(2.3) Lemma. Let f : X — C be a surjective morphism from a projective manifold onto a
smooth curve. One has

(231) €(X> - e(Fgen> 6(0> + Z (e(Fy) - G(Fgen)),

y€Discf

where Fgen and F, respectively denote the fibres of f over the generic point of B and a closed
point y € C, and Discf is the set of points above which f is not smooth.

This may be applied to the situation described in the introduction of this subsection by
replacing X by its blow-up at the base points of the family §.

Proof. Set U := X — UyeDiscf F,. The map f : U — C — Discf is a topological fibre bundle,
hence
e(U) = e(C — Discf) e(Fgen)-

The formula then follows by additivity of the Euler number. O

(2.4) When X is a surface and the schematic fibre over y is reduced, the difference e(Fy) —
e(Fgen) is determined by the singularities of Fy,. B
_ Let D be a reduced projective curve, 3 its singular locus, v : D — D its normalization, and
¥ = v~1(¥). By additivity of the Euler number, one has
e(D)=e(D —X%)+e(X)
=e(D-%)+e(X)+e(X) —e(X)
=e(D) — (Card(E) — Card(%)).
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Let f: S — C be a surjective morphism from a smooth projective surface to a smooth curve,
and consider a point y € C' such that the schematic fibre F}, is reduced. Then the curve Fj, has
the same arithmetic genus as the general fibre Fyy,, hence

e(Fy) = e(Fyen) + 26,
where § = p,(Fy) — pg(Fy) is the sum of the d-invariants of all singularities of F,,, and
e(Fy,) — e(Fyen) = 20 — (Card(E,) — Card(%,)).

This proves the following.

(2.4.1) Lemma.. In the above notation, the multiplicity with which the fibre F, is counted in
formula (2.3.1) is a sum of local multiplicities computed at the singular points of F,, namely

e(Fy) — e(Fgen) = > (6(Fy,x) _ #(logc]lcl;;a;czes) 1> .

r€8Sing Fy

This gives for example the local multiplicity 1 for a node, 2 for an ordinary cusp, 3 for a
tacnode, and 4 for an ordinary triple point.

(2.5) Application to elliptically fibred K3 surfaces.. Let (S, L) be a primitive K3 surface
of genus 1. Then |L| is a base-point-free pencil of elliptic curves, and all its members are reduced
since L is not divisible. Since S is a K3 surface, one has e(S) = 24; the Euler number of a
smooth elliptic curve being 0, it follows from formula (2.3.1) that |L| has 24 singular members,
counted with the multiplicity given in Lemma (2.4.1). This agrees with Theorem (2.1).

2.2 — Proof of the Beauville-Yau—Zaslow formula

Let p be a positive integer, (S, L) a smooth primitive K3 surface of genus p, and call £ the
complete linear system |L|. We assume that all members of £ are integral.

The relevant feature of the map S — P! considered in (2.5) is that its generic fibre is a
complex torus, hence the only fibres with non-vanishing Euler number are those corresponding
to a rational curve in the pencil. We let C be the universal curve over £, and consider

T JPC = £

the component of the compactified Picard scheme of the family C — £ parametrizing pairs
(C, M) where C' is any member of £ and M is a rank 1, torsion-free coherent sheaf of degree p
on C'. The total space JPC is a projective variety of dimension 2p.

(2.6) Beauville proves that the Euler number of a fibre 771([C]) = JPC is zero if C is not
rational, and positive if C' is rational (see Propositions (2.8) and (2.11) below). Let us now
explain how this shows that the Euler number e(JPC) is the number of rational curves in £
counted with multiplicities.

This is basically an elaboration of the proof of Lemma (2.3). There exists a stratification
£ =[1,, Xa by locally closed subsets such that 7 is locally trivial above each stratum X, [42].
For each o one has

e(r7(Za)) = e(Xa) x e(Ja)

where J,, stands for the fibre of m over any point in the stratum X,. Applying repeatedly the
additivity of the Euler number, one then gets

e(JrC) = Ze(ﬂ'_l(Ea)).

[e3%
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Eventually, the fact that e(J?C) = 0 if the curve C' is not rational implies that

(2.6.1) e(JPC) = Y e(JPC),

[CleLrat

where £,,¢ is the union of those strata X, the points of which correspond to rational curves; it
is necessarily a finite set (see, e.g., [11, Prop. (4.7)]).

Equation (2.6.1) says that e(J7PC) is the number of rational curves in £, each rational curve
C being counted with the multipicity e(ij) which is a positive integer; this proves the claim
made at the beginning of the paragraph.

(2.7) On the other hand it is possible to identify the Euler number of J?7C with the knowledge
at our disposal, and this together with (2.6) ends the proof of Theorem (2.1).

First, as noted in [28, Example 0.5] JPC is a connected component of the moduli space of
simple sheaves on the K3 surface S, and this shows that it is actually smooth and Hyperkéhler.

Next, one proves as follows that J”C is birational to S!”!, the component of the Hilbert
scheme of S parametrizing 0-dimensional subschemes of length p, which as well is a smooth
Hyperkéhler variety. There is an open subset U C JPC whose points are pairs (C, M) with C a
smooth curve and M a non-special line bundle. For such a pair one has h°(C, M) = 1, and this
associates to (S, M) the unique divisor D in the complete linear system |M|, which has degree
p hence may be seen as a point of SIP!. On the other hand, the fact that h°(C,Oc(D)) = 1
implies that D imposes p independent linear conditions to £, or in other words that C is the
unique member of £ that contains D: this shows that the mapping (C, M) — D is 1: 1, and
ends the proof.

One concludes that 7?7 and S are actually deformation equivalent by a theorem of Huy-
brechts [19, p. 65], hence share the same Betti numbers, so that e(J?) = e(SPl). This finally
proves as required that e(7?) is the coefficient of gP in the Fourier expansion of [~ (1 —¢")~2*
as in (2.1.1), thanks to the computation by Gottsche of the Betti and Euler numbers of S [p]
for any complex smooth projective surface [17]. The latter computation is based on the by
now rather widespread yet wonderful idea of using the Weil conjectures (proved by Deligne) to
translate this into the problem of counting the points of SI! over finite fields.

2.3 — Compactified Jacobian of an integral curve.

Let C be an integral curve. We now turn to the study of the Euler number of the compactified
Jacobian J%C of rank one torsion free coherent sheaves of degree d on C. This is required for
Beauville’s proof of the Yau-Zaslow formula, displayed in Subsection 2.2 above; in particular,
we shall justify the assertions at the beginning of (2.6).

As is well-known, the choice of an invertible sheaf of degree d on C' induces an isomorphism
between J4C and J°C =: JC, so we will restrict our attention to the latter variety.

(2.8) Proposition. If C is an integral curve of positive geometric genus, then e(JC) = 0.

Proof. There is an exact sequence
0—H—JC—JC =0

where C'is the normalization of C2, J denotes the Jacobian Pic®, and H is a product of copies of
(C,+) and (C*, x) (this is standard; see, e.g., [23, Thm. 7.5.19]). It splits as an exact sequence
of Abelian groups since H is divisible, so we may find for every positive integer n a subgroup

2exceptionally, I do not use the notation C' in order to avoid unpleasant confusions between JC and JC.
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G, < JC of order n that injects in JC (here we use the fact that J C is not trivial, given by
the assumption on the geometric genus of C).

Then [3, Lem. 2.1] tells us that for all M € G,, < JC and F € JC the two sheaves F and
F ® M are not isomorphic. Thus G,, acts freely on JC, which implies that n divides e(JC).
This being true for any n, we conclude that e(JC) = 0. O

We need the following local construction (cf. [3, §3.6] and the references therein) in order to
explicit e(JC') for a rational curve C.

(2.9) Let (C,x) be a germ of curve which we assume to be unibranch (i.e., C is analitically
locally irreducible at x), and C the normalization of C'; there is only one point in the preimage
of z, which we also call z. Set d, := dim Op ,/Oc,, (this is the number by which a singularity
equivalent to (C,z) makes the geometric genus drop), and ¢/, the ideal O (—24 - 2)®. We then
consider the two finite-dimensional algebras A, := O¢ /¢’ and A, := O@’I /c’.

Eventually, let G be the closed subvariety of the Grassmannian G(dx, A,) parametrizing
codimension 4, subspaces of A, with the additional property of being sub-A,-modules of Ag;
it may also be seen as the variety parametrizing codimension d, sub-O¢ z-modules of Op . It

only depends on the completion (’A)c@, hence only on the analytic type of the singularity (C, ).

(2.10) Let C be a curve. It is unibranch if its normalization is a homeomorphism, or equiva-
lently if it is everywhere analytically locally irreducible. Any curve C has a “unibranchization”
v:C — C, i.e., there is a unique such partial normalization such that any other partial nor-
malization v/ : ¢! — C with C’ unibranch factors through .

If C is a unibranch curve with singular locus ¥ C C, the product [], .y, G, parametrizes
sub-O¢-modules F C O such that dim O@ﬁz/]:z = ¢, for all z. Such an F enjoys the property

that x(F) = x(O¢), which implies F € JO. This defines a morphism

e [ex Go — JC.

(2.11) Proposition. (i) [3, Prop. 3.3] If C is an integral curve, then e(JC) = e(JC).

(ii) [3, Prop. 3.8] If C is a unibranch rational curve with singular locus %, then e(JC) =
Hzez e(Gy).

If C' is not integral, it is certainly not true that e(JC) = e(j(ji). Part (ii) in the above
statement is proved by showing that the morphism ¢ : [], .y, G — JC' is a homeomorphism if
C is rational, though in general not an isomorphism. Note that since G, is a point when (C, z)

is a smooth curve germ, one has [[ .y, e(Gz) = [[,cc e(Gz).

As a consequence of (i), one sees that e(JC) = 1 for an immersed rational curve C. Part
(ii) on the other hand shows that, for any rational curve C' (unibranch or not, thanks to (i)),
e(JC) only depends on the singularities of C. The fact that e(JC) > 0 for any rational curve
C' is best seen as an immediate consequence of (2.15). Note moreover that whenever C' has only
planar singularities (a condition which obviously holds when C' is contained in a surface), the
satisfactory fact that e(JC) actually only depends on the topological type of the singularities
of C has been proven by Maulik [25] (see (2.16) below).

3we reserve the notation ¢, for the conductor ideal, which contains cl.
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(2.12) Examples.. [3, § 4] If (C, z) is the germ of curve given by the equation u? +v? = 0 at
the origin in the affine plane, with p and ¢ relatively prime, then

(2.12.1) e(G,) = ]%q(p;q)_

This is particularly meaningful if one takes into account the constancy of e(G;) in topological
equivalence classes of planar singularities. As a particular case, one gets e(G,) = £+ 1 for (C, x)
the cuspidal singularity defined by the equation u? + v**! = 0.

Using the fact (Proposition (2.11), (ii)) that the local contribution e(Gy) of a germ (C, x)
is the product of the local contributions of all local irreducible branches of (C,x), (2.12.1) is
enough to determine the local contribution of any simple curve singularity, see [3, Prop. 4.5].

(2.13) Remark.. The fact that any immersed rational curve counts with multiplicity 1 seems
to disagree with the results of subsection. 2.1, see in particular Lemma (2.4.1). However if |F|
is a complete pencil of elliptic curves, the assumption that all curves in |F| are integral readily
implies that all rational curves in |F| are curves of arithmetic genus 1 with either a node or an
ordinary cusp as their unique singular point, in which cases the two multiplicities agree.

On the other hand, if |F| has non-integral members, then Proposition (2.11) does not hold
for them. Assume for instance there is a member C' of |F'| that splits as a cycle of two rational
curves, i.e., C' is a degenerate fibre of Kodaira type Is. Then there are two distinct partial
normalizations of C' with arithmetic genus 0, so from the point of view of stable maps — which
seems to be the appropriate one, see (2.17.1) and Lemma (3.4) —, the curve C should count
with multiplicity 2, in agreement with Lemma (2.4.1).

(2.14) Remark.. Returning to the case of a p-dimensional linear system £ with all members
integral, Beauville makes a remark similar to (2.13), deeming “rather surprising” the fact that
“some highly singular [immersed] curves count with multiplicity one”, and considers the case
p = 2 to provide a confirming example. I shall add some more details about this example in
(2.14.2) below.

A good conceptual explanation of this fact is, as we have already mentioned, that the numbers
NP should be seen as counting stable maps rather than embedded curves, and stable maps don’t
make any difference between nodal and arbitrary immersed curves. Yet this does not give a
satisfactory “embedded” explanation. I propose a particular instance of such an explanation in
(2.14.1) below; ultimately, it relies on the smoothness of the equigeneric deformation space of
an immersed singularity (see (2.18) in the next subsection).

(2.14.1) Let S be a non-degenerate surface in P3. The linear system |L| := |Og(1)| identifies

with the dual projective space P3, the locus of singular curves in |L| with the dual surface
S cp? (which by definition parametrizes hyperplanes in P? tangent to S), and the closure of
the locus of 2-nodal (resp. 1-cuspidal) curves with the ordinary double curve D; (resp. cuspidal
double curve D,) of S.

Of course, the K3 surfaces in P? are quartic hypersurfaces, and their hyperplane sections
have arithmetic genus 3, so that rational curves among them are expected to be 3-nodal (at any
rate, they have d-invariant 3). Still, I shall discuss the geometry of the locus of 2-nodal curves,
as it gives in my opinion a clearer picture of what is going on.

It is classically known [36, § 612], see [34, 35] for more up-to-date treatments®, that the
locus of tacnodal curves in |L| consists of those intersection points of Dy, and D, at which Dy is
smooth and D, has a cuspidal point. This implies that 1-tacnodal curves, as they correspond to

4beware that in [35, p. 391] the geometries of TS N S in cases d) and e) have been mistakenly exchanged.
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simple points of Dy, count for one co-genus 2 curve as do ordinary 2-nodal curves; they count
however for two cuspidal curves.

The local description of the dual S at a tacnodal curve reflects the geometry of various
strata in the semi-universal deformation space of a tacnode. One may obtain with the same
ingredients a local description of S around a point corresponding to an immersed rational curve,
e.g., a curve with one tacnode and one node, or one oscnode, and it would confirm that it counts
for one rational curve only. I will not undertake this here.

(2.14.2) Let (S,L) be a general K3 surface of genus p = 2; then S is a double covering of the
plane ramified over a smooth sextic curve B, and the members of |L| are the pull-back of lines.
Rational, 2-nodal, curves correspond to bitangent lines of B.

When B is Pliicker general, i.e., when its dual curve B has only nodes and cusps as singu-
larities, the number of bitangents to B may be computed using the Pliicker formulee. It will be
useful to unfold this explicitely, in order to handle more special cases later on. The dual curve
B as degree 6 x (6 —1) = 30, and its cusps correspond to the inflection points of B; the latter are
the intersection points of B with its Hessian hypersurface, which has degree 3 x (6 —2) = 12; it
follows that B has & = 72 cusps. The number § of nodes of B may then be derived arguing that
the geometric genus of B equals that of B, which is 10. This gives 5= pa(B) — 10— 72 = 324,
in accord with (2.1.1).

Now assume that B has a hyperflex o of order 4, i.e., the tangent line Tp , has contact of
order 4 with B at o; the pull-back of this line to S is an immersed rational curve, with one
ordinary tacnode as only singularity. I shall now explain why it counts as one ordinary rational
curve only. A local computation shows that the hyperflex o corresponds to a singularity on
B of the kind y* = 23 at the point & := (Tp,)*. Such a singularity has d-invariant 3, i.e.,
it makes the genus of B drop by 3 with respect to the arithmetic genus p, (E) On the other
hand, B has a contact of order 2 with its Hessian at o, so it amounts for two ordinary flexes,
and correspondingly ¢ amounts for two cusps of B. The fact that the d-invariant of (E, 0) be 3
then implies that ¢ amounts for one node of B , and correspondingly the line T , amounts for
one bitangent only, hence the pull-back of T, amounts for one rational curve only. To sum
up, the tangent line Tp , amounts at the same time for one bitangent and two flex tangents,
similar to what happened in (2.14.1).

This kind of elaboration on the Pliicker formulee has recently been formalized by Kulikov
[21] for integral plane curves with arbitrary singularities.

In the next subsection we will see two results of Fantechi, Gottsche, and van Straten which
extend and confirm the considerations of Remark (2.14) above.

2.4 — Two fundamental interpretations of the multiplicity

In this last subsection, I state two enlightening geometric interpretations of the local multi-
plicities e(G,) defined in the previous subsection 2.3, and their global counterpart the product
[I.cc €¢(Gz). They have been obtained by Fantechi, Gottsche and van Straten [12].

(2.15) Theorem ([12, Thm. 1]). Let (C,x) be a reduced plane curve singularity, and G4 be as
in (2.9). Then the topological Euler number e(G;) equals the multiplicity at the point [(C,x)] of
the equigeneric locus EG(C, x) in the semi-universal deformation space of the singularity (C, x).

Recall that the equigeneric locus EG(C, ) is defined as the reduced subscheme of the semi-
universal deformation space of the singularity (C,x) supported on those points corresponding
to singularities with the same J-invariant as (C, z); see, e.g., [II] for more details.
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(2.16) Together with Proposition (2.11), this implies that for C' an integral rational curve with
only planar singularities, the topological Euler number e(JC) of the compactified Jacobian of
C' equals the multiplicity at the point [C] of the equigeneric stratum EG(C) in a semi-universal
deformation space of C. The latter result has been subsequently generalized by Shende [40] to
(the closures of) all d-constant strata in the semi-universal deformation space of C.

Given a reduced plane curve singularity (C,z), there exists a rational curve C' with (C,z)
as its only singularity (this follows for instance from [27]), and one then has G, = JC. This,
in conjunction with Maulik’s main theorem in [25] gives the aforementioned constancy of the
invariant e(G,) on topological equivalence classes of plane curve singularities. Similarly, Shende
and Maulik results together give the constancy on topological equivalence classes of the multi-
plicities at [(C,z)] of (the closures of) all d-constant strata in the semi-universal deformation
space of (C,z) (see [25, § 6.5]).

Let C be an integral curve of geometric genus g. Recall that M ,(C, [C]) is the space of genus
g stable maps with target C' and realizing the class [C] € Ha(C,Z). This is a 0-dimensional
scheme, which contains a single closed point, corresponding to the normalization [v : C' — C] of

C.

(2.17) Theorem ([12, Thm. 2]). In the above notation, assume the curve C has only planar
singularities. Then the length of the 0-dimensional scheme M ,(C,[C]) equals the multiplicity at
[C] of the semi-universal deformation space of the curve C.

Together with Theorem (2.15) above, this implies that the length of M (C,[C]) equals
HIEC e(GE) B

When C is rational, this is precisely e(JC). It is thus tempting to interpret Theorem (2.17)
as telling us that what the Yau—Zaslow formula (2.1.1) really computes are the numbers of genus
0 stable maps realizing primitive classes on K3 surfaces.

Actually, if C' is an isolated genus g curve in a smooth manifold X, then M,(C,[C]) is a
subscheme of M (X, [C]) and the length of the former scheme is a lower bound for the length
of the latter at the normalization of C. For rational curves on K3 surfaces, Fantechi, Gottsche
and van Straten show that this is in fact an equality.

(2.17.1) [12, Thm. 2] Let C be an integral rational curve contained in a smooth K3 surface S.

Then the topological Euler number e(JC) equals the length of the space of stable maps Mo (S, [C])
at the closed point corresponding to the normalization of C'.

Lemma (3.4) in the next Section somehow deals with the same question for curves of any
genus on a K3 surface. We refer to [11, § 2.2] for a general analysis, given an integral curve C
on a smooth surface S, of the local relationship between M ,(S,[C]) and the Severi variety of
equigeneric deformations of C' in S.

(2.18) As a corollary of Theorem (2.15) and Proposition (2.11), one obtains that if (C,x)
is an immersed planar curve singularity, then the equigeneric locus EG(C, z) in the space of
semi-universal deformations is smooth at the point [(C, z)].

Certainly, this is merely a baroque way to prove a result otherwise accessible by a more
straightforward argument. Still, I don’t know wether the converse holds.
(2.18.1) Question.. Let (C,x) be a unibranch non-immersed planar curve singularity. Is it true
that the equigeneric locus EG(C, ) is singular at the point [(C,x)]? equivalently, is it true that
e(Gg) > 17

I believe this is related to the question asked in [11, (3.16)]: let (C,z) be a non-immersed
planar singularity; is it true that the respective pull-back of the adjoint and equisingular ideals
to the normalization C are different?
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3 — Curves of any genus in a primitive class

3.1 — Reduced Gromov—Witten theories for K3 surfaces

(3.1) A vanishing phenomenon.. It happens that all Gromov—Witten invariants of K3
surfaces are trivial. The fundamental reason for this is that Gromov—Witten invariants are
deformation invariant (and this is indeed a desirable feature of any well-behaved counting in-
variants), and there exist non-algebraic K3 surfaces, which in general do not contain any curve
at all.

Somewhat more concretely, the explanation is that the virtual and the actual dimensions
of the moduli spaces of stable maps on K3 surfaces do not match, as we already pointed out
in (1.4). Let S be a K3 surface, and C' C S an integral curve of geometric genus g. Consider
the stable map f : C' — S obtained by composing the normalization C' — C with the inclusion
C C S. The normal sheaf Ny of f is isomorphic to the canonical bundle wgs, and therefore
hO(Nf) = g and h'(N;) = 1. It follows that the virtual dimension of M ,(S,[C]) is g — 1,
whereas the curve C actually moves in a g-dimensional family of curves of genus g on S (see
[11, § 4.2] for more details). This implies that the Gromov—Witten invariants counting genus
g curves on S passing through the appropriate number of points (namely g) vanishes for mere
degree reasons.

The following two paths have been successfully followed to circumvent this phenomenon,
and define modified invariants for algebraic K3 surfaces which capture the relevant enumerative
information.

(3.2) Invariants of families of symplectic structures.. [1, § 2-3] This has been chrono-
logically the first workaround to be proposed, and enabled the counting of curves of any genus
in a primitive class on a K3 surface reported on in subsection 3.2 below.

Let S be a polarized K3 surface. The idea here is really to take into account the existence
of non-algebraic deformations of S. To this effect, instead of counting curves directly on .S, one
counts curves in a family of Kihler surfaces defined over the 2-sphere S2, canonically attached
to S, and in which roughly speaking S is the only one to be algebraic, so that all the curves we
count are actually concentrated on S.

This family of Kéhler surfaces is the twistor family of S (cf. [37, p. 124]): the polariza-
tion on S determines a Kahler class «, and Yau’s celebrated theorem asserts that there is a
unique Kéhlerian metric ¢ in « with vanishing Ricci curvature. Then the holonomy defines
an action of H (the field of quaternion numbers) on the holomorphic tangent bundle T'S by
parallel endomorphisms. The quaternions of square —1 define those complex structures on the
differentiable manifold S for which the metric g remains Kéhlerian. There is a 2-sphere worth
of such quaternions, and it parametrizes the family we are interested in.

(3.3) Reduced Gromov—Witten theory.. [26, 2.2] (see also [24]). In this second approach,

the idea is to plug in the fact that, for a stable map f as in (3.1), the space H*(C, Ny) although
non-trivial does not contain any actual obstruction to deform f as a map with target .S, following
for instance Ran’s results on deformation theory and the semiregularity map. To this end,
Maulik and Pandharipande define a suitable perfect obstruction theory which they dub reduced,
and which provides, following the construction pioneered by Behrend and Fantechi, a reduced

virtual fundamental class [M4(S, 3)]*? for all integers g > 0 and algebraic class 8 € Hy(S, Z),
which has the appropriate (real) dimension 2g.
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This in turn gives reduced Gromov-Witten invariants, by replacing the virtual fundamental
class by its reduced version in the integral (1.2.1). They are invariant under algebraic deforma-
tions of K3 surfaces.

3.2 — The Gottsche—Bryan—Leung formula

In this subsection, I discuss a result of Bryan and Leung [1] giving the number of curves in a
primitive linear system on a K3 surface that have a given genus and pass through the appropriate
number of base points. The formula was conjectured by Gottsche [18] as a particular case of a
more general framework.

Let

Ny = /_ evi(pt) U+ Uevy(pt)
[Mg,q(S,L)]ed

be the reduced Gromov—Witten invariant counting curves of genus ¢ in the linear system |L| on
a primitive K3 surface (S, L) of genus p (pt € H*(S,Z) is the point class, and the evy, ..., evy
are the evaluation maps M, (S, L) — S). The following result tells us that these invariants do
indeed count curves.

(3.4) Lemma. The invariants N are strongly enumerative, in the following sense: let (S, L)
be a very general primitive K3 surface of genus p; then NF is the actual number of genus g
curves in |L| passing through a general set of g points, all counted with multiplicity 1.

Proof. The key fact is that genus g curves on a K3 surface move in g-dimensional families,
see e.g., [11, Prop. (4.7)]; for g > 0, this implies by a deformation argument that the general
member of such a family is an immersed curve [11, Prop. (4.8)]. The same holds for g = 0 by
the more difficult result of Chen [7], which requires the generality assumption and asserts that
all rational curves in |L| are nodal.

Let x = (z1,...,74) be a general (ordered) set of g points on S. The invariant N} may
be computed by integration against a virtual class on the cut-down moduli space M(S,x) C
Mgﬁg(S, L) consisting of those genus g stable maps sending the i-th marked point to x; € S for
i=1,...,9[1, Appendix A].

Let [f : C — S] € M(S,x). Thanks to the generality assumption on (S, L), we may and
will assume that L generates the Picard group of S. The condition f.C € |L| thus imposes that
f+«C is an integral cycle, hence that f contracts all irreducible components of C' but one, and
restricts to a birational map on the latter component, which we will call C;. Now the points
x1,...,T4, being general, impose g general independent linear conditions on |L|, which implies
that the curve f(C) = f(C1) must have geometric genus at least g by the key fact mentioned
at the beginning of the proof. Therefore C as well must have geometric genus at least g, and
because of the inequality of arithmetic genera

pa(cl) < pa(c) =9

this implies that C; is smooth of genus g; moreover, the stability conditions then imply that
C = (4, hence f is the normalization of the integral genus g curve f(Ch).

This already tells us that the space M(S,x) is 0-dimensional, and isomorphic as a set to
the space of genus g curves in |L| passing through z1,...,2,. Since M(S,x) has the expected
dimension, the virtual class on it simply encodes its schematic structure. It follows that the
number N¥ is weakly enumerative, i.e., it gives the number of genus g curves passing through
Z1,...,%g counted with multiplicities.
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The fact that these multiplicities all equal 1 follows from the fact that all the curves we
consider are immersed, as follows. Let [f : C — S] € M(S,x) as above. Since f is an
immersion, it has normal bundle

Nf:f*w5®wczwc

by [11, (2.3)], hence h®(Ny) = g and the full moduli space M, (S, L) is smooth of dimension
g at the point [f]. By [11, Lemma (2.5)], there is a surjective map e from a neighbourhood of
[f] in M ,(S, L) onto a neighbourhood of f(C) in the locally closed subset of |L| parametrizing
genus g curves. By generality of the points x1, ..., x4, the latter space is smooth of dimension g
at the point [f(C)]. Therefore e is a local isomorphism at [f], and this implies that the scheme
M (S,x) is reduced at [f], which shows that the stable map f counts with multiplicity 1. O

For all integers g > 0, set
+oo
(3.5.1) Fy(q):=Y NPg
p=g

as a formal power series in the variable g, where we set N{ by convention so that Fy equals the
power series of (2.1.1). Beware the shift in degree between the definition (3.5.1) of the series Fj,
and that given in [1]. Note that N? = 0 whenever p < g.

3.5) Theorem ((Bryan-Leung)). The power series F, is the Fourier expansion o
y g p g 74

400 9 +oo 1
(3.5.2) <Zn01(n)q"> Hma

where o1(n) := Zd‘n d is the sum of all positive integer divisors of n.

This of course gives the possibility to explicitly compute as many numbers NJ as we want.
Table 1 (p. 201) gives sample values for small p and g. Note that since columns are indexed by
0 := p—g, the Fourier coefficients of a given F}; are read along a diagonal; this gives for instance
Fy as in (2.1.1),

Fi(q) = q + 30¢* + 480> + 5460¢* + - - -

and so on.
We discuss the proof of Theorem (3.5) in subsection 3.3 below.

(3.6) Modularity.. There is a modular form theoretic aspect to formula (3.5.2), which I
explicitly state in subparagraph (3.6.5) below. There is somehow a meaning to this, but I will
not try to discuss it here. I will however make a couple of points, at least to set things right
and introduce notation for further use (I follow [39]).

(3.6.1) For every integer k > 1, define the k-th Eisenstein series to be

1
G = D
(m,n)€Z?:
(m,n)#(0,0)

it is a modular form of weight 2k [39, Prop. VIL.4], which means that it is holomorphic and
Gr(2)dz" is invariant under the action of PSLy(Z). Its Fourier expansion at infinity is

2 e, (2m)% (R "
Gr(z) = WBMT JFQW;U%*N”)Q )



1 2 3 4 5 6 7 8 9
p
1 24
2 30 | 324
3 36 | 480 | 3200
4 42 | 672 | 5460 25650
) 48 | 900 | 8728 49440 176256
6 54 | 1164 | 13220 | 88830 378420 1073720
7 60 | 1464 | 19152 | 150300 754992 2540160 5930496
8 66 | 1800 | 26740 | 241626 | 1412676 5573456 15326880 30178575
9 72 | 2172 | 36200 | 371880 | 2499648 | 11436560 36693360 84602400 143184000
10 78 | 2580 | 47748 | 551430 | 4213332 | 22116456 81993600 219548277 432841110
11 3024 | 61600 | 791940 | 6808176 | 40588544 | 172237344 531065070 1210781880
12 77972 | 1106370 | 10603428 | 71127680 | 342358560 | 1205336715 3154067950
13 1508976 | 15990912 | 119665872 | 647773200 | 2582847180 7698660544
14 23442804 | 194196632 | 1172896512 | 5255204625 | 17710394230
15 305225984 | 2041899840 | 10205262330 | 38607114200
16 3431986848 | 19002853575 | 80149394030
17 34070137272 | 159184435520
18 303705014550

9) 4N JO son[eA 3sI T J[quL

(6—d

NOIPO(] SeWOY T,

102
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where ¢ = €% g1 (n) = > djn d*, and By, is the k-th Bernoulli number, defined by the formula

“+o0o 2k

xZ Xz x
=1-= —1)M1 By ——

e — 1 2 +;( ) " (2Kk)!

[39, Prop. VII.8]. We set

4k X N
Ei(z) := ch(z) =1+ (4)ka > oar-1(n)g

) 4k -~ k q"
:1+(*1) B—an2 71@.
n=1

(5.6.2) Define

A(z) := (60Gs(2))” — 27(140G5(=))?,
the discriminant of the cubic polynomial 4X3 — 60G>X — 140G divided by 16. It is a modular
form of weight 12 vanishing at infinity, and it is a theorem of Jacobi [39, Thm. VIIL.6] that

+oo
A(z) = (2m)?q [T (1 = ¢™)*".

n+1

(8.6.3) In the k = 1 case, we set

Gi(z) := Z Z m

nez meZ:
(m,n)#(0,0)

(note that the order of summation is significant). It has the Fourier expansion at infinity
w2 =
Gi(z) = — — 8n? o1(n)q"
1(2) = 3 ; 1(n)q

(39, § VII.4.4], and we set
3

T2

+oo
Ei(z):==5Gi(z)=1—-24 Z o1(n)q™.

One has the identity [39, § VII.4.4]

dA .
N 2miEy (2)dz.

(8.6.4) The function G; is not a modular form, but still it does satisfy a functional equation
close to that equivalent to the invariance of G1(z)dz under the action of PSLy(Z) [4, Prop. 6
p. 19]. For this reason, it is called a quasi-modular form.

One may then define the ring of quasi-modular forms as the C-algebra generated by G;
and the algebra of modular forms (see [4] for a more intrinsic definition). Since the ring of
modular forms is generated by Ga and Gs [39, Cor. VIL.2], the ring of quasi-modular forms
may be concretely described as C[G1, G2, G3]. The ring of quasi-modular forms is closed under
differentiation by the operator

[4, Prop. 15 p. 49].
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(8.6.5) Quasi-modularity of ¢Fg(q).. Taking into account the various stunning formulee above,

(3.5.2) may be rewritten as
1 dB )\ A\
Fyq)=-—q¢=2L) (o

from which it follows that ¢Fy(q) is a quasi-modular form, with a simple pole at infinity (i.e.,
at ¢=0)if g=0.

3.3 — Proof of the Gottsche-Bryan—Leung formula

As Theorem (3.5) really is about counting actual curves, as Lemma (3.4) attests, one may
prefer in the first place to avoid the complications of Gromov—Witten theory to prove it. It
will yet be clear in a moment that this is not really possible as far as the proof proposed by
Bryan and Leung goes, as the latter fundamentally relies on the agile possibilities featured by
Gromov—Witten theory, precisely as a reward to the aforementioned complications.

(3.7) Degeneration to an elliptic K3.. Let ¢ > 0, p > 0 be integers. By deformation
invariance, we are free to compute the number N¥ on our favourite primitively polarized K3
surface (S, L) of genus p. We let S be an elliptic K3 surface with a section E, and denote by F
the class of the ellitic fibres; the intersection form (or its restriction to the subspace (E, F')) is
given in the basis (E, F') by the matrix
-2 1
)

We set L := Og(E + pF). Then L? = 2p — 2, and L is a primitive polarization of genus p.

We shall compute the numbers N2 on the pair (S, L). Note that while in the proof of the
Yau—Zaslow formula above we considered a construction generalizing the structure of Jacobian
fibration of elliptic K3 surfaces, this time we really degenerate to an actual elliptic K 3.

(3.8) The linear system |E + pF'| has dimension p and consists solely of reducible curves E +
Fy +--- 4 F,, where the F;’s are (not necessarily distinct) in the class F. From this it readily
follows that if we fix a general set of g points y = (y1,...,yy) on S, then the moduli space

M, y(S,E+pF):=M,,(S,E+pF)Nevi(y1)N...N ev;(yg)

of genus g stable maps passing through the points 31, ...,y, decomposes as the disjoint union
Hﬁa,ba
a,b

where a = (a1,...,a24) and b = (b1,...,b,) range through ZQ;O and Z? respectively subject

to the condition that ), a; + Zj b; = p, and Ma,b is the moduli space of genus g stable maps
(f:C—S,z1,...,24) such that f(z;) =y; for j=1,...,9 and

24 g
f*C =F+ ZalRl + ijFj,
i=1 =1

Ry, ..., Ros being the 24 rational members of the pencil |F|, and F; being the unique member
of |F'| containing the point y; for j =1,...,g (see figure below). We may and do assume that
all members of |F| are irreducible, and the R;’s are 1-nodal.
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(3.9) Partition function.. For all positive integers n, we let p(n) be the number of partitions
of m, i.e., the number of ways to write n = Ay + -+ + Xg, Ay = -+ = A = 1 (k is not fixed).
The numbers p(n) may be computed using the generating series

—+o0
1+Zp(n)t":(1+t1+t1+1+t1+1+1+~~)x(1+t2+t2+2+t2+2+2+~~)
n=1

><(1+t3+t3+3+t3+3+3+~“)><~~'
400 1
3.9.1 — ” _
( ) n:llitn

See [13, Chap. 4] for much more about this.

The following result is the key to formula (3.5.2) for (S, L) an elliptic K3 surface as set-up
in § (3.7)-(3.8).

(3.10) Proposition. The contribution of Map to NP is

24 g
(3.10.1) (HI’(%)) (H ble(bj)>-

The latter results yields Formula (3.5.2) after a series of elementary manipulations which I
don’t reproduce here (see [1, p. 383] for details). Note that the identity (3.9.1) comes into play.
The rest of this subsection is dedicated to the proof of Proposition (3.10).

(3.11) Enumeration of elliptic multiple covers.. We first explain the factors b;o1(b;) in
(3.10.1). They are simple to understand, as they are of a combinatorial nature.

Let f : C — S be a member of Ma,b- It is necessarily shaped as follows: the curve C'
consists of (i) a smooth rational curve mapped isomorphically to the section E C S, which we
will abusively call E as well, (ii) g smooth elliptic curves Gy, ..., Gy, pairwise disjoint and each
attached at one point to E, and (iii) 24 trees of smooth rational curves Ti, ..., Ty, pairwise
disjoint, each disjoint from the G;’s and attached to E at one point; for j = 1,...,g, f maps
G; to the elliptic fibre F; with degree b; and there is a marked point z; € G; mapped to y;,
and for ¢ =1,...,24 one has f.T; = a;R;.

For all j, we may fix the intersection point with E as the origin of G; and Fj respectively,
which makes f |Gj : G — Fj a degree b; homomorphism of elliptic curves. Such homomorphisms
are in 1 : 1 correspondence with index b; sublattices of the lattice defining F}; as a complex torus,
and the number of such sublattices is o1(b;) [39, § VIL.5.2]. Next, there are b; possibilities to
choose the marked point z; in the preimage of y; in G;.
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Once the data of the homomorphisms G; — Fj and the marked points x; € Gy is fixed, the
corresponding sub-moduli space of M, decomposes as a product

24
H Ma.;e.;,Ov
=1

where e; = (1,0,...,0),...,e24 = (0,...,0,1) denotes the canonical basis of Z2*. The moduli
space M, thus consists of [[5—, bjo1(b;) disjoint copies of the space Hfil Mg,e, 0, and the
rest of the proof of Proposition (3.10) consists in showing that each of those contributes by
H?il p(a;) to NP. Before we can proceed, we need the following.

(3.12) Description of Maiei,o-- Let us start by defining a model stable map hq.r: X, — S

for all positive integers a and 1-nodal rational curves R € {Ry,..., Raa}. The curve X, is a tree
of 2a + 2 smooth rational curves X g, ¥ _4,...,30,... %4, as depicted on the figure below.

Yo B A B DI A

i So s R
s 21 A B~ T A
B B B4 ha.r 5
/%4»1 ..... \272// —_—
Y
B —a A B” A
YE E

The map hq g is chosen so that it restricts to an isomorphism Yp = E (hence from now
on we will denote X by E) and to 2a 4+ 1 copies ¥; — R of the normalization of the 1-nodal
rational curve R, in such a way that it is everywhere a local isomorphism between 3, and FUR.
Concretely, the latter requirement is that locally at every node ¥; N ¥;1, the map h, r should
send X; to one of the two local branches of R at its node and ¥;41 to the other.

There are basically two possible (indifferent) choices. We indicate one of them on the above
figure by decorating each local branch at a node of ¥_, U... U X, with a letter A or B, with
the convention that A and B label the two local branches of R at its node.

The following lemma provides a basic description of the objects in Maiei,o-

(3.12.1) Lemma.. For every (f : C — S) € Mye,.0, there is a unique lift of f to a stable map
f:C = X,, meaning that f = ha,Rr; © f.

Proof. The curve C' is necessarily made of a smooth rational component mapped isomorphically
to E, which we denote by E as well, and a tree of smooth rational curves T attached at one
point to E, as in (3.11). For each irreducible component Cs of T, one has f.Cs = ksR; for
some non-negative integer k,. We determine the lift f by exploring the dual graph of T' along
all possible paths from its root to one of its leaves, as follows.

There is a unique irreducible component Cy of T intersecting E; we call the corresponding
vertex of the dual graph of T" the root of the dual graph. The leaves are those vertices correspond-
ing to irreducible components of T" intersecting only one other irreducible component. Now the
lift f , should it exist, necessarily maps Cy to X, and there is a unique suitable map Cy — X
(possibly contracting Cy to the point 3¢ N E) by the universal property of normalization.

Suppose a putative lift f is determined on an irreducible component C;; of T, and consider an
arbitrary component C11 of T  intersecting C at one point zs41. I claim that the behaviour of f
on (41 is uniquely determined by the already constructed piece f ‘ o, If Cs41 is contracted by
f, this is clear; otherwise, it is enough by the universal property of normalization to determine
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which component of X, the lift f should map Csy1 to. If f(ze41) is a smooth point of X, then
f has to map Cs+1 to the same component it maps Cj to; if not, f(zé_H) is a node X;, N X4, +e,
e € {£1}, and f has to map Csy1 to Xy, or Xy, 4., depending on which of the local branches A
and B of R; at its node the local branch of Cs4;1 at z;41 is mapped to by f.

This discussion shows that one may algorithmically construct an f such that h, R, © f=f,
and that there is a unique such lift. (Note that the chain of rational curves ¥_, U...U %, is
long enough for the construction to go through without any trouble: since f,C' = E + aR;, if
at some point during the algorithm we hit an irreducible component Cs of C that has to be
mapped to X_,41 or ¥,_1, then the push-forward by f of the sum of all components already
visited by the algorithm fills out the class aR;, hence all components of C' not yet touched by
the algorithm are contracted by f, and we don’t have to go beyond ¥_,41 or ¥,_1 in 3,). O

Using Lemma (3.12.1), one can associate to every stable map (f : C — S) € Mge, 0 a
combinatorial datum called an admissible sequence of weight a: this is a sequence of 2a + 1
non-negative integers

k=(0,...,0,k ..., ko, kn,0,...,0)

with m,n >0, k_,,,...,k, > 0, and k,m+~~~fkn:a.
The association goes as follows. Let hq g, o f be the factorization of f, and write

f.C =FE+ Z ks s

s=—a

It follows from the construction of f in the proof of Lemma (3.12.1) that (k_q,..., k) is an
admissible sequence of weight a.

(8.12.2) The moduli space M 4e, o thus decomposes as the disjoint union
Maei,() = Hﬁk;
k

where k ranges through all weight a admissible sequences, and M) is the sub-moduli space of
M 4e, 0 parametrizing those f with associated admissible sequence k.

(3.13) Identification of the virtual class.. Recall that in (3 11) we saw the moduli space

M, 1, decomposes in a disjoint union of copies of the product H1 ase;,0 (each corresponding
to a given behaviour over the elliptic fibres Fi,...,Fy); each Mg,e, 0 in turn decomposes as
a disjoint union of moduli spaces M), of stable maps with target the curve X,,, with k; an
admissible sequence of weight a;, as we have described in (3.12). Eventually, M&b is thus a
disjoint union of various products Hf4 My, .

The heart of the proof of Bryan and Leung is the explicit identification of the restriction to
the product H? My, of the virtual class giving rise to the invariant N 2 [1,§5.2]. This is by far
the most demanding part of their article, and I Wlll not attempt to give any idea of the proof.

The result is that (i) the virtual class on Hl My, is a product of virtual classes on the
various factors, and (ii) the virtual class on the factor My, is computed by means of a “virtual
tangent bundle” T on the target curve 3,,. This virtual tangent bundle is the vector bundle
T on 3, defined by the conditions that it is isomorphic to hZi,RiTs on YX_,U...UX, and to
Ty @ OE(fl) on K.

Note that h:hRiTs restricts to Ty @ Og(—2) on E; the correction made to define T corre-
sponds to the fact that we want to kill the obstruction space Hl(C, Ny¢) as we know the actual
obstruction space is trivial although H'(C, Ny) is not (see (3.3)).
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(3.14) Planar model.. Let a be a non-negative integer. Thanks to the result of (3.13), it is
possible to construct a model for 3, embedded in a familiar surface where its actual deformation
theory is isomorphic to the virtual theory leading to the invariants N?. This will eventually let
us compute the contribution of the My,’s (and hence of the Hf‘l My,’s) to the invariant N?.
Consider three distinct points p,p_1,p1 lying on a line in the projective plane P2. Let
P; — P? be the blow-up at these three points, and call E the exceptional divisor over p, 3¢ the
proper transform of the line through p, p_1, p1, and X_1, ¥ the exceptional divisors over p_1, p1

respectively. Next, recursively for all s = 1,...,a, we perform the blow-up Psy; — Ps at two
general points of ¥_¢ and X respectively, and let ¥ _5_; and ¢4 be the two corresponding
exceptional divisors; we call E,¥_g, ..., X, respectively the proper transforms in Psy; of the

curves with the same name in P;.

The curve ©_, U...U Xy U X, (note that this excludes the last two exceptional curves
Y _a—1 and X,41) is isomorphic as an abstract curve to X,. Moreover, the tangent bundle of
P, 41 restricts to Op1(2) @ Opi(—1) on E and to Op1(2) & Op1(—2) on _,,...,%,, and is
therefore isomorphic to the “virtual tangent bundle” T introduced in (3.13). As a consequence,
Bryan—Leung prove the following.

(3.14.1) Lemma.. For all admissible sequences k = (k_q, ..., ko,...,kq), the “local” contribu-
tion f[ﬁk]“r 1 of My to the invariant NP equals the ordinary genus 0 Gromouv-Witten integral

f[Mo(Pa+1 B)]vir 1 f07" the class B =F+ Z‘ia kszs'

This follows from (3.13) and the isomorphism between the restriction of Tp,,, and T, pro-

+1
vided the two moduli spaces My and the ordinary Mo(Puy1, E +Y." , ks3s) are isomorphic as
sets. Bryan and Leung are able to prove this by elementary arguments using a slightly more
evolved set-up: they start with a linear C* action (not (C*)?) on P? leaving the line (p,p_1,p1)
and a point ¢ fixed, and this C* action survives in P,41. We refer to [1, Lem. 5.7] for the proof.

Eventually, by deformation invariance of Gromov-Witten invariants we may transport the

computation on the projective plane blown-up at 2a 4 3 general points. This gives the following.

(8.14.2) Lemma.. Let P2 be the blow-up of P2 at a general set of 2a+3 points, with exceptional
divisors E,E_q_1,...,E_1,E1,...,Eqq1 (all (—1)-curves of course). We call H the pull-back
of the line class. Then for all admissible sequences k = (k_q, ..., ko,...,kq), the “local” contri-
bution f[ﬁk]"" 1 of My to the invariant NP equals the ordinary genus 0 Gromov-Witten integral

f[ﬁo(fﬂ,gk)]vir 1 f07" the class

a

Be=E+> k (E_s—E_1)+ko(H—E—E —E_1)+ Y ki(Es - Est1)
s=1

s=1

=koH + (1 —ko)E+Y (ks — kou1) By — kaBas1 + D (kes — k_ss1)E_y — k_oE_q 1.
s=1 s=1

Note that

a

(ko = 1)+ Y (ka1 — k) +ha+ Y (hoapr — ko) + ko =3k — 1,

s=1 s=1
so the virtual class [Mo(P2, Bi)]"'" has dimension 0 (see (3.15) below).
(3.15) The computation on the blown-up plane.. The Gromov-Witten invariants gotten

in Lemma (3.14.2) are computable in practice thanks to the analysis of genus 0 Gromov—Witten
invariants of blow-ups of P? carried out by Géttsche and Pandharipande [16].
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Let n be a non-negative integer, d, a1, . . ., «, integers. We call N(d; aq, ..., a,) the genus 0
Gromov-Witten invariant for P? and the class dH — 3 ; @; E; (mind the minus sign, introduced
for obvious geometric reasons), where P2 is the projective plane blown-up at a general set of
n points, H the pull-back of the line class, and Fj, ..., F, the exceptional (—1)-curves. The
corresponding moduli space of stable maps has virtual dimension 3d — 1 — >, a; if this is
positive, then we impose the appropriate number of point constraints, and if this is negative,
then we set the invariant to 0.

These invariants enjoy the following properties (see [16]):

N(1) =1,

N(d;al, ey 01, 1) = N(d;al, .. .,Oén_l,O) = N(d;al, .. .,Oén_l);

N(d;a1,...,0n) = N(d; (1), - - -, Qg(n)) for any permutation o € &,;

N(d; a1, ...,0p) = 0 if there is an index 7 for which o; < 0, unless dH — ), o, E; = Ej, for
some 1o in which case the invariant is 1;

5. The invariant N(d; a1, a9, as, ay,...,q,) is invariant under the isomorphism given by the
quadratic Cremona transformation corresponding to the linear system |2H — By — E5 — E3, i.e.,

= LN =

N(d; o, 00, a3,04,...,0p,) =

N@2d— a1 —as —az,d—as —as,d—as —az,d— a2 — a3, 4, ..., Q).

We need the following definition to state the result. An admissible sequence (k_, ..., ko, ..., kq)
is 1-pyramidal if

ks -1 g kerl < ks and kfs -1 g k,5,1 < kfs

for s=0,...,a— 1.
(8.15.1) Lemma.. Let k = (k_q,...,ko,...,kq) be an admissible sequence of weight a. Then
the genus 0 Gromov—Witten invariant

N(k) = N(k07 kO - 1) k—aa k—a-‘rl - k—aa R kO - k—la kO - kla B ka—l - kaa ka)

equals 1 if k is 1-pyramidal, and 0 otherwise.

Proof. 5 We first show that N (k) = 0 if k is not 1-pyramidal. Since ko > 0 by definition of an
admissible sequence, it follows from Property (4) above that N (k) # 0 implies

(3152) k,S < k,SJrl and ksfl 2 ks

for all s € {1,...,a}. Next, we apply the Cremona transformation defined by [2H — E — E; —
Est1] (2 < s <a—1) in the notation of Lemma (3.14.2) and get

N(k)ZN(1+k1+ks+1fks;k17k5+k5+1,171€S+k5+1,17k0+k1,...)

by Property (5) above. If N(k) # 0, we have ks < k1 by (3.15.2), hence 1 + k1 + ko1 — ks > 0,
and Property (4) then implies that k1 > ko—1 and ks41 > ks—1. An analogous move shows that
k_s—1=2ks—1fors=0,...,a—1if N(k) # 0, so that eventually we see that the non-vanishing
of N (k) implies that k is 1-pyramidal.

Conversely, let’s assume that k is 1-pyramidal and of weight a. Then k, = k_, = 0 (otherwise
the weight exceeds a; we have somehow already made this observation in the course of the proof

Sthere is a transcription mistake in [1, p. 399] for the class Sy of our Lemma (3.14.2); this leads to a minor
correction in the present proof.
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of Lemma (3.12.1)), and all coefficients ks — ks—1 and k_s — k_s41, 1 < s < a, equal 0 or 1.
It thus follows from Property (2) that N(k) = N(ko; ko — 1), which is readily seen to equal 1:
the moduli space of genus 0 stable maps Mg (152, koH — (ko — 1)E) has only one enumeratively
meaningful irreducible component, isomorphic to the family of degree ky plane curves with
multiplicity kg — 1 at a fixed point 25 € P?, and this is a linear system. O

(3.16) Conclusion.. The proof of Theorem (3.5) will be completed once we show the following
clever combinatorial result.

(3.16.1) Lemma.. The number of 1-pyramidal admissible sequences (k_q, ..., ko,...,kq) of
weight a equals the partition number p(a) (cf. (3.9)).

Indeed, together with (3.12.2) and Lemmata (3.14.2) and (3.15.1), this shows that the “lo-
cal” contribution of Maiei,o equals p(a;), hence the contribution of each copy of the product
?4 M ,e;.0 equals H?p(ai), which proves Proposition (3.10) thanks to the enumeration of
elliptic multiple covers performed in (3.11); as we have seen in (3.8), the latter Proposition
implies Theorem (3.5).

Proof of Lemma (3.16.1). Partitions of an integer a are in bijective correspondence with Young
diagrams of size a [13, Chap. 4]; we exhibit a bijective correspondence between Young diagrams
of size a and 1-pyramidal admissible sequences (k_, ..., ko, ..., k,) of weight a as follows.

We see Young diagrams as embedded in the upper-right quadrant of a Cartesian plane,
leaning on both the z and y axes, and with blocks squares of size 1. Given such a Young
diagram, we let ks be the number of blocks on the line y — x = s for s = —a,...,0,...,a. We
give an example of the procedure in the figure below.

e e
B . . k=2
k_3=0 L L K K2
. . . .

ky =1 T T = k=l k=1 k=0

We leave it to the reader to check that this is indeed a bijection. O

4 — BPS state counts

In this Section, I discuss why and how curve counting in non-primitive classes imply the use
of multiple covers formulse. This features the generalization of the Yau—Zaslow formula of
Theorem (2.1) to non-primitive classes.

4.1 — Rational curves on the quintic threefold

To describe the picture in its simplest form, let me first discuss a question slightly at the margin

of the scope of these notes, that of counting rational curves on a general quintic hypersurface V'
of P4,
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(4.1) The Clemens conjecture (see (4.5) below) predicts there are finitely many such curves of
any given degree d; this is in keeping with the virtual dimension

(4.1.1) vdim M, (V,8) = (dimV —3)(g — 1) — Ky - 3

being 0 for any homology class on the Calabi—Yau threefold V. This suggests that the numbers

Nc‘l/ = / 1
[Mo(V,de)]vis

(where ¢ denotes the homology class of a line) may indeed give the actual number of rational
curves of degree d in V. This would be particularly appealing, since the numbers N} may in
theory be rigorously computed using the predictions of mirror symmetry, and they are for small
values of d (see [9] for a thorough discussion).

A first objection to such an ideal statement to hold is that there may be rational curves with
non-trivial infinitesimal deformations, but the Clemens conjecture predicts as well that this does
not happen.

(4.2) Multiple cover formula.. A somehow more serious grain of salt comes from the

existence of components of Mo(V,df) of dimension larger than expected: suppose we are given
a smooth degree d rational curve C C V, and let f : P! — V be the stable map induced by its
normalization ; then for any positive integer k, the degree k covers

(4.2.1) pl kL pt Ly

constitute an irreducible variety Myc of dimension 2k — 2.

(4.2.2) The Aspinwall-Morrison formula asserts that the corresponding irreducible component
Mo of Mo(V, kdl) contributes by 1%3 to the integral N,yd. This has been mathematically proved
by Kontsevich and Manin, and Voisin (see [43, § 5.6], [9, Thm. 7.4.4]).

To explain where the factor k% comes from, it is convenient to replace the integrals N, g‘l/ by
their close cousins

(1 5 a0, o 05) = / evi(wn) A ev(ws) A evi(ws),

[Mo,3(V,de)]vir

where Mg 3(V, df) is the space of genus 0 stable maps with 3 marked points (which has the
advantage of identifying locally with the Hilbert scheme Hom (P!, V') at stable maps with source
P!), and the w; are Kéhler forms on V. It follows from the divisorial axiom of Gromov—-Witten

theory that
(IO‘{37d¢>(W1,WQ,W3) :/ w1 X/ (095) X/ w3 X le
de de de

On the other hand each physical rational curve C' C V contributes through its normalization

f:P' 5V by
/ f*w1 X/ f*LUQ X/ f*W3.
P! P! P!

Assume we knew what the compactification Mo of Myc in Mo,g(\/, kdl) looks like, and
we had a vector bundle £ on it with fibre over g € Mjc (as in (4.2.1)) the obstruction space
E,= H'(P', g*Ty). Then we could compute the contribution of Mo by the excess formula

(4.2.3) /M cak—2(E) A evi(wr) Aeviy(wa) Aevi(ws).
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The heuristic computation of [43, p. 115-116] shows that a convenient model for Mc leads to
the excess contribution (4.2.3) being

foras e [ro= (i f o)< (R =) < (1)

which would justify the contribution by k—lg, of My to the integral (Igg,kdﬁ(wl, Wa, w3).

(4.3) Instanton numbers.. We now wish to define new invariants n} from the Gromov—
Witten integrals N} that better reflect the enumerative geometry of the Calabi-Yau threefold
V, taking into account the multiple cover phenomenon described in paragraph (4.2) above. The
relations that these numbers should satisfy are

1
(4.3.1) Ny =>" i
k|d

ra <

for all positive integers d, where the sum runs over all positive integral divisors of d. This is an
invertible triangular set of relations, and it follows that the number nl‘i/ is uniquely determined
by the invariants N}, for all positive divisors d’ of d.

These new numbers are traditionally called instanton numbers. The name obviously bears
some physical meaning; I shall not discuss this here.

(4.4) Reducible covers of singular curves.. There is yet another phenomenon, first ob-
served by Pandharipande, that prevents the instanton numbers nY defined in (4.3) above to be
the actual numbers of integral degree d rational curves on V. It is linked to the existence of
singular integral rational curves.

To describe the simplest instance of this phenomenon, let C C V be an integral rational
curve with normalization f : P! — V, and assume it has an ordinary double point at z € C.
Let 1 and x5 be the two preimages of x in the normalization, and consider the nodal rational
curve P U,, ., P! obtained by glueing tranversaly two copies of P! in such a way that x; in
the first copy is identified with x5 in the second copy. Then the map

fo P Ug 0 PY 2V

the restriction of which to both components equals f, is a stable map of genus 0 realizing the
homology class 2[C] on V, hence contributes to the Gromov-Witten invariant N, deg C-

The latter contribution is by 1 if C' is infinitesimally rigid (cf. [9, § 9.2.3]). It follows that
a 0-nodal rational curve of degree d (i.e., a curve with exactly § ordinary double points as
singularities) contributes in the above described fashion by § to the Gromov—Witten integral
NY.

Fortunately, the Clemens conjecture below predicts that the complications don’t go beyond
this in this particular situation. Note in particular that part (iii) of the conjecture implies that
the numbers N (or nY) count irreducible physical rational curves C' C V, since by definition

the source of a stable map is connected.

(4.5) Conjecture. Let V C P* be a general quintic hypersurface.

(i) For each integer d > 1, there are only finitely many irreducible rational curves C C V of
degree d.

(ii) For every integral rational curve C C V with normalisation f : P! — V, the normal bundle
Ny of the map f is isomorphic to Op1(—1) ® Op1(—1) (i.e., C is infinitesimally rigid).

(iii) All the integral rational curves on' V' (of any degree) are pairwise disjoint.
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It is completely proved in degree < 11 (cf. [8, 10] for the latest steps), and part (i) is known
in degree 12 [1].

We end this prologue about quintic threefolds by an explicit example displaying all these
phenomena together.

(4.6) Rational curves of degree 10 on a quintic threefold.. (cf. [9, § 9.2.3] for a thorough
analysis). First note that by definition of the instanton numbers, the Gromov-Witten integral

N}, decomposes as

1 1
Ny = ™ + T2 + 5375 + n1o

(I dropped the superscript V' to lighten notations), and one has

ni = 2,875
ns = 609, 250
ns = 229,305, 888, 887, 625

nip = 704, 288, 164, 978, 454, 686, 113, 488, 249, 750,

cf. [6]. While n; and ng are simply the numbers of lines and conics respectively on a general
quintic threefold, ns counts two kinds of rational curves of degree 5. Indeed, the planes in P* are
parametrized by a 6-dimensional Grassmannian, and for a general quintic V' C P#, finitely many
of them are 6-tangent to V; the corresponding plane sections of V are 6-nodal plane quintic
curves, and in particular they are rational curves. Vainsencher [41] has been able to compute
their number

ns = 17,601, 000.
Each such curve contributes to ns (or N5) by 1 [9, Lem. 9.2.4], and

ny :=ns —ns

is indeed the number of smooth rational curves of degree 5 on V.

Whereas ns still is the number of rational curves of degree 5 on V/, this is no longer true for
n1o as the discussion in (4.4) indicates. The actual number of degree 10 integral rational curves
on V is

ngy := nio — 6n5

[9, Thm. 9.2.6]°.

4.2 — Degree 8 rational curves on a sextic double plane

In this subsection, I give the enumerative interpretation due to Gathmann [15] of the reduced

Gromov—Witten invariant
Ng, = / 1
’ (Mo (S,2L)]red

of a general primitively polarized K3 surface (S, L) of genus 2 (i.e., S is a double covering of
the plane 7 : S — P2 branched over a general sextic curve B, and L is the pull-back of the line
class).

(4.7) The analysis carried out in subsection 4.1 indicates that the integral N&Q is a sum of
contributions corresponding to the following types of curves.

6there is a misprint there: 6% should be replaced by 6 + %.
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(i) 5-nodal integral curves in |2L[; these are the preimages of the conics in P? tangent to the
branch sextic B at 5 distinct points. There are 70,956 of those, as Gathmann was able to
compute using his theory of relative Gromov—Witten invariants for hypersurfaces.

(7i) Reducible rational curves made of two distinct rational curves in |L|; let Cy, Cy be two such
curves (each of these is the pull-backs of line bitangent to B), with normalizations f; : P! — S;
they intersect in two points z, 2’ where both of them are smooth. There are correspondingly
two distinct stable maps

f:Pluff P! - S and f’:Pluff Pl -+ S

(@), f5 (@) HCONACD

with source the union of two P!’s meeting transversely at one point, which realize the physical
curve Cq + Cs € |2L].

Each of these contributes by 1 to N&Q, so each of the (334) pairs of distinct rational curves
in |L| contributes by 2, thus giving a total contribution of 104,652 to N0272 (recall that there are
324 bitangent lines to B, as can be classicaly computed, or extracted from Thm. (2.1)).

(#i) Reducible double coverings of rational curves in |L|, as in (4.4). Since all rational curves
in |L| are 2-nodal, all 324 of them give 2 stable maps with reducible source contributing by 1
each to N§ 5, for a total contribution of 648.

(iv) Double covers of rational curves in |L|, as in (4.2). One may expect that each of the 324
corresponding irreducible components of M(S,2L) gives a contribution to N0272 similar to that
prescribed by the Aspinwall-Morrison formula, although there is at first sight no obvious reason
for this to be the case. Gathmann [15, Lem. 4.1] proves that indeed each irreducible component
contributes by é.

(4.8) Remark.. Animportant difference with the case of the quintic threefold, although rather
innocent-looking, is that in the present situation integral rational curves do intersect each other,
contrary to the prediction of part (iii) of Clemens’ Conjecture. In the above discussion (4.7), this
amounts to case (ii) needing to be added with respect to the discussion for quintic threefolds,
which is still manageable. When looking at linear systems |mL| with m > 3 however, this soon
gets much more complicated, see (4.15).

(4.9) From the enumeration of (4.7), one may deduce the value of Ng ,, which was not known
before. But the striking observation of [15] is that the sum of the contributions (i)—(iii) above,
which would be the instanton number n , in the language of (4.3), actually equals

NG 1 == N§ = 176,256,

the number of degree 8 rational curves in a primitively polarized K 3 surface of genus 5, computed
by formula (2.1.1). This suggests the amazing possibility that the number of rational curves
of degree d on a K3 surface only depends on d, and not on the algebraic geometry of the K3
surface! We will come back to this in detail in subsection 4.4 below.

4.3 — Elliptic curves in a 2-divisible class on a K3 surface

Here, I report on the computation by Lee and Leung [22] of the reduced Gromov—Witten in-
variant

5 —

N, = | evi(pt)
[IV[l’l(S,QL)]er
of a general primitively polarized K3 surface (S, L) of genus p, which “counts” genus 1 curves
in |2L| passing through 1 general point on S. Using a suitable version of topological recursion,

they prove the following formula.
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(4.10) Theorem. [22] One has
NP, = N/"%+2N] .

The numbers N, := N{ are those giving the number of elliptic curves through a general
point in the primitive class of a K3 surface of genus g, as in formula (3.5). Note that p’ := 4p—3
is the integer such that (2L)? = 2p’ — 2.

(4.11) Lee and Leung propose the following interpretation of their formula (4.10), to put it in
tune with (4.9) and more generally with the results of subsection 4.4 below.

Given a smooth elliptic curve E, there are 01(2) = 1+ 2 = 3 morphisms of elliptic curves
E’ — E of degree 2 (note that we require that the origin is respected), as we have already seen
in (3.11). This implies that each of the N, elliptic curves C' in the primitive linear system |L|
passing through a general point x7 € S gives via double covers of its normalization 3 genus 1
stable maps realizing the homology class 2[C], each contributing by 1 to the number NﬁQ.

Lee and Leung deduce from this that N f P=3 is the actual number of physical elliptic curves
in |2L|, meaning that it counts each integral elliptic curve C' € |2L]| for 1 and each 2C where
C € |L] is an integral elliptic curve for 1 as well. This is indeed a striking interpretation,
although arguably debatable.

There is at any rate a phenomenon that prevents this interpretation to be anything more
than philosophical, namely that reducible curves Cy + C7, where Cy (resp. C7) is a rational
(resp. elliptic) integral curve in |L|, also contribute to the invariant NY,. The two curves Cy
and C intersect (transversely, say) at 2p — 2 points y1, ..., Y2p—2, and this gives 2p — 2 genus 1
stable maps

P1 in C’l — S

realizing the class 2L and passing through the appropriate fixed point whenever C; does (the
source is the transverse union of P! and the normalization of C; attached at one point, the
preimages of y; in the normalizations of Cy and C; respectively).

4.4 — The Yau—Zaslow formula for non-primitive classes

We now come to the general statement confirming (4.9) and recently proved by Klemm, Maulik,
Pandharipande, and Scheidegger.

(4.12) Let S be a K3 surface, and L € PicS. It follows from deformation invariance of re-
duced Gromov-Witten integrals and the global Torelli theorem for K3 surfaces that the integral
f[ﬁo (5.1 1 only depends on the self-intersection L? and the divisibility index of L in PicS,
i.e., the largest integer m for which there exists L’ € PicS such that L = mL’. We may thus
make the following definition.

For integers p > 0 and m > 1, we let

Ngm = / 1
’ [(Mo(S,mL)]red

where (S, L) is any primitively polarized K3 surface of genus p.

(4.13) BPS states.. Similar to what has been done in (4.3), and following the insight of
(4.9), we now define new invariants from the N(])D,m of (4.12) above by applying the corrections
indicated by the Aspinwall-Morrison formula.
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Let us formulate this in terms of generating series as follows. Given a positive integer p, set

(4.13.1) FP(v):= > N, o™

m2=1

as a formal power series in the variable v. Then the new set of invariants n@,m is uniquely
determined by the rewriting of the generating series as

(4.13.2) Fr) =Y nb ( 3 % Um)

m>1 d>0

(note that this is exactly the same modification as that of (4.3.1)).

Note that this is not mere makeshift reformulation. The invariants nam are believed to
count objects named BPS states by the physicists, after Bogomol’'nyi, Prasad, and Sommerfield;
the mathematical nature of these objects is however not clear yet. In particular, it should be
possible to define the ngym intrinsically, not relying on the Ng m; the relation (4.13.2) would
then tie together these two sets of indipendently defined invariants. See the enlightening survey
[29, § 2%] for more about this. There is moreover a physical meaning to the introduction of
generating series, that I will not discuss.

(4.14) Theorem. [20] The invariants ng ,,, do not depend upon the divisibility indez, i.e., one
has for all integers m,p > 1

(4.14.1) nlo? _ ngllp—m +1_ N(;nzp—m2+1
(the integer p' = m2p — m? + 1 is designed such that (mL)? = 2p’ — 2 if L? = 2p — 2).

Recall that N§ was defined in section 2; the second equality in (4.14.1) is by definition of
ng , and N§. This statement was part of the Yau-Zaslow conjecture [28]. Together with The-
orem (2.1), which was also part of the Yau-Zaslow conjecture, it implies that all the ng,m’s
may be computed by means of formula (2.1.1). The set of relations (4.13.1) being triangular
invertible, this also gives all genus 0 reduced Gromov—Witten invariants of K3 surfaces. Sec-
tion 6 below contains an overview of the proof given by Klemm, Maulik, Pandharipande, and
Scheidegger [20] of Theorem (4.14).

As we already noted in (4.9), the truly remarkable feature of the invariants ng ,, displayed
by this statement is that the number of rational curves of prescribed degree in an algebraic K3

surface does not depend on the algebraic geometry of the surface.

(4.15) In spite of formula (4.13.2) taking into account the Aspinwall-Morrison multiple cover
correction, the invariants nf ,, do not in general count the actual number of rational curves in
|mL|.

One reason for this is the existence of more non-reduced curves with rational support than
those taken in consideration in the correction (4.13.2), namely curves with reducible support.
For instance let m = 3 and consider two integral rational curves Cy, Cy. Then 2C; + Cs € |3L|,
and there are correspondingly finitely many positive-dimensional components of M(S,3L), the
general points of which correspond to stable maps

P U, Pl S

with source a transverse union of two P!’s, consisting of a double cover of C; on the first
component and the normalization of C; on the other. These certainly give an excess contribution
to the invariant Né” 3, Which is not taken into account in the definition of ngyg.
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Such problematic phenomena do not occur for m < 2, so that ”8,1 is directly enumerative
as was already noted in Section 2, and nfi2 counts reduced rational curves in the way described
in subsection 4.2. It would be very interesting to relate nam to the number of integral rational
curves in |mL| for m > 3.

There were, at least conjecturally, no such phenomena at work in the case of the quintic
threefold discussed in subsection 4.1, as part (iii) of the Clemens conjecture (4.5) asserts that
two integral rational curves in a general quintic threefold never intersect. In a surface, there is
of course not enough space for two curves to avoid each other, so we inevitably have to deal
with the aforementoined degenerate contributions.

The philosophy, as R. Pandharipande communicated to me, is that what the BPS numbers
for K3 surfaces are virtually counting, are rational curves in some perturbation of the twistor
family of the K3 surface (a threefold, cf. (3.2)). We shall consider in more detail the close
interplay between counting invariants for K3 surfaces and Calabi—Yau threefolds in the next
Section 5.

5 — Relations with threefold invariants

It is already visible in the very foundation of the theory of Gromov—Witten invariants for
algebraic K3 surfaces developped by Bryan—Leung [1], see (3.2), that these invariants are fun-
damentally attached to a threefold (even though the approach by Maulik—-Pandharipande [26],
see (3.3), enables one to bypass this). Another revealing evidence of the 3-dimensional nature
of these invariants is the meaningful role played by the Aspinwall-Morrison in the Yau—Zaslow
statement discussed in subsection 4.4 above, a tool specifically designed for Calabi—Yau three-
folds.

In this section we will try to describe this relation in a more conceptual way. It it wise to
keep in mind the symplectic nature of Gromov—Witten invariants throughout.

5.1 — Two obstruction theories

(5.1) A threefold degenerate contribution.. Let V' be a Calabi—Yau threefold. It follows
from formula (4.1.1) that the virtual dimension of any space of stable maps of any genus is
always 0 (it is actually true even if the canonical class Ky is not trivial that the dimension only
depends on the homology class #). This makes the following phenomenon happen.

Let Cy C V be a rational curve (smooth and infinitesimally rigid, say). Its normalization
f : P! = V contributes regularly by 1 to the integral f[ﬁo (V,[CoIV 1. But for any stable curve
C’ of genus g > 1 we may obtain a genus g stable map realizing the class [Cy] by attaching C’
to the normalization of Cy over a smooth point z, and letting

fore P U, Co =V

equal to f along P! and collapsing C’ to z. This produces a positive dimensional moduli space of
genus g stable maps all having the same image Cy C V7; its contribution to the Gromov—Witten

invariant f[ﬁg(v,[co])]vir 1 must be computed via Hodge integrals over the moduli space of stable

curves of genus g. This has been studied by Faber and Pandharipande, see [29, § 1%] and the
references therein.

(5.2) Curves in the twistor space of a K3.. Let S be a K3 surface, together with an
algebraic class 8 € Hy(S,Z). We consider its twistor space T — S? described in (3.2) above
(we emphasize that this is a real 6-dimensional variety), and let ¢ : S < T be the canonical
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inclusion of S. Since curves in T' can only appear in the fibre S, we have the equality of moduli
spaces of stable maps

Mg(Ta L*ﬁ) = Mg(sa B)a

a priori only as sets but in fact as Deligne-Mumford stacks. They come however with two
different obstructions theories, hence also with two different virtual classes. Gromov—Witten
invariants on T are related to those on S (within the reduced theory for K3 surfaces, cf. (3.3))
by the formula

(5.2.1) /_ 1 = /_ (—1)92,,
(R4 (T )] (3 4(5,p)]red

where A\, stands for the top Chern class ¢4(E,) of the Hodge bundle E; — M (S, 3), whose
fibre over the stable map f: C' — S is H*(C,wc).

(5.3) Hodge integrals.. It follows from the invariance of reduced Gromov—Witten invariants
under algebraic deformation and the global Torelli theorem for K3 surfaces that the right-hand
side of (5.2.1) depends only on the self-intersection 32 and the divisibility index of 3 as an
algebraic class. We may thus formulate the following definition.

For integers g > 0 and p,m > 1, let

(5.3.1) R;Z,m = /_ (—1)g)\g
[Mg(S,mL)]red

where (S, L) is any primitively polarized K3 surface of genus p, and A, is the top Chern class
of the Hodge bundle as in (5.2) above.

This extends the definition of the invariants N[, in (4.12) above, in the sense that N{, =
R{ ,, (note however that the invariants N7, used in subsection 4.3 do not coincide w1th the
RY ;). For g > 0, these invariants are certainly not counting curves on S; rather, formula (5.2.1)
tells us that they virtually give the excess contribution of S to the vertical Gromov—Witten
theory of any K3-fibred threefold in which it appears as a fibre. This philosophy is put into
concrete form by Theorem (6.9) below.

5.2 — The Katz—Klemm—Vafa formula

This is an extension of the Yau—Zaslow conjecture discussed in subsection 4.4 above to the
invariants R} . It has been proved by Pandharipande and Thomas [33], see also [32].

(5.4) BPS invariants.. It is admittedly better to organize the invariants R} in BPS form
as in (4.13). We have now a clear justification for this, as we have seen in subsectlon 5.1 above
that these invariants really count objects on threefolds.

We first let
PPu) 1= 3 3 Ry 2
g=20m>0

as formal power series in the two variables u, v for all positive integers p. One then defines new
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invariants 4 . for all integers p,m > 0, g > 0, by setting

2

m>0 g0 d>0
d 43 &
_ —2 el 4 6 8 . dm
_m2>30< Z(d3 12d “toa0% T goas® T Trasan® T )“
+ nllj,m Z E Udm

d>0

& d° d &’
P2 d— 24 6, @ 8, \ . dm
g U Z( 12" T 360" " 20160" T 1814400" T )”

d>0
d® d’ 17d° 31d!
p 4 Bz b4 6 , 214 3 ) dm
+nf ,u ;}( 6" 50" " 30220" T 1314400" !

The modifications for genus g > 0 objects did not appear earlier in this text. Note that every
object counted by rf . contributes to the invariants R i for all ¢’ > g (except when g = 0),
with alternated sign 1f g = 2. This is in accord with what the phenomenon described in (5.1)
suggests.

(5.5) Theorem ((Katz-Klemm-Vafa formula, [33])). The invariants 1%, do not depend on
the divisibility index, meaning that one has

p pip—miEl m*p—m?+1
Tg,m = Tg1 = Ry

for all integers p,m >0, g > 0.
They are all determined by the formula

)92 ( —3)294P — 1
(5.5.1) ZZ Ty —y 2)Y¢" = H (1= ¢q")20(1 —yg)2(1 —y1gn)2’

p=0g9=20 n>1

where we set rh 1= r;’,l (and 1 =1, rg =01if g > 0, for convenience).

Setting y = 1 in the formula restricts to the invariants rf, and recovers the Yau—Zaslow
formula of Theorem (2.1). As a first corollary, one gets that r? = 0 if g > p, and r) =
(=1)P(p +1). The first values of rl are tabulated below.

Plo 1 9 3 4
g
0 |1 24 324 3200 25650
1 2 —54 —800 —8550
9 3 88 1401
3 4 —126
4 5

Table 2: First values of rf
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5.3 — Further Gromov—Witten integrals

I close this section with a short discussion of further results about Gromov—Witten integrals on
K3 surfaces. They all come from [24].

(5.6) Hodge integrals with point insertions.. As a direct generalization of the invariants
(5.3.1), one may consider the integrals

Ry o = /— (—1)9"F XAk Uevi(pt) U- - Uevi(pt),
(M 4.1 (S;mL)]red

where (S, L) is a primitive K3 surface of genus p, M, x(S,mL) is the moduli space of genus g
stable maps with k& marked points, and A; is the i-th Chern class of the Hodge bundle E, ;, —
M, (S,mL) as in (5.2).

For primitive classes on K3 surfaces, the following formula is proved by Maulik, Pandhari-
pande and Thomas [24, Thm. 3]:

+0o0 400

(5.6.1) > ) RE, uPTP

9=0p=0
k

q;A (2:% 2 ) S S 2 2sinag)’

m=1 dlm

(notation is as in (3.6)).

Note that in the & = 0 case, this contains nothing new with respect to the formula given in
Theorem (5.5), as the expression (5.6.1) may be deduced from (5.5.1) using known identities,
see [24, § 5.4].

(5.7) Descendent Gromov—Witten invariants.. So far, we have been essentially concerned
with the reduced Gromov—Witten invariants (see (3.3))

M@mzﬂ_ evi(pt) U+~ Uev’(pt)
[Mg,g(S,B)]red

counting curves in the algebraic class 8 € Ha(S,Z) on the K3 surface S and passing through
g general fixed points (pt € H*(S,Z) denotes the (co)homology class of a point). It is of
course possible to pull-back more general cohomology classes v; € H*(S,Z) by the evaluation
maps, thus encoding more general incidence conditions than the passing through a given point
(although this is not of crucial interest for surfaces due to the divisor axiom of Gromov-Witten
theory). Beware that when doing so one gets integrals that do depend on the class § itself, and
not only on its self-intersection and divisibility index, as classes in H? (S, Z) are not monodromy
invariant.

A more sensible generalization is to integrate descendent classes. Let M, 1 (S,/3) be the
moduli space of genus g stable maps with £ marked points realizing the class 8, and evy,...,evg
the corresponding evaluation maps M (S, 8) — S. Foralli = 1,..., k, define the i-th cotangent
line bundle L; to be the line bundle over M, (S, 3) the fibre of which over the point (f : C' —
S, p1,...,pk) is the C-line O C.p,- The descendent classes on M, (S, B) are those gotten from
the Chern classes of these line bundles
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Let ¢; :=c1(L;) € H2 (ngk(S, B), Q). For all cohomology classes 71, ...,V € H(S,Z) and

non-negative integers ni, ..., n; we define the reduced descendent Gromov—Witten invariants
5.7.1 S,B o k1 * ki *
(5.7.1) (T (1) Ta (W), = [ Yt Uevi(yn) U Uiyt Uevi(yr)
[Mg,k(S,B)]red

whenever the degree of the integrand equals the (real) dimension 2g + 2k of the reduced virtual
S,B .
class, and (7, (71) * * * T, (7k)>g := 0 otherwise.

How to geometrically interpret the insertion of the classes v; is not straightforward; I refer
to [31] and [14] for some discussions about this. See however [14, Thm. 2.2.6], where descendent
classes are used to define Gromov—Witten invariants of a projective manifold X relative to a
smooth very ample hypersurface Y, i.e., invariants virtually counting curves in X with prescribed

tangency conditions along Y.

(5.8) Quasi-modularity.. The integrals (5.7.1) for fixed integrand and fixed g and divisibility
index of [ are expected to fit together as the Fourier coefficients of a quasi-modular form, as in
Theorem (3.5). Due to their dependency on the class 8 and not only on its numerical characters,
this is formulated as follows.

Let S be an arbitrarily fixed K3 surface possessing an elliptic fibration 7 : S — P! and
a section E of 7. Call e,f € Ho(S,Z) the classes of E and the fibres of m respectively. It
follows from deformation invariance and the same standard degeneration argument as in the
proof of Theorem (3.5) that any integral of the form (5.7.1) on any algebraic K3 surface equals
an integral of the same kind on S with 8 = ae + bf, a, b non-negative integers.

For all integers g > 0 and m > 0, we set

F95:m (Tnl (’71) © Ty, (’WC)) = §<Tn1 (71) c Ty, (’Yk)>j,me+nfqm(n_m)

as a formal power series in the variable ¢q. Maulik and Pandharipande conjecture the following.

(5.8.1) Conjecture.. ([30, Conj. 3] and [24, § 7.5]) The power series ij (Tny (71) T (k)
is the Fourier expansion in q of a quasi-modular form of level m? with pole at ¢ = 0 of order at
most m?.

(A quasi-modular form of level N with possible pole at ¢ = 0 is by definition an element of
the C-algebra generated by the Eisenstein series G (see (3.6) and modular forms of level N;
recall in addition that a modular form of level N is a form satisfying the modular equation for
transformations in the congruence subgroup I'g(IV) consisting of elements of PSLy(Z) congruent
to the identity matrix modulo N).

For m = 1, i.e., for primitive classes, this has been proved by Maulik, Pandharipande and
Thomas [24, Thm. 4]. Note however that, even in the primitive case, there is as far as I know
no general explicit formula for the modular form in question. Theorem (3.5) provides particular
instances of such a formula. At any rate, modularity strongly constrains the invariants and
in favorable cases enables one to compute them all (see (6.11) for an example in a different
context).

. Although I will say nothing about the proofs of the results presented in this section, I would
like to point out that one fundamental ingredient for them is the use of other counting invariants
than those coming from Gromov—Witten theory, together with correspondence theorems between
the two. They are more algebraic in nature than Gromov-Witten invariants, and more agile to
study the problems we have been discussing. These invariants virtually count stable pairs; they
were defined by Pandharipande and Thomas, specifically for threefolds up to now. See [29] for
a presentation.
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6 — Noether—Lefschetz theory and applications

6.1 — Lattice polarized K3 surfaces and Noether—Lefschetz theory

In this subsection we define Noether—Lefschetz divisors in the moduli spaces of lattice polarized
K3 surfaces. While the version we will use is the refined one of (6.4), the elementary version of
(6.3) is needed to give a proper definition.

Let Lgs := U®3@ F5(—1)®2 be the K3 lattice (see, e.g., [2]). Throughout this subsection, we
consider a fixed lattice A of rank r and signature (1,7 — 1), together with a primitive embedding
t: A — Lgs (the embedding is primitive if the corresponding quotient Ls/i(A) is torsion-free).

(6.1) Definition. Let S be a K3 surface. A A-polarization on S is a primitive embedding
j A — PicS such that
1. there is a nef and big class in j(A) C PicS;
2. there exists an isometry ¢ : H*(S,Z) — Ly such that ¢ o j = ¢.

A A-polarized K3 surface is a pair (S,7) where S is a K3 surface and j is a A-polarization
on S.

There exists a moduli space K of A-polarized K3 surfaces, which may be constructed relying
on the global Torelli theorem by adapting the method of [37, Exp. XIII, §3].

(6.2) Define the discriminant of a rank s lattice L to be the signed determinant
. e s—1
DiscL := (—1) det((vi,vﬁ)l@’jgs

where (v1,...,vs) is an integral basis of L (the sign has been added to the usual definition so
that DiscA > 0); this does not depend on the choice of the basis.

Let L be a rank r+ 1 lattice with an even symmetric bilinear form, together with a primitive
embedding i : A < L. There is an invariant of the pair (L, ) called the coset, which is defined
as follows. Consider any vector v € L such that L = i(A) @ v; the pairing with v determines an
element £, € AV in the lattice dual to A. On the other hand let G := AV/A be the quotient of
the injection defined by the pairing on A; it is an abelian group of order DiscA. Now the coset
d of (L, 1) is the class of ¢, in G/+; it does not depend on the choice of v.

Two pairs (L, ) and (L/,4") as above are isomorphic (i.e., there exists an isometry ¢ : L — L’
such that ¢oi = ¢’) if and only if the two following condltlons both hold: (i) Disc(L) = Disc(L’),

and (ii) 0(L, i) = 6(L", 7).

(6.3) Elementary Noether—Lefschetz divisors.. The Noether—Lefschetz divisor PA s S KA
is defined as the closure of the locus of A-polarized K3 surfaces (S, j) such that PicS has rank
r 4+ 1 and discriminant A, and the coset §(PicS, j) equals 4.

It follows from the Hodge index theorem that the divisor Pﬁﬁ s 1s empty when A <0

(6.4) Refined Noether—Lefschetz divisors.. We now fix an integral basis vy = (v1,...,v,)
for A, and let m € Z~o, (p,d) = (p,d1,...,d,) € Z"'. We want to define a Noether—Lefschetz
divisor DY mipa © Ka corresponding to A-polarized K3 surfaces (S,j) with an extra class ﬁ €
PicS of divisibility index m, and such that (3, 8) = 2p — 2 and (B, v;) =d; for i = 1,.

This goes as follows: let

(v1,v1) -+ (v1,0p) dy
A= (=17 2 aE

<U7‘7 Ul) et <U7'7 Ur> dr
- dn 2p—2



222 XI. Enumerative geometry of K3 surfaces

o if AV’(‘j > 0, set
A
DZ%A,p,d = Zﬂyn/:p,d(A7 ) Pxs
AS

where the sum runs over all A, d such that there exists a pair (L, 4) as in (6.2) with DiscL = A
and 6(L, i) = ¢ (the pair (L, i) is then unique up to isomorphism), and uy*  4(A, ) is the number
of elements § € L having divisibility index m and satisfying (8, 8) = 2p — 2 and (8, v;) = d; for
t =1,...,7. Note that uZﬁn (A,0) may be 0; in particular its non-vanishing implies that A
divides A%y, so the above sum has only finitely many terms. The condition AJ% > 0 implies
that any 8 such that (8, 8) = 2p — 2 and (5, v;) = d; for all ¢ does not belong to i(A);

o i ATA <0, set DI 4 i=0;

o if A;f}i =0 and m = ged(d1, ..., gr), let D} 4 be the divisor associated to the dual of
the Hodge line bundle £ — K (the fibre of £ over the point (S, ) is H*(S));

o if A;’_ﬁi =0 and m # ged(dy, . .., gr), set D::LA.,p.,d = 0.

6.2 — Invariants of families of lattice polarized K3 surfaces

(6.5) Families of lattice polarized K3 surfaces.. Let ¢ : A < Lgs be a primitive embed-
ding of a lattice A of rank r and signature (1,7 — 1). A 1-parameter family of A-polarized K3
surfaces is a smooth family 7 : X — C of K3 surfaces equipped with line bundles L4,..., L, on
X such that:

1. X is a compact 3-dimensional complex manifold (not necessarily algebraic), C' is a complete
smooth complex curve, and 7 is a holomorphic submersion;

2. for each t € C, the fibre X; of w over ¢ is a (smooth) K3 surface;

3. there exists a linear combination L™ of the holomorphic line bundles L; on X, the restriction
of which to every fibre of 7 is nef and big;

4. there exists an integral basis (v1, ..., v,) of A such that for each ¢t € C| the map j; : A — PicX;
defined by v; — L;+ (the restriction of L; to X;) is a A-polarization of X;.

For the remainder of this subsection, we consider (7 : X — C,Lq,...,L,) a l-parameter
family of A-polarized K3 surfaces as in Definition (6.5) above.

(6.6) Noether—Lefschetz numbers.. Let m € Z~¢ and (p,d) = (p,ds,...,d,) € Z"T1. The
Noether-Lefschetz number NL7, 4 is defined as

NL?

m,p,d - _/ f 7p7

where f : C' — K, is the morphism induced from (7 : X — C,Lq,...,L,) by the universal
property of K, and v, is the integral basis of A defined by (Lq,..., L,) through point (4) of
Definition (6.5).

Note that this is a classical intersection product (i.e., there is no need to define a virtual
class), although it may be given by an excess formula in case the image f(C) is fully contained

A
in the divisor Dm p.d-

(6.7) Gromov—Witten invariants for vertical curve classes.. Although it may not be a
projective variety, the total space X carries a (1, 1)-form w, which is Kéhler on the fibres of 7;
this is sufficient to define Gromov—Witten theory for non-zero vertical classes v € Ha(X,Z)7,
i.e., classes v € Hy(X, Z) such that m.(y) = 0 (see [26, §2.1] for details).
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We thus have a set of invariants

NX ::/ 1
T (X

for non-zero wvertical classes 7y, where the moduli spaces of genus g stable maps Mg(X ,7y) all

have virtual dimension 0. We consider the invariants n;fv obtained from the N, ;,(v by applying

the BPS corrections packaged in the formula of (5.4): we let

FX(u,v) == Z Z N;,(v w927

920 0#v€H2(Z,Z)™

as a formal power series in the variables u, v, where the powers of v are indexed by Ha(Z, Z)™,

and set .
1 (sind%\ 9~
X o X 292 d
Pan=Y S e (3 () ),
9>0 0#~€H2(Z,Z)7 d>0 2

Eventually, for a non-zero multidegree d = (dy,...,d,) € Z", we let néfd be the invariant
counting genus g stable maps in vertical classes of degree dy, ..., d, with respect to Lq,..., L,
respectively, i.e.,

X X

(6.7.1) Ngd = Z ng -

YEHo (X,2)7: [ Li=d;

(6.8) Reduced Gromov—Witten invariants of K3 fibres.. We also consider the invariants
8 for K3 surfaces which have been defined in (5.4); recall they are the reduced Hodge integrals
(5.3.1) put under BPS form.

We need to maintain the dependency on the divisibility index m, because Theorem (6.9)
below is needed for the proof of the independence on m conjectured by Yau—Zaslow.

A multidegree d = (dy,...,d,) € Z" is positive with respect to L™ if for any line bundle
M on some fibre X; of w, (M,L;;) = d; for all i implies (M,L™) > 0; since L™ is a linear
combination of the L; this is an elementary linear algebraic condition.

(6.9) Theorem ([26]). Let d = (di,...,d,) € Z" be a multidegree positive with respect to L™.
Then

+oo +oo

(6.9.1) npa=y_ Y 1, -NLT .

p=0m=1

(This is stated in [26] in the r = 1 case (i.e., d € Z), but as noted in [20] the same proof goes
through in general).

The philosophy behind this relation is rather natural, and ought to be compared to the dis-
cussion of subsection 5.1 above. Consider the genus g = 0 case for simplicity; then the invariant

néfd counts vertical rational curves in X of prescribed degrees with respect to L1, ..., L,, and
these are virtually in finite number. There are on the other hand finitely many members of the
family 7 with algebraic divisor classes of the prescribed degrees with respect Li,...,L,, and

each of these provides a finite number of rational curves. The theorem morally says that the
number of rational curves in X is the sum of these isolated contributions from the fibres.
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Of course the actual story is more complicated than this, if only because of the existence of
1-dimensional families of rational curves on X, coming from finitely many rational curves in all
K3 members of the family (which all have algebraic divisor classes, as they are A-polarized),
in spite of the virtual dimension being 0. In other words, a Calabi-Yau threefold X as in
Theorem (6.9) above is far from satisfying the same properties than the perturbations of the
twistor families of algebraic K3 surfaces on which BPS numbers are supposed to count curves.

6.3 — Application to the Yau—Zaslow conjecture

In this subsection we give an outline of the proof by Klemm, Maulik, Pandharipande, and
Scheidegger of the Yau-Zaslow conjecture (Theorem (4.14) above). Recall that the invariants
rf m being invariant under algebraic deformations of the K3 surface, it is enough to prove
the result for our favourite K3 surface. These invariants for certain elliptic K3 surfaces are
approached by means of the relation (6.9) for a particular family.

(6.10) The STU model.. The central character of the proof is a smooth projective Calabi—Yau
3-fold X, known as the STU model and coming from physics (quoting [20], the letter S stands
for the dilaton and T and U label the torus moduli in the heterotic string). It is contructed as
an anticanonical section of a smooth projective toric 4-fold Y defined by an explicit fan in Z?.

The variety X has the structure of a fibration 7 : X — P!, the general fibre of which is a
smooth K3 surface, itself with an elliptic fibration. It comes with two line bundles Ly, Ly — X,
defining a A-polarization on the family 7 : X — P! (leaving aside the fact that there are
inevitably singular members), where A is the lattice with intersection form

0 1
(o)

The family 7 has the shape of a Lefschetz pencil, in particular each of its singular members
has a unique ordinary double point as its only singularity. One may thus build an actual family
7: X — C of A-polarized K3 surfaces from 7 as follows. One first performs a base change by
t — t? around each singular member; to do so, one considers the 2 : 1 covering € : C — P! with
branch divisor Disc(), the set of points above which 7 fails to be smooth, and let 7° : X* — C
be the family obtained from 7 by applying the base change ¢ : ¢ — P!. The new total space
X" is singular, precisely it has an ordinary 3-fold double point at each singular point of a fibre
(analytically locally around such a point, X is defined by the equation 22 + y? + 2% =t in a
4-dimensional complex ball, hence X° is defined by 2 + y? + 22 = t?). One then chooses for
X any small resolution of all these singularities: this may be understood as first blowing-up
once all singular points, and then contracting one ruling of each exceptional divisors (they are
all smooth quadric surfaces). This has the effect of replacing each fibre of X > by its minimal
model.

One may determine the number of singular members of © by the same topological Euler
characteristic computation as in subsection 2.1. The Euler number e(X) is found to be —480
by toric intersection in the 4-fold Y, and then the number of singular fibres equals

e(K3)-e(P') — e(X) = 528.

(6.11) Modularity for Noether—Lefschetz numbers.. It is a stunning application of a
theory developed by Borcherds and Kudla—Millson (see [26, 20] and the references therein) that
the Noether—Lefschetz numbers of a family of A-polarized K3 surfaces fit into a vector valued
modular form.
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Let notation be as in (6.6) for a moment, in order to state this precisely (see [26, § 4]
for a complete treatment). One may define divisors D;fd and subsequently numbers NLJ 4
by dropping the requirement on the divisibility index m in (6.4). It is an elementary result
[20, Lemma 1] that the full set of the numbers NL] 4 determine the refined Noether-Lefschetz
numbers NL7, 4. Let Mpy(Z) be the metaplectic double cover of SLy(Z). There is a canonical
representation

Pi : Mpy(Z) — End(C[G4])
associated to A (recall that G, = AY/A).

(6.11.1) Theorem.. (Borcherds, Kudla-Millson, Maulik-Pandharipande) There exists a vector-
valued modular form

7(q) = Y ®(q)u” € CllgT= ]| ® C[G]
yEG

of weight 222= and type PA, such that the Noether—Lefschetz number NLgﬁd is the coefficient of

2
VA

A
@7 in q to the power spedr, where v € G is any of the two liftings of the coset 5;7’21 e G/+

represented by the linear functional v; — d;.

Taking advantage of the strong structure results for modular forms, Maulik and Pandhari-
pande are able to use this theorem to derive explicitly the Noether—Lefchetz numbers of classical
families of K3 surfaces of genus 2 < p < 5 (i.e., double planes and complete intersection K3’s).

A similar calculation is carried out in [20] for the STU family, as one of the key steps in the
proof of the Yau—Zaslow conjecture. We now return to the notation of (6.10). Theorem (6.11.1)
tells that the Noether—Lefschetz numbers of the family # : X — C are the Fourier coefficients
of a scalar modular form of weight 10. The vector space of such forms has dimension 1 and is
generated by the Eisenstein series

“+oo
Es(q) = Ea(g)Fs(q) = 1 - 264 Y o9(n)q"

[39, § VIL.3.2] (notation as in (3.6)). It follows that it is enough to know one Noether—Lefschetz
number to determine the full modular form, and since we do know of them, given by the
number 528 of singular members of the STU family, one obtains that the number NL;dh dy 18
the coefficient in ¢ to the power %A(p, d1,ds) of the modular form —4F5(q)Es(q), where

0 1 dq
A(p,di,d2) =1 0 dy |.
d1 d2 2p72

(6.12) Mirror symmetry.. The STU model X being an anticanonical section of a smooth
semi-positive toric variety, its genus 0 Gromov—Witten invariants are known by mathematically
proven mirror symmetry results. This gives the corresponding invariants of X, the latter being
twice those of X [26, § 5.2].

Precisely, Givental has proven the relation of the genus 0 Gromov-Witten invariants of
X by mirror transformation to hypergeometric solutions of the Picard-Fuchs equations of the
Batyrev—Borisov mirror, see [26, 20] and the references therein. This gives the following formula
of Klemm—Mayr—Lerche [20, Prop. 5]

Ea(q1)E3(q1)  Ea(ge)
(2m)~12A(q1) j(q1) — j(q2)’

(6.12.1) > ()N gy 105 = —2 42
(dl,dz)ep
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where

(60G2(0)” _ () 112 Ba(@)®
Alg) A(g)

(notation as in (3.6)) is the normalized j function, P = {(d1,d2) # (0,0) : dy > 0,d1 > —da},

and NO),((dl,dg) is defined by formula (6.7.1) from the various N\, v € Ha(X, Z)™.

i(q) = 1728

1
= — 4744 4 196884q + - - -
q

(6.13) Conclusion: the Harvey—Moore identity.. Using the fact that the lattice A has
rank 2, Klemm—-Maulik—Pandharipande—Scheidegger then show that the invariants rg,m are

uniquely determined by the relations (6.9.1) for the family 7 : X — C and the numbers né( (d1.da)

and NLﬁm7p7(d17d2) [20, Prop. 3]. The latter two sets of numbers being known by the results of
(6.11) and (6.12), it is therefore enough, in order to end the proof of Theorem (4.14), to show
that the numbers 7§ ,,, predicted by the Yau-Zaslow conjecture (i.e., rf,, = 75" " 1 together
with the formula of (2.1) giving the 7{ ,’s) indeed fit in the relations (6.9.1).

This takes the form of an identity between modular forms: let

o EQ(’Z)E (Z) _ = n _ 2miz,
f(Z)-—WQZ(Z)—ZC(n)qa g=ce

n=-—1
what has to be proven is

E.
fe)Bz) a1 gy > Pelkl) atey’.
J(z1) = j(22) @1 —¢q d,k,1>0

This is the Harvey—Moore identity, which has been proven by Zagier, see [20, § 4.2].
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In his wonderful book [17], first published in 1862, Salmon casually gives the leading term
of some Taylor expansion of the discriminant of a plane algebraic curve. Consider the curve
V(F) C P?; in a suitable system of homogeneous coordinates, its equation F has the form

1 ,
F(X,Y,Z)=TZ"'Y + 52" *(AX* +2BXY + CY®) + > ZFR(X,Y) =0,
k>3

where each polynomial Fj(X,Y") is homogeneous of degree k in X,Y. Salmon states, without
any explanation or reference, that the discriminant of F' is of the form

™) Disc(F) = T?A(B? — AC)? & +T° 0,

where @ is “the discriminant when 7' vanishes” [17, § 605]. This note arose as an attempt to
understand and prove this formula.

We introduce the reduced discriminant of a hypersurface (or homogeneous polynomial), of
which ® is an instance, it turns out. It is deeply linked with the reduced resultant, introduced
by Zariski in [20], in 1936 long after Salmon. Of course, when T is zero, V(F') is singular at the
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point (0 : 0 : 1), no matter the other coefficients of F', and correspondingly Disc(F') vanishes
identically. The polynomial ®, in fact, vanishes at those values of the coefficients of F' for which
the curve V(F') has some additional singularity besides the point (0 : 0 : 1). The reduced
discriminant generalizes this to the case when F' has a singular point of arbitrary multiplicity
s. Somehow built in the theory is a general form of Formula (k) We show how to get (k)
specifically (in fact with a normalization factor f%, which probably was not of any interest for
Salmon), and generalize the formula for hypersurfaces of arbitrary dimension, see Section 2.3.
This is certainly what Salmon had in mind, although arguably only for s = 2, and possibly only
empirically. It had since then been apparently completely forgotten; we have only found a faint
trace of these ideas in Salmon’s works, see Paragraph (2.18). We point out that the reduced
discriminant is a particular instance of the theory of toric discriminants studied in [11], which is
more general in terms of the family of hypersurfaces that can be considered. The methodology
that we develop here in the specific setting of the reduced discriminant is different from the
theory of toric discriminants, and we found it particularly well adapted, if not necessary, to
tackle Salmon’s formula.

Salmon then uses Formula (k) to derive various enumerative quantities for surfaces S C P3.
In particular, he computes the number of bitangent planes passing through a fixed general point
p € P3. We explain his method, which involves a remarkable trick in elimination theory, and
generalize it for hypersurfaces of arbitrary dimension. Salmon’s strategy is to consider a pencil
of planes with center a line tangent to the surface S at some point p’; this pencil contains a finite
number of planes tangent to S, among which the tangent plane at p’ counts with multiplicity 2
in general, and with greater multiplicity if it has some special feature, e.g., if it is a bitangent
plane. In an appropriate setting, this multiplicity is the valuation in T" of the polynomial in (k),
and the game is to understand the conditions on the point p’ that make this multiplicity jump.
In the upshot we get, indirectly from the reduced discriminant ®, a curve in S parametrizing
those points p’ such that the tangent plane at p’ is a bitangent plane; following Salmon, we call
it the node-couple curve. There are other well-known ways to compute the number of bitangent
planes to a surface in P3 (see, e.g., [XII]). The present method has the advantage of being core
level: it is only a study of homogeneous polynomials and their discriminants.

The present text includes two other projective enumerative computations taken from Salmon’s
book; they both fit in the framework of what we would call reduced elimination theory. The first
one gives the number of bitangent lines to a surface in P? through a general point. We generalize
it in two ways: to the enumeration of lines in P” having contact of the form 2p+ (n —1)g+---
with a hypersurface on the one hand, and to the enumeration of bitangent codimension 2 lin-
ear spaces on the other hand. While Salmon’s computation and the first generalization do not
involve openly the reduced discriminant (thanks to the existence of a cheap substitute in the
two indeterminates case), it is essential for the latter generalization. The second computation
is that of the degree of the flecnodal curve of a surface S C P3, which is the locus of points p at
which the tangent plane cuts out a curve with one of its two branches at p that has an inflection
point. We present here Salmon’s ideas, noting that this computation is carried out in modern
standards and in arbitrary dimension in [2].

We also give a synthetic account of the theory of resultants and discriminants, in its modern
form worked out by Jouanolou, see, e.g., [14]. On the one hand this is necessary for us to
develop the theory of the reduced discriminant (the reduced resultant had already been treated
by Ould Mohamdi in [15], under the direction of Jouanolou; note, however, that passing from
the resultant to the discriminant is not straightforward, see, e.g., , the comments after Defini-
tion (2.10)). On the other hand, we believe this text is a good occasion to make Jouanolou’s
formalism accessible to the XXI®* century classical algebraic geometer.

We put particular focus on the homogeneity properties of the resultants and discriminants,
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with respect to various gradings. They are indeed essential for the enumerative applications,
and we give numerous illustrations, including a proof of Bezout’s theorem and the computation
of the degree of the dual of a smooth hypersurface. Beyond that, they are central in the theory
of reduced resultants and discriminants, see Theorem (1.18) and Corollary (2.19), and indeed
the key to Formula (k) and its generalizations.

ThD thanks Ragni Piene and Israel Vainsencher for their interest, and for suggesting he talks
with LB; he also thanks Francgois Lé for sharing some insights on Salmon’s work. LB is grateful
to Alexandru Dimca for useful discussions on Milnor number and for indicating the reference
[10].

(0.1) Notation. Let k be a commutative ring, n > 1 be an integer, and X := (Xo, X1,..., X,,)
be a sequence of indeterminates. Given a multi-index a := («g,aq,...,a,) € N™, we denote
by X the monomial X§°X{" ... X% and set |af = >0 ;o

1 — Reduced resultant

Let Fi,..., Fh4+1 be n4+1 homogeneous polynomials in the indeterminates Xy, X1, ..., X,. They
define a collection of n+ 1 hypersurfaces in the projective space P™, and the intersection of these
n+1 hypersurfaces is empty if Fy, ..., F},+1 are general. In fact, the emptiness of this intersection
is characterized by the non-vanishing of the resultant Res(Fi, ..., F,,11) of these polynomials
(see §1.1). Thus, the resultant characterizes those collections of homogeneous polynomials that
have a common non-trivial root. The purpose of the reduced resultant is similar: one still
considers n + 1 homogeneous polynomials Fi, ..., F,,41, but this time one assumes that they
have a common non-trivial root; then the reduced resultant will characterize those collections of
polynomials having an additional common non-trivial root. It has been introduced by Zariski
[20]; a more complete and modern treatment is given in [15].

In what follows, we use the resultant of multivariate homogeneous polynomials as developed
in [14] (see also [6, 7, 11]). An introduction and a brief recap are given in Section 1.1 below.

1.1 — Inertia forms and the ordinary multivariate resultant

We follow the beautiful presentation in [19, Chapter XI] (beware that this Chapter on Elimina-
tion Theory has disappeared in later editions).

(1.1) Saturation of a homogeneous ideal. We recall the following for the convenience of
the reader; see, e.g., [12, Lecture 5] or [13, Exercise I1.5.10] for more details. The saturation of
a homogeneous ideal T C k[X] is the homogeneous ideal

(1.11) I={Fek[X]:Vi=0,...,n, 3N; such that X;V'F € I}
o =1:(Xg,...,Xn)>.
For sufficiently large m, the graded pieces I,,, and I, are equal. Moreover, for two homoge-
neous ideals I and J, the following three propositions are equivalent:
(i) I=J;
(ii) I, = Jp for sufficiently large m;
(iii) 1 -k[X,5]=J k[X,5]foralli=0,...,n.
In other words, a subscheme V' C Py is defined (scheme-theoretically) by a homogeneous ideal
I C k[X] if and only if the saturation I equals the homogeneous ideal I of V.
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In particular, if k is a field, a subscheme V' C P} defined by a homogeneous ideal I is empty
if and only if the degree 0 piece Iy is non-zero: this is the homogeneous Nullstellensatz! (see
also [5]). On the other hand, the non-emptiness of V' is equivalent to the existence of a point in
V (k') for some finite field extension k’ of k.

When k is an arbitrary commutative integral domain,! the vanishing of I is equivalent to the
scheme-theoretic image of the map V' — Spec(k) being equal to the whole Spec(k). Indeed, the
subscheme of Spec(k) defined by Iy coincides as a set with the image of V' — Spec(k) — this is
the proof that projective morphisms are closed —, and moreover I defines the scheme-theoretic
image of V' — Spec(k) (see, e.g., [14, §1] for more details).

(1.2) Let dy,...,d, be positive integers. For all j = 1,...,r, we consider the generic homoge-
neous degree d; polynomial in the indeterminates X = (Xo,..., Xy)
Fj = Z U]‘_’aXa.
le|=d;

“Generic” refers to the fact that the coefficients of the F}’s are indeterminates; indeed, Fj is
an incarnation of the generic point, in the sense of schemes, of the affine space parametrizing
homogeneous degree d; polynomials.

We let Az be the algebra generated by the indeterminates coefficients of the F}’s, i.e., we
set Az = Z[ija] . Thus, F; € Az[X] forall j=1,...,r.

j=1,...,r, |a|=d;

Let k be a commutative ring, and let ujo € k for for all j = 1,...,r and |a| = d;.
For all T € Az[X], we denote by T'(u;.«) € k[X] the polynomial obtained by evaluating the
indeterminates Uj o at ujo € k for all j =1,...,r and |a| = d; in the polynomial T'.

(1.3) Definition. An inertia form for the polynomials F1i,..., F,. is an element T € Az[X]
such for all i =0,...,n, there exists N; € N such that XZ-NI'T e (F,..., F).

In other words, the inertia forms for F, ..., F,. are the elements of the saturation of the ideal
(F1,...,F.) in Az[X]. We denote by Jz the ideal of all degree 0 inertia forms for Fi,..., F;
thus, in the notation introduced in (1.1.1),

Jz = (I:(Xo,...,X,)®) N Az.

Note that this is a homogeneous ideal with respect to the standard grading on Az. In view of
the above considerations, we have the following.

(1.4) Theorem. Suppose that k is a field, and let u; o € k for forallj=1,...,r and |af = d;.
Consider the polynomials Fy(u1.a),- .., Fr(tura) € K[X]. The two following propositions are
equivalent:

(i) the ideal (Fi(u1,a),- .., F(ura)) defines a non-empty subscheme of Py ;

(it) for all T € Iz, T(uj o) =0.

This tells us that a given specialization to a field of the polynomials F; defines a non-
empty subscheme if and only if all the constants in the saturation of (Fi,..., F;) vanish in this
specialization (see also [5]). Note that for all T' € Jz, one has T'(u; o) € k, since T has degree
0 in X.

We emphasize that in general the subscheme of Spec(k) defined by the specialization of
Jz coincides only set-theoretically with the scheme-theoretic image of V' — Spec(k) (see [7, §3,
Remarque 1] and [14, §1]), which is the reason why we assume that k is a field in Theorem (1.4).

1this arguably unconventional notation is used ubiquitously by Jouanolou.
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If k is an arbitrary commutative ring, what is indeed true is that the subscheme defined by the
F;(uja)’s surjects onto Spec(k) as a set if and only if Jz ® 4, k is contained in the nilradical
(0) of k, but this says nothing more than Theorem (1.4).

(1.5) Theorem (see [4, §2.1]). The ideal of inertia forms for Fy, ..., F,. is prime, and so is the
ideal Jz C Az of inertia forms of degree 0.

The resultant situation is when we consider n + 1 homogeneous equations in P".

(1.6) Theorem. If r =n+ 1, the ideal Tz is principal. Up to sign it has a unique generator,
which is an irreducible element of Az; we denote it by Resa,,....dpq € Agz.

Moreover, for all k € [1,n+1], Resq, ,....d,,, s homogeneous of degree [, d; with respect
to the coefficients of the polynomial Fy, i.e., with respect to the indeterminates Uy o, |at| = di

(all assumed to have weight one).

Let fi,..., fan+1 € k[X] be polynomials of respective degrees dy,...,d,+1. They are spe-

cializations Fi(u1,a),-- -, Fr(tra) of Fi,...,Fht1 € Az[X] respectively, for an appropriate
canonical choice of u; o €k, forall j=1,...,n+1 and |a| = di. We let Res(f1,..., fat1) €k
(or Resa,.....dp 1 (f1,-- -, fug1) € k, if we want to emphasize the dependency on the degrees) be

the corresponding specialization of Resg, ... 4,,, € Az. The multi-homogeneity property stated
in the above theorem may then be rephrased as follows: for all A € k,

Resd17~~~,dn+1 (fl, ceey )‘fka ceey fn-i-l) = )\dl"'dk‘fldk+1---dn+1 ReSdl,...,dn+1 (fla ceey fk’ ceey fn+1)'

The sign indeterminacy in the definition of Resg,

.....

dny1 is usually removed by imposing the
normalizing equality Res(X{°,..., Xd) = 1.

(1.7) Divisibility property (see, e.g., [14, §5.6]). Let Fy,..., Fy41 and Gy, ...,Gp41 be two
sequences of homogeneous polynomials in k[X] such that we have the inclusion of ideals of k[X],

(Gl,...,Gn+1) - (Fl,...,FnJrl).
Then, Res(F1, ..., Fnhq1) divides Res(Gq,...,Gpt1) in k.

Besides its ordinary multi-homogeneity property given in Theorem (1.6), the resultant has
other homogeneous structures that we call “weight properties” to emphasize that the grading
of the coeflicient ring Az is not the standard one.

(1.8) Proposition (see [14, §5.13.2]). In the notation of Paragraph (1.2), let k be an integer
in [0,n], and consider the grading on Az = Z[Ujalj=1,...n+1,|a|=q, defined by

(1.8.1) weight(Uj o) = ak.

In this grading, the resultant Resq,,....d, ., % homogeneous of degree dids - - dpy1.

(1.9) The Bezout Theorem, which counts the number of roots of a finite complete intersection
scheme in a projective space, and thus is the mother of all statements in projective enumerative
geometry, can be deduced from this property. This goes as follows.

Consider n homogeneous polynomials Fi,..., F, € k[X,..., X,], of degrees d1,...,d, re-
spectively. The idea is to project P™ to P! from a codimension 2 linear space, in order to
reduce to plain polynomials in one indeterminate only, i.e., homogeneous polynomials in two
indeterminates. We thus consider

(1.9.1)  Fj(To,T1,...,Tu-1) = F; (ToXo, ToX1, Th, .., Tn-1) € k[Xo, X1][T, - .., T1]
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for all j = 1,...,n. A point (zo : z1) € Py sits in the projection of V(F},...,F,) C P if

and only if the specializations of Fi,..., F,, obtained by specializing X, and X 1 to 2o and a4
respectively, have a common zero in P"~!. We thus consider the resultant of Fi, ..., F, with
respect to the indeterminates Tp,...,T,_1,

Res(ﬁ’l, .. ,Fn) S k[Xo,Xl].

Writing Fj = 3|4 _q, 4j.a X, one has

Fy= 37 (X X[) T30 rTys - I,

|| =d;

Thus, Fj has degree d; in Ty, ...,T,—1, and its coefficient in the monomial Tg‘”Tfl . ~Tgﬁ;1 is
a degree &y homogeneous polynomial in Xy, X;.
Then, it follows from the above Proposition (1.8) that

n

RGSdl,___7d (Fl, Ceey Fn) S k[Xo,Xl]

is homogeneous of degree d; ---d,. Therefore, V(Res(Fl, ceey Fn)) - Pll( consists of di ---d,
points, counted with multiplicities. One may then conclude that V(Fi,...,F,) C P} itself
consists of dj - - -d, points, by the classical arguments used to prove Bezout’s theorem for the
intersection of two plane curves, see e.g., [1, §4.5].

The following is a parent of the weight property given in Proposition (1.8) above. It is proven
in [14, §5.13] as well.

(1.10) Proposition. In the same situation as in Proposition (1.8) above, consider the grading
on Az defined by

(1.10.1) weight(Uj o) = d; — au,.

In this grading, the resultant Resq, ... 4

wdns1 € Az is homogeneous of degree ndydy - - - dpy1.

One may also use the following corollary, based on the standard homogeneity of the resultant
in Theorem (1.6), to obtain additional weight properties from (1.8) and (1.10).

(1.11) Corollary. Assume that the resultant Resq, ... a,., is homogeneous of degree 6 for the
grading on Az defined by weight(U; o) = wja. Let ri,...,7np1 € Z. For the new grading on

Az defined by weight(Uj o) = wj o + 15, the resultant Resq, ... 4., s homogeneous of degree

s+ > (n H#kdj).

1<k<n+1

Proof. Let k € [1,n+ 1]. Since the resultant is homogeneous of degree Hj 21 d; with respect to
the indeterminates (Uk,a)|a|=a, (for the standard grading), a shift by 74 in the weights of all
the indeterminates (Uk7a)|a‘:dk induces a shift by 7 H#k d; in the degree of the resultant. [

1.2 — The reduced resultant

We shall now explain how to adapt the ideas of the previous paragraph to develop the theory
of the reduced resultant. We refer to [20] and [15] for the details and proofs. Somehow, this is
a generalization of the following toy example.
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(1.12) Example (projection of a complete intersection from one of its points). Let F,G € k[X]
be two homogeneous polynomials of degrees a and b, defining a complete intersection V' C P™,
and suppose one wants to project V' from a point py € P™. Assume for simplicity that k is
an algebraically closed field. We may take pg = (1 : 0 : ... : 0). Then, we consider the two
polynomials

F(T,X1,...,X,) = FT*+ T ' 4+ + F,

(1.12.1) . .
and G(T,X1,...,X,) =GT°+ G T "+ -+ Gy

in k[Xq,...,X,][T]. We are abusing notation here, as one should consider instead the two
polynomials F(T, 5 X1,...,5 X,,) and G(T, S X1, ...,S X,,) that are homogeneous in the couple
of indeterminates (S, T'). Moreover, beware that (1.12.1) above is written “in reverse order” with
respect to what we did when discussing the Bezout Theorem, see (1.9.1).

If po € V, the point (1 : ... : z,) € P}~ " belongs to the projection of V from py if and
only if the two polynomials in (1.12.1) have a common root in P!, hence the equation of the
projection is given by

Resap(F, Q) € k[X1,..., Xp],

which is homogeneous of degree ab in the indeterminates (Xi,...,X,) by Proposition (1.10),
as the polynomials F; are homogeneous of degree i in k[X1,..., X,].

On the other hand, if pg € V then, letting o’ and b’ be the respective multiplicities of pg in
the hypersurfaces V(F) and V(G), one has

Fo=--=Fy_ 1=Gy=---=Gp_1 =0,
so that (1.12.1) becomes
F(T,X1,...,Xn)=FyT% % +... 4+ F, ="F
(1.12.2) ,
and G(T,X1,...,X,) =GyT"" +... 4G, ="G.

It follows that the equation of the projection of V' from pq is given by
Resafa’,bfb/(bF, bG) € k[Xl, ey Xn]

We shall see later on that this polynomial is the reduced resultant of F' and G truncated at
orders a — a’ and b— b’ respectively, as polynomials in the indeterminate 7'. It is a homogeneous
polynomial of degree ab—a't’ in (X1,...,X,): indeed, the coefficient of °F" (respectively, °G) in
T" is a homogeneous polynomial in (X1, ..., X,) of degree a—i = deg;(°F) —i+a’ (respectively,
b—i = degy(°G)—i+b'). Therefore, Corollary (1.11) applied to the grading of Proposition (1.10)
gives that Resa,aryb,br(bF, bG) is homogeneous of degree

(a—ad)b—=b)+d(b-V)+V(a—ad)=ab—adV,

as we had announced. This weight property is an instance of that given in Corollary (1.19),
which applies to reduced resultants in general.

(1.13) Let dy,...,dnt1 be positive integers. For all j € [1,n + 1], we consider the generic
homogeneous degree d; polynomial F};, which we write as

dj
di—k
Fj = E Uj,aX"‘ = E XO] Fj7k(X1,...,Xn).
|a|=d; k=0
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Thus, forallk =0, ...,d;, the polynomial Fj ;, is a degree k homogeneous element of Az[X1, ..., X,].
We fix integers s; € [1,d;] for all j =1,...,n+ 1. The truncation of F; at order d; — s; with
respect to Xy is the polynomial

dj
dj—k dj—s;
Hj=) Xo' "Fjr=Xy" " Fjs + -+ XoFja,-1 + Fja; € Az[x].
k:S]‘
This definition gives a special role to the indeterminate X, and to the point (1:0: ... : 0) € P™.

Omne may thus think of the latter as the (chosen) origin in the affine space P — V(Xj), and of
V(Xp) as the hyperplane at infinity. We may occasionally use this terminology.

The purpose of reduced elimination theory is to study inertia forms of the truncations
Hy, ..., Hp4 defined above. Note that, for all j =1,...,n+41, the truncation H; is the generic

homogeneous polynomial of degree d; with a multiplicity s; zero in the origin (1 : 0 : ... : 0).
The wish for the reduced resultant is that it is a polynomial in the coefficients of Hy, ..., Hy+1,
which vanishes if and only if Hy,..., H,4+1 have a non-trivial common root in addition to that

of multiplicity s1 - - - s,4+1 at the origin.

This can be done with essentially the same strategy as in the classical case, which we have
reviewed in Section 1.1. We will only consider the “resultant situation”, when the number of
polynomials is n + 1.

(1.14) Theorem ([20, Theorem 6 and §8] and [15, Theorem I1.0.5 and §IV.0]). Assume that
d; > s; for some j € [1,n+ 1]. The ideal of reduced inertia forms of degree 0

Qz = ((Hl, e ,Hn+1) : (Xl, . ,Xn)oo) NAz
is a prime and principal ideal of Az. The reduced resultant, denoted

814.-438n
redResdl1 VVVVV dnj»ll € Ag,
s defined, up to sign, as the generator of Qz; it is therefore an irreducible element of Az.
Moreover, if dj > s; for at least two distinct integers j,j’ € [1,n+1], then for alli € [1,n+1]
the reduced resultant is a homogeneous polynomial of degree

dida -+ -dpt1 85152 Spt1

d; S

with respect to the coefficients of the polynomial H;, i.e., with respect to the indeterminates U; o
such that || = d; and ag < d; — s;.

If there is only one integer j € [1,n + 1] such that d; > s;, then the reduced resultant is
equal to the resultant of the polynomials Hy, ..., Hj_1, Hjy1,...,Hpy1.

The sign indeterminacy in the definition of the reduced resultant can be removed by means
of Theorem (1.18) below, once the sign of the ordinary resultant has been chosen.

Note that, in the above statement, the ideal (Hi,..., H,41) is saturated with respect to
(X1,...,X,), which is the defining ideal of the point (1:0: ... :0), whereas for the plain resul-
tant we considered instead the saturation with respect to the irrelevant ideal (Xo, X1, ..., X,).
Beware moreover that the polynomials Hy,..., H,+1 are not homogeneous in the set of inde-
terminates (X1,...,X,).

The reduced resultant depends, of course, only on the coefficients of the generic truncated
polynomials Hi,...,H,41, and not on all the coefficients of the polynomials Fi,..., Fy41.
We will often denote it by redRes(H, ..., H,11) without printing the integers d; and s;,
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that are implicitly given by the polynomials Hy,..., H,+;. We may also use the notation
redRes(F1, ..., Fhy1), to avoid giving particular names to the truncation.

The reduced resultant of a collection of polynomials A1, ..., hp+1 € k[X] with zeros of respec-
tive multiplicities at least s1,. .., sp+1 at the origin is defined as the corresponding specialization
of the generic reduced resultant; it is an element in k, denoted by redRes(h1, ..., hy41), Or pos-
sibly redRes(f1, ..., fnt1) depending on the context.

(1.15) Vanishing of the reduced resultant. The reduced resultant redRes(Hq, ..., Hyy1)

is a polynomial in the coefficients of the polynomials H;, j = 1,...,n + 1, i.e., an element of
the ring
Z [UZ,OL} 1=1,...,n+1, |a|:d1, ap<di—s; g AZ
Its vanishing on an algebraically closed field k characterizes those collections of hypersurfaces of
P} defined by hi, ..., h,41 that have a further intersection point, infinitely near or not, besides
the origin (1 : 0 : ... :0), i.e., those collections such that one of the two following conditions
holds:
(a) the hypersurfaces defined by hq, ..., h,41 intersect at a point which is different from (1 : 0 :
2 0);

(b) the polynomials f; ., j =1,...,n+1, have a common root in Pﬁ_l, which means that the

tangent cones of the hypersurfaces V(hi),..., V(hpy41) at the point (1 :0:...:0) have a

line in common.
This property of the reduced resultant is proved in [20, Theorem 3.1, 3.2 and 3.3], and in [15,
Proposition I.1].

1.3 — Generalized weight properties

In [20] Zariski showed that the reduced resultant can be computed from the corresponding
resultant. To obtain this property, he introduced a generalization of the grading (1.8.1) and,
although the resultant is not homogeneous with respect to this new grading, he proved that its
graded piece of smallest degree is connected to the reduced resultant.

We maintain the notation of Section 1.2.

(1.16) The Zariski grading. We define a grading on Az = Z[U, o] by assigning for all j

0 if g < d; — s,
weight (U o) = a0 Y 57
ag —dj +s; otherwise,

and weight 0 to the constants. We find it helpful to visualize this definition as follows:

_ d; dj—sj+1 dj—s;
(1.16.1) F; = X' Fjo  +-+ X Fjo;-1 + Xo" 7Fjs+ -+ Fja;.
N——
coeffs have weight s coeffs have weight 1 coeffs have weight 0

Note in particular that the indeterminates U; o whose weight equals 0 in this grading are exactly
the coefficients of the truncation H; of the polynomial F;. The grading (1.8.1) introduced in
Proposition (1.8) is a particular case of a Zariski grading (corresponding to s; = d; for all j),
which explains the terminology “generalized weight properties”.

The main property of the Zariski grading is that it allows the computation of the reduced
resultant of Hy, ..., Hy4+1 (the truncations of F1, ..., F,,+1 at the orders dq —s1, ..., dp+1— Sn+t1,
respectively) from the resultant of Fy, ..., F,+1. We need one more piece of notation to see how
this goes.
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(1.17) For all j = 1,...,n+ 1, we let G; be the quotient of the Euclidean division of F; by
X7 in AgXy, ..., X,][Xo), ie.,

1 dk A
Gy = —g= 2. X0 Fiw = DX B
XO k=0

kQSj

= XOSJ Fj70 + .- +X0Fj,s]~—1 +F‘,sj'-

The polynomial G; is a generic degree s; homogeneous polynomial in the set of variables X.
Beware that F; does not equal H; + ngisj G, as Fj 5, appears in both H; and Gj:

(1.17.1) Fj=Xy Fio+-+ X0 " Fio,++Fa, .
= H;

= X' VG,
Also, we advise the reader to compare Displays (1.16.1) and (1.17.1).

(1.18) Theorem (Zariski Formula, [20, Theorem 5.1 and Theorem 5.2] and [15, Lemme
IV.1.6]). The nonzero homogeneous piece of lowest degree with respect to the Zariski grading
of Res(F1,...,F,y1) has degree $159 -+ $pt1. Denote it by [Res(Fl, ce Fn+1)]

(a) If s; < d; for at least two distinct integers j = ji, jo € [1,n + 1], then

5182 Sn41

[Res(Fl, el Fn+1)] = Res(G1,...,Gnt1) -redRes(Hy, ..., Hpt1).

$182°+Sn+

(b) If there exists jo € [1,n + 1] such that s, < d;, and s; = d; for all j # jo, then

[Res(Fl, el Fn+1)] = Res(G1,...,Gnt1) - redRes(Hy, . . ., Hn+1)d10_510.

5182 Sp41

Note that despite appearances, there is a Zariski Formula in all cases, because if none of the
two conditions in (a) and (b) of the above statement is verified, then the reduced resultant is
actually an ordinary resultant.

Observe that, in the Zariski grading: (i) the coefficients of Hy, ..., H,41 all have weight 0,
hence redRes(Hj, ..., H,t1) is homogeneous of degree 0; (ii) for all j =1,...,n+ 1, the coeffi-
cient of G; in X has weight o hence, by Proposition (1.8), Res(G1, ..., Gny1) is homogeneous
of weight s1s5 - sp,41. Thus, indeed,

Res(Gy,...,Gpt1) -redRes(Hy, ..., Hyy1)¢

is homogeneous of weight s1s5 - s,41 for all e.
(1.19) Corollary. Consider the grading of Az defined by

weight(Uj.a) = d; — ao.
With respect to this grading, redRes(Hi, ..., Hpt1) is homogeneous of degree

n(dy - dps1 —S1° Sni1)
if there are at least two integers j = ji, j2 such that s; < d;, and homogeneous of degree
ndi...dny1/dj,

if there exists jo such that s;, < d;, and s; = d; for all j # jo.
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This is the homogeneity property of the reduced resultant that particularizes to give the
degree of Res(F,’G) in Example (1.12).

Proof. The grading of Az we are considering is that of Proposition (1.10), with k = 0; thus for
all 7 =1,...,n + 1 the coefficients of F}; all have weight [, for [l = 0,...,d;. Then we know
by Proposition (1.10) that the resultant of F1, ..., F,,4+1 is homogeneous of degree ndy - - - dy 41,
and by the same argument the resultant of Gy, ..., G, 41 is homogeneous of degree n.s1 -+ - Sp41.
Therefore, we deduce from Theorem (1.18) that the reduced resultant of Hy, ..., H,11 is homo-
geneous, of degree

ndy - dpy1 —Mn81 Spg

if s; < d; for two distinct indices j = j1, j2, and of degree

ndl---dn_,_l—nsl---an _ndl'-'dn+1 djo — Sjo

djo — Sjo djo dj — Sjo

if S5 = dj for all j 7&]0 and Sjo < djo’ O

2 — Reduced discriminant and Salmon formula

In this Section we give a rigorous proof of formula (&) This is done by introducing the con-
cept of reduced discriminant. We begin with a quick recap on the ordinary discriminant of a
hypersurface, following [4, §4]; see also [7] and [11, Chapter 13, §D].

2.1 — Discriminant of a homogeneous polynomial

(2.1) Let d be a positive integer, and consider the generic homogeneous degree d polynomial
F =3 aj=aUaX® in n + 1 indeterminates X = (Xo, ..., Xn). We set Az = Z[Uq]ja|=q4- For
alli=0,...,n we let 0; denote derivation with respect to the indeterminate X;.

(2.2) Definition. There is a unique element Discq(F') € Az (often simply denoted by Disc(F'))
such that

(2.2.1) d“("’d)Discd(F) = Res(@OF, e ,8nF)
in Az, where a(n,d) = M € Z. It is homogeneous of degree (n + 1)(d — 1)"
with respect to the coefficients of the polynomial F, i.e., with respect to the indeterminates Ugy,
la| = d.

For a homogeneous degree d polynomial f € k[X], we define the discriminant Disc(f) € k of

f as the specialization o(Disc(F)) € k, where o : Az — k is the unique specialization morphism
mapping F to f.

We emphasize that the factor d*(™% in Equation (2.2.1) is here to make the discriminant
a universal object (i.e., to make it behave well under specialization) which yields the expected
smoothness criterion. An alternative way of defining the discriminant is to use Formula (2.5.1)
below. Either way there is an annoying parasitic factor. The issue comes from the fact that,
while the resultant characterizes the existence of a non-trivial common zero in P™ for n + 1
polynomials, the wish for the discriminant is that it will characterize the existence of a non-
trivial common zero for the n + 2 polynomials F,0gF,01 F,...,0,F which are linked by the
Euler Formula. The next result tells us that with Definition (2.2), the discriminant grants our
wish.
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(2.3) Proposition. The ideal of inertia forms
(GOF,GlF, .. ,8nF,F) : (Xo, SN ,Xn)oo

is a prime and principal ideal in Az. It is generated by the discriminant Disc(F), which is
therefore an irreducible polynomial in Ag,.

In fact, what we really want is that the (non-)vanishing of the discriminant characterizes
smoothness. By the Jacobian criterion for smoothness, this is equivalent to the non-existence
of a common root F, 0o F, 01 F,...,0,F. Thus, Proposition (2.3) gives the following.

(2.4) Theorem (smoothness criterion). Suppose k is an algebraically closed field, and consider
a degree d homogeneous polynomial f € k[X]. The following are equivalent:

(i) the hypersurface V(f) C P} is smooth;

(ii) Disc(f) # 0.

The following formula gives an alternative way of defining the discriminant. This is the path
we shall follow to define the reduced discriminant. As we shall see, however, there will be some
additional technical difficulty to overcome, which did not occur when passing from the ordinary
resultant to its reduced form either.

(2.5) Proposition. Let I be the polynomial F(0,X1,...,X,) € Az[X1,...,X,]. We have the
following identity in Az:

(2.5.1) Res(OF,...,0,F, F) = Disc(F) - Disc(F).

The polynomial F is the equation of the hypersurface in P"~! cut out by V(F) on the
hyperplane V(Xy) C P", of which we think as the hyperplane at infinity. If k is an algebraically
closed field and f € k[X] is a degree d homogeneous polynomial, then, by Theorem (2.4), the
vanishing of Disc(f) is equivalent to the hyperplane section at infinity V(f) N V(X,) being

singular. For a general f such that Disc(f) = 0, the hypersurface V(f) is non-singular and
tangent to the hyperplane V(Xj).

Proof of Proposition (2.5). We shall prove the following identity in Az:
(2.5.2) A"V " Res(O1 F,...,0,F, F) = Res(OoF,...,0,F) -Res(O F,...,0,F).

We claim that it is equivalent to Formula (2.5.1). To see why, first note that at the right-hand-
side of Display (2.5.2), the first (respectively second) factor is the resultant of n+1 (respectively
n) polynomials in n + 1 (respectively n) indeterminates. Since a(n,d) + a(n —1,d) = (d — 1),
it follows from Formula (2.2.1) that the identities (2.5.2) and (2.5.1) are indeed equivalent.
Now, the identity (2.5.2) may be derived from the Euler Formula, as follows. The latter
formula says that d - F' is congruent to Xy doF modulo the ideal (1 F, ..., 0, F), hence

(2.5.3) Res(01F,...,0,F, d- F) = Res(d\F, ...,0,F, XoOF)

by [14, §5.9, Transformations élémentaires]. The left-hand-side of (2.5.3) equals that of (2.5.2)
by the elementary homogeneity properties of the resultant, see Theorem (1.6). Its right-hand-
side, on the other hand, equals

Res(@lF, ey 8nF, Xo) . Res(@lF, ey 8nF, 80F)
by multiplicativity of the resultant, see [14, §5.7]. Eventually,
Res(01F,...,0nF, Xo) = (—1)™ V" Res(01F|x,_g,---» OnFlx,_o)
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by [14, (5.13.5)]2, and
Res(OiF, ..., 00F, OF) = (=1)"@=V"""Res (8 F, i F,...,0,F)
by [14, §5.8, Effet d’'une permutation des polynémes]. The upshot is that
Res(O1F, ..., 0nF, Xog0oF) = (—1)"="D" Res(0pF, ..., 0, F) - Res(01 F, ..., 0, F),
which gives the result since d(d — 1) is always even. O

Similarly to the resultant, the discriminant is homogeneous under the two gradings of the
coefficient ring Az introduced in Propositions (1.8) and (1.10).

(2.6) Proposition. Let k be an integer in [0, n].

(2.6.1) In the grading of Az defined by weight(Uy) = i, the discriminant Disc(F') is homoge-
neous of degree d(d — 1)™.

(2.6.2) In the grading of Az defined by weight(Uy) = d — ay, the discriminant Disc(F) is
homogeneous of degree nd(d — 1)™.

One may use Proposition (2.6.1) to compute the degree of the dual to a smooth hypersurface
in P"*! see Paragraph (3.7).

Proof. The idea is to consider (2.2.1) and the corresponding weight properties of the resultant.
We may assume k # 0, for otherwise we may write a formula analogous to (2.5.1) with respect
to an indeterminate other than Xy in order to reduce to this case.

First consider the grading of (2.6.1). For j # k the coefficient of 9;F in X* has weight
oy, whereas for j = k the coefficient of OpF in X* has weight aj + 1. We may thus apply
Corollary (1.11) to the homogeneity property (1.8), with r; =1 and r; = 0 for all j # k, which
gives that Res (80F vy, OnF ) is homogeneous of degree

(d—1)" 4+ (d—1)"
Using (2.2.1), this gives (2.6.1).

Similarly, for the grading of (2.6.2): for j # k the coeflicient of 9; F' in X has weight d—ay, =
(d—1)—ag+1, whereas for j = k the coefficient of Oy F' in X* has weight d—(ax+1) = (d—1)—ay.

2the (71)"(‘1_1)” factor is due to the fact that we need to exchange the roles of Xo and X, which is not
indifferent since by definition the resultant is normalized by imposing Res(XgO,...,Xg”) = 1, see right after
Theorem (1.6).

To work out the claimed identity, one may first perform a base change by exchanging Xo and X,, which, by
[14, (5.13.1)], gives

Res(01F,...,0nF, Xo) = (—1) "D " Res (01 F(Xn, X1, ., Xn—1,X0), ---, Xn);
then, apply [14, (5.13.5)] to the resultant on the right-hand-side, and eventually perform another base change
to go from (X1,...,Xn—1, X0) to ()go,Xl, ..., Xpn—1), which introduces the additional factor (—1)(”_1)(d_1) ,
hence in total the factor (—1)™(4=D" indeed.

An easier way to get the correct sign in general is to consider the normalizing condition, once one knows that
there exists ¢ € Z such that

Resd1,4.4,dn,1(F17 ] FnyXO) = CReSdl ,,,,, dn(F1|X0:0 yes Fn‘XO:O)'
Specializing F1,..., Fp to Xfl RN X,‘f"’ respectively, one gets
d d d d
Resq,,....dn,1 (X711, ..., X", Xo) = cResqy .. a0, (X7, X007,

where the left-hand-side equals (—1)"¢1"*d» by [14, §5.8], and the right-hand-side equals c.
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We thus apply Corollary (1.11) to the homogeneity property (1.10), with r; = 1 for j # k and
rr = 0, which gives that Res (GOF e, O F ) is homogeneous of degree

n(d —1)"" +n(d —1)".
Again this gives the wanted result by (2.2.1). O

In turn, one may reproduce the argument given in (1.11) to deduce further weight properties
from the two latter results and the standard homogeneity property of the discriminant stated
in Definition (2.2).

(2.7) Corollary. Assume that the discriminant Discq € Az is homogeneous of degree § for the
grading on Az defined by weight(Uy) = we,. Let r € Z. For the new grading on Az defined by
weight(Uy) = wa + 7, the discriminant Discq is homogeneous of degree

d+r(n+1)(d—-1)".

2.2 — The reduced discriminant

(2.8) We write the generic homogeneous degree d polynomial as
F=X{Fo+ -+ Xl F, 4+ +Fy

where each Fj is homogeneous of degree k in the indeterminates Xy, ..., X,. Given an integer
s € [2,d — 1], we consider the truncation H of F at order d — s with respect to Xy, defined as
in Paragraph (1.13), and set G as in Paragraph (1.17); thus,

H= XEF, + X Foyr + -+ + Fy,
G=XF+ X5 'F +-- +F,.

The truncation H is the generic degree d polynomial with a multiplicity s zero at the point
(1 :0:...:0). The wish for the reduced discriminant is that it is a polynomial in the
coefficients of H, the vanishing of which characterizes the existence of an additional singular
non-trivial zero of H.

The polynomial H has degree d, and has valuation s with respect to the indeterminates
X1,...,X,; moreover its partial derivatives with respect to the indeterminates Xi,..., X, all
have degree d — 1, and valuation s — 1, so that the reduced resultant

redRes(O\H, ..., 0, H, H) = redRes” """ 15(01H, ..., 0,H, H)

.....

is well defined.

(2.9) Proposition. With the above notation, the discriminants Disc(Fs) and Disc(Fy) both
divide the reduced resultant redRes(01 H, ...,0,H, H).

Proof. Both discriminants Disc(Fy) and Disc(Fy) are irreducible as elements of Az. In addition,
their vanishing implies the vanishing of the reduced resultant by (1.15). Indeed, the vanishing
of Disc(Fy) implies the existence of a common root at infinity (xg = 0) of the polynomial

system O1H = --- = 0,H = H = 0. In the same way, the vanishing of Disc(Fy) implies the
existence of a common root of the polynomial system 01H = --- = 0, H = H = 0 infinitely
near to the point (1 : 0 : ... : 0). We thus conclude that Disc(Fs) and Disc(Fy), which are

coprime as they are irreducible and do not depend on the same coefficients of F, both divide
redRes(01 H,...,0,H, H), which ends the proof. O
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Alternatively, this proposition can be proved by means of inertia forms, as follows. By
Theorem (1.14), the reduced resultant redRes(d1 H, . .., 0, H, H) belongs to the ideal of inertia
forms (W H,...,0,H,H) : (X1,...,X,)®. Therefore, for all integer ¢ = 1,...,n, there exists
an integer IN; such that

(2.9.1) XNivedRes(O1 H, ..., 0,H, H) € (01H,...,0,H, H);
specializing the variable X to 0 in (2.9.1), we get that
XNivedRes(01H, . ..,0,H,H) € (01 Fy,...,0nF4, Fy).

It follows that redRes(01 H, . . ., 0, H, H) belongs to the ideal of inertia forms (01 Fy, . . ., 0n Fy, Fa) :
(X1,...,Xn)®. By Proposition (2.3), this ideal is generated by the discriminant of the polyno-
mial Fy, hence Disc(Fy) divides redRes(01 H,...,0,H, H). A similar argument, albeit slightly
more technical, can be used to show that Disc(Fs) divides redRes(1 H,...,0,H, H): see [15,
Lemme 1.1.3].

In the notation of (2.5), F; = F and F, = G. Observe that F; and F, are generic ho-
mogeneous polynomials of degrees d and k respectively, in the indeterminates (X7,...,X,).
Proposition (2.9) then leads to the following definition.

(2.10) Definition. The reduced discriminant of F' with respect to the truncation at order d—s
for the indeterminate Xy, denoted by redDiscy(H), or simply redDisc(H), is defined by the
equality

(2.10.1) Disc(Fy)Disc(Fy) redDisc(H) = redRes(01H, ...,0,H, H) € Ag.

For a degree d polynomial h € k[X] with a singularity of order s at the origin, redDiscjj(h) is
defined as the specialization of redDisc}j(H) with respect to the unique specialization Az — k
mapping H to h.

Definition (2.10) implies that redDisc(H) is a primitive polynomial in Az (i.e., the greatest
common divisor of its coefficients equals 1), because redRes(01 H, . ..,0,H, H) is primitive by
[4, Proposition 4.24].

The identity (2.10.1) should be compared to (2.5.1). Beware that the reduced discrim-
inant is not merely the reduced resultant of all the partial derivatives, because of the fac-
tor Disc(Fs) in (2.10.1). The factor Disc(Fy) is an artefact of our definition by considering
redRes((?lH, ey OnH, H) and not plainly redRes(@oH, O H,... ,8nH), in order to define the
reduced discriminant as a primitive polynomial with integer coefficients without dealing with
possible constant factors, similar to d*(™4) in (2.2.1). The factor Disc(F;) on the other hand is
geometrically meaningful, as we will see in (2.12) below.

According to (2.2.1), the classical discriminant of a homogeneous polynomial can be com-
puted from the resultant of all its partial derivatives, up to the extraneous integer factor d*(™®.
It turns out that a similar formula holds for the reduced discriminant.

(2.11) Proposition. The following identity in Az holds:
(2.11.1) d*mD=6=D"Disc(F, ) redDisc(H) = redRes(doH, . .., 0, H).

Proof. To prove this formula, we consider the reduced resultant R := redRes(01 H, . .., 0, H,dH).
First, from the homogeneity property (see Theorem (1.14)), we have

R :=d V" =6"V" redRes(01 H, ..., 0, H, H).
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Next, the Euler Identity gives R :=redRes(1H,...,0,H,Y ., X;0;H), and we claim that

(2.11.2) R = redRes(01 H, . .., 0, H, Xo0o H)
(2.11.3) = (=1)"@"V"Res(d1 Fy, ..., 0nFy) redRes(O1 H, . .., 0, H, o H)

(observe that doH is of degree d — 1 and valuation s, and H|y _, = Fy). We conclude the
proof of (2.11.1) before justifying the two above equalities. The Zariski formula together with
the property of resultants under permutation of the polynomials [14, §5.8] yields the equality:

vedRes(Oy H, ..., 0w H, Dy H) = (—1)"0=D" ' =nsG=1" R es (90 H, ... 00 H).

In addition, Res(d1 Fy, . . ., 0, Fy) = d*™~ 14 Disc(Fy), so putting everything together, including
(2.10.1), we deduce that

dd=D" = (=D ==L d Dige(F,) redDisc(H) = (—1)" redRes(do H, . .., 0, H),
where N = n(d —1)" +n(d — 1) —n(s —1)"s = nd(d — 1)" — n(s — 1)"s. Now, N is an even

integer, and (d — 1)"™ — a(n — 1,d) = a(n, d), hence the claimed formula.
To justify (2.11.2), we prove the following invariance property of the reduced resultant

under some elementary transformations. Let Fi,..., F,+1 be generic polynomials of degree
d—1,...,d — 1,d respectively, as well as generic linear forms Li,...,L, in the variables
X1,...,X,. Then, from the definition of the reduced resultant as a generator of the ideal

of inertia forms in the generic setting, we deduce that

n
s—1,...,s—1,s P s—1,...,s—1,s
redRes; )" dfl,d(Hlﬂ .++y Hpy1) divides redRes; """ dfl,d(Hl’ cosHpv1 + E L. H;).
i=1

We notice that this divisibility property remains valid under any specialization, in particular
under the specialization sending F),41 to Fj4+1 — 2?21 L;F;, and leaving Fi,..., F;, invariant.
This implies that the above divisibility property also holds in the other direction, hence these
two reduced resultant are equal, up to sign. Applying Zariski formula and the invariance of the
resultant under elementary transformations [14, §5.9], we deduce that this sign equals 1.

The equality (2.11.3), on the other hand, is a consequence of the following multiplicativity
property of the reduced resultant:

(211.4) redResy """ (Hi, ..., Hyy XoHn 1)

»»»»» dny1+1
= ()" Res(FY, ..., Fy) -redResy 7 (Hy, . Hy, Hg),
which follows from the Zariski formula. Indeed, let Fi,...,F,4+1 be generic polynomials as

above, and denote by H; and G; their decompositions corresponding to the truncation at order
d; — s; for all i. On the one hand, we have (observe that F, 1 and XoF), 1 have the same “G?,
namely Gp41):

Res(Fl, ce ,Fn, Xan+1) = Res(Gl, ey Gn; Gn+1) redRes(Hl, N ,Hn, XOHn—i-l)
+ terms of higher weight.

On the other hand, by properties of the classical resultant,

Res(Fl, ..., Fn, XoFni1) = (—1)%9Res(F, ..., F,)Res(Fl, ..., Fn, Fuy1),
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hence, by the Zariski formula,

Res(Fl, ey Fn, XOFnJrl) =
(=1)%1dnRes(Fy, ..., Fy)Res(Gy,...,Gpy1)redRes(Hy, . .., H, 1)+ terms of higher weight.

The comparison of the two above expressions of Res(F1,..., Fy, XoF,+1) yields the expected
equality. O

(2.12) Vanishing of the reduced discriminant. By definition of the truncation H, the

generic hypersurface V(H) C P™ has an ordinary s-fold point at the origin (1:0:...:0). By

Paragraph (1.15), the vanishing of redRes (61 h,...,0nh, h) for some specialization h of H in an

algebraically closed field k corresponds to one of the two following properties:

(a) the existence of a common zero for the polynomials 0 h, ..., d,h, h which is not the origin;

(b) the existence of a common zero for the polynomials 01 fs, ..., 0nfs, fs, equivalently a com-
mon root for the polynomials 0 fs, . .., 0, fs by Euler identity, assuming for simplicity that

the degree d is non-zero in k.

Property (b) is equivalent to the vanishing of Disc(fs), and to the tangent cone to the
hypersurface V(h) at the origin being a cone over a singular degree s hypersurface (with the
convention that a hypersurface of degree s’ > s is a singular degree s hypersurface); in other
words, in the blow-up of V(h) at the origin, the exceptional divisor is singular.

Property (a) is implied by the vanishing of Disc(fs), as Proposition (2.9) tells us; this is
equivalent to the hypersurface V(h) being tangent to the hyperplane at infinity V(Xj).

In Definition (2.10) we discard the two factors Disc(Fs) and Disc(Fy); the upshot is that the
vanishing of the reduced discriminant redDisc(H) defines a divisor which has as a dense subset
the locus of those hypersurfaces V(h) that have a singularity off the origin (1:0:...:0). It
turns out that this divisor is irreducible, and that the reduced discriminant is irreducible; the
proof of this result will appear in [3], but we point out that this property also follows from
the theory of toric discriminants (see [11, Chapter 9]) of which the reduced discriminants are
specific instances.

(2.13) Remark. In the reduced resultant situation, the condition that the n+ 1 hypersurfaces
V(h1),...,V(hpt1) have an infinitely near additional intersection point is not divisorial, i.e.,
it does not correspond to an irreducible element factoring out of redRes(H, ..., Hyt1). The
reason is that this condition has codimension larger than one: indeed it amounts to the n 4 1
leading terms fis,,..., fat1,s,., having a non-trivial common zero, in other words the n + 1
corresponding hypersurfaces in P”~! have non-trivial intersection: this is n + 1 hypersurfaces
in P"~!, hence a condition of codimension larger than one.

In contrast, in the reduced discriminant situation the condition that the hypersurface V(h)
has an infinitely near additional singularity, i.e., a singularity worse than an ordinary s-fold
point, is indeed divisorial as we have seen above. It corresponds to the vanishing of Disc(Fs) at
the leading term fs of h.

(2.14) There is an interesting connection to Milnor number. Assume that h defines a hyper-
surface with isolated singularities, so that both its Milnor number at the origin pg(h) and its
total Milnor number p(h) are well-defined. If the only singularity of h is an ordinary s-fold
point in the origin, then u(h) = uo(fs) = (s — 1)™. Thus, Property (b) in Paragraph (2.12)
above is equivalent to the condition that ug(h) > (s — 1)", see [10, Theorem 1]. Therefore, it
follows that if Disc(fq) # 0, then u(h) > (s — 1)™ if and only Disc(fs) redDisc(h) = 0. Pushing
further, we see that if Disc(fq) # 0 and Disc(fs) # 0, then redDisc(h) vanishes if and only if

pu(h) > po(h) = (s —1)".
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(2.15) Lemma. In the standard grading of Az, given by weight(Uy) = 1 for all e, the reduced
discriminant redDisc is homogeneous of degree

(2.15.1) (m+1)[d-1)"—=(s=1)"] —2n(s —1)""".

Proof. This follows from the definition by a direct computation, since the degrees of the other
quantities in Display (2.10.1) are known. It is arguably safer, however, to carry this out explicitly.
The two plain discriminants Disc(Fy) and Disc(Fs) are homogeneous of respective degrees
n(d — 1)1 and n(s — 1)1, see Definition (2.2). Moreover, it follows from Theorem (1.14)
that
redRes;; ;"5 1% (01 H, ..., 0nH, H)

.....

is homogeneous of degree
n(dd—1)""—s(s=1)" )+ ((d=1)" = (s — 1)").
It thus follows from the equality in Display (2.10.1) that redDisc(H) is homogeneous, of degree

[nd(d—1)"""+(d—1)"—n(d-1)""] = [ns(s = )" "+ (s = 1)" +n(s — 1)"']
=mn+1)d-1)"=(s—1)"((n+1)s+n—-1),
and the result follows. g

We now turn to the generalized weight properties of the reduced discriminant.

(2.16) Example. As an illustrative example, we consider the case n = 1 and set
d d—i yi d d—1 d—s
F=Y UX{'X{=X{Fo+X§ Pt + X{F o+ Fy,
with F; = U; X} for all i = 0,...,d. We consider
d o d .
H = Z: U X3X1 = Z: X = X5 (Ul X5 4+ U X§571 X0 + -+ + UaX(9),

the truncation of F' at order d — s > 0 with respect to Xo. Then, setting H = X7 - °H it is
easy to check that redDisc’(H) = +Disc(’H); it is therefore an irreducible polynomial of degree
2(d — s — 1) in the coeflicients of H (compare with Formula (2.15.1) for the degree).

Moreover, using the weight properties in Proposition (2.6), we can deduce weight properties
of redDisc(H). Suppose that Az is graded with the rule weight(U;) = max (0,7 — s); then the
reduced discriminant redDisc’(H) is homogeneous of degree

(2.16.1) (d—s)(d—s—1)

by Proposition (2.6), as "H has degree d—s. Similarly, if Az is graded with the rule weight(U;) =
d — i then the same conclusion holds (note that d —i = (d — s) — (i — s)).

We can generalize this following Corollary (1.11). Let r be an integer and consider the
grading of Az defined by the rule weight(U;) =i — s+ if i > s, and weight(U;) = 0 otherwise,
then redDiscj(H) is homogeneous of degree (d — s + 2r)(d — s — 1). In particular, if r = s, i.e.,
weight(U;) =i if i > s and weight(U;) = 0 otherwise, we get that redDisc};(H) is homogeneous
of degree

(2.16.2) (d+s)(d—s—1)=d(d—1)—s(s+1).

In fact, since redDisc}(H) a polynomial in Us,...,Uq only, the weights of Uy, ...,Us_1 don’t
matter. Similarly, in the grading of Az is defined by the rule weight(U;) =d—i+r if i > s and
weight(U;) = 0 otherwise, redDiscj(H) is homogeneous of degree (d — s + 2r)(d — s — 1).
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The following result is similar to Theorem (1.18). It is the key to the generalized Salmon
formula for the discriminant.

(2.17) Theorem ([4, Theorem 4.25]). Suppose that the ring Az is graded by means of the
Zariski grading (1.16), i.e., weight(Uy) = max(ag — d + 5,0). Then Disc(F) has valuation
s(s —1)™, and its homogeneous part Dy in this degree satisfies the following equality in Agz:

(2.17.1) Dy Disc(Fy) = Disc(G) Disc(F;) redRes(01 H, ...,0,H, H).

Let us point out that the three elements Disc(Fy), Disc(Fs), and redRes(01 H, ...,0nH, H)
have degree 0 with respect to the Zariski grading, while Disc(G) is homogeneous of degree
s(s — 1)™ by Proposition (2.6.1); note that Fy and Fy are generic homogeneous polynomials of
respective degrees d and s in the indeterminates (X1, ..., X, ), while G is generic homogeneous
of degree s in (Xo,..., Xn).

(2.18) Remark. The only trace towards the reduced discriminant in Salmon’s work that we
have found is in [18, §117], where he proves, in the above language, that for s = 2, Disc(F') has
valuation at least 2.

He obtains this as a direct consequence of the fact that if f is a polynomial which is singular
at a point z, then the tangent space of the discriminant hypersurface V(Disc) at [f] contains
the hyperplane of polynomials vanishing at x. Thus, for the polynomial

f=Y FuX{+T- (UXy 4+ UXn) X,

a>1

one finds that Disc(f) is divisible by T2 (here, F is as in (2.1) and (2.8), and T, Uj, ..., U}, are
new indeterminates). It follows that Disc(F) sits in the ideal

2
(Uao,...0) + (Ua=11,...0, - - » Ua—10,..1)" € Az,
which means that it has valuation at least 2 with respect to the Zariski grading for s = 2.

Proof of Theorem (2.17). The idea is to specialize Theorem (1.18), part (a), and in particular
the formula

[Res(F1, ..., Foy1)] = Res(G1,...,Gnt1) - redRes(Hy, ..., Hpt1),

§182*Sn+41

to the discriminant situation, i.e., F,..., F, 1 specialize to 1 F, ..., 0, F, F respectively, and
the G;’s and H;’s specialize according to the truncations corresponding to si,...,8p41 = 5 —
1,...,8—1,s, as indicated in Paragraph (2.8). Thus, we consider the following specializations:

Res(Fl, N 7Fn+1) ~ Res(@lF, N ,8nF, F)
Res(G1,...,Gny1) ~ Res(01G,...,0,G,G)
redRes(Hy,...,Hy41) ~ redRes(1 H,...,0,H, H)

On the other hand, we have

(2.18.1) Res(O1F,...,0,F, F) = Disc(F) Disc(F)

(2.18.2) Res(01G,...,0,G, G) = Disc(G) Disc(G)

by Proposition (2.5). By definition, F' = F; and G = G, = F, and the result follows. We refer
to [4] for more details. O
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The following corollary is the general form of Salmon’s formula. As we will see in the next
section, Salmon’s formula is a particular form of the corollary in the case s = 2.

(2.19) Corollary. In the Zariski grading of Az as in Theorem (2.17), the discriminant Disc(F)
has valuation s(s — 1), and can be written as

(2.19.1)  Disc(F) = Disc(G) Disc(F)? redDisc(H) + (terms of Zariski weight > s(s —1)").

Proof. The only novelty with respect to the previous theorem is the expression for Dy (in the
notation of Theorem (2.17)) in terms of the reduced discriminant. By Definition (2.10), one has

redRes(01H, . ..,0,H, H) = Disc(F;) Disc(F) redDisc(H).
Thus, Equation (2.17.1) writes
Dy Disc(F;) = Disc(G) Disc(F;) Disc(Fy) Disc(Fs) redDisc(H)

which gives
Dy = Disc(G) Disc(F;)? redDisc(H)

as we wanted. O

We point out that, in the above, the factor Disc(Fs) comes once from Formula (2.17.1), where
it came from Formula (2.18.2) as Disc(G), and once from the definition of redDisc(H), which
explains the square in Formula (2.19.1). In the discussion following Definition (2.10) above,
we explained that, in that definition, Disc(Fy) is a geometrically meaningful term, as F; is the
equation of the tangent cone of V(H) at the origin, whereas Disc(F}) is a technical artefact. It
is thus fortunate that the latter term does not appear in Formula (2.19.1). Note that, indeed,
the factor Disc(Fy) in the definition of redDisc(H) cancels out with the same factor coming from

Formula (2.18.1) as Disc(F).

Corollary (2.19) provides an interesting connection between ordinary and reduced discrimi-
nants. As a first illustration of its interest, we give the following generalized weight properties
of the reduced discriminant, which generalize the computations of Example (2.16) to arbitrary
n.

(2.20) Proposition.
(2.20.1) In the grading of Az defined by weight(Uy) = av, the reduced discriminant redDisc}(F)
is homogeneous of degree

dd—1)"—(s=1)""[d((n+1)s+n—1) —ns(s+1)].

(2.20.2) In the grading of Az defined by weight(Uy,) = d—ay, the reduced discriminant redDisc}(F)
is homogeneous of degree

nld(d—1)" —s(s+1)(s — 1)""'].

Proof. In the two gradings of (2.20.1) and (2.20.2), the plain discriminant Disc(F’) is homoge-
neous. Thus all its summands are homogeneous, and in particular its piece of lowest degree in
the Zariski grading is homogeneous. We shall see that Disc(G) and Disc(Fy) are homogeneous
as well. Therefore, it follows from Formula (2.19.1) that redDisc(H) is homogeneous. Then it
is only a matter of computing its degree.

In the grading of (2.20.1), Discq(F') has weight d(d — 1)™ by by Proposition (2.6). One has
G = X§Fy+ X5 'Fy + -+ Fy and the coefficients of F; have weight d — i = (s —4) + (d — s),
hence Discy(G) has weight

s(s=1)"+(n+1)(d—s)(s—1)"
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by Proposition (2.6) and Corollary (2.7). The coefficients of Fy all have weight d — s, hence
Disc,(Fs) has weight

n(d —s)(s —1)"!
by the homogeneity property of the discriminant in Definition (2.2) and Corollary (2.7) (note
that Discs(Fs) is a discriminant for polynomials in n indeterminates, i.e., one less than Discy(F')

and Discg(G)). One thus finds, by the above Corollary (2.19), that redDisc(F') is homogeneous
of degree

did—1)"—s(s = 1)" = (n+1)(d—s)(s —1)" —2n(d — s)(s — 1)"*
=dd—1)"—(s=1)"[s(s— 1)+ (n+1)(d — s)(s — 1) + 2n(d — s)]
=dd-1)"—(s=1)""[d((n+1)s+ (n—1)) —ns(s+ 1)].

In the grading of (2.20.2), Disc(F') is homogeneous of degree nd(d—1)" by Proposition (2.6),

and Disc(G) is homogeneous of degree ns(s — 1)™ by the same result. In addition, all the
coefficients of F have weight s in this grading hence, by the homogeneity property given in

Definition (2.2), Disc(F;) is homogeneous of degree ns(s —1)"~1 (note that F is a homogeneous
polynomial in n variables only). Then the conclusion follows by a direct computation. O

For n = 1, the degree in (2.20.1) is
d(d—1) = [2sd — s(s+1)] =d® — (2s + 1)d + s(s + 1),

which agrees with (2.16.1), and the degree in (2.20.2) agrees with (2.16.2).

In the above paragraphs we have introduced the reduced discriminant and provided some
first properties that are sufficient for our purposes. A more detailed and complete study of this
new eliminant polynomial, including for instance its irreducibility and the geometric meaning
of its vanishing, in particular its connection to Milnor number, will appear in [3].

2.3 — Application to the Salmon Formula

We shall now see that Salmon’s formula (k) is a particular case of the decomposition formula
given in Corollary (2.19). We will then be able to generalize it to the case of a hypersurface in
arbitrary dimension.

(2.21) Original Salmon Formula. Let F(X,Y,Z) be the generic homogeneous polynomial
of degree d > 3, and set

F = XdFO +Xd71F1 +Xd72F2 + -+ XFy_ 1+ Fy,

1
Fy=U, (Y, Z)=SY +TZ,  F(Y,Z)= 5(AY2 +2BYZ + CZ?);

(we introduce a rational number in the definition of F5 to follow Salmon’s notation; this is
natural in terms of the Taylor—-Newton Formula of [XII, Paragraph ?7]).

We consider the truncation of F' at order d — 2 with respect to X, and the corresponding
Zariski grading. So, U has degree 2, S and T" have degree 1, and the coeflicients of the F},’s with
k > 2 have degree 0 (this includes the coefficients A, B, C'). We let

H=X%"2F+. ...+ XF; 1+ F; and G=X%F,+ XF, + F>.
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Then, Corollary (2.19) tells us that
(2.21.1) Disc(F) = Disc(G) Disc(F)? redDisc(H) + (terms of Zariski weight > 3).

Discriminants of quadratic forms are readily computed, see, e.g., [7, n°5 Exemple 6, p. 363],
which is based on Identity (2.2.1); one has

: A B
DISC(FQ):‘B C’:AC—BQ,
and
L uos T
Disc(G)==-|S A B|==(24ACU — AT? —2B*U +2BST — CS?).
201t B ¢ ?

Thus, Display (2.21.1) reads

Disc(F) = % (2ACU — AT? — 2B2U + 2BST — CS?) - (AC — B?)” - redDisc(H)
mod ((S,T)* +U(S,T) + (U?)).
Then, the specialization U = S = 0 yields
(2.21.2) Disc(F) = f%ATQ - (AC — B?)? - redDisc(H) mod (T?);
this is Salmon’s Formula (§\), with the normalization factor —1, and with ® = redDisc(H).

(2.22) Salmon Formula in arbitrary dimension. The Salmon Formula for the discriminant
of a plane curve can be generalized to the case of a hypersurface in a projective space of arbitrary
dimension as follows. In a suitable system of homogeneous coordinates, any hypersurface V(F') C
P™ has an equation of the form

d
(2.22.1) F(Xo, X1, Xp) =TX{' X0 4+ > X§TFF(X0, ..., Xa),
k=2
where for all k = 2,...,d, the polynomial F} is homogeneous of degree k in the indeterminates
X1,...,X,. This normal form merely imposes that the hypersurface V(F') goes through the
point (1:0:---:0) and that its tangent hyperplane at this point is given by X,, = 0. Applying

Corollary (2.19) as above, and setting H = 2222 XJ7*Fy, we find that
Disc(F) = Disc(T XX, + F3) Disc(F,)? redDisc(H) mod T3,

Let F5(X1,...,X,_1) be the homogeneous polynomial of degree 2 in the indeterminates
X1,..., X1 defined as

Fo(X1,..., X0 1) = F5(Xq,..., X,_1,0)
(beware the difference in notation with (2.5)). We have:
20(72) Disc(T X0 X,, + F»)
= Res(00(T X0 Xy, + F2), 01(T X0 Xy + F2), ..., On(T X0 X, + F2))
=Res(T Xy, 01F, ..., On1Fs, TXo+ 0, F2)

(2222) = 7R€S(TX0 + aan, 81F2, ey an,ng, TXn)
(2223) =-T. Res(TXO + 8nF2|Xn:O , 81F2|Xn:O g eeey 8n,1F2|Xn:O)
(2.22.4) = —T2.Res(81 F, ..., Oy 1Fp) = —200""22) T2 . Disc(Fy),

where:
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— the exponents a(n,2) and a(n — 2,2) are as defined in (2.2);

— (2.22.2) is obtained by [14, §5.8, Effet d’une permutation des polynomes|;

— (2.22.3) is obtained by [14, (5.13.5)];

— (2.22.4) is obtained by [14, §5.10, Formule de Laplace].

Alternatively, since the resultants above are resultants of homogeneous polynomials of degree
1 they may be computed as determinants, see [14, §5.3, Cas des formes linéaires], to the effect
that

o 0 .. . 0o T

0 [ O Py ]
(2225) Res(TXn, 81F2, ey 8n_1F2, TX, + Gan) = ,

0 [ On—1F» ]

T O P ]

where each “[ 9;F» |” denotes the line containing the n coefficients of 9; F5 in the indeterminates
X1,...,Xp; from formula (2.22.5) one may easily retrace the previous computations.

Either way, the upshot is that Disc(TXoX, + F») = —T?Disc(F) (note that a(n,2) =
a(n — 2,2)), and eventually we obtain the following generalized Salmon formula:

(2.22.6) Disc(F) = —T? Disc(Fy) Disc(Fy)? redDisc(H) mod T°.

In the situation of the original Salmon Formula above, one has F»(Y, Z) = $(AY? + 2BY Z +
CZ?%) and F»(Y) = $AY?, hence Disc(F,) = AC — B? and Disc(F) = 34, and thus the two
formulas (2.21.2) and (2.22.6) are coherent.

3 — Computation of the node-couple degree by elimination

In [17, §605-607], Salmon sets up the following strategy to compute the number of 2-nodal
curves in a general net of hyperplane sections of a smooth (hyper)surface S C P3. For p’ € S
and p” € T, S — {p'}, consider the pencil (p’,p")*+ C P3 of (hyper)planes containing p’ and
p”. Tt cuts out d¥ = deg(S") points on the dual surface SV, counted with multiplicities, which
correspond to planes tangent to S. Among these, T,/.S counts doubly if it is a plain tangent
plane, and triply if it is plainly bitangent.

Indeed, the line (p’,p”)* is contained in the plane (p’)*, hence tangent to SV at the point
(T, S)t € SV. If the plane T,/ S is plainly bitangent to S, then (T, S)* is a general point on
the ordinary double curve of SV, and the line (p’,p”)* is tangent to one of the two transverse
sheets of SV at (T, S)*. The idea is then firstly to determine the conditions on p’ for T, S
to count with multiplicity greater than 2 in (p/,p”)*, and secondly to sort out the various
corresponding geometric situations. A key element to carry this out is the famous formula (k),
another one is the elimination procedure (3.2).

We work out Salmon’s procedure in subsection 3.2, and in subsection 3.3 we show how it
carries over for hypersurfaces in a projective space of arbitrary dimension. From now on, we
work over an algebraically closed field k of characteristic 0. We use freely the theory of polarity,
on which there is a recap in the previous chapter [XII, Appendix A].

3.1 — An elimination trick

This section is dedicated to an elimination trick due to Salmon, see [17, §606]. It is the main
technical device that he uses to conduct his study of pencils of planes orthogonal to a tangent
line, which eventually gives the node-couple degree. We advise the reader to skip this section



254 C. Generalized weight properties of resultants and discriminants

in first reading and move on to Section 3.2 where the general picture of Salmon’s approach is
given, and to come back here only when needed.

(3.1) We let k be an algebraically closed field of characteristic 0, and consider a smooth, degree
d, surface S C P? defined by a homogeneous polynomial F' € k[X,Y, Z, W]; we set

Ts={@.,p"):p €Sandp” € TyS} C P> xP?

Let @ 4 (p) be a trihomogeneous polynomial in the sets of variables (p',p”,p) € (k*)3, of
tridegree (A, u, p) for some non-negative integers A, u. Assume that for all (p’,p”) € Ts, p’ # p”,
the hypersurface V(®; ;) C P? consists of x planes, counted with multiplicities, all containing
the line (p’, p’").

(3.2) Theorem. Let p' be a point of S. The following assertions are equivalent:
(1) there exists p” € Ty S—{p'} such that the tangent plane T S is a component of V(®p pr);
(it) for all p” € TS —{p'}, Tp'S is a component of V(®p 51).
Moreover, there exists a homogeneous polynomial G € k[X,Y, Z, W] of degree A+ (d — 2)p such
that (i) and (i) are equivalent to:
(iii) p' lies on the hypersurface V(G) C P3.

We need some preparation for the proof. We begin with the following characterization of
the non-emptiness of the intersection of two lines in P2, one given parametrically and the other
defined by equations.

(3.3) Lemma. Let L', L" € k[X,Y,Z, W] be two linear functionals, and p',p" € k*. The
intersection of the two lines V(L', L") and (p',p") is non-empty if and only if

vanishes.

Proof. The line (p,p”) is the image of the map P' — P?3 defined by the linear map (u,v) €
k2 — up’ + vp” € k. Therefore, the lines V(L', L") and (p/, p") intersect if and only if the two
polynomials L' (up/ +vp”) and L” (up’ +vp”) share a common root in P1. These polynomials are
linear forms in w,v, and the polynomial Dy r~(p’, p”) is the determinant of the corresponding
linear system. [l

For all L', L”, Dy 1 is a bihomogeneous polynomial in the two sets of variables (p’, p”), of
bidegree (1,1) and anti-symmetric; this implies that it is irreducible.

(3.4) Lemma. For general linear forms L',L", the intersection in P> x P3 of Ts and the
hypersurface V(Dy/ 1) is integral.

Proof. A natural idea is to try and prove the lemma as an application of Bertini’s theorem. It is
however delicate to proceed this way, as for instance the map defined on P? x P2 by the linear
system of anti-symmetric forms of bidegree (1, 1) is certainly not generically finite, and even less
so the map defined by the system of all Dy 1. We will thus rather prove the result by hand.

Let us first note that as L', L” range through all linear forms, the bihomogeneous forms
Dy 1 cover all rank 2, bilinear, anti-symmetric forms. This is a direct calculation: for

L'=AX+BY+C'Z+D'W and L'=A"X+B"Y+C"Z+D"W,
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DL’,L” is the bilinear form

X' X" 0 U01 U02 U03 X"
Y’ \ ! 1 ! ! *U01 0 U12 U13 Y”
VA ) VAL — (X 7Y ) Z 7W ) _U02 _U12 0 U23 7"
w’ w” —Ups —Uizs —Uss 0 w"

where the coefficients U;; are the six 2 X 2 minors of the matrix
A B C D
<AI/ B/I C/I DI/> .

It follows that the only relation between the coefficients U;; is the vanishing of the Pfaffian of
the anti-symmetric matrix (U;;), i.e.,

Uo1Uaz — Up2U13 + UpzUi2 = 0

(this is the Pliicker equation of the Grassmannian Gr(2,4) in P?).

Now to the lemma. Projection on the first factor in P? x P2 makes 75 a P2 bundle over S:
for all p’ € S, the fibre over p’ is the zero locus of the linear form D,/ F' (the differential of F, a
defining equation for S, at the point p’; it is non-zero as we assume that S is smooth). Similarly,
for all p’ € P? the fibre pry ! (p') N V(Dy 1~) is the zero locus of the linear form Dy v (p', ),
which is either a hyperplane or the whole P3. We claim that for general L', L”, the intersection
TsNV(Dy/ 1) is the closure of a P'-bundle over an open subset of S, which implies at once that
it is irreducible. Moreover, this implies that the intersection 7g N'V(Dy/ 1) is fibrewise over S
a transverse intersection of hyperplanes, and therefore it is reduced. Thus the claim proves the
lemma. To prove the claim it suffices to show that, for general L', L”, the set of points p’ € S
such that the linear form Dy r»(p’, ) is a multiple of D, F' has dimension 0; in particular,
the intersection 75 NV (D ) cannot have any irreducible component generically a P?-bundle
over a curve in S.

The claim follows from explicit computations. The two linear forms D, (F) and Dy . (p', )
are, in coordinates,

X" T 0 Uo1 Us2z  Ups

Yy” —Upi 0 Uiz Ui

/ / / /

(OxF (@), Oy F(p), 9zF (), dwF(p')) and | , U Ui 0 U
w” —Upz —Uiz —Uzz 0

Both have the line p’ C k* in their kernel, so we consider the corresponding linear forms on the
quotient k* / p’, given by line matrices with three entries; up to a linear change of coordinates
we may assume that p’ = (0:0:0: 1), in which case we are simply forgetting the last entry in
the two above line matrices. The claim then boils down to the fact that the three 2 x 2 minors
of the 2 x 3 matrix obtained by concatenating the two line matrices corresponding to D, (F')
and Dy #(p’, ) define a locus of codimension at least two on S, for general L', L”. Since
everything is explicit, one may observe that for a general choice of L', L”, any two of these three
minors have no common factor, which proves the claim. We believe it is best to let the reader
write down this elementary verification on her or his own. O

(3.5) Proof of Theorem (3.2). The proof is based on the fact that T,/.S is a component of
V(®, ) if and only if, for all line A C P? the intersection L N T, SNV (P, ) is non-empty;
a moment of thought should convince the reader that this fact is indeed true. Then the idea is
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to consider a suitable resultant to express this fact, and to factor a power of Dy .~ (p’,p”) out
of this resultant.

Consider T,y = DPF(p') as a trihomogeneous polynomial of tridegree (d—1,0,1) in (p/, p”, p).
Let L', L" € P? be two generic linear forms in p, and consider the line A = V(L/, L") in P3. Tt
intersects T, S NV (P, ) if and only if the resultant

R= Res(Tp ,(I)p p//,L/ LN)

with respect to the set of variables p, vanishes. It follows from the homogeneity properties of the
resultant, see Theorem (1.6), that R is a multi-homogeneous polynomial in the sets of variables
(L', L",p',p"), of multi-degree (u, p, u(d — 1) + A, ).

For a given (p/,p”) € Ts, the polynomial ®, .~ splits as the product of p linear forms
@;’,p”’ i=1,...,u, that all vanish along the line (p’, p”’). Although this splitting may not exist
globally over Tg (in other words the factors @;/717// may not be polynomials in (p’,p”)), there

exists a global splitting over a finite cover Tg of Tg? (in other words the factors @; p have their
coefficients in a finite extension of k[p’, p”’]). Then, by the multiplicativity property, see [14, § 5.7,
p. 154], the resultant R splits as the product of the u resultants R; = Res(T}, <I> o LS LY.
By Lemma (3.3), for all i the resultant R; vanishes wherever D 1,1 vanishes on 73, or rather

on Tg, as both forms Ty and <I>  vanish along the line (p’,p”). By Lemma (3.4), this implies
that Dy~ divides R; as a funct1on of (p',p") € Ts. Eventually, the upshot is that (D )"
divides R, and since both Dy 1~ and R are well-defined as functions of (p’,p”) € Tg, so is the
quotient. Therefore, there exists a multi-homogeneous polynomial R’ in the sets of variables
(L', L"”,p',p") such that after restriction to P? x P3 x Tg one has R = (D))" R'. Computing
degrees, one finds that R’ has multi-degree (0,0, u(d—2)+ X,0) in (L', L”,p’, p"), which proves
the theorem. |

3.2 — Study of a pencil of planes orthogonal to a tangent line

(3.6) General setup. We recall that k is assumed to be an algebraically closed field of char-
acteristic 0. We let S C P2 be a smooth surface of degree d, defined by a homogeneous polyno-
mial F(X,Y, Z,W). We consider generic 4-tuples p' = (X', Y', Z', W'), p" = (X", Y", Z", W"),
p = (X,Y,Z, W), and call p,p”,p the corresponding points in P3 (beware the unusual dis-
tribution of the prime decorations). The choice of p’,p”,p defines a system of homogeneous

3 let us briefly recap how such a finite cover may be constructed. The family of planes defined over Tg by
&,/ pv corresponds to a subscheme P of Tg X P3 with the first projection inducing a degree p map P — Tg.
Our goal is to show that there exists a base change Ts — Tg such that P XTg T splits as 1 copies of Ts. As a
first step, we consider the following (somewhat absurd non-sensical) base change.

Pxyy P —>P

v v

P—1Ts

The diagonal A provides a section of the degree p map P x4 P — P, hence P x7, P splits as A + P’ where
P’ comes with a degree  — 1 map to P. Then, by induction on j, one may construct a finite cover P — P such
that P’ xp P splits as u — 1 copies of P, hence P X Tg P splits as p copies of P. Thus P is suitable as the Tg we
were looking for. We point out the (non-accidental) similarity of this construction with that of a splitting field
for a given polynomial P in one indeterminate X. The first base change in our construction is the analogue of
the field extension k[X]/(P). Also note that, in general, the map Tg — T will have degree u!.
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coordinates (a : 8 : ) on the plane (p/,p”, p) generated by p’, p” and p. We consider

def. N N ~
fla, B,7) = F(ap' + Bp" +vp)

5/ 5 1 Al ~
= o F(p) + a1 DI R(p) + —adm2 . DB P(5) mod (B,7)
(3.6.1) o 2
=a® F(p) + o (BDP F(p') + yDPF ()

1 _ 12 R 7N N 52 ~
+ 502 (BPDPTF () + 269DP PF(F) ++4°DP F(§)) - mod (8,7)°.

Considered as a homogeneous polynomial in the variables (o, 8,7), this is the equation of the
hyperplane section of S by (p’,p", p).

(3.7) Degree of the dual surface. As a warm-up, let us derive the degree of the dual surface
SV C P3 of S from the relevant homogeneity property of the discriminant. We specialize p, p
to two general points of Pf’(. Then the coefficients of f(«, 3,7) are polynomials in the set of
indeterminates p' = (X', Y’, Z/,W’), and so is the discriminant Disc(f) with respect to the
variables «, 3,7. The latter vanishes at a point p’ € P3 if and only if the plane (p/,p”,p) is
tangent to S. Thus the zero locus V(Disc(f)) C P} is the union of all planes tangent to S
and containing the line (p”, p); in particular the degree of Disc(f) (as a polynomial in p’, what
else?) is the number of tangent planes to S containing the line (p”,p), which is the degree of
the dual surface SV C P3. This is also the number of points in the intersection of SV with the
line (p”,p)L C P3, the latter parametrizing planes passing through p” and p.

The coefficient of f(a,3,7) in a®B°y¢ is a polynomial of degree a in the set of indetermi-
nates p’, as can be seen on the Taylor-Newton expansion, the first terms of which are given in
Display (3.6.1). Therefore, by Proposition (2.6.1), the discriminant Disc(f) is homogeneous of
degree d(d — 1)2 in §/, and the dual surface SV has degree d¥ = d(d — 1)2 in P3.

(3.8) Remark. If we let all three points (or 4-tuples) p’, p”, p be generic, then Disc(f(«, 8,7))
is tri-homogeneous with respect to the three sets of indeterminates p’, p”, p, of tri-degree

(d¥,d",d") = (d(d—1)2 d(d—1)2,d(d—1)?),

as follows from the above analysis. Note that obviously p’,p”,p play symmetric roles in the
definition of f.

In order to enumerate bitangent planes, we will take points p’, p”” such that the line (p’,p”)
is tangent to S at p’, and consider a reduced discriminant of the corresponding f(«, 8,7). Thus
we need to specialize our setup a little.

(3.9) The “tangent line” setup. In the situation set-up in Paragraph (3.6) above, we special-
ize p’ to the general point of S, and p” to the general point of T}/ S. Then F(p') = Dﬁ”F(ﬁ’) =0,
so (3.6.1) reduces to

(3.9.1) flo, B,y) = Ta® 1y + %ad_Q(AﬂQ +2BBy+Cv%)  mod (3,7)°,

where T' = Dy f('), A = Dp2 f(§'), B = Dprpf(p'), C = D2 f(p’). Note in particular that,
as homogeneous polynomials in the set of indeterminates p = (X,Y, Z, W), T and C are the
equations of the tangent plane TS, and the polar quadric D2S(p’) of S at p/, respectively.

We consider the discriminant of the plane curve S N (p/,p”,p), ie., the discriminant of
f € Ala, B,~] with A =k[X,Y, Z,W]; by Formula (k), or rather Formula (2.21.2), it writes

(3.9.2) Disc(f) = 7% T?(A(B? — AC)?® +TV), with & = redDiscj(f).
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As explained in the previous paragraphs, it vanishes if and only if the plane (p’,p”, p) is tangent
to S; It is a trihomogeneous polynomial in the variables p’, p” and p; as a polynomial in
p, it vanishes along the dV planes (counted with multiplicities) tangent to S in the pencil
(p',p")= C P3 of planes containing the line (p/, p’) C P3.

(3.10) Remark. The fact that T2 factors out of Disc(f) gives an algebraic proof of the fact
that the tangent plane T,/ S appears with multiplicity > 2 in the scheme (p/,p”)* N SY; or
rather, the point (T, S)* € P3 appears with multiplicity > 2 in the scheme (p/,p”)* N SV.

In other words, if a line A C P3 is tangent to S at some point p, then the line AL C P3 is
tangent to the dual surface S¥ at the point (T,S)*.

Salmon’s idea is that if the tangent plane TS is also tangent to S at some point different
from p’, then it should appear with multiplicity > 2 in (p/,p”)* N SV; equivalently, Disc(f)
should be divisible by T2 in the above setup.

Therefore, we shall now discuss the various possibilities for T' to divide A(B? — AC)? @, in
the notation of Equation (3.9.2).

(3.11) Vanishing of A and biduality for inflectional tangents. The polynomial A has
degree 0 in p, therefore it is divisible by T' if and only if it is identically zero. By definition
A=DP" f ('), so its vanishing is equivalent to the point p” being on the polar quadric DS
of S at p’. Since p” € T,/S, this in turn is equivalent to the line (p’,p”’) being one of the two
inflectional tangents of S at p’ (i.e., the two lines A having intersection multiplicity with S at
p’ at least 3; in symbols, i((p’, p"), S)y = 3).

We thus find an algebraic proof of the fact that

it i((p,p"),5), >3, then i((t),p")",5Y) (g 50 =3,

which is a manifestation of biduality. Geometrically, if a line A C P3 is an inflectional tangent
to S at p’ (i.e., L is the tangent line to one of the two local branches of T;,SN S at p’), then its
orthogonal A+ C P3 is an inflectional tangent to SV at the point (T, S)".

As a side remark note that when A = 0, all the curves cut out on S by a member of the
pencil (p’,p”)* have an inflection point at p'.

(3.12) We shall analyze the divisibilities of B? — AC and ® by T using Theorem (3.2). To
see that the latter result indeed applies, we note that for (p’,p”) € Ts (see the notation in
Paragraph (3.1)), the discriminant in Display (3.9.2), T?A(B? — AC)?® + T3V, defines as a
homogeneous polynomial in the variable p a hypersurface consisting of d¥ planes, counted with
multiplicities, all containing the line (p’,p”). This implies that so does its homogeneous piece
of lowest degree with respect to any grading, as the piece of lowest degree of a product is the
product of the pieces of lowest degree. For the Zariski grading, see subsection 2.3, the piece of
lowest degree of the discriminant is 72 A(B? — AC)?®. The upshot is that T2A(B? — AC)?®,
as a polynomial in p, defines a sum of planes, all containing the line (p’, p”), which implies that
so do all the factors T, 4, B> — AC, ®.

Note that this is obvious for 7', which defines the plane T,/S. The polynomial A, on the
other hand, is independent on the variable p, hence defines either the whole space, or the empty
set.

(3.13) Divisibility of B2 — AC by T and biduality at parabolic points. The polynomial
B? — AC is tri-homogeneous of tri-degree (2(d — 2),2,2) in the variables (p/,p”,p). By The-
orem (3.2), which have seen in Paragraph (3.12) above can be applied in our situation, there
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exists a homogeneous polynomial H of degree 4(d — 2) in the variable p’, with constant coeffi-
cients, such that for fixed p’ € S and p” € T, S, T divides B?> — AC as polynomials in p if and
only if H(p") = 0.

The polynomial H is, in fact, the Hessian determinant. Indeed, it follows from (3.9.1) that
the tangent cone of the section of S by its tangent hyperplane at p’, ST, S, is defined by the
quadratic form given by the symmetric matrix

(5 )

Thus, B? — AC is zero modulo T if and only if the curve S N T,.S has a degenerate tangent
cone at p’, i.e., p’ is a parabolic point of S.

Geometrically this is explained as follows. If p’ is a parabolic point of S, then the point

(T, S)* € P? sits on the cuspidal double curve of SV, and for p” € TyS — {p'}, the line
(', p")t C P? is contained in the tangent cone of SV at the point (T, S): € P3, hence
(@) S ), 5 = 3.
(3.14) Divisibility of the reduced discriminant ® by 7. The discriminant in Display (3.9.2)
is tri-homogeneous in the variables (p’,p”,p) with respect to the standard grading, of degree
dV = d(d — 1)? with respect to all three variables, as we have observed above. This implies
that also the homogeneous piece of (3.9.2) of lowest degree with respect to the Zariski grading
is tri-homogeneous of tri-degree (d¥,d",d") for the standard grading. Moreover, T, A, and
B? — AC have respective tri-degrees (d — 1,0,1), (d — 2,2,0), and (2(d — 2),2,2) in (p,p",p).
Thus, computing degrees, one finds that ® has tri-degree (A, p, ), with

A= (d—2)(d*—-6) and p=d>—2d*>+d—6.

Since @ is redDiscﬁ(f) with respect to the indeterminate «, and the coefficient of f(a, §,7v) in
a®BP~¢ is a polynomial of degree a in the indeterminates p’, the fact that ® is homogeneous in
p’ and its degree follow directly from Proposition (2.20.1); to wit, in our situation the degree in
Proposition (2.20.1) reads

d(d—1)* = [Td —12] = d* — 2d* — 6d + 12 = (d — 2)(d* — 6).

The homogeneity and degrees in p and p”’ however do not directly follow from Proposition (2.20),
as for instance the coefficients in A3? +2BB7v+ C~? do not all have the same weights in p or p”.
It is noticeable that T2 A(B? — AC)? is homogeneous in p and p” because the weights of 7% and
A balance each other; this is a very elementary reason why 7" “should” appear with a square in
Formula (3.9.2). The degree of redDisc3(f) with the weights as in Proposition (2.20.2) is

2[d(d —1)* — 6] = 2[d* — 2d° + d — 6],

and one observes that its degrees in p and p” respectively are one half of this, thus this degree
“distributes equally” between p and p”.

In conclusion, it follows as in Paragraph (3.13) from Theorem (3.2) that there exists a
homogeneous polynomial K of degree (d — 2)(d® — d*> +d — 12) in the variable p/, with constant
coefficients, such that for fixed p’ € S and p” € TS, T divides ® if and only if K(p’) = 0.

We have thus arrived at the following statement.

(3.15) Theorem. Let S be a smooth, degree d, surface in P3. There is a hypersurface V(K)
of degree (d — 2)(d® — d? + d — 12), the intersection of which with S is the locus of tangency
points of planes bitangent to S.
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It has to be recognized that the proof given above of the latter statement rests on the not
fully justified fact that T divides ® = redDisc(f) if and only if the tangent plane TS is also
tangent to S at some additional point. The “if” part is established, see, e.g., [XII, Theorem ?7)
due to Dimca, but what is really needed is the “only if” part. Evidence in favour of that assertion
is provided by the irreducibility of the reduced discriminant ® (which, as already mentioned,
follows from the fact that the reduced discriminant is a toric discriminant; see also [3]).

(3.16) Corollary. The ordinary double curve of the dual surface SV has degree d(d —1)(d —
2)(d® — d* +d — 12).

Proof. Let p” € P3 be a general point. The locus of those points p’ € S such that there exists
a plane through p” tangent to S at p’ is the apparent boundary DP'S$ N S. Therefore, by
Theorem (3.15), the locus of points p’ € S such that T,/ S is bitangent and passes through p”
is D,»SNSNV(K). Now for each bitangent plane there are two tangency points p’, so the
number of bitangent planes passing through p” is

1 1/
3 deg(S) - deg(DP S) - deg K.

3.3 — Generalization to hypersurfaces of arbitrary dimension

In fact, Salmon’s procedure works in arbitrary dimension, using the generalization (2.22.6) of
formula (k) The arguments are direct generalizations, so we are going to be sketchy.

(3.17) Let V = V(F) be a smooth hypersurface of degree d in P", and consider n points
P1y---sPn_1,p (or rather tuples p1,...,Pn—1,p € k"), The points p1,...,pn—1 (if in linear
general position) define a pencil of hyperplanes in P™, and for all p (not in (p1,...,pn-1)), the
tuples p1,...,Pn—1,p define a system of homogeneous coordinates (g : ... : @p—1 : @) on the
member Hj, of the pencil determined by p, i.e., (p1,...,Pn—1,p). In this system of coordinates,
the hyperplane section H, NV is the zero locus of the polynomial

def. N A A
f(alv'- .,Oénfl,Oé) ; F(alpl + - "+05n71pn71 +Oép)

d
1 - aapattap)® 5
= Eail kplezpatotan)” pp ).
k=0

We shall assume that p; € V and po,...,pn—1 € T}y, V, equivalently

F(p1) =D"F(p1) =---=D"""F(p;) = 0.
Then,
1
flaa,...,ap_1,a) = Taililoﬂr 5043172]:2(042, o o, a)  mod (ag,. .., )

where T = Dyf(p1) and fa(ag,...,an, @) = D@P2t+aD)’ B(5)) By Formula (2.22.6), the
generalization of (&), one has

Disc(f) = T? - Disc(fs) - Disc(f2)? - ®  mod T3,

with fo(ag,...,an) = fa(ao,.. .y, 0) and © = redDich(f). Our task is to analyze the
divisibilities of Disc(f2) and ® by T (fz has degree 0 in p, hence T' divides Disc(f2) if and
only if Disc(f2) = 0).
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(3.18) Theorem (3.2) (Salmon’s elimination trick) generalizes as follows. Given n — 1 linear
forms Lq,...,L,—1 € P", the line V(L4,...,L,_1) intersects the (n — 2)-dimensional linear
space (p1,...,pn—1) if and only if

def.
Dp,itn i (D1, Pn—1) =" det (Li(pj))lgi,jgn_l

vanishes.
Let
Tv = {(p1,--spn_1) € P :ipr €V and pa,...,pn1 € Ty, V},

and consider a multihomogeneous polynomial ®,, . . ,(p) of multidegree (A, , ..., ) in the

sets of variables p1, ..., pn—1,p, such that for all (p1, ..., pn—1) € Tv, the hypersurface V(®p, . p, )

consists of y hyperplanes, counted with multiplicities, all containing the (n—2)-plane (p1, ..., pn—1)-
Then, the locus of those p; € V such that there exist ps,...,pp—1 € Tp, V such that T, X

is a component of V(®,,, . ,. ) is cut out on V by a hypersurface of degree A + u(d — 2).

One may then argue as in (3.12) to analyze the divisibilities of Disc(f2) and ® by T.

(3.19) For Disc(f2), we find as before that it is divisible by T if and only if p; lies on the
Hessian hypersurface of V, since fo (mod T') defines the tangent cone at p; of the tangential
hyperplane section Tp,, VNV, hence Disc(f2) vanishes modulo T if and only if the latter tangent
cone is singular, i.e., if and only if p; is a parabolic point of V.

And indeed Disc(f2), being the determinant of the symmetric matrix

D) F(py) .- DPPe-iF(py)  DPPF(py)
DPr-1P2 F(py) .- D(pnfl)ZF(pl) DPr=1P F(p,) ’
DPP2 F(py) ... DPPr-1F(py) DPZF(pl)

has multidegree ((n —1)(d —2),2,...,2) in p1,...,pa—1,p, so the argument of (3.18) produces
a homogeneous polynomial H of degree

(n—=1)(d—-2)+2(d—2)=(n+1)(d-2)
in the variable p;.

(3.20) The analysis of the divisibility of the reduced discriminant ® by T', on the other hand,
gives rise to the couple-nodal polynomial K.

Let us first compute the multidegree of ® in the variables pi,...,pnp—1,p. This goes as in
Paragraph (3.14). First of all, Disc(f) is n-homogeneous of n-degree (d¥,...,d¥)inp1,...,pn_1,D,
with d¥ = d(d — 1)"~!, hence so is its homogeneous piece of lowest degree with respect to the
Zariski grading

T? Disc( f2) Disc(f2)? ®.
On the other hand, T has n-degree (d — 1,0,...,0,1), while Disc(f2) has n-degree ((n — 1)(d —
2),2,...,2) as we saw in Paragraph (3.19) above. The same computation gives the n-degree of

Disc(f2), namely ((n —2)(d —2),2,...,2,0). Eventually, one finds that ® has degrees
df(d—1)""'=1] =3(n—1)(d—2) and d(d—1)""'-6

in p1, and po,...,pn-1,p, respectively (note that the former degree is divisible by d — 2). As
in Paragraph (3.14), the degree in p; of redDisc3(f) is given by Proposition (2.20.1), while the
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degree with respect to the grading of Proposition (2.20.2) is equally distributed between the
degrees in po, ..., pn_1,p respectively.

Eventually, by the result in Paragraph (3.18), there exists a polynomial K in p;, homogeneous
of degree

d-1)" -1

d(d—1)"—1] 73(n+1)(d72):(d72)<d~ —

such that T divides ® = redDisc’(f) if and only if p; € V lies on the hypersurface V(K). We
call K the couple-nodal polynomial. One thus obtains the following result.

(3.21) Theorem. Let V be a smooth degree d hypersurface in P™, n > 1. The number of
hyperplanes bitangent to V passing through n — 2 fized general points in P™ is

Lo (@—1 -1
Sdd—1) (d—2)(d- e

—3(n+ 1)).
For n = 3 one recovers Theorem (3.15), and for n = 2 the number of bitangents to a smooth
plane curve of degree d, viz.

%(dv S 1)(dY —2) - 3d(d—2) — %(d S )d-2) = %d(d— 2)(d — 3)(d + 3).

4 — Number of bitangent lines and generalizations

In this section, we elaborate on the computation by Salmon of the number of bitangent lines
to a surface in P? passing through a general point. We give his proof in Section 4.1, and
a generalization to hypersurfaces in P™ in the next Section 4.2. These proofs only involve
the reduced discriminant of polynomials in two indeterminates, which is easily expressed as a
plain discriminant, see Example (2.16). We give however another generalization in Section 4.3,
for which it is necessary to consider reduced discriminants of polynomials with an arbitrary
number of indeterminates. The two statements of Sections 4.1 and 4.2 are instances of a vast
generalization by Fehér and Juh&sz [9], which is described in [XIII, Theorem ?7].

4.1 — Number of bitangent lines

The Grassmannian of lines in P3 has dimension 4. Passing through a fixed point imposes 2
conditions to a line in P3, and being tangent to a surface (at an unprescribed point) imposes
1 condition, so one expects finitely many bitangent lines to a surface passing through a general
point in P3. In this subsection we prove the following, along the lines of [16, §279].

(4.1) Theorem. Let S be a smooth surface of degree d in P3, and p € P® a general point. The
number of lines bitangent to S and passing through p is

(4.1.1) %d(d— 1)(d - 2)(d —3).

Salmon’s strategy is similar in spirit to that exposed in subsection 3.2. The fundamental
fact is the following. Consider as before

Ts={W,p")eP*xP?:p e Sandp” € TyS—{p'}};

equivalently, (p’,p”) is in Tg if and only if (p’,p”) is a line, tangent to S at p’.
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(4.2) Proposition. There exists a polynomial R, bihomogeneous in p’,p"” with respective degrees
(d—2)(d—3) and (d + 2)(d — 3), such that the locus of points (p',p") € Ts such that the line
(p',p") is bitangent to S is cut out on Tg by V(R).

Proof. Let F be an equation of S C P3. For (p/,p"”) € Ts, we consider the homogeneous
polynomial in («, )

fle, B) = Flap' + Bp")
_ OzdF(p/) + adflﬂDp”F(p/) + %ad—zﬂQD(p”)zF(p/) N BdF(p//)

(4.2.1) =32 (%ad*QD(p”)QF(p/) NI ﬁd72F(p//))

(this is an abuse of notation: actually one should consider two liftings p’, 5" € k* of p’ and p”
respectively, and F(ap’ + 5p”)); the last equality comes from the fact that (p’,p”) is tangent
to S at p’. Let "f(a,3) be the homogeneous polynomial of degree d — 2 between parentheses
at the right-hand-side of (4.2.1). The line (p/,p”) is a bitangent to S if and only if °f has a
multiple root, so the polynomial R we are looking for is merely the discriminant of °f which is
none other, up to sign, than the reduced discriminant of f, as noticed in (2.16).

Now, the polynomial f is of the form

fle,B) =p* (a2 2 +aza® 3B+ aq B47?)

where the coefficients a; are homogeneous in p’ and p” of degrees d — 7 and 7 respectively.
Therefore, we deduce from Example (2.16) (see also Proposition (2.20)) that redDisc(f) has
degrees (d—2)(d—3) and (d+2)(d—3) in p’ and p” respectively, which concludes the proof. O

(4.3) Remark. The degree of redDisc(f) in p”’ may be computed alternatively as follows. The
plane curve Cp := T(/SNS has in general a double point at p’, and what we want is the number
of lines in T,/ S passing through p’ and tangent to Cp at some other point. This is the number
of ramification points of the projection of C,/ from p'; the latter is a (d —2) : 1 map C, — P?,
where C_'p/ denotes the normalization of C) at p’, so it follows from the Riemann-Hurwitz
formula that the number of ramification points equals

29(Cp) —2+42(d—2)=((d—1)(d—2) —2) —2+2(d—2) = (d+2)(d — 3)

as required.

We were not able to find, on the other hand, a geometric argument to compute the degree
in p’ in a comparable fashion. We wonder wether there is an explanation to why this degree
(d—2)(d—3) is so nice, in particular in its role in (4.1.1). It is conceivable that it has something
to do with the degree of the dual to a smooth plane curve of degree d — 2.

Proof of Theorem (4.1). Let p € P3 be a general point. The locus of those points p’ € S such
that (p’,p) € Ts (equivalently, p € T}, S) is the apparent boundary D?S N S. Among these
points p’, the locus of those p’ for which the line (p,p’) is a bitangent to S is cut out by V(R),
where R is the polynomial of Proposition (4.2); it is therefore a complete intersection in P3 of
type (d,d—1,(d—2)(d —3)). One concludes by observing that there are two points p’ for every
bitangent line to S passing through p. (]

4.2 — A generalization in arbitrary dimension

The following is a fairly direct generalization of Theorem (4.1); as we will see the proof is almost
identical to that of Salmon for n = 2 described in the previous subsection.
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(4.4) Theorem. Consider an integern > 3. Let V be a smooth hypersurface of degree d > n+1
in P™, and p be a general point of P™. The number of lines passing through p and with two
contact points of orders 2 and n — 1 respectively is

(4.4.1) IT_ @-*.

To be precise, the lines under consideration in the above statement are those lines L in P"
such that the intersection scheme of L with V has the form

LNV =2p1+(n—1)p2+p3+ -+ pa—ny1-

For n = 3 this would be bitangent lines as in Theorem (4.1); the reason why we assume n > 3
above is because if n = 3 the number (4.4.1) actually counts ordered pairs of points (p1,p2)
such that (p1,p2) is a bitangent line, so that the number of bitangent lines is only one half of
the number (4.4.1), as we have seen indeed in Theorem (4.1).

The family of lines in P™ passing through p has dimension n — 1: indeed, a line containing p
is uniquely determined by the datum of a point in the projective quotient P™/p.* On the other
hand an order 2 contact (i.e., an ordinary tangency) is 1 condition, and an order n — 1 contact
is n — 2 conditions. It is thus expected that the number of lines as in the theorem be finite.

Proof of the theorem. Consider
Tv={@.p")eP"xP": p'eV, p'eDy,VN---NDyn-2V, and p’ #p'}:

the pair (p',p”) is in Ty if and only if (p, p”) is a line, with contact of order n — 1 with V at p’,
see [XII, Theorem ??]. For (p',p”) € Ts, we consider the homogeneous polynomial in («, 3)

fle, B) = F(ep' + Bp")
— adF(p/) + ad_lﬁDqu(pl) + %ad—Q/BQDI)HZF(p/) 4t BdF(p”)
1

(4.4.2) — gr1 (mad_nHDp

11m—1

F(p/) 4ot Bd_n+1F(p/I)),

and denote by °f (o, B) the degree d—n+1 polynomial between parentheses in the last expression.
The line (p/,p”) has an additional tangent point with V if and only if the discriminant of °f
vanishes. For alli =n—1,...,d, DPMF(p’) has degree i in p” and d — ¢ in p’. Therefore, by
Example (2.16), Disc(’f) has degree (d —n + 1)(d —n) in p'.

Now, the locus of those points p’ € V such that (p’,p) € Ty, i.e., such that the line (p,p’) has
contact of order n—1 with V at p/, is the intersection VADPV - --NDP" "~ (see [XII, Theorem ??],
or recall [XII, Display ??]), which is the complete intersection of n — 1 hypersurfaces of degrees
d,d—1,...,d —n + 2 respectively. By the first part of the proof, those p’ such that the line
(p,p’) has an additional contact of order 2 are cut out in this complete intersection by an n-th
equation, of degree (d —n + 1)(d — n). One thus gets a 0-dimensional complete intersection of
degree

dd=1)---(d—n+2)[(d=n+1)(d—n)],

which is isomorphic to the family of lines we are interested in. O

4 this abusive but suggestive notation has the following meaning: if P* = P(k"*1) and p € k™! represents
p € P™, then P™/p stands for the (n — 1)-dimensional projective space P(k”+1/(13)).
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4.3 — A dual generalization in arbitrary dimension

The family of codimension 2 linear subspaces A C P passing through n — 2 points p1,...,pn—2
in linear general position is isomorphic to P?: indeed, such a linear subspace A is uniquely
determined by the datum of a point in the 2-dimensional projective quotient

Pn/<p15 s 7pn72>

(i.e., P(K" ™! /(p1,...,Pn—2), see footnote 4). Besides, the Grassmannian of codimension 2 linear
subspaces in P™ has dimension 2(n — 1), and in this codimension passing through a given point
is given by two independent linear conditions.

In P"/(p1,...,pn_2) = P2, those A that are tangent to V at one point are parametrized by
a curve C, and those that are bitangent to V' (i.e., tangent at two points) are finitely many. The
degree of C is readily computed; the theorem below gives the number of bitangent codimension
2 linear subspaces.

In Paragraph (4.6) below, we explain how the degree of C' may be found using homogeneity
properties of the discriminant; we shall see that the number of bitangent codimension 2 subspaces
involves analogously a homogeneity property of the reduced discriminant.

(4.5) Theorem. Consider an integer n > 3. Let V be a general hypersurface of degree d > 4 in
P", and p1,...,pn—2 be points in linear general position in P™. Then the number of codimension
2 linear subspaces A C P™ passing through p1,...,pn—2 and bitangent to V is

1 d(d—1)""2—(3n—5)d+ 6(n — 2)

id(dfl)"”(dfm T .

The peculiar way in which the formula is written is meant to emphasize that 2 is a root of the
polynomial d(d — 1)"~2 — (3n — 5)d + 6(n — 2).

The transversality condition that must be satisfied by V for the formula to be valid is the
following: V must be smooth and have finitely many bitangent codimension 2 subspaces through
general points p1, ..., pnp—2, each being tangent at only finitely many points. If it happens that
some bitangent subspace has more than two ordinary tangency points, then it has to be counted
with the appropriate multiplicity.

We will not insist on verifying that the open subset of the linear space of all degree d
hypersurfaces defined by this transversality condition is indeed non-empty, but we will indicate
where it is needed in the proof.

(4.6) The degree of the curve C C P? = P"/(py,...,pn_2) of simply tangent codimension 2
subspaces is the number of its intersection points with a given line in P?; it is also the number
of (n — 2)-planes A C P™ tangent to V, passing through p1,...,pn—2, and contained in a fixed
hyperplane H which itself passes through p1,...,p,—2.

The degree of C' may be computed using the homogeneity properties of the (plain) dis-
criminant. Let F € k[Xy,...,X,] be an equation of V. We consider the polynomial f €
k[A, Ay, ..., An_2], depending on the (implicit) parameters p, p1,...,pn—2 € P", defined by

f(A7 A17 ) An72) = F(Ap + Al-pl + -+ An72-pn72)

(with the usual abuse of notation that we do not distinguish between p,p1,...,pn—2 € P™ and
their representatives p, p1, . .., pn_2 € k"*1). Then,

FA A, Ay o) =

1
AdF(p) + AdleAl-p1+~~~+Anfz»pnsz(p) o+ ED(AI-p1+"'+An72'pn72)dF(p)
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by the Taylor—-Newton formula, and from this expression we see that the coefficient of f in
the monomial A“A$*--- A°" . is homogeneous of degree « in the parameter p. Therefore,
the discriminant Disc(f) is homogenous of degree d(d — 1)"~2 in the parameter p, by Proposi-
tion (2.6.1).

The hypersurface in P™ defined by this homogeneous polynomial is the cone of vertex
(p1,...,Pn—2) swept out by those (n — 2)-planes (p,pi,...,pn—2) that are tangent to V. It
projects from (p1,...,pn_2) to the curve C in P"/(p1,...,pn—2) = P?, hence C has degree
d(d—1)"2.

As we will see in the proof of Theorem (4.5), the tangency points with V' of the (n—2)-planes
parametrized by C form the complete intersection curve V N DP1V N ... N DP»—2V  which has
degree d(d — 1)"~2 and projects birationally to C from (p1,...,p,_2); this gives another way of
computing the degree of C.

(4.7) Proof of Theorem (4.5). We continue with the setup introduced in (4.6) above, but
now we assume that p sits on V' and is such that the (n — 2)-plane (p, p1,...,pn—2) is tangent to
V at p itself; equivalently, p sits on the complete intersection curve V N DP1V N ... N DPr-2V 3
Under this assumption, the polynomial f takes the form

f(AaAla"'aAn—Q) =

%AdiQD(Al'p1+"'+A"72'p"72)2F(p) T %D(zh.;D1+-..+An72.pn72)dF(p)’
and its coefficient in the monomial A®A$*--- A'"2? is still homogeneous of degree « in the
parameter p, if non-zero.

The (n — 2)-plane (p,p1,...,pn—2) is bitangent to V if and only if the reduced discriminant
redDiscﬁ(f) vanishes. Thus, the locus of points p € V' such that (p,p1,...,pn—2) is tangent to
V' in two points including p is the complete intersection of the curve VN DP1V N ... N DP»—2V
with the hypersurface defined by redDisci( f) as a polynomial in p.® The latter is homogeneous
of degree d(d — 1)"~2? — (3n — 5)d + 6(n — 2) by Proposition (2.20.1). Therefore, the locus of
tangency points of bitangent (n — 2)-planes through p1, ..., p,—2 has degree

d(d—1)""?[d(d—1)""> = (3n — 5)d + 6(n — 2)].

The result follows, since each bitangent (n — 2)-plane is tangent in two points. (|

5 — The flecnodal polynomial

This is carried out by Salmon in [17, §588], with [17, §473] as a fundamental tool. This has
already been revisited in modern standards in [2], and actually extended there to hypersurfaces
in a projective space of arbitrary dimension, so we are going to be brief.

(5.1) The problem. Let S be a smooth surface in P? of degree d > 1. For a general point
p € S, there are two lines having intersection multiplicity at p with S strictly greater than 2:
these are the tangent lines to the two smooth branches at p of the curve T,,S NS, which has an
ordinary double point at p; thus these two lines intersect S with multiplicity 3 at p.

5this equivalence needs the smoothness of V; the fact that this is a complete intersection is equivalent to the
fact that tangent subspaces through p1,...,pn—2 form a curve.

6again, the fact that this is indeed a complete intersection is equivalent to the fact that bitangent subspaces
through p1,...,pn—2 are finitely many, and each of those is tangent to V at only finitely many points; multiple
points in this complete intersection will occur if some bitangent subspace has more than two ordinary tangency
points with V.
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We shall see that those points p € S such that there is a line intersecting S with multiplicity
strictly greater than 3 at p is a curve FI(S), cut out on S by a polynomial of degree 11d — 24.
We call this curve (respectively polynomial) the flecnodal curve (respectively polynomial) of S.

At a general point p of the flecnodal curve, the section of S by its tangent hyperplane T),S
is a curve with a non-degenerate double point at p (i.e., a double point with tangent cone of
maximal rank), such that one of its two local branches has an inflection point at p. In general,
the tangent line to the latter branch meets S with multiplicity 4 at p. Those points p € S
such that the curve TS NS has a tacnode (i.e., a double point with local equation y? = z%)
also belong to the flecnodal curve: they are its intersection points with the Hessian of S, and
they are cuspidal points of the cuspidal double curve of SV (the latter curve parametrizes those
hyperplanes that cut out a cuspidal curve on 5).

The following statement is definitely a result in reduced elimination theory, although it does
not strictly fit in the framework of Section 1.

(5.2) Proposition ([17, §473]). Let Fy(p), Gq(p), Hy(p) be three bi-homogeneous polynomials
in p,q € P3, of bi-degrees (\, i), (N, '), (N, 1"") respectively. We assume that for the general
point q € P3,

mult, (V(Fq, Gg, Hq)) =N\
The locus of those g € P? such that V(F,, Gy, Hy) contains a point in addition to q counted with
multiplicity AN X' is the zero locus of a homogeneous polynomial of degree

)\/)\N,U/ + )\)\///J// + )\)\/,U/// _ )\)\/)\//-
Of course, the condition that the scheme V(Fy, G4, Hy) contains a point in addition to ¢ is
equivalent to its having positive dimension. Salmon claims that it is equivalent to the fact that

V(F,,Gq, H,) contains a line; we have not been able to prove it, but this is not needed for the
application.

Proof. We want to characterize when the scheme V(F,, G4, Hy) has positive dimension. The
idea is that this is equivalent to its having non-empty intersection with any hyperplane. So let
L be a non-zero linear form in p, and consider the resultant Res(L, Fy, G4, Hy). It follows from
the Poisson formula (see, e.g., [2, Prop. 2.2] and the references therein) and our assumption on
F,G, H that there exists a polynomial R such that

(521) ReS(LaFQa GQ7H¢1) = L(Q))\/\,/\” ! R(LaF%G(qu)'

Computing degrees, one sees that R is homogeneous of degree 0 in the coefficients of L, i.e.,
it does not depend on L. It follows that V(Fy, G4, H,) has positive dimension if and only if
R(F,,Gq4,Hy) = 0. Eventually, one computes the degrees of R(Fy, G4, Hy) using the identity
(5.2.1). O

(5.3) Theorem. Let S be a smooth surface in P3 of degree d. There exists a homogeneous
polynomial Fl of degree 11d — 24, such that the locus of points p € S such that there is a line
intersecting S with multiplicity at least 4 in p is cut out on S by V(F1).

Proof. Let p € S. It follows from [XII, Thm. ??] that there is a line intersecting S with multi-
plicity at least 4 in p if and only if the three polar hypersurfaces D,,S,D,2S, D35 (respectively,
the tangent plane, the polar quadric, and the polar cubic of S at p) have a common point besides
p, and that this in turn is equivalent to their having a whole line in common.

On the other hand, D, S, D,25,D,s S, which have degrees 1,2, 3 respectively, intersect with
multiplicity 6 at p by [XII, Cor. ??]. We are therefore in a position to apply Proposition (5.2),
with (A, p), (N, 1), V', 1) equal to (1,d — 1), (2,d — 2), (3,d — 3) respectively. The result
follows. O
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Lecture X1V
Gottsche conjecture and Gottsche—Yau—Zaslow for-
mula

by Francesco Bastianelli and Thomas Dedieu

Abstract. This note collects and expands a couple of lectures given by the first author
at University of Rome Tor Vergata on May 2017, concerning some important enumerative
conjectures stated and discussed by Gottsche. The aim of the paper is to retrace and sum-
marize the proof due to Kool, Shende and Thomas of Gottsche conjecture and the proof
given by Tzeng of Géttsche-Yau—Zaslow formula.

In particular, given a smooth complex projective surface S and a positive integer §, Gottsche
conjecture predicts that if L is a sufficiently positive line bundle on S, then the number of
d-nodal curves in a general é—dimensional linear subsystem V' C |L| is given by a universal
polynomial of degree § in the four numbers L?, LKg, K2 and ca(9).

Besides, Gottsche-Yau—Zaslow formula expresses the generating function of the aforemen-
tioned numbers of d—nodal curves in terms of three explicit quasimodular forms and two
unknown universal power series, whose coefficients can be determined by recursion.
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1 — Introduction

This note collects and expands a couple of lectures given by the first author at University of
Rome Tor Vergata on May 2017, concerning the enumerative conjectures stated and discussed
by Gottsche in [7]. In particular, we aim to retrace and summarize the proof due to Kool,
Shende and Thomas [14] of Gottsche conjecture and the proof given by Tzeng [24] of Gottsche—
Yau-Zaslow formula. Accordingly, [7], [14] and [24] shall be the main sources for this note, and
proofs shall often overlap those included in the original papers.
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Let us consider a smooth complex projective surface S and let § be a positive integer. A
d—nodal curve on S is a reduced (possibly reducible) curve C' C S having exactly § ordinary
nodes and no other singularities. Given a line bundle L on S, we denote by as(S, L) the number
of é—nodal curves contained in a general linear subsystem V' C |L| of dimension 6. When L is
sufficiently ample, d—nodal curves in |L| occur indeed in codimension 4, so that as(S, L) is a
finite number and it coincides with the number of é—nodal curves passing through dim|L| — ¢
general points of S (cf. [12, p. 234]). The study of as(S, L) is a very classical issue and it is in
fact the main topic of this note. We refer the reader to [13, 14, 24] for a detailed bibliography
and a treatise of the background underlying the results we are going to discuss.

The first result we would like to present is the so-called Gottsche conjecture. In the light of
[25, 12] where the numbers as(S, L) were described for ¢ < 8, it predicts that if the line bundle
L on S is sufficiently ample with respect to 4, the number as(S, L) is computed by a universal
polynomial of degree § in the numbers L?, LKg, K2, ca(L) (see [7, Conjecture 2.1]). Gottsche
conjecture has been proved in terms of the following positivity notion for a line bundle L on S.

(1.1) Definition. Let L be a line bundle on a smooth projective surface S, and let k > 0 be an
integer. We say that L is k—very ample if for any 0-dimensional subscheme Z C S of length
k + 1, the natural map H°(S,L) — H°(Z,L ® Oy) is surjective.

In particular, Kool, Shende and Thomas achieved the following (see [14, Theorem 4.1]).

(1.2) Theorem (Gottsche conjecture). For any positive integer §, there exists a universal
polynomial Ts(x,y, z,t) of degree & with the following property: for any smooth complex projective
surface S and for any d—very ample line bundle L on S, a general —dimensional linear subsystem
V C |L| contains exactly T5(L?, LKg, K2, c2(S)) 6-nodal curves, i.e.

(1.2.1) as(S, L) = Ts(L?, LKg, K2, ca(9)).

It is worth noting that the coefficients of the polynomial Ts(z, y, z,t) could be computed for
any 0 > 0 (where we set To(x,y, z,t) = 1, which is the number ao(S, L) when L is sufficiently
positive). Indeed, the numbers as(S,L) can be determined by [2, Theorem 1.1] for all line
bundles on P? and by [1, Theorem 1.1] for all primitive line bundles on a K3 surface. In
particular, the 4-tuples of topological invariants (L?, LKg, K2, c2(L)) are given by (n?, —3n, 9, 3)
if (S, L) = (P?, Op2(n)) and by (L?,0,0,24) if L is a primitive line bundle on a K3 surface S, so
that the coeflicients of each T5(z,y, z,t) can be computed by solving a system of linear equations
obtained from (1.2.1) using different values of n and L2.

In Section 2 we shall retrace the proof of Theorem (1.2) included in [14], which relies on
various techniques, such as deformation of singularities of curves (see e.g. [3]), BPS calculus
interpreted in the setting of Hilbert schemes of points on singular curves (cf. [22, 23]), and the
calculation of tautological integrals on Hilbert schemes of points on S by means of the recursion
introduced in [5]. The main idea underlying the proof is to describe the numbers as(S, L) of
d-nodal curves in a general linear subsystem V C |L| in terms of the Euler characteristics of
relative Hilbert schemes of points associated to the universal curve C — V.

Moreover, in Section 3 we shall see in passing an alternative proof of Theorem (1.2) given
by Tzeng under the stronger assumption on L of (56 — 1)—very ampleness (see Remark 3.4.18).
We also mention that a different proof of Géttsche conjecture was given by Liu [19, 20], but we
are not going to discuss it.

The other results we aim to discuss concern the generating function of the universal polyno-
mials T5(L?, LK, K%, c2(9)), that is the universal power series

T(S,L):= Y T5(L* LKg, KZ co(S5))a’.
6>0
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In [7], Gottsche proved that if the numbers as(S, L) are computed by universal polynomials as
in the assertion of Theorem (1.2), then the structure of the generating function 7'(S, L) must
satisfy rather strong conditions. In particular, in view of the validity of Gottsche conjecture,
the generating function has the following multiplicative structure (cf. [7, Proposition 2.3]).

(1.3) Theorem. There exist universal (invertible) power series A1, Az, As, Ax € Q[[z]] such
that
T(S, L) = AF* ALKs A5 ge2(9),

Gottsche’s proof of this fact consists of considering a pair (S, L) obtained as the disjoint union
of pairs of the form (P2, Opz(n)) and (P! x P!, Op1 yp1(n,n)), and using the additivity properties
of the 4-tuples (L?, LK, K%, c3(S)). We shall instead follow Tzeng’s argument for achieving
Theorem (1.3), which ultimately shall lead to the proof of Géttsche—Yau—Zaslow formula below.

We point out further that, as for the coefficients of the universal polynomials Ts(z,y, 2, t),
the coefficients of the universal power series A;, As, Az, A4 could be determined by the recur-
sive formulas describing the numbers as(S, L) for certain classes of pairs (S, L) (see e.g. the
aforementioned [2, Theorem 1.1] for line bundles on P? and [26, Theorem 6.7] for the case of
Hirzebruch surfaces).

The most important result concerning the generating function 7'(S, L) is Gottsche—Yau—
Zaslow formula, which was conjectured by Gottsche [7] according to the formulas in [25, 12],
as a generalization of Yau—Zaslow formula for rational curves on K3 surfaces [28]. In particu-
lar, Gottsche—Yau—Zaslow formula expresses the universal power series 7'(.S, L) in terms of five
universal generating functions in one variable ¢: three explicit quasimodular forms and two un-
known universal power series, whose coefficients could be however determined by the recursion
in [2].

We refer the reader to [10] for some preliminary notions on modular and quasimodular forms.
Let 7 € C be a complex number with positive imaginary part, and set g := e>™*". Consider the
discriminant form

Alr)=q ] a-gm*

n>0

and the second Eisenstein series

Calr) =+ 3 [ k] o

n>0 \ kln

which are a modular form and a quasimodular form, respectively. Furthermore, given the

differential operator D := 2%1 % = qdiq, we have that for any quasimodular form f, the derivative

Df is again a quasimodular form. Then the following holds (see [7, Conjecture 2.4] and [24,
Theorem 1.2]).

(1.4) Theorem (Gottsche-Yau—Zaslow formula). There exist universal power series B1(q) and
Bs(q) such that

2 2.c o _ (DGa(n)/9)") Bi(9) "= By(g)""
g TN L G D GO =2 ) ety ¥

We note that, according to [7, Remark 2.6] and [24, Corollary 4.4], Gottsche—Yau—Zaslow
formula can be reformulated as follows. For a smooth projective surface S and for any [, m,r € 7Z,
we define

NTS(Z, m) := Tiyy(0s)-1-r (2L +m,m, K%, c2(9)).
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Therefore Theorem (1.4) gives that

N5(1,m)d" = Bi(q)*% By(q)™ (DG (7))" D2Gs(r) :
%Z: (1,m)q (9)5 By (q)™ (DGa(T)) AODCa(r) /2O

and Theorem (1.2) ensures that if L is a é—very ample line bundle on S with 6 = x(L) — 1 —r,

then the coefficient N¥ (%, LK S) counts the number of j—nodal curves in a general linear

subsystem W C |L| of codimension r. Analogously, setting g = % + 1 — 9, the coefficient

computes the number of nodal curves of geometric genus ¢ in a general linear subsystem of |L|
having codimension r = g — LKg — 2+ x(Ogs).

In Section 3 we shall summarize the proof of Theorem (1.4) due to Tzeng [24]. Her ap-
proach combines various arguments using algebraic cobordism theory (see [15, 16]), Gottsche’s
enumerative integrals introduced in [7, Section 5], and Li-Wu construction of a moduli stack of
ideal sheaves (cf. [17]). A crucial idea in the proof is studying the generating function of the
intersection numbers ds(S, L) arising from Gottsche’s enumerative integrals which—unlike the
numbers as(S, L)—are well-defined independently of the positivity of L, are well-behaved under
degeneration of the pair (S, L), and do coincide with as(S, L) when L is sufficiently ample.

(1.5) Notation. We shall work throughout over the field C of complex numbers. By curve we
mean a connected complete reduced algebraic curve over the field of complex numbers, unless
otherwise stated. When we speak of a smooth projective variety, we implicitly assume it to be
irreducible.

Given a projective variety X, we say that a property holds for a general point x € X if it
holds on an open non-empty subset of X. In particular, if L is a line bundle on a smooth surface
S, by general linear subsystem V' C |L| of dimension § we mean that V is parameterized over
an open subset of the Grassmannian of é—dimensional linear subspaces of |L| = ph° (@)1,

For a positive integer k, we denote by X [*) the k-fold Hilbert scheme of points on a variety X,
parameterizing 0—dimensional subschemes of S of length k, whereas we denote by Hilb" (X/B)
the k-fold relative Hilbert scheme of points on the fibers of a family X — B of varieties.

2 — Kool-Shende-Thomas’ proof of Gottsche conjecture

In this section, we present the proof of Theorem (1.2) given by Kool, Shende and Thomas [14].
So, we consider a line bundle L on a smooth surface S and we assume that L is §—very ample for
some integer § > 1. In §2.1, we show that a general linear subsystem of V' C |L| of dimension
0 contains a finite number of J—nodal curves, each occurring with multiplicity 1, and all the
other elements of V' are reduced curves having higher geometric genus (i.e. d—nodal curves are
somehow the most singular curves in V).

In §2.2, we firstly review some facts concerning the generating functions of the Euler charac-
teristics ey, := e(CI*) of Hilbert schemes of points on curves C' contained in S. Then we express
the number a;(S, L) of 6—nodal curves in a general V' C |L| as above by a linear combination of
the Euler numbers e(Hilb*(C/V)) of the relative Hilbert schemes of points on the fibers of the
universal curve C — V', with £k =0,...,4.
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In §2.3, we finally conclude the proof of Gottsche conjecture by showing that each term
appearing in such a linear combination is indeed a polynomial in L?, LKg, K% and c2(L). To
this aim, we retrace Kool-Shende-Thomas’ computation of the Euler numbers e(Hilb*(C/V))
in terms of certain tautological integrals, which relies on the recursion by Ellingsrud, Gottsche
and Lehn included in [5, Sections 3 and 4].

We point out that the idea underlying the count of )—nodal curves generalizes the following
argument applying to the case § = 1. Assume that L is a very ample line bundle and V' C |L|
is a general pencil, and denote by p the genus of the smooth fibers of the universal curve
C — V =2 PL. We note that the linear combination of Euler characteristics e; — (2 —2p)eg
equals 1 if C is 1-nodal, whereas it is 0 if C is smooth. Therefore, as we sum over V = P! this
quantity, we obtain that the number of 1-nodal curves satisfies

(2.0.1) a1(S, L) = e(C) — (2 — 2p)e(P'),

i.e. we get a linear combination of e(Hilb'(C/V)) and e(Hilb’(C/V)). The argument of §2.2 is
indeed analogous to the previous one, as we describe as(S, L) by summing over V 22 P° a linear
combination of the Euler characteristics e, ..., es, which is 1 for §—nodal curves and it is 0 for
curves having higher geometric genus. So, in order to prove Gottsche conjecture, it remains to
express the right-hand side of (2.0.1) in terms of the topological invariants L?, LK, K% and
c2(S), which is the purpose of §2.3 (of course, the case § = 1 is much simpler: e(C) = co(S) + L?
as C is the blow—up of S at L? points, 2p—2 = L(L+ Kg) by adjunction formula, and e(P!) = 2,
so that we obtain
a1(S, L) = ca(S) + 3L* + 2L K,

which is a polynomial of degree 1 in the topological numbers L?, LKg, K2, c2(S)).

2.1 — Sufficiently ample line bundles

Let L be a line bundle on a smooth projective surface S. We follow [14, Section 2] and show
how the §-very ampleness condition on L gives enough control on the singularities of curves in
a general dimension § linear subsystem A C |L| to make sense of the count of é-nodal curves
in A by means of the Euler numbers e(Hilb*(C/A)) in subsection 2.2. Roughly speaking, this
condition tells us that everything happens as expected up to codimension ¢ in |L|. The precise
statement is the following.

(2.1) Theorem. Assume L is §—very ample for some positive integer 6. Let p denote the
common arithmetic genus of all members of |L|, and consider a general linear subsystem A C |L|
of dimension 6. Then all members of A are reduced curves, and have geometric genus g = p—9;
there are finitely many members of genus g = p — &, which are all d-nodal curves and appear
with multiplicity 1.

The precise meaning of the last statement is the following: i) the locally closed subset of
A consisting of those members that have genus p — ¢ consists only of §-nodal curves; ii) the
subscheme of A parametrizing §-nodal members is reduced and of dimension 0.

Proof. We shall use the deformation theory of planar curve singularities, for which we refer to
[IT] in this volume, and to [3, 8] for extended treatises; the reader may also consult [4]. The
idea is that the d-very ampleness property implies that sufficiently many maps from |L| to
semi-universal deformation spaces of planar curve singularities are smooth.

2.1.2. Let us first show that the subscheme V° C |L| of -nodal curves in |L| is smooth of
codimension 0. By Bertini theorem this implies that §-nodal curves in A are finitely many and
appear with multiplicity 1.
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Let [C] € |L| be a é-nodal curve, and J be its Jacobian ideal. The vector space B :=
H° (C,0¢/J) is the product of the semi-universal deformation spaces of the various singularities
of C. We thus have a map ¢ : (|L|,[C]) = (B,0), and its differential is the restriction map

(2.2.1) T|L|,[C] gHO(S,L)/<Sc> — H° (Z,L@Oc/J),

where Z C S is the singular subscheme of C, defined in C by the ideal J, and sc € H(S, L) is
a section vanishing along C'. Since C' is §-nodal, its singular subscheme has length §, hence the
restriction map HY(S,L) — H%(Z, L ® Oy) is surjective by the positivity property of L. This
implies that the map (2.2.1) is surjective, hence ¢ is smooth.

The semi-universal deformation space of a node is a line, in which the equisingular locus is
only the origin. Thus the locus of d-nodal curves in B is only the origin, which is smooth and
has codimension ¢ in B. By smoothness of ¢, the same holds for V® around [C], which proves
our claim.

2.1.3. Consider a non-negative integer ¢’ < p — d, and let Vr C |L| be the locally closed subset
of reduced curves having geometric genus g’. We now show that V, has codimension > § in |L|,
so that A does not contain any curve of genus g’.

Let [C] € V. We consider its conductor ideal A, and let Y C C be the subscheme defined
by A. By [II, Proposition 3.1] the tangent cone of Vi at [C] is contained in the kernel of the
restriction map

py : H*(S,L)/{sc) — H° (Y, L ® Oc/A),

where again s¢ is a section vanishing along C.
Since the co-genus of C' in |L| is > §, we may find a subscheme Z C Y of length § 4+ 1. Then
the positivity property of L implies that the restriction map

pz: H°(S,L)/(s¢) — H° (Z,L ® Oy)

is surjective, hence its kernel has codimension §+1. Since pz = wopy, where 7 is the restriction
map H°(L ® Oy) — H°(L ® Oz), this implies that the kernel of py has codimension > § + 1,
hence Vg has codimension > § + 1 in |L| as required.

2.1.4. Let 7 be a collection of topological types of planar singularities, which does not consist of §
nodes, and such that a member of |L| with singularities of type 7 has genus p — . We now show
that the subscheme V7 C |L| parametrizing curves with topological type 7 has codimension > ¢
in |L|.

Let [C] € V7, and I be its equisingular ideal. By [II, Proposition 3.1], the tangent space to
V7™ at [C] is the kernel of the restriction map

py : HY(S,L)/(s¢) — H° (Y,L® Oc/I),

where Y is the subscheme of C' defined by I. The assumptions on 7 imply that we may find a
subscheme Z C 'Y of length § + 1, see [II, Lemma 2.4]. Then arguing as in 2.1.3 we see that the
positivity assumption on L implies that the kernel of py has codimension > § + 1, hence V7
has codimension > ¢ + 1 in |L| as required.

2.1.5. Eventually, we proceed to show that the locus V" C |L| parametrizing non-reduced curves
has codimension > ¢, which will end the proof of Theorem (2.1).

We claim that if C' is a non-reduced member of |L|, then the tangent cone to V™ at [C] is
contained in the kernel of the restriction map

p:H(S,L)/(sc) — H° (Crea; L ® Oc,.,).
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When we know this, we conclude that V™" has codimension > § always along the same lines:
we pick Z C Cieq a 0-dimensional subscheme of length § 4+ 1, then the kernel of p is contained
in the kernel of the restriction to Z, which has codimension § 4+ 1 since L is d-very ample.

To prove our claim, we argue as in [27, §2.1] and consider the incidence variety

D :={([C],p) € |L| x S : C is singular at p} .

It is smooth: indeed since L is very ample and S is smooth, D is a projective bundle over S. On
the other hand, if [C] € V™ then ([C],p) € D for all p € Cieq. It follows that the tangent cone
to V" at [C] is contained in the image of the tangent space to D at ([C],p) by the projection
Tipixs — T for all p € Creq. We shall show that the latter image is contained in the kernel of
the restriction

HO(S, L)/ (sc) — H(p, L1,),

and this will prove our claim.

The equations of D in |L| x S are as follows. Let ([C],p) € |L| x S; we choose a local system
of coordinates (z,y) on S around p, and see |L| around [C] as a finite dimensional affine space
of polynomials f € C|x,y]. In this representation, D is defined by the equations

f(xay) = df(w,y) = 0.

By differentiation, the latter equations give the equations of the tangent space of D in T}z x T&s.
In particular, if (h,v) € Tiz|, X Ts,(z,y) sits in Tp, then

df (z,y)(v) + h(z,y) =0,

which is equivalent to h(z,y) = 0 since df (x,y) = 0. In other words, if ([C],p) € D, then the
projection of Tp ((07,p) to Ti,[c] is contained in the kernel of the restriction map

H(S,L)/(sc) — H"(p, LI,),

as we wanted to prove. We have thus proved our claim, hence that V" has codimension > ¢,
and thus the proof of the theorem is complete. O

2.2 — Euler characteristics of Hilbert schemes of points over curves

According to the assumption of Theorem (2.1), we counsider a smooth projective surface S
endowed with a d—very ample line bundle L on S. We follow [14, Section 3] in order to express
the number as(S, L) of d—nodal curves in a general J—dimensional linear subsystem V' C |L|
in terms of Euler numbers e(Hilb®(C/V)) of relative Hilbert schemes, where C — V is the
universal curve.

To this aim, we recall a couple of preliminary results describing the generating series of
the Euler characteristics e(C*]) of k—fold Hilbert schemes of points on curves C' C S (see [14,
Propositions 3.1 and 3.2]). Both the results were first proved in [22] in the setting of stable
pairs, whereas [23, Section 2] includes proofs using only Hilbert schemes.

2.2.6 Proposition. Let S be a smooth surface and let C C S be a curve having arithmetic genus
p and geometric genus g. Then there exists a unique sequence of integers (nc,g, Nc,g+1, - - -, NC.p);
depending only on the topological type of C, such that the generating series of Euler character-
istics e(C*) satisfies

o) p
> e(CM)gh = neag i1 - g)*
i=g

k=0
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As far as the proof of the proposition is concerned, writing the generating series > e(C (k] )q*
as a sum Y nc,gP " (1 — ¢)?*~2, with i varying between —oco and p, descends from a formal
property of power series (cf. [23, Proposition 1]). The geometry of C' is instead involved for
proving that n¢,; = 0 for any ¢ < g, which is deduced from [23, Proposition 8] (see [23, Corollary
11]).

When the curve C is d-nodal, the generating series of Euler characteristics e(C*) is governed
by the following (cf. [23, Corollary 12]).

2.2.7 Proposition. Let C be a d—nodal curve with arithmetic genus p. Then the coefficients
nc,; appearing in Proposition 2.2.6 are

for any p—9 <i<p.

When C' is a smooth curve this was proved by Macdonald [21], in order to give a new proof
of the de Jonquieres formulas discussed in [XII]. In this case one finds

Ze(c[k])qk _ (1 o q)2p72 _ i (71)k(2p]€—2)qk.
k=0 k=0

While of course e(C) = 2 — 2p, and also e(C*) = 0 if k > 2p — 2 because then ClFl — J*(C)
gives a structure of projective bundle over a torus, the values for e(C[k]) between these cases
don’t seem obvious to us.

In the nodal case of Proposition 2.2.7, Kool, Shende, and Thomas interpret the number (pii)
as the number of partial normalizations of C' at p — i of its § nodes. This is the reason why
Proposition 2.2.7 is considered a statement in BPS calculus, see [XI].

Now, the main result of this section follows from Propositions 2.2.6, 2.2.7 and Theorem (2.1)
(see [14, Theorem 3.4]).

2.2.8 Theorem. We consider a smooth projective surface S equipped with a line bundle L, and
denote by p be the arithmetic genus of all members of |L|. Let § be a positive integer & such that
L is §-very ample, and consider a general linear subsystem V C |L| of dimension 6. Then the
number as(S, L) of -nodal curves in V equals the coefficient ny.,—s of ¢°(1 — q)?P=2°=2 jn the
generating series

(281) S e(HIDH(C/V))gE = S nvag T (1 - g,
k=0 i=p—0>

where C — V' is the universal curve.

In particular, ny.,_s is a linear combination of the numbers e(Hilb*(C/V)) with 0 < k < 4,
in which the coefficient of each e(Hilb*(C/V)) is a polynomial of degree at most § — k in p, and
the coefficient of e(Hilb? (C/V)) equals 1.

In applying the second part of this statement, one should bear in mind to keep ideas clear
that p =1+ £ (KsL + L?) by the adjunction formula.

Proof. Let T be the (finite) set indexing the topological types of the members of V. For any
7€ T, let V; CV be the locus of curves having topological type 7, and let g, denote their
common geometric genus. Note that g, > p— & by Theorem (2.1). Let C, — V. be the universal
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curve. For all k > 0 the relative Hilbert scheme Hilb*(C,/V;) is a topological fibre bundle, so
e(Hilb* (C, /V;)) = e(CFe(V;) with C; a curve of topological type 7.
Then, by additivity of the Euler number, and using Proposition 2.2.6, we have

> et (e/V))at = 30D e(Ce(v)) gt = 3 (3 e(Clat e(v) =
k=0 k=0 r€T €T k=0
P _ _ P _
_ Z(Z n‘r,iqpiz(l o q)2172) Z anq z - q)2172
T€T i=g- i=p—0
with ny; == > cpnrie(Vr), and we set n;; = 0 whenever ¢ < g,. Theorem (2.1) ensures

that d—nodal curves are the only curves in V' having geometric genus p — 4, they are finitely
many and they appear with multiplicity 1. Therefore ny,,—s5 = as(S, L) - Ns-nodal,p—s, and since
Né-nodal,p—s = 1 by Proposition 2.2.7, the first part of the statement is proved.

In order to prove the second part, we expand (1 — ¢)?*~2 in (2.8.1) and obtain

oo P 2i—2
Ze (Hilb*(C/V))¢" Z ny,; Z (2iw_12)(71)mqp7i+m.
k=0 i=p—0 m=0
Then, by comparing the coefficients of ¢* for k = 0,...,d, one sees with standard algebraic

manipulations that

k
(2.8.2) e(Hilb*(C/V)) = Z e G ) TV
m=0
Therefore, for any k = 0,...,0, we can express recursively n,_; as a linear combination of the
Euler characteristics e(Hilb’(C/V)), ..., e(Hilb*(C/V')), see Lemma 2.2.9 below. The case k = §
gives the wanted result. O

We end this subsection by carrying out explicitly the recursive process ending the proof of
Theorem 2.2.8.

2.2.9 Lemma. For all k =0,...,0, one has
nvp—k = Pro(p)evio+ ...+ Per—1(p) evie—1 + evii,

where each Py s is a polynomial of degree < k — s independent of V.

Proof. We argue by recursion on k. For k = 0 one has ny,, = ev,o by (2.8.2), as required. For
1<m <k weset Qpm(p) =(—1)" (2(’”7’“:17”)72), a polynomial of degree m in p. For k > 0, we
have by (2.8.2) and our recursion hypothesis

k —-m k—1 k—s
EVk = NVp—k + Z Qk,m(p) Z Pk—m,s( €v,s = NV p—k + Z Z Qk m Pk m s(p)eV,s
m=1 s=0 s=0m=1

(setting Py, ., = 1). This gives an explicit expression for Py s, which ends the proof since

deg(Qr,mPr-m,s) <m+(k—m—s)=k—s.
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2.3 — Proof of the Gottsche conjecture

In this section we prove Theorem (1.2), following [14, Section 4]. Now that we know Theo-
rem 2.2.8, the main point is to compute the Euler characteristics e(Hilb"(C/V')), and to express
them as polynomials of degree k in the numbers L?, LKg, K2, c2(L) using the recursion of [5].

Proof of Theorem (1.2). Consider a smooth projective surface S and a §—very ample line bundle
L on S. Let p be the arithmetic genus of the curves in |L|, and let V' C |L| be a general
linear subsystem of dimension ¢ with universal curve C — V. Then Theorem 2.2.8 ensures
that the number as(S, L) of d—nodal curves in V is a linear combination of the Euler numbers
e(Hilb"(C/V)) with 0 < k < 8, where the coefficient of each e(Hilb"(C/V)) is a polynomial
of degree at most & — k in p, and the coefficient of e(Hilb®(C/V)) equals 1. Moreover, such
a polynomial is independent of the pair (S, L) as above and, since p = %LQ + %KSL + 1 by
adjunction formula, the coefficient of e(Hilb"(C/V)) is a polynomial of degree at most § — k in
L? and KsL. The Géttsche conjecture therefore follows from Proposition 2.3.10 below. |

2.3.10 Proposition. The FEuler characteristics e(Hilbk (C/V)) is a polynomial of degree exactly
k in the numbers L* LK g, K2, ca(L).

Proof. The case k = 0 is trivial, as V 22 P° and e(Hilb’(C/V)) = e(V) = § 4+ 1. So we assume
hereafter 1 < k < §, and we consider the Hilbert scheme S (k] and the universal subscheme
Zr €8x S[k], endowed with the projections m: Z — S and mo: Z — Skl Then we define
a vector bundle L*! of rank k on SI¥ as

L = (mg).(m1)* L.

Letting P := P (H°(S, L)) = |L|, we consider the line bundle LK Op(1) := (rg)*L ® (mp)*Op(1)
on S x P, where mg and mp are the natural projections. In view of the standard identifica-
tion HO(S,L) ® H°(S,L)* = Hom (H°(S, L), H’(S, L)), we may consider the canonical section
idgo(s,y € HO(S,L) ® H°(S,L)* of the line bundle L X Op(1). By taking the pullback of
idgo(s,z) to S x S x P, and pushing down to S x P its restriction to Z, x P C S x S x P,
we obtain a tautological section of the vector bundle on S¥ x P given by

MF .= (Ws[k])*L[k] ® (ﬂ'[p)*(')[p(l).

By abuse of notation, we still denote by C — P the universal curve over the complete linear
system |L|. Then the the k—fold relative Hilbert scheme Hilb*(C/P) is a smooth subvariety of
Sk % P, which coincides with the vanishing locus of the tautological section at hand. Therefore,

Hilb*(C/P) C S¥ xP has codimension k = rkM ¥, and its class {Hilbk c /]P’)} in the Chow ring of
Skl x P is Poincaré dual to the Chern class cx (M *]), that is {Hilbk (C/]P’)} = cp(MM)N[SH x P

(see e.g. [6, Example 3.2.16]). We note further that the fibre of the projection Hilb*(C/P) —
S over any 0-dimensional scheme Z € SI* is given by pairs (Z,[s]) € S¥l x P such that s

vanishes at Z, i.e. s € ker (HO(S, L)% HY(Z,L® OZ)). As L is (k — 1)—very ample for

any 1 < k < § + 1, we deduce that 75 is surjective, so that the tautologial section of M!¥!
vanishes transversally with respect to the fibration Hilb*(C/P) — SI¥| whose fibers have then
constant dimension. Moreover, since the linear subsystem V' C |L| is assumed to be general, it
correspond to a d—dimensional linear subspace of H C P cut out by general hyperplanes. Hence
the restriction Hilb*(C/V) C SI¥l x H is smooth by Bertini Theorem. In particular, the class
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[Hilbk(C/V)} is Poincaré dual in the Chow ring of S¥ x H to the k-th Chern class of the
restriction of M. Thus the Euler characteristic of Hilb*(C/V) satisfies

e(Hilb*(C/V)) = / ck (T(Hilbk (C/V))) = /

Hilb*(C/V) Hilb*(C/V)

:/ co (T(SM x H)) :/ e (111 (T(S™ x )
Hilb*(C/V) Skl x H

co (T(Hilbk(C/V)))

C.(M[k]) c.(M[k])

Denoting by w := ¢;(Op/(1)) the hyperplane class on H = P?, we focus on each class appearing
in the latter integral. Being co(T'(H)) = Zi:o (Szl)wk = (1 +w)’*! (see e.g. [9, p.414]),
we deduce that co (T(S™ x H)) = co (T(SM)) co (T(H)) = co (T(SH)) (1 + w)?+!. Besides,
since M* is the tensor product of the rank k vector bundle (mgu)*L*! with the line bundle
(mp)*Op(1), its restriction to H satisfies cx (M) = Zf:o wick_i(L¥) (see e.g. [6, p. 55]).
Finally, [6, Example 3.2.2] yields

k k Pk
co(MIF]) = Z%(M[k]) — Z <Z < Z'>ci(L[k])wpi> _

p=0 p=0 \i=0 p=t
k k E—i k

=S¢, (LM T et = (LMY (A w)
> E(p_,-)w g M)A+ w)

Thus

. (T glk] 1 S+1 ’?_ i i L%
(2.10.1) e(Hilbk(C/V)):/ e (T(5T) A+ )™ Yorgweni(LT)
Sk H > =0 Ch—j (L) (1 4+ w)J
. (T Slk] 1 S+1 ’?_ iepi LK
[ ot (TS0 S
S1k] >0 ch—j (L) (1 + w)d
To end the proof we use the recursion procedure developed in [5], and stated below as

Proposition 2.4.12. The latter, applied k times, turns our integral over over SI*! into the integral
over S* of a polynomial in the Chern classes of pr} L, pr,Ts, and prj;Ta (i # j), where A C Sx S

(2.10.2)

is the diagonal, pr; : S*¥ — S is the i-th projection, and pr;; = (pr;, pr;). The end-product is a
polynomial in L?, LK g, K2, and c2(S) and of degree < k.

It remains to prove that this degree is in fact exactly k. To do so we concentrate on the
c2(S)* term. One looks straight in the eyes of the explicit formulas for the recursion, viz.
(2.12.2), (2.12.3), (2.12.4), (2.12.5), (2.12.6), and finds that the contribution to the c2(S)* term
can only come from the co(L¥) term. One may thus for our present purpose replace the fraction
in (2.10.2) by

ce (T(SM)) (1 4+ w)*1wk

(1+w)k
the coefficient of which in w® is (6 — k + 1).ce(T(S!*))). The corresponding summand of the
integral (2.10.2) is (§ — k + 1).cox (T'(S™)), which contributes by (§ — k + 1)/k! to the ca(S)*
term, the factorial coming from the k successive applications of (2.12.1). O

= Co (T(S[k}))wk(l + w)oTk L

2.3.11 Example. Let us spell out this computation for the number of 1-nodal curves in a pencil,
and see how it relates with the standard way to do it, which we recalled in the introduction to
the present Section 2. In this case we have V = PL. Equation (2.8.2) gives

e(Hilb (C/V)) =nyp_1 — (2p — 2)ny, and e(HilbY(C/V)) = ny,,.
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We have e(Hilb’(C/V)) = e(V) = 2, and we concentrate on the computation of e(Hilb*(C/V))
as the integral (2.10.2). The numerator of the integrand of (2.10.1) is

(1-K+e)(1+w(L+w)=(1—-K+e)(1+2w)(L+w)
=[L—-KL|+[1-K+2L+c; —2KL|w,

and on the other hand

1
— =1-(L L 2 (L 3
T (L+w)+(L+w)” = (L+w)
=1—(L+w)+ (L*+2Lw) - 3L%w = [1— L+ L*|+[—1+2L - 3L%w.
The coefficient in w of the integrand of (2.10.1) is therefore
(L—KL)(=1+42L —3L%) + (1 — K 4 2L+ ¢ — 2KL)(1 — L + L?),

which when integrated against the fundamental class [S] gives L? + ¢, as required.

2.4 — The Ellingsrud—Gottsche—Lehn recursion

Here we explain how the inductive computation of [5] explicitly enough, so that i) one may make
sense of the arguments at the end of the proof of Proposition 2.3.10, and ii) one should be able
with some work to set it up in practice. We refer to the original article [5] for the proofs.

Let S be a smooth projective surface, equipped with a line bundle L — S. We consider the
Hilbert schemes S and the vector bundles LI — S We call T}, the tangent sheaf of S,
and Z, the ideal sheaf of the universal subscheme %,, C SI™ x S. For any sequence I of indices
in {0,...,m} we let pr; be the projection from S x §™ = Sl" x § x ... x S to the factors
indexed by I, S[" being the 0-th factor. Eventually, let A denote the diagonal in S2.

2.4.12 Proposition. Let f be a polynomial in the Chern classes of the following sheaves on
Sln+1] 5 gm.

pryTatt, Py Zott, prOa, priTs, prol"™ prf L (for 1<i<j < m).

There is a polynomial f* in the Chern classes of the analogously defined sheaves on S x §™+1,
depending only on f and such that

Slntilx gm Slnlx §m+1

The keystone of the recursion procedure is the incidence variety S+l C Sl x gln+1]
of all pairs (Z,Z') such that Z C Z’. There is an identification S+ = P(Z,), and we
let £ = Op(z,)(1). This identification follows from the observation that if Z’ is obtained by
extending Z at the closed point z € S, then the ideal sheaf defining Z in S is an extension of
C(z) by the ideal sheaf of Z’.

We consider the following maps: ¢ and ¢ are the two projections of P(Z,) to Sl and St»+1]
respectively, and p : P(Z,,) — S maps a pair (Z, Z’) to the point 2 € S at which Z and Z’ differ.

P(T,) = St

d)_y pl MPYZ

Slnl S §ln+1]
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Moreover, let j = (id, p) : P(Z,,) — P(Z,) x S, ¢s5 = ¢ x idg : P(Z,) x S — S x S, and
s = xidg : P(Z,) x S — Sn+1 % §. We have the following exact sequence of sheaves on
Slnntl] o g

(5) 0= ¢¥5Zpt1 — ¢TI, — jL — 0.

Note that j.L = p*L ® p5Ona, with p the projection SI""+1 x § — SlrnHll and pg = p x idg :
Slrntll o g §2,

Proof of Proposition 2.4.12. We want to relate integrals to S"*1 x $™ to integrals on S x
S+ To this end we consider the product II = S+ x §™ together with the maps ¥ =
Y X idgm : IT — S 5 §™ and & = (¢, p) x idgm : IT — S x § x §™. Moreover, we call
pr : 1T = Sl gm y §lnn+1l the projection on the first factor.

I = §innt1] 5 gm
@Vpnl W)xid
S[nJrl] x g™ S[n,nJrl] S[n] X § x ™

The first step is to lift our integral to I, using the fact that W is generically finite of degree
n + 1. This gives:

1
2.12.1 = v*f.
( ) /S[n,+1] x.Sm f n+1 /H f

Our goal is then to transform W* f into something of the form -, ®*f, - piy (—cr(L)Y).
We first have the following two straightforward formulas, which display on simple instances
the index shift resulting from the additional S factor induced by the p component of ®.

(2.12.2) Wpr;Ts = @*pr; 1 Ts
(2.12.3) Upr;;Oa = @*pr; g 1104,

Beware in particular that the ’pr’ on the left-hand-side refer to projections from SM+1 x §m
whereas those on the right-hand-side refer to projections from S x §™+! The first non-trivial
formula in the induction procedure is the following, and comes from (5) together with the given
expression for j, L.

(2.12.4) U prg; Zng1 = @prg ;4 1Zn — pil - @7pri ;11 0a.
Next we have the following relation, which is a consequence of the computation in the Grothendieck
group of S+ carried out in [5, §2]:

(2.12.5)
U prgTns1 = © proTy, + piL - @ proy L, + prl’ - @ proy L, - @ priwg — @ pri(Os — Ts + wg).

The last relation follows from [5, Lemma 2.1]:
(2.12.6) U pry LM = @ pri LM 4 pi £ - & priL.

We thus end up with an expression of the form

/S[Hl]xsm f= /II(ZV>O o f, 'pﬁ(*cl(ﬁ)y))
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as we wanted, and this in turn equals by the projection formula

/S[n]><5m+1 P (ZV>0 S .pﬁ(_q(ﬁ)u)) B /S[n]xS"Url (Zv>0 Jo c"(_pr&z"))’

the last equality being given by the identity (¢, p)«(c1(£)?) = (=1)’c;(~Z,) in the Chow ring
of S x S, see [5, Lemma 1.1]. ! O

3 — Tzeng’s proof of Gottsche—Yau—Zaslow formula

In this section, we summarize the proof due to Tzeng [24] of Theorem (1.4). The plan of the proof
is the following. In §3.1, we follow [16] in order to define the algebraic cobordism group (w2 1,+)
of equivalence classes of pairs [S, L] of surfaces and line bundles with respect to extended double
point relation (cf. Definition 3.1.3), endowed with the sum induced by disjoint union of surfaces.
Then we recall the description of ws 1 ®7z Q as a four dimensional vector space over Q spanned
by []P)Q, Opz], []P)Q, Opz(l)], []P)l X ]P)l, O[p:l ><IP’1]; and [Pl X Pl, Oplxpl (1, 0)]

In §3.2 we introduce Gottsche’s enumerative integrals ds(S, L) of a line bundle L on a smooth
surface S, and we show that if L is sufficiently ample, then ds(S, L) equals the number as(S, L)
of —nodal curves in a general d—dimensional linear subsystem of |L|.

In §3.3 we summarize Tzeng’s fine description of the behaviour under degeneration of the
generating function of the numbers ds(S, L). In particular, denoting by ¢(S, L) := 3" ds(S, L)z’
such a generating function, we obtain a homomorphism ¢ of Q-vector spaces between the alge-
braic cobordism group ws 1 ®z Q and the space of invertible power series (Q[[x]]*, ).

Finally, §3.4 is concerned with the proofs of Theorems (1.3) and (1.4). Thanks to the results
of §3.1 and §3.3, we prove the analogous of Theorem (1.3) for the generating function ¢(S, L),
by considering the decomposition of an arbitrary pair [S, L] as a sum of copies of [P2, Op:],
[P2, Opz(1)], [P x PL, Opiyp1], and [P x P!, Op1yp1(1,0)]. Therefore the assertion of Theorem
(1.3) for the generating function T'(S, L) of the numbers as(S, L) descends from Theorem (1.2)
and the equality between ds(S, L) and as(S, L) presented in §3.2. Then Gottsche—Yau—Zaslow
formula is proved by means of Theorem (1.3) and Brian—Leung formula (see [1, Theorem 1.1]).

3.1 — The algebraic cobordism group of surfaces and line bundles

We aim to recall the construction of the algebraic cobordism group (w2 1, +) of surfaces and line
bundles, together with the results in [16] describing the Q—vector space ws 1 ®z Q.

Let (Mag, +) denote the free abelian group generated by isomorphism classes [S] of smooth
(irreducible) projective surfaces. Notice that the sum of two distinct isomorphism classes [S]]
and [Ss] in M3 can be thought as the isomorphism class of the disjoint union S; LI Ss.

3.1.1 Definition. We say that four smooth projective surfaces Sy, ..., Ss satisfy a double point
relation [So] — [S1] — [S2] + [S3] if there exists a family X —— P of surfaces such that

(i) the total space X is smooth of pure dimension 3, and the morphism w is smooth away from
the fibre 71 (00);

(ii) the fibre over 0 is the smooth surface 7=(0) = So;

!By definition the Chern classes ¢, (—F) are the coefficients of the multiplicative inverse of the Chern poly-
nomial ¢¢(F), i.e., the Chern classes ¢, (—F) are the Segre classes s, (F.
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(iii) the fibre m=1(0c0) = S1 Up So is the union of the smooth surfaces Sy, Se meeting transver-
sally along a smooth divisor D;

(iv) Ss —5 D is the P*~bundle given by Ss = P(Op® Ng,/p) = P(Ng,/p®Op), where Ng, /p
denotes the normal bundle of D in S;.

3.1.2 Remark. We note that the isomorphism P(Op @ Ng,/p) = P(Ng,,p ® Op) in Definition
3.1.1.(iv) depends on the fact that Op(S1 + 52) = Op, which indeed implies Ng, /p ® Ng,/p =
Op and hence Op & Nsl/D = (Nsl/D ® NSZ/D) (&) (Nsl/D ® OD) = Nsl/D ® (NSQ/D (&) OD)

Analogously, we can consider the free abelian group (Maz1,+) generated by isomorphism
classes [S, L], where S is a smooth projective surfaces and L is a line bundle on S. Then
Definition 3.1.1 may be extended as follows.

3.1.3 Definition. For i = 0,...,3, let [S;, L;] be the class of a pair of a smooth projective
surface S; and a line bundle L; on it. We say that

(3.3.1) [So0, Lo] — [S1, L1] — [S2, L2] + [S3, L]

is an extended double point relation if [So] — [S1] — [S2] + [S3] is a double point relation via a
family X = P of surfaces as above, and there exists a line bundle £ on X such that L; = L
fori=20,1,2 and L3 = n*(L|p).

Si

3.1.4 Example. As in [24, Lemma 2.4], let us consider a smooth projective surface S and a
line bundle L on S. Given a smooth curve C C S, let X i> S x P! be the blow—up of the
product S x P! along the curve C' x {oo}, and let E = P(O¢ @ Ng,/¢) be the exceptional divisor

endowed with the P!'~bundle map E —— C. Then for any integer k, the following extended
double point formula holds

[S, L] =[5, L ® Os(=kC)] = [E,n"(L|c) ® Op(kC)] + [E, 7" ((Os(=kC) ® L)|c)]-

To see this fact, let pry;: S x P — S and pry: S x P! — P! denote the natural projections.
So we may consider the family X " P! given by 7 := pr, obl, and we may define a line bundle
L on X as

L := (bl*pri L) ® Ox(—kC).

Therefore the morphism 7 is a smooth away from oo, and its fibres satisfy 771(0) = Sx {0} = S
and 77 1(00) = S U E. Finally, defining Sy, S1 & S and S, S3 = E as in Definition 3.1.1, the
line bundle £ is such that L|g, = L, L|s, = L ® Os(—kC), L|s, = n*(Llc) ® Op(kC), and
Lls, =n*((Os(—kC) ® L)|c).

We can now define the algebraic cobordism group of surfaces and line bundles.

3.1.5 Definition. Let R denote the subgroup of Ms 1 generated by all extended double point
relations. The algebraic cobordism group of surfaces and line bundles is defined as the quotient

w271 = MQJ/R.

It is worth noticing that the algebraic cobordism group can be similarly defined in the
general setting wy, , of isomorphism classes of pairs of n-dimensional varieties and rank r-vector
bundles. In this direction, Lee and Pandharipande [16] described the structure of the Q-vector
space wp» @z Q by exhibiting a basis and showing that Chern invariants respect algebraic
cobordism. In the case of surfaces and line bundles, [16, Theorems 1 and 4] lead to the following
result, which have been obtained by Tzeng independently (see [24, Theorem 2.3]).
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3.1.6 Theorem. There is an isomorphism ws 1®zQ = Q* given by [S, L] — (L?, LK g, K2, c2(5)).
Moreover, the set

(3.6.1) {[P?, Ope], [P?, Op2(1)], [P x P, Op1yp1], [P x P*, Op1yp1(1,0)]}
is a basis of the vector space we 1 ®z Q, and for any pair [S, L], we have
[S, L] = al[IP’Q, O[p&] + az [P2, OP2(1)] + ag[]P)l X ]P)l, OPI ><IP’1] + (14[P1 X Pl, O[P’l Xpl(l, 0)],

K2 —2co(8 2 K2_3 S 2
where a1 = —L? + %2(), as = L2, a3 = 3L -ELKS _ Ks 402( ) and ay = —3L +2LK5.

Proof. The first assertion is included in [16, Theorem 4]. In order to prove that (3.6.1) is a basis
for wo 1 ®z Q, it is enough to check that the corresponding 4-tuples (L%, LK g, KZ,c2(S5)) € Q*
are the linearly independent vectors (0, 0,9, 3), (1,—3,9,3), (0,0,8,4) and (0,—2,8,4). Finally,
the values of a1, ..., a4 can be deduced from the equality (L%, LKg, K2,c2(S)) = a1(0,0,9,3) +
o ag(0,-2,8,4). O

3.1.7 Remark. According to Theorem 3.1.6, we point out that a set {[S;, L;][i = 1,...,4} C
wa,1 gives a basis for wy 1 ®7Q if and only if the corresponding vectors (L7, LiKs,, K&, c2(S;)) €
Q* are linearly independent over Q.

3.1.8 Remark. We recall that the 4-tuples (L?, LKg, K2, c2(S)) and (x(L), LKs, K%, x(0Os))
determine each other by Noether’s formula and Riemann—Roch theorem, i.e.

1
12
Thus we may define another isomorphism ws 1 ®7Q = Q* by [S, L] — (x(L), LKgs, K2, x(Os)).
Besides, a set {[S;, Li]|i = 1,...,4} C wa is a basis for wg 1 ®7Q if and only if the corresponding
vectors (x(Ls), LiKs,, K3 ,x(Os,)) € Q* are linearly independent.

We note further that the above formulas assure that L? — LKg is even and K% + c2(S) is

divisible by 3 and 4, so that the coefficients aj, ..., a4 in Theorem 3.1.6 turn out to be integers,
as expected.

X(0s) = = (K& +c2(8)) and  x(L) = x(Os) + % (L* ~ LKs).

3.1.9 Example. Let [S1, L;] and [S2, L2] be two classes consisting of a K3 surface endowed
with primitive line bundle. Then the 4-tuples ((x(L), LKs, K%, x(Os)) corresponding to the
set

(3.9.1) {[P2, Os2], [P2, Op= (1)), [S1, L], [Sa, L]}

L3

are (1,0,9,1), (3,-3,9,1), (2+ %,0,0,2) and (2+ . ,0,0,2). Therefore the latter remark
yields that (3.9.1) is a basis of w1 ®7 Q if and only if L? # L3.

3.2 — Gottsche’s enumerative integrals

Let 0 be a positive integer, and consider a smooth surface S and a line bundle L on S. Following
[7, Section 5], we present Gottsche’s idea of interpreting the number as(S, L) of —nodal curves
in a general 0—dimensional linear subsystem of |L| in terms of intersection numbers on Hilbert
schemes of points.

For an integer k > 0, let us consider the Hilbert scheme S*I parameterizing 0-dimensional
subschemes of S of length k, and let Z; C S x S be the universal subscheme with projections
7 Z — S and mo: Z — SH. Asin §2.3, we denote by L¥) the vector bundle of rank k on
S given by LI := (m5).(m1)* L. Then Gottsche’s enumerative integrals are defined as follows
(cf. |7, Definition 5.1]).
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3.2.10 Definition. Let W035 C SB be the locally closed subset

§
{ H SpeC (Osyxi/mézi)

i=1

T1,...,T5 €S are distinct}

and let W3 C S be its closure (with the reduced induced structure), which turns out to be
birational to SV, Then we define the intersection number ds(S, L) as

ds(S,L) ::/ 5026(L[36])
WS

and we denote by

¢(S,L) = ds(S,L)a’

520

the associated generating function.

In [7, Proposition 5.2], Géttsche proved that if L is sufficiently ample with respect to d,
then the number ds(S, L) does coincide with the number as(S, L) of 6—nodal curves in a general
d—dimensional linear subsystem of |L|. Namely,

3.2.11 Theorem. Let S be a smooth projective surface and for § > 2 (resp. 6 = 1), let L be
a (56 — 1)-very ample (resp. 5-very ample) line bundle on S. Then a general linear subsystem

V C |L| of dimension & contains exactly ds(S, L) curves having precisely 6 nodes as singularities,
i.e. as(S,L) =ds(S,L).

Proof. We note that a curve C' C S is singular at some point p € S if and only if C contains
the 0—dimensional scheme Spec ((95@ /mép). Initially, we want to prove that a general linear
subsystem V' C |L| of dimension ¢ contains exactly ds(.S, L) curves having at least ¢ singularities.
To this aim, let {s1,...,s501} € H°(S,L) be a basis of the linear subspace corresponding
to V. C |L|, and let us consider the set of global sections {(m2).(m1)*s1, ..., (72)«(71)*Ss41}
of the vector bundle L. Moreover, let Y C S[B% be the locus of points Z € SB% where
the vectors (m2)«(71)*s1(2), ..., (72)«(m1)*ss4+1(Z) are linearly dependent. Of course, the line
bundle L is by assumption (36 — 1)-very ample, i.e. the restriction map H°(S,L) — H%(Z, L®
Oy) is surjective for any 0-dimensional subscheme Z € S[° and hence the evaluation map
HO(S,L) ® Ogiss) — LI is surjective as well. Therefore, by considering sections (). (71)*s €
HO(SB LI3]) as above, we deduce that the restriction to W?3% of the rank 3§ vector bundle
LB is generated by its global section. Thus the locus Y N W3 has codimension 2§ in W39
and it is Poincaré dual to co5(LI*) by Thom-Porteous formula, i.e. its class is [V N W3] =
cos (L)) N [W39] (cf. [6, Examples 14.3.2 and 14.4.2]). Since the dimension of W3 \ W is
smaller than dim W3 = 26 and V C || is general, we conclude that Y N W37 lies into Wg°.
Furthermore, [11] and the generality of V' assure that ¥ N W3° is smooth. Hence the number
of curves in V containing a point of W° coincides with the degree of [Y N W3], which is
ds(S,L) := [as c2s(L1Y). Since a curve C' C S containing a scheme Z € W is singular at
each of the points z1,...,25 € S in the support of Z, we have that ds(S, L) is the number of
curves in V having at least d singularities.

So we need to prove that the curves at hand possess exactly  nodes as singularities. Firstly,
we point out that V' does not contain curves admitting more than ¢ singular points. To see this
fact, we note that by assumption the line bundle L is (35 + 2)—very ample for any § > 1. Hence
we could repeat the argument above for the restriction to W3©+1) of the rank 36 + 3 vector
bundle LB%+3] deducing that the analogous locus Y N W30+1 should have codimension 26 + 3
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in the (20 + 2)-dimensional variety W3©+1). Then V does not contain curves having at least
6 + 1 singularities.

In order to prove that any curves having § singular points is a nodal curve, we consider the
locally closed subset H5’5 C S5 defined as

s
{ H Spec (Os,z,/ <mgm, zy))| @1, .., x5 € S are distinct and z,y are local parameters at zz}
i=1
and we denote by H C S its closure. We note that if C' C S is a curve having § singular
points such that it contains no subschemes Z C H 55\H5’5, then C has only nodes as singularities.

We claim that H§’5 is smooth of dimension 46. To see this fact, we initially consider the
case 0 = 1. Fixing x; € 5, ideals of the form (m%_’zl,xy) are parameterized by 1-dimensional
vector subspaces of m%_’zl/ m%_’zl = €3, such that their generators are not squares of elements
of mg,, /m% . (because any generator is an element in mg , /m% . which is a product of two
local parameters). Therefore, ideals of the form <m?§111,zy> are parameterized by a point of
a projective plane outside a conic (which corresponds to 1-dimensional vector subspaces of
m2s,x1 / m%yxl whose generators are squares of elements of mg 4, / m%yxl). Equivalently, an ideal of
the form (m% , ,2y) corresponds to the choice of two distinct tangent directions of S at 1, i.e.
a point outside the diagonal of the second symmetric product Sym?(P'), where P! = P(T}, S)
parameterizes tangent directions of S at z1. Then the conic at hand is the image of the diagonal
under the standard isomorphism Sym?(P') 2 P? given by (ag : a1) + (bo : b1) — (agbo :
aoby + arbo : ayby). Thus HY is an open subset in the P2-bundle Sym? (P (T(S))) on S, so that
H§ € SBlis smooth of dimension 4. For § > 1, we consider the sublocus of (Hg’)(S parameterizing
d—tuples (Z1,...,Zs) such that the schemes Z1,...,Zs € Hj are supported at distinct points
z1,...,x5 of S. Of course, this locus is smooth of dimension 44, and the symmetric group Ss
acts freely on it by permuting factors. Since the quotient under this action is H3°, we conclude
that HJ? is smooth of dimension 44, as claimed.

Since the line bundle L is (5§ — 1)—very ample for any § > 1, we can consider the restriction
to H? ~ HS"S of the rank 50 vector bundle L) and we can argue as above. Namely, we
consider the global section {(ma).(m1)*s1,. .., (m2)«(m1)*ss41} of LI and we define the locus
Y of points Z € S where the vectors (m2).(m1)*s1(Z),. .., (m)«(m1)*s541(Z) are linearly
dependent. The locus Y N (H® \ H{%) turns out to be empty as it would have codimension
46 > dim (H> \ H{?). Thus we conclude that every curve contained in V' and having § singular
points cannot have singularities other than nodes. |

3.3 — Degeneration of enumerative integrals

We follow [24, Section 3] in order to show how the generating function ¢(S, L) = 3" ds(S, L)z° of
Gottsche’s enumerative integrals of a pair (S, L) can be determined from generating functions
¢(Sl7L1>; ¢(SQ,L2) and ¢(S3,L3), provided that [S, L] — [Sl,Ll] - [SQ,LQ] + [Sg,Lg] is an
extended double point relation in My ;. More precisely, we outline the proof of the following
(see [24, Theorem 3.2]).

3.3.12 Theorem. If[Sy, Lo] — [S1, L1] — [S2, L2] + [S3, L3] is an extended double point relation
in Ma 1, then

(81, L1)9(S2, L)
¢(505L0) - ¢(S3,L3) .

Equivalently, the map ¢: w2 1Q®zQ — Q[[z]]* induced by [S, L] — ¢(S, L) is a homomorphism
of Q-vector spaces between the algebraic cobordism group (w21 ®z Q,+) and the multiplicative
group (Q[[z]]*,-) of invertible power series.
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According to Definitions 3.1.1 and 3.1.3, we consider a family X —— P! of surfaces inducing
the extended double point relation [Sy, Lo] — [S1, L1] — [S2, L2] + [Ss, L3] appearing in Theorem
3.3.12. In particular, the fibre Xy := 771(0) is Sp, and the fibre X, := 77 1(00) is the union of
S1 and S, meeting transversally along a smooth divisor D. Let U C P! be the largest Zariski
open subset such that co € U and the fibre &; := 77 1(¢) is smooth for any ¢ # oo, and let
us still denote by X — U the pullback of the original family over P'. For an integer § > 1,
let ng (resp. ng /D ng / p) denote the locally closed subset W3% C SBI introduced in
Definition 3.2.10 when S = Sy (resp. S1/D, S2/D). The main idea in the proof of Theorem
3.3.12 is to study how ng degenerates by using the construction of Li and Wu [17] of a family
73 X139 5 U such that for any ¢ # oo, the fibre over t is the Hilbert scheme Xt[ga] of 36
points on the smooth surface X;.

In [18], such a construction is summarized as follows. Given an integer n > 2, the first step
is to replace X — U by an alternative family n[n]: X[n] — U of surfaces having the same
smooth fibres of m when ¢ # oo, whereas the fibre over co is a semistable model

X[?’L]OO =STUA T UAU---UA,_1USs,

where for any 1 < i < n — 1, the surface A; = P(Op & NSI/D) is a P'-bundle over D having
two distinguished sections D; and D', and X[n] is obtained by identifying D7 C A; with
D, € Aif1, D C Sy with DT C Ay, and D}_| C A,y with D C S5. Then it is possible
to introduce a family #l"): XI"] — U of Hilbert schemes such that for any t # oo, the fibre
(W[”]) - (t) is the Hilbert scheme Xt[n] parameterizing O—dimensional subschemes of &; of length

n, and the fibre (7r[”])71 (00) is the union of products

n

(3-12-1) ng] = U ((Sl/D)[k] % (52/D)[n7k])
k=0

such that (S;/D) = (S,/D)0 = {pt}, whereas if k& > 1, the points of (S;/D)¥ are 0-
dimensional schemes of length k supported on the smooth locus of Sy UA; U---UA; and the
points of (Sz/D)"~* are 0-dimensional schemes of length n — k supported on the smooth locus
of AjU---UA, 1 U S5.2 Furthermore, the family 7. xI"l — U turns out to be a moduli
space satisfying many good properties, as e.g. being a proper and separated Deligne-Mumford
stack of finite type over U.

We are intereted in the case n = 3d. Therefore, we consider the family 7[3d]: X[30] — U
of surfaces and the family 739 : X[ — U of Hilbert schemes defined above, and we define a
closed subset W39 C X3 as the closure in X3 of the set

5
V= {HSpec (Ox,2,/Mm%, 2,) [t €U — {00} and a1, ..., 25 € X; are distinct} .
i=1

We note, in particular, that the restriction of V to a Hilbert scheme Xt[gls] with ¢ # oo corresponds
to the subset W035 given by Definition 3.2.10 in the case S = A;. Using the properties of the
family 7(3: X139 — U it is then possible to prove the following result which describes the
restrictions of W39 to the fibers of w139: XB% — U over 0 and oo (see [24, Lemma 3.8)).

2Given a point of Z € (S /D)[k] supported on S;1 UA; U---UA;, any component of type A; must contain
a point of the support of Z, otherwise such a component could be contracted. The same holds for points
Z € (SQ/D)["fk].
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3.3.13 Lemma. The restriction W3 — U of 73 to W3% is a flat family such that
w¥ n s =wg
and

%] if m is not divisible by 3

ng/p x WK if m = 3k for some k € N.

W ((81/D)l" x (S5/ D)) {
S2/D

Now, in order to describe how line bundles enter into the picture, let us consider the line
bundle £ — X on X whose existence follows from Definition 3.1.3. As in [24, Definition-
Proposition 3.4], we recall the following facts included in [17]. Given an integer n > 2, we
consider the universal closed subscheme Zé"] C Sy x S([)n]. For i = 1,2 and 0 < k < n, we may

also introduce universal closed subschemes Z¥ C (S;/D) x (S;/D)*]. Let

7 =

[n] (k]

zi L gl and ZM T (s,/D)H
Py l p l
So (Si/D)

be the corresponding projections, and for any ¢ = 0, 1, 2, we define the vector bundle of rank 3k

L= (@l 1.

% %

We denote further by 7T£k7n] and ngm] the natural projections

plEml
(S1/D)H x (82/ D) =M —— (85 / D)l

o)

(S1/D)M.

With these pieces of notation, there exists a universal closed subscheme Z C X x X[ with
projections

z 2y
|
X
such that the the fibers over 0 and oo of the restriction Z — U are Z([)"] and
Z. = <O (721 % (&/D)“’”)) U (O ((51/D)™ Z%"_k])> ,
k=0 k=0
respectively. Setting £ := Q,P*L, the following holds (see [24, Lemmas 3.6 and 3.7]).

3.3.14 Lemma. The sheaf LI" is a vector bundle of rank 3n over X" such that

n n k,n)\x 1 [k kn]\x r[n—k
Ls, and L) g, pyiix(soypyinn = (w7 ™) L @ (xfoy Ll M.
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In order to study degenerations of Gottsche’s enumerative numbers, we define for ¢ = 1,2
the relative enumerative numbers

1 for k=0

di(Si/D,L;) = / C%(L[.Sk]) fork>1
WBk ' -

and their relative generating function

¢(Si/D, Li) = > d(Si/D, Li)a*

k>0

which are related to Gottsche’s enumerative numbers ds(So, Lo) and to the corresponding gen-
erating function ¢(So, Lo) = 3550 ds(So, Lo)x? by the following result (see [24, Proposition
3.9]).

3.3.15 Lemma. If [Sy, Lo] — [S1, L1] — [Sa, Lo] + [S3, L3] is an extended double point relation
in Ma 1, then
5

ds (Xo,Lo) = _ dy (S1/D, L) ds_1, (S2/D, La) ,
k=0

that is ¢(So, Lo) = ¢(S1/D, L1) - ¢(S2/D, L3).

Proof. Given 6 > 1, we recall that S([)Sg] is the fibre of 7[39: X% — U over 0. Moreover,
Lemmas 3.3.13 and 3.3.14 ensure that W39 N Sc[)gé] = WSS and E[35]|S[35] = L([)sé]. Analogously,
0

the fibre of 713 over oo is given by (3.12.1) and the aforementioned results yield

38 [36] 3(5—k)
w0 x kUWSI/D Wein.
0

and
m,38]\x 1 [m m,368]\x 7 [30—m
LB g Dyimix (55/Dy35-m1 = (™2 LY @ (w2 LS

Since the family 739 : X3 — U and the restriction W3 — U are flat over the open subset

U C P!, we deduce that the classes of the fibres WO[SZS] and WE(;S] satisfy
(3.15.1) Cas (L3 [Wg)él] — ca5(£1) [Wgzs]} _

In the light of the description of the restrictions of £3% and W3 to those fibers, we obtain
that

(3.15.2) eas(L0) W] = a5 (2199 (W) = / cas(LE™) = ds(So, Lo)
W36

and

(3.15.3)

ea5 (L3 {W[Sé]} = o5 (L3 lU Ws b X g(z;Dk)]

6
(3.15.4) Z s (P51 @ (2B LEO0) [wik , x wiih]
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where
Cos ((7_‘_£3k,35]) L[Bk] @ (nl [3k, 35]) L[35 k)] ) Z ( [3k, 35 L[13k]) Cos1 ((ﬂéSk,BS])*L[;(ka)]).

Thus the only non-zero term in the k—th summand of (3.15.4) is obtained for [ = dim ng /D=

2k, so that it is given by cay, (( |3k 36]) L[lgk]) {ng/D} Co(5—F) (( [3k. 35]) L[;’(ka)]) [ng/D X WS(/D )}.
Therefore

025(5[35] W[sé] Z/ car (L )/ - 02(57k)(L[13(57k)])
G-

So/D

—de (S1/D, L1) ds—k (S2/D, L),
k=0

and the assertion follows as we combine the latter equation with (3.15.1) and (3.15.2). O

Applying repeatedly Lemma 3.3.15 to the construction of Example 3.1.4, we can now con-
clude the proof of Theorem 3.3.12.

Proof of Theorem 3.3.12. Let [S, L] be a pair in w1, and let C C S be a smooth curve with
normal bundle Ng/c. Let S 2L, § x P! be the blow—up of S x P! along the curve C x {00} and
let £ = P(Oc ® Ng,c) be the exceptional divisor endowed with the P'bundle map E — C.

Then Example 3.1.4 assures that for any integer k, the following extended double point relation
holds

[S, L] =[S, L ® Os(=kC)] = [E,n"(L|c) ® Op(kC)] + [E, 7" ((Os(=kC) ® L)|c)].
In the case kK = 0, Lemma 3.3.15 yields
(3.15.5) ¢(S,L) = ¢(S/C, L) - (E/C,n”(Llc))-

Let [S1, L1] and [S2, Lo] be the pairs appearing in the extended double point relation in the

assumption of Theorem 3.3.12. Therefore the fibre over co of the family X — U is the union
71'_1(00) = 51 Up 59 of the two smooth surfaces S1,S2 meeting transversally along a smooth

curve D C S; N Sy. For i = 1,2, consider the P'~bundle E; := P(Op & Nx,/p) 2y D, together
with the two distinguished sections D;” := P(Nx,,p) C E; and D;r :=P(Op) C E;. By blowing
up the product S; x P! along the curve D x {oo}, formula (3.15.5) gives

We recall that the pair [S5, Ls] in the assertion of Theorem 3.3.12 satisfies S35 = P(Op @
Nx,/p) = Ey and L3 = 07 (L|p), where £L — X is the line bundle of Definition 3.1.3. Moreover,
being Ly = L|g,, we obtain that Ls = nf(L|p) = n7(L1|p). Analogously, in the light of the
isomorphism S3 = P(Op @ Nx,/p) = E2 and of the equality Ly = L|s,, we deduce that
L3 = n3(La|p). Thus we may rewrite equations (3.15.6) as

We further consider the blow—up & 2L By x P! of By x P! along the curve D] x {oo}. Letting
S %5 P! be the composition of the blow—up morphism with the projection E; x P'—P!, we
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have that the general fibre of o is E; and 0~ !(c0) = E; Up E7, where the curve D is embeds in
the first Fy as D] and embeds in the secon E; as Dy . Hence formula (3.15.5) gives

(3.15.8) ¢(Er, Ls) = ¢(E1/Dy , Ls) - ¢(E1 /DY, Ls).

Since E; = S3 and there exists a canonical isomorphism (E1, i (L1|p)) = (E2, n3(L2|p)) sending
D to D3, equation (3.15.8) becomes

(3.15.9) &(Ss, Ls) = (E1 /D5, Ls) - ¢(Es /Dy, Ls).
Recalling that ¢(So, Lo) = ¢(S1/D, L1)-$(S2/D, L2) by Lemma 3.3.15, and pulling together
equations (3.15.7) and (3.15.9), we obtain

¢(So, Lo) - #(Ss, L3) = ¢(S1/D, L) - ¢(S2/D, Ls) - ¢(E1 /Dy, L3) - §(E2 /Dy , L)
= ¢(S1, L1) - ¢(S2, L2),

which gives the assertion. o

3.4 — Proofs

In this final section we are concerned with the proofs of Theorems (1.3) and (1.4). To start, we
prove the analogous of Theorem (1.3) for the generating function ¢(S, L) = 3. ds(S, L)x°, and
we describe explicitly the universal power series involved.

3.4.16 Proposition. There exist universal (invertible) power series Ay, Aa, As, Ay € Ql[z]]
such that ) )
3(S,L) = AV ALKs Ags AgS)

where

S(P2, Opz) "1 $(P2, Op2 (1)) (P! x P, Op1 1) 2 $(P! x P!, Opa e (1,0)) 2,
$(P! X P!, Op1 1) $(P! x P!, Opr p1 (1,0)) 7,

(P2, Op2) "3 (P! x P!, Opi yp1 )7,
B(P?, Op2) "3 (P x PL, Oprypr ).

I
-

Ay
Ay
As
Ay

Proof. Given a class [S, L] € wg 1, Theorem 3.1.6 assures that
[S, L] = al[IP’2, O[[m] + GQ[P2, Opz(l)] + ag[]Pl X ]P)l, Op1 X[pl] + a4[IP’1 X ]P)l, Op1 wp1 (1, 0)],

K2—2¢y(S
where a; = —L% + %2()

fore Theorem 3.3.12 yields

2 K2—3c2(S 2
,ap =L? a3 = 3L ALK 25 462( ) and a4 = — 3L 4LEs  There-

¢(S, L) = (P2, Op2) ¢(P?, Op2 (1)) 2 $(P! x P, Opasepr ) G(P! x P, Opa s (1,0))*,
so that the assertion follows easily by replacing the values of ay, ..., a4 in the latter equality. O

3.4.17 Remark. According to Remark 3.1.7, we may easily determine an alternative basis of
wo,1 ®zQ, and the corresponding coefficients of an arbitrary class [S, L] € wa 1 may be otained as
in the proof of Theorem 3.1.6. Consequently, the universal power series A;, Ag, A3, Ay € Q[[z]]
could be described in terms of any such a basis.
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3.4.18 Remark. Tzeng proved Géttsche conjecture under the assumption that L is a (50 —1)—
very ample line bundle on a smooth projective surface S, as follows (see [24, Theorem 1.1]).
She observed that by expanding the series Ay, A2, A3, A4 in Proposition 3.4.16, the coefficient
ds(S, L) of 2 in the generating function ¢(S, L) = > ds(S, L)x® turns out to be a universal
polynomial Ts of degree § in the variables L?, LK g, K2, c2(S) (cf. [24, Corollary 4.2]), i.e. the
analogous of Gottsche conjecture holds for ¢(S, L) (without any assumption of positivity for
L). Besides, Theorem 3.2.11 asserts that if L is a (5§ — 1)—very ample line bundle on a smooth
surface S, then as(S,L) = ds(S,L). Thus she concludes that as(S, L) is computed by the
universal polynomial T5(L? LKg, K%, c2(S)), as well.

In the light of Proposition 3.4.16, Theorems (1.2) and 3.2.11, the proof of Theorem (1.3) is
now straightforward.

Proof of Theorem (1.3). Consider the generating function T'(S, L) = > T5(L?, LK, K2, c2(S))z?
of the universal polynomials T5(L?, LKg, K2, c2(S)), whose existence is guaranteed by Theo-
rem (1.2). If L is a (50 — 1)—very ample line bundle on a smooth surface S, then Theorems
(1.2) and 3.2.11 ensure that T5(L? LKg, K2,c2(S)) = as(S,L) = ds(S,L). Thus the gener-
ating functions T'(S, L) and ¢(S, L) do coincide, and we deduce from Proposition 3.4.16 that

T(S,L) = A} AR AfS A¢®) O
Finally, we prove Gottsche—Yau—Zaslow formula.

Proof of Theorem (1.4). Let us consider the generating function

’7(‘97 L)(q) = ZT5(L2’ LKsg, Kg, CQ(S)) (DGQ(T))6
§>0

appearing in the right-hand side of Gottsche—Yau-Zaslow formula. Given two integers g > 6 >
0, let (S, L) consists of a generic K3 surface S endowed with a primitive line bundle L on S
such that L? = 2(g+d — 1), and let M,(d) denote the number of curves in |L| having geometric
genus g and passing through g general points of S (or, equivalently, contained in a general linear
subsystem of V' C |L| of codimension g). Bryan and Leung proved that the generating function
of the numbers M(0) satisfies the formula (see [1, Theorem 1.1])
g+o—1 __ DGQ(T)g
ZMQ((S)Q T A 7)

520

which, according to [7, Remark 2.6], can be reformulated as

(DG (1) /q)*"
A(r)D2Gy(r)/¢*

(3.18.1) Y(S, L)(q) =

On the other hand, we recall that the 4-tuples (L?, LK g, K%, ¢2(S)) and (K%, LKs, x(L), x(Os))
determine each other through linear relations (cf. Remark 3.1.8). Since (.S, L)(¢) coincides with
the generating function ¢(.S, L) computed at = DGy(7), we deduce from Proposition 3.4.16
that there exist four universal power series B1(q), ..., Ba(q) € Q[[¢]] such that

(3.18.2) (S, L)(q) = B1(q)"5 Ba(q)"** B3 (q)¥") By (q)¥(%).

When S is a K3 surface, equation (3.18.2) becomes (S, L)(q) = Bs(q)X™) B4(¢q)?. Moreover,
as we consider different pairs (S, L) such that L? = 2(g + 6 — 1), the latter equality must be
satisfied for any positive integer x(L) = g + 6 + 1. Comparing v(S, L)(¢) = Bs(q)X¥) B4(q)?
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and (3.18.1), we then conclude that Bs(g) = DGa(r)/q and By(q) = (A(r)D2Ga(r)/q?) 7.
Therefore (3.18.2) leads to Gottsche—Yau-Zaslow formula
: (DGs(r) /)™
(S, L)(q) = B1(q)*5 By (q) s .
(S0 = Bl Balg) o o
O
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