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Abstract

These notes are intended as an easy-to-read supplement to some of the background material
presented in my talks on enumerative geometry. In particular, the numbers ng and n4 of plane
rational cubics through eight points and of plane rational quartics through eleven points are
determined via the classical approach of counting curves. The computation of the latter number
also illustrates my topological approach to counting the zeros of a fixed vector bundle section
that lie in the main stratum of a compact space. The arguments used in the computation of the
number n4 extend easily to counting plane curves with two or three nodes, for example. Finally,
an inductive formula for the number ng of plane degree-d rational curves passing through 3d—1
points is derived via the modern approach of counting stable maps. This method is far simpler.
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1 Introduction

Enumerative geometry of algebraic varieties is a field of mathematics that dates back to the nine-
teenth century. The general goal of this subject is to determine the number of geometric objects
that satisfy pre-specified geometric conditions. The objects are typically (complex) curves in a
smooth algebraic manifold. Such curves are usually required to represent the given homology
class, to have certain singularities, and to satisfy various contact conditions with respect to a
collection of subvarieties. One of the most well-known examples of an enumerative problem is

Question 1.1 If d is a positive integer, what is the number ng of degree-d rational curves that
pass through 3d—1 points in general position in the complex projective plane P??

Since the number of (complex) lines through any two distinct points is one, ny =1. A little bit of
algebraic geometry and topology gives ny =1 and n3 =12; see Section 2. It is far harder to find
that ng = 620, but this number was computed as early as the middle of the nineteenth century;
see [Ze, p378]. We give a “classical-style” computation of this number in Section 3. Along the way,
we determine the number of plane quartics that pass through 12 points and have two nodes and
the number of plane quartics that pass through 11 points and have a cusp and a simple node; see
Table 1. The derivations of Subsections 3.2-3.4 easily extend to counting arbitrary-degree plane
curves with two nodes, a node and a cusp, and with three nodes; see Table 2 for explicit formu-
las. These curves are of course not rational in general. Subsections 3.3 and 3.4 also illustrate our
approach to determining the number of zeros of a fixed vector bundle section that lie in the main
stratum of a space. This approach is one of the two main tools that we have applied to a number
of enumerative problems; see [Z1] and [Z2], for example.

The higher-degree numbers ng remained unknown until the early 1990s, when a recursive formula
for the numbers n,; was announced in [KoMa] and [RuT]:

_ 1 (d1—d2)?\ (3d—2
ng = 6(d—1) Z (dldQ 2?@7_2 3d1—1 dldgndlndZ. (11)
d1+do=d




We describe the argument of the latter paper in Section 4. It can also be used to solve the natural
generalization of Question 1.1 to the higher-dimensional projective spaces; see Section 10 in [RuT].

Remark: A derivation of (1.1), which is classical in spirit, appears in [Ra2] and is based on [Ral].
The approach of Section 3 is more direct and involves no blowups.

Subsection 2.3 and Section 3, which are not used in Section 4, assume some familiarity with
cohomology groups and chern classes. All other non-elementary terms, including those used in
Question 1.1, are described in Appendix A. A different (and far more extensive) introduction to
enumerative geometry, as well as to its relations with physics, is given in [Ka].

2 The Low-Degree Numbers

2.1 The Degree-One Number

We start by computing the number n; topologically. Throughout these notes, we will use the
homogeneous coordinates [X, Y, Z] on the complex projective plane of Question 1.1, i.e. we take

P? = {(X,Y,2)eC?: (X,Y,Z)#(0,0,0)} /C* = {[X,Y, Z]: (X,Y, Z)€C*—(0,0,0)}.
In this section, we use the following lemma.

Lemma 2.1 If v—P? is the tautological line bundle, d is positive integer, and s € T'(P?;v*®9) is
transverse to the zero set, the set s~1(0) is a smooth two-dimensional submanifold of P? of genus

o) = (151,

This lemma is proved in Subsection A.3. It can easily be verified directly in the d=1 and d=2 cases.

A line, or degree-one curve, in P? is the quotient by the C*-action of the zero set of a nonzero
homogeneous polynomial
$a100,0010,8001 — alOOX + aOlOY + aOOIZ

of degree one on C*—{0}. In other words, a degree-one curve in P2 has the form
C = Cargosa010.a00m = {1 X, Yy Z)€P?: aypo X +agioY +apnn Z=0}
for some (CL1007 ao10, aom) €C3*—{0}. Furthermore,
Carooavioia0or = Chioosboroboor <= (@100, @010, @001) = A(b100, bo1o, boo1) for some AeC*.

Thus, the space of all degree-one curves in P? is

D1 = {(a100, a010, ao01) : (@100, @010, ago1) # (0,0,0)} /C* ~ P2,

A homogeneous polynomial s = a190X +ao10Y +ago1 Z of degree one on C3 determines a section
Saroo.a010.a001 Of the bundle v* — P2, If (a100, ao10, @oo1) # (0,0,0), this section is transverse to



the zero set. Thus, by Lemma 2.1, for all [a100, @010, @001] € D1 the genus of Cy,p0,a010,a001 1S Z€TO,
i.e. this is a rational curve.

Finally, let p; =[X1, Y1, Z1] and pa =[X2, Ya, Z5] be two distinct points in P2. The curve Ca, oy a010.0001
passes through the point p; if and only if s4,09,a010,a001 (?i) =0. Thus, the number n; is the number
of elements [a100, @010, @001] € D1 such that

X Y] Z1=0;
{aloo 1+ ap10Y1 + apo141 ; (2.1)

a100X2 + ao10Y2 + ap1Z2 = 0.
The solution of each of these equations on D; is a line. Since [X1, Y1, Z1] # [Xo, Yo, Z5], the two
lines are distinct. Since two lines in a plane, or P2, intersect in a single point, n; = 1. Stated

differently, ny = 1 because the space of solutions of the system (2.1) in (aig0, ao10,aco1) € C? is a
line through the origin.

2.2 The Degree-Two Number

The computation of the number ny is very similar. A degree-two curve in P? is described by a
nonzero degree-two homogeneous polynomial

_ E . Jyk ozl
Sa2,0,0,a1,1,0,01,0,1,40,2,0,00,1,1,30,0,2 — ajle Y*Z"
k=2

Thus, the space of degree-two curves in P? is

Dy = {(a2,0,0,a1,1,0,41,0,1, @0,2,0, @0,1,1, @0,0,2) € C* {0} } /C* ~ P°.

If p;=[X;,Y;, Z;] for i=1,...,5 are five points in P2, the subset of conics that pass through these
points is the set of elements [(ajki)j+k+i=2] € D2 such that

Z ajleinik2£ =0 for i=1,...,5. (2.2)
k=2

Each of these five linear equations determines a hyperplane H; in Ds.

We assume that the five points p; do not lie on any pair of lines in P2. Then by Lemma 2.1,
every conic passing through the five points p; is smooth and of genus zero. It follows that any two
distinct conics C; and Cs passing through the five points p; must intersect at most 2 - 2=4 points;
see Lemma A.5. Thus, the system (2.2) of five equations must have at most one solution Ds, and
such a solution represents a plane rational conic through the five points in P?. On the other hand,
the five hyperplanes H; in D> must have at least a point in common, since the poincare dual of a
hyperplane generates H*(P";7Z). In simpler terms, the solution space of the system (2.2) of five
linear homogeneous equations on C% must contain a line through the origin. We conclude that
ng=1.

2.3 The Degree-Three Number

Computing the number n3 requires a bit more care. Similarly to the previous two subsections, the
space of cubics in P? is described by

D3 = {(aju1)j+hti=3 € C*—{0}} /C* ~ P.
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For a generic a € D3, the section s, of the bundle v*®3 — P? is transverse to the zero set. Thus,
by Lemma 2.1, a typical cubic is smooth and of genus one, not zero.

Let p;=[X;,Y;, Z;] for i=1,...,8 be eight points in P? that do not lie on the union of any line and
any conic in P2. Tt can then be shown that if the cubic C, passes through these eight points, the
section s, has at most one singular point. In such a case, the curve C, is a sphere with two points
identified. In other words, a circle on a torus collapses to a point. This fact is immediate from
the algebraic-geometry point of view, but can also be checked directly. Thus, the number ng is
the number of plane cubics that pass through the eight points p1, ..., pg and have a singular point.
This singular point will be a simple node; see Figure 1 on page 8.

As in the previous two subsections, the space H; of elements a € D3 such that p; €C, is a hyperplane.
With our assumption on the eight points, the eight hyperplanes intersect transversally, and thus

1=8
Dzﬂmzw
1=1

In simpler words, the eight equations analogous to (2.2) are linearly independent. Thus, the space
of solution of the corresponding system of equations on C!° is a plane through the origin, which
corresponds to a line P! in D3~ PY.

By the above, we need to determine the cardinality of the set
Z={(ld],z)€S: dsg‘z:O}, where S = {([a],z) eDxP?: s,(z)=0}.
An element of the subspace S of DxP? is a cubic through the eight points p1, ..., ps with a choice
of a point on it. Such an element ([a], z) lies in Z if s, is not transverse to the zero set at x.
Let mg,m : DxP? — D,P? be the two projection maps. If yp — D and vp2 — P? are the
tautological line bundles, we set
Yo=miyp — D xP? and 1 =miyp2 — Dx P2

A homogeneous polynomial in three variables of degree d induces a section of the bundle y*®4— P2,
For the same reason, the map

{ac C?: [a] €D} xP? — 75;5@3, (a, ) — 8q4(),

induces a section 1)y of the line bundle y§&7} ®3 ., DxP2. This section is transverse to the zero set.
Thus, S=1; '(0) is a smooth submanifold of D xP?; see Lemma 2.2 below.

If ([a], x) €S, sqa(x)=0, and thus ds,|, is well-defined. The map

{([a],z) EC*xP?: 54(2) =0} —> 7;§3®T*]P’2, (a,z) — dsq|,,
induces a section v; of the vector bundle ~; ®’yf®3®7r’fT*P2 — §. This section is transverse to
the zero set. Thus, by Lemma 2.2,

ng = 2| = [¢7'(0)] = (e(15©% % ® mT"P?),[S])
— (e2(25 8715 M T"B) P ([S]), [DXE])
= ((3ya+3a®)(y+3a), [DxP?]) = 12,
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where y=m(c1(vp) and a=77c1(Vp2)-

Lemma 2.2 If M is a compact oriented manifold, V — M 1is an oriented vector bundle, and
Y e (M;V) is transverse to the zero set, the space 1~1(0) is a smooth oriented submanifold of M
and

PDy ([~ 1(0)]) = e(V) € H*(M;Z),

where e(V') is the euler class of V.

This lemma is a standard fact in differential topology; see Sections 9-12 of [MiSt]. It implies that
if the dimension of M and the rank of V are the same, the set s~!(0) is finite and its signed
cardinality is given by

Hs™H0)| = (e(V), [M]).

In fact, this is the only case of Lemma 2.2 we would have needed if we extended the section 1,
over the entire space DxP? by using the canonical connection of the hermitian holomorphic vector
bundle v — P?; see [GriH].

3 The Degree-Four Number

3.1 Summary

In this section we use the general approach of Subsection 2.3 to compute the number ny. Since
the genus of a smooth plane quartic is three by Lemma 2.1, we will need to determine the number
of quartics that pass through 11 points in P? and have three nodes. This number is one-sixth the
cardinality of the set

N3 = {([Q],xl,xg,xg)EDX]P’% xP3xP3: w;£xj Vi j; sa(zi) =0, dsgls, =0 Vi=1,2,3},

where D~P? is the space of quartics that pass through the eleven chosen points and IP’ZZ =P2

Similarly to Subsection 2.3, each of the sections
eila], 7:) = (8a(21), dsals;) € W@V @ @Y RTP?
is transverse to the zero set over DXP?. However, the section
P=r1 D2 p3
is not transverse to the zero set over
M = DxP?xP3xP3.

For example, the zero set of ¢ contains the two-dimensional space

{(la],z, 2, 2): sq(x) =0, dsq|s = 0}.

Thus, | V3| is not the euler class of the bundle

=3
V=@ (o7 ooy oTP?) — M = DxP}xP3xP3.

% [
=1



H set ‘ singularities ‘ #pts ‘ card. H

N 1 node 13 27
M 1 node on a fixed line 12 9
K1 1 cusp 12 72
K11 1 cusp on a fixed line 11 20
T 1 tacnode 11 200
No 2 nodes 12 225
Nz | 2 nodes, one on a fixed line | 11 170
Ko 1 node and 1 cusp 11 840
I 3 nodes [ 11 [ 675 |

Table 1: Some Characteristic Numbers of Plane Quartics

On the other hand, ¢ is transverse to the zero set over the “main stratum” of M:
MO = {([@]>$1,$2,x3)6M: T F X W;Aj}_

Thus, |N3| is the euler class of the bundle V minus the @-contribution to e(V) from the “boundary”
of M: )
N3 = (e(V), M) — Com(p),  where  OM =M — M°.

The number Cyps(¢) is the signed number of zeros of the bundle section ¢+, for a small generic
perturbation v, that lie near OM. If OM =1J; Z; is a stratification of OM,

Com(p) = Z Cz ().

If this stratification is sufficiently fine, each of the numbers Cz, (p) is a certain multiple of the
number of zeros of an affine bundle map between vector bundles over Z;. The latter number can
be computed through a reductive procedure, described in detail in [Z1] and [Z2] and implemented
in the relevant cases in Subsections 3.3 and 3.4 below.

In order to simplify the computation of |J\73|, we will essentially be adding one point at a time. This
computation will require knowing the numbers of plane quartics with various one- and two-point
singularities. These numbers, along with |[Aj|, are given in Table 1. For example, according to
this table, the cardinality of the set N1 of plane quartics that pass through 11 points in general
position and have two nodes, one of which lies on a fixed general line, is 170. Figure 1 shows a
simple node, a simple cusp, and a simple tacnode. If s is a section of v*®? and x € s71(0) is a node
of s71(0), then ds|, =0. We describe the analogous cuspidal and tacnodal condition on s in the
next subsection. All numbers in Table 1 are computed in Subsections 3.2-3.4.

Finally, we note that a plane quartic that has 3 nodes and passes through 11 points is either
irreducible, in which case it is rational, or a union of a smooth cubic, passing through 9 of the points,
and a line, passing through the remaining 2 points. By the same argument as in Subsections 2.1
and 2.2, the number of plane cubics passing through 9 points in general position is 1. Thus, by the



Y X

simple node simple cusp simple tacnode
z2=y2 z2=y3 2=y

Figure 1: Simple Node, Simple Cusp, and Simple Tacnode

last row of Table 1, the number of rational quartics passing through 11 points in general position

in P2 is 1
n4:675—<2>-1-1:620.

The computations of Subsections 3.2-3.4 generalize easily to plane curves of arbitrary degree,
essentially by replacing 4 by d everywhere. The results and the arguments are summarized in
Table 2 and in Subsection 3.5, respectively.

3.2 Quartics with One Singular Point

Throughout the rest of Section 3, we denote by py, ..., p13 thirteen points in general position in P?
and by Dy~P' the space of plane quartics. In this subsection, we compute the first five numbers
in Table 1.

Lemma 3.1 The number |Ni| of plane quartics that have a node and pass through 13 points in
general position is 27. The number |N1 1| of plane quartics that have a node on a fized general line
and pass through 12 points in general position is 9.

Proof: (1) Let D~ P! C D, denote the subspace of plane quartics that pass through the points
P1,-..,P13. With notation as in Subsection 2.3, let

N = {(la],z) eDxP?: (la],z) =0},  where
p € T(DXP% 707 @ 1@y e T P?), o(lal, z) = (sa(2), dsals)-
Since the section ¢ is transverse to the zero set, by Lemma 2.2,
V1| = |1 (0)] = {e(15©7®* @ 75 07 @T*P?), D x P?)

= (a1 (% ®7®) 2 (g @7 @ T P?), D= P2)
= ((y+4a) (y*+5ya+T7a2), DxP2) = 27,

(2) Let D~P? C D4 denote the subspace of plane quartics that pass through the points py, ..., p12.
Let P CP? be a general line in P2. We put

M = {([Q],CB)GDXPIZ o(la], z) = 0}, where
¢ € DN(DxP 507 @ %@ T P k), ¢(lal, z) = (sa(2), dsalz)-



Since the section ¢ is transverse to the zero set, by Lemma 2.2,

V1| = o1 (0)] = {e(1§ @7 ®* @ 15 @7 @T*P?), Dx P!)
= (c1 (@1 2 (@ * QT P?), DxP')

= <(y+4a)(y2+5ya+7a2),DxIP’1> -9

Lemma 3.2 The number |K1| of plane quartics that have a cusp and pass through 12 points in
general position is 72. The number |IC1 1| of plane quartics that have a cusp on a fized general line
and pass through 11 points in general position is 20.

Proof: (1) Let D~P? be as in (2) of the proof of Lemma 3.1. We put
N = {(la],z) EDxP?: s4(2) =0, dsy|s=0}.
If ([a], z) e N{, we denote by
Hy, € T(NY; Hom(TP? v @~ @ TP?))
the Hessian of s, at z, i.e. the total second derivative of s, at x. Let

1 = {(la).#) €A g(la),0)=0},  where
¢ € T(NV]; (@7 @A’ T P*)®?),  o(la],z) = det Hyg.

Since the section ¢ is transverse to the zero set, by Lemma 2.2,

1| = o1 (0)] = (e((n§ @7 @ A’T*P?)¥?), A])
= 2(y+a,N7) = 2 (M1 +[N11]) = 2(27+9) = 72.

(2) Similarly, let D~P3 C D4 denote the subspace of plane quartics that pass through the points
P1,...,p11. Let PLCP? be a general line in P2, We put

11 = {([a).2) €DXP': 5y(2) =0, dsql»=0};
]Clvl = {([Q]VT)EN{J det HQ,J: = O}

Then, by Lemma 2.2,

SR

= (e((G @R DAPTP)2), N )
=2(y+a, N7 1) =2 (IN11|+(a, N} 1)) = 2(9+1) = 20.

Note the number <a,/\/’1’,1> of plane quartics that pass through 11 points and have a node at a fixed
twelfth point is 1, since all conditions on a € D4 are linear, as in Subsections 2.1 and 2.2.

Lemma 3.3 The number |71| of plane quartics that have a tacnode and pass through 11 points in
general position is 200.

Proof: Let D~P3 be as in (2) of the proof of Lemma 3.2. We put

N = {(la),2) €DXP?: 50(a) =0, dsals=0}, M =PTP?|yy.



We denote by v — M the tautological line bundle and by
H. ¢ I'(M; Hom(v, 7§ ®7*®4®T*]P’2))
the bundle map induced by H... Let

K1 = {(la],z)e M : Hyo = 0}, 71 = {(la], z) €K} : p(a,z) = 0},
where pE F(M; Hom (1% ,'yo®'y*®4)), o([a], z) = D3

a,xr?

and Df’w is the third derivative of s, at x. Let A = ¢1(y*). Since the sections ¢ and lEI are
transverse to the zero set, by Lemma 2.2,

71 = o7 (0)] = (e(v" @5 @), K1)
_ <6( *®3®VO®'Y*®4) (,y ®70®7*®4®T*IP’2),M>
= (3N\% + (Ty+19a)\* + (5y>+28ya+41a®)\, M)
= (5y* + Tya + 24>, N")
= 5INM1| + 7INL1| +2(a, N{ 1) =5-27T+7-9+2-1 = 200.

3.3 Quartics with Two Singular Points

In this subsection, we compute the three numbers of Table 1 that involve two-point singularities.
As the relevant bundle sections are no longer transverse everywhere, each of these numbers is the
euler class of the corresponding vector bundle minus the contribution from the “boundary” for the
given bundle section.

Suppose E,V — M are vector bundle such that dim M +rk F=rkV and
o € I'(M;Hom(E,V)).
If veT'(M;V) is a generic section, the affine bundle map
Yaw: BE—V,  thay(m;e) = a(m;e) +v(m),

has a finite number of transverse zeros. By Lemma 3.14 in [Z1] and Proposition 2.18A in [Z2], the
signed cardinality of ¥, },(0) is independent of the choice of v. We denote this cardinality by N (c).

Lemma 3.4 The number |Na| of plane quartics that have two nodes and pass through 12 points in
general position is 225. The number |Na 1| of plane quartics that have two nodes, one of which lies
on a fized general line, and pass through 11 points in general position is 170.

Proof: (1) Let N] CDxP? be defined as in (1) of the proof of Lemma 3.2. We put
M =N{xP3, M°=/{(la],x1,22) € M: 21#22}, OM=M—M°, No= ¢ 1(0)nM°,
where pe F(M Yo ®7*®4 D ®’7*®4®T*P%)) 90([@]73317 $2) = (Sg(l‘?)v d82|x2)7 72 :71-2711’%7

and 7y : M — P3 is the projection onto the last component. Since |0 is transverse to the zero
set,

N2 = E|e710) N MO| = (e(vg @i @ ;@72 @T*P3), M) — Con(yp)
= ((y+4as)(y*+5yas+7a3), N{ xP3) — Conr () (3.1)
=27(y, N{) — Conmr () = 27|N1| = Com () = 27 - 27 — Conr (),
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where ay =7m5c; ('yf;%). In order to determine Cyps(¢p), we split OM into two strata:

zZ = {([g],:v,:p): ([Q],l‘)ENl/—/Cl}, Zy = {([Q]ax7x): ([Q],:L‘)G/Cl}.
With appropriate identifications, for some C' € C(N{;R*),

}go([g],m,v) — Hg,mv| < C’([Q],x)]v|2 v ([a], z,x) € OM, vENormMaM}([

al,z,)

~T,P2 (3.2
By definition of the set Iy,
‘Hg,wv} > C([Q],QJ)_1|’U| V ([a], ) ENT =K1, UETxP% (3.3)
By (3.2), (3.3), and a rescaling and cobordism argument as in Subsection 3.1 of [Z1],
Cz, (p) = N(a), where (3.4)
a € T(Nf;Hom(TP?, 15 @7 @ 1@ ™ o T*P?)),  allal,z;v) = (0, Hyv).

On the other hand, suppose ([a], z) € K1. We denote by L(44) C TP? the kernel of H,, and by

ﬁé& ») its orthogonal complement. Let N(,4) be the normal bundle of K1 in N7 at ([a], z). Then,
with appropriate identifications, for some (32, 33€C*, 34€C, and C€R™,

|(,0([Q],[IZ;U,U,U)) - Oé()(U,U,’U))‘ < C(|U‘4+|w‘2) VUEN@’I), UE‘C(Q,Q:)’ we‘CL (35)

(a,z)
1 1
where ag(u, v, w) = (§u1)2 + §ﬂ303, uv + [30% + fav?, fow).

Here (35 is the second derivative of s, at x along E(La ») and 203 is the third derivative of s, at =

along L4 ). Since the polynomial ay is three-to-one near the origin, it follows from (3.5) that each
point of Zp~ I contributes 3 to Cz,(¢). From (3.4) and Lemmas 3.2 and 3.5, we conclude that

CaM(QD) = Czl ((,0) + CZO((,O) =63+ 3VC1‘ =63+3-72=279. (3.6)

The first claim of the lemma follows from (3.1) and (3.6), since No = N3/Ss, where Sy is the
symmetric group on two elements.
(2) Similarly, let N7 CDxP? be defined as in (2) of the proof of Lemma 3.2. We put

M =N xP5, M°={([d],z1,22) EM: m1#x3}, OM=M-M’ Noy=¢ '(0)nM°,
where el (M;n5@% " @@ 9T PY),  ¢(la),21,22) = (sa(22), dsala, )-
Since |0 is transverse to the zero set,

Vo] = e 1(0) N MO = (e(1§@715%* @ @i @T*P3), M) — Com(p)
= 27(y, N7 1) — Conr () = 27IN1 1| — Cons () = 27 -9 — Cona ().

We split OM into two strata:
Z = {([Q],Qi‘,l‘)l ([@],l‘)EN{,l—KLl}, 2y = {([Q],J?,JJ)Z ([Q]vx)EICl,l}'

By the same argument as in (1) above,

(3.7)

C2(9) = N(@),  where
a € T(NV] ;; Hom(TP?, 1§ @1 @ 5 0@ T P?)),  a((d],z;v) = (0, Hauv),
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while Cz,(¢)=3|K1,1]. Using Lemmas 3.2 and 3.5, we conclude that
Cont(p) = Cz,(¢) + Cz(p) = 13 + 3 - 20 = 73. (3.8)
The second claim of the lemma follows immediately from (3.7) and (3.8).
Lemma 3.5 If N]{CDxP? is as in (1) of the proof of Lemma 3.2 and
o€ T(MN; Hom(TP?, 74 @7i%* @ ®7*®4®T*P2)), a(la], z;v) = (0, Hy zv),
then N(a)=63. If N{ CDxP? is as in (2) of the proof of Lemma 3.2 and
a € T(NV] ;; Hom(TP? 1§ @99 @ 15 0@ '@ T*P?)),  a(ld], z;v) = (0, Haev),
then N(a)=13.
Proof: (1) We put
M =PTP?|y;,  OM = {(la],z)€M: H,,=0} = K1,
where ﬁ is as in the proof of Lemma 3.3. Let
= (0, H) € T(M; Hom(y, 7 ®@7%* @ 15 @7 @ T*P?))
be the section induced by a. By Lemma 3.14 in [Z1] or Proposition 2.18A in [Z2],
N(a) = (c(15 @7 ™ @150 QT P?)e(TP?) ™1 N{) — Ca1(0)(@")
= (3y + 6a,N7) — Conr (&) = (3IN1| + 6|N11]) — Conr (G,
where &' is the composition of the linear bundle map & with the quotient projection map
1% @0 © BN TP — (Ben® @ peyn® eT P?)/Cr,

for a generic nonvanishing section v. The claim (3.9) can in fact be easily seen directly from the
definition of N(a). Since the section H is transverse to the zero set, so is the section at if v is
generic. Thus,

Ca10y(@™) = Fla=H(0)] = |K1l. (3.10)

The first claim of the lemma follows from (3.9) and (3.10), along with Lemmas 3.1 and 3.2.
(2) Similarly, we put

M =PTP?|y; . OM = {(la,2)eM: Hyy =0} = Ki,1,
a=(0,H)e I'(M; Hom(v, 5 ®’y*®4 ® 7o ®7*®4®T*]P)2)).
By Lemma 3.14 in [Z1] or Proposition 2.18A in [Z2],

N(a) = (c(% @7 @ 1§02 T P?)c(TP?) 1 N 1) — Ca-1(0) (&™)

N n (3.11)
= (3y + 6a, V] ;) — Conr(a) = (3IN11| + 6(a, N1.1)) — Cons(a™).
As in (1), &' is transverse to the zero, and thus
Ca-10y(@t) = F|a(0)] = |Kpal- (3.12)

The second claim of the lemma follows from (3.11) and (3.12), along with Lemmas 3.1 and 3.2.
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Lemma 3.6 The number || of plane quartics that have one node and one cusp and pass through
11 points in general position is 840.

Proof: Let N CDxP} and Kj CPTPF|yn be as in the proof of Lemma 3.3. We denote by
i1 PTPY |y — P
the composition of the bundle projection PTP?| N — N with 7. We put
M=K{xP3, M°=/{(la],z1,z2) € M: 71 ([a], 1) #x2}, OM=M—-M", Koy=¢ (0)nM°,
where @ eD(M;5@0%% @50 9T P3), ¢(ld], 21,22) = (sa(22), dsalzs): Y2 =T33
Since ¢|yo is transverse to the zero set, similarly to (3.1),

|KCo| = i\go’l(O) N MO} = <(y+4a2)(y2+5ya2+7a§),IC’1 ><]P’§> — Conm ()
=27(y, KY) — Conr () = 27|K1| — Con () = 27 - 72 — Conr ().

We split 0M into two strata:
21 ={(la,z,m((a],2)): ([al,x) K1 =T}, 20 ={(la), 2, 71(la),2)): ([a],z) €T }.

Let v+ — K} be the orthogonal complement of v in 7*TP2. We define the bundle map

(3.13)

a € T (K Hom(y®? @+, @@ @ gen® e P)) by
(9, w) = (0, %ngxﬁ, Hy,w) € 7% @ 150 e @ 1o ey
Note that by definition of the set 77, for some C' € C(K};R™),
| )2 (0, w)| = C(la], ) (|8]+|w]) ¥ ([a], 2) €K =T, (3, w) € (V27 (a))- (3.14)
On the other hand, with appropriate identifications,

}(p([@],l‘,v,’w) - a[g},x(v(g?:w)‘ < C([Q],I‘)(”UF’—F”U)F) (3'15)

¥ (la], z, 71(a], %)) €M, v EY((g].0)> WET Ty 0)-

Since the bundle map
TP’ =@y — ey, (v,w) — (192 w),
is two-to-one, outside of the proper subbundle =,
Cz,(¢) = 2 N(a), (3.16)

by (3.14), (3.15), and a rescaling and cobordism argument as in Subsection 3.1 of [Z1]. Suppose next
that ([a],z) € T1. Let N4z be the normal bundle of 73 in K7 at ([a],z). Then, with appropriate
identifications, for some (35, 34 €C* and C €R™T,

|<,D([Q],11;’LL,U,’LU) - ao(uaf%w)’ < C(|U|5+|w|2) vueN(g,a:)a UG’V([Q]@)’ we’y(L[ng)’ (317)

1 1 1
where ag(u, v, w) = (éuv?’ + 1541)4, 51“)2 + Ba®, Byw).
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Since the polynomial ag is four-to-one near the origin, it follows from (3.17) that each point of
Zo~T; contributes 4 to Cz,(y¢). From (3.16) and Lemmas 3.3 and 3.7, we conclude that

Con () = Cz, () + Czy(p) = 2 152 + 4|T;| = 2 152 + 4 - 200 = 1104. (3.18)
The lemma follows from (3.13) and (3.18).

Lemma 3.7 If K} C]P’TIP’2|N2// is as in the proof of Lemma 3.3 and
a € T'(Kj; Hom(v*? @&y, 150712 @ v 011 e T*P?)),
a(v,w) = (0, %Dix% H,2w) € 1587 @ %@ 07" @ o ey,
then N (o) =152.

Proof: Since the linear map

a: 'yJ‘ — ’yf)k®’yf®4®’yJ‘*

is an isomorphism over K/,

N(a) = N(a), where (3.19)

1
& € (K1 Hom(v*, 1507 @ 1529{*'®7"), o[l 230,w) = (0, 5 Dg,v)-

Similarly to the proof of the Lemma 3.5,
N(a) = (c(p o™ & 15071 ®@7")c(v**) ™, KY) = Ca-1(0)(@™)
= (3X*+ (8y+23a) A+ (Ty* +41ya+61a® )\, PTP?|\y) — Cr; (&)

(3.20)
= (Ty? 4 1Tya + 10a®, N) — C1, (&™)
= (TN + 17|V | +10(a, N 1)) — Cp (&F) = T7-2T+17-9 410+ 1 — Cg, (&™),
Since the section D3 is transverse to the zero set, so is the section & if v is generic. Thus,
Cami( (@) = *[a(0)] = |71, (3:21)

The lemma follows from (3.19)-(3.21) along with Lemma 3.3.

3.4 Quartics with Three Simple Nodes

In this subsection we compute the last number of Table 1. We start with the following structural
lemma.

Lemma 3.8 Let N{'CDxP? be as in the proof of Lemma 3.3 and let

Nio = {([a], 1, 22) ENT' X B3 21 £ 9, 92([a], 21, 2) =0}, where
P2 €T (M) x P31 0% %! @ 5 0n® @T*P3),  wallal, 1,22) = (sa(x2), dsqlz,)-

If N§ is the closure of Nj, in Ni'xP3, then

3./\72/ E./\~/'2/ - ~2/;0 = {([QL:C,:U)GN{'XIP’%: ([Q],ﬂ:)e'fl}.

14



Proof: We will only show that if ([a], z1, x2) € ON}, then z1 =29 and ([a], z1) € T1. The converse
follows from the proofs of Lemmas 3.9 and 3.10. Suppose ([a], z1,22) € ONS. Since the section
@9 is continuous, 29 =1 by definition of ON3. If ([a],z1) € NV =K}, by (3.2) and (3.3) and with
appropriate identifications,

|p2([a], 21, 0)| > C([a], z1) o]
for all v € T}, P? sufficiently small. Thus, ([a],>1,21) is not in the closure of /\72;0. Suppose next
that (a,z1) €K} —71. Then, by (3.5),
‘902([@7 L1, U, v, w)| > C([QL xl)il(‘vlg"i_‘w’) (3'22)

for all u€ Ny 1), VE L), and € E(La 1) sufficiently small. In this case, N is the normal bundle

of K}, viewed as a submanifold of ', in N7, while the line bundles £ and £+ over K} are defined
as in (1) of the proof of Lemma 3.4. From (3.22), we conclude that ([a],z1, 1) is not in the closure

of ./\/-2;0.

Lemma 3.9 The number |N3| of plane quartics that have three nodes and pass through 11 points
in general position is 675.

Proof: With notation as in the statement of Lemma 3.8, let
MZ.N/—/X}P%, MO—{([ |, 1,22, x3) EM : x3F# 1,22}, (9]\4:]\4—]\407 Ng ( )N MO
where  p3€T(M;75075%! @503 @T PE), @s(la), 21,22, 23) = (sa(23), dsg\zg), V3 =752,

and mg: M —>]P’§ is the projection onto the last component. Since ¢3|y0 is transverse to the zero
set,

N5 = F|e31(0) N M°| = (e(v5 @75 @ 5@ @T*P3), M) — Conr(p3)
= ((y+4a3)(y*+5yaz+7a3), Ny xP5) — Corr(sps) (3.23)
= 27(y, N3) — Conr(p3) = 27 - 2|Na| — Canr(s) = 27 - 450 — Capr(3),

where a3:7r§‘cl(7f;,2). In order to determine Cyps(¢3), we split OM into five strata:
3
= {(la], 21,2, 23): x3=12, T3 F 2}, ([a], 2:) ENT' =K1}, {i,j} ={1,2}

Z()’Z' = {([ ],1'1,1'27553) T3 =Ty, 1‘37&1‘]’, ([Q]vxl)EKll_/Tl} ~ K, {Z’]} - {1’2};
Zoa2 = {(la],z,2,z): ([a], 2) e T1 }.

Note that Lemma 3.8 implies that the union of these five spaces is indeed OM. Similarly to the
proof of Lemma 3.4, we have

Cz,,(p3) =Cz ,(p3) = N(a), where (3.24)
a € T(Ng; Hom(TP;, 15 @7 @ 1§ @™ @T*PY)),  a((d], 21, 22;v) = (0, Hy,v),

while
Czy,1(p3) = Czo5(93) = 3[K2]. (3.25)
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Finally, suppose that ([a],z) €7;. Let N, (la 2 and N (2a ») be the normal bundles of 7; in K} and of

K1 in N, respectively, at ([a], ). Let L, ) and LE | be as in the proof of Lemma 3.4. Then,

(a,x)

with appropriate identifications, for some (9, 34 € (C*:C €RT, and i=2, 3,

|pi(la], 3 1, ug, v, wi) — oo (ug, ug, vi, wi)| < C (il +|wql?) (3.26)
v Ui EN(lg“,E), U9 GN(Z@), Vi Gﬁ(g@,), w; eﬁé,x)?
where ag(uy,u2,v,w) = (lulv?’ + 1uzvz + i541)4 1u1v2 + ugv + 1541)3 Bow)
e 6 2 12 2 3 ’ '
Since ./\72’;0 = @51(0), the ¢3-contribution of ([a],z,z,x) is the number of small solutions of the
System

, V9, =0 w1, U, Vg, Wa, v3, wy) € CO
{@2(’&1,’&2 () ’LUQ) (1 2,02 2, U3 3) (327)

w3(u1, ug, v3, w3) = tv(ug, ug, v2, wa, v3, W3) (v2,w2) # (0,0),

for a generic v € C3 and t € R sufficiently small. By (3.26) and a rescaling and cobordism argument
as in Subsection 3.1 of [Z1], the number of small solutions of (3.27) is the same as the number of
solutions of the system

1,3 1. 2 13 4
FU1Vy + Fu2vy + 7504v5 =0

1, 3 2, 1g .4
Fu1V; + ugvs + 384v5 =0
1o o34 1o 2 13 4
FU1V3 + U2V + 150403 = v

1, .3 2, 1p.4 _
U1y + ugvi + 30405 =0

(u1, ug, va,v3) € C*, (3.28)

for a generic v € C. Dividing the first two equations by v3 and the last equation by v3 and then
solving for uy and u; in terms of v1 and vy, we find that the system (3.28) is equivalent to

up = —fB4v2
_ 1 2
U2 = 664712
Vg = V3 O Uy = 2v3

1 3 1,.2,2 1.4
—gU2Vs + U3 Uy =V

(U1,UQ,U2,U3) S (C4. (329)

If vy = v3, the last equation has no solutions for v # 0. On the other hand, if vy = 2v3, the last
equation in (3.29) has four solutions. We conclude that

Czy15(103) = 4|71 (3.30)
From (3.24), (3.25), and (3.30), along with Lemmas 3.3 and 3.6, we conclude that
Cont(p3) = 2Cz, , (93) + 2Cz, , (93) + Czy 1 (03) = 2+ 1130 + 6 - 840 + 4 - 200 = 8100.  (3.31)
The lemma follows from (3.23) and (3.31), since N3 =N3/Ss.
Lemma 3.10 If N3 CDxP?xP3 is as in Lemma 3.8 and
a € I'(Ng; Hom(TPY, 15 7% @ 1@ ' @TPY)),  a(ldl, z1,22;0) = (0, Ho,v),

then N(a)=1130.
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Proof: We put 3
M =PTPi|g,, OM ={(ld],z1,22)€ M: Hyu=0},

where fI is as in the proof of Lemma 3.3. Using Lemma 3.8, we split M into two subsets:

Zoa = {(la, 1, 22) € M : 71 ([a], 21) # o, ([a], 21) €K =Th },
Zo2 = {(la], z1,22) e M : 71 ([a], x1) =2, ([a],z,) €T},

)

where 71 is as in the proof of Lemma 3.6. Here K} and 7; are viewed as subspaces of PTP?| N 88
defined in the proof of Lemma 3.3. Let

a = (0, H) € T'(M;Hom(v, 7§ 7% & 1§ @7 @ T*PY))
be the section induced by «. Similarly to the proof of Lemma 3.5,

N(a) = {c( @7 @ 157 @T P} e(TP) ' Ng) — Camr(0y(67)

) N . (3.32)
= (3y + 6a1,N3) — Copr(a) = (3 2IN| + 6|./\/‘271|) — Com(a).
As in the proof of Lemma 3.5, we have
Czoq(ah) = | 201 | = [Kal. (3.33)

On the other hand, suppose ([a],z1,22) € Zp2 and thus ([a],z1) € 77, while 9 = 71([a], z1).

Then, with identifications similar to the ones used at the end of the proof of Lemma 3.9, the

a*t-contribution of ([a], z1,x2) is the number of small solutions of the system

©a(u, uz, va, we) =0 (u1, ug, v2, w, w) € C° (3.34)
dL(ulau%w?)) = tV(Ul,UQ,’UQ,’LUQ,w;g) (v27w2) 7é (070)7 '

*

for a generic v € C? and t € RT sufficiently small. In this case, w3 € Vaz1)

choice of identifications

®7(Jé,m1)' For a good

&L(’I,Lh’LLQ,'UQ,’lUQ,wg) = (UQ,IU?,). (335)

By the i =2 case of (3.26) and (3.35), the number of small solutions of the system (3.34) is the
same as the number of solutions of the system

1, .3, 1, .2 1 4 _
FULVY + Su2vs + 150405 = 0

1 24 1.4 *3
§U1U% + UQ’UQ + 3/84/02 = 0 (u17u27v2) € (C ’

Ug =v
for a generic v €C. Thus, each point of Zj o contributes two, and
Cz,,(a7) = 2|T]. (3.36)

The lemma follows from (3.32), (3.33), and (3.36), along with Lemmas 3.3, 3.4, and 3.6.
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H set ‘ singularities ‘ d> ‘ co-# pts ‘ cardinality H

M 1 node 1 1 3(d—1)*
N 1 node on a fixed line 1 2 3(d—1)

K1 1 cusp 1 2 12(d—1)(d—2)

Kia 1 cusp on a fixed line 3 3 4(2d—3)

T 1 tacnode 3 3 2(25d* —96d+84)

N 2 nodes 1 2 3(d—1)(d—2)(3d*—3d—11)/2
N21 | 2 nodes, one on a fixed line | 3 3 9d3 —27d* —d+30

Ka 1 node and 1 cusp 3 3 12(d—3)(3d> —6d? —11d+18)

I N | 3 nodes [ 3] 3 [(9d°—54d5+9d" +423d> — 458d> —829d+1050) /2]

Table 2: Some Characteristic Numbers of Degree-d Plane Curves

3.5 Generalization to Arbitrary-Degree Curves

The computations in the previous subsections generalize to higher-degree curves, as well as to other
types of singularities. We list the results of the generalization to arbitrary-degree curves in Table 2.
The number in the third column is the lowest value of the degree d for which the formula given
in the last column is applicable. Note that in the cases when this number is higher than one, the
constraints are —1 points for d=1 and two points for d=2. So, the corresponding count of curves
makes no sense for d =1, while for d =2 this is a count of structures on the double line through
two distinct points in P2. The number in the fourth column is the difference between

d(d+3)

dim(d) = dim {deg. —d curves} = 5

and the number of points in general position. Below we state the changes that are needed to be
made in the above lemmas to obtain these results.

3.5.1 The Numbers A7 and N

In order to compute the number Nj, we take D~P' to be the subspace of degree-d plane curves
that pass through a set of dim(d)—1 points in general position. We define N; as in (1) of the proof
of Lemma 3.1, except now

p € T(DxP% 1507127 © 15 07 * /0T P?).
Since ¢ is transverse to the zero set, we obtain

V1| =7 H0)] = {e(v @7 % ® 7§ @ ¥ T P?), D xP?)
= <(y+da)(y2+(2d—3)ya+(d2—3d+3)a2),DXP2> = 3(d_1)2,

With the analogous changes in (2) of the proof of Lemma 3.1, we find that

V1| = e H0)] = {e(v§ @%@ 1§ @7 ¥ @T*P?), Dx P!)
= ((y+da)(y*+(2d—3)ya+(d®—3d+3)a*), DxP') = 3(d—1).
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3.5.2 The Numbers K and K1

We take D~P? to be the subspace of degree-d plane curves that pass through a set of dim(d)—2
points in general position. We define N and K; as in (1) of the proof of Lemma 3.2, except now

Hy o € T(N];Hom(TP?, 15 @77 @T*P?)) and ¢ € T(N]; (75 @712 @A T P?)®?).

Since ¢ is transverse to the zero set,
K1l = o7 (0)] = (e((15 @ @A T*P*)®?), A7)
= 2(y+(d—3)a, N7) = 2 (IN1|+(d—3)|N1,1])
=2(3(d—1)*+ (d—3) - 3(d—1)) = 12(d—1)(d—2).
With the analogous changes in (2) of the proof of Lemma 3.2, we find that
K11l = (e((5 @y 1@ AT P?)®%), M ;)
= 2(y+(d—3)a, N 1) =2 ([N11|+(d—3)(a, V] 1))
=2(3(d—1) + (d—3)) = 4(2d—3).

3.5.3 The Number 7;

In this case, we take D~P3 to be the subspace of degree-d plane curves that pass through a set of
dim(d)—3 points in general position. We define N{', M, K}, and 7; as in the proof of Lemma 3.3,
except now

H.. € T(M;Hom(y, 7527 %?@T*P?)) and ¢ € I'(M;Hom(1®%, 4 @71%%).
Since the sections ¢ and H .. are transverse to the zero set, we obtain
7] = o~ (0)] = (e(v* P @15 01 e(v' @15 01! OTP?), M)
= (3X% + (Ty+(7d—9)a) N> + (5y°+(10d—12)ya+(5d*> —12d+9)a®) A, M)
= (5y® + (10d—33)ya + (5d* —33d+54)a®, N7')

= 5|NV1| + (10d—33)|N1 1| + (5d°—33d+54)(a, N} ;)
=5-3(d—1)* + (10d—33) - 3(d—1) + (5d* —33d+54) = 2(25d* —96d+84).

3.5.4 The Numbers N, and N>

In order to compute the number Ns, we take D~P? to be the subspace of degree-d plane curves
that pass through a set of dim(d)—2 points in general position. We define N, M, OM, Na, Z;,
2Zp, and « as in (1) of the proof of Lemma 3.4, except now

peD(M; 272" @ 15 @n®ieT P3),  acD(N];Hom(TP?, ;@7 & @120 T"P?)).
Since |0 is transverse to the zero set,

N2l = Fle ™ (0)NMO| = (e(15 @132 ® v @12 @T*P3), M) — Conr(e)
= ((y+das)(y*+(2d—3)yas+(d*—3d+3)a3), N{ xP3) — Con () (3.37)
=3(d—1)*(y, V7) — Cont () = 3(d—1)*|N1| = (Cz, () +Cz, (¥))-
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As in (1) of the proof of Lemma 3.4, we have
Cz(p) =N(a) and  Cz(p) = 3|K1]. (3.38)

Similarly to (1) of the proof of Lemma 3.5,

N(a) = {c(v§®7% & 1527 @T P?) c(TP?) ™ N]) — Camr 0y (GF)
= (3y + 3(d—2)a,N{) — Comr (&™) = (3W1| +3(d—2)|N11]) — Cane(ah),
where Conm (& ‘ICl‘

Combining these observations with (3.37) and (3.38), we obtain

INa| = 3d(d—2)|N1| — 3(d—2)|Ni 1| — 2|K1| = 3(d—1)(d—2)(3d* —3d—11).

With the analogous modifications in (2) of the proof of Lemma 3.4, we obtain

N1l = e (0)NMO] = (e(r§®7°! ® 15 @95 T P3), M 1 xP3) — Conr ()
= 3(d—1)*(y, M 1) — Conr(¢) = 3(d—1)*|N1a| — (Czo( )+Cz(9)),
where Cz,(p) = N(«) and  Cz,(p) = 3|K1.]. (3.40)

(3.39)

By the argument in (2) of the proof of Lemma 3.5,

N(a) = (c(15@7i% & %@ @T*P?)c(TP?) 1, N ;) — Ca-1(0) (&)
= (3y +3(d—2)a, N7 ;) — Con (6 ) = (3|N1 1] +3(d—2)) — Con(a™),
where  Con(a) = [Ku,1]-

Combining these identities with (3.39) and (3.40), we obtain

‘Nz,l | = 3d(d—2) |./\/’1,1

(d—2) = 2|K1,1| = 9d*—27d* —d+30.

3.5.5 The Number £y

We take D~P3 to be the subspace of degree-d plane curves that pass through a set of dim(d)—3
points in general position. We define N, K}, M, OM, Ko, Z1, 2y, and « as in the proof of
Lemma 3.6, except now

pel(Ming @7 @503 @T"P;),  a € (K Hom(y* @yt 1507 @ 1§ @ ® o T*P?)).
Since |0 is transverse to the zero set,

’K:2’ — i‘gofl MO| _ <6 70®’y*®d@’}/0®’}/*®d®T*P%),M> _CBM(SD)
= ((y+daz)(y*+(2d—3)yas+(d* —3d+3)a3), Ky xP3) — Con () (3.41)
= 3(d—1)*(y, K1) — Com () = 3(d—1)%|K1| — (Cz, () +Cz,(¥)).

As in (1) of the proof of Lemma 3.6, we have

Cz,(p) =2N(a) and  Cz(p) =4|T| (3.42)

20



Similarly to (1) of the proof of Lemma 3.7,

N(@) = (c(15 01 @151 @) c(v¥?) 7, K1) = Cami(0) (@)
= ((3A\+2y+2da) (\*+(2y+(2d—3)a) A + (2d—3)ya+(d* —3d+3)a”), PTP?|\y) — Cr, (a™)
(7y* + (14d—39)ya + (7d* —39d+54)a®, N7') — Cr, (&™)
= (TIN1] + (14d—39)| N7 1| + (7d*— 39d+54))—071(~¢),
where Con(a "Tl‘

Combining these observations with (3.41) and (3.42), we obtain

o] = 3(d—1)?|K1| — 2(7|N1| + (14d—39)| N1 1| + (7d* —39d+54)) — 2|71
= 12(d—3)(3d* —6d* —11d+18).

3.5.6 The Number Nj;

We take D~P? as above and define N7, ~2’;0, VG, M, MO, N3, 2. for k=0,1 and i=1,2, Zg 12,
and « as in Lemmas 3.8 and Lemma 3.9, except now

02 € T(N] xP3; 950732 @ 7 ®7*®d®T*P2) p3 € T(M;7507%% @ 15 @3 0T P),
and a € T'(Ng; Hom(TP%, ~; F Y e @ 4 ®fy*®d®T*]P’%)).
Since 3]0 is transverse to the zero set,
W5| = F|o3 (0)NM°] = (e(r5 75! @15 @15 T PE), M) — Conr(3)
= ((y+das)(y*+(2d — 3)yas+(d* ~3d+3)a3), N3 x P§) — Con(s) (3.43)
= B(d*1)2<yaN2,> - C(?M(‘p3) = 6(d*1)2|N2| - 2C31,1(903) - 2C20,1(903> - 620,12 (903)'

Similarly to the proof of Lemma 3.9, we have
CZ1,1(90) = N<a)> CZO,1 (90) = 3‘K2‘7 and CZo,lz (90) = 4‘7—1‘ (3-44)

In order to compute N(«), we define M, Zy 1, and Zp2 as in the proof of Lemma 3.10. By the
same argument as before, we find that

N(@) = (c( @1 @ 15 @11 QT P}) e(TP}) ™!, N3) — Ca-1(0) (@)
= 3y + (3d—2)a1, Ng) — Conr (@) = (6|V2| + 3(d—2)W2,1\) —Cz,,(a") = Cz,,(ah),
where  Cz, (&) =|Ko| and Cz,,(a") =2|T:].

Combining this result with (3.43) and (3.44), we conclude that

IN5| = 6((d—1)*=2)|Na| — 6(d—2)|Na,1| — 42|
= 3(9d°® —54d° +9d* 4 423d® — 458d> — 829d+1050).

Remark: For d>5, the middle component of the polynomial g in the proof of Lemma 3.9 should
be increased by %55115. However, this term vanishes as we proceed from (3.27) to (3.28).
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4 Stable Maps and Recursive Formula

4.1 The Moduli Space of Four Marked Points on a Sphere

In this section, we derive recursion (1.1), following the argument in [RuT]. We start by defining
an invariant that counts holomorphic maps into P™. A priori, the number we describe depends on
the cross ratio of the chosen four points on a sphere. However, it turns out that this number is
well-defined. We use its independence to express this invariant in terms of the numbers ng4 in two
different ways. By comparing the two expressions, we obtain (1.1).

Let 20, 21,22 and x3 be the four points in P? given by
xo =[1,0,0], x1=1[0,1,0], z2=10,0,1], =z3=1[1,1,1].

We denote by H(P?;~v*®2) the space of holomorphic sections of the holomorphic line bundle
@2 - P2 or equivalently of the degree-two homogeneous polynomials in three variables; see
Lemma A.3. Let

U= {([s],z) ePH(P?;v*®*)xP? : 5(x;)=0Vi=0,1,2,3; s(x)=0}
~ {([A,BL [ZO,Zl,ZQ]) GPl X]Pz: (A—B)Z()Zl—A2122+BZOZ2:0}.

The space U is a compact complex two-manifold.

Let m: U — ﬁOA = P! denote the projection onto the first component. If [A, B] € ﬁOA’ the
fiber 771([A, B]) is the conic

CaB= {[zo,zl,zﬂ eP?: (A—B)zozl—Az1z2+Bz0z2:0}.

If [A, B] #11,0],[0,1],[1,1], Ca,p is a smooth complex curve of genus zero. In other words, C4 p
is a sphere with four distinct marked points by Lemma 2.1. If [A, B] =[1,0],[0,1],[1,1], Ca g is
a union of two lines. One of the lines contains two of the four points xg,...,x3, and the other
line passes through the remaining two points. The two lines intersect in a single point. Figure 2
shows the three singular fibers of the projection map m: U — 90 4. The other fibers are smooth
conics. The fibers should be viewed as lying in planes orthogonal to the horizontal line in the figure.

We conclude this subsection with a few remarks concerning the family & — 90 4. These remarks
are irrelevant for the purposes of the next subsection and can be omitted.

If [A, B]€ Mo 4—{[1,0],[0,1],[1,1]}, Ca p is a smooth complex curve of genus zero, i.e. it is a sphere
holomorphically embedded in P2. Thus, there exists a one-to-one holomorphic map f: P! —C A,B-
Using Lemma A.1, it can be shown directly that if [u;, v;] = f~1(x;),

Uo/UO —’UQ/UQ . U1/U1 _'UQ/UQ . B

Uo/’lLo —U3/U3 ' Ul/ul —’U3/U3 N A

The cross-ratio is the only invariant of four distinct points on P'; see [A], for example. Thus,

P {[1, 00,0, 1,[1,1]} = Mot = {(wo, z1, 20,09) € (B2 i i}/ ~,
where (z0, 71,2, 23) ~ (T(20), T(21), 7(22), 7(x3)) if TEPSLy = Aut(P').

Furthermore, the restriction of the projection map 7 : U]y, , — Mo 4 to each fiber Cia,p) is the
cross ratio of the points zo, ..., x3 on Cj4 pj, viewed as an element of P'SC.
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[0,1] [1,0] [1?1] Mo 4~ P!

Figure 2: The Family U —>ﬁ074

4.2 Counts of Holomorphic Maps
If d is an integer and C is a complex curve, which may be a wedge of spheres, let
Ha(C) = {f€C™(C;P?): f is holomorphic, f.[C]=d[L]}, (4.1)

where [L] € Hy(IP%; Z) is the homology class of a line in P2. We give a more explicit description of
the space Hy(C) in the relevant cases below.

Suppose £, {1 and po, . . ., p3g_1 are two lines and 3d—2 points in general position in P2. If o €My 4,
let NJ(lo,l1,p2,--.,p34—1) denote the cardinality of the set
{feH(Cs): f(mo)Ely, f(z1)Els, f(x2)=p2, f(x3)=ps, pi€lm [ Vi}. (4.2)

Here C, denotes the rational curve with four marked points, zg, x1, x2, and x3, whose cross ratio
is o; see Subsection 4.1. If 0 #][1,0],[0,1],[1,1], Cs is a sphere with four, distinct, marked points.
In this case, the condition fe€H(Cy) means that f has the form

f([u,v]) = [Po(u,v), Py(u,v), Pa(u,v)] V[u,v] € P!,

for some degree-d homogeneous polynomials Py, Py, P, that have no common factor; see Lemma A.1.
If 0=][1,0],]0,1],[1,1], C; is a wedge of two spheres, C,1 and Cy 2, with two marked points each.
In this case, the first condition in (4.1) means that f is continuous and flc,, and f|c,, are holo-
morphic. The second condition in (4.1) means that d=di+ds if fi[Co1]=di[L] and f,[Cs 2] =d2[L].

The requirement that the two lines, ¢y and ¢1, and the 3d —2 points, po,...,p3q_1, are in gen-
eral position means that they lie in a dense open subset U, of the space of all possible tuples
(€0, 1,25 - - -, P3d—1):

X = GraC? x GroC? x (P2)*72,

Here GroC? denotes the Grassmanian manifold of two-planes through the origin in C2, or equiv-
alently of lines in P2, The dense open subset U, of X consists of tuples (£g,¢1,p2,...,p34—1) that
satisfy a number of geometric conditions. In particular, £y # £1, none of the points po, ..., p3q_1
lies on either ¢y or ¢1, the 3d—1 points £y N 1, p2,...,p34—1 are distinct, no three of them lie on
the same line, and so on. In addition, we need to impose certain cross-ratio conditions on the
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rational curves that pass through ¢y, £1, p2, p3, and a subset of the remaining 3d—4 points. These
conditions can be stated more formally. Define

evy: Hq(Co) X (CU) — (P2)3d by evg(f;a:4, .. ,mgd,l) = (f(xo),f(ajl), .. .,f(xgd,l)).

Lemma A.1l implies that H4(C,) is a dense open subset of P39+2 and the evaluation map ev, is
holomorphic. The space H4(C,) has a natural compactification 90, (P2, d), which is the union
of spaces of holomorphic maps from various wedges of spheres into P?. The complex dimension
of each such boundary stratum is less than that of H4(C,). The evaluation map ev, admits a
continuous extension over O, (P2, d), whose restriction to each stratum is holomorphic. The
elements (£, 41,p2,...,p3q—1) of the subspace U, of X are characterized by the condition that the
restriction of the evaluation map to each stratum of 91, (P2, d) is transversal to the submanifold

3d—4

lo X £1 XpaX...Xp3g—1 C (P2)3d.

This condition implies that
ev;l(&) X 01 XpaX... ><p3d,1) N 6%0(@’2, d) = 0
and the set in (4.2) is a finite subset of H4(Cy).

The set U, of “general” tuples (¢o, {1, p2, ..., P3d—1) is path-connected. Indeed, it is the complement
of a finite number of proper complex submanifolds in X. It follows that the number in (4.2) is
independent of the choice of two lines and 3d —2 points in general position in P2. We thus may
simply denote it by NJ. If 0 #[1,0],[0, 1], [1,1], Cs is a sphere with four distinct points. In such a
case, it is fairly easy to show that the number NJ does not change under small variations of o, or
equivalently of the four points on the sphere. Thus, NJ is independent of

o€ Moa =P — {[1,0],[0,1],[1,1]} = Mo+ — {[1,0],[0,1], [L,1]}.
It is far harder to prove
Proposition 4.1 The function o — NJ is constant on ﬁoA-

This proposition is a special case of the gluing theorems first proved in [McSa] and [RuT]. A more
straightforward proof can be obtained via the approach of [LT].

4.3 Holomorphic Maps vs. Complex Curves

In this subsection, we express the numbers N C[lo’l] and N C[ll’l} of Subsections 4.2 in terms of the
numbers ng, with d’ <d, of Question 1.1. By Proposition 4.1, Ng[lo’l] :Nc[ll’u. We obtain a recursion

for the numbers of Question 1.1 by comparing the expressions for Ng)’l] and Ng’l].

Let C; denote the component of Cjg ;) containing the marked points zop and x3; see Figure 2. We
denote by C the other component of Cjg ;. By definition,

0,1 0,1
Ng = Z Nd[l,d]g where
d1+do=d
NCE?’,ZL = {feHa(Cp1;P?): flCil=di[L] , fi[Co]=da[L]; pi €Im f Vi

flwo)€ly, f(z1)€l, flx)=p2, f(zs)=ps}]|.
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Since the group P.SLy of holomorphic automorphisms acts transitively on triples of distinct points
on the sphere,

Nc[l?:}i]z = [{(f1, f2) €Ha, (5%) x Hay (S%): f1(00) = fa(00), pi€ f1(S?) U f2(S?) i;
f1(0)ely, f1(1)=ps, f2(0)€lr, f2(1)=p2}|.

Since the maps f; and fo above are holomorphic, di,ds >0 if N (Eo,g #0. Since every degree-zero

holomorphic map is constant and ps & £y, N, (godl] =0. Similarly, N C[lool] =0. Thus, we assume that

di,do>0. Since the points ps,...,p3q_1 are in general position, fl(SQ) contains at most 3d; —2 of
the points py,...,p3q_1. Similarly, the curve f»(S?) passes through at most 3dy—2 of the points
P4y .-y P3d—1. Thus, if I={4,...,3d—1},

01 _ [0,1]
Ndlde - Z Ndl da (11, I2),
I:Il\_lfg,uﬂ:f}dl 2

where N L[i?”i (I1, I5) is the cardinality of the set

35[1(1’711]2(11712) = {(f1, f2) €Ha, (S?) x Ha, (S%): pi€ f1(S?) Vie i, pi€ fo(S?) WEI2;
f1(00) = fa(oo), fi1(0)€lo, fi(1)=ps, fa(0)€ls, fo(1)=p2}.

If (f1, f2) € 8(511’7?}2 (I1, I2), f1(S?) is one of the ng, curves passing through the points {p;: i€ {3}UI;}.

Similarly, fo(S5?) is one of the ng, curves passing through the points {p;: i€ {2} U Is}. The point
f1(00) = f2(oc0) must be one of the didy points of f1(S?) N f2(S?); see Lemma A.5. Finally, f1(0)
must be one of the d; points of f1(5%)N ¥y, while f2(0) must be one of the dy points of f2(5%) N 4.
Thus, we conclude that

N[O = Z Nd17d2 = Z Z Nc[l? }1]2 (I I )

d1+do= d1+d2:d]:1'1|_l[2,‘[1|:3d1 -2

> Y (dida)(ding,)(deng,) (4.3)

d1+da=d I1C[,|11‘=3d172

3d—4
= > <3d1 _2> didyng, nay;

d1+do=d
where I={4,...,3d—1}.
We compute the number N C[ll’l} similarly. We denote by C; the component of C; ;] containing the
points ¢ and x1 and by Cz the other component of Cj; ;. By definition,

Nc[il’l}: Z Nyl 212, where
di+do=d
N(E’,}i]z = ‘{(f1’f2)EHd1(SQ)XHd2(S2)5 fl(oo):f2(00), p¢€f1(52)Uf2( 2) i;
f10) b, fr(1)ebr, f2(0)=p2, f2(1)=ps}|.
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]

. . . 1,1
Since every degree-zero holomorphic map is constant, N c[lé =0 as before. However,

N = {2 Ma(5%): faloo) o N b, f2(0)=pa, fo(1)=ps;
pi€ f2(5%) Vi=4,...,3d—1}].

Thus, N3 = ng. Tt dy, do >0,

L1 _ (1,1]
Ndl»dQ - Z Nd1 do (Il7 12)’
1211U12,|11|=3d1 1

where N C[i’i (I1, I5) is the cardinality of the set

S (1, 1) = {(f1, f2) €Hay (5%) x Hay (S2): pi€ f1(S?) Vie Ly, pi€ f2(S?) Welg;
f1(00) = fa(oo), f1(0)elo, fr(1)els, f2(0)=p2, f2(1)=p3}.

Proceeding as in the previous paragraph, we conclude that

11 1,1 1,1
= ZNCLJQ nat Y. > Ny ()

di+d2= d1+d2:d1211U12,|I1‘=3d1—1

=ng+ Z Z (dida)(ding, ) (na,) (4.4)

di+do=d I, CI,|I1|=3d1—1

3d—4
=ng + Z <3d1_1>d‘i’d2ndlnd2;
di+dso=d

Comparing equations (4.3) and (4.4), we obtain
3d—4 3d—4
= didy — d} |did : 4.
na= ) (<3d1_2> 102 <3d1_1) 1) 10270d, Ny (4.5)
di+do=d

The recursive formula (1.1) is the symmetrized version of (4.5).

A The Basics

A.1 Complex Projective Spaces

The complex projective space P" is the space of (complex) lines through the origin in C**!. Equiv-

alently,
P = ((C"Jrl—{O})/(C*, where (zo, e zn) ~ (tzl, sy tzy) if teCh.

This space is a smooth 2n-manifold. For i=0,...,n, let

Ui = {[20,-..,2a) €P": z;#0},
¢i: C" — U, i(wi, ..., wy) = [wl,...,wi,l,wi_i_l,...,wn}.
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The set {(Ui,d)i,(C”)} is the standard atlas for P™. If i < j, the corresponding overlap map is
given by
bii=¢; " O¢j‘¢;1(Ui): {(wi,...,wp) €EC" wiy1£0} — {(w1,...,w,) €C™: w; #0}

w1 w; Wi4-2 wy -1 Wj41 Wy,
y Wit .

(w1, ..., wy) —

Sy , ey ey
Wi41 Wi4+1 Wit1 Wi41 Wi+1 Wi+1

Each map ¢;; is a diffeomorphism. In fact, this map is holomorphic, and so is its inverse (ﬁl_jl In
other words, P" is naturally a complex n-manifold.

Suppose X and Y are complex manifolds, of complex dimensions m and n, and with (holomorphic)
atlases {(Ui,d)i,Ul-’)}iE[ and {(Vj,goj,Vj’)}jEJ, respectively. A smooth map f: X — Y is called
holomorphic if for all i€ I and j€J, the map

@il o fogig (fTH(Vy) — C”

is holomorphic as a C™-valued function on an open subset of C™. In the case of interest to us,
i.e. X =P! and Y =P", the holomorphic maps have a much simpler description, see Lemma A.1
below. This lemma can be checked directly. The simpler characterization of Lemma A.1 can be
taken as the definition of what it means to be a holomorphic map between P! and P".

Lemma A.1 If f: P! —P" is a holomorphic map, there exist homogeneous polynomials po, . . ., pn

i two variables such that po, ..., pn are of the same degree, have no common factor, and
f([20,21]) = [po(20, 21); - - -, Pn(20, 21)] V [20,21] €PL. (A1)

Conversely, if po, . .., pn are homogeneous polynomials in two variables that are of the same degree

and have no common factor, the map f: P* —P" given by (A.1) is well-defined and holomorphic.

A.2 Almost Complex and Symplectic Structures

This subsection is not relevant for understanding Sections 2-4. However, it puts the last section in
perspective.

Let X be a smooth manifold. An almost complex structure on X is a smooth section J of the bundle
End(TX)— X such that J2=—1. In other words, an almost complex structure is a smooth family
of linear maps J,: 1,X — T, X such that J,J,v=—v for all v€T,X and p€ X. For example, if
X =C", T,C"=C" and the desired endomorphism on 7,C" is simply the multiplication by i=+/—1.

Every complex n-manifold X carries a natural almost complex structure J, defined as follows. Let
{(U;, ¢, Ui/)}iel be the (holomorphic) atlas for X. If peU;, we set

Jp = do; oiodg;t| .

‘qs;l(p)

Since all overlap maps ¢; 1o¢j are holomorphic, the endomorphism J), is independent of the choice
of 1 € I such that p € U;. An almost complex structure arising in such a way is called complex or
integrable.
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A typical almost complex structure is not integrable, unless the real dimension of the manifold
is two. In fact, there is a criterion that characterizes integrable almost complex structures. If
(X, J) is an almost complex manifold, p€ X, and V and W are vector fields on X, let

1
Ny (Vi W) = £ (V. Wy + LTV Wy 4 L[V I W, = [TV, I W)

The vector NI;T (Vp, W,) €T, X depends only on the values V), and W), of the vector fields V and W
at the point p. In addition, N];] is linear in each of the two inputs. Thus,

N’ e T(X;Hom(TX®TX,TX)),

i.e. N/ is a (2, 1)-tensor field on X. This tensor field is called the Nijenhuis torsion of J. It is easy
to see that N7 =0 if J is an integrable almost complex structure. The converse is proved in [NeNi.
Since N/ =0 if (X, J) is an almost complex manifold of real dimension two, it follows every almost
complex structure on a smooth two-manifold is integrable. Such a manifold is called a Riemann
surface.

Suppose (X, j) and (Y, J) are almost complex manifolds and f: X — Y is a smooth map. If z€ X,
we set

Ap;f|, = df|, + gy 0 df|, 0 j. € Hom(T. X, Ty)Y').

Note that 5J7jf’zojz:—Jf(z)ogj7jf‘z, i.e. the linear map 5]7]"][“2 is (J, j)-antilinear. Thus,
05;f €T(X, A} T* X f*TY)),

where A%T*X ® f*TY — X is the bundle of (f*J,j)-antilinear homomorphisms from (7'X, j)
to f*(TY,J). The smooth map f: X — Y is called (J, j)-holomorphic, or pseudoholomorphic, if
d75;f=0. If (X, ) and (Y, J) are complex manifolds, this definition agrees with the one given in the
previous subsection. More generally, if (X, j) is a wedge of finitely many almost complex manifolds
(X1, 1), we will call a continuous map f: X —Y (J,j)-holomorphic if f|x, is (J, j;)-holomorphic
for all .

If (X, J) is an almost complex manifold, A€ Hy(X;Z), and g and n are nonnegative integers, let

My n(X, A ) = {(E,j,xl, .oy xp; ) (X, J) = Riemann surface of genus g;

where (X,7,21,...,2n; f) ~ (Zl7j/,T(21), cosT(2n), fOTfl) if TeC>®(%;Y), 5”-/7':0.
This moduli space has a natural topology, as well as n evaluation maps
evi: My n(X, A J) — X, [E,4,21,...,2n; f] — f(2).

In general, M, (X, A;J) is not a compact topological space. However, under certain conditions
on (X,J), My n(X,A;J) admits a natural compactification and in fact carries a (virtual) funda-
mental class.
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Let X be a smooth manifold. A symplectic form on X is a closed two-form w on X which is
nondegenerate at every point of X. In other words, dw = 0, and for every point p in X and
nonzero tangent vector v € T, X, there exists w € T, X such that w,(v,w) # 0. For example, if
(1,Y1,---,Tn,Yyn) are the standard coordinates on C",

w=dry Ndyr1 + ... +dzx, Ndyy,

is a symplectic form on C™. More generally, if X admits a symplectic form, the (real) dimension
of X is even.

If (X,w) is a symplectic manifold, the almost complex structure J on X is w-tame if for every
point p in X and nonzero tangent vector v € T, X, wy(v, Jpv) > 0. The w-tame almost complex
structure J is w-compatible if

wp(Jv, Jw) =wp(v, w) VpeX, vyweT,X.

For example, if w is the standard symplectic form on C”, defined in the previous paragraph, the
standard complex structure i, defined in the second paragraph of this subsection, is w-compatible.
For a general symplectic manifold (X,w), the spaces of w-tame and w-compatible almost complex
structures on X are non-empty and contractible. The most fundamental result in the theory of
pseudoholomorphic curves is Gromov’s Compactness Theorem, stated roughly below.

Theorem A.2 [Gro] Suppose (X,w) is a compact symplectic manifold and J is an almost com-
plex w-tame structure on X. If A€ Ho(X;Z) and g and n are nonnegative integers, the moduli
space My (X, A; J) admits a natural compactification M, (X, A; J). In particular, the evaluation
maps ev; extend continuously over My (X, A; J).

The compactification My, (X, A;J) consists of equivalence classes of tuples (X,7,21,..., %y, f),
where (X, 7) is a possibly singular genus-g Riemann surface, i.e. a wedge of smooth Riemann sur-
faces, x1,...,z, are distinct points on 3, and f: ¥ — X is a (J, j)-holomorphic map such that
f«[X] = A. Notice that the space My, (X, A4;J) is described by the almost complex structure J,
and not the symplectic form w. However, this space may not be compact if J is not w-tame for
some symplectic form w on X.

Since the space of w-tame almost complex structures on X is contractible, up to an appropriate
equivalence, the space ﬁgm(X , A; J) is independent of the choice of J. In particular, the “equiv-
alence class” of My (X, A; J) is determined by (X,w) and thus is a symplectic invariant. This is
essentially the Gromov- Witten invariant of (X,w).

A.3 Tautological Line Bundle
We continue with the notation of Subsection A.1. Let
v = {(4; 20, ... ,2n) EPP X C L (2, . . 2n) €L}

We denote by m: v —P" the projection map. For each £€P", the fiber 7, =7"'(f) over a point
£€P™ is the line ¢ through the origin in C". For each ¢=0,...,n, let

Uy=n1U;) = {(E; 205y 2n) €Y zi;éO},
q;i: C"xC — ﬁi, &i(wl, . ,wn;)\) = ((;5i(w1, NN ,wn);)\wl,. . .,)\wi,)\, )\wH_l, .. .,)\wn).

29



The set {(Ul, ¢~>i, C™) x C} is the standard atlas for . If i < j, the corresponding overlap map is
given by

éijzgs;l o i)j}&;l(l?i): ng;l(Ui) xC — qb;l(Uj) xC, (wi,...,wp;\) — ((;Sij(wl, ey Wh); U/i+1>\)-
Each map qu‘j is holomorphic, and so is its inverse qBZ_JI
Furthermore, if p: C"* xC— C" is the projection map,

Thus, 7 is a complex (n+1)-manifold.

Troélng/lop Vi:07"'7n7

and ¢;: p~!(w) — 7 (¢i(w)) is a C-linear map for all w e C". Thus, v — P" is a holomorphic
rank-one vector bundle, i.e. a holomorphic line bundle.

Each homogeneous polynomial,
; A
p= E Qig..in 20 -+ - 2"
i0+...+in=d

of degree d in n+1 variables determines a section s, of the bundle v ®d__, P described as follows.
At each point £€P", sp,(¢) is to be a map from =, to C such that

{sp(0)}(t2) = t"{s,(0) } (2) Vzey =L
Thus, we define s, by
{sp(f)}(f; 20, .- - ,zn) =p(20,---,2n)-

Lemma A.3 below can be checked directly from the relevant definitions.

Lemma A.3 Ifp is a homogeneous polynomial of degree d in n+1 variables, s, is a holomorphic
section of the holomorphic line bundle v®*¢. Conversely, if s is a holomorphic section of y®*¢,

s=s, for some homogeneous polynomial p of degree d in n+1 variables.

If s is a section of a vector bundle V' over a smooth manifold X and z € s~1(0), the differential of s
at z is a well-defined linear map:
ds‘w: T.X — V.

It can be constructed using either a chart for V' or a connection in V. If ds|, is surjective, s is said
to be transversal to the zero set at x. If ds|, is surjective for all z € s71(0), s is to be transverse
to the zero set. If V is a complex vector bundle of rank n, X is a complex n-manifold, and s is
transversal to the zero set at z € s~1(0),  is an isolated point of s~1(0) and ds|,: T, X — V} is
an R-linear map between complex (and thus, oriented) vector spaces. The point x is assigned the
plus sign if this map is orientation-preserving and the minus sign otherwise. Note that if s is a
holomorphic section, ds|, is C-linear and thus orientation-preserving.

We conclude this subsection by proving Lemma 2.1. With notation as before,

_ 2 — x(s7(0))
o5 () = 200 (A2)
where x(s71(0)) is the euler characteristic of the surface s71(0). On the other hand, by Corol-
lary 11.12 in [MiSt] and by Lemma 2.2,
X(5710)) = (e(Ts7(0)),571(0)) = (1 (TP?) —e1 (v*#4), 571(0))
= {(3a—da) - da,P*) = 3d — d*.
Lemma 2.1 follows immediately from (A.2) and (A.3).

(A.3)
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A.4 Plane Curves

A (reduced, complez) curve C in P? is a subset of P? of the form

C=C,={[X,Y,Z]eP*: Y  auX'Y"Z' =0},
jt+k+i=d

for some positive integer d and some tuple a = (a;x1);j4k+1=d of complex numbers, not all zero. In
other words, a curve in P?=(C3—{0})/C* is the quotient of the zero set of a nonzero homogeneous
polynomial on C3—{0}) by the C*-action. The degree d(C) of the curve C in P? is the minimal
degree of a homogeneous polynomial giving rise to C. Alternatively, d(C) is the positive number
such that

[C] = d(C) - ¢ € Hy(P?Z),

where ¢ is the homology class of a line in P2.

If C C P? is a curve, there exists a smooth Riemann surface ¥, possibly not connected, and a
holomorphic map f: ¥ —P? such that C= f(X). The degree of such a map f is the number d(f)
such that

foB] = d(f) - £ € Ho(P*; 2).

If C=f(%), d(C) <d(f). If d(C)=4d(f), f: ¥—C is a normalization of C. If f: ¥ —C is a
normalization of C, the (geometric) genus, g(C), of the curve C is the genus of Riemann surface X.

The following two lemmas can be proved using basic facts from complex analysis and algebraic
topology.

Lemma A.4 Every complexr curve C C P? admits a normalization f: X — C. If fi: X1 — C
and fo: X9 — C are normalizations of C, there exists a biholomorphism T :Y1 — Yo such that

Ji= faor.

Lemma A.5 IfC; and Cy are complex plane curves that intersect at a finite number points, then
the number of intersection points counted with appropriate positive multiplicities is d(Cy) - d(C2).
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