LIMITS OF PGL(3)-TRANSLATES OF PLANE CURVES, II
PAOLO ALUFFI, CAREL FABER

ABSTRACT. Every complex plane curve € determines a subscheme .7 of the P® of 3 x 3
matrices, whose projective normal cone (PNC) captures subtle invariants of €.

In [5] we obtain a set-theoretic description of the PNC and thereby we determine all
possible limits of families of plane curves whose general element is isomorphic to ¥. The
main result of this article is the determination of the PNC as a cycle; this is an essen-
tial ingredient in our computation in [4] of the degree of the PGL(3)-orbit closure of an
arbitrary plane curve, an invariant of natural enumerative significance.

1. INTRODUCTION

1.1. In [5] we determine the possible limits of a fixed, arbitrary complex plane curve &
obtained by applying to it a family of translations «(t) centered at a singular transformation
of the plane. In other words, we describe the curves in the boundary of the PGL(3)-orbit
closure of a given curve %.

The germ «f(t) is seen as a C[[t]]-valued point of the projective space P® parametrizing
3 x 3 matrices (up to scalar); the determination of the limits of a curve € of degree d, as
points of the projective space PV of degree-d plane curves, is accomplished by studying a
specific subset of P® x PV, determined by %: namely, the projective normal cone (PNC)
of the subscheme .7 of indeterminacies of the rational map ¢ : P® --» PV associating to
¢ € PGL(3) the translate of € by .

In [5] we find that the PNC has five types of components, reflecting different features of
(the support €’ of) ¢ linear components of ¢’ (type I); nonlinear components (type II);
singular points at which the tangent cone consists of at least three lines (type III); sides
of the Newton polygon at inflectional or singular points (type IV); and specially ‘tuned’
formal branches at singularities of ¢’ (type V). This analysis amounts to a set-theoretic
description of the PNC, and suffices for the determination of the limits of . For applications
to enumerative geometry, and specifically the computation of the degree of the PGL(3)-orbit
closure of %, it is necessary to have the more refined information of the PNC as a cycle;
that is, the multiplicities with which the components identified in [5] appear in the PNC.
This information is listed in [4], §2, and crucially used there as an ingredient in the proof
of the enumerative results. In this article we prove that the multiplicities are as stated in
[4], thereby completing the proof of the results in loc. cit.

A full statement of the main result of this paper is given in §2; this section also includes
a summary of the set-theoretic description given in [5]. The general shape of the result
is as follows: for each feature of ¥ ‘responsible’ for a component of the PNC, we give a
corresponding contribution to the multiplicity; the multiplicity for a given component is
obtained by adding these contributions. For example, components of type IV correspond
to sides of the Newton polygon for & at singular or inflection points of its support. We find
that the contribution due to a side of the Newton polygon with vertices (jo, ko), (j1, k1)
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(where jo < j1), and corresponding limit for
S
q,r.q c .c—b_b
xly’z Yo+ pjatTl)
J=1

(with b and ¢ relatively prime) equals

i1ko — jok
Jifo — Jokt 4 ’
S
where A is the number of automorphisms A! — Al p — wup (with v a root of unity)
preserving the S-tuple {p1,...,ps}. In general, the multiplicities computed here capture

delicate information about the singularities of &’; cf. especially the multiplicities of compo-
nents of type V. It would be interesting to characterize deformations of ¢ for which these
multiplicities remain constant.

Explicit examples of computations of multiplicities, for the two curves described in Ex-
amples 2.1 and 2.2 of [5], §2.6, are given in §1.2.

Concerning the proofs: the PNC may be realized as the exceptional divisor in the blow-
up P® of P® along the subscheme .# mentioned above. The multiplicities of components of
type I and II, which depend on ‘global’ features of the curve (the type and multiplicity of
components of the curve) may be computed by analyzing explicitly parts of this blow-up.
Components of type I1I, IV, and V depend on the behavior of € at singularities or inflection
points of its support, and require a more refined analysis. This is performed by considering
the normalization P of P®, and studying the pull-back of the PNC to P. ‘Marker’ germs
obtained in [5] and centered at such components may be lifted to germs intersecting the
components of this pull-back transversally. We use this fact to relate the multiplicity of a
given component D to a weight associated to the corresponding marker germ, the number of
components D of the pull-back dominating D, and the degrees of the induced maps D — D.

The weights may be computed from information collected in [5]. The other ingredients
are obtained by studying more closely the behavior of germs «(t) centered at a point of
7, especially in connection with the natural PGL(3)-action on P8 and P. For example,
every a(t) determines several subgroups of PGL(3): among these are the stabilizer G of the
limit 2" of translates of % by a(t); the stabilizer G of the center (a, 27) of its lift to PS;
and the stabilizer G of the center @ of the lift to P. We prove that the degree of D — D
equals the index of G in G for a corresponding marker germ. The group G is available
from previous work (cf. §1 of [3]); from this it is not hard to obtain a description of G.
Further, we identify G with a subgroup of PGL(3), which we call the ‘inessential subgroup’
(w.r.t. a(t)), roughly consisting of elements in the stabilizer of («, Z") whose presence is
due to possible reparametrizations of a(t).

An explicit computation of the inessential subgroups for the different types of components
then allows us to compute the degree of D — D.

1.2. Two examples. We present two examples of computations of multiplicities of all
components of the PNC for two plane quartic curves. The PNCs for these two curves are
described (set-theoretically) in [5], §2.6, Examples 2.1 and 2.2. The reader should refer to
§2, and especially Theorem 2.1, for the notation used in this subsection. We also include
enumerative consequences for these curves, obtained by applying the machinery of [4] to
the information obtained here.

Example 1.1. Consider the reducible quartic 47 given by the equation
(y + 2)(xy® + zyz + 22° + 1?2+ y2°) = 0.
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It consists of an irreducible nodal cubic and a line through the node and an inflection point.
In [5], Example 2.1, we showed that the PNC for %7 has seven components: one each of
types I, I, III, and four components of type IV. According to Theorem 2.1, the component
of type I has multiplicity 1 and the component of type II has multiplicity 2. The multiplicity
of the component of type III equals 3 - 6 = 18, the product of the multiplicity of the point
and the number of automorphisms of the tangent cone as a triple in the pencil of lines
through the point. To determine the multiplicities of the four components of type IV, we
first note that in each case S = 1 and hence A = 1. For each of the two components
coming from the inflection points, the relevant side of the Newton polygon has endpoints
(Jo, ko) = (0,1) and (41, k1) = (3,0); hence their multiplicities equal j1ko— joki = 3. For the
component coming from the double point and the tangent line to the cubic, (jo, ko) = (1,1)
and (j1,k1) = (4,0), so its multiplicity equals 4. For the component coming from the triple
point, both tangent lines to the cubic give rise to a Newton polygon whose only relevant side
has endpoints (2,1) and (4,0). The multiplicity of this component is obtained by adding
the two contributions; thus it equals 4 +4 = 8.

The knowledge of the PNC as a cycle makes it possible to apply the results of [4],
specifically, Propositions 3.1-3.5. One finds that the adjusted predegree polynomial (a.p.p.)
of €1 equals

21H3 81H4 147H5 91H6 89H—|—£H

2 8 20 30 140 840
The a.p.p. is defined on p. 4 of [4]. The ‘predegree’ of the orbit closure of a curve is 8!-(the
coefficient of H® in the a.p.p.); the predegree of 4 equals 8!- % = 1488. Since the stabilizer

of %1 has order 2, the degree of its orbit closure equals 744. O

1+4H +8H? +

Ezxample 1.2. Consider the irreducible quartic %2 given by the equation
(2 — 22) = o=
Its singular points are the ramphoid cusp (1 : 0 : 0) and the ordinary cusp (0 : 0 : 1); further,
it has one inflection point, which is ordinary. In [5], Example 2.2, we showed that the PNC
for % has four components: one of type II, two of type IV, and one of type V. According
to Theorem 2.1, the component of type II has multiplicity 2 and the component of type IV
coming from the inflection point has multiplicity 3. For the component of type IV coming
from the ordinary cusp, the relevant side of the Newton polygon has endpoints (0,2) and
(3,0), so its multiplicity equals 6. To compute the multiplicity of the component of type V
coming from the ramphoid cusp, observe that (with notation as in §2) C' = %, fioyy) = Y2,

S =2, and ['y(c),'yg)} [1,—1],so that £ =1, W = 3+ 3 =5, and A = 2-2 = 4. Hence the
multiplicity equals 15 -4 = 20. Applying the results of [4], one finds that the a.p.p. of %
equals

32

122 61
H3
3 +

32 4 5 6 27 7 31 g
3H+15H+16H+28H 896H’
so that its predegree is 1395 (cf. Examples 5.2 and 5.4 of [4]: the predegree 14280 for the
orbit closure of a general quartic is corrected by 3960 because of the ordinary cusp, and
by 1785 -5 = 8925 due to the ramphoid cusp; 14280 — 3960 — 8925 = 1395). Since %> has

trivial stabilizer, the degree of its orbit closure equals 1395 as well. U

14+ 4H +8H? +
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2. STATEMENT OF THE RESULT

2.1. Summary of [5]. We begin by recalling briefly the situation examined in [5].

We work over C. Let € be an arbitrary (possibly singular, reducible, non-reduced) plane
curve of degree d. The group PGL(3) acts on the plane P2, and hence on the projective
space PN = PHd+3)/2 parametrizing plane curves of degree d. Explicitly, if F(x,y,z2) is a
homogeneous polynomial generating the ideal of €, then o € PGL(3) translates € to the
curve % o a determined by

Fla(z,y,2))
The subset of PV consisting of all translates € o « is the linear orbit of €, which we denote
by Og. In [5] we determine the ‘limits’ of ¢, by describing the boundary (= Oy \ O) of
the linear orbit of ¥. We do this by analyzing a locus in P® x PV, components of which
dominate (most of) the boundary of Oy.

This locus is the PNC determined by %, as follows. The action map PGL(3) — P¥
determined by % extends to a rational map

c: P8 -5 PN

defined by o — @oa for a € P® a 3x 3 matrix. We let . be the scheme of indeterminacies of
this rational map. The PNC (projective normal cone) of . in P® is a purely 7-dimensional
scheme E, which can be naturally embedded in P8 x PV,

The set-theoretic description of the PNC in [5] identifies five ‘types’ of components,
arising from different features of (the support ¢” of) ¢

I: The linear components;
II: The nonlinear components;
ITI: The singular points at which the tangent cone is supported on > 3 lines;
IV: The Newton polygons at its singular and inflection points;
V: The Puiseux expansions of formal branches at its singular points.

Each of the corresponding components of the PNC may be described by giving general
points on it; the component is obtained as the orbit closure of such a point under the
natural right action of PGL(3) on P® x PV or as the closure of a union of such orbits in
the type II case.

These general points (a, 27) € P x PV are as listed below (cf. [5], §2.3). Concerning our
terminology, a star of lines is a set of concurrent lines; a fan is a star union a general line;
the reader is addressed to [3], §1, or the summary in [5], §6, for a more extensive description
of the curves appearing in this list.

I ima=aline L C ¥; £ = a star or fan centered at ker «;

IT: im & = a general point of a nonlinear component 2 of ¢”’; 2" = a (possibly multiple)
conic, (possibly) union a multiple tangent line supported on ker «;

III: im o = a singular point of multiplicity m on % at which the tangent cone consists
of three or more lines; 2" = a star union a line of multiplicity d — m supported on
ker o

IV: im o = a singular or inflection point of % at which the Newton polygon of 4 has a
segment of slope strictly between —1 and 0; 2" = a union of (possibly degenerate,
possibly multiple) cuspidal curves;

V: ima = a point of ¢ at which the formal branches of ¢’ have suitable truncations
fioy®w) = Xoa.<c Y,y depending on certain rational numbers (‘characteristics’)
C; 2 = a union of quadritangent conics, union (possibly) a multiple tangent line
supported on ker a.
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The limits in type IV and V may be written explicitly in the form given below in Theo-
rem 2.1.

2.2. The main theorem. The goal of this paper is to extend the set-theoretic description
of the PNC obtained in [5] and recalled above to a description of the PNC as a cycle, that
is, to determine the multiplicities of the various components.

For each feature of % responsible for a component of the PNC, we give a corresponding
contribution to the multiplicity; the multiplicity for a given component is obtained by adding
these contributions.

The main result of this paper is the following (compare with [4], §2, Facts 1 through 5).

Theorem 2.1. Each feature of € contributes a multiplicity to the corresponding component,
as follows:

e Type I. The multiplicity of the component determined by a line L C € equals the
multiplicity of L in €.

o Type II. The multiplicity of the component determined by a nonlinear component &
of € equals 2m, where m is the multiplicity of 2 in F.

e Type III. The multiplicity of the component determined by a singular point p of €
such that the tangent cone X to € at p is supported on three or more lines equals mA,
where m is the multiplicity of € at p and A equals the number of automorphisms of
A as an m-tuple in the pencil of lines through p.

o Type IV. The multiplicity of the component determined by one side of a Newton
polygon for €, with endpoints (jo, ko), (j1,k1) (where jo < j1) and limit

S
2y 24 H (yc + pjxc_bzb) ,
j=1
(with b and c relatively prime) equals
Jiko — jok1 A
S b
where A is the number of automorphisms A! — A, p — up (with u a root of unity)
preserving the S-tuple [p1, ..., ps].t
e Type V. The multiplicity of the component corresponding to the choice of a charac-
teristic C'and a formal branch f(y) =3 ;5 Y,y at a point p, with limit

S
Ao(Ao — 1 A C ;
2329 H <zx — 70( (; )’7)\03/2 - = _2'_ Yro+C YT — 78);102)
2
i=1

is {W A, where:
— { is the least positive integer p such that fc)(y") has integer ezponents.
— W is defined as follows. For each formal branch (3 of € at p, let vz be the
first exponent at which 3 and fic)(y) = X 5. <c Y,y differ, and let wg be the
minimum of C and vg. Then W is the sum ) wg.

— A is twice the number of automorphisms v — wy + v preserving the S-tuple

S

Note that a given component may be obtained in different ways (each producing a mul-
tiplicity, given in the statement). Concerning components of type I, II, or III, there is only
one contribution for each of the specified data—that is, exactly one contribution of type I

INote: the number A given here is denoted A/d in [4].
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from each line contained in %, one contribution of type II from each nonlinear component
2 of €, and one of type III from each singular point of ¥ at which the tangent cone is
supported on three or more distinct lines.

As usual, the situation is a little more complex for components of type IV and V. The
following information is necessary in order to apply Theorem 2.1 to a given curve %.

Components of type IV correspond to sides of Newton polygons; one polygon is obtained
for each line in the tangent cone at a fixed singular or inflection point p of ¥, and each
of these polygons provides a set of sides (with slope strictly between —1 and 0). Exactly
one contribution has to be counted for each side obtained in this fashion. Note that sides
of different Newton polygons (for different lines in the tangent cone of ¥ at the same
point) may lead to the same limits by germs centered at the same point, hence to the same
component of the PNC.

Components of type V are determined by a choice of a singular point p of ¢, a line L
in the tangent cone to € at p, a characteristic C' and a formal branch z = f(y) of ¥,
tangent to L. Recall (from [5], §2.3 and 2.4) that these data determine a triple of positive
integers a < b < ¢ with C' = ¢/a. Again, different choices may lead to the same component
of the PNC, and we have to specify when choices should be counted as giving separate
contributions. Of course different points p or different lines in the tangent cone at p give
separate contributions; the question is when two sets of data (C, f(y)) for the same point,
with respect to the same tangent line, should be counted separately.

We say that (C, f(y)), (C’,g(y)) are sibling data if C = C’, the corresponding triples of
positive integers are identical, and the truncations f(¢) (%), g(c)(t*) are related by g(c) (%) =
fio)((§t)?) for an a-th root € of 1. (Note that f(oy((£%)®) does not equal f(cy(t*) in general,
since formal branches may have fractional exponents.)

Then: two pairs (C, f(y)), (C’,g(y)) at the same point, with respect to the same tangent
line, yield separate contributions if and only if they are not siblings.

The proof of Theorem 2.1 occupies the rest of this paper. Rather direct arguments can be
given for the components of type I and type I, depending on ‘global’ features of €’; we treat
these cases in §3. The ‘local’ types III, IV, and V require the development of appropriate
tools, and are treated in §§4-7.

3. COMPONENTS OF TYPE I AND II

3.1. Type I. The PNC of ¥ is denoted by FE; recall that it may be identified with the
exceptional divisor of the blow-up of P® along the subscheme . (cf. §2.1).

Proposition 3.1 (Type I). Assume that € contains a line L with multiplicity m, and let
(o, X) be a general point of the corresponding component D of E. Then P® is nonsingular
at (a, X), and D appears with multiplicity m in E.

Proof. We are going to show that, in a neighborhood of («, X), P8 is isomorphic to the
blow-up of P® along the P® of matrices whose image is contained in L. The nonsingularity
of P8 near (a, X) follows from this.

Choose coordinates so that L is the line z = 0, and

Q

|
oo
oo
oo o
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consider the open neighborhood U C P® of o, with coordinates

1 p1 p
P3 P4 D5
Pe D7 D8

The P5 of matrices with image contained in L intersects this open set along pg = p7 = pg = 0;
hence we can choose coordinates qi, ..., ggs in an affine open subset V of the blow-up of P®
along P® so that the blow-up map is given by

Pi = q; izl,...,5

P6 = o6
pr = q6q7
P8 = qde6qs

(the part of the blow-up over U is covered by three such open sets; it will be clear from the
argument that the choice made here is immaterial). With these coordinates, the exceptional
divisor has equation gg = 0.

Under the hypotheses of the statement, the ideal of & is generated by z"G(z,y,z),
where z does not divide G; that is, G(z,y,0) #Z 0. The rational map ¢ : P® --» PV sends
(p1,-..,p8) € U to the curve with ideal generated by

(pex + pry + psz) " G(x + p1y + P2z, P3x + pay + P52, PeT + P7Y + P8z)

it follows that the ideal of . in U is generated by these polynomials (in p1,...,ps) as
(x :y: 2) varies in P2, Composing with the blow-up map:

V—U--»PV

)

these generators pull-back to

46" (x + qry + q32)"G(x + 1y + @22, @32 + quy + 452, ¢6% + 4647y + ¢6482)

By the hypothesis on G, this shows that, along a dense open set W of V intersecting the
exceptional divisor g = 0, the ideal of .7 pulls back to (gg*); by the universal property of
blow-ups we obtain an induced map

W — P8
mapping the exceptional divisor gg¢ = 0 to D. A coordinate verification shows that this
is an isomorphism onto the image in a neighborhood of a general point of the exceptional

divisor, proving that P8 is nonsingular in a neighborhood of a general («, X') in D, and that
the multiplicity of D in F is m, as stated. O

Proposition 3.1 yields the multiplicity statement concerning type I components in Theo-
rem 2.1; also cf. Fact 2 (i) in §2 of [4].

3.2. Type II. Components of type II correspond to nonlinear components 2 of ¢”.

Proposition 3.2 (Type II). Assume a nonlinear component 2 appears with multiplicity
m in €, and let D be the corresponding component of E. Then D appears with multiplicity
2m in E.

This can be proved by using the blow-ups described in [1], which resolve the indetermi-
nacies of the basic rational map P8 --» PV over nonsingular, non-inflectional points of €.
We sketch the argument here, leaving detailed verifications to the reader.
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Proof. In [1] it is shown that two blow-ups at smooth centers suffice over nonsingular, non-
inflectional points of 4. While the curve was assumed to be reduced and irreducible in
loc. cit., the reader may check that the same blow-ups resolve the indeterminacies over a
possibly multiple component &, near nonsingular, non-inflectional points of the support of
2. Let V be the variety obtained after these two blow-ups.

Since the basic rational map is resolved by V over a general point of &, the inverse image
of the base scheme .7 is locally principal in V over such points. By the universal property of
blow-ups, the map V — P® factors through P® over a neighborhood of a general point of 2.
It may then be checked that the second exceptional divisor obtained in the sequence maps
birationally onto D, and appears with a multiplicity of 2m. The statement follows. [l

Proposition 3.2 yields the multiplicity statement concerning type II components in The-
orem 2.1; also cf. Fact 2 (ii) in §2 of [4].

4. COMPONENTS OF TYPE III, IV, AND V

4.1. Normalizing the graph. The computation of the multiplicity of components of type
IIT, IV, and V is considerably subtler, and requires some preparatory work.

Our main tool will be the normalization P of the closure P® of the graph of the basic
rational map ¢ : P8 --» PV from §2. We denote by

n:P— P

the normalization map, and by 7 the composition P — P8 — P8. N

Recall that the PNC may be realized as the exceptional divisor £ in the blow-up P® of
P® along the scheme . of indeterminacies of c. If F' € C[z,y, z] generates the ideal of € in
P2, then the ideal of .# in P?® is generated by all expressions

F(o(zo,y0,20))

viewed as polynomials in ¢ € P8, as (x9, %o, z0) ranges over P2, The ideals of E and of E =
n~Y(E) =n (%) are generated by the pull-backs of F(p (0,0, 20)) to P?, respectively P.

Denote by E; the supports of the components of E, and by m; the multiplicity of F; in
E. Also, denote by

Ei, ..., Ey,

the supports of the components of E lying above a given component E; of E. Finally, let
m;; be the multiplicity of E;; in E. Summarizing: as cycles,

[E] =Y _milE] , [El=)_ mylEy]

Lemma 4.1. We have
i

m; = E eijmij
j=1
where e;; is the degree of the map n|E :Eij — Fj;.
ij

Proof. Use the projection formula ([7], Prop. 2.3 (c¢)) and (n|EJ)*[EU] = ¢;;[E;]. O

Ezxample 4.2. There is exactly one component of E for each component of type I or II of
FE, mapping birationally to such a component. This may be established by analyzing the
blow-ups in Propositions 3.1 and 3.2.
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4.2. Three propositions. The rest of the paper consists of the computation of the ingre-
dients needed in order to apply Lemma 4.1 to the case of components of type III, IV, and
V. It is not hard to extract the multiplicities m;; from more refined information collected in
[5]. The number of components of E dominating a given component of E, and the degrees
e;j, will require more work.

The following three propositions collect the results we will obtain. Proofs of these results
are presented in §5 and ff.

Concerning components of type III, the situation is very simple:

Proposition 4.3 (Type III). Let D be a component of type 111, corresponding to a point p
of multiplicity m at which the tangent cone to € is supported on at least 3 lines.

o There is exactly one component D of E dominating D.

o The degree of the map D — D equals the number of linear automorphisms of the
m-tuple determined by the tangent cone to € at p.

o The multiplicity of D equals m.

As recalled in §2.1, components of type IV correspond to the choice of a point p € €, a
line L in the tangent cone to % at p, and one side of the Newton polygon for € at p relative
to L, of slope —b/c with 0 < b < ¢. The same component may arise from sides with the
same slope, with respect to different lines in the tangent cone at p. Limits corresponding
to these choices are of the form

S
(*) 2Ty 21 [T ° + pjas2b)
j=1

with p; # 0, where S + 1 is the number of lattice points on the chosen side of the Newton
polygon.

Proposition 4.4 (Type IV). Let D be a component of E of type IV, as above. Then:

e There is exactly one component D of E over D for each line L in the tangent cone
to € at p, with respect to which the Newton polygon has a side of slope —b/c, that
leads to limit (*).

o The degree of the map D — D equals the number of automorphisms A" — Al,
p— up (with u a root of unity) preserving the S-tuple [p1,...,ps].

o Let (jo, ko) and (j1,k1) be the endpoints of the side of the Newton polygon (jo < j1).
The multiplicity of D is

Jiko — jok1
S
Components of type V are determined as follows. Choose a point p € ¥, a line L in the
tangent cone to ¢ at p, and coordinates so that p = (1:0:0), L is the line with equation
z =0, and y = 0 is not part of the tangent cone to ¥ at p. Express ¥ at p in terms of
formal branches (cf. §4.1 in [5]), with Puiseux expansions of the form

2=fy)=>_ nyh

>0

where A\g > 1, and A; < Ajy1.

These choices determine a finite set of positive rational numbers (called ‘characteristics’
in [5]): that is, those numbers C' which are exponents \;, ¢ > 0, for some formal branch
tangent to L; and such that at least two formal branches have the same truncation ‘modulo
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fow =Y nyt
Ai<C
but different coefficients for y©. Note that C' > Ag.
For fixed p and L, the choice of a characteristic C' and of one such formal branch deter-
mines a type V component.
If 2 = f(y) = X507y is a coordinate representation of the formal branch (with
Ao > 1), the limit corresponding to the choice of p, L, and (C, f(y)) is (cf. §2.2)

S
_ Ao(Ao — 1) X+ C i
(*) 4725 21:[1 (zw = ey — T Yaarcyw — V922

where 'yg) are the coefficients of y© for all S formal branches sharing the truncation.

We note that, for a fixed point p, different lines L and different (C, f(y)) may lead to
the same limit, and hence to the same component D of E. While it is clear that different
lines must correspond to different components D of E over D, the question of which pairs
(C, f(y)) correspond to the same component D is subtle, and accounts for the most technical
parts of this paper.

The choice (C, f(y)) determines three integers a < b < c¢: let B = % + 1 (so that
1<B<C,as C> )\ >1), and let

a = least positive integer such that aB, aC, and all a); for \; < C are integers ;

we then set b = aB, ¢ = aC.
We say that (C, f(y)) as above and (C”, g(y)) are sibling data if the corresponding integers
a<b<e d <V < are the same (so in particular C' = C’) and further

9oy W) = > &Nyt
A<C
for an a-th root £ of 1. The right-hand side is well-defined because a\; € Z for \; < C.
Siblings lead to the same component of E (cf. Claim 6.6).

Remark. If z = f(y), z = g(y) are formal branches belonging to the same irreducible
branch of € at p, then the corresponding data (C, f(y)), (C,g(y)) are siblings for all C.
Indeed, if the branch has multiplicity m at p then f(7) = ¢(7) and g(7™) = (1), with
P(1) = ¢(¢7) for an m-th root ¢ of 1 ([6], §7.10). That is,

if fly) =Y M . then g(y) =Y ™y y™

for ¢ an m-th root of 1. Now let p be an (am)-th root of 1 such that p® = (, and set £ = p"™;
since the exponents a)\; in the truncations are integers, and so are all exponents m\;, we
have

Cm/\i _ pma)\i _ ﬁa/\i
for all exponents \; < C, and this shows that the truncations are siblings.

For a given p and L, the set of (C, f(y)) leading to a given component is partitioned into
sibling classes. By the remark, all formal branches belonging to a given irreducible branch
of & tangent to L at p are in the same class. The sibling classes can therefore be thought
of as particular collections of irreducible branches with a common tangent.

We let A be the number of components of the stabilizer of the limit (**); that is, by [2],
84.1, twice the number of automorphisms v — wy+ v preserving the S-tuple [fyg ), e ,7(05)].

Further, we let h denote the greatest common divisor of a and all a); for \; < C.
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Finally, for every choice of L, C, and f(y), and every formal branch 3 of € at p, define
a rational number wg as follows:

e if the branch is not tangent to L, then wg = 1;

e if the branch is tangent to the line L, but does not truncate to f(c)(y), then wg =
the first exponent at which 3 and f(¢)(y) differ;

e if the branch truncates to f(¢)(y), then wg = C.

Note that awg is an integer for all 3. We let W denote the sum ) wg.

Proposition 4.5 (Type V). Let D be a component of E of type V, determined by the choice
of p and a limit (**). Then:

o The set of components D of E over D is in bijection with the set of all sibling classes
contributing to D (for all lines L).

e For a choice of a line L and of (C, f(y)), the degree of the map D — D for the
corresponding component D equals %.

o The multiplicity of D equals aW .

The statements about multiplicities in Propositions 4.3—4.5 may be summarized as fol-
lows. Components D of E will correspond to germs in a standard form, to be introduced
in §5.1. For a general ¢ € P2, consider the (parametrized) curve % obtained by applying to
q one of these germs. Then the multiplicity of D in E is the intersection multiplicity of %
and % at p.

4.3. Propositions 4.3—4.5 imply the main theorem. Propositions 4.3 and 4.4 im-
ply the statements for type III and IV in Theorem 2.1, as an immediate consequence of
Lemma 4.1.

It is perhaps less evident that Proposition 4.5 implies the formula for the multiplicity of a
type V component given in Theorem 2.1: according to Proposition 4.5 and Lemma 4.1, the
sibling class of (C, f(y)) gives a contribution of aW% to the multiplicity of the corresponding
component of type V; we have to check that we have ¢ = 7.

For this, let A;, i = 1,...,7 be the exponents appearing in f()(y). If &’ is any divisor of
a and all a);, then as 5 \; are integers, necessarily % is a multiple of £. That is, b’ divides
%+ On the other hand, 7 is a divisor of a and all a);. Hence § equals the greatest common
divisor of a and all a);, that is, h, as needed.

Summarizing, we are reduced to proving Propositions 4.3, 4.4, and 4.5. The reader should
compare the statements of these propositions with [4], §2, Facts 3 through 5.

The proof of Propositions 4.3, 4.4, and 4.5 is organized as follows. The multiplicities of
the components of E are determined in §5, in terms of the weights of the marker germs
found in [5]. In §6 we enumerate the components of E over a given component of the PNC;
the main tool is obtained in Corollary 6.4, and its application to our situation (especially
for components of type V) relies on the technical Lemma 6.5. Finally, in §7 we compute the
degree of a component of E over the corresponding component of the PNC. The main tool
here is Proposition 7.2, which relates this degree to the ‘inessential subgroup’ mentioned in
§1. The inessential subgroups for components of type I1I, IV, and V are determined in §7.2,
concluding the proof.

5. MARKER GERMS, AND MULTIPLICITIES IN THE NORMALIZATION

5.1. Marker germs. The statements about multiplicities of components in the normal-
ization will be straightforward consequences of more refined information obtained in [5]; we
begin by recalling this information.
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Every germ a(t) in P®, whose general element is invertible, and such that a(0) € .7,
lifts to a unique germ in P® centered at a point (a(0), 2°) of the PNC. The germ lifts to a
unique germ @(t) in P, centered at a point @ = @(0) of E. Conversely, every germ in P that
is not contained in one of the components Fij is the lift of a unique germ in P8,

The data obtained in [5] includes a list of marker germs, marking components of different
types. For types III, IV, and V these are as follows (cf. §2.3 in [5]).

Components of type III, IV, and V determine a point p of €’; choose coordinates so that
this point is (1 : 0: 0). Type IV and V depend on the choice of a line L in the tangent cone
to € at p; choose coordinates so that this line is the line z = 0.

Type III. The corresponding marker germ is

1 00
Oq[[(t) =10 ¢t O
0 0 ¢t

Type IV. These components are determined by the choice of a side with slope strictly
between —1 and 0 of the Newton polygon for € at p, with respect to L. Let b and ¢ be
relatively prime positive integers, such that —b/c is this slope. Then the corresponding
marker germ is

1 0 0
arv(t)=10 t 0
0 0 ¢t¢

Type V. These components are determined by the choice of a formal branch z = f(y) =

oY + ... for € at p tangent to L, and of a characteristic C > \g. For a < b < ¢ positive

integers such that ¢ = C, g = % + 1, the corresponding marker germ is

1 0 0
ay(t)=| t* 0
f) fane
where - - - denotes the truncation modulo ¢¢. The integer a is chosen to be the minimum

one for which all entries in this germ are polynomials.

5.2. Equivalence of germs. In [5], §3.1.1, we consider the following notion of ‘equiva-
lence’ of germs:

Definition 5.1. Two germs a(t), 3(t) are equivalent if 5(tv(t)) = a(t) o m(t), with v(t) a
unit in C[[¢]], and m(t) a germ such that m(0) = I.

Intuitively speaking, equivalent germs may be ‘deformed continuously’ one into the other,
while keeping their center fixed. This notion will be crucial in the rest of the paper. We

will first prove that two germs lift to P to germs with the same center if they are equivalent;
in essence, the converse also holds (cf. Proposition 6.3).

Lemma 5.2. If a(t), 8(t) are equivalent germs, then a = [3.

Proof. Since the center of the lift does not depend on a change of parameter, we may assume
B(t) = a(t)om(t), with m(t) a germ centered at the identity I. Let F'(z,y, z) be a generator
of the ideal of %, and let

an(t) = a(t) o ((1— h) I + hm(t))
Then ay(t) is equivalent to «(t) for all h; in particular, the initial term of F o ay(t) is
independent of h (cf. Lemma 3.2 in [5]), so the center of the lift of ay,(t) to P® is independent
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of h, and it follows that oy, € P is independent of h as n : P — P is a finite map. The
statement follows, since @ = @y and 3 = a;. O

A second reason why the notion of equivalence is important in this paper, as well as in
[5], is the following fact. A germ ‘contributes’ a component to E if its lift to P® is centered
at a general point of that component (a more precise definition will be given in §6.1).

Lemma 5.3. Every contributing germ «(t) is equivalent to a marker germ (in suitable
coordinates, and possibly up to replacing t by a root tl/k). ]

Remark 5.4. The coordinate choices implicit in this statement are important, and we discuss
them here. Lemma 5.3 is proved (cf. [5], Lemma 3.6 and ff.) by first showing that every
germ «(t) may be written as

1 00 1 0 0
at)y=H-|q 1 0]-[0 t 0] -m() |,
r s 1 0 0 ¢t

where m(t) is invertible, and ¢, r, s are polynomials satisfying certain conditions; for exam-
ple, ¢(t) may be assumed to be either 0, or a power t* (possibly after a parameter change).
Coordinates are then chosen in the plane containing % so that H = I, and it is shown that
the hypothesis that «(t) contributes a component forces certain conditions on b, ¢, and ¢,
r, s, bringing the product

100 1 0 0
g 1 0o|l-10 ¢ 0
r s 1 0 0 ¢

into one of the forms given in §5.1. Thus, once coordinates are chosen in the target plane,
contributing germs are equivalent to germs of the form

ae(t) - M

where ae(t) = agrr(t), ary(t), or ay(t), according to the type of the component. Replacing
t by a root t'/% ensures, if necessary, that the exponents appearing in such a germ are
relatively prime.

5.3. Computation of the multiplicities.
Definition 5.5. The weight of a germ a(t) in P® is the order of vanishing in ¢ of F o «a(t).

Note that the weight of «(t) is the order of contact of a(t) with .#: indeed, it is the
minimum intersection multiplicity of «(¢) and generators F o ¢(x0, Yo, z0) of the ideal of .7,
at a(0) (cf. §4.1).

Lemma 5.6. The multiplicity m;; is the minimum weight of a germ a(t) such that @ € Eij.

Proof. Let @ be a general point of E;;. Since P is normal, we may assume that it is
nonsingular at @. Let (Z) = (21, ..., 23) be a system of local parameters for P centered at @,
and such that the ideal of F;; is (21) near @; thus the ideal of E is (z,") near @. Consider
the germ @(t) in P defined by
a(t) = (¢,0,...,0)

and its push-forward a(t) = n(a(t)) in PS.

The weight of a(t) is the order of contact of a(t) with .#; hence it equals the order of
contact of @(t) with n=1(.) = E; pulling back the ideal of E to @(t), we see that this
equals m;;.
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Any other germ in P meeting F;; and not contained in F' must have intersection number
> m;;; the statement follows. ]

In fact, a germ in P8 that lifts to a germ in P meeting the support of E at a general point
of E;; intersects E;; transversally if and only if its weight is m;;.

Now, by Lemma 3.2 in [5], equivalent germs «(t), 5(t) have the same weight; and their
lifts are centered at the same point @ = 3, by Lemma 5.2. In particular, if a(t) and 3(t)
are equivalent, then «(t) lifts to a germ transversal to a component F;; at a general point
if and only if 5(¢) does.

The following easy consequence of these considerations yields the multiplicities m;;:

Corollary 5.7. The multiplicity m;; of a component Eij of E over a component F; equals
the weight of a corresponding marker germ.

Proof. By Lemma 5.6, there exists a germ 3(t) of weight m;;, meeting F;; at a (general)
point 3. Such a germ 3(t) contributes the component E;, hence 3(t) is equivalent to a(t¥)
for a corresponding marker germ «(t), by Lemma 5.3. The weight of a(t) is then m;;/k, by
Lemma 3.2 in [5]. Since m;; is the minimum weight, we have & = 1, and the weight of the
marker germ «(t) is m;; as stated. O

It is now straightforward to verify the multiplicity statements given in Propositions 4.3—
4.5. For example, for type IV: with notation as above (and in [5], §2.3, with ¢ = e, § =€,
r = f), the initial term of € o ayy (t) is

S
xﬁyrzq H(yc + pjxcszb) tSbc+br+cq :
j=1
as (j(]a kO) = (7“,(] + Sb)v (j17 kl) = (T + SC, Q)a the Weight is
Jiko — jok1
S

as stated. The other two verifications are left to the reader; for type V, use Lemma 4.3
in [5].

Sbe 4+ br + cq =

6. COMPONENTS IN THE NORMALIZATION

6.1. The PGL(3)-action. The other information listed in Propositions 4.3, 4.4, and 4.5
requires a more explicit description of the components D of E, especially in connection with
the behavior of germs centered on these components.

One important ingredient is the PGL(3)-action on P. The PGL(3)-action on P® given by
multiplication on the right makes the basic rational map P® --» PV equivariant, and hence
induces a right PGL(3)-action on P® and P, fixing each component of E. Explicitly, if @ is
the center of the lift to P of a germ «(t), then @- N is defined to be the center of the lift of
the germ «(t) - N, for N € PGL(3). We record the following trivial but useful remarks:

Lemma 6.1. If 3(t) = a(t) - N for N € PGL(3), and @ belongs to a component D of E,
then B € D.

Lemma 6.2. Let D be a component OfEOUﬂ" a component D of type III, IV, or V. Then
the orbit of a general @ € D is dense in D.

(Indeed, the orbit of a general point in a component of type III, IV, or V has dimension 7,
as follows from the explicit description of such points given in §2.1.)
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Henceforth, D will denote a component of E of type III, IV, or V; and D will be a
component of E over D. A general point of D (resp. D) will be a point of the dense PGL(3)
orbit in D (resp. D). A germ «(t) ‘contributes’ to D if @ is a general point of D in this
sense.

6.2. Criterion for equal lift. We are ready to upgrade Lemma 5.2.

Proposition 6.3. Let a(t), B(t) be germs such that @(t), B(t) are centered at general
points of components of E dominating components of type III, IV, or V, and meet these
components transversally. Then & = (3 if and only if a(t), B(t) are equivalent.

Proof. One implication is given in Lemma 5.2.

We will give the argument for the converse under the assumption that the entries in «(t)
are polynomials; this is the only case in which we will use the statement, and we leave to
the reader the (easy) extension to the general case.

Assume @ = B is a general point of a component D of E, and a(t), B(t) meet D transver-
sally. _

The image of @ = 3 in P® is a point (a/(0), 2") of a unique component D of E of type
ITI, IV, or V; note that the PGL(3)-stabilizer of («(0), Z") has dimension 1. Consider an
AT C P® through the identity I and transversal at I to the stabilizer; let U = A7 N PGL(3),

and consider the action map Al x U — P:
(t, @) = aft)op
This map is dominant, and étale at (0, ). Note that a(t) factors through it:
Al— A'xU——>P—>DP8

£ (t, 1) —> a(t) — a(t)

Parametrizing a lift of 3(t) to Al x U we likewise get a factorization
t (2(t), M(t)) — a(z(t) o M(t) = B(t) — B(t)

for suitable (C[[t]]-valued) z(t), M(t). Since @ = 3 in P, we may assume that the center
(2(0), M(0)) of the lift of 5(t) equals the center (0, I) of the lift of a(¢). Also, z(¢) vanishes
to order 1 at t = 0, since 3(t) is transversal to D. Hence there exists a unit v(¢) such that
z(tv(t)) = t, and we can apply the parameter change

Bltv(t)) = a(t) o M(tv(t)) = a(t) om(t)

where we have set m(t) = M(tv(t)), a C[[t]]-valued point of PGL(3).
As m(0) = M(0) = I, this shows that a(t) and ((t) are equivalent in the sense of
Definition 5.1, concluding the proof. O

Corollary 6.4. Let a(t), 3(t) be germs such that a(t), B(t) are centered at general points of
components of E dominating components of type III, IV, or V, and meet these components
transversally.

Then @, 3 belong to the same component of E if and only if a(t)"13(7(t)) is a C[[t]]-
valued point of PGL(3), for a change of parameter 7(t) = tv(t) with v(t) € C[[t]] a unit.

Proof. This is an immediate consequence of Proposition 6.3 and of Lemma 6.2. O
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6.3. Technical lemma. Applications of Proposition 6.3 and Corollary 6.4 to the case of
type V components will rely on the following technical lemma.

Lemma 6.5. Let

1 0 0 1 0 0
alty=1 t° o, soy=| t £ 0
fe) frane e G A G

be two marker germs for type V components, and assume that o(t)"1B(7(t)) is a C[[t]]-
valued point of PGL(3), for a change of parameter 7(t) = tv(t) with v(t) € C[[t]] a unit.
Then a' = a, b = b, ¢ = ¢, and v(t) = £(1 4+ t*"u(t)), where & is an a-th root of 1 and
u(t) € C[[H]; further, g((£6)*) = f(t).

Recall that ... stands for a truncation; modulo ¢¢ in the first germ, and modulo ¢ in
the second germ. The notation is unambiguous once the equality (a,b,c) = (a’,V/,c) is
established. Also, the expression g((£t)?) is then an abbreviation for Zﬁ“’\i%\itw‘i, where
g9(y) = ny\iy)‘i; the coefficients €% are well-defined for \; < C since a); is an integer for
A < O (cf. §4.2).

Proof. Write ¢(t) = f(t%) and ¢(t)t* = f/(t*)t*. The hypothesis is that

1 0 0
al_ a b’
a) B = T F o0
gt ) =)= (7" —tI)p(t) g/ ()T —v(t)T"
e 7 e

has entries in C[[t]], and its determinant is a unit in C[[¢t]]. This implies b’ = b and ¢’ = c.
As

74 _ya

tb
and b > a, necessarily a’ = a and t*(v(t)* — 1) = (1% —t*) =0 mod t*. This implies
v(t) = E(1+ """ (1))

for € an a-th root of 1 and u(t) € C|[[t]]. Also note that since the triples (a, b, ¢) and (a’, V', )
coincide, necessarily the dominant term in g(y) has the same exponent Ay as in f(y), since

alo = 2a — 2b+ ¢ (see §5.1).
Now we claim that

e C[[¢]]

g(r) = (7" = t")p(t) = g((€4)*)  mod t°
Granting this for a moment, it follows that
g(r) = () = (7 = 1)(1) = g((€)) — f(t*) mod ¢ ;
hence, the fact that the (3,1) entry is in C[[¢t]] implies that
g((€)*) = f(t*) mod t°

which is what we need to show in order to complete the proof.
Since the (3,2) entry is in C[[t]], necessarily

g (%) =(t) mod et
so our claim is equivalent to the assertion that
g(r") = (r* = t")g'(v") = g((£)") mod ¢°
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By linearity, in order to prove this it is enough to verify the stated congruence for g(y) = y*,
with A > A\g. That is, we have to verify that if A > Ag then
T — (77 — AT = (66) mod ¢
For this, observe
TN = (&) (1 + 7% (1) = (66)°M1 + aXt®%u(t)) mod *AT20=a)
and similarly
FOAE — (gg)aAma(] | gbay())edTe = pma(gg)ad  od edmat-a)

(7% —1%) = (&) (1 + (1)) — t* = at’u(t) mod ¢+~

Thus
(Ta . ta)/\,]_a)\—a = (ft)a)‘a)\tb_au(t) mod ta)\+2(b—a)
and
LA _ (7 — ta))\Ta)\fa = (gt)a)\ mod M 2(—a)
Since
a\+2(b—a)>arg+2b—2a=c |,
our claim follows. O

6.4. Number of components in the normalization. We are ready to prove the state-
ments in Propositions 4.3, 4.4, and 4.5 concerning the number of components D over a given
component D of F of type I1I, IV, or V.

Type III and IV. For type III and IV components, the statement is that for any fixed
p € € and (for type IV) line L in the tangent cone to p at €, there is exactly one component
D over each component D of E.

This is in fact an easy consequence of Lemma 6.1. For example, in the case of components
of type IV it suffices to verify that, for fixed L, any two marker germs for a given component
lift to germs in P centered on the same component of E. Now, such marker germs are of
the form (cf. §5.1 and Remark 5.4)

1 0 O 1 0 O

0t o|-M , (0 0] M

0 0 ¢t 0 0 ¢t
for two invertible matrices My, M. Lemma 6.1 implies immediately that the lifts of these
two germs are centered on the same component of F. (]

Type V. The situation for components of type V is more complex, and requires the use
of Corollary 6.4 and Lemma 6.5.

For a fixed point p and line L, and once coordinates are chosen as usual (so that p = (1 :
0:0), and L is the line z = 0) type V components are determined by pairs (C, f(y)), where
z = f(y) is a formal branch of &, by the procedure described in §4.2. Recall that (C, f(y))
and (C’, g(y)) are sibling data if the corresponding integers a < b < ¢, a’ < b < ¢ are the
same (so in particular C' = C’) and further

gy W) =Y ENnyt
A <C
for an a-th root £ of 1 (or, in abbreviated form, gcy(t*) = f(c)((§t)*)). The statement we
must prove is the following:

Claim 6.6. Two pairs (C, f(y)) and (C',g(y)) determine the same component D over D
if and only if they are siblings.
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Proof. Let a(t), 5(t) be two marker germs leading to D; we may assume (cf. Remark 5.4,
Lemma 6.1) that

1 0 0 1 0 0
oy=( o], opm=| 0
F) e gt) g

If these two germs determine the same component of E, then by Corollary 6.4 a(t) 1 8(tv(t))
is a C[[t]]-valued point of PGL(3), for a unit v(¢) € CJ[[t]]. It follows (by Lemma 6.5) that
a =a, b =b,d =c,and g((£t)*) = f(t*); that is, (C, f(y)) and (C’, g(y)) are siblings.

Conversely, assume that (C, f(y)), (C’, g(y)) are siblings. Then C' = C’, and for an a-th
root £ of 1 the corresponding germs

1 0 0 1 0 0
at)y=| t 0 L By=| t 0
@ f/(ta)tb te M g/(ta)tb te
satisfy
1 0 0 1 0 0
plét) = (€° 0k 0 )={ t € 0
g((€)") g (E))(ED" (&b)° f@) faneted e
1 0 0
=a(t)- |0 €& 0
0 0 ¢

Therefore, a(t) 1 3(£t) is an invertible constant matrix. This shows that @ and 3 belong to
the same component of F, by Lemma 6.1. (]

This concludes the proof of the statement concerning the number of components D over
a given component D of E in Propositions 4.3, 4.4, 4.5.

7. END OF THE PROOF

7.1. Inessential subgroups. We are left with the task of verifying the statement con-
cerning the degrees of the maps D — D; our main tool here will be Proposition 6.3.

Recall that PGL(3) acts on both D and on the underlying component D. Accordingly,
every general @ € D determines two one-dimensional subgroups of PGL(3):

o the PGL(3)-stabilizer Stab(a@) of @; and
e the PGL(3)-stabilizer Stab((«, Z7)) of the image of @ in D.

The equivariance of the normalization map n : P — P8 implies that Stab(@) is a subgroup
of (in fact, a union of components of) Stab((a, Z)).

Lemma 7.1. Let D be a component of type III, IV, or V, and let a(t) be a marker germ
for D. Let a = a(0), 2 =lim%oa(t), and let D be the component of E over D containing
the center @ of the lift of a(t) to P.

Then the degree of D over D is the index of Stab(a) in Stab((a, Z7)).

Proof. If a(t) is a marker germ then (o, 2") and @ are general; by Lemma 6.2, D is the
closure of the PGL(3)-orbit of @. It follows that the fiber of D — D over (a, Z") is the
Stab((a, Z7))-orbit of @, giving the statement. O
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The stabilizers Stab((«, 27)) are easily identified subgroups of the stabilizers of the curves
Z, which are discussed in [3], §1. We have to determine the stabilizers Stab(@), and we do
this by means of the following construction.

Let a(t) be a marker germ whose lift to P is centered at @ € D. Consider the C((t))-valued
points of PGL(3) obtained as products

M,(t) == at)"! - a(tv(t))

as v(t) ranges over all units in C[[t]]. Among all the M, (t), consider those that are in fact
C[[t]]-valued points of PGL(3), and in that case let

M, = M,(0)

The reader may verify directly that the set of all M, so obtained is a subgroup of the
stabilizer of (a, Z7). We call it the inessential subgroup (w.r.t. a(t)) of the stabilizer of
(o, Z7). Tt consists of the elements of the stabilizer due to reparametrizations of the germ
a(t). We now prove that this subgroup equals the stabilizer of @.

Proposition 7.2. Let D be a component of E of type III, IV, or V, and let D be any
component of E dominating D. Further, let a(t) be a marker germ for D, such that the lift
of a(t) to P is centered at a point @ € D. Let a = a(0), 2 = lim % o a(t).

Then the inessential subgroup of Stab((c, 7)) (w.r.t. a(t)) is the stabilizer of @, and the
degree of D over D is the index of the inessential subgroup in Stab((c, Z7)).

Proof. Let M, (as above) be an element of the inessential subgroup. Then «(t) - M, and
a(t)-M,(t) = a(tr(t)) are equivalent according to Definition 5.1; by Lemma 5.2, @- M, = @.

For the converse, assume @ = @-N. By Proposition 6.3, a(t) is equivalent to «(t)-N: that
is, there is a C[[t]]-valued point N(t) of PGL(3), with N(0) = N, and a unit v(t) € C][t]],
such that

a(tv(t)) = a(t) - N(t)

Therefore M, (t) = a(t) 1 -a(tv(t)) = N(t) € C[[t]]: that is, N is in the inessential subgroup
of the stabilizer of (o, 27).

The statement about the degree of D over D follows from Lemma 7.1, completing the
proof. O

7.2. The degree of D over D. We are ready to complete the proof of Propositions 4.3,
4.4, and 4.5, and hence of Theorem 2.1.

All that is left to prove is the statement concerning the degree of each component of E over
the corresponding component of F; this is done by repeated applications of Proposition 7.2,
that is, by determining the inessential subgroups of the stabilizers for components of type 111,

IV, and V.

Claim 7.3. For type III and 1V, the inessential subgroup is the component of the identity
in the stabilizer of (o, Z7).

Proof. For type III and IV, marker germs are of the form

1 0 0
at)y=10 t* 0 ,
0 0 t°

with b = ¢ = 1 for type III and b, ¢ positive and relatively prime for type IV.
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For all units v(t),
-1

1 0 0 1 0 0 1 0 0
alt) ™ atr@t)=[0 ¢ 0 0 () 0 =10 v} 0
0 0 t° 0 0 tv(t)° 0 0 (e
is a C[[t]]-valued point of PGL(3). Thus the inessential subgroup consists of the elements
1 0 0
0o v o]
0 0 v°

for v = v(0) € C, v # 0. These elements form the identity component of the stabilizer
(cf. §3 in [2]), verifying our claim. O

Applying Proposition 7.2, we conclude that for types IIL, IV the degree of D — D equals
the number of components of the stabilizer of a general point (a, Z7) € D.

Type III. Recall that the limit of 4" along a marker germ «/(t) consists of a fan 2~ whose
star reproduces the tangent cone to % at p, and whose free line is supported on the kernel
line x = 0. It is easily checked that the stabilizer of («/(0), 2") has one component for each
element of PGL(2) fixing the m-tuple determined by the tangent cone to € at p, verifying
the degree statement in Proposition 4.3. g

Type IV. The number of components of the stabilizer of a general (o, Z") is determined
as follows. The limit 2" is given by

S
oy 2 [ + pja"2")

j=1
the stabilizer of (a, Z") is the subgroup of the stabilizer of 2" fixing the kernel line z =
0. Thus, the number of components of the stabilizer of (a, Z") equals the number of
components of the stabilizer of 2", or the same number divided by 2, according to whether
the kernel line is determined by 2" or not; the latter eventuality occurs precisely when ¢ = 2
and ¢ = g. It follows then from Lemma 3.1 in [2] that the number of components of the
stabilizer of (o, 27) equals the number of automorphisms A! — Al p +— up (with u a root of
unity) preserving the S-tuple [p1, ..., pg]. This completes the proof of Proposition 4.4. [

Type V. Finally, we deal with components of type V. The determination of the inessential
subgroup of the stabilizer of a general point («, Z") of such a component relies again on the
technical Lemma 6.5.

Lemma 7.4. Let
1 0 0
alt)=| t b 0
ey eyt e

be the marker germ determined by C' and the formal branch f(y) = > vy, and let 2 =
limy—,0 C o a(t). Then the corresponding inessential subgroup consists of the components of
the stabilizer of (o, Z7) containing matrices

1 0 0
0 n® 0
0 0 n°

with n an h-th root of 1, where h is the greatest common divisor of a and all aX; (A\; < C).
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Proof. For every h-th root n of 1, each component of the stabilizer containing a diagonal
matrix of the given form is in the inessential subgroup: indeed, such a diagonal matrix can
be realized as a(t)~! - a(nt).

To see that, conversely, every component of the inessential subgroup is as stated, apply
Lemma 6.5 with 8(t) = a(t). We find that if a(t)~! - a(tv(t)) is a C[[t]]-valued point of
PGL(3), then v(t) = n(1 + t*~=%u(t)), with 7 an a-th root of 1, and further

f@) = f((m)*)

Syt =) iyt

Ai<C Ai<C
Therefore ni = 1 for all i such that \; < C, and it follows that 7 is an h-th root of 1.
For v(t) = n(1 + t*=%u(t)), the matrix M, (0) = a(t)~! - a(tv(t))|=o is lower triangular
and invertible, of the form

that is,

1 0 0

ago 7’ 0

o () (apo)? +7#A030(auo) 270 (%) (apo)n® 1

where po = p(0). These matrices are in the stabilizer of (o, 27) for all ug (since they are
in the inessential subgroup). Setting po = 0 proves the statement. g

Note that n° = (n°)? since ¢ — 2b = a)\g — 2a is divisible by h; this is in fact a necessary
condition for the diagonal matrix above to belong to the stabilizer. Moreover, if yx,+¢ # 0,
2

then necessarily n® = 1; as the proof of the following proposition shows, this implies h = 1.

Proposition 7.5. For the component D determined by the truncation fio)(y) as above, let
A be the number of components of the stabilizer of the limit

Ao(ho — 1 Ao+ C
p728 H ( L)’VAOyQ — S wseyr — ’Y(c)w2>

(that is, by [2], §4.1, twice the number of automorphisms v — uy+ v preserving the S-tuple
[78),...7785)]). Then the degree of the map D — D equals %, where h is the number

determined in Lemma 7.4.

Proof. As the kernel line must be supported on the distinguished tangent of the limit 2, the
stabilizer of («, Z7) equals the stabilizer of 2", and in particular it consists of A components.
Next, observe that for 77 # 12 two h-th roots of 1, the two matrices

1 0 O 1 0 O
0ont o) , |0 x5 0
0 0 nf 0 0 3

are distinct: indeed, if n® = n¢ = 1, then the order of n divides every exponent of every
entry of a(t), hence it equals 1 by the minimality of a. Further, the components of the
stabilizer containing these two matrices must be distinct: indeed, the description of the
identity component of the stabilizer of a curve consisting of quadritangent conics given in
[3], §1, shows that the only diagonal matrix in the component of the identity is in fact the
identity itself.

Therefore the index of the inessential subgroup equals A/h, and the statement follows
then from Proposition 7.2. ([l
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Proposition 7.5 verifies the degree statement in Proposition 4.5, thereby completing the
proof of that proposition, and hence of Theorem 2.1.

REFERENCES

[1] P. Aluffi and C. Faber. Linear orbits of smooth plane curves. J. Algebraic Geom., 2(1):155-184, 1993.
[2] P. Aluffi and C. Faber. Plane curves with small linear orbits. I. Ann. Inst. Fourier (Grenoble), 50(1):151—

196, 2000.
[3] P. Aluffi and C. Faber. Plane curves with small linear orbits. II. Internat. J. Math., 11(5):591-608, 2000.

[4] P. Aluffi and C. Faber. Linear orbits of arbitrary plane curves. Michigan Math. J., 48:1-37, 2000. Dedi-
cated to William Fulton on the occasion of his 60th birthday.

[5] P. Aluffi and C. Faber. Limits of PGL(3)-translates of plane curves, I, 2007.

[6] G. Fischer. Plane algebraic curves. American Mathematical Society, Providence, RI, 2001. Translated
from the 1994 German original by Leslie Kay.

[7] W. Fulton. Intersection theory. Springer-Verlag, Berlin, 1984.

DEPT. OF MATHEMATICS, FLORIDA STATE UNIVERSITY, TALLAHASSEE FL 32306, U.S.A.
E-mail address: aluffi@math.fsu.edu

INST. FOR MATEMATIK, KUNGLIGA TEKNISKA HOGSKOLAN, S-100 44 STOCKHOLM, SWEDEN
E-mail address: faber@math.kth.se



