Moduli spaces for topologically quasi-homogeneous functions.

Yohann GENZMER*, Emmanuel PAUL

September 29, 2015

Abstract

We consider the topological class of a germ of 2-variables quasi-homogeneous complex analytic function. Each
element f in this class induces a germ of foliation (df = 0) and a germ of curve (f = 0). We first describe the
moduli space of the foliations in this class and we give analytic normal forms. The classification of curves induces
a distribution on this moduli space. By studying the infinitesimal generators of this distribution, we can compute

the generic dimension of the moduli space for the curves, and we obtain the corresponding generic normal forms.
1

Introduction

From any convergent series f in C{z, y}, we can consider three different associated mathematical
objects: a germ of holomorphic function defined by the sum of this series, a germ of foliation
whose leaves are the connected components of the level curves f = constants, and an embedded
curve f = 0. Composing f on the left side by a diffeomorphism of (C,0) may change the function
but nor the foliation or the curve. Multiplying f by an invertible function u may change the
function and the foliation but not the related curve. Therefore, there are three different analytic
equivalence relations:

e The classification of functions (or right equivalence):
fo~r fi & 3¢ € Diff (C*,0), f1 = fooo.
e The classification of foliations (or left-right equivalence):
fo~ fi & 3¢ € Diff (C?,0), ¢ € Diff (C,0), ¢o f1 = fooo
e The classification of curves:
fo ~e f1 < 3¢ € Diff (C*,0), Ju € Oz,u(0) # 0,uf1 = fooo.

In the same way, one can define topological classifications requiring only topological changes of
coordinates. In what follows, we are going to consider mostly the two last equivalence relations
for foliations and curves, since the comparison between the two first analytic classifications has
been studied in [1].

Finally, we emphasize that in our work, we will always require that the conjugacies that appear
above will respect a fixed numbering of the branches of f = 0.
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A germ of holomorphic function fy, : (C%,0) — (C,0) is quasi-homogeneous if and only if f,

Ofqn Ofqn . . .
e s 63 ). If fon is quasi-homogeneous, there exist

coordinates (z,y) and positive coprime integers k and [ such that the quasi-radial vector field
R= k:va% + lya% satisfies

belongs to its jacobian ideal J(fqn) = (

R(fqh) =d- fqhu

where the integer d is the quasi-homogeneous (k,1)-degree of f, [15]. In these coordinates, fq
has some cuspidal branches and maybe axial branches, that is to say, fqu is written

p
fan = ca"=y™ 1 (F + apa’)™ (1)
b=1

where ¢ is a non vanishing complex number and the multiplicities satisfy ng > 0, no > 0 and
ny > 0. The complex numbers a; are non vanishing numbers such that a, # a,. Using a
convenient analytic change of coordinates, we may suppose that a; = 1.

A germ of holomorphic function f is topologically quasi-homogeneous if the function f is topo-
logically conjugated to a quasi-homogeneous function f,,, that is to say there is a continuous
right-equivalence between f and fqp.

For any couple of coprime positive integers (k,l) with & < [ and (p 4+ 2)-uple (n) of integers in
N2x (N*)?, (n) = (noo,n0, 01,2, -+ ,nyp) We consider the topological class T(x 1y, (n) 0f fon defined
in (1), that is the set of all functions topologically conjugated to fq,. The first aim of this paper
is to describe the moduli space defined by the quotient

Mty my = TkD(0) ]

where ~ refers to the left-right analytical equivalence. We give the infinitesimal description of
this moduli space by making use of the cohomological tools considered by J.F. Mattei in [13]:
the tangent space to the moduli space is given by the first Céch cohomology group H!(D,©F),
where D is the exceptional divisor of the desingularization of f,,, and Oz is the sheaf of germs
of vector fields tangent to the desingularized foliation F induced by dfq. = 0. Using a particular
covering of D, we give a triangular presentation of the C-space H'(D,©Ox) in Theorem (1.3).
This description leads us to consider triangular analytic normal forms

p
Ny = a">=y"° H(yk + Z ap,am)™ (2)
b=1 {(b,d),®(b,d)ET}U{(1,k1)}

by perturbing the topological normal form (1) with some monomials m? following an algorithm
described in the subsection (1.2), in which the precise meaning of the indexation ®(b,d) is
defined. This family of analytic normal forms turns out to be semi-universal as established in
Theorem (1.10). In this way, we obtain a local description of M ;) (). We finally give a global
description of this moduli space in Theorem (1.15) and Theorem (1.16) by proving that any
function in 741y, (n) is actually conjugated to some normal form N, , and that the parameter a
is unique up to some weighted projective action of C*. All the results of this first part can be
extended to the generic Darboux function:

fO =

with complex multiplicities \;. Nevertheless, we do not insert this extension here, since we have
previously explain in [8] how to perform it in the topologically homogeneous case.

The second part of our work is dedicated to the study of the moduli space of curves in the quasi-
homogeneous topological class. This problem is a particular case of an open problem known as



the Zariski problem. It has only a very few answers: Zariski [17] for the very first treatment of
some particular cases, Hefez and Hernandes [5, 6] for the irreducible curves, Granger [9] in the
homogeneous topological class and [2] for some results which are particular cases of our present
result. Our strategy that we already introduced in a previous work [8], differs from all this works:
we consider the integrable distribution C on the moduli space of foliations M jy, () induced by
the equivalence relation ~.: two foliations represented by two points in My ) () are in a same
orbit of this distribution if and only if they induce the same curve up to analytic conjugacy.
Studying the family of vector fields that induce the distribution C on My 1y, (n), we compute the
dimension of the generic strata of the moduli space of curves Mk, (n) /¢ in Theorem (2.7). We
also give an algorithm in order to construct the corresponding generic normal forms in Theorem
(2.8).

Since the cohomological description of the moduli space of foliations is known for a general one-
form, we may expect that this strategy can be develop in a general topological class.

In order to keep a sufficiently readable text, we have postponed a lot of technical computations
in appendix A.

We thank Jean-Frangois Mattei for helpful discussions, and for suggesting improvements on a
first version of this work.
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1 The moduli space of foliations

In this section, we will consider a function f in the class T(j 1y, (). The (k,l)-degree of a monomial
a™y™ is km + In. It induces a valuation on C{x,y} denoted by vy ;.

Let f be a function in the topological class T 1), (n). We know, from a theorem of Lejeune-
Jalabert [10] that the desingularization process of f is identical to that of fg, that is to say:
after a sequence of blowing-ups F, the exceptional divisor D is a chain of components isomorphic
to P(C), the strict transform of the cuspidal branches intersect the same component D., the



principal component, and the strict transform of the axes, if they appear, intersect the end
components of this chain : see Appendix A, and figure (2).

Lemma 1.1 (Prenormalization). There exists some coordinates (x,y) such that f is written
flay) =ca™=ym (yF + a2+ )" (Y +aa’ + ) (Y apat )

where ¢ is a non-vanishing complexr number, ay, b = 2,...,p are non-vanishing complex numbers
with ay, # ay # 1, and the dots are terms of (k,l1)-degree greater than kl.

Proof. Let f be a function topologically conjugated to f,n,. The number of branches, and their
multiplicities are topological invariants. Therefore, we consider the following irreducible decom-
position of f:

f=frefeofm.. fo

Since f has the same desingularization process as fyp, if ng > 0 or no, > 0, the strict transform
of the corresponding branches appear on the end components. Therefore, their blowing-down
are smooth transverse branches at 0, and we can choose coordinates (x,y) such that

f — :Cnooynof{ll ...fgp'

Now, the strict transform of the other branches meet the principal component D.. Using the
blown-down formulas of proposition (3.2) in Appendix A, we obtain that:

fi = aiy® + iz’ + -

with a; # 0 and B; # 0. By factorizing «; in each component f; we obtain the existence of a
non-vanishing constant ¢ and a family of p non-vanishing complex number a;, b = 1,...,p such
that

ni

f:cx"myno(yk‘FalIl‘i‘"') ...(yk_|_apxl+...)np

where the dots are terms of (k, ) —degree greater than kl. Finally, by applying a final change of
coordinates of the form (z,y) — (az,y), we can suppose that a; = 1. O

Unless any precision is given, from now on, we will only consider system of coordinates (z,y)
such that the function f € Ty ) (n) has an expression as in the above lemma.

1.1 The infinitesimal description

Since the transverse structure of a foliation defined by a function is rigid, i.e. completely given
by the discrete data of the multiplicities, any topologically trivial deformation is an unfolding as
defined in [13]. We know from the same reference that the tangent space to the moduli space
of unfoldings of a germ of analytic foliation F is the vector space: H'(D,©z), where Or is
the sheaf on D of germs of holomorphic vector fields tangent to the desingularized foliation F.
Furthermore, this vector space is a finite dimensional one, whose dimension ¢ is obtained by a
formula involving the multiplicities of the foliation at the singular points appearing at each step
of the blowing up process. In the present topological class, we will give an alternative description
of this tangent space which will allow us to construct normal forms.

Let f be in T(x1),(n)- We consider the saturated foliations F and F induced by df and E*df,
where E is the desingularization morphism of f.

Notation 1.2.

1. We define two integers €g and e, in {0,1} as follows: if ng > 0 then we set g = 1, else
we set eg = 0. We define e, the same way but relative to Ny .



2. Let (u,v) be the unique couple of integers defined by the Bézout identity

uk —vl=1with0<u<l, 0<wv<k.

3. We denote by v. the multiplicity of the desingularized foliation on the principal component
D, of the exceptional divisor. According to Proposition (3.4) in Appendiz A, we have

ve =klp — k — 1 + keoo + lgg.

4. Let T be the triangle in the real half plane (X,Y), Y >0, delimited by
EX —(k—v)(Y —v.) > 0
IX—(1-u)(Y —v.) < 0

The summit of this triangle is (0,v.). The directions of the non horizontal edges are given
by the vectors
Z=(k—v,k) andy=(l—u,l).

Theorem 1.3. There is an explicit linear isomorphism ¥ between H'(D,© ) and the C-vector
space freely generated by the set of integer points e; j = (i,7) in the triangle T.

The expression of ¥ is given in the proof below. We give a presentation of the tangent space
to the moduli space of a function in the topological class: (k,l) = (3,5), p = 4, ng = noo = 0,
ni,...,ny arbitrary, obtained by this theorem in Appendix B, Figure (3).

Proof. Let us consider 6 the vector field with an isolated singularity defined by

1 —o0f 0  Of 8>
;= ( 0 010 3)
g.c.d. (%’%) Oz 0y ~ Oy Oz

Let {Up, U} be the covering of the exceptional divisor introduced in the Appendix A. From
proposition 3.6, we know that this covering is acyclic with respect to the sheaf ®z. Therefore
we have

1 - @]-'(U ﬂUoo)
H(D.®r) = 0 (Uo) é@f(Uoo)'

In order to compute each term of this quotient, we consider the principal chart (x.,y.) defined
near the central component D, defined in Appendix A. The domain of this chart contains UyNU .

The vector field
_ E*0y

vV,
Ye*

has isolated singularities and defines F on Uy N Us. Therefore we have ©x(Uy N Us) =
O (UyNUy) - b, and each 0 in O x(Uy N Us) can be written

eis

0 = Z Xi eyl | - Ois.

i€Z,jEN

By the local monomial expression of E given by proposition 3.2 in Appendix A, these vector
fields 6 blow down on meromorphic vector fields with poles on the axes:

Ef= 3 i 0mmlovey—kitt)ve) g
i€Z, jEN



Let us prove that 6 has an holomorphic extension on Uy if and only if
—ki+ (k—v)(j—ve) <0 = A ; =0. (%)

If such an extension is possible, then 6 has no pole along the curve y = 0 whose strict transform
belongs to Uy, thus the property (x) holds. On the converse, if the property (%) is satisfied, then
the multiplicity vp, () of 0 along the component D; which meets the strict transform of the
z-axis is positive. Indeed, after a standard blow-up, we find

vp, (0) > Aﬂi;lo{(l —k)i+(G-—v)k—v—1+u)}>0

Now, the intermediate multiplicities vp, (), 1 < i < ¢ are also positive. This is a consequence of
the relations

vp,(#) = eivp,(#), vp,.,(0) = eivp,(0) —vp,_,(0), i=2,...,c—1

which can be obtained by a similar argument as in proposition 3.4. Here, —e; is the self-
intersection of the component D;. Since e; > 2 fort=1,...,¢— 1, we have

VD2(0) > VD1(0)5 VDi+1(9) _VDi(e) > VDi(e) - VDi—1(0)5 1=2,...,c—1

which proves that vp,(6) is positive for any ¢ = 1,...,c¢. In the same way, an element 6 in
Ox(Up NUx) belongs to O x(Uy) if and only if

li—(l—u)(j—uc)<0 — )\id‘:O.

Therefore, there is a linear isomorphism ¥ between the C-space freely generated by the integer
points e; ; in T and H' (D, ©£) defined by:

AU Z /\iyjel-ﬁj — Z /\Z,szl:yg . 91'5 . (4)
(i,5)€T (i,4)€T
O
This representation gives us a direct formula for the dimension § of H!(D,© ), by counting the

integers points in the above triangle. In order to give an explicit formula, we need the following
fact:

Lemma 1.4 (and notations). The number of integer points in an open interval |a,b[ is given
by 1b] — [a], where [a] stands for the usual integer part n of a: n < a < n+ 1, and |b] is the
"strict” integer part m of b defined by m <b < m+ 1.

Since the intersections of the horizontal levels j with the boundary of T are respectively given
by k%v(] —v,) and l_Tu(j — v.), we obtain

Proposition 1.5. The dimension of H*(D,©x) is

6=fj (]l_l“u-uc)}—[k;”u—uc)D-

Jj=0

Example. For the topological class given by (k,l) = (3,5), p = 4, without axis, by counting
the integers points in figure (3) in Appendix B, or applying the previous formula, we obtain that
0 =T18.



1.2 Construction of the local normal forms

We will construct here analytic models for topologically quasi-homogeneous functions starting
from the topological normal form (1). Since it already appears (p — 1) analytic invariants that
are the values a; (the cross ratios between branches on the principal component), we have to
add § — (p — 1) monomial terms of higher degrees. The construction to come is a priori based
upon some algorithmic but arbitrary choices. It will be justified by Theorem (1.10) in the next
section.

In our previous work in [8], for the homogeneous topological class, in which the topological
representative was p transverse lines, we straightened the fourth first lines on zy(y+x)(y+ a4 1),
we added the monomials as 222 to the fifth line, ag22? + ag 32> to the sixth, and so on. We
generalize this triangular construction here by making use of the quasi-homogeneous (k, [)-degree.
Nevertheless, the choice of the monomials and their distribution between the branches is not so
obvious here.

The following algorithm will associate an analytic normal form starting from the previous trian-
gular presentation of the infinitesimal moduli space.

The figure (3) in Appendix B shows the procedure in order to construct the normal forms
associated to the topological class of

4

(v + %)™ (" + a22%) " (5 +asa®)"™ (" + asa”) "™
The meaning of all the datas that appear on the figure will be detailed below.
The construction consists in two successive steps.
Step 1. Choice of the monomials.

Notation 1.6. For any d > kl, there exists a unique monomial x'y? with quasi-homogeneous
(k,1)-degree d, such that j < k. We denote it the following way

m? =gy ik+jl=d, j<k.

For (k,1) = (3,5), we find m!'> = 2° m!6 = 2292 m!7 = 2%y, m'® = 26

geue

Therefore, to each horizontal line of index j in the triangle T, one can associate the monomial
m?, d =kl + j. We put them on a column on the right side in Figure (3).

Step 2. Distribution of the monomials between the cuspidal branches. The link
between the monomial terms m® and m%t! is the multiplication by the meromorphic monomial
term m?*! /m?.  We encode this multiplication by a translation in T. We associate to the
multiplication by z (resp. y) the translation by & = (k — v, k) (resp. ¥ = (I — u,1)). This choice
is suggested by the formulas of Proposition (3.2) in Appendix A. Thus to a degree d we associate
the translation in Z2 by the vector ty defined by

tq =i+ ji
where ziy) = md*t! /me.
Lemma 1.7. For any d, tg is either (1,1) or (0,1).

Proof. Let md_z 2yl and thus ik + jl = d with 0 < j < k. Suppose first that 5 —v > 0. Then
mdtl = 2%y =v Hence, in the the canonical basis, the components of ¢, are

(i+u—i)(k—v,k)+(G—v—J) (1 —ul)=(1,1).



If j — v < 0 then md+! = gitu=lyi+tk=v Indeed, we have 0 < j+k—v <kandi+u—1>0
since from
(i+u)k=kl+1—(j—v)l> k.

In this case, the components of t; are
(u—=1)(k—vk)+ (k—v)(l—u,l)=(0,1).
O

For (k,l) = (3,5), the meromorphic monomials form a periodic sequence of lenght 3 generated
by: y?/2®, x%/y, ©?/y. The successive translations are tis, tig, ti7, tig = ti5 etc..., whose
components are (0,1), (1,1), (1,1). We put the translations on a column on the right side of
Figure (3).

Now we consider all the parallel paths issued from the integer points (¢,0) on the horizontal axe,

under the action of the successive translations tji. The point (—I/ck k”,O) is the intersection of
the left edge of the triangle with this horizontal axe. We consider the p integer points:

Ml = ([_Vck ; U[—H?,O) ) M2 = ([_Vc%[—’—p - 170> yr MP = ([_Uck—;l)[_i_l’O) !

Notice that the (p — 1) last ones are inside the triangle, while the first one is outside.

Proposition 1.8. The p paths issued from the initial points M;, i = 1,...,p, obtained by the
action of the successive translations tq pass through all the integer points inside the triangle T.

Proof. Let i, and j, such that m*+" = z'»yin Following the arguments in the proof of Lemma
(1.7), the sequence (iy, j,) is explicitely defined by the following system

in=1+ua, — (I —u)b,
Jn = —va, + (k—v) b,
ink +jnl =do+n

In <k

where dy = kl and (ay, by,) is defined by (ag, bg) = (0,0) and
Gnt1 _ an \ | 1 i >0
borr )\ by o) BTV =
an 0 e
= (bn>+<1>1f]n—v<0.

Notice that a,, is the number of translations of type (1,1) occuring in a path of lenght n, and
corresponds to the horizontal component of the sum of the n first translations. We consider the
left side of the triangle given by the equation

ki—(k—v)j+velk—v)=0
and its intersections (z,,n) with the horizontal levels j = n. We have

k—wv
k

Ty = (n —v.).

We consider the path starting from the last integer point ([xo[+1, 0). The successive integer points
of this path are given by the sequence (pn,n) = ([xo[+1 + an,n). We claim that the moving



point along this path does not go too far away from the left side of the triangle. More precisely,
we have:

(pn - xn) E] -1, 1]'
k—v

Indeed, by solving the above system, we obtain a,, = % + n==. Therefore we have:

k — k— k—
Pn — Tn = ([_VCTU[+VCTU + 1) + (an -n ! .

Clearly, the first part of the sum belongs to |0, 1], and the second one, which equals to _g" belongs
to | — 1,0]. Therefore this path will catch all the first integer points of the triangle on each level
starting from the left side. If we consider the p parallel paths starting from M;, i =1,...,p, they

will catch all the integers points of the triangle, since on each level there is at most p points. [

These p paths give us a unique way to distribute the monomials ab,dmd on each branch, putting

the monomials encountered on the first path (starting from the right hand side) on the first
branch, and so on. With this path game, we do not miss any point of the triangle according
to the previous proposition. Each integer point of the triangle can be represented by the new
coordinates (b, d) where b is the index of a path or branch and d the index of a level, or degree.
From our construction, they are related to (i, j) by the change of indexation

E—u d—1
(i,j)_fl)(b,d)_<[—uc - [—i—p—i—l—b—l— > ai,d—kl>, (5)

i=kl—1
where ag;—1 = 0, and for ¢ > ki, «; is the horizontal component of i
To conclude, the general writing of the analytic normal forms for foliations defined by a function
in 7(x,1),(n) obtained by our construction is the following definition

Definition 1.9. Let A be the following open set of C?
A= {(apa), ®(b,d) €T, appr #0, apr # 1, ap i # ap g for b # '}

Furthermore, we set a1 41 = 1. For a = (apq) € A we define the analytic normal form N by
ny

N, = g"e=y"° y* + Z ab,dmd (6)

b=1 {(b,d), ®(b, d) € T} U {(1, kl)}

Example. From the figure (3) in the Appendix B, the analytic normal form N, of the foliation
defined by a function f in the topological class (k,l) = (3,5), p = 4, n = (n1,n2,n3,n4) are
given in the same Appendix: we add 2 monomials on the first branch, 16 on the second, 31 on
the third and 29 on the last one.

1.3 Local universality

The construction described in the previous section is justified, a posteriori, by the following
result. For any a € A, we consider the saturated foliation F, defined by the one-form dN,.

Theorem 1.10. For any a® in A, the germ of deformation {Fq, a € (A,a")} is an equireducible
semi-universal unfolding among the equireducible unfoldings of Fo.



This means that for any equireducible unfolding {F;, t € (T,t°)} where (T,t°) is a germ of
some space of parameters t = (t1,...,ts), such that Fyo = F,o, there exists a map A : T — A
with A(t°) = a® such that the family F; is analytically equivalent to dN, A(t)- Furthermore, the
universality means that the map A is unique and the semi-universality only requires that the first
derivative of A at t° is unique.

Proof. Let E be the common desingularization map for each foliation F, and Fa the pull-back
of F, by E. F, is also the saturated foliation defined by the one-form dN, where N, = N, o E.
Let ©g be the sheaf on D = E~1(0) of germs of holomorphic vector fields tangent to the foliation

Fao-
Lemma 1.11. Let U = {Uy,Us} be the covering of the exceptional divisor of E introduced in

the Appendiz A (notations 3.1). Any unfolding of Fao is locally analytically trivial on each open
set Up, Uso.

Proof. Suppose that the unfolding is given by a one-form

OF, 0F, <~ 0F,
aF = &t 20 il
or oy T &or

such that dFjo defines j';ao. Let m be a point of D, in some local chart (z;,y;) of D. For each
parameter t,., we can find a local vector field in some neighborhood U, of m

0 0 0 0

X, =0, — o = (ar(xiayiut)a_xi +B7‘($iuyi7t)a_yi) T

such that d(F o E)(X,) = 0, which can also be written

0
ot

0.(FoFE)= (FoE).

The existence of X, is clear around a regular point of the foliation, and still true around a reduced
singular point: see [13]. The difference between two such local vector fields is a tangent vector
field to the foliation F,0. Now, from Proposition (3.6) in Appendix A, we have H*(Uy, ©¢) =
H'(Us,©9) = 0. Therefore we can glue together these vector fields on Uy or on Us. The

trivialization of the unfolding on Uy or Uy in the direction a% is obtained by integration of
these vector fields X,.. O

For each parameter ay, 4 of the unfolding defined by dN,, a in (A, a°), the previous lemma proves
that there exist two vector fields 6] ; in ©9(Up) and 65%; in ©o(Us) such that

oy _ 9N
and Hfd(Nao) = gab P

a=a a=a

ON,

og,d(Nao) = aab d

(7)

We call them 7 trivializing vector fields in the direction apq”. We denote by 6? a]: “ the difference

92@ — 055 in ©9(Up NUs) and by [aaafad} , its image in H'(D,©y), which does not depend on

the choice of the trivializing vector fields. We define a map from the tangent space to A at a°
into H(D, ©¢) by

ToA — H! (D,Oy)
8
2 (bd) /\b,d(a)—@ai,d D (b,d) Mbd(a) {ng,ad} 40 ®)

10



According to a theorem of J.F. Mattei ([13], Theorem (3.2.1)), the unfolding {F,, a € (A, a")} is
semi-universal among the equireducible unfoldings if and only if this map is a bijective one. By
our construction, the dimension of T,0.4 is equal to the one of H*(D,©g). Therefore it suffices

to prove that the cocycles [ 88;: “d} , are independent. We denote by
“la

0F, N
dayq| 0 Cid

the component of {BF‘I } , on the element of the basis {e;;} given by Theorem (1.3). These

dap,q
numbers define a square matrix M of size § = dim H!(D, ©p), and we have to prove that it is an
invertible one, that will be done in two steps.

Step 1. Components of the cocycles on the first level d = kl.

According to our construction of the normal forms, the coefficient a; x; is constant equal to 1.
Nevertheless, in order to perform calculus in a more symmetric way, we first consider here the
parameter aj x; as a free parameter.

Proposition 1.12. The square matriz of size p defined by

([l evn)
Qap k] o' T b =1,...p

.....

is an invertible Vandermonde matrix.

Proof. We first compute the p components of degree kl of the trivializing vector fields Hgykl and
055, in the two charts (zc—1,yc—1) and (z¢, yc) around (D, 0) and (D, 00), covering the principal
component D.. (see notations (3.1) in Appendix A). Notice that, from Proposition (3.2), we have
0 0
E'R=2c1—— =Y.
Te—1 8Ic—1 Ye 8yc
Therefore the R-degree is also the x._1-degree or the y.-degree. In what follows, the dots stand
for terms of higher R-degree. We set n. := 2521 np where the ny’s are the multiplicities of N,
on the cuspidal branches. We have

P
N, (I671, y671) _ xﬁfi@+lno+klncyzﬁio+uno+vlnc H(ab,kl + Y1 4 - )nb (9)
b=1
= 2 P(Ye-1) + - (10)

where m = kny, + Ing + kin., and P is a one variable polynomial. Now we have

oN, ON,

m—1 m /
— P(yo_ . =27 P (yo_ . 11
8Ic71 mwc—l (y 1) + 8yc71 Teo_q (y 1) + ( )
ON, M P(Ye
_ NyTe_q (y 1) + (12)
Oap ki bkl + Ye1

Let us write 9
Te 1
g0 — Teol 0 N 0 -
bkl m bkt (Ye 1)8%71 + Byt (Ye—1)

8ycfl

Identifying the terms of lower z._1-degree in equation (7) on Up, we obtain
an

0 0 pr
o P+B. P L —
bkl bkl

ap kl + Ye—1

11



From the solution (Ag, By) of the following Bézout identity in Cly._1]:
AgP + BoP' = P AP, deg(Ap) < deg(P'/P A P'), deg(By) < deg(P/P N P'),
where P A P’ stands for ged(P, P’), we obtain an holomorphic solution of equation (13) by setting

( nbA()P anQP >
(P AP app +ye—1) (P NP ap g+ Ye-1)

We may suppose that the solution (ag Kl BZ?) 1) coincides with this one. Indeed, one can check
that another choice for the solution of the Bézout identity differs from this one by a vector field
tangent (at the first order kl) to the foliation, holomorphic on Uy. We can perform a similar
computation in the other chart (z.,y.) on (D.,00). We have:

p
J\/'a(xc7 yc) _ yfnoo+ln0+klncxgk?—v)noo+(l—u)n0+(kl—ku)nc H(l + ap g T+ - )nb
b=1
Setting 075, = 7%, (xc)a%c + %Bgfkl(%)a{zc + -+, we have
npxQ
Oég,osz/ + @ = m- (14)
s c

By considering the solution (A, Beo) of the following Bézout identity:

AeQ + B = QA Q. dog(Ane) < deg( =2 ), dog(Buc) < deg( 2

)

QNQ' QANQ
we obtain an holomorphic solution of (14) on Uy by setting:
a® — ancQBoo BOO _ nbchAoo
PR 1+ ap ) Q@AQN) UM T (T4 ap ) (Q A Q)

In order to compute the cocycles, we give the expression of 08) 4w in the chart (z¢,y.). Since we

L we obtain

) 0 )

have .1 = ZYe, Yeo1 =T,

2
= _xca_xc +$Cyc_.

— = =,
a:I;c—l ‘ ayc ayc—l ayc

Furthermore, by considering the reduced polynomials related to P and @, we also have

P 1 Q
W(ycfl) = FW(%)'
‘We obtain:
—(p+2) ’
NpZe A Te _ _ 0 _ 0 0
92,1@1 == Q/QANQ ( ) m le(UCc 1)yc— + Bo(z, 1)(_952 +$Ccyc—) T

(app +xat) 0y “ oz, 0Ye

We consider now a vector field 6,5 on Uy N U, tangent to the saturated foliation defined by dN;,
with isolated singularities. Since

ON, & ON, 0

9
m ! .
dye Oz, = O Oye + (¥ Q' (ze) + )

Y.

_ m—1
- (_myc Q(IC) + ) axc

12



we can choose

_(__Q ..\ B N
9“'_<QAQ'+ )6:vc+<ychAQ'+ )8yc'

Let @2’,27 be the function such that 6),, — 629, = @2’,27 - 0;s. By computing the coefficient of
9 ,, — 025, on 9/dx., we have:

NpZc — —
Py = —— (2.7 By(x, ) — Bool(e
bokl 1+mwwjx o(z. ") ()]

C

The value of <[ aif ‘;l} . ,e¢(b/7kl)> is by construction the coefficients on . of the Laurent series
’ a

of @g:zlo where i is defined by ®(b', kl) = (4,0) (i.e., from (5), i = [~v.A2[+p+1—V'). Thus we

only have to consider the meromorphic part of @g:zlo, ie.:

nyLe Bo(z.)
b
1+ appize 2P

where By(z) = >_F_,v,2™ is the polynomial function 2 By(z~1). We have

X =
C 1
— = > (—apw)"aP T,
1+ aprize )
>N p
BO(xC) o n—2p
55 = vy P
Le n=0

. . 0 . .,
Therefore, the coefficient of the Laurent series of ®,’7 in ?, is

P

Z nyun(—ap k)™ = nbzvn(—ab,kl)%_l_""‘i

(m+1)+(n—2p) =1 n=0
0<n<p

= mBo(—ay ) X (—app)?

Finally we obtain

0F, RN
<[ } 7€<I>(b’,kl)> = Cy(—ayp) (15)

Oap ki

where Cp = an_o(—ab*,il) X (—abﬁkl)(ngr[*”Ck%D. This defines a Vandermonde matrix. Fur-
thermore, Cp = 0 if and only if Bo(—ap ) = 0, which cannot happen: evaluating the Bézout
identity

P P’
A + B =1
PAP T TOPAP
at yo = —ap, k1, we would obtain a contradiction, since —ay ; is a root of P. Moreover, ap i #
ap i1 for b # ', thus the Vandermonde matrix is invertible. |

Step 2. Relationship between the components of the cocycles on different levels.

Lemma 1.13. If 987,@” 0p5 are trivializing vector fields on Uy (resp. on Us) for the direction
9 then for any d > ki, the vector fields

Oap, k1
~d ~d
ml o mt
mkl bkl Tkl b,kl
are trivializing vector fields on Uy and Uy for the direction %M where m =mo F.

13



Proof. Let By := yk + E(b d),®(b,d) €T abﬁdmd be the branch of index b, and E, := By o E. Since
we have: ~
ON, _a. Ng
m
Oap g By

if 0y, satisfies equation (7) for d = ki, then, given d > ki, g—:lﬁgkl satisfies the trivializing
equation for the level d. Furthermore, this vector field is still holomorphic on Uy. Indeed, from
the trivializing equation (7), we deduce that the multiplicity of the trivializing vector field 98 &l
on a component D; of D N Uy is given by

vi (09 1) = vi(*) — vi(By) + 1.

The multiplicity of g—:l@g i on D; is thus equal to
m o 5 d =kl =kl I
v; (Web,kl> =v;(m®) — v;(M™) + v, (M) — v (By) + 1
and therefore is still a positive number. The argument is similar for ;5. O

We consider the linear operator

~d

T, := : @o(UoﬁUoo) —>®0(UOQUOO)'

AT
induced by the previous Lemma. We can remark that when d runs over {kl, kIl + 1,---} the
points Ty - eg(p,x1) are exactly the paths introduced in the previous section, and the indexation
(7,7) = ®(b,d) has been introduced such that

Ta- ea(vk) = €a(b,d)-

Proposition 1.14. Let d > kl be the index of an horizontal level in the half plane representing
O0(UpNUx). For each b, V' in1,...,p, we have that

1. for any d' such that kIl < d' < d, one has

0F,
B 0 c20 ) =0

2. the coefficient <[§£“d] . ,€<I>(b/7d)> is constant with respect to d (i.e. constant along the
“la

paths introduced in the previous section).

3. the coefficient <[ 0F, } . ,e¢(b,1d/)> only depends on the variables ay: ;v with
N ;

dap,q
kl<d <kl+d —d.

Proof. For b=1,...,p, we have:

[afa} _ an&} . >e L
Oap ki | 4o Oap ki a07 O kl) ) CD(Y ki)

b’

where the dots correspond to components of higher level. Applying the linear operator T, we

obtain:
0F, oF.,
- ) €D (b ewy.d) + -
|:8ab,d:| a0 ; < |:8ab,kl:|ao (b 7kl)> D(b,d)

14



which proves the statements (1) and (2). For the third point, we consider the meromorphic
function @2’30 defined by

Oy 0 — 05 = Py i (16)

where 6,5 is the vector field with isolated singularities which generates the foliation on Uy N Uy,
introduced in step 1. Recall that the coefficient

OF, .
D

is nothing but the coefficient of z’yJ in the Laurent development of ®,'5° (see the proof of
proposition (1.12)). On the first level (d = kl), setting

0 0
O5ia = (Oit) o, 5o + (0530),,, Ve

c

the second relation in (7) can be written

oy ONa | ON, 0N,
(eb,kl)mc Do, + (9b,k1)yc yca—yc = oo’ (17)

Now, extending the expression of the partial derivatives of E filtered by y. variable as in (11)
leads to expressions of the following form

ON, m m m
Ye dy. =y Ao(zc) + Y, A (ze) + e Jr2142(5176) T

ON, m m m
ox = Y BO(IC)+yc +1B1(IC)+yc +2B2(IC)"'

ON, m m m
8% kl = Y CO(IC> + Ye +101 (.IC) + Ye +202(x0) U

where m is defined in (9). From the construction of the normal form N,, it can be seen that for
any i, A;, B; and C; depend only on the variable ay ¢ with kl < d < kl + i. Thus, if one filters
the equation (17) with respect to the y. variable, one can see that the solution 0y shares the
same property of filtration, namely, if one writes

0
+ (EO(xC) + E1(xe)ye + -+ )yC@’

oo 0

030 = (Do(wc) + Di(xe)ye + - .)8
Le
then D; and E; depend only on the variables ay ¢ with kl < d < kl 4. The same remark can
be done for 92)  Using a filtration with respect to the x.—; variable. Finally, since 6;, has also
the same property of filtration, the relation (16) implies that the jet of order ¢ with respect to

0,00

the y. variable of @1 depends only on the variables a; ; with kl < d < kl 4 4. Now, since the

vertical component of Ty is just a translation induced by xy9=*! this property propagates as in
the statement of (3). O

End of the proof of Theorem (1.10).

Notice first that the operator Ty is ”quite well defined” in the cohomology group H'(D,©0): let
My = eq(2,k1)s- - -» Mp = eq(pk1) be the roots of the paths indexed by the branches b =2,...,p
and M; the point under the root of the first branch (recall that this root is on the second
level since we set a1 = 1). If we pick a point on the first level outside My, Mo, ..., M, the
action of T, preserves the half planes corresponding to ©¢(Up) and ©¢(Us). This is clear on
figure (3) and it is a consequence of Proposition (1.8): these paths cannot go back inside the
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triangle. Therefore the operator Ty is well defined on H!(D, ©) excepted on the line generated by

My = eq(1,11)- We add this point to the triangle and now we can write the (04 1) x (§ +1)-matrix

OFq OFq OFa OFa
0ay, k1" Oap k1’ 0a1 k141" 0ap k141"

order. According to the previous Proposition (1.12) and Proposition (1.14) this matrix is a block
triangular matrix:

of the cocycles

on {eq(p,q) }»,d, ordered by the lexicographic

Vi) 0 0
<) 0
X X X

where Vi is the invertible Vandermonde matrix obtained in step 1, Vo, V3... are sub-matrices
of consecutive lines and columns of V; defined by the paths from the first level to the following
levels. Clearly since det(V') = [[det(V;) this matrix is an invertible one. Finally, since a1 5 = 1,
e1,x ¢ T, the matrix M is obtained by deleting the first line and first column of V, and is still
an invertible one. ]

1.4 The global moduli space of foliations

Proposition 1.15 (Existence of normal forms). For any f in Ty 1) (n), there exists a in A such
that f ~ N,, where ~ denotes the classification of foliations.

Proof. We can suppose that f is given under its prenormalization form (1.1). Therefore the
deformation defined by

fr 1= 5o ()

where 7 = kneo + Ilng + kine, (n. = >, np) is an equireducible unfolding of fo = Ny, ap =
(1,a2,...,a,,0,...,0) € A. Using theorem (1.10), we can ensure that for A small enough, there
exists a € A such that f) ~ N,. Furthermore, this deformation is analytically trivial for A # 0,
since we construct it by a conjugacy. Therefore, f = f1 ~ f\, for A small, and the proposition is
proved. O

Let us consider the diffeomorphism: hy(x,y) = (A, Aly). We have:

Ngohy =A"Ny,, withXA-a=X\- (abyd) = ()\diklabﬁd).
As above, we have thus N, ~ N).,. Actually, this action of C* the only obstruction to the unicity
of normal forms:

Theorem 1.16 (Unicity of normal forms). N, ~ N,/ if and only there exists a complex number
A # 0 such that ' = X - a.

Proof - Suppose that there exists a conjugacy relation
YoN,y =Ngop. (18)

Following [1], we can suppose that 1 is an homothetie yId. We are going to reduce the proof to
the case where ¢ is tangent to the identity. Since the conjugacy preserves the numbering of the
branches, looking at the relation induced by (18) on the jet of smaller (k,)-order, we can ensure
that the linear part of ¢ is written hy = (\*z, Aly) for some \ # 0. Then

Ng O¢Oh;1 = ’7Na’ OhKl = CN)\—I.,I’

where ¢ stands for some non vanishing number. Since ¢o h;l is tangent to the identity, it appears
that ¢ = 1. Thus, setting for the sake of simplicity a =X'.ad and ¢=¢o h;l we are led to a
relation

N, =Ngo¢ (19)
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where ¢ is tangent to the identity. The proof reduces to show that in the situation (19), we have
a =a'. Let X be a germ of formal vector field such that ¢ = eX. The vector field X can be
decomposed in the sum of its quasi-homogeneous components

X=X, +Xp1+---
Lemma 1.17. If N,oeXvt = N, then for allb from 1 top and alld < kl+v—1, a4 = a;;,d'

Proof. We set:
Na — NéN) + .- +Nl§N+ZD*1) + NéN+p) 4+ ..

where N = kneo + Ing + kin. is the degree of the first quasi-homogeneous component of N,.
Since we have
€X“+'”Na:Na+Xu'Na+"'

we obtain NéN'H) = Néfvﬂ) for ¢ from 0 to v — 1. The expression of NéNH) only depends on the

variables ay,q for d < ki +1. Finally we claim that NS 79 = NSV if and only if ap,q = a} 4 for
d < kl+ 1. This fact can be proved by induction on d < kl 4. It is obvious for d = kl. Suppose
that ap g = ade is true for d < kl 4+ j — 1 with j — 1 < 4. Then we have:

N N
7]\]5 ) a ‘mkl+j = 7]\7(5 ) CL, mkHj
E T bkt —E 21 .kl :

. Yk + ap,kl 5 yk + ap,kl
which implies that ap x4, = aj, kit O
Now if v > pkl+ leg + keoo and N, 0 eX*+ = N, then according to the previous lemma, for all

band d <kl + pkl +leg + keso — 1, apg = a;7d. Since v, = pkl + késo + leg — k — [ then

ve+kl—1 <pkl+Ekl+leg+ keoo — 1.
—_——

bigger value of d
(b,d) €T

Therefore we have a =a'. T hus, it remains to prove the following lemma:
Lemma 1.18. If N, o eXvt = Ny then v > pkl + leg + keoo.

Proof. 1t suffices to prove that v < pkl+ lep + ke leads to a contradiction. Since the conjugacy
¢ does not modify the parameter apq for d < kl + v — 1 the first non trivial relation of the
smallest (k,)-degree induced by (19) is written

X, - NIV = - NN+ NV,

Dividing by NéN) leads to

p k l P _qa a
X, - + ap X,z X, - b,kl4+v bkl
E ny Y (y . ) + Noo Y + no vy - mkH_V E lilad .

y* + ap gt x Yy y* + ap gt

b=1 b=1

We take the pull-back of the previous equality with respect to the map E and write it in the
coordinates (x.,y.). Since we are going to look at residus at . = —ab_}d, we only make appear
the terms having poles at these points:

P s P
ap Xy - iu—i Ob ki
+ E ny v ¢ _ :EZ w—jutku E +v

14 ap rize 14 ap rize

b=1 b=1
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where )/(v,, stands for the vector field E;i(“, Op ki+v for the difference —ap gy + a;)kHV and i, j
for the couple of integers such that m*+" = ziyJ.
Since the integer v — v — ju + ku is non negative, evaluating the residue at —a;il yields the
relation

1 ) v—iv—ju+ku

— . B
nbab,leu e (_ab,kl) = (_ab,kl 5b,kl+v- (20)

A straightforward computation shows that )/(vl, - x. is a polynomial function in x. that is written
the following way

1. if g = 1 —that is if the curve y = 0 is invariant— or if ”TH is not an integer

- v(l—% 1
XV Lo = Z pwiﬂg = .’IIL ( ! )]+ waz;u
v(l-¥)<w<v(l-4%), weN w=0
2. else
oy [FOPEE] 0Dl
X, we = 3 puz? = ol 3 Gui?
v(l-$)<w<v(l-¢)+4, weN w=0

Now, in view of the construction of the normal form, the coefficient dy 14, has to be zero for

k—wv l—u

(v —ve), — (V—Vc)[

p—ﬁZﬂ]

values of the parameter b. Thus, according to (20), the polynomial function Z, -z, has the same
number of non-vanishing roots among the values —ab_}d, b =1,...,p. This number is strictly

greater than the degree of the polynomial functions factorized in the above expressions of )/(vl, T
Thus, the latter has to be the zero polynomial function. Therefore, looking again at the relation
(20) yields

Vb, Oy ri4v = 0.

Hence, the vector field X, has to be tangent to N,gN) which is a contradiction with the hypothesis
v < pkl+ leg + kéoo. O

Finally, we can summarize the previous results by

Theorem 1.19. The moduli space My 1y (n) 8 isomorphic to ’A/(C* where the action of C* is
defined by
Aa=\- (abﬁd) = (/\dikl . abﬁd)

2 The moduli space of curves

Let C be the partition of M = M, ), (n) induced by the classification of curves ~..
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2.1 The infinitesimal generators of C

We first recall general facts proved in [8], which are valid in every topological class. Let F be a
foliation defined by an holomorphic function f (or more generally by any generic non dicritical
differential form w), and let S be the curve defined by f = 0 (or by the separatrix set of w). Let
E: M — (C2,0) be the desingularization map of the foliation, and D its exceptional divisor.
We denote by ]7, ]-N', S the pull back by E on M of f, F or S. The tangent space to the point [S]
in the moduli space of curves (for ~.) is the cohomological group H'(D,©g) where Og is the
sheaf on D of germs of vector fields tangent to S. The inclusion of © 7 into Og induces a map i:

HY(D,67) = H'(D,05)
whose kernel represents the directions of unfolding of foliations with trivial associate unfolding
of curves.

Definition 2.1. An open set U of M is a quasi-homogeneous open set (relatively to f) if there

exists an holomorphic vector field Ry on U such that Ry (f) = f.
We can always cover D by two quasi-homogeneous open sets U and V. The cocycle of quasi-
homogeneity [Ry.v| of F is the element of HY(D,©z) induced by Ry — Ry .

Recall that H'(D, © ) has a natural structure of Oz-module. We have:
Theorem 2.2. [8] The kernel of the map i is generated by the cocycle of quasi-homogeneity, i.e.:

ker(i) = {h - [Ruv], h € Oz}.

Notice that the distribution induced by these directions is integrable and defines a singular
foliation C on A. The point corresponding to the topological model is a singular one: indeed,
this model is quasihomogeneous. Therefore the whole open set U = M is quasi-homogeneous,
and the cocycle [Ry ] is trivial for this foliation.

Let X, ,, be the vector fields on A generated by ™ y™-[Ry,v]. Below, we describe some properties
of the distribution induced by the vector fields X, .
Proposition 2.3.

1. The Oy-generator of C is given by:

1
Xoo=—= > (d— kl)ap.q [

" o b,d)eTo{(1,k0)}

o0F,
Oap,q] 4o

where v = kng + Ine + kl Z;Z:l ny

2. For any level d we denote by ng,n the components of the vector field X, ,, on the subspace
Vect{egp,a), b =1,...,p}. For any m, n, Xy, is quasihomogeneous with respect to the
degree induced by rXo,0. Indeed, we have

[TXO,Ou Xm,n] = (km + ln) Xm,n-

The coefficients of X, ,, are quasi-homogeneous with respect to the weight rXo,0 of degree
v—km—In—kl. In particular, they only depend on the variables apq with d < v—km —In.

3. If we decompose the vector field X o
:| a0

Xoo = —%ZZ(d—kl)ab,d[
d b
S ol I SRR IR P

i€Z,5>1 \0<d—kI<j b

0F,
8&57(1

T'i,j(a)
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then the functions I'; ; (a) are algebraically independent.
4. The vector fields defined by

e _ _km+in
Xmn = 0351 Xmons

commute with Xo 9. Therefore, they induce the distribution C on M.

Proof. 1. The proof is the same as the one of proposition (5.5) of [8] with a very slight change
where we replace (Az, \y) with (\*z, Aly) .

2. The proof is also a slight generalization of the proof of Proposition (5.9) in [8].

3. Let us decompose the coefficient I'; ; (a)

Lij (a)—zb:jab,klﬂq 0F. LO , €i7j>+ > Z(d—kl)ab,dqgiad]ao : em‘>-

da ;
b,kl+g 0<d—kl<j b

Li R;,;

Following, the proposition (1.14) the function <[ 074 LO , ei7j> depends only on the vari-

0ap ki

ables ap i with ®(b',d) = (i, 7). The expression <[ 0Fq LO , ei7j> in R;; depends only on the

8(117,,1

variables ap, 4 where d’ satisfies
0<d —kl<j—(d—kl) = d <j+kl—(d—kl)<j+kl

In view of the proposition (1.12), for a fixed value of j = J, the functions L; ; considered
as linear functions of the variables ay ;i1 ; are linearly independent because their matrix is an
extraction of consecutive rows and columns in the Vandermonde matrix of 1.12. Thus, they are
also algebraically independent as a whole. Now, let us consider an algebraic relation between
the functions I'; ; (a) given by a polynomial function P ({X; ;}( jjer) where the X; ;s are some

independent variables
P (L5 (a)) = 0.

Let J be the greatest integer such that there exists a point (¢, J) in T and denote by
{(o, ), (1, ), oy (igs I}

the family of points in T at the level J. The relation P is written

P ({rm (@)}, + Lig.s (@) + Rig.s ()., Li,.s (@) + Ri, (a)) —0.

We fix all the variables ap q with d — kl < J at a generic value. Then, the above relation becomes
an algebraic relation between the affine forms L; j (a) + R;, s (a). Let us decompose the relation
P as follows

P= > QX)X

IC{(ik, D)} o, 4

where X; = H(i.,J)GI X, 7. Here, Q1 depends only on the variables X; ; with 7 < J. Since, the
affine form L; j (a) + R; j (a) are algebraically independent, for any I, we have

Qr (i (a)) =0,

which are algebraic relations between the functions I'; ; (a) with j < J. Therefore, an inductive
argument ensures that P has to be the trivial relation, which proves the property.
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4. We recall that the global moduli space of foliations is obtained from the local one by considering
the weighted action of C* on A which is also the flow of X o. Since the Xy o-degree of the variable
a1,ki+1 1s equal to 1, we have

km-+In . kEm-+In kEm-+In
TXO.,Ov Ao ki+1 Xm,n} = TXO,O (a27k[+1 )Xm,n + A3 ki+1 [TXO,Oa Xm,n]

_ km—+in km-+in _
= —(km+ ln)GQ,lirl Xmon + A ki+1 [rXo0,0, Xm,n] = 0.

2.2 The dimension of the generic strata

The dimension 7 of the generic strata of the local moduli space of curves corresponds to the
codimension of the distribution C at a generic point of M. According to proposition 2.3, the
family of coefficients {I';;}:,; of Xo, is functionally independent: thus, any family of r vector
fields in dimension r whose coefficients are chosen among the I';;’s is generically free: indeed,
their determinant cannot identically vanish since it would produce a functional relation between
the I';;’s. Thus, to compute the dimension of the generic strata, we just have to browse the
triangle of moduli and to compute at each level d how many moduli can actually be reached by
the vector fields X, . For the following computations, we recommend to refer at each step to
the example presented in Appendix B, figure 3.

Let us denote by v(X,, ) = km + In+ kl + 1 the order of X,, . By construction, v(X,, ,) — ki
is the first level of the triangle of moduli on which X, , may have an action: indeed, since
Xmn = 2"y"Xo,0, its projections on the previous levels vanish. In most cases, X, , can be
used to kill a modulus which is exactly at its first level v(X,, ) — kl. However, in some cases,
Xom,n cannot be used this way because, for instance, the triangle of moduli has no modulus on
this particular level: therefore, we use X, , to kill a modulus on some level above. To take care
of all this possibilities, we introduce a decomposition by blocks of the triangle of moduli and we
prove some related arithmetical properties:

A block B; in the triangle of moduli is a union of kl consecutive horizontal lines from the line of
index d; = ikl + 1, see Figure 3. We denote by

e ng4 the ”dimension” of the line of index d which means the number of integer points on this
line.

o N, = Z&Zﬁ)ﬁl ng the dimension of the block B; which is also the number of integer points
in the whole block.

o " =max{ng, d=1ikl+1,...,(i + 1)kl} which is the greatest dimension of a line in the
block B;.

One can easily prove, by using the equations of the edges of the triangle, the following lemma
—see also figure 3—:

Lemma 2.4. 1. We have: Njy1 = N; — kl, n*** =p—i.
2. For each line of level d of the block B;, ng = n;"® or nj"® — 1.

3. On the first line d; of the block B;, the number ng, reaches the mazimum n;"**.

We denote by:

e ¢4 the number of vector fields X, ,, such that v(X,, ) =d

(1)K
o Q= d=iki+1 49d

o ™ =max{qq, d=ikl+1,..., (i +1)ki}.

One can check a similar result to (2.4):
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Lemma 2.5. 1. We have: Qi1 = Qi +kl, ¢ =1.
2. For each line of level d of the block B;, qq4 = ¢*** or ¢j"** — 1.
3. On the first line d; of the block B;, the number qq, reach the maximum g***.

We consider the maximal sequence of blocks B; such that ¢/"** =i < n"®* = p — 14, i.e. the
sequence By, ..., B}, ), where |p/2] is the strict integer part of p/2. We call critical block, the
block B% when p is even or the unique block B; that appears when p = 1. This block is going to
be analyzed independently. In figure 3, this block is the second one, and in figure 1, since p = 1,
this block is the sole block Bj.

Consider a block B; such that ¢/*** > n["**. For each line of index d of this block, since g4 = ¢]"**
or ¢/*** —1, we have: gg > n"** > ng4. According to the previous functional independence of the
vector fields X, ,,, we can conclude that in this case, their action is transitive on such a block
and the block above.

In the critical block Bg or B, the integers ng — qq for d = d;,...,d; + kIl — 1 can only take
the values +1, 0 or -1, starting from the value 0 on the first level of the block. On the latter
level, the action of the X, , is thus transitive. We consider the first line of this block on which
ng — qq 7% 0:

e If we have ng — qq = +1, there remains one dimension which cannot be reached by the
action of the X, ,. We have to count it in the codimension of the generic leaves of C.

e If ng—qq = —1, the action of the vector fields X, , is transitive on this level. Furthermore
we have an extra vector field X, , such that v(X,, ) = d whose higher components will
act on the higher levels. Suppose that there exists a level d’ > d such that ng — qq = +1.

Therefore, in order to compute the generic dimension of the distribution C on the critical block,
we have to introduce the following non commutative sum :
Definition 2.6. Let ry be a sequence taking its values in {—1,0,+1}. The notation idrd denotes
the value obtained by the following operations:
1. delete the values 0;
2. delete recursively the consecutive values (—1,+1) (but not the consecutive values (+1,—1));
3. after the two first steps, remains a sequence of n consecutive terms with value +1, followed

by m consecutive terms with value -1. We set: Y~ rq =n.

Example. In the critical block of Figure 3, the sequence of values ng — qq is:
{0,+1,+1,0,+1,0,—-1,+1,0,-1,0,—1,—1,0, —1}.

The extra vector field appearing on the 7¢" position acts on the next level. The next extra vector
fields are unuseful. Therefore, the number of free dimensions under the action of these vector
fields is

Z{o,+1,+1,o, +1,0,—1,41,0,-1,0,—1,—1,0,—1} = 3.
From all the considerations above, we deduce the following:

Theorem 2.7. The dimension of the generic strata of the moduli space for curves is

do+]p/2]+kl—1 —dy, o +kl—1
T= Z (nd_Qd)+Zd7d (na — qa),
d—d =Ap/2
0
where ng :]%(VC —d+kl)] - [UT_l(VC —d+ kD[, qa is the number of positive integer solutions

(m,n) of the equation km + In+ kl + 1 = d, and the second sum Y is defined above and only
appears if p is even or if p =1 (in this case, we set dy o = kl).

Example. In the topological class (k,1) = (3,5) and p = 4 of figure 3, we obtain 7 = 35.
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2.3 Normal forms for curves

Theorem 2.8. We consider the reduced normal form

p
No=a=y° I [ v+ > ap.gm*
b=1 {(b,d), ®(b,d) € T} U {(1, kl)}

obtained for the classification of foliations defined by topologically quasi-homogeneous functions.
We obtain a generic unique normal form Ny, b € C7 for the classification of curves by performing
the following operations on N:

1. we set: a1 pi+1 = 1;

2. for each level d in a block By, i <|p/2], we set ay.q =0 for the first qq coefficients starting
from the rightside of the line d;

8. for each level in the critical block By, /o (which appears if p is even), we consider the sequence
of number ng — qq (recall that in this block we have ng — qq € {—1,0,+1}).

e if ng —qq = 0, we vanish all the coefficients of the line;

o ifng —qq = +1, we set apq = 0 for the first coefficient starting from the right side of
the line d;

o for the first lines such that ng—qq = —1 and encountered in the sequence on some line
d, we set ap.q = 0 for the unique coefficient on this line. Furthermore, we set ap 4 = 0
for the second coefficient on the next line d' > d such that ng — g = +1, if such line
exists.

e for the last line such that ng — qq = —1 without upper line d' such that ng — qq = +1
we set ap g = 0 for the unique coefficient on this line.

4. for each level d in a block B;, i >]p/2], and every index b, we set apq = 0.

Proof. Since the projection Xéflol) of Xo,o on the first line of the block B is the radial vector field
in the variables ay 4, , its flow acts by homothety on this level and we can make use of its action
to normalize one coefficient to the value 1. We choose the first one starting from the right side.
On all the higher levels of index d > dy and for the ¢4 vector fields X, ,, such that v(X,, ) = d,
we have 5

X"("i)" = Z Fmvn (ad(H adl) aab d
b k)

in which Iy, ,, (a4, , @4, ) only depends on the variables ay, 4, and ap, q,. This is a consequence of the
relation X, , = 2"y" - Xo,0 and of the proposition 1.14. Therefore this vector field is constant
with respect to the variables of the level d > d;. Its flow acts by translation and we make use of
this flow (and the independence property) to vanish ¢4 coefficients.

In the critical block, if there is an extra vector field X,, ,, on a line d such that ngy — ¢4 = —1, we
make use of the component Xr(,f:,)l to act on the next level d’ such that ng — qq = +1. Suppose
that this level is the next one (d' = d 4 1). This means that we have to consider the action of
the second non vanishing component of X, ,,. According to the proposition 1.14, this one will
depend on the variables ay, 4., ap,q, and ap q4,+1. If we have to skip two lines it will depend on the
variables ap 4, @b,d,, @b,d,+1 and ap 4, +2, and so on. Therefore, it turns out that the components

of X,(,f /,)L will only depend on variables ap 4 with d < d’. Its flow still acts by translation and we

make use of it to vanish the second coefficient of this line. O

We give in Appendix B the generic normal form obtained in the topological class (k,1) = (3,5)
and p = 4.
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2.4 An example: the case y" + 2!

In [17], O. Zariski computes the dimension of the generic stratum of the moduli space of the
curve
y"+ 2"t =0

for n > 2. We are going to apply our strategy to recover this dimension.
Let us consider k = n and [ = n+ 1. In this situation, the fundamental Bezout relation is written
n-n—(Mm-=1)-(n+1)=1.

Thus, u =n, v =n—1, v, =n? —n — 1, and the triangle T is delimited by the two lines

j—ni=n?>-—n-—1

j—(n+1)yi=n?>—n-1.

On a level j, this triangle bounds an interval

n-n—-1—-j n

W), =) - e

2

[
For j > 0, all these intervals have length less than 1, and we have:

Ij)eZ & JaeN,j=-1+(a+1)n
r(j)€eZ < JaeNj=1+aln+1).

Therefore, the interval ]I(j),(j)[ contains an integer if and only if there exists v in N such that
l+an+1)<j< -1+ (a+1)n.

Thus we have n; = 1 for the above values of the index j, and n; = 0 else. Now we have for each
E>0

V(Xro) —do=kn+1, v(Xp_11) —do=kn+2,--- ,v(Xox) —do=kn+k+1

where dy = n(n + 1). This gives ¢; = 1 for the above values of the index j and 0 else. We
summarize these results in figure 1.

From the previous remarks the sequence n; — g;, 7 > 0 takes the following values:

0,-1,1,1,...,1,0,0,—1,—1, 1,1,...,1 ,0,0,—1,—1,—1, 1,1,...,1
——— ——— ———
7=2,....n—2 Jj=n+3,...,2n—2 j=2n+4,...,3n—2

Since there is only one branch, there is only one block and it is a critical block. Therefore we
have

T=Yj>0(n;—¢;) = (n—4)+n—-6)+n—-8 +--+(0orl)
= Zsup(n—4—2a,0)
a>0
= Wifﬂiseven
a2
= P s odd

4

which are the formulas given in [17].
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- — __J=2n+3 Xo’z
- - = - _J=2n+2 X

________ j=2n+1 X2po
[ (U P Jj =2n
R - Jj=2n-1
- _J=2n-2
n+2 Xo1
_____ n+1l Xio
n
=n—-1
- - @ |---j=n—-2
Xo,0

Figure 1: The case y™ + 2" +!

3 Appendix A: reduction of singularities of a topologically
quasi-homogeneous function

Let f be a topologically quasihomogeneous function of weight (k, ) with p cuspidal branches, and
multiplicities (N, n0, N1, ..,np). From Lemma (1.1), we can consider a system of coordinates
(x,y) such that f is written

fla,y) = cx™y™ (yF + 2+ )" (yF +aguat +- ) (WP apuat 4 )

where the dots contains terms of (k,[)-degree bigger than kl.
Let 0 be the vector field with an isolated singularity defined by

1 —aof 0  Of 8)
0 = —— ( =+t (21)
af o
g.c.d. (a_iaa_{,) Oz 0y Oy Oz

The vector field f¢ can be also defined as a dual of the 1-form f“di; for the standard volume
form dzx A dy '
daf

dz Ndy (0f,-) = fr°d7 (22)

where
[z, y) =C$y(yk+5€l+"') (yk-l-az,klffl-i—"')"'(yk'i‘(lp,klffl-i—"')-

25



3.1 The desingularization

The desingularization of f is exactly the same as its topological quasihomogeneous model f,

fan(z,y) = cxey™® (ylC + xl)nl (yk + az,kle)n2 e (yk + ap,klzzrl) ',

The process of desingularization £ : M — (C2%,0) can be inductively described as follows: the
map F is written F; o F where

e FE; is the standard blow-up of (0,0) in C2.

e E is the process of reduction of LY fqn which is a quasi-homogeneous function of degree
(k,1—k).

Therefore, the process of desingularization will follow the Euclide algorithm for the couple (k,1).
In particular, the exceptional divisor is a chain of compact components CP' such that each of
them is linked exactly with two others except the extremal components. There is exactly one
component called the central component along which is attached the strict transform of the cus-
pidal branches of fq.

Figure 2: Desingularization of a topologically quasi-homogeneous function.

In what follows we will keep the following notations:

Notation 3.1. e The integers u and v are defined by:
uk—vl=1 0<u<l, 0<v<k.

e The numbering D1, ..., Dy of the components of D is a geometric order of the chain, from
the one which contains the strict transform of y = 0, to the one which contains the strict
transform of x = 0. It is not the "historical” order of the process.

e On each D;, we denote by 0 the intersection point with D;_1, or with the strict transform
of y =0 for Dy, and by oo the intersection with D;y1 or with the strict transform of x =0
for Dy.

e FEach component D; is covered by two charts (xz;—1,yi—1) and (x;,y;) whose domains V;_,
and V; contains (D;,0) and (D;,00). The change of coordinates are given by

€ _ —1
Ti—1 =T; Yiy, Yi—1 = X,

where —e; is the self intersection of the component D;.

e On the principal component D., we choose the two charts such that each domain V._1, V,,
contains all the strict transforms of the cuspidal branches.

o We define the covering of D by the two open sets:

Up = ULy Viy Uso = UN_V;.
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Proposition 3.2. The desingularization map E is given in the chart (x.,y.) by

(‘Tay) = (‘Tlg_vyf ) xlc_uyi)

The blowing down is given in this chart by:

{El xufl

Te = y_k; Ye =
Proof. We prove this result by an induction on the number of blowing up’s of the minimal
desingularization of f. For one blow-up, we have: kK = [ = 1, u = 1, v = 0 therefore, the
formula is valid in this case. After one blow-up Ej, the germ of Ef f at its singular point along
the exceptional divisor is a quasi-homogeneous function in the class (k,! — k). Notice that if
uk — vl = 1 is the Bézout identity of (k, 1), the corresponding Bézout identity for the new pair is
(u—wv)k —v(l —k) = 1. Let us suppose that the formula of Proposition (3.2) is valid for the pair
(k,1 — k). Therefore, after one blowing-up we have in the first chart

vy =al g = al Ry (23)
Thus, we obtain:

v = =al vy, Y=oy = ol Y
From this, we easily obtain the inverse formulas defining the blowing-down. O

3.2 Computing multiplicities

We first recall the classical result which allows us to compute the multiplicities of a function
along the components D; of the exceptional divisor D of its desingularization [4]: we consider
the matrix of intersections J defined for ¢ # j by J; ; = 1 if the two components D; and D; meet
together, J; ; = 0 otherwise, and J; ; = —e;, where —e; is the self intersection of each component.
For any component D;, let n; be the number of strict branches of f o F meeting D;, counted
with their multiplicities, and let B be the column matrix induced by these numbers.

Proposition 3.3. The multiplicities m; of (f o E) along each D; define a column matriz M
which satisfy
JM + B = 0.

In the quasi-homogeneous case, since D = D U---UD._1UD UD_.;1U---UD, the column matrix
B is here: (ng,0,...,0,n,0,...,0,n5)t, where n. = Zle ng is on index c. The intersection
matrix is given by:

—e1 1 0 0
1 —€2 1 0 0
0 1 —e3 1 0 0
J =
0 EE 0 1 —en-1 1
0 - 0 1 —en

Therefore we obtain the multiplicities of f by M = —J 1B (see example below).

We compute now the multiplicities of the desingularized foliation, i.e. of the vector field E*0;,
where 6 is the vector field (21) with isolated singularity, defining the foliation F.

Proposition 3.4. 1. The multiplicities v; of E*0¢ along each component D; define a column
matric N which satisfy
JN +C =0,

where C = (g9 — 1,0,...,0,p,0,...,0,e00 — 1)t, with p on index c.
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2. The multiplicity of E*0; on the principal component D. of D is
ve =klp — k — 1 + keoo + lgp.

3. The multiplicities of E*0; on the (yo = 0) (strict transform of the x-axis) and on (xy = 0)
(strict transform of the y-axis) are eg — 1 and e — 1.

Proof. Let V = (v;) be the multiplicities of E*dx A dy along each D;. From
E*(dz A dy)(E*0y,-) = (' o E)d(f o E)/(f 0 E)

we obtain:
vi—l—l/i:n—l—(mi—l)—mi:ri—l

where r; = v(f"*?o E, D;). We consider the ”axis function”: a = zy. Let A = (a;) be the column

matrix of multiplicities of a o E along each D;. We claim that v; = a; — 1. Indeed, let (x;,y;) be

the chart induced by (z,y) and E around the origin of D;. Since E is here monomial in these

coordinates, there exist positive integers p, ¢, 7, s, such that:
dr dy

drx;  dy;
E*d:c/\dy:aoE~E*(—/\—):aOE'(pS—qT)x A
x Y Z; Yi

from which we deduce v; = a; — 1. Therefore we obtain A+ N = R, where R, A are the matrices
of multiplities of (f"*?o E) and a o E along each D;. Now, from the previous proposition applied
to the functions f7*¢ and a we have: JR + B™? = 0, with B™*? = (£4,0,...,0,p,0,...,0,600)"
and JA+ B’ = 0 where B’ is the column matrix such that b, =1 fori=1ori= N and b, =0
otherwise. We obtain:

JN=JR-A) =-B"4+B =_C.

For the principal component, by making use of the formulas of proposition (3.2), we obtain:

Ve = vy (E"9y)=rc—1—v.=(kip+ ke +1leg—1)— (k+1-1)
= kip+keo +1leg—k —1L.

On the branch (yo = 0), we have v, (E* f**?) = gy and vy, (a o E) = 1. Therefore,
* * pred df *
Uy (BE*05) = vy, | E* f N — vy (E¥dx AN dy) =9 — 1.

We obtain the multiplicity on (zx = 0) by a similar computation. O

Example. For (k,l) = (3,5), the matrix of intersections is:

-3 1 0 0
1 -1 1 0
J= 0 1 -2 1
0 0 1 =3

and we have B = (ng, n¢, 0, noo )", where n. = Y b_, ny, and C' = (g9 — 1,p, 0, e — 1). Therefore
we obtain:

219 + Neo + dNe 2e0+ €00 +5p—3
M— gy + 3nee + 150, ) B 50 + 300 + 15p — 8

3ng + 2N + I ’ 3e0+ 2600 +9p—5

ng + Noo + 3N €0+ €0 +3p—2

The multiplicity of the foliation on the principal component Ds is

Ve = Deg + 36 + 15p — 8.
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3.3 Acyclic covering of D for the sheaf O
We consider the covering {Up, U} defined in (3.1).

Lemma 3.5. There exists a global section Ty (resp. Too) of the sheaf O of germs of vector
fields tangent to E*F on Uy (resp. Us ) which admits only isolated singularities.

Proof. From Proposition (3.4), the following holomorphic vector fields

E* 0 E* 0 )
90: " aoj_l,t?i: l,i+1jw,7,:1,...,0—1,
o Yo Ly i

have isolated singularities. We claim that they glue together on their common domains, defining
a global section Ty of © x on Uy. Indeed, from the previous relation JN + C' = 0, we have :

—eiv1+ 1o +eg—1

Vifl_eiyi‘i'ViJrl = O, i:2,...,C—1

Therefore, using the change of coordinates between two consecutive charts, we have

v V1 o —vo Vi, eiv1 __ Vi, E0—1
"Y1 = Yo "To Yo = Ty Yo
Vit+l, Vg . —Vit1 Vi eiv; __ Vi Vi—1 .
rUYS = Yy sy =y i=1,0 e — 1
The proof is similar for constructing T, on Ux. O

Proposition 3.6. We have H (Uy,©7) = H (Uy,O5) = 0.

Proof. The previous section Ty with isolated singularities allows us to identify the sheaf © z|y, to
Owlu,- Since the Chern class of each branch is negative, a direct computation with the change
of charts shows that H'(Upy, Opr) = 0. The proof is similar for Us,. O

4 Appendix B: normal forms for (k,/) = (3,5) and p =4
According to the figure draw below, the analytical normal form for the topological class of
4

(v + :1:5)m (v* + a2x5)n2 (v* + a3x5)n3 (v + a4:c5)n

is given by the following family of functions with 78 parameters
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ni

No = (¥*+2° +a1,162%y + al,lgxgyz) X

(y3 + 02,15335 + 02,16332312 + 02,173343/ + G2,18I6 + 02,19333312 + 02,2033524
+G2,21I7 + a2,22$4y2 + 02,2333624 + G2,24l“8 + 02,25335242 + 02,2633724
+a2,282%Y° + a2,202%y + a2 3127y" + 02,34368242)"2 X

(ZJB =+ a3,15365 + a3,163732y2 =+ a3,17334y + CL3,18966 + a3,193:3y2 =+ a3,20335y
+a3,21$7 + a3,22$4y2 + a3,23336y + a3,241138 + a3,253:5y2 + a3,26337y
+a3,27l’9 + a3,283736y2 + a3,29338y + CL3,305L’10 + a3,31x7y2 + a3,32x9y
+a3,33x11 + a3,34$892 + a3,35x10y + 613,36!1012 + a3,3790892 + a3,389611y

13 9. 2 12 10, 2 13 12, 2
+a33927" + az40T7Y" + a3 .12 7Y + 3437 Y" + 344277y + a3.46T 7Y

+a3,49x13y2)"3 X

(y3 + a4,15365 + a4,17$4y + a4,183736 + a4,20335y + CL4,211L‘7 + a4,2333631
+a4,24l’8 + a4,26337y + @4,271139 + a4,29$8y + CL4,305L’10 + a4,32l’gy
+a4,33$11 + a4,35x10y + @4,36$12 + a4,38$11y + a4,39$13 + a4741x12y
+a4,4211314 + CL4,44ZL‘13ZJ + a4,4511315 + a4,47l‘14y + CL4,481L’16 + a4,50$15y

17 16 18 17 18, \ "4
Fa45127" + Q4,53 Y + Q4,540 + Q4,567 Y + Q4,597 y) .
Moreover, the normal forms for the generic curve are given by the 35-parameters family

N, = (y3 + a0+ xzyz) X

(y3 + G2,15I5 + 02,16332242 + 02,1733424 + G2,18I6 + 02,19333242 + 02,2033524
+a2,23:1:6y) X

(yg + as,152° + a3,162°Y> + as, 170"y + a3 157° + a3107°Y” + a3 202"y
+as 012" + az205"y? + a3,232°%y + a3 247% + 32527y + as 2627y
+as,282°y” + a3,207%y) x

(y3 + a4,15$5 + a4717:c4y + @4,18$6 + a4,205€5y + 614,21$7 + a4,235€6y
+a4,24$8 + a4,26$7y + a4,27969 + a4,29$8y + 614,309610 + a4732:c9y

11 10
+a4,338" " + @435 y)
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(k,1) =(3,5) (u,v)=(2,1) (0, ve = 52)

p = 4 branches
€0 = €co = 0 (n0 axes)
6=3+40+25+10="78
T=324+3By=32+3=235
d=62
—————————————————————————————————— —-—=—-9-- dq4=61
Bg d = 60
N3 =10
transitive action
m? monomial of R-degree d
t,; translation associated to mdzl
ng number of modules at level'd
ga number of vector fields of C such
that v(Xm,n) =d
d =47
___________________________________ __ d3=46
1 2 d =45
By S22
Ny =25 e 1 2
critical block 214 1 1 9
S22
a 1 2
T 2.2
e 2 1 jump of the
s :_1. 2 _: critical bloc
T 2 2
e 2 1
e 2 2
T 2 1
N 2 1 d =32
___________________ A 2 2 _____1__ d=31
T 2 1 d =30
S8 1
S 201
) 2 1
e 3 1
e 2 1
T 3 1
S 3.0
A 2 1
) 3 1
S 3.0
e 3 1
. 0 3 0 d=18
€z N 3 0 j d=17
/ I T di=16
see Tt 3 0 == dgy=15
M4 Mz Mo M, md ne qa ¢

Figure 3: Moduli triangle of the topological class (k,l) = (3,5) and p =4
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