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ON EULER-HOMOGENEITY FOR FREE DIVISORS

ABRAHAM DEL VALLE RODRIGUEZ

ABSTRACT. In 2002, it was conjectured that a free divisor satisfying the so-called Logarithmic
Comparison Theorem must be strongly Euler-homogeneous and it was proved for the two-
dimensional case. Later, in 2006, it was shown that the conjecture is also true in dimension
three, but, today, the answer for the general case remains unknown. In this paper, we use
the decomposition of a singular derivation as the sum of a semisimple and a topologically
nilpotent derivation that commute in order to deal with this problem. By showing that this
decomposition preserves the property of being logarithmic, we are able to give alternative
proofs for the low-dimensional known cases.

1. INTRODUCTION

Let X be a complex analytic manifold of dimension n and D C X be a divisor. Let Q% (*D) be
the complex of meromorphic differential forms with poles along D and Q% (log D) C Q% (xD) the
subcomplex of logarithmic differential forms. We say that the Logarithmic Comparison Theorem
(LCT) holds for D if the inclusion

0% (log D) < Q% (xD)

is a quasi-isomorphism.

By Grothendieck’s Comparison Theorem [10, Theorem 2], if we write U = X\ D and j : U — X,
then the morphism

is a quasi-isomorphism. So, if LCT holds for D, then Q% (log D) computes the cohomology of
its complement.

We denote by Derx(—log D) the Ox-module of logarithmic derivations (or vector fields) along
D, which is the dual of Q'(log D). Locally, a derivation § € Derx , belongs to Dery . (—log D)
if 6(f) € (f) for any reduced local equation f of D at x. In this case, we will say that ¢ is a
logarithmic derivation for f.

Definition 1.1. (See [14].) D is called a free divisor if Derx(—logD) (or, equivalently,
QL (log D)) is a locally free Ox-module.

Let x € X and consider the stalk Dery ,(—1log D). Given a set of derivations S = {d1,...,d,} in
Derx . (—log D), we call A = (3;(x;)): ; the Saito matriz with respect to S (and to the coordinate
system). Denoting by § = (d1,...,0,)" and 9 = (91,...,0,)", we have that 6 = A0.

If D is free, then Dery ,(—logD) is free as an Ox z-module for every z € X. By Saito’s
criterion [14, Theorem 1.8], the freeness of Derx ,(—log D) is equivalent to the existence of
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some 41, ...,0, € Derx ,(—log D) such that if f € Ox, is a reduced local equation around =z,
then there exists a unit u € Ox , with f = uwdet(A), where A is the Saito matrix with respect
to 01,...,0,. In this case, {d1,...,0,} is a basis of Derx ,(—log D) and we will also say that f
is free.

Definition 1.2. A germ of holomorphic function f € Ox , is called strongly Euler-homogeneous
at x if there exists a 6 € mx , Derx , such that 6(f) = f (where my , denotes the maximal ideal
of the local ring Ox ;). A divisor D is called strongly Euler-homogeneous if, for each z € D,
some (and hence, any) reduced local equation of D at x is strongly Euler-homogeneous.

Remark. In the above definition, the word “strongly” refers to the (germ of) derivation §
belonging to mx , Derx .. If we do not require this condition, we simply say that f is Fuler-
homogeneous at x. However, this is not an intrinsic property of a divisor as it depends on the
choice of its local equation.

In [4], the authors proposed the following conjecture and proved it in the case n = 2:

Conjecture 1.1. If D is a free divisor in a complex analytic manifold X of dimension n that
satisfies the Logarithmic Comparison Theorem, then it is strongly Euler-homogeneous.

Later, in 2006, M. Granger and M. Schulze proved in [9, Theorem 1.6] that Conjecture 1.1 also
holds for n = 3. They did it by proving the so-called formal structure theorem, by which they
were able to find a basis of logarithmic derivations formed by diagonal and nilpotent derivations
in a suitable system of formal coordinates that satisfy additional properties.

The main objective of this article is to give a new proof of the conjecture for these cases with the
aim of better understanding the conjecture. We expect that this new perspective could provide
us some hints to approach the conjecture in higher dimension.

Throughout this paper, we will deal with both formal and convergent objects. Some definitions
for a convergent series can be extended in a natural way to formal ones, so Section 2 is destined
to present those definitions and see the relations between them.

In Section 3 we give the definitions of semisimple and topologically nilpotent derivations, whose
importance will become clear later on. These concepts, introduced by R. Gérard and A. Levelt
in [8] generalize, and make intrinsic the ones given by K. Saito in [13]. They allow them to prove
an analogue to the Jordan decomposition theorem, which states that a singular formal derivation
can be decomposed in a unique way as the sum of two commuting derivations, where one of them
is semisimple and the other is topologically nilpotent. Our main result in this section is that if
a singular derivation is logarithmic, then so are its semisimple and topologically nilpotent parts,
which allows us to give a basis of the logarithmic derivations in which each element has one of
these properties.

In Section 4 we show that if LCT holds for a free divisor D, then at least one of the logarithmic
derivations must have non-zero trace. This was first noticed in [4], but here we give an alternative
and more conceptual proof based on D-module theory.

Finally, in Section 5, we use the central result in Section 3 to show that every non-Euler derivation
of a certain type of plane curve must be topologically nilpotent. As a corollary, using the result
in Section 4, we get an alternative proof of the conjecture in dimension n = 2. We also give an
example that shows that this is no longer true in higher dimension. However, these results allow
us, by reproducing part of the arguments given in [9], to give another proof for the case n = 3.
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While proving the conjecture for n = 2, the authors state in [4] that, for a certain kind of plane
curves, there always exists a basis of the logarithmic derivations such that one of them has no
linear part. Although this happens to be true, it seems to be not so immediate as they claim,
so in Appendix A we clarify the proof of this statement. We prove that there are only two
possibilities and later, after some work, we are able to discard one of them, reaching the desired
conclusion.

2. PRELIMINARIES

As we will see in Section 3, the Jordan decomposition of a derivation requires to consider formal
objects instead of just convergent ones. That is why we need to give some definitions for both
convergent and formal series. We are interested in how these properties behave when a convergent
series is seen as a formal one.

Let us introduce some relevant notation. Consider the local ring of convergent power series
O :=0Oc¢n g =C{z1,...,2,} with m = (z1,...,x,) its maximal ideal and its completion (with
respect to the m-adic topology) O = C|[x1, ..., x,]], which is the ring of formal power series.

When working with free divisors, we will always consider reduced equations (i.e. with no repeated
factors) in O. This property is preserved when they are seen as elements of O.

Proposition 2.1. Let f € O be a reduced convergent power series. Then, it is also reduced as
a formal power series.

Proof. Since f is reduced, the local ring O/(f) is reduced. The ring O is excellent [11, Theorem
102], so it is a Nagata ring [11, Theorem 78] and so is O/(f), since this property is preserved
under quotients. But the completion of a local reduced Nagata ring is also reduced [2, AC IX
4.4. Corollaire 1], so 0 /{f) is reduced, meaning f is reduced as a formal power series. O

Let us denote by Der the O-module of C- derivations of O, which is free with a basis given by
the partial derivatives {01,...,0,}, and Der its m-adic completion, which coincides with the
O-module of C-derivations of (9 and is free (as an O-module) with the same basis.

Every derivation § € Der can be uniquely decomposed as a sum § = > .o | d;, where
0; = z;zl ai;0; with a;; being homogeneous of degree 7 + 17f0r all j = 1,...,n. Moreover,
0o, which is called the linear part of §, can be written as z A0, Where A is a constant matrix
and = (x1,...,x,). The same is true for a formal derivation § € Der. r. We say 0 d € Der (resp.

o€ Der) is smgular if 6_1 = 0 or, equivalently, § € mDer (resp. § € mDer = mDer)

For a convergent power series f € O (or a formal power series f € @), we will denote by Dery
the O-module (O-module) of convergent (formal) logarithmic derivations. Its m-adic completion
will be denoted by Dery and will consist of those derivations ¢ € Der such that §(f) € Of. If

f € O, we can consider it as a formal power series and the formal Dery (which is an @—module)
is precisely the m-adic completion of the O-module Der;.

As in Definition 1.2, we will say that a formal power series f € Ois strongly Euler-homogeneous
at 0 if there exists a formal (singular) derivation § € mDer such that §(f) = f. Let us see the
relation with the convergent definition.

Proposition 2.2. Let f € O. Then, f is strongly Euler-homogeneous at 0 as a convergent
power series if and only if so is it as a formal power series.
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Proof. The direct implication is clear, since m Der C mDer and O C O. For the other one, let us
note that if f is strongly Euler-homogeneous at 0 as a formal power series, then
fem{d;f,i=1,...,n). But, by faithful flatness, ONm{9; f,i =1,...,n) =m{d;f,i =1,...,n),
so f €m{d;f,i=1,...,n). This means that there exists 6 € mDer such that 6(f) = f and f is
strongly Euler-homogeneous at 0 as a convergent power series. O

Another important concept that will be used throughout the paper is that of product (with
a smooth factor, but we will omit this for the sake of brevity). First, we give the geometric
definition, which justifies its name, and then we establish its algebraic translation.

Definition 2.1. Let (D, z) be a germ of a divisor in a complex analytic manifold X of dimension
n. We will say that (D,x) is a product with a smooth factor (from now on, just product)
if there exists some germ of divisor (D’,0) C (C"~1,0) such that (D,z) is biholomorphic to
(D’,0) x (C,0). If f € Ox, is a reduced local equation of D at z and (D, x) is a product, we
will also say that f is a product (with a smooth factor) at x.

The following equivalence can be easily deduced from [14, Lemma 3.5]:

Lemma 2.1. Let f be a local equation of a divisor D C X at a point x € D. Then, f is a product
at x if and only if it admits a non-singular logarithmic derivation, that is, if Derx ,(—log D) is
not contained in my Derx ,.

Remark. Note that, for f € O and with the previous notation, f is a product (at 0) if and only
if Dery ¢ mDer. From now on, we will adopt this as our definition.

Definition 2.2. Let f € 0. We say that f is a product if Dery ¢ mDer.
For a convergent power series, this definition is equivalent to the previous one:

Proposition 2.3. Let f € O. Then, f is a product as a convergent power series if and only if
so is it as a formal power series.

Proof. Let us suppose that f is not a product as a convergent series, so that Dery C mDer.
Taking completions we get Dery C mDer. But Dery is the formal Dery, so f is not a product
as a formal series. Reciprocally, if f is not formally a product, then Dery; C Dery C mDer. By

faithful flatness, mDer N Der = m Der, so Dery C mDer N Der = m Der and f is not convergently
a product. O

The following lemma is well-known, (see for example [9, Lemmata 7.3 and 7.4]), and it will allow
us to just consider the case in which the local equation of the divisor is not a product.

Lemma 2.2. Let f € O. Then, f is a product if and only if there exists a coordinate change
such that f = ug for some unit u and some convergent power series g in n— 1 variables. In this
case, freeness and strongly Euler-homogeneity are equivalent for f and g. Moreover, the divisor
defined by f satisfies LCT if and only if so does the divisor defined by g in C*1.

3. SEMISIMPLE AND NILPOTENT DERIVATIONS

It was K. Saito who, in order to prove the equivalence between strong Euler-homogeneity and
local quasihomogeneity for isolated singularities [13, Theorem 4.1], first introduced the notions
of a semisimple differential operator and a niloperator.

Given a singular derivation J, K. Saito says that J is semisimple if it only has linear part and its
associated matrix is diagonalizable. This definition does depend on the coordinate system and
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so it is not intrinsic. He says that § is a niloperator if the associated matrix of &g is nilpotent.
Note that this definition does not depend on the coordinate system.

R. Gérard and A. Levelt introduce in [8] intrinsic definitions of semisimplicity and nilpotency
and those will be the ones that will be used in our discussion. They first define the category V
of complete filtered k-vector spaces as the category whose

e objects are k-vector spaces V equipped with a decreasing filtration F = {F‘V}ieN such
that FOV =V, every vector space V/F'V is finite dimensional, (;cy F*V = {0} and
V is complete for the topology defined by F (where F is a fundamental system of
neighbourhoods of 0).

e morphisms T : V — W are k-linear maps such that T'(F'V) C F'W for all i € N.

The classical definitions of semisimple and nilpotent endomorphisms are then replaced by these
new ones.

Definition 3.1. Let V € Obj(V), a morphism T : V — V is called:
o semisimple if every closed vector space H stable by T" admits a supplementary subspace
H' (that is, V = H @ H') that is also stable by T'
e topologically nilpotent if for all z € V, the sequence {T"z},en tends to 0 (that is, for all
i € N there exists ng € N such that for n > ng, T"x € FiV).

They state an analogue of the classical Jordan decomposition theorem for the morphisms of this
category. Then, they apply it to the ring of formal power series over an algebraically closed field
k of characteristic 0 (which is a complete filtered k-vector space with the m-adic filtration) and
its singular derivations [8, Théorémes 1.5, 2.2 and 2.3]. For the sake of simplicity, we will just
formulate it in the case k = C.

Theorem 3.1 (Jordan decomposition). Let d be a singular derivation of@. Then, there exist two
commuting singular derivations 0g, On such that dg is semisimple, dn is topologically nilpotent
and 0 = 0s + dn. Moreover, this decomposition is unique and there exists a reqular system of
parameters of O in which s is diagonal (i.e. dg is of the form > ., \;x;0;) and the matriz of
the linear part of 6 1is nilpotent.

Remark. K. Saito already proved that there exists a coordinate system in which this decom-
position holds [13, Theorem 3.1]. Theorem 3.1 shows that, actually, the decomposition holds
intrinsically and that, in a particular coordinate system, it takes the form stated by K. Saito.

Let us note that a derivation § € Der is singular if and only if 6(m*) C m* for all k € N, so
it induces a C-linear map (¥ (’)/m — O/mk in each quotient. The same property holds for
formal singular derivations § € mDer in the quotients O/mk The following proposition relates
the properties of these maps with those of §.

Proposition 3.1. A derivation § € mDer is topologically nilpotent if and only if, for every
k € N, the induced C-linear map 6%) : O/m* — O/m* is nilpotent.

Proof. Suppose 0 is topologically nilpotent. Let us fix k¥ € N and let [a1], ..., [anm] be a basis of
the C-vector space @/ﬁlk. By definition, for each i € {1,...,m} there exists n; € N such that
o (al) € mF.

Let n = max{n;}, so 6"(a;) € m* for all i = 1,...,m and (6(*))"([a;]) = [6"™(a;)] = 0. Since
(J(k))” is zero when applied to a basis, it must be the zero map, so 0(%) is nilpotent.

Reciprocally, let f € O and k € N. Since by hypothesis %) is nilpotent, there exists ng € N
such that (§))"0 = 0. So 6™ (f) € m*¥ and §"(f) € m* for all n > ng. O
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Remark. By [8, Proposition 1.3], we also know that a singular derivation ¢ is semisimple if
and only if 6%) is semisimple (or diagonalizable, since these two concepts are equivalent for
finite dimensional complex vector spaces) for all & € N. In particular, if 6 = zA0 with A
semisimple (definition of semisimplicity for K. Saito), after a linear coordinate change, A is
diagonal and every induced map ) has a diagonal matrix with respect to the canonical basis,
S0 ¢ is semisimple.

Corollary 3.1. A derivation § € mDer is topologically nilpotent if and only if the matriz of dg
is nilpotent. In particular, singular derivations with no linear part are topologically nilpotent.

Proof. If the matrix of d is nilpotent, by [9, Lemma 2.4}, every induced map § (k) is nilpotent and
we deduce that § is topologically nilpotent by Proposition 3.1. Reciprocally, if § is topologically
nilpotent, then 6 is nilpotent. The matrix of dy, call it A, coincides with that of the restriction
of 6 to m/m? with respect to the basis {[z1],...,[zn]}. Since the restriction is still a nilpotent
map, its associated matrix, A, is nilpotent. O

Remark. This result states that the definitions of topologically nilpotent derivation by Gérard-
Levelt and niloperator by K. Saito are equivalent.

Motivated by Corollary 3.1 and for the sake of simplicity, in what follows, we will remove the
word “topologically” when referring to a topologically nilpotent derivation.

As we might expect, it is not true that if 6 € mDer with g semisimple, then § is semisimple.
Just consider § = 29, + y?0,. We have that &, = x0d, is semisimple, y29, is nilpotent and
[202,y?9,] = 0, so 6s = x0,, and, by uniqueness, § cannot be semisimple.

Corollary 3.2. Let § be a singular derivation of 0. If we denote by 659 and oy, the linear
parts of 65 and 6, respectively, then do = 650+ On,0 is the Jordan decomposition of §o, that is,
0s,0 = 60,5 and dn,o = do, N, where dg.s and do, N are, respectively, the semisimple and nilpotent
parts of dg.

Proof. By the previous discussion about the restriction of the induced maps to m/m?, the ma-
trices of dg0 and dn o are, respectively, semisimple and nilpotent. Thus, dg¢ is semisimple

and dy, is nilpotent. Besides, [ds,0,0n,0] = [0s,0n]0 = 0 since ds and dy commute. So
0o = (0s + On)o = 05,0 + 0,0 is written as the sum of a semisimple and a nilpotent derivation
that commute. By uniqueness, this must be the Jordan decomposition of dy. ([

Corollary 3.3. Let f € (5, f#£0, andletd € mDer be a nilpotent derivation such that 6(f) = bf
for some b € O. Then b € m.

Proof. Since § is singular, §(f) € m, so if f is a unit, then it is clear that b € m. If f € m, let k
be such that f € m*F \ mFT1. It is easy to see by induction that §*(f) = b f(mod m*+1) for all
n € N, where by is the constant coefficient of b. By Proposition 3.1, 61 is nilpotent, so there
exists n with (§(*+1))" = 0. But then

0= (™) ([f]) = [0"(H) = b [f]-
Since f ¢ m**1 [f] #0, s0o by = 0 and b € m. O
Let us prove that the decomposition of a singular derivation into a semisimple and a nilpotent

part preserves the property of being logarithmic. This seems very natural, but we have not
found it in the literature.

Proposition 3.2. Let f € O and let § be a singular logarithmic derivation for f. Then dg and
On as in Theorem 3.1 are also (singular) logarithmic derivations for f.
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Proof. Since 6 = §g + dn, we have that the induced map in (/9\/1?1’C is (k) = 5gk) + 51(\],6). We know
that 5g€) is semisimple, 61(\1;) is nilpotent (by the previous proposition) and

6% 60 = [5g,65]®) = 0F),

SO 6gk) and 5%6) are precisely the semisimple and nilpotent part of §%). Each quotient 1) /mF is a
C-vector space of finite dimension, so §fgk) and 55\];) can be written as polynomials in 6*) by the
Jordan-Chevalley decomposition [1, Cap. VII, §5.9, Th. 1]. But since 6(f) = af with a € (5,
S®([f]) = [a][f], and taking into account that *) is also a derivation, (6%))*([f]) € ([f])
for all n. So a polynomial in §*) maps [f] to an element in ([f]) and we conclude that
k)([f]) € ([f]). This means that ds(f),dn(f) € (f) + m* for all k € N. But

557 (11]). 55

O, 00 3
Ni>1 ((fy +m*) = (f) since every ideal in a Noetherian local ring is closed for the m-adic
topology [12, Theorem 8.14], so ds(f),dn(f) € (f) and dg,dn are logarithmic. O

Corollary 3.4. If f € O is free and Dery C mDer (that is, every logarithmic derivation is

singular), then there exists a basis of Dery formed by semisimple and nilpotent derivations.
Moreover, f is a formal unit multiplied by the determinant of the Saito matrix with respect to
that basis.

Proof. Since f is free, Dery C mDer is free as an O-module and Der r C mDer is free as an O-
module. Let {d1,...,0,} be an O-basis of Der;. By Proposition 3.2, {d1,5,01,N,---,0n,5,0n,N}

is a generating set of Der; and, by Nakayama’s Lemma, we can extract a basis C of Der ¢ from
this set. For the second part, if A is the Saito matrix with respect to a convergent basis B
and B is the change-of-basis matrix from C to B (whose columns are the coordinates of the
elements of C with respect to B), then C = B*A is the Saito matrix of C. By Saito’s Criterion,
there exists a unit u such that f = udet(A). Since B is invertible, det(B) is a (formal) unit, so
det(A) = det(B) "t det(C) and f = udet(B)~ ! det(C), where udet(B)~! is a formal unit. O

Remarks.

e Although we will only use the preceding result in the case of free divisors, the first
assertion is also true for non-free divisors if we replace the word “basis” by “generating
set”.

e A priori, it is not possible to give an analogous statement for Dery because, as far as we
know, the Jordan decomposition of a convergent derivation is still formal.

4. A NECESSARY CONDITION FOR LCT IN FREE DIVISORS

In [7, Theorem 1.1], the authors construct two different double complexes and compare the
four associated spectral sequences in order to prove that locally quasi-homogeneous free divisors
satisfy LCT. In [4, Sections 2 and 3], the same construction is also used to prove that if LCT
holds for a free divisor D in C™, then, for each basis {d1,...,d,} of Der(—log D), the morphism

di: H"Y(V\{0},0x) — H"YV\{0},0x)"
(9] = ([01(9)]s -+ -5 [0n(9)])

must be injective, where H*~1(V \ {0}, Ox) denotes Cech cohomology of a sufficiently small
Stein neighbourhood V' of 0 with values in Ox with respect to the open cover

{Vi={a; #0},i=1,...,n}.

It can be identified with the set of Laurent series with strictly negative powers in every variable.
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We define the trace of a singular derivation §, and denote it tr(J), as the trace of its linear part.
Note that this definition is valid for both convergent and formal derivations. Moreover, the trace
of a singular convergent derivation coincides with the trace of its corresponding derivation in the
completion, since m/m? = m/m?.

It is easy to see [9, Lemma 7.5] that, if § is singular, then

em=l) ===

So if LCT holds for D and it is not a product at 0, then some of the §; must have non-zero trace,
as otherwise the class of [/, z; * would be in the kernel of d;. In this section, we will show
that we can reach the same conclusion in an alternative way by using D-module theory.

Let D = O[bh,...,0] be the ring of linear differential operators and consider the left ideal
D{(x1,...,2,). The following lemma describes the singular derivations lying in this ideal.

Lemma 4.1. A singular derivation n =Y., a;0; belongs to the left ideal D(x1, ... ,x,) if and
only if tr(n) = 0.
804

Proof. Let ¢; = 8—(0), that is, the coefficient of the term z; in a;, so that tr(n) = >, ¢;. By
7

the relation [0;, a;] Z:: 0; - a; — a;0; = 9;(a;) and taking into account that 0; - a; € D{(z1,...,z,)
since a; € m, we have that n = —> 1" | ¢; modulo D(z1,...,z,). Thus, n will belong to
D(x1,...,2y,) if and only if tr(n) = >, ¢; = 0. O

Let us denote by V), the ring of logarithmic differential operators, which are those linear differ-
ential operators that preserve every power of the defining ideal of D. In the free case, Vy is just
the O-subalgebra of D generated by logarithmic derivations [3, Theorem 2.1.4]. Let O(xD) be
the @-module of meromorphic functions with poles along D and let O(D) be the submodule of
meromorphic functions with poles of order at most 1. Consider the natural morphism

L
p:D®y, O(D)— O(xD)
induced by the inclusion @O(D) C O(xD) in the derived category of bounded complexes of
coherent left D-modules.

In [6, Corollary 4.2], F.J. Calder6n and L. Narvdez proved that the following statements are
equivalent:

(1) D satisfies LCT.
(2) p is an isomorphism.

We are now able to prove the desired result.

Theorem 4.1. If D is a free divisor in C™ satisfying LCT and f € O is a reduced local equation
of D at 0 such that it is not a product, then there exist derivations of Dery with non-zero trace.

Proof. Consider a basis B = {01,...,0,} of Dery C mDer and suppose that every derivation

of B has zero trace. By Lemma 4.1, D(d1,...,6,) C D{x1,...,2,) and we have a surjective
morphism of holonomic D-modules
D D
— — 0.

D<61,...,(5n> D<l‘1,...,]}n>

By applying the duality functor D(—) = RHomp(—, D)[n]'*'* we get an injective morphism
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MD(W)HD(M)

D
It is a well-known fact that Dl o) is self-dual (that is, its dual is isomorphic to itself)
Llyeeey Ly

L L
and that D ®y, O = D (D @V (’)(D)) [6, Corollary 3.1.2]. Thus, if D satisfies LCT, then

L L
D ®y, O =D (O(xD)), meaning D ®y, O is concentrated in degree 0 and

Vo D

~

(01,--.,6n)  D(b1,...,60)

L
D®VOO='D®VOO%D®VOV
0

Applying D to both sides we get

D(D@f?ﬁm>%D(Déw0>%0@D)

Thus, we have an injective morphism

D
—_— Y — D).
0 Dixy,...,%n) O(D)

But D/D(zy,...,x,) cannot be a submodule of O(xD) since the former has O-torsion and the
latter does not, so we conclude that at least one derivation of 8 must have non-zero trace. [

A similar statement holds even if we remove the condition of not being a product:

Corollary 4.1. If D is a free divisor in C" satisfying LCT and f € O is a reduced local equation
of D at 0, then there exist singular derivations of Dery with non-zero trace.

Proof. The case in which f is not a product is already proved in Theorem 4.1, so we may assume
that f is a product. Then, applying inductively Lemma 2.2, we can write f = ug for a certain
unit w and a convergent power series g in m < n variables such that it is not a product. Since
LCT also holds for the divisor D’ defined by ¢ in C™, by Theorem 4.1, we can find singular
logarithmic derivations for g with non-zero trace. These derivations are also logarithmic for f,
so we are done. O

5. LCT AND EULER-HOMOGENENITY FOR FREE DIVISORS

We begin this section with a technical lemma that is valid in an arbitrary number of variables,
although we will only use it in the cases n =2 and n = 3.

Lemma 5.1. Let § = Y .- \jz;0; be a logarithmic diagonal derivation for a formal equation

fe O such that 0(f) = cf for some c € 0. Then, there exist a formal unit u and g € O such
that f = ug and 6(g) = cog, where ¢y is the value of ¢ at the origin.

Proof. Let us write ¢ = ) cqxz®, where o = (aq,...,a,) runs in N and % = 27" - ... - 23",
Note that if o verifies o+ A := Z?:1 o # 0 and we set

Ca®
o =exp |~ ),

[e3

then a, verifies d(aq) = caz® - aq.-
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Now, set
u= [ aa=eo| 3 &5
= a = eXp o\
a-AF#0 a-A#£0
Note that u is a well-defined formal power series because b := >__ % vanishes at the

origin, so we can compose the two series and the result is another formal power series that does
not vanish at the origin. Thus, u is a formal unit and

S(u) = 8(e®) = €®6(b) = u - Z Cax®.

Then, we can write f = ug with ¢ = v~ f and

5(9) = S0 +u5(F) = w3 e | 4 utef = ( 3 ) "

a-AF£0 a-A=0

Let us see that ¢’ :== )" ,_,cax® must be ¢o and we will have the result:

Note that §(¢’) = 0, so if we decompose g as a sum of eigenvectors of ¢ (which can be done in a
unique way by [13, Lemma 2.3]), g = Zuec g, with 6(g,) = pg,, we have

8(9) = ngu=cg=> g

neC neC

and since p1g,, and ¢'g,, are both eigenvectors of ¢ for ;1, by the uniqueness of the decomposition,
we must have pg,, = g, for every p1 € C. Since g # 0 (as otherwise f is zero and there is nothing
to prove), some g, # 0. But then ¢/ = p and the only possibility for this is if ¢ = pu = ¢y, as the
value of ¢’ at the origin is cg. (I

Remark. The same result is true for any semisimple derivation since there exists a formal
coordinate change in which it is diagonal. Particularly, for any 6 € mDer, if d5(f) € mf, then
there exists a formal unit v and a formal power series g such that f = ug and dg(g) = 0.

Proposition 5.1. Let D be a free divisor in a complex analytic manifold of dimension n. Let
f be a reduced local equation of D around 0 such that it is not a product. If D is not strongly
Euler-homogeneous at 0, then f € m"+1,

Proof. Let 61, ...,d, be a basis of Dery and «; € O be such that §;(f) = a;f for i =1,...,n.
We may assume that f = det(A) with A the Saito matrix, so af = §(f) = AJ(f) and
A(f) = Adj(A)a, where @ = (ay,...,a,)" and Adj(A) is the adjugate matrix of A (the trans-
pose of its cofactor matrix). Since D is not strongly Euler-homogeneous at 0, every «; € m (as
otherwise d;/a; would be an Euler vector field for f). But f is not a product, so Dery C mDer
and all the entries of A also lie in m. This implies that the entries of Adj(A) lie in m"~! and
hence the coordinates of 9(f) = Adj(A)a lie in m™. Thus, the partial derivatives of f lie in m™
and f lies in m"™*1. O

In what follows, f will be a reduced local equation around 0 of a plane curve D C C? that it is
not a product.

Proposition 5.2. If f € m® and § is a singular logarithmic derivation such that 5(f) € mf,
then ¢ is milpotent.
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Proof. Let § = §s + 0 be the decomposition of § into a semisimple and a nilpotent part that
commute and choose a (formal) coordinate system for which dg is diagonal. We know that dg
and Jdy are also logarithmic for f, so there exist a,b € O such that 0s(f) =af and dn(f) =bf.
Since 6(f) € mf and b € m by Corollary 3.3, we have that a € m. Now, by the preceding lemma,
there exists a unit u and a series g such that f = ug and ds(g) = 0.

Let us suppose that ¢ is not nilpotent and so ds := A\xd; + A2y0y # 0. In particular,
(M, A2) # (0,0), and since dg(g) = 0, every monomial x*y*? appearing in g must verify
a1 A1 + agAy = 0. Thus, there exist two coprime integers p,q > 1 such that every monomial of
g is of the form c,x*Py*? for some integer k > 1 and ¢ € C. Let cg,xFoPyFo? (with ¢, # 0) be
the initial form of g (note that g # 0 since f # 0), so

kp, k kop, k k—k k—k kop, k
g = § cpaPyka = ghopykoa (Cko + E ckx( o)py( o)q) = pghorykod
k>ko k>ko

where v = ¢y, + Zk>k0 cpxF—ko)py(k=ko)d ig a unit. Then, f = uvzFoPy*o? € m3, so kop > 2 or
kog > 2 and f is not reduced as a formal power series. This implies by Proposition 2.1 that f
is not reduced as a convergent series and we get a contradiction, so we must have dg = 0 and
6 = 0 is nilpotent. O

Every plane curve is a free divisor. Now, the proof of the conjecture for n = 2 is an almost
straightforward consequence of the preceding proposition.

Corollary 5.1. Plane curves that satisfy LCT are strongly Fuler-homogeneous.

Proof. Since these are local properties, it is enough to show that if f is not strongly Euler-
homogeneous at 0, then LCT does not hold for f at 0. We may assume that f is not a product,
as otherwise the problem would be reduced by Lemma 2.2 to dimension 1, where the equation
becomes u - x1 = 0 with v a unit and 210, is a strong Euler vector field for z;. So Dery C mDer
and f = det(A) € m? with A the Saito matrix for a suitable basis of Dery. If f ¢ m3, then
we know that it is strongly Euler-homogeneous at 0 by Proposition 5.1 and there is nothing to

prove, so we may assume f € m>.

Let us suppose that f is not strongly Euler-homogeneous at 0, so §(f) € mf for all § € Dery. This
means, by the preceding proposition, that every derivation on Der; is nilpotent. In particular,
by Corollary 3.1, the matrices of their linear parts are nilpotent. But then all their traces are 0
and, by Theorem 4.1, LCT cannot hold. O

Unfortunately, Proposition 5.2 cannot be generalized to higher dimension. Indeed, it is not even
true for n > 3 that if f € m"*! and §(f) € mf, then tr(§) = 0, as the following example shows:

Example 5.1. Letn >3 and f = (23 — 23)z3...2, € m" T, Dery is a free module of which a
basis is {01,...,0n}, where

51 = 1’181 + (E282, [0, 20m}52 = 1’%81 + (E%ag, [0, 20m]51 = xiai, 3 S ) S n.

Let n; = 36; — 61, 3 < i < n. We have that n; is diagonal (and therefore, not nilpotent) and
n:(f) =0 but tr(n;) =1 for all 3 <i <n.

Nevertheless, Lemma 5.1 allows us to simplify the proof of Conjecture 1.1 in dimension 3 given in
[9], without using the formal structure theorem [9, Theorem 5.4]. But first, we need to introduce
the concept of a Koszul free divisor [5, Definition 1.6].
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Definition 5.1. Let D C X be a divisor in a complex analytic manifold of dimension n. We
say that D is Koszul free at x € X if it is free at x and there exists a basis {01,...,0,} of
Derx ,(—log D) such that the sequence of symbols {c(d1),...,0(d,)} is regular in the graded
ring with respect to the order filtration of the ring of linear differential operators at x (which
is the polynomial ring O[z1,...,2n,&1,. .., &), where & = 0(9;) for i = 1,...,n). We say D is
Koszul free if it is Koszul free at each x € X.

In [9, Corollary 1.5], the authors prove that Koszul free divisors satisfy Conjecture 1.1, so we
can restrict ourselves to the case in which D is not Koszul free.

Theorem 5.1. Let D be a free divisor in a complex analytic manifold of dimension 3. If LCT
holds for D, then it is strongly Euler-homogeneous.

Proof. Let us suppose that D is not strongly Euler-homogeneous. As before, we may assume
that D is not a product (in such a case, by Lemma 2.2, we can reduce the problem to dimension
2, where we know the result is true) and that it is not strongly Euler-homogeneous at 0, so if f is
a reduced local equation for D at 0, then we have Dery C mDer and §(f) € mf for all 6 € Dery.
We may also assume that D is not Koszul free at 0, as we know the result is true for Koszul free
divisors. Let us see that every § € Der ¢ must verify tr(6) = 0 (by linearity, it is enough to show
it for a basis). In particular, each ¢ in Dery will also have zero trace, and by Theorem 4.1 this
will imply that LCT cannot hold for D.

By Corollary 3.4, we can take a basis 28 of Der ¢ in which each derivation is either semisimple or
nilpotent. Let A be the Saito matrix of this basis, so f = u - det(A) for some unit u € O. As we
discussed previously, every nilpotent derivation has zero trace, so it remains to prove that the
same is true for the semisimple derivations of 9.

Let § be a semisimple derivation of B. By Theorem 3.1, there exists a formal system of coor-
dinates in which § is diagonal (say 6 = Zle Aix;0;). Since §(f) € mf, by Lemma 5.1, there
exist a unit v € O and g € O such that f = vg and 0(g) = 0 (note that ¢ is also reduced by
Proposition 2.1) Now, we can distinguish three cases (which are the subcases of Case II in the
proof of Theorem 1.6 in [9]):

e Only one of the \; is not zero: after renaming the variables we may assume that
A1 = A2 = 0 and A3 # 0. In this case, g is annihilated by d3, which is not in mﬁe;,
so D is (formally, and then, convergently by Proposition 2.3) a product and we get a
contradiction.

e Exactly two of the \; are not zero: as before, we may assume A\; = 0,A3,A3 # 0. In
this case, g is of the form Y2, ..\ o ajk(z1)abel or, equivalently, 35, oy a,,(z1)zh 25
where p,q > 1 are coprime and Agop + A3¢ = 0 (if p = ¢ = 0, g would be a product).
Since g = v ludet(A) and \; = 0, g € (2,23). This implies that ag(x1) = 0 and we
can extract zhz? as common factor. But g is reduced, so we must have p = ¢ = 1 and
A2 + A3 = 0, meaning tr(d) = 0.

e None of the \; is zero: if we truncate the coordinate change that makes § diagonal
at a sufficiently high order, we get a convergent 7 € Dery such that its linear part is
precisely of the form E?:1 Aiyi0;. In this case, Lx (log D), the logarithmic characteristic
subvariety, which is the variety defined by the symbols of the logarithmic derivations in
the cotangent bundle, has dimension n = 3. Indeed, as the singular locus of a (singular)
free divisor is of the largest possible dimension, we have that Sing D is of dimension
1. But since A; # 0 for all ¢, there exists a sufficiently small neighbourhood V' C D
in which 5 only vanishes at the origin, so o(n) determines a hypersurface (which is of
dimension 2) over each singular point of V '\ {0}. Thus, the maximal possible dimension
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of Lx(log D) is 1+2 = 3, which is also the minimal one [14, 3.17]. But then D is Koszul
free by [5, Corollary 1.9] and we get a contradiction.

We conclude that every derivation of 8 must have zero trace, and so LCT cannot hold. O
APPENDIX

APPENDIX A. CLARIFYING THE ARGUMENT IN THE PROOF OF THE CONJECTURE FOR n = 2
IN [4]
In [4, Theorem 3.3], the authors state without proof that if D is a plane curve and f € m3 is a

reduced local equation for D around 0, then there exists a basis {d1,d2} of Dery such that d;
has no linear part. Although this is true, the proof needs some attention.

What can be said a priori is the following (later we will prove that, in fact, condition (2) cannot
hold).

Proposition A.1. Let D be a plane curve and let f € m® be a reduced local equation for
D around 0. Then, after a possible change of variables, there exists a basis of Dery (as an
O-module) such that one of the following two conditions holds:

(1) At least one of its elements has zero linear part (and therefore it is nilpotent).
(2) The linear parts of its elements are x0,, and y0,.

Proof. Every plane curve is a free divisor, so by Saito’s Criterion, we know that there exists a

basis {d1,d2} of Dery such that
o\ O
(5)=2(3)

Note that, since f is reduced and belongs to m?, it cannot be a product by Lemma 2.2. Hence,
all the entries of A lie in m and the determinant of the linear parts of the entries of A must
vanish. If §;0 = (a;x + b;y)9y + (ciz + d;y)0, for i = 1,2, then we have

with f = det(A).

ay C1 _ bl d1 | 1 dl + bl C1 -0
ag Co o b2 d2 o as dg b2 Co e
Let us consider the derivations ¢ = a20; — a102 and 8, = —bad; + b1d2, whose linear parts are:

0o = (a2by — a1b2)y0, + (azdy — aids)yo,,
(5/20 = (a2b1 — albg)(Eaz + ((lzdl — aldg)(an,
where we have used that byco — bacy = asdy — a1ds. There are two possibilities:

o If ashy — arby # 0, then {d7,65} is another basis of Dery. Dividing by asbi — aibs
and setting a = (asd; — a1da)/(azb1 — a1be) we have derivations whose linear parts are
x(0y + ady) and y(9; + ady). By performing the linear coordinate change ' = z and
y' =y —ax we have 0, = 0y — a0, and 9, = 0y, so we get derivations 07 and 5 whose
linear parts are 2’0, and (az’ + y')d,». We just need to replace 65 by 65 — ady to get
(2) in the variables 2/, y’.

e If asby — a1bs = 0, we claim that also a1dy — asd; = 0. It is clear if a; = a2 = 0, and
otherwise (b1, b2) = A(a1,az) for some A € C. From 0 = bydy — bady = A(a1dz — azdy) we
get a1ds — agd; = 0 or A =0, in which case (b1,b2) = (0,0) and we get a;ds — azd; =0
from the last equality. Hence, df, and &5, are zero. If at least one of aq,as,by,bs is not
zero, then d7 or 85 can be part of a basis of Der; and we have (1).
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Otherwise, we have d19 = (c1z + d1y)0, and d20 = (cox + day)dy, so we can consider
01 = c201 — 182 and &5 = —dady + d1d2, whose linear parts are:

610 = (c2d1 — c1d2)ydy,
5/20 = (02d1 - Cldg).’ﬂay.

Again, if cadi — c1da # 0, we have that {07,05} is a basis of Der;. Dividing by
cody — c1ds and exchanging x and y, we have a basis with 20, and y0d, as linear parts.
Finally, if cod; — ¢1dy = 0, then, either ¢; = di = 0 or (c2,d2) = n(c1,d;) for
some 17 € C. In the first case we have ;9 = 0 and in the second one, we have that

{01 = 61,05 =nd1 — 2} is a basis of Dery with d55 = 0.
O

The following lemma gives a necessary condition for a plane curve to be strongly Euler-homogen-
eous at 0 in terms of the linear parts of a basis of its logarithmic derivations.

Lemma A.1. Let D be a plane curve and let f € m3 be a reduced local equation for D around 0
such that it is not a product. Let {61, 02} be a basis of Dery with §;0 = (a;x+b;y)0x+(cix+d;y)0,

fori=1,2 and let
o a1 b1 C1 dl
B = ( a9 b2 Co d2 ) ’

If D is strongly Euler-homogeneous at 0, then rank(B) = 1.

Proof. Let a; € O be such that 6;(f) = a;f. We may assume that f = det(A) with A the Saito
matrix (6 = Ad), so af = AJ(f) and I(f) = Adj(A)a. In particular, we have

0x(f) = azpon —arpen oy ( ann a2 )

Oy(f) = —asi0q + a1 a1 A22

Since f € m?, 9,(f) and 9,(f) are in m?, so if we call a;o the constant term of a;:

{ (cox + day)aro — (c1z + d1y)azg =0
—(agx + bay) g + (a1 + biy)asy =0

From this, we get the homogeneous linear system of equations

—Qa2 a1
—by by [6310) -0
—C2 (1 Q20 '
—dy dy

Note that the rank of the matrix of this system is the rank of B. Since D is strongly Euler-
homogeneous at 0, some «; must be a unit, and so this system must have a non-trivial solution,
what can only happen if rank(B) < 1. But B cannot be the zero matrix, as otherwise every
0 € Dery, not having linear term, would increase the order of f and none of them could be an
Euler vector field. We conclude that rank(B) = 1. O

Corollary A.1. In the situation of Proposition A.1, (2) cannot hold (and so the statement given
in the proof of Theorem 3.3 in [4] is true).
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Proof. Let us suppose that (2) holds and let {01,02} be the basis of Dery as in Proposition A.1.
The matrix B of the preceding lemma is in this case

which has rank 2, so D is not strongly Euler-homogeneous at 0. This means that d;(f) € mf for
i = 1,2. Then, the linear parts of the basis, as they do not increase the order, must annihilate
the initial form of f. So if fr € m* \ m¥*! (k > 3) is the initial form of f, then 8,(fx) = 0
and f; = y*. But in the proof of Theorem 3.3 in [4], the authors show that, if fi = 2Py? and
the linear part of a logarithmic derivation that is not an Euler vector field is gz0, — py0dy, then
f = xPy? after a coordinate change. We have a particular case of this fact with p = 0 and ¢ = k,
so f can be written as y* in some coordinate system. But then f is not reduced, contradicting
the initial supposition. O

Remark. Apart from this, there is no need to consider that one of the logarithmic derivations has
no linear part in the proof of Theorem 3.3 in [4]. What can be easily deduced from the arguments
given there is that every ¢ € Dery such that §(f) € mf must be nilpotent, as we proved in a
completely different way in Proposition 5.2. Then, if D is not strongly Euler-homogeneous at
0, every logarithmic derivation is nilpotent and, by the argument given in Corollary 5.1, LCT
cannot hold.
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