MULTIVARIABLE HODGE THEORETICAL
INVARIANTS OF GERMS OF PLANE CURVES. II

PIERRETTE CASSOU-NOGUES AND ANATOLY LIBGOBER

1. INTRODUCTION

In the first part of this work, [5], we studied Hodge theoretical invari-
ants of local systems of the complements to germs of plane curve sin-
gularities. These invariants, called the faces of quasi-adjunction, yield
a refinement of the multivariable Alexander polynomial of a link of iso-
lated singularity or, more precisely, the refinement of the characteristic
varieties associated with the fundamental group of the complements
to the links. They also provide a multivariable generalization of the
spectrum of singularity due to Arnold and Steenbrink (in the case of
curves).

In the present paper we develop algorithmic methods for calculating
these Hodge theoretical invariants in terms of power series which are the
defining equations of the germs. Given such a power series we describe
a decorated by integers graph with two types of O-dimensional cells
and two types of 1-dimensional cells (cf. below in this introduction).
This graph is called the Newton tree (cf. sect.2.3). After dropping
distinction between types of edges in the Newton tree one essentially
obtains the splice diagram of Eisenbud and Neumann ([8]) for the link
of the singularity of f. Newton trees earlier were used for the study
of quasi-ordinary power series in [2], ideals in C|[[x,y]] in [6] and plane
algebraic curves in [4]. Here we also associate with a germ the toroidal
(in the sense of [14]) pair (Uy, D) which provides a resolution in the
category of toroidal pairs of the pair (B, ('), where C is the germ of
plane curve and B is a small ball about the singular point of C'. Our
resolution can as well be viewed as a resolution in the category of
orbifolds. Unlike previously used smooth resolutions (cf. references
in [25]) use of toroidal resolutions allows to encode whole resolution
process into the combinatorial data i.e. the Newton tree. Previous
attempts to use mildly singular resolutions in this context were made

First author is partially supported by the grants MTM2010-21740-C02-01 and
MTM2010-21740-C02-02. The second author was supported by a grant from
J.Simon Foundation.

1



in [21], [3], [10]. Use of such type of resolutions is also consistent with
philosophy used in the minimal model program (cf. [12] and references
there and [27]).

One of the main results in this paper describes the polytopes of quasi-
adjunction in terms of Newton tree (cf.theorem 4.4). Among other
things such description allows to get results on the structure of the poly-
topes of quasi-adjunction and make many explicit calculations. Since
the log-canonical threshold is one of the constants of quasi-adjunction
(recall that these constants depend of a choice of germ ¢ € Cf, and the
log-canonical threshold corresponds to the choice ¢ = 1 cf. [17]), as a
consequence we also obtain explicit description of the polytope which
is the (multivariable) log-canonical threshold (called here log-canonical
wall) and also the part of the toroidal resolution Uy which determines
it. Using the relation between the faces of quasi-adjunction and Bern-
stein ideals obtained in [5], here we obtain a polynomial (a product of
linear forms) which divides all the polynomials in the Bernstein ideal.

Here is one of the consequences of calculations in this paper. In
example 5.1 we consider a sequence of singularities such that the se-
quence of constants of quasi-adjunction (corresponding to ¢ = y?) is
given by }gigg which is increasing sequence when ¢ — oo. The se-
quence of log-canonical thresholds for this sequence of singularities is
(decreasing) sequence %. Recall that set of log-canonical thresholds
of singularities contains only finite ascending sequences (cf. [24] for a
much more general discussion).

Let us describe the content of the paper in more details. In the
first section we recall the definition and construction of Newton trees
of a germ f. The Newton tree is a tree (with additional structure),
built from the Newton polygons that appear at each stage of the
Newton algorithm. This additional structure consists with splitting
0-dimensional (resp. 1-dimensional) cells of the tree into two types
called wvertices and arrows (resp. horizontal and vertical). Each ver-
tex in the Newton tree corresponds to a face of the Newton polygon
of a polynomial appearing in a step of the Newton algorithm. It is
decorated by integers extracted from the data obtained from the linear
form vanishing on a face. The Newton tree determines the dual graph
of the smooth resolution of the singularity of f obtained after resolving
cyclic quotient singularities of our toroidal resolution. More precisely,
we have a bijection between the vertices of the Newton tree and the
exceptional divisors in the resolution which intersect other exceptional
divisors at least three times (“rupture points” of the dual graph). One




of the results in this section is that the Newton tree is sufficient to com-
pute the polytopes of quasi-adjunction i.e. only the “rupture points”
contribute to the calculation of the polytopes of quasi-adjunction (this
was observe in [5] already). In the following section, we prove that
this condition is also necessary, that means that all the vertices in the
Newton tree contribute to a face of a polytope of quasi-adjunction.
This is done using induction. Firstly we show that the intersections
of the polytopes of quasi-adjunction with {s; = 1} are the polytopes
of quasi-adjunction of f5,--- , f.. Then we prove the result for r = 1.
In particular we retrieve the computation of M.Saito of the exponents
between 0 and 1. Recall that the identification of the constants of
quasi-adjunction and the spectrum was made in [19]. The result for r
branches follows from the result for » — 1 branches except in the cases
where some vertex doesn’t appear in hyperplane {s; = 1} for any i.
We have to work out these cases separately (r = 2 and r = 3).

The final section is devoted to the computation of the log canonical
wall. Let f be a germ, we define the Newton nest of f, the following
way. It is a set of vertices of the Newton tree, consisting in all vertices
that correspond to faces of the Newton polygon of f in some system of
coordinates. It is a connected set of vertices in the Newton tree. We
show that the log canonical polytope is exactly given by the Newton
nest of f. One can compare this with the result of J.Kollar showing
the constant which is the log-canonical threshold of a germ depends
only on the first characteristic pair. The article ends with discussion of
ACC conditions for constants and polytopes of quasi-adjunction and
with additional explicit examples.

2. NEWTON TREES

2.1. Newton polygons. For a subset £ C N?, let A(F) denotes the
convex hull of the set E+R2 = {a+b,a € E,b € R2}. The boundary
of A(FE) is a polygon with a finite number of vertices and edges. A
subset A C R? is called a Newton diagram if there exists a set & C N?
such that A = A(F). Let Ey = {vo, - -+ , v } be the set of vertices of A
and let v; = (g, B;) € N? with ordering such that o;_y < ay, Bi_1 > 5
fori=1,--- ,m. Fori=1,--- m we denote by S; = [v;_1,v;] and by
ls, the line supporting the segment S;. The union of compact edges of
the boundary of a Newton diagram is called the Newton polygon. In
above notation, it is the union of the edges S; and denoted N (A). The
Newton polygon NV (A) is empty iff A = (ao, 89) + R2. The integer
h(A) = By — By is called the height of A.
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Let
fley) = D capr™y’ € Cllz,y]]
(o, B)EN2
The support of f is
Suppf = {(a, ) e Nx N |cap # 0}.

We use A(f) = A(Suppf) and N(f) = N(A(f)). For a line [ in R?,
the initial part of f with respect to [ is

in<f7 l) = Z Ca,ﬁmayﬁ-

(a,B)€l
If the line [ has equation pa + ¢B8 = N, with (p,q) € (N*)? and
ged(p,q) = 1, then in(f,[) is zero or a monomial or, if | = [g for

some segment S of N(A), of the form

in(f7 l) = walyblFS(xqv yp)’
where (a;,b;) € N? and

Fs(z,y)=c [] (v — pa)”,

1<i<n

with ¢ € C*, n € N*, y; € C* (all different) and v; € N*.
2.2. Newton algorithm.

DEFINITION 2.1. (Newton maps) Let (p,q) € N?, ged(p,q) = 1 and
pw € C*. Let (p,q) € N? such that q¢' — pp’ = 1. The map I,
CtL, ) — Clyy given by v = pd 2? y = x4y, + p?') is called Newton
map.

If u = 0, the Newton map is the monomial map given by: © = 2,y =

T

We denote by IT7, ) the induced homomorphim C[[z, y|] — C[[z1, y1]].

The change (p/,¢') — (p + iq, ¢’ + ip) results in change of coordinates:
(r1,91) = (p'zy, ;) and does not affect results.

In the sequel we will always assume that p’ < ¢ and ¢’ < p. This will
make procedures canonical.

Lemma 2.2. [6] Let f(z,y) € C[[z,v]], f # 0 and H?p7q7u)(f)(x1,y1) =
Silzy, 1) € Cllzy, ya]]-
(1) If there does not exist a face S of N(f) whose supporting line
has equation pa + qf8 = k with k € N, then
fi(zr, ) = 2" u(z1, 1)

with m € N, u(z1,y1) € Cl[z1,y1]] and u(0,0) # 0.
4



(2) If there exists a face S of N'(f) whose supporting line has equa-
tion pa+ qf = ko for some kg € N, and if Fs(1,u) # 0, then

fi(z, 1) = $’fOU(J?l, Y1)
with w(z1,y1) € Cl[z1,11]] and u(0,0) # 0.
(3) If there exists a face S of N'(f) whose supporting line has equa-
tion pae + qf = ko for some ky € N, and if Fs(1,) = 0, then

filz, 1) = x]fogl(xlayl)
with 91@17 yl) € C[[xlyyl]] and 91(0> 0) = 0;91(0, y1) #0.

For the proof see [6].

From this lemma, we see that there are a finite number of (p,q, i)
such that I (f) is not a monomial times a unit in C[[z1, y1]]. These
triples are given by the equations of the faces of the Newton polygon

and the roots of the corresponding face polynomials.

REMARK 2.3. In the first and second case of Lemma 2.2, the Newton
polygon of fi is empty. In the third case, the height of the Newton

diagram of fy is less than or equal to the multiplicity of u as root of
Fs(1,X).

We say that f € Cl[x,y]] is in good coordinates if
(1) B # 0 or
(2) if B, = 0 and
(a) either [g  has equation pa+ g8 = N with p # 1 or
(b) if p=1, and m > 1 then Fg, has at least two factors,
(c) if p=1and m =1 Fg,_ is not of the form

Fs, = cly — mz)" (y — par)”

Lemma 2.4. If f € Cl[z,y]] is not in good coordinates, there exist
changes of variables in C|[x,y]| in which it is in good coordinates.

The proof can be found in [15]. One has to take in account that our
definition of good coordinates corresponds to their definition of quasi-
good coordinates. The changes of coordinates we use to put f in good
coordinates are z = z,y = y + h(x) with h € C[[z]].

We say that f € Cl[[z,y]] is in very good coordinates if it is in good
coordinates and

(1) ag # 0 or
(2) if a9 = 0 and
(a) either [g, has equation pa + ¢ = N with p # 1 or
(b) if p=1 and m > 1 then Fs, has at least two factors.
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Let f € C[lz,y]] in very good coordinates. Let II = I, ., be a
Newton map. We denote by fi the result of IT*(f) after a change of
variables so that fr is in good coordinates. Let ¥, = (IIy,--- ,II,)
where 1I; is a Newton map for all 7, we define fx, by induction: f5, =

fH17 fEi = (f2¢—1)ni'

Theorem 2.5. Let f(z,y) € C[[z,y]], there exists an integer ng such
that, for any sequence ¥, = (IIy,--- ,1I,,) where I1; is a Newton map
for all i, of length at least ng, fx, is a monomial up to a unit.

Proof. From Lemma 1.1, we first observe that the number of Newton
maps II, such that fij is not a monomial times a unit is finite, bounded
by the sum on all faces S of the number of roots of Fg. What we
have to show is that the number of successive Newton maps we have
to perform so that fy is a monomial up to a unit, is also finite.

We start with f in very good coordinates. In this system of coor-
dinates, we denote by h the height of A(f). We argue by induction
on h. If h = 0, then f is a monomial up to a unit, and n = 0.
Consider the case where h > 0. In that case, N(f) is not empty.
Choose a face of N(f), S, and a root of Fg with multiplicity v. Let
ap + fg = N be the equation of the supporting line of S. Then
fi(z,y1) = 2V g1 (21, 91) € C[[x1, y1]] and the height of A(f) is v < h
since f is in good coordinates.

0

If f is in very good coordinates, we define the length of the Newton
algorithm A applied to f, d(f,.A) by induction. If f is a monomial
up to a unit, then d(f, A) = 0. Otherwise d(f, A) = maxd(fn) + 1
where the maximum is taken over all faces S of the Newton polygon
and all roots of Fg. Note that the definition of the length depends on
the choice of good coordinates at each step of the Newton algorithm.

2.3. Newton trees. Given f € C[[z,y]] in very good coordinates,
the Newton algorithm consists in applying successive Newton maps
attached to successive Newton polygons and changes of variables until
the result is a monomial times a unit.

Newton trees are trees that encode the Newton algorithm. They are
build by induction, and defined via gluing certain graphs associated to
a Newton diagram. More specifically:

DEFINITION 2.6. An abstract Newton tree is a graph with no loops

with two types of 0-dimensional cells, called vertices and arrows and

two types of 1-dimensional cells called horizontal and vertical edges.
Decoration of an abstract Newton tree is assignment of an integer to

a vertez or arrow (represented below in parenthesis) and assignment an
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integer to each end of an edge. Below the integers assigned to unmarked
ends are considered to be equal to 1.
All abstract Newton trees have one marked arrow called upper arrow.

2.3.1. Graph associated to a Newton diagram.

DEFINITION 2.7. 1. Graph associated to a Newton diagram is an ab-
stract Newton tree with vertices ay, as, ....a,, which are in (ordered) 1-
1-correspondence with compact 1-dimensional faces S; of the boundary
of Newton diagram, arrows ag, ;41 corresponding to the non-compact
faces of the boundary of Newton diagram and m + 1 vertical edges con-
necting a; and a;+1 for i = 0,....,m. Increase of subscript corresponds
to the downward moving on the graph. The arrow aq s called the upper
arrow.

If A = (ao, o) + R% then the graph of A is defined as follows: the
graph has no vertices and it has one edge incident to two arrows and
the edge is vertical. The upper arrow is defined as the arrow decorated
by (ap) and the arrow at the bottom is decorated by (5o).

Now let us describe the decoration of the graph of a Newton diagram.
If the non compact faces of the Newton diagram are o = ag and 8 = f3,,
then the upper arrow is decorated by () and the arrow at the bottom
is decorated by (,,. The edges incident to the arrows are decorated
with 1 near the arrows. The extremities of the edges are decorated the
following way: A vertex corresponds to a face S whose supporting line
has equation pa 4+ g8 = N. We decorate the extremity of the edge
above the vertex by ¢, and the extremity of the edge under the vertex
by p. We decorate the vertex by (N).

Note that one can recover the whole Newton polygon from the graph
since we can read the equations of the supporting lines of the faces on
the graph i.e. the data given by the graph and by the Newton diagram
are identical.

2.3.2. Newton tree of f € Cl[[z,y]]. The Newton tree of f is defined
by induction on the length. Suppose that f has length 0. Then f is a
monomial times a unit and we define its Newton tree as the graph of
its Newton diagram (cf. def. 2.7).

Assume that we have constructed the Newton tree for all f of length
less or equal to n — 1. Let f € C[[z,y]] in very good coordinates
and having length n. We define the Newton tree of f in terms of
the following data. On one hand the definition 2.7 provides the graph
associated to its Newton diagram. On the other hand, for each edge
of the Newton polygon and each root of the polynomial corresponding

to this edge via the Newton map Il and subsequent change to good
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FIGURE 1

coordinates we obtain the polynomial fi; of length at most n — 1. The
assumption of induction yields the Newton tree of fi (for each edge of
the Newton polygon of f).

DEFINITION 2.8. The Newton tree of f s the tree obtained from the
above data as follows. Delete the upper arrow of the Newton tree of each
fur (recall that each 11 corresponds to a vertex of the graph of Newton
diagram of f) and glue the edge which was incident to that arrow to
the corresponding vertex on the graph of the Newton diagram of f for
all II.  Moreover, the edges that are glued are renamed to horizontal
edges. All other edges of the graph of the Newton diagram of f and the
Newton trees of fi1 retain the labels which they had as edges of the trees.
The upper arrow of the graph of the Newton diagram of f is declared
the upper arrow of the Newton tree of f.

To sum up, in this construction the vertices on graph of f are all
incident to vertical edges and correspond to the faces on the Newton
polygon of some fr;. The horizontal edges correspond to the successive
Newton maps used to construct polynomials fi.

Decorations of the Newton tree of f are defined in terms of decora-
tions of the graph of Newton diagram of f and the decorations of fi

as follows.
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DEFINITION 2.9. Let v be a vertex of a Newton tree. If v corresponds
to a face of the Newton polygon of f, we say that v has no preceding
vertex and we define S(v) = {v}. Let v be a vertex on a Newton tree.
It is on the Newton polygon of fsx. The Newton tree of fx, has been
glued on a vertex vi which is called the preceding vertex of v. If vy does
not correspond to a face of the Newton polygon of f, we can consider
its preceding vertex vo. Then we can define S(v) = {v;, -+ ,v9,v1,0},
where v; has no preceding vertex and v; is the preceding vertex of vj_;
for2<j<i.

The final Newton tree is decorated the following way. The dec-
orations of the arrows and vertices are not changed. The decora-
tions of the edges are changed. Let v be a vertex on the Newton
tree. If S(v) = {v} then the decorations near v are not changed. If
S(v) = {vi, -+ ,v9,v1,v} and if the decoration near v on the Newton
tree such that S(v) = {v;_1,- -+ ,v2,v1,v} (that is on the Newton tree
which is glued at v;), are (m, p), after the gluing, the decorations near
v are (m + pigip;_, - - - PiD, D).

As an example the following is the Newton tree of f(z,y) = (2% —
PR — y2)? + 283 + 2%y + oty

© ) ©)

(20)
0 04y (24
(24) (24) (24)
2 2 i i 2 < 2 g
@O, @4 @00, @HO: 20O ;
0 )
QOh (42 (20) ()
3 1 3
Q)0 (420, @0, @2 3 NCe)
(20
2 2
©
0)
& ©) of (0)
FIGURE 2

If we add an arrow to a vertex of a Newton tree, this arrow defines
a germ of curve. This germ of curve is called a curvette of the vertex.
If v is the vertex, we denote by C, its curvette. It is called a virtual
component in [8].

Note that on the edges arising for a vertex there are at most two
decorations on the ends near the vertex which are different from 1. We

call them nearby decorations of the vertex.
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2.4. Change of variables. Newton trees are constructed using a very
good system of coordinates. But very good systems of coordinates are
not unique. We want to study the Newton trees in different systems of
very good coordinates.

Consider a system of very good coordinates for f. Consider the
Newton polygon of f in this system of coordinates.

If there is no face of the Newton polygon with equation pa+q8 = N
with p or g equal to 1, then there is no other system of good coordinates.

If there is a face of the Newton polygon with equation pa + g8 = N
with p or ¢ equal to 1, assume p = 1. Let

ks
cxsy"s [ [ (v — mia®)”

be the face polynomial. Since we are in very good coordinates, we have
bs #Qorifqg#1, kg >1 andif g=1, kg > 2.

We make the change of variables x = x,y = y + az9.

The faces above S do not change neither their face polynomial. The
face S has the same supporting line but its face polynomial is now

ks
e (y — az?)’s [ [(y — (s — a)z?)"

If a = p;, for some i, the face doesn’t hit the z-axis. If a # p; for
all 7, the face hits the z-axis, but anyway we are still in very good
coordinates.

We want to compare the Newton trees in these two systems of coor-
dinates.

Vi

Vk

FIGURE 3

We consider the vertex v which represents the face S. There are
ks horizontal edges starting from v corresponding to each root u of
the face polynomial. There is a vertical edge decorated with 1 near v
under v and a vertical edge decorated with ¢ above v. All the edges

can be ended by vertices or arrows. We denote these ends by v; for the
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horizontal edges and v" for the vertical edge pointing downward. We
make the change of variables x = x,y = y + ax?.

(1)

If a # p; for all i. Then the new Newton tree is in Figure
4. We have kg + 1 horizontal edges, one for each of the roots
w; and one for a. We proved in [7] that in this case, we cut
out the Newton tree in two pieces on the vertical edge under
v. We have 7, which contains v and 7, which contains the
vertical edge ending with v'. We stick back 7, on v making the
vertical edge ending with v/, horizontal and we add a vertical
edge decorated with 1 ending with an arrow decorated with (0)
(On Figure 6, we start with Newton tree 2 or 3 and get Newton
tree 1).

Vi

Vk

©)

FIGURE 4

If a = p;, We cut the Newton tree in 3 pieces. We cut the
vertical edge ending with v/, we cut the horizontal edge ending
with v;. We have the piece containing v, the piece containing
v’ and the piece containing v;. We stick the piece containing
v; making the edge ending with v; vertical. We stick the piece
containing v" on v making the edge containing v’ horizontal. We
call this operation exchange of vertical edge (On Figure 6, we
exchange Newton trees 2 and 3).

Note that some faces may appear on the Newton polygon in some
system of very good coordinates, but that there is not always a system
of coordinates such that they all appear at the same time.

EXAMPLE 2.10. :

In this example, the 3 vertices can correspond to faces of a Newton
polygon in some system of coordinates, but at most two of them appear
in the same system of coordinates.

11
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FIGURE 6

DEFINITION 2.11. We say that two Newton trees are equivalent if they
differ by exchanging vertical and horizontal edges, and eventually delet-
ing horizontal edges ending with arrows decorated with (0).

We can chose a canonical representant of an equivalent class of New-
ton tree the following way: At each vertex the only possible edge deco-
rated with 1 near the vertex which is not horizontal ends with an arrow
decorated with (0).

In Figure 6, the three Newton trees are equivalent. The canonical
representant of the class is the first one.

Equivalent Newton trees represent f in different systems of good
coordinates.

Proposition 2.12. Newton trees of f € Cl[x,y]] in different systems
of good coordinates have the same number of vertices. This number is
called the Newton complexity of f.

2.5. Combinatorial properties of Newton trees. .
12



Proposition 2.13. If vy is the preceding vertex of v with nearby dec-
orations respectively (qo, po) and (q,p), we have

q = Pogop + M.
where (M, p) are the nearby decorations of v on the Newton tree where
S(v) = {v}.
Proof. See [6].
O

DEFINITION 2.14. Consider a path on a Newton tree. We say that a
number is adjacent to this path if it is not on the path and is a nearby
decoration of a vertexr on the path. If the path contains an arrow, the
decoration of the arrow is a number adjacent to the path.

DEFINITION 2.15. Consider an edge on a Newton tree, its edge deter-
minant is the difference between the product of the numbers on the edge
and the product of the numbers adjacent to the edge when the edge is
incident to two vertices. If the edge is incident to one arrow, its edge
determinant 1s the product of the decorations on the edge.

Corollary 2.16. (1) In the process of gluing, the edge determi-
nants remain constant.
(2) All edges determinants are strictly positive integers.

Proof. This is a consequence of the previous proposition. O

Proposition 2.17. The decoration (N) of a vertex v on a Newton tree
is the sum over all the arrows F of the tree, of the products of the
numbers adjacent to the paths [v, F].

For a proof see [6], Proposition 3.3.

REMARK 2.18. From this proposition we see that when the tree is con-
structed, the decorations of the vertices are not needed any more because
we can compute them from the decorations of the edges. But, anyway,
we have to keep in mind that we know them from the beginning.

2.6. Computation of the intersection multiplicity using New-
ton trees.

Proposition 2.19. The intersection multiplicity of two branches f
and g is equal to the product of all the numbers adjacent to the path
going from the arrow representing f to the arrow representing g on any
Newton tree where f and g are represented.

Corollary 2.20. The decoration N, of a vertex v of a Newton tree of
a germ [ is equal to the intersection multiplicity of the curvette C, and

f.
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See [6] Proposition 5.3.

Given a Newton tree, the arrows decorated with positive multiplici-
ties correspond to branches with the same multiplicity. Along horizon-
tal paths from the first vertical line to any arrow one can compute the
Puiseux pairs of the branch. One can also compute the intersection
multiplicity of any two branches. Then the data of the Newton tree of
f give the topological type of f. Given a decorated tree satisfying the
condition of positivity of edge determinants there exist germs f with
this Newton tree.

The Newton tree of f,without specification of edges as horizontal or
vertical coincide with the splice diagram of the link of the singularity
of f at the origin defined by Eisenbud and Neumann [§].

3. NEWTON SPACE

In this section for a series f € C[[z,y]], we describe a morphism
mp : Uy — C?, where Uy is a toroidal variety with quotient singular-
ites, 7y is birational and has the property that the proper preimage of
f = 0 does not intersect the singular locus of U; and is transversal to
the exceptional set of 7. Its construction is much simpler than the
construction of log-resolution of pair (C?, C') where C'is the zero set of
f. We show that Uy comes with the atlas of affine surfaces which are
global quotients by cyclic group and hence provides resolution of pair
(C?,C) in the category of orbifolds.

3.1. Factorization of monomial maps. Let N be a free abelian
group of rank two with fixed basis {E), E»}. We use the latter to
identify N with Z2. Elements of N will be represented as column
vectors e.g. F; and Fy correspond to (0,1) and ‘(1,0) respectively.
Let NT be the subset of vectors with positive coordinates.

3.1.1. The variety U,. Let {P;, P»} be a pair of primitive vectors in
N*. Let P, =" (p;, ¢;) and assume that A = det(Py, Py) = poqi —p1q2 >
0. Let

o =cone(Py, Py) = {tP, + sPy,t,s > 0}

The toric surface corresponding to this cone will be denoted U, (cf. [9],
p. 4). Tt is biregular to a quotient of C? by a cyclic group. Let us recall
the description of the order of this cyclic group and its action yielding
Us.

Let *(p},q}) be the unique vector such that pjq1 — p1g} = 1 and
0 < paq) — 2Py < p2qi — p1g2- The relation

“p2, @) = (pr, 1) + d' (P — p1, gy — @)
14



yields two integers ¢, d and we have
d=A, c=A—(p2qy — qpy) >0, ged(c,d) =1

Let G4 be the group of d-roots of unity. Then the variety U, can be
parametrized via

c? — CYGy =~ U,
(t,t2) = (¢, Cta) = (ug = tats, ug = 1§, ug = 13)

We can also define the variety U, the following way. Let *(p4, ¢5) be
the unique vector such that pagy —pig. = 1 and phq1 —gip1 < p2gi—qaps-
We can write

“(p1, 1) = & (pa2, q2) + d' (P — P2, Gy — o),
where ¢ = A — (phgr — ¢4p1) > 0.
C? — C2/G€l ~ U,
(t1,ta) = (Cat1, (5 ta) > (G = tg, Uy = tty, U3 = 1)

Note that c¢ is congruent to 1 modulo d.

DEFINITION 3.1. Let I1, : C2 — C? be given by:
(t t2) = (2 = 15y = t1'1°)
The maps Kk, and 7, in the diagram:
Cc? & U, 7% C?

will be called the (toric) uniformization and the (toric) blow up respec-
tively.

Lemma 3.2. The morphism 7, : U, — C? is birational.
Proof. Let (x,y) be the coordinates on C?. We have

ypllfpl yp2 xth
Uy = U = —— Uus

qul_(h ’ a2 ’ - ypl

O

The lines D3 := {u; = 0,uy = 0} and Dy := {u; = 0,uz = 0} are
contained in U,. The line Dj contracts by 7, on the origin in C? if
and only p; is different from 0, and the line D, contracts by 7, on the
origin in C? if and only if ¢, is different from 0. If d > 1 the origin in
C3 is a singular point in U, with a quotient singularity.
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3.1.2. Gluing U, and U,,. Let o be the cone cone(P;, P,) as before and
o’ be the cone( Py, P;) with Py = (p3, ¢3) and p3ga — pags > 0.
We have

c: — U, — C?
(t1,12) = (=015 y = 1'15)
c? — Uy — C?
(t1,t2) = (v =10,y = 11°1)
We glue U, and U, along Dy on U, and D} on U,,. We have uy = g%

and uj = z% Then let A be a point on Dy. Its coordinates are (0,&,0)
on Uy, (0,0,¢) on U, and 7,(A) = 7,0 (A).

3.1.3. Decomposition of o into o1 U d}. Let Py = (ps3, g3) be such that
psq1 —q3p1 > 0 and pags —ps3ge > 0. Denote by oy the cone cone( Py, Ps).
Let (uy,ug,us) the coordinates in C* such that U, ¢ C3 , . and
(ui,u}, ul) the coordinates in C* such that U,, C Ci%,%ué. Let (¢1,dy)
be defined as before for the cone o;.

We have by 7, *

c: — U,
Pl —p1

(z,y) (Ulziqi—_ql, UQZ%, U3:§%)

The morphism 7,, is the factorization to U,, of the morphism

c: — U, — C?
_ ,,p1,.P3 _ ,,91,.493
(v1, v2) = (=0 y = vl ed?)
After a short computation, we deduce
_ ca _ 1 __ ,,41P2—q2p1 ,,q3P2—P3q2 _,dr 1

Then we have a morphism from C? to U, which factorizes to Us,,.
Denote by 7, , this factorization. We have

Mgy = Tg OTgy o

The morphism 7,, , is the identity from D} on D3 and the line D]
contracts to the singular point in U,.

We can also consider the cone ¢}, cone(Ps, P,). Using the second
parametrization of U, we can define the same way as before, a mor-
phism 7, ,. We have

Mgl = Tg O Tg! o

Now the morphism . , is the identity from DY on D, and D}’ con-
tracts on the singularity of U,. We can glue Uy, and U, as before and

we have a morphism from this new variety to U,.
16



3.1.4. Newton maps. Let {Py,---, P,,} be given positive primitive in-
tegral vectors in N*. We denote by Py = F; and P, = F».

To begin, we consider the cone o, = cone(Fy, P,,) and the cone
o = cone(P,,, Pyi1). We consider the variety U, and the morphism

7., Wwhich is the factorization of the Newton map
c: — U, — C?
(t1,t2) = (v ="y = 4ty")

We glue U,,, and U, along D3 and D:{”. We get a variety U, and
a birational morphism m,, which is 7, on the chart U, . The line
Dy = D™ contracts on the origin of C2. The lines DJ* and D,™ are
not contracted. There is a singularity at the origin of U, (resp. Uy )
if and only if the cone o, (resp. o/,) is not regular.
Next we consider the subdivision of ¢,, in two cones 0,1 = cone(Py, Pp,_1)
and the cone o/, | = cone(P,,_1, Py,). We consider the variety U,, |
and the map 7, _, which is the factorization of the Newton map

c: — U, — C?
(t1,12) = (z=8""y =4t )
This map factorizes through U,,,. When we glue U,,, , and U, = we
have a birational morphism m,, ,,—; from this variety on U,, which is
the identity on D/Qm_l. We glue U, along DJ" and extend 1 by
the identity in this chart. We obtain a variety U,,_; and a birational

map T, m—1 from Up,_; to Uy,,. On the chart U, , we have

Tom © Tmm—1 = To,,

Finally we get a toric variety U associated to the subdivision and a
birational morphism 7 from U to C2. Along one exceptional divisor E,
the morphism 7 is the Newton map 7,, where E = D} on U,,. The
variety U is smooth if and only if the subdivision is regular.

We denote 77 (0) = UZPE(P;) where E(P)) = D}, E(P,) = Dy --- E(P,,) =
Dyt

The configuration graph of the exceptional divisor of 7 : U — C?
is a linear graph with m vertices. We will represent this graph on a
vertical line. We represent the divisors E(P),--- , E(P,,) from top to
bottom. We connect the vertices by a segment since the divisors inter-
sect. We add an edge at the top and at the bottom with arrows since
they represent E; and FE, but not exceptional divisors. To keep the
information on the subdivision, we decorate the vertex corresponding
to E(P;) with ¢; on the edge above the vertex and p; on the edge under
the vertex. Usually we don’t write the decorations for £} and FEs,, but

they appear in the computations as (0,1) and (1,0). The number d
17



FIGURE 7
attached to a cone is computed as the edge determinant of the corre-

sponding edge, ie. the product of the numbers on the edge minus the
product of the numbers adjacent to the edge.

©0)

E;

FIGURE 8

Each edge of the dual graph corresponds to a quotient singularity,
of type the determinant of the edge. For the top and bottom edge it is
¢1 and p,, respectively.

ExAMPLE 3.3. We start with a Newton polygon with two faces with

equations 3a + 25 = 12 and 3a + 48 = 21. We obtain the set of
18



primitive vectors {P; =' (3,4), P, =' (3,2)}. We set as before Py =
(0,1) and P; = (1,0). We consider the cones oo = cone(Po, Py) and
ol = cone(Py, P3). We have a toric variety Uy which is the gluing of
Uy, and Ugé and a birational map m from Uy to C* with one exceptional
divisor Ey and ms|Ey is the restriction of the morphism

c: — U, — C?
(t1,t2) = (x =1,y = t13)

Now we split the cone o in o1 = cone(FPy, P1) and o] = cone(Py, Py).
We have a toric variety U which is the gluing of Us,, Uy and U,y and
a birational map © from U to C? with two exceptional divisors E; and
E5 intersecting each other. The restriction of m to Fo is the restriction
of mg to Ey. The restriction of m to Ey is the restriction to Ey of the
morphism

c* — U, — C?
(t1,t2) = (2 =18,y = tty)

The toric variety U is singular with 3 quotient singularities.

We represent the two exceptional divisors by two vertices with an
edge connecting them since they intersect. We represent the lines D)}
on U,, and D on Usy by an arrow decorated with (0). They are not
exceptional divisors.

3.2. Resolution of germs of plane curves. Let us begin by an
example:

ExAMPLE 3.4. Consider the germ

fla,y) =2° —y?

The Newton polygon of f has one face with equation 2a0 + 33 =
6. We consider the two cones o = cone(*(0,1),"(2,3)) and o' =
cone(*(2,3),! (1,0)). The gluing of U, and U, gives a toric variety
U and a birational morphism from U to C2. There is one exceptional
divisor E1 and the restriction of m on Ey is given by the restriction of
the morphism

c: — U, — C?
(t1,t2) = (z =15,y = tit))
We have
ft.0t5) = t5(1 = 17)
which means

™ f=C+6E(P)
19



where C' is the proper transform which intersects transversally the di-
visor Ey in one point and is smooth.
The Newton tree associated to this germ is

0

© O—

(0)
FIGURE 9

The vertex represents the divisor Ey. It is decorated with (6) which
1s the multiplicity of f on this divisor. The numbers 2 and 3 represent
the quotient singularities in U, and U,:, and the arrow represents the
strict transform of C'.

Let f be a given complex analytic function of two variables defined
on an open neighborhood of the origin such that f(0,0) = 0.

We can consider the Newton polygon of f. Let S € N(f). Assume
the line supporting S has equation pa + ¢8 = N, then we associate
to S the vector ‘(p,q). Then to N(f), we associate {Py,---,P,}. Tt
gives us a simplicial cone subdivision 3 of N*. Then we can associate
a toric variety U and a birational morphism 7 : U — C? such that
771(0) = UZPTE(P;). Notice that if we forget about the decorations
of the arrows and of the vertices, the graph associated to the Newton
polygon of f is the graph dual to the divisor 771(0) with two arrows
decorated with (0) at the top and the bottom.

Let infg = cx®ybs Hfjl(xq — yP)"t. The exceptional divisor inter-
sects the proper transform C' at kg points. Let C; be the union of the
components of C' which pass through (1,0). The divisor 7* f is given

by
m  k; m—1
B D) LIRS SR
i=1 1=1 =0
If the germ is non degenerate, the components of the proper transform
are smooth and transversal to the F(P;). And the vertices of Newton
tree of f represent the E(P;) and the arrows not decorated with (0)

represent the components of C'.
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If the germ is degenerate: Now if C; is not smooth or doesn’t in-
tersect transversally with F(P), we consider (j,0) as the origin in C?
identifying E(P) with Ey. If Iy - (f) is not in good coordinates,
we perform a change of variables which leaves E(P) fixed. We con-
sider the Newton polygon of fH(p,q,un and the corresponding morphism
m : Uy — U. And we do the process again until we get the strict
transform of C', smooth and transverse to the exceptionnal divisor.

Now recall the following (cf. [13],]26]).

DEFINITION 3.5. A toroidal variety is a pair (X, B) where X is an
algebraic variety and B a Zariski closed subset such that for any x € X
there ezist a toric variety (V,, D,) with a fived 0-dimensional orbit z’

and neighbourhoods U,, U, in complex analytic topology of x and x'
respectively in X and V, such that (U,, U, N B) = (Uy, D, N Uy).

With his we have the following:

Theorem 3.6. There exists a toroidal variety U and a birational mor-
phism @ : U — (C%,0) such that

Tf=Y Cit+ > NuE,

such that the strict transforms of f are smooth, this divisor has normal
crossing and the Newton tree of f is the dual graph of this divisor and
the N,, are the decorations of the corresponding vertices. The singular-
ities of U are on the intersections of the divisors E,,, they are quotient
singularities given by the edge determinant of the corresponding edge
in the Newton tree. In particular U (and the Newton tree) determine
the dual graph of smooth resolution via standard resolution of cyclic
quotient singularities of U

Proof. Let U be the variety obtained after the final step iteration of
toric blow ups corresponding to subdivisions of the first quadrant cor-
responding to the Newton diagrams and changes to good systems of
coordinates at the points intersection of the proper preimage of the
zero set of the power series which singularitiy get resolved with the ex-
ceptional set of the toric blow up. Let UFE,, be the union of the proper
preimages of the exceptional sets of all iterations. For each step, the
toric blow up preserves toric structure, but good change of coordinates
may destroy toric structure only at the smooth point of an exceptional
curve at which this coordinate change is made. Denote them P and
Ep respectively. Toric blow up at P, produces toric variety with re-
spect to the toric structure in the new coordinate system. The proper
preimage of Ep intersects the exceptional set of the toric blow up at

P at smooth point. The boundary divisor consists of two smooth at
21



this point, curves (i.e. the proper preimage of Ep and the exceptional
curve) and hence has obvious toric structure. U

REMARK 3.7. The variety U together with the uniformization of sets
U, providing the cover of U also has the canonical structure of orbifold
(cf. [1]) or stack. The resulting orbifold is not a global quotient in gen-
eral. This provides the alternative category in which one has canonical
resolution of singularities of f

REMARK 3.8. In the next section we shall consider the problem of
extendability of 2-forms on the abelian covers z;"* = f; where f; are
irreducible components of a germ f =0 (cf. 4.1). After pull back this
abelian cover on U the problem becomes about holomorphic extention
of forms on resolution of singularities of the abelian cover of U ram-
ified over the exceptional set of U. Since singularities of U are cyclic
quotients with exceptional curves near such singularity forming at most
two orbits in resolution, one adds to exceptional curves of U only curves
intersected by at most two other components of exceptional set i.e. res-
olution of quotient singularities does not add “rupture” curves. Such
components in smooth resolution do not add restrictions on extendabil-
ity (cf. [5]) Hence extendability of forms on abelian covers enough to
check only on the exceptional curves which appear on U.

We shall finish this section with calculation in terms of the Newton
tree of the multiplicities of the pull back on the canonical resolution
U of holomorphic on C? 2-form. If v is a vertex on the Newton tree,
denote by v, = multgm*(dx A dy), if E is the divisor corresponding to
.

Proposition 3.9. (1) If the vertex v corresponds to a face of the
Newton polygon of f and is decorated by (q,p) then v, = p+q.

(2) If the vertex v with nearby decorations (q,p) has preceding vertex

vo with nearby decorations (qo,po), then v, = v,,p + 0, where

0 = q — ppogo-

Proof. We can compute the differential using the Newton map.
Consider the Newton map:

=2ty = 2y + pf)
Then
dr = pat il duy, dy = qui (y1 + pf )dy + xidy,
Then

dx N\ dy = prﬂ_luildxl A dy
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which proves the first part of the proposition and
e A dy = pxll’“er‘s_luz/dxl A dyy

because the Newton map is in this case

x=afpy,y =2y + pf)

4. POLYTOPES OF QUASI-ADJUNCTION

In this section, we will show how to compute explicitly polytopes of
quasi-adjunction using Newton trees.

We first recall some definitions and results concerning polytopes of
quasi-adjunction [5].

4.1. Ideals and polytopes of quasi-adjunction. Let B be a small
ball about the origin in C? and let C be a germ of a plane curve having
at 0 a singularity with r branches . Let fi(z,y)--- f.(z,y) = 0 be
a local equation of this curve (each f; is assumed to be irreducible).
An abelian cover of type (mq,---,m,) of OB is the link of complete
intersection surface singularity

(1) le,---,mr :Zinl :fl(xuy)7”' 7277«7% :fr(xvy)
The covering map is given by p: (21, -+, 2, 2,y) — (2,7).

An ideal of quasi-adjunction of type (ji,--- ,jrlmi,---,m,) is the
ideal in the local ring of the singularity of C consisting of germs ¢ such
that the 2-form:

0 o st

1=l ome—1
Zl ZT’T

extends to a holomorphic form on a resolution of the singularity of
| S
Let
U={, - ,z)eR,0<z <1}
be the unit cube with coordinates corresponding to fi,-- - , f.. Consider
an ideal of quasi-adjunction 4. There is a unique polytope P(.A) open-
subset in U such that: For (my,---,m,) € Z" and (j1, - ,J,) € Z"
with 0 < j; <m;, 1 <i<r
Al e+l

A g A(jla "'7j7“|m17 "'7m7") = (
my my

) € P(A)

A face of quasi-adjunction is a face of the boundary of the polytope
P(A). It follows that it can be characterized as follows. Let E; be the

exceptional curves of an embedded resolution 7 : C2 — C2 of fy-...- f, =
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0. Let N;x = multg, 7*(f;) be the multiplicity of pullback of f; to C2,
v, = multg, 7 (dz A dy) and for a germ ¢ € Oo, ex(¢) = multp, ().
Then the face of quasi-adjunction containing p = (J;n—tl, - j:n—tl) el

is the face o of the boundary of the set of points satisfying:

(3) Z Ni,kil?i > Z Ni,k — ek(¢) —uv,—1

for all ¢ in the ideal of quasi-adjunction A(jy, .., j.|m1,...,m,) (and
such that p € «). In particular for (j1,...,j.|m},...,m.) for which
the corresponding point satisfies (3) the form w, extends over all E;.
However for (4!, ..., j.|m},...,m.) on the face itself there exist ¢ in the
ideal of quasi-adjunction for which wy has pole on one of the exceptional
curves.

4.2. Computation of faces of quasi-adjunction. Let fi,--- . f. a
collection of irreducible germs. We consider the Newton tree associated
to fife--- fr. Denote by V the set of vertices of the Newton tree. To
each v € V we associate the linear form

(4) l,(s) = Z Nyi(si — 1) + v,

where N, ; is the intersection multiplicity of f; with a curvette C, and
v, is computed by Proposition 3.9.

Theorem 4.1. (1) Let ¢ be a germ, then the polytope of quasi-
adjunction associated to ¢ is defined by the set of inequalities

L(s) > —eu(9)

for all v € V, where e,(¢) is the intersection multiplicity of ¢
with a curvette C,,.

(2) For allv € V there exist ¢ and a face of the polytope of quasi-
adjunction associated to ¢ with equation

L(s) = —eu(9)

The first part of the theorem is a consequence of the discussion of
part 3 which says that there is a bijection between the vertices of the
Newton tree and the rupture divisors in a resolution, and Proposition
3.1 of [5], which says that we only need those divisors to compute the
polytopes of quasi-adjunction.

The proof of the second part will occupy the remain of the section.
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4.2.1. The case r=1. As we have seen in [5], the polytopes of quasi-
adjunction ¢ (which in this case are called the constant of quasi-adjunction)
are such that 1 — ¢ is an exponent between 0 and 1. We will recover
Saito’s theorem. We will compute exponents instead of constants of
quasi-adjunction.

Let f be an irreducible germ. Its Newton tree is as Figure 10.

(V)

=
=
&
)
=
X

0 0 (0) (0)
FIGURE 10

We denote (q,p) = (qo,po), the decorations of the first vertex. We
assume qo > po. We denote 0; = ¢; — piPi—1Gi—1-
We have indexed the vertices from 0 to r. The first part of theorem

4.1 says that the constant of quasi-adjunction associated to ¢ is given
by 1 — €(¢) where

(¢) = min tol0)
=0, Diq; [ [141 Pj
We denote by
ei(¢) = Lerz(@
Pig; Hi“ bj
and we call it the invariant of the vertex v; associated to ¢.
We will define a set of ¢ which gives all the exponents and such that
the invariant along the horizontal path is decreasing to the minimum
and then increasing. We need some technical lemma.

Lemma 4.2. For i from 0 to r, we have
pigi —vi >0

Proof. For ¢ = 0, we have poqy — o = poqo — Po — qo > 0 since pg > 2.
Assume that p;q; — v; > 0.

Pi+1Gi+1 — Vi+1 = pi+1(Qipipi+1 + 5z‘+1) - (Vipz'+1 + 5i+1)

Pit1Gi+1 — Vie1 = Pit1(Di@iDis1 — Vi) + (Dix1 — 1)0ix1 > pigi — v > 0
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O

DEFINITION 4.3. We consider irreducible germs C{, Cy, Cy, - - -, C,. with
Newton trees as in Figure 11.

Co
! ql q2 77777777777777777 qj
p Pi P2 o
Co ¢ G, G
FIGURE 11
We define

6= CrCkCy O

We assume
Vi,lSiST,OSCZ‘<pi

Define
Ao = apo + bqo

Ai+1 = A’Lpz+1 + Ci+1£]i+1,i = 0’ ey — 1
Lemma 4.4. For i from 0 tor — 1, we have

€i(¢) — €ir1(o)

dit1
= ———— (Vi — pigi + Ai)
qiqdi+1 H, Dj
Proof.
ViQi+1 — Vit+1Piqi = Vi(piqZ‘piJrl + 5i+1) - (Vz'pz‘ﬂ + 5i+1)pi%’

ViQi+1 — Viy1Piqi = 5i+1(Vi - piQi)
We have to compute g;y1€i(d) — pigieir1(9)-

% i r—1
ei(0) = (apo+bgo) [ [ i@ [ [ pi+- - - +aci+pigilciot -+ [ [ )
1 2 141

i+1 i+1
ei+1(¢) = (apo + bgo) Hpj +qa Hpj + ot QiCiPir1 + Gir1Cigt
1 2
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r—1
+Pir1Gi+1(Cigz + -+ Cr Hpj)
i+2
Then
Qi+1€i(¢> - pz‘%€z‘+1(¢) = 0j114;
O
Lemma 4.5. [f Aio < Pio%ioc — Vig» then VZ, w<1<rT, Al < Ppiq; — V;.
Proof. Assume A; < p;q; — v;.
Ay = Aipi1 + cin1Ginn < (Piti — Vi)Dia + G (piv1 — 1) =

i+1 — Vit1 T Pit1Git1 — Git1 = Pit+1Gi+1 — Vit1

Next proposition will be used in all the remain of the article.
Proposition 4.6. Let ¢ be as in definition 4.3. Then
€(¢) = €, (9)

where 1y s such that for 0 <1 <o, A; > pigi—v; and Ay, < PigGio — Vi -
Moreover, the sequence €;(¢) is decreasing for i < iy and increasing for
1> 1.

Proof. If, for 0 < i < iy — 1, we have A; > p;q; — v;, then

€i(@) > €i41(9)
Then for 0 <3 <4y —1
€i(¢) > €i,(9)

We have for ig <7 <r, A; < p;q; — v; and

€i(@) < €i41(9)

M. Saito [23] has proven the following

Theorem 4.7. Let f be an irreducible plane singularity with Newton
tree as in Figure 10

Then the exponents between 0 and 1 are given by the following for-
mula

1 k k k
S B
ILpi pi a [T ps
wher60<k1<pi,0</€2<qi, %+%<1,0§k3<1—[:+1pjf07“
0<1<r.

61'(/?1,/?27/43) =

We prove that
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Proposition 4.8. For each i and ki, ko, k3, there exists ¢ as in propo-
sition 4.6 such that e;(ky, ko, k3) = €;(¢) = €(o).
Proof. We have to prove that for each 7,0 < ¢ < r and for each
(k1, ko, k3) there exists ¢ such that
1 k k k
(_1 + 2 3

[Lapipi e Iliap

and

We can write
Vi =(q; — pi(pi—l(h’—l - Vi—l)
ei(@) = qupi + Biqi + Vipiti
Then
vi +e;(¢) 1 Bi+1 o —pi—1Gi—1 + Vi1
r = T -+
Pid; H7;+1 Pj Hz‘+1 P Di 4q;
Let

+ %)

O = Pi—1Gi—1 — Vie1 + ko, Bi = k1 — 1,7 = ks.
We have
a;p; + Biq; = kopi + k1gi — v < pigi — Vi
Now we show that we can find (a,b, ¢, -+ ,¢.) with 0 < ¢; < p; for
1 <4 <r, such that
6= Clchos -,
We have 0 < k3 < HZH pj, then we can write

Vi = Cit1 + Cip2Pit1 0+ CrPig1 Prot

with 0 <¢g<pfori+1<I<r.
We will show that there exists (a,b, ¢y, ,¢;) positive integers such
that a; = A; and we set 5; = ¢; < p;. We need the following

Lemma 4.9. Let p,q positive integers prime to each other. Let a be
a positive integer a = pq + k with —p — q < k. Then there exist
0<n,0<m<p such that a = np + mgq.

Proof. Choose a pair (n,m) € Z? such that a = np + mqg. One can
choose m such that 0 < m < p. If a = pqg+ k with £ > —p — ¢ then
n > 0. O

Lemma 4.10. For 0 <1 <r, we have v; < p; + q;.
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Proof. For i = 0, we have vy = pg + qo. For 0 < i,

Vi = Vi—lpi+5i—1 = Vi 1Pi+qi—DPi-19i-1Di = (Vi—l_pi—1Qz‘—1)pi+Qi < pit+qi
O

We have
Q; = Pi—1qi—1 — Vi—1 + k.

with ky > 0. Then the equation o; = a;1pi—1 + [i1¢i—1 admits a
solution in positive integers with ;1 < p;_1.

We have

Qi1 > Pi—2qi—2 — Vi—2
Since
Q;1Pi—1 + 51',1%_1 > Pi—14i—1 — Vi—1
@i1Pi-1 > (Pi1 — Bin)Gi—1 — Vi
Q;1Pi—1 > (pi—l - 51',1)(]91‘—2%—2]%—1 + 5i—1> - (%‘—2]%‘—1 + 5i—1)
a;1pi—1 > (pic1 — Bip — 1)6im1 + (Pi—2qi—2 — Vi—2)Pi1
Then we can write

;1 = QiaPi—2 + Bi2Gi—2

with 0 < B2 < pi—2 and a;2 > pi_3Gi—3 — Vi_3.
We define oy = A1, 6, = ¢, Q51 = Ai72;6i,1 = Ci—1" Qi1 =
Ao, Bi,i—l = ¢;. We have AO > Poqo — Vo and we write AO = apg + bqO
O

REMARK 4.11. (1) The last proposition prove that the numbers e;(k1, ko, ks3)
are exponents between 0 and 1. Then the bounds for ki, ko, k3
imply that they are all the exponents between O and 1 and then
we have a new proof of Saito theorem.
(2) We have

Vi 4

=¢o(1) = €(1).

min =
i Pig; Hi+1 P;  Podo H1 Pj
This is the minimum of the exponents and is called the log-
canonical threshold.
(3) Foralli#01— el = 1 —¢;(1) is an exponent. In fact
we can write
piti [ [ pi—aitpi(picigi-1—vie1) = a(pi—1)+pi(pic1gi—viea ) +pigs([ [ pi—1)
i+l it1
vitei(¢)
Pigi [ 1;41 P
is an exponent for | # i. One

This is not true that for any ¢ the minimum I8
vitei(4)
par[l41P5
example 18 given by (p07 QO) = (27 3)7 (ph QI) = (27 13)7 (p27 QQ) -
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(2,53) and ¢ = C1Cy. We have 23/24 < 50/52 < 102/106,
23/24 is an exponent, but 2/52 and 4/106 are not. This remark
18 connected to the monodromy conjecture and the recent work
of Nemethi and Veys [20].

We can show that for each vertex there is an exponent obtained by
this vertex and no other.

Proposition 4.12. For each i, there exist ¢ such that €;(¢) = €(¢) and
for all ¢ and j # 1, e(¢) # €;(¢).

To prove this result we need some lemma.

Lemma 4.13. For all j > 1, and all k < i, we have
1 1 1 1 k k
(—+— (= + = +ks)
Hi+1 Pr P q; Hj+1 P Py q;

and

1 1 1 1k k
—(—+ = (= + = +ks)
[Lopp @ " Ileap pe @

Proof. Assume that there exists (ki, k2, k3) such that
1 1 1 1 kv ko
)= (24 2

— +
Hiﬂpz pi 4 Hj+1pz p; 4gj

kg)

that is
1 1 1 k k
(4 =)=+ =+ k)
We have ];1 + k2 + k3 > i] and L)< pij. Then the first

1‘[3 g (p qi
assertion is proved.
Assume that there exists (ki, ko, k3) such that

k

1 1 1 1 k
— )= (272 4 ky),
Hi+1 b DPi qi Hk+1 b Dk gk
that is
1 1 1 k k
- - ( : + — 2 + kg)

Pi G Hk+1pl Pk Gk

On the left hand side, the denominator is p;q;. On the right hand side,
the denominator is a divisor of g Hk o But pigi > qr Hk pi. The
second assertion is proved. O

Now we can prove proposition
30



Proof. Consider a vertex of the Newton tree v decorated with (p;, ¢;).
Consider the exponent H + é) We found a ¢ such that

1
it
1 1 1 v; + €Z(¢) Vj + €j<¢)
—+)= <
[Liappi o pigi [l pigs Hj+1 Di
for j # i. Assume there exits m # i and ¢’ such that

1 1 1 e (d tei(d
EE U + €m(d) _ v+ e;(¢)
L @ pm@mllnar g I

V'm+e7n(¢,)
Pmdm Hm+1 b

adjunction, it is an exponent and so can be written I L (B k).
j+1PL Py q;

This is not possible using the previous lemma. Then the exponent

1 (1 Ay o
T (5 + ;) is given by the vertex v and no other.

for j # m. Since is 1 — ¢ with ¢ a constant of quasi-

O

4.2.2. Induction step. We want to prove the theorem by induction. We
need the following proposition.

Proposition 4.14. The intersection of the polytopes of quasi-adjunction
of fi---f. with the hyperplane s; = 1 are the polytopes of quasi-
adjunction of fo--- f.

Proof. The polytopes of quasi-adjunction of f;--- f, are given by in-
equalities

Zsz 2_1 +Vv+ev(¢)>0

where v runs over all the vertices of the Newton tree of f;--- f.. We
have to show that when s; = 1 we only need inequalities with v running
over the vertices of the Newton tree of f5--- f,.

To delete f; we cut an horizontal edge e arising from a vertex v. We
have two cases. Either the edge e ends by an arrow and we do not
delete any vertices except eventually v, or we delete a line of vertices.
We study this case.

Let v and v’ be the two vertices ending e. If we cut e the vertex v’
is deleted. We prove that the inequality

ZN’U’L ’L +VU+6U(¢)>0
implies

Zsz Si +VU +€U(¢)>0
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q ——=
P
q
v
AN

FIGURE 12

The vertex v is decorated with (g, p) (neither one on e) and the vertex v’
is decorated with (¢’,p’) (with ¢’ on e), we denote by § = ¢’ — pgp’ > 0.
We have, for i # 1, Ny, = ' Ny, vy = 1,p + 6, and we can write

en(9) = a+ Bbpq + cpg, e, (¢) = ap’ + abp’ + ¢’

ZNU" — 1) + vy + ey (0)

T

= (D Nualsi = 1) + v+ eu(0))p' + p'bla = Bpg) + (¢ +1)5

2

>2sz S; +Vu+ev<¢)

for all ¢. The same computatlon shows that if v” is the vertex attached
to v’ on the Newton tree of f;, we have the inequality

ZNUZ Sg +VU +€U<¢)>0
implies
Z N’U”i S; — 1 + Uy + ev//(¢) >0

Now if v is not a Vertex on the Newton tree of f5--- f,. the inequality
corresponding to v is not needed from Proposition 3.1 in [5].
O

Now we can prove the theorem. We use induction on the number r
of irreducible branches. It is true for r = 1. Assume it is true for any
set of r — 1 of irreducible functions. Consider fi,--- f.. We consider
the intersection of the polytopes of quasi-adjunction of f;--- f. with
the hyperplane s; = 1. This gives the polytopes of quasi-adjunction of

fo- -+ fr. Then all the vertices on the Newton tree of fs - - - f,. contribute.
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If we have all the vertices of f; - - - f, we are done. Otherwise we consider
all the possible choices of r» — 1 functions amongst fq,---, f.. All the
vertices of the Newton tree of fi--- f. will appear except in the two
cases:

(1) r =2 and v is decorated with (¢, 1)
(2) r =3 and v is decorated with (1,1).

4.2.3. Exceptional cases. The rest of the section is devoted to the proof
of these particular cases.

We have to consider those cases separately.

Case 1.1

This is the case where v is connected by an edge to the arrows rep-
resenting f1 and fs.

We consider first the case where we have only one vertex.

0

(0)
FIGURE 13

The log canonical threshold is ¢(s; — 1) + q(se — 1) + ¢+ 1 > 0.

q, q
) )
FIGURE 14

The polytopes of quasi-adjunction are given by the following inequal-
ities:
qopo [T pi(s1 — 1) +qopo [y pi(s2 —1) +m +eo(¢) >0
QTpr(Sl - 1) +Q7‘pr(52 - 1) +l/’f‘ +er(¢) > O
q(s1—1) +q(s2 — 1) v te(¢) >0

All the hyperplanes defined by the equality are parallel.
33



If we could erase the last inequality, we would have the inequalities
defining the polytopes of quasi-adjunction in the case the two germs
separate on the vertex decorated with (g, p,) (Figure 15).

9,
P

) ()
FIGURE 15

But we know that the number of intersections of the polytopes of
quasi-adjunction with the line s; = s, inside the cube is the Milnor
number. The Milnor numbers of the two singularities differ by ¢ — p,.q;.
Then we need all the inequalities.

EXAMPLE 4.15. (see Figure 16)

Co
3 /
13 53 107
O
’ ? ’ \
Co G G

FIGURE 16

The polytopes of quasi-adjunction are given by

24(81 — 1) + 24(82 — 1) + 5+ 60(¢) >0
52(s1 — 1) +52(sg — 1) + 11 +e1(¢) >0
106(s; — 1) +106(sa — 1) +23 +e2(¢) >0
107(s; — 1) +107(sy — 1) + 24 +e(¢p) >0

We take ¢ = C\,C1Cy and the corresponding face of quasi-adjunction is
given by
107(s;1 — 1) +107(sy — 1) + 111 =0

Case 1.2
We first consider the following case (see Figure 17).

We consider ¢ = 1.
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FIGURE 17

We have the set of following inequalities to compute the log-canonical
wall.
qllopi(s1—1) +q(sy — 1) +v >0
qopo [ I3 pi(s1 — 1) +qpo(sa —1)  +1o >0
gipi [ [ pi(s1 = 1) +qllopi(s2—1) +v3>0
Since we have for all ¢ from 0 to r — 1,

Vi Vit1
l-—>1-
Y21 Hi+1 Y2 Pi+14i+1 Hi+2 Pj
and
V; Vi
TR S
q 1Ty ps qIly" pj

the inequality qopo [} pj(s1 — 1) + gpo(sa — 1) + v > 0 implies the
inequalities ¢;p; [[;; pj(s1 — 1) + ¢y pi(s2 — 1) + 15 > 0 for 4 from 1
to r. We are left with the two inequalities

qIlopi(s1—1)  +q(s2—1) +v>0
qopo [11pj(s1 —1) +qpo(sa —1) +15 >0

We compute the intersection of the two lines ¢ [ [y pj(s1 — 1) + ¢(s2 —
1) +v = 0 and gopo [[1pj(s1 — 1) + qpo(s2 — 1) + vy = 0, which is
(s1=1— ﬁ, Sg=1-— %), which means that the log-canonical wall is
J

a breaking line and that the equation ¢ [ p;(s1 —1)+¢(se—1)+v =0
does occur.

Now we consider (see Figure 18)

We chose ¢ as in proposition 4.6 such that

; ; 1 1 1
max(1 — @)y g (4
J P;q; Hj+1 b Hi+2 b Giv1 Pita
That means that with the notation of Definition 4.3 we have ¢ =
Co*CoCY -+ G ei(9) = Ai = pigs — vi + 1.
35




N

FIGURE 18

We have to consider

4ipi [ pi(st = 1) + qipi [T pi(s2 = 1) + v+ e5(¢) > 0,5 < i
@ipi [T pi(s1 — 1) + qipi(s2 — 1) +vi +ei(¢) > 0
qILiipi(si = 1) +q(s2—1) +v+e(p) >0
Gi+1Piv1 [ Lo pi(s1 — 1) + qpiva(s2 — 1) + vig1 + €ip1(d) > 0
i [ (s = 1) + gl pilsa — 1) + v +ei(¢) >0, >i+1

Since, for 5 > i+ 1

1 Vit ej(9) o Vit + ej11(0)
D;q; Hj+1 b Pj+1qj+1 Hj+2 b
and
Yt e;(®) o M eji1(0)

q Hg—I—l Yz q Hfill b ’
because vj1 + €j11(¢) — (v; + €;(¢))pj+1 = 0;41. Then the inequality
Gir1Pit1 [ Lo pi(s1 = 1) 4 qpisi(s2 — 1) + Vig1 + €i41(¢) > 0 implies the
inequalities ¢;p; [, pi(s1 — 1) +q[[j,, pi(sa — 1) +vj+ei(d) > 0,5 >
1+ 1.

We have, for j < i,

1Yt e;(4) o1 Yim +ej_1()
D;q; H;H D Dj-145-1 H; b
I ] CO N e 1 )
Pjq; H3‘+1 b Pj—1qj-1 H; b

Then the inequality ¢pi [[;4,pi(s1 — 1) + @ipi(s2 — 1) +vi + ei(¢) > 0
implies the inequalities ¢;p; [1,,, pi(s1—1) +q;p; [ [y pi(s2 — 1) +v5+
ej(¢) > 0,j <.
Then we are left with the inequalities
¢pi [ ;01 pi(s1 — 1) + qapi(s2 — 1) +vi +ei(¢) >0
QHZ‘_le(Sl - 1) + Q<32 - 1) +v+ e(¢> >0

Gir1Pir1 [ Lo Pi(51 — 1) + qpiya(s2 — 1) + vig1 + €ipa(4) > 0
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The second one implies the first one. In fact since e;(¢) = p;g;—vi+1 =
e(¢), we have

_wteld) | vreo)

Pig; Hi+1 bi q Hz’+1 D

1_ Vi + €i(9) <1 v+ e(o)
y21s q

Then finally we have to consider two inequalities

qILiip(si = 1) +q(s2 —1) +v+e(p) >0
Gir1Pir1 [ Lo 2i(51 — 1) 4+ qpia(s2 — 1) + vig1 + €ipa(d) > 0

The intersection point of the lines ¢ [, ; pi(s1 —1) +q(s2 — 1) +v +
e(¢) = 0 and gip1piy1 [T o mi(s1 = 1) +qpiyi(s2— 1) +vig1 +eipi () = 0
is (s = 1— ﬁ, Sg =1 — é) Then we have a polytope of quasi-

i+ J
adjunction with a broken line as face and the inequality ¢ [, ,, pi(s1 —
1)+ q(s2 — 1) + v+ e(¢) = 0 does occur.

EXAMPLE 4.16. (see Figure 19)

©)
61
15
]
7
(©) 0)

T

(95}

[\S)

(0)
FIGURE 19

We have a face of quasi-adjunction given by
28(s1 — 1)+ T7(s2—1)+8>0,60(sy — 1) + 14(so — 1) + 17> 0

Case 1.3 (See Figure 20)
The log-canonical wall is given by the equations

qITy pi(s1— 1) +qlly ph(sa—1) v >0

P T pi(si — 1) b I p2(sa— 1) 414 >0

Pt Tl ot si— 1) +qlBn Ty pi(sa—1) +v} >0,0<j<r!
Wil pisi—1)  BAIL pi(s2—1)  +14 >0

Tl 2
aIIe P IT5 pi(si—1) 4031 pi(sa—1) +v7 >0,0 <k <r?
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FIGURE 20
We have
1 1
1—— 5 9 Vit
1.1 1 11 1
p;q; Hj+1 P P14 Hj+2 P
and
1 1
Y Vit1

1

N j1] T22>1_ J+L 17T, 2
allop 1o Pi qIlo™ » 1o Pi
Then we have to consider the three inequalities

ally plesi =1 +ally phsa—1) 40 >0
poao LTy pi(si=1) +app Iy pi(s2 =1) +vp >0
aps 1o pi(si = 1) +psag [} pi(s2—1) +15 >0
We show that the three lines

7.l 7,~2
(0) QHO 11011(31 - 1) +q Ho 2pl2<52 - 1) +r =0
(1) phag [T, pi(si—1) +apy 1o 219?(82 -1) +y5 =0
(2) aoglly pi(si—1) +pgag I pi(s2—1) 45 =0

constitute the log-canonical wall.
We have

]__l/—&>]_ v

= E——
podo I1i »; ¢ITo »i
Then the intersection of the line (1) with the line {s; = 1} is greater
than the intersection of the line (0) with {sy = 1}. The same for the
intersection of (2) and {s; = 1}.
Now we show that the intersection of the lines (1) and (2) is on the

same side of the line (0) than the origin. The intersection of (1) and
38
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FIGURE 21

(2) is given by

rl

(a0as — ¢*pord) [ [ i (s1 — 1) + viaf — oapp = 0
0

r2

(qas — a*pord) [ [ pi(s2 — 1) + vab — viaw = 0
0
We have

(g5 — a°popg) = q(6'ph + 6°pg) + 667

Voo — Voqpy = q(8'pg — 8°pg) + 6'0% + vpyd?
A simple computation gives the result.
Then the log canonical wall is given by the three lines

1 7,.2
(0) QHO pi(si=1)  +qlly 21)12(82 -1 +v =0
(1) Poqo H1 pi(si=1) +apllo pilsa=1) +1g =0
(2) qpp Ho Py (51 —1) +p0qo H1 P (52 —1) +V§ =0
and the first vertex does occur.
EXAMPLE 4.17. (see Figure 22)
The log-canonical wall is given by the three inequalities
4(s; —1)+4(so—1)+2 >0
10(51—1>+8<82—1)+5 >0
8(s1—1)+10(so—1)+5 >0

Now we study the case where the separation occurs as in Figure 23
We consider ¢ such that

1— 1 ( 1 n 1 _1_ Vg1 + eip1(9)
rl 1
Hz+2 pl qH'l pi""l QZ-i-lpH-l H'L+2 pl
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0

(0) (0)
FIGURE 22
Co
9o )
— i
Po Pi
Cy &
FiGURE 23
. 1iel
is maxp<j<,1 1 — Y1 (@) and

1
1,1 T 1
475 11171

P SRV S S vin el (9)
2 D) 2 2
H:+2 p12 Yiv1 Pito Qi2+1p12+1 H;rz p12
vitel(9)

18 maX0<j<T2 1-— ) .
== @03 I 41 p]

This can be achieve with ¢ = C2C%--- Cf with A; = pig; — v; + 1
with notations of 4.6.
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We have to consider the inequalities

a0 T (51— 1) + oy [Ty pR(s2 — 1) + v + €5(0) > 0,0 < j < i
@pi Hzil pi(s1— 1) + qips H:H pi(sa = 1) + v +ei(¢) >0
qHz+1pl (51 —1) +QHH_1pl (s2—1)+v+e(®) >0
qz+1pz+1 Hz+2 P [(s1—1)+ qu+1 H 3L1 P (52 1) + Vz‘l+1 + 6}+1(¢) >0
qlfﬂrl Hz+1 pi(s1—1)+ qz‘+1pi2+1 [0 f(s2 = 1)+ v}, +ei (o) >0
Gy v (s1 = D)+l o [ pi(s2 = 1) +vp +en(9) > 0,i+ 1 <m <!
q T 3 T P (st = 1)+ @ T P2 — 1) 02+ €4(6) > 0,0+ 1 < m <7
where for 0 < j <ip; =p; =pf and ¢; = ¢; = ¢}.
As before, we don’t need the two last sets of inequalities.

We have
1— Lfl@)l o Mt eleS@I
;5 [T 11 Py a-1pj—1 [ p
and
Lo viteld) vt eia(d)

r2 r2
q;Pj Hj+1 P 4j-1Pj-1 Hj pi
Then we don’t need either the first set of inequalities. We are left
with
7‘1 7,2
api [ pi(s1 = 1) +api [T pi(s2 — 1) + v +ei(d) >0
r 9 r2 9
quz'le(Sl - 1)+q]_[i+1129l(32 -~ +v+e(p)>0
Gis1Pit 11_[:+2 pi(s1 = 1) +api [T pi(s2 = 1) + vl +eji(9) >0
quz-i-l H:H pll(sl - 1)+ qi2+lpi2+1 H:+2 pZQ(SQ —1)+ Vi2+1 + e?—s—l (¢) >0
We show that we don’t need the first inequality and that the three

last give a polytope of quasi-adjunction. Then the second inequality
does occur.

We have
L Vit 6:'1(@1 _q_ rteld)
aipi [ 111 Py q Herl 2
LY +6:2(¢)2 o rted)
4qipi Hi—l—l b q Hz—i—l P}

then the second inequality implies the first one.
We consider

,,,1 7"2
(0)q 1_[11'+1 pl1<51 —1)+ QHM ]2%2(52 —1)+v+e(@) =0
(1)%'1+1pz‘1+1 11_[;+2 pll(sl —1)+ qpilJrl H%q p12(52 —1)+ Vi1+1 + ez‘1+1(¢) =0
(Q)QP?H H:H pll<51 - 1)+ qi2+1p12+1 H;+2 pl2(52 —1)+ Vi2+1 + e12+1 (¢) =0
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As before, we show that the abscissa of the intersection of line (1)
with {so = 1} is greater than the abscissa of the intersection of line (0)
with {ss = 1}. In fact, we have

Vi1 + eiy1(9) oot v+e(¢)
T‘l
di+1Pi+1 Hi+2 pll q Hz+1 nl

1—

since

(v + e(9)dis1 — (Vi1 + €is1(9)) = 0" (e(d) +v —q) = &'
since e(¢) = piq; — v; + 1. Now, the intersection point of (1) and (2) is
given by

1
(at1a7 o — *piapia) [ oi(s1 — D+
i1
GiaVier — DiaVie)) + € (0)@7 — €21(B)apiy =0
2
(ah1a7 o — *piapin) [ oi(s2 — D+
i1
i Vien = WisiVier) + €1(0)d — €1 (P)apie, =0
We have

qil+1%2+1 - q2p}+1p?+1 = q(élpfﬂ + 52pi1+1) +6'6°
qi2+1Vz'1+1 - qu‘1+17/12+1) = 51pz2+1(’/ —q)+ 52qu1+1 +6'6?

611+1(¢)qz'2+1 - 322+1(¢)qu1+1 = €(¢)pi1+152
using the fact that e(¢) = p;q; —1v;+1, we can show that the intersection
point of the two lines (1) and (2) is on the same side of the line (0)
than the origin.

EXAMPLE 4.18. (see Figure 24)

C’O
15
2
3 7
] 0
15
2
0) (0)
FIGURE 24

42



The three inequalities give a polytope of quasi-adjunction.

14(51 — 1) + 14(82 — 1) +8>0
30(sp — 1)+ 28(sp — 1) + 17 > 0
28(s; — 1) +30(sy — 1) + 17 > 0

Then Case I is proved

Case 11
We study the case where r = 3 and the three germs are connected

by a vertex decorated by (1,1).

©

Chl

/qup&;) I
qu(lg) I
P’ l

0

©

FIGURE 25

We compute the log-canonical wall. We have to consider the follow-
ing inequalities.

[T} pl(si = ) +TT5 pPse — 1) +TT; #(ss -
aipiIL piGs— D+ I pi(s2 = 1) +pi [T; pi(ss — 1) +vi >0
p?l—ﬂlpl(sl - 1) +Q1P1H2 pi(ss — 1)+p1H1 pi(ss—1)+vf >0

) i1y pr(si—1) +p1H1 pi(se — 1)+Q1P1H2 pi(ss —1) +V1 >0
qzlpz Hl+1pl (s1 = 1)+ I pt H1 pi(s2— 1)+ [T\ p} H1 pi(ss—1)+vf >0,2<i<r
1T Pl = D+ G T pRGse = )+ TR TTY pios = 1)+ > 0,2 <
H1 p H1 pi(s1—1)+ H1 v H1 pi(s2 — 1) + @}p} Hk+1pl (53— 1) +vi>02<k<r
It is easy to check that the three last sets of inequality do not contribute
to the log-canonical wall. We show that the four remaining inequalities

all contribute to the log-canonical wall. Let
7"1 7‘2 7"3
OT1 pitsr =D+ pilss =) =L pilss =1)+2=0
(Dgipi E[Q pi(s1—1) +p% [T pi(s2 =) +pIL pi(ss =1) +11 =0
(2)p? H1 p(s1—1) +¢ipi H2 pi(sa — 1) +p1 H1 pi(ss—1)+v{=0
) 0

(3)]71 Hl P (51 —1) —l—p1 H1 Y (52 —1)+ Q1p1 H2 b (33 - 1)+ Vio’ =
43
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We consider the intersection of the planes (0), (1), (2) with {s; = 1}. It
is easy to verify that the trace of the log-canonical wall is given by (1)
and (2) and that the the three lines intersect. Then the first inequality
does occur in the log-canonical wall.

© @

()]

FIGURE 26

FIGURE 27

We have finished the proof of Theorem 4.1 (see Figure 27).
4.3. Computation of the log-canonical wall.

DEFINITION 4.19. The Newton nest of a Newton tree is the set of
vertices v whose set of preceding vertices S, is empty or satisfies, for
all v € S, with nearby decorations (¢, p') either p’ =1 or ¢ = 1.

REMARK 4.20. The Newton nest of a Newton tree doesn’t depend on
the system of coordinates since for all vertex in the Newton tree there
exists a system of coordinates such that this vertex is on the Newton
polygon. Note that there doesn’t exist in general a system of coordinates

such that all vertices are on the Newton polygon.
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ExXAMPLE 4.21. (see figure 28)
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FIGURE 28

In this example all vertices of the Newton tree belong to the Newton
nest of the Newton tree. On the right hand side of the figure we show
the Newton tree in a different system of coordinates.

Theorem 4.22. (1) The log-canonical wall is given by the set of
iequalities

> Niw(si=1)+v,>0

where v runs through the Newton nest of fi--- f,.
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(2) For each v in the Newton nest of f1--- f. there exists a face of
the log canonical wall with equation

ZNi,v<Si - 1) + v, = 0

Corollary 4.23. The product of Y N, ,(s; — 1)+ v, where v runs over
the Newton nest divides all polynomials in the Bernstein ideal.

The corollary is a consequence of Theorem 4.22 and [5].

Proof. The log-canonical wall is given by the inequalities

> Nig(si—1)+v,>0

where v runs through all the vertices of the Newton tree. We first prove
that if v doesn’t belong to the Newton nest, then the corresponding
inequality is implied by the inequalities with v in the Newton nest. A
vertex doesn’t belong to the Newton nest if its set of preceding vertices
S, is not empty and if there exists v € S, with nearby decorations
(¢',p') with p" > 1 and ¢’ > 1. Let v with nearby decorations (g, p)
be a vertex not in the Newton nest, {vg,--- , vy, v} its set of preceding
vertices. Let 7 be the biggest index such that the nearby decorations
of v; are (¢j,p;) with p; > 1 and ¢; > 1.
We have
q=qrp + 01,9k = qr—1 + 02, ¢j11 = ¢;Pj + Op—j41
Then g = g;pjp + 61 +p(d2 + -+ + Op—jr1 = ¢pjp + A
Vy = Uy, P + 517 Vo, = Vo4 + 527 e ’VUj—l = ij + 5k—j+17 Uy = ijp+ A
We have
WdiPj — Vo, 4 = A(pj%‘ - Vj)

Consider 1 <7 < r. We have 3 cases: The intersection of the path
between v; and the arrow representing f; and the path between v; and
v is
1) empty
2) is the path between v; and v
3) is a non empty part of the path between v; and v
)

)

Vy ..
vi

Ni,vj '

2) In this case, we have N;,.q = p;q;N, and since p; > 1 and

q; > 1, pjq; — v; > 0 we deduce that =~ > ;”] .
i,v v
(3) We denote by V' the vertex where f; separates from the path
between v; and v. We assume that V' has nearby decorations
(@, P). We denote by v;_; the preceding vertex of V. We have
Niw; = pjq; PN and N;, = pQN.
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(
(
(
(
(




,,,,,,, Q f
pj ! 1
% 77777777 Q/
| Q!
O
' p
®
Ch:
QT ©
| 6
q:
B0
9
q,
O
FIGURE 29

Vo,

We have ¢P — Qp > 0, then p;q;Ni, < qN;,,. Finally N”—”U > 5
Then we have proved that the inequality for v is implied by the in-
equality for v;.

Now we have to prove that indeed all inequalities for v in the Newton
nest occur in the log-canonical wall. We use induction on 7. The trace
of the log-canonical wall on the hyperplane {s; = 1} is the log-canonical
wall of fo, -+, fi.

If » = 1, the Newton nest consists in one vertex, the first one. Then
the result is proved in this case. Assume that it is true for r — 1.
Consider fy,---, f.. The Newton nest of f;--- f, is the union of the
Newton nests of f--- fi_1fix1--- f for all ¢ except in the exceptional
cases. But we already proved that in these cases the log canonical wall
is given by the Newton nest. U

EXAMPLE 4.24.
f1:y2—$57 f2=$4—y3
The inequalities to be satisfied are
10s1 + 8s9 > 11 — (ba 4+ 2b)  (8s1 + 1255 > 13 — (4a + 3b)

for all (a,b) € N
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There are three pairs of half faces of quasi-adjunction given as the
boundary of the sets

1051 + 8s9 > 11, 8s1 + 1259 > 13
1081 + 882 Z 97 881 + ]_282 2 10
1081 + 882 Z 7, 881 + 1282 Z 7
The other faces of quasi-adjunction are:
1081 + 882 = 5, 1081 + 882 = 3, 1081 + 882 =1
8s1+12s9 = 9, 8s1+12s9 = 6, 8s1+1259 = 5, 8s1+12s59 = 3, 8s1+1259 = 2, 8s1+12s9 =1
Any polynomial in the Bernstein ideal By, s, is divisible by
i=8
H(1081+882+2i+1)(881+12$2+7)(881+1282—|—10)(881+1282+11)(881+12$2+13)
i=3
881+1282+14)(881+1282+15)(881+1282+17)(881+1282+18)(881+1282+19)

EXAMPLE 4.25. The following example is degenerate.

fi=@ =", fa= (" =) + 2%
The log canonical wall 1s given by the two inequalities:

1251 + 8sy > 15 165, + 1255 > 21

There are two interesting features to notice in this example.
First we have a polytope of quasi-adjunction given by the three in-
equalities
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FIGURE 32

1251 + 8s9 > 13 2651 + 1659 > 27 1657 + 1259 > 18
Second, we have a polytope of quasi-adjunction given by
1651 + 1289 > 17 2657 + 1659 > 25

which shows that the set of vertices given a polytope of quasi-adjunction
1s not always connected in the Newton tree.
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5. DISTRIBUTION OF CONSTANT AND POLYTOPES OF
QUASI-ADJUNCTION

Shokurov made the conjecture and prove it in dimension two, that
the set of log canonical thresholds satisfy the ACC condition. This
means that there are no strictly increasing sequences of log canonical
thresholds. More over it is proven also that the set of limits of strictly
decreasing sequences of log canonical thresholds is the set {0,1/n},n €
N.

One can ask the question for other constant of quasi-adjunction. We
can answer this question for the constants of quasi-adjunction associ-
ated to ¢ = x%¢°.

Let f be any germ in C[[x, y]]. Consider its Newton tree, and denote
by V the set of vertices of its Newton tree. Then the constant of quasi-
adjunction of f associated to ¢ is

min Yo T So\P) + ev(qﬁ)
veY Nv

Ifp=1,1e. a=p=0, it is the log canonical threshold.
First, we will give an example of a sequence of f’s and ¢ for which
the sequence of constants of quasi-adjunction is increasing.

ExXAMPLE 5.1. Consider a germ with the following Newton tree.

0

do 49, +9

[\S)
[\

0 0

FIGURE 33

Let ¢ = y%. Then the associated constant of quasi-adjunction is

min{ : } =
4q0 " 18+ 8qo 18 + 8qo
When qo goes to infinity }gi—ggg 18 an increasing sequence which con-

verges to %.

In [18], it is proven that the Ascending Chain Condition holds for

LCT-polytopes, that is that all increasing chain of LCT-polytopes is
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eventually stationary. We give an example to show that it is no more
true for the polytopes of quasi-adjunction associated to a ¢ # 1.

EXAMPLE 5.2. We consider the germ with two irreducible components
whose Newton tree is the following.

(V)

2 13
3 2
)
q 4q+9
2 2
) )
FIGURE 34

We take ¢ = y?. we have the four inequalities

(1) 12(81 — ].)+ 8(82 — 1) > -9
(2) 26(81 — 1)—|— 16(82 — 1) > —19
(3) 8(s1—1)+ 4q(sy — 1) > —(2+3q)
(4) 16(s; — 1)+ 2(4¢+9)(s2—1)> —(13+6¢q)

The polytope of quasi-adjunction is given by the three lines

(1) 12(s; — 1)+ 8(sy— 1) = -9
(2) 26(sy — 1)+  16(sy— 1) = ~19
(4) 16(s; — 1)+ 2(4g+9)(s2—1)= —(13+6¢q)

When ¢ goes to infinity, the two first lines are fixed and the third one
tends to the line s, = 1/4. Then we have a non stationary increasing
sequence of polytopes.

Proposition 5.3. Consider a germ f € C[[z,y]]. Assume that the
nearby decorations of the wvertex connected by an edge to the upper
arrow are (qo,po) and that qo goes to infinity. Then the constant of
quasi-adjunction associated to ¢ = x®y” tends to %, where n s the
multiplicity of f.

REMARK 5.4. We retrieve the result for the log canonical threshold
that is when o = 0, 3 = 0 the limit is % proven by [12].
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FIGURE 35

Proof. Let V be the set of vertices of the Newton tree. We have to
consider
min Yot Cl®) €u(9)
% N,

We will show that for all v € V, %:(@ tends to g when ¢y goes to
infinity.

We prove the result by induction on the number of successive vertical
lines of the Newton tree.

Consider a vertex on the first vertical line.

For each vertex v; of the first vertical line, we define by n; the sum
of the products of the numbers adjacent to the paths containing the
horizontal edges issued from v;, between v; and the arrows. We have

n = ijnj

We have

vit+ei(¢) = (a+1Dpi+ (B+1)g
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and

T i—1
Ny =g ijnj + pi Z q5m;
i 1

We denote by 9; the edge determinant between v;_; and v;. We can
write

q; = qop;/po + fi(0,p)
where f; depends only on the ¢’s and p’s. We have gipy — qop1 = 91.
Then q; = qop1/po + 01/po. Assume q; = qop;/po + f;(6,p). We have
Qj+1P; — ¢jPj+1 = Oj41, then gj1 = qopj+1/po+ f3(8, P)Pj+1/Pi+0541/p5,
then g1 = qopj+1/p;j + fj+1(6,p). We can write

r i—1

Ni = qopi/po ijnj + pi Z(QOpj/pO + f3(d,p))n;
i 1
i—1

Ni = qopi/pon + pi Z (6, p)n;
1

vi +ei(¢) = (a+ 1)p; + (B + 1)(qopi/po + fi(d,p)
Then the assertion is proved for every vertex on the first vertical line.
We assume now that the assertion is true for all the vertices of the
k-th vertical line.
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FIGURE 37

We consider a vertex v on the k-th vertical line and we assume that

for this vertex
. v+e(p) B+1
lim =
gqo—>00 N n
Consider a vertex v; on a k + 1-th vertical line issued from v. We
have

V; + 61(¢) = Vp; + (5; + 6((/5)}91-
where (5: = (q; — qpp;. We can write

N = N’—I—qupjnj
1

Then
i—1 r
N; = N'p; + p; Z(]j”j + 4 ijnj
1 i
i1 r
N; = N'p; + p; Z(qppj + 5})7%' + (qpp: + 6;) ij”j
T i
i—1 T
N; =piN +p; Z o5n; + 0; ijnj
1 i
Then
vi +ei(¢) (v +e(d))pi + 9
Ni PN +p 30" O+ 07 Y5 pinyg
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Then the result is proved. O

(1]
2]
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