-

View metadata, citation and similar papers at core.ac.uk brought to you byff CORE

provided by HAL-UNICE

archives-ouvertes

Monodromy conjecture for nondegenerate surface
singularities

Ann Lemabhieu, Lise Van Proeyen

» To cite this version:

Ann Lemahieu, Lise Van Proeyen. Monodromy conjecture for nondegenerate surface singu-
larities. Transactions of the American Mathematical Society, American Mathematical Society,
2011, 363, pp.4801-4829 <10.1090/S0002-9947-2011-05301-8>. <hal-01280037>

HAL Id: hal-01280037
https://hal.archives-ouvertes.fr /hal-01280037
Submitted on 29 Feb 2016

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francgais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://core.ac.uk/display/52774256?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://hal.archives-ouvertes.fr
https://hal.archives-ouvertes.fr/hal-01280037

Monodromy conjecture for nondegenerate
surface singularities

Ann Lemahieu and Lise Van Proeyen *

Abstract.— We prove the monodromy conjecture for the topological zeta function for all non-
degenerate surface singularities. Fundamental in our work is a detailed study of the formula for the
zeta function of monodromy by Varchenko and the study of the candidate poles of the topological zeta
function yielded by what we call ‘Bi-facets’. In particular, new cases among the nondegenerate surface
singularities for which the monodromy conjecture is proven now, are the non-isolated singularities, the
singularities giving rise to a topological zeta function with multiple candidate pole and the ones for

which the Newton polyhedron contains a Bi-facet.
0. INTRODUCTION

In [We65], Weil introduced some zeta functions Z(K, f) that are integrals over a p-adic
field K and that are associated to a polynomial f(z) € K[z]. Igusa showed that these
zeta functions are rational and he studied their poles (see [Ig75] and [Ig78]). The analo-
gous integrals over K = R or C are meromorphic (see for example [At70] and [BeGe69])
and it is known that their poles are contained in the set of roots - and roots shifted
by a negative integer - of the Bernstein polynomial by. By Malgrange ([Ma83]), if a
is a root of by, then e?™ is an eigenvalue of the local monodromy of f at some point
of f71(0). So when K = R or C, the poles of the zeta function induce eigenvalues of
the local monodromy. The study of concrete examples made it natural to propose the
following two conjectures at the p-adic side.

Monodromy conjecture. ([Ig88]) Let FF C C be a number field and f € Flz]. For
almost all p-adic completions K of F, if sy is a pole of Z(K, f), then e2mile(so) g qn
eigenvalue of the local monodromy of f at some point of the hypersurface f = 0.

The stronger conjecture at the level of the Bernstein-Sato polynomial: ([Ig88]) Let
F C C be a number field and f € F|z]. For almost all p-adic completions K of F, if
so 1s a pole of Z(K, ), then Re(sg) is a root of the (local) Bernstein-Sato polynomial

bro(s) of f.

One calls this zeta function Z(K, f) the Igusa zeta function. When Denef and Loeser
introduced the topological zeta function in 1992 as a kind of limit of the Igusa zeta
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function ([DL92]), an analogous version of the monodromy conjecture arose. The mon-
odromy conjecture for the Igusa zeta function implies the monodromy conjecture for
the topological zeta function.

The conjecture has been proven in several cases. Loeser verified the conjecture
for the Igusa zeta function at the level of the Bernstein polynomial for plane curves
(see [L88]). He also gave a proof for a class of polynomials in higher dimensions; the
polynomial should be nondegenerate with respect to its Newton polyhedron and should
satisfy some numerical conditions ([L90] and Section 2). Rodrigues gave an alterna-
tive proof for the monodromy conjecture for plane curves (see [Ro04]). Artal Bartolo,
Cassou-Nogues, Luengo and Melle Herndndez proved the monodromy conjecture for
some surface singularities, such as for the topological zeta function for the superisolated
ones (see [A-B,C-N,Lu,M-H02]), and for the Igusa zeta function for the quasi-ordinary
polynomials in [A-B,C-N,Lu,M-HO06]|. In [LV09], Veys and the first author proved the
monodromy conjecture for the topological zeta function for surface singularities that
are general for a toric idealistic cluster.

In this paper we prove the monodromy conjecture for the topological zeta function
for all nondegenerate surface singularities. In Section 1 we explain the objects that
play a role in the monodromy conjecture, in particular the zeta function of monodromy
and the local topological zeta function. When the singularity is nondegenerate with
respect to its Newton polyhedron, then these zeta functions can be expressed in terms
of their Newton polyhedron. We recall these formulas and some basic notions in the
context of nondegenerate singularities in Section 2. We here also precise the conditions
that the singularities have to satisfy to be covered by the proof of [L90] and which we
can omit in this paper in dimension 3. In Section 3 we explain the strategy behind our
proof and execute it. Fundamental is an analysis of the formula of Varchenko for the
zeta function of monodromy ([Var76]). This allows us to show in dimension two and
three that all facets induce eigenvalues of monodromy, except some special facets that
we call By-facets. In Section 4 we will determine when these Bi-facets contribute a pole
of the local topological zeta function. Mostly they do not. When they do contribute
a pole, then we determine a vertex of the Newton polyhedron that gives rise to the
corresponding eigenvalue of monodromy. A combination of these results leads to the
monodromy conjecture for nondegenerate polynomials in dimension two and three. Al-
though already completely known in dimension 2 (see [L88]), we still mention here our
results in dimension 2 because we need them in dimension 3. In Section 5 we provide
some examples.

At first glance it seems that the same strategy could lead to a proof in arbitrary
dimension, but combinatorics are getting much more tricky and probably some new
tools are needed.

1. THE MONODROMY CONJECTURE

Let f: (C"0) — (C,0) be a germ of a holomorphic function. Let F' be the Milnor
fibre of the Milnor fibration at the origin associated with f and write h* : H'(F,C) —
HY(F,C), i >0, for the monodromy transformation.



Definition 1. The zeta function of monodromy Z(f,0) at the origin associated to the
polynomial f is
ok y . (_1)(i+1)
Z(£,0)(t) == [ [ (det(id* — th*; H'(F, C)))

1>0

One calls a an eigenvalue of monodromy of f at the origin if « is an eigenvalue for
some h* : H'(F,C) — H'(F,C).

In 1992 Denef and Loeser created a new zeta function which they called the topolog-
ical zeta function because of the topological Euler—Poincaré characteristic x(-) turning
up in it. Let 7 : Z — C" be an embedded resolution of singularities of f~1{0}. We
write Ej,j € S, for the irreducible components of 7= (f~1{0}) and we denote by N;
and by v; — 1 the multiplicities of E; in the divisor on Z of fom and 7*(dzi A. .. Adxy),
respectively. We denote also Ej := Njer E; and B} := Er\ (UjgrEj), for I C S. Let the
Ej,j€J:={1,---,r} C S, be the exceptional irreducible components of 7~1({0}).

Definition 2. The local topological zeta function at the origin associated to f is the
rational function in one complex variable

o _ 1
Ztop,f(s) = ZX(EIQW 1{0})HNS—|-I/
Ics ier 7t '

Denef and Loeser proved in [DL92] that every embedded resolution gives rise to the
same function, so the topological zeta function is a well-defined singularity invariant.
They also formulated the analogous version of the monodromy conjecture for the local
topological zeta function.

Monodromy conjecture for the topological zeta function. If sq is a pole of
Ziop,f» then e2m%0 s an eigenvalue of monodromy of f at some point of the germ at 0
of the hypersurface f = 0.

2. NONDEGENERATE SINGULARITIES

Let f € Clx1,...,z,] be a non-constant polynomial satisfying f(0) = 0. We write
f= ZkeZ’;o apz®, where k = (ky,...,k,) and zF = x]fl - ... xkn The support of f
is supp f = {k € Z%,|ay # 0}. The Newton polyhedron Ty of f at the origin is the

convex hull in Rgo of

U E+RZ,
kesupp f

A face of the Newton polyhedron is the intersection of I'y with a supporting hyperplane.
A facet is a face of dimension n— 1. A polynomial f(z1,...,z,) is called nondegenerate
with respect to its Newton polyhedron Iy if for every compact face 7 of I'g the polynomi-
als fr ==, apz® and 8f; /0x;,1 < i < n, have no common zeroes in (C\{0})". For a
fixed Newton polyhedron I', almost all polynomials having I" as its Newton polyhedron
are nondegenerate with respect to I' (see [AVG86, p.157]).



For nondegenerate polynomials a lot of invariants can be deduced from the New-
ton polyhedron. For instance it is possible to express the local topological zeta func-
tion and the monodromy zeta function in terms of the Newton polyhedron. Before
giving these formulas, we recall the needed notions. If ai,...,a, € R™\{0}, we call
cone(ay,...,ar) = {d i1 Niai | Ai € R,\; > 0} the cone strictly positively spanned by
the vectors ay,...,a,. Fix a cone A. If there exist vectors ay,...,a, € R"\{0} that are
linearly independent over R such that A = cone(ay, ..., a,), then A is called a simplicial
cone. If moreover aq,...,a, can be chosen in Z", we say A is a rational simplicial cone.
For a rational simplicial cone A spanned by the primitive and linearly independent
vectors ay,...,a, € Z" we define the multiplicity of A, denoted by mult(A), as the
index of the lattice Zay + ...+ Za, in the group of the points with integral coordinates
of the vector space generated by aq,...,a,. It is easy to verify that the multiplicity of
A equals the number of elements in the set

r
Z"H{Z)\iaimg)\i<1fori:1,...,r}.

=1

Moreover, mult(A) is equal to the greatest common divisor of the determinants of the
(r x r)-matrices obtained by omitting columns from the matrix A with rows aq,...,a,.

Let T'g be a Newton polyhedron in R™. For a = (a1, ...,a,) € R, we put N(a) :=
infyerya - x,v(a) == > 1 a; and F(a) := {z € Tg|a-z = N(a)}. All F(a),a # 0, are
faces of I'g. To a face 7 of I'g one associates a dual cone 7° C R, defined as the closure
in R" of {a € R%,| F(a) = 7}. This is a rational convex cone with vertex the origin, of
dimension n — dim 7. Note that the map 7+ 7° is inclusion-reversing. In particular if
dim 7 = n —1 then 7° is a ray, say 7° = aR>( for some a € ZZ,, and then the equation
of the hyperplane through 7 is a-z = N(a). If we demand that ged(a1,...,a,) = 1, this
a is uniquely defined. For a facet 7 we also use the notation N(7) and v(7), meaning
respectively N(a) and v(a) for this associated a € ZZ,,.

Suppose A = R>gay + - -+ +Rx>pa,, with a, ... La € 7%y linearly independent and
primitive (i.e. with relatively prime components). Then we put

mult(A)
[Tizi (N (ai)s + v(ai)

The dual cone 7° is not necessarily a rational simplicial cone. However, there always
exists a decomposition 7° = UleAi of 7° in rational simplicial cones A; of dimension
¢ = dim 7° satisfying dim(A; N A;) < £ if i # j. Such a decomposition is even possible
without introducing new rays (this is well-known, for a proof see [D95, Lemme 2]). To
an arbitrary face 7 of 'y we now associate the rational function

JIa(s) ==

where 7° = UleAi is a decomposition as mentioned above. Denef and Loeser showed
in [DL92, Lemme 5.1.1] that this function does not depend on the chosen decomposition
of 7°.



Theorem 1. [DL92, Théoreme 5.3] If f is nondegenerate with respect to T'g, then the
local topological zeta function at the origin is equal to

Zps(s)= D H&)+ g D (F)(dim m)Vol(r)J: (s).

T vertex of I'g T compact
face of I'o,
dim 7>1

For a face 7 of dimension 0, we put Vol(7) = 1. For every other compact face Vol(7) is
defined as the volume of 7 for the volume form w,. This is a volume form on Aff(7),
the affine space spanned by 7, such that the parallelepiped spanned by a lattice-basis
of Z™ N Aff(7) has volume 1. The product (dim 7)!Vol(7) is also called the normalized
volume of the face 7. If 7 is a simplicial facet, this normalized volume is equal to the
multiplicity of the cone spanned by the vertices divided by the ‘distance’ of the facet
to the origin. This distance is the number N in the equation Y ;" | a;z; = N of Aff(7)
(where ged(ag,...,a,) =1).

In this last theorem we clearly see that a set of candidate poles (containing all poles)
of the local topological zeta function is given by -1 together with the rational numbers
—v(a)/N(a) for a orthogonal to a facet of the Newton polyhedron in the origin. We
say that such a facet contributes the candidate pole.

Remark 1. There is also a graphical way to determine the candidate pole contributed
by a facet 7. If (r,...,r) is the intersection point of the diagonal of the first quadrant
with the affine hyperplane containing 7, then the candidate pole —v(7)/N(7) is equal
to —1/r.

Example 1. Note that f(z,y) = 2%y7 4+ 28y + 27¢y® + 20 + y'? is nondegenerate with
respect to its Newton polyhedron in the origin, so we can use Theorem 1 to compute its
local topological zeta function. The equations and volumes of the compact facets 7, 73

u é\ . Tﬂ\ 15
Figure 1 Figure 2 Figure 3

and 74 (see Figure 1) are respectively 5z + 2y = 24, Vol(1e) = 1,2 +y = 9, Vol(13) = 6
and x + 2y = 10,Vol(r4) = 1. The cones dual to the four vertices are all simplicial
(see Figure 2). We compute that mult (2,7)° = 3 (see Figure 3), mult (0,12)° =
2,mult (8,1)° =1 and mult (10,0)° = 1. The local topological zeta function is equal to
2 3 1 1
- + +
24s+7  (95s+2)(24s+7)  (9s+2)(10s+3) 10s+3

Ztonf(s)

5 1 6 1
Cs41 (243+7Jr 0512 103+3>
13552 — 55 — 14
(s+1)(9s+2)(24s +7)°
5 [




We now recall the formula for the zeta function of monodromy in the origin in terms
of the Newton polyhedron. This was done by Varchenko (see [Var76]) and uses the
formula of A’Campo (see [A’C75]). Again, let f(z1,...,2,) be a polynomial satisfying
f(0) = 0 and suppose f is nondegenerate with respect to its Newton polyhedron T'y.
Varchenko defines functions (,(t) for the compact faces 7 of I'y for which there exists
a subset I C {1,...,n} with #I = dim(7) + 1, such that 7 C Ly := {x e R"|Vi ¢ I :
r; = 0}. Let ) . ;a;z; = m be the equation of Aff(7) in its corresponding L, where
m and all a; (for i € I) are positive integers and the greatest common divisor of the
a;,1 € 1, is equal to 1. We put

C‘r(t) — (1 o tm)dim(T)!Vol(T)'

Theorem 2. [Var76] The zeta function of monodromy of f in the origin is equal to

Z(£,0)(t) =[] &)™,

where the product runs over all faces T of Iy for which (, is defined above.

Example 1 continued. We compute ((t) for 7 equal to the vertices (10,0) and
(0,12) and for 7 equal to the compact facets. We get

Cry (t) = (1 - t24)’ CTs(t) = (1 - tg)ﬁv <T4(t) = (1 - th)‘

For 7 equal to (10,0) or (0,12), the corresponding equations are respectively = = 10
and y = 12 and the volumes are both 1. This results in

Caooy(t) = (1 =t19), (o)) = (1 —t").
The zeta function of monodromy of f in the origin is equal to

1— 12
Z(1.000) = =gy

O
Notice that in the previous example all poles of Z,, r induce eigenvalues of monodromy.
Indeed, —3/10 is a false candidate pole. This candidate pole is contributed by what we
will call a By-facet. Also other kinds of facets can yield false candidate poles. The idea
of Loeser in [L90] was to show that almost all compact facets give rise to an eigenvalue
of monodromy. For 7 and o two facets of a Newton polyhedron, he defines (7, 0) to
be the greatest common divisor of the (2 x 2)-minors of the matrix with as rows the
relatively prime coefficients of the dual rays 7° and ¢°. Then he puts

AT, 0)
B(r,0)

v(7)
N(r)

ANr,0)=v(o) — N(o) and p(r,0)=

Using this terminology, his theorem is the following;:

Theorem 3. [L90] Let p be a prime number and K a finite extension field of Q,. Let
f € Klxy,...,zy,] be a polynomial satisfying f(0) = 0. Suppose f is nondegenerate with
respect to its Newton polyhedron 'y in the origin. If a compact facet T of I'g satisfies
the conditions



1. v(1)/N(7) is no integer;

2. for every facet o of Ty that is different from T and has non-empty intersection
with T, we have that u(T, o) is no integer;

—2miv(7)/N(T)

then e is an eigenvalue of monodromy of f at the origin.

Actually, this result is a corollary of the stronger statement he proved about zeroes of
the Bernstein-Sato polynomial. Notice that Theorem 3 can not be applied to facet 74 of
Example 1. In dimension three we now want to omit these conditions and include also
the poles coming from non-compact facets (such Newton polyhedra typically represent
non-isolated singularities).

3. DETERMINATION OF A SET OF EIGENVALUES OF MONODROMY

3.1. STRATEGY

To explain the objective of this section, we introduce the notion of Bi-facet. We say

that a facet 7 of an n-dimensional Newton polyhedron is non-compact for the variable
zj (1 < j < n)if for every point p € 7 the point p + (0,...,0,1,0,...,0) € 7, where
0,...,0,1,0,...,0) is an n-tuple with 1 at place j and 0 everywhere else. We define
the maps 7; : R® — R" ™ (z,...,2,) — (@1,...,55,...,2,) for j=1,...,n.

Definition 3. A simplicial facet of an n-dimensional Newton polyhedron (n > 2) is a
Bi-simplex with respect to the variable x; if it is a simplexr with n — 1 vertices in the
coordinate hyperplane x; = 0 and one vertex at distance one of this hyperplane.

A non-compact facet T of an n-dimensional Newton polyhedron (n > 3) is a (non-
compact) Bi-facet with respect to the variable z; if 7 is non-compact for exactly one
variable x; and if m;(7) is a By-simplex in R™ 1 with respect to x;.

A Bj-facet is a Bi-simplex or a non-compact By-facet with respect to some variable.

Throughout this section we are going to prove the following result about facets that
induce eigenvalues of monodromy.

Theorem 4. Let f be a complex polynomial in two or three variables. Suppose that f
is nondegenerate with respect to its Newton polyhedron Iy in the origin. Then for every
facet T of Ty that is not a By-facet, the complex number e~ 2™ (/N s an eigenvalue
of monodromy of f at a point in the neighbourhood of the origin.

The idea of the proof is the following. Remember that the zeta function of monodromy
associated to an isolated singularity in odd dimensions is a polynomial, in even dimen-
sions it is (1 — ¢) divided by a polynomial. Indeed, for isolated singularities, Milnor
proved that the cohomology groups H'(F,C) are {0} for i # 0 and i # n — 1, where n
denotes the dimension (see [Mi68]).

We will group the factors ¢, as defined in Section 2. For a compact facet 7 of a
two-dimensional Newton polyhedron, we define F. as

Fr = (CT)_I H Cpa



where the product runs over the vertices p € 7 that lie on coordinate axes. Then we
see that in dimension two the zeta function of monodromy in the origin is equal to

Z(£,0)(t) = 11 Fr. (1)

7 a compact facet

In Subsection 3.2. we will show that such a factor [ is the inverse of a polynomial
(except when 7 contains two vertices on the coordinate axes). This implies that a pole
of such an F} is also a pole of the monodromy zeta function at the origin.

Note that Equation (1) is not valid if the Newton polyhedron has only one vertex
and if this vertex is moreover of the form (a,0) or (0,a) for some a € Z>¢. In this case
the zeta function of monodromy is equal to 1/(1 — t%).

If we work with a three-dimensional Newton polyhedron, we first partition every
compact facet in simplices. For such a simplex 7 we define the factor F; as follows:

FT = <T H(Ccr)_l HC;IM
o p

where the first product runs over the line segments ¢ in 7 that lie in coordinate planes
and the second product runs over vertices p of 7 that are intersection points of two
such line segments (and hence lie on a coordinate axis). Note that for a partition of
a compact facet 7 into simplices 71, ,7, we have that ¢; = [[;_; (;,. Following the
formula of Varchenko, the zeta function of monodromy in the origin is

Z(£,0)t) = [T £ T]¢o) " [ & (2)

where the first product runs over all simplices 7 obtained after subdividing the compact
facets and the other products run over line segments ¢ in coordinate hyperplanes and
vertices p on coordinate axes for which (,, respectively ¢, was not used in any F;,. We
will show that every F is a polynomial and that for every compact (simplicial) facet
7 that is not a Bj-simplex, the complex number e~27(T)/N(7) is a zero of F,.. When
the Newton polyhedron does not contain any line segment in a coordinate plane that
is not included in a compact facet, then every compact facet that is no Bj-simplex
induces an eigenvalue of monodromy at the origin. When the Newton polyhedron does
not satisfy this condition, we might need to consider the zeta function of monodromy
at a point in the neighbourhood of the origin. Also for a non-compact facet that is
no Bi-facet we consider the zeta function of monodromy in a point different from the
origin to conclude that it induces an eigenvalue of monodromy. Lemma 9 is the key
lemma to handle these situations.

3.2. MONODROMY EIGENVALUES IN DIMENSION 2

In this subsection we explore the situation in dimension two. Note that then the
monodromy conjecture is already proven by Loeser (see [L88]). However, the result
about facets that induce eigenvalues of monodromy in dimension 2 will be needed later
on when we work in dimension 3.



Proposition 5. Let 7 be a compact one-dimensional simplex of some two-dimensional
Newton polyhedron. If T does not contain two vertices on coordinate azxes, then Fr is
the inverse of a polynomial. If moreover T is no By-simplex, then e 2™ (T/N(T) g ¢
pole of F-. If T contains two vertices on coordinate axes, if T is no Bi-simpler and
—v(7)/N(7) # —1, then e~ 2™(/N() s 4 pole of F.

Proof. First suppose that 7 does not contain any vertex on a coordinate axis. Then
F, = (&)~ ! and the number e~ 2™(T)/N(7) is obviously a pole.

Then suppose that 7 contains exactly one vertex on a coordinate axis. We introduce
the integers k,l,m as in Figure 4 and put g := ged(k — m, ).

@k

! (lm)

¥

Figure 4
Then g is the (normalized) volume of the facet 7,

k—m 1 Ik (1—t%)
<

AH(T) T+ ;y == g and FT == m

Since g divides [, F- is obviously the inverse of a polynomial. We need to verify if under

the condition [ > 1, the rational number sg = —% induces a pole >0 of F..

If g > 1, this is obvious. If g = 1 it is only false if €270 is a kth root of unity. This is
equivalent with [ being a divisor of £k — m, which can only be true if [ = 1.

Now suppose 7 contains two vertices on coordinate axes. Note that then the zeta
function of monodromy is equal to F.. Suppose the vertices are ({,0) and (0,k) and
suppose g = ged(l, k). Then the supporting hyperplane of 7 has equation (k/g)x +
(l/9)y =lk/g and l .

P
(1 — tik/9)9

(I+k)/g
lk/g

be false if €270 is a [th and a kth root of unity. This means respectively that k/2 and
/2 are divisors of (I + k)/2, so |l = k = 2 and sg = —1. This case was excluded. If
g = 1, the complex number e~ 27 (+k)/1k 5 o pole unless I or k divides [ + k, but since
g = 1, this implies that [ or k is 1 and 7 is a Bi-simplex. [ |

If g > 2 it is obvious that sy = — induces a pole of F.. If g = 2 this would only

The following theorem is Theorem 4 for a polynomial in two variables.

Theorem 6. Let f(x,y) be a complex polynomial that is nondegenerate with respect to
its Newton polyhedron Ty. If sy = —v(7)/N(7) for a facet T that is not a Bi-simplex



and not contained in a coordinate axis, then e*™*° is an eigenvalue of monodromy of f
at a point in the neighbourhood of the origin.

Proof. If the facet 7 is compact, this follows now immediately from Proposition 5
(taking into account that 1 is always an eigenvalue of monodromy).

Suppose T is not compact, then Aff(7) < = = a for a € Z~( and sg = —1/a. For
almost all k£ € C\{0}, the Newton polyhedron of f(x,y) at (0, k) is equal to the Newton
polyhedron of the polynomial f(x,y—k) at the origin. We choose such a k € C\{0} and
show that e~27/% is an eigenvalue of monodromy at the point (0, k). Notice that this
polyhedron only has one vertex, the point (a,0), and thus the polynomial f(z,y — k)
is nondegenerate with respect to its Newton polyhedron in the origin. So we can use
the formula of Varchenko to compute the zeta function of monodromy of f at (0, k).
This zeta function is equal to (1 —t%). We conclude that e=27"/% is an eigenvalue of
monodromy of f at the point (0, k). n

3.3. MONODROMY EIGENVALUES IN DIMENSION 3

To prepare the proof of Theorem 4 in dimension 3, we first show Proposition 8 and
Lemma 9. Lemma 9 is our key tool to handle non-isolated singularities. We will use
the following property on greatest common divisors.

Lemma 7. Let a,b,c and d be positive integer numbers. Then
ged(a, b)ged(c, d) = ged(ac, ad, be, bd).

Proposition 8. Let 7 be a compact simplex of some three-dimensional Newton polyhe-
dron. Then F; is a polynomial. Moreover, if T is not a B;-simplex, then e=2m(T)/N(7)
is a zero of F.

Proof. CASE 1: 7 DOES NOT CONTAIN A SEGMENT IN A COORDINATE PLANE.

If the 2-simplex 7 in I’y does not contain a segment that is lying in a coordinate plane,
then F, = (,. For such a facet 7 we clearly have that e~ 2™ (M/N(7) i a zero of F,.

CASE 2: T CONTAINS EXACTLY ONE SEGMENT IN A COORDINATE PLANE.

Part A. As illustrated in Figure 5, let 7 be the facet with vertices with coordinates
(a,b,c),(0,k,1) and (0,m,n) and let o be the segment with vertices (0, k, ) and (0, m,n).
The equation of Aff(7) is given by

z(k(c—n)+bn—10)4+m(l—c)+y(all —n)) + z(a(m —k)) = a(ml — kn).

(The integers k,n,b and ¢ might be zero, but not in a combination that introduces a
new line segment in a coordinate plane.) Let g, be the greatest common divisor of the
coeflicients:
gr = ged(k(c—n)+bn—10)+m(l—c),a(l —n),a(m —k)),
= ged((I—=n)(m—=0b)+ (m—k)(n—c),a(l —n),a(m —k)).

10



Figure 5

The normalized volume of a facet can be computed by putting its vertices in a ma-

trix and dividing the determinant of this matrix by the distance N (7). Hence we find
a(ml—kn)
(dim7)'Vol(7) = g, and (- (t) = (1 — ¢~ o7 )97

The segment ¢ has as equation in the coordinate plane x = 0

y(a(l —n)) + z (a(m — k)) = a(ml — kn).

Let g, := gcd(%, w) The normalized volume (dimo)!Vol(o) of o is equal to
a(ml—kn) g g,

9292 — ged(l —n,m — k) and thus (,(t) = (1 —t 9790 ) o . We get

p =

a(ml—kn)
(1=t or )9r

a(ml—kn) grgs

(1 — t 9t 9o ) a

F, =

As g*(f" divides [ —n and m — k, it also divides g,. This shows that F) is a polynomial.

Part B. We will now show that e 27#(1)/N(7) ig 4 zero of F,. The candidate pole
—v(1)/N(7) is equal to

_(k(c=n)+b(n =0 +m(l—c)+all—n)+a(m—Fk))/gr
a(ml —kn)/g, ’

This rational number would not induce a zero of F if

go = a and g;g, | k(c—n)+bn—1)+m(l —¢c)+all —n)+a(lm — k).

Since grg, is a divisor of the last two terms, it follows that g, must be equal to 1 to
avoid a contradiction with the definition of g.. So also a = 1 and 7 is a Bj-simplex.

We conclude that when 7 is not a By-simplex, then e 2(")/N(7) ig a zero of Fr. When

T is a Bj-simplex (so a = 1), it can easily be seen that g, = ged(l — n,m — k). This
implies that g, = 1 and F, = 1.

CASE 3: T CONTAINS EXACTLY TWO SEGMENTS IN COORDINATE PLANES.

11



Figure 6

Part A. Let 7 be the facet with vertices (a,0,c¢), (0,0,1) and (0,m,n). Let o1 be the
segment with vertices (0,0,7) and (0,m,n) and let o2 be the segment with vertices
(0,0,1) and (a,0,c), as illustrated in Figure 6. We first show that F; is a polynomial.
The equation of Aff(7) is given by

z(m(l—c¢)) +y(a(l —n)) + zam = aml.

(One of the integers n or ¢ might be zero, but not both.) Let g, be the greatest common
divisor of the coefficients: g, := ged (m(l — ¢),a(l —n),am). We find (dim7)!Vol(1) =

aml

g- and hence (- (t) = (1 —t 97 )97,
The segment o1 has as equation in the coordinate plane x = 0

y (a(l —n)) + zam = aml.

a(l—n) am
gr

am 9r9oq —
gr

a

). The normalized volume of o is equal to ged(l—n, m)

aml

Let gy, := ged(

gr9oq

and thus (,, (t) = (1 — t979%1) "o ", Analogously for the segment oy we find that

aml goo

Con (1) = (1 — 177902 ) "7 | with 97922 = ged (1 — ¢, a).
Let p be the intersection point of the segments oy and o3. Then (,(t) = (1 — t)).
We then get that

aml
(L—tH(1—tor )or
o1 aml gt 9gog :

_aml grg _aml
(1_t97’90’1) P (1_t97’90’2) poy

By using Lemma 7 we can conclude that always

F, =

9790, + 91909

< ged(l —n,m) - ged(l —c,a) +1
a m

gr +1

IN

and that
9790, + 9r9o, <gr

a m

whenever % # 1 and % #£1. Ifg, > % —l—%, then clearly F is a polynomial.
Suppose now that % + % = g; +1 and that %L = gcd(l—n,m) = 1 (which also

a
implies that ¢g,, = m). To show that F; is a polynomial, we prove that a root of both

aml aml —
9gr9oq’ GrGoy :

factors in the denominator is also a root of (1—#'). We show that gcd (

12



Now ged (g“;” , g“;” > = ged(m, a/gr) = ged(ge,, gy ) and this last greatest common
T 0'1 T 0'2

divisor is equal to 1 by definition of g..

Part B. Now we investigate when e~ 2™ (1)/N(7) is a zero of F,. When 7 is a By-simplex,
we may suppose a = 1. This implies g, = ged(l — n,m), g,, = 1 and % =1,
which leads to F, = 1. So from now on, we suppose a,m > 1. The candidate pole
sg = —v(71)/N(7) is equal to

(m(l—c¢)+a(l —n) +am)/g,
aml/g: )

The number e~ 27(1)/N(7) ig certainly a zero of F; if ¢, > % + %. Let us see

what happens when g, < % + %. One can check from the definitions of g, and
g0, that €270 is a zero of the first factor of the denominator if and only if g,, = 1. We
also have the analogous statement for the second factor. Since a,m > 1 the number
e2™is0 ig a zero of F, if this number is a zero of at most one of the two factors of the
denominator. If g, = g,, = 1 we are in the situation g, < £ + 22 So ¢ = m = 2.
First note that then g¢,/2 = ged(l — n,2) and g¢,/2 = ged(l — ¢,2). We conclude that
ged(l —n,2) = ged(l — ¢, 2) and thus (I —n) + (I — ¢) is even. The candidate pole s is
equal to

20—=¢c)+2(l—n)+4
41 ’

Since the numerator is divisible by 4, the number €7 is a zero of (1 — #!), which
proves our result.

—2miv(7)/N(T)

We conclude that when 7 is not a Bi-simplex, then e is a zero of . When

T is a Bj-simplex, then F,. = 1.
CASE 4: 7 CONTAINS THREE SEGMENTS IN COORDINATE PLANES.

Part A. Let 7 be the facet with vertices (a,0,0),(0,0,1) and (0,m,0). Let o1 be the
segment with vertices (0,0,7) and (0,m,0), let o9 be the segment with vertices (0,0,1)
and (a,0,0) and let o3 be the segment with vertices (0, m,0) and (a,0,0). This notation
is illustrated in Figure 7.

(0.0

Figure 7
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The equation of 7 is given by
z(ml) +y(al) + z(am) = aml.

We define g;, 9oy, 9o, and g, such that

9790,

= ng(lv m)7

= ged(a, m), = ged(a,l). (3)

gr = ng(ml7 al, am), o
a

97903
m

We then get that

F, = (1—tH(@ —t™)(1 —t*)(1 —t sr )9

aml_  grgoq aml Jgoo aml grgog *

(1 __thgol) 2 (1 __thgoz)ng (1 __t97903) e

This is certainly a polynomial, since it is equal to the zeta function of monodromy of
an isolated singularity.

Part B. If a,m or [ equals 1, the facet is a Bj-simplex. Suppose a = 1. Then g, =
ged(l,m), which implies ¢g,, = 1. Moreover we know @ = % = 1. All this leads
to F- = 1 —t. Note that this could be known in advance, since in this case I'y is the
Newton polyhedron of a polynomial with a regular point in the origin. From now on,
we suppose a,l,m > 1. We investigate whether e=2™#(7)/N(7) ig always a zero of F;.
The candidate pole sg = —v(7)/N(7) is equal to

l - 1 1 1
~(Um+al+am)/g (L Ly
aml/g, a m 1

When g, > gTZ‘” + gT‘;]"Q + 9751”3 , then €270 ig certainly a zero of F;. First we claim for
j =1,2,3: the complex number e27%° is a zero of the jth factor of the denominator if
and only if g,, = 1. This follows from the definitions of the greatest common divisors.

Suppose now that g, = gTz"l + gT?” + gTiJS. It can only happen that €270 is not a
zero of F, if €™ is a zero of the three factors in the denominator. This implies that
9oy = Joy = Gos = 1. On the other hand, we then have é + % + % = 1 and this means
that €270 = 1 is a zero of every factor in the numerator. In this way we find that e27s0
is a (multiple) zero of Fr. So we are left with the case that g, < gTZ"l + gT?” + 9751"3.
If €250 is no zero of any factor of the denominator, then we are done. If only g,, = 1,

then we use a > 1 to conclude that >0 is a zero of F,. So we also suppose g,, = 1.

e If gy, # 1, the only situation where ™50 might be canceled as a zero of F, is
when g, < g./a+ g-/l. This implies a = [ = 2 and g, = g,;/a + g,/l. In this
case we find sy = —mTH and moreover we see that e2™0 is a zero of the factor
(1 —¢™) of the numerator.

o If also g,, = 1, we have 1 < % + % + % We may suppose a = 2. The equations
(3) are now

gr = 2 ged(l,m), gr =1 ged(2,m), gr = m ged(2,1).

We can easily see that [ and m can not be both odd. So suppose [ is even. If
also m is even, then g, = 2m = 2I. We know that then the condition 1 < % + %

14



should be satisfied. Since m is even, we are in the situation a = m =1 = 2. One
calculates that then

(1—2)3(1 — )"

(1—2)2(1 — £2)2(1 — 12)2 =1—¢

F, =

which leads to the fact that e?™50 = ¢=3™ = _1 i a zero of F.

If m is odd, we have g, = 2m = [. In this case we can calculate

(1 _ t2m)(1 _ tm)(l _ t2)(1 _ t2m)2m

F
T (1 — t2m)m (] — $2m)(] — 2m)2
= (1—-t™)(1 -3 —t?m)ym=2,
Since m > 3, the candidate pole sg = —";—:f induces a zero >0 of F.

We conclude that e=27(T)/N(7) ig a zero of F;, except when 7 is a By-simplex. In that
case Fr = (1—1t). |

To prove Theorem 4 for f a polynomial in three variables, we need the following lemma
about nondegeneracy.

Lemma 9. If a complex polynomial f(x,y,z) is nondegenerate with respect to its New-
ton polyhedron in the origin, then for almost all k € C the polynomial f(x,y,z — k) is
nondegenerate with respect to its Newton polyhedron in the origin. (Analogously for the
variables x and y.)

Proof. We will denote the Newton polyhedron of f(z,y,z — k), for k € C, by Ty, .
Notice that for almost all k, the polyhedron I'y is the projection of I'y on the plane
z = 0 times R>( and thus is the same for these k.

Suppose we have an infinite number of values of k for which the polynomial f(x,y, z)
is degenerate with respect to its Newton polyhedron in the point (0,0,%k). As the
Newton polyhedron only has a finite number of faces, there exists a compact line
segment o of I'y, such that there are infinitely many k € C for which g, has a singular
point outside the coordinate axes. We now consider also k as a variable, so we look at
9o € C[z,y, k]. This equation is quasi-homogeneous in z and y. If Aff(o) < bzr+ay = ¢,
then we substitute z by u® and y by v®. Then g,(u,v, k) is homogeneous in « and v.
We dehomogenize by setting v = 1 and we decompose ¢, (u, 1, k) into its irreducible
components: g,(u,1,k) = [[t_; 9" (u,1,k). As there are infinitely many values for
k for which g,(u,1,k) has a singular point outside u = 0, it follows that there exists
at least one component g; € {g1,...,¢gp} that is not a monomial and for which the
exponent m; is greater than or equal to 2. Say that g; satisfies these conditions. We
now homogenize again and we substitute u® by x and v* by y. If we substitute k in
9o (x,y, k) by the variable z, then for the non-compact facet 7’ of Ty that projects onto
o we have that f/(2,y,2) = go(2,y,2) = [[/_; ¢ (x,y, z). This notation is illustrated
in Figure 8.

Let us now look at the factor g7"'(z,y, z) that is quasi-homogeneous in z and y. We
write g1 = My + -+ + My with the M;;1 < i < d, monomials in Clx,y,z]. Let
Ni,..., N be the monomials in C[z,y,z] such that f, = g{"" (N + --- + N.). We
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Figure 8

can choose T C {1,...,d}, #T > 2, such that for every i € {1,...,e}, the sup-
port of {N;M;"'}4cr is contained in a line ¢; and such that all support points of
{N; M NG MM Y\ {N M Her lie above {5 Note that ¢4, ..., ¢ are parallel.
Let ¢ be the lowest of the lines /1,..., . and suppose £;,,...,¢;; C {{1,...,{.} coincide
with ¢. The support points of f(x,y,z) on £ are exactly the support points of the
polynomial (N;, + -+ + N, ) (D ,cp Mi)™ . The line segment containing these support
points is a compact face 7 of I'g. The polynomial fr = (N + -+ Ny, ) (D, e Mi)™
has a singular point outside the coordinate planes. This implies that f is degenerate
with respect to I'g and leads to a contradiction. |

We can now prove Theorem 4 for a polynomial in three variables.

Theorem 10. Let f be a complex polynomial in three variables. Suppose that f is
nondegenerate with respect to its Newton polyhedron 'y in the origin. Then for every
facet T of Ty that is not a By-facet, the complex number e~ 2 (T)/N(T) s an eigenvalue
of monodromy of f at a point in the neighbourhood of the origin.

Proof. First suppose 7 is compact. If every line segment of the Newton polyhedron
that is contained in a coordinate plane is also contained in a compact facet, then we
know from Equation (2) and Proposition 8 that the zeta function of monodromy at the
origin is a product of polynomials.

If 7 is a compact facet that is no union of Bj-simplices, then Proposition 8 says
that e=27@(7)/N(7) ig a root of it. If 7 is a compact facet which is a union of different
Bi-simplices, then - up to permutation of the coordinates - the facet 7 should have
vertices (a,0,0), (¢,d,0),(b,1,1) and (e,0, f) for a,...,f € Z>p. One can verify that
the candidate pole contributed by 7 is equal to —(1 — b+ a)/a. The factor (40,0 =
(1 —t%) was not used in any F,. From Equality (2) we deduce that e~2m(1=0+a)/a ig an
eigenvalue of monodromy in the origin.

Let o be a line segment in a coordinate plane, say in z = 0, but which is not
contained in any compact facet. We suppose moreover that e~ 2™ (1)/N(7) is a pole of
F,, where we use the notation F, as if 0 was a facet of a two-dimensional Newton
polyhedron in the plane z = 0. (Thus F, = ({,)~!, maybe multiplied with (, if o
contains a point p on a coordinate axis.) If o would be a Bj-simplex in the coordinate
plane z = 0, then F, = 1, so this is also excluded. Now we choose a k € C close to zero
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such that f(z,y,z + k) is nondegenerate with respect to its Newton polyhedron in the
origin (see Lemma 9). The support points of this new polynomial are the projections on
the plane z = 0 of the old support points. So the monodromy zeta function of f(x,y, 2)
at the point (0,0, —k) is equal to the monodromy zeta function of a polynomial in two
variables with this projected polyhedron as its Newton polyhedron. From Proposition
5 we deduce that a pole of Fy is also a pole of this monodromy zeta function.

Suppose now that 7 is not compact, say for the variable z, and that it is no By-facet.
So it has an equation of the form ax + by = N for a,b, N € Z. Then we choose again
a value k € C for which f(z,y,z + k) is nondegenerate with respect to its Newton
polyhedron in the origin. Analogously as in the previous paragraph, we use the zeta
function of monodromy of a polynomial in two variables. We know that there is a facet
of the two-dimensional Newton polyhedron that has equation ax + by = N. Since this
facet is no Bj-simplex, we conclude from Theorem 6 that e~ 27¥(T)/N(7) jg an eigenvalue
of monodromy of f at a point in the neighbourhood of (0,0, —k). |

4. THE MONODROMY CONJECTURE FOR NONDEGENERATE SINGULARITIES IN
DIMENSION 2 AND 3

4.1. ON FALSE POLES CONTRIBUTED BY FACETS AND THE MONODROMY
CONJECTURE IN DIMENSION 2.

The poles of the local topological zeta function can be determined out of the resolution

graph (see [Ve95, Theorem 4.3]). In [LVa09] we showed that, for nondegenerate plane
curves, these poles are not so special in the sense that they are not selected. Indeed,
all facets that are not Bj-simplices induce a pole of the local topological zeta func-
tion. Maybe this also offers some explanation why relations with for instance jumping
numbers are not so surprising in dimension 2.

Theorem 11. [LVa09, Theorem 3] Let f be a complex polynomial in two variables.
Suppose that f is nondegenerate with respect to its Newton polyhedron I'g. Then for a
candidate pole sg # —1 contributed by some facet it holds:

50 45 a pole of Zyop, 5

so is contributed by a facet that is no By-simplex.

Theorem 6 and Theorem 11 easily lead to a proof of the monodromy conjecture for
nondegenerate polynomials in two variables.

Theorem 12. Let f(x,y) be a complex polynomial that is nondegenerate with respect to
its Newton polyhedron in the origin. If sg is a pole of the local topological zeta function
of f, then e¥™0 is an eigenvalue of monodromy of f at some point of {f = 0} close to
0.
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4.2. ON FALSE POLES CONTRIBUTED BY FACETS IN DIMENSION 3.

In Subsection 3.3 we proved that all facets, except the Bi-facets, induce eigenvalues
of monodromy at a point in the neighbourhood of the origin. With the monodromy
conjecture in mind, we will now investigate candidate poles contributed by Bj-facets.
We will show that in almost all cases candidate poles of the local topological zeta
function that are only contributed by Bi-simplices are no actual poles. Indeed, it
will seem that there is only one exception in dimension 3, namely a candidate pole
contributed by various Bj-facets only with respect to different variables having a line
segment in common. We will come back to this later. Note that we will not mind to
skip the candidate pole —1, since we know that e=>™ = 1 is always an eigenvalue of
monodromy.

Denef proved the following theorem (with unpublished proof) about these Bj-
simplices:

Theorem 13. Let f be a polynomial over Z, in n variables. Suppose that f is nonde-
generate over Q, with respect to the compact faces of its Newton polyhedron. Suppose
that sog # —1 is the real part of a candidate pole of Iqusa’s local zeta function such that
so s only contributed by one By-simplex. Then there is no pole of the p-adic Iqusa zeta
function with real part equal to sg.

We prove the following proposition about candidate poles contributed by Bi-facets of
a 3-dimensional Newton polyhedron.

Proposition 14. Let f be a complex polynomial in three variables that is nondegenerate
with respect to its Newton polyhedron. Suppose sqg # —1 is a candidate pole of the local
topological zeta function only contributed by facets that are Bi-facets with respect to
the same variable or by Bi-facets with respect to possibly different variables having an
intersection of dimension at most zero. Then sy is no pole.

Proof. We will consider seven separate cases. We investigate all possible configurations
of Bi-facets (compact and non-compact) contributing the same candidate pole sy # —1.

CASE 1: sp IS CONTRIBUTED BY EXACTLY ONE Bj-SIMPLEX.

Suppose sq is only contributed by the Bi-simplex 7. We fix notation as in Figure 9.
The vertices A and B of 7 are contained in the coordinate plane z = 0. The vertex

Figure 9

C lies at distance one. The other facets that contain the line segments AB, AC' and
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BC' are respectively 79, 7 and 75. The facet 79 is not compact and is contained in the
hyperplane z = 0. There might be other facets containing the vertices A4, B or C. If for
instance A is contained in more than three facets, the dual cone A° is not simplicial.
However, we can take a subdivision of A° containing the cone A4 which we define as
the cone spanned by the rays 77, 7% and 7. This is now the only simplicial cone in
the subdivision of A° that contains 7°. The simplicial cones Ag and Ag are defined
analogously. We introduce the following notation:

Aff(r) < ajx+dly+aiz= N(7),
Aff(r)) « afx+aly+aiz=N(n),

Aff(ry) « al,x+aly+ai,z=N(m),

T2

where we suppose that the coefficients of the equations of the facets are relatively prime.
Note that v(7) = ¥ + af + aZ,v(m1) = af, + a¥, + aZ, and v(12) = a%, + a¥, + aZ,.
Following Theorem 1 we need to consider the following terms of the topological zeta
function and prove that —v(7)/N(7) is no pole of this sum.

mult(A4) n mult(Ap)
(N(7)s + v(1))(N(11)s +v()) — (N(7)s + (7)) (N(72)s + v(72))
n mult(A¢)
(N(7)s +v(7))(N(72)s + v(72))(N(11)s + v(11))
s mult(AC®)Vol(AC) s mult(BC°)Vol(BC)
(s +1) (N(n)s +v())(N(11)s +v(m)) (s +1) (N(7)s +v(7))(N(72)s + v(12))
s mult(AB°)Vol(AB) s mult(7°) 2! Vol(7)
(s+1) (N(M)s+wv()  (s+1) (N(r)s+v(r))

To simplify this expression, we need a few easy results.

i) ged(a?,a¥) = 1,ged(a?,,af,) = 1,ged(al,, a¥,) = 1. The three facets 7, 71, 75 all con-
tain two points of the form (-,-,0) and (-,-,1). Putting these in the equations,
shows that there exist integers k, [, m,n such that

z €T z €T z xT z x
a; = kai +1la¥, a7 =kai +lay, a>=mal+na, a7, =ma;, +nal,.

So a common divisor of the first two coefficients is also a divisor of the third one.
Since the three coefficients are relatively prime, this leads to this first result.

ii) mult(7°) = mult(AB°) = 1. For the first multiplicity it is obvious that the multi-
plicity is equal to one. For the second, one can use the previous item.

iii) 2! Vol(7) = Vol(AB). The normalized volume of 7 is equal to the quotient of the
determinant of the matrix with the vertices and N(7). The normalized volume
of AB can be computed in the hyperplane z = 0. So we need the determinant of
the matrix with the first two entries of A and B and divide this by the constant
term of the equation of AB in z = 0. We use the first result again to see that this
constant term is equal to N (7). The two mentioned determinants are obviously
equal.
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iv) Vol(AC) = Vol(BC') = 1. This is immediate from the definition of volume.

v) mult(A4) = mult(AC®), mult(Ap) = mult(BC®). We can compute the multiplicity

of Ay as
0 0 1
mult(Ay) = | a?, df, @
at ¥ a?

Using the equalities stated in i), this is equal to

T Y T z Yy z

a a a a a a
o T1 T1 1 T1 T1 T1
mult(AC®) = ged =R T I B S I z
az ar az; az ar az

The second equality is analogous.

We use all this to simplify the part of the local topological zeta function written down
above and find:

mult(Ay) N mult(Apg)
(s+ 1)(N(T)s+v(r)(N(m)s+v(m))  (s+ 1)(N(7)s 4+ v(1))(N(12)s + v(12))
mult(A¢)

i (N(1)s 4+ v(7))(N(12)s + v(12))(N(11)s + v(1))
To end the proof of this first case, one has to show that N(7)s 4+ v(7) is a divisor of
mult(A4)(N(12)s + v(m2)) + mult(Ag)(N(11)s + v(m1)) + mult(Ac)(s + 1).

This can be done by explicit computations using a computer algebra package.

CASE 2: sp IS CONTRIBUTED BY EXACTLY ONE Bj-FACET AND THIS B1-FACET IS NOT
COMPACT.

Suppose sg is only contributed by the non-compact Bj-facet 7. Say that 7 is non-
compact for the variable z and that it is a Bj-facet with respect to the variable y. We
fix notation as in Figure 10.

Figure 10
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The vertex A is contained in the coordinate plane y = 0 and the vertex B is lying at a
distance one from the hyperplane y = 0. We define the facet 71 as the facet that has
the segment AB in common with 7. The non-compact facet that contains the vertex
B and that has a half-line in common with 7 will be called 7.

There might be other facets that contain the vertices A or B. However, we can
investigate whether —v(7)/N(7) is a pole of Z,, ¢ by taking only the terms of Z,, ¢
into account which are provided by the cone AB°, by the cone A4 spanned by the rays
7°,(0,1,0), 77 and by the cone Ap spanned by the rays 7°, 77 and 75:

s mult(AB°)Vol(AB) mult(A4)
(s + 1) (N(7)s + v(n))(N(1)s + v(m1)) ~ (N(7)s +v(7))(N(71)s + v(1))
mult(Ag)

TN + AN (s + () (N(r)s + ()
As in Case 1 one finds that mult(As) =mult(AB°) and Vol(AB) = 1. If we set
A(k,0,1) and B(m,1,n) and if we write
Aff(r) < x+(k—m)y=k,
(11)
)

(T2

Aff — ajr+aly+aiz=alk+all=alm+al +a:n,

Aff — ar+by=am+b,

with ged(aZ,,a¥,,a% ) = 1 =ged(a, b), then one also easily computes that mult(A4) =
aZ, and mult(Ap) = aZ (a(k—m)—b). The contribution to the topological zeta function
written above then becomes

aZ (N(r2)s +v(12)) + aZ (a(k —m) —b)(s + 1)
(s + 1)(N(1)s +v(7))(N(m1)s + v(11))(N(12)s + v(12))
This can be simplified to

z
aaz,

(s + DN (71)s + v(71))(N(2)s + v(72))’

which implies that —v(7)/N(7) is no pole.

CASE 3: Sp IS CONTRIBUTED BY EXACTLY TWO Bj-SIMPLICES WITH RESPECT TO THE
SAME VARIABLE, HAVING A LINE SEGMENT IN COMMON.

Suppose sq is only contributed by the Bi-simplices 7 and . We fix notation as in Figure
11. The vertices A, B and C' are contained in the coordinate plane z = 0. The vertex D
lies at distance one. The other facets that contain the line segments AD and C'D are
respectively 7 and 79. The facet 7y is not compact and is contained in the hyperplane
z = 0. For A° and C° we use an analogous subdivision as in Case 1. So we define A 4
as the cone spanned by the rays 77, 7° and 75 and A¢ as the cone spanned by the rays
75,0° and 75. The cone B° is simplicial, so Ap := B°. The vertex D is contained in at
least four facets. We define A; as the cone spanned by 77, 7° and ¢° and A as the cone
spanned by ¢°, 77 and 75. This can be seen in Figure 12. Now the proof goes further in
the same way as in Case 1. The terms in the local topological zeta function originating
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from AB and 7 cancel. So do the terms coming from BC and ¢. We find again that
mult(A4) = mult(AD°), mult(Ap) = mult(BD°) and mult(Ac) = mult(CD®). The
relevant contribution to the topological zeta function is thus given by

mult(A4) n mult(Ag)
(s + D(N(7)s + v(1)(N(1)s +v()) (s + DN (7)s + (7)) (N(0)s + v(a))
N mult(Ag) n mult(A)
(s + D(N(0)s +v(0))(N(72)s + v(72)) ~ (N(7)s +v(7))(N(11)s + v(1))(N(0)s + v(0))
mult(Asz)
+

(N(72)s + v(72))(N(71)s + v(11))(N(0)s + v(0))

To conclude, one can calculate (using a computer algebra package) that the factors
(N(1)s+v(7))(N(o)s +v(0)) disappear when putting everything on the same denom-
inator.

CASE 4: sg IS CONTRIBUTED BY EXACTLY TWO NON-COMPACT B1-FACETS WITH
RESPECT TO THE SAME VARIABLE, HAVING A LINE SEGMENT IN COMMON.

Suppose sg is only contributed by the Bi-facets 7 and o. Since ¢ and 7 are Bp-facets
with respect to the same variable, it is impossible that they have a non-compact half-
line in common. We suppose 7 to be non-compact for z and to be a Bi-facet for y. Let
the segment AB be the intersection of 7 and o.

e [f the Bi-facet o is non-compact for y, then to be in the situation of Case 4 we
have to ask that 7 and o both are Bj-facets for the variable x. The situation is
pictured in Figure 13. Then A(1,0, k) and B(0,1,[) for k,l € Z>(. The equations
of the planes through 7 and o are

Aff(1) sz +y =1, Aff(0) & (I —k)z+ 2z =1

Moreover, as 7 and o contribute the same candidate pole, one has that [ = 1 and
k = 0. This implies that the origin is not a singular point of {f = 0} and thus
—v(7)/N(7) = —2 is not a pole of Z, .

e If the Bj-facet ¢ is non-compact for x, then the situation is as in Figure 14.
We introduce k,l,m,n € Z>q such that A(k,0,l) and B(m,1,n). Let 7 be the
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Figure 13 Figure 14

non-compact facet containing the vertex B and sharing a half-line with ¢ and
let 7o be the non-compact facet containing the vertex B and sharing a half-line
with 7. Let A4 be the cone generated by the rays (0,1,0),7°,0°, let Apy be the
cone spanned by the rays 7°,0° 75 and Apy be the cone spanned by the rays
71,0°,75. The relevant contribution to the topological zeta function is given by

—s mult(AB°)Vol(AB) n mult(A,)
(s + D(N(7)s + v(1))(N(o)s +v(0)) ~ (N(7)s + v(r))(N(o)s +v(0))
mult(ABl)
(N(7)s + (7)) (N(0)s + v(0))(N(72)s + v(72))
+ mlﬂt(ABg) .
(N(72)s + v(72)) (N (71)s + v(71))(N(0)s + v(0))

As in Case 1 we deduce that mult(AB°) =mult(A4) = 1 and Vol(AB) = 1.
Moreover, 7 and o give rise to the same candidate pole, hence k(n—1) = I(m—1).
If m = 1, then also n = 1 (since we have k > m) and then v(7)/N(7) = 1. So
suppose now that m # 1. Replacing [ by k(n — 1)/(m — 1), we find that in the
above expression (N (7)s+v(7))(N(0)s+v(o)) disappears when putting all terms
on the same denominator.

+

CASE 5: sg IS CONTRIBUTED BY EXACTLY TWO B1-FACETS - ONE OF THEM IS COM-
PACT AND THE OTHER ONE IS NOT COMPACT - WITH RESPECT TO THE SAME VARI-
ABLE, HAVING A LINE SEGMENT IN COMMON.

Suppose that the facet 7 is not compact for z and is a Bj-facet with respect to the
variable y. Suppose that o is a Bj-simplex that intersects 7 in the segment AB and
that induces the same candidate pole as 7. The facet o should be a Bj-simplex with
respect to x or to y to be in Case 5.

e Suppose that o is a By-simplex for . Then the situation is as in Figure 15,

with A(1,0,k),B(0,1,1) and C(0,7,t). As 7 and o induce the same candidate
pole, we find k + [ =1 and thus the origin is not a singular point of {f = 0} and
the only pole of the local topological zeta function is —1.
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Figure 15 Figure 16

e Suppose that o is a Bj-simplex for y. This situation is represented in Figure 16.

We take k,l,m,n,r,t € Z>o such that A(k,0,1), B(m,1,n) and C(r,0,t). Let 7o
be the facet containing the vertex B and having a half-line in common with 7.

Let 7 be a facet that intersects ¢ in the line segment BC'. We write

Aff(r) < a2+ (k—m)y =k,
Aff(o) < alz+dly+aiz=alk+al

Y
=am+al+ain

= agr + a’t,
Aff(ry) < cx+dy+ez=cm+d+en=cr+et,
Aff(1y) < ax+by=am+0,

with ged(aZ,ay,aZ) = ged(c,d, e) = ged(a,b) = 1.

Let A4 be the cone generated by the rays (0,1,0),7°,0°, let Ap; be the cone
spanned by the rays 7°,0°, 75, let Aps be the cone spanned by the rays 77, 0°, 75

and let Ac be the cone spanned by 77,0°,(0,1,0).
The relevant contribution to the topological zeta function is
2Vol(o)s s mult(AB°)Vol(AB)

(s + D(N(@)s +v(0)) (s + DN(1)s + v(1)(N(o)s + v(0)
B s mult(BC°)Vol(BC) s mult(AC?)Vol(AC)
(s + DN (m)s +v(m))(N(o)s +v(0)) (s +1)(N(o)s +v(0))
n mult(Aa) n mult(A¢)
(N(7)s +v(1))(N(o)s +v(0))  (N(11)s +v(1))(N(0)s +v(0))
n mult(Apq)
(N(7)s + (7)) (N(0)s + v(0))(N(12)s + v(72))
n mult(Apgs)

(N(72)s + v(72))(N(71)s + v(71))(N(0)s + v(0))
Analogously to Case 1, we find that

mult(AB°) = mult(A4) = a2, mult(AC®) = ged(al,a?)
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As 7 and o give rise to the same candidate pole (and thus the line through A
and B intersects the diagonal of the first quadrant), we also have that I(m —1) =
k(n —1). If m = 1, then also n = 1 (because k > m in this situation) and then
v(T)/N(1) = 1. So suppose now that m # 1. Then we also use the following
relations:

and we find that (N (7)s+v(7))(N(0)s+v(0)) disappears when putting everything
on the same denominator.

CASE 6: sp IS CONTRIBUTED BY AT LEAST THREE B{-FACETS WITH RESPECT TO THE
SAME VARIABLE, HAVING LINE SEGMENTS IN COMMON.

The situation we study is as in Figure 17, where 1 and o9 might be non-compact.

Figure 17

As the facets on the picture all contribute the same candidate pole, the diagonal of the
first quadrant must contain the point (a, b, 1). We conclude that this candidate pole is
equal to —1.

CASE 7: sg IS CONTRIBUTED BY VARIOUS GROUPS OF B{-FACETS AS IN THE PREVIOUS
CASES, HAVING AT MOST A POINT IN COMMON.

In the previous cases we subdivided cones dual to the vertices in such a way that we
can split the topological zeta function into parts corresponding to exactly one case. So
Case 7 is an immediate consequence of the previous cases. |

4.3. THE MONODROMY CONJECTURE FOR NONDEGENERATE SURFACE
SINGULARITIES.

In Theorem 10 we showed that every candidate pole contributed by a facet which is
no Bi-facet induces an eigenvalue of monodromy and in Proposition 14 we showed
that almost all candidate poles that are only contributed by Bj-facets are no actual
poles. We can now finish our proof of the monodromy conjecture for nondegenerate
singularities.
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Theorem 15. Let f be a polynomial in three variables which is nondegenerate with
respect to its Newton polyhedron Uy. If so is a pole of its local topological zeta function,
then €*™50 s an eigenvalue of monodromy at a point in the neighbourhood of the origin.

Proof. It remains to study candidate poles that are contributed by two facets which
are Bp-facets with respect to different variables and which have a 1-dimensional inter-
section. We may suppose that the two facets are no Bi-facets with respect to the same
variable.

If the two Bj-facets have a half-line in common, say in the direction of the z-axis,
then this half-line has equation x = 1,y = 1. The intersection point of this half-line
with the diagonal of the first quadrant is the point (1,1, 1) and thus the candidate pole
is —1.

If the common line segment is compact, one can check that the only possibility for
this configuration is that this segment has vertices (a,0,0) and (b,1,1) for a,b € Z>o.
The candidate pole contributed by these facets can be computed by searching the
intersection point of the line through (a,0,0) and (b, 1,1) with the diagonal of the first
quadrant. This leads to the value —%. The complex number e~ 2m(1=b+a)/a jg ap
eigenvalue of monodromy, since the factor ((4,0,0) does not show up in any F- and hence
(1—1t*) is a factor of the zeta function of monodromy. (See Equation (2).) There might
be a cancelation if e~ 27(1=b+a)/a ig a]so a zero of some ¢, with o a compact line segment
which is not contained in any compact facet. However, in this case we can use the
argument of the proof of Theorem 10 again to show that e~2m(1=0+a)/a j5 an eigenvalue
of monodromy at a point in the neighbourhood of the origin. This observation together
with Theorem 10 and Proposition 14 lead to a proof of the monodromy conjecture for
nondegenerate polynomials in three variables. [ |

5. EXAMPLES

Example 2. We study the polynomial f(z,y,2) = 2'2 +y 3+ 214+ ay” +y2 24 + 229223,
The picture of the Newton polyhedron in the origin of f is given in Figure 18. The
polynomial is nondegenerate and its topological zeta function is

2331053 + 5321152 4 374105 + 8041
(84s + 43)(s + 1)(42s + 17)(27s + 11)°

Zt0p,f(3) =

We want to illustrate which facets induce eigenvalues of monodromy.

Aff(ry) < x + 2y + 2z = 12. This facet does not contain a line segment in a coordinate
hyperplane. Hence F,, = (;, = (1 —t'2)2. The contributed candidate pole —5/12
of the topological zeta function is not an actual pole. However, the facet is no
B;-simplex and e~197/12 ig an eigenvalue of monodromy.

Aff(r9) < Tz + 30y + 6z = 84. This facet contains two line segments in coordinate hy-
perplane. So we include these line segments and there intersection point in F7,

and find
- (1 _ t84)4(1 _ t14) - (1 _ t84)2

T2 T (1 _ t84)2(1 _ t14)2 - (1 _ t14) :
—867i/84

This is a polynomial having e as a root.
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z A(12,0,0)
B (0,13,0)
C(0,0,14)
D (1,7.0)
E (0,24)
F(223)

Figure 18

Aff(13) <> 242 + 4y + 11z = 52. Again, the polynomial F, is built with factors arising
from the facet, two line segments and a vertex.

(1= 7)(1 - #13)

b = Tma =

=1.

We see that the candidate pole contributed by 73 does not induce a zero of this
polynomial. Notice that 73 a Bj-facet is. Indeed, its vertices are (0,13,0), (0,2,4)
and (1,7,0).

Aff(74) <> Tz + 11y + 162 = 84. The facet 74 contains one line segment in a coordinate
hyperplane. Its contribution to the zeta function of monodromy is
(1 _ t84)3

Fr= "=

— (1 _ t84)2.

The candidate pole —17/42 (which is a pole) induces a zero of this polynomial.
Aff(75) < bz + Ty + 10z = 54. The corresponding polynomial of 75 is equal to (. So
F.=1-1t"
The pole —11/27 is contributed by 75 and e~ 22m1/27 ig a zero of Fr.

The only vertex on a coordinate axis that belongs to more than one facet is the point
(12,0,0). To write down the monodromy zeta function of f in the origin, we take the
product of (1 — #!2) with the factors F,,. We conclude that

(1 _ t12)3(1 _ t84)4(1 _ t54)

2(£,0)(t) = —

One can verify that the conditions for Theorem 3 are not satisfied for 7 = 74. Indeed,
take 0 = 5. Then ((7,0) is the greatest common divisor of the (2 x 2)-minors of the

matrix
7 11 16
7 30 6 )’
which is equal to 1, and A(7,0) = 43 — %84 = 9. Hence, pu(7,0) is an integer. O
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The next example shows the situation when the Newton polyhedron contains a line
segment in a coordinate plane which is not contained in a compact facet.

Example 3. We study the polynomial f(z,v,2) = 2%y+ay3+2y°22+y52°. Its Newton
polyhedron at the origin is pictured in Figure 19. It has 4 vertices: A(9,1,0), B(2,3,0),

z

Figure 19

C(1,6,2) and D(0,5,5). The 8 facets have the following equations:

Aff(r) & Nz +y+42=25,  Aff(r) &z +y =5,
Aff(13) <> 3z + 2 =5, Aff(1y) < 22 + 2z = 4, Aff(75) < 2z + Ty = 25,
Aff(7'6) —y=1, Aff(7'7) —2z=0, Aﬁ‘(7—8) o r=0.

Its local topological zeta function is

268552 + 602652 + 4110s + 864
(5s +2)(4s + 3)(25s + 9)(s + 1)(25s + 16)

Ztop,f(s) =

The zeta function of monodromy at the origin is equal to Fy, (= () divided by (,,
where o is the compact line segment AB. Both factors are equal to (1 — t??), so
the zeta function of monodromy at the origin is equal to 1. The facet 7 is no Bi-
facet. It induces the pole —16/25 of the local topological zeta function. As in the
proof of Theorem 10 we need to consider a complex number k such that f(z,y,z — k)
is nondegenerate with respect to its Newton polyhedron in the origin. This Newton

Figure 20
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polyhedron T’y is as in Figure 20. We have vertices (9,1,0),(2,3,0) and (0,5,0). The
zeta function of monodromy of f in the point (0,0, k) is equal to

1.4
(Cor) ™ Con) " C050) = = 7(55)2& )_ 125)°

We conclude that e=327%/25 is an eigenvalue of monodromy in a point in the neighbour-
hood of the origin. Moreover, note that the candidate pole —4/5, contributed by 73, is
no pole. Indeed, this could be predicted since the facet 73 is a Bi-facet with respect to
the variable . U
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