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Abstract

We study the analogue of the infinitesimal 16th Hilbert problem in
dimension zero. Lower and upper bounds for the number of the zeros
of the corresponding Abelian integrals (which are algebraic functions)
are found. We study the relation between the vanishing of an Abelian
integral I(t) defined over Q and its arithmetic properties. Finally, we
give necessary and sufficient conditions for an Abelian integral to be
identically zero.

Résumé

Nous étudions I'analogue du 16eme probleme de Hilbert infinitesi-
mal en dimension zéro. Nous calculons des bornes supérieurs et inférieurs
pour le nombre des zéros des intégrales abéliennes (qui sont des fonc-
tions algébriques) associées. Nous étudions les relations entre annulation
des intégrales abéliennes définies sur Q et leurs propriétés arithmétiques.
Finalement, nous déduisons des conditions suffisantes et nécessaires
pour qu’une intégrale abélienne soit identiquement nulle.
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1 Introduction

Let f : X — Y be a morphism of complex algebraic varieties which defines a
locally trivial topological fibration. Let y(a) € Hy(f!(a),Z) be a continu-
ous family of ¢g-cycles and w be a regular g-form on X which is closed on each
fiber f~1(a) (the latter is always true if ¢ = dim f~!(a)). By Abelian inte-
gral (depending on a parameter) we mean a complex multivalued function
of the form
I:Y—>(C:a—>[(a):/ w.
7v(a)

Through the paper we shall also suppose that the varieties X,Y, the mor-
phism f and the ¢-form w are defined over a subfield k C C. In the case

k=R, Y=C\S, X=f1Y)CC? w=Pder+Qdy, f,P,QcR[z,y

where S is the finite set of atypical values of f, the zeros of I(a) on a suitable
open real interval are closely related to the limit cycles of the perturbed
foliation on the real plane R? defined by

df +ew =0, ¢ ~0.

Recall that the second part of the 16th Hilbert problem asks to determine
the maximal number and positions of the limit cycles of a polynomial plane
vector field (or foliation) of a given degree. The infinitesimal 16th Hilbert
problem asks then to find the the exact upper bound Z(m,n) for the number
of the zeros of I(a) on an open interval, where deg f < m, deg P,Q < n
[1102]. It is only known that Z(m,n) < oo [Va84, Kh84] and Z(3,2) = 2
[Ga01].

More generally, let X and Y be Zariski open subsets in C¢*t! and C
respectively, f a polynomial and w a polynomial g-form in C9T!, all these
objects being defined over a subfield k C C. What is the exact upper bound
Z(m,n,k,q) for the number of the zeros a € kN'D of the Abelian integral I?
Here D is any simply connected domain in Y.

The present paper addresses the above question in the simplest case
g = 0. The Abelian integral I is then an algebraic function over k[a] and
every algebraic function over k[a] is an Abelian integral defined over k. We
prove in Theorem 1 that

ﬁ] < Z(m,n,k,0) < w

1) nel-[ .



The lower bound in this inequality is given by the dimension of the vector
space of Abelian integrals

Vn:{/ w, degw < n}
v(a)

where f is a fixed general polynomial of degree m, while the upper bound is a
reformulation of Bezout’s theorem. When m = 3 we get Z(m, m —1,k,0) =
1. We give some evidence in Proposition 6 that, in the case k = R, m = 4,
n = 3, the upper bound of (1) is strictly bigger than Z(4,3,R,0). This
Proposition also suggests that

Z(d,d—1,R
lim (d, .R,0)

=1
d—o0 d

or, in other words, the space of Abelian integrals Vj; is Chebishev, possibly
with some accuracy. Recall that V,, is said to be Chebishev with accuracy
c if every I € V, has at most dimV,, — 1 + ¢ zeros in the domain D. The
Chebishev property with some accuracy (if satisfied) would mean that the
infinitesimal 16th Hilbert problem in dimension zero is a problem of real
algebraic geometry (as opposed to Bezout’s theorem which is a result of
complex algebraic geometry)®.

To the rest of the paper we explore some arithmetic properties of Abelian
integrals. When k is a number field and ¢ = 1 (so f~!(a) is a smooth
curve), the abelian subvariety theorem applied on the Jacobian variety of
f~Y(a) (see for instance [Bo94]) gives necessary and sufficient conditions
for the vanishing of an Abelian integral I(a) defined over k. We formulate
the 0-dimensional analogue of this result (Theorem 2). Its proof uses the
relation between the vanishing of an Abelian integral of dimension zero and
the Galois group of the splitting field of f — a. Finally we make use of the
monodromy of f to obtain two additional results. The first one improves the
upper bound for the number of the zeros of an Abelian integral with fixed
f (Theorem 3). The second one gives necessary and sufficient conditions for
an Abelian integral I(a) to be identically zero. The analogue of this result
for ¢ = 1 is not known, although it is essential for computing the so called
higher order Poincaré-Pontryagin functions [Gall05, Ga05].

The paper is organized as follows. In sections 2 and 3 we summarize, for
convenience of the reader, the basic properties of zero dimensional Abelian

"When the paper was written, D. Novikov showed us some numerical simulations,
showing the fact that the Chebishev property with accuracy 0 does not hold for Vi.
However, the complete description of Z(d,d — 1, R, 0) still remains open



integrals and their algebraic counterpart: the global Brieskorn module. The
canonical connection of the (co)homology bundle is explained on a simple
example of a polynomial f of degree three. In section 4 we prove the Bezout
type estimate for Z(m,n,k,0) and consider the examples k = R, m = 3,4.
The arithmetic aspects of the problem are treated in section 5, and the
monodromy group of f in section 6.

Acknowledgments. The main results of the paper were obtained while
the second author was visiting the University Paul Sabatier of Toulouse. He
thanks for its hospitality.

2 Zero dimensional Abelian integrals

In this section we introduce the necessary notations and prove, for conve-
nience of the reader, some basic facts about the Abelian integrals of dimen-
sion zero.

Let M = {z1,x2,...,24} be a discrete topological space and G an ad-
ditive abelian group. By abuse of notation we denote by Ho(M,G) the
reduced homology group

d d
Ho(M, G) = {an$z tn; € G,Z’I’Lz = 0}.
=1 =1

It is a free G-module of rank d — 1 generated by
1 — X4, T2 — Xd,---,Ld-1 — X
and its dual space will be denoted by H(M, G). To the polynomial

d—1

f(x,a):xd—alx — - —ag,a = (ar,az,...,aq)

we associate the surface
V ={(z,a) € C: f(z,a) = 0}
and the (singular) fibration
(2) V - C%: (z,a) — a
with fibers L, = {z € C : f(z,a) = 0}. The polynomial f(z,a) with

a1 = 0 is a versal deformation of the singularity f(z,0) = 2% of type Ag_1.
We denote by A(a) the discriminant of f(z,a) with respect to x. The



corresponding discriminant locus ¥ = {a € C¢ : A(a) = 0} is the set of

parameters a, such that f(z,a) has a multiple root (as a polynomial in z).
The map (2) induces homology and co-homology bundles with base C%\

3, and fibers Ho(L,,Z) and H°(L,,C) . The continuous families of cycles

%j(a) = QZZ(CL) — xj(a) S Ho(La,Z)

generate a basis of locally constant sections of a unique connection in the
homology bundle (the so called Gauss-Manin connection).

Let k C C be a field. To define the connection algebraically we need the
global Brieskorn module (relative co-homology) of f which is defined as

klz, a

3) B = a + Ka]’

This is a k[a]-module in an obvious way. The basic properties of such mod-
ules in the local multi-dimensional case (z € C"*1 a € C) when k|a] is
replaced by C{a} were studied by Brieskorn [Br70] and Sebastiani [Se70].
The first results in the global one-dimensional case (z € C?) were proved
in [Ga98|. For arbitrary n see [DSO01], [Sa99], [BD00] and [Mo04]. In the
zero-dimensional case the main properties of H are rather obvious and are

summarized in Proposition 1 and Proposition 2 bellow.
Proposition 1. H is a free k[a]-module of rank d—1 generated by x,z?, ..., x4 1.
More precisely, for every m > d the following identity holds in H

where p;(a) € kla] are suitable weighted homogeneous polynomials of degree
m — i, and weight(a;) = 1i.

Proof. The proof is by induction on m and is left to the reader. O

Let 7(.) be a locally constant section of the homology bundle of f. Every
w = w(z,a) € k[z,a] defines a global section of the co-homology bundle by
the formula

(4) I(a) = / ICED SECTON
¥(a

i

where y(a) = Zl n;xi(a), Z, n; = 0.



Definition 1. An Abelian integral of dimension zero over the field k is a
function I(a), a € C%, of the form (4), where f,w € k[z,a] and v(a) is a
continuous family of cycles.

Remark 1. A ( multivalued ) function I(a) is an Abelian integral if and
only if it is an algebraic function. Indeed, let x = x(a) be the algebraic
function defined by g(x,a) = 0, g € klz,a]. Then it is an Abelian integral
I(a) defined by either

w =z, f=xzg(z,a),v(a) =z(a) -0
or
z(a) ( z(a)
2 2
In the next two propositions we shall suppose, however, that

).

w=uz,f =92z a)g(—2z,a),7(a) =

f(z,a) =z — gt — . —aga= (a1,a2,...,aq).

Proposition 2. The polynomial w = w(x,a) € k[x, a] defines the zero sec-
tion of the canonical co-homology bundle of f, if and only if w represents
the zero equivalence class in the global Brieskorn module (3).

Proof. Indeed, if [w] = 0 in H, the claim is obvious. If w defines the zero
section of the co-homology bundle, then

w(zi(a),a) = w(zj(a),a),va, i, j.
According to Proposition 1 we may suppose that

d—1
w(z,a) = Zpi(a)xi + fp(x,a) + q(a)

i=1

and a is such that z;(a) # x;(a) for ¢ # j. Then it follows that the affine
algebraic curves

5) L= {zy e cts 20022 )

f(z,a) = f(y,a)

(6) Ny ={(ay) € €2 R0 =

=0}

have at least d(d — 1) distinct intersection points at the points(z,y) =
(xi,zj). But this contradicts the Bezout’s theorem, as the degree of the



curves (5) and (6) is (at most) d — 2 and d — 1 respectively. It follows that
either I'y and I',, have a common component, or p;(a) = 0, Va,i. In the
former case the algebraic curve is reducible which is impossible for generic
values of a. We obtain finally that w(x,a) represents the zero equivalence
class in the Brieskorn module H. O

For a given f € k[z,a| and a section y(a) € Ho(Lq,Z), let Af be the
set of Abelian integrals (4), where a belongs to some simply connected sub-
domain of C. Then Ay is a kla]-module and moreover

Proposition 3. A; and the Brieskorn module H are isomorphic k|a]-modules.

Proof. The homomorphism

Hodyio— [ w=Y .0

v(a) 7

is obviously surjective. As the monodromy group of the fibration defined
by f is transitive, then I(a) = 0 implies that | YW = 0 for every section
y(a) € Ho(f~*(a),Z). Proposition 2 implies that w = 0 € H. O

Let k¢ — k% : b — a be a polynomial map, and consider

klz, b]
7 Hy=—""-"—
@ * 7 g K[z, b] + k[b]
where
g=a%—a(b)x?t — ... —ag(b).
As before Hy is a free k[b] module with generators z, 2, ..., z% 1. Of par-

ticular interest is the polynomial map
k—ké:t— (ad,a9,...,a5 ,t).
The k[t] module H; is then isomorphic to

k[z] d_ ,0,d-1 0
(8) Hi=_—9g=2"—aj2" " — - —ag_x

k[g] 1 d—1
with multiplication ¢ -w = g(x)w(z) € k[z]. The analogues of Proposition 1,
2 hold true for Hy, but not Proposition 3 (see section 6).



3 The connection of H

Let z(a) be a root of the polynomial f, f(x(a),a) =0. Then

Or(a) 0f(@,a) _ oyi.

Oa; ox

9)

There exist polynomials p, g € Q[z, a] such that

(10) Pl 4 of = Aa)
and hence in H 5
A(a) = p(z, a)a—i.

This combined with (9) suggests to define a connection on H as follows

m—1+1
Vo H o Hy om0
da; A
where H is the localization of H on {A, A2, -..}. The operator V satisfies
the Leibniz rule and so it is a connection on the module H. It follows from
(9), (10) that

(1) o[ w= Vau
0ai Jyt@)y  Jot@) P

where v(a) is a continuous family of cycles. Every element of H defines a
section of the co-homology bundle of f. By (11) every continuous family
of cycles is a locally constant section of the homology bundle, which means
that V coincides with the Gauss-Manin connection described previously

It is well known that V is a flat (integrable) connection. Indeed, a
fundamental matrix of solutions for this connection is given by

X(a) = ( / 2
74 (a)

where v1(a),v2(a),...,v4—1(a) is a basis of locally constant sections of the
homology bundle. The connection form is therefore

d
Z A;(a)da;, where A;(a)
i=1

0

= aaiX(a).X_l(a)




and the family of (Picard-Fuchs) differential operators

0
aai

commute. We end this section by a simple but significant example. Let

—A;i=1,2,....d

f=42° — goz — g3
with discriminant
A(g2,93) = g3 — 27g3.

Suppose further that go, g3 depend on a parameter z. A straightforward and
elementary computation implies

Proposition 4. In the Brieskorn module H the following identity holds

A(z)V T _ AG/Z -3 x
Vel 2 )7 _935 Agfz x2

where

o dg2 dgs
§(z) = 393@ QQQE~

If we introduce the Abelian integrals

L=
T _ 11/)42
12 L

Al/4

then they satisfy the Picard-Fuchs system

d (m '\ _ —% —30 m
(12) A(z)dz<n2)_<_g§6 2 )

It is interesting to compare the above to the Picard-Fuchs system asso-
ciated to the ”stabilization” y? — 42 + go(2)x + g3(2) of f. Namely, let

/ dx / xdx
m = —, M2 = —
v(z) Y =) Y

be complete elliptic integrals of first and second kind on the elliptic curve
with affine equation

I, ={(z,y) € C? :y? =423 — go(2)x — g3(2)}

where v(z) C T', is a continuous family of closed loops (representing a lo-
cally constant section z +— H;(I';,Z) of the homology bundle). Then 7y, 12
satisfy the following Picard-Fuchs system (this goes back at least to [Gr66,
Griffiths|, see [Sas74, Sasai])



Proposition 5.

d m L B m
(13) A(z)— ( ) = ( 12 7 .
dz \ 2 - = 12
Note the striking similarity of these two non-equivalent systems. The
algorithms which calculate the Gauss-Manin connection can be implemented
in any software for commutative algebra (see [ Mo05]). Using them one

can obtain equalities like (13) for other families of varieties in arbitrary
dimension.

4 The infinitesimal 16th Hilbert problem in di-
mension zero

It is well known that the the number of the limit cycles of the perturbed
real foliation

df + e(Pdz + Qdy) =0, P,Q,R € R[z,y], e ~0

is closely related to the number of the zeros of the Abelian integral (Poincaré-
Pontryagin function)

I(t) = / Pdx + Qdy
v(¢)

where (t) € Hy1(f~'(t),Z) is a continuous family of cycles. The problem on
zeros of such Abelian integrals, in terms of the degrees of f, P, @Q, is known as
the infinitesimal 16th Hilbert problem: see the recent survey of Ilyashenko
[1102], as well [Ar05, problem 1978-6]. This problem is still open (except in
the case deg F' < 3, see [Ga0l, HI98]). One can further generalize, by taking
f € Rlxy,22,...,2,], w - a polynomial n — 1 form, v(t) € H,_1(f~(t),Z)
a locally constant section of the homology bundle of f, and

0= [ym -

In the present paper we solve (partially) the infinitesimal 16th Hilbert prob-
lem by taking n = 1. The Abelian integral I(¢) is of dimension zero, in the
sense explained in the preceding section. To our knowledge, such integrals
appeared for a first time, in the context of the 16th Hilbert problem, in the
Ilyashenko’s pioneering paper [I169], see [Ga98].

10



To formulate the problem, let us denote f € k[z] where k C C is a field,
and consider the singular fibration

[:C—C:zw— f(x)

with fibers Ly = f~1(t). Let D C C\ ¥ be simply connected set, where
Y is the set of critical values of f. A cycle v(t) € Ho(L,Z) is said to be
simple, if y(t) = z;(t) — x;(t), where f(z;(t)) = f(x;(t)) = t. Let y(t) be
a continuous family of simple cycles, m,n two integers and k a field. The
Infinitesimal 16th Hilbert problem in dimension zero is

Find the exact upper bound Z(m,n,k,0) of the number of the zeros

{teknND:I(t) =0, degf <m, degw <n, DCC\ X}

where D is any simply connected complexr domain.

In the present paper we are interested in the cases k = Q,R,C. When
k = R the problem has the following geometric interpretation. Consider the
real plane algebraic curves

FH}: {(z,y) eR?: w =0}, I'® = {(z,y) € C2: w = 0}.

The Abelian integral
| w=wlw®) - ww)
¥(t)

vanishes if and only if (z;(t),z;(t)) € FI]@ N TR, If we suppose in addition
that D C R is an open interval, then (z;(t),x;(t)) : t € D is contained in
some connected component of FH} which we denote by FI]%O.

It is clear that the number of intersection points #(F?O,FE) (counted
with multiplicity) between I ]1}70 and the real algebraic curve I'Y is an up-
per bound for the corresponding number Z(m,n,R,0). On the other hand
#(Fﬂfﬁo,Fﬁ) can be bounded by the Bezout’s theorem. It is not proved,
however, that

Z(m,n,R,0) = #(T%,,T5)

and we discuss this at the end of the section. We have the following
Theorem 1.

(14) n-1- [ (m=D=1)

< Z(m,n,C,0) < 5

11



Proof. Let ~(t) = x(t) — y(t) be a continuous family of simple cycles. Then
I(t) = 0 for some t ¢ 3 if and only if (x(¢),y(t)) is an isolated intersection
point of the plane algebraic curves

o, f(@) = fly) _ _ o, w(r) —wly) _
I'y={(x,y) €C —— =0}T, ={(z,y) e C*: T = 0}.
Indeed, if an intersection point were non isolated, this would mean that the
curves I'y and T',, have a common connected component and I(t) = 0. By
Bezout’s Theorem the number of isolated intersection points of I'y and I',,
counted with multiplicity, is bounded by (deg f —1)(degw —1). Moreover if
(x,y) is an isolated intersection point which corresponds to some ¢ty € C\ X,
v(to) = = —y, I(tgp) = 0, then (y,z) is an isolated intersection point too.
As I(t) is single-valued in D then (y,z) does not correspond to any zero
of I(t) in D. Thus the number of the zeros of I(¢) on D is bounded by
(deg f — 1)(degw — 1)/2.
Let

Vn:{/ w, degw < n}
()

be a vector space of Abelian integrals defined in a simply connected domain
for some fixed generic polynomial f of degree m. We have dimV,, — 1 <
Z(m,n,C,0). On the other hand, if f is a generic polynomial, then the orbit
of 4(t) under the action of the monodromy group of the polynomial spans
Hi(f~%(t),Z) (see sectiuon 6). Therefore I € V,, is identically zero if and
only if w represents the zero co-homology class in H(f~1(¢),C) which is
equivalent (by Proposition 2) to w € C[f]. This shows that the vector space
V., is isomorphic to

{w € Clz] : degw < n}/{p(f(x)) : p € Cla] : degp(f(x)) < n}.
The basis of this space is
{2'f7 i+ jm < n}

and hence dimV,, = n — [2]. The Theorem is proved. O

m

The bound in the above Theorem is probably far from the exact one. If
one wants to count zeros in a not simply connected domain D then the bound
is exact for the case deg(w) = d — 1. For instance take f = IIL ,(x — i) and
w= Hf;ll(ac —14). Then f%,w =0forallv;=i—je H({f=0},Z),i,j =
1,2,...,d—1. In §6 we vs;ill give another approach using the monodromy
representation of f.

12



Example 1. Let deg f = 3, and V' be the k-vector space of Abelian integrals

generated by
/ z, / .
() (D)

By Theorem 1 each I € V' has at most one simple zero in D. As dimV = 2
this means that the bound can not be improved, that is to say V is a Chebishev
space in D.

Example 2. Let deg f =4, and V' be the k-vector space of Abelian integrals

generated by
/ 2, / 22, / 2,
v(t) v(t) v(t)

By Theorem 1 each I € V has at most three zeros in D. As dim'V = 3 this
does not imply that V' is Chebisheuv.

Example 3. Consider the particular case f = x* — 22 and take k = R. The
set of critical values is ¥ = {0, —1/4} and let v(t) be a continuous family of
simple cycles where t € (—1/4,0).

Proposition 6. The Vector space V, of Abelian integrals I1(t) = fv(t)w,
degw < n is Chebishev. In other words, each I € V,, can have at most
dimV,, — 1 zeros in (—1/4,0).

Proof. We shall give two distinct proofs. The first one applies only for the
family of cycle vanishing at t = 0, but has the advantage to hold in a complex
domain.

1) Suppose that y(t) = z1(t) — z2(t) is a continuous family of simply
cycles vanishing as t tends to zero and defined for ¢ € C\ (—o0, —1/4]. Each
integral I € V,, admits analytic continuation in C\ (—oo,—1/4]. Following
Petrov [Pe86], we shall count the zeros of I(t) in C\ (—o0, —1/4] by making
use of the argument principle. Consider the function

Sy w

F(t):fow

which admits analytic continuation in C\ (—oo, —1/4]. Let D be the domain
obtained from C\ (—oo,—1/4] by removing a ”small” disc {z € C: |z| < r}
and a "big” disc {# € C : |z| > R}. We compute the increase of the
argument of F' along the boundary of D traversed in a positive direction.
Along the boundary of the small disc the increase of the argument is close to
zero or negative (provided that r is sufficiently small). Along the boundary

13



of the big disc the increase of the argument is close to (n — 1)7/2 or less
than (n — 1)7/2. Finally, along the coupure (—oo,—1/4) we compute the
imaginary part of F(t). Let F*(t),7*(t) be the determinations of F(t),~(t)
when approaching ¢ € (—oo, —1/4) with Imt > 0 (I'mt < 0). We have

ImF(t) = (F¥(t) = F~(1))/2V=L7"(t) =7~ (t) = 6()

where 0(t) = x3(t) — x1(t) — (x4(t) — x2(t)) and z3(t), z4(t) are roots of
f(z) —t which tend to z1(t) and z2(t) respectively, as ¢ tends to —1/4 along
a path contained in C\ (—oo, —1/4]. We obtain

hww Lo )
J

det ( o f -
o0/—1ImF(t) = 3 AR L)
| Lo 2

Denote by W = W, 5(w, z) the determinant in the numerator above.

It is easily seen that WW? is univalued and hence rational in ¢. Moreover
it has no poles, vanishes at ¢ = 0,—1/4 and as t tends to infinity it grows
no faster than ¢t*t1/2 Therefore W2 is a polynomial of degree at most
[(n 4+ 1)/2] which vanishes at 0 and —1/4, and hence the imaginary part of
F along (—o00, —1/4) has at most [[(n+1)/2]/2 — 1] zeros. Summing up the
above information we conclude that the increase of the argument of F(t)
along the boundary of D is close to ([(n 4+ 1)/2] — 1)27 or less. Therefore
F and hence the Abelian integral I has at most [(n + 1)/2] — 1 zero in D
(and hence in (—1/4,0)). It is seen from this proof that the dimension of
V,, should be at least [(n + 1)/2]. Indeed

/ z?F = 0,Vk
y(t)

(1) ~(t)

form a basis of V;, (this follows from Proposition 3), which shows that V,, is
Chebishev.

2) Suppose now that v(t) = x1(t) — x3(t) is a cycle vanishing as ¢ tends
to —1/4, and defined on the interval (—1/4,0). The dimension of V,, equals
to n and the preceding method does not work. The curve I'y is, however,
reducible

and

Py ={(z,y) € C*: (z +y)(a® +¢° — 1) = 0}

14



and the family ~(t),t € (—1/4,0) corresponds to a piece of the oval z2 +
y? — 1 = 0. This oval intersects I',, in at most 2(n — 1) points (by Bezout’s
theorem). The points (z,y) and (y, ) correspond to v(¢) and —v(t) respec-
tively. This shows that each integral I € V,, can have at most n — 1 zeros in
(—1/4,0). The Proposition is proved. O

It seems to be difficult to adapt some of the above methods to the case
of a general polynomial f of degree four.

5 Arithmetic zero dimensional abelian integrals

In this section k is an arbitrary field of characteristic zero and we work with
polynomials in k[z]. The reader may follow this section for k = Q. The
main result of this section is Theorem 2 which will be used in §6 for the
functional field k = C(t).

For polynomials f,w € k[x] we define the discriminant of f

AfZ: H (xi—xj)Ek

1<i,j<d
and the following polynomial
(15)  wx f(2) == (z —w(z))(z —w(z2)) -+ (x — w(za)) € k(7]

where f(z) = (x —x1)(x —x2) - - (x —x4). Note that (wx f)ow(x;) =0, i =
1,2,--- ,d and the multiplicity of (w* f) ow at z; is at least the multiplicity
of f at x;. Therefore

(16) flwsf)ow
For w, w1, wa, f, f1, f2 € k[z] we have the following trivial identities:
(17)  wix(wex f) = (wiowz) * f, wx (f1- fo) = (W= f1) - (w= f2)

Proposition 7. For an irreducible f € k[z] and arbitrary w € k[z|, we have
wx* f = g* for some k € N and irreducible polynomial g € k[x]. Moreover, if
for some simple cycle v € Hy({f = 0},Z) we have fvw =0 then k > 2.

Proof. Let

f=(@—z1)(x—22) - (x —zq), d:=deg(f), [:={x1,22,...,24}.
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We define the equivalence relation ~ on I:

xi ~ ;o w(r;) = w())
Let Gy be the Galois group of the splitting field of f. For o € Gy we have
(18) x; ~ xj = o(x;) ~ o(z;)

Since f is irreducible over k, the action of Gy on I is transitive (see for
instance [Mi05] Prop. 4.4). This and (18) imply that Gy acts on I/ ~ and
each equivalence class of I/ ~ has the same number of elements as others.
Let I/ ~={vi,v9,...,0.}, €| d and ¢; := w(v;). Define

g(z) = (x —er)(@ —c2) -~ (& = ¢)

We have
g" = frw e k]

where k = 2. By calculating the coefficients of g in terms of the coefficients
of the right hand side of the above equality, one can see easily that g € k[z].
Since Gy acts transitively on the roots of g, we conclude that g is irreducible
over k. O

n
e

Let f,g,w € k[z] such that

(19) flgow

We have the morphism

{f=0}%{g =0}, au(z) =w(x)

defined over k. Let v € Ho({f = 0},Z) such that (a)«(y) = 0, where
(o)« is the induced map in homology. For instance, if deg(g) < deg(f)
then because of (19), there exist two zeros xi,z2 of f such that fvw =
w(z1) —w(x2) = 0 and so the topological cycle v := z1 — z2 has the desired
property. Note that and the O-form w on {f = 0} is the pull-back of the
0-form z by a,. The following theorem discusses the inverse of the above
situation:

Theorem 2. Let f,w € k[z] be such that such that

(20) /w:O

for some simple cycle v € Hy({f = 0},Z). Then there exists a polynomial
g € k[z] such that

16



1. deg(g) < deg(f);

2. the degree of each irreducible components of g divides the degree of an
irreducible component of f;

3. f | gow, the morphism o, : {f = 0} — {g = 0} defined over k is
surjective and (oy,)«(y) = 0.

Proof. Let f = f{* 52 f& (resp. w* f = gflg§2---gfs) be the de-
composition of f € k[x] (resp. w x f) into irreducible components. By
Proposition 7 and the second equality in (17), we have s < r and we can
assume that wx* f; = gfi fori=1,2,...,s and some k; € N. The polynomial
g =g7'g5% - g$ is the desired one. Except the first item and (a,)«(7) = 0,
all other parts of the theorem are satisfied by definition.

Let v = x1 — 2. We consider two cases: First let us assume that x;
and x9 are two distinct roots of an irreducible component of f, say fi. By
Proposition 7 we have w * f; = g]fl, k1 > 1 and so deg(g) < deg(f). Now
assume that x1 is a zero of fi and z9 is a zero of fo. Let wx f1 = glfl, w fo =
g;”, ki,k2 € N. The number w(z1) = w(x2) is a root of both g;, i = 1,2
and Gy acts transitively on the roots of both g;, i = 1,2. This implies that

g1 = g2 and so deg(g) < deg(f). O

Let m be a prime number and n < m. Theorem 2 with k = Q implies that
for an irreducible polynomial f € Q[z]| of degree m the integral f,y w, wE
Q[z]\Q, deg(w) = n never vanishes. Therefore, the number Z(m,n,Q,0)
cannot be reached by irreducible polynomials.

Remark 2. Let k be a subfield of C and f,w € k[z]. Any o € Gal(k/k)
mnduces a map
o Ho(Lt,Z) — Ho(Lyy, Z)

i a canonical way and so if f,y(t) w =0 then fg(ﬁ/(t)) w = 0. This means that
Gal(k/k) acts on the set {t € C | Iy € Ho(Ly,Z) s.t. fvw =0}.
6 Monodromy group

Let k be a subfield of C, f € k[x] and C' be the set of its critical values. We fix
a regular value b of f. The group 71 (C\C,b) acts on Ly := {z1,x2,...,24}
from left. We define the monodromy group

G :=m(C\C,b)/{g € m(C\C,b) | g(x) = x, Yz € Ly} C Sy

17



where Sy is the permutation group in d elements x1,x9,...,xq. Since the
two variable polynomial f(z)— ¢ is irreducible, the action of G on Lj is also
irreducible. However, the action of G on simple cycles S C Hy(Ly, Z) may
not be irreducible. For instance for f = 2%, b = 1 the group G is generated

271

by the shifting map 1 +— (4+— ... — 3*1 — 1, where (4 =¢2 .
Let
S=S5,USs...US,,

be the partition of S obtained by the action of G, i.e. the partition obtained
by the equivalence relation v; ~ s if 1 = gy2 for some g € G. For w € k[z]
with deg(w) = n the functions

R, i(t) == H f'y(:, Ai(t)::H/$,i:1,2,...,m

’yESi/:tl "[:Y YES; v

are well-defined in a neighborhood of b. They extend to one valued functions
in C\C and by growth conditions at infinity and critical values of f, we
conclude that they are polynomials in ¢ with coefficients in the algebraic
closure k of k in C. Without lose of generality we assume that for 1 < m/ < m
we have S; # —S; for all 1 < 4,5 < m/ and for m > i > m/, S; = —S; for
some 1 < j < m/. Let

Ro=T[Rei= I %,A::HAZ.:H/HC
i—1 ves/x1 I :

We define f := f — ¢ and consider it as a polynomial in k(t) [z]. In this way

the polynomial A(t) is equal to A P the discriminant of f, and
A

(21) R, =
Af
Considering f = 2¢ — a;z?~! — ... — a4 in parameters a; with weight(a;) =

i, we know that A,y (resp. Ay) is a polynomial (resp. homogeneous
polynomial) of degree (n — 1)d(d — 1) (resp. d(d — 1)) in parameters a; and
with coefficients in k (resp. in Q). This implies that we have R, A € k|t]
and by (21)

(n—1)(d—-1)

(22) > " deg(Ru,i) = deg(R,) < 5
i=1

We summarize the above discussion in the following theorem:
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Theorem 3. Let k = C and (t) be a continuous family of simple cycles,
v(b) € S; and w € C[z]. If the Abelian integral I(t) = fv(t) w does not vanish
identically, then the number of its complex zeros in any simply connected set
D C C\ X with b € D is bounded by deg(R,,;) < "=14=1).

The proof follows from the definition of R, ; and (22). This theorem
generalize Theorem 1 and, roughly speaking, it says that as much as the
action of the monodromy group on (b) produces less cycles, so far we expect
less zeros for I(t).

In Theorem 1 and 3 we have assumed that I(¢) is not identically zero.
Now the natural question is that if I(¢) = 0 then what one can say about
f and w. For instance, if there is a polynomial g(z,t) € C[t][x] such that
deg,(g) < deg(f) and g(w(z), f(x)) = 0 then there is a continuous family of
simple cycles (t) such that fv(t) w=0.

Theorem 4. Let y(t) be a continuous family of simple cycles in the fibers
of f € Clz] and w € Clz]. If the Abelian integral I(t) = fv(t)w vanishes
identically, then there is a polynomial g(x,t) € C[t][z] such that

1. deg,(g) | deg(f) and deg,(g) < deg(f);
2. g(w(z), f(2)) = 0;

3. If the action of the monodromy group on a regular fiber of f is irre-
ducible then w = p(f) for some p € Clz].

Proof. We consider f = f — ¢ as a polynomial in k[z] with k = C(¢). The
assumption of the theorem is translated into fﬂ/ w = 0 for some simple cycle
v € Ho({ f = 0},Z). We apply Theorem 2 and we conclude that there
are polynomials g,s € k[z], deg(g) < deg(f), deg(g) | deg(f) such that
s-(f—t) = g(w(z),t). Note that f is irreducible over k. After multiplication
with a certain element in CJt], we can assume that s, g € C[z,t]. We replace
t with f(x) and in this way the item 1 and 2 are proved.

The third part of the theorem follows from Proposition 2. We give an
alternative proof as follows: We identify the elements of the splitting field
of f with holomorphic functions in a neighborhood of b in C. In this way
we can identify the monodromy group G with a subset of the Galois group
G 7 of the splitting field of f over k. If the action of G on simple cycles is
irreducible then by Theorem 2 (in fact its proof) we have g = x — p(t) for
some p(t) € C[t]. O
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Remark 3. The classification of all polynomials f € C|z] such that the two

% has an irreducible factor of degree n =
1,2 has been done recently in [AZ03]. This gives us a complete classification

of polynomials f for which f% w = 0 for some continuous family of cycles

variable polynomial Fy :=

~¢ and polynomial w with deg(w) = n + 1 (F,, identically vanishes on some
irreducible component of Fy = 0). Note that in n = 1 the mentioned
classifications are equivalent but in the case n > 2 they are not equivalent (in
Example 3 there is no polynomial w(x) with deg(w) = 3 such that 2% +y?—1
divides F,,).

The space of polynomials with d — 1 distinct critical values can be
identified with a quasi-affine subset T of C¢. We claim that for f € T,
the action of the monodromy group G on S is irreducible. Since our as-
sertion is topological and T is connected, it is enough to prove our as-
sertion for an example of f € T; for instance take an small perturba-
tion f of f = (z — 1)(x — 2)---(x — d) which has d — 1 non-zero dis-
tinct critical values ¢1,¢s,...,¢4-1. Let b = 0. We take a system of
distinguished paths s;, i = 1,2,...,d — 1 in C (see [AGVS88]) such that
7 =i—(i+1), 1 <i < d— 1 vanishes along s; in the critical point as-
sociated to &, where ¢ € f~1(0) is near i € f~'(0). Now, the intersection
graph of v;’s (known as Dynkin diagram of f) is a line graph, and so it
is connected. By Picard-Lefschetz formula in dimension zero we conclude
that the action of the monodromy group on simple cycles of Ho(f(b),Z)
is irreducible.

References

[AGV88] Arnold, V.I; Gusein-Zade, S. M.; Varchenko, A. N. Singularities of differ-
entiable maps. Vol. II. Monodromy and asymptotics of integrals. Monographs
in Mathematics, 83. Birkhduser Boston, Inc., Boston, MA, 1988.

[Ar88] Arnold, V. I., Geometrical methods in the theory of ordinary differential
equations. Second edition. Grundlehren der Mathematischen Wissenschaften,
250. Springer-Verlag, New York, 1988.

[Ar05] The Arnold’s Problems, Springer, 2005.

[AZ03] Avanzi, R., Zannier, U. M., The equation f(X) = f(Y) in rational functions
X =X(t),Y =Y(¢). Compositio Math. 139 (2003), no. 3, 263-295.

[Bo94] Bost, J. B., Périodes et isogenies des variétés abéliennes sur les corps de
nombres (d’aprés D. Masser et G. Wiistholz). Astérisque, (237):Exp. No. 795,
4, 115-161, 1996. Séminaire Bourbaki, Vol. 1994/95.

20



[Fr96] Francoise J. P., Successive derivatives of a first return map, application to the
study of quadratic vector fields, Ergodic Theory Dynam. Systems 16 (1996),
no. 1, 87-9.

[BD00] Bonnet, P. Dimca, A. Relative differential forms and complex polynomials.
Bull. Sci. Math. 124 (2000), no. 7, 557-571.

[Br70] Brieskorn, E. Die Monodromie der isolierten Singularititen von Hy-
perflachen. Manuscripta Math. 2 1970 103-161.

[DS01] Dimca, A. Saito, M. Algebraic Gauss-Manin systems and Brieskorn mod-
ules. Amer. J. Math. 123 (2001), no. 1, 163-184.

[Ga98] Gavrilov, L. ; Petrov modules and zeros of Abelian integrals. Bull. Sci.
Math. 122 (1998), no. 8, 571-584.

[Ga0l] L. Gavrilov, The infinitesimal 16th Hilbert problem in the quadratic case,
Invent. Math. 143 (2001), 449-497.

[Gall05]) L. Gavrilov, LD. Tliev, The displacement map associated to polynomial
unfoldings of planar Hamiltonian vector fields, American J. of Math., 127
(2005) 1153-1190.

[Ga05] L. Gavrilov, Higher order Poincaré-Pontryagin functions and iterated path
integrals, Annales de la Faculté des Sciences de Toulouse 14 (2005), no. 4,
677-696.

[Gr66] Griffiths, P.A.; The residue calculus and some transcendental results in
algebraic geometry, I, Proc. Nat. Acad. Sci. U.S.A., 55 (1966), 1303-1309.

[HI98] E. Horozov, I.D. Iliev, Linear estimate for the number of zeros of Abelian
integrals with cubic Hamiltonians, Nonlinearity 11 (1998), no. 6, 1521-1537.

[1169] Ilyashenko Yu.S. ; The Origin of Limit Cycles Under Perturbation of Equa-
tion 42 = —f= Where R(z,w) Is a Polynomial, Math. USSR , Sbornik, Vol.
7, (1969), No. 3.

[102] Yu. Ilyashenko. Centennial history of Hilbert’s 16th problem. Bull. Amer.
Math. Soc. (N.S.), 39(3):301-354, 2002.

[Kh84] A.G. Khovanskii, Real analytic varieties with the finitness property and
complex Abelian integrals, Funct. Anal. Appl., 18 (1984) 119-127.

[La81] Lamotke K. ; The Topology of Complex Projective Varieties After S. Lef-
schetz, Topology, Vol 20, 1981.

[Mi05] Milne, J.S. Fields and Galois theory, www.jmilne.org.

[Ma91] P. Mardesi¢, An explicit bound for the multiplicity of zeros of generic
Abelian integrals. Nonlinearity 4 (1991), no. 3, 845-852.

21



[ Mo05] Movasati, H., Calculation of Mixed Hodge structures, Gauss-Manin con-
nections and Picard-Fuchs equations, to appear in the proceedings of Sao Car-
los conference at CIRM. Together with the library brho.lib written in SINGU-
LAR, 2005.

[Mo04] Movasati, H. Relative cohomology with respect to a Lefscetz pencil, To
appear in Journal fiir Reine und Angewandete Mathematik (Crelle Journal),
math.AG/0112204.

[Pe86] G.S. Petrov, Number of zeros of complete elliptic integrals, Funct. Anal. Appl.
18 (1984), 72-73; 20 (1986), 37-40; 21 (1987), 87-88; 22 (1988), 37—40; 23
(1989), 88-89; 24 (1990), 45-50.

[Pu97] Pushkar I. A.; A multidimensional generalization of Ilyashenko’s theorem
on abelian integrals. Funktsional. Anal. i Prilozhen. 31 (1997), no. 2,34-44, 95;
translation in Funct. Anal. Appl. 31 (1997), no. 2, 100-108.

[Ro98] Roussarie R. ; Bifurcation of planar vector fields and Hilbert’s sixteenth
problem. Progress in Mathematics, 164. Birkhauser Verlag, Basel, 1998.

[Sas74] Sasai T., Monodromy representation of homology of certain elliptic sur-
faces, J. Math. Soc. Japan, 26, No2 (1974) 296-305.

[Se70] Sebastiani, M. Preuve d’une conjecture de Brieskorn. Manuscripta Math. 2
1970 301-308.

[Sa99] Sabbah, C. Hypergeometric period for a tame polynomial, C. R. Acad.
Sci. Paris Sér. I Math. 328 (1999), no. 7, 603-608. see preprint 1996,
math.AG/9805077 for details.

[Va84] A.N. Varchenko, Estimate of the number of zeros of an Abelian integral
depending on a parameter and limit cycles, Funct. Anal. Appl., 18 (1984)
98-108.

22



