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EXTENSION OF ESTERMANN’S THEOREM TO EULER
PRODUCTS ASSOCIATED TO A MULTIVARIATE POLYNOMIAL

BY LuDoOviC DELABARRE

ABsSTRACT. — Given a multivariate polynomial h(Xi,...,X,) with integral co-
efficients verifying an hypothesis of analytic regularity (and satisfying h(0) =
1), we determine the maximal domain of meromorphy of the Euler product
Hp prime h (p_sl S ,p_S") and the natural boundary is precisely described when
it exists. In this way we extend a well known result for one variable polynomials due
to Estermann from 1928. As an application, we calculate the natural boundary of the
multivariate Euler products associated to a family of toric varieties.

REsuME (Eztension du théoréeme d’Estermann auz produits eulériens associés a un
polynéme de plusieurs variables)

Etant donné un polynéme de plusieurs variables h (X1, ..., X},) a coefficients entiers
vérifiant une hypothése de régularité analytique (et vérifiant h(0) = 1), on détermine le
domaine maximal de méromorphie du produit eulérien Hp premier h (p*sl e 7;fs")
et la frontiére naturelle de méromorphie est décrite précisément lorsqu’elle existe. De
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226 L. DELABARRE

cette facon on généralise un résultat célébre de 1928 concernant les polynémes d’une
variable due & Estermann. En guise d’application, on détermine la frontiére naturelle
de produits eulériens de plusieurs variables associés & une famille de variétés toriques.

1. Introduction

A classic result of Estermann ([7]) from 1928 characterized precisely when
an Euler product Z(s) = [, h(p~*), determined by a polynomial h(X) € Z[X]
with h(0) = 1, admits a meromorphic extension to C. In addition, Estermann
showed that if this property is not satisfied, then the Euler product has a
natural boundary as a meromorphic function which he identified exactly.

This article extends Estermann’s theorem to all Euler products Z(s) =
h(p~*,...,p~°") determined by any polynomial h(X3,...,X,) € Z[X1,..., X,
verifying an hypothesis of analytic regularity which is mostly satisfied (see Def-
inition 3) when n > 2 and h(0) = 1. Thus, we characterize precisely the natural
boundary of Z(s) when h is not cyclotomic'’) (see Definition 1), that is, the
boundary of a maximal domain on which it can be meromorphically continued.

1.1. Notations. — For two positive integers r and n we define:

h(X1,...,Xp) =14+ a X7 X3 X0 4 @, X X5 - X

Z(s):= Hh(p_sl,p_”,...,p_s“) for s = (s1,...,8,) € C",
P

where a; for j =1,...,r are integers and ay; for j =1,2,...,rand £ =1,...,n
are non negative integers.

We also fix the following notations throughout the article.

We put o := (aéj)(ﬁ,j)e{l,...,n}x{1,“.,7"} € M, »(N) the matrix encoding the
exponents of h whose rows for £ € {1,...,n} are written ay. := (a1, ..., Q)
and columns for j € {1,...,r} are written a.; := *(ay;,..., an;).

For j € {1,...,7} we set X®9 := X"V X;* ... X2 so that h(X) = 1 +
E;:l ana’j.

For all y € R" we will write |y| := Zyj and (y) = Ry.

j=1
For s = (s1, - ,8,) € C", and £ € {1,--- ,n}, we put:

gp:=R(s0); 70:=S(sp); o :=R(s):= (01, ,00); T:=5(8) :=(T1,.--,7n) -

(M If h is cyclotomic one can check that Z(s) = h(p~*1,...,p~ ") continues meromorphically

to C™ (see Remark 2).
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MULTIVARIABLE EULER PRODUCTS 227

We write for v = (v1,...,vy) and w = {w1,...,w,) the classical matrix
product between v and w:

m
V-w = E v,w;.
i=1

For 8= (B1,...,0:) and s = (s1,..., Sn), we will use throughout the paper
the following equality

Zﬂ]s a;.) :ZSZ _S'a'tﬁ;
=1
which results from the classical identity (s- )-8 =s- (a - 18).

1.2. Statement of main results. — We first recall the classic result of Estermann
[7] for one variable polynomials.

Theorem. (Estermann) Let h(X) = 1+ >, _1 b X™ = [[1e1 (1 —anX) €
Z[X]. Let f (s) =[], h(p™*), which converges for R (s) > 1. Then:

(i) f(s) can be meromorphically extended to R (s) > 0.

(i) If |om| =1 for allm =1, ..,7, then f (s) can be extended to C. Otherwise,
R (s) = 0 is a natural boundary for f (i.e. for each point s = it on this
vertical line, f cannot be extended as a meromorphic function on any
neighborhood of s = it).

REMARK 1. — G. Dahlquist [5] generalized this result to analytic functions h
with isolated singularities within the unit circle. Later, deep work by Kurokawa
[8], [9] and Moroz [12] extended Estermann’s result by allowing polynomials
h(X) whose coefficients were integral linear combinations of complex numbers
associated to characters of finite dimensional representations of a topological

group.
Estermann’s main result leads naturally to the following basic definition.

DEFINITION 1. — In this paper a polynomial @ (X1,...,X,) € Z[X1,..., X,]
is said to be cyclotomic if there exists m € N*, and for each k € {1,...,m},
some 7, € N® and j; € N such that we have

(1) Q (X1, s Xp) = [] @i (X70)7%;

where, for i, € N*, ®;, (X) denotes the classical ig-th cyclotomic polynomial
in the usual sense.
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228 L. DELABARRE

REMARK 2. — If Q(X4,...,X,) € Z[X4,...,X,] is cyclotomic, then there
exists a finite subset I of N \ {0} such that

Q(Xy,...,Xn) = H (I_XA)W(A)

A=Aty An)ET
with v (A) € Z for each X € I. Thus we have for oy > 1 (£ € {1,...,n}):

HQ (p—81,_,_7p—sn) _ H ¢ (S.t)‘)*’Y(A)’
P

Ael

where ¢ (s) denotes the Riemann zeta function. As a result, it is clear that
this Euler product meromorphically extends to C™ as a finite product of clas-
sical Riemann zeta functions.

Moreover, if two polynomials h; (X1,...,X,) and hs (X4,...,X,) are such
that:

hi (X1,..., X)) =he (Xq,..., X)) Q(Xq,..., X,)

for some cyclotomic polynomial ), then the maximal domains of meromor-
phic continuation of the Euler products [],h: (p~%,p~%2,...,p7°") and
[I,he (p~°',p™%,...,p~°") coincide.

So from now on, it suffices to assume the following:

The polynomial h is not constant and has no cyclotomic factors.

DEFINITION 2. — Suppose that the polynomial h is not constant and has no
cyclotomic factors.
Forall 6 >0 we put W(§) ={se€C":0-a.; >0,Vj € {1,---,r}}.

For a polynomial h in n > 1 variable(s), we first observe that Z (s) defines
a holomorphic function of s in the domain ¢ - a.; > 1,(j = 1,...,7r). In [2],
G. Bhowmik, D. Essouabri and B. Lichtin showed that there is a meromorphic
continuation of Z (s) to W(0). They did so by proving the following result.

Theorem (Bhowmik-Essouabri-Lichtin) For each § > 0, there exists a bounded
Euler product G5 (s), absolutely convergent on W (8) such that:

@ 26)= I ¢(s-a-8)?Gs(s); uhere {1(8): Be N} C L.
i<

In fact, their result is somewhat stronger. They also showed that the function
Z (s) does not admit a meromorphic continuation to W (4) for any § < 0. This
followed from the fact that 0 is an accumulation point of zeros or poles of the
one variable function ¢ — Z (¢ - 8) for almost all direction 8 € R™.

Before announcing the main result, we will first introduce a definition.
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MULTIVARIABLE EULER PRODUCTS 229

Since W(0) = {s € C" : R(s- ;) > 0,Vj = 1,...,r}, then OW(0) is a
polyhedron whose faces are of the form ¥(a..) = {s € W(0) : R(s - at.c) = 0}
for a vector a.. € {av.1,..., .. }.

We will say by abuse of language that 7 (a..) is a face of polar vector a...?).

Now let ¥ (a..) be a face of OW(0) as above and consider in particular
a.cN' a., e Qa.. the vector collinear with ., whose nonzero components
are relatively prime.

We also put Ae :={j € {1,...,r}:a; € Qa.}.

It is clear that for all j € A, there exists ¢; € N* such that a.; = g;a...

Then we define:

[hle(X) =1+ Z anouj

a.;€EQa.
[Ple(T) =1+ > a;T% € Z[T) verifying [h]o(X**) = [h]o(X).
a.;€EQa..
DEFINITION 3. — We will say that the face ¥ (a..) is a non-degenerate face if

the one variable polynomial [h].(7") has no multiple root.

Our main result is as follows.

Main Theorem

Assume that the polynomial h is not cyclotomic and admits at least one face
F(a.e) of OW(0) non-degenerate in the sense of Definition 5. Let B denote
any open ball centered at any point s° € F(av..). Then the function Z(s) cannot

be extended as a meromorphic function to any domain that contains the open
ball B.

REMARK 3. — The statement of this result is what we will prove in Theorem
3.1.

The proof of this result extends arguments used in [7], [5], [2] and [15] and
adds two new ideas. The first (see §2.2) is to write h (Xq, -+, X,) as an in-
finite product of cyclotomic polynomials. This allows us to manipulate the
Euler product J[,h(p~*, -+ ,p~°") beyond W (1) with reasonable facility. In
particular, this allows us to give a different proof of the fact that Z (s) mero-
morphically extends up to W(0).

The second new idea allows us to analyze with good precision how the zeroes
of Z (s) can accumulate (i.e. when they cannot be cancelled out) inside any open

@) In reality o is a polar vector of 7 (a.e) NR™ = {x = (z1,...,%n) € W(O)NR" : X ct.c =

0}.
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230 L. DELABARRE

ball of any point of 9W (0). In particular, we are able to do this provided that
these zeroes also belong to a suitable line (determined by a real direction vector
in R™). Such zeroes must be zeroes of appropriate factors of Z(s), given the
identity that is derived in §2.2. One might therefore think that rather precise
information about the location of the zeroes of {(s) would be needed to carry
out such an analysis. However, this is not really the case. Indeed, the strategy
of this work is to concentrate in a first time our attention to “good” points of
OW(0) in the neighborhood of which we can find an accumulation of zeroes
without assuming any assumption about the zeroes of ((s) in order to carry
out this analysis. But a recurrent difficulty in this article precisely consists in
proving that these “good” points are generic points of 9W (0) (see Definition 6
and Remark 5).

In §4, our goal is to refine the obstruction to continuing Z(s) across 9W (0)
by restricting the types of sets along which such a continuation is impossible.

Since 9W (0) is a real hypersurface in C™, it is natural to ask whether there
exists an extension of Z(s) to a real hypersurface that contains 9W (0). But for
this to be reasonable, we must first clarify what type of function this extension
should be. One such possible class consists of the C-R functions.

DEFINITION 4. — A function f continuous on a real hypersurface ) of class
€' in C" is said to be C-R (Cauchy-Riemann) if for any differential form w of
bidegree (n,n — 2) that is € in a neighborhood of $ and satisfies supp w N $

is compact, we have [ fow = 0.
9

ExXaMPLE 1. — If F' is an holomorphic function in a neighborhood of a real
hypersurface $) of class €' in C", then f = F | is a real analytic C-R function
on §).

By restricting our attention to real-analytic hypersurfaces, we are able to
show the following.

THEOREM 1.1. — Assume that the polynomial h is not cyclotomic and that
F(a..) is a non-degenerate face. Let §) denote any real-analytic hypersurface
that intersects F (a..) C OW(0) and is not a subset of W(0).

Then no real-analytic C-R extension of Z(s) to $) can exist.

In [3] de la Bretéche has introduced the Euler product of three variables

1
F(51a82783): Z

s y52 253
(z,y,2)EEo
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MULTIVARIABLE EULER PRODUCTS 231

where

={(z,y,2) € (N*)3: (2,9,2) = 1,3t € N zyz = t3}
to study the meromorphlc continuation of the heigh zeta function of one com-
plex variable s:

_ i #{(2,y,2) € Boo : max{w,y, 2} = m}

ms

The analytic behavior of H(s) provides, via tauberian theorems, some results
concerning the density of rational points on the singular cubic surface xyx2z3 =
x3. Some more precise result in this direction have been also proved by de la
Bretéche and Swinnerton-Dyer in [16].

Taking up this idea, Bhowmik, Essouabri and Lichtin have defined in [2] a
multivariable zeta function which is naturally associated to a projective toric
variety via a projective embedding in P™ for some m.

They proved that such a zeta function is an FEuler product
[I,h*(@~*,...,p~%™) where h* is an analytic function satisfying h*(X) =
(Tvex (1 = X*) ™) h(X) with h(X) € Z[X1,...,X,], K a finite subset of
N™ and {c(v)}veck a finite set of positive integers.

As an example of the main result of this paper, we improve a result of [2] by
giving the exact domain of meromorphy of a family of multiple zeta functions
associated to the hypersurfaces z; - - -z, = x;;,, for n > 3.

Indeed, we have in particular (see [2], Theorem 7) the following expression

for the multiple zeta function Z,(s1,...,sn41) asssociated to z1 -+ -z, = 2}, ;:
H 1 C ns; + 5n+1 _ _
Zns,.. ,Sn i= V 31'“’ Sn+41
( 1 +1) 514+ Smer) H )
with
Vn(Xl,...,Xn+1) = Z XIl...XT"XJk"l_ll/n‘

re{0,...,n—1}"snIr|
And since all the faces of OW(0) computed from the polynomial
Vo(X1, ..., Xnt1) are non-degenerate faces, we obtain the following result:

COROLLARY 1.1. — The exact mazimal domain 9D of meromorphy (in the
sense of Theorem 1.1) of the zeta function for n > 3:

1
Zn(Sl,...,Sn+1): Z 517373”‘“

x .
w; €Zsged(mysi=1,...,n)=1 1 n+1

T1 T =2
s given by

D = {SG(C"H;W'G{0,...,n—1}”,n| l#ll; s171 + - - snrn—l—snﬂu }
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232 L. DELABARRE

2. Rewriting Z (s) as a product of zeta functions and meromorphic continuation

2.1. An inversion formula for a multivariate arithmetical function. — The follow-
ing result, which generalizes the inversion formula for a single variable arith-
metical function, will be used to prove a basic identity in §2.2.

DEFINITION 5. — Given a multivariate arithmetical function g : N* \ {0} —
C and a classical one variable arithmetical function f: N*(= N - {0}) — C,
we define f¥g : N* \ {0} — C as a multivariate arithmetical function by
setting:

VBeN"\{0}, fg(B)= »_ [f(m)g(b).
beN™\ {0}
mbep

LEMMA 1. — Given a multivariate arithmetical function g : N™ \ {0} —
C, and two arithmetical functions fi, fo : N* — C, we have the equality
fi*x (faxg) = (f1 * fa) *g, where * denotes the standard convolution product
between one variable arithmetical functions.

PROOF. — We have for all 8 € N*\ {0} :

AE(f2%g) (B)= > fi1(m)(f2%g) (b)
o

Yo fim) Yo fa(d)gle)
beN”\{0}, ecN™\ {0},
meEN*, deEN*,
mb=p de=b

= Z f1(m) f2(d) g (e)

eeN™\{0},
(m,d)e(N*)2,
mde=03

Z (Z fi(m) fa (d))g(e)

eeNm\ {0}, \md=k
keN*,
ke=0

Z (fr* f2) (k) g (e)

ecN™\ {0},
keEN*,
ke=0

= (f1 = f2) *g (8B) .
This completes the proof. ]
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MULTIVARIABLE EULER PRODUCTS 233

Thus, if f is an invertible single variable arithmetic function (with respect
to convolution), and if we know f%g, we are able to find g:

COROLLARY 2.1. — Let f : N* — C be an invertible arithmetic function with
inverse f~1. Then, for any multivariate arithmetical function g : N*\ {0} — C

we have for all B € N*\ {0}, g (B) = f~1% (f*g9) (B).

2.2. Meromorphic continuation of Z (s). — In this subsection we give a different
proof (from that in [2]) that Z(s) has a meromorphic continuation in W (0).
Our argument is based upon an expression for any polynomial h as in §1.1 as
an infinite product of cyclotomic polynomials.

Consider the following quantity:
1

(3) €= O) =

It is clear that if each |Y;| < C (i =1,...,r) then:

s
E a;Y;
i=1

and we verify that C = C(h) is maximal among the C satisfying (4).

(4)

< 1;

LEMMA 2. — In what follows we denote by u(-) the classical multiplicative
Mobius function.

If each |Y;] < C =C(h) = m, then we have:

(5) l+aYi+-+aY, = ][] (1_),151“.},?&)%@,

BENT\{0}
where the right side converges absolutely and each v(B) € Z and satisfies the
equality:

_ ) (B =Y
(6) v(B) = bENET\{o} (( 1) m bl bl aq a, ) € Z.
meN
mb=0

In addition we have |y(8)| < C~18I uniformly in B € N"\ {0}.

REMARK 4. — The fact that v(8) € Z can be proved by recurrence on ||3||
in the same way as in [7] p. 448 in the supplement of the appendix added on
January 14, 1928.
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234 L. DELABARRE

PrOOF (Lemma 2). — Let us estimate v(3) by using the expression given in
(6). We have:

hels Y IHEL b,H|ag|”_“ﬁ|| > 'b”'THIaal”

beN"\ {0} beN”\{O}
meN meN
mb=0 mb=0
\|b||' b; 181
S T gl < g 2 Gl ®
m||| 8]l "GNT\{"}_ﬂ m||| 8]l
(181 I8l : i
< 8] (laa| + -+ |a.|)"”" where 7(||8|)) is the number of divisors of ||3||
< (”'If””)c 181" < ¢=18I yniformly in 8 € N"\ {0}.
Now put G(Y) := H (1 - Ylﬁl o Yrﬁr)vm) and verify that G(Y) is an
BeNT\{0}

holomorphic function in {Y € C" : max; |Y;| < C}. So let 0 < C; < C and let
us prove the convergence of G for max; |Y;| < Cy. We have for |Y;| < Cy:

> hens Y ceeeo Yy (4)°

BENT\{0} BENT\{0} BENT\{0}
(E@)) -+
< — = ——— < +oo.
— C T
k=0 ¢ (1 - ?1)

Hence Y — G(Y) converges absolutely and defines an holomorphic function
in @ :={Y € C" : max; |Y;| < C}; moreover, for all Y € 9 we have:

+oo
(M los@)= Y AB)lg(1-Y)=— Y A8 ¥,

BeN"\{0} BeN"\{0}

And since (7) converges absolutely for Y € 9, we have:

log(GY) =— 3 > ”,f?) yb

(8) beNT\{0} \ BENT\{0},meN,mB=b

- ¥ ||1|| 3 181(8) | Y.

beNT\ {0} BENT\{0},meN,mB=b
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But we have:

_18Iv(8) = S (i R e e

1...p1 1L
meN,beN™\{0},mb=23 bat--- byl

And by Definition 5, we have:

=IBlv(B) = u*g (B),

where the function g is defined by g (8) = (_1)Hﬁ\|—1 %afl ---afPr for
B e N"\ {0}.

Since the function 1 being 1 everywhere is the inverse of the function u we
obtain:

(9) > ~1Bll7(8) = (-1)!™

ImeN,BeN"\{0},mB=b

[b]]! Qe
by!---b !t T

So the identity (8) provides:

ogGY) = 3 - (_1)||bub'||¢abe

bl
beNT\{0} Ibli it byl
+oo k T
(—1) K .
:Z & Z b|...b|H(aJ’YJ’)b]
k=1 b=k 1+ =1

S~ (=D k
:Z . (a1Yi+---4+a.Y.) =logl+a1Y1+---+a.Y);
k=1

which completes the proof of this lemma. O

We fix a polynomial h as in §1.1 and consider the quantity C = C(h) intro-
duced in (3):

COROLLARY 2.2. — If each |X®7| < C for j € {1,...,r}, then:

n v(B)
1 + a]_Xall + . + aTXa-r — H (1 _ Xeagtﬁ>
BeN"\{0} =1

_ H (1 B Xa,tﬁ)'v(ﬁ) .

BeNT\{0}
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236 L. DELABARRE

THEOREM 2.1. — The function Z (s) is meromorphic on W (0).
Moreover, if for all § > 0 we write Ms = [C_%] +1 (Ms € N), there exists
Apr; meromorphic on W (§) with possible zeros or poles in the set:
&5 = {s ceW()|3BEN,s-a-"B=p, pzero or pole of C(s)};
and such that this relation holds on W (d):

Z(s) = H h (p_sl, . ,p_s") A, (s).
p<Ms
PROOF. — We show that Z (s) is meromorphic on W (§) for all § > 0.
We know that if each |X®7| < C then

¢ B8
WX, X)= J[ (1 —X“'ﬁ)ﬂ i
BeNT\{0}
where the right side converges absolutely.

We know according to the previous lemma that |y(8)| = O (C_”ﬂ“) . Thus,
for B € N\ {0} and s € W(4) we have:

+oo
| 21815 gy
M

> @t <@ Y pe? < vg)
>M,

o B)M o+1 541
=0 (|7(5)|M6—||ﬁn + ) Iy (Cfl\ﬁHMé—Hﬁll + )

1 i
Since |z| < 1 implies Z 2Bl = <17) —1 < 400 and since M;s >
BENT\ (0} v
C’%, we see that € can be supposed small enough so that My > (C — 2¢)

Then we have:
Z Z 7(,3)

s-a-t8
p>Ms BeNT\{0}

1
S

< +00;

and thus according to Fubini’s theorem applied with the counting measure
we obtain:

H H (1 - p‘s'a'tﬁ)y(ﬁ) — H H (1 _p_s.a.tﬁ)w(ﬁ) .

p>Ms BeNT\{0} BeNT\{0} p>Ms

We then have, initially for o, > —ll‘z)gg((%),(k =1,...,n) (ie |p~*| < C

for each k), and subsequently by analytic continuation to W (d), the following
equality:

H h(p_SIa"'ap_sn) = H CM& (S'a 'tIB)_’Y(ﬁ)7

p>Ms BeN"\{0}
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MULTIVARIABLE EULER PRODUCTS 237

where

(10) Cuy (s a-B) = (s a-B) [ (1-p~==").
p<Ms

We then notice that for all z with $ (z) > 0, ¢ (2) and (u, (2) have exactly
the same zeros with the same multiplicities since R(s-a-8) = o -a -8 =
>;Bi(o-ay) > 6 when's € W(8) and (1 — p~®#)) does not vanish when
p < Ms and R(z) > 4.

Set Ay, (s) = H vy (s tﬂ)—w(ﬂ) .

BeNT\{0}

The zeroes or poles of Ay, must belong to 5. Moreover, Ay, is meromor-

phic on W (§).

Indeed, we write Apr (s) = Aim, (8) Ao, (s), with Ay a (s) =
H Cuy (5 - tI@)—’Y(B) and As py, (s) = H Cuy (s- tI@)—W(B) .
IBII<[6-1] 1811>16-1]

A1, is clearly meromorphic on C™ since it equals a finite product of mero-
morphic functions.

For Aj u,, we have for [|B] > [67']+1, R (s-a-B) =0-a-'B>|B]|6 > 1.
Hence

+o00 +oo
1 1
’CM(; (s ‘o tlg) _ 1| < Z p-lIBls / 21818 g — .
k=M;s+1 M; 1816 — 1 pr )Pl
Therefore,
—1 7\ I8l
c-1! M
2. h®Ifow (s-a-B) -1 ] ( a) Bl —1 <+
IBlI=[6-1]+1 18II>[0-1]+1 (Ms)

which proves the meromorphy of As r,, and so of Aps, on W(6).

Finally, since Z (s) = Ay (s) H h(p~®,...,p ") ; it follows that Z (s)
p<Ms;
is meromorphic on W ().

This completes the proof. O

3. Natural boundary of Z(s)

In the preceding section we have proved that Z(s) meromorphically extends
to W(0). The aim of this section is to prove that 9W(0) is a natural boundary
of Z(s) when h is not cyclotomic and admits at least one non-degenerate face
(o) in the sense of Definition 3.

Let us start by giving the definition of what we mean by a generic set:
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DEFINITION 6. — A set G C E is said to be generic in E if the complement
of G in F has empty interior.

REMARK 5. — In the following when we will use the term “generic point” in
a set E, it will be understood that we consider any point belonging to some
generic set in E.

The underlying idea behind the proof of the main theorem is the observation
that if there exists a meromorphic extension that is defined at some point of
OW (0), then such a function would also have to be defined in some open ball of
a generic point of 9W (0). Consequently it suffices to restrict our attention from
the beginning to any generic point s® of 9W (0), and then prove the existence
of an accumulation of zeroes or poles of the restriction of Z(s) to a suitable
line through s with real direction vector 8 € Q" (i.e. with parametrization
t — s +t0). In fact, the generic set we end up using is constructed in several
basic steps (see the condition (11) and the proofs of Lemmas 5, 7, and 8).

Note: Since the argument here is particularly difficult to follow because of
technical difficulties, some comments (clearly presented as such) will be add
throughout this section to make the proof more readable. Obviously these com-
ments are not part of the proof itself.

We recall the assumption (see §1.2) that h is not constant and does not
contain any cyclotomic factor. For Z(s) determined by h, our main result is as
follows.

THEOREM 3.1. — If ¥ (a..) is a non-degenerate face of OW(0) in the sense
of Definition 3 then Z (s) cannot be meromorphically continued into any open
ball B centered at any point s° € I (a..) € OW(0).

The proof of Theorem 3.1 will be done in two basic parts.

In Part 1, we will show the existence of an accumulation of zeroes coming
from the factors ¢ —— [[,<s, b (p_sll)_tel, e ,p‘si_w”).

Here, the delicate point to verify will be the existence of such zeroes with
positive real part, meaning that all such zeroes lie “to the right of” (or “above”)
OW(0).

In Part 2 we prove that these zeroes are mot cancelled by possible poles
coming from (-factors of Ay, (s0 + te). For this we first remark that the zeroes
or poles of A, (s0 + t0) can be expressed as follows:

0 t
t(B,p) = 71)_95 oz ﬁ,
‘a3
where 8 € N” \ {0} and p designates the pole 1 or a non-trivial zero of the
Riemann zeta function. The key observation in Part 2 is that we can always
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choose a generic s° € 9W(0) (via a second generic condition we impose upon
both o and 70, see Lemmas 7 and 8) so that for all p and for all 3 € N"\ {0}
we have h (p_sg_t(ﬁvp)gl Y ’p_SSL _t(ﬁvp)gn) ?é O

Solet s° € 7 (a..) verifying 0% .. = 0 and consider an open ball B(s?) = B
of radius arbitrarly small around the point s°.
Moving s° € 9W (0) N B if necessary, we can assume that o® verify the fol-

lowing genericity conditions given a column w € Q™: there exists e € {1,...,r}
such that
(11) o’ -w=0<=we Qa..

In particular we have: if 3,3 € N"\ {0} are such that 6°-a-3 = ¢*-a- '3,
then a -8’ € a -8 + Qa..

Moreover, by rearranging the indexes if necessary, we will suppose from now
on without loss of generality that

(12) Qne # 0.

DEFINITION 7. — We define the e-th main part of A to be the polynomial
RleX)=1+ > a;X*7.

a.jE(a.e)

DEFINITION 8. — Weset Ac = {j € {1,...,r} : a,; € (@)} and B. = {B €
N :B8;=0 if j¢A}

Proof of Part 1.

Comment. — The aim of this part is to find an expression of zeroes of the
factors involving h in t — Z(s® + t@). The fact we fix a point s € W (0) in
a direction 8 € R™ naturally reduces the study of the zeros of the multivariate
polynomial A to those of a generalized polynomial of two variables W (X,Y")
(depending on the parameters o°, 7%, 8 and p). The main difficulty of this part
will be to prove the existence of Puiseux branches of such a generalized polyno-
mial so to obtain an expression of the zeroes of t — h (p_s(f_wl Yo ,p‘sg_w")
for all prime number p large enough. This is what we do in Proposition 1.

Recall that thanks to §2.2, we have, for any § > 0, the following expression
for Z(s) whenever s € W(d): Z (s) = H h(p=®,--,p~°") Ap, (s); where
p<Ms
Ms = [C’_%] +1and C =C(h) = m Then consider Z|r,, where L
denotes that part of the line L(s®, 8) parametrized by s® + t@ with ®(¢) > 0.
The aim is to prove the existence of an accumulation of zeroes of Z|, in any
rectangle =, , depending on two parameters (u,n > 0):
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Eun: 0<R@E) <1
O<u<()<u+n.

To be able to use the infinite product expression given by Theorem 2.1 for Z|r,,
it suffices to impose the following condition on 8 € Q™:

(13) 0 -a;>1forallje{l,...,r}.

Then it is simple to verify that when 0 satisfies (13) and R(¢) > 6 > 0 then
s 4+ t6 € W(J). Indeed, we observe that for all j € {1,...,r}, (o%+ R(t)6) -
a.; > R(t) > 6. As a result, we can apply Theorem 2.1 to get a product
expansion for Z(s" + t@) whenever R(t) > §, for any § > 0.

We now state a lemma that will be used several times in the following discus-
sion. The proof of this classic result follows from the Weierstrass Preparation
Theorem and can be found in Abhyankar ([1], Chap. 2, p. 79 - Identity Theorem
(10.5)).

LEMMA 3. — Let f: U — C be a nonzero holomorphic function defined on an
open set U C C™. Then the zero locus f~1(0) has empty interior inside C™.

3.0.0.1. Definition of generalized polynomials.— We will need in the following
to enlarge in a certain sense the class of classical polynomials of two variables.

DEFINITION 9. — We will say that W(X,Y) is a generalized polynomial if
for all X € C\R_ and Y € C deprived of an half-line we have W(X,Y) =
T

1+Z c; X"1YHi (¢; € C); where for all j € {1,...,7r},v; € Ryp and p; € Qso.
j=1

Notice that contrary to the classical polynomials, the generalized polyno-
mials W(X,Y) are a priori defined only for X,Y € C deprived of an half-line
since it is necessary to be able to define a logarithm to define them.

Thus when we will speak about a generalized polynomial W (X,Y), it will
be understood throughout the remainder that we consider it for X € C\ R_
and for Y € C deprived of an half-line of the form e°R, with b € R.

Now we first fix a triplet u = (p,7°,0) of parameters. It will always be
understood to be the case that p is a prime number, 6 satisfies (13) and 7° € R™.

Then we consider in particular the generalized polynomial for o satisfying
(11):
%% XV)=1 7iT0-a.1XaO-a,1Yg-¢x1 7iTO-aArxo'O-a,TYe-a.r
;L,a'o( ) )_ +a1p +---tarp .
Setting s° = 0% + i7°, it follows that

W, o0 (p—lyp—t) —h (p—sll)—t91’ . 7p—s?l—t9”) )
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Notice that for a fixed p, W, 5o (p_l,p_t)is well defined for almost all ¢ €
Sy (i-e. for all t € E,, except at most a finite number). Indeed, p~! € C\R_
and if we choose the branch e?*R, and the corresponding determination of
the logarithm to define W, ,0(X,Y) on C\ R_ x C\ e®R;, then we have
p~t € e®R, if and only if there exists k € Z such that

(14) I(t) = 721122 (;)b~

hence there is at most a finite number of such ¢ € =, , verifying (14); which
justifies the fact that W, 5o (p_l,p_t) is well defined for almost all ¢ € B, ,,.

Now the idea is to use one of the tools which have been developped by M. du
Sautoy when he studied Euler products associated to a polynomial of two vari-
ables ([14]). He uses in particular the Puiseux series theory, a generalization of
the implicit functions theorem. However, the classical Puiseux theory fits badly
for the class of generalized polynomials since the classical Puiseux algorithm
applied to a generalized polynomial don’t provide a priori a convergent solution
or even a formal solution. In addition, the using of the multivariable Puiseux
theory don’t provide satisfactory results because of a very bad control of the
domain of convergence of the solutions.

)

This is the reason why we use the hypothesis of Definition 3 which permits to
reduce the problem and to apply the implicit functions theorem by considering
these generalized polynomials as multivariable polynomials whose variables are
specialized; in this way we justify the existence and the convergence of the
solutions for X € C\ R_,|X]| in the neighborhood of 0.

Precisely, we want to express, for X in a neighborhood of 0, Y as a function of
X such that W, 50 (X,Y) = 0. However, W, 50 (X,Y) is not a real polynomial;
and we must justify why it is possible to generalize the Puiseux theory (that we
could find in [4]) for the polynomials of two variables to this class of generalized
polynomials. The main difficulty here comes from the fact that the exponents of
the monomials of W, 50(X,Y’) are not integers; hence W, 50(X,Y) is defined
from a determination of a logarithm and does not defined a regular function in
X =0.

Puiseuz theorem for W, o0 (X,Y)

DEFINITION 10. — We put &.. € N* the vector collinear with a.. whose
nonzero components are relatively prime. In /t\}lis way, if j € A, there exists
g; € N* such that av.; = gj@... Then we put [h].(T) :=1+ Z a; T%.
JEA.
Since ¥ (ax..) is supposed to be a non-degenerate face, the polynomial [/l;]/e(T)
has no multiple root. For the following we will suppose that 0 - a.. is a positive
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integer (we will precise later (see (26)) that we choose 8 so that 6 - a.. is a
positive even integer).

Comment. — The analytic behaviour of these generalized polynomials
Wyoo (X,Y) being much more complex than for classical polynomials,
this is where we will recourse to the assumption of non-degeneracy of the
face ¥ (a..). In addition, this hypothesis permits to have satisfactory results
concerning the convergence of the Puiseux branches of W, 50 (X,Y’). Note in
particular that the domain of convergence # of these branches obtained in
Proposition 1 does not depend on the parameter p, which is essential since we
want to express the zeroes of t —— h (p_sll)_wl, . ,p_sa_w") for infinitely
many prime numbers p.

PROPOSITION 1. — Puiseux theorem for W, .0 (X,Y).

We fiz the parameter vector u = (p, 7°,0). Let ¢ € N* be the smallest positive
integer verifying ¢80 - a.; € N* for all j =1,...,7. We consider the finite set:

Ty = {c# € C; Jc root of @(T) such that cze'/"‘\'e = pi"'o'aﬁc} .

There exists €, > 0 (not depending on p nor on 7°) such that for all X €
H = {X € C\R_,|X| < e} the equation W, 0(X,Y) = 0 admits the set
of solutions Y = Q. 50(X) (cu € vyu); where for all ¢, € v, the general-

ized Puiseux series X —— qucma" (X) is an holomorphic function on ¥ and
Ky

satisfies Qy ¢, 50(X) = Z ck(cu,u)Xﬂ("O)k, with:
k=0

1. ke, € NU {+o0};

2. 9(0%)9 =0< (0 <--- is a stricly increasing sequence not depending
neither on p prime nor on 7° € R™;

3. limg— 400 ¥(00) = +00 if K¢, = +00;

4. there erists two constants D., > 1 and A(c®) > 0 (independing of p, T°
and k) such that |ck(cpu, p)| < D;‘)("OW(”O)’“ uniformly in p prime and in
k;

1
5. colep, p) = cf,, in particular |co(cy, p)| = |c|o-oe.

Moreover {co(cp, p);cy € tp} = {u € C; Je root of [hle(T) such that ui®ee —
0D
pz‘r -a.ec}'
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PROOF. — We make the change of variable Y = Y}?. The problem is reduced
to resolve the equation

(15)
Wo0(X, Y1) := W, 00 (X, Y}
=1+35, ajp‘i"'o'a-y' X quo'a'j
=1+ Z a]_p—iro-a.jqug'a-j + Z ajp—ifo~o¢.an'0~o¢.jleqo'a-j

JEA, J¢Ae
=1+ Z ajpfiqj'raa,equqj'e'a-e + Z ajpfi‘ro-a.on’O-a.jqua'a-j.
JEA. j¢A.

Now if Y7 = Y1(X) = ¢ +0(1) for X — 0% is a solution of W, 50(X,Y7) =0
when X — 07, then we have necessarily 1+ Z a;p T e 8959 — 0 and
JEA,
—itla. 6-a.
hence c = p ccf, % is a root of the polynomial [h] =1+ Z a; T9 .
JEA,
We deduce that ¢, is a g0 - &..-th root of p“'o'“'EC where c¢ is a root of the
polynomial [h].(T"). Thus ¢, € t,.

Remprocadly7 let ¢, € Tu Then there exists a root ¢ of the polynomial [h].(T)
such that qu ae = p”o @-cc. The root ¢ of [h].(T') is necessarily nonzero since
[h]e(0) = 1 # 0. We make the change of variable Y1 = ¢, (1 + Y3). We search
Y, = Y5(X) such that W, 50(X,cu(l + Y2(X))) = 0 and Y3(X) — 0 when
X — 0F. We put G(X,Ys) := W, 50(X, cu(1 + Yz2)). We have:

GX,Yo) =1+ Y agp i0m e clli®®e (1 4 )00
€A .0 0
+ Z ajp—zr L' -a»jcza‘a-j(l +Y2)qe‘a-j
igA. ~
=1+ ) a;ch (14 Yp)tu0e
€A 0 0
+ Z a;p” T '“-ch"""jX" (1 4 Yy)10 e
J¢Ae
Since the 6 - a.; € Q¢ and the 0 - a.; € Rs (j ¢ A.) and by the choice
of ¢, G(X,Y3) is defined and holomorphic on 9; := C\ R_ x C. Put for all
X = (X;)j¢n, € C""#A< and for all Y3 € C:

FX,Ys) =14 3 aye (14 Y2)240% 13" a,X,(1 4 )90,
JEA. JEA
This function (X, Ys) — F(X,Y>) is clearly holomorphic on % = C™~#4< x C
and we also notice that this polynomial does not depend neither on p nor on
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79. Moreover, for all (X,Ys) € 9; we have:

(16) G(X,Ys)=F ((p—i.,-o.a.jcze‘a.jXUO.a.j)nge 7YQ) .

Furthermore, we easily check that in the neighborhood of (X,Y3) = (0,0) we
have:
F(X,Yy) =1+ Y a;c% (1+qq;60-a..Yz + O(Y5)) + O (| X]))

JEAe

=1+ ) e +q(0-@.0) | Y a5¢” | Yo+ O(IX]) +0(Y5)
NjEAe . JEAe
= [hle(c) + e (8- &e) [Al(e)Y2 + O (1X]]) + O (¥5) -
And since the face ¥ (a..) is a non-degenerate face by hypothesis, ¢ is a
simple root of [/il\]-;(T), and hence [/iz\]/e(c) =0 and @(C) # 0. We deduce that

—(0,0) = qc (0 - a.. [R](c 0. Hence, according to the implicit functions
0Y5 ¢
2

theorem, there exists ¢y = €g(h) > 0 (independent of p) such that
X € D(0,¢0) = {X € C"~#2 | | X||< €0}
F(Xa Y2) =0

is equivalent to

(17) {X € D(0,c0) = {X € C"~# | | X|[< o}

Y2 = V(X);

where
V(X) = > A(w)X¥
(Vj)jgn, =vENT—#Ae
=Y amIw
(v3)jen, =VENT—#Ahe JEA.
converges and is holomorphic in D(0, ¢y). In particular, we have uniformly in p
prime and 7° € R™:

2\ 2ign. ¥
(18) |A(v)| < <7) e
€0
901]
-__0 . . =
Now since 0% - a.; > 0 for all j ¢ A. and since [p~i" '“'jcze S| = |c|o-ee

for all j ¢ A, the identity (16) implies the existence of ¢; = €;(h,a°) > 0
(independent of p and 7°) such that for all X € # := {X € C\R_ : |X| < ¢},
the point X(u) = (p_iTO'a'che'a'jX"o'a'j) " € D(0,¢); and V(X(p)) =

J
Z A(V)Piizféf\e VT CZZjeAe ng.a-jXZjeAe Vj"O-O“J',

v=(v;)jgn.
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Put & = Z vio® a; v = (v))¢a, € Nr—#A L which is a discrete
J¢Ae
part of R% . So there exists a strictly increasing sequence (finite or infinite) of
R such that & = {0(0°)r : k=1,..., ke, } with k., € NU{+oo}. Moreover, it
is clear that if k., = +o0 then limy_ 4o ¥(0%)r = +o00. And if for all k < ke,
we put:

i 0. . q ) v;0-o.;
k(s 1) = ) A e, 07" s gl dosenc 0%,
v=(v;) g, ENTTHAe
D ian, vile e )=0(a)y
0
the fact that v; < % for all j ¢ A, since Y7 qx, v;o® - a.; =9 and
(18) provide the estimation:

9 ) (ZNAE 75,0_1&‘]_ )19(0'0)k ﬂ(GO)k

(19) ek (cu, )| < ( o',

€0 .
J¢Ae

uniformly in p prime and in 7° € R"™. Consequently for all X € # = {X €

K/Cl"'

C\R_ : |X| < €1} we have V(X(p)) = ch(c“,u)Xﬁ(”O)’“. We conclude
k=1

using the fact that ¥ = (c,(1 4 Y2))? = ¢, (1 4 Y2)4. O

REMARK 6. — Notice that the solutions obtained in Y of W, 50(X,Y) = 0
appear as g-th powers. Thus there will be no problem in the following related
to the manipulation of rational powers 6 - a.; in Y of W, 50(X,Y) when we
will replace Y by these solutions.

To simplify the writing introduced in the previous proposition, in the whole
following we will write any solution of W, 50(X,Y) = 0 (in finite number) as
follows:

Q”,UO(X) = Cm()-i-cy,,lXﬂl +"'+CN,NX19N —{—o(XﬁN)’ (N > 1);

where 9y = 9(a%)y > --- > 9, = 9(0%); > 0 and cu,m € Cfor all m > 0.
In particular c, o is a root of the one variable polynomial [W,, solc(y) :=
.0
1+ Z a;p~ " @390 %5 We can also notice that if we set
JEA.
»‘ro»a.e

(20) 60,0 = Cu,Op_z Gae

then |€g,0| = |cu,0] and Cg o is a root of the polynomial 1+ 37,4 ajyb .
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Thus we can describe the zeroes of t — W), 5o(p~*,p~") via these Puiseux
branches; they can be expressed as follows:
log (Qu.oo (p71))  27mi )
log(p) log(p)’
where m € Z and p is a prime number large enough.

tm,p,o0 =

Comment. — In the following, we want to prove that the branches Q,, ;o0 (X)
satisfy some properties, in particular the fact there exists at least one branch
such that |Q”’ao (X)| < 1 for X > 0 small enough in a way to have
R (tm%ao) > 0 for p large enough.

But to do this, it is necessary to select certain values of the parameters
0,7 and 6 on which depend the branches Q,, 5o (X).

For the parameters o® and 7%, the major difficulty will be to prove that their
possible values that provide the desired properties for €2, 5o (X) are generic,
that is are so many that it is always possible, moving the point s® inside the
ball B if necessary, to assume that s = ¢® + i7% with "good" values for o
and 7°.

Concerning the direction 6, it will be necessary to guarantee the existence of
at least one value of this parameter for which we are able to prove the desired
properties for Q, 5o (X) provided that the other parameters o and 7° belong
to the generic set of "good* values.

The following lemma 4 is a good illustration of this principle which consists
in integrating the dynamic aspect of parameters.

The following technical result will be useful later to show the existence of a
particular index e’ € {1,...,7}\ {e} (see (23)) that will be important when we
will need to calculate the second term of a Puiseux branch.

LEMMA 4. — Fiz a prime number p and a direction @ and consider the pa-
rameter vector u = (p,7°,0) for some 70 € R™. Suppose that there exists
c € C\ e®R, such that for all X € C\ R_ and for all a° in a generic set so
that s° € BNOW (0) we have Wy, 5o |ro—g (X,¢) = 0. Then we have necessarily

ol 1.
PROOF. — Let us assume that there exists ¢ € C* such that for all X € C\R_
we have W, 50 |ro=o (X,¢) = 0.

By hypothesis, there exists at least an open ball U C R"™ such that for all

o?cUN{xeR":x -, =0} and for all X € C\ R_ we have:
(21)

Wioo lro—o (X,0) = 1+ Y a; X7 5@ = b (XTI, X7ne) =0,

j=1
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Moreover, the only constraint of 0 € UN {x € R" : x- a., = 0} is that its
components must verify a°-a.. = 0. Consequently, since we have assumed (see
(12)) without loss of generality that a,. # 0, we can consider 6 € U N {x €

R™ : x-a., = 0} as a (n—1)-uple 5° = (&°,...,&°_,) in an open ball U C R"~!
by putting:
o) =&y (tef{l,...,n—-1}),
1 n—1
ob =~ .
ane
i=1
Then define for all z € Ry q:
ij — R—1
P, :
~0 _ ,~0 ~0 ( >° o0 )
o =(07,...,0,_1)— (2%1,...,2%-1).

It is clear that | J,-q @z(ﬁ) describes a nonempty open set U’ of (0,00)" 1.

Consequently, for all (t1,...,t,—1) € U’ there exists # > 0 and &° =
o~ ~0 ~0
(&),...,6° ) € U such that (t1,...,tn_1) = (m"l,...,w"n—l) and we have:

n—1
_ %ve
h (tlcel,...,tnlcenl,cen H t, “"e> =h (x"?cel,...,x"gce")
=1
= 0 according to (21).

Moreover, there exists a nonempty open set U” of (0,00)""! such that
for all (y1,...,Yn—1) € U” there exists (t1,...,tn—1) € U’ verifying
y;m = t; for all ¢ € {1,...,n — 1}. But the function (y1,...,Yn—1) +—

n—1

h(y'f‘“cel,...,yfl‘ielca"l,cg" Hyea“> is holomorphic on (C*)*~!. And
=1

since it vanishes on an open set U” de (0,00)" !, we have in fact

n—1
VWi gn1) € (CH h(y?necel,...,yzzacen—l,cenH.@%) 0.
(=1

Hence the polynomial X;---X,_ 1 h(Xi,...,X,) vanishes on % N (C*)"~!
where # is the complex hypersurface defined by the equation ¢~ *<X** -1 =

n ¥4
[T x7 ¢ %% —1 = 0. We deduce that X ---X,_1h(X1,..., X,) vanishes
=1

on the whole hypersurface # and hence the polynomial ¢~ ®<X®¢ —1 divides
a power of the polynomial X; ... X,,_1 h(X3,...,X,). Since the polynomials
¢OxeX*e _ 1 and X;...X,,_1 are relatively prime, we deduce that the
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polynomial
(22) P(X) = ¢ 0eX™e —

necessarily divides a power of h; and hence P.(X) divides also h because all
irreducible factors of P, (X) are of multiplicity 1. And since h is with rational

coefficients and c¢ is an algebraic number, the polynomial Q(X H Pu(

Q[X] (where the product is done over all the conjugates ¢’ of ) also divides h.
Remark that Q(X) can be reduce in fact to a one variable polynomial (by the
change of variable T := X*¢). Moreover, if we assume by absurd that |¢| = 1,
we could apply the criterion ii) of cyclotomy of Estermann’s result to the one
variable polynomial @Q(X) to deduce that this polynomial is cyclotomic; which
is not possible since h does not contain any cyclotomic factor by hypothesis. [

Now the problem consists in finding an infinite number of t,, ,, 50 of posi-
tive real part. This reduces to finding Puiseux branches €, 50(X) such that
1, 50(X)| < 1 for | X| small enough. For in such an event, it would follow that
for p sufficiently large, t,, ;, 0 € Eq . We will show in the following (see Lemma
6) that we can always find such a branch ©,, 50(X) such that |Q, 5o(X)| <1
for | X| small enough. Note in passing that for p large enough W, ,0(X,Y) is
well defined by putting X = p~! and Y = p~'mu.e® since p~' € C\ R_ and

p tmue® € C\ e®Ry since:

Stmpo0) =S ( log( o0 (P~ )) n 2i7rm>

log(p) log(p)
_ —arg(cuo) +O( _19’“) + 2m™m
B log(p)
- arg(ég,0) + O (p~7%1) + 2mm 3 . a, ,—-b+27Zx
log(p) 0 o log(p)

if we choose 7° € R™ generically.

Now if the one variable polynomial 1+ 3 s ajye-a_j is mot cyclotomic
(which is equivalent to have [h]. and [W,, 0] not cyclotomic), the fact that its
coefficients are integers implies there exists at least one root ¢* whose norm is
strictly less than 1. As a result, it follows that there also exists a Puiseux branch
Q;, 50(X) with constant term ¢}, o such that [, o[ < 1. Thus, |2, o(X)| <1
for | X| sufficiently small, which is what we need to complete Part 1.

The situation is therefore more complicated when:
(Wy,o0le is cyclotomic.
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We will therefore assume this property for the rest of this first part. In this
event, it will be necessary to study the second term which appears in any
Puiseux series €2, 50(X) of W, 50(X,Y).

Consider a set J made of representatives of each class of the following equiv-
alence relation ~:

Q. ~ O = O — Q. € Qa..

Then we write Wy, 00(X,Y) = [Waoole(¥) + > X7 ®0R, (V)
Jo€J3jo%e
.0
with Ry, j, (Y) = Z a;jp~ "™ *iY® i Recall that since we suppose here that
J~Jo

[Wy,o0]e(Y) is a cyclotomic polynomial, all its roots are of modulus 1.

Let cu,0 be a root of [W, 5o]. of multiplicity mo = 1 since ¥ (a..) is non-
degenerate in the sense of Definition 3. Consider an index ¢’ € {1,...,7}\ {e}
satisfying the following property:

(23) o°- . > 0 is minimal among the ° - a..j, > 0 (jo € J, jo # €)
such that R, j,(cu,0) # 0.

This index € plays a special role in the computation of the second
term of a Puiseux branch of main term the root c, . Furthermore, remark
that such an index e’ exists according to lemma 4. Indeed R, j,(cu0) =

—ir0. (a.j —t.e
> aip

Jj~Jo

6.
6-x.e

) (6970)9'0‘7 according to (20). But if a; = a.j, +

0 -o.; 0 o.; 0 o.
I = aj, +qo. — a. jo+4 L

go., we obtain a.; — a..

0 -a. 0 -a.
0-a,; o
QAjo — Aepg ajo. Consequently since the o.; — a‘ez.%:i are all equal for
S,
J ~ jo we have Ry, ;,(cu0) = 0 is equivalent to
- 5 N0
(24) Rj,(Go0) = Y a; (¢e0)" ™ =0.

Jj~Jjo
Thus if ¢’ does not exist, we would have for all X € C\ R_ and for all
o® € R" satisfying (11), Wyoo |ro—0 (X,800) = 1+ Z a (5670)0@,]- n

JEA.
0.~ . - . ~
D XTnR (o) = Woole(cwo) + D X7 0 Rj,(o0) = 0,
Jo€J3joke Jo€J3joxe
which is impossible according to Lemma 4 since here |ég 9| = |cu,0| = 1. Obvi-

ously, it is possible to have some jo such that
(25) o’ =0 .
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However, if 0° € R” is chosen generically so that s° € BN 9W (0), the equality
(25) implies necessarily that jo ~ €’

For the following it will be necessary to impose two supplementary conditions
on 0 (in addition to (13)) that depend upon our choice for the index e’:

(a) 0-&.. € Z is even,

(26) )
(b) 0. € Zy is odd.

Remark that these two conditions are not in conflict because &.. and «.. are
not collinear (since 0¥ - a..r > 0).
Two other elementary properties will also be used in the following.

1. Since o satisfies the generic condition (11) it follows that o - aj, =
o’ a. implies oj, € e+ (). Thusif jo ~ €/, then 8-, € Zy
is odd.

2. Since j € A, implies 8 - o is an even integer, it follows that —c,, is also
a root of (W, gole.

Comment. — The following lemma 5 should be understood as a genericity con-
dition that we need to impose upon 7° in order to prove our main result of this
part.

The existence of an accumulation of zeroes t,, ,, 5o € E, , will be shown in
Lemma 6. A property that is essential to prove Lemma 6 is the following.

LEMMA 5. — Let u = (p,7°,0) be a parameter vector and consider Cu,0 @ TOOL
of the cyclotomic polynomial [W,, gole. Let Q, 50(X) = Cp0tcu1 X% 4o (Xﬂl)
be a Puiseuz branch of W, 50(X,Y) = 0 of main term the root c,o. Then

there exists a generic subset § C R™ such that 70 € § implies arg (c”—l> # g
Cu,0
mod (7).

LEMMA 6. — Assume that [W, gole is a cyclotomic polynomial. There exists
a branch Q3 o(X) of Wy, 00(X,Y) = 0 such that [, ,o(X)| <1 for X suffi-
ciently small and positive. Thus, for some u,n > 0, there exist infinitely many

0 (0]
—s;—to —s,—t0 imeide =
2er0es tm o0 Of [1p<pr, P17, .o, p75n 7)) inside 2, ;.

We first show how Lemma 6 follows from Lemma 5, and then present the
proof of Lemma 5.

PROOF. — (of Lemma 6 assuming Lemma 5) Consider a branch of W, 5o
with main term c, o, a root of the cyclotomic polynomial [W,, sole, which we
write as Q0 (X) = cpo + cu1 X" + O(Xﬁl) . For 70 € @ we know that

C”J) s
arg (| —— — mod (7).
g(%p # 7 mod (r)
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37 c 3
Thus — < arg( “1> < —or - < arg (—Ll) < —. Since [W), g0]c is
2 Cu,0 2 2 Cu,0 2 ’
cyclotomic, the first term of , 5o satisfies |c, 0| = 1. If we first assume that

1+ Swl X191 +0(X’91)‘ < 1 for
(X) = Q 60(X) to finish

T < arg(c”l) < 3. we have |Q, 50(X)| =

X small. And in this event, it suffices to set Q¥
the proof of the Lemma.

o0

m c 3
Now assume that — < arg (—Ll) < —.
2 Cu,0 2

Choosing 0 to satisfy (26), we will show there exists a branch Q% _, of
W00 = 0 whose first term equals —c,, o and whose second term is the same
as that for 2, ;0. Applying the above reasoning, it will follow that this suffices
to finish the proof of Lemma 6.

The first observation uses the fact that —c, o is also a root of [W,, so]ec.
This follows from hypothesis (a) of (26). And since each root ¢, 0 and —cp
provides a corresponding Puiseux series solution of W, 50(X,Y’) = 0 according
to Proposition 1, there exists necessarily a branch Q:L,UO of Wy 00(X,Y)=0

with Puiseux series expansion given by ), o(X) = —cﬂyo—{—c’#,lXﬁ/l +o (X"gll) .
We now show the following equalities:

(27) {191 =%

0
C;L,l = Cﬂ,l.

This will suffice to finish the proof in this second case since (27) tells us that
there is a branch Q2 _, of W, 5o = 0 such that —Cpo + cp1 X0 +

0 (X 791) ; which then permits to argue exactly as in the first possibility.

n,o0 =

To prove (27), we observe that the minimality property satisfied by o - ../
implies that the terms of lowest degree in X of W, o (X , Q,“,o) resp.

Wy.o0 (X QM 00) coincide with those of W, o (X,CM70+C#71X191) resp.

Wy oo (X, —Cp,o+ cL’lXﬁll). This leads to the following two identities for all
e>0:

Weoole (c0 + cun X%) + X% Ry or (€0 + cun X™) =0 mod (X" @erte).

Wooole (—Cuo+ ¢y 1 X7) + X% Ry o (=g + ¢, X ) =0 mod (X7 er¥e).

Consequently if [W,, 5o], designates the derivative of [W, 50]., we obtain:

0-a ’
(28) c“’vl[WlJuo'O],E (Cu,O) X0 4 X7 e Ryer (CMO) =0,
’ 0
1 [Waools (—cp0) XP1 + X7 % Ry o (—cp0) = 0.
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But according to (26), we have:

C:L,l[WlJ:O'O] ( C}LO)X 1+Xa b lRue( CpO)
_—C [ #’O-O] (CH())X 1—)('7 aelque/ (CI_L,()).

Hence from the equations (28), we deduce that ¥ = ¥; and

Ryer(cuy0)
(29) ch1=cCp1 = ——t? ~
ol . [Wu,ao]/e(cﬂ,o)
which proves (27).
As a result, when § < arg( S, ;) < , there exists a Puiseux series

o0 (X) = —cuotcy, 1 X" 4o (Xﬂl) such that €27, oo (X)| < 1for X positive
in a neighborhood of 0. Thus, in either of the two cases for arg ( ) we obtain
log (€%, o0 (p‘l)) 2mmi

log(p) log(p)
where m € Z and p is a prime number large enough. It follows that t,, ,, ;0 €

-1
2 arg p
Eup if u < S(tm,p,o0) < u+ 1, that is, if u < m™m o ( ik ( ))

-1 -t _
zeroes of W, co(p~™",p~") whenever t,, , o0 = —

log (p) log (p)
u + n, which is equivalent to:
(30)
ulog (p) . 8 (Y00 (071)) (utn)log(p) _ 18 (oo (7))
+ <m< + .
2w 27 27 27

For p large enough, we will therefore have zeroes of t — W, o (p~t,p~?) inside
Eu,n- Allowing p — oo will then produce an infinite set of zeroes within Z,, ,, of
positive real part tending to 0 as p tends to infinity; which completes the proof
that Lemma 5 implies Lemma 6. [

Let us prove now Lemma 5:

ProOOF (Lemma 5). — The idea of the proof is to exhibit clearly how

arg (cu,1/cu,0) depends upon 7° To do this, we need to revisit the con-

struction of ¢, 1. According to (29) we have ¢, 1 = —%. Recall also
oV le\"H,

-‘ro-oc.e

that (20) implies that e := cuop '@« is independent of 70 and p. As a
result, we first observe:

The denominator cu oWy, oo, (Cu,0)
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To justify this assertion we use the fact that if j € A, then " —

79 a;. Consequently we have:

Tl o=

o 0o 0
;T e Ooa..—1 1t »; (6. j—1)—T"-r.;
Cu0Wpool, (cu) = Goop' 7= Y a;(0-a;)égo” p (5 ’ )
JEA,
= Z a;(0 - a. Egoa”,
JEAL
We next deal with the numerator for ¢, 1. For each k such that k ~ €', we

_ak ceak

~0-o.
> jen. a0 - a i), ,0 ’
and p. Moreover, a stralghtforward calculation shows:

define )\, := . Notice that each A, is independent of 7°

Cu.1 i(°. AELO‘-’C, 0. a. 0,
o= > np! (TR T e > ATV,
C;LO

’ {k:a.y—a. s €(a.c)} {ka.p—a. s €(ae)}
where wy = g:g"“a.e — a.. We next observe that wy is independent of k.

Indeed, if k and k' ‘are such that ap—a.e € () and o — e € (@), then
o — ap € (a.). Thus, there exists ¢ € Q such that ., — a.pr = ga... But

0 (ap— .y
then Mcx e = qOQ.e = . — .p; which implies wy = wy/. Thus,

0 .
C .
in particular w; = w.,. We conclude that el p”o'we' Z Ak
Cp,0 {ka.p—a. s €(a.c)}
If we now define ./ := arg Z Ak |, then @, is independent

{kiay—a. s E(a.c)}
of 7% and p. The condition that arg(c,,1/cu0) = /2 then reduces to exactly
one of the following two conditions:
3
(7% we ) log(p) + g mod (27) € {g, g} .
But the set M : U U {T ER": (77 we ) log(p) + per = g—}—mr} is of

P u€Z
empty interior according to Baire’s Theorem since it is a countable union of

sets of empty interior. Now it suffices to define & as the complement of M
in order to obtain a generic set of 7° for which arg(cu 1/cu0) # m/2. This
completes the proof of Lemma 5. [l

Proof of Part 2.

In this part we still assume that A is not cyclotomic and has no cyclotomic
factor, and here [h]. is not necessarily a cyclotomic polynomial.

We have, so far, found an infinite number of zeroes t,, , o0 of t +—

h (p_s(l)_“"l,... ’p—sﬂ—ten) = Wy o0 (p~*,p~") which accumulate inside Eug-
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This is possible provided o satisfies (11), 79 belongs to the generic set & (see
Lemma 5), and 0 satisfies (13) and (26).

To prove Theorem 3.1, it is necessary to ensure that these zeroes are not
cancelled by possible zeroes/poles coming from the factor t — Ay, (s° + t0) of
Z(s° +10), determined by Theorem 2.1. Such zeroes/poles must be of the form

t(B,p) = p—esoaoiﬁt,@ (R(t(B,p)) > 0), where 8 € N" \ {0} and p is the pole

1 or a non-trivial zero of the Riemann zeta function.

To do this, it will be convenient to work locally in a “sufficiently small” neigh-
borhood B of any generic point § whose real part satisfies (11). By “sufficiently
small” we mean the following;:

(31) there exists k = (B) > 0 such that s = 6° +i7° € B
implies o° - a; >k Vjé¢A..
In addition, we must also distinguish between the two possibilities:
Case A: B ¢ B; Case B: B e€B..

The reason for this is that we need to prove that cancellation with the zeroes
t(B, p) does not occur uniformly in 3, and the arguments that do this depend
upon membership in B,.

Case A is dealt with in Lemma 7 where we show that for p large enough
(i.e. p > po where pg is a constant depending only upon the chosen neigh-
borhood of § and is, in particular, independent of 3 ¢ B.) the quantity
h (p_sll)_t('@’p)ol,~~ ,p‘si_t(ﬂ’p)en) # 0 for all B ¢ B, and p. This, however,
will be possible only after finding an additional genericity condition that the
components o and 79 should satisfy. Once this conclusion is established, we
know, at least for the 3 ¢ B,, that there must be infinitely many zeroes/poles
of Wy, g0 (p~t,p7%) in E,,, that are not cancelled by the poles/zeroes t(3, p).

Case B will be dealt with in Lemma 8. The principal difficulty we encounter
here will be that A (p‘sllj_wl, e ,p‘si_w") can vanish for some t = (8, p).
This is possible, in particular, when W, ;o admits a root in Y that is indepen-
dent of X and of modulus strictly less than 1. We overcome this problem by
establishing a weaker property that still suffices to prove Theorem 3.1. Indeed,
what saves us is the fact that the set of such ¢(3, p) is distinctly smaller than
the set of all zeroes t,, ,, oo constructed in Part 1.

The reader should therefore also be alert to the change in perspective be-
tween Parts 1 and 2. In Part 2, the genericity conditions we impose will be
locally applied in a suitable neighborhood (i.e. satisfying (31)) of a given point
$.In Part 1, the genericity conditions were essentially global in nature.
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REMARK 7. — It will be useful in this part to consider the components of the
parameter vector u = (p, 7%, 6) introduced previously. This is because we will
need to construct an explicit function of ¢ in order to discover the additional
genericity condition. Thus, in Part 2, it will be understood that we consider
the parameter vector:

®= (pa TO, 0)7
where p is a prime number, 79 € & and 0 satisfies (13) and (26).

Before stating the two main lemmas of Part 2, we first derive a concise
(and useful) expression for h (p_sll)_wl R ,p‘si_w”) that distinguishes clearly
between dependance upon w, 3, p (as parameters) and o as a domain variable
for a function.

Let 8 € N"\ {0}, p a zero of {(s) = 0 with R(p) €]0, 1] (or the pole at s = 1),
and p a prime number. Given p = (p, 7%, 0) a parameter vector as above, we
begin by writing:

—s9— 1 —s2 —t(B,p)0n
Fupp(@®) ::h(p 1=tBo)01 . psa—t(B:0)6 )

T _s0.a.tg
=1+> akp_so'a"“_e'a"“(paTtﬁ)
k=1
I
=1+ Z akp—uk,e(aovﬁ)_vk,eyq—o,p(ﬁ)
k=1
where
0 0 0 tq 0 0g
U/c,e(o' 7/6) =0 0y —0 - ﬁmé Uk,e,ro,p(/@)

0-a.k} O-a.k

_ ;4.0 0
_z{r.aik—r.a.tﬂe'a'tﬂ p0-a-tﬁ'

We note that vy g o0 ,(83) is independent of o0 and uy (0, B3) is indepen-
dent of 7° and linear in 6°. We first simplify the right side by grouping together
terms indexed by k that give the same uy ¢ function. Thus, we define the equiv-
alence relation R on {1,...,r}:

k Rg k' <= for all ° (0, B) = ur 0(a”, B).

We denote the equivalence class of k by [k] and let 9/ denote a set of repre-
sentatives of these classes.

REMARK 8. — When (€ B, and o satisfies (11), it follows that
uk,9(0%,8) = 0% - ax. We conclude that B3 € B, implies oy Rpg oy if
and only if a.y — a.pr € (ae).
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Thus we have the following expression for f, g, (a‘o):

(32) fupw ( =1+ Z Z app” Uk-0.70.0(B) p—uu,e(aoﬁ)’
vey \ke[v]

where now, the —u,, (o, 3) are pairwise distinct.

LEMMA 7. — Let § be any point such that R(8) is a generic point of OW(0)
(i.e. satisfying (11)). Let B denote a neighborhood of § satisfying (51).

There is a generic set §* C {s : 0 - a.,. = 0} = F(a..) satisfying
the following property: There exists pg = po(B) such that p > po implies
h (p_s(l)_t(ﬂ’p)el,...,p‘sﬂ_t(ﬁ’p)en) #£0ifs € BNY", B ¢ B, and p satisfies
R(¢(B,p)) >0

PROOF. — Since h (p_s(l)_t(ﬁ’p)gl, e ,p‘si_t(ﬁ’p)gn) = fup,p(c?), we will use
(32) to verify the assertion. The main result that we need to do this is as follows:
Claim: There exist v € ¥, a generic set § C G (see Lemma 5), and po =
po(B) such that for all B ¢ Be, and p satisfying R (¢(B,p)) > 0 we have
> kel app”Vk0.70.0(P) # 0 whenever u = (p,7°,0) is a parameter vector for
which p > po and T° € ﬁ'.
Proof of Claim. For each k € {1,...,r} we define the following expressions
9. [ 0. (s

ﬁk,e(ﬁ) =g — ma . t,a; ﬁ;c,o(ﬁap) =p m

It follows that Z app ko700 B) = Z app” ty..0(B:p)—i T°tir,0(B)

ke(v] kelv]
For each v and each 3 ¢ B., we next define the relation R on [v] by setting

k1 R ko iff Gr,e(B) = tr,e(B),

and denote a fixed set of representatives by M, g. Thus, two distinct elements
of M, g determine distinct values of @. 6(3).
0 (o — o)

Then we easily check that if we put wje,(8) = p - aE we
have:
(33) > agp P
= Z Z ajpWik0.0(B) p*ﬁ},e(ﬁ,p)p—i(ro-ﬁjve(,@)).

JEMu,g \kE[v]; tir,0(B)=0;0(B)
We now proceed to a proof of the Claim by contradiction. Thus, we assume the
assertion is false. This means that for any generic subset @, each v € 9/ and
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each prime py, there exist p > py and some 3 ¢ B, so that if 70 € E and p =
(p,7°,8), then > 1) arp~ kom0 (B) = 0 for some p such that R (£(3, p)) > 0.

Since the sum over k on the left side of (33) is assumed to equal 0, exactly
one of two possibilities can occur for the inner sum on the right side of (33).
Either:

L kelvls e.0(8)=1;,0(8) akP™>*%) = 0 for cach j € Jyp;
or

2. there exists j € Iy g such that > e v, o(8)=4,.0(8) appinerB) 2L,

We first show that possibility (1) cannot occur.

If possibility (1) did occur, then we first notice that the condition &; ¢(3) =
G e(B) implies a.; — ovf, = %75.19) - o+ '3. We now take the inner product
with any 0 = R(s") such that s° € 6. We obtain the equality 0°-(cv.; — ) =
"(‘;‘T—gk) Yiga, Bi(0° ;). Since B € N"— B, implies Y45 Bi(0°-0r;) # 0,
we conclude:
(34) wik0p(8) = p- o’ (a; —ay) _
o Yiga, Bi(0? - o)

It is now important to observe that the set

(35) 6= {0 ¢ Ayy(B) # 0, R((B, p)) > 0} is finite.

Indeed, since the (83, p), which could cancel the zeroes t,, ,, 50 from Part 1,
are necessarily of positive real part, we have

3. (0 o,
(36) R(t(B.p) = -2 %%Z; ) >0,

Consequently (using the bound from (31)), £ ,aa, Bi < > iga. Bi(a® - a) <
R(p) < 1. This shows that & is a finite set (and depends upon B).
Now if p is a prime number satisfying the equation in possibility (1), then

—_r
necessarily pEi&Ae #i0% ) 45 a solution of the equations (indexed by j € M, g)
(37) > ap X" (@) g,
ke[v], tk,0(B)="1;6(8)

These equations do, in fact, depend upon X, that is, they cannot reduce to

a linear relation among the coefficients {ax } e[, which could only occur if the

0% a., (k € [v]) were not pairwise distinct. However, this cannot happen.

Indeed, if 0% - ., = o - ai, then G, o(B) = @G, e(B) implies
;cl,e(laﬁp) = ;62,9(137p)' Thusa

p o, = plk, 0(B)+ G, o(B,p)-'B = pl, 0(8)+ Ch, o(B, p)a-'B = p o,

and o, = ., follows.
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It is then clear that there exists 9 = 9M(B) > 0 such that all common
solutions to these equations belong to the interval | X| < 9.

Furthermore, we have a positive lower bound for R(p) since R(¢(3,p)) > 0
implies, by (36), that R(p) > minjgs, 0% - a; > k.

It is then clear that there exists a constant py = po(B) such that p > pg
implies

—_— P
PZjeAe £ 00y

; 0
minjgs, o0 -
> exp | log(p) ng . ]0 — | > M.
maxg s B 3 jgn, T° - O

Thus, possibility (1) cannot occur.

We now show possibility (2) cannot occur.

Given that > ey g, 0(8)=4,.0(8) aypPio»B) £ 0 for some j € M, g, we
first choose ¢ € R™ so that the scalar products ¢ - &, 9(8) (j € M, ) are
pairwise distinct. Since the &;¢(8) (for j € M, g) are distinct by definition,
elementary linear algebra shows that for each 3, there exists a finite union £z
of proper linear subspaces such that if ¢ ¢ ¥ then these scalar products are
pairwise distinct. Thus, ¥ := R" —Uggp £p is a generic subset of R".

Given ¢ € ., we set 70 :=  ¢. It follows that if x remains outside a subset
of R of empty interior, then the scalar products z ¢ - @;9(8) (j € M, g) are
pairwise distinct for all 3 ¢ B.. We can then think of (33) as an identity
between functions of z that says the following for all = outside this set of
empty interior and all 8 ¢ B.:

(38) 0= Z m;(B, 0, p)p = ¢ tie(B)
jemu,ﬁ

where m; (3,0, p) = ( 3 akpwj,k,e,p(ﬁ)>p— %, (8.0
ke[v]; Gr,e(B)="1%;,6(B)
Denoting the elements of M, g as {h1 < hy < --- < hg}, where R = #M, g,
and differentiating (both sides of (38)) R —1 times with respect to z we obtain
a set of R linear equations, which in matrix form is:

(39) V.g-M=0
where 'M = (mh1 (8, o’p)pfimqiﬁhl,e(ﬁ), o 7mhR(ﬂ,O,P)piiwd"ﬁhR’e(ﬁ)) and

Vi = (Vhaho)aper, ry With On,n, = (—iz - ﬁhb,o(ﬂ))a_l.

By hypothesis, the second possibility implies that M # 0. In addition, we
recognize V, g as a Vandermonde matrix whose Vandermonde determinant
does not equal 0 for all B ¢ B. precisely because ¢ € ., i.e. the scalar
products z ¢ - @, 0(B) are pairwise distinct. Thus, (39) cannot occur. So,
possibility (2) is also impossible for all 3 ¢ B., provided 7° € G.. With this
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contradiction, it suffices to set ' = N §_ to complete the proof of the above
Claim. O

Finishing the proof of Lemma 7.

Having found both po(%) and the generic set &' during the proof of the
Claim, we now finish the proof of the lemma by finding the generic set &* with
the asserted property.

We assume

(40) p = (p,7°,0) is a parameter vector such that p > po(B) and ° € ﬁ'.

It is now convenient to use the coordinates &° on the hyperplane {° - a.. =
0} that have also been used in the proof of Lemma 4 (Assertion 2). We can
also put & = (&gj)(e’j)e{l n—1}x{1,..r} € M,,—1,(Z) such that for for j €
{1,...,;r}and £ € {1,...,n—1} Gy = agj— L age; so that forall j € {1,...,7}
we have o°-a. G = =¢’a -a.;. In this way, the functlon Uy oo 0. B) appearing on the
right side of (32) then becomes a function i, ¢(6°,8) = 6 -&.,— 6" -& tﬂg";".;‘b
which is linear in 5°.

For each B ¢ B., we now choose and fix @ = &(8) € R""! to be a vec-
tor whose components are Q-linearly independent and so that @, ¢(&,3) are
pairwise distinct numbers indexed by v € /. We then set 7’ = t@.

Since U, ¢(t@,B) = tu,e(®,B), it follows that (32) can then be rewrit-

ten as follows: fug,(t@w) = 1+ ZAV w.p(B)exp (—tlog(p) 4e(®,B)),
vey

where some A, , ,(B) # 0 (for each B,p) by the Claim. Since the 4, ¢(@, 3)

are pairwise distinct, the #9 functions (defined for each u,83,p) t —

exp (—tlog(p) ive(@,B)); (v € V) are linearly independent. It follows that

t — fu B, (t@) is not identically zero for each (3, p) and p satisfying (40).

Thus, for each such u, we conclude that f, g, (5’0) is not identically zero
for each (3, p). An application of Lemma 3 then tells us that each hypersurface
{fup,,(6) =0} has empty interior inside R" 1.

Define M0 = U f;’lﬁﬂo(O). It follows from Baire’s theorem that

B,p,p>po(B)

each Mo g defines a set of empty interior inside R"~!. We set ETO,O =Rr1 -
Mo g. Via the map " — o0 each ETO,B defines a generic subset ﬁTO,e of the
hyperplane {6 - a... = 0}.

We then finish the proof of Lemma 7 by setting (for any 6 satisfying (13)
and (26)) ¥ —{s—a' +i7% | 7% € ¥ and o eﬁfoe} O

We now must address Case B to complete the proof of Theorem 3.1. Using
the expression (32), we first observe that there exist two a priori possibilities if
Case B (i.e. B € B,) occurs:
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1. The property asserted by the Claim in the proof of Lemma 7 is true if
B € B, and p satisfies R(¢(3, p)) > 0;

2. The property asserted by the Claim in the proof of Lemma 7 is false for
some 3 € B, and p satisfying R(¢(3, p)) > 0.

If possibility 1 occurs, then we can repeat the proof of Lemma 7 to complete
the proof of Theorem 3.1. Indeed, this would mean that the conclusion of
Lemma 7 applied to all 3. Thus, there would be infinitely many zeroes/poles of
Wyeo(p~t,p") in 2, , that were not cancelled by the poles/zeroes ¢(3, p) for
any B, not just B ¢ B.. Since this would be the case for p such that (o, 7°)
is a generic vector, Theorem 3.1 would follow.

So, the difficulty occurs only when possibility 2 happens. Our argument in
this case is quite different from that used to prove Lemma 7. Essentially, it
reduces to a counting argument.

For each € €]0, 1] we first define the region =

g

u.n as follows:

o, R@)>e
0<u<S({)<u+n.

In light of the preceding discussion, the proof of the next lemma will therefore
finish the proof of Theorem 3.1.

LEMMA 8. — Mowving a° so that s° € OW (0)N B if necessary, there are inside
Eun (as § — 0) some zeroes ty, ,, 5o coming from W, 5o (p_l,p_t) which are
not poles of the -factors of An, corresponding to the B € Be. In particular
there exists a infinite number of zeroes of Z(s° +t0) inside =, ,, which are not
cancelled.

PROOF. — Let pu be a parameter vector as defined in Remark 7. Let 3 € B,
and assume p satisfies R(¢(3, p)) > 0. We assume p, 3, p are such that for each
v € Y we have Zke[y] akp_”kv"fovp(’s) = 0. Applying the observation made in
Remark 8 to the expression for v, ,(3), we see that 3 € B, implies that the
set ¥ can be identified with a set of representatives for the equivalence relation
R:
ap Royp, ifandonlyif o € ag, + ().

We can therefore express the sum as follows:

_ 6oy (o, _o. 0.a.13
Z akp_v"'vg""o“’(ﬁ) — Z arp P oot Z(‘r a.p—0-a.p oais )
kev] {kia.r—a., E{a.c)}

Moreover, since 3 € B,, the expressions involving a product with o -3 equal
sums over ¢ € A,. The fact that i € A, implies a.; = g;... A simple calculation

now shows that

To-a.k—e-a.k

‘r'0~0¢.E
f-x.. *

0.0t
Z.a.tﬁﬁ =7 -0 oy
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As a result,
‘l'an
0= approro,® = S akpfi,o.a_kp—e.a.k(9,;,% —itpe)
ke] {krar—a., €{a.c)}

This now implies that for each v € V, p~ oo 7575 is a root of the general-
ized polynomial 3ty —a,c(a..)} WP —irta. kYe""'k .

Applying the above interpretation of ¢/, we further observe that for any
u = (p,7° 0) such that o satisfies (11):

Wy o0 (X,Y) = Z Z akp—ifo-a.anouAkYeu.k

vey {kar—a., E{a.c)}

_ Z Xa'0~a.,, Z akpfi-rma.kye-a.k.

vey {k:a.y—a., E{a.c.)}

0,
Thus, W, o (X,pf i Ti T ) =0 for any X.

In addition, we observe that this root is of modulus strictly less than 1.

e
p Ga +1’9ae

Indeed

= exp( §R(p) 5 log(p )) < 1 because R(p) > 0.

Adapting the discussion (and using the notations) from Part 1, we conclude
that there exists a Puiseux branch 2, o.o of W“ -0(X,Y) = 0 that reduces to

sttt sae

the constant ¢, 0 = cpo(B,p) =p oo whose norm is both indepen-

dent of p (by (20)) and strictly less than 1.

Now, what interests us are the zeroes t,,, ,0 of the function ¢ —
Wy.oo(p~t,p~") that are determined by this branch 2, 0, and which belong

log(cu,0) 2iTm,
log(p) log(p) ’

to Ef, . Such ¢, , 5o are necessarily of the form ¢,, ,, ;o = —
where m € Z and p is a prime number.

To say that t,,,.,0 € Ei, is to say that R(t, uo0) > € and u <
S(tm,p,00) < u+n. Thus,

(u+n)log(p)
2m

log \cu,o|> and  1108(0)

- o + arg(cu0) <m <

p < exp <— +arg(cu0)-
For fixed o° (satisfying (11), 7° (belonging to ') and @ (satisfying (13)
and (26)), we can count the number of such t,, , so (ignoring multiplicities) if

they are distinct. Indeed, the t,, ,, 50 are pairwise distinct. Suppose t,, ,, 50 =
log |cu, 0l

—

tom? o0 With u o= (p’,TO,B). By taking the real parts, we get — Tog(p)
M

Toglr) - And since lcu,0] = |ew o] (by (20)), we obtain log(p) = log(p’), i.e
p=yp. Comparmg the imaginary parts then gives m = m/.
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Consequently the number of such ¢,, ,, 50 (counted without multiplicities)
C a1 me el — nlog(p)
inside Ef, ,, is given by N(go r0¢)(€) := Zp<exp(—l°gf“'°') (T + 5) where

¢ =¢(a% 70,0) and satisfies |¢] < 1.
The prime number theorem tells us Zpswl()g(p) ~ z (x — oo0) and
>op<z & = O(n(z)) = o(z) (x — 00). We conclude with the basic asymptotic:

(41) N(g0,70 6 (€) ~ % exp <—M) (e — 0).

The last step is to estimate the number of possible poles/zeroes (counted
without the multiplicities) coming from ¢t — Ay, (60 +i7° + @) (see Theorem
2.1). If tg is a zero/pole of t — Apy, (60 +i7° +10) inside Z5 ,, then there
exists 3 € N” \ {0} such that (¢°+i7°+¢0) - - /B is a zero or a pole of
¢ (). This implies R (t0) 6 - a- B < R ((6° + it% + t00) - a - 13) < 1. Thus, the
bounds € < R (ty) < ﬁ and 6 - a -8 < 1 follow. And since 8 - a.; > 0 for
each j, there exists a constant ¢ = ¢(0) > 0 such that 6 -« -3 > ¢||8||. Hence

-1
(42) 18Il = 0(™),
from which, the condition ¥ (tp) < w + 1 then implies
& ((0'0 +ir0 + tOG) ‘o tﬁ) = Oy 70 (s_l) .

Having fixed n > 0, the number of zeros or singularities of a (-factor of
t — A (ao +i79 + t0) is given by O (élog (é)) , with regard to a clas-
sical result concerning the estimation of the number of nontrivial zeros of
the Riemann zeta function having the imaginary part less than %. Moreover,
the same zero or singularity can, according to (42), appear in at most (%)T
terms; which gives at most O ((%)H_1 log (%)) zeros or singularities coming
from t — Ay, (00 4 i7° + t0) inside E;,, (counted without their multiplici-
ties).

Hence this estimation is negligible regardless to N(5o0 r0 g)(¢), which achieves
the proof of this lemma and completes the proof of the main theorem 3.1. [

4. Study on the possibility of a continuation
of dimension strictly inferior beyond OW (0)

Let us start with this example coming from N. Kurokawa in [10]. Put
h(Xl,XQ,Xg) =1- X1X2 - X2X3 - X3X1 + 2X1X2X3. One can easily
check that h is not cyclotomic and that the corresponding Euler product
Z(81,82,83) = [[, (1 —p™%17%2 — p7927%8 — p7 98791 4 9p=91792753) continues
to W(0) = {(s1,82,83) € C? | 01 +02 > 0,00+03 > 0,03+0; > 0}. According
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to the previous results, we know that there does not exist any meromorphic con-
tinuation to an open ball of complex dimension 3 beyond any point of 9W (0).

However Z(s1,52,0) =], (1 —p~*) (1 —p~%2) = m is meromorphic
on C2. So here there is a continuation on a complex hypersurface beyond the
point 0 € OW(0). This example shows that Theorem 3.1 is optimal from the
point of view of the complex dimension of a possible meromorphic extension
beyond OW (0).

4.1. On the existence of a continuation on a real hypersurface beyond OW (0). —
We have just seen that the natural boundary, when existing, makes sense only
for meromorphic continuations of maximal complex dimension. Thus we cannot
expect to make sense to the natural boundary in a general way if we come down
from a complex dimension.

However, we can wonder if it is possible to improve the previous results
only by coming down from one real dimension; in other words if there can
exist or not a continuation on a real hypersurface beyond OW (0) in a sense
needing to be precised since in this case the notion of holomorphy does not a
priori make sense. The answer is given in Theorem 1.1. For that we need to
appeal to the theory of C-R functions (Cauchy-Riemann) on a real hypersurface
which generalises the class of holomorphic functions. To begin let us recall the
following classical result:

LEMMA 9 ([11]). — Let D be a connected open ball of C" and f and g be
analytic functions on D. If f coincides with g on a part S of D for which there
exists a connected open V of D such that V\S is not connected, then f coincides
with g on D. In particular, this result is true if S is a real hypersurface of D.

The reader could refer to [11] page 15 for a proof.

Now the key point is a fondamental result concerning C-R functions of which
we will find a proof in [13]:

LEMMA 10. — Let $ be a real-analytic hypersurface in an open of C", and
f: 9 — C be a real-analytic C-R function. Then, if v € 9, there exists a
neighborhood U of v and F' an holomorphic function on U such that F = f on
uns.

Finally, the proof of Theorem 1.1 follows directly from the two previous
lemmas:

Proof of Theorem 1.1:

Consider $) to be a real-analytic hypersurface which intersects across ¥ (a..)
and assume by absurd that f is a continuation of Z(s) on $ in a neighborhood
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of a point s° € H N J(a..). Moreover put S = § N W(0). Then, thanks to
lemma 10, there exists a neighborhood U C C™ of s° and F' an holomorphic
function on U such that F' = f on U N §. But since f is an extension of Z(s),
we also have Z = f = F on S. According to lemma 9, we have Z = F on
UNW(0) # @. But that means that there exists an open ball 8 C U C C"
centered in s € (a.,) such that F extends Z to 9B; which is impossible in
accordance with Theorem 3.1. O
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