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On the arithmetic properties of complex values
of Hecke-Mahler series I. The rank one case

FEDERICO PELLARIN

Abstract. Here we characterise, in a complete and explicit way, the relations of
algebraic dependence over QQ of complex values of Hecke-Mahler series taken at
algebraic points uy, . . ., u,, of the multiplicative group Grzn((C), under a technical

hypothesis that a certain sub-module of Grzn (C) generated by the u;’s has rank
one (rank one hypothesis). This is the first part of a work, announced in [Pell],
whose main objective is completely to solve a general problem on the algebraic
independence of values of these series.

Mathematics Subject Classification (2000): 11J85 (primary); 11J91 (secondary).

1. Introduction, results

Let w be a real irrational positive number. The Hecke-Mahler series associated to
w is the power series:
oo [lw]

fulu,v) =% " uloh,

=1 h=1
where the square brackets denote the greatest integer part.! On the domain
D = {(u,v) € C? with u| < 1 and |ul|v|” < 1},

this series converges to a function which is transcendental over C(u, v) (cf. [Ni,
page 43]). Throughout this text, convergence means absolute convergence.
Let us consider an m-tuple of couples of non-zero complex numbers

M= (i, v1), ..., W, vm)) = Wy, ..., uy,)
such that |u;| < 1 and |u;||vi|¥ <11 <i <m).

Vifw < 1, we adopt the convention that the sum Z%Z} ulv! is zero. Throughout this text, if a

sum or a series has the empty set @ as set of indices, by convention it is equal to zero.
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We study the algebraic dependence relations over (Q of the numbers

Juw@p), ..o fu,) (1.1)

in the case of u; algebraic over Q foralli =1, ..., m, and w quadratic irrational.
In all the following, we write K = Q(w).

In this text we also work under a condition over M that we call rank one
hypothesis, depending on the choice of w (in [Pel2] we consider the general case);
this hypothesis will be formulated when w = 6 satisfies:

0<f <land¥ < —1, (1.2)

where @ +> @' is the non-trivial automorphism of K.

The stabiliser S(M) C K of the module M = Z + 0~ 'Z acts on the algebraic
group G,zn by u — uf, where u = (u,v), B € S(M), and u? = (uv?, ucv?) for
the rational integers a, b, ¢, d defined by

B0 =a0 ' +b, B-1=co'+d. (1.3)

The rank one hypothesis on u, ..., u,, amounts to the existence of v € G2, and

torsion points ¢ P £m c G,%w together with non-zero elements B, ..., B, €
S(M) such that

£i=(ui,vi)=£i2’3’§ l<i=m (1.4)

with respect to the group law on G%T
We denote by C{U, V} the set of formal double Laurent series

Z Cl,hUth

(I,h)eZ?

with ¢;, € C. Here, the sum Z(l hyez? CLh U'vh is viewed as a notation for the
map ¢ : Z> — C with ¢(l, h) = ¢; ;. The set C{U, V} is a C-vector space, hence a
@-vector space.

Taking into account all these tools, notations and hypotheses (see Section 2 for
more details), we prove the following result.

Theorem 1.1. Let uy, ..., u,, be algebraic points of G% N D and let us suppose
that the m-tuple M = (u,, ..., u,,) satisfies the rank one hypothesis, so that rela-
tions like (1.4) hold. The algebraic independence over Q of the complex numbers
foup), ..., fo(u,,) is equivalent to the Q-linear independence of the series

Y uUlvlecw.v) 1<izm (1.5)
(I EZ\((0,0)

where (U, Vi) = ¢, U (1 <i < m).
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Moreover, if fo(u,), ..., fo(u,,) are algebraically dependent over Q, then there is
a non-trivial linear relation

m
> i fow) =4,
i=1
where )\ is an algebraic number and cy, . . ., ¢, are rational numbers.
c

u = (u, v) be an element of G2,. A useful notation that will be adopted throughout
this text, is:

ab
Remark 1.2. Let B = ( ) be a matrix with rational integer entries a, b, ¢, d, let

Bu= (uob, ucvd).

Thus, if B € S(M), then gﬁ = B.u where a, b, ¢, d are defined by (1.3); in this
case, we also write B = B(). This is the classical left action by integral matrices
in Mahler’s method, but here S(M) is commutative so that, for all 8,y € S(M),
WPy = )P = ub?.

Condition (1.2) means that ! is reduced in the classical sense (cf. definition
page 79 of [Per]). After [Per, Theorem 4, page 80], (1.2) holds if and only if 6~
has the purely periodic continued fraction development:

11
9*1:b]—+b2+ :[bl,bz,...,b2r,b1,b2,...] (1.6)
period

with by, by ... € Z~y.

Condition (1.2) over w = 6 can be dropped in our theorem in some cases.
For the sake of simplicity, we assume that 0 < w < 1; it has a continued fraction
development

1 1 1 1

w=— — =[0,dy,d>...,do,b1,ba, ..., b2, b1,bo, ...

di+dr+---by+by+--- 0. d1, d g 2L 72, -0 P2r, P 22 ]
period

forg > 0,r > Oandd,...,dg, by,...,by € Z-o, with the convention that if

g=0,thenw =[0,b1,...,by,...].
Following [Ni, pages 43-44] or [Mas2, pages 210-211], we put:

dg 1 di 1 ab
T = e = (1.7)
10 10 cd
when g >0, or T =identity matrix when g =0 (that is, when the continued fraction

-1 - . 4. __do+b.
development of w™" is purely periodic). Let 6 € Q(w) be defined by w = 75 '
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we note that ! has the purely periodic continued fraction development (1.6).
Moreover, we have:

fuw@) = fo(T.u) + R(u)

for some rational function R € Q(u) defined over couples of complex numbers
(u, v) such that |u| < 1 and |u||v|” < 1 (cf. [Ni, page 44] and [Mas2, page 211,
equation (3.6)]).

Hence, the complex numbers

fw(ﬂl)’ . ’fw(ﬂm)

are algebraically independent over (Q if and only if the complex numbers

f@(T-ﬂl)’ e f@(Tﬂm)

are algebraically independent over Q. The algebraic dependence and the relations
among the numbers (1.1) can be checked by using our theorem, provided that the
m-tuple (T.uy, ..., T.u,,) satisfies the rank one hypothesis (“associated” to 0).

It should also be pointed out that our theorem implies Mahler’s result of [Mah,
page 365].

» € G2 N D satisfying (1.4),
our theorem gives an explicit and effective criterion to check whether the complex
numbers fy(u,), ..., fo(u,,) are algebraically dependent or not; this property does
not depend on v in (1.4), but only on Q], R gm, Bis..., Bm.

When the numbers fy(u,), ..., fo(u,,) are algebraically dependent, we are
also able to determine the relations between them, as these can be deduced from the
gl_’s and the S;’s only.

We now give some explicit examples of relations and of applications of our
theorem.

Given couples of algebraic numbers u,, ..., u

Example 1.3. Let us take any real number w > 0 and two complex numbers u, v
such that |u| < 1 and 0 < |ul|lv|” < 1. If we take m = 5, then the following
homogeneous linear relation can be easily verified:

41 v?) = fulu, v) = fu(—u,v) = fu(u, —v) = fy(—u, —v) =0. (1.8)

This relation is in some sense the simplest possible: it turns out that it is the shortest
that holds, regardless of the algebraicity of w, u, v.
When w is quadratic and irrational, we claim that the m-tuple

(T.(u, v), T-(=u, v), T-(u, =v), T-(=u, —v), T-(u*, v*)
satisfies the rank one hypothesis; we prove it with 0 < w < 1. Let us write

&, = (-1, 1),53 = (1,—-1) and [ (=1, —1). Since T € SL;(Z), this matrix
induces a permutation of the set {52’ £3, £4}, that is: T.gl. = ga(i) (i =2,3,4) for
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20
a permutation o of the set {2, 3, 4}. Clearly, 2 € S(M), and we find B(2) = ( )

02
in (1.3).

If we write u = (u,v), u; = v = T.u, uy;

= T.(¢,w), (i =2,3,4), and
Us = T.(u?), we have
2
Uy =0, Uy =00 U3=C 50 Uy =L 0, Us =7

hence proving the claim (we notice the distributive property: T.(a - b) = (T.a) -
(T.b)); in particular, (i, u,, us, u,) satisfies the rank one hypothesis.

By writing (U1, Vi) = (U, V), (Us, Vi) = ¢ (U, V) (i = 2,3, 4), it s easy
to see that the formal double Laurent series

Yoooulvh i=1.....4
(LIEZ2\((0.0))

are Q-linearly independent so that, after the theorem, the four complex numbers
fw@,v), fu(—u,v), fulu, —v), fu(—u, —v) appearing in (1.8) are algebraically
independent over QQ, and (1.8) is essentially the only algebraic relation between the
five complex numbers appearing there.

Example 1.4. When w = 0 satisfies (1.2), there also exist shorter relations (com-
pare with [Mah, pages 363-366] and with [Ni, pages 42-45], especially the second
equation on page 45; see also Section 3.5.3 of this article). Indeed, following [Ni,
pages 42-45], if we write

(b1 b1\ _[(ab
B‘(lO)”'(M))_(cd)’ (1.9)

9_d9+b
T +a

then

(1.10)

and

Jow) — fo(B.u) = R(u, v)

with R € Q(u, v) explicitly described in [Ni]. This is a functional equation of fy.

From (1.10) we get (d + b0~ 0~ = ¢ + ad~!, which implies that n =
d+b0~" € S(M) and B = B(1). Now, since B(1)) € SL2(Z) by (1.9), we also see
that n~! € S(M) and 7 is a unit in S(M); with our notations:

Jow) — fo”) = R(u, v). (1.11)

If we choose the smallest possible » > 0 such that (1.6) holds, then it turns out
that 7 is the minimal irrational unit of S(M) such that n > 1 > n’ > 0 (that is,
a unit of S(M) such that for any other unit 7 € S(M) with7 > 1 > 7/ > 0,
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there exists s € N = {0, 1,2, ...} such that 7 = *). If u, v are algebraic, then we
get linear relations, this time with m = 2, because R(u, v) € @ (not necessarily
homogeneous as R(u, v) can be non-zero).

The couple (u, u") satisfies the rank one hypothesis. If we write (U;, V1) =
(U*Vh, Ucv?), then we check the identity in C{U} = C{U, V}:

Yoo ouvi= > UV,

(. €Z\{(0,0)} (1.h)€Z2\{(0,0)}

because B(n) € SL»(Z) and (Z2 \ {0}) - B(n) = (Z* \ {0}). This means that our
theorem predicts the algebraic dependence of fy(u) and fp(u"), as it should be. We
also notice that with the notations of Section 3.5.2, R = R,,.

If n > 1 but —1 < 5’ < 0, our theorem says that, again, fy(u) and fy(u") are
algebraically dependent, but this does not follow from (1.11). In Section 3.5.3 we
describe the relations between these numbers (see (3.7) and (3.8)).

Example 1.5. We begin by pointing out that the Example 1.4 holds for irrational
quadratic numbers 6 satisfying (1.2), regardless of K = QQ(0); we now give an ex-
ample of a relation which holds for only one choice of K, and for § € K satisfying
(1.2). Let us consider K = Q(ﬁ) and @ = 2 —1; clearly, it satisfies (1.2). For a
couple of non-zero algebraic numbers u, v such that |u| < 1and 0 < |u||v|? < 1,
we have seen (Example 1.3) that fy(u, v), fo(—u, —v) are algebraically indepen-
dent. But with this choice of 0, we also have

folu,v) + fo(—u, —v) =2 fo(uv, uv™h). (1.12)

We will prove this relation in Section 3.5.2: here we notice that V2Z+67'7)
Z + 60717 (thus v2 € S(M)), and (uv, uv=") = (u, v)ﬁ, so that the triple
(G, v). (—u, —v), (v, wv™") = (. —u, 1)
satisfies the rank one hypothesis.
IfwesetU; =U,U,=—-Uand U5 = Qﬁ, then

oooouivi+ > ulvp=2 > UVt
(1,h)€Z2\{(0,0)} (1,h)€Z2\{(0,0)} (1. h) € Z%\ {(0. 0)}
I+he2l

=2 >y U
(1L eZ2\((0.0)

so that, as expected, our theorem also predicts that fy (4, v), fo (—u, —v),
fo(uv, uv~") are algebraically dependent. The algebraic independence of these
three numbers when 6 is quadratic irrational not in Q(+/2) does not follow from the
present work, but can be deduced from our results in [Pel2].
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The following corollaries are consequences of our theorem; they will be proved in
Section 7.

Corollary 1.6. Let w > 0 be any quadratic irrational. Let p be a positive integer,
let ¢ be a primitive p-th root of unity, let (u, v) be an algebraic point of Glzn such
that lu| < 1 and 0 < |u||v|" < 1. Then, the numbers

fw@u, vy, 0<i,j<p—1

are algebraically independent over Q. . _
Moreover, the p2+1 numbers f,,(¢'u, {7v), 0 <i,j < p—1and f, u?, vP)
are algebraically dependent, and

P hu@P vy = Y [, ¢lv) (1.13)

0<i,j<p-1

is the only non-trivial algebraic relation between them, up to a multiplication by a
non-zero algebraic number.

The previous corollary generalises the Example 1.3.

Corollary 1.7. Let 6 be a quadratic irrational satisfying (1.2). Let v € G,zn be an
algebraic point, let By, ..., B € S(M) \ {0} be such that if i # j, then B;/B; is
not a unit of S(M), let us suppose that foralli =1, ..., m, u; = (u;, v;) := vhi
satisfies |ui| < 1 and 0 < lui||vi|? < 1. Then the numbers fo(uy), ..., fo(u,,) are
algebraically independent.

In particular, if u, v are non-zero algebraic numbers such that |u| < 1 and
lullv]? < 1, and if u = (u, v), the numbers

fow), fo@?), ..., fo™, ...

are algebraically independent.

1.1. Structure and methods of proof

We describe the methods employed in this text. To prove our theorem, the main dif-
ficulty to overcome is the fact that we must work with non-entire analytic functions
of two complex variables.

Mahler’s method, when it applies, is an excellent technique for investigating
arithmetic properties of functions of several variables. This is the way we approach
our problem. Thus, the functional equation (1.11) will have a privileged role, and
this explains why we need w = 6 to be a quadratic irrational satisfying (1.2).

In order to describe our main ideas we begin by analysing a classical example.
Let us consider algebraic numbers uy, ..., u, such that 0 < |u;| < 1, and the
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Fredholm series g(x) = Y ;o xzk, satisfying the functional equation g(x?) =
g(x) — x. In [Lo-Po3], the transcendence degree of the field Q(g(u1), ..., g(um))
is explicitly computed.

The structure of the proof of this result is as follows. Let ' C Gy, be the
multiplicative group generated by the u;’s. Since they are not roots of unity, the
rank n of I" satisfies 1 < n < m. Itis possible to find multiplicatively independent
elements ap, ..., a, € I"suchthatQ < |g;| < 1 for all i, and such that the following
relations hold:

b1 bin .
up =¢ga;" ay”t, 0= 1,...,m,
where ¢; are roots of unity and b; ; € N forall i, j. Then, we consider the functions
(analytic in O because of the positivity of the b; ;’s):

b; bin .
\Iji(xlv"'axn)Zg(gixlvl"'xn,), l=1,...,m.

Thanks to an algebraic independence criterion of Loxton and van der Poorten, we
only need to classify algebraic dependence relations of the functions W;, and even
better, linear dependence relations.

It also turns out that all the algebraic relations between numbers such as the
g(u)’s only arise in the “rank one case” n = 1 (that is, when u; = ;‘iabl‘ for some
a not a root of unity, and ¢; a root of unity, for all i) or, equivalently, when the
multiplicative group generated by the u;’s has rank one.

Let us now focus on our functions fp with 6 satisfying (1.2). Let us choose
algebraic points u,...,u, € Grzn such that fo(u,), ..., fo(u,,) are well defi-
ned. We want to compute the transcendence degree of the field generated by

fo(uy), ..., fo(u,,). Itis natural to consider the multiplicative S(M)-module I' C

G2, generated by all the products g’f b gf?{" with B; € S(M). We can define a

notion of S(M)-rank for this module: let us denote it by n again. We will check
that the u;’s are not couples of roots of unity, thus 1 <n < m.

In analogy with the classical case of [Lo-Po3] sketched above, we must find
elements ay, ..., a, € I', S(M)-multiplicatively independent, close enough to the
origin, with the property that relations as follows hold:
ag[,n

Bia .
Hi=£i£1 ceeap”, i=1,...,m,

where 5:’ are couples of roots of unity, the f; ;’s are elements of S(M), and the

product is the usual one in the algebraic group G,%r This leads us to consider the
following functions:

Wiy, v,) = fu@ ), =1,

In order to apply the criterion of Loxton and van der Poorten, we need the functions
W; to be analytic at 0 = (0, 0). The validity of this property is ensured by the
condition g j > | ;| > Oforall i, j.



ARITHMETIC OF HECKE-MAHLER SERIES 337

Since the time when the previously-mentioned result on the Fredholm series was
proved, the criterion of Loxton and van der Poorten has been integrated in a more
general result by Nishioka ([Ni, Theorem 3.3.2, page 88]); we refer to it from
Nnow on.

The key point of our work is precisely the following. While for Fredholm’s
series g, Loxton and van der Poorten studied the series

g -

with ¢; roots of unity and with positive b; ;, for Hecke-Mahler’s series we study the
series:

fw(giyﬂi,l . ,yﬂi.n)’

with couples of roots of unity { ; and with “positive” §; ;.

In spite of this analogy, our problem is only superficially similar to the cor-
responding problem on Fredholm’s series; here is the main difference. By (1.3)
the action of S(M) depends on the choice of a basis of M that we made. If we
change the basis, we might change the validity of the rank one hypothesis and the
linear independence properties of the formal double Laurent series involved (except
admittedly, with the points involved in relation (1.8) or in Corollary 1.6).

This problem does not arise with Fredholm’s series, where Z plays the role of
S(M), and where we have essentially one basis.

In this text, we only study the rank one case n = 1 while the general case is
studied in [Pel2]. There are three reasons for writing two texts instead of one.

We will prove in [Pel2] that all the relations among complex numbers (1.1)
(with w = 6 satisfying (1.2)) are generated by relations which hold in the rank one
case (for example, relations (1.8), (1.11) and (1.12)), so that the rank one case needs
special care and has to be analysed separately, before considering the general case.

Moreover, the construction of the functions W; and the choice of the g;’s with
the properties above in the general case is quite complicated, so it is natural to
consider it in a second text.

Finally, as for almost every transcendence or algebraic independence proof,
we need a vanishing estimate. In the rank one case, Mahler’s vanishing theorem (in
[Mah]) is enough, but in the general case we will need Masser’s vanishing theorem
(cf. [Mas1]), and more work is needed to apply it to our context.

Here is the outline of the rest of this article. In Section 2 we give an account
of the main tools (exponential functions, formal double Laurent series, rank one
hypothesis. . .).

Several functions will appear in this text together with f,,. In Section 3 we
present them with their main properties. In Section 4 we begin the study of linear
independence of the functions introduced thus far. At the end of this section, we
give a proof of the easiest part of the main theorem (algebraic independence implies
linear independence of formal double Laurent series).

In Section 5 we give the most important tools in the proof of the more difficult
implication in our theorem: the algebraic independence criterion given by [Ni, The-
orem 3.3.2, page 88] reduces the problem of checking algebraic independence of
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numbers to an algebraic independence problem of functions. Since these functions
satisfy very simple functional equations, we are only concerned with a problem of
linear independence of functions.

We first state and prove a simple topological argument which allows us to
recognise whether a given series arises from an irrational function (Lemma 5.1).
Then we consider certain functions ¢;, and we use this topological argument to give
equivalent conditions for their C-linear independence (Proposition 5.7). In this part
we use many properties related to the functional equation (1.11); in particular, we
make use of several properties of “good fundamental domains” for the action of
units. A technical difficulty appears; indeed we will also need to work with a “twin
series” of fp (defined in Section 3.1). We do not know if we can avoid using this
series.

In Section 6 (the conclusion) we state the above-mentioned criterion of alge-
braic independence; we then check all the hypotheses to make sure it applies to the
functions ¥; = ¢;.

2. Basic tools about actions of orders of K on G2,

We recall that K C R is a quadratic number field which is fixed once and for all,
and that o — «’ denotes its non-trivial automorphism. We also denote by Q the
algebraic closure of Q in C (thus K C Q).

All the objects that we are going to introduce here (stabilisers, exponential
functions, etc.) depend on the choice of a complete module M = ByZ + B1Z C K
with a basis (By, B1) (a complete module is by definition, a free Z-module of rank
2 contained in K; for the background about complete modules see [BS], chapter
2). We think that this level of generality will be useful for further references, but to
prove our theorem we will only need to work with (By, By) = 0~', 1) witho € K
satisfying (1.2) so that M = ByZ + B\Z = 6~'Z + Z.

We denote by G, the complex multiplicative group C* := C\ {0}. Let us also
write:

2
T =G3,
let us denote by 1 its identity element (1, 1).
All throughout this text the elements of C”, R", ... are considered as row ma-
trices, unless otherwise specified.

2.1. Exponential functions

Let z = (z, Z/) be a couple of complex numbers. When both imaginary parts 3(z),
(7)) of z, 7/ are non-zero, we will often write:

tz) =z+7.

By abuse of notation, we will denote by t also the usual trace mapt : K — Q
of K over Q. If z = (z,7) € C?>and v € K, we will write vz := (vz,V'7)
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and v + z = (v + z, v’ + Z’), so that, by our conventions: t(vz) = vz + v'z’ and
tv +2) =t(v) + t(2).

Let M be a complete module of K. We denote by M* the dual of M for the
trace t : K — Q, that is, the complete module of K whose elements v satisfy
t(uv) € Z forall u € M. If M € N are complete modules, then N* € M*; If
N = vM forsome v € K* := K \ {0}, then N* = v~ M*.

Let ¥ : K — R? be the embedding =(v) = (v, v') € R?, let us fix a Z-basis
(Bo, By) of M. We denote by (B, By) the dual basis of (By, By) for the trace and

we write:
_ (B BY\ _ (BoBi\' -
B = B* B¥ - B/ B/ . ( . )
1 P1 0 P1

Together with the choice of the basis (Bg, B1) we have the exponential function
with periods in X (M):
®:C> > T,
defined by
®(z,7) ="e(®B-'(z.2)). (22)

where ' means “transpose”, e(t) =e(2mit) (i:=+/—1), and e(a, b) = (e(a), e(b)).
In a more explicit way, ®(z, z’) = (u, v), where:

u=e(Bjz+ By'z), v=e(Biz+ B{'7). (2.3)

This function @ (which depends on the basis (By, B)) factors through C? /2 (M)
because for complex numbers z, z/, ¢, ¢’ we have B-'(z, 2/) —B-'(¢, ¢’) € Z*if and
onlyif (z—¢, 7 —¢') € (M), and this happens if and only if ®(z, ') = ®(¢, ).
Of course, if (z, '), (Z,Z') € C?, then we have (product of the algebraic group T):

®(z,)P(3Z,7) =P+, + 7).

2.2. Actions of orders of K on T

Let us consider the stabiliser S(M) of M, i. e. the order of K whose elements are
the B’s such that BM C M. We notice that if v € K*, then S(WM) = S(M).
Moreover, S(M*) = S(M);? from now on, we will write S = S(M).

Let B be an element of S, let B(B) be the matrix of the natural multiplicative

b
S-action on M, expressed with the basis (Bg, B}), that is, the matrix <a d> with
c
a,b,c,d asin (1.3). We have

— . IB 0 . -1
B(B) =B (05/) B! 2.4)

2 The stabiliser S (M) can be computed explicitly. For instance, it is well known that S(M) is
a complete module Z + «Z with k an irrational integer of K. Moreover, by [BS, Exercise 17,
Chapter 2], S(M) = (M M*)*.
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Clearly, B(B) has determinant n(8) (where n(B) is the norm g’ of 8 over Q) and
has rational integer entries.

As in the introduction, the multiplicative group T is endowed with an action
of S defined as follows. Let u = (u, v) € T and let 8 be an element of S; then we
define:

u’ = B(p).u.

If u = ®(z, 7)) then, by (2.4), u? = ®(Bz, p'z’). This action depends on M and on
the basis (By, B1). Nevertheless, if 8 € 7Z, then the action

uf = WP, vP) (2.5)

does not even depend on K.
We recall that a point u € T is a forsion point if u = (¢1, ¢&2) with ¢y, & roots
of unity. A point which is not a torsion point is said to be a point of infinite order.

Lemma 2.1. A point u € T is a torsion point if and only if
u € P(X(K)), (2.6)

that is, if there exists a € K such that u = ® (o, o’). If ®(a,a’) = ®(a,a’) for
somea,x € K, thena —a € M.

Proof. Let us notice that given a complete module N, if « € K* then £a € N for
some £ € N\ {0} (to check this, it is enough to choose a basis N = éoZ + B1Z and
write o = ry Bo + r2§1 with ry, rp € Q).
Thus, by (2.5),
(o) = d(la, ba) =1,

which proves that ® («, @) is a torsion point. Let now (¢, ¢) = e(a, b) be a torsion
point of T (a, b € Q); we have ®(«, ') = (¢, ¢) with @ = Boa + B1b by (2.3).
The second assertion is clear because 1 = ®(a, @ )P(@, &)~ = P(a —
a,a’ —a’) so that (o« — @&, o’ — @&') lies inside the set of periods of ®, which is
X(M). ]

The subgroup of T whose elements are torsion points is denoted by Tiors. A
point u € T is torsion if and only if there exists 8 € S \ {0} such that u? = 1. The
set of elements 8 € S such that u? = 1, which is a ring containing pZ for some
integer p > 0, depends on &, but the property of being a torsion point does not.

2.3. Rank one hypothesis

We fix an exponential function @ as in (2.2). Let us consider an m-tuple M =
(uy,...,u,) € T of points of infinite order.

We say that M satisfies the rank one hypothesis with respect to @ if there is a
point of infinite order v € T, &y, ..., o, € K and By, ..., B, € S\ {0}, such that
foralli =1,...,m:

u; = d(ai, o). 2.7)
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Remark 2.2. The m-tuple M satisfies the rank one hypothesis with respect to @
if and only if the S-module generated by u, ..., u,, has rank one; in this case the
point v in (2.7) is a generator, modulo torsion.

2.4. A special choice for (B, By)

Let us suppose right away that w = @ satisfies (1.2). Let M = Z + 0~ 'Z be
the complete module with the basis (By, B1) = (6=, 1). The matrix B of (2.1)

becomes:
k */
B — Bj B _ 5 1 -1 ’
Bik Bik/ _9/—1 9—1
where § := 6~! —6’~! (notice that ' = —8). The exponential function ® becomes:

D(z,7) ="eB-"(z,2) =e( 2 —2), 8 (0 24071y, (28)

The number satisfying (1.2) will be fixed in the following; hence we write from
now on

S @) = fo(u).

3. Basic tools concerning series

Here is the content of this section.
First of all, we introduce a “twin series” f+ of f (see Section 3.1). After this,
we will be mainly concerned with “formal series associated to sectors”. Let Z be a
subgroup of Z? of finite index. We are interested in the subset of C{U} of series of
the type
ffw= > uv

(I,heCnZ

where C is a “sector” of R? \ {(0, 0)} (see Section 3.2); examples of these series are
fand fT.

We will study under which conditions on C and Z, the series fCZ converges to
a rational function of Q(u) (Section 3.3).

Each element 8 € S \ {0} determines maps on the subset of C{U} of series of
type fCZ; for example:

fEU) > fFUP,  fFa)— fFPPw.

To have a satisfactory picture of the effects of these maps, it is convenient to study
a space of “formal Fourier series” that we introduce in Section 3.4.

We will apply our results to some special examples of series fCZ required to
prove our theorem (in Section 3.5).
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3.1. The twin series f+

Since 6 satisfies (1.2), we have 6 < 2/t(6~"). The twin series f* of f is the series:

oo L2/t@ "]
ffaw=>Y >
I=1 h=[0l]+1
where | x | denotes the biggest integer r such that r < x (following our conventions,
if for some / the sum over /4 has no terms, then its contribution to the series is zero).

Since
0,0)

) = fopgemn @ v) = fu,v) =Y @)
i=1
where p, g are coprime positive integers such that 2/t(0~") = p/q and since
f(u,v), Z?il(uqvl’)’ are subseries of fz/t(g—l)(u, v), it is easy to show that the
series f1 converges on the domain:

Dt ={(u,v) € C? such that lu| < 1and |u|?|v]? < 1}.

We recall that we have denoted by D the domain of convergence of f; the domain
D contains D
We will see (in Section 3.3) that the series f, (-1 (u, v) converges to a ratio-

nal function of Q(u, v). Thus, £ differs from — f by a rational function.

3.2. Sectors

A subset C of R? \ {(0, 0)} is a sector if there exists a non-empty connected subset
J C {(x,y) € R? with x? + y?> = 1} such that C = {(ax, ay) with @ € R. and
(x,y) € J}. Equivalently, we may ask C to be: stable under (x, y) — (ax, ay) for
a € R. g, not containing 0, and connected.

Let A : R? — R? be an R-linear automorphism, let C be a sector; then A(C) is
also a sector (it is connected, does not contain 0, and is stable under multiplication
by strictly positive numbers).

Let I be a subset of R, let us write:

C(I) ={(x,y) € R.g x Rsuchthat y = ax fora € I}.

If I is connected (an interval), then C (1) and A(C(I)) are sectors. In particular, the
discussion above applies to the automorphism A defined by

.y () B =0 30 x4 ).

We adopt standard notations for the intervals with extremities a, b (witha € R U
{—o0} and b € R U {+00} such that a < b):

[a, b], [a, b[, ]a, b], ]a, b].

For example, [a, b[= {c € Rsuchthata < ¢ < b}, and if b = 400, [a, +00[=
{c € R such that ¢ > a}.
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Lemma 3.1. We have the following facts.

1. Let I be a subset of R; then, I €] — oo, —0'/0[ if and only if C(I) - B~! C
R.g x R.

2. We have that I ] — 1, —60'/0 if and only if C(I) - B~ € R.o x R.y.

3. Let us consider the function p : [—00, —0'/0] — [0/, +0o0] defined by

14z

p) = T

on]—o00,—0"/0[, and by p(—00) = 6', p(=0'/0) = +00. Then p is a strictly
increasing continuous function, and we have the following table of values:

o —0 -1 0 1 —0'/6
pl@)| 0 0 6 2/t6) 4o

4. If 1 C]— o0, —0'/0[ is an interval [a, b] (respectively la, b), [a, b[, la, b[) with
a,b € [—oo, —0'/0] satisfying a < b, then C(I) - B~ = C(I*), where I* is
the interval [p(a), p(b)] (respectively Jp(a), p(D)], [p(a), p(D)[, 1p(a), p(D)]).

Proof.

1. Lety = ax withx > Oand o € I. After (1.2), the first coordinate of (x, y)-‘B_1
is positive if and only if x > —(0/0")y = —(0/6")ax, that is, « < —0'/0 because
after (1.2) again, —0/0’ > 0.

2. The second coordinate of (x, y) - B~ is positive if and only if x > —y = —ax.
After the first property, both coordinates of (x, y) - B! are positive (for x > 0) if
andonly if —1 <« < —0'/6 foralla € I.

3. It follows from (1.2) that 1 < —6’/6 and 6 < 2/t(9~"). The properties of p are
obvious because

dp  00'(0' —0)

dz — (0z+06')?

is well defined and > 0 after (1.2), if z # —6’/6. Moreover, right and left limits at
the extremities of the interval ] — oo, —6’/6[ agree with the given values. The table
of values is easy to check.

4. This follows straightforwardly from the previous properties; the function p has
the property that if « = y/x then p(«) is the slope of the line through (0, 0) and
the point (x, y) - B O

3.3. Formal double Laurent series associated to sectors

Let C be a sector, let Z C Z? be a subgroup of finite index; we now study the formal
series
ffw.vy= > uUv'ecu.
(L,LhyezZnC
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Examples. We have

_ 72 + _ 7
f—fC(]O,G[)’ f —fcae,z/t(e*l)[)‘

Clearly, R? \ {(0, 0)} is a sector, and

7? _ Iy/h
fRZ\{((),O)}(Q) - Z U V .
(1) €Z2\{(0,0)}
The series (1.5) of our theorem are nothing but the series fﬂg\{ © 0)}(£ UP) with
(= Tiors and B € S\ {0}; later, when we will use these series, we will employ the

. 2
notation [F = fn@\{(o,O)}'

In the following lemma, we study some rationality properties of the series fCZ .
Let us denote by b the open half-plane of R2\ {(0, 0)} having the line 1 = 0'l as a
boundary and containing the point (1, 1).

Let us consider a sector C C b such that its closure is contained in b U {(0, 0)}.
In particular, the boundary of C is the union of two half-lines /1,1, C b U {(0, 0)}
(necessarily non-parallel) both containing (0, 0).

It can be proved that there exists a non-empty open subset @ C C? on which
fcz converges (see the remark after the following lemma) but here, to simplify our
exposition, we will assume this as an hypothesis: it will be enough for the applica-
tions in view.

Lemma 3.2. Let us suppose:

1. that Z = 7% - A, where A is a non-singular matrix with integer entries such that
b cA = b’

2. that the slopes of 11, | are rational,

3. that there exists a non-empty open subset O C C? on which fCZ converges.

Then, on O, fCZ converges to a rational function of Q(u, v).

Proof. Let us first consider the case A = identity matrix, so that Z = Z?. For
(p1,9q1), (p2, g2) couples of coprime rational integers such that (p1, ¢1) € [; and
(p2, q2) € b, we consider the closed parallelogram P of vertices (0, 0), (p2, ¢2),
(p1 + p2, 91 + q2) and (p1, q1), the closed segments S, Sy of extremities (0, 0),
(p1,q1) and (0, 0), (p2, ¢2), and the domain R := P \ (51 USy).

Let us write P(u, v) = } ¢ pyernz? u'v"; it is a Laurent polynomial because

72 is discrete in R? and R is bounded. On O we have

SE @y =7 3 @) @) Pu,v)

n1=0n,=0
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so that on O, the function
(1= uPv) (1 = uPv®) f& (u, v)

is equal to P(u, v), hence rational; this implies that fCZ converges to a rational
function of Q(u, v) on O.
If Z # 72, we observe that there exists, thanks to the hypothesis on A, another

sector C C b such that C - A = C. The boundary of this sector is the union of the
boundaries of two half-lines /1, [, C b with rational slopes. The discussion above
L 2 .

implies that over some non-empty open subset of T, f cz converges to a rational

function of Q(u, v). Since f# = fCZZ;'A(g) = féZQ(A.Q), the property follows
for fCZ . O

Remark 3.3. It can be proved that if a sector C does not contain any half-plane,
then there exists a non-empty open subset O C T such that fCZ converges on O;
we do not need this property here.

3.4. Formal Fourier series associated to sectors

An element v of K belongs to M* if and only if
v="hB} +1B =5 (—ho'"" +1) (3.1)
with [, h € Z (unique). We can write (3.1) in the following equivalent way:
w,v) =, h)-B, (3.2)

from which we deduce that if (U, V) = ®(Z, Z'), then

UV = et(v2)). (3.3)
Let
QZ.Z)= ) ce(t(v)), (3.4)
veM*

be a formal Fourier series, let us write M(U)" = U lyh where v, [, h are related
to each other by (3.1). To 2 is associated a formal double Laurent series w in the
variables U, V, defined by:

o) =) oMU

veM*

If u = ®(z,7'), then Q converges at (z,z’) if and only @ converges at u, and
o) =Q(z, 7).

Let Q be as in (3.4). The K -support S (2) of Q is the subset of ¥ (M*) C R?
whose elements are the (v, V')’s such that ¢, # 0. Let w be associated to  as
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above. The K-support Xk (w) of w is equal, by definition, to the K-support of .
By definition again, the K-support of the zero series is the empty set .

Let F be a sector, let N O M be a complete module, let us consider the formal
Fourier series

FYz.z)= Y et(2).

(v,V)eFNE(N*)

There is a one-to-one correspondence between series of the type ch withC C §

and series of the type F }V with F C $ := {(x, y) such that x > 0}, as the following
lemma says.

Lemma 3.4. LetU, (Z, Z') be such that ®(Z, Z') = U, let us consider an element
B € S\ {0} and let us write N = ﬁ_lM. Let F be a sector. Then,

7*.B
FNz.2) = f7.0W).

Proof. We have, by using (3.2) and (2.4),

B0
0p

Thus, ©(N*) = Z?* - B(B) - B and we obtain (taking into account (3.3)):

(ﬂv,ﬁv’):(l,h)-%-( >=(l,h)-3(ﬂ)-%.

FRZ.Zh= ), MU= > u'vh,

vEFNZ(N*) (I,hyeF-B~1n7Z2.B(B)

which proves the lemma. O

3.5. Series associated to some special sectors

We now introduce the series which are behind the construction of the numbers A in
our theorem.

3.5.1. The series fn, fr, On

Let B > 0 be an element of S \ {0}, let us write N = $~!'M and Z = Z? - B(B).
We consider the formal series

N = fEp0.0p D).
+ _ fZ
fN (Q) - fC(]Q,Z/t(Qfl)[)(Q)’
V4
®N(g) = fC(]O,Z/t(Gfl)[)(Q)
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Proposition 3.5. With the notations above, we have the following properties.

1. If N = M, then fy = f and f,; = f+.
2. We have the equality of formal series Oy = fn + f;.
3. The series fy converges on D and the series f; , ®n converge on DT. in

particular, fy, f ; , Oy simultaneously converge on D,
. On D, the series ©y converges to a rational function of Q(u).
. Ifu = ®(z,7), we have the following equalities of convergent series:

[

v = Fcl\éj_l,()[)(z, ), ueD
f;(ﬂ) = Fé\g]oyl[)(Z,Z/), HE’D"_

ONW) = Foy_y 1z 2) weD.

6. If B € S\ {0} is such that B > |B'| > 0 and if ¢ is a torsion point, the series
fN(ggﬁ), f;(ggﬁ) and @N(ggﬂ) converge for u € DV. More explicitly, we
have the following table which describes domains where the considered series
certainly converge:

InGuP) | fyuPy | Oycuf)
B>pB >0 D DF Dt
B>-B8>0 DT D DT

If N = M, we write ® instead of ® ;.

Proof of Proposition 3.5
1. This is clear.

2. The line of slope 6 does not contain couples (I, h) with [,h € Q; thus
V4 z _ Z
fC(]O,G[) (g) + fc(]g’z/t(g—l)[) (Q) - fc(]o’z/t(e—l)[) (g)

3. In general, fy (respectively f;,r , ®y) is a subseries of f (respectively f1, ®);
we have already described the domains of convergence of f, fT; the domain of
convergence of @ is Dt because Dt C D. The assertion on the simultaneous
convergence is obvious.

4. By the previous point, ® y (u, v) converges on D; moreover, the right multi-
plication by B(B8) fixes b (since B > 0, the map (x, y) — (Bx, B'y) fixes 9, and
$ - B! = ). From Lemma 3.2 with A = B(B), ®n(u, v) converges on DT to a
rational function of Q(u) because the slopes 0, 2/ t(0~!) are rational.

5. This follows from Lemmata 3.1 (points 3, 4) and 3.4.

6. It is enough to deal with the case N = M only, because for all C, if Z C Z2,
then f# is a subseries of fCZZ. Let us write ¢+ = f*(zuf). By point 5 of this
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proposition, if (v, V") € Zg(fT), then v > v/ > 0. If B is such that 8 > B’ > 0,
then Bv > BV > 0 so that if u = v is such that (u, u') € Tx(¢™), then
(m, 1) € €0, 1D N Z(BM™).

Since ¢ (u) = f(cuP) = fH((¢*u)P) where ¢ is any torsion point such
that ;W = ¢, combining Lemma 3.4 and Lemma 3.1 (points 2, 3, 4), we see that
¢ is a subseries of £+ (¢*u), hence converging on D

If 8 > —p' > 0 andif u = v is such that (u, u') € Tx(¢p™), then pu >
—u' > 0and (u, ') € C(Q—1,00)) N X(BM*); the conclusion follows again
combining Lemmata 3.1, 3.4 because ¢ is in this case a subseries of f(¢%u),
converging on D. -

Let us now consider ¢ = f(¢uf). By point 4 of this proposition, if (v, V') €
Yk(f), thenv > —v' > 0. If B € S\ {0} is such that 8 > B’ > 0, then
Bv > —Bv' > 0. By writing © = Bv for p such that (i, ') € Tg(¢h), we see
that (u, u') € C(1— 1,00 N Z(BM*) and ¢ converges on D.

If B> —B > 0then u = Bv and (u, u') € Tk (¢p) implies that (u, u') €
C(10, 1)) N BM*. In this case, ¢ converges on DT. The table follows from these
computations. Moreover, D D D so that in particular, all the series converge on
D+. O

Let us write:

K, = {v e K suchthat v > 0 and v' > 0},
K+ = {v e K such that v > O and v’ < 0},
Z ={veKsuchthatv > —v' > 0orv > v > 0}.

If E is any subset of K, we write:

E. = ENK,,
ELr=ENK4.
Thus,Z =ZL UZ,, withZy = {v € K suchthatv > —' > 0}and Z, = {v €

K such thatv > v’ > 0}. By Proposition 3.5 point 5, another way to write the
series fv, f;,r and Oy is, for u = ®(z, 7'):

v = Y etva),

veEZLNN*

v = Y et

U€I+QN*

Onw = Y e(t(v),

veINN*
. . —+
3.5.2. The rational series Ro.p.N, R, 5 y

We have introduced three types of series fu, f ;,r and Oy ; we need two more types.
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Leta € K, B,y € S\ {0}, let us suppose that 8 > 0, let us write N = y ~' M and
t=0@a). F=o@Pp.a/p).

so that gjﬂ = ¢ If B/ > 0 we write:

Rupn@ = fo1y(@Fw) — fn(gu’)
Ry s @) = fiyGFw) — [ GuP).

Otherwise B8’ < 0, and we write:

Rapn@) = fginy(&Pw) — fif (cu)
REgn@ = fi (&) — fuguP).

Proposition 3.6. With the notations above, we have the following properties.

1. The K-support of Ry g N is contained in ¥(MY) and the K-support of R;_,/S,N
is contained in $(M?%).

2. Foralla € K, if B € S is such that B > |B’| > O, then the series Ry g N
converges on D and the series R; pg.N converges on DT,

3. Foralla € K, if B € S is such that B > |B’| > 0 then on their convergence
domains, Ry g N, R;“’ BN define rational functions in @(g).

4. Ifp=p orif p = —p' then, foralla € K, Ry g n(u) = R;ﬁ’N(g) =0.

Proof. 1. Itis enough to consider the case { = ¢ % = 1. First of all, let us notice that
Tk (fg-1y) C Z(M1) and EK(f;;lN) C X(M?Y). Since B > 0, we have M} U
BML C MY UMZL. If B/ > 0then BM} C M} and BME C MZ,if B’ < O then
BM; C MX and M3 C M. Hence, if B/ > 0, then fn (uP) has its K-support
contained in X (M7). The same happens to f, (u?) when ' < 0. Similarly, if
B’ < 0then Tk (fy@?)) C (M%) andif B’ > 0 then g (fy @P)) C T(M?).
Thus, for all B > 0 and for all o, Ry g n has its K-support in X (M) and
R;“’ﬁ’N has its K-support in X (M?), because Ry gy (respectively R;ﬁ’N) is a

linear combination of two series having their K -support in X (M7) (respectively in
X(M3)).

2. The series fﬂ_w(gﬁg) converges on D and the series f;_lN(gﬁg) converges on

D™*. Domains of convergence of the series fy (¢ uf)and f J ¢y u®) are described in
the table of point 5 of Proposition 3.5, depending on the sign of 8’. From this, one
easily verifies the required properties.
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3. We recall that (B~ !N)* = BN*; let us suppose that § > B’ > 0. With the
notations introduced above:

R g, n (@ (2, 2)

— Y et + B2))

veEN*NZ4

)
) 2 (elGe))

Bu>—-pu >0

- 2 (bGr)

0<— <v< —(/i//i/)\/

o
R SR ( G Rs))
()eCI-1,-p/BDNE(BN*) p

_ pb'N e

By Lemma 3.4, we have

R SR
((v(G+2)

ve,BN*ﬂZi

Ropnw = f75P w),

where C =C(]1—1,—p'/B])- B! and Z = Z* - B(y). Lemma 3.1 point 4 implies
that C = C(Jp(=1), p(—=B’/B)]). We have already computed p(—1) = 0 (point 3
of Lemma 3.1). Now, we see that:

I'B/

_ﬁ_’> _ B
p( ﬂ —1_9/—1:3_/

0
B
___B-F
- ,39_1 _ ,3’9/_1
o tBs)
G

Thus, the extremities of the interval ]p(—1), p(—pB’/B)] are rational. By Lemma
3.2, we see that Ry g v converges on D to a rational function in Q(u, v) (the half-
lines /1, I lie in  because they are images under right multiplication by B! of
half-lines which lie in §)).

For o € K, we see that:

Ry p.n() = Ro g N <<I> (g, a—/) g) .
B B
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The coordinates of ®(«/B, a’/p’) € T are roots of unity. Thus, Ry g,y (1) belongs

to Q(u) (the coefficients of the Taylor expansion at 0 € C? lie in some cyclotomic
number field of finite degree over Q).

So far, we have only considered the case 8 > 8’ > 0 and studied the rationality
of Ry p,n. Without giving full details, we sketch the results in the other cases,
applying point 4 of Lemma 3.1 (recall that u = ®(z, 2')).

' + _ ppIN N = fZBEB)
FzB >0 Ropn@ = Feqppin @)= Jeaopp.pan®:

/ _ BN N _ pZ-B(B)
Bz —F">0. Ropn@ = Foq_gs1) @ 2) = Seqoppromn @ 30

/ + _pb'N N _ fZBB)
Bz=F >0 Ropn@ =Feq 182 = Jeapn.oemm @

We have already computed p(—8’/8) and we have seen that it is a rational number.
Also p(1) = 2/t(6*1) is a rational number, and

/
1+5

/3/> B
(7)1
p 6*1+9’*1'B—
B+B
971/34-9/71/3/
t(B)
t(O~'8)

1s a rational number too. With the same method as above, we then check that R;“ BN
and Ry g,y always converge (on D or D7) to rational functions.

4. If B = p' then ] — 1, —p'/B] = ¥ so that Ry gy = 0 by (3.5). Similarly,
[B'/B, 1= 0 and R ; , = 0 by (3.6).

If B = —p/, then [-p'/B, 1l = ] —1,B8'/B] = ¥ so that in this case too,
Ry 4N =Rapn=0. 0

To simplify our notations, we will write Ry g, RZ p instead of Ry, g v, R;’ BM-
Moreover, if « = 0, we will drop the corresponding subscript and we will write
Ry instead of Ry g and R; instead of Raf PE similarly, Rg. v = Ro,g,n and R; N=
Ry g.n-

In Figures 1 and 2 we represent together the K-supports of some of the func-
tions introduced so far, and their images under left multiplication by B!
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Proof of identity (1.12). We notice that if Z = {(I, h) € Z? such that{ + h € 27}
then for any sector C:

W) + fF () =202).

We have already noticed that 8 := V2e€S. In particular 8 = —f/, so that, after
Proposition 3.6 point 4,

Rp(w) = Ropm(w = f"y,,w — f(u”) =0.

Applying (2.4) we see that B(8) = (1 11> and Z = 7Z? - B(B). Thus

f(ﬂﬂ) = f/;_—lM(ﬂ) = fcz(]g’z/t(gfl)[)(ﬂ)a

and this implies (1.12).

3.5.3. More about the series Ry g N, R;ﬁ’N

We give now some applications of Proposition 3.6.

Functional equations. Let n > 1 be a unit of § so that ™ 'M = M; clearly,
1 > |n'| > 0. We recall that R, = Ro,y,m and R,J’r = R(')'rn > We have two cases

depending on the sign of n’.

First case. ” < 0. By definition we have:

frun = fU) - R,U), (3.7)
fwn = W - R, W). (3.8)

By Proposition 3.5, point 6, f(u") converges for u € D and fT(u") converges
for u € D. By Proposition 3.6, point 2, the series Ry, g v converges on D and the
series R; p.N converges on D™; more precisely, they converge to rational functions
of Q(u) (point 3 of Proposition 3.6). The identity (3.7) holds, as an identity of
functions, on D, and the identity (3.8) holds, as an identity of functions, on D+,

The multiplicative group V generated by the units 77 € S such that 7 > 0 is
free and cyclic. There exists one and only one generator n withn > 1 > —n’ > 0;
this is the positive fundamental unit of S.

If r > 0 is minimal such that 0~' = [by, ..., by, by, ...] (cf. (1.6)), then

by 1 by 1
B(”)=<10>'”(110>

and B(n)? = B where B is the matrix of (1.9).
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Second case. ' > 0. We have:

fwn = fU) - RyU), (3.9)
U = W) - Ry W), (3.10)

Again, combining Propositions 3.5 and 3.6 we see that the identity (3.9) holds, as an
identity of functions, on D, and the identity (3.10) holds as an identity of functions
on DT,

The identity (3.9) for a fixed n € S is one of the functional equations of f,
that is, one among the relations (1.11) of the introduction. The identity (3.10) is a
variant of it, involving the twin series f*. The multiplicative group W generated
by the units 7 € S such that 77, 7/ > 0 is also free and cyclic. There exists one and
only one generator n with n > 1 > n’ > 0; this is the totally positive fundamental
unit of S. If r > 0 is minimal such that (1.6) holds, we have 5(n) = B, the matrix
in (1.9).

If there exists a positive unit of S with negative norm, then V2 = W. If there
does not exist a positive unit of S with negative norm, then V.= W.

Fundamental domains. Let us inspect more closely the relations (3.9) and (3.10)
in the second case; let n be a unit of S such thatn > 1 > ' > 0, and W = n%. We
choose the fundamental domain for the multiplicative action of W on K+

D) = {v € K+ such that 1 < —v/v' < »?},
and the fundamental domain for the action of W on K
D, (n) = {v € K4 such that n*> > v/v' > 1}.

By the definition of a fundamental domain, if v € Ky (respectively v € K1),
then there exists one and only one k € Z such that n*v € D, (n) (respectively
nv € D).

We see that if £k > 0, then

k—1
D) = | |n'D,
=0

where the symbol LI denotes a disjoint union. This implies (identity of formal se-
ries):

k—1
!
Ry n@) =Y Run@™),
=0

where N = =M, B € S\ {0}. In particular, since Z+ = limy_, o, D(1*):

FW) =) Ryn@™) = lim Ry y(U). (3.11)
n=0
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Let us explain this identity. In general, infinite sums (or limits) are not allowed in

C{U}. but for all h # k, the K -supports of R, y(U"") and R, y(U"") are disjoint
(D(n), D4+ (n) are fundamental domains), so that the right-hand side of (3.11) above
is a well defined element of C{U}.

We also have

Sk (fy) = ST NN = | | =@' D) N N¥)). (3.12)
=0

In a similar way, D, (%) is equal to the disjoint union '—'5:01 n'Dy(n) and T, =
lim;, 50 D+ (™), so that:

[o.¢]
SN =Y R = lim R (). (3.13)
n=0

The latter equality in C{U} is equivalent to

Sk (fy) =@ NN =|_| =0 D) n N (3.14)
=0

The equalities (3.11) and (3.13) hold in C{U}, but it is easy to show that they also
hold as equalities of convergent series, respectively for u € D and foru € DT,

4. Linear independence over Q of formal series

If M, C M, are complete modules, we denote by [M| : M>] the index of M3 in
M. We start with two elementary lemmata.

Lemma 4.1 (Duality). Let My C My be two complete modules of K, let v € M.
We have:

0ifv g M,
> elt(u) = { My - Mol v € M, @.1)

HEM/M;

the sum being indexed by a complete set of representatives of M| non-equivalent
modulo M».

Proof. The sums in (4.1) are well defined and do not depend on the representatives
chosen in any class.

By the theory of elementary divisors, one can choose «, B € K such that
M| = aZ + BZ and M> = aaZ + bBZ with positive integers a, b. With a dual
basis M{ = a*7Z + B*Z one gets a dual basis M} = («*/a)Z + (B*/b)Z. Let us
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consider v = ca®/a + dp*/b € M5 (c,d € 7). We have:

a—1b—1
Y elt(uv) =YY et(Ua + hp)(ca*/a + dB*/b)))
HEM /My =0 h=0
a—1 b—1
= ellc/a))_e(hd/b).
=0 h=0

Ifv e M; \ M f‘ then a does not divide ¢ or b does not divide d, and the latter
product is zero. Otherwise, v € M7, and the sum is ab, but ab is just the index
(M : M3]. O

Lemma 4.2 (Vandermonde matrices). Ler L > 0 be a rational integer, let us
choose an ordering of complete sets of non-equivalent representatives of M* /L M*
and L~'M /M. Then, the matrix M(L) below is non-singular:

M(L) = (e(t(uv)) e M¥/LM* -

vel tm/m

Proof. The matrix is clearly well defined. Let us choose a Z-basis (i1, o) of M,
let (], ) be the dual Z-basis of M*.
We have, up to permutations of rows and columns:

M(L) = (e(t((arp1 + azp2) (b1} + b2143)) /LY ay,a), (b1,b2)
= (e((a1b1 + a2b2) /L)) (ay,a2),(b1,b2)

where the rows are indexed by the couples (aj, az) € Z?* with0 < aj,ap < L — 1
and the columns are indexed by the couples (b1, by) € Z?* with0 < by, by < L — 1.

Thus the matrix M (L) is, up to permutations of rows and columns, the Kro-
necker square of the Vandermonde matrix:

(e(ab/L))Oga,bgL—L

Let D be the determinant of this matrix. We have det(M(L)) = D?L; but D is
non-zero and the matrix M (L) is non-singular. ]

Lemma 4.3. Let us consider elements ay, ...,an € K, B1, ..., Bm € S\{0}, let us
denote by N; the complete module ,Bi_l M, let F be a sector with non-empty interior.
Let us denote by V the C-vector space spanned by the m-tuples (cy, ..., cp) € C"
such that

m !
Y e Fy <ﬁ+z ﬂ+z/):o 4.2)
P ST\ B "B
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Let us write, fori = 1,...,mandv € M*,

0 otherwise.

A — {e(t(“iv/ﬂi)) ifv e N,

Let £y, ...,¢, € N\ {0} be such that ia; € M (i = 1,...,m), let us choose
integers g1, ..., gn € N\ {0} such that g,',Bi*l eS(i=1,...,m). Let us write:

L = least common multiple of g1£41, ..., gnlm- 4.3)

Then, for all i = 1,...,m we have LM* C N}, and for any complete set G
of non-equivalent representatives of M* modulo LM*, V is the kernel of the left
multiplication by M(L) - N'(L), where

N(L) = (Avi) veg

1<i<m

Proof. Let us recall that given a complete module N, if « € K*, then fo € N for

some £ € N\ {0} (this was used in Lemma 2.1). The numbers g1, ..., g exist
because S is a complete module (cf. proof of Lemma 2.1).

Let (c1, ..., cn) be any element of V. The relation (4.2) is equivalent to in-
finitely many linear relations indexed by the elements v € M* such that (v, V') € F,
and involving the coefficients ¢; fori = 1, ..., m. These relations are:

> cie(t(v/p) =0, veM* (4.4)
i such that
wv)ye Fn Nl?"

However, in (4.4) almost all relations are redundant; let us explain this fact. Let
N - (Av,i )

be the matrix of these relations (its rows are in a one-to-one correspondence with the
elements v € M* such that (v, V') € F, its columns are indexed by i =1, ..., m).

Let us recall the equality S(N) = S(N*). Since g,-,Bl._1 € S for all i we have
giB7'M* € M* and g;M* C B;M*; thus, forall i = 1,...,m, LM* C g;M* C
N} = BiM*; notice also that [M* : LM*] = L2,

The matrix N (L) does not depend on the choice of G. Indeed, if A € LM* (so
that A = Lu with u € M™) then, for all i,

A L i
t(i) =—t (Eiozi,ug—) ez
Bi Ligi Bi
because L/(¢;g;) € Z, Lija; € M and g;/B; € S, so that ug;/B; € M*. Thusifv €
M*, then t(o; (v +1)/Bi) € t(a;v/Bi) + Z and e(t(e; (v + 1) /Bi)) = e(t(a;v/Bi)).



358 FEDERICO PELLARIN

We claim that there exists a complete set G of non-equivalent representatives of M*
modulo L M* such that F contains X (G). Indeed, given any complete set G of non-
equivalent representatives of M* modulo L M*, there exists a bounded subset X of
R? such that (G) C K. Now, for any ;. € M*, the translated 1 + G is also a set of
non-equivalent representatives of M* modulo LM*, and (u +G) C (u, ') + K.
It is certainly possible to find © € M* such that (i, u') + K C F (because X (M*)
is a lattice of R? and F is a sector) and this suffices to prove the claim, by setting
g=un+g.

Let us consider, to construct our matrix A'(L), G a complete set of representa-
tives of M* modulo L M* such that X (G) C F.

Since F contains X (G) the matrix N\ is equal, up to a permutation of its rows,
to a block matrix made by an infinite column whose entries are copies of N (L).
With ¢ = (cq, .. ., ¢m), the identities (4.4) are equivalent to:

N(L)-'¢c="'0inCL’,

so that V is the kernel of the left multiplication by N (L). But M(L) is non-
singular (Lemma 4.2), thus V is also the kernel of the left multiplication by M (L) -
N(L). O

Let U = (U, V) be a couple of indeterminates. We consider again the formal
series:

h,leZ
(h.1) # (0,0)
Proposition 4.4. Let us consider elements ay, ...,a, € K, B, ..., Bu € S\ {0},
let us denote by N; the complete module ,Bi_lM (i=1,...,m), let us write
¢ = Do, e)), i=1,...,m, 4.5)

let F be a sector with non-empty interior. Then, the following conditions are equiv-
alent.

1. The formal double Laurent series
F(gl_gﬁf), i=1,....m

are Q-linearly dependent.
2. The formal Fourier series

e o
FN (%+Z,ﬁ—',+z’>, i=1,....m
i i

are C-linearly dependent.
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3. The formal Fourier series
Fy ( +Z, a—/+z) i=1,....m
Bi Bi
are Q-linearly dependent.

Proof. Let us write
/
o o .
g#:cb(—,—’), i=1,....m (4.6)
= Bi B
so that gfﬂi =, for all i. Let us consideri € {1, ..., m}and u € M*. Since

M(gigﬂi)ﬂ — M(g?ﬂigﬂi)ﬂ — M(E?Q)Mﬂi

we have, applying Lemma 3.4 with ®(Z, Z") = U

. 2 .
F (QlQﬂ’> = f]}%Z\{(O 0)}(§1Qﬂ1)

_ (I2BB) ot
- fR2\ (0 0) (KZQ)

= FN 2.% 4 7 47
= "R2,((0,0)} 131"' ﬁ"‘ 4.7

and F]]:vi (i /Bi)+Z, (a}/B])+ Z') is a subseries of the series in (4.7). Thus for all
i, the series in the second condition of the proposition can be viewed as a subseries
of the series in the first condition, with ®(Z, Z") = U, and the second condition
follows from the first.
We now prove that the second condition implies the third condition; by using
Lemma 4.3, we want to show that V is defined over Q. Let L be defined by (4.3).
Let us write:

M(L) N(L) = (Bu,i) wel lym/m -

1<i<m
We notice that if w € L~'M/M, then u + «j/Bi € L™'M/M (i = 1,...,m);
Lemma 4.1 can be applied to get the equalities:

B _ { [BiM* : LM*]if u+ o;/Bi € B ' M, “8)
ot ai/Bi & BTIM, '

because
Bui= Y. eltvu)Ag,
vepiM* | LM*

- Z e(t(w(p + @i/Bi))).

vep M*/LM*
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Hence, the matrix M (L) - N'(L) has rational integer entries. Since ) is the kernel
of the left multiplication by M(L) - N'(L), it is defined over Q. By hypothesis,
V # {0}; this suffices to obtain the third condition from the second.

We now prove that the third condition implies the first. Let Z be the vector
space of the m-tuples (cy, ..., ¢,) € C™ such that

< N o o
ciFi (—‘+Z,—’+z’):0.
,; R2\((0.0)) \ B; Bl

Since R?\ {(0, 0)} is a sector, Lemma 4.3 applies and says that Z is also the kernel
of the left multiplication by M (L) - N'(L) (L being defined in (4.3)).
Thus, Z =V and ZN Q" =V N Q™; the conclusion follows from (4.7). [

4.1. Further properties of the series F.

Let Q@ € C{U}, QU) = Zl,h C]’hUth. The complex conjugate Q of Q is the
formal series -
QW) =) @xU'v" e Cluy,
L,h

where * denotes the complex conjugation in C.

Proposition 4.5. Let § be in S\ {0} and { € T be a torsion point. We have the
following properties.

1. Ifnis a unit of S such that {"" = ¢, then
FU™) =FUP).

2. In C{U} we have
FUf) =F'UP).

In particular, ifgl, ..., & are torsion points, 11, ..., 1y are units of S such that
g?i =<, forall i, and B, ..., Bm are elements of S \ {0}, then in C{U} and for
i =1,...,m, the series F(E;lgﬂ") are Q-linearly independent if and only if the
series F(gigﬂf) are Q-linearly independent, if and only if the series F(Qig’”ﬁ") are
Q-linearly independent.

Proof. 1. Since n(M* \ {0}) = M*\ {0}, we have F(((U”)") = F(¢UP). Now,
(ggﬁ)fl — gg’lﬁ'

2. By Lemma 2.1, any torsion point § € T satisfies { = @(a, o) for some o € K.
If ®(Z,Z") = U then

M 7'UPYY = e(t(v(—a + B2))) = e(ta) M(UP)" = M UP)”,
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forall $ € S and v € M*. Hence

Feufy= > MUy

veM*\{0}

= > M 'UPy

veM*\{0}
=F@¢ 'UP).
We can conclude the proof; by points 1, 2, since ¢; € Q for all i, we have:
m
0= ¢F@,U"

i=1

i=1

I
NE

aF('uP

Il
—

Il

CiIF(gl-_IQmﬂi)- ]

—_

4.2. Proof of one half of our theorem

Lemma 4.6. Let f € S\ {0}. The map T — T defined by u + uP is a group

homomorphism whose kernel is a finite subgroup of T with |n(B8)| = |BB’| elements.
Let us consider finitely many torsion points § et € T. There exists an
irrational unit n € S withn, n’ > 0 such that 5;7 =¢. foralli =1,...,m.

We call the maps u — uf of the lemma isogenies; the degree of u +— u” is

In(B)].

Proof of Lemma 4.6. The first part is clear, since 8~'M/M = M*/(BM*) is a
finite group with |n(8)| elements.

Let n be a unit of S; from the first part of the lemma we see that the isogeny
T — T defined by u +— u" is an automorphism (its degree is 1).

The set ¢35 = {¢#; B € S} is a finite subgroup of T and is stable under the
action of S. The automorphism u +— u" acts as a permutation of 25, so that a
suitable non-zero integer power of it induces the identity map on ¢°.

Now, given ¢ EEEE ¢ S above and an irrational unit 7j € S, there are integers

Pls---s pm > 0 such that g?m = ¢, for all i. The lemma follows by setting
n = i2Prepm, O
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Lemma4.7. Letu,,...,u, € TND and veT be such that there exist i, ..., B €
S\{O}yand a1, ..., ay € K satisfying (2.7) (thus the m-tuple (u, ..., u,,) satisfies
the rank one hypothesis). Let W be the multiplicative group generated by the units
n > 0withn' > 0 such that ® (na;, n’af) = O(q;, a;) for all i. Then, there exist

*

Wiy, W, a € TNDY, units n*, 7 € W, such that a = viora=uv, w; = gln
(foralli =1, ...,m) and elements y, ..., ym € S satisfying
w; = Py, o))a” withy; > |y/| >0  foralli=1,...,m. (4.9)

The sign of the exponent of v in the expression of a is + if f1 > 0 and — if B1 < O.
Moreover, the series F(®(«;, ozlf YUP1) are Q-linearly independent if and only
if the series F(® (a;, a))U"") are Q-linearly independent (i =1, ..., m).

Proof. Let H be the complex upper half-plane
‘H = {z € C such that 3(z) > 0},
let us introduce two subsets of C2:

W = {(z, 7)) € H x C with 3(Z) < J(2)},
WT = {(z,7) € H x Cwith —3J(2) < 3(z) <3}

Clearly WT C W. Moreover, by using (1.2) and some of the identities (with
(u,v) = ®(z,2)):

lu| = exp{—278"1(3(2) — 3(2)))}
lul|v]? = exp{—2763(2)} (4.10)
ullv?" = exp(—276'3(2))

ul o407 = exp{—27 (0(6) /t0) (X(2) + I}
obtained applying (2.8), we see that
DNT=oMW), D"'NT=eWh. 4.11)

Letus notice thatu, ..., u,,, v are all points of infinite order because torsion points
all lie on the set {(u, v) such that |u|, |[v|] < 1}, contained in the boundaries of D
and DT,

Let (z1,2))s -+, (Zm» 2, (20, 20) € C? be such that ®(z;, 7)) = u; fori =
1,...,m and CID(ZO,Z(/J) = v. After 4.11),z; €e H(G = 1,...,m). Since u; =
D (o, ai)yﬁl, we have z1 = B1z0 and we have two cases; 81 > 0 and J(zg9) > 0 or
B1 < 0and J(z9) < 0.

If B1 < 0 and J(zg) < 0 we have, from (2.7):

N —B; .
El:q)(alval)i ﬂla l:1,...,m
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withs = v~ = &(—z, —2;,)- By Proposition 4.5, the series IF(®(;, a;)gﬁf) are
Q-linearly independent if and only if the series F(® (e, o)) U —Piy are Q-linearly
independent (i = 1, ..., m) so that to prove Lemma 4.7, it is enough to consider
the case 1 > 0 and J(zg) > 0, and in this case, §; > 0 for all i.

By Lemma 4.6, W is non-trivial. Let  be an element of W such thatn > 1 >
n > 0. There exists k > 0 such that n*J(z) > n’kl;“s(zf))| > 0; we denote by a
the point v = ®(n*z0, n'7kz(). Since (n*zo, n’*z() € W, we have a € DT by
(4.11).

We also have u; = ®(a;, a;)gn_kﬁi (and n~%*B; > 0 for all i). For the same
reasons as above, there exists £ > 0 such that w; := g?[ e Dt and y; 1= nt kB
(i =1,...,m) are such that (4.9) holds.

Since y; € Wp; for alli = 1, ..., m, Proposition 4.5 implies that the series
F(® (a;,))U: Biy are Q-linearly independent if and only if the series F(® (c; ,a) U
are Q-linearly independent. O

Proposition 4.8. Let M = (u,, ..., u,,) be an m-tuple of algebraic elements of
TND satisfying (2.7) (rank one hypothesis). Let us suppose that there exist rational
numbers cy, ..., ¢y, not all zero, such that

m
D (@i, apUP) = 0.
i=1

Then, there exist rational numbers dy, . . ., dy not all zero and an algebraic number
A such that

> dif )= k. (4.12)

i=1

Proof. Let us write again, as in (4.5) and (4.6), {, = ®(a; ,alf),g? =D (o /Bi )/ B)
(i=1,...,m). We apply Lemma 4.7; let w;, ..., w,,,a, Vi, ..., Vm be given by
this lemma.

The m-tuple (w;, ..., w,,) clearly satisfies the rank one hypothesis (cf. (4.9)).
Since y; = £n°B; for some s € Z, Proposition 4.5 implies that

icﬁ(gig%‘) =0.

i=1

With F = C(] — 1, 0[), Proposition 4.4 and Proposition 3.5 point 5 imply

Y cif, 1@ =0 (nCU).
i=1
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Let us assume, without loss of generality, that there exists mg, with 0 < mg < m,
such that:

y/ >0 fori=1,...,mo,
¥/ <0 fori =mo+1,...,m.

The existence of m( is guaranteed after reordering the indexes i (if mg = O or
mo = m, one of the cases is empty). We have, by definition of Ry g, R; P and by
point 2 of Proposition 3.5:

0= Z;c,-fyfl,v,(g?g)

mg m
=D <l @D+ D eif, 1y, G0
i=1 ! j=mo+1 !
o m m
=2 af@CUN+ D o f QU+ ) iRy, U)
i=1 j=mo+1 i=1
mo m
= af@UN~ Y ¢ fE U +AU. (4.13)
i=1 Jj=mo+1
where , .
AU =) iRy @)+ ) ¢;O& U
i=1 j=mo+1

Since y; > |y/| > 0 for all i, Proposition 3.6 point 2 implies that the series
Rq; .y, (u) simultaneously converge for u € DT. By Proposition 3.5 point 6, the
series ©(¢ jg}’f) also converge on DT, and A(u) converge on D*. Similarly, the

series f (¢ ; u"’) converge on DT (by Proposition 3.5 point 3), so that (4.13) gives

rise to a relation between series converging on D™ (at each step, the series involved
in the linear combinations converge on D).

After Proposition 3.6 point 3, the series Ry, ,, simultaneously converge to ra-
tional functions of Q(u). Looking directly at the definition of these functions, we
also see for general @ € K, B € S\ {0} with 8 > [B'| > 0, { = (o, a)
and ¢* = @(a/B, o' /B)), that Ry p(U) + Ry 5(U) = O g1y, (c*U) — O UP) in
Clu}.

Thus, for all 7,

O,U") = 0,1, (E7U) = Ra;.y, (U) — R, (V).

By Proposition 3.5 point 4, @y;] M(g?g) converges on D7 to a rational function of

@(E) (for all 7). Hence, for all i, the same is true for @(gig”).
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TherefoE, we have proved that the series A () converges on D™ toa rational func-
tion of Q(u). Since w, ..., w,,,a belong to D, k := A(a) € Q, and by (4.13)

we obtain
m
D difw) =«
i=1
whered; = —c; fori =1,...,mpandd; =c; fori =mog+1,...,m.

By Lemma 4.7, the w;’s and the u;’s are related by w; = g?* for all i, so that

after (1.11), we obtain a linear relation like (4.12). ]

In the rest of this article we prove the other implication of the theorem, that is:
ifu,,...,u, € T(Q)ND satisfy the rank one hypothesis and are such that the num-
bers f(u;), ..., f(u,,) are algebraically dependent over (Q, then a relation like (1.5)
holds. The existence of a linear relation between the numbers f(u,), ..., f(u,,)
will follow from Proposition 4.8.

5. Irrationality and linear independence

Let us denote by IT : R — R the projection on the second coordinate.

Lemma 5.1 (A criterion of irrationality). Ler Q(U) be a formal series in two
variables with complex coefficients, whose K -support is contained in £(M7) (re-
spectively X(MY)). Let us suppose that the set TI(Xk (Q)) contains a sequence of
points (x)sen € K \ {0} such that:

lim x, =0 (5.1

§—>00 °

and that Q converges on a non-empty neighbourhood O of 0. Then, over O, Q
does not converge to a rational function of C(u).

Proof. We only deal with the case of the K-support contained in X (M7 ); the other
case allows a very similar proof, and is left to the reader. Thus

oW = Y MU’

%
veM?:

(notation introduced in Section 3.4) is a formal series such that if ¢, # 0, then
v, v’ > 0. At the same time, Q () converges on O 3 (0, 0) so that, if u € O,

0w = Y qauv" (5.2)

(1,h)eN?

for complex numbers ¢; , by hypothesis.
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Let B be in C[U]. We may write:

BW) =Y c,MU)",
ve&

where £ := Xk (B) is a non-empty finite subset of X (M*) such that if v € £, then
M(U)" € C[U].

Cauchy’s product (BQ)(U) of B(U) and Q(U) is well defined as a series of
C{U}, because

(BQ)W) = Y coMU)"Q(U)

vef

=D > aquM@*

ve& neM;

> pMU)

TeM*

where p; is the finite sum ) c,q, running over the finite set {(v,u) € &£ x
M7 such that v + pu = t}.

Moreover, by (5.2), BQ converge on O and we have (BQ)(u) = B(u)Q(u)
forallu € O.

We have that Q converges on O to a rational function if and only if there exists
a polynomial function B € C[u] such that, over O, B(u)Q(u) is a polynomial
function, and this is equivalent to the finiteness of the K-support of the formal
series (BQ)(U).

In order to prove the lemma we need to show that, under our hypotheses, for
any non-zero polynomial B € C[U], the K -support of the series B Q is infinite.

Let us introduce the number

Ao := (minA) € K.
reE
For all i we write v; := x; + A9. From (5.1) we deduce that lim; , o v] = A;. Let
us write, for A € M*, Fy (u) = M (u)* Q(u). We have:
2(v;) € Zg(Fy,), foralli eN.

As x! becomes very close to 0 we have:

¢ | Tk

re€\{ro}

Thus, for i big enough, X (v;) € Xg (B Q), so that the K-support of BQ is infinite
(we recall that Q is a series involving terms g, M (U)” with v/ > 0). O
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5.1. The main proposition

Under certain conditions, Lemma 5.1 becomes an equivalence, thus a tool to check
linear independence of functions. In this section we investigate this property.
Proposition 5.2 below gives a converse of Lemma 5.1 under certain hypotheses.
We need some additional notations. Let «y, ..., a,; be elements of K and
Y1, ..., Vm be elements of S\ {0}, such that y; > |yi’| >O0foralli =1,...,m;let

us also write N; = yl.*lM and let us consider again the torsion points STREEEE

defined as in (4.5). As in Section 4.2, we assume (without loss of generality) that
there exists mq, with 0 < mqy < m, such that:

y/ >0 for i =1,...,mo,
y/ <0 for i=mo+1,...,m.
We define:
oi(U) = f(g,U"), fori=1,...,mo,
¢i(Q):f+(£[QV") fori =mg+1,...,m.
Since y; M} C M} fori =1,...,mgand y; MY C M% fori =mo+1,...,m,for
alli =1,...,m, we have

ZK(Q%‘)CNi*i, i=1,...,m.
Together with the formal series ¢;, we also consider:
¢ (U) = fFE U™, fori=1,....m,
;" (U) = f@u™,  fori=mo+1,...,m,
and we check in a similar way that:
Tk(pH C Ny, i=1....m.

By Proposition 3.5 point 6, the series ¢; converge on D while the series d)i+ converge
onDt (foralli =1, ..., m).

Letcy, ..., ¢y be complex numbers. Let us write:
m
QW) =) cigi(U), (5.3)
i=1
m
0t (W) =) g (W), (5.4)

i=1

The series Q converges on D and the series QT converges on DT. Let us write
" o o )
(i=0(—,— ), i=1,...,m, (5.5
- Yi Y

so that for all i, g?”i =g,
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Proposition 5.2. The following conditions are equivalent:

(1) The series QF (u) in (5.4) converges on D to a rational function.

(2) There exists a positive real number € such that for all « € TI(Zg(Q™)), we
have o > €.

(3) We have, in C{U}:

m

Y eify U =o0. (5.6)
i=1
(4) The series Q(u) in (5.3) converges on D to a rational function.
(5) There exists a positive real number w such that for all @ € TI(Zg (Q)), we have
that @ < —w.

(6) We have, in C{U}:
D cifn iU =o0. (5.7)
i=1

Proof. We first prove that (3) implies (1); the proof is similar to part of the proof of
Proposition 4.8. We have, foralli = 1, ..., m, that the series

Ry, (U) = fy (P — ¢ @)

converges on D to a rational function (use Proposition 3.6 points 2, 3). Thus
m m
0Tw =Y i =-) R} W
i=1 i=1

converges to a rational function on DT,

That (1) implies (2) follows from Lemma 5.1: first of all, as Q" converges on
O := D, which is a non-empty neighbourhood of (0, 0). By Proposition 3.6 point
1, the K -support of QT (U) is contained in X(MY). As O (u) converges on O to
a rational function, 0 is not an accumulation point of IT(Xx (Q™)) and the required
positive real number € exists.

We now show that (2) implies (3). By hypothesis, for every element 7/ €
M(Zk(01),

' >€
for some € > 0. From the definition of the series Ry g, R;’ g We obtain the equality:

m

Y eify €U = 0T W) + RW), (5.8)

i=1
where

m
RW) =) cR}  (U)
i=1



ARITHMETIC OF HECKE-MAHLER SERIES 369

converges on DT to a rational function, (use Proposition 3.6 points 2, 3). Point
1 of Proposition 3.6 ensures us that the K-support of R lies inside X (M7Y). By
Lemma 5.1 applied to R (which converges in a neighbourhood of (0, 0) and has its
K -support in X (M?)), there exists €’ > 0 such that for all 7" € TI(Xg (R)),
' > €.
Let Q be the K -support of QF + R. We obtain from above, that for all 7’ € T1(Q),
!/ "

> €,

with €’ = min(e, €').
Letn > 1 > 1’ > 0 be a unit satisfying

=g, i=1....m, (5.9)

whose existence is ensured by Lemma 4.6. Let P be the K -support of the series

m

PU) =) Rl (CF0).

i=1

We first claim that -
Q=P (5.10)
k=0

where for k € K, kP denotes the set

{(kv, k'V) such that (v) € P}.

From (3.13) we see that foralli =1, ..., m:
> k
MRG0 =) Ry (G,
k=0
Now, if v € N, then v = y;u for some u € M*. By (5.5), 5?”" = ¢ and applying
(5.9), we get:
k .k
M) = M@ =M@ )" = M(EhH”,
which implies
k k k k
MDY =MEE )’ MUT) = MEEUT)".
Thus we have, for all k,

R (G0 = R\ GFU),
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which implies

Fa &0 = ZR,, N, U, (5.11)
From (5.8) and (5.11):
0T (WU) + RW) i ci [y (C5U)
=Y a ) R
i=1 k=0
=S rat,

~
Il
=)

so that @ C U2 OnkP. From (3.14), P C (D4 (n)) so thatifk # h, " PNn"P =
/O ) I_IkzonkP and the claim follows.

We want to prove that P is empty; this will imply that Q is empty too, by the
claim. Let us suppose by contradiction that there exists some v such that X (v) € P.
Then for all £k > 0 we have that E(nkv) € Q by (5.10). As

lim (n*v)’ =0,
k— 00
we see that for some k big enough
" > kv >0,

which implies that there exists some element t with X(t) € Q such that 0 < 7/ <
€”: this gives us the required contradiction.

Thus, P = Q = . But Q is also the K-support of the left hand side of (5.8),
which vanishes. Assuming part (2) of the proposition, it is now clear that (5.6)
holds.

Let us prove that (1) implies (4). The point 4 of Proposition 3.5 implies that,
on D,

¢i (W) = —¢;" (W) + R (w)
for rational functions R; (1) € @(g) and foralli =1, ..., m. Thus, on DT
m
Qw =—-0% W + Y ciRiw
i=1

and Q(u) converges to a rational function on D*. But Q(u) also converges on D;
thus it converges to a rational function on D.
The proof that (4) implies (1) is essentially the same, due to the fact that D™ C D.
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The proof that (4), (5), (6) are equivalent, runs along the same ideas than the proof
for the equivalence of (1), (2), (3). It is enough to notice that by Proposition 3.6
point 1, the series Q(U) has its K-support contained in X (M7). ]

6. End of proof of the theorem

In this section we quote a criterion of algebraic independence of Nishioka and we
conclude the proof of our theorem.

6.1. Mahler’s theory

As noticed earlier, the set D is a non-empty open neighbourhood of 0. Let 1 be
a unit of S such that 7 > 1 > n’ > 0. It is easy to check that the matrix B(n) has
non-negative integer entries, and eigenvalues 7, n’. For a € DT an algebraic point
of T, it follows that the couple (2, «), with @ = B(n) and @ = a, satisfies the
properties I, I1, I page 33 of [Ni]. In particular B(1)*.a € D forall k € N and

lim B(n)*.a = 0.
k— 00

By using Mabhler’s vanishing theorem (cf. [Ni, Theorem 2.2, page 36], or [Mah]),
we also check the property IV page 34 of [Ni] (see also page 45).

Let Wy(u), ..., ¥V, (u) be functions in two variables, analytic on D+, and let
a € D7 be an algebraic point of T. Let us suppose that the functions W; satisfy on
DT a system of functional equations:

i (B(n).u) = Wi(w) + Ri(w) for 1 <i <m, (6.1)

where Ry, ..., R,, are rational functions, defined on D*. Let us also suppose that
the Taylor series at O of W; and the coefficients of R; are algebraic numbers in a
given number field, foralli =1, ..., m.

The following proposition is a direct consequence of [Ni, Theorem 3.3.2, page
88].

Proposition 6.1. If

are algebraically independent over C(u), then the complex numbers
Vi@, ..., Ym(a)
are algebraically independent over Q.

This proposition also follows directly from the criterion of algebraic indepen-
dence of Loxton and van der Poorten page 399 of [Lo-Po2], by noticing that the
matrix B(n) is good in the sense of [Mas2], page 209, because by Mahler’s vanish-
ing theorem, the point a satisfies the property A on page 398 of [Lo-Po2].
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6.2. Conclusion

By Lemma 4.7 and the functional equations (1.11), it suffices to prove our theorem
for algebraic points w, ..., w,,, a € TND* satisfying (4.9) (with a1, ..., o € K
and y1,...,¥Ym € 5).

Let us suppose that the series

F(®(aj,e))U"), i=1,...,m (6.2)
are QQ-linearly independent, and let us suppose by contradiction that the complex
numbers f(w,), ..., f(w,,) are algebraically dependent over Q.

In view of an application of Proposition 6.1, we must exhibit a certain choice
of functions W; analytic in a neighbourhood of O fori =1, ..., m.

Following the notations of Section 5.1, we consider the functions ¥; = ¢;
(i = 1,...,m); they are all analytic on D¥ thus at 0 as well as at B(n)*.a for all
k € N, where n is a unit of S such that » > 1 > n’ > 0 and satisfying (5.9).
Moreover, their Taylor expansions at 0 are defined over K = @(£ R 9 m).

After (3.9) we have, on D, fori =1, ..., mg:

¢i(w") = f(gu"")
= f(&]u”"")
= ¢i(u) — Ry(g,u”).

Similarly, after (3.10) we have, on D, fori =mg+1,..., m:
¢i(u") = ¢i(u) — Rf{(gz”)-

Hence, the functions W; = ¢; (i = 1,...,m) satisfy on DT the collection of
simultaneous functional equations (6.1), where

Ri(u) = —Rn(gigyi) fori =1,...,mo,

= —R:(Qig”) fori =mo+1,...,m.

After Proposition 3.6 points 2, 3, R;(u) is a rational function of @(g) which is well
defined on D7 for all i. Moreover, for all i, R; (u) € K(u).

Therefore, Proposition 6.1 can be applied and says that the functions ¢; (1) are
algebraically dependent over C(u).

Theorem 3.2.2 of [Ni, page 85] (see also [Ku, Corollary 9, page 29]) implies
that the functions ¢;(u) are C-linearly dependent modulo C(u) in the following
sense. There exist m complex numbers ci, ..., ¢;,, not all zero, and a rational
function Q(u) € C(u) such that:

D cigiw) = Q). (6.3)
i=1
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This is condition (4) of Proposition 5.2. By Proposition 5.2, we have the C-linear
relations (5.6) (and (5.7)) and, applying Proposition 4.4 with F = C(]0, 1[) (or
with F = C(]0, 1) if we want to use (5.7)), we obtain a contradiction. Thus, the
formal series in (6.2) are Q-linearly dependent, hence completing the proof of our
theorem. O

7. Proof of Corollaries 1.6, 1.7

We first consider Corollary 1.6; its proof follows closely the Example 1.3 of Section
1 concerning the relation (1.8). We go back to our notations fy,, fy for this proof.
Let us choose a numbering of the points (¢*, ¢/) by writing

(Gt o) =1 ). 0=ij=p—1}

Let us write u = (u, v) and v = T.u, where T is defined as in (1.7); notice that v is
certainly not a torsion point because otherwise we would have 1 = (T.u)* = T.(u")
for some integer s > 0, and u would be torsion too (we have that T € SLy(Z)). It
is clear that fy converges at v.

Let us also write u; = Qig (1 <1< pz). Since Lp = 1 for all i, we have
0
1=T"H =T. ((5 ).;i = (T.£,)?, which means that for all i, 7.¢, is
S )= S S

a torsion point of order p. But T € SL;(Z), thus there exists a permutation o :
{1,..., p*} = {1,..., p?} such that T.{, =1, . thatis

T = gamy.
By Lemma 2.1 there exist oy, S0 € K such that ®(«;, ozlf) = Qa(l.) for all i,
and (T.uy, ..., T.u ) satisfy the rank one hypothesis.
Clearly, fyp converges at T'.u; for all i. We have that fi, (), ..., fuw(u,2) are

algebraically independent if and only if fo(T.u;), ..., fo(T.u p2) are algebraically
independent. To check the latter property it is enough, by our theorem, to verify
that the formal double Laurent series (¢ ; U) are Q-linearly independent.

We apply Lemma 4.3 with F = R?\ {0}. We cantake g; = --- = g, = 1 and
¢y =---=4¢, = psothatin (4.3), L = p.

Let NV (p) be defined as in the lemma. Then, the vector space ) spanned by
the pz-tuples (ci,..., sz) e CP* such that

aF@E)+---+ csz(sz) =0

is the kernel of the left multiplication by the matrix M (p) - N'(p).

By (4.8), M(p) - N(p) is, after reordering rows and columns, a non-zero
multiple of the identity matrix. Therefore, V = (0) and the series F(¢ ;U) are Q-
linearly independent. The linear dependence relation (1.13) is easy to check. O



374 FEDERICO PELLARIN

Let us prove Corollary 1.7. The rank one hypothesis is clearly satisfied. Since for
all 7, there exists

vi € piM*\ | BjM*,

J#i
the series F(U%) (i = 1,...,m) are C-linearly independent, and Corollary 1.7
follows from the theorem. O
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