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Introduction

The quest for transcendental numbers has always been a hard challenge:
even nowadays the transcendence of several constants which are ubiquitous
in mathematics is at a purely conjectural state and seems to be beyond of
the reach of current methods. As a noticeable example, the numbers e and
7 have been proved transcendental only at the end of the nineteenth cen-
tury, despite being widely studied and employed since much earlier. Our
knowledge becomes even more blurred when one is interested in the alge-
braic independence of several numbers. At present, it is for instance an open
problem to determine whether the aforementioned e and 7 are in fact alge-
braically independent or not.

The first methods to investigate the transcendence of some numbers involved
a mixture of arithmetic and analytic techniques. This sophisticated machin-
ery could be applied in practice only to special values of particularly well-
behaved functions, such as the exponential one. A turning point in theory
was reached through the adaptation of these methods to the study of numbers
arising as periods of elliptic curves or, more generally, of Abelian varieties.
In this thesis, we will go through some of the major results which have been
obtained in this context, and we will eventually expose a contribution of ours
which lies halfway between the framework of the exponential function and
the one of the periods of Abelian varieties.

The first chapter will be devoted to a striking achievement by Chudnovsky
dating back to 1976 concerning the existence of two algebraically independent
numbers among the periods and quasi-periods of an elliptic curve over C with
algebraic invariants. If we exclude the applications of Lindemann-Weierstrafs
Theorem to exponentials of algebraic numbers, this result enabled Chud-
novsky to give the first examples of two explicit algebraically independent
numbers of arithmetic interest, such as for instance 7 and I'(1/4). Although
Chudnovsky’s strategy has become a classic in transcendence proofs, the orig-
inal paper [Chu76] in Russian has never been translated and only a rough
sketch of the argument can be found in [Chu84|. We hope that our detailed
exposition may serve as a possible reference on the subject.
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In the second chapter we will turn to a generalization of these techniques
to the case of periods of complex Abelian varieties. In particular, we will
focus on a result obtained by Vasilev in 1996, which stands as a qualitative
improvement of Chudnovsky’s earlier work and is still the best achievement
reached so far in this context. The main reference which we are going to
follow is Vasilev’s paper [Vas96].

Finally, the third and last chapter will revolve around an attempt of ours to
apply these techniques to the case when some periods are replaced by their
exponentials. Although we are not able to obtain a completely satisfactory
result, we will nonetheless succeed in giving an algebraic independence cri-
terion in most cases of interest. We will conclude our exposition by applying
such criterion to values of the B-function at rational numbers.

v
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Chapter 1

Periods of elliptic functions

1.1 Preliminaries

This section will be devoted to fix the common setting for the rest of our
entire exposition. We will hence give some elementary definitions regarding
finitely generated extensions of QQ, with a brief excursus about transcendence
measures. We will then expose an elementary lemma in this context, upon
which several constructions will be later based. We warn the reader that,
whenever the terms algebraic, transcendental, algebraically independent and
so forth are used with no reference to a base field, the latter is always in-
tended to be Q.

For a polynomial P € Z[x], we define its height, denoted by H(P), as the
maximum modulus of its coefficients. We will write L(P) for the length
of P, that is, the sum of the absolute values of the coefficients of P. If
P # 0, we also denote by ¢(P) the type of P, which stands for the maximum
between the degree and the logarithm of the height of P. We will now
correctly generalize the definition of type of a polynomial to elements of
finitely generated extensions of Q.

Definition 1.1. A subfield K of C is of finite type over Q if it is a finite

extension of Q(z1,...,z,) for some z1,...,z, € C algebraically independent
over Q.
In this definition, we also admit the case ¢ = 0, meaning that the set

{z1,...,2,} is empty, so K is a finite extension of Q embedded in C. If
K is an extension of QQ of finite type, we denote by trdeg(K/Q) the tran-
scendence degree of K over QQ, i.e. the highest cardinality of a set of ele-
ments of K which are algebraically independent over Q. Let us set for short



q = trdeg(K/Q) and let x4, ...,x, € K be algebraically independent over Q.
Since K is by definition a finite extension of Q(z1, ..., z,), by the primitive
element Theorem there exists y € K algebraic over Q(z,...,x,) such that
K = Q(z1,...,24,y). Up to multiplying y by the common denominator of
the coefficients of its minimal polynomial over Q(xy, ..., z,), we may assume
that y is integral over Z[zy, ..., x|

A (¢+1)-tuple (x1,...,z4,v) as the one just constructed will be called a gen-
erating system for K over Q. Every extension K of Q of finite type admits
a generating system, so that any a € K can be written uniquely in the form

d
a=>)_ %yi‘l,
=1

where d = [K : Q(z1,...,2,)] is the degree of y over Q(xy,...,z,) and, for
any ¢ = 1,...,d, Q; and R; are relatively prime elements of Z[xy,...,z,].
We remark that, for z1, ..., z, are algebraically independent over Q, the ring
Zlxy,...,x,) is a unique factorization domain. We may thus consider the
least common multiple P of the R;’s for ¢ = 1,...,d, so as to write a € K

uniquely in the form
d
1 )
_ 2 :Pl i—1

where P, Py, ..., Py lie in Z[zy, ..., x,].
At this point, for any ¢ = 1,..., ¢ we may define the degree of a in x; as

deg,. a = max{deg, P,deg, Pi,..., deg, P;}.
Similarly, we set the type of a € K to be
t(a) == max{t(P),t(P),...,t(Ps)}.

We remark that this notion of type depends on the choice of a generating
system for K over Q. Furthermore, it enjoys the following properties:

Lemma 1.2. Let K be an extension of Q of finite type and let (z1, ..., 24, Yy)
be a generating system for K over Q.

1. Forall ag,...,0p, € Zlzy, ..., x4, y] we have
tlar + -+ ay) <logm+ max t();
2. There exists a constant ¢ > 0, depending only on the chosen generating
system, such that for all ay,...,a,, € K we have
tlay + -+ 4 ap) < c(t(ar) + -+ tlam)),
tlar...am) < c(t(ar) + - +tlam));

2



3. For any o € Z[xy, ..., xq,y| and f € Z[xy, ..., x| with § # 0 we have
o
t <B> < cmax{t(a),t(5)}.

The proof of this Lemma, though elementary, requires some technical com-
putations; a detailed exposition can be found in [Wal74, Lemme 4.2.5]. Since
we will mainly deal with extensions of Q of transcendence degree g = 1, we
will later go through the proof of this Lemma in this particular case.

We now briefly expose some quantitative results involving transcendence
measures, which will be often recalled in the sequel. Let us consider a func-
tion ¢ : R? —» R, (z,y) — ¢(x,y), which for convenience we suppose to be
defined only for x > 1 and y > log16. If w € C is transcendental, we say
that ¢ is a transcendence measure for w if for all non-zero polynomials P
with integer coefficients of degree at most n and height at most h we have
log |P(w)| > —¢(n,logh). Furthermore, a real number 7 > 0 is said to
be a transcendence type for w if there is a constant ¢(w,7) > 0 such that
c(w,7)(n +logh)T is a transcendence measure for w.

With this definition, it is clear that if 7 is a transcendence type for w, then
so is any 7/ > 7. For this reason, in the literature the transcendence type of
w is often defined as the infimum of all these values 7. Nonetheless, we prefer
to stick with our definition, for it is in general a hard question to determine
whether this infimum is in fact a minimum or not.

The following two Propositions aim at proving that any transcendence type 7
for a transcendental number w must satisfy 7 > 2, and that this is essentially
best possible in almost all the cases.

Proposition 1.3. Let w € C be transcendental. Then there exist two con-
stants c1, co > 0 such that for any integer T' > ¢y there is a non-zero polyno-
mial P with integer coefficients which satisfies

degP <27 —1, logH(P)<T+log2,  |PWw) <e ™

Proof. For an arbitrary integer T > 0, set n = 2T — 1, h = ¢’ and denote
by A the set of all non-zero polynomials of degree at most n and height at
most h. This set has cardinality |A| = (2h 4+ 1)"*! — 1. For any polynomial
P € A we plainly have

|P(w)| < nh(max{1, |w|})".

Let us consider the set A = {P(w) | P € A}. Since w is transcendental, the
cardinality of A must coincide with the one of A. Moreover, by the above



inequality the points of A lie in the square
{z € C| |Re(2)| < nh(max{l, |w|})", [Im(z)| < nh(max{1,|w|})"}.
We divide each side of this square into |/|A| — 1| congruent segments, which

yield a grid made up of at most |A| — 1 smaller squares. Thus, two distinct
points of A, say Pj(w) and Py(w), must lie in the same square. These then
satisfy

P 2nhmax{l,|w|}*v2 _ 2nhmax{l, |w|}"v2
Pe) ~ Pa) < 2P < TR

S;ebg2V§+bgn+bgh+nbgﬂ#ﬂwaﬂ%lbg@h)

The leading term in this expression turns out to be e l0g(2h) 50 by choosing

T sufficiently large, say T > ¢;, we may find a constant ¢, such that
P(w) ~ Pyfu)] < 72"F bt < oot

The claim then follows by observing that P, — P, has degree at most n and

height at most 2h. [

Proposition 1.4. Almost all complex numbers, with respect to the Lebesque
measure on C = R?, have transcendence type < 2 + ¢ for any € > 0.

Proof. We adapt the proof given in [Amo90| to the one dimensional case.
Let us fix w € C and define 7(w) to be the infimum of the transcendence
types of w. One first observes that 7(w) coincides with the infimum of all
the positive real numbers 7 for which there exists a constant c(w,n) > 0 such
that for any algebraic number a we have

log |w — a| > —c(w,n)t(P)",

where P, is the minmal polynomial of o over Q. The details of this step can
be found for example in [Lan66, Chapter VI, Theorem 2|.

We denote by A the Lebesgue measure on C = R?. Let B signify the closed
unit ball of C and set

A={we B|7(w)>2}.
It is enough to show that A(A) = 0. Then

ACﬂU U 4, (*SN2>

s=2 N=1 fcZ w]
Lt(H)]=

4



where Af(e) consists of the set of w € B which have distance < ¢ from one of
the roots of f. Thus, A\(A;(¢)) < me?deg f, and so for any s > 2 and N > 1

A <Af <678N2>) < e 2N’ deg f.

The number of polynomials in Z[z] of type < N is at most €2V *. This implies
that for any s > 2 we have

A(A) < A G U 4 <e_SN2> §i7rNe_2(5_l)N2.
N=1

N=1 feZ[a]
Lt(H)=N

The last sum is convergent and

0o o) o]
Z Ne_Q(S_l)Nz < Z 6—(25—3)N2 < / 6_(25_3)902 dr < erls T
N=1 !

N>1
which tends to 0 as s — 0. O

As it is often the case, despite Proposition 1.4 it is in practice very compli-
cated to estimate the transcendence type of a given number. To our knowl-
edge, the only number that is known to have type < 2+ ¢ for any € > 0 is 7,
for which Waldschmidt gave the following transcendence measure in [Wal78]:

o(n,logh) = 2"n(log h + nlogn)(1 + log n).

In the same paper, other transcendence measures for classical numbers can
be found, for instance connected with exponentials and logarithms. We con-
tent ourselves with exposing the one for 7, for it will be of central importance
later on.

Finally, we conclude this section with an evergreen tool in transcendence
proofs, the so-called Siegel’s Lemma, which, despite its elementary formula-
tion, will be a crucial ingredient in all the constructions appearing through-
out our whole discussion. This Lemma provides a non-explicit way to find
non-trivial integer solutions to homogeneous linear systems with integer co-
efficients, and its proof is a mere application of the pigeonhole principle.

Lemma 1.5 (Siegel). Let m and n be positive integers with m < n. For all

t=1,...,mand j=1,...,n, let a;; be integers with absolute value at most
A > 1. Then there exist integers x1,...,T,, not all zero, with absolute value
at most

B = | (nd)e7 |,

5



which satisfy

n

E Q5 = 0.

j=1
foranyi=1,...,m.

Proof. The number of n-tuples (z1,...,2,) such that 0 < z; < B for all
j=1,...,n1is (B+ 1)". For any such n-tuple and any ¢ = 1,...,m, let
us set y; = Z?:l a;jz;. If we call =V, and W; the sum of the negative and
positive a;;’s respectively, then —V;B < y; < W;B. Each y; runs therefore
in a range of (V; + W;)B + 1 < nAB + 1 possible values, so the possible
m-tuples (y1,...,Ym) are (nAB+1)™. We have (B+1)""" > (nA)™, which
yields (B + 1)" > (nAB + 1)™. It follows that the map which associates

to each (z1,...,x,) the corresponding (yi,...,¥,) cannot be injective. The
difference of two n-tuples having the same image under such map is the
sought solution to the homogeneous linear system of the Lemma. O]

The version of Siegel’s Lemma that we will now describe and that we will
actually exploit is slightly more general, as it deals with extensions of Q
of finite type. In spite of some technical complications, its proof remains
essentially elementary, making its usefulness in our exposition even more
remarkable and surprising.

Lemma 1.6. Let K be an extension of Q of finite type and let (xq, ..., x4, y)
be a generating system for K over Q. Then there exists a constant C' > 0
which enjoys the following property.

Let n and r be positive integers withn > 2r and consider a;; € Zlxy, ..., T4, Yl
fori=1,...,n, 5 =1,...,r. Then there exist &,...,&, € Z[x1,..., 241,
not all zero, such that for all j =1,...,r

Zﬁiazj =0 and max t(§) <C (maxt(aij) + log n) .
i=1 = v

=1,...,n

Proof. Let us set 0 = [K : Q(z1,...,2,)]. We wish to find a solution in
Zlzy, ..., x4,y for the linear system

Zfia,-j:O foryj=1,...,r
i=1

in the unknowns &1, ...,&,. Let us introduce fori =1,... ,nandl=1,...,0
the new unknowns 7;; € Z[z1, ..., x,| in such a way that

5
&= Z nay' "
=1

6



Moreover, we may write a;; = S0 byny™ " and y0tv = S0 e yF ! for
any non-negative integer u > 0, with b;;;, and ¢j; being suitable elements of

Zlxy,...,x,). The initial linear system is then equivalent to solving

n 0—2

5 ( S bty Y bn> o

i=1 \h+i=k+1 u=0 htl=0-+u-+2
in the unknowns n; € Zxy,...,x,. This argument enables us to reduce
to a find a solution in Z[zy,...,z,] of a linear system with coefficients in
Zlxy,...,x, whose type is < ¢1t(a;;) for some ¢; > 0 independent of the

a;;’s. In order to simplify notation, it then suffices to prove our statement
for the case when y € Z[xy, ..., x4, that is, K = Q(z1,...,z,).
At this point, we may write

di—1 dg—1

m
g g al]mxl qq

m1=0

for suitable a;j, € Z with m = (ms,...,m,) and dy,...,d, > 0. Consider

an integer ¢y > 0 satisfying
3N\
q

and introduce the new unknowns §;, € Zfori=1,...,nand pt = (pt1,. .., itg)
with up, =1,...,c0dp, — 1 for all h=1,...,¢q, in such a way that

cadi—1 Cqu_l

H1 H
> N gt

pn1=0 Hq=0

By the algebraic independence of x4, ..., x,, the original system is then equiv-
alent to the one given by

n
E E &uaz‘jm =0,
i=1 m+pu=M

for all M = (M, ... M,) € Z? satisfying 0 < M; < (c2+1)d; — 1. This is a
linear system with coeflicients in Z, consisting of (co+1)d . .. d,r equations
and cid; . ..d,n unknowns. Since

4
cidy...dmn > §d1 oo dgr,



Lemma 1.5 ensures the existence of a non-trivial solution (&;,);, in Z for
such linear system. Moreover, if A is the maximum modulus of the a;;,’s,
the modulus of each of the &;,’s is bounded from above by

(co+1)r

(chdy ...dnA)E—2t? < exp (c3 (log A+ logd, ... d, + logn)),
where c3 is the absolute constant given by

(02 + 1)q
C3 =
202 — (CQ + 1)

i qlog cs.

Since the maximum type of the a;;’s is at most max{d; +- - - +d,, log A}, the
claim is established. O

1.2 Elliptic functions

Let us start by considering an elliptic curve E over C defined by the affine
equation y? = 423 — g,z — g3 for suitable go, g3 € C. It is well known that there
exists a meromorphic function p over C, a so-called Weierstraf§ p-function,
which yields a surjective homomorphism of complex Lie groups

C—=E, zwp2),¢(2),1].

The kernel of this map is a lattice A in C, hence F turns out to be isomorphic,
as a complex Lie group, to a complex torus C/A. Let us denote by w; and
wy a pair of generators for the lattice A, chosen in such a way that Imi—; > 0;
these will be called periods of the elliptic curve E. We may then take p to
be defined by the series

weA~{0}

which converges absolutely and uniformly on C ~~ A. Thus, o has double
poles at the lattice points and it is doubly periodic with respect to both wy
and wy. More generally, any meromorphic function which is doubly periodic
in w; and wsy is called an elliptic function for A. Of course, the derivative
@ of p is elliptic for A, and it is a classical fact that the field of all elliptic
functions for A precisely coincides with C(gp, ¢').

A primitive of —p is given by Weierstraf (-function, defined by the series

1 1 1 z
=1+ ¥ (v 3)

weA~{0}




which converges absolutely and uniformly on C~ A. This function has simple
poles at the lattice points and it is quasi-periodic with respect to A, in the
sense that there is a Z-linear map 7 : A = Zw; + Zw, — C such that for all
zeC~AandallweA

((z+w) = ((z) +n(w).

We will usually denote by n also the R-bilinear extension of n to A ® R. The
complex numbers 1; = n(w;) and 7y = N(ws) are the quasi-periods of E. By
integrating ¢ along a fundamental parallelogram of A, Legendre’s relation is
easily deduced, that is,

WiMp — Wty = 2.

Finally, we recall the definition of Weierstrals o-function, namely
_ EEAP O
o(z) =z H <1 w)e 2\w) |
weA~{0}

which is an entire function having simple zeros at the points of A. Its loga-
rithmic derivative coincides with ¢, hence

ol =0, o’p= ()"0
By the quasi-periodicity of {, we also deduce that for any w € A
o(z+w) = ia(z)e"(”)<z+%),
the sign being positive if and only if w € 2A.
We will now go through some analytic properties of the functions just intro-
duced, which will be used later on in this chapter.

Definition 1.7. Let f : C — C be a non-zero entire function. The order of
growth of f is defined as

lim sup —log log |fr
Roco  logR

where | f|r denotes the maximum of f on the ball of radius R centred at the
origin.

In other words, a non-zero entire function has order of growth < p for some
positive real number p if there exists a constant ¢ > 0 such that for any
sufficiently large R > 0 we have

|flr < e

9



Lemma 1.8. The function o has order of growth < 2.

Proof. Let us fix R > 0 and pick any w € C such that |w| < R. We
may find unique t1,t, € R with 0 < #;,t3 < 1 in such a way that w =
Z + niwq + nowe, wWhere z = tiwq + tows and nqy,ny € Z. We therefore have
In;| < min{|w|, |we|} T R. Tt follows that

lo(w)] = |O-(Z)|€Re<(n1771+n2n2)(z+"172“’1+%))
<0 g™

< |0||w1|+|wQ|em(\ml+\nzl)(l3%]+]3%])R2’

which proves the statement. .

Corollary 1.9. All the derivatives of o have order of growth < 2.

Proof. More generally, the order of growth of an entire function f is preserved
under taking derivatives. Indeed, let us fix R > 1 and pick any w € C with
|lw| < R. By Cauchy’s integral formula, for any m > 0 we have

f(m)(w) _ L/ f(2) d

27mi )., (z —w)mtt

where v is the boundary of the ball of radius 2R centred at the origin. If f
has order of growth o, then there is an absolute constant ¢ > 0 such that

m 1 2T R 1 c(2R)? 22cR®
1700 < 5 R — gt Vo < g <

hence the claim follows from the previous Lemma by specializing f = o. [
Corollary 1.10. Both o and c*p are entire with order of growth < 2.

Proof. Tt follows immediately from the previous Corollary and the identities
ol =o', 0c%p = (0')? - o"0. O

We now turn to some technical results of key importance for the sequel.

Lemma 1.11. The j-th derivative o) of o can be expressed in the form
> ult, e ()" ()"
where the sum runs through all non-negative integers t,t',t" such that
2+ 3t +4t" =5+ 2
and u(t,t',t") is a rational integer satisfying

lu(t, ', ") < 37(5 + 7).

10



Proof. By deriving the identity ('(2))? = 4p(2)® — g2 — g3 three times, it
is readily verified that ©"'(z) = 12p(2)p'(2). We now argue by induction on
J, the cases 7 = 0,1, 2 being trivially true. Suppose that j > 3 and that we
may write

p(j—l) _ Z U(S, 8,, S//)ps(p/)s/(p//)gu
with 2s + 3s” +4s” = j + 1 and |v(s, s, s”)| < 3~!(j + 6)!. By deriving
this identity once, we get an expression for o) which is a sum, running over
s, 8, 8", in which each v(s, s’, s”) is multiplied by the term

S@S_l(p/)s +1(p//)s + Slps<p/)s —1(@//)3 +1 + 128//@s+1(p/)s +1(@”)S —1.
We therefore obtain an expression for pU) as in the statement by setting
w(t, ') = to(t+ 1,8 =1, ") +tu(t, t —1,¢" + 1)+ 12t 0t —1,¢' — 1,t" +1).

For the absolute value of u(t,t',t") we have indeed

lu(t, ¢, ¢")| < 371G 4+ 6)1(t + 1"+ 12t") < 3771 (5 + 6)!(6t 4+ 9’ + 12t")
<3G +O)I+2) <G+,

which yields the claim. O

Proposition 1.12. Let k > 0 be an integer. The j-th derivative of o* can be
expressed in the form

> (bt "' () (")
where the sum runs through all non-negative integers t,t',t" such that
2t + 3t +4t" = 5+ 2k
and v(t,t' t") is a rational integer satisfying
lo(t, V', t")] < 1T
for some constant ¢ > 0 independent of 7 and k.

Proof. The j-th derivative of ©* can be expressed in the form

Gy ( J )pw..pm
41

intig=g N0k

11



By substituting for all h = 1,...,k the expression for p(*) given by the
previous Lemma, we obtain

(e = > ( >HZ i, 1, 1 ) () ()

i1+ Fig=j

where the internal sum runs through all non-negative integers ¢;,,t; , ¢ such

that 2t;, + 3t + 4tj, = iy + 2. By summing these latter identities over
h=1,...,k, we get

k k k k
2 (Ztih) +3 (Zt;h> +4 (Zt@l) = <Zzh> + 2k = j + 2k.
h=1 h=1 h=1 h=1

Let us now introduce indices ¢, ', ", denoting non-negative integers such that
2t + 3t' + 4" = j + 2k. We may then rewrite (p*)) as

>y ( a )v (8,1, 1) ()" ("),
11,...,%

4 iy =]

where
Vi i (7)) =) Hu it )
the sum going through all non negative integers ¢;,, t; and t] forh=1,... k
satisfying
k k
dti,=t, >t Zt” =", 2, +3t, +4t] =i, +2.
h=1 h=1

Now, given a triple (¢,t',t") as above, consider all possible sets made of k
triples of non-negative integers, say t; = (t1,¢,t)),...,t = (t, t}, t}), such
that each triple is not (0,0,0) and moreover

k k k
Stu=t, > th=t > tp=t"
h=1 h=1 h=1

Forall h =1,..., k we have 2t +3t), +4t) > 2,50 iy, = 2t,+3t), +4t; —2 > 0,
and furthermore i
Z U, =

h=1

12



With this notation, we gain the expression for (p*)U) given in the statement

by setting
U(t,t/,t”) — E ( ) | | u th7th’th
Zh,...,

tl""ék

It only remains to estimate |v(t,t',¢”)|. First, by the previous Lemma

. k . k
j / " .]' ) 3
- - u(th, ty, t,)| < ———— | | 3" (&, +7)!
‘(Ztla"'yztk)g ( h h) Ztl! -Ztk|}g (th )
k k .
(ig, +7) . 1w, +7
= 1137 h — 9741 1 "tn
3] P~ s I
h=1 =h h=1

k
< 3T T 2T = 37507k,
h=1

On the other hand, the number of sets of k triples of the form t,,...,%, as
above is at most

t+hk—1\(t'+k—-1\/t"+k—-1 < ot 3k-3
t t " — :

Since t < (5 + 2k)/2, t' < (j +2k)/3 and t" < (j + 2k)/4, we eventually
deduce the estimate

j k
o(t, ¢,1")] < %(3-2%)J (7!-2%) ,
which establishes the claim. O

Proposition 1.13. Let k > 0 be an integer. The j-th derivative of (¥ can
be expressed in the form

D ulr )T () (91"
where the sum runs through all non-negative integers 7,t,t',t" such that
TH2A+3 +4t"=7+k and T <K,

while u(t,t,t',t") denotes a rational integer with absolute value at most jlc/**
for some constant ¢ > 0 independent of j and k.

13



Proof. We argue by induction on k. For k = 1, we have (V) = (—1)7pU=1,
so the induction basis is granted by Lemma 1.11. Assuming that the claim
holds for £k — 1 > 1, we have

(€99 = (G = ¢l + 3 (- (1) ik

J .
—1\( ifJ i SitTi shtr! st/ rl!
@ + Y1) (1) S v ooy
i=1

where s;, 8%, s, 0;, 3,75, 7 are non-negative integers with 2s,4+-3s,+4s7 = i+1,

'

0i+2ri +3r+4r! =j—i+k—1and r, < k—1, while v = v(s;, s}, s7)

is given by Lemma 1.11 and w = w;(g;, 74,75, 77) by induction hypothesis.
Observe that for all i = 1,..., 7 we have

200+ 2(si+r) +3(s; + 1)+ A +r)=7—i+k—-1+i—1=j+k

Again by induction hypothesis, we may write
ACHD =3 (@77 7 () ()

with ¢, 7, 7, 7 non-negative integers such that o+27+37"+47" = j+k—1 and
0 < k — 1. Let us now consider 7,t,t',t" as in the statement and introduce
indices s, s’, s” denoting non-negative integers such that s < ¢, s’ < ¢’ and
s" <t with (s,s',s") # 0. We may then set i; g o» =25+ 35" +45" —1 > 0.
Thus, we obtain an expression for (¢*)V) as the one in the statement by
defining u(7,¢,t',t") to be

w(r—1,t, ¢ t")+ Z (_1)2‘5,5/@//(. J >v(s,3’,s”)w(r,t—s,t’—s’,t”—s”),

1 a7
s,8',s
s,s’,s" 7

convening to set w(r,t — s, — s, t" —s") = 0 if 7 = k. The estimate for |u|
now follows from the one in Lemma 1.11 and from the fact that the above
sum has at most (t + 1)(#' + 1)(t" + 1) < (j + k + 1)3 terms. O

We conclude this section with a remark of more arithmetic content regarding
the values of p at tosion points of the elliptic curve E. By a torsion point of
E we mean a point of E of finite order, or, more loosely, any pre-image of
such a point in C under the map C — C/A = E. Thus, we shall speak of
torsion points of F as any element of A ® Q, to simplify notation.

Proposition 1.14. Let w € C be a non-trivial torsion point of E, so that
w€eARQNA. Then p(w) is algebraic over the field Q(gz, g3).

14



Proof. Suppose that for a positive integer n we have [n]([p(w), ¢'(w),1]) =
[0,1,0], where [n] denotes the multiplication-by-n map on E. This plainly
implies that the first component of [n|([p(w), ¢’ (w), 1]) vanishes. Moreover,
by the addition formulae for the coordinates of points of E, it is readily
checked that this component is a non-zero rational expression in p(w) with
coefficients in Q(g9, g3)- O

Corollary 1.15. If w is a non-trivial torsion point of E, then the set of all
oV (w) for j >0 lies in a finite extension of Q(ga, g3).

Proof. By Proposition 1.14 and the equation (¢')? = 4p® — gop — g3, We
deduce that p'(w) and ”(w) are algebraic over Q(g2,g3). The statement
then follows by Proposition 1.12. O

By exploiting for example division polynomials, it would be possible to give
more precise quantitative information about p(w) for a non-trivial torsion
point w of E, for instance regarding its degree and height. For further de-
tails in this direction, we refer to [Bak68|. For the present exposition, the
rather implicit description of the algebraicity of p(w) given above will how-
ever suffice.

1.3 The auxiliary function

We shall now start addressing the core topic of this chapter, namely a striking
result about algebraic independence of periods and quasi-periods of elliptic
curves obtained by Chudnovsky in 1976. As in the previous section, we let
E be an elliptic curve defined over C with invariants go, g3, and wq, wo be a
pair of periods for F with corresponding quasi-periods 7y, 7.

A first result concerning the transcendence properties of these invariants was
published by Schneider in [Schn36| and reads as follows:

Theorem 1.16. The numbers wy,ws, m1,n2 are transcendental over Q(ga, gs)-

Further generalizations were obtained by Baker in [Bak68| and [Bak69], who
applied his method for the celebrated theorem on linear forms in logarithms
of algebraic numbers to give effective quantitative contributions to the inves-
tigation of the transcendence of linear forms in wy,wsy, N1, 72. Less than ten
years later, a turning point along these lines was achieved by Chudnovsky,
who managed to prove the following

Theorem 1.17. At least two of the numbers

92, g3, W1, W2, M, 12

are algebraically independent.
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Historically, this result provided the first explicit examples of two alge-
braically independent numbers, left alone the ones arising in the context
of the exponential function by means of Lindemann-Weierstraft Theorem, al-
ready known at the end of the nineteenth century. The rest of this chapter
is devoted to the proof of Theorem 1.17 and to the exposition of some of
its most noticeable applications. Theorem 1.17 first appeared in Russian in
the paper [Chu76|, which has never been translated. A rough sketch of the
proof, which is going to be the main reference for our present exposition, was

drafted by Chudnovsky himself in [Chu84].

We now start the proof of Theorem 1.17, which is structured as follows. The
argument is by contradiction, thus supposing that any two numbers among
g2, g3, w1, We, N1, Mo are algebraically dependent. The present section will be
then devoted to the exploitation of this assumption in order to construct
a suitable auxiliary function ® which vanishes with high multiplicity at all
lattice points contained in some ball of sufficiently large radius. Afterwards,
we will select a lattice point at which ® vanishes with lower order, and we
will be able to provide a description of the first non-vanishing derivative of
® at this point as a polynomial P(7) in m with integer coefficients. We will
thus end this section by finding an explicit estimate for the degree and height
of this polynomial.

In the next section, we will then derive a bound from above for | P(7)| by an-
alytic means, taking advantage of the large number of zeros of ®. By taking
into account the degree and height of P, this final estimate will eventually
yield a high transcendence measure for 7, which contradicts already known
results regarding the type of transcendence of .

Let us start by supposing that any two numbers among gs, g3, w1, wa, N1, N2
are algebraically dependent, that is, they generate an extension of Q of tran-
scendence degree at most 1. We fix a torsion point w € C of E of order
at least 3, so that by Corollary 1.15 the numbers ) (w) lie in a finite ex-
tension of Q(gs,g3). Moreover, by Legendre’s relation, m belongs to a finite
extension K of Q(gz, g3, w1, w2, M1, M2), which we may suppose Galois over the
latter field, up to passing to its normal closure. We also take K big enough
so that it contains all the numbers pU)(w) for j > 0. For 7 is transcendental,
trdeg(K/Q) = 1. Let us therefore consider a number Y, integral over Z[r],
such that K = Q(m, x). We call § the degree of x over Q(m).

In the sequel, we fix a positive real number 0 < ¢ < 1 and we denote by
c1,Co, ... positive constants that only depend on gs, g3, w1, wa, 1, M2, X, K
and €. Moreover, by N we signify a sufficiently large positive integer, and we
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define the quantities
R=|N'"%], D=|N"3],
We first introduce our auxiliary function.

Proposition 1.18. There exists an absolute constant C' € Z[r| and elements
Ew(m) = Epy hy s (7) € Zlw| such that the function

6D 6D 6D

(I)(z) =% Z Z Z Ehl,hQ,hs(ﬂ')zhlp(z)hQC(Z)hB

h1=0 ha=0 h3=0

satisfies '
CIJ(J)(w + nywy + nows) =0

forallny,ne =0,....R—1andj=0,...,N—1. Moreover, E,(m), regarded
as a polynomial in 7, has type at most cyN log N.

Before proceeding with the proof of this Proposition, we catch up with the
proof of Lemma 1.2 in the case of extensions of Q of finite type and tran-
scendence degree 1. To our purposes, the following result will suffice:

Lemma 1.19. Let us consider a polynomial P(x,y) € Z[x,y| such that
deg, P > 6 and set 3 = P(m,x). Set d = deg, x° and H = H(x°). Then

deg, B < deg, P+ (deg, P — 0 + 1)d,
H(B) < (deg, P+ (deg, P — 6 + 1)d) (deg, P — & + 1)dH (P)H& "~o*1,

Proof. Let us first write
X' =ao+arx+ -+ a1’
for some uniquely determined ay, . .., as—1 € Z[r|. Then we have

X(SJrl = X5X = apas—1+ (ap+aras_1)x+- - -+ (as_1 +aaf2a571)X672+a§_1X6717

which shows that deg, x°*! < 2d. By arguing inductively, it is then readily

checked that for any n > 0 we have
deg X°t" < (n 4+ 1)d.
Let us now write
P(z,y) = bo(x) + b1(x)y + - - - + baeg, p(2)y "
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for some by, . .. ,baeg, P € Z[z]. By our previous computations, we deduce
that for any h =9,...,deg, P

deg, by(m)x" = deg, by () + deg, X" < deg, P+ (h — 6 + 1)d,

where the first equality is justified by the fact that by, (7) € Z[r]. Overall, we
conclude that
deg, 8 < deg, P + (deg, P — 0 + 1)d.

A similar argument can be applied to the height. For n > 1 we easily compute
by induction
H(™) < (n+1) deg, X" H(X")".

Thus, for h =9, ...deg, P
H(by(m)x") < (degy bu(m) + deg, ") H (bn(m)) H(x"),
whence the claim follows straightforwardly. O

Corollary 1.20. There is a constant ¢ > 0, only depending on x, such that
for any P € Z|x,y] we have

t(P(m, x)) < ct(P(x,y)).

We also recall some elementary estimates for the height of polynomials. If
P(z) and Q(x) are polynomials with integer coefficients, then

H(PQ) < (deg P + deg Q)H(P)H(Q).

In particular, for any £ > 1 we deduce the following upper bound for the
height of the powers of P(x):

H(P") < k!(deg P)*H(P)*.

Analogous bounds apply to the case of polynomials in several indeterminates,
provided we replace the deg P and deg () by the sum of the degrees in each
indeterminate.

We are now ready to have a closer look to Proposition 1.18. The construction
of ® as in the statement is based on the application of Siegel’s Lemma 1.6.
In order to achieve this, we first focus on those quantities that will arise as
the coefficients of a linear system in Z[m, x], to which we will later apply the
results of the previous sections.
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Lemma 1.21. There is an absolute constant C' € Z[r| enjoying the following
property. For any k = (ky, ko, k3) € Z3 such that 0 < ky, ko, k3 < D, set

Fi(z) = 2" p(2)"¢(2)".
Then for each n = (ny,ns), n1,n2 =0,..., R—1and j=0,...,N —1

Pojk(m, x) = C6NF,§j)(w + nywy + news) € Zlm, x|,
t(Pn]k) S CQNIOg N.

Proof. We start by observing that for j =0,...,N —1

Flgj)@,) _ Z < J )(Zkl)(jl)(p(z)kz)(jz)(g(z)l%)(js)_

J1+jatiz=j J15J25 73

Observe that ((w) € Qn + Qno, by the quasi-periodicity of (. Thus, by
Lemma 1.15 we may choose C' to be a denominator in Q(, ) for each of the
numbers

w, w1, wa, M1, 1, P(W), 9 (w), 9 (W), C(w).

To simplify notation, we introduce the quantities

ay = (Zkl)(jl)‘Z=w+n1w1+n2wza Qg = (@(Z)b)(]é)IZ=w+n1uJ1+n2w27

a3 = (C(Z)kg)(jg) |Z=w+n1w1+n2w2 .

If k1 > 71, we have

: kq! —J
Ck1—]1a1 — _1' (CW —+ n10w1 + TLQCCUQ)kl g
Ji:

This yields a polynomial expression in Z[r, x| for C*~71a; which has degree
in 7 and x at most c3(k; — j1) < c3D and height at most cyky!RF =1 <
exp(cyDlog D + ¢4 Dlog R). In the latter inequality we are taking advantage
of the fact that the term related to the degree in the classical estimate for the
height of a power of a polynomial is essentially irrelevant in this computation.
Furthermore, by the periodicity of g and Proposition 1.12, we infer that

Oy = OF 2 N (¢ )p(w)' (@) (@)

where the sum runs through all non-negative integers t,t',t” which satisfy
2t + 3t' + 4t" = jo + 2ks, while u(t,t',t") is an integer of absolute value no
larger than j2!6g2+k2. This therefore yields a polynomial expression in Z|[m, x|
for C%272k2q, with degree in m and x at most cs(t + ' + ") < cs(N + 2D)
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and height at most jo!c? T+ < exp(cs N log N).
Finally, by the quasi-periodicity of ¢ together with Proposition 1.13, we get

az = Z u(r, 6, 1) (C(w) + nim + n2772)T@(W)t@/(W)t/@”(W)t”

with the sum running through all non-negative integers 7, ¢, ¢, t” which sat-
isfy 7+ 2t + 3t' + 4t" = j3 + ks with 7 < k3, while u(7,¢,¢',t") is an integer
with absolute value at most j3!c%3+k3. Thus, we have a polynomial expression
for C73H*3q; with degree in 7 and y at most c1o(js + k3) < ¢1o/N and height
at most js!c® T (e R)TeT Y < exp(e1oN log N).

Overall, the term C%V provides a suitable power of C' so as to be a denomi-
nator for ajasas in Q(m, x). Thus, C%Najasa3 has degree in 7 and y at most
c13N and logarithm of the height at most c14/N log N. These estimates carry
through to sums of C*Nay (j;)az(j2)as(j3) for any 71, j2, j3 with ji+ja+j3 = 7,
up to modifying the absolute constants. Indeed, the overall number of terms
in such sum is

< c155° < e1sN?,

(j+2) U2 +1))
3 ) 6
which does not affect the upper bound for the height, up to absolute con-
stants. Overall, we obtain a polynomial expression for P(x,y) in Z[z,y] of
type < c16/Nlog N such that P(m,x) = P,k(m, x). By Corollary 1.20, we
conclude that ¢(P,;r) < caNlog N. O

We are now ready to complete the proof of Proposition 1.18. Let us consider
the function

D D D
CI)(Z> = o Z Z Z Ekl,kz,ka(ﬂ-7X)Zklp(z)}”g(z)k?)?
k1=0 k2=0 k3=0

for suitable Ej (7, x) to be defined. We remark that the P,i(m,x)’s as in the
previous Lemma make up the coefficients of the linear system

CID(j)(w—i—nlwl—i—nng):O, j:O,...,N—l,nl,n2:0,~--7R_17

the unknowns being the Ek’s. Notice that this system consists of NR? equa-
tions and (D + 1) unknowns. Since

NR? < N*% < N*% < (D +1)°,

Siegel’s Lemma 1.6 ensures the existence of a non-trivial solution for this
linear system with components in Z[r, x]. These components, namely the
E}’s, have a type which satisfies

t(Ek(W, X)) < 17N log N.

20



We now aim at removing y from these coefficients; this will eventually lead
to the function ®(z) as in Proposition 1.18. Thus, consider the polynomial

ki ko ks
A(xy, 9, x3) = g g EEkﬁxxlexg.

=0 ko=0 k3=0

Let us call § = [Q(7, x) : Q(7)] and let oy,...,0s be the Galois automor-
phisms of Q(m, x) over Q(7). The norm of A(xy,zs, x3) over Q(7), denoted
by Nox,x)/a(x)A, precisely coincides with

§D 8D 6D
(Z oi(Ep) xf%?w?‘) Z Z Z Ey(m)zttalzahs with
f

i=1 h1=0 ho= 0h3 0

where the x;’s go through all the triples (k;1, Ki2, kiz) With 0 < k;; < D such
that h; = kyj+- - -4k, forall j = 1,2, 3. It is apparent that Ej,(7) € Z[r], for
it is fixed by all the Galois automorphisms of Q(7, x) over Q(7). Moreover,
by exploiting the same arguments as in the previous Lemma, it is readily
checked that the type of the Ej(7)’s is at most ¢; NV log V.
The function

®(2) = No(ry/om Az, 9(2), ((2))

now satisfies all conditions in Proposition 1.18. Indeed, the type of its coef-
ficients has just been verified, and the identities

cb(j)(w‘i‘nlwl"i_nZwZ):O? j:()a"'7N_17nl>n2:ov"'7R_17

hold true, since they are already satisfied by ® and the ratio ® / ® is holo-
morphic outside A.

Now that we have constructed our auxiliary function, we first check that it
does not vanish identically. This is an immediate consequence of the following

Lemma 1.22. The three functions z, ©(z) and ((z) are algebraically inde-
pendent over C.

Proof. We start by observing that z and g are algebraically independent over
C. For let us consider a polynomial P(z,y) € C[z,y] such that P(z, p(z)) =0
for any z € C ~~ A. Then the polynomial P(z,p(z)) has infinitely many
roots, namely z + w for all w € A, so it vanishes identically. If we write
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P(x,y) = >_,.,50Pm(y)x™, this implies that p,,(p(z)) = 0 for all m. Since p
is a non-constant holomorphic function on C ~ A, its image is open in C, so
by the identity principle p,, = 0 for all m, whence P = 0.

Let us now assume that z, p and ( are algebraically dependent over C. Since
z and g are algebraically independent, ¢ must be algebraic over C(z, p). In
particular, it also lies in a finite extension of F' = C(z, p, ¢'). Let @ be its
minimal polynomial over F', and write Q(x) = qo + q1x + - - - + 2% for suitable
Qo,---,qq—1 € F, setting ¢4 = 1. By taking the derivative of the identity
Q(¢(2)) = 0, we obtain

IS

-1

(@ — (M + 1)gmiap) ¢ = 0.
0

3
]

Since the field F' is closed under taking derivatives, this is a polynomial
relation for ¢ over F' of degree d — 1, so by minimality of () we must have
¢, = (m+ 1)gni1p for all m = 0,...d — 1. Since ¢4 = 1, in particular
qy_, = dgp, which shows that ¢;_1 = —d( + k for some £ € C. From this
identity we deduce that ¢ € C(z, p, ¢’). We may therefore write

(2)
((2) = 7=
(2)
for some a(z),b(z) € C(p, ¢')[z] with b(z) # 0. Let ¢ and d be the degrees in
z of a(z) and b(z) respectively and call a, and b, their correspondent leading
coefficients.
By the quasi-periodicity of (, for any w € A we have

a(z)
) +n(w) = ((2) +n(w) = ((z +w) =

By specializing w = nw; for i = 1,2 and n € Z, n > 0, we obtain

Q

a(z +w)
b(z+w)

_a(z + nw;) a(z)
Jlz) = nb(z +nw;) nb(z)

7.

We restrict f,, to the points of C where the coefficients of a and b have no
poles and b is non-zero. Notice that these points exist for we are excluding
from C only countably many elements. Thus, f,(z) is a rational function in
n with complex coefficients for any fixed z € C. We may then compute

a.nws
i S P e
O ;A T]Z nLIE-O fn(z> nL)I{OlO bdnd+1wd

i
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In order for this limit to be finite and non-zero, we must have ¢ = d + 1, in

which case we obtain
m ac(z) _ 2

wr bg(2)  wo

This is however in contrast with Legendre’s relation. O

As a result, we may find a positive integer N, satisfying the following prop-
erty. Set for short Ry = [ (No + 1)=%/2]. For all ny,ny =0,..., | Ne %] -1
and any j =0,..., Ny — 1 we have

) (w4 nqwy + nows) = 0,

but there are jo € {0,..., No—1} and my, my € {0, ..., Ry—1} such that the
point 2y = w+miw; +mews is a zero of multiplicity jo for ®. This reads that
®U)(29) =0 forall j =0,...,jo — 1, but ®U0)(0) # 0. Notice that Ny > N
by Proposition 1.18.

By combining Lemma 1.21 and the estimates on the type of the coefficients
of the Ej,(7)’s, it is then readily checked that

P(m,x) = ®)(z)

is a non-zero element in Z[m, x|, whose type satisfies t(P) < ¢158Nglog Ny.
Our next purpose is to take advantage of the large number of zeros of ® in
the ball of radius Ry centred at the origin in order to provide a sharp upper
bound for |P(m,x)|. This will be achieved in the next section by analytic
means and will eventually allow us to derive a high measure of transcendence
for 7, which is known to have type of transcendence < 2 + ¢ for any ¢ > 0.

1.4 Analytic part of the proof

In order to derive an upper bound for |P (7, x)|, we begin with clearing out
the denominator of the auxiliary function ® in the field of meromorphic
functions over C and giving an estimate for its order of growth.

Lemma 1.23. The function ¥(z) = o(2)*P®(2) is entire and satisfies for

3e
any 0 > Ny* (log No)?

-3 9
], < e 2,

Proof. Tt is clear that W is holomorphic on C ~\. A. Moreover, ¢ and p have
respectively simple and double poles at each lattice point, so ®(z) has poles
of order at most 36D at all elements of A. Since ¢ has simple zeros at these
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same points, the claim about ¥ being entire is established.
Let us fix hy, ho, hg € {0,...,0D}. By Corollary 1.10, we have

’0_25Dph2‘9 S eCQODQQ7 ’0_5D<‘h3’9 S eCQlDQQ.
We already computed that ¢(Ey (7)) < ¢15Ng log Ny, which implies that
15,(7)| < dog By [H(5,) |} P < cro1os o

Since the sum defining ® consists of at most (D + 1)? terms, the estimate of
the claim is readily established. O]

Since zg is a zero of order jy for ®, we have

lm 2 2W(=) _ Plrx)
z=z0 (2 — 29)%0 Jo! Jo!

As a result, it follows that

jo! . \I](Z)
lim —.
039D (z9) 2=20 (2 — 29)70

P(m,x) =

We now introduce the main analytic tool that will enable us to give an upper
bound for |P(m, x)|.

Lemma 1.24 (Schwarz). Let f be a holomorphic function on an open subset
of C containing the ball By of radius o1 > 0 centred at the origin. Suppose
that f hasn zeros, counted with multiplicity, in the ball By of radius 0o < % 01
centred at the origin. Then

umz(%ﬁrﬂm

01
Schwarz’s Lemma therefore results in a sharpening of the estimates given by
the classical maximum modulus principle, yielding a more accurate upper

bound for |f|,, according to the number of zeros of f in a relatively small
ball around the origin.

Proof. Let ay,...,a, be zeros of f in By. Then the function

n

o) = f ]

=1

1

zZ — Q;
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is holomorphic on Bj, so we may apply the maximum modulus principle to

deduce that
1 n
< _ .
<1l (52)

1l
= o)

n

< =
19le> < 19lo = | flen gﬁ? "

On the other hand, we have

n

1

Z — Q;

19l = 1flos max
|z|=02 =1

Since by assumption g3 — g2 > 01 — %gl = %Ql, this chain of inequalities

finally yields
20 )n <3Q2)n
< <[ —= .
| flez < (m — [fler < o e

Turning back to our situation, let us set co3 = |w| + |wi |+ |wal, so that zy lies
in the ball centred at the origin of radius

O

02 = co3Ro = ca3 | (No + 1)17%J :

Up to taking N sufficiently large, in this ball ® has by construction at least
1-£ |2 2—e 1 3—¢
No LNO ZJ > No(No — 1) = SN

zeros, counted with multiplicities. Let us now set

1— 3¢

01 ::NU 8.

By Schwarz’s Lemma 1.24 we infer that

A
Co3l1p
|\Ij|92 S |\Ij|91 ( 1_35>

N 8

0

< |\IJ|‘Q1 (624N0)_%N37€ < |\Ij|gle—025N§’7£logN0‘

Observe now that by Lemma 1.23 we have
[P, < eeoNo

The dominating term in the upper bound given by Schwarz’s Lemma turns
therefore out to be the one related to the zeros of ¥, so that

], < e 0820,
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At this point, we may go back to estimating |P(m, x)|. Since zj lies in the
ball of radius g, centred at the origin, we get

Jo! ¥(z) 1 —ea7 NS~ log Ny
P T, x)| < : < e~ c27Ng " log No
[P (7, X)) (03D (z0)] | (z — 20)1 | ,, = [0%D(z0)]
Thus, it remains only to bound |6 (z)| from below. Let us recall that
20 = w + mywy + mawsy for some my, mo € {0,..., Ry — 1}, hence

0(20)] = [0 () [eelmametmam) (w4 e e )

Observe that Re ((mlm + mano) (w + Srwy + %wg)) = a — [, where

a = (miRem + maRens) (Rew + %Rewl + %Rec@) ,

B = (myImn; + molmny) (Imw + %Imwl + %Imc@) )
It follows that o > —cog RZ and 3 < ¢y RZ, which yields a — 8 > —c30R2. As
a result, we infer that

3_55
|035D(ZO)| > e—cngRg > 6—0311\70 B

Since % > ¢, we eventually reach the upper bound
[Pl )| < oo os o,

At this point, we would like to combine this with the fact that P(7,y) has
type at most c19/Ng log Ny to derive a transcendence measure for 7. In order
to achieve this, there is only one step missing, namely to obtain a polynomial
in Z[r], therefore removing y. We may accomplish this by taking the norm
of P(m,x) over Q(r), exactly as we did before for the Ej(7)’s.

Let us remind that we called o7, ..., 0s the Galois automorphism of Q(7, x)
over Q(m). We first wish to estimate the type of Q(7) = N ) /0 (P(T, X))
Let us write P(m,x) = ag + aix + - -+ + asg_1x° "' for some uniquely deter-
mined ag,...,a5-1 € Z[n]. We set [ = {0,...,d — 1} and denote by S;
the symmetric group over ¢ elements. Thus, G4 acts over I° by permuting
components and we may form the factor set I°/&;s. Then we have

Q)= > ail"'aisnaj(x)“: S w S [[e00v

(il,...,i(;)EI‘s OLGId/G(; (il,...,i(;)ECM j=1
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where we put for the sake of brevity a, = a;, ... a;, for an arbitrarily chosen
representative (i, ...,i5) of a. Notice that for any a € I°/G;

and its degree and height do not depend on N. It is then readily seen that
the type of Q(m) € Z[n] satisfies < ¢33 Ny log Np.

On the other hand, we can easily derive an effective upper bound for |Q()].
For any Galois automorphism o of Q(, x) over Q(7) we have

6—1
o (P, ) < laillo(x)'] < esthotoeho,
=0

by taking advantage of the estimate for the type of P(m,x). Since we have
already seen that |P(r, )| < e~ "1og Mo we obtain

1)
—c 3—e o
0 < [Nogr/am (P, x))| = [ [ lod(Pr, x))| < esolo s o,

=1

Summing up, we have constructed a polynomial () with integer coefficients
which enjoys the following properties:

0 < |Q(r)] < e@No “losNo (@) < ¢33, log No.

This would imply that 7 has transcendence type > 3 — 2¢, which contra-
dicts the transcendence measure for 7 given in [Wal78] and exposed at the
beginning of this chapter.

1.5 Corollaries

We shall now go through some of the most noticeable consequences of The-
orem 1.17, starting with an immediate Corollary covering a fairly broad
amount of cases of interest.

Corollary 1.25. If E has algebraic invariants gs,gs, then there are two
algebraically independent numbers among

w1, W2, M1, 1M2-

Before applying this result to some concrete instances of elliptic curves, we
expose a striking sharpening which can be obtained in the case of complex
multiplication
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Corollary 1.26. If E has algebraic invariants go, g3 and complex multipli-
cation, then for any period w of E the numbers w and 7 are algebraically
independent.

Proof. Since E complex multiplication, the ratio 7 = w;/wsy is an algebraic
number. As exposed in [Mas75a, Lemma 3.1|, there exist non-zero coprime
integers A and B together with an algebraic number « such that

Any — BTy = aws

Moreover, by Legendre’s relation

1 271

Ny = =M + —.
T TWo

By combining these two identities, we get

1 2mi B n
= aw
T 1-B o 2],

which shows that n; is algebraic over Q(ws, 7). One similarly proves that
7o is algebraic over the latter field, so that the transcendence degree of
Q(w1,ws,m,m2) coincides with the one of Q(ws, ). The claim then follows
by means of Corollary 1.25. O]

We may now list some interesting applications connected with values of the
[-function. Let E be an elliptic curve admitting complex multiplication in
the ring of integers of an imaginary quadratic field Q(7). It is well known
that there are exactly as many isomorphism classes of such elliptic curves as
the class number of Q(7). Moreover, E has automorphisms different from
+1 if and only if the ring of integers of Q(7) is either Z[i] or Z[g], where o is
a third root of unity. In both cases, Q(7) has class number 1, so we may find
exactly two elliptic curves, up to isomorhpism, which have automorhpism
group larger then {41} and complex multiplication in the ring of integers of
an imaginary quadratic field.

The one of these with endomorphism ring isomorphic to Z[i] is given by the
affine equation

y? = 423 — 4z

As in [Wal99, Appendix 1], it is possible to compute that a pair of funda-
mental periods is given by

L(1/4)*
V8T

and  wy = iw;.

w1 =
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The other elliptic curve in which we are interested, having endomorphism
ring isomorphic to Z[g], is given by the affine equation

y? =423 — 4,
while a pair of fundamental periods can be chosen to be

I'(1/3)3
AT
167

and wy = owr,

provided that we embed Q(g) in C so as to identify o with 5. Corollary 1.26
then yields the following

Corollary 1.27. 7 is algebraically independent from both I'(1/4) and I'(1/3).

A more general treatment of the periods of elliptic curves with complex
multiplication in the ring of integers of an imaginary quadratic field can be
achieved by means of Chowla-Selberg formula. In this context, we briefly
summarize a result obtained in [ChoSel67|.

Proposition 1.28. Let E be an elliptic curve having complex multiplication
in the ring of integers of an imaginary quadratic field K. Then a fundamental
period of E is given by

wx(a)

d
Y O

where a is a non-zero algebraic number, d is the discriminant of K, w is the
number of roots of unity of K, h is the class number of K and x = (4) is
the Kronecker symbol.

A straightforward application of Corollary 1.26 then yields the following

Corollary 1.29. With notation as in the previous Proposition, the numbers

d
a\ x(a)
T and HF <E)
a=0
are algebraically independent.

By exploiting the identity

g (é) g (%) - sinﬂ(%) -




one also deduces the algebraic independence of 7 and I'(1/6). Further re-
sults concerning transcendence properties of I'-values have been established
by generalizing Theorem 1.17 to Abelian varieties, which will be the main
focus of the next chapter.

Chudnovsky’s result also leads to some remarkable applications connected to
the j-function. We recall that the latter is a weight 0 modular function of
level SLy(Z) and it is defined by

: E3

J= 1728E§’ o
where F, and Ejg are the Eisenstein series of weight 4 and 6 respectively.
It is a classical fact that for any quadratic irrational 7 € C in the upper
half plane, j(7) is algebraic and, in fact, an algebraic integer. A discussion
about these results can be found for instance in [Sil94, Chapter 2|. For the
remaining values of j at algebraic points, we have the following

Proposition 1.30. For any algebraic number o with positive imaginary part,
other than a quadratic irrational, j(«) is transcendental.

This result follows directly from Schneider-Lang’s Theorem; a complete ex-
position can be found for instance in [Bak75, Chapter 6]. Other questions, on
which Chudnovsky’s result sheds some light, are related to the transcendence
of the values of the derivative of the j-function. As explained in [LanT71|, for
any 7 in the upper half plane we have the relation

wi gs i(

(1) = 18 ,
/() = 1852 ()

where wy, g and g3 are the usual quantities referred to an elliptic curve
whose j-invariant coincides with j(7). As a by-product of Corollaryl.26, if
such curve has complex multiplication, so if 7 is quadratic irrational, then
w; and 7 are algebraically independent, hence w?/ is transcendental. As a
result, we obtain the following

Corollary 1.31. For any 7 quadratic irrational with positive imaginary part
such that /(1) # 0, ® and j'(7) are algebraically independent.

Apart from the case of complex multiplication, it is conjectured that j'(7) is
transcendental whenever j(7) is algebraic and j'(7) # 0.
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Chapter 2

Periods of abelian functions

2.1 Complex Abelian varieties

In this chapter, we wish to expose a generalization of the techniques exploited
in proving Theorem 1.17 to the case of complex Abelian varieties. Since the
theory of Abelian varieties is extremely broad, we will spend this initial sec-
tion for introducing the main context of the rest of chapter, focusing only
on the theory of theta functions and eventually exposing some technical re-
sults needed for later reference. We will follow closely [Lan82|. The main
subject of this chapter, which consists in a result by Vasilev in 1996 concern-
ing the algebraic independence of periods of complex Abelian varieties, will
be described in the next section, after the necessary prerequisites have been
properly settled.

Let us start with an integer ¢ > 1 and let us consider a lattice A C C9. The
main question that we will now address is to understand when it is possible
to embed the torus CY/A in some complex projective space. If this is the
case, by Chow’s Theorem the image of CY9/A coincides with the C-points of
a projective variety, which we call a complex Abelian variety. In order to
achieve this, we will start by describing some functions which are going to
play a key role in the construction of this embedding.

Definition 2.1. A theta function on C9 with respect to A is a meromorphic
function ¢, not identically zero, which satisfies for all z € CY and w € A

19(2 + CU) _ 19(2,)627ri(L(z,w)+J(w))

for some L : C9 x A — C, C-linear in the first argument, and some function
J : A x A — C. The pair (L, J) is called the type of 0.
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It is apparent that J is defined only modulo a Z-valued function on A. More-
over, this definition actually imposes some restrictions on L and J, which we
now briefly investigate. By computing ¥(z 4+ w; 4+ ws) for any wy,ws € A via
the above formula, one easily checks that

L(w1,ws) = L(wg,w) (mod Z),
L(z,wy +w2) = L(z,w;) + L(z,ws) (mod Z).
For L is C-linear in the first argument, the second congruence is in fact an
equality, showing that L is R-linear in the second argument. We may there-

fore extend L by continuity to a map C9 x C9 — C which is C-linear in the
first argument and R-linear in the second one.

Before proceeding in our discussion, let us give a first elementary example.
Let ¢ be a quadratic form on C9, A a C-linear map on CY and ¢ € C any
complex number. The function

19(2) _ 627ri(q(z)+)\(z)+c)

is a theta function, which is called trivial. If b is the bilinear form associated
with ¢, then the type (L, J) of ¥ is given by

L(z,w) =2b(z,w), J(w)=>bw,w)+ ANw)+c.

These theta functions make up a multiplicative group, and they will serve for
normalization purposes. We will say that two theta functions are equivalent
if their quotient is a trivial theta function.

Notice that if 9 is an entire theta function having no zeros, then it must be
trivial. Indeed, in this case ¢ admits a logarithm, so we may write

19(2) _ 627rif(z)

for some entire function f. It then follows that f(z +w) — f(2) = L(z,w) +
J(w), so all second order partial derivatives of f are constant. Thus, f is a
quadratic polynomial and ¥ must be trivial.

After these considerations, we introduce two R-bilinear forms which are of
central importance in this discussion. First, for any z,w € CY we define

E(z,w) = L(z,w) — L(w, z).
The condition L(wy,ws) = L(ws,w;) (mod Z) implies that E takes on integral
values on A x A. Since the latter is a basis over R of C? x C? and L is R-

bilinear, F is in fact an alternating R-bilinear map which is also real valued.
Finally, let us consider for any z,w € CY

H(z,y) = E(iz,y) + iE(z,y).
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A standard computation shows that H is a hermitian form.

Definition 2.2. A theta function 9 is called normalized if the following
conditions hold:

1. L(z,w) = —tH(z,w);
2. The function K (w) = J(w) — 3 L(w,w) is real valued.

The reason for this technical definition will appear shortly. In the meanwhile,
we observe that for a normalized theta function the fundamental equation

reads . ,
19(2, + w) _ ﬁ(z)QQﬂi(—%H(z,w)—iH(w,w)-&—K(w))'

Given any theta function, it is always possible to normalize it by multiplying
by trivial theta functions, as shown by the following

Proposition 2.3. In any equivalence class of theta functions modulo triv-
tal ones, there exists a mormalized theta function, unique up to a non-zero
constant factor.

Proof. This is a straightforward reduction via multiplication by suitable triv-
ial theta functions. For a complete argument, we refer to [Lan82, Chapter VI,
Theorem 1.3]. O

The main reason which justifies the interest in normalized entire theta func-
tions results turns out to be the fact that their associated hermitian form is
non-negative, though not necessarily positive definite, as we now show.

Proposition 2.4. If 9 is a normalized entire theta function on C9 with
respect to A, then its associated hermitian form H is non-negative.

Proof. We first prove that there is an absolute constant C' > 0 such that for
all z € C9
19(2)] < Ce2t(=2),

Indeed, the function g(z) = 9(z) exp(—5H(z, 2)) satisfies for any w € A
g(z + w) _ g(z)eiﬂ(E(z,w)+K(w)).

Since the term E(z,w) + K(w) in the exponent in the right hand side is
real, we infer that |g(z + w)| = |g(2)|. Thus, the function |g| is periodic,
and therefore bounded for it is also continuous. This proves the claimed
inequality.

Let us now suppose that there is wg € CY such that H(wg,wy) < 0. By
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continuity, H(w,w) < 0 for all w in a suitable neighbourhood of wy. The
function z — ¥(zw) is entire and by the above inequality it tends to 0 as z
tends to infinity. It follows therefore that such function is identically zero,
so in particular it vanishes when computed at z = 1. As a result, 9 is zero
in a neighbourhood of wy, whence also ¥ = 0, a contradiction. O

The next point in our discussion is to determine when the hermitian form
associated with a normalized entire theta function ¥ is in fact positive defi-
nite. If this is the case, we say that 1 is non-degenerate. This special kind
of functions will play a crucial role in the attempt of embedding the torus
CY9/A in a projective space.

Proposition 2.5. Let ¥ be a normalized entire theta function on C9 with
respect to A, with associated Hermitian form H. Let Ny be the null space of
H, that is, the subspace of C9 consisting of the z € CY such that H(z,z) = 0.
Then

1. The values of ¥ only depend on the cosets of Ny in CY;
2. The image of the lattice A in C9/Ny is discrete.

Proof. Let us fix w € C? and wy € Ng. For any z € CY we have
H(w + zwp, w + zwy) = H(w,w).
The same estimate as in the previous Proposition then yields
[9(w + zwp)| < CezHlww),

Thus, the function z — ¥(w + zwy) is entire and bounded, hence constant.
By evaluating it at z = 0, we see that it coincides with ¥(w) and the first
point is established.

Let us now consider wy, . ..,w, € A whose residue classes w1, ..., w, generate
CY9/Npy as a real vector space. We may find € > 0 such that for all z € C9
in the ball of radius € centred at the origin we have |E(z,w;)| < 3 for each
i=1,...,7. Let @ be an element of CY/Ny which has a lift w € A. If @ lies
in the ball of radius ¢ centred at the origin of C9/Ny, we may choose w to
lie in the corresponding ball in C9. Then E(w,w;) = 0, for it is an integer.
As a result, @ is orthogonal to wy,...,%,, whence W = 0. This proves that
the image of A in C9/Ny is discrete. O

As a consequence of this Proposition, a normalized entire theta function ¥
naturally induces a theta function 9 on the quotient space C9/Ny with re-
spect to the lattice given by the projection of A modulo Ng. The hermitian
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form H associated with ¥ is then the one induced by H. It is readily checked
that H is always positive definite, so that ¥ is non-degenerate. Thus, asking
whether a normalized entire theta function is degenerate or not is tantamount
to wondering whether it can be viewed as a theta function on a proper quo-
tient of CY.

We are now ready to tackle the question of whether the torus C9/A can be
analytically embedded in a projective space. First, let us consider an entire
theta function ¥y on CY with respect to A. We denote by L(vy) the set of
all entire theta functions of the same type as 3. Since these functions share
the same type, L£(vy) U {0} is plainly a complex vector space. As shown
in |[Lan82, Chapter VI, Theorem 3.1], if ¥y is non-degenerate the dimension
of L(¥) U {0} over C is finite and coincides with the square root of the
determinant of the associated R-bilinear form E with respect to the R-basis
of CY given by A.

Let us now consider a basis ¥y, 01, ..., ¥, for L(¥y) U{0} over C. We denote
by V(Jo,...,0,) the set of common zeros of ¥y, ..., ¥, in CI. Notice that
the fundamental formula for theta functions ensures that V(dy,...,0,,) is
invariant modulo A. Since ¥, ..., 9, have the same type, we obtain a well-
defined map

CI NV (dy,... ,ﬂm))/

g0+ ¢ N P 2 [00(2), - U (2)):

The main result in this context is given by the following

Theorem 2.6 (Lefschetz). Suppose that ¥y is an entire non-degenerate theta
function. Then the map @gs induced by L(93) is everywhere defined, and it
is an analytic embedding of CI/A into a projective space.

Proof. We refer to |[Lan82, Chapter VI, Theorem 6.1 or to [Mum?74]. O

Let us observe that C9/A is compact, while the standard metric topology
on P™ is Hausdorff. Thus, if there exists an entire non-degenerate theta
function, then the image of C9/A in P™ via the above embedding is closed
in P™. By Chow’s Theorem, this implies that C9/A may be identified with
an algebraic subvariety of P™.

Definition 2.7. Let A be a lattice in C9. The complex torus CY/A is called
a complex Abelian variety if it can be analytically embedded in a projective
space.

In view of this definition, Lefschetz’s Theorem yields a criterion to determine
when a torus C9/A can be given the structure of a complex Abelian variety

35



via an embedding into a projective space, the key point being the existence of
an entire non-degenerate theta function. However, so far we have not given
any example of explicit constructions of these functions for suitable lattices
A C €Y. Since a complete exposition would lead us too far afield from our
purposes, we content ourselves with giving some references on the subject.
Historically, the whole theory of theta functions arose naturally from the
study of Jacobian varieties. Given a compact Riemann surface R of genus
g > 1, it is possible to construct a complex torus C?/A for a suitable lattice A
by exploiting de Rham duality. The torus CY/A obtained via this procedure
is usually called the Jacobian variety associated with R and it is possible
to explicitly construct an entire non-degenerate theta function on C9 with
respect to A, thus turning CY9/A into a complex Abelian variety. A detailed
description can be found for instance in [Mum82, Chapter 2, §2|.

We now turn to the study of the function theory on a complex Abelian variety
V' of dimension g. Let A be a lattice associated with V| in the sense that
the complex torus C9/A can be identify with V' via an embedding into a
projective space. From now forth, we will always restrict ourselves to the
case in which this embedding is realized by means of Lefschetz’s Theorem,
that is, we will always assume that there is an entire non-degenerate theta
function ¥y on CY with respect to A.

Definition 2.8. A function A : CY — C is called abelian with respect to A
if it is either O or the quotient of two entire theta functions of the same type.

If A is an abelian function, then it is meromorphic and periodic with respect
to A. Abelian functions for A make up a field, which is referred to as the
function field of V. We now give a description of the latter.

Proposition 2.9. The function field of V is a finite extension of a purely
transcendental extension of C of transcendence degree g.

Proof. We first construct g algebraically independent abelian functions. Up
to replacing vy by its cube, by Lefschetz’s Theorem we have an embedding

0o0: C/N— P 2 [00(2), .., Om(2)],

where Jy, ..., U, is a basis of L(J9)U{0} over C. After a change of projective
coordinates, we may assume that the point [1,0,...,0] € P lies in the image
of py,. Consider now the affine open subset of P™ given by

Up = {[zo, ..., zm] € P" | 2o # 0},
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which is isomorphic as a variety to the complex affine space A™, and therefore
homeomorphic to C™. If z, € C9/A is such that pyg,(20) = [1,0,...,0], then
the map

Coane ) —cr, z— (3;8 U ?9?((3)

is a local chart around 2y, when restricting its codomain to its image. Since
the torus CY/A has dimension g as a complex manifold, we may find g abelian
functions A, ..., A, which are local analytic coordinates at zj, and these are
algebraically independent.

It is now possible to prove that the function field of V' is a finite extension

of C(Ay,...,A,) by some combinatorial arguments together with elementary
results on the dimension of £(vy) U {0}. A complete exposition is given in
[Lan82, Chapter VI, Corollary 2]. ]

We remark that, up to applying a suitable translation to the torus C9/A,
we may suppose that zp = 0. Under this assumption, we have @y, (0) =
[1,0,...,0], so the proof of the previous Proposition implies in particular
that Jy(0) # 0, while 4;(0) = --- = A,(0) = 0. Moreover, from the fact
that ¢y, is an embedding, one also deduces that the Jacobian of the map
2+ (A1(2),...,A4(z)) is non-zero at z = 0.

We now wish to define quasi-periodic functions and the period matrix for a
complex Abelian variety V. As a piece of notation, for any i = 1,..., g we
write 0; for the standard derivation 0/0z; on C9, endowed with coordinate
functions z1,...,%,. Furthermore, for a derivation 0 of any order and a
holomorphic function f we write dlog f = (9f)/f for the corresponding
logarithmic derivative of f. The next result provides a basis for the complex
vector space Hin(V,C) of the equivalence classes of first order meromorphic
differentials of the second kind, i.e. with vanishing residue at any point,
modulo exact differentials.

Proposition 2.10. The meromorphic differentials of the second kind
le, sy ng, d@l logﬁo, ceny dé)g logﬁo
make up a basis for Hjp(V,C) over C.

Proof. We follow the argument of [Gri02]|. Let us set for short ¢; = dz;
and @g4; = dd;logvy for i = 1,...,¢9. Fix a basis A\i,..., A\yy of A as a Z-
module. These differentials are A-invariant and may therefore be viewed as
meromorphic differentials on V. It then suffices to prove the non-degeneracy
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of the 2g x 2g matrix €2 whose entries are given by the so-called periods

Aj
wij:/ ©Dis z,jzl,,Qg
0

As in [Lan66, Chapter VI, Theorem 3.2, it is possible to replace Ay, ..., Ay,
by a Frobenius basis ey,...,eq4,v1,...,vy, that is, e, ..., e, make up a basis
for CY over C and for all j =1,..., g we have

Yo(z +€;) = Uo(2), Yoz +v;) = ﬁo(z)ecfzj+dj

for some ¢; # 0. With respect to this basis, for 7,5 = 1,...,g we have
wij = €ij, so the g x g minor of € given by the first g rows and the first g
columns is non-zero. Let us now fix i € {1,...,g}. Forany j=1,... ¢, ¥
is periodic with respect to e;, so w;; = 0. If j =1,...,2¢, then

C0(v)  096(0) 1 [ 9:95(0)
Wij = 190(1}]') 190(0) o 190(0) ec]-vij+dj 81190(0)

1 Dido(0)eiviatdi 94(0)e% 4 §;5¢;

- 190(0) ( 60jvij+dj + ecjvij"rdj 22— 82790(0> = 57;]'6]',

where 9;; is Kronecker’s delta. Since the ¢;’s are non-zero, we conclude that
() is non-singular, as desired. [

The non-degenerate matrix {2 appearing in this proof is called the period
matriz of V. Notice that the columns of the submatrix consisting of the
first g rows of §2 are a basis for the lattice A as a Z-module; its entries are
usually referred to as the periods of V', while the remaining entries of () are
the quasi-periods of V.

From the point of view of the function theory of V', we have constructed 2g
meromorphic functions

Hl =Ry ey Hg:'zga Hg+1 :Gllog'ﬁo, ceey Hggzaglogz%

which are quasi-periodic with respect to A, in the sense that for the basis
A1, ..., Ay of A given by the upper half of the matrix € the identity

Hi(z + )\j) = H(2) + wj;

holds true for all 4,5 = 1,...,2g. Moreover, we remark that by construction
Yy is a denominator for all the abelian and quasi-periodic functions so far
constructed, in the sense that JoAy,...,00Ay, VoH;, ..., UoH,, are entire.

By exploiting their periodicity and quasi-periodicity, it is also possible to
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check that the functions A;,..., Ay, Hy,..., Hy, are algebraically indepen-
dent over C. In general, proofs for algebraic independence of this kind of
functions, though more manageable than the quest for algebraic independent
numbers, become particularly complicated for the case of several variables.
A satisfactory result for our purposes is [BroKub77, Corollary 7], which also
deals with exponential functions, appearing later on in our discussion.

We finally conclude the exposition of this setting with some remarks of arith-
metic nature. The further assumption that we will make on V' is that it be
defined over a number field K, in the sense that V' = X (C) for some projec-
tive variety X over K. Since X has dimension g, the function field K(X) of
X coincides with K(Ry, ..., R,,S) for some rational functions Ry, ..., R,, S
on X with S algebraic over K(Ry,...,R,) and Ry,..., R, algebraically in-
dependent over K.

Given any basis ¢, ..., p, of Qﬁ(/K(X), there is a unique map 7 : C9 — V
such that 7*p; = dz; for all © = 1,...,¢g. It is also possible to choose 7 in
such a way that it yields an embedding of V' < P™ defined over K for some
m > 1. Moreover, we may always recover an entire non-degenerate theta
function g with respect to A in such a way that this embedding is induced
by ¥y as in Lefschetz’s Theorem. For further details, we refer to [BirLan92.
By composing Ry,..., Ry, S with this embedding, we obtain abelian func-
tions Ai,..., Ay, B on V such that B is algebraic over K(A4;,...,A,) and
the latter field has transcendence degree g. The differential d : Oy — Q% K
induces a map K(X) — QY (X) ®oy(x) K(X), which in turn implies that
the field K (A;,..., Ay, B) is closed under a‘l-
We remark that the denominators of A;,..., A, are entire theta functions
on CY9 with respect to A, since they are homogeneous polynomial expressions
in theta functions of the same type. The product of these denominators is
therefore a theta function with respect to A, which we will denote by .

By similar considerations it is possible to construct quasi-periodic functions
Hi, ..., Hy, starting with a basis for Hj,(V, K) and following the reasoning
proposed before. One eventually deduces that the field generated over K by
Ay, ..., Ay, B and Hy, ..., Hy, is closed under taking derivatives. Up to mul-
tiplying ¢ by some theta function, we may assume that ¢ is a denominator
for Hy,..., Hy, as well.

The last result that we will assume is concerned with more quantitative in-
formation. As a piece of notation, for a vector p € Z9, p = (p1, ..., fig), We

set |/~L| = ?:1 |Nz|
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Lemma 2.11. The functions Ai,..., Ay and Hy, ..., Hyy can be expanded at
the origin in power series of the form

2t Hg
5 buzy' - 257,

[1]>1

where z = (z1,...,25) € C9, pu = (1,...,1g) € Z9 and p; > 0 for all
i=1,...,9. Furthermore, the coefficients b, lie in K and enjoy the following
properties:

1. There exists a positive integer ¢, such that the maximum modulus of
the conjugates of b, satisfies < ectlul .

2. there exists a positive integer co such that

(3lu)tes ",
15 an algebraic integer.

Proof. We refer to [Schn4l, §2, Hilf 5, 6]. O

2.2 The auxiliary function

For the rest of this chapter, we let ¢ > 1 be an integer and V be a complex
Abelian variety of dimension g defined over a number field K satisfying the
assumptions of the previous section. Our aim is to describe how to obtain
transcendence results concerning the periods and the quasi-periods of V', that
is, of the entries of the matrix 2 described in the preceding section. It is ap-
parent that the case ¢ = 1 boils down to the one of elliptic curves, which has
already been treated extensively in the first chapter.

A starting point in the quest for transcendence properties of the period ma-
trix of V' is to be found in [Schn41], where Schneider managed to show that no
row of €2 has only algebraic components. After proving Theorem 1.17, Chud-
novsky was able to generalize such result to the case of complex Abelian
varieties, thereby proving that among the entries of V' there are at least two
algebraically independent numbers.

Further progress in the subject was made by Vasilev, who succeeded in show-
ing in 1996 the following

Theorem 2.12. Any g + 1 distinct rows of the matriz ) taken together
contain at least two algebraically independent numbers.
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At present, Vasilev’s contribution is still the sharpest result obtained so far
concerning the algebraic independence of the entries of the period matrix
2. We will now expose the proof of Theorem 2.12 proposed by Vasilev in
[Vas96]|, which will be the main reference for the rest of the chapter.

The core strategy of the proof will follow closely the main techniques that
we exposed in the first chapter, with some major technical complications
due to the presence of several complex variables. We will therefore construct
an auxiliary function vanishing with high multiplicity at several points of
the lattice A defining V' by means of Siegel’s Lemma. The present section
revolves around the construction of such function and it will finish with a
couple of Lemmas which allowed Vasilev to render Chudnovsky’s argument
independent of known transcendence measures, as it was instead the case for
Theorem 1.17.

In the next section, the final part of the proof, essentially analytic in nature,
will be carried out. The main tools to deal with the case of several complex
variables are not as elementary as the ones appearing in the previous chapter
and they rely on the Bombieri-Lang version of Schwarz’s Lemma. In the last
section we will eventually deal with some applications of Theorem 2.12 for
[-values at rational numbers along the lines of the ones proposed in the first
chapter.

We first introduce some notation. The standard coordinates in CY will be
given by z = (z1,...,2,) € C9 For an integral vector k = (ky,...,k,) € Z9,
we set

g

Bl =Y Ikl k] =

9
J=1
Jj=1

g
gaxg|kj|, k-X= ij)\j, 2= ke
j=1

Let P € Clzy,...,Zn,Y1,---,Ym] be a polynomial and set for short x =
(X1, s 2n), ¥ = (Y1, Ym). We will write deg P for the degree of P,
while the notation deg, P will refer to the degree of P in x, and similarly for
deg, P. The maximum modulus of the coefficients of P, the height of P, will
be denoted as usual by H(P). The sum of the moduli of the coefficients of
P, the length of P, will be denoted by L(P).

Given a differentiation operator

am
om . 9me’
its order will be denoted by |0| = m = m; + --- + m,. The notation |0| =0

signifies that 0 is the identity operator. For an entire function f : CY — C,
we write |f|g for the maximum modulus of f in the ball of radius R > 0

a:
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centered at the origin.

By c1, co, ... we mean positive constants that only depend on the functions
Al,...,Ag,Hl,...,Hgg and 9.

We are now ready to begin with the proof of Theorem 2.12. Without loss of
generality, it is not restrictive to consider only the case of the first g+ 1 rows
of the matrix Q. By the aforementioned result in [Schn4l|, at least one of
the numbers w;; for ¢ = 1,...,9+1, j = 1,...,2¢g is transcendental, say w.
Arguing by contradiction, let us suppose that the entries of the first g+ 1 rows
of 2 have transcendence degree strictly less than 2, so they generate a finite
extension of Q(w). By the primitive element theorem, there is a complex
number Y, integral over the ring Z[w], such that the field Q(w, y) contains
both K and w;; for the above ranges of i and j. Set for short § == [K : Q]
and fix an integral basis aq, ..., as of the ring of integers of K over Q.

Let us now consider a sufficiently large integer N and define the quantities

D = N%, R = N39+1 T = N6+,
We may now introduce our auxiliary function.

Proposition 2.13. There exists a constant C(w) only depending on the w;;’s,
w, aq,...,as and x and there exist numbers Ej,(w) € Z[w] not all zero such
that the function

®(2) = Cw)?(3T)!ct Z Z En(w)H"(2). .. Héﬁf(z)A'{l(z) LAY (2),

<D [lv|<D

where | = (l,...,l41) € Zg;gl and v = (v1,...,vy) € 2%, satisfies the
conditions
OP(k-A) =0 for|0| <T, ||kl <R.

Furthermore, the Ey,(w)’s, as polynomials in w, may be chosen to have degree
< 3D and length < eca(TlogT+Dlog R)

In order to prove this Proposition, we intend to interpret the vanishing con-
ditions on ® as a homogeneous linear system in the Fj,’s so as to apply
Siegel’s Lemma. It is therefore convenient to separately study first the quan-
tities that shall arise as coefficients of this linear system, which is the aim of
the following

Lemma 2.14. For k = (ky,...,ky;) € Z9 and l,v as above, define

g+1 g
Fuy(z) = 3D)ley [ HI (= + k- N [ [ A% (2).
i=1 s=1
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If 0 is a differential operator of order |0| < T, then

g+1 2g
0Fu(0) =3 as [ [ 1]
K i=1 j=1

where k = (Kij)ij, Kij € {0,...,D} foralli=1,...,9+1, j=1,...,2g,
while q,, is an algebraic integer satisfying

§
Q4 = Z i for some Gy € 7 with |qmyx| < eos(TlogT+Dlog R)

m=1

Proof. By the quasi-periodicity of H;, we have

29 L
Hfi(z +k-A)= (Hi(z) + Z kjwij>
j=1

- 2 (mo; " ;m%) H™(2) fg[<k:jwij>mj

mo+--+mag=l; Jj=1

29
_ mj
= E Pim(2) H Wij -
mi+-+mag<l; Jj=1

Let now  range through the (¢ + 1) x 2g matrices with non-negative integer
coefficients k;; such that for ¢ = 1,...,9 4+ 1 we have k;1 + -+ + K; 29 < [;.
When taking the product over ¢ = 1,...,g + 1 in the above equalities, we
obtain

g+1 g+1 2g
TTH e =3 v [T w
i=1 K i=1 j=1

the 1..’s being suitable sums of products of the H;,..., Hyyy in such a way

that the exponent of H; does not exceed [;. Notice that x;; < D, since [; < D
foralli=1,...,g+ 1. Thus, Lemma 2.11 shows that the coefficients of the
Taylor expansion of Fy,(z) around 0 all lie in the field generated by K and
the w;;’s. More precisely, if we write

ot
ot ... 0’

the coefficient in this series corresponding to

a:

t
2z
il ..ty
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coincides with 0Fy,;,(0) and by the previous computations has the form

g+1 2g
OF(0) = > _ac [ [T
K i=1 j=1

for some integers ¢, € K. Furthermore, it turns out that ¢, is a sum of suit-
able products of the coefficients of the Taylor expansion of Hy,..., Hy, and
Ay, ..., A, whose total order is < |J|, by Cauchy’s formula for the product
of series. As a result, by the second part of Lemma 2.11 the term (37)!cZ is
a denominator for all such coefficients, so ¢, is an algebraic integer. Hence,

we have
P
4k = E AmrOm
m=1

for some ¢y, ..., qsx € Z.
Let us now write

g+1 2g
Kij
Fry(z) = Z Z S H H wij’ 2.
pETL, i=1 j=1

Let ﬁkl,,(z) be the formal power series obtained from Fj;, by replacing each
&kyu With the maximum modulus of its Galois conjugates over Q. The follow-
ing inequalities between formal power series in z* are intended to summarize
all corresponding inequalities between th moduli of coefficients of the same
order:

g+1 2g D |v]
Fkly(z) < (3T)!C§H RY wij+ Z eCslul Z ceslulz
=1 j=1 |ul>1 u|>1
g+1
< (3T)!C2TR(Q+1)D H(Wﬂ + -+ wmg)D 14+ Z ecolul Ln
=1 lul>1

For any k, let g, denote one of the Galois conjugates of ¢, with maximal
modulus. The previous inequalities then show that

|G < c7l@e) < ). (BT I RMPeesT < eos(TlosTHDlog )

which yields the claim. The fact that |g..| < ¢7|gx| is a general fact, which
we prove in the next Lemma for the sake of clarity. m
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Lemma 2.15. Let K be a finite Galois extension of Q of degree 6 and let
aq, ..., as be an integral basis of K over Q. Let B € K be an algebraic integer

and write 5
5 = Z bic;
i=1

for some b; € Z. [fﬁ is one of the Galois conjugates of 5 over Q with
maximal modulus, then for alli=1,...,0 we have

;| < ¢|B],

where the constant ¢ > 0 only depends on the choice of an integral basis of
K over Q.

Proof. We follow the proof proposed in [Shid87, Chapter 3, §8, Lemma 12].
Let oy,...,0, be the Galois automorphisms of K over Q. We regard the
equations

o;(B) =bioj(ar) + -+ bsoj(e) forj=1,...,6

as a linear system in the unknowns bq,...,bs. Let A be the matrix associ-
ated with this linear system, whose determinant therefore coincides with the
square root of the discriminant of K over QQ, up to the sign. Let us set for

short 3 := (01(f8),...,05(8)) and b= (b1, ...,bs). We plainly have

15 1

— detA ﬁ

where A* is the transposed cofactor matrix of A. Let us denote by ||A*|| the
maximum modulus of the entries of A*, id est, the maximum modulus of all
the (6 — 1) x (6 — 1) minors of A. Then we have

JIEN|
4 tAlﬁl

which yields the statement. O

|b;] <

Lemma 2.16. Under the assumptions of Lemma 2.1/, there exists a constant
C(w) depending only on o, ..., as, w, x and on the w;;’s such that

Poin(w, x) = C(w)?0F4,(0) € Z[w, x],
where Py, (w, x), as a polynomial in w and x, satisfies the conditions

deg, Pori < co, deg, Porn < 10D, L(Po) < ec11(Tlog T+Dlog R).
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In this Lemma, we are assuming the usual conventions for the degree in
x and w and for the length of elements in Z[w, x|, which we briefly recall.
Since x is integral over Z[w], of course the degree of Py, in x is not well
defined. However, Py, has a unique representation as a polynomial in y
with coeflicients in Z[w] if we admit only the first [Q(w,x) : Q(w)] non-
negative powers of y, and it is with respect to this representation that we
define deg, Pory, deg, Por, and L(Pay). The inequality deg, Popy < cg is
then straightforward, since [Q(w, x) : Q(w)] does not depend on N.

Proof. Let us choose Cy(w) € Z|w] in such a way that
Co(w)a, ..., Cow)as, Co(w)w;; fori=1,...,9+1,j=1,...,2¢

are polynomials in Z[w, x|, ad let ¢’ denote the maximum of their degrees in
w. Setting C(w) = Co(w)@9+V+D " we have

Porin(w, x) = C(w)?0F4,(0) € Z[w, x].

Since by Lemma 2.14

g+1 2g
OF(0) =D g [T ][ wiy
K =1 j=1
with k;; < D, we deduce that
C(W)HZ”' %13 0 F,,(0)

admits a representation as a polynomial in w and x of degree in w at most
(2g9(g+1)+1)e’D and of degree in x at most (2g(g+1)+1)dD. Set for short

a:=1 + Z/ﬁ)”
Y]

By Lemma 1.19, it follows that
deg,, C(w)*0F,(0) < (29> +2g+ 1)e'D 4 ((2¢*> +2g +1)0D — 6 +1)d < ¢D

for some absolute constant ¢ > 0. Finally, deg, Py, is obtained from
deg, C(w)?dFy,,(0) by adding a term which plainly grows linearly in D, so
we may conclude that deg, Pyx,, < c10D, as desired.

The claim on the length of Py, can be established in a completely analogous
way by exploiting the estimates on the g,,.’s provided by Lemma 2.14. [
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Proposition 2.13 now follows easily. We consider the auxiliary function

1 lq 1 %1 Vg
D(2) = PET)ey Y Y Eu(w)H (2) .. HY (2) AT (2) . A (z),

<D [lv|<D
with C(w) given by the previous Lemma. The conditions
OP(k-N) =0 for |0 <T,|k|| <R.

as in the statement are equivalent to a homogeneous linear system in the £},
whose coefficients coincide with the C(w)? Py, ’s introduced in the previous
Lemma. The number of unknowns of this system is D211 = N120°+69 while
the one of equations is < ¢15T9R29 = ¢, N129°+39, By the version of Siegel’s
Lemma exposed in [Bro75, Lemma 5.2|, it is possible to find a non-zero
solution Ej, (w) € Z[w] satisfying

deg Ell/ < C3D7 L(Ely) < ec4(T10gT+D10gR)'

Let us remark that ®(z) does not vanish identically due to the algebraic
independence of Hy, ..., Hy11, Aq,..., A,

We will now pursue the idea of bounding from above the number of zeros of
® on the period lattice.

Lemma 2.17. If P(z1,...,x,) is a non-zero polynomial, then the multiplicity
of the zero of the function P(Ay(z),...,Ay(2)) at the origin does not exceed
the degree of P.

Proof. By the inverse function Theorem, the function z — (A;(2), ..., A44(2))
is invertible in a suitable neighbourhood of the origin, since its Jacobian
is non-singular at the origin. This implies that the order of vanishing of
P(Aq(2),...,A,(2)) at the origin does not exceed the one of the function
CY — C, w +— P(w), which is at most the degree of P. O

Proposition 2.18. Let us consider a polynomial
P(z,y) € Clay, ..., T2, Y1, - - -, Yyl
and set dy := deg, P, dy == deg, P. Suppose that the function
F(z) = P(H1(2),...,Hoy(2), A1(2), ..., Ag(2))
satisfies the conditions OF (k- \) = 0 for all k, 8 such that ||k|| < % and

10| < dy. Then the polynomial P is identically zero.
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Proof. Let us write P(x,y) = 3, P(y)z! for P(y) € Cly, 1 € Z%, ||I|| < d,
and set for short Fj(2) = P(A1(2),...,A4(2)). By Lemma 2.17, it suffices
to show that for each | we have 0F;(0) = 0 whenever |0| < d.

We argue by induction on r ranging from 0 to dy. Let us therefore suppose
that 0F;(0) = 0 for all [ and for |0] < r. If now |d| = r, by induction
hypothesis for any function f : C¢ — C holomorphic at the origin

9 (Fi(2)f(2)) |20 = (0£1(0)) f(0).

Since Fj is abelian, if f is more generally holomorphic at k - A\, we have

0 (Fi(2) f(2)) lo=r = (OF1(0)) (K - A).

Hence, a straightforward computation leads to

g+1
0=0F(k-\) (ZFl HHl )
g+1

- Z 0F;(0) H(klwil + o hggwigg )
; i—1

+1

—Zaﬂ H AUERY

z=k-\ =1

This implies that the polynomial

R(s1,...,8441) = Z(@E(O))sl
!

vanishes at each k- 7 for ||k]| < %2 and 7 = (wj1,...,wizy) € CI for

t =1,...,9 + 1. Since the period matrix is non-degenerate, the ¢;’s are

a basis for the whole C9™. We conclude that R(s) is identically zero by

[Schm80, Chapter 6, §8, Lemma 8A], so 9,F(0) = 0 for all [, as desired. [

Corollary 2.19. The function ®(z) defined in Proposition 2.13 cannot van-
ish with multiplicity T + 1 at all points k - X\ with ||k|| < R%.

Proof. 1f it were so, the previous Proposition would imply that the E,(w)’s
all vanish, since D < T and D < R?, in contrast with Proposition 2.13. [

As a consequence of this Corollary, we infer the existence of Ry > 0, kg and
0o satisfying the relations

R < ||ko|| = Ry +1 < R?, 00| < T

and moreover such that 0®(k-\) = 0 for |0| < T and ||k|| < Ry, while kg- A is
a zero of multiplicity exactly |0y 4+ 1 for ®(z). In particular, 9o® (ko - \) # 0,
and we set for short

P(w,x) = 00P(ko - \) € Z]w, x].

48



With the notation of Lemma 2.14, we have

P(w,x) = C(w)”(BT)! Y En(w)do Frqin(0)

By exploiting the estimates for deg Fj, and L(Ej,) provided by Proposi-
tion 2.13 and the ones for dyFy,;,,(0) given in Lemma 2.16, it readily follows
that

deg, P < ¢y, deg, P <ci3D, L(P)< gc14(Tlog T+Dlog )

Notice that these estimates can be checked without reducing the degree in
X, for B, € Z]w].

The next step is to derive an estimate from above for |P(w, x)| by taking
advantage of the high number of zeros of ®(z). This will be achieved via
analytic means, and it will be the object of the next section.

2.3 Analytic part of the proof

We begin our discussion with an elementary Lemma on the order of growth
of the main functions involved in the proof.

Lemma 2.20. Let G(z) be one of the functions 1, Ay,..., Ay, Hy, ..., Hypy.
Then 9G is entire and for any o > 0

[9(2)G(2)], < e

Proof. By definition of theta function, for all 7 = 1,...,2¢g we may find
Ujt, - - ., Ujg, v; € C satisfying

Pz + Nj) = V(2) exp(2mi(ujizy + - - 4+ ujgzg + v;)).

Let us denote by U the 2g x g complex matrix with entries the u;;’s and by
V the vector (vq,...,vz,) € C*. With this notation, for any k € Z* we have

V(z+ k- X)) =9(z)exp (2mi( ‘KUz +V - k)) .

Let us now pick z € CY with |z| < p. We may write z = w + k - A for some
k € 79 and w in the fundamental parallelogram generated by Ay, ..., Ay,. If
M denotes the maximum of || on such parallelogram, we have

19(2)| = |[9(w)] exp (Re(2mi kU= + 2miV - k)) < Mexp (|2 'kUz + 27V - k|) .
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Let L be the minimum modulus of the A;’s, so that ||k|| < $o. If ||[U|| denotes
the maximum modulus of the w;;’s, then

2¢%||U
#92, V- k| < 29|V ]|o,

’tk;U z| <
and the claim for G = 1 follows. The remaining cases can be treated analo-
gously, by exploiting the fact that G is either abelian or quasi-periodic. [

We now turn to the main analytic result that will enable us to derive a useful
upper bound for the quantity P(w,x) introduced in the previous section,
taking advantage of the high number of zeros of the auxiliary function ®(z).

Proposition 2.21. There exist positive constants cig, c17 and cig, only de-
pending on A ..., Ay, such that for anyT > 1, o > 1 and g1 > ci0 and any
entire function f : C9 — C satisfying the equation Of (k- X) =0 for |0| <T
and ||k|| < o the following inequality holds:

|f’91 < ‘f’01791 exp(—clgTR2).

This Proposition stands as a generalization of Schwarz’s Lemma to several
complex variables. While the case of a single variable is essentially based on
the maximum modulus principle, some further refinements, first introduced
by Bombieri and Lang, are needed for this more general setting. We now
expose the proof of Proposition 2.21, following [Mas75b, Lemma 7.

Let f : C9 — C be a holomorphic function and let W be its set of zeros.
For any z € CY and ¢ € R, 9o > 0, denote by B(z, o) the closed ball of CY
centred at z of radius p. Moreover, we write H for the 2¢g — 2 real dimensional
Hausdorff measure over C?. We then define the total multiplicity function of

f as
(g — D!
7Tg71Q2g72M

M(z,0) = (B(z,0)),
where p is the measure induced by H on W, in such a way that p(B(z, 0)) =
H(B(z,0) "W). This function measures the set of zeros inside B(z, o),
normalized with respect to the volume of the (g — 1)-st dimensional sphere.
We advise the reader that this notation for the total multiplicity function is
not standard; we prefer to stick with the symbols just introduced because
the traditional notation risks creating confusion with the rest of the proof of
our main result.
The function ¢ — M(z, o) is non-decreasing for any fixed z € CY, so we may
define

M(z) = lim M(z, o).

0—0
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As shown in [Bom70, Proposition 3|, M(z) is in fact a non-negative integer
equal to the order of vanishing of f at z. M(z, ¢) is the main tool to develop
Schwarz’s Lemma in several variables, as it is apparent from the following:

Lemma 2.22. For any o > 0 we have
1
[flo < e MO0 flayg,

Proof. See [Bom70, Proposition 4] and [Mas76, Lemma 18]. O

To establish Proposition 2.21, it therefore remains to bound M(0, o) from
below. First, we may find some o < 1 independent of p such that the balls
B(k- A, s) for ||k|| < o are pairwise disjoint. Notice that the independence of
o from g is granted by the fact that the k- \’s are points of a lattice in C9.
Moreover, the hypothesis p > 1 also ensures that B(k- \,0) C B(0,20). We
may then compute

(g —1)!
M(O,QQ) = WM(B(O,2Q)) = 1 29 5 Z ]{? /\ O')
1 (20) d 29 Ikll<e
() T - () e

This finally establishes Proposition 2.21 by taking ci6 = 2, ¢;7 = 48g and
C18 = (0/2)29_2.

We are now ready to head towards the conclusion of the proof. We first set
O(z) = 9(2)®9tVP 50 that the function

is entire. Since [|ko|| = Ry + 1, the point ko - A lies in the ball centred at the
origin of radius \/EC(RO +1) < c19Ry, where ¢ is the maximum modulo of A,
for y =1,...,2¢g. It is not restrictive to assume cig9 > g, in such a way that
by Proposition 2.21

‘\Ij‘clgRo < ‘qjyczoRo exXp (_618TR(2)) :

Let us now observe that by Lemma 2.20 ¥(z) is a sum of D**! functions of
order of growth 2, each one raised at most to its (29 + 1) D-th power. Indeed,
the coefficients Ej, (w) satisfy

|E (w)| < |L(Ey)| max{|w|, 1}%8#» < exp (cy1 (T'log T + Dlog R + D)),
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so the inequality T' < DR? yields that the leading term in |¥(z)]| is given by
the powers of 9A; and VH; fori=1,...,9,j=1,...,9+ 1. Thus,

“I]|020R0 S eXp (CQQDR(23> :
By combining these two results, we therefore get
|U|eor, < €xp (szDR(z) — CISTRg) < exp (—CstR(%) :

A similar inequality carries through to dyW(ko - \). Indeed, by Cauchy’s
formula

O(z) ot [ W(C)
o .. .8,22" (2mi)9 /% [{g (G — 2+l (G — 2zg)tot? dg,

where 7; denotes a circle centred at z; of radius < 1 for all © = 1,...,g.
Hence, we derive the inequality

’80\11060 . )\)' S T! exp(—cngRg) S exp(—cMTRg).

On the other hand, let us recall that 0®(ky - \) = 0 whenever |0| < |0,
which implies that dyW (ko - A\) = O(ko-\)OP(ko- A). Since J(0) # 0, we have

O(ko - A)| = [9(0)*9 VP exp(2mi(2g + 1) D(*kUX + V - k))| > exp(cos DR).
All in all, we derive the following upper bound for |P(w, x)|:

(300 (ko - V)|
[©(ko - M)
< exp (_CQGTR(Q)) < exp (_CQGTR2) .

[ P(w, x)| < exp (cs DR — cas T R)

By making explicit the dependence on N, we eventually constructed a poly-
nomial expression P(w, x) € Z|w, ] satisfying
deg, P < c13N%, L(P) < exp (c1aN**"log N) ,
0<|P(w,x)| <exp (026N129+3) )
By taking the norm of P(w,x) over Q(w), we get a polynomial Q(w) € Z[w].
In order to gather information about the degree and length of ), as well

as about |Q(w)|, we may argue exactly as in the very end of the proof of
Theorem 1.17. It is then readily seen that Q(w) € Z[w]| satisfies

deg @ < 7N, L(Q) < exp (csN**'log N)
0 < |Q(w, )| < exp (—cagN'73) .
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Summing up, for every N sufficiently large we have constructed a polynomial
Q(w) € Z|w] satisfying the above conditions.

Contrary to the previous chapter, it is no longer possible to derive a con-
tradiction by means of transcendence measures. Indeed, although it would
be possible to prove that 7 is generated by the entries of the period matrix
), the restriction to the first g + 1 rows of €2 prevents us from choosing
w = m. We therefore need to rely on a classical transcendence criterion due
to Gelfond.

Proposition 2.23. Let us consider two increasing unbounded sequences {ay, }r,
and {b, }n of real numbers for which there exist two constants ¢, d such that

An41 S CQnp, bn+1 S dbn

for every n > 0. Let a € C. Suppose that there is a sequence {P,}, of non-
zero polynomials with integer coefficients such that P, has degree at most a,
and logarithm of the height at most b,,, and moreover

|P(€)] < ean(@etlant(crd+bn)

Then P,(&) = 0 for all sufficiently large n. In particular, £ is algebraic.
Proof. We refer to [Wal74, Chapitre 5]. ]

Since w is transcendental, this Proposition yields at once the desired con-
tradiction. We remark that the growth conditions on the sequences {a,},
and {b,}, are satisfied, in our setting, thanks to Proposition 2.18. Indeed,
the latter allows us to circumvent the inconvenience appeared in the first
chapter of replacing N by some implicit Ny > N whose modulus could not
be controlled.

2.4 Corollaries

We now derive some consequences of Theorem 2.12, mainly connected with
values of B- and I'-functions at rational points.

Let us start by considering the curve y? = 1 — 2" for some n > 3. As shown
in [Wal79, §5.2g|, this curve has genus g = [ (n—1)/2] and the period matrix
() can be taken as

k(i) 1
wij = o; B (%,5) fori,h=1,...,2g,

where a, ..., ay, are some algebraic numbers lying in the n-th cyclotomic
field, while k(i) = ¢ if n is odd or if n is even and i < g, while k(i) =i+ 1 if
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n is even and @ > g + 1.
It is well known since [Schn4l] that every row of the matrix € contains a
transcendental number, so that all numbers in the set

k1 n

are transcendental. By considering other curves it is actually possible to see
that B(a,b) is transcendental for any choice of a,b € Q \ Z. By selecting
now g + 1 rows from €2, Vasilev’s result immediately yields the following:

Corollary 2.24. Any subset of S of [(n+ 1)/2] elements contains two al-
gebraically independent numbers.

Let us now recall the classical identities

1 2a-11%(a) _ 7
B (a, 5) =2 I'(2a)’ H@T(l—a) = sin(ra)’

holding for any a € Q \ Z. For sin(7a) is algebraic whenever « is rational, it
turns out that the numbers S lie in a finite extension of the field generated

over Q by
ﬁr(%)r(%)

This observation readily yields an algebraic independence result for values

Corollary 2.25. At least two of the numbers

wr<%>r(%)

are algebraically independent.

For instance, applying this Corollary for n = 3 and n = 4 and recalling the
identities

() s () ()6 1 (e ()

one easily deduces the algebraic independence of 7 from each of the numbers

(YY) e (L) e (2) o (2).r(2).
6 4 3 3 4 6
We now expose a slightly more sophisticated refinement of this arguments.
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Corollary 2.26. Let n > 3 be an integer and set m = |(n+ 3)/4]. Suppose
that ly, ..., Ly are distinct numbers of the set {1,2,...,n — 1} such that

1.l #n—1 forall j,ke{1,...,m};

2. for any s € {1,...,m — 1} there exists a k such that

{mgne{gghny—@},

where {2ls},, is the smallest non-negative residue of 21, modulo n.

Then there are at least two algebraically independent numbers among

nr(Ze) () (),
n n n

Proof. We first prove the existence of li,...,l,,. For [y it is possible to
choose any number between 1 and n — 1 different from 7. Arguing induc-
tively, suppose that for some r € {1,...,m — 1} there are distinct num-

bers ly,...,l, € {1,...,n — 1} satisfying the conditions in the statement for
7,k <rand s <r — 1. It follows that the cardinality of the set

AL:{Zhwwbm—h,“m—h}
2

is at most 2r +1 < 2m —1 < n — 1. As a result, its complement M¢ in
{1,...,n — 1} is non-empty. If {2[,},, € M,, we may define [, to be any
number of M,. Otherwise, if {2[,},, € M¢, then we choose [, = {2l }, or
lrv1 = n —{2l,},. In this way the numbers [y, ...,[,. are pairwise distinct
and satisfy the two conditions of the statement, thus yielding the existence
of the desired [y, ..., by induction.

Now, the first condition on the [;’s implies that n/2, 1y, ..., L, n—1, ..., n—1l,
are pairwise distinct. Setting g = [(n — 1)/2], we have 2m > g >, hence by
Corollary 2.24 we deduce that at least two numbers in the set

(o (8 n (5o (5 ) o (5
n' 2 n 2 n 2 n 2

are algebraically independent. Observe that for any i = 1,...,m we have

p (L L) oo (W) p ()
<"’2) (n> <n)
_ 9%t (%—1)(%+1> %W (lﬁl)F({Lﬁ}n)l
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by exploiting the functional equation 2I'(z) = I'(z + 1). Furthermore, the
identity I'(2)I'(z + 1) = 7/ sin(7z) allows us to see that

. -1
n_p(n- l17 1\ _ Sl.n§27rlz/n)7rr2 li r 2l; .
n — 2l; n 2 sin®(wl;/n) n n

By using once again the second property of Iy, ..., [,,, we see that the set S
is contained in a finite algebraic extension of the field generated over Q by

Wr(”_m)r(l_)r(lﬂ>
n n n

which establishes the claim. O

As an application, by choosing n = 15,m = 4,1; = 1,1 = 2,l3 = 4,14, = 8§,
we see for example that among the numbers

~r(5) () (5) ()

there are two algebraically independent ones.

Remark 2.27. Theorem 2.12 naturally leads to some questions about pos-
sible improvements in this direction. First, we notice that, without imposing
restrictions to the genus g of the curve, this result is best possible in terms
of the number of rows considered. Indeed, choosing only g rows would not
work for the case g = 1, since for instance the periods of an elliptic curve
with complex multiplication have algebraic ratio.

Another question is related to the possibility of increasing the transcendence
degree of the field generated by periods and quasi-periods. Again, this is not
possible in general, for it would not apply to the one-dimensional case.

It remains an open problem to determine whether these two problems can be
overcome by imposing some conditions on g. It has been shown that the num-
ber of algebraically independent coordinates of periods and quasi-periods of
a simple complex abelian variety of dimension g can be comparatively small
with respect to its dimension even in the case of complex multiplication. For
instance, Shimura in [Shim79| provides an example with g = 2"~! in which
there are at most n+ 1 algebraically independent numbers among the entries
of the period matrix. In the same context, see also [Rib80].
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Chapter 3

A result involving exponential
and abelian functions

3.1 Main result

We will now turn to an attempt of exploiting the techniques studied so far
in order to obtain a mixed transcendence result for both the periods of a
complex Abelian variety and their exponentials. Historically, the first re-
sults about transcendental numbers revolved around the exponential func-
tion, which appeared particularly suited for the application of the methods
that we have been investigating until now. We will therefore try to address
the question of whether it is possible to combine the framework of periods of
complex Abelian varieties with the more classical one of the exponential func-
tion in the context of transcendence proofs. In this section, we will obtain
a partial answer to this, so as to discuss some applications in the next section.

Let us consider a complex Abelian variety V satisfying the same assumptions
of the previous chapter. Let {2 be its period matrix, with components w;; for

i,7 =1,...,2g. Let us then fix g non-zero complex numbers &;,...,§, and

define the g x 2¢g matrix E whose i-th row, for : =1, ..., g, coincides with
(egi“’ﬂ, o 7€§¢w¢,2g) )

Pick two integers m,n such that 1 < m < 2g and 1 < n < g. Let us choose

m rows of the matrlx Q2 and n rows of the matrix F, say the rows iy,...,1,

for 1 <iq,...,4, <g. Let S be the set made up of the entries of the chosen

rows, together with &, ,...,&, . According to [Schn41], each row of {2 cannot

have only algebraic entries, so the field Q(S) has transcendence degree at
least 1 over Q.
The aim of the present chapter is to prove the following
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Theorem 3.1. Suppose that Q(S) has transcendence degree 1 over Q. If
2m +n > 2g, then any transcendence type T of a transcendental number w
in Q(S) satisfies
2m +n —2g

2g+n
For the proof, we will apply the same transcendence techniques as the ones
introduced in the previous chapters. In the shape of the auxiliary function
that we will introduce, some exponential functions related to the rows of the
matrix £ will appear. The analytic part of the proof remains essentially un-
touched, since these exponential terms have lower order of growth than the
abelian and quasi-periodic functions. However, their presence badly affects
the arithmetic arguments in the proofs of the preceding chapters, since it
tends to increase the type of the final polynomial, thereby weakening the
final measure of transcendence. We will therefore suitably adapt our aux-
iliary function so as to restore a transcendence type bounded away from 2.
After the proof, in the next section we will discuss some applications of The-
orem 3.1.

T>24+

Let us now start the proof of Theorem 3.1. Without loss of generality, we
may suppose that the chosen rows are the first m of {2 and the first n of F.
Let K be a number field, embedded in C, containing all the coefficients of the

Taylor expansion of Hy, ..., H,, and A;,..., A, around 0, as in Lemma 2.11.
We may assume that K is a Galois extension of QQ, up to passing to its normal
closure. Set moreover ¢ = [K : Q] and let ay,...,as be an integral basis

for the ring of integers of K. We fix a transcendental number w € Q(S) and
we suppose that all numbers in S are algebraic over Q(w). By the primitive
element Theorem, we may find a complex number x, integral over Z|w], such
that Q(w, x) contains both Q(S) and K. We let N signify a sufficiently large
positive integer and we write ¢, ¢o, ... for positive constants depending only
on S.

We set for short b = 2m + n — 2g, which is positive by hypothesis, and we
let a be a real number such that

2g+n
a> —————
2m+n —2g
We then choose a real number ¢ satisfying
b b—2g—
0 < e < min , ¢ g_n .
2m+n’ a(m+1) 4+ g(a+1)

For ¢ in this range of values, it is always possible to find 6 > 0 such that

5<5<min{b_€g, ab—Qg—n—I—s(a(m—l—n—g)—g)}‘
m a2m+n) +m
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We define the quantities

r=m+n,
t=29+¢e(g+n+m)—dn+n,
d=1t—re,

dy=t—r(e+1-9),
which have been chosen in such a manner that they satisfy

gt +2gr = ndy + (g +m)d,
O<dy<d<t<dy+r,
(24 1)do+ir <t

We finally set
R=N", T=N'! D=N% Dy=|N%logN]|.
We are ready to introduce our auxiliary function.

Proposition 3.2. There ezists a constant C(w) only depending on S, w,
ai,...,as and x and there exist numbers Ep,(w) € Zlw] not all zero satis-
fying the following property. Consider the function

n m g
O(z)=C(N) > > Y Buwlw) [ [[H (=) ][ A2 ().
[h|<6Dg [[1]|<6D [|v]|<6D r=1 i=1 s=1

with
C(N) — O(w)nT+29nDoR+2ng+1 (ST)'Cg,

co as in Lemma 2.11, h = (hy,... h,) € Z%, | = (l,...,lm) € ZZy and
v=(v1,...,vy) € ZL,. Then ® satisfies the conditions

O(k-A) =0 for|0| <T, ||k < R.
Moreover, the Ep,,(w)’s, as polynomials in w, satisfy
t(Eny) < csDoRlog(DoR).

For the proof of this Proposition, we rely once again on Siegel’s Lemma. We
first deal with the quantities that will serve as coefficients for a linear system
to which we will apply Siegel’s Lemma.
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Lemma 3.3. For k = (ki,...,kyy) € Z9 and h,l,v as above with ||| < Dy
and |[U]}, |[v]| < D, define

n m g9
P (2) = [[ O T H (2 + k- 0 [[ A% (=),
r=1 i=1

s=1

and let O be a differential operator of order |0| < T. Then there is a constant
C(w) € Z[w] depending only on S, w, a1, ...,as and x such that

Porniy(w, X) = C(N)OFyn (0) € Z]w, x],
with C(N) defined as in Proposition 3.2, satisfies
t(Pognin(w, X)) < caDoRlog(DyR).

Proof. As we have seen in Lemma 2.14, we have

m m 2g
HHfi(z—i— k-X) = Zzﬂﬁ(z) HH(JJZ.”,
” i=1 j=1

i=1

the 1.’s being suitable sums of products of the Hy,..., H,, in such a way
that the exponent of H; does not exceed [;. Let us also write

g

Ui(2) = da(2) [ [ A% (2),

s=1
with Taylor expansion around 0 given by
, 22
() = gﬁn,qm-

for some algebraic integers 8., € K. By Lemma 2.14, the components of
B, With respect to the integral basis oy, . .., a; have modulus < cse’ 8.
Furthermore, we have

- - o hrk
ehrﬁr(ZrJr(k-)\)r) — ehrgTzT (egTer) rk;
no % ) P1 ng
— (6@.%].)}17-1@ - 21 ... Zg
7H1JH1 zp: ppll...pg!7
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where p = (p1,...,pg) € ZLy and 7, = 0 if p; # 0 for some j =n+1,...,9,
while 7, = [[_, h#7 &P otherwise. It follows that

ﬁehwrﬁﬂt 24 kN HA”S

r=1 i=1 s=1
m  2g Z
(i) (ZZ%HH )
. ... P ..q,
m 29 Zf1+q1 Zgg+QQ
= g /Bn H” =
ZZ} P QHH pla! .. pglg,!
m 2
_ Z 27 3 (pl + CI1) (pg + Qg> H l_g[ p1+ql e Z§g+qg
= g .. T
r D1 palrater (p1 +CI1 - (pg + qq)!
The t-th term in the Taylor expansion of Fjp;,, at 0 therefore coincides with
D + q m  2g n ks Z Z
a a - Dr Ki £Tw7 hr Sl *g
> o (" ) e T T o 2,
ptg=t K @ =1 j=1 r=1j=1 9:

This t-th coefficient is nothing but dFu, (0) for @ = 9 /9" ... 9% divided by
t1!...t,!. First, we need to find a suitable quantity that clears out denomi-
nators. The (3, , have already been treated in Lemma 2.14, and to force them
into Z[w, x] we need to multiply by a factor C(w)(3T)!ct, where C(w) is a
denominator for a, ..., as. We may then choose C'(w) in such a way that it
be a denominator also for all the numbers in S. Thus

1,—_-)8]{%11/((,07 X) _ C(w>nT+2ng+2gnDoR+1(3T)|C2 aFkhlzx( ) c Z[w, X]'

In view of Corollary 1.20, we wish to compute the degree in w and y and the
height of the above polynomial expression for Pygp, (w, x). First, we remark
that C(w)(3T)!c} 8., has bounded degree in w and by the computations in
Lemma 2.16 logarithm of the height < ¢gT'logT". Moreover,

9 n
log (H (p ot q)) <log (297) < &;T, log (H h{f") < 5T log Dy,

a=1 a r=1

and these terms only contribute with their height, being constant in w. Fur-
thermore, C(w)™ []"_, & yields a polynomial expression in Zw, x] with
both degree in w and x satisfying < ¢oT', while logarithm of the height
< ¢j9T'logT. For the product of the w;;’s we have degree in w and x < ¢1D
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and logarithm of the height < ¢;5D log D, while for the product of the e¢<rs
we get degrees < c¢13DgR and logarithm of the height < ¢14DgR1log(DyR).
These computations are easily checked by recalling that for a polynomial
Q) € Z[x] and any integer s > 0

H(Q) < s!(deg Q)°H(Q)*

and noticing that in our situation the leading term is always the factorial one.
Overall, we conclude that for the above polynomial expression of Pyyp, (w, X)
the following inequality holds:

t(Pakhll,<w, X)) S 015D0R10g(D0R).
The claim is then established by means of Corollary 1.20. O

After these technical computations, we are now in the position of proving
Proposition 3.2. We first consider the function

Oz)=C(N) > > > Ehw(w,x)l‘[ehrwHHff(z)HAgs(z),

[IRlI<Do HI<D [lv|<D

for some E,(w, x) € Z[w, x] not all zero to be chosen in such a way that

0P(k-A) =0 for |0 <T and ||k < R.

We may regard these conditions as a linear system in the Ehly’s whose coeffi-
cients coincide with the Pypy, (w, x) of Lemma 3.3. Since TYR?Y < Di D™,
Siegel’s Lemma 1.6 ensures the existence of the desired Ehl,,, and in combi-
nation with Lemma 3.3 it also yields

t(Epw(w, X)) < c16DoRlog(DoR).

At this point, we may remove Y from the coefficients Ehly(w, X) by applying
the same procedure as in the first chapter, that is, by multiplying o by all
those functions obtained from ® by replacing the Ej,(w, x) with their Ga-
lois conjugates over Q(w). This eventually leads to the auxiliary function @
described in Proposition 3.2.

As shown in [BroKub77, Corollary 7|, the functions Ay,..., Ay, Hy,..., H,
and €11 ... e*** are algebraically independent, whence ®(z) does not van-
ish identically. As a result, we can find an integer Ny > N such that

O0(k-A) =0 for |k < Ng, |0] < N,

62



but there are ko, dy with [|ko|| < (No + 1), |9o] < (No + 1)* such that

0P (kg - A) =0 for |0] < |00,
Bo® (ko - \) # 0.

We set for short Ry = (Np+1)" and Ty = (Ny+ 1)*. The argument proposed
in Lemma 3.3 shows that

P<w7 X) - 8()(I)(k:O : >‘) S Z[wa X}
is a non-zero element of Z[w, x| of type

t(P(w, X)) S Cl7DOR0 log(DoRo)

The final step consists in estimating |P(w, x)| from above. As it has been
customary so far, we are going to achieve this goal by analytic means. The
same tools exploited in the previous chapter can be applied essentially un-
changed. Indeed, the functions e%*!,. .. e"* have a lower order of growth
than the quasi-periodic functions, so they shall not harm the estimates that
were established in Vasilev’s proof of Theorem 2.12.

Let us consider the function

U(z) = 0o(2) P P(2),

which is entire, since 1, is a denominator for the abelian and quasi-periodic
functions appearing in the expression of ®. Since kg - A is contained in the
ball centred at the origin of radius < ¢8Ry, by Proposition 2.21 we infer that

|\I/ |C19R0 < |\IJ|C2ORO€_621TORg :

The coefficients Ej;,, have modulus at most ec22Poft108(DoR) by Temma 3.3.

The exponential terms e, ... e* plainly have order of growth 1, while
Lemma 2.20 implies that ¥o, VoA, ..., 00Ay, VoH1, ..., UoH,, all have order
of growth < 2. As a result, it turns out that

|\I[|C2ORO S 6622(D0R0 log(DoR)-‘y—DR%)

)

and therefore

|\D‘619R0 < 6_023T0R%'
By Cauchy’s estimate, this upper bound remains essentially unaltered for the
derivatives of W, as we have already seen in the previous chapter. Hence

_ 2
|80\IJ|C19R0 <e CMTORO'
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Since ¥o(0) # 0, it follows that |[0(ko - A\)@H™OP| > e2sDRS - This finally

yields
00 (ko - M) s ToR2
|P(w, x)| = 190(ko - )\>(9+m)6D’ < e .

By taking the norm of P(w, x) over Q(w) as we did in the preceding chapters,
we eventually obtain a polynomial @) with integer coefficients satisfying

0< |Q(W>| S €_CQ7TOR3, t(Q) S ngDoRo IOg(D()Ro)

Since (DoRplog(DoRy))*Te < TyR2, we conclude that w has the desired
transcendence type.

3.2 Some applications

Let us now comment on some features of Theorem 3.1. By Proposition 1.4,
almost all transcendental numbers have transcendence type < 2 + ¢ for any
¢ > 0. It should therefore be expected that in almost all cases Theorem 3.1
yields in fact the existence of two algebraically independent numbers in S,
provided 2m + n > 2g. Another reason why it seems likely to turn this
Theorem into the form trdeg(Q(S)/Q) > 2 is that it is possible to see that 7w
belongs to the field generated by the entries of €2, by exploiting a version of
Legendre’s relation for complex Abelian varieties. Thus, in case m can actu-
ally be generated by fewer than g + 1 rows of €2, we deduce the existence of
two algebraically independent numbers among the ones in S when selecting
precisely those rows.

The main problem in deducing that trdeg(Q(S)/Q) > 2 is the fact that we
have not been able to apply Gelfond’s criterion at the end of the proof. In
order to do so, we should find an upper bound for the number of zeros of
the auxiliary function ® in a ball of radius a power of N, as it had been
done in Vasilev’s proof via Proposition 2.18. Unfortunately, the exponential
terms appearing in the expression for ® do not allow a clear generalization
of Vasilev’s arguments.

We mention that Theorem 3.1 is already present in [Chu84]| in the form
trdeg(Q(S)/Q) > 2 for the case of elliptic curves, thus with ¢ = 1. However,
the proof is only roughly sketched, and there is no reference on how to make
it independent of the final transcendence type. Moreover, other results in
[Chu84| are quoted without any proof, and they appeared in the literature
only much later with complete proofs by other authors. The result by Vasilev
that we exposed in the second chapter is an example of these, as pointed out
in [Gri02]. In view of all this, we prefer to discuss some corollaries and ap-
plications of Theorem 3.1 without assuming Chudnovsky’s stronger result
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claimed in [Chu84|. Anyway, we found no reference in the literature con-
cerning results akin to Theorem 3.1 for the general case of complex Abelian
varieties.

Let us consider the case of elliptic curves for g = 1.

Corollary 3.4. Let E be an elliptic curve over C with algebraic invariants.
Let wy, we be a pair of fundamental periods for E with ny, 1y their associated
quasi-periods. Choose any non-zero complex number & € C. If the numbers

gﬂ
w1, Wa, 57 657 € “2

are algebraically independent, then any transcendence type T of one of these
numbers satisfies

1

>24 .

T=773

The same statement holds for the numbers

w1
i, 12, 67 657 66“’2.

Proof. 1t is enough to apply Theorem 3.1 to the first or the second row of

the period matrix of E while choosing & = * O

w1’

Corollary 3.5. In the notation of Corollary 3.4, there are two algebraically
independent numbers in each of the sets

w1 w1
{wl, wo, logm, m, 7rw2}, {771, M9, logm, T, 7rw2}.

Proof. We apply Corollary 3.4 with £ = log m and take advantage of the fact
that 7 is known to have transcendence type < 2 + ¢ for any € > 0. For a list
of known transcendence types, we refer to [Wal78|. O

Corollary 3.6. The statement of Corollary 3.4 applies to each of the set of

numbers
W W
{wla W2, €, 6w2}7 {Tha 2, €, GWQ}'

The case of complex multiplication is not particularly interesting in this
last Corollary. Indeed, under this assumption w;/wy; would be an imaginary
quadratic algebraic number, so e and e*'/“2 would be algebraically indepen-
dent by Lindemann-Weierstrall Theorem.
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Corollary 3.7. Let a # 1 be any non-zero algebraic number. Then the
statement of Corollary 3.4 applies to each set of numbers

{wl, wy, loga, a%}, {m, M2, loga, a%}.

To give some concrete examples, we may consider the elliptic curves that we
have already described in the first chapter. Let o = e*™/3 be a primitive
third root of unity. Then the statement of Corollary 3.4 holds for each set of

numbers
{p G) (), ew(i)}, {p (%) ), egr@,)},

Moreover, there are two algebraically independent numbers in both the sets

@) ne} 1))

Notice that the case of F(}l), m and €™ is particularly fortunate due to Euler’s
identity €™ = —1. We remark that for the last two sets of numbers there
are way sharper results thanks to a celebrated Theorem by Nesterenko, who
managed to show that the sets of numbers

() w0 )

have transcendence degree 3. Results connected with Nesterenko’s tech-
niques are at present the only ones concerning the algebraic independence
of three numbers, left alone Lindemann-Weierstrafs Theorem. Nesterenko’s
arguments make use of Eisenstein series and special values of modular func-
tions; we refer to [Nes96] for more details.

We now pass to study some examples of applications to complex Abelian
varieties. For an integer N > 3, let us consider the curve y* = 1 — 4z,
which has genus |[¥1]. Let us also write ¢ = ¢’®. As shown in |Lan66,
Chapter V|, the period lattice of the Jacobian variety associated with this
curve has generators given by the vectors

A]:(...,gkﬂ'(1—g’f)2%3<%,%),...>

for j =0,..., N—1, the components running over k = 1,..., [ %=1 ], together

with the vector . Lo
— k —_— [ —
(...,(1 g)NB(N,N),...).
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An analogous expression applies to the quasi-periods, provided we let k& run
from [2H | to N — 1.

One may now apply Theorem 3.1 in order to derive results of algebraic in-
dependence for B-values, for instance by exploiting the fact that for any
a € Q \ Z the number B(a,a)B(1 —a,1 — a) is a non-zero algebraic multi-
ple of 7w, using computations as the ones in the previous chapter. Let us go
through some examples of these arguments.

Corollary 3.8. For any non-zero complex number &, there are two alge-
braically independent numbers among

11 5 5 .
Bl—,—),B(—=,— S
(12712)7 (12712)777 57 € ) €

Proof. We apply Theorem 3.1 to the complex Abelian variety described above
for N = 12 with the following choices. We choose the rows of the period
matrix whose components are algebraic multiples of

B(L 1Y (5 5Y (1 1Y (L)
12712 12712 12712 12712

As for the matrix E defined before Theorem 3.1, we choose its fourth row,

and we also pick
1 (4 4\\ '
— - g2 =
3 5(( ¢ L (12,12)) |

where ( = e It is readily checked that the products

p(L LY p (1) (5 5\ ,(7 7
12712 12712 12712 12712

are non-zero algebraic multiples of 7. Thus, m belongs to the field generated
by S, with S defined as in Theorem 3.1. As a result, trdeg(Q(S5)/Q) > 2.
The numbers of S appearing in the matrix E are of the form e&" for some
integers j, together with es1=¢H7", Moreover, (* = p, where p = e%, while
(1 —¢*) is a primitive sixth root of unity. Hence, these numbers turn out to

be
ef et 6692’ oo

Y Y

Since o = (=1 +14v/3)/2, it follows that the transcendence degree of Q(S)
coincides with the one of the field generated over @Q by the numbers in the
statement, which is therefore proved. ]
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A similar strategy, choosing the third row of the matrix F, allows for example
to prove that there are at least two algebraically independent numbers among

1 1 5 b 4
B Ta10 |0 B P Tl B 57 657 e’Lﬁ'
12712 12712

By choosing ¢ = 72, one deduces for instance the existence of two alge-

braically independent numbers among

11 5 5 )
B(—,—), B[22 = (—1).
(12’12)’ (12’12)’”’6 (1)
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