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My vast transcendence holds the cosmic whirl;
I am hid in it as in the sea a pearl.

Sri Aurobindo, The Indwelling Universal, Collected Poems.






Preface

This book grew out of lectures given by the first author at Queen’s University
during 2006 and lectures by the second author at the Chennai Mathematical
Institute during 2008. These constitute the first 18 chapters of the book in-
tended to be an introductory course aimed at senior undergraduates and first-
year graduate students. The primary goal of these chapters is to give a quick
introduction to some of the beautiful theorems about transcendental numbers.
We begin with some earliest transcendence theorems and thereafter move to the
Schneider-Lang theorem. This requires some rudimentary background knowl-
edge in complex analysis, more precisely the connection between the growth of
an analytic function and the distribution of its zeros. Since this constitutes an
essential ingredient of many of the transcendence results, we discuss the relevant
features in Chap. 5. We also require some familiarity with elementary algebraic
number theory. But we have tried our best to recall the required notions as
and when we require them. Having proved the Schneider—Lang theorem, we
introduce some of the accessible and essential features of the theory of elliptic
curves and elliptic functions so that the reader can appreciate the beauty of the
primary applications. Thus Chaps. 1-18 essentially comprise the material for
an introductory course.

The second part of the book, namely Chaps.19-28, are additional topics
requiring more maturity. They grew out of seminar lectures given by both
authors at Queen’s University and the Institute of Mathematical Sciences in
Chennai, India. A major part of these chapters treats the theorem of Baker
on linear independence of linear forms in logarithms of algebraic numbers. We
present a proof of Baker’s theorem following the works of Bertrand and Masser.
Thereafter, we briefly describe some of the applications of Baker’s theorem, for
instance to the Gauss class number problem for imaginary quadratic fields. In
Chap. 21, we discuss Schanuel’s conjecture which is one of the central conjectures
in this subject. We devote this chapter to derive a number of consequences of
this conjecture.

From Chaps. 22 to 26, we concentrate on some recent applications of Baker’s
theorem to the transcendence of special values of L-functions. These L-functions
arise from various arithmetic and analytic contexts. To begin, we give a detailed
treatment of the result of Baker, Birch and Wirsing. This is perhaps the first in-
stance when transcendental techniques are employed to address the delicate issue

vii



viii Preface

of non-vanishing of a Dirichlet series at special points. In Chap. 25, we specialise
to questions of linear independence of special values of Dirichlet L-functions. In
Chap. 26, we consider analogous questions for class group L-functions.

In Chap. 27, we focus on applications of Schneider’s theorem and Nesterenko’s
theorem to special values of modular forms. These modular forms are a rich
source of transcendental functions and hence potential candidates to generate
transcendental numbers (hopefully “new”). Of course, one can ask about the
possibility of applying transcendence tools not just to modular forms but also
to their L-functions. But this will force us to embark upon a different journey
which we do not undertake here.

Finally, the last chapter is intended to give the reader an introduction to the
emerging theory of periods and multiple zeta values. This is not meant to be
an exhaustive account, but rather an invitation to the reader to take up further
study of these elusive objects. This chapter is essentially self-contained and can
be read independent of the other chapters.

To summarise, we hope that the first part of this book would be suitable for
undergraduates and graduate students as well as non-experts to gain entry into
the arcane topic of transcendental numbers. The last ten chapters would be
of interest to the researchers keen in pursuing the interrelation between special
values of L-functions and transcendence.

To facilitate practical mastery, we have included in each chapter basic exer-
cises that would be helpful to the beginning student.
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Notations and Basic
Definitions

We denote by N the set of non-negative integers, by Z the ring of rational
integers and by Q, R, C the fields of rational numbers, real numbers and complex
numbers, respectively. A number field K is a finite extension of Q contained in
C. Q denotes the algebraic closure of Q in C.

Given an integral domain R containing a field k, a collection of elements
Qi,...,a, in R is called algebraically dependent over k if there exists a non-
zero polynomial P € k[z1,...,x,] such that P(aq,...,a,) = 0. Otherwise, the
elements are called algebraically independent over k. The transcendence degree
of a field F' over k is the cardinality of a maximal algebraically independent
subset of F' over k. Since the transcendence degree over k or its any algebraic
extension is the same, the notion of algebraic independence of complex numbers
over Q or Q is the same. Thus we simply speak of algebraically independent or
dependent complex numbers.

We shall also be concerned with algebraic independence of functions. A
meromorphic function on C is said to be transcendental if it is transcendental
over the field of rational functions C(z). A collection of meromorphic functions
f1,..., fn on C is said to be algebraically independent over C if for any non-
zero polynomial P € Clzy,...,x,], the function P(f1,..., fn) is not the zero
function. Otherwise, the functions are called algebraically dependent. Thus a
function f is transcendental if f and the identity function I(z) = z are alge-
braically independent. Most of the time, we shall simply write functions to be
algebraically independent, the implicit assumption being that the independence
is over C.

This notion can be extended to functions in several variables. A collection of
entire functions fi, ..., f, on C is said to be algebraically independent over C if
for any non-zero polynomial P € C[z1,...,z,], the function P(f1,..., f,) is not
the zero function. Otherwise, the functions are called algebraically dependent.

We write f(z) = O(g(z)) or equivalently f(z) < g(x) when there exists a
constant C' such that |f(x)| < Cg(z) for all values of z under consideration.

Throughout for o # 0, we define o to be equal to €16 where we in-
terpret log o as the principal value of the logarithm with argument in (—m, 7.

xiii



xiv Notations and Basic Definitions

However, we shall be frequently working with the set of logarithms of non-zero
algebraic numbers and in this set we allow all possible values of log. This forms a
Q-vector space. It is more convenient to realise this as being equal to the set
exp_l(@x), where exp is the familiar exponential map. This description has an
analogous manifestation in the elliptic set-up which we shall come across in the
later chapters.



Chapter 1

Liouville’s Theorem

A complex number « is said to be an algebraic number if there is a non-zero
polynomial f(z) € Q[x] such that f(a) = 0. Given an algebraic number «, there
exists a unique irreducible monic polynomial P(z) € Q[x] such that P(«) = 0.
This is called the minimal polynomial of c. The set of all algebraic numbers
denoted by Q is a subfield of the field of complex numbers. A complex number
which is not algebraic is said to be transcendental.

An algebraic number « is said to be an algebraic integer if it is a root of a
monic polynomial in Z[z]. Tt is not difficult to see that the minimal polynomial
of an algebraic integer has integer coefficients.

An algebraic number « is said to be of degree n if its minimal polynomial
P(z) has degree n. Equivalently, Q(«) is a finite extension of Q of degree n.

In 1853, Liouville proved a fundamental theorem concerning approximations
of algebraic numbers by rational numbers. This theorem enabled him to con-
struct explicitly some transcendental numbers.

Theorem 1.1 (Liouville) Given a real algebraic number « of degree n > 1,
there is a positive constant ¢ = c(a) such that for all rational numbers p/q with
(p,q) =1, ¢ >0, we have
‘a _ 2‘ 5 o).
q qr

Proof. Let P(z) be the minimal polynomial of a. By clearing the denominators
of the coefficients of P(z), we can get a polynomial of degree n with integer
coefficients which is irreducible in Z[z] and has positive leading term. Let

f(@) = apz™ + an_12" ' 4+ +a1x + ag € Zz]

M.R. Murty and P. Rath, Transcendental Numbers, DOI 10.1007/978-1-4939-0832-5_1, 1
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2 Liouville’s Theorem

be this polynomial. We sometimes refer this as the minimal polynomial of o
over Z. Then

anp” + an_1p" g+ aog| 1
|f(e) = f(p/a)| = |f(p/a)| = 7 2=
If & = ay,...,q, are the roots of f, let M be the maximum of the values |a;].

If |p/q| is greater than 2M, then

‘7—9 ol M
q qr
If |p/q| < 2M, then
Oéi—z—?‘ S?)M
q

so that
1 1

]—9‘ > . > —
q |an|q™ Hj:2 laj —p/al — lan|(3M)"1g™

o —

Thus choosing

o) = i (M. i)

we have the theorem. [

Note that the constant c¢(a) can be explicitly computed once the roots of
the minimal polynomial of « are given to us. Also it is not difficult to ex-
tend this theorem to complex algebraic numbers of degree n. A multivariable
generalisation of this idea is suggested in Exercise 2.

Using this theorem, Liouville proved that the number

=1
2 om

is transcendental. Indeed, suppose not and call the sum «. Consider the partial

sums
D G|
k._
w2 T

Then it is easily seen that

C

Dk
‘O‘ - < 10(R+1)!

a

for some constant ¢ > 0. If a were algebraic of degree m say, then by Liou-
ville’s theorem, the left-hand side would be greater than c¢(a)/10%™ and for k
sufficiently large, this is a contradiction.



Liouville’s Theorem 3

Numbers of the above type are examples of what are called Liouville numbers.
More precisely, a real number § is called a Liouville number if for any non-
negative real number v, the inequality

0 < ’ B — ]—9’ < i
q q"
has infinitely many solutions p/q € Q.

In 1909, Axel Thue improved Liouville’s inequality for algebraic numbers
having degree at least 3. More precisely, he proved that if « is algebraic of
degree n > 2, then for any e > 0, there exists a positive constant ¢ = ¢(a,€)
such that for all rational numbers p/q with ¢ > 0 and (p, ¢) = 1, we have

&
qn/2+1+6 :

a—2’>
q

Such a theorem has immediate Diophantine applications. To see this, let f(z,y)
be an irreducible binary form of degree n > 3 with integer coefficients. Then
Thue’s theorem implies that the equation

f(xvy) =M

for any fixed non-zero integer M has only finitely many integer solutions. Indeed,

we may write
n

fa,y) =an [J(@ = ciy) = M
i=1
so that each «; is an algebraic number of degree > 2. Suppose that there are
infinitely many solutions (z,, ym ). Without loss of generality, we may suppose
that for infinitely many m, we have

Ty,
<Ry

T Ym

Lm

— - for i=2,...,n.

Further by the triangle inequality,

1 1
z—m—aiz— x—m—ai—l—z—m—al > —|a; —aqf|, fori=2,...,n.
Ym 2 \|Ym Ym 2
Thus
T T T
|M| = |f(xmuym)| = |an||y7?L| = —aQy| ‘_m — Qp| > |y77:z| = —ay.
m Ym m
By Thue’s theorem, we obtain
| M| S 1
[Yym[™ ™ Jym /21

which is a contradiction for |y,,| sufficiently large.



4 Liouville’s Theorem

Thue’s theorem was subsequently improved, first by Siegel to an exponent
24/n+ € and then by Dyson and Gelfond independently to an exponent v/2n+ €.
Finally, Roth in 1955 proved that if « is algebraic of degree > 1, then for any
€ > 0, there is a constant c(a, €) > 0 such that for all rational numbers p/q with
g >0 and (p,q) =1, we have

In view of the classical theory of continued fractions, this result is essentially
best possible.

We end with the following theorem about algebraic independence of certain
Liouville numbers proved by Adams [1]. The proof involves a clever modification
of Liouville’s original idea.

Recall that complex numbers ag, ..., a, are algebraically dependent if there
exists a non-zero polynomial P(z1,...,2,) in n variables with rational coeffi-
cients such that P(aq,...,an) = 0. Otherwise, they are called algebraically
independent. We have the following theorem:

Theorem 1.2 (Adams) Let p and q be two relatively prime natural numbers
greater than 1. Then the two Liouville numbers

f:% ad 5=y 4

n=1 q
are algebraically independent.

Proof. Assume the contrary and let f(z,y) be a non-zero polynomial with
integer coefficients such that f(a, $) = 0. Suppose that p > gq. We consider the
following sequences of rational numbers

g r AR S
N N

n=1 n=1

We first note that there are infinitely many N such that f(Rx,Sn) # 0. If not,
then for all NV sufficiently large, we have

Mo X
f Z,;ZW’Z;W =0. (1.1)

Further,
1 rN 2 SN 2
POEE < |a- W‘ < POEE and POEEDL < ‘ﬁ - W‘ < —wmor (12)

The polynomial f(z,y) can be expressed as

=Y Cr(z—a) (y-py
i



Liouville’s Theorem 5

where I = (i, ) runs over all pairs of non-negative integers and C;’s are real
numbers which are zero for all but finitely many I's. Each such pair I gives
a distinct integer d; := p'¢?. Among all the pairs I for which C; # 0, let
Iy = (ip,jo0) be such that dj, is minimal. Then by (1.1) and (1.2), for all
large N,

.z (N+1)!
0
O<|C]0|§ Z |C]|2 (d_[>
I£1,

where D is the total degree of the polynomial f(z,y). Since dj, < dj, by
choosing N large enough, we arrive at a contradiction. Thus f(Ry, Sn) # 0 for
infinitely many N. For each such N, we have by Exercise 2

c
|(04a6) - (RN7SN)| > pNT'
Here |.| is the standard Euclidean norm on R%. On the other hand, (1.2) gives
co
(e, 8) = (RN, SN)| < m

As N — oo, this contradicts the lower bound above. [J

Evidently, instead of taking two coprime numbers, we can generalise the
above theorem by considering finitely many multiplicatively independent inte-
gers (see Theorem 2 of [1]).

Exercises
1. Show that Liouville’s theorem holds for complex algebraic numbers of
degree n > 2.
2. Let f € Z[x1,...,x,] be a non-zero polynomial with degree d; in variable

z;. Suppose that f(@) = 0 for some @ € R". Then show that there
exists a constant ¢ > 0 depending on @ and f such that for any 5 =
(a1/b1,...,an/by) € Q™, either

f(B)=0

or
@ -5l = e
Here |.| is the standard Euclidean norm on R™.

3. Show that the set of algebraic numbers is countable.

4. Show that Hﬁ is an algebraic integer.

5. Find the minimal polynomial of V2 + /3 over Q.



Liouville’s Theorem

. Show that the number

> o

on?

n=0 2n

is irrational.

. Show that there are uncountably many Liouville numbers.

. Show that the reciprocal of a Liouville number is again a Liouville number.

. Show that every real number is expressible as a sum of two Liouville
numbers.



Chapter 2

Hermite’s Theorem

We will begin with the proof that e is transcendental, a result first proved by
Charles Hermite in 1873.

Theorem 2.1 ¢ is transcendental.

Proof. We make the observation that for a polynomial f and a complex num-
ber ¢,

/ o f(w)du = [~ F(w)lh + / o f )

0

which is easily seen on integrating by parts. Here the integral is taken over the
line joining 0 and t. If we let

I(t,f) = /0 e f (u)du,

then we see that
I(t, f) = €' f(0) = f(t) + I(t, f").

If f is a polynomial of degree m, then iterating this relation gives

It f) =€ fO0) = > 9. (2.1)
j=0 j=0

If F is the polynomial obtained from f by replacing each coefficient of f by its
absolute value, then it is easy to see from the definition of I(¢, f) that

1t )] < ltlel (|t (2.2)

M.R. Murty and P. Rath, Transcendental Numbers, DOI 10.1007/978-1-4939-0832-5_2, 7
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8 Hermite’s Theorem

With these observations, we are now ready to prove the theorem. Suppose e is
algebraic of degree n. Then

ane” +an_1e" 1+ +ae+ay=0 (2.3)

for some integers a; and aga, # 0. We will consider the combination
J = "apl(k,f)
k=0
with

fl@) =a" = 1P (=)

where p > |ag| is a large prime. Using (2.3), we see that

where m = (n 4 1)p — 1. Since f has a zero of order p at 1,2,...,n and a zero
of order p — 1 at 0, we have that the summation actually starts from j = p — 1.
For j = p — 1, the contribution from f is

F=D(0) = (p — 1!(-1) Pl
Thus if n < p, then fP=D(0) is divisible by (p — 1)! but not by p. If j > p,

we see that fU)(0) and fU) (k) are divisible by p! for 1 < k < n. Hence J is a
non-zero integer divisible by (p — 1)! and consequently

(p—DI<|J].
On the other hand, our estimate (2.2) shows that
7] <Y larle* F(k)k < Ane™(2n)!?
k=0

where A is the maximum of the absolute values of the ax’s. The elementary
observation

gives
pPle ™ < (p—1)! < |J| < Ane™(2n)'7.

For p sufficiently large, this is a contradiction. [J
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Exercises

1. Show that for any polynomial f, we have
/ f(x)sinzdr = f(r) + f(0) — / 1" (x) sin xdz.
0 0

2. Utilise the identity in the previous exercise to show 7 is irrational as
follows. Suppose m = a/b with a,b coprime integers. Let

x"(a — bx)™

n!

fx) =
Prove that .
/ f(z)sinz dx
0
is a non-zero integer and derive a contradiction from this.

3. Use Euler’s identity

0 2

1
2?2%

to prove that there are infinitely many primes.
4. Use the series Y7 ;1/n! to show that e is irrational.

5. Show that e is not algebraic of degree 2 by considering the relation
Ae+Be '+C=0, AB,CE€eLZ,

and using the infinite series for e and e~! and arguing as in the previous
exercise.

6. Prove that ev? is irrational (Hint: Consider the series expansion for oo =
eV2 4 e V2),



Chapter 3

Lindemann’s Theorem

We will now prove that = is transcendental. This was first proved by
F. Lindemann in 1882 by modifying Hermite’s methods. The proof proceeds
by contradiction. Before we begin the proof, we recall two facts from algebraic
number theory. The first is that if « is an algebraic number with minimal
polynomial over Z given by

-1
anx” + ap_12" " + -+ a1z + ag,

then a,« is an algebraic integer. Indeed, if we multiply the polynomial by a1,

we see that
(a4n@)"™ + ap_1(ana)* 4+ +aga” ' =0

thereby showing that a,o satisfies a monic polynomial equation with integer
coefficients. The other roots of the minimal polynomial of « are called the
conjugates of a.. Sometimes we write these conjugates as

1)

3

2)

geeey

oD ol (™)
with () = a. The second fact which we require is from Galois theory and the
symmetric polynomial theorem. More precisely, let f(x1,...,2,) be a symmet-

ric polynomial in Q[z1, ..., x,], that is,

f(xlu"'uxn) = f(‘ro'(l)u"'axa’(n))

for any element o of the symmetric group S,. If « is an algebraic number of
degree n with conjugates & = a1, . .., ap, then f(ay,...,a,) € Q. Furthermore,
if o is an algebraic integer and f has integer coefficients, then f(aq,...,ay) is
necessarily an integer (see Exercise 1). With these remarks, we can proceed to
the proof that 7 is transcendental.

M.R. Murty and P. Rath, Transcendental Numbers, DOI 10.1007/978-1-4939-0832-5_3, 11
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12 Lindemann’s Theorem

Theorem 3.1 (Lindemann, 1882 [80]) 7 is transcendental.

Proof. Suppose not. Then o = 47 is also algebraic. Let o have degree d and
let & = aq,...,a4 be the conjugates. Let IV be the leading coefficient of the
minimal polynomial of a over Z. By our remarks before, Na is an algebraic
integer. Since

eZﬂ' — _17

we have

(I+e*)(1+e*) - (1+e*) =0.

The product can be written out as a sum of 2¢ terms of the form e where
0=ecro1 + -+ +eqag, € =0,1.

Suppose that exactly n of these numbers are non-zero and denote them by
B1,...,0n. Note that these numbers constitute all the roots of a polynomial
with integer coefficients. To see this, it suffices to observe that the polynomial

1 1
H...H(x_(€1a1+...+edad))
61:0 EdZO

is symmetric in a1, . .., aq and hence lies in Q[z]. The roots of this polynomial
are f1,...,3, and 0 which has multiplicity @ = 2¢ — n. Dividing by z® and
clearing the denominator, we get a polynomial in Z[z] with roots fS1,..., Bn.
Now

(14+e*)(14+e%?)---(1+e*)=0

which implies
(2d—n)—|—661+"'+6ﬂn :O

With I(¢, f) as in the previous chapter, we consider the combination

K:=181f)+ - +1Bn,f)
where
fl@) = N"aP= (@ = B (& = )

and p denotes again a large prime. Thus,

K — _(2d _ H)Zf(j)(o) _ sz(j)(ﬁk)

7=0 j=0 k=1

where m = (n + 1)p — 1. The sum over k is a symmetric function in
Npi,...,NB,. Noting that N51,..., N3, are all the roots of a monic polyno-
mial over the integers, we conclude that the summation is a rational integer.
Moreover, the derivatives f)(8) vanish for j < p and the summation for fixed
j > p is divisible by p!. Also for p sufficiently large,

FOD0) = (p = DU=N)"(Br- - Bn)?
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is not divisible by p. In addition, f()(0) is divisible by p! for 7 > p. As in the
previous chapter, let F' be the polynomial obtained from f by replacing each
coefficient of f by its absolute value. Proceeding as before, we find that

(K| <> |Bilel®  F(|8i]) < ACP
k=1

for some constants A and C. On the other hand, K is a non-zero rational
integer divisible by (p—1)! and hence must be at least as large in absolute value.
Comparing the growth as p tends to infinity gives us the desired contradiction. [J

Exercises
1. Let a be an algebraic integer of degree n with conjugates o = aq, ..., ay.
Suppose for k > 0,
F=F(x1,...,0k;01,...,Qn) € L[T1,. .., T;Q1,. .., Q).
Further suppose that F' is a symmetric function in aq, ..., a, with coeffi-
cients in the ring Z[z1,...,xx]. Then show that F' € Z[z1,...,x;] when

k>0 and F € Z when k = 0.

2. A real number « is said to be constructible if, by means of a straightedge, a
compass, and a line segment of length 1, we can construct a line segment of
length |a| in a finite number of steps. Show that if «, 5 are constructible,
then so are a+f, a—f3, af and /8 for § # 0. Thus the set of constructible
numbers forms a subfield of the reals.

3. Show that if « is constructible, so is /|a|. [Hint: consider the circle
of diameter |a| + 1 with center (3(1 + |&),0) in R? and consider the
intersection of the perpendicular drawn at (1,0) and the circle.]

4. Let F' be any subfield of the reals. Call F' x F' the plane of F' and any line
joining two points in the plane of F' a line in F'. A circle whose center is
in the plane of F and whose radius is in F' will be called a circle in F.
Show that a line F' is defined by the equation

ax+by+c=0, a,bceF
and a circle in F' is defined by the equation

2+’ +ar+by+c=0, a,bcekF.

5. From the previous exercise deduce that any constructible number must
necessarily be an algebraic number. Deduce using Lindemann’s theorem
that /7 is not constructible. Hence, it is impossible to construct using a
straightedge and compass a square whose area is equal to .
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. Show that cos(7/9) is algebraic of degree 3 over the rationals.

. Using Exercise 4, show that a constructible number must necessarily have

degree a power of 2 over the rationals. Conclude that 7/3 cannot be
trisected using straightedge and compass.

. Show that if «v is constructible, then it lies in a subfield of R obtained from

Q by a finite sequence of quadratic extensions.

. Let p be a prime number. Show that if a regular p-gon can be constructed

using straightedge and compass, then p — 1 = 2" for some r. [The con-
verse is also true but more difficult to prove and is a celebrated “teenage”
theorem of Gauss.|



Chapter 4

The
Lindemann—Weierstrass
Theorem

In 1882, Lindemann wrote a paper in which he sketched a general result, special
cases of which imply the transcendence of e and 7. This general result was later
proved rigorously by K. Weierstrass in 1885. Before we begin, we make some
remarks pertaining to algebraic number theory. Let K be an algebraic number
field. The collection of algebraic integers in K forms a ring, denoted Ok, and
is called the ring of integers of K. The theorem of the primitive element shows
there exists a 6 such that K = Q(#). If #1), ... 6 are all the conjugates of
0, then one speaks of the conjugate fields K := Q(A¥). This gives rise to an
isomorphism o; of fields K ~ K given by the map ¢;(#) = #9), which is then
extended to all of K in the obvious way.

Theorem 4.1 (Lindemann—Weierstrass, 1885) If a,...,as are distinct alge-
braic numbers, then e**, ... e% are linearly independent over Q.

Proof. Suppose that we have
die® + -+ de® =0 (4.1)

for some algebraic numbers d, ..., ds not all zero. By multiplying an appropri-
ate rational integer, we may assume that dy,...,ds are algebraic integers. Fur-
ther, multiplying the above equation with equations of the form Z;:l ok (d;)es
for all the embeddings oy, of the field Q(dy,...,ds), we may assume a relation
of the form

are”™ + - F+ape™ =0 (4.2)

M.R. Murty and P. Rath, Transcendental Numbers, DOI 10.1007/978-1-4939-0832-5_4, 15
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where a;’s are rational integers and ~;’s are distinct algebraic numbers. We
may further assume that each conjugate of v; is also included in the above
list of algebraic integers. Now if we let K to be the algebraic number field
generated by ~1,...,7, and all their conjugates, then it is natural to consider
the “conjugate” functions for real variable ¢,

(i) (i)
A(t) :=a1e P aen b

Since the ; are distinct, these functions are not identically zero (see Exercise 1).
If we let

B(t) = HAZ(t) = bleﬂlt 4o +bM€BMt,

where the product is over all the conjugate functions, then it is clear that the
Taylor coefficients of B(t) are symmetric functions in all of the conjugates and
so are rational numbers by our earlier remarks. Moreover, the b; are rational
integers not all equal to zero. Let N be an integer so that Nf3i,..., NGy are
algebraic integers. We now proceed as in the earlier chapters. Consider the
combination

M
Jr =Y _bpI(Br, fr)
k=1
where
(z = B1)P(x — B2)P - - (x — Bm)P
(@ — Br)
for 1 <r < M. It is clear that f(z) = fi(z) + -+ + fum(z) is invariant under
Galois action and hence has rational integer coefficients. Now using (2.1), we
see that since B(1) = 0, we have

M m
Te==3 b > fOBr),

k=1 j=0

fr(z) = NMP

where m is the degree of f,.. Arguing as in the earlier chapters, we note that
the product Ji - - - Jps is a Galois invariant algebraic integer, hence an integer.
Further, it is divisible by (p — 1)!, but not by p for suitably chosen large p. In
the other direction, since each |J,.| < (¢, )P for suitable ¢,, we have

(p—1I<C?

for some constant C. This gives a contradiction for large enough p which com-
pletes the proof. [

The Lindemann—Weierstrass theorem generalises both the Hermite and Lin-
demann’s theorems. Indeed, choosing ; = 0 and s = 1, we retrieve Hermite'’s
theorem that e is transcendental. Choosing a; = 0 and a; = im, we deduce
Lindemann’s theorem. We also have the following corollaries.
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Corollary 4.2 If o # 0 is algebraic, then e® is transcendental.

Proof. Take oy = 0 and as = « in Theorem 4.1. [

Corollary 4.3 If o # 0,1 is algebraic, then log« is transcendental.

Proof. This is immediate from the previous corollary. O

Recall that a collection of n complex numbers fSi,..., 03, is algebraically
independent if there is no non-zero polynomial P(z1,...,x,) € Z[x1,...,z,)
such that

P(B1,...,0n) =0.
We can deduce from Theorem 4.1 the following assertion.
Theorem 4.4 Ifaq,...,a, are algebraic numbers that are linearly independent
over Q, then
eal , , ean

are algebraically independent.

Proof. Suppose that

are algebraically dependent. Then we have

L hiandetinan _
E @iy ,...in€ =0,
i1 in

for certain integers Qi ... 0
the numbers

with not all a;, ... s, equal to zero. By Theorem 4.1,

n n

11 + - F iy,

cannot all be distinct. Thus ag, ..., «a, are linearly dependent over Q. [J

S. Schanuel has conjectured that if a1, ..., a, are complex numbers that are
linearly independent over Q, then the transcendence degree of the field

Q(alv"'aana eala"'aean)

over Q is at least n. One consequence of this conjecture is that e and 7 are alge-
braically independent. To see this, consider the field generated by 1, 27i, e, 2™
over the rationals. Schanuel’s conjecture predicts that the transcendence degree
of this field is at least 2, which means that e and 7 are algebraically independent.

Schanuel’s conjecture is one of the central conjectures in the theory of tran-
scendental numbers. We will discuss this conjecture and its many implications
in a later chapter.
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Exercises

. If aq, ..., a, are distinct complex numbers, show that the function

are®t 4. fape™?

is not identically zero whenever the a;’s are not all zero.

. Show that for any non-zero algebraic number, sin «, cos «, tan « are tran-

scendental numbers. Show the same is true for the hyperbolic functions,
sinh «, cosh a and tanh a.

. Show that arcsin « is transcendental for any non-zero algebraic number «.

. If ¢g,cq1, ... is a periodic sequence of algebraic numbers not all zero, then

show that the series
oo n
z
d ey
n=0 :

is transcendental for any non-zero algebraic value of z.

. Show that at least one of m + e , me is transcendental.



Chapter 5

The Maximum Modulus
Principle and Its
Applications

The maximum modulus principle constitutes an essential tool in transcendence
theory. Let us begin with a proof of this fundamental result. We fix the con-
vention that a function is analytic in a closed set C' if it is analytic in an open
set containing C. A region is an open connected set. We consider the follow-
ing version of the maximum modulus principle. The statement is not the most
general, but suffices for our applications.

Theorem 5.1 (The Maximum Modulus Principle) If f is a non-constant ana-
lytic function in a region R, then the function |f| does not attain its mazimum
in R. In other words if for some zo € R, |f(2)| < |f(20)| for all points z € R,
then f is constant.

Proof. We give two proofs of the theorem. For the first proof we use the fact
that a non-constant analytic map in a region is an open map. Let |f(z)] = M.
Since |f(2)] < |f(20)| for all points z € R, the image set f(R) is contained in
the closed disc {z : |z| < M} and intersects the boundary. Hence f(R) is not
open, a contradiction.

For the second proof, for the point zg in R, consider the Taylor expansion of
f about zg:

o0
f(z0 +re?) = Z anr™e™.
n=0

M.R. Murty and P. Rath, Transcendental Numbers, DOI 10.1007/978-1-4939-0832-5_5, 19
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20 The Maximum Modulus Principle and Its Applications

Parseval’s formula (or just by noting that term by term integration is allowed
as the series converges normally for a fixed r) yields that

27 [e’e]
! }f(zo+rei9)|2d9: Z|an|2r2”.

2
0 n=0

Thus if zp is a point where the maximum is attained, we have |ag| = M and
M? = laol* < laol* + [ar]*r?® + -+ < |f(20)]* = M?
so that we are forced to have a; = a2 =--- =0 and f is constant. [J

We shall apply the maximum modulus principle mostly to the following
special case: if f is continuous in the closed disc {z : |z] < R} and analytic in
the interior, then the maximum of |f]| in the closed disc is necessarily attained
on the boundary. The principle can be used to prove the fundamental theorem
of algebra.

Corollary 5.2 (The Fundamental Theorem of Algebra) If n > 1 and
f(Z) =anz" + anflzn71 +---+arz+ao

is a polynomial with complex coefficients and a, # 0, then f has precisely n
roots over the complexr numbers.

Proof. It suffices to show that f has at least one root for then, we can apply the
division algorithm to reduce the degree of f and apply induction. If f(z) # 0
for every complex value of z, then 1/f is entire. We will apply the maximum
modulus principle to 1/f. Clearly 1/f(z) tends to zero as |z| tends to infinity.
Thus for any given «, there exists an R such that

1 < 1
F) - [f ()
for |z] > R. But we can choose R sufficiently large so as to ensure that |o| < R.

This violates the maximum modulus principle applied to the non-constant func-
tion 1/f. Thus f has a root in C. O

The following two corollaries suggest that the inequality in the maximum mod-
ulus principle can be improved if we have knowledge of zeros of the function
lying inside a disc of radius R.

Corollary 5.3 (Schwarz’s Lemma) Suppose that f is analytic in the closed disc
{z:|z| < R} and f(0) = 0. Then in this disc,

1f(2)] < |fIr(l2]/R),

where | f|r is mazimum of |f| on the circle {z : |z| = R} of radius R.
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Proof. The function g(z) = f(z)/z initially defined for 0 < |z| < R can be
analytically extended to |z| < R. Applying the maximum modulus principle to

g gives the result immediately. [

Corollary 5.4 (Jensen’s Inequality) Let f be analytic in {z : |z|] < R} and

f(0) # 0. If the zeros of [ in the open disc are z1,z29, ...,

being repeated according to multiplicity, then

IFO] < Iflr(z1 - 2nl/RY).

Proof. It is easily seen (see Exercise 1 below) that

R? — 2%,
R(z — zp)

has absolute value 1 for |z| = R. Thus, the function

is analytic on the closed disc of radius R and

lg(2) = |£(2)]

for |z| = R. The maximum modulus principle implies

9(2)| < |fl&-

Putting z = 0 gives the result. [J

zZn, with each zero

Corollary 5.5 Let f be as in the previous corollary. Let for positive r, v(r) =

v(f,r) denote the number of zeros of f in the open disc {z :

according to multiplicity. Then,

R
/O %@dwgbgum-logumn.

Proof. Since

RN N

R R
dzr v(x
log ——— = / —:/ )
|21+ 2N 2n] T 0 T

n=1

the result is immediate from the previous corollary. [J

dx

|z] < r} counted

3

One of the main consequences of these results is a relationship between the
number of zeros in a disc and the rate of growth of the function. We say that an
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entire function f is of strict order < p for a positive real p if there is a constant
C > 0 such that for any positive R,

If fi

|f(2)] < C*  whenever|z| < R.

s as above, then the greatest lower bound of all p for which the above

condition holds is called the order of f.

Coro
numb

llary 5.6 If f is a non-zero analytic function of strict order < p, then the
er of zeros of f inside the disc of radius R > 1 is bounded by AR where

A is a constant that depends on f and not on R.

Proo

f. Suppose that f has a zero of order n at z = 0. Then, g(z) = f(z)/z" is

analytic at z = 0 and ¢(0) # 0. Applying the previous corollary, we see that

Thus,

v(g, R)log2 < log|glar — log|g(0)].

v(g, R)1log 2+ nlog R <log|f|2r — log|g(0)]

from which the result easily follows. [J

Exercises

. Show that for |w| < R, the quotient

R? —zw
R(z — w)
has absolute value 1 for |z| = R.

Let f be a function analytic in |z| < R and non-vanishing there. Show that
the minimum modulus of f, min|,|<r[f(z)| is attained on the boundary.

Let f be analytic in |z2| < R with R > 0. Show that
£ 0)] < n!|f|r/R".

Deduce from the previous exercise that a bounded entire function is con-
stant. (This is a famous theorem of Liouville.)

Deduce the fundamental theorem of algebra from Liouville’s theorem.

Suppose f is analytic in |z| < 1 with |f(z)] <1 and f(0) = 0. Then show
that |f/(0)] < 1 with equality if and only if f(z) = cz where |c| = 1.

If f and g are entire functions of order p; and ps respectively, show that
the function fg is of order p with p < max(p1, p2). Further, if p; # pa,
then show that fg has order equal to max(p1, p2).

Let f and g be as in the previous exercise. What can you conclude about
the order of f + g7



Chapter 6

Siegel’s Lemma

The following lemma is a fundamental tool in transcendental number theory.

Lemma 6.1 (Siegel) Let a;; be integers of absolute value at most A for 1 <
1 <r,1<j<n. Consider the homogeneous system of r equations

n

Zai‘jxj:O, 1§Z§T

j=1
in n unknowns. If n > r, there is a non-trivial integral solution satisfying

lz;| < B
where
B =2(2nA)"—r.

Proof. Let C = (a;;) be the matrix associated with the system of equations.
Then C' maps R™ into R". Moreover, it maps Z" into Z". Let H > 1 be a

real number and Z"(H) be the set of vectors in R™ with integral co-ordinates
of absolute value at most H. Then clearly C' maps Z"(H) into Z"(nAH). If

(2nAH +1)" < (2H)",
then the map cannot be injective. In particular if

(2H)™™ > (2H)(2nA) > 2nAH + 1,
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24 Siegel’s Lemma

then there will be at least two distinct vectors mapping to the same point.
The difference of these two vectors gives a solution to the homogeneous system
satisfying

Choosing H = (2nA)7= gives the result. O

We will need a generalisation of this lemma to number fields. To this end, we
review some basic algebraic number theory. Let K be a number field. If a € K
is an algebraic number, then consider the set of all integers m such that ma is
an algebraic integer. The set of such integers contains a non-zero integer by our
earlier remarks (see Chap. 3). Moreover, it is an ideal of Z and hence principal.
The positive generator of this ideal will be called the denominator of o and
denoted d(«). We say d is the denominator of the algebraic numbers ayq, ..., ay
if d is the least common multiple of the numbers d(a),. .., d(an,). We will also
define the height of a, denoted H (), to be the maximum absolute value of all
its conjugates.

The second fact we need is that the ring of integers O of a number field K of
degree t has an integral basis. That is, there are algebraic integers wy,...,ws €
Ok such that every element of Ok can be written as

a1wi + -+ arwe
with a; € Z. Let o1,...,0; be the embeddings of K in C and for any w € K,

w) = g;(w) denote its j-th conjugate. The ¢ x ¢ matrix whose (4, j)-th entry is

wfj ) i easily verified to be invertible.

Lemma 6.2 Let a;; € Ok be algebraic integers of height at most A for 1 <
1 <r,1<j<n. Consider the homogeneous system of r equations

n
Zaijxj:(), 1SZ§T
j=1

in n unknowns. If n > r, there is a non-trivial O -integral solution satisfying

where

B = C(CnA)=—.
Here C is an absolute constant that depends only on K.
Proof. Let t be the degree of the number field K. We write each of the numbers

a;; in terms of an integral basis:

t
Qij = E QijkWk, Gijk € L.
k=1
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From these equations, we also see that by inverting the ¢ x ¢ matrix

(@),
we can solve for the a;;,. Thus we see that
laijk| < CoA

where Cj is a constant depending only on K (more precisely, on the integral
basis w;’s and the degree t). We write each z; as

IJ: E ngwg
14

so that the system becomes

n t t
Z Z Z aijryjewrwe = 0

j=1k=1¢=1
with y;¢ to be solved in Z. We can write

t
Wrwy = g ChtmWm, Ckem € Z.

m=1
Thus we have,
t n t
E E E Qi jkYjeChemWm = 0.
m=1 j=1 k(=1

Since the wy,’s are linearly independent over Q, the original system is now
equivalent to a new system of equations with ordinary integer coeflicients in the
unknowns y,¢. More precisely, we get the following homogeneous system of rt
equations

M~

>y

j=14=1

ijkChemYje =0, 1<i<r, 1<m<t

E
Il

1

in the nt unknowns y;,. We can now apply the previous lemma and obtain the
desired result by suitably choosing C' which depends only on K. [J

We will need one more variation of the previous lemma that will allow the
coefficients to be algebraic numbers instead of algebraic integers.

Lemma 6.3 Let a;; € K be algebraic numbers of height at most A for 1 <i <
r, 1 < j <n. Consider the homogeneous system of r equations

n

ZO&Z‘]‘,TJ‘:O, 1§Z§T
j=1
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in n unknowns. Let d; be the denominator for the coefficients of the i-th equation
and let d be the mazximum of the d;’s. If n > r, there exists a non-trivial Ok -
integral solution satisfying
where

B = C(CndA)w=

with C' an absolute constant depending only on K.

Proof. We simply multiply the i-th equation by d; and then apply the previous
lemma. [J

Exercises

1. Let K be an algebraic number field and wy, ..., w, an integral basis for

the ring of integers Ok . Show that the matrix (wj(-l)) is invertible.

2. Let a be an algebraic integer such that the height of « is equal to one.
Show that « is a root of unity.

3. A real algebraic integer a > 1 is called a Pisot—Vijayaraghavan number
(or a PV number) if all its other conjugates have absolute value strictly
less than one. Show that there are infinitely many PV numbers.

(Hint: Try using Rouché’s theorem in complex analysis.)

4. For any real x, let ||z|| denote its distance from the nearest integer. Show
that if « is a PV number, then the sequence ||| tends to zero as n tends
to infinity. (It is a longstanding conjecture that the converse is also true,
that is, ||a™|| — O for any real o > 1 implies that « is a PV number. This
is known to be true if « is assumed to be algebraic.)

5. Prove the following sharpening of Siegel’s lemma: let a;; € Z be integers
satisfying

n
D lagl <A, 1<i<r
j=1

Consider the homogeneous system of r equations
n
Zaijszo, 1§Z§T‘
j=1

in n unknowns. If n > r, there is a non-trivial integer solution satisfying
|xi| S -87

where
B=(A;--- A1),



Chapter 7

The Six Exponentials
Theorem

In this chapter and subsequent chapters, we will use Siegel’s lemma and the
maximum modulus principle to prove transcendence results. We shall begin
with the six exponentials theorem. The proof of this theorem involves the
notion of norm of an algebraic number which we recall. Let K be a number
field and ¥ be the set of embeddings of K into C. Then for any o € K, we
define the relative norm Nk g(a) of o to be

Nkso(@) = [] o(@).

oED
We refer N(a) = Ng(a),q() to be the norm of . It is clear that
Ni/o(a) = N(a)*

where d = [K : Q(«)]. When « is an algebraic integer, its norm is a rational
integer. Furthermore when o # 0, we have the obvious but important inequality:

1 < [Ni/(@)] < H(a)" ol
where n = [K : Q] and H(«) is the height of a.

Theorem 7.1 Let x1,x2 be two complexr numbers linearly independent over Q.
Let y1,y2,ys be three compler numbers linearly independent over Q. Then at
least one of the six numbers

exp(z;y;), 1<i<2, 1<j<3,

is transcendental.
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Remark. There is the four exponentials conjecture of Schneider that says the
theorem should still be valid if y1, y2, y3 are replaced by y1, yo linearly indepen-
dent over Q. We refer to the interested reader a paper of Diaz [44] where he
investigates the interrelation between values of the modular j-function (which
we shall be defining later) and the four-exponential conjecture.

Proof. Suppose that the conclusion of the theorem is false. Let K be an
algebraic number field containing the numbers

exp(z;y;), 1<:i<2, 1<j<3.

Let d be the common denominator for these numbers. We will consider the
function .
F(z) = Z aije(mlJrj“)z
ij=1

where the a;; € Ok will be suitably chosen so that I has a zero at the points

k1yr + kaye + ksys

with 1 < k; < n and where n is a parameter also to be suitably chosen. This
amounts to solving n® equations in r? unknowns. To apply Siegel’s lemma, we
need r? > n3. The coefficients of the equations are the algebraic numbers

exp((iz1 + jxo)(k1y1 + kaya + k3ys))

with denominators bounded by d®". By Siegel’s lemma, we can find algebraic
integers a;; of height at most

3
C(CT2 d6rnecorn) P23

We will choose 72 = (4n)® so that the a;;’s have height at most ¢“™””. Since
x1,x2 are linearly independent over QQ, we see that F' is not identically zero.
Moreover, F' takes values in K for all integral linear combinations of y1,y2, ys.
Since F' is of strict order < 1, not all such integral linear combinations can give
rise to zeros of F' since the number of such zeros in a circle of radius R grows like
R3? whereas the number of possible zeros of F grows like R by Jensen’s theorem
discussed in Chap. 5. Alternatively, since the set of numbers k1y1 + kay2 + k3ys
is not discrete, not all of these can be zeros of F. Let s be the largest positive
integer such that

F(kiy1 + kaye + ksys) =0 for 1 <k; <s.
Then by construction, s > n. Let
w = k1y1 + kay2 + ksys

be such that F(w) # 0 with some k; = s+ 1 and 1 < k; < s+ 1 for all i. Let
us observe that
d6r(s+1)F(w)
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is therefore a non-zero algebraic integer. Hence the absolute value of its norm
is at least one. In addition, we have the height estimate

log H(F(w)) < n®/? 4 (s + 1)r < s°/2.

This means 52
|F(w)| > C~*

for some positive constant C'. We now show that this is a contradiction. Clearly

i w — (kiy1 + kaya + ksys)
re=mre (z—(k + kaya + ksys) )
1<k1,k2,ks<s 19 212 3Y3

There are s® terms in the product and the function on the right-hand side is
entire. We want to estimate the size of F(w). We can apply the maximum
modulus principle on the circle of radius R to the entire function on the right-
hand side. We will choose R so as to ensure that |w| < R and

|z — (kiyr + kay2 + ksys)| > R/2

for all z on the circle. Thus

[F(w)| < |F|r(Cis/R)”
for some constant C; > 0. But an easy estimation gives

IF|p < €c1n5/2+cerT27
for some positive constants cj, co. Putting everything together gives
log |F(w)| < n®? + 7R+ s®log(s/R).

We will choose R = s%/2. This contradicts our earlier estimate that

log |F(w)| > —s°/log C,

if n is taken sufficiently large. [J

Exercises

1. If 1, 29,...,x, are linearly independent over QQ, show that the functions

x1t
)

xaot
sy

Tpt

€ € €

are algebraically independent over the complex numbers. [Hint: use
Exercise 1 of Chap.4.]

2. Show that the functions ¢ and e’ are algebraically independent over the
field of complex numbers.
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. Show that at least one of 2™,3™,5™ is transcendental.

. Let g € C and suppose that there are three multiplicatively independent

algebraic numbers a;, a2, ag such that af , ozg , ozg are algebraic. Show that
B is rational.

. If p1, p2, p3 are three distinct prime numbers such that p7, p3, p5 are inte-

gers, then show that x is a non-negative integer.

. Imitate the above proof for the four exponential conjecture and find out

where the proof breaks down.

. Let z € C with |2] € Q and ¢*™** € Q. Assuming the four exponential

conjecture, deduce that z € Q.



Chapter 8

Estimates for Derivatives

In numerous transcendence proofs, it is convenient to estimate derivatives of
polynomials evaluated at special points. To this end, we consider a more general
setting.

We introduce some terminology. If P is a polynomial in several variables
with algebraic coefficients, we will write size(P) for the maximum of the heights
of its coefficients. Given two such polynomials, P and @, with the latter having
non-negative real coefficients, we will say that @) dominates P if the absolute
value of the coefficient of each of the monomials in P is dominated by the
corresponding coefficient of ). We will write P < @ if () dominates P. It is
easily verified that if P, < @1 and P, < @2, then P, + P> < @1 + Q2 and
PP, < @Q1Q2. Moreover, if D; is the derivative operator with respect to the
i-th variable and P < @, then D;P < D;Q. If the total degree of a polynomial
P in n variables is r, then

P <size(P)1+az1+---+ )"

We also need some facts about derivations. Recall that a derivation D of
aring R is a map D : R — R such that D(z +y) = D(z) + D(y) and which
satisfies D(xzy) = D(x)y + 2D(y). Sometimes, we write Dz for D(z) when the
meaning is clear. For instance, if R is the polynomial ring K[z1,...,x,], then
the partial derivative 9/0x; is a derivation.

If R is an integral domain and K its quotient field, then a derivation D of
R can be extended in the usual way by setting

vD(u) — uD(v)

B} .

D(u/v) =

(%

If R is a ring with derivation D, then we can define a derivation on the polyno-
mial ring R[x1,...,x,] by mapping the polynomial

f@y, ) = an, i,y 2y
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to _
fP =" Dlai, . i)z -y

It is easily verified that this is a derivation (see Exercise 2 below).

If L = K[x1,...,x,], then the usual partial derivatives
0
Di =
8$i

are derivations which are trivial on K. Conversely if D is a derivation of L
which is trivial on K, then we can write it as a linear combination of the D;’s.
Indeed, we have

D =Y D(xi)D;

since any such derivation is determined by its values on the polynomials x;. In
fact, an easy induction shows that

and .
D(zy ---ap) = Z Dj(ay - xy)D(x;)
j=1
We apply these observations in the more familiar context of C(z1,...,xy,).
This shows that if P;,..., P, are arbitrary polynomials, then there exists a

unique derivation D* such that D*(z;) = P; which is trivial on C.

Lemma 8.1 Let K be an algebraic number field and fi,..., f, be complex-
valued functions. Let w € C be such that the functions fi,..., fn are holomor-
phic in a neighbourhood of w and that the derivative D = d/dz maps the ring
K(f1,..., fn] into itself. Assume that f;(w) € K for 1 < i < n. Then there
exists a number Cy having the following property. Let P(x1,...,x,) be a poly-
nomial with coefficients in K and of degree deg(P) < r. If f = P(f1,..., fn)s
then for all positive integers k,

H(DF f(w)) < size(P)k!CFT".

Moreover, the denominator of D¥ f(w) is bounded by d(P)CT™™, where d(P) is
the denominator of the coefficients of P.

Proof. There exist polynomials P;(x1,...,x,) such that

Dfi=Pi(fi,---, fn)-

Let 0 be the maximum of their degrees. By our earlier remarks, there is a unique
derivation D* such that

'D*(l'l) = Pi(acl, e ,LL‘n).
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Then for any polynomial P, we have

- 0
D*P(x1,...,2,) = ZPi(xl,...,xn)ax_P(:vl,...,;vn).

The polynomial P is dominated by
size(P)(1 4+ 21 + -+ x5)"
and so

0
6:51-

P(Ila"'v'rn)

is dominated by
size(P)r(1 + a1 4+ -+ 4+ ).

Now each P; is dominated by
size(P) (1421 + - +2,)°.
Thus, D*(P) is dominated by
size(P)Cr(1 + a1 + -+ x,)"+°
where

C= i size(P,
i=1

Now we argue similarly for D*?(P). We have

D*2P(z1,...,1,) = ;Pi(xl, R )821D*P(x1’ cey ).
Since
Z;ziD* (P) < size(P)r(r 4+ 6)C(1 +x1 + - +x,)" "2,
we obtain

D*2(P) < size(P)r(r 4+ 0)C?(1 + x1 + - - + x,)" T2,
Proceeding inductively, we see that
D*(P) < size(P)C*r(r +08) - (r+ (k — 1)) (1 + 21 + -+~ x,)" T,

Observing that for § > 0 (for 6 = 0, the estimates are even easier),

k! < §kortFEl

r(r+5)--~(r+(k—1>5>gak(r+1>...(r+k>§5k(r+kk)



34 Estimates for Derivatives

we obtain an inequality of the form
D**(P) < size(P)Cy T E (1 + @y 4 - - - 2,)" T,

If we plug in the values f;(w) for z; in the above, we obtain a bound for
D*k(f(w)) exactly of the form as required in our lemma. To prove the lemma, we
observe that the map z; — f; is a homomorphism from the ring K[x1, ..., 2,] to
K[f1,-.., fn] which takes the derivation D* to D. Thus D**(f(w)) = D* f(w)
and since all these numbers lie in the fixed number field K, the first assertion
of the lemma follows. The second assertion about the denominator estimate
follows in a similar inductive style. We leave this as an exercise to the reader.
O

Exercises

1. Let R be an integral domain and D a derivation of R. Show that the map
D extends to the field of fractions of R by the definition:

yD(z) —2D(y)

D(z/y) = "

2. Let D be a derivation on the ring R. Show that the map f +— f” (defined
in the beginning) is a derivation on the ring R[z1,...,zy).

3. If K is a field, show that the set of all derivations of K, denoted Der(K),
forms a vector space over K if we define

(D1 + D) (x) := D1(z) + Da(x), (aD)(z) := aD(x),

for Di,Ds,D € Der(K),anda € K. Show further that [Di,Ds]
:= D1Dy — Dy D1 is again a derivation of K.
4. With notation as in the previous exercise, show that

[[D1, D], D3] + [[D2, D3], D1] + [[Ds, D1], D2] = 0,

for any three derivations D1, D2, D3 of K. (This is equivalent to saying
that Der(K) is a Lie algebra.)

5. Let D be a derivation on a field K and consider the function

D
L(z) = —x, x e K*.
x
Show that L(xy) = L(z) + L(y). This map L is called the logarithmic
derivative.



Chapter 9

The Schneider—Lang
Theorem

In 1934, A.O. Gelfond and T. Schneider independently solved Hilbert’s seventh
problem. This problem predicted that if o and £ are algebraic numbers with
a # 0,1 and § irrational, then o is transcendental. In particular, the number
2V2 is transcendental as well as the number e™, as is seen by taking 8 = i and

a = —1. Another consequence of the theorem is the transcendence of numbers
such as

log o

log 3

whenever log o and log 8 are linearly independent over the rationals.

In 1962, Serge Lang derived a simple generalisation of the Schneider method
and it is this result we will discuss here. In the subsequent chapters, we will
derive further corollaries of the theorem.

Recall that an entire function f is said to be of strict order < p if there is a
positive constant C' such that

[f(z)] <O

whenever |z| < R. A meromorphic function is said to be of strict order < p if it
is the quotient of two entire functions of strict order < p.

Theorem 9.1 (Schneider-Lang) Let K be an algebraic number field. Let
f1,- .., fa be meromorphic functions of strict order < p and assume that at least
two of these functions are algebraically independent. Suppose further that the
derivative D = d/dz maps the ring K[f1,..., fa] into itself. If w,..., w,, are
distinct complex numbers not among the poles of the f;’s such that f;(wy) € K
forall1 <i<d,1<k<m, then m <4p[K : Q).

M.R. Murty and P. Rath, Transcendental Numbers, DOI 10.1007/978-1-4939-0832-5_9, 35
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Proof. Let f,g be two functions among fi,..., fq which are algebraically
independent. Let

T
F= Z aij f'g’.
i=1

We wish to select coefficients a;; € Ok such that
DFF(w,) =0

for 1 <v <mand 0 <k <n—1. This amounts to solving the linear system of
mn equations in r? unknowns:

> aiDF(fig7) (wy) = 0.

ij=1

By hypothesis, the numbers

k
D*(fig")(w,) = <k> D' (f")(wy,) D*" (g7)(wy)

t=0 t

are algebraic and lie in K. By Lemma 8.1, we can estimate the size of our
coefficients. Choosing r? = 2mn, Siegel’s lemma assures that we can find the
desired a;; € O with

H(aij) S enlognJrO(nJrr).

Since f and g are algebraically independent over K, our function F is not
identically zero. Let s be the smallest integer such that all the derivatives of F'
up to order s — 1 vanish at the points wq, ..., w,, but such that D*F does not
vanish at least at one of the w,, say w;. Then s > n and by Lemma 8.1, we

have an estimate for
H(DSF(wl)) < eslogs-{-O(s)'

We also know that it has denominator bounded by €198 5+0() Since D*F (w;) #
0, from the height estimate we deduce that

|DS(F(w1))| > e—Q[K:Q]slogs-i-slogs-i-O(s)'

On the other hand, we can deduce an upper bound for this quantity as follows.
Let h be an entire function of order < p so that h(wy) # 0 and both hf and hg
are entire. Then

h(z)?"F(z)

Doz —w)s i

G(z) =

(wl —w,)*

is entire. Let us note that

i ) _ D)
z—wi h(z)?" s!
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because

D3 (F(w
is its Laurent expansion about z = wy. We note that to estimate |D*(F(w1))],
it suffices to estimate G(z) on the circle |z| = R which encloses wy. For this, we
apply the maximum modulus principle to G on the circle with radius R = s'/2¢
(suitably large) to obtain

D3(F o
| ( S'(wl))| < C’I"R R—™S.

Since R = s'/27 we get an upper bound of

efms(log s)/2p+slog s+rst/?c;

Recalling that r = O(n'/2), we obtain a contradiction if m > 4p[K : Q]. This
completes the proof. [

We now derive some important corollaries of this theorem.

Corollary 9.2 (Hermite-Lindemann Theorem) Let « be a non-zero algebraic
number. Then e® is transcendental.

Proof. Suppose not. Let K be the field generated by « and e® over Q. Let
fi(z) = z and fa(z) = e**. Then the ring K|[f1, f2] is mapped into itself by
the derivative map. Moreover, by Exercise 2 in Chap. 7, the two functions are
algebraically independent. The theorem indicates that there are only finitely
many complex numbers w such that fi(w), f2(w) € K. But we may take the
infinite set w = 1,2, 3, ... to derive a contradiction. [J

Corollary 9.3 (Gelfond—Schneider Theorem) Let a, 8 be algebraic numbers
with o # 0,1 and B irrational. Then o is transcendental.

Proof. Suppose not. Let K be the field generated by «, 3, &® over Q. We apply
the theorem to the two functions fi(z) = e?, fa(z) = €%*. Again, the derivative
maps the ring K[f1, f2] into itself. By Exercise 1 of Chap.7, we conclude that
f1 and fo are algebraically independent. Thus f; and fa can take on values in
K simultaneously at only a finite number of complex numbers. But this is a
contradiction if we take z = loga,2logca,.... O

In the subsequent chapters, we will discuss further applications of this impor-
tant theorem to the theory of elliptic functions, abelian functions and modular
functions.
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. If P is a polynomial of degree d, determine the order of the function e*.

Exercises

P

. Prove that if f is an entire function of order p, then its derivative f " also

has order p.

. Let «, 8 be algebraic numbers unequal to 0 or 1. Show that

log o
log B

is either rational or transcendental.

. If a, 8 are non-zero algebraic numbers such that log c, log 8 are linearly

independent over Q, then show that they are linearly independent over Q.



Chapter 10

Elliptic Functions

Let wi,ws be two complex numbers which are linearly independent over the
reals. Let L be the lattice spanned by wi,ws. That is,

L = {mwy + nwz : m,n € Z}.

An elliptic function (relative to the lattice L) is a meromorphic function f on
C (thus an analytic map f : C — CP;) which satisfies

fz+w) = f(z)

for all w € L and z € C. The value of such a function can be determined by its
value on the fundamental parallelogram:

D ={swi+tws: 0<s,t<1}.

Any translate of D is referred to as a fundamental domain for the elliptic func-
tions relative to L. The set of all such elliptic functions (relative to L) forms a
field and L is called the period lattice or the lattice of periods.

The Weierstrass gp-function associated with L is defined by the series

1 1 1
0=z T {2 )
welL’
where L’ denotes the set of non-zero periods. The associated Eisenstein series
of weight 2k is
Gor(L) == Z w2k,
welL!

Theorem 10.1 Let L be a lattice in C. The Eisenstein series Gap is abso-
lutely convergent for all k > 1. The Weierstrass p-function associated with L
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40 Elliptic Functions

converges absolutely and uniformly on every compact subset of C\L. It is a
meromorphic elliptic function on C having a double pole at each point of L and
no other poles.

Proof. It is easy to see that

#{weLl:N<|w <N+1}=0(N).

Hence

1 — 1 — 1
Z |w|2k§ZN2k#{w€L: NS|W|<N+1}<<ZN%—17
N=1 N=1

weL:|w|>1

from which the first assertion follows. To deal with the convergence of the second
series, we split the series into two parts:

2+

0<|w|<L2]z|  |w|>2|z]

The first sum is a finite sum by our observation above. For the second sum, we

note that
1 1

(z—w)? w?

] 22w —2)
| w2(z — w)?
which converges by the first part of our theorem. Thus the defining series of the
Weierstrass p-function converges absolutely and uniformly on every compact

subset of C\L. This proves that p is analytic in the region C\L. Further, we
can compute its derivative and find that

' (2) = -2 Z ﬁ

10]z|
Tl

from which it is clear that g’ is an elliptic function. Thus for any fundamental
period w (i.e. there exists 7 € L such that w and 7 generate L),

o' (z +w) =¢'(2)

and hence we obtain
p(z +w) = p(z) + c(w)

for some constant c(w) which is independent of z. Putting z = —w/2 and
noting that g is an even function, we find that ¢(w) = 0. Finally the series
representation clearly shows the location and multiplicities of the poles. This
completes the proof. [

The next theorem describes a fundamental algebraic relation between g
and p'.
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Theorem 10.2 The Laurent series for p(z) about z = 0 is given by

o0

1
:;‘FZ 2k+1 G2k;+22
k

=1
Moreover, for all z € C, z ¢ L we have
©'(2)? = 4p(2)® — 60G4p(2) — 140Gs.

Proof. We begin by observing that

oo
E 2" =
n=0

for |z| < 1. Upon differentiating both sides, we find that

1
Z”Z =T

Thus,

oo

1-2)72=1=> (n+1)"

n=1

a fact we will use below. Let 7 = min{|w| : w € L’}. Then, for 0 < |z| < r, we
can write

w2
Summing both sides of this expression over w € L', we obtain
o0
= Z Z(n+ 1)z" /W™t
weL' n=1
Interchanging the summations on the right-hand side and noting that for odd

n > 1, the sum
wel’

(because both w and —w are in L), we obtain the first assertion of the theorem.
To prove the second assertion, we differentiate the Laurent series to get

o'(2) = —2273 4+ 6G4z + 20Ge23 + -+ - .
Squaring this, we obtain

O (2)? =427% - 24G4272 — 80Gg + - - -
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Cubing the p-function, we get

p°(2) = (2724 3G42? +5Gez* + -+ )3
=2 049Gz +15Ges + - - .

Thus, the function
F(2) = ¢'(2)? — 4p(2)® 4 60G4p(2) + 140G

is holomorphic at z = 0 and vanishes there. Since f(z + w) = f(z) for all
w € L, we have that f vanishes at all points of L. But it is also an elliptic
function which is analytic outside of L. It follows that f is analytic on the
fundamental parallelogram D and thus is an entire function. Since the closure
of D is compact, f is a bounded entire function. By Liouville’s theorem, f is

constant. Since f(0) = 0, this constant must be zero. This completes the proof.
O

The preceding theorem shows that the points (p(z), p'(2)) for z € C\L lie
on the curve defined by the equation

y? = 42 — gow — gs,

where
g = 60(;47 gs = 140G6

The cubic polynomial on the right-hand side has a discriminant given by
A = g; - 27g3

which we shall show to be non-zero. Such curves are called elliptic curves.

We want to show that the converse is also true. Namely, given (x,y) € C?
lying on the curve, we can find z such that x = p(z) and y = ¢'(z). Indeed, if
the equation p(z) —x = 0 has no solution, then 1/(p — z) is an elliptic function
which is holomorphic on L. By periodicity, we see that it is entire and bounded.
By Liouville’s theorem, it must be a constant, a contradiction since g is not
a constant function. Hence y = +¢'(z) and since p'(z) = —p'(—z), we may
adjust the sign of z appropriately so as to ensure that (z,y) = (p(z), p'(2)).
This proves:

Theorem 10.3 Let L be a lattice. Let go,gs be defined as above. Then all the
complex solutions of the equation

y? =4a® — gow — g3

are given by (p(2), 9'(2)) where @ is the Weierstrass p-function attached to L
and z ranges over all the complex numbers in C\L.



Elliptic Functions 43

Let us now prove the following elementary, but crucial lemma:

Lemma 10.4 Let [ be an elliptic function associated with the lattice L and let
res,, [ denote the residue of f at z = w. If D is a fundamental domain of f
whose boundary 0D does not contain any pole of f, then

Z res, f = 0.

weD

Further, if ord,, denotes the order of f at z = w and 0D does not contain a

zero of f, then
> ordyf = 0.

weD

Proof. Let D be a fundamental domain whose boundary does not contain any
pole of f. By Cauchy’s theorem, we have

f(z)dz = 2mi Z resy f.

oD weD

The periodicity of f shows that the line integrals along the opposite sides of the
parallelogram cancel. This proves the first assertion. The second one follows on
applying the first assertion to the elliptic function f'(z)/f(z). O

There are two more related functions we will look at. The first is the Weier-
strass o-function attached to the lattice L and defined as

o(z):=z H (1 - 5) 7/ wHa" [ 2*

weL’

Since the series

E w—2—6

weL’

is absolutely convergent for € > 0, Weierstrass—Hadamard factorisation theory
for entire functions will immediately imply that o is an entire function of order
two. But without appealing to the general theory of entire functions, it is not
difficult to carry out an explicit hands-on treatment of this function which we
do.

If we formally take the logarithmic derivative of the ¢ function, we obtain
the Weierstrass (-function:

((2) = U/(Z)=l+z [;+l+i}

z—w w  w?
welL’

The summand on the right can be written as

1 1 z 2k
T R R Do
k=2
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for z in a suitable region. By our earlier remarks, we see that the series defining
the function ¢ converges absolutely and uniformly for any compact set in C\ L.
Thus ¢ is an analytic function in C\L. Now exponentiating local primitives of
this function, we see that ¢ is an entire function. If we differentiate ¢, we obtain

(O =-%- % |2 - 2| = o

welL’

It is easily seen that both o and ( are odd functions.
The Weierstrass o-function has strict order < 3. To see this, let z be a
complex number of absolute value R. Then,

®©  _k
279 2 _ o
log(l — z/w) + z/w + z°/2w” = — Z TR
k=3
provided |z| = R < |w|. If |w| > 2R, then the sum converges absolutely since

o0
Do 1F k] < L |l

k=3

Thus, the part of the product defining o which is restricted to |w| > 2R converges
absolutely and its logarithm is O(R?). The part of the product over those w
satisfying |w| < 2R has O(R2?) factors and each factor is O(Re® ) from which
the assertion follows. From the product formula, we also see that ¢ is an entire
function with simple zeros on L and at no other points.

Differentiating the function ((z 4+ w) — {(z), we get zero since the p-function
is periodic. Thus there exists n(w) so that

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

It is clear that n is a Z-linear function in w. Thus, 7(2w) = 2n(w). The notation
m = n(wr) and n2 = n(w2) is standard and these are called quasi-periods of .
Thus ( is not an elliptic function since it is not doubly periodic.

What about o7 From the preceding, we see that

logo(z +w) =logo(z) + n(w)z + c(w)
for some function ¢ on the lattice. It is convenient to write this as

o(z+w)
o(2)

thereby defining ¢ (w). Suppose first that w/2 ¢ L. Setting z = —w/2 above
and using the fact that o is odd, we see at once that ¢ (w) = —1. On the other
hand,

— 1/)(w)en(w)(erw/D

o(z42w) o(z+4+2w)o(z+w)

o(z)  olz+w) o(z)
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and so by applying the functional equation twice and using the fact that n(2w) =
2n(w), we get

¥(2w) = P(w)*.
In particular if w/2 € L, we get

V(W) = P(w/2)%

Thus dividing by 2 until we get some element which is not twice a period, we
get its value to be —1 which upon squaring becomes 1. This proves:

Theorem 10.5
o2 +w) = o (2)h(w)en @),

where Y(w) =1 if w/2 € L and —1 otherwise.

This theorem allows us to factor the p-function as a product of ¢ functions.
Indeed, let us observe that for any a € C, we have

IEHATD) _gen@)etel2) gnwa
o(z+a)
Noting that n(w)a occurs linearly in the exponent, we see that if a4, ..., a, and
bi,..., by, are any two sets of complex numbers satisfying
n n
N
i=1 i=1

then the function

is periodic with respect to the lattice L and hence an elliptic function. The
converse is also true, namely that any elliptic function can be written as a
product of above type. For example, we have for any a ¢ L,

vl ==

To see this, note that the left-hand side has zeros at z = 4+a and all its trans-
lates by L and a double pole at z = 0. There are no other zeros or poles by
Lemma 10.4. The right-hand side is an elliptic function by our earlier remarks
with the zeros and poles of the same order and at the same places. Thus the
quotient is entire and as its value is determined on the fundamental domain, it
is bounded there. By Liouville’s theorem, it is constant. Since o(z)/z tends to
1 as z tends to zero, we deduce that the constant must be 1 by multiplying both
sides by z? and taking the limit as z tends to zero. This discussion along with
Exercise 4 proves the following theorem.
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Theorem 10.6 Any elliptic function is expressible as a product of the form

n
(z — a;)

o35
o(z —b;)

=1

where ¢ s a constant.

The subject of elliptic functions was developed in the nineteenth century by

the works of Legendre, Gauss, Jacobi, Eisenstein, Kronecker and others. Today
this field has grown naturally into the theory of modular forms, one of the
most active branches of mathematics. We heartily recommend the delightful
little book of Weil [131] which gives a wide-ranging historical perspective of this

topic.

Exercises

. Show that ¢ and n are both odd functions.

. Show that for any lattice L and k > 2,

Gar(L) = Pu(G4(L),Ge(L))

where Py(z,y) is a polynomial with rational coefficients, independent of
L.

. Show that the Weierstrass gp-function has strict order < 3.

. Prove that for any elliptic function f associated with a lattice L,

Z wordy, f € L.

weD

. Fix a complex number ¢. Show that the equation p(z) = ¢ has exactly two

solutions in the fundamental parallelogram. If u and v are these solutions,
use the previous exercise to deduce that u+ v € L.

. Prove that

. If f is an even elliptic function and wu is a zero of order m, show that —u

is also a zero of order m. Prove the same assertion with “zero” replaced
by “pole”. Further, if u = —u in C/L, then m is even.

. Prove that any even elliptic function f is a rational function in g. [Hint:

By the previous exercise, pair up the zeros as a;, —a; and the poles as
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b;, —b; in a fundamental domain, taking care when a pair is same mod L.
Now consider the function

[Li(p(2) = plai))
[1i(p(2) — p(bi))

and show that it has the same zeros and poles as f.]

9. Conclude from the previous exercise that any elliptic function is a rational
function in p and ¢’.



Chapter 11

Transcendental Values
of Elliptic Functions

The observation that points on a certain elliptic curve can be parametrised by
the values of the p-function and its derivative allows us to deduce an important
addition theorem for the p-function. Using Lemma 10.4, we will prove the
following addition formula for the gp-function.

Theorem 11.1 For z1,z9 with z1,22 and z1 &+ 2o ¢ L, we have

¢ (21) — @'(22))2'

1
p(z1 + 22) = —p(21) — p(22) + 4 ( p(z1) — p(22)

When z1 = z9 = z, we have

ol22) = ~20(:) + 1

Proof. Let (Ilayl) = (@(Zl)vp/(zl)) and ('r27y2) = (p(ZQ)ap/(ZQ)) be the
corresponding points on the elliptic curve

y? = 42° — gox — g3.
Let y = ax + b be the line through these two points. Thus,
O (21) = ap(z1) + b, @'(22) = ap(z2) +b.

Now with a suitably chosen fundamental domain D (so that we can apply
Lemma 10.4), we can ensure that the elliptic function

o' (u) —ap(u) = b
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has poles only at z = 0 in D and this pole has order 3. Thus by Lemma 10.4, it
has three zeros in D (counting multiplicities). Working mod L, we already have
two of these zeros, namely u = z; and u = z5. Let u = ¢ be the third zero. Then

O'(t) =ap(t) +b

and by Exercise 4 in the previous chapter (which follows by integrating the
function sz), we have
21+ 2o+t € L.

In addition, we have

We conclude that
(ap(t) +b)* = 4p(t)° — g2p(t) — g5
By our analysis, the cubic equation
(ax + b)? = 423 — gox — g3
has roots # = p(z1), p(22) and = @(t). Since the sum of the roots is a?/4,

we get

1

pla1) + ple) +plt) = a*/4 = <M) _

p(z1) — p(22)

Since —t = 21 4+ 22 mod(L) and p(—t) = p(t), we deduce the assertion of the
theorem. The second part is obtained by taking limits as z; tends to z5. This
completes the proof. [J

We are now ready to prove the following important application of the
Schneider-Lang theorem.

Theorem 11.2 Let L be a lattice and suppose that ga, g3 are algebraic. Then,
for any algebraic « ¢ L, p(«) is transcendental.

Proof. Suppose not. Then @'(«) is also algebraic since go, g3 are algebraic.
Since

0'(2)* = 4p(2)° — g20(2) — g3,
we see upon differentiating the left-hand side and dividing by ¢’(z) that
20" (2) = 120(2)* — go.

Let K be the algebraic number field generated by ¢, g3, @, p(«). We apply
the Schneider-Lang theorem to the field K and the functions z, p and g’. The
derivative operator maps the polynomial ring generated by these functions into
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itself. These functions are of strict order < 3 by the theory of the Weierstrass
o and ( functions discussed in the previous chapter. Moreover the functions
fi1(z) = z and fa(z) = p(z) are algebraically independent. To see this, suppose
they are algebraically dependent. Then there exists a polynomial P € Clz,y]
such that P(z, ) is identically zero. If the z-degree of P is n and n > 0, we
may write this relation as

2" Po(p(2)) + 2" Paci(9(2) + - + Po(p(2)) = 0

for certain polynomials Fy,..., P,. If we take zo ¢ L with P,(p(z0)) # 0, we
see from the periodicity of p(z) that the polynomial

2" Pu(p(20)) + 2" Pu_1(p(20)) - - + Po(p(20))

has infinitely many zeros at zp + w for w € L. One can carry out a similar
argument for the case when n = 0. Thus the functions f; and f2 are algebraically
independent. By the Schneider-Lang theorem, these functions and g’ take
values in K simultaneously at only finitely many complex points. But this is
not the case since by the addition formula for the gp-function, these functions
take values in K at all the points na ¢ L with n = 1,2,.... This contradicts
the Schneider-Lang theorem. Thus p(«) must be transcendental. [

Given a lattice L with invariants g» and g3, let E be the elliptic curve y? =
423 — gox — g3. As described in the previous chapter, the complex points of this
curve are parametrized by the Weierstrass p-function of L.

Conversely, we shall see later that given an elliptic curve of the form 3? =
423 — Az — B (where A3 —27B?% # 0 by definition), there exists a unique lattice
L such that g2(L) = A and g3(L) = B and hence the complex points of this
curve are parametrized by the Weierstrass p-function of L. The elements of L
are referred to as periods of the given elliptic curve.

The previous theorem implies that any non-zero period of such an elliptic
curve defined over Q (i.e. g» and g3 are algebraic) must be transcendental. To
see this note that

9'(w1/2) = —p'(—w1/2)
since @’ is an odd function. But ¢’ is periodic with respect to L and so
P (—w1/2) = o' (w1 /2 + w1)
so that p'(w1/2) = 0. The same reasoning shows that
¢ (w2/2) = ¢'((w1 +w2)/2) = 0.
From the fact that (p(z), 9’(z)) are points on the elliptic curve
E: y? =423 — gox — gs,

we immediately see that
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are the zeros of the cubic equation
4a® — gox — g3 = 0.

These are called the two-division points of E. In particular it follows that for
g2, g3 algebraic, all the two-division points are algebraic. Thus dividing any
non-zero period by a suitable power of 2 and using the previous theorem, we
immediately deduce the following fundamental result first proved by Schneider:

Theorem 11.3 Any non-zero period of an elliptic curve
y* =42 — gax — g3
with go2 and gs algebraic is necessarily transcendental.

In other words, if L is the lattice with invariants g2(L) = g2 and g3(L) = g3,
then L N Q = 0. This result could be viewed as the elliptic analogue of the
transcendence of 7 since 2mi is a “period” of the exponential function e* and g
is a higher dimensional generalisation of the exponential function in the sense
that it is doubly periodic.

We end this chapter by noting the following result for future reference.

Proposition 11.4 The numbers p(w1/2), p(w2/2) and p((w1 + we2)/2) are
distinct.

Proof. Suppose not. Let L be the lattice spanned by w1, ws which are linearly
independent over R. Let us consider the function

f1(z) = p(2) — p(w1/2).

This has a double order zero at z = wy /2 since g’ (w1/2) = 0. Since p has a dou-
ble order pole at z = 0 in a suitable translate of the fundamental parallelogram
and no other poles, this accounts for all the zeros of f; by Lemma 10.4. It fol-
lows that any zero must be congruent to wy/2 modulo L. If p(w2/2) = p(w1/2),
then we would have w; = ws modulo L, contrary to their linear independence
over R. Thus p(w1/2) and p(w2/2) are distinct. A similar argument applies for
the other two-division points. [J

We immediately deduce:
Proposition 11.5 The discriminant
g5 — 2793 # 0.
Proof. It will be convenient to write
e1=p(w1/2), e =p(w2/2), e3=p((w1+w2)/2).
Then the discriminant of the cubic is
95 — 2793 = 16(e1 — e2)*(e1 — €3)*(e2 — €3)°

and by the previous proposition, this is non-zero. [
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Exercises

1. If g2, g3 are algebraic, show that for any natural number n, the numbers
p(w1/n) and p(ws/n) are algebraic numbers.

2. Let L be a lattice with go, g3 algebraic. If p(«) is transcendental, show
that p(na) is transcendental for every natural number n with na ¢ L.

3. With L as in the previous exercise, show that if p(«) is transcendental,
then so is p(™ () for every natural number n.

4. Show that the functions e® and p are algebraically independent.

5. Let go, g3 be algebraic and w be any non-zero period of the elliptic curve

y? = _4:103 — gox — g3. Then show that w and 7 are linearly independent

over Q.



Chapter 12

Periods and Quasiperiods

In the previous chapter, we proved that the fundamental periods w;,ws of a
Weierstrass p-function whose corresponding gs, g3 are algebraic are necessarily
transcendental. A similar question arises for the nature of the associated quasi-
periods n1,7m2. We shall show that these are also transcendental whenever go
and g3 are algebraic. To this end, we shall need the following lemmas. Let H
denote the upper half-plane, i.e. the set of complex numbers z with J(z) > 0.

Lemma 12.1 (Legendre Relation) If wi and wq are fundamental periods such
that w1 /we € H, then
w1ng — won = 2mi.

Proof. We integrate ((z) around a fundamental parallelogram D, shifted
slightly so that the boundary does not contain a period. The only pole of ¢
is at z = 0 with residue 1. Thus By Cauchy’s theorem,

2mi = ¢(2)dz.
oD

But ((z +w) = {(z) +n(w) and hence the line integrals along the opposite sides
of the parallelogram don’t quite cancel, but give the required terms. [

Lemma 12.2 The functions f1(z) = p(z) and f3(z) = az + 5((z), with «,
not both zero, are algebraically independent.

Proof. We begin by observing the following facts (see exercises below):

s o o L (#C) G
C(zl —I—ZQ) —C( 1)+<( 2)+ 2 < p(Zl) _p(z’z) >

M.R. Murty and P. Rath, Transcendental Numbers, DOI 10.1007/978-1-4939-0832-5_12, 55
© Springer Science+Business Media New York 2014



56 Periods and Quasiperiods

and
f3(z1 + 22) = f3(21) + f3(22) + g (%> '

Suppose now that fi, fs are algebraically dependent and

f3(2) +ar(2) f3(2)" 7+ Han(z) = 0 (12.1)
with aq, ..., a, rational functions in p(z). For rational integers ¢ and d, we have
fa(z 4+ cwr +dw2) = afz+ cwy + dwsa) + BC(z + cwr + dws)

= f3(2) + a(cwr + dwz) + B(em + dng),
by the quasi-periodicity of (. We claim that we can choose ¢, d such that
0 := a(cwi + dws) + B(eny + dne) # 0.

Assume otherwise. Then choosing (¢, d) equal to (1,0) and (0, 1) respectively,
we have

aw; +PBn =0 and aws + By = 0.

Multiplying the first equation by 7o and the second one by 7 and subtracting
gives

a(wing —wam) =0

which by Legendre’s relation implies o = 0. Similarly we deduce 3 = 0, contrary
to hypothesis. Thus we can choose ¢, d such that 6 # 0. It follows by induction
that

fa(z 4+ m(ewr + dws)) = f3(z) + mb,
for every integer m. In (12.1), we replace z by z + m(cw; + dws) to get
iz +mlew + dwa)) + an—1(2) fa(z + mlcwr + dw2))" H 4+ +an(2) =0,

since the a;’s are rational functions of p which are periodic in w; and wy. In the
fundamental parallelogram, there are only finitely many values of z for which
the functions a;(z) are not analytic. If we choose z = zg so that it is not one of
these values, we obtain that the polynomial equation

" 4 an_1(20)2" + - 4+ ap(z0) =0
has infinitely many zeros:
f3(z0 + m(cwr + dws)) = f3(20) +mb, m=1,2,...,
since 6 # 0. This is clearly a contradiction. [J

We note that the case § = 0 was established in an earlier chapter. Recall
that w is called a fundamental period of g if there exists another period 7 such
that w and 7 generate the associated lattice L.



Periods and Quasiperiods 57

Theorem 12.3 Let w be a fundamental period of o with ga and g3 algebraic.
Set ng = 2¢(w/2). Then any linear combination of w and ny with algebraic
coefficients, not both coefficients zero, is transcendental.

Proof. Suppose not. Suppose aw + 81 is algebraic where o and 3 are algebraic
numbers, not both zero. Consider the functions

f1(2) = 9(2), f2(2) = ¢/ (2), fa(2) = az + B(2).

Let K be the algebraic number field generated by «, 8 and aw + Bny together
with the roots of the cubic equation

473 —gox — g3 = 0.

Then the ring K[f1, f2, f3] is invariant under the differentiation map. We must
check that at least two of the functions fi, fo, f3 are algebraically independent.
But this is clear from the previous lemma. We have already seen that f; and fa
are quotients of entire functions of strict order < 3 and the same is true for f3.
We will choose z = (r 4+ 1/2)w with r ranging over the integers. Since p(w/2)
is a root of the cubic equation

473 —gox — g3 =0,

we see that f; takes values in K at these points. We also see that f; vanishes
at these points. Finally, since

((rw + w/2) = ((w/2) + nlrw) = no/2 + ry(w),

Fal(r +1/2)w) = aw(r +1/2) + Bro/2 + Bra(w).

Since ((z + w) = {(z) + n(w), putting z = —w/2 and using the fact that ¢ is an
odd function, we obtain

((w/2) = =((w/2) + n(w),
which proves that n(w) = 2¢(w/2) = n9. So we obtain
fs((r +1/2)w) = (r +1/2)(aw + Bio)
which lies in K by our assumption. We now have infinitely many complex

numbers at which all these three functions simultaneously take values in K.
This contradicts the Schneider-Lang theorem. [

In particular, we have the following important result proved by Schneider;

Corollary 12.4 If g2, g3 are algebraic, then any non-zero period or quasi-period
is transcendental.



58

Periods and Quasiperiods

Exercises

. Prove that

9" (2)

(2 = 20() + 3

. Show that if p(«) is algebraic, then ((2"«) is a polynomial in ((«) with

algebraic coefficients lying in a field of bounded degree over Q.

. Let L be a lattice with corresponding gz, g3 algebraic. If a is not a period,

show that at least one of p(«), () is transcendental.

. Prove the addition formula for the (-function:

o' (21) — @'(22)> '

1
o+ 2 = o)+ o+ 5 (ST 255



Chapter 13

Transcendental Values
of Some Elliptic Integrals

In the case of trigonometric functions, we can rewrite the familiar identity

sinz 4+ cos?z =1

dy 2

2

) -1
7+ ()

where y(z) = sinz. We can retrieve the inverse function of sine by formally
integrating

as

dz:L
1—92

so that

sin~!z = /Z —dy
0 1—y?

The period of the sine function can also be retrieved from

1
d
2 = 4 / W
0 V1—-y?
However, we should be cautious about this reasoning since sin™ " z is a multi-
valued function and the integral may depend on the path taken from 0 to z.

With this understanding, let us try to treat the inverse of the elliptic function
p(z) in a similar way. Indeed, we have

1

W _ /3T — )~
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from which we intend to recover z as

/ dzr
z =
V4x3 — gox — g3

upon setting x = p(z).

As we mentioned before, it is an issue whether these integrals are well defined
since they may depend on the path. To make these integrals well defined, we
need to make branch cuts by appealing to the theory of Riemann surfaces.
However, let us attempt to figure out the defect, namely the difference between
integrals over two different paths. Let zyp and z; be two fixed points and v be
a piecewise smooth path parametrized by z = z(t), 0 < ¢ < 1, with z(0) = z
and z(1) = z;. Suppose that the path does not pass through the any of the
zeros of the polynomial 423 — gox — g3. Let y = y(t) be a continuous path such
that the points

(2(t)y(t), 0<t<1

lie on the elliptic curve
E:y? =423 — gox — g3

associated with p. Let y(0) = vy and y(1) = v; be the end points of y(¢). Cov-
ering space theory for path lifting ensures that there exists a piecewise smooth
path u(t) such that

a(t) = p(u(t), y(t)=¢'(ut), 0<t<L
Let wg and w; be the end points of u(t), that is
p(wo) = 20, 9'(wo) =vo and p(wi) = 21, @'(w1) = v1.

Then we have,

R W (1) L P P
IW‘/Wy‘/o y(t)‘“‘/o o (u() ‘“‘/o (t) = w1 —wo.

Now let 7 be another path from zy to z; and suppose that the chosen y curve
has the same beginning point vy. Then it is clear that its terminal point is equal
to +vy. Let I, = | ) 4z he the integral with respect to this new path ;. Then
it is not difficult to see that

I, =1I,(mod L) or I, =—I,—2wy (mod L),

according as the terminal point of the new y curve is v; or —v;. The upshot of
these discussions is that these integrals are to be interpreted up to the period
lattice L.

These discussions also suggest a recipe to recover the periods of an elliptic
curve y? = f(z), namely by integrating dxz/y along suitably chosen paths where

x = p(z).
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For instance, if we integrate from es; = p(w2/2) to es = p((w1 + w2)/2),
we get

7/63 dx
2 s \/4:1:3—92:1:—93.

Similarly we have

_/63 dx
2 e1 V4x3 — gox — g3

A similar comment can be made about quasi-periods. Indeed since

('(2) = —p(2),

we obtain

which gives upon integration

€3 xdx
—771/2:—C(W1/2):/ .
ex \V4x3 — gox — g3

Many times it is more convenient to normalise the roots of f(z) and reduce
the curve to the form Ey : y? = z(z — 1)(z — \) with X # 0, 1 satisfying |A| < 1
and [A — 1| <1 (see [67], for instance). Then the following integrals

a

0 dz e dx
nd
/—oo Va(x —1)(x—N) /1 Va(x —1)(x—N)

determine a fundamental pair of periods for the curve Ey. We shall come across
such curves in a later chapter.

On the other hand, if the cubic polynomial f(z) = 423 — gox — g3 in the
Weierstrass form is defined over real numbers, then f(x) becomes positive for z
sufficiently large and for such x, the elliptic integral

/ °dt
V()
is easier to handle (see [46] for further properties of such integrals). In Chap. 16,
we will explicitly evaluate some elliptic integrals of this type.

The subject of elliptic integrals constitutes an independent theme in math-
ematics. The reader may refer to the books [28, 46, 67, 114, 132] for more
comprehensive treatment of the integrals considered in this chapter.

The elliptic integrals can be related to the problem of determining the
circumference of an ellipse. To see this, let us consider the ellipse
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with a, b real algebraic numbers and 0 < b < a. We would like to calculate the
perimeter of this ellipse. If we parametrize a curve in R? by a map

e (2(t), (1),

then as t goes from A to B, the length of the curve traversed is

/A 02 + g (02t

which follows from elementary calculus. Since the ellipse can be parametrized
by the map
t +— (asint,bcost)

for 0 <t < 27, we see that the perimeter of the ellipse is equal to

/2
4 / \/a2 cos? t + b2 sin? ¢dt.
0

Putting u = sint, the integral becomes

1 2 _ (02 — p2)92
/\/a (a? = b%)u o
0 1—u?

In case a = b, this becomes am/2. But when a # b, this is not an elementary
function.
Let us set k% = 1 — b?/a? so that the integral becomes

1 — k2u?
1—u?
If we put ¢t = 1 — k2u?, it is easy to see that the circumference is an algebraic

multiple of
! tdt

1-k2 V= 1)(t— (1 —k2))

which resembles a quasi-period. The curve

y? =t = 1)(t - (1- k%)

is not in the Weierstrass form, but can easily be put into that form by changing
t to t+ (k% —2)/3. Making this change of variable shows that the circumference
of an ellipse with algebraic major and minor axes is given by an algebraic linear
combination of a period and a quasi-period of an elliptic curve defined over
Q. Since it is non-zero, by the Schneider-Lang theorem, the circumference is
transcendental. We shall see later that this circumference is related to some
hypergeometric series.

In another set up, the regulator Rx of a number field K with positive unit
rank measures the volume of the unit lattice of Ok . But the transcendence of
Ry is not known except for real quadratic fields. In a later chapter, we shall
see that Schanuel’s conjecture implies that Ry is transcendental.
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Exercises

1. If @ # 0 is algebraic, show that tan « is transcendental. Deduce that

/O‘ dx
0 1+I2

is transcendental for any non-zero algebraic a.

2. Show that if 0 < a < 1 and « is algebraic, then the integral

/ ¢ dx
0o VvV 1-— x2
is transcendental.

3. Let a be algebraic and satisfy 0 < o < 1. Show that if 0 < k < 1 and k is
algebraic, then the integral

/O‘ xdz
o /0 =221 - k2a?)’
is transcendental. What happens if k£ = 1?7 [Hint: put 22 = 1 — 1/t]
4. Prove that the integral
/°° dx
1 vV 3 —1

is transcendental.



Chapter 14

The Modular Invariant

We begin with a discussion of an important result in complex analysis called
the uniformisation theorem. We have shown how to associate a p-function with
a given lattice L. Thus, g2 = g2(L), g3 = ¢g3(L) can be viewed as functions on
the set of lattices. For a complex number z with imaginary part $(z) > 0, let
L, denote the lattice spanned by z and 1. We will denote the corresponding
92, g3 associated with L, by g2(2) and g3(z). Thus,

g2(z) = 60 Z (mz +n)~4,

(m,n)#(0,0)
and
g3(z) =140 > (mz+n)".
(m,n)#(0,0)
We set

A(z) = ga(2)® — 27gs(2)*

which is the discriminant of the cubic defined by the corresponding Weierstrass
equation. We first prove:

Lemma 14.1 A(z) # 0.
Proof. This is equivalent to showing that the roots of the cubic equation
42 — ga(2)x — g3(2) =0

are distinct. But we have already seen this in Proposition 11.5 of Chap.11. O
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We now introduce the important j-function defined as

g2(2)°
92(2)? — 27g3(2)?

which by the previous lemma is well defined for every z in the upper half-plane.
We will use the modular invariant to address the following question: given two
complex numbers A, B, with A3 —27B2 # 0, does there exist a lattice L with
g2(L) = A, g3(L) = B so that its Weierstrass function g satisfies the equation

j(z) == 1728

¢ (2)% = 4p(2)® — Ap(z) — B?

As mentioned in the beginning, we can view g, and g3 as functions on the
set of lattices. Let L be a lattice spanned by two periods wi,ws. If we replace
w1, w2 by Awi, dws with A € C*, we get another lattice denoted by AL. The
g2, g3 of this new lattice AL get changed by a factor of A=* and A~ respectively
and the corresponding elliptic curve is

y2 =42 — /\_492:17 — )\_ﬁgg.

However if we change variables and replace z by A2z and y by A3y, we find
that we are reduced to the same Weierstrass equation as we started with.

Now suppose that L is a lattice generated by wi,ws which are linearly inde-
pendent over R. Hence 3(wy/w2) # 0 and by changing signs appropriately, we
can arrange that this lies in the upper half-plane:

H:={z=z+iy: 2,y € R,y >0}.

Let SL2(Z) be the group consisting of 2 x 2 matrices with integer entries
and determinant 1, that is

SLa(Z) = {O’— (Z Z) |a,b,c,d€Z,ad—bc—1}.

Then every such o acts on a basis [w1,ws] of L by sending it to
[aw + bwa, cwi + dws]

which generates the same lattice. Thus, the fundamental periods are not
uniquely determined by the lattice. Conversely, two fundamental pairs [w1, ws]
and [w],w}] generate the same lattice only if they are congruent modulo the
above action of SLy(Z).

The above action of SLy(Z) on the bases induces an action on the upper

half-plane:
a b az+b
czi= . 14.1
<C d) T e td (14.1)

Recalling that for any z € H, g2(z) and g3(z) are precisely the g, and g3 asso-
ciated with the lattice L, spanned by z and 1, we have

az+b\ 4
5 (E50) = e+ )l
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and

az+b\ 6
m (E55) = e+ Pl

Thus the modular function j(z) satisfies

f(az+b (2)
=j(z
I\ ez +d J
and hence is invariant under the action of SLy(Z).
We now determine a fundamental domain for the action of SLy(Z) on H.

More precisely, we show that any z in the upper half-plane is equivalent to a
point in the following region

S(z) >0, —1/2 <R(z) <1/2,|z| > 1.

This we show as follows. First note that for any z € H and

b
o= <Z d> € SLy(Z), (14.2)
the imaginary part of .z is given by
S(2)
S(o.2) = —=. 14.3
‘S\(O' Z) |CZ ¥ d|2 ( )

Now let us isolate two distinguished elements T and S of SL2(Z) given by

11 0 -1
T= (O 1) and S = ( 1 0 ) (14.4)
We see that Tz = z+ 1 and Sz = —1/z. Let z € H be arbitrary. If $(z) > 1,

repeated application of T ensures that z is equivalent to a point in the above-
mentioned region. If §(z) < 1, we chose

o= <CCL Z) € SLy(7) (14.5)

such that |cz + d| is minimum and hence (o - z) is maximum (this is possible
as Z is discrete). Let w = o - z. As before, applying T repeatedly to w ensures
that w and hence z is equivalent to a point zo with R(zo) € [—-1/2,1/2]. Note
that S(w) = J(zp). We claim that |z9| > 1. For otherwise,

S(w)

(S - 20) = > S(w),

|20/

contradicting the maximality of $(w). Hence any z in the upper half-plane is
equivalent to a point in the region

One can show that if two points in this region are equivalent under the action
of SLy(Z), then they lie on the boundary (see exercises below). We call this
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region the standard fundamental domain for the action of SL2(Z) on the upper
half-plane. With a little more effort, one can deduce that SLy(Z) is generated
by the matrices S and T.

Since the modular function j(z) satisfies

[(az+Db .

i) =it
and hence is invariant under the action of SLy(Z), it defines a function on the
quotient space H/SLy(Z) to C. We will prove later that the modular function
takes every complex value (in fact, exactly once) on this quotient space. Note
that the value zero implies the vanishing of go(z). Assuming this fact, we can
complete our proof of the uniformisation theorem as follows.

If we are given (4, B) = (0, B) with B non-zero, we first choose zy so that

g2(z0) = 0. Since A(zg) # 0, we have g3(29) # 0. Now choosing A such that

)\7693 (Z()> = B,

the lattice [Azg, A] does the required job.

If A # 0, we proceed similarly. Let a = B2/A3. Observe that a # 1/27 since
A3 —27B? # 0. Choose z so that j(z) = 1728/(1—27a). We can now multiply
g2(20) and g3(z0) appropriately to arrange A=%g3(z0) = B and A~*ga(20) = A.
This completes the proof.

It remains to show that the j-function takes on every complex number pre-
cisely once. We begin by introducing the Bernoulli numbers. These are defined
by the formal power series expansion:

o0 k

x x

= Byp—.

w1 2B
k=0

For example, By = 1,B; = —1/2, By = 1/6, B3 = 0 and so on. One can show
that Bogy1 = 0 for £ > 1. Clearly these numbers are rational numbers. Our
interest is to relate these to the values of the Riemann zeta function. We follow

the exposition given in [109]. For R(s) > 1, the Riemann zeta function ((s) is
defined as

1
(s) =) —-
n=1 n

This should not be confused with the Weierstrass (-function!
Following Euler, we begin by observing the product expansion for sin z:

o0 2

. z

smz:z” <1—ﬂ>.

n4mw
n=1

Taking logarithmic derivatives of both sides gives the following expansion for
z ¢ 17,

" 2z
tz=— _. 14.6
corz z + 1; 22 —n2n2 ( )
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Thus one has the following expansion around the origin,

oo 00 ng oo 22k
k=1

n=1k=1

The left-hand side is _ )
7:2(6“ _|_efzz)

eiz _ e—iz
which can be rewritten as
iz(e? 4+1) 2iz
e2iz _ 1 =1z e2iz _ 1"
This is easily seen to be
=, (2i2)F
1Z2 + Z By, i
k=0

We immediately deduce:
Theorem 14.2 If {(s) is the Riemann zeta function, then for k > 1,

i 2k
C(2k) = —sz%.

In particular, each of these values is a transcendental number.

It is interesting to note that this derivation also shows directly that Baiy+1 =0
for k > 1 and that (—1)**'By; > 0. In particular, we deduce from Theorem

14.2 that

w2 4 76

(@)= W=g; and ((6) =g

We would like to relate these observations to the Eisenstein series G4, Gg
introduced earlier. From Eq. (14.6), we see that

| — 1 1
t = - .
mcotmz z+mz_1<z+m+z—m)

2miz

On the other hand, writing ¢ = e*™**, we have

COS Tz 1 2mi >
TCeot Tz = m— :iwq+ =T — :i7r—27ri2q”.
sinmz q—1 1—gq

n=0

Comparing this with (14.6), we obtain

1 1 1 , S~
;+ (z—l—m—'—z—m)_m_%mnz_oq'

m=1




70 The Modular Invariant

By successive differentiations of the above, we get the following formula (valid
for k > 2):

Theorem 14.3

Z (m—l—z)k:(k —27i) g

m=—0o0

Using this result, we will obtain the following expansion of the Eisenstein
series:

Gaok(2) == Z (mz + n)_%.

(m,n)#(0,0)

Indeed, separating out m = 0 from m # 0, we get
Gar(z) = 2¢(2k) + 2 Z Z(mz +n)"2F,
m=1n€Z
and using the previous theorem with z replaced by mz, and k replaced by 2k,

sz( ) <(2]€) 27” ' sz2k 1 0d

'dlal

If we define the function
n) = Z d*,
d|n
we may write this expansion as follows.

Theorem 14.4
2(2mi)?F ,
Gon(2) = 2¢(2k) + 2(2mi)** S oaka(n)g?, g = e,
" n=1

This is the Taylor expansion of Gy at i0o, once the one-point compactifica-
tion of H is endowed with a suitable Riemann surface structure.

We would like to relate this to go and g3 defined earlier. Indeed, an easy
calculation shows that

A(2) = (2m)'2(q — 244 + 252¢° — 1472¢* + - - -).

The coefficients of the power series in the brackets define the Ramanujan
T-function. Furthermore, it can be shown that

i = (q — 24¢* + 252¢® — 1472¢* + - - ﬁl_q

n=1



The Modular Invariant 71

The Ramanujan 7-function has played a central role in the development of
modern theory of automorphic forms. It is an important conjecture, due to
Lehmer, that 7(n) is never equal to zero.

These expansions for Go and A are enough to prove that the modular func-
tion j takes every complex value precisely once. For thii,_\ we view j as a mero-
morphic function on the compactified Riemann surface H/T' where I' = SLy(Z).
We refer to [112] for a detailed topological as well as analytic description of this
space. The map

z2—=q= e27riz
gives the local parameter at i0o. In other words, for any I'-invariant analytic
function f on H, we first express f as a function of ¢ by composing with the local
inverse of the map z — ¢. This defines an analytic function on the punctured
unit disc 0 < |g| < 1. The behaviour of this function at the origin determines the
behaviour of f at 700. Recalling the definition of j and using the ¢ expansions
for A and G4, we have the following ¢ expansion for the j function:

1
j(2) = = + 744 + 196884q + - - - .
q

Thus the j function has a simple pole at ico. Since a meromorphic function on
a compact Riemann surface has an equal number of zeros as poles, we see that
the equation j(z) = ¢ has exactly one solution since j has only a simple pole
at ¢00. In other words, the j quc\tion defines an analytic isomorphism between
the compact Riemann surface H/I" and the Riemann sphere CP;.

Finally, let L and L’ be two lattices with the same invariants, i.e. go(L) =
g2(L") and g3(L) = g3(L'). Then their respective Weierstrass p-functions have
the same Laurent expansion at the origin (see Exercise 2 of Chap. 10) and there-
fore must agree everywhere. Thus, they must have the same set of poles and
hence L = L.

This completes the proof of the uniformisation theorem and we record this as:

Theorem 14.5 Let A, B be two complex numbers such that A3 — 27B? # 0.
There ezists a unique lattice L with g2(L) = A, gs(L) = B and an associated
p-function that satisfies

¢ (2)? = 4p(2)® — Ap(z) — B.

As indicated before, we shall call L to be the period lattice of the elliptic
curve y? = 4z — Axr — B.
We now define the j-invariant associated with the elliptic curve

E: y?>=42>—- Az - B

as j(E) = 172843 /(A3 — 27B?).
Suppose that we are given two period lattices L and L* with corresponding
Weierstrass functions p and p*, as well as corresponding g2, g3 and g3, g5. We
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would like to determine when the corresponding elliptic curves are isomorphic.
That is, when is there an analytic isomorphism

¢:C/L > C/M

where ¢ is also a group homomorphism?

Let us first try to characterise analytic maps between such tori. Since the
natural maps from C to the quotients C/L and C/M are universal covering
maps, any such analytic map

¢:C/L—-C/M

lifts to an analytic function ¢ : C — C. Now for any w € L, consider the function

ful2) = 6(z +w) — d(2).

This analytic function is mapped into M and hence is constant. Differentiating,
we see that gi;’ is an analytic elliptic function with respect to the lattice L and
therefore is also constant. This implies that ¢(z) is of the form az + b for some
a,b e C. Since ¢ is the lift of the map ¢ : C/L—C/M, we see that aL C M. In
other words, every analytic map

¢:C/L—-C/M
is necessarily of the form
pz+L)=az+b+ M

where a. C M. Clearly, ¢ is invertible if and only if aL = M. Finally, if we
require ¢ to be a group homomorphism, then ¢(0) = 0 and hence

¢(z+ L) =az+ M.
We record these observation in the following theorem.

Theorem 14.6 If ¢ : C/L — C/M is an analytic homomorphism, then
¢(z+ L) =az+ M for some complex number o and aL C M. In particular,
two lattices L and M give rise to isomorphic elliptic curves if and only if there
is a complex number o such that oL = M.

Any non-zero analytic homomorphism between elliptic curves is called an
isogeny. Further, we say two lattices L, M are homothetic if oL = M for some
complex number «. Clearly this is an equivalence relation. The above theorem
says that there is a one-to-one correspondence between isomorphism classes of
elliptic curves over C and homothety classes of lattices of rank 2 over R.

From this theorem, we will deduce that two elliptic curves are isomorphic if
and only if their j-invariants are equal. One way is obvious, namely if F; and
E5 are isomorphic, then their corresponding lattices are homothetic and hence

J(E1) = j(E2).
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To establish the converse, recall that for a given lattice L, there exists a
basis [w1,ws] with 7 = wy/we in the upper half-plane H. Thus any lattice is
homothetic to a lattice of the form L, = Z7 + Z where 7 € H. Further, for any
two points 7 and 7/ in H, L, and L, are homothetic if and only if there exists
a o € SLy(Z) such that 0.7 = 7/. This means that elements in the quotient
H/SL2(Z) can be identified with the set of lattices up to homothety.

Now let Eq, E2 be two elliptic curves with j(E;) = j(E2). Let their corre-
sponding lattices be L and M respectively. Suppose that they have the same j
invariant. By the above theorem, E7, Es are isomorphic if L and M are homo-
thetic. Recall that for the lattice L, there is a unique point 7 in H/SLy(Z) such
that L is homothetic to L, = Z7 + Z. Let 7' be such point in H/SLy(Z) such
that M is homothetic to L. But since j(E1) = j(E2), we have j(7) = j(7').
By the injectivity of j on H/SLs(Z), we deduce that 7 = 7/. Thus L and M
are homothetic and hence F; and E5 are isomorphic. This proves:

Theorem 14.7 Two elliptic curves Fy and Eo are isomorphic over C if and
only if j(Er) = j(Ez).

Theorem 14.6 allows us to study the endomorphism rings of elliptic curves.
Let E be an elliptic curve with period lattice given by L = [w1,ws] with 7 =
w1 /we € H. Then as observed before, all analytic homomorphisms

¢:C/L—C/L

are of the form ¢(z+ L) = az+ L for some « satisfying oL C L. In other words,
each endomorphism corresponds to a complex number « satisfying

awr = awi + bwe, aws = cwy + dws

for integers a, b, c,d. In particular, o is an eigenvalue of a matrix with integer
entries. Thus it is an algebraic integer of degree at most two over Q. Clearly
End(FE) contains an isomorphic copy of Z since the maps z +— nz have the
property that nL C L.

If End(E) is larger than Z, then let o € End(E) be such that « ¢ Z. Working
with the homothetic lattice L, = [, 1], the above equations read

ar=ar+b, «a=cr+d.

This implies
(et +d) = (aT 4+ D).

Since a ¢ Z, we have ¢ # 0. This means that 7 is an algebraic number of degree
2 and Q(a) = Q(7). Note that 7 lies in the upper half-plane and therefore
generates an imaginary quadratic field. Hence the ring of endomorphisms of
can be identified with a subring of the ring of integers of an imaginary quadratic
field.

Thus we may partition elliptic curves into two groups, those whose endo-
morphism ring is isomorphic to Z and those for which it is larger. In the second
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case, as we observed above, the endomorphism ring is a subring of an imaginary
quadratic field Q(7). Furthermore, such a subring is an order in the imaginary
quadratic field k = Q(7). We recall that an order O in a number field K is a
subring (with unity) of the ring of integers Ok which also contains a Q-basis
of K. In such case, we say E is a CM curve (CM standing for complex mul-
tiplication) and in the former case, we say the curve is non-CM. Points 7 in
the standard fundamental domain D for which Q(7) is an imaginary quadratic
field are sometimes called CM points for obvious reasons. One can be a bit
more precise. If O is such an order in k, then O = Z + fOy, for some positive
integer f. This integer f is called the conductor of O.

Now for any order O in a number field K, the group of invertible fractional
ideals of O modulo the subgroup of principal ideals forms a finite abelian group.
This is called the Picard group of O. For instance, if O is equal to the ring of
integers Ok, then its Picard group is the usual ideal class group of K.

Let O be an order in an imaginary quadratic field k. Then it is known that
the set of isomorphism classes of elliptic curves F over C whose endomorphism
ring End(E) is equal to O is in bijection with the Picard group of O (see [36],
for instance).

Exercises

1. Show that SL2(Z) is generated by the matrices

((1) }) and ((1) —(1))
2. Prove that any two interior points of the region
D={S(z) >0, —-1/2<R(z)<1/2, |z|>1},
are inequivalent under the action of SLo(Z).

3. Justify the interchange of summations in formula (14.7).

4. Let D* be the compactified upper half-plane modulo SL2(Z). Show that
any meromorphic function on D* has only a finite number of zeros and
poles.

5. Prove that any meromorphic function f on the upper half-plane satisfying

/(=) -0

( o ) € SLy(Z)

is a rational function in j.

for all

6. If O is an order in an imaginary quadratic field k, then show that O =
Z + fOy for some positive integer f.



Chapter 15

Transcendental Values
of the j-Function

Let L and M be two lattices with corresponding Weierstrass functions p and p*.
We begin by showing that if p and p* are algebraically dependent, then there
is a natural number m such mM C L. Indeed suppose that p and p* are as
above and there is a polynomial P(z,y) € C[z,y] such that P(gp, p*) = 0. Then
for some rational functions a;(z) and some natural number n, we have

()" + an-1(9"(2))p(2)" "+ + ao(p(2)) = 0.

Choose zp € C so that p*(z0) is not a pole of the a;(z) for 0 < ¢ <mn — 1. This
can be done since the a;(z) are rational functions and so there are only finitely
many values to avoid in a fundamental domain. Then

©(20)" + an—1(9"(20))9(20)" ! + - - - + ao(p* (20)) = 0.
If w* € M, then we get
(20 +w*)" + an—1(p*(20))p(20 + )" + - + ao(p*(20)) = 0.

Thus p(z0 + w*), as w* ranges over elements of M, are also zeros of the poly-
nomial

2"+ an—1(p"(20))2" !+ -+ ao (9" (20)) = 0.
In particular, this is true of multiples of wj and w5. We therefore get infinitely

many roots of the above polynomial equation unless mM C L for some positive
natural number m. We record these observations in the following.

M.R. Murty and P. Rath, Transcendental Numbers, DOI 10.1007/978-1-4939-0832-5_15, 75
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Theorem 15.1 Let L and M be two lattices with corresponding Weierstrass
functions p and p*. Then o and p* are algebraically dependent if and only if
there is some natural number m > 0 such that mM C L.

Proof. We have already established the “only if” part of this assertion. For the
converse, suppose that mM C L. Then p(mz) is periodic with respect to M.
Thus it is an even elliptic function with respect to M. As noted in an earlier
chapter, this means that it is a rational function in p*. On the other hand,
p(mz) is also a rational function in p(z). Thus, p and p* are algebraically
dependent. This completes the proof. [J

We are now ready to prove the following theorems due to Schneider.

Theorem 15.2 Suppose that p and p* have corresponding g2,g93 and g5,93
algebraic and assume that they are algebraically independent. Then

p(2), 9" (2)
cannot take algebraic values simultaneously.

Proof. Let us suppose that zg is such that both p(z) and p*(z) are algebraic.
Let K be the field generated by

’

92,93, 95,93, 9©(20), ' (20), 9" (20), 9" (20).

We apply the Schneider-Lang theorem with the functions

0,000
By hypothesis, p and p* are algebraically independent. The Schneider-Lang
theorem says that there are only finitely many complex numbers for which all
these functions take algebraic values in K. But this is a contradiction since they

take algebraic values in K for the points nzp as n runs over an infinite family
of integers. This completes the proof. [

Theorem 15.3 If o is an algebraic number in the upper half-plane which is not
a quadratic irrational, then j(a) is transcendental.

Proof. Let wy,ws be such that wy/ws = «. Suppose that j(«) is algebraic.
Replacing w1, ws by Awi, Aws we can arrange go = 1 if j(a) # 0 and g3 = 1 if
j(a) = 0. In this way, we can arrange g, g3 algebraic. Thus without loss of
generality, we may work with a lattice L = [w1,ws] with algebraic invariants
such that w1 /we = a. Now let wi = aw;,w; = aws and denote by M the lattice
spanned by wi,wj. Thus, g5 = a~%gs, and g5 = a=5g3. Also,

p*(az) = a7 %p(2).
In particular, setting z = wa/2 gives

O (w1/2) = o %p(ws/2)
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so that both p(w;/2) and p*(w1/2) are algebraic. This contradicts the previous
theorem unless p and p* are algebraically dependent. By Theorem 15.1, this
means that there is a natural number m such that mM C L. In particular,

wi = awy + bwa, wi = cwy + dws

for some rational numbers a,b,¢,d such that ad — bc # 0. [This is because,
w1, wq are linearly independent over R, as well as w},w3.] Thus

(5)=(00)(5)

which means that a is an eigenvalue of the matrix

(ta)

Since a,b,c,d are rational numbers, this means that « is a quadratic
irrationality. [J

This means that j(«) is transcendental for every algebraic « in the upper
half-plane which is not quadratic. On the other hand, if Q(«) is imaginary
quadratic, that is a is a CM point, one can show that j(«) is indeed an algebraic
number. This is really a chapter in class field theory. We give a brief indication
of why j(a) is algebraic in this case.

Recall that the ring of endomorphisms End(E) of an elliptic curve E is either
Z or an order in an imaginary quadratic field. In the latter case, we say the
curve has complex multiplication.

Let O be any order in the ring of integers of k = Q(«). As we mentioned in
the previous chapter, the set of equivalence classes of invertible fractional ideals
of O forms a multiplicative abelian group called the Picard group of O and there
is a one-to-one correspondence between isomorphism classes of elliptic curves
whose endomorphism ring is isomorphic to O and ideal classes of the Picard
group of O. This correspondence is given by taking an ideal a of a given class
and considering the elliptic curve C/a. It is a standard theorem of algebraic
number theory that this group is finite.

Now consider the lattice L = Za + Z and let E, be an elliptic curve whose
period lattice is L. Thus j(F,) = j(a). Let End(E,) = O where O is an
order in the ring of integers of k. Now for any automorphism o of C, let EY
denote the curve obtained by applying o to ga,g3. Clearly j(E?) = j(Eq)°
and End(E?) ~ End(F,) = O. But there are only finitely many isomorphism
classes of elliptic curves with a fixed endomorphism ring. Therefore the set of
values j(a)? as o ranges over automorphisms of C is a finite set and thus j(«)
is necessarily algebraic. For a more detailed account, see the books by Lang [77]
and Silverman [115].

In fact, if « is an imaginary quadratic irrational, then j(«) is an algebraic
integer. Furthermore, the degree of j(«) is equal to the class number of Q(«)
(see [112] or [115]).
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Let us consider the following interesting example by letting

_ 1+4/-163
=

The field Q(v/—163) has class number one. In fact it is the “largest” imaginary
quadratic field with class number one. More precisely, there exists no squarefree
integer d > 163 such that Q(v/—d) has class number one.

Now for any z in the upper half-plane, the j-function has the following
expansion

1
j(z) = g +T44+196884g + -
where ¢ = €2™%. In the case z = a, we have
j(a) = —e™18% 1 744 — 1968846 "VI0 4 ...

Now j(a) must be an ordinary integer as Q(v/—163) has class number one.
Consequently, we have the following curious expression

e™V163 — 262537412640768743.99999999999925 . . .
= (640320)3 + 744 + O (e*” 163)

and that j(a) = —(640320)3. Note that e™163 is a transcendental number by
the Gelfond—Schneider theorem.

Exercises

1. Show that
™87 — 147197952743.9999999999 .

accurate to ten decimal places.

2. Deduce that
1 A/ —
j <+T67) = —147197952000.
3. Show that j(i) = 1728.
4. Show that j((1++/-3)/2) = 0.

5. Let L be a lattice and g be the associated Weierstrass function. Show
that for any complex number «, oL, C L if and only if p(«z) is a rational
function in g.

6. Show that the group of field automorphisms of C is uncountable. What
about the automorphisms of R?



Chapter 16

More Elliptic Integrals

We will look at two explicit consequences of Schneider’s theorem on the
transcendence of periods of elliptic curves defined over the algebraic numbers.
Let us look at the curve

y2 =42% — 4.
One of the periods is
/ * dx
1 Vad -1 '
This can be related to the classical beta function as follows. Let us first put
x = 1/t to transform the integral to

1
/ 21 — 37V 24z
0

Putting t3 = u changes it to

1t 1
-/ w01 —w)"V2du = ZB(1/6,1/2),
3 /o 3

where
1
B(a,b) = / w1 —w)’tdu, R(a),R(b) > 0.
0
Using the following formula for the beta function

[(a)L(b)

B(a,b) = m,

M.R. Murty and P. Rath, Transcendental Numbers, DOI 10.1007/978-1-4939-0832-5_16, 79
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one can show that the period is equal to

r(1/3)°
24/37

The formula for the beta function is easily derived (see Chap.18) by putting
u = cos® § which transforms the integral into

/2
2/ cos?* 1 9sin??~1 9de.
0

Thus by Schneider’s theorem, the number

r(1/3)%
T
is transcendental.
Another curve to consider is
y? = 4a3 — 4a.

One of the periods (say w) is

/ *  dx

1 VAt =z

By what we have proved, this integral is transcendental. Similarly as above, we
find that this is

e 1
-/ w1 —u)"Y? = ZB(1/4,1/2).
2 Jo 2
By the previous identity involving the beta function, we have
_ra/e?
2V2r

For the above curve
y? =423 — 4a,

we have g3 = 0. Since g3(i) = ig3(i) = 0, its lattice L is given by
L =7(iw) + Zw.
Clearly this has complex multiplication by Z[i]. Furthermore, this curve

corresponds to the point z = ¢ in the standard fundamental domain and has
j-invariant equal to 1728. We therefore deduce that

1 1 0(1/4)8
T 1 I{/4)

(mi+n)* 15 26q2

(m,n)#(0,0)

as this is simply the corresponding Eisenstein series evaluated at 1.
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These calculations can be generalised for CM elliptic curves. Indeed, if O is
an order in an imaginary quadratic field K and E is an elliptic curve with CM
by O, then the corresponding lattice L determines a vector space L ® Q. This is
invariant under the action of K. Therefore L®Q = Kw for some w € C* defined
up to elements of K*. In particular, if O = Ok is the full ring of integers of
K, w is given by the Chowla—Selberg formula:

w=ayT H [(a/d)wx(@/4h

0<a<d,(a,d)=1

where « is an algebraic number, w is the number of roots of unity in K, —d is
the discriminant of K, x is the quadratic character mod d determined by K and
h is the class number of K. We shall come back to the Chowla—Selberg formula
in Chap. 26.

In the special case of y? = 423 — 4x, the formula gives

/70 (1/4)1(3/4)71,
which is in agreement with our earlier formula once we apply the usual functional
equations of the I'-function to it.
Exercises

1. Show that the beta function B(a, b) can be given in terms of the I'-function
as I'(a)T'(b) /T (a + b) for R(a), R(b) > 0.

2. Define the complete elliptic integral of the first kind by

K(k) = /077/2 S

1— k2sin?6
Show that K (1/v/2) =T'(1/4)?/4:/T.

3. The complete elliptic integral of the second kind is given by

/2
E(k):/ V1 — k2sin” 0d6.
0

Show that
E(1/V2) = ?0(1/4)72 + T(1/4)2/8/7.
4. Show that
Z 1 - I'(1/3)'8
6 8,6
(R 0.0) (mp+n) 5.7.287
2mi/3

where p =e¢



Chapter 17

Transcendental Values
of Eisenstein Series

In this chapter, we will apply the Schneider—Lang theorem to study the
transcendental values of the Eisenstein series introduced in earlier chapters.

Theorem 17.1 Let p be a Weierstrass p-function with algebraic invariants
92,93 and zg a complex number which is not a pole of p. Then at least one of
the numbers e*, p(zg) is transcendental.

Proof. Suppose not. Let K be the field Q(g2,93,e*, 9(20), 9'(20)). We
apply the Schneider—Lang theorem to the ring generated by K[f1, f2, f3] where
fi(z) = €%, fa(z) = p(z) and f3(z) = p'(z). We need to show that f1, fo are
algebraically independent, but this is easily done (see for instance, Exercise 1).
By Schneider—Lang, there are only finitely many values at which these functions
can simultaneously take values in K. However, since e*° and p(z() are in K, so
are €™ and p(nzp) for infinitely many n € N. This completes the proof. [J

We remark that if e* is replaced by e?* with § algebraic, then a suitable
modification of the proof leads to:

Theorem 17.2 Let p be as above with algebraic invariants ga,gs. Let 5 # 0 be
algebraic and zy a complex number which is not a pole of p(z). Then, at least
one of e#%0 ©(z) is transcendental.

Corollary 17.3 At least one of

927937ﬁ7 p(a)u eﬂa

is transcendental.
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In the special case when g, g3 are algebraic and p(«) and €7 are algebraic
with v # 0, v/« is transcendental. If not, we may apply the corollary with
B = v/a and derive a contradiction. In particular, we deduce that a/m is
transcendental for any algebraic point « of p (ie. a € C such that p(a) is
algebraic). Putting o = w/2 where w is a fundamental period, we derive the
transcendence of w/m. We record this as:

Corollary 17.4 If a is an algebraic point of p(z) and B # 0 is an algebraic
number, then e* is transcendental. In particular, a/m is transcendental.

Bertrand [17] observed that this result can be used to derive results about
transcendental values of classical Eisenstein series. These were introduced in an
earlier chapter. But we normalise these as follows. For z € H and ¢ = e?™*
(thus 0 < |g| < 1), let us define the normalised Eisenstein series as

ng (Z)
and hence by Theorem 14.4,
4k o
Eoi(q) =1— Br > oa1(n)g”
n=1

Then we have

Theorem 17.5 (D. Bertrand) For all complex numbers q with 0 < |q| < 1, at
least one of the numbers E4(q), E¢(q) is transcendental.

Proof. Let z € C with R(z) < 0 such that ¢ = e*. Consider the lattice L
spanned by 27i and z. This is a rank 2 lattice since $(z) # 0. The corresponding
Weierstrass p-function has g, and g3 given by rational multiples of

Z (mz + 2min) =2

(m,n)#(0,0)

for £k = 2,3. By Theorem 14.2, we see that gs, g3 are rational multiples of
Ey4(q), Es(q), respectively, where ¢ = e®. Observe that z = im is an algebraic
point of . Since e!™ = —1 is algebraic, this contradicts Theorem 17.1. This
completes the proof. [

We now describe some recent work of Nesterenko that generalises the theorem

of Bertrand and as a consequence proves the algebraic independence of m and e™.
With Ramanujan, we introduce the Eisenstein series

Ey(q)=1-— 242 o1(n)g™.
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Nesterenko proved:

Theorem 17.6 ([84]) For each g € C, 0 < |q| < 1, at least three of the numbers
q, E2(q), E4(q), Ee(q)

are algebraically independent over Q.

An immediate consequence is the following:

Corollary 17.7 If q is an algebraic number with 0 < |q| < 1, then E2(q),
E4(q), Es(q) are algebraically independent over Q. In particular, each of these
numbers is transcendental.

Another corollary is the following result originally conjectured by Mahler
(see [81]) and first proved by Barré-Sirieix et al. [15] in 1995.
Corollary 17.8 For any T € H, at least one of the two numbers e2™*7
is transcendental.

and j(T)

This follows from the identity

E4(q)3 q= 6271'1'7'
Ey(q)® — Es(q)* '

which can be easily derived from the definitions of F4 and FEj.

The proof of Barré-Sirieix et al. is based on modular arguments, different
from those developed by Nesterenko. In this set-up, there is a general conjecture
by Manin (see [82]) which states that for any algebraic number « different from
0 and 1 and any 7 in the upper half-plane H, at least one of the two numbers
a” and j(7) is transcendental. Here, ™ = €7!°8% with any fixed choice of a
branch of logarithm. This conjecture is open.

Another important consequence of Nesterenko’s result is:

§(r) = 1728

Corollary 17.9 Let p(z) be a Weierstrass p-function with algebraic invariants
92,93. Let wy,wa be its fundamental periods with wy/we € H. Let n1,12 be the
corresponding quasi-periods. Then,

2mi(wr w2

€ )7002/”7772/”

are algebraically independent over Q.

To deduce the corollary from Theorem 17.6, we use the fact that for ¢ =
e2mi(wi/w2) e have

W2 M2 3 w2 4 27 w2 6
By(q) =3——, E4(Q)=—(?) 92, Eﬁ(Q)Zg(?) gs-

The last two are clear from our previous analysis. The first requires proof
and this is somewhat delicate since Es is not a modular form (see [77],
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for instance). These formulas imply that FE2(q), Fa(q), Es(q) are algebraic
over the field Q(wq/m, n2/7). But by Theorem 17.6, the field generated by
q,E2(q), E4(q), Fs(q) has transcendence degree 3. The corollary now follows.
We add that the algebraic independence of the two numbers wy/7 and ny/7
was first established by Chudnovsky.

An interesting situation arises in the complex multiplication case. Let us
first prove the following lemma proved by Masser [83].

Lemma 17.10 Let p(z) be a Weierstrass p-function with algebraic invariants
g2, g3 and complex multiplication by an order in the imaginary quadratic field k.
Let wi,ws and n1,n2 be certain fundamental periods and quasi periods, respec-
twely. Then wi and m are algebraic over the field Q(wa, n2).

Proof. Let K = k(g2,g3). Since 7 = w;i/we € k and lies in H, it satisfies an
equation
ar?> +br+c=0

with co-prime integers a, b, c and a # 0. Let
Clo — aTn1 = QW

for some « in C. We will show that o € K and this will prove the assertion.
Let f be the function defined as

f(z) = —c ((az) + atl(aT2) + aTaz.
Then
f(z+w) — f(2) = —camy + a*rm + ataws = 0.

Further since
atw; = —bwy — cwo,

a similar calculation shows that f(z+w1) = f(2). Thus, f is a doubly periodic
function with respect to the lattice L of p and hence is a rational function in p(z)
and p'(z). Now for any embedding o of K(«) in C fixing K, we can construct a
new function f? by acting ¢ on the Laurent expansion of f around the origin.
This again is a rational function in p(z) and E'(2) as o fixes p and p’. Thus

f(2) = 17(2) = arz(a — o(a))

is also an elliptic function and hence @ = o(«x). Since o is arbitrary, we see that
ac K. O

From this and using the Legendre relation

w12 — wan = 274,
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we deduce immediately:

Corollary 17.11 Let p(z) be a Weierstrass p-function with algebraic invariants
g2, 93 and with complex multiplication by an order of the imaginary quadratic
field K. Let w be a non-zero period and n the corresponding quasi-period. Then
for any 7 € K with (1) # 0, each of these sets

{m,w, ™™} and {w,n,e27}

is algebraically independent over Q.

Applying this corollary to the two elliptic curves
y? = 4% — 4o

and
y2 =4a%—4

considered earlier leads us to:
Corollary 17.12 Each of the sets
{me™ T(1/4)},  {m,e™Y3,T(1/3)}

is algebraically independent over Q. In particular, m and e™ are algebraically
independent. The same holds for m,T'(1/3) and for =, T'(1/4).

We reiterate that the algebraic independence of {m, I'(1/3)} as well as that
of {m, T'(1/4)} was first established by Chudnovsky. We note that this is the
only known way of deducing the irrationality of I'(1/3) and I"(1/4).

By the theory of complex multiplication, we know that for any squarefree
natural number D, there is an elliptic curve with algebraic invariants and with
complex multiplication by an order in Q(v/—D). Thus we deduce:

Corollary 17.13 For any positive integer D, the numbers

vD

7w and "

are algebraically independent over Q.

In a later chapter, we shall apply Nesterenko’s result to study the values
taken by modular forms defined over number fields.
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Exercises

. Show that e* and o(z) have different orders.

. If B is algebraic and p is a Weierstrass p-function with algebraic invariants,

show that p(27if) is transcendental.

. Prove that e* and the Weierstrass (-function are algebraically independent.

. If a is an algebraic point of the Weierstrass ¢ function and 3 is an algebraic

number, show that e®¢ is transcendental.

. If p has algebraic invariants gs, g3, show that n/7 is transcendental, where

7 is a non-zero quasi-period of (.

. Let y # 0 be a real number.

N2 i
(a) Prove that |T'(iy)|* = ysinh(7y)*

(b) For y rational, show that I'(iy) is transcendental.

(c) For D > 0 squarefree and any non-zero y in Q(v/D), show that T'(iy)
is transcendental.

. For any non-zero y € Q and n € N, show that I'(n + iy) is transcendental.

. For D > 0 squarefree and non-zero y € Q(v/D), show that I'(n + iy) is

transcendental.
. Let y e R.
(a) Prove that [I'(% + iy)|* = e e

(b) For y € Q, show that I'(3 + iy) is transcendental.

(c) For D > 0 squarefree and y € Q(VD), show that I'(3 + iy) is
transcendental.



Chapter 18

Elliptic Integrals
and Hypergeometric Series

We have already discussed briefly the problem of inversion for the Weierstrass
p-function. In this way, we were able to recover the transcendental nature of
the periods whenever the invariants g2, g3 were algebraic. We now look at the
calculation a bit more closely. Before we begin, it may be instructive to look at
a familiar example. Clearly, we have

sin b dy
0 V1—12
But how should we view this equation? Since sin b is periodic with period 27, we
can only view this as an equation modulo 27. If sinb is algebraic, then, we know

as a consequence of the Hermite—Lindemann theorem that b is transcendental.
In this way, we deduce that the integral

b:

=
0 V1—y?
is transcendental whenever a is a non-zero algebraic number in the interval
[_13 1] .

A similar result can be obtained for incomplete elliptic integrals. Recall that
we have written our elliptic curve as

y? =4(x —e1)(z — e2)(x — e3).

M.R. Murty and P. Rath, Transcendental Numbers, DOI 10.1007/978-1-4939-0832-5_18, 89
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To reiterate, it is appropriate to consider the extended complex plane with the
point at infinity added and to look at paths in this region (see [67]). With this
in mind, as before we obtain

p(z) dz
- /
o AV4x? — gow — g3

which is again to be interpreted as up to periods.
We will need the following fact: For s with $(s) > 0, we have

° d
I'(s) = / e_””xs—x,
0 x

and putting z = t? gives

0 dt
I(s) = 2/ 251" 2
O t

We will use this to show the following for a,b > 0.

'(a)T(b)

/2
2 cos?* 1 sin?1 gdo = ——.
/o " T(a+1b)

Indeed, we calculate

I'(a)l'(b) = 4/ / 2271y exp(—a? — y?)dady,
o Jo

and switching to polar co-ordinates, we get that this is

00 /2
2/ r2a+2bef’”2d—r2/ / cos?* 1 9sin?*~1 0de.
0 T Jo
The special case a = b = 1/2 shows that I'(1/2) = /7.
We can consider our elliptic curve in Legendre normal form, that is, of
the form
Ey: y=z(x—-1(z—-N)

where A € C\{0,1}. In fact, this change of variable works over any field of
characteristic not equal to 2. The j-invariant of F) is easily computed (see
exercise below):

2(\2 —A+1)3

B ===

If we change z to Az and y to A%/2y, then the curve is isomorphic over C to

y? =a(x —1)(z — 1/\).
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Notice that if X is algebraic, then the change of variables is again algebraic.
Thus, we may suppose (without any loss of generality) that there is a model for
E with |A] < 1. We may express the periods (see [67], for instance) as

0 dx
wi(A) =
1Y) /_oo«/x(x—l)(x—)\)

and

° dx
w2 A) = .
2 /1 Va(z—1)(z =)

We now recall the hypergeometric series: for a,b € C and ¢ € C\N, we define

F(a,b,c;z) = Z %z"v

n=0

where
(a)p=ala+1)---(a+n—-1), (a)o=1.

A straightforward application of the ratio test shows that this series converges
absolutely for |z] < 1 (see exercises below). Thus, it represents an analytic
function in this disc.

It is clear that F'(a,b,c;z) = F(b,a,c; z) and that

F(a,b,b;z)=(1—2)""
It is also not hard to see that

Fla,a,1;2) = i <_na>zz”.

n=0

The hypergeometric series satisfies the following differential equation:
2(1=2)F"+(¢c—(a+b+1)2)F —abF = 0.
Theorem 18.1 For a complex number \ with |[A\| < 1,

/2
2/ (1 —Asin?0)"Y/2d0 = nF(1/2,1/2,1; \).
0

Proof. We use the binomial theorem to expand the integrand as

B 0o _1/2
2 1/2 n :..2n
(1—Asin?6)"1/2 = ngzo < " ) (=A)"sin“" 6.

Integrating this term by term and using Exercise 1, we get the result. O

Let us again consider the integral

° dx
o‘)2()\)_/1 oz —1D(z—N)
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Putting x = 1/t,t = 5%, s = sinf in succession, transforms the integral into

! dt ! ds
/0 N uE 2/0 V=) - As?)

4 do
:2/ — =7F(1/2,1/2,1; )
0 V1= Asin?6

A similar calculation for wi(A) shows that the other period is

= inF(1/2,1/2,1,1— \).

0 dz
B /700 Ve —1)(z—X)

In the case A = 1/2, observe that wy(1/2) = iwz(1/2) and hence the quotient
of these two periods is equal to 7. An immediate consequence of Schneider’s
theorem is

Theorem 18.2 For algebraic A with |A| < 1, both the numbers
F(1/2,1/2,1,\) and F(1/2,1/2,1,))
are transcendental.

Proof. The first number is transcendental since it is a period of an elliptic

curve defined over Q. The second number is transcendental since it is this
period divided by 7. [J

Recall that in calculating the circumference of an ellipse with major axis and
minor axis of lengths a and b, respectively, we show that it is given by

/ Va2 cos? 0 + b2 sin? 0df = 4/ \/@2 — b2) sin” 0d#,
as is easily seen by putting cos?# = 1 — sin® §. We can re-write this integral as
/2
4a/ V1 — Asin® 0d0,
0

where A = 1 — b?/a®. We may expand the integral via the binomial theorem
to get
T2 (1/2
4a/ Z( / >(—1)”>\" sin®" §df.
0 n=0 n

Using the result

[(a)I'(b)

/2
2 211—19 s 2b—1 0do = A A
/O (¢0)] S F(a,+b)
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we see that we may apply this with a = 1/2,b=n+ 1/2 to get

"2 T(1/2)D(n+1/2)
2/0 sin?" 6dh = NOES)

The last term can be re-written as

F(1/2)(n+1/2-D(n+1/2-2)(n+1/2-n)0(1/2) _ 7(1/2)n

n! n!

Putting this all together, we obtain:

Theorem 18.3 The circumference of an ellipse with major and minor azes of
lengths a and b, respectively, is

27Taz (122) (—1)"—(122!)71)\"
n=0
where A = 1 — b2 /a?.

The series is in fact a hypergeometric series as is easily seen by noting that

o (17) = S

n n!
Thus, the circumference of the ellipse is
2raF(—1/2,1/2,1; \).

There has been some work in trying to determine for which arguments the
general hypergeometric function takes transcendental values. In the case a, b, ¢
are rational numbers, with ¢ # 0,—1,—2,..., a theorem of Wolfart states that
if F(a,b,c;z) is not algebraic over C(z) and its monodromy group is not an
arithmetic hyperbolic triangle group, then there are only finitely many values
of z € Q for which F(a,b,c;z) is algebraic.

Exercises

1. Show that for any natural number n,

/2 _1
2/ sin®" 0df = 7(—1)" ( 2>.
O n

2. Show that the area of the ellipse given by

is wab.
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3. Show that the j-invariant of E) is given by

25(A2 — A + 1)

B ===y

4. Determine the radius of convergence for the hypergeometric series.
5. Show that F(a,b,b;z) = (1 —2)~ "
6.

Fla,a,1;2) = i (;“)22”.

n=0



Chapter 19

Baker’s Theorem

In this chapter, we will discuss the following theorem due to Baker.

Theorem 19.1 ([8]) If au,...,q, are non-zero algebraic numbers such that
logay, ... ,loga., are linearly independent over Q, then
1,logay, ..., logam,

are linearly independent over Q.

Observe that the case m = 1 is a consequence of the Lindemann—Weierstrass
theorem. The case m = 2 implies the Gelfond-Schneider theorem. In 1980,
Bertrand and Masser [18] proved an elliptic analog of Baker’s theorem. For a
Weierstrass p-function with algebraic invariants go and gs and field of endomor-
phisms &, the following set

Lr={acC : p(a) € QU {cx}}

is referred to as the set of elliptic logarithms of algebraic points on E. Here E
is the associated elliptic curve. Let L be the lattice of periods. The k-linear
space Lg is the elliptic analog of the Q-linear space of logarithms of non-zero
algebraic numbers for the exponential case. Bertrand and Masser proved the
following theorem.

Theorem 19.2 Let p be a Weierstrass function without complex multiplication

and with algebraic invariants g, gs. Let uq, ..., u, be elements in Lg such that
Ul,. .., U, are linearly independent over Q. Then
Liug,...,un

are linearly independent over Q.

M.R. Murty and P. Rath, Transcendental Numbers, DOI 10.1007/978-1-4939-0832-5_19, 95
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The analogous theorem for the CM case was earlier established by Masser
[83] and can also be recovered following the techniques employed in the proof
of the above.

As noted by Bertrand and Masser themselves, their method gives an alter-
nate proof of Baker’s theorem. In this chapter, we present their proof of Baker’s
theorem. We also recommend the book by Waldschmidt [125] which includes
several different proofs of Baker’s theorem.

We begin by noting that Baker’s theorem is a consequence of the following
theorem.

Theorem 19.3 (Main Theorem) Let K be a number field of degree d over Q.
Let B1,...,8q4 be a basis for K over Q. Let aq,...,aq be non-zero algebraic
numbers. Then

Bilogas + -+ Balogag € Q

if and only if
logay; =--- =logag = 0.

Let us first see how the above theorem implies Baker’s theorem. Let
Qi,...,0q be non-zero algebraic numbers such that logasy,...,logay are lin-
early independent over Q. Now suppose that

Bilogay + -+ Balogag = v

where 31,..., 8¢ and « are algebraic numbers. Consider the number field K =
Q(P1,--.,P4) and let a1, ..., 2, be a Q-basis for K. Let

n
Bi = Z YijTj
j=1

for 1 <7 < d, where y;; are rational numbers. Thus, we have

n d
Zijj =~  where A4; = Zyij loga, 1<j<n.
j=1

i=1

But the A;’s are logarithms of algebraic numbers as y;;’s are rational num-
bers. By the above theorem, each A; is necessarily equal to zero. But since
logay,...,logag are linearly independent over Q, this implies that y;; = 0 for
all 4 and j. Thus 8; = 0 for 1 < i < d. Hence the above theorem implies Baker’s
theorem.

Let us now begin the proof of the main theorem. The crucial ingredient in
the proof is the following multi-variable generalisation of the Schneider—Lang
theorem we proved earlier. This was proved by Lang [78]. An entire function

F(Z) in r variables, with Z = (21,...,2,) € C", is said to be of finite order of
growth if
limsu loglog | | n
s log R ’

where |F|g is the supremum of |F(Z)| on the closed disc |z] < R.
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Theorem 19.4 ([78]) For integers N > r > 1, let fi1,..., fn be entire functions
on C" with finite order of growth and of which at least r + 1 are algebraically
independent. Let K be a number field such that the ring K[f1,..., fn] is mapped
into itself by the partial derivatives 8%1, cee aizr. Then for any subgroup I' of

C" which contains a basis of the complex space C", not all the values
fi(Z), 1<k<N, zel
can lie in K.

The proof of the above theorem, though more involved, runs along similar lines
as in the one-dimensional case. We refer to chapter IV of Lang’s book [79] for
the relevant details.

The theory of several complex variables constitutes an essential tool in the
development of modern transcendence theory. We refer to the classic treatise
of Gunning and Rossi [64] for the basic definitions and notions. However for
our purposes, we only need to work with very special type of entire functions,
namely functions of the form

f(E) — eE.E — ea1z1+~~~+a,~zr

where @ = (aq,...,a,) is a fixed vector in C". Clearly, these functions have
finite order of growth.

We deduce the following two corollaries of the above theorem. As before, for
T=(r1,...,24), = (y1,..,vya) € C?, we have the following notation

TY =x1y1 + - + Tayd-

Corollary 19.5 Let N,d with N > d be positive integers and Ti,...,Tn be

—d
elements in Q  such that at least d+ 1 of these vectors are linearly independent
over Q. Let %y,..., 7y be elements in C? containing a basis for C¢. Then not
all the M N numbers

efzﬂyj
can be algebraic.
Proof. Consider the N functions
filz1,. .., 2q) = 7% = etirArt o tTiaza ) <j <N,

We note that at least d + 1 these functions are algebraically independent (see
Exercise 1). Let I' be the additive subgroup of C? generated by the vectors
Uis--->Ypr- Suppose that the e”¥i are all algebraic. Let K be the number
field generated by the numbers e”*¥i and the coordinates of each of the vectors
T; = (x,...,xiq). Then clearly all the hypotheses of Lang’s theorem are
satisfied. However, for all 1 < ¢ < N and Z € I', we have f;(Z) € K. This
contradicts Lang’s theorem. [J
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Corollary 19.6 Let x1,...,%q be d elements in @d which are linearly inde-
pendent over Q. Let¥y,...,7, be elements in C? linearly independent over C.
Forl < j<d, lety; = (yj1,.-.,Y;a) and suppose that the kth entries of each
of these d vectors, namely yik,...,yax are all algebraic. Then not all the d?
numbers

eTiYj

can be algebraic.

Proof. As before, let

fiZ) = ™7

for 1 < i < d and define f441(Z) = 2z, the kth projection function. Let K
be the number field generated by the numbers e ¥, the co-ordinates x;; of
the vectors Z; = (x1,...,%;q) and the kth coordinates y;, of the vectors Y-
Taking I' to be the additive group generated by the vectors ¥, we see that for
all1<i<d+1and z €T, f;(z) € K. This again contradicts Lang’s theorem.
O

Let us now prove the main theorem. We have a number field K of degree
d with B,...,84 € K constituting a basis. Further, a,...,aq are non-zero
algebraic numbers such that

A= pBilogay + -+ Bglogay € Q.
Our goal is to prove that
logay =+ =logag = 0.

Let {o1,...,04} be the embeddings of K in C. We define the following complex
numbers

)\1‘ = Ui(ﬂl) IOgOél 4+ 4+ Ui(ﬂd) log (6%

for 1 <4 < d. Consider the matrix M defined as

M = (Ui(ﬁj))gi,jgd :

Note that this matrix is non-singular (see Exercise 2). Thus if each of the A; is
equal to zero, necessarily log «;’s are all equal to zero. So we may assume that
not all the \;’s are equal to zero.

We first consider the case when none of the \;’s are equal to zero, that is

A g # 0.

We now construct vectors T; and Y; as in Corollary 19.6. First for 1 < ¢ < d,
let

T = (01(85), - - -, 0a(Bi)),
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be the vector consisting of all the conjugates of 8; in C. Non-singularity of the

—d
matrix M introduced above ensures that these d elements in Q are linearly
independent over Q. Now we define the vectors y; for 1 < j < d as follows:

¥; = (Mo1(B;), - -, Adoa(B;))-

Consider the matrix (Aioi(8;)),<; j<,4- 1ts determinant is non-zero, being equal
to det(M)A; ... Ag. Thus the d vectors above are linearly independent over C.
If o) is the identity embedding of K, then the kth entries of these d vectors
are given by y;; = AS; which are algebraic numbers for all 1 < j < d. Thus
we are in the situation to apply Corollary 19.6 which implies that not all the
d? numbers e”Yi can be algebraic. Let us now explicitly evaluate the numbers
z;.y;. We have
d

7., = Y olBi)Noi(B))
a1(BiB) N

d
> 01(BiBj)ou(Bs) log as

d d
= Z <Z Ul(ﬂiﬂjﬂg)) log cvs.

However, the number A, = Zle o1(B:B;Bs) is the trace of 8;6,;8s in K and
hence rational. Thus,

eii@j _ €A1 log ay-+Ag log ag c @
This is a contradiction.

In the second case, suppose that some of the \;’s are equal to zero. Without
loss of generality, suppose that

)\1#Oa"'v)\T¢OaAT+1:"':)\dzo

with 1 < r < d. In this case, we define the vectors Z; and y; as follows. For
1 < i < d, we define

T = (01(Bi),-..,0.(8:)) € Q

and for 1 < j < d, we have

7; = (Mo1(By), - Aop(B;) €T

Note that the rank of the following r X d matrix

M = (Nioi(B5))
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where 1 < ¢ < rand 1 < j < d is equal to r. Thus the d vectors Y do
contain a basis for C". Again by Corollary 19.5, not all the d? numbers e*: ¥
can be algebraic. But an explicit evaluation of the numbers 7;.7; as above will
show that

e"Yi e Q
for all ¢ and j, hence a contradiction. This completes the proof of the main
theorem and hence Baker’s theorem.

Exercises
1. T1,...,Tny be N elements in @d which are linearly independent over Q.
Consider the N functions
filz1,...,2q) = "% = efnArt o tTiaza ) <j < N,

Show that these functions are algebraically independent.

2. Let G be an abelian group and o1, ...,04 : G — C* be d distinct homo-
morphisms. Prove that these functions are linearly independent over C.
Hence conclude that the matrix M in the proof of the main theorem is
invertible.

3. Let a1, ae, ..., a, be positive algebraic numbers. If ¢y, cq, ..., ¢, are alge-
braic numbers with ¢g # 0, then show that

n
com + Z cjlog oy

J=1

is a transcendental number and hence non-zero.

/1 dx
0 1+$3

is transcendental. Can you generalise to rational functions with algebraic
coefficients? (See [122].)

4. Show that



Chapter 20

Some Applications
of Baker’s Theorem

Let us first derive some important corollaries of Baker’s theorem.

Corollary 20.1 Ifaq,...,aum and B, ..., Bm are algebraic with a;’s non-zero,
then
Bilogaq + -+ + B logay,

is either zero or transcendental.
Proof. We proceed by induction on m. This clearly holds for m = 1 by the

Lindemann—Weierstrass theorem. Now assume the validity of the corollary for
m < n. We now proceed to prove it for m = n. Suppose not. Then

Brlogay + -+ - + Bplogay, = By (20.1)
is algebraic and By is non-zero. By Theorem 19.1, logaq,...,loga, must be
linearly dependent over Q. That is, there exist rational numbers cy, ..., c,, not
all zero such that

cilogag + -+ ¢y logay,, = 0. (20.2)

Say that ¢, # 0, without any loss of generality. Using this relation, we can
eliminate log o, from our original relation (20.1) and deduce a contradiction
by induction. Indeed, multiplying (20.1) by ¢, and relation (20.2) by 3, and
subtracting, we get that

Bilogar + -+ B, _1logan—1 = cufo

which is not zero. We can now apply induction to deduce the corollary. [
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Thus any algebraic linear combination of logarithms of algebraic numbers is
either zero or transcendental. The next corollary represents a vast generalisation
of the Gelfond—-Schneider theorem.

Corollary 20.2 If ay,...,oam and By, ..., Bm are non-zero algebraic numbers,
then
e@oa:fl .. ,ag{n
is transcendental.
Proof. If the number were algebraic and equal to a,,4+1 say, then we get
Brlogas + - -+ + B log ey, —log a1 = — B # 0.

This is a contradiction to the previous corollary. [

Corollary 20.3 a?l-nafnm is transcendental for any algebraic numbers

Q1,...,0;, other than 0 or 1 and any algebraic numbers B1,...,Bm with 1,
81, .-, Bm linearly independent over the rationals.

Proof. It suffices to show that for any algebraic numbers ay,...,a, other
than 0 or 1 and any algebraic numbers Sy, . .., 8y, linearly independent over the

rationals, we have
Brlogar + - - B log ay, # 0.

If we have this for every m, then we can apply this result with m replaced
by m+1 and 8,41 = —1 to derive a contradiction (since —1,51,...,8m
are linearly independent over Q). We therefore proceed by induction on m
which is clearly true for m = 1. Suppose we have proved it for n < m. If
log sy, . ..,log a,, are linearly independent over Q, then the result follows from
Theorem 19.1. So let us suppose otherwise. Then there are rational numbers
C1,-..,Cp not all zero such that

cilogag + -+ e log g, = 0.

Without any loss of generality, let us suppose ¢, # 0. We may use this relation
to eliminate log o, to obtain

(cmB1 — c1Bm)logar + -+ - + (emBm—1 — m—1Pm) log apm—1 = 0.
But the m — 1 numbers
cmB1 — €1Bmy -y CmPBm—1 — Cm—1Pm
are linearly independent over Q for otherwise,

Al(cmﬁl - Clﬁm) + -+ Am—l(CmBm—l - Cm—lﬁm) =0
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for some rational numbers Aj, ..., A,,—1 not all zero. But re-arranging this,
we find

Cm(Alﬂl +-- 4+ Amflﬁmfl) - (Alcl + -+ Amflcmfl)ﬂm =0.

Since fB1,..., B, are linearly independent over Q, we deduce that A, = --- =
Ap—1 =0, a contradiction. This proves the corollary. [

Corollary 20.4 7 + log« is transcendental for any algebraic number o # 0.
e®™ 8 s transcendental for any algebraic numbers o,  with B # 0.

In 1966, Baker proved a quantitative version of his theorem. Such versions
now fall under the general heading of effective lower bounds for linear forms in
logarithms.

Theorem 20.5 ([8]) Let a1, ..., a,, be non-zero algebraic numbers with degrees
at most d and heights at most A. Further, let By, ..., Bm be algebraic numbers
with degrees at most d and heights at most B > 2. Then, either

A= o+ pPrlogon + -+ + B log o,

equals zero or |A| > B~ where C is an effectively computable constant depend-
ing only on m,d, A and the original determinations of the logarithms.

The estimate for C' takes the form C’(log A)" where x depends only on m
and C’ depend only on m and d. Let us note that the special case of m =1 of
the above theorem leads to results of the form

|logaw — 8| > B~¢

for any algebraic number « not zero or 1 and for all algebraic numbers of degree
at most d and heights at most B > 2. Here, C' depends only on d and «.
In particular, we can derive results of the form

|r — B8] > B~°.

Indeed, N.I. Feldman had already established the above inequality with C' of
the order of dlogd.
Further, when we restrict to the case when S is a rational number, these

inequalities can be refined. For instance, for m we have the following lower

bound

lm—p/q| >q*

for all rationals p/q (¢ > 2). This was established by Mahler. On the other
hand, we have the following lower bound

€% = pfa| > g~elostoss
for all rationals p/q and where ¢ is an absolute constant. This was proved by
Baker.

In 1993, Baker and Wiistholz [11] proved a sharper form of these theorems
by offering a quantitative version of Baker’s original theorem. We state a special
case of their theorem.
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Theorem 20.6 ([11]) If 5o = 0 and 1, .., Bm are integers of absolute value
at most B, then either A =0 or

|A| > exp(—(16md)?*™ ™ (log™ A)log B).

Finding sharp lower bounds for linear forms in logarithms of algebraic num-
bers constitutes an important theme in transcendence theory. We refer to the
interested reader the book of Baker [9] and the recent monograph of Baker and
Wiistholz [12] for further details.

We now apply Baker’s theory to the study of L(1,x) where L(s,x) is the
classical Dirichlet L-function attached to a non-trivial character x. This is a
prelude to the theme of applying Baker’s theory to more general Dirichlet series
which we take up in later chapters.

Let x be a non-trivial Dirichlet character mod ¢ with ¢ > 1. For s € C with
Re(s) > 1, let

be the associated Dirichlet L-function. It is classical that L(s, x) extends to an
entire function and that -
=y xan)
n=1

Furthermore, L(1,x) # 0 by a theorem of Dirichlet. We are interested in the
algebraic nature of L(1,x). Now for any such Y, let

q
- Z X —27rimn/q

q =1

—_

be its Fourier transform. By orthogonality, we have
q
— Z )A((m)GQTrimn/q'
m=1
Note that x(q) = 0. Now we are ready to prove the following:

Theorem 20.7 If x is a non-trivial Dirichlet character mod q with ¢ > 1, then
L(1,x) is transcendental.

Proof. By the previous discussions, we have
= (n)
L(1,x) n;l -
g—1

. - 1 ~ 2mwimn/q
—Zn X(m)e

n=1 m=1
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q—1

Z log Qﬂzm/q)

This is a non-zero linear form in logarithms of algebraic numbers with algebraic
coefficients. By Baker’s theorem, this is transcendental. [J

We end the chapter with one of the major applications of Baker’s theory
which is the explicit determination of all imaginary quadratic fields with class
number one. This problem has a venerable history. We recommend the exposi-
tory article of Goldfeld [52] and the recent monograph of Baker and Wiistholz
[12] for a more detailed account of this topic.

Gauss conjectured that the only imaginary quadratic fields Q(v/—d), with
d > 0 and squarefree, that have class number one are given by

d=1,2,3,7,11,19, 43,67, 163.

In 1967, Baker [8] and Stark [117] independently solved this conjecture. We
indicate below the main features of Baker’s argument using linear forms in
logarithms.

We shall be needing some familiarity with algebraic number theory. We sug-
gest [76, 113] as possible references. Recall that if k£/Q is a quadratic extension,
its Dedekind zeta function (j(s) factors as

Ck(s) = C(s)L(s, x) (%)

where Y is a quadratic Dirichlet character. In fact if D is the discriminant of k,
then we may write k = Q(v/D) and x(n) = (£) is the Kronecker symbol. The
class number formula of Dirichlet can be stated as follows. If k is an imaginary
quadratic field, then

2rwh(k
L(1,x) = = ( ), D<0
|D|
and if k is a real quadratic field,
2h(k)1
L(l,x) = w, D>0

VD

where h(k) denotes the class number of k and ¢, is the fundamental unit of k
and wy, is the number of roots of unity in k. We may write (x) in another way,
using zeta functions attached to binary quadratic forms. Given a form

fz,y) = az® + by + ey

with discriminant D = b2 — 4ac < 0, we may associate the following function

|
=2
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where the dash indicates (m,n) # (0,0). One can show that (s, f) extends
to the entire complex plane, apart from a simple pole at s = 1. Kronecker’s
limit formula explicitly gives the residue and the constant term in the Laurent
expansion of ((s, f) at s = 1. Using the standard equivalence between binary
quadratic forms of discriminant D and ideal classes of k, we may write (x) as

G() = 5 (s, )
d

where the sum is over a complete set of inequivalent quadratic forms with
discriminant D. In other words,

1 ! 1
C(s)L(s, x) = 5;; )
We may twist this by a Dirichlet character x; to get
1 © xa(f(m,n))
L L == AN )
(5. X2)L(s, xx1) = 3 ; 2 Ty

By classical theory, the inner sums are Mellin transforms of modular forms of
weight one. The behaviour at s = 1 of the inner sum can be determined by
Kronecker’s second limit formula (see [77], for instance) when y; is non-trivial.
We are especially interested in applying this for the case

= (2) ad am-(2)

with Dy > 0. Using the limit formula, we get

L(LXI)L(LXXl) = % H <1 — 1%) ; Xla(a) _|_Z Z Areﬂ'irb/D1a (**)

p|D1 f r=-oc

Here for r # 0,
< 27T|T| e—s/aDl
D]

|Ar|

7|r|
VD]
On the other hand if D; is a power of a prime p, then

with s = . As regards Ay, it is equal to zero if D; is not a prime power.

_ 2mxi(a)
D1/ID]

Now suppose Q(v/D) has class number one. Then by genus theory (see for
example, [113]), if —D > 2, then —D = 3 (mod 4) and is necessarily a prime.
Moreover as the class number is one, there is only one form (up to equivalence)
and which we can take to be

1-D
:172—|—:17y—|— (T) y2.

Ay = logp
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By Dirichlet’s class number formula,

2h; loge
L(1,x1) = %

where h; is the class number of Q(v/D1) and €; is the fundamental unit attached
to this real quadratic field. The quadratic character xx; corresponds to the

imaginary quadratic field
Q(v'DDn)

and we have
hgﬂ'

L(1, = —
( XX1) |DD1|

where hsg is the class number of Q(1/|DDy|).
We will choose Dy appropriately. Assuming |D| > D; so that (D, D;) = 1,
we obtain from (kx),

1 D1+/|D] &
2h1h210g€1—%D1\/|D| H (1—17) SlTH Z |Ar].

p|D1 r=—00

If we choose D; such that it is not a prime power, we are ensured Ag = 0.
We will choose D; = 21 and D; = 33 and in both cases Q(v/D;) has class
number one. Using the upper bounds for |A4,|, we obtain for |D| large enough
and D, = 21,

32 ol
h210g€2_ﬁﬂ- /|D|’ <e T |D|/100

where hg is the class number of Q(v21D) and ez is the fundamental unit of
Q(v/21). Similarly for D; = 33, we obtain

80 /D1
h310g63— ﬁﬂ /|D|‘ <e |D|/100

where hg is the class number of Q(v/33D) and €3 is the fundamental unit of
Q(v/33). By eliminating the /| D| term, we obtain

|35h2 log €2 — 22hs log €3] < 5Te TV IPI/100,
The terms hs and hg can be bounded effectively by an inequality of the form

hQ,hg < Cc1y/ |D| log |D|

with ¢; effectively computable. By Baker’s theory on lower bounds for linear
forms in logarithms, we have

|35h2 log €9 — 22h3 log 63| > B™¢
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where B = max(35he,22h3) and c¢ is an effectively computable constant
(dependent on €3 and €3). We obtain

e~2108 1Pl < |35k, log ey — 22hglog es| < 5TeTVIPI/100

from which |D] is effectively bounded. One explicitly determines a bound for
|D| which is of the order of 10%%.

Heilbronn and Linfoot had previously shown that there are at most ten
imaginary quadratic fields with class number one and Lehmer had given a lower
bound for the tenth fictitious prime p > 163 such that Q(,/—p) has class number
one. This lower bound was of the order of 10°. Later, this lower bound was
improved by Stark [116] who showed that the lower bound is of the order of elo”,
Thus comparing with the upper bound obtained before, the classification of all
imaginary quadratic fields with class number one is done.

This method extends to determine effectively all imaginary quadratic fields
with class number two and has been carried out by Baker [8] and Stark [117].
There are precisely 18 such fields.

In 1976, Goldfeld [50, 51] used the theory of elliptic curves to obtain an
effective lower bound for the class number of an imaginary quadratic field. But
his proof was conditional upon the existence of an elliptic curve of Mordell-Weil
rank 3 and whose associated L-series has a zero of order 3. In 1983, Gross and
Zagier [56] found such an elliptic curve. Combining this with Goldfeld’s result
led to the following: for every € > 0, there is an effectively computable constant
¢ > 0 such that the class number of Q(v/D) is greater than c(log|D|)'~¢. In
1984, Oesterlé [90] refined the argument to give the lower bound

1 [ 2P |
oo lee 12D 11 (1_pT)

p|D
p#|D|

for the class number of the imaginary quadratic field (@(\/5)

The scenario for class numbers of real quadratic fields is expected to be
different. It is conjectured that there are infinitely many real quadratic fields
with class number one. However, we do not even know if there are infinitely
many number fields with class number one.

Exercises
1. Let P(x) be a polynomial of degree r > 2. Assume that P(x) has algebraic
coefficients and that all of its roots are rational and not integral. Show that

o0

> 1/P(n)

n=1

is either zero or transcendental. [Hint: Consider the partial fraction
decomposition of 1/P(z).]
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2. Show that the conclusion of the previous exercise is still valid for the sum

> Qn)/P(n)

n=1
where Q(x) is also a polynomial with algebraic coefficients and the degree
of Q(x) is at most r — 2.

3. Let f be an algebraic-valued function defined on the integers. Suppose
that for some natural number ¢ > 1, we have f(n + ¢) = f(n) for all
natural numbers n. Suppose further that

Show that -
Z f(n)
n
n=1
converges and that it is either zero or a transcendental number.

4. Suppose that the sum

n

= =z
F(z;x) ::Z
n:1n+x

converges. If z is algebraic and x is rational, show that the sum is either
zero or a transcendental number.



Chapter 21

Schanuel’s Conjecture

One of the most far reaching conjectures in transcendence theory is the following
due to S. Schanuel:

Schanuel’s Conjecture: Suppose a1, ..., a, are complex numbers which are
linearly independent over Q. Then the transcendence degree of the field

Q(alv"'aanvealv"'aean)

over Q is at least n.

This conjecture is believed to include all known transcendence results as
well as all reasonable transcendence conjectures on the values of the exponential
function. Note that when the a;’s are algebraic numbers, this is the Lindemann—
Weierstrass theorem.

In this chapter, we derive some interesting consequences of this conjecture.
We begin with the following special case of Schanuel’s conjecture. This gener-
alises Baker’s theorem. Let us refer to it as the weak Schanuel’s conjecture.

Weak Schanuel’s Conjecture: Let ag,...,qa, be non-zero algebraic num-
bers such that logas,...,loga,, are linearly independent over Q. Then these
numbers are algebraically independent.

This special version itself has strong ramifications. For instance, it suffices
to derive transcendence of special values of a number of L-functions arising from
various analytic and arithmetic contexts.

The following is an important consequence of the weak Schanuel’s conjecture.

Theorem 21.1 Assume the weak Schanuel’s conjecture. Let aq, . .., o, be non-
zero algebraic numbers. Then for any polynomial f(x1,...,x,) with algebraic
coefficients such that f(0,...,0) =0, f(logay,...,loga,) is either zero or tran-
scendental.
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Proof. We use induction on n. For n = 1, it is true by the classical
Lindemann—Weierstrass theorem. Now for n > 2, let f(x1,...,2z,) be a
polynomial in Q[zi,...,z,] with f(0,...,0) = 0. Further, suppose that
A:= f(logay,...,logay,) is algebraic. By the weak Schanuel’s conjecture, the
numbers logay,...,loga, are linearly dependent over Q. Then there exists
integers cq, ..., ¢, such that

cilogag + -+ cploga, = 0.

Suppose ¢; # 0. Then loga; = _%(02 logas + -+ + ¢, log o, ). Replacing this
value of log a7 in the expression for A, we have

A :g(logQQa' --,10g04n),

where g(x1,...,2,-1) is a polynomial with algebraic coefficients in n — 1
variables. Then by induction hypothesis A = 0. This completes the proof. [

Now we proceed to derive some other consequences of Schanuel’s conjecture:
1% q ]

Theorem 21.2 Assume that Schanuel’s conjecture is true. Let o # 0,1 be
algebraic. Then loga and loglog a are algebraically independent.

Proof. Note that for o € Q\ {0, 1}, log @ and loglog o are linearly independent
over Q. We apply Schanuel’s conjecture to the numbers log o and loglog a.
Then we see that the transcendence degree of the field Q(log a, loglog v, @) is
two and hence log o and loglog o are algebraically independent. [J

Theorem 21.3 Assume that Schanuel’s conjecture is true. If ay,..., o, € Q
are linearly independent over Q, then m, e, ... e*" are algebraically indepen-
dent. In particular, e and © are algebraically independent.

Proof. We apply Schanuel’s conjecture to the Q-linearly independent numbers
i, ..., 0, and im to get the result. OJ

Theorem 21.4 Assume that Schanuel’s conjecture is true. If aq,...,a, are
algebraic numbers such that i, a1, ..., q, are linearly independent over Q, then
m, e .. e*™ are algebraically independent.

Proof. Apply Schanuel’s conjecture to the Q-linearly independent numbers
im, aqm, ..., «ap7 to get the result. OJ

Thus Schanuel’s conjecture implies that m and e™ are algebraically indepen-
dent. This has been established unconditionally by Nesterenko.

Theorem 21.5 Assume that Schanuel’s conjecture is true. Then 7° is tran-
scendental.
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Proof. By Nesterenko’s result, we know that m and logw are linearly
independent over Q. We apply Schanuel’s conjecture to the Q-linearly
independent numbers 1,im and logm to conclude that e,m and logm are
algebraically independent. Now apply Schanuel’s conjecture to the Q-linearly
independent numbers 1, logm,i7w + elogm, elogw. [J

Let us define a Baker period to be an element of the Q-vector space spanned
by logarithms of non-zero algebraic numbers.

Theorem 21.6 Assume that Schanuel’s conjecture is true. If aq,...,qy are
non-zero algebraic numbers such that log o, ..., log o, are linearly independent
over Q, then logay,...,logay,logm are algebraically independent. In particu-
lar, log is not a Baker period.

Proof. Since logay,...,loga, are linearly independent over @, the numbers
logay, . ..,loga,, are algebraically independent by Schanuel’s conjecture.
First suppose that 7, logay,...,loga, are linearly dependent over Q, i.e.

= prlogay + -+ Brlogay,

where 8; € Q and not all of them are zero. Without loss of generality,

assume that 51 # 0. Then 7,log as, ..., log a,, are linearly independent over Q.
Now applying Schanuel’s conjecture to the Q-linearly independent numbers
im,logas, ..., log a,,logm we see that logay,...,loga,,logm are algebraically
independent.

Next suppose that 7 and logay, .. .,log a, are linearly independent over Q.
Then we apply Schanuel’s conjecture to the Q-linearly independent numbers
im,logay,...,loga,,logm to get the required result. [J

Theorem 21.7 Assume that Schanuel’s conjecture is true. If a is a non-zero
Baker period, then 1/« is not a Baker period. In particular, 1/7 is not a Baker
period.

Proof. Since « is a Baker period, we can write
a = ﬂl 10g51 + e +Bn10g5nv
where £;,0; € Q\ {0}. If 1/a is also a Baker period, then

1
= v logayg + -+ + v log ag,

where 7;,; € Q \ {0}. This implies that
1= f(logd,...,logd,,logas,... logay), (21.1)

where f is a polynomial in Q[z1,..., 2, %] with £(0,...,0) = 0. Then the
right-hand side of (21.1) is either zero or transcendental and hence the result
follows. [
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One can show that Schanuel’s conjecture implies that e® is transcendental
(see Exercise 1). We refer to the papers of Waldschmidt [128] and Brownawell
[22] for an interesting theorem in this context, namely that either e® or e is
transcendental. This was a conjecture of Schneider.

We note that Kontsevich and Zagier [74] have introduced the notion of
periods. A periodis a complex number whose real and imaginary parts are values
of absolutely convergent integrals of rational functions with rational coefficients
over domains in R™ given by polynomial inequalities with rational coefficients.
Clearly all algebraic numbers are periods. On the other hand, 7 is a period for

it is expressible as
= / / dxdy.
x2+492<1

Further, non-zero Baker periods are examples of transcendental periods. This
follows from Baker’s theorem.

The set of periods forms a ring. It is an open question to determine whether
the group of units of this ring contains only the obvious units, namely the
non-zero algebraic numbers. We shall come back to these periods in the last
chapter.

We now apply Schanuel’s conjecture to study some special values of the
Gamma function.

Theorem 21.8 For any rational number x € (0,1/2], the number
logT'(z) +1ogT'(1 — z)
is transcendental with at most one possible exception.
Proof. Using the reflection property of the gamma function, we have
logT'(z) + log'(1 — 2) = log 7 — log sin 7x.
If 1 and x5 are distinct rational numbers with
log'(x;) +logT'(1 —x;) € Q, i=1,2,

then their difference log sin mzs — log sin w1 is an algebraic number. But this is
a non-zero Baker period and hence transcendental. [J

The possible fugitive exception in the above theorem can be removed if we
assume Schanuel’s conjecture.

Theorem 21.9 Schanuel’s conjecture implies that
logT'(z) +1ogT'(1 — z)

is transcendental for every rational 0 < x < 1.
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Proof. As noticed earlier, Schanuel’s conjecture implies that for any non-zero
algebraic number «, the two numbers e and 7 are algebraically independent.
Suppose a = logI'(z) + logT'(1 — z) is algebraic. Then e®sin(mz) = 7 which
contradicts the algebraic independence of e® and 7. [J

We also have,

Theorem 21.10 Schanuel’s conjecture implies that for any rational z € (0,1),
at least one of the following statement is true:

1. Both T (x) and T' (1 — z) are transcendental.

2. Both logT' (z) and logT (1 — ) are transcendental.

Proof. If (1) is true, there is nothing to prove. Without loss of generality,
suppose that I'(z) is algebraic for some € Q. Then logT'(z) is a Baker period.
Since

logT'(1 — z) = —logT'(z) 4+ log 7 — log sin z,

therefore it follows that logT'(1 — ) is transcendental. OJ

The logarithms of the gamma function as well as log 7 are of central impor-
tance in studying the special values of a general class of L-functions.

Finally, we now apply Schanuel’s conjecture in the investigation of some
special values of Dedekind zeta functions. We refer to [58] for a more detailed
account. The relevant details from algebraic number theory can be found in the
books of Lang [76] or Neukirch [88]. Let K be a number field of degree n. For
R(s) > 1, the Dedekind zeta function of K is defined as

Gs) = Y e

where the sum is over all the integral ideals of Ok, the ring of integers of K.
When K = Q, this is the Riemann zeta function. Analogous to the Riemann
zeta function, (x(s) is analytic for R(s) > 1 and (s — 1){x(s) extends to an
entire function with

21 (2m)"2h R
lim (s — 1)Cx(s) = Ress—1Cx(s) = 2 @m)"hic i
s—1+ WK |dK|

)

where r; is the number of real embeddings, 2rs is the number of complex
embeddings, hy is the class number, Rk is the regulator (which is known to be
non-zero), wy is the number of roots of unity in K and dx is the discriminant
of K.

We are interested in the nature of Ress—1({x(s) and the regulator R.
Because of the presence of 7, the transcendence of one does not imply the
transcendence of the other unless K is a totally real field.
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Theorem 21.11 Assume the weak Schanuel’s conjecture. Let K be a number
field with unit rank at least 1. Then both the requlator Ry and Ress—1(k(s) are
transcendental.

Proof. By the class number formula,

2" (27T)T2 hx Ry

wy/ldx|

where 71 and 2ry be the number of real and complex embeddings. Let u@
be the j-th conjugate of u € K where j runs through the embeddings modulo
complex conjugation. Let

Ress=1(k (s) =

{ui,ug,...,u.}

be a set of generators of the ordinary unit group modulo the roots of unity.
Then the regulator Ry, up to an algebraic multiple, is given by

1 log |u§1)| - log |u$1)|

(T+1 | (T+1 |

1 logluy log |uy
Clearly, by Theorem 21.1, the regulator Ry is transcendental.
Further,

7Ry = F (1og(—1), log [u{V],...,log |u5f+1>|)

where F' is a polynomial with algebraic coeflicients whose constant term is zero.
Assume that the weak Schanuel’s conjecture is true. Then by Theorem 21.1,
Ress—1(k (s) is necessarily transcendental. [

In the p-adic set-up, it is conjectured that the p-adic regulator rank of any
number field K is equal to the rank of its unit group (see [89], for instance).
This is referred to as Leopoldt’s conjecture. Waldschmidt [129] has shown that
the p-adic regulator rank is at least half of the expected value.

When K is a totally real field, then Leopoldt’s conjecture is equivalent to the
non-vanishing of the p-adic regulator of K (which is well-defined up to sign).

Leopoldt’s conjecture is known to be true for abelian extensions K|k where
k is either Q or imaginary quadratic (see [5, 24]). The proof in the abelian
case uses the p-adic analog of Baker’s theorem and the notion of Dedekind
determinants. We shall come across these determinants in a later chapter. The
conjecture is open for arbitrary number fields.

We note that Leopoldt’s conjecture is also related to the non-vanishing of
special values of certain p-adic L-functions. We refer to the book of Washington
[130] (see also the work of Colmez [35]) for further details.

One can extend these study to special values of Artin L-functions. The
guideline for such an investigation is a program envisaged by Stark [118]. We
refer to [95] for a more detailed account of Artin L-functions. Let K/k be Galois
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extension of number fields with Galois group G = Gal(K/k). Corresponding to
any finite dimensional representation (¢, V) of G with character x, the Artin
L-function is defined by

L(s,x, K /k) = Hdet (1= N(P)*¢(op)|y15) "

where P runs over all the prime ideals in O, 3 is a prime ideal lying over P,
I3 is its inertia group and og is the associated Frobenius element in the Galois
group. Stark [118] has made the following conjecture:

Conjecture (Stark). Suppose x does not contain the trivial character xo as
a constituent. Then
W (x)20m"
L1, x, K/k) = == V(O R(X)-
(Ide [N (£))*/2

We refer to the article of Stark for descriptions of the terms involved. Stark
proved the above conjecture for all rational characters.

Theorem 21.12 Assume that the weak Schanuel’s conjecture is true. Then for
any rational nontrivial irreducible character x, L(1,x, K/k) is transcendental.

Proof. Let x be a character as above. Then as proved by Stark

W (x)2er"

L BIR) = G N

() R(X)-

In the expression on the right-hand side, there are two possible transcendental
objects, namely 7° and R(). But we have a description of the number R().
It is the determinant of an a by a matrix whose entries are linear forms in
logarithms of absolute values of units in K and its conjugate fields. For
instance, when k is equal to Q, the entries of this matrix are given by
cij = Za” )log(|e?|) where A(c) = (ai;(0)) is a representation of G

ceG

whose character is x and € is a Minkowski unit. Since log(—1) = i, the residue
is the value of a polynomial of the form mentioned in Theorem 21.1 evaluated
at logarithms of algebraic numbers. It is classical that for any irreducible
character x of G, for all t € R, L(1 + it, x, K/k) # 0 and hence by appealing
to Theorem 21.1, we see that L(1,x, K/k) is transcendental under the weak
Schanuel’s conjecture. [J

For more details and other applications to transcendence of Petersson norms
of certain weight one modular forms, the reader may consult [58].

We end this chapter by mentioning a generalisation of Schanuel’s conjecture.
Let us first set up the preamble which motivates such a generalisation.

The conjecture of Schanuel is about the algebraic independence of the values
of the exponential function. Analogous to the exponential set-up, there has also
been progress in the elliptic world (see the survey article [127], for instance).
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For a Weierstrass p-function with algebraic invariants g, gs and field of
endomorphisms k, the following set

Lr={acC : p(a) € QU {cx}}

is referred to as the set of elliptic logarithms of algebraic points on E. Here E is
the associated elliptic curve. Let £ be the lattice of periods. This k-linear space
L is the elliptic analog of the Q-linear space of logarithms of non-zero algebraic
numbers for the exponential case. The question of linear independence of elliptic
logarithms, analogous to Baker’s theorem, has been established by Masser for
the CM case [83] and Bertrand and Masser for the non-CM case [18].

The algebraic independence of the values of the Weierstrass p-function is
more delicate. When the Weierstrass p-function has complex multiplication,
the following analogue of the Lindemann—Weierstrass theorem has been proved
by Philippon [91] and Wiistholz [133].

Theorem 21.13 (Philippon/Wiistholz) Let o be a Weierstrass p-function with
algebraic invariants g and g3 that has complex multiplication. Let k be its field
of endomorphisms. Let

a1,Q2,...,0n

be algebraic numbers which are linearly independent over k. Then the numbers
plar),...,play) are algebraically independent.

For the non-CM case, so far only the algebraic independence of at least n/2
of these numbers is known by the work of Chudnovsky [33].

In his seminal work, Nesterenko proved the following general result (see [86,
Chap. 3, Corollary 1.6]) which involves both exponential and elliptic functions.

Proposition 21.14 Let p be a Weierstrass g-function with algebraic invariants
g2 and gz and with complex multiplication by an order in the field k. If w is any
period of @, n the corresponding quasi-period and T is any element of k which
is not real, then each of the sets

27ri7-} 27ri7-}

{Tr’w’e {ﬂ-? ?7,8

is algebraically independent.

With these background in mind, the following elliptic-exponential extension
of the conjecture of Schanuel has been suggested in [62].

Conjecture: Let @ be a Weierstrass p-function with algebraic invariants go
and gs and lattice 2. Let k be its field of endomorphisms. Let

A1, A2, .« oy Qpy Qg 15 -+ - Ol
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be compler numbers which are linearly independent over k and are not in 2.
Then the transcendence degree of the field

a1

Q(O[l,OéQ,...,O[n,e 7"'760‘7‘

so(artr) . plan))

over Q is at least n.

This conjecture is a special case of a more general conjecture formulated by
Bertolin [16] (one needs to specialise “conjecture elliptico-torique” on p. 206 of
[16] to the case of a single elliptic curve). We will also come across another
elliptic-exponential extension of Schanuel’s conjecture in Chap. 26.

It is worthwhile to mention that Schanuel also formulated an analogous con-
jecture for formal power series. This conjecture was proved by Ax [6] in 1971
which is the following;:

Theorem 21.15 (J. Az) Let y1, ...,y € tC[[t] be n formal power series which
are linearly independent over Q. Then the field extension

CH) (W1, Yn,exp(1); - -, exP(yn))
has transcendence degree at least n over C(t).

Furthermore, in the same paper, Ax considers the following conjecture:

Conjecture: Let y1,...,yn € C[[t1,...,tm]] be Q-linearly independent. Then
the transcendence degree of the field

Qy1,-- -, Ynsexp(y1), - .., exp(Yn))

over Q is at least n + r, where r is the rank of the n x m matriz (ggl)
J

Clearly, the original Schanuel’s conjecture involving complex numbers is a
special case of the above. But Ax showed that the Schanuel’s conjecture is
actually equivalent to the above conjecture (see also [34]). Elliptic versions of
Ax’s results have been obtained by Brownawell and Kubota [23].

We end by noting that D. Roy has suggested an alternate algebraic approach
towards the weak Schanuel’s conjecture which is about the algebraic indepen-
dence of logarithms of algebraic numbers.

Let us first formulate the following homogeneous version of the weak
Schanuel’s conjecture: Let «q,...,a, be non-zero algebraic numbers such
that the numbers log ay,...,log a, are linearly independent over Q. Then for
any non-zero homogeneous polynomial P(Xjy, ..., X,,) with rational coefficients,
P(logay,...,loga,) is not equal to zero.

Now let M be an m x n matrix (\;;) where each \;; is the logarithm of a
non-zero algebraic number for 1 < i < m,1 < j < n. For each such matrix, let
V' be the Q-vector space generated by the mn entries of the above matrix. Let
r be the dimension of this space and let {e1,...,e,} be a basis. Then

T
Aij = E bijrex,
k=1
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where b;;;, € Q and hence the matrix M is given by

T ”’
g1 biker 0 D2 binker

T s
Yoke1 bmiker o D p_q bmnker

We now consider the following formal matrix My, given by

Sy bieXe o Y bk Xk

22:1 bmlka co Z;:l bmnka

with entries in the field Q(Xq, ..., X,) where X3,..., X, are variables.

The rank of this formal matrix My, associated with the matrix M is
referred to as the structural rank of M and is independent of the choice of basis
of V.

It is clear that the homogeneous weak Schanuel’s conjecture implies that the
rank of the matrix M is equal to its structural rank. D. Roy proved that the
converse also holds. Here is Roy’s theorem.

Theorem 21.16 (D. Roy) Suppose that for any matrix M with entries in log-
arithms of nonzero algebraic numbers, rank of M is equal to its structural rank.
Then the homogeneous weak Schanuel’s conjecture is true.

In this connection, Roy also proved that for any such matrix M, rank of M
is at least half of its structural rank. Furthermore, by working with matrices
having entries in the Q-vector space generated by 1 and logarithms of alge-
braic numbers, one can link the structural rank of such matrices to the weak
Schanuel’s conjecture. See Chap. 12 of [125] for a detailed discussion about these
results. We note that Roy (see [107]) has also suggested an alternate algebraic
approach towards the original Schanuel’s conjecture.

Finally, Schanuel’s conjecture has been found to have implications in other
contexts like model theory and commensurability of locally symmetric spaces
(see [93, 136] for instance).

Exercises
1. Show that Schanuel’s conjecture implies the four exponentials conjecture.
2. Assuming Schanuel’s conjecture, show that e is transcendental.

3. Assuming Schanuel’s conjecture, and not using Nesterenko’s theorem,
show that 7 and log 7 are algebraically independent.

4. Let fi1,...,B, be linearly independent algebraic numbers over the
rationals. Suppose that as,...,«a, are algebraic numbers such that
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log a1, ...,logay, are linearly independent over Q. Assuming Schanuel’s
conjecture, show that

B1

e ,...,eﬁ",logal,...,logam

are algebraically independent over the rationals.

5. Let z1,..., 2z, be complex numbers. Show that z1, ..., z, are algebraically
independent over the rationals if and only if they are algebraically inde-
pendent over the field of algebraic numbers.

6. Define a sequence of numbers FE, recursively as follows: Ey = 1 and
E, = exp(E,—_1) for n > 1. Show for any finite subset A of the natural
numbers, the set of numbers F, with a € A is an algebraically independent
set of numbers, assuming Schanuel’s conjecture.

7. Define a sequence of number P, recursively as follows: Py = 7, and P, =
aPn=1 for n > 1. Assuming Schanuel’s conjecture, show that any finite
subset of the set of P,’s is algebraically independent over the rationals.

8. Show that if «1,...,a, are Q-linearly independent algebraic num-
bers, then Schanuel’s conjecture is true. (This is a consequence of the
Lindemann—Weierstrass theorem. See Theorem 4.1 in Chap. 4.)



Chapter 22

Transcendental Values
of Some Dirichlet Series

There is a large collection of Dirichlet series defined purely arithmetically that
have been conjectured to have analytic continuation and functional equations.
Deligne [38] has formulated a far-reaching conjecture regarding the special val-
ues of these series at special points in the complex plane and one would like
to know if these special values are transcendental numbers or not. The most
notable example is the L-function attached to an elliptic curve and the Birch
and Swinnerton-Dyer conjecture. In a lecture at the Stony Brook conference on
number theory in the summer of 1969, Sarvadaman Chowla posed the following
question. Does there exist a rational-valued arithmetic function f, periodic with
prime period p such that

converges and equals zero? In 1973, Baker, Birch and Wirsing ([10], see also
[29], [31] and [101]) answered this question in the following theorem:

Theorem 22.1 If f is a non-zero function defined on the integers with algebraic
values and period q such that f(n) = 0 whenever 1 < (n,q) < q and the g-th
cyclotomic polynomial is irreducible over Q(f(1),..., f(q)), then

> s

In particular, if f is rational valued, the second condition holds trivially.
If ¢ is prime, then the first condition is vacuous. Thus, the theorem resolves
Chowla’s question. We shall present a proof of this theorem in the next chapter.
In 2001, Adhikari et al. [2] noted that the theory of linear forms in logarithms
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can be used to show that in fact, the sum in the above theorem is transcendental
whenever it converges.

Let us first derive a necessary and sufficient condition for the sum in the
above theorem to converge. To this end, we use the Hurwitz zeta function.
Recall that for real x with 0 < x < 1, this function is defined as the series

oo

Z n—l—x

for R(s) > 1. Note that the series ((s,1) is the familiar Riemann zeta function.
Hurwitz (see [4], for instance) proved that this function extends meromorphi-
cally to the complex plane with a simple pole at s = 1 and residue 1. Moreover,
we have the following important fact:

81_1)1{1 Cls:2) = S—IZ_F(:E)'

This is easily seen as follows:

1 oo
slg? Ss,2) = _;_'—Z(n—i—:v_E)'

n=1

From the Hadamard factorisation of 1/T'(z),

1 i z
— L7 1 _) —z/n
I'(z) = H ( + n) € ’

n=1

we have by logarithmic differentiation,

oo

I’ 1 1 1
FO=1 1+ ()

Thus,
I‘\/
li — =—7 - —=(2).
Jim ¢(s,z) = ((s) = —v =~ (2)
Observe that in the special case that x = 1, we deduce that

(1) = —.

Recall that by partial summation, we have

o) =s [t

The integral can be written as

s = {z}
s—1 _8/1 :175+1dm’
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so that
lim ¢(s) — L _ 1- ﬂdw.

s—1+ s—1 . 22

This last integral is easily evaluated as

N N-1 n+1
. {z} dx
N
) );1_

1

D

=2

3

Sl

= lim <logN

N —oc0

S

Thus,
lim, ((s) ~ —
im ((s) — —— =1.
s—1t s—1 7
Putting everything together, we obtain
Theorem 22.2 ) I (2)
x
li — =— .
T+ ¢(s,2) s—1 ['(z)

Let f be any periodic arithmetic function with period ¢, that is
f:N—=C such that f(n+gq)=f(n) Vn.

Then for s € C with R(s) > 1, let L(s, f) be defined as

L(s,f)zzf“j).

n

Now running over arithmetic progressions modulo ¢, we have the following ex-

pression:
q

L(s,f) = a3 Fa)(s,afa),  R(s) > L.

a=1

We can write this expression as

S

Do) =7 30 1(0) [¢lssafa) = 2|+ 25 S pa)

This and partial summation yields the following theorem.

Theorem 22.3 Let f be any periodic arithmetic function with period q. Then

the series
i f(n)
n

n=1
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converges if and only if
> fl@)=0,
a=1

and in the case of convergence, the value of the series is

S @S /e,

a=1

This gives us an interesting corollary even in the classical case:

Theorem 22.4 For a non-trivial character x mod q,

=5 3 x@T /)

amod q

Let us now come back to the type of functions considered in the theorem of
Baker, Birch and Wirsing. We are now ready to analyse the series:
q

> ! (Z‘) =q Y fa)i(s,a/q).
n=1

n

a=1

By the previous theorem, we have that

is a necessary and sufficient condition for the convergence of the series at s = 1.
So let us assume that f satisfies the above. Then we have the following expres-
sion:

SIS S
a=1

We now try to derive an alternate expression for the above series as we did
for L(1,x) earlier. As before for any such periodic function f with period ¢, let

q
f) =2 3 flmpe-2mimmi
m=1

be its Fourier transform. By orthogonality, we have

f(n) = 3" fmyerrimnta,

m=1

Note that
q

f@)=0 as S fla)=0.

a=1
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Carrying out the explicit evaluation for L(1, f) as done earlier for L(1, ),
we immediately have the following:

Theorem 22.5 Let f be any function defined on the integers and with period q.
Assume further that

Then,

S I IS o R )
n q a=1
Z m)log(1 ezﬂm/q).

Thus, in particular, if [ takes algebraic values, the series is either zero or tran-
scendental.

Thus we see that when f takes algebraic values, then the above series is
a linear form in logarithms of algebraic numbers for which Baker’s theorem
applies. In particular, it is either zero or transcendental. The former case is
ruled out in the case when f is rational-valued and f(a) is equal to zero for
1 < (a,q) < g. This is by the theorem of Baker, Birch and Wirsing which we
shall derive in the next chapter. However, this observation allows us to deduce
the following:

Theorem 22.6 Let g > 1. At most one of the ¢(q) values

I\I
(a/q) 1<a<gq, (a,q) =1,

is algebraic.

Proof. If we choose two distinct residue classes a,b mod ¢, and set f(a) = 1,
f(b) = —1 with f zero otherwise, then, f satisfies the conditions of Theo-
rem 22.5. Thus, the sum is either zero or transcendental. However, as noted
earlier, the former case is ruled out by the theorem of Baker, Birch and Wirsing.
Thus, it is transcendental. By the previous theorem, the sum is equal to

: S/a) ~ Tola/a)].

In this way, we see that the difference of any two values in the set

“e/)). (@a)=1,

is transcendental. Thus, if there were at least two algebraic numbers in this set,
we derive a contradiction. [
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Presumably, all the numbers in the set are transcendental. However, one
is unable to establish this at present. Using Theorem 22.4, we can “solve” for

I(a/q)/T(a/q) using the orthogonality relations for Dirichlet characters.

this end, we must first evaluate the sum
F/
Sq = Z ?(a/q).
(a>Q):1
We use the identity
LTz +1/g)---T(z + (¢ = 1)/q) = ¢"/*~ % (2m) V2T (gz).
Logarithmically differentiating this and setting z = 1/q, we get
q /
— —al _
; r(@/a) = —qlogq — g,
where we have used the fact that I'(1) = —v. Thus,
> Sya=—qlogq —vq
dlq
and we may apply Md&bius inversion to solve for Sy:
q q
Sg=—> uld ( log = +7d) = —76(g) = ) p(d)log .
dlq dlq
We are now ready to prove:
Theorem 22.7 For (a,q) =1, we have
¢(g) I'

_TF( _|_Z

X7X0

To

Proof. This is immediate from the orthogonality relations and our evaluation

of S,. O

The interesting aspect of this formula is that it can be re-written as follows:

I‘ w(d —
T =7+55 Z + @ X;g X(a)L(1, X)-

Apart from the v on the right-hand side, we have a linear form in logarithms

with algebraic coefficients and thus we immediately deduce:
Theorem 22.8 For all ¢ > 1 and (a,q) =1, the number

Sla/a) +

s transcendental.
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Proof. Baker’s theorem tells us that it is either zero or transcendental. The
former is not possible since I (x)/T'(z) is a strictly increasing function for z > 0
(see Exercise 5 below). O

Exercises

1. Prove that

(_1)k—1 dk—l

((k,a/q) + (=1)*¢(k,1—a/q) = =1 doF 1

(meotmz)|.—a/q-

2. Show that di:;;—ll(ﬂ' cotz) is 7 times a rational linear combination of

expressions of the cot” mz csc?® w2z where r + 25 = k.

3. Conclude from the previous exercises that

C(kya/q) + (=1)*C(k,1 —a/q) = i"m*a,
where «, is an element in the gth cyclotomic field Q(¢,).

4. Show that for an odd integer k > 1, {(k,1/4) and ((k,3/4) are linearly
independent over Q if and only if ¢(k)/7" is irrational.

5. Show that I'"(z)/I'(z) is a strictly increasing function for x > 0.



Chapter 23

The Baker—Birch—Wirsing
Theorem

We now give a detailed proof of the theorem of Baker, Birch and Wirsing
introduced in the previous chapter. We present a somewhat modified version
of their original proof by exploiting the properties of Dedekind determinants.
These determinants have remarkable applications in a number of contexts in
transcendence theory.

Theorem 23.1 Let G be any finite abelian group of order n and F : G — C
be any complex valued function on G. The determinant of the n X n matrix
given by (F(:vy_l)) as x,y range over the group elements is called the Dedekind
determinant of F' and is equal to

I (z x(w)F(w)> ,

X zeG

where the product is over all characters x of G.

Proof. Let V be the set of all functions from G to C. This is an n-dimensional
Hilbert space over C with an inner product

< g, h>= % > g(@)h(z).

zeG

Let G be the set of all characters of G. These form an orthonormal basis for
V. Now consider the linear map 7T : V — V whose values on a character x are
given by

> x(@)F(x)

zeG

T(x) = X
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Clearly, the characters of G are eigenvectors of T' and determinant of 7T is
equal to

1 (ZX(I)F(I)> |
xeG zeG

Now for every x € G, let d, be the characteristic function of the set {z}. Then
the set of all §, as x runs through elements of G also forms an orthogonal basis
for V. We note that < 85, x >= Lx(z7!) for any character x of G and hence

— 1 -1
xeG

We have

TG = -3 xET)

xeé
= Y | xR | x
xeG yeG
= % D> x@ ') Fy)x
xEGYEG
D D IR CRU LA TN
x€eG 2€G
= YR YoxEx = Y Flee s
z€G xEG z€G

Thus the matrix (F(a:y’l))m yeq 18 simply the matrix of T" with respect to the
basis {0, : © € G }. This proves the theorem. [J

Let us now prove the Baker-Birch-Wirsing theorem. We are given a non-
zero periodic arithmetic function f with period q. Further, f takes algebraic
values and f(n) = 0 whenever 1 < (n,q) < ¢. Finally, we are given that the ¢g-th
cyclotomic polynomial is irreducible over Q(f(1),..., f(g)). We need to show
that

I

Recall that the digamma function ¥(z) for z # —n with n € N is the

logarithmic derivative FF,((ZZ)) of the I'-function and is given by

1 1 1
_¢(2)27+;+Z(n+2_5)'
n>1
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As shown in the previous chapter, the series converges if and only if

a=1
and in which case, we note that
> 1
n=1 (a,q)=1

Since ¥(1) = —y and Y_?_, f(a) = 0, we have

> fl

(a,q)=1
so that
Z fla)(@(a/q) + 7).
(a,9)=1

Also
-1

L, f) ==Y f(a)log(1l —¢2),

1

Q

a

where f is the Fourier transform of f and ¢, = ¢*"/9. Let F be the field
Q(f(1),..., f(q)) and

log(1 —¢g"), ..., log(1 —¢7")
be a maximal F-linear independent subset of
{log(1-¢3) |1 <a < ¢g—1}
Then

log(1 — ZAab log(1 — (),
b=1

where Ay, € F. Then by the given hypothesis, we have
Bilog(l — (g ) + -+ Belog(l - () =0
where

By = ijf()

Since f takes values in F, f is algebraic valued. Thus by Baker’s theorem on
linear forms in logarithms, we have

q,
By :me =0, 1<b<t,
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Then for any automorphism o € Gal(F(¢;)/F’), we have

and hence

a-
Z ) log(1 —¢7) =

Let G be the Galois group of the extension F'((,)/F. We note that G is isomor-
phic to the group (Z/qZ)*. For (h,q) =1, let o3, € G be such that

Uh((q) = C;l
Define fy,(n) := f(nh™1) for (h,q) = 1. Then, we have

ST ful@) = ~fula) = —f(q) and on(f(n)) = Fu(n).

(a,q)=1

Hence

LA f) =) fhi Z a)log(1 — )

n=1
-1

== on(f(a)log(1 - ;) =0

=1

for all (h,q) = 1. This gives that

L<1,fh>=‘71 S ful@)(la/g) +7) =0.
(a,q)=1

Hence by making a change of variable, we have

> S blon/n)+) =0 (23.1)
(a,

where it is implied that ah is taken to be the reduced residue class b (mod gq)
satisfying
ah =b (mod q).

Now
A= (P(ah/q) + ) (ang)=1

is a Dedekind matrix on the group H= (Z/¢Z)* and its determinant (up to a
sign) is given by

11 (Z x(h)(¥(h/q) + 7)) :

XEH heH
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If we show that the matrix A is invertible, then f vanishes everywhere and we
are done. For a non-principal character x of H,

> x(h) ((h/q) +7) = —q L(1,x).

heH

It is classical that L(1,x) # 0 for x # 1. Thus we need only to verify that

> ((h/q) +7) #0. (23.2)

heH

Since 9 (x) is an increasing function and ¥ (1) = —, we have the above identity.
This completes the proof of the theorem.
In a recent work [63], a generalisation of the above theorem has been derived.

Exercises

1. Let g be an odd prime. Using the fact that the numbers

sinwa
Ny 1= ——— /q, l1<a<q/2
sinm/q

are multiplicatively independent units in the cyclotomic field, Q(e?7%/9),
show that the numbers

log 14, 1<a<gq/2

are linearly independent over the field of algebraic numbers.

2. Apply the previous exercise to show that if f is a rational valued even
periodic function with a prime period ¢, then

> o

3. If f as an odd rational-valued function periodic function with a prime

period ¢, then show that
n=1 n

In fact, when the sum converges, show that it is an algebraic multiple of .

4. Show that the two conditions in the statement of the Baker—Birch—Wirsing
theorem, namely f(n) = 0 whenever 1 < (n, q) < ¢ and the g-th cyclotomic
polynomial is irreducible over Q(f(1),..., f(q)), are both necessary.



Chapter 24

Transcendence of Some
Infinite Series

In this chapter, we investigate the transcendental nature of the sum

N An)
nez B(n)
where A(x), B(x) are polynomials with algebraic coefficients with deg A < deg B
and the sum is over integers n which are not zeros of B(x). We relate this
question to a conjecture originally due to Schneider. A stronger version of
this conjecture was later suggested by Gel’fond and Schneider. In certain cases,
these conjectures are known and this allows one to obtain some unconditional
results of a general nature.

Let A(z) and B(x) be polynomials in Q[z] with deg A < deg B so that B(x)
has no integral zeros. We will evaluate the infinite series

> %, (24.1)

neZ
interpreted as
A(n)
li .
N e B(n)
In|<N

We seek to determine under what conditions the sum is a transcendental num-
ber. One could also allow B(z) to have integral zeros and exclude these integral
zeros from the sum (24.1). The methods described in this chapter apply to
this general setting also. We will follow the treatment given by Murty and
Weatherby in [100].

M.R. Murty and P. Rath, Transcendental Numbers, DOI 10.1007/978-1-4939-0832-5_24, 137
© Springer Science+Business Media New York 2014
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In 1934, Gel'fond [47] and Schneider [110] independently solved Hilbert’s
seventh problem which predicted the following result and which we have seen
before: if o is an algebraic number # 0, 1 and  is an irrational algebraic number,
then af is transcendental. This result has some interesting consequences. For
example, by taking « = —1 and § = —i = —v/—1, we deduce the transcendence
of ™. Similarly, one can deduce the transcendence of €™ for any real algebraic
number . Based on their investigations, Gel’fond and Schneider were led to
formulate some general conjectures that provided a concrete goal for researchers
in subsequent decades. Let us begin with the following conjecture of Schneider:

If a # 0,1 is algebraic and (B is an algebraic irrational of degree d > 2, then

d—1
aﬁ,...,aﬁ

are algebraically independent.
In 1949, Gel’fond [48] proved that if d > 3, then the transcendence degree of
Q(O[ﬁ, RS aﬁdil)

is at least 2. Thus, in the case d = 3, this proves Schneider’s conjecture. Building
on earlier work of Chudnovsky [33] and Philippon [92], Diaz [43] showed that

tr.deg. Q(a”, ... ,aﬂdil) > [%] )

Thus, we have crossed the “midway” point in our journey towards Schneider’s
conjecture.

Shortly after their solution to Hilbert’s seventh problem, Gel’fond and
Schneider were led to formulate a more general conjecture:

If a is algebraic and unequal to 0,1, and B is algebraic of degree d > 2, then

10g0¢,0¢ﬁ,...,aﬁd71

are algebraically independent.

We refer to this assertion as the Gel’fond—Schneider conjecture. We point
out that, as will be seen, for our purposes « is a root of unity and we use these
conjectures only in a special case.

In the study of the transcendence properties of the series (24.1), the case
where the roots of B(x) are rational and non-integral is easy. As will be evi-
dent from the discussion below, the sum in this case is equal to 7P (), where
P(z) € Q[z]. Thus, if all the roots are rational and non-integral, the sum (24.1)
is either zero or transcendental. We seek to establish a similar theorem in the
general case when B(x) has irrational roots.
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One of the main theorems of this chapter is the following:

Theorem 24.1 Let A(z), B(x) € Q[z] with deg A < deg B, A(z) coprime to
B(z), and A(z) not identically zero. Suppose that the roots of B(x) are given
by —r1,...,—1 € Q\Z and —au,...,—ax ¢ Q so that all roots are simple and
a, o ¢ Q fori#j. If k=0, then the series

=%
nez

is an algebraic multiple of w. If k > 1, then Schneider’s conjecture implies that
S/m is transcendental and the Gel’fond-Schneider conjecture implies that S and
m are algebraically independent.

Proof. We begin the proof with the following two observations. The first is
that

1
wcotmczz gt
n+zx

nez
which is valid for = ¢ Z. Now,
.e’L'TI'I + efiﬂm ,627”1 + 1 ) 2
cot mx = Zeifr;n _ e—imT - ZeQTrim -1 =i+ e2miz _ 1’

and this will be useful below. The second is that by the theory of partial
fractions, we can write

By direct calculation, our series divided by 7 is equal to

k 27rzo¢] l 27rzr
. + 1 m+1
¢ ZC 627rw¢] _ Z me27rm"m _1 ’
j=1
where each ¢; and d,, is in Q \ {0}. If all of the roots are rational, the first sum
is empty and S/7 is algebraic which proves the first assertion.

Assume that B(z) has at least one irrational root and suppose that the sum
S is an algebraic multiple of 7. We have

27'rm" 271'za
m 41 ; + 1
S/?T —i Z d e?frzrm -1 = Z G e?ﬂ'za] _

C

- 4 . ; 7

- ZZCJ+2ZZGZW1'O¢]~_1
j=1 j=1
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so that

k

. 1 27rzrm+1
Y =5 S/W—ZZd T ’ZCJ =

j=1

By assumption, [Q(au,...,a;) : Q] = d > 1. Now by the theorem of the
primitive element, there is a 8 € Q of degree d such that Q(aq, ..., ar) = Q(B).
Thus, we have the equations

d—1
J— a
o5 = E TajB
a=0

where each 7, ; € Q. Let us chose an integer M € Z such that

1 d—1
= 37 2 s
a=0

where each n, ; € Z. Let a = e™/M_ If Schneider’s conjecture is true, then the
numbers

d—1
aﬁ,...,aﬁ

are algebraically independent and hence

o a2
are also algebraically independent. Define z, = o?#" = >™8*/M for q =
1,...,d — 1 so that
o = R e g g
where ; = e2mm0,5/M g a root of unity.

Making this substitution, we have

$

j=1

ni,j Nd—1,5 *
Vi gty =1

This implies that all of the x;’s cancel in some fashion leaving only an algebraic
number. We will now show that this does not occur under the conditions of our
theorem.

Let us examine the function

k

F(Xy,...,.Xa 1) =)

Jj=1

WXMJ- Mlj—r

If we can show that F' is not constant, then our sum actually contains some
variables and we are done. We show that F' is not constant by examining F' at
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some special points. Let y be a new indeterminate. For some integral values
e1,...,eq4—1 to be specified later, let X; = y®. We have that

k
cs
F(yela 7y8d71) = +
where ; = (n1,,...,n4—1,;) and € = (e1,...,eq—1). For any m;-€ < 0, we have
1 1
vy =1 vyt =1

so that

Fo, )= - 3 Cﬂrzcg U (242)

sgn(nj e
7;-€<0 ;5 y‘ el —1

where sgn(z) = 1 if > 0 and —1 otherwise. If every power of y that appears
in the second sum is different and non-zero, then we can group each summand
over a common denominator and notice that the degree of the numerator will
be less than the degree of the denominator. It is easy to see that if the function
above in (24.2) (as a function of y) is constant, then each ¢; = 0, which is
a contradiction. Hence, if we can guarantee the condition that each |7 - ¢
is different and non-zero, then our function is not constant, and therefore the
transcendental part of our original series does not vanish and we are done.

We now specify . We wish to choose integers e; such that 7 - € # £ny - €
for j # j'. We also need each 7i; - € # 0 as well. Thus, we need € which
simultaneously satisfies

]

(75 £ 7777) -

ny -

# 0
# 0.
To find such an €, we use a lattice point argument. For positive integer D, let

Ip = (0, D]. Examine the box Bp = I"! which contains a total of D?~! lattice
points. We wish to avoid points which satisfy the equations

ol

(7 +77) e = 0
0.

nj-

ol

Our conditions on the irrational roots ensure that 7; £ 7; # 0 so that none of
these equations is trivially satisfied. There are at most D% 2 lattice points in

Bp which satisfy each equation. We have 2 equations of the first form

k
2
and k equations of the second type. Thus for D large enough, we have at least

Dd1—<k+2< ’; ))Dd2>1
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lattice points to choose from for €. Thus, there exists such an € which shows
that our function F' is not constant. This shows that 6, and therefore S/7
is transcendental and we have the second assertion of our theorem. To show
the third assertion, we observe that the Gelfond—Schneider conjecture predicts
that the d numbers

log(a),a”, ... ,04'66171

are algebraically independent. In our setting, this conjecture implies that m and
z1,...,2q—1 are algebraically independent which completes the argument. [

The condition that B(z) has only non-integral roots is not a serious con-
straint. In fact, it can easily be removed in some cases if we understand that
we are considering sums

» A(n)
B(n)

(24.3)
neZ

where the dash on the sum means that we sum over only those integers n which
are not roots of B(z). More precisely, we now indicate how Theorem 24.1 is
valid (partially) if we remove the restriction that B(z) has no integral roots
and we interpret the sum (24.3) as omitting the integral zeros of B(z). Indeed,
suppose that —ngy,...,—n; are all the integral roots of B(x). After expanding
A(x)/B(z) in partial fractions, we encounter three types of sums:

’ 1 ’ 1 1 1
Zner, ani and Zn—l—ozi' (24.4)

nez neZ nez

Clearly, in relation to transcendence, the first sum above has no effect.
The second and third sums of (24.4) are
t t 1

1
meotmr; — Z and wcotmay — Z .
- n; +r; - n; + o
j=1"" j=1""

Since the second sum for each is algebraic, it is clear that when B(z) has at
least one integral zero we will obtain a similar conclusion to the last part of
Theorem 24.1 where there are no integral zeroes. More precisely, in the same
setting of Theorem 24.1 with & > 1, allowing B(x) to possibly have integral
roots, the Gelfond-Schneider conjecture implies that the sum (24.3) and 7 are
algebraically independent.

Since the Gelfond—Schneider conjecture is still far away from being est-
ablished, and we are somewhat “nearer” to the Schneider conjecture, it is
reasonable to ask what can be said about the number S in the previous theorem
assuming this weaker conjecture. Here one has the following.

Theorem 24.2 Fiz nonconstant polynomials Ai(x), A2(x), Bi(z), B2(z) €
Q[z] so that A;(x) has no common factors with B;(z), deg(A4;) < deg(B;)
and the functions Ay (xz)/Bi(x), As(x)/Bz2(x) are not scalar multiples. Write
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B(z) = lem(By(x), B2(x)) and suppose that B(x) has only simple irrational
roots given by —ou, ..., —ay such that a; £ o ¢ Q for i # j. If Schneider’s
congecture is true, then the quotient

Al (TL) Ag(n)
(Z Bl<n>> / (Z Bz<n>>

ne”Z

18 transcendental.

Proof. We first work with the case that By (z) and Bz (z) are scalar multiples.
Without loss of generality, we can assume that Bi(z) = Ba(x) = B(z). By
partial fractions we write

and

for some c;,C; € Q. As in the proof of Theorem 24.1 , we have

A0 i 200, 22 i, 400,

nEZ B(n) ne B(n)
where
k k k ¢ k ¢,
b1 :;Cj, [32:;@', 01 :;m, 02 :;m-

Theorem 24.1 implies that 6; and 65 are transcendental. If the ratio of the two
series is algebraic then

Al (n) /\ A2 (n)

B(n) "< B(n)

nez

for some algebraic A # 0. Thus
2(01 — Mb2) = \B2 — b1

We now focus on
k

91_)\9222%_—)‘@

¢ e?friaj —1 :

j=1
Similar to the proof of Theorem 24.1, we see that 6; — Afy is algebraic only
if ¢; — AC; = 0 for each j. This implies that A;(x) = AAs(x) which gives a
contradiction.
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Next we assume that Bj(x) # aBz(x) for any algebraic number «. That is,
without loss of generality, Bo(x) has a root R such that B;(R) # 0. Suppose

that the quotient
Ai(n) Asz(n)
<Z Bl<n>> / <Z Bg<n>>

ne”z
is algebraic. Inserting the appropriate missing factors to each numerator respec-
tively, we have that the quotient

Ai(n) / As(n)
nez B(n) nez B(?’L)

is algebraic. We see that we are in a situation close to the previous case. We
remark that in the previous case, A;(z) need not be coprime with B;(z) = B(x).
If there were common factors, some of the (say) ¢;’s would simply be zero and
we would still obtain the same contradiction. With this in mind, if the quotient
of series is algebraic, then according to the previous case, there is a non-zero
A € Q such that

i@ _ A
B(z) B(z)

which simplifies to

Au(z) | As(2)

Bi(z)  Ba(z)
Since R is a pole of the right side but not the left, we have a contradiction and
we are done. [J

A simple corollary of Theorem 24.2 is that by assuming Schneider’s conjec-
ture, along with our condition on the irrational roots of B(z), one can establish
the transcendence of S with “at most one exception”.

Both the Schneider conjecture and the Gelfond—Schneider conjecture are
special cases of the far-reaching Schanuel’s conjecture. As discussed earlier,
this conjecture predicts that if the complex numbers x1,...,z, are linearly
independent over Q, then

tr.deg. Q(z1, ..., xpn, €%, ..., €"") > n.

An interesting consequence of this conjecture is that = and e are algebraically
independent. If z1, ..., z, are algebraic numbers, the assertion of the Schanuel’s
conjecture is the Lindemann—Weierstrass theorem. Beyond this, the general
conjecture seems unreachable at present. However, as mentioned in the intro-
duction, progress has been made on the Schneider conjecture and this allows
one to make a some of these results unconditional. To standardise the setting
throughout, let K73 = Q(a,...,ax), the field generated by the roots of B(z),
and let Ky be K; adjoin the coefficients of A(x) and B(x). Restricting our-
selves to the case where B(z) has simple roots, the following are unconditional
versions of Theorems 24.1 and 24.2, respectively.



Transcendence of Some Infinite Series 145

Theorem 24.3 In the same setting as Theorem 24.1, if [K1 : Q] = 2 or 3,
then S/m is transcendental. If Ky is an imaginary quadratic field, then S is
algebraically independent from .

Theorem 24.4 In the same setting as Theorem 24.2, if [K1 : Q] = 2 or 3, then

the quotient
A1 (n) AQ (n)
<Z Bl<n>> / <Z Bg<n>>

nez

is transcendental.

Here is the proof of the above theorems. Since Schneider’s conjecture is
true for d = 2,3 (Gel'fond), we immediately have Theorem 24.4 and the first
part of Theorem 24.3. To prove the second part of Theorem 24.3, we invoke the
theorem of Nesterenko [87] discussed before, namely, if Q(v/—D) is an imaginary

quadratic field with D > 0, then 7 and e™VD are algebraically independent.
Thus, S is algebraically independent from 7.

In the above theorems, we restricted ourselves to the case of simple roots.
We can also derive results in the case of multiple roots. For this, we shall need
the following lemma regarding derivatives of the cotangent function.

Lemma 24.5 For k> 2 and x ¢ Z,

dk—1 N Aga Ap i
W(W cot(mxr)) = (2mi) (€27rim 1 +ot (e2miz — 1)k)

where each A; ; € Z with A1, Ap i # 0.
Proof. We have that
7 cot(rx) = mi 4 2mi /(2™ — 1).

Differentiating this we obtain the result for £ = 2. Assuming that the equality
is true for all £ < t. Then by induction we have A¢_11,...,4s—1t—1 € Z with
At_171, At—l,t—l 75 0 such that

d [ d—2 i1 @ Ap1n Ap14-1
T (m(w cot(mc))) = (2mi) - (m NI W) '
This is equal to

. eQﬂ'ix eQﬂ'ix
2mi))' | A1 — = (t—1DA 1 1——— ] .
( 7”’) < t—1,1 (6271—1;3 _ 1)2 ( ) t=1,t—1 (6271'1;3 _ 1)t>

By subtracting and adding 1 from each numerator, we have

e27riz_1_|_1 eQﬂ'ix_l_'_l
i) (A 11— — = (= DA
(7”) ( t—1,1 (6271—m_1)2 ( ) t=1,t—1 (62ﬂzw_1)t>
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which equals (274)* times

<_ A1 A1 t—DAi11 (t— 1)At1,t1)

e2mie — 1 (e2mie —1)2 © o (ePrim — 1)1 (e2mie )t

and this gives the result. O

Since

E ! cot(ma) i+ 2mi
n+x e2mic _ 1’
nez

a consequence of Lemma 24.5 is that for each k& > 2,

o | :<—1)k1<2m'>’“( Ara +...+Lk) (24.5)

o (n+ x)k (k—1)! e?miz — 1 (e2miz — 1)

for Ay ;’s as above.
We are now ready to consider the case of multiple roots. Let us start with
the following theorem.

Theorem 24.6 If the Gelfond—Schneider conjecture is true, then for any
A(z), B(z) lying in Q[x] with deg(A) < deg(B) and B(n) # 0 for any n € Z,
the series

(n)

B (n)
nez

is etther zero or transcendental.

Before we start the proof of the above theorem, it is useful to remark that
if B(x) has only rational (and not integral) roots, then it is not hard to see
from the previous lemma that the value of (24.1) is a polynomial in 7 with
algebraic coeflicients and zero constant term. Thus, again the sum is either zero
or transcendental. So we can focus on the case of irrational roots. Indeed, if
we also allow —nq, ..., —n; to be integral roots and understand the sum over Z
excludes these integral roots, we are led to study, as before, sums of three types:

’ 1 / 1

—_— —— and . (24.6)
Y S S ey
The third sum is

-1 k—1 . t
ﬁDk (7 cot ) T Z

j=1 (nj + i)k’
and the last sum is algebraic. A similar comment applies for the middle sum,
which turns out to be an algebraic multiple of 7% plus a rational number. Finally,
the first sum is easily seen to be a rational multiple of 7% plus a rational number.
Thus, in the case that there are integral roots and we sum over those n € Z
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which exclude those roots, we are able to assert the stronger theorem that the
series is either given explicitly as an algebraic number, seen as the sum of the
remainder terms Z;Zl above, or is transcendental under the assumption of
the Gelfond—Schneider conjecture.

We can now proceed to prove Theorem 24.6. Let —ay,...,—ay € Q\ Z
be the roots of B(x) with multiplicities myq, ..., m, respectively. By partial
fractions we write

k. mj
=> > ey
(w+ay) a;)!

N
Il
s

j=1
By Lemma 24.5 we have that ZnEZ (n)/B(n) is equal to

k

. e27riozj +1
WZZCJ'JW—F (247)
Jj=1
G 1(2 A A
l _ 1 eQTrzaj -1 (627rmzj _ 1)l
Jj=11=2

Viewing this as a polynomial in 7 (with zero constant term), we analyse the
coefficients. By the primitive element theorem, there is an algebraic 8 of degree
d such that Q(8) = Q(au, ..., ax). Thus, as before, we can write each

1 d—1
@ =77 > naBe
a=0

for some integers M, nq ; so that

d—1
eQﬂ'iaj _ H e27rina)jﬁa/M'
a=0
Let a = e™/M so that we have that each coefficient of a given power of

7 in (24.7) lies in the field Q(a?,...,a%"""). Since the Gelfond-Schneider
conjecture implies that 7, a?, ..., o' are algebraically independent, we con-
clude that the sum is either zero or transcendental. This completes the proof of
Theorem 24.6.

One also has the following theorem in this context.

Theorem 24.7 Let A(x),B(z) € Q[z] with deg(A) < deg(B), and A(x)
coprime to B(x). Suppose that the roots of B(x) are —r1,...,—1: € Q\ Z
and —aq,...,—ar ¢ Q with k > 1. Let N be the mazimum order of all the
irrational roots and suppose that for distinct o, o of order N, o £ o; ¢ Q. If
the Gelfond—Schneider conjecture is true, then the series

A(n)
2 B(n)

nez

and w are algebraically independent.
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Proof. The case that N = 1 is dealt with in Theorem 24.1, so assume that
N > 1. Let v1,...,v; and mq,...,my be the orders of the roots respectively.
By partial fractions we have

k. m;

o) ZZ —2 ZZ

(x) (x + o (x+7r
j=11=1 + s=1u=1 + S

for some algebraic numbers c;;,d; .. By Lemma 24.5 the series

ZA(TL)/B n

neZ

equals
2771(1] +1
ﬂ-lz Cil omio, 1 2771(1] _
k. mj
CJ l 27T’L) Al,l Al,l
+ Z Z l _ 1 <e27rio¢j -1 + + (627rio¢j _ l)l
Jj=11=2
27rzr + 1
+7TZ Z ds 1 omir. 1 27'rm"s _

s u 27—”) Au,l Au,u
+ZZ u_l (EQﬂiTS -1 + + (627Tir5 _1)u> .

s=1u=2

We view this sum as a polynomial in 7. We examine the coefficient of 7V. Note
that the rational roots contribute algebraic numbers to this coefficient so we
ignore them for now. We focus on the transcendental portion of this coefficient

which comes from the irrational roots part of the above sum. That is, ignoring
(=D¥ eV

the common factor of =T we examine
AN AN N
Z Cj,N (ezm'aj 1 +eeet (e2mics — )N |
ord(aj)=N

We proceed similar to the proof of Theorem 24.1 and let
M,B,d,na,j,a,”yj,xa,Xa,y
and € be as described there. By showing that there is an € so that the function

A A
> an (e )
ord(a;)=N Y Y

F(y)

S (szlmy” 6—1>N-1+---+AN,N>
7 M€ __ N
ord(aj)=N (ij ! 1)
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is not constant, we show that the original coefficient of 7% is transcendental.
By the remarks made above (24.2), we can assume that each 7; - € is positive
(or else we could remove an algebraic number as we see in (24.2)). Note that
we can choose € such that each 7; - € is distinct and non-zero. Thus, after
placing everything over a common denominator, we have a function in y whose
numerator has smaller degree than the denominator. If this function is constant
(and therefore equal to zero), it is easy to see that this implies that each ¢; n
is zero which is a contradiction. Thus the coefficient of 7 is transcendental.
Write

- A(”) o N
s_%B(n) =OntN 4+ + Oy

where each C; € Q(a?, ..., aﬁdfl) and Oy ¢ Q. Similar to before, the Gelfond—
Schneider conjecture implies algebraic independence of 7w and the coefficients,
Cj, thus S is transcendental and in fact algebraically independent with 7. [

In the case of multiple roots, these methods allow one to obtain the following
theorem. It can be viewed as a natural generalisation of Euler’s classical theorem
that ((2k) € 72*Q, where ((s) is the Riemann zeta function. As before, let
Ki; = Q(aq,...,a), the field generated by the roots of B(z), and Ks be K;
adjoin the coefficients of A(x) and B(x).

Theorem 24.8 Let A(x), B(z) be polynomials with algebraic coefficients,
deg A < deg B, and A(z) is co prime to B(xz). Let Ky be either an imagi-
nary quadratic field or Q. If B(x) has no integral roots, then

» A(n)

neZ (n)
is either zero or transcendental. If B(x) has at least one integral root, then the
sum is either in Ko or transcendental. If B(x) has at least one irrational root
and all irrational roots satisfy the conditions of Theorem 24.1 that o; £ o; ¢ Q
for i # j, then the sum is transcendental.

Proof. Suppose first that K3 = Q and that B(xz) has no integral roots.
Using (24.5), the sum of the series is mP(7) for some polynomial P(z) € Q[z].
If P(z) is identically zero, the sum is zero. If P(x) is not identically zero, then,
the sum is a non-constant polynomial in 7 and hence transcendental. Suppose
now that K is an imaginary quadratic field Q(v/—D) with D > 0 and B(x) has
no integral roots. Again using (24.5) and the identity = i

our sum is of the form

e2miz _ 1)

1
n€Z (n+x)
TR(m, e P/M)

where R(x,y) is a rational function with algebraic coefficients which is poly-
nomial in x and M is the same as was defined in the proof of Theorem 24.1.
If R(x,y) is identically zero, the sum is zero. If it is not identically zero, by
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Nesterenko’s theorem, it is transcendental since 7 and e™D are algebraically
independent. This completes the first part of the proof.

To treat the case that B(z) may have integer roots, we argue as in the earlier
theorems. In this context, we inject the observation made earlier with the three
sums (24.6) from which it was deduced that the sum in question is of the form

7P(m) + 7R(m, e”\/ﬁ/M) + algebraic number,

where the algebraic number lies in the field K2 being essentially a finite sum of
terms of the form
Gl ds,u p,q
(ne+ o)t (ne 1) (ne —np)

where n, is an integral root, «; is an irrational root, r is a rational root, n, is an
integral root not equal to n¢, and ¢; 1, ds ., €p,q are the coefficients arising from
the partial fractions decomposition of A(x)/B(z). It is clear that the algebraic
number is an element of Ky. Thus, if P(z)+ R(z,y) = 0, then the sum is in Ko,
otherwise the sum is transcendental by the earlier argument using Nesterenko’s
Theorem.

Finally, if the irrational roots of B(x) satisfy the conditions of Theorem 24.1,
then R(z,y) depends on the variable y in which case we can conclude the sum
is transcendental. [

There are easily identifiable situations when one can say definitively that
the sum is transcendental. For example, as in Theorem 24.8, if the irrational
roots of B(z) satisfy the conditions of Theorem 24.1 and generate an imaginary
quadratic field, then the sum is transcendental. But there are other cases when
the conditions of Theorem 24.1 may not be satisfied and still, one can check
directly that the sum is transcendental. (See for example, Exercise 2 below.)

Another illustration is given by a problem investigated by Bundschuh. In
1979, Bundschuh [26] studied the series

1
> = (24.8)
In|>2

and showed using Schanuel’s conjecture that all of these sums are transcenden-
tal numbers for £ > 3. An examination of his proof shows that the “weaker”
Gelfond—-Schneider conjecture is sufficient to deduce his result. The methods de-
scribed in this chapter allows one to deduce unconditionally that the sum (24.8)
is transcendental for k = 3,4 and 6.

Exercises
1. Show that

2n—1
—:0'
Zn2—n—1
newz
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2. Prove that

3 1 2 e2mVD/A
= An? 4+ Bn+C /D \ e2nVD/A — 2(cos(rB/A))emD/A + 1

is transcendental if A, B,C € Z and —D = B? — 4AC < 0. Deduce that

the value of the sum is a transcendental number.

3. From the previous exercise, deduce by taking appropriate limits that

C(2) = 72 /6.

4. Deduce a formula for

1
7;2 (An? 4+ Bn + C)F

by treating the sum as a function of a continuous variable C' and differen-
tiating the right-hand side with respect to C.

5. Show that at least one of

=1 =1

is transcendental.

6. Show that for &k = 2, the sum

—~

24.8) is a telescoping sum equal to 3/2.
7. Show that for k = 4, the sum

—~

24.8) is equal to

coth,

FYRN

0l

and that it is transcendental.



Chapter 25

Linear Independence
of Values of Dirichlet

L-Functions

We have seen before that for any non-trivial Dirichlet character x mod ¢, L(1, x)
is transcendental. In this chapter, we study the possible Q-linear relations
between these values of L(1,X) as x ranges over all non-trivial Dirichlet char-
acters mod ¢ with ¢ > 2. More precisely, following [97], we will prove the
following:

Theorem 25.1 The Q-vector space generated by the values L(1,x) as x ranges
over the non-trivial Dirichlet characters (mod q) has dimension o(q)/2.

We note that the analogous question for the dimension of the Q-vector space
generated by these special values is not yet resolved except in certain special
cases. For instance, when (g, ¢(q)) = 1, we know that the dimension of the
Q-vector space generated by these L-values is ¢(q) — 1.

An important ingredient in the proof of the above theorem is the properties of
a set of real multiplicatively independent units in the cyclotomic field discovered
by K. Ramachandra (see Theorem 8.3 on p. 147 of [130] as well as [103]).
We shall give the details along the course of the proof.

We begin with a straightforward result from group theory which is an
interesting variant of Artin’s theorem on the linear independence of the irre-
ducible characters of a finite group G. As usual, we can define an inner product
on the space C(G) of complex-valued functions on G. Indeed, if f,g € C(G),
then

1 _
(9= 15 > fx)g(x).

zeG
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Lemma 25.2 Let G be a finite group. Suppose that
Z xX(g)uy =0
x#1

for all g # 1 and all irreducible characters x # 1 of G. Then u, = 0 for all
X # 1.

Proof. For any irreducible character ¢ # 1, we can multiply our equation by
¥(g)/|G| and sum over g # 1 to obtain

1 1
0= G T ID Y M = X (<x,w>——¢<|§j< )).

g#1 x#1 x#1
Thus, by the orthogonality relations,

_ (1) _ ¥(1)
0=1uy — Gl );u x(l)—uw—WS (say).

Hence, for every g # 1, we have
el Z x(g
x#1
Recalling that

ﬁ > x(g)x(1) =

unless g = 1, we deduce that S = 0. Hence u, = 0 for all x # 1 as desired. O

Let us record the following version of Baker’s theorem which is amenable for
our applications.

Lemma 25.3 If a,...,a, € Q\{0} and Bi,...,B, € Q, then
prlogay + -+ + B log a,

is either zero or transcendental. The latter case arises if logas,...,loga, are
linearly independent over Q and B1,..., B, are not all zero.

As before, for all purposes we interpret log as the principal value of the
logarithm with the argument lying in the interval (—, 7).

In particular, if log aq, . . ., log c, are linearly independent over Q, then they
are linearly independent over Q.

As an application of the above lemma, we first prove the following:

Lemma 25.4 Let oy, ao,...,a, be positive algebraic numbers. If cg,c1,...,Cn
are algebraic numbers with cg # 0, then

n
com + Z cjlog oy
j=1

is a transcendental number and hence non-zero.
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Proof. Let S be such that {logc; : j € S} is a maximal Q-linearly independent
subset of
logaq,...,logay,.

We write m = —ilog(—1). We can re-write our linear form as

—icolog(—1) + Z d;jlog o,
Jjes

for algebraic numbers d;. By Baker’s theorem, this is either zero or transcen-
dental. The former case cannot arise if we show that

log(—1), loga;, j€S
are linearly independent over Q. But this is indeed the case since

bolog(—1) + ij loga; =0
Jj€S

for integers bg, bj,j € S implies that by is necessarily zero. This is because the
sum . jes bjloga; is a real number since each «; is a positive real number.
But then b; = 0 for all j. This completes the proof. O

One of the crucial ingredients for the proof of our theorem is the following:

Theorem 25.5 Let f. be an even algebraic valued periodic function defined
over integers with period q. Suppose it is supported at co-prime classes (mod q)
with 31 _, fe(a) = 0. Then L(1, f.) # 0 unless f. is identically zero. Moreover,
L(1, fe) is an algebraic linear combination of logarithms of multiplicatively inde-
pendent units of the q-th cyclotomic field. In particular, if fe is not identically
zero, then L(1, fe) is transcendental.

Proof. The proof involves a different approach to the original problem of
Chowla. The strategy is to write any periodic function as the sum of an even
and odd function. Let us consider an algebraic-valued function f supported on
the co-prime classes (mod ¢) with

We want to write f as
f=1Ffe+fo
where f, is even (i.e. fe(—n) = f.(n)) and f, is odd (i.e. fo(—n) = —f,(n)).

Since the characters form a basis for the space of such functions, we can write

f= Zcxx.

x#1
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Here the sum is over non-trivial Dirichlet characters x (mod ¢). Note that the
trivial character is absent because

Thus, we obtain the desired decomposition for f by considering

fe = Z Cx X

x even,x#1

and

fo= Z CxX-

x odd

We recall that Ramachandra (see Theorem 8.3 on p. 147 of [130] as well as [103])
discovered a set of real multiplicatively independent units in the cyclotomic field.
Let us denote these units by &, (with 1 < a < ¢/2 and (a,q) = 1) following
the notation of [130]. A fundamental property of these units is that it enables
us to obtain an expression for L(1,x) for an even non-trivial character x which
is amenable for applying Baker’s theory. More precisely, one has the following
formula: for even y with x # 1, we have

L(l,x) =4, Y X(a)log&, (25.1)

1<a<gq/2

where A, is a non-zero algebraic number. See the proof of Theorem 8.3 on
p. 149 in [130] for deriving this expression. We note that this can be regarded
as the cyclotomic analogue of one of the main theorems of [102] in the case of
an imaginary quadratic field (see also [103]).

To elaborate, let ¢ be a primitive g-th root of unity and following Ramachan-

dra [102], define
1— Cad
Na = H 1_ <d .
d|gq,d#q,(d,q/d)=1
Setting
dy =

DN =

(1-a) >4

d|q,(d,q/d)=1,d#q

one sees that & = (%, lies in the real subfield Q(¢ + ¢~'). These are the
multiplicatively independent units for 1 < a < ¢/2 with (a,q) = 1. Following
the calculation on p. 149 in [130], we see that

q
doxta) D loglt =Y
a=1

d|q,(d,q/d)=1,d#q
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is a non-zero algebraic multiple of L(1, x). This easily leads to the formula (25.1)
above. For a more detailed theory, we direct the reader to Theorems 8, 9 and 12
in [102] (see also [98] for an application in a different set-up). Thus we have

L(1, f.) = Z e L(1, x)

x even,x#1
= Z cxAx Z X(a)logé,
X even,x#1 1<a<gq/2

Z Z Ayeyx(a) | logéa.

1<a<q/2 \xeven,x#1

Since the &,’s are multiplicatively independent, the logé&,’s are linearly inde-
pendent over Q. By Baker’s theorem, they are linearly independent over Q.
Consequently, L(1, f.) = 0 if and only if

Z Ayex(a) =0, l<a<g/2

x even,x#1

Now the even characters of (Z/qZ)* can be viewed as characters of the group
(Z/qZ)*/{£1}. Thus by Lemma 25.2 and since A, # 0, we deduce that ¢, =0
for all even . This proves the theorem. [

As an immediate corollary, we deduce the following result in the classical
case:

Corollary 25.6 L(1,x), as X _ranges over non-trivial even characters mod g,
are linearly independent over Q.

We remark that the above corollary together with Schanuel’s conjecture
implies the algebraic independence of the L(1,x) as x ranges over the even
Dirichlet characters mod gq.

Finally, we shall need the following observation which we leave as an exercise.

Lemma 25.7 For any odd Dirichlet character x, L(1,x) is an algebraic multi-
ple of .

We can now prove the main result of the chapter. As noted above, for odd
characters, each L(1,x) is equal to an algebraic multiple of 7. However for an
even non-trivial character, as we have seen before, L(1, x) is a non-zero algebraic

multiple of
q
doxt@) > logll—¢.
a=1 dlq,(d,q/d)=1,d#q
Thus in view of Lemma 25.4, the Q-space generated by the even L(1, x) values
is linearly disjoint from that generated by the odd L(1, x) values. Since for any
odd character x, L(1,x) # 0, this proves our main theorem.
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Exercises

Prove that for any odd Dirichlet character x mod ¢, L(1, x) is an algebraic
multiple of .

Prove Artin’s theorem that the irreducible characters of a finite group are
linearly independent over the field of complex numbers.

. Show that Schanuel’s conjecture implies that the numbers L(1, x), where

x ranges over the non-trivial even Dirichlet characters mod ¢, are alge-
braically independent.

. Without appealing to the Ramachandra units, show directly that for any

non-trivial even Dirichlet character x mod ¢, L(1,x) an algebraic linear
combination of logarithms of positive algebraic numbers.

Show that for any prime p, the numbers L(1, x), where x runs over the
non-trivial Dirichlet characters mod p, are linearly independent over Q.



Chapter 26

Transcendence of Values
of Class Group L-Functions

In this chapter, we consider the analog of the question discussed in Chap. 25 for
class group L-functions. We refer to the original work [96] for further details.

Let K be an algebraic number field and f a complex-valued function of the
ideal class group Hx of K. Here, we consider the Dirichlet series

L(s, )= 1\{((2)) (26.1)

where the summation is over all integral ideals a of the ring of integers Ok of K.
If f is identically 1, then L(s, f) is the Dedekind zeta function of K. If f is a
character x of the ideal class group Hy of K, then L(s, ) is a Hecke L-function.

Let us begin with the following theorem. We have seen a similar result in
Chap. 22.

Theorem 26.1 L(s, f) extends analytically for all s € C except possibly at
s = 1 where it may have a simple pole with residue a non-zero multiple of

pri= > f(a).

aEHK
The series (26.1) converges at s = 1 if and only if py = 0.

Proof. Since f is a function on the ideal class group, we have

L(s, /)= > f(&)(s,0)

CeEHK
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where
=Y Nos N
acd

It is classical (see [76]) that each ((s,€) extends to all s € C with the
exception of s = 1, where it has a simple pole with residue

271 (27)"2 Rye
wy/ldg|

where r; is the number of real embeddings, 2rs is the number of complex
embeddings and Ry is the regulator of K. We conclude that L(s, f) extends
analytically to all s € C apart from a simple pole at s = 1 with residue

2’”1 2T T2RK
iy 2@

Thus, L(s, f) is analytic at s = 1 if and only if p; = 0. To study the convergence
of the Dirichlet series L(s, f) at s = 1, we proceed as follows. The number of
ideals with norm < z and lying in a fixed class € is well known to be (see [76]),

971 (27)" Ryc

z+ Oz, (26.2)
wy/|dk|

where d is the degree of K over Q. Letting

> fla)

N(a)<z

we have by the general technique of partial summation (see p. 17 of [94]) that

L(s, f) = 8/100 js(ﬂ)dw

for R(s) > 1. Now,
2r1 ’I"QR
=Y > fla=) fe (#wrowdl))
CeHk ac€,N(a)<z CeHk wy/ ldk|
which is easily seen to be

2m (27T)T2RKpf d

x 4+ O(x@+T).
wy/|dk|

Hence, by partial summation, it follows immediately that the Dirichlet series
L(s, f) converges at s = 1 if and only if p; = 0. This completes the proof. OJ
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Thus in the case that the series converges at s = 1, it makes sense to consider

the Dirichlet series
L0 = Y

Our goal in this chapter is to investigate special values of L(s, f) at s =1
when K is an imaginary quadratic field and f takes algebraic values. In partic-
ular, we will investigate the transcendental nature of L(1,x) when y is an ideal
class character.

The basic tools are Kronecker’s limit formula and Baker’s theory of linear
forms in logarithms. In particular, we will show that the values L(1,x) are
linearly independent over Q as y ranges over non-trivial characters of the ideal
class group (modulo the action of complex conjugation on the group of charac-
ters). This is analogous to the result we discussed in Chap. 25.

We will use Kronecker’s limit formula as discussed in the works of Siegel
[113], Ramachandra [102] and Lang [77]. We cannot give an in-depth discussion
about these topics, but shall be content with a brief review.

Let A(z) be the discriminant function:

AG) = @m2 g [[(1-¢" = @0 ()%,  g= e
n=1

Here n?* is the Ramanujan cusp form.
Now let K be an imaginary quadratic field and let b be an ideal of Ok.
If [B1, B2] is an integral basis of b with I(82/61) > 0, we define

g(b) = (2m) 72 (N(0))°A(B1, Ba),

where
Aw,we) := wi A <2) .

One can verify (as on p. 109 of [102]) that g(b) is well defined and does not
depend on the choice of integral basis of b. Furthermore, g(b) depends only on
the ideal class b belongs to in the ideal class group (see Lemma 2 of [102], also
p. 280 of [77]). Thus, if € is an ideal class, we write g(€) for the common value
g(b) as b ranges over the elements of the class €.

Let dx be the discriminant of K and w denote the number of roots of unity
in Og. As before, writing

1

(8,0 =) trs
—< N(a)
for the ideal class zeta function, we have by Kronecker’s limit formula
2 1 1
6(61€) =~ (L 20— o] — o€ ) +0(s 1), (263
wy/|dg| \s—1 6

as s — 11. (Note that there is a sign error in formula (2) on p. 280 of [77].)
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Proposition 26.2 If ¢, and €, are ideal classes, then ¢(€1)/g(C2) is an
algebraic number lying in the Hilbert class field of K.

Proof. This follows immediately from Lemma 3 of [30] and is a classical result
from the theory of complex multiplication. [

Furthermore, we have

Proposition 26.3 Let Ky be the Hilbert class field of K. Now if p is a prime
ideal of K and o, is the Frobenius automorphism in Gal(Kg/K), then for any
ideal b, g(b)/9(Ok) € Kg and we have

oy (9(0)/9(OK)) = g(p~'0)/9(p "' Ok), 9(0)/9(Ok) = g(b™")/9(OK).

Proof. The first part is the content of Theorem 1 on p. 161 of [77]. The action
of complex conjugation is easily deduced from the equation j(b) = j(b) for the
j-function O

For imaginary quadratic fields, by a deeper analysis we will show the
following:

Theorem 26.4 Let K be an imaginary quadratic field and f : Hx — Q
be not identically zero. Suppose that py = 0. Then, L(1,f) # 0 unless
F(€©) + f(€1) =0 for every ideal class € € Hyx. Moreover, L(1,f)/m is
a Q-linear combination of logarithms of algebraic numbers. In particular,
L(1, f)/~ is transcendental whenever L(1, f) # 0.

This result has several interesting corollaries. Before giving a proof of the
above theorem, let us first derive these consequences.

Corollary 26.5 Let K be an imaginary quadratic field and x a non-trivial char-
acter of the ideal class group of K. Then, L(1,x)/m is a non-zero Q-linear
combination of logarithms of algebraic numbers and hence transcendental.

Proof. To prove this corollary, we begin by noting that in the case K is an imag-
inary quadratic field, the formulas become simple and we can apply Kronecker’s
limit formula. In this situation, when the series converges, we have by (26.3)

LLS) _ S (@) loglg(e ). (26.4)

g |dK| CeHi

Now we invoke Proposition 26.2. Indeed, by this proposition, we have for the
identity class €, that g(@‘l)/g(Qo) is algebraic. Thus, as p; = 0, we have

LLS) _ S /(@) log lg(€1)/g(E0)], (26.5)

& |dK| CeHi

for any fixed class €y of Hx. Specialising to the case f = x, where x is a
non-trivial character of the ideal class group Hg, and using the theorem that
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L(1,x) # 0, we deduce Corollary 26.5 by virtue of Baker’s theorem. This
completes the proof. [

Since complex conjugation acts on the group of ideal class characters we see
by a simple calculation that L(1,x) = L(1,%) for any ideal class character Y.
We denote by Hj, a set of orbit representatives under this action. Now we have:

Corollary 26.6 Let K be an imaginary quadratic field and Hy its ideal class
group. The values L(1,x) (as x ranges over the non-trivial characters of Hi)
and 7 are linearly independent over Q.

Proof. Suppose that
Z CXL(lu X) € @ﬂ—a

X#L,x€H 5

for some ¢, € Q. Then, setting

f = Z CXX7

X#LxEH

we have L(1, )/ is algebraic. Since py = 0, we can apply Theorem 26.4 and
deduce that f is identically zero. By the independence of characters, this means
that each c, is zero. [J

Thus in the special case that the ideal class group Hg is an elementary
abelian 2-group, the corollary implies that the L(1,x) as x ranges over the
non-trivial characters of Hx are linearly independent over Q.

Theorem 26.4 also implies that at most one such L(1, x) is algebraic. Indeed,
the following corollary follows directly from Corollary 26.6 since two algebraic
numbers are linearly dependent over Q.

Corollary 26.7 All of the values L(1,x) as x ranges over the non-trivial char-
acters of Hj,, with at most one exception, are transcendental.

The elimination of this singular possibility, in other words, the proof of
transcendence of L(1,x) for all non-trivial x seems difficult and is related to
Schanuel’s conjecture. Indeed, a “weaker” version of Schanuel suffices for our
purposes. This is the conjecture that logarithms of algebraic numbers which
are linearly independent over Q are algebraically independent. Assuming the
“weaker” Schanuel’s conjecture which was discussed in an earlier chapter, one
can show the transcendence of L(1, x) for all non-trivial .

We now come to the proof of Theorem 26.4. In view of (26.5) and Baker’s
theorem, the only part of Theorem 26.4 that remains to be proved is the non-
vanishing of L(1, f) subject to the hypothesis of the given theorem. To this end,
we will require three lemmas.

Lemma 26.8 Let K be an imaginary quadratic field and f : Hx — Q. Then,
L(1, f) = 0 implies that L(1,f?) = 0 for any Galois automorphism o of
Gal(Q/Q).
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Proof. Equation (26.5) expresses L(1, f)/m as a linear form of logarithms of
algebraic numbers. Now choose a maximal set of Q-linearly independent num-
bers from {log|g(€~1)/g(€o)| : € € Hx}. Denote this set by logay, ..., logay.
Thus,

t
log [9(€™")/g(€o)| = (€, 4)log oy,
j=1

where the x(€, j)’s are rational numbers. Hence

L(1,f)=- 3w\/|d_KZ Z F(€)x(C, j)log ;.

Jj=l1CeHKk

If L(1, f) = 0, then Baker’s theorem gives that

> H©x(€,§) =0, j=12,... .t

CeEHK

Since the z(€, j)’s are rational numbers, we deduce that for every Galois auto-
morphism o,

Y @€ ) =0, j=12,....t

CeEHK
Consequently, L(1, f7)=0. O

The next lemma allows us to reduce the proof of Theorem 26.4 to the case
when f is rational-valued.

Lemma 26.9 Let M be the algebraic number field generated by the values of f.
Let r = [M : Q] and choose a basis B1,..., 5B, of M over Q and write

€) => Bifi(€)
i=1
with f;(€) rational. Then, L(1, f) = 0 implies L(1, f;) =0 fori=1,2,...,r.

Proof. Let M = MW, ... M be the conjugate fields of M. The map
z — 29 from M to MU extends to a Galois automorphism o; of Gal(Q/Q).
Thus,

177 =3 87 fu@).
i=1
Clearly, the matrix _(ﬁ;j )) is invertible since (1,..., 0, is a basis, and we can
express f;(€) as a Q-linear combination of the f?(€). By Lemma 26.8, we
have that L(1, f) = 0 implies L(1, f°7) = 0 for every j. Thus, L(1, f;) = 0 for
1 <i<r,as desired. [
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Lemma 26.10 If f is rational-valued and L(1, f) = 0, then f(€)+ f(€71) =
for every ideal class €.

Proof. If L(1, f) = 0, then

> H©)loglg(eh)/g(€o)| =

CeHk

Clearing denominators, we may suppose that f is integer-valued. Exponentiat-
ing the above expression gives

f(€)

CeEHK

To remove the absolute values, we square the expression and pair up € with
¢~ ! and re-arrange it to deduce that

9(¢)
H [9(%)

¢

=1

}f(Q)Jrf(@l)

Each of the factors in the product is an algebraic number and applying Propo-
sition 26.3, we see that

=1

3

g(p*1€*1) F@+fEe™h)
I;I [ gp~1¢p) ]

for any prime ideal p of Ok. Taking absolute values and then logarithms, we
conclude that

D (F(@) + (@) loglg(p~'e ") /g(p~"€0)| = 0,

¢

for every prime ideal p. By the Chebotarev density theorem, the p~—!’s range
over all elements of Hx as p ranges over all prime ideals of O.
We view these equations as a matrix equation

DF =0

where F is the transpose of the row vector (f(€) + f(€71))een, and D is the
“Dedekind-Frobenius” matrix whose (i, j)-th entry is given by

log g(€;'¢;)/g(€; )

with &;, €; running over the elements of the ideal class group. The first column
of D is the zero vector and we can re-write our matrix equation as

DoFy =0
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where Fj is the transpose of the row vector (f(€) + f(€71))ez1 and Dy is the
matrix obtained from D by deleting the row and column corresponding to the
identity element. By the theory of the Dedekind determinants discussed earlier
(see also p. 71 of [130]), the determinant of Dy is

11 (Zx(a) logg(a—1>> #0,

x#1 \ @

since by formula (26.4), each factor is up to a non-zero scalar, L(1, x), which is
non-zero. Thus, f(€) + f(€71) =0 for all € # €. Since

Y HO+ fEh) =0,
[

we deduce that f(€o) + f(€5") = 2f(€o) = 0 as well. This completes the proof.
(]

The proof of Theorem 26.4 can now be given as follows. First, if f is rational-
valued, we are done by the previous lemma. Lemma 26.9 allows us to reduce to
the rational-valued case. This completes the proof.

When x is a genus character, one can relate L(1,x) to classical Dirichlet
L-functions attached to quadratic characters [113]. Let us first recall the rel-
evant notions. As before, let K be an imaginary quadratic field with discrim-
inant D < 0. Real-valued characters of the ideal class group of K are called
genus characters. These characters can be extended to functions on the ideal
classes of Ok in the obvious way. Such extended characters take on only the
values 0, 1. By a classical theorem of Kronecker, they have a simple des-
cription. For each factorisation D = D;Ds with Di, Dy being fundamental
discriminants, we define a character xp, p, by setting it to be

One can show that this is well defined and that it defines a character on the

ideal class group. We refer the reader to p. 60 of [113] for the background on
genus characters. We have the Kronecker factorisation formula:

XD1,Ds (p) = { (266)

L(Sv XD1,D2) = L(Sv XDI)L(S7 XDz)'
Corresponding to the factorisation D = 1- D, we get

L(s;x1,p) = ¢(s)L(s, xp)-
The left-hand side is (x (s) and so we can write
S ((5,€) = ¢(s)L (s, xD)-
CeHik

This identity could have been derived in other ways. Applying the Kronecker
limit formula (26.3), and comparing the constant term in the Laurent expansion
of both sides, we obtain as in [113]:
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Proposition 26.11

’YL(la XD) + L/(la XD)

1 _
2T Y (2~ toglix| - glosla(e ™).
|K CeHk

Using Dirichlet’s class number formula, we deduce:

Corollary 26.12

(1,xp 1
D) ) ogdg| — — 1
o) og |dk| o Y~ log|g(€)],
CeHK

where h denotes the order of Hx .
In particular, we deduce the following interesting result.
Theorem 26.13 For any ideal class €,

L'(1,xp)

1
—y+=lo ¢
o) % glg(Q)]
is a Q-linear combination of logarithms of algebraic numbers.

We will make fundamental use of the following result of Nesterenko [86]
which we recall again.

Proposition 26.14 For any imaginary quadratic field with discriminant —D

VD

and character xp, the numbers m, e and

D
[1 e/,
a=1

are algebraically independent over Q.
Now we have all the ingredients ready to prove the following.
Theorem 26.15 Let K be an imaginary quadratic field with character xp.
Then,
oo (L0222 )
L(17 XD)
and w are algebraically independent. Here v is Euler’s constant.

Proof. We shall first analyse the asymptotic behaviour of the formula in Corol-
lary 26.12 using the theory of Hurwitz zeta functions. Recall that the Hurwitz
zeta function ((s, ) is defined by the series

oo

’I’L .’II
n=0 +
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This series converges for £(s) > 1 and Hurwitz showed how one can extend it
to the entire complex plane apart from s = 1 where it has a simple pole with
residue 1. Given a Dirichlet character x mod ¢, we can write

q

L0 = 3 X _ =S (a)c(s, a/a).
n=1

n a=1
Thus,
L'(s,x) = —(logq)g ™ >_ x(a)¢(s,a/q) +q* Y _ x(a)C'(s,a/q).
a=1 a=1

Using the well-known formulas

CO0) =5~z ¢(0,2) = log(T(x),/2n),

where the differentiation is with respect to the s-variable, we deduce that

L(0,x) = > x(a)(1/2 —a/q),

and
q

L'(0,x) = —(log ¢)L(0, x) + Y _ x(a)logT'(a/q), (26.7)
a=1
since >2?_ x(a) = 0. If x is odd and primitive, L(s,y) satisfies a functional
equation of the form

AT ((s +1)/2)L(s,x) = wA *T((2 — 5)/2)L(1 — 5,%),

where w (called the root number) is a complex number (see p. 71 of [37]) and
A = \/q/m. We also recall that for quadratic characters y, the root number w
is 1. We logarithmically differentiate this expression to obtain:

/

1 L 1 r _
log A+ 59((s +1)/2) + 7(s,x) = —log A = 59((2 = 5)/2) = (1 = 5,%);
where 9(s) denotes the digamma function, which is the logarithmic derivative
of the gamma function. Putting s = 1 into the formula, and using (see, for
example, p. 301 of [99])

Y1) =—y, ¥(1/2) = -y —2log?2
we deduce
L L

f(l,x) = —2log A+~ +log2— f(o,y). (26.8)

Now we specialise our discussion to quadratic characters associated with an
imaginary quadratic field K. Such a character is necessarily odd and if K has
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discriminant —D, then this character, which we denote by xp is a primitive
character modulo D. In this situation, we have from the functional equation

L(0,xp) = 2hp/wp, (26.9)

where hp and wp denote the class number and number of roots of unity of K.
Thus, injecting formula (26.7) into (26.8), we get on exponentiating,

D

P o) = —xp(a)wp/2hp
P (L(TX; _7) = (2D/A?) [[ T(a/ D) XP(@wn/2ho,

a=1

By Proposition 26.14 and the fact that A = /D/mw, Theorem 26.15 is now
immediate. [

Thus we have from the above theorem that

o(55-)

is transcendental. In particular,

L'(1,xp)

Txo) ~

for any D. More generally, we have:

Corollary 26.16
L'(1,xp)
L(17 XD)

is mot equal to logarithm of an algebraic number.

From the theorem, we can also deduce the following curious corollary.

Corollary 26.17 If for some D, we have L'(1,xp) = 0, then €7 is transcen-
dental.

It is unlikely that such a D exists for a variety of reasons. But this seems
difficult to prove. We shall have the occasion to come back to this theme at the
end of this chapter.

Theorem 26.15 allows one to connect this non-vanishing question to spe-
cial values of the I'-function via the Chowla—Selberg formula. Indeed, the
proof of Theorem 26.15 leads to a simple proof of the Chowla—Selberg formula
which we spell out now. We can combine the calculations done previously with
Corollary 26.12 to deduce the Chowla—Selberg formula:

1 2hp D
H 9(6)1/3 = <ﬁ) H F(a/D)wDXD(a).

CeHK
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Let us analyse the left-hand side of this equation following [55]. Let E
be an elliptic curve with complex multiplication by an order in the imaginary
quadratic field K = Q(v/—D). Formula (3) of [55] states that any period of E,
up to an algebraic factor, is given by the right-hand side of the above equation.
In other words,

D
= [[T(a/D)x>®

is equal to a product of a power of 7 and a power of the period of the CM elliptic
curve attached to the full ring of integers of Q(+/—D) (up to an algebraic factor).
More generally, we can define for any character x (mod D),

D
F00 = [I (/D).
a=1

Let g|D and x be a real primitive character (mod ¢). Let x* denote the character
obtained by extending x to residue classes (mod D). Then, it is not hard to see
that f(x*) is (up to a non-zero algebraic factor) equal to f(x). Indeed, recall
that

T(z)T(z+1/q) - T(z+ (¢ — 1)/q) = ¢"/*>7 % (2m) 1~ V/?T(¢z).

Thus, f(x*) =
D q
I r(e/D) = J[Ita/DIV(@ +9)/D) - T({a-+ (Dfa = Do)/ D
a=1

q
- H (a/q)(2m)P/a=1/2 (D [q)1/2~a/a)x(a)
=1

= f(x)(D/q) >a—1(1/2=a/q)x(a)

Since y is a real character, the exponent of D/q is rational and so the second
factor is algebraic and non-zero. Consequently, f(x) and f(x*) are equal apart
from a non-zero algebraic factor. Let us record this remark here since it will be
used later.

One can consider a more general situation where one considers functions f
defined on ray class groups and similar formulas and results can be derived (see
[98], for instance).

These investigations naturally lead to the study of possible transcendence of
special values of the I'-function. As we have seen before, not much is known in
this context. While I'(1/2) = /7 is transcendental by the theorem of Linde-
mann, the transcendence of I'(1/3) and T'(1/4) was established by Chudnovsky
[32] in 1976. Recently, Grinspan [53] and Vasilev [124] independently showed
that at least two of the three numbers 7, I'(1/5),T'(2/5) are algebraically inde-
pendent. Very likely, all of the three numbers are algebraically independent.
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Apart from these results, no further results are known regarding the transcen-
dence of the I'-function at rational, non-integral arguments. Thus, in this con-
text, the following theorem is of interest.

Theorem 26.18 Let ¢ > 1 and q|24. Let a be coprime to q. There exists a
finite set S and a collection of pair-wise non-isogenous CM elliptic curves Ej,
j € S defined over Q with fundamental real periods w; such that I'(a/q) lies in
the field generated over Q by m and the w;. In particular, if ™ and the w;’s are
algebraically independent, then T'(a/q) is transcendental.

Proof. For each odd quadratic character x p, we have an associated imaginary
quadratic extension kp. Thus, f(x) is defined for any odd quadratic charac-
ter. We can associate a CM elliptic curve Fp, with ring of endomorphisms
isomorphic to the ring of integers of kp. Let wp be the real period of Ep. The
Chowla—Selberg formula expresses

ZXD )logI'(a/D)

as a Q-linear form in log7, logwp and the logarithm of a non-zero algebraic
number. For any divisor g of 24, every non-trivial Dirichlet character mod ¢ is
quadratic. Noting that

X even

if a = £1(mod q) and zero otherwise, we deduce that

v(q)/2 if a = 1(mod q)
> x(@) =1 —p(q)/2 if a=—1(modq)

x odd 0 otherwise.

By considering the combination
H flx x(b
x odd

where the product is over odd characters (mod ¢), we find

I1 700x® = ] T(a/q)>xeaaxtab).

x odd a=1

Since for any divisor ¢ of 24, b> = 1(mod q) for any b coprime to ¢, we have
ab = 1(mod ¢q) implies a = b(mod ¢q). Thus,

v(q)/2  if a =b(modq)
Z x(ab) = ¢ —p(q)/2 if a = —b(modq)

x odd 0 otherwise.
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and we deduce that
T(a/q)T(1—a/q)!

is the product of an algebraic number, a power of m and a product of powers of
periods of non-isogenous elliptic curves. On the other hand,

I(a/q)T(1 —a/q)

is a product of 7 and an algebraic number. Thus, we deduce that I'(a/q) is (up
to an algebraic factor) a product of a power of 7 and periods of non-isogenous
elliptic curves. This completes the proof.

To summarise, the key point here is that the non-trivial Dirichlet characters
(mod 24) are all quadratic which allows the use the Chowla—Selberg formula
as stated before to express I'(a/q) as a product of m and periods of various
non-isogenous elliptic curves.

Before moving on in our discussion, we observe this amusing corollary of the
above theorem:

Corollary 26.19 All of the numbers
I'(1/8),I'(3/8),I'(5/8),1'(7/8)
are transcendental with at most one exception.

Proof. To prove this, we suppose that at least two of the numbers, I'(a/8),
I'(b/8) (say), among

['(1/8),1(3/8),1(5/8),1(7/8)

are algebraic. By the proof of the previous theorem, we can write each term as a
product of powers of m and periods w; and ws of two non-isogenous CM elliptic
curves. By taking appropriate powers of I'(a/8),T'(b/8), we deduce that their
quotient, which is algebraic, is a product of powers of 7 and w;. By the result
of Chudnovsky [32], we know that 7 and w; are algebraically independent. This
completes the proof. [J

Recall that Schanuel’s conjecture predicts that if xy,...,x, are linearly
independent over Q, then the transcendence degree of the field

Q(xla"'axnvezlv"'vezn)

is at least n. At the end of Chap.21, an elliptic-exponential extension of this
conjecture has been spelt out. The previous theorem motivates the following
variant of Schanuel’s conjecture.

Suppose that x1,...,x, are linearly independent over Q. Let a,..., on
be the Weierstrass p-functions attached to non-isogenous CM elliptic curves
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Ey,...,E, defined over Q. If zs,...,x, are not contained in the poles of the
pi, 2 <1< n, then, the transcendence degree of the field

Q(xh .- 'Vrnuexl? pg((EQ), AR pn(xn))

is at least n.

Thus, choosing ©1 = 7i and z; = w; /2 with the w; as in Theorem 26.18, the
conjecture allows us to deduce that 7 and the w;’s are algebraically independent.

The above conjecture is also a special case of a more general conjecture of
Grothendieck (see [39]). This conjecture asserts that the transcendence degree
of the field generated by the periods of an algebraic variety is equal to d where
d is the dimension of the Hodge group of the variety. In our case, we consider
the variety

X=P'xEyx---xE,
where E; are pairwise non-isogenous elliptic curves with complex multiplication.
The Hodge group of H*(P') ® - -- ® H'(E,) is isomorphic to
Gm X H(RKi/QGm)la
i=2

where K; is the imaginary quadratic field corresponding to E; and the super-
script denotes elements of norm 1. The dimension of this group is n.

It is clear from the preceding discussions that the non-vanishing of certain
Dirichlet series is connected with linear independence of special values of
L-series. Such a theme was explored in a classical context in [61].

Also it highlights the pivotal role played by L’(1, x) with x a Dirichlet char-
acter, more precisely the vanishing of L’(1,x) for any Dirichlet character y
(mod ¢). In this context, we shall derive an analytic result about the number
of x # xo (mod ¢) for which L'(1,x) =0

For this we shall use the following result of Y. Ihara, K. Murty and M.
Shimura which is Theorem 5 of [68].

Proposition 26.20 Let Ag(1) =1 and Ao(n) =0 for n > 1. Define for k > 1,
Ar(n) = > M)~ Alng),
ni-—Ng=n
where A denotes the von Mangoldt function. Set
~ Aa(n)Ap(n)
a,b) .__
D D
n=1
Then, for q prime and any ¢ > 0
LI
= (a>b) — — (— a+b (a7b) €
e (F0:0) = (075D p(a) + 0l
X7#Xo

where P(®Y) (2) = 292",
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It is easy to see that the series for x(**) converges. Indeed, A(n) < logn so
that Ax(n) < dp(n)(logn)*, where dj(n) denotes the number of factorisations
of n as a product of k natural numbers. Consequently, Ax(n) = O(n¢) for
any € > 0.

We now have the following theorem:

Theorem 26.21 For q prime, the number of x # xo (mod q) for which
L'(1,x) =0 is O(q%) for any € > 0.

Proof. We apply the previous proposition with a = b =k and a = b = 2k. An
application of the Cauchy—Schwarz inequality to the sum

> P (L)

X7#X0

shows that for any k > 1,

2

#{x#x0: L'(1,x) # 0} > 5

T, 2k
Let us note that
17 = (192 0(q)* + O(p(q)q°)
and that
Ag(n1)?Ag(nz2)? > (A2 % A2)(n)
(M(k’k))2 = Z T 202 = Z st

n
ni,n2 172

where

(f *g)(n Zf g(n/d),

is the Dirichlet convolution. Now, if d(n) denotes the number of divisors of n,
2

AQk( ) (Ak*Ak n ZAk Ak n/d

d|n

(n) > AR(d)AF(n/d) = d(n) (A7  A}) (n),

d|n

by an application of the Cauchy—Schwarz inequality. As d(n) = O(n¢) for any
€ > 0, we obtain

A2, ( (A« A ()
2k,2k 2k
L (2R20) Z:l Z o

Putting
(AR < AR ()

n=1
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we conclude

Tk - G(2)9(9)* + O(p(@)g™)
Toror — Gr(2—e1)p(q) + O(g2)

for any €1, €2 > 0. Choosing k = 2 and noting that

Ga(2 —€1) = G2(2) + O(e1),

we conclude that
T3 ),

2 ©(q) + O(q).
2k, 2k

The result immediately follows from choosing ¢ = 1/¢. O

It is unlikely that one can show the non-vanishing of L’(1, x) in general using
such analytic methods.

The question of non-vanishing of L’(1,x) arises in other contexts like the
following. Let K be an algebraic number field and (x(s) its Dedekind zeta
function. It is well known that (x (s) has a simple pole at s = 1 with residue Ak
Here,

A\ 2m (27T)T2 hx Ry
K= — /—
wy/|dk|

where r; is the number of real embeddings of K and 2r; is the number of non-
real embeddings of K, h, Rg, w and dg are the class number, regulator, the
number of units of finite order and discriminant, respectively, of K. Let us set

9K (s) = (K (s) — Ak((s).

Then, gk (s) is analytic at s = 1. In [111], Scourfield asked if for any field
K # Q we have gx (1) = 0. This question is really about non-vanishing of linear
combinations of derivatives of L-functions.

To see this, we write

Cre(s) = C(s) Fie (s),

where Fi(s) is a product of certain Artin L-series. Using Brauer’s induction
theorem and the non-vanishing of Hecke L-series at s = 1, it is easily seen that
Fk(s) is analytic at s = 1. Consequently, Fk (1) = Ak and since

Cre (s) = Ak ((s) = C(s)(F (s) — Ak),

we see that gx (1) = Fi(1). If K denotes the normal closure of K over Q, and
G = Gal(K/Q), one can express Fi(s) as a product of Artin L-series attached
to irreducible characters of G. Indeed, if H = Gal(K/K), Cx(s) is the Artin
L-series attached to the character Ind$ 1. If y is an irreducible character of G,
we have by Frobenius reciprocity,

Cy 1= (Indg 1,x) =1, xln)
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which is the multiplicity of the trivial character in x restricted to H. Thus, cy
is a non-negative integer and we have

Fre(s) = [T L(s,0™,

x#1
where the product is over the non-trivial irreducible characters of G. Hence,
Fi (1) Z L
w0 = 2 o (LX)
Fg (1) i L

In the special case K/Q is Galois, ¢, = x(1). Thus, in the Galois case, the
question of non-vanishing of g (1) is equivalent to the non-vanishing of

L/
> x()F ().
x#1
If K = Q(¢,) is the ¢g-th cyclotomic field, with ¢, being a primitive ¢g-th root
of unity, then Thara et al. [68] have investigated the asymptotic behaviour of
this sum. They proved that

2y Pav=o

m
q—00,q prime gf)(q) s

So the question of non-vanishing of gx (1) is a bit delicate and cannot be deduced
from this limit theorem.

The non-vanishing of L'(1, x) seems to be intimately linked with arithmetic
questions. For example, if K/Q is quadratic, then Fi(s) = L(s, xp) where xp
is the quadratic character attached to K. In this case, Scourfield’s question
reduces to the question of whether L'(1,xp) = 0 for any such xp. As we
mentioned before, it is unlikely that such a xp exists.

Exercises

1. Using (26.2), show that the series (26.1) admits a meromorphic continu-
ation to R(s) > ﬁ with at most a simple pole at s = 1. Moreover, the
simple pole exists if and only if py # 0.

Show that the character xp, p, given by (26.6) is well defined.
Prove that ¢’(0,z) = log(T'(z)/2x).

Prove the class number formula (26.9).

AN

Show that the function
g(b) = (2m) "2 (N(b))*A(61, B2)

considered in the chapter is well defined and does not depend on the choice
of integral basis of b. Furthermore, show that g(b) depends only on the
ideal class b belongs to in the ideal class group.
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6. Show that L(1,x) = L(1,%) for any non-trivial ideal class character x of
an imaginary quadratic field.

7. For any integer a, find the value of

> x(a)

X even

where x runs over even Dirichlet characters mod q. Derive also an expres-

sion for
> xla)

x odd

where x runs over odd Dirichlet characters mod gq.



Chapter 27

Transcendence of Values
of Modular Forms

In this chapter, we will apply the results of Schneider and Nesterenko to
investigate the values of modular forms at algebraic arguments. Any reasonable
account of the fascinating subject of modular forms will require us to embark
upon a different journey which we cannot undertake in the present book. We
refer to the books [42, 70, 75] for comprehensive accounts of this subject.
However for the purposes of this chapter, we shall be needing very little input
from the theory of modular forms.

As we have been observing throughout, the naturally occurring transcenden-
tal functions like the exponential function and the logarithm function take tran-
scendental values when evaluated at algebraic points, except for some obvious
exceptions. This is also exhibited by the Weierstrass-p function associated with
an elliptic curve defined over number fields. We also expect other transcendental
functions like the gamma function and Riemann zeta function to exhibit similar
properties.

We will now investigate this phenomena for modular forms which are a rich
source of transcendental functions. We begin by fixing some notations and
recalling the various results in transcendence relevant for our study.

Let H denote the upper half-plane. For z € H, we have the following func-
tions

Ey(z)=1-24 Z o1(n)e*
n=1

M.R. Murty and P. Rath, Transcendental Numbers, DOI 10.1007/978-1-4939-0832-5_27, 179
© Springer Science+Business Media New York 2014
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Ei(2) =1+ 240 ) o3(n)e’™ ",

n=1
Es(z) =1—504 Z o5(n)e? =
n=1
where oi(n) =Y dln d*. We also have the j-function given by

E4(Z)3

IO =1 By —Eer

We call an element « in the upper half-plane to be a CM point if it generates
a quadratic extension over the field of rational numbers. It is known, from
classical theory of complex multiplication, that if z € H is a CM point, then
j(z) is an algebraic number lying in the Hilbert class field of Q(z). For instance,
we have j(i) = 1728 while j(p) = 0 where p = €27/3,

For algebraic points in the upper half-plane, we have already seen the
following result of Schneider:

Theorem 27.1 (Schneider) If z € H is algebraic, then j(z) is algebraic if and
only if z is CM.

Much later, Chudnovsky ([32], see also [33]) in 1976 showed that if z € H, then
at least two of the numbers Ea(2), E4(2), Eg(z) are algebraically independent.
Chudnovsky’s theorem proves that T'(1/3) and I'(1/4) are transcendental. In
1995, Barré-Sirieix et al. [15] made a breakthrough in transcendence theory by
proving the long-standing conjecture of Mahler and Manin according to which
the modular invariant J(e*™*) := j(z) assumes transcendental values at any
non-zero complex (or p-adic) algebraic number €*™** in the unit disc. Note
that such a z is necessarily transcendental. Finally, Nesterenko [84] provided
a fundamental advance by generalising both the results of Chudnovsky and
Barré-Sirieix-Diaz—Gramain—Philibert.

Theorem 27.2 (Nesterenko) Let z be a point in the upper half-plane. Then at
least three of the four numbers

™% Ey(2), Eu(2), Es(z)
are algebraically independent.

We note that the result of Schneider does not follow from the theorem of
Nesterenko. As pointed out by Nesterenko [86, p. 31], both his and Schneider’s
theorem will follow from the following conjecture:

Conjecture 27.3 Let z be a point in the upper half-plane and assume that at
most three of the following five numbers

z, eXmiz Es(z), Es(z), FEg(2)
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are algebraically independent. Then z is necessarily a CM point and the field

Q(e2ﬂ'iza EQ(Z)a E4(Z)a EG(Z))
has transcendence degree 3.

Let us now begin by considering the nature of zeros of modular forms.
Investigations of such zeros have been carried out by Rankin and Swinnerton-
Dyer [104], Kanou [69], Kohnen [73] and Gun [57] (see also [13, 45, 49]). Let us
again recall that a CM point is an element of H lying in an imaginary quadratic
field. Also every modular form is assumed to be non-zero and for the full
modular group. However, the arguments carry over to higher levels.

Recall that any such modular form f has a g-expansion at infinity of the
form f(z) = Yo" jas(n)e?™™* for z € H. The as(n)’s are called the Fourier
coefficients of f. We shall only consider modular forms whose Fourier coefficients
are all algebraic.

To study the algebraic nature of values taken by modular forms, we need
to define an equivalence relation on the set of all modular forms with algebraic
Fourier coefficients. We define two such modular forms f and ¢ to be equivalent,
denoted by f ~ g, if there exist positive natural numbers ki, ks such that
fF2 = A\g" with X\ € @* Furthermore, for the purpose of this chapter, we
shall denote A to be the Ramanujan cusp form (or the normalised discriminant
function), i.e.

H 1 _q (2)24, q= 6271'1'2'

Therefore, it is also equal to

One has the following theorem.

Theorem 27.4 Let f be a non-zero modular form of weight k for the full modu-
lar group SLa(Z). Suppose that the Fourier coefficients of f are algebraic. Then
any zero of f is either CM or transcendental.

Proof. Let f be a non-zero modular form of weight k for SLa(Z) with algebraic
Fourier coefficients. Let g be the function defined as

_ ()
g(z) - Ak—(z)’

where A is the Ramanujan cusp form of weight 12. Thus g is a modular function
of weight 0 and hence is a rational function in j. Since A does not vanish on
H, g is a polynomial in j. Further, since f has algebraic Fourier coefficients,
g(z) = P(j(z)) where P(z) is a polynomial with algebraic coefficients. If v is a
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zero of f, then P(j(«)) = 0 and hence j(«) is algebraic. Thus by Schneider’s
theorem, « is either CM or transcendental. This completes the proof.

As before, let A be the unique normalised cusp form of weight 12 for the full
modular group. Then the above theorem easily extends to the following and
hence we skip the proof.

Theorem 27.5 Let f be as in the above theorem, not equivalent to A and
o € H be an algebraic number such that f'2(a)/A*(a) is algebraic. Then « is
necessarily a CM point.

We note that the above theorem does not say anything about the transcen-
dental zeros of f. However, when f is the Eisenstein series Ej, we have some
more information about the location of their zeros. For instance, all the zeros
of E}, up to SLy(Z) equivalence were shown to lie in the arc

{e" | /2 <6 < 2n/3}

by Rankin and Swinnerton-Dyer [104].

It is worthwhile to point out that for cusp forms, the situation is rather
different. Here we have a result due to Rudnick [108] which is as follows: let
{fx} be a sequence of L?-normalised holomorphic cusp forms for SLy(Z) such
that fi is of weight k, the order of vanishing of fj at the cusp is o(k) and
the masses y*|fx(2)|2dV (2) (where dV (z) stands for the normalised hyperbolic
measure on the fundamental domain) tend in the weak star topology to cdV (z)
for some constant ¢ > 0. Then the zeros of fi (in the fundamental domain)
are equidistributed with respect to dV(z). If the sequence fi consists of nor-
malised Hecke eigenforms ordered by increasing weight, then recent works of
Soundararajan [119] and Holowinsky [65] (see also [66]) show that Rudnick’s
hypothesis is satisfied and consequently, zeros of normalised Hecke eigenforms
become uniformly distributed in the standard fundamental domain as the weight
tends to infinity.

If f is equivalent to A and « is CM, then f(«) is transcendental by the
theorem of Schneider. On the other hand, if o € H is non-CM algebraic, the
conjecture of Nesterenko mentioned before will imply the transcendence of f(«).
Thus, it is clear that while investigating the nature of values of modular forms
at algebraic numbers in H, we need to consider the values at CM points and
non-CM points separately.

Theorem 27.6 Let a € H be such that j(a) € Q. Then €™ and A(«) are
algebraically independent.

Proof. Since j(«) is algebraic, A(«) is transcendental. For, algebraicity of
A(a) will imply that j(a)A(a) = E4(a)? is algebraic and hence both E4(«)
and Fg(«) are algebraic. This will contradict Chudnovsky’s theorem. Now
suppose that e*™ = ¢ and A(«) are algebraically dependent. Since A(«)
is transcendental, there exists a non-zero polynomial P(X) = Y, p; X" where
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p;’s are polynomials in A(«) with algebraic coefficients such that P(q) = 0.
Thus ¢ is algebraic over the field Q(E4(a), Fg(a)). Since j(a) is algebraic,
transcendence degree of Q(E,(a), Eg(a)) is one which is also the transcendence
degree of Q(F,(a), Eg(c),q). This will contradict Nesterenko’s theorem. [J

As a consequence of the above theorem, we now have the following;:

Theorem 27.7 Let o € H be such that j(a) € Q. Then for a non-zero modular
form f for SLa(Z) with algebraic Fourier coefficients, f(a) is algebraically ind-
ependent with e*™ except when f(a) = 0.

Proof. Suppose that f(a) is not equal to zero. Since the non-zero number
f12(a)/AF(a) is a polynomial in j(«) with algebraic coefficients, it is algebraic.
Thus the fields Q(q, f(«)) and Q(g, A(a)) have the same transcendence degree
and hence the theorem follows from the previous theorem. [J

We note that there exist transcendental numbers « for which j(«) is
algebraic. This is a consequence of CM theory and surjectivity of the j
function. As mentioned before, an algebraic « for which j(«) is algebraic is a
CM point. In this case, A(«) can be explicitly expressed as a power of period
of an elliptic curve defined over Q.

For a non-CM algebraic number, one has the following theorem:

Theorem 27.8 For a € H, let S, be the set of all non-zero modular forms f
of arbitrary weight for SLo(Z) with algebraic Fourier coefficients such that f(«)
is algebraic. If a € H is a non-CM algebraic number, then S, has at most one
element up to equivalence.

Proof. Let f and g be modular forms in S, of weight k1 and ks, respec-
tively, where « is a non-CM algebraic number in H. Thus both f(«) and g(«)
are algebraic and by Theorem 27.4, neither is equal to zero. We consider the
modular form F = f*2(a)gk — g* (a) f*2 of weight k1 ko. By Theorem 27.4, any
zero of this modular form is either CM or transcendental. Since « is non-CM
and algebraic, we get a contradiction unless F' is identically zero. This means
that f and g are equivalent in the sense defined before. [J

The existence of the fugitive exceptional class in the above theorem can be
ruled out if we assume the conjecture of Nesterenko alluded to before. Further,
all these theorems extend to higher levels and also to quasi-modular forms. We
refer to [59] for further details.

Exercises

1. Show that Eg(v/—1) = 0. Deduce that €™, E2(v/—1) and E4(v/—1) are
algebraically independent.
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. Recalling that

az+b\ 9 6c(cz + d)
EQ (Cz+d> = (CZ+d) EQ(Z) + 7Ti 5

show that F2(y/—1) = 3/m. Deduce from the previous exercise that 7 and
e™ are algebraically independent.

Show that

w = = .

/1 Ve —t 221
Using the theory of complex multiplication, compute the value of E4(v/—1)
in terms of powers of I'(1/4) and w. Conclude that 7, €™ and I'(1/4) are
algebraically independent.

dt  D(1/4)?
3

. Let f be a non-zero modular form with algebraic Fourier coefficients and

« be an algebraic number in H which is not CM. Assuming Nesterenko’s
conjecture, show that f(a) is transcendental.

. Prove that the functions F, and Eg are algebraically independent.

Using the Schneider-Lang theorem, prove that A(7) is transcendental
for any CM point 7. Here A is the normalised discriminant function
considered in this chapter.



Chapter 28

Periods, Multiple Zeta
Functions and ((3)

In this chapter, we will examine some of the emerging themes in the theory
of transcendental numbers. The most fascinating is the “modular connection”
linking it with the theory of modular forms. We have met a part of this con-
nection in the earlier chapters. In this chapter, we will indicate some other
relations.

The connection between the theory of modular forms and transcendental
number theory goes back at least a century with the advent of the theory of
complex multiplication. More recently there are several major contributions,
notably by Nesterenko, relating these two themes of number theory. In addition
to this, there is the mysterious proof of Roger Apéry [3] showing the irrationality
of ¢(3) which has been somewhat “explained” by Beukers [20] using the theory
of modular forms. However, it is not easy to find an exposition of this theme
at the graduate student level or even the senior undergraduate level. It is the
purpose of this chapter to highlight this theme and to bring out the salient
features of the subject for further study. This chapter is self-contained and can
be read independent of the other chapters.

The Algebra of Periods

To keep this chapter self-contained, let us recall that a complex number « is
said to be algebraic if it satisfies a non-zero polynomial equation with rational
coefficients. Otherwise, we say the number is transcendental. It was not until
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1851, when Liouville using a clever approximation argument managed to give
explicit constructions of transcendental numbers. For instance, he showed that

=1
2 iow

is transcendental. In 1873, Georg Cantor showed that the algebraic numbers
are countable and the real numbers are uncountable. Thus the set of tran-
scendental numbers is uncountable. But deciding whether a given number is
transcendental is often a very difficult question. For instance, e was shown to
be transcendental by Charles Hermite in 1873 and 7 was proved transcendental
by Lindemann in 1882. In view of the 1734 result proved by Euler, this means
that the special values of the Riemann zeta function at even natural numbers
are transcendental since

20(2k) = 2 Z:l % = (]231?;! (2mi)?k.

A similar result is not known for odd values of the Riemann zeta function. In
1978, Apéry surprised the mathematical community by presenting a mysterious
proof that ((3) is irrational. After more than 25 years, we can explain some
aspects of his proof using the theory of modular forms, but cannot say we
understand the proof completely or why it worked. The purpose of this chapter
is to explore this theme in some detail and also present it from the context of
the theory of periods.

A period, as defined by Kontsevich and Zagier [74], is a complex number
whose real and imaginary parts are values of absolutely convergent integrals
of rational functions with rational coefficients over domains in R™ given by
polynomial inequalities with rational coefficients. The set of periods is denoted
by P.

In the above definition, we can replace rational functions and rational coef-
ficients by algebraic functions and algebraic coeflicients, respectively, without
changing the original set of periods P. This is because we can introduce more
variables into the integration process.

V2isa period since

V2 = dx.

2x2<1

All algebraic numbers are periods. The simplest transcendental number which

is a period is 7 since
T :/ dxdy.
z2+y2<1

LA more precise definition can be given as follows. Let X be a smooth quasi-projective
variety, Y C X a subvariety, w a closed algebraic n-form on X vanishing on Y, and all defined
over Q. Let C be a singular n-chain on X (C) with boundary contained in Y (C). Then the
integral fC w is called a period.
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The set of periods P contains the algebraic numbers and many interesting tran-
scendental numbers like 7. Note that the set of periods is countable and hence
the set of numbers which are not periods is uncountable. However we do not
have an explicit number which has been shown to be a non-period. For instance,
is e a period? How about Euler’s constant v? Most likely, these numbers are
not periods. An open question is if 1/7 is a period.

It is clear that the set of periods forms a ring under addition and multipli-
cation. Again, it is not known whether this ring has any units other than the
obvious ones, namely the non-zero algebraic numbers. We recommend the orig-
inal article of Kontsevich and Zagier [74] as well as the account by Waldschmidt
[126] for further details (see also the paper by Ayoub [7] in this context).

An important class of periods is supplied by the special values of the Riemann
zeta function and more generally the multiple zeta values.

The Riemann zeta function ¢(s) is defined for R(s) > 1 by the Dirichlet
series

()=

n=1

More generally, one can define the multiple zeta function,

C(Sl,SQ,...,ST): Z ;S

51, 82 =
n n .. .n
ni>ng>->n,>1 12 "

and study it as a function of the r complex variables s, ..., s,. Here, we will be
concerned with the theory of special values of these functions, or more precisely,
the multiple zeta values ((s1,...,8,) with s1,s2,...,s, positive integers and
$1 > 2 in order to ensure convergence.

One can express these as periods, in the sense defined above. For example,

we have
dt, dtip_q dtg
= [ FFr P
1>t > >t,>0 U1 k-1 1 —1tk

as is easily verified by direct integration. Also,

dt; dt dt
¢(2,1) = / e 2 3
1

Sty >testy>0 1 L —1t21— ts

Similarly, we define inductively the iterated integral of continuous differential
forms ¢1,..., ¢, on [a,b] as

Prfmi= [ ¢1(t) [ b2 Pm
[t [o0 [

with the convention that the value is 1 when m = 0. If we define two differential
forms
dt dt

wp=—, w3 =-—,
0T L
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then one can easily show that

1
C(sl,...,sr):/ wgl_lwl-nng_lwl.
0

By a theorem of Chen in algebraic topology, the product of such integrals is
again a linear combination of such integrals given by the “shuffle product”.

With respect to the transcendental nature of the multiple zeta values, Zagier
[134] has made the following conjecture. Let Vi be the Q-vector space in R
generated by the multiple zeta values ((s1, ..., s,) with weight s;+---+ s, = k.
Set Vo = Q, Vi = 0. Clearly, Vo = Q2. Then, using the shuffle relations, we
see that

VilVie € Vi

If we denote by V' the Q-vector space generated by all the V}’s, then Goncharov
conjectures that

V = @ZOZOVk
Zagier predicts that if dx = dim Vj, then for k > 3,
drp =dg_o +dr_3 with dog=1,d;1 =0,dy = 1.

In other words,

= 1

k __
det Tl 2 37
k=0

It is generally suspected that this conjecture would imply the algebraic inde-
pendence of 7,((3),¢(5),.... If we let ¢, be the coefficient of t* of the rational
function on the right-hand side of the above conjectural formula, then it is
now known by the work of Terasoma [121] as well as the work of Deligne and
Goncharov [40] that

dk S CL.

Note that while one expects the dimensions di of the spaces Vj to grow
exponentially in k, we do not have a single example of a space Vi with dimension
at least 2. In this context, in a recent work [61], it has been established that a
conjecture of Milnor about Hurwitz zeta values implies that infinitely many of
these V}’s have dimension at least 2.

We end this section by mentioning a recent result due to Brown [21]. In this
work, he proves a conjecture by Hoffman which states that every multiple zeta
value is a Q-linear combination of {(n1,...,n,) where n; € {2,3}. In particular,
Brown’s result is a sweeping generalisation of the works of Terasoma, Deligne
and Goncharov. An essential ingredient in the proof of Brown was supplied
by Zagier [135] which involves a formula for the special multiple zeta values
of the form ¢(2,...,2,3,2,...,2) as rational linear combinations of products
¢(m)7®™ with m odd. The works of Terasoma, Deligne, Goncharov as well
as Brown involve rather deep algebraic geometry, more precisely the theory of
mixed Tate motives. We can do no better than to direct the interested reader
to the beautiful Bourbaki talks of Cartier [27] and Deligne [41]. One wonders if
there are simpler, more direct proofs of the results of Brown.
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Apéry’s Proof Revisited

There are many expositions of Apéry’s proof of the irrationality of ((3) (see, for
example, [123]). We begin by giving a streamlined version of Apéry’s proof and
then analyse it from the standpoint of modular forms.

Apéry begins by considering the recursion

n3upy 4+ (0 — 1)3u,_o = (3403 — 51n% + 270 — 5)u, 1.

Let A, be the sequence obtained by setting Ag = 1,4; = 5 and let B,, be
the sequence obtained by setting By = 0 and B; = 6. Thus, if we let P(n) =
34n3 — 51n2 + 27n — 5, then

n3A, 4+ (n—1)2A, 2 = P(n)A,_1,

n®B, + (n—1)°B,_3 = P(n)B,_1.

Multiplying the first equation by B,,_1 and the second by A,,_; and subtracting,
we deduce that

HS(Aan71 - Anlen) = (n - 1)3(An71Bn72 - An72Bn71)-
Iterating, we find
n3(AyBp-1 — Ap_1By) = A1By — AgBy = —

Then, Apéry made some remarkable claims. First he asserted that A,,’s are all
integers. Further, he claimed that B,’s are rational numbers such that

2 lem([1,2,3,...,n)°B,
are all integers. Finally, one has the following explicit formulas:

k=0

Bn=i<:>2(”:’“)%

k=0
S0 ()

It turns out that explicit expressions for the A,’s and the B,,’s are not needed
to prove the irrationality of ((3). In fact, from the recursion above, we see that

where

Mk

"1
-5~

]:1 J

B, B, 6
An Anfl B ngAnAnfl '
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From the explicit expressions for A,, and B,,, we can deduce that B,,/A,, tends
to ¢(3). Indeed,

n n L (n\2 n+k 2
R E oy (07 ()
j=1 k=0 j=1 j j
We will show that
= (G) (")
B J J
This is clear for j = n since
3 <2n) -
n

For 1 <j<n-—1, we have

so that
J J J J
Thus,
"1 A
Bn_An Ty < _nv

from which the assertion that B, /A, tends to ((3) follows. One can be a bit
more precise. We have by summing

o0

— (Bii1 By B 1
Z < _Ak) _62 (k+1)3ApApy1

A
k=n k+1 k=n

B, > 1
N-—r=6y —
¢@) A, ,;l (k+1)3A, Ak

so that

By, 1

— L =

A, A2

We need to estimate the growth of A,,. Again, from the recursion this is easily
done. If we divide the recursion by n3 and take the limit as n tends to infinity,
we observe that

}<<3> -

A, ~C,

where C,, satisfies
Cp+Ch_o=34C,_1.
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The latter recurrence is easily solved and we see that C), is asymptotically o™
where o = (1 + \/5)4 =17 + 12v/2 is the larger root of

X?2-34X+1=0.

Finally, we need to prove the assertion about the denominators of B,,. To this

end, we observe that
(n)2 (n+k)2 (n) (nJrk) (nfj) (nJrk)
k k K k n—k ) \ k—j
3 (n ntj) 3 [k 2
J (a) ( j ) 7° (])
simply by writing out the binomial coeflicients. Thus, we need to investigate
the power of a fixed prime p that can appear in the denominator, namely the

power of p in
i\ 2
()
J

But this is easily done by observing that

)

[log k/ log p]
ord, (f ) =Y /] U] [k — )/

t=0

It is elementary to see that

[z+y] =[] -yl <1

with equality if and only if {z} + {y} > 1, where {z} denotes the fractional
part of x. In particular, we see that the above summation can begin from
t = ord,(j) + 1 which gives us

ond, (1) < og /1o - ord, ).

Thus,

2
ord, (ﬁ (’? ) ) < ord, (j) + 2llog k/ log p] < 3[log k/ log p],
J

from which we deduce the statement about denominators. Now suppose that
¢(3) is rational say C/D, with C, D co prime integers. Then, for the non-zero
integer, we have the following estimate (from the Prime Number Theorem):

2Dlem([1,2, ..., n]3|4,¢(3) — By| < 3o (1 4 /2)~4n,
For n large, this is a contradiction because

e < (1+v2)* = 33.970563. ...
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In the above proof, the recursion formulas for A,, and B,, were used in two
places. We remark that we can eliminate the second use of the recursion where
we derived A,, ~ ™. Such an estimate was needed only to get a final upper
bound that led to the contradiction. To this end, a simpler estimate suffices if
we observe that for n even, we have

w2 () ()

A, > 0025"/n4

One can see that

for some constant ¢y and this suffices to get the desired contradiction since
e® =20.085537... < 32 = 2°,

Another approach was taken recently by Nesterenko [85]. Following earlier
work of Gutnik, he considers the rational function

(z—1)2%--- (2 —n)?
22(z+1)2--- (2 +n)?’

R(z) =

The function R can be expanded into partial fractions:

R(z) = Zn: ((ﬁkZ)z’ + ZB:II@> '

k=0

It is easy to see that

Bia = (= + kR() e = ("Zk> (1)

and

n

d 1 1
Bi = ((z+k)’R(z)|emk=—2Bra | Y 77—~ >, ——
dz P A A

It is clear from these expressions that By is integral and that D,, By is integral
where

Dn — H p[log2n/ logp].

p<n

If we choose a large enough contour C, then the Cauchy residue theorem shows
that
1
2mi

R(z)dz =Y B =0,
¢ k=0
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since R(z) = O(|z|72). Using this fact, we deduce that

- e By By
I:= R'(v) = (—2 — ):an 3) + by,
; (v) kZ:o; CE BN CEYAE @)
where
an=—-2) Bia
k=0
and
n k
bn=>_ Y (2Brar™® + Bur?)
k=0r=1

so that a, and Df’lbn are integers. On the other hand, one can write down an
integral expression for this as

1
——

( ™
27 R(s)=C \SINTZ

)2 R(z)dz.

To see this, we truncate the integral from C + 4T to C —iT with T = N +1/2,
N a positive integer > n tending to infinity. We deform the contour to the
rectangle whose vertices are given by (C,-T),(T,-T),(T,T), and (C,T). On
the boundary of the rectangle, 1/ sin? 7z is bounded and R(z) = O(1/T?). Thus
we compute the contribution from the residues: for z = k, k a positive integer,

we have
T 2 1
(sinﬂ'z) - (z — k)2 +0()
and
R(z) = R(k) + R'(k)(= = k) + O((z — k)*),
so that

Res.—, (( i )QR(Z)> = R'(k),

sinmz

from which the formula is easily deduced. Finally, using the method of steepest
descent, Nesterenko shows that

7T3/223/4 "
[ == (V2= 1)" (1 +0(1))
as n tends to infinity. From this fact, the irrationality of {(3) is easily deduced,
as before.
Yet a third proof by Beukers [19] uses the family of polynomials

14, "
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which is easily seen to have integral coefficients. By straightforward integration,
it is easy to see that for r > s,

x ysdxdy
/ / l-ay
is a rational number whose denominator is divisible by d2 = [1,2,...,7]?.
Similarly,
x"y*® log xy dedy
/ / L=y

is a rational number whose denominator is divisible by d2. If r = s, then it is

clear that
xdexdy 1 1
N — (14— +...p —
// I =((2) <+22+ + 3

z"y" log xy dxdy log zy dzdy 1 1
// — 2<<(3)—<1+23+ +T3)>.

Indeed, considering the integral

/1 /1 " tystidady
o Jo 1—uay

and

we see that it is

> 1
kgo(k+r+t+1)(k+s+t+1)

oo

1 Z 1 1
Cr—s k+s+t+1 k+r+t+1

which telescopes to give the first part of the assertion fo r > s. If we differentiate
with respect to t and set ¢t = 0, we can deduce the second assertion. In case
r = s, we put t = 0 to deduce the formula for {(2). If we differentiate with
respect to t and set ¢t = 0, we deduce the formula involving ((3). Beukers then

looks at the integral
log zy
P, (z) P, (y)dxd
[ 0y sy

which by our observations above is
(Co+ Du(3))d,,

with C,, D,, integers. Since

_log;vy_/l dz
l—ay  Jo 1—(1—ay)z’
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the integral in question is

IV =

An n-fold integration by parts with respect to x gives that the integral is equal to

e

A change of variable z = 1—(11_+u)w followed by an n-fold integration by

parts with respect to y gives that the integral is equal to

[ [ O ),

It turns out that the integral is bounded by

2(vV2 — 1)4¢(3).

This can be deduced by noting that

(zyw)(1 —2)(1 —y)(1 — w)
(1= (@1 = ay)w)

is bounded by (\/5 —1)* in the given region. Since the integral is non-zero, this
with the other estimates for d,, gives the final result.

Picard—Fuchs Differential Equations
and Modular Forms

Suppose we consider differential equations of the type

where the a; are rational functions over the field of complex numbers (say)
and y is a function of z. We would like to know when the equation admits
n independent algebraic solutions. The complex numbers for which at least
one of the rational functions a; is not defined are called singular points of the
differential equation and form a finite set S. At any non-singular point z,
we may find a basis for the solution space of the differential equation at zj.
If we choose a closed path u beginning at zg contained in P\ 'S and analytically
continue these solutions along this path, we find that when we return to zg, we
will have another basis of solutions. The change of basis matrix p(u) depends
only on the homotopy class of v and thus we may associate with each element
of the fundamental group 71 (P!\S, z0), an element of GL(n,C). This defines
a representation of w1 (P'\S,29) and is called the monodromy representation
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of the fundamental group. If we fix another non-singular point z;, then the
monodromy representation is conjugate to the earlier one. Thus the image of
the monodromy representation is well defined in GL(n,C) up to conjugacy and
this we call the monodromy group of the differential equation.

In relation to singular points, one needs to make a distinction between a
regular singular point and an irregular singular point. Given our differential
equation, we say that a complex number zg is a reqular singular point (see [54],
for instance) if

lim (2 — 20)%a;(2)

Z—r 20

exists for i = 1,2,...,n. The point oo is called a regular singularity if

s 3
Jim )
exists and is finite for ¢ = 1,2, ..., n. The differential equation is called Fuchsian
if every point of P! is either non-singular or regular singular. It turns out that all
the solutions of a Fuchsian equation are algebraic if and only if the monodromy
group is finite.
It might be instructive to consider an example. Let us look at

1 1
2.1 /

-2y + =y =0.
2y 6Zy 6y

It is readily verified that z'/2 and z'/2 are independent solutions of this equation.
Observe that both solutions are algebraic. If we take the set of solutions
{212, 21/3} which constitutes a basis and analytically continue this pair of
solutions around a closed path containing zero, we get another basis of solu-
tions {—21/2, 627”/321/3}. The change of basis matrix is represented by

-1 0
0 e27ri/3 :

In this way, it is not difficult to see that the monodromy group is generated by
this matrix which has order 6 and thus finite.
If we consider the equation

z2y”—zy+y:()

then the two independent solutions are {z, zlogz}, where the second solution
is not algebraic. It is not hard to see that the monodromy is generated by the

matrix
1 2w
0 1
which is infinite cyclic.

An important class of Fuchsian equations is provided by the hypergeometric
differential equation defined by

2=y +[(a+b+1)z—cly +aby=0
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where a, b, ¢ are real. The Euler-Gauss hypergeometric function

F(a,bc;z) =Y —((Ei;’ji)!" 2"

n=0

where (), = z(z +1)---(z +n — 1) is a solution. The points 0,1 and oo are
regular singular points. In 1873, Schwarz determined the list of a, b, ¢ for which
the monodromy group is finite and this list is called Schwarz’s list. For instance,
F(a,1,1;z) = (1 — 2)“ is algebraic. The Chebyshev polynomials defined by
T,(cos z) = cosnz are given by

F(—n,n,1/2;(1—2)/2).

A similar formula exists for Legendre polynomials.
In our context, the Apéry recurrence relation can be translated into a differ-
ential equation. If we set

&)= unt”
n=0
then, we find the recurrence is equivalent to
(2% = 3423 + 22)y" + (623 — 15322+ 32)y" + (722 — 1122+ 1)y’ + (2 — 5)y = 0.

It turns out that the solution space of this differential equation is spanned by
the squares of a second-order equation which is

1
(t3 — 3482 + t)y" + (26> — 51t + 1)y + Z(t —10)y = 0.

We will now indicate briefly the “modular proof” of Beukers [20]. He begins
with an elementary observation. Suppose that

fo(t), fr(t), ., fi(t)

are power series in t with rational coefficients. Suppose further that the
n-th coefficient has denominator dividing d"[1,2,...,n]" for some fixed d and r.
Suppose that there are real numbers 61, ..., 6 such that

fo(t) + 01 f1(t) + - + Ok fie(t)

has radius of convergence p and that infinitely many of its Taylor coefficients
are non-zero. If p > de”, then at least one of the 60, ...,0} is irrational.
To prove this, write

n=0
Let € > 0, and choose n large so that

laon + 01a1n + - -+ Oragn| < (p—€)7".



198 Periods, Multiple Zeta Functions and ((3)

If all the 6; are rational, let D be the common denominator. Then,
Sp = Dd"[1,2,...,n]"|aon + 01a1n + - - - + agn bl
is an integer smaller than
Dd"[1,2,..,n]"(p—€)™ ™.

By the prime number theorem [1,2,...,n] < e(*9” for large n and so by the
hypothesis, we see that S,, vanishes for n sufficiently large.
With this general observation in mind, we consider the following.

Proposition 28.1 [20] Let

F(z)= Z anq"
n=1

be such that
F(=1/Nz) = w(—izVN)*F(2),

where w = £1. Let

00 an
flz) = Z 14
n=1

and let

L(s,F) =52,

nS
n=1

Finally, set

(k=3)/2

hz)=f(z)— Y Llk—r—1,F)2mriz)"/rl.
r=0

Then
h(z) — D = (=1)* " Yw(—izv/N)*2h(-1/Nz).

Here D =0 if k is odd and otherwise equal to

k/2—1 L(k/27 F)

(2miz) T2 1)1

if k is even. Further, L(k/2,F) =0 if w = —1.

Proof. We apply a lemma of Hecke (as in [20]) to deduce that

k—2
f(z) —w(=1)* " (=izVN)F 2 f(—1/Nz) = > M@m)r.

r=0
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Splitting the summation on the right-hand side into sums over r < k/2 — 1,
r > k/2 —1 and possibly r = k/2 — 1, and applying the functional equation

Lk—r—1,F)

r!

k_2r—o L(r+1,F)

= (=DM (VI (N i)

we obtain the result. [J

Note that the function f above is the Fichler integral associated with F'. We
apply this theorem to the following:

40F (z) = Ey4(z) — 36 E4(62) — 28 E4(22) + 63F4(32)

and
24FE(z) = —5E5(2) 4+ 30E5(62) + 2E2(22) — 3E2(32).

Here F4 and E5 are the usual Eisenstein series:

E4(z) =14 240 Z os3(n)q", q =",

n=1

Exyz)=1—24 Z o1(n)q”,
n=1

where

or(n) = Z d”.
d|n

For a quick introduction to the notions of modular forms relevant here, we
suggest the masterly article of Zagier in [25]. Let I'1(6) be the subgroup of the
full modular group SLy(Z) defined by

{< Z Z > ta,b,e,d € Z,ad —be=1,a =d = 1(mod6), c:O(modG)}.

One can show that F' is a modular form of weight 4 on I'1(6) and that
F(—=1/62) = —362'F(2)
and F(ico) = 0. Also E is a modular form of weight 2 on I'1(6) and
E(—1/62) = —622E(2).
The Dirichlet series corresponding to L(s, F) is
6(1 —6°° —7.2275 4 7.3275)((5)¢(s — 3).

Define f(z) by
(4427 () = (27 F(2).
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This is the Eichler integral associated with F. Further, f(ico) = 0. An appli-
cation of the proposition gives

62%(f(=1/62) = L(3,F)) = —(f(2) = L(3, F))-
Since ¢(0) = —1/2), we have

L(3,F) = 6(=1/3)¢(3)¢(0) = ¢(3)
and therefore
62%(f(~1/62) — ¢(3)) = =(f(2) — ¢(3)).
Multiplication by E(—1/62) = —622E(z) gives

E(=1/62)(f(=1/62) — ((3)) = E(2)(f(2) — €(3))-

The field of modular functions for the group I'1 (6) is generated by
A(62)A(z) e ¢t 6 -
t _ _ n 1 n+5 12
() (A(32)A(22) —q H ¢,

where
oo

Alz)=q ] —-q"*
n=1
is Ramanujan’s cusp form of weight 12 for the full modular group. From this,
we see that

q=t+12t> + 2223 +

Also,
E(z)=1+5¢+13¢*+---
and hence
E(t) = 1+ 5t + 73> + 1445¢3 +
Similarly,

E(t)f(t) = 6t + (351/4)t% + (62531/36)t° - - -

By construction, one notes that E(t) has integral coefficients and that

o0
)= ant"
n=0

has coeflicients which are rational and a,[1,2,...,n]® are integers.

Here we are working with the power series E(t)f(¢) and E(t). By appealing
to the earlier observation of Beukers about power series with rational coefficients
and exploiting the identity

E(=1/62)(f(=1/62) = ((3)) = E(2)(f(2) = <(3)),

we deduce the irrationality of {(3).

]3
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It is interesting to note that the coeflicients of these two power series are
precisely the Apéry numbers and the recurrence relations now become irrelevant.
However, the recurrence relations can be derived from the following general
principle of expressing modular forms as solutions of linear differential equations.

If F(z) is a modular form of weight k and t(z) is a modular function, then
F(t) (locally) satisfies a differential equation of order k¥ + 1. This seems to
be a “folklore” theorem. There is a memoir of Stiller [120] that discusses this
theorem in some detail. We provide a short summary of the ideas involved.

Suppose for the sake of simplicity, we have a modular form f of weight 2 for
some subgroup T' of SLy(Z). If we consider the three-dimensional vector space
spanned by f(z),zf(z) and 2% f(z), then it is easy to see that v € I" acts on this
vector space in the obvious way. For example,

az+b
cz+d

Vo f() = f ( ) = ez 4 P F(2) = P2 (2) + 2edzf(2) + 1 (2),

and it is not difficult to see that

22f(2) a’>  2ab VP 22f(2)
v-| z2f(z) | = ac ad+bc bd z2f(2)
f(z) c? 2cd  d? f(2)

If we denote the matrix on the right-hand side of the equation by
M = Sym?*(~),

then a direct verification shows that it is of determinant one. Writing F'(z) =
(22f(2),2f(2), f(2)), the above formula reads as

~v.F(z) = MF(z).

Now let us consider f as a function of ¢. Then, one verifies that

d d
%F(Wz) = MEF(Z)
by checking it for each of the entries, noting that ¢ is I'-invariant. Further, the
same is true for the higher t-derivatives. If we are trying to find the differential
equation satisfied by three functions fa, f1, fo say, then we begin by assuming
it is of the form

y" +az(t)y” + a1 (t)y’ + ao(t)y = 0.

If we let fo(t) = f(t), f1(t) = tf(t), f2(t) = t?f(t) and would like to deter-
mine the differential equation these functions satisfy, then by Cramer’s rule, we
can write down ag(t),a1(t),az(t) in the obvious way using determinants. For
instance, one of the coefficients is given by the determinant

fo fo 1o
f/ " "
1 1 1
/ " "
f 2 2 2
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Thus we do obtain a differential equation of order 3. This differential equa-
tion has coeflicients in terms of our solutions fo, f1, f2. The action of v on
them is the same as multiplying by the symmetric square matrix M of « having
determinant one. Thus the coefficients are I'-invariant meromorphic functions
and therefore must be algebraic functions of ¢t. Hence we are done. This equation
is called the Picard-Fuchs differential equation associated with X (T").

In our case, we take the weight 2 form

1(22)"n(32)"
n(2)°n(62)°
where 7 denotes the Dedekind n-function. Then g is a modular form of weight

2 for T'; (6) and is equal to the function F in Beukers’ proof. Again, let ¢ be the
function

P p 1/2 00
t(z) = (%) - qnl;[O(l _ q6n+1)12(1 -~ q6"+5)—12_

9(z) =

Treating g as a function of ¢, we can derive a third-order differential equation.
From this differential equation, we can recover the recursion defining the integral
Apéry numbers. The integrality is a consequence of the observation that both
g(z) and t(z) have integral g-expansions and that ¢(z) is normalised (i.e. starts
with ¢).

On the other hand, the recursion and divisibility properties of the rational
Apéry numbers are more involved as they are related to the function F' intro-
duced before in Beukers’ proof. This function is defined as

40F (z) = Ey4(z) — 36 E4(62) — 28 B4(22) + 63F4(32),

and which being a modular form of weight 4, satisfies a differential equation of
order 5.

However as suggested by Beukers himself, it is more convenient to work with
the function fg where f is the Eichler integral associated with F'. Expressing
fg as a function of ¢ and working with the associated differential equation, we
can recover the recurrence formula for the rational Apéry numbers as well as
the divisibility properties enjoyed by their denominators. We recommend the
article of Zagier in [25] for a more elaborate account.

The theme of expressing modular forms as functions of modular functions
and thereby realising them as solutions of linear differential equations of finite
order constitutes a venerable theme. The imprints of this can be traced in the
works of past masters like Gauss, Fricke, Klein, Poincare, Ramanujan, etc. As
we have seen before, the fact that the C-algebra generated by the Eisenstein
series Fy, F4 and Eg is closed under differentiation constitutes an essential
ingredient in the work of Nesterenko.

Finally, it is not clear if any of these proofs of irrationality of ((3) can yield
irrationality of other odd zeta values like that of ((5). However, we do have the
following theorem of Rivoal [14, 105] which is the most general result in this
context.
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Theorem 28.2 Given any € > 0, there exists an integer N = N(e) such that
for all n > N, the dimension of the Q-vector space generated by the numbers

1, ¢(3),...,¢(2n—1), ¢(2n+1)

exceeds
1—¢
——logn
1+ log?2
In particular, Rivoal proved that infinitely many odd zeta values are irra-
tional. Concerning the individual odd zeta values, Rivoal [106] himself showed
that at least one of the nine numbers

¢(5), ¢(7), ... <21

is irrational. This was sharpened by Zudilin [137] who showed that at least one
among the four numbers

¢(5), <(7), <€(9), ¢(11)

is irrational. Thus the irrationality, let alone transcendence, of odd zeta values
seems to be a very hard question.

Finally, in this mysterious modular-transcendence conundrom, one can ask
about nature of the values taken by the L-functions associated with modular
forms. Indeed, Kohnen [71] (see also [60, 72]) has made general conjectures
regarding special values of L-series attached to modular forms of weight 2k for
the full modular group. These conjectures when applied to classical Eisenstein
series imply the transcendence of ((2k + 1)/m%**+1 for all k& > 1. But this is a
different journey which we do not undertake here.
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