Heights on commutative algebraic groups

Revised version

Master’s thesis presented at the University of Freiburg
Mathematical Institute
by Clara Otte
Winter semester 2022/2023

Supervisor: Prof. Dr. Annette Huber-Klawitter



Contents

Introduction . . . . . . . .. 3
Acknowledgements . . . . . ... 5
1 Background 6
1.1 Maps and Divisors . . . . . . . . . .. e e 6
1.1.1  Definition of divisors . . . . . . . . . . ..o 7

1.1.2  From maps into P" to divisors . . . . . .. .. ... 10

1.1.3 From divisors to maps into P™* . . . . . ... ... oo 11

1.1.4 Ample, very ample and relatively ample divisors . . . .. ... ... 14

1.2 K-rational points of varieties . . . . . . . . . ... ... ... 15
1.3 Commutative algebraic groups . . . . . . . . ... ... 17
1.3.1 General definitions . . . . . . . ... ... Lo 17

1.3.2 Abelian varieties . . . . . . . . ... 19

1.3.3 Linear algebraic groups . . . . . . . . ... oL 21
1.3.4 Chevalley’s theorem . . . . . . ... .. ... ... ... ..., 25

1.4 Heights . . . . . o e 29
1.4.1 Heights on projective space . . . . . . . . . . ... ... ... 29

1.4.2  Some inequalities for heights on projective spaces . . . . . . . .. .. 31
1.4.3 Heights on varieties . . . . . . .. ... ... .. 35

1.4.4 Heights on abelian varieties . . . . . . . .. ... ... ... ... 38

1.4.5 Heights on polynomials . . . . ... ... ... ... ... ... 41



2 Heights and height estimates on commutative connected algebraic groups 44

21

2.2

2.3

24

2.5

Completion of a connected commutative algebraic group . . . . . . . .. .. 44
2.1.1 Thecompletionof L . . . . . . . . . .. . ... ... .. 44
2.1.2  Constructing an associated bundle . . . . . ... ... ... ... .. 47

2.1.3 The completion of an arbitrary commutative connected algebraic group 51

2.1.4 Divisors on the completion G . . . . . . ... ... ... ....... 55
The dependence of the estimates on the chosen height function . . . .. .. 60
The height inequalities in special cases . . . . . . . . ... ... ... .... 62

2.3.1 The inequalities if G is an extension of an abelian variety by a torus 62
2.3.2  The inequalities if G is a linear group . . . . . . .. ... ... ... 65

2.3.3 The inequalities if G is the product of an abelian variety and a linear
BIOUD .« « « v v v v e e e e e e e e e e 68

The first height inequality on an arbitrary commutative connected algebraic

BIOUD . v v v v v v v e e e e e e e e 69
2.4.1 The inequality dependent on prime factors. . . . . . . . .. ... .. 69
2.4.2 The inequality asin Serre . . . . . . . . . ... ... 71
The second height estimate . . . . .. ... .. ... ... ... 78
2.5.1 The effective Nullstellensatz . . . . . . ... ... ... ... ..... 78
2.5.2  The second height estimate dependent on prime factors . . . . . .. 80



Introduction

This master’s thesis looks at the behaviour of heights on connected commutative algebraic
groups under taking integral multiples. In diophantine geometry the height is a measure of
algebraic complexity of an algebraic number.

The starting point for the topic of this thesis was a lecture given by my advisor Prof.
Dr. Huber-Klawitter on the Analytic Subgroup Theorem by Gisbert Wiistholz in the winter
semester of 2020/2021. The Analytic Subgroup Theorem is a result in transcendental
number theory. It implies several previous statements in this area like Baker’s Theorem
and can among other things be used to show transcendence of the logarithm log o of an
algebraic number o # 0, 1.

The proof of the theorem given by Wiistholz in [Wiis89] uses heights on connected
commutative algebraic groups to show that some differential operators must vanish at a
given collection of points.

For a given commutative connected algebraic group G defined over Q the inequalities
needed for this are of the form

<an®(h(g) +1) +cs, (1)
< can®(h([n]g) +1) + co (2)

for points g € G(Q) as well as integers n € Z or Z \ {0} respectively. The notation [n] is
used for the multiplication-by-n-morphism.

In proving inequalities of shape (1) and (2) there are three different approaches in the
literature.
One is trying to define canonical heights with regard to multiplication. This idea is used
in [SC79]. This thesis applies this in Lemma 2.3.5 to the special cases of abelian and
semiabelian varieties to obtain versions of both height estimates. The constants for both
estimates only depend on the height function and the group.
Another approach is using the behaviour of the morphism of translation by a group element
g. This is utilised in [SC79] to get an estimate similar to inequality (1) where one of the
constants has a dependency on the point g. This estimate has the shape

h([n]g) < n® + ¢

with the constant ¢; depending on the point g. This is discussed in Theorem 2.4.13 of this
thesis.

The third approach is employed in [Wiis89] for the second inequality. For this approach
the multiplication-by-n-morphism is represented by some collection of polynomials on the
group. This representation is then used show the inequalities. Depending on how explicitly



these polynomials are given, the quality of constants in the estimates changes. In the case
of a general connected commutative algebraic group one gets estimates depending on the
prime factorisation of n. In this thesis this is discussed in Proposition 2.4.1 for the first
inequality and Proposition 2.5.5 for the second inequality. In the case of a linear group the
multiplication-by-n-morphism can be explicitly given. This is done for both inequalities in
[Hub21] and leads to estimates with constants which only depend on the group and the
specific height function chosen. In this thesis this is Lemma 2.3.10.

The original proof of the Analytic Subgroup Theorem by Gisbert Wiistholz in [Wiis89]
uses the inequalities shown in Proposition 2.0 in [Wiis89] and Proposition 5 in [SCT79].
These are Theorem 2.4.13 and Proposition 2.5.5 in this thesis.

Inequalities of greater generality are stated by Alan Baker and Gisbert Wiistholz in
section 6.8 of "Logarithmic Forms and Diophantine Geometry" ([BWO08]). The two authors
explain the steps necessary to prove the Analytic Subgroup Theorem and claim, but do
not prove, that on any commutative connected algebraic group G defined over Q height
estimates of the form

h([n]g) < cin®h(g) + ca,
h(g) < can(h([n]g) + 1)

hold for the logarithmic height h associated to some very ample divisor D. Here g is a

point in G(Q) and [n] denotes the multiplication by n € Z. In contrast to the inequalities
proven in this thesis, the constants ci,...,cq4 > 0 only depend on G and the divisor D.

Even though more general statements than proven in this thesis may hold, it aims to be
a resource for the different height estimates on a connected commutative algebraic group.

Structure of the thesis

This thesis is structured into two chapters. The first chapter is concerned with the algebraic
and geometric background needed to formulate and prove the height estimates. The second
chapter covers the construction of a completion of a connected commutative algebraic
group and the height estimates.

Section 1.1 gives a short introduction to divisors, linear systems and their associated
maps as well as the notion of (relatively) ample divisors and a version of the Enriques-

Severi-Zariski Lemma. This will later be used to define heights on varieties.

K-rational points of varieties are discussed in section 1.2.



Section 1.3 discusses the definition of algebraic groups, the special cases of abelian
varieties and linear group varieties as well as the Theorem of Chevalley on the general
structure of commutative algebraic groups.

Afterwards heights on projective space, varieties and polynomials are defined in section
1.4. The notions of the Weil height machine on an arbitrary projective smooth variety
and the Néron-Tate height on an abelian variety are introduced. Additionally, this section
formulates some inequalities for heights on projective spaces which are needed later.

In the first section 2.1 of the second chapter the completion of an algebraic group and
a specific completion which is used in [SC79] are explained.

Section 2.2 looks at the relationship of the height estimates if the height differs with
the help of a lemma in [SC79].

The special cases of the height estimates on linear algebraic groups, semiabelian varieties
and algebraic groups which are a product of an abelian variety and a linear algebraic group
are discussed in section 2.3.

Section 2.4 covers versions of inequality (1) in the general setting. One is dependent on
prime factorisations while the other, which is covered in [SCT79], is dependent on points.

Lastly, section 2.5 considers the version of inequality (2) in the general setting as done
in [Wiis89].
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answering my questions and his help in understanding and proving the Proposition 2.5.5.
Additionally, T am grateful to Séren Andres, Paul Meffle, Charlotte Oldenburg and Tatjana
Stiefken for their feedback on this thesis.



Chapter 1

Background

In this thesis a variety X is viewed as a reduced separable scheme of finite type over an
algebraically closed field K. Its structure sheaf is denoted as Ox. If X is irreducible, its
function field is denoted as K(X). The notation K[X] is sometimes alternatively used for
its ring of coordinates. An open subset of a variety is meant to be open in the Zariski
topology. Most notations used are analogous to [Har77].

The letter K generally denotes a number field or Q. The algebraic closure of a field K
is written as K.

Homogeneous coordinates of a projective K-space are written as [zg : ... : z,] € PL.
This might sometimes be shortened to [z]. If f and ¢ are polynomials [f : g] is intended to
mean the (nonzero) coefficients of f and g viewed as points of some projective space. The
subscript K in P% will sometimes be omitted if the field of definition should be clear from
the context. In general, this will then be the projective space defined over Q.

If a group G is a subgroup of some other group H the notation G < H is used.

1.1 Maps and Divisors

The aim of this section is to see how a map ¢ : X — P} from a projective variety over an
algebraically closed field K can be assigned to an object on X. This object is depending
on the viewpoint equivalently a linear equivalence class of divisors, an invertible O x-sheaf
or an isomorphism class of line bundles.

This becomes relevant in section 1.4.3, where divisors are used to construct heights on
varieties.

The main sources for this subsection are [Har77], [Mum?76], [Shal3a] and [HS00].

In this whole section let X, Y denote smooth irreducible varieties over some algebraically
closed field K of characteristic zero.



1.1.1 Definition of divisors

In the following subsection different definitions of divisors are introduced. While they are
not equivalent in general, they coincide for smooth projective irreducible varieties, the
situation in which they are needed for this thesis. Since for proving different statements
some notions of divisor are more convenient than others several constructions will be
introduced here.

Sources for this section are [Har77], [Shal3a] and [Shal3b].

Definition 1.1.1 ([Har77], Definition p.130). Let X be a smooth irreducible variety. A
prime divisor on X is a closed subvariety of codimension one. The free abelian group
generated by the prime divisors on X is denoted as Div(X). Its elements are called Weil
divisors.

Remark 1.1.2. Any smooth irreducible variety viewed as a scheme satisfies the conditions
needed in [Har77] for the definition of Weil divisors. A variety is reduced, therefore an
irreducible variety is an integral scheme. It is also separated and any smooth variety is
regular [GW10, Remark 6.33] hence also regular in codimension one.

Definition 1.1.3 ([Har77], first Definition p.158). The support of a Weil divisor D =
>icrniY; € Div(X) is the union Supp(D) := U ier Yi.
n;#0

Remark 1.1.4. The group of Weil divisors on X is partially ordered with the following
relation. Let D = ) n;Y; and ' = ) m;Y; be divisors on X and define

D < FE <= n; <m; VY; C X subvarieties of codimension one.

Definition 1.1.5 ([Har77|, Definitions p.131). Let X be a smooth irreducible variety
and f € K(X)* an invertible element of the function field of X. The principal divisor
associated to f is

(f) =D vv()Ya

Here vy is the valuation defined on K(X) by the discrete valuation ring Ox y,. If it is
ambiguous whether a principal divisor (f) should be viewed as a divisor on X or some
other variety, the notation (f)x will be employed.

Proposition 1.1.6 ([Har77], Paragraph after the first Definition p.131). The principal
divisors form a subgroup of the group of divisors.

Definition 1.1.7 ([Har77], Definitions p.131). Two divisors are called linearly equivalent
if they only differ by a principal divisor. The group CI(X) of all divisors divided by the
subgroup of principal divisors is called the divisor class group of X.



Definition 1.1.8 ([Har77], Definition p.141). Let X be a smooth irreducible variety. A
Cartier divisor is a global section of the sheaf K*/O*. Here K denotes the constant sheaf
associated to K(X) and K* is the sheaf of its invertible elements. The abelian group
CaDiv(X) of global sections of K*/O* is called the group of Cartier divisors.

Remark 1.1.9. Even though the group structure on the group of Cartier divisors comes
from the multiplication in K(X), the group CaDiv(X) will in the following be denoted
additively.

Remark 1.1.10 ([Shal3a], fourth paragraph p.153). The above definition implies that a
Cartier divisors D can be represented by a collection {Uj, f;}icr. Here I is some index set,
the U; C X are an open cover of X and the f; € K(U;)* are such that for any i, € I with
Ui NU; # 0 the quotient % restricted to U; N Uj is an element of O(U; N U;)*. For two
Cartier divisors D = {Uj, fi}icr and E = {V}, g;};cs their sum D + E can be represented
by {U; NV}, fig;}ier, jes. The neutral element is represented by {X,1}.

Definition 1.1.11 ([Har77], Definition p.141, compare Corollary 11.6.14 for the definition
of the Cartier class group). A Cartier divisor is called principal if it is equivalent to a
Cartier divisor of the form {X, f}. Two Cartier divisors are called linearly equivalent if
they only differ by a principal divisor. The group CaCl(X) of Cartier divisors modulo
principal Cartier divisors is called the Cartier class group of X.

Remark 1.1.12. The principal Cartier divisors, analogously to the case of Weil divisors in
Definition 1.1.1, form a subgroup of the Cartier divisors. This follows from the definition
and the preceding remark, since for f,g € K(X)*

{X, [} +{X. g} ={X, fg}
and {X, f~1} are principal divisors.

Definition 1.1.13 ([Shal3a], fifth paragraph p.153). The support of a Cartier divisor
D = {U,, fi}ier is defined as the closed set of all z € X such that if z € U; the point x is a
zero or a singularity of f;.

Definition 1.1.14 ([Shal3b], third paragraph of section 1.4 on p.63). Let X be a smooth
irreducible variety. A line bundle L over X is a vector bundle of rank one.

Proposition 1.1.15 ([Shal3b], [Shal3b], compare section 1.4 on p.63). The line bundles
over a smooth irreducible variety form a commutative group with the group operation being
the tensor product. The neutral element is the trivial line bundle X x A'. This induces a
group structure on the set of line bundles up to isomorphism.

Definition 1.1.16 ([Har77], fifth paragraph of Definitions p.109). Let X be a smooth
irreducible variety. An invertible sheaf on X is a locally free Ox-module of rank one.

Proposition 1.1.17 ([Har77], Proposition 11.6.12). The invertible sheaves on a smooth
irreducible variety X form a group Pic(X) with regard to the tensor product of Ox-modules.



Definition 1.1.18 ([Shal3b], Definition p.84). Let F be an invertible sheaf on a smooth
irreducible variety X. The support Supp(F) of F is the complement X \ W, where
W= nUCX open U.
F(U)=0

Theorem 1.1.19 ([Har77], Proposition I1.6.11, Proposition I1.6.15 and [Shal3b], Theorem
6.3 in the first Chapter). Let X be a smooth irreducible variety. The group of line bundles
up to isomorphisms, Cl(X), CaCl(X) and Pic(X) are isomorphic via homomorphism
induced by the following maps

a) Let D = {U,, fi}icr be a Cartier divisor. The Weil divisor associated to D is

> oy, (f)Y;
where U; is an open subset such that Y; NU; # 0.

b) Let D = {U;, fi}tier be a Cartier divisor. The invertible sheaf L(D) associated to D
is the Ox-submodule of K generated by

UZ' — ;Ox(UZ)

c) Let D = {Uj, fi}icr be a Cartier divisor. The line bundle L(D) associated to D is
the bundle which has local trivialisations U; x A1 — U; and transition functions

¢ii - (Ui NU;) x A = (U;NU;) x Al
(. 0) = (m A (£571) (@)

Proof. The first isomorphism is Proposition I1.6.11 in [Har77]. The proposition is applicable
since any smooth variety is regular (Remark 1.1.2) and any regular local ring is a unique
factorisation domain ([Mat70], Theorem 48 p.142).

The second isomorphism is Proposition I1.6.15 in [Har77]. That proposition is applicable
since any variety is reduced, therefore an irreducible variety has the structure of an integral
scheme.

The third isomorphism is discussed in Theorem 6.3 of [Shal3b]. O

Example 1.1.20. Let X = P" defined over Q for some n € Nyg. It can be viewed as
ProjQ[xzo,...,z,]. Let D = {{xl #0 ,%} ~ . The Weil divisor associated to this
1) 0<i<n
Cartier divisor is the hyperplane Hy = {z¢ = 0}.
The line bundle associated to D has local trivialisations {z; # 0} x Al and transitions
functions ¢; ; = 7. Such a line bundle is called a hyperplane bundle.
J

The sheaf associated to D is the IC(P™) subsheaf generated by %Z_(D x({zi #0}). It is called
Serre’s twisting sheaf and denoted as O(1)



From now on this text uses the conventions of Weil divisors for the group of divisors
and divisors modulo principal divisors, that is Div(X) for the divisors on a variety X and
Cl(X) for divisors modulo principal divisors.

Proposition 1.1.21 ([Har77|, Proposition 11.6.4). Let n € Nso. The group ClL(P") is
isomorphic to Z. An isomorphism Cl(P") — Z is given by

a) [H] — 1 in the case of Weil divisors, where H is some hyperplane

73;7;

b) [{{xl #0 @}0<.< } — 1 in the case of Cartier divisors, where xg,..., T, 8 a
<i<n

choice of coordinates for the projective space
c) O(1) — 1 in the case of invertible sheaves, where O(1) is Serre’s twisting sheaf.

d) H — 1 in the case of line bundles, where H is the hyperplane bundle
respectively.

Proof. In Proposition I1.6.4 of [Har77] this is shown in the case of Weil divisors. Theorem
1.1.19 and Example 1.1.20 imply the map in case of Cartier divisors, line bundles and
invertible sheaves. O

Lemma 1.1.22 (’Enriques-Severi-Zariski ’, [HS00] Theorem A.3.2.5 and [Mum?76] compare
Theorem 6.10). Let X C P™ be a smooth projective irreducible variety. There exists some
do € N such that for all d > dy the linear system of degree d hypersurface sections is
complete. This means that every effective divisor D on X which is linearly equivalent to
d-times a hyperplane section is cut out by a polynomial F' of degree d, i.e. D = (F)x.

1.1.2 From maps into P” to divisors

Definition 1.1.23 ([HS00], compare Definition p.40). Let ¢ : X — Y be a morphism
of smooth irreducible varieties. Let D = {Uj, fi}ier € Div(Y') be a divisor such that
Y(X) ¢ Supp(D). Then the pullback of D is defined as *D = {11 (U;), fi o Y }ier.

Lemma 1.1.24 (Moving Lemma’, [HS00], compare A.2.2.5). Let ¥ : X — Y be a
morphism of smooth irreducible varieties.

a) Let D ~ D € Div(Y) be two linearly equivalent divisors such that ¥(X) ¢ Supp(D)U

Supp(D). Then ¢¥*D ~ *D as divisors on X.

b) Let D € Div(Y') be a divisor. Then there erists a divisor D e Div(Y) such that
D ~ D and ¢¥(X) ¢ Supp(D).
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Corollary 1.1.25 ([HS00], Proposition A.2.2.6). Let ¢ : X — Y be a morphism of smooth
irreducible varieties. There is a well defined group homomorphism ¢* : CaCl(Y') — CaCl(X)
which is induced by the pullback of divisors defined in Definition 1.1.23. This map is also
called pullback.

Proof. Part b) of Lemma 1.1.24 implies that in any linear equivalence class [D] € CaCl(Y')
there exists some divisor D € [D] such that * (f)) is a well defined divisor in Div(X).

Part a) of the Moving Lemma implies that [w*f)] is independent of the choice D. Hence

Y* : CaCl(Y') — CaCl(X)
[D] = [¢"D]
is well defined.

This map is also a homomorphism. Let D := {(W, fi) }icr and E := {(V}, g;)}jes be two
Cartier divisors on Y such that ¢(X) ¢ Supp(D) and ¢(X) ¢ Supp(E). One calculates

V(D + E) =" ({(WinNVj, fig;)}ij)erxs)

(W Wi N V), (figi) © )} jyerx

W W) N V), (fio ) - (g5 0 ¥) Y agyers

(W~ (Wi, fio ) bier + {1 (V)), g5 0 ¥)}jes = ¥*D + ¢*E.

{
{
{

O]

Construction 1.1.26. Let ¢ : X — P™ be a morphism of smooth irreducible varieties.
The divisor class of X associated to ¢ is ¢*([H]) for some hyperplane H C P™.

Remark 1.1.27. Geometrically, the divisor class ¢*([H]) is the class of a divisor D which
is cut out by the preimage of H' N ¢(X) under ¢, where H' is a hyperplane of P™ such that
#(X) is not contained in H'.

1.1.3 From divisors to maps into P"

Let X be a smooth irreducible variety defined over K = Q.

Definition 1.1.28 ([Har77], first Definition p.157). Let D € Div(X) be a divisor. The
complete linear system of D is the subset |D| C Div(X) of divisors which are effective and
linearly equivalent to D.

Remark 1.1.29. This definition implies that a complete linear system is only dependent
on the linear equivalence class of the divisor.

11



Remark 1.1.30 ([Har77], first Definition p.157). For an invertible sheaf this corresponds
to the space of global sections modulo K (X)*. This implies that |D| has the structure of a
projective space.

Proposition 1.1.31 ([Har77], compare first Definition p.157). Let D € Div(X) be a
divisor. The system |D| can equivalently be regarded as the subset L(D) C K(X) of
functions f such that

(f)+D=0
modulo K(X)*.

Proof. This follows directly from the definition since for any effective divisor F linearly
equivalent to D the difference E — D must be principal, that is E — D = (f) for some
fe K(X)*and (f)+ D = (F—D)+ D = E > 0. Since the principal divisor of two
functions f,g € K(X)* such that g € K* is the same, the second claim follows. O]

Definition 1.1.32 ([Har77], second Definition p.157). A subset L C Div(X) is called a
linear system if it is a projective subspace of some complete linear system. The dimension
of L as a linear system is defined as the dimension of L as a projective space.

Lemma 1.1.33 ([HS00], Corollary A.3.2.7). Let X be a projective smooth irreducible
variety and D € Div(X). Then the dimension of |D| is finite.

Definition 1.1.34 ([HS00], second Definition p.51). A linear system L on X is called
basepoint free if Nper Supp(D) = 0. A point x € pey, Supp(D) is called a basepoint of L.
A divisor D is basepoint free if its complete linear system |D| is basepoint free.

Construction 1.1.35 ([HS00], compare Definition p.51 and Exercise A.3.5). Let D €
Div(X) be a basepoint free divisor such that dim L(D) < co. The map associated to D is
the projective map ¢p : X — P" defined by mapping a point x € X as

Here ¢y, ..., ¢, € K(X) are a basis of the linear system |D|. This is a priori a rational map
defined on the open set, where no ¢; has singularities and not all ¢; vanish simultaneously.
Let z € X be any point. View D as a Cartier divisor {Uj, f;}icr. Let x € U;, for some
ip € I. In this case ¢g - fiy,- -, Pn - fi, are in Ox(U;,). If they all simultaneously vanished
at x € U;,, any linear combination would also vanish at x. Any effective divisor linearly
equivalent to D restricted to Uj, is a principal divisor associated to a linear combination
of ¢o - figs--+»Pn - fis- Therefore if all those functions would vanish in a point 2’ € Uy,
that point would be contained in the support of any effective divisor linearly equivalent to
D. This means that 2’ is a basepoint, but the base locus of |D| is empty by assumption.
Hence the map

Y= [Bofio(y) i nfio (V)]

is a morphism in an open neighbourhood of z. It defines the same rational map as ¢p.
Therefore ¢p has a continuation as a morphism on X.

12



Lemma 1.1.36 ([Har77], compare Theorem 7.1 and Remark 7.8.1, [HS00] compare
Theorem A.3.1.6). Let X be a smooth irreducible variety over K. There exists a bijection
between the following sets:

a) The set of linear systems L of dimension n which are basepoint free on X.

b) The set of morphism ¢ : X — P™ such that ¢(X) is not contained in any hyperplane
of P™ up to projective automorphisms in PGLy41(K).

Proof. In Theorem I1.7.1 in [Har77] the author proves that there is an one-to-one cor-
respondence between morphisms from a variety into projective space and sets of global
sections of invertible sheaves £ on X which generate the sheaf £. Applying Remark 11.7.8.1
in [Har77] implies that this is equivalent to a correspondence between sets of generators of
linear systems without basepoints on X and morphism from X into some projective space.
To get the result of the lemma one uses the map suggested in Remark I1.7.8.1 of [Har77]. It
maps each basepoint free linear system to the map associated to one of its bases as a vector
space V. Since two bases can be transformed into one another by linear homomorphism
A € GL(V), the maps associated to two different bases of a linear system only vary by
some projective automorphism (in the sense of a morphism in PGL,4+1(K)). It is left to
show that this associates every basepoint free linear system to a map whose image is not
contained in any hyperplane and that conversely every such map can be generated by the
basis of a linear system. Therefore assume that ¢ : X — P" is the map associated to some
linear system L and its image is contained in some hyperplane H C P™. This hyperplane
is the vanishing locus of some linear polynomial, i.e. there exists some nontrivial linear
relation

n

Z/\iyioqﬁ(a:):O Ve e X

i=0
for a given choice yo, ...,y of coordinates of P". Hence the sections ¢*(yo), ..., 0" (yn)
fulfil the same relation and are linearly dependent. This concludes the proof. ]

Remark 1.1.37. The version of the previous lemma that can be found in [HS00] as
Theorem A.3.1.6 seems to contain a slight inaccuracy.

The theorem claims that there is a bijection between linear systems without fixed
components (linear systems L such that there is no effective divisor Dy such that D > Dy
for any D € L [compare HS00, third Definition p.51]) and morphisms into projective space
not contained in hyperplanes. But these linear systems should be in correspondence with
rational maps, while morphisms are in correspondence with basepoint free divisors.

An easy example why morphisms cannot be in correspondence with linear systems
without fixed components is the rational map

P? — P!

[x() N A 51:2] — [xo : $1]

13



It is surjective, therefore not contained in any hyperplane. The linear system which it is
associated to is generated by the hyperplanes {xg # 0} and {1 # 0}. Their intersection
has codimension two, therefore this linear system does not have any fixed component. But
the map is not a morphism at [0: 0 : 1].

It is unclear to me, whether the authors aimed to present the bijection for rational
maps or for morphisms. For this thesis I decided to present the version with morphisms.

The statement for rational maps can be found in Theorem 6.8 of [Mum76] for varieties
defined over C.

Remark 1.1.38. The maps used in the proof of Lemma 1.1.36 are analogous to the ways
in which in Construction 1.1.26 and Construction 1.1.35 maps were associated to divisors
and vice versa.

1.1.4 Ample, very ample and relatively ample divisors

Let X be a smooth irreducible variety defined over K = Q.

Definition 1.1.39 ([HS00], Definition p.52). A divisor D on a Q-variety X is called very
ample, if there is an n € N5 and an immersion i : X — P™ such that i*O(1) is isomorphic
to the sheaf associated to D. A divisor D is called ample if some positive multiple n.D is
very ample.

Remark 1.1.40. If D is an divisor on a projective variety X, then this is equivalent to
|D| defining an immersion by Construction 1.1.35.

Remark 1.1.41 ([Har77], compare Remark I1.5.16.1). If an irreducible variety X is
projective there will always be very ample divisors on that variety. This is the case since
by definition X can be embedded into projective space. The divisor class associated to
this morphism by Construction 1.1.26 must now be very ample by Lemma 1.1.36. Any
very ample divisor is basepoint free, since it defines a morphism into projective space.

If the divisors are viewed as invertible sheaves a more direct definition of ample can be
given. In the case of varieties that definition is equivalent to the one above by Theorem
I1.7.6 in [Har77].

Definition 1.1.42 ([Har77], Definition p.153 and Theorem 7.6). An invertible sheaf £ on
X is ample if for any coherent sheaf F on X there is some integer ng > 0 such that for all
n > ng the sheaf 7 ® L is generated by its global sections.

Proposition 1.1.43 ([Har77], Example 7.4.2). If X is an affine irreducible variety, any
divisor D on X is ample.
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Lemma 1.1.44 ([HS00], Proposition A.3.2.4). Let ¢ : X — Y be a morphism of projective
irreducible varieties. Let D € Div(Y') be basepoint free. If ¢*D is well defined it is a
basepoint free divisor of X.

Lemma 1.1.45 ([HS00], compare Theorem A.3.2.3 ). Let X be a projective irreducible
variety and D, E € Div(X) such that E is very ample

a) There exists some n € N such that D + nE is basepoint free.

b) If D is basepoint free then D + E is very ample.

Corollary 1.1.46. Let X be a projective irreducible variety and D € Div(X). Then there
exists basepoint free (and even very ample) divisors Eq, Fy € Div(X) such that

D =FE — E».

Proof. Let H € Div(X) be any very ample divisor. By points a) and b) of the previous
lemma there exists some n € N such that D + nH is very ample. Point b) implies
that also nH is very ample. Defining Fy := D +nH and Fy := nH gives the desired
decomposition. O

Definition 1.1.47 ([Staa], compare Definition 29.37.1 and Lemma 29.37.4 (3)). Let X,
Y be irreducible varieties and ¢ : X — Y a morphism. An invertible sheaf F on X is
called ¢-relatively ample if there exists an affine open covering {U, };c; of Y such that F
restricted to ¢~1(U;) is ample.

Remark 1.1.48. While the definition of ample used in Stacks is slightly different than the
one used in Hartshorne, which is used in this thesis, they agree in the setting of irreducible
varieties due to Proposition 28.26.13 (7) of [Stab].

Lemma 1.1.49 ([Staa], Lemma 29.37.7). Let X, Y be irreducible varieties and ¢ : X —'Y
a morphism. Let F be an invertible sheaf on X and G an invertible sheaf on Y which is
¢p-relatively ample. There exists some n € Nsg such that

F @ ¢*Ge™

is ample.

1.2 K-rational points of varieties

The analytic subgroup theorem looks at properties of commutative algebraic groups. To
define those in the generality required for the height estimates it is necessary to look at
the structure of varieties over arbitrary number fields. This section aims to give a short
outline of the necessary algebraic geometry to be able to do so. The main sources in this
section are [GW10] and [Bor91].

Let K be a subfield of Q. Any variety in this chapter is defined over Q.
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Definition 1.2.1. A K-structure on a variety X defined over Q is a K-scheme Xy of
finite type over K which is reduced and separable such that

Xk X Spec(K) Spec(@) =X

Definition 1.2.2. Let X be a variety defined over Q together with a K-structure Xg. A
subvariety Y C X is defined over K if there is a K-subscheme Yi C Xg reduced, separable
and of finite type over K such that

YE Xspee(r) SPec(Q) =Y,

Definition 1.2.3. Let X,Y be two Q-varieties. A morphism ¢ : X — Y is defined over
K if for Xg a K-structure on X and Yx a K-structure on Y there exist a K-morphism

ok : Xk — Y and i Xgpeo(x) Q = ¢.

Remark 1.2.4. The three preceding definitions are reformulations of constructions done
in [Bor91] sections AG.11 and AG.12.2.

The K-structure on a variety is a more general formulation of the idea that for an
affine variety V over Q for which the associated ideal Iyy C Q[X7,..., X,] can be generated
by polynomials fi,..., fn defined over some number field K there is a scheme over K
associated to

K[X1,....,Xn)/(f1,--oy fm)

whose base extension by Q is V.

Definition 1.2.5 ([GW10], compare definition in the first paragraph of section (5.1) on
page 118). Let X be a variety defined over Q which has a K-structure Xx. A K-rational
point of X is a morphism from Spec(K) — Xx. The set of K-rational points of X will be
denoted as X (K).

The notion of a K-rational point is the more general formulation of the closed points of
an affine variety X which have coordinates in K. The morphisms Spec(K) — X correspond
to the K-algebra morphisms

K[le"'yX’n]/(flv"'v fm)_>K

Any such morphism gives a point in the variety with coordinates (z1,...,z,) € A% and
vice versa, since

K[Xl,‘..,Xn}/(fl,..., fm) ®K@:@[X1,.‘.,Xn]/(f1,..., fm)

and any K-algebra homomorphism is completely determined by its images for a set of
generators. In this case these are X1,..., X,,.
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Example 1.2.6. The affine line Al associated to K[X] is a K-structure on A}@. Its K-
rational points are all closed points in Ak.. Therefore A}@(K ) can be associated to the
points of K.

Example 1.2.7. The affine variety defined by the ideal (X1 X3 — 1) C Q[X1, Xo] is a K-
variety, since X7 Xy — 1 € Q[X;, X2] C K[X1, X3]. Its K-rational points can be associated
to the vanishing locus of X3 X5 — 1 in A% since every such tuple of coordinates defines a
morphism

K[Xl,XQ]/(XlXQ — 1) — K.

By projecting to either X; or X, the set of K-rational points can also be associated to
A\ {0}

1.3 Commutative algebraic groups

This section aims to be a short introduction to commutative algebraic groups. It will mainly
follow [Spr98] and [Bor91] for the first subsection and the definition of linear algebraic
groups, [Mum70] for abelian varieties and [Mill5] for Chevalley’s theorem.

1.3.1 General definitions

In the following K will denote a subfield of Q and G will be a variety defined over Q.

Definition 1.3.1 ([Spr98], 2.1.1). An algebraic group is a variety G defined over Q and a
choice of morphisms called multiplication 4 and inverse ¢

w:GxG—G t:G—=>G

and a Q-point e € X(Q) called the neutral element, such that y,¢ and e give the Q-points
of G the structure of a group.

An algebraic group such that the group structure is commutative is called a commutative
algebraic group.

Definition 1.3.2 ([Spr98], 2.1.1). A morphism of algebraic groups is a morphism which is
a group homomorphism and a morphism of varieties.

Definition 1.3.3 ([Spr98], 2.1.1). If the algebraic group G has a K-structure, e € X is a
K-rational point and the morphisms p and ¢ are defined over K, then G is a K-group.

Proposition 1.3.4 ([Spr98], 2.1.1). If G is a K-group, the set G(K) has a group structure
induced by the structure on G.
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Proof. The set G(K) is equal to the set Mor(Spec(K), G). Since G has a group structure
it induces a group structure on Mor(Spec(K), G) and therefore on G(K). O

Definition 1.3.5 ([Spr98|, 2.1.1). A morphism ¢ : G — H of algebraic groups is a
K-morphism if G and H have a K-structure and ¢ is defined over K as a morphism.

To emphasise the fact that the algebraic groups considered in this thesis will be
commutative they will be, if not stated otherwise, denoted additively. That is as an
algebraic group

(GaoGa+)'

There will be some exceptions to this rule if the group operation for a specific group
coincides with an operation which is generally denoted multiplicatively. These will be
stated explicitly. The notation [n]q, or [n] if there will not be any confusion about the
group, will denote the multiplication by n, i.e.

n)g: G — G.
g—=g+...+g
—_——
n times

Definition 1.3.6 ([Spr98], 2.1.1). Let G be an algebraic group. A closed subgroup H of G
is a closed subset of G (in the Zariski topology) which is also a subgroup with regards to
the group structure on G.

Remark 1.3.7. A closed subgroup H of an algebraic group G is again an algebraic group
and the inclusion morphism H < G is a group homomorphism ([Spr98] 2.1.1).

There can be subgroups of G which do not have the structure of a variety as the
following example shows.

Example 1.3.8. Let G = A}@\ {0} and choose an embedding of @ into the complex
numbers. The subset S}@ ={z € Q" | z-T =1} is a subgroup of G. Here T denotes the
complex conjugation of x. Since all proper Zariski-closed subsets of G are finite, % is not

closed in the Zariski topology. Therefore % is a subgroup but not a closed subgroup of G.

The definition of a subgroup also extends analogously to the definitions above to
K-algebraic groups.

Definition 1.3.9 ([Spr98], 2.1.1). Let G be an algebraic group which is defined over K.
A K-subgroup of G is a subgroup H < G such that H is a closed K-subvariety of G.

The added structure provided by the group operation has some implications on the
underlying variety.
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Proposition 1.3.10 ([Spr98], compare Proposition 2.2.1 ). The underlying variety of an
algebraic group G is irreducible iff it is connected.

Proof. The implication irreducible to connected holds for any variety.

For the converse one can use points (i) and (ii) of Proposition 2.2.1 in [Spr98], which state
that there is a unique irreducible component G° of G which contains the identity element
and that this irreducible component is a subgroup of G. This is also the unique connected
component of G containing Og.

So G° = G if G is connected and therefore the variety underlying G is irreducible in this
case. O

Proposition 1.3.11 ([Bor91], Proposition 1.1.2). Any algebraic group is smooth.

Lemma 1.3.12 ([Bor91], I.1.4 and [Spr98|, Proposition 2.2.5). Let ¢ : G — H be a
morphism of algebraic groups. Then

a) ¢(G) is a closed subgroup of H.

b) ker(¢) is a normal and closed subgroup of G.

If G and H are K-groups and the morphism ¢ is defined over K then ¢(G) is a K -subgroup
of H.

1.3.2 Abelian varieties

As stated in the introduction of the section, this subsection will mainly be following
[Mum?70].

This subsection is again looking at algebraic groups defined over Q. The letter K will
again denote a subfield of Q.

Definition 1.3.13 ([Mum70], Definition on p.39 ). An algebraic group whose underlying
variety is irreducible and complete is called an abelian variety.

This definition especially implies that all abelian varieties are connected.

Proposition 1.3.14 ([Mum?70], p.41 (ii)). Any abelian variety is commutative.

The condition of completeness also leads to an interaction of line bundles with the
group operation.
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Definition 1.3.15 ([HS00], Corollary A.7.2.5). Let A be an abelian variety. A divisor or
line bundle L is called symmetric if

L= [-1]4L.
It is called antisymmetric if
L' = [—1]4 L.

Lemma 1.3.16 ("Law of the Cube’, [Mum?70], Corollary 3 p.59 ). Let A be an abelian
variety. For any n € Z and any line bundle L the following holds

n2+n n“—n

[n]iZLNL( ? >®([—1]*AL)( 5 )

Corollary 1.3.17. If L is a symmetric line bundle on an abelian variety A, then
[n]%L ~ L.

If L is an antisymmetric line bundle, then
[n)y L ~ L™.

Proof. For a symmetric line bundle one has [-1]*L ~ L. Therefore an easy explicit
calculation gives

() & () (57)

L1 (7) o (7)
(7

An analogous computation using [—1]% L ~ L™! gives the result for antisymmetric line
bundles. O

Regarding the line bundles as divisors one gets the following equivalent result.

Corollary 1.3.18. Let D be a divisor on the abelian variety A. If D is symmetric, i.e.
[—1]%D ~ D, then

[n]4D ~ n’D.
If D is antisymmetric , i.e. [=1]%D ~ —D, then

[n]4D ~ nD.
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Proposition 1.3.19 ([Mum?70], Proposition p.64). Let A be an abelian variety of dimension
g andn € Nsg. Then

Ay, = ker([n]4) = (Z/nZ)* .

Corollary 1.3.20. Let A be an abelian variety of dimension g and n € Nsg. If A is
defined over K then

{a € A(K)| [n]aa =04}
divides n?9.
Proof. This follows from the preceding proposition combined with the facts that A(K) and
ker([n]a) are subgroups of A. This implies that
{a € A(K)| [nJaa =04} = A(K) Nker([n]a) < ker([n]a)

is a group. Now Lagrange’s theorem implies the statement. O

1.3.3 Linear algebraic groups

Next to abelian varieties another class of algebraic groups are linear algebraic groups.

Just like the previous subsections, this subsection is again looking at algebraic groups
defined over Q. The letter K will again denote a subfield of Q.

The literature used for this section is [Spr98| and [Bor91].

Definition 1.3.21 ([Spr98], 2.1.1). An algebraic group whose underlying variety is affine
is called a linear algebraic group.

Unlike abelian varieties a linear algebraic group don not have to be commutative.

Example 1.3.22 ([Bor91], compare with I.1.6 (2)). Let n > 1. The group

(GLn(Q)v )

(with - denoting the matrix multiplication) has a structure of an algebraic group. It
is given by taking the matrix entries (X ;)i<ij<n and the inverse of the determinant

D1 = det((X; j)1<ij<n) ' as coordinates of the affine space A%zﬂ. The rational points

GL,(Q) can now be identified with the following closed subvariety of A%QH

— 2 _ 2
{1, Xz Xome D7) € AL | det(Xighiigsn)) - D7 =1 =0f € AZFL,
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This is an affine variety, since it is a closed subvariety of an affine variety.
The multiplication and inversion of GL,(Q) are each given by polynomial equations for
each coordinate

42 GL,(Q) x GL,(Q) —

GL.(D)
(Xij)iziszn, D), ((Yij)isiszn, Dyh)) = ( ZkYk,j : D;&D;l)
k=1 1<i,j<n
t: GL,(Q) — GL,(Q)
(Xii)icrsens DY) s (((—1)i+jp—1det <(le)1<lm<ﬂ)> det((Xi,j)m,M)).

l#1, m#j

Hence they are morphisms of varieties. This algebraic structure is compatible with the
group structure and makes GL,(Q) a linear algebraic group. But for n > 2 this group
structure is not commutative. These groups are called general linear groups.

In the case n = 1 this group is given the following name.

Definition 1.3.23 ([Bor91], Example 1.1.6 (2) ). The linear algebraic group GL;(Q) is
called multiplicative group. It will generally be denoted as (G, -, 1).

The affine line A}@ can also be given a group structure compatible with its algebraic

structure by the addition on Q.
Al 1 1
(X, V)= X+Y
AL 1
L AQ — AQ
X—-X
This group as well has its own name.

Definition 1.3.24 ([Bor91], Example 1.1.6 (1)). The affine line A}@ with the group structure
defined above is called the additive group. It is generally denoted as (G, +,0).

Remark 1.3.25. The multiplicative group as well as the additive group are defined over
any field Q C K C Q. Their K-rational points can be associated with K \ {0} and K
respectively, since they have a K-structure defined by K[X, X '] and K[X].

Definition 1.3.26 ([Spr98], 3.4.1). An algebraic group V such that for some [ € Ny
V=G

is called a wvector group.
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Definition 1.3.27 ([Spr98], 3.2.1). An algebraic group T is called a torus if there is some
[ € Ny such that

TG,

It can be shown that up to isomorphism every linear algebraic group is a subgroup of a
general linear group.

Lemma 1.3.28 ([Spr98], Theorem 2.3.7). Any linear algebraic group defined over a field
K is isomorphic to a closed subgroup of GL,(K) for some n € Nxg.

This allows to transplant definitions like unipotent and semi-simple into the setting of
linear algebraic groups.

Definition 1.3.29 ([Spr98], 2.4.1). Let L C GL,(K) be a linear algebraic group. An
element g € L is called unipotent if there exists some m € N+ such that

(9 = LlaL, ()™ = OMat, (K)-

An element h € L is called semi-simple if it is diagonisable as a matrix over the algebraic
closure K of K.

This generalises to automorphisms over vector spaces of arbitrary dimension in the
following way.

Definition 1.3.30 ([Spr98], 2.4.7). Let W be an arbitrary K-vector space. An endomor-
phism f of W is said to be locally unipotent if its restriction to any finite dimensional
f-invariant subspace is unipotent. Analogously f is said to be locally semi-simple if its
restriction to any f-invariant finite dimensional sub vector space is semi-simple.

For any linear algebraic K-group L right multiplication by g € L is a group isomorphism.
Since the underlying variety is affine morphisms from L to L can be associated with K-
algebra morphisms on the coordinate ring K[L] ([Bor91], I.1.5). So the right multiplication
by g defines a K-vector space morphism p, : K[L] — K[L], which we can use to define
semi-simple and unipotent for arbitrary linear algebraic groups and a Jordan decomposition
of elements in L.

Proposition 1.3.31 ("Jordan Decomposition’, [Spr98|, 2.4.8 and [Bor91], Theorem 4.4).
For g € L, where L a linear K-group, there are unique elements g,, € L called the unipotent
part and gs € L called the semi-simple part of L, such that

9 = Guds = Jsu
(Pg)u = Pgus (Pg)s = pg,-

If L is a subgroup of some GL,(K), then this coincides with the notion of unipotent and
semi-simple defined above. The unipotent part g, as well as the semi-simple part gs are
again defined over K.
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Definition 1.3.32 ([Spr98], 2.4.8). An element g € L is called unipotent if it is equal to
its unipotent part g,. The element is called semi-simple if it is equal to its semi-simple

part gs.

Since the notions of unipotent and semi-simple part are compatible with group homo-
morphisms, this implies that these definitions are compatible with the ones for subgroups
of general linear groups ([Spr98], 2.4.9).

Definition 1.3.33 ([Spr98], 2.4.11). A linear algebraic group U is called a unipotent group
if all its elements are unipotent.

Definition 1.3.34 ([Bor91], 1.4.5). A linear algebraic group L is called a semi-simple
group if all its elements are semi-simple.

An example of a unipotent group is a vector group.

Example 1.3.35. Let V = G,(K)" be a vector group over a number field K. Then the
following embedding makes V' a unipotent subgroup of GLj,41(K)

¢:V — GLyy1(K)

1 V1 0 0

0 1 wv O 0
(V1,...,0p)

0 0 1 wv,

0 1

So any vector group is unipotent.

Theorem 1.3.36 ([Spr98], 3.1.1, 3.1.2 and [Bor91], 1.4.5, 1.4.6 and Theorem 1.4.7). Let L
be a connected commutative linear algebraic group over a number field K. The unipotent
elements L, and the semi-simple elements Lg of L each form a connected closed subgroup
of L. The map induced by the multiplication on L

ft:LyxLs— L

is an isomorphism of algebraic groups.
After some finite field K'/K extension L, is isomorphic to a vector group and Lg is
isomorphic to a split torus. So one gets

L%Gf{‘x@ﬁ,ﬁ?

for some lg, 1y, € Ny as K'-groups.
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Proof. The first statement is Theorem 1.4.6 in [Bor91]. The idea behind the proof is to
embed L into some general linear group. Then use a generalisation of the fact that when
two endomorphisms commute they can be triagonalised simultaneously together with the
only unipotent semi-simple morphism being the identity morphism.

The second statement can be found in the book by Springer. For the unipotent part
this is [Spr98] Lemma 14.3.2 in combination with any module over a field being free
(compare [Spr98] 3.3.1). The statement on the semi-simple part is using part (b) of the
proposition in 1.4.6 [Bor91], which states that any set of commuting endomorphisms can be
diagonalised over the field extension by the eigenvalues of the endomorphisms. To obtain
such a field extension it is sufficient to adjoin finitely many elements, since the K-vector
space of semi-simple endomorphisms contained in GL, (K) is finitely generated and any
endomorphism has only finitely many eigenvalues over the algebraic closure. So there is
such a field extension which is a finite extension. O

Proposition 1.3.37. In the group G, the kernel of the morphism [n]g, is trivial. In G,
the kernel of [nlg,, has n elements if K is algebraically closed. If K is not algebraically

m

closed | ker[nlg, | divides n.

Proof. For G, this is the claim that multiplication by n in a field is injective.
For G,, the claim is that a field contains either all n-th roots of unity or their number
divides n and every algebraically closed field contains all roots of unity. O

Corollary 1.3.38. Let L = Gle x Gln | dim L = I, + I, =: d be a split commutative linear
group. Then for any x € L and n € Z the cardinality of [n];* ({z}) divides n?.

Proof. The preceding proposition implies that the cardinality of the kernel of [n]r divides

nd. Since [n]r is a group homomorphism the cardinality of the preimage is the same

everywhere which implies the corollary. O

1.3.4 Chevalley’s theorem

In general, a smooth connected algebraic group over a number field will be an extension of
an abelian variety by an affine variety. This is the structure theorem for algebraic groups
by Chevalley.

Definition 1.3.39 ([Mill5], compare Definition 1.48 and the paragraph following it). A
short exact sequence of algebraic groups is a sequence

0G0 5aRa6" =0

such that ¢ is an isomorphism onto the kernel of p and p is surjective. One also says G is
an extension of G” by G'.
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Remark 1.3.40. The script [Mill5] uses a more general definition of algebraic groups.
What in this thesis is called an algebraic group is called a group variety in [Mill5].

Theorem 1.3.41 ([Mill3], compare Theorem 5.1). Let G be an algebraic K -group with K
being a subfield of Q. Then G is a unique extension of an abelian variety A by a normal
linear algebraic group L which is a subgroup of G

0L5GH A0

This construction commutes with extension of the base field K.

Corollary 1.3.42. Let K be a subfield of Q and G a connected commutative algebraic
K-group. Then there exists a finite field extension K'/K and lg, ly, € Ny such that G is
the following extension of algebraic groups

0-GlxGr 565 Ao

Proof. This follows from combining the decomposition in Theorem 1.3.41 and the one
in Theorem 1.3.36 combined with the fact that the decomposition in Theorem 1.3.41 is
compatible with change of the base field. O

Proposition 1.3.43. Let K be a subfield of Q and G a connected commutative algebraic
K-group. Then for any g € G the number of preimages of the multiplication-by-n-morphism
[n)g of g divides n®d™G,

Proof. Without loss of generality assume that the linear part L of G is split over K. Let
g € G be some point and ¢y, ..., gn, its preimages under [n]g. Since the projection map p :
G — A commutes with the group operations, the number of elements in {p(g1),...,p(gm)}
divides n24™ 4, We want to know how many of the gi,..., g, have the same image under
p. Assume g¢1,...,g. are all mapped to the same a € A by p. Then all the differences
lj == g1 —g; for 1 < j < c must be in the kernel of p and therefore in the image of i. The [;
are n torsion elements of G, since [n]gl; = [n]a(91 — ¢g;) = g — g = 0. Combining Corollary
1.3.38 with the fact that ¢ is an injective map gives that the number of preimages of Og
under [n]g in i(L) divides n9™ . The only thing left to note is now that if a’ is some other
element in A such that [n]4a’ = p(g), at least ¢ of the g1, ..., g, must map to a’. Hence ¢
divides m and therefore m must divide 244 . pdimL anq thus also n2dm¢, O

Another way to regard this exact sequence is to say that G is a L-torsor over A or
principal L-bundle over A. This first needs some definitions.
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Definition 1.3.44 ([Spr98], 2.3.1). Let G be an algebraic group. A variety X defined over
Q is called a G-space if it has a G-action which is given by a morphism. This means there
is a morphism of varieties

GEx X =X
such that for all h,g € G and z € X
(9,-(h,z)) = -(g + h, z), (0g, x) = .
If G, X and the action are defined over some field K C Q then X is a G-space over K.
In the following text the notation g - x is used for (g, ).

Definition 1.3.45 ([Spr98|, 2.3.1). Let G be an algebraic group. A morphism between
G-spaces X and Y is a morphism ¢ : X — Y of varieties such that for all ¢ € G and all
reX

¢(g-x) =g- ().
Definition 1.3.46 ([BSU13], Definition 6.1.1). Let L be an affine algebraic group. A
principal L-bundle or torsor is a morphism of varieties p : X — Y such that

a) p is faithfully flat.
b) X is an L-space with action « and p is invariant under this action.

c¢) The following diagram is cartesian

LxX 22 ., x

ol

X vy

Here pr, is the projection on the second coordinate.

Remark 1.3.47. Let p: X — Y and p' : X’ — Y’ be principal L-bundles. Any map
f: X — X' of L-spaces induces a unique map f~:Y — Y’ such that p’ o f = fL op, since
p is a quotient ([BSU13| p.77 paragraph after point (iv) and [MFK94]| Proposition 0.1).
Such maps f are called L-equivariant and define morphisms between L-principal bundles.
If there are L-bundles p: X — Y, p': X' - Y’ and p” : X" — Y"” and L-space morphisms
f:X = X', g: X" — X" onehas (go f)* = g¥ o f'. This is a consequence of the big
square in the following commutative diagram commuting, if both smaller ones do, together
with the factoring of a map through the quotient being unique.

x Lo x 2 x
y Ly oy

Uniqueness of the factorisation also implies that (id X)L = idy.
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Proposition 1.3.48 ([Mill5], compare 2-1, 5.61). Let G be an algebraic group and L and
A as in Theorem 1.8.41. Then G is an L-principal bundle over A.

Proof. The morphism p is faithfully flat by Remark 1.28 in [Mill5]. The linear group L
acts on G by

2 LxG—=>G
(L, g9) = g +i(l).
The map p is invariant under this action since ker(p) = i(L). It is left to show that

LxG—-GxaG
(l,g) = (g +i(l),9)

is an isomorphism of varieties. This map is a well defined morphism since for any g € G
and [ € L the equality p(g + i(l)) = p(g) holds. This has an inverse map as a map of sets

GxaG—LxG
(g.9)— (i (g" —9).9)

and as such is a bijective map. But since the fibre product G x4 G can be viewed as a
closed subset of G x G this map is also a morphism of varieties. So this is an isomorphism
L xG=G x4G. It can be seen that the induced map of sets

L(K) x G(K) = G(K) x a(r) G(K)
for any field of definition K of G is also bijective with an analogous reasoning. O

Definition 1.3.49 ([BSU13|, paragraph after the Example on p.77). Let L be an affine
algebraic group and p : X — Y a principal L-bundle and Z an L-space. Then a variety W
with a morphism ¢: X x Z — W and pz : W — Y such that

Xxz -2 x

L

w—2 Y

is cartesian is called an associated bundle. In the following text the associated bundle will
also be denoted as X x Z.

Remark 1.3.50. This construction makes ¢ : X x Z — X x Z a G-bundle with regards
to the diagonal action of L on X X Z defined as

Lx(XxZ)=>XxZ
(1, (z,2) > (1 2,071 - 2)
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([BSU13], paragraph after the example on p.77). Therefore X xL Z is a quotient of X x Z
by the diagonal action. Let X’ x¥ Z’ be an L-bundle associated to p’ : X’ — Y’. Due to
the universal property of the quotient any morphism f : X x Z — X’ x Z’ of L-spaces
with regards to the diagonal action defines a morphism of the associated bundles. If one
has f1 : X — X’ and fy: Z — Z’ maps of L-spaces with their respective action, then their
product f1 X fo : X x Z — X' x Z' will be a map of L-spaces with the diagonal action.
Hence each such map defines a morphism f; x f, of associated bundles.

1.4 Heights

A height function is intended to be a way to measure algebraic complexity of an algebraic
number and to be a generalisation of the normal absolute value on Z.

The following is a survey of the material needed to do the height estimate in later
chapters. It is mainly taken from chapters 1 to 5 of Part B in [HS00].

In the following section let K always denote an algebraic number field.

1.4.1 Heights on projective space

The set of non-trivial places of K will be denoted as M. The subset of archimedian and
nonarchimedian places will be written as M?( and Mp? respectively.

Remark 1.4.1. Every absolute value |- | in MY is normalised such that its restriction to
Q agrees with the standard archimedian absolute value on Q, that is for any x € Q

|z| = max{z, —x}.

If | - | is an absolute value in M7z? then it is normalised such that its restriction to Q is one
of the standard p-adic absolute values. This means that if p € Nyq is a prime such that
Ip| < 1, then the normalisation of | - | is chosen such that

1

pl=~.

p
Definition 1.4.2 ([Lan94], Corollary 1 Part II §1). Let v € Mg be a place. The local
degree d,, is defined as

4 (K, : Qp] v € MY corresponding to a prime ideal p|(p)
v 7 K, : R] v e M.

Here K, denotes the completion of K with respect to the absolute value v.
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For any number field K and any finite algebraic field extension L/K there is the
following degree formula

Lemma 1.4.3 ("Degree Formula’, [Lan94], Corollary 1 Part II §1). It holds that

> [Lw:K))=I[L:K].
e

In the case of K = Q and L a number field this formula implies

S d,=[L:Q] S d,=[L:Q
VEM? VEMZO
vip

These places also fulfil the following product formula.

Lemma 1.4.4 (Product formula, [HS00], Proposition B.1.2). For a number field K and
a € K\ {0} one has

I lalyr=1.

veEMg

Definition 1.4.5 ([HS00], Definition p.176). Let P € P"(Q) be a point with projective
coordinates [pg : ... : py], such that pg,...,p, € K for a number ﬁeki K.

The absolute multiplicative height of P on the projective space P™"(Q) is defined as
1

K:Q]
H(P) = ( I1 max{|po|u,...|pn|y}dv> .

veEMg

The absolute logarithmic height or absolute height of P on the projective space P"(Q) is
defined as

1
—_— Z dy logmax{|polv, ... |pnlv}-
(K : Q] Ve

Lemma 1.4.6 ([HS00], compare Lemma B.2.1). The absolute height is well defined and
induces the following height maps:

h(P) :=log H(P) =

H:P*"(Q) — [1,00)
P— H(P)
h: P"(Q) — [0, 00)
P — h(P)
Remark 1.4.7. If it is not obvious which projective space a height function A is associated
to a subscript hpr is added.
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Definition 1.4.8 ([HS00], Definition p.171). The (logarithmic) height on Q or affine height
is defined as the projective height of the point [1 : a] € P}(Q)

h(a) := h([a : 1)) Va € Q.
Proposition 1.4.9 ([HS00], Proposition B.2.6 (b)). Let
Spm P x P™ — PN
([=], [y]) = [oyo = zoys & - -t Tnym]

be the Segre embedding. For any [z] € P™ and [y] € P™

hex (Snm([2]; [y])) = hen ([2]) + hem ([y])-

1.4.2 Some inequalities for heights on projective spaces

Lemma 1.4.10. Let P = [zg : ... : zp), @ = [yo : ... : yn] € P"(Q). Let h be the
height function associated to that choice of coordinates. If the pointwise product and sum
respectively of P and @ is well defined, then

h(lzo+yo: .. :xn+yn)) <log2+h([zo:...:ZTn: Yo ... Yn])
h([xoyo : - Tnyn]) < h([xo:...:xn)) +h([yo s ...t yn))-
Proof. Let K be a number field such that xg,..., Tn, vo,..., yn € K, then
1
h(lro+yo: ...t @p +Yn|) = ——= dylog max |z; + i,
[K : Q] VEXZ\/I:K i=1,...,n
< L Zdlogma max{|zi|,, |yilv}
>~ T v . X X v iy
o | 2
K
+ dulogigf}?fn?max{lfﬂiu,lyzlu})
I/EM?{O
1
= = > dylog max {lzilu, lyilu} + D dylog2
(K Q) vEMpy e veMe
ZVEMOO dl’
=h R N T TS —— X _log2
([0 Tn t Yo Yn]) + K.q 8
1.4.3 (K : Q]
= h TR tYo ... Un log 2
([0 Tn : Yo Yn]) + K Q%
=h([zo:...:xn:yo:...:yn)) +log2,
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h(lzo - yo: .. Tn - Yn]) = Ql Z dy logizrllaxn\miyi\l,
' veMg S

LS dlog max [aillul,
] v i=1,...,n

dyl v jlv
e, 3 s (s e bl

e

IN

1
K. Q ( > dylogigfﬁ%n!%\ﬁ > dylogjrrllaxn\yjy)

veEMg veMyg 0 77
=h([zo:...:xn]) +h([yo: ... :yn])-
[
Remark 1.4.11. Since the projective point [xg+ yo : ... : Zn, + y»] depends on the chosen
representatives [xg:...: xy] and [yo : ... : yn] of the points P and @, the first inequality

will as well depend on those choices. Since the projective point [zoyo : ... : Tpyys) is
independent of those choices, the latter inequality is as well.

Remark 1.4.12. Both inequalities generalise if one has more summands or factors

respectively. Assume there are points [x(()l) N 1:,(11)} Y {x(()m) S x%m)} e P*(Q)
such that their pointwise sum or product is a well defined point in P". For the first
inequality one has

h([ix(@ : ix@}) Sh([xél) : ...:$,(11) : ...:x(()m) : x%m)]) + log m.
i=1 i=1

This uses that for any absolute value | - | on a number field which contains 3:(()1), e ,ajslm)

m
max E :c(.i) < m max {’az(z)‘}
1<i<n | | J —  1<i<m J

1<j<n
holds. Then the calculations can be done analogously to Lemma 1.4.10.
For the second inequality one has

([ BT ) < S5t

and this follows from a repeated application of the inequality in the case of two factors.

Corollary 1.4.13. For anyn € Z and z,y € Q
h(n) < h(x) + log Inls
h(z +y) < h(x) + h(y) + log 2
h(z") = |n|ooh(z)
h(z - y) < h(z) + h(y).

Here | - |« refers to the normal absolute value on Z.

~—~ N
— = =
- W N
~— N N N
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Proof. Let K be a number field such that x,y € K. We first proof the fourth inequality:

W -y) = h(z-y: 1) = h(z-y:1-1) < e 1)+ h(y : 1]) = h(z) + h(y)

Let n € Z be any integer. Then the following holds:

h([n:1]) = Z log max{|n|,,, 1} + log max{|n|e, 1} = log max{|n|s, 1} = log|n|

p prime
Here v, denotes the place in QQ associated to the prime number p. Therefore if y =n
h(nz) < h(z) + log |n|so-

This proves the first inequality.
The proof of the second inequality also works analogously to Lemma 1.4.10. It holds that

hz+y) =h(z+y:1])

1
=— Z dy logmax{|x + y|,, 1} + Z dy logmax{|x + y|,, 1}
[K : Q] ve MO veMSs®
K K
1
S| Y dylogmax{|zlylyly, 1} + Y dylog (2max{|z],[y],,1})
[K ° Q] IIEMO veM P
K K
1

< — Z d, log (max{|x|,, 1} max{|y|,, 1}) + log 2
[K:Ql &7

([z:1]) + h([y : 1]) + log 2

—h
= h(z) + h(y) + log 2.

The 7 < "-inequality of the third equality follows from a successive application of the fourth
inequality. To see that even equality holds one proceeds as in the proof of the second
inequality in Lemma 1.4.10 but uses that for any absolute value | - |

max{|2"], 1} = max{|e|", 1} = (max{|z|, 1})" = (max{]a],1})"
holds if n > 0. If n < 0, one uses

n n n —-n n -1 I]oo

max{|a"], 1} = max{[z|", 1} = [a]" max{|z| ", 1} = |2|" (max{|z| "}, 1}) "

The product formula Lemma 1.4.4 now implies that

h(z"™) = |n|eoh(z) +n Z dylog |z, = |n|ech(z) + 0 = |n|ech(x).
veEMg
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Proposition 1.4.14. Let [zg: ... : z,] € P*(Q) for some choice of coordinates. Let h be
the height function associated to that choice of coordinates. Assume that xo # 0. Then

h(Jzog : ... xy)) < Zh([mo cxi]) <nh([zo : ... ).
i=1

Proof. If xg # 0 one has
h([xoz...:xn]):h( 1;331;__.:%]>

o o
h([zo : 2]) = h([1: 1)) 1<i<n.
Zo
Let K be a number field containing o, ..., x, and | - | any absolute value on this number
field. Then
. . n
max { & ,\1|} = max { L ,1} < Hmax{ & ,1}.
1<i<n |z 1<i<n ||z et xo
This implies the first inequality.
For any 1 <14 < n and any absolute value |- | on K one has
11 < )
mac{[zol, lail} < masx {J;1).
Therefore
h([xo : zi]) < h([zo: ... xp))
for any 1 <i <n and
n
Z h([zo : z;]) < nh([zo o))
=1
O
Proposition 1.4.15. Let [1: 21 : ... :2,] € PY(Q) and [1 : y1 : ... : ym] € P(Q) for

some choice of coordinates. Then

Proof. This works analogously to Proposition 1.4.14. Let K be a number field containing
Tly..oyTnyYly---,Ym and let | - | be any absolute value on this number field. Then
. ; — . . < ) . )
ax {fail, lysl, (1} = max {loil, [y;], 1} < max {lzi|, 1} max {ly;], 1}
1<j<m 1<j<m
This implies the first inequality.
The second follows since

A(Lixy:oixy)) <h(Lizy:.oooizp:liyr oot ym])
R(L:yr:oooiym]) <h(lizy:o..ixp:liyr:...:ym])
analogously to Proposition 1.4.14. O
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1.4.3 Heights on varieties

Let X be an irreducible projective variety over Q.

Definition 1.4.16 ([HS00], Definition p.183). Let ¢ : X — IP’% be a morphism. The
(absolute logarithmic) height of X relative to ¢ is defined as

he : X(Q) — [0, 00)
P — h(p(P)).

Here h : P*(Q) — [0,00) is the absolute height on the projective space P"*(Q).

Proposition 1.4.17 ([HS00], Theorem B.2.5). Let ¢ : IP% — ]P’g be a rational map, which
is given locally on some open set by the homogeneous degree d € N polynomials ¢q, . . ., Om,.

Then for all P € P™(Q) such that not all ¢; vanish in P
h(¢(P)) < dh(P) + O(1).

Here O(1) is a bounded function only dependent on n, d and ¢.
If P is an element in a subvariety X C IP’% and the ¢; vanish nowhere simultaneously on

X one has
h(¢(P)) = dh(P) 4+ O(1).
In this case O(1) depends again on n,d and ¢ but also on the subvariety X.

Theorem 1.4.18 ([HS00], Theorem B.3.1 ). Let ¢ : X = P%, ¢ : X — IP’% be morphisms
associated to the same Divisor on X. Then

ho(P) = hy(P)+0(1) VP € X(Q)

O(1) is independent of P but depends on ¢ and 1.

This now enables constructing the following families of heights defined up to bounded
functions on projective varieties.

Theorem 1.4.19 ('Height Machine (Weil)’, [HS00], Theorem B.3.2). Let X be a smooth
variety defined over a number field K. Then there exists

hx : Div(X) — {functions X(Q) — R}
D — hX,D

such that
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a) (Normalisation) For H the divisor associated to a hyperplane in P*(Q) and P € P™*(Q)
one has

hpn7H(P) :h]pm(P)—l-O(l) PGPn(©).

b) (Functoriality) For a morphism f: X — Y of smooth K-varieties and D € Div(Y)
one has

hx,sp(P)=hy,p(¢(P)) VP € X(Q).
¢) (Additivity) For D, E € Div(X)

hX,D-i—E(P) :hX7D(P)+hX7E(P)+O(1) VPEX(@)

d) (Linear equivalence) For D, E € Div(X) such that D and E are linearly equivalent

hX7D<P)=hX7E<P)+O(1) VPGX(Q)

e) (Positivity) For D € Div(X) effective and B the base locus of | D|

hxp(P)=0(1)  VPe(X\B)(@Q).

f) (Uniqueness) A height function hx p is up to O(1) determined by normalization,
functoriality for embeddings and additivity.

The idea behind proving this theorem is the following. If a divisor D € Div(X) is
basepoint free (or alternatively very ample), then D defines a morphism ¢p : X — P".
In this case the height that the height machine associates to the divisor D is defined as
the height hg,, relative to the map ¢p. Any divisor E on a projective variety can be
written as the difference of two basepoint free divisors. The height associated to F will
be defined as the difference of the heights associated to two such basepoint free divisors.
Now Proposition 1.4.17 and Theorem 1.4.18 can be used to check that the construction is
well defined and that it has the desired properties. Since there is a choice to be made in
the divisors used for the definition as well as in the coordinates chosen for an embedding
associated to a basepoint free divisor, this definition will only determine hx up to bounded
functions.

The details of the proof can be found in [HS00] (Theorem B.3.2).

Remark 1.4.20. If it is clear from the context to which variety X the Theorem 1.4.19 is
applied to, the notation hx, p for a given divisor D € Div(X) is shortened to hp.

36



Remark 1.4.21 ([HS00], compare Theorem B.3.6). Using the uniqueness property in the
preceding theorem induces a function

hx : Div(X) — {functions X (Q) — R}/{bounded functions}
D hX,D

uniquely determined by the analogous properties of normalisation, functoriality and addi-
tivity.

The linear equivalence property implies that this function is constant on divisor classes so
Theorem 1.4.19 also induces a function

Cl(X) — {functions X(Q) — R}/{bounded functions}
[D] — hX,D

uniquely determined by the analogous formulations of normalisation, functoriality and
additivity.

Remark 1.4.22. The functions O(1) appearing in the height machine depend on the
variety, the divisor and the morphism, but are independent of the choice of points in the
variety. Therefore the second point in the height machine can be phrased in the following
way. Let ¢, X,Y and D be as in point (b) of Theorem 1.4.19. Then there exists some

constant C' := C(f, X,Y, D) € R>q such that for any P € X(Q)
\hx.4D(P) = hy,p(6(P))| < C.
Remark 1.4.23. In the following text sometimes the notation
h~h

used in [SCT79] will be used to denote two height function h and A’ which only differ by
some bounded function O(1).

Corollary 1.4.24 ([HS00], compare Theorem B.3.6). Let X be a smooth variety over a
number field K. Then there exists

hx : CI(X) — {functions X(Q) — R}/O(1)
D hX,D-

Lemma 1.4.25 ([SC79], Lemme 3). Let X be an irreducible projective variety and ¢ and
1 morphisms

$: X — PN v X —PM,
such that ¢ is a closed immersion. Then
hlp <(Ci+ 02h¢

for some Cy, Cy € R and Cy # 0.
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Proof. Since ¢! exists as a rational map and ¢(X) is a variety one has the following
morphism of varieties

Yoo l:p(X)c PN —PM,

This is locally given by polynomials. The Weil height on ¢(X) viewed as subvariety of the
projective space is the height h4 on X. One has that if in a neighbourhood of z € X (Q)
the rational map 1) o ¢! is given by a family of homogeneous polynomials F of the same

degree, then

hy () = ho(x) (¥ 0 671 (@) < deg(F)hg(z) + O(1).

Since the variety ¢(X) is quasi-compact a finite subset of such neighbourhoods cover ¢(X).
If one takes the maximum of deg F' and bounds C' for the absolute value of O(1) associated
to these open neighbourhoods, one gets the constants C; and Cy respectively. With this
the claim follows. O

Corollary 1.4.26. Let X be an irreducible projective variety defined over Q, D a divisor
on X which is linearly equivalent to a basepoint-free one and E a divisor on X linear
equivalent to a very ample one. Then there are A\, u such that for any x € X

hD(l‘) < ,uhE(x) + A

Proof. If D is a basepoint free divisor, its associated height is the same as the height Ay,
of one of its associated maps into projective space. So the claim holds if D is basepoint
free and F is very ample by the preceding Lemma 1.4.25. In the general case let D' ~ D
be basepoint free and E’ ~ E be very ample and the statement holds with constants \
and p’. The fourth point of Theorem 1.4.19 implies that there are constants C7, Co such

that for any =z € X(Q)

hp(z) < hp(x) + Cy hg () < hg(x) + Cs.
Hence
hp(z) < hp(z)+C; < u’hE/(a:) + N +C
< php(x)+ @' Co+ N+ Cy
= ,uhE(a:) +A
with p:= g/ and X := p/Co + N + C1. O

1.4.4 Heights on abelian varieties

Heights on abelian varieties have the additional property that they are (up to some bounded
function depending on the variety and divisor) quadratic with respect to the group law.
This is section B.3 and B.4 in [HS00].
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Proposition 1.4.27 ([HS00], Corollary B.3.4 (a)). For an abelian variety A defined over

K and a divisor D € Div(A) the following formula holds for all P € A(Q) and m € Z

m?+m m2—m

P
5 hap(P)+ 5

hap([mlaP) = hap([-1]P) +O(1).

The proof uses the law of the cube, which is Lemma 1.3.16.

For a divisor D whose divisor class is symmetric (as in Definition 1.3.15) the formula
of the proposition simplifies to

ha,p([m]P) = m*ha p(P)+ O(1),

Here O(1) depends on A, D and m. Furthermore the height fulfills the parallelogram

equality for all P,@ € A(Q) up to some bounded function dependent on D, A and the
group law on A

hap(P+Q)+hap(P—Q)=2hap(P)+2hap(@Q)+O(1).

So the height relative to a symmetric divisor is a quadratic form up to some bounded
function.

For antisymmetric divisors something similar happens,
hap([m]P) = mha p(P)+O(1)

with O(1) dependent on A, D and m. Here the height can be viewed as linear up to some
bounded function. For all P,Q € A(K)

hap(P+ Q) =hap(P)+hap(Q)+0(1)

with O(1) again dependent on D, A and the group law on A.

This allows one to construct a canonical height with respect to a multiplication
morphism for symmetric and antisymmetric divisors respectively. The construction works
analogously to the construction of a Néron-Tate height on a variety relative to a divisor
and a function (compare to [HS00], Theorem B.4.1). But it turns out that the resulting
height is independent of the choice of m for the multiplication.

Theorem 1.4.28 ("Néron, Tate’, [HS00], Theorem 5.1). Let A be an abelian variety defined
over a number field K and D € Div(A) a divisor of symmetric divisor class. Then there
exists a unique height function which only depends on the divisor class of D

hap:A@Q) =R

such that iLA7D is a quadratic form, i.e.
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a) iLA,D = hA,D + O(l)
b) hapo[m]=m?hap

¢) hap(P+Q)+hap(P—Q)=2hap(P)+2hap(Q)  VP,Q c AQ).

For an antisymmetric divisor the analogous construction gives the following theorem.

Theorem 1.4.29 ([HS00], Theorem 5.5). Let A be an abelian variety defined over a number
field K and D € Div(A) a divisor of antisymmetric divisor class. Then there exists a
unique height function only dependent on the divisor class of D

fAlA7D : A(@) —R

such that ha p is a linear form, i.e.

1. fALA,D = hA,D + 0(1)

2. hap(P+Q)=hap(P)+hap(@Q)  VP,Qe AQ).

Splitting an arbitrary divisor into its symmetric and antisymmetric parts allows one
to construct a canonical height for that divisor, which has a unique linear and quadratic
part. This leads to the following generalisation of the previously constructed heights for
symmetric and antisymmetric divisors respectively.

Lemma 1.4.30 ([HS00], Theorem B.5.6). Let A be an abelian variety defined over a
number field K and D € Div(A) a divisor. For any divisor class associated to such a D
there exists a unique height function

hap:A@Q) — R

such that lALA7D agrees with the canonical height constructed in the previous theorems if D
is a symmetric or antisymmetric divisor and

a) For any D € Div(A): hap(0) =0
b) For any D, E € Div(A): iLA7D+E = iLA,D + iLAE

c) For any D € Div(A) there is a unique quadratic form qp and a unique linear form
lp such that

iLA,D =gqp +lp

which can be obtained by the height functions

1. 1
qp = ihA,D-&-[—l]*D Ip= §hA,D—[—1]*D-
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A consequence of this lemma is that up to something bounded, every logarithmic height
on an abelian variety is quadratic with respect to the group law.

Corollary 1.4.31. Let A be an abelian variety defined over a number field K and D €
Div(A) a divisor. Let the height associated to D be hap and let ha p be the canonical
height associated with D as in the previous lemma. Then

hap=hap+O0(1).

In particular any height on an abelian variety associated to a divisor behaves up to some
bounded function quadratic with respect to the group law.

Proof. Let D € Div(A) be a divisor. Then
2D ~ (D +[-1]"D) + (D — [-1]*D) (1.5)
is a decomposition of 2D into a symmetric and an antisymmetric divisor. This leads to

1.4.19 (3
2h D 2o hapyp+ O(1)

= hA72D + O(l)

(1)
=" ha,(D+[-1]*D)+(D—[-1]D) + O(1)

1.4.19 (¢
B ha,p4[-11*D + Pa,p—[—1]+p + O(1)

= hapi-1pp+hap-j-1:p+ O(1)
1. 1
=2 <2hA,D+[1]*D + ZhA,D[l]*D> +0(1)
M990, b+ 0(1).

Therefore

hA7D = }AZA7D + O(l)

1.4.5 Heights on polynomials

Definition 1.4.32 ([HS00], section B.7 on p.224 and Remark B.7.0 on p.225). Let K be
a number field, v an absolute value on K and f = Y aoX{' - X € K[X1,...,X,] a
polynomial. The Gauss norm of f is defined as

|f]y = max |aq|,.
(0%

The logarithmic height of the polynomial is defined as

1
h(f) = m VEZMK dylog|fl,.
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Remark 1.4.33. This is the same as the height of the coefficients of f taken as a projective
point and thus also independent of the choice of field of definition K. This follows again
from the product formula in Lemma 1.4.4.

Therefore two polynomials which only differ by a scalar in K have the same height.

Proposition 1.4.34 (’Gelfand’s inequality’, [HS00], Proposition B.7.3 ). Let there be
integers du, . ..,dy € N>1 and algebraic polynomials fi,..., fr € Q[X1,..., X;n] such that
degyx, (f1,... fr) < d; for any i € {1,...,m}, then

SOA(f) < h(fre-fo) Hdit A d.
=1

Proposition 1.4.35 (compare [HS00] Proposition B.7.3 (a)). Let there be polynomials
fiyooos fr €Q[Xy,..., Xp] and du,...,dy € N>y such that degyx, (f1,... fr) < d; for any
ie€{l,...,m}, then

W(R ) < 3 (A + (deg £+ m) log 2).
=1

Proof. We proceed analogously to the proof of Proposition B.7.3 (a) in [HS00] and only
change the definition of the height of a polynomial.

Each coefficient of fi--- f, is a sum of a products a; - - - a, where a; is a coefficient of
fi. The number of non-zero summands for the coefficient of a monomial Xt ... XEm for
Ei\+...4+ E, =deg(f1--- fr) is at most

m E,+r—1
(")

This holds since the number of r-partitions of E; is (
product. For this we use the following claim.

Ei+r—1

7). We want to estimate this

Claim. Let n,m € Ng and n > m. Then

(Z) <om, (1.6)

Proof. One shows that Y, _ (:1) = 2". This follows by induction on n.

n=0:
£(0)-(-
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n > 1: Assume the claim holds for a given n > 0.

n+1 n
n+1 n+1 +1 n+1
m§=:0<m>_<0>+m§::1<m +<n+1>

Therefore

ﬁ (Ez + r— 1) S ﬁ 2E7j+7'—1 — 22::1 Ez-l—m(?"—l) — 2deg(f1fr)+m(7‘_1)

i1 r—1

Using Remark 1.4.33 we can view the polynomials as projective points and apply the
two inequalities of Lemma 1.4.10 to pullout the sums and products of coefficients of the f;.
This leads to

Wi fr) < Zh(fi) + log <H <Ez‘+r— 1))
=1 i=1 r—1
S XT: h(fz) + log 2deg(f1-~~fr)+m(r_1)
i=1

—thz deg -f,,)+m(r—1))log2

= Zh fi) + (Z (deg(fi) + m)) log 2
=1

=Y (h(f:) + (deg(fi) +m)log2).

=1
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Chapter 2

Heights and height estimates on
commutative connected algebraic
groups

Let G be a commutative connected algebraic group. To obtain heights on G one could
try to use the height machine. But G is in general not a complete variety, therefore the
theorem is not applicable. The following sections will construct a completion G of G and
divisors on this completion.

2.1 Completion of a connected commutative algebraic group

2.1.1 The completion of L

In this section let L be an affine algebraic group defined over some number field K. Assume
without loss of generality that

LGl x Gl

for some [, l,, € Ng over K. This can be done because of Theorem 1.3.36. The goal of
this section is to find a projective variety L which is a completion of L, that is L C L is
dense. The construction done here is the same as in [SC79] section 1.2.

Proposition 2.1.1 ([SC79], 1.2). The variety L := (P*)latm s a completion of L. This
is a smooth and connected variety.
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Proof. The projective line P! is a completion of G, and G,,, by the inclusion
Al - P!
x> [z 1]

Since L is isomorphic to a product of copies of G, and G,, the statement follows. The
projective line P! is smooth and connected, therefore so is L. O

The completion of G, and G,,, as the projective space P! will be denoted by G, and
G,,, respectively.

Proposition 2.1.2. The variety L has an L-action which agrees with the group law on L.

Proof. Since L and L are products this can be proved by checking the statement for each
factor G, C P! and G,,, C P!. In the additive case there is the addition map

Gy x Gy — G,
([x:1],[y:1]) = [ +y:1].
By rewriting this, one sees that the map can be regularly continued to G, x P! as
Gy x Pt —» P!
([z 1], [yo : sn]) = [z91 + o = w.
In the multiplicative case the group law is given as

Gy x G,y — Gy,
([z 1], [y - 1)) = [y 1],
which has a continuation to G,, x P! by
Gy, x Pt — P!
([ 1], [yo : 1) = [zyo = y1].
O]

Proposition 2.1.3 ([SC79], Proposition 2). Let n € Z\ {0}. Then the multiplication-by-n-
morphism [n]r, on L has a continuation [n]z as a morphism on L.

Proof. This can again be checked on the level of factors, since the multiplication-by-n-
morphism is defined by multiplication-by-n on every factor. On the factors the continuations
are

[n]@a ‘Pt Pt

[zo : 21] = [nxo @ 21]
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and

g, :P'— P!

[:L’o:xl] — {

[z : x7] n>0

(g™ 27" n<O0.

Therefore a continuation on L exists. O

For 1 <i < ly+ Iy let pr; denote the projection of L to its i-th factor. These projection
maps are compatible with the L-action on L in the sense that for { € L and z € L

pr;(l - x) = pr;(l) - pr;(v).

On the left hand side one has L operating on L and on the right hand side G, or G,,
acting on P! as in the proof of Proposition 2.1.2. Define divisors

L, =[1:0], L, =[0:1+[1:0]

in P!. They are the divisors associated to the subvarieties P! \ G, and P! \ G,, respectively.
Then the subvarieties

I pr; L(LL) 1<i<l,
e () lo < i< lo+1n

are divisors in L. Define the divisor L, as

la+lm
Loo = |J L
i=1
By definition, the divisor L., agrees with the closed subvariety L\ L of L.

Lemma 2.1.4. The divisor Lo, is invariant under the action of L on L and a very ample
divisor.

Proof. To prove the first point one shows that any divisor L; is invariant under the action
of L. But for this it suffices to show that the divisors L/, and L, are invariant under the
action of G, and G,, respectively, since the projections are compatible with the group
action of L. We get the orbits

{[t-0+1:0-1)]2€G,}={[1:0]} =L,
for L], and
{[z-0:1])] z € G,,} = {[0: 1]},
{lx-1:0)] 2z € G} ={[1:0]}
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for the elements of L], and thus the L], are G,,-invariant. So all L; are L-invariant and
therefore L., is L-invariant.

To prove the second part of the statement, one constructs the embedding into projective
space associated to the divisor. For a component G, = P! the corresponding divisor L,
limited to this component is by construction just the divisor associated to the point [1 : 0].
The map associated to this divisor is the identity map on P!

£ :Gg —>IP’1,
[xo : x1] = [x0 @ 21].

For a component G,, = P! the corresponding divisor L,, on this component is the sum of
points [1 : 0] and [0 : 1]. This divisor has the associated linear system L(D) = (1, %0, Z1)

’ 11 T
if g, z1 are the coordinates on P!. It is therefore associated to the following embedding:

€m : Gy — P?
[z0 : 1] > [woxy : 23 ¢ ).
Composing &, and &, with the Segre-embedding sufficiently often gives an embedding

¢ of L into P23 =1 If this space has coordinates zp, ..., 2o 3 the divisor Lo is the
pullback of the hyperplane {zy = 0}:

6" ({z0 = 0}) = {x(()n o x((]la)x((]laJrl)xglaJrl) . x(()za+lm+1)x§zu+zm+1) o},

la+lm l’m

= U ) =0 uJ @l =0y c (B)"
i=1 i=1

Here xéi) and xgi) for 1 <1i <, +l,, denote the zg and x; coordinate of the i-th factor of

L. Hence the divisor Lo is very ample. O

2.1.2 Constructing an associated bundle

)

The following statements are a slightly more detailed version of section 2 ’Gefaserte Objekte
in [Wiis84] and subsection 1.3 in [SCT79].

Lemma 2.1.5 ([Ros56], Theorem 10). Let G be an algebraic group and

0sL5aB A0

the decomposition as in Theorem 1.3.41. Then there exists a rational section s of p. If G
is defined over a field K C Q, then s is also defined over K.

Proof. The Theorem 10 in the paper [Ros56] by Rosenlicht states that such a section exists
if
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e L is connected and solvable

e L acts on G in such a way that the map p : G — A is the natural map of L-orbits.

Every commutative group is solvable and since G is connected L is also connected (by
Theorem 1.3.41). So the first condition holds. The second point is the restatement of the
exact sequence done in Proposition 1.3.48, thus such a section exists.

If G is defined over K, Theorem 1.3.41 states that also L and A as well as i and p are
defined over K. With Theorem 1.3.41 this implies that the action of L on G is defined
over K as well. Therefore the theorem in [Ros56] implies that the section s is defined over
K. O

Lemma 2.1.6. Let G, A, L, p and i be as in the previous lemma. There exists a covering
Ui, ..., U, of open subsets of A such that

p N U;) =2 L x U
by some L-equivariant morphism such that

p_l(Ui) — L xU;

U;

Proof. By the previous Lemma 2.1.5 there is some rational section
s:A—G.
Let U C A be an open subset of A such that sy is regular. Then there is an isomorphism
p~H(U) = p7H(04) x s(U)

h= (h = s(p(h)), s(p(h)))

with its inverse being the addition on G. On the other hand
p 104) xs(U) S LxU
(91592) = (7 (91), p(g2))-
This uses that i(L) = p~1(04) and s is a section. This leads to the following isomorphism
¢v:p '(U) S LxU

hoes (71 (h = s(p(h))), p(h))
i(l) + s(u) <= (1, u)
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where in the second component it is used that s is a section and therefore p(s(p(h))) = p(h).
L acts on both p~!(U) and L x U. On p~!(U) this action is induced by the action of L on
G. Consider

Lxp '(U) — p (V)
(L, 9) = i(l) + g
This is well defined since p is L-invariant. The action on L x U is the following

Lx(LxU)—(LxU)
(', (Lu)) = ([ + 1, u).

The map defined above is equivariant under these L-actions. It also makes the following
diagram commute

I U) — s LxU

Let now a € U be fixed, choose b € A arbitrary and g € p~(a — b). Then
Sp:=T—gO8O0Tg—p

is a rational section of p. Here 7 denotes the translation morphism. The section s, is
regular on an open neighbourhood U, = 7,_4(U) of b, since for any a’ € U,

posy(a’) =p(s(a’ +a—0b)—g)

a’ el
=" p(s(a +a— b)) +p(—g)
=d+a—-b—a+b

/
=a.

Analogous to the case above one gets an L-equivariant morphism

ou, : p H(Up) — L x Uy
hes (i (h = sp(p(h))), p(R))

such that

pil(Ub) & LxU,
\ ‘pr2

Up
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commutes. Since A is quasi-compact, a finite number of such neighbourhoods Uj, cover A.
Let them be called Uy, ..., U, each with a corresponding section s; regular on U; and local
trivialisations

qbz' 2p_1(Ui) — L x UZ

Let U;,U;j € {Uy,...,U,}. The preimage p~!(U; NU;) can be viewed as a subset of p~1(U;)
as well as p_l(Uj) using the isomorphisms from above. This leads to the following gluing
function

Gij = (¢z o ¢;1)|(UiﬂUj) : L x (UZ N Uj) — L x (Uz N Uj)
(L) = (i (si(u) = s(u), u)
which is also L-equivariant. O

Proposition 2.1.7 ([Wiis84], Beispiel 1 p.179). Let G, A, L,p and i be as in the previous
lemma and let X be an L-space. Then the associated bundle G x* X over A exists.

Proof. Let {Uy,...,Uy} be a cover of A, which leads to a cover of G as in the previous
corollary with transition function

¢ L x (UiﬂUj) — L x (U; N U;)
(1, u) = (gig(w)(1),u)

where each g¢; j(u) is an L-equivariant map. Since the g; ; are functions associated to gluing
together G from subvarietes they form a cocycle i.e. for any 4,7,k € {1,...,n}

9i,j = Gji ik = G5k © Gi,5-
Now one defines W as the variety obtained by gluing patches
U, x X
with the functions

Vi (UiNU;) x X = (U;NU;j) x X
(u,z) = (u,g:;(0L) - x).

Since the g; ; form a cocycle, the 1); ; form one as well and the variety W is well defined.
Define

qg:GxX —=>W
by defining it locally as

(UiXL)XX%UiXX
(u, 1, 2) = (u,z)
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and
px W — A
by defining it locally as

UZ'XX—>A
(u,z) — u.

Since any point (u,l, z) is uniquely determined by (u,z) and (u,!l), the diagram
Ui x L) x X 2P (7, % X))
lq lp
(Ui x L) — 2 1
is cartesian for any open set U; and therefore

Gxx M@

[k

w—2 5 A

is cartesian. So W = G x¥ X is the associated bundle. O

2.1.3 The completion of an arbitrary commutative connected algebraic
group

This subsection is also following [Ser97] subsection 1.3 and [Wiis84] section 1.1.3. Let G be a
commutative connected algebraic group defined over a number field K with decomposition

0>L5GB A0
by Theorem 1.3.41. Assume without loss of generality that
~ rila lm
L=Gp x Gy
with l,, 1, € Ny as in Theorem 1.3.36.

Proposition 2.1.8 ([Wiis84], 1.1.3, [SC79], 1.3). Let L be as in Proposition 2.1.1. Then
there exists a complete variety G such that G — G is a dense open subset. Moreover there
exists a morphism p : G — A which agrees with p on G and whose fibres are isomorphic to
L. The variety G is also smooth and connected.
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Proof. Take G := G x¥ L as in Lemma 2.1.7. To show that the variety G is complete one
can view it as Q-scheme. In this setting G is complete if the map

G — Spec(Q)

is proper. So we can apply the valuative criterion for properness to this map ([Har77],
Theorem 11.4.7). We already know that L and A are complete. Choose affine coverings
U; = Spec(B;) of L and V; = Spec(C}) of A such that G is locally isomorphic to U; x V;.
Let K’ be an arbitrary field and R < K’ a valuation ring. Let the following diagram

Spec(K') ——— G

an

Spec(R) — Spec(Q)

commute. The image of Spec(K”) lies in some affine patch U; x V; of G and can be specified
by giving an image of Spec(K’) in L and an image of Spec(K’) in A. This leads to the
commutative diagrams

Spec(K') —— U; Spec(K') ————
T
Spec(R) ——— Spec(Q) Spec(R) ——— Spec(Q)

The completeness of L and A now implies

Spec(K") — U; Spec(K") — Vj
L” 3' l L” 3' - l . (2.1)
Spec(R)v ——— Spec(Q) Spec(R.)v —— Spec(Q)

Therefore there exists a map Spec(R) — U; x V; such that the diagram commutes

Spec(K') ——— G

Spec(R) —— Spec(Q)

and hence G is complete.
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Assume there was a second map ¢ : SpecR — G making the diagram
Spec(K") — G
oo
g e
Spec(R.) —— Spec(Q)

commute. Since the U, x Vj, cover G, the map ¢ also defines a morphism ¢ : SpeckR —
Uy x Vj for some 7', j' such that

Spec(K') —— Uy x Vy

and ergo
Spec(K') ——— Uy C L Spec(K') —— Vi C A
R v
‘Lu ‘/ ‘Lﬁ L v‘ ‘/
Spec(R.) ——— Spec(Q) Spec(R) —— Spec(Q)

The varieties L and A are both proper, therefore pr;, o ¢ : Spec(R) — Uy < L and
pry, © ¢ : Spec(R) — Vi — A define the same maps as in the diagrams in Equation (2.1).
Therefor ¢ must agree with the map constructed above, hence this map is the unique
morphism to make the diagram commute and G is separated.

Therefore G is proper as a scheme over Q, hence a complete variety.

The group G is dense in this variety, since locally

Vix L= V;xL
maps onto a dense subset. Since L is smooth, any patch
Vi x L

is smooth and therefore G is a smooth variety. The morphism P can be taken as the
morphism py from the construction of the associated bundle. This construction also implies
that its fibres are isomorphic to L. O

Remark 2.1.9. If one uses Remark 1.3.50, the inclusion G — G constructed above is
the morphism induced by the map idg x ¢ : G x L — G x L. Here ¢ : L — L denotes the
inclusion of L in L.
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Proposition 2.1.10 ([SCT79], Proposition 2). The multiplication-by-n-morphism [n]c has
a continuation as a morphism [nlg on G for anyn € Z.

Proof. By Proposition 2.1.3 we already know that the multiplication on L can be continued
to an L-equivariant morphism [n]z : L — L. The morphism [n]¢ : G — G is also L-
equivariant and hence [n]g x [n]p : G x L — G x L is equivariant with regards to the
diagonal action of L on the product.

Remark 1.3.50 now implies that there is a morphism [n]g = [n]g x* [n]f.

It is left to show that this morphism is a continuation of [n]g. Remark 2.1.9 implies that
idg x¥ 1 : G < G is the inclusion of G in G. One has

(idg x tp) o ([n]a x [n]L) = [na] x (toln]r)
2.1.3 [

ng) x ([n]g o)
= ([n]a x [n]f) o (idg % ¢r).
Therefore

(idG x L [,) o ([n]g xk [n]L) = ([n]g x L [n]z) o (id@ x L L) .

If we define an L-action on L by the addition [ - [=1+1, we get that we can view G as the
associated bundle G x* L and o : G x L — G is an L-bundle with regards to the diagonal
action. Here a denotes the action of L on GG. The diagram

ax oMl p
CL [n)a CL
commutes. Hence [n]g x” [n]z, = [n]g and
¢ ", ¢
J: [nlz J:
G —— G
commutes. This means that [n]z is an continuation of [n]g. O

Proposition 2.1.11 ([SCT79], compare Lemme 1). Let go € G and T4, the translation by
go on G. Then this morphism extends to an L-equivariant morphism on G.
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Proof. We proceed similarly to the previous proposition. The map 74, xidy : G xL — GxL
is L-equivariant with regards to the diagonal action of L on G x L. Therefore it induces a
map 74, X idr : G — G. The map 7,4, X idy commutes with id¢ x ¢ defined as in Remark
2.1.9, that is

(790 X idy) 0 (idg X 1) = (idg x v) o (14, X idp) ,

additionally

TgOXidL

GXxL —— GxL

Pt

G —2 @

commutes. Here o denotes the action of L on . Like in the previous proposition, the
map « defines an L-bundle with regards to the diagonal action of L on the product. By
uniqueness of the factorisation through a quotient, 74, = 74, xLidy. Just like in Proposition
2.1.10, the morphism 7y, x % idy is therefore a continuation of 7. ]

2.1.4 Divisors on the completion G

This part of the thesis follows subsections 1.4 and 1.5 of [SC79].

In this subsection the aim is to show that there is a very ample divisor on G which can
later be used to define a height function on G.

Proposition 2.1.12 ([Wiis84], 1.1.3, [SC79], first paragraph of 1.4). Let L and G be as
in Proposition 2.1.8 and Lo, C L the divisor from Lemma 2.1.4. Then there exists an
effective divisor Goo C G which is the fibre bundle over A with fibre Lo.

Proof. Let the collection V; x L with transition functions 1; ; be as in the construction of
G. Consider the sets V; X Loo. Since Ly, is invariant under L-action (by Lemma 2.1.4),
the function

¢i’j|(%m‘G)XLoo :(VinV}) X Log = (ViNV}) X Leo
(u,d) — (u,g;;(0r) - d)

is well defined. Therefore all the V; x Lo, glue to a subvariety of G of G, which is the
set G\ G. This subvariety is closed and of codimension 1, since it has these properties in
every open subset V; x L of G. So G« is a divisor on G. It is also effective, since Lo, is an
effective divisor. O
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Proposition 2.1.13 ([SCT79], Proposition 1). For D € Div(A) ampleand a,b € Nsg
sufficiently large the following divisor is very ample:

Doy = ap*D + bGos.

Proof. By Lemma 2.1.4 it is already known that L, is a very ample divisor. This can be
used to show that G is relatively ample with regard to p : G — A. For this choose again
a covering {U;}ies of A such that p~1(U;) = U; x L. Without loss of generality we can
assume that all those open sets U; are affine. Since U; is affine all of its divisors are ample
by Proposition 1.1.43. In particular the trivial divisor on U; is ample. Since any multiple
of the trivial divisor is again the trivial divisor it is also very ample. On the preimage
7 H(U;) 2 U; x L the divisor G is of the form U; x L.

This divisor is very ample on U; x L. To see this choose fo,..., f, in the linear system
of the trivial divisor on U; which define an embedding into projective space. If U; =
Spec(K|z1,...,xc)/(P1,...,P.)) one such choice can be 1,z1,...,z.. Choose ey,...,en

as a basis of the linear system of Lo, on L. These correspond to embeddings

F:.U —P" E:L—DP"
u— [folu) : ...t fn(uw)] L= Tleo(l) ... em(D)].
Any of the functions f; and ey extend to elements of the linear system of U; X Lo, by
£i((w, 1) = fi(u) and ex((u,1)) = ex(u).

All products fje} are also in the linear system of U; X Loo. The fle} are a collection of
rational functions on U; x L. This collection defines an embedding

Spmo(F x E): Ujx L — P*
(u, 1) = [fo((u,0))en((u, 1)) = fol(u,1))er((u, 1) « -t fr((us 1)en, ((u,1))]

where S, ;, denotes the Segre embedding. Therefore the pullback of O(1) under this map
is isomorphic to U; X Lo, and U; x L, is very ample, hence ample.

For D € Div(A) ample Proposition 1.1.49 implies that for a € N5 sufficiently large
the divisor G + ap*D is ample.

O]

Corollary 2.1.14 ([SCT79], Corollaire p.193). There are (a,b) € Nsg x Nsg such that D
is very ample, which gives G the structure of a projective variety.

Proof. Because D, is ample for some a,b > 0, some k-th multiple of it is very ample
(by Definition 1.1.42). Thus let (ka, kb), k € N be a tuple, such that the map relative to
D (q,1p) is a closed immersion.

O
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Remark 2.1.15. While in the construction here only the divisor D is varied the previous
theorems would hold analogously if L, is replaced with a different very ample divisor on
L. This is discussed in [FL84], [FH85] and [Wiis84]. The dimension of the projective space
in which D, ; embeds can be calculated depending on G, and D. This is done in Theorem
6.4 in [FHS5).

That the variety G is projective allows to use the theory developed in the theorem on
the Weil height machine 1.4.19.

Proposition 2.1.16 ([SC79], Corollaire and Remarque 2 (iii) p.193). There exist a,b € N5
such that Dy, is very ample and has the following property. View G as a subvariety of some
PN wvia the embedding associated to D, . Then any effective divisor E linearly equivalent
to mD,y, for some m € Nxq is the divisor of zeros of some nonzero polynomial ¢ of degree
m in the coordinates of PV,

Proof. Using the previous corollary let Zi,g € N> be such that D~ is very ample. Then

G c PV is a smooth and therefore normal projective variety. The Enriques-Severi-Zariski-
Lemma 1.1.22 implies that there is some mg € Ny with the property that there is a
homogeneous polynomial v of degree m such that divy = E’ for all m > mg and any
effective divisor E’ on X which is linearly equivalent to m-times a hyperplane section. The
mo-uple embedding of PV — PM™ makes G a projective normal subvariety of PM such that
the Enriques-Severi-Zariski-Lemma holds with m( = 1. Since the pullback of divisors under
the mg-uple embedding corresponds to multiplying the divisor by mg this embedding of G
is induced by
mODE,E = Dng,ng'

Take a := dya and b := dyb. Since under this embedding any hyperplane section on G is
linearly equivalent to D, this gives the desired result. O

Proposition 2.1.17 ([SC79], Corrolaire 1). If D is a symmetric divisor on A, then there
exists some effective divisor Z, in G dependent onn € Z \ {0} such that

[n}5(Dap) ~ n* Doy — bZn.

Proof. If L is trivial, the divisor G is trivial and G = A as well as D,y = aD. Therefore
the claim follows from Lemma 1.3.16 and Z, is trivial for every n.

Assume now that L is nontrivial. First one considers the pullbacks of the components of
D, p. On a component G4 = P! of L with coordinates xp, z one has:

Inls (L) = Inls {0 = 0} = {nag = 0} = L.

57



On G,,, = P! with coordinates g, x; one has:
[l (L) = [nlg, {zoz1 = 0} = {aga] = 0} = [n|Ly,.

Let L & Gle x Glm for Iy, 1, € Ng. Denote by G%_ the component of G, associated to L;
for 1 <i <l4 +1l,,. Here L; is the divisor on L as defined before Lemma 2.1.4. If [, # 0,
this implies

[nj5GL, = G, 1<i <,

[n]5GL, = G lnl lo < i <lg+lm,
because of the definition of G, via gluing of L. If [, = 0 the first line is just omitted.
On the abelian variety A the divisor D can be chosen such that it is of symmetric divisor

class, meaning D ~ [—1]% D. Since p is a homomorphism, it commutes with multiplication
by n. Thus by the properties of the pullback it follows that:

[n]aD ~ n?D,
[n]£p* D = ([n)5 0 7*)(D) = (po [nlg)*(D) = ([n]a o p)*(D) ~ p*(n*D) = n*p*D.

Combining these facts one gets:

la lm+la
(D) = alnlzp* D + blnl5Goe ~ an’pD + (Z G 2 G&’)
=1 j:la+1

la lm+la
~an®5 D +b [ Y Gl +n| Y Gl +n*Ge —n’Goo
=1 ]:la+1
Zn

la lm+la
=n2(ap*D + bGo) — b (2:(712 — |n|)G?, + Z (n® — 1)Ggo) .

i=1 j=la+1
O

Remark 2.1.18. The support of the divisor Z,, is contained in G for any n € Z \ {0}.
The preceding proposition also shows, that the different components of D,; behave
differently under pullback by [n]5. For n € Z\ {0} one has

[n]5(p* D) = n*(p*D)

while the part of G coming from the completion of the vector subgroup of L stays

unchanged under pullback
la la
g [Yoci ) = (e
i=1 i=1
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and the part of Go, coming from the completion of the torus subgroup of L stays scales
with the absolute value of n

latlm latlm
nlz Z Gy | =n| Z G |-
i=la+1 i=la+1

Lemma 2.1.19 ([SC79], Corollaire 2). Let n € Z\ {0} and a,b € N5 such that Dqy is
very ample. For this lemma view G as a subset of some PN through the embedding defined
by Dgyyp. Let Xo,..., Xy be the coordinates obtained by the embedding into PN. In this
case the multiplication-by-n-morphism [n]g can be represented by

o™ . GG
(2] = [ ([a]) : . s o ([a])]
such that every apl(-n) is a homogeneous polynomial of degree n® in Xo,...,Xn on the open

subset G.

Proof. By Lemma 1.1.36 the divisor D, defines an embedding of G into PV that is not
completely contained in any hyperplane of PV. So for all hyperplanes H; := {X; = 0}
the intersection with G C PV defines a divisor on G linearly equivalent to D,yp. By the
functoriality of the pullback one has:

Hi,n = [n]%HZ ~ [n]*éDa,b ~ 77‘21)a,b - bz,

< Hip+bZy, ~n*Dyy.

Since H; is an effective divisor, so is H;, and therefore H;, + bZ, as well. According to

Corollary 2.1.16 there exists a polynomial cp(n)

. homogeneous of degree n? such that

Hip+bZn = (9.

The base locus of this set of the H;, + bZ,, is

N
ﬂ Hip+bZy) = Zp

since the intersection of all H; is empty and therefore the intersection of all H; , must be

empty too. But this implies that on G the polynomials go(n)

;  all vanish at the same time
only on Z, C Gs. So ¢ = [, (L @5\7)] is regular on all of G = G\ Goo. If |n| > 2 the
polynomials of ¢ vanlsh 51multaneously on all of G, since in those cases the support of

Zy is all of Go,. The (pl(”) can without loss of generality be chosen, such that the equality
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holds, since

(n)
(Soﬁn)) = () = (#5) o = (Hip = bZy) = (Hjp — bZp)

n]=X; 1
= Hip — Hjp = (5X0)g — (n)5X))g = (H%)G = g (i;) _

G I

Thus ¢ = [n]5 on G. O

2.2 The dependence of the estimates on the chosen height
function

This section looks at which role the chosen height on the completion G of an algebraic
group G plays in proving inequalities. If the chosen height function is for example the
height associated to a constant morphism, every point of G will have the same height. As
a consequence both inequalities hold trivially. But this does not mean that the inequalities
have to hold for other heights.

One way to find different heights on G is the theorem of the Weil height machine
1.4.19. The aim of this section is to show that if any of the two inequalities holds for the
height associated to a very ample divisor, it will hold for any height associated to a very
ample divisor constructed in the height machine. If both inequalities hold for the height
associated to a very ample divisor, they will hold for any divisor constructed in the height
machine.

In this section G will always be a connected commutative algebraic group defined
over Q or a number field K. The variety G will denote its completion constructed in
Proposition 2.1.8.

Lemma 2.2.1. Let D be a very ample divisor on G. Assume one of the inequalities

hp(g) < ein®(hp([nlg) + c3) + ca,
hp([n]g) < csn®(hp(g) + c7) + ¢

holds for g € G(Q) and n € Z \ {0} and the height hp with constants ¢;, for 1 <i <8,
depending on some of G, D, g and n. Let E be another very ample divisor in Div(G).
Then an inequality of the same form holds for hg and the constants ¢ in this inequality
are dependent on D, E and any of G, g and n if the inequality for hp dependent on the

same parameter. The constants ¢y and cg can be chosen the same as ca and cg.
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Proof. The Corollary 1.4.26 implies that there are constants Cp, C, Cg, C; each depen-

dent on both D and E such that for all g € G(Q)

hp(g9) < Cphr(g) + Cp,
hie(g) < Cehp(g) + Cp.

In case of the first inequality this leads to

he(g) < Cehp(g) + Ck
< Cp(en®(hp([nlg) + c3) + ca) + C
<Cg (Clncz (CDhE([n]g) + C/D + 63) + 64) + O],E
= Cpmax(1,Cp)cin® (hg([nlg) + (Cp + ¢3)) + (Cpea + Ch).

Therefore the constants can be chosen as ¢; = Cgmax(1,Cp)cy, ¢y = c2, c3 = Cp) + 3
and ¢y = Cgeq + C.
For the second inequality the process works analogously.

O

Corollary 2.2.2. Assume that in the situation of the previous lemma both inequalities

hold for n € Z\ {0}. Let E € Div(G) be an arbitrary divisor. Then both inequalities hold
for hg with the same constraints on the constants as in Lemma 2.2.1 except that cb and cg
can take the possible values co, 651, 0671 and cg.

Proof. If E € Div(G) is an arbitrary divisor there are very ample divisors Ej, Fy such that
E=F;—FEyand hg = hg, —hg, + O(1). Let C > 0 be a constant such that |O(1)| < C.
The first inequality in Lemma 2.2.1 implies that there are constants ci, ..., cs for given

n € Z \ {0} such that for any g € G(Q)
hei(9) < cn®(he, ([nlg) + c3) + 4,
hi,([nlg) < esn®(hp,(g) + c7) + cs.
This implics
hi,(9) > ¢5'n=% (hi,([n]g) — cs) — e (2.2)

and therefore

he(g) < he,(9) — he,(9) +C
< ce1n®(hg, ([n]g) + ¢e3) + ¢4 — he,(9) + C

(2.2)

Clnc2 (hEl([n}g) + 03) +cq4 — (Cgln_% (hEZ([n]g) — Cg) — c7> +C
(max {e1, ¢} nmxle2=eod) (g ([nlg) — his, ([n]g) + (c3 + c5)) + (ca + ¢ + )
(max {cl, cgl} nmax{@’*cﬁ}) (he([nlg) + C + (3 + ¢3)) + (ca + 7 + C).

AN IAY

IN
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Thus the constants can be chosen as ¢; = max {cl, cgl }, ¢y = max {cg, —cs}, ¢ = c3+cg+C
and ¢y =c4+ 7+ C.
The proof in case of the second inequality works analogously. O

Remark 2.2.3. If one looks at the inequalities while excluding n = 0, the following
reductions of parameters can be done. If ¢§ = ¢3 + |4 as for example in Corollary 2.2.2,
then the constant ¢4 can be chosen as one. For ¢} := max{cjcs, 1} the constant ¢3 can be
chosen equal to one in the first inequality. The analogous statements hold for the second
inequality. Both statements also hold if n is replaced by |n|.

Remark 2.2.4. Both the lemma and the corollary also hold if Z or Z \ {0} is replaced
with some subset of Z or Z \ {0} respectively.

2.3 The height inequalities in special cases

2.3.1 The inequalities if G is an extension of an abelian variety by a
torus

This section looks at how the construction of a canonical height can be done similarly to
the case of abelian varieties if GG is the extension of an abelian variety by a torus. To do
this one uses the construction of a canonical height from sections B.4 and B.5 in [HS00].

In this section G will be a commutative connected algebraic group defined over some
number field K or Q. The group G is assumed to be the extension of an abelian variety
A by a linear group L that is a torus, i.e. L = G!,, t € Ny, defined over Q. The variety
G will be its completion as constructed in Proposition 2.1.8. The divisor G4, will be the
divisor associated to the complement G \ G as in Proposition 2.1.12.

Definition 2.3.1 ([Hub21], Definition 9.16). An algebraic group G is called a semiabelian
variety if it is the extension of an abelian variety by a torus.

Proposition 2.3.2 ([HS00], analogous to Theorem B.5.1 (a) and (b) and compare [SC79]
paragraph 2.2 (1)). There is a canonical height he, on G associated to the height hg. such
that for any g € G(Q) and n € 7Z

heo([nlg) = [nlheo(9)-
Proof. If the linear group is trivial, the height hg_ is trivial and can therefore be chosen
as heo.

If L is not trivial, then this proof completely emulates the construction of a canonical height
on abelian varieties (Lemma 1.4.30). The Remark 2.1.18 implies that for any n € Z \ {0}

n]"Goo ~ |Nn|Goo-
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Choose n = 2. A canonical height h on G associated to the multiplication-by-two-morphism
[2] can be constructed as

hig) = lim —oha.(12"]9) Vg € G(Q).

This construction can be found in Theorem B.4.1 of [HS00] and leads to a height that
differs from hg_ only by a bounded function. To show that this height has the desired
behaviour under integer multiplication one looks at

(lllg) = Jim_5-h.. (12'7]9)

1.4.19(2) .. 1 n
=" lim (. (12")g) + O(1)

o)
2n

— [1lhg) + lim
= |l|h(g)
for arbitrary [ € Z. Therefore the choice ho, = h has the desired properties. ]

Remark 2.3.3. This construction would not work if L were not a torus, since on G, the
pullback of the divisor L/, under multiplication with an integer n # 0 is
[n]"Ly ~ L

/
a*

But the construction of the canonical height can only be applied to divisors D and
morphisms ¢ : G — G for which

©*D ~ aD
for a > 1.

Proposition 2.3.4 ([HS00], analogous to Theorem B.5.1 (a) and (b)). Let D be an ample
symmetric divisor on A. Then there is a canonical height hq associated to the height h,p

such that for any g € G(Q) and n € Z

hqe([n]g) = thq(g)'

Proof. The proof of Proposition 2.1.17 in section 2.1.4 implies that
[n]*(p*D) ~ n?p*D.

Now the proof again can be done completely analogous to the construction of a canonical
height on an abelian variety (Theorem 1.4.29) and Proposition 2.3.2. I have therefore
omitted it. O
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Lemma 2.3.5. Let G be a commutative algebraic group defined over Q which is the
extension of an abelian variety A by a torus L. Let h be the height associated to a divisor
D, as in Proposition 2.1.14. Then there exist constants c1,ca, c3 independent of n and g

such that for any n € Z\ {0} and g € G(Q)

h([nlg) < cin®(h(g) + 1) + c2,
h(g) < h([n]g) + cs.

Proof. Due to the additivity of the Weil height machine there is
h = hDa,,b = haGoo—I—bp*D = ahGoo + bhp*D + 0(1)

The bounded function O(1) only depends on G and D, p. Let ho and hy be the canonical
heights constructed in Proposition 2.3.2 and Proposition 2.3.4 respectively. Then there
exists a bounded function O(1)" dependent on G and D, such that

h = ahs + bhy + O(1)".

Let C” be a constant such that |O(1)'| < C’. Therefore for any g € G(Q) and n € Z

h([nlg) < aheo([n]g) + bhe([n]g) + C'

= al|n|hoo(g) + bn?hy(g) + C’

< n? (ahoo(g) + bhy(g)) + C'

<n?(h(g) +C) +

< max{C’,1}n? (h(g) + 1) + ',
h([n]g) = heo([n]g) + bhe([n]g) — C"

= a|n|hoo(g) + bn*hy(g) — C’

> hoo(g) + bhy(g) — C'

> h(g) —2C"
= h(g) < h([n]g) +2C".
Hence the constants can be chosen as ¢; = max(C’,1), co = C" and ¢35 = 2C". O

Remark 2.3.6. The first inequality also holds for n = 0 if the constant cs is modified to
¢y = max{h(0g), c2}.

Corollary 2.3.7. Let G be defined as in the previous lemma and E be an arbitrary divisor
on G. There exist constants c1,. .., cq independent of n and g such that for anyn € Z\ {0}

and g € G(Q)

Proof. This is a direct consequence of Corollary 2.2.2. O
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2.3.2 The inequalities if GG is a linear group

This subsection aims to elaborate the calculations already done in Lemma 6.8 of [Hub21].

Proposition 2.3.8 ([Hub21], compare Lemma 6.8). Let h denote the height on Q. Then

for all g € G4(Q) and n € Z \ {0}

Proof. By Corollary 1.4.13 in the heights section

h([n]g) < h(g) + log |n|
< In|(h(g) + 1),

o) = (12)
< n(inlg) + 1)

= h([nlg) + log|n|
< |n[ (A([nlg) + 1) .

O

Proposition 2.3.9 ([Hub21], compare Lemma 6.8). Let h denote the height on Q. Then
for all g € G, (Q) and n € Z

h([nlg) = |n|h(g)-
Proof. This is Corollary 1.4.13 (3). O
Let now L be an arbitrary nontrivial linear group defined over the field K. If K = Q
then
L =Gl x Gy

for some l,, L, € Ng. If K is a number field this holds in some finite extension of K.
Therefore it can be assumed without loss of generality that the linear group also has the
form of such a product over the number field K. This means L can be completed as in
Proposition 2.1.1

L (B
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Let h denote the height induced on L by the Segre embedding

(]P)1>la+lm N ]P)2la+lm_1

This is the map associated to the divisor Yl pr#([1 : 0]) with pr; : @iﬂ X @l;n" — G,

for 1 <4 <, and pr; : @ff X @f.:: — G, for I, < i <l + l,, being the projection on the
i-th component of L.

Lemma 2.3.10. Let L = Gle x Gl be a linear group defined over Q. Then there exists

some constant C' only dependent on L such that for all g € L(Q) and n € Z\ {0}

n(h(g) +C),
n(h([nlg) + C).

If E € Div(L) is a different divisor there are constants ci,...,cq4 dependent on L and E
such that

=
=
s
IA
o

1n(h(g) + 1) + C2,
h(g) < esn(h(nlg) +1) +ca

for any g € L(Q) and n € Z \ {0}.

Proof. Let g = (g1,---,41,+1,) € Gle x Glm. By Proposition 1.4.9 the properties of the
Segre embedding imply

latlm

h(g)= > g
i=1
with the heights on the right hand side denoting the affine height. Therefore

h([n]g) = h((ng1, - .-, nGs, (G1a+1)"> - (G1atim)™))

la Im
— Z h(ng;) + z_: h((91,+5)")

la lm
< In (Z (h(gi) + 1)+ h(gla+j)>

i=1 =1
< |n|(h(g) + la)-
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Propositions 2.3.8 and 2.3.9 are used in the third line. Hence C' can be chosen to equal I,.
The second inequality is calculated in the same way

h(g) = h((gla s Gly s Glg+1y - - - 7gla+lm))

la Im
= h(gi) + > h(Gi.+5)
i=1 j=

The second statement is a consequence of Corollary 2.2.2. 0

Remark 2.3.11. If a different completion of L is chosen then the constant C can be
chosen to be equal to 1 for factors n € Ny. Let

~ (vla Im
L=Gs x G

over the field Q. Another way to complete L is to first embed it into A%Hm which has

+Hm

completion ]P’% . Since this makes L a dense open subset of A%Hm there is a completion

~ la Im la+lm
L=Gg xGp — IP’@
(G155 Glatl) P 191 5ot ot 1]

The projective height on IP’%H’” induces a height function on L. This height will be denoted

as h. For any absolute value | - | the following holds:

max {’ngi‘7 |glr,11+j’7 1} < max{‘n‘a 1} 11328%)? {’9i|7 ’gla+j|n7 1}

1<i<l, <<
1<j<lm 1<j<lm iy (2.3)
< max{[n|, 1} max {|gil, lgi,+;], 1}
1<j<lm
e {91,511} < max {|n 1} max {|ngil lgn, 451, 1}
1<j<lm 1<j<lm (2.4)

< { -1 1} , moqy
< max {Inf 1} mas {Ingih o 51", 1)
1<j<tm
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Let g = (91,---,91,+1,,) € L(Q) be a point, then

h([n]g) = hpatim ([ng1 < ... : ngy, AR R | )
1
= T . Z dl/ lOg max {’ng2|7 |ng(Ll+]‘7 1}
ool g
(2.3) 1

< K:Q > dylogmax{|n|,1} 1r§nia§>l<a{|gi\,\glﬁj],l}”
VGMK IS]Slm

= log|n| + |n|h(g)
< [n|(h(g) + 1),

E(g) = hptatim ([91 5o 101, t Qi1 5 -5 Gloti,, ¢ 1])
1
=—— Y 4,1 < 1
& Q VEZMK vlog max {lgil, l9+51, 1}
155 <l
(2.4) 1
< dy, 1 11 ‘ 4™ 1
< ®Q VEZM:K , log max {|n| ", }@fg‘l{lngzl,lgzaﬂl 1}
1<5<lm

< log|n| + h([n]g)
< [n|(h([nlg) + 1).

This is the completion used in [Hub21].

2.3.3 The inequalities if G is the product of an abelian variety and a
linear group

All this section does is to combine the height estimates on a linear group and the height
estimates on an abelian variety to show the following inequalities in the special case of G
being a product of an abelian variety and a linear group.

Lemma 2.3.12. Let G be a connected commutative algebraic group, L a linear algebraic
group and A an abelian variety all defined over Q such that G = L x A. For any height
constructed on G with the Weil height machine the following inequalities hold. Let g € G(Q)
andn € Z\ {0}

9]

n2(h(g) + 1) + co,
sn”(h([n)(g) + 1) + ca.

o

The constants c1, ca, c3,cq4 only depend on G and the divisor.
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Proof. As stated in Corollary 2.2.2 it is sufficient to show both height estimates in the case
of the height associated to a very ample divisor.
Let D be a very ample symmetric divisor on A which embeds A into some PV and let E
be the divisor of points at infinity associated to the embedding of L in P2 -1 ysed in
Lemma 2.3.10. Let pr, : G — L and p4 : G — A be the respective projections. The divisor
F = p} E + p% D is associated to the embedding

G =T x A PN x p2otim=1 5 p(N+1)2latim—1

Therefore hp = hPZ E+ hqu p and the claim follows from Lemma 2.3.5 and Lemma 2.3.10
together with the functoriality of the height. The explicit calculations can be done
analogously to Lemma 2.3.5. O

2.4 The first height inequality on an arbitrary commutative
connected algebraic group

In this whole section let G be a commutative connected algebraic group defined over Q.
Let G be the completion of G as in Proposition 2.1.8 and let

0L5GH A0

be the decomposition of G associated to the decomposition of G into a linear group L and
an abelian variety A. The multiplication-by-n-morphism on G will be denoted as [n]¢.
Fix Dgp the very ample divisor on @ as in the Corollaries 2.1.16 and 2.1.14.

2.4.1 The inequality dependent on prime factors

This inequality is using the same idea as Proposition 2.0 in [Wiis89)].

Proposition 2.4.1. Let G an algebraic group as defined above in this section and n € Z.
Then there are constants C dependent on n and Cy independent of n such that for any

m € Ny and g € G(Q)
hp,,([""ag) < n*"Ci(hp,,(9) + 1) + Ca.
Proof. Identify G with G — PV by using the embedding induced by Dgp. Take the

projective height h on PN that is the same as h D, for points in G. For any g € G and
Cy = max{0,h(0g)} as well as any constant C

h([0lag) = h(0g) < C2 = 0-C(h(g) +1) + Co.
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Therefore in this case the inequality will hold for n = 0.
For the case n = 1 take C7 > 1 and (5 as above.
When considering the case n # 0, 1 let again Co = max{0,h(0g)}. Let

o™ PN 5 pN

be the rational map of degree n? and regular on G defined in Lemma 2.1.19. By Proposition
1.4.17 there is a constant C] dependent on ©(™ such that for any g € G(Q)

h([nlcg) = h(™(9)) < n’hlg) + C1. (2.5)
Choose C1 = max{C1, 1}, then

(2.5)
h([n]lag) < n*h(g) + Ci < n2h(g) + C1 + Cy < n%Ci(h(g) + 1) + Co.

This proves the case m = 1 and also covers the case m = 0 for any nontrivial multiplication
factor n.

If n = 0,1 nothing additional has to be shown for the case of general m. Since (—1)™ is 1
or —1, the case n = —1 is covered by m = 1 as well. One just takes the maximum of the
constants obtained in the inequality for multiplication with —1 and 1.

If n # 0,1, —1 a repeated application of the case m = 1 gives the general statement.

h[n™lcg) =

h m—l]
<n
n

(Inla(n™ lag)
2(h([n™ Mag) + C

< n?"h(g) + (n2(m_1) +n2m=2 4 1) C1

O]

Remark 2.4.2. Analogously to the situation in Remark 2.3.6 one can see that if n is
chosen to be not equal to 0 the constant Cs can be omitted.

Corollary 2.4.3. Let G be an algebraic group as defined in the beginning of this section,
E a very ample divisor on G and n € Z. Then there are constants C, dependent on the

prime factors of n and Cy independent of n such that for any g € G(Q)

he([nag) < anCl(hE(g) +1)+ Cs.

Proof. The statement for £/ = D, follows from the previous proposition. The statement
for any other very ample F follows from Lemma 2.2.1. O

70



2.4.2 The inequality as in Serre

This section is following §2 in [SC79].
By the additive property of the Weil height machine 1.4.19 we get that

hDa,b ~ CLhGOO + bhp*D ~ ahGoo + th op.

So we can treat the heights hg_ and hy«p separately to obtain an inequality.

The height associated to G

Lemma 2.4.4 ([SC79], Lemme 1). Let go € G(Q) be an arbitrary element. There is a

constant C > 0 dependent on go such that for all g € G(Q)

|hao (9 + 90) — hao (9)] < C.

Proof. Let 74, be the translation on G by go. This agrees with G' acting on G by gg and
can therefore be continued to some morphism from G to G by Proposition 2.1.11. The
divisor G is invariant under the group action of G on G defined in Proposition 2.1.11
and therefore the divisors Gx and 74,G are linearly equivalent. The functoriality of the
WEeil height machine 1.4.19 implies

hGo ~ hrs Goo ~ R © Tyo-
This is equivalent to the statement in the lemma. ]

Remark 2.4.5. The construction in the height machine is in theory explicit enough to
calculate a bound C for O(1) in Lemma 2.4.4. But this needs explicit formulas for the
translation 74, as well as an explicit description of the linear systems of two basepoint free
divisors F1, E5 such that G, = 1 — Es.

Remark 2.4.6. By symmetry one sees that the same constants C(gg) = C(—gp) can be

chosen for gy and —gp since for any g € G(Q)

|G (9 = 90) — haw (9)] = [haa (9 — 90) — hao (9 — 90) + 90)| < C(g0)-

The triangle inequality implies that C'([n]ggo) can be chosen smaller or equal to nC(go),
which yields

lhe (9 + Inlago) = ho (9)] = [3° ko (9 + lilago) — ha (g + i — ago)
=1

<3 han (g + [logo) — ko 9+ li — cgo)|
=1

< Zn:C(go) = nC(go)-

i=1
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This leads to the height inequality found in the paper [SC79].

Proposition 2.4.7 ([SC79], Lemme 2). Let g1, ..., gm € G(Q). Then there are Cy,Cq > 0
such that for all ny,...,ng, € Z™

ha.. (Z niﬂi)
=1

The constant Co depends on the points, while C'y only depends on G and the divisor D.

m
<Ci+ 022 ]
i=1

Proof. For all g; take C; as the constant C (gi) from the preceding lemma. Set

Cy :=max{0,ha_(0g)}, Cy := max C;.

With these constants the inequality follows for the empty sum (equalling 0). The general

case can be shown inductively. Assuming the inequality already holds for g1, ..., gr € G(Q)
with & <m, nq,...,nk_1,nk, I € Z, |lk| < |nk| and Iy > 0 there is the inequality

=g

1
ha.. <Z nigi + lkgr +9k> ‘ = |hao (94 9k) — haw (9) + haa (9)]
=1

< |hGo (94 9k) — hao (9)] + |hG. (9)]
k—1

1H
< Cr+Co | D Inil + |l | + [hee (9 + 98) = ha (9)]
i=1

k—1
< Cy+Co (Z Inil + \lkl> + G

i=1
k-1

=C1+ Oy (Z ] + |lk] + 1) -
i=1

If I < 0 the argument works completely analogously. O

Since any fibre of p is by Proposition 2.1.8 isomorphic to L the dependence behaviour
height hg_ on such fibres can be described more explicitly.

Proposition 2.4.8. For any g € G(Q) there exists a constant C dependent on g such that

for any l € L(Q)

héioe (9 +i(1) = (haw (i1) + haw (9))] < C.
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Proof. Let
i:L—G

be the continuation of the map from L into G as defined in the beginning of the section and
constructed in 2.1.10. This is a morphism between projective varieties. Use the notation
that for any g € G

lg :=10Tg.
This is again a morphism between projective varieties. One has that for any g € G

ig' (Goo) =i (Goo) = Loo.
This follows from G and G, being locally defined as a product combined with the invariance
of G under the G-action on G. Hence by the functoriality of heights (Theorem 1.4.19
(2)) there is some constant C(g) dependent on g such that

hi. — ha odgl = |hisa. — ha. © ig‘ < C(g). (2.6)

The divisor Lo, is very ample. Thus Corollary 1.4.26 implies that the height associated
to Lo is equivalent up to some scalar to the height used in Lemma 2.3.10. The following
holds for any [ € L

hao (9 + (1)) = hao (ig(01) + (1)) = ha (ig(1)-

Combined with the above inequality for the choice of [ = 0y, this leads to

(2.6)
|heoo (9)] = [ha (9 +i(00))| < [he(0z) + Cg)]l = |C(9)| = Clg),
which implies

héio (9 + (1) — (haw (i(0)) + haw (9))] < lha (9 +i(1) — hr (1))
+ [hr (1) = hao (i) + |ha. (9))]
<C(g) + C(0c) + C(g)
<3max{C(g),C(0g)} =: C.

Or equivalently

has (9 + (1) = hay (1)) + ha (9) +O(1)

with the absolute value of O(1) bounded by C. O
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The height associated to p*D

In this section let D be a symmetric divisor on A. The height h,«p is defined as the height
associated to the pullback of the divisor D. This implies that

hyp ~hpop
or equivalently that there exists some constant C(D, p) such that for any g € G(Q)

|hp=p(9) = ho(p(9))] < C(D; p). (2.7)

This can be used to show an inequality analogous to Proposition 2.4.7. To obtain the
constants one uses the following lemma.

Lemma 2.4.9. Let q: G(Q) — R a function fulfilling the parallelogram law, that is for

any g,9' € G(Q)

q(g+9') = 2(q(9) + q(g").

Then the following inequality holds for any m € Nxg and g1, ..., 9m € G(Q)

m m

q (i gi> < % (2m +2mt - 2) > a(gi) = Cw > algi)-
=1

=1 i=1

Proof. The constant CM = % (2™ +2m~1 — 2) can be constructed inductively.
The case m =1 is trivial.
For m = 2 the constant follows from the parallelogram law:

q(g91 + 92) < q(g1 + g2) + hq(g1 + 92)
= 2(q(g1) + q(g2))
= Ca(q(g1) + a(g2))-

For m > 2 induction implies that for any 1 < j <m+1

m—+1 m+1
| dogi+gi|=2a| D gi|+alg)
=1 =1
i2] i)
<2 (2" +2m —2) > qlgi) + alg;)
Z
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This is symmetric in the index j so by adding the inequalities for all indices 7 =1,..., m+1
it follows that

(m+1)q (Z gi> < (m(Qm +2m7 1 —2) - m+ 2) > algi)
i=1 =1
m—+1
= (2l 4 2m — 22 4 2) Z+ 4(9:)

i=1
= (2m+1 oM _ 2) "il .
q(gi)

=1

A

m+1 1 . n m+1
:>Q<;gi>_m+1(2 +2 —2);(](91')
m—+1

= Um+1 Z q(9i)-
i=1

O]

Proposition 2.4.10 ([SC79], compare 2.2 (1)). Let g1,...,g9m € G(Q). Then there are
C1,Cy > 0 such that for allny,...,ny, € Z™

m m 2
hp+D (Z ni9i> <Ci+ 0y (Z |ni|> :
i=1

i=1
The constant Cy depends on the points, while C1 only depends on G and the divisor D.

Proof. For any divisor D € Div(A) the associated height is up to some bounded function

O(1) dependent on D a quadratic form hy. So for all g1,...,gm € G(Q) and nq,...,ny, € Z
hypD (Z nigi> = hyq (Z nip(gi)> +0(1)
i=1 i=1
=hg (Z niP(Qz‘)) +0(1)
i=1

<G Y nthy (plgi)) + O(L)
m 2
<0y ((Z |m|> _max hq<p<gi>>> +0(1)

m 2
=C(m,g1,-..,9m,p, D) (Z!nﬁ) +O(1).
i=1

The constant C, is the constant constructed in the previous lemma. To conclude take

Cy:=C(m,g1,-..,9m,p, D) and Cy such that it is an upper bound for the absolute value
of O(1). O

75



Using the inequalities already proven on A it is also possible to find an inequality for
the height associated to p*D for which the dependence on the height of the point is more
explicit.

Proposition 2.4.11 ([SC79], compare 2.2 (1)). There exists a constant C' only dependent

on D and p such that for any n € Z\ {0} and g € G(Q)

hyp([nlag) < n*Clhyn(g) +1).

Proof. Let C(D,p) be the constant as in equation 2.7 in the beginning of the subsection

such that for any g € G(Q)

|hp+p(9) — hp(p(9))] < C(D,p).

Using Lemma 2.3.5 there is a constant C’ > 1 independent of g € G(Q) such that for any
neZ\{0}

hy=p([n]ag) < hp(p(In]a(g))) + C(D,p)
= hp([n]ap(g)) + C(D,p)
"< (i (plg)) + 1) + C(D,p)
< n*C'(hpp(g) + C(D,p) +1) + C(D,p)
< n2C(hyp(g) +1).
Here C' can be chosen as C'C(D, p) + C' + C(D, p). O

Remark 2.4.12. Analogously to the Remarks 2.3.6 and 2.4.2 the inequality also holds for
n = 0 if another constant C5 := max{0, hpp(0g)} is introduced.

The inequality as in Serre for the height associated to D,

Combining the estimates for G, and p*D leads to the following theorem, which is Propo-
sition 5 in [SCT79].

Theorem 2.4.13 ([SC79], Proposition 5). Let G be a connected commutative algebraic

group defined over Q and let 1 : G — P! be a projective morphism. For g1, ..., gm € G(Q)

there are constants Cy,Co > 0 such that for all ny,...,ny, € Z
m m 2
hy (Z nin‘) <Ci+0y (Z |n2|> :
i=1 i=1
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Proof. Let g1,...,9m € G(Q) and n1,...,n;, € Z. For the height associated to hp, , one
has with appropriate constants:

hp,, (Z nigi> <ahpp (Z niQi) + bha,, <Z nigi) + C(Dagp,a,b,p, D, G)

i=1 i=1 i=1
22.44170 m 2
g &<C(m,gl,,gm,p,D) <Z|nl|> +C(p7D))
i=1

m 2
+b (C(GOO)—I_C(gla -y 9m, GOO) (Z |nz|> ) +C(Da,b7 a, b7p7 D) Goo)
=1
m 2
=C'(a,b, Dy p,p, D,Goo) + C'(m,a, g1, ..., 9m, Goo, p, D) (Z |nz|>
=1

m 2
=:C1 +Cy (Z ]n2]> .

=1

For general morphisms v the statement of Lemma 1.4.25 implies that there are constants
A, i € R such that

hy (Z nigi> <A+ uwhp,, (Z nigi>

i=1 =1

m 2
A+ Cr+p (02 <Z ’ni’) )
i=1

m 2
=: 61 + 62 (Z |nz|> .

i=1
O
Corollary 2.4.14. Let D € Div(G) be a basepoint free divisor. For g1,...,gm € G(Q)
there are constants Cy,Co > 0 such that for all ny,...,ny, € Z
m m 2
hp <Z nigi) <Ci+0 <Z |ni|> :
i=1 i=1

Proof. Applying Corollary 1.4.26 instead of Lemma 1.4.25 in the situation of the preceding
theorem gives the result of this corollary. O
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2.5 The second height estimate

This section covers the height estimate which can be found as Proposition 2.0 in the
paper [Wiis89] by Wiistholz. The estimate is similar to Proposition 2.4.1 because both es-
timates have a dependency on the number n by which the element in the group is multiplied.

Since division by an integer n will in general not be a morphism an effective version of
the Hilbert Nullstellensatz is used in the proof of the result.

The sources used in this section are [Wiis89], [Mas83] and [Bro87].

2.5.1 The effective Nullstellensatz

In proof of Proposition 2.0 in [Wiis89] the paper [MW81] is cited in the context of showing
that a high enough power of a polynomial is contained in some given ideal. The paper
covers multiplicity estimates and does not seem to contain the statements which according
to the author should be applied in the proof of Proposition 2.0. Because of that it seems
reasonable to me to assume that instead [Mas83] was meant to be cited. That paper has a
section which contains an effective version of the Hilbert Nullstellensatz and statements
which seem to correspond to the ones mentioned in the proof of the proposition.

Proposition 2.5.1 ([Mas83], compare Theorem IV). Let K be a number field and let
the polynomials Q, Py, ..., Py, € K[X1,...,Xy] be each of total degree smaller or equal to
d € Nxg. If the polynomial Q vanishes in all common zeros of Py, ..., Py in C", there is

n—

some integer e < (8al)22 and polynomials Ay, ..., Am € K[X1,...,Xy] such that

Q°f = i AP
=1

Since the paper by Masser and Wiistholz was published there have been improvements
on the upper bound of e. The bound can be given as exponential instead of doubly
exponential in the number of variables. Using such an improved effective Nullstellensatz
allows to find slightly better constants in the following subsection.

Proposition 2.5.2 ([Bro87|, Corollary p.578). In the situation of the previous proposition
the bound on the constant e can be changed to

(min{n, m} + 1)(n + 2)(d 4 1)min{nm}+1
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Remark 2.5.3. An even better estimate was found by Jénos Kollar in [Kol88], which
bounds e by d™n{™:n} for most degrees of polynomials, but there are some assumptions
made such that only a limited number of the polynomials may have degree < 2. The author
mentions that this is a purely technical assumption and in this case a slightly weaker bound
should hold.

The following statement is Lemma 4 of chapter 4 in [Mas83] transcribed to the case
of projective heights instead of sizes (i.e. maximal non archimedian absolute value of any
coefficient) of algebraic integers.

Lemma 2.5.4 ([Mas83], compare Lemma 4). Let K be an algebraic number field. Let
p,q € Nx>o, a;; € K. If the system of linear equations

a11X1 —|—...+a1po =0

ag X1+ ... +agpX,=0

has a solution x1,...,x, € K such that x; # 0, it has a solution z!, ..., x; € K such that
zp #0 and

h([m/l Ca xé,]) <(p—-1)(og(p—1)+h([ai1:...:ag))).
Proof. Lemma 4 in [Mas83] claims that each coordinate of the solution },...,z;, € K is 0

or some r-minor of the system of linear equations (for 1 < r < ¢ the rank of the system).
If only one coordinate is non-vanishing or all non-vanishing coordinates are the same up to
a factor, the claim on the height is trivial. Let d1,...,ds and 2 < s < r be the different
non-trivial r-minors, which equal some coordinate x} for an i € {1,...,p}, then

h([o1:...:65])=h sen(o)a .1y /.1y A1) (1)) D .-
(I ) (L;T gn(o) i (1) T T G (10)

: Sgn(U)a,(s) (s)) T A(s) _((s)
(2 o\ K2 g\l
2 0 (1) ) o)
1.4.10
< logr!'+h ({aign i CHOFOR ai(ll) i;l)aig) i CHOFOREEE

et aigs) z.gs) ce aig‘S) Z'(rS):|>

<logr" +h([at1 - Gpr @11 Qro1r—1Grg1r41 5 --.])
1.4.10

< rlogr+rh(lair:...: ag))

<(p—1)(log(p—1) +h([arr:...:ag))).

The claim follows since

h(lzh oo ap]) <h([01:...: 0]
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2.5.2 The second height estimate dependent on prime factors

This subsection is looking at the proof of Proposition 2.0 in [Wiis89].

I want to thank Prof. Dr. Philip Habegger for answering my questions regarding this

proposition. The following is the proof in Wiistholz with some steps altered with the help
of Prof. Dr. Habegger.
In one part of the proof Wiistholz claims that some specific polynomial must be contained
in an ideal and have coefficients of sufficiently bounded height. The proof I am presenting
here instead shows that there exists a collection of polynomials in that ideal with sufficiently
bounded heights which additionally have the property of only having nonzero coefficients for
some prediscribed monomials. This is a weaker statement than in the original formulation
of the proof, but seems to be sufficient to get the desired estimate. I did not manage to
understand the step of the proof as it is done by Wiistholz.

Proposition 2.5.5 ([Wiis89], compare Proposition 2.0). Let G be a commutative connected
algebraic group defined over Q and E a very ample divisor on G. For anyn € Z\ {0} there

are constants C1,Cy > 0 such that for any g € G(Q)

hi(g) < Ciln|(hp([nlag) +1).

Proof. The Lemma 2.2.1 implies that if the inequality holds for one very ample divisor, it
holds for all very ample divisors.

Choose E = D, ;, the divisor constructed in Corollary 2.1.16. This divisor embeds G into
some projective space PV. The coordinates associated to this embedding will be denoted as
20, ...,xy. Identify G with its image under the embedding and define d := dim G. Assume
without loss of generality that d > 1, since the claim is trivial otherwise.

Let now n € Z \ {0} be fixed and choose a point g € G(Q). Assume without loss of
generality that z¢(g) # 0.

To show the inequality one shows that it holds for the projective height of each pair of
coordinates [zo(g) : z;(g)] for 1 <i < N. Proposition 1.4.14 implies that

N
hp,,(9) = h([zo(g) < - an(g)]) <D h([zolg) : 2i(9)])
i=1

and thus, after multiplying the constant C; by N, the inequality will hold for the height of
g.

The problem is now to show the inequality for the projective heights of these pairs of
coordinates. First one notices that if z;(g) = 0 the height h ([zo(g) : zi(g)]) = 0 and
therefore

ho,,(9) = h([wo(g) - an(@))) < >0 h(lzolg) : 2il9))) (2.8)

80



Now take 1 <t < N such that z:(g) # 0.

Any homogeneous polynomial in two variables defined over an algebraically closed field
factors into linear polynomials. Thus that a non-trivial homogeneous polynomial B; in
xo, xy vanishes in [xg(g) : :(g)] is equivalent to xo(g)xs — x¢(g)zo dividing By, i.e. there
exists some polynomial @ such that Q - (zo(g9)z: — 2¢(g)xo) = B;. This allows one to apply
Gelfand’s inequality (Proposition 1.4.34) and thus

h([zo(g) = 2¢(9)]) = h ([zo(g) : —2¢(9)])
= h(zo(g)zt — t(9)Z0)
< h (wo(g)ws — w0(g)z0) + h(Q) (29)
1.4.34

< h(B;) +2deg B;.

Hence to show the claim for the pair of coordinates xo(g), z+(g) it suffices to find a non-
trivial homogeneous polynomial By in g and z; whose height and degree are appropriately
bounded by |n| and hp, ,([n]g) such that B(g) = B(zo(g),z(g)) = 0.

To find such a B; one starts by defining an auxiliary polynomial R; in ¢ and z; which
is non-trivial, vanishes in g and has its degree bounded by some power of |n|. For this let
g=9W,..., g% be the points in G(Q) such that

[nag = [n]ag"”,

in other words,

{9, g} = [n]g" (In]ag) -
Define

)
R; = zom H (xt(g(i))xo — xo(g(i))xt) .

zo(g™) ot (9)#0

By definition, this polynomial is a homogeneous polynomial in two variables which vanishes
ing=g¢W, ..., g%, The condition z¢(g®), z;(9) # 0 makes sure that R; is a non-trivial
polynomial. But this construction does not give enough information about the height of
Ry.

Instead one uses this polynomial to find a different one whose height is controlled. For
this the following ideal is needed. Let n; := z; ([n], g) for 1 <i < N and let go(()n), ce @5\7)
be the homogeneous polynomials representing the multiplication-by-n-morphism [n]g which
are constructed in Lemma 2.1.19. They are polynomials in xg,...,zx. One defines

fij = 77¢<P§-n) —niel”.
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for 1 < 4,7 < N. In G these polynomials only cut out the points g = ¢V, ..., ¢, Let
Py,..., P, be homogeneous polynomials in z, . ..,z which cut out G. The ideal generated
by the fi; and the P will be called Z,;,. Using the relations

fij+fii=0 and  mfi;+nifu+nifu=0

for any 0 < i,j,0 < N the subset of {f;;}1<;ij<n of the above set of generators of Z,,
can be replaced by {fi;};.i for some fixed ¢’ such that 7 is not zero. Each of these
polynomials is homogeneous of degree n?. The ideal Zin)q vanishes at g = gV, ..., ¢ and
possibly some at points in G \ G = Gw.

Since Go, = G \ G is a closed set in the Zariski topology, we can find a homogeneous
polynomial S in zg, ...,y which vanishes on all of G \ G but is nonzero at g. Without
loss of generality this S can be chosen as one of a fixed set S1,...,S¢ of homogeneous
polynomials which generate the ideal associated to G \ G. The polynomial SR, vanishes at
g=gW, ..., ¢ and all of G\ G. Hence the Hilbert Nullstellensatz implies that

SR, € I[n]g

This means that there is some e € N5 such that

SeRf = (SRt)e € I[

nlg-

The problem of finding all polynomials of a given degree in a homogeneous ideal
J C Q[xo,...,rn] =: R can be viewed as one of linear algebra. Let V be a homogeneous
polynomial of degree d. For any M € N the homogeneous polynomials of degree M form a
(MﬁN)—dimensional vector space Q[xo,...,zN]y =: Ryr. One basis of this vector space

are the monomials of degree M. Multiplication by V induces a linear map

(V') :%M — mMer
U—V-U.

Analogously, the map defined by the coefficientwise addition of [ homogeneous polynomials
of the same degree is a linear map

| factors

+1 R X ... X Ry — Ry
(Ul,...,Ul)F—)U1+...+Ul.

Note that this does not induce a map of the projective spaces. Let Vi,...,V; be a set of
homogeneous generators of J of degrees dy,...,d;. If M > max{dy,...,d;}, the following
is a well defined linear map:

Vi)

I 9{Mfd:l X ... X S{M,dl ((V1),4( Rar X ... X Ry i) R
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By construction, the image of this map will be the degree-M-part J (M) . — J NRAy of J.
This implies that the kernel of

(JM—IdM):fRM_dl X ... XmM—dl X Ry — R
(Ul,...,Ul,U)b—)JM((Ul,...,Ul)—U

contains every polynomial in 7 ) together with the information on how it can be generated
by V1,..., V.

Analogously, for any homogeneous polynomial V such that degV = d < M the kernel of
the map

(JM — (V)) : medl X ... X %M,dl XRy—g — Ry
(Ul,...,Ul,U)'—)JM((Ul,...,Ul)—V-U

contains all the degree-M-multiples of V in 7, that is every polynomial in ™) which is a
multiple of V' together with all possibilities of generating each from Vi,...,V;. By looking
at the kernel of

(JM — (V)) : g{M—dl X ... X %M_dl X @[azo,wt]M_d — %M

2.10
(Ul,...,Ul,U)HJM((Ul,...,Ul)—V'U ( )

for some 1 <t < N one gets the polynomials homogeneous in g, x; whose V-multiple is
contained in J™). The last four maps obviously depend on the set of generators chosen

for J.

One applies this last linear map (2.10) to S€, the ideal Zin)g With the set of generators

{firj> Pe}o<j<n, jzit> degree M = e(degS + deg ;) and the coordinate z; chosen to be
1<k<X
the same one as in the definition of R;. This gives polynomials of the same degree as Rf

homogeneous in zg and x; such that their product with S¢ is in Zp,,,.

Choose for each vector space of homogeneous polynomials of a given degree the mono-
mials of this degree as a basis. The linear map defined in the previous paragraph can then
be expressed by a matrix Mg whose entries are coefficients of the fy;, the P, and S°.

All the polynomials used in the definition of Mg are homogeneous, hence can be rescaled
without changing their vanishing locus. Therefore assume without loss of generality that S€,
the fi; and Py, ..., P, are scaled in such a way that one of the coefficients of each is equal
to one. Also note that this scaling does not change the height of any of the polynomials.

Claim. The height of Mg = (m;j)1<i<q can be bounded by a constant Cpyin the following

1<5<p
way
h([mi:...:mpg]) < Nhp,,(g) +eChg. (2.11)
The constant Cpg > 1 depends Cyrg depends on S1,...,S¢, P, ..., Py, go(()n), .. .,@5\7) and

N. Hence it is dependent on n, the divisor Dy and the geometry of G.
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Proof. Let Mg = (mij;)1<i<q for some p,q € N5¢. By the definition of Mg any its entries is

1<j<p
0 or a coeflicient of one of the f;/; for 0 <i,5 < N, one of P,..., P, or S°. Since omitting
zeros or doubled coordinates does not change the height of a projective point one has
h(fmir:...impg|) =h([S°:Pr:...: Py fio:...: fun])

Since each of the polynomials has at least one coefficients equal to one, a repeated application
of Proposition 1.4.15 gives

h([S¢:Pr:...:Py: fig:...: fun]) <h(S°) + i h(fi;)+ ih(Pk) (2.12)
=R

Applying Proposition 1.4.35 to h(S€) one has that
h(S°) <e(h(S)+ (degS+ N +1)log2). (2.13)

The height of the f;; can be bounded in the following way:

h(firs) = h(nrel™ —n;0l")
1.4.10 (n) (n)
h([nip;” = njin’]) +1log2
Rl = 3)) + B[S = 7)) + log 2
h([no:...:nn]) + h([goén) D @5\7)]) +log 2
hp,,(9) + (el oo @]) + log 2.

Combining these inequalities gives

h([mir:...:mpg|) =h([S:Pr:...: Py fig:...: fun])
(2.12) N X

<h(S)+ > h(fij)+ > h(P)
j=0 k=1
G
(2.13) N X
<e(h(S)+ (deg S+ N +1)log2) + > h(fi;) + > h(Ps)
j=0 k=1
J#

1.

—_
o

(2.14)

INIAE A

(2.14)
<e(h(S)+ (deg S+ N +1)log?2)

X

+ N (hp,,(9) + bl o 0] +10g2) + > b (Py)
k=1

>1
= Nhp,,(g) +eC(N, Py, ..., Py, S, go(()n), ey 4,05\7;))
Since S was chosen to be one of the polynomials in the fixed set Sy, ..., S¢ which cuts out

G\ G the constant C(N, Py,..., Py, S, gpé"), ey 4,0%1)) can be replaced by one depending
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on @i, ... oW N, Si,...,S and Py,..., P, (by substituting h(S) + log2deg § with
maxi<c<¢ (h(Sc) +log2deg S¢)). The constant is bigger than 1 since all summands in the
constant are positive and already

e(N+1)log2> (N +1)log2 > 2log2 =logd > 1.

Claim. The matriz Mg has at most
N nPNAC, +1 (2.15)

rows. Here C, > 1 is a constant only depending on N, S1,...,Se¢ and x. Hence C, only
depends the geometry of G and D .

Proof. The number of rows of Mg is the sum of the dimensions of the vector spaces of
homogeneous polynomials of degrees e(deg S + deg R;) — deg fir; for 0 < j < N and j # ¢/
as well as e(deg S + deg R;) — deg P for 1 < k < x in N + 1 variables and the dimension
of the vector space of homogeneous e deg R; polynomials in 2 variables. The degree of R,
is bounded by & + 2. Using Corollary 1.3.43 we get § < |n|>? and deg R; < |n|?? + 2. Since

S was chosen to be one of Si,...,S¢ we have deg S < maxj<.<¢ deg S.. Therefore we have
that
) e(deg S + deg Ry) — deg firi + N
dim Re(deg S+deg Ry)—deg f,; = ( ( Jif) !
- (€ (maxlgcgg deg S, + |n|?*? + 2) —deg fyj + N
- N
< (& (maxlgcgg deg Sc + |n|2d + 2) + N
< N .
Analogously
) e(deg S + deg R;) — deg P, + N
dim SRe(deg S+deg Ry)—deg P, — N
- (€ (maxlgcgg deg S, + |n|?® + 2) —deg P, + N
- N
< e (maxlgcgg deg SC + |’I’L|2d + 2) + N
- N
and

— edeg R; +1 e(ln|2d +2) +1
dlm@[‘rO,xt]edegRt = ( & > < ( (’ ’ )

_ 2d
) ) )-e(]n +2)+1.
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For any integers u,v > 0 one has

utv) _ (ut+v)(u+v—1)---(u+1) _utv u+tl < (u+1)°. (2.16)
v vl v 1
Therefore
N X _
b= Z dim %e(deg S+deg R¢)—deg f;/; + Z dim DC{e(deg S+deg Rt)—deg Py + dim@[l‘o, xt]edeg Ry
oy k=1
J#
<N (€ (maxi<ece deg Se + [nf*¢ +2) + N
N
deg Sc + [n|** +2) + N
N
(2.16)

N
<N - (e (max deg S, + |n|2d—|—2> - 1)
1<e<t

N
+ X <e (max deg S, + |n|** + 2) - 1) +e(nf?+2) +1
1<e<t

N2l 2d N 2d
<eV | (N+x)- (filaé(gdegsc—i- In| +3) +n[**+2 ) +1
SCx

To pull the powers of |n| to the front one uses that for any integers u,v,w € N5 the
inequality

(wv + w)N = o (v + t)N < uN(v+w)N (2.17a)

holds.

(2.17a) N
<eM (N +x) - |[n*N . (112322 deg S, + 4) + 2 +2]+1
SC>

N>1 N
< el | |n|?dN (N+x)-<1n<1a§£degsc+4> +1)+2|+1

(2.17a) N
<eMNn? N [(N + x) - (fg&é{{deg Se + 4) +3)+1

=N 2N C (S, ..., Se, N, x) + 1.

Claim. The exponent e in the Hilbert Nullstellensatz can be chosen smaller than
In[2dN+2) ¢, (2.18)

where C, is a constant depending on Si,...,S¢, P1,..., P, and N. Hence C. depends on
D,y and the geometry of G.
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Proof. This is an application of the effective Nullstellensatz by Brownawell (Proposi-
tion 2.5.2). We have polynomials in N + 1 variables and the set of generators for the
ideal Zj,;, we have chosen earlier has N + x elements. As a bound for the degrees of the
polynomials we choose the maximum of their degrees. Therefore

2.5.2
e < (min{N+1,N+x}+1)(N+3)
min{ N+1,N+x}+1
deg fi1;,deg Py, deg S + deg R, 1
Onggn]\a[;X]#l,{ egf’t j,deg I, deg + deg t} =+
1<k<x

= (min{N + 1, N + x} + 1) (N +3)

)min{N+1,N+X}+1

- <1r<n,§>< {In[2, deg Py, deg S + deg R} + 1

N+2
<(N +2)(N +3) ( max {\n\ ,deg Py, deg S + |n|* + 2} + 1)

deg S>0 2 N+2
<(N +2)(N +3) max{deng,degS+|n] +2}+>

N+2
<(N +2)(N +3) max {deng,degS} + WQd +3>

<(N +2)(N +3)

max {deg Py, deg S.} + |n|*? +3
1<k<x

(:
( N+2
&

N+2
(2.17a)
< |n[2d N*2(N +2)(N + 3) max {deg Py, deg S} + 4

1<k,‘<x
=:|n|X NPy, ... Py, S, .., S, N)

O]

We know that a vector y made up of Ry viewed as a point in Q[xo, Tt]edeg R, tOgether
with some polynomials which are used as coefficients to generate S°Ry from the f;/; and
Py, ..., P, is a non-trivial solution of the homogeneous linear system of equations Mgy = 0.
With the bounds found in the claims above, we can now apply Lemma 2.5.4 to this linear
system of equations and (since R{ was non-trivial) get some non-trivial Polynomial B in
xo, z¢ (as well coefficients polynomials for some way to write S¢B as a combination of the
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firj and Py, ..., Py, which we will not need) such that

[\

M(B) "< (0~ 1) (log(p — 1)+ h ([ : . - )
<max{l,p—1}2(L4+h([mi1: ... mp))
(2%5) <6N|n|2chp)2 (L+h([mar ... mpgl))
Cp>1 62N|n|4dNC§ (L+h([mar ... mpgl)) (2.19)
(2%1) 2N [N 2 (1 + Nhp, ,(g) + eCMS)
6,1221 62N+1’n‘4dN(Ncg) (h’Da,b(g) +(1+ C’MS)>
cM§>0 N[N (NC2)(1 + Ciyy) (hDa’b(g) + 1)
(2.18)

2N+1
< (P26 N (NG2) (1 + Cugy) (R, (9) +1)
_ ‘n|2d(N+2)(2N+1)+4dN <Ce2N+1(NC§)(1 + CMS)) (thb(g) + 1)
= [nPANDRNIDENON, Py, Py St S 007, 080D (B, (9) + 1))

The polynomial B; therefore fulfils a height inequality of the form we want and is a
homogeneous polynomial in xg and z;. Its degree is bounded by

deg B; = deg Ry
< e(|n|*? 4 2) (2.20)
18)

< |n|2d((N+2)+1)3Ce

The last inequality holds since § < |n|?>? (for d dimension of G) due to Corollary 1.3.43.
Hence, for B, to be a polynomial we can use to estimate the height of [z¢(g) : z:(g)]
the only thing left to show is that B;(g) = 0. But this the case since by construction
S¢Byi(g) = 0 and S¢(g) # 0. Therefore

h((zo(g) : 2e(0)]) < h(By) + 2deg By (2.21)

Sh(Bt) + 6‘n‘2d((N+2)+1)Ce
<[nPUCFIENERN) (2N (NC2) (1 4 Cagy)) (B, ,(9) + 1)
+ 6Jn| AN+ o

<|n[2((N+DEN+1)+2N) (Ce2N+1(ch)(1 + ) + 1) (hDa,b(g) + 1)
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Using (2.8) we get

(28) NV
hg) < > h(lzo(g) : zi(9)])
i=1
z;(g)7#0
221y N
< Z |n|2d((N+2)(2N+1)+2N) <062N+1(N05)(1+CM5)+1> (hDa,b(g)+1)
i=1
z;(g9)7#0

<N <|n|2d((N+2)(2N+1)+2N) (CSNH(NC,?)(l + Chg) + 1) (hDa,b(g) + 1))
= |n|2A(N+2)(2N+1)+2N) (N03N+1(N03)(1 + Chg) + 1) (hDa,b(g) + 1)

=t [n|CENCN, Sy, S Py Pl o) (B, (9) +1)
which is the desired inequality. O

Remark 2.5.6. The above proof differs from the one in [Wiis89] in the definition of R;
and the S. Wiistholz takes R; to be the product of the coordinates of all ¢V, ..., ¢( and
chooses p:=xg---xy as S for any g.

The idea of applying the fact that there is a homogeneous polynomial in two variables
can be used to bound the height of its zeros to a polynomial obtained like B; was suggested
by Professor Habegger.

Corollary 2.5.7 ([Wiis89], compare Proposition 2.0). Let G be a commutative connected
algebraic group defined over Q and E a very ample divisor on G. For any n € Z\ {0} there

are constants Cy,Cy > 0 such that for any m € Ny and g € G(Q)

he(g) < Ciln™ (hp([n™ag) +1).
Proof. The case n = 1 is trivial. Hence assume |n| > 2. Let 61, 5’2 be the constants
C1, C5 obtained from Proposition 2.5.5. Set

C1 := max(C1, 1)
Cy = CN'Q +C' +1

Here C' > 0 is a constant chosen such that |n|¢" > C.
m = 0: In this case [n%]gg = [1]gg = ¢g. The statement follows from

h(g) = h([n°lag) < h([n’lcg) +1 < Ciln|"(h(g) +1)

m = 1: This is the statement of Proposition 2.5.5

h(g) < Caln| (h([nlag) +1) < O (h(n']ag) +1)
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m > 2 : Assume the statement holds for a given m > 1.

IH
h(g) < Ciln|™(A([n")ag) +1)
5

<
25 SO
< C1n|™2(Chn|? (W([n™ ) ag) + 1) + 1)
= C101 || 2 h([n™ ] gg) + Ot |n|™2(Cy|n|2 + 1)

C1<In|®’ .~ .
< | n|CFmCe b([n™ ) gg) + Chln|™C2 (In]< 0| 4 1)

= Caln| " E ([ g) + ol (10O 1)

In|>1 ~ .
< Cl|n|Cl+C2+mCQ h([nm+1]gg) + Cl |n’m02 |n|C +C1+1
< Cl|n’C2+m02h([nm+1]Gg) + Cl|n|m02+c2

= Ciln| "% (R g g) + 1)
O

Corollary 2.5.8. Let G be a commutative connected algebraic group defined over Q and
E a very ample divisor on G. For any n € Z\ {0} there are_constants C1,Cy > 0 only

dependent on the prime factors of n such that for any g € G(Q)
hi(g) < Ciln|® (he((n]ag) +1).

Proof. This follows immediately from the previous corollary.
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