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Linear forms in logarithms and integral
points on higher-dimensional varieties

Aaron Levin

We apply inequalities from the theory of linear forms in logarithms to deduce
effective results on S-integral points on certain higher-dimensional varieties when
the cardinality of § is sufficiently small. These results may be viewed as a
higher-dimensional version of an effective result of Bilu on integral points on
curves. In particular, we prove a completely explicit result for integral points on
certain affine subsets of the projective plane. As an application, we generalize an
effective result of Vojta on the three-variable unit equation by giving an effective
solution of the polynomial unit equation f(u, v) = w, where u, v, and w are
S-units, | S| <3, and f is a polynomial satisfying certain conditions (which are
generically satisfied). Finally, we compare our results to a higher-dimensional
version of Runge’s method, which has some characteristics in common with the
results here.

1. Introduction

The problem of proving effective results in Diophantine questions is one of the
most pervasive and basic problems in number theory. Already in the case of curves,
the fundamental finiteness theorems for integral points and rational points (Siegel’s
theorem and Faltings’ theorem, respectively) are not known in an effective way, that
is, in general there is no known algorithm to provably compute the finite sets in the
conclusion of either theorem. In certain special cases, however, effective techniques
have been developed for computing integral or rational points on curves. The most
general and widely used effective methods for integral points on curves come from
the theory of linear forms in logarithms, developed originally by Baker [1975]. In
higher dimensions, effective techniques have not received much attention. A natural
first step towards proving higher-dimensional effective results consists of taking the
known effective techniques for curves and applying them, to the extent possible,
to the higher-dimensional situation. In [Levin 2008], some progress towards this
goal was achieved by formulating a higher-dimensional version of an effective
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method of Runge for computing integral points on curves. In this article we will
consider the theory of linear forms in logarithms and applications to integral points
on higher-dimensional varieties.

One of the few directions in which progress has been made on the study of
integral points on higher-dimensional varieties involves varieties which, roughly
speaking, have many components at infinity (see, for example, [Autissier 2009;
2011; Corvaja et al. 2009; Corvaja and Zannier 2004; 2006; Levin 2008; 2009]).
The results given here also fit into this framework. We prove the following effective
result for integral points on higher-dimensional varieties.

Theorem 1. Let X be a nonsingular projective variety defined over a number field k.
Let Dy, ..., D, be effective ample divisors on X defined over k. Let D = _, D;.
Let m < n be a positive integer such that for all subsets I C {1, ...,n}, |I| =m, the
set [);<; (Supp D;) (k) consists of finitely many points. Suppose that for each point
P € (Supp D) (k), there exists a nonconstant rational function ¢ € k(X) satisfying
P & Supp ¢ and Supp ¢ C Supp D. Let S be a set of places of k containing the
archimedean places with

(m—1)|S| <n.

Let R be a set of S-integral points on X\ D. Suppose that X, Dy, ..., D,,, D, R, S,k
satisfy (*) in Section 3.2. Then R is contained in an effectively computable proper
closed subset Z of X.

To make the meaning of “effective” precise, we have assumed in the theorem
that one can compute certain natural quantities described in Section 3.2. An explicit
description of the higher-dimensional part of Z is given in Theorem 14. If X = C
is a curve, then Theorem 1 (with m = 1) is easily seen to be equivalent to the
following theorem of Bilu.

Theorem 2 [Bilu 1995]. Let C C A" be an affine curve defined over a number
field k. Suppose that there exist two everywhere nonvanishing regular functions
on C with multiplicatively independent images in k(C)*/k*. For any finite set
of places S of k containing the archimedean places, the set C(Oy s) is finite and
effectively computable.

Thus, Theorem 1 may be viewed as a higher-dimensional generalization of Bilu’s
theorem. We note that, as mentioned in [Bilu 1995], when combined with finite
covers and the Chevalley—Weil theorem, Theorem 2 appears to be responsible for
all known “universally effective” results on integral points on curves (results valid
for all number fields k and finite sets of places §).

As an easy consequence of Theorem 1, we obtain the following result for integral
points on surfaces.
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Corollary 3. Let X be a nonsingular projective surface defined over a number
field k. Let Dy, ..., D, be ample effective divisors on X, defined over k, that
generate a subgroup of Pic(X) of rank r and pairwise do not have any common
components. Let D = "!_, D;. Suppose that the intersection of the supports of
any n —r of the divisors D; is empty. Let S be a set of places of k containing the
archimedean places with

|S| < n.

Let R be a set of S-integral points on X\ D. Suppose that X, Dy, ..., D,,, D, R, S, k
satisfy (*) in Section 3.2. Then R is contained in an effectively computable proper
closed subset Z of X.

The requirement, in the above results, that the number of components at infinity
be large relative to the cardinality of S appears prominently in Runge’s method
[Levin 2008] as well. We will compare our results with a higher-dimensional
version of Runge’s method in Section 5.

As an application of our result on surfaces, we prove an effective result on
two-variable polynomials that take on S-unit values at S-unit arguments when
|S] < 3.

Corollary 4. Let f € k[x, y] be a polynomial of degree d > 0 such that f(0,0) #0
and x¢ and y? have nonzero coefficients in f. Let S be a finite set of places of k
containing the archimedean places with |S| < 3. Then the set of solutions to

f(u’ v):w7 u, v7we©Z’S7

consists of a finite effectively computable set and a finite number of infinite families
of solutions where one of u, v, or w is constant.

The infinite families of solutions are explicitly described in Corollary 21 in
Section 4.

Taking f(x,y) to be an appropriate affine linear polynomial, we find that
Corollary 4 generalizes an effective result of Vojta on the three-variable S-unit
equation with |S| < 3.

Theorem 5 [Vojta 1983]. Let k be a number field, S a finite set of places of k
containing the archimedean places, and a,, ay, as € k*. If |S| < 3, then the set of
solutions to the equation

ayuy +axur +azuz =1, ul,uz,u3e@;s,
with
Zaiui;&o, j=1,2,3»
i#]

is finite and effectively computable.
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We note that versions of Theorem 5 with kK = () were also proved by Mo and
Tijdeman [1992] and Skinner [1990]. Ineffectively, versions of Corollary 4 and
Theorem 5 can be proven without any assumption on the (finite) cardinality of S.
For Theorem 5, this is a special case of a well-known result on unit equations,
proved independently by Evertse [1984] and van der Poorten and Schlickewei
[1982]. In the case of Corollary 4, this is an easy consequence of a result of Vojta
[1987, Corollary 2.4.3] and the proof of Corollary 4. The ineffectivity here comes
ultimately from usage of the Schmidt subspace theorem.

More generally, Vojta proved the following result for systems of unit equations.

Theorem 6 (Vojta). Let m and n be positive integers withn > m. Let (a;;) be an
m X n matrix with elements in a number field k such that no m + 1 distinct columns
of the matrix have rank less than m, and such that no column is identically zero.
Assume further that S is a finite set of places of k, containing the archimedean
places, satisfying

(n—m—=2)|S| <n.

Then the set of solutions to the system of unit equations
ailul+"'+ainun:0, 1§l§m, ul,...,unEOZS,
can be effectively determined.

More precisely, viewing a solution in Theorem 6 as a point in P"~!, the set of
solutions to a system of equations as in Theorem 6 lies in finitely many proper
linear subspaces of P"~!, and these solutions may be explicitly described and
parametrized. In work to appear, Bennett (personal communication) has improved
the inequality on |S| in Theorem 6 to (n —m — 1)|S| < 2n. In particular, Bennett’s
methods allow one to extend Theorem 5 to four-variable unit equations, that is, to
effectively solve the unit equation

ayuy +axuy +azuz +agug =1, up,uz, uz, ug € O g,

where a1, as, az, as € k* and |S| < 3. It would be interesting to determine the extent
to which Bennett’s methods may be applied to gain a similar improvement to the
results presented here.

In Section 7, we prove a completely explicit version of Corollary 3 when X = [P?
is the projective plane.

Theorem 7. Let k be a number field of degree § and discriminant A. Let Cy, ..., C,
be distinct curves over k in P? such that the intersection of any n — 1 of the curves
is empty. Let S be a set of places of k containing the archimedean places with
s = |S| < n. Then the set of integral points (IP>2 \ Ui, C,-)(@;(,S) is contained
in an effectively computable proper Zariski closed subset Z of P2. Explicitly, let
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di =deg C;,d =max; d;, h =max; h(C;), and N =maXyecs 1\_J(v). Let C; be defined
by fi eklx,y,zl,i=1,...,n Let T = Ui#j(Ci N C;)(k), and for each point
PeT,letlp={i:P &C;}. For PeT,let

dj
Op = fl—_:i,jEIp .
£
J
Then Z may be taken to consist of the union of the finite set of points
{PeXk):
h(P) < 2203‘+45+75d6s+3485S+85—3S4S+2Nd2 (log* N)Q.S |A|3/2(10g* |A|)35 (h + 1)}

and the Zariski closure Z' of the set

U (N {Qexi):¢0) =P

PeT ¢cdp

Being more interested in the general shape of the explicit height bound in the
theorem, we have made no effort here to obtain the best possible explicit bound
coming from the proof of Theorem 7 (and indeed, carefully following the proof
gives a superior, but more cumbersome, expression).

Finally, we give a brief sketch of the proof of Theorem 1. The proof is a
generalization of the proofs of Bilu’s and Vojta’s results (Theorem 2 and Theorem 5).
Let R be a set of S-integral points on X \ D, as in Theorem 1, and let P € R. Let
T C X (k) be the finite set of points contained in the support of m or more divisors D;.
Using the assumption on the cardinality of S, the pigeonhole principle implies that
for some point Q € T and v € §, P is v-adically close to Q. Our hypotheses
then provide us with a nonconstant rational function ¢ € k(X) with zeros and
poles only in Supp D \ {Q}. Since P € R, ¢ (P) is essentially an S-unit, and ¢ (P)
is v-adically close to ¢(Q). Now assuming that ¢ (P) # ¢(Q) (this is where a
higher-dimensional exceptional set may appear), we apply a Baker-type inequality
to conclude that ¢(P), and hence P, must have height bounded by an explicit
constant.

2. Notation and definitions

Let k be a number field and let S be a finite set of places of k containing the
archimedean places. We use Oy, O s, and O} ¢ to denote the ring of integers of k,
ring of S-integers of k, and group of S-units of k, respectively. Throughout, we let
8 = [k : Q] be the degree of k, A the (absolute) discriminant of k, Ry the regulator
of k, and Ry the S-regulator.

Recall that we have a canonical set M of places (or absolute values) of k
consisting of one place for each prime ideal p of Oy, one place for each real
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embedding o : k — R, and one place for each pair of conjugate embeddings
0,0 :k — C. For v e My, we define

2 if v is archimedean,

N(v) = . :
N(p) if v corresponds to the prime p,

where N (p) = |O/p| is the norm of p. We normalize our absolute values so
that |p|, = 1/p if v corresponds to p and p lies above a rational prime p, and
|x]y = |o(x)] if v corresponds to an embedding o. For v € My, let k, denote the
completion of k with respect to v. We set

ky:Qy1/[k:
x|y = |x| Ui @el/ Q1

A fundamental equation is the product formula

[T Il =1,

veMy

which holds for all x € k*.
For x a positive real number we let
log* x = max{log x, 1},

x if v is archimedean,

€y(x) = {

1 otherwise,
and

€) (x) = e, (x) kv @)/16Q],

We note that

l_[ €, (x) = x.

veM;y

In this notation, for v € My and x, y € k we have the inequalities

|x + ylv < €,(2) max{|x|y, [ylv},
x4+ yllv < €,(2) max{l|x|ly, |y}

For v € My and o € k, we define the local height
hy () = log max{]|ec],, 1}

and the height
h(a) = Z hy(@).

ve My
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We will frequently make the identification P! (k) =k U {oo}. More generally, for a

point P = (xg, ..., x,) € P"(k), we have the absolute logarithmic height
h(P)y =) logmax{|lxolly, -, [xall,}-
veMy

Note that this is independent of the number field k& and the choice of coordinates
X0, ..., Xy €EK.

For a polynomial f € k[x, ..., x,] and v € My, we let | f|, denote the maximum
of the absolute values of the coefficients of f with respect to v. We define || f |,
similarly. We define the height of a nonzero polynomial by

h(f)= Y log|fl-

veMy

This is the same as the height of the point in projective space whose coordinates
are given by the coefficients of f. If ¢ : P* — P™ is a rational map, where
¢=(fo,..., fm)and fo, ..., fin €klxo, ..., x,] are polynomials with no common
factor, then we define
h(g) =) logmax | fill,-
ve My

Let D be a hypersurface in P" defined by a homogeneous polynomial f €

klxo, ..., x,] of degree d. We define

h(D) = h(f).

For v € My and P = (xg, ..., x;) € P*(k)\ D, xq, ..., x, € k, we define the local
height function
Il £ Il max; ||x; (|4
£ (P
Note that this definition is independent of the choice of the defining polynomial f
and the choice of the coordinates for P. We let hp(P) = (deg D)h(P). By the
product formula, if P € P"(k)\ D, then )\, hp o(P) =hp(P).
IfP=(xo,...,%n), Q= 0, ..., Yn) €P"(k), x;, yi €k, P # Q, and v € My,
we define

hp(P) =log )

max; [|x; ||, max; || y;lly

max; j [[xiy; —xjyilly

ho(P) =log

Much more generally, one can associate a height to any closed subscheme of a
projective variety. We give here a quick summary of the relevant properties of such
heights and refer the reader to [Silverman 1987] for the general theory and details.

Let Y be a closed subscheme of a projective variety X, both defined over k. For
v € My, one can associate a local height function Ay, : X (k) \ Y — R, well-defined
up to O(1), and a global height function iy, well-defined up to O(1), which is
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a sum of appropriate local height functions. If ¥ = D is an effective (Cartier)
divisor (which we will frequently identify with the associated closed subscheme),
these height functions agree with the usual height functions associated to divisors.
Local height functions satisfy the following properties: if ¥ and Z are two closed
subschemes of X, defined over k, and v € My, then up to O(1),

hynz.y =min{hyy, hz v},
hy+zyv=hyy+hzy,
hyy <hzy ifY CZz,
hy, <chgz, if Supp Y C Supp Z,

for some constant ¢ > 0, where Supp Y denotes the supportof Y. If ¢ : W — X is
a morphism of projective varieties, then

hy,y(@(P)) =hgy,(P) forall P e W(k)\¢*Y.

Here, YNZ, Y+ Z,Y C Z, and ¢*Y are defined in terms of the associated ideal
sheaves (see [Silverman 1987]). Global height functions satisfy similar properties
(except the first property above, which becomes hynz < min{hy, hz}+ O(1)).

Let D be a divisor on a nonsingular projective variety X. For a nonzero rational
function ¢ € k(X), we let div(¢) denote the divisor associated to ¢. We let Supp D
denote the support of D and Supp ¢ = Supp div(¢). Let

L(D) = {¢ € k(X) : div(¢) + D > 0}

and h°(D) = dim H°(X, 0(D)) = dim L(D). If h°(nD) = 0 for all n > 0, then we
let k (D) = —oo. Otherwise, we define the dimension of D to be the integer « (D)
such that there exist positive constants c¢; and ¢, with

cnP < ho(nD) < con<P

for all sufficiently divisible n > 0. We define a divisor D on X to be big if
k(D) =dim X.

Let D be an effective divisor on X and hp = ZUG My hp., a height function
associated to D. A set of points R C X (k) \ D is called a set of S-integral points
on X \ D if there exist constants c,, v € My, such that ¢, = O for all but finitely
many v, and for all v &€ S,

hp.v(P) < cy

for all P € R. This is well-defined, independent of how we write X \ D [Vojta 1987,
Corollary 1.4.2, Theorem 1.4.11]. There are other essentially equivalent definitions
of integrality (see, for example, [ibid., Proposition 1.4.7]), but since our main tools
involve heights, this will be the most natural definition for our purposes.
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Let Z be a closed subset of " defined over k. Let S be a finite set of places of
k containing the archimedean places. In this case there is a natural set of integral
points on P" \ Z. We define (P* \ Z)(Ok,s) to be the set of points P € P" (k) such
that the Zariski closures of P and Z in P’ do not meet over any v ¢ S. Equivalently,
if D is an effective divisor on ", using the local height functions defined in (1)
one easily finds that

(P"\D)(O,s) ={P e P"(k)\ D : hp,(P) =0, Vv € My \ S}

={PeEW@)\D:E:hQAP)=«ngVAP%.

vesS
3. General results

For the purpose of clarifying our later proofs, we first collect together various
elementary facts about heights.

3.1. Heights. Throughout, we let X be a nonsingular projective variety defined
over a number field k. We first recall the Northcott property for heights associated
to ample divisors.

Lemma 8. Let D be an ample divisor on X and ¢ € R. Then the set of points
{P e X(k):hp(P) < c} is finite.

More generally, finiteness holds for points of X (k) of bounded degree and
bounded ample height. Every height is bounded by a multiple of an ample height
[Vojta 1987, Proposition 1.2.9(f)].

Lemma 9. Let A and D be divisors on X with A ample. Then there exists a positive
integer N such that
hp(P) < Nha(P)+0(1)

forall P € X (k).

The next two lemmas give relations between the height of a point and its image
under a rational map.

Lemma 10. Let ¢ € k(X) and let Py, ..., P, € X(k)\Supp ¢. Let S be a finite set
of places of k. Then

q q

SS  hpn(P) < 30 by o @(P) + O(D)

i=1 veS i=1 veS
forall P € X(k)\ Supp ¢ such that p(P) = ¢(P),i=1,...,q.

Proof. For an appropriate blow-up 7 : X — X, where 7 is an isomorphism on
77 (X \ Supp $), ¢ extends to a morphism ¢ : X — P! such that ¢ = porm
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on 7 (X \ Supp ¢). For a point P € X (k) \ Supp ¢, we let P = ' (P). Let
P € X (k) \ Supp ¢ be such that ¢ (P) # ¢(P;),i =1, ..., q. By functoriality of
heights,

q q
Z Zhé*mp,-),v(’s) = Z Zh¢(1>,->,v(d3(15)) +O0().
i=1 veS i=1 veS

Since P; is in the support of ¢~5*¢(P,-), we have

q

q
D22 5 (PY< YD hgepny o)+ O,

i=1 veS i=1 veS

Now the lemma follows from the above two equations, noting that d(P)=¢p(P)
and by functoriality, hﬁ,-,u(P) =hpsp, v(P) =hp (P)+ O(1). O

Lemma 11. Let D be an effective divisor on X and let ¢ € k(X) be a rational
Sfunction with every pole contained in Supp D. Then for some constant ¢ > 0,

h(¢(P)) <chp(P)+ O(1)
forall P € X (k) \ Supp ¢.

Proof. We use the same notation as in the proof of Lemma 10. Let P € X (k)\Supp ¢.
By functoriality,

h(p(P)) = h($(P)) = hg. .. (P)+ O(1).
Since Supp ¢*oo C Supp 7* D, there exists a constant ¢ > 0 such that
hjeoo(P) < chaep(P) + O(1).

By functoriality again, /.« D(i’) =hp(P)+ O(1) and the result follows. O
The next lemma is crucial in our later proofs.

Lemma 12. Let Ey, ..., E,, be effective divisors on X, defined over k, such that
(ML, Ei consists of a finite number of points, all defined over k. Let v € M. Then
there exists a positive integer N such that

minhg, (P)<N > hgu(P)+0(D),
l
QML Eih)
forall P € X(k)\ |, E;.
Proof. 1f (_; Supp E; = &, then in fact

min{hDil,l)(P)9 ARSI hD ,'U(P)} S c

im
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for some constant ¢. This is well known and follows, for instance, from formal
properties of heights since in this case min{A Dijvs -+ hp,, v} is a local height
associated to the trivial divisor.

Otherwise, lejt N be a.positive integer such that (\/_; E; C N >_ o Ei @
Then by properties of heights,

minhg, o(P)=hp g o(P)+ O SN Y hgy(P)+0(1)
QeMiL Ei(h)

forall P € X (k)\ |, Ei. O

Finally, we record two basic facts about integral points that follow from the defini-
tions and basic properties of height functions (see also [Vojta 1987, Lemma 1.4.6]).

Lemma 13. Let Dy, ..., D, be effective divisors on X, defined over k, and let
D =73""_, D;. Let S be a finite set of places of k containing the archimedean places
and let R be a set of S-integral points on X \ D. Then

ZhDi,v(P) =hp,(P)+0(), i=1,...,n,

ves
forall P € R. If ¢ € k(X) with Supp ¢ C Supp D, then there exists a finite set of
places T of k such that

¢(P) € 0; ¢

forall P € R.

3.2. Results. Let X be a nonsingular projective variety defined over a number
field k. Let Dy, ..., D, be effective ample divisors on X, defined over k, and set
D =3"" ,D;. Let S be a finite set of places of k containing the archimedean
places and R a set of S-integral points on X \ D. We need a hypothesis asserting
that one can effectively compute the height relations of the last section. We say
that X, D1, ..., D,, D, R, S, k satisfy (*) if there are height functions associated
to Dy, ..., D,, D and points of X such that:

(1) The finite set in Lemma 8 is effectively computable for D and any ¢ € R.

(2) The positive integer N and O (1) in Lemma 9 are effectively computable for
Dand A=D;,i=1,...,n.

(3) The O(1) in Lemma 10 is effectively computable for S, any ¢ € k(X) with
Supp ¢ C Supp D, and any set of points {Py, ..., P,} C X (k) \ Supp ¢.

(4) The O(1) in Lemma 11 is effectively computable for D and any ¢.

(5) The positive integer N and O(1) in Lemma 12 are effectively computable for
any v € S and subset {Ey, ..., E,;,} C{D1,..., D,}.
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(6) The finite set 7 and O(1) in Lemma 13 are effectively computable for R,
Dy, ..., Dy, D, and any ¢.

(7) The above remain true upon replacing k by a finite extension of k and S by
any finite set of places containing the set of places lying above places of S.

Additionally, we assume that we can compute in Pic(X) as follows:

(8) All of the relations between the images of Dy, ..., D, in Pic(X) are effectively
computable, and for any principal divisor E supported on Dy, ..., D, one can
effectively compute a rational function ¢ € k(X) with div(¢) = E.

Examples of varieties where (*) is satisfied (for any reasonably defined R) include
curves, projective space, and more generally projective subvarieties of PV where
the divisors D; are hypersurface sections. We explicitly work out the case X = P?
in Section 7. For curves, key algorithms include the computation of Riemann—Roch
spaces [Schmidt 1991] and relations amongst points in the Jacobian [Masser 1988].

The main result of this section is a slightly more explicit version of Theorem 1.

Theorem 14. Let X be a nonsingular projective variety defined over a number
field k. Let Dy, ..., D, be effective ample divisors on X defined over k. Let
D=3""_,| Dj. Let m <n be a positive integer such that for all subsets I C{1, ..., n},
|I| =m, the set ();.; (Supp D;) (k) consists of finitely many points. Suppose that for
each point P € (Supp D) (k), there exists a nonconstant rational function ¢ € k(X)
satisfying P & Supp ¢ and Supp ¢ C Supp D. Let S be a set of places of k containing
the archimedean places with

(m—1)|S| <n.

Let R be a set of S-integral points on X\ D. Suppose that X, Dy, ..., D,,, D, R, S, k
satisfy (*) in Section 3.2. Then R is contained in an effectively computable proper
closed subset Z of X. Explicitly, for a point P € X (k), let

Qp ={¢p €k(X)": P ¢&Suppg, Supp¢ C Supp D}

and let

Then we may take Z to consist of a finite effectively computable set of points together
with the Zariski closure of the set

U M eexd:p@ =0

PeT ¢pcPp
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Remark 15. As is typical, more generally one could replace ample with big in the
theorem by modifying the theorem slightly (e.g., increasing the exceptional set Z
to account for the base loci of certain divisors).

If Dy, ..., D,4; are nontrivial effective divisors on a variety X that generate a
subgroup of Pic(X) of rank r and pairwise do not have any common components,
then there exists a nonconstant rational function ¢ on X with all zeros and poles
contained in the support of er;} D;. Using this fact to construct appropriate

rational functions ¢ in Theorem 14, we immediately obtain the following corollary.

Corollary 16. Let X be a nonsingular projective variety defined over a number
field k. Let Dy, ..., D, be ample effective divisors on X, defined over k, that
generate a subgroup of Pic(X) of rank r and pairwise do not have any common
components. Let D = "!_, D;. Let m < n be a positive integer such that for all
subsets I C {1, ..., n}, |I| =m, the set ();c;(Supp D;) (k) consists of finitely many
points. Suppose that the intersection of the supports of any n — r of the divisors D;
is empty. Let S be a set of places of k containing the archimedean places with

(m—1)|S| <n.

Let R be a set of S-integral points on X\ D. Suppose that X, Dy, ..., D,, D, R, S, k
satisfy (*). Then R is contained in an effectively computable proper closed subset Z
of X.

Of particular interest is the case where X is a surface.

Corollary 17. Let X be a nonsingular projective surface over a number field k.
Let Dy, ..., D, be ample effective divisors on X, defined over k, that generate a
subgroup of Pic(X) of rank r and pairwise do not have any common components.
Suppose that the intersection of the supports of any n —r of the divisors D; is empty.
Let S be a set of places of k containing the archimedean places with

|S| < n.

Let R be a set of S-integral points on X\ D. Suppose that X, Dy, ..., D,,, D, R, S,k
satisfy (*). Then R is contained in an effectively computable proper closed subset Z
of X. Let
T = JDinD))(k),
i#]
and let @ p be as in Theorem 14. Then we may take Z to consist of a finite effectively
computable set of points together with the Zariski closure of the set

U M eexd:p@ =0

PeT ¢pcdp
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3.3. Proofs. The key tool in this section is the main theorem from the theory of
linear forms in logarithms, which we now state in the language of heights (see
Theorem 24 for a completely explicit version).

Theorem 18. Let k be a number field and S a finite set of places of k containing the
archimedean places. Let v € My, a € k*, and € > 0. Then there exists an effective
constant C such that

oo (x) < €h(x) +C

forall x € @;S, X #a.

We note that with an ineffective constant C, the theorem follows easily from
Roth’s theorem. Before proving Theorem 14, we prove a result which can be
regarded as a higher-dimensional version of Theorem 18.

Theorem 19. Let X be a nonsingular projective variety defined over a number
field k and let D be an effective divisor on X defined over k. Let ¢ € k(X) be a
nonconstant rational function with Supp ¢ C Supp D. Let S be a finite set of places
of k and R a set of S-integral points on X \ D. Suppose that X, D, R, S, k satisfy
(3), (4), (6), (7) of Section 3.2. Let Py, ..., P, € X(k)\ Supp ¢ and € > 0. Then

q

YD hpw(P) <ehp(P)+0(1)

i=1 veS
forall P € R\ Z, where Z is the proper closed subset of X defined as the Zariski
closure of the set
{P e X (k) : ¢(P) =¢(P;) for somei €{l,...,q}}.
Here, as well as elsewhere, the implicit constant in the O(1) is an effective

constant.

Proof. By Lemma 13, since R is a set of S-integral points on X \ D, without loss of
generality, after enlarging S we can assume that ¢ (P) € O} ¢ for all P € R. Then
by Theorem 18,

q
SO horw@(P)) < eh(@(P) +O(1)

i=1 veS
forall P € R\ Z. By Lemma 10,
q q
DD hpo(P) <)Y hypyw(@(P) + O(1)
i=1 ves§ i=1 ves

forall P € X(k)\ (ZUSupp¢). By Lemma 11,
eh(¢p(P)) <echp(P)+0()
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for some positive constant ¢ and all P € X (k) \ Supp D. Replacing € by €/c and
combining the above inequalities yields

q
> D hrw(P) <ehp(P)+0(D)

i=1 veS§
forall P € R\ Z. (]
We now prove Theorem 14.

Proof of Theorem 14. By Lemma 13, since R is a set of S-integral points on X \ D,
we have

> hpW(PY=hp(P)+0O(l), i=1,....n,

vesS

for all P € R. Let P € R. Then for each i, there exists a place v € S such that
hp,»(P)>1/|S)hp,(P)4 O(1). Since (m —1)|S| < n, there exists a place v e S
and distinct elements iy, i, ..., i, € {1, ..., n} such that

min{fip, o (P). .. hp,, . (P)) = o minhp, (P)+O(1).

By Lemma 9, there exists a positive integer N such that
hp(P) <Nhp,(P)+ O(1)

for all i and all P € X (k). So for P € R,
. 1
min{hp, »(P), ..., hp,, +(P)} = th(P) +O0().
The theorem is then a consequence of the following lemma.

Lemma 20. Letm, X, Dy, ..., Dy, R, S, k be as in the hypotheses of Theorem 4.
Lete >0,veS,andletiy, ..., i, €{l,...,n} bedistinct integers. Then the set of
points

{P € R:minfhp, (P),..., hp, v(P)}>ehp(P)}

is contained in an effectively computable proper closed subset Z of X. For P € X (k),
let ®p be the set from Theorem 14 and let

m

T = () Supp Di,) (k).

j=1

Then we may take Z to consist of a finite effectively computable set of points together
with the Zariski closure of the set

U MNeexd:p@ =0

PeT ¢pcdp
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Proof. If L is a finite extension of k and w is a place of L lying above v, then we
can define a local height function

[Ly :ky]

[L: k]
forall P € X (k) \ D,. It follows that without loss of generality, after replacing k by
a finite extension of k£ and v by a place lying above v, we may assume that every
point P € X (k) in the intersection ﬂT: 1 Supp D;; is defined over k (note that by
hypothesis this intersection consists of a finite number of points).
If (}_, Supp D;; = @, then by Lemma 12,

min{hp, »(P), ..., hp,, +(P)}<C

hp,w(P)= hp, v (P)

for some effective constant C. In this case, the lemma follows immediately from

the fact that since D is ample, the set of points {P € X (k) : hp(P) < C/¢€} is finite.
Suppose now that ﬂj?:] Supp D;; # &, in which case it consists of a finite

number g of points. By Lemma 12, there exists a positive integer N such that

minhp, W(P)SN Y hgu(P)+O(1)
J J m
Q< Dk

Jj=

forall P € X(k)\Uj D;;.

Let Q € ﬂ'}’zl D;; (k). Note that ® ¢ is a monoid under multiplication, generated
by k* and finitely many rational functions in k(X)*. Let € > 0. Since R is a set of
S-integral points on X \ D, applying Theorem 19 multiple times yields the inequality
€
ho(P) < th(P) +0()

forall P € R\ Zg, where Z is the Zariski closure of the set

[ (P eX®):p(P)=¢(Q)).
¢€(I>Q
Summing over all points in () D;; (k), we obtain

j=1

. €

minhp, W(P)<N Y hgu(P)+0(1) < Shp(P)+C
'] / m 2
0 Dy®
J=
for all P € R\ Z, where
z=|J 2o

Qe N Dy;(k)
no;

j=
and C is an effectively computable constant. So if P € R\ Z satisfies

minfp, »(P) > €hp(P),
J
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then hp(P) < %C. It follows that
{[PeR: minhp, o (P) > ehp(P)}czuU {P e X(k):hp(P) < %c}
J

where Z is a proper Zariski closed subset of X and the last set on the right is
finite. (]

4. An application to polynomial unit equations
We prove a complete version of Corollary 4 from the introduction.

Corollary 21. Let f € k[x, y] be a polynomial of degree d such that f(0,0) =
co # 0 and x and y? have nonzero coefficients c, and cy in f, respectively. Let S
be a set of places of k containing the archimedean places with |S| < 3. Then the set
of solutions to

fw,v)y=w, wu,v,web,

consists of a finite effectively computable set and a finite number of infinite families
of solutions where one of u, v, or w is constant. Let

Ti={ac0is:(x—a)|(f(x,y) —cyy).c, €0f 6.

Ty={acOfg:(y—a)| (f(x,y)—cxx?), cx € O 5},

T3={acOg:(y—ax)|(f(x,y)—co) co€ O g}
Then the infinite families of solutions are

(u, v, w)=(a,t, cytd), te @Z,S, for each a € Ty,

(u, v, w)=(t,a,cet?), te Oks» foreachaeT,

(u,v,w) =(,at,cy), te€ @;S, for each a € Ts.

Proof. It will be convenient to work with the homogenized polynomial

F(x,y,2)=2f(x/z,y/2).

Consider P? with homogeneous coordinates (x, y, z) and let Dy, D>, D3, D4 be
the curves defined by x =0, y =0, z =0, and F(x, y, z) = 0, respectively. Let
D=Y}_,D; Let

R={(,v,1)eP*(k):u,v, f(u,v) € Of 4}.

Then R C (PZ\D)(@/{,S). Let{i, j,k}={1,2,3}and P € (D;NDy4)(k). Then, using
the notation of Corollary 17, the Zariski closure of ﬂ¢e¢P {QeX k) :p(Q)=0¢(P)}
is a line through P and the unique point of D; N Dy. Now let P = (1,0, 0),
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P, =(0,1,0),and P; = (0,0, 1), so that {P;} = ﬂje{1,2,3}\{i} DJ(E). Let Z; be the
Zariski closure of

[ (Q e Xk): ¢(Q) =p(P)}

$edp,

for i = 1,2,3. Since (F(x,y,2)/x")(P) = ¢y, (F(x,y,2)/y)(P2) = c,, and
(F(x,y,2)/z%)(P3) = cy, it follows that we have the equations

Z1:F(x,y,2)= cxxd, Zr  F(x,y,2)= cyyd, Z3:F(x,y,2)= cozd.
Let Z be the closed subset of P> consisting of all lines connecting points of
(D; N D;) (k) with points of (D N Dy)(k), where {i, j, k, 1} = {1, 2, 3, 4}, together
with the closed subsets Z1, Z,, and Z3. Then it follows from Corollary 17 that
R\ Z consists of a finite effectively computable set of points (in fact, an explicit
height bound for points in this set follows from Theorem 7).

Now let C be a geometrically irreducible curve in Z. If C is not defined over k
and C’ is any nontrivial conjugate of C over k, then C(k) C (C N C’)(k), a finite
effectively computable set. In particular, R N C is finite and effectively computable.
Assume now that C is defined over k. Then R N C is a set of integral points on
C \ (C N D). Consider the rational functions on C given by ¢; = (x/z)|c and
¢ = (y/2)|c. The functions ¢, and ¢, have zeros and poles only in C N D. If
¢1 and ¢, are multiplicatively independent modulo £*, then Bilu’s Theorem 2
implies that RN C is finite and effectively computable. Suppose now that this is not
the case. Then this easily implies that C is given by an equation x™y"™" = az",
xMZPM = ay", or y"z"™™ = ax" for some nonnegative integers m and n and
a € k*. Suppose first that n > 2. Then C is a component of Z|, Z,, or Zs.
Suppose that, say, C is given by x"y"™" = az" and is a component of Z;. Then
F(x,y,2) =cex® 4 (xmy"—"m — az")g(x,y, z) for some homogeneous polynomial
g(x,y,2) € klx, y, z]. Since C is geometrically irreducible and n > 2, we must
have 0 < m < n. But from the form of F(x, y, z) we then see that yd cannot have a
nonzero coefficient in F(x, y, z), contradicting our assumptions. The other possible
cases are similar and we conclude that n = 1. So C is defined by a linear form
X —az,y—az,or y—ax, for some a € k*.

Suppose that C is defined by x —az =0. If RNC # & then a € Of ¢, which we now
assume. Since yd must have a nonzero coefficient in F'(x, y, z), it follows that C
cannot be an irreducible component of Z; or Z3. If C is an irreducible component of
Zo,then f(x,y)= cyyd + (x —a)g(x, y) for some polynomial g(x, y) € k[x, y]. If
C connects a point of D; N\ D; with a point of DN Dy, where {i, j, k, [} ={1, 2, 3, 4},
then it must be that C connects the unique point of D; N D3 with a point of D, N Dy.
If C intersects D in more than two points over k, then it follows easily again
from Theorem 2 that R N C is finite and effectively computable. So suppose that
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[(CN D) (k)| <2, in which case |(CN D) (k)| =2. Then the fact that C N D4 consists
of a single point contained in D; implies that f(x, y) =c, y! 4+ (x —a)g(x, y) for
some polynomial g(x, y) € k[x, y]. Soin any case, f(x, y)= cyyd—i- (x—a)g(x,y)
for some polynomial g(x, y) € k[x, y]. Now C N R # & implies that ¢, € O} ¢, and
in this case we find that CN R = {(a,t,1) : t € @Z, ) leading to the infinite family
of solutions (u, v, w) = (a, t, cytd), where ¢ € OF .

The cases where C is defined by y —az or y — ax are similar, and we are led to
the classification of the infinite families in the theorem. ([

5. Comparison with Runge’s method

An old method of Runge yields effective finiteness for the set of integral points on
certain curves. In its most basic form, Runge proved:

Theorem 22 [Runge 1887]. Let f € Q[x, y] be an absolutely irreducible poly-
nomial of total degree n. Let fy denote the leading form of f, that is, the sum
of the terms of total degree n in f. Suppose that fy factors as fy = goho, where
8o, ho € Qlx, y] are nonconstant relatively prime polynomials. Then the set of
solutions to

f&x,y)=0, x,yeZ,
is finite and effectively computable.

We will state a general higher-dimensional version of Runge’s method from
[Levin 2008] (see [Bombieri 1983] for earlier work on curves). Before stating a
higher-dimensional version, we give some definitions which allow for varying sets
of places and number fields. It will be more convenient here to use a definition of
integrality involving regular functions. Let V be a variety (not necessarily projective
or affine) defined over a number field k. Let s be a positive integer. We call a set
R C V(k) a set of s-integral points on V if for every point P € R there exists a
set of places Sp of k(P), containing the archimedean places of k(P), such that
|Sp| < s and for every regular function ¢ € k(V) on V there exists a nonzero
constant ¢y € k*, independent of P, such that [c4¢(P)|, < 1 for all places v of
k(P) not in Sp (extending each place v of k(P) to k in some fixed way). With
these definitions, we have a higher-dimensional version of Runge’s theorem:

Theorem 23. Let X be a nonsingular projective variety defined over a number
field k. Let D =Y ";_, D; be a divisor on X, with Dy, ..., D, effective divisors
defined over k. Suppose that the intersection of any m + 1 of the supports of the
divisors D; is empty. Let s be a positive integer satisfying

ms <r.

Let R be a set of s-integral points on X \ D. Suppose that for every regular function
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¢ € k(X) on X \ D, the constant cy in the definition of s-integral is effectively
computable with respect to R. Suppose also that one can effectively compute a basis
of LnD;) for alln > 0 and all i. Then the following statements hold.

(@) If k(D;) > 0 for all i, then R is contained in an effectively computable proper
Zariski closed subset Z C X.

(b) If D; is big for all i, then there exists an effectively computable proper Zariski
closed subset Z C X, independent of R, such that the set R\ Z is finite (and
effectively computable).

(c) If D; is ample for all i, then R is finite and effectively computable.

We now briefly discuss some of the advantages and disadvantages of the higher-
dimensional Runge method as compared to our results here. To begin, in some
respects the conditions on the divisors D; in Theorem 23 are weaker than the
conditions required in Theorem 14. The divisors in Theorem 23 are not required to
be ample or big (though one still needs « (D;) > 0) and furthermore there is no linear
equivalence condition present in Theorem 23. On the other hand, for the necessary
rational functions ¢ to exist in Theorem 14, it is necessary that the subgroup of
the Picard group generated by the divisors D; not be too large (this condition is
more explicitly present in Corollary 16). Another advantage of Theorem 23 is
that the result is uniform in |S|, giving degeneracy of integral points even as S
and k vary subject to an appropriate inequality. This is also, however, a limitation
of Theorem 23, as many results are simply not true in this generality (e.g., the
unit equation # + v = 1 likely has infinitely many solutions in rational S-units,
|S| <3, since for instance there are expected to be infinitely many Mersenne primes).
It is not apparent from the statement of Theorem 23, but when Runge’s method
applies it also gives much smaller bounds than techniques coming from Baker’s
theorem.

As compared to Theorem 23, we note that the intersection condition on the
divisors D; in Theorem 14 is much weaker, especially on surfaces. For instance, the
intersection condition on the divisors in Corollary 17 allows for highly degenerate
configurations of the divisors D;. Finally, we note that even in cases where the
divisors D; are in general position, the crucial inequality involving | S| in Theorem 14
is superior to the inequality in Theorem 23. This is particularly notable in the case
of surfaces, where the superior inequality on | S| is crucial, for instance, in proving
Corollary 4.

6. Effective inequalities

In preparation for the next section, we recall several needed inequalities and prove
them here.
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6.1. Linear forms in logarithms. The deepest effective result we need is from the
theory of linear forms in logarithms. We give a statement in terms of local heights,
based on an inequality of Bérczes, Evertse, and Gy6ry [Bérczes et al. 2009].

Theorem 24. Let k be a number field of degree & and let G be a finitely generated
multiplicative subgroup of k* of rank t > 0. Let o € k* and v € My. Let 0 <€ < 1.
Then if x € G, x # o, we have

hc{,v(x) S Eh(x) +Cl (E’ k7 G7 vy a) +10g 2’
where
C1 (E’ ka G’ v, O()
_ 40206, DN )

= 6'4WQG max{h(x), 1} max{log M, log* QG},

c2(8, 1) = 36(16e8)> > (log* 5)2.

Here, if G is a finitely generated multiplicative subgroup of Q of rank 7 > 0,
then we let Q¢ be the minimum value of

h(uy) - - - h(uy),
where uy, ..., u, are generators for G modulo the roots of unity in G. We let
Qs = Qo -
Proof. Let x € G, x # «. Suppose first that
hov(x) < €h(x) + hy(a) + hy(1/a) + 7y (2).
Then, using that h(«) = h(1/a), we have
hyy(x) <€eh(x)+2h(x)+1log2 <eh(x)+ci(e, k, G, v, ) +1og2,
as 2h(w) is easily bounded by c (e, k, G, v, o). Suppose now that

hv(x) > €h(x) +hy(@) + hy(1/0) + 7y (2).

We have
(1) = log Xl 1) max{ilxily. 1}
lx —elly
o max{fllly, 1} max{ £ . } é”v}
) 5 =11, |
Now

B FRURY

56;(2)max{H£ —1 ,1}.
v o v

o
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It follows that
e,(2) max{llall,, 1) max{[| £ — 1

Iz =11,

i}z
v o

then hy ,(x) <loge! (2) max{|la|ly, 1} < hy(a) + hy(2), contradicting our assump-
tions. Then we must have
.1}
v

v’l}

v la

ho,v(x) < log

If
1

o

’

X
max{”——l
o v

)
v

1

€, (2) max{fler]ly, 1} max{] 1

|£—1],
< hy@) + (@) + hy(1 /o) —log| £ — 1

he,v(x) < log

v

So
1ogH£ - 1H < —eh(x).
o v

By [Bérczes et al. 2009, Theorem 4.2], this implies that
h(x) <ci(e, k, G, v, ).
Now we note that by Lemma 32, proved later in this section, for any x € k, x # «,

haw(x) <10g2+ Y hay(x) =log2+ h(x).
ve My

Thus,
hoy(x) <eh(x)4ci(e, k, G, v, a) +1log?2. O

6.2. Hilbert’s Nullstellensatz. We will need an effective version of Hilbert’s Null-
stellensatz. We use the following version, due to Masser and Wiistholz [1983].

Theorem 25 (effective Hilbert’s Nullstellensatz). Let k be a number field and let
Pls---» Pm>q € Orlx1, ..., x,] be polynomials of degree at most d > 1 such that q
vanishes at all common zeros of pi, . .., pm in A" (k). Then there exists a positive
integer M < (8d)2n and polynomials ay, . .., ay € Or[x1, ...x,] of degrees at most
(84)*'*1, such that

aqM =aip1+---+ampm

for some nonzero element a € Oy. Furthermore, if

hoo = 10g max{|p1 |vv e |pm|vv |CI|U}7
veM;
v|oo

then
log max{lailv. ... lan|y. lal} < Bd)”"" " (hoo + 8d log 84).
veMy

v|oo
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Remark 26. Applying the theorem appropriately to A", it’s clear that the same

result holds for homogeneous polynomials py, ..., pm,q € Oklx1, ..., x,] such
that g vanishes at all common zeros of py, ..., p,, in P"~1(k). Furthermore, in
this case one can clearly choose ay, ..., a,, to be homogeneous polynomials with

dega; = M degq — deg p;.

6.3. Arithmetic Bézout. We will make use of the following arithmetic Bézout
theorem for curves in [P%, which is essentially a special case of a general arithmetic
Bézout theorem of Philippon [1995].

Theorem 27. Let C; and C, be distinct curves in P? over Q. Then
Z h(P) < (deg C1)h(C2) + (deg C2)h(Cy) + 4(deg Cy)(deg C2).
Pe(CiNC2)(@)
Proof. We will denote the height used by Philippon [1995] by hpy. By [ibid.,
Proposition 4],
> hen(P) < (deg C1)hpn(Ca) + (deg Co)hpn(C1).
Pe(C1NC2)(Q)
From [ibid., p. 347], for i = 1, 2 we have

deg C;
2

and from the definitions of the heights, easy estimates give

hpn(Ci) = hpn(fi) +

hen(fi) < h(fi)+ (log2+ 3) deg C; = h(C;) + (log 2+ 3) deg C:.

So
hpn(Ci) < h(Ci)+2degC; fori=1,2.

Finally, we note that if P is a point in P", then hpy, (P) is the usual height 2 (P) except
that at the archimedean places one uses the £2-norm. In particular, 2(P) < hpy(P).
Combining the above inequalities gives the result. ([

6.4. Units and regulators. Let k be a number field of degree § and discriminant A.
We will use the following bound on the product of the class number and the regulator,
proven by Lenstra [1992, Theorem 6.5].

Lemma 28. Suppose that k # Q. Let ry denote the number of complex places of k
and let C = 2/m)"2/|A|. We have

_ Clog C)’=1=2(8§ — 1 +log C)™

iR
KT G —1)!
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Let S be a finite set of places of k containing the archimedean places. Recall
that Qg is the minimum value of

h(uy) - h(us—1),

where s = |S] and uy, ..., us_; are generators of @; 5 modulo roots of unity. For
the S-regulator and Qg, Bugeaud and Gy&ry [1996, Lemmas 1 and 3] gave the
bounds

Rs<mRi [] logN(),
vES\ Seo

—D?
QSS%RS-

More crudely, letting s = |S| and N = max,cs N (v), we have the estimates

VTAT(§ log |A[’ 1772 (8 — 1+ S log | A])™

Ri < hi Ry < G
_VIAIG =143 log|AD™! _ TAT2"'8" (log* |A]) !
- 6-n! - =R
<8°/IAl(log* |A* !
and
Rs < 8°(log* N)*~*2/|A|(log™ |A*™!, 2)
Os < 22—ss2s—488—s+1(10g* N)S_‘S/ZM(Iog* |A|)‘S_]. 3)

6.5. Points in projective space. We first recall an inequality of Silverman relating
the height of a point in projective space and the discriminant of its field of definition.

Theorem 29 [Silverman 1984, Theorem 2]. Let k be a number field of degree §
and discriminant A. Let P € P" (k). Then

logaﬂ < (28 —2)h(P) +logs.

For a number field £ and finite set of places S of k containing the archimedean
places, define

0 ifd=1lors=1,
a3k, S) = 2s!ss+%R5
(log §/683)s—2
where s = |S|. If So denotes the set of archimedean places of k, then we let
c3(k) = c3(k, Soo)-
The next lemma describes certain choices of coordinates for a point in projective
space.

otherwise,
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Lemma 30. Let k be a number field of degree &, s the number of archimedean
places of k, and P € P" (k).

(a) There exists a choice of homogeneous coordinates P = (xy, . .., X,) such that
X0, - .., Xy € O and for any v € My,
1
Sh(P) —c3(k) <logmax{|ixollv, ... lxnllv}
< Lh(P)+ g loglAl+esth)  ifv] oo,
23 log |A| < logmax{||xolly, ..., X} <O ifvfoo.
(b) There exists a choice of homogeneous coordinates P = (xy, . .., X,) such that
X0, - .., X € O and for any v € My,
0 < logmax{||xollv, - -, lXallv}
<25+ 1Dh(P)+logs if v oo,
~5h(P) — § logs <logmax{lxolls, .. Iwal} <O ifvfoo.
Proof. Let S« denote the set of archimedean places of k. The case k = Q follows
immediately by choosing xy, ..., x, to be integers with gcd(xg, ..., x,) =1 and
= (xg, ..., Xy). We assume from now on that § > 1. Let P = (xop, ..., x,) be
some choice of homogeneous coordinates with xg, ..., x, € Of. Let I be the ideal
of Oy generated by xo, ..., x,. From the Minkowski bound, the ideal class of /
contains an (integral) ideal with norm < 4/|A|[. Thus, after rescaling xo, ..., X,

we may assume that the norm of / satisfies N (/) < 4/|A|. From the definition of
the height, we have

h(P)= 3y logmax{l|xolly. ... lxullo} = ) logmax x;ly — 5 1ogN<1>
veMy VESx
So
h(P) < Y Togmax{|xol allu} < A(P) + o log A
J— S Vs ** > nilvy = 28 .
VESxo

We first consider (a). The case s = |Soo| = 1 is immediate from the above, so we
assume from now on that s > 1. Consider the image of the unit group O} via the
logarithmic map A : 0} — R*, A(u) = (log [[u|l,)ves..- The image is a lattice in the
hyperplane of R® defined by >, es., v = 0. From [Hajdu 1993, p. 5], there exists a
fundamental domain of this lattice with diameter < 2s1s5+2 Ry /(logé/66 352 Let
c= ZveSm log max{||xollv, - - -, Xz ]lv} and consider the vector

v = (log max{|lxolly, ..., |xnllv} —¢/$)ves.. -
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Then there exists a unit u € O such that

N 2s!ss+%Rk r
— < - = .
[0 =] = oSy = )
Therefore, for every v € S,
[log max{llu™"xollu, .-, Il ™ xally} = ¢/s] < s k)

and
1 _ _ 1 1
Sh(P)=c3(k) <Togmax{[lu™" %ol -, ™" %y 1} = Th(P)+5-log |Al+e3 (k).
Note that if v { 0o, we also have

1 1

—ﬁloglAl < —glOgN(l) < logmax{llxo|lv, ..., lxxllv} 0.

We now prove (b). From our earlier choice of coordinates, we have in particular

1 1
2 log [xollu = 5 log N (xo)| < h(P) + 55 log|Al.

VESso
Then after scaling by Nﬁ (x0)/x0 € Ok, we may take P = (xo, ..., x,) Where xg € Z,
§log |xo| < h(P) + % log |A]| < 8h(P)+ % log$

by Theorem 29, and xy, ..., x, € O. Let v € S. Then log max; ||x;||, > 0 and

logmax{[|xollu. ... [xallv} =h(PY— Y logmax{lxollu. ... [xnllw}
weMi\{v}

<h(P)— > logllxollw <h(P)+log xoll,

weM\{v}

< h(P)+2(8h(P)+ 31og8) < (28 + 1)h(P) +log$.
We also clearly have
8
~0%h(P) — 7 log$ < —log x| < logmax{[lxollu. ... llxullu} <0

if v is nonarchimedean. [l

We also need the following result from the main theorem of [Hajdu 1993], which
is closely related to the previous lemma.

Theorem 31. Let k be a number field of degree 5 and let S be a finite set of places
of k containing the archimedean places. Let « € k. Then we can write

o = Bu,
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where u € O ¢ and

h(B) <sc3k, $)+ Y hy(@)+ Y _logllally < scstk, $)+ D hy(@) +hy(1/a).

vegsS veS vES

The last inequality follows from the product formula. This result is actually only
proven in [ibid.] for S-integers «, but the same proof given there yields the result
above.

We note the estimates

C3(k, S) S 24Ss2333s+5*6 /|A|(10g* |A|)871(10g* N)S*b‘/z’ (4)
c3(k) = 2%8%7°/Al(log" 1A )

6.6. Miscellaneous elementary estimates. We have the following lower bound for
heights on P!.

Lemma 32. Let S be a set of places of a number field k. Let P, Q € P'(k), P # Q.
Then

> ho.u(P) = —log2.

ves
Proof. Let P = (x1, y1), Q = (x2, y2), X1, X2, ¥1, y2 € k. Then

max{||xi|ly, |y1llv} max{llx2lv, |y21lv}
x1y2 — x2y1ll
max{||x|lv, |y1llo} max{llxzlv, | y2llv}
€,(2) max{|[|x1y21lv, X211l
max{||lxy[lv, | y1llo} max{llxzlv, | y2llv}
€, (2) max{||lxy[lv, ly1llo} max{llxzlv, [ y2llv}
> —loge,(2).

ho(P)=log

> log

Therefore, > hg ,(P) > —log?2. O

ves

We need an estimate on the height of a product of polynomials [Hindry and
Silverman 2000, Proposition B.7.4].

Lemma 33. Let k be a number field. Let f1, ..., fu €klx1, ..., x,] be polynomials
and let f = f1--- fi. Then for any v € My,

1o sev(l_[zdegﬁ)]_[mn.
i=2 i=1

In particular,

h(f) <Y h(f)+ (Zdeg ﬁ) log 2.
i=1 i=2
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For maps between projective spaces, we have the following height inequality
[Hindry and Silverman 2000, p. 181].

Lemma 34. Let ¢ : P" — P™ be a rational map of degree d defined over Q. Then
n—+d
h(¢(P)) < dh(P)+ h(¢) +log "

for all P € P"(Q) where ¢ is defined.
We also need an elementary estimate for polynomials in two variables.

Lemma 35. Let k be a number field. Let f € k[x, y] be a polynomial of degree d
and letv € My. Leta, b, x, y € k and suppose that |x — aly, |y — b|, < 1. Then

| £ (e, )= f (@, b)ly <€, ((d+2)*2Y)| £1, max{laly, |bly, 1} max{|x—aly, |y—bly}.

Proof. Let f(x,y) =Y c;jx'y/. Looking at the Taylor series for f(x,y) around
(a, b) and applying the triangle inequality, we find

m-+n _ m _ n
Z (3 f)(a’b)(x a)"(y—b)
axmay”n m!n! v

m,n,m+n>0
max{|x —aly, [y — by}

d+?2 1 gmtn
<é€y + max ) (a, b)
2 mn |mln!\ dx™oy" v
Since

1 8m+nf i—myj—n
m!n!( ax™mayn ) ‘ZCU< )( ) v v
<a((37) mastent| () ()
- 2 i,j “\m /) \n v
<6 ((d;2)2d>|f|u max{[aly. [bly, 1),

|f(x,y) = fla,b)ly <

|ai—mbj—n|v

we have
|f(x,y) = fla, bl
< e((d +2)"2)| flu max{laly, [blo, )¢ max{lx —aly, [y = bl,}. O
Finally, we prove an explicit version of Lemma 10 when X = P2,

Lemma 36. Let k be a number field and let ¢ € k(P?) be a rational function of

degree d on P?. Let P, Q € P>(k)\Supp ¢ and T C M. Suppose that ¢ (P) # ¢ (Q).
Then

D hoo(P) <) heo)o(@(P))+ (2d +2)h(Q) +8log(d +2) + (2d +4) log 2.

veT veT
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Proof. Let ¢ = f1/f>, where fi1, f> € O[x, y, z] are homogeneous polynomials of
degree d. Let Q = (xo, Y0, 20), P = (x, ¥, 2), and @ = ¢ (Q). From the definitions,

max{|[xollv, [[Yollv, llzollv} max{lix|lv, [[¥llv, lzllv}

hov(P) =log ,
ov max{[|z0x — x0Z v 20 — Y0z [v: X0y — yox o}

max{||la|ly, 1} max {|| f1(x, y, Do, | f2(x, ¥, 2) v}
”fl(-x’ Y, Z) _afZ(-x’ y’Z)”v

Without loss of generality, after permuting the variables, we can assume that zg # 0
and Q = (xg, yo, 1). If z =0, then

ha,v(¢(P)) = log

max{|[xollv, lIyollv, 1} max{llxIlv, Iy}
max{|[xlv, [[yllvs X0y = yoxIlv}
< log max{l|xollv, lyollv, 1}-

ho(P) =log

So
Y hou(P) <Y logmax{lxolly, lyollu, 1} < 2(Q).

veT veT

Then using Lemma 32, in this case we have

> hou(P) <Y haw(P)+h(Q) +log2.

veT veT

Suppose now that z # 0, in which case we can take P = (x, y, 1), for some
x,y€k.
First suppose that

apd+1y d
€y ((d +2)*2¢1%) j=1.2 | f;ly max{|xolv, [yolv, 1}
In particular, max{|x —xgly, |y —Yolv} < 1. Let F (u, v) = fi(u, v, 1) —afo(u, v, 1).
Note that deg F' < d. From the definition of o, F'(xg, yo) = 0. Then by Lemma 35,
with a = xg, b = yp, we have
[F(x, Y)|v
< &, ((d +2)*2Y)| Fl, max{|xolv, yolv, 1} max{lx —xoly, [y = yolu}.  (6)

max{|x — xoly, [y — Yolv} <

For j =1, 2, using Lemma 35 again, we find, if v is archimedean,

|fjCx, y, Dy

= | £j(x0, Yo, Do = (d +2)*27 fjlymax{|xolu. [yolu, 1} max{lx —xolu, |y — yolu)
> 21 £ (x0. Yo, Dly.

By the same reasoning, if v is nonarchimedean we have

[fiCe,y, D) = fij(xo0, Yo, DIy < | fj(x0, y0, Dlv,
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and so
| fi(x, ¥, Dlv = 1fj(x0, yo, Dlv  for j =1,2.
Then in any case,

1
€(2)

Since max{|x — xo|y, |y — Yolv} < 1, we also have

|fi(x,y, Dl = | fj(x0, yo, DIy for j =1,2.

max{| x|y, [y|v, 1} < €,(2) max{|xolv, [olv, 1}.

Then
’ 91 ) ,1
hQ’U(P):1OgmaX{HXOHU lyollv, 1} max{{|x|ly, [|yllv, 1}
max{|lx —xollv, |y — yollvs lxoy — yox/lv}
< 2logmax{||xolly, [lyollv, 1} +loge, (2) —logmax{||x —xollv, |y — yollu}
and

max{”a”l)a l}max{”f](-x’y’ 1)”1)’ ||f2(x7 y» 1)”U}
||f](-x’ Y, 1)_0{f2(-x9y’ 1)”1)
=10gj113211><2||fj(x,y, Dlly+logmax{flally, I} —log || F (x, y)Ilv

ha,v(¢(P)) = log

> log max || £; (xo, yo, Dl +logmax{llr |, 1}—e€, (log(d+2)*29%1)
J=1

—log || F|ly —dlogmax{||xolly, lyollv, 1} —logmax{|lx—xollv, lly—yollv}
by (6). We can write |F|, = | fi —af2]y < €,(2) max{| fily, | f2|v} max{|e[,, 1}. So

ha,w (@(P)) 2 log max || fj(xo. yo. Dlly = €, (log(d +2)*2%"%) — log max || ;.
— dlogmax{|lxollu, lIollu, 1} —log max{llx = xollv, 1y = Yollu}-

Note that

d+2

[ fi(x0, Yo, Dly < & (( 5

>)|fj|vmax{|x0|v» [Yolvs l}d for j=1,2.

This implies that

Zlo max{|| f1(xo, yo, Dllv, Il f2(x0, yo, Dllv}
max{|| fillv, Il f2llv} max{|[xollv, [lyollv, 1}¢

. Z Z log I £ (xo, o, Dllv 2loge! ((d;rZ))

1 £ 1lv max{lixollv. lIyollv, 1}

veT

> —2dh(Q) —4log(d +2)
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by the product formula. So

> hay(@(P))
veT
> —2dh(Q) —8log(d +2) — (d +2)log2 — Y logmax{||x — xollu, |y — yollu}-
veT
Then

D hou(P) <Y hao(@(P)) + Q2d +2)h(Q) +8log(d +2) + (d + 3) log 2.

veT veT

Finally, suppose that
max{lx —xolv, |y — Yolv} = Co,

where

C.— ! mm{ |f1(x0, Y0, Dl | f2(x0, y0, Dl }
eo((d+2)*24+0) | filomax{Ixoly, [yolvs 14 1 f2lomax{Ixoly, [yolus 1)

As noted before, C,, < 1. Then one easily finds that

max{|x|y, [yly, 1} max{|(x —x0) + xolv, |(y — Yo) + Yolv, 1}
max{|x — xoly, [y — yolv} max{|x — xolv, [y = yolv}
€y(2) max{|(x —x0)|v, [(y — Yo)lv. [X0lv. [yolv, 1}
max{|x —xolv, [y — yolv}

€v(2) max{lxolv, [yolv, 1}
Cy '

So

[ky : Qy] log max{|xoly, [yolv, 1} max{|x|,, [yly, 1}
[k : Q] max{|x — xolv, |y — Yolv, X0y — yox|v}
< [ky = Qy]
~ [k:Q]
< [ky = Qy]
~ [k:Q]

hoo(P)=
log €,(2) max{|xoly, [yolv, 1}%/C,

(21log max{|xolv, |yolv, 1} +loge,(2) —log Cy).

Then using Lemma 32, we find

v Qyl
;hQU(P)<§hav(¢(P))+2h(Q)+210g2 Z oy osC
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Since
[ky : Q] [ky : Q]
E ——logC, > E —logC,
eT [k = Q] veMy [k : Q]

2
”fj(xO vo, Dllv
lo
Z.sz o8 e/ ((d 4+ 229N || £illy max{|lxoll. [lyollv, 1}¢

—8log(d +2) — (2d +2)log2 —2dh(Q),
where we have used the product formula in the last line, we obtain

D hoo(P) <Y hay(@(P)) +(2d+2)h(Q)+ (2d +4) log 2+ 8log(d +2). O

veT veT

7. Explicit results for P2

In this section we give a proof of Theorem 7. The proof will follow the proof in
Section 3.3, except that we will give explicit estimates at each step. We begin with
an explicit version of Theorem 19.

Theorem 37. Let k be a number field of degree 5 and discriminant A. Let S be a
finite set of places of k, containing the archimedean places, of cardinality s. Let
Ci and C, be distinct curves over k in P? defined by homogeneous polynomials
f1, fo € Oklx, y, z], respectively, of degrees d| and d,, respectively. Let d =
max{d;, dy} and ¢ = fldz(x, v, z)/fzd1 (x,v,2), a rational function on P%. Let
Q € P2(k)\ (C1UCy) and let §' = [k(Q) : Q). Let w € My(g) and let 0 < € < 1.
Then for all P € (P?\ (C; U C3))(Oy.s), either

how(P) <eh(P)+c4(e, k, S, w, O, Cy, Cr) @)
or

¢(P) =¢(Q),

where

ca = (2d* +2)h(Q) + 101log(d* + 2) + (2d* +7)log2

+ L) +rEn+ PR 2@ e,
= 64825, /)L~ e maxlog(dex(®', 5)/€)N (w)), log” e,

og N(w)
1
cs = Qs(l + 3k, $) + 5 log|Al),

c7=d*h(Q)+dh(Cy)+dh(C>) + % log |A|+28c3(k)+2d* log 2 +2log(d* +2).
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In particular, (7) holds for all P € (P2\ (C; U C2))(Ok.s) outside of an effectively
computable finite union of plane curves Z.

Proof. Let I| and I, be the ideals of 0; generated by the coefficients of g; = fld2
and g, = f2d ', respectively. We rescale g; and g, as in Lemma 30(a) and its proof
(viewing the coefficients of the polynomials as giving points in projective space). In
particular, N (I1), N(I>) < /TA]. Let ¢ = g1 /g and let P € (P?>\ (C;UC>))(Ox.s).
Then it follows from the definitions that we have an equality of fractional ideals
¢(P)O, = (I;/1)J, where J is a fractional ideal supported on the primes in S. By
Theorem 31, we can write ¢ (P) = Bu, where u € @;S and

h(B) < ses(k, §)+ 3 log N(I) + 5 log N (1) < ses(k, )+ log Al

Let o = ¢ (Q) and suppose that ¢ (P) # «. By Theorem 24, substituting € /d?
for € and taking G to be the multiplicative group generated by 8 and Oy ¢, we have
the inequality

€

haw(@(P)) = 5 h(@(P)) +c1( =

k(0), G, w, a) +log?2.
Note that deg ¢ < d2. By Lemma 36,

ho.w(P) < hgw(@(P)) + (2d* +2)h(Q) + 8log(d* +2) + (2d* + 4) log 2
< ;—zh@(m) + (2d* +2)h(Q) + 8log(d® +2)

+(2d2+5)10g2+c1(

€

5. k(0). G, w, a).

By Lemma 34,
2 d*>+2 2 2
h(¢(P)) <d h(P)+h(¢)+log< ) ) <d°h(P)+ h(¢) +2log(d” +2).

Let so be the number of archimedean places of k. By Lemma 30(a) and the
construction of g; and g,

@)=Y logmax{ligillu. llg2ll} < Y logmax{ligillv. g2}

veM; v€|Mk
el
< s L h(f®)+ ! log|A|+03(k)+—1 h(fdl)Jr—1 log| Al 4¢3 (k)
I 1 28550 Soo 2 28550

< h(ff’z)—l—h(fzd')—l—éloglN—|—28(:3(k).
By Lemma 33,

R(fP) + R < dh(fi) +dh(f2) +2d*log2 = dh(Cy) + dh(Cy) + 2d° log 2.
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So
h(¢) <dh(Cy) +dh(Cs) + % log |A| + 28¢5 (k) +2d? log 2.
Then
hQ,w(P)
< €h(P)+ (2d* +2)h(Q) + 101log(d? +2) + (2d* +7) log 2

1 1 26 €
5 (H(C) +h(C2)) + 575 log | Al + Tesk) +1 (55

5 K(Q), G w, a).

Finally, we can estimate the last term using

06 = Qsmax{(p). 1) = Os(1+sc3(k, $)+ 5 log|AI)
and, using Lemma 34 again,
h(a) <d*h(Q) +h($) +2log(d” +2)
< d*h(Q) +dh(Cy) +dh(Cy) + + log |A|
+28c3(k) +2d* log2 4+ 2log(d* +2). O

Proof of Theorem 7. Let d; =deg C;, i =1, ...,n. Let P € (P>\ U;_, Ci)(Ox.s).
Then

> he,w(P)=dih(P) fori=1,....n.

vesS

So for each i, there exists a place v € S such that i¢, ,(P) > (1/s)h(P). Since
s < n, there exists a place v € S and distinct elements i, j € {1, ..., n} such that

min{hc, o(P), hc,o(P)} = Lh(P).

The theorem is then a consequence of the following lemma.

Lemma 38. Let k be a number field of degree & and discriminant A. Let S be a
finite set of places of k, containing the archimedean places, of cardinality s. Let
Ci,...,C, C P2 be distinct curves over k such that at most n — 2 of the curves C;
intersect at any point of IP’Z(IE). Let d; = deg C;, d = max; d;, h = max; h(C;), and
N = max,cs N(v). Let Z' be the set from Theorem 7. Let 0 <€ < 1 and v € S.
Then any point P € (P*\|J!_, C;) (O s) with

min{hc, y(P), hc, v(P)} = €h(P)
satisfies either P € Z' or

h(P) < 2203-‘1-454-75d65+34853+85—3s4s—1Ndz(log* N)ZS|A|3/2(1Og* |A|)35(h+1)/63
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Proof. Let

(C1NCHk) =1{Q1, ..., O} CP?(k)
and let Q; = (x;, yi, 2i), Xi, Yi, 2 € Orgy, 1 = 1,...,r, where r < d*. Let
L=k(Q1,...,Q,). We note that [k(Q;) : k] < d? for all i. Let C; be defined by

fi€Oklx,y,z],i=1,...,n,and let

hoo =10gur)r€1%{|f1lw, | falw. max|[ | &

w|oo i=l1

)

gi €f{zix —xiz,ziy — yiz, xiy — yix} COr[x,y,z], i=1,...,r.

where the max is taken over all possible choices of

Now fix achoice of g; € {z;x—x;z, z; y—VyizZ, x;iy—yix},i=1, ..., r. Since ]_[f:1 gi
vanishes at all the points Q;, by the effective Hilbert Nullstellensatz (see Remark 26),
there exists a positive integer M, homogeneous polynomials aj, a € Or[x, y, 7]
with dega; =rM —deg f1, dega, =rM — deg f>, and a constant a € O such that

r M
filx, y, Dai(x, y, 2) + falx, y, 2)ax(x, y, 2) = a(]_[ gi>
i=1
and
M < @8d)°,

log max {|a1]u, |@2]w, lalw} < (8d)" (hoo + 8d log 8d).
wwelgloL

Let w be a place of L lying above v (we will choose a specific such w later). Let
X, Y, z € k. It follows that there exists a;, az, a, and M, as above, such that

r M
(]_[ max{|zix — xizlw, |2iy — yizlw, [xiy — inlw)
i=1

-1

alw
<2max{| fi(x,y,Dai(x,y, Dlw, | f2(x,y, Dax(x,y, D|w}/lalw

< 2(rM)2p_121v§{|ﬁ(x, ¥y Dlwlai L max{|x|u, [y, 12lw) ™"} /al,.

|fl(x’ Y, Z)al(-x7 Y, Z)+f2(-x’ ) Z)ClZ(.x, ) Z)|w

So

r M
(1—[ max{|z;x — x;z|w, |ziy — Yizlw, [xiy — inlw)
Pl max{| x|y, [Ylw, [z]w}

2(rM)2 |ﬁ(-x’ y’ Z)lw
=< maX“allwv |a2|w} max deg f; °
|alw i=1.2 max{|x|y, |y|w, [2]w}ie S
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Let ry/y = [L : k]/[Ly : ky]. Taking logarithms, rearranging, and using the
definitions and inequalities above, we find

eh(P) < min{hCI,U(P)’ hCz,v(P)} =Tw/v min{hCI,w(P)’ hCz,w(P)}

r r
< Mrup Y houw(P)—Mryy Y logmax{lx;llu, 1yillw, 12l
i=1 i=1

+10g 2(rM)* + ryypp log max{[| fillw, Il f2llu}
+ruw/v log max{l||ai||w, llaz|lw} — Tw/v log llallw. (8)
Let Q; € (CiN C»)(k). Then by assumption, there exists i, j € {1, ...,n},i # J,
such that Q; ¢ C; UC;. Let wl be the place of k(Q;) lying below w and let

Fuy o = [k(Q0) : k1/[k(Q1)wy, : ky]. Let @p and Z’ be as in Theorem 7.
By Theorem 37, either

Pe [ {QeX(k) :¢(Q)=¢(Q)}CZ

¢€¢'Ql

or

rw/thl,w(P) :rwl/th, wl(P)

2M (mkSwz,Qz,C,,C)

forall P € ([P’2 \UiZ, Ci)(@k,S) = ﬂi,,-(ﬂj’z \ (G UC))(Ok.s)-

Suppose now that P ¢ Z'. Summing over all points in C; N C,, we obtain

M3 hoyu(P) < Sh(P) +Zmaxc4( k. S.wi, Q1. Ci, Cj).

__€
2rMr ’
=1 wy /v

Substituting into (8) we find that

h(P) < = (Zmaxm(errw]/v k, S, wz,Ql,CuC)

+10g 2(rM)* + ryypy log max | fillw +ruw/v log max fla;

,
— Mryp Y logmax{[1x;llu, I1yillw, 12illw} = ru log ||a||w). ©)
i=1

We now estimate all the terms on the right-hand side. The dominant term, which
comes from the first sum above, is

Zmaxcs(errw[/v k.S, wy. Ql,Cl,C) (10)
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We estimate this term first. We note that by (2), (3), and (4),
CG(k, S) S 23S+3S4S—382S+25—5(10g* N)2S—5|A|(10g* |A|)28_2.

Then
2r Mry, jpd*c2(d?8, )N (wy)ce(k, S)

= 72r Md®ry, ;y N (wy)(16ed?8)* > (log* d*8)*cs (k, S)

< 2205-‘1-61d6s+28855+28+2s4s—3Ndz (log* N)ZS—5|AI(10g* |A|)25_2.
Simple estimates then also give

10g 2r M1y, jyd*c2(d*8, s)N (wy)co(k, S) /e < 27s*d*(log* N)(log* |A]) /€.

We have Y ;_, h(Q;) <d(h(C1)+h(Cy)+4d) < 4d?(h + 1), by Theorem 27, and
ZmaX c7 (ka Ql? Cl" Cj)
=1 "’

< 3 (@h(Q) +2dh +2d% log 2+ 2log(d® +2) + % log |A] +28¢3(k))
=1

< 24+25%=5 /| Al(log* |ADPd* (h + 1).
Then (10) is bounded by
2203+45+73d65+34853+85—3S4S—1Nd2 (log* N)ZS|A|3/2(1Og* |A|)35(h + 1)/62. (1 1)

In the remainder of the proof, we will show that the sum of the remaining
elements in the parentheses on the right-hand side of (9) can also be bounded by
this quantity. Thus, we find that

]’l(P) S2205;‘-5—454—75d6s—§—34855;‘—5—83—3S4S—1IVdZ (log* N)23|A|3/2(10g* |A|)35 (h+l)/€3,

proving the lemma.
First, we handle the remaining terms coming from the first sum in (9):

> @d* +2)h(Q)) + 10r log(d* +2) + (2d> + T)r log 2
I=1 r r 28r
+t7 (h(Cy) +h(Cr)) + e log |[A] + 7(:3(16)
<4Qd*+2)d*(h+ 1)+ 10d* log(d* + 2) + (2d* 4+ 7)d?
+2dh + % log |A] 4 282%8%./|A|(log* |A|)°

< 55d*(h + 1) 4+ 2%+28%+1 /| A|(log* |A])°.
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We now bound /., after making some appropriate choices. Choose fi, f», and
Q= ynz),l=1,...,r,as in Lemma 30(b). Then

d*s
—(@87h(@) + L2 tog(@8) ) < Tog max{lilluy 131l Nzl
< 2d°5+ Dh(Q)) +logd*s,
log mil;( [ filv < 25+ 1)Sh(Cy) +dlogé < 382(h + 1),
veMy

v|oo
log max | fal, < (26 + 1)8h(C2) + 8 log < 382(h+1).
oo
Let g e {zix —xiz, zzy — iz, xiy —yix},i=1,...,r. f w € My, w|oo, then

log

,
l_[ 81
I=1

<log2 []lgilw <rlog2+1log > Izl
=1 =1

w

.
<rlog2+ Y logmax{|x|u,. [Yilu |2tlu)
=1

<d’log2+ Y ((2d*s + 1)d*8h(Qy) + d*5 log d*s)
=1

<d21 2 2 4 4 2

< d*1og2+4(2d%s + 1)d*s(h + 1) + d*5 log d?5.

Since w € M| was arbitrary, we have

log ma <d?log2+42d*s + 1)d*s(h + 1) + d*8 log d*s.

r
x[ e
weMy g

wloo =1

w

It follows easily that

hoo < 14d%8%(h + 1).
Then from the above, we have

log 2(rM)? < log 2d*(8d)' < 2°%d,
Fu o og max{| fillw, Il f2llw} < logmax{| filw, | f2lw} < 48*(h + 1),
rwyv logmax{|lai ||y, llazllw} <logmax{|a|y, |az|w} < (8d)" (hoo + 8d 10g 8d)
<212 82(h +1).
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We also find

.
—Mryp Y Togmax{[|xillw lIillw, Izl
=1

.
= =M ruy o logmax{|1x Il 11l 1220w}
=1

< (8d)*d? ((d26)2 > k@) + ? 1og<d28>)
=1

B 4
< 224d10(4d652(h F1)+ dT‘S 10g(d28)>
< 277482 (h +1).

From the product formula and the fact that a € O, we have the inequality

~ > loglallw =Y logllalw < Y max{log [lall. 0}

w’eML w/eML w’eML
w'|v w'tv w’|oo

< (8d)" (hoo + 8d log 8d) < 2°'d*' 8% (h + 1).

Since L/ k is Galois, there are exactly r,,/, places w’ € My with w’|v. Therefore,
there exists a place w’ € My, with w’|v and — log |||l < (1/7y/,)2°1d>®8%(h +1).
Choosing now w = w’, we have

—rylog llall, < 2°'d* 8% (h+1).

Summing all of the inequalities above, we find that, as claimed, the remaining
terms in (9) are easily bounded by (11). ]
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