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Abstract

Let F(X, Y) be an absolutely irreducible polynomial with coefficients in an algebraic number field K.
Denote by C the algebraic curve defined by the equation #(X, ¥) = 0 and by K[C] the ring of regular
functions on C over K. Assume that there is a unit ¢ in K[C] — K such that 1 — ¢ is also a unit. Then we
establish an explicit upper bound for the size of integral solutions of the equation F(X, Y) = 0, defined
over K. Using this result we establish improved explicit upper bounds on the size of integral solutions to
the equations defining non-singular affine curves of genus zero, with at least three points at ‘infinity’, the
elliptic equations and a class of equations containing the Thue curves.

1991 Mathematics subject classification (Amer. Math. Soc.): primary 11D41, 11G30.

1. Introduction

Let K be an algebraic number field, Oy its ring of integers and K an algebraic closure
of K. Let F(X,Y) be an absolutely irreducible polynomial in K[X, Y]. Denote
by C the algebraic curve defined by the equation F(X,Y) = 0 and by K[C] the
ring of regular functions on C. We shall call a unit ¢ in K[C] — K exceptional,
if 1 — ¢ is also a unit. The ring of regular functions of a wide class of algebraic
curves contains exceptional units. For instance the Thue curves ([7, p. 144]) and the
modular curves X (N) ([6, ch. 8], [5]) have this property. In this paper we assume
that K[C] contains an exceptional unit and we calculate an explicit upper bound on
‘the size of solutions (x, y) € O3 to the equation F(X,Y) = 0. This result enables
us to establish improved explicit upper bounds on the size of integral solutions to the
equations defining non-singular affine curves of genus 0, with at least three points at
‘infinity’, the elliptic equations and a class of equations containing the Thue equations.
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146 Dimitrios Poulakis [2]

In Section 2 a particular effective version of Hilbert’s Nullstellensatz and an upper
bound for the solutions of the linear equation in algebraic integers of bounded norm,
permit us to establish an explicit upper bound on the size of integer points on curves
which the ring of regular functions has an exceptional unit ¢. This bound depends
on the polynomial F(X, Y), the field K and the function ¢. In the next sections we
give some applications. In Section 3 we prove that the ring of regular functions of
a non-singular affine curve of genus 0, with at least three points at ‘infinity’, has an
exceptional unit and we deduce an explicit upper bound on the size of their integer
points, improving on the bound given in [14]. In Section 4, using ‘multiplication by
2’ on an elliptic curve, we reduce the problem of calculating an explicit upper bound
on the size of integral solutions of an elliptic equation to the same problem for a curve
having an exceptional unit. Thus we deduce an explicit upper bound on the size of
integral solutions of the elliptic equation, improving on Schmidt’s estimate [17]. In
Section 5 we consider the class of irreducible curves of the form

X —aY)X -—a))(X -aY)f(X,Y)+b=0,

where f(X,Y) € K[X, Y], a, ay, a3, b € K and the elements a,, a,, a; are pairwise
distinct. We prove that the curves of this class have exceptional units. Thus we deduce
an upper bound on the size of their integer points. We note that the Thue curves belong
to this class.

Let C be a non-singular model of C. We denote by ¥ the set of poles of the function
defined by X on C. If K[C] has an exceptional unit ¢, then we easily deduce that
the rank of the group of T-units on € is > 2. Therefore, [1, Theorem 1B] gives an
effective bound for the size of S-integer solutions of the equation F (X, Y) = 0, over
K (see also [2]). This bound is not in completely explicit form and does not depend on
the unit ¢. Furthermore, in [1], effective bounds are given, not in completely explicit
form, for the size of S-integer points on the affine models of curves of genus 0, with
at least three points at ‘infinity’ and Thue curves. In the case of integer points, our
estimates are sharper than those of [1].

NOTATION. Throughout this paper we denote by d, Dy and Ny respectively the
degree of K, the discriminant of K and the norm from K to the field Q of rationals. By
an absolute value we will always understand an absolute value that it extends either
the standard absolute value of @ or a p-adic absolute value | - |, of Q. Let M(K) be
a set of symbols v such that with every v € M(K) there is associated precisely one
absolute value | - |,. We denote by d, the local degree of | - |,. Letx = (xp : ... : x,)
be a point in a projective n-space P"(K) over K. We define the field height of x to be

He() = [ max{lxol,, ..., [xal,}*

veM(K)
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and its absolute height to be H(x) = Hx(x)"/?. For x € K we define Hx(x) =
Hg((1 : x)) and H(x) = H((l : x)). Let G be a polynomial in one or several
variables and with coefficients in K. We define the field height Hx(G) and the
absolute height H(G) of G to be respectively the field height and the absolute height
of a point in a projective space having as coordinates the coefficients of G (in any
order). Givenv € M(K), we denote by |G|, the maximum |c|, over all the coefficients
¢ of G. For an account of the properties of heights see [18, ch. VIII] and [9, ch. 3].
Finally, for a positive real number z, we let log xz = max{1, log z}.

2. Curves with exceptional units

In this section we calculate an explicit upper bound for the size of integer points on
curves having exceptional units. Let F (X, Y) be an absolutely irreducible polynomial
in K[X,Y] of degree N > 2 and C the algebraic curve defined by the equation
F(X,Y) = 0. Denote by K[C] the ring of regular functions of C defined over K. We
shall prove the following result:

THEOREM 1. Let F(X, Y) and C be as above. Suppose that there exists an excep-
tional unit ¢ in K[C]— K. Let f(X,Y) be a polynomial in K[X, Y] representing the
function ¢ on C. Put A = max{deg f, N} and let A be a point in a projective space

having as coordinates 1 and the coefficients of the polynomials f(X,Y) and F(X,Y)
(in any order). Then all solutions x, y € Ox of the equation F(X, Y) = 0 satisfy

max{Hg (x), Hx(y)} < exp{€2,(d, A)|Dg|(log *|DK|)2d log * Hg (A)},
where Q,(d, A) < ASd114+13819+9,

The following results will be useful for the proof of Theorem 1.

LEMMA 1. Letay, ...,a, € K. Thenthereis B € O suchthat Ba,, ..., Ba, € Ok
and

Hy(B) < |Dg|"*Hg(A),
where A is a point in a projective space having as coordinates 1 and ay, . . ., a,.

PROOF. Consider the polynomial f(X) = a,X" + --- + a;X + 1 and a positive
integer m > 2. By [19, Lemma 2.(i)], we deduce that there is 8 € Ok such that
Bf(X) € Okxl[X] and

Hy (Y™ — Bf(X)) < |Dx|"*Hc (Y™ — f(X)).

https://doi.org/10.1017/51446788700000628 Published online by Cambridge University Press


https://doi.org/10.1017/S1446788700000628

148 Dimitrios Poulakis (4}
Then
Hx(B) < Hx (Y™ — Bf (X)) < |Dk|"*Hk(A).
LEMMA 2. Let the polynomials P, R € Ok[X, Y] — K have no common zero in
K?. Assume that the degrees of P and R are at most D > 2. Denote by ® a point in

a projective space having as coordinates the coefficients of P and R. Then there are
polynomials A, B € Ox[X, Y] and ¢ € Oy, c # 0, satisfying

AP+ BR =,
such that
deg A,deg B < 4D* +2D
and for every archimedean absolute value | - |, of K
|Alu, [Blu, lel, < (49D @7,

PROOF. By [3, Theorem 1], there are polynomials A, B € K[X, Y] satisfying
AP + BR = 1, such that deg A, deg B < 4D? + 2D. Write

a,a

A= ) A;X'Y, B= i B, XY/,

i=0,j=0 i=0,j=0
p.p o rr' o
P= > PX'Y, R= ) R;X'Y.
i=0,j=0 i=0,;=0
Then
S.T
( D (AyPu+ ByRa) | XY =1,
s=0,1=0 \i+k=s,j+=t

where S = max{a + p, b+ r}and T = max{a’ + p’, b’ + r'}. It follows that the
numbers A;; (i =0,...,a, j=0,...,4d), B; (i =0,...,b, j=0,...,b)and 1
are a solution of the homogeneous linear system

> XyPy+YRy=0 (s=1,....8, t=1,...T)

it+k=s,j+H=t

XooPoo + YooReo — Z =0,

in unknowns X;; (i =0,...,a, j=0,...,4), ¥;; i =0,...,b, j=0,...,D)
and Z. There are at most 1 + 49D* equations and at most 75D* unknowns. By
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the proof of [11, p. 442, Lemma 4], there is a non-trivial solution y;; i =0,...,aq,
j=0,....a), ¢ ({=0,....b, j=0,...,b) and c in O, such that ¢ # 0 and
for every archimedean absolute value | - |, of K

Vislos l€ij1s, lclo < (49D D[P,

where @ is a point in a projective space having as coordinates the coefficients of P
and R. Moreover the polynomials

a.da b.b
I' = Z yin'YJ and E = Gin’Y‘,
i=0.j=0 i=0,j=0

satisfy 'P + ER = c.

LEMMA 3. Assume d > 2. Let a, b be two non-zero elements of K with absolute
heights at most A > e. Let M be a positive integer. Then all solutions x,y € Ok — {0}
of the equation aX + bY = 1, such that max{Ng (x), Nx (y)} < M, satisfy

max{Hy (x), Hx(y)} < exp{W(d)|Dg|(log *| Dk |)* ' log(M A)},
where
W(d) < 11d"9+13819+7,

PROOF. There exists a positive constant dx, depending on K, such that for every
a € K — {0} which is not a root of unity we have log H(a) > é¢/d. It follows from
[20] that we can take 8x = 2/(log 3d)>. Let R be the regulator of K. By [10],

Ry < Cy (d)IDKI'/Z(log *| Dg )",

where

(1+ 1/log|Dx))**'dJe  5d
< <
2J/m) = 1.45

Ci(d) = 5.

Let x, y € Ok — {0} with max{Ng(x), Nx(y)} < M satisfying ax + by = 1. By
[4, Corollary] there is a unit € in Ok such that

max{H (ex), H(ey), H(e)} < exp{Cy(d) R (log *Rx)(Rx + log(M A))}, k
where

Cz(d) < %3;(v2d32d+28d8d+|2‘
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We easily deduce 824 < 3%-1g%~! and
Ry (log *Rx)(Rx + log(MA)) < 33d|Dg|(log x| Dx|)*~" log(M A).
Then combining the above inequalities, we get
max{H (ex), H(ey), H(€)} < exp{Cs(d)|Dx|(log x| Dx)** "' log(M A)},

where C3(d) < (1 1d“d+1281d+7)/2-
We have

H(x) = H(xe/e) < H(xe)H (") < H(xe)H (€).
Similarly H(y) < H(ye)H (¢). Thus we deduce
max{Hg (x), Hx(y)} < exp{W(d)| D |(log ¥| Dg|)**~' log(M A)},

where W (d) < 114'9+13819+7,

LEMMA 4. Let F(X) be a polynomial in K{X] — {0}. If a is an algebraic number
such that F(a) = 0, then we have H(a) < 2H(F).

PROOF. Write F(X) = ¢oX" + ¢, X" '+ ---+¢,. Then F(a) = cpa” + cia" ' +
..+ +4+c¢, = 0. Let | - |, be an absolute value of K (a). When | - |, is non-archimedean,
we have

max{l, lal,} < max{|ci/colv, ..., lca/cols, 1}
and when | - |, is archimedean, [13, Corollary 2] gives
max{l, lal,} < 1 + max{lc;/colv, - - .. [cn/Colw, 1}
Thus we obtain
Hg@(a) < 2°X@Hy o (F).
LEMMA 5. Let f(X,Y), g(X,Y) be non-zero polynomials in K[X, Y]} — K and
R(X) the resultant of f(X,Y), g(X,Y) considered as polynomials with coefficients

in K{X]. Put deg,f = ny, degy,f = m,, degyg = n,, degyg = m,. Assume
R(X) #£0. Then

H(R) < (n; +n)!(m, + 1) (my + D" H(f)" H(g)".
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PROOF. Write f(X,Y) = f,(X)Y" 4+ --- + fo(X) and g(X,Y) = g,,(X)Y™ +
oo+ go(X), where fi(X),g(X) € K[IX]( =0,...,n, j=0,...,n). The
polynomial R(X) is homogeneous of degree n, in f, (X), ..., fo(X) and of degree
nyin g, (X), ..., go(X) with rational integer coefficients. If ||, is a non-archimedean
absolute value, then we get |R|, < |f|"2|g}?'. Let | - |, be an archimedean absolute
value. If M (X) is a monomial of degree n; in f,, (X), ..., fo(X) and of degree n, in
& (X), ..., 8o(X), then we deduce

IM(X)l, < (my + D)™ (ma + D" fI7 1815
Thus we obtain
IRl < (n1 +n)!my + D™ (m2 + D" FI7 18-
Therefore
H(R) < (ny+n)lm + 1)"(m,+ D"H(f)"H(g)".
PROOF OF THEOREM 1. By Lemma 1, there is § € Ok such that the polynomials

fiX,Y)y =68f(X,Y) and Fi(X,Y) = §F(X,Y) have all their coefficients in Og.
Further, the height of § satisfies

Hk(8) < |Dg|"?Hk (D),

where A is a point in a projective space having as coordinates 1 and the coefficients
of f(X,Y)and F(X,Y) (in any order). Put A = max{deg f,deg F}. By Lemma
2, there are polynomials A(X,Y), B(X,Y) € Okl[X, Y] and a non-zero algebraic
integer ¢ of K, satisfying

Ni(c) < (A9A%) Hy (AP,
such that
AX,Y)fi(X,Y)+ B(X,Y)F(X,Y) =c.

Let x,y € Ok such that F(X,Y) = 0. It follows that A(x, y) fi(x,y) = c.
Since A(x, y) and fi(x, y) are algebraic integers of K, we deduce that the integer
Nk (fi(x, y)) divides N (c). Thus we obtain

N (fi(x, ) < (49A% Hg (M),
Put g,(X,Y) =48 — fi(X,Y). Similarly we obtain

Nk (gi(x, y)) < (49AY Hg (A*)¥Y,
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where A* is a point in a projective space having as coordinates the coefficients of the
polynomials g,(X, Y)/§ =1~ f(X,Y) and F(X,Y). We have H(A*) < 2H(A).
Hence the algebraic integers f;(x, y) and g,(x, y) satisfy

%fl(x, y)+ égl(x, y)=1
and
N (fi(x, 1)), Ny (g1 (x, 7)) < (SOA*H (A)¥".
Put A = max{e, |Dx|">Hg(A)} and M = (50A*H(A))*¥4'. By Lemma 3,
max{Hy (fi(x, y)), Hx(g1(x, y))} < exp{¥(d)| D |(log x| Dx >~ log(M A)}.
Then
max{Hg (f1(x, y)), Hx (81 (x, )} < exp{C(d, A)| Dx|(log x| Dx|)* log ¥ Hyx (M)},
where
C(d, A) < 1100d"4+123*+2 A5,
So (x,y) is a solution to the equation
G(X,Y)= iX,Y)-T =0,
where I is an algebraic integer of K, having
Hy(T) < exp{C(d, A)|Dx|(log ¥ Dk [)* log x Hy (A)}.
The height of G(X, Y) satisfies H(G) < 2H(AYH(§)H(T).
Let R(X) be the resultant of the polynomials F (X, Y) and G(X, Y), considered as

polynomials with coefficients in K[X]. If R(X) = 0, then there exist two polynomials
S(X,Y)and T(X,Y) withdeg, S < deg, G and deg, T < deg, F such that

SX, HFX,Y)=TX,Y)G(X,Y).

The polynomial F (X, Y) is irreducible and deg, T < deg, F. Then F(X, Y) divides
G(X,Y). It follows that the function ¢ is a constant, which is not true. Hence
R(X) # 0. Since F(x,y) = 0and G(x, y) = 0, we have R(x) = 0. By Lemmas 4
and 5, we get

H(x) <2H(R) < QA(A + D2 (H(F)H(G)".
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Then
H(x) < QAA + DY*QH(AH(T)YH(8))™.

The same argument with the roles of x and y interchanged shows that the above bound
holds for H(y). Therefore we obtain

max{Hy (x), Hx (y)} < exp{€(d, A)|Dk|(log *| D |)** log x Hx (A)},

where Q,(d, A) < Abq'14+13814+9,

3. Curves of genus 0

Let F(X,Y) be an absolutely irreducible polynomial in K[X, Y] of degree N.
Assume that the affine plane curve C defined by the equation F(X, Y) = 0 is non-
singular. Let K (C) be the function field of C and X, the set of discrete valuation
rings U of K(C) such that K C U and U N K(X) is the discrete valuation ring
of K(X) defined by 1/X. In this section we prove that if C has genus 0 and X,
contains at least three distinct elements, then the ring of regular functions of C has an
exceptional unit. Thus Theorem 1 implies an explicit upper bound for their integer
points, improving on previous estimates given in [14] and in [1, Theorem 5B].

THEOREM 2. Let F(X,Y) and C be as above. Suppose that C has genus 0 and the
set Y., contains at least three (distinct) elements. Then every solution x,y € Og of
the equation F (X, Y) = O satisfies

max{Hg (x), Hg(y)} < exp{S(d, N)|Dg 141\/3 HK(F)"‘GN”}’

where Q,(d, N) < (2N )X00dNZ J13aN*+14

Let T be the set of discrete valuation rings U of K(C) suchthat K C U. A divisor
D on the curve C is a formal sum

D=aV +---+aV,

whereay, ..., a, are rational integers and Vi, . . ., V, elements of . Given f € K(C)
and V € %, let ordy (f) denote the order of the function f at V. Let L(D) be the set
of functions f € K(C) having ordy (f) > —a; and ordy (f) = O forevery V € X,
with V # V, (i =1,...,s). Then L(D) is a finite-dimensional vector space over K
(see [8]).
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LEMMA 6. Assume that the curve C has genus Qand N > 2. Let V € X. Then
there are polynomials g(X, Y) and q(X) satisfying

degg < N?, degyg <4N?, deg,g <N,
H(g) < (6N*H(F)®', H(Z) < (ON*H(F))*N",

where Z is a point in a projective space having as coordinates 1 and the coefficients
of g(X, Y), such that the fraction g(X, Y)/q(X) represent a function ¢ in L(V) — K.
The leading coefficient of g(X) is 1 and the coefficients of g(X,Y) and q(X) lie in
an algebraic number field L, having L. O K, [L : K] < N and discriminant D;
satisfying

ID.| < QNN | D [N Hy (F)*N"

LetU € S, — V. Then there is u € K with H(u) < (ON*H (F))"¥" | such that the
Junction ¢ — u has a zero at U. Furthermore, there is an algebraic number field M,
with M 2 K, [M : K] £ N and discriminant Dy, satisfying

|Dul < @NY**™ | D | He (FY*"",
such that u lies in the composite LM of the fields L and M.

PROOF. By the Riemann-Roch Theorem, the space L(V) has dimension 2. Theorem
A2 of [16] implies that there are polynomials g(X), g;(X, Y) (i = 1, 2), such that the
fractions g; (X, Y)/q(X) (i = 1, 2) represent a basis of the vector space L(V). By [15,
Lemma 1.1], the divisor V is defined over a field L having L © K,and [L : K] < N.
Furthermore, the discriminant D; of L satisfies

IDL| < @N)S¥N | D [N Hy (F)®N"

Then [16, Theorem B2] implies that the polynomials g;(X, Y) (i = 1,2) and g(X)
have their coefficients in L.

Let Fy(X,Y) be the partial derivative of F(X,Y) with respect Y. We denote
by R(X) the resultant of F(X, Y) and Fy(X, Y) with respect to Y. By Lemma 6,
H(R) < BN3H(F))*~!. Let D(X) be the discriminant of F(X, Y) considered as
polynomial with coefficients in K[X]. By [16, Theorem A2], degg < N(N — 1) and
the roots of g(X) are among the roots of D(X). Furthermore, we can assume that
the leading coefficient of g(X) is 1. Let ¢(X) = (X — a;) - -- (X — a,). Since D(X)
divides R(X), we have R(a;) =0(i=1,...,r). By Lemma4,

H(a;) <2H(R) (i=1,...,r).
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Then [18, Theorem 5.9, p. 211], gives
H(g) <2""""H(a))---H(a,).
Combining the above inequalities we deduce
H(g) < GHR)VN™D < 4¥O-DEN H(F)VN-DEN-D < (6N H (F))*V
By [16, Theorem A2], deg, g; < 4N?%. Let F(X,Y) = apo(X)Y" + a,(X)Y"~! +
-++ 4+ a,(X). Following the notation of [16], we have

&(X,¥) =) by(X)y(X,¥) (i=1,2),
j=1

where y, (X, ¥Y) = | and
yi(X, V) =a(X)Y' '+ a(X)Y P+ +a (X)Y (j=2,...,n)
and b;;(X) € L[X]. From [16, pp. 204, 209 and 196], we get
bij(X) =380 +8&uX+---+8;X",
with v < 3N2. By (16, Lemma 26], the vector §; = {8:;p}1<j<n.0<p<v has absolute
height H(8;) < (ON*H (F))*"" . We have
£ (6, 7) = 3 by (X)X, 1)
j=1
= bi(X) + (biaao(X) + - -+ + bin(X)ay 2 (X)Y + -+ - + bin(X)ag(X)Y"".

By the proof of [16, Theorem C2], we can choose a vector §; such that one of the §;;,
is 1. Let Z; be a point in a projective space having as coordinates 1 and the coefficients
of g:(X, Y). We can suppose without loss of generality that one of the coefficients of
F(X,Y)is 1. Then we obtain

H(Z,) < 6N*H(8,)H(F) < (ON*H(F))*N",

Since the dimension of the space L(V) is 2, one of the fractions g;(X, Y)/g(X) (i =
1, 2) represents a non-constant function on C. Denote this function by ¢.

Let y be an algebraic function (in an algebraic closure of K (X)) such that F (X, y) =
0. By the proof of [15, Lemma 1.1], the coefficients of a Puiseux expansion of the
function y at U generate over K an algebraic number field M with degree [M : K} <
N. Furthermore, the discriminant D,; of M has

|Dy| < QNN | D[N Hy (FY*N",
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Let e be the ramification index at U. Put X;; = 1/X"/¢. The function ¢ has a unique
pole at V. Then ordy (¢) > 0. So the Puiseux expansion of ¢ at U is given by a series
of the form

p=ug+u Xy +---.

It follows that the function ¢ — u, has a zero at U. By [16, Theorem C2] (or more
precisely by the proof of this theorem), the coefficients ug, u,, ... are elements in
LM. Furthermore, the same theorem yields H (uy) < (OIN*H (F))¥V".

LEMMA 7. Let A(X,Y), B(X,Y) € K[X, Y] be such that the fraction A(X,Y)/
B(X, Y) defines a regular function ¢ on C. Put

p = deg A + max{deg F, deg B} + 16 max{deg B, deg F}*.

Then the function ¢ is represented by a polynomial P(X,Y) € K[X,Y] on C,
satisfying

deg P < p — max{deg F,deg B} and H(IT) < (p®)!H(¥)”,

where VU is a point in a projective space having as coordinates the coefficients of
A(X,Y), B(X,Y), F(X,Y)and Il is a point in a projective space having as coordin-
ates 1 and the coefficients of P(X,Y).

PROOF. Since the fraction A(X, Y)/B(X, Y) defines a regular function on C, there
are polynomials P(X, Y) and R(X, Y) in K[X, Y] such that

AX,Y)=PX,V)B(X,Y)+ R(X,Y)F(X,Y).
By [12, Appendix}, we can take
deg P, deg R < deg A + 16 max{deg B, deg F}*

(the result of [12, Appendix] is given for the case K = @, but as one can easily see
its proof remain the same when K is an arbitrary algebraic number field). Write

aa b.b
AX,Y)= Y AyX'Y/, B(X,Y)= ) B,;X'Y

i=0,j=0 i=0,j=0

p.p o r.r’ o
P(X,Y)= ) P;X'Y/, R(X,Y)= R, XY/

i=0,j=0 i=0,j=0
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and F(X,Y)=Y""0 _, Fi;X'Y?. Then

i=0.j=0

S.T

Y (PyBu+RF) )XY = D AXY,
i+k=s, jH=t =

5=0.=0
where
S=max{p+b,r+m,a} and T =max{p'+b',r' +n,a’}.
Put 7 = deg A + 16 max{deg B, deg F}*. We have
S, T < + max{deg F, deg B}.
Consider the homogeneous linear system
(XijBu+YijFy) —ZAy =0 (s=0,...,5,t=0,...,7),
i+k=s.j+=t

inunknowns X;; (i =0,...,p, j=0,...,p), ¥ (i =0,...,r, j=0,...,r)
and Z. There are at most 1 + ST equations. The numbers P; (i =0,...,p, j =
0,....,p), Rj (i=0,...,r, j=0,...,r")and | are a solution of the above system
in K. By the proof of {11, Lemma 4, p. 442] there is a non-trivial solution of the
systemin K, mw; ( =0,...,p, j=0,...,p), Ok =0,...,1, 1 =0,...,7)
and ¢ # 0, such that

[7ij1vs 18ulus 121, < max{|Al,, |Bl,, | F1,}* v((ST)Y),

for every v € M(K). The quantity v((ST)!) is equal to (ST)! if v corresponds to an
archimedean absolute value and 1 otherwise.
The polynomials

p.p
BE(X,Y) = (/XY and O(X,Y) = Z 6,;/0)X'Y’
i=0,j=0 i=0,j=0
satisfy
AX,Y)=EX, VBX,Y)+O(X,Y)F(X,Y).

Furthermore, denote by ¥ a point in a projective space having as coordinates the
coefficients of A(X, Y), B(X,Y), F(X, Y) and & a point in a projective space having
as coordinates 1, 7;; /¢ (i =0,...,p, j=0,...,p)and 6,/ (i =0,...,r, j =
0,...,r"). Then we deduce

H(®) < HW)ST(ST)!
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PROOF OF THEOREM 2. According to our assumptions, the set X, contains three
distinct elements, say V|, V, and V;. By Lemma 6, there are polynomials g(X, Y)
and ¢ (X) satisfying

degg < N?,  degyg <4N?, deg, g < N
and
H(q) < (6N3H(F))*V', H(Z) < ON*E(F))*",

where Z is a point in a projective space having as coordinates 1 and the coefficients
of g(X, Y), such that the fraction g(X, Y)/q(X) represents a function ¢ of the space
L(V}) — K. The leading coefficient of the polynomial ¢(X) is 1. Furthermore, there
are u,, u; € K with

H(u;) < ON*H(F))y™",

such that the function ¢ — u; has a zero at V; (i = 2, 3). The elements u,, u; and the
coefficients of g(X, Y) and ¢(X) lie in an algebraic number field M, having M 2 K
and [M : K] < N3. The discriminant D), of M has

|Du| < (NN | Dy |V Hy (FYSV'" )V,

Suppose u; = u;. Then the function ¢ — u, has zeros at V; and V5 and a unique pole
at V| of order 1, a contradiction. Hence u, # u3.

The function Y = (¢ — u)/(u3 — u>) has a unique pole at V| of order 1 and a zero
at V,. It follows that ¥ has no other pole atany U € ¥ — X,. Hence v is a unitin U,
forevery U € ¥ — X,. Since the affine curve C is non-singular, the discrete valuation
rings of £ — X, are exactly the rings of regular functions Vp at the points P of the
affine curve C. Then y is a unit in V,, for every P € C. It follows that ¥ is a unit in
the ring (pee Ve = K[C). Furthermore, the function 1 — v has a unique pole at V,
of order 1 and a zero at V3. Similarly we obtain that 1 — v is a unit in K[C]. Hence
is an exceptional unit and therefore we can apply Theorem 1. By Lemma 7, there is
a polynomial P(X, Y) with coefficients in M, such that the function y is represented
by P(X,Y) on C. Furthermore, deg P < 17N® and H(IT) < (289N'SH(©))*N",
where I1 is a point in a projective space having as coordinates 1 and the coefficients
of P(X,Y) and © a point in a projective space having as coordinates the coefficients
of g(X,Y) — uq(X), (u; — u3)q(X) and F(X, Y). We may assume, without loss of
generality, that one of the coefficients of F(X, Y) is 1. Since the leading coefficient
of g(X) is 1, we get

H(®) < 4H(Z)H (@ H(F)H () H(us) < ON*H(F))"**".
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Therefore H(IT) < (ON*H (F))*205V" Letx, y € Og such that F(x, y) = 0. Then
Theorem 1 gives

max{H (x), Hx (y)} < exp{C(d, N)|Dg|*"' H¢ (F)"*""},

where C(d, N) < (2N)04N” g13dN'+14 " (To conclude this bound we have used the
inequality log xn < mn'/™ for every positive integers n and m.)

4. Elliptic equations

In this section we obtain an explicit upper bound for the height of integral solutions
to the elliptic equations, reducing this problem to the same problem for curves having
an exceptional unit. Then Theorem 1 implies a bound for the height of integral
solutions to the elliptic equations, improving on the estimate obtained recently by
Schmidt in [17].

THEOREM 3. Suppose f(X) = X*+aX +b has coefficients in O and discriminant
A(f) = —(4a® + 27b%) # 0. Then all solutions (x,y) € O% to the equation
Y? = f(X) satisfy

max{Hg (x), Hg (y)} < exp{S23(d)| Dk | |Nx (A(f NI log *H ()},
where Q3(d) < ]0585d+46d312d+13.

COROLLARY 1. Suppose f(X) = X3 + aX? + bx + c has coefficients in O and
discriminant A(f) = —(da’c + 4b> + 27¢ — 18abc — a?b?) # 0. Then all solutions
(x,y) € O to the equation Y?* = f(X) satisfy

max{H (x), Hx (y)} < exp{S(d)| Dx || Nk (A(f DI log xHk ()},
where Q4(d) < 10740d+48d312d+13'

PROOF OF THEOREM 3. We shall use an argument that goes back to an idea of
Chabauty (see [7, p. 140]). Consider the elliptic curve

E:Y’=X+aX +b.

Let (x, y) be a point on £ with coordinates in K, such that 2(x, yv) # 0. Then
2(x, y) = (¢(x,y), ¥ (x, y)), where

3x*+a
2y

3x?+a
y

2
o(x,y) =—2x+( ) and 1/f(x,y)=—y+( )(x—rb(x,y)).
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Let S and T be algebraic functions, in an algebraic closure of the function field K(E)
of E,suchthat X = ¢(S,T)and Y = ¢ (S, T). Setting U = (35> +a)/(2T), we get

38 +a

U@3S —U?).
v T ( )

X=-254U" and Y=~

Eliminating S we deduce the equation
®(X,Y,U)=U*—-6XU?—~8YU —3X*>—4a =0.

Let (x, y) € O2 be an integer point on the elliptic curve E, with y # 0. Let u be
a non-zero root of the equation ®(x, y, U) = 0. Then u is an algebraic integer. Put
s = (u* — x)/2. Substituting —2s + u* for x in ®(x, y, u) = 0, we get

3s°+a

x=-2s+u’> and y=— +uBs — u?).

Substituting this in y? = x* + ax + b, we deduce
G(s, u) = 9s* — 4u’s® + 6as? — dasu® — 4bu’ + a®* = 0.
Replacing u? by 2s + x we obtain
O(x, s) = s* — dxs® — 2as* — daxs — 8bs — 4bx + a* = 0.

It follows that s is an algebraic integer.
Let ey, e;, 3 be the roots of the equation S* +aS + b = 0. Consider the polynomial

G(S,U) = —4U*(S° +aS + b) + 95* + 6aS?* + a>.

Since (95* + 6aS? + a®)/(S> + aS + b) is not a square in K(S), it follows that
the algebraic curve G(§, U) = 0 is irreducible. Let ¢; be a root of the polynomial
98*+6aS%+a*> = (35? +a)”. Thene; is a double root of the polynomial S* +aS + b
which is not true. Thus, S* + aS + b and 9S* + 6aS? + a® have no common root. If
the regular function S — e; on the affine curve G(S, U) = 0 had a finite zero, then the
polynomials S* + aS + b and 9S* + 6aS? + a? would have a common root, which
is a contradiction. Thus 1/(S — e;) is a regular function on G(S, U) = 0. Therefore
the functions S —e; (i = 1, 2, 3) are units in the ring of regular functions of the curve
G(S,U) = 0. Since

S—e)+(e2—9S)=e—e,

we obtain that the function (S — ¢,)/(e; — €,) is an exceptional unit.
Let L = K(u). The equality x = —2s + u? implies s € L. Since u satisfies
the equation ®(x, y, U) = 0, we have [L : K] < 4. Let P(U) be the irreducible
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polynomial of u over K and A(P) the discriminant of P(U). Since u is an integer in
L, A(P)isaninteger in K and the discriminantideal D« of L over K divides A(P).
Further, P(U) divides ®(x, y, U). The discriminant of the polynomial ®(x, y, U) is
22A(f). It follows that D, divides 2'2A(f) (in Ok). Hence

INk (D)l = 212d|NK(A(f))|-
Then the discriminant D; of L satisfies
(D] < 'DKF‘INK(DL/K), < 2| Dg | INk (A(H)I.

Denote by M the field generated over L by e, e; and e;. Let Q(X) be the irreducible
polynomial of e¢; over L and A(Q) the discriminant of Q(X). Then A(Q) divides
A(f). Since e, is an algebraic integer, the discriminant ideal D, .,,,. of L(e,) over L
divides A(Q). Thus Dy, divides A(f). Hence

|Driey| < IDLPINL(Drensn)l < IDLPINL(A()] = [DLPINk (A
Similarly we get
Dyl < IDpey PINg (AN,
Combining the two inequalities we obtain
|Dy| < IDLI°*INk (AN < 27Dy [Nk (A DI

Let A be a point in a projective space having as coordinates 1, 1/(e; — e)),
e;/(e; — e;) and the coefficients of the polynomials G(S, U). We easily deduce
H(A) < 144H(f)°. Theorem 1 yields

max{Hy (), Hy(s)} < exp{C(d)|Dx [P |Nx(A(f))7 log*Hk (f)},

where C(d) < 105854+4 g312d+13
The equation O(x, s) = 0 implies
s* —2as* — 8bs + a?
X =
4(s> +as + b)

Then
Hy(x) < 770 Hy (s)" He (f)'%.
Therefore

max{Hy (x), Hx (y)} < exp{12C(d)| D |”|Nxk (A(f)|* log *Hx (1)}
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PROOF OF COROLLARY 1. Consider the equation Y2 = f(X) and multiply the two
members by 3°. Putting 7 = 27Y and S = 9X, we get

T? =5 +3%aS” + 3°bS + 3.
Furthermore, setting § = U — 3a, we obtain the equation
T* =g(U),
where
gWU) = U* +3°3b — a)U + 3°(2a* — 3%ab + 3%c).

Let (x,y) € Ox® with y> = f(x). Then u = 3a 4+ 9x and ¢ = 27y lie in Ok and
satisfy 2 = g(u). We have H(g) < 1026H (f)’ and the discriminant of g(U) is

Ag) = —[4(3°3b — a))* + 27(3*(2a* — 3%ab + 3°c))’] = 3 A(f).
Then Theorem 1 yields
max{Hy (u), Hr (1)} < exp{(d)3***/10| D || Nx (A(f)*" log *H ().
Since x = (u — 3a)/9 and y = t/27, we obtain
max{Hy (x), Hx ()} < exp{Qs(d)3**20| D |*|Nx (A (f))|7 log xH (f)}.

5. Thue curves

By a Thue curve we mean a plane curve g(X, Y) = b, where g(X, Y) is a binary
form in K[X, Y] with at least three pairwise distinct linear factors and b a non-zero
element of K. In this section we consider a more general class than Thue curves and
we prove that the curves from this class have exceptional units. Thus Theorem 1 gives
an upper bound for their integer points. Our estimate is sharper than that of Theorem
SE of [1].

THEOREM 4. Let F(X, Y) be an absolutely irreducible polynomial in K[X, Y] of
degree N, of the form
FX,Y)=(X—al)X —aY) (X —aY)f(X,Y)+D,

where f(X,Y) € K[X,Y], ai,a,,as, b € K and the elements a,, a,, a; are pairwise
distinct. Then every solution x, y € Og of the equation F(X, Y) = 0 satisfies

max{Hg (x), Hg(y)}
< exp{Qs(d, N)| Dy |(log | D ) log #(Hx (1, a1, @z, a3) Hy (F))),

where Qs(d, N) < 1070814 N3q!1d+13,
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PROOE. Denote by C the algebraic curve defined by the equation F(X,Y) = 0.
Since the polynomials (X —a, Y)(X —a,Y)(X —asY) and F(X, Y) have no common
root in K2, we deduce that the fractions

a—a; X —aY a —a3 X —aY

and
az-alX—a3Y ag—alX——a3Y

define two units in K[C] that will be denoted respectively by ¢ and . It is easily
verified that ¢ + ¢ = 1. Thus ¢ is an exceptional unit. We can suppose without loss
of generality that one of the coefficients of F(X, Y) is 1. By Lemma 7, the function
¢ is represented by a polynomial P(X, Y) of K[X, Y] satisfying deg P < 17N* and

H(M) < 289N®)\2H (1, ay, ay, as)* H(F))*™"",

where [T is a point in a projective space having as coordinates 1 and the coefficients
of P(X,Y). Let A be a point in a projective space having as coordinates 1 and the
coefficients of P(X, Y) and F(X, Y) (in any order). Then

H(A) < HIN)H(F) < 290N*H(1, a;, a,, a3)2H(F))290N8.
Now we can apply Theorem 1. Thus, if x, y € O such that F(X, Y) = 0, we have

max{Hg (x), Hx ()}
< exp{C(d, N)|Dk|(log x| Dx|)** log *(Hk (1, a;, a, as) Hx (F))},

where C(d, N) < 10°0814N3g"4+13,
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