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Abstract

Let ay, ..., a, be non-zero algebraic numbers and let /\(a;), . . ., l,(a,) denote arbitrary fixed
values of the logarithms of a,,..., a,, respectively. Given that /i (a,), ..., /,(a,) are linearly
dependent over Q, the existence of a non-trivial dependence relation between these numbers with
integer coefficients of low absolute values can be proved. Existing results of this kind give bounds
for the absolute values of the coefficients which are expressions in the degree D =
[Qay, . . ., a,): Q), the heights of a;, . . . , a,, and the magnitudes of the logarithms involved.

In the present paper it is shown by means of Baker's method that one can suppress the
dependence on D completely—at the price of the occurrence of more branches of logarithms in the
bounds. An application of this feature is given.

1980 Marhematics subject classification (Amer. Math. Soc.): 10 F 35.

1. Introduction

Let ay, . . ., a, € C be non-zero algebraic numbers; let /|(a,), . . . , /,(a,) denote
arbitrary fixed values of the logarithms of a, ..., a,, respectively. Put D =
[Q(eys - - ., @,): Q] and let H(a,) denote the classical height of a,, that is to say,
the maximum of the absolute values of the coefficients in its minimal poly-
nomial in Z[X]. We consider the following problem. Let it be given that
I(ay), ..., (a,) are linearly dependent over Q, that is that there exist
4y - - - 4, € Z, not all zero, satisfying

ey alf(a) + - - - +q,0(a,) =0.
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(2] Degree-free bounds for dependence relations 497

Prove that the g, may be chosen such that their absolute values are relatively
small in terms of n, D, the H(a,) and the |/ (a,)|.

Results of this kind can be found in Baker (1975), Bijlsma (1978) p. 53 and
Waldschmidt (1980). The related problem of multiplicative dependence was
treated by Van der Poorten and Loxton (1977). They assumed the existence of
qp - - - 4, € Z, not all zero, satisfying

(2) aft- - a% =1

and showed that relatively small g, exist with the same properties.

In all quoted results, the dependence on D (if already given explicitly) is
expressed as a factor greater than D", when D is large, in the occurring bounds.
We remark, that a refinement of the method of Bijlsma (1978) enables one to
reach a factor about D". On the other hand, taking n = 2, a;, = 2, a, = 2!/?
and principal values of the logarithms shows that the dependence on D cannot
be suppressed completely. The purpose of this paper is nevertheless to give
bounds which have no explicit dependence on D.

As a basis for the technique that we shall use, we state the following lemma:

Lemma 1. For a;,...,a, €C and x,...,x, €Z, not all zero, satisfying
(xp, - - -, X,) = 1, the following statements are equivalent:
i) there exist values I\(a,), . . ., | (a,) of the logarithms of «ay, .. ., a, respec-

tively such that
xih(a) + - -+ +x,0(a,) =0;
iapt- - - o =1
ProoF. Clearly i) implies ii). Now assume that ii) holds; this implies that there
is a rational integer k satisfying
x, Loga; + - - - +x,Log a, = 2kmi.

As (xy, ..., x,) =1, there exist k,, . .., k, € Z satisfying k\x, + - - - +k,x,
= —k. If we define /(a,) := Log a, + 2k, miforv =1, ..., n, we have

> xl(a) = x Loga, +2m > k,x, = 2kni — 2kmi = 0.

v=1 v=1 =1

Multiplicative dependence, once established, is invariant under conjugation; it
is a consequence of Lemma 1 that the same is true for linear dependence of
logarithms. This is formulated in the following property:

Let by, ...,b, € Z, not all zero, such that
bl(a) + - - +b,l(a,)=0.
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Let o be a Q-isomorphism of Q(ay, . . ., a,) into C. Then there also exist values
If(o(ay)), . . ., I¥o(a,) of the logarithms of a(a)), . .., o(a,) respectively such
that

b\l¥(s(ay)) + - - - +b,[¥(o(a,)) = 0.

Indeed, put x, = b,/(by,...,b,) for v=1,...,n Then a,,...,a, and
X, .. ., X, possess property i) in Lemma 1, and thereby property ii); from this
we deduce that o(avy), . . . , o(a,) and x, . . ., x, possess property ii) and thereby
property i). The statement follows upon multiplication by (5,, . . ., b,).

Thus, if there exists a linear dependence relation between logarithms of
a,, ..., aqa, we have in fact D such relations, all with the same coefficients,
between logarithms of conjugates of a, ..., a,. Since each of these relations
can be considered as a vanishing linear form, we can apply Baker’s method
simultaneously to all these forms, with one auxiliary function for each form. As
in Bijlsma (1978) we shall construct the desired low dependence relation from
the frequencies, used in the auxiliary functions. The final bound will be indepen-
dent of D, but will contain the magnitudes of all logarithms of all conjugates
involved.

It should be noted, that the above procedure cannot be used in order to
obtain similar theorems for multiplicative dependence instead of linear depen-
dence of logarithms. For, if for example n = 3, a; = 2, a; = 3, a; = -1/6, the
numbers a,, a,, a; are multiplicatively dependent because a?alaZ = 1; but no
product with relatively prime exponents can equal 1, and thus, by Lemma 1, no
linear combination of logarithms of a;, a,, a; can be zero.

The sequel of this paper consists of three sections. In the next section we state
our main theorem and we formulate or give reference to the lemmas we need.
We remark, that Lemma 3 is of some independent interest. In section 3 we prove
the theorem; the final section contains an application.

2. The main theorem

We shall use the absolute logarithmic height A(a) of an algebraic number of
degree d, defined by

h(a) == d7' log M(a)

where

d
M(a) = 08I=Il max(|os(a)], 1);
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here, a is the leading coefficient of the minimal polynomial of a and
o,(a), . .., g {a) denote the conjugates of a. For a detailed description of the
properties of the absolute logarithmic height we refer to Waldschmidt (1980);
here we only recall that

3) h(a) < d'{log H(a) + logd} < log H(a) + 1.
Our theorem can be formulated as follows:

THEOREM. Let «,, ..., a, € C be non-zero algebraic numbers. Put
K:=0Q(a,...,a,),D=[K:Ql Let o, ..., o denote the Q-isomorphisms of
K into C, where o, is the identity; let I, ,(o,(a,)) be an arbitrary fixed value of the
logarithm of o(a,) for p=1,...,D and v =1,...,n, with |, (o(a,)) # O,

v=1...,n
Suppose
A, > max(h(a,),“Jr’l'a')& D|l”(o,‘(a,,))|, 1), v=1...,n
Define
n
Q= Hl A
Q,=Q/4,, v=1...,m
Qo = max(, e).
Let E be a number satisfying
4) e<E< min min(exp(A ), ed, )
=l 7 max,oy . pll,(0u(a))]
If there exist by, . . ., b, € Z, not all zero, such that
b,lu,l(a,‘(al)) + - +bn1M(oM(an)) =0, pw=1...,D,
then there exist q,, . . ., g, € Z, not all zero, such that

qiliaay) + - - - +q,l,(a,) =0
and
(5 lg,| < CRQ, log"” Q- 1og(QE) log™ E, v=1,...,n,
where C is an effectively computable number that depends only on n.

ReMARK 1. When 4 > max(h(a,), 1), v»=1,...,n, and L > IIN(oF(a,))l,
p=1,...,D, v=1,...,n, then we can use 4, = max(4, L), »=1,...,n,
and

E = mjn(max(e", el), max(—ef-,e)).
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With this choice,
max(c;'4, e) < E < c,A4
and thus
¢;! max(log 4, 1) < log E < ¢; max(log 4, 1)
where ¢,, ¢,, ¢; are numbers, greater than 1, depending only on L. Now (5) takes
the form
lg,| < C;A" ' max(log4,1), w»=1,...,n,

where C,; is an effectively computable number that depends only on n and L.

ReMARK 2. Using inequality (3), one can easily reformulate the theorem as
well as its consequence indicated in the first remark, in terms of the classical
height.

REMARK 3. When a, is an algebraic integer, we have

D
Lomax 1L (o(e))] > max  lloglo,(a)]] > D! El logla,(a,)]

D
> D 21 max(loglo, ()}, 0) = A(a,),
P
so then
maX(h(a,),Fglé}’ RIECAC)E 1) = maX( max ICACH) A l).

The auxiliary results we shall use are either very well known or contained in
Waldschmidt (1980), except for two that we formulate explicitly:

LeMMA 2. Swppose «ay, ..., a, algebraic and put D = [Q(a;, ..., a,): Q]
Then there exists a primitive element a for Q(a,, . . ., a,) of the form
a=c¢ea +- - +eq,

where e,, . . ., e, are non-negative integers satisfying e, + - - - +e¢, < D2
Proofr. From Mignotte and Waldschmidt (1977), Lemme 3, by induction.

LEMMA 3. Let §,...,¢&, be algebraic numbers. Put K= Q(,, ..., &),
D = [K:Q]. Let oy, ..., 0 denote the Q-isomorphisms of K into C. Let P €
Z{X,,...,X,] have degree at most K, in X, for v=1,...,n. Then either
PE,....,§)=0o0r

D n
1T lo, (P . £)] > exp(—u ) K,h(e»).

y=]
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ProOOF. Write

K, K,

=2 o X ok, k)XP X
k=0 k,=0

then
D
7 = Hla,.(P(ﬁp---,ﬁ,,))
=
D K K,
=13 plky .5 kol (E) - - - 0(E,).
p=1k =0 k,=0

Putd = dg{),» = 1,..., n. Then £ has exactly d, different conjugates, each
of which occurs D /d, times among 0,(£,), - . . , 6p(£,); thus each of the different
conjugates of £ occurs in the above expression for 5 to a power at most DK, /d,.
Let a, denote the leading coefficient of the minimal polynomial of £,; then
Hilfssatz 17 of Schneider (1957) implies that

den(n) < I aP%/4.

p=1]
However, as 1) is clearly invariant under conjugation and thus a rational number,
we conclude that eithern = 0 or

n
Il > II a;2%/4.
v=1

The lemma now follows from the trivial estimate
a, <exp(dht)), wv=1...,n

3. Proof of the main theorem

For abbreviation, we shall use

U = Qlog" Q- log? (QE)log(DQ,B) log™ " 'E
and
A(z; R)=(z+1)---(z+ R)/R!, R €N;
further, »(R) denotes the least common multiple of 1, ..., R. By ¢, ¢5, ..., we
shall denote effectively computable real numbers greater than 1 that depend

only on n. By x we shall denote some real number greater than 1; additional
restrictions on the choice of x will be formulated at later stages of the proof.
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L. Suppose that b, 0 and define B := max(|b,), . . . , |b,{). Also define
K, = [x**Q, log" Q- og(HE) log"E], v=1,...,n;
M = [x**Q log" Q- log(RE) log™'E][ D log(DQB) ];
R = [ D log(DQ,B)|;
S = [ x*D log(QE) log(DQ,B) log 'E|;
T:=[x***Qlog""! Q- log(QE) log™ 'E].
Forv =1,...,n we have log E < 4,, so
log" E < log" ' E- log(QyE) < Q,108(RE) < Q, log” €, log(RE),
which implies K, € N. By similar ways of reasoning, M /R, S and T are positive

integers and S/ R > 1 when x is more than some absolute constant.
The M functions

(A(z + r;; R))?, rn=0...,R-1, rb=1,...,M/R,

will, in some arbitrary order, be denoted by Ay(z), . . ., A, _(z). We introduce
the auxiliary functions

K -1 K,—1 M—1 D-1
F(2)= X -+~ 2 > 2 p(k,m, d)oi(a)a,(z)
k=0 k,=0 m=0 d=0

x exp((kid, (0,(a) + - - - +k,,1“,,(o”(a,,)))z), w=1...,D,

where a is a primitive element for K satisfying the conditions of Lemma 2, and
where the pk, m, d) = p(ky, . .., k,, m, d) are rational integers to be de-
termined later.

As

2 k1, (0,(a) = B 2 (KB, = kb (0,(a1)))

we have

© FO2)=S __“__71,;-,(0,‘(11,))-- ot (0,(0- ) Funl2),

1. ..
4=¢ To! Ty

where the summation ranges over all n-tuples r = (7, . . ., 7,_,) of non-negative

integers satisfying |7 == 7y + - - - +71,_; = ¢, and where
K,—1 K,—1 p-1D-1
—— d T ~T = T
Fp.,-r(z) = 2 t 2 2 2 p(k’ m, d)o,‘ (a)A(mo)(z)b,,
k=0 k,=0 m=0 d=0

< Il (6, - kb x exp{ S khlo, <a,>)z}
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Now consider the system of linear equations
(»(R))b* " *F (s) =0, s=0,...,85-1L}{<T-1,

in the K- -+ K,MD unknowns p(k, m, d). The coefficients of these linear
equations are polynomial expressions in «, a,, ..., @, with rational integer
coefficients; see Lemma 2.4 of Waldschmidt (1980). We can bound the lengths
of the polynomials involved by

M n—1
3R7or,) (——s +R2R) (2e)MB* ¥ I_I] (K, + K)"

< exp(cyx**°DU log Ry /10g(QE)).

The degrees in a of these polynomials are less than D and the degrees in each a,
are less than K, S < x***8DU/A,. The absolute logarithmic height of a, is at
most A, and the absolute logarithmic height of a is, by Lemma 2.7 of
Waldschmidt (1980) and by Lemma 2, at most

2n(n + Dlog D +logn + >, h(a,) < cslog D + cs max(A4,, ..., 4,)

v=1

< 2652 log*(QoE ))log( DR, B)log ™~ 'E,

the last inequality because log™*'E > Q@ 'max(4,, . . ., 4,). The total number
of equations is less than
ST" < x*"+8+4 D On log™ +7Q, - log"* (R E )log(DQeB)log™ ~ "~ 'E,

while the number of unknowns is K| - - - K,MD > xDST" when x exceeds a
certain absolute constant. According to Lemma 2.1 of Waldschmidt (1980),
there is a non-trivial choice for the p(k, m, d) such that F, (s)=0,5s=0,...,
S — 1, [ <T -1, while P:= max|p(k, m, d)| is at most exp(csx**+°DU).
Note that the numbers F, (s), . . ., Fp (s) are conjugate to F| (s) for each 7 and
s, so that the same choice of p(k, m, d) gives us

(7) F(s)=0, s=0,...,S—LW<T-Lp=1...,D

IL Define J = [log(x’T""")]. Forj =0, ..., J we put S; := [¢/S],
JIT/2J]. Then, by our special choice of the p(k, m, d), we have forj =
8) F,(s5)=0, s=0,...,85-Lph<T,-Lpu=1...,D.

This is proved by induction; for j = O the assertion is precisely (7). Now suppose

that (8) holds for some j <J — I. Then, if |7| < T,,; — 1 and r < [T/2J], we
have

T, = T
0,.

£

F;(a:z = 2 _T'Lp—'ll‘spi(op(al)) o p.,n l(o( l)) p,'r+p(2)’

lo|=r Po° =1
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where the summation ranges over all n-tuples p = (p,, . . . , p,_;) of nonnegative

integers satisfying |[p| :==py + - -+ +p,_, =7, and where 7+ p = (7, +
Po - -+ > Tyt + p,_y). Clearly |7+ p| < T; — 1 and thus, by the induction hy-
pothesis,

FXs)=0, s=0,....8- L <T,, —Lp=1,...,Dr<[T/2]]
By Lemma 7 of Cijsouw (1974),

2 \SIT/27]
©) max |F ) <2, max ()
If |1| < T;,, — 1, some computations show that

max |F, < exp(c.e/x***°DU
x|, (2)| < expleees ™ DU)

and

E
therefore, if we choose x > ¢4c¢, substitution in (9) gives

max |F, (z)| < exp(—cg'e/x**'°DU)

Iz < 841

SUT/27] ,
( 2 ) < exp(—c;'ex*"*1'DU);

thus in particular
|F,.(s)| < exp(~cz'e’x**1°DU),
s=0,..., 8- LW<T,, -Lp=1...,D
Therefore

D
(10) IT |(2(R)) b1+ +™-1F, (5)] < exp(—c5'e/x*"*ODV),
=1

5=0,..., 8~ LIl <Tu, -1

Now for these values of s and 7, the expression (#(R))b'* "~ *™-IF, 1{s)is a
polynomial in a, «;, . . . , a, with rational integer coefficients; the degree of this
polynomial with respect to a is at most D and its degree in a, is at most K, S; ;.
Thus, by Lemma 3 above, either F, (s) = - - - = Fj, (s) =0or

D
(11) IL [((RY) B+ *71F, (5)] > exp(—c\oe’x*"**D V).
p=1

Combining (10) and (11), and choosing x2 > cocyq, gives Fy (s) = - - - = Fp, (s)
=0fors=0,...,8;,, — L |7l < T, — 1. This completes the proof of (8).

III. Takingj = J, p = 1 in (8) yields
F(s) =0, s=0,...,8 - Lj7{<T, -1
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Substitution in (6) shows that
F{9(s) =0, s=0,...,8-,L,t=0,...,T,—- L
Thus the number of zeros of F, in W = {z € C: |z|] < §; — 1} is at least
S, T, > ci}x*ST"
> cplx¥ 8D QM log” "R, - log"t (D, E )log(D Qe B)log™ ~"'E.
However, if F, is not identically zero, the corollary of Theorem 1 of Tijdeman
(1971) implies that the number of zeros of F; in W does not exceed
3K,--- KM +4S,(AK,+--- +4,K,)/E
< X FEFOD Q" log” + 19, - log"+ (R, E )log(D R, B)log™ " 'E.

In this case, comparison of the two estimates for the number of zeros of F; in
W yields a contradiction if we choose x > ¢;,¢,3. Thus F| is identically zero. As
the p(k, m, d) are not all zero, the polynomials A, (z) are linearly independent
and « has degree D, it follows that two of the frequencies of F, must be equal.
This shows that there exist two non-identical n-tuples (k,,...,k,) and
(ki - . ., k) of non-negative integers that satisfy

kilia(eay) + -+ k1 () = Kily(a) + - - - + R (a,)
while
max(k,, k) < K, — 1 < x"*4Q, log" Q,- log(Q,E)log™"E, v=1...,n

Taking g, == k, — k, for v = 1, ..., n proves the theorem with C = x**4,

4. An application
Let a = 0, 1 be an element of a number field K. It is known, that bounds can
be given for the exponents ¢ for which @ = {87 where {, 8 € K and ¢{ is a root
of unity; see for example Schinzel (1978), Lemma 1. We propose to extend this
kind of bounds to products af*- - - - -a’ instead of a, in the case of a totally
real field K.

COROLLARY. Let K be a totally real field of degree D; let o, . . . , 6, denote the
Q-isomorphisms of K into R. Let a, - - - a, be multiplicatively independent ele-
ments of K and choose R > 1 such that e® < |o(a)| <e® for p=1,...,D
andv=1,...,n.Whengq,,...,q, €EZ, not al zero, and 8 € K such that

(12) afh Tt (X:" = Bq’ (ql, s Gps 4) = 19
then
(13) lal < CA™ 1og" (4 + Q)log™(ed/R),
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where

A= max( max nh(a,,), R, 1)

v=1,...,

and Q = max(|q,|, . .., |q,|). Here C, is an effectively computable number, de-
pending only on n.

PRrROOF. By ¢4, ¢;5 we shall denote effectively computable real numbers that
depend only on n. Suppose that there exist numbers 8 € K and ¢ € Z such that
(12) holds and (13) does not hold. We define 4, =4 for v=1,...,n and
A,,, = nQA. Further, @, < end"*'Q and E = e4/R will be used; note that
exp(4) > edA > eA/ R and exp(nQA) > endA > eA/R. It follows from the theo-

rem that there exist numbers r,, ..., 7, r € Z, not all zero (so in particular
r # 0), such that

(14) oft - = f

and

[r] < 144" log™* (end"*'Q )log(e’nA"*2Q/R)log™ " '(eA/R)
< ;44" log* Y enA"+2Q)log™~'(eA /R)
< csA" log"t (A + Q)log™ (ed/R).
For C, > ¢,, this implies |r| < |q|. From (12) and (14) we can eliminate B,

obtaining
afr T @ = ],

By the multiplicative independence of «, ..., a, we get g,r — r,g =0 for
v=1,...,n. Thus, qis a divisor of (¢;, . . ., g,)r; since (¢, ..., 4, q) =1 we
have q/r, contradicting |r| < |q|.

It should be noted, that the h(a,) are at most B := max,., ., log H(a) +
1, and that R can be chosen as B. So (13) implies
lgl < C;B" log"**(B + Q)
where C; depends only on n.
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