ON THE APPROXIMATION OF ALGEBRAIC NUMBERS
BY ALGEBRAIC INTEGERS

K. MAHLER
(received 12 December 1962)

In his Topics in Number Theory, vol. 2, chapter 2 (Reading, Mass.,
1956) W. J. LeVeque proved an important generalisation of Roth’s theorem
(K. F. Roth, Mathematika 2, 1955, 1—20).

Let & be a fixed algebraic number, ¢ a positive constant, and K an alge-
braic number field of degree #. For x e K denote by ), - -+, «™ the conju-
gates of x relative to K, by &(«x) the smallest positive integer such that the
polynomial

glz) = hl) TI o) = bya*+byz™ 2+ - - 48,

j=1

has rational integral coefficients, and by ¢(x) the quantity
g{x) = max(|by|, 1By, < - -, 1b4])-

LeVeque’s theorem states that the inequality

(1) lk—&| < g(k)=7

can only then have infinitely many distinct solutions x in K when ¢ = 2.
When K is the rational field, this exactly is Roth's theorem.

In the present paper I generalise LeVeque’s theoremand, for1 SN < #,
study the simultaneous approximation of N given algebraic numbers &, - - -,
&x by the conjugates «@), - - -, «®™ of those elements « of K that satisfy the
inequality

(I1) h(k) = ¢ q(x)".

Here 7 is a constant in the interval 0 < v <1, and ¢’’ is an arbitrary positive
constant. In the case N = 1 the result is that both (I) and (II} can only
then hold for infinitely many distinct x in K when o < 14-7.

Of particular interest is the special case when 7 =0 and ¢ = 1.
The problem then becomes that of approximating &,, - - -, &v by the conju-
gates k), -+« ™) of an algebraic #nteger in K. Naturally this problem is
only then non-trivial when K is neither the rational field nor an imaginary
quadratic field; for, with the exception of these special fields, the integers
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2 On the approximation of algebraic numbers by algebraic integers 409

of K lie dense on the real axis or in the whole complex plane. By considering
the approximation by integers, one arrives at results on non-homogeneous
Diophantine approximations for algebraic numbers. Such problems do
not seem to have been studied before.

Theorems 1 and 2 contain the main results of this paper, and the paper
ends with a few simple applications.

More general theorems can be proved, and I have, without proof,
stated several possible generalisations in the Appendix C of my book
Lectures on Diophantine Approximations, I (University of Notre Dame
Press, Notre Dame, Indiana, 1961). Regrettably, the text of this appendix
is disfigured by several bad misprints.

1. Throughout this paper K denotes a fixed algebraic number field,
say of the (finite) degree # over the rational field R. The » fields K, - - -,
K™ conjugate to K are considered as embedded in the complex field. Thus,
if « is any element of K, its # conjugates «, - - -, ™ relative to K are real
or complex numbers.

There exists to every « in K a smallest positive integer

h=h(x) =1
such that

he—r) -« (x—x™), = g(x) = bga™+byz" 2+ --- +b, say,
is a polynomial with rational integral coefficients. We put
q = q(x) = max ({by|, B, * * *, [al)
and call ¢ the height of « relative to K. Then
1<h<gqg

because b, = h. According as to whether x generates K, or a subfield of K,
g(x) is irreducible over R, or it is at least the second power of such an irre-
ducible polynomial.

Denote by

Eln.'.xén

n fixed algebraic numbers that need not lie in K and may be chosen com-
pletely arbitrarily. Further put

A=Ak = ,IE min(l, |« —&])

so that
041 for all x in K.

Then 4 vanishes for at most finitely many elements of K, and it is exactly
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410 K. Mahler [31

then less than 1 when at least one of the inequalities

IK(”—’E,‘}‘ < 1 (j = 1) 2: Y ”)
is satisfied.
2. Let

= {x(1), «(2), x(3), - 1}
be an infinite sequence of distinct elements «(I) of K. For shortness put
h(l) = h(x(1), q0) = q(«@), 4Q) = 4(x(}),
and denote by «®(l), - - -, k™ (l) the conjugates of «(/). Then

1) 1< a0 < q0) (=1,23""
and
@) lim ¢(l}) = o0;

the latter formula holds because at most finitely many elements of K have
heights less than any given number.
It is also clear that the products

h() (i) ¢=123,--)

are integers in K. In fact, the following stronger result holds.
3) If 41, -, i~ are indices such that

I=SH<fa< - <in=mn,
then, for each 1, the product
Bt (l) - -« kUM(])

is an algebraic integer.

For a proof of this classical theorem see, e.g. W. J. LeVeque, Topics
in Number Theory, vol. 2, p. 64.

Finally, for all /,

)
k(@)

For a proof see, e.g. my note Mathematika 7 (1960), pp. 98—100.
3. The sequence X is said to be admissible if

0<d(il) <1 for all I,
Let X be such an admissible sequence. It is obvious that then also

(4) Hmax(l KN(0)) < (n+1) 10

q()
(n+1) h(l) for all /.
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4] On the approximation of algebraic numbers by algebraic integers 411
Therefore, for each /, there exist 2» non-negative numbers
4,0),++, 4,0), B1(), - -+, B, (1)
such that, simultaneously,

min (1, |« () —§,]) = 44O

) 1)y Bs® (7‘=1.2,..., .
max(1, [« ()]) = {( +1) 3‘8} "
Here
(5) SA,0) =1 IBY=<1 for all J,
=1 j=1

where the inequality follows from (4).
Denote now by # an arbitrarily small posmve constant, a.nd by w a
constant satisfying
o > ny7L

Further, for each pair ¢, /, let
47(@), B ()
be the 2n integers defined by the inequalities
AT() S wd, () < AT+, BF()—1 < wB,{l) < BY().

Then these integers are likewise non-negative, and by (5)
AN S0 <IAXD+n I B < w+tn.
jul joml i=1

Hence, for all § and /, these integers are bounded and so have at most finitely
many possibilities. )

Since X' is an infinite sequence, it contains then an infinite subsequence
Z' for the elements of which the 2# integers

A¥(l) =AY and B}l)=B* (j=12-+",9)
assume fixed values independent of !. On putting ,
af =wlA} and B,=w'B} (j=1,2,-°-,9)
these constants are again non-negative, and it is obvious that
o n ‘
-7 <3af <L 35 <147
i=1 i=1

and
af < A,0), B; = B,(l) for «(l)eZX’ and all .

Hence the following result has been obtained.
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412 K. Mahler [5)

LEMMA 1: Let X be an admissible sequence, and let n be an arbitrarily small
positive constant. There exist an infinite subsequence X' of X and a set of 2n
non-negative constants ay, -+, an, By, **, B Satisfying

I <Xaf =1,  3h <14y
i=1 =1
with the property that

min (1, [« () —¢,[) = A0)*

8y j =1, 2,00,
max (1, [« ()]) < {(n—{—l) %_g_;} Y n)

for all elements «(I) of Z'.
4. If ¢ is a positive constant, the sequence 2'is said to have the property
P(o) if a further positive constant ¢’ exists such that

a4y g9y for all 4.
Thus, if ¢’ is any constant satisfying
0<o <o,
then all but finitely many elements of X have the weaker property that
A0) < g0

because g(!) tends to infinity with /.
Next, if r is a constant in the interval

0=,

Z'is said to have the property Q(z) if a further positive constant ¢’ exists
such that
h(il) < c”q()r for all /.
For any constant z’ satisfying
>
this implies then again that all but finitely many elements of X have the

weaker property
o) < g7

We note that, by (1), 2’ always trivially has the property Q(1) with ¢"’ = 1.
More exactly, put

. log k()
o= It e )’
again, by (1),
07, <1

https://doi.org/10.1017/51446788700039033 Published online by Cambridge University Press


https://doi.org/10.1017/S1446788700039033
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From the definition of the lower limit there exists now an infinite subsequence
of Z with the property Q(r) when 7 > z,, but no such subsequence can
exist when v < 7,. Furthermore, if 7, and 7, are constants such that

<t <T
there is an infinite subsequence X"’ of 2 with the property
g S h(l) Zq(l)yr for «() e
Here we may choose
7, =0 ,if 1,=0, =1 if z,=1,

and we may in addition assume that r,—7, is less than a prescribed positive
constant.
5. Let X be a sequence with the property P(o), and let £ > 0 .be an
arbitrarily small positive constant. As we found, if
0<o <ao,

all but finitely many elements of X have the property

(6) 40) = ).
By (2), this implies in particular that
lim A{) = 0,
=00

hence that 2 becomes admissible if at most finitely many elements are
omitted.

Without loss of generality, let already X itself be admissible and have
the property (6). We apply Lemma 1 to 2 and, in the notation of thislemma,
find that

min (L, [«®@()—&) S AN S q)='" (=12, %)
For shortness put
& =i, -, q, =aXd'.
Then «,, -+, «, are non-negative, and by the lemma,
(=)o’ < 3 oy <o’ <o.
' =1
Here the difference

o—(1—9)o' = (0—0')+n0’ < (6—0')+no

can be made less than & by choosing both ¢—¢’ and % sufficiently small,
say with 7 < &. Hence the following result is obtained.
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LEMMA 2: Let X be a sequence with the property P(o) where ¢ > 0, and
let £ > O be arbitrarily small. There exist an infinite subsequence X, of Z and
a set of 2n non-negative constants ay, -+, «,, fy, " *, B, satisfying

n n
o—e <y a, <o, > By < 1+e,
=1

such that -
min (1, [« () —£) < g()~
e 1’ 2, ree,
max (1, |« ())]) < {< +1) %} (7 "

Jor all elements «(l) of Z;.
6. In what follows, we shall be concerned with polynomials in several
variables, of the form

Ay = 3 Sogg it
=0 im0
We use then the abbreviated notation

ot Hm 4 (xl, Y zm)
AJ“--j,.(xl' ’ xm) - .o ym!azil oo 327:,:' ’

where 4, -, j. denote arbitrary non-negative integers.
Two results on such polynomials are required. The first result is a special
case of a lemma due to LeVeque which generalises Roth’s Lemma.

LEMMA 3: Let m, 7y, 70, ¢4, **, Gm be positive integers, and let ¢
be a positive number, such that

0<t< @m), 7,>1000, —- <t for =23, ,m,
741

log g3 > 2m(2m-+-1)t2, r,logq, =7 logqy for §=2,8,---.m
Let further

Ay, o) =3 Zth, W T O

$m0  fy=0
be a polynomial with rational integral coefficients salisfying
@ ..i | < g7 for all 4y, 0 -0t
Let finally «,, *++, k,, be m elements of K of the heights gy, -+, g, réspectively.
Then m non-negatwe suffizes Ji, <, J. exist such that

Ag.q (K1. e Ky) 0,0 3= 5 i < 10mg2®,
1 » & f,
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[8] On the approximation of algebraic numbers by algebraic integers 415

For the proof see W. J. LeVeque, Topics in Number Theory, vol. 2, pp.
124—142. (Choose for K the rational field and put N = 1.)
The second result needed is an existence theorem.

LeEMMA 4: Let
F(z)=F0z,+F1xf_l+"'+Ff’ Where fgl: F0¢O:
be a polynomial with rational integral coefficients which has no multiple zevos.

Put
¢ = 80 max (|Fol, |Fyl, « - -, |Fy]).

Let vy, - -, 1,, be arbitrary positive integers, and let s be a positive number not
less than 4f(2m)Y. Then there exists a polynomial
A(xl, tey, xm) = zl' b zﬂail...‘ﬂxil i 'itf,‘:'%()
G=0  i,=0
with the following properties.
(A) Its coefficients are rational imtegers such that
Iagt...."‘l = AL ] /07 all il! cee, ’l:m,
and they vanwish unless
m g
3 = < §(m+s).
=17
(B) 4,...; (, -+, ) is divisible by F(x) whenever
< 1
2 = = d(m—s).
=17
(C) The derivatives of the polynomial have the majoranis
Appg (@1, B) € O (L) - (1)

For a proof see my Lectures on Diophantine Approximations, I, pp. 98—105.
(The assumption made in this proof that F, does not vanish is used nowhere
and may be discarded.)

7. The main result of this paper is as follows.

THEOREM 1: Let X be an infinite sequence of distinct elements «(l) of K
with the two properties P(o) and Q(v) where

>0, 0l
Then
¢ = 141

As may be expected, the proof of this theorem is somewhat involved,
although in its basic ideas it is quite simple. It is indirect: It will be assumed
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416 X. Mahler 0]

that the assertion of the theorem is false, thus that
(7) o> 141,

and from this assumption a contradiction will be deduced.

We first replace (7) by a stronger assumption.

Since X has the property P(o), for every positive constant ¢’ less than o
it trivially has also the property P(o’). Therefore, if v = 0, we may without
loss of generality assume that

o=1420c = 147-+20c where 0<¢=< -130-

Next let 0 < v < 1. By the discussion in § 4, there exist now an infinite
subsequence X" of & and a pair of constants 7,, 7y with arbitrarily small
difference ©3—7,; satisfying

01, <7,<7t=<1, hence 147 =1+,
such that ’
g = h() = q@)r for all «{f) e2”.

Here we can identify 7, with v and then, without loss of generality, replace
2 by Z". After a small change of notation we therefore find that, if Theorem
1 is false, the following assumption may be made.

HyroTHESIS. There exist three constants ¢, o, T, & fourth constant c'’ for
v =0, and an infinite sequence E with the property P(o), such that either

=0, 0O0<e=<], o=1+20e=147420;, "1,

and
1=<al)y =c” for all 1;
or
0<1ts, 0<es min('i%, 1), o = 1471+20g,
and

0y < h() < gy for all 1.

This hypothesis will finally lead to a contradiction.
8. By Lemma 2, there exist an infinite subsequence X, of 2’ and a set of
2n non-negative constants ay, -+, «,, f;, **, B, satisfying

(8) o—g < i‘u, < o, %ﬂ, < 14¢
jul j=1
such that
min (1, [« () —¢&,) < g(0)—

(9) q(n}h (=122

max (1, [ ()]) = {(»+1) 0

for all elements «(J) of Z,. To this subsequence X, we shall apply Lemmas 3
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and 4. It is, however, necessary first to fix the parameters that occur in
these lemmas.
For F(2) in Lemma 4 we take the primitive polynomial

F(x) = Fyo'4 F,a" 4 -+ +F,, where F;>0,
with rational integral coefficients and of lowest degree f = 1, for which
(10) F) = --=F(¢,)=0

Such a polynomial exists because the numbers &, .-+, £, are algebraic.
While F(z) may possibly be reducible over R, it certainly cannot have any
multiple zeros.

This choice of F(z) fixes the two numbers f and ¢. Next we put

2
(11) m = [:-3;25—] + 1, s = em,

so that
322

m> and therefore s = 4f(2m)},

as is required in Lemma 4.

For the further parameter ¢ we choose any constant such that
(12) 0 <t < min(e, (2™*2m)~1), 102" < em,

We now select m distinct elements of X},

k(l)) = Ky, 0+, xll,) = «, say,
and for shortness write
gl =¢q1, -, qll,) = ¢, and h(y) =hy, -+, k() = h,.

Since X, is an infinite sequence of distinct elements, the numbers «,, - = *, x,,
can be chosen so as to satisfy the inequalities

(13) log ¢, > max(2m(2m+1)-1, log T),
2
(14) log ¢, = 7 log g,.4 1=2,3,---,m).

Here T is to denote a sufficiently large positive constant that will be fixed
later in terms of f, ¢ and ¢, as well as of ¢’ if T = 0.
The inequalities (9) now take the simpler form,
| min (1, |«{’—§,]) < g7

1 n
15 ﬂ ( r ’ ’ )'
t max (1, |«{]) = {(n+l) %} ’ I=1,2-,m
2
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418 K. Mahler (1]

In addition, by the Hypothesis,

{ 1<h <c if z=0}

16 .
(16) GgeEsh=<4q] f t>0

We finally choose m positive integers 7,,- - -, 7, so as to satisfy the

inequalities
10 o
(17) ’1 > —_— &n
t logg,
and
log ¢,

18 = —1 1=2,8,---,m).
(18) ’t_’llogq‘>’z ( m)
Then, in particular,

logg, _ 10
= —.
™S g g

Since ¢ trivially is less than 1, it follows from (13) and (14) that
(19) 2< 1< < < (Gn-
Hence, for all /
log ¢, >, logg; _ 10

= —_ 2.
712 Mg, S loggn T
The formula
0<t§s§%—6

implies then that

1 - (1 t)Zr(l 8)> ik
i _"("7,)>" /=" 1) 7 1re

Hence, by (18),

(20) 7, 4108 g,y =7 10g g, > (r,—1)log ¢, > ﬁ; log ¢: > '—2-' log ¢;
(=23,:+-,m).
Therefore
(21) g < gpr < gpt (=12---,m),
and by (14),
f;_1>%r, (=2238,-:--,m),
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so that in particular
(22) 1> >0, > 2, 1yttt e 7, < mry.

9. The formulae in the last section show that F(z), m,s,7,,- -+, 7,,
satisfy the conditions of Lemma 4. There hence exists a polynomial

A(xlr“ m)_z_o ‘2- et “x,‘,l"?éo

with the propertles (A), (B), and (C), of Lemma 4. In particular, for all
suffixes #;, -+, 1,

[at‘---(ml é cr,+r,+-.-+r,,, < ™ __S_ qilt
provided that
q =t
By (13) this condition is satisfied if we demand from now on that
(23) T = cmt,

Now m, t, ky,**, kp, 73, * *, I, have also the properties required in
Lemma 3. It follows then from this lemma and from the formulae (13)
for ¢ that there exist m non-negative suffixes ]1, +++, Jm such that

(24) AJ‘...J"(KI, vy, Km) #0, z = em.
=17
For shortness put
y=4dg g (ks k).

Since the polynomial 4, ...; (#,"**,®,) has rational coefficients, y is
a number in the algebraic number field K, and its conjugates with respect
to K have the values

7,U)=AJ J(x(” <o, il G=12:"-,n).
As the norm of y, the product of all these conjugates,
I'= yWyp@ ... ptm,

is a rational number. By (24), ¥ and so also all its conjugates y*? are distinct
from zero, leading to the important inequality

(25) r+o.

The next aim will be to establish lower and upper estimates for {I'].

10. A lower estimate for |I'| can be obtained by determining an upper
bound for the denominator of this rational number. This is done by con-
sidering the product
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n
=" Wol=hp--- h:r?HAJIN-J,,,(K(Ij): ces, Ks,’,)).
=1
On substituting the explicit expressions as polynomials for the factors
AJlmJ,,,(";j)» s kl),

IT becomes a sum of finitely many terms of the form
G =g+~ Kz T T ™

=1 j=1

Here g is a product of certain # coefficients of 4, ..., (z;, ", %,) and so is
a rational integer, and the exponents ¢, are integers such that

0, (i=1:2:"'»”)
i, = .
Sty =" 1=1,2,--,m
By the property (3) in § 2, the m factors
n
B TT wfhin (l=1,2,---,m)
j=1
of G are algebraic integers. It follows that G is likewise an algebraic integer.
As the sum of the terms G, the rational number IT is then also an algebraic
integer and hence a rational integer. By (25), it is distinct from zero, and so
its absolute value is at least 1. It follows that
71 2= (- i),
We finally apply the formulae (16) and (21), so finding that
c"‘('l+"'+’m) > c”"’""'l if = 0’

26 I =
(26) I = { (g5 - - - gp)™" > gyrniter if v>0.

11. To find an upper bound for |I'} we first determine such bounds for
each of the numbers |y
Denote by S the set of all suffixes j = 1, 2, - - -, # for which
a; >0
and by S’ the set of such suffixes for which
a; = 0.

By the Hypothesis and by the first formula (8), S contains at least one ele-
ment; on the other hand, S’ may or may not be the null set.

We begin by establishing a rather weak upper bound for |y which
is valid for all 7, whether in S or in S'.

From the definition, 9 has the explicit value
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[14] Pp!
D Q... B ), (i) (4. .. Dinm
vy = 2 2 @iy J K Km .
'1-0 iy=0 1 m.
Here, by the assertion (A) of Lemma 4 and by (22),
y
|@;,...q | < €TFHm < g™ for all 4,, -, %,,

and

@; .., =0 unless 3 :7‘ < (m-+s).

B =17
Denote by I the sef of all systems of m integers 4y, -, ¢,, where

. . e
hshsn JnSin S, z;l<%(m+5)

=l 7,

It is evident that the term

) )
Qy..ei, ( 1) . ( m) P
1 ]m

of y¥ can only then be distinct from zero when (i}, - - -, 7,,) lies in I.
It follows that
)| < C*C¥*

where C* and C}* denote the expressions

o= (il,..;:',,,)et g (.;11) o (}:)

CH* = max {max(l, |«{|)}" - {max(l, |«{)|)} 7=
CHREITS ¢

and

The sum C* has not more than
(ry 1) e (1) <210 2™m < 2™
terms, and these terms are not greater than
rrF L 2 L 9% < (20)™M,

Hence
C* < 2™+ (26)™: = (4¢)™.

Next, by the second line of (15), C}* does not exceed

ql ﬁl‘l qm ﬁl‘u
CH* < max {(n—i—l)—} cen {(n+1)-—}
(4o i) €1 hl hm

i im) By
< (n..|..1)ﬁ;(f1+-~+r,..) max - {(21) (q_ﬂ) } .

(g imrel \\By L
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Here, by (16) and (21),

q, 1 qvl-. < qI,(1+e) if t=0

(h—z) = { q:,(1—1+e) < q;l(l+€)(1—-r+e) if r> 0} (l
Therefore, by (22), for 7 =0,

ic;k*l < (n + 1)”"13: max qil(1+£)ﬂ,2ﬁ1i,lr, < (n + l)mrlﬂ, qil(1+e)ﬁ,(m+l)/2'
(io v im) el

and similarly, for v > 0,
!C;ﬁ*l < (n + l)mrlﬁ, q?(1+s)(1-—-r+6)B,(m+c)12.
Here, by (11),
§ = &gm.

Therefore, on combining these estimates for C* and C}*, finally

(40)™ (1 + 1)mrifs ghmraivers if 7=0,

()
(27) l'y ! | < (40)""1(”-]- l)mflﬁ/q‘l‘""x(1+8)'(l—1+8)ﬁi if r>0.

12. A much better upper bound for |y)| can be obtained when 7§ lies
in S because we may then apply the inequalities
(28) [ —& < g™ GeS;l=1,2,-,m),

which are implied by the first line of (15).
We use the identity

AJl---J,_(xl» S, T)

= 520 ‘e ',':E:OAI;-"'J..("”' -ee, ) (-7,1) e (}:) (xl—x)’l“’l .o (xm_x)i,.—-l,.’

which follows on applying Taylor’s formula to 4,,...; (1, * *, ). Sub-
stitute the following values for the variables,

#y =&, e m, = k), =&

Then we find that
71 Tm
y(i) - 2 .o 'Az_oAl'x"'fm(‘s" RN 5’) X

Gy=0  dp
X (11) P Gm) (Kg‘j)._fi)jl_‘,l ees (Kg)_gl)jm""n'

1 m

and here the last factors on the right-hand side may be replaced by (28).
Since each algebraic number £, is a zero of F(z), by the assertion (B)
of Lemma 4,
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N ]
Agg b)) =0 if 3 =< }(m—s).
=17
Next, by the assertion (C) of the lemma,
'A;l.-.g_(fp N 4‘:‘)] g 0"+"'+'"'(1+|£51)"+"'+"" < {0(1'{"’5;!)}""1.
It is further again obvious that
(7l)=0 if 1.l<.7h (71)"‘(7"')§2'1---2"'<2"f'1,
i 1 m
and that 9 is a sum of not more than
(1) 1) S 21002 < 2™

terms.
Denote by J the set of all systems of m integers §y, - - -, 7,, where

-
. . 7
]l§11§’1)'-.)]m§1m§’m, 2_">%(m—‘s).
Juml f;
From what has been said, only those terms of ' can be distinct from zero

that correspond to systems (f;, -, {n) in J. Hence, on putting

C; = max [K(lj’—£’(’141 e le,{)—é',l"""",
Uy dmed

we find that
[y < 2™ fe(14-1g,1)}™ - 2™ - €, = {4e(1+1E,{)}™C;.
By (28) and by the definition of J,

C, é ( min q{x“"’l “ee q:’?""n)‘“l’
(12 dm) €J

since all exponents j;—J;, * * *, j»—Jm are non-negative. Further, by (21),

giJie .. qf:"’- =gh (Cha F11L PR q;.‘-(fn"’u)/'u =g SR T)ing

Here .
SE>yon—s) = dmi—e) it Gooonim) el
and
Sism

since s == em, and therefore
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'2": ]l:]l' > jm(l—e)—em = m(1—3e) if (jr, ", fn) €J.
-1 7

C; has then the upper bound
C, < qi-}mrl(l—?.s)a,_
Therefore, finally,

(29) 9| < {4e(1+[g,))gptmti=*% if jeS.
13. In the equation

(30) (| =TI 1 - TT ¥
ie8 jeS’

the factors |y| will now be replaced by the upper bounds (29) when j e S
and by the upper bounds (27) when e S'.
The set S has not more than # elements, and by Lemma 2

n
o, =Da; > c—¢.
jes =1

Hence

(31) IT ¥ < c'l""xq-l-imrl(l—&)(a-—e)
jesS
where ¢, denotes the constant
oy = (4e)" IT (1+1&)-
=1

Next, also the set S’ has not more than # elements, and again by Lemma 2

,zs,ﬂ’ S38<lte<2

I=1
Therefore
(40)™s (mf-1)2mrs ghmrs(1+? if =0,
th
(32) i]e.-g’ b’ i < { (40)"“"'1(”_{._ l)ﬂmr‘qhﬂ(l'l's)’(l-‘r'l‘e) if > 0.
Put

6 = () (1)2y.
By combining the formulae (30), (31), and (32), we arrive at the upper

bounds
¢nigimri(1-se)o—e)+jmry(14e)’ if =0,
(33) I < { cpngpimn-so-erHmne it i 7> 0,
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14. The lower and upper estimates (26) and (33) for |I'] imply that
"™ < gpngpimn-sale—airmn e} if =0,

and '

gy < pmry g (1-36) (0 -8 Hhmr (14€)1-T+e) if 7>0.

After a slight simplification these inequalities take the form

(34) g7 < Clz),
with the abbreviations
E@) = 3(1—3¢)(0—e)—E(14¢)3 if 1=0,
=\ 31—86) (6—e)— (1-Fe)r—3(1 e (1—7+e)  if >0,
and
e if 7=0,
@ =1, if ©>0.
Now, by the Hypothesis,
g = 147420¢, 0<e=i5 0<s7r< 1

Hence, for T = 0,
E(0) = 3(1—3e) (1+19e) —3(14-£)3 = 3(13e—60e2—¢3)

£ 60 __ 1
Z 5 (B—15—150) > &

and for 7 > 0,

E(r) = 3(1—3¢) (1+7-+19)— (1+e)r—}(1+e)3(1—7-+e)
= }{(126— 6362 — 46> —¢4) — (26— 3e2— &)}

& 63 4 1
2~ {(12— 88— pho— o) —12—0)} > &.

Thus the relation (34) certainly does not hold if
@ 2 CE)™,

and this will be the case if we impose on the parameter T in (13) in addition
to (23) the further condition that

(35) T = C(x)*e
Thus, if we define T by the formula
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T = max(c™*, C(r)Y*),

then the Hypothesis leads to a contradiction. This concludes the proof of
Theorem 1.

14. By specialising Theorem 1, we obtain a number of results that have
some interest in themselves.

As the simplest case, consider an infinite sequence

Z = {x(1), «(2), «(3), -+ }
of distinct elements of K with the property
V()& < gq(l)-° for all {,
where ¢ is some positive constant. Since evidently

lim [«M () —&,| = 0,

100

all except at most finitely many elements of X satisfy the inequality

TI min(t, [2()—&) < [«O—&] < g(0)~.

juml

Hence, by Theorem 1,
c=1+r 2

because X always has the property Q(1). Thus LeVeque’s generalisation of
Roth’s theorem is a special case of Theorem 1.
More generally, assume that the elements of X satisfy the inequalities

k() —¢,| <g()y™ foralll, and 1 <j <N,
where 1 <N < #n, and
%y, Ky, **°, AN

are N positive constants. Then again for all but at most finitely many
elements of X,

- N
IT min(l, [« () —¢&,) < IT [«D@)—&,| < g(f) (ot =+,
jm1 P

Hence, by Theorem 1,
agt e tay S 2.

This result remains true if one or more of the constants «,, * * -, ay are equal
to zero.
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15. It has its advantages to change the notation by expressing the
elements of X in terms of a field basis.

Let oy, * * *, w, be a field basis of K which need 7ot be an integral basis.
The letters ¢,, ¢y, ¢5, - - - Will be used to denote positive constants that are
independent of the suffixes 7 and /. In particular, ¢, is to denote the smallest
positive integer such that the # products

G0y, 7, 010y

are algebraic integers. As usual, o’ is the j-th conjugate of w,.
We shall again be concerned with an infinite sequence

2 = {x(1), x(2), x(3), - - 1}

of distinct elements of K. In terms of the basis, these numbers can now be
written as
xl(l)wl_*_ e +zn(l)wn
k(l) =
y(@)

where z,(J), - - -, z,(), y() 5 0 are n--1 rational integers which we assume
to be relatively prime. The conjugates of x(}) similarly have the form

2 (of+ - - - +z, (o)

<= 1

For shortness, put
X () = max(jg, ()1, - - -, lea D)), Y€)= ly()

so that X (!) is a non-negative integer, and Y () is a positive integer. Since
the elements of Z are all distinct, the larger one of these two integers tends
to infinity with Z.

From now on assume that

(38) K@) <¢g for j=1,2,+--,N and for all J,
and
(39) [«D ()] = ¢4 for all .

Here N again is an integer such that 1 <N < #. From the equation
2O+ -+ -+, Qo = [« @)Y ()

it follows then that
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40) 2, (Do + -tz (o <, Y(l) for j=1,2,:-+, N and for all},
and

e, NP+ - - - 2,00 =, Y () for all .
On the other hand, it is obvious that
(41) 12, NP+ - - +z, Nl < ¢, X () for all § and all 7,
and hence it follows that
(42) Y({) ¢, X(0) for all /.

Thus, in particular, the assumptions (38) and (39) have the consequence
that X (I) tends to infinity when «(!) runs over the elements of 2.
We form now the polynomial in z,

n

g*(@) = {ayO}* I (z— Q)

=1
=TI {c.y() - 2— (2, )y 0+ « - - +2,()c,05)}

i=1
= bFan4-bfan-14 -+ - b} say, where by = ciy()™

The coefficients of g*(z) are symmetric functions in the conjugates of «(J)
and so are rational numbers. Further the linear polynomials in #,

(43) eyll) - z—(z(Deyof’+ - -+ +z,0)00f)  (F=1,2,--",m),

have integral algebraic coefficients. Therefore the coefficients b of g*(z)
are algebraic integers and so are rational integers.

Denote by d(!) the greatest common divisor of these coefficients
by, b, -+, bf and put

1
g(x d(l)g (x) = bﬂxn+blx"_l+ + n>
so that
1 *
- E=0,1,:--,n).

Hence, by d(!) = 1, in the former notation
h(l) = |bo] =161, q(}) = max(|Byl, [byl, - - -, 1b,]) = max(ibg], 1851, « - *.10z1).

By the formulae (40) and (41), the coefficients of the linear factors
(43) of g*(x) are of the order O(X(})) for all values of 7, and of the possibly
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lower order O(Y (})) when § =1, 2, - - -, N. On forming the product of these
factors, we obtain then the estimates,

(44) hi) S Y (), ) < e, XOmNY Q)Y for all L.

16. The sequence X' will now be specialised so as to simplify the final
result. Denote by 4;,---, Ay non-negative constants, by C,,:--, Cy,
and C positive constants, and by p a constant in the interval

0=pu =L

Assume from now on that X has the following properties.

(45) 1< Y() <CX)* for all |,
(48) OO —E) < C, X0~  for j=1,2,+--,N and for all J,
(47) §40,  1>0.

Since X(!) = 1 from (45), the former assumption (38) follows from
(46). Next, by (45), X(!) tends to infinity with / because the larger one
of the two integers X{!), Y (/) has this property. It follows from the case
i =1 of (46) and from (47) that

lim «®(l) = & 0.

loa

The former assumption (39) therefore is satisfied for all sufficiently large !,
say for [ = [,.

Since then both (38) and (39) hold when / = /,, we may apply the
estimates (44). By (45), they imply that

(48) Rl = g X (1), q(l) S ceX ()nmN, for I = I,.
As we know, ¢(!) tends to infinity with /. The quantity
n—(1—u)N, =» say,
is therefore a positive number; i.e. the special case when

N=#»n and pg=1
is excluded.
Put

.. logq(l)
=1
) u;r_x.:onf fog X()

The second formula (48) shows that
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(49) 0<w=nm

It becomes now necessary to distinguish two cases.

Case 1: w > 0. Denote by ¢ > 0 an arbitrarily small constant which is
less than w. From the definition of w, there exists an infinite subsequence
Z; of 2 consisting only of elements «(!) with [ = [, such that

(50) Xt < q) s X(* if «() e,
By the first formula (48),
h(l) < cgq(t)rlte—® if «x(l)eZ.

Hence, in the notation of § 4, 2} has the property Q(z) where

n
r=min( # ,l),

w—E&

because it certainly has the property Q(1), so that v need not be chosen
greater than 1.
By (46) and (50), the elements of X have the property

kP ()~ < Cyq(f)~Her G=12---N)
and hence also the property

n N
TT min (1, [« @) —&[) = TT 169 () —&] < cyoq(l) =t +Aillos),
=1 =1

Thus, in the notation of § 4, X, has also the property P(c) where,

o= e
o w-te
On applying Theorem 1, it follows that

bt o HAw
w-f¢&

. [ nu
< l+min , 1
w—E
or

A -+ +Ay < w+e4-min (“’—ﬁ - np, w-[—e) :

w—E&

This inequality has been proved for arbitrarily small . On allowing &
to tend to zero, it implies that

A+ - +iy £ wo+min(ny, o).
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Here, by (49), @ cannot be larger than v, and hence we find that
(61) M+ -+ +iv < v+min(ny, v).

Case 2: o = 0. Denote again by ¢ > 0 an arbitrarily small constant.
There exists now an infinite subsequence X, of X such that

gy < X()° if x{l)eZ,.
Hence, by (46), the elements of X, satisfy the inequalities
[P (@) —E&,| < C,q(0)~M" G=12--,N)

and so also the inequality

n N
TT min(L, [P @) —&,]) < TT |9 ()—&,| < croq(h) Mt HAle,
foml i=1

Therefore 2, has the property P{s) where
M+ AN

€

g =

By LeVeque's theorem, ¢ does not exceed 2, and hence

Mt +Av = 26

Here & is arbitrarily small and may be allowed to tend to zero, proving that
all N constants 4,, - - -, 4y are equal to zero. As this is contrary to the second
formula (47), we obtain a contradiction, and it follows that the Case 2
cannot arise.

We have then the following result.

THEOREM 2: Let K be an algebraic number field of degree n, with the
field basis wy, "+, w,, and let

Z = {«(1), «(2), x(3), - - }
be an infinite sequence of distinct elements of K. Write in terms of this basis
2, (o + -« - 2, (o,
y()

where z,(l), - - -, 2,(1), y(!) # O are rational integers that are relatively prime;.
further put

X(l) = max(lxl(l)l: Tt lxn(l)l)’ Y(l) = |y(l)l'

x(l) =
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Denote by & #0, &y, -+, Ex any N algebraic numbers where 1 <N < n,
and by Ay, Ay, ", An,Cy, -+, Cn, C, and p a set of 2N+2 constants such
that

W>0,2,=20,---,8y=20,(;,>0,-+,Cn>0,C>0,0= <1,
Also assume that the constant
v=n—(1—pu)N

is positive, i.e. exclude the case when both N = n and u = 1.
If the elements of X satisfy the inequalities

1=Y(0) =CxX@»
and
kO —&,| < C, XM (j=12-+--N),
then

A+ o +HAxy < v+min(nyu, v).

"17. Several special cases of Theorem 2 are worth mentioning. We
first deal with the case N = 1 of a single inequality and in this case omit the
suffix 1 of the conjugate. On first choosing 4 = 1, the theorem may be put
in the following form.

(A) If oy, "+, w, ts a ficld basis of the algebraic number field K, if £ # 0
is an arbitrary algebraic number, and if ¢ is any positive constant, there are
at most finitely many distinct sets of n+1 rational integers z,,- -+, %,,y # 0
such that

o+ - 0,
y

When » = 1, this is exactly Roth’s theorem. On the other hand, this result
can be further generalised when 7 = 2, and it takes then the following form.

(B) If wy, "+, w, is a field basis of the algebraic number field K, if &£ # 0
s an arbitrary algebraic number, and if € is any positive constant, there are
at most finitely many distinct sets of 2n rational tntegers x,, =, %, Y1, ", Yn
such that at least one of the integers yy, « + +, y, is distinct from zero and that

—&| < (max(|z,y], - - -, la,), 1)},

Zym+ 0 o,
Yot Yy,

—&| < {max(jzy, « -, |2l lgal - 7 19al)} 2O

For on putting

. — Tyt 4%, 0,
Noyt o Yo,

Z= max(lzlli T lxnlt |?I1|: ttty ‘ynl))
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a calculation similar to that in § 15 shows that « has the height 0(Z*). The
assertion (B) is therefore an immediate consequence of LeVeque’s theorem.
It is clear that the restriction & # 0 in (A) is essential and may not be
omitted. The same restriction in (B) may, however, be disregarded.
Very similar results hold when N is greater than 1, when Theorem 2
gives the condition

At o iy < 2n.

18. Let again N = 1, but assume now that y = 0, so that the denomi-
nator y(l) is bounded, say is equal to 1. Theorem 2 may now be expressed
as follows.

C) If wy, -+ -, w, ts a field basts of the algebraic number field K, if £ £ 0
is an arbitrary algebraic number, and if ¢ is any positive constant, there are
at most finitely many distinct sels of n rational integers z,, - + -, ,, not all zero
such that

[+ + e+ Tw,—E] < {max(lzy), - -, |@,])

As is easily seen, this result remains valid for & == 0, even with ¢ = 0.

Two simple applications of (C) have some interest in themselves. Assume
that #» = 2, and denote by # an arbitrary generating element of K.
The n powers "1, #°2, - - -, 3, 1 of & form then a field basis of K, and it is
clear that & 5= 0. We identify ¢ in (C) with —z,9" where =, 5 0is an arbi-
trary rational integer. With a slight change of notation, we then find the
following corollary.

(D) Let & be an algebraic number of exact degree n = 2; let € be a positive
constant; and let x, = 0 be a fixed rational integer. There exist at most finitely
many sets of n rational integers z,, - - -, x, not all zero such that

0 < |2 0"+, 9" 14+ -+ Fz, 042, < {max(lzy), - -, |&,])} I

Next let #=2; let K be a real quadratic field, and let a be any
generating element of K. Hence « is a real quadratic irrationality. Instead
of ¢ we write now 8. The result (C) implies then the following statement.

(E) If « is any real quadratic irrationality; if § is an arbitrary real
algebraic number; and if ¢ is any positive constant; then there exist at most
finitely many pairs of rational integers x # 0, y such that

loe—y—B| < ||+,

This result may be compared with the well-known theorem by CebySev
which states:

If . is any real irrational number; if § is an arbitrary real number; and if
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¢ > 0 is a certain positive constant; then there exist infinitely many pairs of
integers x #~ 0, y such that

|z —y—f| = clz|™.

We see that (E) is nearly best-possible. The restriction that o should be of
the second degree is due to the method of proof, and it would have great
interest to decide whether (E) remains true when « is at least of the third
degree.

The result (C) can be generalised to systems of more than one inequality.
It will suffice to give here one such consequence of Theorem 2.

(F) Let wy, -+, », be a field basis of K; let & # 0, &, - -, Ex where
1 <N =<n—1 be N arbitrary algebraic numbers, and let ¢ be an arbitrary
positive constant. There exist at most finitely many systems of n rational
integers &,, - -+, x, not all zero such that

10+ - - 2ol =] < (max(lzy, - -, la,])} 1)
Gj=1,2---,N).

Also here the restriction that & £ 0 can easily be removed.
Institute of Advanced Studies,

Australian National University,
Canberra, A.C.T,, 16 November, 1962.
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