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1 Introduction

Transcendental number theory began in 1844 with Liouville’s proof [7] that if an algebraic
number ¢ has degree n > 1, then there exists a constant C > 0 such that & — p/g| >
Cq ", forall p/q € @\ {0}. Using this result, Liouville gave the first explicit examples
of transcendental numbers, the so-called Liouville numbers: a real number & is called a
Liouville number, if for any positive real number o there exist infinitely many rational
numbers p/q, with ¢ > 1, such that
0<

E S|t

. P
q

Im Jahre 1844 gab Joseph Liouville ein erstes Beispiel einer transzendenten Zahl,
nimlich die Liouville-Zahl £ = > __; 10~ Fast ein Jahrhundert spiter schlug Kurt
Mahler vor, die reellen Zahlen in vier Kategorien einzuteilen, je nachdem wie gut sie
sich bei der Approximation durch algebraische Zahlen verhalten. Insbesondere zerfie-
len dabei die transzendenten Zahlen in drei Klassen, nimlich die S-, T- und U-Zahlen.
1952 bemerkte LeVeque, dass die I/-Zahlen sich noch weiter, beziiglich ihrer Appro-
ximierbarkeit durch algebraische Zahlen vom Grad m, in die unendlich vielen dis-
junkten Klassen der U/,,,-Zahlen unterteilen lassen. LeVeque zeigte insbesondere, dass
%3 + £)/2 eine Uy-Zahl ist. In der vorliegenden Arbeit konstruieren die Autoren
U,.-Zahlen fiir alle m auf besonders transparente Weise, namlich als Produkt von £ mit
gewissen algebraischen Zahlen vom Grad m.
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A classical example of a Liouville number is the Liouville constant £, defined as a decimal
with a 1 in each decimal place corresponding to »! and 0 otherwise. It can be represented
by the fast convergent series £ = > °° | 107 = 0.1100010. . .

In 1962, Exdés [4] proved that every nonzero real number can be written as the sum and
the product of two Liouville numbers. Since the set of the Liouville numbers has null
Lebesgue measure, one may interpret this as saying that in spite of being an “invisible”
set, the Liouville numbers are strategically disposed along the real line.

There exist several classifications of the transcendental numbers in the literature. One at-
tempt towards a classification was made in 1932 by Mahler [8], who proposed to subdivide
the set of real numbers into four classes (one of them being the class of algebraic numbers)
according to their properties of approximation by algebraic numbers. For instance, he split
the set of transcendental numbers into three disjoint sets named S-, T- and U-numbers.
Particularly, the U -numbers generalize the concept of Liouville numbers.

We denote by w;; (&) as the supremum of the real numbers ™ for which there exist in-
finitely many real algebraic numbers o of degree n satisfying

0<|&—a| < ?{(a)’f"*’l,

where H(a) (so-called the height of &) is the maximum of absolute values of coefficients
of the minimal polynomial! of «. The number & is said to be a U -number (according to
LeVeque [6]) if @k (&) = co and o (&) < oo for 1 < n < m (m is called the type of the
U7-number). We point out that we actually have defined a Koksma U -number instead of a
Mahler U,,,-mumber. However, it is well known that they are the same [3, cf. Theorem 3.6]
and [1]. We remark that the set of I/j-numbers is precisely the set of Liouville numbers.

The existence of U,,-numbers for all m > 1, was first proved by LeVeque [6]. Indeed, he
was able to exhibit such examples as the mth root of some convenient Liouville numbers,
eg.. Y3+ £)/4is a Uy -number, for all m > 1.

In this note, we use the Giitting method [5] to prove that we can find explicit U,,,-numbers
in a more natural way: the product of certain m-degree algebraic numbersby £. Moreover,
we obtain an upper bound for ®}. More precisely, our result is the following

Theorem 1. Lef o be an algebraic number of degree m. Suppose that the minimal poly-
nomial P of o has a leading coefficient of the form 29 .5° > 1, and p { P(0), for p = 2,5,
and let { be the Liouville constant. Then af is a U, -number, with

o (at) <2m’n4+m—1, forn=1,...,m—1. (1

For example, %/3/2 - £ isa U,;-number for all m > 1.

IThroughout the paper, a polynomial is said 1o be minimal if it is a primitive minimal polynomial over Z.
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2  Auxiliary Results

Before starting the proof of the Theorem, two technical results are needed.

Lemma 1. Given P(x) € Z[x] with degree m and a/b € Q\{0}. If Q(x) = a™ P(bx/a),
then
H(Q) < max{|al, b} H(P),

where, as usual, H(P) denotes the maximum of absolute values of coefficients of P (the

so-called height of P).
Proof. f P(x) = 27 a;x’, then Q(x) = 20 ajbjg’"’jxjr. Supposing, without loss
of generality, that |a| > [b|, we have |a|"|a;| = |a|" /|a;|1b]/ for 0 < j < m. Hence,

we are done. O

In addition to .emma 1, we use the fact that algebraic numbers are not well approximable
by algebraic numbers.

Lemma 2 (Cf. Corollary A.2 of [3]). Let o and B be two distinct nonzero algebraic
numbers of degree n and m, respectively. Then we have

1y~ (m—1)/2 1y~ 172
R (n+1)m/2(m+1)”/2max[(”+ ) Ll

2-n ? n-—m
x H(@) ™H(PB) .

Proof. A sketch of the proof can be found in Appendix A of [3]. O

3 Proof of the Theorem

Fork > 1, set

pe = 10F i 107, gp=10" and o = 2.
= ax
We observe that H(az 1) < H(ax) = 108 = H(ag_1)* and
10— axl < Aoy ! @
Thus, setting yr = aaj, we obtain of (2)
lat =yl < ¢How) 1, 3)

where ¢ = 10|a|/9. It follows by Lemma 1 that H(az)™ > H(a)"'H(yz) and thus we
conclude that
= 1l < H@EH DI ) B+ @

Consequently, af is a I/-number with type at most m (since y; has degree m).



An explicit family of U/,,-numbers 21

We claim that H(ag) < H(yp), for all & > 1. In fact, let P(x) = ZT;'J:O a;x’ be the
minimal polynomial of ¢. In particular, P(a) = 0 and a simple calculation gives O (y;) =
0, where Q(x) = Z'J’;O ajp;fijq;xj € Z[x]. Note that deg @ = m and y; is an m-
degree algebraic number. Thus, in order to prove that Q is the minimal polynomial of yg,
we need to prove that  is primitive. In other words, we must prove that

ng(aOP]T; alP;gnilqky St amQ]’gn) = 1

This follows immediately from the facts that ged(ay, . . . , ¢, ) = 1 and the hypotheses on
ap and a,, (yielding ged(ag, gr) = ged(ay,, pr) = 1), we leave the details to the reader.
Thus, in particular, we have that

H(yr) = max{lag||pr!”, |aq|lqe!™} = max{|pgl, Iqel} = H (ax)

as desired.

Now we use this together with Lemma 1 to obtain
H(pern) < H@H )" = H@H@) 0" < H@HE) D™ 5)

Now, let y be an n-degree real algebraic number, with n < m and H(y )} > H(y1). Thus,
there exists a sufficient large £ such that

Hy) < HOP™ < Hipen) < HHEOm, (6)
On the other hand, LLemma 2 yields
e =12 fln,myHG) " Hp) ", (M

where f(m,n) is a positive number which does not depend on £ and y (see Lemma 2).
Therefore by the chain of inequalities in (6)

Ik = 71 2 fOm,m)H ()™ 2 H ey D2 (8)
By taking H(y ) large enough, the index % satisfies
HOw DA = 2cf (m, )~ #(a) 12T, ©)
Thus (4), (8) and (9) yield that |y — y | > 2|af — yi|. Therefore, for all n-degree algebraic
numbers with a sufficiently large weight, we have
0t~ 71> In =71~ laf — 32l = Sy — |
[(m,n)

m,n _ _
= LD gy ey > L gy o,
where we used the left-hand side of (6). In conclusion, € is a U,,-number with @} (af}) <
2m’n + m — 1. This finishes the proof. O

We finish by pointing out that Alniacik et al. [2] showed the existence of U, -numbers &
with sharper upper bounds for @7 (£}, wheren = 1, ..., m — 1. However, in their method &£
is constructed as the limit of a rapidly converging sequence of m-degree algebraic numbers
and therefore could not be made explicit.



22

A.P. Chaves and D. Marques

Acknowledgement

The authors are grateful to CAPES, FEMAT, DPP-UnB and CNPq for the financial sup-
port. They also thank Yann Bugeaud for nice discussions on the subject. Part of this work
was made during a postdoctoral position of the second author in the Department of Math-
ematics at the University of British Columbia. He thanks the UBC for excellent working
conditions.

References

[1

Alniacik, K.: On the subclasses U/, in Mahler’s classification of the transcendental numbers, Istanbul
Univ. Fen Fak. Mecm. Ser. 44,3982 (1972).

[2] Alniagik, K., Avei, Y., Bugeaud, Y.: On Uy,-numbers with small transcendence measures. Acta. Math.
Hungar., 99, 271-277 (2003).

[3] Bugeaud, Y.: Approximation by Algebraic Numbers, Cambridge Tracts in Mathematics Vol. 160, Cam-
bridge University Press, New York (2004).

[4] Erdés, P.: Representations of real numbers as sums and products of Liouville numbers, Michigan Math.
J. 9, 59-60 (1962).

[5] Giitting, R.: Zur Berechnung der Mahlerschen Funktionen w,,, J. Reine Angew. Math. 232, 122-135
(1968).

[6] LeVeque, W.J.: On Mahler’s I/-Numbers, J. of the London Math. Soc. 28, 220229 (1953).

[7] Liouville, J.: Sur des classes trés-étendue de quantités dont la valeur n’est ni algébrique, ni méme re-
ductibles a des irrationnelles algébriques, C. R. 18, 883—-885 (1844).

[8] Mahler, K.: Zur Approximation der Exponentialfunktion und des Logarithmus I, J. Reine Angew. Math.
166, 118-136 (1932).

Ana Paula Chaves

Instituto de Matemadtica e Estatistica
Universidade Federal de Goids
Goiania, Go, Brazil

e-mail: apchaves@ufg.br

Diego Marques

Departamento de Matemdtica
Universidade de Brasilia
Brasilia, DF, Brazil

e-mail: diego@mat .unb.br



	An explicit family of Um-numbers

