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Expansion of a real number in an integer base

For a real number z, its expansion in an integer base b > 2 is a sequence
of integers a1, as ..., where 0 < a,, < b for every n, such that

x—|z| = Z a,b™" = 0.a1a2a5. ..

n>1

We require that a,, < b — 1 infinitely often to ensure that every number
has a unique representation.
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Borel normal numbers

A base is an integer b > 2.

A real number z is normal to base b if, in the base-b expansion of z,
every block of digits of the same length occurs with the same asymptotic
frequency (that is, with frequency 1/pPlock lengthy,

Borel proved that almost all numbers, with respect to Lebesgue measure,
are normal to all integer bases.
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Examples of Borel normal numbers

0.01010101010... is simply normal to base 2 but not normal to base 2.

Each number in middle third Cantor set is not simply normal to base 3.

Champernowne’s 0.12345679101112131415161718192021 . ..
is normal to base 10, but is not known whether it is normal to bases
multiplicatively independent to 10.

Stoneham number oy 3 = E
n>1
normal to base 6 (Bailey and Borwein, 2012).

1 H .
T g 1S normal to base 2 but not simply

There are computable constructions of (absolutely) normal numbers.
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Normal numbers in sparse Cantor sets

Definition (Sparse set)

A set S of positive integers is sparse if it has density zero and there exists
a sparsity exponent p > 0, such that

liminf min M > 1,
k—oo 0<a<k’ 30log k

Examples: The prime numbers, the triangular numbers, the squares.
The numbers in {[e//19°7 : j > 1}.
Neither the powers of two, nor the factorials are sparse sets.

Definition (Sparse Cantor set C(S))
c(S) = {x e):e=3" bszk},bk € {0,11}

kesS
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Theorem 1 (Becher and Lew Deveali 2026)

Let S be a sparse set of positive integers. There are uncountably many
numbers in C(S) that are normal in every odd base.

Theorem 2 (Becher and Lew Deveali 2026)

Let S be a sparse set of positive integers. For any even base b, there are
uncountably many numbers in C(S) that are not normal in any even
base < b.

Theorem 3 (Becher and Lew Deveali 2026)

Let S be a computable sparse set of positive integers with a computable
sparsity exponent. There is an algorithm that given a rational ¢,

0 < e < 2/3, produces a number x(¢) in C(S) expressed in base two,
that is normal in all odd bases.
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About Theorem 1

Cassels (1959): there are uncountably many numbers in the ternary
Cantor set that are normal to all bases mutiplicatively independent to 3.

Schmidt (1961/1962): for any set of bases R closed by mutiplicative
dependence, an explicit construction of uncountably many numbers that
are normal every base r € R and not normal to every base s € R.

Volkmann (1984): for multiplicatively independent bases r and r, the
existence of uncountably many numbers normal to base r while having
given asymptoptic frequency of digits in base s, In particular, digit has
asymptotic frequency 1 Uses a specific Cantor type set made of 3 digits,
constructed from the triangular numbers.

In contrast, Theorem 1 is uniform on every sparse cantor set C(S) for
odd r.
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Proof of Theorem 1

Definition (Measure 1 on C(S))

Given a sparse set S of positive integers, we define a probability measure

= ((8S) on the unit interval [0,1) equipped with the Borel o-algebra,

via the binary expansion of numbers. The numbers x € C(S) are of the

form x = Z b2, where, for every k > 1, digit by, = 0 with probability
k>1

1/2 ifk € S, and digit b, = 0 with probability 1 otherwise.

We redevelop Cassels-Schmidt proofs, to hold uniformly on every C(S),
for sparse S.
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Proof of Theorem 1

To show that p-almost all numbers in C(S) are normal to odd base r
we apply a lemma of Davenport, Erdos and LeVeque. It says :

If, for each integer h £ 0, the series

Z N Z 6271'17 "ha

N>1 c(s)
then p-almost all elements x of C(S) satisfy

du( ) converges

lim N E 2™ hT — () hence, they are normal to base r.
N—oo
0<n<N
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Fix h #0. Let X =3, s bk2™" the random variable with distribution ,
so the by are independent and P(by, = 0) = pi, P(by = 1) = 1 — py,
where pp = 1/2 if k 26 S and pr = 1, otherwise.

_ ~1N-1 g .
/ Z 6271'7,r "ha d,LL(f) _ Z / 672Trzh(r r—r™)z d/,L(LE) _
Clo<n<n m=0 n=0 "0
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so the by are independent and P(by, = 0) = pi, P(by = 1) = 1 — py,
where pp = 1/2 if k 26 S and pr = 1, otherwise.

/ Z eQﬂ'ir"hm d,LL(f)
C

0<n<N
N—-1N-1

_ Z Z E|:6727ri(rmfr”)hXi|

m=0 n=0
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N-1N—-1 ,q
omih(r™ — T
— / e~ 2m (r r)x d/,L(LE) —
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N—-1N-1 N
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Then, the Davenport Erdos LeVesque expression

X o 1

N2>1

N
C.N
+2
RUCED o AR phe oy

2mwir™ hz
E (&
N

converges. The same holds for every integer h # 0 (the constant C.. is
independent of ). Hence, p-almost all € C(S) are normal to base r. O
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Key Lemma

Let S be a sparse set, let a > 0 be an integer and let r > 3 and £ > 0 be
odd integers. For every N > d4(a),

N
Z H’cos 7r€7""/2k “)| W

n=0 k>a
keS
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Proof of Lemma (redevelop Schmidt’s)

For fixed r, ¢, n, if (r™) ZCZQZ 1— = ¢yCq—1 - .. 201 With ¢; € {0, 1},

grn/20 — cq ...... cl
)2t = Cqg e Ca .01
n 2
Or /23 = Cqgre-C3 .C201
)27 = Cq-+C4 .C3C2C1

If for many k € S we have 1/4 < {¢r™/2%7%} < 1/2 then
H |COS(7T€7“”/2’“‘“)’ < (V/2/2)™ (small).

k>a
keS

Question: How do we know 1/4 < {a} < 1/27
Answer: When ({a})2 =0.01--- or ({a})2 =0.10- -
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Each integer = such that 0 < x < 27 has a binary representation
q .
T = Zcﬂl_l = CqCq—1 - ..C2¢1 With ¢; € {0,1}.
i=1

The digit pairs of x are the pairs (¢q, cq—1), (cg—1,¢q—2) - - -, (c2,¢1).

For integer a > 0, ¢;_4Ci—1_q4 is an a-obedient digit if
ie€Sand c;_4ci1_q=01orc_qci_1_q=10.
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Let z,(z) denote the number of a-obedient digit pairs ¢;_q¢;—1—q Of .
For all integers a > 0 and all integers ¢ > d3(a),

#{0 <z <2%:z,(2) < {2.910qu} < %Z

It follows that

N
#n < N - 2a(l”) < 129108 NJ} < O s

A

#{n < N1 25(r™) > [2.9log N |} - (V2/2))12901e V] < Ci’W

B
N-1 N
n /ok—a
> [ |cos(merm 25— s A+ B =GNy
n=0 k>a
keS

Normal numbers in sparse Cantor sets 14 /16 Verénica Becher



Borel normal and Lebesgue measure zero properties

prescribed

small
discrepancy

Cantor-
type sets

Turing(1937), Cassels (1959), Schmidt (1961/1962), Bugeaud (2002), Levin (1999)
Conjecture (Borel 1951)
All algebraic irrational numbers are absolutely normal.
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A number in [0,1] is deterministic in base b if every asymptotic statistical
description of its digit sequence is a zero-entropy process—no matter
which subsequence you look at, you never see the exponential pattern.

Periodic base-2 expansions, numbers with base-2 expansion with
asymptotic density of Os equal to 1, Sturmian numbers, Numbers whose
base-2 expansion is a paper-folding sequence, ...

Rauzy 1976 proved that a real number is deterministic in base b if and
only if adding it to any base-b normal number x preserves
normality—that is, 4+ y remains normal in base b.

Corollary

There are uncountably many deterministic numbers in base 2 that are
normal in all odd bases; and for any even base b, uncountably many that
are not normal in all even bases < b simultaneously. In both cases, we
give an explicit construction of a countable family of such numbers.

Normal numbers in sparse Cantor sets 16 /16 Verénica Becher



References
Verénica Becher, Yann Bugeaud, and Theodore Slaman. On simply normal numbers to different bases. Mathematische Annalen,
364(1):1257150, 2016.

Verénica Becher and Santiago Figueira. An example of a computable absolutely normal number. Theoretical Computer Science,
270:947-958, 2002.

Verénica Becher, Pablo Ariel Heiber, and Theodore A. Slaman. A computable absolutely normal Liouville number. Mathematics of
Computation, 84(296):2939-2952, 2015.

Verénica Becher and Theodore Slaman. On the normality of numbers to different bases. Journal of the London Mathematical Society,
90(2):472-494, 2014.

Michel Bernay. La dimension de Hausdorff de I'ensemble des nombres r-déterministes. Comptes Rendus Hebdomadaires des Séances de
I’Académie des Sciences, Série A, 280:539-541, 1975.

Yann Bugeaud. Nombres de Liouville et nombres normaux. Comptes Rendus de I'Académie des Sciences Paris, 335(2):117-120, 2002.

Yann Bugeaud. Distribution modulo one and Diophantine approximation, volume 193 of Cambridge Tracts in Mathematics. Cambridge:
Cambridge University Press, 2012.

Yann Bugeaud. On the expansions of a real number to several integer bases. Revista Matematica Iberoamericana, 28(4):931-946, 2012.

John W. S. Cassels. On a problem of Steinhaus about normal bers. Colloquium Matt icum, 7:95-101, 1959.

Harold Davenport, Paul Erdds, and William J. LeVeque. On Weyl's criterion for uniform distribution. Michigan Mathematical Journal,
10:311-314, 1963.

Lauwerens Kuipers and Harald Niederreiter. Uniform distribution of sequences. Dover Publications, Inc., New York, 2006.

Janina Lupkiewicz Spears and John E. Maxfield. Further examples of normal numbers. Publicationes Mathematicae Debrecen,
16:119-127, 1970.

Wolfgang M. Schmidt. Uber die Normalitit von Zahlen zu verschiedenen Basen. Acta Arithmetica, 7:299-309, 1961/1962.

Waktaw Sierpiriski. Démonstration élémentaire du théoréme de M. Borel sur les nombres absolument normaux et détermination effective
d'un tel nombre. Bulletin de la Société Mathématique de France, 45:132-144, 1917.
Bodo Volkmann. On the Cassels-Schmidt theorem. |. Bulletin des Sciences Mathématiques. 2e Série, 108(3):321-336, 1984.

Benjamin Weiss. Normal sequences as collectives. In Proceedings of the Symposium on Topological Dynamics and Ergodic Theory,
page 95, University of Kentucky, 1971.



