On a problem on normal numbers
raised by Igor Shparlinski

JEAN-MARIE DE KONINCK and IMRE KATAI
Edition du 7 juillet 2012

Bull. Austr. Math. Soc. 84 (2011), 337-349

Abstract

Given an integer d > 2, a d-normal number, or simply a normal number, is an
irrational number whose d-ary expansion is such that any preassigned sequence,
of length k > 1, taken within this expansion, occurs at the expected limiting
frequency, namely 1/d*. Answering questions raised by Igor Shparlinski, we
show that the numbers 0, P(2)P(3)P(4) ... P(n)...and 0, P(24+1)P(3+1)P(5+
1)...P(p+1)..., where P(n) stands for the largest prime factor of n, are both
normal numbers.
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1 Introduction

In 1909, Emile Borel [2] introduced the concept of a normal number. Given an integer
d > 2, we say that an irrational number 7 is a d-normal number, or simply a normal
number, if the d-ary expansion of n is such that any preassigned sequence, of length
k > 1, taken within this expansion, occurs with the expected limiting frequency,
namely 1/d*. Equivalently, given a positive real number n < 1 whose expansion is

n = 0,a1a; ..., where each a; € {0,1,...,d — 1}, that is, n = Z%, we say that
=1

=
n is a d-normal number if the sequence {d"n}, m = 1,2,... (here {y} stands for
the fractional part of y), is uniformly distributed in the interval [0, 1[. Clearly, both
definitions are equivalent.

The problem of determining if a given number is normal is unresolved. For in-
stance, fundamental constants such as 7, e, V2, log2 as well as the famous Apéry
constant ((3), have not yet been proven to be normal numbers, although numeri-
cal evidence tends to indicate that they are. Interestingly, Borel [2] has shown that
almost all numbers are normal.

Even constructing specific normal numbers is a no small challenge.

Several authors studied the problem of constructing normal numbers. One of the
first was Champernowne [3] who, in 1933, showed that the number made up of the



concatenation of the natural numbers, namely the number
0,123456789101112131415161718192021 .. .,

is normal in base 10. In 1946, Copeland and Erdds [4] proved that the same is true if
one replaces the sequence of natural numbers by the sequence of primes, namely for
the number

0,23571113171923293137 . ..

In the same paper, they conjectured that if f(x) is any nonconstant polynomial whose
values at © = 1,2,3,... are positive integers, then the number 0, f(1)f(2)f(3)...,
where f(n) is written in base 10, is a normal number. Six years later, Davenport and
Erdés [5] proved this conjecture. In 1997, Nakai and Shiokawa [10] showed that if
f(z) is any nonconstant polynomial taking only positive integral values for positive
integral arguments, then the number 0, f(2)f(3)f(5)f(7)... f(p)..., where p runs
through the prime numbers, is normal. In 2008, Madritsch, Thuswaldner and Tichy
[9] extended the results of Nakai and Shiokawa by showing that, if f is an entire
function of logarithmic order, then the numbers

0, [ (]l F gl f3)g - and 0, [f(2)]o[f 3)]o[f GN][S (g - -+

where [f(n)], stands for the base ¢ expansion of the integer part of f(n), are normal.

Recently, using our results [7] on the distribution of subsets of primes in the prime
factorization of integers, we [6] constructed large families of normal numbers using
classified prime divisors of integers. This motivated Igor Shparlinski to raise the
following questions:

1. Letting P(n) stand for the largest prime factor of the integer n > 2, is it
possible to show that the number formed by the concatenation of the largest
prime factors of the sequence of natural numbers n > 2, namely

0,P(2)P(3)P(4)...P(n)...,
is a normal number ?

2. Similarly, is the number formed by the concatenation of the largest prime factor
of the shifted primes, that is,

0,P2+1)PB+1)PBL+1)P(T+1)P(11+1)...P(p+1)...,
a normal number 7

Here, we answer in the affirmative to both these questions and actually prove more.



2 Notation

Let g stand for the set of all the prime numbers. The letter p with or without
subscript will always denote a prime number.

Given a real number x > 2 and coprime integers k and ¢, we let 7(z; k, ¢) stand for
the number of prime numbers p < x such that p = ¢ (mod k). For each real number

Todt
r > 2, we set li(x) := / ot & function often called the logarithmic integral. We
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will also be using the well known function
VU(z,y):=#{n<z:Pn) <y} (2<y<a)

Given an interval of real numbers I, we write 7([) for the number of prime numbers
located in the interval I, while we write w([; k, £) for the number of primes p € I such
that p = ¢ (mod k).

Given an integer ¢ > 1, an expression of the form ;45 ...%;, where each ; is one
of the numbers 0,1,...,d — 1, is called a word of length ¢t. Given a word «, we shall
write A(«) = ¢ to indicate that « is a word of length ¢. We shall also use the symbol
A to denote the empty word. Finally, we will say that « is a prefix of a word -y if for
some 9, we have v = ad.

Let d > 2 be a fixed integer and let £ = E; = {0,1,2,...,d — 1}. Then, E* will
stand for the set of words of length ¢ over E, while E* will stand for the set of all
words over F regardless of their length, including the empty word A. Observe that
the concatenation of two words «, f € E*, written a3, also belongs to E*.

Given a positive integer n, we write its d-ary expansion as

n=-co(n) +er(n)d+...+¢e(n)d,

where ¢;(n) € E for 0 < ¢ <t and g/(n) # 0. To this representation, we associate the
words
n=¢co(n)ei(n)...e(n) € B

and
n=¢/n)e_1(n)...go(n) € B

Let k be a fixed positive integer. For each word 8 = b;...b, € E*, we let
vg(m) stand for the number of occurrences of 5 in the d-ary expansion of the positive
integer n, that is, the number of times that €;(n)...cj4x_1(n) = B as j varies from 0
tot— (k—1).
logn
log d
represents roughly the number of digits in the d-ary expansion of the positive integer
n.

Finally, the letter ¢, with or without subscript, always denotes a positive constant,
but not necessarily the same at each occurrence.

For convenience, we also introduce the function L(n) = L4(n) = [ ], which



3 Main results

Theorem 1. Let F € Z[z] be a polynomial of positive degree r which takes only
positive integral values at positive integral arguments. Then the numbers

n=0,F(PR+1)F(PB+1)F(PG+1)...F(P(p+1))...

and

n=0,F(P2+1)F(P3+1)F(P(b+1))...F(P(p+1))...
are normal numbers.

Theorem 2. Let F' be as in Theorem 1. Then the numbers

¢ =0,F(P2)) F(P(3)) F(P())...F(P(n))...

and

¢ =0,F(P(2) F(P(3)) F(P(4))... F(P(n))...

are normal numbers.

4 Preliminary lemmas

The following preliminary results are fundamental for the proof of our theorems.

Lemma 1. Let F' be as in the statement of Theorem 1 (with deg(F) = r > 1).
Assume that K, is a function of u such that k, > 1 for all u. Given a word 3 € E*
and setting

Va(u) == # {Q € pNlu,2u L(u")

dk

va(F(Q)) —

> r/E@ |

then, there exists a positive constant ¢ such that

cu
Vi < —— .

slu) < (logu)k?
Proof. This result can be obtained as a particular case of Theorem 1 of Bassily and
Katai [1] in the particular case when

Fy(7y) = { b=

0 otherwise.

O
Lemma 2. Let F' be as in Lemma 1. Given By, o € E¥ with Bi # P, set
s sn(w) = #{Q € 9 [1,2u] : [vs, (F(Q)) = v (F(Q))| > kun/T(w)}
Then, for some positive constant c,
cu
A < —
Proof. This result is an immediate consequence of Lemma 1. O]



From here on, we let I, stand for the interval [z, 2z].
Lemma 3. For all x > 2,
1
()

provided 6 > 0 is sufficiently small.

#lpe L Pp+ 1) ¢l ) < o,

Proof. Let x > 2. We will first prove that

1
(4.1) A=#{pecl,:Pp+1) >z < Zw(x)
provided ¢ is sufficiently small.
If P(p+1) > 2% for some p € I, then there exists a prime number ¢ > z'7°
and a positive integer a < 2z° such that p + 1 = aq. Using Corollary 2.4.1 from the
book of Halberstam and Richert [8], we have that for each fixed a, the number of

pairs p,q with p € I, and p + 1 = aq is less than LQ, where ¢ stands for the
¢(a)log” x
Euler function. Hence, summing over all positive integers a < 22°, we obtain that
cx 1 T 1
4.2 A< —— <c dlogx < —m(x),
(42) log2xa§(s ola) = llong & 4 (z)

provided ¢ is small enough, thus proving (4.1).
We will now prove that

(4.3) Bim#{pcl: Plp+1) <’} < iw(x)

provided ¢ is sufficiently small.
To do so, given k > 1, we first introduce the strongly additive function defined on
primes g by
1 ifad <g<ah,
fla) = { 0 otherwise.

Assume that ko < % Now, by using the Bombieri-Vinogradov Inequality, one can
deduce a Turan-Kubilius type of inequality, namely

2

SNlrp+n - > L <en) > L

pEly xd<g<akd rd<g<akd

1
Hence, setting S = Z — and observing that

¥ <g<ahd q

kdlog
S = log ( STog s ) +0(1) =logk + o(1)
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and that P(p + 1) < 2° implies that f(p + 1) = 0, it follows that BS? < en(x)S, so

that
cm(x) 1

~ logk + o(1) = 47r(x),

if k =1/36 and ¢ is small enough, thus proving (4.3).
Combining (4.1) and (4.3) completes the proof of Lemma 3.

5 Proof of Theorem 1

Given a fixed real number x, write p; < py < --- < pr for the whole list of primes
belonging to I, while for each @) € g, let

MQ@Q)=#{pel :Pp+1)=Q}
and observe that by the Brun-Titchmarsh Theorem,

(5.1) M(Q) <7m(l;Q,—-1) < m-

Let § be a small positive number. Then, as we did in order to establish (4.2), it
is easy to see that, for some absolute positive constant ¢ > 0,

(5.2) pel: Pp+1) >} < 2

logz

With the primes p; < ps < - -+ < pr defined above, consider the number 6 defined
by

0 = F(P(p + 1)) F(P(pa 1)) F(P(pr + 1)).
Since, for each j € {1,...,T},

AE(P(p; + 1)) = LIF(P(p; +1))) + O(1) = rL(P(p; + 1)) + O(1),

it follows that

T

(5.3) AO) =r> L(P(p;+ 1))+ O(T).

j=1

Now, since L(P(p; + 1)) < L(p; + 1) < L(2z), it follows, combining (5.2) and (5.3),
that

(5.4) S L +1) <L) Y 1< L 1 9).

log
P(pj+1)>2!=? P(pj+1)>x!=? &



On the other hand,

(5.5) S L(Pp+1)<L22) Y 1§165$ L(23).

ogx
P(pj+1)<zd P(pj+1)<z? &

Using (5.4) and (5.5) in (5.3), we may conclude that there exist two positive numbers

dy < ds such that
A(9)

rL(2z)m (1)
where we used Lemma 3, thereby implying that the true order of A(0) is x.
1-4]

d1 < < dg,

We will now subdivide the interval [2°, z into subintervals [u;,u;1], where
u; = 2°27 with j = 0,1,...,Z, where Z is the unique positive integer satisfying
uyz < ' <ugy.

1

Our intention is to show that vz(6) ~ ﬁ)\(é) as A(0) — oco. We will do so by
establishing that vg, (0) — v3,(0) is small if 8; # (.

Let us now choose k, = loglog u.

We shall say that the prime Q) € [u;, uj11] is a good prime (with respect to 1 and
Bo) if

A TL(uy)

(5.6) ma vs, (F(Q)) -

i=1,2

< R/ L),

while we say that it is a bad prime if (5.6) does not hold.
We then have

(O = v (0)] < e muy/Llw) Y M@

Q€uj,u;41]

+0 TZL(uj) Y M@Q) | +0(2)

Q€luj,ujyq]
Q bad prime
cox
: L(2
5:7) +0 (e tien)).

where the first term on the right hand side of this inequality was concerned with the
good primes @), while the fourth (and last) term is to account for the primes p for
which p < 2 or p > 2'79.

Using inequality (5.1), we obtain

cx 1
(5.8) Y oM@ <s—S Y
QE[uj,uj+1] uj IOg(:C/U/]) QE[uj,uj+1] Q
Q bad prime Q bad prime



On the other hand, it follows from Lemma 2 that

(5.9) Z Q < (bgcqzj)

QE[uj,ujt1l
Q bad prime

Hence, using (5.9) in (5.8), we obtain

(5.10) > M@ < u;log(z/u;)  (logu;)2

Qe[uj ,ujJrl]
Q bad prime

Using (5.10) in (5.7), we may write
(511) |l/51(9) —7/32(9)| S 21+22+CZ+C(5!L‘,

where

Zw/loguj u; log a:'/u]
22 = CZ ZE

22 og(r/u;)

First, it is clear that
(5.12) ¥ =o(x).

On the other hand, since

it follows that
(5.13) ¥ =o(x)

as well.
Now, by the way we chose Z, it is clear that Z < cz/logxz. Hence, gathering
(5.12) and (5.13) in (5.11), we get that

(5.14) lvg, (0) — v, (0)| < cdx + o(x).

Since Z vy(0) = AN(0) — k + 1, it follows that

~EEk

d*vg(0) = A(0) = Y (vs(0) — »,(0)) + O(1).

YEEF



Using this last estimate in (5.14), we have

A(0)

(5.15) vg(0) — i < cdx + o(x).

Now, let nny be the prefix of length NV of the infinite sequence

F(P2+1)) F(P(3+1)) F(P(5+1))...

and let p* be the largest prime for which

A (F(P(2 T1))F(PB+L)...F(Pr + 1))) < N.

Moreover, set

ny =F(P2+1) F(PB+1)... F(P(p- +1)).

We then have

(5.16) 0< N —=Any) <crlogp® <erN/logN.
We now define the sequence Yy, Y_1,Y o, ..., Y_g as follows:
) 1 1
}/0 =P, Y—l = 5%, ,Y,(jJrl) = EY_J', 7Y—H7

where H is the smallest integer for which 2¢ > logp*, implying that Hlog2 ~
log log p* as p* grows.
Let us write ny as

Ny = P9—H97(H71) N (% 77N),

where p is the word F(P(2+ 1)) F(P(3+1))...F(P(qo + 1)), where g is the largest
prime number which is smaller than Y_y and where

0_; =F(P(p1+1)) F(P(pa+1))... F(P(p, + 1)),

where p; < py < --- < p, are all the primes contained in the interval [Y_ 1), Y_;].
With this set up, it is clear that

(5.17) Vﬁ(TﬁV) = Vg(p) + Vg(H,H) + ...+ Vﬁ(&o) + O((H + 1)]€)
But since
px

log p*’

va(p) <crqo <crY_pg <c

it follows from (5.17) that

0

Vﬁl(n}k\/)_y@(n}kv) = ' (Vﬁl(ej)_yﬁb(ej))
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: '
(5.18) +O(loglog p*) + O <1ng*> :

In light of (5.14), we obtain from (5.18) that

. . P’
Ve, (1) — v ()| < €6 (Yoy = Yon) + O ;
o log p
< cdYy = cop”,

so that, proceeding as we did to obtain (5.15), we obtain

va(nn) — A(géﬂ

(5.19) < cop”.

Since

*

M) = 37 LIP(p+ 1)) = o=+ Om(p7)).

p<p*

it follows from (5.19) that

vg(ny) 1
A(ny)  d

Since 6 > 0 is arbitrary, we may conclude that the left hand side of (5.20) is 0.
This completes the proof that the number 7 is normal. The proof that 7 is normal
can be obtained along the same lines.

< ¢d.

(5.20) lim

N—o0

6 Proof of Theorem 2

The proof is much easier than that of Theorem 1. Indeed, as previously, let I, = [z, 2]
and set

0 =F(P(ng))...F(P(nr)),
where ng is the smallest integer in I, while ny is the largest. We then have

A0) = rxlog ’

logd + O(x).

Let ¢ be a small positive number. One can easily show that the number of integers
n € I, for which either P(n) < 2° or P(n) > 2'7% is < cdx. In light of this, we have

(6.1) ve(0) = Y wa(F(P(n))) + O(T) + Oz log ).

Let us choose

(6.2) up = z° and thereafter uj = 2uj_; foreach 1 < j < H,

10



where H is the smallest positive integer for which 27wy > 217, so that

o [(1—2(5)10ga§

6.3
(6:3) log 2

] +0(1).

Letting z = log x/ log y, it is known that

T
logy

(6.4) U(z,y) =a(z)z+ O < ) uniformly for 2 <y < z,

where « stands for the Dickman function (see for instance Tenenbaum [11]).
Hence, if for each prime ¢, we let R(q) := #{n € I, : P(n) = q}, it follows from
(6.4) that

Rig) = ¥ <2§q> - (gq)
) () o)

(6.5) — (o (1B 1)L,

where we used the fact that ¢ € [2°, 217°].

Now, it follows from (6.1) that
(6.6) vg(0) = Z vs(F(q))R(q) + O(T) + O(dzlog x).
Let f1, B2 € Ey with 1 # B2. Then, it follows from (6.6) that
(6.7) v, (0) = va(O)| < Y |ve(F(@)) = vsu(F(a))| R(a) + O(@) + O3 log ).

Taking ug, u1,...,uy as in (6.2) with H as in (6.3), the sum on the right hand
side of (6.7), which we shall denote by S*(x), can be rewritten and handled as follows.

69 SW=Y ¥ |pmF@) @) R =35

say. Now, clearly, in light of (6.5),

(6.9) 5 < 20 S Jua(F@) - v (FTaD)|-

We now define x,, := loglogu and classify the primes ¢ € [u;,u;4+1) as good or bad
primes. We say that q € [u;j, u;41) is a good prime if

v, (Fa)) = v (F(@)]| < /I,

11



while we say that it is a bad prime otherwise.
Splitting the sum on the right hand side of (6.9) into two sums, one running on
the good primes and one running on the bad primes, it follows from Lemma 2 that

20 (1 . 20 (1 :
S; < M&%uj /L(u;) U X O‘(UJ>$ U g
u; log u;  (logu;)k2

5 R ) L(u]) 1
= 2alu)e log u; * (log u;)k2
log 1 ;
(6.10) < dra(uj)x o6 08 Yy

w/loguj'

Summing the inequalities in (6.10) for j = 0,1,..., H — 1, we obtain from (6.8) that
S*(x) = o(li(x)) as © — oo. Using this estimate in (6.7), we obtain that

(6.11) g, (0) — v, (0)] < cdzlogx + o(xlog z).

Now let &y be the prefix of length N of

F(P(2)) F(P(3))...

and let

¢v = F(P(2)) F(P(3))... F(P(m)),
where A(éy) < N < MEnF(P(m + 1))).

It is clear that m ~ ¢

log N
rlog m.

Let 2r = m and consider the intervals I, I, I/22), - -, I5/r), where L =
2[log log x|, and write

7; = F(P(a))... F(P(b)) (7=0,1,..., L),

where a is the smallest and b the largest integer in I /2;). Moreover, let

p=F(PQ2)...F(P(s)),

where s is the largest integer which is less than the smallest integer in I, /(;+1).
It is clear that

(6.12) Ve, (En) — v, (Ex)| < [V, (1) — v, ()] + Z |5, (75) — vy (75)]
and that

i
(6.13) ve(p) < Mu) < o7 - rloga = ofx).

12

for some constant ¢ > 0, which implies that A(F'(P(m + 1))) <



Applying estimate (6.11) L + 1 times by replacing successively 2z by z, z/2, /2%
..., /2% we obtain from (6.12) and in light of (6.13), that

(6.14) i (E8) = Y (66)| S N +0(N) (N = 00).

Then, using the same argument as in the proof of Theorem 1, it follows from
(6.14) that
vg(én) 1

N dk

Since § > 0 can be chosen arbitrarily small, it follows that

lim sup Ye\SN) (En) = !

N—o0 dk’

lim sup < ¢o.

N—oo

thus establishing that £ is normal.
The proof that £* is normal is similar.
This completes the proof of Theorem 2.
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