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ABSTRACT. The paper deals with subsets of N independent with respect
to given density. We apply their properties to the reminder systems and to the
statistically independent uniformly distributed sequences.

Introduction

Suppose that N is the set of natural numbers. If A C N, then the value

- AN, N
d(A) = limsup A0 LN (1)
N—o0 N
is called upper asymptotic density of A. The system of sets 5, satisfying the
equality _ _
d(S)+d(N\S)=1
will be denoted as D. Denoting d = d|p the equality
L JAN[LN])
N —o0 N

d(S) =

holds and the value d(S) is called the asymptotic density of S.
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In 1951 Ivan Niven published in the paper [9] the following significant result:
THEOREM 1. Denote for S C N and prime number p

S, ={s € S;p|s Ap*ts}.

Let p1,pa2,p3, ... be a sequence of primes such that
=1
IR
o1 Pn

then d(S) = 0 if and only if d(S,,) =0 for eachn =1,2,3, ...

The proof of this result in the mentioned paper is based on the estimation
of the value |SN[1, N]|, N €N. The aim of this paper is to study the independence
of sets and sequences with respect to the certain type of finitely additive measure
which will be called density. We derive the “density” analogy of Borrel Cantelli
lemmas. This leads, inter alia, to the Theorem of Niven formulated above.

The asymptotic density allows to describe the distribution of sequences in cer-
tain cases. A sequence {v(n)} of elements of [0, 1] is called uniformly distributed
modulo 1 if for each subinterval I C [0,1] the set v=1(I) belongs to D and
d(v=r(I)) = 1|, (see [14], [§], [2], [12], [13]). Weyl’s criterion proven in the
books and articles cited above provides that for irrational number « the sequence
of fractional parts {{na}} is uniformly distributed modulo 1. This allows to cal-
culate the asymptotic density of some simple sets associated with diophantine
approximations.

If x is a non integer number then for each integer p we have
|t —p|<l<=p=[z]Vp=|z]+1. (2)

This implies that for ¢ € (0,4) we have that an integer p such that |z — p| < ¢
exists if and only if {x} < ¢V{z} > 1—c. Let us consider an irrational number .
The previous considerations give that for given positive integer n such integer p
exists that
D c
o-gl<a ®)
if and only if

{na} €[0,c)U(1—c,1].

Let us denote by S.(«) the set of all natural numbers n such that the inequal-
ity ([B]) holds for suitable integer p. Taking into account that the sequence {{na}}
is uniformly distributed we get:
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1. Sc(a) € D and d(Sc()) = 2¢.

This leads to the following complement of Dirichlet theorem on approxima-
tiod]

THEOREM 2. Let f(n) be a function such that lim, @ = oco. If a s
an irrational number, then the set of all n € N that for suitable integers pn,
the inequalities 1

f(n)
hold, belongs to D and its asymptotic density is 0.

’a—& <
n

We close Introduction recalling well-known result from elementary analysis:

2. Let us consider a sequence {u,}, u, € [0,1). Then

iun:ooé ﬁ(lfun)zo.
n=1 n=1

This follows immediately from the inequality

l—z<e™® for ze€l0,1).

1. Density

If YV is a system of subsets of N, then ) is called g-algebra if and only if
i) Ne),
ii) Ae Y= N\Ae€),
iii) A, Be)Y,ANB=0=AUBe).
Let us remark that the system D defined in the Introduction fulfils these
conditions.

A finitely additive probability measure defined on g-algebra ) is called density
if and only if:

iv) A € Y if and only if
Ve >0 E'Al,Asz; A1CACA2/\V(A2)*I/(A1)<€.
Clearly, d-asymptotic density is a density on D.

Well-known Dirichlet theorem says that for each irrational number « a infinity set of positive

integer n exists that p 1
o — —n) <= for suitable p, € Z.
n n
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Suppose that a q algebra ) is given and v is a density on ). We say that sets
Aq,..., A, €Y are v-independent if and only if for each i; < - -+ < g, such that
1 <y, < m, the intersection ﬂ;‘?:lAij belongs to ) and

k k

A sequence of sets Aj, As, As,... will be called v-independent if and only if
the sets Ay, ..., Ay are v-independent for each k =1,2,3, ...

We start by the following form of Borrel Cantelli lemma for density:

THEOREM 3. [f A, As, ..., Ar € Y are v-independent sets, then U;?:lAj belongs
toY and

k k
v =1-T[1@-v4,)). (5)
j=1 Jj=1
If the sequence A1, A, As, ... is v-independent and
V(A;) = oo, (6)
j=1

then the set A = U3, A; belongs to Y and v(A) = 1.
For the proof we derive the following statements.

3. If Ay, Ay € Y are independent sets, then A1 U As € ) and
I/(A1 U AQ) =1- (1 — V(Al)) (1 — I/(AQ))

Proof. We have
Al UAs =AU (A (41N Ag)). (7)

The set A7 N A belongs to ) thus the set As \ (41 N As) belongs to V.
This set is disjoint with Aj, therefore equality () we imply A; U Ay € V.
From ([7l) we get

I/(A1 U A2) = V(Al) + I/(Ag) — V(Al)I/(Ag)
=1-(1-v(41))(1—-r(As)). O

4. If the sets Ay, Ay, A3 € Y are v-independent, then the sets A; U Ay, A3 are
v-independent also.

Proof. It holds
(A1 UA)N A = (A1 NA3) U (Aa N Ajg).
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From [3l we obtain that (A; U A3) N Az belongs to ), and
v((A1 U A2) N Az) = v(A1 N As) + v(Aa N As) — v(A1 N Ax N As)
= v(As) (v(A1) +v(A2) — v(A1)r(42))
=v(A3)v(4; U Ag). O
5. If the sets Ay, ..., A, €Y are v-independent, then the sets N\ Ay, Aa, ..., An
are independent also.

Proof. Let 1 <igs <--- <irp <m. Then

k k k
(N\A)N (4, =) A4 \ Arn () 4,
j=2 j=2 j=2
Thus K
(N\Aj)N (4, €Y
Jj=2
and
k k k
v[(N\ADN (A, | =v |4, —v[An[)4
j=2 Jj=2 Jj=2

= (1-v(A1)) H v(A;)
k:J_
N\ A;) Hu( O

Proof of Theorem Bl For k = 2, the theorem follows from[Bl Suppose that
the theorem holds for k — 1. The sets Ay U---U Ar_1 and A are independent.
By application of Bl we get that the assertion holds for k.

Put By = Ué\f:lAj. Clearly,

By€)Y and By CcACN.

From (B)), (@) and point 2. we get limy_,~ v(By) = 1. Thus the assertion follows
from the property iv) of density. O
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From this we can generalize the result of Ivan Niven, [9], to the following
form:

THEOREM 4. Let ([6l) holds. Then for each S C N we have S € Y and v(S) =0
if and only if

SNA; €Y and v(SNA;)=0 for j=1,2,3,...

Arithmetic progressions or in the other words the reminder classes will play
important role. In accordance with the usual notation in algebra we shall denote

rt(m)={neNin=r (modm)},

where m € N and r € Z (0 + (m) := (m)).
The density v will be called arithmetic if for each m € N, r € Z the set r+ (m)
belongs to

Y and u(r+(m)):%.

The Chinese reminder theorem implies that for mutually relatively natural
numbers myq,...,my and rq,...,r, € Z such r € Z exists that

ri + (m;) =7+ (mimg---my).

k
=1

7

This yields

6. If v is arithmetic density, then the sets r1 + (my),..., s + (my), mentioned
above, are v-indpendent.

By an application of Theorem Bl for the case of asymptotic density and
reminder classes we get

PROPOSITION 1. Suppose that an arithmetic density v is given. Let py,
k=1,2,3,... be such primes that

SR

k=1 Pk
Denote for AC N,p,r,r" by A, ., the set of all a € A such that
a=7r (modp), a#r (modp?).
If ri, vk =1,2,3, ... is arbitrary sequence of integers and
Aperia, €Yy V(Aprer) =0, k=1,2,3,...,
then
AeY and v(A)=0.
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Proof. The sets ry + (pg) \ 7, + (p?) can be written in the form

S

e+ (o) \ 7%+ (0R) = U

for suitable s, ¢; depending on
pk7rk7r;g7 k:1,2,3,...

And so we see that these sets are v-independent. The assertion follows now from
Theorem [ taking account that

Apkn"k,r,; =AnN (Tk + (pkr)\T;c + (pi))a

the sets 7 + (pr) \ 7}, + (p7),k =1,2,3,... are independent. Moreover,

1 1
v+ o)\ 1+ (8]) = — — .
Pk Di
Thus oo
(e + (o) \ i+ (92)) = oo O
k=1

2. Outer density, decompositions

Let us denote by P(N) the system of all subsets of N. A function
7: P(N) = [0,1] is called outer density if and only if:

v) 7(0) =0, 7(N) =1
vi) AC B=7(A) <7(B),
vii) (AU B) <7(A) +7(B),
viii) AUB=N=1+4+7(ANB) <7(A)+7(B).
It is easy to check that d fulfils the conditions of outer density.
By the standard procedure can be proven:

PROPOSITION 2. If U is outer density then the system of sets
D, ={ACN;7(A)+7(N\ A4) =1}

is a g-algebra and the restriction v = Ulp, is density.
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PROPOSITION 3. Let U be outer density and
Al,AQ,Ag,...,An EDV,’I’L eN

a sequence of v-independent sets. If A C N is such set that 7(A) > 0 and
v(ANA,)=0,n€N, then .

> (s

n=1

This assertion follows immediately from Theorem E] because in the opposite
case should be v(A4) = 0.

PROPOSITION 4. Let Ay, As, As, ..., be sets as in Proposition[3 and

then the set UZO:1 A, belongs to D, and

v (n[—len> =1- ﬁ (1—v(A4y)).

n=1
Proof. Analogously, as in proof of Theorem [B] we put

BN—UN IA

from (8) we get
lim 7(A\ By) = 0. O
N—o00

Suppose that an outer density 7 is given. Let us consider a system of decom-
positions

En = {E§"),...,E,§:)}, EMeD,, v (E§")) - ki (9)

for n =1,2,3,..., such that the sets E(l) Ei(n) are v-independent, n € N.
Denote for S C N by the symbol I(S : 5 ) the number of such ¢ < k,, that
E(S N Ez(n)) > 0. In this case we have
I1(S:€,)
(n)
sc | EJus,
=1
where v(S])) =0, n=1,2,3,... This yields
N I(S:E,)
S c ﬂ U EMUS,, N=1,23,...
n=1
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From the independence mentioned above we get

N
H , N=1,2,3,...

\ AN

Considering N — oo we get
T I(S &)
< _, 10
< n]l i (10)

This implies:
ProrosiTION 5. IfT(S) > 0, then
I(S: &)

R
Proof. Clearly,
kn —
Let c € [0,1). If
I(S: &,
CHAPY
for infinitely many n then ([I0) yields 7(S) = 0 — a contradiction. O

PROPOSITION 6. IfT(S) >0 and I(S : &,) < ky, for n € N, then

< Q.

HME%
ol g

Proof. If I(S: &,) < ky, then I(S : &,) < k,, — 1. From (I0) we get

9= (1),

and the assertion follows. O

3. Reminder systems

A finite set R C N is called a complete reminder system modulo m, for given
m € N if for each s € {0,...,m — 1} such uniquely determined r € R
exists that » = s (mod m). Clearly, a subset of positive integers is a complete
reminder system modulo m if and only if it has m elements, and these elements
are incongruent modulo m. Let us come back to the system of decomposition
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defined in ([@). Suppose that a sequence of mutually relative primes natural
numbers mq, mg, ms, ... is given. Put

In this case we shall write I(A : my) instead of I(A : &). Suppose that 7 is
an outer density such that v = 7|p, is an arithmetic density.
From Proposition Bl we get

7. If AC N and 7(A) > 0, then

I(A:m
lim I(A:mn) _ 1,
n—oo mpy
where m1, ma, ms3, ... is a sequence of relatively primes natural numbers.
This yields
PROPOSITION 7. Let myi,mo,ms,..., be such sequence of relatively primes
natural numbers greater than 1 that
(o]
1
Y —=c. (11)
M
n=1

If A C N and the inequalities I(A : my) < my, hold for k =1,2,3,..., then
AeD, and p(A)=0.

THEOREM 5. Let A C N is such set that 7(A) > 0. If my,mg,ms,...
be positive integers mutually relative prime such that A does not contain

the complete reminder system modulo my, k =1,2,3,..., then Zjoil mi < 00.
J

Proof. The assumption gives I(A : m;) < m; — 1. From (I0) we get

o<v(A)<ﬂ<1mij>,

and the assertion follows. O

4. Distribution of sequences

We say that a bounded sequence of real numbers {v(n)} is v-measurable if
for each real number x the set v=1((—o0, z)) belongs to D,,. In this case the func-
tion F(z) = v(v™!((—o0,2))) is called v-distribution function of this sequence.
Given v-measurable sequences {vy(n)},...{vk(n)} will be called v-independent
if for each z1, ...,z the sets v((—o00,x1)),...,v((—00,x)) are v-independent.

Let {v1(n)},...,{vs(n)},..., be such v-measurable sequences that for each
k € N the sequences {vi(n)}, ..., {vs(n)} are v-independent. Let us denote by F;
the v-distribution function of {v;(n)},i € N.
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By an application of Theorem [ we get
8. Let [z;,yi),i = 1,2,3,... be subintervals of R. Then

U v, Y ([zi, 4:)) € Dy
and
k k
v (U Ui_1<[l'iayi)> =1- H(l — (Fi(yi) — Fi(ﬂﬁi))),
Therefore = =t
9. If ZFz<yz) — Fi(z;) = oo,

then the set
V = U2 v; Y ([zi,y:)) belongs to D, and v(V) = 1.

We say that a sequence {v(n)} of elements of the interval [0, 1] is v-uniformly
distributed modulo 1, if it is v-measurable and its v-distribution function is

F(z)=0, <0, F(x)=z, z€][0,1], F(z)=1, >1.

PROPOSITION 8. Let {vi(n)},k = 1,2,3,... be v-independent sequences,
v-uniformly distributed modulo 1. Suppose that A C N is such set, that7(A) > 0.
Then for each x € [0,1] and € > 0 such ko exists that for k > ko such ny € A
exists that |x — v (ng)| < e.

Proof. Let m be such natural number that % < €. Consider the system

of decompositions
& = {Ej(k) ij,...,m—l}, k=1,2,3,...,
where

k) —aflJ J+1 . (k) 1(|J
B\ — A N =0,....m—2 E% = 2 1)),
J /l)k ([m’ m >>’ ‘7 ’ ’m ’ m_1 /l)k ([m’ >>

Clearly, the set E](k) s v-measurable and

1
v (Ej(k)) = — for each k
m

and

Thus Proposition [@] yields that
(k) o
AUE™ #0, j=0,...m—1

with except of finite number of k. O
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Let us denote 1N
BN ) = 55 Yot

where {v(n)} is a sequence and N € N.
Sequences {v;(n)},j =1,..., k are called statistical independent if and only if
for every continuous function f1,..., fr we have

k k
Ex | [T 4@ | =TI Bn(£i(v) =0

j=1 j=1
for N — oc.

The bounded sequences of real numbers {vi(n)},...,{vkx(n)} which are
v-measurable are called weakly independent if for each x1,...,xr € R such
that v-distribution function of {v;(n)} is continuous in x;,j = 1,...,k, we have

ﬂ;‘?:lvj_l((foo,x]—)) ey
and
k k k
v o ((ooe)) | = TTv [ o5 ((=o020) | - (12)
j=1 j=1  \j=1

In the paper [I1] is proven the following statement

10. (Theorem 3 of [I1]) If the sequences {vi(n)}, ..., {vk(n)} of elements of some
interval [0, 1] are sequences uniformly distributed modulo 1, then these sequences
are statistically independent if and only if for every interval I,..., I,
subintervals of [0, 1] the sets v; ' (I1)...v; ' (I;) are d-independent.

11. If {zk(n)}, k = 1,2,3, ... are statistically independent uniformly distributed
sequences mod 1 and I}, are subintervals of [0, 1], then the set

R(N)={n e N;Vk < N;x,(n) € I} belongs to D

and
d(R(N)) = L]+ |In], for N=1,2,3,...
Let oy, a9, ...,ar be irrational numbers linearly independent over the field
of rational numbers, then the sequences {{a;n}},i = 1,...,k are statistically

independent, (see [13]). Let us denote

k
SC(Oél, Qag,..., Oék) = ﬂ Sc<aj)'
This implies =1

PROPOSITION 9. Let a, ..., ax be irrational numbers linearly independent over
the field of rational numbers. Then S.(aq, ..., ax) belongs to D and

d(Sc(al, ce ak)) = (20)’“.
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ProPOSITION 10. Let aq,as,... be irrational numbers linearly independent
over the field of rational numbers. If S, is the set of such positive integers n

that for suitable integers py, ;, the inequalities
Zﬂ‘ << hold,
n

s —
‘J n

S. has asymptotic density and d(S) = 0.

Proof. We recall that in Introduction is supposed that ¢ € [0, %) Thus the
assertion follows from the previous proposition taking into account that

Se =Ny Sc(a1, ..., ax) . O
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