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ABSTRACT. We consider the concept of uniform distribution in probability for
sequences of random elements in a compact metric group. We prove a criterion
for uniform distribution in probability for sequences of products of independent
random elements. As a corollary, we obtain a criterion for uniform distribution
modulo 1 in probability for sequences of sums of independent random variables
which generalizes the classical Weyl’s criterion.
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1. Introduction

A real sequence ()52 is called uniformly distributed modulo 1 if for any
continuous function f

n 1

1Zf(kaod1)—>/f(x)dx, n — 0o.

n
k=1 A
The following classical result of H.-Weyl is known [].
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THEOREM 1.1. A real sequence (x,)52 is uniformly distributed modulo 1 if and
only if

1 n
nl;rréog E e2mimTe — 0 m=1,2,....
k=1

The cited paper initiated numerous investigations of the concept of uniform
distribution modulo 1, its applications and generalizations. A most complete and
detailed overview of results obtained up to 1974 can be found in the monograph
of Kuipers and Niederreiter [2].

It is natural to ask: what is the condition of uniform distribution modulo 1
for a sequence of random variables? It is clear that the definition of uniform
distribution depends on the selected type of convergence. The terms “uniform
distribution modulo 1 almost surely” and “uniform distribution modulo 1 almost
everywhere” are already used, and a number of results are known.

In 1963, H. Davenport, P. Erdos and W. J. LeVeque proved the following
theorem [3].

THEOREM 1.2. Let s1(x), sa(x), ... be a sequence of real functions bounded and
integrable for a < x <b. Let
XN
_ 2mimsy, () _
S(N,a:)—an::le ,m=1,2...,
and

b
I(N) :/|S(N,x)|2da:.

If the series
> NTU(N)

converges for each integer m # 0, then the sequence (sy(x))S2 1is uniformly
distributed modulo 1 for almost all x in [a,b]. On the other hand, given any
increasing function ®(M) which tends to infinity with M (however slowly), there
exists a sequence (8, ()02, which is not uniformly distributed modulo 1 for any
x, and which satisfies the inequality

M
> NTU(N) < ®(M).
N=1

In 1969 on the basis of [3], Holewijn proved a sufficient condition for uniform
distribution modulo 1 almost surely for sequences of random variables (X,,)5 ;
whose distributions of increments X, ., — X, depend only on m =1,2,... [4].
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Also Holewijn obtained the following generalization of Weyl’s criterion [5].

THEOREM 1.3. Let (X,,)52, be a sequence of independent random variables with
characteristic functions (¢n )22, . The sequence (X,)52 4 is uniformly distributed
modulo 1 almost surely if and only if

1L
T}ergoﬁ;wk(2ﬂm)—0,m—l,2,....

In [6,[7], the asymptotic uniformity in distribution (mod 1) of sums of indepen-
dent random variables was studied. In these papers, uniformity in distribution
(mod 1) of a sequence of random variables means convergence of fractional parts
of these random variables in distribution to the Lebesgue measure on [0, 1).

In the present paper, we define the concept of uniform distribution in prob-
ability. We consider this concept in a natural generalization: for sequences of
random elements in a compact metric group.

Note that the concepts of uniform distribution in probability and uniform
distribution almost surely are equivalent for sequences of independent random
elements (see section ). However, we show an example of a sequence of sums of
independent random variables which is uniformly distributed modulo 1 in prob-
ability but whose almost all trajectories are not uniformly distributed modulo
1. We also show an example of a sequence of sums of independent random vari-
ables which is asymptotically uniform in distribution (mod 1), but which is not
uniformly distributed modulo 1 in probability. These examples are in section

We prove a criterion for uniform distribution for sequences of products of
independent random elements. As a corollary, the criterion for uniform distri-
bution modulo 1 in probability for sequences of sums of independent random
variables which generalizes the classical Weyl’s criterion is obtained.

2. Main result

Let (G, -) be a compact metric group.
We say the sequence (Si)52, of random elements in G is uniformly distributed
in probability if for any continuous real function f on G

1 n
R PIELR i>G/f<g>h(dg>, a5 oo,

where h is the Haar measure on G.

63



S. M. DOBROVOLSKY — M. S. DOBROVOLSKAYA

The uniform distribution almost surely is defined analogically by replacing
the convergence in probability by the convergence almost surely.

Let (Sk)32, be a sequence of independent random elements uniformly dis-
tributed in probability. As G is compact, for any continuous real f the sequence of
variances (Var f(Sk))72, is uniformly bounded. Hence, the sequence (f(Sk))72,
obeys the strong law of large numbers [8 ch. X.7, p. 259]. Thus, due to sepa-
rability of the space of continuous real functions on G, the sequence (Sy)72, is
uniformly distributed almost surely. As it is clear that the uniform distribution
almost surely implies the uniform distribution in probability, these concepts are
equivalent for sequences of independent random elements.

In the present paper, our aim is to study the concept of uniform distribution
in probability for sequences with independent increments.

Let (£;)4—, be a sequence of independent random elements in G, and let their
distributions be denoted by (Py)72 ;.

Consider the sequence of random elements
Sk =8k-1-&, k=1,2,...,

where S is a random element in G independent of (£;);- ;. Let its distribution
be denoted by Fp.

The main result of this paper is as follows.
THEOREM 2.1. The sequence (Sk)i, is uniformly distributed in probability if
and only if the sequence of probability measures

1 n
— E PoxPp_1x...xP,,n=12,...,
n

k=1

x-weakly converges to the Haar measure h.

Let us note that the condition of independency of the sequence of the incre-

ments (§)72, is essential, as it is shown by the following example.

Let & be a random variable uniformly distributed on [0, 1), and
& = —&p—1 (mod 1), for k=2,3,....

Let So = 0, then S = &; for odd k, and S = 0 for even k. It is clear that for such
sequence (S;)72, the condition of Theorem [Z1] is satisfied, but the conclusion
of the theorem is not valid.
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3. Preliminaries

Let (2, F,P) be a probabilistic space, where 2 = GV is the space of sequences
of elements of G with the topology of pointwise convergence, F' is the o-algebra
of Borel sets of 2, and P is the probability measure defined by the formula
P=PFPyx P x--XPyx....

Let C(G) denote the Banach space of continuous real functions on G with
the uniform norm |.||, and let M(G) denote the space of Borel measures on G
with the topology of x-weak convergence.

For f € C(G) and u € M(G), let us denote
(fsm) = /fdu~

For s € G, let T, denote the right-shift operator which acts on f € C(G) by
the formula
Tif(g) = flg-s)
for all g € G (the left-shift operator is defined in a similar way). The adjoint T
acts on u € M(G) by the formula

TXWE) =p(E-s")

for all Borel sets E of G.

We remind that the Haar measure on the compact group G is the probability
measure h € M (G) which is invariant under right and left shifts and the inverse
transformation g — g~!. It is known that on a compact group the Haar measure
exists and is unique [9] ch. 1 point 1.2].

Let p denote the metric on the group G. Without loss of generality, we consider
that p is right-invariant. Indeed, for an arbitrary metric p’ on G, the metric

p(91,92) = /p'(91 - 9,92 - 9)h(dg) , for g1,92 € G,

is right-invariant and generates the same topology.

Let us remember that for a random element F' from the linear topological
space X, the element EF' € X is called the expectation of F' if for any continuous
linear functional A € X*

A(EF):/(AF) dP.

THEOREM 3.1 ([I0, p. 74]). Let X be a topological vector space on which X*
separates points, and let P be a Borel probability measure on a compact Hausdorff
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space Q. If F': Q — X s continuous, and if the convex hull H of F(Q) has
compact closure H in X, then the integral

y:/Fw
Q

exists. Moreover y € H.

We consider the random elements
F:Q— X,

where X is either the space C(G) or M(G), and F is a bounded continuous
function. The reader can easily make sure that in this case the conditions of the
cited theorem are satisfied.

Let F denote a random element in C(G) with distribution Pp, and let @
denote a random element in M (G) with distribution Pg. Let us remember that
the random elements F' and @ are independent if and only if

P{FeU, QeV}=Pp(U)Py(V)

for all Borel sets U of C(G) and V' of M(G).
For independent random elements F in C'(G) and @ in M(G), we have

E(F,Q) = (EF, EQ) . (1)
Indeed, by the Fubini theorem and the definition of expectation,

E(F,Q) = /kRQmP:L/ / (F,Q) dPodPr
Q (@) M(@)
~ [ (rEQre— (7. Q).
c(@)

Let M;(G) C M(G) denote the space of Borel probability measures on G
with the topology of *-weak convergence.

It is known that the space M;(G) with the x-weak topology is metrized by
the Kantorovich-Rubinstein metric pxr. The Kantorovich-Rubinstein distance
between measures p, A € M;(G) can be defined by the formula

prR(H, A) = sup

/@du—/wdA
ped

where ® = {p € C(G) | Vg1,92 € G : [p(g1) — ©(g2)| < p(g1,92)}, see [II] ch.
VIII, §4] or [12] p. 342]. Vershik [13] traces some of the history of this metric.

)
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Note that as the metric p on the group G is right-invariant, the Kantorovich-
Rubinstein metric on M;(G) is invariant under right shifts.

The right side of the formula for pxpr is invariant under replacement of ¢ by
—p or by ¢ + ¢, ¢ € R. Therefore, we can omit the module sign and take the
supremum over the set &g = {p € @ | ¢(e) = 0}, where e is the identity element
of the group G. As the family ®¢ is equicontinuous, equibounded and closed, it is
compact due to the Arzela-Ascoli theorem. Therefore, the supremum is attained,

and
prr(H, A) = max (/wdu /wdk)
pedg
= max(p,u—A)
ped

LEMMA 3.1. Let (1), be a sequence of random elements in M1(G) which
converges to the Haar measure h in probability. Then the sequence of elements
(Epn )22, *-weakly converges to h.

Proof. We show that pxr(Eu,, h) — 0 as n — oo.
Due to the properties of the Kantorovich-Rubinstein metric and the definition
of the expectation, for each n € N, we have

prr(Epm,h) = max ((p, Epn) — (@, 1)
= max (E{p, pn) — (¢, 1)
= maxE ({g, pn) — (¢, 1))
< Epkr(pn,h).

Since the sequence of random variables (px r(fin, h))52; converges to 0 in prob-
ability and is equibounded in N x €, then the sequence (Epgr(tn,h))52, con-
verges to 0. And this implies the desired conclusion. O

Following [I4], we define the convolution of measures pu, A\ € M(G) as the
measure p* A € M(G) such that for any function f € C(G)

() = / / £(g - u) p(dg) Mdu).

Let us note that for any measure p € M;(G),
pxh=hsxp=nh,
and

P Oe =0c * jt = f1,
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where 6. is the measure of unit mass concentrated at the identity element e of
the group G.

Let s be a random element in G with the distribution P, then T f is a
random shift of the function f € C(G). Let @ be a random element in M(G)
independent of s. By virtue of (),

E(T.f,Q) = (ET:f, EQ) .

Since
BT.f = [ flg- w)P.(du).
we have
EL.£EBQ) = [ [ flg-u)P.(dn) EQUdy).
and by the definition of convolution,
E(T.f,Q) = (f,EQ x P) . (2)
For f € C(G), let us denote
flg)=f(g™") for any g € G.
For @ € M(G), let us denote
QU)=QWU™)
for any Borel set U of G. It is easy to show that this implies
<f,@> = <J?,Q>,f0r any f € C(G).
Let s be a random element in G with the distribution Ps. It is obvious that
Py =Py (3)

Consider the operator a applied to the convolution of measures QQ1,Qs €
M(G). For any f € C(G), we have

<f7Q1/>—kTQ2> = /J?(Q)Ql * Q2(dg) Z//J?(S't) Q1(ds)Q2(dt)

_ / / £ 571 Qu(ds)Qa(dt) / / £t %) Qi (ds)Qa(dr)

And by the definition of convolution,
Qr+Qo= Q2% Q1. (4)

The operator  : M (G) = M;i(G) is continuous. That is, for any sequence
of measures (@)%, which x-weakly converges to the measure @, the sequence
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of measures (@n),‘f’:l x-weakly converges to the measure @ . Indeed, for any

fec@)
(£.Qn) = (F.Qu) =+ (}.Q) = (1.Q) .

Due to the definition of the operator "~ and the Haar measure properties,

o~

h=h. (5)
LEMMA 3.2. Let (pn),—, be a sequence of nonnegative real numbers which sat-
isfies the inequalities
Prt1 < appn + (L —ap)en, n=1,2,...,
where a;, € (0,1], [[i—_; ax — 0 and £, — 0 as n — oo. Then the sequence

(pn)ory converges to 0.

Proof. Fix 6 > 0. Let N € N be such that |e,,| < §/2 for all n > N. Let us
define a sequence (pl,)3% y by the formulas

p;\/' = PN,
/ / 6
Pn+1 = anpn—k(l—an)i,n:N,....
It is clear that p, < p!, for n > N.
By virtue of the condition []j_, & — 0 as n — oo, a natural N’ > N such
that for all n > N/,
ﬁ ap < d
k
Lo = ey — o721 17
exists. Then for n > N',

:an

)
PN 9 27

5 n
piz - 5‘ = H Qp -
k=N
and, therefore, 0 < p,41 < . The arbitrariness of § implies the desired conclu-
sion. |

, 1)
pn-{—l - 5

4. Proof of main result

Let us define a random element @, in M;(G) for each n = 0,1,... in the

following way

1
Qn:n+1255k7

k=0
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where §, denotes the measure of unit mass concentrated at x.
Note that for each n = 0,1,... and f € C(G),

1 n
T = [ raeu. ()

It is clear that the uniform distribution of the sequence (S;)%2, in probabil-
ity is equivalent to the convergence of the sequence (prr(Qn,h))22; to 0 in
probability.

Proof of Theorem 2l Note that the sequence (Q,,)22, satisfies the dif-
ference equation

1
e §s.,m=1,2,....
n—l—lQ L0

Therefore, the sequence (Q,)2%, = (TS*,;lQn)Sf’:O satisfies the equation

Qn:

~ 1
Qn = +1 Qn1+ +15 n=12 ... (7)

Since the metric pxr and the Haar measure h are invariant under right shifts,
for each n =0,1,...,

pKR(Qn, h) = PER(TG1Qn, Ty-1h) = prr(Qn, h).

Hence, the sequences (Q,,)2%, and (Q,,)%, either converge or do not converge
to h in probability together.

Let (Q1)22, and (Q2)52, be different solutions of the equation (), and the
elementary outcome w € () is fixed. Then for each n =0,1, ...

)

pen(@) Q) = pren (g T Q) T T 0L )

= e (@), Gl @) ¢

It is clear that px r(Q2(w), QL (w)) converges to 0 uniformly by w € Q. Hence,
if one solution of the equation () converges to h in probability, then all its
solutions have this property.

First we prove the necessity of the theorem condition. If the sequence (S;)72
is uniformly distributed in probability, then, according to the notes above, all
the solutions of the equation ([l) converge to h in probability.

Let f € C(G), then by virtue of [@), for n =1,2,..., we have

. n - 1
(f, Qn) = Y (fs Tia Qn-1) + n——Hf(e)’
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and by virtue of @) and @),
n

E(f, Qn> = ] <f,EQn_1*ﬁn>+

—— J(e).

Then

EQ, = %56,71:1,2,.... (8)

According to Lemma [BI1 all solutions of this equation *-weakly converge to
h. In particular, it is true for the solution with the initial condition Qo = §, i.e.
for the sequence

3

~ o~ ~ 1
Py x P, ...x P — =1,2,....
k kD41 * * n+n+1 e, N )

Due to (), the continuity property of the operator ~ and @), the condition of
the x-weak convergence of this sequence to the measure h is equivalent to the
theorem condition.

Next we prove the sufficiency. Assume that

~ o~ 1
Py x P P Oe =1,2,...
Z kK D41 % .00 + — n+1 y I ) 4y )

x-weakly converges to h. As this sequence is a solution of the equation (8], then
all its solutions x-weakly converge to h.

Since (Q,)%, is a solution of the equation (), then (EQ,, )%, is the solution
of the equation (ISI) We subtract the measure h from both sides of the equation
(@) and apply a functional f € ®, then we have

1
<faQn_ > +1<T fain >+n—_'_1<f;56_h>7n:1527""
We square both sides of the last equation and consider the expectation
2
S 2 n . ~ 702
E<fa Qn — h> - (n + 1)2 E<T§; fy Qn_1 h>
2n -
+W <ET ;1 f, EQn—l - h> . <f, 56 — h>
_ n2 E(T e h 2
= it (Teor f, Qu-1—h)
2n+1 2n ~
(n + 1)2 <2n_|_ 1 <ET§;1 fa Eanl - h><fv 0 — h>
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1
2n + 1

b 8- ?)

This equality implies the inequality
2
n ~
—— E(T,- n1— h)?
(TL+1)2 < gnlfaQ 1 >
n 2n+1 (4] f|n
(n+1)2 \2n+1

E<fa Qn_h’>2 S

= 41 £117
PkR(EQn—1,h) + il

We take the maximum of both sides over the set {1}, f}4ec, then we have

~ 2 ~
max E(T, f, Qn — h)* < " max BT Ty f, Qu-1 — h)?

9eG ~ (n+1)2 gea
2n+1 (4] f[n 5 A[|£1”
EQu_1,h) + —1 ) |
(n+1)2 (2n+1pKR( Cn1h) + 9,725

As the sequence (pgr(EQn_1,h))%, converges to 0, the sequence

_ Al fln il

enlf) =51 o+ 1

prrR(EQn_1,h) + ,n=12...,

also converges to 0.
Let z,(f) = maxgeq E(T}f, Q. — h)? for each n = 1,2,.... By virtue of
independence of the random elements &, and Q,,_1,

2 2 2 2
max (T Ty f, Quor = h)? = max E(T, £, Quon — h)?,

therefore,

n? 2n+1

Zn(f) < m Zn—l(f) +

msn(f) ,n=12....

Lemma implies that the sequence z,(f) converges to 0, therefore, the se-
quence (E(f, Qn — h)%)2e_; converges to 0. And therefore, by Chebyshev’s in-
equality [8, ch. IX.6, p. 233], the sequence ((f, Q, — h))22 , converges to 0 in
probability.

The set {ap | @ € R, ¢ € @} coincides with the algebra of all Lipschitz
functions. This algebra is a subalgebra of the algebra C'(G). Since it separates
points of G and contains the constants, according to the Stone-Weierstrass the-
orem [I0, ch. 5, p. 115], it is everywhere dense in C(G). Thus, the sequence

((f, Qn — h))S>, converges to 0 in probability for any f € C(G). O
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5. Uniform distribution modulo 1

Let G be the compact metric group [0;1) with addition modulo 1 and the
metric

p(a,y) = min{x —y (mod 1),y — x (mod 1)} .

Let (&)72; be a sequence of independent random variables in G. Let us define
the sequence

SO = 07
St = Sk—1+& (modl), k=1,2,....
According to the definition and the properties of the Fourier transformation

[14, ch. 3, point 3.2], the criteria of the uniform distribution of the sequence
(Sk)52, modulo 1 in distribution can be formulated as the theorem below.

THEOREM 5.1. The sequence of the random variables (Si)72, is uniformly dis-
tributed modulo 1 in probability if and only if
ol .
nh_}ngo - ]; li[k ©r(2mm) = 0, for integer m # 0, (9)

where @, is the characteristic function of the random variable &,..

Note that for degenerate random variables the condition (@) is equivalent to
the classical Weyl’s criterion.

The following example shows that for sums of independent random variables
uniform distribution modulo 1 in probability does not imply uniform distribution
modulo 1 almost surely. This example is a modification of the example in [3].

Let (&), be a sequence of independent random variables in G such that
€ = «a  with probability ax
=91 0 with probability 1 —ay ’

where oo € R\Q and

_log[log,(k +1)]
k= T ollogy (k+1)]

Let us show that the sequence (Sj)7, is not uniformly distributed modulo 1
almost surely, but is uniformly distributed modulo 1 in probability.
First we prove that the condition

prr(Qn,h) = 0 as.

is not satisfied.
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We denote A4; = {&, =0, k=2 —1,...,200L -2} i=1,2 ...,

i+l _q N
B log[logy (K + 1)\ log:
Pla}= ] (“W =m%)

k=2i—1

Since

log 1 2
lim i - (1— ] > -1,
i—00 2t

the series >~ P{A;} diverges by the limit comparison test. Hence, as the events
{A;}5°, are independent, the probability of realization of infinite number of
events of the family {A4;}2°, equals 1 according to the second Borel-Cantelli
lemma [8, section VIIL.3, p. 201].

This means that for almost all w € Q, for each natural N, the number i such
that 2 — 1 > N and & (w) =0 for k=27 —1,...,2""! — 2 can be found.

For almost all w € Q and any ¢ € @, we have

pren(Qun o)) > (o, Qara(w) — )
= o5 @uialw)) + (0,5 B0y — B

For the function ¢;(z) = max{0, 1/4 — p(Ssi+1_o(w), )}, we have
1 1 1
<50i7 5 QQ’L—Q(W» >0 and <90i’ 5 652i+1,2(w) - h> = ]._6 :

This implies px r(Qgi+1_2, h) > 1/16 almost surely for infinitely many values of
i, and, therefore, almost all trajectories of the sequence (Sk)3° , are not uniformly
distributed modulo 1.

The condition of the uniform distribution modulo 1 in probability for the
sequence (Sk)52, is

1 n n )
— Z H (1 —a, +ae®™™*) = 0, for integer m # 0. (10)
" k=1r=k
Obviously, the first two summands are insignificant and can be left out.
Let us denote z,, = (1 —a, + areﬂ’rma). Then

[logy n]—1|2!+1_2 p

1 1 n n

=D DN | > 1=+ X II=»

n k=3 r=k n =2 k=2l—1r=k k=2llogan] _1 r=~k
[logy, n]—1 |2+t _o gl+l_o n

IN
3=
(]
—
T
(]
:%js

I|
N
M
N
|
-
5
|
Bl
=~
Il
v
5
09
M
i
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i
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|
>

74



ON UNIFORM DISTRIBUTION IN PROBABILITY

The sums over k are sums of geometric progressions, and for each [ =2, ...,
[log, n], the absolute value of such a sum can be bounded in the following way

241
! Zol_1 — Zo1_q 2
’Z2171+---+Z§1_1‘ = < .
L=z - IOgl 2Tmao
2 1 T . (1 —e 2 )
Then
! Xn: ﬁ (1 + i2ﬂ'moz) 2 1 llogz n) =1 2! n 2[10g2 n]
n Tt T —eizmmal 7 T
" k=3 =k I1—e | n ~ logl = log[log, 7]
9 [loiz:n] 1
_ Ji2mmal 9llogy ]~ oo ]
|1 e | = 9[log, n] 1ogl

The sum in the right side of the last inequality is a member of the convolution
of the summable sequence (1/ 2’“);020 and the sequence (1/logk);~., which con-
verges to 0. Therefore, this convolution converges to 0 as n — oo. Thus, for the
sequence (Sk)52, the criterion (I0) of the uniform distribution in probability is

satisfied.

The following example shows that the uniform distribution of the sequence
(Sk)i2, in probability is not implied by *-weak convergence of the sequence of
distributions of S,k = 0,1,..., to the Lebesgue measure on [0, 1), that is, in
the terms of [0, [7], by the asymptotic uniformity of (Sx)52, in distribution (mod
1).

Let (k;)52, be a lacunary sequence of natural numbers
kipa >b(ki+1),0>1, ki=1,1=1,2,....

Let &, = 0 with probability 1 for k # k;, and let &,, | = 1,2,... be uniform
random variables on [0, 1) which are independent in aggregate.

It is clear that the sequence of distributions of S;,k = 0,1,..., xweakly
converges to the uniform distribution on [0, 1). However, the condition (@) is not
satisfied. Indeed, as ¢, (2rm) =1 for ky < r < ki1, m =1,2,..., we have

kiy1—1kiy1—1
1 kipr—k —1
_— -(2mm) = ———
Fir1 — 1 kz_l I;Ik‘p( ) Fir1 — 1

>11
b
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