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Based on the Schweiger’s smooth fibered approach and the related Bernoulli shift transformation scheme
the ergodicity of the two-dimensional Boole type transformations is proved. New multi-dimensional Boole
type transformations, invariant with respect to the Lebesgue measure, and their ergodicity properties are
also discussed.

IloBeneHO eprogWyHICTh TBOBMMIPHHUX IEPETBOPEHb OYIEBOTO THITY Ha OCHOBI TJIaIKWX pO3IIapyBaHb
[IIBaiirepa Ta 3acTOCYBaHHS acOIliiOBaHMX 3CyBiB bepHyTi. PO3TIIIHYTO TaKOXK BIaCTUBICTh €prOTMIHOCTI
0araToBUMIpHHX II€pETBOPEHb OYJIEBOTO THUITY, iIHBapiaHTHUX IIomo Mipu JleOera.

1. Introduction. With its origins, going back several centuries, discrete analysis became now an
increasingly central methodology for many mathematical problems related to discrete dynamical
systems and algorithms, widely applied in modern science. Our theme, being related with studying
topological and measure theoretical ergodicity aspects of the Boole type discrete dynamical
systems [1—12], is of great interest in many branches of modern science and technology [11—
25], especially in statistical mechanics, discrete mathematics, numerical analysis, chaos theory,
statistics and probability theory as well as in electrical and electronic engineering. From this
viewpoint this topic belongs to a much more general realm of mathematics, namely, to calculus,
differential equations and differential geometry, because of the remarkable analogy of the subject
especially to these branches of mathematics. Nonetheless, although the topic is discrete, our
approach to treating topological and measure theoretical ergodicity and the related arithmetic
properties of the generalized Boole type discrete dynamical systems will be completely analytical,
resulting in the ergodicity proof of the two-dimensional Boole type transformation.
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114 A. K. PRYKARPATSKI, A.A.BALINSKY

2. Ergodicity and Bernoulli type transformations. There is considered a class of mappings
called [5, 12, 23, 26, 27] smooth fibered multidimensional mappings ¢ : X — X, if the following
conditions are satisfied:

(a) there is an invariant Lebesgue equivalent probability measure p: B — R4, for which
there exist positive constants c;,co € Ry, such that i A\(E) < u(E) < co\(E) for every Borel
set £ C X;

(b) there is a family of finite or countable infinite digit sets D;, j = 1, N;

(c) there is a mapping k: X — D, where D := Dy x Dy X ... x Dy, such that the sets
X; =k i} ={z € X: k(z) =i}, i € D, are measurable and form a partition of the space X,
that is sets L;cpX; = X;

(d) the restrictions ¢|x, : X; — X, i € D, are injective and smooth maps.

Itis easily observed that the mapping ¢ : X — X is equivalent to the Bernoulli shifts mapping
T,: D* — D*°, where

Ty (ki koyks, oo kn,.o) = (K2, k3, kn, .. ) (2.1)
with respect to the isomorphism ¢ : X > x — (ka, ks, ..., kp,...) € D>,

X(k1, ko, ks, ... kn;x) <= (k1, ko, ks, ... kn,...), (2.2)
determined for the rank-n cylinder sets X,,(k1, k2, ks3,...,k,) C X, n € N:

Xn(kl,kg,kg,...,kn) =N X (2.3)

J=1n>k;-

The sequence (ki, ko, ks, ..., k,) € D™ is called admissible if there exists a point = € X, such
that Xn(k'l, ko, ks, ..., kn; .%') C ﬂj:ﬁij, n € N.

In many concrete cases the ergodicity of a mapping ¢ : X — X can be stated more effectively
using standard measure theoretical calculations. In particular, based on the construction above
one can present a slightly alternative to [12, 28, 29] approach to proving ergodicity, making use
of the following two classical measure theory [30, 31] lemmas.

Lemma 2.1 (Hahn - Caratheodory — Kolmogorov extension theorem). Let A be an algebra
of subsets of X and B(A) denote the o-algebra generated by A. Suppose that a mapping . :
A — [0, 1] satisfies the conditions:

(@) w(@)=0;

(b) if A, € A, n € N, are pair wise disjoint and if U,cnA, € A, then ,u( Upen An) =

- ZnEN M(An)
Then there is a unique probability measure p: B(A) — [0, 1], which is an extension of the the
mapping 1: A — [0, 1].

Lemma 2.2. Let (X, B, u) be a probability space and suppose that A C B is an algebra that
generates B, that is B = B(A). Suppose that there exists C' > 0, such that for a fixed B € B
there holds the inequality

u(B)u(I) < Cu(B 1) (2.4)

forall I € A. Then the measure p(B)u(B€¢) = 0, where B¢ := X\ B € B denotes the complement
of the set B € B.
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THE TWO-DIMENSIONAL BOOLE-TYPE TRANSFORM AND ITS ERGODICITY 115

Owing to the special properties of smooth fibered multidimensional mappings ¢: X — X
being equivalent to the Bernoulli shifts [27, 28, 32] mapping (2.1), one can formulate the following
important theorem.

Theorem 2.1. Let the cylinder sets of a smooth fibered multidimensional mapping X — X
satisfy the conditions of Lemma 2.2 with respect to the a Lebesgue measure \ on X, absolute
continuous to the invariant measure . on X. Then the mapping ¢: X — X is ergodic with
respect to its invariant probability measure y on X.

Example 2.1. A simplest example is given by the doubling mapping

©:[0,1) 52 — {22} €[0,1), (2.5)

where k: [0,1) 2 2 — [2z2] € {0,1} := D.
It is ergodic [28, 29] with respect to the finite Lebesgue measure dA(z) = dz, = € [0,1), and
allows the generating partition £ = {X, =[0,1/2),X; =[1/2,1)}, XoU X; =10,1) = X.
Concerning the ergodicity of the doubling mapping (2.5), it can be easily stated if we represent
any number z € [0, 1) as a binary expansion

x = (Tor1x2. .. Ty ...) = Z a:j2*(j+1), (2.6)
JELy
where © € {0,1} = D. Denote for convenience the set of all such expansions by ¥ =

= {(-wom1m2... 20 ...): xj € {0,1}} =~ {0,1}%+. It is easy to observe that the mapping (2.5) is
equivalent to the left Bernoulli type shift

T,(xoxixe.. . Tp...) = (T122... Tp...) 2.7

for any element (-xgz1x2...xz,...) € Y. Now one can introduce so called dyadic intervals or
cylinder sets to be the sets

I(ko, k1, kp1) ={z€[0,1):zj=k;, j=1,n—1}, (2.8)

where, for instance, I(0) = [0,1/2), I(1) = [1/2,1), 1(0,0) = [0,1/4), 1(0,1) = [1.4,1/2) etc.
If A denotes the algebra of finite union of such cylinders, it is seen that it generates the usual
Borel o-algebra B of the integral [0, 1). Moreover, if one takes two separate points = # y € [0,1),
their expansions are different at some place n € Z, of their 2-expansions, thus meaning that
these numbers belong to different disjoint cylinders. Define now the following inverse to (2.5)
mappings oo : [0,1) — [0,1/2), and o1 : [0,1) — [1/2,1), where

Jo(x):{x/2, if ze[0,1/2),
(2.9)
@) ={(1+x)/2, if zel1/21),

where g oo;(z) =z, j =0,1, forany z € [0,1) and whose actions on elements of the set Y are
the corresponding right shifts:

oo(...xox122 .. . Tp...) = (... 0122 .. . Ty - . ),
(2.10)

o1(...xox122 ... Tp . ..) = (... 1oz Ty . ).
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116 A. K. PRYKARPATSKI, A.A.BALINSKY

Based on the definition of cylinder sets (2.8) and actions (2.10), one can observe that
I, .= I(ko,k1,...,kp) =0y 00k, 00k, ©...00%,([0,1)), (2.11a)
whose Lebesgue measure is easily calculated, being
A(I) =270 Y977 =o7n (2.12)
JEL+

for any n € N.
We are now in a position to apply Lemmas 2.1 and 2.2. Let a measurable set B C [0,1) is
invariant: B = ¢~ 'B = ¢ "B, n € N, and calculate the Lebesgue measure

NENL) = [ oo (e)de = [ xatu, (@) do = [ xa(onds =

[0,1) [0,1) In

= [ xB(Oky 00k 00y 0...00, (2))d(0k, 0Ok, ©Oky ©...00, () =

[0,1)

= / X@‘”B(Gko OO0k, OO0k, O ... Oo‘kn(l‘))d(o‘ko OO0k, OO0k, O ... oakn(w)) =
[0,1

~—

XB(@" 00k, 00k, 00k, 0... 00k, (z))d(0k, © Ok, © O, 0...0 0k, (T)) =

—

[0,1)

= / xB(z)d(og, 00k, 0O, 0...0 0k, () =
[0,1)

= XB(Z)04y Ohy Oy - - - O, (x)dr = 27" N(B) = AM(In)A(B), (2.13)
[0,1)

thatis A(I,)A\(B) = A(BN1,) < CX(BN1I,), where C = 1. Thus, either the Lebesgue measure
A(B) =1 or A(B) = 0, meaning the ergodicity of the doubling mapping (2.5).

Example 2.2. A very interesting example is given by the classical continued fraction expan-
sion via the Gauss ergodic mapping

v:[0,1) 52— {1/x} €[0,1). (2.14)

whose fibering is defined by the mapping k: [0,1) > x — [1/z] € N := D, generating partition
is given by sets X; = (1/(i +1),1/i], i € N, X = U;enX;.

The invariant measure is the well known Gauss measure du(z) = dA(z)/[(1+ x) In 2], where
d\(z) := dx, x € [0,1). The ergodicity of the mapping (2.14) can be easily stated, reducing
it [29] via the continuum fraction expansion to a Bernoulli shifting and applying Lemmas 2.1
and 2.2.

Namely, take a number = € [0, 1) and denote by [z¢,z1,...,Zy,...] its continuous fraction
expansion:

1 1 1

7= , (2.15)
To+ T2+ ... Ty + ...
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THE TWO-DIMENSIONAL BOOLE-TYPE TRANSFORM AND ITS ERGODICITY 117

where z; € Z forall indices ¢ € Z. . Observe here that the induced continuous fraction mapping

acts by left shifting as T,,[zo, z1,...,2n,...] = [21,...,2y,...] for any expansion (2.15). This
expansion [zg,Z1,...,Ty,...] can be reduced to n-th order having defined for every ¢ € [0, 1)
the rational ¢-fraction
Pn(x07$]_, e )xn*].; t)
e Tp—1 + 1] = 2.16
[$07x17 y T 1+ ] Qn(l'o,l'l,--.,xn_l;t)j ( )

where, by definition,

Pn(xo, Tlyeeey -1, t)
and

Qn(l'o, LlyeeesTp—1; t)
are coprime polynomials in the variables xg,x1,...,2,-1 € Z4 and ¢ € [0,1) for all n € N. If
to define the n-th order polynomials P, = P,(zg,x1,...,Zn-1) := Py(zo,21,...,2,-1;0) and
Qn = Qn(zo,1,...,Tn—1) = Qn(xo,x1,...,2,-1;0), one can easily observe that the following

iterative expressions hold:

P, (zo,x1,...,Zp_1;t) = P +tP,_1,
Qn(T0, 1, ..., Tn-15t) = Qn + tQn—1,
Py (zo,x1, ... xn—1) = Qn-1(x1,...,Zpn_1), .17
Poii(xo, 21, X1, Tpst) = 2P+ Pa—1 +tPy,
Qni1(T0,T1y -y Tn—1, T t) = T Qpn + Qn-1 + tQn,

for any ¢ € [0,1) and arbitrary n € N. From (2.17), putting a parameter ¢t = 0, one also derives
the following important iterative relationships for all n € N :

Pn+1 = mn‘Pn + Pn—h Qn—H = ann + Qn—l (218)

with initial conditions Py =0, P, =1 and Qg = 1, Q1 = x¢ € Z4. In particular, the following
invariant condition @Q,, P,—1 — P,Qn—1 = (—1)" and inequality @Q,,—1 < @, easily follow from
(2.18) for all n € N. Let now indices ko, k1,...,k,—1 € N for every n € N and define the
cylindrical intervals I,, C [0, 1) as the corresponding collection of rational ¢-fractions

I, = In(k‘o,kl, .. -akn—l) = {[k‘o,k‘l,. vy knq —|—t] 1t e [0, 1)} (2.19)

If to define, in addition, the inverse mappings [0,1) > x — g € I(k) C[0,1), k € N, one

easily ensues that the composition
Oky OO0k, ©O...00k, . [0, 1) — In(k(), ki, .., kn—l) C [0, 1) (2.20)

for every n € N. Moreover, there holds the condition ¢" ooy, 00y, 0...00y, ,(z) = x for every
x € [0,1) and n € N. Take now any ¢ € [0, 1), mention that

Pn+tPn—1

_— 2.21
Qn + th—l ’ ( )

Ok © Ok, O...Oakn_l(t) = [k‘o,kl,...,k‘n_l —l—t] =
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118 A. K. PRYKARPATSKI, A.A.BALINSKY

and estimate the Lebesgue measure of the interval (2.19):

)\(I) /XIn dt /dt / Ok OOk 000, )‘dt:
[0,1) [0,1)
P, +tP, 4 / dt 1 1
dt = c 1, 2.22
/’dt<Qn+th 1)’ 01) ’Qn"‘th—lP |:4Q121 Q%L:| ( )
0,1

where we took into account that 0 < Q,,_1 < @, for all n € N.

Now we are in a position to estimate the Lebesgue measure A\(BN1,,) for the intersection BNI,
of an invariant set B = ¢~ 'B = ¢ "B C [0,1) and arbitrary cylindrical interval I,, C [0, 1),
neN:

ANBNI,) :/XB(x)dx:

In

XB(Oky 0 0p, 0. 00, (2))dr =

—

[071

~—

Xo—B (ke © Ok, © ... 0 Ok, (1))

Il
=

JUkOOUkl 0..00%, (1’) ‘dx =

[0,1)

= XB (cp" OO0y OO0 O...0 Uk"_ll‘) Jgkoogklomookn_l (x) )dw =

[0,1)
dt
XB Ukooaklo 00, x)‘da:z /XB(x)‘Q-i-JJQ_ﬂQ >
[0,1) [0,1)
1 1
> — > — .
> g7 MB) = JAUAB), (223)

which fits completely the conditions of Lemma 2.2 with constant C' = 4. Thus, as a consequence
from the estimation (2.23) one deduces that either the measure A\(B) = 1 or A\(B) = 0, stating
the ergodicity both of the Lebesgue measure dA(z), = € [0,1), and the invariant Gauss measure
dx
@) = A me
3. One-dimensional Boole type mappings and invariant ergodic measures. The classical
one dimensional Boole [4] mapping is defined as

x € [0,1), on the unit interval [0, 1).

e:R\{0} 52 —>2x—-1/x eR. (3.1)

As it was shown by Adler and Weiss in [33], the Boole mapping (3.1) is ergodic with respect to
the invariant o -finite Lebesgue measure dA(z) := dz, = € R := X. Their proof of the ergodicity
was strongly based on the measure theoretic reducing the mapping (3.1) to the corresponding
induced [28, 29, 32] transformation ¢4 : [—1,1] € [-1,1] C R and proving its ergodicity. The
p-invariance of the Lebesgue measure d\(x) := dx, = € R, is easily checked making use of the
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THE TWO-DIMENSIONAL BOOLE-TYPE TRANSFORM AND ITS ERGODICITY 119

Perron — Frobenius condition: for preimages ui := ui(z) € R, x € R, where ¢(us(z)) = =,

Uty +u_ =z, u_usy = —1, one verifies straightforwardly that the preimage measure
dui dx
dus () = dz = _de
Zi: Z Z |J Z (1+ui?)
_Z uide (ut + 2 +u?)dx i :(u++2+u )d:c:dx (3.2)
(T+ud) 1+ (upu_)?+u? +u? 2+u? +u?

coinciding exactly with the Lebesgue measure on the axis R.

Below we present a modified proof of the ergodicity of the Boole transformation (3.1).
Namely, the discussed above approach, when applied to the Boole transformation (3.1) appeared
to be successful and allowed to obtain a new proof of the Adler—Weiss [33] result about the
ergodicity of this Boole transformation.

Theorem 3.1. The one-dimensional Boole transformation (3.1) is ergodic with respect to
the invariant Lebesgue measure \ on R.

Proof. As it was mentioned above, it can be reduced to Theorem 2.1, taking into account
its mentioned above relation (3.4) to the doubling mapping 7,,: [0,1) > s — {2s} € [0,1). As
it was also shown in [12, 23, 34], the Boole transformation (3.1) can be related to the doubling
mapping 7T, : [0,1) 3 s — {2s} € [0,1) via the commutative diagram

0,1) “8°7 R 2, R

" Id L7 teot™ (3.3)
ofl To

0,1 5 o 7 (01

where a=1:[0,1) — [0,1) is a diffeomorphism, defined by means of the expression a(s) =
= 7 larccot(rs/2), s € [0,1), related with the mapping (3.1) as

p=cotmroa 'oT,(r ' ocot™). (3.4)
Let now ¢: [0,1) — [0,1), ¢ := a~ ! oT,, be the equivalent to (3.4) mapping, where 3(s) =
= 1L cot™!(p(cot(ns))) forany s € [0,1). As every number a € [0, 1) has the binary expansion
= (-kokiks .. =) k27U, 3.5)

JELy

one can define the so called proper [12, 34] cylindrical sets I,, := I, (ko,k1,,...,kn) C [0,1),
n € Zy, as

I, ={(ok,_,0oa)o(ok, ,0oa)o...o(op0a)t):t€(0,1)}, (3.6)

where o¢(s) = s/2, if s € [0,1/2), and o1(s) = (1 + s)/2, if s € [1/2,1). Remark also that
@o (ok, 0a)(s) =s forevery s € [0,1), kj € {0,1}, j = 0,n — 1. The Lebesgue measure of the
interval (3.6) can be easily estimated as follows. We have, by definition,

= /dl' = /X[,'L(x)d.%' /’Jak oa)o(ok, ,oa)o. ..o(okooa))(t) dt =
In R z=cot(mt) [0,1)

_ / / / / /

= / (c;'kn_loz (tn,l)) (akn_la (tn,l)) . (op,0(t))dt, (3.7)
[0,1)
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where the derivatives o} = 1/2, o/(t;) = 2/[1 + 3sin®(wt;)], t; := op, cao...00p oalt),
j=0,n—1,t€]|0,1). Taklng into account that

1
Moo o a)([0,1)]) = 5 = Alo1 0 ([0, 1)), (38)
o 0ao... ooy 0a(0,1) C [1/277,1/27)

for any j = 0,n — 1, owing to the classical average value theorem, applied to (3.8), one easily
obtains that

o/ (t5)) = 279/ [3sin®(nt;) + 1], (3.9a)

where numbers ¢; € (1/2/%1,1/27) € [0,1) forall j € 0, n. Now, owing to the evident inequalities
2t < sin(nt) < «t for all ¢ € [0,1/2), one derives the following two-side estimations:

277 277 277 277 277
— < - < < - < -
exp3(m2779)2 = 3sin?(7277) + 1 = 3sin®(nt;) +1 T 3sin? (72-0+D) +1 7 3(2-0HD)2 41
(3.10)

for any j = 0,n. Thus, from expressions (3.7) and (3.10), one ensues right away the needed
Renyi type [12, 28, 29, 31, 32] estimations

exp(—3m2) _ exp [rH(—4+47" L -
T < T2 Hoexp 3G S AU <
]:
n - —n(n+1)/2 —n(n+1)/2
< H j+1 241 < n 2 —(j+1)\2 - 22f 4—(n+1) < 2n(jll{£)/2
03 Zj:03(2 )2 +1

(3.11)

for all n € Z. In particular, from (3.11) one ensues that lim,_,- A(I,) = 0, meaning that the
family of such cylindrical sets generates [23, 30, 34] the Borel o-algebra B on the interval [0,1).
Thus, we arrived at a position allowing to apply Lemmas 2.1 and 2.2. So, let a measurable set
B C [0,1) is invariant: B = ¢ !B = ¢ "B, n € N, and calculate the following Lebesgue
measure:

NBL) = [ 0= [ xaon, Od= [ xai-

[0,1) [0,1) In

X5 ((0x, 0 @) 0 (o4, , 0a)o...0 (o), 0 a)(t))x
[0,1

~—

X d((ok, oa)o (o, ,0a)o...0(og 0a)(z)) =

— Xp-nB((Ok, 0 @) 0 (0k, , 0a)o...0(ok 0a)(x))x

[0,1)

X d((og, oa)o(ok, ,o0a)o...0 (o 0a)(x)) =
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THE TWO-DIMENSIONAL BOOLE-TYPE TRANSFORM AND ITS ERGODICITY 121

= / XB(@” o (o, oa)o (og, ,0a)o...0(0k oa)(t))x

[0,1)
X d((01, © ) © (0, 0@) 0. 0 (o 0 A)(1)): (3.12)

Since the composition ¢ o (o, o a) = Id for any j = 0,7, from (3.12) one ensues that

ANBNI,) = / xB(z)d((ok, 0 @) o (ok,_, 0a)o...0(ok oa)(x)) =
[0,1)

= /XB(:E)a,;Lo/chn1a’af€n2a’...o§€0a’(g:)dx2

[0,1)
exp(—372) 7
e o Wl >_
- 2n(n+1)/2/\(In)>\(In))\(B) ~ dexp(372) AUR)A(B),

that is the Lebesgue measure A\([,)A(B) < CA(BNI,) for all n € Z,, where the constant
C = 4exp (372)/7. Thus, owing to Lemma 2.2, either the Lebesgue measure \(B) = 1 or
A(B) = 0, meaning simultaneously the ergodicity of the Boole mapping (3.1) with respect to the
same invariant Lebesgue measure A on R, proving the next theorem.

It is worth to mention here the well known [1, 11, 28, 32, 35, 36] doubling mapping (2.5) is
isomorphic to the following one-dimensional Boole type transformation:

p:Rozx— (z—1/x)/2 €R, (3.13)

which is invariant with respect to the probability measure du(z) = dz/[r(1 + 22)], = € R. The
Boole mapping (3.1) was generalized as

R\{b;:j=1,N} >z — ¢(x) —cx—i—a—zx_b (3.14)

where a and b; € R, j =1, N, are some real values, o, 3; € Ry, j =1, N, and was analyzed in
[1,2,9,37,38]. In the case ¢ = 1, a = 0, a similar ergodicity result was proved in [2, 39 —-41]
making use of a specially devised inner function method. The related spectral aspects of the map-
ping (3.14) were in part studied also in [1, 2]. In spite of these results the case « # 1 still persists
to be challenging as the only relating result [1, 2] concerns the following special case of (3.14):

B
r—>

for 0 < ¢ < 1, and arbitrary a,b € R and g € R;. The related to mappings (3.15) invariant
measures and ergodicity were analyzed in [9, 35 —37], owing to their equivalence

Rozx—p(x):=cc+a-— eR (3.15)

0,1)3s: = Ty(s) =2smod1 € [0, 1), (3.16)

following from the commutative diagram

0,1) % [0,1)
£l vr (3.17)
R R R
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122 A. K. PRYKARPATSKI, A.A.BALINSKY

for which the condition f o T,, = p o f, where f(s):= (28)Y/2cotms+ 2a,s € [0,1), holds. It is
also important to mention here that in the framework of the theory of inner functions in [1,39-41]
there was stated that there exists an invariant measure du(x), € R, on the axis R, such that the
generalized Boole type transformation (3.14) forany N > 1, ¢ =1, and a = 0 is ergodic.

If @« =1 and a # 0, the transformation (3.14) appears to be not ergodic, being totally
dissipative, that is the wandering set D(¢) := UW(y) = R, where W(y) C R are such subsets
that all sets = "(W), n € Z,, are disjoint. A similar to this statement can be also formulated [1]
for the generalized Boole type transformation

dv(s)

Rz — p(x) ::a:v—l—cH-/ € R, (3.18)

R

where a € R, ¢ € R;, ameasure dv(s), s € R, on R (not necessary absolutely continuous with
respect to the Lebesgue measure) has the compact support supp v C R and satisfies the following

natural conditions:
/ dvis) _ / du(s) < oo, (3.19)

1+ s2
R R

ensuring the boundedness of its topological characteristics.

4. Two-dimensional Boole type transformations and their ergodicity. Multi-dimensional
endomorphism of measurable spaces are of great interest [12, 32] in mathematics from many
points of view including number-theoretical aspects, numerical theory, dynamical systems theory
and diverse physical applications. It is worth to mention here the works [12, 42, 43], where author
reviewed a lot of very interesting measure preserving and ergodic multi-dimensional mappings.
Recently enough in works [9, 35, 37, 38] there was also proposed a set of new multi-dimensional
Boole type transformations ¢, : R” — R", where

goa(a:l,wg, oo 71'71) = (1'1 - 1/.%'0.(1),(132 + 1/1‘0.(2),. RN %Y + l/xa(n)) (41)

for any n € N and arbitrary permutations o € S, (the signs “+” are chosen from the
nondegeneracy condition J,(z) # 0, € R™\{0}).

For the case n = 2, (z,y) € R?\{0,0}, one obtains the following nontrivial two-dimensional
Boole type mapping:

o(z,y) == (x — 1/y,y + 1/z), (4.2)

and for the case n = 3, (x,9,2) € R3\{0,0,0}, one obtains the following nontrivial three-
dimensional Boole type mapping:

SOJr(x)yVZ) :(fc—l/y,y—l—l/z,z—l—l/x), (43)
p-(2,,2) = (& — L/y,y — 1/2,2 — 1/z). '

We have observed that the infinitesimal Lebesgue measure d\(x,y) := dzdy, (z,y) € R?, on
the plane R? is invariant subject to the mapping (4.2), that can be easily checked making use of the
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Perron — Frobenius condition: for the corresponding preimages ui, vy) = (us(z,y),ve(x,y)) €

(
€ R? where uyu_ = 2y~ !, vyv. = —yx ', up +u_ =2y 4 v Ful =y — 207

¢(ux,v+) = (z,y) € R?, one verifies that the measure

Zduidvi (z,9) Z‘JUH& (z,y) ‘da:dy—

B dxdy B dxdy B
Z | ( Z (1+ -2)

U, V)| (urve)~2)
_ Z (uxvy)?de _ [2(uyviu_v_)? + (u_v_)? + (uyvy)?| dady _
(T4 (uzv+)?) L+ (u—v-)? + (ugvg)? + (ugvpuv-)?]

B [(u—v-)? + (upvy)? + 2] dady B
TRt (o)t (us0r)d] dxdy, (4.4)

coinciding exactly with the Lebesgue measure dA(z,y) := dxdy, (v,y) € R

Concerning the ergodicity of the Lebesgue measure preserving mapping (4.2), the approach
based on Theorem 2.1 subject to smooth fibered multidimensional mappings failed to be effective.
Taking into account that the ergodicity result of [33] subject to the one-dimensional Boole
mapping (3.1) was strongly based on the induced Kakutani transformation technique, one can
expect that it can be also employed for the two-dimensional Boole mapping case (4.1).

Proceed now to a notion of the induced transformation [28, 29, 32] for a measure preserving
mapping ¢: X — X, which was effectively used by Adler and Weiss [33], when proving the
ergodicity of the one-dimensional Boole transformation (3.1), being, in part, closely related to the
classical Poincaré recurrence theorem [15, 28]. Namely, let (X; B, 11, ) be a measure preserving
discrete system and let A C X be a measurable set with ;(A) > 0, for which there holds such a
covering condition:

Uneny "A =X 4.5)

modulo a zero measure set.

Remark 4.1. 1t is worth to mention here [15, 28, 29, 32] that if a measure preserving system
(X;B, 1, ), u(X) =1, satisfies for arbitrarily chosen measurable A C X, p(A) > 0, the cover-
ing condition (4.5), then the mapping ¢: X — X is ergodic. Really, if the measure preserving
mapping ¢: X — X is ergodic, then for an arbitrary measurable set B C X, satisfying the
condition p(BAT~'B) = 0, there holds either ;(B) = 1, or u(B) = 0. Now let A C X be
a measurable set with p(A) > 0 and construct the set B := U,eny "A. Since ¢ 'B C B,
one obtains that (o' B) = u(B), giving rise to the equality u(BAT'B) = 0, that is either
u(B) =1, or u(B) = 0. Moreover, as ¢ !A C B one ensues pu(B) > u(A) or u(B) = 1. The
latter, evidently, means that B = U,ene ™A = X modulo a zero measure set.

Now, owing to the condition (4.5), the first return time 74 € N can be defined by the condition

TA(z) = igg{n: " (x) € A, x € A}, (4.6)

exists almost everywhere and is finite.
Definition 4.1. Let a measure preserving system (X; B, u,p) satisfies the condition (4.5).
Then a mapping p: A — A defined as

pa(@) =) () 4.7)
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Jor almost all x € A is called the transformation induced by the measure preserving mapping ¢ :
X — X ontheset A C X.

The constructed above induced mapping is characterized by the following [28, 29, 32]
important theorems.

Theorem 4.1 (M. Kac’s theorem). Let a mapping ¢ : X — X is ergodic and a measurable
set A C X is chosen such 0 < p(A) < co. Then the average returning time is proportional to
the measure |1(A), that is

/ ra(@)dp(z) = p(A). 4.8)

A

Theorem 4.2. The induced transformation (4.7) is a measure preserving mapping on the
space (A, Bla,pa = p(A) " ula, pa), where Bla == {BNA:B € B}, 0 < u(4) < oo.
Moreover, if the mapping ¢: X — X is ergodic, with respect to the measure y, the induced
transformation ¢ : A — A is ergodic with respect to the measure py = u/u(A) induced on
the set A.

As it was already mentioned before, namely this theorem was used in the work [33] for proving
the ergodicity of the Boole mapping (3.1). As it was demonstrated above, there exists also an
effective second essentially analytical approach to proving the ergodicity, and it would be useful
to present also two proofs, if any, of the ergodicity property of the two-dimensional Boole type
mapping (4.2).

Concerning the approach based on Theorem 4.2, its main technical ingredients are strongly
related to construction of a special generating partition of the measured space X, suggested by
Kakutani and Rokhlin [44, 45] for the corresponding induced mapping ¢4 : A — A introduced
above. In particular, let a mapping ¢: X — X be ergodic and consider for a measurable set
A C X, satisfying the condition 0 < u(A) < oo, its induced mapping p4: A — A. As the
condition (4.5) a priori [15, 28, 29, 32, 33] holds, one can construct the following disjoint
measurable first return iteration subsets:

Xn i ={zeX:¢"(z) €A, () ¢ A, j=Tn—1}, 4.9)
where U,en X, = X, X, N X,, =, m # n € N, and for which the iteration expression
Xpi1 = X, nptac (4.10)
is satisfied. Based on the sets (4.9) one constructs for all n € N the sets
A, =X, NA, B, = X, N A", 4.11)
satisfying the following important disjoint sum properties:
0 B, =B, UAp,1, UnenAn = A, UnenBrn, = A°. (4.12)

Consider now any measurable subset £ C A and mention that

©1'E = Unen(¢ "E N Ay), (4.13)
giving rise to the equality
p(ea'E) = p(Unen(p "ENAL)) =Y (e "ENA,). (4.14)
neN
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Based now on the representation (4.12) and the measure invariance, one can easily calculate the
equalities

w(E) = (e E) = p(¢ T EN(B1U Ay)) =
ple ' ENBy) +p(e ' EN A,
w(Bp) = (¢~ Bn) = p(Bni1 U Anya) = p(Bnt1) + p(Anta),
pe ' ENB) =pu(e (¢ ENBL)) = p(e P ENgT By = (4.15)
= (¢ 2EN (B U As)) = u(¢ > EN By) + (¢ 2EN By),

which hold for all n € N. As a simple consequence from the equalities (4.15) one derives also
such equalities

e ENB) = > p(e"ENA),  w(Ba)= Y u(An), (4.16)
k=n+1 k=n+1

reducing to the next two expressions;

ple™ENBy) + > u(e"ENAL) =Y pu(e"ENAy) = na,
k=1,n neN

oo . 4.17)
n(A) =S n(An), (B =3 u(4n),
k=2

k=1

simply meaning the invariance of the positive quantity n4 € Ry with respect to n € N and the
boundedness of the measure u(By) < p(A), since the measure p(A) = p( Upen An) < oo is, by
assumption, bounded. Taking into account the first equality of (4.15) one obtains right away that
na = pu(A) > 0, thatis

pe "ENBy) + > u(e "ENAy) = u(E). (4.18)
k=1,n

Recalling now the equality (4.14), we obtain from (4.18) and (4.17) that

n—oo

ln(px' E) — u(E)| = lim < > u(@""EﬂAkD +u(e "ENB,) <
k=n+1

<2 lim ( > u(Aw) =0 (4.19)

k=n+1

owing to the convergence condition (4.10) for the measure p(A) < oo, thus stating that
,u(cpATlE) = u(E) for any measurable set £ C A. The latter means that the suitably induced on
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the set A C X measure uq = pu/p(A) is also invariant with respect to the induced mapping ¢ 4 :
A— A

Assume now that the induced mapping p4: A — A is ergodic and take a set D C X,
p(DNA) > 0, since either u(DNA) > 0, or u(DNA®) > 0, and which is invariant with respect
to the mapping ¢: X — X, thatis ¢~'D = D. From the expansion (4.13) one obtains that

01 (DNA)=Unen(p ™ (DNA)NA,) =Unen(DNp AN A,) =
=DN (Unen(p™™ANA,))=DNy,'A=DnA, (4.20)

since the initial assumption U,enp ™" A = X assures that goglA = A modulo a zero measure set.
As the induced mapping is assumed to be ergodic, from (4.20) and the condition p(D N A) > 0
one derives right away that D N A = A. Thus, based once more on the initial assumption
Uneny ™A = X one simply obtains that

X =Upeng "(DNA) = Upen(p "DNp "A) =
=Unen(DN¢ ™A) = DN (Upeny "A) =DNX =D, (4.21)

meaning that the mapping ¢: X — X is ergodic too.
Similarly one also states that the converse statement is also true. Really, if the mapping ¢ :
X — X isergodicand aset E C A, u(F) > 0, is ¢4 -invariant, then

01 E=Upen(p™"ENA,) =E. 4.22)

Taking into account the invariance condition (4.22), let us construct the set ' := E'Ul,en (Bn N
N "E) and calculate its -mapping inverse:

oV = o E U Upen (@‘an N ¢—<"+1>E> -
= ¢ B UUnen( (Bt U Ani1) N~ IE) ) =
— o lEU (uneN (Bn+1 N ¢—(”+1>E)) U
e 'EU (uneN (An+1 N ¢—<"+1>E)) -
= (AN ' EUB Ny 'E)U (uneN (Bn+1 N ¢—<"+1>E)) U
UAing ' EuBing 'E)U (uneN <An+1 N ¢*("+1)E)> =

(
= (Unent(Ba N 7" E)) [ J(Unen (An N9 ™" E)) =
= (Unen(Bn N "E)) UE = F, (4.23)

thatis o~ 'F = F, meaning its invariance with respect to the mapping ¢ : X — X. Then, owing
to its ergodicity, one finds that F = X modulo a zero subset of X. Having now taken into
account that, by construction, the subset L, ¢ (Bn N go_”E) C A€, one ensues thattheset A C F
modulo a zero subset of X. Insomuch as, by assumption, £ C A, one derives finally that A = F,
meaning respectively that the induced mapping ¢4 : A — A is ergodic too.
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If now one tries to apply the measure-theoretic construction devised in work [33] for proving
ergodicity of the two-dimensional Boole mapping (4.2), one soon arrives at very cumbersome
technical complications being so hard to get overcome. Thus, it would be reasonable to apply to this
ergodicity problem the analytical approach based on Theorem 2.1, if to take into account that the
two-dimensional Boole mapping (4.2) is related to the following two-dimensional transformation
T,:10,1)% 2 (s,t) — ({2s},{2t}) € [0,1)* on the square Y = [0,1)?> C R? owing to the
following commutative diagram:

0,12 “G7 g % R
Sl leot™ 7, 4.24)
0.7 " pa S oy
where we have denoted by a~!: [0,1)? — R? the mapping

1ot 2cot{m(s+1t)}
- (s) _ (all(s,t)> T t <1 + sin{m(s — t)}/sin{m(s + t)}>

- (4.25)

1 eot—1 2cot{m(s —t)}
t (—1+sin{7r(s+t)}/sin{7r(s—t)}>

owing to changing the variables z = cot(ms), y = cot(nt), (s,t) € [0,1)?, (z,y) € R?, subject
to the new coordinates (s,t) € [0,1)? and the transformation S~':[0,1)? 3 (s,t) — ({s +
+1t},{s —t}) € [0,1)2. This approach was proved to be successful and allowed to obtain a proof
of the ergodicity theorem of the two-dimensional Boole transformation (4.1), announced before
in [35-37].

Theorem 4.3. The two-dimensional Boole transformation (4.1) is ergodic with respect to
the invariant Lebesgue measure \ on R?.

Proof. One can now construct the proper cylindrical sets I, := Ip,(ko, k1., ..., kn—150l0, 01, . ..
ceilne1) C10,1)2 n€Zy:

I, = { H (S_1 O Oy 1, © @) : (u,v) € [0, 1)2} (4.26)
j=

1=0,n—1

for the diffeomorphically equivalent @-mapping ¢ = ($1,¢2)": [0,1)2 — [0,1)2, where, by
deﬁnition, Tgo OO0k, l; = Id: [0, 1)2 — [O, 1)2, Okjl; = (O’k].,O'l].)_l, kij,lj € {O, 1}, j = O,n - 1,
oo(s) =s/2,if s €[0,1/2), o1(s) = (1 +)/2, if s € [1/2,1) and

(@1, P2)T = cot ™ H(mo)a L o Ty 0 8, (4.27)
satisfying the obvious conditions
P10 (5_1 omLcot™! omay; © aq o cot(mo)) (u,v) = u,
P9 0 (S_l om Lcot™! ooy, o aq o cot(mo)) (u,v) = v

for every (u,v) € [0,1)2, k;,l; € 0,1, j € 0,n — 1. Now the Lebesgue measure of the cylindrical
interval (4.26) can be now easily estimated as follows. We have, by definition, of the Lebesgue
interval measure

ANIp) = /dudv = / X1, (u, v)dudv =

In [0,1)2
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= /)J(S—loakn17lnloa)o(S—loakn27lnQOa)o...o(S—loakoleoa)(u’U)‘dUd,U:

[0,1)2
= / H |Jg— 1]Jak 5 |Ja(uj, vj)|dudv = / H o(uj,vj)|dudv, (4.28)
[0,1)2 7=0,n—1 [0,1)2 j=0,n—1

where, by definition, S—1o Ok l; © Oz(u]‘,’l)j) = (Uj+1,1)j+1) S [2_(j+1), 2_j)2, @(Uj_;,_l, Uj+1) =
= (uj,vj), 5 =0,n—1, (ug,v0) := (u,v) € [0,1)%. Taking into account that
(S ! 0 O-k] 1 lJ 1 © Oé) © (S_l © O-kn—Qaln—Q © Oé) ©
.o (ST ooy, 0)([0,1)?) C [1/271,1/27) (4.29)
and 2t < sinnt < wt, 2s < sinws < 7s for all s,¢ € [0,1/2], the subintegral Jacobian product of
(4.28) can be represented as

1T Jalujv) =
7=0,n—1

_ H [cos? T(u; + vj) + sin® Tu; cos® Tv;| [cos® 7(u; — vj) + sin? Tv; cos? ;] _
= > > =

(1 — sin? ru; — sin® v; + 2sin? Tu; sin? Tv;)

7=0,n—1

H [1 — sin? 7v; + sin? 7y, sin? wv; — 1/2sin? 27, sin 27v;]

Tru,)

(1 — sin? U — sin? Tj + 2 sin? TU; Sin
7=0,n—1

X H [1 — sin? TU; + sin? U sin? mvj+1/2 sin? 2mu; sin 27rvj] , (4.30)
7=0,n—1

one easily obtains its estimation as
3m? 1 2 3 1 -7 2(1—-7%
AL 1) [ i : : <
<4+42 ><4 2+42>6Xp Z( PTRRRTY > =

< P P A 246 1 431
>~ H a(ujvvj)— _?_‘_(5) €xp Z 4j+1 +16j+1 . ( . )

j=0,n—1 JELy

Thus, based on the estimations (4.30), one ensues the following inequalities for the measure (4.28):

Cy Cy
S < (4.32)
for any n € Z,, where the bounded constants
3r?2 1 72 3 1 1—72 2(1-7%
C1:= <4+42‘1><4‘2 42)‘”@ Z( yTRRE T ) )
JEL+
(4.33)
2 A" 2712 4+ 6 1
Cr = [1_2+ (5) ] P Z( g 16j+1>

JELy
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The estimation (4.32) means that we can apply Lemmas 2.1 and 2.2. So, let a measurable
set B C [0,1)? is invariant: B = ¢~'B = ¢ "B, n € N, and calculate the following Lebesgue
measure:

ANBNI,) = / XBniI, (U, v)dudv =

[0,1)2

— [ xatw o, (woduds = [ xa(u vydude -
[0,1)2 I

= / XB((S_I OOk 1dn_1 © a) o (S_l OOk oln o © a) o...
[0,1)2

..o (Sil 0 Okl © a) (t))dA((S*l OOk 1dpr © a)o

o (Sil OOk oln o O a) 0...0 (Sil O Oko.lo © a)(u, v)) =

- / XSO7"B <(S_1 © O-kn—lyln—l © O[) 0 (S_l o O-kn—len—Q © O[) ...
[0,1)
..o (S_l O Okl © a)) (u, v)d/\<(5'_1 O Ok 1dpr © a)o

o (S_l O Oy g in_5OCQ)O...0 (S_l 0 O lp © @) ) (u,v)) =

= / XB (@n o (Sfl O Oky_1dn_1 © a) o (Sfl O Ok 9dp_o O a) o...
[0,1)

..0 (Sil O Oo,lo © a) (u,fu))dk((Si1 O Okp 10n_1 © a)o

) (Sil OOk oln o O a) o0...0 (Sil O Oko.lo © a)) (u,v)) =

N / XB(U,v)‘J(S_logkn—lvlnaOa)o(s_loakn—z»ln—zOa)o"'o(s_loakoylooa)(u’v)‘dUdv:
[0,1)
1
= / xB(u, v) H ‘JS*1|Jakj,lj‘Ja(ujavjﬂduazv: 4n/ H Ja(uj, vj)dudo,
[0,1)2 j=0mn—1 B j=0n—1
(4.34)

where we made use of the property that the composition ¢ o (S -1

j =0,n— 1. Now from (4.32) and one ensues that

o op,, © @) = Id for any

NBNI,) = 4% / x5(u,v) lJa(uj,vj) > 4nf(1jn) MI)A(B) > C1C5 "A(I)A(B)

[0,1)2 7=0,n—1

that is the Lebesgue measure \(I,)A\(B) < CA(B N I,) for all n € Z,, where the constant
C := CoCy . Thus, owing to Lemma 2.2, either the Lebesgue measure A\(B) = 1 or A(B) = 0,
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meaning simultaneously the ergodicity of the two-dimensional Boole mapping (4.1) with respect
to the same invariant Lebesgue measure A on R, finishing the proof.

As it was mentioned above, the Lebesgue measure on R? is also invariant with respect to the
three-dimensional Boole-type transformations (4.3), which are plausibly ergodic too, yet proofs
of this statement are still under search.

S. Conclusion. We demonstrated that the Schweiger’s smooth fibered approach based on
the Bernoulli type shift transformations technique is an effective tool for proving the ergodicity
of discrete measure invariant dynamical systems. In particular, we proved that one- and two-
dimensional Boole type transformations are ergodic due to the infinite Lebesgue measures.

6. Acknowledgements. The authors are sincerely appreciated to Ya. V. Mykytyuk and
R. A. Kycia for valuable discussions of the discrete Boole type transformations and their ergodic
measure properties. Our cordial thanks belong to O. Boichuk for kind suggestion to prepare a
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