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Abstract. We construct a planar version of the natural extension of the
piecewise linear transformation 7' generating greedy (-expansions with digits in
an arbitrary set of real numbers A = {ao, ai, ag}. As a result, we derive in an easy
way a closed formula for the density of the unique 7-invariant measure p abso-
lutely continuous with respect to Lebesgue measure. Furthermore, we show that
T is exact and weak Bernoulli with respect to u.

1. Introduction

Let 8 > 1 be a real number, and A = {ag,a1,...,an} a set of real num-
bers. An expression of the form

b
(1) =) o
n:lﬁ

where b, € A is called a [-expansion of z with digits in the set A. In [12],
Pedicini showed that if 5 > 1, and if the set of real numbers A = {ag, a1,
..., am } satisfies the following two conditions:
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22 K. DAJANI and C. KALLE

(i) ag < a1 < - < A,
(i) max)<j<,(a; — aj—1) S “5=2,

then every = € [ﬂ T 52 ] has an expansion of the form (1), with b, € A for

all n = 1. He also gave a recursive algorithm that generates greedy expansions
of the form (1), in the sense that at each step of the algorithm, b,, is chosen
to be the largest element of A such that

@) Sha Yy 4z
=1

1= n+1

We call a set A, satisfying (i) and (ii) an allowable digit set. In [3] it was
shown that if A is allowable, then one can construct a dynamical system

whose iterates generate, for all points x € [ﬂ I Bml] all possible expansions

of the form (1). If A is not allowable, then not every point has an expan-
sion. The size of the set of real numbers that can be represented by the
expression (1), for different choices of § and for A = {0, 1,3}, was studied by
Keane, Smorodinsky and Solomyak in [9]. Later, Pollicott and Simon [13]
generalized their results to the case A is a set consisting of non-negative in-
tegers. They gave the Hausdorff dimension of the set of points that possess
an expansion of the form (1).

Throughout this paper, we will assume that A is an allowable set. In case
A= {(), 1,...,15] }, where |x| denotes the largest integer less than or equal
to x, then one is led to the classical case. The interest in such expansions
was initiated by Rényi [14], in his introduction of S-expansions generated by
iterating the map

Br (mod 1), if 0 Sz < u,

o bt po-tp), it Wsos AL
If we set
5 . 1, ifxe[igl,é>,f0rz:, , 18],
3 b = bi(z) =
), it we [V 2L,

and for n = 1, b}, = by, (v) = b5(T§x), then Tpz = Bz — b{, and for any n = 1,

c T”x

x—Zﬂz n
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A NATURAL EXTENSION FOR THE GREEDY 3-TRANSFORMATION 23
Letting n — oo, it is easily seen that xz =Y 7, %. We call the S-expansion
generated by the transformation Tz the classical greedy (3-expansion of .
More precisely, for each n = 1, if bf,...,b%_; are already known, then b is

the largest element of the complete digit set A = {0,1,...[3]}, such that

¢

n
2

The map T} gives one algorithm that generates (classical) S-expansions of the
form (1) with digits in A = {0,1,...,|3]}. In fact, a Lebesgue a.e. point in
[0, %] has uncountably many possible expansions of the form (1) (see [17],
[5], and [6]).

Let A\ denote the 1-dimensional Lebesgue measure. The transformation
T has a unique invariant measure, absolutely continuous with respect to A.
Rényi proved the existence of this measure in [14], and Gel’fond and Parry
independently, gave an explicit formula for the density function of this mea-
sure in |7] and |11] respectively. The invariant measure has the unit interval
[0,1) as its support and the density function h. is given as

(4) he:10,1) = [0,1) : x+— F(lﬁ) Z ﬂlnl[o,Tgl)(x)v
n=0

where F(() = fol Zm<Tgl ﬁd)\ is a normalizing constant. From now on we

will refer to an invariant measure, absolutely continuous with respect to A as

an ACIM.

Let 8> 1, and A = {ap,...,an} any allowable digit set. In [3], a trans-
formation T 4 is given whose iterates generate greedy (-expansions of the
form (1), and satisfying (2). It is also shown that T 4 is conjugate to T} g,
where A ={0,a; —ag,...,am — ao}, i.e. a digit set of which the first digit
equals zero. Therefore, without loss of generality, and for ease of notation, we
shall assume that ap = 0, i.e. A ={0,a1,...,am}. In this case, the underlying
transformation Tjg 4 =T : [O, %] — [0, %] is given by

. a; aj41
Bx—a;, if x€ [], J
’ g B
. Gm  AGm

— Qp, if z€ |—, .

o e[

The sequence of digits {bn},>; can be defined in a way similar to (3)

as follows. Set bi(z) = b1 = a; if x € [F, %), and bi(z) = b1 = ap, if

), forj=0,...,m—1,
Tx =

Acta Mathematica Hungarica 125, 2009



24 K. DAJANI and C. KALLE

x € [%", %] Let b, = by(x) = by (T" 'z) for n > 1. One easily sees that
r =35 Y with b, satisfying (2), i.e. T generates greedy [-expansions

n=1
with digits belonging to the set A. We refer to T'=Tj 4 as the greedy (-

transformation with digit set A (see [3] for more information). If z =Y > ; %

is the greedy (-expansion of x, we also write
T =3 bibobs .. .

which is understood to mean the same as (1).

From [2] we know that the transformation 7" has an ACIM that is unique
and ergodic. The support of this measure is given by the interval [0, a;, —
aj,—1), where

(5) g = min{i S {1, L. ,m} : T[O,ai — ai,l) g [O,CLi — ai,l) A a.e. }

There are some results on formulas for densities of general piecewise linear
maps. In particular, Kopf [10] considered a class of piecewise linear, expand-
ing maps from the interval [0, 1] to itself, that leave the points 0 and 1 fixed.
He constructed a matrix M, the entries of which consist of infinite sums of
indicator functions, and he used a vector from the nullspace of M to obtain
the density function. A more recent result can be found in [8] from Goéra. He
considered an even more general class of piecewise linear maps. In his setting,
the maps only have to be eventually expanding, which means that for each
slope (; there must exist an n = 1 such that |3;|" > 1. The slopes can also be
negative, under the same condition. For this class of transformations, Géra
constructed a matrix S and used the solutions of a certain linear system in-
volving S to obtain the density function. Two main differences between their
two methods are the following. First of all, Kopf makes the extra assump-
tion that the points 0 and 1 are fixed. More importantly, Kopf obtains all
invariant densities, while Géra gives only one version of the density for each
ergodic component. We seek a form similar to that given by Wilkinson [18§],
see (10) ahead. In [2], it is shown that if

(6) m<pBS<m+1,

then indeed the density of the ACIM is given by (10) (notice that m + 1 is
equal to the number of digits).

In [3] it is proven that the minimal amount of digits in an allowable digit
set is []. In other words, the amount of digits in A is at least equal to the
smallest integer larger than or equal to .

Let N be the largest element of the set {1,...,m} such that %\’ < @i, —

aj,—1. Define a partition A = {A(ai) 1054 < N} of the support of the
ACIM of T, where for i =0,..., N — 1, we have

A(az) = |:a/§, agl) , and A(GN) = [aév,aio — ai0_1> .
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A NATURAL EXTENSION FOR THE GREEDY 3-TRANSFORMATION 25

Note that TA(ay) = [0,T(ai, — ajy—1)) and for i € {0,...,N — 1}, TA(a;)
= [0, ai4+; —a;). Using A and T, we can make a sequence of partitions {A(”) }:
forn = 0,

n—1
(7) A = \/ T7FA.
k=0

The elements of A™ are intervals and are called the fundamental intervals
of rank n. If

Ab)NT'AB)N...Nn T~ DA(b,_y)

is an element of A denote it by A(boby ...b,—1). We call a fundamental
interval A(boby ...bp—1) full of rank n if

)\(TnA(bobl ce bn)) = A4y — Qj5—1

and non-full otherwise. This means that for a full fundamental interval,
A(bg...byp—1) we have

(8) A(A(boby ... by_1)) = %
and if A(bg...by—1) is non-full, then
(9) A(A(boby . by1)) < %

Let B, be the collection of all non-full fundamental intervals of rank n,
that are not subsets of any full fundamental interval of lower rank. For
x € [0, ai, — aiy—1), define ¢o(x) =1 and for n = 1, let

1
n(x) = Z @1TnA(b0b1...bn,1)(fﬁ)-

A(b0b1...bn_1)EBn

Put ¢ = > 0% ¢n. In [3], it is shown that for m < 3 < m+ 1, ¢ is integrable
and the function

o(z)

(10) h:[0,ai — aig—1) — [0,aiy — @ig—1) : T+ ————

[ d(z)dA(x)

is the density function of the ACIM of T'. This density is in fact a special case
of the one found by Wilkinson in [18] for a special class of piecewise linear
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26 K. DAJANI and C. KALLE

and expanding maps. Notice that for the classical greedy [-transformation,
B, contains at most one element A(bg .. .b,—1) and for this element we have

TEA(by . bu1) = [0, T51).

So the density function from (4) is a special case of the density function from
(10).

In this article we give a natural extension of the greedy (-transformation
with three digits, i.e. with an allowable digit set of the form {0, a1, a2}. In gen-
eral, a natural extension is the smallest invertible dynamical system (in the
measure theoretic sense), that contains the dynamics of the original transfor-
mation as a subsystem. The concept of a natural extension of a non-invertible
system was introduced by Rohlin [15], where he gave a canonical way of con-
structing a natural extension, showed that it is unique up to isomorphism,
and proved that it possesses similar dynamical properties as the original sys-
tem. This is an interesting object, since it often demonstrates a dynamics
that is easier to understand than the original non-invertible system and it
can also be used to derive properties of the original system. There are many
ways to construct the natural extension, each having its own merit. As a re-
sult of our construction for the greedy [-transformation, we show that the
density given in (10) holds for any allowable digit set A = {0,a1,a2}. Since
the minimal amount of digits in an allowable digit set is [], one sees that
in this case 1 < < 3. Every (-transformation with digit set A = {0, a1, a2}
is isomorphic to a greedy [-transformation with digit set {0,1,u}, where
U= Z—f Throughout the rest of the paper, we will assume that 1 < 8 < 3,
and A ={0,1,u} is an allowable set. Our construction resembles the ver-
sion built in [4] for the classical greedy [-transformation (see also [1]). The
domain of the natural extension is roughly a (union) of rectangular regions
in R?, with invariant measure the restriction of the 2-dimensional Lebesgue
measure to our domain. The projection of the invariant measure in the first
coordinate gives the desired invariant density of T" of the form given in (10).
We also show that under the invariant measure obtained, T is exact and
weakly Bernoulli. To illustrate the construction of our version of the natural
extension, an example of a specific greedy (-transformation with three digits

can be found in the last section. Here 3 is the golden mean and A = {0, 1, % .

2. A closer look at the greedy (g-transformation with three digits

Let 1 < <3, and A = {0,1,u} an allowable digit set. The correspond-
ing greedy (-transformation 7" = T3 4 has the form
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A NATURAL EXTENSION FOR THE GREEDY 3-TRANSFORMATION 27

( [ 1
Oz, if z€ 0,>,
| B
Tx Bxr—1, if xz € E u)
= ) 1 Ty a ]
BB
(v u
Bxr —u, if € ,}.
1B B—1

The sequence of digits {b,}, >, is defined for any z € [0, ﬁ] as in the in-
troduction. From (5), we have that the support of the ACIM is either the
interval [0, 1), or the interval [0,u — 1). The following situations can occur.
Suppose first that 8 < u, then either T1 <1 or T1 > 1.
If T1 < 1, then the support is [0,1) and since T1 = 3 — 1, we get that
(B =< 2. The transformation 7" on the interval [0,1) is then isomorphic to the
classical greedy (-transformation, Ts. Figure 1(a) is an example of this.

2 / 4/3 /
1

2 1 1

1 1/3

o013 3 o 1 3 3 0 1 7 7 0 14 4
B B pB-1 B B B-1 B 383(8-1) B36 3(B-1)
(@) f=v3and (b)) f=1++2and  (c) f =7 and (d) =5 and
A={0,1,3} A=1{0,1,3} A={0,1,1} A={0,1,3

Fig. 1: Examples of the four possibilities for the support of the ACIM of the greedy
B-transformation with three digits

If T1 > 1, then the support of the invariant measure is the other interval,
[0,u — 1), and we can deduce that 5 > 2. So, criterion (6) applies, and the
density for the invariant measure is given by (10). In Figure 1(b) we see an
example.

Suppose that u < (. Either u > 2 or u < 2.

If w> 2, then the support of the ACIM is [0,u — 1) and we have that
2 <u =< . So again > 2 and the density from equation (10) is the density
of the ACIM. See Figure 1(c) for an example.

If uw =2, then the support is [0,1) = [0,u — 1) and 8 = 2. The trans-
formation in this case is isomorphic to the classical greedy S-transformation
Tjs. Similarly, if =3 < 2, then the support of the ACIM is [0,1). The
transformation 7" is again isomorphic to 1.

Lastly, suppose that w = 8 — 1. Then it holds that § > 2, since v > 1 and
thus the density from (10) is the density for the ACIM.
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28 K. DAJANI and C. KALLE

The only situation we did not yet consider, is when v < min {f3,2} and
u # [ — 1. To this, the rest of this article is dedicated. Figure 1(d) gives an
example of a transformation that satisfies these conditions.

From now on, suppose that T is a greedy [-transformation with an al-
lowable digit set A = {0,1,u}, that satisfies the following conditions: u <
min {3,2} and u # § — 1. Of course, since A is allowable and u # 5 — 1, we
also have u > 8 — 1. This is all captured in the following condition:

(11) max {f — 1,1} < u < min{2, 5}.

Notice that we do not assume that 3 < 2, although we already know that
the density from (10) is the density of the ACIM in this case. The reason
is that the construction of the natural extension that will be given in what
follows, is also valid for 2 < 8 < 3.

REMARK 2.1. Observe that, if 1 < 8 < 2, then u < 3 implies condition
(11). So, if 1 < § < 2 and a digit set A = {0, 1, u} satisfies u < 3, then A is
an allowable digit set.

The support of the ACIM of the transformation T is the interval [0, 1).
The partition A = { A(0),A(1),A(u)} of this interval is given in the follow-

ing way:
sw-[pt). 20-[53). s0-[3)

As explained in the introduction, we can construct the sequence of partitions
{A(”)}n>1, with A as defined in (7). The elements of A(™ are denoted by

A(bg...by—1) and are either full or non-full fundamental intervals of rank n.
We have the following obvious lemma.

LEMMA 2.1. Let A(dp . ..dp—1) and Aleg . ..eq—1) be two full fundamental
intervals of rank p and q respectively. Then A(dy . ..dp—1€q...eq—1) is a full
fundamental interval of rank p + q.

Recall that for n = 1, B, is the collection of all non-full fundamental
intervals of rank n that are not contained in any full fundamental interval of
lower rank. Let x(n) be the number of elements in B,,. So x(1) = 2, since this
is the number of non-full fundamental intervals of rank 1 and for all n = 1,
k(n) < 2". The version of the natural extension that we will define in the
next section, uses all the elements of B, for all n = 1. To make sure that
the total measure of the underlying space of this version is finite, we need
upper bounds for the values of k(n). To obtain these, we will first describe

the structure of the elements of B,,.
Notice that by (9) we have that for all elements A(bg...b,—1) € By,

(12) )\(A(bobn_l)) < —.

Acta Mathematica Hungarica 125, 2009



A NATURAL EXTENSION FOR THE GREEDY 3-TRANSFORMATION 29

For an = € [0,1), the set {T"x : n = 0} is called the orbit of x under the
transformation 7'. Let

() d7(12)
u—1 _Z o= —5 dMdVal) ﬁ—u:Z—ﬂnH =5 dPdPd) ..
n=1

be the greedy (-expansions with digit set A of the points u — 1 and § —u, i.e.
the expansions generated by iterations of T'. The number 5 — u would be the
image of 1 under T if T" were not restricted to the interval [0,1). The values
of the numbers k(n) depend on the orbits of the points § —u and u — 1 under
T and whether or not T%(u — 1) and T%(3 — u) are elements of A(u) for 0 < i
< n. To see this, notice that for any A(bg...b,—1) € By, one has by € {1,u}
and the set T"A(bg . ..b,—1) has the form

[0,T*(u—1)) or [0,T"(8 —u))
for some 0 < i < n. Suppose T"A(by...bp—1) = [0,T"(u—1)).
If )\([O,Ti(u —-1)) N A(u)) =0, then A(bg...b,—1) contains exactly one
element of By,41, namely A(bg .. .b,—10) in case )\( [0, T (u—1)) N A(l)) =
or A(bg...bp—11) in case )\( [0, T%(u—1)) N A(l)) > 0. Furthermore, in the

first case,
T A(by ... by—10) = [0, T (u — 1))

and also in the second case,
T ' A(by ... by—11) = [0, 77 (u —1)).

On the other hand, if /\([O,Ti(u -1))n A(u)) > 0, then A(bg...bp—1)
contains exactly two elements of B,11, namely the sets A(by...b,—11) and
A(bo PN bnflu). NOW,

T A(by ... by q1) = [0,u — 1)

and A
T A(by ... by—qu) = [0, 77 (u—1)).

Similar arguments hold in case T"A(bg...bp—1) = [0,T%(8—u)) , except that
Ti(u — 1) is replaced by T*(3 — u).

For n 2 1, let K(n) be the number of elements from B,, that contain two
elements from Bj,,11. Then clearly for all n = 1,

(13) k(n+1) = k(n) + &(n).
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30 K. DAJANI and C. KALLE

From the above we see that in order to get an upper bound on x(n), we
need to study the behavior of the orbits of w — 1 and 8 — u. The following
three lemmas say something about the first few elements of the orbits of these
points. These lemmas are needed to guarantee that the total measure of the
underlying space of the natural extension will be finite.

LEMMA 2.2. If 1< B <2 and u < (3, thenu—1¢ A(u).

PROOF. Since 8 < 2, we have 1 — % < % Thus u(l — %) < % <1 and
hence u — 1 < % O

Observe that B, only contains fundamental intervals of which the first
digit is either 1 or u. Let x1(n) denote the number of elements A(bg . ..b,—1)

in By, such that by = 1 and k2(n) the number of elements in B,, that have u
as their first digit. Then of course for all n = 1,

k(n) = k1(n) + ka(n).

Let {F(n)}nzo denote the Fibonacci sequence, i.e. let F(0) =0, F(1) =1

and for n = 2, let F(n) = F(n—1)+ F(n —2). Lemma 2.2 implies that the
number of elements of B,+1 would be maximal if the only elements of B,
that do not contain two elements from By are the elements A(bg...b,—1)
for which T"A(bg . ..b,—1) = [0,u — 1). In this maximal situation we would
have k1(1) = k1(2) = 1 and for n = 3,

ki(n) = ki(n —1) + k1(n — 2).

For k2 we would have that k2(n) = k1(n +1). This means that under the
conditions from Lemma 2.2, we have for all n 2 1 that x1(n) < F(n) and

(14) k(n) = k1(n) + ka(n) £ F(n) + F(n+1) = F(n+ 2).

Let G = % be the golden mean, i.e. the positive solution of the equation
22—z —-1=0.
LEMMA 2.3. Let 1 < B S G and u < 3. Thenu— 1,0 —u € A(0).
PRrROOF. Since 8 < G, we have 1 +% = 3, so by equation (11), u < 8 <
(1 + %) Thus u — 1 < % and hence u — 1 € A(0). On the other hand, since
B—%gl,wehaveﬁ—u<%andthusﬁ—ueA(O). O

REMARK 2.2. This lemma implies that for 1 < < G and for digit sets

satisfying condition (11), we have x(2) = 2. The largest amount of elements
for B,, would be obtained if

A([0,T"(u—=1)) NA(u)) >0 and A([0,T"(8—u)) NA(u)) >0
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A NATURAL EXTENSION FOR THE GREEDY 3-TRANSFORMATION 31

for all odd values of 7 and thus 7%(u — 1), T%(8 — u) € A(0) for all even values
of 7. In this case,

k(n), if nis odd,
{O, if nis even.
This would imply that for n = 1, k(2n — 1) = k(2n) = 2". In general we have
that for all n > 1, k(n) < 2L7/21+1,
LEMMA 2.4. Let m =2 andu < 3. If 1 < 3 < 2m, then

Ti(u—1), T8 — u) € A0)

foralli e {0,1,...,m —1}.
PRrROOF. The proof is by induction on m. Note that from Lemma 2.3 we
know that u — 1,3 —u € A(0). Assume first that m = 2 and thus 8 < V2

—22. Then
Tu—1)=pu—-1) € A(0) < ﬁ(u—1)<1 & E<l-i-i
g BB B
If 3 < /2, then %—F % > 1 and since u < 3, T(u — 1) € A(0). On the other
hand, since  —u € A(0), we have

T(B—u)=p(0—u) e A(0) < ﬁ2—6u<; & ,6’—512<u.

If 3 < V2, then 8 — é < 1, and thus T'(8 — u) € A(0).

Now, assume that the result is true for some k= 2. Let m =k + 1 and
8= 9%, Then certainly 5 < 2%, so by induction T%(u—1), T*(8 —u) € A(0)
for all i € {0,1,...,k — 1}. We only need to show that T%(u — 1), T*(8 — u)
€ A(0). First consider T#(u — 1) = #¥(u — 1). We have

1

TFu—1) € A(0) < ﬁ’“(u—l)<; & ;<;+ﬂk+2.

1
Since 8 < 2%+1, then

1 1 3 3
-+ > > > 1.
B 5’”2_2.2;@%1_2\/5

Thus T%(u —1) € A(0). We now consider T*(3 —u) = (8 —u) and see that

THB—u) € AD) o 6k+1—ﬁku<; o ﬂ—ﬂ,fﬂ

< u.
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32 K. DAJANI and C. KALLE
. 1
Since 3 < 2%+1, then

Ll ol
ﬁk-}—l— 2 2

g

Thus T%(3 — u) € A(0) and this proves the lemma. [

REMARK 2.3. Suppose 2V/("+1) <« g < 21/m and w < 5. Lemma 2.4 im-
plies that k(i) = 2for ¢ € {1,...,m}. By the same reasoning as in Remark 2.2,
k(n) would obtain the largest possible value if

A([0, T (w—1)) NA(u)) >0 and A([0,T*(8—u)) NA(u)) >0

foralli =¢m+ (£ —1), =1, and T?(u — 1), T%(3 — u) € A(0) for all other
values of ¢. This would imply

~ {ﬁ(n), if n=4m+ (¢{—1) for some ¢ = 1,
k(n) =

0, otherwise.

Thus, to get the maximal number of elements for B,,, we would have that if
l=1)m+L=n=_Im+/{
for some ¢, then r(n) = 2. So, in general we have that s(n) < olm]+t,

For all n = 1, let D,, be the union of all full fundamental intervals of rank
n, that are not a subset of any full fundamental interval of lower rank. From
the next lemma it follows that the full fundamental intervals generate the
Borel o-algebra on [0,1).

LeMmMA 2.5. We have

)\( U Dn> => ADn) =A([0,1)) =1.

n=1 n=>1

PROOF. Notice that all of the sets D,, are disjoint. By (12) we have for
each n = 1, that

0 A([o,1>\QDi> £

H(Z)

so it is enough to prove that limp o 57 = 0. If 2 < 3 <3, then since (n)

< 2" we immediately have the result. For 1 < 8 < G, it follows from Remark
2.2 and Remark 2.3. Now, suppose G < # < 2. Then by (14), we have that

Acta Mathematica Hungarica 125, 2009



A NATURAL EXTENSION FOR THE GREEDY 3-TRANSFORMATION 33

k(n) £ F(n+ 2), where F(n 4+ 2) is the (n + 2)-th element of the Fibonacci
sequence. For the elements of this sequence, there is a closed formula which
gives

(15) F(n) = G”—(l\/g—G)”
So
Peblee) e (9]
~(n)

Since G < B < 2, also in this case limy, o0 S = 0 and this proves the lemma.
O

REMARK 2.4. The fact that A(0) is a full fundamental interval of rank 1
allows us to construct full fundamental intervals of arbitrary small Lebesgue
measure. This, together with the previous lemma, guarantees that we can
write each subinterval of [0,1) as a countable union of full fundamental in-
tervals. Thus, the full fundamental intervals generate the Borel o-algebra on
[0,1).

Notice that for the cases illustrated by Figure 1(b) and 1(c), we can define

the partitions A(™| the sets B, and the numbers s(n) in a similar way. The
only differences are that the support of the ACIM is given by the interval
[0, — 1) and that A(1) is the only full fundamental interval of rank 1. In
that sense, A(1) plays the role of A(0) above. Since in these cases we have
2 < f < 3 and since k(n) < 2" for all n = 1, we can prove a lemma similar
to Lemma 2.5, i.e. we can prove that the full fundamental intervals generate
the Borel o-algebra on the support of the ACIM.

3. A natural extension of T

For the version of the natural extension, we will define a space R, using
the element of B,,. For n = 1, define the collections

1

R, = {TnA(bo . bnfl) X [0, m) : A(bo ce bnfl) € Bn} .

So to each element of B, there corresponds an element of R, and thus the
number of elements in R, is given by k(n). We enumerate the elements of

R, and write R, = {R(n,i) 154 n(n)} Thus, for each A(bg...bn—1)
€ B, there exists a unique 1 < ¢ < k(n) such that T"A(bg . ..bp—1) X [(), 5%)
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= Ry, Let Rgp=1[0,1) x [0,1) and let R be the disjoint union of all these
sets, i.e.

oo #(n)

R=Rox {0} x {0} U | | Renyiy x {n} x {i}.

n=1 i=1
The o-algebra R on R is the disjoint union of the Borel o-algebras on all
the rectangles R, ; and Ro. Let Ag be the measure on R, given by the
two dimensional Lebesgue measure on each of these rectangles. Define the
probability measure v on R by setting v(E) = ﬁ(mAR(E) for all E € R.
The next lemma says that this measure is well defined and finite.

LEMMA 3.1. Ap(R) < 0.

PROOF. Set x(0) = 1. Then,

() <305
n=0

Using the same arguments as in the proof of Lemma 2.5, we can show that
the sum on the right hand side converges for all 1 < g <3. 0O

The transformation 7 : R — R is defined piecewise on each rectangle. If
(z,y) € Ro, then

T($7y7070) = <Tﬂ:’,

For eachn =2 1,1 <4 < k(n), if

n 1
R(n,i) =T A(bo . -~bn—1) X |:O, ﬂn> s

then 7 maps this rectangle to the rectangles corresponding to the fundamen-
tal intervals contained in A(bg .. .b,—1) in the following way. If A(bg. . .b,—10)
is full and (z,y) € R, ;) with z € A(0), then

. bo b1 bn-1 Y )
T(z,y,n,i) = (Tx, 5+ -+ + +=,0,0 ).
(1) < CRN g B
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If A(bg...bp—1byn) € Bpt1 and j is the index of the corresponding set in Ry, 41,
then for (z,y) € R,z with z € A(b,), we set

T($7y7n7i) = <T':U7 %’n+ 17]) *

In Fig. 2 we show the different situations in case
T"Abo...bp—1) = [0, T%(8 — u))

for some k <n. If T"A(by...by—1) = [0,T%(u—1)) for some k < n, the
pictures look exactly the same with T%(u — 1) in place of T*(8 — u).

to Ro

1 = I 1
_ ﬂn
B 1 Fin s Bt

R gt " -T— Rins1,)

e T R(n+1,j) .
1
0 THB—u) 0 TH(B — ) 0 5 TB-w 0 TH(E-w
(@) M([0,T%(B—w)) NA(1)) =0 (b) A([0,T%(3 — u)) NA(1)) >0 and

A([0, T8 = u)) NA(w)) =0
1

S
to R R(n+1.m)

= 1 1 10 u—1
ﬁ’” An+1
Clle— B

Lugkg_u) 0 THY(G— )
BB

(©) A([0,7%(3 = w)) NA(u)) >0

Fig. 2: The arrows indicate the action of T in case
T"A(by...bp—1) = [O,Tk(ﬁ — u)) , for some k <n

If a rectangle R, ;) corresponds to a fundamental interval A(bo .. .bn—1)

such that A(bg...b,—10) is non-full, then this is the only fundamental in-
terval contained in A(bg...b,—1). 7 then maps the rectangle R, ;) bijec-

tively to the rectangle R, j), corresponding to A(bg . ..b,—10). Otherwise,
A(bg...by—10) is a full fundamental interval contained in A(bg...b,—1) and
the rectangle Ry, ;) is partly mapped surjectively onto some rectangle R, 11 ;)
and partly into Rp. From Lemma 2.5 it now follows that 7 is bijective.

Let m: R — [0,1) be the projection onto the first coordinate. Define
the measure p on ([O, 1), B([o, 1))) by pulling back the measure v, i.e.
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for all measurable sets E € B([0,1)), let u(F)=v(x 'E). In order to
show that (R,R,v,7T) is a version of the natural extension of the system
([0, 1), B( [0, 1)) s T) with 7 as the factor map, we will prove all of the fol-
lowing:
(i) 7 is a surjective, measurable and measure preserving map from R to
0,1).
| (21) For all z € R, we have (T'o7)(x) = (moT)(x).
(iii) 7 : R — R is an invertible transformation.
(iv) R=\VploT"n 1(B([0,1))), where \/72(T"n*(B([0,1))) is the
smallest o-algebra containing the o-algebras T”ﬂfl(B( [0, 1))) for alln = 1.
Tt is clear that 7 is surjective and measurable and that Tor =70 7.
Since 7 expands by a factor 3 in the first coordinate and contracts by a factor
0 in the second coordinate, it is also clear that 7 is invariant with respect to
the measure v. Then p = v o7 ~! defines a T-invariant probability measure
on ([0, 1), B([o, 1))), that is equivalent to the Lebesgue measure on [0,1) and

7 is a measure preserving map. This shows (i) and (ii). The invertibility of 7
follows from Remark 2.4, so that leaves only (iv). To prove (iv) we will have
a look at the structure of the fundamental intervals and we will introduce
some more notation.

Let A(bg...bn—1) be a fundamental interval. We can divide the block of
digits by . ..b,—1 into M subblocks, Cq,...,Cyy, for some M = 1, where each
subblock C;, 1 < ¢ < M — 1, corresponds to a full fundamental interval. The
last subblock, Chs, corresponds to a full fundamental interval exactly when
A(bg...bp—1) is full. We can make this precise, using the notion of return
times to Ry. For points (z,y) € Ry define the first return time to Ry by

ri(z,y) =inf {n21: T"(z,y,0,0) € Ry x {0} x {0}}
and for k 2 1, let the k-th return time to Ry be given recursively by
re(z,y) = inf{n > rg—1(x,y) : T"(z,y,0,0) € Ry x {0} x {0}}

By the Poincaré Recurrence Theorem, we have ri(z,y) < oo for almost all
(z,y) € Ry. Notice that this notion of return time depends only on z, i.e.
for all y,y' € Ry and all k = 1, rg(z,y) = ri(x,y'). So we can write ri(z)
instead of r(z,y). If A(by...bp_1) € A then for all m < n, 7™ maps the
whole rectangle A(bg...b,—1) x [0,1) € Ry to the same rectangle in R. So
up to a certain ¢ < n, the i-th return time to Ry is equal for all elements in
A(bg...by_1). Now suppose that A(bg...b,_1) € A is a full fundamental
interval, then there is an M 2 1 and there are numbers r;, 1 < ¢ < M such
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that r; = ri(z) for all x € A(by...b,—1) and rpy =n. Put 79 = 0. We can
also obtain the numbers r; inductively as follows. Let

ri=1inf{j >0: TV ' A(by...b;) = [0,1)}
and if r1,...,rx_1 are already known, let
7 = inf {j > Tp_q: TjJrlA(ka_1 ...bj) =10, 1)}
Take for 1 i < M,
(16) Ci=by, ,...b_1.

Let |C;| denote the number of digits of the block C;. The blocks have the
following properties:

(pl) For 1 é ) § M, |CZ| =T; —Tij—1.

(p2) If by, =0, then 7,41 = r; + 1. This means that if a subblock begins
with the digit 0, then 0 is the only digit in this subblock. So, Cjy1 consists
just of the digit 0.

(p3) Foralli € {1,..., M}, A(C;) is a full fundamental interval of rank |Cj|.

The next lemma is the last step in proving that (R, R, v, T) is the natural
extension of the space ([0, 1), B( [0, 1)) Ly T).

LEMMA 3.2. Let (R, R,v,T) and ([0, 1),8([0, 1)) ,M,T) be the dynamical
systems defined above. Then

R = \/ T°(x1(B(10.1)))).

n=0

PrROOF. It is clear that
\ 7 (=" (B([0,1)))) £ R.
n=0

By Lemma 2.5 we know that the direct products of the full fundamental
intervals contained in the rectangle Ry generate the Borel o-algebra on this
rectangle. The same holds for all the rectangles Ry, ;. First, let

A(do . dp—l) X A(eo . eq_l)

be a generating rectangle in Ry, where A(dp...dp,—1) and A(eg...eq—1) are
full fundamental intervals. For the set A(eq...eq—1) construct the subblocks
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Cy,...,Cyr as in (16). By property (p3) and Lemma 2.1, A(CyChr—1 ...
Cidp . ..dp—1) is a full fundamental interval of rank p 4+ ¢. Then

7 N (A(CMCh—1...Crdy...dy—1)) N (R x {0} x {0})
= A(CMCM_l . Cld[) e dp_l) X [O, 1) X {0} X {0}

Since A(eg . ..eq—1) is a full fundamental interval, it can be proven by induc-
tion that for alli € {1,...,g—1}, T*A(eg...e4—1) = A(e; . ..eq—1). This, to-
gether with the definitions of the blocks C; and the transformation 7 leads to

TUm Y (CuChri-1...Cidy...dp—1)) N (Ro x {0} x {0})
=A(dy...dy—1) x A(C1Cy...Cpp) x {0} x {0}.

So
A(do...dp1) x Aleg...eq1) x {0} x {0} € \/ T"= 1 (B([0,1))).
n=0

Now, forn 2 1 and i € {1,2,...,k(n)}, let Ry be a rectangle in R, and
suppose that it corresponds to the fundamental interval A(bg...b,—1) € By,.
Hence,

1
R(n,i) =T"A(by...bp—1) X |:07 ﬁ") x {n} x {i}.
Let A(dy...dp—1) X Aeg...eq—1) x {n} x {i} be a generating rectangle for
the Borel o-algebra on the rectangle R, ;. So A(dy...dp-1) and A(eq. ..
eq—1) are again full fundamental intervals. Notice that
A(eo ce eqfl) g A(O ce 0),

n times

which means that ¢ =2 n. Also, for all i € {0,...,n—1}, ¢, =0 and thus
riv1 =@+ 1. So, if we divide eg...e4—1 into subblocks C; as before, we get
that C; =Cy=---=C, =0, that M 2 n and that [Cp1|+ -+ |Cy| =
q —n. Consider the set

C = A(CMCM_l A Cn+1b0 ce bn,1d0 A dpfl).
We will show the following.

Claim: The set C is a fundamental interval of rank p + ¢ and T9C =
A(dy...dp—1).
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First notice that

C=ACuCr-1...Crp1)NT" IA(bg ... bp—1) NT IA(dp . .. dp—1).
So obviously,

TIC S TIAN(CrCr—1...Crp1) NT"A(bg .. .bp—1) NA(dp - . . dp—1).

By Lemma 2.1, A(CpChrr—1...Cpri1) is a full fundamental interval of rank
q—mn, so TIA(CyCur-1-..Cpy1) =[0,1). Now, by the definition of Ry, ;
we have that

(17) A(dy...dp1) ST"A(bo. .. by_1),

and thus T9C & A(dp . .. dp—1).

For the other inclusion, let z € A(dp...dp—1). By (17), there is an element
yin A(bg...bn—1), such that 7"y = z. And since T9 "A(CpCrr—1...Chi1)
=[0,1), there is an z € A(CyChr—1...Cpy1) with T "z =y, so Tx = z.
This means that

S TqA(CMCM,1 ce Cn+1) N TnA(bo ce bnfl) N A(do ce dpfl).

So T9C' = A(dp . . . dp—1) and this proves the claim.
Consider the set D =71(C) N (R x {0} x {0}). Then as before, we
have

T "D = A(b() coobpdp ... dp_l) X A(Cn+1Cn+2 ... CM) X {O} X {0}
And after n more steps,

TiD = A(do . ..dpfl) X A(OO -.OCTL+1 . CM) X {n} X {Z}

n times
= A(do ce dpfl) X A(eo RN eqfl) X {n} X {Z}
So,

o0

A(do...dp-1) x Aleg...eq 1) x {n} x {i} € \/ 7"z~ (B([0,1)))

n=0

and thus we see that
oo
R=\/7T"7"'(B([0,1)). O
n=0
This gives the following theorem.
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THEOREM 3.1. The dynamical system (R, R,v,T) is a wversion of the
natural extension of the dynamical system ([0, 1),B([0,1)) ,u,T). Here, the

measure p, given by u(E) = V(Wil(E)) for all measurable sets E, is the
ACIM of T and the density of 1 is equal to the density from equation (10).

PROOF. The fact that (R, R,v,T) is a version of the natural extension of
the system ([0, 1), B( [0, 1)) s [y T) follows from Remark 2.4, the properties of

the map 7 and Lemma 3.2. Now for each measurable set E € B([0,1)), we
have

WE) =v(r™(E))

1
_ )\R I:)\ _|_Z Z m)\(EﬂTnA(bO---bTL—1>):|

n= 1A(bO bn l)eBn

1
— )\ I:l =+ Z Z @ 1T"A(bo...bn_1)] d.

n=1 A(bg...bn—1)EBn

Here T"A(bg ... b,—1) has the form
[O,Ti(u —1)) or [O,Ti(ﬁ —u))

for some 0 < i < n. So, the density of the measure p equals the density from
equation (10). O

REMARK 3.1. (i) The above definitions of the space R and the transfor-
mation 7 can be adapted quite easily for the cases illustrated by Figure 1(b)
and 1(c). We let A(1) take the role of A(0) and consider the orbits of the
points 1 and S(u—1) — u. In general, the sets B,, will contain more elements,
but since 2 < 3 < 3, it is immediate that Ag(R) < oo. This shows that we
can construct a version of the natural extension of 7', also for these two cases.

(ii) Let R{ be the set obtained from Ry by removing the set of measure
zero of elements which do not return to Ry, i.e. we remove those (z,y) for
which 71 (x,y) = co. Let W: Rjj — R, be the transformation induced by T,
ie. for all (z,y) € Ry, let

W(z,y) = T (2,y,0,0).

Then the dynamical system (R, B(R(), A x A, W), where B(R}) is the Borel
o-algebra on Ry, is 1somorphlc to the natural extension of a GLS-transfor-
mation as defined in [4]. This implies that the system (R{, B(Rp),A x A\, W)
is Bernoulli.
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Using this invariant measure, we will show that 7' is an exact transfor-
mation. Since the full fundamental intervals generate the Borel o-algebra on
the support of the ACIM, by a result of Rohlin [15], it is enough to show
that there exists a universal constant v > 0, such that for any full fundamen-
tal interval A(bg...b,—1) and any measurable subset E € A(bg...b,—1), we

have
1(E)
(Ao bar))

To this end, define two constants, c1,co > 0, by

Cl:ARtR) and 02:1+Z Z ﬁln

n=1 A(bo...bn—l)eBn

W(T"E) < -

Then for all measurable sets E, we have
AA(E) = p(E) £ cieo\(E).
Now, let A(bg...bp—1) be a full fundamental interval of rank n. Then by (8),

_ L
B
Let E S A(bg...b,—1) be a measurable set. Then

MA(b ... by—1))

NT"E) = B"A\(E) =

Now,
. . MNE
(W(T"E) < c1eo\(T"E) = CICQA(A(boF..)bM))
< 10 u(E)eie — ol u(E) .
cipp(Abo .. bp—1)) p(Aby ... byo1))
If we take v = clcg, then v > 0 and
u(E)

wT"E) < -

,U,(A(bo e bnfl)) ’
Thus, T is exact and hence mixing of all orders. Furthermore, the natural

extension 7 is a K-automorphism. By a result of Rychlik [16], it follows
immediately that T" is weakly Bernoulli.
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4. A specific example

In this section we will consider one specific example of a G-transformation
with three digits. Let G be the golden mean as before and take

6 = G. Consider the allowable digit set A = {O, 1, %} The partition A =
{A(O),A(l),A(%)} is given by

so-[of). 0= [ 5(8)-[&)

and the transformation is then Tx = fx — j, if x € A(y).

The points = = % and z =3 — % are of special interest and their orbits

under T are as follows:

1 1 B o1 B2 31 1
3’ 3’ 3 3 3 3p%
1 1 11 1 1
4 5 6
- = T°Z = — T = Z
3 382 3 33 3 3

14

g 3p

Fig. 3: The orbits of % and 3 — % under the greedy B-transformation with
B:# and A = {0,1,%

1 B
332 3 3
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Thus their greedy (-expansions are given by
) 4 S dd 4\*
- = 00-00 — == —— =3 001 { 0000-
Z:: < ) B DOy Tt ( 3)

Notice that § — Would be the image of 1 under T, if T" were not restricted to
the half open 1nterval [0,1). Fig. 3 shows the orbits of both points under 7.

For each non-full fundamental interval, A(bg...b,—1), the set T"A(bg. ..
bn—1) is one of the following:

po-2). pr-2) pa-i) ) b9
32 1 1 1
05) Pas) Pae) 5):

This means that we could give all the elements of R,, explicitly. We will not
do this, since Fig. 4 speaks for itself. The space R contains all the rectangles
shown in the figure.

= T —

01/3 0 B/3

r01/;o 330 #/3 01/38 01/38°

5 R P
0 0 B/3 0| B2/3 01/33%01/33%|01/33  01/3 0 B/3

1/6

LDWIZIWEDL/@'E*.: o ——— .

0, 40, (302 101/33601/3 0 B/3 o0 /01/353
ey tts 303

—

01/3

Fig. J: The space R consists of all these rectangles. The arrows indicate where the
rectangles are mapped under T
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To determine the invariant measure of 7', we need to project the Lebesgue
measure on the rectangles of R onto the first coordinate. Therefore, we need
to add up the heights of all the rectangles which have the same interval in
the first coordinate. To do this, we only need to determine the total height

of the rectangles of the form [0, %) X [0, ﬁ), since the total height of all

the other rectangles in R can be deduced from this. These heights can be
found by using the Fibonacci numbers F'(n), as defined before. Then k(1) =

2 and observe that for n = 2, k(n) = F( \_”glj + 2) + F( I_"*QJ + 1) For
n =3k+ 1, k 2 0, the number of rectangles in R of the form [ , 3) [(), B")

is equal to F(k+ 1) and for n = 3k + 2, k = 1, this number is equal to F'(k).
Formula (15) gives that the total height of all these rectangle is equal to

F(k+1) F BE(k+1)+ F(k
S+ g = 5 2 R )

e () )] oo

The total height of the rectangles of the form [O, g) X [O, ﬁ) is now equal

to %, that of the rectangles of the form [0, %2) X [O, 6%) is %, etc. The total
height of the rectangles [0, %) X [0, ﬂ%) is given by ﬁ + % = % Then the
density function of the invariant probability measure of 7', h: [0,1) — [0, 1),
equivalent to the Lebesgue measure on [0, 1), is given by

1 1 1
+1[07%)(1‘)+* 1[0%)(33)-"-@ 1[07%)(.%)4— 53 1[07$)(:€)
L 1 ! 1 1
+ 51 Ho.52) (@) + g5l 2) (@) + T (@)
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