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1 Introduction

Piecewise linear interval maps are one of the simplest discrete time dynamical systems.
Thanks to their simple definition they are widely used for modelling phenomena, and by
their research we can learn techniques widely applicable for more complex systems.

In this work we consider dynamical properties of a class of real-to-real maps which have
a countable Markov partition and are linear on the elements of the partition. These we
call systems with an ¢-Markov partition. The primary motivation behind the investigation
of these systems is the third problem of the Miklés Schweitzer competition 2022 organized
by the Janos Bolyai Mathematical Society, proposed by my advisor Zoltan Buczolich. The
website of the competition can be found at [I]. The problem was the following, with a bit
modified notation:

The transformation T : [0,00) — [0, 00) is linear on every positive integer interval, and
its integer values are defined as follows:

o if 2ln
T(n)_{ﬂﬂ if2fn, 47t <n <4t (LeZT) Y

Let T°(x) = x and T"(z) = T(T" *(x)) for alln > 0. Find the liminfy_,o(T*(x)) and the
lim supy,_, .. (T*(x)) for Lebesgue almost every z € [0, 00).

T(x)

17

0 4 16
Figure 1: A figure of the transformation 7.

Motivated by the system presented in this problem, we define multiple, more general
families of dynamical systems. We make widely applicable statements for these families,
which then are applied to the original problem as well.

We start with some preliminary notations and conventions in Section 2] In Section
we first build up the relevant theory of symbolic dynamics for systems possessing /-
Markov partitions. Then we introduce the notion of expansivity, which is a weaker form of
the ’expanding condition’ appearing widely in literature, for example in [7]. We show the
topological conjugacy of the studied systems with shifts if expansivity is satisfied.

Despite their apparent simplicity the studied systems can have extremely complex and
unpredictable orbits. The study of the long-term stochastic behaviour of such constructions



is thus relevant. In Section [4] we describe how systems with ¢-Markov partitions relate to
Markov chains with the help of the Frobenius-Perron operator. The ideas in this section are
generally known, the purpose of the section is to collect the relevant properties and show
that they apply in our exact case as well. At the end of the section some relevant theorems
on Markov chains are stated.

In Section [5| we describe the absolutely continuous invariant measures of the studied
systems. The main theorem is on the convergence of the pushforward measures of all finite
absolutely continuous measures. The connection of this theorem to other known results
with particular attention to Theorem 3.1 of [7] is also discussed.

Theorem is a much stronger statement about wider class of piecewise linear trans-
formations, than the question of the original Schweitzer problem. It implies that for
almost every z € [0,00) the orbit is dense in Rsg, thus liminfy_,oo(T%(x)) = 0 and
lim supy,_, .. (T*(x)) = oco. In Section |§| the invariant measure of this specific system is
calculated.

In Section [7] we introduce the pseudo-orbit shadowing property, based on the definitions
from the literature. The phenomena presented in this section aim to model the use of
imperfect numerical simulations for investigating the orbits of chaotic dynamical systems.
We prove the shadowing property for the original system in the Schweitzer problem. The
original system is in many ways similar to tent maps. Their shadowing property is studied
in [I0]. Tent maps have a compact domain in contrast to our system which is non-compact.
The classical shadowing theorem appearing in [I6] as well investigates shadowing near a
compact invariant set. It also assumes the mapping to be a diffeomorphism, which again
does not apply to our system.

In Section [§] we continue by investigating what symbolic trajectories can represent ra-
tional numbers. In this section we study a broader class of systems, which contains our
original as well, however not all systems possessing ¢-Markov partitions. This section has
connections with the rationality of a Cantor series. For a general review on when do Cantor
series represent rational numbers see [20]. We consider piecewise linear Markov maps with
countably many segments, where the intervals of the type [n — 1,n],n € Z form a Markov
partition, and where the slope is at least 2 on any interval. We do not consider points
which have an eventually integer orbit. We state some general results on the relationship
of the set of eventually periodic points and the set of rationals. We achieve these results by
employing methods of Diophantine approximation. We gain insight into how real numbers
can be represented by symbolic orbits of a Markov shift over a countable alphabet.

Definition 1.1 (Cantor series). For some positive integer sequence {¢;}$2,, and some in-
teger sequence 0 < a; < ¢; — 1 the following is called a Cantor series:

o0
>
- .
n=0 Hk:l Qk
In Section [8:I] we show in Theorem [8.11] that in the systems considered, rationals with
bounded orbits are eventually periodic. In Corollary B:14] we provide bounds on the speed
of divergence to infinity of the average magnitude of rational orbits that are not eventually
periodic. The main proposition of this section is Theorem [8:15 which gives a condition
determining a class of systems for which all rational points are eventually periodic. The proof



of the statement depends on the rationality of Cantor series. We describe the connections
with [15].

In Section [8:2] some examples are given to demonstrate how the periodicity of rational
points relates to the stochastic properties of the associated Markov chain. The main take-
away is that there is no direct link between the two. Example [8:23] shows the differences
between representation by a symbolic trajectory and by a Cantor series, and thus justifies
some further assumptions on the systems considered. Example [8.22] and Example [8.25| are
systems with a transient Markov chain for which Theorem applies, thus all rationals
are eventually periodic. Example [8.24]is a positively recurrent system with rational orbits
that are not eventually periodic.

This work is in its entirety based on two papers of the author in preparation, [I1] and
[12]. More specifically, Section [3] Section [7] and Section [8] are based on [I2], and Section
Section [5] and Section [6] are based on [I1].

2 Preliminary notation and conventions
Definition 2.1. The function ¢: R>¢ — N is defined as follows:
{(z)=inf{n € ZT : x < 4"}.

For a finite or infinite sequence ¢ = (ig,41,...) we denote by i|n the finite sequence
(igy ...y in). For a Lebesgue-measurable subset X of R™ we will denote the Lebesgue o-
algebra on X with .Z(X). If a function f is linear on the interior of an interval H C R,
then f'(H) is f'(z) for any = € int(H). For some sequence of reals z,, and for some integers
a > b we define Zzza z, = 0 and sza z, = 1 as it is standard for the empty sum and
product. Throughout the work by almost every we mean Lebesgue almost every, and by
measurable we mean Lebesgue-measurable. We denote the Lebesgue measure by A. We
say that a measure y is absolutely continuous if A > u. If u is an absolutely continuous
measure then by the density v of it we mean the function for which pu(H) = || Y dA for all
H e Z(X), so v is its Radon-Nikodym derivative. The domain of the function -y consists
of the points of the measure space and its range is R>o U {oo} = RZO. By null set we mean
sets of Lebesgue measure zero. We define 0 - 0o to be 0, so the measure of a null set is zero,
even if the density is infinite everywhere.

3 Symbolic dynamics of piecewise linear Markov inter-
val maps

In this section we define a class of dynamical systems which includes the original (R>¢,7")
system. We apply the well known methods of symbolic dynamics to these systems for use
in further proofs. Later we apply the general theory to the (R>g,T') system.

3.1 [/ - Markov partitions

The concept of Markov partitions is studied abundantly in dynamics literature. Places where
it is defined include [3], [5], [7] and section 9.1 of [4]. We are particularly interested in maps



which are piecewise linear, thus the definition we will give resembles class £, appearing in
section 9.1 of [4].

Definitions in literature often, however not always assume the compactness of the domain
or the finiteness of the partition. Both compactness and finiteness is assumed in Section
9.1 of [] for the class Ly, however in [7] countable Markov partitions are defined on
unbounded intervals. We will also use an unbounded, non-compact definition, however we
will also assume piecewise linearity.

Definition 3.1 (¢-Markov partition). Given a measurable subset X of the reals, which
is a countable union of closed subintervals with non-empty interiors, and a measurable
f: X — X the dynamical system (X, f) has an ¢-Markov partition if there exists a
countable set 77 of closed subintervals of R with non-empty interior such that the following
are true:

1. For all A, B € 2 if A # B then int(A) Nint(B) = 0.

2. X =us2.

3. For all A € S there exists ) # o7 C S such that int(f(4)) = int(U).
4. The function f is linear on the interior of all H € /7.

We introduce a vital definition for symbolic dynamics.

Definition 3.2. Let (X, f) be a dynamical system with an ¢-Markov partition % as in
Definition Let the elements of J# be H; where ¢ is a positive integer. Then for a
sequence of positive integers of not necessarily finite length (ig, i1, ...) define:

Hi, .. = ﬂ [ (Hi,)-
n=0

If the sequence is finite then we only take finite intersections.

Definition 3.3. Let us define the set Dy = {z € X : 3i € Z* : x € H;}. Let D be the set
Ureo /7 *(Do). Let Abe A\ D forall AC X.

Corollary 3.4. The set D is countable, thus A\(AAA) = 0 for all A € £(X). On all H;
the function f is a homeomorphism between H; and f(H;).

We state some simple statements to show the structure of the defined sets.

Lemma 3.5. Given a finite sequence of positive integers (ig, ...,in) the following are true
fOT Hio...in N

1. For all H; € A we have that f(int(H;)) = int(f(H;)).
int(Hj,..4,) is an interval.

If int(H;) N f~1(H;) # 0 then int(H;) C int(f(H;)).

e e

If H;,. ;. has a non-empty interior then f*(int(H;, ;. )) = int(H;,. ;) for all integers
1<k <n.



5. For all (Jo...jn) # (i0...in) sequences of positive integers int(H;,. ,,)Nint(Hj,.. ;) = 0.

6. int(H;) = int((J{Hy : int(Hy) C f(H;)}).

7. int(Hy,.4,) = int(U{Hio...i,,k : int(Hy) C f(H;,)})-

8. For allk € Z" the intersection int(H;,. ;) Nint(H;,. i, ) is non-empty if and only if

ke {m:int(H,,) C f(H,;,)}.

9. If (nt(Hig...i,%) N int(Hi _i,)) # 0 then N(Hig._ik) = et M Hig i, )
Proof. It is worth noting that H;, ,, is the set of points for which for all 0 < k& < n integers
fH(x) € Hy,.

1.

We have that f is a homeomorphism on int(H;) and that f(H;) = f(int(H;))U f(0H;).
Since f(0H;) consists of at most two points we have that int(f(int(H;)) U f(0H;)) =
int (f (it (H))) = f (int(Hy)).

We have that int(H;, ;) = int(H;,) Nint(f~*(H;,. 4,)). On int(H,,) the function
[ is a homeomorhism, so we also have that int(H;,) Nint(f~(H;,.. 4,)) = int(H;,) N
f~1(int(H;, . ;,)), and that the preimage of an interval is an interval, thus if int(H;, ;)
is an interval, then int(H;,. ;, ) is also an interval. Since int(H;) is always an interval,
this proves the statement by induction for all cases.

. We have that int(H;) N f~1(H;) # 0 if and only if f(int(H;) N f~1(H;)) # 0. Since

[ is a homeomorphism on int(H;) this is equivalent to int(f(H;)) N H; # 0. From
Definition [3.1] we have that there exists () # &/ C J, such that int(f(H;)) = int(U<).
It follows, that there exists Hy € 7 such that int(Hy) N H; # (. From Definition
this implies that H = H; and thus int(H;) C int(f(H;)).

. Tt suffices to show that if int(H;,. ; ) # 0 then f(int(H,,. ;,)) = int(H;, ;). This

is equivalent to f(int(H;,) Nint(f~1(H;, . 4,))) = int(H;, ;). Since f is a homeo-
morphism on int(H;,) we have that this is equivalent to int(f(H;,)) Nint(H;, . 4,) =
int(H;, ;). We have that int(H;, ;) # 0, thus int(H;,)Nf~1(H;,) # 0. This implies
that int(H;,) C int(f(H;,)). This proves the statement.

For some k we have that i, # ji. In this case int(H;, ) Nint(H;, ) = 0. We have that
fk(int(Hig...in)) n fk(int(Hijjn)) = 1nt(Hz ) N int(ijmj") = (Z) This proves the
statement.

keoln

Let of = {Hy : int(Hy) C f(H;)}. From Definition we have that int(f(H;)) =
int(U«7). Let us take the preimage of both sides. Now we have that int(H;) C
7 f(nt(Hy))) = fl(int(f(H;))) = f(int(U«)). In summary we have that
int(H;) C f~!(int(U</)). The left hand side of this is an open set, so by tak-
ing the interior of the right hand side, the inclusion is not violated, so int(H;) C
int(f~!(int(Ue))). This implies that int(H;) C int(f~!(U/)). Let us denote {H;, :
int(Hy) C f(H;)} as {H;}. We have that int(U{H;}) = int(H;) Nint(f~H(Ue)) =
int(H;).

We have that int(H; ) = int(H,.. 4, ,) Nint(f~™(H;,)). Since f™ is a homeo-
morphism on int(H;, ,,_,) thus we can write that int(H;,. ;) = int(Hi,. ,_,) N
f™(int(H;,)). Since int(H;,) = int(U{H; i : int(Hy) C f(H;,)}) the statement
follows easily.

0-ln



The rest follows straightforward from the definitions and previous statements of this lemma.
O

3.2 Expansivity

We need some stronger assumptions for certain statements, than the existence of ¢-Markov
partitions. We introduce expansive ¢-Markov partitions. On a finite partition with more
than one element on a bounded domain this is a property implied by essinf,cx |f'(z)| >
1. In the literature one can find numerous definitions of ’expanding’ mappings such as
in [3], condition 1.HI in [5] and [6], condition 4.2.H8 in [7] and among the conditions of
Theorem 9.4.2 in [4]. This condition is often used for proving the existence of certain
kinds of absolutely continuous invariant measures. Depending on the exact theorem stated
the specific condition changes from author to author. We also introduce a slightly weaker
property for the same purposes. This property will allow us to prove stronger properties of
the symbolic representation of the dynamics as well.

For A, B C X we use the notation AAB = (A\ B)U(B\ A) for the symmetric difference.

Definition 3.6. The dynamical system (X, f) is said to have an expansive ¢-Markov par-

tition, if for all 4 > 0 and bounded interval I C X there is a finite set of positive integer

sequences of finite length (z(()l), " 25111)),. (z(()N), an ) for which:

)\(IA U Hi{)’“)...iﬂjj) < 0.
k=1

We remark that if the measure of the sets of the partition is bounded and there is some
e > 0 that |f'(H;)| > 1 + ¢ for all H; € 5, then S is expansive.

Definition 3.7. Let the symbolic topology 7, on X be the one generated by the empty set,
and the elements of {H;, ;. :n €Z", (ig,...,in) € (ZT)"}.

Theorem 3.8. If the {-Markov partition is expansive, then the symbolic topology is the
standard subspace topology T on X inherited from R.

Proof. All int(Hj,...;,) are open intervals and we have that Hi,..i, = int(H,, ;)N X. This

implies that HZ0 € 7, thus 7, C 7. We also prove that 7 C 7. In order to prove this, we
state the followmg lemma.

Lemma 3.9. For any infinite positive integer sequence ig, i1, ... the set ITI,-OM is either empty
or has exactly one element.

Proof. Proceeding towards a contradiction let us suppose that * # y and z,y € fIZO
Now (z,y) C fllo Th1s 1mphes that for all finite positive integer sequences (jo, ..., Jn)

we have, that either (z,y) C H —j O (:c y)N H]o jn = 0. This contradicts that . is
an expansive Markov partition, since the condition described in Definition [3.6] fails for any
proper subinterval of (z,y). O

Now we return to the proof of Theorem Let us consider a ) # G € 7, such that
for some a,b € R we have that (a,b) = G. Now for any € G we have ¢,d € G such that
c <z <d Since Hy (2 r2()... can only have one element, there exists some k£ € N such

that H, i) N{e,d} =0 thus H, sx(py) C G. This implies that G' € 7, thus 7 C 7,. This
concludes the proof of Theorem @ O



Theorem 3.10. The ¢-Markov partition J of the dynamical system (X, f) is expansive if
and only if the following criterion holds. For all {i,}32, € (Zo)" such that H;,;, . # 0 we
have the following:

0= lim A(Higi,..i,) (2)
Proof. We first prove that expansivity implies . By Lemma we have the following

two equalities:
o0

n
Zo’Ll ’L()Zl | | 20 ZJ

This is a shrinking sequence of sets, thus it is also true that:

n
int(Hii,...i,,) ﬂ

If for no n is int(H;,,..4,) bounded, then ﬂj _oH = H;,i,... is either an unbounded

interval, or the empty set From Lemma [3.9]if expansnnty applies to 5, then it follows that
H.

ioir... ust be empty. However we have assumed in the statement of the theorem, that
H

ivir... 7 0. Thus we may assume that from a large enough n we have that A(Hyi, .4,) < 00,
thus from the continuity of the Lebesgue measure we have that:

hm )‘( i0t1. ) - )‘( i0%1- ) = )‘(int(Hioilm))'

By Lemma we have that expansivity implies .

For the other implication we are given any § and a bounded interval I. Since the set X
is dense in X we can find a,b € X such that A(IA(a,b)) < /3. We state a lemma.

Lemma 3.11. For all x € X there exists a positive integer sequence igiy... such that x €
.

’Loil...

Proof. We have that © € H;, for some ig, and if x € H;, ,, we can pick 7,41 such that
xr € Hy. 1 Thus we can plck a positive integer 5equence i0%1... such that x € H;;, ...
Since x € X we also have that z € le D

Let us choose ngs such that there exists (ig, %1, ...ins)s (Jo,J1,---Jns) € ZZ%4 such that
a € Hio___iné,b € Hjo---jné and A(H;, )+ )\(Hjo_,jné) < ¢/3. By Lemma [3.11| and by
there always exist such sequences. For our cover let us pick sets indexed by ns long integer
sequences. Let &7 be the set of all integer sequences (ao, ..., G, ), for which Hao...ané S|
and int(Hg,. ) lies between int(HiO,,_ins) and int(HjO,,_jns ). This is a countable set. Let

us index it such that &/ = {(a0 ey agf(?)}ieN. We have the following:

> 2
)\([A U Ha(()i)“ag;> < gé.
=0

Thus for a large enough N we have:

A(1a Llj Hyo o) <4
=0

—lng




Definition 3.12. Let the function i : X — ZN be the itinerary of a point. For a point
x € X it gives the integer sequence (i, ...) for which = € H;, .

Since we are in X it is straightforward to see from Lemma and Theorem that ¢
is a well-defined bijection between X and i(X).

Definition 3.13. We denote by Qy = {i(z) : z € X} the space of allowed symbolic
trajectories. We define the metric d : Q; x Q; — X such, that d((,...), (Jo,...)) = 27"
where 7 is the smallest non-negative integer for which i,, # j,.

Theorem 3.14. The function i is a homeomorphism between X and i(X) = Qy.

Proof. Let i(x) = (ig, ...) for some x € X. Let us start by proving the continuity of 3. Then
x € int(H;,. ;) for all n € N. From here given an ¢ > 0 and an N € N for which 27V < ¢ let

us pick a § > 0 for which U = B(x,8) C int(H;,. ;, ). This ensures that i(U) C B(i(z),e).

For the continuity of the inverse we have that i(H;,. ;) = B(i(x),2™"). From Theorem
m we have that for all ¢ > 0 we have N € N such that H;, ;, C B(xz,e). It follows that
for 0 < § < 27V we have that i~ *(B(i(z), ) C B(z,e¢). O

Corollary 3.15. The dynamical systems ()?, f) and (¢, 0) are topologically conjugate.

Theorem 3.16. If for some = € X the orbit of i(x) is periodic for the shift operator then
the orbit of x is periodic as well.

PT’OOf. If L(I) is Zolnloln, then x S Hio~--ini0---iw,-~~ and fnJrl(l') € ﬁZO'Ln'LO'Lﬂ This
means that x = f"+1(x), so the orbit of x has period n + 1. O

3.3 Application to (R>o,7)

We apply the previously introduced and formalized methods to (R>¢,T"). We also show
some additional structure, which is only observable in this specific case.

Definition 3.17. We define the closed integer intervals to be I,, = [n—1,n] for any n € Z*.

Definition 3.18. Given a finite sequence of positive integers (ig, ..., ix) we denote I;, ;\, =

ﬂflvzo T-"(I;,). Given an infinite sequence of positive integers (igp,...) we denote I;,. =

ﬂff:o T_n(Ii )

Lemma 3.19. Given a finite sequence of positive integers (ig, ...in) the following are true
fOT Iio..‘in N

1. The sets I;,. i,k where k € Z N [1,4‘3“") + 1] are placed in a row in increasing or
decreasing order. (See Fz'gm’e@)

2. The above sets are in increasing order if and only if there is an even number of even
numbers among io...i,. (See Figure[d)

Theorem 3.20. The set of integer intervals forms an expansive {-Markov partition of
(R>o,T).

10



(3,5)

Figure 2: Some labelled intervals of R>g.

Proof of ¢-Markov partition. We of course have that {I,} is a partition of R>g. We also
have linearity of T on these intervals. The image T(I,,) is [0,4°™) 4 1] = Uf(znl)ﬂ I,,. Thus
all the conditions hold. O

Proof of expansivity. All elements of the partition have unit measure. We also have that
|T’(z)| > 5. Thus by Lemma [3.5] we have that for any o, ..., i, the measure A(I;,..;,) is at
most 57", By Theorem we have that the partition is expansive. O

Now we know from Theorem [3.14] that there exists a symbolic space Q7 and a topological
conjugacy between (R>¢,T) and (Qr,0). We describe Qr.

Theorem 3.21. The space Qo is composed of exactly those sequences (g, i1,...) € (Z=o)Y,
which satisfy the following conditions:

1. For all n > 0 we have that i, € {1,4/0n) 41}

2. There exists no n € N such that c™((io,1,...)) = (1,1,1,...) or o™((io,%1,...)) =
(440n=1) 4 1 400041 1 1 gl0n-1)+2 1 7 )

Proof. We have that f(I,) = [0,45(“’) + 1], thus if I;,. ;, is non-empty, then I;, ;. is
non-empty exactly when i, € {1,...,4C») 4 1}. Thus, if the first condition applies, then
Liyi,... is non-empty by Cantor’s axiom. The only way fz‘oil... can be empty, if the only
element of I, ;, . eventually steps on an integer. We have that {0} = I;11.. and that
{4€(in71) +1} = I(4g<in,1)+174z<in,1>+1+1’4z(in,1)+2+1’”_. Thus all sequences removed by the
second condition are itineraries of points eventually hitting an integer. Furthermore all

11



integers are mapped to either 0 or some number of the form 4% + 1, thus the itineraries
removed by the second condition are exactly the itineraries of points eventually hitting
integers. O

4 Frobenius-Perron operator, /-Markov partitions and
Markov chains

In this section we discuss the matrix representation of the Frobenius-Perron operator for
maps with an /-Markov partition. We also discuss how ¢-Markov partitions relate to Markov-
chains through this representation. At the end of the chapter we cite relevant results on
Markov chains. Most ideas collected in this section are present in literature in similar
forms, as they will be cited accordingly. The aim of this chapter is to collect all the relevant
information in the form we want to apply it.

Definition 4.1. Given a measure space (X, 3, u) and a map f: X — X, the pushforward
of wis po f71.

Definition 4.2 (Assumptions). Let our measure space X be some countable union of closed
subintervals of the reals and the o-algebra be the corresponding Lebesgue o-algebra. We

assume that f is differentiable everywhere but at countably many points. Given a density
p: X = Rxglet u(H) = [, pd for all H € Z(X) meaning that 4 < . In that case the

(:U' o fﬁl)(H) = ff—l(H) pdA.

Definition 4.3. Let D(f) be the domain of the function f and R(f) be its range. We sup-
pose that D(f), R(f) C R. The Frobenius-Perron operator for transformation f: D(f) —
R(f) maps the space of measurable functions R — R which are supported on D(f) into
the space of measurable functions R — Rsq, which are supported on R(f). The opera-
tor is denoted by ;. If u(H) = [}, pdX, then the function P (p) is the density of the
pushforward measure:

u(f () = /f LS | Zs0ix

Let D(f) be an interval. If f is a diffeomorphism from its domain to its range, then the
operator on the range can be represented in a more compact way:

p(f (@)
710 = [ )
This representation comes from the formula for change of variables. It is widely used in
literature. For example it is used on page 86. of [4] and it is stated by equation (3.2.7) of
[3].

We consider functions, that have an ¢-Markov partition, for which A(H;) < oo for all
H; € . If we restrict such a function to int(H) for an H € # we get that fline(m)
is a diffeomorphism between int(H) and f(int(H)). Let .# = {H;};ez+. Suppose that
p(A) = [, pdX for all A € Z(X). Then from the o-additivity of measures we have, that
p(A) =52, (AN H;), and since p is absolutely continuous and p(H;) = p(int(H;)), thus
w(A) =37 p(ANint(H;)). Thus we have the following:

—1A=oo d)\:oo Xint(H) A 4
u(F(4)) E_j/f . Z/(f P Xins(ht) (@)

L(A)Nint(H;) lint(z;)) "1 (A)
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HENA) =3 [ P o ) i 5)
i=1
According to Beppo Levi’s theorem as stated in Corollary 21.39.b. of [19], we have that:
M(‘f—1<A)) = Z [4 'nghm(Hi) (p : Xint(Hi))) d\ = ,/AZ e@f‘im(Hi) (p . Xint(Hi))) dA. (6)
i=1 i=1

We have that f |int( H,) is a diffeomorphism between its domain and its range. This along
with and @ implies the following:

Wf(p)(x) = Z ﬂf\mmi)(p : Xint(Hi))(m) = Z |Jf/((z))|
i=1 z€f~ ()

: (7)

This representation for finite partitions is present in (4.3.4) in [4], however by Beppo
Levi’s theorem it generalizes in a straightforward way to our countably infinite case, as
demonstrated before.

This representation does not make sense if f~*(z) has points where f is not differentiable.
We assumed in Definition [{:2] that f is differentiable at everywhere but countably many
points. Since for all z € X, if z € f~1(x) N f~(y), where 2,y € X, then z = y. This
means that the points, where f is not differentiable can only be included in the preimages of

countably many points, thus @ defines the new density almost everywhere, thus its integral
will be well-defined.

According to Propositions 4.2.1, 4.2.3 and 4.2.4 of [4] the Frobenius-Perron operator is
linear, the image of the density of a probability measure is itself a density of a probability
measure and the operator is continuous in the L; norm. The proofs of these statements
work word for word in our case as well.

Definition 4.4. Let (X, f) be a dynamical system with an £-Markov partition { Hg }xez+ =
S, such that for all Hy € s we have that \(Hy) < oco. We say that P = (p;;) is its
transition matrix if the following are satisfied:

1. If n = || then P is an n X n matrix, where n € Z*. If J# is countably infinite, then
P = (pij)ijez+-

2. For i, j where int(H,;) C f(H;) it is true that

L MHYj)
P = X () )

where f’(H;) is the slope of f on the interior of H;. Otherwise p;; is zero.

For most statements we assume that a partition is countably infinite. In all cases the
statements and their proofs can trivially be modified for finite partitions.

Definition 4.5. An infinite, non-negative matrix is row stochastic if for any row the sum
of the first n elements of it tends to one as n tends to infinity.

Corollary 4.6. The transition matriz is always row-stochastic.
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Definition 4.7. For an n € Z* U {cc} dimensional row vector v, let D, be the n x n
dimensional diagonal matrix with v in its diagonal. In other words, the n X n matrix for
which [D,];; =0if i # j and [D,)y = v;.

Definition 4.8. Suppose that we have an absolutely continuous measure p with a possibly
infinite density p and it is constant ¢; € R>o on the interiors of all H; € J#. Let us denote
the row vector [cq, o, ...] by [p].

Theorem 4.9. Suppose that we have an absolutely continuous measure j with a possibly
infinite density p and it is constant c; on the interiors of all H; € 7. Furthermore suppose,
that for all H; € S we have that \(H;) < co. Let us denote the row vector [N(Hi ), A\(Hz), ...]
by A and let us denote [p] by C. In this case for all k € N:

lelf(p)(x) = (CDAP*DY); for all z € int(H;). (9)

Remark 4.10. If we assume that the partition is finite and that U7 is an interval, then
this statement is equivalent to Theorem 9.2.1 of [4]. According to that notation let My :=
DAPD, !, thus MF = DAP*Dy "

Proof. First let us assume that p = 1 on int(H;) for some i and zero otherwise. Let us
start with k = 1. Since we have linearity on all H,, we have that f~1(x) N H,, has at most
one element, for all H,, € 7. As a consequence of this the left hand side of @ for all
x € int(H;) equals:

Zip)@)= )

’ . Ci
B, )

Tgeal otherwise.

CiXint(H,) (2) _ {0 if pi; =0

The right hand side from is as follows:

Ci)\(Hi)pij _ {0 lf pij =0

A(Hj) ——~  otherwise.

[/ (Hs)l

Now we can prove the statement for £ = 1 by noting that both sides of @ are linear in
terms of C. Let us consider the densities {pn }nez+. Their definition is as follows:

1 ifz € int(H,)
pn(x) = .
0 otherwise.

Let us denote [p,] by Cy, so all coordinates of C,, are zero except for the nth which is
one. Any density p and vector C' we are considering can be written in the following way:

oo oo
p= Z Qnpn, C= ZanCn where «,, € Ezo-
n=1 n=1

Note that since all summands are non-negative these sums always exist in R. From
linearity of the formulae we have the following:

[sz(p)} = i ap, [ng(pn)} = i a,Co,M; = CMj. (10)

n=1 n=1
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This proves the statement for £k = 1. It is also clear that for a density p satisfying the
assumptions of the theorem the density Z¢(p) also satisfies them. Suppose that for all
k < n the statement holds, then for n:

(21 0)| = (27712500 = |25 (0)| M7 = (CMp Myt = Oy
Thus the statement follows. O

This basically relates a dynamical system with an /-Markov partition to a Markov chain,
hence the name of this property. This is extremely useful in finding absolutely continuous
invariant measures of a system. The idea of using piecewise linear Markov maps to represent
Markov-chains is present for example in [14].

Corollary 4.11. A row-eigenvector v of P associated with the eigenvalue 1 defines (almost
everywhere) an invariant absolutely continuous measure p of f with density p in the following

way:
V;

p(r) = N

for all x € H;.

The transition matrix defines a Markov chain with countable states. The elements of
the matrix are called the transition probabilities. About the convergence of these values [9]
writes the following:

Definition 4.12. The following are parameters of the Markov chain defined by P:

1. pg) = (P*); ; the probability of stepping on j after k steps if we are in i.

1,
long positive integer sequences not containing j. This is the probability of starting

from ¢ and taking a path arriving at j for the first time after exactly n steps.

2. f.(T‘) = scgPisiPsn_1j Hz;; Dsi_ys, Where s = (s1,...,8,—1) and S is the set of n — 1

3. 15 = > fi(;L) the probability of eventually getting to j if we start from i.

4.my =3 .n £ the average return time to i if we start from it. For i transient or
null-recurrent state this is defined to be co.

5. d; = ged{n : pgl) # 0} the period of state i, where ged stands for greatest common
divisor.

6. fi(r) =02, Z-(;ld'i“). This is the probability of eventually getting to j if we start

from ¢ given that we only consider every (nd; + r)th step.

Theorem 4.13 (According to Theorem 4 on page 33 of [9]). For allr € {1,...d;}

If mj = oo, then the limit is zero.

Corollary 4.14. If the matriz P defines an aperiodic irreducible Markov chain, then the
pointwise limit of P* exists as k tends to infinity. If additionally f3; = 1 for alli then all the
columns of limy_,o P* are constant, so there is a row vector w such that for all stochastic
row vectors v of sufficient dimension limy_,o vP* = w coordinatewise.
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Proof. If P is aperiodic, then d; = 1 for all j, hence by Theorem lim, o0 p( ") exists
for all ¢,j. The value of d; and m; only depend on the value of J so they are conbtant

throughout a column. With irreducibility we have that p 75 0 for all 4, j for some n. Since
=1 we have that we return infinitely many times from i to ¢ with probability one. From

(n)

this f7; = 1 for all ¢, j. This makes lim,,_, p;;” independent of i. By this for all v stochastic

vectors limy_s o0 (VPF); = limy 00 pgl;). n

Corollary 4.15. Suppose that P satisfies all conditions in Corollary|4. 14} Letw: L(X) —
R>q be the absolutely continuous measure with density T where:
limg o0 p( )

T(z) = NG

for all x € int(H;).

Let A be a set in £ such that there exists N € N, such that A\(A\ UY, H;) = 0.

If i : Z(X) — Rxg is an absolutely continuous measure with density p where u(X) < oo
and p is constant on int(H;) for all i, then limg oo u(f~*(A)) = u(X)w(A).

Proof. Let the vector of constants of p be as defined in Theorem be C = [c1,¢2...]. By
Theorem [£9 we have that

e@}“(p)( ) = (C’Mf) for all € int(H;).

Let r =Y .2, ¢;A(H;) = u(X). Since we have assumed that p(X) < co we have that r < oco.
Let ¢ = %(C’ ) thus ¢ is stochastic. By Corollary n we have the following:

lim ((CDA)P*); = r- lim (¢P%); = hm p(k).

k—o0 k—o0

This implies that on all int(H;) the sequence @]’? (p) converges uniformly to pu(X )’7’. We
have assumed, that there exists N such that A\(A\ UN. | H;) = 0. Let us take G = UY | H;.
On G the sequence :@]’?(p) converges uniformly to u(X)T and A(G) < oo thus u(f~ ( ) =
u(fHAN G)) = p(X)n(AN G) = p(X)m(A). o

Corollary 4.16. For the measure w the measure of the whole space is 0 < w(X) < 1.

5 Convergence and uniqueness of invariant measures
for expansive /-Markov partitions

In this section we restrict the class of systems considered so that we can meaningfully dis-
cuss the absolutely continuous invariant measures. These will be systems with an expansive
{-Markov partition. We prove that under certain conditions the pushforwards of all abso-
lutely continuous probability measures converge to the same invariant measure. One of the
corollaries of our results is that all of the finite absolutely continuous invariant measures of
these systems are piecewise constant on the elements of the expansive ¢-Markov partition.
For finite partitions this result is present in Theorem 9.4.2 of [4] with a different proof. Our
results are unique in that we focus on the convergence of the pushforwards of all absolutely
continuous measures, thus we prove stronger statements than just the characterization of
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the absolutely continuous invariant measures. Generally when discussing absolutely contin-
uous invariant measures only o-finite ones are considered however we consider any measure
which has a p : X — Rsq density. The convergence of the Frobenius-Perron operator for
Markov maps is thoroughly studied in [6], [7] and [§] with assumptions differing from our
investigation. At the end of the chapter we discuss how these theorems relate to our result.

We also refer to Theorem 4.9. of [I8]. In contrast to the cited theorem our results
treat the convergence of pushforwards of any absolutely continuous invariant measures. In
our case the cited theorem is only applicable to measures which have a density function
A(H,,...4,,) for some positive integer sequence i, ..., iy,.

5.1 Convergence theorem

Theorem 5.1. Suppose that we have a dynamical system (X, f) which has an expansive
¢-Markov partition €, defining an aperiodic irreducible Markov chain which satisfies the
conditions of Corollary . Let m: £(X) — Rsq be the absolutely continuous stationary
measure with density T defined in Corollary|4.15, Let p: £(X) — Rxq be an absolutely
continuous measure with (1(X) < co. Let A be a set in £ such that there exists N € N,
such that \(A\ UN., H;) = 0. In this case lim,,_,o. u(f~"(A)) = p(X)w(A).

Proof. Let the density of u be 7, such that u(H) = fH vd\. Let us approximate v by a
simple function ¢ in the following way:

¢:ZCkXEka ‘/gbd/\/’yd)\‘<€, VH € Z(X).
i H H

Here Ej, are measurable subsets of X and xpg, is the characteristic function of Ej.
Now we approximate the set Ej by the union of finitely many closed intervals R such that
AMELAR) < 0.

Lemma 5.2. For all 6 > 0 and E}, there is a union of finitely many closed intervals R such
that A(ExAR) < 4.

Proof. From the definition of the Lebesgue outer measure we can pick an {R;};cz+ cover
of Ej with countably many closed intervals for which Ej, C J;cz+ Ri and >, A(R;) <
A(Ej) + $. In this case there is a finite union R = U{R;, }1_, for which RAJ,; 5+ Ri < 3,
which implies that A\(ExAR) < 4. O

By Lemma ~ can be approximated arbitrarily well by a function which is the lin-
ear combination of characteristic functions of finitely many closed intervals. Since 7 is
expansive we can do it with intervals labelled by finite sequences as well.

Let us pick such an approximation w of 7. Let Q(H) = fH w dA. In this case the measure
) is an approximation of . For all € > 0 we can pick w such that |Q(H) — u(H)| < € for
all H € Z(X).

Lemma 5.3. If u: £ (X) — Rxq is such that p(A) = (AN Hy,. i) for a fized sequence
/\(AﬂH,,lln

of positive integers (ig, ...,in), then u(f~1(A)) = =T
io
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Proof. The density p of this measure p is x g
have the following:

. We need to calculate Z¢(p). By we

iQ.vin

@
Pip)a) = Y Moo
=B

If p(z) # 0, then 2z € H;,. Also, if f~*(z) N H;,. ;, # 0, then x € H;, ; . Since f is
injective on int(H;,), for almost every z we have that f~1(x) N H; has at most one
element. These imply the following:

D-Hin

Zi(p)(z) = 7X|§,1(H: ()T)
O

We have that w is a linear combination of characteristic functions of finitely many la-
belled sets. This implies that for some M € N, for some {n;};L, € RY) and for some

{(i(()k), ey z&i))}kle positive integer sequences of finite length we can represent w in the fol-
lowing way:
M
W= an XH (i) k)
k=1 0 Tk
Assuming that ng > 1 for all &k, from Lemma [5.3| we have that:

Mo X o
w) = —t Tk 11
Let N = max{n;}},. From we have that the pushforward of w is still the linear
combination of characteristic functions of finitely many labelled sets, however the maximal
length of these labels is N —1. From the definition of the ¢-Markov partition the assumption
that ni > 1 for all £ did not violate generality since the pushforward of the characteristic
function of an element of J# is still the linear combination of characteristic functions of
finitely many elements of /. By these remarks, for n > N we have that &} (w) is a linear
combination of characteristic functions of finitely many elements of J7.

Let us take any A € . for which there exists N € N, such that A\(A\ UNX, H;) = 0.
By it is implied that for all such A there is a K € N, such that if n > K then
(f"(A)) — QUX)7(A)] < e. Hence |u(f™(A4)) — UX)7(A)] < 2e. Then |u(X)7(A) —
QUX)m(A)| < em(A) <e. From these |pu(f~"(A)) — p(X)m(A)] < 3e. O

Corollary 5.4. A dynamical system which satisfies all conditions of Theorem [5.1] with the
corresponding measure T 1S Mixing.

Proof. Define the measure u(H) = n(HNB) for all H € .Z(X) and some B € .Z(X). From
Theorem [5.1}

lim p(f*(4)) = p(X)m(A).

k—o0

For all A € Z(X). This can be rewritten as:
lim 7(f~*(A) N B) = n(B)n(A).

k— o0

This is the definition of mixing. O
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5.2 Positive recurrent case

If the Markov chain is irreducible and aperiodic, and has at least one positive recurrent
state then all states are positive recurrent. This implies that 7(H) = 0 implies A\(H) = 0.
Otherwise, if all states are null recurrent, then 7(H) = 0 for all H € .Z(X). From now on
it is assumed that there is a given dynamical system (X, f) with the properties stated in
Theorem and that all states of the Markov chain defined by its partition are positive
recurrent.

Lemma 5.5. If \(H) =0, then \(f~1(H)) = 0 and \(f(H)) = 0.

Proof. This follows straightforward from that the function is linear with a non-zero slope
on every int(H;) € S, where 5 is countable, and that X \ U{int(H;) : H; € £} is a
countable set. O

Theorem 5.6. If there exists an E € Z(X), such that A\(f(E)\ E) =0, then either E or
its complement X \ E = E° has Lebesque measure zero.

Proof. Proceeding towards a contradiction let us assume that such a set FE exists with
AE) # 0 # AE°). We define a measure u(H) = n(H N E). Then we have that p is
absolutely continuous and Corollary implies that 0 < u(X) = 7(E) < oo. Then by
Theorem [5.1] lim,, o p(f~"(E°)) = 7(E°) - w(X) = 7(E°) - 7(E) > 0.

Furthermore A\(f(E)\E) = A(f(E)NE¢) = 0. We have that f(f~'(E)NE) C E‘Nf(E).

This implies, that A(f(f~}(E€)NE)) = 0. From Lemmait follows that A(f~1(E€)NE) =
0.

Let us suppose that A(f~"(E¢) N E) = 0. We show that A\(f~""}(E°) N E) = 0. We
have that f~""Y(E¢) = f~Yf™(E°) N E) U f~1(f~™(E°) N E). We can deduce that
AT HE)NE) S ASHTME)NE)NE) + M (B NE)NE) < X(f~H(E°)N
E)=0.

This by induction proves that for all positive n we have A(f~"(E°)NE) = 0, which implies
that p(f~"™(E°)) = n(f~™(E°)NE) = 0. This contradicts that lim, ., p(f~™(E)) > 0. O

In the following theorem we discuss invariant measures which are absolutely continuous
with respect ot A\. According to the most general form of the Radon-Nikdym theorem, these
measures have a density p : X — EZO. These measures are not necessarily o-finite, and
o-finiteness is usually assumed when discussing absolutely continuous invariant measures,
however having proven Theorem [5.6| we can describe the non o-finite cases as well.

Theorem 5.7. Suppose that p is an invariant measure on Z(X) and there exists a density
p: X — Rxo, such that u(A) = [, pdX for all A € ZL(X). If u(X) = oo and if \ < =, then
forall A e Z(X), A(A) # 0 it is true that u(A) = co.

Proof. We start by stating a lemma.

Lemma 5.8. Let «y be the density of u and O = {x € X : y(z) = oco}. If N(O) = 0 then for
all N there exists a measurable set E C X, such that oo > u(E) > N.

Proof. Let us first consider the sequence f[_n jnx Y dA. If n goes to infinity the limit must
be infinity. If there is an N such that there is no such n for which co > f[_n njnx 7 d\ > N,
then there exists an Ny for which f[7N0 Nojnx YV dA = 00. Thenlet Ay = {2 € [~No, No]NX :
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v(x) < k}. limp_ oo p(Ag) = 00 but u(Ax) < 2Nok, which implies that for all N there must
be a K such that co > u(Ag) > N. O

If u(X) = oo and for all N there exists a measurable set E C X, such that co > u(F) >
N, then let p/(H) = p(HNE). Now p(H) = ¢/ (H) + p(H N E°) and p/(X) < co. Since p
is an invariant measure, for all H € Z(X) we have that lim, ., u(f " (H)) = p(H). Also
w(H) = limy, oo p(f"(H)) > limy 00 ' (f~™(H)) > N - 7(H). In this case the statement
is proven. This case also implies the statement if p is o-finite.

If there exists an IV such that we cannot find a set with a finite y measure greater than
N, then by the previous lemma A(O) > 0 for O = {z € X : y(z) = oo}. If A(O°) =0
then the proof is finished. If O and O¢ have non-zero measure, then [5.6] implies that
A(f(O) N O°) # 0 and A(f(O°) N O) # 0. Hence, there exists E C f(O) \ O such that
AME) # 0 and p(E) < co. Moreover E is the image of a subset of O. Since A(E) # 0 and
E C f(f~Y(E) N O) then \(f~1(E) N O) # 0 must be true, thus u(f~1(E)) = co. This
contradicts that p is invariant. O

5.3 Relation to previous results

As stated previously the uniqueness of this approach is in that it describes even the non-o-
finite absolutely continuous invariant measures of piecewise linear Markov maps, and that
in the finite case it shows the convergence of the pushforwards of any absolutely continuous
measure. For the latter a very general result is stated in [7], concerning not only piecewise
linear Markov maps. In this subsection an example of a piecewise linear Markov map is
given, for which Theorem 3.1 of [7] does not apply, however Theorem does.

Example 5.9. Take the random walk on Z™ where from n > 3 we stepon n+1,n,n—1 or
n — 2 with the probability of each being 1/4, and from one or two we step onto an element of
{1, 2, 3,4} with the probability of each being 1/4. Take a function which defines a transition
matrix according to Definition [£:4] defining this Markov chain.

_JA(x — |z]) if0<z<3,
fle) = {4x—3LxJ —2 if3<a (12)

For a plot of this function see Figure 3] The set of integer intervals {I;} form an expansive
{-Markov partition of the domain of this function and Theorem applies to (R>o, f) in a
straightforward way.

10

s /

Figure 3: Plot of f(x) from example
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Let k(r) = (ko,k1,...kr—1) an r long multi-index, we denote Irk,..k,_, as Iy Let the
set of all r long multi-indices, such that the indices are positive integers be K. We define
a number of objects used in the statement of Theorem 3.1 of [7] and explain what they are
in our special case.

Ik(r) :Ikg ﬂfﬁl(Ikl)ﬂ...mfiril(fkr_l) (13)
Jey = (k) Tier) = Froer)Tnry) = FTeoy)- (14)
ey (4) = MU (A))- (15)

dmk(r)
— dX on Jk(”‘)’ 5 — Tk(r) 16
Tk(r) * {0 otherwise Tk(r) * AMIk(ry) (16)

In our special case where the function is linear on all elements of the partition we have the
following:

)‘(A N Jk(r)) )‘(Ik(r)) 1
m A) = = MANTk@), Ok = ———<X T - 17
MO = VT~ Adagey) ek k0 = 5 X T
The last two expressions needed are the following:
Ik(r) = 68(”/[ &k(r)d)\a up(x) := inf{gk(r)(x) o o # 0}. (18)
s(r) s(r)

Where the sum and supremum is taken on all r-long multi-indices. In our special case we
have the following:

XJS(T) (x))‘(ls(r) N Jk(r))
= . 1
() (@) 2(:) SYRAREY (19)

Any element of this sum is supported on Jy(,). Only those elements are non-zero for which
ALsiry N Jiry) # 0. Since Jiy = f(Ik,_,), from the definition of an {-Markov partition
there is a subset S C K", such that Jy () = ﬂsmes Iy(y. Thus ﬂsMeS Jsr) = f”(Jk(,.)). It
follows, that g in is a function supported on f"(Ji(ry) = f" (Ik,_,). In the case of f in
Example [5.9| we have that for all z and for all r there exists k(r) such that = ¢ fr(I; _,).
Namely we choose Iy, # ) such that k,_1 > [2] 4 2r + 4 applies. Thus for all 7 and z we
have u,(x) = 0. One of the conditions of Theorem 3.1 in [7] is that there exists r > 1 such
that ||u,||z1 > 0. This does not apply in this case.

6 Applications to our system

In this section, we compute the unique absolutely continuous invariant measure of (R>g,7T),
the existence of which is implied by

Theorem 6.1. The closed integer intervals form an expansive £-Markov partition of (R>o,T).

Proof. The properties established in Lemma [3.19] satisfy all conditions needed. O

Theorem 6.2. Consider the closed integer intervals as the £-Markov partition of our system.
Then the transition matriz P = (p;;) of (R>o,T) is the following:

— W%H if j €1, 46 4 1]
e ) (20)
0 otherwise.
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This Markov chain is irreducible and aperiodic. By finding a stationary distribution with
positive coordinates, we will also show that all states are positive recurrent.

Definition 6.3. We define the nth step of the function. It is a closed interval. It is the
union of closed integer intervals, the T image of which are identical. Explicitly:

Ly =1[0,4 L,=[4"""14"].
Let £,, be the set of indices of those integer intervals I, for which I C L,.

Let us construct the transition matrix S of a new Markov chain the states of which will
represent the ”steps” of the function 7. It is interesting to study it a bit more generally.
Let us introduce a parameter £ € Z>5. The matrix S will describe our system if £ = 4.
For k > 1, let:

A(1) = F and A(k) = (E —1)EF 1. (21)
If E = 4 we have that A(n) = A(L,,). We define S = (s;;) by:
S if <,
Sij = E%I if j=i+1, (22)
0 otherwise.

The reader might wonder why this chain is of particular interest to us. Suppose that
we have a measure p with finite density p, which is constant on every integer interval.
Since the image of all integer intervals in a step is identical, to calculate the density of the
pushforward of u, we only need to know p(Ly) for every k. Let the constants of p be stored
in a countably infinite dimensional row vector v = (v1,v9,...), as in Theorem |4.9] From
Theorem [£.9 we know that the constants of the pushforward of p are in the vector vP. Let
us define the vector w(¥) = (w%v)ﬂﬂgj)7 ...) such that w,(:) = > ier, Vi = #(Lg). Hence we
have that if £ = 4, then u(T~*(Ly)) = (w®8), thus w® S = w®F). If for an infinite
dimensional row vector p we have pP = p, meaning that p is a stationary distribution of P,
then w® S = w® so w®) is a stationary distribution of S.

Theorem 6.4. The only possible g = (q1, gz, ...) stochastic, countably infinite dimensional
row vector for which q = qS is given by:
1

E
== = kez™.
q1 27 k41 Lk + 1qk7 S

This is equivalent to saying that it is the only stationary distribution of the Markov chain
defined by S.

Proof. Let us pick any stochastic infinite dimensional row vector ¢ = (g1, g2, ...). Let ¢S™ =
¢ = (q%n), qgn), ...). We have the following recursion:

o

(n 1 n—1 A(k) n—1

@ = Fer s T Ha (23)
i=k

Let us rewrite this as:

(n) A(k“)((n) 1 -y Ak) <n—1>>+ L o0 (o

Br = 7A@\ T EET % T ER EF 1%
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For a stationary distribution q,(f) = q,(cm)7 so we can omit the upper index in the recursion.

If £ > 1, then by and for a stationary distribution:

_EF+E+1 E (25)
dk+1 = EF 11 dk Ek_1+1Qk71-
Let us sum from k =2 to k =n — 1. We get the following:
n n—1
E E
kZZSQk = kZZSQk‘FFQn—l‘FQQ— Bl

Let n go to infinity. Since the vector is stochastic its coordinates form an absolutely con-

vergent series:
o0 o0 E
ZQk ZZQIH-(D T B
k=3 k=3

E
E+1
From here the recursion in the proposition is satisfied for K = 1. Let us suppose that it
is satisfied for k = n — 1, thus W,_Llﬂq”_l = ¢n. We substitute this into . We obtain
the following:
Er"+FE+1 E Er"+FE+1 E
=gy T i T T ey T T e
Hence the recursion is satisfied for £ = n, thus the recursion follows by induction for all k.
We only need to find the value of ¢;. For this we sum the elements of the distribution in
terms of ¢.

q1 = q2-

(26)

Let gx+1 = ax+1¢1. Since by we have proven the recursion of g, it follows that:
E EF
ak = - .
Ek +1 Hle Ei +1

Next we show by induction that ZZ:1 ar = 2 — % For n = 1 the statement is
1 =2 — 1. If the statement is true for n € Z*, then:

ap =1, a1 =

n+1
an E"+1
;akZQ—W—‘r@n_’_l :2—|— (1—7)%1_,_1.

Thus it is true for n + 1. This implies that > ;- ar = 2. Since Y, , gx = 1 and gz = a1
we have that the value of ¢; must be 1/2 independent of E. O

From here we can find the only possible stationary distribution of P as well. Let us
generalize it as well.

Definition 6.5. Let I/ € Z>5. Let us define the function £ : R>¢ x Z>2 — N as follows:
lz,E)=inf{neZ": z < E"}.

If E = 4, then the original definition of ¢ still applies. From now on, by ¢(z) we mean
¢(x,4). Let us accordingly generalize the matrix P = (p;;).

e it €L ECD 41
Pij = . (27)
0 otherwise.

23



Definition 6.6. Let L¥ = [0, E] and L,, = [E"~!, E"], moreover let LE ={k e Z* : I, C
L,}.

These definitions were constructed such that i € Ef(i’ ) and that MLE) = A(n) for any
E e ZZQ.

Lemma 6.7. For fized i,n € Z* the following equation holds:
> Pij = se@ By (28)
JELE
Proof. For this part recall the definition of S by . For n > £(i, F) + 1 we always have
that j > E‘E) 41, thus ZjeLE Pij = 0 = 84(i,pyn. For n = £(i, E) + 1 we only get a
non zero transition probability p;; if j = E/F) 41, thus > jecePij = m = S0(i,E)n-
For n < (i, E) we have that for all j € LZ the value of p;; is the same, thus ZjeﬁE Dij =

Ez?(ié?ﬂ = S¢(i,E)n- O
Lemma 6.8. Suppose that for a stochastic countably infinite dimensional row vector p =
(p1,p2,...) we have that p = pP. If ¢/, = Ziecg pi, then for ¢ = (¢},d5...) we have that
¢ =q.

Proof. We have that ¢’ is a stochastic countably infinite dimensional row vector, thus ¢’ = ¢

is equivalent to ¢'S = ¢’ by Theorem We show that ¢’ is a stationary distribution of S.
Since p is a stationary distribution of P we have the following:

pbj = sz'pij- (29)
i=1
Thus for all n € Z+:
Z pi = Z ijpji = Z Z Z PjPji- (30)
i€eLE €Ll j=1 €Ll k=1 jeLE

If a,b € EkE for some k € Z™, then p,; = py; for all 5. From this and from the definition of
¢’ we obtain the following from (30):

oo o0
GW= D Pi= D D pen ) pi= ) ) prridi (81)
1€ELE ieLE k=1 jeLE ieLE k=1
Since all sums are absolutely convergent we can flip the order of them. By Lemma [6.7}
o0 oo
G = G Y DPeri = GkSkn. (32)
k=1 ieLE k=1
By this ¢/ = ¢'S, thus ¢ = ¢'. O

Theorem 6.9. The only possible stochastic infinite dimensional row vector p = (p1,pa,...)
for which p = pP is given by:

E ifke{l,..,E+1}
Pk = mqn,l otherwise, if n > 1 and k € {E" ' +2,..., E" + 1}.
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This is equivalent to saying that it is the only stationary distribution of the Markov chain
defined by P.

Proof. We suppose, that p is a stationary distribution, thus is true. We can deduce by
that if a,b € {1,..., E+1} or a,b € {E*~1 + 2, E¥ 41} for some k € Z*, then p, = pp
must be true since p;, = p;p for all ¢ in this case. By Lemmal@ we know that:

ETL
W= Y. k= Y, Pk (33)
k=En—141 keLE
By thisp1 = ... = pg11 = ﬁ
Now let us consider a step, other than the first one. Let p’ = p;, where k = E"~! +1 for
somen € ZT. Let p=pps1 = ... = pgn. From we have that for k = E"~! + 1 and any

i € Z" the transition probabilities ;1) = pir if and only if i ¢ L5 |. If i € LF |, then
Dik = ﬁ and p;(x41) = 0. By this, and by applying we obtain:

(o] (oo}
P
p-p= Zpipik - Zpipi(k+1) = Z ﬁ (34)
i=1 i=1 iel? |
Hence by :
/_
P=rt gt (35)
By , by and by Theoremwe obtain:
E
= -———gn_1=(E—-1)E"! ————(Qn—1-
I = g g1 = (E=DE™'p+ o (36)

By simple algebra we get p = mqn,l and p’ = #qn,l. If n > 2, then by

Theorem 6.4] p’ = mqn_g, if n = 2, then p/ = % From here the proposition

follows. O
According to Theorem this stationary distribution, for £ = 4 gives an invariant
measure 7 : .Z(R>o) — R for the system (R>¢,7"). For this measure if y is an absolutely
continuous measure such that p(Rx>g) < oo, then lim,, o p(f~"(H)) = p(R>o)7(H) for all
H € Z(Rxo). This also means that the system is mixing from Corollary[5.4] Since 7 is such
that m(H) = 0 implies A(H) = 0 for measurable subsets of the domain, from theorems of
Section [5] the only absolutely continuous invariant measures of the system are those which
are constant multiples of 7, or if we consider non-o-finite measures, infinite for all non-null
sets.
Corollary 6.10. The orbit of almost every point is dense in R>q, thus for almost every
x € R>q we have that liminfy oo (f*(2)) = 0 and lim supy,_, .. (f*(z)) = occ.

Proof. The absolutely continuous measure 7 satisfies all conditions needed for Theorem [5.4]
thus the system is mixing. Thus for any A € Z(R>g) for all I,, there exists an m € N such
that 7(f~™(I,) N A) > Y2(n(A)n(I,)). Let Ag = A, Ay = Ax_1 \ f~™*(I,) where:

1
mg = min{m eN: W(f_m(ln) N Akfl) > 5(71’(14]0,1)7(([”))}
Since m(R>g) = 1 we have that 7(A) < #W(Ak,l) < m(Agk—1), thus limy_, (7 (Ag)) = 0.

Let H C A be the set of those points whose orbit never intersects I,,. We have that
H C Np—y Ay thus 7(H) = 0 implying that A\(H) = 0. O
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7 Shadowing

Shadowing of piecewise linear maps of a compact interval onto itself has been extensively
studied by multiple authors. From [I0] we know that even for tent maps the shadowing
property does not hold for an uncountable number of examples. Our system is in many
ways similar to tent maps discussed in [10], however we have a non-compact domain, which
is generally not considered in the literature. We will show, that our system has the shadowing
property.

For this section we will have to define the itinerary of not just a point, but a sequence
of non-negative reals in general. To make it distinct from the function i defined previously
we denote this by j.

Definition 7.1. Let j : RY; — ZY; be the symbolic trajectory or itinerary of a sequence:
for x = (zg,21,...) € R§0 the sequence j(z) = j = (jo,j1,...) € Z5, denotes the lexico-
graphically smallest sequence of positive integers such that z; € I;, for all £ € N.

Definition 7.2. For some H C R and § > 0 let us define:
B(H,0)={z€eR:3yeH,|z—y| <}

Lemma 7.3. For all bounded H C R>q and any € > 0 it is true that

J(B(H,2) € B(f(H),e- s |1'()])
yEB(H,e)
for any continuous f : R>o — Rx>q, which is differentiable at all but finitely many points of
any bounded subinterval of R>q.

Proof. £ k = sup,cp(u ) |f'(y)| then f is k-Lipschitz on B(H,¢). If v € B(H,¢), then there
is some y € H such that |y — x| < e. By the Lipschitz property |f(z) — f(y)| < klx—y| < ke.
This means that f(z) € B(f(H), ke). O

Lemma 7.4. For all H C Rxq and any ¢ > 0 it is true that T~*(B(H,e)) NI, C
B(T7Y(H), m) for all n € Z*. Furthermore if H is a point, then the set T—1(H)
has in every integer interval at most one point.

Proof. In an integer interval the function T is linear with slope |77(1,,)| so if T'(z) € B(H,¢)

and z € I,,, then z € B(T~1(H), ﬁ) Since T' is injective on every integer interval, if

H is a point, then the set T7!(H) has in every integer interval at most one point. O

Definition 7.5. For a dynamical system (X, f) the sequence {1 }32, of elements of X is
called a d-pseudo orbit of f, if zx11 € B(f(zk),d) for all k € N.

Definition 7.6. Given two sequences of elements of a metric space xj and yy, it is said that
the sequence yy, e-shadows the sequence xy, if yx € B(xy, ) for all indices k.

Definition 7.7. We say that a dynamical system (X, f) has the shadowing property, if for
every € > 0 there exists a § > 0 such that every J-pseudo orbit is e-shadowed by at least
one true orbit.

Definition 7.8. Let us define the space . to be composed of exactly those sequences
of positive integers (ig,41,...) which satisfy that 4,1 € [1,4/) 4 1] for any non-negative
integer n.
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For the sequences in Qr this applies automatically, thus Qp C Q..

Theorem 7.9. Let {x1}72 be a d-pseudo orbit. Let j(x) = (io,i1,...). If j(x) € Qfp, then
fory € Ly, .. the sequence (y,T(y), T?(y), ...), e-shadows x, for e = %.

Proof. By the definition of a pseudo orbit x,,11 € B(T(zy,), d) for any non—negative integer n,
so z,, € T7Y(B(2zp41,6)). From here z,, € T~1(B(I;,,,,0)). Also x,, € Since |T"(z)| >

In419

5 for all z € Rxq, then from Lemma(7.4|z,, € I; N\T~Y(B(I;,,,,6)) € I;, \B(T~*(;,,,), 2).
This is a subset of B(I 6)

inint17 5

’L n

From here we will prove by induction the following: xx € B(Ls iy, ...ipsns Z?Zl 5@) for
alln,k e N.

We will use induction on n. For n = 1 we have just proven the statement for all k. We
assume that for some n < N the statement holds for every k, and we prove that it also

holds for n = N. Hence xpy1 € B(Liy, ipio.irins ]iv:_ll 5%) This is an interval. Now

ap € I, N BT (@311), 8) € Ly, N BTN BLiyy1ipssivins Sorr ), 2). From Lemma

N-1 _ N
it follows that T~ (13(1’”7““‘,”_,,lM,Ziz1 2)) € BT Liy yinsaninin ) 2oiea o0)-
From this it follows that xj, € B(Iikik+1---ik+N7Z7€i1 g)

Since it is a geometric series ZZ 1 51 = ¢. For any non-negative integer k, {T%(y)} =

I; From here zy, € B(T*(y), 2).

Zk1k+1--~'

O

Theorem 7.10. If 1 > 6 > 0, then for all §-pseudo orbits {x, }32, we have that j({T(z,)}52,) €

Proof. Let j({T'(zn)}5Z0) = (Jo,J1,---) and j({zn}ng) = (i0,%1,...). We want to prove that
I, ., C T(I;,) for all natural n. We have seen that T'(x,) € B(I;,,,,9), so if § < 1, then
int1 € {Jn — 1, Jns Jn + 1} iy < g, then T(IL;, ) € T(1;,), so I;,,, CT(I,).

If ipy1 = jn+1, the only time when T'(I;, ) € T'(I;,) does not hold, is when é(jnJrl) #
£(jn), so j, = 4™ for some positive integer m. In thls case if zp4q € [4™, 4™ + ] then
T(zn41) € T(1;,), so 1., C T(I;,). From here if § < 1 then (jo,j1...) € Q’T O

In+1

Theorem 7.11. Let {z,}2, be a §-pseudo orbit, with § < L. Let j({T(.’En)}n 0)

(jo,jl,---) and l({xn}?f;o) = (io,ilw")' NO’LU, ny € IjOjl»--? then {y7 (y)7 ( ) }
200-shadows the sequence {T(x,)}52 .

Proof. Let us first define some parameters.

1. Let hy be the absolute value of the slope of T' on int (/).
2. Let nk = suPyepay, .0 1T ()]
3. Let aff) = —fnte

H;:—k hiy

We know that T'(zx) € B(zgy1,9). From this T(T(zy)) € T(B(xk41,0)), so by Lemma
T(T(zy)) € B( (Zk+1),mk0). Now as a consequence of Lemma [7.4] T(xy) € I;, N

B(T (T (xp41)), 7= ) C B(I; 77L‘S) The last set is equal to B(I 6aék)).

JkJk+1) h JkJk+1
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Let us assume that for all & positive integers and for all n < N for some positive integer
N:

k
T(zk) € B(I]k1k+1 ]k+n’6z a( ) . (37)
1=0
We prove that the inclusion also holds for n = N + 1.

(kH)). We also know that:

. N
From the assumption T(xx41) € B(Ljy, jria.griniis 0 21—0 @

T(.’Ek) S IJk NnB <T_1(T(xk+1))’ Zk6> .

Jk

Therefore:

N
_ k+1)y) k0
T(xx) € I;, NB (T ! (B(Ijk+1jk+2---jk+N+1’6Z al( " )))7 h) :

=0 Jk

By Lemma [7.4] the right hand side is included in the following set:

N+1
_ k+1) k0 k
Ijk nB <T 1(Ijk+1jk+2 ]k+N+1 Z ( ) + ha > =B <Ijkjk+1~~»jk+N+175 Z al( )>'

i 1=0 Jk 1=0

This by induction proves that T'(xx) € B(Lj,juir...,0 210 al(k)) = B(T*(y),6 Y2, al(k))
for all integers k. If we prove that four is an upper bound of Zzoio al(k), then the proof of
the theorem is finished.

From its definition a;’“) = %afﬁ) . Since l(zp4k+1) < U(xpik)+ 1, and we have
n In+k
§ < 1, then "iA < 4. We always have h;

(k)

jnsn = 9. Now we only need an upper bound on
. We know that hj, is the absolute value of the slope of 7" on the integer interval
contammg T(xy). Since T'(zx) € B(xk41,0) this means that a( ) is at most four. From here

Soat < Y A(d) = 20. =

Theorem 7.12. The dynamical system (R>o,T") has the shadowing property.

h

Proof. We have seen in Theorem [7.11} that for § < ; for every d-pseudo orbit {z)}32, we
have a y, for which the sequence T (yi) 200- shadows the sequence T'(zy). This means that
Tr41 € B(T*(y.),216). Now selecting zg € T~ !(z¢) and z, = x,,_; for every positive integer
n, and we find y., then the sequence {z;}?2, is 215-shadowed by the sequence T*(y,), a
true orbit. O

8 Orbit of rationals

The representation of real numbers by discrete time dynamical systems is a widely considered
concept. We would like to encode numbers by their symbolic trajectories. This serves as a
generalization of the ¢g-adic expansion, as it is stated for example in [2]. In our case, with our
Markov maps we obtain real numbers as Cantor series. The influential work of Rényi [17]
on f-expansions should be mentioned. It generalizes the g-adic expansion of real numbers
in a different way.
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8.1 Theoretical results

We deal with dynamical systems (X, f), where X C R. About f further assumptions will be
made. In this section we allow integer intervals to have negative indices. To avoid ambiguity
we introduce a new notation.

Definition 8.1. Let J, := [n — 1,n| for arbitrary n € Z. Let J;5;,... = Nieo f7*(J;,) for
an arbitrary ig, 71... finite or infinite integer sequence. If the sequence is finite, then we only
take finite intersection.

Definition 8.2 (Assumptions on f). For f the following assumptions hold:

1. Some subset ¢ of the integer intervals forms an ¢-Markov partition of (X, f) as in
Definition [3.11

2. For every J; € # the set &/ C ¢ from Definition [3.1] for which int(f(J;)) = int(U)
has at least two elements.

Since all integer intervals have unit Lebesgue-measure and the second assumption ensures
that on every integer interval the magnitude of the slope is at least two we have that ¢ is
an expansive {-Markov partition. In this case a bit weaker form of Lemma [3.19|is still true.
We also refer to Lemma [3.5

Lemma 8.3. For a given finite sequence of integers iq,...,in the following are true for
Ji

0.+l

1. The set {k :int(Jx) C f(J,)} for any integer n is a set of consecutive integers.

2. Consider the sets J;, ;. where k € {m : int(J,) C f(J;,)} in the order they appear
on the real line. We have that their (n + 1)st index, k either increases or decreases
from left to right. It increases if and only if there is an even number of indices j
among io, ..., in such that f is decreasing on J;.

8. Fora,a+1¢€{m:int(J,) C f(Ji,)} we have that int(Ji,..i,q) Uint(Ji,. i, (at1)) @
an interval.

4. For a point x € X there exists a natural number k for which f*(x) € Z if and only if
for that k and for some n € Z we have that f*(x) € 0.J,,.

5. If int(Jig...ink) N int(t]iomin) #+ 0 then )‘(Jio...ink) = #{m:int(Ji)Qf(Jin)})\(Jio'“i")'

Proof. These statements all follow simply from our assumptions about f. O

Definition 8.4. Let us consider a finite integer sequence igi;...i,, for which int(J;, ;) is
non-empty. If the number of elements j in 4g...i,, for which the function f is decreasing on
Jj is even then we say that the direction of J;,. ;, is forward, otherwise it is backward.

We would like to understand how the rationals behave in our system. Since f may be
discontinuous at any n € Z, the orbit of integers cannot be meaningfully described. Thus we
only consider rationals which have no integers in their orbit. Thus from now on we consider
the (X, f) system.

Definition 8.5. Let Li(x) and U (z) be the kth lower and upper regressors of 2 meaning
that:
Ly(z) =inf{y € X : y € Sy}, Ur(z) =sup{y € X : y € Ji)n}-
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Definition 8.6. Let di(x) = Ly(z) — Lg—1(x) for k > 1.

Suppose that J; is a nonempty set. We define tags of the nonempty sets of the form

— U-uin
Jig..ink-
Definition 8.7. Let t : 2 — Z be the tag function, where 2 is the space of finite integer

sequences (jo, ..., jn) for which J;, ;. # 0. Let t(i) = i for all integers i such that .J; € .
We define the value of t(ig, ..., in, k), where (ig, ..., in, k) € Q. We use the following variables:

N =#{p:int(Jp) C f(Ji,)},
M = max{p : int(Jp) C f(J;,)}, m = min{p : int(Jp) C f(J;,)}-

Let the function ¢ be a bijection between elements of Q of the form (ig,...,i,, k), and
the integers {0,..,N — 1}. If J;, ., is forward then for a € {0,....N — 1} we have

a = t(ig,...,in, (a + m)) and if J;, ;, is backward then a = t(ig,...,%n, (M — a)). It is
clear that ¢ only depends on the sequence given as an input.

Theorem 8.8. Let i(z) = (ip,i1...) for some x € X. For some an, M, € 7 we have
that dy,(z) = = where M, = [[;Zg #{p : int(J,) € f(Ji,)} = [Tico If'(Ji)| and an =

t(ig, ..., 1in) is the tag of jio_.in as a subset of jiomin_l'

Proof. We have by Lemma that )\(jz'o...in_l) is always 1/m,_, if it is nonempty. If

:]\:L.O»uin—l = [z,y] for x,y € R then from the definition of the tag we have that jiomin =

[v+ 3,2+ “};jl], which implies the statement. O

Corollary 8.9. We have that limy_,o Li(z) = & and Lo(z) + Y pey di(z) = .
Theorem 8.10. All z € X which have eventually periodic orbits are rational.

Proof. On the interior of an integer interval f(z) = ax 4+ b where a and b are rational. This
implies that the f preimage of a rational number is a set of rationals and the image of a
rational is rational. This means that it suffices to show that all periodic points are rational.

Let us suppose that the orbit of z € X is n periodic, thus z = f(z). Let i(z) = (ig, i1...).
From the definition of X we have that f"(z) € int(J;, ), thus the restriction of ™ to J(z)n
is a composition of functions of the form ax + b, where a and b are rational, thus f" itself
is a function of the form az + b. Since |f'(Jx)| > 2 for all k, we have that |a| > 1. From
periodicity we have that x = ax + b, thus x = fba, a rational number. O

For the following proofs recall that for any integers a > b and for any sequence z,, of
reals by definition HZ:(L x, =1 and Zi:a xn = 0, as they are empty products and sums.

Theorem 8.11. The orbit of all rationals © € X for which lim infj_, oo If¥(z)| < oo is
eventually periodic.

Proof. Let « = £ and ¢ be positive. Let i(z) = (io,i1...). Let ay = t(i(2)[k) be the tag of
jg(x)\k as a subset of ‘73'(93)|(k71)a and let ag = ig — 1 = Lo(z). Let my, = |f'(J;,)| = #{k :
int(Jx) C f(J;,)}. By Corollary and Theorem

o0 o0

v=Lo(x) + Y dile) =Y 2

k=1 n=0 Llg=0 "k
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We have that ag = L%J and r9g = p — qag. By Theorem the following recursion is also

true:
MgTg

A1 = { J: Tht1 = Mk — qak41- (38)

Lemma 8.12. If for some c¢,d € N we have that if r. = rq and i. = iq and Ji). and
Ji(x)|a have the same direction, then acy1 = agi1, Terl = Tdy1, Metl = Md41, Getbl = byl
and Ji(z)|(c+1) and Ji()|(a+1) have the same direction.

Proof. If i, = ig4, then m, = my, thus ac41 = agy1 and rey1 = 1941 follow from . Since
ic = iqg and de41 = ag1, and we have that Ji(,)|. and Ji;)|q have the same direction, then
ter1 = tar1. Hence Jya)(c+1) and Ji(p)|(d+1) also have the same direction. O

As a consequence of the previous lemma it follows by induction that if for ¢ and d natural
numbers the conditions of the lemma apply, then i.y,, = g4, for any positive integer n,
thus the orbit is eventually periodic by |¢ — d|. We show that the conditions of the lemma
will apply to every rational for some c and d, if its orbit has a bounded subsequence.

If the orbit has a bounded subsequence, then there is some a € Z1 such that the orbit
has infinitely many elements in [—c, . In these cases ij can have only less than 2« values.
Since 7, is the remainder of an integer modulo ¢ it is an element of the finite set {0, ...,g—1}.
There are only two directions an interval can have. By the pigeonhole principle we have
that in the first 4aq + 1 instances, when f*(x) € [~a, a] at least once all conditions of the
lemma will apply. O

Corollary 8.13. Ifz € X,z = % is not eventually periodic, then for all n € Z+ we have
that the orbit of x intersects [—n,n] at most 4nq times.

Corollary 8.14. Forallz € X,z = g, if the orbit of x is not eventually periodic, then for
all N € Z7 the following inequality holds:

1 N
PG

Proof. Let Sy = ny:(] |f™(x)|. If 2 is not eventually periodic, then by Corollary we
have that the orbit of # cannot enter [—n, n] more than 4ng times. Let us construct an orbit
for which Sy could only be made smaller by breaking the former condition.

Assume that the orbit visits for all n € {1, ..., K} the set [-n,n]\ [-n+1,n — 1] exactly
4q times. This way all the sets of the form [—n, n| are visited the maximum number of times
allowed by the condition in Corollary B.13] With these assumptions the smallest possible
sum of these elements is:

4

N 3
3t (39)

K—-1
Y dgi =2qK(K - 1).
=0

Let us set K = L%J. Then if the condition of Corollary is satisfied, then:
N N N
)= ) (5 -2)
4q 4q 4q

_|_

Sy > 2K(K —1) = 2q{4i\;J (

—

Thus the statement follows:
SN
—_— >
N =

HE
N W
2| &



Theorem 8.15. The orbit of every rational x € X is eventually periodic if:

T —1(/_ _
Ofl}ﬂlgofne{lr}]%?(”w}/\<f ((—o0, N]U[N,oo))ﬂJn). (40)

We refer to as the bottleneck condition.

Remark 8.16. Let us decipher what does tell us. It basically describes that stepping
out of the bounded region [— N, N] becomes more and more difficult the bigger N we choose.
We know from Theorem that all bounded rational orbits are eventually periodic. We
show that with the bottleneck condition satisfied, an unbounded orbit has to approximate
the orbit of 1 or 0 so well, that it can only be a rational orbit if it is equal to the orbit of 1
or 0.

Proof. Let us consider a rational

oo

p=2=3 T

7 = OHk omk

By Theorem it is enough to consider the case when |f*(z)| — oco. Let us define the

following:
no—1

o = (p—qn 0 [T Omk> H e

By using this notation we can define the following sequence:

¢ a 1 - a
bno _ _@no Z . (41)
q Mny—1 Mno—1 < no+1 Hk no Mk

Since a,, is an element of {0, ...,m,_1 — 1} if n > 0, it is true that m‘i’il €[0,1]if n > 0.

Lemma 8.17. Suppose that we have x € )N(, then for all ng € N:
0< Z - < 1.
n=ng+1 Hk no M

Proof. Since & = Ly, (x) + Y02, ﬁ we have that:
k=0 "

no—1 e’}

an
o) [Tme= >
k=0 n=ng+1 Hk no

We also know as a consequence of Lemma that HZ(’:BI mik = AMJi(a)|no)- This implies

that the function ¢(y) := (y — Ln,(2)) HZ”B my, is the linear map which maps the two
endpoints of int(Jj(zn,) onto the two endpoints of (0,1) while preserving direction. The

value of the sequence at ng is ¢(z), and if =z € X, then z € int (Ji(z)n,)» thus ¢(x) €
(0,1). O

Corollary 8.18. For any z € X we have that 0 < Z”T’O <1 for all ng € Z+.
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Proof. The sequence has the following form:

[e%e} nog—2

a
70 § mn — (I nO 1 H me.

q nnng: =ng— 1Mk

~

By a change of indices, it follows from Lemma that 0 < "0 < 1. Tt also follows that

E"TO describes the position of x inside of .E(x)‘no,l. O

Let us assume that the set of numbers which are in the sequence Z"T'U has a rational limit
point. Let this be & for ¢ € Z and d € Z*. In this case for infinitely many ng:

ln c 1
0<|——— —.
< p d<qd

‘ _ |ngd—cql
=g

We will show that if the orbit of x is not eventually an integer, meaning that x € X ,and x
is rational, then if liminfy_, o | f* ()| = oo, then the set of numbers in the sequence K"TO has
a rational limit point, and thus we have a contradiction. This will prove the proposition.

. - . ‘, ooy .
This is a contradiction, since \TO -3 so if it is non-zero, then it is at least q—ld

For z € X N Q proceeding towards a contradiction we assume that |f*(z)| tends to
infinity. Since the orbit of z is unbounded, we have that for every integer N > |z| there is
a non-negative integer k for which f*(x) € [-N, N] and f**1(x) ¢ [-N, N].

For a fixed N, for this k let us consider the nonempty sets jlk n, Where h € Z. Let us
define the following set:
H={heZ: f(Jin) N (00, NJU[N,00)) # B}.

We have that the set ¢({ixh : h € H}) is either {0, ..., ¢} for some ¢ € Nor it is {c, ..., mp —1}.
This is a consequence of that the function f is monotone on J;,. This implies that for a
fixed N > 0 we have that:

min (“7’;: 11— ‘%1) < AT (oo mNUIN, o) A ). (42)

By (42) the sequence m‘lio has a subsequence which tends to zero or one. If the right
no
hand side in is € > 0 for ng = k this implies that 0 < =~ < ¢. This combined with

Y g4l ﬁ < e. By it follows that % has a

i=nq

Lemma [8.17| implies 0 <

mno 1

subsequence which tends to zero or one. We also have by Corollary that 0 < 2o < 1.
Hence the set of numbers in the sequence has zero or one as a limit point, which is rational,
thus we have a contradiction. Hence for all z € X NQ we have that lim inf;_, o, |f*(z)| < oo,
thus by Theorem [B.11] the statement follows.

The work [I5] on Cantor series should be mentioned here, as Theorems 3 and 4 of that
paper are implicitly proven and then applied in the previous proof. The theorems are on
the rationality of a Cantor series of the following form:

x—CLQ—FZ (43)

] 1

33



Where the following are satisfied for all ¢ € NT:

Theorem 8.19. (Theorem 3. of [15]) If condition is satisfied, and a; < b; —1 infinitely
often and there exists a subsequence a;,,b;, of an,by such that @in/b,, — 1 as n — oo, then
x must be irrational.

Theorem 8.20. (Theorem 4. of [15]) If condition is satisfied, and a; > 0 infinitely
often and there exists a subsequence a;,,b;, of an,by, such that @i./v;, — 0 and b;, — 0o as
n — oo, then x must be irrational.

Corollary 8.21. In the system (R>o,T) all the eventually periodic points are rational and
for all x € Q> the orbit of x is either eventually periodic or eventually reaches an integer.

Proof. Since Theorem [8.10| applies, we have that all the eventually periodic points are
rational. If Nj, = 4F, then:

1
A(*l—,—N U [Ny, mJ): )
ne{1-New, Ny} J7 (o0, =N U Nk, 00)) 0 4k +1
Thus Theorem [8.15[ applies. O

8.2 Example systems

At a first glance it is not obvious how does the eventual periodicity of rational points and
the bottleneck condition relate to the transience and recurrence properties of the Markov
chain described by a given system. From statements like Corollary [B:14] it seems possible
that there might be a connection between the mentioned properties. The following four
examples show that there is no particular connection between them.

In some cases rationals have an orbit which is not eventually periodic, thus the symbolic
trajectory i, is not eventually periodic, however the sequence a, of tags describing the
Cantor series of the given point is still always eventually periodic. Example [8:23is such a
system. To account for this possibility Example[8:24) and [B:25] are systems, where a,, = i, —1
always for any orbit. The properties of each example given are listed below:

R.22] We give an example system for which Theorem [8:I5| applies, however its Markov chain
has only transient states.

B23 The given example system has rational orbits which are not eventually periodic and
do not hit integers, however every state is positive recurrent.

8241 We describe an example for which for any orbit a, = i, — 1. The system has rational
orbits which are not eventually periodic and do not hit integers, however every state
is positive recurrent.

R.25] We provide an example system for which for any orbit a,, = 4,, — 1, Theorem
applies, however its Markov chain has only transient states.

Example 8.22. We define a function f : R>g — Ry>( for which Theorem applies
however it has only transient states. Let us define a sequence {n;}22, € (Z*)N, which tends
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to infinity and let s = Zi:ll ni. If sp <n < spyq, then let flingr,)(z) = (e + 1)x + sp.

The f images of integers do not matter. For an example of such a system see the green
graph on Figure [l For the sequence sy:

1

Nkg—1

max )\(f_l((—oo,—sk] U [s5,00)) ﬂJn) =
n€{l—sk,...,8k }

Thus Theorem applies, therefore for this system all eventually periodic points are

rational and all rationals either hit an integer or are eventually periodic. The Markov chain

defined by the system has no recurrent state, since for a state s < n < sx41 we eventually

step above sg41 with probability one, however we cannot step under sy.

Example 8.23. There are positive recurrent Markov chains, which can be described by a
function satisfying the assumptions of Definition [8:2] and still do not satisfy the bottleneck
condition. Take the system described in Example [5.9] which represents the random walk on
Z7F where from n > 3 we step on n + 1,n,n — 1 or n — 2 with the probability of each being
1/4, and from one or two we step onto an element of {1,2,3,4} with the probability of each
being 1/4. Take the function defined in Example which defines this Markov chain.

) A(x — |z]) if0<z<3,
f@) = {4x—3m —2 if3<u. (45)

For a plot of this function see Figure The set of integer intervals {J}7°, forms an
expansive -Markov partition of the domain of this function. The bottleneck condition does

not apply since:

e /\(f’l (=00, —=NJU [N, 00)) N Jn> > /\(f’l (=00, —=NJU [N, 00)) N .JN) >

- -
™ //

=

0 5 10 15 20 0 4 6 8 10

Figure 4: Plots of the example systems. The green one to the left is for Example [8:22] the
blue one to the right is for Example [8:23]

Example [8:23] is a system, which has rational points which do not hit integers and are
not eventually periodic. An example is the number z = 0.32 in base-4, which is 14/1s.
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Even though the orbit of this point tends to infinity, the sequence a,, present in the Cantor
series representation is eventually periodic. Namely it is 0, 3,2, 3,2.... To avoid cases where
the eventual periodicity of the a, and i, sequences differ we can consider systems, where
X =Ry and fl|;, = kx — k(n — 1) for some integer k > 2 and J,, = [n — 1,n|. In this case
on all integer intervals the graph of f is a line with a positive slope, intersecting the = axis
at the beginning of the interval. This way for all , we have that a,, =4, — 1 for all n € N|
where the symbolic orbit of x is (ig,1,...). In this case the eventual periodicity of the a,
and 1i,, sequences will coincide.

Example 8.24. We show a system (X, f), for which the associated Markov chain is positive
recurrent and 1/2 has an orbit which is not eventually periodic and does not hit integers. In
addition the system will also satisfy that a, = i, — 1 for all € X. The domain is R>o,
and we call our transformation f. Almost all integer intervals will be mapped onto [0, 3],
however the orbit of 1/2 will never return to [0, 3]. We refer to Figure

Let us consider the sequence S,, for which Sy = 1,57 = 3 and for all n > 2 we have that
Spt+1 =4S, + 1. We define a sequence h,, and we will define f such that f'(J,) = h,. Let
B sussj+1 = Snt1. For all other n let hy, = 3. In this case we will have that f*(1/2) = Sk/2.
The associated Markov-chain with this system will be positive recurrent. Let P = (p;;); jen+
be the transition matrix. We shall see that from any state we return to the first, second
or third state in finite expected time. As the associated Markov chain is irreducible and
aperiodic, this implies the positive recurrence of every state.

Let Xén), X fn), XQ(n)... : Q — N7 be random variables realising the Markov chain given

that ]P’(X(g") =n) = 1. Let us define the expected time that we return to {1, 2, 3} given that
we started from n. For this end we first define the random variable Y™ : Q — N+:

Y (w) = inf{k € NT: X" (w) € {1,2,3}},
E,=EY™)=EkeNt: X" e{1,2,3} A X" ¢ {1,2,3} Vie{l,..k—1}]
If h,, = 3, then E, =1 as p,1 + pno + pn3 = 1. For any n we have that:

Z DPnj < % (46)

Now we can estimate F,. From now on we assume that h,, # 3.
E,=> PY™ >k).
k=0

The event {w € Q: Y™ (w) > k} is equivalent to the event {w € Q : Xl(") (w), ...,X,in)(w) ¢
{1,2,3}}. We have the following inclusion:

{we: X" (W), ... X" (w) ¢ {1,2,3}} C{weQ: By fign ) #3}. (47)

Let us denote the event {w € Q : hXé")(w)"">hX,ii>l(w) # 3} by A, By we obtain
that P(Y(™) > k) < P(A}). We deduce the following:
P(A;) = Z PraiParaz---Pay_sap_1- (48)

ai,...,ap—1 ENT
Rayseeshay | #3
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By rearranging we get the following:

P(AR) = ) (pna1 > (pam--- > pak,zak,l)m). (49)

a1 ENT az€NT ar—1ENT
hay #3 hay#3 ha,_,#3

By and we can conclude that P(A?) < 3'=F. Finally we have the following upper
bounds for E, if h,, # 3:

o0

En:iP(Y(")>kz <> P ”><323—’f 5. (50)

k=0 k=0

Recall that if h,, = 3, then E,, = 1. Hence for all n we have that E, < 4.5. Since this value
is finite, the Markov-chain associated with the original system must be positive recurrent.

/111

(L]

Figure 5: Illustration of the systems appearing in Example [8.24] with the orbit of 1/2
highlighted by the orange dots. The y axis is not to scale.

Example 8.25. We show an example of a system (R>o, f), such that Theorem applies
and the chain is transient. We now give a heuristic explanation of what we plan to do.
We take inspiration from Example Consider a Markov chain for which from all states
the probability of stepping to a larger state is 1/n. We also assume that the conditional
probability of stepping to a larger state given that we do not stay where we are approaches
1 extremely quickly. Let this conditional probability for the nth state be p(n). This will
make the Markov chain transient. We will represent one state of this Markov chain by
lots of states of our system. We refer to Figure @ We assume that p(n) is monotonically
increasing.

Let the sequence p(n

(n ) e given. For example let p(n) = e " as in Lemma
Let us define P(n) = [5 p

- ] Let So = 0,5 = 1,h; = 2 and for alln > 1 let S, =
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(n = 1)P(n)Sp—1 and h,, = nP(n)S,—1. Let L, = [S,—1,S5]. Let us consider an (R>o, f)
system for which if J,, C Ly, then f|; () = hpx — hp(n — 1). For this system Theorem
8.15| applies, since:

hy — Sy 1

)\(f’l((foo, —Sn] U [Sw,00)) N Jn) =N~ 0,

max
ne{l—SN,...,SN} hN

Lemma 8.26. If p(n) = 67”72, then the Markov chain associated with the resulting system
will only have transient states.

Proof. Let us consider a sequence of random variables X, X1, Xo, ... : Q — ZT representing
a random walk on the Markov chain defined by the system, where €2 is the sample space.
Let £, :={i e N: J; C L,}. We have the following:

P(H)Snfl N
P(n)sn—l + Sn—l o

]P)[XkJrl S £n+1|Xk+1 ¢ »Cn;Xk S »Cn] = p(n)

We also have that X;(w) eventually leaves £,, with probability one. Let n;(w) be the integer
for which X;(w) € £,,;. With this the probability of the sequence n;(w) never decreasing is
at least [[,—, p(n). If [Tr—, p(n) > 0, then X; will tend to infinity almost surely. We can

choose p(n) = e~ ", thus [Tie;p(n) = e > 0. O

hn

Figure 6: Illustration of the systems appearing in Example [8.25
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