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1. Introduction

Fora,b € R, a < b, a continuous map T : [a,b] — R is said to be piecewise monotone if there
are k € Nand pointsa = ¢y < ¢1 < -+ < ¢¢_1 < ¢, = b, such that T is monotone on each [c;, ¢j11],
i=0,...,k—1. A piecewise monotone map T has constant slopes if |T'(x)| = s for all x # c;.

The following results are well known for piecewise monotone interval maps:

Theorem 1 ([1,2]). If T : [0,1] — [0,1] is piecewise monotone and hiop(T) > 0, then T is semi-conjugate
via a continuous non-decrease onto map ¢: [0,1] — [0, 1] to a map S of constant slope eltor(T), The map @ is
a conjugacy (@ is strictly increasing) if T is transitive.

Theorem 2 ([3]). If T has a constant slope s, then hiop(T) = max(0,logs).

For continuous interval maps with a countably-infinite number of pieces of monotonicity,
neither theorem is true; for examples, see [4] and [5]. One of the few facts that remains true in
the countably-piecewise monotone setting is:

Proposition 1 ([6]). If T is s-Lipschitz, then htop(T) < max{0,logs}.

A continuous interval map T has constant slope s if |T'(x)| = s for all but countably many points.

The question we want to address is when a continuous countably-piecewise monotone interval map T
is conjugate to a map of constant slope A. Particular attention will be given to the case when a slope is
given by the topological entropy of T, which we call linearizability:

Definition 1. A continuous map T : [0,1] — [0, 1] is said to be linearizable if it is conjugate to an interval
map of constant slope A = eltop(T),

We will confine ourselves to the Markov case and explore what can be said if only the transition

matrix of a countably-piecewise monotone map is known in terms of the Vere-Jones classification [7],
refined by [8].
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The structure of our paper is as follows.

In Section 2 (CPMM: the class of countably-piecewise monotone Markov maps), we make precise
the conditions on continuous interval maps under which we conduct our investigation; the set of
all such maps will be denoted by CP MM (for countably-piecewise monotone Markov). In particular,
we introduce a slack countable Markov partition of a map and distinguish between the operator and
non-operator type respectively.

In Section 3 (conjugacy of a map from CPMM to a map of constant slope), we rephrase the
key equivalence from [9] (Theorem 2.5): for the sake of completeness, we formulate Theorem 3,
which relates the existence of a conjugacy to an “eigenvalue equation” (5), using both classical and
slack countable Markov partitions; see Definition 2.

Section 4 (the Vere-Jones classification) is devoted to the Vere-Jones classification [7] that we use as a
crucial tool in most of our proofs in later sections.

In Section 5 (entropy and the Vere-Jones classification in CP M M), we show in Proposition 8 that the
topological entropy of a map in question and (the logarithm of) the Perron value of its transition matrix
coincide. Using this fact, we are able to verify in Proposition 9 that all of the transition matrices of a
map corresponding to all of the possible Markov partitions of that map belong to the same class in the
Vere-Jones classification; so we can speak about the Vere-Jones classification of a map from CPMM.

In Section 6 (linearizability), we present the main results of this text. We start with Proposition 10
showing two basic properties of a A-solution of Equation (5) and Theorem 7 on locally eventually
onto (leo) maps; see Definition 4. Afterwards, we describe conditions under which a local window
perturbation—Theorems 8 and 9, resp. a global window perturbation—Theorems 10 and 11 results in
a linearizable map.

In Section 7 (examples), various examples illustrating linearizability / conjugacy to a map of constant
slope in the Vere-Jones classes are presented.

2. CPMM: The Class of Countably Piecewise Monotone Markov Maps

Definition 2. A countable Markov partition P for a continuous map T: [0,1] — [0,1] consists of
closed intervals with the following properties:

Two elements of P have pairwise disjoint interiors, and [0, 1] \ |J P is at most countable.
The partition P is finite or countably-infinite;
T|; is monotone for each i € P (classical Markov partition) or piecewise monotone for each i € P;
in the latter case, we will speak of a slack Markov partition.

e Foreveryi,j € P and every maximal interval i/ C i of monotonicity of T, if T(i') N j° # @,
then T(i') D j.

Remark 1. The notion of a slack Markov partition will be useful in later sections of this paper, where
we will work with window perturbations. If #P = oo, then the ordinal type of P need not be N or Z.

Definition 3. The class CP MM is the set of continuous interval maps T : [0, 1] — [0, 1] satisfying:

e T is topologically mixing, i.e., for every open sets U, V, there is an 1, such that 7" (U) NV # @ for
all m > n.

e T admits a countably-infinite Markov partition.

o htop(T) < 00,

Remark 2. Since T € CPMM is topologically mixing by definition, it cannot be constant on any
subinterval of [0, 1].

Definition 4. Amap T € CPMM is called leo (locally eventually onto) if for every nonempty open set
U, there is an n € N, such that f"(U) = [0, 1].
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Remark 3. LetT: [0,1] — [0,1] be a piecewise monotone Markov map, i.e., such that orbits of turning
points and endpoints {0,1} are finite. Those orbits naturally determine a finite Markov partition for T.
This partition can be easily be refined, in infinite ways, to countably-infinite Markov partitions. If T is
topologically mixing and continuous, then we will consider T as an element of CP M M.

Proposition 2. Let T € CP MM with a Markov partition P. For every pair i,j € P satisfying T(i) D j,
there exist a maximal x = x(i,j) € N and intervals iy, ..., i, C i with pairwise disjoint interiors, such that
T|;, is monotone and T (iy) O j foreach £ =1,...,x.

Proof. Since T € CPMM is topologically mixing, it is not constant on any subinterval of [0, 1].
Fix a pair i,j € P with T(i) D j. Since T is continuous, there has to be at least one, but at most a finite
number of pairwise disjoint subintervals of i satisfying the conclusion. [

For a given T € CP MM with a Markov partition P, applying Proposition 2, we associate with
P the transition matrix M = M(T) = (m;;); jep defined by:
k(i,j) U T({)Dj

0 otherwise
If P is a classical Markov partition of some T € CP MM, then m;; € {0,1} eachi,j € P.

Remark 4. For the sake of clarity, we will write (T, P, M) € CPMM* whenamap T € CPMM,
a concrete Markov partition P for T and its transition matrix M = M(T) with respect to P are assumed.

For an infinite matrix M indexed by a countable index set P, we can consider the powers
M" = (mjj(n));jep of M:

M® = E = (8;)ijep, M"' = (Z My (n — 1)) ,neN )
keP ijeP

Proposition 3. Let (T, P, M) € CPMM™.

(i) Foreachn € Nandi,j € P, the entry m;j(n) of M" is finite.
(ii) The entry m;;(n) = m if and only if there are exactly m subintervals iy, ..., iy of i with pairwise disjoint
interiors, such that T" (i) D j, k=1,...,m.

Proof.

(1) From the continuity of T and the definition of M, it follows that the sum };cp m;; is finite for each
j € P, which directly implies (i).
(ii) For n = 1, this is given by the relation (1) defining the matrix M. The induction step follows
from (2) of the product of the nonnegative matrices M and M" 1.
O

A matrix M indexed by the elements of P represents a bounded linear operator M on the Banach
space (! = ('(P) of summable sequences indexed by P, provided that the supremum of the columnar
sums is finite. Then, M is realized through left multiplication:

M(v) := (Z mi]-v]) , v e lY(P)
ieP

jeP
M| = sup ) S m;; ®)
i
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The matrix M" represents the n-th power M" of M and by Gelfand’s formula, the spectral radius
rag = limy o0 || M" 7.

Remark 5. If (T, P, M) € CPMM?*, the supremum in (3) is finite if and only if:
JK>0Vyec[01]: #T Y(y) <K (4)

Since this condition does not depend on a concrete choice of P, we will say the map T is of
an operator type when the condition (4) is fulfilled and of a non-operator type otherwise.

3. Conjugacy of a Map from CP MM to a Map of Constant Slope

This section is devoted to the fundamental observation regarding a possible conjugacy of
an element of CP MM to a map of constant slope. It is presented in Theorem 3.

Let (T, P, M) € CPMM?*. We are interested in positive real numbers A and nonzero nonnegative
sequences (v;);cp satisfying Mv = Av, or equivalently:

VieP: Zmijvj:)\vi 5)
jEP

Definition 5. A nonzero nonnegative sequence v = (v;);cp satisfying (5) will be called a A-solution
(for M). If in addition v € ¢}(P), it will be called a summable A-solution (for M).

Remark 6. Since every T € CP. MM is topologically mixing, any nonzero nonnegative A-solution is
in fact positive: if v = (v;);cp solves Equation (5), k,j € P and v; > 0, then by Proposition 3(ii) for
some sufficiently large n, A" v > mkj(n)v]- > 0.

Let CPMM ) denote the class of all maps from C’P MM of constant slope A, ie., S € CPMM,
if |S'(x)| = s for all, but countably many points.

The core of the following theorem has been proven in [9] (Theorem 2.5). Since we will work
with maps from CP MM that are topologically mixing, we use topological conjugacies only; see [10]
(Proposition 4.6.9). The theorem will enable us to change freely between classical/slack Markov
partitions of the map in question.

Theorem 3. Let T € CPMM. The following conditions are equivalent.

(i) For some A > 1, the map T is conjugate via a continuous increasing onto map P: [0,1] — [0,1] to some
map S € CPMM,.
(ii) For some classical Markov partition P for T, there is a positive summable A-solution u = (u;)jcp of
Equation (5).
(iii) For every classical Markov partition P for T, there is a positive summable A-solution u = (u;)iep of
Equation (5).

(iv) For every slack Markov partition Q for T, there is a positive summable A-solution v = (v;)ico of
Equation (5).
(v) For some slack Markov partition Q for T, there is a positive summable A-solution v = (v;)ico of

Equation (5).

Remark 7. Recently, Misiurewicz and Roth [11] have pointed out that if v is a A-solution of Equation (5)
that is not summable, then the map T is conjugate to a map of constant slope defined on the real line
or half-line.
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Remark 8. Let T € CP MM be piecewise monotone with a finite Markov partition. It is well known
(see, [10] (Theorem 4.4.5) and [12] (Theorem 0.16)) that the corresponding Equation (5) has a positive
eMor(T)_solution, which is trivially summable. By Theorem 3, it is also true for any countably infinite
Markov partition for T.

Proof of Theorem 3. The equivalence of (i), (ii) and (iii) has been proven in [9]. Since (iv) implies (iii)
and (v), it suffices to show that (iii) implies (iv) and (v) implies (ii).

(iii) = (iv). Let us assume that Q is a slack Markov partition for T. Obviously, there is a classical
partition P for T which is finer than Q, i.e., every element of P is contained in some element of Q.
Using (iii), we can consider a positive summable A-solution u = (u;);cp of Equation (5). Letv = (v;)co
be defined as:

0; = Z Uj

i'cCi

Clearly, the positive sequence v = (v;)icg is from ¢!(Q). Denoting (mz»]?),-,]-ep and (mi]Q)i,jeQ the
transition matrices corresponding to the partitions P, Q, we can write:

Avi=AY up =) Auy =3 ) Y mitp ©)

i'Ci i'Ci i'CikeQk'Ck
-2 () (£ - i
keQ \Kck i'Ci keQ

where the equality ml% =Yici mz/)k, follows from the Markov property of T on P and Q:
if T(i'") D k' for some k' C k then also T(i") D k )

Therefore, by Equation (6), for a given slack Markov partition @ (for T), we find a positive
summable A-solution v = (v;);c o of Equation (5).

(v) = (ii). Assume that for some slack Markov partition Q for T, there is a positive summable
A-solution v = (v;);cg of Equation (5). As in the previous part, we can consider a classical Markov
partition P finer than Q. Using again the property (7), let us put:

Uy = Z vj, ieP 8)
T(i")2jf

Then, u = (u;)ycp is positive, and we will show that it is a summable A-solution of Equation (5).
Fix an i’ € P, and use the property (7) for j € Q for which T(i') D j. Then:

roj= Yomue=Y ¥ o= Y mb ¥ o= Y mbu ©

keQ F'CiT()>t i'ci T(j")>¢ /'Ci

Hence, summing Equation (9) through all j’s from Q that are T-covered by i’ € P, we obtain with the
help of Equation (8),
Ay = 2 /\Z)j = 2 Z mZ?j/uj/ = 2 mz/;j/uj,
T(i")Dj T(i")DjjCj j'€P

Since by our assumption on v = (v;);co and Equation (8):

Zuir:Zngvj:)\Zvi<oo

i'eP i€QjeQ i€cQ
so u = (Uy)yep is a summable A-solution of Equation (5). O

Maps T € CPMM are continuous, topologically mixing with positive topological entropy.
Thus, all possible semi-conjugacies described in [9] (Theorem 2.5) will be in fact conjugacies;
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see [10] (Proposition 4.6.9). Many properties hold under the assumption of positive entropy or
for countably-piecewise continuous maps. One interesting example of a countably-piecewise continuous
and countably-piecewise monotone (still topologically mixing) map will be presented in Section 7.
However, since the technical details are much more involved and would obscure the ideas, we confine

the proofs to CPMM.

4. The Vere-Jones Classification

Let us consider a matrix M = (mij)i,jep, where the index set P is finite or countably infinite.
The matrix M will be called:

o  irreducible, if for each pair of indices i, j, there exists a positive integer n, such that mij(n) > 0,and
e aperiodic, if for each index i € P, the value gcd{¢: m;;(¢) >0} = 1.

Remark 9. Since T € CP MM is topologically mixing, its transition matrix M is irreducible and aperiodic.
In the sequel, we follow the approach suggested by Vere-Jones [7].

Proposition 4.

(i) Let M = (mj;);jcp be a nonnegative irreducible aperiodic matrix indexed by a countable index set P.
There exists a common value Ay, such that for each i, j:

==

Jion ()] = sup mii (1)

(ii) For any valuer > 0and all i, j:

o theseries Y, mj;(n)r" are either all convergent or all divergent;
e asn — oo, either all or none of the sequences {m;;(n)r" }, tend to zero.

Remark 10. The number Aj; defined by Equation (10) is often called the Perron value of M. In the
whole text, we will assume that for a given nonnegative irreducible aperiodic matrix M = (m;;); icp,
its Perron value A, is finite.

4.1. Entropy, Generating Functions and the Vere-Jones Classes

To a given irreducible aperiodic matrix M = (m;;); jep with entries from N U {0} corresponds
a strongly-connected directed graph G = G(M) = (P,& C P x P) containing m;; edges from i to j.
The Gurevich entropy of M (or of G = G(M)) is defined as:

h(G) = h(M) = sup{logr(M’) : M’ is a finite submatrix of M}
where r(M') is the large eigenvalue of the finite transition matrix M’. Gurevich proved that:
Proposition 5 ([13]). (M) = log A,

Since by Proposition 4, the value R = A;Al is a common radius of convergence of the power series
M;j(z) = Y»0mij(n)z", we immediately obtain for each pair i,j € P,

eR, 0<r<R
=00, r>R

M;j(r) {

It is well known that in G(M):

i e i to i
e mjj(n) equals the number of paths of length 1 connecting i to j
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Following [7], for each n € N, we will consider the following coefficients:

e  The first entrance to j: f;j(n) equals the number of paths of length n connecting i to j, without the

appearance of j in between.
e The last exit of i: £;;(n) equals the number of paths of length n connecting i to j, without the

appearance of i in between.
Clearly, f;i(n) = ¢;;(n) for each i € P. Furthermore, it will be useful to introduce:

e  The first entrance to P’ C P: for a nonempty P’ C P andj € P/, gzj?/(n) equals the number of
paths of length 1 connecting i to j, without the appearance of any element of P’ in between.

The first entrance to P’ C P will provide us a new type of a generating function used in (37) and
its applications.

Remark 11. Let us denote by &;, A;; the radius of convergence of the power series

Fij(z) = Lu>1 fij(n)z", Lij(z) = Ly Lij(n)z". Since fij(n) < m;j(n), £ij(n) < myj(n) for eachn € N

and each i,j € P, we always have R < D, R < Ajj.

Proposition 6 has been stated in [8]. Since the argument showing Part (i) presented in [8] is not
correct, we offer our own version of its proof.

Proposition 6 ([8] (Proposition 2.6)). Let (T,P,M) € CPMM?*; consider the graph G = G(M),
R= Ay

(i) If there is a vertex j, such that R = ®;; then, there exists a strongly-connected subgraph G' C G, such that

h(G') = h(G).

(ii) If there is a vertex j, such that R < ®j;, then for all proper strongly-connected subgraphs G', one has
h(G'") < h(G).
(iii) If there is a vertex j, such that R < ®;, then R < ®; for all i.

Proof. For the proof of Part (ii), see [8].
Let us prove (i). Fix a vertex j € P for which R = ®;; and choose arbitrary i # j. We can write:

fij(n) = ifji(n) + 'fj;(n) (11)
where ;fj;(1), resp. 'fj;(n), denotes the number of f;;-paths of length n that do not contain i, resp. contain i.

L Iflimsup, , [if;i(n)]"/" = Ay,

IL  Assume that limsup, _,[ifjj()]'/" < Apr. Then, by our assumption and Equation (11):
limsup[ifjj(n)]l/” =Apm (12)
n—oo

Let us denote g;j(1) the number of paths of length 7 connecting i to j, without the appearance
of i, after the initial i and before the final j. If we denote !/ f;;(n) the number of f;;-paths of length n
connecting i to i with exactly one appearance of j after the initial i and before the final i, we can write
for n > 2 (the coefficients jm;;(n) are defined analogously as ;f;;(n); compare the proof of Theorem 6):

n

lf]] Z Zg]l m“ )gq(m k) (13)

m=2 k=

n
= Z jmii(n Z g]z gz] m —k)
Z ]mzz 1lf]] Z ]mzz n— 1]flz( )
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By the formula of [10] (Lemma 4.3.6) and our assumption (12), for arbitrary i € P \ {j}, we obtain
from (13) either:

lim supj1;; ()" = Ay (14)
n
or:
limsup [/ f;(n)]"" = Am (15)
n—oo

If Equation (14) is fulfilled for some i, the existence of a strongly-connected subgraph G’ C G,
such that h(G’) = h(G), immediately follows. Otherwise, since:

limsup ["/fii(n)]"/" < limsup [f;(n)]"/"
n—oo n—oo
we get R = ®;; for each i € P, and the conclusion follows from [14] (Theorem 2.2). Assertion (iii)
immediately follows from (i) and (ii). O

The behavior of the series M;j(z), F;j(z) for z = R was used in the Vere-Jones classification of
irreducible aperiodic matrices [7]. Vere-Jones originally distinguished R-transient, null R-recurrent
and positive R-recurrent cases. Later on, the classification was refined by Ruette in [8], who added the
strongly-positive R-recurrent case. All is summarized in Table 1, which applies independently of the sites
i,j € P for M irreducible; compare the last row of Table 1 and Proposition 6. We call corresponding
classes of matrices transient, null recurrent, weakly recurrent and strongly recurrent. The last three, resp.
two, possibilities will occasionally be summarized by “M is recurrent”, resp. “M is positive recurrent”.

Table 1. The Vere-Jones classification for matrices.

Transient  Null Recurrent Weakly Recurrent Strongly Recurrent

Fi(R) <1 =1 =1 =1
F/(R) < 00 < 0 < o0
M;j(R) < oo =00 =00 =
limy—c0 (1) R" =0 =0 Aij € (0,00) Aij € (0,00)
for all i R=®; R=a; R=; R < @

4.1.1. Salama’s Criteria

There are geometrical criteria (see [14] and also [8]) for cases of the Vere-Jones classification to
apply depending on whether the underlying strongly-connected directed graph can be enlarged /reduced
(in the class of strongly-connected directed graphs) without changing the entropy. We will use some of
them in Section 7.

Theorem 4 ([8,14]). The following are true:

(i) A graph G is transient if and only if there is a graph G', such that G C G" and h(G) = h(G").
(ii) G is strongly recurrent if and only if h(Gy) < h(G) for any Gy € G.
(iii) G is recurrent, but not strongly recurrent, if and only if there exists Go C G with h(Go) = h(G),
but h(G) < h(Gy) for every G; 2 G.

4.1.2. Further Useful Facts

In the whole paper, we are interested in nonzero nonnegative solutions of Equation (5).
Analogously, in the next proposition, we consider nonzero nonnegative subinvariant A-solutions
v = (v;);ep for a matrix M, i.e., satisfying the inequality Mv < Av.
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Theorem 5 ([7] (Theorem 4.1)). Let M = (mi]«)i/]«ep be irreducible. There is no subinvariant A-solution
for A < A If M is transient, there are infinitely many linearly-independent subinvariant A pq-solutions. If
M is recurrent, there is a unique subinvariant Apj-solution, which is in fact the Ap-solution of Equation (5)
proportional to the vector (F;j(R))icp (j € P fixed), R = A

A general statement (a slight adaption of [15] (Theorem 2)) on the solvability of Equation (5) is
as follows:

Theorem 6. Let M = (m;;); jep be irreducible. The system Mv = Av has a nonzero nonnegative solution v if
and only if:

(a) A = Appand M is recurrent or
(b)  when either A > App or A = Ay and M is transient, there is an infinite sequence of indices K C P, such
that (z = A71):

Z;ojmiac szk(z)
lim lim

-0 16
j—r00 k—00, k€K Z —1 Mijy szk(z) 1o

foreachi € P.

Proof. Following Chung [16], we will use the analogues of the taboo probabilities: for k € P, define
kml‘]'(l) = mi]-, and for n > 1,
mig(n+1) =) mig gimei(n)
aFk

Clearly, (m;j(n) equals the number of paths of length n connecting i to j with no appearance of
k between. Denote also kmij(n) = mjj(n) — m;j(n) the number of paths of length 1 connecting i to
j with at least one appearance of k between. The usual convention that ym;;(0) = J;;(1 — dj) will
be used. The following identities directly follow from the definitions of the corresponding generating
functions (see before Table 1) or are easy to verify: foralli,j,k € Pand 0 <z < R,

(i) Mi(z) =; My (z) + Mi(2),
(i) iMi(z) = Lix(2),
(ili) /My (z) = M;( )Lix(2),
(iv) Mi(z) = Mji(z)Li(2),
(v) [7]fori #k,
szgjfl mitxMuck(Z) 2062]' mitxMak(Z) 1

+ ——
Mix(z) Mir(2) z
(vi) [7] Za21 mmMM-(z) = Miz) % is finite.

4

By [15] (Theorem 2), the double limit (16) can be replaced by:

lim lim th ]mzle ak(l//\) .
j—r00 k—300, keK M (1/X)

(17)

Using Identities (i)—(vi), we can write Equation (17) as:

A(j,k) — Z ]mwc zMak(Z) _ Z ]mzzx Mock(z) Z ]mux Mlxk(z)

iMix(z) Lix(z) - Lix(z)
. B ZZO:]‘ My Mock (Z) _ ZZO:]' My Muci(z)Lik(Z)
= M) 3 N e

Za mux Z
= Mii(z) ]Mzk Z Mig M az (]/ )
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Since by (vi), lim; o Yoo j Mia M,i(z) = 0, using (v), we obtain that:

lim lim A(jk)=0

j—o0k—oo, keK

if and only if:

Y iy Myk(z
lim lim B(jk) = lim lim s B ok(2)

=0
j—00 k—00, k€K j—e0 k—soo, k€K Y oo q Miy Myx(2)

The conclusion follows from [15] (Theorem 2). O

Corollary 1. If for each i, m;j = 0 except for a finite set of j values, then Mv = Av has a nonzero nonnegative
solution if and only if A > Apy.

4.1.3. Useful Matrix Operations in the Vere-Jones Classes

In order to be able to modify the nonnegative matrices in question, we will need the following
observation. In some cases, it will enable us to produce transition matrices of maps from CPMM.
Let E be the identity matrix; see Equation (2).

Proposition 7. Let M = (m;;); jep be irreducible. For an arbitrary pair of positive integer k and nonnegative
integer {, consider the matrix N = kM + (E. Then:

(i) AN=kApm+Y¢,
(i) if for each i, mjj = O except for a finite set of j values, the matrix N belongs to the same class of the
Vere-Jones classification as the matrix M.

Proof. Both conclusions clearly hold if N is a multiple of M, i.e., when ¢ = 0. Therefore, to show our
statement, it is sufficient to verify the case when N = M + E.

(i) Since Mv = Avif and only if Nv = (A + 1)v, Property (i) follows from Corollary 1.
(ii) By our assumption, for each i, nj = 0, except for a finite set of j values, so Theorem 6 and
Corollary 1 can be applied. Notice that for any nonnegative v,

Mo < Avif and only if No < (A +1)v (18)

so by Theorem 5, the matrix M is transient, resp. recurrent, if and only if N = M + E is transient,
resp. recurrent. In order to distinguish different recurrent cases, we will use Table 1. Since by (i)
AN = Aym + 1, we can write:

ﬂ1—1 m 1( ) n n (k)
n(n) S (k )mn(k) _ Lito (1) " Abs N Yiem () My M (19)
AN Yico (DAY Yk-o (k) M Yo (DAY

U(n,ny) V(nny)

By Equation (10) m“ ) <1 for each k, and we can put g = limy o Ak( ) For each & > 0, there
M

exists n; € N, such that m“(k) € (p — ¢, 1 + €) whenever k > ny. Then, using the fact that:
M

k
lim U(n,n1) =0,  lim i (A _

n—00 n—00 Zk O( )AII(\/I

we can write for any J > 0 and sufficiently large n = n(J):

p—e< (><5—|—y+£
AN
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hence lim,, "1)1\51) = lim,, m}\%ﬁlf:l) = u. By Table 1, M is null, resp. positive recurrent, if and only if N is

null, resp. positive recurrent.

Finally, let M = (m;;); jep be positive recurrent, and assume its irreducible submatrix K = (k;;); jcpr
for some P’ C P; denote L = K + E. Then, similarly as above, we obtain that Ay = Ay + 1, resp.
AL = Ax + 1. If M is weakly, resp. strongly recurrent, then for some K, resp. for each K, we obtain
AN = Ap, resp. Ay > A, and Theorem 4 can be applied.

This finishes the proof for N = M + E. Now, the case when N = M+ /E, { > 1, can be
verified inductively. [

5. Entropy and the Vere-Jones Classification in CP MM

The following statement identifies the topological entropy of a map and the Perron value Ay of
its transition matrix.

Proposition 8. Let (T, P, M) € CPMM?*. Then, Ay = e"or\T), and if there is a summable A-solution of
Equation (5), then Ay < A.

Proof. For the first equality, we start by proving Ay < eMor(T) . We use Proposition 4(i) and
Proposition 3(ii). By those statements, Ay = lim, [m]-j(n)]}? for any j € P and for each sufficiently
large n, the interval j contains mj]-(n) intervals ji,. .., jm]_]_(n) with pairwise disjoint interiors, such
that T"(j;) D joforalll < i ¢ < m]-]-(n). Clearly, the map T" has a mjj(n)-horseshoe [17], hence
hiop(T") = nhiop(T) > logmj(n) and etop(T) > [m]j(n)]% Since 1 can be arbitrarily large, the inequality
Am < eor(T) follows.

Now, we look at the reverse inequality Ay > er(T). A pair (S,T|s) is a subsystem of T if
S C [0,1] is closed and T(S) C S. It has been shown in [18] (Theorem 3.1) that the entropy of T can
be expressed as the supremum of entropies of minimal subsystems. Let us fix a minimal subsystem
(S(e), Tls(e)) of T for which htop(T|g(e)) > htop(T) — € > 0.
Claim 1. There are finitely many elements iy, ..., im € P, such that S(e) C UiL; 77
Proof. Let us denote P = [0,1] \ U;ep i°. Then, P is closed, at most countable and T(P) C P. Assume
that x € PNS(e) # @. Then, orbr(x) C P, which is impossible for (S(¢), T|g()) minimal of
positive topological entropy. If S(e) intersected infinitely many elements of P, then, since S(¢) is
closed, it would intersect also P, a contradiction. Thus, there are finitely many iy,...,i,; € P of the
required property. [J

Our claim together with Proposition 2 say that the connect-the-dots map of (S(e), T|s)) is
piecewise monotone, and the finite submatrix M’ of M corresponding to the elements iy, . . ., iy, satisfies
r(M') > eMor(Tls) Now, the conclusion follows from Proposition 5.

The second statement follows from Theorem 3, Proposition 1 and the fact that topological entropy
is a conjugacy invariant: Ay = elor(T) = ghop(S) < A O

We would like to transfer the Vere-Jones classification to CPMM. That is why it is necessary to
be sure that a change of Markov partition for the map in question does not change the Vere-Jones type
of its transition matrix. This is guaranteed by the following proposition.

Given T € CPMM, consider the family (Py), of all Markov partitions for T. Write
Qu = [0,1] \ Usep, i°. The minimal Markov partition R for T consists of the closures of connected
components of [0,1] \ N, Qa-

Proposition 9. Let T € CPMM with two Markov partitions P, resp. Q, and corresponding matrices
MP = (mﬁ)i,jep, resp. MS = (m,‘%)i,jeg- The matrices MP and M< belong to the same class of the
Vere-Jones classification.
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Proof. Since the map T is topologically mixing, each of the matrices M”, M€ is irreducible and
aperiodic. Moreover, by Proposition 8, the value guaranteed in Proposition 4(i) equals eMor(T) and, so,
is the same for both the matrices M, M; denote it A. Let P = [0,1] \ Ujepj®and Q = [0,1]\ Ujeq -

First, let us assume that P C Q. Fix two elements j € P, resp. j € Q, such that j C j. Let us
consider a path of the length n:

j=jo=" =" =T =] (20)

with respect to P; by Proposition 2, each interval j; contains k; = kP ( jir ji+1) intervals of monotonicity
of T (denote them ;(1),...,¢(k;)), such that T(x) ¢ j;.1 whenever x € j; \ U?Zl t;. This implies that:

[Tk (21)

is the number of paths with respect to P through the same vertices in order given by Equation (20),
and at the same time, it is an upper bound of a number of paths:

f=io= %= 0 2% =]
with respect to finer Q, such that j/ C j; for each i. Considering all possible paths in Equation (20) and
summing their numbers given by Equation (21), we obtain:
Q P

for each n. On the other hand, since T is topologically mixing and Markov, there is a positive integer
¢ = £(j, ), such that T*(j') D j. It implies for each 7,

mﬁ(n) < m]%,(n +k) (23)
Using Equations (22) and (23), we can write,

— P — k —n—k
Yo mP AT < Y mE(mAT < AR Y mP (n kAT

n>0 n>0 n>0

Hence, by the third row of Table 1, M” is recurrent if and only if M2 is recurrent. Again, from
Equations (22) and (23), we can see that lim, mﬁ(n))\’” is positive if and only if lim, m]%, (m)A™"is
positive, and the fourth row of Table 1 for R = A~! can be applied.

In order to distinguish weak, resp. strong, recurrence, for a P’ C P, let Q' C Q be such that:

Q' ={j€Q: j Cjforsomeje P} (24)

Using Equations (22) and (23), again, we can see that the Perron values of the irreducible aperiodic
matrices M”" and M’ coincide; hence, the Gurevich entropies i1(M”), h(MP") are equal if and only if
it is the case for h(M2), h(M<'); now, Theorem 4(ii) and (iii) applies.

Second, if P ¢ Q and Q € P, let us consider the partition R, where any element of R equals
the closure of a connected component of the set I \ (PN Q). The reader can easily verify that R is
a Markov partition for T. By the previous, the pairs of matrices MP, MR, resp. MR, M< belong to the
same class of the Vere-Jones classification. Therefore, it is true also for the pair MP, M2. O

Remark 12. Let (T,P,M) € CPMM*. Applying Proposition 9 in what follows, we will call T
transient, null recurrent, weakly recurrent or strongly recurrent, respectively, if it is the case for its
transition matrix M. The last three, resp. two, possibilities will occasionally be summarized by “T is
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recurrent”, resp. “T is positive recurrent”. It is well known that if T is piecewise monotone, then it is
strongly recurrent [12] (Theorem 0.16).

6. Linearizability

In this section, we investigate in more detail the set of maps from CP MM that are conjugate to
maps of constant slope (linearizable, in particular). Relying on Theorems 3 and 5 and Proposition 9,
our main tools will be local and global perturbations of maps from CP MM resulting in maps from
CPMM. Some examples illustrating the results achieved in this section will be presented in Section 7.

We start with an easy, but rather useful observation. Its second part will play the key role in our
evaluation using centralized perturbation: Formula (37) and its applications.

Proposition 10. Let (T, P, M) € CPMM".

(i) If T is leo, then any A-solution of Equation (5) is summable.
(ii) Any A-solution of Equation (5) satisfies:

Vee (0,1/2): Y, vj<eo
jEP,jC(e1—¢)

Proof.

(i) Since T is leo, for a fixed element i of P, there is an n € N, such that T"(i) = [0,1]. Then, by
Proposition 3 (ii), m;j(n) > 1for each j € P. This implies that any A-solution v = (v;)ep of Equation (5)

satisfies:
A”vi = Z mij(n)vj Z 2 Z)]'
jep jep
sov € (1(P).

(ii) We assume that T is topologically mixing; see Definition 3. For any fixed element i € P, there is
ann € N, such that T"(i) D (g,1 — ¢): since T is topologically mixing, there exist positive integers
ny and nyp, such that 7™ (i) N [0,e/2) # @ for every my > ny, resp. T"2(i) N (1 —¢/2,1] # @ for
every mp > ny. This implies that the interval T" (i) contains (¢,1 — ¢) whenever n > max{ny,n,};
fix one such n. Then, mi]-(n) > 1 for any element j of P, such that j C (¢, 1 — ¢); hence:

/\”vi = 2 ml-j(n)vj > 2 Z)]'

jeP JEP,jC(e1—¢)

for any A-solution v = (vj)jcp of Equation (5).
O

The fundamental conclusion regarding the linearizability of a map from CP MM provided by
the Vere-Jones theory follows.

Theorem 7. If T € CPMM is leo and recurrent, then T is linearizable.

Proof. By assumption, there exists a Markov partition P for T, such that the transition matrix
M = M(T) = (mj);jep is recurrent. In such a case, Equation (5) has a Ay-solution described in
Theorem 5. Since T is leo, the Aps-solution is summable by Proposition 10(i), and the conclusion follows
from Theorem 3. O

Remark 13. In Section 7, we present various examples illustrating Theorem 7. In particular, we show
a strongly recurrent non-leo map of an operator type that is not conjugate to any map of constant slope.
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6.1. Window Perturbation

In this section, we introduce and study two types of perturbations of a map T from CPMM:
local and global window perturbation.
6.1.1. Local Window Perturbation

Definition 6. For S € CPMM with Markov partition P, let j € P, such that S; is monotone. We say
that T € CP MM is a window perturbation of S on j (of order k, k € N), if:

e TequalsSon|0,1]\°
e there is a nontrivial partition (j;)*1? of j, such that T(j;) = S(j) and T| j; is monotone for each i.

Notice that due to Definition 6, a window perturbation does not change partition P (but renders
it slack). Using a sufficiently fine Markov partition for S, its window perturbation T can be arbitrarily
close to S with respect to the supremum norm.

In the above definition, an element of monotonicity of a partition is used. Therefore, for example,
we can take P classical (i.e., non-slack), or to a given partition P’ and a given maximal interval of
monotonicity i of a map, we can consider a partition P” finer than P/, such thati € P".

Proposition 11. Let T € CP MM be a window perturbation of a map S € CPMM. The following is true.

(i) If Sis recurrent, then T is strongly recurrent and Rt < Rg.
(ii) If S is transient, then T is strongly recurrent for each sufficiently large k.

Proof. Fix a partition P for S, let T be a window perturbation of S on j € P. Applying Proposition 9,
it is sufficient to specify the Vere-Jones class of T with respect to P. Consider generating functions
F5(z) = Fj? (z) = Lus1 £ (n)z", resp. F1(z) = Fg(z) =Y,>1 f1(n)z", corresponding to S, resp. T, and
with radius of the convergence ®g = cI>].5]., resp. & = CIDZ Notice that:

VneN: fT(n)=(2k+1)f°(n) (25)
hence CDS = &r.

(i) If Sis recurrent, then by Table 1 and Equation (25),

Y SmRE=1, Y fT(n)RE=2k+1

n>1 n>1
Then, since Rg < &g = D,

Y ffmRF <1<2k+1< Y fT(n)(®r)"

n>1 n>1

Hence, Rt < @1, and T is strongly recurrent.
(ii) If S is transient, then by Table 1 and Equation (25),

s=Y fFmRL<1, Y ff(n)RE = (2k+1)s

n>1 n>1

If for a sufficiently large k, (2k +1)s > 1, necessarily Rt < Rg = &g = Pr, and T is strongly
recurrent by Table 1.
O
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Let M be a matrix indexed by the elements of some P and representing a bounded linear operator
M on the Banach space ¢! = (!(P); see Section 2. It is well known [19] (p. 264, Theorem 3.3) that for

A > 1, the formula:
1
(1) o)
n>0 i,jGP

defines the resolvent operator Ry(M): ¢(P) — (}(P) to the operator
My =AI-M

We will repeatedly use this fact when proving our main results. The following theorem implies
that in the space of maps from CP MM of the operator type, an arbitrarily small (with respect to the
supremum norm) local change of a map will result in a linearizable map.

Theorem 8. Let T € CP MM be a window perturbation of order k of a map S € CP MM of operator type.
Then, T is linearizable for every sufficiently large k.

Proof. We will use the same notation as in the proof of Proposition 11.
Let us denote MT(K) = (ml?(k))i,jep the transition matrix of a considered window perturbation

T(k) of S; let Ay be the value ensured for MT® by Proposition 4; put Ry(ky = 1/A7(k)- Since S is of
operator type, it is also the case for each T (k). Using Proposition 11 and Theorem 5 we obtain that for
some ko, the perturbation T(ko) is recurrent, and Equation (5) is A ,)-solvable:

(ko) k
vie P Y my Y E Ry = A B (Regey)
lep

where FZ(kO) (z) = L1 fg]j(k(’) (n)z", ¢ € P. Since by Equation (25) for each k,

(2k+1) ¥ R, =Y 79 =1

n>1 n>1
we can deduce that (R )k>1 is decreasing and:
lim R =0 27
m R (k) (27)
By our definition of a window perturbation, for eachi € P\ {j},
V order kVn € N: fZT(k)( )= f[j(n) (28)

Denote ry, the spectral radius of the operator M: (! — (! represented by the matrix M = MT ko),
Using Equation (27), we can consider a k > ko for which ATk) > Thy- Then, since the resolvent operator
(A — M)~ represented by the matrix (26) is defined well for each real A > ry, as a bounded operator
on /! [19] (p. 264), we obtain from Equation (28), Remark 11 and Equation (3):

Y Ey =1+ ¥ F®(Rey) < ¥ My(Rygy) < o0

iepP i€P, i#j ieP

Now, since T(k) is recurrent, Theorems 3 and 5 can be applied. [

Let (T,P,M) € CPMM?*. For any pair i,j € P, we define the number:

n(i,j) = min{n € N: m;;(n) # 0}
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In the corresponding strongly-connected directed graph G = G(M), n(i, ) is the length of the
shortest path from i to j. In particular, such a path contains neither i nor j inside, so at the same time:

Gij(n(i,j)) # 0, fij(n(i,j)) # 0

and ¢;;(n) = f;;(n) = 0 for every n < n(i, ). Since:

n(j,i) =i, _ nGid)
n(i,j') +n(f,j) = nij)
for every pair j,j/ € P, the suprema:
5G,P): =sup 0D jep (29)
L)

are either all finite or all infinite. Moreover, we have the following.

Proposition 12. Let T € CP MM with two Markov partitions P, resp. Q. Then, S(k, P) is finite for some
k € P ifand only if S(k', Q) is finite for some k' € Q.

Proof. Let P = [0,1] \Ujep j° and Q = [0,1] \ Ujeq j°. First, let us assume that P C Q. Fix two elements
j€P,j € Q, suchthatj C j. Since the map T is topologically mixing, there exists a positive integer
m for which T"j' O j. Forani € P and ani € Q satisfying i’ C i, we obtain n(7,j') > n(i,j) and
n(j',i") < n(j,i) + m; hence:

n(f, i) _ nii)+m
n(i, ) = nij)

Inequality (30) together with the property (29) show that if S(k, P) is finite for some k € P, then
S(K', Q) is finite for some k' € Q.
On the other hand, there has to exist an i’ € Q, " C i, such that T")i" > {,ie., n(i,j) > n(i", ).

Since also n(j,i) < n(j',i"), we can write for i’ € Q:

VieP)(Vi'e Q, i Ci): (30)

n(j,i) £ _ n(, ") +m
n@ij)  —  n@.j)
Inequality (31) together with the property (29) show that if S(k’, Q) is finite for some k¥’ € Q, then

S(k, P) is finite for some k € P.
If PZ Qand Q € P, we can consider the partition for T:

(Vie P)3i" € Q, " Ci):

(31)

R=PvQ={ini:icP,icQ}

Clearly, R = [0,1] \ Ujer j° = PU Q, and we can use the above arguments for the pairs R, P and
‘R, Q; hence, the conclusion for the pair P, Q follows. [

Therefore, in (29), for fixed (T, P, M) € CPMM* and j € P, we compare the shortest path from j
to i (numerator) to the shortest path from i to j (denominator) and take the supremum with respect to i.
For example, for our map from Section 7.3, the values (29) are equal to one, when T is leo, and (29) is
finite for every j € P. Theorem 8 explains the role of a window perturbation in the case of maps of the
operator type. In Theorem 9, we obtain an analogous statement for maps of the non-operator type
under the assumption that the quantities in (29) are finite.
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Theorem 9. Let S € CPMM with a Markov partition Q and such that the supremum in (29) is finite for
some j € Q. Let T € CPMM be a window perturbation of order k of S. Then, T is linearizable for every
sufficiently large k.

Proof. Fix a partition P for S and j € P. A perturbation of S on j of order k € N will be denoted
by T (k). By our assumption, Proposition 12 and (29), the supremum S(j, P) is finite. The numbers
n(j,i),n(i,j), i € P, do not depend on any window perturbation on an element of P, because such
a perturbation does not change P; we define V(n) = {i € P: n(i,j) = n}, c(n) = max{n(j,i): i € V(n)},
V(n,p) ={i e V(n): n(j,i)=p},1<p <c(n). Obviously, for every n,

( ) < i "UD)

— <su
16713) (l ])

=5(,P) < (32)

To simplify our notation, using Proposition 11, we will assume that S is strongly recurrent, so this
is also true for T (k). Similarly as in the proof of Proposition 11, we obtain for each k,

1//\T(k) = RT(k) < Rg = 1//\5 < Pg = (I)T =1/A (33)

Moreover, as in (27), the sequence (Ry(x))x>1 is decreasing, and limy Ry = 0, i.e., limy Agy = oo

Let us show that for each sufficiently large k, there is a summable Ar()-solution v = (v;);cp of
Equation (5). Using (28), we can write for any ¢ > 0, sufficiently large nyp = ny(e) € N and some
positive constants K, K/,

B:=), ), fz] = X Y, fimRig, (34)

”>”01673\{]} nzng ieP\{j}
c(n)
<)Y X Z Y. GpfimRYy < ¥ Y X fi(p+mRiy,
n>ng m>n p= lzeV(np)\{]} n>ny m>n p=1
<) Ate "
<L X L A+eRY <K- Y (A4 )
n>ng m>n p=1 n>mng m>n AT(k)
A+t

(35)

<K ),

n>ngp

AT(k)
Since, by (33), the value A does not depend on k and limy, ATg) = oo, from (32), it follows that:

A+t - (A 4 ¢)1SGP)

< <9/10 (36)
A1 (k) AT(k)

for any k > k;. Clearly, the value:
np— 1

A=Y ¥ YRy

n=1 icP

given by a finite number of summands is finite, so taking (34)-(36) together, using )~ f;(k) (n)R’]?(k)
<F; Tk )(RT(k)) =1, we obtain:

Z =A+(B+1)<A+1+K- ) (9/10)"

ieP n>ng

whenever k > kq. This finishes the proof. O
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6.1.2. Global Window Perturbation

Let S be from CPMM. In this part, we will consider a perturbation of S with a Markov partition
‘P consisting of infinitely many window perturbations on elements of P (and with independent orders)
done due to Definition 6.

Definition 7. A perturbation T of S on P’ C P will be called centralized if there is an interval [a, b],
a,b € (0,1) \ Ujep i°, such that J P’ C [a, b].

For technical reasons, we consider also an empty perturbation (T = S) as centralized.
Let T be a global (centralized) perturbation of S on P’ C P; denote Q = P \ P’. We can write for
je P

YERD=YY Y sFmRIER)+ Y Y gl (mRY (37)
i€cQ i€Qn>1keP'\{j} i€eQn>1
= Y HER)Y Y i mri+ Y Y gF (mRy
keP\{j} icQn>1 ieQn>1

where the coefficients gﬁl (n) were defined before Remark 11. We use Formula (37) to argue in our proofs.
In the next theorem, the perturbation T need not be of an operator type.

Theorem 10. Let (S,P,M) € CPMM?* be recurrent and linearizable. Assume that T is a recurrent
centralized perturbation of S on P'. If there are finitely many elements of P’ that are S-covered by elements of
P\ P!, then T is linearizable.

Proof. Letky, ...,k be all elements of P’ that are S-covered by elements of @ = P \ P’. Then:

VkE'P’: Ez&k Rn<2231k (38)

i€eQn>1 i€eQn>1
max E 2 gzk K:= max E k (Rg) <
¢ = ¢
1<F<mzeQn>l 1<t<m

Here, the last inequality follows from our assumption that the map S is recurrent and linearizable
together with Theorems 3 and 5. Using (37), (38) and Proposition 10(ii), we obtain:

Y. Fi(Rr) = ) FEi(Rr)+) F}

ieP ieP’ i€Q
< Y FIRp)+K-|1+ ). Fi(Rp)| <o
ieP! keP\{j}

Therefore, by Theorems 3 and 5, the map T is linearizable. [

In the next theorem, the perturbation T need not be of the operator type.

Theorem 11. Let S € CPMM be of the operator type. If the transition matrix M = M(S) represents
an operator M of the spectral radius Ag, then any centralized recurrent perturbation T of S, such that
htop(T) > hiop(S), is linearizable. The entropy assumption is always satisfied when S is recurrent.

Proof. Let T be a centralized perturbation of S on P’ C P; denote Q = P \ P’. From Proposition 8 and
our assumption on the topological entropy of S and T, we obtain 1/Ar = Rt < Rg = 1/Ag. We can
write for j € P
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YERD=Y Y Y ghmRIE(R)+ Y Y gF (R} (39)
i€Q icQn>1keP’\{j} ieQn>1
= Y HR)Y Yk mRrRE+Y Y eF (nRy
keP\{j} i€Qn>1 i€Qn>1
< X (Z 5§<RT>> Fj(Rr) + ) F}(Rr) =V (40)
keP\{j} \i€Q i€Q

where the last inequality follows from the fact that gzlz, (n) < fix(n) for each k € P’ and n € N; for the
definition of gﬁ/ (n), see before Remark 11. By our assumption, Formula (26) represents the resolvent
operator Ry (M) for every A > Ag. In particular, R, (M) is a bounded operator on ¢}(P) [19] (p. 264);
hence, with the help of Remark 11 we obtain:

VkeP: Y Fi(Rr) < Y Fi(Rr) < ¥ M§.(Rr) < Ar|[Ry, (M)]|
ico icP ieP

and (39), (40) can be rewritten as:

Y El(Rr) < Y FI(Rp)+V (41)
ieP iepP!
< Y EJ(Rr) + A7l|Ry (M) (1+ Y FkE(RT)) < oo (42)
iepP! keP\{j}

because ) ycpr Fij(RT) < oo for topologically mixing T by Proposition 10(ii) and Theorem 5.
The conclusion follows from Theorem 5 and (41), (42). It was shown in Proposition 11(i) that for
arecurrent S, we always have hy,, (T) > hop(S). O

In order to apply Theorem 11, let us consider any map R € CPMM of the operator type;
fix e > 0. By Theorem 8, there is a strongly recurrent linearizable map S of the operator type for
which ||R — S| < e. Similarly, as in (27), we can conclude that the transition matrix of S satisfies the
assumption of Theorem 11. By that theorem, any centralized perturbation T (operator/non-operator)
of S is linearizable (such a centralized perturbation T can be taken to satisfy ||R — T|| < ¢).

7. Examples

7.1. Non-Leo Maps in the Vere-Jones Classes

For some a,b € N, consider the matrix M = M(a,b) = (mi]-),-,]-ez, given as:

a 0 b O
0 a 0 b O
M(a,b) = a 0b O (43)
0 a 0 b O
0 a 0 b

Clearly, M is irreducible, but not aperiodic. It has period two, so we consider only m;;(2n).

Obviously,
m;;(2n) = <2:> a"b"
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Using Stirling’s formula, we can write:

22n

nin
A2z b (44)

m;i(2n) ~
Therefore, Ay; = 2v/ab = R~1. At the same time, we can see from (44) that:

lim mii(n)R" =0 and Z mii(n)R” = o0

n—co
n>0

so by Table 1, M(a, b) is null recurrent for each pair a,b € N.

In the following statement, we describe a class of maps that are not conjugate to any map of
constant slope. In particular, they are not linearizable. A rich space of such maps (not only Markov)
has been studied by different methods in [20].

Proposition 13. Let a,b,k,{ € N, k even and ( odd, consider the matrix M(a,b) defined in (43).
Then, N = kM(a,b) + (E is a transition matrix of a non-leo map T from CPMM. The map T is null
recurrent, and it is not conjugate to any map of constant slope. The matrix N represents an operator N on
(N(Z) and:

AN = 2kVab + ¢ (45)

Proof. Notice that the entries of N away from, resp. on, the diagonal are even, resp. odd. Draw a
(countably piecewise affine, for example) graph of a map T from CPMM for which N is its transition
matrix. Since M(a, b) is null recurrent, the matrix N is also null recurrent by Proposition 7. Solving the
difference equation:

ax, 1+bx,01=Axy, nez (46)

one can verify that Equation (5) with M = M(a, b) has a A-solution if and only if A > Aps = 2+/ab (this
follows also from Corollary 1), and none of these solutions is summable. Therefore, by Proposition 7
and Theorem 3, the map T is not conjugate to any map of constant slope. [

For somea,b,c € N, let M = M(a, b, c) = (m;j); jenuqo) be given by:

0O ¢c 0 0 O
a 0 b 0 O
0 a 0 b O
M(a,b,c) = 00 a 0 b 47)
0 0 0 a 0

Again, the matrix M is irreducible, but not aperiodic. It has period two, so we consider only
the coefficients fyo(2n); see Section 4.1. In order to find a A-solution for M, we can use the difference
Equation (46) for n > 0 with the additional conditions xp = 1 and x; = A/c. Using Corollary 1 and the
direct computation, one can show:

Proposition 14.
(a) For any choice of a,b,c € N,

1/2n-2 c b 1gngn—1
_ n—1_n -~ ~
foo(2n) = b n(n—l) o/ 2n(n —1)1/2

so that CDizl = (2v/ab)~L.
(b) If2b > c, then Ap; = 2v/ab and M is transient. There is a summable Apg-solution for M if and only if
a<b.
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(c) If2b = c, then Ay = 2+/ab and M is null recurrent. There is a summable A pj-solution for M if and only
ifa <b.

(d) If2b < c, then Ay; = c\/a/(c —b) > 2v/ab, and M is strongly recurrent. There is a summable
Apm-solution for M if and only ifa+b < c.

Using the above observation and Proposition 7, we can conclude.

Proposition 15. Let a,b,c € N. The following hold:

(i) The matrix K = 2M(a, b, c) + E is a transition matrix of a strongly recurrent non-leo map T € CP MM
if and only if 2b < c. The map T is not linearizable for a +b > c.

(ii) The matrix L = 2M(a, b, b) + E is a transition matrix of a transient non-leo map T € CPMM. The map
T is linearizable if a < b.

Proof. Clearly, K and L are transition matrices of non-leo maps from CP MM. Property (i), resp. (ii)
follows from the properties (a),(b),(d), resp. (a),(b),(c) of Proposition 14. O

7.2. Leo Maps in the Vere-Jones Classes

We have shown in Section 5 that the subset of maps from CP MM that are linearizable is sufficiently
rich in the case of non-leo maps of the operator /non-operator type. In order to refine the whole picture,
in this paragraph, we show how to detect interesting leo maps of the operator/non-operator type. In
the next two collections of examples, we will use a simple countably-infinite Markov partition for the
full tent map and test various possibilities of its global window perturbations.

7.2.1. Perturbations of the Full Tent Map of the Operator Type
For the full tent map S(x) =1 — |1 —2x|, x € [0, 1], consider the Markov partition:
P = {i,=[1/2"",1/2": n=0,1,...}

We will study several global window perturbations of S of the following general form:
leta = (a,),>1 be a sequence of odd positive integers, and consider a global window perturbation T?
of S, such that:

e the window perturbation on iy is of order (a, —1)/2 (i.e., if a, = 1 we do not perturb S on iy).

Then, using the notation of Section 4 and Remark 11, we can consider generating functions
F(z) = F'(z) = Ey(z) = Lu>1 f§o(n)z" corresponding to the element ip: fg,(n) = f(n) for each n.
One can easily verify that:

f1)=1, f(n)=ay---a,_1,n>2 (48)

With the help of Proposition 8, we denote A = A, resp. ® = &, the topological entropy of T = T*,
resp. the radius of convergence of F?(z); also, we put R = R; = 1/A,.

e Strongly recurrent: First of all, consider the set A(¢) = {1,...,¢} and the choice:

2(0) = {1, ne A)
3, n¢g A(Y)

Then, by (48), f(n) = 1forn € A(f) and f(n) = 3"‘~1 for each n > ¢ + 1, hence:

Hm [f(n)]/" =3, ®=1/3, Y f(n)®" =0 (49)

n—o0
n>1
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Therefore, by Table 1, R < @, i.e., hiop(T) = logA € (log3,log4); for the upper bound, see [10].
This implies that the map T, q) is strongly recurrent, hence, by Theorems 5 and 8, also linearizable for
any /.

e  Transient: Denoting B(1) = {1,2,3,4} UU;>p{3" + 1,35 + 2}, let us define:

(1, neB)
(1) = {3, n ¢ B(1) 0

From (48), we obtain lim;,_,e [f(n)]l/ " = 3,ie., ® = 1/3. Moreover, by direct computation, we
can verify that
Y f(n)®" < 1hencealso )_ f(n)R" <1 (51)
n>1 n>1
since always R < ®. It means that the map T;(;) defined by the choice (50) is transient, and by Table 1
from Section 4, in fact, R = &, i.e,, Proposition 8 implies htop(T) = log3. If we consider in (50)
any set B'(1) D B(1), such that the inequalities (51) are still satisfied, the same is true for a resulting
perturbation T".

Remark 14. Misiurewicz and Roth [11] observed that the map T is not conjugate to any map
of constant slope. It can be shown that for each choice of a sequence a = (ay),>1, such that the
corresponding T has finite topological entropy, the following dichotomy is true: either T is recurrent
and then Equation (5) has no A-solution for A > ¢"T), or T is transient and then Equation (5) does not
have any A-solution.

e Null recurrent: The choice (50) was proposed to satisfy f(n) ~ 3"/n?. Using this fact and (51), we
obtain (R = 1/3):
Y f(mR"<1 and ) nf(n)R"=co
n>1 n>1
Let us define inductively a new set B(2) C B(1) as follows: put np = 0 and B(2,0) = B(1);
assuming that for some k € NU {0}, we have already defined n; and B(2,k) C B(1), to obtain
B(2,k+ 1), we omit from B(2, k) the least number, denoted n; 1, such that the choice:

1, neB2k+1)
a =
T8, n¢ BRk+1)

still gives }-,,~1 f(n)R" < 1 for the corresponding window perturbation of Tp(, ). Clearly, ny < 4
for each k. Let B(2) = k>0 B(2 k), and consider the global perturbation of S corresponding to
a(2) = (a,(2)),>1 given by Formula (50) with B(1) replaced by B(2). The set B(2) contains infinitely
many units (by (49), any choice A(¢) gives }_,~1 f(A(£);n)R" = o0). Moreover, our definition of B(2)
impliesR=L=1/3,

Y fmR"=1 and Y nf(n)R"=oo

n>1 n>1

Therefore, the corresponding perturbation Tp(;) of S is null recurrent; hence, by Theorem 8, it is

linearizable. By Proposition 8, oy (Tp(2)) = log3.

7.2.2. One More Collection of Perturbations of the Full Tent Map

Expanding on the example of Ruette [8] (Example 2.9) (see also [15] (p. 1800)), we have the
following construction. Let (a,,),>0 be a non-negative integer sequence with a4y = 0; let A > 1 a slope
determined below in (52); and leti, = [A 77, /\’(”H)], n > 0, be adjacent intervals converging to zero.
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Furthermore, let j,, n > 1, be adjacent intervals of length A~ (n+D) (1- )\’1) (1+ 2a,) converging to one
and such that A~2(2A — 1) is the left boundary point of j;.
We define the interval map T : [0,1] — [0, 1] with slope A (see Figure 1) by:

Ax ifx € [0,A71]
() 2 Ax ifxe A, 17220 - 1))
X)) =
composed of 1+ 24, branches of slope F A alternatively

mapping into i, ifx€j,n>1

] WAR

;\731 | I

Figure 1. The map T € CPMM.

To make sure that lim,_,; f(x) = 0, weneed A € (0, %) to satisfy:

A=2+Y 2a,(1-A"HAa™" (52)

n>1

Therefore, any sequence (a,),>0, such that (52) has a positive finite solution A, leads to the
linearizable map T € CP MM . One can easily see that P = {i, },,>0 is a Markov (slack) partition for
T as defined in Section 2.

Applying Proposition 2, we associate with P the transition matrix:

1 14247 1424, 1+ 2a3

1 0 0 0
M= M(T) = (mij)ijer = |9 1 0
0

and also (see Figure 2) the corresponding strongly-connected directed graph G = G(M):

1+2a3

o ® [ ] [ ] [ ]

i i i i3

Figure 2. The Markov graph of T € CPMM; 1 + 2a, indicates the number of edges in G from i to iy,.



Entropy 2016, 18, 234 24 of 27

In particular, the number of loops of length n from iy to itself is foo(n) = 1+ 2a,,_1.
We use the Rometechnique from [21] (see also [22] (Section 9.3)) to compute the entropy of this
graph: it is the leading root of the equation:

z=1+) (1+2a,)z" (53)
n>1

If we divide this equation by z, then we get:

1=z14 Y (1+2a,)z "D = Y~ foo(n)z™"

n>1 n>1

From Table 1, it follows that the graph G (the matrix M, the map T) is recurrent for any choice of
a sequence (a,),>0 and corresponding finite A > 0. Proposition 8 and comparing Equations (52) and
(53), we find that e"or(T) = A, = A.

By Remark 5, the map T is of the operator type if and only if sup, a, < oo. In this case, by
Table 1 and Proposition 8, ®o9 =1 > 1/2 > R = 1/A )y, so the corresponding map is always strongly
recurrent. For the choice a, = a" for some fixed integer a > 2, the map T is of the non-operator type.
In this case, }_,,~1 foo(n)a™" = o0, s0 e~ op(T) = 1/Apm = R < a~1 = ®gy; hence, by Table 1, the map T
is still strongly recurrent.

We can also take a, = a"~¥n for some sublinearly-growing integer sequence (¢, ),,>1 chosen, such
that (53) holds for z = g,ie., a =1+},>1a " + 2a~¥n. In this case, &9 = Rand ¥, fég)R” =1,
and the system is null-recurrent or weakly recurrent (not strongly recurrent) depending on whether
Y., na~¥n is infinite or finite.

7.2.3. Transient Non-Operator Example from [23]

Although up to now, all of our main results have been formulated and proven in the context
of continuous maps, many statements remain true also for countably piecewise monotone Markov
interval maps that are countably piecewise continuous (this example can be made continuous by
replacing each branch with a tent-map of the same height. The A will be twice as large, and the
entropy increases accordingly in that case). We will present a countably-piecewise continuous,
countably-piecewise monotone example adapted from [23], where it is studied in detail for its
thermodynamic properties.

Let (wy)r>0 be a strictly-decreasing sequence in [0, 1] with wy = 1 and lim; w;, = 0. We will
consider the partition P = {p; }, .y, where the interval map T (see Figure 3) is designed to be linear
increasing on each interval py = [wy, wx_1) for k > 2, py = [wy, wo], T(px) = Uisk—1 pi for k > 2 and
T(p1) = [0, 1]. With a slight modification of our definition from Section 2, P is a Markov partition for
T,and T is leo. Let M = M(T) be the matrix corresponding to P; see below. In order to have constant
slope A, we need to solve the recursive relation:

Wiyl = Wk — Wi_1/A fork > 1
wo=1 w1 =1—-1/A

The characteristic equation a? — & + 1/ = 0 has real solutions x+ = %(1 +v1—-4/1) €(0,1)
whenever A > 4. We obtain the solution:

wi=2""1+k/2) ifr=4

and:

w ifA>4

A 1-2/A +2\/1—4//\—1+2/A(Xk
koI =4/ 2V1—4/A -
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OO O - =
cCo R Rk R
O R R
[ Y
g Y

SM(x) == Alx —w}) if x € py

P4 P53 P2 P1
Figure 3. The transition matrix (left) and graph (right) of the map T : [0,1] — [0, 1]

It is known that htop(T) = log 4; hence, by Proposition 8, Aj; = 4. If we remove site p; (i.e., remove
the first row and column) from M, the resulting matrix is M again, so strongly-connected directed
graph G = G(M) contains its copy as a proper subgraph, and due to Theorem 4(i), M and also T
are transient.

Writing vl/{\ = |pl = w?fl — w,é, we have found, in accordance with Theorem 5, a positive
summable A-solution of Equation (5) for each A > 4. Summarizing, the map T is conjugate to a map of
constant slope A whenever A > 4. T is also linearizable, since A =4 = Ay = elo(T),

7.2.4. Transient Non-Operator Example from [5]

Let V = {vj}i>_1, X = {x;}i>1 V, X converge to 1/2and 0 =v_1 = xp =19 < x1 < 71 < X2 <
vy < x3 <v3<---;theinterval map T = T(V, X) : [0,1] — [0,1] satisfies (see Figure 4)

(@ T(vi-1)=1- 01,121, T(vy) = voj, i >0,
(b) T(xpi1) =1-0y3,i>1,T(xp) =021 2, i >1,
(© Tuv= ‘w > 1 for each interval [u,v] C [x;, xi11],

(d) T(1/2)=1/2and T(t) = T(1—t) foreacht € [1/2,1].

Property (c) holds for our V, X, since by (a), (b), we have Ty, x,,, > 2 for each i > 0.

Xit1

=

X,

O T It It —+
0 uX, Vv, U XV, X, 1/2 1

Figure 4. Theleomap T € F C CPMM.

Let us denote F(V, X) the set of all continuous interval maps fulfilling (a)-(d) for a fixed pair
V, X, and put F := Uy x F(V, X). It was shown in [5] that:

F is a conjugacy class of maps in CP M M.
Strongly-connected directed graph G = G(M) contains its copy as a proper subgraph [5] (Theorem 4.5,
Figure 3), so due to Theorem 4(i), T is transient.

e  The common topological entropy equals log9.
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e Equation (5) has a positive summable A-solution for each A > 9 = eor(T),

We can factor out the left-right symmetry of this map by using the semi-conjugacy (x) = 2|x — 1|,
and the factor map T has transition matrix:

S O O = o
S O =
S = e
L N SN N
B~ B s

with similar properties as the previous example. Therefore, T is conjugate to a map of constant slope A
whenever A > 9 (see Figure 5), and also linearizable, since A =9 = Ay = eop(T)

1R

\‘ \“

0 112 10 112 1
(a) (b)

Figure 5. T € F is conjugate to a map with slope 9 (a) and slope 20 (b).

7.3. One Application of Our Results

Using Proposition 13 let K = 2M(1,1) + E. We have discussed the fact that K is a transition
matrix of a non-leo map T € CP MM with corresponding Markov partition denoted by P. Clearly, by
Remark 5, K represents a bounded linear operator, denoted it by K, on a (P),so T is of the operator
type. We can conclude that:

(i) Ak =5= elor(T), Propositions 8 and 13.
(i) Ax =rk = |||, Proposition 13, Section 2, and Equation (3).
(iii) T is not conjugate to a map of constant slope (is not linearizable), Proposition 13.
(iv) T isnull recurrent, Proposition 13.
(v) Let P’ be a Markov partition for T; denote K’ the transition matrix of T with respect to P’
representing a bounded linear operator X’ on ¢! (P’). Since:

Vye (0,1): #T Y (y) =5

we have Ay = ri = 5; see (i), Section 2 and Proposition 8. Then, by Theorem 11, any recurrent
centralized (operator/non-operator) perturbation of T is linearizable. In particular, it is true for
any local window perturbation of T on some element of P’, Proposition 11(i).

(vi) Let P’ be a Markov partition for T, which equals P outside of some interval [a,b] C (0,1).
Let T’ be a local window perturbation of T on some element of P’; from the previous
Paragraph (v), it follows that T’ is strongly recurrent and linearizable. Consider a centralized
(operator/non-operator) perturbation T” of T’ on some P” C P’. Then, if T” is recurrent,
it is linearizable by Theorem 10. Otherwise, we can use either Theorem 8 (an operator case)
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or Theorem 9 (non-operator case; S(j, P’) is finite for j € P’) to show that a local window
perturbation of T of a sufficiently large order is linearizable.
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