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ABSTRACT. Transitivity, the existence of periodic points and positive
topological entropy can be used to characterize complexity in dynamical
systems. It is known that for graphs that are not trees, for every € > 0,
there exist (complicate) totally transitive maps (then with cofinite set of
periods) such that the topological entropy is smaller than ¢ (simplicity).
We show by means of three examples that for any graph that is not
a tree, relatively simple maps (with small entropy) which are totally
transitive (and hence robustly complicate) can be constructed so that
the set of periods is also relatively simple. To numerically measure the
complexity of the set of periods we introduce a notion of a boundary
of cofiniteness. Larger boundary of cofiniteness means simpler set of
periods. With the help of the notion of boundary of cofiniteness we can
state precisely what do we mean by extending the entropy simplicity
result to the set of periods: there exist relatively simple maps such that
the boundary of cofiniteness is arbitrarily large (simplicity) which are
totally transitive (and hence robustly complicate). Moreover, we will
show that, the above statement holds for arbitrary continuous degree
one circle maps.
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1. INTRODUCTION

Transitivity, the existence of infinitely many periods and positive topolog-
ical entropy often characterize the complexity in dynamical systems. This
paper aims at showing that totally transitive maps on graphs, despite of be-
ing complicate in the above sense can have somewhat simple sets of periods
(simplicity with respect to topological entropy was already known). To be
more precise, and to state the main results of the paper we need to introduce
some basic notation.

Let X be a topological space and let f: X — X be a map. A point
x € X is called a periodic point of f of period n if f*(x) = x and n is the
minimum positive integer with this property. The set of all positive integers
n such that f has a periodic point of period n is denoted by Per(f). A set
of periods is called cofinite (on N)if its complement is finite or, equivalently,
it contains all positive integers larger than a given period.

Let X be a compact space and let f: X — X be a continuous map. The
topological entropy of f is defined as in [1] and denoted by h(f).

Definition 1.1. Given a topological space X, a continuous map f: X — X
is called transitive if for every pair of open subsets of X, U and V, there is
a positive integer n such that f*(U) NV # 0.

It is well known that when X has no isolated point, transitivity is equiv-
alent to the existence of a dense orbit (see for instance [17]).

A map f is called totally transitive if all its iterates are transitive. 1]

We are interested in totally transitive maps on graphs. A (topological)
graph is a connected compact Hausdorff space for which there exists a finite
non-empty subset whose complement is the disjoint union of a finite number
subsets, each of them homeomorphic to an open interval of the real line. A
tree is a graph without circuits or, equivalently, a uniquely arcwise connected
graph. A continuous map from a graph to itself will be called a graph map.

A transitive graph map has positive topological entropy and dense set
of periodic points [13, 14, 4, 5], with the only exception of an irrational
rotation on the circle. Thus, in view of [11] every transitive map on a graph
is chaotic in the sense of Devaney (except, again, for an irrational rotation
on the circle). Moreover, from [3, Main Theorem| we have

Theorem 1.2. Let G be a graph and let f be a continuous transitive map
from G to itself which has periodic points. Then the following statements
are equivalent:
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(a) f is totally transitive.
(b) Per(f) is cofinite in N.

Thus, totally transitive maps on graphs are complicate since they have
positive topological entropy, are chaotic in the sense of Devaney and have
cofinite set of periods.

However, from [2] we know that for every graph that is not a tree and for
every € > 0, there exists a totally transitive map such that its topological
entropy is positive but smaller than €. Thus, transitive maps on graphs
may be relatively simple because they may have arbitrarily small positive
topological entropy.

Remark 1.3. This result is valid only for graphs that are not trees since
from [7] we know that for any tree T and any transitive map f: T — T,

log 2
M) 2 gy

where E(T") denotes the number of endpoints of 7. o

The aim of this paper is to study whether the simplicity phenomenon
described above, that happens for the topological entropy, can be extended
to the set of periods. More precisely, s it true that when a totally transitive
graph map has small positive topological entropy it also has simple set of
periods (and in particular small “cofinite part” of the set of periods)?

To measure the size of the set of periods and, in particular, of its “cofinite
part” we introduce the notion of boundary of cofiniteness. For clarity we
will also introduce three auxiliary notions:

e For every L € N, we define the set of successors of L, denoted by
Succ (L), as the set {k e N: k> L}.

e Let f be a graph map whose set of periods is cofinite. The strict
boundary of cofiniteness of f, denoted by StrBdCof (f),is defined as
the smallest positive integer n such that Per(f) D Succ(n). Accord-
ingly, the set Succ (StrBdCof (f)) will be called the cofinite part of
Per(f).

e Given a graph map f whose set of periods is cofinite we define the
set

sBC(f) := {L € Per(f): L>2, L—1¢ Per(f) and
Card({1,...,L — 2} NPer(f)) < 2log, (L — 2)}

Observe that every L € Per(f), L > 2, such that L—1 ¢ Per(f) must
satisfy L < StrBdCof (f). Hence, sBC(f) C {1,2,...,StrBdCof (f)}
is finite.

Definition 1.4 (Boundary of cofiniteness). Let f be a graph map whose

set of periods is cofinite. When sBC(f) # () we define the boundary of

cofiniteness of f as the number BdCof (f) := maxsBC(f). Observe that

e BdCof (f) is not defined if and only if the set sBC(f) is empty; and

e whenever BdCof (f) is defined we have BdCof (f) < StrBdCof (f). More-
over BdCof (f) < StrBdCof (f) if and only if StrBdCof (f) ¢ sBC(f).
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Now let us see that larger boundary of cofiniteness implies simpler set
of periods: On the one hand, the facts that BdCof (f) < StrBdCof (f) and
Succ (StrBdCof (f)) is the cofinite part of Per(f) imply that BdCof (f) is a
lower bound of the start of the cofinite part of Per(f) (in particular, the
larger it is BdCof (f) the smaller it is the cofinite part of Per(f)). On the
other hand,

Card({1,...,BdCof (f) — 2} NPer(f)) < 2log,(BdCof (f) — 2)

is equivalent to

Card({1,...,BdCof (f) — 2} N Per(f))
BdCof (f) — 2

2logQ(BdCof(f) —2)

- BdCof (f) —2

where for every L € sBC(f), DensLowPer,(L) denotes the density of the
L—Ilow periods of f which, by definition, are the periods of f which are
smaller than L. Consequently, again, the larger it is BdCof (f) the smaller
it is the density of the BdCof (f)—low periods of f because

log, () log, ()

is decreasing for x > 2 and lim ———— =0.
X z—00 X

Justifying Remark. The reason for defining BdCof (f) := maxsBC(f) is
that, among all elements of the set sSBC(f), maxsBC(f) is the one that gives
the largest possible lower bound of the beginning of the cofinite part of the

set of periods and simultaneously the smallest possible density of the set of
BdCof (f)—low periods of f. o

DensLowPer, (BdCof (f)) :=

Remark 1.5. The boundary of cofiniteness cannot be replaced by the much
simpler notion of strict boundary of cofiniteness. Indeed, since the condition

Card({1,...,BdCof (f) — 2} NPer(f)) < 2log,(BdCof (f) — 2)

need not be verified by StrBdCof (f) (when StrBdCof (f) ¢ sBC(f)), the
density of the StrBdCof (f)—low periods of f could be large (in fact, even,
arbitrarily close to one), contradicting the simplicity of the set of periods.

1]

Now we can state precisely what do we mean by extending the entropy
simplicity phenomenon described above to the set of periods: is it true that
there ezist totally transitive (and hence dynamically complicate) graph maps
with arbitrarily large boundary of cofiniteness?

We illustrate the above statement with three examples for arbitrary graphs
which are not trees.

The rotation interval of a circle map of degree one is a fundamental tool
to determine its set of periods. We will define this object in Section 2,
where will describe in detail its relation with the set of periods of the map
under consideration. In what follows we will denote the set of all liftings
of all continuous circle maps of degree one by L1, and the rotation interval
of F' € L1 by Rot(F). These notions are well known and, to improve the
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readability of this rather long introduction, their definitions are written in
detail in Subsection 2.2.
In what follows, |-|denotes the integer part function.

Example 1.6 (the dream example). For every positive integer n > 3
there exists a totally transitive continuous circle map of degree one, f, ,
having a lifting F} , € £y such that

Rot(FLn) = [ 1 2 } , Per(flyn) = Succ (n), and lim h(fl,n) =0.

2n—1’ 2n—1
n— oo

Hence, BdCof (f, ) = StrBdCof (f, ,) = n. Thus, lim,_,_ BdCof (f,,) = ooc.

Furthermore, given any graph G with a circuit, the sequence of maps
{fi.}.>5 can be extended to a sequence of continuous totally transitive self

maps of G, {¢&'} S such that

Per(¢>') = Per(f,,) and lim h(¢%") =0.
Remark 1.7. In this example there are no BdCof ((Z)S?l)—low periods. So,
StrBdCof (qbf;l) is enough to control the complexity of the set of periods. 0O

Remark 1.8. Our choice of the rotation interval in this example was influ-
enced by the Farey sequence of order 2n — 1 (which is the ordered sequence
of rationals g such that 0 < p < g <2n -1, (p,q) = 1). It follows that
two elements % < T in a Farey sequence are consecutive (called Farey neigh-
bours) if and only if gr — ps = 1. The endpoints of the rotation interval of
Example 1.6 belong to the Farey sequence of order 2n — 1 and the elements
of this sequence between them are
2n171 < 2n172 < 2n173 < 2n174 << % < 2n{1'

This tells us that Per(¢%')N{1,2,...,2n—2} = {n,n+1,...,2n—2} which
was the kind of set of periods we were looking for. 1]

Example 1.9 (with persistent fixed low periods). For every n € N
odd, n > 7, there exists a totally transitive continuous circle map of de-
gree one, f, . having a lifting F,, € £y such that Rot(F,,) = [§, &2],
lim,_,  h(f,,) =0,

Per(f,,) ={2}U{qodd:2-|2] +1<g<n-2}USucc(n),
and BdCof (f,,) exists and verifies 2 - | 2| +1 < BdCof(f,,) < n (and,
hence, lim,,_,  BdCof (f,,) = o).

Furthermore, given any graph G with a circuit, the sequence of maps
{fom Yustm oaa €A be extended to a sequence of continuous totally transi-

tive self maps of G, {¢%?} .. Such that Per(¢S?) = Per(f,,) and,
additionally, lim,_,__ h(¢S?) = 0.

Remark 1.10 (A concrete new motivation of the boundary of
cofiniteness’s definition). The above example is different from the pre-
vious one since for every odd n there exist BdCof (gbf?Q)—low periods and,
moreover, every map ¢f;2 has a constant BdCof ((bf;z)—low period 2.
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On the other hand, StrBdCof (¢52) = n # BdCof (¢%?). In this exam-
ple this is due to the fact that the set of periods which are smaller than
StrBdCof (¢&2) is very large relative to the value of StrBdCof (¢%?). More
concretely,

K+l it — 4k + 1
DensLowPer G,2<StrBdC0f ((Z)S;Q)) = ¢ ARl 1 " T
b s ifn=4k -1

So, for large n,

DensLowPer G,2<StrBdCof (qﬁf?z)) ~ 1>
oG

2log,(n—2)  2log,(StrBdCof (¢5?) — 2)
n—2  StrBdCof (¢%2) — 2

and, hence, the strict boundary of cofiniteness does not belong to sBC(¢f32).
Furthermore, the differences StrBdCof (¢?) — BdCof (¢*?) are unbounded

since, otherwise,

0 < lim DensLowPer ;2<StrBdCof (¢S?2)) =

n—00 ¢S

Card({l, ..., StrBdCof ((;55;2) — 2} N Per(¢f?2)>

Jm StrBdCof (¢62) — 2 N
Card({1,...,BdCof (652) — 2} N Per(652) )
lim <
n—vo0 StrBdCof (¢52) — 2
G;2) _
- 2log, (BdCof (¢&2) — 2) 0.
a contradiction. 1]

Example 1.11 (with non-constant low periods). For every n € N,
n > 5 there exists f; , a totally transitive continuous circle map of degree
one having a lifting F; € £ such that

Rot(F, ) = [2n—1 2n+1] _ [; 11 L} ’

2n2 7 2n?2 n 2n2’ n + 2n2
lim,, h(f&n) =0, and

Per(f, ) = {n.2n,2n+ 1} U{tn+k:te (3.4, ,v—1} and

ke {-|5,— [5H +1,..,0,1,, 4]} U
Succ(m/+1—%)
with
L n if n is even, and
" In-—1 ifnisodd.

Moreover, StrBdCof (f;,) = nv + 1 — § and BdCof (f, ) exists and verifies

n < BdCof (f,,,) <nv+1—§ (and hence, lim,_,  BdCof (f,, ) = 00).
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Furthermore, given any graph G with a circuit, the sequence of maps
{f5., 322, can be extended to a sequence of continuous totally transitive self

maps of G, {(;553}25, such that

Per(¢%?) = Per(f,,) and lim h(¢%®) =0.
Remark 1.12. This example is different from the previous two examples
since for every n there exist BdCof (¢S?3)—low periods but there is no con-
stant BdCof (¢%%)—low period.
Moreover, as in the previous example, StrBdCof (¢5%) # BdCof (¢5?%),

G; ~ 1
DensLowPerdSS;S(StrBdCof (¢ 3)) ~ L

and the differences StrBdCof (¢5*) — BdCof (¢%*) are unbounded. 1]

Finally, we state the main theorem of the paper that shows that the
above examples are not exceptional among circle maps of degree one. On
the contrary, a sequence of totally transitive circle maps that unfolds an
entropy simplification process also must unfold a set of periods simplification
process:

Theorem A. Let {f, } ., be a sequence of totally transitive circle maps of
degree one with periodic points such that lim,,___ h(f )= 0. For every n let
F. € Ly be a lifting of f,. Then,

e lim . _ len(Rot(F,)) =0,

o there exists N € N such that BdCof (f,) ewxists for everyn > N, and
e lim, . BdCof(f,) = oc.

Despite of this very general theorem for totally transitive circle maps
of degree one, we emphasize that the examples are strongly relevant and
motivated by the following two reasons: from one side they are valid for any
general graph that is not a tree (not just the circle) thus showing that the
phenomenon described in this paper seems to be much more general than
the result obtained in Theorem A. On the other hand, the three examples
show that all situations about the density of the StrBdCof (f)—low periods
of f are possible (see Remarks 1.7, 1 and 1.12) and, in particular, they show
that the boundary of cofiniteness cannot be replaced by the notion of strict
boundary of cofiniteness (see Remark 1.5).

The above three examples are constructed by means of a “factory” of
general graph examples whose technology is based in two ingredients: first,
the construction of appropriate minimal (in the sense of dynamics and topo-
logical entropy) circle maps of degree 1, and second, a general construction
that “exports” these minimal maps to arbitrary graphs that are not trees by
keeping their basic dynamical properties. With this technology, to construct
the above examples we only need to choose appropriate sequences of candi-
dates to rotation intervals and control the corresponding sets of periods for
the corresponding circle maps.

This paper is organized as follows. In Section 2 we introduce the defini-
tions and preliminary results for the rest of the paper. Theorem A is proved
in Section 3. In Section 4 we show how to “export” certain circle maps of
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degree one to arbitrary graphs that are not trees while essentially maintain-
ing their dynamical properties. In Section 5 we survey and study the above
minimal circle maps of degree 1, and their construction. These two sections
constitute what we call a “factory” to construct graph examples. The next
Section 6 studies the dynamical properties of the minimalistic extensions of
certain families of degree one minimal maps. Examples 1.6, 1.9 and 1.11 are
then constructed in Section 7 by using the tools developed in the factory
(Sections 4, 5 and 6).

Acknowledgements. We thank an anonymous referee for his/her criticism
to a previous version of this paper which allowed us to improve the base the-
ory for our constructions as well as the proof of the main theorem. He/She
specially motivated us to improve the study of certain minimal circle maps
of degree one, and to create the factory for general graph examples.

2. DEFINITIONS AND PRELIMINARY RESULTS

In this section we essentially follow the notation and strategy of [9].

2.1. Basic definitions. In the rest of the paper we denote the unit circle
{z€C: |z] =1} by SL.

A topological graph (or simply a graph) is a connected compact Hausdorff
space X for which there exists a finite (or empty) set V(X),called the set of
vertices of X, such that either X = S' and V(X) = 0 or X \ V(X) is the
disjoint union of finitely many open subsets of X each of them homeomorphic
to an open interval of the real line, called edges of X, with the property that
the boundary of every edge consists of at most two points which are in
V(X). A point z € V(X) is an endpoint of X if there exists an open (in
X) neighbourhood U of z such that X N U is homeomorphic to the interval
[0,1) being z the preimage of 0. A circuit of a graph X is any subset of X
homeomorphic to a circle. A tree is a graph without circuits.

Let X be a topological space and let f: X — X be a continuous map.
When iterating the map f we will use the following notation: f° will denote
the identity map (in X), and f" := fo f*~! for every n € N, n > 1. For a
point x € X, we define the f-orbit of x (or simply the orbit of x), denoted
by Orb, (), as the set {f"(x) :n >0}. A point z € X is called a periodic
point of f if f"(x) = z. In such case Orb,(x) is called a periodic orbit of
f and Card (Orbf (:1:)) is called the period of x (or f-period of x if we need
to specify the map). Observe that if  is a periodic point of f of period n,
then f*(z) # x for every 1 < k < n and if P is a periodic orbit of f, then
P = Orb,(x) for every z € P.

The set of all positive integers n such that f has a periodic point of period
n is denoted by Per(f).

2.2. Rotation theory and sets of periods for circle maps of degree
one. We start by introducing the key notion to work with circle maps:
the liftings. Let e: R — S! be the natural projection which is defined by
e(z) := exp(2miz). Given a continuous map f: S — S, we say that a
continuous map F: R — R is a lifting of f if e(F(z)) = f(e(x)) for every
x € R. For such F, there exists d € Z such that F(x + 1) = F(z) + d for all
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0 1

FIGURE 1. An example of a map F' € £; with its lower map
F, in red and its upper map F!, in blue.

l u

z € R, and this integer is called both the degree of f and the degree of F'.
If G and F are two liftings of f then G = F' + k for some integer k£ and so
F and G have the same degree. We denote by L, the set of all liftings of
circle maps of degree d.

Next we introduce the important notion of rotation interval for maps from

L. Let F € £1 and let z € R. The number

F(z) —
pp(x) = limsup (z)— =

n—00

will be called the rotation number of x. Moreover, the set

Rot(F) := {p,.(z) : v € R} = {p,.(2) : w € [0, 1]}
will be called the rotation interval of F. 1t is well known that it is a closed

interval of the real line [16].
If F' € L1 is a non-decreasing map, then

Ik —
o) = tim T

for every x € R and, moreover, it is independent on x (see for instance
[9]). Then this number (p, (z) for any € R), will be called the rotation
number of F. For every F' € L1 we define the lower map F,: R — R by
(see Figure 1 for a graphical example)

F(x) =inf{F(y) : y > x}
and the upper map F,: R — R by
F,(z) =sup{F(y) : y < x}.

It is easy to see (see e.g. [9]) that F), F, are non-decreasing maps from L;.

The next theorem (c.f., [9, Theorem 3.7.20]) gives an effective way to
compute the rotation interval from the rotation numbers of the upper and
lower maps.

Theorem 2.1. For every F' € L it follows that Rot(F) = [p(F)), p(F,)].
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It is well known that the rotation interval of a lifting F' € £1 can be used
to obtain information about the set of periods of the corresponding circle
map. To clarify this point we will introduce the notion of lifted orbit.

Let f be a continuous circle map of degree d and let F' € L; be a lifting
of f. A set P C R will be called a lifted orbit of F if there exists z € S! such
that P = e ! (Orb,(z)) and f(e(x)) = e(F(x)) for every x € P. Whenever z
is a periodic point of f of period n, P will be called a lifted periodic orbit
of F' of period n. We will denote by Per(F') the set of periods of all lifted
periodic orbits of F. Observe that then, Per(F') = Per(f).

Remark 2.2. Let F' € £1 and let P be a lifted periodic orbit of F' of period
period n. Set
P={ .z ,,x ,x,,2,,%,,...}
with z, < z, if and only if ¢ < j. The fact that P = e~ (Orbf (z)), in this
case, gives
Card(PN[r,r+1))=n
for every r € R and, hence,

z, +k

xkn+i = 7

for every i, k € Z.

Moreover, there exists m € Z such that F"(z,) = z, + m =z, for
every x, € P. Consequently,
Pr (:'Uz) = %
for every x, € P. o

From the above remark it follows that if P is a lifted periodic orbit of
F € L4, then all the points of P have the same rotation number. This
number will be called the rotation number of P (or F-rotation number of P
if we need to specify the lifting).

A lifted periodic orbit P of F' € L1 such that F' } p Is increasing will be
called twist.

Remark 2.3. Let
P={.. 2 ,,x |, T2 ,2,y,...}

be a twist lifted periodic orbit of ' € £ of period n and rotation number
m/n labelled so that x, < =, if and only if i < j. By [9, Lemma 3.7.4 and
Corollary 3.7.6] we have that m and n are co-prime and

F(':U +m?
for all 7 € Z. n]

)==x

k3

The next theorem due to Misiurewicz (see [18, 9]) already makes the
connection between Rot(F') and Per(F'). To state it, we still need to recall
the Sharkovskii Ordering.

The Sharkovskii Ordering g,> (the symbols g,>, <g, and <g, will also
be used in the natural way) is a linear ordering of N, := NU{2*} (we have
to include the symbol {2°°} in order to ensure the existence of supremum
of every subset with respect to the ordering g;,>) defined as follows:

3sh>9gn>Tsn>9en> - sp>
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2-3s>254>2-Ten>2-9gy> - gp>
4-36,>4-55,>4-Tgp>4-9gy> - gp>

2" 3an>2" 5> 2" T gy >2" -9 g> - g >

2% > en> 2" > o sn> 16 6> 8 gn> 4 s> 2 g > 1
We introduce the following notation. Given c¢,d € R, ¢ < d we set
M(c,d) :={n € N: c < k/n < d for some integer k} .
Let F' € £; and let ¢ be an endpoint of Rot(F'). We define the set

Qu(c) = {9 fefQ

{sk:keNandk <g, s,} if c=r/s with r,s co-prime

and s, € Ny, is defined by the Sharkovskil Theorem on the real line. Indeed,
since ¢ = r/s and r and s are co-prime, the map F'® —r is a continuous map
on the real line with periodic points. Hence, by the Sharkovskii Theorem
there exists an s, € Ng, such that the set of periods (not lifted periods) of
F*® —ris precisely {t e N: ¢t <g, s, }.

Theorem 2.4. Let f be a continuous circle map of degree one having a
lifting F' € L. Assume that Rot(F) = [¢,d]. Then

Per(f) = QF‘(C) U M(Ca d) U QF (d)

Corollary 2.5. Let f be a continuous transitive circle map of degree one
having a lifting F € L1. Assume that Rot(F) = [c,d] is non-degenerate.
Then, f is totally transitive.

Proof. By Theorem 2.4,
Succ (Lﬁj + 1) C M(c,d) C Per(g, ,).
Thus, Per(g, ,) is cofinite and g, , is totally transitive by Theorem 1.2. [

2.3. Markov graphs, Markov maps and sets of periods. Take a finite
set V= {v,,v,,...,v,}. The pair G = (V,U) where U C V x V is called a
combinatorial oriented graph. The elements of V' are called the vertices of
G and each element (v;,v;) € U is called an arrow from v, to v,. An arrow
(v;,v;) will also be denoted by v, — v, which allows us to give a graphical
representation of an oriented graph. A path of length k is a sequence of k+1
vertices v, v,,...,v, with the property that there is an arrow from every
vertex to the next one. A path is denoted as v, — v, — v, — -+ —> v,
A loop of length k is a path of length k where the first and last vertex
coincide: v, — v, — vV, — -+ —> U, | — V.

Let X be a topological graph. Every subset of X homeomorphic to the
interval [0,1] will in turn be called an interval of X. The preimages of 0
and 1 by the homeomorphism will be called the endpoints of I and the set
of (both) endpoints of I will be denoted by 9I. The interior of I, denoted
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by Int(I), is defined to be I\ dI. Observe that when Int(I) NV (X) # (), then
the interior of I does not coincide with the topological interior of I.

Let X be a topological graph and let f: X — X be a continuous map.
A set Q C X will be called f-invariant if f(Q) C Q. A Markov invariant set
is defined to be a finite f-invariant set @ D V(X)) such that the closure of
each connected component of X \ @, called a Q-basic interval, is an interval
of X. Observe that a (Q-basic interval is always non-degenerate, its interior
and its topological interior coincide, and that two different (Q-basic intervals
have disjoint interiors.

The set of all Q-basic intervals will be denoted by B(Q).

Definition 2.6 (Monotonicity over an interval). Let X be a topological
graph, let f: X — X be a continuous map and let I be an interval of
X. The map f will be said to be monotone at I if the set (f{l)_l(y) =
{rel: f(x) =1y} is connected for every y € f(I). Clearly, since I is an
interval, (f ’ I)_l(y) is either a point or an interval for every y € f(I).
Moreover, a simple exercise shows that the subgraph f(I), in turn, must be
either a point or an interval. Finally, let g: X — X be another continuous
map, and let J be another interval of X such that f(I)NInt(J) # 0 and ¢

is monotone at J. It is easy to see that (f}l)fl(J) ={zel: f(x)eJ}is

an interval and g|J o f‘[ is monotone at (f}j)fl(J). o

Remark 2.7. The above definition of monotonicity over an interval is equiv-
alent to the usual one: f(I) is a point or an interval and, in the second
case, the map ( o f‘[ 0¢&: [0,1] — [0, 1] is monotone as interval map, where
€:[0,1] — I and ¢: f(I) — [0, 1] are homeomorphisms (which exist be-
cause I and f(I) are intervals). We prefer the more intrinsic definition
given above because it is independent on the choice of the auxiliary home-
omorphisms and on whether they are increasing or decreasing. This will
be specially helpful when studying compositions of monotone maps over
intervals like in the rest of this subsection and Subsection 2.5. 1]

Let X be a topological graph, let f: X — X be a continuous map and
let @ C X be a Markov invariant set. We say that f is Q-monotone if f
is monotone on each ()-basic interval. In such a case, ) is called a Markov
partition of X with respect to f and f is called a Markov map with respect
to Q.

Next we introduce the very important notion of f-covering that allows us
to get a combinatorial oriented graph from a Markov partition of a Markov
map.

Let X be a topological graph, let f: X — X be a continuous map and
let @ be a Markov partition of X with respect to f. Given I, J € B(Q), we
say that I f-covers J if f(I) D J. The Markov graph of f with respect to
Q (or f-graph) is a combinatorial oriented graph whose vertices are all the
Q-basic intervals and there is an arrow I — J from the vertex (Q-basic
interval) I to the vertex (Q-basic interval) J if and only if I f-covers J. The
Markov matriz of f with respect to () is another combinatorial object that
describe the dynamical behaviour of a Markov map f and is the transition
matrizof the Markov graph of f with respect to () which is, by definition, a
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Card(B(Q)) x Card(B(Q)) matrix M = (m, ;) such that

I,JeB(Q)

1 if I f-covers J
m, , = .
LI 0 otherwise

The next lemma shows the relation between loops of Markov graphs and
periodic points. Essentially it is [9, Corollary 1.2.8] extended to graph maps.
Given g € N, the congruence classes modulo ¢ will be {0,1,...,q — 1}.

Lemma 2.8. Let X be a topological graph, let f: X — X be a Markov map
with respect to a Markov partition QQ of X and letav =1, — I, — --- —
I, — 1, be aloop in the Markov graph of f with respect to Q). Then, there

exists a fized point x € I, of f™ such that f'(z) € I, fori=1,2,...,n— 1.

The next result compiles [9, Lemma 1.2.12 and Theorem 2.6.4] extended
to graph maps. To state it we need to introduce some more definitions.

Given two paths o = v, — v, — v, — -+ — v, and f = w, —
w, — w, — --- — w,, in a combinatorial graph such that the last
vertex of the first path is the first vertex of the second one (i.e., v, = w,),
the concatenation o and 3 is denoted by a5 and is the path

Vg = U = Uy —>r =V, | —— Wy —> W, —> Wy, —> - —> W,

Clearly, the length of the concatenated path is the sum of the lengths of
the original paths. A loop is an n-repetition of a (shorter) loop « if n > 2
and it is a concatenation of o with itself n times. Such a loop will be called
repetitive. A loop which is not repetitive will also be called simple.

The shift of a loop o = vy — v, — v, — -+ — v, | —> v, is
defined to be the loop

1

Sla) :=v, — v, — -+ —v,_, — U, —>,.

Iteratively, we set S°(a) := a and, for every m € N, we define the m-shift
of a, denoted by S («), as the loop

vm (mod k) Um+1 (mod k) e Um+k71 (mod k) Um (mod k) *

Let X be a topological graph, let f: X — X be a Markov map with
respect to a Markov partition, let « =1, — I, — --- — I | — I
be a loop in the Markov graph of f and let P be a periodic orbit of period
m of f. We say that « and P are associated to each other if there exists
an z € P such that f*(z) € I, for k =0,1,...,m — 1. Observe that if a is
associated to a periodic orbit, then so is S¥(«) for every k € N (by replacing
x by f*(z) in the above definition).

From the proof of [9, Lemma 1.2.12] we have

Proposition 2.9. Let X be a topological graph and let f: X — X be a
Markov map with respect to a Markov partition Q of X. Assume that P is a
periodic orbit of f disjoint from Q. Then, there exists a loop « in the Markov
graph of f with respect to Q which is associated to P, and any other loop in
the f-graph of Q associated to P is of the form S*(a) with k € N.
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2.4. Markov graphs modulo 1 for circle maps of degree one. As we
have seen, when the topological graph is the circle S' and we are dealing
with maps of degree one it is better to work with liftings instead of with the
original maps, specially to avoid problems with ordering (the circle does not
have a linear ordering). In what follows we adapt the definitions related to
Markov graphs to this approach. B

Let f be a continuous circle map and let Q C S* be a finite f-invariant set
with at least two elements (in fact, since V(S!) = (), @ is a Markov invariant
set). Let F' € £; be a lifting of f. Then the set Q = e_l(@) is F-invariant,
is a partition of R and each interval produced by this partition will be called
a @Q-basic interval. Again the set of all ()-basic intervals will be denoted by
B(Q). If the restriction of F' to each Q-basic interval is monotone (as a map
from the real line to itself), we say that F' is Q-monotone, @ is a Markov
partition with respect to F, and F is a Markov map. Given I,J € B(Q), we
say [ is equivalent to J and denote it by I ~ J if [ = J + k for some k € Z.
The equivalence class of I, {I + k: k € Z}, is denoted by [I].

Now we define the Markov graph modulo 1 of F with respect to Q. It is a
combinatorial oriented graph whose vertices are all the equivalence classes
of @Q-basic intervals and there is an arrow [I] — [J] from [I] to [J] if and
only if there is a representative J + k of [J] such that F(I) D J + k. Recall
that, since F € Ly, F(I +¢) = F(I) + ¢ for every ¢ € Z. Therefore, the
Markov graph modulo 1 of F' with respect to @) is well defined. Moreover,
two different liftings of f have the same Markov graphs modulo 1 with
respect to Q.

Remark 2.10 (On the projection of a Markov graph modulo 1 to
the circle). Since the kernel of e is Z (that is, e(z+k) = e(x) for every z € R
and k € Z), it follows that e(I) = e(K) for every K € [I]. So, e([1]) :=e([)
is well defined. Moreover, since @ has at least two elements, it follows that
every (Q-basic interval has length strictly smaller than 1. Hence, if I € B(Q),
e([1]) € B(e(Q)) (that is, e([I]) is a e(Q)-basic interval in S! — recall that
e(Q) = Q is a Markov invariant set of S! with respect to f). Additionally,
since f(e(I)) = e(F(I)), e([I]) f-covers e([J]) if and only if there is an
arrow [I] — [J] in the Markov graph modulo 1 of F.

However, the @-monotonicity of F' implies the e(Q)-monotonicity of f
provided that the length of the F-image of every Q-basic interval is smaller
than 1 (otherwise there exists I € B(Q) such that f(e(I)) = e(F(I)) = S! is
not an interval). In other words, @ is a Markov partition of S! with respect
to f (and f is a Markov map with respect to @) whenever @ is a Markov
partition with respect to I’ and the length of the F-image of every ()-basic
interval is smaller than 1. 1]

This remark motivates the following definition: Let F € £; be a lifting
of f and let Q be a Markov partition with respect to F. A Q-basic interval
will be called F-short if the length of the interval F'(I) is strictly smaller
than 1. Then, @ will be called a short Markov partition with respect to F
whenever every Q-basic interval is F-short.
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With this definition Remark 2.4 immediately gives the following result
that relates Markov partitions in the circle with short Markov partitions
with respect to liftings from £;.

Proposition 2.11. Let f be a continuous circle map and let F' € L1 be a
lifting of f. Let @ C R be a Markov partition with respect to F. Then, the
following statements hold:

(a) e(Q) is a Markov partition with respect to f if and only if Q is short.

(b) When Q is short, the Markov graph of f with respect to e(Q) and the
Markov graph modulo 1 of F with respect to ) coincide, provided that
we identify [I] with e([I]) for every I € B(Q).

2.5. Transitivity and Markov matrices. The aim of this subsection is
to establish and prove the following result:

Theorem 2.12. Let X be a topological graph and let f: X — X be a Q-
expanding Markov map with respect to a Markov partition @@ of X. Then
f is transitive if and only if the Markov matriz of f with respect to Q) is
irreducible but not a permutation matrix.

This result is well known when X is a closed interval of the real line and
the map is piecewise affine (see [12, Theorem 3.1]) but we aim at extending
it to the general setting of graphs. Its proof in this more general case goes
along the lines of the one from [12] for the interval but we will sketch it here
for completeness.

In any case we need to recall the definition of irreducibility and establish
what we understand by a piecewise expanding graph map.

A k x k matrix M is called reducible if there exists a permutation matrix
P such that
M

11 O >
M21 M22

where M,,, M,, and M,, are block matrices, and O is a zero matrix of the
appropriate size. A matrix P = (p, j)ij: , 1s a permutation matrix whenever
p,; €10,1} for all 0 <4, j < k and in each row and in each column there is
exactly one non-zero element. Observe that if P is a permutation matrix,
then P~ = PT.

The matrix M is called irreducible if it is not reducible or, equivalently
(see [15]), if for every 0 < 4, j < k there is a natural number n = n(i, j) such
that the 7, j-entry of M™" is strictly positive. In the case of a Markov matrix
of a Markov partition of X, if we set M" = (mgl))fj:l, then mg‘) is the
number of paths of length n in the Markov graph starting at the vertex v,
and ending at the vertex v,. In this context, M is irreducible if and only if
there exists a path from the vertex v; to the vertex v, for every 0 <i,j < k.
In particular f(I) is a (non-degenerate) interval for every basic interval I.

To define the notion of ()-expanding graph map we need to define a dis-
tance on basic intervals of graphs. Let X be a topological graph and let I
be an interval of X such that Int(I) N V(X) = (. Every such interval can
be endowed in many ways with a distance d, verifying that the length of I,
defined as max, , d,(z,y), is 1. For instance, we can fix a homeomorphism

PTMP = <
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p, o I —[0,1] and set d,(z,y) := |u,(x) — p, (y)| for every x,y € I. Given
a connected set W C I we define the length of W by

W, := max {d,(z,y) : x,y € W}.
From above it follows that ||I||, = 1 and |[W]|, < 1.

Remark 2.13. Given a basic interval I, it is possible to modify the homeo-
morphism g, without modifying the distance d,. Specifically, we can modify
the orientation of the homeomorphism without altering the associated dis-
tance d,. The simplest way of doing this is to define a new homeomorphism
f, :=1—p, so that

dy(2,y) = lp, (@) = p, (W) = |1 = (@) = (L=, (W) = | (@) = 2 ()] -
This allows us to choose the concrete images of the points of the set OI.

Indeed 11, (0I) = p, (0I) = {0,1} but 11, (x) # p, (z) for every x € 0I. O

Given a tree T (which is uniquely arcwise connected) and a set A C T,
we denote by (A). the conver hull of A in T, that is, the smallest closed
connected set of T' that contains A.

Definition 2.14 (Piecewise expanding). Let X be a (topological) graph
and let f: X — X be a continuous map having a Markov invariant set ().

We say that f is expanding on I if f(I) is an interval which is a union of
Q-basic intervals and

e when f(I) € B(Q): f verifies
df(I)(f(x)’ f) =X\d,(z,y) =d,(z,y)

(observe that in this special case we have A, =1 for every z,y € I);
e when f(I) contains more than one Q-basic interval: there exists
A; > 1 such that

d,(f(x), f(y)) = A d,(x,y)
for every x,y € I such that (f(z), f(y)),,, C J € B(Q).

Observe that when f is expanding on [ then f ‘ ; is one-to-one and, hence,
f is monotone at 1.

We say that f is Q-expanding if it is expanding on every ()-basic interval.
In particular, f is a Markov map with respect to Q. 1]

Proof of Theorem 2.12. We start with the simple exercise of proving that
if f is transitive then the Markov matrix of f with respect to @ is irre-
ducible but not a permutation matrix. Assume by way of contradiction
that the Markov matrix of f with respect to () is a permutation matrix.
This is equivalent to say that we can label the set of all ()-basic intervals

as Io, I,,..., 1, , sothat f(L,) =1 4. and f‘[. is monotone for ev-
ery i = 0,1,...,m — 1. In these conditions and usiné the fact that f is a

@-expanding Markov map, f cannot have a dense orbit and thus it cannot
be transitive.

On the other hand, by transitivity, the image of every @-basic interval is
different from a point. Thus, since f is Markov with respect to a Markov
partition @ (in particular @ is f-invariant), it follows that for every basic
interval I € B(Q), f(I) is an interval which is a union of @)-basic intervals
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and f} ; is monotone. Therefore, it follows inductively that f¥(I) is a union
of @-basic intervals for every k > 1.

Now we choose two arbitrary intervals I, J € B(Q). Since f is transitive
there exists a positive integer n such that

FUI) N int(J) D f(Int(2)) N Int(J) # 0.

Since f™([I) is a union of Q-basic intervals and two different Q-basic intervals
have disjoint interiors, f™(I) O J. This means that there exists a Q)-basic
interval J _, C f* (I) such that J,_, f-covers J. Analogously, there exists
a Q-basic interval J,_, C f" 2(I) such that J,_, f-covers J, . Iterating
this argument we obtain apath I — J, — J, — -+ — J | — J
from I to J in the Markov graph of f with respect to ). Consequently, the
Markov matrix of f with respect to @) is irreducible. This ends the proof of
the “only if part” of the theorem.

Now we prove the “if part” following the ideas of [12]. So, we assume
that the Markov matrix of f with respect to ) is irreducible but not a
permutation matrix. The fact that the Markov matrix of f with respect to

(@ is not a permutation matrix tells us that
{I:1€B(Q)and I f-covers at least two basic intervals} # (.
Hence,

A, =min{A, : [ € B(Q) and I f-covers at least two basic intervals} > 1.

We claim that U N (Uk>0f_k(Q)) # () for every connected non-empty
open set U C X. To prove the claim assume by way of contradiction that
fEU)NQ = 0 for every k > 0. Then, there exists a sequence of Q-basic
intervals {.J, } such that U C Int(J,) and f*(U) C Int(J,) C f(J,_,) for

every k > 1. Moreover, from Definition 2.14 we have

ka+1(U)HJk+1 > )\Jkak(U)HJk > )\Jk )\Jk_lek—l(U)H > ...

Ji_1 -
k
>l IT A,
=0

k

(2.1)

for every k > 0.
Assume that A, > A, > 1 for infinitely many indices i. Then, since A, > 1

for every I € B(Q), the sequence

i),

k=0
is non-decreasing, and hence
k

lin [ 1@, =W, T TT A, = oo
=0

k—oo

This is a contradiction because, for every k > 0, J, , , is a Q-basic interval and
FYU) € J,,, C £(J,); which implies | fF @) <[4, —1.
k+1

From the part of the claim already proven, there exists m € N such that
=1 (that is, f(J,) € B(Q)) for every k > m. Thus, f(J,) = J,, for

-
11

A

J k+1
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every k > m because J,,, C f(J,). Since the number of Q-basic intervals is
finite, there exist £ > m and t > 1 such that J, = J .

We already know that there exists a basic interval I € B(Q) that f-covers
at least two basic intervals. So, I ¢ {.J,,J,,,...,J,,_,}, and in the Markov
graph of f with respect to ) there does not exist any path starting in a Q-
basic interval from {.J,,J,,,,...,J,, ,} and ending at I. This contradicts
the irreducibility of the Markov matrix of f with respect to Q and ends the
proof of the claim.

Since for every non-empty open set V' there exists I € B(Q) such that
V N int(I) # 0, to prove that f is transitive it is enough to show that for
every non-empty open set U C X and every I € B(Q) there exists a positive
integer n such that f™(U) D Int(I).

Let J € B(Q) be such that U N Int(J) # 0. By the above claim with U
replaced by a connected component of U N Int(J), it follows that there exists
z € (UNInt(J)) N (U f(Q)) . So, again by the claim for a connected

component of (U NInt(.J)) \ {z} instead of U, we obtain that

Card ((U Alnt(J)) N (Ukzof*k(Q)» > 9.

Therefore, there exist z,y € U Nlnt(J) with 2 # y and k,,k, € N such
that (v,y), CUNInt(J), 1 <k, <k, f¥(2), f*(y) € Q, and, concerning
the preimages of Q, (UNInt(J)) N f~%(Q) =0 for k =0,1,...,k, — 1 and
(U NInt(I)\{z})Nf*(Q) =0 for k =k,,k,+1,...,k,—1. Consequently,

as in the proof of the above claim and using the fact that f is -monotone,
it follows inductively that there exist ()-basic intervals J, = J, J,,...,J

kyfl
such that
(,y),, CUNIt(J),
fk((Ly}Jo) = (f*(@), f¥(y)),, CInt(J,) for k=1,2,....k, — 1 and

£+ (@, \ ) = () A\ A @) < ()
fork==%k k, +1,...,k —1

x) Vx Y

(recall that f(Q) C Q and, hence, f¥(x) € Q for every k > k,). Moreover,

o (), ) = (@ @), < f( )

with f*v(x), ff(y) € Q. On the other hand, from above it follows that
E(x), fEy) € J, for k = 0,1,...,k, — 1, and from Definition 2.14, f‘J
k

is one-to-one. Hence, f*(z) # f*(y) for k = 0,1,... ,k,, and consequently
there exists Jy, € B(Q) such that

Y

B, €M@ ), =1 (), ).

Since the Markov matrix of f with respect to @ is irreducible there exists
a path of length » > 0 from J, to I in the Markov graph of f with respect

to Q. Then, from the definition of path and f-covering it follows that
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fr (Jky) D I. Consequently,

FR) o ((w,y), ) 0 £7(,) D L
This ends the proof of the theorem. O

3. PROOF OF THEOREM A
In what follows, given ¢ € N and A C N we will denote the set {¢/: ¢ € A}
by ¢ - A.
Proof of Theorem A. Fix L € N, L > 8. Since lim
exists N € N such that
3log v2

hf,) < =%

for every n > N. In the rest of the proof we consider a fixed but arbitrary
n > N and we denote Rot(F,) = [c,,d,].
We claim that

(3.1) M(e,,d,) CSucc(L+1)={keN:k>L+1}.

n?'n

h(f,) = 0, there

n— 00

To prove this note that for every ¢ € M(c,,d, ) there exists £ € (c,,d,) with

r € Z and s € N co-prime such that ¢ = ¢s with £ € N. In this situation,
h(f,) > 10%3 by [9, Corollary 4.7.7]. Hence,
log3 log3

3logv2 log3
< <h .
Consequently, ¢ > L and the claim holds.
From the claim we get that Int (Rot(F,))N{k/L : k € Z} = (). This implies
that len (Rot(F,)) < 1/L for every n > N. So,
lim len (Rot(F,)) = 0.

n— oo

By Theorem 2.4 and the above claim,
Per(f,) = @, (c,)UM(c,,d,)UQ, (d,)
CSucc(L+1)UQ, (c,)UQ, (d,).
Thus, we need to study the intersections
{1,2,...,L}N QFn (c,) and {1,2,...,L}N QFn (d,).

We will divide this study in three claims, according to different situations
for ¢, and d,,.

Claim 1. If a ¢ Q then {1a2a"-7L}mQFn(O‘):®

(3.2)

This claim follows immediately from the definition of Q. (a).

Claim 2. Assume that o = % with v € Z and s € N co-prime, and s > L.
Then, {1,2,...,L} N Q, (o) C {L} N {s}.

Again by the definition of Q e, (), in this case we have
Qp (@) ={sk:keNandk <sps,} CsN={sk:keN}.
Since s > L, for every k € N, k > 2 we have sk > 2L > L. Hence,
{1,2,....L}NQ, (o) C{1,2,...,L}Nn{sk: k e N} = {L} N {s}.
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Claim 3. Assume that o = = withr € Z and s € {1,2,...,L—1} co-prime.
Then, Card ({L -2, L-1,L}nN Qp (a)) <1 and

{12, L=110Q, () < {s- 2" ee {012, Jlog, (51| }}.

To prove this claim, set G := F® —r € L;. In view of the definition of
@, (@), we have

Qp, (@) = s - Per(G),
where Per(G) is the set of periods of all (true) periodic orbits of G as a
map of the real line into itself. Assume that G has a (true) periodic orbit
P of period k = t - 2 € Per(G) for some t > 3 odd and ¢ € ZT. Clearly,
G(P) =P C (P), and max P > G(min P) > min P because k > 1. We set
z :=min P (hence, (P) = [z, max P]). Suppose that max P = z + 1. Then

Gmax P) =G(z+1)=G(z) + 1> z+ 1 = max P = max(P);

a contradiction. If max P — min P > 1 then, by [10, Theorem 2.2], the
rotation interval of G contains the integer % in its interior. So, since G is a
lifting of f?, in view of [9, Corollary 4.7.7] (see also [9, Remark 3.9.2]) we
get,
log3  3logv?2 1., . log3 log3
i > .

again a contradiction. Consequently, the orbit P must verify

z<maxP < z+ 1.

Based on P and G we define a new map G € £, as follows (see Figure 2):
(

G(z) if z, G(x) € (P),
B max P if x € (P) and G(x) > max P,
G(z):=< =z if x € (P) and G(x) <
(j(z) if € [max P, z + 1], and
(G- |z—z])+|z—z] ifzdlzz+1]

The reason why we need this new lifting G is twofold: from one hand
we have G‘P = G|P so, P is a periodic orbit of G of period k) and,

moreover, G({P)) = (P) (so, (P) is G-invariant). We denote by g the
circle map of degree one that has G as a lifting. Since G is a lifting of f*,
{3: es': [2(x) # g(= } has finitely many connected components, and g re-

stricted to each of these connected components is constant. Thus, in view
of [6, Lemma 2.2] and [9, Lemma 4.7.1],

h(f3) = hig) > h(Cl ).

Useless Observation. All of the above conclusions hold true independently
from the fact that k is of the form ¢ - 2¢ for some t > 3 odd and ¢ € Z*
(provided that P is not a fixed point).

By [9, Corollary 4.4.18 and the comment in Page 232],

3 1 1
Zlog\/i > h(f,) = ;h(f,f) > ;h(g) >
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z+1

max P

FIGURE 2. A qualitative example of a map G € £; in blue.
The periodic orbit P is drawn with solid black disks: e. The
part of the original map G whose graph does not coincide

with the graph of G is drawn in red.

1. /7~ 11 1

where ), is the largest root of the polynomial z! — 22'=2 — 1. Hence,
skzs-t-2£25-3-2€>L.
Consequently, for every set A C {1,2,..., L},
ANQ, (a) =ANs-Per(G)
—Ans- (Per(G)\{t-2E:£eZ+ andt23odd}>

(3.3) =ANs- {25 :4eZt and 2 € Per(G)}

CAO{5-2€:€6Z+ ands-2£§L}
:Aﬂ{s'Qezﬁe{0,1,2,...,Llog2(%’m)J}}.

The second statement of Claim 3 follows from Equations (3.3) by taking
A={1,2,...,L—1}.
To prove the first statement of Claim 3 we set m := Llog2 (Lgl)J . Clearly,

(3.4) m <log, (£1) <m+1 = §2M < L —1 < s2mtL,

s
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On the other hand,
§-2M2 =2 (s.2") > 2L > L,
and by (3.4),
2" <L—1<L+(L—-6)=2(L-3) — s2m < -3
because L > 8. Moreover, if s-2™ > L — 2 we have,
5.2 =92(5.2™) > 2L —-2) =L+ (L—4)>L+4
again because L > 8. So, by (3.3) with A={L—2,L —1,L},
{L—2,L—1,L}HQFn(a)
c{L—Q,L—1,L}m{s.ﬂzzewands-%gL}
c{L-2,L-1,L} N
{{5-2£:€€{0,1,2,...,m}} ifs-2m2L—2}
{s-2¢:0€{0,1,2,... . m+1}} ifs-2m<L-3
c{L-2,L-1,L} N
{s} ifm=0and s=s5-2">L -2,
{32’”} ifm>0and s-2™ > L — 2,
{s2mH1} ifs.2m < L —3.

This ends the proof of Claim 3.
From the above three claims we obtain

(3.5) Card ({L 2. L-1,L}N <QFn () UQy (dn))> <2
and, consequently, {L —2,L —1,L} ¢ Q, (c,)UQ, (d,). Thus,
{L—2,L—1,L} ¢ Per(f,)
by (3.2). So, for every n > N we set
K, :=min({L —2,L —1,L} \ Per(f,)), and
v, = min (Per(f,) N Succ(x, +1)).

The inequality (3.5) is crucial for this proof. It allows us to define &,
and, hence, v, and tells us that StrBdCof (f,) > v, (because, as we will see,
v, — 1 ¢ Per(f,)). This is implicitly used in the rest of the proof of the
theorem.

To end the proof of the theorem it is enough to show that v, € sBC(f,)
for every n > N. Indeed, by Definition 1.4, BdCof (f,) exists and

(3.6) L—-1<k,+1<wv, <BdCof(f,)

for every n > N. Consequently, lim _,_ BdCof (f,) = co.
Let us prove that v, € sBC(f,) for every n > N. By Definition 1.4 we
have to show that v, € Per(f,), v, > 2, v, —1¢ Per(f,) and

(3.7) Card({1,...,v, — 2} NPer(f,)) <2log,(v, —2).
Since L > 8, from the definition of v, we get

7T<L—-1<uv, €Per(f,).
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The following claim will be useful in the rest of the proof. It improves
the knowledge of the set {1,...,v, — 2} N Per(f,).

Claim 4. {x,,k, +1,...,v, — 1} NPer(f,) = 0.
When v, = k, + 1, the claim holds because v, — 1 = k, ¢ Per(f,) by the

definition of x,. Now we prove the claim in the case v, > x, + 1. We have
{k, +1,...,v, — 1} C Succ(k, + 1) and, hence,
{k, +1,...,v, =1} NPer(f,)=10
by the minimality of v, . Moreover, k, ¢ Per(f,) by definition. Hence,
{k,,k, +1,...,v, —1}NPer(f,) =0,

which ends the proof of Claim 4.

Claim 4, in particular, tells us that v, — 1 ¢ Per(f,). Hence, to show that
v, € sBC(f,), we have to prove inequality (3.7). By Claim 4, (3.2) and (3.1)
(notice that k, —1 < L — 1 because, by definition, x, < L),

n?

Card ({1,...,v, — 2} NPer(f,)) =
Card ({1,...,, — 1} N Per(f,)) =
Card ({1,.... 1, =110 (@, (¢,)UQ,, (d,))) <
Card ({1, ek, 1} NQ, (cn)> + Card ({1, i, ~ 1N Q. (dn)) .
So, to prove (3.7) it is enough to show that
Card ({1, =111 Qy (c,)) +

Card ({1,...,,%” ~13NQ,. (dn)) < 2log, (v, — 2).

To this end, we have to compute appropriate upper bounds of the two sum-
mands in the last expression.

Again, let a € {c,,d,} denote an arbitrary endpoint of Rot(F ). In the
assumptions of Claims 1 and 2 we have either

{1k, =1}NQ, (@) C{L,....L}NQ, (a) =0,
or a = with r € Z and s € N co-prime, s > L, and
{L,...5, —1}NQ, (o) C
{1,...,L—1}ﬂ({1,...,L}ﬂQFn(a)) c
{1,....L=13n({L}n{s}) =0.

(3.8)

In any case,

(3.9) Card ({1, ek, 1IN Q. (a)) —0.

Now suppose that the assumptions of Claim 3 hold. We want to prove
the following estimate:

Card ({1, ck, —1ENQ, (a)) < log, <”"S_2) +1
<log, (v, —2) + 1.

(3.10)
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Assume first that s-2™ < v, —2. Then, by the second statement of Claim 3,
Card ({1, K, —1FNQ, (a)) <
Card ({1, L L-1nQ, (a)) <m+1<log, <V"5_2> + 1.

Now assume that v, — 2 < s-2™. By (3.6) and (3.4),
L-3<k,—-1<v, —2<s-2"<L-1

Consequently, by (3.3),
Card ({1,..., k5, —=1}NQ,, (a)) <
Card ({1,...,/%—1}(1{5-2[:KE{O,l,Q,...,m}}) -
Card ({1,...,/<;n—1}m{s.2f:£e{0,1,2,...,m—1}}> <
Card{s-Qezfe{0,1,2,...,m—1}} —m.

Moreover, s - 2m~! < v — 2 since, otherwise, from the above inequalities
and using again the fact that L > 8 we obtain

L+2<L+(L—-6)=2(L-3)<2(r, —2)<2-5-2"1=5.2"<L—1;

a contradiction. Thus, m — 1 <log, (V"T_2> . Putting all together we get,

Card <{1, ok, = 13NQ, (a)) <m <log, (V”5_2) + 1.

This ends the proof of (3.10).

Now we are ready to prove (3.8). First assume that at most one of the
endpoints of Rot(F) satisfies the assumptions of Claim 3. By (3.9) and
(3.10),

Card ({1, ek, — 11 NQ, (cn)) + Card ({1, ek, — 11 NQ, (dn)) <
log, (v, —2)+1 < 2log, (v, —2)

n

because 7 < v, implies log, (v, —2) > 1.

It remains to consider the case when both endpoints of Rot(F,) = [c,,d, ]
satisfy the assumptions of Claim 3. That is, ¢, = ;—Z withr, € Zands, € N
co-prime, d, = (tz—" with ¢, € Z and ¢, € N co-prime, and s,,t, < L — 1.
Observe that in this situation we cannot have s, =1t,.Otherwise, ¢, > r, +1
and then,

L < é <d, —c, =len (Rot(F,)) < +;

a contradiction. Therefore, either s, or ¢, is larger than 3. Indeed, if
st <3,

~

< 1

t,s

d, —c, =len(Rot(F,)) < + <

n

IN

)

D=
il
0ol

a contradiction.
Assume for definiteness that s, > 4. Then, by (3.10),

Card ({1, c K, —1FNQ, (cn)> + Card <{1, K, —1ENQ, (dn)) <



ENTROPY, PERIODS AND TRANSITIVITY 25

log, (V’fz) +log, (v, —2)+2<

Sn

log, (V"4_2) +log, (v, —2) +2 = 2log, (v, —2).
This ends the proof of (3.8) and, hence, that v, € sBC(f,). O

4. EXPORTING CIRCLE MAPS TO ARBITRARY GRAPHS THAT ARE NOT
TREES: MINIMALISTIC EXTENSIONS

The aim of this section is to perform a general construction to extend
certain degree one circle maps to graphs with at least one circuit while
keeping their basic dynamical properties such as transitivity and, up to
some extent, the topological entropy and the set of periods.

The following lemma is analogous to [2, Lemma 3.6] with the additional
assumption that the number of elements of the partition must be even. It
will be our main tool to translate the examples from S' to any graph that
is not a tree (see Figure 3). Due to the additional assumption about the
parity of the number of elements of the partition we will include the proof
for completeness. However, the proof will be delayed to Subsection 4.1, at
the end of this section.

Lemma 4.1. Let X be a topological graph which is not an interval and let
a,b € V(X) be two different endpoints of X. Then, there exist a partition of
the interval [0,1], 0 =s, < s, <---<s, =1, withm =m(X,a,b) > 5 odd,
and two continuous surjective maps ¢, ,: [0,1] — X and ¢, ,: X — [0,1]
such that the following statements hold:

(a) go;bl(W) ={s,:i€{0,1,...,m}}, where

W:=¢,  ({s, :i€{0,1,...,m}}) D V(X),

and cpa,b(O) =a and cpa,b(l) =b.
(b) For everyi=0,1,....m—1, ¢, ,

s, 18 injective and ¢, ,([s,,5,,,])

1071+ 1 ’
s an interval which is the closure of a connected component of the punc-
tured graph X \ W.

(c) If p,,(s,) =, ,(s;) theni=j (mod 2).

(d) ¥,,(,,(5;)) = 0 if i is even and 9, ,(¢,,(s;)) = 1 if i is odd (in
particular, ¥, ,(a) =0 and ¢, ,(b) = 1).

(¢) The map @Z’a,bw S(15,0) is injective and 1, , (o, ,([s,,5,.,.])) = [0,1]

for everyi=20,1,...,m — 1. In particular, the map (¢a,b ) gpa’b)

’ [85+5i41]

is strictly monotone.

In the next definitions we construct the minimalistic extension of certain
circle maps to graph maps on arbitrary graphs with at least one circuit.

Definition 4.2 (Extendable map). Let g be a Markov circle map of
degree one with respect to a Markov partition ). We say that g is extendable
whenever there exist pairwise disjoint basic intervals I,J, K € B(Q) such
that g(I) = J, g(J) = K, and I is the unique basic interval that g-covers J.
The triplet of basic intervals (I, J, K) will be called the extension platform

of g. 1]
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Definition 4.3 (The minimalistic extension to graph maps). Let g
be a Markov circle map of degree one with respect to a Markov partition Q.
Assume that g is extendable with extension platform (I, J, K). Let G be an
arbitrary graph with a circuit C. The minimalistic extension of g to G with
base at C, denoted by ¢, is a continuous self map of G defined as follows.

Let S C C be an interval such that SN V(G) = 0 and let n: St — C
be a homeomorphism such that C'\S = n(Int(J)) (see Figure 4). Clearly,
X := G\ Int(S) D n(J) is a subgraph of G and the two elements of 95 =
on(J) are endpoints (and thus vertices) of X but they are not vertices of G
because SNV (G) = . Then we have

G=XUS=XUlnt(S) = (X \{a,b})US,

and
V(X)=V(G)uadS =V(G)U{a,b}
where, for definiteness, we have set {a,b} := 95 = on(J).

b ¢a,b
1
. SDa b
/
s
s§+1 0 1
0
a
1

I I I

I I I

I I I

I I I

I I I

I I I

I I I

| | |

| | |

| | |

| | |

| | |

: : : Doy ©Pap

I I I

I I I

I I I

0 ——+—1— 1
0 S1S141 1

FI1GURE 3. A sketch of a topological graph X and the maps
from Lemma 4.1 (top picture). The map Y,,°¢,, is shown
in the bottom picture.
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FI1GURE 4. A topological graph G and the definition of g%c.
The circuit C' (with apple shape) is drawn in blue. Then,
the interval S is the (thin) path in C from b to a counter-
clockwise (0S = {a,b}) and the interval C'\ Int(S) = n(J) is
the thick path in C from b to a clockwise.

Moreover, {a,b} C on(I)U on(J)U on(K) C n(Q) C S, and n(I), n(K)
and X are pairwise disjoint because I and K are disjoint and

Xnn(I),XNn(K)C XNInt(S) =0.

Now we define an auxiliary map g_ :==nogon t: C — C. Clearly, g,
is a graph map which is Markov with respect to (@), and conjugate to g.

The fact that (I,J, K) is an extension platform of g implies that g_
sends homeomorphically dn(I) to dn(J) and the latter to On(K). Hence,
we can consider a homeomorphism £: I — [0,1] with an orientation such
that £(n~1(z1)) = 0 and &(n~*(2!)) = 1, where z1 (respectively z!) de-
notes the endpoint (and unique element) of 7(I) such that g.(z1) = a
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(respectively g, (z{) = b). Similarly, we consider a second homeomor-
phism (: [0,1] — n(K) with an orientation such that {(0) = g_(a) and
¢(1) = 90(b).

When G = C we set g% := g,. When G # C we define the map ¢ by
means of Lemma 4.1 for the subgraph X (see Figure 3). For every = € G
we set (see Figure 4):

0., (E( (@) ifz en(l);
< (x) = (v, () if > € X
go () if € S\ Int(n(I)).
Since the minimalistic extensions ¢ will always be defined on a graph G

with base at a circuit C' we will usually omit the complicate superscript for
simplicity. 1]

The following result studies the basic topological and dynamical proper-
ties of minimalistic extensions.

Theorem 4.4 (The minimalistic extension factory). Let g be an ex-
tendable Markov circle map of degree one with respect to a Markov partition
Q. Let G be an arbitrary graph with a circuit C' such that C' & G. Then, the
minimalistic extension of g to G with base at C, denoted by f, is a contin-
wous well defined Markov map of G with respect to a Markov partition R.

Moreover,
logm

Per(g) C Per(f) and h(f) < h(g) +

where p is the minimal length of a loop in the Markov graph of g beginning
(and ending) at the first interval of the extension platform of g. Further-
more, if g is Q-expanding and transitive then there exists a choice of the
homeomorphisms ¢ and & such that f is R-expanding and transitive.

Remark 4.5. Notice that the constant m obtained in Lemma 4.1 depends
solely on the graph G and not on the extendable map. 1]

4.1. Proofs of Lemma 4.1 and Theorem 4.4. In what follows the closure
of a set A C X will be denoted by Clos(A).

Proof of Lemma 4.1. The existence of a surjective map 1, , which satisfies
(d—e) follows easily from the existence of the partition 0 = s, < s, < -+ <
s,, = 1 and a map ¢_, which satisfy statements (a—c) of the lemma. In
particular, (d) can be guaranteed by using (c), and (e) by (b) and (d). So,
we only have to show that there exist a partition 0 =s, <s, <---<s, =1
with m > 5 odd, and a continuous surjective map ¢, , such that (a—c) hold.

Since X is not an interval and a and b are endpoints of X, there exist
v e V(X)\ {a,b} and an interval J C X with endpoints v and b such that
JNV(X) = {v,b}.

Let C be an edge of X (i.e. a connected component of X\ V(X)). Clearly,
Clos(C) is either an interval or a circuit which contains a unique vertex of
X. For every C such that Clos(C) is a circuit we choose a point v, € C that
will play the role of an artificial vertex. Then we set

V(X) :=V(X)U{v, : Cis an edge of X such that Clos(C) is a circuit} .
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Observe that the closure of every connected component of X \ V(X) is an
interval and J NV (X) = JNV(X) = {v,b}. Moreover, since {a,b,v} C
V(X) C V(X) and a and b are endpoints of X, X \ V(X) has at least three
connected components. So, Card (?(X)) > 4.

Since a topological graph is path connected, there exists a path from a to
b, denoted ¢, , : [0,1] — X, which is continuous and onto (i.e., visits each
point from X going several times trough the same edge, if necessary), and
a partition 0 = s} < s7 < --- < s* =1 of the interval [0, 1] such that the
following statements hold:

(i) {S:’ ST’ T "9:} = 80;1} (V<X)) with (pa,b(sz) - (pa,b(o) = a,
(s, ) =vand @ ,(s7) =¢,,(1) =0,
ii) for every j = 0,1,...,n — 1, ¢ is injective and, hence,
a,b [S* * :|
377+
goayb([s;'_‘ ) s; 1]) is an interval which is the closure of a connected com-
ponent of X \ ‘N/(X),
(iii) cpa_;(b) = s" and 90;; (J\{v}) = (s5_,,s7].

Note that, by (i-iii),
(4.1) £ = {cpa,b((sj,sjﬂ)) :je{o,l,...,n—z}}

is the set of all connected components of X \ V(X) which are different from
J\ {b,v}. For every C' € £ we choose an arbitrary but fixed point a, € C.
Clearly,

cp;;({oac :C e 5}) C (3:,3271) \ {sf,s;,...,s:%}.
We claim that for every j =0,1,...,n — 2,

Card(w;; ({a.:Ce&P)n (sj,s;l)) =1

To prove the claim observe that

-1 * g* -1 . k%
e Pas (a‘pa,b((s;’s;ﬂ))) . (Sﬁsj*l) < P ({ac C€ 5}) n (sj’sj+1)
for every 5 =0,1,...,n — 2 because, by definition,

aso“’b ((8;’5;‘“)) € Pa ((S;k’ 8j+1))‘

Assume that, for some j € {0,1,...,n — 2}, there exist points

sil,sf € w;g({ac :Ce&h)n (s:,s* ).

Jj+1

Then, in view of (ii) we get s! = s? because
gpayb(sil),gpa’b (s?) € gomb((sj,s;l)) N{a,: Ce&}= {a¢a7b((8;7s;+l)) }

This proves the claim.
Now we set m = m(X,a,b) := 2n — 1 and by the above claim we define
the partition

j— * e DY ==
SO = 80 == 0 < Sy < Sq < Sm—2 < Sm—1 = 2(n—1) = “n-1 m
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of the interval [0, 1] by:
S,; =5, and
S,;4, 18 the unique point of (pa_; ({a,: Ce&})n (s;k, 3;1)

for every j = 0,1,2,...,n — 2. With these definitions and (i), the set
{S4+8,5---,5,,} is the union of two disjoint sets:

{S0s89y 38, 1,81 = {s;k 1j € {O,l,...,n}} = 4,0;;(‘7()()), and

{81,85,..,8,, o} = gpa_;({ac :C e 5})

By definition m = m(X,a,b, M) is odd, ¢, : [0,
and surjective and, by (i), ¢, ,(0) = a and ¢, (1) =
map ¢, , 1s onto,

(4.2)

1] — X is continuous
b. Moreover, since the

n+ 1 = Card ({sj :j€40,1,... ,n}}) = Card (@Z:(XN/(X)D >

Card(V (X)) > 4,

and hence, m =2n —1 > 5.
On the other hand, by (4.2),

W=g¢,,({s:i€{0,1,...,m}})
— 6., ()21 X)) U, (072 (foe s C e €]))
= [7(X) U{a,:Ce&}DV(X),
and
@;:(W) — S0;;({7()()) U gp;;({ac :Ceé})={s,:i€{0,1,...,m}}.

Thus, (a) holds.
Statement (b) follows from (ii), Statement (a) and the fact that every

interval [s,, s, ] is contained in an interval [sj 5T, .

To end the proof of the lemma it remains to prove (c). Assume that
©.,(5,) = ¢,,(s;) (or, equivalently, that there exists a € W such that

8;,8; € (@) C @[ (W)). Since
go;i(W) = cp;bl(‘N/(X)) Uap;:({ac :C e 5}) and ‘N/(X)ﬂ{ac :Ce&} =0,
by (4.2), it follows that either

S, 8; € w;;(IN/(X)) ={S0s S0y --+rS, 1,5} OF

S,,8, € cp;;({ac :C€&}) ={s1,8, s 5, s}

On the other hand, by (iii), s,, = s* = ¢ [(b) ¢ {s,,s,}. Consequently,
either i,7 € {0,2,4,...,m—1} or4,j € {1,3,5,...,m — 2}, and (c) holds.
O

Proof of Theorem 4.4. We will use all the notation introduced in Defini-
tions 4.2 and 4.3, and Lemma 4.1. By Lemma 4.1 and the orientations
established for the homeomorphisms £ and (,

un(E(171(20))) = ¢,,(0) = a = ge(21),
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0., (E 1 (2)) = ., (1) = b= g (2)),
(¥, ,(a)) = ¢(0) = ga(a), and
c(wa,b(w) = ((1) = g5 (b).

So, f is well defined and continuous because the maps
(‘Pa,b ofo ’7_1) ‘n([)7 (Cov,,) |X’ and %‘S\Mt(n(]))

are continuous.
To define the Markov partition R for the map f we introduce the following
notation. Set

(4.3) {sf = n(f‘l(si)) fori=0,1,...,m, and

R:=n@Q)UWuU{st,sl,... st}
(recall that W = {¢p, ,(s,) : i € {0,1,...,m}}).

For later purposes it is useful to clarify the relation between the three
sets constituting R and the three parts of the graph G considered in the
definition of the minimalistic extension of g. We start by noticing that, by
Lemma 4.1 and the definition of &,

W cC X,
08 ={a,b} CW
F=n(&'(s,) € n(I) C Int(S) for every i € {0,1,...,m},
st = (" (s0)) =n(€71(0) = (7 (€7 (21)))) = 21,
st =n(E(s,)) =n(€H(1) =n(¢ (€M (=)))) = =, and
= {z;,z,{} = {s{),s{n} C {sé,s{,...,sl
Then we have (see Figure 4):

e RNn(l)= {sé,s{,...,s{n},

e RN X =W, and

e RN (S\ Int(n(1))) =n(Q).
Additionally, by Lemma 4.1(a),

ROW D V(X)DV(G).

Hence, R will be a Markov invariant set provided that it is g-invariant, and
the closure of each connected component of G \ R is an interval in G.
Lemma 4.1(b) and the fact that n is a homeomorphism imply that the
closure of each connected component of G \ R is an interval in G.
Now we show that R is f-invariant. We will split the proof in three parts
in agreement with the three cases of the definition of f and the three sets
constituting R:

(a) For every i € {0,1,...,m}, sf =n(¢7'(s,)) € n(I). Hence,
F(s1) = ¢u, (€ (€71 ())))) = @ () €W C R
(b) By construction, n(Q) C S\ Int(n(I)) and, for every z € n(Q),
f(z) =gc(x) en(@) C R

because g, is a Markov map with respect to 7(Q).

S
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(c) Since W = {cp zE{O,l,...,m}} C X and {a,b} = on(J) =
n(0J) C n(Q),
F(@an(5)) = ( o (P (s, ))
{€(0),.¢)} = {gc (1)} € 3-((@)) Cn(@) C R,

for every i € {0,1,. m}
This ends the proof that R is a Markov invariant set for f.

Next we will show that f is monotone at every basic interval B(R) and,
hence, it is Markov with respect to the Markov partition R. Again we will
split this proof in three parts as before. We will consider an arbitrary but
fixed basic interval Y € B(R).

(A) Assume that Y C S\ Int(n([)).
In this case, R N S\ Int(n(I)) = n(Q) and, by construction, ¥ = n(V)
for some V' € B(Q) \ {I, J}. Thus, since g_ is Markov with respect to
n(Q), Y is an n(Q)-basic interval of g, and f|Y = g, |, is monotone.
(B) Assume that Y C X.
In this case, RN X = W and, since the map ¢, , is surjective, by
Lemma 4.1 we have Y = wa‘b([sz, S.4,]) for some i € {0,1,...,m —1}.
Then, again by Lemma 4.1,

f|y = (C o ¢a,b) “pa,b([si’si-»—l]) = C‘[O,l} ] z7Z1a,b Cad ([Si’5i+1])

is a homeomorphism from Y to n(K) € B(R). So, f is monotone on Y.
(C) Assume that Y C n(I).
Since RNn(I) = {sé,s{, o an} and n(I) is an interval,
Y = <5«LI7SZI+1>71(1) = 77(5_1([51‘7 Si+1]))
for some i € {0,1,...,m — 1}. Then,

v

f}y - (gpm ofo Uﬁl)‘n(é—l([si,siﬂ})) -

-1
Pas [5:+85411 ° E|§71([Si’8i+1]) o ‘77(571([%75#1]))

which, by Lemma 4.1(b), is a homeomorphism from Y to the basic
interval ¢, , ([s,, s,.,]) € B(R). Hence, f is monotone on Y.
Putting all of the above together we see that f is a Markov map with respect
to R.
For the rest of the proof we introduce a projection map I1: B(R) — B(Q)
as follows:

1Y) ifY C S\ Int(n(I)),
(4.4) I(Y):=<J itY Cc X, and
I it Y cn(I).

Observe that, by (A), for every Y C S\ Int(n(I)) we have
(YY) =n"'(Y) € BQ)\ {1, J}.
So, since S\ Int(n(I)), X and n(I) have pairwise disjoint interiors,
Y1) ={Y € B(R): Y Cn(I)},
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M Y(J)={Y eB(R):Y C X}, and
I 4V) = {n(V)} with n(V) € S\ Int(n(I)), for every V € B(Q) \ {1, J}.

The basic relation between the f-covering relation in B(R) and the g-

covering relation in B(Q) is summarized by the following:
Projection II Properties. Let U,V € B(Q) and let Y € I=Y(U). Then,
U g-covers V if and only if there exists Z € TI"Y(V) such that Y f-covers
Z. Moreover, if V=1, U g-covers V if and only if Y f-covers Z for every
Z € I=YV). In this case we have U # I,J and U-Y(U) = {n(U)}.

Now we show that Per(g) C Per(f). To do this we consider a fixed but
arbitrary periodic orbit P of g, and denote the g-period of P by n. We have
to show that n € Per(f). Assume first that P NInt(I) = () (observe that this
case includes the case P C Q). Since [ is the unique @Q-basic interval that
g-covers J, P is disjoint from Int(I) UInt(J) and hence, n(P) C S\ Int(n(I))
is a periodic orbit of

_ _ -1
f}S\Int(n(I)) - gclS\Int(n(I)) = (negen MS\Int(n(I))

of period n (in fact, (f o 77) |P = (77 o g) ‘P which means that that P has the
same combinatorial behaviour both under f and under g).

Assume now that P N Int(I) # 0 (in particular P # Q). Since g(I) = J,
g(J) = K, and I, J and K are pairwise disjoint, it follows that n > 3. By
Proposition 2.9(a), there exists a loop

I,—1I1 —1I,—1,— - — 1 | =1

I I 1

1 J K
of length n in the Markov graph of g with respect to Q which is associated
to P. We will show that in the Markov graph of f with respect to R there
exists a loop

Jo = (81,82 )01

of length n such that J, # J; for j = 1,2,...,n —1. To see this observe that
from the definition of II and (A-C),

Jo = <S{7S£>n(1> € Hil(Io) = Hil(I) =

{<Sé I S{ >,,<1)7 <S{ b Sé >7,(1)7 <S§ 9 Sil’) >7,(1)7 <S£I’) I SAII >7,<1)7 R <5£n72a Svlnfl >T,(1) }
(recall that m > 5 by Lemma 4.1). So, since by assumption we know that
I | g-covers I, = I, in view of the Projection II Properties (withU =1, ),

it is enough to show that there is a path
Jo = <3{ ) 8£>

in the Markov graph of f with respect to R such that J , € TI71(I,_,),
and J;, # J, for j =1,2,...,n — 1. We will construct this path recursively
starting at J,. Again by the Projection II Properties (with U = I, and
V = I,), there exists an R-basic interval .J, € II7'(.J) = II7!(1,) such that
J, f-covers J,. Since, I, = I # J = I, I7Y(1,) and II"1(I,) are disjoint,
and hence, J, # J,. Now assume that, for some ¢ € {1,2,...,n — 2}, we
have constructed a path

']0 = <3{73£>

—J, — e —J =,

—J,— - —J

n(I)

—J, — -,

n(I)
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in the Markov graph of f with respect to R such that J, € II"%(Z,), and
J; # J, for 5 = 1,2,...,f. We are going to prolong this path to a path
of length £ + 1 < n — 1 verifying analogous properties. Suppose first that
I,., # I = I,. By the Projection II Properties (now with U = I, and
V =1,,,), there exists an R-basic interval J,,, € II"'(,,,) such that J,
f-covers J,, . Moreover, II71(I,) and TI-%([,,,) are disjoint, and hence,

041 041
Jy, #J,,,- 1t 1, , =1 =1, then, once more by the Projection II Properties,

+1° 041
J, =n(l,) f-covers Z for every R-basic interval Z € II(I). Thus, we can
choose Z = J, , = (s},s1),,, # (s1,83),, = Jo so that J, f-covers J,_ .
This ends the proof of the existence of the prescribed loop.

By Lemma 2.8 there exists a fixed point x € J, of f™ such that fi(x) € J,
fori=1,2,...,n — 1. If x has f-period n then we are done. Otherwise, x

has f-period k < n and, hence,
and =z = f*(z) € J, # (s, i)

By the characterization of the basic intervals B(R) obtained in (A—C), either
x=s1 en() (and J, = (s§,s1) ), orx=s5 €n(l) (and J, = <s§,s§>nm).
Therefore, by (a—c),

UAS <S{ ’ Sé >77(1) n(I)*

n(I)

f@)=f(sl)=¢,,(s,) €W, and
f2(33) = f(‘pa,b (81)) €n(Q)

with ¢ € {1,2}. Since si,s; ¢ n(Q), x = s! is a pre-periodic point of f
which is not periodic; a contradiction. In consequence, x has f-period n
and Per(g) C Per(f).

Now we will explore the relation between the circle and the graph en-
tropies. The fact that g is a Markov circle map of degree one with respect
to a Markov partition @ implies that B(Q) is a g-mono cover of S! in the
sense of the definition in [9, Page 198] (see also [9, Pages 262,263]). In
this context, for every n > 1, we denote \/"~! g=*(B(Q)) by B(Q)". By [9,
Proposition 4.2.3] (additionally, see again [9, Pages 262,263)),

h(g) = h(9, B@)) = lim — log N'(BQ)"),
where, for a cover A, N (A) denotes the minimal possible cardinality of a
sub-cover chosen from A.

For every n € N we will denote the set UZ_OI g Q) by Q". Clearly, Q"
is a Markov invariant set for g because g is @-monotone. Moreover, since
Q™ D @, every Q™-basic interval is contained in a @-basic interval. Hence,
g is Q"-monotone and Q" is a Markov partition of S' with respect to g.
Claim on the relation between B(Q)™ and B(Q"): The partition B(Q™)
is the set of all elements I, N g~ (I,)N---Ng= (I _) € B(Q)" such
that I, — I, — -+ — I | € Q  where Q,_  denotes the set of all
paths of length n in the Markov graph of g with respect to Q). Moreover,
Card(B(Q")) = Card(Q,), and B(Q") is a sub-cover of B(Q)" of minimal

cardinality. To prove the claim we start noticing that, by definition,

n—1
B(Q)" = \/ g (B@Q)) =
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{10 ng'ad)n---ng DI _):1,,1,,....I,_, € B(Q)}.

Now we fix an arbitrary B € B(Q™) and we will prove by induction that
¢'(B) € B(Q"*i) for every i € {0,1,...,n — 1}. For ¢ = 0 the statement
holds trivially by assumption. Suppose that ¢'(B) € B(Q") for some
0 < i < n—2and prove it for i 4+ 1. Since Q" O (, there exists an interval
I'(B) € B(Q) such that ¢‘(B) C I'(B). On the other hand, the fact that
g'(B) € B(Q™™") can be written as

99'(B)  Q"™",  ¢'(B) = (9¢'(B)),.,,, and Int(¢"(B)) NQ"~" = .

Since g

is a homeomorphism,

9 (B) = 0l i) (09" (B)), ) = 9(06'(B))) | Ca(I'(B)),

with dg't1(B) = g(0¢"(B)) C g(Q"™") C Q" (+1 ., Furthermore,
-1 . i
(g Ii(B)> (,nt(gm(B )nQ” <+1>) -

1 . .
(g Ii(B)> (lnt(gz-i-l(B))) N g—l(Qn—(H-l)) C

Int(¢"(B)) N Q""" = 0.
Consequently, Int(g"™(B)) N Q" *D = () because

(g™ (B) 1 Q6 € 41 (B) € o(1(8)) = (g

1i(B)

v
So, we have proved that g*(B) € B(Q"*i) for every i € {0,1,...,n — 1}.
Moreover, there exist intervals I'(B) € B(Q) such that ¢g¢(B) C I‘(B) for
every i € {0,1,...,n — 1}. Furthermore, g"~}(B) € B(Q') = B(Q) implies
that ¢" 1 (B) = I""Y(B).
Observe that, for every i =0,1,...,n — 2,
g(I'(B)) NI (B) 5 ¢"*'(B)

has non-empty interior because ¢'t1(B) is a Q" ("+1)_basic interval. Thus,
g(I'(B)) > I'*!(B) (that is, I'(B) g-covers I'"!(B)) because I'(B), I'*!(B)
are (Q-basic intervals and g is Markov with respect to ). In other words,
°B) —I1'B) — - — I"Y(B)e€Q,.

Now it is time to show that B € B(Q)". For i € {0,1,...,n — 2} we have
¢"(B) C I'(B) and hence,

5 B) = (o) (8l (@ (B)) = F(B) N g™ (4" (B)).

because g is a homeomorphism onto its image. Consequently,

1i(B)
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=1°B)ng (I'(B) ng*(I*(B)) N---ng~ "D (1" *(B))N
gf(n72) (IniQ(B) N gfl (gnfl(B)))
=19B)ng Y (I"(B))N---Nng "2 (1" 4B)) ng~ "V (1" 1(B))
€ B(Q)".

Towards the end of the proof, we perform the following construction for
an arbitrary

L,ng ' (I)n---ng " VI, ) € BQ)":

B, =1 and

n— n—17

Bi::Iiﬂg_l(B fori=0,1,...,n—2.

i+1)
Observe that
By =I1,ng '(B,)=1,ng " (I,ng ' (B,)) =
Io mg_l(Il) ﬂg_2(32) ==
L,ng M (I)n--ng "I _)eBQ)"
For the converse of the first statement of the claim we consider
Bo - Io N g_l(Il) n---N g_(n_l)(jn—l) € B(Q)n

such that I, — I, — --- — I, € Q . We will prove by induction on 4
that, in this case, B, € B(Q"™") for every i € {0,1,...,n—1}. In particular,
B,eB (Q”) which completes the proof of the first statement of the claim.

By definition, B, _, =1, , € B(Q) = B(Q"). Suppose that B, € B(Q"™)
for some i € {1,2,...,n — 1}. Since I,_, g-covers I, we have g(I,_,) D I, D
B,. Hence, since B, € B (Q”_i) and g! I is a homeomorphism,

B

BROE
(9}11._1>71(<03i>,i) — <(g\]i_1)1(83i)> :

iy

i1 Iifl ﬂg_l(Bl.) = (g}l,

and aBi71 = (g|l >71 (aBl) C g—l (Qn—z) C Qn—(i—l)‘ ]:7‘1‘11'1:he]:‘InOre7

9‘1_1 (Int(BH) N Qn—(i—l)) C
g, (nt(B,_,)) ng(Q" )
Int (g}li_l (Bi—l)) nQ"" = Int(Bi) NQ™ " = .

So, Int(B,_,) N Q" (=1 = . We have shown that B, € B(Q™") for every
i € {0,1,...,n — 1}, which ends the proof of the first statement of the
claim. In particular we have shown that B(Q") C B(Q)™. The fact that
Card(B(Q™)) = Card(Q,,) is a direct consequence of the part of the claim
that is already proved.

n
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To deal with the rest of the claim we will show that Z C Q" for every
Z € B(Q)"\ B(Q™). By the part of the claim already proved, such Z is of
the form I, Ng~Y(I,)N---Ng= (I ) with I,I,,...,I _, € B(Q) such
that I, — I, — --- — I, is not a path in the Markov graph of g with
respect to Q. So, there exists a largest £ € {0,1,...,n—2} such that I, does
not g-cover I, ,. On the other hand, as above, we have B, € B(Q”_i) for

every i € {{+1,0+2,...,n— 1}. Hence,
g(1,) NInt(B,,,) C g(I,) NInt(1,,,) =0, and
g(lnt(Ié)) NB,, = Int(g(Ie)) NB,, = 0

because I,, I, , € B(Q) and g} ; is a homeomorphism. Therefore,
L

B,=1,ng *(B,,) col,ng '(0B,,,) cQ=Q%,
B, ,=1I1,,ng*(B)cg ' (B)Ccyg Q") cQ,

B, C g_l(BQ) cgt (Qe_l) C QZ, and
Z=B,Cg '(B,) Ccg Q) cQtcq
Thus, Z C Q" for every Z € B(Q)™ \ B(Q").
Observe that B(Q") is a cover of S' because Q" is a Markov partition of
St with respect to g. Moreover, since B(Q") C B(Q)", it follows that B(Q™)

is a sub-cover of B(Q)". Now we will show that any sub-cover A of B(Q)"
must contain B(Q"). To do this observe that, for every Y € B(Q"),

U Z=s"\In(y)>Q"
ZeB(QM\{Y'}

because the elements of B(Q™) have pairwise disjoint interiors. Assume by
way of contradiction that there exists Y € B(Q™) \ A. Then,

SIZUZ:< U Z>U< U Z>c

ZcA ZeA\B(Q™) ZeANB(Q™)

ZeB(Q)™M\B(Q™) ZeB(QM\{Y}

Q" U (Sl \ Int(Y)) — S\ Int(Y);

a contradiction. Hence, B(Q") is a sub-cover of B(Q)™ of minimal cardinal-
ity. This ends the proof of the Claim on the relation between B(Q)™ and
B(Q").

As for the circle map g, B(R) is an f-mono cover of G (see [9, Page 323]
and Subsections 2.3 and 2.4), and hence

h(f) = h(f, B(R)) = lim ~log N'(B(R)").

n—oo 1

again by [9, Proposition 4.2.3] (additionally, see [9, Pages 262,263,323]).
Moreover for every n € N we will denote the set U::Ol f7(R) D RDV(G)
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by R™. Then, following mutatis mutandis the proof of the Claim on the
relation between B(Q)™ and B(Q™) we get

e f is R™-monotone and R™ is a Markov partition of G with respect to

/5
e B(R") is the set of all J, N f~Y(J)N---nf~ D _) e BR)"
such that J, — J, — -+ — J_ | € R, where R, denotes the
set of all paths of length n in the Markov graph of f with respect to
R,
e Card(B(R")) = Card(R,,), and
e B(R™) is a sub-cover of B(R)"™ of minimal cardinality.
The last ingredient of the proof of this theorem is to bound Card (Rn) in
terms of Card(Q,,) for n large enough (for instance n > 5).
Given a path a € Q, we will denote by II"!(a) the set of all paths
J,—J, — - —J, _, € R, such that

a=1(J,) —IJ,) — - —II(J,_,).

By the Projection I1 Properties, 17! («) is non-empty for every «, and for
every J, — J, — -+ — J, | € R, it follows that

I, —1uJ,) — - —1(J, ,) € 9,.
That is,
Jy—J, — - —J € H”(H(JO) —I(J,) — - — H(Jn71)>

and, equivalently, the class of all sets IT"1(a) such that o € Q, is a cover of
R, . First we will bound Card(II"*(c)) from above.
Letn>5andleta=1, — I, — --- — 1 €9, . Set

P(a):={ie{0,1,...,n—1}: I, =1}, and

I

P(a):={ie{0,1,....n—1}: I, = J}.

Clearly, I, # I, J for every i € {0,1,...,n— 1} \ (P (a) UP (). Therefore,
O-Y1,) = {n(1,)}, and J, = n(1,) for every path

J —J, — - —J eIl Ya).

Let us count the number of choices we have for the intervals J, with ¢ €
F () UP(a).
e Assume that 0 € P («) (that is, I, = J). Since g(J) = K, we have
I, = K and J, = n(K). Moreover, by the definition of IT and (B),

O Y)=TYJ)={YeB[R): Y C X} =
{@.0(s;:8,,,]) : 7 €{0,1,...,m—1}},

and every basic interval ¢, , ([s,,5,.,]) f-covers n(K). So, a path in

375541
II"'(a) may start with J, = ¢, ,([s;,s,,,]) — J, = n(K) with
j € 4{0,1,...,m — 1}, and all these possibilities are realizable. In
conclusion there are Card(II™'(J)) < m possibilities for the initial

subpath J, — J, of a path in IT"!(a) in the case I, = J.
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e Leti € B(a),i <n—3. Then, the subpath I, — I,,, — I,,, coincides

with I — J — K because ¢g(I) = J and g(J) = K. By (C) and (B),

T(1) = I (1) = {Y € B(R) : ¥ € (1)} =
{(SJI-,SJI-H)W) :j€{0,1,....,m— 1}}
and, for every j € {0,1,...,m — 1},

f(<sal'a3§+1>n<z>) = ‘Pa,b([sw Sj+1]) € B(R),

which f-covers n(K). So, the subpath J, — J,, , — J,

.o is of the
form

<SJI'78§+1 >n(1) — Soa,b([sj78j+l]) — U(K)
for some j € {0,1,...,m — 1}. Moreover, if i > 0, then J,_, f-
covers (s},sf ), for every j € {0,1,...,m — 1}, by Projection
IT Properties. In conclusion, we have exactly Card(II"!(I)) = m
possibilities for the subpath

Jifl — Ji = <S§75§+1> —

n(I)
Jq',+1 = Soa,b([sj73j+1]) — Ji+2 = U(K>
when ¢ > 0 and, analogously, there are m possibilities for the subpath
Jo = <S]I'78JI'+1>T;(I) — J1 = Soa,b([sjvsjﬂ]) — Jz = U(K)a
ifi=0.
o Let i = n —2 € P(a). This case is analogous to the previous one
with the difference that ¢ > 0 and I,,, and J,,, do not exist. So,

i+2
there are m possibilities for the subpath

Jn73 — ']n72 = <S§’S§+l>n(1) — ']nfl = Soa,b([sjvsjﬂ])-

e Assume that 0 < i € P,(«). Since ¢g(I) = J and I is the only interval
that g-covers J it follows that i —1 € P (a). So, all positions 0 < i €
P («) (i < n—1) are considered in the previous two cases, where we
get that J; is completely determined by J,_,.

e For i =n—1 € P («) there are again m possibilities for the subpath
Jn—z — Jn—l = <SJI'7SJI'+1>U(1)'

From these last five observations we get

Card(II" () < mCrd(R@)+1 4 ¢ P (), and
Card(II" () = mcard(e(a)) when 0 ¢ P ().
To compute m- (B (@)+1 and mcard(e(o‘)) in terms of n, let us write

P(a) = {i, ig,...,0,} withi, <i, <--- <1i,.
o If 0 € P (), then i, > p — 1. Otherwise, i, < p — 1 and there exists
a loop

I—>IO:J—>II:K—>~-—>IZ.1:I

in the Markov graph of g of length ¢, + 1 < p; a contradiction with
the fact that p is the minimal length of a loop in the Markov graph
of g beginning (and ending) at /. By similar reasons, i, —i, > p
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for j =1,2,...,£ — 1 and hence, i, > jp — 1 for j = 2,3,..., L. So,
n=12i0, > lp—1,% > ¢ and Card(R(e)) +1=£+1< 2] +1,
e If 0 ¢ P(a), theni, >0and i, , —i >pforj=12...,0-1

Hence,n—lZiz2(6—1)p,£§"771+1<%+1,and

Card(R(a)) = €< |2+1] = |2] +1.

Since the class of all sets IT"!(a) such that a € @, is a cover of R,

Card(R,) = Card( U Hl(a)> <

a€Q,

Y Card(TI () < Card(Q,)m

a€Q,

Therefore, since B(Q™) (respectively B(R™)) is a sub-cover of B(Q)™ (respec-
tively B(R)"™) of minimal cardinality,

h(f) = lim llog/\/(B(R)") = lim llog Card(B(R")) =

n—oo 1 n—oo 1

n 1
lim 1logCard(Rn) < lim llog (Card(Qn)mbJ+ ) =

n—oo T n—oo T

n +1
lim llog Card(Qn) + lim L,Jnlogm =

n—oo T n— oo
1 1
lim - log Card (B(Q™)) + ;logm =
1 1 1
lim ~ log N'(B(Q)") + ngm = h(g) + ngm.

Finally we will show that if ¢ is @Q-expanding and transitive then there
exists a choice of the homeomorphisms ¢ and £ such that f is R-expanding,
and the Markov matrix of f with respect to R is irreducible but not a
permutation matrix. In view of Theorem 2.12 this will imply that f is
transitive.

R-expandingness of f. Recall that, since g is Q-expanding, for every basic
interval V' € B(Q) there exists a homeomorphism g, : V' — [0, 1] such that

dy (z,y) = |py () — py (y)|  for every z,yeV.

Then, since ¢ and { are arbitrary homeomorphisms (except for its orienta-
tion), we can modify them without altering the previous conclusions of the
theorem. In view of Remark 2.13 we can choose p, so that

e (071 (G(a))) =0 and - pe (7 (50(0))) =1,
without modifying the distance d,.. So we can define ( :=no 1@1 without
modifying the choices ((0) = g_(a) and ((1) = g (b).
Next we define ¢ by pieces. To do this we fix points ¢, := ¢~ 1(s,) € I

for i = 0,1,...,m, and define f‘@ o) for every i € {0,1,...,m — 1}.
iYig1/r
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For definiteness we choose an orientation for p, such that p, is increasing
with respect to the indices of the points ¢,. That is, we choose p, so that
w,(t,) =0and p,(t,,) = 1, without modifying the distance d,. The definition
of the homeomorphisms & ‘ (titiss)s will be done with the help of auxiliary
homeomorphisms g (t;st,.1), — [0,1] for every i € {0,1,...,m — 1}. We
define
N1($)_M[(ti)

fl(l‘) — N[(tiJrl)_N] 1)

:U*[ t¢+1)7”](1‘) . ..
TR A=A A if 7 is odd,

if 7 is even, and

for every x € (t,,t,,,),. Now we are ready to define

-1
E‘(t t 1) = ((d)a,b O@a’b)‘[si’swrl]) Ogi

1775 +1

-1 -
for i = 0,1,...,m — 1. Clearly, ((wab o cpab)}[ ]> o ¢, is a homeo-
’ PSS

morphism onto its image. Moreover, when 7 is even, by Lemma 4.1(d) we
have

((wa»b © gp“’b) }[Sivswrl])

(s 02l )

Analogously, when i is odd we have ((dhl b © Pa b) ’[ }) (Si (tZ)) -
. PS84

and ((@Z’a,b o (pa’b)‘[si’si+1]> 1(& (tii1)) = S,11- So, & is a well defined home-
omorphism from I to [0,1] such that £(¢,) = s, for every i = 0,1,...,m.
In particular the orientation of £ has not been modified and we still have
§(n~H(21)) = &(t,) = s, =0 and £(n71(2))) = &(t,) =s,, = 1.

Now we define a distance d, (z,y) := |u, (z) — py, (v)| for every Y € B(R)
and z,y € Y, where in view of (A—C) and Lemma 4.1, we set

M1y © nfl}y ity C S\ Int(n([)),

ity = n(g_l([swsurl])) - 77([)
with ¢ € {0,1,...,m — 1},

ifyY c X.

—1 -1
}) (0) =s,, and
-1

(gi(ti+1)) = ((wa,b © Soa,b)‘[si,siﬂ]) (1) = Siv1-

(€)= ((Yun 0 Pu) |1

17Si+1
—1

07771‘}/

Hy = 51
wa,b

Y
Then,
o If Y C X, then

f‘yZCOwa,b‘y:nop’;lowa,b Y

Hence, f(Y) = n(K) € B(R), n(K) C S\ Int(n(I)). Moreover, for
every z € Y,

lun(K)(f(Z)) = ('LLK o 77_1 omno Mle) (qu)a,b(z)) = ¢a,b(z) = f1y (2).
Thus, for every xz,y € Y,

i (F@) F@)) = [11, 00, (F@)) = 0 (F )] =
1y (@) = 11y ()] = dy (.9).
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o If Y =n(¢([s,,5,,,])) € n(I) with i € {0,1,...,m — 1}, we have

i) “i41

Ty = @uslis o1 ©lemrts s,y 0 |y Therefore,
FY) =, 07 '(Y) €BR), @, E0'(Y)cX

and, for every z € Y,

Iy (f(2)) =
((/l/}a,b o SOa,b) |[Si’si+1] © 5’6_1([ )) (7771(3)) =

-1
(T T (O [ R O/

S 75i+1]

’H»l]

So, for every x,y € Y,

dy0y (F@) F0)) = |1y, (F(@)) = 1100, (F )| =
’:UY (l‘) — Hy (y>’ = dY (x,y).
o If Y =n(V) C S\ Int(n(I)) for some V € B(Q) \ {I,J}, then

fly =gcly = n‘g(V) ogly, on']y-

On the other hand, since V' # I and I is the unique interval from
B(Q) that g-covers J, f(Y) =n(g(V)) C S.

Assume as an easy case that f(Y) € B(R). Thus, g(V) # I since
otherwise, by (C), f(Y) = n(I) and Y f-covers all m > 5 R-basic
intervals (s y 881, C n(I). Summarizing, g(V) € B(Q)\ {I,J} or,
equivalently, f(Y) = n(g(V)) C S\ Int(n(I)). Thus, by using the
fact that g is expanding at V, for every z,y € Y, we have

4y (F(2), £ () (um (F@) = g, (F))| =
‘(“gm onton ( )) Hyy 00O 77) (9(77 )’
)

g(V)( 55))) Fogevy ( y ))‘
iy (771 (@)) =y (071 W) | = |y (&) = 1y ()] = dy (2, ).

Next suppose that f( ) ¢ B(R). Then, f(Y) can be written as
a union of basic intervals from B(R). In view of (A-C), every basic
interval Z € B(R), Z C f(Y) C S is of one of the following two
forms:

o Z = (sl,sl1), 0, = n(€1([s;,5,,.])) C n(I) for some index

i€{0,1,....m—1},and I C g(V), o

o Z=nU)withU € B(Q)\{I,J} and U C g(V).

Let x,y € Y be such that

(g @) (g @)ooy = @), W), € Z,

and of course n~(z),n " (y) € V. We will show that there exists
Ay = A, > 1 such that

dz(f(.%'), f(y) = Aydy (z,9).
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In the second case we have
Z=n(U) c S\ Int(n(l)), and
(g(n~" (@), 9(n "))y, C U

So, again by the expandingness of g at V, there exists A, > 1 such
that

d, (f (@), f(1) = |1y, (f () — ,un(w(f(y))‘ =
)(MU on~'on) (9(77 1(ﬂf))) — (g on ' on) (g(n’l(y)))’ =
i (907" @) = (507 ) )| 2
|

In the first case,
Z =n(¢"([s,,5...))) Cn(I), and
(™), 9( W) )y, CE M ([5055.]) C L.

For z € {z,y} we have

i (F2) = (€ on ' om) (9(n(2)) = & (a(n " (2).
On the other hand, when ¢ > 0 we have

OZM[( )<M1( )<:u1( +1)§Mz(tm):1>

and when ¢ = 0, since m > 5, 0 = p, (t,) < p,(t,) < p,(t,,) = 1. So,
in both cases, i, (t,,,) — i, (t,) <1, and thus

Ay
1233 (ti+1) — My (tz)

We will end the proof of R-expandingness in the case i even. If ¢
is odd, the proof follows in a similar way.

d, (f(2), [(y)) = lu, (f(2)) - ( W) =
()

>\,

&g (@) =& (g ()

uf(g(n’l(w)))—m(ti)_ (9(77 1(y)) p(t
) — M;(t)

1235 (tH—l) — MKy (tz) Ky (t i+1
o (@) =i (o (0™ @))] 2

1
py(tin) = 1 ()

V_ £) ‘Mv (n_l(x)) — Hy (77_1(3/))‘ >

Av by () = iy (9)| = Ay dy (2, ).

In summary, we have proved that, by choosing ¢ and £ appropriately, f is
R-expanding.
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The Markov matrix of f with respect to R is not a permutation
matrix. Since g is -expanding and transitive we know by Theorem 2.12
that the Markov matrix of g with respect to @ is irreducible. This implies
that given V € B(Q), V # I, there is a path in the Markov graph of g
with respect to @ from V to I. In particular, there is an interval U € B(Q)
such that U g-covers I. Since g(I) = J and ¢g(J) = K, and I, J and K are
pairwise disjoint, it follows that U # I, J. By (A) and (B), n(U) € B(R),
and

F(n(U)) >0(1) > (st sk

for every i € {0,1,...,m — 1}. So, the basic interval n(U) € B(R) f-covers
m > b intervals and, hence, the Markov matrix of f with respect to R is not
a permutation matrix.

The Markov matrix of f with respect to R is irreducible. Let Y, Z €
B(R) be arbitrary basic intervals. Since the Markov matrix of g with respect
to @ is irreducible, there is a path

ny)=1,—1I1 —--—1 ,=1(2)

in the Markov graph of g with respect to (). Then, the iterative use of the
Projection I1 Properties shows that there is a path of the same length in the
Markov graph of f with respect to R from Y to Z. So, the Markov matrix
of f with respect to R is irreducible.

Putting all together we know that f is R-expanding and that the Markov
matrix of f with respect to R is irreducible but it is not a permutation
matrix. So, f is transitive by Theorem 2.12. O

5. GENERAL CONSTRUCTION FOR MINIMAL CIRCLE MAPS OF DEGREE ONE

We aim at constructing examples of totally transitive graph maps with
arbitrarily small topological entropy and an arbitrarily large strict boundary
of cofiniteness. To do this we will use the minimum entropy maps depending
on the rotation interval. In this discussion (and survey) we will follow the
approach from [8, 9].

Definition 5.1 (The lower entropy circle maps of degree one). For
¢,d € R, c < dand z > 1 we define the series

R, ,(z) = Z z 4.

{(p,q) : p€Z, q€N and c < % < d}

One can show that R_,(z) = 3 has a unique solution B..> 1.
Then we can define a lifting G, € £1 by (see Figure 5 for a concrete
example):

Bc,dx + bc,d lf 0 g X S uc,d’
G (x) =3B (1—2)+b ,+1 ifu, <z<1,
Galz—lz])+[z] ifz¢[0,1],
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1
with u_, = %;Jr € (0,1) and
’ c,d

—1)2 >
bwizgzi—)*E:WQBJ?

n=1

We will denote by g, , the circle map of degree 1 which has G_, as a
lifting.

The maps g, , will be called ¢, d-minimal, or just minimal for simplicity.

o

Useless Remark (On the computation of the numbers 3, ,). For
ceR, c>0,and z > 1 we define

n=0
and, for definiteness, we set T, (z) = 0. Then, for ¢,d € R, ¢ < d, ¢ € [0,1),
and z > 1 we define

z
Qe im e+ 142 (L2 -1 - T,)
(observe that if [c,d] is a rotation interval then, by replacing the lifting F
used to compute the rotation interval by F' — |c|, we get the new rotation
interval [c — |¢],d — |c]] with ¢ — |c] € [0,1); so the assumption ¢ € [0,1)
above is not restrictive).
One can show that

Q..(2) = (2—1) (1 -2R,_,(2)).
Hence, f3, , is the largest root of the equation @_,(2) = 0. This observation
gives a much easier way of calculating the numbers 3, ,. 1]

The reason for introducing the above notation and tools is explained by
the next result which shows the existence of minimum entropy maps de-
pending on the rotation interval.

Theorem 5.2 ([8]). Let f be a circle map of degree 1 with rotation interval
[c,d] with ¢ < d. Then h(f) > logf, ,. Moreover, for every c,d € R with
c <d, Rot(Gcﬁd) = lc¢,d] and h(gc,d) =logf3_,-

The next theorem computes the limit of the topological entropy of certain
families of minimal degree one minimal circle maps.

Theorem 5.3. Let {[c,,d, |}, .. be a sequence of non-degenerate intervals
contained in the interval (0,1) for every n € N. Suppose that

lim min M(c,,d, ) = oco.

Then,
lim h(g, , )= limlogB, , =0.

Remark 5.4. The assumption that lim
theorem implies lim d, —c,=0.

n— o0 n

This is a consequence of the definition of limit and the following obser-
vation: the inequality min M (c,,d,) > M implies that M ¢ M(c,,d, ) and

nt 'n n? n

min M (¢, ,d, ) = oo in the above

n— oo
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this is equivalent to ﬁ <g¢c, <d, < % for some k € Z, which implies
d,—c, < ﬁ o

In what follows we will use the auxiliary function ||- ||, similar to the integer
part function, defined by:

|z] ;== -1 — |—z] _{m if x ¢ 7, and

r — 1 otherwise.

Proof of Theorem 5.3. The fact that, for every n € N, h(gcn’dn) =logB, .
follows from Theorem 5.2. So, we need to show that lim, , 8. , =1.

For every g € N, || ¢d,, ||—|gc, | is equal to the number of integers contained
in the interval (gc,,qd,) which, in turn, is the cardinality of the set

{pEZ: such that ¢, < 2 < dn}.

For every n € N, let us denote N, := minM(c,,d,) — 1. So, for every
N,,q¢ M(c,,d,) which is equivalent to

: ) _ _ _
{pEZ. such that ¢, < 2 < dn}—@ <~ |¢d,] — |gc,] = 0.

Moreover, if 1+ < d, —c,, then k € M(cn, d, ) and this implies that k£ > N, .

Hence, k < N, implies dn —c, <& %» Which is equivalent to (dn - cn)k: <1
Consequently, when z > 1,

R ,(2):=> 0= 3 (Ikd, ] — [ke,])=7F <

{(pm . pEZ, geNand c< B < d} k=Np+1
oo
> ((d,—c)k+1)z7F = NZ N, k) 4+ 1) 2
k=N, +1
- 3z —2
z_N"Z((dn—cn)k‘—l—Q) <ZNZI€—|-2 _N(zZil)
k=1
Now let us consider the equation z~Nn (iz 1)2 = %, which is equivalent to

2Nn = 2(3Z R We note that:

(i) The map z — 2( 1)2 is strictly decreasing

n (1,+o0), lim__ 2(32_1)2 = 400 and
lim,_,__ 2 (3Z T = 0

Nu ' is strictly increasing

(ii) The map z — 2
and z n‘

(iii) Clearly, Nn < Nm implies z¥» < zNm for
every z > 1.

Then, for each n, there exists a unique real num-
3V —

Y —1
=1 because lim, , N, = oo.

and

m?

ber 7, > 1 such that ~/ No = 2(
lim

)2, Y,, <7, whenever N < N,

n—o0 771
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Since, R, , (7,) <~ (iv"_l) = £, in view of [8, Lemma 2.1(c-e)] we

have 1 <, <7,. 50, lim, ﬂcn,dn exists and satisfies
1<hmﬁ < lim v, =1,

n—oo n—oo

which ends the proof of the theorem. O

The next theorem characterizes completely the dynamics of the c,d-
minimal degree one circle maps, and certain of its lifted orbits with rotation
number ¢ and d when these numbers are both rational and L%J # LéJ .In
this sense it is a great improvement over Theorem 5.2 and the theory devel-
oped in [8, 9] to prove that result. Theorem 5.5 is partially proved in [8, 9],
but here we introduce the necessary new tools to prove it. To illustrate

t
0 14,

FiGURE 5. The graphs of the maps G, , in blue and ¢, = (

in brown (note that G, coincides with G, , on the interval [
2°10

).

to]
and hence it is left in blue color for clarity). The orbit of 0 = =z,
is labelled so that G, , (z,) = 2, and G, , (z,) = z, + 1 (in th1s
case the (temporal) lgblz}lling leaves the orbit sorted in the real line)
and the orbit of Uy o = = t, is labelled so that G1 1z (t,) =1+t for
16{0124578} G17(¢) Z+1forz€{36}andG17()—tO.
In this case the (tempoml) labelling does not sort the orblt the sorted
version of this orbit is obtained by setting y, := ¢, and
for k=0,3,6 and i =0,1,2.

1.7
2°10

37

Yirs = taigs
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Theorem 5.5, see Figure 5 where a specific example with ¢ = 1 and d =
is shown.

Theorem 5.5. Let [c, d] be a non-degenerate interval contained in the inter-
val (0,1) such that ¢ = % and d = % with p,q,r,5 € N and (p,q) = (r,s) = 1.
Then, the following statements hold:

(a) g., is transitive (and, hence, totally transitive by Corollary 2.5).

() Q =e! (Orbgc,d (e(0))) is a twist periodic orbit of G, of period q and

rotation number ¢ with the property that QQ C UkEZ [k, k+ 51 ) . More-
c,d
over, @) is the unique lifted periodic orbil of G_, with rotation number

c.
(c) P=e'(Orb, ) (e(u,,))) is a twist periodic orbit of G, of period s and
’ 1
rotation number d such that P C {J, _, (k + %, k+ uc,d} . Moreover,
P is the unique lifted periodic orbit of G_, with rotation number d.
(d) Set
Q={.2_,2,=0,2,2,...,0,_,,2,2 ,,...}, and
P = {"'y—:l?y()’yl?yQ?"‘ 7y5—1 = uc,d7ys?y5+17" '}
with x, < z; and y, <y, if and only if i < j. Then, for everyi,j € Z,
Ligri — L, +]’ Yisri = Y; +]a
Gc,d (xz) = l‘i«&»p and Gc,d (yz) = yi+r'
Moreover, we also have 0 =z, <y,, x, , <y, , =u,,, and the points
Yoy =u,, < 1=z, are consecutive in QU P.
(¢) Assume that € := || # L%J ,and sett:=s—{r, n = (LQJ - €)p and

T p

n::q—ﬁp:q—L%Jp—l—ﬁ. Then we have

(e1) 1< (< L%J

(e.2) Eithert =0,r=1ands=4¢>1,orr>2andt € {1,2,...,r—1}.

(e.3) Eitherm =n=p=1andgq=/0+1, orn=n>2,p=1 and
g=L+n,or2<p<n<n<n+p-1.

Moreover, the points
(QUP)N0,1] ={zg, 2y, ..., 2, } U{Yo,¥ys-- s Yot}

are ordered as follows:

When t = 0:
O=z, <z, < - <z, _,<2x, < e <z <y, <
x7z+p < U < x7l+2p71 < yl <
< < <<
Tty < 0 STy S Yen <
Lt (e—1)p < v < T <Y, <,
I I I I
xq*p ‘rqfl yS*l 1
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When t € {1,2,...,r — 1}:

O=z,<z, < -+ <z, , <Y, <y, < <y, , <
€L, < v < T < ¥, < v < W <
Loyp < 0 < Lopop—1 < Yitr < o < Yirara <
< e < < < e K <
Tty < 77 S Tienpr S Ypeens < S Yeener <
Tovemnyp < 7 S Toggp < Yigmyr < 0 < Y <z,
I I " I I
Tqp T, Yoo Y. 1

U, 4

(f) Q U P is a short Markov partition for G_,, and g, , is Markov with re-
spect to the Markov partition e(Q U P) = Orb, ) (e(0))uOrb, . (e(u,,))-

(9) 9., s Orbqu (e(0)) U Orbgc’d (e(uu,d))-expandm:q.

By Theorem 2.4 and Theorem 5.2 we immediately get the following corol-
lary of Theorem 5.5(b—c):

Corollary 5.6. Let [c,d] be a non-degenerate interval contained in the in-
terval (0,1) such that c¢,d € Q. Let q and s be the denominators of ¢ and d
when written in irreducible form, respectively. Then, Rot(chd) = [e,d] and

Per(gcyd) ={q¢,s} U M(c, d).

The next result studies some properties of the Markov graph of the ¢, d-
minimal degree one circle maps in the setting described by Theorem 5.5.

Proposition 5.7. Let [c,d] be a non-degenerate interval contained in (0,1)
such that ¢ = g and d = % with p,q,7,s € N and (p,q) = (r,s) = 1. De-

note by Q = e~ ! (Orbgcd (e(0))) (respectively P = e™* (Orbgc ] (e(u,,)))) the
unique (twist) pem’odicﬁorbit of G, , of period q (respectiveljs) and rotation
number ¢ (respectively d). Then, every simple loop in the Markov graph of
9..q with respect to the partition Orb, (e(0)) U Orb, (e(u,,)) has a periodic
orbit associated to it. Furthermore, let ’

a = e([ay,b,]) — e([a,,b]) — -+ —>
e([a’j727 bj72]) — e([aj—l7bj—1]> — e([a’o’ bo])
be a loop in the Markov graph of g, , with respect to
Orbgc,d (e(0)) U Orbgc’d (e(u,,))-
Then « is associated to Orb, . (e(u,,)) if and only if j = s,
{e(bo)v e(bl)7 e ,e(b572), e(bsfl)} = Orbgc,d (e(uc,d))7

and g, , (e(bi)) = e(bi+1 (mod S)) fori=0,1,...,s — 1. Similarly, « is associ-
ated to Orb, (e(0)) if and only if j = q,

{e(ao)v e(a1)7 s 7e(a572)> e(asf1)} = Ol’bgcyd (e(O))7

and g, ,(e(a,)) = e(a,,, ouy) fori=0,1,...,¢—1.
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Proof. For simplicity we denote the set Orb, (e(0)) by Q and Orb, (e(u,,))

byﬁ.Let
y=I, —I, —I, —. - —1I | —1

be a simple loop in the Markov graph of g_, with respect to @ u P. By
Lemma 2.8, there exists a fixed point = € I, of g™ such that gi (@) eI, for
i=1,2,...,m—1

If the period of = is m then v and Orb, . (x) are associated. So, let a # m
be the period of z. Clearly, m = k- a with £ > 1 and giyd( x) = g”;a( x) =

=gtk (g) for i = 0,1,...,a — 1.

Assume that z ¢ Q U P. Then, Orb, (z) C Uzgl Int(I,), and hence,
I, =1, = =1 1. for ¢ 0,1,.. a — 1. This implies that ~ is
a repetition of the loop I, — I, — I, — --- — I, — I, which
contradicts its simplicity.

So, z € Orb,_ ( ) C Q U P. We assume that I, = e([Z, z,]) with e(z) =

x (that is, x is the projection of the left endpoints of the intervals from
e_l(I ). The case I, = e([z,, Z]) follows analogously.

In the rest of the proof we will use the notation from Theorem 5.5(d),
and Theorem 5.5(e).

We claim that I, # e([y,_,,z, = 1]) for every i € {0,1,...,m—1}. On the
contrary, without loss of generality we may assume that [, = e([y T ])

s—17%q
and 7 =y, ,. Then, G_, is strictly decreasing by Theorem 5.5(d).

s—1 ,ll?q]

Thus, I, is a basic interval contained in g, ,(1,) = e([Gc’d(zo), Gc7d(ys_1)]>
that contains the point g_,(z) = g, (e(y,_,)) = (G, ,(y,_,)). Consequently,
since e(Gc’d(ys_l)) €P, e(z,) € Q and PN Q = 0, we have

I = e([’ZNGc,d(ys—l)]) # e([ys—nl'q])-
Therefore, by Theorem 5.5(e), G

is increasing and
cd [ZlvGC,d(y371)] g

I, € e([Gu(21), G2, (v.)])

is a basic interval such that I, > gzd(l‘) = gid (e(y,_,)) = e(G2 (y,_1))-

So, as before, I, = e([zQ,GZd(ysfl)D # e(ly,_,,z,]). By iterating this

argument m — 1 times we get I, , = e([z,,_,,G™ *(y,_,)]) and then, I,
must be of the form

e([zm7GTd(ysfl)]) 7é e([ygsfl’xq]) = Io?

a contradiction. This ends the proof of the claim.
By the claim, I, # e([ysfl,m ]) By Theorem 5.5(e), ch‘[iz ] is strictly
dl[7,z,

increasing, and I, C g, ,(1,) = e([G (2),G_ (2 )]) is a basic interval that

contains the point gc,d( = gcd( e(x ) ( ) So, we can write

1 =e([G..(@),5]) # e([ys,l,xq]).
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By iterating this argument m — 2 times we get I, = e([Gid(.%),ziD for
1=20,1,...,m — 1. On the other hand, we already know that

e(G (@) =g ,(2) = gt (x) =e(G(@) = =
) —e(GE)

fori=0,1,...,a—1. Hence, I, = I, , = =1 1a fori =0,1,...,a—1,
because I,,1,,...,I , are basic intervals. So, as before, this contradicts

the simplicity of ~.

Now we will prove the second statement of the proposition. That is, that «
is associated to P if and only if j = s, {e(b,),e(b,),...,e(b,_,),e(b,_,)} = P,
and g_,(e(b,)) =e(b,,, (mod s)) fori=0,1,...,s— 1. The third statement of
the proposmon (about @) follows similarly.

The “if” statement is a direct consequence of the definition of associated
loop. Assume now that « is associated to P. Then, again by the defini-
tion of associated loop, j = s and there exists points z, € PN [a,,b,] for
i =0,1,...,5 — 1 such that P = {e(z,),e(2,),--.,e(z,_,),e(z,_,)}, and
gcﬁd(e(zi)) = e(zi+1 (mod S)) for ¢ = 0,1,...,s — 1. We have to show that
z,=b,fori=0,1,...,5s — 1.

Assume that there exists i € {0,1,...,s — 1} such that e([a,,b,]) =
e([y,_,,z, = 1]). Without loos of generality we may assume that i = 0.
That is, e([ao,bo]) = e([y,_,,,]). Then, since e([a,,b,]) is a Q U P-basic
interval,

2y € PN ag,b,] € (QUP)N[ay,by] C{aq,by}-

So, z, =a, =y, , + k with k € Z. Moreover, as in the proof of the first
statement of the proposition, G_, la b ]
’ 0’70

e(z1) = Y4 (e(zo)) =94 (e(ys—l)) = e(bl) € ﬁ
Consequently, e([al,bl]) =+ e([ys_l,xq]), Gc’d fay b, ]

e(22) =9Y.q (e(z1)) =UY.a (e(bl)) =e(b,) € P.

By iterating these arguments s — 2 times we obtain e(z, ,) = e(b, ,) € P,
and

is strictly decreasing, and

is strictly increasing, and

e(ao) = e(zo) = 9.4 (e(zs—1)) =94 (e(bs—l)) = e(bo);
a contradiction. _

Observe that e(ysfl) € P = {e(z),e(z),...,e(2,_,),e(z,_,) }. Hence,
there exists ¢ € {0,1,...,s — 1} such that e( Y, 1) = e(z,). Agam without
loos of generality we may assume that ¢ = 0. That is, there exists ke Z,
such that y, , +k= z, € {a,,b,}. Since e([a,,b,]) # e([y,_,,z,]) we must
have y,_ |, + k= z, = b,. Then, as before, we can inductively prove that

G

] is strictly increasing, and

e(zi+l) =9Yca (e(zi)) =9G4 (bz)) = e(bi+1) ep
fori=0,1,...,s — 2. This ends the proof of the proposition. (|

edlla,,b;

7
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Proof of Theorem 5.5. We start by proving statement (c) by using Theo-
rem 5.2 and Lemmas 4.8.5, 4.8.6, 4.8.3 and 4.8.11, and Remark 4.8.4 of [9].
The proof of statement (b) will be omitted since it is analogous (by using
Lemma 4.8.7 and its proof, and Remark 4.8.12 of [9] instead of Lemmas 4.8.5,
4.8.6, 4.8.3 and 4.8.11, and Remark 4.8.4 of [9]).

From the proof of Theorem 4.8.1 and Lemmas 4.8.5, 4.8.6, 4.8.3 and
4.8.11 of [9] it follows that P = e~ (Orb (e(ucﬁd))) is a lifted periodic

orbit of G_, of perlod s and rotation number d with the property that
rcU,, [ B C,d} . On the other hand,

B, 41 B, 41 B, 4t1
Gc,d(gbid>: C"é +bc,d:(6d +bcd)_1:

B, 4+1
Gc,d (#) - 1 = Ge,d (uc,d - 1)

B..q

Therefore, since u, , —1 € Pu, ,—1<0< Qﬂ ;and G_,|p is bijective,
ﬂ?ﬁ ; ¢ P. Thus, since P is a lifted orbit, k + §é P for every k € Z,

and hence P C |, _, ( E,d} .

By [9, Remark 4.8.4] it foll(;ws that P is also a lifted orbit of (G, ,), and

thus, P is a twist orbit of G, because (GC d)u is non-decreasing.
If a point z € R belongs to a lifted periodic orbit of G_, with rotation

number d then, by Remark 2.2, fod( ) = z+£r for some ¢ € N (in particular

this holds for every z € P). To show that P is the unique lifted periodic
orbit of G, with rotation number d we will prove that, for every z € R\ P

and every ¢ € N, fod(z) <z

To prove this we will use the following
Claim 1. G’:d(a:) < Gfd(y) foreveryy € P,x €R, 2 <y and k € ZT.

We will prove the claim by induction. For £ = 0 the statement holds by
assumption. So assume that we already have proved that Gf L) < G’: L)

for some k£ > 0. Hence, since Gfd(y) epPG,<(G,),ad (G ), is
non-decreasing,
i @) = Goa (G, () = (G (G, (@) <
(Gc,d)u (G(.Iid (y)) = Gijl(y)

by [9, Remark 4.8.4 and Lemma 4.8.5]. So, the claim holds.
Assume that z € R\ P and let ¢,v € P be such that (t,v) N P = () and
t < z <wv. By Claim 1,

k k +
G, (2) <G7 (v) forevery keEZ™.
We will also need the following

Claim 2. Assume that Gfd(t) < Gfd(z) for every k = 0,1,...,ms, for
some m € N. Then, Gfsd(z) < z+Lr for every £ € {1,2,...,m}.
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Since P is a twist orbit (G d‘ p 18 bijective and strictly increasing) and
(t,v) N P = (it follows that, for every k € ZT, G]:,d(t)’Gf,d(U) € P, and
(Gf’d(t),nyd(v)) NP = (. So, for every k € {0,1,...,ms — 1} and some
a(k) € Z, either

[G]:,d(z)’G]:,d(v)] - [Gf,d(t)’G]:,d(v)] - (a(k) + Z,Bc;l’a(k) +uc,d:| ; O

-1
GF (t) = u,, +a(k) —1 and Glzd(v) € (a(k) + 25 ya(k) +Uc,d} )

c,d
a(k) + u, ] since oth-

(
In the second case we have [G’Zd(z), G’zd(v) C (a(k),
)] and, by the definition

]
erwise G’Zd(z) € [Glzd(t),a(k:)] = [u,,+a(k)—1,a(k
of the map G,

GM(2) <G, (u, , +alk) —1) = GETH(2);

a contradiction. Thus, in both cases the map G_, is affine

[Glcc,d(z)’cf,d(”)]

with slope 3, , > 1. Consequently, for every £ € {1,2,...,m},

Gﬁs

c,d

[Z’U} B cd

O:--0

kﬁﬂ4%§%ﬂ°G”kﬁﬂwéj%ﬂ

cd [sz]

[Gid(z),Gid(v)] oG, [6..12:6, 4] oG,

is affine with slope Bffd > 1. So,
Gf‘fd(z) = ﬁfii(z —v)+ Gf‘fd(v) <(z—v)+v+lr=z+Lr
This ends the proof of Claim 2.

Now we are ready to prove that Gfsd(z) < z + £r for every £ € N. When
G’Zd(t) < G’:d(z) for every k € ZT this follows from Claim 2. So, we may
assume that there exist m € ZT and n € {ms+1,ms +2,...,(m + 1)s}
such that G (z) < G7 (t) and Gf,d(t) < Gid(z) for k =0,1,...,n — 1.
Then, again by Claim 2, fod(z) < z4r for every £ € {1,2,...,m}, and by
Claim 1 with z = G (z) and y = G7 (1),

ls ls
G () G () =t+lr <z+1r

for every ¢ € N with £ > m. This ends the proof of statement (c).

The first part of statement (d) follows from (b), (c¢) and Remarks 2.2 and
2.3. Now we prove that 0 = z, < y, and z,_, <y, , = u_,. By (c) and
Remark 2.2 we know that the set

_ 6c,d_1 ]
Pﬂ@@)-Pﬂ(EZ;mM

has cardinality s. Consequently,

_ Bea=l _
z,=0< 55— <Yo <Y <o <Yy =y,

because 3, , > 1. In a similar way, by (b) and Remark 2.2,

QOMU:QOP@5>
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has cardinality ¢, and

r,=0<x, < <z _, < Bi < 2’56@ =U,y =Y, -
Observe also that by the part of (d) already proven,
T, <Y, ,=u,< 1 =z, = 1+z, <14y, =v,.
So, the points y, , =u_, <1 =z, are consecutive in QU P.

Now we prove statement (f). From statements (b-d) it follows that QU P
is a Markov partition for G, ; and every interval of the form [k +u,_,, k +1]
with k € Z is a QU P-basic mterval Next we prove that the partition QU P
is short. We have to show that if I C [0,1] is a @ U P-basic interval then

len (G, ,(I)) < 1.
To this end we need to derive bounds for g, , and b_,. Notice that

G, ,(r)<z+1 forevery ze€R

since, otherwise, there exists a € Rot(Gc’d) with @ > 1, and hence d > 1 by
Theorem 5.2. Thus, b, = G_,(0) <1 and

Bcd c,d + bc,d = Gc,d (uc,d) < uc,d + 1 — (ﬂc,d - ]')uc,d + bc,d < 1
On the other hand, b, , > 0 because ¢ > 0 and 3, , > 1. Consequently,

g -1 B, +1
2 =B,-1)—=—<(B.,-Du,,+b,<1,
2Bc,d ( ! ) 25c,d ( ! ) ! !
which is equivalent to 38, , < 1+ V2. In short, the assumption 0 < ¢ < d < 1
implies that 0 <b,, <land 1<f_, <1+ V2.
To prove that len (G, ,(1)) < 1 for every I € B(QUP), I C [0, 1] we start

with I = [u,,,1]. Since G_,

["c d’l] is decreasing,

len (Gc,d ([uc,d’ 1])) = Gc,d (uc,d) - Gc,d(l) =
B, +1 B.a+1
Gc,d (2;6(’17) - Gc,d(]‘) = d2 + bc,d - (1 + bc,d) =
Bc,d - 1 \/i

< — <1
2 2

For the other basic intervals we need to clarify the placement of points in
the Markov partition @) U P. Recall that 1 < 8, <1+ V2 and b., > 0. So,

we have
/Bcd_l 1 /Bcd+1
: < — <= =
25c,d Bc,d 2ﬂcd

-1
Moreover, we claim that P N (6254 VB, ) # 0 (in fact, symmetrically, we

e 2, ) # (). Otherwise,

~1
PA0,1) = PN (55; —u,,] € g
Hence, for every z € PN [0, 1),
Gc,d(x) 2 Gc,d (ﬁl

0<

ucyd<1.

also have @ N (

)=14b,>1
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Thus, by [9, Lemma 3.7.3], d > p_ (P) > 1; a contradiction. This ends the
c,d
proof of the claim.

By the above claim there exists a point z € (Q U P) N (

Bc,d_l 1
2ﬁc,cl ’ ﬁc,d ’

Consequently, if I is a Q U P-basic interval such that I C [0 u, d] then

-1
either I C [0, 2] C [O, %) orlcC[zu,,]C (625 U, } In the first case

we have

len (G, ,(I)) <G, (61

c,d

) - Gc,d(o) =1+ bc,d - bc,d =1,

whereas in the second one,

len (Gc’d(f)) <G, (“c,d) ( /3 )
5 Bc,d -1
2

2 + bc,d -

This proves that the partition @ U P is short.
Then, in view of Proposition 2.11, the map g, , is Markov with respect
to the Markov partition W :=e(Q U P) = Orb, . (e(0)) U Orb, ; (e(u, 4))-

Moreover, g, is W-expanding because G_,

-b

c,d

=1

0,1] is piecewise affine in two
pieces with the absolute value of the slope equals to 3, , > 1.

To prove statement (a) we will use Theorem 2.12. Statement (f) and
Proposition 2.11 tell us that the transition matrix of the Markov graph of
9., With respect to W coincides with the transition matrix of the Markov
graph modulo 1 of G_ , with respect to Q U P.

Let K be the QU P-basic interval whose right endpoint is G_, (uc‘d). Since
the map G_, has a local maximum at u_, (see Figure 5), K is G_ ,-covered
by two @ U P-basic intervals (namely the two U P-basic intervals which
have u,_, as endpoint). This means that the column corresponding to [K]
in the transition matrix of the Markov graph modulo 1 of G_, with respect
to Q U P has at least two entries different from zero. So, the Markov matrix
of g, , with respect to W is not a permutation matrix.

Next we will show that the Markov matrix of g, with respect to W is
irreducible. In the spirit of Proposition 2.11, this amounts showing that for
every pair of vertices [I],[J] in the Markov graph modulo 1 of G, with
respect to @ U P, there exists a path from [I] to [J] (equlvalently, there
exists a representative J +k of [J] such that G* (I) D J+k for some ¢ € N).

Since ¢ < d, there exists £ € N such that K(q:r —ps) > 3.

Let I be a @ U P-basic interval with endpoints = €  and y € P (i.e.,
either I = [z,y] or I = [y, z]). We know that Z C @ and Z N P = (). Then,
since x and y are consecutive in QU P, |y| € {|z], |z| — 1}. In particular,
ly] +1 > [x]. Consequently, since Q) and P are twist and G_, € L1, by
Proposition 3.1.7(c) and Lemma 3.7.4 of [9],

quj(:r:) =x+Ulsp<lsp+|z|+1<tlsp+|z]+2<
sp+ ly) +3 < Lgr +y = G (y).
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So,
GY(1) O [G2%(x), G (y)] D [k, k +1]

with k = lsp+ |x] +1 € Z. Since Z C QU P, every vertex [J] in the Markov
graph modulo 1 of G_, with respect to () U P has a representative in the
interval [k, k + 1]. So, there exists a path (of length fgs) from [I] to every
[J]-

Now assume that I = [z,y] with z,y € @. Since Z C @ and @ is a lifted
periodic orbit, there exists £ € N such that k := Gf ,(y) € Z. Since Q is twist,

G’ (z) < G* (y) = k are consecutive in Q. Hence, G* (z) <k —1+u,_,
because [k — 1+ u_,, k] is a Q U P-basic interval. Consequently,

c,d?
G DG (2),G ()] D[k —14u,,,kl,

and thus there exists a path (of length ¢) from [I] to [[k—1+wu,_,, k]]. Since
k—1+wu,, € Pand k € @), from above it follows that there exists a path
from [[k —14u,_,, k]] to every vertex [J] in the Markov graph modulo 1 of
G, , with respecf to @ U P. By concatenating these two paths we get that
there exists a path from [I] to every [J].

The proof for the case I = [z,y] with z,y € P goes along the same lines
by using that there exists £ € N such that G* (z) =u,_, + k with k € Z.

Putting all together we have shown that the Markov matrix of 9..q With
respect to W is irreducible. So, g, , is transitive by Theorem 2.12.

To end the proof of the theorem we only need to show that statement (e)
holds. By assumption we have 0 < ¢ < d < 1. Therefore, 1 < 2 = é < % =

and hence, (e.1) holds because ¢ # L%J .

If r = 1 we have £ = s and hence, ¢ = 0. Moreover, £ > 1 because
1> = %. If r > 1 then t > 0 since otherwise s = ¢r which contradicts the
fact that r and s are coprime. Thus,

O<t=s—tlr=s—|%|r=s (modr)e{l,2,...,r—1}.

q
p

This proves (e.2).

Now we prove (e.3). From (e.l) we have n := (L%J - f)p >p>1.1If
n = p we have ¢ = ({4 1)p which implies p = 1 because p and ¢ are coprime.
Consequently, g = ¢+ 1 and n := (L%J — ﬁ)p =qg—/{=1.

On the other hand,

nz(q— L%Jp)—l—ﬁ:q (mod p) +n e {n,n+1,....,n4+p—1}.

In particular, n > n > p.

If n=n > p we have ¢ = {%J p (that is, ¢ is a multiple of p) and, since g
and p are coprime, we must have p =1 and ¢ = ¢ + n.

The remaining case is n > n > p. This implies that ¢ — L%J p # 0 which,
in turn, implies that p # 1. Putting together all the above inequalities we
get2<p<n<n<n+p-1

Now we need to show that the ordering of the points of (Q U P) N1[0,1] is
the one prescribed in statement (e). To do it we claim that z, , < y, and
we prove statement (e) assuming that the claim holds.
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By statement (d) and the claim we have
z, , <y ,=u,<l=zx <z ,<---<z, =z, ,+1<y,+1=y,.

Now we will prove that ,_, <y, andy, , <=z _
ment (d), give the last group of the prescribed ordering:

which, by state-

p

q—p = xn+(lfl)p << xn-}—(p—l =

Toy <Ysoro T Yipiooryr <" <Yprpror = Your <2y =1

yt+(271)r71 = ys—r—l <z

(by (e.2) we cannot have ¢t = 0 and ¢ = 1 simultaneously).
Suppose that y, . <z _,. By (d) we have
Gc,d (-7)1171) = l‘q+p71 < ys = Gc,d(ysfr)

which contradicts the fact that G_, is increasing on the interval

d
[0,u, 4] = 26,521 D Yo, ¥a] D [yemss Ty ]
This shows that x__, <y, _,.
Assume that z,_, <Y,_,_,- In this case,
GoalWorr ) =yy <l=2z,=G_,(x, ), and
O=z,<z,_,<y,_,, <y,_, = U, 45
which again contradicts the fact that G_, is increasing on [O,uc’ d]. So,

ys—r—l < xq—p'
When ¢ > 2 we have 0 < t = s — fr < s — 2r, and there is a before last

group in the prescribed ordering;:

yt+(272)r71 =Yy 2,1 < Lyzp = xn+(272)p <o < xn+(5*1)z’*1 -
ajqufl < y5727' = yt+(£—2)r << yt+(£—1)r—1 = y577.71 < xq—p
(when t =0 and s = ¢ = 2, Ypio—2yr_1 = Y—, 18 nOt a proper member of the

group but, despite of this, it can be used for binding purposes). To fix the
ordering of this group, it suffices to show that
xn+(£—1)p—1 = ajqufl < ysf27' = yt+(£—2)r’ and
Ysor1 = yt+(€72)r71 < Lg2p = xn+(572)p
by using the ordering already obtained for the last group. As before, if
Yoo < x,_,_, We have
Gc,d (xqufl) =T
O=z,<y, <y

< Yo, = chd (ys—Qr)7 and
<x

qg—1
<z, , <Y,y =14

s—2r qg—p—1

and if z,_, <y, , _, we have

Gc,d (y372r71) = ysfrfl < xq—p = Gc,d ($q—2p ? and
O = ‘TO < ‘Tp S $n+(572)p - "Bq72p < y3727‘,1 < ysfl = uc,d'

In both cases we obtain again a contradiction with the fact that G_, is
increasing on [O,uﬁ d].

In a similar way, by repeating the above arguments backwards, we can
fix the ordering of the k-th group for k=¢,0—1,...,2,1:

Yertomtyr—1 < Zoiierypy < < Toiipt <Yroemnyr < < Ypgrro1 < Loy



58 LL. ALSEDA, L. BORDIGNON, AND J. GROISMAN

(again when £ = 1 and ¢ = 0, Yorthotyr1 = Yo is not a proper member of
the group but again it can be used for binding purposes). So, the ordering
of the first group (k = 1) reads:

Yy, <z, < < anrpfl <y, << Yigr_a < Logp
When t = 0 statement (e) is already proved because, by (d),

Yoor =Y <0=2, <z, <--- <

T <T, < < Ty <Y =Yg < Ty

n—1

So, assume that ¢ > 0. It remains to see that
O=z, <z, <<z, <Yy <y, <---<y,, <z,.

By statement (d) we havey , =y, , —1 < 0= z,. So, it is enough to show
that =, |, < y,. Assume, again, by way of contradiction that y, < =z, ,.
Then, since t < 7,

Gc,d (‘rn—l) = $n+p—1 < yt < y'r = Gc,d(yo);

a contradiction with the fact that G_, is increasing on [O,uc’ d]. This ends
the proof of (e) provided that the claim holds.

Now we prove the claim. When p = 1 the claim follows from state-
ment (d): z,_, =z, =0 < y,. So we assume that p > 2. The claim follows
.1

()

S because, by statements (c,d),

Bea—1
p—1 < ‘rp S 2‘,13
c,d
To prove this, we define ,(x) := |[(n + 1)z] — |nz|| for every n € Z*
and z € R. Observe that |—c|]] = —1 = ||0]] because 0 < ¢ < 1. Thus,
§(—¢) = [l=¢l - [l0]} = 0.

From the definition of b,

from z, <

x < Y-

and the proof of [9, Theorem 4.8.1] we get

d

B.,+1 & 1-32 Lk
’d2 = Z (§k<_c) + bc,d - 2ﬁ07;d> 6c,d =
k=0

> IV A RN
D6+ ) B 55— D B =
k=0 o4 k=0
o0 B BC + 1
bt D (6 (=€) b, ) B 5 + =5,
k=1
because Z:io ﬁ;dk = szil‘ Therefore, 0 = b, , + > (& (—c) + bc,d)IB(:f7

and by statement (d),
T, = Gc,d (xo) = Gc,d (O) = bc,d =

bc,d - bc,d - Z(fk(_c) + bc,d)ﬁ(:f = Z(_gk(_c) - bc,d)ﬁc_,f'

On the other hand, from the proof of [9, Lemma 4.8.3],
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-1 —
B (6@ 10,8+ Y (6 (0)— b)) =

- B;dl + Z(ﬁk—l(d) - bc,d)ﬁ;f'

—1
Consequently, z, < ﬂg’ﬁdc y is equivalent to

D (&) = b )BF < =B+ D (&, (d) = b, )8 L,

and by [9, Lemma 4.8.2], this inequality holds true provided that
J J
Z(_Ek(_c) - bc,d) < -1+ Z(gk_1(d) - bc,d)
k=1 k=1
for every j > 1, which is equivalent to
J
Z gk < -1+ Z gk 1

k=1

Thus, in view of the definitions of £, (-) and [HJ, we have to see that

LG+ Del = —((—1 =G+ De)) +1) == (-G + Dell = [=cll)
:_Z —(k+ ] = [~kel) =D ~£.(—¢)

k=1

J
< —1+25k (@) = =14 (Ilkd] — [(k - 1)d])

k=1
= |jdl - ILOH —1=jd],
for every j > 1.

To show that the above inequalities hold, it is enough to prove the fol-
lowing bound for (5 + 1)c

ljd] +1 if jd ¢ Z, and

5.1 i+ 1)c <
(5-1) (+1e {jd when jd € Z.

Indeed, when jd € Z we have (j + 1)c < jd and, hence,

LG+ De] <jd—1=[jd].
When jd ¢ Z, (j + 1)c < |jd| + 1 and

LG+ De) < [jd] = [Ljd]).

Now, it remains to show that (5.1) holds. We start with the case jd € Z.
By (e), s =4r+t with 0 <t <r—1, and ¢ > (¢ + 1)p. Moreover, p > 2
implies ¢ > (¢ + 1)p because p and q are relatively prime. On the other
hand, since % = jd € N and r and s are relatively prime, it follows that
j=as=a(lr +t) with a € N. Then,



60 LL. ALSEDA, L. BORDIGNON, AND J. GROISMAN

(G+Lp=(allr+t)+)p<allr+t+1)p<
a(l+1)rp < aqr = qas® = qjd.

Hence, (j + 1)c = (ﬁl)p < jd.
Now we assume that jd ¢ Z for some j € N. When (5 + 1)d < |jd]| +1
we clearly have

G+ De<(+1)d < |jd] + 1.
So, we may suppose that

d] + 1 |
jd < |jd] +1< (j+1)d < j<L”d+<j+1 — j:{%]

The assumption || = [£] < {%J = | 1] implies
<3 +12 2] = L] < L <L) (lja) + ).
Then, since |2 (|jd| +1) €

G+ 1)e = (W“J +1) e < 2] (id) + e

On the other hand, L%J = % = % implies that p > 2 is a divisor of ¢; a
contradiction with the fact that p and ¢ are relatively prime. So, L%J < %,
and from above,

Q.M—‘

G+ De < [2] (14d] + Ve < jd] +1
This ends the proof of (5.1) and the theorem. O

6. ON THE MINIMALISTIC EXTENSIONS OF CERTAIN FAMILIES OF MINIMAL
DEGREE ONE CIRCLE MAPS: A FACTORY OF EXAMPLES

In this section we will study the dynamical properties of the minimalistic
extensions of certain families of degree one minimal maps, thus being a
specialization and improvement of Theorem 4.4. As in previous sections,
the proofs of the main results of this section are collected at the end in a
dedicated subsection.

In what follows [-] will denote the ceiling function [x] is by definition the
least integer which is greater than or equal to x.

In the next proposition we obtain extension platforms that verify cer-
tain useful properties for a large class of cases that cover the three examples
stated in the introduction. They allow the automatic minimalistic extension
of a very wide range of examples, including the ones stated in the introduc-
tion. We do not compute the extension platforms in all cases for simplicity
and to avoid enlarging this paper even more.

Proposition 6.1 (Extendable minimal maps). Let [c,d] C (0,1) be a non-

degenerate interval such that ¢ = % and d = % with p,q,7,s € N, and
(p,q) = (r,s) = 1. Assume that £ ¢ N and ( := | 2| # [%J (here we use the

notation from Theorem 5.5(e)). For £ > 2 the map g, , is evtendable with
extension platform

<I - e([ytflfxn])? J = e([ytﬁ»rfl?xnﬁ»p})?K = e([yt+2r717xn+2p:|))'
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For £ = 1 and t € {2,3,...,7 — 2}, g, is extendable with extension
platform.

(I = e([yb—r’ yb—r+1])’ J - e([yb7 yb+1])’ K = e([yb_tayb_t+1])>7

where
S when n = p,
b:= <2t when n > p and%gl and
[%]t—l whenn>pcmd%>2.

Proof. We start the proof with the case £ > 2. Since ¥ ¢ N, r > 2 and
te{l1,2,...,r—1} by Theorem 5.5(e) (specially Statement (e.2)). Observe
that when ¢ = 2,

K = e([ytwrfl’xnup]) = e([ysfl,xq = 1]) = e([ucyd, 1])
By the ordering in Theorem 5.5(e), I, J and K are pairwise disjoint e(Q U
P)-basic intervals. Moreover, by Theorem 5.5(d), g, ,(I) = J and g, ,(J) =
K. We have to show that I is the unique basic interval that g_,-covers J.

To do this we will show that if U C [0,y,_,] (respectively U C [z,,1]) is a
@ U P-basic interval, then

G,,(U) is disjoint from | J(y,.,_, + k., ., + k),

kEZ

or equivalently G, ,(U) C U, _, @, +ky, , +k+1].

Assume first that U C [ajn, 1]. Since @ is a twist lifted periodic orbit of
G.,and n < qwehaver, <z,=1,andz, 6 =G_, (xn) <G, ,(1). Then,
by the definition of the map G, and Theorem 5.5(d),

d

Goa(U) € G y([2.:1]) =

n’

[min{Gc,d (I’n> ’ Gc,d (1)}’ Gc,d (uc,d = ys—l)i| =
S TR o RS RS VAN
When U C [O,ytfl] we have

Gc,d(U) C Gc,d([07yt71j|) = [Gc,d(x0)7Gc,d (ytﬂ)] =
[:Upvyzwfl] & [O7yt+r71} & [$n+p - 1,yt+r,1].

Thus, I is the unique basic interval that g, ,-covers J.
Now we deal with the case { =1 and t € {2,3,...,r —2}. We have r > 4
and, by Theorem 5.5(e), ¢ =p+n and s =r + 1.
Since there are several extension platforms according to the different val-
ues of b we consider first the case n = p. By Theorem 5.5(e.3) we have
p_1

n=p=1and ¢ =2 (that is, £= 5). Moreover, in this case b = s. So,

e([ys—r7ys—r+1]) = e([yt7yt+1])’
e([ys7ys+1]) = e([y()?yl])? and
e([ys—t7 yytﬂ]) = e([yr7 y7-+1])'

1
J
K
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On the other hand, the ordering in Theorem 5.5(e) becomes

T, =1,
I

O=2z,=z,, <§3/H <z <
o 50 < v <[ ST S v <,

I I
Ysa T, =1

and thus I, J and K are pairwise disjoint ¢(Q U P)-basic intervals. Fur-
thermore, by Theorem 5.5(d), g.,(/) = J and g_,(J) = K.
We have to show that I is the unique basic interval that g_,-covers J.

To do this we will show that if U C [0,y,] (respectively U C [y,.,,1]) is a
@) U P-basic interval, then

G.,(U) is disjoint from U(yo +ky, + k:),
kE€Z

or equivalently G, ,(U) c U, _, (y, + k,y, + k +1). Assume first that U C
[9,..,1]. By Theorem 5.5(d) (see also Figure 5),

Gc,d (yt+1) “Yiyr1 = 4y <l+z = Gc,d(xz) = Gc,d(l)'
Then, by the definition of the map GC, e

G.uU) € G y([900:1]) =
i {Gy (5:1): GV}, Gty = )| =
1+y.1+y,_.] ¢ [1+y,2].
When U C [O,yt] we have

Gc,d(U) C Gc,d([o’yt]> = [Gc,d(%)»Gc,d (yt>] =
[T, Y] = (20, 1+ 4] & [ys, 1+ 9.

Consequently, I is the unique basic interval that g ,-covers J.
Now we consider the case n > p > 1 for which we use the two remaining
values of b. The ordering in Theorem 5.5(e) now becomes

O=z,<z, <z,<z, , <y, <y, <y, <

(6'2) x, < Tripo1 <Yy <Ypiqg <00 <Yypppq <.
I I I
xq—l ys—l 1
Now we need to identify the intervals of the extension platform in the above
array of points of (P U Q) N [0,1]. To this end we claim that r < b <s— 2.

To prove the claim observe that % > % > 1. When % < 2 we have

r+1<2t=b<t+r—2=s5-—2.
Otherwise, if % > 2 (equivalently, {%1 > 3) we write r + 1 = jt +x with

j€N\{1}and z € {0,1,...,t—1}. Ifz = 0 (that is, [“H] = ZH = j € N),

R e e e
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If x =1 we have r + 1 = jt + 1 which is equivalent to » = jt. So, since

s =r+t, t divides both r and s; a contradiction with the fact that r and s

are relatively prime. Therefore, we may assume x > 2 and hence,
B[] =414 4 2= ol 4 2 apid

t
r+1

because j < = j+ 7 <j+ 1. Consequently,

r:itlt 1<[T+1] —1:b:s_2t?7+1t—128—$§8—2.

This ends the proof of the claim.

On the other hand, from the definition of b it follows that b is either 2t
or, when (’“{—11 >3,b= [itl] t—12>3t—1 > 2t. Thus, by the above claim
and the labeling of the points of P,

Yia
I

63 W E[ T <

Yo <[Ypoe <Ypora | <[ <Upir | S0y

Hence, in view of the ordering (6.2), we see that I, J and K are pairwise
disjoint (@ U P)-basic intervals. Moreover, by Theorem 5.5(d), g, ,(I) = J
and g, ,(J) = K (in the last equality we use that r = s — ).

Next we have to prove that I is the unique basic interval that g, ,-covers

J. We will show that if U C [O,yb_J (respectively U C [yb_rﬂ,l]) is a
() U P-basic interval, then

G.,(U) is disjoint from U(yb + kY, + k).

kezZ

s 1> 1]. By Theorem 5.5(d) (see also Figure 5),
GoaWomri) =¥y S¥esy <143, =G _,(z,) =G_, (1)
Then, by the definition of the map G
G.u(U) C Gy ([Whrinr1]) =
min{ G,y (4 ): Goa W} Gy = v, =
[ybw 14y, J G (W 1+ 4,

Assume first that U C [y

., and the above claim,

When U C [0,y, ,] we have

G..(U) G, ([0,y,]) = [C.a®). G u(Wo,)] = [7,,0.] & 0,3,]
O

The next result studies the convergence of the entropy of the minimalistic
extensions of certain families of degree one circle maps.

Theorem 6.2. Let {g%dk}keN be a family of minimal degree one circle

maps, where each G o, has rotation interval [ck,dk] with 0 < ¢, <d, <1.

Assume that the followmg statements hold:

(a) ¢, = Pk and d, = S—’“ where p, ,q,,7,,5, €N, and (p,,q,) = (r,,s,) = 1.
4y k

q

o 3] < 5 <)

k
(c) r, +2<s, <2r —2 whenevers, <2r,.
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(d) lim, . min M(c,,d,) = oo.
Let G be an arbitrary graph with a circuit C. Then, every map e, ., 18

extendable to G with base at the circuit C' with a transitive minimalistic
extension g*© , and
k%%

lim h(gc"c ) = lim h(gckydk) =0.

k—oo ko k—o0

Proof. We first check that every map of the family { ey, }kEN verifies the
assumptions of Proposition 6.1 individually, and hence is extendable. In-
deed, from (b) we have that = ¢ N and £, := Ls—’“J # [q—’“J . On the other

T Tk Py
hand, s, < 2r, and f,—’“ ¢ N is equivalent to 1 < i—’“ < 2 which, with the nota-
k k

tion of Theorem 5.5(e) gives ¢, =1 and t, := s, —r,. By (c), when s, < 2r,
we have r, +2 <'s, < 2r, — 2 which is equivalent to 2 < ¢, <r, — 2. The
other assumptions of Proposition 6.1 hold by (a). Hence, every map 9o, a, is
extendable with the extension platform (1, , J, , K, ) given by Proposition 6.1.

By Theorem 4.4 and Theorem 5.5(a,g) there exists a transitive minimal-
istic extension fck 0 = gse, of 9e, 4, tO G with base at the circuit C. By

y Cpsdp y

Theorem 4.4,

logm

Ogh(fck,dk) Sh(gck,dk)+ p ?
k

where m is the constant given by Lemma 4.1, and p, is the minimal length
of a loop in the Markov graph of e, .0, beginning (and ending) at /,. In

view of (d), lim, __ h(gck’dk) = 0 by Theorem 5.3. So, to end the proof of
this result it is enough to show that the sequence { pk} . tends to infinity.

ke

In view of (d) it is enough to show that p, > min M(c,,d, ) for every k € N.

k? 7k

Now we fix an arbitrary k € N, and we will show that p, > min M (c,,d, ).

Let o, be a loop in the Markov graph of Gep a, beginning (and ending) at
I, , whith minimal length p, among all loops in the Markov graph of e, a,
beginning (and ending) at I, . The minimality of p, implies that , is simple.
Therefore, by Proposition 5.7, Ge, a, has a periodic orbit R, (of period p, )
associated to «,. By Corollary 5.6 we have

Py € Per(gck,dk) = {qk’sk} UM(Ck7dk)'

More precisely, either p, € M(c,,d,), or e(Q,) is associated to «, (i.e.

R, = e(Q,)), or e(P,) is associated to «, (i.e. R, = e(P,)), where we

denote by @, := e *(Orb, . (e(0))) the unique twist orbit of Gck 0, of
k% '

. . p a1
period ¢, and rotation number q:, and by P, :=e (Orbng‘dk (e(uck’dlC )

the unique twist orbit of Gck a of period s, and rotation number Z—’“
’ k

s

If ¢, = [T—’“J > 2. Then, by Proposition 6.1, I, = e([ﬂ, :ﬂ) where [37, f]
k
is a (P, UQ,)—basic interval such that y € P, and Z € Q,. Thus, again by

k
Proposition 5.7, «, is neither associated to e(@,) nor to e(P,). Hence, in
this case, p, € M(c,,d, ), which obviously gives p, > min M(c,,d,).
Assume now that ¢/, = 1. From above we get 2 < ¢, =s, —1, <71, —

2. Again by Proposition 6.1, I, N e(Q,) = 0. Thus, the periodic orbit
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e(Q,) cannot be associated to «, and hence, p, € {s,} UM(c,,d,). By

Theorem 5.5(e.3) we have either ¢, —p, = p, =1 and 1;—’“ = %, or q, —p, >
k

p, + 1. In the latter case, since s, < 2r, — 2, we have

&S D, <1:rk—1grk—1<7;
q, 2p, +1 2 2r, —2 5,

s,
which implies s, € M(c,,d, ). Thus, p, € {s,} UM(c,,d,) = M(c,,d,) and
hence, p, > min M(c,,d,).

When 2= = 1 the situation is analogous, provided that ¢, < r, —2 (i.e.,

q ~ 2
s, < 2r, —3). Indeed,
&:1< r, — 1 <rk—1<r7k.
q, 2 2r,—3" s, 8,

Hence, again, s, € M(c,,d,) and p, > min M(c,,d,).

We are left with the case % =1 and s, = 2(r, —1). Observe that in this
case, 2 <t, = s, —r, =1, —2implies r, > 4 > 2. The inequality 2 <r, is
equivalent to 2(r, — 1)* = 2r? — 4r, + 2 < r,(2r, — 3); which gives

D 1 k k
4 255 1 2r, 320, 1) s,
In other words, s, —1 € M(c,,d, ) and hence, s, —1 > min M(c,,d,).

If p, € M(c,,d,) then, clearly, p, > minM(c,,d,) and we are done.
Otherwise, since p, € {s,} UM(c,,d, ), we must have

rk—l_rk—l r T

p, =58, >S5, —1>minM(c,,d,).
O

The next result studies the set of periods of minimalistic extensions of
minimal degree one circle maps.

Theorem 6.3. Let [c, d] be a non-degenerate interval contained in the inter-
val (0,1) such that ¢ = g andd = % with p,q,7,s €N, and (p,q) = (r,s) = 1.

Assume that EJ < f < L%J ,and r+2 < s < 2r — 3 whenever s < 2r. Let
G be an arbitrary graph with a circuit C. Then, the map g, is extendable
to G with base at the circuit C' with a transitive minimalistic extension g,

and
Per(gcyd) = Per(gz'g) .

Proof. From the proof of Theorem 6.2 we see that the map g, satisfies the
assumptions of Proposition 6.1 and thus it is extendable with the extension
platform (I, J, K) given by Proposition 6.1. As before, gcy is transitive by
Theorem 4.4 and Theorem 5.5(a,g). Moreover, Corollary 5.6 hold, and we
have

{45} U M(c.d) = Per(g,.,) C Per(gZ5).
We have to prove that Per(g_,) D Per(g%).
Let A be a periodic orbit of g¢¢ of period k; set Q= Orb, ) (e(0)) where

Q = efl(é) is the unique twist orbit of G, of period ¢ and rotation

number 2, and set P = Orbgc,d (e(u,,)) where P :=e™! (ﬁ) is the unique
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twist orbit of G_,

and its proof it follows that 77(@ U 15) is contained in the Markov partition
R of g%, and

of period s and rotation number %. From Theorem 4.4

11994

GuP = 9 ° M Gups
where 1: S' — C'is the homeomorphism from Definition 4.3. In particular,
n(Q) (respectively n(P)) is a periodic orbit of g5, of period g (respectively
s). Moreover, every point in R\ n(QV U ﬁ) is not gz;—periodic

Since both A and R are gj:i—invariant, either AC Ror ANR = (. In
the first case, A must be either 5(Q) or 5(P). This implies that k € {q, s} C

Per(ga d), and the theorem follows in this case. Thus, we are left with the
case AN R = 0. In view of Proposition 2.9, there exists a loop

a=J,—J — - —J_, —J,

(of length k) in the Markov graph of ¢°¢ with respect to R which is associated
to A. Observe that for every j € {0, 1, ...,k — 1} we have either J, C n(I)
or J, Nlint(n(I)) = 0 because J, € B(R) and dn(I) C R.

Assume now that J, N Int(n(I)) = 0 for every j € {0,1,...,k — 1}. Then
we have (recall that G = S U X),

k-1
Ac|JJ, ca\int(n) = (5\ Int(n([))) UXx

=0
(in particular, ANInt(n(I)) = @). Next we want to see that A C S\Int(n(I)).
By Definition 4.3, we get g°¢ (X) =n(K) c S\ Int(n(I)). Hence, since A
is go —invariant, AN X # 0 implies AN (S\ Int(n(I))) # 0. In summary,
there exists a point z € AN (S\ Int(n(Z ))) On the other hand, since g,
Markov with respect to the partition PuU Q, I is the unique basic interval

that g_,—covers J, and I, J and K are pairwise disjoint, Definition 4.3 tells
us that

—_~

65(2) = (9.) () = (nog.on)(z) € 8.
Taking into account that AN Int( (I)) = 0 and by using again the fact that
Ais 9o, —invariant we get {z 955 z)} C AN (S\ Int( (1 ))) By iterating

this argument k —2 times with g% (z), (g:'§)2(z), ce (gf;)k 2(z:) instead of
z we obtain

A={z.6%(2) .., (95)" ()} c AN (S\ Int(n(1))) C 4,
which implies A C S\ Int(n(I)). Then,

G;C 1

gc,d

A = (gc,d) ‘A:nogc,doni

C

A’

and n~!(A) is a periodic orbit of 9., of period k € Per(gc’d), and the theorem
is proved in this case.

Now, we may assume without loss of generality that J, C n(I), and we
can use the projection II: B(R) — B(P U Q) introduced in the proof of
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Theorem 4.4 (see Formula (4.4)). Clearly,

v = H(Jo) — H(Jl) — H(Jz) T H(Jk—l) — H(Jo)

I J

is a loop of length k in the Markov graph of g, , with respect to @ U P.
Furthermore, there exists k < k such that

Y= H(J()) - H(Jl) — H(Jz) — - — II(J 1) — H(Jo)

k—
1l I

I J

is a simple loop of length k in the Markov graph of g, , with respect to @U]B,
and either 5 = v (and then k = k) or 7 is a repetition of v (and then k is a
proper divisor of k).

By Proposition 5.7, v has a periodic orbit Z of period ke Per(gcyd) =
{q, s} UM/(c,d) associated to it. More precisely, either Z = Q,or Z=P or
ke M(c,d).

By repeating the arguments at the end of Theorem 6.2 for g, , instead of
Ge, (notice that here s < 2r — 2 when s < 2r), we get that k € M(c,d).
Hence,

ke{n-m:me M(c,d)and n € N} C M(c,d) C Per(g,,).

O

It turns out that the minimal maps g, , in the assumptions of Proposi-
tion 6.1 have plenty of extension platforms. However, to feed the minimal-
istic extension factory we need to carefully choose appropriate extension
platforms such that either the periods of the twist orbits associated to the
endpoints of the rotation interval belong to the set M (c,d) or certain loops
(for instance a loop of minimal length beginning at the first interval of the
extension platform) are not associated to them (see the end of the proofs of
Theorems 6.2 and 6.3).

Below we give an example of these facts and of the consequences of choos-
ing a wrong extension platform.

Example 6.4. Let p=1,¢=6,7r=3,s =17, andlet 0 <c=2 <1 <1
Denote,

Q= e_l(Orbg d(e(O))) ={..z ,,2,=0,2,,2,,...,2,,,,%,,...}, and
pPi=e! (Orbgcyd (e(uc,d>)) ={ Y Yo Y Yos e Y = UearYir: Y1z - - h
with z; <z, and y, <y, if and only if i < j. By Theorem 5.5(d,e),

Lgiri =L, +Js Yirjps — Ys + 7, Gc,d (':L'z) =T and Gc,d(yi) = Yits

for every i,j € Z.
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With the notation of Theorem 5.5(d) we have ¢ = L%J =5n=q-Ilp=1,

t = s — lr = 2, and the spatial distribution of the points of Q U P is:
O=z, <y, <y, <
T, <y, <y, <Y <

<Y, <Yy <Y, <
< Ys < Yo < Yo <
< yll < y12 < y13<
5 <Y< Ys < Y < 25 =1
By Theorem 5.5(f), @ U P is a short Markov partition for G
Markov with respect to the Markov partition

e(Q U P)= Orb (e(O)) U Orbg_d(e(ucﬁd)).
The Markov graph modulo 1 of G with respect to Q U P is shown in
Figure 6. On the other hand, by Corollary 5.6, we have
Per(g, ,) = {6,17} UM (§, ) = {6,17} U Succ (23)

w N

8 8 8 8
~

and g_, is

c,d?

because in the Farey sequence of order 23, % < % < % are consecutive

elements.

The Markov graph modulo 1 given in Figure 6 shows that the map 91 4
is extendable and has, in fact, a lot of extension platforms. In the rest of
the example we will compare the extension platform

(I - e([ypxl])? J = e([y4,a:2]),K - e([y7,x3])>,
(T: e([xS,yS]),j: e([x4,y11]),f~f = e([x57y14])>‘

Observe that the first one of these extension platforms is the one given
by Proposition 6.1 for this rotation interval, while the second one, being a
standard extension platform, is, of course, different from the one given by
Proposition 6.1. Moreover, the shortest loop in the Markov graph of 9.

versus

starting (and ending) at I = e([y,,z,]) has length p = 23 = mmM(ﬁ, 17)
and any simple loop starting (and ending) at I cannot be associated neither
to e(P) nor to e(Q) (see the proofs of Theorems 6.2 and 6.3). On the other
hand, the shortest loop in the Markov graph of g starting (and ending)

1 3
617
at I = e([z,,y,]) has length p = 6 ¢ M(%,-2), and is associated to the
orbit e(Q).

The aim of this example is to understand why we need special extension
platforms in order that Theorems 6.2 and 6.3 hold, while the fundamental
Theorem 4.4 holds for every extension platform. Observe that the map g, ,
verifies the assumptions of Theorem 6.3, and the assumptions Correspon(firié‘
to a single member of the family in the statement of Theorem 6.2.

Let G be an arbitrary graph with a circuit C. Then, the map 91s is
extendable to G with base at the circuit C’ for both extension platforms

with a transitive minimalistic extension g , so that Theorem 4.4 holds.
17
Next we compute the Markov graph of g%c, for the first extension plat-
6°17

form

(I:e([yuxJ)?J: e([ymxz])vK = e([y77x3])>'
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FIGURE 6. The Markov graph modulo 1 of G, , with re-
spect to @ U P. The loop with blue vertices and grrows (in-
cluding the vertices with a gradient color from blue to red and
the blue-red arrows) is associated to e(P), and the loop with
red vertices and arrows (including again the vertices with a
gradient color from blue to red and the blue-red arrows) is
associated to e(Q)). The two coloured arc-like regions con-
tain two extension platforms. The yellow one contains the
extension platform given by Proposition 6.1 for this rotation
interval. The green one contains a standard extension plat-
form. Recall that if [a,b] is a @ U P—basic interval, then
[a.b] is identified with e([a, b]).

ol

To do this we will use the notation from the proof of Theorem 4.4 and,
specially, from Figure 4. Indeed, the basic intervals from B(R) which are
contained in S\ Int(n(I)) will be denoted as the corresponding ones in the
circle. That is, we will denote n(L) by L, for every L € B(e(Q U P))\{I, J}.
The basic intervals contained in X are U,,U,,...,U_, and the basic intervals

contained in n(I) are denoted by V, := (s{,s!,,),,, for i =0,1,...,m — 1.
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F1GURE 7. The Markov graph of a minimalistic extension of
g, , for the extension platform

7
(I = e([ylvxl])v J = e([y4, 'xz])’K = e([yw 'xs])) :

In this graph, for simplicity, we are identifying [[a, b]] with
n(e([a,b])) for every @ U P—basic interval [a, b]. The arrows
from the vertices V; to the vertices U, are symbolic. In real-
ity they depend on the topology and edges of the graph (in
fact of the subgraph X) and, specially, on the map Do (see
Figure 4).

o=
faw

So, the Markov graph of g$¢, for the first extension platform the one shown

in Figure 7. Comparing Fi%llfre 7 with Figure 6 we see that the set of lengths

of simple loops in both graphs coincide. So, the set of periods of ¢g¢¢, and
6017
g coincide, as proven in Theorem 6.3. '

3
*17

o=
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m

F1GURE 8. The Markov graph of a minimalistic extension of
g, , for the extension platform

117

(I = e([xsvys])v J= e([xuyn])vK = e([xsaym]))'
As in the previous figure, [a,b] is identified with n(e([a,b]))
for every ) U P—Dbasic interval [a, b], and the arrows from the
vertices V; to the vertices U, are symbolic. They depend on
the topology and edges of the subgraph X and on the map
®,, (see Figure 4).

O

G;C
1 3
617

Now we look at the Markov graph of the minimalistic extension ¢ for

the second extension platform
(f: e([xsvys])’ ‘7: e([a:‘l,yll])’[? = e([w5vy14])>'

We use the same notation as before with I, J and K replaced by I, , J and
K. In Figure 8 we show the Markov graph of g$, for the second extension

platform. From Figure 8 we see that the Markg\;7graph of the minimalistic
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extension g 3 associated to the second extension platform has simple loops
of lengths 12 18 24,30, ... associated to the basic intervals V, contained in

(I). Hence, {6k : k € N} C Per(gi‘ci). However, the Markov graph of the
circle map g, , has no simple looﬁéuof lengths 12,18, 24, 30, ... associated

6°17

to the extension platform. In particular, 12 ¢ Per(gl i).
617

7. EXAMPLES

In this section we we will use the minimalistic extension factory (Sec-
tion 4) to construct Examples 1.6, 1.9 and 1.11.

Example 1.6 (the dream example). For every positive integer n > 3
there exists a totally transitive continuous circle map of degree one, f, ,
having a lifting F} , € £y such that

Rot(F, ) = [# L} . Per(f,,) = Succ(n), and lim h(f,,) =0

2n—1’ 2n—1
n— o0

Hence, BdCof (f, ) = StrBdCof (f, ,) = n. Thus, lim,_,_ BdCof(f, ,) = oco.

Furthermore, given any graph G with a circuit, the sequence of maps
{fi.n}ass can be extended to a sequence of continuous totally transitive self

maps of G, {¢&'} _,» such that

Per(qﬁfﬂ) = Per(f,,) and lim h(gbf"l) =0

n— 00

Proof. For every n > 3 we set ¢, = p" withp, =land g, =2n—1,d,
with r, = 2 and s, = 2n — 1, and F,=G , =G, Cleaurly7

nren 2n—1’2n—1

0 <c¢, <d, <1. Then, by Theorems 5.2 and 5.5(a) we know that f,  is
transitive, Rot(F, ) = [# L] and h(f,,) =logB, , .

2n—17 2n—1
) Observe that

Now we compute M (

2n— 1’2n 1

° M(2n -, 2n2 1) D Succ (2n) because len(Rot(F))) = 273771’

*2n—1¢ M(2n 1 2n2 1)’ and

.M(2n 1’ 2n— 1>ﬂ{12 —1}:{n,n+1,...,2n—2}byRe-

mark 1.8.
Thus,
M<2n11’2n 1)_S”CC(2n)U{n n+1,...,2n—2}
and hence, min M (2n -, 52 1) = n. So,
lim min M (¢, ,d,) = oo.
Then, by Theorem 5.3,
lim h(f1 n) = lim logﬁ = 0.

n—o0 n—oo
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By Corollary 5.6 we have that
Per(f.,.)={2n—-1} UM (2n -, 52 1) = Succ (n).
Concerning the boundaries of cofiniteness we have StrBdCof (f, ) = n
and sBC(f,,,) = {StrBdCof (f,,.)}. So, BdCof (f, ) = StrBdCof (f,,.) = n,
and lim,_,  BdCof (f, ) = oc.

Now we deal with the minimalistic extension of the family {f, , },.;. In
this example we have s, =2n —1 > 4 = 2r . Moreover

] - 2] - 1392 3

dTL TTL
1t — || = | L
N

Let G be an arbitrary graph with a circuit C. Then, all the assumptions
of Theorems 6.2 and 6.3 are verified and, hence, f, , is extendable to G with
base at the circuit C' with a transitive minimalistic extension qﬁf?l = fo

and o
Per(gi)G 1) = Per(fln) and lim h(gbf;l) = lim h(fl’n) = 0.
Finally, gbf;l is totally transitive by Theorem 1.2 because
Per(¢p%"') = Per(f, ) = Succ (n)
is cofinite. O

Example 1.9 (with persistent fixed low periods). For every n € N
odd, n > 7, there exists a totally transitive continuous circle map of de-
gree one, f, . having a lifting F,,, € £y such that Rot(F,,) = [§, &2],
llmn—M)o h(f?,n) = 07

Per(f,,) ={2}U{qodd:2-|2] +1<g<n—2}USucc(n),

and BdCof (f,,) exists and verifies 2 - | 23| +1 < BdCof(f,,) < n (and,
hence, lim,,_, BdCof (f,,) = o).

Furthermore, given any graph G with a circuit, the sequence of maps
{fom Y usrm oaa Can be extended to a sequence of continuous totally transi-
tive self maps of G, {¢5?} ..., such that Per(¢&?) = Per(f,,) and,

additionally, lim,_, _ h(¢5?) = 0.

Proof. For every n > 7 odd we set ¢, = qu—" with p, = 1 and ¢, = 2,
d, == withr, =n+2and s, =2n,and F, =G, ., = G1 e Clearly,

0 <¢, <d, <1. Then, by Theorems 5.2 and 5.5(a) we know that fom
transitive, Rot(F,, ) = [, %2] , and h(f,,) =logB, , .

Next we will compute the set M (%, "2—22) . Since ”2—*7;2 — % = %, it follows
that Succ (n +1) C M (3, %52) . On the other hand, since n is odd, we have

"H €7 and L 5 < (n+1)/2 < "th Hence,

M(%,%)—Succ U{qu(% ﬁ):q<n},
n+

and we need to compute the set {q eM (% —) g < n} .
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Assume that % < % < ”2—';2 with p € Z and q € {1,2,...,n — 1}. Observe

that ¢ is odd for otherwise, ¢ = 2¢ < n — 1 with £ € N, and the expression
3 < £ < 2 is equivalent to

n—1

20
€<p<€—|—Z§€+ <fl+1;

a contradiction.
So we can write ¢ =20+ 1 < n — 2 with £ € N (recall that n is odd). We

have,
1 P n+2

2<2€+1< 2n

which is equivalent to

1 20 +1 2(20+1
(+ - < <n( +1) + 202+ )g
2 2n
n(20+1)+2(n—2) 2nl 4 3n — 4
= 27 2.
2n (£+2) 2nl + 4n <t
Consequently,

1 < {+1 - n+ 2

2 T 2+1 on

The second of these inequalities is equivalent to
20l +2n < (n+2)(20+ 1) =2nl +n+2(20+ 1)

which, in turn, is equivalent to 5 < 2¢+1. Thus, since n is odd, we can write
n+l=4. L”THJ +r with r € {0,2}, and the last inequality is equivalent to

r_ 4 M 4r el
2 2 D)
nTHJ + 1. Summarizing, we have proven that

2|2+ <20+1.
L

Hence, ¢q=20+12>2-
M (3,%E2) = Succ(n)U{qodd: 2 2] +1<g<n—2}.
Consequently, min M (3, %2) =2 [2+]| + 1, and hence

lim min M (%, ”2—22) = 0.

n—00

Then, by Theorem 5.3 we have
lim %(f,,) = lim log 8, , =0.

n—00 n—00

By Corollary 5.6,

Per(f,,,) ={2.2n} UM (3,%52) =

{2tU{godd: 2 |=| +1<¢g<n—2}USucc(n)
because, obviously, 2n € Succ (n).

Concerning the boundaries of cofiniteness we have StrBdCof (f,,) = n
and 2 |2 | + 1 € sBC(f,,,) (because n > 7). So, BdCof (f,, ) exists and
verifies 2 - |2+ | + 1 < BdCof (f,,,) < n.

Now we deal with the minimalistic extension of {f,  } In this

n>7,n odd "
example we have s, = 2n < 2(n+2) = 2r_ and, since n > 7,

r,+2=n+4<2n=s,<2n+1=2(n+2)—-3=2r, —3.
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On the other hand,

L] lsa|l 20| 2n _ Sy % _ || |2
L R b R R e R e e P R ik
Let G be an arbitrary graph with a circuit C. Then, all the assumptions
of Theorems 6.2 and 6.3 are verified and, hence, f, , is extendable to G' with

base at the circuit C' with a transitive minimalistic extension qﬁf;? = fJ<,
and

Per(gbf;z) = Per(fzn) and lim h(gbf;z) = lim h(fQ’n) = 0.
Finally, ¢f‘2 is totally transitive by Theorem 1.2 because
Per(¢%?) = Per(f,,) D Succ (n)
is cofinite. O

Example 1.11 (Example with low non-constant periods). For every
n € N, n > 5 there exists f; , a totally transitive continuous circle map of
degree one having a lifting F}, , € £; such that

ROt(FB’n) — [Qn—l 2n+1] — [l 1 1 4 #]’

2n2 7 2n2 n  2n2’n
lim,_, . h(f,,) =0, and

Per(f,,,) = {n,2n,2n + 1} U{tn+k:t€{3,4,...,1/—1} and

Re{-[55], - |5 + 1,01, [ 4]} U

Succ (nv +1— %)
with

n—1 ifnisodd.
Moreover, StrBdCof (f,,,) = nv + 1 — § and BdCof (f, ) exists and verifies
n < BdCof (f,,,) <nv —1— % (and hence, lim,_,  BdCof (f, ) = 00).

Furthermore, given any graph G with a circuit, the sequence of maps
{f5.. 152, can be extended to a sequence of continuous totally transitive self

maps of G, {qﬁfﬁ}o;, such that

Per(qﬁf?‘r‘) = Per(f,,) and lim h(gbf;?’) =0.

n—oo

{n if n is even, and
UV =

Proof. For every n > 5 we set ¢, = % with p, = 2n — 1 and ¢, = 2n?,

n
— T 3 — — 2 — —
d, =3 withr, =2n+1lands, =2n" and F, , =G, , = Gzﬁfl' 2

Clearly, 0 < ¢, < d, < 1. Then, by Theorems 5.2 and 5.5(a) we know that
5., is transitive, Rot(F;, ) = [2;1_217 2;,?51] , and h(f,,) = log 5cn,dn-
Now we will prove that

M(ec,,d ):M(p—” Ln) :M(Z"*1 2"+1) = {n,2n,2n + 1} U

n?=n An’ Gn 2n? 7 2n?

{tn+k‘:t€{3,4,...,y—1} and

e {-[152],- 5] + 1,00, (4]} U
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Succ (nv+1-1%),
which amounts showing that the three statements below hold:

(1) M(Wl 2”“) N{1,2,...,3n— %} = {n,2n,2n + 1},

2n2 7 2n?
(2) M<2;;21,2§T;51) N{3n—-45+1,3n—%+2,....nv -4} =

{tn+k:t€{3,4,...,y—1} and

ke {- 5~ [55) +1,..,0,1,..., [§]}}, and
(3) M(Q”_l 2”“) D Succ (nv+1-%).

2n2 7 2n?2

Note that the elements of M (2;:21, 2;#) are those ¢ € N for which there
exists p € N such that

2n—1 p 2n+1
7.1 <=< .
(7.1) 2n?2 q 2n?2

Simple computations show that (we are writing in blue the endpoints of the
rotation interval for better comprehension):

1 <2n—1<1_2<2n+1 2 <1
n+k — 2n? n  2n 2n?2 ~n+k k

0<

for every k € {1,2,...,n—1}. So, M(an_l 2”‘”) N{1,2,...,2n} = {n,2n}.

2n2 7 2n2
Moreover, for k € {2,3, T %},

2 < 2 <2n—1< 2 <2n+1
n+k " 2n+2 — 2n? o2n+1 2n?
6 3 3 3
< <

b+l 3n—"1 =" 3n-5%5  2ntk

Indeed, the non-trivial steps of the above chain of inequalities can be justified
as follows (recall that n > 5 and, equivalently, 2n > 10):

. 2n2+2 < 2;1n—21 is equivalent to 4n? < 4n? + 8 < 4n? + 2n — 2.
2n2+1 < 2L is equivalent to 4n® = (2n)? < (2n + 1)
2ntl 6
2n?2 5n+4+1

(2n+1)(5n+1) =10n2 + Tn+1 < 100> +10n < 1202 =6-2 - n2.

Thus (1) holds.
Now we prove (2). Clearly we can write

is equivalent to

{3n—%+1.3n—-%+2,...,nv—%} =
{tn+k:t€{3,4,...,u—1} and
ke {1—g,z—g,...,o,l,...,n—g}}.
For ¢ = tn + k, inequalities (7.1) are equivalent to

(2n — 1)(tn + k) < 2n’p < (2n + 1)(tn + k)



ENTROPY, PERIODS AND TRANSITIVITY 77

which, in turn, are equivalent to
(7.2) (2n — 1)k —tn < 2(p — t)n? < (2n + 1)k + tn.
Now we have to determine the range of valid values of k for each t. Initially
we get
—2m? < —2n2+2n(n+%—u) —i—(%—l) =
Cn-1)(1-%) -@w-1n<(@2n-1k—tn<2(p—t)n®<
Cn+Dk+tn<2n+1)(n—%) +(v—1)n=2n" - % < 2n°
This implies p = ¢ (and 2(p — t)n? = 0). Then, (7.2) becomes
—2n—-1Dk+tn>0>—-2n+ 1)k —tn,

which is equivalent to

_ tn k< tn '

2n+1 2n —1

Therefore, (2) holds provided that

tn tn
73) — |5 1<~ <—|El<k<|i] < <[] +1
( ) L2J on+1 LQJ— —L2J m—1 \‘QJ+
If t is even, the above inequalities are equivalent to
t tn 2—1 t t tn t+2
- < - <E—=—o41<0< < < —,
2 2n 41 2 2+ 2 2n—-17— 2

which are equivalent to

—t2n+1) < —2nt < —2nt+3n+2+ (n—t) =
2—-t)2n+1)<0<t(2n—1)<2nt <
nt+2n+(n—2)+(n—t)=(t+2)(2n—1)

because 3<t<v—1<n-—1<nandn>5. So, (2) holds when ¢ is even.

Similarly, if ¢ is odd, (7.3) is equivalent to

t+1 . tn <_t—1 <0<t—1 < tn <t+1’
2 2n+1 2 2 2n—1"—" 2

which is equivalent to

—(t+1)2n+1) < -2nt< 2nt+ (n+1)+(n—-1t) =
1-t)2n+1)<0<(t—=12n—-1)<2nt <
2nt+(n—1)+n—1t)=(t+1)2n—1).

This ends the proof of (2).
To prove (3) observe that

B n—%Z%ZL%—I—%J if n is even e
AnDF2 _ ncd _onfl o f g s odd ==
Thus, we can write
SUCC(TLV+1—%):{mEN:mZnu+1—%}:

{tn+ || +k:teN, t>v—Tland ke {1,2,...,n}}.
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We have to show that there exists p € N such that the inequalities (7.1)
hold with ¢ = tn+ || +k, t €N, t >v—1and k € {1,2,...,n}. For
g=tn+ L"THJ + k, (7.1) is equivalent to
Cn—1)(t+Dn—5+k) =2n—1)(tn+ =] +k) <
2n%p < (2n+ 1) ((t+ Dn— 5 +K),
which is equivalent to
- @n-1)(k—%) - (t+Dn<2(p—t—1)n*<
‘ 2n+1)(k—5%) + (t+n.

When k < v we have
Cn-1)(k-%)-(t+1)n<(2n—1)% —vn= —g, and
2n+1—g:(2n+1)(1—%)+vn§ 2n+1)(k—5%) + (t+ )n;
and the inequalities
—g<2(p—t—l)n2<2n+1—%

imply (7.4). Since the last expression holds with p = t 4 1, we get that (7.1)
holds with p =t +1and ¢ = tn+ |22 | + k (le, g =tn+ 2| +k €
M(c,,d,)) whenever k < v.

Now assume that &k > v. Since £ < n this implies that n is odd and
k=n>n—-1=v.

@n-1)(k-%) —(t+1)n<2n—1)(n—251) —vn=

2n2+"7+1:2n2+(n—%):(2n+1)(n—%)+un§

and
3n—1
2
implies (7.4). Since the last two inequalities hold with p = ¢ + 2 we get that
q=tn+ || +k € M(c,,d,) when k =n > v. This ends the proof of (3),

n’-'n

and the computation of the set M < - 2"“).

2 2, ntl
<2(p—t—1)n" <2n” + "=

2n2 0 2n2
As a consequence of the above computation we get

mlnM( nl 2”“) =n and, hence, lim minM (c,,d,) = oc.

2n? 7 2n? oo n? ¥
Then, by Theorem 5.3,
lim h(f&n) = lim logﬂ = 0.

n—00 n—r00

Now we prove that Per(f, ) = M(2” lin ) Observe that

2n2 7 2n?

nv+l-—%=@w-1n+1+Mn-% <(n-n+1+(n—1)=n®<2n’
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Consequently,

2n? € Succ (nl/ +1— %) C M(257;1, 2;;1)_
By Corollary 5.6,
Per(f,,) = {2n2} UM(%A 2n+1> _ M<2n71 2n+1>'

2n2 7 2n? 2n2 7 2n?2

Concerning the boundaries of cofiniteness observe that, since v is always
even, L%J +35 < Z’Tfl + 4 < v < n. Hence, by (2),

maXPer(fgm) ﬁ{?m—%—&—1,37@—%—1—2,...,711/—%} =

maXM(anl 2”“) ﬁ{3n—%+1,3n—%+2,...,m/—

2n2 7 2n?

b=

(NN

max{tn+k:t€{3,4,...,y—1} and

e {- 55, — 5 + 10,00 (4]} =
(v—1n+ |5 =vn+ |52 —n<vn—%.
This implies that StrBdCof (f3’n) = nv + 1 — 5. On the other hand, n €
sBC(f,,.) and therefore, BdCof (f,, ) exists and verifies
n < BdCof(f&n) <nv+1-3
and, hence, lim .,  BdCof (fdn) = 00.

Now we deal with the minimalistic extension of the family {f, },.,. In
this example (since n > 5), we have

s, =2n%>5n>202n+1) =2r,.
On the other hand,

1| |8n| | 202 | _ . 2n2 s,
LQJ—{ZJ—{%HJ—” I<gm=<

_|2n? | _ g | |1
n= 2] =)= 2]
Let G be an arbitrary graph with a circuit C. Then, all the assumptions
of Theorems 6.2 and 6.3 are verified and, hence, f, , is extendable to G with

base at the circuit C' with a transitive minimalistic extension qﬁf??’ = [,
and

Per(¢?) = Per(f,,) and lim h(¢S*) = lim h(f,,) =0.

n—oo

Finally, gbf"ﬁ is totally transitive by Theorem 1.2 because
Per(¢%?) = Per(f,,) = M<2”_1 2”+1) D Succ (nv 41— %)

2n2 7 2n?2

is cofinite. O
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associated loop and periodic orbit, 13 invariant set, 12
map, 12, 14

basic interval, 12, 14 matrix, 12

boundary of cofiniteness, 3 partition, 12, 14

short, 14

ceiling function, 60 short basic interval, 14

circle map Minimalistic extension factory
degree of, 9 (Theorem 4.4), 28
extendable, 25 ’
extension plataform of, 25 orbit
lifting of, 8 lifted, 10
minimal, 45 of a point, 8
minimalistic extension to a graph, 26 twist lifted, 10
cofinite set, 2
combinatorial oriented graph, 11 period, 8
arrow, 11 periodic orbit, 8
concatenation of two paths, 13 lifted, 10
loop, 11 periodic point, 8
repetitive, 13 of period n, 2
Shlft of, 13 reducible matrix, 15
simple, 13 ..
path, 11 rotation interval, 9

rotation number
of a map, 9
of a periodic orbit, 10
of a point, 9

vertices, 11
Farey neighbours, 5

graph, 8
circuit of, 8
combinatorial oriented, 11
edge, 8
endpoint, 8
interval of, 11
endpoints of, 11

interior of, 11 transitivity, 2
length of, 15 total transitivity, 2
map, 2 . tree, 2, 8
expanding, 16 convex hull of a subset, 16

invariant set, 12 twist lifted orbit, 10
monotonicity over an interval of, 12

set of vertices, 8
topological, 2, 8
vertices, 8

Sharkovskii Ordering, 10
strict boundary of cofiniteness, 3

topological entropy, 2

topological graph, 2, 8

topological interior of an interval, 12
transition matrix, 12

invariant set, 12
irreducible matrix, 15

lifting
degree of, 9
of a circle map, 8

Markov
graph, 12
loop associated to a periodic
orbit, 13
periodic orbit associated to a
loop, 13
graph modulo 1, 14
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IMPORTANT DEFINITIONS NOMENCLATURE
Boundary of cofiniteness, Definition 1.4, p. 3 <gp» 10
Extendable map, Definition 4.2, p. 25 B(.), 12, 14
Piecewise expansion, Definition 2.14, p. 16 h(-), 2
The lower entropy circle maps of degree one, N, 2

Definition 5.1, p. 44

The minimalistic extension to graph maps, Per(-), 2, 8, 10

Definition 4.3, p. 26 sBC(), 3
StrBdCof (), 3
Succ(-), 3
Z, 14
()., 16
[], 60
I_'J7 5
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