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TRANSIENCE IN DYNAMICAL SYSTEMS

GODOFREDO IOMMI AND MIKE TODD

ABSTRACT. We extend the theory of transience to general dynamical systems
with no Markov structure assumed. This is linked to the theory of phase
transitions. We also provide examples of new kinds of transient behaviour.

1. INTRODUCTION

Given a metric space X and a dynamical system f : X — X, the set of f-invariant
probability measures, which we denote by M, can be an extremely large an com-
plicated simplex. Indeed, in such a simple setting as the full-shift on two symbols
(32,0), the set M, is a Poulsen simplex (see [[GW, LOY]), that is, an infinite di-
mensional, convex and compact set for which the extreme points are dense on the
whole set. It is, therefore, an important problem to find criteria to choose rele-
vant invariant measures. Here is where thermodynamic formalism comes into play.
Given a continuous function ¢ : X — R (the potential) the topological pressure is a
number P(p) that can be defined using (n, €)—separated sets (see [Wd, Chapter 9]).
This definition makes use of the metric in the space X. It can be shown, see ﬁ
p.171], that if the space X is compact then the definition of pressure is independent
of the metric (as long as they generate the same topology). The situation is more
subtle if the space is no longer compact (see Section @) or if the potential is no
longer continuous (see Section Q) A major result in the field is that the pressure
satisfies the following Variational Principle:

P(w)—sup{h(uH/s@du:uerand—/sﬁdu<00}, (1)

where h(p) denotes the entropy of the measure p. A measure v € My attaining
the above supremum is called an equilibrium measure/state. Proving existence and
uniqueness of equilibrium measures is one of the major problems in the theory
of thermodynamic formalism. The main tool used to study the pressure and the
equilibrium measures is the Transfer (or Ruelle) operator, which is defined by

(Log)(@) = > gy) exp(e(y)) (2)

Ty=x
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for x € X. Constructing suitable Banach spaces where this operator acts and
behaves well is an important line of research in the field.

In the context of finite state Markov shifts (X, 0), equilibrium measures always
exist. Moreover, if the system is topologically mixing (see Section B for a precise
definition) and for regular potentials (e.g. Holder) these measures are unique (see
[E] or Theorem Ell below). In order to prove this result, one strategy is to show
that there exists a constant A > 0, a positive continuous function h : ¥ — R* and
a Borel probability measure v such that

Lyh = Ah, Loy = Av and /hdl/<oo,

where L7 is the dual operator of L. If ¢ is Holder it is possible to prove that
log A = P(p) and that the normalisation of the measure hv is the unique equilibrium
measure of ¢. Moreover, for every continuous function g : ¥ — R we have that

7(112)\93(17) = h(x)/g dv,

where = denotes uniform convergence in ¥ (see [W1] for more details).

When the phase space is no longer compact, as in the case of countable Markov
shifts, there are obstructions to the existence of equilibrium measures even when
the potential ¢ : X — R is Holder continuous (even for locally constant potentials).
The main cause of such obstructions is so-called transience (see Definition @ for
precise statements). This is a property of the triple (X, f, %), and implies that
there is no conservative (see Definition @) Borel measure v, finite and positive on
cylinders satisfying the equation

Lyv= eP @y, (3)

Transient phenomena for countable Markov shifts have been studied by Sarig and

Cyr in [@7 @7 @7 @7 7 @]

Returning to the compact setting, it is possible, if for example the potential ¢ is
not Holder, that a system may still have the same kind of transient behaviour seen
in the countable Markov shift setting. A classical example of this is provided by
Hofbauer [H).

In this paper, after a fairly extensive review of transience in the symbolic setting,
we formulate a definition of transience for general maps and compare it, in the
compact interval case, with the phenomena observed in the symbolic case. One of
our principal aims is to remove the need for a Markov structure when checking for
transience. We show how our notion of transience applies to quadratic maps and
to Manneville-Pomeau examples.

We next go on to discuss what types of behaviour are possible for systems satisfying
our definition of transience. In doing this, we consider uniformly hyperbolic interval
maps f : [0,1] — [0, 1] with transient potentials ¢ : [0, 1] — R for which the pressure
function, ¢t — P(tp), exhibits a behaviour which is new in this setting. It not only
has phase transitions (see Sectionﬂ for precise definitions) of positive entropy, but
there exists finite interval [t1,t2] where the pressure function is constant and tep is
transient. In the complement R\ [t1,¢2] the potentials t¢ are recurrent. Olivier
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[Q], constructed an example similar to ours that also exhibits a phase transition
of positive entropy. The main differences in our results are that we obtain very
precise information on the behaviour at the phase transition, and that we can
set up the system so that the support of the relevant equilibrium states jumps
from the whole space to a proper invariant subset and then back out to the whole
space. Between the phase transitions we have transience, so our example shows that
systems (X, f, t¢) can move into transience and back out again as ¢ increases, even
for a topologically transitive system (X, f). (We comment on non-topologically
transitive systems in Section @)

We conclude this section with some comments on the notation. Unless it is ex-
plicitly given in another way, the topological pressure will be defined as in (EI) (by
the Variational Principle, this will be equal to other definitions of pressure). For
sequences (Ay,), and (By,)n, the notation A, =< B,, denotes that there exists C' > 1
such that 1/C < A,,/B,, < C for all n € N, and A,, ~ B,, denotes that A, /B, — 1
as n — 00.

2. CONFORMAL AND CONSERVATIVE MEASURES

This section is devoted to a discussion of a special class of measures that will be of
importance to us, because of their connection with potentials. Recall that a Borel
measure p is called a Radon measure if every point is contained in a ball of finite
measure. For Borel spaces (X, Bx) and (Y,By), amap f: X — Y is said to be
Borel if it preserves the Borel structure, that is if B € By then f~1(B) € Bx.

Definition 2.1. Let f : X — X be a Borel function and ¢ : X — [—00,00] be a
Borel potential. A Radon measure v on X, which satisfies the equation

Lov=v 4)
is called @-conformal measure for (X, f).

Remark 2.1. The following are properties of conformal measures that depend upon
the potential and the space:

(a) If © is a finite state Markov shift (for a precise definitions see Section []) then
any conformal measure is a finite measure. This is not necessarily the case
when considering countable Markov shifts.

(b) Observe that we don’t allow shifts in the potential in our definition of conformal:
for example, if v is a Borel measure on X which is finite on cylinders and
Liv = \v then v is (p — log A)-conformal.

For the remainder of this section we discuss conformal measures: for example their
existence and their conservativity.

The following proposition shows that in many cases the existence of a (¢ — P(p))-
conformal measure is guaranteed, although we note that this measure may not be
conservative. The statement is only a minor modification of [@, Proposition 2.2],
but we include a proof for completeness.
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Proposition 2.1. Let X be a compact metric space and f : X — X a continuous
function such that the cardinality of the sets f~1(x) := {y € [0,1] : f(y) = =}
is uniformly bounded. Suppose that there exists a dense subset of the space of
continuous functions D C C(X) such for every ¢ € C(X) there exists a probability
measure 1) = 1y, Satisfying

Lyn = el (w)n.
Then for each continuous potential ¢ : X — R there exists a probability measure
v =v, such that

* . P(p)

Liv=e ?ly.
Note that given a finite state Markov shift, the set of locally constant potentials
can play the role of D. So, for example, the above proposition is satisfied if f :
[0,1] — [0,1] is a continuous dynamical system that is topologically conjugated to
a finite state Markov shift.

Proof. Let (1,,)n be a sequence of elements in D converging in the supremum norm
to . Recall that the pressure is a continuous function on C(X) (see [@, Theorem
9.7 (iv)]), therefore lim,, — oo ePWn) = ¢P®) Let v, € Mx be a probability measure
such that Lj, v, = = ePWnly, . Assume that the sequence (vp,), converges to the
measure ¥ € Mx. Then given h € C(X), we have

/Lwhdu—ep(“")/hdy:hm ’/L h dv, —eF /hdyn
n— o0

< lim '/Ly,h dvy, — /Lwnh dvp| + lim '/Lwnh vy — eP(sa)/h dv,
n— oo

n—o0
h dv,

= lim ‘ / (Loh — Ly, h) dvg| + lim [ePn) — eP(2)
n—oo

< lim ||Lyh — Ly, bl + ‘/h du‘ lim ‘eP(dJn) _ eP(sa)‘
n—r oo n—r oo
= nh_}ngo |ILoh — Ly, bl oo-

Since the cardinality of the sets f~!(x) := {y € [0,1] : f(y) = z} is uniformly
bounded, the transfer operator is continuous and therefore lim,, o || Loh—Ly, hlloo =

0. In particular,
‘/Ly,h du—ePW)/h dv

Hence [ Lyh dv = eP®) [h dv and so Liv= eP @)y as required. O

=0.

Remark 2.2. We stress that there are other ways of constructing conformal mea-
sures. We would like to single out the Patterson-Sullivan construction (see for
ezample [PU, Section 12]) where the conformal measure is obtained as a weak*
limit of appropriately weighted atomic measures.

Recall that a dynamical system f : X — X is called topologically exact if for every
pair of open sets A, B C X there exists ng € N such that B C f™A. There
exist a measure theoretical counterpart of this definition, indeed we say that a f-
invariant measure p is exact if for every Borel set A € B of positive measure we
have lim,,_, oo u(f"(A)) = 1.
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Lemma 2.1. Let f : X — X be a topologically exact dynamical system, ¢ : X —
[—00,00] and p € My a @-conformal measure for which pw({y = —c0}) = 0. Then
for any open set A C X, we have pu(A) > 0.

Proof. Let B C X be an open set such that pu(B) > 0. Since f is topologically
exact there exits ng € N such that f™ AN B # (). Consider the set

AB:={zxe€ X :zx € Aand f"z € B}
then

H(AB) = /JlAB dp = /L:Z“]lAB(ﬂ?) dp.

Since the integrand is positive on the set B we have that pu(AB) > 0. Therefore
1(A) > u(AB) > 0. O

Another important property of dynamically relevant measures is that of being con-
servative. Let f : X — X be a dynamical system. A measure p on X is called
non-singular if u(A) = 0 if and only if u(f~*A) = 0. A set W C X is called
wandering if the sets {f~"W}52, are disjoint.

Definition 2.2. Let f : X — X be a dynamical system. An f-non-singular measure
w is called conservative if every wandering set W is such that (W) = 0.

A conservative measure satisfies the Poincaré Recurrence Theorem (see [@, p.17],
or [B, p.30]). Indeed, the following was proved by Halmos [, p.10].

Proposition 2.2. Let f be a non-singular map on a sigma-finite measure space
(X,u). Then f is conservative if and only if for each measurable set E and for
w-almost every x € E we have that f"x € E for infinitely many values of n € N.

In the rest of the paper, we will apply these ideas to more specific dynamical
systems.

3. SYMBOLIC SPACES

In this section we discuss thermodynamic formalism in the context of Markov shifts.
We review several results concerning the existence and uniqueness of equilibrium
measures. Understanding these results will enable us to generalise to other dynam-
ical systems in later sections. We also discuss the regularity properties of the pres-
sure function. We emphasise that the properties of Markov shifts defined in finite
alphabets are different to those for a countable alphabet. The lack of compactness
of the latter shifts is a major obstruction for the existence of equilibrium measures.
Symbolic spaces are of particular importance, not only because of their intrinsic
interest, but also because they provide models for uniformly and non-uniformly

hyperbolic dynamical systems (see for example [Boll, Ra]).

Let S C N be the alphabet and T be a matrix (¢;;)sxs of zeros and ones (with no
row and no column made entirely of zeros). The corresponding symbolic space is
defined by

Y= {r e SN :t,,,,, =1forevery i € No},
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and the shift map is defined by o(zoxy ---) = (x122 -+ ). If the alphabet S is finite
we say that (X,0) is a finite Markov shift, if S is (infinite) countable we say that
(3, 0) is a countable Markov shift. Given n > 0, the word xq - - x,—1 € S™ is called
admissible if t;,2,., = 1 for every 0 < i < n—2. We will always assume that (3, o)
is topologically mizing, except in Section E where the consequences of not having
this hypothesis are discussed. This is equivalent to the following property: for each
pair a,b € S there exists N € N such that for every n > N there is an admissible
word a = (ag ... an—1) of length n such that ag = a and a,—; = b. If the alphabet
S is finite this is equivalent to the existence of an integer N € N such that every
entry of the matrix 77V is positive.

We equip ¥ with the topology generated by the n-cylinder sets:
Cigeip_y ={z€eXz;=ijfor 0<j<n—1}
Given a function ¢: ¥ — R, for each n > 1 we set

Va(p) :==sup {lp(z) — o(y)| 12,y € 8, z; =y; for 0 <i<n—1}.

Note that ¢ : ¥ — R is continuous, that is ¢ € C(X), if and only if V,,(¢) — 0.
The regularity of the potentials that we consider is fundamental when it comes to
proving existence of equilibrium measures.

Definition 3.1. We say that ¢ : ¥ — R has summable variations if > - , Vi, () <
0o. Clearly, if ¢ has summable variations then it is continuous. We say that
©: X = R is weakly Holder continuous if V,,(¢) decays exponentially, that is there
exists C > 0 and 0 € (0,1) such that V,,(p) < CO™. If this is the case then clearly
it has summable variations.

Note that in this symbolic context, given any symbolic metric, the notions of Hélder
and Lipschitz function are essentially the same (see [PH, p.16]).

We say that p is a Gibbs measure on ¥ if there exist K, P € R such that for every
n > 1, given an n-cylinder Cy,...i,, _,,
1 /’L(CiO"'infl)

E S eSnp(x)—nP < K

for any z € Cj,. We will usually have P = P(yp).

clp—1°

3.1. Compact case. When the alphabet S is finite, the space X is compact. More-
over, the entropy map p — h(u) is upper semi-continuous. Therefore, continuous
potentials have equilibrium measures. In order to prove uniqueness of such mea-
sures, regularity assumptions on the potential and a transitivity /mixing assumption
on the system are required. The following is the Ruelle-Perron-Frobenius Theorem.

Theorem 3.1. Let (X,0) be a topologically mizing finite Markov shift and let
@ : 2 — R be a Holder potential. Then

(a) there ezists a (¢ — P(yp))-conformal measure my;

(b) there exists a unique equilibrium measure p, for ¢;

(c) there exists a positive function h, € L'(my,) such that Lyh, = e”®)h, and
o = homeg;
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(d) For every ¢ € C(X) we have
e "POLL(y) — < / W d#s&) hH =0.

o0

lim
n— o0

(e) my and p, are Gibbs measures;
(f) there exist € > 0 such that the pressure function t — P(ty) is real analytic for
te(l—¢l+e).

Remark 3.1. Since in the above theorem, the potential p : ¥ — R is assumed to
be Hélder, so is the potential ty for every t € R. Therefore, by virtue of item (f) of
Theorem , we can conclude that the pressure function t — P(tp) is real analytic
forteR.

Throughout this paper, we will be particularly interested in systems (X, f, ¢) where
the potential ¢ : X — R is such that (X, f,typ) is recurrent for some values of ¢,
and transient for others, see Subsection @ for precise definitions. This is linked to
the smoothness of the pressure function

Po(t) := P(te).

When finite, this function is continuous in t. We say that the pressure function
Dy, has a phase transition at t = tg if p, is not analytic at t = 5. Moreover we
say that the pressure function has a first order phase transition at t = tg if the
function p, is not differentiable at ¢t = ty. By virtue of Theorerﬁjﬁ@, if p is Holder
there are no phase transitions. On the other hand, Hofbauer [H|] showed that for
a particular class of non-Holder potentials, phase transition occur and equilibrium
states are not unique. We describe this example in Section @ We are led to the
following natural question:

Question: how much can we relax the regularity assumption on the potential and
still have uniqueness of the equilibrium measure?

This question is related to the existence and uniqueness of conformal measures.
In order to give a partial answer to this question, Walters [@] introduced the
following class of functions.

Definition 3.2. Let ¢ : ¥ — R and
Snp() = p(x) + -+ o (z).
We say that ¢ : ¥ — R is a Walters function if for every p € N we have
sup,,>1 Vatp(Sne) < 0o and
lim sup V,4,(Sne) = 0.

p—00 n>1
We say that ¢ : ¥ — R is a Bowen function if
sup V,, (Sne) < oo.

n>=1

Note that if ¢ is of summable variations then it is a Walters function. Walters
showed that if a potential ¢ is Walters then it satisfies the Ruelle-Perron-Frobenius
Theorem. In particular it has a unique equilibrium measure. Bowen introduced
the class of functions we call Bowen in [Bod|. Note that every Walters function is a
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Bowen function and that there exist Bowen functions which are not Walters [@]
Bowen functions satisfy conditions (a)-(e) of Theorem B.1, but not necessarily (f).
The following result was proven by Bowen [Bol] and Walters [[W4].

Theorem 3.2 (Bowen-Walters). If ¢ : ¥ — R is a Bowen function then there ezists
a unique equilibrium measure p for . Moreover, there exists a (p—P(p))— conformal
measure and the measure p is exvact.

Bowen showed the existence of a unique equilibrium measure and Walters
@] described the convergence properties of the Ruelle operator of a Bowen func-
tion. Recently, Walters [@] defined a new class of functions that he called ‘Ruelle
functions’ which includes potentials having more than one equilibrium measure. He
also characterised Ruelle functions having unique equilibrium measures.

3.2. Non-compact case. The definition of pressure in the case that the alphabet
S is finite (compact case) was introduced by Ruelle [Rul]. In the (non-compact)
case when the alphabet S is infinite the situation is more complicated because the
definition of pressure using (n, ¢)— separated sets depends upon the metric and can
be different even for two equivalent metrics. Mauldin and Urbanski [MUI] gave
a definition of pressure for symbolic systems close to the full-shift. Later, Sarig
[@], generalising previous work by Gurevich , ], gave a definition of pres-
sure that satisfies the Variational Principle for any topologically mixing countable
Markov shift. This definition and the one given by Mauldin and Urbanski coincide

for systems close to the full-shift.

Let (X, 0) be a topologically mixing countable Markov shift, fix a symbol iy in the
alphabet S and let ¢: ¥ — R be a Walters potential. We let

Zulp,Cip) = Y ¥ W1g, (2) (5)
where 1¢, is the characteristic function of the cylinder C;, C X. The so-called
Gurevich pressure of ¢ is defined by

1
P(p) = lim —log Z,(p, Cio)-

This limit is proved to exist by Sarig EI, Theorem 1]. Since (X, o) is topologically
mixing, one can show that P(p) does not depend on ig. This notion of pressure sat-
isfies the Variational Principle and it coincides with the usual definition of pressure
when the alphabet S is finite (see [S1])).

Since the phase space X is no longer compact, not every continuous potential has
an equilibrium measure. Indeed, Sarig [@] proved that exactly three different types
of behaviour are possible for a Walters potentiall| (:

(a) there exists an equilibrium measure for (X, g, ¢) absolutely continuous with
respect to a conservative (p — P(p))-conformal measure (in which case we
say that ¢ is positive recurrent);

1Actually7 he considered potentials of summable variations but the proofs of his results need
no changes if it is assumed that the potential is a Walters function, see [@}
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(b) there exists a conservative (¢ — P(y))-conformal measure and no finite
equilibrium measure absolutely continuous to it (null recurrent);
(c) there is no conservative (¢ — P(¢p))-conformal measure (transient).

In this paper, we are interested in the final case. We now give a precise definition
of transience in the symbolic setting (we give an alternative definition of transience
in Section ).

Definition 3.3. Let ¢ : ¥ — R be a Walters potential of finite pressure P(p). We
say that o is transient if and only if

Z e_np(w)zn(¢a Olo) < 00,

n>=1

where Cy, is any 1-cylinder.

Let us stress that, since the system is assumed to be topologically mixing, the
definition does not depend on the 1—cylinder we choose.

Remark 3.2. It was shown by Sarig [@, Theorem 1] that a Walters potential ¢
is transient by this definition if and only if there is no conservative (p — P(p))-
conformal measure.

Remark 3.3. If a potential ¢ is transient then it either has no conformal measure
or a dissipative conformal measure. Examples of both cases have been constructed
by Cyr [@, Section 5]. Moreover, examples are also given where there is more than
one p-conformal measure in the transient setting.

Recently Cyr and Sarig [@] gave a characterisation of transient potentials which
involves a phase transition of some pressure function, indeed they proved that

Proposition 3.1 (Cyr and Sarig). The potential ¢ : ¥ — R is transient if and
only if for each a € S there exists to € R such that P(p + tlg) = P(p) for every
t <ty and P +tly,)) > P(p) fort > to.

Moreover, Cyr [@] proved that, in a precise sense, most countable Markov shifts
have at least one transient potential.

Remark 3.4. In the context of countable Markov shifts, (3,0), the main issue is
to prove existence (rather than uniqueness) of equilibrium measures. Indeed, it was
proved by Mauldin and Urbariski [MUZ] and by Buzzi and Sarig [Buy| that if an
equilibrium measure exists for a potential ¢ : ¥ — R then it is unique. Conditions
which guarantee that this measure is Gibbs are given in [, @]

We conclude this section with a very important example of a countable Markov
shift, the so called renewal shift. Let S = {0,1,2,...} be a countable alphabet.
Consider the transition matrix A = (asj)i jes with ago = aon = anpn—1 = 1 for
each n > 1 and with all other entries equal to zero. The renewal shift is the
(countable) Markov shift (Xg,o) defined by the transition matrix A, that is, the
shift map o on the space

Yp = {(xi)i>0 cx; € S and az,q,,, = 1 for each i > O} .
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The induced system (X1,0) is defined as the full-shift on the new alphabet given
by {Con(n_l)(n_g)...l :n > 1}. The first return map to the cylinder Cy is defined
b
' r(z) := Le,(z)inf{n > 1: 0"z € Cp}.

Given a function ¢: ¥p — R with summable variation we define a new function,
the induced potential, ®: X1 — R by

r(x)—1

O(z) = Z o(okz).
k=0

Sarig [@] proved that if ¢ : ¥z — R is a potential of summable variations, bounded
above, with finite pressure and such that the induced potential ® is weakly Holder
continuous then there exists ¢, > 0 such that

Plty) = strictly convex and real analytic  if ¢t € [0,¢.),
) At if t > t.,

where A = sup{ [ ¢ du : p € M}. This result is important since several of the
examples known to exhibit phase transitions can be modelled by the renewal shift.
Indeed, this is the case for the interval examples discussed in Sections @7@

3.3. Non topologically mixing systems. All the results we have discussed so
far are under the assumption that the systems are topologically mixing. This is
a standard irreducibility hypothesis. Moreover, as we show below, it is easy to
construct counterexamples to all the previous theorems when there is no mixing
assumption.

Consider the dynamical system (¥01 U 32 3,0), where %; ; is the full-shift on the
alphabet {i,j}. It is easy to see that the topological entropy of this system is
equal to log2. Moreover, there exist two invariant measures of maximal entropy:
the (1/2,1/2)-Bernoulli measure supported in ¥ ; and the (1/2,1/2)-Bernoulli
measure supported in X 3. Therefore, the constant (and hence Hélder) potential
o(xz) = 0 has two equilibrium measures. Actually, it is possible to construct a
locally constant (and hence Holder) potential exhibiting phase transitions. Let

1/)(17): -1 %ffl;EEQJ,
-2 ifxe 2273.

The pressure function has the following form

—t+log?2 ift > 0;
py(t) = .
—2t+log2 ift<O.

Therefore the pressure exhibits a phase transition at ¢ = 0. For ¢ > 0 the equilibrium
state for t¢ is the (1/2,1/2)-Bernoulli measure supported on ¥ ; and for ¢ < 0
the equilibrium state for ¢4 is the (1/2,1/2)-Bernoulli measure supported on g 3.
For ¢ = 0 these measures are both equilibrium states. Note that in both cases
these measures are also (£ — py(t))-conformal, so the phase transitions here are
not linked to transience.

Phase transitions caused by the non mixing structure of the system also appear in
the case of interval maps. Indeed, the Chebyshev polynomials which are discussed
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in Section [£.4 and the renormalisable examples studied by Dobbs [[J] are examples
of this type.

4. THE INTERVAL CASE

In this section we describe examples of systems of interval maps and potentials with
phase transitions. In the following sections we will define transience in this setting
and then show that phase transitions occur at the onset of transience.

The situation in the compact interval context is different from that of the compact
symbolic case in that rather smooth potentials can have more than one equilib-
rium measure. All the examples we consider are such that entropy map is upper
semi-continuous. Since the interval is compact, weak® compactness of the space
of invariant probability measures implies that every continuous potential has (at
least) one equilibrium measure. The study of phase transitions in the context of
topologically mixing interval maps is far less developed that in the case of Markov
shifts. Indeed, almost all of the examples where the pressure function has phase
transitions that we are aware of exhibit the same type of behaviour. That is, the
pressure function has one of the following two forms:

(6)

Py(t) =

strictly convex and differentiable if ¢ € [0, ),
At if ¢t > tg,

where A € R is a constant. The regularity at the point ¢ = ¢y varies depending on
the examples. The other possibility is

polt) = {Bt+ C iftel0,to), @

| At if t > to,
where A, B, C € R are constants.

Remark 4.1. Note that it also possible for the pressure function to have the ‘reverse
form’ to the one given in equation (ﬂ) :i.e., there are interval maps and potentials
for which the pressure function has the form p,(t) = At in an interval (—oo,to]
and p,(t) = Bt + C fort > tg. The same ‘reverse form’ exists in the case that the
pressure function is given as in equation (ﬁ)

Remark 4.2. We stress that the symbolic examples constructed by Olivier [Q] can
be easily constructed in the interval as well. These examples have phase transitions
of positive entropy and are included in the class we construct in Section ﬂ

Heuristically what happens is that the dynamics can be divided into an hyper-
bolic part and a non-hyperbolic part (the latter having zero entropy, for example a
parabolic fixed point or the post-critical set).

Remark 4.3. As in Section @, the situation can be completely different if the
map is not assumed to be topologically mixing.

We review some of these examples.
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4.1. Hofbauer-Keller. The following example was constructed by Hofbauer and
Keller [HK] based on previous work in the symbolic setting by Hofbauer [H]. We
will present it defined in a half open interval, but it is possible to define it in a
compact set, namely the circle.

The dynamical system considered is the angle doubling map f : [0,1) — [0,1)
defined by f(x) = 2z (mod 1). Let b < —log2 and K > 0, we define the potential
by

oo
= Z ag - ]].[2—1@—1)2—1@),
k=0

where
b if0< k<K,
T g () itk K

Let F be the first return map to X = [1/2,1) with return time 7. So for X,, := {7 =
n}, the induced potential ® (see Section @) takes the value s, := ZZ;& ar. Figure
m summarises the possible behaviours of the thermodynamic formalism depending
on the sums s,. Note that there was mistake in the original paper corrected by
Walters in [@, p-1329]. In the final column, even though we haven’t yet defined
recurrence and transience in the non-symbolic setting, we will use conditions (a),
(b) and (c) on pf to determine these notions.

Ly 18 © has a pis
Pressure a Gibbs unique equi- | +ve recurrent/
P(p) measure | librium state | transient
Do ar < 00 P(p) >0 yes yes +ve recurrent
Yoper>1
Dok Gk =00 P(e) >0 no yes -+ve recurrent
Su(k+1)er <oo| P(p) =0 yes no +ve recurrent
Syt =1
&€
Sk+ e =co| P(p) =0 no yes null recurrent
Zk et < 1 P(p) =0 no yes transient

FIGURE 1. Summary of results in [H]: Equation (2.6) and Section
5. The final column is added for clarity.

It follows from the above table that we can choose K and b for which the pressure
function has the form:

strictly convex and real analytic  if ¢ € [0,0),
P (t) =

0 if t > to.
The pressure is not analytic at t = to. Moreover, for some choices of (ay,),, the map

t — P(ty) is differentiable at ¢ = ¢y where to¢ has only one equilibrium measure
(the Dirac delta at zero); and for some choices of (ay,),, the map t — P(ty) is not
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differentiable at t = ¢y and ¢pp has two equilibrium states (one is the Dirac delta
at zero and the other can be seen as the projection of the Gibbs measure p 3, the
equilibrium state for ¢y ®).

Remark 4.4. The setting described above provides a relatively transparent example
of a triple (X, f,p) where there exists a p-conformal measure, but where any such
p-conformal measure is dissipative:

Let us assume that Y 3" ay - Lip—s-1 o-r) is defined so that Y, e < 1. Since o
gives rise to a continuous potential for the full shift on two symbols, Proposition E
gives us a conformal measure v such that Lyv = PPy = v, since P(p) = 0. In
other words, v is a p-conformal measure. We will show that v must be dissipative.

Conformality implies that for k > 1, we have

1= ([0,1) = v(F*(Xy)) = / % d,

Xk

so v(Xy) = e% which implies
1= u([0,1) = v({o}) + 3 e (8)
k

Therefore v({0}) > 0. Moreover, since we can similarly show that v({1/2}) =
v({0})e® > 0, and since {f~"(1/2)},5, s a wandering set, it follows that v is
dissipative.

We also note here that for the induced potential ®, we can show that P(®) < 0,
from which we can give an alternative proof that any p-conformal measure must be
supported on {f~"(0)},5o using the techniques in Section .

4.2. Manneville-Pomeau. The following example was introduced by Manneville
and Pomeau in [@] It is one of the simplest examples of a non-uniformly hyper-
bolic map. It is expanding and it has a parabolic fixed point at x = 0. We give the
form studied in [LSV]]. For a > 0, the map is defined by

9)

_ Je(+2%%) iz e(0,1/2)
flz) = {296_1 if z €[1/2,1)

The pressure function of the potential —log|f’| has the following form (see, for

example, [@] ),

() = strictly convex and real analytic  if ¢ € [0,1),
PP 0 > 1.

where, for brevity we let

p(t) == P(—tlog|f'|).
(We use this notation throughout for this particular kind of potential.) If o € (0,1)
then the map f has a probability invariant measure absolutely continuous with
respect to the Lebesgue measure, which is also an equilibrium state for —log |D f|,
and the pressure function is not differentiable at ¢ = 1. On the other hand if
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« > 1 then there is no absolutely continuous invariant probability measure and the
pressure function is differentiable at ¢t = 1.

The value of o determines the class of differentiability of the map f and determines
the amount of time ‘typical’ orbits spend near the parabolic fixed point. For a €
(0,1), the amount of time spent near the point 2 = 0 by Lebesgue-typical points is
not long enough to force the relevant invariant measure (the equilibrium state for
—log |Df]) to be infinite. But if & > 1 then the map has a sigma-finite (but infinite)
invariant measure absolutely continuous with respect to the Lebesgue measure.

Remark 4.5. Note that the Dirac delta measure on 0 is a conformal measure for
—tlog|Df| with t > 1 if we remove all preimages of 0.

4.3. Pesin-Zhang. The following example was studied by Pesin and Zhang in
@] As in the case of Hofbauer and Keller the dynamical system is uniformly

hyperbolic. Let I; = [0,a] and Iz = [b, 1] be two disjoint intervals contained in
[0,1] and consider the map
z if x €10,4q],
f(:Z?) = b .
(@ —1) ifxzelbl1]

In order to define the potential, consider ¢ € R and « € (0, 1]. Let

J-(—logz)™™ ifxe(0,1],
Plw) = {o if 2 = 0.

The potential ¢ is continuous on [0, 1] but is not Holder continuous at zero. Pesin
and Zhang proved that there exist ¢, > 0 such that

() strictly convex and real analytic  if ¢ € [0,¢.),
P20 it >t

4.4. Chebyshev. A simple example of a transitive map exhibiting a phase transi-
tion in the quadratic family is the Chebyshev polynomial f(z) := 42(1 — x) defined
on [0, 1] (see for example [O]). Note that in this setting the phase space is compact,
but the potential is not continuous. It is well known that the equilibrium states for
the potentials {—tlog|Df| : t € R} are the absolutely continuous (with respect to
Lebesgue) invariant probability measure y1, which has [log|f’| du1 = log2, and
the Dirac measure &y on the fixed point at 0, which has [log|f’| ddy = log4. So,
there exists a phase transition at tg = —1 and

—tlog4 ift < —1,
p(t) = :
(I1—t)log2 ift>—1.

4.5. Multimodal maps. Let F be the collection of C? multimodal interval maps
f: I — I, where I = [0, 1], satisfying:

a) the critical set Cr = Cr(f) consists of finitely many critical points ¢ with
critical order 1 < £, < 00, i.e., there exists a neighbourhood U, of ¢ and a C?
diffeomorphism g, : Uy — g.(U) with go(c) = 0 f(x) = f(c) = |ge ()|

b) f has negative Schwarzian derivative, i.e., 1/4/|Df]| is convex;



TRANSIENCE IN DYNAMICAL SYSTEMS 15

¢) f is topologically transitive on I;

d) f*(Cr)yn fm™(Cr) =0 for m # n.

For f € F and € My, let us define,

Ap) = /10g|f’| dp and Am = Inf{\(p) : p € My}

It was proved in [ that there exists t* > 0 such that the pressure function of
the (discontinuous) potential log|f’| satisfies,

strictly convex and C!  if t € (—oo,tT),
p(t) = . N
At ift >tr.

In the case A, = 0, t+ < 1 and A = 0; while in the case \,,, > 0, t" > 1 and A < 0.

Remark 4.6. The number of equilibrium measures at the phase transition can
be large. Indeed, Cortez and Rivera-Letelier ] proved that given £ a non-
empty, compact, metrisable and totally disconnected topological space then there
exists a parameter v € (0,4] such that set of invariant probability measures of x —
~vx(1 — ), supported on the omega-limit set of the critical point is homeomorphic
to £. FExamples of quadratic maps having multiple ergodic measures supported on
the omega-limit set of the critical point were first constructed in [@]

5. DEFINITION OF TRANSIENCE/RECURRENCE

In this section we propose a definition of transience which holds beyond the Markov
shift case (in which case, Definition B.J is sufficient) and indeed requires no Markov
structure.

We first need to define the notion of weakly expanding measures.

5.1. Weakly expanding measures. We suppose that f: X — X for X a com-
pact metric space.

Definition 5.1. We say that x € X goes to e-large scale at time n if the ball
B.(f™(x)) can be pulled back bijectively by the branch of f~™ corresponding to the
orbit of x. We say that x goes to e-large scale infinitely often if there exists € > 0
such that x goes to e-large scale for infinitely many times n € N. Let LS. C X
denote the set of points which go to e-large scale infinitely often.

In the topologically mixing Markov shift (3, ) case, every point goes to large scale
infinitely often, even in the countable Markov shift case. However, in the non-
Markov shift case, we will often need to assume that the points of interest go to
some e-large scale infinitely often.

Definition 5.2. Given a Borel measure i on X we say that p is weakly expanding
if there exist € > 0 such that u(LS:) > 0.
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We use the term ‘weakly expanding’ for our measures to distinguish from the ex-
panding measures in [E] (note that those measures go to large scale with positive
frequency).

Question: can a conformal measure be conservative and not have a.e. point going
to large scale infinitely often?

5.2. The definition of transience in the general case.

Definition 5.3. Let f : X — X be a dynamical system and ¢ : X — [—00, 0]
a Borel potential. Then (X, f, ) is called recurrent if there is a weakly expanding
conservative (¢ — P(p))-conformal measure. Otherwise (X, f, ) is called transient.

Our definition raises the following questions:

e How do our definitions apply to the examples in Section ? This is addressed
in Section E

e Must the onset of transience always give pressure functions of the type in (ﬂ)
or (f]) (i.e., the onset of transience occurs ‘at zero entropy’ and once a potential
is transient for some tg is either transient for all t < tg or ¢ > tp)? This is
shown to be false in Section ﬂ

e What does the existence of a dissipative (top — py(to))-conformal measure tell
us about a phase transition at ¢y?

6. NO CONSERVATIVE CONFORMAL MEASURE

In this section we will show that the systems considered in Section E are transient
past the phase transition. We focus on multimodal maps f € F defined in Sec-
tion @ We will show that for a certain range of values of ¢ € R the potential
—tlog|f’| has no conservative conformal measure and hence is transient. The re-
sults described here also hold for the Manneville-Pomeau map, but since the proof
is essentially the same, but simpler, we only discuss the former case. The first result
deals with the recurrent case.

Theorem 6.1. Suppose that f € F. If t < tT then there is a weakly expanding
conservative (—tlog|D f| — p(t))-conformal measure.

This is proved in the appendix of [E], where it is referred to as Proposition 7.

Proposition 6.1. Suppose that f : I — I belongs to F and \,, = 0. Then for any
t>1, (I, f,—tlog|Df]|) is transient.

This proposition covers the case when tT = 1. We expect this to also hold when
tT # 1, but we do not prove this. As in Sections Ell and @, the strategy used
to study multimodal maps f € F, and indeed to prove Proposition , consid-
ering that they lack Markov structure and uniform expansivity, is to consider a
generalisation of the first return map. These maps are expanding and are Markov
(although over a countable alphabet). The idea is to study the inducing scheme
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through the theory of Countable Markov Shifts and then to translate the results
into the original system.

We say that (X, {X;}:, F,7) = (X, F,7) is an inducing scheme for (I, f) if

e X is an interval containing a finite or countable collection of disjoint intervals X;
such that F' maps each X; diffeomorphically onto X, with bounded distortion
(i.e. there exists K > 0 so that for all ¢ and x,y € X;, 1/K < DF(z)/DF(y) <
K);

o 7|x, =7 for some 7; € N and Flx, = f7. If ¢ U; X; then 7(x) = 0.

The function 7 : U; X; — N is called the inducing time. It may happen that 7(x) is
the first return time of x to X, but that is certainly not the general case. We denote
the set of points 2 € I for which there exists k¥ € N such that 7(F"(f*(x))) < 0o
for all n € N by (X, F,7)>°

The space of F—invariant measures is related to the space of f-invariant measures.
Indeed, given an f-invariant measure u, if there is an F-invariant measure ppr such
that for a subset A C I,

pA) = = 33 e (A N X)) (10)

de‘qu 1i=0

where W < oo, we call ur the lift of u and say that p is a liftable measure.
Conversely, given a measure pp that is F-invariant we say that up projects to p if

(LLd) holds.

Remark 6.1. Let p be a liftable measure and be v be its lift. A classical result
by Abramov allow us to relate the entropy of both measures. Further results
obtained in [PY, E] allow us to de the same with the integral of a given potential.
Indeed, we have that

h(p) = and /so dp =

For f € F we choose the domains X to be n-cylinders coming from the so-called
branch partition: the set ’Pl con51st1ng of maximal intervals on which f is monotone.
So if two domains C%, CJ € 731 intersect, they do so only at elements of Cr. The
set of corresponding n-cylinders is denoted PJ := Vi_, f~*P;. We let Py := {I}.
For an inducing scheme (X, F), 7) we use the same notation for the corresponding
n-cylinders PL.

The following result, proved in [I]] (see also [BTJ]) proves that useful inducing
schemes exist for maps f € F.

Theorem 6.2. Let f € F. There exist a countable collection {(X™, Fy,Tn)}n
of inducing schemes with 0X™ ¢ (X™, Fy,7,)> such that any ergodic invariant
probability measure p with A(p) > 0 is compatible with one of the inducing schemes
(X" F,, 7). Moreover, for each € > 0 there exists N € N such that LS. C
Ug:l(Xnv Fna Tn)oo
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We are now ready to apply this theory to the question of transience, building up
to proving Proposition @

Lemma 6.1. Suppose that f € F. 1If, for t ¢ (t7,tT), there is a conservative
weakly expanding (—tlog|Df| — s)-conformal measure my s for some s € R, then
s < P(—tlog|Df|). Moreover, there is an inducing scheme (X, F,T) such that

P(—tlog|DF|—15)=0

and
My s ({x e X: Tk(x) is defined for all k > O}) =my s(X).

Proof. We prove the second part of the lemma first.

Suppose that my s is a weakly expanding (—tlog|Df| — s)-conformal measure. We
introduce an inducing scheme (X, F'). Since my , is weakly expanding, by Theo-
rem @ there exists an inducing scheme (X, F, 7) such that

mys ({z € X : 7%(x) is defined for all k > 0}) = my(X) > 0. (11)

By the distortion control for the inducing scheme, for any n-cylinder C,,; € P
and since my s(X) = [ [DF"|'e*™" dmy, there exists K > 1 such that

|Crilfe’™ = K* X|'my o(Cr ). (12)

Since the inducing scheme is the full shift, and because of this distortion property,
the pressure of —tlog|DF|— st can be computed as

. log (Ecn,iepg |Cn,z'|t€”n)
lim .

n— o0 n

However, using first ([[J) and then ([L]), we have

Yo ICuile™ = KFIX[T Y mes(Cug) = K¥X 'y o(X)
C, ePF Cn€PY

for all n > 1. This implies that P(—tlog|DF| — s7) = 0, proving the second part
of the lemma.

We prove the first part of the lemma by applying the Variational Principle to the
inducing scheme. Since P(—tlog|DF| — s7) = 0, by [B1], Theorem 2], there exists
a sequence (Lp.,)n each supported on a finite number of cylinders in P{ and with

ILm (h(upm) +/—t10g|DF| - S/T dup,n> =0.

Therefore, by the Abramov Theorem (see Remark @), for the projected measures
[n, We have

iun) ~ [ tlog|Df] ditn .

Hence the definition of pressure implies that s < p(t). O
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Proof of Proposition @ Suppose that there exists a weakly expanding conser-
vative —tlog|D f|-conformal measure m;. Let (X, F) be the inducing scheme in
Lemma f.1], with distortion K > 1. Then P(¥,;) = 0 and

m(X) = Y mi(Cui) =E'IXI" Y |Cuilf

Cn,i€P5 Cn,i€P5
= K'X|" Y |Cuil|Crl!
C,.:€PF
t—1
§ Kt|X|t sup |Cn71| Z |Cn71|
Cn,iepf Cn iEPF
il n

t—1
<Kt|X|t+1< sup |CM-|> )
C, Pl

Since by choosing n large, we can make this is arbitrarily small, we are led to a
contradiction. (]

7. POSSIBLE TRANSIENT BEHAVIOURS

In this section we address some of the questions raised about the possible behaviours
of transient systems in Section E In particular, we present an example which gives
us a range of possible behaviours for a pressure function which has one or two
phase transitions. This example is very similar to that presented by Olivier in [,
Section 4] in which he extended the ideas of Hofbauer [H] to produce a system
with hyperbolic dynamics, but with a potential ¢ which was sufficiently irregular
to produce a phase transition: the support of the relevant equilibrium states ty
jumping from the whole space to an invariant subset as ¢t moved through the phase
transition. We follow the same kind of argument, with slightly simpler potentials.
In our case, we are able to obtain very precise information on the pressure function
and on the measures at the phase transition. Moreover, we can arrange our system
so that the support of the relevant equilibrium state for ¢ jumps from the whole
space, to an invariant subset, and then back out to the whole space as t increases
from —oo to co. Between the phase transitions we have transience.

Definition 7.1. For a dynamical system (X, f) with a potential @, let us consider
conditions i) lim_, o p,(t) = 00; it) there exist t1 < ta such that p,(t) is constant
on [ti,ta]; 1) limy00 pu(t) = co. We say that p, is DF (for down-flat) if i)
and i) hold; that p, is DU (for down-up) if i) and iii) hold; that p, is DFU (for
down-flat-up) if i), ii) and iii) hold.

In this section we describe a situation with pressure which is DFU. The sys-
tem is the full-shift on three symbols (X3,0). (Note that we could instead con-
sider {I;}3_,, three pairwise disjoint intervals contained in [0,1], and the map
f U?Zl I, C [0,1] — [0,1], where f(I;) = [0,1] which is topologically (semi-
Jeonjugated to (X3,0).) The construction we will use can be thought of as a gen-
eralisation of the renewal shift (see Section B.4). Let (X3,0) be the full shift on
three symbols {1,2,3}. A point & € X3 can be written as = (zoz122...), where
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x; € {1,2,3}. Our bad set (the we will denote by B) will be the full shift on two
symbols {1, 3} and the renewal vertex will be {2}.

For N > 1, for (2, 71,...,2n-1) € {1,2,3}", let [zox1 ...z N_1] denote the cylin-
der Cypouy..on_,- We set Xo to be the cylinder [2] and define the first return time
on Xy as the function 7 : [2] = N defined by 7(z) = inf{n € N : 0"z € [2]}. The
set of points for which the first return time is equal to n > 1 will be denoted by
X,. It consists of 27! cylinders. Indeed, we list the first three sets from which
this assertion is already clear,

Xy = [22]
X, = [212] U [232]
Xy = [2112] U [2132] U [2312] U [2332).

Remark 7.1. Note that the system F : X,, — [, Xo is a 27~ to-one map for
each n > 1.

The class of potentials is given as follows.

Definition 7.2. A function ¢ : X3 — R is called a grid function if it is of the form
p(x) =) an-1x,(z),
n=0

where 1x, () is the characteristic function of the set M, and (an)nen S a sequence
of real numbers such that lim,_,. a, = 0. Note that p|p = 0.

Grid functions were introduced by Markley and Paul [@] as a generalisation of
those functions by Hofbauer [H] which we described in Section [L.]. They can be
thought of as weighted distance functions.

We are now ready to state our result concerning the thermodynamic formalism for
grid functions.

Theorem 7.1. Let (X3,0) be the full-shift on three symbols and let ¢ : X3 — R be
a grid function defined by a sequence (ayp)n. Then

(1) there exist (an)n so that D™ p,(1) <0, but p,(t) =log?2 for allt > 1;

(2) there exist (an), and t; > 1 so that D™ p,(1) < 0, py(t) = log2 for all
t € [1,t1] and Dpy,(t) > 0 for all t > ti;

(3) there exist (an)n so that Dp,(t) < 0 fort <1, but p, is C* att =1 and
Pe(t) =log?2 for allt > 1;

(4) there exist (an), and t; > 1 so that Dp,(t) < 0 for t <1, but p, is C* at
t =1, and py(t) =log2 for allt € [1,t1] and Dp,(t) > 0 for all t > ti;

We comment further on the systems (X3, 0, tp) with reference to Table ] (note that
the only aspects which don’t follow more or less immediately from the construction
of our sequences (ay,), are the null recurrent parts, which follow from Lemmas E

and [7.4):
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A py(t) A Pg(t)

log 3 log 3
log24 Y¥———— log 2+

FIGURE 2. Sketch of cases (1) and (2) of Theorem [7.1].
\ p¢(t) A p¢(t)

log 34

\ log 3
log 21

log 2

T > T T >
t

FIGURE 3. Sketch of cases (3) and (4) of Theorem [7.1].

e In case (1) of the theorem, the system is positive recurrent for ¢ < 1 and
transient for ¢ > 1. The pressure function p, is DF. See the left hand side of
Figure E

e In case (2) of the theorem, the system is positive recurrent for ¢ € (—oo, 1] U
[t1,00) and transient for ¢ € (1,¢1). The pressure function is DFU. See the
right hand side of Figure E

o In case (3) of the theorem, the system is positive recurrent for ¢ < 1, null
recurrent for ¢ = 1 and transient for ¢ > 1. The pressure function is DF. See
the left hand side of Figure E

e In case (4) of the theorem, the system is positive recurrent for ¢ € (—oo,1) U
(t1,00), null recurrent for ¢ = 1,¢; and transient for ¢t € (1,¢;). The pressure
is DFU. See the right hand side of Figure H

e In the cases above where t is transient, as in Remark Q, there is a dissipative
typ-conformal measure.

The first and third parts of this theorem follow easily from the second and fourth
parts, so we omit their proof. The proof of this theorem occupies the rest of this
section.

Note that in the case of Hofbauer’s example, described in @, the modes of recur-
rence of the potential and behaviour of the pressure function are determined by the
sums of the sequence (a,), (see Table [[). This is also the case in our example.
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7.1. The inducing scheme. The first return map, denoted by F', is defined by
F(z) =0"(z) if z € X,

Note that the bad set B, on which F' is not defined, can be thought of as a coding
for the middle third Cantor set.

The induced potential for this first return map is given by ®(z) = S;(;)¢(x). For
n > 1 we let

Spi=ag+ - -+ ap_1.

Then by definition of ¢, for any x € X,, we have ®(z) = s,,.

The definitions of liftability of measures and aspects of inducing schemes for the
case considered here are directly analogous to the setting considered in Section E,
so we do not give them here.

Remark 7.2. Note that the potential ® is a locally constant over the countable
Markov partition | J,-_; X,,. Therefore with the inducing procedure we have gained
regularity on our potential. Observe that if there is a ®-conformal measure p, it is
also a Gibbs measure, and indeed for any = € X,,, 1(X,) = e®@) = e, Since X,
consists of 2"~ connected components, each has mass 2~ (" Desn

Given a grid function (our potential) ¢ defined on X3, to discuss equilibrium states
for the induced system, as in Section E, it is convenient to shift the original potential
to ensure that its induced version will have pressure zero. Therefore, since we will
be interested in the family of potentials tp with t € R, we set

Py 1=t — py(t) and Wy i= td — 7p,(t).

We denote U, |x, by Uy ;.

In this setting, the properties of the pressure function will directly depend on the
choice of the sequence (ap)n.

Our first restriction on the sequence (ay,), comes from a normalisation requirement.
Indeed, for t = 1 we want p,(t) = P(p) = log2. If this is the case, we have
that the measure of maximal entropy pup on B is an equilibrium measure since
h(pg) + [ ¢ dup = h(up) = log2. We choose (ay), so that

1= Zelllu _ Z gn—lgsn—nlog2 _ % Z esn . (13)

n>=1 n>=1
As in [@, p25] for example, since U, is locally constant, e’ (Y1) = >, evri,so )
implies P(¥1) = 0. Similarly,

eP(\Ilt) _ Z elpt’i — Z etqn—rpv,(t) — Z 2n—letsn—npv,(t)' (14)

i>1 i>1 n>1

We have the following result, similarly to Lemma @

Lemma 7.1. The existence of a conservative 1;-conformal measure my implies
P(¥,;) =0.
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Proof. To apply the argument of Lemma EI, we only need to show that
my ({z : f*(x) € X, for infinitely many n}) > 0.
If not then for
Ap = {x e X1 kar”(x) e XoUXs foralln > 1} ,

m¢(UgAg) > 0. In particular, we have m(Ag) > 0. Observe that Ay is a wandering
set since f~P(Ag)Nf~1(Ag) = 0 for positive ¢ # p. Therefore m; is not conservative.
[l

7.2. Down-flat-up pressure occurs. We first show that the DF case occurs and
then show DFU occurs too. First we set ap = 0 and suppose that for every n > 0
the numbers a,, are chosen so that a,, < 0 and ([[3) holds.

Since ¢ < 0; the pressure function p,, is decreasing in ¢; p,(1) = log2; and py(t) >
log 2; this means that p,(t) = log2 for all ¢ > 1, so the DF case occurs. The
transience of (3, o, tg) for t > 1 follows as below. In this case, s; = 0, and ([L3) can
be rewritten as

1:%26%:% 1+ e |. (15)

n>1 n>=2

Now to show that the DFU case occurs, let us first set (a,), as above. Next we
replace ag by ag := d € (0,log2), and a; by @1 := a3 +¢’, where §’ < 0 is such that
(@) still holds when (s, ), is replaced by (8,)n. The rest of the a,, are kept fixed.
So ([1) implies that

Lo 1 srs _

26 + 26 =1,
so P(¥1) = 0. Using Taylor series, we have 2§ + §' < 0. We now replace ¢, ® and
W, by the adjusted potentials @, P, W,.

Lemma 7.2. There exists t; > 1 such that P(¥;) < 0 for allt € (1,1).

Since pg(t) > log2, the lemma implies that ps(t) = log2 for t € [1,1], so the
DF property of the pressure function persists under our perturbation of ¢ to ¢.
Moreover, Lemma @ implies that (X, o, tp) is transient for ¢ € [1,#1].

The ‘up’ part of the DFU property, must hold for p; since o > 0: indeed the graph
of pg must be asymptotic to ¢t — agt, and the equilibrium measures for t¢ denoted
by p¢ must tend to the Dirac measure on the fixed point in [2].

Proof of Lemma E As above, since U, is locally constant, eP(¥0) can be computed

as
oP(T) _ Zet&%—np@(t) — Z gn—1,t5, —nps(t) (16)

i>1 n>1

Since p3(t) > log2 and s, < 0 for n > 2 for t > 1 close to 1 we have

Zetéﬁnp@(t) < %Z olin — % otd 1 pt(6+0") Z etsn | < % (eté i et(6+6’)) <1,

izl n>1 n=2



24 GODOFREDO IOMMI AND MIKE TODD

where the final inequality follows from a Taylor series expansion and the fact that
2§ + ¢’ < 0. This implies that P(¥;) < 0 for ¢ > 1 close to 1. We let t; >t > 1
be minimal such that ¢ > ¢; implies ps(t) > log 2. O

For brevity, from here on we will drop the tildes from our notation when discussing
the potentials above.

7.3. Tails and smoothness. So far we have not made any assumptions on the
precise form of a,, for large n. In this section we will make our assumptions precise
in order to distinguish cases (1) from case (3) in Theorem [7.]], as well as case (2)
from case (4). That is to say, we will address the question of the smoothness of p,
at 1 and t; by defining different forms that a,,, and hence s,, can take as n — oo.
In fact, it is only the form of a, for large n which separates the cases we consider.
As in [H, Section 4], see also @, Section 6], let us assume that for all large n, for

some 7y > 1 we have
an = 7vlog (L) .
n+1

We will see that we have a first order phase transition in the pressure function p,
whenever v > 2, but not when v € (1, 2].

Clearly, there is some k € R so that s, ~ kK —ylogn. So applying the computation

in ([3), . .
;e\Pl,i _ 5 ;65" _ (1 +O(1)); m

Since we assumed that v > 1, we can ensure that this is finite, and indeed we can
choose (ay), in such a way that >, ¥ =1 as in ([L3).

We now show that the graph of the pressure in the case that the pressure is DFU
is either C! everywhere or only non-C! at both t = 1 and ¢t = t;. The issue of
smoothness of p, in the DF' case follows as in the DFU case, so Theorem @ then
follows from Lemma IE and the following proposition.

Proposition 7.1. For potential ¢ chosen as above, there exists t1 > 1 such that
py(t) =log?2 for all t € [1,t1]. Moreover, if v € (1,2] then p, is everywhere C*,
while if v > 2 then p, fails to be differentiable at both t =1 and t = t;.

The first part of the proposition follows from Lemma , while the second follows
directly from the following two lemmas. We will use the fact that if p, is C* at ¢

then Dp,(t) = [ ¢ du (see [PU, Chapter 4]).
Lemma 7.3. If v € (1,2] then Dp,(1) = 0.

Proof. Since by Lemma E, for t € [1,%1], p, is constant log 2, we have Dp;g(l) =0,
so to prove Dp,(1) =0 we must show Dp_ (1) = 0.

Suppose that ¢ < 1. Then by the Abramov formula (see Remark @),

_ f(I) d/,L\I;t _ Zn Snetsn—n(pgo(t)—logm
/90 e = J 7 dp, B 2>, netsn—n(pe(t)—log2) (17)
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As above, for large n, s, ~ k—-logn, which is eventually much smaller, in absolute
value, than n. Since also, ), nesn—Pe(—1082) _y o6 as t — 1, we can make
[ ¢ dpy arbitrarily small by taking ¢ < 1 close enough to 1. Since when p,, is ct
at ¢ then Dp,(t) = [ ¢ dp, this completes the proof. O

Lemma 7.4. Suppose that ¢ is a grid function as above and the pressure p, is
DFU. Then p, is C* at t =1 if and only if p, is C* at t = t;.

Proof. Using the argument in the proof of Lemma .3, in particular (L7), if [ 7 duw, =
00, we can make Dp,(t') arbitrarily close to 0 by taking ¢’ close enough to ¢t. Simi-
larly if this integral is finite at ¢ then the derivative Dp,(t) is non-zero. So to prove
the lemma, we need to show that the finiteness or otherwise of [ 7 duw, is the same
at botht =1 and t = ¢;.

As in the proof of Lemma [.3, s, < 0 for n > 2. So since p,(t) = py(t1) and ¢ > 1,
/ T dpg, > 3 et e 5 37 gt @i (i),
i>2 i>2

Therefore if [ 7 dpy, < oo then [7 dpy, < oco. Similarly, if [7 duy, = oo
then [7 dpw, = oo. Hence either Dp,(1) and Dpy(t1) are both 0 or are both
non-zero. ]

Remark 7.3. In the case v € (1,2], the measure py, is not regarded as an equi-
librium state for the system (Mo, F, ¥1) since

/\Ifl d/hpl = —OQ.

This follows since

— ~vlogn — t
[0 s, = Yo = np(per = 30 L =000,

n”

n n

so for all large n the summands are dominated by the terms —p,(t)n*~" which are
not summable.

Remark 7.4. If we wanted the limit of u; ast — oo to be a measure with positive
entropy, then one way would be to choose our dynamics to be x — 5z mod 1 and
the set My to correspond to the interval [0,2/5] for example.

Note that for our examples, we can not produce more than two equilibrium states
simultaneously. One can see this as following since we are essentially working with
two intermingled systems.
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