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COUNTABLE MARKOV SHIFTS WITH EXPONENTIAL
MIXING

MIKE TODD AND BOYUAN ZHAO

ABSTRACT. We give a set of equivalent conditions for a potential on a
Countable Markov Shift to have strong positive recurrence, which is also
equivalent to having exponential decay of correlations. A key ingredient
of our proofs is quantifying how the shift behaves at its boundary.

1. INTRODUCTION

A standard approach in ergodic theory and dynamical systems is to show
that a dynamical system f : X — X with invariant probability measure p,
asymptotically behaves like an independent, identically distributed process:
how quickly this happens can be understood as the rate of decay of cor-
relations, or rate of mixing, for (X, f, u). Generally, uniformly expanding
systems with some compactness properties can be shown to have exponen-
tial rate decay of correlations. Recent research has focussed on estimating
the rate of decay of correlations for systems with non-uniformly expansion
and/or lack of compactness.

Here we will consider dynamical systems f : X — X with measure p = p4,
which is an equilibrium state for some potential ¢ : X — R . Note that the
first task in this setting is to show that such p4 exists. In the case of interval
maps f : I — I with finitely many branches, on each of which f is smooth,
we might consider ¢ = —log|D f|, so an equilibrium state s is an absolutely
continuous (with respect to Lebesgue) invariant measure. For example, if f
is unimodal and satisfies the Collet-Eckmann condition (exponential growth
of derivative along the critical orbit), then pg4 exists and the system has
exponential decay of correlations: indeed in [NS| these two conditions were
shown to be equivalent, alongside a number of other conditions, one of which
was that Xper := inf {log |Df™(x)|/n : f"(z) = z,n € N} has xper > 0. See
[R] for related results in the multimodal case.

In the same dynamical setting, but in the case of Holder potentials ¢, various
conditions have been applied to ensure the existence of an equilibrium states,
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which also usually imply that the system also has exponential decay of cor-
relations. A classic such example is the condition that sup ¢ —inf ¢ < hyp,
where hy,, denotes topological entropy, which was used for interval maps in
[HK|, [BT1] for example (in the former a specification property was assumed,
the latter dealt with multimodal maps of the interval). A more general con-
dition, which was used to show uniqueness of equilibrium states in [DKUJ,
is supp < P(¢) where P(¢) is the pressure of ¢. A weaker condition of
hyperbolicity, that there is some n € N such that sup,cx Sp¢(z)/n < P(¢),
was used in [IR] in the case of complex rational maps, and in [LRI] in the
interval map case, to show existence and uniqueness of equilibrium states.
Then it was shown in [LR2|] that for many multimodal maps (satisfying a
growth condition on critical orbits) all Holder potentials are hyperbolic. Re-
lated conditions for interval maps were given in [LSV], Def 3.4], under which
the authors called the potential ‘contracting’: added to a covering condition
this implies exponential decay of correlations.

In the case of symbolic dynamical systems, nonuniform hyperbolicity can
be a consequence of an infinite alphabet: here we will discuss Countable
Markov Shifts. In this setting, though we have a Markov structure which
makes many issues straightforward, these structures are flexible, so that
for example a very strong condition like sup ¢ < P(¢) is not sufficient to
guarantee existence of equilibrium states (see Section [5.3]). There are how-
ever a number of equivalent conditions guaranteeing exponential decay of
correlations given in [CS], in particular Strong Positive Recurrence (SPR)
and the Spectral Gap Property (SGP): these can be shown to imply expo-
nential decay of correlations. In this paper we combine the types of ideas
used in that paper with those in [NS| to show various equivalent conditions
for (SPR), in particular that yper(¢) := sup {1S,¢(z) : 0"(z) = z,n € N}
has xper(¢) < P(¢). The main idea is to use entropy at infinity, see [ITV]
(see also an equivalent notion in [B]) to control returns to compact parts
of our system. This idea can also be seen in [DT| Lemma 2.17, Theorem
7.14], where the entropy at infinity for the symbolic version of the finitely
branched interval maps is zero.

We also give other conditions equivalent to the one mentioned above, one
being ‘contraction at infinity’: this rules out standard examples in the re-
newal shift, for example, where (SPR) fails due to very weak contraction
in the boundary of the system. We also give examples to show that that
our conditions are sharp and moreover, other conditions related to those in
INS| are not equivalent to ours, see the discussion in Section 2.4] and the
examples in Section [Bl

The paper is organised as follows. In Section [2] we give our main definitions
and results, Theorems and 2.7l In Section [3] we prove Theorem and
in Section Ml we prove Theorem 2.7l Finally in Section [§ we give examples
to show applications and sharpness of our results.



COUNTABLE MARKOV SHIFTS WITH EXPONENTIAL MIXING 3

Acknowledgements. MT was partially supported by the FCT (Fundagao
para a Ciéncia e a Tecnologia) project 2022.07167.PTDC. BZ acknowledges
the support of a Chinese Scholarship Council grant.

2. DEFINITIONS AND MAIN THEOREMS

In this section we give the general setting for our work and then state the
main results.

Notation. If A,, B, € (0,00), we write A,, < B, if there is some C' > 0 such
that B,,/C < A,, < CB,,. For a set E we write #F to denote its cardinality.

2.1. Countable Markov Shifts, basic setup. Here we outline the Count-
able Markov Shift setting, for which we follow the works of Sarig, eg [S1].
Let A be a countable alphabet and M an A x A transition matrix with
entries 0 and 1. Our shift space is given by

Y= {($07$17-.-) GANO :Mwi,$i+1 =1 fOTZZO}

Our dynamics is the usual shift o(xg, z1,...) = (z1,22,...).

Let

Y= {w:wo,...,wk_l t My, vy = 1for 0 <d < k — 1}
be the set of all admissible words with length k. Let ¥* := Ug>0Xj (this
means that we include the empty set here). Given w = wy,...,wi_1 let
[w]; = w; for 0 <@ < k — 1. If our shift allows it, then the Markov property

allows us to concatenate words v € X, w € Xy to obtain vw € Xpyp:
infinite concatenations correspond to points in X.

We use | - | to denote the length of an admissible word: so if w € 3 then
|w| = k. Given xy,...,Tx_1 € X, the corresponding k-cylinder is
[T0,-- s Tp1] = {y€EX Yo =20, -, Yb—1 = T—1} -

The set of all such k-cylinders is denoted by Ci. We also define the symbolic
metric d(-,-) by

d(w,y) = 27D t(z,y) = minfn > 0 2, £ ya},
so k-cylinders have diameter 2~ *—1).

The system is said to be topologically transitive if for each a,b € A, there
exists N such that [a] No™Yeb [b] #£ (); the system is topologically mizing if,
moreover, [a] No~"[b] # () for any n > Ng.

If a point x is periodic with period k, it can be denoted by x = (ZTg, .-+, Tx_1)-

Define the k-th variation of a potential ¢ : ¥ — R by

varg(¢) :=sup {|¢(z) — ¢(y)| : To = Yo, -+, Th—1 = Yp—1} -
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Then ¢ is said to have summable variations if the distortion constant By :=
> k>2 vark(¢) is finite, and weakly Holder continuous if there exists 6 € (0, 1)

and C > 0 such that vary(¢) < COF for all k > 2.

2.2. Pressure, recurrence and contraction. For each a € A, we let
¢a(7) := Lig inf{k > 1: 2 = a} be the first return time to [a] and define

a)i= 3 S w), Zi(da) = Y SOOI, ().

onr=x o=z

The Gurevich pressure of ¢ is then given by

Pg(¢) := limsup 1 log Z,, (¢, a)
n—oo T
which is easily seen to be independent of the state a, and if the system
is topological mixing, the limsup can be replaced by lim. The topological
entropy hiop of (3, ¢) is the quantity P(0). By variational principle, see
[LIT, Theorem 2.10] for a version in the generality considered here,

Pa(o) = P(9) —sup{ /gbdz/ veMXE /¢du> oo}

where M(X) is the space of all o-invariant Borel probability measures on 3.
A probability measure is said to be an equilibrium state for ¢ if it realises
the supremum above. If m is a measure such that whenever A C X is
measurable and o : A — o(A) is bijective, m(c(A4)) = [, e~? dm, then m
is ¢-conformal.

The potential ¢ is said to be recurrent if e P 7, ($,a) diverges and

transient otherwise. In the recurrent case, ¢ is further said to be positive re-
current if 3 o ne (@) 7% (4, a) < oo, and null recurrent otherwise. Note
that there are (¢ — P(¢))-conformal measures when ¢ is recurrent, as in [S2,
Theorem 1].

We finish this subsection by highlighting the key definitions of this paper.
The following notion uses inducing: given a € A, consider 7,(z) = 0%+(*) ()
for z € [a]. Then the induced version of ¢ is ¢ = @, 1= > 2% Y$ oot The
pressure of ¢ for the induced system ([a],,) is given as above.

Definition 2.1 (Strong Positive Recurrence). Following the conventions
and notation in [S2], for a given state a € A define the quantity

palg] :=sup{p € R: P(¢ +p) < oo},
Al = P (¢ +pild])

The shift system (X, 0, ¢) is said to be strongly positive recurrent (SPR) if
Ag[p] > 0 for some a € A.
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Equivalently, for some a € A,

lim sup log Zr(p,a) < P(¢), (2.1)

n—o0

see for example [RS, Lemma 2.1] (note that SPR potentials are also positive
recurrent).

Next, we assume our system satisfies a condition that regulates the excur-
sions to infinity. We first require some more notation. Here we rewrite
A = N (while the following notions do rely on the precise identification of
A with N here, but the results we get from them do not). Then for each

q € N, define
q
U , and [> ¢ : U[a].

a>q

Definition 2.2 (Entropy and contraction at infinity). For each n, M and
q, define the set of n + 1-cylinders

1
B(naM7Q) = {[‘T07’--7xn] Ecn—i-l:x()wz'n SQ7 #{kén‘rk SQ} S n]—&- }

and write z,(M,q) := #B(n, M, q). The entropy at infinity hoo as in [TV,
Def 1.2] is defined via

heo (M, q) = limsup — 10gzn(M q); hoo(q) := liminf hoo (M, q),
— 00

n—oo N

heo = liminf heo(q).

q—o0

Also, define the following quantities:
1
con00) = sup { £5,0(0) 2 € Bl M.},

5(]5,00 (Mv q) = lim sup z(f),n(M) q)v 5(25,00 (q) = 111‘?1 inf 5¢,OO(M)7
—00

n—o0

04,00 1= hqrglorgf 06,00(q)-

Then the system is said to have contraction at infinity (CI), if 6400 < P(¢).

Finally we give a topological property of our shift, an idea first mentioned
in [IV] Definition 4.9].

Definition 2.3 (The F property). Our system has the F-property if for
any state a € A and every n € N, the number of periodic points in [a] with
period n is finite.

The F-property holds when (X, 0):

e is locally compact (i.e. for every i € A, EjeA M; ; < 00);
e has hy,, < oo.
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From the examples given in Section [Bl we can see that a system may satisfy
the F-property whilst failing all the above conditions. Note that If ¢ is
uniformly bounded from below and P(¢) < oo then the F-property must
also hold.

Remark 2.4. The main fact we will use about the F-property in this paper
is that, by topological transitivity, given ¢ € N and N € N, there are finitely
many paths starting and ending in [< q] of length N.

Remark 2.5. One consequence of the F-property is that for any q, M, if n
is large enough then B(n,M,q) # 0. If it fails, then for example there will
be some q € N with infinitely many loops of some length N based at q: if
M > N, then B(n,M,q) does not see any of these, in spite of these loops
contributing, in some sense, to the boundary. Note that this issue would also
appear in the definition of ho in [B].

2.3. Main Theorems.

Theorem 2.6. Let (X,¢) be a topologically transitive CMS with the F-
property, ¢ a potential with summable variations and the pressure P(¢) <
oo. Then the following are equivalent.

(UCS) Uniformly contracting structure:

er () = sup { 15,0(0) " (0) = 2| < Plo);

(CRC) Compact returns contract: Given q € N, there exist C; € R and
Ag > 0 such that if x € ¥ has xg, x, < q then

Snd(y) < Cq — nAg;
(CI) Contraction at infinity: dp oo < 0.

All of the conditions here are new in this context, as far as we are aware.
As mentioned in the introduction, (UCS)) can be compared to xper > 0 in
[NS] since in that case ¢ = —log|Df], SO Xper = —Xper(¢), and moreover
P(¢) = 0. We also note that it is easy to show that xper(¢) = sup{ [ ¢ du :
uw e M(X)}. We use the word ‘contraction’ for our potential in line with
[ILSV]. If the assumptions of Theorem are slightly strengthened, then
the following holds.

Theorem 2.7. Let (2,0, ¢) be a topologically transitive CMS, ¢ a potential
with summable variations, and entropy at infinity hoo = 0. Then [(UCY)
holds if and only if [SPR] holds.

Note that we are also able to prove related results when ho, > 0, such as
Theorem [4.1]

This theorem provides a new characterisation of SPR which, in the locally
Holder potential case, is known to be equivalent to various other conditions,
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for example the spectral gap property, which gives exponential decay of
correlations/mixing (see [CS]). We also note that in [CS| Theorem 2.2’|
was shown to be open and dense in appropriate topologies. So in
the setting of the above theorem (UCS)) is also open and dense. We observe
that openness of such a condition is elementary, but denseness requires more
work.

2.4. Other conditions on contraction. As in the introduction, inspired
by, for example [NS|], one might propose further conditions and hope that
they are equivalent to those in our main theorems. Here we suppose P(¢) =
0.

The following conditions involve hitting compact parts

(A) There exist ¢ € N, C € R, € > 0 such that if z € ¥ has z,, < ¢ then
Spo(z) < C —ne.

(B) There exist ¢ € N, C € R, € > 0 such that if x € ¥ has z¢ < ¢, then
Spo(z) < C —ne.

Here (A]) can be interpreted as ‘orbits which land in a compact part ex-
perience contraction’ and (Bl can be interpreted as ‘orbits which start in a
compact part experience contraction’.

The following condition involves avoiding compact parts

(C) There exist ¢ € N, C' € R, € > 0 such that if x € ¥ has z} > ¢ for
k=0,...,n—1, then S,¢(x) < C — ne.

Supposing there is a ¢-conformal measure mg, we might also hope to show
that measures of cylinders decay exponentially: below we give a weak con-
dition of this type, which by conformality of mg, a measure we assume to
exist here, is essentially equivalent to (Al above.

and K > 0 such that for all ¢ < ¢, if

(D) There exist ¢ € N, A > 1
= [¢], then my(Cyp) < KA™™;

Cy, € Py, has o™ (Cy)

Finally we might try to get contraction like in (CI), but not assuming that
the orbits have to both start and end in a compact part [< ¢]: for example
only end in [< ¢] which is related to condition (Al above, or only start in
[< ¢], which is related to condition (Bl above.

The above conditions can be shown to imply (UCS]), but we show in Sec-
tion that they are strictly stronger, i.e., we have examples which satisfy
([UCS), but fail all of these conditions. We also note that the conditions of
[LSV] may fail, but (UCS)) hold.
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3. PROOF OF THEOREM

Throughout this paper, since we are always have P(¢) < oo, by subtracting
a constant from ¢ we can assume without loss of generality that P(¢) = 0.
Moreover, from here on, unless stated otherwise, we assume our alphabet A
is N.

Given a,b € N, define
l(a,b) :=min{k: Jw € Ty, [w]o = a and wb € g1} .
This is finite by topological transitivity. Given ¢ € N, let
{(q) == sup £(a,b),

a,b<q
and note that this is also finite.

By the Markov property, for any € ¥ and n € N, for ¢ = ¢(x,,x9) > 0
and a word w(zy,,xo) € [x,] of length ¢ such that

W(T0, 70)T05 -+ Tnt € St (3.1)

i.e., a periodic point (there may be more than one of these, but here we just
fix one arbitrarily).

Lemma 3.1. Supposing that ¢ has summable variations. Defining

C,(¢):= min inf ) {Seano®)},

a,b<q yelw(a,b
we have C (¢) > —oc.
Proof. This follows since there are finitely many word pairs a,b < ¢ to
consider and Sy, )¢ is finite on each [w(a, )]. O
Lemma 3.2. For a topologically transitive CMS, ¢ of summable variations,

(UCY) implies (CEQA).

Proof. Let ¢ € N be given and pick A\; > 0 small enough such that ype,(¢) <

—2), < 0. Suppose x € ¥ has zg, z, < ¢q. Then for z = (w(xn,xo)azo, .. ,xn_l)
defined as above,
Cla) + $00(2) < S,400(2) + 285 < 28, — (1 + min Ha.1) ) A,
a7 7q

where C(q) > —oo as in Lemma Bl Hence S,¢(x) < C; — nA, where
Cy =max {0,2Bg — C,(#) }. O

It is immediate, given Remark 2.5] that (CRC]) implies (CI)), so it only re-
mains to show that (CI)) implies (UCS)) to complete the proof of Theorem 2.6l

The following lemma gives us a way of going from proofs of the results in
this paper for non-positive potentials to general potentials ¢.
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Lemma 3.3. There exists p : ¥ — R bounded on partition sets such that
for ¢' == ¢ +logp —logpo o, we have ¢ < 0. Moreover, ¢’ has summable
variations (or is locally Hélder) if ¢ has summable variations (or is locally
Hélder).

This is essentially [S2, Lemma 1], but we sketch parts of the proof here for
completeness.

Proof. If ¢ is recurrent, then p is the eigenfunction of the transfer operator
Ly associated to ¢. If ¢ is transient, take p =3 - £g]l[a]. The regularity
follows as in [S2, Lemma 1], though there the shift is assumed topologically
mixing: p remains finite and non-positive in both cases under topological
transitivity. O

The previous lemma, provides a convenient upper bound on the potential for
our proofs. We next show that ¢’ inherits (CI)) from ¢.

Lemma 3.4. If 64 <0, then dg - < 0.

Proof. By definition, there exist € > 0 and N, M., ¢. such that
Zpm(M,qe) < —2¢ (3.2)

for all n > N. and M > M,.. Then for every n > N, large enough that

"Jgi\(fs) < 1y, for every x € B(n,2M,q.), as in ([B.I)), there exists an admiss-

ible word w = w(x,_1,2p), and a periodic point y of period n’ = n + |w],

such thaty € B(n', M, q.),y = (mo, coy Tpow(Tp—1, a;o)) and by summable

variations,
anb,(l‘) < Sn’¢,(y) - Qq(qb,) + B¢’ = Sn’qb(y) - Qq(qb,) + B¢’7
where C (¢') is defined as in Lemma 3.1 Then (3.2)) implies
Spd (x) < —2n'e — Cy(¢') + By

and by choosing n large, this implies that for all M > M,, 24 ,,(2M, ¢.) < —e,
and consequently 4 o(¢e) < —e. Since this inequality holds for all ¢ > ¢,
we conclude that 64 o < 0. O

Note that this lemma also holds for any v = ¢ + £ — £ o o, provided £ has
summable variations. We will later use the following lemma to show that we
cannot have a sequence of periodic measures whose integrals of ¢ converge
to zero which moreover converge to a probability measure.

Lemma 3.5. There are is no ¢ € N and sequence (a:k)k of periodic points
of period py, such that éSpk(b(a:k) — 0 and v([< ¢]) = 1 as k — oo, where

_ 1 pr—1 ¢
vV = P_k Zi:o 5szk.
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In the proof we make use of the notion of a sequence of measures (p,)n
converging on cylinders to a measure pu: this means that for any C € Cy,
tn(C) — p(C) as n — oo, see [IV] for more details.

Proof. We will show that if we assume that the lemma is false then there
is an equilibrium state v having zero measure-theoretic entropy, which is a
contradiction.

Let ¢’ be as in Lemma B4 and it is easy to see S,o(z) = S,¢'(z) for
all n € N and all ¢"x = x. Suppose there is such a ¢ and sequence of
periodic points as in the lemma. Note that [ ¢’ dyy — 0. By [IV], Theorem
1.2], M<1(X) the space of shift-invariant sub-probability measures on ¥ is
compact with respect to the convergence on cylinders topology, i.e., there
is v € M<;(X) such that v, — v (up to subsequences) on cylinders. Our
assumption implies that v is a probability measure. Hence, as (1), v are
probability measures, [IV, Lemma 3.17] implies that the convergence also
holds in the weak-* topology. In particular if ¢, (x) = max{¢'(z), —L} then
¢, is continuous and bounded and [ ¢} dv,, — [ ¢ dv.

Claim. Given L > 0, for any € > 0 there exists K/ such that £ > K/ implies

‘/qb'L dvp, — /¢’ dvp,

Proof of Claim. Since

<e/4.

if the claim is false then there is € > 0 such that for any N € N we can find
k > N such that ‘f{¢,<_L} ¢ dynk‘ > e/4, ie., f{¢,<_L} ¢ dv,, < —e/4.

But since ¢/ < 0, this means [ ¢ dv,, < —e/4, contradicting the fact that
[ ¢ dvy, — 0. O

Now given L > 0, take K, > K/, for K/ as in the claim and such that
!fqﬁ’ dynk‘ < g/4 and U ¢ dv— [ ¢ dynk| < &/2 whenever k > K.. Then

‘/qbgdu g‘/mdu—/q&dunk +‘/¢’Ldvnk

<%+ / ¢ dvy, — ¢, dvy, +‘ / ¢ dvy, (3.3)
<44
2 4 4 7

Now the Monotone Convergence Theorem implies — f ¢y dv S — f ¢ dv =
— [¢ dv as L — oo. Moreover (3.3) and weak* convergence of v, to v
imply U 10) dl/‘ <eforalle, ie., [¢dv=0,a contradiction. O
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Proposition 3.6. Under the assumptions of Theorem [2.0, (CI) implies

cs).

Proof. Suppose (UCS)) fails. Then there exists a sequence of periodic points
x!, 22, ... with periods p1, pa, . .. and with Birkhoff averages s,, = plkSpkqb(:E") <
0 for all n and lim,, o s, = 0. By the definition of (CI) and Lemma [3.4]
for all € > 0 such that dy o, < —e < 0, there exist N, M., g. such that for

allm > N, M > M., q > q. and all x € B(n,M,q), Sp¢'(z) < —ne.

Given ¢, N € N, let Aj< v be the set of words w € X such that [w]o < ¢
and [w]; > g fori=1,...,N and wq' € ¥y for some ¢’ < g, i.e., the first
return words to [< q| of length N. Let Aj<q := Un>1Aj<q N

Given ¢ € ¥ such that zg,x, < ¢ we can decompose Ig,...,Tn_1 =
wv1wavs . . . Wk, Where w; € A<g and v; € {0} UUN{L,... ,q}" for all
1 < i < k. Let x(q) denote the set of words w; in this decomposition,
counting with multiplicity.

Given ¢ > ¢., define the proportion function ((-)

n 1 !
C(z") = o Z |w]. (3.4)
" {wezn(q)}

Here Z/ means that we count with multiplicity, i.e., if w appears k times in
the decomposition of 2™ we sum |w| k times.

Notice that since and symbol a < g appears just once in each w € Aj<q v,
so long as (N 4+ 1)M. > 1, Sn¢/(z) < —Ne for = € [w]. Hence, since we can
assume that (N: + 1)M, > 1, we can show that lim,, o (2™) = 0: if there
exists 7 > 0 such that lim, ., ((2™) > 7, by the non-positivity of ¢’,

1
lim s, < lim — Z, sup S‘w|¢/(:17)
n—oo n—oo pn ~ ZBE[’LU}
{wez"(q)}
m / / 3.5
< nh_{glo p—n Z sup S‘w@ (33) ( )
{wEA[Sq]yN7N>N5

< lim —ne <0,

T n—oo

contradicting our assumption that lim, . s, = 0.

Next since by the F-property and topological transitivity, #{Unx<n.Aj<g N} <
oo and the following quantity is also finite:

¢ (¢, N) := min {q' eN:if w € Uvan. Aj<g,n then w € [< q/]‘“"} . (3.6)

Therefore, since lim,,_, ((z™) = 0,

—1
1 P
i <dq1) = = _ ik
nh—>Holo vn ([€ ¢']) = 1 where vy, o ZZ_; 0 i ke »
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which this contradicts Lemma B3] hence (CI) implies (UCS]). O

4. PROOF OF THEOREM [2.7]

Assuming now (UCS) holds, then (CI) follows from Theorem 2.6l and in the
next theorem we then show the system is (SPRI) under slightly more general
assumptions than those in Theorem [2.71

Theorem 4.1. Let (X,¢) be a topologically transitive CMS with the F-
property, ¢ a potential of summable variations satisfying (Cl) and assume
that 8p.00 + hoo < 0. Then ¢ is (SPH).

We provide an example in Section 5.3 with 04~ + hoo = 0 but the systems
fails to be SPR, so the condition ¢4 o + heo < 0 above is sharp.

Lemma 4.2. For all ¢ > 0, there exists ¢ and K; > 0 and such that if
0, Ty < q and xp > q whenever 1 <k <n —1, then

Snd(x) < Kqg+n(dp00 +€) -

Proof. Let € > 0 be given. By definition there exists ¢ such that d4 (¢, M) <
d¢00 + 5 for all M large. Then there exists N. such that for all n > N if
x € Y is such that zg,x, < q, but zp >qfori=1,...,n— 1, then

1
~S0(2) < Fp00(0 M) + 5 < g0 + 2.

Since the F-property implies that for each n the number of words of length
n which start and end at [< ¢] are finite, also using summable variations,

K, := max{max sup {Spo(x) : zo, xn < q}, 0}
n<Ng

is finite and satisfies the lemma. O

Given ¢ € N as in the lemma, let Y = [< ¢| and define 7v : Y — N by
Ty (z) :=1inf{n > 1:0"(x) € Y}. Thenlet F': Y — Y be the first return
map F' = o™ . Let my be the conditional conformal measure on Y. The set
of k-cylinders is denoted by C,f .

Define the corresponding induced potential <;3y = > ! ¢ o o' and note

that this has summable variations (in fact vari gy < 1), so B 4 < 00 By
for example [S2, Theorem 2], P(g%) <0, so setting ¢ = ¢ — P(g%) we have
a normalised potential and there is an ¢-conformal measure my and an
equivalent invariant measure py, see [S3, Theorem 1]; also BE =B 3 < 00

Note that if ¢ is recurrent then ¢ = ¢. We also define SZ' ¢y = Z?:_()l Gy ol
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Lemma 4.3. There is C1 > 0 and € > 0 such that if Z € Cg and

p—1
> w(FU(Z)=n
=0

then
my (Z) < CY exp (n(dg,00 + €))-

Proof. Writing 7y (F'(Z)) = ;, Z is an (n + 1)-cylinder with respect to the
o of the form

[20, -y 2 =1, 2ry s+ -+ 3 21y 1, Zry)

where z,, < ¢ fori=1,...,p. By conformality and Lemma [4.2]
my ([z0]) = / e—Sn¢(1‘)+pP(<f>) dmy

[ZO,--.,ZTpil}
> my ([20, . -, 2ry_1])e” SR SnO@HPP()

Hence

my (20, -+ 2,-1]) < exp (p(K, = P(6)) + (300 +2) ) my ([z0])

Kq—P(9)

so setting Cp = e , we are finished. O

Proof of Theorem [{.1]. The proof is similar to that of [DT, Theorem 7.14].
As we will see, by (2.1) it suffices to show the inducing scheme on some
1-cylinder [a] has an exponential tail.

Pick € > 0 such that
5(17,00 + hoo < —4e,
choose ¢ satisfying Lemma and such that for all large M,

0,00 + hoo (M, q) < —3e. (4.1)

So for (Y, F') as above, which must also satisfy Lemma [£.3], by topological
transitivity there exists N such that for all Z € CY,

N
Yy c|JFi(2) (4.2)
j=1
Pick some 1-cylinder Yy = [a] with my (Yp) > 0 and let my; be the condi-
tional conformal measure here.

Claim 1. There is some uniform constant 3 > 0 such that for Z, € CI
my (x € Zy : Fi(z) ¢ Yo,j=n,....,n+ N —1)

-8
<e ".
my (Zy)
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Proof of Claim[1. By (42l), for each [b] C Y there is some cylinder A C [b]
and 0 < k < N — 1 such that F¥(A) = [a]. Write k = k(A) here. Denote
the collection of such cylinders by B. In particular there is some A € B such
that A C F"(Z,). Letting A’ = F~™AN Z,, and it suffices to find a lower

:nn;’ ((2;))7 independent of Z,, € Cf; and A € B.

bound for

Then minacpinf,ca S,f( 4) ¢y () is bounded from below by summable vari-
ations (similarly to Lemma [3T]).

By conformality, for any C C Y, if ™" : C — F™C is injective, my (FC) =
[ exp(—S}, ¢y )dmy, hence

my(A/) > my(A)

. F inf F

s 7 l(al) By intasE By 0,
my (Y)

uniformly, as required. O

Claim 2. For each k£ > 1,

my (z € Yo: Fi(z) ¢ Yo,j=1,...,nN)
my (Yp)

Proof of Claim[2. This claim is proved by induction. As Yy = [a] can be
written as a union of 1-cylinders with respect to F', Claim [I and the fact

that for all positive numbers a, b, ¢, d, gTJrg < max {%, %}, together implies

my (x€Yy: Fi(z) ¢ Yo,j=1,...,N)

—B
<e ".
my (Yp)
Assume inductively that for each i > 1,
my (x€Yy: Fi(z) ¢ Yo,j=1,...,iN) )

my (Yo)

Defining the set

Zi={ZeCh, 1 ZCYy, FI(Z)¢Yy,j=1,...,iN},
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by Claim [l and the inequality above:
my (x €Yy : Fi(z) ¢ Yo,j=1,...,(i + 1)N)

my (Yp)
€Z:F Yo,j=iN+1,...,(i+1)N
_ 1 Zmy(Z)my(x (x) ¢ Yy,j =iN + (i+ 1)N)
my (Yo) f=% my (Zi(n+1))
1 _ amy (z€Yo: Fi(z) ¢ Yy, j=1,...,iN)
< —— my (Z)e P < e P
() 2 ™= my (V0)

Letting T' = yn for some v € (0,1) to be determined later, we can split the
set {x € Yy : 74(z)} depending on whether = visits Y more or less than T
times in its first n symbols, which can be written

T
my, ({ra =n}) < my, | { 7a(2) =n, ) 7v(F(2)) > n
j=0

T
+ my, To(z) =, ZTy(Fj(a:)) <n
j=0

= T+1I.
By Claim [2],

I< Z exp (—%ﬁ) < Cyexp (—%ﬁ)
p=T

for some C5 € R. The number of n-cylinders with respect to ¢ which spend
a proportion v < 1/M of their o-iterates up to n in Y is no more than
#B(n, M,q). Moreover, for all large n, #B(n, M, q) < Cye™hec(Ma)te) for
some C3 > 0, so combining this with Lemma [£.3] and (£1]) we get

IT < CY exp (n(dg,00 + €)) #B(n, M, q)

< CTCsexp (08,00 + hoo(M, q) + 2¢)) < CT C5exp (—ne).

Then choosing v = min {%, m}, both I and I1 are exponentially small
so that )
lim sup — log my, ({7, = n}) <O0.
n

n—oo
As my, is conformal,

my,({re =n}) =< Y OTOPO > 754, a),
onr=x,pq(x)=n

where i(x) corresponds to the number of hits to Y before Yy. Hence (2.1
holds and the system is strongly positive recurrent. O
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Theorem [£.1] means that (UCS)) implies (SPR]). For the other direction of
Theorem 27 it suffices to prove the statement under topological mixing
since we can use spectral decomposition, a tool to reduce arguments on topo-
logically transitive to topologically mixing. Briefly speaking, if (X, o) is a to-
pologically transitive CMS with period p, the alphabet is divided into p equi-
valence classes {A;...,A,_1} and ¥ = &Jf:_ol Y, Yi={zeX:.x e A}.
Then (3;, ¢p, oP) is conjugate to a topological mixing CMS and most state-
ments (especially those in this paper) proved for (¥;, ¢,,0P) remain valid
for the original CMS. For more detailed discussion, see for example [RS|
§2.2,86].

Proposition 4.4. Under the assumptions of Theorem [2.7, (SPR|) implies

[cs).

Proof. By (SPR)) there is a € A such that A,[¢] > 0. First by [S2, Lemma

3], P(¢) = 0 implies the induced pressure on [a], P(¢), is zero, and (SPR)
implies that there exists €, > 0 such that

P(¢ + 2¢,) < 0. (4.3)

Moreover, as in (Z1]), there exists N, € N such that for all n > N,, all
such that ¢, (x) = n,

LSu0(e) < 2. (44)

Suppose by contradiction that xper(¢) = 0; take ¢’ as in Lemma [3.4] and
Xper(9') = Xper(#). Then there exists a sequence of periodic points zt, z2, . . .,

with period p1,po,... and Birkhoff averages

1 1
sp = —25p,0(z") = p—SanS/(x”) > —g4 and lim s, = 0. (4.5)

pn n—o0

Case 1. Suppose there exists = € {:171, . } such that Vk > 0, xx # a. Then
as in ([B.]), by topological transitivity, there are words v, w of length ¢; =
(a,ro) and ly = ((w,_1,a) respectively such that [v]o = a, vrg € ¥jy41,
Tp—1W € V|41, Wa € Xy 41, hence

VLY, ..., Tp—1W € Eh—}—n—}—ﬁg-

Moreover, for each k¥ € N and n, = kn + ¢1 + {5 there is a periodic point
y(k) € [a] with ¢, (y(k)) = ng of the form:

y(k) = (v (20, - Tp_1)" w)

where (z, ... ,a;n_l)k means the string is repeated k times. By summable
variations, there exists a constant C' > 0 such that for all k,

2;,(6.0) > exp (S, 6(y(k))) > exp (C — k).
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Then as in [S2] (5)], ‘P(gb +p) —log ) 1oy e 75 (¢, a)‘ < By, therefore,

oo = log Z eMeatCeSn 2Wk) < O 4 log Z e Zx(¢,a) < P(¢ +¢eq) + By,
k=1 n=1

which is a contradiction to (&3] since By < oco.

Case 2. Now suppose all z € {z!,...} contain state a. Without loss of
generality one can suppose :176 = a for all i by periodicity. Let A, C X* be
words w where [w]; = a if and only if ¢ = 0, and moreover wa € Yjw|+1, the
set of first return words to a.

For all n,
kn—1
2" = (wg ... wg,—1) for some k, > 1, w; € A, and Z lw;| = pp;
§=0

That is, each 2™ can be decomposed into several first return words.
As Spé(x) = Sp¢/(x) for any periodic point with period m, ([£4]) implies
that for all first return word « with length longer than N,

sup Spmd'(z) < —me,.
z€|a

Letting Ag >r = {w € A, : |w| > k}, re-define the proportion function
similarly to (3.4,
C: {:1:1,...} — [0, 1],

n 1 !
((@") = — > |wl,
n{wém"(a)ﬂAa,>Na }

where Y again means that we count with multiplicity. Then repeating (3.5)
with r = €, this definition ensures lim, o ((z™) = 0 since otherwise we
contradict the property (£5]) of our periodic points. By the F-property, we
can define the function ¢, by

¢o(N) :=min{g € N:if w € A, and |w| < N then [w]; < g fori=0,...,|w| —1}.
The sequence of probability measures

pn—1

1
Up = — Z 50.jwn
PE =
satisfies limy, v, ([< ¢a(Ng)]) = 1. But since limg_,o S, = 0, we have a
contradiction to Lemma [3.5] hence such sequence of periodic points does
not exist. U

This concludes the proof of Theorem 2.71
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5. EXAMPLES

The conditions for our main results are weak, so there are many CMS sat-
isfying these, but in this section we focus on a set of examples which sim-
ultaneously represent a broad class of CMS for which our theory applies as
well as exhibiting edge cases which demonstrate the sharpness of our results.

Our examples take the form of ‘bouquet’ Markov graphs, see [Rull Ru2].
We note that we could have used other shift models, eg S-gap shifts, to
demonstrate the sharpness of our results, but the bouquet setup covers these
as well as all other topologically transitive CMS, as we note at the end of
Section

Some of the examples which inspired this work come from codings for dy-
namical systems, particularly in the case of interval maps f : [0,1] — [0, 1]:
here a subset Y C [0,1] is taken and some return time 7 : ¥ — N U {oco}
is chosen so that F' = f7, an inducing scheme defines a Markov map on
Y, ie., there is a partition {Y;}; such that 7|y, is some constant 7, and
F(Y;) is a collection of elements of this partition. We can associate bouquet
Markov graph to this, described in more detail below, which then defines
a shift, and we can take the potential ¢ : I — [—o00,00] and lift this to
the symbolic model. For example, such a coding can be done for general
multimodal maps of the interval, as shown in, for example, [BT2, Theorem
3], or more classical and specific inducing schemes like those given in [BLS]
(which include Collet-Eckmann maps). Note that our framework here does
not give new results in the specific setups in the references mentioned.

5.1. Bouquet setup. Following [Rull Ru2], let a : N — Ny with a(1) = 1.

We define our set of vertices as
o0

Vi={r}u U {fuZ”:lgiga(n), 1§k§n—1},
n=1
where all vertices with distinct labels above are distinct vertices. We call r
the root. For notational convenience write vy = v,”" = r. Then the only
allowed transitions in our Markov graph are v, inl for0<k<mn-1.
This defines a bouquet of loops: with a(n) disjoint simple loops (from r back
to r) of length n. The resulting shift space which we refer to as a bouquet
shift is ¥ = Xy it has a(n) periodic cycles of prime period n.

Below we will make various choices of (a(n)), and potentials ¢ : ¥y — R.
Our analysis will be via first returns to [r]. Note that [Rull Ru2] were
concerned with measures of maximal entropy (in which case we set ¢ =
—hiop(0)), rather than the more general setting of equilibrium states that
we are interested in here.

For various calculations in this section we must replace V with N. This can
be done by listing the elements of V' in the natural order, starting with 7.
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Before moving to more specific examples we prove a useful lemma, which
applies to all bouquet shifts.

Lemma 5.1. ho = limsup,_, = loga(n).

Proof. Suppose that limsup,, % log a(n) = log A\, which we may assume
is finite, as otherwise the conclusion is immediate. Then for € > 0 there is
C' > 0 such that for an infinite sequence of n € N,

1
6)\n(l—e) < a(n) < C«)\n(1+e)7
and indeed the upper bound holds for all n € N.

We first show that hoo > limsup,,_, % log a(n). Notice that for M,q € N,
if n is large enough so that (n + 1)M > 1 and so that any of the simple
loops of length n only intersect [< ¢] at the root 1 (for example if n > n,
where ¢ < 1% a(k)), we have z,(M,q) > a(n) > %)\"(1_5) for an infinite
sequence of such n, hence the required lower bound holds.

For the upper bound, let
Plq) :={ueX*:[u; <qfori=0,...Jul— 1 and ul € ¥4},
G(q) == {v e X : [v]o, v]jy-1 =1}

S(q) ={wex :[w); <qfori=0,...|lw|—1and 1w€2|w‘+1}

be the set of g-prefixes, g-good words, and g¢-suffixes respectively. Then any

cylinder [zg,...,z,] € B(n,M,q) can be decomposed so that zg,...,z, =
uvw where u € P(q),v € G(q),w € S(q).
Then

2n(M,q) < #{uvw € Xp1:uePveGweS

and#{OSiS\U\—lz[v]izl}gﬂ}

which can be bounded above by #P(q)#S5(q)z, (M, q) where

Mg < > ) alin) - ali)

k<n/M ii++ig=n
<cC Z Z A1) < oo nite) — o <2ﬁ)\1+e)"7

so taking appropriate limits, and noting that #P(q), #S(q) < oo, we obtain
hoo = log A. O



20 M. TODD AND B. ZHAO

5.2. (UCY)) is a weak condition. Here we will use a simple set of examples
to compare (UCS)) with other conditions of this type.

Set a(n) =1 for all n, (b’[rv?,l} = —nlog2 and ¢ = 0 otherwise. For the first

return map to [r] the induced potential ¢ : [r] — R, takes the value —n log 2
on the vertex corresponding to the loop of length n. Then

P(g)=log [ Y 2% = 0.

n>1

Since, moreover, Y - 3w < 00, ¢ is positive recurrent and has P(¢) = 0.

The system (Xy,0,¢) clearly satisfies (UCS) since for the periodic point
z, of prime period n, %anﬁ(mn) = —log2. On the other hand, the hy-

perbolicity condition as in [IR] [LR1] fails since for any n, there is a point
n,1 n,l

Yn € [P bt ] such that Sp¢(y,) = 0. Moreover, @A), (@) and (D)
also fail for the same reasons, as well as a condition like (CIJ) where orbits are
not assumed to start in a compact part. Finally, regarding the conditions
of [LSV], this would require » e, SUP,ec e?®) < 00 as well as a condition
like hyperbolicity to hold, both of which fail here.

We can modify the example to ¢|[vn,1 =T log 2 and 0 otherwise, to obtain
n—1

the same induced system as above, but here we see that we can fail (B]), as
well as condition like (CI]) where orbits are not assumed to end in a compact
part, whilst satisfying (UCS]). If we wished to fail all of these conditions
apart from ([UCS)), for a loop of length n we could put the weight halfway
along the loop.

Remark 5.2. If we wanted ¢ to be uniformly bounded, then the above ex-
amples can be smoothed out, eg putting weight —21log 2 on n/2 of the vertices
in the loop of length n (suitably adjusting for when n is odd).

5.3. Example the showing the sharpness of Theorem [4.1l. Here we
give a class of examples where (UCS)) holds, but 04 « + heo = 0 and (SPRI)
fails, so that the condition ¢ o + hoo < 0 in Theorem [.I]is necessary.

Let a(n) = 2" and C,3 > 0 to be chosen later. Now define ¢|,,] = log C,

qﬂ[mn,i} =logC'—nlog2— Slogn and ¢ = 0 otherwise (as in Remark [5.2] we
1

could also spread this potential out if desired).

First observe that Z,(¢,[r]) > C2"27"n™", so P(¢) > 0.

Taking the first return map to [r] the induced potential ¢ corresponding to
loops of length n takes the value log C' — nlog2 — Slogn. Then

P($) =log (CZa(n)e—"1°g2—m°g”> = log (C¢(B))
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where ( denote the Riemann zeta function. We use the ideas of Hofbauer
and Keller presented in [IT) Section 4.1], generalised to this setting (see also
the ideas of [Rull Table 1}).

(a) If B > 1 and we choose C' = 1/((/3) then the pressure of the induced
system is zero, ¢ is recurrent and P(¢) = 0.

(b) If 8 > 1 and C > 1/¢(B), or B € (0,1], then the pressure of the
induced system is positive and this is not interesting for our purposes
(note this would imply P(¢) > 0).

(¢) If B >1and C < 1/¢(B) then ¢ is transient and P(¢) = 0.

We will now assume that we are in case (a).

Since

Czna(n)e—nlog2—ﬁlogn — CZ nl—ﬁ7
n n

the system is positive recurrent, and we have an equilibrium state p4 here if
B >2 (if B € (1,2] then ¢ is null recurrent), and a conformal measure my.
Since hygp (o) must solve

1= Z a(n)e‘"ht"?’(") = Z onenhior()

n
we see that hy,(0) = log 4.

The fact that ho = log 2 follows from Lemmal5.Il We next show that d¢ o =
—log 2. That z,, 4(M, q) > —log 2+ (log C+Blogn) for n+1 > M and n >
ng is immediate from the definition, so z, 4(M,q) > —log2. For the upper
bound, the proof is similar to, though simpler than, that of LemmaB.1} if we
consider v € G(q) as defined there, then for = € [v], ‘—11)‘5‘1,@(:17) < —log2 and
since the finite behaviour contributed by any prefixes and suffixes disappears
in the limit, 0 o = —log2 and 0 04 00 + hoo = 0.

We see here that Z3(¢,r) = C/n” so (SPR) fails. Hence Theorem BT is
sharp in the sense that we can satisfy (UCS), but if 4 o + hoo < 0 does not
hold then we can fail (SPRI). Note also that if ¢ was null recurrent or, as
in case (c) above, transient, we would also fail these conditions in a more
dramatic way.

5.4. Infinite entropy case. If hy,(0) = 00 then hoy = 00, 50 hoo +9p.00 <

0 doesn’t make sense, and anything can happen. For example, take a(n) =

22" and set Pl = logC, qﬁ\[mn,i} = logC — 2"log2 — ¢(n) and ¢ = 0
1

otherwise, where limsup,, £ log [¢)(n)| < co and C is chosen so that P(¢) =
0. Then we can easily ensure (UCS]) by making ¢ not large for small n, but
we can also pick 1(n) so that the system satisfies SPR, or choose it so that

it doesn’t.
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5.5. Relation of bouquets to inducing schemes and general shifts.
At the beginning of this section we described interval maps (I, f) with an
inducing scheme (Y = U;Y;, ' = f7). If we have F(Y;) = Y for all i,
which is the case for the examples mentioned above, then we identify Y
with r, let a(n) be the number of j with 7; = n, and associate a loop

T U?’Zj — U;’Zj = vijl — r with each such j.

We can project a sequence (xg,z1,...) € X to x € I by a projection

as follows. Suppose that = € Y has F(z) € [rv?"i‘] for all £ > 0 some
ng,i¢. Then there will be a corresponding sequence (xg,x1,...) € X given

by (r, U?O’ZO,USO’ZO,...,fuzgfol,r, v, ... So let w(zo,x1,...) = x here. If

T = 'UZ’Zj for £ > 1 then consider y € Y the projection of the sequence
(r, v?’zj, e ,vgfji,xo,xl,...) and let 7(zg,z1,...) = f*(y).

If ¢ : I — [—00,00] is a potential, then this lifts to a potential on the
bouquet shift ¢ o w. The regularity of the lifted potential depends on the
regularity of the original one and the choice of inducing scheme. For some
specific cases of multimodal maps where ¢ = —log|Df| and there is an
inducing scheme so that ¢ lifts to a potential of summable variation, see
for example [BLS, Proposition 4.1] which considers multimodal maps with
different rates of growth of derivative along critical orbits. In this case
Collet-Eckmann maps yield symbolic models satisfying (UCS]) along with
our other equivalent properties, while non-Collet-Eckmann maps fail all of
these.

We can extend a version of the coding used above for any topologically
transitive CMS (X, 0): we can pick a 1-cylinder and take first returns to it
and then use the induced system to recode the system via a bouquet with
the root being the 1-cylinder selected. Hence the bouquet setup captures
the behaviour of any topologically transitive CMS.

REFERENCES

[BLS] H. Bruin, S. Luzzatto, S. van Strien, Decay of correlations in one-dimensional
dynamics, Ann. Sci. Ecole Norm. Sup. (4) 36 (2003) 621 646.

[BT1] H. Bruin, M. Todd, Equilibrium states for interval maps: potentials with sup ¢ —
inf ¢ < htop(f), Comm. Math. Phys. 283 (2008) 579-611.

[BT2] H. Bruin, M. Todd, Equilibrium states for interval maps: the potential —tlog|Df|,
Ann. Sci. Ec. Norm., Supér. (4) 42 (2009) 559-600.

[B] J. Buzzi, Puzzles of quasi-finite type, zeta functions and symbolic dynamics for
multi-dimensional maps, Ann. Inst. Fourier (Grenoble) 60 (2010) 801-852.

[CS] V. Cyr, O.M. Sarig, Spectral Gap and Transience for Ruelle Operators on Count-
able Markov Shifts, Commun. Math. Phys., 292 (2009) 637-666.

[DKU] M. Denker, G. Keller, M. Urbariski, On the uniqueness of equilibrium states for
piecewise monotone mappings, Studia Math. 97 (1990) 27-36.

[DT] N. Dobbs, M. Todd, Free Energy and Equilibrium States for Families of Interval
Maps, Mem. Amer. Math. Soc. 286 (2023), no.1417.



[Ru2]
[RS]
[S1]
[S2]

(3]

COUNTABLE MARKOV SHIFTS WITH EXPONENTIAL MIXING 23

F. Hofbauer, G. Keller, Equilibrium states for piecewise monotonic transforma-
tions, Ergodic Theory Dynam. Systems 2 (1982) 23-43.

I. Inoquio-Renteria, J. Rivera-Letelier, A characterization of hyperbolic potentials
of rational maps, Bull. Braz. Math. Soc. (N.S.) 43 (2012) 99-127.

G. Iommi, T. Jordan, M. Todd, Recurrence and transience for suspension flows,
Isr. J. Math. 209 (2015) 547-592.

G. Iommi, M. Todd, Transience in dynamical systems, Ergodic Theory Dynam.
Systems 33 (2013) 1450-1476.

G. Tommi, M. Todd, A. Velozo, FEscape of entropy for countable Markov shifts,
Adv. Math. 405 (2022), Paper No. 108507.

G. Iommi, A. Velozo, The space of invariant measures for countable Markov shifts,
J. Anal. Math. 143 (2021) 461-501.

H. Li, J. Rivera-Leterlier, Fquilibrium states of interval maps for hyperbolic poten-
tials, Nonlinearity 27 (2014) 1779-1904.

H. Li, J. Rivera-Leterlier, Equilibrium states of weakly hyperbolic one-dimensional
maps for Hélder potentials, Comm. Math. Phys. 328 (2014) 397-419.

T. Nowicki, D. Sands, Non-uniform hyperbolicity and universal bounds for S-
unimodal maps, Invent. Math. 132 (1998) 633—680.

C. Liverani, B. Saussol, S. Vaienti, Conformal measure and decay of correlation for
covering weighted systems, Ergodic Theory Dynam. Systems 18 (1998) 1399-1420.
J. Rivera-Letelier, Asymptotic expansion of smooth interval maps, Astérisque
(2020), 416 33-63.

S. Ruette, On the Vere-Jones classification and existence of mazximal measures
for countable topological Markov chains, Pacific J. Math. 209 (2003) 366—-380.

S. Ruette, Transitive topological Markov chains of given entropy and period with
or without measure of maximal entropy, Pacific J. Math., 303 (2019) 317-323.

R. Riithr, O.M. Sarig, Effective intrinsic ergodicity for countable state Markov
shifts, Isr. J. Math. 251, (2022) 679-735.

O.M. Sarig, Thermodynamic formalism for countable Markov shifts, Ergodic The-
ory Dynam. Systems, 19 (1999) 1565-1593.

O.M. Sarig, Phase Transitions for Countable Markov Shifts, Comm. Math. Phys.
217 (2001) 555-577.

O.M. Sarig, Existence of Gibbs measures for countable Markov shifts, Proc. Am.
Math. Soc. 131 (2003) 1751-1758.

MATHEMATICAL INSTITUTE, UNIVERSITY OF ST ANDREWS, NORTH HAUGH, ST AN-
DREWS, KY16 9SS, SCOTLAND

Email address: m.todd@st-andrews.ac.uk

URL: https://mtoddm.github.io

MATHEMATICAL INSTITUTE, UNIVERSITY OF ST ANDREWS, NORTH HAUGH, ST AN-
DREWS, KY16 9SS, SCOTLAND

Email address: bz29@st-andrews.ac.uk



	1. Introduction
	2. Definitions and main theorems
	2.1. Countable Markov Shifts, basic setup
	2.2. Pressure, recurrence and contraction
	2.3. Main Theorems
	2.4. Other conditions on contraction

	3. Proof of Theorem 2.6
	4. Proof of Theorem 2.7
	5. Examples
	5.1. Bouquet setup
	5.2. ([UCS]UCS) is a weak condition
	5.3. Example the showing the sharpness of thm:CI-SPR
	5.4. Infinite entropy case
	5.5. Relation of bouquets to inducing schemes and general shifts

	References

