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Gibbs states for non-irreducible countable Markov shifts
by

Andrei E. Ghenciu (Ada, OK) and Mario Roy (Toronto)

Abstract. We study Markov shifts over countable (finite or countably infinite) al-
phabets, i.e. shifts generated by incidence matrices. In particular, we derive necessary and
sufficient conditions for the existence of a Gibbs state for a certain class of infinite Markov
shifts. We further establish a characterization of the existence, uniqueness and ergodicity
of invariant Gibbs states for this class of shifts. Our results generalize the well-known
results for finitely irreducible Markov shifts.

1. Introduction. Symbolic dynamics has been a subject of scrutiny for
more than a century. Symbolic systems are fundamental as they can be used
to encode information and since they are often embedded into more gen-
eral dynamical systems. Among all symbolic systems, shifts and especially
Markov shifts have drawn the interest of a great many mathematicians (see,
for instance, [4] and [3]). Given an incidence matrix A : E? — {0, 1}, where
F is a finite or countably infinite alphabet, we study the dynamics of the
shift map, which acts on the space EY° of all one-sided infinite sequences of
letters so that A equals 1 on all pairs of consecutive letters. The action of
the shift map consists in removing the first letter of every word and shifting
each of the remaining letters one place to the left. The resulting dynami-
cal system is called a Markov shift. Depending on the cardinality of F, the
system is called finite or infinite.

Finite Markov shifts have been studied for a long time. More recently,
infinite systems have caught attention. In an overwhelming majority of in-
stances, irreducible shifts have been examined (see, among others, [1] in the
finite case and [0] in the infinite case). In this paper, we shall be especially
interested in non-irreducible Markov shifts, i.e. Markov shifts that can be
split in some sense. To study these systems, we need to pay close attention
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to their irreducible components, as well as their isolated letters. Such sys-
tems have been scarcely investigated in the past (see, for instance, [7], [2]
and [§]).

Our aim is to provide a characterization of the existence of Gibbs states,
as well as to give necessary and sufficient conditions for the existence, unique-
ness and ergodicity of invariant Gibbs states, for a certain natural class of
infinite Markov shifts when subject to Hélder continuous potentials.

The question about invariant states was solved by Bowen [I] in the topo-
logically mixing (also called irreducible) case for subshifts of finite type. For
topologically mixing countable Markov shifts, Mauldin and Urbaiski [6] and
Sarig [9] proved that a necessary and sufficient condition for the existence of
an invariant Gibbs state is that the incidence matrix be finitely irreducible
(cf. Theorem 2.2.6 in [6]). This Gibbs state is unique, ergodic, and even
completely ergodic when the matrix is finitely primitive (cf. Theorems 2.3.3
and 2.2.4 in [6]).

In Section [2] we present some preliminaries on Markov shifts. In Sec-
tion [3] we define the notion of normalization for boundedly super- and sub-
multiplicative sequences of real numbers. In particular, we prove that the
normalization of a boundedly supermultiplicative and boundedly submulti-
plicative sequence is bounded. We also provide some bounds for the nor-
malization sequence. Furthermore, we define normalized partition functions
(see Definition . In Section {4| we introduce the concepts of connected
and strongly connected components of a system, and we establish a partial
ordering on the latter. This ordering is a one-way communication between
strongly connected components. We further define the notion of isolated
letter and finitely linked isolated letters. In addition, we give sufficient con-
ditions for the existence of a component of maximal pressure for some class
of Markov shifts (see Proposition [4.10), which includes all finite Markov
shifts. Finally, in Section |5 we describe the conditions under which Gibbs
states exist (see Theorem and under which invariant Gibbs states exist,
are unique and are ergodic (see Theorem for a natural class of Markov
shifts, which includes all finite Markov shifts. To do so, we derive a series of
results, most of which revolve around the boundedness (resp. the unbound-
edness) of the normalized partition functions. Furthermore, we point out
conditions under which non-irreducible infinite Markov shifts do not admit
any Gibbs state (see Propositions and |5.11]).

2. Preliminaries on Markov shifts. Let F be a finite or countably
infinite set. We shall think of E as an alphabet. The elements of E will
thereafter be called letters. Let A : E?> — {0,1} be a 0-1 matrix, also called
an incidence or transition matriz. Let

EY ={weE*: A =1,Vn>1}

WnWn+1
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be the set of all infinite one-sided A-admissible words. For each n > 1, we
will denote by E7} the set of all blocks of n consecutive letters appearing
in words in E%°, also called A-admissible n-words. The word e, called the
empty word, is by convention the only A-admissible word of length 0. Thus,
E9 = {€}. We shall further denote by E?% the set of all finite A-admissible
words, i.e. % = J,,>o £%- We will, throughout this paper, assume that the
matrix A has at least one positive entry in each of its rows and in each of
its columns.

Given w € E} UEY, we denote by |w| the length of w. For w € £} UEY
and 1 <n < |wl|, let

Wp =w1...wy

denote the initial n-subword of w. In particular, note that w|| = w. Fur-
thermore, we shall denote by
w]={r€ EY: T||w| =w}

the set of all infinite A-admissible words whose initial subword is w. Such
a set is often called a cylinder. Given w,7 € £ U EY, we define w A 7 to
be the longest initial subword common to both w and 7. For every a > 0
we define a metric d, on EY by setting dy(w, ) = e~*“ 7. These metrics
are all Holder equivalent and therefore induce the same topology and Borel
o-algebra. In fact, the induced topology has for base the cylinders. Moreover,
a function is continuous (resp. uniformly continuous) with respect to one of
these metrics if and only if it is continuous (resp. uniformly continuous)
with respect to all. A function is Holder continuous with respect to one of
these metrics if and only if it is Holder with respect to all. The Hélder order
depends on the metric, though. If no metric is specified, we shall take it to
be di. The following result is obvious.

LEMMA 2.1. A function f : E — R is Holder continuous with exponent
or order o > 0 if and only if
Va(f) :==sup Von(f) < oo,
n>1

where
Van(f) = sup{|f(w) — f(7)[e"" :w,7 € EF, |w A 7| > n}.

The dynamics on E will be governed by the (left) shift map o :
EY — EY which acts on every word by throwing away its first letter. The
couple (o, EY) is called a Markov shift. It is said to be finite if E is finite,
and infinite if E is infinite. The incidence matrix A is said to be irreducible
if there is a set 2 C E’ such that for every ej, ez € E there exists a word
w = w(er,ez) € {2 such that ejwes € E%. The matrix A is called finitely
irreducible if there exists a finite set {2 with the above property. Of course,
the concept of finite irreducibility coincides with that of irreducibility when
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FE is finite. Irreducibility of A is equivalent to saying that o is topologically
mizing, i.e. for any two non-empty open subsets U,V of EY there exists
n > 1 such that c™(U) NV # .

It is also fundamental to recall that the ergodic sums of every Holder
continuous function f : E}® — R exhibit a bounded variation. Remember
that the nth ergodic sum of f, also called the nth partial orbit sum of f with
respect to o, is the function (cf. [10], [6]) defined as

n—1
Suf=> fodl.
j=0

These sums obey the following principle of bounded variation.

LEMMA 2.2, Let f : EY — R be a Holder continuous function. There
exists a constant K = K(f) > 1, called a constant of bounded variation
for f, such that for every w,7 € EY and 1 <n < |w A 7| we have

K~ exp(S,f (7)) < exp(Spf(w)) < K exp(Suf(7))-
Functions f : EY — R are sometimes called potentials.

DEFINITION 2.3. A potential f: EY — R is said to be summable if

> exp(sup(f|i)) < o
eclk
Notice that if E is finite, then every continuous potential is summable
since Y is then compact.
Given F C FE, we let

Fr={weEY :w, € F,Yn>1}
be the set of all infinite A-admissible words consisting exclusively of letters

from the subalphabet F'. Given a potential f : EF® — R, we define the
nth(-level) partition function of f|pe by

Zn,F(f) = Z eXp(Sup(Sanme])),

weF}
where [wWNF] := [w]NF{°. To alleviate notation, in the case F' = E we simply
omit E. Notice that Z,, g(f) < Z,, r(f) for all n > 1 whenever G C F. Note
further that f is summable if and only if Z;(f) < oco. It is also easy to show
that the sequence (Z,, p(f))n>1 is submultiplicative and hence the following
definition makes sense. The topological pressure of f with respect to the shift
map o : F'3° — F3° is defined as
Pr(f) = lim llog Znr(f) = inf llog Znr(f).
n>1ln

n—00 7,

In particular, note that Pg(f) < Pp(f) whenever G C F. Observe also that
P(f) < oo whenever f is summable.
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The following theorem is a characterization of the topological pressure
as a Poincaré exponent. This is Theorem 2.1.3 in [6].

THEOREM 2.4. For every function f : F3° — R, we have

Pr(f) = inf{t eR: Z exp(sup(S|w|f‘[MOF]))e*tlw\ < oo}

welFy

Notice that Pp(f) > —oo if f[rs is bounded from below or is Hélder
continuous and F'3° has a periodic point. In particular, note that —oco <
Pr(f) < oo if f is continuous and F is finite. Finally, note that if f is
summable, Holder continuous and F'3° has a periodic point, then —oo <
Pp(f) < P(f) < co.

Moreover, the topological pressure of a finitely irreducible shift is equal
to the supremum of the topological pressures of its finite subshifts. This is
Theorem 2.1.5 in [6].

THEOREM 2.5. For every Holder function f : E — R and finitely
irreducible matriz A, we have

P(f) =sup{Pr(f): F is a finite subset of E}.
We now turn our attention to measures.

DEFINITION 2.6. A Borel probability measure m on E° is called a Gibbs
state for f : E® — R if there exist constants Q > 1 and P, € R such that
for every w € E% and for every 7 € [w] we have

-1 m([w})
1) @S G ) - B)) =@

If, in addition, m is o-invariant, then it is called an invariant Gibbs state.

REMARK 2.7. The sum Sy, f(7) in can be replaced by sup(S|,f|)
or by inf(S),,fli.)).- Note also that if m is a Gibbs state and p and m are
boundedly equivalent measures, i.e. there is some B > 1 so that B~! <
p(jw])/m(jw]) < B for all w € E%, then u is a Gibbs state for the function f
too.

The following result is Proposition 2.2.2 in [6].

PROPOSITION 2.8. For every Gibbs state m, we have P, = P(f). Fur-
thermore, any two Gibbs states for the function f are boundedly equivalent,
with Radon—Nikodym derivatives bounded away from zero and infinity.

Finally, we remind the reader of a well-known situation in which a Gibbs
state is guaranteed to exist. Note that the existence of a Gibbs state implies
that f must be summable. The next result is Corollary 2.7.5(c) in [6].
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THEOREM 2.9. Suppose that f : E — R is a summable, Holder contin-
uwous potential and that the incidence matrix A is finitely irreducible. Then
f admits a unique o-invariant Gibbs state.

3. Super- and submultiplicative sequences of real numbers. Re-
call that a sequence (a,)n>1 of positive real numbers is said to be boundedly
submultiplicative with constant B > 0 if

Umin < Bapay

for all m,n > 1. If B = 1, then the sequence is simply said to be submulti-
plicative.

Similarly, a sequence (ay)n>1 of positive real numbers is said to be bound-
edly supermultiplicative with constant C' > 0 if

—1
C™ aman < amyn

for all m,n > 1. If C = 1, then the sequence is simply said to be supermul-
tiplicative.
The following result is due to Fekete (for a proof, see Theorem 4.9 in [10]).

THEOREM 3.1. If (an)n>1 s a boundedly submultiplicative sequence with
constant B, then

.1 !
nlgn;@ ﬁlog an = %gfl Elog(Ban).

The limit may be —oo but if inf,>1 a, > 0, then the limit is non-negative.
The counterpart to this result is the following.
THEOREM 3.2. If (an)n>1 5 a boundedly supermultiplicative sequence

with constant C, then

1 1
lim — loga, = sup — log(C'ay).
n—oo N n>1 n
The limit may be oo but if sup, > a, < 0o, then the limit is finite.
We now introduce a concept of normalization for boundedly super- or
submultiplicative sequences.

DEFINITION 3.3. The normalization of a boundedly super- or submulti-
plicative sequence (ay)n>1 is the sequence (&, )n>1, where

1
Prnand P = lim —logan.

n—oo N

Ay = ape

Observe that the normalization of a boundedly submultiplicative se-
quence (an)n>1 is a boundedly submultiplicative sequence with the same
constant B and that

.1 _ L1 -
lim —loga, = 71115 . log(Bay,) = 0.

n—oo n
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Similarly, the normalization of a boundedly supermultiplicative sequence
(an)n>1 is a boundedly supermultiplicative sequence with the same con-
stant C and ) )

lim — loga, = sup — log(C~ta,) = 0.

n—oo n n>1 "M

THEOREM 3.4. The normalization (an)n>1 of a boundedly supermulti-

plicative and boundedly submultiplicative sequence (an)n>1 of positive num-
bers such that —oo < P < 00 is a bounded sequence. More precisely, it is
bounded from below by B™', where B is any constant of submultiplicativity,
and from above by any constant C' of supermultiplicativity.

Proof. Let (an)n>1 be a sequence such that
C_laman < @min < Bapay
for all m,n > 1 and such that —oo < P := lim,_sn 'loga, < co. Let
n = ane ™. Then

1 1 1
lim —loga, = inf —log(Bay,) = sup — log(C~'a,) = 0.
n—o00 N n>1ln n>1n

Thus, C~'a, <1< Ba, foralln >1,ie. B! <a,<Cforalln>1.u

It is well known that the partition functions (Z,(f))n>1 form a sub-
multiplicative sequence of positive real numbers. We shall now prove that
the partition functions of a finitely irreducible Markov shift are boundedly
supermultiplicative. This is a generalization of Proposition 2.3(v) in [8].

PROPOSITION 3.5. Let 0 : E® — EY° be a finitely irreducible Markov
shift under a summable, Hélder continuous potential f : EY — R. Let
2 C % be a finite set which witnesses the irreducibility of A and denote
by Eq the set of all letters in words of 2. Then there is a constant K > 1
such that

K™ Zo 5 () Zn,p () < Zinin i (F) < Zim, o (£) Zn, ()
forall m,n>1 and all FF O Eq,.

Proof. Let Ep C F C FE. The submultiplicativity of the partition
functions (Z, p(f))n>1 is well known and holds for any Markov shift o :
F3 — F3°. For instance, it has been proved in Lemma 2.1.2 of [6]. To prove
the bounded supermultiplicativity, let p = min{exp(sup(S|y|fljwnzg])) :
w e 2} and A = max{|w| : w € 2}. Then p > 0 and A\ < oco. For every
couple (e, e2) € F? let w(ey,ea) € 2 be such that ejw(e, ea)es € F. More
generally, for every couple (7,x) € (F3)? define w(r,x) := w(7)-, x1)- Fix
m,n > 1. The map

A
LiFR x Fi = | PR (r,x) = mw(m x)x,
k=0



238 A. E. Ghenciu and M. Roy

is clearly injective. Then

T2 (1) Znp(F) = > D exp(sup(Smflirnr))) exp(sup(Snflynr)

TEF XEFY

< Y0 Y exp(sup(Smflirnr))

TEFY xXEF}
x p~ " exp(SUp(Siw(r) | f [ w(rnF))) €XP(SUD(Sn fljyar)))

<p! Z Z K2 exp(sup(Sji(r) | fli(r0nr))

TEFY XEFY

A
<K%t Z Z eXp(SuP(Sm+n+kf’[wﬂF]))

k=0 wEFIg"‘*'"'HC

N A
= K%' Z Tk r(f) < K2p~! Z Zyp (£) Zmen,p(f)
k=0 k=0

< KQP_I()‘ + 1) max{l, (Zl(f)))\}zm—i-n,F(f) = KZm—i—n,F(f)a
where K is a constant of bounded variation for the Holder potential f. Note
that K < oo since f is summable. This establishes the bounded supermulti-

plicativity. Finally, observe that K depends only on K, p, A and Z;(f), and
these latter depend solely on f and 2. Thus, K is independent of F'. =

The preceding proposition states that all the sequences (Z, p(f))n>1,
F O FEg, share a common constant of bounded supermultiplicativity and
submultiplicativity (i.e. independent of F' O Eg). This observation will later
play a crucial role.

The normalization of the partition functions will play an important role
as well.

DEFINITION 3.6. Let f : E® — R be a potential. For every n > 1 and
FCE, let
W (f) = Zop (e "0,
This quantity will be called the nth(-level) normalized partition function
of f ’Fjo-

Again, we shall drop the subscript F' when F' = E. This definition and
terminology are justified by the fact that replacing the original nth partition
function by the corresponding normalized one brings the pressure of the
system to 0. Indeed, lim,_,oc ' log Wh.r(f) =0.

The following result states that the sequences (W, r(f))n>1, F' 2 Eq,
share a common constant of bounded supermultiplicativity and submulti-
plicativity, as well as common lower and upper bounds (i.e. independent of
F D Ep).
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COROLLARY 3.7. Leto : E — E° be a finitely irreducible Markov shift
under a summable, Holder continuous potential f : E® — R. Let {2 C £
be a finite set which witnesses the irreducibility of A and denote by Eq the
set of all letters appearing in words of 2. Then

L<Wyp(f) <K
for alln>1 and F D E, where K is the constant from Pmposition

Proof. This result follows directly from Proposition [3.5]and Theorem
and the fact that —oo < Pp(f) < oo since f is summable, Holder continuous,
and F'3° has a periodic point due to the irreducibility of A|pxr. =

4. Connected components of Markov shifts. When studying non-
irreducible Markov shifts, we need to pay close attention to their strongly
connected components and their isolated letters. Let us define these con-
cepts, which have appeared in a more rudimentary form in [7], [2] and [§].

DEFINITION 4.1. A letter e; € E leads to a letter es € E provided there
exists w € £’ such that ejwes € E7. Equivalently, we say that ez follows e;.

Next, we define the concept of connected component.

DEFINITION 4.2. A subset C C FE of letters is called a connected com-
ponent of E if for any two letters ej,es € C there exists w € (7 so that
eiwey € (7. Equivalently, C' is a connected component of F if and only if
the matrix A|q2 is irreducible, i.e. U‘Ci‘o is a topologically mixing subshift
of o.

The largest connected components are said to be strongly connected.

DEFINITION 4.3. A connected component C of F is called strongly con-
nected if C' is maximal in the set-theoretic sense, that is, in the sense of
inclusion. In other words, E does not have a component that strictly con-
tains C'.

Note that the strongly connected components of E are mutually disjoint.

DEFINITION 4.4. A connected component C' is said to lead to a letter e
if there is some letter in C' which leads to e. Equivalently, we say that e
follows C. A connected component C' is said to follow a letter e if there is
some letter in C' which follows e.

In particular, a component C leads to and follows each of its letters from
within itself.

DEFINITION 4.5. A connected component C1 is said to lead to a con-
nected component Cy if some letter in C7 leads to some letter in Cy. Equiv-
alently, we say that Cy follows C1.
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This defines a partial order on the set of all strongly connected compo-
nents of E. In particular, note that if a strongly connected component C
leads to another strongly connected component Cs, then C5 cannot lead
to Cl.

DEFINITION 4.6. Two connected components are said to communicate
if one of them leads to the other.

This implies a one-way communication between distinct strongly con-
nected components.

DEFINITION 4.7. A letter is called isolated if it does not belong to any

(strongly) connected component. The set of isolated letters will be denoted
by I.

DEFINITION 4.8. The alphabet E will be said to have finitely linked
isolated letters if there is a finite set £ C I} such that for every e € I there
is a component C/(e), a letter 5(e) € C(e) and a word 7(e) € L such that
et(e)B(e) € EY.

The components of maximal pressure will play a crucial role.

DEFINITION 4.9. A connected component C is called a component of
mazimal f-pressure if Po(f) = P(f).

We now prove that some class of Markov shifts, including all finite
Markov shifts, admit at least one component of maximal pressure. Note
that under our standing assumption that the matrix A has a 1 in each of
its rows, every finite Markov shift has at least one and, of course, at most
|E| strongly connected components. Infinite Markov shifts might not have
any such component, though. The hypothesis in the following proposition
prevents this from happening. It is also worth mentioning that the following
result generally does not hold if condition (iii) is not satisfied. This result is
inspired from Theorem 3.11 and Corollary 3.15 in [g].

PrOPOSITION 4.10. Let 0 : EY — EY be a Markov shift under a
summable, Hélder continuous potential f : E — R such that

(1) f has finitely many strongly connected components;
(i) all strongly connected components are finitely irreducible;
(iii) words consisting solely of isolated letters are uniformly bounded in
length.
Then
P(f) = max{Pc(f) : C is a strongly connected component of E'}
=max{Pc(f) : C is a connected component of E}.
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Proof. We need only prove that P(f) < maxc Po(f) since the con-
verse is clearly true. The fact that words consisting solely of isolated letters
are uniformly bounded in length ensures that the system has at least one
strongly connected component. Let C' be a strongly connected component

such that
(4.1) P#(f) = max{Pc(f) : C is a strongly connected component}.

Since C is finitely irreducible, Proposition asserts that there exists a
constant Kz > 1 such that

42)  Z,5NZ,5(f) < KgZpino() < KaZ, a2, 5(f)
for all m,n > 1. Let € > 0. There exists N > 1 such that

(4.3) Z,e(f)e" = Zno(f)

for all n > N and all C. Let k be the number of strongly connected compo-
nents and B the maximal length of words consisting of isolated letters only.
Let n > (k+1)(B+ N). In particular, this implies that there are no n-words
consisting solely of isolated letters, i.e. every n-word must visit at least one
component. Then

(4'4) Zn(f) = Z exp(sup(S|w|f|[w}))

weEY}

= > exp(sup(Sjy| fliw)))-

k=1 wekE"; visits exactly
k components

Consider the set of all w € E} which visit the k strongly connected com-
ponents Cy,...,C1, and no others. In order for this set to be non-empty,
the components Cy,...,C1 must form a subchain of a one-way commu-
nication chain. Then there is a unique way of writing w as a concatena-
tion

w = BEFD oK) k) o (k=1) g(k=1)  (2) 3(2) (1) (1)
where 3U) € I’ and al9) € (C})*. Note that some (possibly all) of the 300)
may be the empty word e. For (sub)words consisting of isolated letters only,
we have the following fact.

LEMMA 4.11.

Z exp(sup(S)3/flig)) Z(Z exp(sup(f“m)))i =L < 0.

Ber; 1=1 pgel

S}



242 A. E. Ghenciu and M. Roy

Proof. Indeed,

'Mw

@
Il
—

®

> exp(sup(Sjs flis)

el

> exp(sup(Sjs fljg))) =

Bery

s

IN

.. Z exp(sup(fhgl])) e GXP(SUP(f‘[BJ))

el Biel

Z exp(sup(f| B])))i < o0
sel

1 1

N
Il
i

/\Q

since f is summable. m

We now continue the proof of Proposition 4.10} Since |5)| < B for all ,
we have n > Z;?:l a9 >n — (k+1)B. Therefore

(4.5) > exp(sup(Sifliw))
weET visits
Ck,...,C1 only
k+1
SH 2 exp(sup(Sm(i)|f|[5<¢)}))

=1 g er*
A
k

Z H exp(sup(S|,oflja1))

(a®),.., a(1>)€(0k) X% (C1)% =1
n>yk_ Ia(”lzn (k+1)B

= (Z eXp(Sup(Smf![ﬁ])))k+1

Ber;
k
Z H exp(sup(So ) fljat]))
(@®),..., DYE(C)% X% (Cr)% =1
n>Z 1 |a(3)|>n (k+1)

k
< [kt Z Z Hexp(sup(5|a<¢)‘f|[a(z‘>])).

=1 (a®,. a(l))E(Ck) X% (C1)% =1
n>35 [0l |2n—(k+1)B
with exactly I a(9)’s such that |a () |<N

Recall that there are (]f) combinations of [ components among k. For any
such combination, the I chosen components form a unique subchain Cj, , .. .,

Cjk—(l—l)' Similarly, the remaining & — [ components constitute a subchain

jk—l"“’le'



G'ibbs states 243

For any component (and in particular for the I chosen components), we
have the following estimate.

LEMMA 4.12. For every component C we have

N-1
> exp(sup(Siaiflia)) < K D> (Z1(f))' =: Z < <.
i<k
Proof. Indeed,
N—1
> exp(sup(Sia flia) < Y KZio(f)
acCH =1
\Oc€|<c]<‘f
N-1 N-1 ‘
<K ) Zi(f) <K ) (Z1(f) <oo
=1 =1

since f is summable. =
For the remaining k¥ — I components, we have the following estimate.
LEMMA 4.13. For any m < M and 1 < s <k — [, we have
S
> [T exp(sup(S| 000, fljat)

(alis) . ,al)e(Cy )% x % (Cy, )% =1
M>373_, [ald|>m

) |>N, Vi o M
< KSKEIMeME N " 7 o(f).
r=m
Proof. When s =1 we deduce, using (4.3)), that
M
> exp(sup(Sjqn i) = Y. KZgo, (f)
Oé(jl)G(le)jZ; g=max{m,N}
M>|alD)[>max{m,N}
M . M
<Y 2l < KRIMEE S 7,000)
g=max{m,N} r=m

Suppose now that the statement holds for some 1 < s < k —[. Using (4.3)
and (4.2), we obtain
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s+1

Z H exp(sup(S"am)lf\[am)]))
(@ls+1) . aUD)E(C;, )3 %% (Cyy )y =
M2 |alid) | >m
|ald)| >N, Vi

M—sN
= Z Z exp(sup(Sla(jSH)‘f|[a(a‘s+1>]))

p=N a(js+1)e(cjs+1 )i

s
Z HeXp(sup(S|a(ji)\f’[a(jﬁ}))
(a(j5)7._7 Jl))e(c ) N X(CJI)Az 1
M—p>>"7 |a(31)\2max{m —p,sN}
‘a(]'i)|ZN7Vi
M—sN

Z Kvastﬂ (f)
=N

S
Z HeXp(SUP(Sm(ji)\f|[a(j¢>}))
(a(js>’...7a(j1))€(c § )i X(Ch)* i=1
M—p>Y5, [0l >max{m—p,sN}
|aUd)| >N, Vi

IN

M—sN
Y KZ,a(f)e KK (M —p)* M2
p=N
M—p

Z qu(f)

g=max{m—p,sN}

IN

M—sN D
< KPR et leMe N Y. ZeNZ,z(f)

p=N g=max{m—p,sN}

= KSHK%_I S MeleMe Z Z KgZyyq0(f)
p=N g=max{m—p,sN}

M
§K5+1K%_1-M8_16M€'K6(M—( N +1) ZZ
r=m

M
17 M
SKKS - MM Z o(f). m
r=m
We now resume the proof of Proposition [£.10] It follows from the previous
two lemmas that
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k
(4.6) > [T exp(sup(S o0 fliat)
(aUk) ,...,a(jl))G(Cjk)*A XX (Cj1 )% =1
n>3F el | >n—(k+1)B
|aUd) | <N, Vi>k—1,|al) | >N, Vi<k—I

l
- H( Z eXp(Sup(S‘a(jk—lJri)|f|[a<jkfl+i>}))>
i=1 a(jk*l+i)€(cjk,l+i)f4

Uk—144) |« N
|o < ot

> [T exp(sup (S0 flat0))

(@lk=), . alD)e(Cyy )i xx(Ciy)5 "=

n>3 5 106D [>n—(k+1) B-I(N-1)

@l >N, Vi<k—1
k—I
l
=z ) [T exp(sup(S|,00Flat0))
(alk=0 . aUD)E(Cy, ) ix-x(Cy)5 =1
n>3 ! 1aUd) | >n—(k+1) B-I(N-1)
|lalid) | >N, Vi<k—I

< Zlkalf{%—l—l . nkflflens Z Zr,é(f)
r=n—(k+1)(B+N)
< max{1, Z8} (K Kg)" - nfe™ > Z, = (f)

r=n—(k+1)(B+N)

=: K -n"e™ Z Z,a(f).

r=n—(k+1)(B+N)

Since there are ];) < k! < k! combinations of | components among k, we
deduce from (4.5)) that

> exp(sup(Si fliw))

weE" visits n
only Cy,...,C1 1 15 o ne B
< max{l, L"" }rr!K - n"e Z, &(f)

r=n—(k+1)(B+N)

As there are at most (’,’2) < k! combinations of £ components among a grand
total of k, we conclude that

> exp(sup(Siw| fliw)))

weE" visits exactly

n
k components

< k!max{l, L”H}mi!.f( -ne Z er(f)'
r=n—(+ D(B+N)
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It follows from (4.4]) that

Zn(f) < K2(r))? max{l,L"“"l}K -nfe" Z Zr’g(f)

r=n—(k+1)(B+N)
For each n, choose mpax(n) so that n — (k 4+ 1)(B + N) < rmax(n) < n and

Zontn ) = i 0

Then .
Zn(f) < (6 +1)(B+N)+ DK -n"e"Z, . &(f)
Consequently,
1 .1
P(f) = lim —logZy(f) < lim —logZ,  a(f)+e

. Tmax(N) . 1
= Jim "o jlog 2y melf) +e

n—00 n n—00 rmax(n

= 1~P5(f)+6=mgxPc(f)+€,

where the last equality follows from (4.1]). Since € is arbitrary, we deduce that
P(f) < maxc Po(f). Since it is clear that P(f) > maxc Pco(f), we conclude
that P(f) = maxc Po(f). The proof of Proposition is complete. m

We obtain the following immediate corollary.

COROLLARY 4.14. For any Markov shift satisfying the conditions of
Proposition the set of strongly connected components of mazximal
f-pressure is non-empty.

5. The existence of Gibbs states. In this section, we shall study
necessary and sufficient conditions for the existence of Gibbs states and the
existence, uniqueness and ergodicity of invariant Gibbs states. Let us state
the most important results of this paper. It is worth observing that these re-
sults do apply to all finite Markov shifts. The first result is a characterization
of the existence of Gibbs states.

MAIN THEOREM 5.1. Let f : EY — R be a summable, Holder con-
tinuous potential on a Markov shift which has finitely many strongly con-
nected components each of which is finitely irreducible, has finitely linked
isolated letters, and the words consisting solely of isolated letters are uni-
formly bounded in length. Then this shift admits a Gibbs state if and only if
none of its strongly connected components of maximal f-pressure communi-
cate and each of its letters leads to a component of mazximal f-pressure.
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The second result is a characterization of the existence, uniqueness and
ergodicity of invariant Gibbs states.

MAIN THEOREM 5.2. Let f : E}° — R be a summable, Hélder con-
tinuous potential on a Markov shift which has finitely many strongly con-
nected components each of which is finitely irreducible, has finitely linked
isolated letters, and the words consisting solely of isolated letters are uni-
formly bounded in length. Then this shift admits an invariant Gibbs state if
and only if all its strongly connected components are of maximal f-pressure
and none of them communicate. In other words, such a shift admits an in-
variant Gibbs state if and only if it is the disjoint union of finitely irreducible
subshifts each generating the same amount of pressure.

Such a shift has a unique invariant Gibbs state if and only if it is finitely
irreducible. Otherwise, it has uncountably many invariant Gibbs states, each
of which is a non-trivial convex combination of the componentwise-invariant
Gibbs states.

Furthermore, such a shift admits an ergodic Gibbs state if and only if
it is finitely irreducible. If the system is finitely primitive, then the unique
invariant Gibbs state is completely ergodic.

To prove these characterizations, we will need a series of propositions.
Several of those results revolve around the normalized partition functions.

We first obtain a common positive lower bound for the normalized parti-
tion functions of any shift. The existence of this lower bound follows directly
from the definition of the pressure.

PROPOSITION 5.3. If f is summable, then W, (f) > 1 for every n > 1.

Proof. When f is summable, we know that P(f) < oo. For every n > 1,
1
P(f) < 1o Z,(f).

Then ") < Z,(f). Thus, 1 < Z,(f)e ") =W, (f). =

We immediately deduce that any system under a summable potential can
only have finitely many (if any) strongly connected components of maximal
pressure.

ProOPOSITION 5.4. Let f : EY — R be a summable potential. Then
E has finitely many (if any) strongly connected components of mazimal
f-pressure.

Proof. Since f is summable, we know that P(f) < oo. Fix n > 1.
For every strongly connected component C' of maximal f-pressure, Proposi-
tionstates that W, c(f) > 1. If E had infinitely many strongly connected
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components of maximal f—pressure then we would have

2D = Walf) 2 3 Wacls

where the summation would run over all Strongly connected components of
maximal f-pressure. Thus, we would get Z,(f) = oo for all n > 1 and hence
P(f) = oo. This would be a contradiction. =

We now show that the normalized partition functions have a common
finite upper bound for any shift that admits a Gibbs state (cf. Corollary|3.7)).

PROPOSITION 5.5. If a Gibbs state exists under a summable potential f,
then there exists M > 1 so that 1 < W, (f) < M for everyn > 1.

Proof. The lower bound is the one from Proposition (recall that the
existence of a Gibbs state forces f to be summable). For the upper bound,
let m be a Gibbs state. Then there is Q > 1 so that for every w € E’ and
for every 7 € [w] we have

L mi([w)
~ exp(Siy f(7) = P(f)|w])
Since ZweEg m([w]) = 1, we get
Qe W) N " exp(sup(Snfl)) < 1
weky

for all n > 1, i.e. Q te PN Z,(f) < 1. Therefore W, (f) < Q =: M for all
n>1 n

Next, we estimate the contribution brought to the system by the com-
plement of the components of maximal pressure.

LEMMA 5.6. Let f: EY® — R be a summable, Holder continuous poten-
tial on a Markov shift that has finitely many strongly connected components
not of mazximal f-pressure, each of which is finitely irreducible, and whose
words consisting solely of isolated letters are uniformly bounded in length.
Let C1,...,Cj, where j < oo, denote the strongly connected components of
mazimal f-pressure. Let Co = E\ Uy<<; Ck- Then P, (f) < P(f) and
therefore there exist constants Ko > 0 and 0 < a < 1 such that

Znco (e V) < Koa”
for everyn > 1. In partz’cular there exists Mo > 0 so that
> exp(sup(Siu flw))e P =3 7, 0, (e V) < M.
weCy n>1

Proof. First, note that if Cy does not contain any connected component
of E, then Cyp C I and hence there exists N > 1 such that (Cp)"% = 0 for
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all n > N. Therefore Z,, ¢,(f) = 0 for all n > N and Pg,(f) = —oo. Since
P(f) > —oo, the result is trivial in this case. Secondly, observe that if Cp con-
tains a connected component of E, then it contains the strongly connected
component of F comprising that component, and this strongly connected
component is not of maximal f-pressure. Applying Proposition with F
replaced by Cp, we deduce that

Pe,(f) = max{Pc(f) : C is a connected component of Cp}
= max{Pc(f) : C C Cp is a connected component of E}
=max{Pc(f) : C C () is a strongly connected component of E}
< max{Pc(f) : C is a strongly connected component of E,

C' is not of maximal f-pressure}

< P(f).

Since )
PCO (f) = lim — log Zn,Cg(f),

n—oo N

we obtain )
lim —log Z, c,(f) <b

n—oo N

for any Pc,(f) < b < P(f). Hence for every n large enough,
Zn.co(f)e P < eb=P(n,

Since f is summable, all the Z,(f)’s are finite. The preceding inequality
thus holds for all n > 1 up to a multiplicative constant Kg.

We now demonstrate that the normalized partition functions are uni-
formly bounded away from 0 and co when none of the strongly connected
components of maximal f-pressure of the system communicate. This feature
is already known for all finitely irreducible systems (cf. Corollary .

PROPOSITION 5.7. Let f : EX — R be a summable, Holder continuous
function. Suppose that a shift has finitely many strongly connected compo-
nents, that all of them are finitely irreducible, and that words consisting
solely of isolated letters are uniformly bounded in length. If none of the
strongly connected components of maximal f-pressure communicate, then
there exists a constant M > 1 so that 1 < W, (f) < M for all n > 1.

Proof. Of course, the lower bound is the one from Proposition [5.3] For
the upper bound, let C' be a strongly connected component of maximal f-
pressure. Let C’}* be the set of all finite A-admissible words with at least one
letter from C, and for each m > 1, let C’;*’m be the set of words in C"}* which
contain exactly m letters from C. Let n > 1. Let (1, ..., C; be the strongly
connected components of maximal f-pressure. Let Cyp = E \ UlSij Cy.
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Based on our hypothesis, no admissible word contains letters from distinct
strongly connected components of maximal f-pressure. Thus, every n-word
7 in C;"™ has the form awf, where w € C'}' and o, 8 € C§, with |a|+ |3| =
n —m (o and/or 8 might be the empty word €). Since the incidence matrix
Alc2 is finitely irreducible and f is summable and Hoélder, Corollary
ensures that there exists a constant f(c > 1 such that

1 < Wy olf) < Kc

for all m > 1. Since C' is of maximal f-pressure, we have Pc(f) = P(f).
Using these last two facts and Lemma we deduce that

Z eXp(Sup(Snf‘[T]))einP(f)

TECKNET

- Z Z exp(sup(Snf\[T]))@*nP(f)

m=1 TeCy"NEY

<Y exp(sup(Sm fly))e ™)

m=1weCy
Z exp(sup(S|a|f|[a}))e—|a|P(f) exp(sup(5'w|f|[5]))e_|ﬁlp(f)

a,BeCy

la|+]Bl=n—m
<ZKWmC Z[Z exp sup(Slf|[a)) LP(f)
=0 aeC}
Z exp(sup(Sn_m_lf][ﬁ]))6—("—m—l)P(f)
pecy—mt

<Y KKe Y KZic(fle" VK Zy i (f)e 00D

n n—m n n—m
3 l 3
<SKRKe ) ) Kod'Koa" " = KPK§Ke > v
m=1 [=0 m=1 [=0

n
=K’K§Ke Y (n—m+1)a™"
m=1
K3K2Ke -

o
3172 10 k .
< KOKRRC Y (k+ e = S0 57 = Koy

k=0
where K is a constant of bounded variation for the ergodic sums of the
Holder potential f. Consequently,
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Wa(f) = > exp(sup(Sn fliw))e ™)

weEY

:{Z Z exp(sup(Sy fli))) + Z eXp(Sup(Snf’[w]))]efnP(f)

k=1we(Cy) ' NETY weCiNEy
j ~
<D Koy +Mo=: M. »
k=1

We now aim at showing that the normalized partition functions are not
bounded from above when some finitely irreducible connected components
of maximal f-pressure communicate. But first we need two intermediate
results.

LEMMA 5.8. Let f: E — R be a summable, Héolder continuous func-
tion. For any finitely irreducible connected component C of E and any e € C,
we have

inf Whe,(f) > 0,

n>1
where

Wee(f)= > exp(sup(Snflwnc))e e

bl
n,t,e

weCy
and C’Z’t’e is the set of all words in C"} whose terminal letter is e.

Proof. Let C be a finitely irreducible connected component of E and
let pe be a U|czo—invariant Gibbs state for the component C. Such a state
exists according to Corollary 2.7.5(c) in [6]. Let e € C' and n > 1. Then

no([enC) = pololgd Venc) = 3 ne(wnc))

wecz%e
< > Qoexp(sup(Siy flwncy) — Pe(f)lwl)
wECZme
= Qce "W N exp(sup(Snfliwncy)) = QeW, &(f).
wGsze

Hence inf,>1 Wiec(f) > Qotuc([enC)) > 0. =

Observe also that if there is an infinite component C' of maximal f-
pressure and n > 1 such that inf.cc Wfl’ec(f) > 0, then W, (f) > Wy, c(f) =
Y eco Wflec( f) = oo and the system does not admit a Gibbs state according
to Proposition Moreover, since W, c(f) = oo, the subshift ofce does
not have a Gibbs state either, and Theorem 2.3.3 in [6] shows that such a
component C cannot be finitely irreducible.
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The counterpart of Lemma [5.8] for a fixed initial letter is

LEMMA 5.9. Let f : EX — R be a summable, Hélder continuous func-
tion. For any finitely irreducible component C' of E and any e € C, we
have

inf W".(f) >0,

n>1

where

Wee(f) = Y exp(sup(Snflwncy))e oW

weCK’i’e

and CZ’i’e is the set of all words in C"y whose initial letter is e.

Proof. Let C be a finitely irreducible connected component of E and let
pic be a (not necessarily o|cee-invariant) Gibbs state for the component C'.
Such a state exists by Corollary 2.7.5(c) in [6]. Let e € C and n > 1. Then

po(enCh = > pe(wnCy)

n,t,e

weCy
< > Qeexp(sup(Siu|flwney) — Polf)lwl)
wGCZ‘i’E
= chfnPC(f) Z eXp(SUp(Snf’[wﬁC])) - QCWZLZEC(JC)’

weay e
Thus, inf,>1 WS(f) > Qztuc(enC)) > 0. =
From the last two lemmas, we establish the following fact.

PropPoOSITION 5.10. Let f : E® — R be a summable, Hoélder continu-
ous function. If two finitely irreducible, strongly conmected components of
mazximal f-pressure communicate, then sup,~; Wy (f) = oco. In particular,
a Gibbs state does not exist. -

Proof. Let C7 and Cy be two finitely irreducible, strongly connected
components of maximal f-pressure such that C'; leads to Cs. Let e; € € and
ez € Cy be such that there exists w € [E\ (C1 U Ca)]% so that ejwes € E%.
According to Lemma [5.8] we have

p = inf W () > 0.

Similarly, according to Lemma [5.9

o = rlLI;fi Wi”a(f) > 0.
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Thus, for any n > 2 we obtain

WnJr\w\(f) > Z exp(sup(SnHMf][T]))e*(nJr\w\)P(f)
TEEZHM:

ejwes subword of T

n—1
>K32y Y > exp(sup(Skfljancy)))e o)

k=1 ae(cl)’;tael 56(02)Z—k,i762

—|wlP(f) (n—k)Pc, (f)

- exp(sup(Siy| fliw)))e exp(sup(Sn—rfligncy)))e”

n—1
= K% exp(sup (S flw))e PO " wWpd (/W o (f)
k=1

> K3 exp(sup(Sju| fliw)e PO o (n — 1),

where K is a constant of bounded variation for the ergodic sums of the
Holder potential f. Since P(f) < oo, we conclude that sup,,~; Wy(f) = oc.
It follows from Proposition that a Gibbs state cannot exist. m

Now, we shall prove that the presence of a letter which does not lead to
a component of maximal pressure prevents a system from having a Gibbs
measure.

PROPOSITION 5.11. Let f : E — R be a summable, Holder continuous
function on a Markov shift that has finitely many strongly connected com-
ponents not of maximal f-pressure, each of which is finitely irreducible, and
whose words consisting solely of isolated letters are uniformly bounded in
length. If there is a letter which does not lead to a component of maximal
f-pressure, then the system cannot have a Gibbs state.

Proof. Let M be the set of all letters which lead to at least one compo-
nent of maximal f-pressure. By hypothesis, ) # M # E. Let e € E\ M.
Assume that the system admits a Gibbs state u. On the one hand, u([e]) # 0.
On the other hand, it is crucial to observe that er € EXH if and only if
et € (E\ M)t Indeed, BTt o (E\ M), Moreover, observe that
if for some k we had 7, € M, then 7, would lead to a component of
maximal pressure, and so would e a fortiori. Hence we would conclude
e € M, which is not the case. Furthermore, it is fundamental to observe

that Pp\ar(f) < Poo(f) < P(f) by Lemma [5.6] Let Pp\(f) < b < P(f).
For all n large enough we have

Znpm(f) < e

It follows that for all n sufficiently large we have, for some constant @),
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pled= D wler) = > nller))

eTEE"'H 67'6(E\M)f‘+1

< Qe (n+1)P(f) Z eXp(SIIp(Sn+1f|[er]))

+1
eTE(E\M)Z

< Qe MIPWexp(sup(fl)) > exp(sup(Snflp)
Te(E\M)}

< Qexp(sup(flig))e” (n+DPN K 7. Eor(f)
< KQexp(sup(f|))e” (n+1)P(f) gnb
S KQ eXp(Sup(f‘[e]))e P(f)e_n(P(f)_b)

Passing to the limit as n — oo gives u([e]) = 0. This is impossible. So the
system does not admit any Gibbs state. m

Taken together, Propositions [5.10] and [5.11] establish one of the implica-
tions in Theorem [5.1] Moreover, Proposmons (.7 and [5.17] jointly show that
the existence of a Gibbs state is generally not equivalent to the normalized
partition functions being bounded away from 0 and infinity.

We now prove the converse implication in Theorem

PROPOSITION 5.12. Let f: E® — R be a summable, Héolder continuous
function. Suppose that the system has finitely many strongly connected com-
ponents each of which is finitely irreducible, that it has finitely linked isolated
letters and that the words consisting solely of isolated letters are uniformly
bounded in length. If none of the strongly connected components of maximal
f-pressure communicate and if every letter leads to a component of mazximal
f-pressure, then the system has a Gibbs state.

Proof. First, let us assume that E is finite. For every j > 1 and every
w € EY, define the following Borel probability measure on the o-algebra
on E generated by the cylinders of length j:

exp(sup(S; f|))e )

W;(f)
For each letter e € E there is a strongly connected component of maximal
f-pressure C(e), a letter B(e) € C(e) and a word 7(e) € E% such that

er(e)B(e) € EY. For every w € E’ and k > maxccp|7(e)| + 1, we deduce
using Proposition [5.7] that

pi([w]) =

exp(sup(Sj s f|wa))e VTP
Wik (f)

pik(w) = > pir(wal) = Y

waEEi‘-’_k waEEf:k
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Z exp(sup(5j+kf][WT(wj)a]))@*(ﬁk)P(f)

N Witk (f)
e (Cluoyy) T

i8(y)
W o). 0wp
- Witk (f)

: exp(sup(S|T(wj)|f][T(wj)]))eflT(Wj)\P(f)

3 exp(Sup(Sk—|r(w;)| fllanc(w;))))e

Y

) ,
K3 exp(sup(S; f[.)))e 77

—(k=Im(wj)) Po(w;) (f)

i,8(w;)
N Wi el ()

nfn>1,ccp W;%((ee))(f )
M
. —|r(e)|P(f) .
inf exp(sup(Sir(e)) fir(en))e 1
= NeXp(sup(ij\M))e—jp(f)’

where

o 1 . i,5(e) . _Ir(e)|P
N i= 3755 iy Wac(o () - Inf exp(sup(Sirio flirep))e ™™ > 0

using Lemma On the other hand, using Proposition [5.7] we obtain

exp(sup(Sj+kf|[wa]))e—(jJrk)P(f)

v

K~ exp(sup(S; f|j))e 77

pien(Wl) = Y

- Witk (f)
wozGEA
W) . _iP(f) oxp(sup(S fljap) Je V)
S W) S S ))e™ a%;g Wi (f)
M .
< TeXp(Sup(ijl[w]))e_JP(f) > uk(lad)

ozEEfg
= M exp(sup(S; f|.))e 7).

Now, let 11 be a weak® cluster point of the sequence (u;);>1. Such an ac-
cumulation point exists since £ was assumed to be finite and thus EFY is
compact. The above two inequalities then imply that

() oy

~ exp(sup(Si fliwy))eWIFW) T
for every w € E%. This shows that u is a Gibbs measure with constant @) :=
max{N~!, M}. In particular, note that the constant M is simply an upper
bound for the sequence (W, (f))n>1. By Theorem 3.4] it suffices to choose M
to be a constant of bounded supermultiplicativity and submultiplicativity
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for the sequence (Z,(f))n>1. Furthermore, observe that N depends on M,
the constant of bounded variation K and the chosen C’s, §’s and 7’s.

Let us now assume that F is infinite. As usual, let I denote the set of
isolated letters of E. Denote by C = C(FE) the set of all strongly connected
components of E and by Cpax = Cmax(FE) the subset of all those among
them that are of maximal f-pressure for E. For each C' € C, there is a finite
set 2c C C% which witnesses the irreducibility of A|cxc. For any w € E%
denote by E,, the set of all letters in the word w. Let Eq, = Uweﬂc E,,, the
set of all letters in words of £2c. Let 2 = Ugee 20, Pmax = Upec,.... 2D,
Eg =Ucec Eac and Eq,,, = UDECmaX Eq, . Then 2, 2nax, Eq and Eq
are all finite sets. By Proposition we know that

o Po(f) < P(f).

Let 0 < ¢ < P(f) — maxgge,,.. Po(f). By Theorem 2.1.5 in [6], for each
D € Ciax there is a finite set Fp such that Ep, € Fp C D and

(5.1) Jnax Po(f)+e< DIGHCi,Eax Pr, (f).

max

max

Let Frax = UDeCmax Fp and F = Fg U Fiax. Then F' is finite and Ey C
F CUgee €. Let also £ C I’y be a finite set witnessing the finitely linked
feature of the shift. For each letter e € E there is D(e) € Cpax, a letter
B(e) € Eqp,.,, and a word 7(e) € E} such that er(e)S(e) € E}. Clearly
the sets {C'(e) : e € E} C Cpmax and {B(e) : e € E} C Eg are finite and
the 7-words can be chosen so that the set {7(e) : e € E'} is finite (using the
words of £ as well as the words of §2). Let T'= {E,(.) : e € E}.

There exists an increasing sequence (F},)p,>; of finite sets such that F' U
T C Fj, for every h > 1 and | J;~, Fr, = E.

Since Fj, D Eq, the subalphabet F}, has exactly one strongly connected
component in each of the strongly connected components of E, each of them
is finitely irreducible, and the set of isolated letters for Fj is a subset of I.

Moreover, since Fy, O Fiax, by the strongly connected components
of maximal f \( F,)p-pressure for F}, are contained in the strongly connected
components of maximal f-pressure for E. Since none of the strongly con-
nected components of maximal f-pressure for £ communicate, neither do
the strongly connected components of maximal f|( ) -pressure for Fj,.

Furthermore, as Fj, D T, every letter of Fj, leads to a component of
maximal f|(g,)c-pressure for Fj, via a word in (Fj)%.

Then, by the first part (the finite case) of the proof, the subshift oy, :
(Fr)% — (Fp)Y has a Gibbs state p, such that

pn([w N Fp)) <M,

Ny, < <
exp(sup(S|w|f\ [wﬂFh]))e_‘w‘PFh <2
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for every w € (F}y)%, where N}, and M), are determined by any constant
of bounded supermultiplicativity and submultiplicativity for the sequence
(Zn,r, (f))n>1, the constant of bounded variation K and the C’s, 5’s and 7’s.
We now aim at showing that the constants N and M) can be chosen
so that they are independent of h. To do this, it suffices to prove that
the sequences (Z, F, (f))n>1, h > 1, share a common constant of bounded
supermultiplicativity (since these sequences are all submultiplicative).

By (5.1), there exists N > 1 such that

(5.2) max Znco(f)- € < min Znp,(f)

for all n > N. For each h > 1, let D}, € Crhax be such that Fj, N Dy, is a com-
ponent of maximal f \ (Fy)p-pressure for Fj,. By passing to a subsequence, we
may assume that there is D][naX € Cpax such that Fy, N Dyax is a component
of maximal f] (Fy)-Pressure for F}, for all h > 1. Moreover, Proposition

and the note following it assert that, with K = maxcec K¢, we have

(5.3) Zm,m,n0(f)Zn,mne(f) < KZm—l—n,FhﬂC(f)
< f(Zm,FhﬁC(f)Zn,FhﬂC(f)

for all m,n >1, h>1and C €C.

Let x be the number of strongly connected components and let B be
the maximal length of words consisting of isolated letters only. Let n >
(k+1)(B+ N)+ &N and h > 1. In particular, this implies that there are
no n-words consisting solely of isolated letters, i.e. every n-word must visit
at least one component. Then

(54) Zn,Fh (f) < Z exp(sup(s|w|f‘[w})>

wG(Fh)Z

=3 > exp(sup (S| fliw)))-

k=1 we(Fy,)" visits exactly
k components

Consider the set of all w € (F})" that visit the &k strongly connected com-
ponents Cy,...,C1 of Fp, and no others, in this specific order. In order for
this set to be non-empty, the components Cy, ..., C7 must form a subchain
of a chain. Then there is a unique way of writing w as a concatenation

(5.5) w = DR gk) o (k=D g(k=1) | (2)5(2) (1) 1)

where V) € I and a9 € (C;)*. Note that some (possibly all) of the 300)
may be the empty word €. For (sub)words consisting of isolated letters only,
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Lemma [4.11] states that
B

Z exp(sup(S|g.flg)) Z(Z exp(sup(f\[ﬁ])))i =L < o0.

Ber; i=1 Bel

Therefore

(5.6) > exp(sup(Si fl)
we(Fy)" visits
Cp,...,C1 only

k k
< LM Z Z H exp(sup(Sm@)‘f|[a(i)])).
=1 (a<k),--.,a(1))€(0k)f4><-~'X(Cl)j; =1
n>Yk_ o [>n—(k+1)B
with exactly [ a(7)’s such that |o() |< N

Recall that there are (l;) combinations of [ components among k. For any
such combination, the [ components C; such that \a(j )] < N form a unique

subchain Cj, ,...,Cj,_, . Similarly, the remaining k£ — [ components consti-

tute a subchain Cj, ,,...,C},.

For the | components C; such that la)| < N, Lemma asserts that

N-1
> exp(sup(Siui flaw) € D (Z1(f)) = Z < o
Ne(C)) i=1

|| <N
For the remaining k—I components, we have the following estimate when
Cjkfl € C(Fh) \Cmax(Fh)-

LEMMA 5.13. Suppose that Cj,,...,Cj, are strongly connected compo-
nents of Fy, constituting a chain and that Cj, € C(Fp) \ Cmax(F1). Then for
any m < M, we have

S
> [T exp(sup(S o0 liatoy)
(@) .., alGD)e(Cy, )5 XX (Cyy )y =1
M>30 [alid [ 2m
\a(j¢)|2N7v¢

M
< KSKs 1. Ms—le—amax{m,sN} Z Zr,FhﬁDmax (f)
r=—m
Proof. The proof is similar to that of Lemma 3; it uses ([5.2) and (5.3 .
and the fact that by construction Fj, N Dyax 2 Fp,,..- ®

We resume the proof of Proposition 2l When Cj, , € C(F3,)\Cmax(Fh),
it follows from the previous two lemmas, the choice n > (k+1)(B+N)+xN
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and (5.3) that (cf. (4.6))

k
Z H eXP(SUP(S\a(n”ﬂ[a(ji)]))
(oé(jk),,..70[(11))e(cjk)j;‘><...><(Cj1)1<1 i=1
n>Yk 1ol |>n—(k+1)B
|aUi) | <N, Vi>k—1, |alU) | >N, Vi<k—I
< ZURkURR=I=1 ph—l=1 —e max{n—(k+1)(B+N),kN}
n

Z Zr,FhﬂDmax(f)

r=n—(k+1)(B+N)

< ZUK Kk . pkesn=(k+1)(B+N) [(k+1)(B+N)+1]K
B MiNg << (k41)(B+N) Zj,FuNDumax (f)

* Zn,Fu\Dimax (f)

2+ 1)(B + N) max{1, ZN}(KK)I{+1€E(H+1)(B+N)
minogjg(,ﬁ-l)(B—i-N) Zj’EQDmax (f)

""" Zp F,nDumax ()

= K N nﬁe_EnZn,Fhr\leax(f)'

Since there are ]l“) < k! < k! combinations of | components among k, we
deduce from ([5.6)) that

Z exp(sup(Siy| f i)

WE(Fy)% visits
ly Ch... 2

only Ci,---,C1 < max{1, L" "MKkl K - n"e ™" Z, b, aDua (f)

= K ‘ nme_an'fL,FhmDmax (f)

whenever C; € C(Fp,) \ Cmax(Fp)-

However, when Ci € Cmax(F3), we know that the other Cj’s are not in
Cmax(Fh)- Since Cl € CmaX(Fh) and Fh N Dmax € CmaX(Fh)7 Corollary
guarantees that 1 < W, c,(f) < K and 1 < Wy, Do (f) < K for all
n > 1. Then

Znci(f)  _ Zne(PemD Zye(fle o)
Zn s () Z By 1D (D)€" Z 1y 0D ()P )
_ Wn,C1(f) < E
Wi, FuiDmax (f) — 1

for all n > 1. Then
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Z exp(sup(Siy| fliw))

we(Fy)" visits

only C,...,C1
<> > exp(sup(Sip fl)) > exp(sup(S), f1i5)))
r=17¢e(C1)7 pE(Fy)"~ " visits
only C,...,Ca

< Z Zyren(f)- K- (n— T)He_a(n_r) Zp—r,Fp N Dinax (f)
r=1

n ~
S Z KZ""thmDmax(f) : K : (n - r)ne_E(n_T)Zn_rthmDmax (f)

r=1

= KK Z(n - T)He_s(n_T)ZT,FhmDmax (f)anTthmDmax(f)

r=1

< KK Z(n — ) e =) K Z b D (f)

=1
o
Z 856788 ’ vaFhmDmax (f)

whenever C € Cpax(Fp).
As there are at most (’,j) < k! combinations of £ components among a
grand total of x, we conclude that

3y exp(sup(Siw| flf)))

WwE(Fy)' visits exactly
k components

R o
S %'Kv |:nﬁ/e_€n + K2 Z SK/G_ES:| anFhODmax (f)
s=0

It follows from (5.4) and the choice of n that

N o0
Zn. 1, () < KEIK {n”efen + K? Z 5“6768} Zn, By D ()
s=0

Let

N o0
M = mn!f([max(n”e_g") + K? g s”e_as} < 0.
n>1 0

sS=

Then

vaFh(f) S M : ZnthmDmax(f)
foralln > (k +1)(B+ N)+ kN and all h > 1. Furthermore,
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Zn,E_Q (f)
vaFhmDmax(f) Z Zn’EQDmax (f) = Z im(a}) : vaFh (f)
n,L'p
Zm’EQDmax (f)

> min

Zn,
L<mE (A B+N)RN  Zo(f) £ (f)

for all n < (kK +1)(B + N) + &N and all h > 1. Consequently, there exists
a constant M > 0 such that

Zn,Fh (f) < M- Zn,FhﬂDmax (f)
for allm > 1 and all A > 1. It follows that

Zm’Fh(f)Zth (f) > Zm—i-n,Fh(f) > Zm+n,FhﬂDmax(f)
> KﬁlZm,FhﬂDmax (f)Zn,FhmDmax (f)
> K™ 'M ™% Z 5, (f) Zn,, (f)

for all m,n > 1 and all b > 1. This proves that the sequence (Z, r, (f))n>1
is boundedly supermultiplicative with a constant independent of h.

Finally, we prove that the sequence (pp)n>1 of Gibbs measures, which
have a common Gibbs constant @, is tight. The proof is inspired from that
of Theorem 2.7.3 in [6]. Obviously, Pr, (f) < Pp, (f) for all h > 1. For every
k> 1let m, : EY — E be the projection onto the kth coordinate, i.e.
7 ((€i)i>1) = ex. Then for every h > 1, each k > 1 and all e € E' we have

TGOV SRR (%))
wE(Fh)Z: wr=e

<Q Y exp(sup(Skfly) — kP, (f))
wWE(Fp)k :wp=e
< Qe *Pr (/) Z exp(sup(Sk—1f|i))) - exp(sup(f|i)))
wEEz_l
< Qe *rriD 7z, (f) - exp(sup(f|))
< Qe M UN(Zy(f))F ! - exp(sup(fli))-

Therefore (for convenience, we set E = N)
pn(my (e +1,00))) < Qe (Zy ()1 " exp(sup(f]}))-
i>e
Fix § > 0 and for every k£ > 1 choose nj > 1 such that

Qe (£ Y explsup 1) < .

i>ng
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Then pp (7}, ([ng + 1,00))) < 6/2F for every h > 1 and every k > 1. Hence

(B 0 [Tl ) = 1= 3 g (fe + 1,0))

k>1 k>1

21—2%:1—5.

k>1

Since EY N [[;>[1,nk] is a compact subset of ES, the tightness of the
sequence (Mh)hz_l is proved. Therefore, in view of Prokhorov’s Theorem,
this sequence has a weak accumulation point g and this accumulation point
is clearly a Gibbs measure with Gibbs constant (). =

We shall now give a proof of our two main theorems, namely, Theo-

rems [B5.1] and 5.2

Proof of Theorem [5.1] Taken together, Propositions and es-
tablish one of the implications in Theorem The other implication is

precisely the object of Proposition [5.12] =

Proof of Theorem [5.3. Suppose that the system admits an invariant
Gibbs state u. By Theorem|[5.1] we know that none of the strongly connected
components of maximal f-pressure communicate and each letter leads to
a component of maximal f-pressure. Now, assume that the system has a
strongly connected component C' which is not of maximal f-pressure. Since
every letter leads to a component of maximal f-pressure, component C' leads
to a strongly connected component C' of maximal f-pressure. Component
C further belongs to a chain of one-way communication between strongly
connected components. Let D be the minimal element of that chain. Then
D is not of maximal f-pressure since D leads to C' and thereafter to C, and
since strongly connected components of maximal f-pressure do not commu-
nicate. Let 0 < ¢ < P(f)—Pp(f). Fix w € D%. The minimality of D implies
that 7w € E7 if and only if 7w € D?. Since p is an invariant Gibbs state,
for some constant ) > 1 that for every n > 1,

plo) =ple™WN = > wlreh= D wllrw)

TEEY: Arpwy =1 TED: Arpuwqy =1

< Z Qexp(sup(‘s’n+|w|f|[7'w]) - P(f)(n + |U.)|))

TED,: Arpwy =1

< Qexp(sup(Sjy(flw) — P(Hlw]) D exp(sup(Suflr) — P(f)n)

TEDY

< Q%u([w)) Y exp(sup(Snfliy) — P(f)n)

TeDY
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< Q*u([w]) Y exp(sup(Snfliy) — (Pp(f) +€)n)

TEDY

< Q*u(W)) Y K exp(sup(Suflirnp)) — Po(f)n) - e

TeDY
< Q*Kp([w)Wa,p(f) - e < Q*Kp([w)Kp - 7",

where the constant Kp exists according to Corollary Letting n — oo,
we deduce that p(Jw]) = 0. This is impossible. We hence conclude that
the existence of an invariant Gibbs state prevents the existence of strongly
connected components not of maximal f-pressure. This proves one im-
plication.

To prove the converse, suppose that a Markov shift is such that all its
strongly connected components are of maximal f-pressure and that none
of them communicate. This implies that the system is a union of disjoint,
non-communicating strongly connected components of maximal f-pressure.
Let C1,...,C; be the strongly connected components of the system. Then
EY = Ui<i<;(Cr)X and Pe, (f) = P(f) for all 1 < k < j. According to
Theorems 2.3.3 and 2.2.4 in [6], each subshift o : (Cy)¥ — (Ck)¥ has a
unique invariant Gibbs state ;. These measures can be extended to EY by
setting 113, (B) := pr(B N (Ck)%), where B is a Borel subset of E%°. Then
any invariant Gibbs state p for the full system is a non-trivial convex com-
bination of the extensions [, of the component invariant Gibbs states, i.e.
1= 1<k<; kB for some oy # 0,1 < k < j, such that ;= 1.
This is because the restriction of a Gibbs measure for the full system to any
(Ck) is an invariant measure satisfying the Gibbs condition , albeit
not a probability measure. Normalizing this restriction produces an invariant
Gibbs measure for the subshift o : (Cy)% — (Ck)%. But by Theorem 2.2.4
in [6] there is only one such measure.

Hence, if the system has more than one component, i.e. A is not irre-
ducible, then there are uncountably many invariant Gibbs states, albeit all
of the above form. None of these invariant Gibbs states is ergodic since ev-
ery subset (Cy)% is invariant and 0 # p((Cr)¥) = arpr((Cr)X) = o # 1.
If the system consists of a single component, i.e. A is finitely irreducible,
then the system has a unique invariant Gibbs measure. This measure is
ergodic according to Theorem 2.2.4 in [6]. If A is finitely primitive, then
Theorem 2.2.4 in [6] asserts that the invariant Gibbs state is completely
ergodic. =

It is apropos to recall that for irreducible Markov shifts, Mauldin and
Urbanski [6] and Sarig [9] proved that a necessary and sufficient condition
for the existence of an invariant Gibbs state is that the incidence matrix be
finitely irreducible (cf. Theorem 2.2.6 in [6]). Thus, Main Theorem [5.2| does
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not apply to a system consisting of a unique strongly connected component
which is not finitely irreducible. This means that the assumption of finite
irreducibility on the strongly connected components cannot be relaxed in
general.

Moreover, note that under a summable potential, a system with infinitely
many strongly connected components possesses (infinitely many) strongly
connected components that are not of maximal pressure (because there are
finitely many strongly connected components of maximal pressure according
to Proposition . Thus, if Main Theorem holds for such systems,
then no such system admits an invariant Gibbs state. By the argument in
the proof of Theorem this is certainly the case for all systems that
have a chain with a minimal strongly connected component not of maximal
pressure. But we do not know whether this is the case more generally.

Finally, it is unclear whether one can relax the hypothesis that isolated
letters are finitely linked and that words consisting only of isolated letters
are uniformly bounded in length.
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