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Chapter 1

Symbolic dynamics

1.1 The configuration’s space

1.1.1 Topological properties

We consider the space ¥ = {1,2,...,k} that is that its elements are sequences
x = (xo, 1, T, x3...), where x; € {1,2,...,k},i € N. An element in ¥ will also be
called an infinite word over the alphabet {1,...,k}, and z; will be called a digit.

The distance between two points x = xg, z1, ... and y = yp, y1, . .. is given by

1
U2 Y) = Sotn o]

We sometimes represent this distance graphically as follows:

Zo

Yo TN
u T
Figure 1.1: The sequence x and y coincide for digits 0 up to n — 1 and then split.

e.g. With k=4, d(1,2,1,3..),(1,1,1,2,..)) = }.

A finite string of symbols zg...x,_1 is also called a word, of length n. For a word
w, its length is |w|. A cylinder (of length n) is denoted by [xq...x,_1]. It is the
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6 Chapter 1. Symbolic dynamics

set of points y such that y; = z; for « = 0,...n — 1. It will also be denoted as a
n-cylinder.

Note that cylinders of length n — 1 form a partition of ¥ and C,(x) will denotes
the unique element of this partition which contains x. That is C,,(z) = [zo, ..., 2,
The cylinder C,(x) also coincides with the ball B(z,55). The set of cylinders of
length n will be denoted by C,(X).

If w=wy,...,w,_1 is a finite word of length n and w’ = wy, ... is a word (of any
length possibly infinite), then ww' is the word

/
W ... .Wp—1g ...

It is called the concatenation of w and w’.

The set (X,d) is a compact metric space. Compactness also follows from the fact
that X is a product of compact space. Then, note that the topology induced by the
distance d coincides with the product topology. The cylinders are clopen sets and
generates the topology.

General subshift of finite type

For our purpose, we need to define more general subshift of finite type. A good
reference for symbolic dynamics is [83].

Definition 1. A transition matrix is a d x d matriz with entries in {0,1}.

If T'=T;; is a d x d transition matrix, the subshift of finite type X7 associated to
T is the set of sequences z = xox 125 ... %, ... such that for every j,

=1.

TjTj+1

Equivalently, it is the set of sequences such that the forbidden transitions 7;; = 0
never appear. If T is given we denote by A the set of admissible finite words for T,
that is the set of words

W =wp.. .-Wp—-1,

such that for every i, 1,,.,,, = 1.

Example. The full shift ¥ = {1,...d}" is the subshift of finite type associated to
the d x d matrix with all its entries equal to 1.

The best way to understand what is the subshift of finite associated to a matrix T’
is to consider paths: for a given 4, the set of j such that Tj; = 1 is the set of letters
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authorized to follow i. Then, X7 is the set of infinite words we can write respecting
theses rules, or equivalently, the set of infinite paths that we can do.

Example. If T' = has the associated graph:

R

é’)%@

Figure 1.2:

[ T )
— = O
O~ = O

1
1
1
0

As there are more 1’s than 0’s in T it is simpler to describe X1 as the set of infinite
words with letters 1, 2, 3 and 4 such that 12, 14, 23, 41 and 44 never appear.

Definition 2. Let T be a d x d transition matriz, let X the associated subshift of
finite type. Two digits i and j are said to be associated if there exists a path from i
to j and from j toi. We set i ~ j.

Equivalently, 7 ~ 7 means that there exists a word in Y7 of the form

Claim 1. The relation ~ is symmetric and transitive.

Proof of the claim. Symmetry is by definition. Transitivity follows from concatena-
tions. If ¢ ~ j and j ~ k we can form a work

i~j o gk I

It may be that some digit is associated to no other digit.
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Definition & Proposition 3. A digit ¢ is said to be essential if i ~ i holds. The
relation ~ is a relation of equivalence on the set of essential digits.

Exercise 1
Find examples of transition matrices such that one digit is associated only to itself.
Find examples of transition matrices such that one digit is associated to no digit.

Definition 4. The equivalence classes of ~ are called the irreducible component of
Y.

1.1.2 Dynamics

Definition 5. The shift o : ¥ — X, is defined by

O'(.I'o,l'l,l’g,ﬂjg, ) = (1’1,.1’2,1'3, )

The shift expands distance by a factor 2. If x and y belong to the same 1-cylinder,
then

d(o(z),0(y)) = 2d(x,y).

On the other hand, if d(z,y) = 1, then d(o(x),o(y)) may have any value between

in 0,1, %, i, ...,. The shift is Lipschitz and thus continuous.

The shift may be seen as doing infinite path on some graph with states and arrows.
arrows from one state to another one indicate the allowed or forbidden transitions.
An infinite path is a point in 3 or in X7 if we consider a subshift of finite type with
transition matrix 7. Then, the dynamics is just considering the path starting after
the next step.

Definition 6. Given x € ¥ the set {c™(x),n > 0} is called the orbit of x. It is
denoted by O(x).

The main goal in Dynamical systems is to describe orbits and their behaviors. Let
us first show some simple behaviors.

Definition 7. A point x € ¥ is said to be periodic if there exits k > 0 such that
o¥(z) = x. In that case the period of x is the smaller positive integer k with this
property.

A periodic point of period 1 is called a fixed point.
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Examples
111... is a fixed point.
In {1,2,3,4}", z:=(1,3,2,3,1,3,2,3,1,3,2,3,1,3,2,3, ...) has period 4 and

{(1,3,2,3,1,3,2,3,1,...),(3,2,3,1,3,2,3,1,3,2, ...),

(2,3,1,3,2,3,1,3,2...),(2,3,1,3,2,3,1,3,...) }
is the orbit of z.

A n-periodic point is entirely determined by its first n-digits; actually it is the infinite
concatenation of these first digits:

rT=xyg...Tp-1Tyg..-Tp—1Tg.--Tp—1...

Definition 8. Given a point x in X, a point y € X, such that, o(y) = x is called a
preimage of x.

A point y such that c™(y) = z is called a n-preimage of x. The set of
{y| there exists an n such that o"(y) = x }

1s called the preimage set of x.

In ¥ = {1,...k}Y, each point x has exactly k-preimages. They are obtained by the
concatenation process iz, with ¢ = 1,... k. The set of 1-preimage is o' ({z}). The
set of n-preimages is (0™)~!({x}) which is simply denoted by o~"({x}).

Definition 9. A Borel set A is said to be o-invariant if it satisfies one of the
following equivalent properties:

1. For any x € A, o(x) belongs to A.
2. o71(A) D A.

e.g. If x is periodic, O(x) is o-invariant.

Exercise 2
Show equivalence of both properties in Definition [9

Exercise 3
If z is periodic, do we have o~ 1(O(x)) = O(z) ?
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Back to more general subshift of finite type

We have defined above a more general subshift of finite type. For such a subshift,
we have also defined the irreducible components. Actually,we will give a better
description of these components with respects to the dynamics.

Definition 10 (and proposition[[). A o-invariant compact set K is said to be tran-
sitive if it satisfies one of the equivalent two following properties:
(i) For every pair of open sets of K, U and V', there exists n > 0 such that
oT(U)NV #0.

(i) There exists a dense orbit.

Exercise 4
Show that if K is transitive, then the set of points in K with dense orbit is a Gs-dense
set.

We claim that irreducible components are also transitive components. Indeed, any
open set contains a cylinder and it is thus sufficient to prove (i) with cylinders. Now,
considering two cylinders of the form [xg ... x| and [yo ... y,], the relation defining
irreducible components shows that there exists a connection

o-.-TpR1.--2mYo - --Yn,

remaining in K.

1.1.3 Measures
We denote by B the Borel og-algebra over X, that is, the one generated by the open
sets.

We will only consider probabilities p on ¥ over this sigma-algebra. Due to the fact
that cylinders are open sets and generates the topology, they also generates the
o-algebra B. Therefore, all the values u(C,,), where C,, runs over the cylinders of
length n and n runs over N, determine p.

We remind the relation between Borel measures and continuous functions:

Theorem 1 (Riesz). The set of Borel signed measures is the dual of the set C°(Z).

Corollary 11. The set of probabilities is compact and convez for the weak*-topology.

"We do not prove the proposition part.
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We remind that p, AN 1 means that for every continuous function f : ¥ — R,

/fdun —>n_m/fdu.

We point out that any indicator function of a cylinder, 1, , is continuous. We recall
that the support of a (probability) measure p is the set of point x such that

Ve, u(B(z,e)) > 0.

In our case this is equivalent to p(C,(z)) > 0 for every n. The support is denoted
by supp ().

Exercise 5
Show that supp (p) is compact.

Definition 12. We say that a probability p is invariant for the shift o if for any
AebB,

We will also say that p is o-invariant, or simply invariant as o is the unique dynamics
we shall consider.

To consider invariant measure means the following thing: if we see the action of N
as a temporal action on the system, the systems is closed, in the sense that along
the time, there is neither creation nor disappearance of mass in the system.

Exercise 6
Show that if p is invariant, supp p is invariant. Is it still the case if p is not invariant

?
1.2 Invariant measures

In this section we present some particular invariant measures in our settings and
also give some more general results.
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1.2.1 Examples of invariant measures
Periodic measures

If x is a point in X, J, is the Dirac measure at x, that is

1if A
§m(A):{ IIrr e A,

0 otherwise.

Then, if x is n-periodic,
n—1
1
W= 5 ZO 501'(:2)
]:

1s o-Invariant.

The Bernoulli product measure

Let consider ¥ = {1, 2}, pick two positive numbers p and ¢ such that p + ¢ = 1.
Consider the measure P on {1,2} defined by

P{1}) =p, P{2}) = ¢

Then consider the measure p := ®P on the product space . We remind that it is
defined by

# of 1’s in the word _# of 2’s in the word

p([zo ... xpa]) =p q

We claim it is an invariant measure. Indeed, for any cylinder [zg ...z, 1],
o [xo...2,]) = [12g. .. 2, U 220 . . . 7).
Then, p([1lxg ... z,)) = pu([lzg . .. x,]) and p([2z0 ... 2,]) = qu([lzo . .. z,]).

This example corresponds to the model of tossing a coin (head identified with 1
and tail identified with 2) in an independent way a certain number of times. We
are assuming that each time we toss the coin the probability of head is p and the
probability of tail is q.

Therefore, p([211]) describes the probability of getting tail in the first time and head
in the two subsequent times we toss the coin, when we toss the coin three times.

Remark 1. The previous example shows that there are uncountably many o-invariant
probabilities on {1,2}N. W
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Markov chain

Again, we consider the case ¥ = {1, 2}V, Pick p and ¢ two positive numbers in |0, 1],

and set
The first writing of P shows that 1 is an eigenvalue. If we solve the equation
(z,y).P = (z,y),

we find a one-dimensional eigenspace (directed by a left eigenvector) with y =
l—p
1—gq

x. Therefore, there exists a unique left eigenvector (7, 7o) such that

(71, m3). P = (my,m5) and m + my = 1.
Note that m; and m are both positive.

The measure p is then defined by

p([zo ... xyn]) = mpo P(xo, x1) P21, 22) . .. P(Tp_2,Tp_1).

A simple way to see the measure p is the following: a word w = wy . ..w,_1 has to be
seen as a path of length n, starting at state wg € {1,2} and finishing at state w,_.
The measure p([w]) is the probability of this space among all the paths of length n.
This probability is then given by the initial probability of being in state wy (given
by m,,) and then probabilities of transitions from the state w; to w;+1, these events
being independent.

A probability of this form is called the Markov measure obtained from the line
stochastic matriz P and the initial probability .

Exercise 7
Show that the Bernoulli measure is also a Markov measure.

More generally we have
Definition 13. A d x d matriz P such that all entries are non-negative and the sum

of the elements in each line is equal to 1 is called a line stochastic matrix.

One can show that for a line stochastic matrix there exist only one vector m =
(71, T2, ..., Mq), such that all m; > 0, j € {1,2,..,d}, Z;lzl m; =1, and

T = 7P

It is called the left invariant probability vector.
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Definition 14. Given a d x d line stochastic matriz P, and its left invariant prob-
ability vector m = (@1, 2, ..., ), we define, u on ¥ ={1,2,...,d}, in the following
way: for any cylinder [xq, x1 - - - Ty

,LL([I(), Ty - .Cl;k]) = Tzg P(SC(],Q?l) P(.Cl:l,xg) P(IQ, 1’3) P(a:k,l,xk).

This measure is invariant for the shift and it is called the Markov measure associated
to P and 7.

1.2.2 General results on invariant measures

The definition of invariant measure involves Borel sets. The next result gives another
characterization of invariant measures (see [117]):

Proposition 15. The measure p s invariant if and only if for any continuous
function f

[ @ duta) = [ fota)) duta).

We denote by M, the set of invariant probabilities on . Proposition (15| shows it
is a closed subset of probabilities for the weak*-topology, hence it is compact and
CONVEX.

Definition 16. An extremal measure in M, is said to be ergodic.

This definition is however not useful and clearly not easy to check. The next propo-
sition gives other criteria for a measure to be ergodic.

Proposition 17. A probability p is ergodic if and only if it satisfies one of the
following properties:

1. Fvery invariant Borel set has full measure or zero measure.

2. For f:3¥ — R continuous, f = f oo p-a.e. implies f is constant.

Exercise 8
Show that a Markov measure is ergodic.

We can now state the main theorem in Ergodic Theory:

Theorem 2. (Birkhoff Ergodic Theorem) Let u be o-invariant and ergodic.
Then, for every continuous function f : % — R there exist a Borel set K, such that
w(K) =1, and for every x in K

i >3 74 @) = [ fan

n—+oo N
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The Birkhoff Theorem says that, under the assumption of ergodicity, a time average
is equal to a spatial average. Here is an example of application:

“Average cost of car ownership rises to $8,946 per year.”

What does the term average mean 7 One can imagine that we count how many one
fixed person spends every year for his car, and then do the average cost. This is a
time-average. The main problem of this average is to know if it representative of
the cost of anybody.

On the contrary, one can pick some region, then count how many people spend in
1 year for their car, and take the average amount. This is a spatial average. The
main problem is to know if it represents how much each person is going to spend
along the years (at beginning the car is new, and then get older !).

The ergodic assumption means that the repartition of old and new cars in the space
is “well” distributed and/or that the chosen person in the first way to compute the
average cost is “typical”. Then, the Birkhoff theorem says that both averages are
equal.

Notation. We set S,(f)(z) := f(z)+ ...+ foo" }(z).

We finish this section with some application of ergodicity:

”»

Proposition 18. Let p be an invariant ergodic probability. Let x be a “generic
points in supp p. Then, x returns infinitely many times as closed as wanted to itself.

Proof. Pick ¢ > 0 and consider the ball B(xz,¢). It is a clopen set, hence Ip(,)

1
is continuous. The point x is generic for p, then lim —S,(Ipq))(z) = pw(B(z,¢))
n—oo 1M

and this last term is positive. Therefore, there are infinitely many n such that
Ip(ze)(0™(x)) = 1. O

1.3 Symbolic and other dynamics

The Symbolic dynamics is very useful to study other dynamics.

Definition 19. Two dynamical systems (X, T) and (Y, f) are said to be conjugated
if there exists a bijection © : X — Y such that the following graph commutes :

@
o
%l@lﬂ
A
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If the map © 1is onto, we say that the systems are semi-conjugated.

If X and Y are topological space we usually require © to be a homeomorphism or
a continuous function (for semi-conjugacy).

Example. The systems z +— 2z in [0, 1] is semi conjugated to the full shift {0, 1}

More precisely, the map © which associates to a sequence (x,) € {0, 1} the point
+oo

T .= Z 2,2~ is continuous, and one-to-one except for dyadic points (which is

n=0

a countable set of points). Note that the w-limit set of the dyadic points is reduced
to the two fixed-points 0 and 1.

Theorem 3. If (X, T) is an irreducible mizing Axiom-A diffeomoprhism then it is
semi-conjugated to a subshift of finie-type (X4,0). The semi-conjugacy is Hélder
continuous and one-to-one except on some F, invariant subset, where it is finite-to-
one.

Proof. See [20] O

1.4 Ergodic optimization and temperature zero

The set M, of invariant measures is usually big. It is thus natural to find a way to
singularize some measures.

One first way is to consider maximizing measures:

Definition 20. Let A : ¥ — R be a continuous function. An invariant measure p
is said to be A-mazximizing if

/Adu - max{/Ady, Ve MU} — m(A).

Note that this maximum is well defined because A is continuous and M, is compact
for the weak*-topology. This yields that u / Adp is a continuous map on M,,
and then is bounded and reaches its bounds.

This will be studied in Chapter ??7. There, it will be explained some tools, and

we emphasize that generically for the C%topology there exists a unique maximizing
measure.

Nevertheless it is extremely easy to construct non-generic examples: take two dis-
joint periodic orbits, say O(z) and O(y), set K = O(z) U O(y), and then pick
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A(w) = —d(w, K). It has two invariant ergodic maximizing measures, the periodic
measure associated to O(x) and the periodic measure associated to O(y).

We also emphasize that any convex combination of these two measures is also in-
variant and A-maximizing.

Another way to singularis some measure is the Thermodynamic formalism. This
will be the topic of Chapter

Without entering too much into the theory, for a real parameter § we shall asso-
ciate to §.A a functional P(f3), and for each 8 some measure pg called equilibrium
state for the potential 5. A. In statistical mechanics, [ represents the inverse of the
temperature. Then, § — +00 means that the temperature goes to 0.

The relations with ergodic optimization are the following:

1. B+ P(p) is convex and admits an asymptote for 5 — +oo. The slope is
given by m(A) = max/Adu.

2. Any accumulation point for pg as  — 400 is A-maximizing. Then the ques-

tion is to know if there is convergence and if yes, how does ps select the limit
?

These are the mains points in Chapters [3| for general results and [5| for a specific
example.
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Chapter 2

Thermodynamic Formalism and
Equilibrium states

2.1 Motivation-main definitions

2.1.1 Motivations and definition

There are several motivations for the thermodynamic formalism of a dynamical
system. We present here the simplest to be understood, which is perhaps not the
more relevant.

A dynamical systems admits, in general, various ergodic measures. One natural
problem would be to find a way to singularize some among others.

Given A : ¥ — R, the thermodynamic formalism aims to singularize measures via
the maximizing principal :

PA) = swp {hu + /Ad,u} . (2.1)

The quantity b, is the Kolmogorov entropy for the measure p. It is a non-negative
real number, bounded by logd if ¥ = {1,...d}". Roughy speaking it measures the
chaos seen by the measure pu.

Definition 21. Any measure which realizes the maximum in (2.1)) is called an equi-
librium state for A. The function A is called the potential and P(A) is the pressure
of the potential.

For a given o-invariant measure i, the quantity h,+ / Adyp is called the free-energy

of the measure (with respect to the potential A).

19
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If we consider some fixed A : ¥ — R and 3 a real parameter, we write P(3) instead
of P(B.A). It is an easy exercise to check that § +— P(/3) is convex, thus continuous.
In the rest of course, we will focus on this function, called the pressure function. In
statistical mechanics, § is the inverse of the temperature.

2.1.2 Entropy and existence of equilibrium states

We refer the reader to [20][114] []] [76] [88] for the results we use from Thermo-
dynamic Formalism. We present here some results, the ones which are the most
important for our purpose.

We emphasize that the results we present here are stated for ¥ but they holds for
any general irreducible subshift of finite type.

Entropy

For general results on entropy see also [10] and [I00]. The complete description of
entropy is somehow complicated and not relevant for the purpose of this course.

A simple definition for the general case could be the following:
Theorem 4 (and definition). Let p be a o-invariant ergodic probability. Then, for
u-a.e. r = Tol1xy ...,

) 1
nh_}ngo - log p([zoxy ... xy))

exists and is independent of x. It is equal to h,,.
If po and py are both invariant and ergodic probabilities, for every a € [0,1] set
fo = .y + (1 — a).pug. Then,

o = thyy + (1= a)hy,.

The definition for ergodic measure means that we can consider

p([zoxy ... xp_y]) e e
for a.e. x. Roughly speaking entropy explains that very long cylinder have all there
same measure.

Examples
e Let us consider ¥ = {1,2} and y the Bernoulli measure given by the line stochas-

tic matrix P = < i Z ) . We have seen before that

# of 1’s in the word  # of 2’s in the word

pllzo - znaa]) = p q
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1
We also have seen before that —# of 1’s in the word —, o u([1]) = p, and
n

1
—# of 2’s in the word —,, o0 1£([2]) = ¢. Therefore,
n

h, = —plogp — qloggq.

e More generally, if p is the Markov measure associated to a line stochastic matrix
P, and, 7 = (m, 72, ,,,7q) is the stationary vector, then,

3,j=1

Exercise 9
Check that the limit in Theorem 4 exists if ;1 is Markov.

Proposition 22. The (metric) entropy is upper-semi continuous : If p, converges
to p for the weak*-topology, then

h, = limsup h,,, .

n—oo

Existence of equilibrium states

As an immediate consequence of Proposition [22] we get:

Theorem 5. If A is continuous, then there exists at least one equilibrium state for
A.

We remind that 5 +— P(3) is convex. It is thus Lebesgue a.e. differentiable (actually

everywhere except on some possibly empty countable set). Then we get:

Lemma 23. Let 3 be such that P is differentiable at 5. Then, for every equilibrium
state ug for B.A,

P@) = [ Adus

Proof. Let ' be any real number. Let pg be any equilibrium state for 8.A. The
definition of being equilibrium state yields

iy + . / Adps = P(3),
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and the definition of the pressure yields for ', P(8") > h,, + ﬁ’./Ad,uﬂ. This

means that the graph of P is above the line ' > h,, + 3'. /Ad,ug and touches

it for 5/ = . This is an equivalent definition for the tangent to a convex graph. [

The function § +— P(B) is convex, thus the slope of the graphe increases.

Proposition 24. The graph of P(5) admits an asymptote if 5 goes to +oo. The
slope is given by m(A) = sup/Adu.

The proof will be done later.

Theorem 6 (see [41]). Assume that A is continuous. Any accumulation point for
ws (and for the weak™ topology) is a A-mazimizing measure.

The spirit of the proof is the following. If pg maximizes h, + f. / Ady, it also

1
maximizes —h,, + / Adv. If 8 — 400 it maximizes / Adv, since h,, is non-negative

and bounded from above.

Exercise 10
Prove Theorem [6l

2.2 Uniqueness of Equilibrium State

Uniqueness does not always hold. Nevertheless the key result is the following:

Theorem 7. If A: > — R is Holder continuous, then there is a unique equilibrium
state for A. Moreover it is a Gibbs measure and  — P(B) is analytic.

We want to emphasize this result. If existence of equilibrium state is done via a
general result of maximization of a semi-continuous function, uniqueness is obtained
for Holder continuous potential via a completely different way: the key tool is an
operator acting on continuous and Hoélder continuous functions. Then, the pressure
and the equilibrium state are related to the spectral properties of this operator.
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2.2.1 The Transfer operator

In this section we consider a fixed a-Holder potential A : 3 — R.

We recall that A : ¥ — R is said to be a-Holder, 0 < « < 1, if there exists C' > 0,
such that, for all z,y we have | A(x) — A(y) | < Cd(z,y)*.

For a fixed value «, we denote by H,, the set of a-Holder functions A : ¥ — R. H,
is a vector space.

For a fixed o, the norm we consider in the set H, of a-Holder potentials A is

Ally = sup
1Al e Sup

For a fixed a, the vector space H, is complete with the above norm.

Definition 25. We denote by L4 : C°(X) — C%X) the Transfer operator corre-
sponding to the potential A, which is given in the following way: for a given ¢ we
will get another function La(p) = ¢, such that,

pla)= Y " olax).

a, argEA

In another form

QO(J,‘) = (P(l'ol‘l e ) = Z eA(accoxle,...) QZS(CLZL‘QIll'Q...).

a,arocA

The transfer operator is also called the Ruelle-Perron-Frobenius operator. It had
been introduced by Ruelle and extends in some sense the matrices with positive
entries. We remind that for such matrices, the Perron-Frobenius theorem gives
information on the spectrum.

It is immediate to check that £4 acts on continuous functions. It also acts on
a-Holder functions if A is a-Holder.

Consequently the dual operator acts on measures:

LYy:pn — v

[vivi= [ £awydn

Theorem 8 (see [?]). Let Ay be the spectral radius of La. Then, Ay is an eigenvalue
for L% : there exists a probability measure v4 such that

ﬁ*A(VA) = >\AVA-

This probability is called the eigenmeasure and/or the conformal measure.
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Then, the main ingredient to prove uniqueness of the equilibrium state is

Theorem 9. The operator L4 is quasi-compact on Hq: Aa is simple isolated and
the unique eigenvalue with maximal radius. The rest of the spectrum is contained in
a disk D(0, pAa) with 0 < p < 1.

From Theorem H we get a unique H 4, up to the normalization / Hydvg =1, such

that
Li(Hp) = AaHy.

Exercise 11
Show that the measure defined by 4 = Hava is o-invariant.

This measure is actually a Gibbs measure: there exists C'y > 0 such that for every
r = xox ... and for every n,

oy o talmo.cxn]) o
! < eSn(A)(x)—nlog)\A < 4. (22)

e

These two inequalities yields that the free energy for pa is logA4. The left-side
inequality yields that for any other ergodic measure v,

hl,—i-/AdV < log Aa.

In particular we get P(A) = A4 and p4 is the unique equilibrium state for A.

The same work can be done for 3.4 instead of A. Now, the spectral gap obtained in
Theorem [0 and general results for perturbations of spectrum of operators yield that
B+ P(B) is locally analytic. One argument of convexity shows that it is globally
analytic.

2.2.2 Conformal measure

If X is a compact metric space and f : X — X is a Borel map, and v is a measure,
the dynamical system is said to be non-singular if f,v is absolutely continuous with

respect to v, that is
v(B) =0= v(f'(B)) =0.

Example. if f is C! on some manifold, the system is non-singular for the Lebesgue
measure.
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If the system (X, f,v) is non-singular, it is normal to try to find some invariant
measure p absolutely continuous with respect to the measure v. This means that
we have

dp = h.dv.

Invariance means

Therefore, it is natural to consider the operator T : ¢ +— ¢ o T and its dual. The
Radon-Nikodim derivative is actually a fixed point for the dual operator. It turns
out that the dual operator exactly is the Transfer operator.

This is well defined as soon as we get some non-singular measure v. For the general
case, we need first to find this conformal measure. This is why we define the transfer
operator as acting on continuous functions, to get that its dual acts on measures.

Then, using notations of Theorem [§] we get that v, is a conformal measure with
Jacobian eA~P@: for any Borel set B where o

VA(B) = / ergil(w)_P(A) dVA, (23)
o(B)

where 07! is the inverse branch from o(B) to B.

2.2.3 Some more results

The theory described above can be generalized to other cases. In the special case
of Y7 (irreducible shift of finite type) we can actually prove that A4 is the unique
dominating eigenvalue. Moreover we get for every i Holder continuous,

L) =W / Y dvg.¢ + " PNy, (2.4)

where ¢ is a positive real number (depending on A), 1, is continuous and ||1),||e <
C'||¥||so, for every n and C'is a constant (depending on A). From this one get

P(A) = Tim ~log £7(T),

n—oo M,

which yields %(B) = /Ad,ug.
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We finish this subsection by some important remark. We have seen the double-

inequality (2.2))
i pallzo. . o 1]) _ o,
= eSn(A)(z)—nlog Ay = :

We emphasize here that C4 is proportional to ||A||s. Therefore, replacing A by
[.A and letting § — +o0 implies C 4 — +00. More generally, doing 8 — 400 will
explodes all the constants.

Nevertheless we have:

Proposition 26. Assume that A is a-Holder. There exists a universal constant C

1
such that 3 log Hg 4 is a-Hélder with norm bounded by C.||A||a-

1
Consequently, “at the scale ” — log we recover bounded quantities.

2.2.4 A complete and exact computation for one example

Let us now assume that A depends on two coordinates, that is

A(zorio .. .) = AT, 71).

We denote by A(7,j) the value of A in the cylinder [ij], 4,5 € {1,2,..,d}. In this
case, the Transfer operator takes a simple form:

ﬁA(¢) ($03§'11’2 ‘e ) = Z €A(ax0) ¢(axoac1x2 .. )
a€{1,2,...,d}
Let M be the matrix will all positive entries given by M; ; = eAld).

Lemma 27. The spectral radius of L4 is also the spectral radius of M.

Proof. Assume that ¢ is a function depending only on one coordinate, i.e.,

gb(l‘ol’ll‘g .. ) = Qb(l’o)
Then, set by abuse of notation ¢ the vector (¢(1), ¢(2),...,¢(d)). Then, for every j

La(®)(j) = Z M;;.9(i),

which can be written as L4(¢) = M*.¢. This yields that the spectral radius Ay of
M is lower or equal to Ay4.
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We remind that the spectral radius is given by

A :=limsup —log |4 ]]], and [[1£5]]| = sup [I1£"()] .

n—o0 ll4ll=1
The operator L4 is positive and this shows that for every n, |||L%]|| = ||£%(1)]|-
Now, T depends only on 1 coordinate, which then £7%(1) = M"(I). This yields
Aa < Ay O

Theorem 10. (Perron-Frobenius) Let B = (b;;) be a d x d matriz with positive
entries. Then, the spectral radius of B, say X, is a simple dominated eigenvalue.
The associated eigenspace is generated by some “positive” vector u = (uy, -+ , uq)
with u; > 0.

Proof. Consider in R the simplex & = {u = (u1, -+ ,uq), u; >0, ug +...ug = 1}.
As b;; > 0, then B.S is a compact sub-simplex in the interior ,§ of S.

The distance between B.S and 0S8 is thus positive.

We equip B.S with the Finsler metric : if two points say £ # £ are in B.S, let
consider the line (£€'). It intersects S in two points, say ¢ and ¢’. Assume that
these 4 points are in the order

¢,¢.¢,¢.
Then we set d(£,&') = log H%g,:

Figure 2.1:

It turns out that d(.,.) is a metric and that B is a contraction for d(.,.) on B.S.
Therefore, there exists a unique u = (u,...,uq) € BS C § and a positive real
number A such that

B.au = \u.
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The same argument shows that u is the unique eigenvector (up to a multiplicative
factor) in (R )%.
It remains to show that A = A and that ) is simple.

O
By Theorem [10| there exists an eigenvector say ¢4 = (¢a(1), ..., ¢a(d)) with positive

entries for the matrix M*. The associated eigenvalue is also the spectral radius of

L4 (due to Lemma 27)).
Let us define the 2 X 2 matrix Py = P4(i, j) with

A p 4 (5
.. € AU
Pa(i, j) = £ 2gal)
A1 (i)
Note that P, is a line stochastic matrix. Following Subsec. , there exists an invariant
Markov measure given by a vector m = (7, ..., 74). We can indeed recover this result

with the Perron-Frobenius theorem.

Actually, Theorem [10| applied to the adjoint matrix M yields an eigenvector vector
with positive entries u = (uy,...,uq). Set v; = ¢pa(i).u; and v = (vy,...,v4). We
may also assume that v; + -+ +v43 = 1. Then

v.Py=v.
The associated invariant measure p4 is defined by
pa([zo ... xpn_1]) = Vey Pa(xo, 1) . .. Pa(@p_2,Tp_1).

The exact computation yields ([ . . . Zp_1]) = Uy, e D@08 (. 1), Since
u and ¢4 have positive entries, this shows that u, is a Gibbs measure.

Things can be summarized as follows:

Let M = (M;;) be the matrix with entries e, Let r = (r1,...74) be the
right-eigenvector associated to A with normalization Y r; = 1. Let 1 = (Iy,...,1,)
be the left-eigenvector for A with renormalization ) [;r;=1. Then, r is the
eigenmeasure v4 and 1 is the density H 4.

The Gibbs measure of the cylinder [ig . . .4,_1] is
HaA = ([ZO c. Z-nfl]) = liOGSn(A)(w)_nIOgAATZ'"_l




Chapter 3

Maximizing measures, Ground
states and temperature zero

3.1 Selection at temperature zero

3.1.1 The main questions

We remind Definition [20] of a A-maximizing measure: it is a o-invariant probability

4 such that
/Adu: max /Ady.
veM,

Existence of maximizing probabilities follows from the compactness of M,.
Consequently to this definition, the first questions we are interested in are related
to maximizing measures. We can for instance address:

1. For a given potential A, how big is the set of maximizing measures ?

2. How can we construct/get maximizing measures ?

3. For a given maximizing measure, how its supports does look like ?
We already mentioned above the relation between maximizing measures and equi-

librium states (see Theorem [)): assume A is Holder continuous. Any accumulation
point for pp is a A-maximizing measure.

This motivates a new definition:

Definition 28. Let A be Holder continuous. A o-invariant probability measure pu is
called a ground state (for A) if it is an accumulation point for pg as B goes to +oo.

29
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Remark 2. The Holder continuity of A is only required to get uniqueness for the
equilibrium state for 5.A. B

Clearly a ground state is a A-maximizing measure but a priori a maximizing measure
is not necessarily a ground state. The natural question we can address are then:

1. Is there convergence for 115 as 3 goes to 400 ?

2. If there is convergence, how does the family of measures pg select the limit ?

Concerning the first question, there is one known example of non-convergence (see
[38]). Let us now detail the last question. Obviously, if there is a unique maximizing
measure, there is convergence because there is a unique possible accumulation point.
Let us thus assume that there are at least two different maximizing measures ft;,44.1
and fimae,2. Just by linearity, any convex combination of both measure p1; = tftm0q.1+
(1—1) ftmax,2, t € [0, 1], is also a A-maximizing measure. The question of the selection
is then to determine why the family (or even a subfamily) will converge to some
specific limit, if there are several possible choices.

The notion of ground states comes from Statistical Mechanics. Perhaps the most
famous example is the supraconductivity phenomenon: consider a one-dimensional
lattice with spins which can be up (say +1) or down (say -1). If the temperature
decreases, then, spins change and at very low temperature they are all up or down.
This modify the magnetic properties of the material. In statistical Mechanics g
is the inverse of the temperature, thus, doing § — +o0o0 means to reach the zero
temperature. The goal is thus to furnish mathematical tools to understand why
materials have a strong tendency to be highly ordered at low temperature. They
reach a crystal or quasi crystal configuration.

A dual viewpoint for maximizing measure is “generic” maximizing orbits. If u is a
maximizing measure, then for u almost every x,

n—1
1 .
] — J =
nh_)n(r)lon EOAOO' (x) = m(A).
J:

It is then normal to study the problem with this viewpoint:

1. How can we detect that an orbit is A-maximizing ?
2. How related to maximizing measures is the set of maximizing orbits ?

3. How are A-maximizing orbits 7



3.1. Selection at temperature zero 31

We will see that this “orbital” viewpoint leads to solve a cohomological inequality:
A>Zm(A)+VoT V. (3.1)
Definition 29. A coboundary is a function of the form 1 oo — ).

Exercise 12
Show that a coboundary has zero integral for any invariant measure.

3.1.2 Uniqueness and lock-up on periodic orbits

We mentioned above the notion of crystals or quasi-crystals. In our settings crystals
means periodic orbit. We will not deal with the question of quasi-crystal. Conse-
quently, an important point we want to emphasize here is the role of the periodic
orbits. Nevertheless, the regularity of the potential is of prime importance in that
study.

Theorem 11 (see [24]). Generically for the C°-norm the potential A has a unique
mazimizing measure. This measure 1s not-supported by a periodic orbit.

We shall give the proof of this theorem inspired from [24]. We emphasize that this
proofs can be extended (concerning the uniqueness of the maximizing measure) to
any separable space. Another proof for Holder continuous potentials can be found
in [41].

Proof. The set C°(X) is separable. Let (¢,) be a dense sequence in C°(X). Two
different measures, say pu and v must give different values for some 1),,. This means

{A, #Mppae > 1} = {A, In A, v € Mias /@Z)ndl/#/@/}nd,u}
- U{A, dp, v € Moppas /wndy%/wndu}

n /%du—/%du&%}

= UU {A, Jp, v € Mg

1
/% dv — /wn du' > —}. We claim that theses
m

sets are closed. For this we need a lemma:

Set me = {A, HM,V S Mmax

Lemma 30. Let (Ay) be a sequence of continuous potentials converging to A. Let
i be any maximizing measure for Ay and p be an accumulation point for py,.

Then, klim m(Ax) = m(A) and p is a A-mazimizing measure.
— 400
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Proof of Lemma[30. For any € > 0, and for k sufficiently big,
A—c¢ < Ak < A + €.
This shows m(A) — e < m(Ax) < m(A) + e. Furthermore, we have m(A;) =

/Ak dpug, m(A) = /Ad,u and (up to a subsequence) khlf /Ak duy = /Ad,u
—+00

because pu, converges to u for the weak™ topology and Ay goes to A for the strong
topology. O]

We can thus show that the set F}, ,,, is closed in C°(X). Indeed, considering a sequence
Ay, converging to A (for the strong topology), we get two sequences () and () of
Ap-maximizing measures such that

‘/wnduk—/wuk

We pick a subsequence such that p; and v, converge for this subsequence. Lemma
shows that the two limits, say p and v are A-maximizing and they satisfy

fu fos

To complete the proof concerning generic uniqueness, we need to prove that the sets
F, » have empty interior.

1
> =

1
> .
m

For such A, the function € — m(A + £.1,) is convex but not differentiable at € = 0.
Assume p and v are A-maximizing and

1
/%w>/WW+<
m

then the right derivative if bigger than / ¥y, dp and the left derivative is lower than

/ by dv.

Now, a convex function is derivable Lebesgue everywhere (actually everywhere ex-
cept on a countable set), which proves that there are infinitely many € accumulating
on 0 such that A + .9, cannot be in F,, ,,.

Let us now prove that generically, the unique maximizing measure is not supported
on a periodic orbit.

Let us consider some periodic orbit O and pe the associated invariant measure. If
A is such that pe is not A-maximizing, then for every A. closed, pe is still not
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A.-maximizing (see the proof of Lemma. This proves that the set of A such that
o is A-maximizing is a closed set in C°.

To prove it has empty interior, let consider A such that pep is A-maximizing, and
some measure p closed to puep for the weak™® topology. It can be chosen such that

/Ad,u > m(A) — e with € > 0 as small as wanted.

There exists a set K. such that up(K.) < ¢ and p(K.) > 1 — ¢, and then we can
find a continuous function 0 < 1. < 1, null on the periodic orbit O and such that

/wgd,u>1—25.

Then,
/A + 26t dpo = m(A) < m(A) — e + 2e — 4e® < /A + 2e.4). dy..

This shows that ue is not A + 2e1).-maximizing, thus the set of potential such that
Lo 1s maximizing has empty interior.

As there are only countably many periodic orbits, this proves that generically, a
periodic orbit is not maximizing. [

Now we mention a recent result which was conjectured for many years:

Theorem 12 (see [39]). Generically for the Lipschitz norm, the potential A has a
unique maximaizing measure and it is supported by a periodic orbit

We have just seen that “generically” the maximizing measure is unique. This solve
the problem of convergence. Nevettheless, it is extremely simple to get example with
non-uniqueness for the maximizing measure. Let K be any o-invariant compact set
such that it contains the support of at least two different invariant measure (in other
words K is not uniquely ergodic). Then set

A= —d(.,K).

Then A is Lipschitz and any measure with support in K is A-maximizing. It is so
simple to obstruct examples where uniqueness fails that generic uniqueness cannot
be seen as sufficient to consider the problem as solved.

Moreover, the problem of selection is so fascinating, that it is just for itself interest-
ing.
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3.1.3 First selection: entropy criterion

In this section we consider A : ¥ — R Lipschitz continuous. Note that in that
specific case, results also hold for Holder continuous potentials. We denote by M,,,4.
the set of maximizing measures.

Definition 31. The Mather set of A is the union of the support of all the A-
MaTimizing measures.

Theorem 13. Any Ground state has mazximal entropy among the set of mazximizing
measures. In other word, any accumulation point p, for psg satisfies

hy, = max{h,,v € My }.

Proof. First, note that M,, .. is closed, thus compact in M,. The entropy is upper-
semi-continuous, then, there exists measures in M,,,, with maximal entropy.

Let p10 be such a measure, and set hApqy = hy. . Then

s + Bm(A) =y + B, / Adpas < P(B). (3.2)

We remind that 5 +— P(f) admits an asymptote as § — +oo, which means that
there exists some h such that

P(B) = h+ B.m(A) + o(B),

with ma o(f) = 0. Then, Inequality (3.2)) shows that h,,.. < h. Now consider piq,
—+00

any accumulation point for pg. Theorem [f] says that it is A-maximizing. On the
other hand

h+ B.m(A)+o(B) = P(B) = hy, + 5. /Adug < hy, + B.m(A)

vields hpae = by, =2 limsup by, 2 h 2 e O
B—+o0

Remark 3. In Statistical Mechanics, hpq. 1$ called the residual entropy: it is the
entropy of the system at temperature zero, when it reach its ground state.

Consequently, if the Mather set admits a unique measure of maximal entropy, pg

converges to this measure as § — +o00.

We have seen in Proposition that the pressure function f +— P(f) admits an
asymptote as f — +o00. Actually this asymptote is given by

Rmaz + 5.m(A).

Theorem [13] justifies the study of the set of maximizing orbits. This is the goal of
next section.
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3.2 The Aubry set and the subcohomological in-
equality

3.2.1 Calibrated subactions

Consider A : ¥ — R Lipschitz and 5 > 0. The transfer operator yields for every =z,

e’ Z P A F o (i), (3.3)

i, 1ToEA
where all the subscribed 5.A have been replaced by [ for simplicity.

We have seen that if § goes to 400 there is control on the constant, but this control

exists at the — log-scale.

Exercise 13 )
Show that lim — log(e”® + e?) = max(a, b).
B—~+o00 ﬂ

1
Actually, Proposition [26{shows that the — log Hz form an equicontinuous family. We

can consider accumulation point, say V', it is Lipschitz continuous. For simplicity
we keep writing § — +oo even if we actualliconsider subsequences. Then, taking

1
3 log of (3.3)), doing 5 — 400, Proposition [24| implies

m(A) + V(z) = max{V (ix) + A(ix)} . (3.4)
Definition 32. A continuous function u : ¥ — R is called a calibrated subaction

for A: ¥ — R, if for any x € 3, we have

u(r) = max [A(y) + u(y) — m(A)]. (3.5)

oy)=r

1
Consequently any accumulation point for — log Hjs is a calibrated subaction. Now,

Equality (3.4]) yields for every ¢ and every x such that izg is admissible,
A(iz) < m(A) + V(x) — V(iz),

which can be rewritten as A(y) = m(A) + V oo(y) — V(y) + g(y), where g is a
non-positive function. By Proposition [26]it is also Lipschitz continuous.

Theorem 14. There exists an invariant set A called the Aubry set such that
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1. A contains the Mather set, or equivalently any A-mazimizing measure has its
support in A.

2. Restricted to A, A —m(A) is equal to a Lipschitz coboundary.

This theorem answers to the question of detection of maximizing orbits. The termi-
nology is borrowed from the Aubry-Mather Theory (see [106] [40] [48] [104] [56]).

Definition 33. Given A, the Mané potential is:

SA(I, y) =

—_

n—

li_{% [Sup{ [A(0"(2)) — ma] ‘ neN, o"(z) =y, d(z,z) < EH

i

Il
=)

Proof of Theorem[1]. We set A := {x € X|Sa(x,z) = 0}. Let check that A
satisfies the required conditions.

First of all, let z be in X. We can write Then we get

Sn(A—m(A))(2) = Su(g9)(2) +V oo"(z) = V(2). (3.6)
Now, pick y and consider z such that ¢”(z) = y. This yields
Sn(A=m(A))(z) = Su(9)(2) + V(y) = V(2) <g(2) + V(y) = V() < V(y) =V
Therefore, for every x and y, continuity of V' shows |

Salz,y) < g(x) +V(y) = V() <V(y) — V() (3.8)

Now, we show that if u is a A-maximizing ergodic measure then supp u C A. This
will, in particular, imply that A is not empty. Consider z generic for p (and also in
the support of ). V' is Lipschitz, thus bounded and z is generic for u, then Equality

1

(3.6) yields lim —S, (A —m(A))(xz) =0. Consequently g is a non-positive function
n—oo N

satisfying | gdp = 0. Since p is ergodic and g is continuous, we have gisupp, = 0.

This implies
A(x) =m(A)+Voo(x) —V(x),

for every x € supp p.

Now, x returns infinitely many times as closed as wanted to itself (see Proposition
. This yields that for a given € = 2LN, there are infinitely many n; such that

r=xoxl1.. -Tp;—1ToxX1 ... TN=1----
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Equivalently, this means that the word zq...xxy_1 appears infinitely many times
into r = zgxy .. ..

This yields that for such n;, the word

Z=XTo1 ..., T,

coincides with x for at least n; + N digits. Lipschitz regularity for A and ¢ yields

150, (A)(2) — S, (A)(@)] < Cgre, and |53, (9)(2) — o, () ()] < C o

Remind that g o o*(z) = 0 for every k because x beings to supp u, and that V is
also Lipschitz continuous. Therefore we get

1

|Sn, (A —m(A))(2)] < C’i 0" (z) = x and d(z,z) < S

i 2]\[’

This yields that Sy(z,x) > 0 and Inequality (3.8)) yields Sa(x,z) < 0. Therefore, =
belongs to A.

Now, we prove that A —m(A) restricted to A is a coboundary. Let x be in A. Note
that Inequality (3.8) yields

0 < Salz,2) <g(z) <O,
which show that g is equal to 0 on A. Therefore A —m(A) is a coboundary on A.

The last point to check is that A is o-invariant. Let = be in A. Let g9 > 0 be fixed
and suppose z is such that ¢™(z) = z and d(z, z) < e. Then,
Su(A)(2) = A(z)+ Aoo()+ ...+ Aos" ()

(
(0(2)) + oo “(0(2)) + A(2)
= Alo(2)) + o+ Aoo™ (0(2)) + A(z) + A(2) — A=)

= Su(A)(o ()) A(z) = A(z).

Note that d(o(2),0(z)) = 2d(z,z) < 2¢ and |A(z) — A(z)| < C.d(z,x) < Ce. Taking
the supremum over all the possible n for fixed ¢, and then letting € — 0 shows

Sa(z,x) = Sa(o(x),o(x)).

I
'S

Proposition 34. The Aubry set is compact.

Proof. The definition of S yields

Sa(z,z) = ll_r)r(l) sgp{Sn(g)(z), 0" (2) =z d(z,2) < €}.
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The function g is non-positive, thus S,(g)(z) is always non-positive. To realize
Sa(z,z) = 0, it can be done if and only if for every n, there exists z, such that
0™(z) = z and S,(¢)(z) = 0. Lipschitz continuity of ¢ shows that this condition is
closed: if z does not satisfies this condition, there exists n such that for every z,
such that 0™(z) = z, S,(g)(2) < 0. This is obviously true for every z’ sufficiently
closed to x. O

3.2.2 Description of the Aubry set. The case of locally con-
stant potential

Here we consider a potential depending on 2 coordinates : A(xox1xs...) = A(zo, x1).
We set A(i, j) for A(z) with z =1dj....

Note that in that case Hg is constant one each l-cylinder [i]: remind that in that
case L3 is just a matrix and Hp is its left dominating eigenvector. This also holds

for B log Hg and then for any accumulation point V.

If z is in ¥ and z is such that ¢"(z) = z and d(z, z) < 1, then, V(z) = V(z). Hence,
Sn(A =m(A))(2) = Su(9)(2) < 0.

If yisin A, ga =0, then S,(A —m(A))(y) = Voo"(y) —V(y). If 0"(y) and y

are in the same 1-cylinder, then S, (A — m(A))(y) = 0. Furthermore, if z is the

periodic orbit given by the concatenation of yoy; . .. yn—1, then S,(A —m(A))(z) =

Sn(A—m(A))(y) because all the transitions z; — 2,41 are the same than for y (for
i<n—1).

This shows that m(A) is reached by periodic orbits.

Definition 35. A periodic orbit obtained as the concatenation of zy. ..z, 1 is said
to be simple if all the digits z; are different.

Example. 123123123... is a simple periodic orbit of length 3. 121412141214... is
not a simple periodic orbit.

One simple periodic orbit of length n furnishes n bricks, that are the words producing
the n points of the orbit :

Example. The bricks of 123123123... are 123, 231 and 312.

Then, the Aubry set A is constructed as follows :

1. List all the simple periodic orbits. This is a finite set.
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2. Pick the ones such that their Birkhoff means are maximal. This maximal
vague is m(A). Such a simple periodic orbit is also said to be maximizing.

3. Consider the associated bricks for all these simple maximizing periodic orbits.
4. The set A is the subshift of finite type constructed from these bricks:

(a) Two bricks can be combined if they have a common digit. On one of
the simple loop one glues the other simple loop. A brick xzqz; ...z, and
TpY1 - - - Y produce the new periodic orbit zgxy ... T,y1Ys . . . YpTnToTy . . . TpY1Yo

Example. 123 and 345 produce the new orbit 123453123453 . . ..

(b) A is the closure of the set of all the periodic orbits obtained with this
process.

We can also define A from its transition matrix. Set Tj; = 0 for every j if i does
not appear in any of the bricks. If 7 appears in a brick, set T;; = 1 if 75 appears in

maximizing orbit) set also T;; = 1. Set T;; = 0 otherwise. Then A = Xr.

Example. If the bricks are (up to permutations) abc, cde, fgh, gi and fj, the
transition matrix restricted to these letters is

o
—_
o
(]
o

S OO OO oo+ O
S OO OO OO OO
(il el
O OO OO OO~
O OO OO o+ O O
— O R OO O oo oo
O R OO OO oo
SO O OO OO oo
S OO OO oo oo
Do oo OO o oo

Figure 3.1: The graph for T’

The set A is a subhift of finite type. It can thus be decomposed in irreducible
components, say A; ..., A,. Each component admits a unique measure of maximal
entropy, say fi1,..., M. Let h; be the associated entropies. We assume that the
order has been chosen such that

hi > hy > ... 2 h,.

YTy
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In that case, the topological entropy for A is hy. More precisely, assume that j, is
such that
hlzhgz...:hjo >hj0+1 >hj0+2....

Then A admits exactly jo ergodic measures of maximal entropy h;. Any ground
state is a convex combination of these jj ergodic measures.

In that special case, it is proved that there is only one ground state:

Theorem 15 (see [29 79, 37]). If A depends only on two coordinates, then pg
converges as 3 — 400.

Example. In the previous example, A has two irreducible components. The first
one has entropy %logQ ~ (0.23. The second one has entropy ~ 0.398. In that case
the ground state is the unique measure of maximal entropy, which has support in
the second irreducible component.

3.2.3 Some consequences of Theorem

A dual viewpoint for the selection problem is the following. For every 8 pg has full
support. In some sense the measure ugz can be seen as a set of points (the set of
Generic points see [105]). This set of point is dense.

However, as f — +oo this set remains dense but accumulates itself on the Aubry set
A. More precisely, it is going to accumulate on the irreducible components which
have positive weight for some ground state.

The selection problem is thus to determine what are the components of A4 where
the set accumulates itself.

It may happen that an irreducible component of A has maximal entropy but has no
weight at temperature zero. In [79], the author introduced the notion of isolation
rate between the irreducible components and showed that only the most isolated
component have weight at temperature zero.

One natural question is to study the speed of convergence for piz. More precisely, if
C' is a cylinder such that C' N A = (), then ﬁlim ps(C) = 0 (because any possible
—+00

accumulation point gives O-measure to C'). It is thus natural to study the possible
limit:

Gm % log(115(C)).-
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The Peierl’s barrier and the Large
deviation principle

4.1 Irreducible components of the Aubry set

4.1.1 Definition of the Peierl’s barrier

We have seen above that if A depends on two coordinates the Aubry set A is a
subshift of finite type. It thus has well-defined irreducible components, each one
being the support of a unique measure of maximal entropy. For more general case,
there are no reasons why A should be a subshift of finite type. Actually it can be
any invariant subset as it was shown above : pick any compact set A and consider

A= —d(., A).
In that condition it is far from obvious to define the irreducible components of A
and to determine the measures of maximal entropy.

Definition 36. The Peierl’s barrier between x and y is defined by

h(xz,y) := limlimsup {S,(A — m(A))(z), o"(z) =y d(x,z) <e}.
=0 nooo
We remind that we got A = m(A) +V oo —V 4 g, where V is a calibrated
1
subaction (obtained via a converging subsequence for —log Hgz) and g is a non-

positive Lipschitz function. Replacing this expression of A into the definition of the
Peierl’s barrier we get

hz,y) = li_r}nlimsup {Sn(9)(2), 0"(2) =y d(x,z) <e}.

n—o0

41
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This shows that to compute h(z,y), we morally have to find a sequence of pre-images
for y which converges as fast as possible to x.

We shall see later that of prime importance equality h(x,y) + h(y, z) = h(x, ) is.

Theorem 16. For any x, the Peierl’s barrier y — h(x,y) is a Lipschitz calibrated
subaction. Moreover h(x,x) = 0 if and only if x belongs to A.

Proof. Pick z and y. Consider z such that ¢"(z) = y, d(z,2) < €. Note that in
Y., z is just the concatenation 2 ...z, 1y. For 3/ close to y (namely yo = y;), we
consider 2z’ := zg... 2,1y ; the Lipschitz regularity for g yields

|5n(9)(2) = Su(2)| < C.d(y, y/),

for some constant C'. If we consider a sequence of z realizing the limsup and then
do e — 0, we get

h(z,y) < h(z,y') + C.d(y. y).
The same argument shows h(x,y’) < h(z,y) + C.d(y,vy’) and then y — h(x,y) is
Lipschitz continuous.

Let us show it is a calibrated subaction. For this consider y, n and ¢ such that
0™(z) =y and d(x,2) < €. Then, d(x,2) < € and s""!(2) = o(y). Moreover

Snt1(A —m(A))(2) = Su(A —m(A))(2) + A(y) — m(A). (4.1)

Considering a sequence of z realizing the limsup for h(z,y), taking the limit along
the subsequence and then doing ¢ — 0 we get

h(z,y) + A(y) — m(A) < h(z,0(y)).

This shows that y — h(z,y) is a subaction. It remains to show that for a fixed
value for y' = o(y), the equality is achieved for one preimages of y’. This follows
from taking the z’s and the n’s in Equality which realize the limsup for the
left hand-side of the equality. Then we get

h(z,y) < hz,y) + Aly) — m(A),
with o(y) = ¢/. As the reverse inequality holds, the global equality holds.

both definition of the Mané potential and the Peierl’s barrier are very similar, except
that in one we consider the supremum and in the other we consider a lim sup. This
immediatey shows that

h(z,y) < Salx,y),

and then h(z,z) = 0 yields Sa(z,z) = 0 (due to Inequality [3.8), thus = belongs to
A. Let us prove the converse. Set x in A. Consider p > 0 small and ¢, such that
for every ¢ < &,

sgp {Sn(A—=m(A))(2), 0"(2) =z d(z,z) <e} = —p. (4.2)
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In the following, we assume for simplicity that x is not periodic, but the proof can
be easily extended to that case.

Inequality (4.2) holds for every e. We thus construct a subsequence (ny) by induction.
We pick any € and consider ng realizing the supremum up to —p. Then we get

Sno(A—m(A))(z) = —2p with 6™ (zy) = x and d(z, z) < €.
Now we use Inequality(4.2)) but with]e; < min {d(z, 2),0"(z) =y n < ne}-
We get ny > ng and z; such that

Spy (A —=m(A))(z1) = —2p with 6" (21) = z and d(zx, z1) < &;.

We then proceed by induction with g1 < min{d(z,2),0"(z) =y n < ng}. Then
we have

—2p < Sp(A—m(A))(z), with 0™ (z;) =y and d(x, z;) < e
then
—2p < limsup{S,(A—m(A))(2), oc"(z) =z d(x,z) < e}.

n—oo

This holds for every 0 < & < gy and then h(z,z) > —2p. Then we do p — 0, and
h(xz,x) = 0. the reverse equality is always true, so h(z,z) = 0. O

4.1.2 Definition of the irreducible components of the Aubry
set

Here, we show that the Peierl’s barrier allow to define “irreducible” components of
the Aubry set.

Lemma 37. For any x, y and z

h(z,y) = h(z,z) + h(z,y). (4.3)

Proof. Let € > 0 be fixed. Consider a preimage y" of y close to z and a preimage 2’
of z close to x. For small ¢, 2 satisfies 2’ = 2{...2/,_,z and then y" := z{ ... 2, v/
is also a preimage of y. The cocycle relation yields, if o™ (y') = v,

Snm(A = m(A)(y") = Sn(A =m(A)(y") + Sm(A —m(A))(y).

The Lipschitz regularity shows that S,,(A—m(A))(y"”) differs from S,(A—m(A))(2')
of a term £C.e. If we assume that the n’s and the m's are chosen to realize the
respective lim sup, the term form the left-hand side is lower than the lim sup. Then
the Lemma is proved. O]

'Here we use that this distance is positive.
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Lemma 38. For any z in A, h(z,o(x))+ h(o(z),z) = 0.

Proof. Lemma [37] and Theorem [16] show that
h(z,o(x)) + h(o(x),z) < h(z,z) = 0.
It remains to prove it is non-negative. The Peierl’s barrier is a subaction thus
h(z,o(x)) > A—m(A) + h(z,z) = A—m(A).

Now, consider y a preimage of x e-close to o(x). Say vy = yo...yn—12. Then,
&' = ZoYo - . . Ya—17 is a preimage of z e-closd|to z. In particular A(z') = A(x)£Ce.
We emphasize that is is equivalent to have 2’ — x or y — o(z).

We assume that these quantities are chosen such that S, 1(A—m(A))(z") converges
to the lim sup if n goes to +00. Now,

Sni1(A—m(A))() = A(") —m(A) + Su(A —m(A4))(y).

Doing n — +00, the right-hand side term is lower than h(o(z),z) + A(x) — m(A)
and the left-hand side term goes to h(z,z) = 0. This yields

0 < h(o(z),z) + A(x) — m(A) < h(o(x),z) + h(z,o(x)).
O

Lemma 39. Letz y and z be in A. If h(z,y)+h(y,z) =0 and h(y, z)+h(z,y) = 0,
then h(z,z) + h(z,x) = 0.
Proof. Inequality shows

h(z,z)+ h(z,2) > h(x,y) + h(y,z) + h(z,y) + h(y,2) =0+ 0= 0.
It also yields h(z, z) + h(z,x) < h(z,z) = 0. O
Lemma proves that h(z,y) + h(y,z) = 0 is a transitive relation. Since it is
obviously symmetric and reflexive, then it is an equivalence relation on A.
Definition 40. The equivalence classes for the relation

Wz, y) + h(y, z) =0,

are called irreducible components of A.
Note that = and o(x) belong to the same class, which shows that the classes are
invariant. The continuity for the Peierl’s barrier has been proved with respect to

the second variable for a fixed first variable. It is thus not clear that an irreducible
component is closed.

2 Actually 5-close to .
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4.1.3 The locally constant case

If the potential is locally constant, we have seen in Subsection that the Aubry
set A is a subshift of finite type, for which the notion of irreducible component has
already been defined (see {4]). We have to check that the two notions coincide.

We have seen that the irreducible components of a subshift of finite type are exactly
the transitive components. We shall use this description to show that irreducible
components of the Aubry (in the sense of the Peierl’s barrier) set are the irreducible
components (with respect to subshifts).

Lemma 41. Assume A depend only on two coordinates. Let x and y be in 3. As-
sume that d(z,z) < 1, 0™(2) =y and there ezists 1 < k < n such that d(c*(z),z) <

1. Then,

Su(A = ma)(2) < Su-i(A = ma)(o"(2)).

Proof. We consider a calibrated subaction V. We have seen it only depends on one
coordinate. We remind that for every &,

A(§) =ma+Voo(§) = V(E) +g(&) (4.4)

holds, where ¢ is a non-positive function (depending only on 2 coordinates). Now
we have

Sk(A —ma)(z) = Si(g)(2) + V("(2)) = V(2) = Sk(g)(2) < 0.

]
From Lemma [41| we claim that for every x and y,
1

Lemma 42. Let consider some y in . The map x — h(z,y) is continuous

Proof. Consider a sequence (z,) converging to x. Assume that all these z, and x
coincide for at least 2 digits. Then,

1
d(z,x,) < 1= d(z,z) <

| =

For y and n, consider any z realizing the maximum into the definition of Sa(x,,y).
It also realizes the maximum for S4(z,y) and more generally for every Sy (zy,y). O
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Lemma shows that any irreducible components of the Aubry in the sense of
definition 40l is closed. It is also invariant. We thus have to show it is transitive.

Let us consider some components and pick two open sets U and V' (for the com-
ponents). We still assume that Equality holds. Consider x € U N A and
y € VN A. By definition

h(z,y) + h(y,z) = 0.

By Equality (4.5)), h(x,y) is realized by some S,,(A —m4)(z) and h(y, z) is realized
by some S,,(A —m4)(2’). Moreover we can also assume that z belongs to U and 2’
belongs to V.

Indeed, if it is not the case, we can always follow preimages of x in the component
A which are exactly on the set g~1({0}).

From the two pieces of orbits z,0(2),...,0"(z) and 2/, 0(2'),...,0™(2’) we can con-
struct a periodic orbit. Denote by £ the point of this periodic orbit in U. Then we
claim that

h(y,€) = h(y, z) = Su(A —ma)(2) and h(&,y) = h(x,y) = Sp(A —ma)(2).

This shows that £ belongs to A and to the same component than y. Therefore
o~™(U)NV # () and the component is transitive.

4.2 On the road to solve the subcohomological
inequality

4.2.1 Peier!l’s barrier and calibrated subactions

The Peierl’s barrier satisfies an important property. It shows that a calibrated
subaction is entirely determined by its values on the Aubry set.

Theorem 17 (see [50]Th. 10). | Any calibrated subaction u satisfies for any y

u(y) = ilelg[h(x, y) +u(x)], (4.6)

Proof. We show that any calibrated subaction u is entirely determined by its values
on the Aubry set A.

Let us thus consider some calibrated subaction w. Let y be in >. Let y_; be any
preimage of y such that

u(y) = A(y-1) = m(A) + u(y-1).
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More generally we consider a sequence y_,, such that o(y_,) = y_,+1 and

U(Y-ni1) = A(Y-n) — m(A) + u(y—n).

We claim that any accumulation point for (y_,) belongs to A. Indeed, let us consider
some converging sequence y_p, , converging to .

For k' > k we get o™~ (y_p,,) = Y—n,. Therefore we have

S”k’—”k (A - m(A))(y—nk/) = u(y—nk) - u(y—nk/>7

and y,, — x yields
Salz,z) > 0.

since Sa(z, x) < 0 always holds (see Inequality (3.8])), this shows that the limit point
x belongs to A.

Now we have S,, (A — m(A))(yn,) = u(y) — u(yn, ), which yields

h(z,y) 2 uly) — u(z).
In particular u(y) < supye4{h(z’,y) +u(2’)} holds.

Actually the reasoning we have just done allow to get a finer result. Consider z in
). the we can write

A(z) =m(A) +uoo(z) —u(z) + g(2),
where ¢ is a non-positive Lipschitz function. Now, consider z, such that 0" (z) = y.
We get
Sn(A =m(A))(zn) = u(y) — u(z) + Su(9)(2) < uly) — u(z).
This shows that
ha',y) < uly) — u(z’)

always holds (consider any 2" and take a subsequence of z, converging to it). Then
Equality [4.6] holds. O

Moreover, the irreducible component get a special importance :

Theorem 18. If x and z are in the same irreducible component of A, then for any

Ys
Wz, y) +uz) = h(z,y) + u(z).

Proof. We remind tow inequalities and one equality:

h(z,y) =z, 2) + h(z,y),
u(r) = h(z, x) +u(z),
h(z,z) + h(z,z) = 0.
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Then,
u(x) + h(z,y) w(x) + h(z,2) + h(z,y

>
> u(x) —h(z,z) + h(z,y) +u(z) —u(z) =ulr) —u(z) — h(z,z) + h(z,y) + u(z)
Z

~—

Exchanging the roles of x and z shows that the reverse inequality also holds. O]

4.2.2 Selection of calibrated subactions

We remind that for a given 8 > 0, the equilibrium state s is also a Gibbs measure
obtained by the product of the eigenfunction Hz and the eigenprobabilz’tgﬂ vg. We

also remind that any accumulation point for the family Blog Hpg is a calibrated

subaction.

It is thus natural to study the selection of the calibrated subaction:

1
1. What are the accumulation points for B log Hg as 8 — 400 ?
1
2. Is there convergence for E log Hg as 8 — 400 7

Uniqueness of the maximizing measure gives a partial answer to these questions:

Theorem 19. Assume that there is a unique A-mazimizing measure, then all the
calibrated subactions are equal up to an additive constant.

Proof. In that case A is uniquely ergodic and has thus a single irreducible compo-
nent. If x4 is any point of A, Theorems[18|and [17]show that any calibrated subaction
is entirely determined by its value on xg. O

1
We point out that even in that simple case, the convergence for — log Hy is not clear.

s

In that direction we mention one of the results in [81]. For simplicity we state it
using the setting of [12].

Theorem 20 (see [81]). Assume that ¥ = {1,2,3}" and A satisfies
—d(z,1°) ifx =1...,
Ax) =< =3d(z,2®) if x =2...,
—a<0ifr=3....

3which is also the conformal measure.
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1
Then, vg — 61 as B — +oo and B log Hy converges.

This theorem shows that flatness is a selection criterion: the Aubry set in that case
is reduced to {1} U{2*} and the two unique ergodic maximizing measures are the
dirac measures d;-~ and do. The potential is “more flat” in 1°° than in 2°°. Then
the Theorem says that the locus where the potential is flatter wins the eigenmeasure.
In that case it is sufficient to determine all the calibrated subactions.

More generally if the Aubry set A is not a subshift of finite type, the problem
concerning selection is that

1. there is no theory for measure of maximal entropy for general subshifts.

2. there is no necessary existence or uniqueness of conformal measure (one of the
key point in Theorem [20] to select calibrated subactions).

We shall also see that the problem of selection of subaction is related to the multi-
plicity of an eigenvector in the Max-Plus formalism.

4.3 Large deviation for the Gibbs measure

In the study of Large Deviations when temperature goes to zero one is interested in
the limits of the following form:

!
Jim 5 log p5(C), (4.7)

where C' is a for a fixed cylinder on 3.

In principle, the limit may not exist. We remind that general references in Large
deviation are [45] [46]).

Definition 43. We say there exists a Large Deviation Principle for the one parame-
ter family ug, B > 0, if there exists a non-negative function I, where I : ¥ — RU{oco}
(which can have value equal to infinity in some points), which it is lower semi-
continuous and for any cylinder set C' C X,

1 :
BETOOEIOgH,BA(C) = — inf I(z).

In the affirmative case an important point is to be able to identify such function I.
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Theorem 21 (see [9, 99]). Assume that A admits a unique mazximizing measure.
Let V be a calibrated subaction. Then, for any cylinder [igi;...i,], we have

lim %logug([ioiy--in]) =— inf {I(2)},

B—00 2€[igi1...in]
where .
1) =3[V o0~V —(A—m(A)]o" (@)

n=0

In the case the potential A depends on two coordinates and the maximizing proba-
bility is unique we get

I(z) = I(zg,21..., T, ..) = Z[V(ajo) —V(z;) — Alxj, xj401) + m(A)].

Jj=0
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One explicit example with all the
computations

Preliminaries: Max-Plus algebra We equip R U {—oco} with two new binary
operators :

1. @ is defined my a @ b = max(a, b), with the rule —oo < a, for any a € R.

2. ® is defined by a ® b = a + b with the rule a ® (—o0) = —o0.

We claim that (RU{—o0}, ®, ®) is a commutative algebra. The two neutral elements
are respectively —oo and 0.

Lemma 44. Let a,b,c and d be real numbers. Let vy and vy and t be such that

Vs c d Vg
b+c

)

Then, t = max(a, d,
Proof. We get the two equations
U1 +t = max(v; +a,vy +b) vy +t=max(v; + ¢, ve + d).

This yields t > a and
2t > ¢+ b. This proves

. From vy +t > vo+ b and vs +t > vy + ¢ we get

b+ c

t > d
t> max(a,d,T).

Assume that ¢ > max(a, d), then we must have v; +t = vy + b and vy +t = v; + ¢,
which finishes the proof. m

o1
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The example. We consider the following particular case: ¥ := {1,2,3} and A
is a non-positive potential depending only on two coordinates. For each pair (3, j)
we set A(7,j) = —&;;. We assume that

e11 = €92 = 0,
and for every other pair €;; > 0.

Note that there are only two ergodic A-maximizing measures, namely, d; and doc,
which are the Dirac measures at 1°° := 111... and at 2> := 222.... The Aubry
set is exactly the union of these two fixed points and each one is an irreducible
component.

We remind that for each 3, the unique equilibrium state is given by

pp = Hgupg,

where Hg and vg are the eigenvectors for the transfer operator L£3. Its dominating
single eigenvalue (i.e., its spectral radius) is e”®.

We have seen in Lemmathat P(B) = / Adpug. This quantity is negative because

A is non-positive and negative on a set of positive measure (remind that for any
S pp has full support). We have seen (see the comments after Remark [3|) that the
asymptote of the pressure is of the form

hmaw + Bm<A)7

where h,,., is the residual entropy and is the entropy of the Aubry set. In our case,
we have hye, = 0 and m(A) = 0. Then, 5lim P(B) = 0. The first role of the
—+00

max-plus algebra seems to determine how the pressure goes to 0 as 8 goes to +oo.

Proposition 45. There exists a positive sub exponential function g and a positive
real number p such that P(B) = g(B)e *4.

1
Proof. First we consider any accumulation point —p for — log P(3). We shall prove

that this —p is actually unique, namely, it does not depend on the chosen subse-
quence.

1
First, we consider a subsequence which realizes —p in ma = log(ep('g) —1). By
—+00

1
Proposition the family {Blog Hﬁ} is relatively compact, and we can always

extract extract another subsequence such that E log Hy converges. We denote by V'

this limit. V is a calibrated subaction.
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For simplicity we shall write 8 — 400 even if we consider a restricted subsequence.

Moreover, Hz and V only depend on one coordinate, and we shall write Hz(i) or

V(i) for Hg(x) and V(x) with x =i.. ..
The eigenfunction Hpg is an eigenvector for £z and this yields

ep(B)HB(l) _ eﬂ.A(l,l)Hﬁ(l) + 6'8'14(2’1)]']5(2) + €B'A(3’1)HB(3)
€P(ﬁ)Hg(2) = QB'A(l’Q)Hﬁ<1) + G’B'A(2’2)H5(2) + €B'A(3’2)H5(3).

Replacing with the values for A we get the two following equations:

("W —1)Hg(1) = e P Hp(2) + e 71 Hpy(3), (5.1a)
(PP — 1 Hg(2) = e P2Hg(1) + e o2 Hy(3). (5.1b)
PB) — 1 1

Now, @ — 3400 0 yields BETW%W = 1 and, finally, 5l_i>rfooglog(ep(ﬂ) —
1) = —p.
1

Taking B log and doing § — 400 in (5.1a]) and (5.1b)) we get
—p+ V(1) = max(—enV(2),—31V(3)), (5.2a)
—p+V(2) = max(—e12V (1), —e32V(3)), (5.2b)

which can be written under the form

(W)= e (Ve ) e

Now, we use Theorem (17| to get an expression of V(3) in terms of V(1) and V/(2).
Indeed, we have

V(3) = max(V(1) + h(1%,3), V(2) + h(2%, 3)),

where h is the Peierl’s barrier and 3 means any point starting with 3. Copying the
work done to get Equality (4.5), we claim that

h(1%°,3) = —e13 and h(2%°,3) = —eq3.

This yields,

V(1) 0 —o0
@ | = 0 0 ®($”). (5.4)
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Merging (5.3)) and ([5.4) we finally get

o (YW)-(L i e b e (V).

(5.5)
1
Then, Lemma shows that Elog P(P) admits a unique accumulation point as
£ — +oo, thus converges.
Setting g(3) := P(3).e”® we get the proof of the proposition. ]

From Lemma [44] we also get
(A(l, 3) + A(3, 1) = —&13 — €31,
A(3,2) + A(2,3) = —e32 — ea3,

A(Q, 1) + A(l, 2) _512 + €91

2 2

— p = max

A(Q, 1) —+ A(l, 3) + A(3, 2) _821 + £13 -+ £392 (56)

2 2 ’

A(L2) + A(2,3) + A(3,1) ez teten

2 2 ’

A(2,3)+ A(3,1) + A(1,3) + A(3,2)
\ 2

We emphasize that the last quantity is actually the mean value of the two first ones,
and then —p > A(2’3)+A(3’1);A(1’3)+A(3’2) always holds, as soon as, —p > A(1,3) +
A(3,1) and —p > A(3,2) + A(2,3) hold.

We can now finish the proof of the convergence of 5. We recall that any accumu-
lation point must be of the form

.01 + (1 — a)dge,

ps([1])

ps([2])
prove the convergence of pg. However, we emphasize that this is very particular

to our case (two ergodic A-maximizing measures). This reasoning may not work
for a more general case. Nevertheless, one of the by-product results of our proof
is that for the general case, it seems possible to determine the convergence we get

with a € [0,1]. It is thus sufficient to show that

converges as [ — +0o to
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here, in a similar (but more complex) way. The complexity is an issue which is due,
essentially, to the large amount of possible combinatorics.

First, we get some equations for the measure v5. We remind that this measure is
[.A-conformal. Then, equality yields,

n=1

vs([1]) = vp (|_|[1"2] - [1”3])
= D va([172)) + vp((173))

+oo =
= Y B PE) (9]) 4 3 S AATPEy 13))
n=1 n=1

e—Be12—P(B) e—Be13—P(B)
T o= (2D + T ve(3)-

We remind that vg([1])+v([2]) +v5([3]) = 1, then, we get a linear equation between
+oo

vg([1]) and v5([2]). Doing the same work with the cylinder [2] = |_| [2"1] L [2"3] we

n=1

get the following system:

(O = 1 eI + 520 = bompy() = b,
(efﬂfzs _ 675'521)%3([1]) + (67’(5) — 1+ 6*5-523),/6([2]) — B )
The determinant of the system is
A(B) = (673(/3) _ 1)2 + (673(/3) _ 1)(6—5-813 + 6—,3-823) +
6—5(612+€23) + €—5~(€21+€13) . eﬁ~(<’-:12-l-€21)7
and, we get
Vﬁ([l]) (673(,3) _ 1)6*&613 + 6*,3-(512+€23)
vs([2]) N (eP(B) — 1)e=Fe2s + e Blearters)’ (5.8)
On the other hand, Equations (5.2al) and ([5.24)) yield the following formula:
Ha(1 PB) _ 1)e—Bea —B.(e21+¢€32)
3(1) _ (O~ 1peien 4 59

HB(Q) (673(5) — 1)6—5-532 + e—B-(e12+es1)
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Therefore, from Equations (5.8) and (| . we get

usl)_ Ha) (1)
115([2]) Hp(2) vs([2])
(ep(ﬁ) _ 1) —B.e13 +e —B.(e12+¢€23) ( PB) _ 1) —B.e31 + 6—,3~(621+€32)
- (ep(ﬁ) _ 1) —B.€23 +e —B.(e21+¢€13) ( PB) _ 1)(3*&.632 + 6*5.(512%331)
(( PB) _ 1) B.(e12+€21—€13) +€,3-(621—623)>
- (( PB) _ 1) B.(e12-+€21—€23) + 6,3-(612—613))

((ep(ﬁ) _ 1)65-(512+6217531) + eﬁ‘(5127832))

((ep(ﬁ) _ 1)65-(812+621—€32) + 6,3.(521—531)) :
(5.10)

Convergence will follow from the next proposition.

Proposition 46. The function g admits a limit as B goes to +00.

Proof. We remind that v is the eigenmeasure for the dual transfer operator. This
yields:

PP = /ﬁg(][)dl/ﬁ

=(L+e 7o e )ug([1]) + (14 e 7512 4 e7P22)([2))
(TP P g emBemya([3]).

(5.11)
Let us set )
X = ep(ﬁ),
A= e Pes,
Al = e B,

B = e #(e1ateas)

B = 67,6.(521+513)7

C = e—Blerzten)

a:= e e 4 emhean

b= e Pe 4 gmhen

ci=e P 4 gmheam 4 g,
\

From the system ({5.7)), we get exact values for vg([1]), v3([2]) and v4([3]). Replacing
these values in ((5.11)), this yields

(14+a)(A(X =1)+B)+(14+b)(A(X =1)+B') + c((X —1)? —C)‘

X= (X 12+ (A+AYX -1)+B+B —C

(5.12)
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This can also be written

a(A(X=1)4+B+b(A(X-1)+ B)+(c— D)((X-1)* - C)

X—1=
(X -1+ A+A)(X-1)+B+B -C ’

and this yields

(X 1P+ A+ A +1-c)(X —1)?
+(B+B —-C—-aA-bA)X-1)+C(c—1)—aB—-b.B =0.

(5.13)

Remember that all the terms A, A, B, ... go exponentially fast to 0 as § — +o0,
X — 1 behaves like g(8)e ", and, moreover g is sub-exponential. We can thus use
Taylor development to replace X — 1 by g(3)e ¥, and, keep in each summand of
the largest term; larger here means that we are comparing it to other terms,
if there is a sum, but also to terms of the other summands.

e Terms in (X — 1)? and (X — 1)3. Note that A, A" and ¢ go exponentially fast
to 0 as 8 — +o0, which shows that (A + A’ +1 — ¢)(X — 1)? has as fordominating
term ¢%(3)e~2"#, whereas (X — 1) has as dominating term ¢*(8)e~**%, which is
exponentially smaller than g2(3)e=2/".

e Term in (X — 1). Note that the term B is cancelled by part of b.A” and similarly
B’ is cancelled by part of a.A. The term in X — 1 is actually equal to

e—ﬁ.(€12+€23) =+ 6—5.(6214-613) _ e—ﬂ(€12+621)
_6*5‘(521+€13) _ 6*5(513%-?31) _ e*ﬁ~(€12+€23) _ 6*5(523+€32)

— _eBleraten) _ o—B(e1ztes) _ p—PBlezstess)

Remind that this term will be multiplied by g(8)e™*# and compared to g*(3)e2/.
The fact that p < fr2ten shows that the term —e #12+e20)( X —1) is exponentially
smaller than g2(3)e=25.
e Term without (X — 1). With a change of sign it is equal to

e~ B-(e12ten1) iy p—B(erztestent) gy o—Blerz+eastest)

@6—5(621+812+613) D 6—5(5214—8134—&32) '

Note that the second and the fourth terms are exponentially smaller than the first
one. Therefore, the remaining term is

6—5~(€12+621) D e—ﬁ(612+623+€31) D 6_5(621+€13+632).
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Remark 4. We emphasize that comparing all these terms allows to recover recover
5.0 comparing the terms in 2p and the terms in p, leads to compare —p with —(e13+
£31) @ (—e23 —€32), and comparing the term with 2p, with the terms without p, leads
to compare —2p with —(12 + €21) B (—€12 — €23 — €31) B (—€21 — €13 — €32). W

Now, considering the dominating terms at exponential scale in (5.13) yields an
equality of the form

ag(B) — Eg(ﬁ) — ¢ = term exponentially small, (5.14)

where a is either 0 or 1, be {0,1,2} and ¢ € {0, 1, 2,3} and not all the coefficients
a, b and ¢ are zer In the left-hand side of ([5.14) we get terms of order —2pf

(at exponential scale) and in the right-hand side we have terms with higher order.

Therefore at least two of Ei,g or ¢ must be non-zero. Moreover, considering any
accumulation point G for g(5), as  goes to +00 and remembering that g is positive
show that G + ¢ = 0 is impossible, i.e., @ = 1 necessarily holds. Hence we have

G?—bG —c=0. (5.15)

Such equation admits all its roots in R, and, at least one of them is non-negative.
But, the key point here is that the roots form a finite set, and this set contains
the set of accumulation points for g(8) as § — 4o00. On the other hand, ¢ is a
continuous function, thus the set of accumulation points for g is an interval. This
shows that it is reduced to a single point, and then g(f) converges as f — +oo. [

We remind that P(3) goes to 0 as 3 goes to +o0, and then e”¥) — 1 behaves like
g(B)e=P*. We replace this in Equation (5.10)). The final expression is thus:

ps((1]) (g(B)ePErten=sis=r) 4 cBlen—ex))

1s([2]) (9(5)65-(6124-621—523_,)) n 66'(512_513))
(g(ﬂ)eﬁ-(€12+£21—831—P) +€B,(512—532))
(9(5)65'(812+521_832—P) + 65-(621—831)) ’

(5.16)

We know by Proposition that g(/5) converges to a nonnegative limit, and then

/1/,3([1]) ehaves 1 e r 86’B't oOr T an Sin . . an
MMM)bh like (g(8) +1)"(g(8))%e”" f dsin{-2,—1,0,1,2} and t € R.

1
We also remind that g(f) is subexponential. Therefore ad EH; admits a limit in
Hp
R U{+o0} as B — +oo. If the limit is 0, pg goes to do, if the limit is +oo, g
« 1
t0 Oy, if it i I to a €]0, +oo], t 5 .
goes to 01, if it is equal to o €]0, +00], pz goes Oa+1 1+a+1 2

'because we exactly consider the dominating exponential scale.
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