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SUMMARY

Physical phenomena commonly observed in nature such as phase transitions, critical
phenomena and metastability when studied from a mathematical point of view may give
arise to arich variety of behavior whose study becomes interesting in itself.

In Chapter 1 we illustrate the phase transition phenomenon at low temperatures for
one-dimensional long range Ising models with inhomogeneous external fields. More
precisely, we consider Ising spins arranged on the one-dimensional integer lattice where
such spins interact via ferromagnetic pairwise interactions whose strength is inversely
proportional to their distance to the power a; furthermore, the system is put under the
influence of an external magnetic field that vanishes with polynomial power § as the dis-
tance between the spin and the origin increases. In that case we show that a phase tran-
sition manifests itself in the form of the existence of two distinct infinite-volume Gibbs
states, obtained by means of the application of the thermodynamic limit considering
“plus” and “minus” boundary conditions respectively, whenever the system is subject at
low temperatures and an inequality involving @ and § holds. The proof of this result is
done by means of the Peierls’ contour argument adapted to one-dimensional long range
Ising models, first introduced by J. Frohlich and T. Spencer in 1982 and later modified
by M. Cassandro, PA. Ferrari, I. Merola and E. Presutti in 2005. Our results improve the
one obtained by the latter authors since we managed to avoid the assumption of large
nearest-neighbor interactions and added the influence of an external field, showing an
interplay between the constants a and 4 in order to guarantee the manifestation of the
phase transition.

In Chapter 2 we apply standard techniques presented by E Manzo, ER. Nardi, E.
Olivieri and E. Scoppola in 2003 in order to approach the problem of metastability of
Ising spin systems. The problem addressed in this chapter, differently from the one in the
previous chapter, has a dynamical nature, where we explore metastable features of one-
dimensional ferromagnetic Ising systems with long range pairwise interactions in the
presence of a uniform external field defined in a finite volume with free boundary condi-
tion. We characterize the asymptotic behavior of the tunneling time between metastable
configurations and stable configurations as the temperature approaches zero. Moreover,
the critical configurations are determined in the general case as well as in some partic-
ular situations, such as in the cases where the strength of the pair interactions decays
polynomially or exponentially.

The main concern of Chapter 3 is to explore ergodic properties of probabilistic cel-
lular automata (PCAs) on infinite rooted trees. We start by establishing a partial rela-
tionship between ergodicity/non-ergodicity of PCAs and uniqueness/phase transition
for a related equilibrium statistical mechanical model defined on space-time configura-
tions, where we construct a correspondence between stationary measures for the PCA
dynamic and time-invariant Gibbs states for its correspondent space-time model. Such
a result is an extension of the one obtained by S. Goldstein, R. Kuik, J. Lebowitz and C.

ix
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Maes in 1989 which was done for PCAs on the d-dimensional cubic lattice. After that
we develop some necessary and sufficient conditions that guarantee the ergodicity for
PCAs on d-ary trees obtaining explicit computations for their critical parameters and
stationary measures.



SAMENVATTING

Fysische verschijnselen die vaak in de natuur worden waargenomen, zoals faseovergan-
gen, kritische verschijnselen en metastabiliteit wanneer ze vanuit wiskundig oogpunt
worden bestudeerd, kunnen een rijke verscheidenheid aan gedrag veroorzaken waarvan
de studie op zich interessant wordt.

In Hoofdstuk 1 illustreren we het fenomeen van faseovergangen bij lage temperatu-
ren voor eendimensionale Ising-modellen met oneindige dracht met inhomogene ex-
terne velden. Om precies te zijn, beschouwen we Ising-spins gerangschikt in het eendi-
mensionale, heeltallige rooster waar dergelijke spins wisselwerken via ferromagnetische
paarsgewijze interacties waarvan de sterkte omgekeerd evenredig is met hun afstand
tot de macht a; bovendien wordt het systeem onder invloed gebracht van een extern
magnetisch veld dat verdwijnt als de afstand van de spin tot de oorsprong tot de macht
6. In dat geval laten we zien dat de faseovergang zich manifesteert in de vorm van het
bestaan van twee verschillende Gibbs-toestanden van het oneindige volume, verkregen
door de toepassing van de thermodynamische limiet, rekening houdend met respectie-
velijk “plus” en “minus” randvoorwaarden, telkens wanneer het systeem onderhevig is
aan lage temperaturen. Het bewijs van dit resultaat wordt geleverd door het contourar-
gument van Peierls, aangepast aan eendimensionale langedrachts Ising-modellen, voor
het eerst geintroduceerd door J. Frohlich en T. Spencer in 1982 en later veralgemeend
door M. Cassandro, PA Ferrari, I. Merola en E. Presutti in 2005. Onze resultaten ver-
beteren het resultaat van de latere auteurs omdat we de aanname van grote naaste-
bureninteracties hebben kunnen vermijden en de invloed van een extern veld hebben
toegevoegd, met een ongelijkheid tissen de constanten. @ en § om de het optreden van
de fase-overgang te garanderen.

In Hoofdstuk 2 passen we standaardtechnieken toe, gepresenteerd door E Manzo,
ER. Nardi, E. Olivieri en E. Scoppola in 2003 om het probleem van metastabiliteit van
Ising-spinsystemen te aan te pakken. Het probleem dat in dit hoofdstuk wordt aan-
gepakt, anders dan in het vorige hoofdstuk, heeft een dynamisch karakter, waarbij we
metastabiele kenmerken van eendimensionale ferromagnetische systemen onderzoe-
ken met lang-bereik paarsgewijze interacties in de aanwezigheid van een uniform extern
veld dat is gedefinieerd in een eindig volume met vrije randvoorwaarde. We karakteri-
seren het asymptotische gedrag van de tunnelingstijd tussen metastabiele configuraties
en stabiele configuraties wanneer de temperatuur tot nul nadert. Bovendien worden de
kritische configuraties zowel in het algemene geval als in sommige specifieke situaties
bepaald, zoals in de gevallen waarin de sterkte van de paar interacties polynomiaal of
exponentieel vervalt.

De hoofdvraag van Hoofdstuk 3 is om ergodische eigenschappen van probabilisti-
sche cellulaire automaten (PCA’s) op oneindige grote bomen te onderzoeken. We begin-
nen met het vaststellen van een gedeeltelijke relatie tussen ergodiciteit / niet-ergodiciteit
van PCA’s en uniciteit / fase-overgang voor een gerelateerd statistisch-mechanisch even-

Xi
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wichtsmodel gebaseerd op ruimte-tijdconfiguraties, waarbij we een verband leggen tus-
sen stationaire maten voor de PCA-dynamiek en tijd-invariante Gibbs maten voor een
corresponderend ruimte-tijdmodel. Een dergelijk resultaat is een uitbreiding van dat
verkregen door S. Goldstein, R. Kuik, J. Lebowitz en C. Maes in 1989, dat werd gedaan
voor PCA’s op het d -dimensionale kubische rooster. Daarna ontwikkelen we enkele
noodzakelijke en voldoende voorwaarden die de ergodiciteit garanderen voor PCA’s op
d -ary-bomen gebaseerd op expliciete berekeningen voor hun kritische parameters en
stationaire maten.



LONG RANGE ISING MODEL

1.1. INTRODUCTION

The rigorous study of phase transitions for one-dimensional Ising models with long range
slowly decaying interactions (Dyson models) is a classical subject in one-dimensional
statistical mechanics. One of the earliest highlights, almost 50 years ago, was Dyson’s
proof of a phase transition [1-3] proving a conjecture due to Kac and Thompson [4].
Long range Ising models with slow polynomial decay, as well as the somewhat related
hierarchical models, have been called “Dyson models" in the literature. We will mostly
refer to our polynomially decaying models as “long range Ising models” but sometimes
refer to them as “Dyson models”.

The formal Hamiltonian of these models is given by

H0)==) Jeyox0y—) hyoy. (1.1)
X#y X

Here the sites x, y lie in the integer lattice Z, and the o’s are Ising spins. More precise
definitions are given in the next section. We first mention what is known for the zero-
field case, i.e. when h, =0 for all x.

If we consider ferromagnetic interactions Jy,, = 0 givenby Jy , =[x~y with a <
1, then it is well known that for a < 0 there is no phase transition, and Dyson showed in
[1] via comparison with a hierarchical model that, for a € (0, 1), such a system undergoes
phase transition at low temperature.

Afterwards different proofs were developed to show the appearance of such a phe-
nomenon. One of them relied on Reflection Positivity [5]. The method of infrared bounds
offers an alternative way to obtaining bounds on contour probabilities. In fact, the au-
thors of [5] remark that they can cover a general class of long range one-dimensional pair
interactions, including the ones treated in [1].

Shortly after, Frohlich and Spencer [6] showed the existence of a phase transition for
a = 0. The proof of these authors was done by a contour argument; they invented a
notion of one-dimensional contours on Z in order to prove the phase transition. Their

|—2+a



2 1. LONG RANGE ISING MODEL

strategy more or less followed the classical Peierls contour argument used for the stan-
dard nearest-neighbor Ising model, but with a substantially more sophisticated defini-
tion of contours. Phase transitions for larger a € (0,1) can then be deduced by Griffiths
inequalities for low enough temperature.

Yet another way to derive the transition was a comparison with independent long
range percolation via Fortuin inequalities and Griffiths inequalities for the a = 0 case, as
discussed in [7]. In that paper it was also shown that the transition for a = 0 is a hybrid
one, in the sense that the magnetization is discontinuous and at the same time the en-
ergy is continuous as a function of temperature, the so-called Thouless effect. Moreover,
for & = 0 itis known that there is a temperature interval below the transition temperature
where the system is critical, in the sense that the covariance is nonsummable, and at the
same time the system is magnetized.

Cassandro et al. in [8] rigorously formalized the contour argument of [6] in the pa-
rameter regime 0 < a < @, where a :=log3/log2—1 = 0.5849. The construction allows
amore precise description of various properties of the model. It has been used in various
follow-up papers [9-15]. We should emphasize that, although the use of contour argu-
ments may look somewhat unwieldy in comparison with other approaches, it is much
more robust. Indeed it has been used to analyze Dyson models in random [12, 13] and
periodic fields [16], for interface behavior and phase separation [10, 11], for entropic
repulsion [9], and here for the model in decaying magnetic fields, all problems where
alternative methods appear to break down. See also [17] for another, somewhat related
approach.

However, the adaptation proposed by Cassandro et al. in [8] needed the following
technical assumptions: (Al): « € [0,a™) and (A2): J(1) > 1. Even the case of a = 0, pre-
viously obtained by Frohlich and Spencer, needs J(1) > 1 in the adaptation proposed by
them. The intuition behind the condition is more or less clear; it makes the model closer
to a nearest-neighbor interaction model where, in principle, contour arguments might
work more easily. Despite the condition being rather artificial and proof-generated, the
constraint asking for J(1) > 1 is present in many later papers about Dyson models and
the proof presented in [8] depends strongly on this hypothesis.

As regards the restriction on ¢, Littin in his thesis [14], and then Littin and Picco [15],
showed that, using quasi-additive properties of the Hamiltonian of the corresponding
contour model and applying the results from [8], one can modify the contour argument
so that it implies the phase transition for all « € [0,1). Due to the fact that the authors in
[15] use energetic lower bounds from [8] which assume large nearest-neighbor interac-
tion J(1), they still use assumption (A2) in their arguments.

Our motivation for the present work is two-fold: first we want to present an ar-
gument to remove assumption (A2) for the zero-field case and secondly we want to
show persistence of a phase transition for one-dimensional long range models in the
presence of external fields decaying to zero at infinity with a power §, in particular, for
fields given by hy = h* (1 + |x|)‘5 and 1 — a < 6. More precisely, our results combined
with existing results imply that there is a trade-off between restricting the parameter
range of § to § > max{l — a,1 — a*} and J(1) = 1 and assuming /(1) > 1 and choosing
6 > max{l —a,1 - a,} where a* < a, will be specified later. Note that our results apply
to the latter case as well.
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Before describing the rest of this work, we will discuss briefly the context of these
results with respect to the hypotheses and technicalities of the proof. Let us mention that
a short announcement of some of our results, but without rigorous proofs, is contained
in [18]. Furthermore, all the results presented in this chapter were rigorously reported in
[19].

Considering the first result in the zero-field case, although proofs for the existence of
a phase transition were known, our estimates allow firstly to drop the (A2) assumption,
and then, by using monotonicity of the Hamiltonian with respect to a, we are also able
to remove the first assumption (Al).

Asregarding the decaying-field case we know that phase transitions for non-zero uni-
form fields are forbidden due to the Lee-Yang circle theorem [20].

The heuristics behind the inequality 1 —a < § can be obtained as follows. We observe
that the contribution of the interaction of a finite interval A with its complement is of
order O(|A|%), whereas the contribution from the external field is of order O(JA|1~9).

We now compare the exponents. If the interaction energy dominates the field energy
forlarge A, a contour argument has a chance of working. This intuition is also what is un-
derlying Imry-Ma arguments for analyzing the stability of phase transitions in the pres-
ence of random fields. It has been confirmed for decaying fields in higher-dimensional
nearest-neighbor models, see below.

It can also be applied to a decaying field the strength of which decays with power 6
but which has random signs. In this case the field energy behaves like O(IAI%‘é). This
case has also been considered before by J. Littin (private communication) [21]. We note
that the case d = 0 reduces to the known Imry-Ma analysis as presented in [12, 13].

Note that the analogous question of the persistence of phase transitions in decaying
fields already was studied before in some short-range models, see [22-25].

This chapter is organized as follows. In Section 1.2 we introduce the some theoretical
background, define our model of interest and fix some notation. In the next section, Sec-
tion 1.3, we construct the first main block that constitutes the Peierls’ argument through
the introduction of a graphical representation for one-dimensional spin configurations
by means of triangle configurations, and define the notion of the contours. A detailed
exposition of the entropy estimates suitable for such a kind of contours can be found in
Section 1.5. Finally, Sections 1.4 and 1.6 contain the proofs of the main theorems includ-
ing the Peierls’ argument.

1.2. THE LONG RANGE ISING MODEL

Let us consider a ferromagnetic one-dimensional long range Ising model together with
a nonuniform external magnetic field. As usual, we describe the set of all possible con-
figurations of a system constituted by +1 and —1 spins arranged on the one-dimensional
integer lattice Z by means of the configuration space Q given by Q = {—1,+1}%. Fixed a
real number « in the interval [0, 1), let J, : N — R be a function defined by

1
Jam) = ——. (1.2)

For any pair x, y of distinct spin locations, we interpret the number J, (|x— y|) as the cou-
pling constant related to the ferromagnetic pair interaction between the spins located at
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these sites. Furthermore, we add the effect of an external field by means of a family of
real numbers h = (hy) ez, where hy is interpreted as the strength of this field at x.

We define our model by means of the interaction potential ®*" = ((Dj'h) Ae.v,» Where
. denotes the collection of all nonempty finite subsets of Z, as follows. At each point w
in Q, let us define @Z’h(a}) by

—Ja(x-ylwyw, if A={x,y}, where x, y are distinct elements of Z,
@Z'h (W) =1 —hywy if A= {x}, where x belongs to Z, and (1.3)
0 otherwise.

Observe that this interaction is absolutely summable, because the sum

o0
Y 0% o = hel +2 Y Ja(n)
Ae.”, Asx n=1

is finite for all x. Furthermore, for each nonempty finite subset A of Z, it is easy to check
that the expression for the Hamiltonian H[‘f’h is given by

HMw == Y Jalx—-yhowy,— Y Y Jelx-yhowy— Y hewx (1.4
{x,yeA XENyeZ\N X€EA
X£Y

at each point w in Q.

Now, let + denote the configuration of Q that assigns the value +1 at each point of
Z. If we restrict ourselves only to configurations with “plus” boundary condition 7 = +,
then, for every such configuration o in Q of the form o0 = wA72\4, we have

1
H"o) =2[ Y Y Jalx—yDLio,20,) + Y hilig,=—yy |+ HYP(+).  (15)
XeZyeZ xX€Z

For convenience, we also introduce a new energy function defined for any spin configu-
ration with “plus” boundary condition, denoted by h%", whose expression is given by

1
h*B(o) = > YY Jallx- VDo, 20, + Y hylig =y (1.6)
xXeZyeZ xeZ

1.3. THE GRAPHICAL REPRESENTATION

The ideas that represent the core of the technique we develop in this chapter, the so-
called Peierls contour argument, were first published in 1936 by R. Peierls in his work
[26] whose objective was to prove the existence of the phase transition phenomenon at
low temperatures for the two-dimensional Ising model when considered with ferromag-
netic nearest-neighbor pair interactions in the absence of an external magnetic field.
The argument on which Peierls’ result was based relies on a graphical representation
that can provide us with a way of visualizing each Ising spin configuration on Z? with
homogeneous boundary condition as a collection of closed curves on the plane, also
known as the Peierls contours. One of the advantages of such a geometrical approach
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is that it makes possible the establishment of energy bounds that imply on a relation-
ship between the typical configurations of the system at a given temperature with the
total length of their corresponding contours. More specifically, one can show that once
the system is subject to low temperatures the typical configurations of a system with
“plus” boundary condition consist of small islands containing spins with value —1 sur-
rounded by a large ocean of spins with value +1. Finally, the last ingredient consists of
finding entropy bounds, in the sense that, it is merely the employment of a combinato-
rial argument that provide the possibility to count the number of contours surrounding
the origin. The combination of all these ingredients together reveals the existence of a
competition between energetic and entropic terms where the first dominates the second
whenever the temperature is sufficiently small. Such an effect is expressed in probabilis-
tic terms in the form of the existence of two distinct Gibbs states uE and ,ug whenever

the parameter 8 = % is large enough, which represents the manifestation the phase tran-
sition phenomenon in the sense of the one described in [27].

In the following sections, we proceed towards the construction of the phase transi-
tion argument for the model defined in Section 1.2 aiming at implementing ideas simi-
lar to those we briefly discussed above. We start this section by introducing a modified
graphical representation that consists of a representation for one-dimensional Ising spin
configurations (again, with homogeneous boundary condition) developed by Cassandro
et al. [8] which was derived from the one employed by Fréhlich and Spencer [6]. Differ-
ently from the traditional technique, the contours that we will be dealing with consist
of collections of triangles grouped together according to suitable separation properties
that will be shown to be crucial for obtaining results whose roles are analogous to those
present in the original case, allowing us to extend the highly acclaimed Peierls’ argument
to the one-dimensional case.

In order to show that such a model defined by the interaction potential ®* given by
equation (1.3) exhibits the phase transition phenomenon at low temperatures via Peierls
contour argument, let us consider only spin configurations in Q = {—1,+1} with “plus”
boundary condition, since the analogous results considering “minus” boundary condi-
tion follow by means of a simple spin-flip argument. Thus, let Q, be defined as the set
of all spin configurations in Q whose spin values are equal to +1 up to a finite numbers
of sites, more precisely, we define

Q; ={we Q:wy=+1holds for | x| sufficiently large}. 1.7)

1.3.1. INTERFACE POINTS

Before we dive into the construction of the contours that best suits the one-dimensional
case, it is reasonable to start by defining the concept of interface points and to make
clear how fundamental is the role played by them. Recall that for the two-dimensional
case (see [26-28]), for each configuration with “plus” boundary condition an interface
is placed perpendicularly to the midpoint of the edge that joins two sites whenever the
values of their spins differ, see Figure 1.1. In that way, we end up with a collection of inter-
faces that fully characterizes that spin configuration, in the sense that, since we know the
fact that the spins sufficiently far from the origin have the value +1 and the values of the
spins are flipped whenever an interface is crossed, then the original spin configuration
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can be reconstructed from the knowledge of its corresponding interfaces. The reason for
choosing the interface locations exactly in between two sites was to allow the establish-
ment of a direct relationship between the energy of a given configuration and the total
sum of the lengths of its associated interfaces. However, for the one-dimensional model
that we discuss in this chapter, due to its long range nature, such a kind of relationship
does not hold anymore and needs to be adapted, because of that, in our case, the choice
of the interface locations is merely arbitrary.

Figure 1.1: Illustration of the use of interfaces to indicate the spin-flip locations associated to a two-
dimensional configuration with “plus” boundary condition. The red dots stand for the sites of Z2 whose spins
have value +1, while the blue dots represent the sites whose spins have value —1.

Suppose that we are given a spin configuration w in Q, then, there must be a finite
number of sites x that are associated with a change of phase, that is, sites x for which
wxwy+1 = —1. Following a reasoning similar to the one applied in the traditional case, we
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will place an interface perpendicularly to the real line at the point r, situated between x 1
and x + 1 whenever we face a change of phase at x, see Figure 1.2.

Figure 1.2: Illustration of the use of interfaces to indicate the spin-flip locations associated to a one-
dimensional configuration with “plus” boundary condition. Differently from the two-dimensional case, the
interfaces are not placed in the midpoint of the line segment determined by neighbors with opposite spins.

As was mentioned before, we can take advantage from the fact that the choice of the
fixed location of each interface can be made freely, so, let us assume that their positions
were previously arranged in such a way that they are described by a family (ry) ycz of real
numbers such that the distances corresponding to any two pairs of r,’s are distinct. The
following lemma shows that such a choice is always possible.

Lemma 1.1. For each g € (0, i), there is a family (ry) xez of real numbers such that each
1y belongs to the interval (x + % -0, X+ % +08¢) and the relation

[rx; = Tyl Z 1y = Tyl (1.8)
holds whenever x\, x, and yy, y» are distinct pairs satisfying x; # x, and y, # y».

Proof. Let A be the set given by

A= U {f:[—n,n]mZ—»R:f(x)e(x+1/2—60,x+1/2+50) for each point x, and

n=0

[ f(x1) — f(x2)| #1f (y1) — f(32)| whenever x1, x2 and y1, y» are distinct pairs
satisfying x; # x» and y1 # y»},
that is, let A be the set consisting of all functions defined on symmetric bounded in-

tervals of Z that satisty the required properties. Then, corresponding to each function
f € A, let us define the set X¢ by

Xy ={ge A:dom(g) 2 dom(f) and g extends f}.

The reader can easily verify that Xy is nonempty. It follows from the axiom of choice
that there is a function F from A into U e 4 X that associates to each element f of A an
extension F(f) in X¢. So, given a function fj € A, by means of the recursive formula

fn+1 = F(fn)y
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we obtain a sequence (f},) ;=0 consisting of compatible functions such that U, >odom(f},) =
Z. Therefore, if we let r : Z — R be the unique extension of this family of functions, then
it is straightforward to check that r satisfies the required conditions. |

Since the existence of the interfaces that fulfill our required properties is guaranteed
by Lemma 1.1, let us choose a real number 6 lying in the interval (0, i) and fix a family
of interface locations (ry)xez for the remaining of this chapter.

|
|
<
i

|

|
| T
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
l l
| |

T, T

Figure 1.3: The one-dimensional integer lattice Z together with its fixed interfaces. The distances correspond-
ing to the pairs of interfaces ry,,rx, and ry,,ry, are distinct and indicated by the blue and green arrows, re-
spectively.

1.3.2. TRIANGLE CONFIGURATIONS
In the following, we show that each one-dimensional spin configuration with “plus”
boundary condition can be regarded as a collection of triangles obtained from its spin-
flip interfaces. First, note that given an element w of Q., as we briefly mentioned in the
previous section, the set

{(xeZ:wywyi1 = -1}, (1.9)

that consists of all points that correspond to a change of sign in w, is finite, moreover, it
contains an even number of elements. Indeed, let V be a positive integer such that w, =
+1 holds for all x satisfying |x| = N. It follows that {x € Z: |x| > N} S {x € Z: wxwx+1 = 1},
hence, we have {x € Z: wywy4+1 = =1} € {x € Z: |x|] = N}. Now, in order to prove the
second part of our claim, we just need to use the fact that

n

_ _ #xeZ.wywyr1=—1}N[-n,n

W-pWn+1 = l_[ WxWx+1 = (—1) { =tzs1==1i0I ]
X=-n
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holds for every nonnegative integer », in particular, if we consider n sufficiently large
(for instance, n = N), we conclude that

(_1)#{x€Z:wxwx+1:—l} =1

This remark shows that the number of interfaces associated to a given configuration in
Q. is even, therefore, we can group them in pairs according to a specific rule, namely
the rule of minimal pairwise distance, in such a way that to each pair of such interfaces
we attach the endpoints of the base of a triangle. So, in the end, the resulting picture
consists of a collection of triangles, a so-called triangle configuration. In the following,
we give a precise description of this construction.
Let us denote by A(a, b) the closed interval in R whose endpoints are a and b, where
a < b and both belong to the set {r, : x € Z} that consists of all possible interface loca-
tions. For graphical purposes such intervals will often be regarded as triangles since, as
will be seen later, it is more convenient to visualize them as the diagonals of isosceles
right triangles whose endpoints are attached to a pair of interface points. So, for that
reason, instead of referring to such an object of the form A(a, b) as the base of the trian-
gle we may refer to it as the triangle by itself, moreover, we refer to its endpoints @ and b
as the roots of that triangle. Given a configuration w in Q., let us define its set of spin-flip
interfaces by
I (w) = {ry : x is an integer such that wywy+; = —1}. (1.10)

Let us consider the function m that maps each subset I of {r, : x € Z} containing an even
number of elements to the set

0] if I = @, and
m(I) =1 {a,b} otherwise, where a and b belongto I, a < b, and (1.11)
la—b|=min{la' -V'|:a’,b el,a #1'}.

Note that the property (1.8) from Lemma 1.1 guarantees that the minimal distance taken
in equation (1.11) is attained by a unique pair of interfaces, so, m is indeed well defined.
Then, the set 1,41 (w) can be recursively defined by using I; (w) and the relation

Iny1(w) = Iy (w)\m(I,(w)) (1.12)

for each positive integer n.

Proceeding with the construction we just described, we end up with a sequence of
sets where each I,;;(w) is obtained by removing from I, (w) its pair of interfaces that
minimizes the distance among any other pairs; moreover, this sequence satisfies I, (w) #
@ whenever n < #I,(w)/2, and I(w) = @ otherwise. Therefore, let us consider all the
pairs of minimizing interfaces, say

m(Ip () = {an, bn} (1.13)

for each n such that 1 < n < #I, (w)/2, and define the triangle configuration associated to
w by letting
Y(w) ={A(an, by):1<n<#I(w)/2}. (1.14)

The step-by-step constructions of triangle configurations are illustrated in detail at the
end of this section, see Examples 1.9 and 1.10.
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Proposition 1.2. The function V¥ defined above is one-to-one.

Proof. Let w and 1 be elements of Q, such that the equality ¥ (w) = ¥(n) holds. It is
straightforward to check that I (w) = I; (). It follows from this identity that

xeZ:wywys1=-1}={x€Z:nxNx+1 = -1} (1.15)
For each site x in Z, equation (1.15) implies that

WxNx = (WxWx+1) (@x+1Mx+1) MxNx+1) = Ox+17 x+1-

By using an induction argument, we conclude that

Wyl x = WyNy

holds for every x and y in Z. Therefore, by choosing y with |y| large enough in such a way
that the condition w, =, = 1 is satisfied, we obtain w,7n, = 1 for all x, thatis, o =n. H

According to the construction developed so far, every spin configuration with “plus”
boundary condition can be unambiguously represented in a graphical form as a collec-
tion of isosceles right triangles. Note that the configuration consisting of only +1 spins
is identified with the empty collection of triangles. From now on, let us denote the range
of ¥ by 7 and refer to its elements as triangle configurations.

In the remaining of this section we explore some geometric features of such a repre-
sentation. First of all, it is important to mention that it is not true that every finite col-
lection of triangles corresponds to some spin configuration, that is, despite the fact that
the map ¥ is one-to-one, it is not a function from Q. onto the set of all possible finite
collection of triangles. In the following, we derive a necessary and sufficient condition
that must be satisfied by a collection of triangles to belong to .7. Given two triangles
T and T, say T = A(a, b) and T’ = A(d’, b'), let us associate to them the length ¢(T, T')
defined by

(T, T)=min{la-d'|,|la-b'|,|Ib—-d'|,|b-D'l}, (1.16)

that is, such a quantity is defined as the minimal distance between the roots of T and
the roots of T”. Note that £(T, T') = 0 if and only if {a, b} n {d/, b’} # @, in other words, the
quantity ¢(T, T') vanishes if and only if T and T’ share at least one common root. In case
T and T’ do not share a common root, we can split equation (1.16) into six remaining
cases and express it as

a-b ifa<b<ad <V,
a-b ifa' <b' <a<h,

0T T = | (d-a)n(b-D") ifa<a <b <b, 117
(a—d)n ' -b) ifa <a<b<b,
(@-ayAnb-a)Anb'-b) ifa<a <b<b' and
(a—a YA —-a)n(b-V) ifad <a<b <bh.

From now on, let us use ¢(T) to denote the quantity ¢(T) = b — a which is equal to the
length of the base of the triangle corresponding to T
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Remark 1.3. Note that for the first four cases in equation (1.17), which correspond to the
cases where T and T are either disjoint or one of them includes the other, the quantity
¢(T, T) coincides exactly with the length of the smallest interval determined by these
two triangles. As will be shown by Proposition 1.4, the triangle configurations are built
in such a special way that any pair of their triangles necessarily falls into one of these
former cases, thus, since we will be dealing mostly with triangle configurations, the last
two cases from (1.17) will be irrelevant to us.

T

oT, T T

(a) This figure represents the first case from (1.17), where T is on the left of 7" and ¢(T, T’) coincides with the distance between
the right root of T and the left root of 7.

T

o uTT) |

- »

(b) This figure represents the third case from (1.17), where T includes 7’ and ¢(T, T’) is the least of the distance between the
left roots of T and T’ and the distance between the right roots of T and T’.

Figure 1.4: Some possible scenarios regarding the relative positions between T and T'.
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T/

a a/ b‘ ib/

0T, TY)

-«

(c) This figure represents the fifth case from (1.17), where T and T’ have a nonempty intersection but no one includes the
other. In the present case, ¢(T, T') is equal to the distance between the right roots of T and T’.

T

T/

o UT, T
B ——

(d) This figure also represents the fifth case from (1.17). In the present case, (T, T') is equal to the length of the intersection of
the bases of T and T".

Figure 1.4: Some possible scenarios regarding the relative positions between T and T'.

Proposition 1.4. A finite collection T of triangles is a triangle configuration if and only if

(T, T > €(T)ANE(T)  holds for every pair T, T' of distinct elements of T.  (1.18)

Proof. Let T and T' be two distinct elements of a triangle configuration T, say T =
A(a,b), T' = A(d', D), and T = ¥ (w) for some spin configuration w in Q. As we have
seen, there are distinct integers n and m such that {a, b} = m(I,,(w)) and {a@’, b’} = m(I, (w)).
Without loss of generality, we can assume that n < m. It follows from the fact that I, (w)
is included in I,,4+1 (w) = I, (w)\{a, b} that |a— b| < |a’ — b'|, therefore, using once again the
fact that the pair a, b is the one that minimizes the distance between any pair of elements
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of I,(w), by means of equation (1.16), we conclude that
(T, T") > la—b|=L(T) A (T").

Now, let us prove the converse statement. Note that in the cases where T = @ or
T consists of a unique triangle, the condition (1.18) is immediately fulfilled and T is a
legit triangle configuration. Let us suppose that T is a triangle configuration whenever
it satisfies (1.18) and T contains n triangles, where n = 1. Now, let T be a collection of
triangles with n+1 elements such that condition (1.18) holds, say T = {Ty, T1,..., Tn}, T; =
A(ai, b;), and ¢(Ty) < €(Tx+1) for each k =0,...,n— 1. Then, according to our induction
hypothesis, there is a spin configuration o in Q. such that ¥ (o) = {71, ..., T,;}. Note that

Lo)={a;:1<i<n}ui{b;:1<i<n}

and for any pair a, b of distinct elements of I (o) we have |a—b| = |a; —b;| > |ag—bg|. Fur-
thermore, since the triangles Ty and T; satisfy the inequality from (1.18) for each i such
that 1 < i < n, then, by means of equation (1.16), the lengths |ay — a;|,|ay — b;l, | by — a;l,
and | by — b;| are greater than |ag — by|. It follows that every pair a, b of distinct elements
of the set

{a;:0<i<nlu{b;:0<i<n}

satisfies |a — b| = |ag — by|, where the minimum is reached only for the pair ay, by. If we
let w be the spin configuration in Q, whose set of spin-flip interfaces is given by

L) ={a;:0<i<nlu{b;:0<i<nj,

then, we have
m(I; (w)) = {ao, bo}, (1.19)

and
I (w) = I (0) (1.20)

for every positive integer k. Hence, by means of equations (1.19) and (1.20), we conclude
that ¥(w) = {To, T, ..., Tn}. ]

Corollary 1.5. Every subset of a triangle configuration is still a triangle configuration.

Remark 1.6. As the reader can easily verify, it follows from equation (1.17) and Proposi-
tion 1.4 that given an arbitrary triangle configuration T, for any two distinct triangles T
and T’ that belong to it, we can only have TnT' =@, T C T' or T' C T, in other words,
the triangles are arranged in such a way that they are either disjoint or one of them is
strictly included inside the other.

We will see in the forthcoming sections that, in the same way as in the classical two-
dimensional Peierls’ argument, there is the necessity to establish a link between the
graphical representation and certain physical quantities originated by model in order to
express the energy and entropy bounds in a proper way. That requirement is fulfilled by
introducing the notion of the size of contours in terms of which we write those bounds.
While in the two-dimensional case the size of a contour is measured based on its total
length, in the one-dimensional case we will be dealing with a slightly different quantity,
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the mass of the contour. In the following, we start by defining the notion of the mass of a
triangle in such a way that after we derive the definition of contours in the next section
this idea can be naturally extended for such objects; furthermore, we also precise the
idea of the distance between triangles that provide us with a concrete way of connecting
their geometry with their masses.

For any triangle T, let us define its mass | T'| as the number of integer points contained
inside of it, that is, we define

[T =#TnNZ. (1.21)

Given any pair T, T’ of triangles, we define their distance dist(7, T’) as the number of
integers between the interface points that attains the minimum from equation (1.16).
Note that dist(7, T') = 0 if and only if T and T’ have at least one root in common.

T

(@) If T and T’ are disjoint, their distance is given by the number of integers that lie between them.

C dist(T, T
[ e EEEEE—

(b) If one includes the other, their distance is given by the minimum of the number of integers between their left roots and the
number of integers between their right roots.

Figure 1.5: Illustration of the distance between T and T’, where each dot stands for an integer number in the
real line.
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Corollary 1.7. Let T be a triangle configuration. Then, for any pair T, T' of distinct trian-
glesin T we have

dist(T, T) = |T| A | T']. (1.22)

Before we follow to proof of the statement above, let us show the existing interplay
between the length and the mass of a triangle. Let ry and ry, be two distinct interfaces
such that r, < ry. Since ry and r), respectively belong to the intervals (x+ % -0, x+ % +69)
and (y+ % -0g, ¥+ % +0¢), then we have

(y—=x)=26g<ry—ry<(y—Xx)+2b0.

Using the fact that ¢y < i, we obtain the inequalities
1 1
(y—x)—5<ry—rx<(y—x)+§ (1.23)

that express the relationship between the separation distance of the interfaces r, and r,
and number of integers between them. Note that for any triangle T, the relation (1.23)
implies

1 1
TI—=<(T)<|T|+-. 1.24
|T| 3 (T)<IT| > (1.24)

Proof of Corollary 1.7. 1t is straightforward to check that it follows directly from our def-
inition of distance, Proposition 1.4, and equations (1.23) and (1.24) that

1 1
dist(T, T") + 5> LT, TY>e(TMAT)> (TINT) - >

thus, equation (1.22) holds. ]

Remark 1.8. As the final remark of this section, the reader can easily verify that equation
(1.24) implies that given two triangles T and T’ the inequality |T| < |T’| holds whenever
¢(T) < ¢(T"), more generally, the number of integers between two interfaces is mono-
tonic (non-decreasing) with respect to their separation distance. The main consequence
of this fact is that the distance dist(7, T) between the triangles T and T’, say T = A(ry, y)
and T' = A(ry, ry), can be written explicitly as

dist(7, T") = min{|x — x'|, Ix = y'I, ly = x'I, ly = ¥'I}. (1.25)
The reader may notice that equation (1.25) coincides with the definition provided in [15].
Example 1.9. Let us consider the spin configuration w in Q. illustrated in Figure 1.6. In

the following, we provide a step-by-step construction of the triangle configuration ¥ (w)
corresponding to w.
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(@) Spin configuration w.

T
Ty I

(b) Triangle configuration ¥ (w) ={Ty, T2, T3, T4}

Figure 1.6: The spin configuration with "plus" boundary condition and its set of triangles. The red dots stand
for the sites whose spins have value +1, while the blue dots represent the sites whose spins have value —1.

(a) First, we place the interfaces, represented above by the dashed lines, to indicate the location of the elements of I; (w). Then,
let us pick the pair of interfaces that has the minimal distance among the other pairs and highlight them in purple. Note that
the purple dashed lines indicate the location of the elements of m (I (w)).

(b) After erasing the interfaces corresponding to m(Ij (w)) we attach to their former positions an isosceles right triangle 77. So,
the remaining interfaces indicate the elements of I» (w). Again, we highlight in purple the pair of interfaces that minimizes the
distance among the remaining pairs, indicating the location of the elements of m (I (w)).

Figure 1.7: Step-by-step construction of the triangle configuration ¥ (w).
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Al

(c) We repeat the same procedure to I>(w). After erasing the interfaces corresponding to m (I, (w)) we attach to their former
positions an isosceles right triangle T». So, the remaining interfaces indicate the elements of I3(w). Again, we highlight in
purple the pair of interfaces that minimizes the distance among the remaining pairs, indicating the location of the elements
of m(I3(w)).

13

Mo—o—o—o—p—o—o—o—o—o—oro—o—o—o—o—&—o—o—o—o—o—of

(d) After removing the interfaces corresponding to m(/3(w)) and introducing the triangle 73, we end up with a unique pair of
interfaces.

T;

T3
7 .

(e) Replacing the last interfaces by the triangle Ty, we finish the construction of the triangle configuration associated to w.

Figure 1.7: Step-by-step construction of the triangle configuration ¥ (w).

Example 1.10. Let us consider the spin configuration ¢ in Q. illustrated in Figure 1.8. In
the following, we provide a step-by-step construction of the triangle configuration ¥ (o)
corresponding to .
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(a) Spin configuration o.

(b) Triangle configuration ¥ (o) = {1y, T», T3, Ty, T5}.

Figure 1.8: The spin configuration with "plus" boundary condition and its set of triangles. The red dots stand
for the sites whose spins have value +1, while the blue dots represent the sites whose spins have value —1.

(a) Like in the previous example, we place the interfaces to indicate the location of the elements of I; (o). Then, let us pick
the pair of interfaces that has the minimal distance among the other pairs and highlight them in purple. Note that the purple
dashed lines indicate the location of the elements of m(I (0)).

T

(b) After erasing the interfaces corresponding to m(I (0)) we attach to their former positions an isosceles right triangle 77. So,
the remaining interfaces indicate the elements of I» (0). Again, we highlight in purple the pair of interfaces that minimizes the
distance among the remaining pairs, indicating the location of the elements of m (I (0)).

Figure 1.9: Step-by-step construction of the triangle configuration ¥ (o).
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T

(c) We repeat the same procedure to I» (o). After erasing the interfaces corresponding to m(/z (o)) we attach to their former
positions an isosceles right triangle T>. So, the remaining interfaces indicate the elements of I3(o). Again, we highlight in
purple the pair of interfaces that minimizes the distance among the remaining pairs, indicating the location of the elements
of m(I3(0)).

Ts

Q T 15

(d) Likewise, we erase m(/3(0)), introduce the triangle T3 and identify m(I4(0)).

(e) After removing the interfaces corresponding to m(/4(0)) and introducing the triangle 74, we end up with a unique pair of
interfaces.

Figure 1.9: Step-by-step construction of the triangle configuration ¥ (o).
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(f) Replacing the last interfaces by the triangle 75, we finish the construction of the triangle configuration associated to o.

Figure 1.9: Step-by-step construction of the triangle configuration ¥ (o).

1.3.3. CONTOURS

In this section we finally introduce the main concept of this whole chapter, the no-
tion of contours for one-dimensional Ising models. Recall that for the well-known two-
dimensional case, the construction of contours is essentially based on spin-flip inter-
faces (such as those we have shown in Figure 1.1) associated to some configuration with
homogeneous boundary condition. This construction consists of considering the in-
terfaces obtained from such a configuration w and deforming them according to a cer-
tain rule in such a way that we end up with a finite collection I'(w) = {yy,...,y»} of non-
overlapping closed curves on the plane, where we refer to each one of the y;’s as a con-
tour of w, see Figure 1.10.

Now, with respect to one-dimensional Ising models, in order to define the contours
of an element w in Q. a slightly different approach is required. In the present case the
fact of having the interfaces at our disposal does not provide us with an immediate way of
determining their corresponding contours. We overcome this problem by adopting the
procedure that consists of associating to w its triangle configuration T = ¥(w), and then,
after that, we split it through a partition I'(T) = {yy,...,yx}, where each of its elements
is a triangle configuration defined in such a way that, in some sense, the triangles that
belong to the same y; are “close to each other” while the triangles from different y;’s are
“well-separated”. In this setting, we may refer to each y; interchangeably as a contour of
w or even a contour of T. At a first glance this notion of contours may seem artificial and
counter-intuitive, in fact, it is, however, despite the fact that it has no obvious physical
insight behind of it, along the next sections we strive to make analogies with the classical
case in order to convince the reader that its properties are of extreme relevance. Such
a construction requires a higher degree of abstraction and we describe it precisely as
follows.

As we discussed above, given a triangle configuration T the set of contours associ-
ated to it will be defined as a collection I'(T) = {y1,..., Y} consisting of a finite partition
of T into triangle configurations that satisfy suitable separation properties. Before we
proceed to the proof of the existence and uniqueness of such a function T, let us intro-
duce some notation and clarify what is the meaning of the expression “well-separated”.
Given an arbitrary triangle configuration v, let us define the mass of y as the sum of the
masses of all triangles that belong to it, explicitly, its mass |y]| is given by

lyl= ) ITI. (1.26)
Tey
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Figure 1.10: The contours for a two-dimensional spin configuration with "plus" boundary condition. The red
dots stand for the sites of Z2 whose spins have value +1, while the blue dots represent the sites whose spins
have value —1.

Now, for any pair y,y’ of nonempty triangle configurations, let us define their distance
dist(y,y’) as the smallest distance between any pair of triangles where one of them be-
longs to y and the other belongs to y’, that is,

dist(y,y)= min dist(T,T"), (1.27)
Tey,T'ey’
moreover, we also use T'(y) to denote the smallest triangle that contains all the triangles
iny.

Theorem 1.11. Fixed a positive real number c, there exists a unique function I defined
on J that satisfies the following properties.
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(P0) We have
I'(D)=1{y1,....,Yn} (1.28)

for some positive integer n, where each y; is a triangle configuration such that T =
Uy,
i=1/1

(P1) For every pairy,y' of distinct elements in T'(T), one of the following alternatives
holds.

(a) In case the triangles T (y) and T(y") are disjoint, we have the inequality
dist(y,y) > c-lyP aly')3. (1.29)

(b) In case the triangles T (y) and T(y') have nonempty intersection, we must have
either T(y) included in T(y') or vice versa. If the first inclusion is verified, then
for every triangle T' iny' either T(y) < T' or T(y) n T' = @, moreover,

dist(y,y") > clyl®. (1.30)

Nouw, if the second inclusion holds, then we have analogous properties ob-
tained by interchanging the roles of y andy' above.

(P2) IfT is a triangle configuration that can be decomposed as T = U?zll(i), where any
pairy,y' of distinct elements ofu?zll“(l(i)) satisfies conditions (P1)(a) and (P1)(D),
thenT (T) can be expressed as

I(D)=u r(IT"). (1.31)

From now on, following the terminology introduced in [8], we may refer to any pairy,
Y’ of triangle configurations that satisfies conditions (P1) (a) and (P1) (b) as well-separated.
Note that (P1) implies that any two elements of I'(T) are disjoint, since otherwise equa-
tions (1.29) and (1.30) would be contradicted. Therefore, it follows from properties (P0)
and (P1) thatI'(T) defines, in fact, a partition of T that consists of well-separated triangle
configurations. Furthermore, analogously to the traditional two-dimensional contours
representation (see Figure 1.10), such contours y from (P1)(b) that satisfy T(y) < T(y")
may be referred to as inner contours. Figure 1.11 synthesizes such concepts we briefly
discussed above.

Again, adopting the same nomenclature as in [8], we may call (P2) the independence
property of contours. This property essentially states that if we are given a triangle con-
figuration T that can be decomposed into a finite number of triangle configurations
TW,..., 7™, once we determine their contour sets T'(TV),...,['(T") and show that all
the contours involved are “well-separated”, then all such contours a those that corre-
spond to the whole configuration T. One of the next results shows that property (P2) is
crucial to ensure the uniqueness of I', moreover, we also provide in the end of this sec-
tion practical examples where the application of such a property is extremely helpful for
determining of the contours associated to a given triangle configuration.

Lemma1.12. Lety;, Y2 be a pair of well-separated triangle configurations , and lety and
Y' be nonempty subsets of y1 andy», respectively. Then, y andy' are also well-separated.
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(a) Note that T(y;)nT(y3) = ¢ and T(y2) N T(y3) = @. Furthermore, T(y;) < T(y2) and for every triangle T in y, we have either
Typ)sTorT(y1)nT=¢.

V2

71
A PaN
L1

(b) In this case, T(y1) < T(y2) and every triangle T in y; satisfies T(y1)n T = @.

Figure 1.11: Illustration of property (P1) from Theorem 1.11.

Proof. If we assume that T (y;) and T(y») are disjoint, then it follows that T (y) and T(y")
are also disjoint, moreover, the inequalities

dist(y,y") = dist(y1,y2) > c- lyiP Aly2P = c- Iy P aly'P

hold. Now, if T'(y;) and T (y,) have nonempty intersection, then, without loss of gener-
ality, we can suppose that T(y;) is included in T'(y,). It follows that for each triangle T
iny’, we have either T(y) € T(y1) € T or T(y) n T = @. This fact implies that necessarily
either T(y) and T(y’) are disjoint, or T(y) is included in T (y’) with the property that for
every T in y' either T'(y) € T or T(y) n T = @. If the first alternative holds, then we have
the inequalities

dist(y,y") = dist(y1,y2) > c-lyiP = c-lyP=c-lyP aly'l?,
while if the second one holds, we have
dist(y,y") = dist(y1,y2) > c¢-ly1¥ = c-|yf.
|

Proof of the Existence. Letus start by proving the existence of such a functionI'. If T = @,
it is immediate to check that by defining I'(T) = {@} such a value we associate to T sat-
isfies the conditions (P0) and (P1). Then, let us suppose that T is a nonempty triangle
configuration. Let €' (T) be defined as the set of all partitions & of T into nonempty tri-
angle configurations such that any pair y,y’ of distinct elements of & is well-separated.
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Now, let us endow € '(T) with the following partial order. We say that & is finer than &/,
denoting by & = &', if for every y € & there exists an element y’ € 2’ such that y <y’
In the following, we show that for every 22 and 2’ that belong to 4’(T), the partition

PvP ={yny :ye?,y €', and yny'is nonempty} (1.32)

also belongs to it. Let us verify that each pair of distinct elements of 2 v &' is well-
separated. Let y; Ny} and y2 Ny}, be distinct elements of 22 v 2/, where 1,72 € 22 and
Y1, v, € 22’ Tt follows that y, # y2 or Y] # 75, so, let us concentrate only on the first case
since the treatment of the second one is similar. Note that y; and y, are well-separated,
then, by using Lemma 1.12, we conclude that so do y; Ny} and y, ny),. Hence, in fact,
2 v P belongs to € (T). Since € (T) is nonempty, it follows that it admits a greatest
element with respect to the partial order described above, thus, let us define I'(T) as the
finest partition of T into nonempty triangle configurations that satisfies condition (P1).

Since the function I" defined above fulfills conditions (P0) and (P1), it only remains to
show that condition (P2) is also satisfied. The reader can check that (P2) is easily verified
for the case where T = @. Then, let T be a nonempty triangle configuration that can
be written as T = U T, where we assume that any pair y,Y’ of distinct elements of
U T(TY) satisfy conditions (P1)(a) and (P1)(b). The fact that U, T'(T”) belongs to
% (T) implies that T'(T) is finer than U?ZIF(I(i)), so, it is straightforward to show that the
identity

19 =Uyerm:ys1?

holds, moreover, the partition {y € T'(T) : y < T} belongs to ¢(I”). It follows that
[(T%) = {y e I'(T) : y € TW}. Reciprocally, by means of a similar argument using again
the fact that I'(T) is finer than U;’:ll“(l(”), we obtain {y e I'(T):y < I(”} > F(Z(”), hence

LT =fyer () :yc 1) (1.33)
Thus, by using equation (1.33), we finally conclude that T'(T) = u”_ T(T"). [ |

Lemma 1.13. Let T be a function defined on & that satisfies conditions (P0), (P1), and
(P2). Then, given any contoury inI'(T), we haveI (y) = {y}.

Proof. Note that the result can be easily verified if T = @, then, let us suppose that T isa
nonempty triangle configuration. Under this assumption, the associated set of contours
I'(T) is given by

' ={y,...,vn}

for some positive integer n, moreover, for each contour y;, its corresponding I'(y;) can
be written as

F(Yl) = {’}/i,l)'--)’yi,m[}

where m; is a positive integer. Similarly as in the proof of the existence of T, it is straight-
forward to verify that each pair of distinct elements of U?er(yl-) ={y;j:1si=snls<
J < m;} is well-separated. Therefore, by using property (P2), we conclude that I'(T) =
U;‘:IF(}Q), so, each m; isequalto 1 and y; =y;1. [ ]
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Proof of the Uniqueness. Let us suppose that there exist two functions I'" and I'® sat-
isfying properties (P0), (P1), and (P2). It follows directly from the fact that such func-
tions satisfy property (P0) that W (@) =T1@ (@), so, let us assume once again that T is a
nonempty triangle configuration. Note that, according to the properties (P0) and (P1),
the sets of contours with respect to 'Y and I'?, expressed in the form I'®(T) = {y'¥):
1 < i < ng}, are partitions of T into nonempty triangle configurations. In the following
we prove that these two partitions coincide. If we consider the collection

1) (2)

{y; ny; l<si=m,l1<j<nyand yﬁ.l) m)/;?) is nonempty}, (1.34)

then, for each of its elements the associated set of contours with respect to r'D can be
written as
1,1 2
I )(yg.)my})):{yi'j'kzlsksmi,j}, (1.35)

for some positive integer m; ;. Analogously as before, it is straightforward to show that
corresponding to each i, any pair of distinct elements of the collection

{yijrk:1<j<m,1<k<m;;and )/E.U my;z) is nonempty}
is well-separated, thus, according to Lemma 1.13 and property (P2), we have
YW =tyMr =1y, jx:1<j<np, 1<k<m;;andy m/;.Z) is nonempty}.

()]
i

It follows that y{" = "' n 7/5.2) for some j, hence the partition I'V(T) is finer than T® (T).

Conversely, by means of an analogous argument, we can also prove that I'® (T) is finer
that TV (T), therefore, we conclude the proof of the uniqueness. [ |

We dedicate the remaining of this section to enlighten what have been discussed so
far by illustrating and providing concrete examples where contours are determined from
a given triangle configuration. In order to do so, we need the following result, called the
monotonic property of contours, which essentially says that a contour cannot be split
into more pieces by adding new triangles to a given configuration. In such case, at most
what would happen would be the merger of contours into a larger one.

Corollary 1.14. Let T and T' be triangle configurations such that T is a subset of T'. Then,
given a contoury € T'(T) there exists a contoury' € T(T") that includesy.

Proof. The result follows immediately in the case where T is the empty triangle config-
uration, so, let us suppose that T is nonempty. Let the contour set ['(T') be given by
(T ={y1,...,ya} for some positive integer n, and let us consider the collection

{yny;:1<i<nandyny;is nonempty}. (1.36)

Note that Lemma 1.12 implies that the collection from equation (1.36) is a partition of y
into nonempty triangle configurations such that each of its pairs of distinct elements is
well-separated, therefore, it follows from the construction of I' and Lemma 1.13 that

r1=T(y) ={yny;:1<i<nandyny,;is nonempty},

and our claim is proved. ]
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Example 1.15. Let T be the triangle configuration illustrated in Figure 1.12a. Note that
the configuration consisting only of T; and T, generates a single contour. Indeed, if
Ty and T belong to distinct contours, say y; and y», respectively, then we would have
dist(y1,Y2) = dist(71, T2) < ¢, a contradiction. Now, if we consider the triangle config-
uration consisting of T7, T> and T3, it follows from Corollary 1.14 that T; and 7> must
belong to the same contour. Using an argument similar to the one used before, we con-
clude that the configuration consisting of T, T> and T3 generates a single contour. An
analogous argument guarantees that the same result holds if we consider the configura-
tion consisting of T3, Ty and Ts,this, by means of Corollary 1.14, the whole configuration
T generates a unique contour, see Figure 1.12b.

c < 8¢ < 8¢ <c

>c

(a) Triangle configuration T with arrows indicating lower bounds or upper bounds for the number of integers between their
corresponding triangles and dots indicating the integer numbers contained inside of each triangle.

"

T,
T1 Tz § T4 T5

(b) In this case I'(T) is a singleton.

Figure 1.12: Triangle configuration and its set of contours corresponding to Example 1.15.

Example 1.16. Let us consider the triangle configuration T obtained by removing the
triangle T; from the configuration from Example 1.15, see Figure 1.13a. If we let T and
T® be two triangle configurations respectively given by T = {Ty, T», T3} and T® = {T5}.
Note that, by repeating the same argument we used in the previous example, I'(TV) is
a singleton as well as T'(T®), say I'(TW) = {y;} and ['(T®) = {y,}. Since y; and vy, are
well-separated (see Figure 1.13Db), it follows from property (P2) that I'(T) = {y1,72}.

Example 1.17. Let T be the triangle configuration from Figure 1.14a. Let us split it intro
three configurations T, T® and T® respectively given by TV = (T}, Ty, T3}, T® = {T,}
and T® = {Ts}. By using the same argument as applied in Example 1.15, it is straight-
forward to prove that F(Z(U) is a singleton. Thus, if we write F(Z(”) ={r1}, F(Z(Z)) ={y2}
and I'(T®) = {y3}, by considering the distances in Figure 1.14b and using property (P2),
we conclude that I'(T) = {y1,y2,Y3}
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l DT l

(a) Triangle configuration T with arrows indicating lower bounds or upper bounds for the number of integers between their
corresponding triangles and dots indicating the integer numbers contained inside of each triangle.

1

T 72
T1 T2 T5

(b) If we remove triangle T4 from the configuration from Example 1.15, then, the contour from Figure 1.12b is split into two.

Figure 1.13: Triangle configuration and its set of contours corresponding to Example 1.16.

13

[ s

r __ ¥V _____

>c >c

(a) Triangle configuration T with arrows indicating lower bounds or upper bounds for the number of integers between their
corresponding triangles and dots indicating the integer numbers contained inside of each triangle.

T V2

T 3
{ il T T

(b) In this case I'(T) is given by I'(T) = {y1,Y2,73}.

Figure 1.14: Triangle configuration and its set of contours corresponding to Example 1.17.
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Example 1.18. Let us consider the triangle configuration T illustrated in Figure 1.15a.
Let us we split T into two triangle configurations TV and T'? respectively given by T") =
{Ty, T4} and I(Z) = {T», T3}. If we keep in mind the distance between the triangles shown
in Figure 1.15a, then, it is straightforward to show that y; and y, are well-separated. It
follows from property (P2) that I'(T) = {y1,y2}.

< 125c¢
T : <c 3
| = ! Ty
! T, LT /\
AN AN A
> 27c > 27c

(a) Triangle configuration T with arrows indicating lower bounds or upper bounds for the number of integers between their
corresponding triangles and dots indicating the integer numbers contained inside of each triangle.

Ty Y2
71 T

T
PAN

T

(b) In this case I'(T) is given by I'(T) = {y1,y2}.

Figure 1.15: Triangle configuration and its set of contours corresponding to Example 1.18.

1.4. ENERGY BOUNDS

In this section we derive the Peierls estimates for the one-dimensional long range Ising
model introduced in Section 1.2. Recall that for the two-dimensional nearest-neighbor
ferromagnetic Ising model with zero external field it is possible to show that the prob-
ability of observing a contour y according to a Gibbs distribution in the square A, =
[—n, n]>nZ? with “plus” boundary condition at inverse temperature 8 > 0 can be bounded
above in the form

ph pyen) e 2P, (1.37)

The inequality above suggests that if we consider such a system subject to low tempera-
tures it is more likely to observe the appearance contours with smaller lengths, in other
words, the typical configurations may be recognized as being small perturbations of the
ground state, which is the configuration consisting of only +1 spins.

Our goal in this section is to reproduce an inequality similar to the one from equation
(1.37) for the one-dimensional long range Ising model. In order to do so, we approach
this problem from the point of view of the graphical representation introduced in Section
1.3 and establish some estimates that states the minimum amount of energy required to
add a contour to a given triangle configuration. Let us start by assigning to each triangle
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configuration T its energy /%" (T) defined by
F090(T) = kM (w) (1.38)

where o is the element of Q. such that ¥ (w) = T.

The first step to fulfill our goal will be providing some estimates of the minimum
amount of energy needed to add a triangle to a given triangle configuration. The next
result shows the effect on the spins of a given configuration due to the removal of one of
its triangles, more precisely, it states that all the spins inside of a triangle are flipped as
soon as it is removed.

Lemma 1.19. Let T be a nonempty triangle configuration, and let w be the spin config-
uration such that ¥ (w) = T. Given a triangle T in T, the spin configuration o such that
Y(o) = T\{T} is given by

-wy ifxeT,and
Ox = . (1.39)
wy ifxeT.
Proof. The reader can easily verify that for every subset A of {ry : x € Z} with an even
number of elements, the spin configuration n € {-1, +1}< defined by

T)x — (_ 1)#Aﬂ(*00,x)

at each site x, belongs to Q. and I; () = A. Since the elements of Q.. are fully character-
ized by their set of spin-flip interfaces, it follows that w and o can be expressed as

wy = (-1 1@nEeex (1.40)
and
oy = (-1Hhnteon (1.41)

for every x in Z. Note that I; (o) = I (w)\{a, b}, where a and b are the roots of T. There-
fore, we have

Wy (_1)#11(0)0(—00,36) (_1)#{a,b}ﬂ(—oo,x)

Oyx* (_1)]1{a<x<b)’

and the result follows. [ |

Proposition 1.20. Let T ={Ty,..., T} be a triangle configuration such that | Ty| < | Tj41|
foreachk=1,...,n—1. Then, we have

FEN(TTY, ..., T ) = AP (TN, T 2 Wo(TiD = Y. il (1.42)

xeT;nZ

foreveryi=1,...,n, where Wy (L) is the quantity defined by equation (A.1) that can also
be expressed as

L 2L L 00
WoD =23 Y Jalx=yD=3 Y Jalx—yD (1.43)
x=1y=L+1 x=1y=2L+1

for each positive integer L.
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(a) Configuration w.

(b) Configuration o.

Figure 1.16: The effect on the sign of the spins after the removal a triangle.

Proof. In order to simplify our notation, let us denote the coupling constant J,(|x — y|)
simply by J . The energy cost to add the triangle T; to the configuration T\{T1,..., T;}
can be written as

AN\, T ) — 2% (T\(TY,..., Tj) = h*P(w) - h*P(0),

where w and o are elements of QO such that ¥ (w) = T\{T},..., T;_1}and ¥ (o) = T\{T},..., T}},

respectively. According to Lemma 1.19, we have

1

RPw) = = Y Y Lylwgept 2 2 Joylwsep+ 2 haelio=1
2 xeT;NZyeT;NZ x€T;NZ yeZ\T; xeT;nZ
1
+= Y Y Tylwses+ Y Beli=1,
2 X€Z\T; yeZ\T; X€Z\T;

and
1

Jh —

h® (o) = = Z Z ]x,y]l{wx#»wy}"' Z Z ]x,yﬂ{wxzwy}"' Z hxﬂ{w,(:+l}
2 xeT;NZyeT;nZ xe€T;NZ yeZ\T; xeTinZ
1
+§ DY Ty Lo oy + Y el =1y

x€Z\T; y€Z\Ti xe€Z\T;

Let us consider consider the interval of integers I and I; respectively defined by I} =
(T;nZ) +|T;] and IF=(Tin2)- | T;|, in other words, let ]l.+ (resp. I;) be the interval of
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integers to the right (resp. left) of T; with L elements. It follows that

Jh )h —
h**w) - h*" o) = Z Z ]x,y]l{wx#-wy}_ Z Z ]x,yl{wxzwy}
xeT;NZ yeZ\T; x€T;NZ yeZ\T;
+ Z hyly =—1y— Z hyly, =+1y
xeTinZ xeTinZ
= 2 X w2 X Y Ixylweept Y Al
xeT;NZ yeZ\T; xeT;NZ yeZ\T; xeTinZ
- 2 hilpe=ry
xeT;nZ
= 2 Y- X > Jxy
xeTmZyEIii XETiﬂZyGZ\(TiUIii)
+2 Z Z ]x:y(l_]l{wx:wy})_z Z Z]x'y]l{wx:wy}
XETiﬁZy(—:Z\(TiUIL.i) xeTmZyEIii
+ Z hx]l{wx:—l}_ Z hx]l{wxz+1}.
xeT;nZ xeT;nZ

Hence, by using the fact that

Wa(|Ti|)= Z Z]x,y_ Z Z ]x,y

xeT,-nZygjii XETiﬁZyEZ\(TiUIii)

and

Z Z ]xv}’(l _]]'{wx:wy}) =20,

X€TiNZ yeZ\(T;UI})

we conclude that

R @) = h* M) = Wa(TiD-2 Y. Y Jeylive=op— 2. Ihl. (1.44)
xeT,-nZyE[ii xeTinZ

Since dist(T;, T}) = | T;| holds for all j > i, then the spins inside of T; and I li have opposite
signs. Therefore, the result follows. [ |

It follows from Proposition 1.20 that the energy cost to add the triangles T1,..., Tk to
T\{Ty,..., Ty} in order to obtain T can be bounded by

k
M) - ZEPTNT, L T 2 Y (WolTiD = Y Thyl]. (1.45)

i=1 xeT;NZ

However, recall that we are targeting to obtain such a quantity associated to the addi-
tion of a contour, and, in general, the inequality above is no longer valid since it is not
necessarily true that the triangles from that contour are those with smaller masses.

We show in Theorem 1.21 that in order to overcome this obstacle it is necessary to
restrict the range of the interaction power decay. In Appendix A we prove that for a in
the interval [0, a*), where a* is the number that satisfies 0 < a* <1 and }_ =2,

(e 1
. .. k=1 j2-a*
there is a positive constant ¢, such that

Wy (L) =2 {qXa (L) (1.46)
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holds for every positive integer L, where the function X is given by

Le if @ >0, and
Xo(L) = (1.47)

log(L)+4 ifa=0.

Theorem 1.21. Let a € [0,a*), and let the constant c from property (P1) be large enough.
Then, given a triangle configuration T, for anyy € I'(T) we have

1
AN - AN (T\ye) = Y (—Wa(m)— Y |hx|). (1.48)
Teyo xeTnZ

Proof. If T is the empty triangle configuration, then the result follows immediately. So,
let us suppose that T is nonempty. In this case, let us write I'(T) = {yo,...,Yn} and yo =

{Ty,..., Tx} where n =0, k=1 and |T;| < |Tj;1] for i = 1,...,k—1. The left-hand side of
equation (1.48) can be expressed in terms of the telescoping sum

k
NI - AN (T Nyo) = Y (A I, Tia) = PN T (149)
i=1

As in Proposition 1.20, let us write
AON(T\T,..., Ty} = BTN, T = P w) — kR (0),

where w and o are elements of Q such that ¥ (w) = T\{T},..., Tj_1}and ¥ (o) = T\{Ty,..., T}},
respectively. Using exactly the same computations as before, we obtain

P @) = h*M @) = Wa(TiD-2 Y. Y Teyliw=op— 2. Ihsl. (1.50)

xeTiNZ yert xeT;nZ
Before we proceed further in the computations, let us point out some remarks.
Lemma 1.22. Under the hypotheses stated above, we have the following conditions.
(@) We have (I7 UI) N T; = @ whenever j is an integer such that j > i and T} 2T
(D) forall j =1 suchthatl|y;| = lyol,
I;uIHnT=¢
holds whenever T is a triangle that belongs toy j and satisfies T 2 T;, and
(¢) forall j =1 suchthatly;| <lyol, the inequality
dist(T, T;) > cly;I®

holds for all T invy;.
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Let us return to the proof of the theorem. Note that for every xin T;nZand y € I; U]
such that wy = wy there exists a triangle T in T\{T1,..., T;—1} that does not contain T;
such that either T contains x but not y or T contains y but not x. Indeed, suppose that
this assertion does not hold. If y belongs to I}/, let yo be the largest integer inside of T;.
Since yy belongs to the interval [x, y — 1], then

y-1
wwy = [lojwjn
j=x
_(_1)#{j€Z:x5jsy—1,j¢y0andijj+1:—1}

— (_1)#{j€Z:x5jsy—1 andwjwj1=—1}

We say that any two elements x" and y' of {j€Z:x< j<sy-1,j#Zpandw;w; = -1}
are neighbors if either we have x' < y’ with A(ry, ry) € T\{Th,..., Tj—1} or ¥y < x’ with
A(ry,ry) € T\Ty, ..., Ti—1}. Itis easy to see that this set together with this graph structure
is a graph with degree 1, thus it contains an even number of elements. It follows that
wyxwy = —1, contradicting the assumption that w, = w,. Analogously, if y belongs to I,
we consider the smallest integer x( inside of T; and the proof follows similarly. Thus,
our assertion is proved. Furthermore, note that the triangle T from the assertion above
does not belong to yo, otherwise, we would have T = T} for some j > i, and according to
Lemma 1.22(a), this would result in a contradiction. Therefore, we derive

[eo} n
RO (w) - h*M o) = WL(Ti) - MZZ lyjl=M > Z]x,y(]lyeA(T[,yj)+]1x€A(T,-,yj))

xETiﬁZyEIii
- ) (1.51)
xeT;nZ
where
AT,yp= U Tnz
Tey;, TAT;
Now, let us prove the inequality
M
leml M Y Teylyeamy < Sy > Jxy (1.52)
j=1 yEI I. J y€[+
Let us consider the set
{jefl,...,n}:lyjl=Mand I nA(T},y;) # @} (1.53)

and define y; = y;_, + [cM3] for each positive integer [ (recall that yj is the rightmost
integer inside of T;). If the set above is empty, then equation (1.52) is trivial. So, let
us suppose that the set above has N elements. In the following, we prove that the el-
ements of (1.53) can be written as jy,..., jy in such a way that every triangle from vy,
that does not contain T; and intersects I;" is on the right of y;. Considering the con-
tours y; where j belongs to (1.53), according to Lemma 1.22(b),(c), every triangle in vy ;
that does not contain T; and intersects I;" is on the right of y;. If N = 1, our assertion
follows immediately. Otherwise, if N > 1, we define the contour y;, as the contour that
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contains the closest triangle that does not contain T; and intersects I; on the right of
¥1 among all such triangles from y;, where j belongs to (1.53). Suppose that we con-
structed j1,..., jm, 1 < m < N, in such a way that every triangle from y;, j belonging
(1.53) distinct from jj ..., j;—1, that does not contain 7; and intersects Il.+ is to the right
of y;; moreover, each y;, contains the closest such triangle on the right of y; among all
such triangles from these y;’s. Considering a contour y;, j belonging to (1.53) distinct
from ji,..., jm, we have
dist(y,7j,,) > cM3.

Thus, every triangle in y; that does not contain T; and intersects I;" is on the right of
¥Ym+1, and define y;, ., as the contour that contains the closest such triangle on the right
of ym+1 among all such triangles from these y;’s. So, we prove our assertion.

Therefore, we have

1
Z]lh/]l =M Z ]xy YEA(T; Y])—MZ]JC}’I M |_CM3J Z ]xvy’
j=1 yeIf =1 ye(yi-uyn)
thus ;
2 iyji=m X Juylyeaciyp < 1 M3 > Jxy- (1.54)
j=1 yeIf yeI*

Repeating the same argument to the other sums in (1.51), we obtain

Yo Y Juy— Y Ikl (1.55)

X 4M
xeTmZyg[ii xeTinZ

a,h _ pah ) — -
h*P (@) - h*M () = Wo (I T;)) (MZ_I By

The reader can easily verify that there is a positive constant k, such that

Y Y Juy<kaXa(TiD,

Xe€TiNZ yeZ\(T;UIF)

where X, is defined by equation (A.11) from Appendix A.1.2. It follows that

ko
Y Y Jay < WolTiD) + ke Xo(Ti) < W(Ti) (1 + (—),

xeTinZ yg[;—’ a

thus, we obtain

h*M () — K%M (o) = W, (I T;))
xeT;nZ

©  aM ke
1_(]\42:1%)(14_6)]_ Z Ihx| (1.56)

If we take c large enough in such a way that
X 4M ka 1
> — |1+ |=3
M=1 leM?°] (a 2

1
Jf“’h(z\m,...,TH})—Jf“'h(z\{Tl,...,Ti})zEwa(m-n— Y Iyl (1.57)

xeTinZ

holds, we conclude that

Therefore, the result follows by using equation (1.49). |
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In order to apply the Peierls contour argument it is sufficient to show that for suitable
interaction power decay 2 — @ and external field power decay J, there exists a positive
constant ¢ (possibly depending on these parameters) such that given a triangle configu-
ration T, for each contour y € I'(T) the inequality

HOP(D) - ATV 2E Y Xa (T (1.58)
Tey

holds. Indeed, let us consider the probability of occurrence of a contour y according to
the Gibbs distribution in A, = [-n, n] N Z with “plus” boundary condition and external
field h at inverse temperature > 0, given by

Hx, pnr €D =ty su(weQ) 1y eT(w), (1.59)

where QX” is the set of all Ising spin configurations whose spin values are equal to +1
outside of A,. Then,

h
¥ e—ﬁHf\‘” (@)
weQXﬂ:yeF((u)

+
2 (reh) =
Awph ¥ o PHA D
TIEQX,,
y o= 2BH" (W (@)

wEQXn:yGF(w)

Yy e 2pAHNYm)
TIEQX,,

e—Zﬁ%“'h(‘P(w)\y)
=268 ¥ Xa(T)  weQ} :yel(w)
Tey x n

Yy e 2BAHRYm)
neQXn

IA

e

By using the fact that the last quotient above is smaller or equal than 1 since it describes
the probability of an event, we obtain the inequality

~2p¢ ¥ Xa(TD)
y, pn¥ €D se T , (1.60)

establishing the relationship between the probability of the appearance of y and the
mass of its triangles. Thus, under the assumption of validity of energy bounds like (1.58),
we obtained equation (1.60), suggesting that the typical contours we observe at low tem-
peratures are those with smaller masses. Furthermore, since we are dealing with config-
urations with “plus” boundary condition, in order to have a spin with value —1 at the
origin there must exist a contour with a triangle containing it. So, let us use y ® 0 to de-
note the fact that there is a triangle that belongs to the contour y that contains the origin.
Then, as usual, we bound the probability of the event {oy = —1} in the form

IA

pxmﬁ,h(There is y € T such that y ©0)

Zou;mﬁvhwe ),
Yyo

”X"'ﬁ'h(ao =-1)

IA
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and, by means of equation (1.60), it follows that

o ~2p¢ ¥ Xa(TD)

Hr,pn@=-D<) | 2 e T . (1.61)
’ m=1|7y:yo0
lyl=m

The solution of the combinatorial problem that consists of finding an upper bound for
the summation included inside the brackets above is given in the next section (see The-
orem 1.23), however, due to the technicality of its exposition, a more impatient reader
may skip it at a first reading without any problem. Therefore, by using Theorem 1.23, we
conclude that for § sufficiently large we have

()
i pn(@0=—-1<2 ) me 2Palm), (1.62)
m=1
where the right-hand side converges to zero as  approaches infinity, so, the system un-
dergoes phase transition at low temperatures.

In view of the comments above, we dedicate Section 1.5 to give the proof of the en-
tropy estimates and Section 1.6 to find sufficient conditions on a and § so that such a
condition like (1.58) holds, in order to ensure the phase transition phenomenon at low
temperatures.

1.5. ENTROPY

We dedicate this whole section to establish the entropy bounds required to control the
right-hand side of equation (1.61) and then conclude the final step of the Peierls’ argu-
ment. Our goal is to prove the following result.

Theorem 1.23. Let a € [0,1), and let B be a positive real number. If B is sufficiently large,
then, the inequality
> wg () < 2me Pralm (1.63)

y:yo0
lyl=m

holds for every positive integer m, where wg (y) is the weight we associate to the contoury
whose expression is given by
w(y) = [T e PP, (1.64)
Tey

First, let us introduce some notation. Given a triangle T, say T = A(ry,1y), let us
denote the sites associated to its left and right endpoints by x;(T) and x, (T), respectively,
in other words, we define x;(7T) and x,(T) by letting x;(T) = x and x,(T) = y. Now, if y
is a nonempty triangle configuration and T'(y) the smallest triangle that contains all its
elements, then, we extend the previous definition by defining the points x;(y) and x,(y)
by x;(y) = x;(T (y)) and x;(y) = x-(T(y)).
Remark 1.24. Note that, according to the notation introduced above, it follows from
equation (1.25) that the distance between the triangles T and T’ can be rewritten in the
form

dist(T, T') = min{|x;(T) = x; (T, 1x;(T) — x, (T, 12, (T) = x1 (T, | (T) = %, (T}
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In this section we will be dealing with nonempty triangle configurations T for which
I'(T) consists of a unique contour. The proof of Theorem 1.23 relies on the fact that one
of the following alternatives holds. In the first case, T can be decomposed as a maximal
triangle T and triangle configurations vyi,...,v, where k is a nonnegative integer, the
T (yi)’s are pairwise disjoint triangles included in T and each I'(y;) is a singleton; more-
over, the relations

1<x_(y)—x_(T) <cly1l? (1.65)
1<x_(yj)—x+(yj-1) sclyjl?’ foreach2 < j<p, (1.66)
1Sx_(yj+1)—x+(yj)50|yj|3 foreachp+1<j<k-1,and (1.67)

1< X, (T) = x4 (ype) < clyel? (1.68)

hold for some integer p satisfying 0 < p < k. Otherwise, T can be split into triangle
configurations y1,...,Yn, y(ll), cee ygcll), cee 7/(1”_1), o ,y}c’j;”, where 7 is an integer number

greater or equal than 2, each k; is a nonnegative integer, all the triangles T'(y)’s are pair-
wise disjoint and each I'(y) is a singleton. In addition, for each i suchthat1<i<n-1,
the triangle T'(y;) is on the left of T'(y;1) and their distance satisfies

dist(y;, yi+1) < c-lyil® Alyisal; (1.69)

furthermore, the triangles T()/Y)),..., T ()/gi)) are arranged in between T'(y;) and T(y;+1)
in such a way that the relations

1=x (P —x () s cly"P, (1.70)
1<) a0 =ey?P
1<) =20 <ay?P
L<x-(yis) =X (y) < cly )P (1.73)

foreach2 < j<p;, 1.71)

foreach p;+1<j<k;—1,and 1.72)

hold for some integer p; satisfying 0 < p; < k;.

1.5.1. SQUARE CONFIGURATIONS AT TIME t =0
Let T be a triangle configuration. A triangle T in T is said to be maximal if there is no
other triangle from that configuration that includes T. Note that any pair of distinct
maximal triangles of T necessarily must be disjoint. For the sake of clarity, instead of
visualizing a maximal triangle as we normally do, let us replace its usual graphical rep-
resentation with a square whose one of its sides coincides with the base of that triangle.
For that reason, such maximal triangles we just described will often be referred to as
squares (at time ¢ = 0) and typically denoted by S. See Figure 1.17.

In the following, we provide the construction of the square configurations corre-
sponding to time ¢ = 0 and derive their basic properties. Given a square S in T, let us
consider the cluster of triangles [T]s defined by

[Tls={T eT:Tisasubsetof S}, (1.74)

in other words, let [T]s be defined as the set consisting of the square S and all the trian-
glesin T (strictly) included in S.
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(a) Triangle configuration.

(b) Triangle configuration with its maximal triangles replaced by squares.

Figure 1.17: Representation of maximal triangles as squares.

From now on, we will mostly be dealing with nonempty triangle configurations T
such that I'(T) consists of a unique contour. In such cases, we assign to every such a con-
figuration T its corresponding square configuration S at time ¢ = 0 by defining S as the
set whose elements are all the squares of T, in other words, we define the configuration
S as the set of all maximal triangles of T. As the reader can easily verify, the collection
of clusters {[T]s : S € S} defines a partition of T. In part (a) of Theorem 1.25 we prove
that each cluster [T]s generates a single contour, while in part (b) we show precisely how
the triangles inside of each square S are organized according to their relative positions
described by relations (1.75) and (1.76).

Theorem 1.25. Let T be a nonempty triangle configuration such thatT'(T) is a singleton,
and let S be a squarein T. Then, the following properties hold.

(@) T'([T1s) is a singleton.

(b) If [T1s5\{S} is nonempty, then I'([T]1s\{S}) consists of contours y1,...,yk labeled in
such a way that T (y1),..., T(yx) is a sequence of disjoint triangles ordered from the
left to the right for which there exists p satisfying0 < p < k such that

1<a;—bi_1 < cl)f,-l3 holdsifl1<i< p, and (1.75)
1<ajy1—b; < cl}fl-l3 holdsifp+1<i<k, (1.76)

where by = x;(S), a; = x;(y:), b; = x;(y:), and ax+1 = x,(S).
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< cmf’ < chyf*
T(y)
T(y1)
\ T(~
Tl TG T
<cpf <yl
(a) Case p=k.
<dmf <l <yl <l
T(v) T(vp41)
T(y) T02) T(73) T(Yp+2) T(Ypr3) L T(w)
< chf < clpel?

(b) Case0< p< k.

<l < sl
(c) Case p=0.

Figure 1.18: Contours associated to [T]5\{S}, where the red lines stand for the sides of the square S.

Let T be an arbitrary triangle configuration and let T” be a subset of T. We say that
a closed interval [a, b] of the real line is T"-compatible with respect to T if each of its
endpoints is a root of some triangle in T”, and the intersection T N (a, b) is equal to @,
(a,b), or T for each triangle T in T, moreover, only the first two possibilities can occur
in case T belongs to T". The following lemma will be essential for the proof of Theorem
1.25.

Lemma 1.26. Let T" be a subset of an arbitrary triangle configuration T such that T (T")
consists of a single contour, let [a, b] be a T" -compatible interval with respect to T, and let
T’ be the collection of all the triangles in T whose bases lie inside of (a,b). If T(T' uT") is
not a singleton, thenT'(T) is not a singleton either.

Proof. Since T'(T") is a singleton, it follows from Corollary 1.14 that there is a contour yg
in(T'u T") that includes T". Then, let us express I'(T' u T") as

T(I'UT") = (o, ¥n) (1.77)

where 7 is a positive integer. Note that 7' N (T\yg) =1 U---UYp, so, for that reason, the
bases of the triangles T'(y1),..., T'(y,) are included in the open interval (a, b). Now, let us
consider

T((T\THUyo) =y}, 7} (1.78)
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where k is a positive integer. In the following, we prove that the identity
C(D) =1 Yo Y1 Vi (1.79)

holds, therefore, the result follows. Such identity can be demonstrated through the ap-
plication of property (P2) once we show that each pair of distinct elements of the set on
the right-hand side of equation (1.79) satisfies properties (P1)(a) and (P1)(b). In order to
do so, it is sufficient to verify that any pair of the form vy;, y’j is well-separated.

Without loss, we may assume that y/ is the contour from the right-hand side of equa-
tion (1.78) that includes Y. Let us show that y = y; and y' =y satisfy condition (P1)(b)
for each i = 1. Since the base of T'(y;) lies inside of the interval (a, b) and }/’1 includes
Yo, we have T(y;) € T(yo) € T(y}). In addition to that, using the fact that y] is a sub-
set of (T\T") Uy, it is straightforward to prove that each triangle T in y/ satisfies either
T(yi)<TorT(y;)nT = ¢@. Furthermore, the inequality

dist(y;,7;) = dist(y:, yo) > cly:®

holds. Now, let us prove that y = y; and y' = y’j satisfy conditions (P1)(a) and (P1)(b)
whenever i = 1 and j = 2. The proof of the first part of these conditions follows directly

from the fact that y/]. is included in T\T’ while the base of T(y;) is included in (a, b).
Therefore, both in the case where T(y;) T(y’j) and in the case where T'(y;) N T(y}) =@,
we have

B=clyilP alyiP.

dist(y;,y}) = dist(yi, yo) > cly: AlY'

The main lesson we extract from Lemma 1.26 is that a compatible interval [a, b] plays
the role of a protection for the contours of T’ U T which are “surrounded” by the open
interval (a, b), in the sense that, under the same assumptions as those mentioned above,
if T(T' u T") can be written as in equation (1.77), then, according to the proven identity
(1.79), the contours y’s of T' U T" for which the base of T(y) lies inside of (a, b), namely
Y1,---,Yn, Will remain preserved among the other contours associated to the full triangle
configuration 7.

Proof of Theorem 1.25(a). Let a and b be the left and right endpoints of S, respectively.
Let us consider T” = {S} and define T’ as the set of all triangles in T whose bases lie inside
of the interval (a, b), then, it is straightforward to verify that [a, b] is T"-compatible with
respectto T and [T]s = T'u T”. Since I'(T) is a singleton, then by using Lemma 1.26, we
conclude that T'([T]) also is a singleton. [ ]

Proof of Theorem 1.25(b). Note that if k = 1, we must have dist(S, 1) < cly; 13, otherwise
we would have a contradiction with the fact that I'([T]s) consists of a single contour. It
follows that 1 < x;(y1) — x;(S) < c|y1|3 orl <x,(8)—x,(y1) < clyllg, thus, in case the first
(resp. second) inequality holds, then equations (1.75) and (1.76) hold for p = 1 (resp.
p=0).

Now, let us suppose that k = 2. Let us start by proving that the contours can be ar-
ranged in such a way that T'(y),..., T (yx) is a sequence of disjoint triangles placed from
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the left to the right. Indeed, suppose that there is a pair y;,y; of distinct contours such
that T(y;) € T(y;). Note that such contours can be chosen in such a way that T'(y;)
is minimal among all the triangles T'(y1),..., T(yx), and T(y;) is the smallest one that
strictly includes T'(y;). Let us define a (resp. b) as the largest (resp. smallest) endpoint
of a triangle from 7y ; located to the left (resp. right) of T'(y;), then it is straightforward
to show that [a, b] is a y j-compatible interval with respect to [T]s. So, if we let T’ be
the set of all triangles in [T]s included inside of (a, b), then, I'(T" Uy ;) would consist of
y; and all the other y’s for which T'(y) is included in (a, b). Thus, according to Lemma
1.26, T'([T1s) would not be a singleton, a contradiction. Therefore, we may assume that
T(y1),..., T(y) are indexed from the left to the right.

Claim 1.27. Ifwe assume that k = 2, then the following properties hold.

(a) Foreachi suchthatl<i<k,
a;—bj_1> cly,-l3 implies aj+1 — b; < cly,-l3 (1.80)

and
aj+1—b; > CI}/,-I3 implies a; —b;_1 < clyils. (1.81)

(b) Foreveryi that satisfies2<i<k-1,
a;i—bj_; < cly,-_1|3 implies aj41 — b; < cly,-l3 (1.82)

and
a1 —b; < c|yi+1|3 implies a; —b;_ < cly,-|3. (1.83)

Proof of Claim 1.27. Let us start by proving implication (1.80). In order to do that, let us
show that if inequalities a; —b;_1 > cly; 1®and a;.,—b; > cly; 1% hold, then we would have
a contradiction with the fact that I'([T]s) consists of a single contour. In the case where
i =1, we would have

x1(r1) = x1(8) > cly1 P

and
x1(y2) = % (y1) > el
thus, the inequality dist(y1, [T]s\{y1}) > cly1|® follows, contradicting the fact that I'([T]s)
is the finest partition of [T]s into well-separated triangle configurations. Similarly, in
case i = k, we would have
X107 = %, (yi—1) > clyil’

and

X (8) = 2 (yi) > clyel®,
that is, dist(yg, [T1s\{yr}) > CI)/kI3 holds, and by means of an analogous argument, we
also derive a contradiction. Now, if 1 < i < k, then we would have inequalities

x10ri) = X, (yi-1) > cly;l?

and
x1(yiv1) = X (y1) > clyil®,
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which would imply that dist(y;, [T1s\{y;}) > cly;|®, again resulting in the same kind of
contradiction. By using the fact that implication (1.81) follows immediately from (1.80),
we conclude the proof of part (a).

Now, let us prove implication (1.82). Suppose that x;(y;)—x,(yi-1) < clyi-1 13, in other
words, let us assume that dist(y;_1,y;) < cly,-_ll?’. Since dist(y;-1,Yi) > ¢- I}fi_1|3 A I}/il?’,
it follows that dist(y;_1,7;) > cly;I3, that is,

X (yi) = Xr (yiz1) > clyil®.
Thus, by using implication (1.80), we have x;(y;+1)—x,(y:) < cly: 3. The reader can easily
check that by means of an analogous argument implication (1.83) also follows. O

Let us consider the case where inequalities a; — by < c|y1 1® and ag4; — by < cl}fk|3
hold simultaneously. Let p be defined as the largest number satisfying 1 < p < k such
that a; — b;_1 < cl)/i|3 holds whenever 1 < i < p. In case p = k, inequalities (1.75) and
(1.76) follow immediately. Now, if p < k, then ap+1 — by > clyp+1 13, and by using Claim
1.27(a), we have apy2 — bpi1 < clyp+1|3. Through the application of Claim 1.27(b), we
obtain inequalities (1.75) and (1.76).

Now, let us consider the cases where a; — by > c|y; 13 or ap+1— by > clyk|3. If the first
inequality holds, then by means of implications (1.80) and (1.82), we have a;+1 — b; <
cly;|® for each i such that 1 < i < k— 1. Analogously, by using implications (1.81) and
(1.83), the second inequality implies that a; — b;_; < CI)/,-I3 holds for each i such that
2 < i < k. Note that conditions a; — by > cly; 1® and ap41 — by > clyk|3 cannot hold simul-
taneously, since otherwise that would imply that dist(yy,y2) < c-|y: 13 A Y2 13, a contradic-
tion. So, necessarily either a; — by > c|y; 1¥and ag.q — br < chfkl3 hold or a; — by < cly; 13
and ayy; — by > CI)/kI3 hold. If the first condition is satisfied, then inequalities (1.75) and
(1.76) are fulfilled by letting p = 0, while if the second condition is verified, then such
inequalities are satisfied for p = k. |

1.5.2. SQUARE CONFIGURATIONS AT TIME £+ 1

Let us assume that once a nonempty triangle configuration T such that I'(T) consists of a
unique contour has been set from the beginning, we generated its square configuration
S corresponding to time ¢ whose elements are pairwise disjoint squares (at time #) con-
structed in such a way that the endpoints of their bases coincide with roots of triangles
of T, moreover, we also assume that the collection of the clusters

[Tls={T € T:Tisasubset of S} (1.84)

indexed by S forms a partition of T and each I'([T]) is a singleton.

Our goal in this section is to generate a new configuration of squares (which will be
associated to time ¢ + 1) by using those corresponding to time ¢ in such a manner that,
analogously as in the previous step, the new collection of clusters indexed by the squares
at time ¢ + 1 defines a partition of T, and each new cluster generates a single contour. In
order to construct such a new configuration, let us start by introducing an intermediate
step where we establish a procedure that allow us to identify the objects that would be
eligible to be the squares at time ¢ + 1, the so-called protosquares.
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First, let us make clear what we mean when we refer to the mass of a square (at time
1) and the distance between two such objects. Since the endpoints of the base of a square
(at time t) are supposed to be attached to interface points, then we can naturally extend
the notion of distance between triangles to such objects. In particular, given a pair S, S’
of distinct squares in S, their distance dist(S, S’) will be simply given by the number of
integers between them. Keeping in mind that the initial triangle configuration T is fixed
from the beginning, let us define the mass of a square S (at time ¢) by the expression

Isi="3 ITI, (1.85)

TeT,T<S

in other words, the mass ||S|| is defined as the sum of the masses of all triangles of T
included in S. Note that we are using different symbols || and ||-|| to discriminate masses
of triangles and squares, since the second one does not represent an intrinsic quantity,
in the sense that, it describes the total mass of a cluster of triangles and its expression
may vary depending on the fixed initial triangle configuration T

<c|s|?
S/
S
(a) Case |IS|| < |IS'|| and dist(S, S") < c||S|I3.
<c|s|?
S S’

(b) Case ||S|| = S|l and dist(S, S') < c||S|3.

Figure 1.19: Squares S and S’ connected by an arrow.
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Now, let us describe the construction of protosquares. Let S be the square configu-
ration at time ¢, then let us join a pair S, S’ of distinct squares in S by connecting them
through an arrow (S, S') oriented from Sto S’ whenever || S|| < ||S'|| and dist(S, S') < c|I S|,
where in case the equality ||S|| = | S| holds we keep only the arrow oriented from the left
to the right, see Figure 1.19. In addition, we define the shadow of the arrow (S, S') as the
(bounded) closed interval determined by these two squares. After that, we say that two
squares S and S’ are arrow-connected if there exists a sequence Sy,..., Sy of elements
of S such that S = Sy and S’ = Sy where the consecutive squares S; and S; are joined
by an arrow (with any orientation). So, corresponding to each arrow-connected com-
ponent, we define its associated protosquare as the square whose base is the smallest
closed interval that includes the bases of all squares of that component, see Figure 1.20.

DD | D | D

(a) Squares at time t.

::l:I':El |_| | U

(b) Connected components generated by squares connected by arrows.

(c) Protosquares.

Figure 1.20: Construction of protosquares.

Remark 1.28. According to the rules of establishing arrows we defined above, the reader
can easily verify that if S contains at least two squares, then, there exists at least one pair
of squares that can be joined by an arrow, otherwise we would contradict the fact that
T generates a unique contour. The main consequence of this fact is that the number of
protosquares (therefore, the number of squares at time ¢+ 1) will be strictly smaller than
the number of squares at time ¢, so, after a finite number of iterations of this mechanism
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of generating square configurations, this process must stabilize after we reach the point
where all the squares collapse into a single square.

Now, our next step is to show that the protosquares are either disjoint or one is in-
cluded in the other, so, for that reason, the criterion that will be chosen to decide whether
a protosquare is eligible or not to be a square at time ¢+ 1 will be based on its maximality.
In order to prove the claim we just posed, it is convenient to erase some arrows in such
a proper way that the new notion of arrow-connectivity keeps all the properties and ob-
jects we have obtained so far unchanged. For each square S in S, let us remove all the
arrows emanating from it oriented to the right (resp. to the left) keeping only the arrow
whose shadow has the smallest length. Such remaining arrows will be referred to as new
arrows, and analogously as defined before, we say that a pair of distinct squares of S are
new arrow-connected if there is a path connecting them such that any two consecutive
squares from this path are joined by a new arrow (with any orientation). The next claims
synthesizes the properties of such objects.

Claim 1.29. Two squares are new arrow-connected if and only if they are arrow-connected.

Proof. Note that if two squares are new arrow-connected, then it immediately follows
that they are arrow-connected. On the other hand, let us suppose that there is a pair of
squares that are arrow-connected, but are not new arrow-connected. It is straightfor-
ward to verify that such a assumption implies that there must exist a pair of squares that
can be joined by an arrow, but are not new arrow-connected. Following the same ter-
minology as the one used in [8], we may refer to such a kind of pair as an odd pair. The
proof of our claim is completed by proving that for each odd pair S, S’ there is a square
S" between S and S’ such that either S,S” is odd or S”,S’ is odd, which implies on the
existence of an arbitrarily large number of odd pairs, a contradiction . Without loss of
generality, we may assume that S is to the left of S’ and they are connected by an arrow
that goes from S to S’. Note that the arrow (S, S’) is not a new arrow, so, it follows that
there is a square S” between S and S’ such that (S, S”) is the new arrow emanating from
S which is oriented to the right. In case [|S”|| < ||S'||, we obtain inequalities

dis(S",8") < dis(S,S") < clISI* < cl1S"13,

which means that there is an arrow from S” to S’. Note that such squares are not new
arrow-connected, otherwise we would contradict the fact that S, S’ is an odd pair, there-
fore, we conclude that S”, S’ is odd. Now, in case ||S’|| < |S” ||, we have

dis(8',8") < dis(S,S) < clSI® < clIS113,

thus, by means of an analogous argument, we conclude that S” and S’ define an odd
pair. ]

Claim 1.30. The shadows of two new arrows are either disjoint or one is included in the
other.

Proof. Let S1, S2, S3, and S4 be squares indexed from the left to the right, where S; and Ss
are connected by a new arrow as well as S, and S4. Let us consider the case where (S1, S3)
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and (Sy,S4) are new arrows. Note that dist(S;,S2) < dist(S1,S3) < c¢[IS111® and (Sy, S2)
is cannot be an arrow, so, it follows that ||S;|| > [|S2[l. Analogously, using the fact that
dist(S,, S3) < dist(Sy, S4) < cllS2 1% and (Ss, S3) is not an arrow, we also obtain [|Sa || > || S3]l.
Hence, in that case we would have ||S; || > ||S3|l, contradicting our assumption that there
is an arrow from S; to S3. Now, let us suppose that (S, S3) and (S4, S2) are new arrows.
As before, we have ||S;]| > [|S2|l, moreover, since dist(Ss, S3) < dist(Ss,S2) < ¢[1S4|® and
(S4,S3) is not an arrow, it follows that ||S4|| > [|S3ll. Therefore, taking into account that
IS11 < 1S3l and [|S4ll < [IS2 I, we derive a contradiction. The treatment of the remaining
two cases is done in a similar way, thus, we conclude the proof of our claim. [ ]

Recall that to each (new) arrow-connected component we assigned the smallest square
containing it, a so-called protosquare, so, as the reader can easily check, Claim 1.30 im-
plies that whenever we have two distinct protosquares, they are either disjoint or one is
included in the other. Therefore, let us define the configuration of squares associated
to time ¢ + 1 as the set of all maximal protosquares generated from squares at time .
Note that the maximality of such objects implies that they are pairwise disjoint and the
new collection of clusters of the form (1.84) indexed by the squares at time ¢ + 1 defines
a partition of T. Now, it only remains to show that these new clusters originate single
contours. In order to so, let us investigate further how the squares at time ¢ are arranged
inside their corresponding square at time ¢+ 1.

Keeping in mind the claims we just proved above, let us refer to the new arrows
with maximal shadows as primary arrows, where we classify their endpoints as primary
squares. Furthermore, let us classify the new arrows which are not primary as secondary
arrows. The reader can easily verify that a new arrow is secondary if and only if its shadow
is strictly included in the shadow of a primary arrow. So, for that reason, we also catego-
rize the squares whose bases lie in the shadow of a primary arrow as secondary squares.
See Figure 1.21.

Let S; and S» be two squares joined by a primary arrow, where S; is located to the
left of S,. Then, let us denote by T’ the set of all triangles in T whose bases lie in the
shadow of the primary arrow connecting S; and S,, and define the configuration T" by
letting T = [T1s, U[Tls,. In part (a) of Theorem 1.31 we show that the set T'u T", whose
elements are all the triangles in T located between S; and Sy, or included in the base of S;
or Sy, generates a unique contour, while in part (b) we provide a quantitative description
of the relative positions of the triangles placed in between these primary squares.

] I —

(a) Arrow-connected component with “old” arrows.

Figure 1.21: Determination of primary (resp. secondary) arrows and squares.
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] —

(b) Arrow-connected component with new arrows.

e 1

(c) Primary arrows and squares (in red) and secondary arrows and squares (in blue).

Figure 1.21: Determination of primary (resp. secondary) arrows and squares.

Theorem 1.31. Let T be a nonempty triangle configuration such thatT'(T) is a singleton,
and let Sy and S, be squares at time t joined by a primary arrow, where Sy is located to the
left of S,. Using the notation introduced above, we have the following properties.

(@) T(T'uT") is asingleton.

(b) If T' is nonempty, then T(T') consists of contours y1,...,yy labeled in such a way
that T(y1),..., T(yy) is a sequence of disjoint triangles ordered from the left to the
right for which there exists p satisfying0 < p < k such that

1<a;—b;j_1 =< cly,-l3 holdsifl1<i<p, and (1.86)
1<ajy1—-b; < cl)/,-l3 holdsifp+1<i<k, (1.87)

where by = x,(S1), a; = x1(y), bi = x,(v1), and a1 = x1(S2).

Proof. Let us start by proving part (a). Recall that S; and S, are squares constructed at
time ¢ in such a way that I'([T]s,) and I'([T]s,) are singletons, moreover, since they are
connected by an arrow, it follows that their distance satisfies dist(S;, S2) < ¢-[|S; 1I3ALS2 113,
By applying Corollary 1.14, we conclude that T'(T") is a singleton. If we define a and b
as the rightmost endpoint of S; and the leftmost endpoint of S, respectively, then, it is
straightforward to show that the interval [a, b] is T” -compatible with respect to T. Thus,
Lemma 1.26 implies that I'(T' u T") is a singleton. The proof of part (b) can be omitted
since it is very similar to the proof of Theorem 1.25(b). ]

Finally, let us show that for every square S associated to time ¢ + 1 its correspond-
ing cluster of triangles [T]s originates a single contour. Let S' and S” be respectively
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the leftmost and the rightmost squares at time ¢ which are included in S. Note that
if S’ = §”, our assertion follows immediately, so, let us suppose that S’ and S” are dis-
tinct. By using Claim 1.30 and the fact that S is a maximal smallest square that includes
a (new) arrow-connected component, it is straightforward to show that there is a chain
of squares Sy,...,S, from S’ = S; to S” = S;, where the consecutive squares S; and S; ;1
are joined by a primary arrow. Let us consider the sequence of triangle configurations
T, ..., 7"V where each T\” is the set of all triangles in T which are located between
S; and S;1, or that belong to [T]s; U[T]s,,,. Note that the union of all such Z(i) ’s co-
incides with [T]s, moreover, according to Theorem 1.31(a), each T’ (Z”)) is a singleton.
Therefore, by using the monotonic property of contours from Corollary 1.14, we prove
that I'([T]s) also is a singleton.

1.5.3. CONSTRUCTION OF TREES

Let T be a nonempty triangle configuration such that I'(T) is a singleton. Once such a
configuration is fixed, by repeatedly applying the process we described in the previous
sections, we obtain a sequence S, S, 8@ ... of configurations of squares, where S'”
stands for the square configuration corresponding to time ¢. According to Remark 1.28,
the first time ¢ for which S (1) consists of a unique square is well defined, so, let us denote
it by 7(T), or simply by 7 in case the initial triangle configuration is understood from the
context.

For every such a configuration T we will associate a tree whose vertices are classified
as heavy triangles or spheres. This nomenclature is adopted so that the reader does not
confuse the nodes of the tree with the triangles from proper triangles configurations.
The heavy triangles can be colored black or white. Black triangles are the only nodes
that can generate an offspring, where the members of such an offspring fit into any of
these categories we just mentioned, moreover, the spheres can only be located between
two heavy triangles generated by the same parent or inside of a white triangle.

A

//\

A . A

AN N

|

Figure 1.22: General picture of a tree associated to T.
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Let us suppose that 7 = 0. It follows that the square configuration S has only one
element, this means that T consists of a unique maximal triangle T possibly with some
triangles inside of it. Part (b) of Theorem 1.25 implies that T can be split into the maximal
triangle T and triangle configurations y1,...,Yk, where k is a nonnegative integer and
each I'(y;) is a singleton, moreover, their distances must satisfy relations (1.65)-(1.68) for
some integer p such that 0 < p < k. Let us represent the maximal triangle T by a white
heavy triangle and the contours y;’s by spheres. So, the resulting picture we associate
to T is a tree consisting of a single root, which is a white heavy triangle with k spheres
attached to it.

Tty T2 T(ys) . . .

(a) The unique square at ¢ = 0 associated to T and the con-
tours generated by [T]g\{S}. (b) White triangle with spheres attached to it.

Figure 1.23: Construction of trees in the case 7 = 0.

Now, if we suppose that 7 > 0, then the square configuration at time 7 — 1 consists
of n = 2 primary squares Sy, ..., S,;, which are assumed to be labeled from the left to the
right and the squares S; and S;.; are joined by a primary arrow, with secondary squares
lying in the shadows of primary arrows. Recall that the cluster y; = [T]s, corresponding
to the primary square S; generates a single contour and the distance between two con-
secutive clusters y; and y;4; satisty the inequality (1.69). Furthermore, it follows from
part (b) of Theorem 1.31 that the set of triangles of T that are located in between S; and
S;+1 generate k; = 0 contours, say 7/5"), . 'chii)' whose relative distances satisfy relations
(1.70)-(1.73) for some integer p; such that 0 < p; < k;. In the tree representation, each
v; will be associated to a heavy triangle (black or white), while the contours ygl), ceer ygcli)
will give rise to the spheres placed between the heavy triangles corresponding to y; and
Yi+1 - So, the tree that represents T is drawn by starting from its root which we agree will
be a black triangle. Its offspring consists of 7 heavy triangles, whose colors cannot yet be
determined, and k; spheres between the i-th and (i + 1)-th heavy triangles. In order to
determine whether such heavy triangles are black or white, we apply the same process
to each cluster y; = [T]s; and exhaustively construct the remaining parts of the tree until
all its leaves are either spheres or white triangles.
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(a) First we identify (in red) the primary squares at time 7 — 1, and then recognize the contours (in blue) that will give rise to
the spheres.

A

(b) Each cluster y; = [T] S; is represented by a heavy triangle and the remaining contours of the form y;i) will be represented

by spheres that lie between the heavy triangles. Note that the colors of the heavy triangles are still unknown.

Figure 1.24: First step of the construction of the tree corresponding to a configuration T with 7 > 0.

1.5.4. COUNTING CONTOURS
In order to prove Theorem 1.23 it is convenient to embed the set of all possible contours
in a larger set € which is simpler to deal with. The main feature of € is that it is invariant
under translations by integer numbers, moreover, all the intrinsic properties of contours
(such as their masses, weights, and tree structures) can be naturally extended to the ele-
ments of €. After that, such an embedding will be used to reduce the proof of inequality
(1.63) to the computation of an upper bound for a simpler quantity.

Let us start by introducing some notation. For each triangle configuration y such
that I'(y) is a singleton, let us define Z, as the collection whose elements are the sets of
integer points that belong to each triangle in v, that is,

Zy={TNnZ:Tevy} (1.88)

moreover, we associate to each set of the form (1.88) its translate by an integer i whose
expression is given by
Zy+i={Tn)+i:Tey} (1.89)

Note that if the identity Z, +i = Zy+j holds, then, each triangle T iny, say T = A(ry, 1),
can be associated to a triangle T’ = A(ry4;—j, I'y+i-j) in y'. It immediately follows that
such a map T — T’ is a one-to-one correspondence from y onto y’ that preserves the
masses of the triangles and their relative distances, therefore, the trees derived from to
¥ and y’, whose constructions were described in the previous sections, have the same
structure.
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As we mentioned in the beginning of this section, let us show that the set of all pos-
sible contours (in other words, the set of all y’s for which I'(y) = {y}) can be embedded in
the set € defined by

C={Y:Y = Z, +ifor some y such that I'(y) is a singleton and some integer i}. (1.90)

It follows from the first part of the remark above that the map y — Z, is one-to-one.
By using the same remark, the masses and weights wg ’s associated to contours can be
unambiguously extended to the elements of ¢ in the way we describe as follows. Let Y
be an element of € that can be written as Y = Z, + i. Then, let us define its mass |Y| and
its weight wg(Y) by letting |Y| = |y| and wg Y) = wg (y). Furthermore, we may also say
that the root of Y is white (resp. black) if the root of y is white (resp. black).

By using the fact that the map y — Z, is one-to-one, the contours’ weights summed
over all possible contours surrounding the origin with mass m can be expressed as

Y Wiy = Y wizy. (1.91)
Y:y©0 Y :UZy contains 0
lyl=m |Zyl=m

Note that the right-hand side of equation (1.91) can be bounded from above by the sum
of the weights indexed by all the elements Y’ of € with mass m such that one of its ele-
ments contains the origin. It is straightforward to show that every such element Y’ can
be uniquely expressed in the form Y’ = Y + i for some integer i and an element Y of
Co(m), where €y(m) is given by

Co(m) ={Y € €:|Y|=mand min((JY) =0},

that is, €o(m) is defined as the set of all elements of ¢ with mass m whose leftmost site
surrounded by it is the origin. It follows from the comments above that

Y wg = Y wg(Y)= ) Y w§ (Y +1).
y: 700 Y'e¢:UY' contains 0 Ye€y(m) i€z
lyl=m Y'|l=m (Y + i) contains 0

Since wg remains invariant under translation, (Y + i) contains 0 if and only if JY con-
tains —i, and UY contains at most m points, we finally conclude that

Y wgsm Y, wg(Y). (1.92)
y:y©0 Ye&y(m)
lyl=m

Therefore, according to equation (1.92), the proof of Theorem 1.23 will be concluded
once we show that the inequality

Y, wh(Y) =2 Plalm), (1.93)
Ye€o(m)

holds for each positive integer m whenever f is sufficiently large.
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Proof of Theorem 1.23. Let us suppose that inequality (1.93) holds whenever m satisfies
m < M — 1. By means of a translation argument, our assumption implies that

Y wiM= Y wj(Y)<s2e Pt (1.94)
Ye@,-(m) YECo(m)

holds for each integer i and each positive integer m such that m < M — 1, where ¢;(m)
is the translation of €y (m) by i (in other words, €;(m) is the set of all elements of € with
mass m whose leftmost site surrounded by it is 7). Let us split the left-hand side of in-
equality (1.93) into the sum of two terms @g (M) and Eg(M ) given by

a _ a
o5(M) = > wi (V) (1.95)
YEQ:() (M)
therootof Yisa
white triangle

and
E5(M) = Y wg (Y). (1.96)

Ye&y(M)
therootof Yisa
black triangle

Let us start by finding an upper bound for (E)g(M ). Let Y be an element of &y (M), say

Y = Z, + i’ for some integer i’ and some contour y whose root is a white triangle. Re-
call that y can be decomposed as a maximal triangle S together with contours y1,..., Yk,
say the mass of S is m( and the mass of each y; is m;, such that the y;’s are arranged
sequentially from the left to the right inside of S in such a way that the points by = x;(S),
ar = x;(y1), by = xr(y1),..., ax = x;(y), bx = Xr(yr), and a1 = x,(S) satisfy the condi-
tions

l<a;—bj_1<cm’ ifl<i< p, and (1.97)

1
l<ajg-biscm® ifp+l<i<k, (1.98)

1

for some p satisfying 0 < p < k. Furthermore, each weight wg(Y) can we written as

wi(Y) = e Pralm w2, ) wi(Zy,). (1.99)

If we assume that the masses mg, my, ..., my are fixed as well as the points by, a1, by,
..., g, by and ay,1, then, the sum of the terms on the right-hand side of (1.99) over the
corresponding y;’s can be bounded by

By
e B (mo)( Z wg(Yl)

Y1€C€4 +10m1)

YkECak+1(mk) i=1

k
e ( Z wg (Yk)) < e_ﬁxa(mo) 1—[ 2e_ﬁla(mi),

moreover, the number of possibilities the locations of the a;’s and b;’s can be arranged
so that conditions (1.97) and (1.98) are fulfilled is bounded above by

k
(k+1) [(cm?) Amg) - [(cmi) Amg|=(k+D[] [(cm?) Amy].
i=1
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Therefore, it follows that

k
OF(M < Y (k+1) Y e Pralmo) T2 [(em3) A mp) e PHelm) . (1.100)
k=0 mg,my,...,mg=1 i=1
mo+my+-+mp=M

In the cases where my is the largest number among the m;’s, the inequality

k k
e~ Plalmo) [12 [(cm?) Amy| e~ Pra(mi) o p=pXalmo) HZcm?efﬂX“(mi) (1.101)
i=1 i=1

follows, while if the maximum is attained by m; for some j > 0, by using the fact that
(cm?) Amg < cmj and (cm?) A mg < cm? holds for each i # j, we have

e ﬁx“(m")HZ[(cms)/\mo]e Pralmi) < g=Pra(m) HZcm e~ Palmi) (1.102)
i=1 i=0
i£]

Then, by splitting the summation over the m;’s on the right-hand side of (1.100) accord-
ing to the cases described above and applying (1.101) and (1.102), the inequality

k
Z (k+ 1)2 Z o~ BXalmo) H 2¢m? e~ BXalmi)

k=0 mo,my,...,mMg=1 i=1
m0+m1+---+mk:M
my,...,mMp<nmy

CH

IA

= Z (k+1)? Z o~ Palmo)=(B-a)LF_ Xalm;) H ZCmS —aXq(m;)
k=0 mo,my,...,mi=1 i=1
m0+m1+---+mk=M
my,...,mgp<=my
holds for any arbitrary positive parameter a. Let us write § = ab, where b is a positive
real number that depends only on a chosen in such a way that

e PaW=(B-@ L Xalxi) o p=Bla(x1++xp+Y) (1.103)

holds whenever xi, ..., x, and y are positive integers such that x; +-- -+ xj < y. It follows
that

k
—BX (M) 2 3 —aXq(m;)
e P Y (k+1) > [T2cmje i
k=0 my,my,...mp=1 =1
m0+m1+~~~+mk:M
mi,...mEp=mo

05 (M)

IA

e Pl Y k+1)? Y n20m3 ~aka(mi)

k=1 my,..,mp=z1l  i=1
mi,.. ,mk<M—1

e a4 Z(k+1)2 Z Z HZcm e ”X“(m))

k=1 mp=1 mg=1li=

IA

IA

IA

(e8]
e Pl iy 3 (k+1)?|2¢ Y
m=

k
mse—ula(m)) ,
k=1

1
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where the quantity € = e(a) given by

o0
el@=2c ) m® e~ Walm) (1.104)

m=1

converges to 0 as the parameter a approaches infinity. Therefore, by choosing a suffi-
ciently large, we conclude that

3
OF (M) < 5e*ﬁ"a“”). (1.105)

Now, let us find an upper bound for E%(M). Similarly as before, let Y be an element

of €y(M), say Y = Zy + i’ for some integer i’ and some contour y whose root is a black
triangle. Note that the root of the tree associated to y generates n = 2 heavy triangles
(black or white), where k; = 0 spheres are placed between the i-th and (i + 1)-th heavy

triangle. More precisely, the contour y can be split into contours vy, ..., v, yi”,...,y%),
e yi"_l),...,)/sc”j), say each y; has mass m; and each y(.” has mass m'”, such that the

Yi’s correspond to the heavy triangles generated by the root (placed sequentially from
the left to the right) whose relative distances are described by

1<aj;1—-b; < C(mi‘i+1)3 foreveryl<i<n-1, (1.106)
where a;+1 = x;(yi+1), bi = x(y;) and m; ;+1 = m; A m;41; moreover, for each i, the y(.i) s
correspond to the spheres sequentially arranged from the left to the right between T (y;)

and T'(y;+1) such that for some integer p; satisfying 0 < p; < k; their relative distances
are

1< ay’) - bﬁ.’L < c(m;.i))s if1<j<p;and (1.107)
. . v _
1< a;’il - b;.” < c(m;.’)) ifp;+1<j<k; (1.108)
where b(()” = X (yi), ai") = xl(y(li)), bi” = xr(y(li)), e agi) = xl(yi)), bgi) = xr(y;é)) and

a;é)ﬂ = x;(yi+1)- Since the weight wg (Y) can be written as

wg(Y) =

n k1 kn-1
[Twgz) || ws(Z,w) (H wg(zygnn)),
i=1 j=1 J j=1 J

then, once we fix the masses m;’s and m;i) ’s and the positions a;’s, b;’s, a?’s and b;i) ’s,
the sum of wg (Y) over all the corresponding contours y;’s and y;.i) 's can be bounded
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above by
n k1 W
[T ¥ wao||Il X wyar?)
i=1Y;€€q,11(my) =1y o
i€Cq;+10my J Y; €¢u“)+l(mf)
]
kn-1

wg(Y;”‘”) < (

k
ﬁ ze_ﬁxa(mi)) (1_1[ Ze_ﬁxfl(m;l))) ..

]:1 Yylil)eca;n—l)ﬂ (m;nfl)) i=1 ]:1
kn— -

ﬁl ze_ﬁxa(m;n D)

Jj=1

Note that the number of combinations the points a;’s and b;’s can be arranged in such a
way that their relative distances satisfy (1.106) is bounded by H?;ll c(m;, i+1)3, moreover,
the number of possibilities the points a'”’s and b'"’s can be arranged in such a way that
conditions (1.107) and (1.108) are fulfilled for some p; such that 0 < p; < k; is bounded
by (k; +1) Hfizl c[(mi,i+1)3 A (m;i))?’]. If we recall that the n heavy triangles generated by
the root can be painted as black or white at most in 2" different ways, then, we conclude
that

Egn s 2"y

n=z2 k=0 kp-1=0 m1,...,m,,>0m§n’._”m§cli)>0 mﬁ"_”,...,m;!::1)>0
n-1 3 n "
[T ctmiic)®|[T] 2e Pralmd
i=1 i=1
13} ky &)
1 - Xa( i )
(k1+1)Hc[(ml,z)%(m})f])(]‘[% Platm; )
j=1 j=1
kn-1 kn-1 (n-1)
- - Xa( i )
(kn-1+ 1) [T eltmp-1,0° A (m? ”)31)(1'[ 2e P

j=1 j=1

(1.109)

1 & .
T mi+ X T m =My

Similarly as in the previous case, fixed the numbers n, ki, ..., kn-1, let us bound the
remaining sums by the sum over the cases where one of the m;’s or one of the m;’)’s is
the largest mass among the others. In case the maximum is reached by my, let us apply

the inequality

n-1 n n

(H c(m,’,i“)s) (H Ze_ﬁx"(m")) < 2¢ Pralme) [T2cm; e Plalmd) (1.110)
i=1 i=1 i=1
izl

and use the fact that c[(mi,iﬂ)3 A (m;i))3] < c(m;.i))3

holds in the remaining terms; and if
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0

the maximum is reached by m_

, then we apply inequalities (1.110),

ke ’ ke _pX (m(/))
(k["'l)HC[(m&lH)B/\(m;))3])(1_[26’ i )s

j=i j=1
kg
) _ )
2emje et | (kg +1) [] 2¢(m™)e Platm;) ) 1.111)
j=1
J#k

and again c[(m; ;+ D3A (m;i))3] < c(m;.i))3 for the remaining terms. After that, we obtain

Eg) s 2" Y e Y kit ko) Y (ky+1)-+-(kp_y + 1)
n=z2 k=0 kp-1=0 mo,my,...,
My Yy otk 21
such that m; < myp
n—1l+kj+-+kp-1

n=1+ky+-+kpy_1 mi=

ze_ﬂxa(mo) .
= =M}

Zcmg-e_m”‘(m")) 1
1
i=1

Proceeding analogously as we did for ©%, we have

EfM) < e PN om N N (ke k) (1) (e 1)

n=2 k1=0  kp—1=0
n—1+kj+-+kp_1 2, (ms)
| | 3 —aXq(m;
Z 2cmje SR b ] n—-l+ky+-+k
1 1 n-1 -
mo,mi,..., i=1 DI m;=M}

Mp_1iky+tkpy_q =1
such that m; < myg

< e PN ontl N N (mt kg4 ko) (kg D) e (ke +1)
n=2 k1=0 kn-1=0

o0
(ZC > m3 e~ Walm)

)n—1+k1+~--+k,,1
m=1

Note that the constant € = ¢(a) defined by equation (1.104) is present in the last term of
the summations above, so,

Eg(M) < e_ﬁxa(M) Zzn+1€n—l Z (kl+l)€k1,,. Z (kn—]+1)€kn71[(k1+1)+"'+
nz2 k1=0 kn_120
(kp-1+1)+1]
<

n-1
e PraM) Y 2mtleln (Z (k+ 1)26k) .

n=2 k=0

If we consider the parameter a large enough so that inequalities
Y (k+ D% <2
k=0

and
Z 22nn€n—1 <

n=2

N =
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hold, then
1
E4(M) < e PlalM), 1112
p(M) < ¢ ( )
Therefore, by means of equations (1.105) and (1.112), we conclude that

Y. Wi <OF (M) +EF(M) <2¢ P, (1.113)
Ye€y (M)

1.6. PHASE TRANSITION AT LOW TEMPERATURE

Theorem 1.32. Let @ € [0,a™), and let h = (hy)xez be an external field satisfying |hy| -
|x|'~% — 0 as | x| approaches infinity. Then, the system undergoes phase transition as the
inverse temperature f approaches infinity.

Proof. Itfollows from our assumption made about the field h = (h,) xcz that given a pos-
itive real number € there exists a nonnegative integer L = L(¢) such that
€

< — 1.114
el < (1.114)

holds whenever | x| > L. It is convenient to define a field h= (ﬁx) xeZ whose expression is
given by the right-hand side of equation (1.114), that is, we define h by letting

~ €

hy=——
T (lxl+ 1l-a

at eagh sitei xin Z. Let us modify the fields h and hinthe following way. Lethy = (hr, 1) xez
and hy = (hz ) xez be respectively given by

. {ﬁ if x| <L
’ hy otherwise,
and
Esz{m if|x|<L
' W otherwise.

The modified external fields h; and h 1 satisfy the inequality |hy | < |k 1,x| at each point
x in Z. As we proved in Theorem 1.21, if the constant ¢ from property (P1) is sufficiently
large, then, for any contour y from a triangle configuration T we have

1
> (EWQUTD— > IhL,xl) (1.115)

%a,hL(z)_%a,hL(I\Y) >
Tey xeTnzZ
1 ~
> Z(EWQUTD— Y |hL,x|). (1.116)
Tey xeTnZ
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First, let us consider the case @ > 0. Suppose that we chose ¢ sufficiently small so that
the constant ¢, defined by

E _C(X 21—05
72 (41

is positive. It follows from Propositions A.1 and A.2(a) that

£

<]foc,hL (T) —Jfa'hL(I\Y) =&, Z |T|%. (1.117)
Tey

For a = 0, analogously as before, let € be small enough in such way that the constant ¢,
defined by

o
=22
¢o 5 ~2e
is positive. Using Propositions A.1 and A.2(b), we obtain
FOUDL(T) — 70T\ y) 2 &, Y (log(ITI) +4]. (1.118)

Tey

According to our discussion in the end of Section 1.4, equations (1.117) and (1.118) are
sufficient to show that for a € [0, a*) the Gibbs states “E,hL and ”B,hL differs as the in-
verse temperature § approaches infinity. Since the fields h and h; coincide up to a finite
number of sites, then, it follows from the macroscopic equivalence of Gibbs simplices
(see Theorem 7.33 from [27]) that the non-uniqueness of Gibbs measures for the system
with field hy is equivalent to the non-uniqueness of Gibbs measures for the system with
field h, therefore, the result follows.

|
Corollary 1.33. Leta € [0,1), and leth = (hy) ez be the external field given by
h*
hy= —0 1.119
(x4 1?0 (119

where h* is an arbitrary real number and § > max{l — a,1— a*}. Then, the system under-
goes phase transition as the inverse temperature  approaches infinity.

Proof. In case 0 < a < a, the result follows directly from Theorem 1.32. Now, let us
suppose that a* < a < 1 and show that there is a nonnegative integer L for which the
system subject to the modified external field hy = (h1 x) ez (see Appendix A.2) exhibits
phase transition at low temperatures. Let us fix a number @' in the interval 0 < a’ < a*
suchthatd>1-a'.

Note that given a triangle configuration T and a contour y of T, the inequality

FEOPL(T) - 70%PL(T\y) 2 270D - 2T\ - Y. Y hyl
TeyxeTnZ
holds. According to the quasi-additivity of the Hamiltonian (in the absence of external
field) with respect to contours proved by Littin and Picco in [15], if we choose the con-
stant ¢ from property (P1) sufficiently large, then there exists a positive constant K. (a)
such that for every contour y of a triangle configuration T we have

tha,hL (1) - Jfa’h" (T'\y) = Kc(a)Jf“’O(y) - Z Z |hL,x|- (1.120)
TeyxeTnZ
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Since the inequality

%a,o (,y) > (]f(l’,o (,)/)

and Propositions 1.20 and A.1 imply

00 2 Y WelTh2lw Y Xar (TN, (1.121)
Tey Tey
then, it follows that
O (D) = AN (IVY) 2 Ke(@Eor Y ITI = Y Y [hual. (1.122)
Tey TeyxeTnZ

Let us define the external field h = (Ex) xez by letting

~ €
= (1.123)
ECER
at each site x in Z, where ¢ is a positive number chosen sufficiently small in such a way
that the constant ¢, given by

1-a’

2
Sa = Ke(@){q — €
a

is positive. Then, by considering the length L sufficiently large so that the modified field
h; = (hy,x)xez given by

£ .
E {m 1f|x|SL
Lx =

e .
W otherwise

satisfies |hp x| < IEL, «| for every integer x, and by using the fact that

1-a'

~ E !
Y lhpil<s——IT|* (1.124)
xeTnZ a
(see Proposition A.2(a)), we conclude that
FEPL(T) = Z0PL(T\y) 2 &, Y| TIY. (1.125)
Tey

Therefore, since the system subject to the external field h; undergoes phase transition
at low temperatures, so does the system subject to the original field h. |

Remark 1.34. Note that if a € [0, ¢™) and the constant § from (1.119) satisfiesd =1-«,
then the phase transition also holds at low temperatures provided h* is sufficiently small.
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1.7. CONCLUSION

In this chapter we extended the famous results regarding the existence of phase transi-
tion for ferromagnetic long range Ising models in one dimension by using the so-called
Peierls contour argument adapted to one-dimensional systems, which was introduced
by Frohlich and Spencer [6] and Cassandro et al. [8]. The assumption imposed by [8]
that the coupling constant (1) associated to the nearest-neighbor interactions has to
be sufficiently large was avoided, moreover, the phase transition phenomenon persists
even with the presence of a spatially inhomogeneous external field. The first step to
achieve this result was to use the techniques introduced by Cassandro et al. and ex-
tend their results considering J(1) = 1 with a restricted to a small interval [0, a*), where
a* ~0.2713. Such a range of « is analogous to the one obtained by these authors where
a had to belong to the interval [0, a.), in that case, a4 = }g%g —1=0.5849. The restric-
tion we obtained is the price that must be paid from dropping the assumption that the
nearest-neighbor interactions have to be large, however, the result could be extended
to the whole interval [0, 1) by using the quasi-additive property of the Hamiltonian with
respect to contours, derived by Littin and Picco [15].

The main result (see Corollary 1.33) states that if the pair interaction is inversely pro-
portional to the distance between the spins to the power 2 — @ and the external field
vanishes polynomialy with power ¢ of the distance to the origin, where 0 < @ < 1 and
6 > max{l — a,1 — a*}, then, the system undergoes phase transition as the temperature
approaches zero. The interplay between § and a that involves a* emerges from the
technique and should be improved in the future by adopting a different approach other
than the Peierls’ argument. It is expected that the phase transition should hold for every
a €10,1) and 6§ > 1 — a. Questions regarding the uniqueness of Gibbs measures should
also be considered in the future.
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METASTABILITY

2.1. INTRODUCTION

Metastability is a dynamical phenomenon observed in many different contexts, such
as physics, chemistry, biology, climatology, economics. Despite the variety of scien-
tific areas, the common feature of all these situations is the existence of multiple, well-
separated time scales. On short time scales the system is in a quasi-equilibrium within
a single region, while on long time scales it undergoes rapid transitions between quasi-
equilibria in different regions. A rigorous description of metastability in the setting of
stochastic dynamics is relatively recent, dating back to the pioneering paper [1], and has
experienced substantial progress in the last decades. See [2-5] for reviews and for a list
of the most important papers on this subject.

One of the big challenges in rigorous study of metastability is understanding the de-
pendence of the metastable behaviour and of the nucleation process of the stable phase
on the dynamics. The nucleation process of the critical droplet, i.e. the configuration
triggering the crossover, has been indeed studied in different dynamical regimes: se-
rial ([6, 7]) vs. parallel dynamics ([8-10]); non-conservative ([6, 7]) vs. conservative dy-
namics ([11-13]); finite ([14]) vs. infinite volumes ([15]); competition ([16-19]) vs. non-
competition of metastable phases ([20, 21]). All previous studies assumed that the mi-
croscopic interaction is of short-range type.

In this chapter we push further this investigation, studying the dependence of the
metastability scenario on the range of the interaction of the model. Long range Ising
models in low dimensions are known to behave like higher-dimensional short-range
models. For instance in [22, 23] (and later generalized by [24, 25]) it was shown that
long range Ising models undergo a phase transition already in one dimension, and this
transition persists in fast enough decaying fields. Furthermore, Dobrushin interfaces are
rigid already in two dimensions for anisotropic long range Ising models, see [26].

We consider the question: does indeed a long range interaction change substantially
the nucleation process? Are we able to define in this framework a critical configuration
triggering the crossover towards the stable phase? In ([27]) the author already consid-
ered the Dyson-like long range models, i.e. the one-dimensional lattice model of Ising
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spins with interaction decaying with a power a, in a external magnetic field. Despite
the long range potential, the author showed, by instanton arguments, that the system
has a finite-sized critical droplet. In the present work we want to make rigorous this
claim for a general long range interaction, showing as well that the long range interac-
tion completely changes the metastability scenario: in the short-range one-dimensional
Ising model a droplet of size one, already nucleates indeed the stable phase. The results
present in this chapter were reported in [28].

We show that for given i and J(n), we can define a nucleation droplet which for
infinite-range J(n) gets larger for smaller h, in contrast to the nearest-neighbor case.
An interval of minuses of length / which grows to [+ 1 gains energy 2h, but loses E; =
207 J(n). Such a quantity E; converges to zero as [ — oo, but the smaller £ is, the larger
the size of the critical droplet. Moreover, taking & volume-dependent, going to zero with
N as N~%, can make the nucleation interval mesoscopic O(N®) or macroscopic O(N),
but this also happens in higher dimension. This happens if at a phase transition one
phase gets more stable due to a boundary term or an infinitesimal field, you could call it
dynamically metastable, but we have a thermodynamically stable phase.

This chapter is organized as follows. In Section 2.2 we describe the lattice model and
we give the main definitions; in Section 2.3 the main results are stated, while in Section
2.4 and 2.5 the proofs of the model-dependent results are given.

2.2. THE MODEL AND MAIN DEFINITIONS

Let A be a finite interval of Z, and let us denote by % a positive external field. Given a
configuration o in Qp = {-1, 1}*, we define the Hamiltonian with with respect to free
boundary condition by

Hyp@) =— Y J(li-jhoio;— Y hoj, 2.1)
{i,jlcA ieA

where J: N — R, the pair interaction, is assumed to be positive and decreasing. The class
of interactions that we want to include in the present analysis are of long range type, for
instance,

1. exponential decay: J(|i — j|) = J-A7'"~/! with constants J >0 and A > 1;
2. polynomial decay: J(|i — j|) = J-1i — jI~%, where a > 0 is a parameter.

The finite-volume Gibbs measure will be denoted by

1
pa(0) = —exp (=fHp n(0), 2.2)
ZA

where 8 > 0 is proportional to the inverse temperature and Z, is a normalizing constant.
The set of ground states 2"* is defined as 2"* := argmin, ., Ha,»(0). Note that for the
class of interactions considered 2" ° = {+1}, where +1 stands for the configuration with
all spins equal to +1.

Given an integer k € {0,...,#A}, we consider the manifold 4} :={c € Qp :#{i:0; =1} =
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k} consisting of configurations in Q4 with k positive spins, and we define the configura-
tions L® and R™ as follows. Let

w _ |+l ifl1<i<k and
LY = ] (2.3)
—1 otherwise,
and
g _ -1 if1<i<#A-k, and
R™ = ] (2.4)
+1 otherwise,

i.e., the configurations respectively with k positive spins on left side of the interval and on
the right one. We will show that L®) and R® are the minimizers of the energy function
Hy j, on .. (see Proposition 2.12). Let us denote by 2 the set 22 := {L® R} con-
sisting of the minimizers of the energy on .#}. With abuse of notation we will indicate
with HA,h(P)’(k)) the energy of the elements of the set, that is, HA,h(,@(k)) = HA,h(L(k)) =
Hp 5 (R®).

We choose the evolution of the system to be described by a discrete-time Markov
chain X = (X (1)) >0, in particular, we consider the discrete-time serial Glauber dynamics
given by the Metropolis weights, i.e., the transition matrix of such dynamics is given by

p(O', n) = C(O', n) e‘ﬁ[HA,h(n)_HA,h(U)]+ ,
where [-];+ denotes the positive part, and c(-,+) is its connectivity matrix that is equal to
1/|A] in case the two configurations o and 7 coincide up to the value of a single spin,
and zero otherwise. Notice that such dynamics is reversible with respect to the Gibbs
measure defined in (2.2). Let us define the hitting time 777 of a configuration 7 of the
chain X started at o as

T;’,::inf{t>0:X(t):n}. (2.5)

For any positive integer n, a sequence y = (oW, ...,6"™) such that ¢@ € Qp and
c(o®, 0 Vy>oforalli=1,...,n—1iscalled a path joining o to ¢™; we also say that
n is the length of the path. For any path y of length n, we let

y = max Hp (o) (2.6)

=1,..,n

be the height of the path. We also define the communication height between o and n by

®(o,n):= min O, 2.7)
N Y€Q(o,n) Y

where the minimum is restricted to the set Q(o,n) of all paths joining o to 1. By re-
versibility, it easily follows that
@(o,n) =P(n,0) (2.8)

for all o, € Q5. We extend the previous definition for sets of, 98 < Q, by letting

O(f,%):= min ®,= min P(o,n), 2.9
YeQ(A,%B) oed ,NERB
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where Q (<7, 98) denotes the set of paths joining a state in < to a state in 98. The commu-
nication cost of passing from o to 7 is given by the quantity ®(o,n) — Hy, (o). Moreover,
if we define .#; as the set of all states n in Q4 such that Hy () < Hp ,(0), then the
stability level of any o € Qp \ 27 is given by

Vo :=®(0,I5) — Hp (o) 2 0. (2.10)

Following [29], we now introduce the notion of maximal stability level. Assuming that
Qp\ 2% # @, we let the maximal stability level be

I'm:= sup V. (2.11)
oEQA\DS

We give the following definition.

Definition 2.1. We call metastable set .2 ™, the set
XM ={oeQA\ 2 Vy =Tl (2.12)

Following [29], we shall call Z™™ the set of metastable states of the system and refer
to each of its elements as metastable. We denote by I" the quantity

I:= max Hy,(@%) - Hy,(-1). (2.13)
k=0,...,.#A

We will show in Corollary 2.4 that under certain assumptions I' = I'y,.

2.3. MAIN RESULTS

2.3.1. MEAN EXIT TIME

In this section we will study the first hitting time of the configuration +1 when the system
is prepared in —1, in the limit § — co. We will restrict our analysis to the case given by
the following condition.

Condition 2.2. Let N be an integer such that N = 2. We consider A = {1,...,N} and h
such that
N-1
0<h< ) Jn. (2.14)
n=1
By using the general theory developed in [29], we need first to solve two model-
dependent problems: the calculation of the minimax between —1 and +1 (item 1 of
Theorem 2.3) and the proof of a recurrence property in the energy landscape (item 3
of Theorem 2.3).

Theorem 2.3. Assume that Condition 2.2 is satisfied. Then, we have
1. ®(-1,+1) =T+ Hy p(-D),
2. V_1=T>0,and

3. Vg <T foranyo € Qp\{-1,+1}.
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As a corollary we have that —1 is the only metastable state for this model.

Corollary 2.4. Assume that Condition 2.2 is satisfied. It follows that
I'=T},, (2.15)

and

M ={-1}. (2.16)

Therefore, the asymptotic of the exit time for the system started at the metastable
states is given by the following theorem.

Theorem 2.5. Assume that Condition 2.2 is satisfied. It follows that

1. foranye>0
lim P(eﬁ(r_“ <11< eﬁ(rm) =1,
B—o0
2. thelimit .
lim —log(E(73})) =T
Jim = log(E(7:1))

holds.

Once the model-dependent results in Theorem 2.3 have been proven, the proof of
Theorem 2.5 easily follows from the general theory present in [29]: item 1 follows from
Theorem 4.1 in [29] and item 2 from Theorem 4.9 in [29].

2.3.2. MESOSCOPIC VS. MACROSCOPIC NUCLEATION

We are going to show that for small enough external magnetic field, the size of the critical

droplet is a macroscopic fraction of the system (i.e., macroscopic nucleation), while for

h sufficiently large, the critical configuration will be a mesoscopic fraction of the system.
Let us define L:= | §'|, and let h{"") be

N—-k-1 k
Y= Y T =Y Jn) (2.17)
n=1 n=1

foreach k=0,...,L— 1. One can easily verify that

N-1
0<hM < <hM<hM =Y Jm) 2.18)
n=1

Proposition 2.6. Under the assumption that Condition (2.2) is satisfied, one of the fol-
lowing conditions holds.

1. Caseh< h(LAf )1, we have

Hp (@) > max Hp ,(2®).
OSICI;SLN
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2. Case h;CN) <h< h;cj\_f)l forsomeke(l,...,L -1}, we have

Hp p (@) > max Hp pn(2Y).
<i<
i#k

3. Caseh = hch) forsomeke{l,...,L—1}, we have

Hpn(@0) = Hy (%) > max Hy ().
<I<

iZk,i#Zk+1

The first point of Proposition 2.6 describes the less interesting and, in a way, artificial,
situation of very low external magnetic fields: in this regime the bulk term is negligible
so that the energy of the droplet increases until the positive spins are the majority (i.e.
k = L, see Figure 2.3). Therefore, the second point contains the most interesting situa-
tion, where there is an interplay between the bulk and the surface term. The following
Corollary is a consequence of Proposition 2.6 when N is large enough and gives a char-
acterisation of the critical size k. of the critical droplet.

Corollary 2.7. Ifwe assumethat}_}. | J(n) converges and

0<h<) J(n), (2.19)

n=1

then, the size of the critical droplet will be given by

(o)

kC:min{keN: > ](n)sh} (2.20)
n=k+1

whenever N is sufficiently large.

As a consequence of Corollary 2.7, the set of critical configurations &2, is given by
P =Lk Rk 2.21)

for N large enough. The following result shows the reason why configurations in 22, are
referred to as critical configurations: they indeed trigger the transition towards the stable
phase.

Lemma 2.8. Under the conditions stated above, we have
1. any pathy € Q(=1,+1) such that ®y — Hp y(-1) =T visits &, and
2. thelimit
lim Pt <751 =1
p—oo ¢

holds.

The proof of the previous Theorem is a straightforward consequence of Theorem 5.4
in [29].
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2.3.3. EXAMPLES
Let us give two interesting examples of the general theory so far developed.

EXAMPLE 1: EXPONENTIALLY DECAYING COUPLING
We consider

]
An-1’
where J and A are positive real numbers with 1 > 1.

J(n) =

Proposition 2.9. Under the same hypotheses as Corollary 2.7, we have that the critical

droplet length k. is equal to
]
ke=|1 —_— 2.22
‘ [Ogi(hu —A—l)ﬂ @22

whenever N is sufficiently large.

Proof. By Corollary 2.7, we have

(o8] o0
J Y A0 PV<p<cyy A7

n=ke+1 n=kc
that implies
A*kc A (ke—1)
1—/1‘1 ] 1-A"1
Thus
(h(l A 1))
ke—1<-— < k. 2.23
c log 1 c (2.23)

As a remark we notice that in case of exponential decay of the interaction, the system
behaves essentially as the one-dimensional Ising model with nearest-neighbor interac-
tions. Note that

. { J ifn=1,and
lim J(n) = ) (2.24)
A—co 0 otherwise;
moreover, if h < J =limy_.o X7, J(n), then k. = 1 whenever 1 is large enough. So, we
conclude that typically a single plus spin in the lattice will trigger the nucleation of the
stable phase. As you can see in Figure 2.1 the energy exitations H, A,h(e@(")) —Hpp(-1)
are strictly descreasing in k, as expected.

EXAMPLE 2: POLYNOMIALLY DECAYING COUPLING
Let the coupling constants be given by

Jn)=J-n"%

where J and a are positive real numbers with @ > 1. As it is shown in Figures 2.2 and
2.3, for the polynomially decaying coupling model, we have that, for / small enough the
critical droplet is essentially the half interval, while for large enough magnetic external
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H(K)-H(-1)
-200 -100
1 1

=300
1

-400
1

600 800 1000

Figure 2.1: The blue line is the excitation energy HA,;,(Q’”‘)) —Hp (-1 for N =1000, A =2,h=0.21,] = 1;
while the red line indicates the size of the critical droplet.

-

HR-HEY

10

Figure 2.2: Blue line is the excitation energy
Hp 3(@%) — Hyp ,(-1) for N = 10000,
a=3/2,h=0.21,] = 1; the red line represents the
critical length k¢ = 91.

HR-HED

Figure 2.3: Blue line is the excitation energy

Hp ,(@%) — Hp (1) for N =500,

a =3/2,h=0.0001, ] = 1; the red line represents the
critical length k. = 250.
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magnetic field, the critical droplet is the configuration with k. plus spins at the sides,
1

. g a1
with kc =~ (m) .
We can prove indeed the following proposition.

Proposition 2.10. Under the same hypotheses as Corollary 2.7, we have that k. satisfies

k J o 1 2.25
- < .
¢ (h(a— 1)) (2:25)
whenever N is large enough.
Proof. By Corollary 2.7, it follows that
(o)
J Y n%=sh<J Z n %
n=kc+1 n=kc
Moreover, note that
o0 1 (0] «
f —dx< Z n
ke+1 X n=ke+1
and
(o) (e} 1
Y n¢ <f —
n=kc k-1 X%
so that
(ke+ D' _h (k=D
a-1 J a-1
Hence,
J -
- t< < (ke+1* 2.26
) na—1) (kc+1) (2.26)
|

2.4. PROOF THEOREM 2.3

We start the proof of the main theorem giving some general results about the control
of the energy of a general configuration. First of all we note that equation (2.1) can be
written as

Hpplo) = - Z Y Jli-jhoioj—h) o
1€A]€A ieA
= ZZmz—m( ) hZol—EZZm—m
ieA jeA ieA ieA jeA
= 2 Y JUi=jD g0 - hZal——ZZm—m
i€eA jeA ieA 1€A]€A
Moreover, given an integer k € {0,..., N}, if o € 4, then
1
Han@) =3 Y JUi=jDlig20, + BN —2k) - > > Y Jai- jD. (2.27)

€A jEA €A jEA
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Therefore, restricting ourselves to configurations that contains only k spins with the
value 1, in order to find such configurations with minimal energy, it is sufficient to mini-
mize the first term of the right-hand side of equation (2.27).

Proposition 2.11. Let N be a positive integer and k € {0,..., N}, ifwerestrict to all o € My,
then

N N k N
Y2 JUi=jhligze =23 3 JUi=jD. (2.28)
i=1j=1 i=1 j=k+1

Under this restriction, the equality in the equation above holds if and only ifo = L® or
o=RW,

Proof. Let us prove the result by induction. Let ./ be defined by

N N

FENO 1,0 =) Y JUi— Doy =2 Y, Y, JUi—jD. (2.29)
i=1j=1 iro;=1j:0j=-1

Note that the result is trivial if N = 1. Assuming that it holds for N = 1, let us prove that it

also holds for N + 1. In case 0] = 1, applying our induction hypothesis and Lemma B.1,

we have

N
FN10,02,...,08401) = 2) (Do, =1y + HN(02,...,0N+1) (2.30)
j=1
N k-1 N
= 2) J(+2) Y JUi—jD (2.31)
j=k i=1j=k
N+1
= 22 Y JUi=jD. (2.32)
i=1j=k+1

Replacing the inequality sign in equation (2.31) by an equality, it follows that

k-1 N
0< AN02,....,0N+1) =2 ) Z](Il—]l)—ZZ](])—ZZ](])]I{UM__H<0 (2.33)
i=1j=k j=k j=1
hence,
k-1
ZJ(J)—ZJ(;)LUM 1y =0. (2.34)
j=1 j=1

Using Lemma B.1 again, we conclude that 0 ; = 1 whenever 1 < j < k, and 0j = -1 when-
ever k+1< j<N+1. Now, in case 01 = —1, we write #n+1(—1,02,...,0N+1) as

JOns1(=1,00,...,0n+1) = FNne1 (1, —02,...,—ON+1) (2.35)

and apply our previous result in order to obtain

N+1-k N+1 N+1
N1 (=L,02,...,0n40) 22 ). ) J(|z—j|)—22 Y. JUi—jn, (2.36)
i=1 j=N+2-k i=1j=k+1

where the equality holds only if o ; = —1 whenever 1 < j < N+1-k, and ; = 1 whenever
N+2-k<sj<sN+1. |
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As an immediate consequence of Proposition 2.11 the next results follows.

Theorem 2.12. Given an integer k € {0,..., N}, if we restrict to all 0 € ., then

k N
Hpyp(0)=2) ) JUi—j)+h(N- zk)——ZZJ(n—m (2.37)
i=1j=k+1 l 1j=

Under this restriction, the equality in the equation above holds if and only ifo = R® or
o=L1LW,

2.4.1. PROOF OF THEOREM 2.3.1(MINIMAX)
Proof of Theorem 2.3.1. Define f:{0,...,N} — Ras

fU) = Hp p(29). (2.38)
It follows that
Afk) = flk+1)-f(k)

k+1 N k N

= 2(> Y Jui-jh-) ) ](Ii—jl)—h)
i=1j=k+2 i=1j=k+1
N k N k N

= 2| XY JUk+1-jD+> > JUi—-jD-) ), ](Ii—jl)—h)
j=k+2 i=1j=k+2 i=1j=k+1

N k
= 2| % ](Ik+1—j|)—Z](Ii—(k+1)l)—h)

j=k+2 i=1
N-k-1

= 2 Z J(z)—ZJ(z)— )

holds for all k suchthat0<k<N-1, and

A f (k)

Af(k+1)=Af(k)

N—-k-2 N-k-1 k+1
( Z JOB Z J(z)—ZJ(mZ](z))

—2(](N—k—1)+](k+1))

holds whenever 0 < k< N -—2.
Note that

N-1
Af(0)=2 ( Y J@)- h) >0, (2.39)
i=1

A f( gJ) <0, (2.40)

It follows from A? f < 0 and equations (2.39) and (2.40) that f satisfies

1<|¥]<N-1,and

fO) < fQ) (2.41)
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and

f(g” > > f(N), (2.42)

therefore, f(ko) = maxg<i<p f(k) for some ko € {1,..., [%J}
Defining the path y: =1 — +1 by y = (L@, LW, ..., L™) it is easy to see that

®(-1,+1) =max Hy ;,(0) = max Hp,(2®) =T+ Hy j,(-1). (2.43)
gey 0<k<N
]

2.4.2. PROOF OF THEOREM 2.3.2 AND 2.3.3

Before giving the proof of the second point of the main theorem, we give some results
about the control of the energy of a spin-flipped configuration. Given a configuration o
and k € A, the spin-flipped configuration 80 is defined as:

-0y ifi=k,and
Or0);i = . (2.44)
o otherwise.

Note that the energetic cost to flip the spin at position k from the configuration o is given
by

Hp p(0r0) — Hp p(0)

Y. JUi—jNoioj—0r0)iO0r0) ) +h ) (0;—Or0);)
{i,jicA ieA

(Z J(Ik = jD20k0; +2ho'k)

JEA

20k(Z](Ik—jl)oj+h).

jen
Proposition 2.13. Under Condition 2.2, given a configuration o such that

Hp p0r0)— Hpp(o) =0 (2.45)
foreveryke{l,...,N}, then eithero = —1 oro = +1.

Proof. Let k € {1,...,N -1}, and let o be a configuration such that o; = +1 whenever
1<i<kand ok = —1. In the following, we show that every such o cannot satisfy
property (2.45). If property (2.45) is satisfied, then

Hp p(0x0)— Hp p(0) 20 .46
Hp p(0k410) — Hp (0) 20 :
that is,
SR Tk =i - J) + XN, Ak = iDoi+h=0 o
— (5 Tk +1-iD+ZN L T(k+1-i)o; + h) =0, :
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Summing both equations above, we have

N
0 = —Jb-JV+ ) UlG-k-Ji-k-1)o;
i=k+2
N
< —J)-JW+ Y Uli-k-1)-Ji-k)
i=k+2
N-k-1
= —J-JM+ Y, UO-Ji+1)
i=1
= —Jk)-J(N-k
that is a contradiction. Analogously, every configuration ¢ such that such that o; = -1

whenever 1 < i < k and 041 = 1 for some k € {1,..., N — 1}, property (2.45) cannot be
satisfied. Therefore, we conclude that for every o different from -1 and +1, property
(2.45) does not hold.

The proof of the converse statement is straightforward. ]

As an immediate consequence of the result above, the next result follows.

Corollary 2.14. Under Condition 2.2, for every configuration o different from —1 and +1,
thereisapathy = 0@W,..., "), whereaW = o anda"™ € {1, +1}, such thatHA,h(U“*U) <
Hp p(0).

We have now all the element for proving item 2 and 3 of Theorem 2.3.

Proof of Theorem 2.3.2. First, note that it follows from inequality (2.41) that " > 0. Now,
let us show that V_; satisfies

Vo1 =®(=1,+1) — Hp j(~1). (2.48)

Since +1 € .#_;, we have
Vo1 =®(-1,+1) — Hp p(-1). (2.49)

So, we conclude the proof if we show that
O(-1,+1) =d(-1,7n) (2.50)

holds for everyn € .#_,. Lety; : —1 — nbe a path from —1 ton given by y; = (¢,...,a™),
then, according to Corollary 2.14, there is a path y; :  — +1, say y2 = (n'V,...,n"™),
along which the energy decreases. Hence, the path y: -1 — +1 given by

y=(",...,a" VW, . n") (2.51)
satisfies
Dy (1, +1) = By, (=1,) V By, (1, +1)) = Dy, (—1,7). (2.52)
Hence, the inequality
O(-1,+1) =Py (-1,7) (2.53)

holds for every path y; : =1 — 1, and equation (2.50) follows. |
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Proof of Theorem 2.3.3. Given o ¢ {—1,+1}, let us show now that
®(o,n) — Hpplo) <V, (2.54)
holds for any 7 € .#;. Let us consider the following cases.

1. Casen = +1. According to Corollary (2.14), there is a path y = (¢™,...,0""”) from
oW =g to 0™ € {~1,+1} along which the energy decreases.

(a) Ifo" = -1, thenthe pathyy: o — ngivenbyyo = (¢V,...,c D, LO [V
satisfies

IA

@(0,n) — Hp,p(0) max Hy () — Hp p(0)
Ceyo

IA

(maXHA,h(O) \% ( max HA,h(L(k))) — Hp p(0)
(ey 0<ksN

= 0V ( max HA'h(L(k)) _HA,h(U))
0<ks<N

< max Hyp(L™®)~ Hy p(-1)
0<k<N
= V.
(b) Otherwise, if 0™ = +1, then
®(g,n) — Hpplo) = I?;/XHA,h(() — Hjp n(0)
= 0
< V..

2. Case n = —1. According to Corollary (2.14), there is a path y = (¢'V,...,0") from
oW =0 to 0™ € {~1, +1} along which the energy decreases.

(a) Ifo" = +1, then the pathyy: 0 — ngivenbyyg = (¢V,...,c"= D, LW L©)
satisfies

®(o,n) — Hp p(0)

IA

max Hp () — Hp,,(0)
(eyo

IA

(maXHA,h(O) % ( max HA,h(L(k))) — Hp p(0)
(ey 0<ksN

= Ov( max HA,h(L““))—HA,h(a))
0<k<N
< max Hy (%)= Hy p(-1
omax AR(LY) = Hp p(—1)
= V.
(b) Otherwise, if 0™ = —1, then

®(o,n) — Hpplo) < I}lea;/XHA,h(()—HA,h(U)

0
V_1.

A
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3. Case n ¢ {-1,+1}. Lety; = (¢W,...,0") and y> = (nV,...,n"™) be paths from
oW =g to o™ € {-1,+1} and from ) = 5 to n"™ € {~1,+1}, respectively, along

which the energy decreases.

in order to obtain

(a) Ifa™ =n" define the pathy: o — ngivenbyy = (W,...,a""V ntm n0)

®(0,n) — Hp p(o)

< maxHy ,({) — Hp plo)
Ceyo
= (maXHA,h(()) \% (maXHA,h(()) — Hp p(0)
{en (ey2
= Hpn(o) Vv Hp p(m) — Hp p(0)
= 0
< Vfl.

(b) If o = —1 and n'" = +1, let us define the path y, : ¢ — 1 given by

Yo= (o

satisfies

®(o,n) — Hp p(0)

IA

N ey AL AN

™Y M) (2.55)

max Hy ,(() — Hp j(0)

{eyo

(maxHA,h(c)) v ( max HA,h(L““))) v (maxHA,h(o) — Hp 5(0)
{eyy 0<k<N {ey2

Hp p(o) v (Og}czixN HA,h(L(k))) V Hp () — Hp,p(0)

ov ( max HA,h(L(k)) - HA,h(U))
0<k<N

max Hy ,(L®) = Hy j(-1)
0<k<N

V_1.

(¢) Ife™ = +1 and "™ = -1, let us define the path y, : ¢ — 7 given by

Yo= (o

satisfies

®(o,n) — Hp p(0)

IA

Nl AL AU

™Y M) (2.56)

max Hp ;,({) — Hp ,(0)
{eyo

(maxHA,h(o) v ( max HA,h(L““))) v (maxHA,h(o) — Hp p(0)
(E}’] 0<k<N C€Y2

Hyn(0) v (Og}chN Hpn(L®)| v Hy () = Ha,(0)

ov ( max HA,h(L(k)) - HA,h(U))
0<k<N

max Hy ,(L®) = Hy j,(-1)
0<k<N

V_1.
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We conclude that for every o ¢ {—1,+1}, we have V; < V_;. [ ]

2.5. PROOFS OF THE CRITICAL DROPLETS RESULTS
Proof of Proposition 2.6. As in the proof of Theorem 2.3, let us define f:{0,..., N} — R as

f@) = Hyp(LD), 2.57)

and recall that
N-i-1

Af@=2( Y Jm)-Y Jn)-h|. (2.58)
n=1 n=1

In the first case, we have Af(L—-1) = 2(h(LA_7 )1 — h) > 0, thus, since f decreases for all i

greater than L, and since A?f < 0, we conclude that f attains a unique strict global

maximum at L. In the second case, we have Af(k—-1) = 2(h§cl\_”1 —h)>0and Af(k) =

2(h§CN) —h) <0, so, f attains a unique strict global maximum at k. Finally, in the third case,
we have Af(k) =0, thatis, f(k) = f(k+1). Using the fact that Af(k+1) <0< Af(k-1),
we conclude that the global maximum of f can we only be reached at k and k + 1. |

Proof of Corollary 2.7. Since Y5, J(n) converges, it follows that the set in equation (2.20)

is nonempty, thus k, is well defined. Then, we have

Y Jm<sh< ) Jn. (2.59)
n=kc+1 n=ke

For all N sufficiently large such that | 5| > k. and

Y Jm< ) Jm)-h, (2.60)
n=N-kc+1 n=Kk
we have
h< Yy Jm- Y Jmw=r" 2.61)
n=ke n=N-kc+1
and
=y Jm- Y Jm<h (2.62)
n=kc+1 n=N-k;

Therefore, by means of Proposition 2.6, we conclude that for N large enough, k. satisfies

Hp p(2%) > OmaJ}VHA,h(@(”). (2.63)
<i<
£k
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2.6. CONCLUSION

In this work we managed to provide the answers for the questions posed at the begin-
ning of this chapter. Although the proposed problem was relatively simple compared
to those which inspired this work, our results outweigh this fact by revealing a rich and
unexpected behavior of long range Ising systems. By adopting a pathwise approach, we
studied the energy landscape of such systems in one dimension in a very general setting
and derived its metastability features, including descriptions related to tunneling time,
nucleation and critical droplets.

Let us note that our results refer to one-dimensional long range Ising models with
free boundary condition. So, it is expected that the same results should also hold if we
consider periodic boundary conditions. In fact, such results can be straightforwardly ex-
tended to that context (to be published) by computing the ground states corresponding
to the new Hamiltonian restricted to each manifold .4 and using techniques similar
to those we applied here. In the forthcoming works we are going to direct our efforts
towards the generalization of the results considering such a class of systems in higher
dimension. We expect that a richer variety of behavior would emerge due to the fact that
in higher dimension the nucleation process may generate droplets with more complex
shapes which strongly depend on the chosen long range pair interaction.

REFERENCES

[1] M. Cassandro, A. Galves, E. Olivieri, and M. E. Vares, Metastable behavior of stochas-
tic dynamics: A pathwise approach, Journal of Statistical Physics 35, 603 (1984).

[2] J. Beltran and C. Landim, Tunneling and Metastability of Continuous Time Markov
Chains, Journal of Statistical Physics 140, 1065 (2010).

[3] A.Bovier, Metastability: a potential theoretic approach, in In International Congress
of Mathematicians. Vol. III (2006) pp. 499-518.

[4] A. Bovier and E den Hollander, Metastability: A Potential-Theoretic Approach, 1st
ed., Grundlehren der mathematischen Wissenschaften, Vol. 251 (Springer Interna-
tional Publishing, 2015).

[5] E. Olivieri and M. E. Vares, Large Deviations and Metastability, Encyclopedia of
Mathematics and its Applications (Cambridge University Press, 2005).

[6] A.Bovier and E Manzo, Metastability in Glauber Dynamics in the Low-Temperature
Limit: Beyond Exponential Asymptotics, Journal of Statistical Physics 107, 757
(2002).

[7] E. N. M. Cirillo and E. Olivieri, Metastability and nucleation for the Blume-Capel
model. Different mechanisms of transition, Journal of Statistical Physics 83, 473
(1996).

[8] S. Bigelis, E. N. M. Cirillo, J. L. Lebowitz, and E. R. Speer, Critical droplets in
metastable states of probabilistic cellular automata, Phys. Rev. E 59, 3935 (1999).



http://dx.doi.org/10.1007/BF01010826
http://dx.doi.org/ 10.1007/s10955-010-0030-9
http://dx.doi.org/10.1017/CBO9780511543272
http://dx.doi.org/10.1023/A:1014586130046
http://dx.doi.org/10.1023/A:1014586130046
http://dx.doi.org/10.1007/BF02183739
http://dx.doi.org/10.1007/BF02183739
http://dx.doi.org/ 10.1103/PhysRevE.59.3935

80

REFERENCES

[9]

(10]

(11]

(12]

(13]

(14]

(15]

[16]

(17]

(18]

(19]

[20]

(21]

(22]

E. N. M. Cirillo and E R. Nardi, Metastability for a Stochastic Dynamics with a Par-
allel Heat Bath Updating Rule, Journal of Statistical Physics 110, 183 (2003).

E. N. M. Cirillo, E R. Nardi, and C. Spitoni, Metastability for Reversible Probabilis-
tic Cellular Automata with Self-Interaction, Journal of Statistical Physics 132, 431
(2008).

E den Hollander, E R. Nardi, and A. Troiani, Kawasaki Dynamics with Two Types of
Particles: Stable/Metastable Configurations and Communication Heights, Journal of
Statistical Physics 145, 1423 (2011).

E den Hollander, E Nardi, and A. Troiani, Metastability for Kawasaki dynamics at
low temperature with two types of particles, Electron. J. Probab. 17, 26 pp. (2012).

E d. Hollander, E. Olivieri, and E. Scoppola, Metastability and nucleation
for conservative dynamics, Journal of Mathematical Physics 41, 1424 (2000),
https://doi.org/10.1063/1.533193 .

A. Bovier, E d. Hollander, and E Nardi, Sharp asymptotics for Kawasaki dynamics
on a finite box with open boundary, Probability Theory and Related Fields 135, 265
(2006).

A. Bovier, E den Hollander, and C. Spitoni, Homogeneous nucleation for Glauber
and Kawasaki dynamics in large volumes at low temperatures, The Annals of Prob-
ability 38, 661 (2010).

E. N. M. Cirillo, E R. Nardi, and C. Spitoni, Competitive nucleation in reversible
probabilistic cellular automata, Phys. Rev. E 78, 040601 (2008).

E. N. M. Cirillo, E R. Nardi, and C. Spitoni, Applied and Industrial Mathematics in
Italy 11T (World Scientific, 2009) pp. 208-219.

M. Iwamatsu, A note on the nucleation with multiple steps: Parallel and
series nucleation, The Journal of Chemical Physics 136, 044701 (2012),
https://doi.org/10.1063/1.3679440 .

D. P Sanders, H. Larralde, and E m. c. Leyvraz, Competitive nucleation and the
Ostwald rule in a generalized Potts model with multiple metastable phases, Phys.
Rev. B 75, 132101 (2007).

E. N. M. Cirillo and E R. Nardi, Relaxation Height in Energy Landscapes: An Appli-
cation to Multiple Metastable States, Journal of Statistical Physics 150, 1080 (2013).

E. N. M. Cirillo, E R. Nardi, and C. Spitoni, Sum of exit times in a series of two
metastable states, The European Physical Journal Special Topics 226, 2421 (2017).

E J. Dyson, Existence and Nature of Phase Transition in One-Dimensional Ising Fer-
romagnets, SIAM-AMS Proceedings 5, 1 (1972).


http://dx.doi.org/10.1023/A:1021070712382
http://dx.doi.org/10.1007/s10955-008-9563-6
http://dx.doi.org/10.1007/s10955-008-9563-6
http://dx.doi.org/10.1007/s10955-011-0370-0
http://dx.doi.org/10.1007/s10955-011-0370-0
http://dx.doi.org/ 10.1214/EJP.v17-1693
http://dx.doi.org/10.1063/1.533193
http://arxiv.org/abs/https://doi.org/10.1063/1.533193
http://dx.doi.org/10.1007/s00440-005-0460-5
http://dx.doi.org/10.1007/s00440-005-0460-5
http://dx.doi.org/10.1214/09-aop492
http://dx.doi.org/10.1214/09-aop492
http://dx.doi.org/10.1103/PhysRevE.78.040601
http://dx.doi.org/10.1142/9789814280303_0019
http://dx.doi.org/10.1142/9789814280303_0019
http://dx.doi.org/10.1063/1.3679440
http://arxiv.org/abs/https://doi.org/10.1063/1.3679440
http://dx.doi.org/10.1103/PhysRevB.75.132101
http://dx.doi.org/10.1103/PhysRevB.75.132101
http://dx.doi.org/10.1007/s10955-013-0717-9
http://dx.doi.org/10.1140/epjst/e2017-70070-6

REFERENCES 81

(23]

M. Cassandro, P. A. Ferrari, I. Merola, and E. Presutti, Geometry of contours and
Peierls estimates in d=1 Ising models with long range interactions, Journal of Math-
ematical Physics 46, 053305 (2005), https://doi.org/10.1063/1.1897644 .

[24] ]. Littin and P. Picco, Quasi-additive estimates on the Hamiltonian for the one-

(25]

(26]

(27]

dimensional long range Ising model, Journal of Mathematical Physics 58, 073301
(2017), https://doi.org/10.1063/1.4994034 .

R. Bissacot, E. O. Endo, A. C. D. van Enter, B. Kimura, and W. M. Ruszel, Contour
Methods for Long-Range Ising Models: Weakening Nearest-Neighbor Interactions
and Adding Decaying Fields, Annales Henri Poincaré 19, 2557 (2018).

L. Coquille, A. C. D. van Enter, A. Le Ny, and W. M. Ruszel, Absence of Dobrushin
States for 2d Long-Range Ising Models, Journal of Statistical Physics 172, 1210 (2018).

R. McCraw, Metastability in a long range one-dimensional Ising model, Physics Let-
ters A 75, 379 (1980).

[28] A. C. D. van Enter, B. Kimura, W. Ruszel, and C. Spitoni, Nucleation for One-

(29]

Dimensional Long-Range Ising Models, Journal of Statistical Physics 174, 1327
(2019).

E Manzo, E R. Nardi, E. Olivieri, and E. Scoppola, On the Essential Features of
Metastability: Tunnelling Time and Critical Configurations, Journal of Statistical
Physics 115, 591 (2004).



http://dx.doi.org/10.1063/1.1897644
http://dx.doi.org/10.1063/1.1897644
http://arxiv.org/abs/https://doi.org/10.1063/1.1897644
http://dx.doi.org/10.1063/1.4994034
http://dx.doi.org/10.1063/1.4994034
http://arxiv.org/abs/https://doi.org/10.1063/1.4994034
http://dx.doi.org/10.1007/s00023-018-0693-3
http://dx.doi.org/10.1007/s10955-018-2097-7
http://dx.doi.org/ https://doi.org/10.1016/0375-9601(80)90847-6
http://dx.doi.org/ https://doi.org/10.1016/0375-9601(80)90847-6
http://dx.doi.org/ 10.1007/s10955-019-02238-y
http://dx.doi.org/ 10.1007/s10955-019-02238-y
http://dx.doi.org/10.1023/B:JOSS.0000019822.45867.ec
http://dx.doi.org/10.1023/B:JOSS.0000019822.45867.ec




PROBABILISTIC CELLULAR
AUTOMATA

3.1. INTRODUCTION

Cellular Automata (CAs) are discrete-time dynamical systems on a spatially extended
discrete space. They are well known for being easy to implement and for exhibiting a
rich and complex nonlinear behaviour as emphasized for instance in [1-4]; furthermore,
they can give rise to multiple levels of organization [5]. Probabilistic Cellular Automata
(PCAs) whose the updating rule is now considered to be stochastic, see [6], are a straight-
forward generalization of CAs and are employed as modeling tools in a wide range of
applications, e.g. HIV infection [7], biological immune system [8], weather forecast [9],
heart pacemaker tissue [10], and opinion forming [11]. Moreover, a natural context in
which the PCAs main ideas are of interest is that of evolutionary games [12-14].

Strong relations exist as well between PCAs and the general equilibrium statistical
mechanics framework [15-24]. A central question is the characterization of the equilib-
rium behavior of a general PCA dynamics. For instance, one primary interest is the study
of its ergodic properties, e.g. the long-term behavior of the PCA and its dependence on
the initial probability distribution. Regarding the ergodicity for PCAs on infinite lattices,
see for instance [23] for details and references. Moreover, conditions for ergodicity for
general PCAs can be found in the following papers: [17, 25-28]. Furthermore, in case of
a translation-invariant PCA on Z¢ with positive rates, it has been shown in [20] that the
law of the trajectories, starting from any stationary distribution, is given by a Gibbs state
for some space-time associated potential (in Z?*!). Moreover, it has also been proven
that the converse is true: all the translation-invariant Gibbs states for such potential cor-
respond to statistical space-time histories for the PCA. Therefore, phase transition for
the space-time potential is closely related to the PCA ergodicity in the sense that non-
uniqueness of translation invariant Gibbs states is equivalent to non-uniqueness of sta-
tionary measures for the PCA. The main ingredient for proving this result is the use of
the local variational principle for the entropy density of the Gibbs measure. However,

83
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as it has been proved in [29], the variational principle for Gibbs states fails for nearest-
neighbor finite state statistical mechanics systems on 3-ary trees. Hence, a first result to
this chapter is to extend the results presented by [20] for a class of PCAs on infinite rooted
trees. In particular, the PCAs considered in this work have positive rate shift-invariant
local transition probabilities such that each local probabilistic rule depends only on the
spins of the children of the node. This class of PCAs has generally a Bernoulli product
measure as an invariant measure, and they are the natural generalization on trees of the
models considered in [30].

A second type of results in this work is to give conditions for ergodicity in case of
d-ary trees, with d € {1,2,3}. Our positive rate PCAs satisfy indeed such conditions (i.e.
(3.8) and (3.14)) that, when iterating the dynamics from the Bernoulli product measure,
the resulting space-time diagram defines non-trivial random fields with very weak de-
pendences. This fact allows us to give a detailed analysis of the ergodicity problem and,
for two relevant examples of PCA dynamics, we are able to find the critical parameters.
All the results in this chapter were published in [31].

This chapter is organized as follows. In Section 3.2 we extend the results of [20] in
case of infinite rooted d-ary trees. We first define the PCA on a countably infinite set
and in this general framework we show how stationary measures for a PCA can be nat-
urally associated to Gibbs measures (Theorem 3.3). In order to state the converse re-
sult, we first restrict ourselves to the case of infinite rooted trees and to PCAs with non-
degenerate shift-invariant local transition probabilities that depends only on the spins
of the children of the node. For this class of PCAs, we state that all the time-invariant
Gibbs states for the potential correspond to statistical space-time histories for the PCA
(Theorem 3.6). In Section 3.3 we give results concerning conditions for the ergodicity
of the PCA on d-ary trees. First we characterize Bernoulli product stationary measures
via Lemma 3.8. In Theorem 3.9 we show that for d = 1 the PCA is always ergodic, and
the same occurs for d = 2 with the additional assumption of spin-flip symmetry of the
local transition probabilities. In Theorem 3.10 the case of d = 3 is studied. We give two
examples (in Section 3.3.1) where the critical parameters can be computed. Section 3.4
and the Appendices are devoted to the proofs of the main results.

3.2. FROM PCAS TO GIBBS MEASURES AND BACK
3.2.1. PCAS ON COUNTABLY INFINITE SETS
Let the single spin space be a nonempty finite set S and let V denote a countably infinite
set (for example, the d-dimensional cubic lattice 74 or, more generally, the vertex set of
a countably infinite graph). In the following we introduce a special class of discrete-time
Markov chains on the state space Qy = SV whose main feature is the fact that given the
previous configuration, for the next one all spins are simultaneously updated accoding
to independent local transition probabilities (parallel updating), the so-called proba-
bilistic cellular automata.

We define the probabilistic cellular automaton as follows.

Definition 3.1. A PCA is a discrete-time Markov chain on Qg with the following proper-
ties. At each site i in V
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(a) corresponding to each configuration x € Qy we associate a probability measure
pi(|x) on §, and

(b) assume that for every spin s, the map
X+ pi(s]x)

is a local function. So, there is a finite subset U(i) of V such that the equality
pi(s|x) = p;(sly) holds for every s whenever x and y satisfy x; = y; for each j in
U().

In this setting, we associate to each point x in Qg the product measure

P(dylx) = @ pi(dyilx), 3.1)
ieV
and introduce the probabilistic cellular automaton dynamics on our state space Qg by
considering the Markov kernel P given by the expression

P(x,B) = P(B|x) (3.2)
where B is a Borel set of Q.
Now, we recall the definition of a stationary measure for the dynamics P.

Definition 3.2. A probability measure v on Qy is called stationary for the dynamics P
defined above if

fP(x, B)v(dx) =v(B)

holds for every Borel set B of Q.

3.2.2. FROM PCA TO GIBBS MEASURES...

In this section we will show how stationary measures for a PCA can be naturally associ-
ated to Gibbs measures for a corresponding equilibrium statistical mechanical model.
Let us consider the set of sites given by the countably infinite set Z x V, the collection
- consisting of all nonempty finite subsets of Z x V. We also consider the configuration
space Q = §2*V together with its product o-algebra .%Z. Given an arbitrary space-time
spin configuration w in Q, for each site x in Z x V, say x = (n, i), let w,,; denote the value
wy of the spin at this site, just for simplicity. Furthermore, for each integer n and each
configuration w, we define the configuration at time 7 as the element w,, of Qg given by
Wp = (Wn,i)iev.

Now, let us consider again the setting from the previous section. We will assume
that the PCA dynamics is nondegenerate, that is, the local transition probabilities have
positive rates: p;(s|x) > 0 holds for all i € V, s € S and x € Q. Furthermore, we also
suppose that for each site i, the set

{jeV:ieU() (3.3)

is finite, which means that at each step in the dynamics of the PCA, each spin can have in-
fluence only on the future state of a finite number of spins. Given a stationary measure v
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for P, it is possible to construct a probability measure g, on (Q,.%) uniquely determined
by the identity

#v(wzeBo,wm€B1,...,wr+n€Bn)=fB v(dxo)fB P(xo,dxl)-'-f P(xp_1,dxp),
0 1

! (3.4)
where ¢ is an integer, n a positive integer, and By, By, ..., B, are Borel sets of Q. In the
following, given a site x in Z x V, say x = (n, i), we will use U(x) to denote the set

Ux)={n-1,j):jeU@U)}.
Observe that our assumption (3.3) is equivalent to say that for each point x, the set
fyeZxV:xeU(y)}

is finite. This remark is very useful for proving the next theorem, whose proofis given in
Appendix C.

Theorem 3.3. The space-time measure (L, obtained from a stationary measure v for the
PCA is a Gibbs measure for the interaction ® = (9 ) sc #, Where each @4 : Q — R is given
by
—logp;(wx|w,— ifA={x}uU() for somex = (n,i),
(DA(“’):{O gpi(oxlop-1) fA=4UUG) f (n, i) 5)

otherwise.

3.2.3. PCA ON INFINITE ROOTED TREES

We specify now the class of PCAs that will be considered in this work. We introduce
indeed probabilistic cellular automata on d-ary trees V = T¢ with root o and degree
deg(x) = d + 1 for all vertices x # o and deg(o) = d. Without loss of generality, the d-
ary tree T? can be regarded as the set

yJ,...,.d-u"

n=0
consisting of all finite sequences of integers from 0 to d — 1. Given finite sequences i in
{0,...,d—1}"and j in {0,...,d - 1}'", say i = (ik)z;é and j = (jk)zq:’ol, we naturally define
their sum i + j as the concatenation of these sequences, i.e., the sum is the element of
{0,...,d — 1}’"*" given by

L ik ifke{0,...,n—1},
T+ D=1+ . .
Jjk-n ifkein,....m+n-1}.
Once defined the tra{?slatiodn on T4, then we are allowed to associate to each site i in T%
the shift map ©; : ST — ST" defined by

©ix = (Xi4j) jera (3.6)

at each point x = (x;) jet,. Furthermore, for each k € {0,...,d — 1}, we denote by ey the
sequence ey = (k) consisting only of the number £k, therefore, the e;’s are the neighbors
of the root 0 of T¥.
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From now on, we consider the single spin space S = {—1, +1}, so, the state space Qg

. . d L . - .

is described as Qg = {-1,+1}T". Following [32, 33], we give the definitions of attractive
dynamics and of repulsive dynamics. In order to do that we introduce the notation x < y
to indicate that x and y are elements of Q) that satisfy x; < y; forall i € T%.

Definition 3.4. We call the dynamics P attractive if for every positive integer n, for all
configurations x, y such that x < y and each nondecreasing local function f, we have

P"(x, N =P"y, N. (3.7)

Definition 3.5. We call the dynamics P repulsive if for every positive integer n, for all
configurations x, y such that x < y and each nondecreasing local function f, we have

P"(x,f) = P"(y, f). (3.8)

By [32, 33] it follows that the dynamics is attractive if and only if for all configurations
x,y such that x < y we have p,(+1]x) < po(+1]y); furthermore, it is repulsive if and only
if for all configurations x, y such that x < y we have po(+1|x) = po(+11y).

The PCAs considered in this work have nondegenerate shift-invariant local transition
probabilities such that each probabilistic rule p;(:|x) depends only on the spins of the
children of i. More precisely, we will state the following assumptions on the transition
kernel.

Assumptions:
(A1) each po(-|x) is a probability measure such that p,(s|x) > 0 holds for all s € {—1, +1},
(A2) the map x— po(s|x) depends only on the values of x on U(o) = {ey,...,e4-1}, and
(A3) for each i in T\{o}, the local transition probability p; (-|x) satisfies

pi(s]x) = po(s19;Xx). 3.9

Note that Assumption (Al) is the so-called nondegeneracy property, while Assumption
(A3) is the invariance of the PCA dynamics under tree shifts. We remark as well that, it
follows from (A2) and (A3) that the map x — p;(s|x) depends only on the values assumed
by the spins of x on U(i) =i + {ey, ..., e4-1}. One of the crucial features of this dynamics
P is that under Assumptions (A2) and (A3) the relation

P'x,{yr=E&N =[] P"Oix,{yo =& (3.10)
ieF

holds for every configuration x, finite volume configuration (¢;) ;e for some F < T4, and
positive integer n.




88 3. PROBABILISTIC CELLULAR AUTOMATA

3.2.4....AND BACK

According to Theorem 3.3, every stationary measure for the PCA defined above can be
associated to a Gibbs measure for the corresponding statistical mechanical model @ de-
fined by (3.5). Next, we show that for the class of PCAs on trees we are dealing with, under
suitable conditions, the converse is also valid.

Theorem 3.6. Under the Assumption (A1)-(A3), let u be a Gibbs measure for the interac-
tion ® defined by (3.5), such that it is invariant under time translations, i.e., u is a Gibbs
measure that satisfies

Wwm € B) = pwm-1 € B)

for each integer m and each Borel subset B of Q. Then, there is a stationary measurev for
the corresponding PCA such that i = (1.

Therefore, thanks to Theorem 3.6 the study of the ergodicity of the PCA can be closely
related to the study the uniqueness of the Gibbs measure on space-time associated to it.

Remark 3.7. In Appendix C, we give a more general proof for Theorem 3.6. It actually
holds for any PCA on Qg = SV, where S is a nonempty finite set and V is a (locally finite)
infinite rooted tree, satisfying (A1) and

(A2") Letd:V xV — Rbe the distance function that assigns to each pair (i, j) of vertices
the length of the unique path connecting them. Corresponding to each point i
that belongs to V the set U (i) is a finite set such that

UG)<{je V:do,i)<do,j)} (3.11)

3.3. CONDITIONS FOR ERGODICITY FOR PCAS ON TREES

In this section we will present some results regarding sufficient conditions for ergodicity
for the class of PCAs described previously. Note that equation (3.10) implies that the
probability distributions of the spins at time n are independent, so, this suggests that
the typical stationary measures we have to look for are product measures. This remark
leads us to state a lemma regarding the characterization of stationary Bernoulli product
measures, whose proof is given in Appendix C.3.
Lemma 3.8. A Bernoulli product measure v = Bern(p)wd
stationary measure for P if and only if

with parameter p € [0,1], isa

fpo(+1|x)v(dx)=p (3.12)
i.e. ifand only if
d 1 $Em= d-1
Y (1) Y Y EpfmEeEp o || e =p. (3.13)
=0 I1<{0,...,d-1} fef-1,+1}4

=1 &p=—1forall kel
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Moreover, the probability to find the spin +1 at the root of T after n+ 1 steps of this dy-
namics starting from the configuration x can be written as

P (x, (Yo = +1}) = (3.14)

d
Y| X% Y (D= g (+116) [T P"Ox,iyo=+1}
1=0 1€0,..d-1}|  gef-1,41}4 kef0,...,d—11\ 1

|11=1 &r=—1forall kel

3.3.1. ERGODICITY AND EXAMPLES

From now on, we will abbreviate +1 by + (resp. —1 by —). In the first theorem we prove
ergodicity results for the line and the binary trees, while in the second theorem we prove
ergodicity and non-ergodicity results for the 3-ary trees.

Theorem 3.9. Let us consider a PCA with transition probabilities satisfying (A1)-(A3).
Then, we have the following results.

(@) If d = 1, then the PCA dynamics is ergodic. The unique stationary measure is a
Bernoulli product measure with parameter
_ Po(+1-)
Po(=1+) + po(+]-)

(3.15)

(b) Let d =2 and the transition probabilities being symmetric under spin-flip, i.e., the

equality po(s|x) = po(—Ss|— x) holds for every spin s and each configuration x. Then
2
the PCA dynamics is ergodic, where its unique stationary measure is Bern (%)M

Theorem 3.10. Letd = 3 and let the transition probabilities be symmetric under spin-flip.
Denote by a := po(+| + ++) and y := po(+| — ++) + po(+| + —+) + po(+| + +-). Then the
PCA transition rule is

(a) ergodic, if a andy satisfy
(i) 1+a-y=0,or
(ii) the PCA dynamics is attractiveand 1 +a—y #0and3a+7y <5, or
(iii) the PCA dynamics is repulsiveand1+a—-y #0and3a+vy = 1.
3
In this case the unique stationary measure is given by Bern (%)Qﬂ
(b) non-ergodic, if @ and'y satisfy

(i) 1+a—vy#0and3a+y>5. In this case, we have several stationary Bernoulli
product measures with parameter

4(1-a) 4(1-a)
c 11+ \/1 + T+a—y 1- T+a—y
p 27 2 y 2 )

or
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(ii) the PCA dynamics is repulsiveand1+a -y #0and3a+vy <1.

Remark 3.11. Inthelast case (Theorem 3.10 (b)-(ii)), we can actually prove that the PCA
oscillates between two Bernoulli product measures with distinct parameters p. Further
details are presented in Section 3.4.2.

Before we pass to the proofs of the theorems we will discuss some examples.

EXAMPLE 1
For d =3 and f > 0, let us consider the PCA with transition probabilities given by

1 2
pilsln =3 (1 + stanh (ﬁ > ]kx,-+ek)) (3.16)
k=0

where Jy, /1 and J, € R. Hence, for suitable values of the constants, there exists a critical
B¢ € (0,00) such that the PCA is ergodic for § < 8. and non-ergodic otherwise. In fact the
following result holds.

Proposition 3.12. Suppose that one of the following conditions on the coupling constants

Jo, J1, Ja is fulfilled.
(CD) Jo,J1,J2>0andJo<J1+Jo, 1< Jo+ ]2, and Jo < Jo+ Ji.
C2) Jo, 1, Jo<0andJo=J1+ ]2, 1= Jo+ o, and Jo = Jo + J1.

Let a,y be defined as in Theorem 3.10, and let function f : R, — R be defined as

fB)=3a+y.
Then, there exists B, € (0,00) depending on the constants Jy, ], J» such that for

(a) B < B. the PCA dynamics associated to the local transition probabilities given by
(3.16) is ergodic, and

(b) B> B the dynamics is non-ergodic.

Remark 3.13. Note that, thanks to the spin-flip symmetry of the probabilities (3.16), we
can apply Theorem 3.10. Moreover, we remark that the lattice model equivalent to (3.16)
has been extensively studied in [34].

Remark 3.14. If condition (C1) holds, then B, = f~1(5). Otherwise, if (C2) holds, then

Be = f~1(1). In particular, if Jo = J; = J» = J € R\{0}, it follows that . = ﬁlog(l +22/3),

In [26] a similar ferromagnetic PCA has been studied on 7% where in the particular case
d =2 the value of . is given by . = zi] log(1 +v/2).
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EXAMPLE 2

Let us consider the PCA on the 3-ary tree defined as follows. Suppose that at each step
every spin assume the value corresponding to the majority among their children. After
that each spin make an error with a probability € € (0,1) independently of each other,
that is, if the spin at the site i assumed the value +1 (resp. —1), then it will change to —1
(resp. +1) with probability € and keep the value +1 (resp. —1) with probability 1 —e. Note
that such a system follows a CA dynamics, namely the majority rule, with the addition of
anoise. For a more detailed study of this kind of PCAs, see [35].

In the example described above, we have

Po(+|+++) = po(+|++-) =po(+|+—+) = po(+| —++) =1—€.

This PCA has been first studied in [32], where non-ergodicity has been proven only for
sufficiently small €. In the next proposition we fully characterize its behavior for the
whole range of €.

Proposition 3.15. There exist two critical values e(cl) = % and 6(02) = % such that for every

€€ (0,1)

(a) the PCA dynamics is ergodic ife[cl) <es< 6(62), and

(b) non-ergodic fore ¢ (e, e?)].

3.4. PROOFS OF ERGODICITY RESULTS

3.4.1. PROOF OF THEOREM 3.9

CASE (A)

Proof. Note that a PCA on T! is equivalent to a PCA model on Z,. In order to simplify
the computations, let us use a and b to denote po(+|+) and po(+|-), respectively. Since
the local transition probabilities have positive rates, then, we have |a — b| < 1. It follows
that for each point x in Qg, we have

pntl fP(z, (Vo = +1)P"(x,d2)

a'Pn(xy {_Veo = +]-}) +b'Pn(x, {yeo = _1})
(@a=b)-P*(x,{ye, =+1N+Db
(@=b)-P*"Ogx,{yo=+1)+Db

(x,{yo = +1})

for each positive integer n. Note that the relation above can also be obtained by means
of equation (3.14). Thus, the quantity above can be expressed as

n-2
PM(x, (Yo =+1D) = (@- D) po(+1|@gy + ... + ¢, ) + b+ Y (a—Db)*.
— k=0

n—1times

It follows that for any initial configuration x, the probability P"(x, {y, = +1}) converges to
p= Wb—b) as n approaches infinity. Therefore, using equation (3.10), we conclude that

1
this PCA is ergodic, where its unique attractive stationary measure is Bern(p)®" . |
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CASE (B)
Proof. Leta,be (0,1) definedby a = po(+|——)=1—po(+|++)and b= po(+|—+)=1—

. T2 | . . .
Po(+]+—), respectively. Let us show that Bern(%)® , in fact, is the unique attractive sta-

. . o . T2
tionary measure, that is, for every initial configuration x we have P"(x,-) — Bern(%)®
as n approaches infinity. According to equation (3.14), we have

P (x {yo = +1) = (1= b= @) P" (O¢y X, 1Yo = +1}) + (b — &) P" (O, X, {yo = +1}) + .

By induction, we can show that

P"(x,{yo=+1}) = Z (1= b - a)teic=0t(p _ a)#{k:ik:I}P(eix’ (Yo = +1)
ie{0,137"!
n-2
+ta Z Z 1-b- a)#{k:ik:l)}(b_ a)#{k:ik=1}‘
1=0 jef0,1}

Using the fact that for any real numbers p and g, the relation

Z p#{k:zk:O}q#{k:zk:I} — (p+ C])l
ie{o,1}!

holds for every nonnegative integer /, it follows that

. . n-2
PMx,Jo=+1)= Y. (1-b-a)'*=0(p—aq)"* =V p@©;x,{yo = +1)+a } (1-2a)".

iefo,1}7-1 1=0
(3.17)
Since the absolute value of the first term of equation (3.17) is bounded by
Z |1 —b- a|#{k1ik=0}|b_ a|#{k!ik=l} — (|1 —b- a| + Ib_ al)n_l,
iefo,13n-1
then
: n = 1 1
Jim P X {Yo=+1)=a)_ (1-2a) =5 (3.18)

=0

Therefore, by means of equation (3.10), we conclude that Bern(%)w2 is the unique at-
tractive stationary measure of the PCA. |

3.4.2. PROOF OF THEOREM 3.10

CASE (A)-(1) AND (B)-(1)

Proof. Recall we abbreviated @ = po(+|+++) and y = po(+|—++) + po (+]+—=4) + po (+]| +
+-). From Lemma 3.8 we know that a stationary product measure has to satisfy the
condition

fpo(ﬂlx)v(dx) =p (3.19)

which was equivalent to solving equation (3.13), i.e.

20+a-y)p°-30+a-y)p*+Ba-y—-Dp+1-a)=0. (3.20)
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Since p = % is a solution for the equation above, then, it can be written as

1
2(p—5)[(1+a—y)p2—(1+a—y)p—(1—a)]=0- @.21)

Suppose that 1 + @ —y = 0. Then, analogously as in the previous case, we have

P"(x,{yo = +1})

:Z(a _ p0(+| + +_))#{k:ik:0} (@ — po(+| + _+))#{k:ik=l}(a _ p0(+| _ ++))#{k:ik=2}P(@ix, {yo =+1}

i€{0,1,2}71
(S #k:ip=0 #k:ig=1 #k:ip=2
tA-@) Y, Y (@ poltH|++-N"E @ — po (] + =) T (@ — po (+] — +4)) 02,
=0 jefo,1,2}

The equation above implies that P"(x,{y, = +1}) — % as n approaches infinity, therefore,
by means of the same argument as used in Section 3.4.1, we conclude that the dynamics
is ergodic.

Now, if 1 + a —y # 0, we have two other solutions

4(d-a)
1+4/1+ ﬁ
pp=——— — — (3.22)
2
and
4(1-a)
_1— 1+1+a_y (3.23)
p- = 2 . .
Therefore, both p_ and p. are inside the interval (0,1) and are different from % if and
onlyif 3a +y >5. |

CASE (A)-(11)
Proof. Let us consider a PCA with attractive dynamics. Again, by using Lemma 3.8, we
canfindamap F:[0,1] - R

F(p)=2(0+a-y)p>-30+a-7)p’+Ba-y)p+(1-a) (3.24)

such that its fixed points correspond to the parameters of the stationary Bernoulli prod-
uct measures. We will show that F has a unique attractive fixed point at p = %, that is,
such fixed point satisfies F’*(q) — p as n approaches infinity for any point q € [0,1]. Let
us prove that F is an increasing function that satisfies

F(p)>p forallp<i,
F(3)=1 and (3.25)
F(p)<p forallp> 3.

Suppose that 1+a—7y < 0. Due to the attractiveness of the dynamics, it follows that 3a = y
and the minimum value of F’ given by F'(0) = F'(1) = 3a — y is nonnegative. Therefore,
F is increasing. Moreover, the property (3.25) follows from the identity

1
F(p)—p=2(p—§) [(1+a—y)p2—(1+a—y)p—(1—a)] (3.26)
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where (1+a-y)p> -1 +a—-y)p—(1—a)<0forall p # % Now, let us consider the case
where 1+ a —7y > 0. The attractiveness of the dynamics implies that y = 3(1 — @), so, the
minimum value of F’ is F/(%) =(=3+3a+7y)/2=0. Again, we prove that F is increasing.
Furthermore, we have (3.25) by means of the equation

1
F(P)—P=2(P—E)(l+a—}/)(P—P—)(p—p+) 3.27)

where p_ <0 and p4 > 1 are given by equation (3.23) and (3.22), respectively. Since F is
increasing, F(0) = 1-a < 3 and F(1) = a > 1, then F(p) belongs to [1 - a, 3) < [0, 3) for
all pin [0,3) and F(p) belongs to (3,a] < (3,1] forall p in (3,1]. Using the continuity of
F, we easily conclude that lim;,_., F"(q) = % for every point q that belongs to the interval
[0,1], therefore, p = % is the unique attractive fixed point for F.

It follows from equation (3.14) that
P (x_, (Yo = +11) = F(P™ (x—, {yo = +1}))

and
P (xy, {yo = +11) = F(P" (x4, {yo = +1})),

where x_ and x, are respectively the configurations with all spins —1 and +1 on T3. The
conclusion above implies that both P"(x_,{y, = +1}) and P"(x4,{y, = +1}) converge to
% as n approaches infinity. Therefore, since the inequality x_ < x < x; holds for every
configuration x, it follows from Definition 3.4 that

P"(x_,{Jo=+1) < P (x,{yo = +1}) < P (x4, 1¥0 = +1}), (3.28)
therefore, )
r}ijlgoP”(x, {Yo=+1}) = > (3.29)

3
Finally, we conclude that the probability P"(x, ) converges to Bern(%)w as napproaches
infinity, independently on the initial configuration x, hence, the PCA dynamics is er-
godic. |

CASE (A)-(I11) AND (B)-(11)
Proof. Let us consider a new PCA described by a probability kernel Q defined by

Qdylx) = ) qi(dyilx), (3.30)

ieT3
where each probability g; is given by
qi(-1x) = pi (-] = x). (3.31)

It is easy to see that this PCA satisfies the spin-flip condition. In the case where we have
3a+7v = 1, if we consider a’ and y’ respectively defined by a’ = go(+| + ++) and y' =
Go(+]++=) + go(+| + —+) + go(+| — ++), then we have

1+a -y =-1+a-7) #0,
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and
3a’'+y' =6-(Ba+y) <5.
Therefore, in this case the PCA dynamics described by Q is ergodic. It is easy to check
that P"(x,-) = Q"((—-1)"x,-) holds for every positive integer n and each configuration x.
Therefore, the ergodicity of P follows.
In order to prove the non-ergodicity for the case 3a +y < 1, let us consider again the
function F: [0,1] — R given by equation (3.24). It is straightforward to show that

1
Fip-A-p)=20-a-y) (P - 5) (1-9-)1-q4), (3.32)

where g- and q are the elements in the interval (0, 1) given by

4
_1+ l—HLfQY 5.3
q- = 5 :
and
4
1- 1_l+cfiy
qi=——t—1 (3.34)
2
respectively. It follows that
F(p)<l-p ifpel0,q-),
Fp)>1-p ifpe(q-,d),
P) p fp (? 3) (3.35)
F(p)<1l-p ifpe(3,9+), and
F(p)>1-p ifpe(qgs,1].

Because of the repulsiveness of the dynamics, we have 3a —y < 0 and F’ (%) = % (=3+3a+
7) < —1, thus, F is a decreasing function. In addition, we have F(p) = 1-F(1—p) for every
pin [0,1]. So, we obtain

p<F?(p)<q- ifpel0,q-),
q-<F(p)<p ifpe(q-,3),

) R (3.36)
p<F°(p)<q+ ifpe(3,9+), and
qs <F’(p)<p ifpe(qy,1l.
Therefore, we conclude that
_ ifpelo,1), and
lim F2(p) =19~ 1P 3.37)
n—00 q+ ifpe(3,1;
similarly, we also have
lim F2r+l(p) = {9+ 1PE [0, 3), and (3.38)
n—00 q- ifpe(%,l].

Thus, we finally conclude that, by means of equations (3.14), (3.37) and (3.38), the proba-
bilities P2"*!(x,,-) and P?"(x,,-) converge to Bern(q_)®T" and Bern(q.)®T", respectively,
as n approaches infinity. So, the PCA dynamics is not ergodic. |
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3.4.3. PROOF OF PROPOSITION 3.12
Proof. The PCA is fully described by the numbers

1

Po(+|+++) = E(1+tanhﬁ(]o+]1+]2)),
1

Po(+|++-) = §(1+tanhﬁ(]0+]1—]2)),
1

Do+ +—+) = 5(1+tanhﬁ(]o—]1+]2)),

and )
Pol+|—++) = > (1+tanh B(—=Jo+ J1 + J2)).

Note that assumption (C1) from Example 1 implies that Jo+ J1 —Jo < Jo+ J1+J2, Jo—J1 +
Jo<Jo+J1+J2,and —Jo+J1 + J2 < Jo+J1 + J2; and at most one of the quatities Jo+ J; — J2,
Jo—J1+J2and —Jo + J1 + Jo can be equal zero. Therefore, the map g: R — R given by

g(B) l+a-vy
1
= E(tanhﬁ(fo +J1+J2) —tanh B(Jo + J1 — J2) —tanh f(Jo — J1 + J2)
—tanh B(—Jo+J1 + J2))

satisfies g(0) = 0 and

gP = l Jo+i+)2 B Jo+1—J2 B Jo—J1+ )
2\cosh? BUJo+J1+Jo) cosh®>BUo+J1—J2) cosh? BUo—J1+J2)
3 —Jo+ 1+ )2
cosh? B(~Jo + J1 +J2)
1
< 2coshZ BUo + 1 + J2) (Jo+ n+2)—Uo+h—T2)—Uo— N1+ J2)—(=Jo+ 1+ ]2))
= 0.

It follows that g(8) = 1+ a —y < 0 for all § > 0. Moreover, note that the function f: R — R
given by

fp) = 3Ba+y

3 1
3+ 3 tanh S(Jo + J1 + J2) + E(tanhﬁ(]o +J1—J2) +tanh f(Jo — J1 + J2)
+tanh B(—Jo + J1 + J2))

is increasing, f(0) =3, and limﬁﬁOO f(B)y=5+ % It follows that there is a unique positive
real number S, that satisfies f(8.) = 5. Since this PCA dynamics satisfies the spin-flip
property and is attractive, according to Theorem 3.10, the PCA is ergodic for < 8, and
non-ergodic for § > ..

Since we proved the result considering the case where condition (C1) holds, the proof
for the case (C2) is straightforward. |
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3.4.4. PROOF OF PROPOSITION 3.15
Proof. Clearly the PCA satisfies the spin-flip property. Note that in both cases we have
1+ a -7y =2e—1. It follows that the PCA is ergodic for € = % Furthermore, note that
the PCA is attractive for 0 < e < %, repulsive for % < € < 1, and in both cases we have
1+a-y#0.

Let us suppose thate € (0, %). Since 3a+7y = 6(1—¢), it follows from Theorem 3.10 that
the PCA is non-ergodic for € < ¢ and ergodic for § <€ < 1. Now, if € € (3,1), then again
by Theorem 3.10, the PCA is ergodic for } < ¢ < 2 and non-ergodic for 3 <e <1. [ |

3.5. CONCLUSION

In this work we proved the correspondence between stationary measures for PCAs on
infinite rooted trees and time-invariant Gibbs measures for a corresponding statistical
mechanical model. As mentioned before, the proof of such correspondence is very gen-
eral and can be applied for any PCA on a (locally finite) infinite rooted tree with finite
single spin space S. The main implication of this fact is once we establish conditions
for uniqueness of Gibbs measures for such a system, we guarantee the uniqueness of
stationary distributions for the associated PCA. On the other hand, the existence of mul-
tiple stationary measures implies on the phase transition in the statistical mechanical
model. In this way we provide a partial relationship between ergodicity and phase tran-
sition extending the results from [20].

Restricting to the study of PCAs on a d-ary tree T¢ with translation-invariant local
transition probabilities with single spin space S = {—1,+1}, we were able to find ergod-
icity properties for such class of PCAs. The assumption that the choice of a local tran-
sition probability at a site i only depends upon the values of the spins of the children
of i allowed us to derive several important properties, for instance, equations (3.10) and
(3.14). Equation (3.10) shows us that the probability distributions of the spins at time n
are independent, such fact lead us to characterize the stationary measures of such a sys-
tem whose form are product measures. In this way, we naturally obtained a polynomial
function F defined on the interval [0, 1] whose expression is given by

d

Fp=Yn'| ¥ Y s |t 3.39)
1=0 1<0,...,d-1} fel-1,+1}4
1=l Ep=—1forall kel

such that, according to equation (3.13), a Bernoulli product measure with parameter p is
a stationary measure for the PCA dynamics if and only if p is a fixed point of F. Further-
more, based on equation (3.14), the convergence of P"(x, {y, = +1}) for a shift-invariant
configuration x (that is, for x that satisfies 8; x = x for all i) can be studied in terms on the
behavior of the iterations F”, since the identity Py, {Yo = +1}) = F(P"(x,{yo = +1}))
holds.

We applied the techniques described above in the cases where d = 1,2, and 3. For
d =1, we the PCA dynamics is ergodic and the unique stationary measure is a Bernoulli
product measure with parameter p given by equation (3.15). Note that this case is equiv-
alent to the study of a PCA on N where the choice of the value of the spin located at
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i at time n + 1 depends only on the value of the spin at i + 1 at time n. Extensions of
this result where U(i) = {i, i + 1} were extensively studied in [32], moreover, more recent
generalizations that considers one-dimensional PCAs with general finite alphabets and
characterizations of Markov stationary measures can be found in [36, 37]. For the cases
d =2 and d = 3 we assumed the invariance of the local transition probabilities under
spin-flip in order to guarantee the existence of a stationary Bernoulli product measure
(which has parameter %). Under this restriction, we obtained a full characterization the
dynamics of PCAs with d = 2, and d = 3 with the additional hypothesis of attractiveness
(resp. repulsiveness).

For further generalizations, in order to drop the assumption of spin-flip symmetry
and extend the results for any d, it is necessary to investigate the general properties of
the polynomial function F regarding its fixed points and the behavior of its iterates F".
It is also worth investigating generalizations of the PCAs from Examples 1 and 2 (the
generalization of Example 2 has been found but not published yet). Note that Theorem
3.3 together with Dobrushin’s uniqueness theorem implies that for a PCA on T whose
local transition probabilities are given by

1 d-1
pi(slx) = 5 (1 + stanh (ﬁ > ]kx,urek)) (3.40)
k=0

there is a unique stationary measure given by Bern(%)ﬂd for B small enough, suggesting
the ergodicity at high temperatures.

Another kind direction that should be considered in the future is the possibility of
inclusion of finite alphabets other that S = {—1, +1} and the possibility of influence of the
state at the vertex i at time n on its state at time n + 1, more precisely, the possibility of
considering U (i) = {i,i+eo,...,i+e4-1}. Such assumptions require a new approach once
equations (3.10), (3.13) and (3.14) would no longer be valid, so, one possible direction
that should be chosen would be towards an extension of the results from [36, 37].
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APPENDIX

A.1. ENERGETIC LOWER BOUNDS
Let us consider the function W, defined by

L

Wo) =) Yoo Jallx=yD— > Jalx—yD]|. A1)

x=1 | yelL+12LInZ yel2L+1,00nZ
yel-L+1,0lnZ ye(—o00,~LINZ

Note that W, (L) can be written as

L 2L L 0 L -L L (o]
Wal) = 3 % Tyt D Jxym 2 X Jrym ) 2 Jxy

x=1y=L+1 x=1y=-L+1 x=1y=-00 x=1y=2L+1
L 2L 2L L L -L L o]

= Y > Teyt X D Jx-ry-r— 2. Y Jiei-xpisi-y— Y. O Jxy
x=1y=L+1 x=L+1y=1 x=1y=-o00 x=1y=2L+1

2L L o]

= 22 2 Jxy2) 2 Ty

x=1y=L+1 x=1y=2L+1

and, by applying the explicit formula for the coupling constants Jy, = Jo(lx - yI), we
conclude that the identity

L 2L—x 1 L ) 1
We)=2) ) -2 ooy — (A.2)
x=1y=L+1-x x=1y=2L+1-x y

holds for every positive integer L. By splitting the first term of the equation above and
changing the order of the sums, we find
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L L 1 L 2L-x L o] 1
Wa(l) = Z Z o -2 X
x=1y=L+1 x=1y=L+1Y x=1y=2L+1— Y
L L 1 L 2L-x L oo
= Z Z 2—a +4Z Z Z 2 a
x=1ly=L+1-x V x=1y=L+1 x=ly=L+1 Y
i 20-1 i
y=1 y=L+1 y=L+
thus,
L 1 2L-1 1 2L-1 1 e} 1
We)=2) ——-4 ) ——5+8L ) ——=-2L ) ——. (A3)
y=1Y y=L+1 y=L+1 y=L+1Y

For the next sections will be convenient to introduce the so-called generalized har-
monic numbers. Given a real number k and a positive integer n, let us define the n-th

generalized harmonic number H, ,(lk) of order k by

®_ v L
HyY'=) —

y=1 y ‘
In particular, if k = 1, we denote HY simply by H,,.

A.1.1. LOWER BOUND FOR L LARGE ENOUGH

In this section we show that for a in the inteval [0,a ), where a, =

positive real number (7}, for which the inequality

Wo (L) = {gXa(L)

(A.4)
}gzg 1, there is a
(A.5)

holds whenever L is sufficiently large, where the expression of X, (L) is given by (A.11).

It follows from expression (A.3) that

W) = [(6HI Y _gpl-¥ 8L2Li RNV Y S
“( ) = L 20-1 + Z 2—a 12-«a - Z 2—a
y=L y y=L+1 y
1-a) 1-a) 2L-1 e} 1
= 2(3HL -2H,; 7 - L1 - +8L Y =
y=L+1Y
> 23l yt-o_, H“ @ _ L“+8L w dz—2L [ —az
= Lo L 2L-1 L ZZ—aK L Zz—a
1 1 L—1+a 2L -1+a L—1+0.’
= 2(3—H£H”—2—H§1L*_‘1”——)L“+8L _ @D )—ZL
Le Le L l-a l-a l-«a
1 1 4 2
_ (1-a) 1-a) @ l+a) 7
= 2(3EHL —2ogHy Y -7 |L +m(3—2 )L
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Let us suppose that a belongs to the interval [0, @.). The condition « € (0, a,) implies

that ) ) 01
lim 3L—aH£1_“)—2L—aHélL__”1‘)—Z =—B-2""9>0. (A.6)

Therefore, it follows that for L large enough we have

W (L) = (L%, (A.7)

where (% = -2 (3-2!*%). Now, if @ = 0, the quantity Wy(L) satisfies

1-a

4
Wo(l) = 2(3HL—2H2L_1—Z+1

( 1 1 4

1
“Clogm+a ™ logm+a 2 Togh +4)  log(h)+ 4) (log(L) +4).

Using the fact thatlog(L+ 1) < H; < 1+log(L), we prove that

1 4 1
lim (3 H -2 Hopq - =
L1—>nc}o( logD)+4 = “logh+4 X' LlogD +4 ' logl) +4)
Thus, we conclude that
Wo(L) = ¢ llog(L) +4] (A.8)

holds for L sufficiently large, where {§ = 1.

A.1.2. LOWER BOUND FOR ALL L

Note that in order to obtain lower bounds for Wy (L) like in equations (A.7) and (A.8) that
hold for all L, it suffices to show that W, (L) is positive for each L. It is straightforward to
show that

X 1
We()=2{2-3 ——|. (A.9)
y=1 y
Restricting the range of a to a smaller interval [0,a*) < [0,a.), where a* is the number
that belongs to the interval (0, 1) that satisfies
(o)

y=1

1
yz—a*

=2,

we have W, (1) > 0.
Proposition A.1. Leta € [0,a*), then there is a constant { , > 0 such that

Wo (L) = (o Xo(L) (A.10)
holds for all L = 1, where

{L“ ifa>0, and
Xo(L) = . (A.11)
log(L)+4 ifa=0.
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Proof. Based on the remark above, in order to prove that W, (L) > 0 holds for all L, let
us show that W, is an increasing function with respect to L. Note that W, (L) can be
expressed as

[e%)

1

- (1-a) (1-a) (2-a) (2-a)

Wo(L)=6H; ¥ —4H,, 7 +8LH,; ¢ —6LH % -2L Zl e (A.12)
y:

Therefore, the quantity AW, (L) given by AWy (L) = Wy (L+ 1) — W, (L) can be written as

AW (L)

(1-a) (1-a) (1-a) (1-a) (2-a) (2-a)
6 (HL+1 —H ) -4 (H2L+1 —Hy ) +8(L+1)H,y) " —8LHy; )

[e.e]
- _ 1
—6(L+DH Y +6LH ™ -2 ) ——
y=1 y
_ (1-) _ (0-a) (-a) _ (-a) 2-a)
= G(HLH —H; )_4(H2L+1 —Hy )+8(L+1)H2L71

2-a) (2-a) 2-a) 2-a)
+8(L+ 1) (HED — HES) - 8LHZ S —6(L+ D H]

(e 0]
1
2-a) 2-a) 2-a)
=6(L+ 1) (HEL — HE )+ 6LHP ™ -2 ) ——
y=1 y
8 4 © 1
= + +8HG YV —6H> Y -2
(ZL)Z—a (ZL + 1)2—a 2L-1 L le::l y2—a
_ 8 . 4 +6(H(2—a)_H(2—a))_2 S
@2 " (2L+1)%@ 2b=r L 2Lyl
6 4 2L-1 o0 1
= 2—-a + 2-a +6 Z 2—a -2 Z 2—-a”
(2L) (2L+1) y=L+1Y y=2L+1Y

The reader can easily verify that AW, (1) = W, (1) > 0 and AW, (2) = W, (1) > 0. Now, for
L =3, we have

2L o ] o1+ 12L IR
AWa(L) > 6[ 2 dz—zf >—dz=6 -
[+1 27 ¢ bz @ d+valig Tvaly
= i [3(L+ 1)—1+Ct_3'2—1+QL—l+a_2—1+(1L—1+a]
l-a
-1
LB ] e
l-a L .
Thus,
2 4 —l+a
AW (L) > 1—a [3(5) _21+a] LHa s A13)
-

forall L=3. [ ]
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A.2. EXTERNAL FIELD ESTIMATES
Given 6 > 0 and h* € Rlet us consider the external field h = (hy) ez given by
h*
hy=————. A.14
T (lxl+ 10 (19

For convenience, we will modify this field as described as follows. Given a nonnegative
integer L, let us consider the field hy = (hz x)xez truncated inside the box of length 2L+ 1
centered around the origin defined by

n* ;
—— if|x|=<sL
hp =4 &) . (A.15)
EG otherwise.

Proposition A.2. We have the following statements.

(@) Ifa€(0,1) andd satisfies1 —a <6 < 1, then, for every triangle T, the inequality

D[ P W—r (A.16)
xeTnz b= 1-6 (L+1)°-0-9@ '
holds. In particular, if 6 =1 — a, we have
217a|h*|
Yo lhpal s ——ITI% (A.17)

xeTnZ
(b) Ifo6 =1, then

Y lhpxl <2|h*|[log(IT]) +4] (A.18)

xeTnZ

holds for every triangle T.

Proof. Let us prove part (a). Let p be the nonnegative real number defined by p =6 —
(1 - ). In the case where |T| < 2L+ 1, we have

h* h* n*
> lhils Loy L qpoepy s < L o) L yyory e,
xeTnz (L+1)° (L+1)0 (L+1)°
thus 5 5
2L+1 |h* 2 |h*|
Y IhL,XIS( ) IT| < —————|T|% (A.19)
xeTNZ L+1) @2L+1)P 1-6 2L+1)P

Now, let us suppose that |T| > 2L+ 1. If | T| - (2L+1) is even, that s, | T| — 2L+ 1) = 2k for
some positive integer k, we have

Y lhpsl < L QL+1)+2|h*| Lik !
L, = T s
wmz (L+1) 2T (x+1)0
2L+1 L+k+ll
< |k +2|h*| —dz
(L+1)9 +1 29
2L+1  2|h*|

AL | 1-6 1-6
- |(L+1)6+1_5[(L+k+1) (L+Dn'?|
2L+1 2 s, 2 1_5]
TG _1—6(L+1) +_1—6(L+k+1) .

= |h*|
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So,

Y. lhal<Ih7

xeTnZ

2L+1 2 28
(L++1)5 —m(L+1)1_6+m(2L+2k+ 1)1—5]. (A.20)

Similarly, in the case where |T|— (2L +1) is odd, thatis, |T| - (2L + 1) = 2k + 1 for some
nonnegative integer k, we have

| *l L+k L+k+1 1

h
lhrxl < 2L+1)+|h*| +|h*| _—
xE;ﬂZ b (L+ 1)5 x§+1 (x+ 1)6 x=2L:+1 (x+ 1)6

2L+1 L+k+1 1 L+k+2 1
|h" 5+|h*|f —dz+|h"| —dz
(L+1) L+1 2 L+1 &

2L+1 +Ih*l
(L+1% 1-6
2L+1 2 1
= W= - =+ D" — [+ k+ D+ L+ k 21_5]
Ll e s 1) +1_5(( Hh+ D)0 (Lt k4 2)! )
2L+1

(L+1)° 1-

2L+1 2 -5 2
—  —_— _(L+Dn'%+
(L+1) 1-6 1-

IA

= |h*|

[(L+ k+ D)0+ (L+k+2)!70 —2(L+ 1)1*5]

E

= Il — @D (E(L+k+l)1_5+§(L+k+2)1_6)]

=)

= |h¥|

2L+2k+3)1‘5
2

=%}

Then,

2L+1 2

hr |l <|h* -—
> I =0 e - s

xeTnZ

26
(L+1)1_5+m(2L+2k+3)1_5 ) (A.21)

Thus, if we express inequalities (A.20) and (A.21) in terms of | 7|, we conclude that

2L+1 2 s 20 s
— 5 LD T AT+ D (A.22)

hrl < |h*|| ——
R e e

xeTnzZ

holds for every triangle T such that |T| > 2L + 1. It is straightforward to check that the
term on the right-hand side of equation (A.22) divided by | T|'~? is nondecreasing with

291

respect to | T| for all | T| > 2L + 1, moreover, it converges to = g | as | T| approaches infin-

ity. Therefore,

26|h*||T|1—§< 2(5 |h*| |T|1—§+p: 21—(1 |h*|

xe;nzmmls 1-6 T 1-6 2L+2)P 1-6 (L+1)?

ITI%  (A23)

concluding the proof of part (a).
Now, let us prove part (b). Analogously as before, let us consider the case where
|T| < 2L+ 1. In this case, we have

|h*| o [2L+1 .
hr«l < TI=|h"||=—=]=2|h"],
> |L,x|<(L+1)| |<| I(L+1)< [h”|

xeTnZ
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hence
Y. lhpxl <2k |[log(TI) +4]. (A.24)
xeTnZ
Given a triangle T such that |T| - (2L +1) > 0, if we have |T| - (2L + 1) = 2k for some
positive integer k, then

|h | L+k
z: |th| p
xeTnZ +1 yeIe1 X x+1
L+k+11
< )+2|h*| —dz
L+1 z

) +2|h*|[log(L+ k+1) —log(L+1)]

(s
w2
(i

|h*|

) +2|h*|[log(2L+ 2k +2) —log(2L + 2)]

+2|h*log(2L+2k +2).

(2L+1) 2log(2L+2)
L+1 &

Using the fact that the term inside the brackets in the equation above is negative, we
obtain
Y |hpxl <2|h*|log(2L+ 2k +2). (A.25)
xeTnZ

Finally, if we have | T| — (2L + 1) = 2k + 1 for some nonnegative integer k, then

Z |h | Iik 1 L%Jrl 1
lhrxl < —— +1|h%| -
xeTnZ * L+1 x=T+1 X+1 =41 X +1
2L+1 L+k+1 1 L+k+2 1
< ( i )+|h | Zdz+ ] Zdz
L+ +1 2 +1 2
2
= (L +|h*log(L+ k + 1) +log(L+ k +2) — 2log(L + 1)]
2L
= ( +|h [log(2L+ 2k +2) +log(2L + 2k + 4) — 21og(2L + 2)]
= [( ) 2log2L+2) | +|h*|[log(2L+2k +2) +log(2L + 2k +4)]
1
< 2|h"| Elog(2L+2k+2)+Elog(2L+2k+4) .
So,
Y |hpxl <2|h*|log(2L+ 2k +3). (A.26)
xeTnzZ

It follows from inequalities (A.25) and (A.26) that for every triangle T that satisfies | T| >
2L+1, we have

Y lhpxl <2k [log(IT] +1). (A.27)
xeTnZ
Using the fact that iggt:ﬂ; +1 i <1, we conclude the proof. |
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Lemma B.1. Let A be a finite subset of N, then

#A\
IIOEDIV (OB (B.1)
i=1

ieA
moreover, the equality holds if and only if A = {1,...,#A}.
Proof. Let k be the number of elements of A. Note that for k = 0 the result holds, so,
suppose that it holds whenever A has k elements. Given a subset A of N containing k + 1

elements, let ky be its the maximal element, then, using our induction hypothesis and
the fact that ky = k + 1, we have

k k+1
Y I =Jko)+ Y, J@O<Jk+D)+) J@) =) JG). (B.2)
ieA ie A\{ko} i=1 i=1
In case we have an equality in equation (B.2), we have
k
0= JW)— Y. J)=J(ke)—J(k+1)=0, (B.3)
i=1 ieA\{ko}
thus, A\{ko} ={1,...,k} and kg = k+ 1. ]
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C.1. PROOF OF THEOREM 3.3

Before we follow to the proof of Theorem 3.3 it will be convenient to construct a special
sequence (A,) ey of subsets of Z x V. Given a positive integer n and a nonempty finite
subset F of V, let us define a subset A(n, F) of Z x V as follows. Let A, be the set given by

An:{(n;l)lEF};
and for each integer m < n let

Am= U UXU{(m,i):i€F}

X€A 41
Then, we define A(n, F) by
A(n,F) = Lnj A
m=-n

Remark C.1. Observe that

(@) A(n,F)is afinite subsetof Z x V,

(b) we have {-n,...,0,...,n} x FSA(n,F) <{-n,...,0,...,n} xV, and

(c) for every point x in A(n, F), if 17(x) # —n, then U(x) < A(n, F).

Now, if ¢ is a one-to-one function from N onto V, then let

A=A, D), (AC.1)

and
Apr1=An+1,my(Ap) U{pn+1)}) (AC.2)

for each positive integer n. Observe that (A;) ,en is an increasing sequence of elements
of ¥ suchthatZxV = U A,.

neN
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Lemma C.2. LetA = A, for some meN, and let A be an element of </ defined by

A= J U®.
XEA
nz(X)=—m

Given a finite volume configuration ¢ in S®, the measure A* on (Q, F3) defined by

A4(B) = i [T PilCwac)n-1)py(dw) (AC.3)
x=(n,i)eA

can be expressed as

A% (B) = fB 11 (@) iy (dw). (AC.4)

Proof of Lemma C.2. Itsuffices to show the identity for cylinder sets of the form [{], where
each ¢ belongs to S*. The result follows by using the fact that the map

w— J] piGlCwa)n-1)

x=(n,i)eA

depends only on the values of w assumed on A. |

Proof of Theorem 3.3. Let us fix a set A € .# and a finite volume configuration o in S*.
Let A = A, for some positive integer m such that

xeZxV:({xtuUX)NA#PS A,
Then, for each w in Q, we have

0
e Hroone) = [T pi(@wpe)x|(Owpe) n-1)
x=(n,i)
(UUCINAZD

I1 pi((cwpe)xl(Cwpc)n-1)
x=(n,i)eA

I1 pilwxlwp-1) '
x=(n,i)eA
(xuUX)NA=¢

thus

[I pillcwpdxllCwpc)n-1)

“H®(wne
Hywpe) x=(m,i)eA

e
y e HY@wor) Y T pil(0’wpe)ul (@' wac)p-1)

st o'eSAx=(n,)eA

(AC.5)
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Now, given a finite volume configuration n in S\, using equation (AC.5), we obtain

f[]]l[a](w)uv(dw) = A”"(Q)=f [T pillomxlonwae)n-1) pv(dw)
n

x=(n,i)eA

e—Hf(m]wAc)
me [T Pil@xlCnwac)n-1) py (dw)
esh e A ¢

x=(n,i)eA
o'eSh
—Hd’(anw c)
e A A
= f ——————A"(dw)
o'eShA

o~ Hy (0nwae)
chf Wﬂ[(ﬂ]ﬂv(da))

o'eSh
e—Hf\’(JwAc) 4
= —— Uy (dw).
fm] )3 e_H?\)(O’wAC)NV
o'eSh

Since (Ap)nen is an increasing sequence of elements of . such that ZxV = U A, it
neN

follows that the equality

e—Hf(awAc)
pv ([0l 7)) (@) = ————F—— (AC.6)
Y e—HX’(a’wAc)

o'eSh

holds for p,-almost every point w in Q. ]

C.2. PROOF OF THEOREM 3.6

Let m and N be integers, where N = 0, and let us consider the set
A={m}x{jeV:d(o,j) < N}. (AC.7)

If we consider the nonempty finite subset A of Z x V given by

N
A=Uim+Dx{jeV:do,j))sN-1}, (AC.8)
1=0

it follows that

_g®
e MCend) = [T pixlCordn-1)- [ piloxlEorc)n-1)
x=(n,i)eA x=(n,i)¢A

UX)NA#D

[T pilCordn-1)- ] piloxon-1)
x=(n,i)eEA x=(n,i)¢A
UX)NA#D
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holds for all finite volume configuration ¢ in S* and for every w in Q. Since p is a Gibbs
measure, then for y-almost every point w in Q we have

(H) Api(fxl(fwAC)n—l)
([€]1.F pe) () = ——215 = (Exl (€A 1),
p(ElFpe) @ S 0 pioGondny X:(E)EAsz §WA) p-1
nesAx=(n,i)eA

and summing over all possible spins inside the volume A\A, we conclude that

pEEAlZp) @) =[] pixlwm-1). (AC.9)

x=(m,i)eA

If we define the o-algebra .7, as the o-algebra () of subsets of Q, where I'(m) =
{x € S:mz(x) < m}, it follows from (AC.9) that

plw' € Q: ), € BHZ<p) @) = P(Blwm-1) (AC.10)

holds for pu-almost every w in Q and for any measurable subset B of Q.
Since p is invariant under time translations, it follows that the measure v on (Qg, (Qy))
defined by
v(B) = pu({w' € Q: v, € B (AC.11)

does not depends on the choice of the integer m, moreover, it is easy to show that v is
a stationary measure for the PCA. Using equation (AC.10) and Kolmogorov consistency
theorem, we finally conclude that p = p,.

C.3. PROOF OF LEMMA 3.8

Proof. Let us proof that given a function a: {-1,+1}¥ — R and a probability measure u
on{-1,+1}7, we have

Yooa@®) [l plxe =& (BC.1)
fe{-1,+1}4 ke{o,...,d—1}
d L
=Y X Y (-DFmem=—lg(g) [T wlxe=+D
1=0 I<{0,...,d-1} fef-1,+1}4 ke{o,...,d—1}\1
=1 Em=—1forallmel

We prove the equation above by induction. For the case where d = 1, we proofis straight-
forward. If we suppose that the result is proven for d, then

Y a@® [l wlxe =&
d}

fef—1,+1}4+! kefo,...,
= Y a@+) ] pxe = &0 plxe, = +1)
Ee{—1,+1}4 kelo,...,d-1}

+ Y aG-D JI s =& plee, =1

fef{—1,+1}4 ke{o,...,d—1}
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= Z a(§,+l) 1_[ lj(xek :fk)-u(xed = +1)

fe{-1,+1}4 kef0,...,d—1}
- 2 a@-D [l plre =) plxe, =+1)
E€{71v+1}d ke{o,...,d—1}
+ ) a0 [ ple =&
{E{—l,+l}d kelo,...,d—1}
d l . —
= Y(-1 Y Y DFmEm=aE 41| ] wlxe, =+D)
1=0 1€, d-u|  eiitene ke(0,...,d\
[1=1 Em=—1forallme I
d 1 #Hm: =1
) y y D*Fmen=lae, -1 | []  plxe, =+1)
1=0 I<{0,...,d-1} fef-1,+1}4 ke{o,...,d}\I
| =] Em=—1forallme I
d ! #mEm=—1
SONCHL DY Y e lag-n | [T e =+D)
=0 1€0,.d-1} | ceor41pd kel0,...,d—1}\I
1=l Em=—1forallme I
d ! #HmEm=—1
= Y| ¥ Y C0ERTaE | [T plee = +D)
=0 1<{0,...,d} EE{—ly‘*’l}d kel{0,...,d}\1

HI=l,del \¢,,=—1forallme I

d
_Z(_l)l Z Z (_1)#{m:§m:—1}a(f,_1) l_[ ”(xffk =+1)
1=0 1<40,...,d} EG{—1,+1}d ke{0,...,d}\I
HI=ldel \¢, =—1forall me I
da .
PG IR DY Y e [T plee =+D)
1=0 1<{0,...,d} EE{—l,+l}d+1 ke{0,...,d}\I
HI=l+1,deI \¢, =—1forall me I
d ) -
= Y=l ¥ Y (~pfmEm=la@| [  plee, =+D
1=0 1<{0,...,d} fef—1,+1}9+1 kef0,...,d}\ 1

H=l,d¢l Em=—1lforallmel

d
Y (—DkH! Y y (—DHmEm==1 &) [T wxe,=+D
= 100} fef—1,+1)+! kefo,...,d}\ I
H=l+1,del \¢, =—1forallme I
d+1 . #HmeE o =—1
= Y| X Y epfmerla@| [ s =+D)
= Ig\{fof"'i e kel0,. . dN T

Em=—1forallmel

Therefore the result follows.
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If we consider the the particular case where a(é) = po(+1[¢) and p = Bern(p)ﬂd
that satisfies (3.12), then equation (3.13) follows. Now, if we let a(¢) = po(+11¢) and
@ =P"(x,-), then equations (3.10) and (BC.1) imply equation (3.14). |
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