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Version abrégée

L’organisation spatiale de plusieurs phases en coexistence, dans un réservoir dont les
différentes parois adsorbent préférentiellement certaines d’entre elles, peut étre déterminée,
au niveau de la thermodynamique, a 1’aide d’un principe variationnel: 1’état d’équilibre est
celui pour lequel la tension superficielle totale des interfaces entre les phases est minimale.
Le but de cette these est de dériver ce principe variationnel a partir d’'une description
microscopique pour certains modeles de physique statistique classique sur réseau.

Plus précisément, nous développons un ensemble d’outils permettant une étude détaillée
du phénomene de coexistence des phases, ainsi que de 'effet des conditions aux bords, dans
certains modeles de spins en 2 dimensions. Dans la premiere partie de ce travail, nous
considérons le modele d’Ising pour lequel les résultats les plus satisfaisants sont obtenus;
I'analyse est entierement non-perturbative. Dans la seconde partie, certains des outils
développés pour le modele d’Ising sont étendus au modele d’Ashkin-Teller; les résultats
sont en partie perturbatifs.

Cette analyse permet de comprendre précisément comment une interface déterministe
peut apparaltre a un niveau macroscopique, ainsi que son statut pour un systéeme de
taille finie (mais grand), c’est-a-dire d’obtenir des informations sur les corrections a la
thermodynamique. En particulier, nous expliquons pourquoi notre approche, basée sur une
limite du continu, est plus adaptée que le formalisme usuel de la “limite thermodynamique”
(plus précisément le formalisme de DLR) en ce qui concerne la description de phénomenes
de coexistence.

Techniquement, nous obtenons des résultats de concentration de la mesure des lignes
de séparation des phases (microscopiques) sur certains domaines que nous identifions
aux interfaces. Notre analyse se base sur 1’étude des grandes déviations de ces lignes
de séparation des phases, et fait apparaitre clairement le role de la tension superficielle
comme fonction vitesse associée a ces grandes déviations.

Nous mettons ensuite en pratique ces techniques afin d’étudier deux exemples précis.

Le premier cas considéré est celui de 'accrochage d’une interface. Nous considérons
un modele d’Ising en 2 dimensions, avec des conditions aux bords induisant la présence
d’un contour ouvert reliant deux points fixés sur des parois verticales opposées; la paroi
inférieure est soumise a ’action d’un champ magnétique de surface. Nous démontrons que
les configurations typiques de ce systeme possedent deux régions macroscopiques contenant
chacune des phases d’équilibre, séparées par une interface qui est solution du probleme
variationnel correspondant. Le diagramme de phase est obtenu explicitement et présente
un phénomene tres subtil connu sous le nom de réentrance.

Le second cas est celui du mouillage dans un systeme dont la quantité de chaque
phase présente est fixée. Le modeéle microscopique correspondant est le modele d’Ising en



2 dimensions, avec aimantation totale fixée. On impose des conditions aux bords +, et
un champ magnétique de surface (de signe arbitraire) agit sur la paroi inférieure. Nous
démontrons que les configurations typiques du systeme sont composées d’une “goutte” de
phase — plongée dans la phase +, dont la forme est donnée par le probléme variationnel
correspondant, c’est-a-dire qu’elle peut étre obtenue soit a 1’aide de la “contruction de
Wulft”, soit a l'aide de la “construction de Winterbottom”, suivant les valeurs du champ
magnétique et de la température. Le diagramme de phase est obtenu explicitement, et
vérifie en particulier le “critere de Cahn”.

Finalement, nous considérons le probleme des grandes déviations de 'aimantation
dans chacun des deux plans du modele d’Ashkin-Teller. La fonction vitesse associée a ces
grandes déviations est obtenue explicitement dans certains cas.



Abstract

The spatial arrangement of several phases in coexistence, in a container the different
sides of which adsorb preferentially some of them, can be determined, at the level of
thermodynamics, using a variational problem: the equilibrium state is such that the overall
surface tension of the interfaces between the phases is minimal. The aim of this thesis is
to derive this variational principle from a microscopic description for some lattice models
of classical equilibrium statistical physics.

More precisely, we develop a set of tools allowing a detailed study of the phase coex-
istence phenomenon, as well as the effect of boundary conditions, in some 2 dimensional
spin systems. In the first part of this work, we consider the Ising model for which the most
satisfactory results are obtained; the analysis is entirely non-perturbative. In the second
part, some of the tools developed for the Ising model are extended to the Ashkin—Teller
model; the results are partly perturbative.

This analysis allows us to understand precisely how a deterministic interface can ap-
pear at a macroscopic scale, and what is its nature in the case of finite (but large) systems,
i.e. to obtain informations about the corrections to thermodynamics. In particular, we
explain why our approach, based on some continuum limit, is better suited than the for-
malism of “thermodynamic limit” (more precisely, DLR formalism) to describe coexistence
phenomena.

Technically, we obtain concentration properties of the measure describing the set of
(microscopic) phase separation lines on some domains which we identify to interfaces. Our
analysis is based on the study of the large deviations of these phase separation lines, and
shows clearly that the surface tension plays the role of the rate function associated to
these large deviations.

We then apply these techniques to study two specific examples.

The first considered case concerns the pinning of an interface. We consider a 2 dimen-
sional Ising model, with boundary condition implying the presence of an open contour
linking two fixed points on opposite vertical walls; the bottom wall is subject to a bound-
ary magnetic field. We prove that the typical configurations of this system possess two
macroscopic regions each of them containing one of the equilibrium phases, separated by an
interface which is solution to the corresponding variational problem. The phase diagram
is obtained explicitly and exhibits a highly non-trivial behaviour known as reentrance.

The second case is about the phenomenon of wetting in a system in which the total
amount of each present phase is fixed. The corresponding microscopic model is the 2
dimensional Ising model with fixed total magnetization. We impose +-boundary condition,
and a boundary magnetic field (with arbitrary sign) acts on the bottom wall. We prove
that the typical configurations of this system are composed of one “droplet” of — phase



immersed in the + phase, the shape of which is given by the corresponding variational
problem, i.e. it can be obtained either by the “Wulff construction”, or the “Winterbottom
construction”, depending on the values of the temperature and boundary magnetic field.
The phase diagram is obtained explicitly, and confirms in particular “Cahn’s criterion”.

Finally, we consider the problem of large deviations of the magnetization in each of the
two planes of the Ashkin—Teller model. The rate function is obtained explicitly in some
cases.
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Chapter O

Introduction

Looking for the fundamental laws of Nature is one of the main tasks of Physics; to make
progress in understanding the universe, one needs to know the rules of the game. However,
this is not the only goal of Physics; of as much interest is the development of techniques
allowing one to derive informations from such microscopic laws relevant to macroscopic
phenomena.

The analysis of large systems is extremely complicated and physicists have devised two
theories to deal with such problems. The first one, developed during the 19th Century by
people like Carnot, Clausius, Kelvin, Joule and others is Thermodynamics, an extension
of previously known theories of macroscopic systems (Mechanics, Electrodynamics) intro-
ducing the new concept of heat. This general theory of macroscopic phenomena can be
divided into two main parts: Thermostatics which describes systems at equilibrium (or
evolving in such a way as to remain close to equilibrium all the time), and Thermokinetics
which describes the evolution of systems far from equilibrium. Both are phenomenological:
Their purpose is to find relations between the behaviour of different systems, or of a given
system in different situations, while ignoring the details of the microscopic evolution, re-
lying only on some set of principles. This makes Thermodynamics an incredibly versatile
tool which can be used to study any macroscopic physical system (from a glass of freezing
water to imploding stars, including superconductors, and possibly even black holes). The
fact that Thermodynamics is independent of a precise understanding of the microscopic
phenomenon allows people to apply it even to systems for which such a description is still
lacking and therefore makes it a very useful theory in Chemistry or Biology for exam-
ple. However, from a physicist’s point of view, it is very important to be able to make
the connection between the laws governing microscopic evolutions and those describing
macroscopic phenomena. Statistical Mechanics, which has been introduced at the end of
19th Century by Maxwell, Boltzmann, and Gibbs is such a theory.

This theory can again be decomposed into two main parts: Equilibrium Statistical
Mechanics which describes systems at equilibrium, and Non-Equilibrium Statistical Me-
chanics which (would/should) describe systems far from equilibrium!. Non-Equilibrium
Statistical Mechanics is the subject of much work nowadays but is still far from being
conceptually understood. On the other hand Equilibrium Statistical Mechanics has be-

In fact a further distinction can be done in both cases, between the Classical and Quantum versions
of the theory.
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come a very well established theory, even though a satisfactory derivation of its basic
postulates from microscopic laws is still missing. Contrarily to Thermodynamics, it relies
on a description of the microscopic system, combining the knowledge of the microscopic
dynamics with techniques of Probability Theory to obtain precise statistical informations
on sufficiently “nice” observables.

No system out of equilibrium will be considered in this thesis and therefore the rest of
this introductory chapter will be dedicated to Thermostatics and Equilibrium Statistical
Mechanics only. In Section 0.1, we describe the philosophy and the results of this thesis in
non-technical terms. Section 0.2 is dedicated to a basic exposition of Thermostatics and
the formalism of infinite volume Statistical Mechanics; some explanations about how the
former can be understood starting from the latter is given. In Section 0.3, the structure of
the thesis and a description of the content of each chapter is given. Finally, a comparison
between the techniques developed here and other ones, as well as a brief overview of
possible extensions and open problems are given in Section 0.4.

0.1 Non-technical description of the content of this work

0.1.1 What is this work about?

As discussed above, physicists have introduced two theories of macroscopic phenomena,
with very different physical status. While Thermostatics is purely empirical, Equilibrium
Statistical Mechanics, on the contrary, should be derivable from the laws of microscopic
dynamics. This has not yet been achieved, and we are not going to discuss these issues
here. However, assuming the validity of Equilibrium Statistical Mechanics, it is impor-
tant to understand how it is related to Thermostatics. More precisely, in what sense is it
possible to deduce the basic principles of Thermostatics from those of Equilibrium Statis-
tical Mechanics? To answer this question, we first sketch what Thermostatics has to say
regarding the description of physical systems.

Thermostatics

Let us first consider some part of some homogeneous substance deep inside the bulk, in
such a way as to ensure that it is possible to neglect the effect of the boundaries. In
this situation, the theory says that there exists a small number of “variables” (pressure,
temperature, density,...) providing a complete description of the system, in the sense that
it is not possible to distinguish between two macroscopic states corresponding to the same
values of these variables. Moreover, there exists some function of these variables, the
thermodynamic potential, which contains all the relevant informations about the system.
Knowing this function, we can obtain all quantities of interest by differentiating it with
respect to its variables. The equilibrium values of the parameters are those extremizing
the thermodynamic potential under some constraints.

If the thermodynamic potential satisfies some strict convexity (or strict concavity)
property (it is always concave or convex in each of the variables?), then there is only one

2The theory is sometimes extended to consider also non convex (or concave) function, thus allowing
the description of metastability; however, this scenario for metastability does not seem to be correct (or
at least not always), see next subsection.
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solution to this variational problem and therefore a unique equilibrium phase. When the
potential is not strictly convex (or concave), then there can be more than one solution to
the variational problem and therefore more than one equilibrium state (if this is the case,
then we say that a phase transition occurs). In such a case, it is possible to distinguish
some particular solutions, the extremal states, which correspond to a situation where the
whole system is in one of the equilibrium phases. The other solutions, called mixed states
(or mixtures), correspond to phase coexistence: Various parts of the system are in various
extremal states. It is possible, in some circumstances, to determine the amount of each of
the extremal phases. However, the theory does not give any information about the spatial
organization of the system.

To determine the shapes of the different regions, one has to add to the basic theory
some new quantity, the surface tension, which describes the “cost” of an interface between
two different phases, or between one phase and the boundary of the container, and a
new principle which states that the geometry of the system can be obtained by solving
the following variational problem: Find the interface, or the family of interfaces, which
minimizes the surface tension, under suitable constraints (notice that the solution cannot
be described using only a “small” set of variables, since we have to describe the shape
and location of spatial regions together with the values of the variables in each of these
regions). We refer to this extension of Thermostatics as Surface Thermostatics®. It pro-
vides an accurate (phenomenological) description of the macroscopic organization of the
equilibrium phases of the system, taking also into account the effect of the boundaries.

Equilibrium Statistical Mechanics

The usual formalism of Equilibrium Statistical Mechanics makes use of the so-called ther-
modynamic limit. In this limit, the size of the system becomes infinite. It is then possible
to describe the state of the system by some distribution on the set of all possible mi-
croscopic states. The structure of these distributions is very well known (see Subsection
0.2.2) and provides a nice justification of Thermostatics: It is possible to understand why
a few variables are sufficient to describe the system, where the thermodynamic potential
comes from, what are phase transitions. In this sense, Thermostatics is pretty well un-
derstood in terms of infinite-volume statistical mechanics. However, there is a price to
pay; once the thermodynamic limit has been taken, the boundaries are sent to infinity,
and in fact all information about the non-local behaviour of the system is lost. It is still
possible to describe phase transitions in a similar way as in Thermostatics, i.e. the set
of all possible equilibrium distributions for some fixed parameters can contain more than
one element, and therefore there can be more than one equilibrium state; the structure of
this set is such that it is possible to distinguish between extremal and mizture states. But
any information about the spatial organization of the system is lost. In particular, it is
not possible, using this approach, to justify Surface Thermostatics. In fact, this formalism
provides an adequate description of homogeneous systems only?.

The aim of this work is to develop some tools allowing one to understand Surface

3There is no really axiomatic theory of such phenomena, but rather a set of particular models. The
terminology “surface thermodynamics” should therefore not be taken too seriously.

Tt is nevertheless possible to have non-translation invariant states in this formalism; we discuss this
point later in this chapter.
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Thermostatics, starting from the statistical mechanical description of one of the simplest
non-trivial systems, the 2D Ising model. We try to advocate that to study these phe-
nomena, it is useful to replace the usual Thermodynamic limit (and especially the DLR
formalism, see Subsection 0.2.2) by some continuum limit, in which interfaces appear as
natural objects and their typical spatial disposition is given by the variational problem of
Surface Thermostatics. In this sense, it is possible to deduce Surface Thermostatics from
Equilibrium Statistical Mechanics for this model (at least in many situations).

0.1.2 What are the results?

We first develop a set of tools to deal with such questions. These are very versatile
and can be used in many different situations. We illustrate their use with two typical
problems, which correspond to two natural ways of imposing the presence of interfaces in
the system: The first one by some well-chosen boundary conditions implying the presence
of an interface connecting to opposite walls of a box; the second by fixing the amount of
each of the two phases present. We discuss now the physical results obtained for these
two cases.

Reentrant pinning transition

Consider a 2D system in some rectangular box B. We suppose that the parameters are
chosen in such a way as to have phase coexistence: There are two equilibrium states, +
and —. Suppose, moreover, that the boundary of B acts in such a way as to impose the
presence of the + phase in the upper part of the box and the — phase in the bottom
part. There is an interface between the two phases, the extremities of which are at fixed
heights on the left-hand and the right-hand vertical walls of the box. The bottom wall of
B adsorbs preferentially one of the two phases.

To obtain the equilibrium states from Thermostatics, one has to give the equations
for the surface tensions for an interface between the two phases at arbitrary angles, and
for the surface free energy associated to the contact of each of the two phases with the
bottom wall. With these informations, the rules of Surface Thermostatics state that the
equilibrium state of the system is given by the interface (with fixed extremities) which
minimizes the overall surface tension. It is not difficult, using convexity of the surface
tension, to see that, depending on the value of the temperature, the surface tension of
the bottom wall and the heights of the endpoints of the interface, there are two kinds of
solutions: Either the interface is the straight line between the two fixed points, or it is a
broken line which touches the bottom wall, such that the angles it makes with the wall
are given by the so-called Herring-Young formula.

In chapter 6, we study the statistical mechanical equivalent of this problem for the 2D
Ising model. We show that the typical configurations of the system indeed possess two
macroscopic regions corresponding to the two equilibrium phases of the Ising model, which
are separated by a well-defined interface whose shape is given precisely by the variational
problem of Surface Thermostatics. Moreover, when the size of the system is finite (but
large), we are able to discuss in which sense this remains true, i.e. to show that the
interface becomes “diffuse”, but that its “width” remains very small (it is possible to give
a precise meaning to this).
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Not only does the statistical mechanical derivation justify the Surface Thermostatics
variational problem, but it also provides analytic expressions for the surface tensions.
Using these explicit informations, it is possible to compute the exact phase diagram for
this problem, which happens to exhibit a very interesting non-perturbative behaviour.
For well-chosen values of the heights and of the bottom wall free energy, there exist
0 < Ty <Ty < T3 < T, such that when the temperature is between 0 and 77, the interface
is pinned to the wall; when it is between 77 and 75, it is unpinned; between 75 and T3
it is pinned again; finally, between T3 and T, it is once more unpinned (above T, the
critical temperature, there is only one equilibrium phase and the interface disappears.).
Such a phenomenon is known as reentrant pinning-depinning transition; there is no simple
way to explain it, since it is a consequence of the fact that several quantities have a non-
trivial dependence on the temperature in this problem: the value of the surface tension,
its anisotropy and the wall free energy.

Wetting transition and Wulff shape

The other natural way to induce phase separation in some system is to impose the total
amount of each phase present in the system. Consider, for example, the case of some gas
in a container which prevents the atoms to enter or leave the container. In the liquid-vapor
phase coexistence region the system has at its disposal only two equilibrium densities. To
obtain these two densities with the constraint that the mean density in the box is fixed
(since the volume and the number of atoms do not change), several regions in which one of
these two densities is realized will appear, resulting thus in the separation of the gas and
liquid phases. For example, we may have a large component of gas phase, with droplets
of liquid inside it, or a large component of liquid phase with bubbles of gas inside it (this
will depend on what phase is preferentially adsorb at the boundary, or on the presence of
a possible gravitational field). The case we have studied corresponds to a two dimensional
container with three walls adsorbing preferentially one of the phases, while the fourth one
(let’s say, the bottom one) has a wall free energy which we can choose as we want; there
is no gravitational field. We are interested in the shape of the interfaces separating the
two phases. In particular, what happens when the bottom wall free energy is changed?

Using the convexity of the surface tension, it is possible to show that the solution of
the variational problem of Surface Thermodynamics corresponds to a single droplet of one
phase, which we call —, immersed inside the other, which we call +. The shape of the
droplet is given by the so-called Wulff construction and it remains “in the middle of the
box” when the bottom wall adsorbs preferentially the + phase. When the bottom wall free
energy becomes sufficiently favorable to the — phase, then the droplet becomes sticked to
the wall, this is known as the wetting transition®. The shape of the droplet in this case
is given by the Winterbottom construction; in particular, the angles between the droplet
and the wall are solution to the Herring-Young equation.

In chapter 7, we study the statistical mechanical equivalent of this problem for the
2D Ising model. As before, we show that the typical configurations of the system indeed
possess two macroscopic regions corresponding to the two equilibrium phases of the Ising
model, which are separated by a well-defined interface whose shape is given precisely by
the variational problem of Surface Thermostatics. Again the effect of a finite size of the

®A simple physical discussion of this phenomenon can be found in [EC].
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system can be understood precisely. The variational problem of Surface Thermostatics is
therefore obtained again from Equilibrium Statistical Mechanics.

Since the surface tensions are explicitly known, it is possible to compute the phase
diagram associated to this problem. In particular, the so-called Cahn’s criterion is verified,
and the phase diagram obtained is precisely the same one as in the case of the wetting
transition in a system in which the total amount of each phase is not fixed. In such a
system, the transition manifests itself by a qualitative change in the width of the film of —
on the bottom wall. When the wall adsorbs preferentially the + phase, nothing happens
at the bottom wall. When it becomes sufficiently favorable to the — phase, a microscopic
film of — phase is created; if we make the wall adsorb even more the — phase then there is
a second transition, where the film becomes very thick (its thichness diverging when the
system becomes large). The second wetting transition can also be seen in a system with
fixed amount of phases, if the corresponding droplet is not “macroscopic” (see Chapter 7
for details). In this case, the second transition corresponds to a degenerate droplet which
completely covers the wall.

Extension of the techniques to other models

In the second part of this work, we study a generalization of the Ising model, known as the
Ashkin—Teller model, which possesses four equilibrium phases at sufficiently low temper-
ature. Several basic tools can be straightforwardly extended to this case. However, some
new problems appear which we were able to solve only by using perturbative techniques.
The main purpose of this second part is to explain the difficulties that have to be dealt
with when considering more complicated systems. We study as an example the problem
of large deviations in this model, for which results can be obtained in some situations.

0.2 Description of macroscopic systems

0.2.1 Thermostatics

It is not our aim here to give a self-contained exposition of the basics of Thermostatics
which can be found in many good books (for example [Cal; see also the recent paper
[LiYn]), but rather to state the postulates and some related results® which will enable
us to discuss the relevance of the hypotheses of Thermostatics from the point of view of
Equilibrium Statistical Mechanics.

Equilibrium states and the Entropy Representation

The fundamental observation is that it is possible to describe a macroscopic system with
a very small number of parameters. Indeed, consider a glass of water; to describe this
system from a microscopic’ point of view it is necessary to specify the position, orientation
and momentum of each molecule in the glass, i.e. roughly 10** variables. However,
under normal circumstances, anything you may do to or with the glass of water will
only depend on a small set of quantities: Volume, temperature and density for example.

5This section follows [Grul.
"We will always think in classical terms. Clearly this distinction is irrelevant for the discussion given
here.
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This phenomenon is known as reduction of variables. Of course, this is true only when
the system has reached equilibrium; for example if you shake the glass, then you will
need more variables to describe the macroscopic behaviour of the water (until its return
to equilibrium). Thermostatics’ purpose is to study the properties of such equilibrium
states, which we now define.

Definition.

(D1) An equilibrium state is a stationary, stable state of an isolated system. The
state must not be modified if we add further constraints (for example by the in-
troduction of a set of walls permeable to some quantities and not to other ones).
Moreover, if two systems 31 and Yo are in equilibrium with a third system X3,
then they are also in equilibrium with each other.

Experiment shows that it is possible to describe an equilibrium system with a small number
of variables. More precisely, the set of equilibrium states is a convex subset X of R™, for
some m < N, independent of N, N being the number of variables necessary to give a
complete microscopic description of the system. A state function is a function from X to
R. The first principle states the existence of a state function corresponding to the energy
of the system.

Postulate 1 (First Principle). For any system, there exists a scalar, extensive, conserved
state function E associated to time homogeneity, which is called the energy.

A system whose equilibrium states are homogeneous and isotropic is called a simple system.
It is a macroscopic system (sufficiently large so that the boundary effects are negligible)
for which there is a one-to-one correspondence between its equilibrium states and a set of
extensive, conserved quantities, X = (Xo = E, X1,...,X,) € X, X,, > 0. The systems
studied in Thermostatics are composed of a union of simple systems in contact with one
another.

We need a method to determine the set of equilibrium states of a system under some
constraints. A fundamental idea in Thermostatics, which is due to Gibbs, is to postulate
the existence of some fundamental quantity ®(X), the thermodynamic potential, associated
to the set of variables (Xo,...,X,) with which we describe the system, which gives a
complete description of the system (from the point of view of Thermostatics). The space
R™2 of the variables (®, X) is the Gibbs space. The manifold in the Gibbs space given
by the fundamental relation

o = o(X) (1)

describes the equilibrium states of the corresponding system. In particular, all the ther-
modynamic quantities can then be obtained by partial differentiation of the function ®
with respect to its various arguments. One such thermodynamic potential is the entropy.
Postulate 2 (Second Principle). For any system X, there exists a scalar, extensive state
function S*, which is called the entropy. It has the following property: If the system is

composed of K simple subsystems, then its equilibrium state (Yf =U",...,X,), A=
1,..., K, satisfies
K N K
> _ A _ A A
S _AZ_IS X" = max le (X4).

comp. with constraints A=
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The equation S = S(X) of a simple system is the fundamental relation in the Entropy
Representation. From the Second Principle, it is easy to derive the following properties of
the entropy®:

e The entropy of a simple system is homogeneous of degree one, i.e., for any «,
S(X)=a"'S(aX). (2)

e The entropy of a simple system is necessarily concave.

The proof of the above properties is elementary. The first one follows from the fact that
any system which is in a homogeneous isotropic equilibrium state can be thought of as
being build of any number of identical (simple) subsystems in the same state. To prove
the second statement, consider a simple system being composed of two subsystems with
no walls, not necessarily in the same state; then the concavity follows from the Second
Principle applied to this composed system.

As a consequence of the first property, we can define the entropy density,

1

s(, 21, an) = S X, X))
n

=S(u,x1,...,Tp-1,1), (3)
where u = U/ Xy, x; = X;/Xpn,i=1,...,n— 1. Of course, s is concave if and only if S is

concave.
Let us study a system ¥ composed of K identical subsystems. The second principle
gives

K

S¥(Xo,..., Xp) = max Y S(Xg..., X)) (4)
Xfex 4T
ZA XiA:Xi B

It is not difficult to study this equation under various assumptions on the properties of S.

e S is concave, and it is strictly concave at X4 = %X, A=1,... K.
In this case, there is a unique solution X to the above equation, given by X; = X; /K,
1=0,...,k, i.e. the equilibrium state is homogeneous. That this is a solution follows

from the fact that, by concavity,
S 1 51
S(=X)=KSO =XYH>K) =s5Xx4, 5
;(K) (;K) AZ::lK() (5)

for any decomposition (X“) such that 3>, X4 = X. The uniqueness is a conse-
quence of strict concavity.

8Thermostatics is sometimes extended to allow for non-concave entropy function. The values of the
parameters for which the function is locally convex represent unstable states, while the values of the
parameters for which the function is locally concave, but is different from its concave envelope represent
metastable states. However, this description of metastability of a system by analytic continuation of the
thermodynamic potential does not seem to be correct, at least in several cases, as has been shown in
Equilibrium Statistical Mechanics in the case of lattice gases, see [Is1, Is2, Is3] where it is proved that the
phase transition point corresponds to an essential singularity of the thermodynamic potential.
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e S is concave, but it is affine on an open set P containing the point X4 = =X,
A=1,... K.
P is supposed to be the largest such set. Since S is concave, the homogeneous
state is still solution, but it is no more unique. Indeed, we show now that every
decomposition with 4 XA =Xand X4 e P, A=1,...,K is also solution. For
any such decomposition, we have since S is affine on P,

> 5(x4) = KS(Y £ X7) = KS(1-X). (6)
A A

That there are no other solutions follows from maximality of P and concavity of S.

The second case corresponds to a first-order phase transition. In such a case, it is always
possible to write the solutions X* as a convex combination of points on the boundary of

P,
A __ A
X _/WY dp(Y), (7)

with g a probability measure on 9P (notice that P is necessarily convex). In such a case
we can write
)
SH(X) = [ S) du(Y), (8)
oP

with pu(-) = % >4 1A (). Therefore the system behaves as if its constituent subsystems
were distributed? on OP with the measure y. The corresponding extremal points are called
pure phases, while all other decompositions are called miztures. In Nature, P is usually a
simplex and therefore this convex decomposition is unique.

The Energy Representation

There exist equivalent formulations of equation (4), in terms of other thermodynamic po-
tentials which depend on different sets of variables. The first, simplest such reformulation
is the Energy Representation, where the thermodynamic potential is the energy FE, seen
as a function of the variables S, X1,..., X,. To define this function we have to invert .S;
this is possible in the regions where 0S/0F > 0, or 0S/0E < 0.

Definition.

1
(D2) The temperature T' is defined by T =

9S/0E

Remark. Observe that, when S is differentiable, all simple subsystems %4 of a given
system X satisfy T4 = T, where T is the temperature of the system ¥4, while T is the
temperature of the system Y. Thus, at equilibrium, the temperatures are equal.

The equation
E=FE(SX1,...,Xn) (9)

90f course, since the number of subsystems is finite, it is not always possible to distribute them exactly
in this way; however as K becomes large the approximation will be better and better. In particular, in
the continuum case considered below, the number of subsystems will be unbounded.
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is the fundamental relation in the Energy Representation. It is easy to derive informations
on the function E from the corresponding properties of the function S. In particular, the
following is true:

E(S, X1,...,X,) is homogeneous of degree one.
If T >0, then E(S, Xy,...,X,) is convex;

o If T <0, then E(S, X1,...,X,) is concave;
o If T"> 0, then
K
— : A A A
E(S, X1,...,X,) = g mn ;E(S XA XA,
S SALS, 3 X A=x,
o If T'< 0, then

E(SA XA XA,

M=

E(S, X1,....X,,) = max
(5, X1, Xn) SA XA XA

YA 84=8, 4 X=X,

b
Il
MR

Similarly, it is possible to define other representations, which are constructed using Legen-
dre transforms of these two representations with respect to some subset of their variables.
Before proceeding to the discussion of these other representations, we have to introduce
the conjugate intensive quantities.

Intensive quantities and state equations

Definition.
(D3) The quantity conjugate to X; (i = 0,...,n) in the Entropy Representation is
defined by
05 (Xo, X1,...,X5)
Fi(Xo=F,...,.X,) = .
Z( 0 ) ) TL) - aXZ
(D4) The quantity conjugate to X; (i = 1,...,n) in the Energy Representation is defined
by

DE(S, X1,...,Xy)
09X, ‘

The quantity conjugate to S in the Energy Representation is the temperature.

Pi(S, ..., Xn) =

It is not difficult to prove the following properties of these conjugate quantities,
e At all points of differentiability of S and F,

1
T(S(E, X1,...,Xn), X1,-.., Xn)

Pi(S(E, X1, .., Xn), X1,.. ., Xn) |
T(S(E, X1,...,Xn), X1, ..., Xn) '

FO(Elev"'aXn): (10)

Fi(Elev"'aXn):_ (11)

e The quantities Fy,..., F,, T, Py,..
the corresponding extensive variables;

, P, are homogeneous functions of degree 0 in
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e The function S can be written as

S(Xo=E,X1,.... Xp) =Y _Fi(Xo,..., Xpn)X;; (12)

e The function £ can be written as
n
E(S,X1,.... Xp) =T(S,X1,..., Xp)S+ > _Pi(S, X1,...,.Xp)X;.  (13)
i=1

The proofs of the two last statements follow from the homogeneity of S and E (write
S(AX) = AS(X) and derive with respect to A).

Definition.

(D5) Homogeneous functions of degree 0 in their extensive parameters are called inten-
sive.

The two equations (12) and (13) are the Fuler relations. The equations

FZ‘:FZ‘(S,Xl,...,Xn), i:(),...,n, (14)
and

T =1T(S,X1,...,X,) (15)

P =P(E, X1,....,X,), i=1,...,n, (16)

are the state equations in the Entropy and Energy Representations. Clearly the knowl-
edge of all state equations in one representation is equivalent to the knowledge of the
corresponding fundamental relation.

Equivalent representations

We want to construct other thermodynamic potentials, whose variables are a combination
of extensive and intensive quantities'®. More precisely, let I C {1,...,n + 1}, and J =
{1,...,n 4+ 1} \ I, where we used the notation X, = S. We consider the variables
)([:{)(Z : ieI}andei{Pi : ZEJ}

Definition.

(D6) The thermodynamic potential for the set of variables (X, Py) is defined as the
Legendre transform of U with respect to the variables X;, i € J, i.e.

Ui( X1, Py) = 1)1(15 U(S, X1,..., Xp) — ;XZPZ} :

10We start from the Energy Representation, but we could also consider the thermodynamic potentials
obtained from the Entropy Representation.
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The equation
U =Uj(Xr1, Py) (17)
is the fundamental relation in the representation U%. The following properties follow from
the definition
e The quantities conjugate to the variables Xy, P; are

oU* oUs

0X; op, — (18)

:Piu

e Uj(Xy, Py) is homogeneous of degree one in the extensive variables Xr;

o If T >0, U5(X7, Py) is convex as a function of X7, otherwise it concave as a function

of X[;
o If T <0, Uj(X7t, Py) is concave as a function of P;, otherwise it convex as a function
of PJ;
o If T > 0, the thermodynamic potential U} (X7, Py) satisfies
K
Uj(X,Py)= min > UHX{,Py). (19)
=
>a Xf:XI

o If T < 0, the thermodynamic potential U%(Xy, Py) satisfies

K
Ui(Xr, Py) = max > UNXT, Pr). (20)
ZAX;Ll:XI A=

The continuum limit

In general, a system ¥ cannot be decomposed into a finite number of simple subsystems.
However, it is always possible to approximate X by an increasing number of simple subsys-
tems. We construct in this way a sequence of systems X g which converges to the system X
when K goes to infinity. We have to partition the system 3 into a number of subsystems.
We only consider the Entropy Representation, although a similar construction can be per-
formed in other cases. To do this, we suppose that the volume V of the box A confining
¥ is one of the variables describing the system (any extensive quantity would do the trick,
but this one is the more natural). We then divide the box A into K boxes of volume V/K
(of reasonable shape, so that boundary effects can be neglected). The concavity of the
entropy density implies that

K
V
S¥(Xo=E,....X,=V) = rgl(?x Az_:l Es(xgl, Lxt ). (21)
SaXA=X
Taking the limit, we obtain
S¥*(Xo=E,.... X, =V) = maXA / dV (r)s(xzo(r),...,xn1(r)). (22)
(r),re

de Yzi(r)=X,
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FIGURE 1. Schematic plots of the densities of the Helmholtz free energy f and free energy
f of a ferromagnet.

This limit is referred to as the continuum limit''. Observe that the homogeneous states
(i.e. the constant functions, z;(r) = X;/V') are always solutions of this variational problem.

The case of a magnetic system

We briefly discuss the Thermostatics description of a magnetic system corresponding to
the microscopic system considered in the first Part of this work.

A macroscopic sample of some magnetic system, which we suppose to have a preferred
axis, can be described by three extensive variables: the internal energy E, the magnetiza-
tion M and the volume; when we apply to it some magnetic field, it is in the direction of
the axis. Since we will only consider systems which have a crystalline structure, we can
replace the volume by the number of “atoms”, N. According to the Second Principle, we
can write

S(U, M, N) = max / pdV (r)s(u(r), m(r)), (23)
u(r),m(r),reA
[ AV(r)u(r)=U, [ dV(r)m(r)=M
where p = N/V is the density of the sample. Two thermodynamic potentials play an
important role for these systems:

Definition.
(D7) The free energy F is the thermodynamic potential associated to the set of vari-
ables (T,M,N).
(D8) The Helmholtz free energy F is the thermodynamic potential associated to the
set of variables (T, h, N), where h =T0S5/0M is the magnetic field.

We suppose that F is an even function of the magnetic field (reflecting the fact that the
system is invariant under reflection). If the magnetization and the magnetic field have the
same sign then the system is paramagnetic, otherwise it is diamagnetic. The quantity
oF
M* = lim —
h—0+ Oh

11 A similar construction will be done for Gibbs measure in Chapter 7. However these two notions must
be distinguished.
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is called the spontaneous magnetization. If it is non-zero, then the system is said to be
ferromagnetic. Clearly, in such a case the system undergoes a phase transition. Indeed, in
such a case the Helmholtz free energy is not differentiable at 0 and, correspondingly, the
free energy is constant between —M™* and M*.

0.2.2 Equilibrium Statistical Mechanics

The purpose of Equilibrium Statistical Mechanics is to describe macroscopic systems start-
ing from the microscopic interactions. In principle, to obtain information on a system,
one should integrate the corresponding equations of motion for a given initial condition.
Of course, it is impossible to know precisely the microscopic state of a macroscopic sys-
tem, and therefore it is reasonable to replace the initial condition by some measure on
the phase space. Then the problem amounts to computing the evolution of this measure.
Under suitable hypotheses, it should be possible to prove that any “reasonable” measure
should converge after some time to a stationary measure; such a stationary measure would
describe an equilibrium state of the system. The usual “justification” of Equilibrium Sta-
tistical Mechanics starting from Classical Mechanics amounts to prove that there is one
and only one such stationary measure, the microcanonical measure, for a Hamiltonian flow
if the evolution is ergodic, and that any measure absolutely continuous with respect to this
one will eventually converge to the stationary measure if the evolution is mixing. Such
a justification is far from being satisfactory from a physicist’s point of view for several
reasons: First, these restrictions on the dynamics are too strong (application of Equilib-
rium Statistical Mechanics to various non-ergodic systems provides correct predictions),
and, moreover, these conditions involve every measurable functions although only some
very particular quantities are relevant as macroscopic observables; Second, it does not
explain why convergence to equilibrium only requires a finite amount of time; Third, we
would like to interpret the stationary measure as a probability measure (after suitable
normalization)!2, however this requires the further assumption that the typical duration
of any measurement on the system is far larger than the relaxation time, but this is not
satisfactory since there are systems for which the relaxation time is long (that’s why we
can observe systems out of equilibrium!) and, moreover, there is no criterion allowing us
to decide if a given system will satisfy this condition or not.

Since no really convincing foundations of Equilibrium Statistical Mechanics have been
developed up to now, we will introduce it in an axiomatic way, without trying to give any
justification; we start with the canonical measure and discuss at the end of this subsection
its relation to the microcanonical measure. Moreover, since we are not interested in the
dynamical aspects, we will restrict our attention to lattice systems, avoiding thus some
technicalities.!3-1

12This is a physical theory and for this reason one has to explain in what sense the measure of an event
is related to a measurement done on the system: For a physicist, probability is not an a priori notion but
something that has an empirical meaning.

'3The ultimate reference for the first part of this subsection is Georgii’s book [Gel]. A nice paper to
read in parallel to this book is [EFS] where these notions are explained in physically more intuitive terms.
In this subsection, we will ignore most of this beautiful theory, so we can only encourage the reader who
has not looked at this book to do so.

'4Some of the notations introduced in this chapter will be used in later chapters with slightly different
meanings; however they will always be redefined accordingly in the beginning of Part I and II.
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As discussed above, the relevant quantity in Statistical Mechanics is not the actual
microscopic state of the system, but statistical properties of the set {2 of all microscopic
states sharing the same macroscopic description, i.e. described by the same set of macro-
scopic parameters (density, ...). Therefore a state in Equilibrium Statistical Mechanics
will be a probability measure on the set ; it contains all the (statistical) information on
the system which is accessible. The basic axiom of Equilibrium Statistical Mechanics is in
fact an Ansatz for this probability measure.

We consider a system composed of a large number of identical elementary units lo-
cated on a lattice. We first give the basic objects and terminology of its mathematical
modelization.

e A countably infinite set L called the lattice; elements ¢ € L are called sites.
(Each site represents the location of one of the elementary units belonging to the
system. For example, we could choose L = Z? to modelize some simple crystalline
structure.)

e A probability space (5,8, ) called the single spin space.
(This is the set of all possible states of a given elementary unit. For example, the set
S = {-1,1} could describe the z-component of a 3-spin, or the coexistence of two
different species in binary alloys. A is an a priori measure on the set S (for example
if S is discrete A is usually the counting measure, if it is some bounded Borel subset
of R? then ) is usually the Lebesgue measure, if S is a locally compact group then
A is usually the Haar measure, ....))

e The product space (2, F), where Q = S and F = S¥, called the configuration space
of the system; the elements w of () are called the configurations.

(This is the set of all possible microscopic states of the system, specifying the state
of every elementary units.)

e The restriction of a configuration w on some subset A C L, wp = (w(t))ien. If
AN Ay =@ and A UAy = L then wp,wy, is the configuration whose restriction to
Ay and Ay are wy, and wp,, respectively.

e The family (o(t)):er of random variables o(t) : Q@ — S, w +— w(t); o(t) is called the
spin at t.

(The state of the elementary unit located at ¢ in the configuration w is given by
o(t)(w).)

e Theset L={ACL :0<|A] <oo} of all finite subsets of the lattice (|- | denotes
the cardinality of a set).

e For each subset A of L, we define the o-algebra F, generated by the functions o(¢),

t € A. We also define 70 = (J, o, Fa.

(Functions Fa-measurable depend only on what happens inside the set A and F°

contains all local events.)

A family ® = (®4)aer of functions @4 : Q — R such that
1. For each A € L, ® 4 is F4-measurable;

2. For all A € £ and w € €, the series

HRYw)= Y ®aw)
AeL
ANAZD
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exists; the family @ is called the potential.

(This is the set of all interaction potentials between any finite number of elementary
units. )

e Forany A € £ and w € Q, we define the Hamiltonian in A with w-boundary condition
for the potential ® by
HR (w]@) = HY (wA@c)

where A =1\ A.

(This function represents the total energy associated to the elementary units located
in A whose states are determined by the configuration w, knowing that the rest of the
system is in a state specified by @. It is necessary to define the energy with respect
to some finite part of the lattice since otherwise it would generally be infinite.)

e A potential ® is A-admissible if
28@) = [ N\(do) expl-GH} (w[o)

is finite for all A € £, w € Q and B > 0. Z3 (@) is called the partition function in A
with boundary condition @ at inverse temperature 3 (for ® and \).

e For any A € L, any configuration w € 2, any A-admissible potential ®, we define
the Gibbs measure in A with w-boundary condition at inverse temperature B for the
potential ¢ by

iy (A) = Z}f(w)_l//\/\(dw) exp[—BHY (w]|@)] 1a(waWpe) -

The basic postulate of Equilibrium Statistical Mechanics is that the equilibrium states
of the system at temperature 7T inside A and in interaction with an external system
described by the configuration @ is given by the Gibbs measure in A with w-boundary
condition at inverse temperature 3 = 1/7" 1°. That is, expectation values of all observable
quantities on the system can be obtained using this measure. It is also possible to have
non-deterministic boundary conditions, distributed with some probability measure; the
generalization to such a case is immediate. From now on we absorb the parameter [ in
the potential ®.

Since all physical systems are finite, this formalism should be sufficient for all practical
purposes. However, it appears to be very useful to consider the case of infinite systems
whose properties are much easier to study. Since the size of macroscopic systems is huge,
their properties will generally be very well approximated by such infinite systems. The
traditional way to construct infinite volume Gibbs measures is to consider a sequence'
of finite sets A, € L converging to L., together with a sequence of boundary conditions
Wy, (possibly stochastic). We then consider the sequence of (finite volume) Gibbs mea-
sures (,uif”)n. Infinite volume Gibbs measures are then defined as cluster points of such

15Usually in the Physics literature, 3 is defined as 1/kgT, where kg is Boltzmann’s constant. However
we can get rid of it by a redefinition of the energy scale .

18Tn fact, the correct notion would be that of a net, which is the generalization of the notion of sequences
when the index belongs to a set which is only partially ordered (as is the case for the subsets of LL).
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sequences with respect to the topology of local convergence: a sequence of probability
measures (i) on (2, F) converges locally to p if and only if

T}Lnolo pn(A) = p(A), VAEe 'FO7 (24)
i.e. if and only if the expectation values of any local event converge. This procedure is
known as the Thermodynamic Limat.

Such a definition of infinite volume Gibbs measures is quite awkward and makes it
difficult to prove general results. For this reason, it would be very useful to have a
characterization of infinite volume Gibbs measures among all probability measures on
(Q, F), which does not use the Thermodynamic Limit. Such a characterization exists; it
has been introduced by Dobrushin [Dol] and Lanford and Ruelle [LR]. It is based on the
so-called DLR equations.

Definition.

(D9) A probability measure p on (2, F) is a Gibbs measure for a A\-admissible po-
tential @, if it satisfies the DLR equations:

/ (@) 28 (@) / XA (dw) expl— H (w[@)] 14 (wa@ac) = u(A),

forall Ae F and all A € L.

The physical meaning of these equation is that any finite part of the system is in equilib-
rium with the rest of the system (this is even stronger than the definition of equilibrium
states in Thermodynamics, since here even microscopic parts of the system (i.e. finite ones)
are in equilibrium with each others). The precise relationship between this definition and
the previous one using the Thermodynamic Limit is the following,

Proposition 0.2.1. Any cluster points of the sequence of finite volume Gibbs measures
(uif")n, where (A, € L), is a sequence of finite sets converging to L and w,, a sequence
of boundary conditions (possibly stochastic), satisfies the DLR equations (for the potential
D).

There is a partial converse to this proposition which we will give later. Let us first
study the properties of the set G\(®) of Gibbs measures for the A\-admissible potential ®.

Definition.
(D10) A potential ® is said to exhibit a (first-order) phase transition if |G\(®)| > 1.

Indeed, in such a case for a given potential (which implies in particular that the temper-
ature and all other parameters are fixed) there is more than one equilibrium state.

We will not be interested in the existence problem (i.e. |Gy(®)| > 0) since it is guar-
anteed to hold in most physically interesting situations'”. So suppose that Gy(®) is not
empty and that moreover it is not restricted to one point; in such a case, what is the
structure of this set? From its definition, it is easy to see that G\(®) must be convex.
In fact, the following very interesting proposition shows that this set is a simplex, i.e.
a convex set such that any point of the set can be decomposed in a unique way as a

1"Notice however that there are some physically very reasonable cases where Gy (®) is empty: the infinite
harmonic crystal in less than three dimensions for example.
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convex combination of extreme elements (i.e. those that have a trivial decomposition).
We will need some terminology. We first have to define what we mean by macroscopic
observables.

Definition.
(D11) The o-field
F* = m Fpc
AeLl
is called tail o-field.

(D12) The functions measurable with respect to the tail o-field are called the observables
at infinity.

(D13) A measure on (2, F) such that p(A) =0 or p(A) =1 for all A € F> is said to
be trivial on the tail o-field.

The tail o-field is the set of all events which do not depend on any finite set of elementary
units; such events can be thought of as a mathematical model of macroscopic events; the
observables at infinity can correspondingly be interpreted as macroscopic observables. A
probability measure p which is trivial on the tail o-field also satisfies a strong clustering
property in that it has short-range correlations, i.e.

lim sup |[w(ANB)—pu(A)u(B) =0, VAeF. (25)
A/L BeFje
Ael
This property shows that two observables become asymptotically independent as the dis-
tance between their support is increased (in fact, it is even stronger, since there is unifor-
mity in B € Fye).
Proposition 0.2.2. The set G\(®P) is a simplex whose extreme elements are characterized
by the following equivalent properties:
e 1 is an extreme point of Gy (P);
o 1 is trivial on the tail o-field;
e 1 has short-range correlations.
Moreover, the following statement holds:

e Distinct extreme elements p and v of Gy (P) are mutually singular on F>°, i.e. there
exists A € F>° with p(A) =1 and v(A) = 0.

The preceding proposition has important physical consequences. We want to describe
the state of a system by a probability measure on the configuration space. On the other
hand, the description of the system provided by Thermostatics only refers to deterministic
observables. The proposition shows that this is not incompatible, since for any extreme
Gibbs measure i, all macroscopic observables are constant p-almost surely (but the local
observables still have local fluctuations). The extreme Gibbs measures are therefore good
candidates for the role of macroscopic pure states of the system.

How can the non-extreme Gibbs measures be interpreted? Since they can be decom-
posed in a unique way as a convex combination of extreme Gibbs measures, it is possible to
think of the coeflicients of this decomposition as being the probabilities that the system is
actually in the macroscopic state described by the corresponding extreme Gibbs measure.
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The last statement of the proposition gives a nice explanation of the phenomenon of
reduction of variables: It is indeed possible to find a “small”'® set of macroscopic observ-
ables whose measurement determine uniquely into which macroscopic state the system
actually is'®. The next proposition, the promised partial converse to Proposition 0.2.1,
shows how an experimenter can prepare a system in a given macroscopic state; moreover,
it shows how a non-extreme Gibbs state can be interpreted as a state of partial knowledge
of the actual macroscopic state of the system by the experimenter.

Proposition 0.2.3. Let Q be a compact metric space and let v be an extreme point of
GA(®). Then, for v-almost every configuration @,

in the topology of local convergence. Moreover, if v is a Gibbs measure (not necessarily
extreme), then for v-almost every configuration w,

lim ,uq)’w =v
AJLTA
Ael

where U is one of the extreme Gibbs measures in the decomposition of v.

The first part of the proposition thus says that if a system is put into contact with
a typical configuration of some macroscopic state (i.e. some extreme Gibbs measure),
then when the system becomes large, it will be in that state. This shows how an (ideal)
experimenter can prepare a system in a given macroscopic state. The second part shows
that if we look at a system whose state is described by a non-extreme Gibbs measure,
then we will see that its configuration will be typical of one of the extreme Gibbs measure
of its decomposition; this strengthens the interpretation of such a measure as describing
a state of partial knowledge.

We emphasize that non-extreme Gibbs measures do not represent phase coexistence.
Phase coexistence can result in non-extreme Gibbs measures in some cases, but the fol-
lowing remarks show that this is neither a sufficient nor a necessary criterion.

e Phase coexistence can result in extreme Gibbs measures. This is the case, for exam-

ple, in the Ising model in more than 2 dimensions at sufficiently low temperature;
the states describing the coexistence of the plus and minus phases separated by a
horizontal interface are extreme Gibbs states [vB, Do3| (although we do not think
that such a description of phase coexistence at the scale of the lattice is really rel-
evant for Thermodynamics, even if it is very interesting from the point of view of
Statistical Mechanics).

e The Gibbs measure obtained by imposing free b.c. in the Ising model is not extreme,
but in the continuum limit of the system, there will be no interface: With probability
1/2 the system will be in the 4+ phase, otherwise it will be in the — one.

181t may be necessary to have an infinity of such observables, since there can be a continuum of extreme
Gibbs measures; for example, when a continuous symmetry is broken as in the XY model. This would also
be the case in Thermodynamics in case of systems with continuous symmetry.

90f course, it is possible that the observables in that set, although they are tail measurable, happen to
be quite “pathological” from a physical point of view. Since a precise definition of physically reasonable
observables is lacking (and the question itself probably does not make sense) to obtain good observables
can only be done on a case by case basis.
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Moreover, the absence of non-translation invariant states in the 2D Ising model, for ex-
ample, does not mean that there is no phase coexistence (or no interface). Indeed, at a
macroscopic level, which is the relevant scale to study phase separation, there is a well
defined interface®?. All these points will be discussed in more details later in this work,
after suitable tools have been introduced. The point is that Thermodynamic limit, and
in particular the infinite-volume approach via the DLR equations are not the relevant
formalisms to study this type of phenomena, which should not be surprising since the
local topology considered destroys all information about global observables describing the
macroscopic geometry of the system under consideration; in this work, another kind of
limit is considered, the continuum limit?!. Of course, we do not say that continuum limit
must replace DLR formalism, but that these two approaches are complementary and must
be both used if we want to obtain a complete description: with the continuum limit, we
obtain a global description of the system, while thermodynamic limit allows us to
in” and investigate its local behaviour.

‘zoom

We still have to understand how Thermodynamic Potentials appear in Equilibrium
Statistical Mechanics. To do this, we analyze the relationship between the canonical
measure introduced above and the microcanonical measure. We follow the analysis of
[LP, LPS1, LPS2, LPS3]?2, another very nice paper on that kind of problems is [La]. We
introduce some more notations to discuss these issues. Let L = Z9, and let (A,)n >1
be an increasing sequence of cubes in Z%¢. We write Q, = S™. The a priori measure
A on the spin space is supposed to be normalized; we denote by p, = A» and p = Ak
the corresponding product measures. There is a natural action of Z¢ on itself, i — i + j
which can be lifted on Q by ¥; : @ — Q, (VY;w)(i) = w(i — j) and to functions on Q by
V;f(w) = f(¥;w). We consider a k-dimensional vector ® = (®!,... &) of translation
invariant absolutely summable potentials, i.e. potentials ®* such that

E sup|CI>f4(w)\ < 00,
Aez:“’eQ
A>0

9,0 = By, (26)

Using these potentials, we define mappings T}, : €, — X, where X C R* is convex and
compact, by Tp,(w); = HY (ww')/|A,]|, for some fixed @, i = 1,...,k. The components
of the mappings T,, can be any set of macroscopic observables: For example the energy
density, the magnetization density, and soon ....

We consider two measures on Q,. Let C' € B(X), the set of Borel subsets of X, be
such that p, (T, 1C) > 0, for all n sufficiently large; the microcanonical measure is defined
by
VO (dw) = 1T510(w3€n(dw) : (27)
Pn (Tn C)
this is the uniform measure on the set of all configurations w such that 7,,(w) € C, i.e. all
configuration for which the chosen observables take value in some fixed set. Let t € RF

20Tt is possible to define a surface tension in this model and to show that below the critical temperature,
it is strictly positive. If there were no interface, to what would that quantity correspond?

21'We only consider lattice systems; the corresponding continuum limit for systems in R? may be more
subtle.

22We do not discuss the most general settings. We only want to give a flavour of these works.
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such that 0 < [, exp(|An|(t|Thw))pn(dw) < oo, for all n sufficiently large; the canonical
measure is defined by?3

t(dw) = exp(|An|(t|Thw)) pn(dw) .
() = Al Tt} ()

(28)

this is exactly the Gibbs measure in A for the Hamiltonian Hf\tjl@. We want to compare

these two measures as n — oco. The key observation is that the densities of both these
measures with respect to p, are functions of T,. It is therefore possible to define the
corresponding measures on X. This is very useful since X corresponds to the space of
densities of extensive thermodynamical parameters (the macroscopic observables); there-
fore studying the distribution of these quantities as the system becomes large provides
information on its thermodynamical description in terms of these parameters. Writing
M, = p, oT;l, we have

ugon):W = M,(-|0),
KT = i) = MAC1X). (29)

where MY, (dz) = exp(|A,|(t|z))M,(dz). We introduce p,, the grand-canonical pressure
in Ay 2 by

exp(|Anlpa(t)) = M, (X). (30)
We need to understand the behaviour of these two measures on X; since they both have

a density with respect to M,,, it is natural to analyze the behaviour of this measure. Let
us introduce the following set functions,

1
mp|B] = — logM,,|B],
B] = i log 4, 5]
m[B] = liminfm,[B], (31)

[B] = limsupm,[B].

n—oo

3|

We also define two functions on X by

pa) = inf m[G], G open,

i(x) = inf m[G], G open. (32)

Gz
It can be shown that, for all z € X, u(x) = fi(x); moreover these functions are concave. We
write p(x) = p(r) = fi(x); this function is called the entropy (or Ruelle-Lanford function).
It can be shown that the grand-canonical pressure p(t) = lim,, p,(t) exists and is given by

p(t) = sup ((tlz) + p(z)), (33)

23(z|y) is the scalar product in RF.

24In the terminology of large deviations, it is called scaled generating function.
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that is, the grand-canonical pressure is the Legendre transform of minus the entropy,
p(t) = (—p)*(t). Since p is concave, we also have u(x) = —p*(x). It can also be shown
that the function p is strictly concave. These two functions play an important role since
they characterize the sets on which the microcanonical and canonical measures become
concentrated when n — oo.

Let X ={z € C : u(z) = sup, .z #(y)} 25 and Xt = {x € X : p(t) = (t|z) +pu(x)}; then
Lemma 0.2.1. Suppose that sup,cc pi(z) > —00. X¢ and X' are compact and nonempty.
Moreover, the sequence M, (- |C') of probability measures is eventually concentrated on the
set X, i.e.

lim M, (G|C) =1, for each open neighbourhood G of Xg,

and the sequence ML (-|X) of probability measures is eventually concentrated on the set
Xt

Therefore, the microcanonical measure is eventually concentrated on the set of values
maximizing the entropy. It is not difficult to show that X* = dp(t), where Op(t) is the
subdifferential of p at t. Therefore the equilibrium values of the observables ®* (e.g. the
energy density, magnetization density,...) can be obtained by differentiating the grand-
canonical pressure with respect to conjugate variables ¢;.

The measures v associated to the cubes A,, are not translation invariant; for technical

reasons, it is useful to consider translation-averaged versions of them,

1
—=C . C -1
S o Z v, o, (34)
JEAR
where Vg is extended to 2 by imposing some fixed configuration outside A,. It is then

possible to prove the following result.

Theorem 0.2.1. Let C be an open neighbourhood of a point at which the entropy is finite.
Then there exists t* such that any cluster point of the sequence (VS ), > 1 is a Gibbs measure
for the potential (t*|®).

Forgetting about the averaging, this shows that Thermodynamic potentials are related
to large deviations properties of the corresponding measures; the concavity of entropy and
the maximum entropy principle follow once the identification has been done. This also
explains why the entropy representation for which the variables are densities of extensive
observables is related at equilibrium by a Legendre transform to the grand-canonical pres-
sure, which is the Thermodynamic Potential depending only on intensive quantities (the
variable t), and why it is possible to obtain the equilibrium values of the densities of exten-
sive observables by differentiating the pressure with respect to the intensive variables. In
fact, it is not necessary that p, be a product measure; this is interesting, since it is possible
to absorb part of the interaction into it. This allows to consider other Thermodynamic
potentials with some intensive and some (densities of) extensive variables.

This theorem is also important for Equilibrium Statistical Mechanics, since it shows
that the local behaviour of microcanonical and canonical measures are “identical”, both
being described by some Gibbs measure; this type of equivalence is called equivalence of
ensembles.

25C denotes the closure of C.
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0.3 Structure of the thesis

We briefly sketch here the content of the various chapters of this work. We use some
notations that are introduced in the main body of this thesis without explaining them.
This work is composed of two parts and three short appendices, in which some tools used
in the main body of the text are briefly described. For the reader’s convenience, most of
the definitions introduced are gathered at the end, see page 285.

0.3.1 Part I: Ising model
The first part of this work deals with the Ising model.

Chapter 1

This chapter is devoted to the basic definitions and notations relevant to the Ising model:
some elementary geometrical terminology, the notion of boundary conditions, Gibbs states,
contours,. ... Some basic standard results about this model are also given.

Chapter 2

Two geometrical representations of the Ising model in terms of contours are introduced,
together with some related terminology. The self-duality of the model is discussed. The
high-temperature representation of the 2-point function, which plays an essential role in
the sequel, is also given there.

Chapter 3

The notion of surface tension and wall free energies are introduced and some very useful
properties are stated. It is also shown how these quantities are related by duality to the
decay-rate of some 2-point functions. A discussion of the wetting phenomenon in the
Grand Canonical Ensemble is given at the end of the chapter.

Chapter 4

The main tools necessary to study surface effects in the 2D Ising model are developed in
this chapter. The main results can be roughly stated in the following way:

e Estimate on the probability of a contour conditioned to go through a given set of
sites, in the bulk or near a wall (with a special wall free energy).

e An estimate on the size of typical contours.

e An estimate on the size of excursions of the open contour away from the wall in the
partial wetting regime.

e A rough description of the set of typical contours contributing to a given 2-point
function, without using the Sharp Triangle Inequality.

e A precise description of the set of typical contour contributing to a given 2-point
function, using the Sharp Triangle Inequality.

We also give some results on various properties of the 2-point functions, such as lower
bounds (mostly taken from the exact computations) and monotonicity properties.
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Chapter 5

The phase of small contours is introduced and several basic results regarding the decay
of correlations and the large deviations in this constrained ensemble are proved. These
results are used in an essential way in Chapter 7.

Chapter 6

This chapter deals with the first application of the techniques of Chapter 4 to a physical
situation: the pinning of an interface. We consider an interface with endpoints fixed
at some given heights on opposite vertical walls of a box, while the free energy of the
bottom wall of the box can be tuned. Precise concentration properties are obtained for
the measure on the set of phase separation lines, showing that, for large systems, typical
configurations of the system can be described by some interface between regions of + or
— phases. The interface’s shape is the solution of the variational problem provided by
Surface Thermodynamics.

Chapter 7

The second application of the tools of Chapters 4 and 5 is to the study of the large (and
moderately large) deviations of the magnetization in the Ising model, and to the related
wetting transition in the canonical ensemble. More precisely, we consider the Ising model
in some box, say A;, = {t € Z? : ||t|. < L}, with +-b.c. and some boundary magnetic
field A on the bottom wall. we are interested in the following event,

A(m,c) = | A | > o L™},

teAL

where either —m*(3) < m < m*(3) (large deviations), or m = m*(3)—L~", for some v > 0
not too large (moderately large deviations). We obtain the exact asymptotics (at leading
order) for the probability of these events, for all subcritical values of the temperature and
boundary magnetic field. We also have a control on the rate of convergence. An interesting
result is the following one: For moderately large deviations, when the boundary magnetic
field satisfies h < — hy(8) (i.e. in the complete wetting regime), the scale on which these
large deviations take place is not O(L'~*/?) as might have been expected, but O(L'~2?¥).
This can be easily understood, and such an unusual behaviour of the deviations of the
magnetization should in fact already be felt on the level of typical fluctuations, as is
discussed in Section 7.4.5.

We then use these informations to study the typical configurations in a fixed magne-
tization ensemble. Fix the magnetization at some value in the interval (—m*(3), m*(f3)).
What do the typical configurations look like, and how can they be described macroscopi-
cally? We show that, in some continuum limit, there is a unique large droplet of — phase
inside the + phase. Moreover, the shape of its boundary is given by the solution of the
corresponding Thermodynamical variational problem. Roughly stated, we show that, if
h > hw(B), then the droplet “floats” inside the box, and its shape can be constructed
with the Wulff construction; on the other hand, if h < hy(8), it is tied to the bottom
wall and its shape can be obtained through the Winterbottom construction. In particu-
lar, Cahn’s criterion and the Herring-Young equation for the angle between the droplet
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and the wall are recovered. This gives a precise description of the wetting phenomenon
in a fixed magnetization ensemble; the phase diagram is the same as in the case of the
canonical ensemble, but the manifestation of the transition is quite different. This shows
that the problem of equivalence of ensembles for surface phenomena can be rather subtle,
different ensembles providing complementary rather than equivalent informations on the
system.

0.3.2 Part II: Ashkin—Teller model

This second part deals with the Ashkin—Teller model. It is less detailed than the first
one. Its main purpose is to exhibit some of the new difficulties that have to be dealt with
when trying to extend the techniques developed for the Ising model to other cases. The
proofs are given with less details and some are somewhat sketchy; moreover, we have not
always tried to obtain the best possible results, but rather to emphasize the main technical
problems.

Chapter 8

Basic terminology, notations and definitions are introduced.

Chapter 9

Low- and high-temperature representations of the model are introduced; moreover, duality
is studied. High-temperature representation of the 2-point functions is given; the self-dual
manifold is computed.

Chapter 10

A generalized class of Random—Cluster models is introduced, and its main properties are
studied; in particular, duality, FKG inequalities and comparison inequalities are shown
to hold. It is then proved that one model in this class is equivalent to the Ashkin—
Teller model (in the same sense that the usual Random—Cluster and Potts models are
equivalent). Moreover, duality in the Random—Cluster model commute with the duality
in the Ashkin—Teller model.

Although we do not use this representation (except for some comments at some isolated
places), it may be useful in the study of surface phenomena, since the Random—Cluster
representation of the Ising model has been used in several approaches to the problem of
large deviations.

Chapter 11

The surface tensions of the Ashkin—Teller model are introduced and their basic properties
are studied. It is also shown how they are related through duality to the decay-rate of
some 2-point functions of the dual model. Some of the properties of the surface tensions
are obtained by comparison with the Ising model and are valid only at sufficiently low
temperature.
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Chapter 12

Several tools of chapter 4 are extended to the Ashkin—Teller model. The main difficulty
to extend some of these techniques is that there is no simple way to cut the contours into
pieces while preserving nice properties. It is then necessary to show that typical contours
have enough cutting-points (i.e. good points at which to cut a contour); we do not know
how to do this non-perturbatively. We therefore use cluster expansion methods to analyze
the geometry of the typical contours. With this information, it is possible to prove a
(slightly weaker and perturbative) form of the “box proposition” of Chapter 4.

Chapter 13

Tools of the preceding chapters are used to study the large deviations of the magnetization
in one or the two planes of Ising spins of the Ashkin—Teller model. Lower bounds can be
obtained in every cases (they are only valid at low temperature). The corresponding upper
bounds are much more complicated to prove and are obtained only in the case of a large
deviation in only one plane; the applied technique requires extensive use of perturbative
arguments.

0.4 Some remarks

We make now some general remarks about this work: We compare our techniques with
other methods available to discuss such questions, and we give a list of possible extensions
and interesting open problems related to those treated here.

0.4.1 Comparison with other techniques

There are not a lot of tools to study surface phenomena. Most of the literature on this
subject is restricted to some version of the 1D SOS model (which behaves similarly to a 2D
Ising interface) which is studied by exact computation, or by using various approximation
schemes. A nice discussion of several surface effects using very simple situations (mostly 1D
simple random walks) is given in [Fil, Fi2]. However to study more complicated systems,
like the Ising model, very few techniques exist; mainly exact computations using transfer
matrix methods, and perturbative arguments involving cluster expansion techniques. We
make a brief comparison of these two methods and those used in the present work.

Exact computations

A lot of progress has been made in exact computations of interesting quantities with
various kinds of boundary conditions. Even if the procedure cannot always be described
as rigorous®®, it is possible to obtain some really remarkable results. Let us point out the
main differences between the results obtained using this approach and those yielded by
our techniques.

e Mathematical rigour. As mentioned above, exact computations cannot always
claim to be rigorous, although it might be possible to improve this.

26Tt is necessary to study the asymptotics of some often complicated integrals, and usually only the
(hopefully) leading term is computed but no estimate on the remaining terms are given.
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e Boundary conditions. Exact computations are very sensitive to boundary con-
ditions; often toroidal or cylindrical boundary conditions are used. This is a severe
drawback when studying surface phenomena, since it is precisely the effect of the
boundary which is interesting. Moreover, changing the boundary conditions (for
example in order to add one interface in the system) requires to make the analysis
again. Our techniques, on the contrary, are quite insensitive to such a modification:
Since our analysis is mostly local, this amounts essentially to study a new variational
problem. Our tools are therefore adequate to prove results about general boundary
conditions.

e Coupling constants. Since our techniques are based on correlation inequalities, it
is necessary that the coupling constants be ferromagnetic, although the boundary
magnetic field (or fields) does not have to be necessarily positive. Exact computa-
tions, on the other hand, are not subject to such restrictions.

e Observables. Our methods allow us to work directly with the relevant objects,
namely the phase separation lines. Since establishing the validity of the Thermody-
namical variational problem essentially amounts to study typical phase separation
lines, it is important to have access to these quantities. Through exact computations,
however, it is only possible to compute expectation values of correlation functions.
To relate the results thus obtained to the behaviour of phase separation lines is cer-
tainly not obvious. However, both with our techniques and exact computations, it
is possible to obtain, for example, a magnetization profile (although defined quite
differently).

e Variational problem. Since we work with phase separation lines, we have a nat-

ural way to define interfaces, namely as the support of typical such lines. We can
then show that the shape of the interface is given by some Thermodynamical vari-
ational problem. Since exact computations do not give access to such objects, it is
difficult to make the link between the results obtained and the variational problem
of Thermodynamics.
We do not always know how to solve the variational problem. Exact computations,
however, yield the value of the functional at the minimum. This may seem to be
an advantage in some cases, but we would be quite surprised if there was some case
which can be solved using exact computations, while the corresponding variational
problem cannot. It rather seems to us that in such cases exact computations should
become quite involved, while our techniques still provide some informations.

e Fluctuations. This is the main advantage of exact computations over our tech-
niques. We do not know how to obtain informations on the typical fluctuations of
the phase separation lines. In other words, we cannot “zoom in” to explore the region
occupied by the interface at the lattice scale. With our techniques, we control the
large deviations of the phase separation lines (it is however possible to obtain very
precise estimates up to the scale of typical fluctuations). On the other hand, with
exact computations, it is possible, by a suitable change of scale, to obtain precise
informations on, for example, the fluctuations of the magnetization.

e Canonical constraints. The presence of a global constraint on the magnetization
is completely impossible to handle with exact computations (at least with today’s
techniques). The techniques used in this work, however, provide precise informations



28 Chapter 0. Introduction

about such problems (see Chapter 7).

e Understanding. Exact computations do not necessarily provide an understanding
of what is going on. It is sometimes quite difficult to make a link between the results
and the underlying physical phenomenon. There are examples in the literature of
wrong interpretations of exact results. Since we work with natural objects, it seems
to us that our techniques give a better physical understanding of what is happening.

To summarize, our techniques seem better to study macroscopic phenomena, but do not
provide informations about typical fluctuations (except some information about the scale
at which they occur). With exact computations, on the other hand, it is possible to
have access to such fluctuations, but it is more difficult to discuss typical macroscopic
configurations. To obtain a precise description of the system at all scales, it may be useful
to combine both techniques.

Perturbative techniques

Perturbative techniques, such as cluster expansion, are the best systematic ways to analyze
complicated problems. Let us compare these techniques with ours.

e Generality. In principle, perturbative arguments are much more general. With
them neither dimensionality, nor range of interactions, for example, are very impor-
tant. This is true in principle: In fact, very few cases have been studied besides
the 2D Ising model with nearest-neighbours pair interactions and without magnetic
field. For example, in the case of Wulff construction, using only perturbative meth-
ods, only this model with periodic boundary conditions have been considered. We
do not say that it is not possible to generalize these techniques of course, but that
this is not a trivial extension.

e Range of temperature. A major drawback of perturbative techniques is precisely
their perturbative character. Only low (and often very low temperature are accessi-
ble). This is annoying since genuinely non-perturbative effects come into play when
studying such surface problems (see, for example, the reentrance phenomenon in
Chapter 6).

e Fluctuations. Perturbative techniques can be used to obtain very precise informa-
tion on typical fluctuations. It is for example possible to prove the Ornstein-Zernicke
behaviour of the 2-point function (see [DKS1]). Moreover, they do not suffer the
problems of exact solutions in the sense that they have direct access to the natural
objects.

Perturbative techniques are, without any doubt, the way to go if we want to obtain generic
results for wide classes of models. It would be very interesting to have some really new
phenomena studied with these methods (for example, the coexistence of several droplets in
a model with more than two phases). Some new ideas seem however to be needed. Again
these techniques are complementary to those used here: The former may be used to prove
very general results in some perturbative regime, while the latter give non-perturbative
results in some particular cases.
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0.4.2 What to do next?

We present here a list of possible extensions and problems related to those studied here.
We write them (more or less) in order of increasing complexity (in our opinion).

General results for the 2D Ising model

The first possible extensions of this work would be to show how a general macroscopic
boundary condition (i.e. with several boundary magnetic fields which remain constant on
macroscopic parts of the boundary) for the 2D Ising model gives rise to a set of interfaces
whose shapes are given by the corresponding Thermodynamical variational problem, both
in the unconstrained and constrained ensembles. This should be a simple extension (at
least in the unconstrained ensemble) if the solution of the variational problem has suffi-
ciently nice properties. This would be interesting since it would give a “general” derivation
of Surface Thermodynamics for the 2D Ising model.

More precise description at the level of the lattice

A finer description of the typical configurations at a microscopic level would be interesting
from the point of view of Statistical Mechanics. For example, in the case of the wetting
phenomenon of Chapter 7, we prove unicity of the large droplet only on the macroscopic
scale. In fact, we expect that all other contours have sizes at most logarithmic in the
volume of the box. Such a precise description of the phase has been obtained perturbatively
for periodic b.c. in [DKS1]. Recently, Dima Ioffe and Roberto Schonmann have announced
a non-perturbative proof (but without considering boundary effects).

Fluctuations

Our techniques deal with the large deviations of the phase separation lines. It would be
very nice to improve them to study typical fluctuations of these quantities. This would
allow an analysis of the fine structure of the interface, for example. The following problems
are related to an understanding of typical fluctuations: A proof of Ornstein-Zernicke
behaviour of the 2-point function (not relying on exact computations); a proof of the
positive stiffness of the surface tension (not relying on exact computations); a study of the
typical open contours in the complete wetting regime (see Section 7.4.5).

Generalization to other models

As the second Part of this work should show, extension to other 2D models is not trivial,
even perturbatively. It would be interesting to study such problems, especially those in
which new physical phenomena occur. New ideas may be needed.

More than two dimensions

Very few is understood for problems in more than two dimensions, although remarkable
progress has been achieved in the study of 2D SOS models with volume constraint, for
which the (three dimensional version of) Winterbottom construction has been shown to
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hold (see [De, BI]). For the 3D Ising model, even simpler problems, like the existence of a
roughening transition or even the instability of the (1,1, 1) interface, have not been solved.

Notice however, that a large part of our techniques can be used to study correlation
functions in more than two dimensions; for example the high temperature manifestation
of the pinning transition in Chapter 6 can be studied in the 3D Ising model. What is
specifically two-dimensional is the equivalence between the open contour of high temper-
ature representation of the 2-point functions and the low temperature phase separation
line.
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Ising model
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Chapter 1

Definitions, notations

This chapter is devoted to the definition of the two-dimensional Ising model on the square
lattice, as well as the introduction of some of the basic geometrical concepts needed in
subsequent chapters.

1.1 The model

In this work, we are mostly interested in two-dimensional models on the square lattice,
although some of the results presented have a larger domain of validity. We therefore
restrict our definitions to this case. The underlying physical space is the lattice

7% = {t=(t(1),t(2) : t(i) € Z,i=1,2} (1.1)
which we consider as being embedded in the plane R%. We introduce three norms on R?,

Il = [E(1)] + [¢(2)],
It]] = [(1)? + ¢(2)2)3 (1.2)
It]]o = max{[¢(1)], [£(2)]} -

The induced norms on Z? are denoted in the same way.
The lattice Z? is considered as a totally ordered set, with the order

t<t' & (t(2) =t(2) and (1) < (1)) or t(2) < t'(2) (1.3)

The techniques used in this work are in a large part of a geometrical nature; we therefore
introduce an appropriate terminology.

Definition.

(D14) An elementt € 72 is called a site; it is sometimes identified with the corresponding
point of the embedding plane R?.

(D15) Two sites t and t' are called nearest-neighbours if ||t — /||, = 1.

(D16) An unordered pair of nearest-neighbours sites e = (t,t') is called an edge; it is
sometimes identified with the unit length segment in R2with endpoints t and t'.
The set of all edges is E.

33
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(D17) An edge e is adjacent to a site ¢ if e = (t,t'); it is adjacent to a set of sites
if it is adjacent to a site of the set.

(D18) Let B C &; the index of a site ¢ in B, i(t, B), is the number of edges of B which
are adjacent to t.

(D19) A unit square in R? whose corners are sites is called a plaquette.
We introduce now two subsets of Z? which play an important role in the following.

Definition.
(D20) L = {t € Z? : t(2) > 0} is called the half-plane.
(D21) & = {t € Z* : t(2) = 0} is called the wall.

In the Ising model, a random variable (the spin) taking value in {—1,1} is tied to each
site of the lattice; more precisely, we have the following

Definition.
(D22) {—1,1} is called the (single) spin space.
(D23) Q@ ={-1, I}Z2 is called the configuration space. The elements w € ) are called
configurations.

(D24) Let t be some site; the random wvariable o(t) : Q@ — {—1,1},0(t)(w) = w(t), is
called the spin at t.

There is a natural partial order on €2 which is the order induced by the total order on
{-1,1}.
Definition.

(D25) Let w and W' € Q. w < W' if and only if w(t) < W'(t) for all t.

(D26) A function f:Q — R is increasing if w < ' implies that f(w) < f(w').

(D27) A function f:Q — R is decreasing if —f is increasing.

We would like now to define some probability measures on the configuration space 2. To
this end, we first have to give Q the structure of a measurable space (92, F).

Definition.
(D28) Let A C Z2, Fy is the o-algebra generated by the random variables o(t), t € A.
We set F = Fpo.
(D29) A function f: Q — R is A-local if it is Fp-measurable and A is a finite subset
of 7.

We can now define some probability measures on (£, F), which are known as Gibbs mea-
sures. These measures are characterized by a function on the configuration space, the
Hamiltonian, which gives the energy of a configuration. However, as the energy of most
configurations will be infinite, it is necessary to be careful. One way to solve this problem®
is to restrict our attention to configurations which are identical outside some finite region

!There is an alternative construction of Gibbs measures, directly at infinite volume, through the so-
called DLR equation, see the Chapter 0. However, this approach is not adequate for the study of phase
separation, see discussion in Chapter 6.
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so that the difference of energy between any two such configurations is finite. This is
exactly the role of the boundary condition.

Definition.

(D30) Let A C Z? be a finite subset of Z* and W € Q be some configuration. A config-
uration w is said to satisfy the w-boundary condition in A , or shortly the
A¥-b.c., if w(t) = w(t), for all t & A.

(D31) To each edge e € £, we associate a real number J(e), the coupling constant at
e.

(D32) Let A C Z? be a finite subset of Z2. The energy in A , or Hamiltonian in A ,
is the function Hp : Q — R defined by

Hyw)= = ) J(e)o(t)(w)o(t)(w).

e=(t,t')
eNA#QD
(D33) The Gibbs measure in A with @-b.c. is the probability measure on (2, F)
given by?
- . Ew(A)_1 exp(—Hp(w)) if w satisfies the A¥-b.c.,
pA (w) = .
0 otherwise,

where Z¥(A), the normalization constant, is called the partition function in A
with w-b.c..

Expectation value with respect to i is denoted by PY[], PP, ()% or ()%

We finally introduce a last kind of Gibbs measures, corresponding to a different kind of
boundary condition.

Definition.
(D34) Let A C Z2. The Gibbs measure in A with free-b.c. is the probability measure
on ({=1,1}*, Fp) given by

@) =2Q) I e @o)(w)o(t)(w)

e=(t,t')CA

where Z(A), the normalization constant, is called the partition function in A
with free-b.c..

Expectation value with respect to uy is denoted by Pa[-], P{[], (-}, or <>1‘(

Besides the free boundary condition, three boundary conditions play a major role in
the following. The first two boundary conditions are the + and —-b.c, and correspond
respectively to T = 1 and @~ = —1. The last one is the d-b.c. which is the boundary
condition corresponding to the configuration @? which is defined in the following way. Let
d be a straight line in R?which we suppose to be non-vertical. We then define

ol(t) = (1.4)

+1 if t is above or on the line d,
—1 otherwise,

2Notice that, contrarily to what is often done in Statistical Physics, we do not introduce explicitly the
temperature in the definition of the measure, but absorb it in the coupling constants.
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+ o+t
+ o+t

FIGURE 1.1. The d-boundary condition.

Since these boundary conditions play a special role, we introduce convenient notations for

their expectation values,
. Wt . pwt Jr1 . pwt,J . wt Jo wt,J
pi()=uR () PYI=PYL PO =PY 7L A= 0% a7 =037,
(1.5)
and similarly for — and d-b.c..

Definition.
(D35) Let A C Z? and let A,, C A, n > 1. We say that (A,,), >1 tends monotonously
to A, A, A, if Ay, C Apg1 and for all t € A there exists ng such that t € Ay,
for all n > ng.

Suppose that J(e) > 0, for all edges e. The limits

t= lim ui, po = lim py 1.6
o i e = iy (1.6)

exist? (see Appendix A). The corresponding expectation values are denoted by
PH[], P, ()F, (o (1.7)

and similarly for —-b.c.. In fact, it can be proved [Gel] that the set of all limiting Gibbs
states, i.e. the set of all accumulation points of all sequences (U‘XZ)nEN of Gibbs measures
p“n in A, with @,-b.c., belongs to the convex set?

{f:ji=ap +(1—a)ut,0<a<1}. (1.8)

The limit
= [ 1.9
p lim (1.9)

also exists (see Appendix A) (in fact it is equal to ™ + 1u7). Expectation value with
respect to this limiting measure is denoted by

P[], P[], (), () (1.10)

3With the topology of local convergence, as in the Introduction. We recall that p, converges to u
locally, if 11, (A) converges to u(A), for all A € Uy cz2 gnige FA-
4This set is exactly the set of all solutions to the DLR equation, see [Ai2, Hil].
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Suppose that J(e) = 3, for every edges e, then u™ and p~ are translation invariant and
therefore the same is true for each limiting Gibbs state.

Remark. As discussed in Chapter 6, although it is true from a mathematical point of view
that, for example, the measure u¢ is translation invariant, this may be quite unsatisfactory
from a physical point of view and another kind of limit, the continuum limit, appears to
be more relevant in the study of phenomena involving phase separation.

Remark. The problem of existence of the limit for a given sequence (Mﬁ’;)neN is a non-
trivial problem (except in the uniqueness region, when u™ = =, see Appendix A). See
Figure 1.2 for a simple example of a sequence for which the limit does not exist.

FIGURE 1.2. A boundary condition @ and a sequence of boxes An. The corresponding
sequence of Gibbs measure (u3, Jnen has two cluster points, puT and p~. Therefore the
limiting Gibbs state does not exist when pu* # p~.

Since all limiting Gibbs measures of the 2D Ising model have a decomposition as con-
vex combination of the two extreme Gibbs measures u™ and p~, this set is reduced to a
single point as soon as u™ = pu~. The fact that there exists a critical value of the coupling
constant such that this set becomes non-trivial (and therefore that the formalism of Sta-
tistical Physics is sufficiently rich to describe phase transitions®) is one of the cornerstone
of 20th Century Physics. Let us quickly discuss this point.

Definition.
(D36) The quantity m*(8) = (o(t))™ is called the spontaneous magnetization.

We recall the following famous result

Theorem 1.1.1. /O, Y] Suppose J(e) = 3, for all e € £. There exists a particular value
Be = %log(l +v/2), called the critical coupling such that

(VPP £ O em(B) >0 8> b..

5This was really not obvious at all. In 1937, during a congress held in Amsterdam to commemorate
the birth of van der Waals, Kramers, who was chairman, put to a vote the question of whether statistical
mechanics (with thermodynamic limit) could explain sharp phase transitions. The result of the vote was
inconclusive [D]. Notice that Peierls published his famous paper on the existence of a phase transition in
the 2D Ising model in 1936!
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L.

T T

F1cURE 1.3. The spontaneous magnetization of the 2D Ising model as a function of the
temperature T' = 1/kp3.

1.2 Contours

In many situations, the random variables o(t) are not the most useful, and it is very
convenient to introduce other quantities of a more geometrical nature. Among these
objects, one kind has become of major importance in Statistical Physics, the contours.
The original notion has been introduced in 1936 by Peierls in the first “proof” of the
existence of a phase transition in the 2D Ising model [Pe]. Since then, through a sequence
of generalizations, these objects have become one the main tools in Rigorous Statistical
Physics; they are, for example, the basic quantities in the famous Pirogov-Sinai theory
[PS1, PS2, Z1, BIm|® (as a matter of fact, the most abstract notion of contours up to
now is given in a new extension of this theory, see [Z2, HZ|” ). However for our need, the
original notion of contours is sufficient.

We introduce now the basic definitions and notations we need and refer to the next
chapter for applications of these concepts to the Ising model.

Definition.

(D37) A path is an ordered sequence of sites and edges, to,eq,t1,€1,...,tn, such that
o t;cZ?, i=0,...,n,
e e = <ti,ti+1> €&, i=0,....,n—1,
o ¢, #ejifi#j5.

(D38) to is the initial point of the path, t,, the final point.

(D39) eg is the initial edge of the path, e,—1 the final edge.

(D40) A path is closed if its initial and final points coincide: ty = t,, otherwise, it is

open.
(D41) A path to,eq,...,t, is a subset of A CZ? ift; € A,i=0,...,n.
(D42) A path to,eq,...,t, is a subset of BC £ ife; € B,i=0,...,n— 1.

SFor pedagogical introductions to this theory, see [K, Z2]

"According to D. Ueltschi, during a seminar in Churanov in 1995, the following exchange took place:
Borgs: “Milos, what is now a contour?”
Zahradnik: “Well, I would say, it’s a matter of personal choice.”

8Notice that it is possible that t; = t;, i # j.
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FIGURE 1.4. Deformation rules A and A’. The dots denote initial points of open paths.

Paths may have a rather complicated structure, however it is possible to decompose them
further in such a way as to obtain very simple objects”.

Definition.

(D43) Let A C Z?; the boundary of A is the set
OA={teA: W ecZ*\A, || —t|,=1}.

(D44) Let B C &; the boundary of B is the set OB = {t € Z* : i(t, B)is odd} .
(D45) The boundary of a path is the boundary of the set of its edges.

Let @ # B C &, finite. We decompose uniquely (up to orientation) this set into a finite
number of paths, which are disjoint two by two when considered as sets of edges (but
several paths may contain the same site). There are two cases:

1. If 9B = @, then choose an edge e = (t,t') € B and set tg =t, eg = e, t; = t'. The
path is uniquely continued using rule A specified in Fig. 1.4 and the requirements
that it is maximal and that its final point is ¢g. This defines a closed path. This
construction is repeated with the remaining edges until all edges of B belong to some
path.

2. If 9B # @, then first choose a site t € 9B and set ty = t. Then choose ey among the
edges adjacent to ty according to rule A’ of Fig. 1.4. The path is uniquely continued
using rules A and A’ and the requirements that it is maximal and that its final
point is t,, € OB. This defines an open path. Repeat this construction starting from
another site of dB; when all such sites have been used then the remaining edges (if
any) are treated using the procedure described in 1..

Definition.

9The fact that this simplification is possible and that the resulting objects have nice properties is a
particularity of this model which simplify hugely the analysis, as can be seen in the next chapters; in
particular, this is the lack of such a property which makes the case of the Ashkin-Teller model so much
more complicated (see Part II).
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: iéc

] )

FIGURE 1.5. A set of edges and its decomposition into a family of contours (one open
and five closed).

(D46) The unoriented paths obtained with these procedures are called contours.

(D47) The closed unoriented paths obtained with these procedures are called closed con-
tours.

(D48) The open unoriented paths obtained with procedure 2. are called open contours.

Let {v1,...,7} be a family of contours and let £(71,...,v,) denotes the set of all edges
of the family.
Definition.

(D49) {v1,...,7n} is compatible if either E(v1,...,%) = &, or {V1,...,v} corre-
sponds to the set of contours of the decomposition of E(v1,...,7m). A compatible
family of contours is denoted by .

(D50) Let A C Z2; the family {v1,...,vn} is A-compatible if it is compatible and all
edges of E(V1,...,n) are pairs of points in A .

(D51) The set of edges of a family of contour v is denoted by E().
(D52) The length of a contour 7 is the number of edges in E(7); it is denoted by |y|.

(D53) The length of a compatible family of contours v is [v]. = >_ . 7|

The contours we have just defined are unoriented paths. It is however sometimes useful

to choose an orientation and consider a contour v as a unit-speed parameterized curve in
R2
Y

[0, [y]] — R? (1.11)
s +— (s) (1.12)

where v(0) = (|y|) is the first site of the lattice belonging to v (according to the total
order on Z?) if 9y = @, and v(0) = to, v(|7|) = t, if Oy = {to,tn}



Chapter 2

Contours representations and
duality

In this chapter, we first introduce two of the geometrical representations of the 2D Ising
model, known as the low temperature (LT) and high temperature (HT) representations’.
We then show how these representations establish a duality between the low and high

temperature Ising models.

2.1 Low temperature representation

This is the most ancient geometrical representation of the Ising model and the core of
the famous Peierls argument [Pe]. The idea is the following: Instead of specifying the
value of each spin, we can indicate the boundaries of the regions of constant spin; these
sets together with the value of the boundary spins (specified by the boundary condition)
provide sufficient information to reconstruct the complete configuration.

Before giving this representation, we introduce another lattice of fundamental importance
for our purposes.

Definition.
(D54) The dual lattice Z**is defined as

Z% = {t=(t(1),4(2)) : t(i) — s € Z,i=1,2}.

We will again consider Z?* as being embedded in R?. All notions introduced for Z? have
a natural correspondent for Z2*, for which we use the same notation except that we add a
“*7 guperscript, as in £* for example. When we want to emphasize the fact that we work
with objects of the dual lattice we use expressions as dual sites, dual edges, and so on...
There is a natural mapping between the basic geometrical quantities of the two lattices
72 and Z**:
e To each site t we associate the dual plaquette p*(t) having ¢ at its center.

!They are also often called LT and HT ezpansions. We do not use this terminology here since it may
give the misleading impression that the techniques used are perturbative.

41
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e To each edge e we associate the dual edge e*(e) which crosses e.
e To each plaquette p we associate the dual site ¢*(p) which is at its center.
We would like now to associate to a set A C Z? a dual set A* C Z?*.

Definition.
(D55) Let A C Z2. The dual set A* of A is given by

R U{t* : % is a corner of p*(t)}.
teA

@)

@)
@)
[
@)
[
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[
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[
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FIGURE 2.1. A set (the black dots) and its dual (the white dots).

2.1.1 The +-boundary condition

Let w € Q be some configuration satisfying the A*-b.c., for some finite A C Z2. Our aim
is to give a description of such a configuration in terms of contours.

Definition.
(D56) The contours obtained by decomposing the set of dual edges

EX(w)={e* €& : wt)w(t) =—1, (t,t') dual to e*}
are called contours of the configuration w and are denoted by v(w).

We first state some basic properties of the family (w).
Lemma 2.1.1. Let w be a configuration satisfying the AT-b.c.. Then 0E*(w) = @ and
therefore y(w) is a A*-compatible family of closed contours (see (D49), p. 40).

Proof. Consider a plaquette p with corners ¢, t', t” and t"”" € Z?. Clearly,
(wt)wt)) (Wt )wt) (Wt )w (™)) (wE")w(t) =1 (2.1)

and consequently there must be an even number of —1 in the four products of (2.1).
But that implies that i(t*(p),£*(w)) is even. Since this argument can be made for every
plaquette of Z?, we obtain 0£* = @. O
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FIGURE 2.2. A configuration and its family of contours.
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FIGURE 2.3. A A*-compatible family of contours which is not AT-compatible. The dots
represent the sites of A, the 4 represent the boundary condition. Observe that A has a

“hole”.

This lemma shows that to any configuration w satisfying the A™-b.c. it is possible to
associate a A*-compatible family of closed contours. In general, the converse is not true
(see Fig. 2.3). This motivates the following

Definition.
(D57) A A*-compatible family v of contours is AT -compatible if and only if there exists
a configuration w satisfying AT -b.c. such that y(w) = 7.

We want now to find sufficient conditions on A to ensure that any A*-compatible family
of closed contours is A*T-compatible.

Definition.

(D58) A set A C Z? is simply connected if the subset of R? given by

Up@)

teA
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FIGURE 2.4. A simply connected set. The union of the plaquettes corresponds to the
shaded region.

s simply connected.

Before proceeding to the proof that this is indeed a sufficient condition, we have to intro-
duce some further terminology related to contours.

Definition.

(D59)

(D65)

Let v be some (dual) closed contour. We denote by w, the unique configuration
such that w,(t) = 1 except for a finite number of sites and such that v is the
unique contour of w-.
The interior of v is inty = {t € Z? : w,(t) = —1}.
The exterior of ~y is exty = Z2 \ inty.
The volume of vy is voly = |int~y]|.
Let w be some configuration. A contour v of w is external if there is no other
contour v of w with inty C inty’.
Let v be a closed A*-compatible contour. The closure in A of the interior of
7, intvy, is the union of inty and the set of all t € A\ inty such that w(t) =1 for
any configuration w such that

e w satisfies the AT-b.c.;

e 7 is an external contour of w .
Let v be a closed A*-compatible contour. The closure in A of the exterior of
v, exty, is the union of exty and the set of all t € A\ exty such that w(t) = —1
for any configuration w such that

e w satisfies the AT-b.c.;

e 7 is an external contour of w .

The sites which have been added when introducing the closure of the interior and exterior
of a contour are exactly the sites whose spin has a fixed value whenever the contour is
present. Let us now show that simple connectedness is sufficient for our purposes.

Lemma 2.1.2. If A is simply connected then v is a A*-compatible family of closed contours
if and only if v is a AT -compatible family of contours.
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FIGURE 2.5. a) A contour, its interior (the shaded region) and the closure of its interior
(the shaded region and the black dots). b) A contour, its exterior (the shaded region)
and the closure of its exterior (the shaded region and the black dots).

Proof. Let v be a A*-compatible family of closed contours. We construct the following
configuration,
wy(t) = [] (1. (2.2)
YEY:
t€inty
Since A is simply connected, w- obviously satisfies AT-b.c.; indeed, suppose there exist
v €~ andt ¢ A with ¢t € inty. Then the plaquette p*(¢) dual to ¢ does not belong to the
set P(A) = Uiea p*(t). But this implies that +y is a simple closed curve in P(A) which is
not nullhomotopic in P(A). This contradicts the fact that P(A) is simply connected. The
conclusion follows since

Y(wy) =7 (2.3)

O

It is therefore possible to associate to any configuration satisfying A*-b.c. a unique
AT-compatible family of contours. Consequently we can try now to work directly at the
level of the contours. To do this, it is necessary to obtain expressions for the probability of

events described in terms of contours. The first step is to introduce a probability measure
on the set of all AT-compatible families of contours.

Definition.

(D66) Let v be a AT -compatible family of contours. The probability of v is denoted by

PYly;J] = P o).

(D67) Let v be a A*-compatible family of contours. The probability that v belong to the
set of contours of a configuration is denoted by

g ()= Py s vy B ]
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We would like now to obtain an explicit expression for these probabilities in terms of
contours.

Definition.

(D68) The weight of a (dual) contour is w(y) = [[..c,exp[—2J(e)]. The weight
of a compatible family of (dual) contours v is given by w(y) = [, w(7).

Let A be a finite subset of Z2. In term of the weights we have just defined, we can write
the partition function in A with +-b.c. as

Ef) =Cn) [[ ewl(e)o®)(w)o(t')(w) - 1)
woe=(tt'):
eNA#D

= Y [N ew27@l=cr > wh). @4

~y Af-comp. Y€y e* €y v At-comp.

where Cp = H exp J(e).

ec&
eNA#QD

Definition.

(D69) Let ' be some A*-compatible family of closed contours. We set

ZT(Aly;J) = > w(y).
Y:0y=2
YUy’ AT -compatible

Ify =@, we write
ZH (N JT) = ZT (N @ ). (2.5)

This last quantity is called the normalized partition function in A with +-
b.c..

These quantities, defined in terms of contours, give an explicit expression for the proba-
bilities discussed above.

Lemma 2.1.3. Let A be a finite subset of Z>. Then
ET(A;J) = CaAZT (A ).
Let v be a AT -compatible family of contours; then

PXW;J]:ZJFM((AV;)ﬂ'

Let v be a A*-compatible family of closed contours; then

Z* (Al J)
+ (A — -
an (17 J) wiy Z"'(A;J)
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FIGURE 2.6. The family of contours of a configuration satisfying the A%b.c..

2.1.2 The d-boundary condition

Let Apy = {t € Z2 : —L < t(1) < L,—M < t(2) < M}, and d be some straight
line in R%2. We suppose that L and M are large enough so that d intersects the set
{teR?: —-L<t(l)<L,—M <t(2)<M}.

Let w be any configuration satisfying the AdL,M—b.c.. We denote by t; =t/ (L, M) and
ty =t:(L, M) the two dual site of A} ,, such that

° t?(l) =—-L+ %,

o t7(1)=L+ %,

ot €& (w),

o 7 e & (w).
Definition.

(D70) The A7 pr-compatible family of contours obtained by decomposing the set of dual
edges 57{2 M(w) ={e" € &*(w) : " C A} )} are called contours of the config-

uration w and are denoted by y(w).

Lemma 2.1.4. Let w be a configuration satisfying the A%’M—b.c.. Then 85};2 y (w) =

{t},t:} and therefore the contours of v(w) are all closed except for one open contour A

such that OX = {t},t;}.
Proof. 1t is similar to the proof for the +-b.c. case, see Lemma 2.1.1. O

As Ap s is simply connected, it is easy to check that there is a one-to-one correspondence
between configurations satisfying ACLl7 y~b.c. and families of A} j/-compatible contours as
in the previous lemma. In particular, the partition function in Ay s with d-b.c. can be
written (see (2.4))

ENALm) = Cay oy Z%(A10r) (2.6)

where we have defined
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Definition.
(D7) ZAruN) = D w()
1:81:@
ZU)\Ad-comp.
(D72) Z4ALa) = > wN)Z%(ALulN).
A:A*-comp.
ON={t},t}}

2.2 High-temperature representation

There is another contours representation of the 2D Ising model which is of major impor-
tance for our purposes. In this section, we consider the Gibbs measure with free boundary
condition on subgraphs of the graph? (Z2,¢).

Definition.

(D73) Let A C Z?; the graph G(A) specified by the set of sites A has A as set of
sites, and

EN)={e=(t,t') : t,t' € A}
as set of edges.

(D74) Let B C &; the graph G(B) specified by the set of edges B has B as set of
edges, and

A(B) = {t € Z* : i(t, B) # 0}
as set of sites.

(D75) If G is some graph, then A(G) and E(G) denote respectively the sets of its sites
and of its edges.

|
i@ 1

FIGURE 2.7. a) The graph specified by a set of sites. b) The graph specified by a set of edges.

For later purposes (see Chapter 4), it is useful to define partition function on graphs
defined by a set of edges.

2For our considerations, a graph (V, E) is a set of sites (or dual sites) V and a set of edges (or dual
edges) F connecting some of these sites
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Definition.
(D76) Let B C & be finite; the partition function with free b.c. on the graph
G(B) is defined by

=gB) = Y I ewUEc)wet)w).

we{—1,1}A(B) e=(t,t')CB

Notice that if B = E(A), then E(G(B)) = Z(A).
Let B C & be finite. The basic idea of this representation is to write the partition
function in G(B) with free boundary condition in the following way:

E(G(B)= > [[ coshJ(e)(1+o(t)(w)o(t')(w) tanh J (e)). (2.7)

we{—1,1}AB) e=(t,t')eB

Expanding the product over edges gives a sum of terms, each of which can be indexed by
a subset of B,

EG(B) =[JcoshJe) > > ] tanhJ(e)o(t)(w)o(t')(w)

eeB we{—1,1}A(B) ECB e=(t,t')eE
= H cosh J(e Z H tanh J(e) Z H t(w). (2.8)
e€EB ECBecE we{—1,1}AB) (t,t")eE

The last sum can be easily evaluated:

> II - Hw =TT D oW =20, g (29)

we{—1,1}AB) (t,t')eE teA(B) w(t)==%x1

Putting all this together, we obtain

2(G(B)) = 2AB)] H cosh J (e Z H tanh J(e

ecB ECB eeFE
OE=9

= 240 cosh r(e) 3 wi(n), (2.10)
e€B yCB
closed

where 7 is the decomposition of £ into a compatible family of closed contours and we have
introduced

Definition.

(D77) The x-weight of a contour v is given by w*(y) = He67 tanh J(e).

(D78) The *-weight of a A-compatible family of contour v is given by

= [[w &)

TE€Y



50 Chapter 2. Contours representations and duality

Looking at (2.10), it is natural to define

Definition.
(D79) The normalized partition function in G(B) with free b.c. is defined as

Z(G(B); )= Y w(v).
yCB
closed

(D80) The normalized partition function in A with free b.c. is defined as
Z(A|J) = > wty).
v
A—compi‘7 closed
Again, if B =E&(A), then Z(G(B)) = Z(A).

Remark. Notice that we can have Z(G(B1)) = Z(G(B3)) even if By # Bs. Indeed, for

this to hold, it is sufficient that these two graphs have the same set of closed contours.
More generally, we introduce some other quantities similar to those defined in the

previous section.

Definition.
(D81) Let B C & finite, and v C B be a compatible family of contours; we set

ZGB) D)= > w(y).
Y/ CB: /=2
’yU'y -comp.

(D82) Let v be a A-compatible family of contours; we set
ZAly )= > wi(y).

"oy =2
'yUﬁ/ A-comp.

In particular, Z(G;J) = Z(G|@;J). Notice that, as before, Z(G(E(A))|v;J) = Z(Aly; J).
We have therefore obtained an expression of the partition function in terms of contours.
The important point is that it is also possible to obtain a similar representation for corre-
lation functions (o 4),, where we have used the standard notation,

Definition.
(D83) Let A C Z?; the random variable o4 is defined by o4 = [[,c40(t).

Indeed, the correlation function can be written as

(Ta)p =Z(A H cosh J(e Z Htath Z oA H ) (w)

ee€(A BCE(A) e€B we{—1,1}4 (t,t')eB
=2 JJ coshJ(e) > w*(y), (211)
ecE(A) v A-comp.

Oy=A
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and, therefore,
(oa)y = Z(N; )71 Z w*(y). (2.12)

7 A-comp.
Ooy=A

Remark. If |A| is odd then clearly (64), = 0, since there are no A-compatible family of
contours with boundary A.

The most important quantity in this work is the 2-point function,

Definition.

(D84) Lett and t' be two sites. The correlation function on {t,t'} is called the 2-point
function.

This quantity has the representation
Gty = 2D S W NZAN). (2.13)
A A-comp.
N={t,t'}
This motivates the introduction of the fundamental quantity
Definition.

(D85) Let v be a A-compatible family of contours; we set

Z(A|ly; J
qa(y; J) +w*(’y)Z((/|CJ)).

With this notation, the 2-point function can be written very simply as

ey = > aalxJ). (2.14)
s

This is the basis of the random line representation of Section 4.4.
As we have done for the low temperature representation, we introduce a probability mea-
sure on the set of all A-compatible family of closed contours.

Definition.

(D86) Let v be a A-compatible family of closed contours; we set

w*(y)

Observe that, if v is a A-compatible family of closed contours, we have the identity

ga(y;J) = PAl{y' - v C o'} 1. (2.15)
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o o

FIGURE 2.8. A family of contours contributing to the high-temperature expansion of the
2-point-function.

2.3 Duality

Suppose A is a simply connected finite subset of Z2. Lemma 2.1.2 states that the set of
all A*-compatible families of contours is identical to the set of all A*-compatible family
of closed contours. Therefore the normalized partition function in A with 4+-boundary
conditions can be interpreted as the normalized partition function in A* with free b.c. if
w(y) = w*(y) (compare (D69), p. 46, and (D80), p. 50).

Definition.
(D87) Let J(e) = 0, for all edges e € £. To the set J(e), we associate a set J*(e*),
e* € £, of dual coupling constants defined by

tanh J*(e*) = exp(—2J(e)).

Remark. Suppose J(e) = 3, for all e € £. We denote by 5* the dual coupling constant in
this case. The fixed point of the duality relation (D87), known as the self-dual coupling,
coincide with the critical coupling 8. = & log(1 4+ v/2) [O]. Historically, it is by using this
relation that . has first been computed [KW]. Notice however that it is a non-trivial
fact that the self-dual manifold and the critical manifold coincide in the 2D Ising model;
another model in which this is not true is the Ashkin—Teller model, see Section 10.4.2 for
a discussion.

Lemma 2.3.1. Let A be a simply connected finite subset of Z?. Then
ZY (AN J) = Z(A* ).

Moreover, for any A*-compatible family of contours -,
Py [y J] = Pas[y; J'T,

and, for any N*-compatible family of closed contours,

ax (13 J) = qa (13 J%) .



2.3. Duality 93

When the low temperature representation of a model coincides with the high temperature
representation of another model, we say that the two models are related by duality; this is
a very general phenomenon which has been studied in depth, see for example [GHM, DW].
When, as it is the case here, the two representations of a same model have this property,
we say that the model is self-dual; this is much more exceptional (another such example
is the Ashkin-Teller model of Part II)3.

3Both models studied in this work are self-dual; this is done for convenience, however self-duality is not
a necessary condition for this approach to hold.
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Chapter 3

Surface tension and massgap

In this chapter, we introduce two fundamental quantities: The surface tension and the
massgap of the 2-point function, and show how they are related by duality.

3.1 The surface tension and massgap

In this section®, we suppose that the coupling constants are given by .J(e) = (3, for all
edges e € £.

3.1.1 The surface tension

From a physical point of view, the surface tension is the contribution to the free energy
due to the coexistence of phases. We first define this quantity and then try to motivate
the definition?.

Let Az ar be the box

Apy={teZ*: -L<t(l)<L,-M<t2)<M}. (3.1)
1
29

Let n be a unit vector in R?, and d(n) be the straight line containing the dual site (3, 3)
and perpendicular to n. We define ¢ and ¢} as in Section 2.1.2.

Definition.
(D88) Let n be some unit vector in R?. The surface tension in the direction n is
defined as
T(n;B) = lim 7(n|Ar;0),

L—o0
M—o00

where we have introduced

1 24 (AL )
T(n|ALm; B) = — o log — :

ltr =7l E*(Azn)

'For this section, we follow [Pfl]; other nice introductions and discussions of these concepts can be
found, for example, in [Pf3, FG, GW, CF, FC, C].

2The motivation given here is heuristic, its purpose is to show the basic physical idea behind the
definition. In fact, the results of Chapters 6 and 7 provide an a posteriori justification of this definition,
since it is proved there that the surface tension introduced in the present chapter plays exactly the role
attributed to the surface tension in Thermodynamics.

55
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The existence of the above limit is proved in Subsection 3.1.3; in particular, the limits can
be taken in any order.

Let us consider a configuration satisfying the Ai(’?/}—boundary condition. We have seen
that the family of contours of such a configuration is composed of closed contours and one
open contour whose boundary is {t;,t:}; we call this open contour the phase separation
line. In Chapter 6, we prove that for all typical configurations, the open contour is
contained into some deterministic set of very small width (from a macroscopic point of
view, see discussion in that chapter), above which the system is in the + phase (up to
very small corrections, going to zero when |A| goes to infinity), while below it is in the
minus phase®. This deterministic set is what we call the interface, see the above mentioned
chapter for a more detailed discussion of this subject. Hence, the free energy of a system
satisfying the AdL(?/}—boundary condition should be the same as that of a system in the +
or — phase plus a contribution coming from the presence of the interface. Let us make
these ideas a little bit more precise.

We first define the bulk and surface free energies for a given boundary condition .

Definition.
(D89) The bulk free energy is defined by

_ 1 _
&= — lim ——1logZ=*(Ar nm)-
L=os [Ar v
—00

(D90) The surface free energy is defined by

& . 1 —% =
f&= — lim W[log: (Apar) + f | A ] -
e PR

It is easy to prove that the bulk free energy does not depend on the boundary condition
(indeed the difference in energy for two different boundary conditions is O(|0Af, m|)), so
it is useless to indicate the configuration @ (this is of course not the case for the surface
free energy). In the same way, it is not difficult to show that the surface free energy is
finite.

With these notations, the total free energy for @ boundary condition is given by

F(Apv) = —10gE(Ap ) = folAp | + fE1OAL m| + feo (ML) (3.2)

where f& (Ap ) takes into account the corrections to these leading order terms; it is
such that

1 _
lim 2 (Azar) =0. 3.3
A oay ) feorr () (33)
M—o0 ’

By the symmetry between + and — boundary conditions, the corresponding free energies
are equal
Fr(Apm) =F~ (Apum), (3.4)

3To say that the system is in the 4+ or — phase amounts to state that expectation values of local
observables can be computed with the infinite volume Gibbs measure p*, or u™.
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and therefore the contribution to the free energy coming from the presence of the interface
for the AdL(TAL}—boundary condition should be given by

FU(Ap ) — FH(Apar) = (£ — £5)10AL,01] + 0(|OAL ar]) (3.5)

which gives for the surface tension

T(n; ) = lim

DT v (FU™ (Apar) = FF (ML) (3.6)
M—o0 LM

which is exactly (D88).

3.1.2 The massgap of the bulk 2-point function

A large part of this work consists in the study of the properties of the 2-point function
(o(t)o(t')),, or of its limiting value (o (t)o(t)), see Chapter 4. A fundamental quantity in
this study is the massgap of this 2-point function, which measures the rate of decrease of
(o (t)) as ¢ — t], — oo.

An immediate application of GKS inequalities imply (see Appendix A)

ACAI:><O'A>A§ <0'A>A/- (3.7)

As a consequence, (04) = limy 72 (04), is well defined.

Let n be some unit vector in R?and d*(n) be the straight line through (3,1), in the
direction m. We suppose that n is such that d*(n) contains an infinite number of dual
sites.

Let t = (3, 3) and let 0 # ¢ € Z? be such that ¢+t € d*(n) and ||¢||, is minimal.

Definition.

(D91) The massgap of the 2-point function in the direction n is defined by

1
a(n; B) = — lim —— log (o(t5)a (ts + kt))’ .
ko0 ||kt

Lemma 3.1.1. The limit in (D91) exists and the convergence is uniform in n € S'.
Moreover,

(o()o(t)) < exp(—[t' — tlhalny_; ),
t—t

where Ny _y is the unit vector in R?given by ny_; = W
- 2

Proof. We write t; = t5 + kt, k € N. By GKS inequalities and translation invariance,

(0(t0)0 (ty k2 )) = (o (to) o (t, ) o (ty, ) (ty 41,))
2 (o (to)o () (0 (8, )0 (E, 11,)) = {0 (t0)o (t)) (o (o) o (ty,)) - (3-8)

Hence the function G(k) = log (o (tj)o(t})) is subadditive, i.e.
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and consequently?

. G(k) G(k)
klglgo = sip % (3.10)

exists. Since . Gk
a(n) = li (k) , (3.11)

=
the conclusions follow. To prove uniformity, we follow the proof of [I1]. Let x — [z] be
an odd map from R? to Z? such that [z] is a vertex of a unit plaquette containing = and
[x] = 0 for some small ball around the origin. We write

1
fn(z) = N log (0(0)o(Nx)) . (3.12)
Suppose that there exists a sequence (ny)v >1, ny € St, and € > 0 such that, for all N,
fv(ny) > a(ny) +¢. (3.13)

Since the function fx has the following two properties, which are not difficult to establish
(see [I1] for details),

e there exists a constant ¢ such that|fn(z) — fn(y)| < fn(z —y) + ¢/N,

e for each ¢ > 0, there exists k = k(g) > 0 such that fy(z) < k|z| + ¢,

this implies that
l%\r/n inf fy(n) > a(n) +¢/2, (3.14)
—00

where n = limy_,o ny (going to a subsequence if necessary). This contradicts the exis-
tence of the limit for any fixed vector n. O

3.1.3 Existence of the surface tension and relation to the massgap

We want to show the existence of

T(n;B) = Lhﬂm T(n|Ar s B) (3.15)
M~>OO%
with
1 24 (A )
T(n|Apa; B8) = — log — :
AL D) = e 8 T (A
1 ZU) (A )
=— i log :
It =till: 24 (ALm)
1 1
=— lo w(N) ZU™) (Ap ar| A
= 5 27 gy oy " Y

A: A’i’M—comp.
OA={t7 £}

1 | 1
1E: =21l Z(AL )

w*(A)Z (A}, 1|
A AZYM—comp.
ON={t} ,t3}
1 o roas B
= —————log(o(t))e(t)r. (3.16)

I[85 = 27112 LM

a an

an an
= sup,, .

4We recall the following standard result: Let (an)nen be subadditive. Then lim,—
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where we have used Lemma 2.1.3, (2.6), (2.14), Lemma 2.3.1 and (D71), p. 48.
We first prove the following lemma.

Lemma 3.1.2. Suppose n is such that d(n) contains an infinite number of dual points.
Then, denoting by n a unit vector normal to n,

T(n; B) = a(ny; B7).

Proof. Let us consider a sequence of boxes such that ¢} and ¢} € d(n). From (3.16), we
see that the lemma follows, along this special sequence of boxes, if the following identity
is true

1 " 1 .
— lim ——log (a(t)a(t))? — — lim ——log (o(t)o(t))’ 3.17
P, g, 8 {7, = = i, g e o) (317)

We call the quantity defined by the right-hand side of the above equation the “short”
correlation length, while we call the quantity defined by the left-hand side, the massgap,
“long” correlation length (see [SML] for a related terminology). It is a non-trivial fact that
these two expressions define actually the same quantity, and a very simple counterexample
is given in Chapter 6. However, in the case at hands it is true as is shown in the following
Lemma. O

Lemma 3.1.3.

1 X 1 .
— lim ———log{o(t])o(t: O— ———log (o (t]) o (¢ A
L:)%% Ht: 7 tf||2 < ( l) ( r)>AL,M ]\%Hoo ||ti . tzk”2 < ( l) ( 7")>

Proof. We follow the proof of [BLP3].
First, by GKS inequalities,

(o)t ) a, ,, < (o(t])o(ty)) (3.18)
which implies
~liminf ————log (o(t))o(t), > a(n.). (3.19)

Lo [t — 41
—00

The other inequality is slightly more difficult to prove.

Let t; = (3, 4) + k(t; — (3, 1)); we have t; = ] and ] = t* . Moreover, let us use the
notation Ay = AkL,kM' Then

n—1

(o(tnr)o(tur))a,, = H (o))l - (3.20)

For any € > 0, there exists § > 0 such that
(50 (tap))y > (o)1) — < (3:21)

as soon as Ht’("iﬂ)k — e > 0 and ||t} —t*, .}, > 6, as a consequence of Lemma

A.4.1, see Appendix A. Hence, using (o( ;-‘k)a(tz‘iﬂ)k»[\ > 0% and (o fk.)a(taﬂ)k)) =
nk

This is a simple consequence of GKS inequalities and a direct estimate (just remove enough edges to
obtain the correlation function of a 1D Ising model).
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FIGURE 3.1. The surface tension 7 as a function of the angle ¢ (7(9) = 7((cos ¥, sin)))
for decreasing values of the temperature. The scales are different.

{o(t5)a (i),

1 . 1 1 =
1 #* #* > - - 1 £ )o (5, A
og (o (t )0 ( nk))Ank It — tzll 2n Z;n og (o (ti)o( (7,+1)k)>A

*

Ht*—nk - t:kHQ nk

1 1 d 5 o
g HtZ—tz;Hzm{O(k) +(2n—0(y))log (o (t8)o(t))? —(’)(ne)}. (3.22)

This implies

lim sup — r———————1log (7 (t" 1) (t1))}
n—0oo ||t—nk - tnkz”2 nk
< — ————log (a(th)o (i) + Oe). (3.23)
1% =51l
The conclusion follows easily. O

The existence of the limit has been shown only for a dense set of unit vector n, however
it is shown in Proposition 3.1.1 that 7 is continuous in m which implies the existence for
any direction.

It is interesting to know that it can be proved that the two limits L — oo and M —
oo in the definition of the surface tension can be taken in any order [FP3]. This is
certainly not obvious. Indeed, consider for example the case of an horizontal interface
in Az . Then the open contour can be shown to have typical fluctuations of O(L'/?)
lattice spacings. Suppose we take first the L — oo limit, then we have an infinitely long
interface inside a cylinder of finite height; this is clearly a strong constraint on the interface
whose fluctuations are hugely reduced. It may seem that this should have an effect on
the surface tension. In fact, the above mentioned proof shows that the effect is only felt
by the corrections to the exponential decay. This is also the case when the interface is
constrained to stay in a half plane, see Chapter 4.

3.1.4 Properties of the surface tension and massgap

In this subsection we give some important properties of the surface tension, and conse-
quently of the massgap of the bulk 2-point function as a consequence of Lemma 3.1.2.

Proposition 3.1.1. The surface tension has the following properties.
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. The surface tension T(n; 3) can be extended to a positively homogeneous, uniformly

Lipschitz, conver function 7(x;3) on R2.

2. 7(5;8) = 7(~x:) = (.15 5) = 7(~x1: 6);

3. 7(x; B) is a non-negative, increasing function of 3; moreover, for all x # 0,

T(z;8) >0< 3> fe.

. 7(x;8) is a norm on R2if and only if B > B..

. Let 9 be a parameterization of the unit circle such that n(9) = (cos¥,sind). We

write T(9; B) = 7(n(¥)). Then T(¥; ) satisfies
e miny 7(J; 5) = 7(0);
e infy7(9;3) + 7"(9; 8) > 0. (Positive stiffness)

. When B > f., the norm 7(x;(3) satisfies the Sharp Triangle Inequality; let

x1, 2 € R2, then
T(z1;8) + 7(22: 8) — 7(@1 + 22 B) = £(B)(lz1l2 + [Jw2lle — [[21 + 22]l2)

with k(B) > 0, for all B > fe.

Proof. 1. We follow [Pf1]. Let Ay = {t € Z* : |t(i)| < L, i =1,2}. For any nj, ny we

denote by 6(nq,ns) their interior angle. There exists K = K() > 0 such that, for
all mni, ng,

Zdm) () e~ KOm2)L ¢ mdlna)(§ 1y ¢ Zdm)(p ;) KO(mm2)L (3.24)

Indeed, |Hp(w1) — Hp(w2)] € — K6O(n1,n9)L, for all configurations w; satisfying
AU ] . wy satisfying AU™) b.c. and w; (t) = wa(t), for all t € A.
Therefore there exists K'(3) > 0 such that

I7(n1; 8) — 7(n2; B)] < K'(B)[[n1 — nall,. (3.25)
We then define

(@3 0) = el (i), VO£ v € R,

7(0;8) =0.

This shows that 7(x; ) is Lipschitz. Let us prove now that 7(x; /) is a convex
function on R%. By GKS inequalities, for any x1,zs € R?,

(3.26)

(o1 42 0) = — Jim % log ((0)o (k(z1 + 22)))

< — Tim + (log {o(0)o(ker)) +log (o(0)o(kwa)) = r(ws; ) + 7(w2:6), (3:27)

and therefore 7(z; 3) is convex.

2. This follows immediately from the definition and the symmetries of Hy (w).
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. By GKS inequalities, for all k > 0,

0< — %log (o(0)o(nk))s < — %log (o(0)o(nk))? , VB3 > B, (3.28)

which implies

0 < 7(n;fB2) <7(nsfr), VB2 < fr (3.29)

The second affirmation is a consequence of [BLP3| and [LP].

. This is a consequence of (3.26), (3.27) and point 3. of this proposition.

. The first affirmation is proved in [BMF].

The second affirmation is known from the exact solution [MW, AA]. There is no
other non-perturbative proof of this fact up to now.

. This inequality is equivalent to the positive stiffness of 7(x) as proven in Appendix

B. The fact that it is a consequence of the positive stiffness has already been proved
in [11]°.
O

3.2 The wall free energy and massgap

In Chapters 6 and 7, two phenomena involving phase separation are studied: The pinning
of an interface and the wetting of a wall. In both cases, there are large separate regions
of + and — phases and the choice of the boundary condition has a strong influence on the
behaviour of the system. One of the goal of these chapters is to show how phase transitions
can occur in such situations by changing the characteristics of one of the wall of the box.
For this reason, it is useful to have a parameter independent of the temperature, so that
we can have a fine control on the effect of the boundary. We consider in this section
coupling constants given by

{J(e) =0, Ve=(ti,t2) with min;#;(2) >0, (3.30)

J(e) = Bh, otherwise.

5Tn fact he writes it in a slightly different but, as is easy to check, equivalent way.
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Definition.

(D92) The parameter h is the boundary magnetic field.

The three walls with normal coupling constants impose the bulk phase, however by chang-
ing the boundary magnetic field, we can choose which one of the two equilibrium phases
is adsorbed preferentially at the bottom wall, thus leading at interesting behaviour of the
system under consideration, see Chapters 6 and 7 and the end of this section. One physical
quantity plays a fundamental role in understanding the effect of the boundary magnetic
field on the two phases: The wall free energy. This quantity is analogous to the surface
tension, but corresponds to the free energy cost of an interface along the bottom wall; it
is introduced in Subsection 3.2.1, and its relation to a dual quantity, the massgap of the
boundary 2-point function (see Subsection 3.2.2), is explained in Subsection 3.2.3. Finally
basic properties of the wall free energy are given in Subsection 3.2.4, as well as a brief
discussion of the wetting phenomenon in the grand canonical ensemble, see Subsection
3.2.5.

3.2.1 The wall free energy

Let Apy:={teZ?: |[t(1)|]<L,0
containing 0; we introduce ¢ = (—L

—~

<t

i

2) < M} and let d be the horizontal straight line
_%)7 t? = (L + %7 _%)

N[

Definition.
(D93) The wall free energy is given by

(B, h) = LILHSO Tha (B, h|Ar,ar)

M —oo
where d( )
. 1 =E4ArLam B, h
ma(B hAL M) = = 57 T8 Et(Apa; B, k)

Obviously, the symmetry of the model implies that 7,4(/3, k) is an odd function of h.
Lemma 3.2.1. The limits in (D93) exist and can be taken in any order.

Proof. We can write m,q(3, h|AL ar) in the following way,

1 =+ (AL B, —h) heop & ey
WAL v) = — 1 Mo P2 — PR qp!
Tod (8, h|A L) oL+1°® Et (AL B, h) ﬁ/_h 2L+1z_Z_:L (o (@, 00)s 5
(3.31)
FKG inequalities imply that
Ac N = (o((z,0) I > (o((z,00)) 7" (3.32)

Indeed, let us write by (- )X}ﬁ P the expectation value with respect to the Gibbs measure
with +-b.c. in A’ corresponding to the Hamiltonian

= ) Jeat)et)—p Y a(t), (3.33)
eij\t;@) teA\A
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where J(e) are given by (3.30). Then lim, . ('>X,’B’h/’p = (-)X’ﬁ’h/ from which (3.32)
follows. From this,

(o (2, 0) P =l (o((z, 005, (3:34)
M—oo

exists. In particular, for any € > 0, there exists A C L such that
e > (o((@, 0)) 5™ — (o((2,0)) " = (o((2,0) X" — (o((0.0) . (3.35)

This implies that

e > (o((2,0) 17" — (o((0,00)) " >0, (3.36)

Ar.m

for any « such that A + (x,0) C Ap a. Therefore,

ﬁ/h ! Z (o (2, )T an' > ﬁ/h (@ ((0,00) 55 an
_n2L+1 = ’ Apm A ’ Ap,m

and

L

/ Z +ﬁh dh/ 6/h< ((0 O)»-‘rﬁh dn + 2 Bh + ‘A|
h2L ALM n

2L +

3h.

1
(3.37)

Consequently, for any ¢ > 0, there exists Lo(¢) and My(e) such that for all M > My and
N > N07

h
0 < Thoa(B, h|AL M) — 6/h (a((0, 0))>X’f;’;' dK < 38he . (3.38)

O]

3.2.2 The massgap of the boundary 2-point function

As it was the case for the surface tension, the wall free energy is also dual to an important
quantity. In the preceding section, it is shown that the quantity dual to the surface tension
was the massgap (or decay-rate) of the corresponding 2-point function of the dual model.
We prove in the next subsection that the quantity dual to the wall free energy is again
the massgap of a 2-point function of the dual model.
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Definition.
(D94) The set $* = {t € Z** : t(2) = —3} is called the wall of the dual lattice.

(D95) A boundary 2-point function on the dual lattice is a 2-point function
(o(t)o(t3)) with t7 € ¥*, t5 € ¥*.

This is one of the quantities which is studied in detail in Chapter 4.

Definition.
(D96) The massgap of the boundary 2-point function is defined by

walf;h) = log (o((— 5, ~))a (1))

C lim
[#*[l2—oo0 [|£*||2
t*eXx*

Lemma 3.2.2. The limit in (D96) exists. Moreover, for anyt, t' € ¥*,

(o ()o@ < exp(—|[t’ — t]apa(B,h)),

Proof. This is the same proof as that of lemma 3.1.1. O

3.2.3 Relation between wall free energy and massgap

In Section 3.1.3, the surface tension and the 2-point function of the dual model are shown
to be related by a duality relation. The same is true for the wall free energy and the
massgap of the boundary 2-point function.

Lemma 3.2.3. Let h > 0, then

de(/ga h) - abd(6*7 h’*) )
where h* is defined by the duality relation tanh 3*h* = exp(—25h) (see (D87), p. 52).

Proof. The proof is analogous to that of Lemma 3.1.2. O

3.2.4 Properties of the wall free energy and massgap

As in Section 3.1.4, we state these properties only for the wall free energy since the corre-
sponding properties of the massgap of the boundary 2-point function are easily obtained
from the duality relation. We also restrict our attention to the case h > 0, since 1pq(3, h)
is an odd function of h.
Proposition 3.2.1. Let h > 0. The wall free energy mq(B,h) satisfies the following
properties.

1. ma(B, h) is a non-negative, increasing function of 3 and h, concave in h; moreover,

if h # 0,
(B h) >0 8> .

2. We define a function on Z by
Toa(t; B, h) = mallt]l2

for allt € 3. This function satisfies
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Tbd
Tbd (10

~(1,0)) 1 ot

hw 1 h T. T
FIGURE 3.2. Left: m,q as a function of the magnetic field h, for § = 1.45.. Right:

Tba/7((1,0)) as a function of the temperature T for values of the magnetic field h ranging
from 0.1 to 0.9.

o Forallt € X, ma(t; B,h) < 7(t;6);
o If B> [, then there exists hyw(3) > 0 such that, for all0 #t € X,

Tha(t; B, h) < 7(t;8) & h < hy(B).

Proof. 1. The fact that 7,q4(3, h) is non-negative, increasing is proved in the same way
as the corresponding statement of Proposition 3.1.1. The concavity is proved in
[FP4].

2. This is proved in [FP4].
O

The change of behaviour of 17p,q(5,h) at thy(5) is known as the wetting transition.
When h > hy(8), we say that we are in the complete drying” regime, when |h| < hy(3)
we say that we have partial wetting® and when h < — hy(3) there is complete wetting.
See the next subsection and Chapters 6 and 7 for an explanation of this terminology.

3.2.5 The wetting transition in the grand canonical ensemble

The existence of such a phase transition in the Ising model was “discovered” by McCoy
and Wu [MW2], however their interpretation in terms of metastable states was incorrect;
their error was due to their particular choice of boundary conditions, as was shown by
Pfister and Penrose [PP]?. The same problem was then discussed by Abraham in [A1]'°.
We are mostly interested in the study by Frohlich and Pfister [FP1, FP2, FP3, FP4, Pf2]
in the case the Ising model''. We describe briefly their results and refer to their work for

"Complete drying of the minus phase on the wall. All these notions depend on which phase is taken as
reference.

8Sometimes the cases 0 < h < hy(B) and —hw(3) < h < 0 are distinguished, the first one being called
partial drying and the second one partial wetting.

9This shows that exact computations do not necessarily provide an understanding of the underlying
phenomena.

10 Although it was presented as an example of a roughening transition, it was in fact a wetting transition.

1The situation considered by these authors goes much beyond that of the previous discussions (through
exact computations) of this phenomenon. Their results hold for the Ising and XY models, for any dimen-
sions greater or equal than two and with a possible bulk magnetic field.
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details (see also [PV1] for a short review on the results about the wetting transition in the
2D Ising model).

Let
Ap={tcZ®: |t|. <L}, (3.39)
and
if t(2) > 0,
Ga(t) = 4@ T2 (3.40)
1 otherwise,

where a = +1.

We consider an Ising model in Ay, with @ -boundary condition, and coupling constants
given by (3.30) with 3 > (.. Then the limiting Gibbs state 17 is independent of h (which
can be positive or negative). Similarly, if we impose the @w_-b.c., then the limiting Gibbs
state u~P is also independent of h 2. This is a consequence of Proposition 4.6.1 and
Lemma A.4.1. However this does not tell us what happens in the vicinity of the wall. To
obtain that kind of information, let us introduce the surface Gibbs states. Let

L={teZ? b <L,0<t(2) <2L}. (3.41)

Definition.
(D97) The limiting Gibbs states,

P lim g0 and s Tim g, (3.42)

w
L—oo L—oo Agl
are called surface Gibbs states.

The following question is natural: Does the surface Gibbs state depend on the value of
a; or, more physically, does the bulk phase have an influence on the phase seen near the
bottom wall? Indeed, it may happen that, even if the bulk is in the + phase, there is
creation of a film of — phase between the bottom wall and the + phase, preventing the
bulk phase to touch the wall. This is the phenomenon of complete wetting.

The main result of Frohlich and Pfister’s study, for our purposes, is summarized in the
following theorem.
Theorem 3.2.1. Suppose that the coupling constants are given by (3.30). Then the fol-
lowing statements are equivalent.

1. There is a unique surface Gibbs state (i.e. complete wetting occurs).

2. The wall free energy satisfy

ITba(B, h)| = 7((1,0); 8) > 0.

This theorem gives a criterion for complete wetting to occur. This criterion can be
established on Thermodynamical bases, using some stability argument. In such a context
it is known as Cahn’s criterion [C]. Lemma 4.4.8 shows that when this criterion is not
satisfied, then the interface is pinned to the bottom wall, in the sense that it must return
to the wall very often. This results in a microscopic (i.e. not divergent) thickness of the

1210 particular pt? % 4%, since we can take h = 1.
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Non-uniqueness of

surface Gibbs state

-1 1 h
FIGURE 3.3. Phase diagram. The region of non-uniqueness of the surface Gibbs state is
shaded. In the other region, there is a single surface Gibbs state.

film (i.e. the expectation value of the height is finite). In such a situation, one says that
there is partial wetting. The transition between the situations of partial and complete
wetting is called the wetting transition. See also the heuristic discussion of Section 7.4.5.

Theorem 3.2.1 gives a precise description of the wetting phenomenon when the amount
of — phase is not fixed, i.e. in the grand canonical ensemble. In Chapter 7, another
complementary approach to this phenomenon is done in the canonical ensemble, where
the total magnetization is (essentially) fixed.



Chapter 4

The 2-point function

The basic quantity in all this study is the 2-point function computed with the Gibbs
measure with free boundary condition above the critical temperature. It is proven in
Section 2.2 that the 2-point function in A C Z? admits the following expression (see
(2.14))
(ot)o(t)r =Y aa\J), (4.1)
A: A-comp.
ON={t1,t2}

where

() = w0 (42)
w) = e, (1.3

w*(y) = H tanh J(e) . (4.4)

ecy

This chapter is dedicated to the study of the function ga(-;J) and of some consequences.
This analysis is done on the lattice Z? rather than Z?* to avoid cumbersome notations.
However, in some places where these high temperature results' have interesting low tem-
perature counterparts, we switch to the dual lattice to use duality.
Although several results of this section are stated more generally, we are mostly inter-
ested in the case when the coupling constants are given by?
J(e) =73, Ve = <t1,t2> with max;t;(2) > 0, (4.5)
J(e) = Bh, otherwise, .

with 6> 0 and h > 0.
In Section 4.1, we introduce some useful terminology. Basic estimates on ga(-;J) are
derived in Section 4.2. These estimates are used in Section 4.3 to obtain an estimate on

'Let us make a general comment on this chapter. Many of the results given here are stated in the case
B < B¢, but in fact hold also in the case 3 > (. in which jhowever, they become trivial.

2Notice that up to a translation to the lattice Z2, these coupling constants are dual to those defined in
(3.30) if the corresponding values of § and h are well-chosen.

69
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FIGURE 4.1. Two edges and their edge-boundary.

] L

FIGURE 4.2. A set of edges and its edge-boundary.

the size of typical contours in the high- and low-temperature representations. In Section
4.4 we introduce the random-line representation and state some of its properties. Some of
these properties related to the determination of the set of typical contours contributing to
the 2-point function are greatly improved in Section 4.6 in which an extensive use of the
Sharp Triangle Inequality is made. Section 4.5 is devoted to lower bounds on the 2-point

functions®.

4.1 Some terminology

In Section 2 the fundamental notion of (A-)compatibility of a family of contours is intro-
duced (see (D49), p. 40). However the definition given there is not very convenient to work
with because it is not explicit enough. To obtain an easier, but equivalent, formulation of
(A-)compatibility it is useful to introduce the notion of edge-boundary of a set of edges.
Definition.

(D98) Let e € E£; we denote by A(e) the set of all edges adjacent to e.

(D99) The edge-boundary of an edge e is the contour A(e) > e of the decomposition
of A(e) into contours.

(D100) Let A C &; the edge-boundary of A is A(A) = (J.c4 Ale).

Remark. Let t € 7. Then i(¢, A(y)) = 2 or 4, and therefore i(¢,& \ A(y)) =2 or 0.

We can now state an equivalent characterization of (A-)compatibility.

Definition.

3Most of the results of this chapter have appeared in [PV3]; similar results as that of Section 4.6 have
appeared in [PV4].
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(D101) Let v and o' be two (A-)compatible families of contours. v is (A-)compatible
with ' if YU~ is (A-)compatible.

Lemma 4.1.1. Let v be a (A-)compatible family of contours (which may be closed or
open). Then a non-empty (A-)compatible family of closed contours ~y is (A-)compatible
with o' if and only if no edge of v is an edge of A(y').

Proof. Suppose v is compatible with 7/, and e € £(v;), 7 € 7. Then e &€ £(v'); we show
that e ¢ A(y'). Suppose the contrary, then i(e, A(y") U&(v;)) > 3, since ~; is closed. This
implies that the decomposition of £(7') U () is not (i,') and therefore ~; and ' are
not compatible, which is a contradiction. B B
Suppose eq, e2 are adjacent to a site t € 4/ such that {e1,ea} N A(7') = &. Then the
decomposition of £(v') U {e1, ez} into contours is (7', {e1,ez}). Consequently, if £(v;) N
A(7') = @, then v; is compatible with 7. B O

Definition.

(D102) Let A C 72, and let Y be a given A-compatible family of contours. The graph G(v)
is defined by the set of edges E(A) \ A(7).

We emphasize the fact that G(v) # G(E(7)).

The main interest of the above result is that the constrained sum over families of
contours appearing in Z(A|y) can be replaced by an unconstrained sum over families of
contours on some subgraph of G (A), as is shown in the next lemma.

Lemma 4.1.2.

1. Let A C Z? and let v be a A-compatible family of contours. Then

Z(Aly)=2Z(G(v)) -

2. Let \ be some open contour and t € X such that t partition X\ into two open contours
A1 and Ny. The graph Gy(\2), which is defined by the set of edges obtained by adding
the edge € of A(A2)\ E(A2) which is adjacent to t to the set of edges of G(A2), is such
that

Z(AN) = Z(Ge(A2)| A1) -

Proof. The first statement is a consequence of Lemma 4.1.1. We prove the second one.
Let v be a compatible family of closed contours.

Suppose first that v is A-compatible with A. Then, since A(X) = A(A\;) U A()y), the
following statements hold,

EM)NAN) =92

7 CE(G(N)) CE(Gi(A))-

But this implies that v C £(G¢(A2)) is compatible with A;.
To prove the converse, suppose that v C £(G;(A2)) is compatible with A;. Then

EWNAN) =2, (4.8)
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o<

[ 2 BN
® o

FIGURE 4.3. The set of points @ (the black dots) for which Lemma 4.2.1 applies.

If € € 7, then 7 is A-compatible with A. Otherwise, we must have i(t2,7) = 2, since the
contours of v are closed. This implies that the edge of A2 which is adjacent to ¢ belongs
to A(A1) and therefore that v is A-compatible with A;.

O

4.2 Basic properties

In this section, we prove diverse properties of the 2-point function and of the weight
ga(-;J). The main results are similar to correlation inequalities for spin observables,
but are stated directly in terms of contours thus dispensing us with the use of the spin
representation. This section is divided into several subsections where related results are
gathered.

It is useful to extend ga(7;J) to non A-compatible families of contours by defining
qa(y;J) = 0 if v is not A-compatible.

4.2.1 Monotonicity in space

We first state a result, which was proved in [MM], showing that the 2-point function
(¢(0)o(t))” in the thermodynamic limit has some nice monotonicity properties as a func-
tion of the site t.

Lemma 4.2.1. Suppose that J(e) = 3, for all edges e. Let u,v € Z* and let | be the half-
line containing u and v with endpoint u. Then, if w satisfies one the following conditions
o [u(1) —u(1l)| = 1, u(2) = u(2) and the vertical line separating u and @ does not
intersect 1,
e u(l) = wu(l), |u(2) —u(2)| = 1 and the horizontal line separating v and u does not
intersect 1,
o [u(l) —u(l)| =1, [u(2) —u(2)| = 1 and the diagonal line separating u and u does
not intersect [,
the following inequality holds,

(o(w)o(v)’ > (o(@)a(v))”.

Proof. We prove only the first statement. The proof uses a coupling of the variables a la
Percus [Per]. Let m be the vertical line separating u and @ and let A be any box containing
u and v and invariant under a reflection of axis m. If ¢ is some site of the lattice, let us
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write ¢ for the site obtained by a reflection of axis m. We define w1 (t) = w(t) + w(t) and
wa(t) = w(t) — w(t). The following relations hold: Let ¢ and ¢’ be two nearest neighbours
sites.

o If ' # 7, then w(t)w(t') + wBw(t') = L(wi(t)wi(t) + wa(B)wa(t));

o If ' =%, then w(t)w(t') = 3(wi(t)? — 1).
Therefore the Gibbs measure of the system with free b.c. in A can be written in terms of
the variables wi(t), wa(t),

<1A) [T exptiB@o () +w®wet)} ] explif®)?-1)}. (4.9
A eSlnrich

(1]

This is again a ferromagnetic model, so the only thing preventing the application of GKS
inequalities is the constraint wy(t) = £2 < wy(t) = 0. However, when computing the
numerator of the expectation value, we can split the summation over configurations into
sets in which we freeze half of the variables wi(t) and wa(t) to 0. All of these sums can
be reinterpreted as sums over the configurations of an Ising model with ferromagnetic
couplings to which GKS inequalities apply. For example, we have, (o;(t)(w1,w2) = w;(t))

(o1(w)oa(v)) >0, (4.10)

which is equivalent, using the symmetry of the system, to the desired inequality,
(o(wo ()} > (e@a(v))} . (4.11)
O

4.2.2 Monotonicity in coupling constants

The properties stated in this subsection are consequences of the following important tech-
nical lemma.

Lemma 4.2.2. Let By C By finite, and let us write G1 and Gy for the corresponding
graphs. Suppose 0 < J(e) < J'(e) Ve. Then
Z(G1:J) < Z(G1;J)
Z(Go; ')~ Z(Ga3 )
Proof. Let us first suppose that e € By \ By. Then we have
d Z(Gy;J) _ Z(Gy;J) d
dJ(e) Z(Ga; J) Z(Ga; J)* dJ(e)

Z(G2;J) <0, (4.12)

since partition functions are positive and %(e) tanh J(e) = (1 — tanh? J(e)) > 0.
Finally, let e = (¢,t') € B;. Then, we can write

d 2Gud) A TEABY) ) ) -am) cosh J (e
dJ(e)1 S Z2(G2T) dJ(e)l g E(A(BQ)?J)2 ee;:[\Bl i )}
= (o)) rB,) — (0OFt)amy)
< 0, (4.13)

where the last inequality is a simple application of GKS inequalities.
O
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The following consequence of the previous lemma is the basic result of this subsection,

Lemma 4.2.3. Let v be a A-compatible family of contours. Suppose J'(e) > J(e) > 0,
for all edges. Then

2Ny ) _ Z(Ay: )

Z(NJT) T Z(N D)

Proof. Since Z(Aly) = Z(G(y)) with £(G(y)) C £(A), Lemma 4.2.2 yields the desired

result. O

It is now possible to state the first set of properties of the weights ga(-;J).
Lemma 4.2.4. Suppose J(e) > 0 for all edges e.

1. Let M C & and let v be a A-compatible family of contours such that E(y) "M = @.
Then qp(7;J) is decreasing in J(e), e € M.

2. Let~y be a A-compatible family of contours. Then?, for all A’ D A, qpr (15 ) < qaly; ).

3. q(y;J) = limy g2 qa(v; J) ewists. Moreover if y is a A-compatible family of contours
then q(7y; J) < qa(y; J)-

4. qu(;J) = limp 1 qa(y; J) ewists. Moreover if vy is a A-compatible family of contours
and A C L then qu(v; J) < qa(y; J).

5. Let Q C A, with A a finite subset of Z2, and let v be a A-compatible family of
contours such that i(t,£(Q)) = 0Vt € v. Then

qa (s J) / o o
AP > exp{— e:<t7£A(7) J(e)J(e)<<0(t)0(t Nag + (o)t )}A\Q> }

8/:<t//7t///>, tNGA\Q, t/“ EQ

6. Let J(e) be as in (4.5) with B < . and let v be a A-compatible family of contours.
Then

o IfE()NEE) =2 and 0 < h <1 then qa(v; B, h) = q(v; B).
o Ifi(t,E(X)) =0Vt € v then

(i 8h) = a Brexpd —F Y 3 [e TR LT 156 } .

7. Let A1, Ao be two A-comphtible epat' yomtours such that Oy = {t1,t2}, 0Ny = {t2,13},
E(M)NE(N2) = @ and the decomposition 0? X%)UE()\Z) into contours gives a single
contour A with OX = {t1,t3}. Then

aa(XJ) = ga(A; D)ga(Ae; J).

Proof. 1. This is an immediate consequence of Lemma 4.2.3.

4Notice that this is a non-trivial result, as can be seen from the following inequality (which is also a
consequence of GKS inequalities!):

Yo W) =(ot)o(t2)), = (o(t)alt))y = Y aa(N),

A:dA={t1,ta} A:dA={t1,ta}

where t1,to € A C A’.
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. Let J'(e) = J(e) for all edges in £(Ag) and J'(e) = 0 otherwise. Then clearly,

Z(Aolys J)  Z(Ma|y; ')
Z(N ) Z(N T (4.14)

The conclusion follows from point 1..

. This is immediate since the sequence is monotonous by point 2..

4. As before.

5. The first step is to establish an integral representation for log[Z(Al|y; J)/Z(A; J)].
Let us introduce new weights Js(e) given by

Jo(e) = {Sj(e) ife g AQ), (4.15)

J(e) otherwise.
With these weights, we can write

Z(AMy; J)  Z(A; o)

= . 4.16
ZT) 2 (410
where we used Lemma 4.1.2 and the fact that Z(G(v); J) = Z(A; Jo).
Therefore we obtain the following representation
Z(Aly; J) Z(A; Jo)
log ————— log ———=
Z(A;J) Z(A; Jh)
E(A; Jo)
= log = +lo cosh J(e
S TWAR 11 (e)
e€A(y)
1
= —/ ds L log E(A; J;) + log H cosh J(e)
0 e€A(7)
1
- Y @ / ds (o(®)o(t)} +1og [ coshJ(e),
e=(t,t')€A(y) 0 c€A(Y)
(4.17)
Consequently,
aa(y; J)

eo{- X s [ as (et - o0ohie) }-

)
ane(; e=(t,t")EA(Y)
(4.18)
The next step is to estimate this integral. GKS—inequalities give
Js Js +0.Js Js
(e ())y — o)ot)) g < (e®a(t))yg — (e)ot) g (4.19)

where the (A\ Q)"2-boundary condition is obtained by introducing an external field
on @ and then letting this field go to co. The difference of 2-point functions in the
right—hand side can be bounded above by a difference of 1-point functions, using
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FKG-inequalities. Indeed, since o(t) 4+ o(t') — o(t)o(t’) is an increasing function,
these inequalities imply

(oot )r%" — (eBot)hig <
(o)1 = (o) o+ e = (o). (420)

Define new coupling constants J!(e),

(e = {aJs(e) ifen@Q#@andenA\Q # g, (4.21)

Js(e)  otherwise.

Observe that (o(t)) 1% = (0())1%"" and (o(£)) %1, = (0()1%" . Hence

(oot )rE" — (Bt =

1 " "
> e /0 da((o(t); oG + (o) oG ), (4.22)

€:<t”7t///>

t”EA\Q,t”leQ
where
Jo Ja Ja +q.Jd
(0(t); o () 5™ = () o(t)re) " — (o)™ (o)™ (4.23)

GHS-inequalities imply that (o(t); o (" ))X\QC’?J“ is decreasing in a; putting a = 0 we

get
(o(t); () nd™ < (o(t); o) o = () o(t)iiq (4.24)

because the last expectation value is with respect to the Gibbs measure on L \
with free boundary condition and consequently by symmetry

(o()ag =0 (4.25)
GKS—inequalities imply now
(oot g < (Bt Nag- (4.26)

The conclusion follows from equations (4.18), (4.19), (4.22), (4.24) and (4.26).

. The first statement follows by monotonicity. To prove the second statement, observe

that
ans(v ) = ans(1;8) = 9(1; 6) (4.27)

where the inequality is a consequence of the first part (h = 1). Therefore the
conclusion follows from point 5. with @ = ¥ N A, using GKS—inequalities and
Lemmas 3.1.1 and 3.1.2 to write

(oot < (0B (t”)’ < exp{—7(t —1";87)}. (4.28)
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7. We can suppose without loss of generality that i(t2,E(N2)) = 1. We construct a new
graph G, (\2) as in Lemma 4.1.2. This graph satisfies Z(A|A\1 UX2) = Z(G,(A2)|A1).
Since Z(Gt,(A2)) = Z(G(N2)), we can write

i) = wr O ZEE)
Z(A|)\1U)\2)
Z(G(A2))
o ZGu(O)IM) o Z(AA)
> )26, 00) Z(8)
> ga(ADaa(Ae: J), (4.29)

Z(AX2)

= w'(\) 70

w*(A2)

w”(A2)

where the last inequality follows by monotonicity.

4.2.3 Some upper bounds

In this section we prove essential upper bounds on some constrained sums over contours.
These results are crucial to study the polygonal lines which are introduced in Chapters 6
and 7.

Lemma 4.2.5. Let 3 < (..
1. If J(e) = B for all edges e, then for any pair t1, ta € A,

> ) < (a(t)a(ta))’ < exp{—7(ta — 1158} .
a)\:?t:l,tg}
2. If A C L and J(e) is defined by (4.5), then for any pair ty, to € XN A,
Yo ) < (o(t)alta))i < exp{—mvaltz — t15 67,27} .
8/\:i\t:1,t2}

3. LetQC&. If J(e) > = e € Q, then for any pair ti, ta € A,

ST e ) < {o(t)o(t))i < exp{—T(ta — t1; 67}
ACE\Q:
8)\:{t1,t2}

4. If A C L and J(e) is defined by (4.5), then for any pair ti, ta € X N A,

> ) < {olt)o(t2)] < exp{-r(ts — 1157}
ACENE(D):
8)\={t1,t2}
Proof. 1. This is a consequence of (2.14), GKS inequalities and Lemmas 3.1.1 and 3.1.2.
2. This follows from (2.14), GKS inequalities and Lemmas 3.2.2 and 3.2.3.
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3. Let J'(e) = min(J(e), 3). Lemma 4.2.4, point 1., implies

o) < D) and)

ACE\Q: ACE\Q:
OA={t1,t2} OA={t1,t2}
< > e

ACE:
8/\:{t1,t2}
= (o(t1)o(t2))] . (4.30)

The conclusion follows from GKS inequalities and Lemmas 3.1.1 and 3.1.2.

4. If h > 1, this is a particular case of point 3., otherwise, it follows from point 2. and
point 2. of Proposition 3.2.1.
O

Point 4. (and more generally point 3.) of the preceding lemma is of particular impor-
tance in the study of boundary effects, see Chapters 6 and 7 for examples of applications.

The following lemma is certainly the core of this type of non-perturbative approaches
to phase separation. Such a result was first obtained by Pfister in his study of large
deviations [Pfl]. Not only this result is non-perturbative but it hugely simplifies the study
of typical configurations of large contours in constrained ensembles, see Chapters 6 and
7.

Definition.

(D103) Let X be an open contour such that ON = {t,t'} and let t1,...,t, € Z*, t; &
{t,t'}Vi, and t; # t; if i # j. The decomposition of A with cutting points
t1,...,t, is the collection Xg..., A, of open contours obtained in the following
way:

o Consider A as a unit-speed parameterized curve.
o Let s; = max{s : A(s) =t;},i=1,...,n. Weset so=0, spt1 = |\
o N\ ={A(s) : si<s<siq1},0=0,...,n.

(D104) Let X be a closed contour and let ty,...,t, € Z*, t; # t; if i # j. The decom-
position of A\ with cutting points t¢1,...,t, is the collection \1 ..., X\, of open
contours obtained in the following way:

o Consider X as a unit-speed parameterized curve such that A(0) = A(|A]) = t1.
o Let s; = max{s : A(s)=1t;},i=2,...,n. We set s1 =0 and sp+1 = |}|.
o N ={\(s):s;<s<sit1t,i=1,...,n.

Lemma 4.2.6. Suppose J(e) >0, for all edges e. Let to,... tny1 € 2%, t; # t; if i # 7,
and let Ag, A1, ..., A, C7Z% Let Q= Qto,tngr (t15 -y tny Aoy ..., Ap) be the set of all open
contours \ such that O = {to,tn+1} and the decomposition X, ..., A\, of X\ with cutting
points ty, ..., t, satisfies \; C A;, i=1,...,n. Then

ST o) < [[lottim)o (), -
re€Q i

A similar result holds for closed contours and in the case of a family of closed or open
contours.
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I i3
TtQ
t1

FIGURE 4.4. An open contour and its decomposition with cutting points ¢1, t2 and ¢3.

Proof. Let us write A§ = A\ U--- U A, so that A = Ao U A\G. We also introduce
Qf = {N € Qi by (toy oo tn, A1, Ay) (0, EN)) = 1} (4.31)

Then we can write

. */\C * Z(AP‘O U >‘8)
E an(A; J) = E w*(A5) § w (AO)W' (4.32)
xeQ AEQE AoC Ao :
NoUAEEQ

Constructing the graph Gy, (A§) as in Lemma 4.1.2, we have Z(A|A\gUA]) = Z(Gt, (A§)]|No)-
Therefore

o ZADUX) 2@, 08) N~y 2609
i Y 20 2 M 26, 00)
AUAGEQ AUXEQ

26008) N~ ey 2G9N
= Z(A) A; (o) Z(Go(X5))
NUAGEQ
< A5 ottt (.33

where 30()\8) is the graph defined by the set of edges
E(Ao) NE(Gr (A5)) - (4.34)

We would like to iterate this procedure. However, there are two differences between the
remaining sum and the original one. First, A must be such that i(¢;, £(A§)) = 1; second,
the partition function which appear in the remaining sum is Z(G;, (A§)) and not Z(G(Ag)).
We prove now that these two differences exactly cancel each other.

Let us write, similarly as before, A{ =Xy U--- U\, and

Qi = {)\, S Qt27tn+1 (tg, RV o AQ, e An) : i(tz,g()\/)) = 1} . (435)
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Again we can write

AGE€Q5

Z(A) Z(G15(X9))

A eQS A CA;p:

/\1U)\§GQS

w () 2920 g 2@ 00 UAD)
<A§€ZQ§ D=2 A; (M) 2600 (4.36)
AUXGEQS

where Gi(-) is defined similarly as Gy(-). Now observing that

Z(GIAUX)) = > w(7)

v:0y=92

YCE(G1(AUAT))

v comp. with AUA{

= > w*(v) + > w*(v), (4.37)

v:0y=9 v:0y=3,eey
YCEG1UND) YCE(G1(AUAS))
7 comp. with AUA{ 7 comp. with AUA§

where Gi (AU X{) is the graph defined by the set of edges E(G(AU A{)) N E(A1) and € is
the edge (if it exists) of £(G1 (AU X))\ E(G1(AUAS)), we see that it is possible to remove
the constraint on the index at t1. Indeed, it is enough to glue together A\; and the closed
contour of v which contains € (in the second sum) to obtain all possible open contour with
index 3 at t1, while all those of index 1 are obtained with the first sum. Therefore we have

o Z(GI(AL U XS 2@
S UG T e O a0
AMCA;L: 1\ 5 ) )comn, 1(X§
i PR
< (o(tr)o(tz))y, - (4.38)
This procedure can obviously be iterated to obtain the desired result. 0

As a direct application of the above lemma we can prove the Lieb-Simon inequality [Si, L,
R/,

Lemma 4.2.7. Suppose J(e) > 0, for all edges e. Lett, t' € Z?. Let A C Z* such that
te Aandt & A. Then

u€dA

Proof. Clearly each open contour A with endpoints ¢ and ¢’ must contain some site of 0A.
Let u be the first such site (according to a parameterization of the A with A(0) = ¢). Then
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L

FIGURE 4.5. A contour and some sites to which Lemma 4.2.8 applies.

O

by Lemma 4.2.6 (using the same notations)

o)y = > aanJ)

A
N={t,t'}

< DYDY e
u€DANEQ, y(u,AN)
< Y (oo hiowa(t)y (4.39)

u€dA

O]

A more important consequence of Lemma 4.2.6 for our purposes is the following lemma.

Lemma 4.2.8. Suppose 3 < . and J(e) is given by (4.5). Let to,...,t, be distinct sites
of A C L and let A be the set of all open contours A such that

e )\ is A-compatible;
e O\ = {to,tn};
e t,eX1=0,...n;

o if ti(2) > 0 or tiy1(2) > 0, then A(s)(2) > 0 for all s; < s < S;y1, where s; =
max{s’ : A(s') =t;}.

Then
Z gr(A\) < H e~ T(tir1—ti;8%) H o~ Tba(tit1—ti;8"h")
AeA i

masx(ts (2) 111 (2))>0 max(t:(2) 41 (2))=0

Similar results hold for closed contours and family of contours.
Proof. This is a direct application of Lemmas 4.2.6 and 4.2.5. 0

We state now the last result of this section which is similar to the above ones.
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Lemma 4.2.9. Suppose J(e) > 0, for all edges e. Let t1, to and ts be three distinct
sites of A C Z2. Let Ay be a A-compatible open contour with Oy = {t2,t3}. Writing
G1 = {1 : O\ = {t1,t2}, M1 U X is a A-comp. contour}, the following inequality holds,

Yoo Ursd) <200 )) Y oA ).
A1€Q1 A1 O ={t1,t2}

Proof. The beginning of the proof is similar to that of Lemma 4.2.6. We obtain

> (M UM ) < w*()\Q)Z(th/(\)\Q)) S ). (4.40)
A1€Q1 Z( ) A1 O ={t1,t2}
e (G0) (G0) Z(6, (1)
. Z(G,(N2)) Z(G(X2)) Z(Gty (N2
Ty ST 2600 (4
and using (2.10) to bound the second quotient by 2, we obtain
w*(AZ)Z(?EZ(GZ’)) < 2w*(Ag) Z(ZZEL\A;) =20 (A2). (4.42)
O

We have seen in Lemma 4.2.4 that the limit limp »z2 ga()) is well-defined. We may
wonder if the relation

(e@®a(t)’ = > av) (4.43)
A=t}
still holds. That this is so is proved in the next Lemma.
Lemma 4.2.10. Suppose that there exists 3 with 3. > 3 > J(e) = 0 for all edges e. Then

w®o@)’ = 3 a\).

A
N={t.t'}
Proof. Let A be a finite subset of Z?. We first have, by Lemma 4.2.4,
(oENr= > ez > ). (4.44)
AZl1t') ALt}

Taking the limit A ' Z?, we obtain the required lower bound. Let us prove the corre-
sponding upper bound. Let A’ O A be two finite subsets of Z2. Then, by Lemma 4.2.6
and the existence of the massgap, we have

YooM= D @MW -—a)+ D N - D> )

8)\:>~\{:t,t’} A aizgt,t'} ArOA={t .t} A aiggt,t’}
> Y., — oA —(r(t—w;B)+r(t' —wiB"))
(o()o(t))n — 10A] max e
> (1=e){ot)a(t))a (4.45)

for any & > 0 if the distance between ¢,t" and A is large enough. The upper bound follows
by first taking the limit A’ / Z?, and then the limit A * Z2. O
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4.3 An estimate on the size of typical contours

The aim of this section is to obtain an estimate on the maximal size of typical contours
using results of the preceding section. We first prove such a result for the high-temperature
representation and then show how duality can be used to obtain similar informations on
the low-temperature representation.

We first need a way to measure the size of a contour. This is done using its diameter,

Definition.
(D105) The diameter of a contour 7 is defined by

d(v) = max|ly — ;.

Lemma 4.3.1. Let 5 < 3., h > 0 and J(e) be given by (4.5). Let A C L. There ezists a
constant a = a(J) > 0 and a constant C(a) such that for alll > C(«)

P37, (1) > 1} 7] < |AJO() exp(—al)
Moreover C(a) = O(L1og ) for small o

Proof. We consider the (closed) contours as unit-speed parameterized curve with a coun-
terclockwise orientation (see the end of Chapter 1). To each closed contour v with diameter
not smaller than [, we associate a sequence of sites as follows:
1. t{, is the origin of . If #;(2) = 0 then #p is the last time such that v(sp)(2) = 0; we
set tg = y(sp). Otherwise tg = .
2. Let s; be the first time that + leaves the square of center ¢y and side [/2; we set
t1 = y(s1).
3. Let so be the first time greater than s; such that ~ leaves the square of center t;
and side 1/2; we set to = v(s2).
4. The procedure is iterated until it stops.
We have thus obtained for each such closed contour a well-defined ?rdered sequence of
1

: /
points (t(, to, t1,...,tn). y 0

NS

FIGURE 4.6. The coarse—graining procedure.
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Since 8 < (., Proposition 3.1.1 implies that 7(x;3*) > 0; we define « as the largest
positive constant such that 7(x; 3*) > 2al|z||,, Vz € R%. Clearly

PA{Fy, dy) = 1:71< > Y. g (4.46)

teA v:d(y) =1
to(v)=t

since Pa[{3v}; J] = qa(v; J) (see (2.15)). Suppose that the points t(, to, ..., t, are fixed.
Then Lemma 4.2.8 implies

n

Z QA('Y) < exp{ de( thﬂ h*) Z (1+1 zaﬁ )}
v:0y=0,d(v) > 1 =0
t&,...,tn+1

< exp{—Tpa(ty — to; B, h*)} exp{— oml} (4.47)

where t,41 = t,. Therefore

Z qa(7:J) < Zexp{—de —to; 8%, h")} Z [+ 2])" exp{—3anl}. (4.48)

v:d(y) 21 to n>2
to(y)=t

Proposition 3.2.1 implies that m,q(x; 5%, h*) > 0, therefore it is possible to choose C(«)
large enough so that, for [ > C(«),

> aa(nJ) < O(1%) exp{—al}. (4.49)
v:id(y) 21
to(7)=t

O

A result of this kind has already be obtained in [CCS] by different techniques (they used
the random—cluster representation of the Ising model; see Chapter 10 for the definition of
this representation in the case of the Ashkin—Teller model (which contains the Ising model
as a particular case)).

Remark. Notice that the above lemma implies that the probability that there exists
contours with diameter larger than C’log|A|, C' a sufficiently large constant, goes to zero
when |A| goes to co.

We want now to obtain a similar result for the contours of the low-temperature repre-
sentation. This is achieved by using the duality between the two representations.

Lemma 4.3.2. Let J(e) be given by (3.30) with 8 > (. and h > 0. Let A be a simply
connected subset of .. Then there exists a constant o/ = o'(J) > 0 and a constant C'(a/)
such that for all 1 > C'(a/)

Py {3y, d(y) 2 1}; J] < JAJO(?) exp(—l)

if h >0, and
P {3y, d(y) = 1}; ] < |APO(1?) exp(—<'l)

if h=0. Moreover C'() = O(Z log X;) for small o/.
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Proof. The proof of the first statement is an immediate consequence of Lemmas 4.3.1
(with parameters §* and h*) and 2.3.1.

If h = 0 then A* = oo and therefore Lemma 4.3.1 does not apply. Indeed in that case
Thd(x; B) = 0 and the sum over ¢y is no more bounded uniformly in A. However a trivial
bound for this sum is |A| which yields the second statement. O

The previous lemma can be extended to the case —h,(3) < h < 0 (see Lemma 4.4.8
for a closely related result).

Similarly, it is not difficult to prove that the magnetic susceptibility of the 2D Ising
model with +-b.c. is finite for all 3 > (..

Definition.
(D106) The susceptibility of the Ising model is defined by

X(B) = > (o0 () —m*(8)%).
teZ?
Lemma 4.3.3. Let J(e) = (> (., for all edges e € E. Then x () is finite.
Proof. Let A be some finite square box and let 7 and j be two points in A. We have
(o (@)r” — (@O)F o)}’ =
4P H{w(t) = —1,w(t) = —1}] = PY 7 [{w(t) = =1} Py "{w(t) = —1}]) . (4.50)
Let’s introduce the event Z = {w : Iy € y(w), t € inty, t' € inty}. We can write
PyPlw(t) = —1,w(t') = —1}]
< PUPHw() = —Lw(t') = 1} n 27 + P{7[2]
< D OPIPHw(t) = L) = —1 PP + P 2]

<Y PG Hw() = =P He) = =1 PPl + Py 2],
(4.51)

where € is the set of all x-connected chains of plus® ¢ separating A into two components
A'(¢) and A”(c) with t € A’(¢) and ¢’ € A”(c); the probability of a chain ¢ is the probability
of the set of configurations w such that ¢ is the first chain of € in w, according to some
fixed order.

Since {w(t) = —1} is a decreasing event, FKG inequalities imply that

P Hw(t) = —1NPEL {w(t') = =13 < PUP[{w(t) = 1P [{w(t) = —1}], (4.52)

and therefore,
(oo NR” = ()L @)L < 4P [2). (4.53)

A x-connected chain of plus is an ordered set of distinct sites (¢1,...,%,) such that |[t;41 — ti]l. < V2
and w(t;) =1, Vi.
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This last probability can be easily estimated using a construction similar (but simpler)
to that of the previous lemma. Let u and v be the two points of the dual lattice closest
to the intersection of the contour encircling ¢t and ¢ and the straight line through these
two points; if there are more than two such points, we take the two points maximizing
|lv — u||,. Notice that [[v —ull, > ||t' — t||,. We then have

P21 < Y PHP 3y u ey v eqt < expl—2r(v—u)] < exp[—v|t'—t],], (4.54)
u,v u,v
where v > 0 is some constant. This finally implies that

Y (oo @)F” = (O (@) <4d ] eI <4y eI <o,

teEA teEA teZ?
(4.55)

uniformly in A, which concludes the proof. O

4.4 The random-line representation

In this section we define the random-line representation of the 2-point function and state
some of its properties. There are two subsections dealing respectively with the bulk and
boundary 2-point function.

4.4.1 The bulk 2-point function

The random-line representation

Let 8 < .. We set J(e) = [ for all edges e € £. We consider the set
£={)\: A= or \is an open contour with O\ = {0,t}, 0 # ¢t € Z*}. (4.56)

There is a natural measure on this set defined by

(\B), ifA#D,

) (4.57)
otherwise,

M[{A}] = {g

where g(\; 3) is the quantity introduced in Lemma 4.2.4, point 3.. 9t is not normalized,
however it has a finite mass given by

X = ) a)
= 1+ ) > a»

0ALEZ2 X : OA={0,t}

> (a(0)a(t)). (4.58)

teZ?

The quantity defined in (4.58) coincides with the one defined in (D106), p. 85, when
B < B.. Indeed in the present case m*(8) = 0 and (5:(0)a(¢))™° = (0(0)o(¢))’. That the
susceptibility is a finite quantity when § < 3. follows for example from Lemma 4.2.5. It
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is therefore possible to define a probability measure on £, however it is more convenient
to work with 91 since the results obtained have a nicer formulation with this measure;
moreover, the most important statements of this section are given for the measure M
conditioned on some events.

It is convenient to use the following notation: {0 — t} ={\ € £ : X\ ={0,t}}. The bulk
2-point function has the following representation

(a(0)o(t)) =M{0 — t}]. (4.59)

The contours in £ can be interpreted as self-avoiding paths on £. Is it possible to extend
some of the techniques and results for self-avoiding random walks (SAW) to this case? This
is an interesting question to which we do not answer, however we state in the following
subsection, some simple facts inspired by some part of the work [CC] on SAW. The next
subsection is devoted to the study of the typical contours in £ with respect to the measure
M(-[{0 — t}); these results are strongly improved in Section 4.6 at the cost of using the
Sharp Triangle Inequality in an essential way.

Cylindrical contours
Definition.

(D107) An open contour A € £ with OX = {0,t} is called cylindrical if A = N Ue with e
an horizontal edge and

Nc{seR?:0<s(1)<t(1)—1}.

ot

FIGURE 4.7. A cylindrical contour.
We use the notation: {0 =t} = {0 —t}N{\ € £ : X cylindrical}. For a € N, we define

X(a,0) = Y (a(0)a(t)) = > M0 — t}], (4.60)

te7?: teZ?:
t(l)=a t(l)=a
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and

Xe(a,0) = Y M{0 5 t}]. (4.61)
tez?:
t(l)=a

Lemma 4.4.1. Let § < (. and J(e) = ( for all edges e; set 7* = 7((1,0); 3*) and
X*= ) (0(0)a(t)
H(1)=0

Then for any a € N

Xe(a,0) < x(a,0) < x"*xc(a,0);

lim —21logx(a,0) = lim —1logxc(a,0) =71";
Xc(a,0) < exp{—7"a} , x(a,0) > exp{—7"a}.

Stmilar results hold for the quantity

Xa,a)= Y (o(0)a(1)).

teZ?
t(1)+t(2)=a

Proof. The first statement follows from Lemma 4.2.6 and GKS inequalities. We prove the
second statement. Clearly,

lim —11logx(a,0) < lim —1log(o(0)o((a,0))) < 7*. (4.62)
Consider the two lines
h={scZ: 52 =2a—-s(1)} , l={scZ®: 52 =-2a+s(1)}. (4.63)

By Lemma 4.2.1 we have
(@(0)o () < (0(0)a((a,0))) (4.64)

if t' = (a,b), b€ Z,ort' €l and t'(1) < a, or t' € Iy and (1) < a. If X is a cylindrical
contour with OA = {0,t}, (1) = a and |¢(2)| > a, then it must intersect [; or lo. Applying
Lemma 4.2.6 and (4.64)

Ye(@,0) = 3 M0 1] < 20(1 + ") {0(0)o((a, 0))) (4.65)
1) =a
The last two statements follow from
Xc(al + ag, O) > Xc(ah O)XC(a27 O) (466)

and
x(a1 + a2,0) < x(ar,0)x(az2,0). (4.67)
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FIGURE 4.8. The reflection trick of Lemma 4.4.2.

Box proposition

We suppose, without loss of generality, that ¢ is such that ¢(1) > ¢(2) > 0. Let

2 - _
2

The aim of this subsection is to compare M[{0 — t}| = (c(0)o(¢)) and

By ={uez®:0<u(l)<t(1), . (4.68)

MO —thN{AeL: ACBY =Y ). (4.69)
AEL:
ACB;
This study is based on a trick, analogous to the reflection principle for random walk, which
has been introduced in [Pfl]. We first consider a simpler problem. Let a € N and define
lo={seZ®: s(1) = —a}. (4.70)

We want to compare MM[{0 — t}] with M[{0 — ¢t} n{A e £ : AN, = @}]. This is done
in the next lemma.

Lemma 4.4.2. Let 3 < 3. and J(e) = 3 for all edges e € £. Lett € Z* such that t(1) > 0
and let €,(t) be the set

) ={0—>t}n{re L Anl, # o}

Then
o M[C,(1)] < 2/t(2)|M[{0 — ¢+ (2a,0)}
e Suppose that @ = min{2a + t(1) — |t(2

M[Ea(1)[{0 — t}] < 8x(@, @)[t(2)| + x(a,0).

]+ x(a,0) M0 — 1].
)|,2a} is strictly positive. Then

Proof. We assume, without loss of generality, that t(2) > 0.

We prove the first statement. \ is considered as unit speed parameterized curve with
initial point 0. Let s be the first time A(s) € l,; we set u = A(s). Then Lemma 4.2.6
implies

MEM] < D Y, aN) < D (o(0)a(w){o(u)a(t)). (4.71)

u€ly NeE4 () : u€lq
ASu
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There are two cases. If u(2) < 0 or w(2) > 2¢(2) then by monotonicity and symmetry
(o(u)o(t)) < (a(0)o(t)) = M[{0 — t}]. Consequently,

> (oo (w){o(w)a(t)) < x(a,0)M{0 — t}]. (4.72)
UElG :

u(2)¢[0,2¢(2)]

Suppose now that u(2) € [0,2¢(2)]. Then, using the notation t2, = (—2a,0), we obtain by
symmetry, GKS inequalities and translation invariance,

(0(0)o(t —taa)) - (4.73)
This concludes the proof of the first statement.
We prove now the second statement. We need to compare 9M[{0 — t + (2a,0)}] and

M[{0 — t}]. This is done with the use of Simon’s inequality (Lemma 4.2.7). We first have
to construct a box separating the sites to, and t; this is the role of the set

A={t'eZ? : ||t — tau| <T}. (4.74)
Clearly A satisfies the hypotheses of Lemma 4.2.7. Therefore we can write

M0 — ¢+ (2a,0)}] = (o(t2a)o(t)) < Y (o(t2a)o(t)){o(t)o(1)) . (4.75)

t'e0A
Moreover, the hypothesis on @ ensures that
Ac{veZ? :v(1)<0yn{veZ? : v(2)>v(l)+t(2) —t(1)}. (4.76)
Hence we can apply monotonicity properties of the 2-point function to obtain
(o()o(1)) < (o(0)a (1)), (4.77)
for every t' € OA. Consequently,
M{0 — t+ (2a,0)}] < 2x(a,a) (c(0)o(t)) . (4.78)

The conclusion follows from the first statement. O

We have consider a vertical lines [,. However it is clear that the corresponding state-
ment for horizontal lines can be obtained by symmetry.
We can now consider the case of the square box. We first need a technical result which is
inspired by a similar statement proved in [I1].
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|—< t
o = A2

“Va

FIGURE 4.9. The setting of Lemma 4.4.3.

Definition.
(D108) A set A C Z? is connected if

U

teA

is a connected subset of R2.

Lemma 4.4.3. Let 3 < 3. and J(e) = 3 for all edges e € E. Suppose t € Z? is such that
0 < t(2) <t(1). Let a € N with 2a < t(1). Let u, € Z*? and v, € Z* such that
e u, is the point on the vertical line {t' € Z* : t'(1) = a} with u.(2) minimal and
ua(2) = a (t(2)/t(1)).
e v, is the point on the vertical line {t' € Z? : #'(1) = t(1) — a} with v,(2) mazimal
and va(2) < 1(2) — o ((2)/1(1).
Let A C 72 be a connected set containing 0, t, u, and v, and such that there exist two
open contours \1 and Ao with
o 0N = {0,uy}, OXa = {vq,t};

o [Mif = lualli; Ao = (It = valli;
o N\ C A, Ao C A.
Then
S a0z ep(-0@} Y a).
A:0A={0,t} A:OA={uqa,va}
ACA ACA

Proof. Let A1 and As be as described in the statement of the lemma.

Let A C A be an open contour with 9N = {u,, v, }. We assume that u, is the initial point.
Let s € [0,|N]] be the integer time defined by the condition that ¢, = X (s1) € A1 so that
t1(1) is minimal; similarly let so € [0,|\|] be the integer time defined by the condition
that t2 = N(s2) € g so that ¢3(1) is maximal. This gives a partition of A’ into three open
contours; we sum over the first and last ones by using Lemma 4.2.9. We obtain

Yoo aN< Y D 4aW{o(ud)a(tr))(o(t2)a(va)) - (4.79)
X:@x}\/:c{zmva} t1t2 X 8);\:C{121,t2}
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Let A be an open contour of the last sum of (4.79). We extend X to an open contour A C A
with OX = {0,¢}: X is the union of Aj, A\, X}, with A} the part of \; from 0 to t; and X,
the part of Ao from 2 to t. By Lemma 4.2.4 point 7. we have

a(X) = a(A\)a(Na(Xy) - (4.80)
Using Lemma 4.2.4 point 1. we obtain
a(X;) = exp{-O(IN})}, j=1,2. (4.81)

Indeed it is enough to put all coupling constants J(e), e ¢ A(X), to oo and make an
explicit computation. Thus, since [\}| = O(a),

4q(\) < q(N) exp{O(a)} (4.82)
Putting these estimates together we obtain the desired result. O

Lemma 4.4.3 allows us to estimate (4.69), in which 0 and ¢ are on the boundary of B;, by
a similar event involving wu, and v, which are “deep” inside the box. We first show how
Lemma 4.4.2 can be used to study this last event.

Lemma 4.4.4. Let 3 < 3. and J(e) = 3 for all edges e € E. Suppose t € Z? is such that
0<t(2) <t(l). Let a € N with 2a < t(1). Let B be the box (4.68) and u,, v, defined as
in Lemma 4.4.3 with A = B;. Then

Yo a = [1-o(tm)exp{-0@)}] D qN).
A0 A={uq,va} A OA={ua,va}
ANOB=2
Proof. 1t is sufficient to observe that the box B; and the points u, and v, have been chosen
in such a way as to ensure that Lemma 4.4.2 can be applied for each side of the box with
@ = 2a. Using this lemma yields

Y. a) <o) exp{-0(a)Ho(ua)o(va)) , (4.83)
A:OA={uq,va}
ANOB £ D

where we used x(2a,0) < exp{—0O(a)} and x(2a,2a) < exp{—O(a)} by Lemma 4.4.1. O

Lemma 4.4.4 states a concentration property of the measure M- |[{0 — t}|. Indeed let
tr, =t - L; the lemma states that there exists a sequence of boxes BQL such that

M C By {0 —tr}]>1— L7000, (4.84)

(Just construct the boxes B;, such that 0 and ¢, play the roles of u, and v, in the lemma,
with a = Klog L, K large enough). This is certainly not an optimal estimate since we
expect the typical transverse fluctuations of the contour to be of order O(L'/?), while
in this lemma fluctuations of order O(L) are allowed; see Section 4.6 for (much) better
estimates.

Proposition 4.4.1. Let 8 < (3. and J(e) = 3 for all edges e € £. Suppose t € 72 is such
that 0 < t(2) < t(1). Let a € N with 2a < t(1). If B is the box (4.68), then
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e MU € £ : Ainside B}{0 — t}] = (1 — O(|t1]) exp{—O(a)})) exp{—O(a)}.
o > 4N = (0(0)a(t) [t - O(t(1)| exp{-O(a)})] exp{—O(a)},

AEL:
A inside B

where A inside B, means A C By and AN 0B, = {0,t}.

Proof. From Lemma 4.4.3 we can write

MU0 —t}N{AeL: Ainside B} = > qA) = exp{-0(a)} > q(N),
A:0X={0,t} A:OA={uqa,va}
A inside By A inside By
(4.85)

The first statement follows easily from Lemma 4.4.4, equation (4.85) and the observation
that (o(0)o(t)) < (0(uq)o(ve)) by monotonicity.
The second statement is just a reformulation of the first one. O

In Section 4.6 we obtain much more precise results on typical contours contributing
to the 2-point function. Notice however that, here, we have made no use of the exact
solution (neither the Ornstein-Zernicke property (see Section 4.5) nor the Sharp Triangle
inequality); unfortunately, the proof of the corresponding statement for the boundary 2-
point function requires the use of a lower bound on the 2-point function. However, in
some cases, it is possible to avoid completely the use of such information. See Chapter 7
for a consequence of this remark.

4.4.2 The boundary 2-point function
The random-line representation

There is a similar random-line representation for the boundary 2-point function. Let
B < B and let J(e) be the coupling constants defined in (4.5). We introduce the following
set

r={ACL: A=goroA={0,t},0#¢teL}. (4.86)

A natural measure on this set is given by

q]L()‘;ﬁvh)7 lf)\;é@,

) (4.87)
0 otherwise,

ML [{A}] = {

where qp(+; 3, h) is defined in Lemma 4.2.4. This measure is not normalized, however it
has a finite mass given by

xL= Y ah) = (e(0)a(t), (4.88)
AELL tel

which is bounded above by x by GKS inequalities. The boundary 2-point function has
the following representation (¢ € L)

(0(0)(t))y, = M0 — 1}]. (4.89)

Lemma 4.2.4 gives an interesting inequality relating 9M[{0 — ¢}] and M [{0 — ¢t}] when
h=1.
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Lemma 4.4.5. Let 8 < (3. and J(e) = 3 for all edges e € E. Then, for all t € L,
ML{0 — t}] =M CL}N{0— t}]

and
(0(0)a(t))y, = MHA C LH{0 — t}] (o (0)o(?)) -

Proof. By Lemma 4.2.4,

MO0 -t} = > al)

aAAzc{%,t}
> > )
{0}
=MH{ACL}n{0—t}. (4.90)
Therefore
(@(0)a(t))y, = MU{A C L} N {0 — t}] = M[{A C L}H{0 — t}](o(0)a(t)) . (4.91)

O]

Box proposition

The following results are similar to those proved for the bulk 2-point function. Again the
estimates are not optimal and are improved in Section 4.6.
Let t € L with ¢(1) > 0. We construct a square box

Bi={ueZ?:0<u(l)<t(1),0<u?2) <t1)}. (4.92)
The aim of this subsection is to compare My, [{0 — t}] = (c(0)o(t));, and

MU0 —t}n{reLL : ACBY = > a(N). (4.93)
Aegy:
ACB:

We first state a result similar to Lemma 4.4.3.

Lemma 4.4.6. Let 5 < (. and J(e) given by (4.5). Suppose t € ¥ is such that t(1) > 0.
Let a € N with 2a < t(1). Let uy, = (a,0) and v, = (t(1) — a,0). Let A C L be
a connected set containing 0, t, ug, ve and the sets {t' € ¥ : 0 < t/(1) < a} and
{teX :t(1)—a<t'(1) <t(1)}. Then

Yo = ep{-0@} > al).

A:oA={0,t} A:0A={uq,vq}
ACA ACA
Proof. The Lemma is proved in the same way as Lemma 4.4.3. O

We prove now the analogue of Lemma 4.4.4
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Lemma 4.4.7. Let 3 < (. and J(e) given by (4.5). Suppose t € X is such that t(1) > 0.
Let a € N with 2a < t(1). Let B; be the box (4.92) and uq, v, defined as in Lemma 4.4.6
with A = B;. Then

Z aL(\) = [1 = O(|t(1)])*? exp{—2am,a(3*, h*)}] Z qL(N),
A:OA={uq,va} A:0A={uq,vq}
A\ inside B
where X inside By means X C By and AN{t' € B, : t/(1) =0 or¢’(1) = t(1) ort'(2) =
t(2)} ={0,t}.

Proof. Consider A such that OA = {ug,v,} with initial point u,. Assume that A touches
the boundary of the box B; at t.. Let A(sx) := t. There are two cases.

1. t.(2) = t(1). Then there is a last time s; such that s; < s, with A(s;) € ¥ and a
first time s > s, such that A(s2) € ¥. Let 7* := 7((1,0); 8*). Using Lemma 4.2.5 and
symmetry and monotonicity properties of the surface tension we get

> @) < O(exp{-2t(1)7"}). (4.94)
Aza/\ttgf\a,va}

We write the right-hand side of (4.94) as

(exp{—2¢(1)7"})
(o(uq)o(va))y,

O(exp{—2t(1)r*}) = 2 (0(1a) o (va))y - (4.95)

The lower bound on the boundary two—point function of Section 4.5, Proposition 3.2.1
and t(1)7* = 7(t; 8*), with ¢ = (¢(1),0), imply that

O(exp{—2t(1)7"})
(o(ug)o(va))y,

< O(IHV) P/ exp{—r(t: 5)}) . (4.96)
Replacing (o(uq)o(ve))y, by (0(0)o(t));, and summing over t*, we get

> < 000 01V exp{7(: 5} - (4.97)
A:aA;g;\mva}

2. t,(1) =0 or t,(1) = ¢t(1). From Lemma 4.2.6 and GKS inequalities we obtain in a
similar manner

S al) < (oot ooty
A:OA={ua,va}
t.EX, ta(1)=0
= (o(—ua)o(ts))y(o(va)o(t))y,
< <U(_Ua)0(va)>]L
< (a(ua)a(va))LO(|t(1)|3/2exp{—27‘bd(ua;ﬁ*,h*)}>. (4.98)

Then we sum over t* and use T,q(uq; 5%, h*) = ama((1,0); 8%, h*). O
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FIGURE 4.10. The construction in the proof of Lemma 4.4.8.

Lemma 4.4.7 states a concentration property of the measure MMy [-[{0 — ¢}]. The
same comments as in the case of the bulk 2-point function apply. Notice that Lemma
4.4.8 below shows that when m,q(8%, h*) < 7((1,0); 3*) (i.e. in case of partial wetting)
the contour sticks to the wall. This observation can be used to improve hugely the above
estimate in such a case. Since a similar (better) estimate is done in Section 4.6, we do not
do it here.

We can now state the main result of this subsection, which is similar to Proposition
4.4.1.

Proposition 4.4.2. Let 3 < (. and J(e) be given by (3.30). Suppose t € L is such that
t(1) > 0. Let a € N with 2a < t(1). If By is the box of (4.92), then

e MUNELL : ACBI{0—t}] > [1 - O(|t1]°/?) exp{—2am4(5*, h*}] exp{—0O(a)}.
o > N = (a(0)o(®)y, [t — Ot (1)*?) exp{—2ama(5*, h*}] exp{~O(a)}.

PYSIV
ACB:

Proof. This is done as in the proof of Proposition 4.4.1. O

Again, using the Sharp Triangle Inequality, it is possible to obtain essentially optimal
estimates, see Section 4.6.

Before concluding this subsection, we prove a last lemma showing that, when the dual
model is in the partial wetting regime h* < hy(3*), the open contours with both endpoints
on X really sticks to the wall, in the sense that they return very often to X.

Lemma 4.4.8. Let f < 3. and J(e) given by (4.5). Suppose h* < hyw(5*). Lett € ¥ and
I={ue¥ :x; <u(l)<x2} be a finite non-empty subset of ¥ with 0 < x1 < xa < t(1).
Then there exist € > 0, ne. and Cy such that for all 1, xo with |x9 — x1| = ne

ML {ANT = }{0 — t}] < Cyexp{—c|ze — z1|} .
Proof. We have
ML {0 — 1}] = (o (0)r (). (4.99)

Let A be a random line such that O\ = {0,t} and AN I = @. Let s; be the last time
that A\ touches X at the left hand side of I, and let so be the first time that A\ touches
¥ at the right-hand side of I. We set u = A(s1) and v = A(s2). We necessarily have
u(l) < z1 < xg < wv(1). From Lemmas 4.2.5 and 4.2.6 we get

ML{ANT=2}N{0—t}] < Zexp{—T(v —u; %) o (0)o(u))y (o(v)o(t)), . (4.100)

)
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By GKS inequalities

(@(0)a(®))y, = (a(0)a(u))y{o(w)o(v)) (o(v)o(t))y, (4.101)

so that
> exp{—7(v —u; 37)}

ML[{ANI=2}|{0—t}] < (4.102)
(o(u)o(v))y,
We know that
1
lim - log (0(0)o(nt1));, = Tha™, (4.103)
where
Thd™ = Toa(t1; 85, h%) , t1=(1,0). (4.104)
Let 0 < 26 < 7% — 1pq™; 7" = 7(t1; 8*). We can find n. so that for all n > n.,
. 1 N
lim - log (c(0)o(nt1))p, < Tha" +¢€, (4.105)
so that
(0(0)o(nt));, = exp{—n(mha" +¢)}. (4.106)
From this inequality and 7(u — v; %) = |[u — v| - 7*
MLIANT =2} [{0 = t}] < ) exp{—elu—v[}. (4.107)
Using u(1) < 21 < x2 < v(1) the lemma follows. O

Remark. Using Proposition 4.5.2 point 1., we can improve Lemma 4.4.8. There exists a
constant C' such that for any interval I = [z, z2] we have

ML{ANT = }{0 — t}] < Cexp{—(7" — 7ba") - |22 — 1]} . (4.108)

4.5 Lower bounds on the 2-point functions

In Section 4.2.3, we give several upper bounds on 2-point functions. We are interested
now in lower bounds on these quantities. These estimates play an important role in the
next chapters. Unfortunately most of the results exposed in this section are known to
hold non-perturbatively only by explicit computation, and no general non-perturbative
argument is available®. As in the other sections, we consider first the case of the bulk
2-point function and then of the boundary 2-point function.

5See however recent results of Alexander about the same kind of problems for Bernoulli percolation
[All, Al2].
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4.5.1 The bulk 2-point function

Let 8 < . and J(e) = (3 for all edges e. What we need in later chapters is a result of the
following kind: For all 0 # t € Z2,

(0 (0)a()® > ||er€ exp{—r(t; 3)} (4.109)

for some positive constants C' and k (independent of t).

Such a bound, with the correct & = 1/2, can be obtained” for small 3 (large 5*) using
perturbative techniques, see [P, DKS1, MZ]; see also [G1, BLP1] for earlier works on this
problem, in particular see [BF] where the connection with the Central Limit Theorem for
random lines is made explicit.

The exact result has also been obtained by explicit calculations, see for example [MW],
Chapter XI and XII. These are the results we use in Chapters 6 and 78. Precisely, we have

Proposition 4.5.1. (Ornstein-Zernicke behaviour of the bulk 2-point function) Let 3 < (3.
and J(e) = (8 for all edges e. Then there exists a constant Coy such that, for all t # 0,

(0 (0)a()® > CHO;H exp{—7(t; )} .

To understand heuristically why the prefactor should be of that form, consider the
case when ¢t is such that ¢(2) = 0. Then we can write

(o(0)a (1)) = x(¢(1),0)M{'2) =0} |J {0—¢Y

¢t (1)=t(1)

> exp{-T(®)}M{F'2) =0} |J {0—*}], (4.110)

t o t/(1)=t(1)

where we used Lemma 4.4.1. The last factor in the last term, which can be interpreted as
a conditional probability, is of order O(|t(1)|~'/2), by the Central Limit Theorem, as can
be proved perturbatively (see [G1, BLP1, BF]); the general case is treated in [DKS1].
Even if we don’t know how to treat the general case non-perturbatively (without
explicit calculations), for some special ¢ it is possible to prove such lower bounds using
the non-perturbative techniques developed in the previous sections. More precisely the
two-point functions (o(0)o(t)) with ¢ satisfying any one of the four conditions: ¢(1) = 0,
t(2) = 0, t(1) = t(2), t(1) = —t(2), can be handled quite easily. This is what we show
now.
Lemma 4.5.1. Let 8 < (3. and J(e) = 3 for all edges e. Then, there exists a constant C
such that, for all t # 0 such that t(1) =0 or t(2) =0,

1
VIl ogllll

"In fact these works prove more than just a bound: They show that the 2-point function decays exactly
at this rate, up to higher order corrections.

8However, some results of Chapter 7 can be obtained without using the exact solution, see the comments
there.

(a(0)o(1))” = c exp{—7(t; 3%)} .
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Proof. We consider the case t(2) = 0. Let 7% = 7((1,0); 3*). We recall that
@)= Y (o). (4111)
t':t'(1)=a
Lemma 4.4.1 implies that x(a,0) > exp{—7*a}. Therefore we can write

> (o (0)a(t))

ot (1)=t(1)

[#'(2)|<C/ 12 log]t]2
> {1— > (@(0)o () exp{r™ [[t]l.}| exp{—7"[lt]l.}. (4.112)

t':t'(1)=t(1)

[t'(2)] Z C/lItll2 log]|t]]2

But we have

> (0(0)a(t)) < 20V/|It[|> log||t]-(c(0)o (1)) (4.113)
¢t (1)=t(1)

[t (2)|<C/Itll2 log]|t]|2

by monotonicity, and, using Proposition 3.1.1 point 5.,

> (o (0)a(t) exp{r™ |It].} < > exp{—7(t'; 3*) + 7" [[t]l.}

o (1)=t(1) ¢t/ (1)=t(1)
t'(2)] = C/|Itll2 1og [[¢]|2 [t'(2)] = C/|ltll2 og [[¢]|2
< S el (s )
¢t/ (1)=t(1)
[t'(2)] = C/|ltll2og [[¢]|2
< i)l ¢ (4.114)
where the function O(C) is uniform in ¢. The conclusion follows easily. O

We cannot use the same technique in the diagonal case, since the surface tension is
not minimal in that direction (it is in fact maximal). However, using monotonicity of the
2-point function, we can still prove a similar result (slightly weaker).

Lemma 4.5.2. Let § < (3. and J(e) = [ for all edges e. Then, there exists a constant C
such that, for all t # 0 such that t(1) = t(2),

(0(0)o () > Wiexp{—f(t;ﬁ*)}-

Proof. Consider the set B

B={t' ez’ |t'|. <|tl.}, (4.115)

We introduce t,, = n - t for any integer n > 2. By Lemma 4.2.7, we have

(a(0)o(ta)) < Y (a(0)a(t)) o (t)a(tn)). (4.116)

t'€oB
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Using the symmetry properties of the two—point function and monotonicity, we have for
any t' € OB

(0(0)o(t")) < (o(0)o(t)) and  (o()o(ta)) < (o(t)o(ta)). (4.117)
Therefore
(0(0)a(tn)) < 8[|tl[:{a(0)a (t)){o(t)a(tn)) - (4.118)
By iteration we get
(0 (0)a(tn)) < [8[[t]l]"[(a(0)a ()] - (4.119)
The result follows by taking the logarithm, dividing by n and taking the limit n — oco. [

4.5.2 The boundary 2-point function

Let 8 < 3. and suppose J(e) is given by (4.5).

As in the previous section, we want to obtain lower bounds for the boundary 2-point
function showing that the corrections to the exponential decay are polynomial. In this
case, however, the situation is more subtle, since the behaviour of the boundary 2-point
function depends on the value of h. More precisely there is a transition between two
behaviours corresponding to the wetting transition of the dual model:

exp{—7(t; 8")}

h* > ha(8Y) + (0(0)o(t)) ~ G (4.120)
R < hw(8%) : (0(0)o(t)) ~ exp{—mpa(t; B°,h")}. (4.121)

It is possible to prove non-perturbatively, and without using explicit computation, a lower
bound with pure exponential decay in situation (4.121). However in the case (4.120), we
have to refer to the exact solution [MW, Pa2]. Nevertheless we can prove that it is enough
to obtain a lower bound in the case h = 1.

Proposition 4.5.2. (Ornstein-Zernicke behaviour of the boundary 2-point function) Let
B < Be and J(e) given by (4.5). Then,
1. Let h* < hyw(5*). Then there exists a constant C = C((, h) such that, for allt € X,

(@(0) ()" > C exp{—mal(t: ", 1)}
2. Forallh >0 and allt € %,
(0(0)o(t){" > (tanh §)* (o(0)o (1)
3. There exists a constant C' such that, for allt € X3,
PO > s el 8).
2

Proof. 1. This is a consequence of Lemma 4.4.8. The proof is similar to that of Lemma
4.5.2. Let t = (¢(1),0) with ¢(1) > 0. We set t = kt for k =1,2,...,n. Let a € N,
t(1) > a, and I be the interval

T={tel:t;(1)—a<tl)<t(1), t2) =0}. (4.122)
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We have

(0(0)a(tn))y, = ML{0 — tn}] (4.123)
=ML [E7H{0 — t, } ] ML{0 — .} + ML[E N {0 — ¢, }],
where E7 is the event {AN I # @} and Ef the complementary event. We choose a

so that
ML [EF{0 — t,}] <1/2, (4.124)

which is possible according to Lemma 4.4.8 if £(1) is large enough. Thus we have

(0(0)o(tn)), < 2ML[ErN{0 — t,}]

<2 > am

u€l X:90X={0,tn}
UEA

< 24 (0(0)o(t1 — (a,0))), {o(t1)o(ta))y - (4.125)

We have used Lemma 4.2.5 and the monotonicity property of the boundary two-point
function. By GKS inequalities and translation—invariance

(o)t = (a,0))y, _ (0(0)a(ts — (a,0)))y,
(@(0)o(tr)), (o(0)a(ti — (a,0))) (ot — (a,0))o(tr))y,
1
= oO)((@0)), 120
If we set
C* = <U(O)U;(aaa 0))>]L ’ (4'127)
then
(0(0)a(tn))y, < O Ho(0)a(tr))y (o (t)o (tn))y, - (4.128)
We can iterate this result,
(r(0)o(t))y, < O (o (0)(tr))y) " (4.129)

Therefore, if ¢(1) is large enough, then

—Tha(t; 85, h") = nh_)rglo % log (0(0)o(tn));, < —log Cy +1log (o (0)o(t)),. (4.130)

2. By GKS inequalities, the 2-point function decreases if we set J(e) = 0 for all edges e
which are adjacent to a site of ¥, except the two edges ((0,0), (0,1)) and (¢,t + (0,1)).
Summing explicitly over o(0) and o () yields two factors tanh 3.

3. Follows from the exact solution, see [MW, Pa2].

O

As before it is possible to understand the prefactor in the third statement of Proposition
4.5.2. By Lemma 4.4.5

(o(0)a ()" = MUA C LI{O — 3] (a(0)o (1)) (4.131)

The term M[{A C L}/{0 — t}], which can be interpreted as a conditional probability,
should be of order O(|t(1)|~1), by analogy with simple random walks. Together with the
factor O([t(1)|~1/2) of (¢(0)o(t)) we get the O(|t(1)]73/2) factor.
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4.6 Concentration properties

Lemmas 4.4.4 and 4.4.7 provide some characterization on the typical contours contributing
to the bulk and boundary 2-point functions. These results, however, are far from optimal.
The aim of this section is to improve them. To achieve this, it is necessary to use some
information coming from the exact solution, namely the Sharp Triangle Inequality, see
Proposition 3.1.1, and lower bounds on the 2-point functions, see Section 4.5. At this
cost, it is possible to obtain essentially optimal results. Our philosophy is to avoid any
computation at the level of typical fluctuations of the contours’. The main reason is that
a study of the fluctuations is very difficult to do non-perturbatively (in fact, it already
requires a lot of work at a perturbative level, see for example [Hi2, DKS1, DH2]), and can
be obtained through exact computation only in some special situations. Our techniques
however are much more versatile. Usually, in the study of large deviations, the strict
convexity of the rate—function is sufficient to obtain concentration results. We show in
this section that the Sharp Triangle Inequality satisfied by the surface tension plays the
same role.

For applications in the next chapters, we state the results in a more general way than
was done in Section 4.4. Namely we need results for finite volume 2-point functions.
Nevertheless we also give the corresponding results for the infinite volume case, since the
results become much simpler and possibly more illuminating.

The analogue of the square box of Sections 4.4.1 and 4.4.2 is the following elliptical
set. Let =, y € Z?, and p > 0. We set

S(x,y,p) ={t € 22 « ||t = all. + [t = yll. < ly — @[l + o}, (4.132)

We also need a different box which is useful when there is partial wetting. Let x € X,
y € X, with (1) < y(1), and p > 0; we set

S'(zy.p) ={t€Z® : 2(1) — p < t(1) <y(1) +p, 0<U2) < p} - (4.133)

We can now state the finite volume results.

Proposition 4.6.1. Let § < ., h > 0 and J(e) given by (4.5). Let A C L, x, y € A,
x#y, and p> 0. Let S = S(x,y,p). Then

1. Suppose h* = hyw(6*). Then

> (X Bh) < O(|081 ) exp{—rp} exp{—T(y — x; 8°)} .

A O ={z,y}
AZ St

Y aa(XBh) < [08i|exp{—rp} exp{—T(y — x; 8°)}.

9Notice however that the two exact results we use implicitly contain information on fluctuations.
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3. Suppose x & 3 and y & 3. Then

> aa(NB,h) < 08| exp{—rp}exp{—T(y — z; )}
X: O ={z,y}
AZS1

+ ) exp{—(7(z1 — x; B) + Toalz2 — 21; 87, h%) + 7(y — 22 8%))}.

21,22E€XNA

4. Suppose x € 3 and y € 3. Then

> aa(N8,h) < [081| exp{—rp}exp{—T(y — z;5")}
X: O ={z,y}
AZS1
+ Y exp{—(r(z —; 8) + moaly — 2 8%, 1))} .

z€XNA

5. Suppose h* < hy(8*), x € ¥ and y € . Let So = S'(x,y,p). Then there exists a
constant C(3) > 0 such that

> Bk <
X: O ={z,y}
AZS2

|08s|[exp{—2pmpa(B", h")} + |plexp{—Cp}] exp{—mna(y — z; ", 1")} .
k(") is the constant appearing in the definition of the Sharp Triangle inequality.

Proof. 1. Let A C A. Let s — A(s) be a parameterization of the open contour A from
x to y. We introduce a set of points as in figure 4.11. Let s’ the first time such
that A(s') € S1, s1 < ¢ the first time (if any) such that A(s;) € ¥, 81 < s < ¢
the last time before s’ that A(s2) € 3, s3 > s’ the first time after s’ that A\(s3) € &
and s4 > s3 the last time such that A(s4) € ¥ and (it is possible that some of these
points don’t exist, coincide or coincide with x or y).

U2 Ul us Ug

FIGURE 4.11. The construction in the proof of Proposition 4.6.1, point 1.; t = A(s’) and
Uq :)\(Si), 1= 1,..,,4.

By Lemma 4.2.8, the fact that m,q(8%,h*) = 7((1,0); 5*), the Sharp Triangle In-
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equality and the definition of &7, we can write

> > > qa(A; B, h)

t€d 81 u€X,i=1,...,4 X:oa={z,y}
A(s")=t, A(si)=u4,i=1,...,4

< Z Z eXp{—(T(U,l - x7/8*) + de(UQ — ul;ﬁ*a h*) + T(t _ UQ,B*)—F

ted Sy u €8, 1=1,...4
7(uz — t; 8%) + Tha(us — uz; 5, h*) + 7(y — ua; 57))}
= Z Z exp{—(7(u1 — x; 8*) + 7(ug — u1; 5%) + 7(t — ug; B*)+

ted St uieX,i=1,...,4
T(uz —t; 8%) + 7(us — u3; %) + 7(y — ua; 5%)) }
< O(|081]") Z exp{—(7(t —z; 8%) +7(y — t; 6%)) }

ted S,
<O(081Y) Y exp{—(r(y — 2:8) + £(8)p)}
ted S,
< O0(|081]%) exp{—r(8")p} exp{—7(y — z; ")} . (4.134)

2. By Lemma 4.2.8,

Y MBS Y en{-(rlt-mF) Frly B}, (4135
A: O A={z,y} te0 S,
AZSL, ANE=2

and we conclude as in the first point.

3. Let A C A. Let s — A(s) be a parameterization of the open contour A from x to y.
Let s1 be the first time (if any) such that A(s1) € ¥ and sy the last time such that

)\(52) €.
Y s < Y > aaxBh)
X:OA={z,y} tedS1 A : O ={z,y}, >t
AZ Sy ANE=2

+ ) > ar(\;B,h) . (4.136)

21,22€ENA  XN: O A={z,y}
A(s1)=21, A(s2)=22

Using Lemma 4.2.8 we get
> Yoo a8 < D exp{=(r(t— = 8% + r(y— :57))}, (4.137)

t€0S1 A : O A={z,y} ,A>t t€d Sy
ANZ=2

which is estimated as in point 1., and

> > N8R < ) exp{-7(z —2; 8}

21,22€XNA A: O ={z,y} 21,22E€XNA
A(s1)=21,\(s2)=22

cexp{—mpa(z2 — z1; 8%, h*) fexp{—7(y — z2; %)} . (4.138)
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4. This is proved similarly as the preceding point.

5. Let us write 7% = 7((1,0); 8*) and 1,q™ = m,q(5*, h*). We use the fact that 7,q* < 7*.
Let 0TSy = {t € So : t(2) = p or t(1) = [x(1) — p] or t(1) = [y(1) + p]}; we can write

ST aanBh < > D aanBh)

Aiz—y tedtSy Az —y
AZ Sa At
< D)0 D aaNBn+ > > X8 h). (4139)
teotSy Aiz—y teotS, Aiz—y
t(2)<py A3t t(2)=py A3t

We treat these sums separately. By symmetry and GKS inequalities

SN aassn <2 D (o@o®)le®)ay)y
tedtSy A1 x—y teo0tS,
t(2)<p A3t t(1)=z(1)—p

<2 Z exp{—2p7pd" } exp{—7pa" |y — z[]2}, (4.140)
tedTS,
t()=z(1)—p

where 7 is the image of = under a reflection of axis {u : u(1) =¢(1)}.
Let A C A, t € X and t(2) = p. Let s — A(s) be a parameterization of the open
contour A from z to y. We set t = A\(s*); we denote by s; the last time before s*
such that A(s1) € 3; we denote by sg the first time after s* such that A(s2) € £. We
get (u = A(s1), v = A(s2))

Yo D aaBm < Y Y (o(@)o(w)ylo(wa(t){o(t)o(v)) o (v)a(y))y

tE0TSs A x—y tedtSy w,v
t(2):p ASt t(2):p
< Y0 Do exp{—(malu— ;8% h") + maly — v 87, "))}
teotSy v
t(2)=p

exp{—7(t —u; 3*) — (v —t; 3%)}
> exp{—(mpalu — z; 8%, 1) + Thaly — v; 8%, 1))}

teOTSy UV
1(2)=p

cexp{—7(u —v; %)} exp{—r(llu — tlls + [t = vlla = lu = v[}2)}
> > exp{—male —y; 87, 0) — (7" = 7pa”)lu— ]}

t68+82 u,v
t(2)=p

sexp{—r([lu =t + [It = v[l. = [Ju—v[}2)}, (4.141)

N

N
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The conclusion follows from the observation that the summation is over the base of
the triangle uvt, and that the term exp{—(7* — 7,q*)||u — v||,} allows to control the
triangles with a large base, while the term exp{—«(||u — || + ||t — v||, — |[Jlu — v]2)}
can be used to control the terms in which the base is far from the point ¢.

O

Proposition 4.6.1 has a simpler counterpart when A = Z? or A = L which states
concentration properties of the measures 9[- |[{0 — ¢}] and My [- {0 — t}].
Proposition 4.6.2. Let 0 # t € Z? and K > 0. Let S(K) = S(0,t, K log||t||,) and
S'(K) = 8'(0,t, K log||t||,). Then

1. There exists a constant C1 > 0, independent of t, such that

- K )43
M{A ¢ S0 — 1}] < Culelly "7,

2. Suppose t € X and h* > hy(B8*). Then there exists a constant Cy > 0, independent

of t, such that

ML ¢ S(K)IHO — 1] < Colls 72

3. Suppose t € X2 and h* < hy(B*). Then
ML\ ¢ S'(K) {0 — t}] < ¢S

where k(%) is the constant appearing in the definition of the Sharp Triangle inequal-
ity.

Proof. The proof is similar (and slightly simpler) to the proof of Proposition 4.6.1. The
only additional work is to use the lower bounds on the 2-point functions to replace the
quantities involving surface tension by 2-point functions. For example in point 1., use

exp{—7(t; )} < O(V/[[tl]2) (o (0)o(£))” . (4.142)
O

Proposition 4.6.2 gives an very accurate description of the set of typical contours
contributing to the 2-point function. Indeed, it is known that the scale of the typical
fluctuations of the contours of point 1. or 2. are O(y/||t||.) lattice sites. On the other
hand Lemma 4.4.8 showed that the contours of point 3. are pinned to the wall and that
the excursions away from the wall behave as a one-dimensional gas of excitations with
exponentially decaying weights; a logarithmic bound is therefore natural. Of course to
prove optimality would require the analysis of the fluctuations of these contours, which
we cannot do with these techniques.



Chapter 5

The phase of small contours

In this chapter, we consider the low temperature representation of the Ising model. We
want to prove some estimates which play a very important role in Chapter 7. One of the
main ideas in that chapter, which was introduced in [DKS1] is to introduce a distinction
among the contours, treating separately the small and large ones. In Section 5.1 we obtain
some results about the low temperature representation of the Ising model constrained to
have only small contours. Section 5.2 is dedicated to the study of the large deviations of
the magnetization under the constraint on the size of the contours!; this is a fundamental
topic for Chapter 7.

Let us first give precise definitions. Let ¢ € Z? and § > 0; we set

D(t,0) = {t' € Z? : ||t' —t]|. <5/2}. (5.1)
We can now define small and large contours.

Definition.
(D109) A contour vy is s-small if there exists t € Z* such that inty C D(t, s).
(D110) A contour ~y is s-large if it is not s-small.

We sometimes write small instead of s-small and large instead of s-large, when there is no
ambiguity. Let A C Z?. We are interested in the probability of events computed with the
conditioned measure

Py°[-] = Py[-|{All contours are s-small}]. (5.2)

Expectation value is denoted (-)1*® or Py"*[-]. This defines the phase of small contours.
We denote the characteristic function of the event that all contours in A are small by I3,

I3 (w) = 1 if w satisfies the AT-boundary condition and each contour of w is s-small,
w) =
A 0 otherwise.

(5.3)
Lemma 5.0.1. The function w — I{(w) is increasing. Moreover, if Ay and Ay are two
disjoint components of A, then

I} (w) = I}, (W) I}, (@) -

!The results of this chapter are part of [PV3].

107
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Proof. The first statement follows from the two following elementary observations:
e If the external contours of any configuration are s-small then all contours of that
configuration are s-small.

e If w is such that I§{(w) = 1 then changing the value of any spin from —1 to +1
cannot make the external contours larger.

The second statement is obvious. O

5.1 Some basic estimates

The main property of the phase of small contours is that events which happen “far from
one another” satisfy a strong decoupling property. Indeed since the contours are s-small,
as soon as the distance between the support of these events becomes large compared to
s there is “screening” by a chain of + spins. The following lemma makes this idea more
precise.

Definition.
(D111) Let A C Z*. The s-neighbourhood of A is the set

N3(A) = lJ Ds).

t:D(t,s)NA#D

a

A,
Ay

FIGURE 5.1. Two sets A; and Az as in Lemma 5.1.1. The shaded region indicates the
s-neighborhood of A; and the two squares are translates of D(0, s).

Lemma 5.1.1. Let J(e) > 0 for all edges. Let A C Z%, A1 C A and Ay C A such that
NS(Al)ﬂAQ =J.

Let f be a Aq-local function, and g be a Aa-local function. Then, for any s € N,
1. +,5 +,8 +,s < +,5 +;s +,s )
(FOR = DL @<, _maxOD = (5716

2. 1If, furthermore, f is increasing and g is positive, then

(fa)n" = <f>X/s(A1) (9ha"
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o
O o
Q

a!
O O

O

FIGURE 5.2. The white set is A;; the light—shaded area represents the s-neighborhood
of A;. The dark—shaded region is the random set A(w).

3. If, furthermore, f is decreasing and g is positive, then

(fa)n" < <f>X/s(Al) (9ha

4. If, furthermore, f and g are both increasing, then

FaR" = (PR an @), -
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Proof. 1. Let w such that I{(w) = 1 (the other configurations do not contribute to
(f g}j\r’s). Let v be an external contour of w. Clearly, by the definition of s-

neighborhood,
N?3(A7) ¢ intry.

The basic observation is that, if
inty N (A\ N*(A1) # 2,

then
R’VﬁAl =d.

Let y1(w), . ..,72(w) be all external contours of w such that
intyi(w) N (A\N*(A) £ 2, i=0,...,n;
we define the random set

AW) = (AN @A) U | by

i=1,....,n
By Lemma 5.0.1 and the Markov property, we can write

o) = D" (fal{AC) = "D PEHA() = A"}

A'CA

= D (NN (GHAC) = ADR° PEIAG) = A7)

A'CA

(5.4)

(5.5)

(5.6)

(5.9)
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If Py °[{A(-) = A"}] # 0 then A; € A\ A” C N*(A;). Hence the conclusion follows
from

(o™ = (O " =
Y (ARG = (HE7) (9HAC) = AN PUTHAG) = A7) (5.10)

AN'CA

2. We begin as in point 1.. Therefore we have

(FIHAC) = AN = (AR5 (9HAC) = AH". (5.11)

Since f is increasing,

<fIISX\A”>j\_\A//
+,
(f)aan = e > <f>j\_\AN > <f>j\r/s(A1)- (5.12)
A\A" A\A
The conclusion follows easily from (5.11) and (5.12).
3. The proof is done as in point 2..

4. It is similar to the proof of point 2.. Just use

(GHAC) = AN = ()47 = (0)k = (@) ha, - (5.13)

O]

Remark. In the proof of last lemma, the only properties of the measure which were
used were the Markov property and FKG inequalities; therefore, the conclusion remains
true if we replace the measure ,uX by another measure sharing the same properties, as the
measure of the Ising model in magnetic field, for example.

We are mainly interested in the expectation value of the magnetization in the constrained
phase. It is particularly important to know how it compares to the expectation value in
the unconstrained phase. This is the content of the next lemma.

Lemma 5.1.2. Let J(e) be defined by (3.30), with 3 > . and h > 0. Let s € N and
t € L such that t(2) > 3s. Let A C L such that N*({t}) C A. Then there ezists a constant
n =mn(0) such that

(o) < (o)™ < (o) + O(s") exp{—n s}

Proof. The first inequality follows from Lemma 5.1.1, point 2., with ¢ = 1, and FKG
inequalities
)8, J , ,
<U(t)>X > <U(t)>;\i_/s({t}) = <U(t)>;\i_/'sﬁ({t}) > <J(t)>+ﬁ' (5.14)

By (5.11) with A; = D(t, s), we have

(o)X = D ()i P HAC) = A"} (5.15)
A'CA
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Since only terms with D(t,s) C A\ A" € N3(D(t, s)) give a non-zero contribution, FKG
inequalities imply

(O} 1
MA tos,
e P HAG) = A
< A\A”>A\A"
<O’(t)[s s>+J <Is S>+J
- D(t,5) p(t,s) " DPt:5) D(t,s) P+3J[{A( )
) Uhipns  Thard i
A'CA VD(s) Dy MATE A\ A

CONEY

A'CA

A"Y]. (5.16)

Observing that all contours in D(¢, s) are s-small, we have

I35, 57
< ( ) D(t)sj_>J (t,s) _ <U(t)>+7SJ _ <J(t)>+7ﬂ , (517)

D(t,s)
D(t,s)

<I%(t,s)

and
Tde)) ey = 1 (5.18)

Moreover, by FKG inequalities and Lemma 4.3.2
s ,J s ,J *
<IA\A">X\A,, Z <INS(D(t,5))>I/—S(,D(t7S)) > 11— 0(s*) exp{—a(")s}, (5.19)

since a contour with diameter bounded by s is obviously s-small («a(5*) is the quantity
defined in Lemma 4.3.2).
Therefore we have

(o) < (o) hiry) + O(s!) exp{—a(B*)s} . (5.20)
Lemma A.4.1 then gives
(o () Bis) — (o)™
from which the conclusion follows by defining 7(3) so that
max{exp{—s (")}, exp{—35a(8)}} < exp{-n(B)s}. (5.22)

O]

(s) exp{—3sa(B)}, (5.21)

Lemmas 5.1.1 and 5.1.2 allow us to obtain estimates on the decay of the variance in
the phase of small contours,

Lemma 5.1.3. Let J(e) be defined by (3.30), with 3 > . and h > 0. Let s € N and
t € L such that t(2) > 3s. Let A C L such that N*({t}) C A and let t' € A such that
min{|t'(¢) — t(i)|, i = 1,2} > s. Then
)8, J )8, )8y s
(o) @Na™" = ()X (e () 1™ < O(s") exp{-n s} o ()
where n(3) is the constant of Lemma 5.1.2.

Proof. This follows from Lemma 5.1.1, point 1., and Lemma 5.1.2. O
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FI1GURE 5.3. The idea of the proof of Lemma 5.1.4. The “4” represent the chain of +
spins screening the boundary, when the contours touching ¥ are fixed (and s-small).

Thanks to Lemma 4.3.2, it is possible to use the phase of small contours to obtain
results about the unconstrained phase. This is illustrated in the following useful lemma.

Lemma 5.1.4. Let J(e) be defined by (3.30), with 5 > . and h > 0. Let s € N. Let
A CL andt e A such that t(2) > 2s. Then

(o(t))™P — PP {3y not s-small}] < <J(t)>X’ﬁ’h <
<O'(7f)>+ﬁ + P+,,6’,h[{§|'y not s-small}] + O(s) exp{—a(pB) s},

where a(3) is the constant of Lemma A.4.1. There is a analogous statement in the case
of —-boundary condition.

Proof. Let U be the event: All contours in w which have a non-empty intersection with 3
are s-small, and U/ the complementary event. Then we have

) ah ) ah ) ah C ) 7h’ b 7h C
(X" = (@O PEP UL + (U T " PIP U (5.23)
Therefore, we can write

()" (e ORI PYM U = o (03 PL ) < PEP {3y not s-small}].

(5.24)
Since ¢ cannot be in the interior of one the contours intersecting 3 when U holds, FKG
inequalities yield

(OO 2 (o)X = (o (). (5.25)

This gives the lower bound. The upper bound follows by invoking Lemma A.4.1 to show
that

(o)) 77" < (o)™ + O(s) exp{—a(B) s} - (5.26)

O
Using Lemma 4.3.2 it is possible to obtain estimates on PX’ﬂ {3y not s-small}] when

A is simply connected, thus giving precise informations on the effect of the magnetic field
on the spins which are not in the vicinity of the wall.
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5.2 Large deviations in the phase of small contours

The aim of this section is to obtain an estimate on the probability of large deviations of
the magnetization in the phase of small contours. Due to the decoupling properties of this
phase, the idea is to introduce suitable block-spins to transform this event into a large
deviation event for these independent random variables. This idea was first used in [Pi]
and [I2], then it was simplified in [ScSh1]. We follow an improved, simpler version which
appeared in [PV3]. We first state an elementary large deviation result for independent
random variables.

Lemma 5.2.1. Let Y1,...,Y, be independent random wvariables whose expectation values
satisfy Elexp(aY;)] < oo for alla € R and alli=1,...,n. Let

1 n
My = n;E[YA,
1=

fala) =~ log Blexp(a Y ¥0),
=1
and

. 2
var?’ = sup —cfaQ fn(a).
a€R

Then, for any x > 0,

1.2

Prob[{[Y (Vi — E[Yi])| > nz}] < 2exp{-—n—71}.

1 2vary,

Proof. The proof is inspired by a similar result of [Pfl1]. We first consider the event

n

(i~ EY]) > na} (527)

i=1

Then, for any a > 0, we have by Bernstein inequality,

Efexp{a iz, (Yi — E[YiD}]
exp{anz}

Prob[{$_ (¥ — E[Yi]) > na}] <
=1

< exp{—nza — nmpa+nfy(a)}
< exp{—nza + ina*var’}
22
< exp{—n——=1}. 5.28
{ 2var#} (5.28)
n
The proof for the event {Z(YZ —E[Yi]) < — na} is similar. O

i=1

The proof of the above lemma is not restricted to independent random variables; indeed
it is possible to prove for example
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Lemma 5.2.2. Let J(e) > 0 for all edges and let

varg = o0 3 (le o) — (o)t W)L).

Al

Then, for any x > 0,

ZL’2

Py (o) — (o)1) = 2lAl}] < exp{—|Al =1}
teA A
and for any x < 0,
2
PR32 (00) — (o)) < alAlH < exp{—|A|—},
teA A

where var~ = ﬁ Zt7t€A(<U(t)a'(t/)>A,J _ <U(t)>X’J (c(t'))y) = var™, by symmetry.
Proof. The proof is identical to the one of Lemma 5.2.1. Let
1 J
Ja(@) % pgrog (expla PG (5.29)
teA

and observe that GHS inequalities yield

d2

sup — fa(a) < varf . 5.30
sp i ala) < v (5:30)
The second statement is proved in the same way. O

Definition.

(D112) Let A C 72, and v a AT -compatible family of contours. Then

Agp(y) = AN\ (| Inty nexty) .
vE€Y

Proposition 5.2.1. 1. Let J(e) = 0 for all edges, A be a simply connected subset of
Z? and s € N. Then, for any x > 0,

i {{;Axa(t) (o)) > 2lAl}
1'2
< (1= P [{3y not s-small}])) ™ exp{—]A|m},

where VarX is defined in Lemma 5.2.2.
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FIGURE 5.4. The partition in the proof of Proposition 5.2.1. The “bad” boxes are shaded.

2. Let J(e) be defined by (3.30), with f > B, and h > 0. Let 0 < x < 1 and s > 0.
Let C; > 0, Cy > 0, C3 > 0. Let A C L with |A| = C1L? and |0A| = CoL. Let

T be a AT -compatible family of s-large contours such that |L| < C3L. Let us write
P*[] - PwL,s,J

T A(D)

has T as its set of contours; we also write {-)* for the corresponding expectation
value. Then, there exists a sufficiently large constant K = K(C1,Ca,C3) such that,

if Lx® > K?s and Lz > K,

P*{{\Zw(t) o)) > Arm}} < exp{—O(|AJa*/)}

teA

[-], where wr is the only configuration satisfying +-b.c. in A which

3. Let J(e) be defined by (3.30), with 3> ., and h > 0. Let c € R and s = L°, § > 0,
such that 2c+6 < 1. Let Cy > 0, Co > 0, C3 > 0, Cy > 0. Let A C L with
|A| = C1L? and |OA| = CoL. Let T be a A*-compatible family of s-large contours
such that |I'| < C3L. Then,

P00 001> cuniL)] < expi-ori).

teA
Proof. 1. This is a consequence of Lemmas 5.2.2 and 4.3.2.
2. We introduce
Ay = {t S A#(E) : wE(t) = 1} A= {t € A#(E) : wL(t) = —1}. (5.31)

We suppose that |Ay| > |A_| (the other case is treated in the same way). By
hypotheses, there exist constants C., C_, C,, C"_, p and v such that

Ay =CyL?, 501 <0y < Cy;

A_|=C_L*, 0<C- <30, 0<pu<2;

|0A4| = C' L, C, < Cy+Cs;

OA_| = C" LY, C' <Cs, tn<r<l. (5.32)
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The functions O(-) and o(-) below depend on the value of the constants C;, i =
1,...,4.
The idea of the proof is similar to that of Lemma 5.1.1. Let R = K'/2s/z. We
consider a grid whose cells are translate of D(0, R). The cells of the grid are denoted
Ci,...,Cy. Clearly M = O(L?/R?). We first estimate the number N of cells entirely
contained in either A4 or A_. To make this computation, we construct a set of square
boxes Bi,..., Bk, which are translates of D(0,s), such that I C |J,_; x Bi. We
consider the contours of I' as unit-speed parameterized curves. We construct the set
of boxes with the following procedure:
(a) W set t§ =T1(0) and By = D(t}, s);
(b) Let s1 be the first time such that T'y(s1) & D(t}, s); we set t1 = I';(s1) and
By = D(ﬂv 8);
(c) Let sy be the first time after s1 such that I'y(s2) € D(t, s); we set 3 = T'1(s2)
and By = D(t3, s);
(d) This procedure is iterated until it stops; then we do the same thing to the next
contour I';.
Since Kl/Qs/az > s, if K is large enough, the cells of the grid are larger than the
boxes we just defined. Therefore each such box can intersect at most 4 cells of the
grid. Since the number of boxes is O(L/s), the number of cells entirely contained
inside A is
N=M—-0(L/s) = O(L*/R?), (5.33)
where we use the hypothesis that Lz? > K?2s. Observe that the total volume of the
boxes not entirely inside A4 or entirely inside A_ is at most O(Ls) < |A]z, if K is
large enough.
In the center of each cells C; we put another smaller square box C; which is a translate
of D(0, R —2s). We have the following estimate on the total volume of the corridors
between the boxes C!:

JCi\Cil < O(sR)O(L*/R?) = O(sL*/R) . (5.34)

Notice that sL2/R = L?z/K'? « L%z.
We set ]
Y = — o(t). 5.35
-+ g ) (5.3
ec!

We can then write

P} (0(t) = (o)) = [Al2}] <

teA

N
Pw;n—awaumm&@w
<

teA

if K is large enough. We define a random set A(w). Let v1(w),..., v (w) be all
external contours of w such that intv; has a non-empty intersection with at least

two different cells. We set .

Aw) = | Jinty;. (5.37)

i=1
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By construction,
A(w)ﬂC;-ZQ, ji=1,....,n, (5.38)

for all w such that all contours are s-small. We then have

N

tEA

ZP*{IZY Z > N /2b{A() = A} P{A() = A}]. (5.39)

ANCA teA

Let A’ be such that P*[{A(-) = A’}] # 0. Using Lemma 5.1.2, we obtain

N
w > (o (Y;IA(:) = Y| < N(O(s/R)+0O(s/L) + O(L" % /s)) . (5.40)
teA j=1
But clearly
O(s/L) < O(s/R) = O(z/K'?) < (5.41)
and
L' 2s <s/L=aR/(K'Y’L) < x. (5.42)

Therefore, if K is large enough, we have

P (o ( N = Az} <

teA
> P {!Z (VIA() = N))| = Na/3H{A() = A} PI{A() = A'}].
ACA
(5.43)
The variables Y;, i = 1,...,n are independent with respect to the probability mea-

sure P*[-[{A(:) = A’}]. We can therefore use Lemma 5.2.1 to estimate this probability
and we finally obtain

PH{ID (o ))) = 1Alz}] < 2exp{—Nz?/18}

teA
— exp{~O(Al2" /5)} . (5.44)

where we use the fact that the variances of the random variables Y; are bounded by
one, since the random variables are bounded by one.

3. This is a particular case of 2.. Clearly, the hypotheses imply that Lz? = CZL!7%¢ >
L°K? = sK? and Lz = C4L'~¢ > KL°, for any constant K as soon as L is large
enough.

O]

Remark.
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1. In Proposition 5.2.1, point 2., we used a trivial bound on the variances of the variables
Y;. Since there is a constraint on the size of the contours, the variance goes to zero
when |A| — oo; a better estimate would improve the result.

2. To use Lemma 5.2.2 and Proposition 5.2.1, it is necessary to control the quantities
(o(t)) L, var] and (o(t))4°. We make some comments on this subject.

(a) If J(e) = 3, for all edges, and (3 > (., then FKG inequalities give
(o(t)y =m*(B) and (o(t)y < —m*(B) (5.45)
and we can use Lemma A.4.1 to estimate

(o(®)x —m*(B)] and  [(o(t))x +m*(B)]. (5.46)

vary = var{ = o t%(@(t)a(t/)ﬁ — ()R (o(t)3)
<T 2 (o) =Gl (ol)")
< 22i<a<o>a<t>>+’ﬁ —m*(8)?)
e (5.47)

(b) Let A C L. If J(e) is given by (3.30) with 8 > . and h > 1, then GHS
inequalities imply

Varxﬂ’h = VarX’ﬁ’h < V&I‘Xﬂ’l < x(0). (5.48)
Moreover, for all ¢t € L, £(2) > 1, we have by FKG inequalities

()" < (o) ™" < (o(t) ™! (5.49)

so that we can use Lemma A.4.1 to compare <a(t)>X’67h with —m*(3).
(c) Let A be simply connected. If J(e) is given by (3.30) with 8 > S.and 0 < h < 1,

we use Lemmas 5.1.4 and 4.3.2. To get an upper bound on varj\r”g’h, we use
GKS inequalities, o 5
+7 K +7 71
(@@®)a())y™" < (a()o))y, (5.50)
and use Lemmas 5.1.4 and A.4.1 to estimate
Bk +.8,h 8,1 8,1
(@)X (N = (@)X (o)™ (5.51)

There is one case in which it is possible to improve the above proposition; it is interesting
because it is exactly the kind of event which was considered in [I2] and [ScShl]. In this
case the techniques used above give the exact exponent for the exponential decay of the
probability as can be seen by using the techniques of Lemma 7.6.3 to construct a lower
bound for this probability.
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Proposition 5.2.2. Let J(e) = 3 for all edges e, with 3 > (.. Let s = L°, § > 0. Let
C1 >0 and Cy > 0. Let A C L with |A| = C1L? and |0A| = CoL. Then, for any ¢ > 0,

P ol — o)) < exp{~O(Z*)}.

tEA

Proof. The proof is very similar to that of Proposition 5.2.1, so that we only explain what
is different in this case.
Let C(g) be a sufficiently large constant. We partition A into cells C;, which are translate
of the box D(0,[C(¢) + 2]s). The total number of boxes is therefore N = O(L*729). At
the center of each of these boxes we put a translate of D(0, C(e)s) which we denote by C..
We have

e\ ¢jl = 0(L%/C(e)) < eL?, (5.52)

(2

if C(e) is large enough. Therefore, we have

teA i teC]

if C(e) is large enough. Let pu = ¢/(4(1 +m*())). This new event can be realized only
if at least uN boxes have a magnetization at most m*((3) — /4. Indeed, suppose this is
false, then, denoting by M the set of cells having a magnetization at most m*(3) — /4,

N|C’| ZZ N|C’ (Z Z Z Za(t)(w»

i teB C’@ZM & Cl{éM -
> (m*(B) — e/4)(1 — p) —
=mB) =2+ A )
>m*(B) —¢/2. (5.54)

We therefore have to compute the probability that there is a volume order large deviation
in uN cells C/. We decouple the boxes C] as is done in the proof of Proposition 5.2.1.
Conditioned on the random set, these events are independent. We would like to use the
results of [S2]? to estimate their probability. To do this we first remove the constraint on
the size of contours (notice that these events are decreasing) and then use monotonicity in
the volume (use FKG inequalities) to obtain expectation value in C;. Using Schonmann’s
upper bound we conclude that the probability of such a deviation in one box is at most
exp{—O(L?)}. Therefore

1

Py

>ty <m™(8) — elAl}] < exp{-O(L)}O) = exp{-O(L* )}
. (5.55)

O]

2His results imply that there exist two positive constants ¢; and ¢z such that the probability p of a
volume order large deviation in A satisfies exp(—c1|0A|) < p < exp(—cz|OA]).
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The preceding propositions show that the probability of (sufficiently) large deviations
in the phase of small contours goes to zero exponentially fast with some power of L.
However, the conditions of validity of these results may be too strong in some cases. In
particular, when proving the lower bounds in Chapter 7, it is sufficient to know that the
probability goes to zero when L goes to infinity, but it is useful to have a result which

holds also for smaller deviations. This is the aim of the next elementary proposition.

Proposition 5.2.3. Let J(e) be defined by (3.30), with 8 > (. and h > 0. Let A C L,

s€Nand Bs = {t € A : t(2) < 2s}. Let T be a A*-compatible family of s-large contours
wr,S,J

and define P*[-] = PA;(F) [-], where wr is the only configuration satisfying +-b.c. in A

which has T as its set of contours; {-)* denotes the corresponding expectation value. Then,

P (o(t) — (o)) > 2} < exp{=0(s)} + O(B;[*/|A]*) + O(s*/|A])

22

teA

Proof. Let
1
= |— > (o ) (5.56)
en
Chebyshev’s inequality gives

PIY| >z} < <Y;>Z : (5.57)

which shows that we only have to estimate the variance of the random variable Y, which
is easily done using Lemma 5.1.3. Indeed, we have

V=g 2 (eWot) + eORleE)) 200 )h). (5.58)

| tt'eAr

which implies, by Markov property and Lemma 5.1.3,

tt'eAL
<mE| X (o) — (@Re)}) + OB +O(Als)
(t,theK
|Bs] 2 5*
< exp{-0(s)} + O(( A ) ) + O(]A|) (5.59)

where we have denoted by K the set of pairs of points which belong to a same component
of Ay, and which satisfy the hypotheses of Lemma 5.1.3. O



Chapter 6

Interface Pinning

In this chapter we give a first application of the tools introduced in the preceding chapters
to a problem of phase separation. There are several ways to induce phase separation:
We can impose a canonical constraint on the system, i.e. specify the total number of
spins having a given value, or we can choose appropriate boundary conditions to ensure
the presence of more than one phase. Chapter 7 and Part II are devoted to the first
situation in the case of the Ising and Ashkin-Teller models. We want to study now the
second situation, which is simpler since it avoids several lengthy technicalities which result
from the canonical constraint. The case we consider is probably the simplest one which
contains interesting physics, however the techniques we use can be applied to much more
complicated situations.

Consider an Ising model in some square box A, with boundary conditions inducing the
plus phase on the upper part of the box, and the minus phase on the lower part. Suppose
the spins on the bottom line are subject to a magnetic field h. The question we want to
answer is the following one: Looking at the box at a macroscopic scale (this will be made
precise), what are the typical configurations; in particular, what is the behaviour of the
interface between the two phases? We show that the techniques of the previous chapters
are very convenient to study such problems; moreover they provide very precise answers
to such questions. The same problem has been studied in the case of the SOS model in
[Pal] and similar questions were investigated using exact computations in the 2D Ising
model in [PU]J.

We first state the problem and introduce some notations in Section 6.1. In Section 6.2
we describe (and solve) the corresponding thermodynamical variational problem. Section
6.4 is dedicated to the proof of the main results; it relies on two technical results proved
in Section 6.3. The phase transition is discussed in Section 6.5. In the last section, we
show that these low-temperature results have an interesting high-temperature counter-
part, which gives an explicit (and elementary) example of a situation where there is no
equivalence between the “short” and “long” correlation lengths (see Section 3.1.3)!.

!These results can be found in [PV4]

121
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+++++++++ + +
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- th +

FIGURE 6.1. The box Ar with ab-boundary condition. The shaded band represents the
wall, and the two points are t* and t%. The open contour joining these two points is the
phase separation line.

6.1 Definitions, notations
Let Q C R? be the square box

Q={reR®: |z(1)|<1/2,0< z(2) <1}, (6.1)
and Ay, C Z? (L an even integer)

Ap={teZ®:|t(1)|<L/2,0<t(2)<L}. (6.2)

Let the coupling constants .J(e) be given by (3.30) with 3 > B.and h >02. Let 0 < a < 1
and 0 < b < 13. Let @ € Q be the configuration defined by

-1, ift(2) <al,t(1) <0,
()= { —1, ift(2) <bL, (1) >0, (6.3)

+1, otherwise.

<
<

Definition.
(D113) @ defines the ab-boundary condition.

We write uj‘\bL (+) for the Gibbs measure in Az, with ab-boundary condition and PX’; [], <>XbL

or <>7\bf " for the corresponding expectation values.

Let w satisfying the A“Lb—b.c. (i.e. the ab-b.c. in Ap). It is not difficult to see that, similarly
to what is done in Section 2.1, we have the following characterization of v(w).

Lemma 6.1.1. Let w a configuration satisfying the A%-b.c.. Then v(w) = (Aw),5(w)),
where 7 are closed contours and \ is an open contour such that O zitlL, thY, with tilL and

tl € 7% independent of w.

2The case h < 0 can be treated similarly.
3We only consider the case 0 < a < 1 and 0 < b < 1. This is done to simplify the exposition, however
the proofs given in this chapter can easily be modified to study the remaining cases.
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Definition.
(D114) The open contour A € y(w) is called the phase separation line.
(D115) A family of contours (N,7') is A%-compatible if it is A} -compatible and there

/

exists a configuration w satisfying the A®-b.c. such that A(w) = X and J(w) = 7.

The following quantities are the analogues of those of Section 2.1,

Definition.
(D116) ZALlN) = > w(})
v:0y=9
ZU)TA?—Comp.
(D117) ZAL) = Y wN)Z(ALIN).
A: A*-comp.
oN={tF L
Z®(AL|N)
D11 ab = —_
( 8) QAL()‘) 0 w()‘) Z_(AL)

Remark. quL (A) is not the probability that A is a contour of the configuration since we

do not divide by Z%(Ar) but by Z~(Ar). However, this is a natural quantity to work
with, as can be seen below.

Before proceeding, it may be important to discuss some more conceptual issues. We want
to advocate the importance of discerning the concepts of phase separation line and inter-
face. The first of these objects is defined on the scale of the lattice and can undergo wild
fluctuations on that scale. On the contrary, the interface is defined only at a macroscopic
(or possibly mesoscopic) scale and is a deterministic object. To be more precise, let us
consider a specific case. Let A} = {t € Z* : ||t/ < L}. The boundary conditions are
given by the configuration @™ such that @*(t) = signt(2) *5. In this case, it is well
known (see [G1, BF, BLP1, AR, AU, Hi2, DKS1] for example) that the fluctuations of the
phase separation line are of the order (Q(Ll/ 2) lattice spacings. As a consequence of these
giant fluctuations, when L becomes large, the expectation value of any local function will
behave as if it was with equal probabilities either in the 4+ or the — phase. Indeed, it
can be shown (see [MM]) that the limiting Gibbs state is given by %;ﬁ + %u* (we have
already seen in Chapter 1 that all limiting Gibbs states of the 2D Ising model can be
written has a convex combination of these two extremal Gibbs measures). To summarize,
the theory of Gibbs states tells us that, in the thermodynamic limit, the system is trans-
lation invariant. That’s nice, but is it really satisfactory from a physical point of view?
Of course it depends on which properties one finds most important, but let us just make a
simple computation of order of magnitude. Let us suppose |Ar| = 10%° (that is, we have a
macroscopic number of spins). Then the results of Section 6.4 show that, with probability
essentially one, the phase separation line is entirely contained inside an elliptical set of

w1, ifz@) =0,
signx = ;
—1, otherwise.

®Notice that this is exactly the %%—b.c. in Az, up to a global translation.
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width of order O(10%) lattice sites®. That means that if the box @ has sides of, say, 10cm
then the phase separation line will not go outside a set of width 10~%cm. Above this set
the system is in the + phase, below it is the — phase. Can we decently say that the system
is translation invariant? We believe that, when we are interested in phase separation, the
relevant limit is not the thermodynamic limit, but rather some kind of continuum limit
(see also Chapter 7 for an explicit continuum limit in a more complicated case).

6.2 The variational problem

Before trying to prove anything, we have first to understand what is the expected behaviour
of the corresponding thermodynamical system’.

The thermodynamical problem corresponding to the problem defined in the preceding
section is the following. In the box @, there are two coexisting phases separated by an
interface C whose endpoints A and B are fixed: A = (—3,a), B = (3,b). The interface C
is a simple rectifiable curve. The free energy associated to the bottom side of ), which
we call wg, is modified. The principles of Thermodynamics tell us that the equilibrium
shape of the interface is characterized by its free energy functional which is given by®

C|
S(C) = /0 7(u(s),v(s)) ds + |C Nwgl (Tva — 7((1,0))), (6.4)

where (u(s),v(s)) is a unit-speed parameterization of C, |C N wg| is the length of the
part of the interface which is in contact with the wall wg, and 7(x) = 7(z; ) and m,q =
ma(B, h) are respectively the surface tension and wall free energy of the 2D Ising model®.
Thermodynamics states that the equilibrium shape of the interface is the solution to the
following

Variational problem: Find the minimum of the functional § among all simple rectifiable
open curve in () with extremities A and B.

We denote by D the straight line from A to B, and by W the curve composed of the
following three straight line segments: From A to a point w; on the wall, then along the
wall from wj; to ws, and finally from we to B. The points w; and wy are such that the
angles between the first segment and the wall and between the last segment and the wall
are equal, chosen in the interval [0, 7 /2], and solutions of 1011

cos ¥y 7(Vy) — sindy 7' (Yy) = Tha (6.5)

which is the Herring-Young equation (see Section 7.2)'2.

5This deterministic set is what we call the interface (notice that it is really what an experimentalist
would call the interface if he was looking at this system in his labs).

"Notice it is not always necessary to be able to solve the variational problem (this can be very difficult!)
to prove that the continuum limit is given by its solution; in Chapter 7, we use no information on the
variational problem (for example, we need neither existence nor unicity of the solution). However we need
some informations on this problem if we want, as is the case in the current chapter, essentially optimal
estimates.

8We use the fact that 7((n1,n2)) = 7((—n2,n1)).

9Notice that we have used the positive homogeneity and the symmetry of the surface tension:
7(2(1),2(2)) = T(~2(2), 2(1)).

9t the unit sphere in R? be parameterized by an angle 9, n(9) = (cos 9, sind); we set 7(9) = 7(n(?)).
11779y - d

7'(0) = F57(¥).
12The existence of ¥y is a consequence of the Winterbottom construction, see Appendix B.
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19\( ﬂY

w1 w2

FIGURE 6.2. a) The straight line D. b) The broken line W.

Proposition 6.2.1. Let ¥y be the solution of the Herring-Young equation (6.5). Then
1. Iftan¥y < a+0b, then the minimum of the variational problem is given by the curve

D.

2. If m/2 > 9y > arctan(a+Db), then the minimum of the variational problem is given by
D if §(D) <FW), by W if §(D) > FW), and by both D and W if F(D) = FWV).

Proof. The proof is an easy consequence of the two following lemmas. O

Lemma 6.2.1 states that the minimum is a polygonal line.
Lemma 6.2.1. Let C be some simple rectifiable parameterized curve with initial point A
and final point B. Then
1. If CNwg = @, then
3(C) = 3(D),
with equality if and only if C = D.
2. If CNwg # D, let t1 and ty be the first and last times C touches the wall. Let C
be the curve given by three segments from A to C(t1), from C(t1) to C(t2) and from
C(t2) to B. Then

~

3(C) = 3(C).
FEquality holds if and only if C = C.

Proof. Since 7 is convex and homogeneous, we have in the first case by Jensen’s inequality

1 rlCl 1 [ICl 1 el
§(O) = Cligy [ i) s(e) s > iy [ it as, g [ ots) as) = 5().
(6.6)
The inequality is strict if C # D as is easily seen using the Sharp Triangle Inequality (see
Proposition (3.1.1)).

In the second case we apply Jensen’s inequality to the part of C between A and C (tL)
and between C(t2) and B to compare with the corresponding straight segments of C.
Combining Jensen’s inequality and the fact that m,q < 7((1,0)) (see Proposition 3.2.1),
we can also compare the part of C between C(¢;) and C(t2) with the corresponding straight
segment of C. O
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Lemma 6.2.2. Let C be a polygonal line from A to w1 € wq, then from Wy to Wy € wg,
and finally from Wy to B. Let ¥y be the solution of the Herring-Young equation (6.5).
Then

1. If m/2 > ¥y > arctan(a + b), then
50 =5),

with equality if and only z'fCA: W.
2. If arctan(a + b) > vy, then

~

3(C) >3(D).

Proof. Let 91 € (0,7/2) be the angle of the straight segment of é\frg\m A to w1, with the
wall wg, and ¥2 € (0,7/2) be the angle of the straight segment of C from w9 to B, with
the wall wg. We have

a
tan 9 " tan D)

)+ 7(02)

3(C) = 7(191)Sim91 + Tha(1 —

= 9(191761) +g(1927b)7

sin 192

where we have introduced

T
tan v

90, 2) = 7(9)—— + mpa(1/2 — ——). (6.7)

sin
Let ¥y be defined as the solution of the Herring-Young equation (6.5), so that

0 x .
%g(ﬂy,x) = m(sm Iy 7' (9y) — cosVy T(Iy) + Tpa) = 0. (6.8)
Y

The second derivative of g(¥, x) is

0? _z(r() + 77(0)) 2 0
W‘q(ﬂ’ %) = sin ¢  tand %9(79, z)- (69)
Therefore, for ¢ € (0,7/2), we have
9 ! v 2 () +7"()
9 _ _ , 1
aﬁg(ﬁ,x) iL‘/ﬁY exp{ [y P da} S dy (6.10)

Since 7 has positive stiffness, i.e. 7(J) + 7”(9) > 0, (6.10) implies that 9y is an absolute
minimum of g(1J, z) over the interval (0,7/2), and that g is strictly monotonous over the
intervals (¥, 7/2) and (0, ¥y). R

A necessary and sufficient condition, that we can construct a simple polygonal line C

as above, is
a b

—+ <
tant; tands

(6.11)

In particular ¥ € [J,, /2] where 9, = arctana, and V2 € [Jy, 7/2] where 9, = arctanb.
Similarly W is a simple curve in @ if and only if

Yy € [arctana + b, 7/2) . (6.12)
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From the preceding results we have

~

3(C) = g(v1,a) + g(05,b), (6.13)

with

¥, otherwise,

. {m, if 9y € [Dq,7/2]
7.91:

if 2
g5 — {m, if ¥y € [0y, 7/2], (6.14)

¥y, otherwise.
If (6.12) holds, then (6.13) implies S(é\) > F(W). If (6.12) does not hold, then the two
segments from A to the wall, and from B to the wall intersect at some point P. Let W
be the simple polygonal line going from A to P, then from P to B. We have (this follows
from Lemma 6.2.1 and 7((1,0)) > Thq)

g9y, a) + g(y,b) = FON). (6.15)

Applying again Lemma 6.2.1 we get

—

W) > F(D). (6.16)

6.3 Technical results

To show that the prescriptions of Thermodynamics yield the correct result for the Ising
system is our aim now. Moreover, we want to obtain estimates on the finite volume
corrections.

We study the probability of having a given phase separation line, and show that the
corresponding probability measure satisfy a concentration property on a small set of phase
separation lines which describes the interface. The proof requires two technical results:
We first prove a lower bound which plays an essential role in the following (it is some
kind of Ornstein-Zernicke property in the dual model), then we obtain a basic estimate
on the probability of a given phase separation line in terms of the surface tension of a
coarse-grained version of it.

6.3.1 A lower bound

Proposition 6.3.1. Let J(e) be given by (3.30) with > . and h > 0. Let 0 < a < 1,
0 <b<1andF = §F(B,h) be the minimum of the functional §. Then there exist
constants C > 0 and Lo = Lo(3, h) such that, for all L > Ly,

exp{—g§* L}

Zab(AL) 2 LC

Zi(AL) .
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Remark. Since, by Lemma 2.3.1,

ZP(AL; B h) = Z7 (AL Bh) Y. g (N B h)
X:OA={tF tL

1 'r

=Z*(AL: B850 ) aas (MY R, (6.17)
Aroa={tl tk

the statement of the proposition can be written

exp{—§* L} '

e (6.18)

L L ﬁ*,h*

(o(t;)o(t; )>Az 2

Therefore the statement of the lemma can be seen as an Ornstein-Zernicke property of

the dual 2-point function. Notice that this implies that, when §* # §(D), the decay-rate

of this 2-point function is not given by the massgap in the direction (t& — &) /|[tE — tF|),.
This is discussed in more details in Section 6.6.

Proof. Let C* be the simple rectifiable curve in ) which realizes the minimum of the
variational problem (or one of the minima in case of degeneracy). Let K; > 0 be a
sufficiently large constant to be chosen later.
We first consider the case C* = D. Let ul € A} and ul’ € A} be such that (see Fig. 6.3.1)
e ul is the point on the vertical line {#’ € Z** : #/(1) = tF(1) + [K log L]} with u}(2)
minimal and uf(2) > t£(2) + Ky log L (t£(2) — t£(2))/(tE(1) — t£(1)).
e u” is the point on the vertical line {#' € Z?* : #/(1) = t&(1) — [K log L]} with u(2)
maximal and uZ(2) < t£(2) — Ky log L (t£(2) — tF(2))/(tL(1) — tF(1)).
Let C' > 2. We introduce B = {t € A} : t(2) > C"log L}. By (6.17), Lemma 4.2.4 point
6. and Lemma 4.4.3, we have, if L is large enough,

Z%(Ar; B, h)
200 vy O 1)
Z=(Ar; B, h) )\:a,\;:tf,tf} )

ACB

> anp

Aroa={tl L
ACB

> exp{-O(Kilog L)} Y q(\f)
A 8)\:{ulL,u,I:}

>

N[ =

ACB
>ept-ommnl X ans- X ),
A:oa={ul ul} Aroa={uf ul}

\ZB
(6.19)

Let p > 0 such that the set S; = S(uf, ul, pKjlog L) (see (4.132)) satisfies S; C B (that
this is always possible is not difficult to check).
Then, by Proposition 4.6.2 point 1., we have, if K7 is large enough,
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t

ub-

S1

Ty tL

B
I 1 ;

FIGURE 6.3. The ellipse S1; the box B is the whole box minus the bottom strip of height C’log L.

B Bo Bs
the
uff
S1
L
/otT
Uy
S3
UzL L
T
82 P L
1 T2 A
A NI L
wy wy Wy~ W3

FIGURE 6.4. The three boxes B;, ¢ = 1,...,3 and their elliptical subsets; the two bold
segments represent the two shortest contours \;, i =1, 2.

S ans)< Y a8 < exp{-O(K log L)Ho(uf)o(ub)” .

Aroa={ul ul} Aroa={ul ul}
\ZB AZS1 ( )
6.20
And consequently, by Proposition 4.5.1,
Z“b;ﬁvh(AL) 8
— > —O(Kilog L 12 L
oy 2 ee{-OU log ) Ho(uf o (uh)
exp{—7(t; — )}
> 1C L (6.21)

for some positive constant C.
Let us now consider the case C* = W. Since h > 0, the angle ¥y satisfies 0 < ¥y < 7/2.

Denote by wlL and w2L the two points on ¥* which are closest to the corners of the polygonal
line W scaled by L.
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We define three rectangular boxes (see Fig. 6.4)

By ={te A} : t(1) < lL(l) ,t(2) > [C'log L]},
By ={tec A} : wk (1)}, (6.22)
By ={tc A} : wk
Moreover let rlL, resp. rgL, be the point of A7 closest to the straight line through tlL and wlL,
resp. t and wl, and such that r¥(2) = [C'log L] +1/2, resp. r£(2) = [C'log L]+1/2. Let

A1, Tesp. a2, be a shortest open contour from 7;1L to wlL, resp. from rzL to w%. Introducing
the set 2 of open contours A = A1 U A\; U Ay U Ay U A3 with

e N, CB,i=1,...,3;
° (9)\1:{tl]‘,7"{‘};

e I\ = {wh wk};

o 3= {ry,t/};

we can write

> exp{-O@log D)} [[ Y. aa; (Mis 5,0%)
% sCB;:
)\i)\ascabove

> exp{-O(log L)} > q(M;B) D a5 0)x

A1CBy: A2 CBs:
n={t}r{'} Mo={wi wy}
<Y qes). (623)
A3CBs:

8}\3={t7l.’ 71”%’}

Let ulL € By and vlL € B; such that
e ul is the point on the vertical line {¢' € Z?* : ( ) = tF(1) + [Ki log L]} with ul(2)

minimal and uf(2) > t£(2) + Ky log L (r£(2) — t£(2)) /(rE(1) — tE(1)).

e ul is the point on the vertical line {t' € Z** : ¢/(1) = r¥(1) — [K1 log L]} with u}(2)

maximal and uF(2) < r¥(2) — Ky log L (rf(2) — t£(2))/(rE (1) — t£(1)).

Let u and U be the corresponding point in the box Bs, constructed using the points TZL

and t&. Let w’lL = wl + ([K1log L],0), whl = wl — ([K1log L], 0).

We ﬁnally introduce three elliptical sets:

S = S(uf, UZL, 1K1 log L)
Sy = S(wil, whl, 2[Ky log L]), (6.24)
83 = S(uf"/’ Uy ap3K1 lOg L) )

where p; > 0 and p3 > 0 are chosen such that & C By and S C Bs.
Applying Lemmas 4.4.3 and Proposition 4.6.2, point 1., to the sum over A1 and A3 as we
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did in the first part of the proof, and applying similarly Lemma 4.4.6 and Proposition
4.6.2, point 2. or 3., to the sum over Ao yield the desired result,

Z(Ap:B.h) _ exp{~L§"}
Z-(ApiB.h) ~ IO

(6.25)

for some positive constant C'. O

6.3.2 An upper bound

The lower bound of Proposition 6.3.1 allows us to prove that the surface tension of a
(very!) coarse-grained version of the phase separation line cannot be too large compared
to the minimum F* of the functional §.

Let A be the open contour. We construct a polygonal line approximation P = P()\)
of \. Let s — A(s) be a unit-speed parameterization of \. If \(s)(2) > —1/2 for all s,
then let P be the straight line from tlL to tL. Otherwise, let s; be the first time such that
A(s)(2) = —1/2 and sy the last time such that A(s)(2) = —1/2; we write WF = A(s;),
i =1,2. We also introduce [P] = {w : P(A\(w)) = P}.

FIGURE 6.5. The coarse-graining of the phase separation line. The dashed line is the
polygonal approximation.

By construction, if s < s1 or s > sg then A\(s)(2) # —1/2. We can therefore apply Lemma
4.2.8 to estimate the probability of the event [P],

PEPMIP) < exp{—F(P)}. (6.26)

Proposition 6.3.2. Let J(e) be given by (3.30) with > (. and h > 0; let 0 < a < 1,
0 <b< 1. Then there exists Lo = Lo(B3,h) such that, for all L > Ly and T > 0,

PP HS(PO)) 2 8L+ T < exp{ =T + O(log L)}

Proof. Let
J(T)={NC AL ON={tF tE}, F(PO\) = FL+T}. (6.27)
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Then, from Lemma (2.3.1), Proposition 6.3.1, and equation (6.26),

a * Z_ A * *
POPME(P(N) 2§ L+ T = Zb((ALL)) > aa (%)
Ae3(T)
< exp{F"L+ O(log L)} > qa: (V)
AEI(T)
< exp{§*L + O(log L)} Z Z qny (M)
P A

< exp{§L+0(ogL)} > exp{-§(P)}
P

< exp{—T+ O(log L)}, (6.28)
since the number of different coarse-grained polygonal lines is bounded by O(L?). O

The problem now is to show that we have not lost too much information on the
phase separation line during the coarse-graining. More precisely, we need to show that,
given a polygonal line P, the typical phase separation lines for which P is the polygonal
approximation are close (in some appropriate sense) to P. This is the last step of the
proof and it is done in the next section.

6.4 Concentration properties

In Section 4.6, precise concentration properties of the probability measure of open contours
with fixed endpoints are obtained in various situations. We show how these results can be
used to prove concentration properties of the probability measure of our phase separation
line on a deterministic set which converges to the solution of the variational problem. The
results are essentially optimal, see discussion at the end of the section.

To state the results, we introduce the following notations for the probability measure
on the set of phase separation lines (with fixed endpoints ¢/ and ¢L).

qgnz (X; 6%, h*)
<U(tf)a(t£)>i;h* .

PN B 1) = (6.29)
Let D and W be the curves in @ introduced in Section 6.2 (if W does not fit inside @, or

has self-intersection, then we say it does not exist). We set
IF={xey :|z—-wk|, <(MLlogL)'?}, i=1,2, (6.30)
and
pr = MlogL. (6.31)
We define two sets of contours. The set Tp contains all A C A} such that

al O = {tF L},

1% I

a2 A C S(tF,th, pr).
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FIGURE 6.6. Left: A contour in Tp. Right: A contour in Tyy.

If W exists, the set Tyy contains all A C A}, considered as parameterized curves s — A(s),
such that (S and S’ are defined in Section 4.6)

bl O = {tF tE}, A(0) = tF;
b2 Js; such that A\(s1) € I¥ and, for all s < s1, A(s) > 1/2.
b3 A1 = {A(s) : s<s1} CSHLA(s1),p1);

b4 Fsy such that A(s2) € IF and, for all s > s9, A(s) > 1/2.
b5 A3 = {A(s) : s =82} C S(\(s2),tE, pr);

b6 Ao = {A(s) : s1 < s <82} CS'(A(s1),A(82), pL)-

The main result of this chapter is that the probability measure 3%°[.; 3, h] satisfies a
concentration property on one (or both in case of degeneracy) of these sets as L — oo.

Theorem 6.4.1. Let J(e) be given by (3.30) with B > . and h > 0; let 0 < a < 1 and
0 < b < 1. There exist two constants M > 0 and Ly = Lo(B,h, M) such that, for all
L Z L07

1. If the solution of the variational problem in Q) is the curve D, then
PTp; 8,8 > 1 — L7,
2. If the solution of the variational problem in Q) is the curve W, then
g 8,0 =1 — LM
3. If the solution of the variational problem in Q) is not unique, then
P[Tp U Tw; 6,0 > 1— L7000
Proof. 1. Suppose that the minimum of the variational problem is given by D, §(D) =

F*. Let §* be the minimum of the functional over all simple curves in (), with
end-points A and B, and which touch the wall wg. By hypothesis there exists 6 > 0
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with §* = §* + 6. Consequently, applying Proposition 6.3.2 to phase separation
lines touching the wall, we obtain

PHANE (") # 2} 6,0 < PP MES(P(V) > (37 +0)LY]

<
< exp{—0 L+ O(logL)}. (6.32)

Therefore we can restrict our attention to contours A such that AN &*(X*) = @.
We set Sy = S(tF,tL, pr); for L large enough S; N £* = & since a > 0 and b > 0.
We apply Proposition 6.3.1. We have

1
ab * * E k
(oot e "
ANEX(29) =@
<L¢ exp{F*L} Z qnas (A 87, 07)

\Tp
ANE* (BF)=0

(6.33)

We apply Proposition 4.6.1, point 2..

D aas (M85 RT) < |08 |exp{—rpr} exp{—T(tF —t[; )} . (6.34)
ATp
ANEH (D)=

This proves the first statement.

Suppose that the minimum of the variational problem is given by W, §(W) = §*.
Then there exists § > 0 such that §(D) = §* + 6. We estimate PP\ & Tw}; B, h]
in several steps. Notice that condition bl is always satisfied.

1. The probability that condition b2 is satisfied, but not b3, can be estimated by
Proposition 4.6.1, point 2.; it is smaller than O(L¢*+1)/LrM,

2. The probability that condition b4 is satisfied, but not b5, is estimated in the same
way; it is smaller than O(LE+!) /LM

3. The probability that conditions b2 and b4 are satisfied, but not b6, can be esti-
mated by Proposition 4.6.1, point 5.13; it is smaller than L~ M),

4. We estimate the probability that condition b2 is not satisfied. The case with
condition bb is similar. If A does not intersect >*, then this probability is smaller
than exp{—90L + O(log L)}, since F(D) = §* + 0.

Suppose that there exist s1 and s9, with A(s;) € ¥*, A(s) N X* = & for all s < s3
and A\(s) N ¥* = @ for all s > s9. Let p = A(s;), i = 1,2. Under these conditions,
b2 is not satisfied if and only if p! ¢ If¥. Let C(p¥, p) be the polygonal curve from
tlL to plL , then from plL to p% , and finally from pé to tL. Then the probability of this
event is bounded above by

> exp{=F(Cpl.p))} <

pres\IF phex*
O(L?) min{exp{—F(C(p{,p5))} |p} € S*\I{", py € £*}. (6.35)

Y3Notice that if W is the minimum, then 7,q4 < 7((1,0)), by Jensen’s inequality.
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Suppose that C denotes the polygonal line giving the minimum; scaled by 1/L we
get a polygonal line in @, denoted by C*, from A to some point P;, then from P}
to Py, and finally from P5 to B. Let ¥* be the angle between the straight line from
A to P} with the wall. We have

§(C) = L(CT) = L(g(9", a) + g(Vx, b)) . (6.36)

By hypothesis

[9* — ¥y| > O((Mlog L)'/?). (6.37)

1
L1/2
Therefore (use a Taylor expansion of g around ¥y and the monotonicity of g(iJ, z)
on [0,dy], respectively [dy,7/2]) there exists a positive constant « such that

aM log L
3(C) = gldv,a) + (9, b) + 2
aMlog L

= z* 6.38

F+— (6.38)
We conclude that the probability, that condition b2 is not satisfied, is bounded
above by O(LE¢+2) /LM | If M is large enough, the second statement of the theorem

follows.

3. The proof of the third statement of the theorem is similar.
O

For a given value of the parameters 3 and h, it is thus possible to define a deterministic
set in which the phase separation is contained with probability going to 1 when L goes to
oo. The sets obtained are essentially optimal. Indeed, we proved that the fluctuations of
the parts of the phase separation line which are not pinned to the wall can be neglected
at a scale O(v/Llog L); on the other hand, we know that the typical fluctuations are of
order O(v/L). Similarly, we proved that there are typically no excursion out of a band
of height O(log L) for the part of the phase separation line pinned to the wall, which is
characteristic of a gas of excitations with exponentially decaying weights.

We would like to identify this deterministic set with the interface, that is we have to
show that it separates + and — phase. This is easily done using Lemma A.4.1. Let M be
the constant of Theorem 6.4.1 and ¥ be the set of Theorem 6.4.1 corresponding to 3 and
h. Let us denote the two connected components of the set (see (D111), p. 108)

Ap\ (NEsL(9A U T)) (6.39)

by Az (for the component which is above ¥) and A} . We first have

<UA>(/Z\bLBh Z <O’A‘)\>ab6h \; B, B + Z AN abﬁh [ .3, (6.40)

AET AET

But Lemma A.4.1 implies that, for any A € ¥ and for any A C Az,

(oAl N) " — (oa) T < JAIL=OGD. (6.41)
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hoA

FIGURE 6.7. A sequence of phase transition lines, separating the phase in which the
interface is a straight line and the phase in which it is pinned to the wall. The shaded
area correspond to the value of (T, h) so that m,a(83,h) < 7((1,0);5). The four curves
correspond to: i) @ = 0.1, b =0.1; ii) a = 0.1, b = 0.2; iii) a = 0.1, b = 0.4; iv) a = 0.4,
b = 0.4. Observe that the system in case i) exhibits reentrance (see also Fig. 6.8).

Therefore, by Theorem 6.4.1,
(o) = (oa)t| < |AIL7O0D. (6.42)

This shows that, if B is a finite subset of Z? such that B C Aj{ when L is large enough,
the expectation value of any B-local function converges to its expectation value in the +
phase. Of course we can make the same argument for A~. The interpretation of ¥ as an
interface is therefore justified.

6.5 Phase transition and reentrance

The results of the preceding section show that, when the parameters a and b are well-
chosen, the system under consideration can undergo a phase transition from a phase in
which the interface is pinned to the wall on a macroscopic distance to a phase in which
it does not touch the wall. It is interesting to consider the corresponding phase diagram.
Figure 6.7 shows a set of phase transition lines, depending on the parameters a and b, in
the T-h plane (T = 1/k3 being the temperature). The shaded area corresponds to the set
of parameters

{(T>h) = ma(B,h) <7((1,0);8)} - (6.43)

In other words, the boundary of that region is the wetting transition line: If we set
a = b = 0, then for values of the temperature and boundary magnetic field inside this
set, the phase separation line is pinned to the wall microscopically (partial wetting), while
for values of the parameters outside this set it takes off and fluctuates far from the wall
(complete wetting). Notice that in the continuum limit it is not possible to distinguish
these two kinds of behaviour: Macroscopically, the interface is always on the wall in this
case. Clearly, for a,b > 0, the phase transition line must be inside the shaded region.
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h h

0.82 0.82

0.80 0.80

0.78 0.78
1T 1T

FIGURE 6.8. This figure shows part of the phase coexistence line for a = 0.1,b = 0.1
(left), and @ = 0.1,b = 0.12 (right). For values of the parameters T' and h below these
curves the interface is pinned, while it is a straight line above these curves. In the second
case, the system has even one more transition in temperature for h slightly smaller than

0.8.

“Above” the phase transition line, the system’s interface is the straight line, while under
the curve it is pinned.

An interesting phenomenon occurs for some values of the parameters (see Fig. 6.7 and
6.8). Suppose a = b = 0.1 and h slightly above 0.8. At very low temperature, the interface
does not touch the wall; if we increase the temperature, then there is a first transition
and the interface becomes tied to the wall; if we increase further the temperature, then a
second transition takes place and the interface is again the straight line; finally, at T' = T,
the system becomes disordered. In such a case, the system is said to show reentrance.
In fact for slightly different values of a and b, there can even be one more transition, as
shown in Figure 6.8.

Another way to discuss these transitions is by taking the thermodynamic in the half-
plane: A; /~ L, L — oo. Then depending on whether the interface is pinned to the
wall or not, the system will be in the + or — phase. Then reentrance manifests itself in
the following way: by increasing the temperature starting from a sufficiently low one, the
system is successively in the +, —, +, — and disordered phases.

6.6 Finite size effects for the 2-point function

The purpose of this last section is to show that the results of Propositions 6.3.1 and 6.3.2
have an interesting high-temperature counterpart. Let A and B be two distinct points in
Q, and let tlL and tZ be the two points in A% which are closest to L - A and L - B. The
results of the preceding sections can be written as'4

1

ab,8*,h* 5* log L
[t — &l

10g<0(tzL)U(tf)>A*L +M S M——, (6.44)

147 00king at the proofs of Propositions 6.3.1 and 6.3.2 (and Theorem 6.4.1), observe that the fact that
t¥ and tL are on the boundary is not necessary (except for the interpretation of the open contour as a
phase separation line at low temperature).
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where M is a sufficiently large constant.

The quantity

ab,5*,h*

a(f*, h*) = lim log (o (t1)or(t1)) (6.45)

L—oo ||t} — tF|,
is what we called “long” correlation length to distinguish it from the (“short”) correlation
length (the massgap)

1 *
a(f") = = Jim - log (o(tF)o(th)” . (6.46)

This last quantity obviously does not depend on h since the Gibbs state is unique at
high temperature. On the other hand, the “long” correlation length, @, does depend on
the magnetic field (at least for well-chosen points A and B). Therefore this yields an
example where these two quantities are not equivalent'®. More precisely, for well-chosen
points A and B, we can find 5* < (. and a finite constant h}(A, B; §*) such that

a(B*) =a(B*,h*) < h < h*(A,B;B"). (6.47)

The terminology “short” and “long” correlation lengths has been chosen by analogy to
the terminology of [SML] where the relation between “short” and “long” long-range order
was discussed.

As a consequence of the possible discrepancy between o and @, we have a finite size
effect at high temperature. Indeed, suppose you consider a finite box A C Z2. Then
taking two spins in the box and trying to compute an approximation of the massgap by
computing the correlation length between these two spins may not yield an approximation
of the correct quantity, a;, but instead could give an approximation of a.

Remark. Although the only quantities involved are 2-point functions, and all coupling
constants are ferromagnetic, the system exhibits reentrance, which is a non-monotonic
behaviour.

150f course, when h = 1, W is never the minimum of the variational problem (by Jensen’s inequality)
and therefore this does not contradict the result of Lemma 3.1.3.



Chapter 7

Large deviations

This chapter is dedicated to the study of the large (and moderately large) deviations of
the magnetization in the 2D Ising model with a boundary magnetic field!. The study
of large deviations in the Ising model has been the subject of many works recently (see
the historical remarks of Section 7.1), but none of the previous works has ever considered
the effect of the boundary conditions as more than a nuisance. The techniques of the
previous chapters give a very powerful set of tools to study this kind of problem. Another
novelty in our approach to the problem of large deviations (and of the continuum limit) is
that we do not have to suppose that we know how to solve the corresponding variational
problem: We do not need stability results, neither unicity, nor even existence of the
solution. This is important because there are many cases (even for the relatively simple
problem we are considering) in which the variational problem is very complicated (and
unsolved!). However, there is a price to pay (at least with current techniques) if we do not
use information on the variational problem, we will still be able to obtain convergence in
an appropriate continuum limit to the minimum of the variational problem (similarly to
what is done in Chapter 6) but we won’t have information on the rate of convergence.
This chapter is organized as follows. In Section 7.1 we make some historical and
other general remarks. The variational problem is discussed in Section 7.2. Section 7.4 is
concerned with the study of subvolumic large deviations. A similar analysis is done for
volume order large deviations in Section 7.5. The idea of the proof of such results is given
in Section 7.3 so that the reader can first understand the structure of the proof before
reading the technical exposition. Finally, we treat the continuum limit in Section 7.6.

7.1 Introduction

Let us consider an Ising model in a square box of side L and with a bulk magnetic field
equal to p. It can be shown that the rate function describing the volume order large
deviations of the magnetization (for any b.c.) is given by the following function (see e.g.
[E1])

I(m|B, p) = 6[sgp(mt —p(t,B)) +p(p,B) —mp] , (7.1)

L All these results, except the moderately large deviations, are contained in [PV3]

139



140 Chapter 7. Large deviations

where p(t, 3) is the (bulk) free energy of the system, which is a strictly convex function.
The function I(m|3, p) is convex and non-negative. We then have

hm inf m log P;Lﬁp Z )e O} > — uéf('9 I(m|B,p), O open,
i "
1
hmsup L log p/-\:ﬂp Z )eCH < — iréfcf(m\ﬁ,p), C closed. (7.2)
i "

When 8 > (. and p = 0, there are several Gibbs states and the free energy is not
differentiable in p; its left and right derivatives give the spontaneous magnetization of the
system, £m*(/3). To this non-differentiability corresponds by convex duality a non-trivial
affine part of its Legendre transform sup,(mt — p(t, 3)), which is constant and minimal
on sets of the form {(B,m) : 8 > B., —m*(8) < m < m*(B)}. When 8 < f3., or p # 0,
the rate function is positive, equal to zero at some unique value ([, p) and therefore the
above equations show that the probability of a large deviation of the magnetization goes to
zero exponentially with the size of the system. When 3 > (. and p = 0, however, the rate
function is zero on the interval [—m*(3), m*(3)], and the above equations do not provide
any useful information for deviations inside this interval. In such a case, the leading term is
no more of order O(|Ar]), and we have to study the corrections. The leading order in this
case appears to be O(y/|AL]). The reason for this change of behaviour is the possibility
for the system to use the coexistence of phases to make large deviations at minimum cost.
Indeed, by separating the two phases, say, by putting a droplet of minus phase inside the
plus phase, the increase of free energy only results from the interface between the two
phases, since the bulk terms are equal; but the cost (in free energy) of an interface of
length O(L) around a droplet of volume O(L?) is only O(L), and the probability that
such a droplet appears in the system behaves like exp{—O(L)}. We see that the large
deviations in the phase coexistence region are deeply related to phase separation issues; it
is the aim of this chapter to study these problems.

The first work on this problem goes back as far as 1967, when Minlos and Sinai
published two papers of major importance [MS1, MS2], which were going to have a lot
of influence on later Rigorous Statistical Physics. They studied the large deviations and
phase separation in the Ising model at low temperature and any dimension D > 2. They
proved that phase separation indeed occurs, and that the droplet of minus phase is “close”
to a D-dimensional cube (their notion of closeness was sufficiently weak to allow for the
rounding of the corners of the actual Wulff shape at strictly positive temperature). For
twenty years, no real progress had been made on this subject (this is not exactly true, since
there were some generalizations of the work of Minlos and Sinai: Kuroda, for example,
extended part of their results to systems with more than two phases [Kul, Ku2|). The next
important step has been made by Schonmann in 1987, and (using different techniques) by
Follmer and Ort in 1988 [FO, Or|. In these works lower and upper bounds were obtained
non-perturbatively for the 2D Ising model. However, these bounds were not optimal,
and the exact rate (at leading order) of the large deviations was still unknown (or at
least unproved). The next breakthrough was done by Dobrushin, Kotecky and Shlosman
[DKS1, DKS2], who announced, in the late 80s, exact large deviations bounds. Moreover
they were able to obtain a precise description of the typical configurations, showing, among
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other results, that the droplet indeed has the Wulff shape. Their results are valid for the
2D Ising model at low temperature with periodic boundary conditions. This work was
continued in [DS1, DS2], where very precise description of moderate deviations is done
for the same model. After the announcement of the results of [DKS1], Pfister proved
similar results for +-boundary conditions [Pfl]. More importantly, he proved several
crucial estimates non-perturbatively; in particular, he obtained sharp upper bounds on
the probability of large contours (the first version of Lemma 4.2.6). His basic tools were
correlation inequalities and duality, but for some part of the analysis, he still had to
use cluster expansion techniques. Consequently, his results also are valid only at low
temperature. His techniques, however, are less sensitive to the boundary conditions, and
works for example in the case of periodic boundary conditions. Notice that the results
depend on the choice of boundary conditions (which should not be surprising, since we
are looking at surface effects). In 1994-95, using the non-perturbative estimates of Pfister
and several important new ideas about how to treat the large deviations in the phase of
small contours, Ioffe was able to obtain non-perturbatively the exact large deviations rate
[I1, 12]. In none of these works, however, the boundary effects were treated as more than
an annoying complication (this is the reason why only periodic boundary condition was
treated in [DKS1], and why m was supposed to be not too different from m* in [Pfl]
and [I1, I2]); the effects of the boundary was discussed on a qualitative level in [Shl];
rigorous studies in the case of free and +-b.c. have been done in [CGMS] and [ScSh2].
The first serious analysis of the effect of the boundary was done in [PV3] (a large part of
this thesis comes from this paper). We were able not only to study what happens when
the droplet becomes too large to fit in the box without being deformed, but also to analyze
the effect of a real boundary magnetic field on the large deviations. A suitable continuum
limit was studied and provided a precise description of the typical configurations. In
particular, these results gave an accurate description of the wetting phenomenon in the
canonical ensemble [PV1]2. Toffe (with Schonmann) has recently announced results for
deviations of any order; in particular the transition between exponential and Gaussian
behaviour for deviations of order O(L*/?3) is proved non-perturbatively. A first step in
the direction of obtaining the next-to-leading order behaviour has recently been made in
[DH1, DH2], where it is proved that the phase separation line of an Ising model (with
boundary condition corresponding to what is called d-b.c. in this thesis) with a volume
constraint, converges to some random process.

Other works on large deviations in other systems are [ACC], in which exact non-
perturbative large deviations estimates are obtained for the 2D Bernoulli percolation
model; [DePi, Pi], where non-perturbative bounds on the large deviations are obtained
for the percolation, Ising and Potts models in D > 3. Recently, there has been a lot
of interest in the large deviations and phase separation of the 2D Ising model with Kac
potential, [BMP, BBP].

These results on large deviations for the 2D Ising model have been used to derive
interesting informations on the behaviour of the model when a vanishingly small magnetic
field is applied, providing a precise description of metastability [ScShl, ScSh2, GS]. They
also give rise to useful tools in the study of the dynamics of the model, see for example
[CGMS, ScSh3].

2Such a problem has previously been studied in the simpler case of the SOS model, see [CDR, MR].
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7.2 The variational problem

In this section, we discuss a thermodynamical variational problem which plays a funda-
mental role in the rest of this chapter. We use several elementary results from convex
analysis and refer to Appendix B for a brief introduction to these notions and for the
notations and definitions. Contrarily to the variational problem of Chapter 6, the present
one is quite complicated; there are even some situations in which the solution is not known.
For this reason, we do not give proofs of the main assertions in this section, but refer to
the existing literature.

7.2.1 The Generalized Isoperimetric Inequality

Let W be a compact convex body whose support function we denote by my. Let OV be
a closed rectifiable curve, which is the boundary of an open set V. Let (u(s),v(s)) be a
unit-speed parameterization of OV (counterclockwise). We introduce a functional on such
curves defined by

[oV]
Sw(oV) = /0 T((—0(s),0(s)) ds. (7.3)

First observe that this functional is positive. Indeed, consider a translate W = W + a of
W which contains the origin as an interior point; the support function of this translate is
strictly positive at « # 0. Moreover, since Ty (z) = Ty (x) + (a,z) and

/ (a, (=v(s),u(s)))ds =0, (7.4)
ov

the functional is independent of a.

The main result of this subsection is the following fundamental inequality, which general-
izes the usual isoperimetric inequality.

Theorem 7.2.1 (Generalized Isoperimetric Inequality). Let W be a convex body in R? and
V be an open set in R? whose boundary is a rectifiable curve V. The Lebesque measure

of W and V are denoted by |W| and |V|. Then
Fw(0V) = 2W| V|2, (7.5)

Equality holds if and only if V' equals, up to translation and dilation, the set W.
This theorem is proved® in [D, Tay, Fo] for example. The basic idea of the proof (see
[D]) is to express the functional 7y as

Ve ew| - |V
mw(@V) = lim VEVZVE

where V 4+ eW = U ey (x +eW), eW = {ex : x € W}. The result then follows by
applying the Brunn-Minkowski inequality to V + eW,

[V 4+ W2 > VY2 4 |ew]|/2. (7.7)

(7.6)

The above result can even be completed by strong stability results, the so-called Bonnesen’s
inequalities (see [DKS1] for example), which we do not state since we don’t need them in
the following.

3Under even less restrictive assumptions in some of these references.
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7.2.2 Unconstrained variational problem

We first consider the following variational problem [Wul:

Wulff Variational Problem : Find the minimum of the functional §)y among all recti-
fiable closed curves, which are the boundary of an open set of Lebesgue measure |V].

The solution to this problem is an immediate consequence of the Generalized Isoperimetric
Inequality. Indeed it states that the minimum is taken on any translate of the convex body
W after scaling it so that it has volume |V'|. The value of the functional at the minimum
is then equal to 2|V|.

From a physical point of view, we are first given a positively homogeneous, convex
function 7, the surface tension. The minimum of the variational problem is then given by
(a suitably rescaled version) of the convex body whose support function is 7, which is called
in such a context the Wulff shape. It can be obtained through the Wulff construction, see
Appendix B.

We consider now a more complicated variational problem. Let us denote by H the half-
plane,

H={zecR?: z(2) >0}, (7.8)

and
w={reR?: z(2)=0}. (7.9)

Let 0V be a closed rectifiable curve in ‘H which is the boundary of an open set V. Let us
introduce a new functional on such curves. Let 7,q € R be such that |m,q| < 7((0,—1));
we set

W(OV) = Fw(0V) + (7((0, —1)) — 1a) |0V Nw| (7.10)

where |0V Nw| is the Lebesgue measure of OV Nw.

Physically, w plays the role of a wall, and 7,4 is the corresponding wall free energy.
The last term in (7.10) gives the modification to the functional in the bulk, §y, when the
curve touches the wall. The new variational problem is

Winterbottom Variational Problem : Find the minimum of the functional 2J among
all rectifiable closed curves inside H, which are the boundary of an open set of Lebesgue
measure |V|.

We consider three cases.

Case 1. 7,9 = 7((0, —1)).

In this case, the last term in (7.10) is equal to zero, and we have the same variational
problem as before. Therefore, the solution is given by any Wulff shape of Lebesgue measure
|V'| entirely contained inside H.

Case 2. |7pq| < 7((0,—1)).

In this case the minimum is given by a (suitably rescaled version of ) the Winterbottom
shape which is the convex body (see Fig. 7.1)

WY =Wn{zeR?: (z,0,-1)) < Tha}. (7.11)

4Observe that the problem is still scale-invariant.
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Thd

(0, -1)

FiGURE 7.1. The Winterbottom shape.

This can be easily understood, using the technique of [KP]. Observe that a monotonicity
principle holds. Suppose it is possible to find a convex body C such that

WOV > Fe(V), (7.12)

and

W (IC) = Fc(IC) . (7.13)
Then applying the Generalized Isoperimetric Inequality to C yields
WOV) = Fe(0V) = 2[c|'2|V[V2, (7.14)

with equality if and only if V' is equal to C (up to translation and dilation). If the Win-
terbottom shape satisfy these two conditions, then it is necessarily the (unique) minimum
of the variational problem. That it satisfies (7.13) is immediate. Let us show that it also
satisfy (7.12). Let us introduce

@) = {T@ Z

Notice that the Legendre transform of 7, 7%, is the indicator function of W* (by the Wulff
construction, see Appendix B). Therefore, we must have

RIS

(07 _1) )

L1, (7.15)

7(Z) = (77)(Z) = e (2),, (7.16)

from which (7.12) follows.

Remark. This simple idea is quite powerful. It also allows to prove stability results for
such problems from the corresponding stability results in the Wulff case, see [KP].

Case 3. 7hq = —7((0,-1)).

In this case, the problem is degenerate. Indeed in this case the minimum value of 207 is
equal to zero and can be reached (for example) by a sequence of rectangles R; whose base
is on w and has a length [.
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e f

FIGURE 7.2. A sequence of equilibrium shapes when 7 and 7,4 are the surface tension
and wall free energy of the Ising model at parameters 8 and h. a: h > hw(8); b:
0 < h < hg(B); c: h =0; d, e, : A sequence of droplets for decreasing values of
—hw(B) < h < 0. The droplet spreads until it begins to touch the vertical sides of the
box (e). Further reduction of the magnetic field does not modify the shape of the droplet,
but makes it unstable in the sense that the removal of the vertical walls would result in
a spreading of the droplet. f: The dashed line shows only a part of the droplet which
would be obtained by removing the walls when 0 > h > —hw(8). For h < — hw(8), the
droplet remains unchanged (like in e and f) but is completely unstable, in the sense that
however large the box is made, the droplet always wet the whole bottom wall.

7.2.3 Constrained variational problem

We now state the most complicated of these variational problems. Let r; and ry be two
positive integers and set

Q={zeR: [z(1)] <r1, 0< z(2) <2ro}. (7.17)

The constrained variational problem is given by

The constrained Variational Problem : Find the minimum of the functional 23 among
all rectifiable closed curves inside ), which are the boundary of an open set of Lebesgue
measure |V| < |Q)|.

This problem is much more complicated in general. If |V] is sufficiently small so that a
translate of the minimum of the Winterbottom Variational Problem fits inside the box,
then of course it is the solution. In the other cases, the solution is a squeezed Wulff or
Winterbottom shape and there are a variety of cases to consider. Most cases have been
solved, using the monotonicity principle, in [KP], but there are some cases in which no
proof has been given. We don’t want to discuss these problems here, since we do not
use information about this variational problem in the following. However, we just make
some comments: The degenerate case which happened in the Winterbottom Variational
Problem when 7,g = —7((0,1)) cannot take place in this new setting. Indeed, take a
volume |V'| small enough so that a translate of the Winterbottom shape fits inside @ for
some Thq < 7((0,1)). If we decrease the value of the wall free energy, then the droplet
spreads along the bottom wall. This happens until the wall free energy reaches a critical
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FIGURE 7.3. Sequence of big droplets in a tube for decreasing value of the magnetic field
(2D Ising model). a,b: The upper part of the droplet has the Wulff shape, while the
lower part has the winterbottom shape; they are joined by a rectangle such that the total
volume is conserved; c: The droplet completely wets the lower wall, the droplet is build
up from a half Wulff shape and a rectangle.

value 754 > —7((1,0)), after that, the droplet does not change anymore (see Fig. 7.2 and
7.3 for an illustration in the case of the 2D Ising model).

There is one thing that we can prove about the solution of this variational problem,
which is true in all cases and which helps us in the following sections: The minimum (if
it exists) is necessarily taken on the boundary of a convez subset of ). Let D be a non-
convex open subset of Q) and D be its convex envelope. First notice that 9D Nw D dDNw.
Let a and b be two points in 9D such that the part of 9D between a and b does not belong
to 0D. By Jensen’s inequality, we decrease the value of the functional § if we replace this
part of 9D by a straight line segment (it is the same argument as in Section 6.2). If, by
doing this, we increase the length of the part of the droplet which touches the wall, then
the value of the functional 20 can only become smaller (since 7hq < 7((0,—1)). Therefore
(D) > (D). Moreover vol D > vol D and therefore, scaling > D so that it has the
correct volume still lowers the value of 20 (notice that this functional is always positive
on closed curves since m,q > — 7((0,—1))).

7.2.4 Some remarks in the case of the 2D Ising model

In the rest of this chapter, we consider the case of the 2D Ising model. The functional is
20 = (5, h), with 7 and 1,4 given respectively by the surface tension and wall free energy
of the 2D Ising model at inverse temperature § > (. and boundary magnetic field h. For
this model, the Wulff shape has neither corners, nor facets for any 8. < 8 < oco. Using
the symmetries of 7, we can show that the angles of contact between the Winterbottom

®Observe that it would be more complicated if both the top and bottom wall had a modified wall free
energy; indeed, shrinking the droplet would prevent it from touching both walls and may therefore increase
the value of the corresponding functional. This should not be surprising, since in such a case we may have
a non—convex droplet of minus phase.
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%

FIGURE 7.4. Angles 9 and ¢

shape and the wall are given by the Herring-Young equation®,
cos ¥ 7(9) — sind 7' (9) = Tpq - (7.18)

This is a consequence of Lemma B.1.6. Indeed, let n be the unit normal to the interface
defining the angle ¥ (see Fig. 7.4); from this lemma we have’

gradr(n)(2) = —Thq - (7.19)

Let us show that this equation is equivalent to the Herring-Young equation. In polar
coordinates, the surface tension is

T(r, o) =r7(p), (7.20)

so that, using z(2) = rsin(y), ¢ + 9 = 7/2 we obtain (7(1,¢) = 7(p))

gradr(n)(2) = sin(p)7(p) + cos() 7' (¢)
= cos(9)7(9) — sin(I9) 7' (9)
= Thd - (7.21)

7.3 Principle of the proof of large deviations

Before studying large and moderately large deviations in the Ising model, we think it may
be useful to give a short sketch of the main steps of the proof which is composed of several
technical estimates. We consider the case of volume order large deviations, the idea of the
proof being identical in the case of moderately large deviations.

The problem is to obtain an estimate of the probability of the event

Alm,e) ={w : | Y w(t) —m|AL|| < [AL| L7, (7.22)
teEAT,

®As before, 7(9) = 7(n(9)), n(9) = (cosd,sin¥), and 7' () = -L7(9).
"Since 7 is differentiable, the subdifferential at m is unique and is equal to gradr(n).



148 Chapter 7. Large deviations

which is exact at leading order. The box Ay, is given by
Ap={tez?: —rmL<t(l)<rL,0<t(2)<2rL}. (7.23)

The proof is done in two main steps: First, we prove a lower bound on this probability,
second we prove an upper bound which coincides with the lower one at leading order.

7.3.1 The lower bound

The idea behind the proof of the lower bound is quite simple. Let us first suppose that we
know the minimum of the variational problem is given by some curve C C ). We then scale
the curve C by a factor L so that the curve obtained, LC, is in A} (A} playing the same
role for LC as @ for C). We then construct a polygonal approximation of the curve C with
vertices in A} . On each side of the polygonal curve we construct a box (either a square box
or an elliptical set). We then sum over all contours going through all these vertices and
included in the boxes. Conditioned on the presence of such a contour, the probability of
the event A(m, c) is close to 1 (since the expectation value of the magnetization in this case
is close to m). It is therefore enough to estimate the probability of such contours, which
can be done using the tools of Chapter 4 (the polygonal approximation and the boxes are
constructed in such a way as to ensure that the hypotheses of the relevant propositions of
that chapter are satisfied).

If the minimum of the variational problem is not known (and possibly does not even
exist), then a slight modification of the proof is required. Instead of considering the curve
C which realizes the minimum, we consider any convex body in ) with the right volume
and do the same proof as before with its boundary, taking care of obtaining only estimates
which are uniform in the convex body. Optimization over such curves provides the lower
bound.

7.3.2 The upper bound

The proof is slightly more involved, but the idea is still quite simple. The main idea is to
introduce some intermediate scale L and to work only on that scale. More precisely, we
consider the family of L9 -large contours in the configuration and make a coarse-grained
description of them. The polygonal lines thus obtained have a volume close to the vol-
ume of the original contours, and are constructed in such a way as to make possible the
application of Lemma 4.2.8. Using this lemma, we show that the probability of a given
family of polygonal lines (defined as the probability of the set of configurations whose
large contours’ coarse-graining are these polygonal lines) decays exponentially with their
surface tension.

The next step is to find a class of polygonal lines which are typical in A(m,c). To do
this, we show that the probability that the volume of the minus phase delimited by the
polygonal lines is “very” different from |Az|(m* —m)/2m*, knowing that A(m, ¢) occurs,
is vanishingly small.

We thus obtain that the probability of A(m,¢) is smaller than the probability of
all families of polygonal lines delimiting a volume of minus phase close to |Ar|(m* —
m)/2m*. The conclusion follows from the fact that the surface tension of any such family
of polygonal lines must be larger or equal than the surface tension of the solution of the
variational problem, and that the number of such families can be controlled.
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7.4 Moderately large deviations
Let J(e) be given by (3.30) with 3 > . and h > 0. Let
Ap={tez?: —rmL<t(l)<rL,0<t(2)<2rL}. (7.24)

In this and the following sections, we would like to be able to work with a negative magnetic

field h < 0; however several of the tools developed in the previous sections are valid only
+7ﬂ7h —_ i7ﬂ»7h

in the case h > 0. The simple solution to this problem is to realize that Ay =L
where ,u/j\[’f " is the Gibbs measure with +-boundary condition, which is defined by the

configuration w®®,

wE(t) = signt(2) . (7.25)

Therefore it is possible to replace negative magnetic fields by their absolute value, provided
we change the boundary condition accordingly. The main difference between these two of
boundary conditions is that the contours of any configuration satisfying the AZ—b.c. are
closed, whereas the contours of a configuration satisfying the AjLE—b.C. always contain one
(unique) open contour; see Section 7.4.2 for more details. When we speak, in the following,

of Gibbs measure with negative magnetic field h < 0 we always mean the Gibbs measure
=+,5,|h]
Hp, -

This section is devoted to the determination of the exact leading term in the probability
of having a moderately large deviation of the magnetization. More precisely, let C7 > 0
and ¢ > v > 0; we want to compute the asymptotic behaviour of the expectation value of
the following event

A(Cryv,e) = {w 1 [ D w(t) —m*(8) + C1|AL|IL ™| < [AL|L™7Y, (7.26)
teAr

with the Gibbs measures /‘XL and ,qu.

This case is technically simpler than the volume order large deviations one. Indeed,
in the present case, if L is sufficiently large, then there is always enough room in the box
A7 to put a translate of the Wulff (or Winterbottom depending on the value of h) shape
of volume (C1/2m*)|AL|L™" (at least when the system is not in the regime of complete
wetting, i.e. h > —hy(0)). Therefore we can work with a single curve (the solution of
the variational problem) which simplifies considerably the analysis; see Section 7.5 for the
treatment of the more complicated case when the volume constraint plays an important
role.

The analysis contain two parts, similar to what has been done in Chapter 6. We first
prove lower bounds in Sections 7.4.1 (h > 0) and 7.4.2 (h < 0), then we prove upper bounds
in Sections 7.4.3 (h > 0) and 7.4.4 (h < 0). In Section 7.4.5 we discuss heuristically the
behaviour of the typical fluctuations of the magnetization when there is complete wetting.

8This corresponds to the d-boundary condition, where d is the horizontal line going through (0, 0).
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7.4.1 Lower bound: Positive magnetic field

Theorem 7.4.1. Suppose J(e) is given by (3.30) with 3 > (3. and h > 0. Let C; > 0,
1>c>wv >0 be given. Let W*(5,h,Cy,v) be the minimum of the functional 20(-; 3, h)
(without constraints) among curves enclosing a volume |Q|(C1/2m*). Then there exists
Lo = Lo(B, h,C1,v,c) such that, for all L > Ly,

PP A(CY v, 0)] > exp{—L'/220%(8, h,Cy,v) — O(LY*¥/*log L)} .

Proof. We first consider the case h > 0.
Let C = C(83, h) be the curve which realizes the minimum of the unconstrained variational
problem, corresponding to the parameters (3 and h, and enclosing a volume |Q|(C7/2m*)L™".
We suppose that L is large enough to ensure that there exists a translate of C such that

o If h > hy, then it is entirely contained inside () and is at a finite distance from 9Q.

o If h < hy, then it is contained in @, its bottom affine part is on wg and it is at a
finite distance from the other sides of Q.
We still denote by C this translate. The idea of the proof is the following: We first
construct a polygonal approximation of C, then we sum over all contours going through
each vertex of a rescaled version of this polygonal approximation (respecting the order).
The probability of such contours can then be estimated using the results of Chapter 4.
The proof is divided in five steps.

Step 1. Definition of a polygonal approximation of C.

Let L € N; we set
o, =L"", p=1/24+v/4. (7.27)
We define a polygonal approximation Py, of C.

1. If h < hy, we approximate the part of C which intersects the wall, starting from the
left extremity, by a polygonal curve with vertices on C and sides of length é,, except
possibly for the last one which may be shorter.

2. We approximate the remaining part C \ wg by a polygonal curve with vertices on C
and sides of length &7, except possibly the last one which may be shorter.

Since 7(-) is convex, Jensen’s inequality implies (n(s) is the unit normal at s)
/ (n(s)) ds > / (n(s)) ds. (7.28)
C Pr

Therefore,
2(C) = W(Pr) . (7.29)

Moreover, we have
vol Py, = vol C — O(L~%) = volC — O(L~'7*/?). (7.30)

Indeed, consider two successive vertices of Pr. Let pmin be the minimal radius of curvature
of the Wulff shape (which is strictly positive by positive stiffness and of order L™ /2 since
the volume of C is O(L™")); observe that ppin > 1. Consider the circle of radius pmin
which goes through these two vertices and which has its largest part inside Py, (see Fig. 7.5).
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FI1GURE 7.5. Estimation of the difference in volume between the curve C and its polygonal
approximation Pr (This is only a sketch, in reality pmin > d1).
[2K log L]

Z

[2K; log L]

B tht1
Vg

FIGURE 7.6. The points uk, Uk, vx and vy associated to a pair of successive vertices
tk, tk+1 not both on the wall. The elliptical set S(ug, vk, [2K7 log L]) is also indicated.

Then, since C is convex, has a volume of order O(L~") and from the choice of pyin, the part
of C between these two vertices is contained inside the set whose border is the segment
of straight line connecting the two vertices and the exterior arc of the circle. A direct
estimate of the volume of this set yields the result, using the fact that there is O(LP~"/2)
such pairs of vertices (if oy, is as in Fig. 7.5, then the volume of the shaded area in the
figure is of order O(p2; a?)).

Step 2. Scaling and definition of a set of closed contours Gy,

Let LPr be the polygon obtained by scaling Py, by a factor L, translating it by (0, —1/2)
and modifying slightly the position of its vertices so that they are in A} .

Let K1 > 0 be some sufficiently large constant. We denote by tx, £ = 1,..., N the
vertices of LPr, numbering them counterclockwise; we also set ty+1 = t1. To each pair
of successive vertices tj and 1 such that max{¢x(2),tx+1(2)} > —1/2 and the corre-
sponding side of Py, has length ¢, we associate four other points of A}, u, Uy, vi, and vy,
defined by (see Fig. 7.6):

e uy is the point on the vertical line {#' € Z%* : /(1) = tx(1) + [2K log L]} with u(2)
minimal and wug(2) > ¢4(2) + Ky log L (tg+1(2) — t(2))/(tx+1(1) — tx(1)).

e vy, is the point on the vertical line {t' € Z** : #/(1) = t;,1(1) — [2K; log L]} with
vk (2) maximal and vg(2) < tr41(2) — Kylog L (tx1+1(2) — t5(2))/(tgs1(1) — t(1)).

o = ([5(te(1) + ue(1))], [5(t(2) + ur(2))]).

9We give the construction in the case [tgr1(1) — tx(1)| > |tx+1(2) — tx(2)|. The construction for the
other case is done symmetrically.
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O O
tr Ug Uk let1
[K1log L] [K1log L]

FIGURE 7.7. The points uk, and vx associated to a pair of successive vertices ti,tr+1
both on the wall. The (semi-)elliptical set S’(ux, v, 2[K1 log L]) is also indicated.

o Uy = ([g(te1 (1) + ok (1)), [3(er1(2) + vk (2))))-
To each such side of LP;, we associate a set S = S(ug, v, 2K log L]) so that uy and vy,
belong to the boundary of S;'°.
To each pair of successive vertices tj and txy1 such that max{t;(2),tx11(2)} = —1/2
and the corresponding side of Pr, has length 6z, we associate two other points of A7,
up =t + ([K1log L],0) and vg = tg41 — ([K71log L],0) (see Fig. 7.7). To each such side
of L'Py, we associate a set S = S’ (ug, vg, 2[K1log L]) so that ¢, and t;11 belong to the
boundary of Sg.
Notice that by construction Sy NSy = &, if k # k' (and L is large enough).

Let C’' > 0 be some constant. We define a set of closed contours: &, is the set of all closed
contours I' = I'y,q U 'y such that
1. Let tx be the last vertex belonging to ¥>*. I'yg goes through all sites ¢, k¥ < K
belonging to ¥* successively. The part of I',q between t; and g1, K < K — 1 is
contained in £*(Sy). The part of I'yq between tx_1 and tx is any fixed contour of
minimal length between these two sites.

2. I'buk goes through the following sites successively: ¢y, Uy, Uk, Ug+1, Vk+1, - - - UN, -1, t1-
The part of I',yx between uy and vy, is contained inside £*(Sk). The parts of T'pyuix
between vy, and Uy or between tx and Ui or between vy, —; and ¢; is any shortest
contour between the two sites.

The total length of the fixed parts of I' is of order

O(LF7?log L) + O(L'™P) = O(LV*7/*10g L) . (7.31)
We can now use the tools of Chapter 4 and 5 to estimate the probability of A(Cy, v, c).
Step 3. Estimation of PIL’ﬁ’h[.A(Cl, v,c){T;y # T s-small}].
Let s=L% 1—¢>6>0. Let I' € 1. We estimate
PXFL’/B’h[A(Cl, v,c)|{T;y # T s-small}]
= 1= PP Y w(t) —m(8) + ColAL| L] > [AL| L™H{T3y # T s-small}] . (7.32)
teAr,

We want to use Proposition 5.2.3. We first have to estimate

(> w(t){T;y #T s-small}) . (7.33)

teAT,

10Tt may happen that @ and Ty do not belong to dSk; in such a case we move these points so that they
satisfy this condition.
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This is not difficult using Lemma 5.1.2. Just observe that, by definition of the elliptical
sets,

|[intD| — vol LPL| < O(L327P/27¥(log L)Y/?) < |A|L™€, (7.34)

and

[vol LC — vol LPp| < O(L*~?P) < |A|L™¢, (7.35)

by the hypothesis on ¢. Consequently,

‘< 3" W)Ly # I s-small}y) —m*(8) + C1|AL|L ™| < [AL|L™. (7.36)
tehs

Using Proposition 5.2.3, we find

PSS w(t) = m*(8) + CL AL L7%] > |AL| L}{T;y # T s-small}]
teA,
< O(L720=e=9)y - (7.37)
which implies that

P{MA(CY v Ty # T ssmall}] > 1 - O(L7207e7), (7.38)

Step 4. Estimation of P[J{L’ﬁ’h[{F; v # I' s-small}].

Define

AL(extF) =Ap \EF , (739)
and

Ap(intT) = Ap \ extI". (7.40)
We have

25 (A (extT)) 2+ (AL (intT"))
ZF(AL) ’

PPy # T s-small}] = w*(T) (7.41)

where ZT5(A’) is defined as Z7(A’) in (D69), p. 46, but by summing only over s-small
contours. Although Ay (extI') is not simply connected, any Ar(extI')*—compatible fam-
ily of s-small closed contours is Af(extI')T-compatible, and consequently we also have
Zt3(Ap(extl)) = Z%(Ap(extl)*). Therefore, dividing and multiplying by Z(Aj|I') and
using Lemma 2.3.1, we obtain

’ ?h k *
P Ty # T s-small}] = qa; (T3 8% 1) ({y s-small}) s, ey ({7 s-small}) o ory-
(7.42)
Lemma 4.3.1 implies (if diameter d(7y) < s, then 7 is s-small)

({v s-small})y | (exery =1 — O(L**® exp{—aL’}). (7.43)
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A similar estimate holds for ({7 s-small}), nery--

Before doing the last step it is useful to summarize all the above estimates. We have

P/—\:@h[A(Cl?V? C)]
> Y PUOMA(C v, )Ty # Ds-small}] PPy # T s-small}]

I'ed®;,
> (1-0(L 2(1=e=0)y Z P+ﬂh I';y # I's-small}|
I'e®r
> (1-0@L20779)) (1 - 0L exp{—aL’}))” > gy (1157, h").
Tedp
(7.44)
3 3 +7/67h
Step 5. Estimation of Py """ [A(C1,v, c)].
It remains to control the last sum. Lemmas 4.2.4, points 4. and 7., give
Yooan @)= Y [Jaas(n)
Ied®y, '={y;}e& 1
> > JIaetw. (7.45)
={v;}ed 1

We use Lemma 4.2.4, point 5., to replace qr(7x) by ¢(vx) whenever 0y, = {u, v} (notice
that the distance of the the set Si from the wall is O(Klog L)). From the definition of
&1, the sums over the 7; which are not fixed are independent, so that we can use Lemmas
4.4.3, 4.4.6 and Proposition 4.6.2, point 1. and 3., to estimate them (see the proof of
Proposition 6.3.1 for similar estimates). Using Propositions 4.5.1 and 4.5.2, we can find a
constant K5 such that

Z qu(vi; 8%, 0°) = (1= O(L™5)) exp{—pa(tis1 — ti; B, 1)}, (7.46)
Yi: 37;1 C{g;tlﬂ}
and

v 1 Ovi={u;,v;}
Y CS;
The total length of the fixed 7; does not exceed O(L'/?~¥/*log L) and the total number
of sides is O(L'/27¥/4), so that the above estimates imply the theorem.

We now consider the case h = 0. The proof is done as before, with two simple modifica-
tions: First, we use Lemma 4.3.2 (in which the case m,q = 0 is considered); second, we do
not introduce the boxes along the wall. Then the result follows easily. O

Remark. 1. We emphasize the fact that the next-to-leading order term in the lower
bound is not O(L'/?~*/*1og L). Indeed, we authorize fluctuations of order L?>~¢ around
m*(8) — C1|AL|L™", and consequently the system will realize the maximal magnetization
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possible in the interval (that is, the smallest droplet). Therefore, the leading term, which
we took centered in the interval, is somewhat misleading for it implicitly contains the
largest error term.

2. When v > 2/3, the estimate which is given in Theorem 7.4.1 is not optimal. This is
due to the fact that the system will not create a large droplet of — phase in such a case.

7.4.2 Lower bound: Negative magnetic field

: . . +,8,|h
In this section, we work with the measure y ALB M Let us make some comments on the

modifications it implies. The =+-b.c. is a particular case of the d-b.c., where d is the
horizontal line going through (0,0). We use the terminology of Section 2.1.2 but we write
ZE(Ap|N) instead of Z4(Ap|N).
If Ay is simply connected, Lemma 2.3.1 implies the following important identity
ZE (A J) ZE(ALT* ) I
- = M) ———"—22 = (o(t])o(t5)) 1+ - 4
Z+(AL,J) ;w( ) Z+(AL,J) <U< 1)0( 2)>AL (7 8)

This quantity can be controlled by Propositions 3.2.1 and 4.5.2.

Theorem 7.4.2. 1. Suppose that J(e) is given by (3.30) with B > [, and —hy < h <
0. Let C1 > 0,1 > ¢ > v > 0 be given. Let 20*(8,h,C1,v) be the minimum
of the functional 20(-; B, h) (without constraints) among curves enclosing a volume
|Q|(C1/2m*). Then there exists Lo = Lo(8, h,C1,v,c) such that, for all L > Ly,

PEPMAC, v, 0)] = exp{—L'/220%(8, h, C1,v) — O(LY/* /" log L)} .

L

2. Suppose that J(e) is given by (3.30) with 8 > B. and h < — hy. Let C1 >0, 1/4 >
v >0 and 1/2 > ¢ > v be given. Let R; (B, h,C1,v) be the minimum!t of the func-
tional 2(+; B, h) among curves contained in Q enclosing a volume |Q|(Cy/2m*)L~".
Then
a) The constant 20* (3, h, C1,v) defined by

(B, h, Cryv) = lim L2 R (8, h, Co,v)

is finite and strictly positive.
b) There exists Ly = Lo(B3, h,Cy,v,¢) such that, for all L > Ly,

P MA(CY v, )] > exp{—L1 20°(8,h, C1,v) — O(LY2log L) = O(L*3)}

Remark. Notice that the complete wetting transition has a remarkable manifestation on
the behaviour of moderately large deviations: It modifies the scale of these large deviations!
In particular, observe that the exponent 1 — 2v becomes zero when v = 1/2 (our results
do not cover this case, since we need v < 1/4, however we expect that the theorem holds
true for all v < 1/2). This implies that the change of behaviour between large and normal
deviations (which happens at LA3 ie. v =2 /3, when h > —hy), must happen sooner
than usually. This can be understood, at least heuristically, see Section 7.4.5.

"The curve realizing this minimum is the Winterbottom shape with wg as basis and volume

QI(C1/2m*)L™".
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Proof. 1. The proof is almost identical to the case of positive magnetic field, the dif-
ferences coming from the fact that we are working with the Gibbs measure uf’f ARl
We only point out the modifications.
Let C = C(B,h) be the curve which realizes the minimum of the unconstrained
variational problem, corresponding to the parameters ¢ and h < 0, and enclosing
a volume |Q|(C1/2m*)L~". We suppose that L is large enough to ensure that C is
contained in ) with its bottom affine part on wg and is at a finite distance from
the other sides of (). We do not make a polygonal approximation of C but of the
open curve C = C A\ wQ12. The construction is the same as before, and the rest of

the proof is unchanged except that we use

Zi(AL’F;Bah) i 1 P
O ZE A, ) (@(t)o ()7, ar (1567, 07) (7.49)

The conclusion follows by observing that

P ACL, )]

> ——————exp{—L'""*W(C; B, |h]) — O(L'**/*log L)}
(ot (t5)1s

> exp{ma(ts — t})} exp{—=L' /> 20(C; 8, |hn|) — O(L'/**/*1og L)}

= exp{—L'""/220(C; 3, h) — O(L"/*"/"log L)}

= exp{—L'7"/290%(3,h) — O(L*7"/*1og L)} . (7.50)

2. The existence of R* follows from straightforward computations ( we use smoothness
of 7, and the positive stiffness to prove strict positivity.). In fact, we obtain a little
more, namely

R =W L2 +O(L™). (7.51)

The second statement is proved as the corresponding statement of point 1., so that
we only sketch the proof.
We first set

o =L"", p=1/2. (7.52)

Let C be the Winterbottom shape of basis wg and volume |Q[(C1/2m*)L™" (this is
the solution of the constrained variational problem, as is easy to see). We have

vol P, = volC — O(L™%7") = volC — O(L™'7"). (7.53)

As in point 1., we consider another curve, which is given by C = C\wg. We construct
the polygonal approximation of C as before. The two main differences between this
case and the case of point 1. is that: 1) The length of the polygon is O(L), and
2) we cannot put elliptical sets near the extremities of C otherwise they would not
be contained inside the box (the droplet, now, is extremely flat!). So the error term
is slightly larger than before: The total length of the fixed contours in this case is

12 denotes the operation of symmetric difference: A A B = (A\ B)U (B A).
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(observe that the angle between C and the wall at each extremities is at least of
order L™V)
O(L'™ ")+ O(LPlog L) = O(L'*10g L) . (7.54)

The proof then proceeds as before. Since, at the end, we want that the error term be
negligeable with respect to the first order term, v must satisfy 1 — 2v > 1/2, which
requires v < 1/4.

O
7.4.3 Upper bound: Positive magnetic field
By Theorem 7.4.1,if 0 < v < ¢ < 1 and Cy > 0, then
PLPMA(CL v )] = exp{—L'™/220*(3,h,C1,v) — O(LY* /" log L)}, (7.55)
for L large enough, where
Q0% (B, h,Cy,v) = inf{2(C) : C C R?, volC = |Q|(Cy/2m*)}, (7.56)

We show that this lower bound is optimal to leading order when v is small enough. To
do this we analyze the conditioned measure in terms of large contours. The basic idea is
to make a coarse—grained description of the large contours.

The basic estimates come from Lemma 4.2.8 and Proposition 5.2.1. As pointed out
in the first remark following its proof, the bound proved in this proposition is not sharp.
This is the reason why we have to take ¢ < 1/4 (and therefore also v < 1/4)13.

Since the magnetic field is positive, Lemma 3.2.1 implies 1,4 = 0. Hence

22(C) > /r(zﬁ(t),q‘ﬁ(t)) dt, (7.57)

where (u™(t),vT(t)) is a parameterization of the curve C4 = C \ wq.

Let r1,79 € Nand Ay = Ap(r1,7r2) be the box of equation (7.24). We treat the case of the
Aszoundary condition. The constants ¢, C1 and v are fixed; we set ¢ =1/4 — 4, § > 0.
The cut—off between small and large contours is chosen as

s =[L%]. (7.58)
with 26 > ¢ > 0.

In each configuration w with Aszoundary condition we denote the large contours by
I'1,Tg,.... The origin of T'; is the first point of I';. The parameterization of I';, s — I';(s),
is chosen so that it is counterclockwise and I';(0) is the origin of I';. The coarse-grained
description of I'; consists in defining a sequence of points S; = (tio,ti1,...,tin,). The
procedure is similar to the one used in the proof of Lemma 4.3.1, but here we must treat
the points of I'; on the line ¥* with special care. Indeed, we would like to be able to apply
Lemma 4.2.8, so that we have to cut the contour in such a way as to be sure that it does

131n fact it is possible to slightly enlarge the domain of v if we take ¢ and v close enough, for example
¢=2/7—6 and v = 2/7 — 26. However this is still much smaller than the real domain of validity (which
should go up to v = 2/3) so we do not consider this case.
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FIGURE 7.8. Coarse-graining of a large contour I' touching the lower wall; the dots
represent the sequence of points S; = {to, ..., tin, }-

not touch ¥* between successive vertices t;;, t;;4+1 with at least one of the two points not
on the boundary. We cannot do this as simply as in Section 6.3.2 because we need to have
a good control on the volume of the contours having a given polygonal approximation.
The following procedure does the trick.
1. We set t;o = I';(0).
2. If tipo(2) = —1/2 then go to 6. Otherwise go to 3.
3. Let 51 be the first integer time such that I'; is outside the square D(tig, [L%]) (see
(5.1)). We set t;; = I';(s1).
4. Let so be the first integer time greater than sy such that I'; is outside the square
'D(til, [Lél]). We set tio = Fi(SQ).
5. The procedure is iterated until it stops.

6. If t;0(2) = —1/2, then there exists s € N such that I';(s)(2) = —1/2. We set
ti1 = T';(s1) with s; the largest integer time such that

[i(s1)(2) = —1/2 and Ty(s)(2) < [L®] Vs €[0,s1]. (7.59)

7. If, for all s > s1, I';(s)(2) # —1/2, then apply the procedure 3. to 5. to the part of
Iy, {Ti(s) : s > s1}. Otherwise go to 8.

8. Let sy be the first integer time greater than s;, such that I';(s2)(2) > [L%]. We set
tio = T'i(s2). Let s* be the first integer time greater than se such that I';(s*)(2) =
—1/2. Apply the procedure 3. to 5. to the part of IT';, {I';(s) : s2 < s < s*}. Then
apply the procedure starting at 2. to the part of I';, {I';(s) : s > s*}.

Let S = (t1,...,ty) be an ordered sequence of points and P(S) be the correspond-
ing closed polygonal line with vertices (¢1,...... ,tn). To each T'; we associate a closed
polygonal line P(T;)4:

P(Iy) = P(Si), (7.60)

where S; = (tio, ti1, ..., tin,) is the ordered sequence of points defined by the above pro-
cedure. Given a polygonal line, we need to be sure that the contours to which it is the

“Notice that, contrarily to what is done in [DKS1, Pfl, I2], to a given contour corresponds a unique
polygonal line.
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polygonal approximation are close enough to it (since we want to be able to control the vol-
ume of these contours knowing only the polygonal line). With this in mind, we introduce
the following set,

B(S) = {te Ay - t(2) < [L7]} | ( (ti;, [L°]) mAL). (7.61)
ti;€S;

We then have: P(I') = P(S;) = I' C B(S;).
We would like now to prove that a typical family of polygonal lines cannot have too large
a surface tension,

W(S,...,S%) = Y W(P(S;)), (7.62)

similarly to what is done in Chapter 6.
First observe that, whenever I'(s;)(2) = ¢;(2) # —1/2 or I'(sj41)(2) = t;4+1(2) # —1/2,

{T(s) : s; <s<sjp}N{t€Z> : t(2) = -1/2} = 2. (7.63)

Using this property we can estimate PXL’B {8y, ..., S} in terms of the functional 20 (see
Lemma 4.2.8),

PSS} < exp {—20(S1, ..., Sk)} (7.64)

(we used the fact that Zt*(AL|L) < ZT(ALL) < Z(A3|L)). Notice that Lemma 4.2.8
still holds in the case h* = oo, which corresponds to h = 0 (since, for finite h*, replacing
Tha by zero provides an upper bound, and therefore the limit A* — oo is well-defined).
Let wr be the unique configuration satisfying the Az—boundary condition which has
[ = (['q,Ty,..., %) as the complete set of its contours. We introduce some terminology'®

Definition.
(D119) The interior of P(S;) is

Int P(S;) = {t € Ap : wr,(t) = —1} \ B(S;),

where T'; is any contour such that P(I';) = P(S;).
(D120) The volume of P(S;) is

Vol P(S;) = |Int P(S;)] .
(D121) The closure of Int P(S;) is
It P(S;) = Int P(S;) U B(S;).
(D122) The interior of S = (Si, ..., Sy) is
It S = {t € Ap : wp(t) = -1} \ | JB(S)

where T = (T'q,...,T%) is any set of contours such that P(T;) = P(S;), i =
1,... .k

15We emphasize that these definitions are different from the analogous ones in [DKS1, Pfl, 12].
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(D123) The phase volume of S is
a(S)[AL| = [Int S].
(D124) Let T be a A} -compatible family of contours. The phase volume of T is
a(D)AL] = [{t € Ay, + wp(t) = —1}.

We can now prove a result similar to Proposition 6.3.2.

Lemma 7.4.1. We assume that the coupling constants are defined by (3.30) with 3 > [,
and h > 0. Then for anyn <& and T > 0

PSS w(P(sy) > TY < exp {-T1 - 0177} (7.65)

jz1

Proof. We follow the proof of the corresponding statement in [Pf1].

We have
8,h B,h
PEAMES T w(P(S)) = TH =D Y PSS = T (7.66)
i>1 kE>181,...5

Let q(z, k) be the number of integer solutions of 1 < a3 < ... < ax < x, Zle o=z, k
fixed, and ¢(x) the number of integer solutionsof 1 < a1 < ... < a; < z and Zle o =,

k arbitrary. For large x,

1

) ~ exp {27\ /z 6} . 7.67
(@) ~ o exp {2m /] (7.:67)

Let us consider k polygonal lines P(S1),...,P(Sk), where S; = (tio, ti1, - - -, tin;)- LOW)
is a rough estimate of the number of families of k polygonal lines with ny +---+ng = N.
Therefore the number of families of polygonal lines with ny + --- 4+ np = N, k arbitrary,
is bounded by

> (N, k)L™ = exp{NO(In L)} . (7.68)

k

Using (7.57) it is possible to obtain a bound on N = nj + --- + ng in terms of the total
surface tension of the family of polygonal lines

W(S,...,S%) = > W(P(S)). (7.69)
=1
Suppose that 20(S1,...,S;) = T'; then
N=ni+ - +n <KTLY, (7.70)

with K} < 2(miny,,—1 7(n))~*. Therefore
PS8, -, S} < exp {—20(S4, ..., Sk)}
= exp{—2(S1,...,S;) + NL"} exp{—NL"}
< exp {—an(sl, LS - O(L—5’+’7))} exp{—NL"}. (7.71)
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Therefore

PP w(P(S))) = T
j=z1
< exp {—T[l - O(Ln—ﬁ’)]} 3" exp{NO(InL) - NL"}
N>1

< exp {—T[l - O(L"—‘s’)]} . (7.72)
O

Our aim is to characterize the set of configurations contributing to the event A(C1, v, ¢)
by describing the family of polygonal approximations of the large contours of typical such
configurations. Lemma 7.4.1 provides a first criterion, namely surface tension should be
as low as possible. However, there is a second constraint: If we want realize the event
A(C1, v, ), it is necessary that the phase volume of the family of polygonal approximations
is sufficiently close to (C1/2m*)L~". This is the purpose of the next lemma.

Lemma 7.4.2. We assume that the coupling constants are defined by (3.30) with 3 > (.
and h>0. Let 1/4>¢>v>0,c=1/4—0, and C; > 0. For anyn > 0,

1+n
2m*L¢

PXL’ﬁvh [{|Oé(§) —(Cv/2m™)L77] > } ‘A(C’l,y, c)} < eXp{_O(Ll—u/z)}7

provided L is large enough.

Proof. We set

E(Ci,v,c) = {

a(S) — (C1/2m*) L | >~ } (7.73)

~ om*Le

We partition Fq(Ch, v, c) into sets indexed by the set of their large contours. Let
[['] = {w : L is the family of large contours of w}. (7.74)
We write

P
Pyt A(Cy v )]

By B (mi) JACL vl = Y PIPMAC o) | (D]
r

[LICEL(Crne)
(7.75)
Since (7.55) and Lemma 7.4.1 hold we can find a constant K such that
PO E (Crv,e) D) D W(P(S:) = KLY A(Cy, v, )]
< PEPPES (P(S) = KLY} A(Crv,0)] < exp{~O(L'"/?)}. (7.76)

It is therefore sufficient to control in (7.75) the terms with ' such that

> W(P(S;) < KL'2. (7.77)
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We suppose that this condition is satisfied in the rest of the proof. In particular the total
length of the polygonal lines is at most (’)(Ll_”/Q). Suppose that I’ = {I'y,...,T'x} and
that P(I';) = P(S;), s =1,..., k. In particular, this implies that

yUB )| < OLV/F (7.78)
for any I such that (7.77) holds. The volumes of phase a(SS) and (') are easily compared,

using (7.78) and the observation that I'; C B;,

(S) — a(D)f[AL] < !UB )| SO ). (7.79)

We denote by * the boundary condition defined by the configuration wr. Then we can
write (A (L) is defined in (D112), p. 114)
,B,h ,8
PyPMA(C, v, o) | D] = Py iy [A(Cr v, )] (7.80)

From Lemma 5.1.2 and (7.78), we have

(3 005 o) = ALl — 20(D)) + O(L /247

teEAL
= m*|AL|(1 — 2a(8)) £ O(L'~V/2+9) . (7.81)

Since (writing m = m*(3) — C1|AL|L™")

5 o) - sl = (3 00w = (5 o)y ) + (13 o)~ mitdl )

teEAT, teEAT, teEAT
(7.82)

we have, for every w € A(C1,v,c) and L large enough,

1 o))~ (X o)l = U o3 0y~ miAcll — | o(t)(w) — miAL

teEA] teAy, teAr, teAT,
1 + n 1—vj2tey AL
L _ 8L
o ) -
SN |AL|
>3 (7.83)
Consequently,
,B,h *,S n —
PEMACL O ID < Pl | o))~ (X ol > Blaulee]. s
teAy, teAy,
We estimate (7.84) by Proposition 5.2.1,
PYPMACH v, 0) | [T)]) € exp{—O(LMT472)) (7.85)

provided L is large enough. the conclusion follows easily (remember that 2§ > 4'). O
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Remark. It is possible to improve the previous lemma. Indeed, in (7.75), we control the
denominator using only the conditional probability; however, the probability of [[] can be
used to cancel the leading order term of the denominator when the phase volume is not
too far from Cy|AL|L77.

It is now possible to state the main result of this section, which gives the exact asymp-

totics for the probability of moderately large deviations when the boundary magnetic field
is positive; moreover, the typical configurations with respect to the conditioned measure
are described in terms of the polygonal approximations.
Theorem 7.4.3. Assume that the coupling constants are defined by (3.30) with 5 > [
and h > 0. Let Cy >0, 1/4>¢>v >0, c=1/4—6 be given. Let 20*(3,h,C1,v) be
the minimum. of the functional 20(-; 3,h) (without constraints) among curves enclosing a
volume |Q|(C1/2m*). Let 0 < &' < 26 such that &' + 16 < L, andn =0+ (v—c)/2. We
set

A(Crv,e) ={w : | w(t) = mlAL]| < [Ap| L™

teAL
. N e/
B(C1un) = {Ja(s) - (€1f2m)| < 2

Ex(C1,v,¢) {Zm S 8,h) < L1220 (8,h, Cy,w) |1+ O(L)] }

Then, for L large enough,
Py M B, ) N By (Crv, ) | A(C v, )] > 1= exp{ —O(L1 /%) }

and

Proof. The first affirmation follows from Theorem 7.4.1, Lemma 7.4.1 and Lemma 7.4.2.
We prove the second affirmation. For L large enough Theorem 7.4.1 implies that

1
773 108 By LA(CY v, 0] + 207 (8,1, G, )] < O(L™72).

1 " - v
7 log Py A(C1,v,¢)] < 207(B,h, C1,v) + O(L~ V> log L. (7.86)
Let El(Cl, v,c) be the complementary event of F1(Ci,v,c). We can write, setting A =
.A(Cl, v, C),
PLOMAL = PEPMAN B + PYPMAN B
= POOMAN By + PLPME AL PP AL (7.87)

Therefore, B
(1— Py "By | A) PEPMAY < PP B (7.88)

Let 20, (m; 3, h) be defined by

ClL v

0. (m; B, h) = inf{W(C; 5,h) : CC Q, volC = |Q| —1, (7.89)
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and let m =m* — C{L7".
The inequality

S VoI P(S) > a(S)lAl > (i 2‘;1* v (7.90)

implies that
S 2P0 > 2l + s (7.91)

Let V1 C @ be a convex body realizing the minimum 20, (m+ (1+n)/L% 3,h) and Vo C Q
be a disk of volume (141n)/2m*L¢. We can choose these convex bodies so that their union
is a set of volume |Q|C1L™"/2m*. Thus

W+ B h) + W(OVa: 5, 1) > Wams 6, ) = (B, h, Co) L2 (1.92)

Therefore
(1= PO B | A PO A]
< PP [ (s > m.gm + )]

LC
< PyOh [{Z W(P(S;)) = W (B, h, Cy,v) LI /% — QH(&VQ)LH .

(7.93)
Lemma 7.4.1 implies that for L large enough
1 h . o
~ iy Lo POMA(Cy v, 0)) > 207 (B, b, C1,v) — O(L"Y). (7.94)
O

7.4.4 Upper bound: Negative magnetic field

Let the coupling constants be given by (3.30) with § > (. and h < 0. The remarks of
subsection 7.4.2 apply.

We show that the lower bounds obtained in Theorem 7.4.2 are optimal to leading order,
using the same techniques as in the previous section.

By definition the open contour I'* is a large contour. We associate to I'* a sequence
of points S* = (¢4, . .., t«n) using the same procedure as for the other contours. P(S*) is
the open polygonal line with vertices S*. We thus obtain a family,

(P(S1),...,P(Sq), P(5),P(S1),...,P(S,)) (7.95)

of polygonal lines. We have distinguished between the polygonal lines with no edge belong-
ing to the line {t € R? : #(2) = —1/2}, which are denoted by (P(S1),...,P(S,)), and the
other ones denoted by (P(S),...,P(S,)). We will now associate to the set of polygonal
lines (P(S*), P(S1),--.,P(S,)) a new set of closed polygonal lines (P(Sg11), .., P(Sk))-

This is done in the following way:
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a ¢ Bt LY)

AVAN

FIGURE 7.9. a) Coarse—graining of a large contour I' touching the lower wall and of
the open contour I'*; the dots represent the sequence of points obtained by the coarse—
graining procedure described. b) The three resulting closed polygonal lines.

1. Consider the family of polygonal lines (P(S*), P(S]),...,P(S,)); let £ be the set
of edges formed by all edges of this family, which belong to the line {t € R? : #(2) =
—1/2} N A7. Remove £ from the set of all edges of (P(S*),P(S7),...,P(S,))-

2. Close the polygonal lines obtained in 1. by adding the set
(X NA")\E". (7.96)
This defines a set of closed polygonal lines denoted P(Sy+1), ..., P(Sk).

Remark. We do not modify the large contours. The relation between the family
(S1,...,Sk) and the large contours of the configuration is that these contours must be
compatible with the original family (S1,...,Sg, 8%, S7,...,5,).

Notice that the above construction is such that we have the identity
m(‘sl? s Sk B, h) = m(‘sl? s S(b S*a Si) SO Szl)a B, |h‘|) - de(2T1L + 1) (797)
where
k
W(S1, ..., S B,h) = > W(P(Si); B, h). (7.98)
i=1
Lemma 7.4.3. In the setting described above, there exists a constant Ko such that
+,5,|h| _ :
PEPINIS, . Sk} < Ko exp {—20(S1,-.., Sk B, h)} -
if h > —hw(0), and
+,5,|h] 3/2 _ .
PEPIMSL,. .. S < K V2 exp (~20(S1, .., Sk B, )
. +,8,|h| .
Proof. We write Py """'[{S1, ..., Sk} as a quotient

Ap|Si, ..., Sk; 8, |h])
Z*+(Ar; B, |h])

PSS = Zx( (7.99)



166 Chapter 7. Large deviations

Dividing and multiplying by Z*(Ar; 3, |h|) we must consider the quotients
Z=(AL|S1, -, Sk B, |h]) Z%(Ag; B, |h])

, . 7.100
7+ (A 6.} 7+ (A 6. ) (7100
The first quotient is estimated using Lemma 4.2.8 and the above remark,
Z*(AL]S1, - -+ Sk; B3| hl) /
L < — * h 101
Z+(AL,ﬂ,|h|) eXp{ W(Sl, 7SQ7S 7517 ) p’ﬁ ‘ |)} (7 O )
The second quotient is estimated as in Section 7.4.2, using Proposition 4.5.2,
Z*(Ar; B, |h]) 8" |n|*
— L = (o(t])o(t > C exp{—mpa(ts —t1; 6%, |h|")}, 7.102
T = e pl-malts — 6547 010}, (7102

if h > —hw(f), and

Z*(AL; B |h])
Z*(A; B, |h])

if h < — hy ().
These inequalities give respectively, using (7.97),

= (oo )" = € (2mL) ™2 exp{-ma(ts — t1: 8%, [h[")}, (7.103)

imh‘[{Sl, S <O exp{—20(Sh, ..., Ski B, h)}, (7.104)

if h > —hyw(5), and
PSS < 072 )PP LA exp{~20(S1, ..., Sk B.)} (7.105)
ifh< — hw(ﬁ)' =

Lemma 7.4.4. Suppose the coupling constants are defined by (3.30) with 8 > (., and
h < 0. Then for anyn <& and T >0

1. If h > —hyw(B), then

PECMICS™ an(P(S;); 8,h) > TY] < exp{_T[1 - O(Lnfé’)]} .

j=>1

2. If h < — hw(f), then
PN 98(P(S)): 8,0) = TY < exp {~T[1 = O(L")] + 0L+ }
jz1

Proof. The proof is essentially the same as that of Lemma 7.4.1. The complication comes
from the fact that the functional 20(-; 3, h) is not positive when h < 0. We have

PPN a8(P(S;); 8,0) = TY] =

ji=1

> Z PMW [{20(S1,...,Sk; B8,h) =T} . (7.106)

k>151,...
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We decompose the surface tension in the following way:
W(Sh,....,%:B,h)=T=T, -T", (7.107)

with 7%, resp. 1", the positive, resp. negative, part of the functional 20(-; 3, h). The
total number N of vertices of the polygonal lines P(S;), i = 1,...,k, is bounded by (see
(7.70))

N<T,K, L. (7.108)

Now we have to consider separately the cases h > —hy () and h < — hy ().

1. Suppose first that h > —hy(3). Since T, > Tfé;&%)}?)) T’ , we have

o Kar((1,0:5)
7((1,0); 8) — 1ba(B, h)
and we can therefore proceed as in Lemma 7.4.1.

2. We consider the case h < — hy (). Since |T”| is at most O(L),

LT, (7.109)

Py S, S < exp {—2(S1, ..., Ski B, h)} KoL/
=exp {~T, +T_ + NL"} K,L%? exp{—NL"}
< exp {—T;(l — oL~ + T’_} KoL3? exp{~NL"}
< exp {=2(S1,. ., Sii B, ) (1 — O(L™+1)) + O(LI =" +7)}
X KoL? exp{—NL"}.

(7.110)
The end of the proof is the same as that of Lemma 7.4.1.
+,58,|h
PP MY 20(P(S;): 8, 0) > T
jz1
< exp {—T[l — oL + O(L1_6/+7’)} z Ky L3 exp{NO(In L) — NL"}

N>1

< exp {—T[l — oL )] + 0(L1—5’+n)} . (7.111)
O

We define a(S1, ... Sk) = a(S1,...,5¢,5%,51,...,5,).
Lemma 7.4.5. We assume that the coupling constants are defined by (3.30) with 3 > (.
and h < 0.
1. Suppose h > —hw(B). Let 1/4 >c>v >0,c=1/4—0,C; >0 and 0 < ¢ < 26.
Then, for any n > 0,

1+n
2m* L¢

P/tﬂylh‘ {{’O‘(ﬁ) —(C1/2m*) L] > ! ’A(Ch v, c)} < exp{—O(L'™"/*)},

provided L is large enough.
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2. Suppose h < — hy(B). Let 1/8 > ¢ > v >0 and C1 > 0. Suppose that c +§ < 1
and 4c + 26" — 2v < 1. Then, for any n > 0,

1+n
2m* L¢

P/i’ﬁ,lhl [{\a(ﬁ) —(Cy/2m*)L7Y| > } ‘A(Ch v, c)} < exp{—OL"2),

provided L is large enough.

Proof. 1. The proof is the same as that of Lemma 7.4.2.

2. The only modification comes from the fact that the a priori bound on the total
length of the polygonal lines is O(L) (and not @(L'~*/2)). This is the reason why
there are these supplementary conditions on the parameters.

O

From the results of this section, we finally have
Theorem 7.4.4. Assume that the coupling constants are defined by (3.30) with 5 > (.
and h < 0.
1. Let C1 > 0, 1/4 > ¢ >v >0, c = 1/4 — 0 be given. Let 2*(3,h,C1,v) be the
minimum of the functional 2(-; B, h) (without constraints) among curves enclosing
a volume |Q|(C1/2m*). Let 0 < &' < 28 such that &'+ %6 < 5, andn =&+ (v—c)/2.
We set

ACy,ve) ={w : [ > w(t) —mlAL|| < [AL| L7

teAL
. B v o 1tn .
El(Cl7V7 C) - {‘Q(S) (01/2771 )L < 2m*LC} )

Fa(Cuyre) = {gpn&m <L G0 b

Then, for L large enough,
PO B (Cr,v,¢) N Ea(Chyvye) | A(Crvye) ] 2 1 — exp{—O(Ll_C/Q)}

and
1 * —(c—v
|7 108 P A, v, 0)] + 07 (8, b, Crv)| < O(L772).
2. Suppose h < — hy(B). Let C1 > 0, % > ¢ > bv > 0 be given. Let (see Theorem
7.4.2)
W (3, h,C1,v) = lim L* "5 (B, h, C1,v) .

Let ¢ =5v and n=9'/2. We set

A(Cryvie) = {w | ) w(t) = mlAL|| < [Ar[ L7

teEAL
. v o 1t 1,
E(C1,vyc) = {’a(S)—(Cl/2m )L < Qm*LC},

E5(Cy,v,0) {Zan Si;B.h) < L' 20%(B, h, C1,v) [1 + O(L2”+’7—5/)} }
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Then, for L large enough,
fﬁfﬁwmchw@mﬂxchmqhﬂcb%@]>1—eq{—0@@ﬂg

and
1

|55 1og Py AL v, 0] + 207 (8,h, 1, )| < O(L 7).

Proof. 1. The proof is exactly the same as in the case of positive h.

2. The proof is the same. One just has to check that the various conditions on the
parameters are satisfied for the particular choice made in the statement of the the-

orem.
O
7.4.5 Some heuristic remarks in the case of complete wetting
Let
A(Cr,v,¢) ={w : \Z w(t) —m*(B) + C1|AL| LY < |AL|L™¢}, (7.112)
teAL
From the previous subsections, we know that (at least when v is small enough)
O(L*"/%)) h> —hy
PP AC v, e)) ~ { CPOE ) o (7.113)
L exp(O(L'*=%)) h < —hy(f).

We discuss heuristically some questions related to the behaviour in the complete wetting
regime. In particular, we want to argue that not only the large deviations are qualitatively
affected by the complete wetting, but also the typical ones.

The techniques used in the previous subsections do not allow us to prove (7.113) for
all values at which the result holds. What do we expect? In the first case (h > —hyw(5))
(7.113) should remain valid up to v = 2/3; after that the system should have a Gaussian
behaviour, i.e. PXL’ﬁ’h(A(Cl, v,c)) ~ exp O(L?>~?"). This is proved at low temperature in
the case h = 1 ' and we cannot see any reason why this should change when h # 1. The
second case (h < — hy(0)) is much more interesting. Clearly, (7.113) cannot remain true
when v > 1/2; in particular, something must happen before v reaches 2/3. We would like
to give some arguments to show that what should happen is the following: The scale of
the typical fluctuations of the magnetization in the complete wetting regime is not O(L)
anymore, but is in fact much larger, of order O(L3/2). We have no proof of this (this is a
quite difficult problem, even perturbatively), so we give some heuristic justifications.

Let us first find what should be the mean value of the magnetization in the complete
wetting regime. We write I'* the open contour in the +-b.c. and volT™* = |{t € Ay :

16 A non-perturbative derivation for A = 1 (and without considering boundary effects) has been an-
nounced by loffe and Schonmann.
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wr«(t) = —1}; let ¢ > 0 be some sufficiently large constant. Then

(3 o) =33 oy | e )

teA], I'* teAg
= 3 (" (B)(AL] — 2volT*) + O(L)) Py (1) + exp(~O(L))
I |I*|<c'L
= m*(B)|Ar| — 2(vol %)M 1 O(L) . (7.114)

The point now is to realize that (VOlF*}f’LB 1"l should be of order O(L*?). Indeed, the

phase separation line should cease to be pinned to the wall when h < hy; the results of
[FP3, FP4], show that the excursions must become unbounded (otherwise the Gibbs state
would not be unique), however they do not give information on the typical geometry of the
phase separation line. One can modelize such a situation with a Bernoulli excursion (i.e.
a random walk in a half plane, with both endpoints fixed on the wall.) which should give
the right scales. For such a model, it is possible to compute explicitly the distribution of
the area under the path (see [Ta]) and it is found that the mean value is of order O(L53/?).
Therefore this argument shows that when complete wetting occurs the magnetization is
quite far from m*(3) (it is already, spontaneously, in what would be call large deviations
regime when h = 1); more importantly, the main role is played by the phase separation
line. Let us now discuss the fluctuations of magnetization.

There are two main contributions to the fluctuations of magnetization: first, the usual
bulk fluctuations and boundary effects which are of order O(L); second, the fluctuation
of the phase separation line which should be of order O(L?/?). This can be again under-
stood by comparing our case to the much simpler case of Bernoulli excursion, for which
fluctuations of that order have been proved [Ta].

To make the argument possibly more convincing, we may say that a suitably rescaled
version of the phase separation line should converge to the Brownian excursion process
(Brownian motion in a half plane, with both endpoints fixed on the wall). In the simpler
case of a phase separation line in the middle of the box (i.e. far from the boundary)
convergence of a suitably rescaled version of the phase separation line to the Brownian
bridge (Brownian motion with both endpoints fixed, but not constrained to lie in a half
plane) has been proved at low temperature in [Hi2]. The distribution of the area under
the path of a Brownian excursion can be obtained from the corresponding distribution for
the Bernoulli excursion, see [Ta].

7.5 Large deviations

In this section we obtain the exact leading order for the asymptotics of volume order large
deviations. This problem is more difficult than the corresponding one for moderately large
deviations. Indeed, in the present case, it is possible that there is no translate of the Wulff
shape of the required volume that fits inside the box (). The corresponding variational
problem, which has been studied in [KP], is more complicated. Even though solutions
(and even stability) have been obtained for many situations, there are some cases which
are not covered. Since the variational problem can become very involved, it is interesting,
in our opinion, to have techniques which allow to deal with the statistical mechanical parts
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of these questions without having to use information from the variational part. This is
the philosophy of this and the following sections.
Let r1,7 € N and let A;, C Z? be the box

Ap={tez?: —rmL<t(l)<rL,0<t(2)<2rL}. (7.115)

The coupling constants are given by (3.30) with 3 > (.. We consider the case of positive
and negative boundary magnetic field. In the case h < 0, the remarks of Section 7.4.2
apply and we work with the measure ,uf’f 7! instead of the measure ,uX’L’g ’h, as explained
in that section.

Let —m* () < m < m*(f) and ¢ > 0. We are interested in the large volume asymp-

totics of the event

Almye) ={w 1 | w(t) —m|Ag|| < [AL| L™ (7.116)

teAL

This section is composed of two subsections. In subsection 7.5.1, we prove lower bounds for
the large deviations. Optimality (at leading order) of these bounds is proved in Subsection
7.5.2.

7.5.1 The lower bounds

We derive lower bounds for the large volume asymptotics of
Py A(m,¢))  and PO A(m, o)) (7.117)

in terms of the Wulff functional. These lower bounds are shown to be optimal in Sections
7.5.2.

As explained in the introductory part of this section, we don’t want to use information
from the variational problem. The only information we use is that we can restrict our
attention to convex curves, which is an elementary consequence of Jensen’s inequality, see
Section 7.2. The strategy is then to prove lower bounds for the boundary C of any convex
body in @ of volume ]Q|% Since we obtain these results uniformly in C, the best
lower bound will be given by the infimum of the lower bounds over all these convex bodies,
that is it will be given by the infimum of the constrained variational problem.

The proof is similar to the corresponding proof for moderately large deviations. How-
ever, in contradistinction with what is done in Sections 7.4.1 and 7.4.2, we do not use
the concentration results of Section 4.6 but use instead the less precise box propositions
of Section 4.4. There are three reasons for this decision: first, it shows how to apply
these weaker concentration properties; second, it is easier to describe; third, if we are
not interested in an estimate of the rate of convergence, then it is possible to prove such
asymptotics without using any information from the exact solution, see the end of the
section.

Theorem 7.5.1. Assume that the coupling constants are defined by (3.30) with 5 > (.
and h € R. Let —m*(f) < m < m*(B) and ¢ = 1/2 =6, 6 > 0. Then there exists
Lo(B,h,m,c,Q) such that, for any simple closed rectifiable curve C, which is the boundary
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of a convex body of volume |Q\% in the rectangle Q, and for all L > Lg,'"

PP A, )] > exp { L - 28(C; B,h) — O(BLY?log L)} ,

where PXL’ﬂ’h[-] = PAiL’mh‘[-] if h < 0.

Proof. 1) We first prove the case h > 0.

As in the proof of Theorem 7.4.1, given the boundary C of a convex body V', we define a
polygonal approximation of it. Then, by summing over all large contours passing through
the vertices of the polygonal approximation we can estimate the probability of the event
A(m,c) in terms of the functional 20 using Propositions 4.4.1 and 4.4.2. The main dif-
ference with the above mentioned proof is that now we are not working with the Wulff
shape, but with any convex curve, so that we have to be careful to have only estimates
which are uniform in C (in particular, we don’t want Ly to depend on C!). As before, we
divide the proof into five steps.

Step 1. Definition of a polygonal approximation of C.
Consider the convex body V whose boundary is 9V = C. Let L € N and set

6, =L '?InL. (7.118)

Let
Qu+{r e Q : minlly —all > b}, (7.119)

and set Vp =V NQr.
We define a polygonal approximation Py, of 0Vy. First define a polygonal approxima-
tion PY. Let Ay be the square

o
V2
and denote its four sides, which have a length dr, Ji, Jo, J3 and Jy (counterclockwise).

Since V is convex, vol Vg, > volV — O(d1) and Vi, C @, there exists Ly independent of
V, such that intV contains a translate of Ay.

Ap={zeR?: |z], = -L}, (7.120)

1. We choose first four disjoint segments isometric to Jg, k = 1,...,4, with extremities
on JVr. If this is not possible, then we choose one corner isometric to Ji U Ji41
with extremities on OV, but not necessarily its apex, and two disjoint segments
isometric to Jy, Jn, m,n # k,k + 1, or two corners isometric to Ji U Ji+1 and
Jn U Jpy1 with extremities on V7, but not necessarily their apexes'®. Starting from
these four segments we construct a polygonal approximation of Vy \ 0@ with a
maximal number of segments of length é7. We obtained a polygonal approximation
of OVp \ Q1 with at most 8 segments of length smaller than §7. The union of this
polygonal approximation and 9V, N Q) defines PY.

17"The proof gives an estimate of the function O(ﬁL1/2 log L), which is at most 758LY? log L.
18We don’t have to consider other cases, for otherwise the volume of V' cannot be large enough (remember
that it is convex by hypothesis).
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Since 7(+) is convex, Jensen’s inequality implies (n(s) is the unit normal at s)

/{9VL T(n(s)) ds > /7) T(n(s)) ds. (7.121)

0
L

For each side of P? \ QL of length §;, we construct a square box by translating and
possibly rotating (by an angle 7/2) the box (4.68) so that the two extremities of the side
play the role of 0 and ¢ in (4.68). The construction of P? assures that all these boxes are
pairwise disjoint.
2. Let [t,s] = {z € PY : x(2) =d.}. If [t,s] # & and ||t — s, > 0, then we replace
[t, s] by the broken line from ¢ to (£(1),0), then (£(1),0) to (s(1),0) and finally from
(s(1),0) to s. Then we subdivide the segment (¢(1),0) to (s(1),0) into segments of
length %5,; (except possibly the last one which may be shorter). We do a similar
construction with the other parts of 772 NoQr.
The polygonal approximation Pr of 9V, is given by the modification of 732 by 2.; the
vertices of P, are denoted by tir. For each segment of length 7, of Pr, N IQ, we construct

a square box by translating the box (4.92) so that the extremities of the side play the role
of 0 and ¢ in (4.92). We have (7(z; ) < 25)

W(C) > W(Pr) — 1654, . (7.122)
Step 2. Scaling and definition of a set of closed contours Gy..

Let L'Py, be the polygon obtained by scaling Py, by a factor L, shifting it by (0, —1/2) and
modifying slightly the position of its vertices, if necessary, so that all of them are in AJ.
We define a set of closed contours G, = {I'}.

1. Each T € Gy, is closed and passes through all vertices of LPr, (counterclockwise).
We denote by [Lty, Lti11] the side of LPy, between two consecutive vertices, say Lty
and Ltgy1.

2. If there is a box By associated with [Lty, Ltg11], then ~y, the part of I' between Lty
and Ltgy1, is such that v, N OBy = Lti, Ltg 1. Otherwise v, = ng, a fixed contour
of minimal length from Lty and Lt ;.

The total length of the fixed part of I' is smaller than 26Ldy,.

We can now conclude as in the proof of Theorem 7.4.1. We only sketch the rest of the
proof (notice that the numbering of the steps in this proof is the same as the numbering
in the proof of Theorem 7.4.1).

Step 3. Estimation of PXFL’ﬁ’h[A(m, c)|{T'; v # I s-small}].

Let s = L% We use Proposition 5.2.3 to estimate PIL’B’h[A(m, c) [ {T'; v # T s-small}].
Since the total volume of the boxes By, is smaller than O(L?/?log L), uniformly in V1
(the length of C = 9V is bounded by the length of 9Q), and thus the number of sides of Py,
is uniformly bounded by O(L'/?/log L)). The difference of the volumes of LV and LPp

190f course this is in this estimate that the fact of using square boxes instead of ellipses play a role. In
particular, this is the reason we have to take ¢ < 1/2 instead of ¢ < 1.
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is bounded by O(L3/?log L), uniformly in V2°. Therefore, we get, uniformly in V/,

(> o(t)[{T; 7 # T s-small} ) 07" — m|AL|| < O(L¥?log L) . (7.123)
teA],

Since (’)(L3/ 2log L) < L?>7¢ and the hypotheses of that Proposition are clearly satisfied,
we obtain

PIL’B’h[A(m, ) [{T'; v # T s-small}] < O(L~2(1—¢79)) (7.124)
Step 4. Estimation of PIL’B’h[{F; v # T s-small}].

There is no modification in this step.
Step 5. Estimation of P[J{L’ﬁ M A(m, c)] in terms of the functional 20.

There is no modification in this step, except that we use Propositions 4.4.1 and 4.4.2, with
a = K'log L, K’ large enough, instead of Proposition 4.6.2. Notice that in this step are
the only places where one uses the exact solution (the Ornstein-Zernicke behaviour of the
2-point function). We use it twice: First, when we estimate the contribution of contours
inside a box which lies along the boundary (since the corresponding Proposition 4.4.2 uses
it) and, second, when we replace the 2-point functions by their lower bounds in terms of
surface tension.

Since the total number of sides is O(L'/?/log L) and the total length of the fixed
contours is at most 28L/?log L, and since replacing |vg| by exp{—20([ty,tx+1])} for the
fixed contours induces an error at most exp{2/3|yx|}, the theorem follows.

2) The modifications in the case of zero and negative boundary magnetic field are treated
in the same way as in Section 7.4.2. The fact that the curve C is arbitrary (but convex)
only involves minor changes which we explain now. We use the terminology of Section
7.4.2.

We first construct the polygonal approximation Py, as in the proof of Theorem 7.5.1.
Let I = Prn{x € @ : x(2) = 0}. If I = &, then we subdivide the set {z € Q : z(2) =0}
into segments of length %5 1, and introduce translates of the box (4.92). The open contour
I is constrained to pass though the extremities of these segments and to stay inside these
boxes. We can repeat the proof of Theorem 7.5.1 since the construction of Theorem 7.5.1
does not interfere with the open contour in that case.

Suppose now that I = [a,b]. We define a new polygonal line P;. P, goes from the
bottom left corner of @ up to a along {x € Q : x(2) = 0}, then it follows Pz, \ I up to
b, and finally goes along {z € @ : z(2) = 0} up to the bottom right corner of ). The
proof is now the same as that of Theorem 7.5.1 with the polygonal line P}, up to minor,
straightforward modifications.

Dividing and multiplying by Z*(Ar; 3, |h|) and using identity (7.48) we can conclude.

O

It is interesting to observe that the following version of the lower bound can be proved
without any information from the exact solution.

20We don’t want to use the fact that positive stiffness holds, this is why we have this quite rough bound.
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Theorem 7.5.2. Assume that the coupling constants are defined by (3.30) with 5 > (.
and h € R. Let —m*(#) < m < m*(B8) and 1/2 > ¢ > 0. Then, for any € > 0, there
exists Lo(e, B, h,m,c,Q) such that, for any simple closed rectifiable curve C, which is the

boundary of a convex body of volume ]Q|% in the rectangle Q, and for all L > Ly,

Py A(m, ¢)] > exp {~LI(C; B, h) — O(L)}

where PXL’B’h[-] = Piﬂ"h‘ﬂ] if h < 0.

Since the upper bound does not rely on the exact solution and € can be taken arbitrarily
small provided L is large enough, this gives exact large volume asymptotics for the large
deviations of the magnetization without information from the exact solution.

Proof. The only place where the exact solution is used is step 5.. However, since the
massgap «(n) converges to its limit uniformly in n € S, it is enough to observe that, for
any € > 0,

(0(0)a(t)) = exp{—7(t) —ellt[l}, (7.125)

as soon as ||t||, = LY?log L is large enough (uniformly in the direction); moreover if L
is large enough this is also true for the boundary 2-point function (with the same ¢).
Therefore (7.125) can be used instead of the lower bounds from Proposition 4.5.2. In
the same way, in the proof of Proposition 4.4.2 (in which lower bounds on the 2-point
functions where used), it is easy to see that it is not necessary to use more than (7.125),
in our current setting. Indeed, we can choose a = €Ldy, for the boxes along the boundary.
Because of these two modifications, the total error is eO(L). O

7.5.2 The upper bounds

Let the coupling constants be given by (3.30) with 8 > (. and h € R. Let —m* () < m <
m*(4) and 1/2 > ¢ > 0. Theorem 7.5.1 states that there exists Ly(3, h, m, ¢, Q) such that,
for all L > Ly,

Py A(m, €]) > exp{~207(m; B,h) L — O(LYlog L)}, (7.126)

where

W (m; B, h) = m{W(C: ,h) : € C Q, volC = ‘Q'W

The leading term in this lower bound is optimal. The proof being identical to that of
the case of moderately large deviations, we do not write it. Notice that, for volume order
large deviations, the case of complete wetting h < —hy () does not yield worse estimates
than the other cases. The reason for this is that the error term coming from the fact that
the functional 20(-; 3, h) is not positive is still of order O(L*7=9") (see Lemma 7.4.4), but
that, in the present case, the leading order is O(L) (before it was O(L!=%"), with v > 0!)
and therefore always dominate. We have the following theorem 2!,

}. (7.127)

21'We use the same terminology for large and small contours as in the case of moderate deviations, that
isweset s = L% with0< ¢ < 20, where 6 = 1/4 — c.
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Theorem 7.5.3. Assume that the coupling constants are defined by (3.30) with 5 > (.
and h € R. Let —m*(8) <m <m*(B) and ¢ =1/4—6, § > 0. Let 2*(m; (5, h) be defined
by (7.127). Letn < ¢ < 6 and

A(mie) = {w : | Y w(t) —mlAL]| < |AL| L7

teAr

*— 1
a(S)—mm*m‘< +77};

Ev(m;c) = { 2 om*Le

zmm@¢{zym&@m<mem@mb+mm%ﬂ}.

Then, for L large enough,
+7ﬂ7h . . . _ _ 1+7776/
PEPME (ms¢) 0 Ba(mio) | A(mie)] > 1 eXp{ O(L )}

and
1 . 5
|7 log P [A(m: )] + 207 (m: 5, h)| < O(L"7).

If h <0, we use the identity PIL’B’}‘[-] = Pf”g"h‘[‘].

L

7.6 Continuum limit

Theorem 7.5.3 provides a description of the typical configurations, with respect to the
measure conditioned by the event that a large deviation occurs, in terms of the polygonal
approximations of their family of large contours. We would like to show how these infor-
mations can be used to prove that, in a suitable continuum limit, the conditioned measure
concentrates on the set of configurations corresponding to the solution (or solutions) of
the thermodynamical variational problem.

The proof proceeds in two main steps. First we show that, nearly everywhere in the
box, the magnetization is very close to either m*(3) or —m*(/3) (Subsection 7.6.1). Then
we study the geometry of typical phase separation lines (Subsection 7.6.2). These two
estimates can then be put together to prove the desired convergence result (Subsection
7.6.3).

In all this section, we suppose that the coupling constants are given by (3.30) with 5 > 3,
and h € R and that A;, = Ap(r1,r2) is defined in (7.24). Let —m™*(3) < m < m*(f3) and
c=1/4—6 >0 be given.

Definition.
(D125) The canonical Gibbs state, (- |m)*", is defined by

57}7‘ =
L=

(-|m

(-|[Amie) ", h>0,
(- | A(ms )y 2P <0,

L
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We write the corresponding probability measure Prob[-]. Similarly, we write
. +7Bah h > 0
(yHBh - { @ﬁ P (7.128)
L (+) A, h<QO.

As in the preceding section, a contour is small if there exists a translate of the box D(0, L‘s’),
0 < ¢’ < 26 in which it is contained. ¢’ will be chosen later; it will be small. The polygonal
lines are constructed as before, using the same intermediate scale L. We partition these
polygonal lines into two classes according to their size. Let 0 < a < 1 and p > 0 such that
a+ p < 1; a will be chosen later and will be close to 1.

Definition.

(D126) A polygonal line is small if there exists a translate of the box D(0, L) contain-
ing IntP(S;); otherwise the polygonal line is large.

The analysis is made in the box Ap; at the end, we will scale everything by a factor 1/L
and take the limit of lattice spacing going to zero. We partition Ay into cells. Since we
will use several such partitions in this section, we introduce the following notation.

Definition.

(D127) Let 1 >m > 0 and let {C;, i € Z} be a partition of Z? into disjoint translates of
the box D(0,L™). The grid L(m) is the smallest subset of {C;, i € Z} such that

A | e
CeL(m)

The bozes C; € L(m) are called cells of the grid L(m).

Let w € Q and let § be the family of the polygonal approximations of its large contours.
We consider the grid £(a), and partition its cells into four classes®?. Let n” > 0, 5" will
be chosen later and will be small.

22The partition depends on w, since it depends on S.
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Definition.
(D128) A cell C € L(a) is polluted if

cn( U wEps)| s e
P(S) small

(D129) A cell C € L(a) is an interface-cell if it is not polluted and has a non-empty
intersection with B(S;) for some large polygonal line P(S;), where, in this section,

B(S)= |J (D(ti;, L7)nAL).
t;; €5;
(D130) A cell C € L(a) is a phase-cell if it is neither polluted, nor an interface-cell and
it is entirely contained inside Ap .
(D131) A cellC € L(a) is a boundary-cell if it not polluted, not a interface-cell and not
a phase-cell.

The observation is that, typically, most of these cells are phase-cells, and that with high
probability the magnetization inside phase-cells is close to £m*(3). We prove now the
first of these statements, while the second one is proved in the next subsection.

In all this section, Eq(m;c) and E2(m;c) are the events defined in Theorem 7.5.3.
Lemma 7.6.1. Let w € E1(m;c) N Ex(m;c) and suppose that 6’ < a and a+p <1 —n".
Then, uniformly in w,

#{C € L(a) : C is pollutedy < O(L'~+r+n"y
#{C € L(a) : C is an interface-cell} < O(L'™%),
#{C € L(a) : C is a boundary-cell} < O(L'7%).

Proof. We estimate the total volume of the region containing small polygonal lines. We
partition the small polygonal lines into families. The first family contains all small polyg-
onal lines P(S) with Int P(S) = @. We then partition the remaining polygonal lines into
families so that for each family

(L2 < ‘ |J Int 73(5)‘ < 10[LoHH)? (7.129)
)

(except possibly for the last family which may not satisfy the lower bound). The total
length of the members of a family satisfying the latter inequalities is at least K3L%tH
(isoperimetric inequality). Since the total length of the polygonal lines is at most K'L, we
have at most O(L!~¢~#) families. Consequently, the total volume of these small polygonal
lines is bounded by O(L'***#). The volume of B(S) is bounded by O(L'*%). Hence
the total volume of the closure of the interior of these small polygonal lines is at most
O( L1+a+u)_

The number of polluted cells is therefore at most O(L1Tot#)/L2e—n" = O(L1-otntn"),
To count the number of interface-cells we estimate the number of points we need in order
to make a coarse-grained description of large polygonal lines using a reference box D(0, L)
according to the method of the previous sections. Since the total length of the polygonal
lines is at most K’L and the box D(0, L%) is larger than the box D(0, L*'), the total number
of interface-cells is at most 8 K'L'~¢,

The number of boundary cells is bounded by O(L'~%). O
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The values of the parameters a, p and n” will be chosen later in such a way as to
ensure that all these estimates are very small compared to the total number of cells, which
is O(L%%9).

7.6.1 The local magnetization

We want to show that the typical magnetization inside the phase-cells is either close to
m*((), or close to —m*(3). We introduce the notion of empirical magnetization, which
measures the magnetization inside a cell.

Definition.

(D132) The empirical magnetization inside the cell C is defined by

1
me(w) # 7 > o(t)(w).

Observe that, by definition, a phase-cell cannot be surrounded by a small polygonal line,
otherwise it would be polluted. Let (L) be a positive function such that

lim e(L) =0. (7.130)

L—oo

We define the event F3: In any phase cell C the empirical magnetization satisfies
me(w) — m*(8)] < e(L), (7.131)

if the phase-cell is outside all external large contours, or inside an even number of large
contours. Otherwise,

Ime(w) +m*(B)] < e(L). (7.132)

Theorem 7.6.1. Let the coupling constants be given by (3.30) with 8 > (. and h € R.
Let —m*(B) < m < m*(B) and ¢ = 1/4—3§ > 0. Let (- ]m>§h be the canonical Gibbs
state. Let Ey and Es be the events defined in Theorem 7.5.3. Let ' > 0 be such that
2a — 0" — 31’ > 1. Suppose that

lim max(L~7 L")

=0.
L—oo E(L)

Then there exists a positive constant k (see (7.136)) such that, for L large enough,
Prob[E3|E1 N Es] > 1 — exp{—O(L")},
and

Prob[E3 N E1 N Ea] > 1 —exp{—O(L")}.
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Proof. Let A= A(m;c), ES be the complementary event to E3, and Ej 2 = E; N Ey. By
definition
(ES N Eyolm) 7"
(E12lm)]"
(B§N EBran Ao
(Era N A"

PI’Ob[E?C’ ‘ ELQ] =

(ES| E1g) "
=(A|E$N E1,2>+’5’h _— L
’ M A B (P

+,8,h
_ (B§ Fia)y)

< ' (7.133)
(A| Erg) "

The numerator and denominator are estimated in the two following lemmas. Lemma 7.6.2
yields

(B§ | Bra) 0" < exp{—O(L*2)e(L)"}, (7.134)

while Lemma 7.6.3 gives
(A Erg) " > exp{—O(L* %)} (7.135)

Recall that e(L) > L™ and ¢ = 1/4 — § > 0. The result follows if we can find a such
that 1 > a > 0, &' such that 0 < ¢’ < 2§ and 0 < 7 so that the hypothesis of the theorem
is satisfied and

k=2a—06—4n —2+¢c>0. (7.136)
(7.136) is equivalent to

c 0 ,
a>1—§—|—§—|—277, (7.137)

which is true for suitable a, ¢’ and n’. The last affirmation
Prob[E3 N E1 N Ey] > 1 —exp{—O(L")} (7.138)

is a consequence of the first statement and Theorem 7.5.3. O

Lemma 7.6.2. Suppose the hypotheses of Theorem 7.6.1 are satisfied. Then

1. If the phase—cell C is outside all external large contours or inside an even number
of large contours, then for L large enough

({Ime(w) —m*(B)] = e(L)} | E12)) 47" < exp{-O(L***)(L)"}.
2. If the phase—cell C' is inside an odd number of large contours, then for L large enough

({Ime(w) +m*(B)] = e(L)} | E12)) 0" < exp{-O(L**7*)e(L)*} .
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Proof. We prove 1. Let I be a family of large contours; F(I") is the set of configurations
with I' as family of large contours. I' has a coarse—grained description S. E(S) is the set
of configurations such that the large contours have the coarse—grained description S. It is
sufficient to prove

({Ime(w) —=m*(8)] = e(L)} | D)1 < exp{-O(L***)e(L)*}, (7.139)

with O(L?*~2"") uniform in T such that E(I') C E(S) C Ei. Since C is a phase cell,
the total volume of large contours inside C is small. We first get rid of the corresponding
regions. Let

cr=cn ( U HP(S)) . (7.140)
P(S) small

For L large enough (use (L) > L™"")
({Ime(w) —m*(8)] > e(L)} | E@D) 3"
< mee- () — m*(B)] > 2(L)/3} | BT (7.141)
We have C \ C* C A4 (L) (see (D112), p. 114) and consequently

({Imere- (w) —m*(8)| > 2¢(L)/3}| E(T)) "
= ({lmere- (@) —m™(B)] = 2e(L)/3}) " )+ (7-142)

<'>Xi(F) being the Gibbs measure in Ax(I') with boundary condition given by wr (see
section 5.2), conditioned on the fact that there are only small contours. Using Lemmas
A.4.1 and 5.1.2 we get

[{meve= (W) 35y =M (B)] < exp{—O(LY)}. (7.143)

We apply a variant of Proposition 5.2.1, point 2.. It is proved in the same way, except
that we only make a partition of C instead of Ay. Fixing the small contours intersecting
the boundary of C, we decouple the cell from the rest of Ay. The proof then proceeds in
the same way. It gives, for L large enough,

{Imeex () =m*(B)] = 3D} 1) < {Imeres (@) = (mere= (@) )| = %ﬁ(L)}>Z;®

< exp{—O(L** ?"e(L)*} . (7.144)

Lemma 7.6.3. For L large enough
(A(ms o) | Eva)y, " > exp{-O(L*="")}.
Proof. Let I be given, E(I') C Ey. It is sufficient to prove that

(A(m;¢) | EQD)) 1" > exp{-0(L2 )}, (7.145)
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uniformly in I’ C E(S) C Ej 2. All contours vy ¢ I' in w € E(L) are s—small, s = LY. Since
E(I') C Ej 2 the phase volume «(S) satisfies

m’(B) —m ’ < 1t (7.146)

2m 2m*Le’

|a(8) -

with 7 some fixed positive number smaller than §’. We have [Af, \ Ax ()| < 2K'L'*" (see
(D112), p. 114); hence, with the notations of Proposition 5.2.1,

(X o BN~ (S o)y | < o). (7.147)
teAL teAy (D)

On the other hand,

(> o) | E@)HR" =m*(B)ALl(1 - 2a(8)) + O(LF?) (7.148)
teA
Therefore 142
)5 n
O oy — miael | < =1l (7.149)
tGA#(E)

for L large enough. (7.149) show that the magnetization may still be quite far from m.
There are two regimes: Either the expectation value in (7.149) is very close to m or it is
not. In the first case, a large fluctuation will be required in order not to realize the event
A(m;c); in the second case, we have to construct a set of configuration realizing A(m; c).
Let us consider the first situation. Suppose that

*,5 1*77
CX o®)R e — midel| < =TIl (7.150)
tEA#(E)

then, using Proposition 5.2.1,

(Am: ) | EQYEM > 1- P o] 3 o) — (Y o)y p > seelArl)]

2L¢
teAy(T) teAy(T)
1
> =, 7.151
. (7.151)
if L is large enough. Suppose now that we are in the second situation,
1—n
(X2 o) o~ miAcl | > Al (7.152)
teA(D)
To be specific we consider the case (0 < & < 3n)
1—-n+e
(D oy = midl+ — ALl (7.153)

teAL ()

In this case, the mean magnetization is too large in Ax(I'). The idea is the following.
Without the constraint on the size of the contour, the system would create a large droplet
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of minus phase to lower the magnetization (notice that we are still in the regime of (mod-
erately) large deviations, since L?7¢ > LY 3). However, since the constraint prevents this
behaviour, it is natural to expect that the system will instead create a lot of droplets of
maximal allowed size. Our aim is to describe a set of configurations in which this happens,
to choose these configurations so that the event A(m; ¢) is satisfied, and finally to compute
the probability of such configurations.

Let A" be the component of A4 (L) where the x boundary condition corresponds to
+ boundary condition. We construct a region A C AT of suitable volume and we impose
zero magnetization inside A in order to reduce the total magnetization (that’s the region
in which we are going to put all these droplets). First let us compute the volume of A. It
is specified by the condition

(D o)y ) = mlALl, (7.154)

that is,

(D o@hm — Qoo m

teAu (D) teA
= mlAg] + (A — At (9)
— Ayl (7.155)
which implies that
A] = W|A|. (7.156)

We now show that we can construct A as a union of cubes which are translate of D(0, L‘;/).
This is useful in two respects: First, it is easier to put droplets inside boxes having a nice
shape; second, in these boxes all contours are small and therefore, if we are able to decouple
all of them, we will have to consider the probability of a large deviation in an unconstrained
phase inside each of these boxes. We introduce the grid £(4"). The number of cells of
L£(0") which intersects some B(S;) is bounded by O(L'~%"). The total number of cells of
L(0) is O(L*~%) so that it is always possible to find O(L?~¢~2%) cells not intersecting
any B(S;), provided L is large enough. Let 0 < §” < ¢’. Inside each selected cells B; we
place in the center a translate B;- of the box D(0, LY — 2L5”). We define the event A:

1. all contours which have a non—empty intersection with Ax(I') \ A or with at least
two B; are L% -small;

‘ S a(t)—m|AL\]<\AL\/2LC; (7.157)
teALIDN\A

3. for each box B; we have

] 3 a(t)‘ < |B|/Le (7.158)

/
teB;
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By definition A C A(m; ). Therefore

*,S8

(Alms ) [ ED)" > (A)x ) (7.159)

Let .12(172 be the event defined by conditions 1. and 2. only. Then

*,8 *,8

<~A>A 20 — <A|-A1 2> 2£(D) <~’41 2>A#(r) (7.160)

We want to estimate the term (A| levl,g)X;(D using Theorem 7.5.1. To do this, we first
have to decouple the different cells B'~ Denote by y(w) all external contours in w which
have a non—empty intersection with A#( )\ A or with at least two Bj, and by Al 2(7)
the set of w € Al,g such that y(w) = 1. Then

e (AL
(A A 2> p) = Z<A1A1 2(V) 4(D) 12—*5A#® (7.161)
Y (Ar2)a, m)

Under the condition A; 2(7'), local events which are ]:B’ -measurable for different j become

independent. Since the boxes B; are isometric to D(O,L‘S —2r%" ) there is no condition
on the contours inside these boxes. In each box we have a large deviation as in Theorem
7.5.1 with m = 0 and L = L% — 2L%" instead of L. Therefore, applying these theorems
with C a Wulff shape in the center of each Bg-,

<A|A12> o = exp{—O(L") O(L*7*)}
> exp{—O(L**)}. (7.162)

Proposition 5.2.1 and Lemma 4.3.2 imply that limy,_, <'ZL2>X;(F) = 1. Indeed, let x(0)

be the event that all contours are L% -small and x(6”) the event that all contours are
L% -small. Then

*,8

(i) > (A X(éﬁ»j\:&@)
~ § (xX(6")),,(r)
= a2 X0

(7.163)

Lemma 4.3.2 implies that the numerator and denorilinator of the quotient tend to 1 as
L — oo; Proposition 5.2.1 implies that (Aj 2| x(6") >A#(F) tends to 1 as L — oo. O

7.6.2 Typical geometry of the polygonal lines

We consider the model in the box Ay and scale everything by a factor 1/L, so that after
the operation, the box is the rectangle (). The rescaled version of the grid £(a) defines
a partition of the box (). A basic quantity in our approach to the continuum limit is the
magnetization profile.
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Definition.

(D133) The magnetization profile in ) in the configuration w is the function
pr(w) : Q — [—1,1] defined by

pL(SU; w) = me(x) (w) ) (7'164)

where C(x) is the cell of L(a) such that Lz € C(z), and m¢(w) is the empirical
magnetization in C.

The results of Subsection 7.6.1 show that the magnetization profile is typically almost
piecewise-constant, taking values close to =m*(3) in the vast majority of cells. To describe
the system macroscopically we have to characterize the regions where there is a gradient
of magnetization, that is the interfaces. The aim of this subsection is to show that there
is a unique huge polygonal line whose shape is close to that predicted by the variational
problem. The other polygonal lines have a vanishingly small volume?3. We have to
introduce the set of solutions to the variational problem.

Definition.

(D134) The set of macroscopic droplets is defined biy**

m*(8) —m

Dm)={VcCcQ: |V = 3 ()

QI, (V) =" (m; B, h)} -

Let w € E123 = E1 N EyN E3 and let P(S) = {P(Si)(w) : i =1,...,k} be the polygonal
lines defined by the configuration w. Using these polygonal lines scaled by 1/L we define
a set V(S) C @ with the following properties (see Theorem 7.5.3)

1. The set V(S) D Int S and its volume is such that

m*(B) —m 1417
@) S s p e

2. The boundary 9V (S) of V(S) is such that oV (S) C |J; P(S;) and

V(S)| - Ql; (7.165)

WAV (S)) < W*(m; B3, h) + O(L"0). (7.166)

In the generic case the boundary of the set V(S) has several connected components. We
define an auxiliary connected set ‘A/(ﬁ ) by translating some of these components so that
‘7(§) has the same volume as V(S), its boundary is connected and therefore can be
parameterized by a single Lipschitz map ¢ — (u(t), v(t)), and 20(9V (S)) = 25(0V(S))?.
We compare the set ‘7(§) with the droplets in D(m). To measure the distance we use the
usual

23Contrary to what is done in [DKS1, ScSh2], we do not use stability of the variational problem to obtain
these results. In fact we do not even need unicity of the solution.

2499* (m; B, h) is the quantity defined in (7.127).

25Since we want this last equality to hold, we don’t want that two affine parts of two different components
exactly coincide. Therefore, in such a case, we make an arbitrarily small deformation to avoid this problem.
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Definition.
(D135) The distance between two subsets of R%, F and G, is defined by
d(F,G) = max{sup inf ||s —t||,, sup inf |s—¢[,}. (7.167)
s€F teG teG sEF

The following lemma, inspired by Corollary 3.2 in [DP], shows that one component of
V(S) is close to a droplet of D(m) and that the total volume of the other components is
small.
Lemma 7.6.4. Let € > 0. There exists a function 6(¢) with lim._00(e) = 0 such that if
V C Q has the properties

1. the boundary of V' is parameterized by a unit-speed Lipschitz parameterization t —

(u(t), v(t)),

2. the volume of V is larger than |Q|(m*(8) — m)/2m*(5) — ¢,

3. W(OV) < W*(m; B,h) +¢,
then

Vellr)l(fm) d(WV, V) <d(e).

Proof. Suppose that there exists ¢’ > 0, V,,, n € N, and &, | 0 such that

inf d(V,V,) >0 Vn. (7.168)
VeD(m)

Let t — (un(t), v, (t)) be the unit-speed Lipschitz parameterization of the boundary of V,.
We choose the parameterization in such way that

il=3 | W0 (1) ~ 0 v (7.169)

By our hypothesis the length of the boundary 9V}, is uniformly bounded, so that we can
parameterize all boundaries dV;, by maps defined on a single interval I C R (we still de-
note the parameterizations by (un(t),v,(t))). Since the parameterizations are Lipschitz
with a Lipschitz constant bounded by one, the maps t — (uy,(t),v,(t)) are equicontin-
uous. By Ascoli’s Theorem we can extract a uniformly convergent subsequence so that
(u*(t),v*(t)) = limg (un, (t), vn, (t)) is the boundary of a set V* with volume

V*I = lim Ve, | > [QI(m*(5) —m) /2 (5) (7.170)
By the uniform convergence of the sequence we have

liminf [ (8, h) = 7((1,0); 8)] 19Va Nwig] > [ma(8, h) = 7((1,0); 8) | [V* Newg , (7.171)

since [de(ﬂ, h) —7((1,0); B)} < 0. A classical theorem (see e.g. [D] chapter 3) gives

timin [ (i (1) 5, (1): 6) dt > / (@ (1), 5 (1); B) dt (7.172)

since 7(+; 3) is convex. Therefore
WOV*) < lim W(DV,,) < W*(m: 5. 1), (7.173)

thus V* € D(m), which contradicts the existence of §'. O
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Corollary 7.6.1. Under the hypotheses of Lemma 7.6.4, if € is small enough, then one
connected component of V' is at distance at most 6(¢) from a droplet of D(m) and the total
volume of the remaining components is at most O(d(e)).

Remark. The unicity result we have obtained is rather weak. Indeed, it is expected
(and proved at low temperature and h = 126) that 1) there is a unique large contour and
2) all other contours are K log L-small for some K. However we think that the present
approach has the advantage that it can be used in wide variety of situations for which
precise estimates cannot be achieved.

7.6.3 The continuum limit

This is the last step of the proof of the continuum limit. To each macroscopic droplet
V € D(m), we can associate a magnetization profile,

pv(z) = {waﬂ()ﬂ) jziQ\V (7.174)

Before proving convergence, one has to choose a topology. It seems natural to us to use
the L'-norm for functions on @, that is to measure how far a magnetization profile is from
the one given by the solution of the variational problem with the following distance: Let
f:Q — R, we set

VeD(m)

& (f,D(m) = _inf /Q dalf(z) — po(a)]. (7.175)

We can state now the main result of this section.
Theorem 7.6.2. Let § > (., h € R, —m*(f) < m < m*(f) and ¢ = 1/4 -4 > 0.

Let (\m>iLh be the canonical Gibbs state. Then there exists a positive function (L),
lim; o 8(L) =0, and k > 0 (see (7.136) such that for L large enough

Prob[{di(pr(-;w), D(m)) <E(L)}] = 1 —exp{-O(L")}.

Proof. Let w € Ej23 and let P(S) = {P(Si)(w) : i = 1,...,k} be the polygonal lines
defined by the configuration w. We define V(S) C @ with properties (7.165) and (7.166)
as above and set

pu(r:5) = {T;ff()ﬁ’)’ IS (7.176)
There exist two positive numbers p and 7" (see Lemma 7.6.1),
p+n"<l-a, (7.177)
such that, if w € Ej 23 and P(S)(w) = P(S), then uniformly in w € Ej 23
/Q dz |pr (23w) = pr(@; 8)] < OLTHHHT) 4 (L) Q| + O(L* ). (7.178)

26 Among the results announced by Ioffe and Schonmann, for h = 1 and a special shape for the box A,
this is proved up to T.. The essential tool required to obtain these precise estimates is a local limit theorem
which is the core of their results.
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The first term on the right hand side is the contribution coming from the polluted cells, the
second term from the phase-cells and the last one from the interface-cells and boundary-
cells. We define
di(L)= sup di(pr(-;S(w)),D(m)). (7.179)
w€E1 23
Then Lemma 7.6.4 and Corollary 7.6.1 imply that limy o di(L) = 0. The theorem follows
by choosing
g(L) = O(LY ") 4 e(L)|Q] 4+ O(L*™) + di (L) . (7.180)

O]
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Ashkin—Teller model
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Chapter 8

Definitions, notations

We introduce the Ashkin—Teller model on the square lattice and introduce some convenient
notations. Since most of the notions introduced have counterparts in the case of the Ising
model, we do not make many comments, see Part I if necessary.

8.1 The model

The Ashkin-Teller model is defined on the two-dimensional square lattice Z2. We use the
same geometrical terminology as in part I. The first difference with the Ising model is the
spin space.

Definition.
(D136) The (single) spin space of the Ashkin—Teller model is Sar = {—1,1} x {—1,1}.
(D137) The configuration space of the Ashkin—Teller model is

Q={-1,1} x{-1,1)% =Q, x Q,, (8.1)

where Qy = {=1,1}%2" and O, = {—1,1Y%" are the o- and T-configuration spaces.
The elements w € Q are the configurations; we can write w = (wy,w;), where
we € Qy and w; € Q; are the o- and T-configurations.

(D138) Let t be some site. The o-spin at t is the random variable o(t) : Q@ — {—1,1},
o(t)(w) = ws(t). The T-spin at t is the random variable T(t) : @ — {—1,1},

T(t)(w) = w.(t).

Therefore, we can look at the Ashkin—Teller model as describing the coexistence of two
species of spins, o and 7, living on the same lattice. It is also sometimes convenient to
consider that these two species live on two different lattices. In such a case, for each lattice
we use the usual terminology, but supplemented by a prefix o or 7; for example, we can
speak of o-site, 7-edge, and so on...; we also write &,, £ for the set of o- and T-edges.
Let us construct now the Gibbs measures for this model. We start with the o-algebras.

Definition.

(D139) Let A C Z*. F% is the o-algebra generated by the random variables o(t), t € A; F}
is the o-algebra generated by the random variables T(t), t € A; Fp is the o-algebra
generated by FY and F§. We set F = Fya, F° = F7, and F™ = F,.

191
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(D140) A function is A-local if it is Fp-measurable with A C Z? finite.
(D141) A function is A°-local if it is F-measurable with A C Z* finite.
(D142) A function is A"-local if it is F}-measurable with A C Z* finite.

We use the same notations as in the first part, since there should be no confusion. How-
ever, when we’ll have to consider the Ising model in this part, we’ll use non-ambiguous
notations.

Definition.

(D143) Let A C Z* be a finite subset of Z? and w € § be some configuration. A config-
uration w is said to satisfy the w-boundary condition in A , or shortly the
A¥-b.c., if w(t) = w(t), for allt ¢ A.

(D144) To each edge e € €, we associate a triple of real numbers J(e) = (J(e), J-(e), Jor(€)),
the coupling constants at e.

(D145) Let A C Z? be a finite subset of Z2. The energy in A , or Hamiltonian in A ,
is the function Hp : Q — R defined by

Hyw) = = Y (Jole)o(t)(w)o(t)(w) + Jr(e)r () (w)T(t') (w)
e=(t,t')
eNA#LQD

+ Jor(e)o () (w)o () (W) () (w)7 () (w)) .

(D146) The Gibbs measure in A with @-b.c. is the probability measure on (£, F)
given by

{EW(A)l exp(—Hp(w)) if w satisfies the A¥-b.c.,

0 otherwise,

where Z¥(A), the normalization constant, is called the partition function in A
with w-b.c..

(D147) Let A C 72. The Gibbs measure in A with free-b.c. is the probability measure
on ({-1,1} x {1, 1})A,J”:A) given by

pw)=20)7 T ew(e(eo()(@)o)(w) + Jr(e)r(t) (@)t (w)

e=(t,t')CA

+ Jor(€)o () (w)o (1) (w)7 (1) (w)7(¢) (w))

where Z(A), the normalization constant, is called the partition function in A
with free-b.c..

As in Part I, expectation value with respect to u is denoted by Py[], PX’JH, ("% or
<->f’l, while expectation value with respect to pa is denoted by Py, P/%[-], ()5 or <>%

We construct some important boundary conditions from the boundary conditions of
the Ising model. For example the ++-b.c. is obtained by choosing @, = w" and W, = w™,
where w™ has been defined in part I. In the same way, we define +—, —+ and —— b.c;

we can also construct boundary condition by combining @', @~, or @?, for example we
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define +d-b.c. by setting @, = " and @, = w¢, where @¢ has been introduced in part I.
Expectation values with respect to such boundary conditions are denoted MXJF, uj{_, u‘/j\_,
ujl\d, and so on...

We see from the above definitions that the Ashkin—Teller model can be seen as two
Ising models, with coupling constants J,(e) and J-(e) respectively, coupled together by
four-bodies forces of coupling constant J,-(e). This is useful, since this allows us to reduce
part of the following constructions to the corresponding ones for the Ising model.

8.2 Contours

The notion of contours in this model is slightly more complicated, but the construction is
quite similar. We first define contour in the o- and 7-plane.

Definition.

(D148) Let B, C &;. The contours of the decomposition of B, are called o-contours
and are denoted (V,...,79).

(D149) Let B: C &:. The contours of the decomposition of B; are called T-contours and
are denoted (v],...,7}).

These objects are identical to those defined in Part I. However, in the contours repre-
sentation of the Ashkin—Teller model, a given edge can belong at the same time to &,
and & and this induces an interaction between the o- and 7- contours (see Chapter 9).
Since we want to use cluster expansion, we need to have independent objects (with only
a hard—core condition, i.e. interdiction to have an edge in common); it is therefore very

useful to introduce another notion of contours which satisfy such a hard-core condition!.

Definition.
(D150) Let B, C &; and B, C &:. We call contours of (B,, B;), the family (y1,...,vn)
given by
Vi = (%",1, e 775@/7217 e 7%'T,n;) = (zf,zf)
where

o The contours *yzk, resp. fyzk, are the contours of the decompositions of B,
resp. Br;

e The contours ~; are minimal families of o- and T-contours such that two
contours ] and vy satisfying

[EOT)NAM)IUIANGT)NE( ) # D or Oy NOy, # 9D
necessarily belong to the same ;.
We can now state the notion of (A-) compatibility.

Definition.

(D151) A family of contours (v1,...,7n) is compatible if the corresponding families of
o- and T-contours are compatible.

!This definition may seem complicated, but happens to be useful to prove Lemma 12.0.1.
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(D152) Let A C Z%. A family of contours (yi,...,%Vn) is A-compatible if the correspond-
ing families of o- and T-contours are A-compatible.

All the geometrical notions introduced for the Ising model have a natural extension in the
case of the Ashkin—Teller model.

Definition.

(D153) The o-, resp. T-, boundary of a family of contours is the boundary of the family
of its o-, resp. T-, contours and is written 0,7, resp. 0.

(D154) A contour 7y is closed if O,y = 077 = &.

Since the o- and 7-contours are Ising contours, we use the terminology of Part I for them,
without repeating it.



Chapter 9

Contours representations and
duality

The low temperature and high temperature representations introduced in the first Part
for the Ising model have natural generalizations in the Ashkin—Teller model. Moreover,
duality still holds.

9.1 Low temperature representation

Since a configuration w € € of the Ashkin—Teller model can be decomposed into two
Ising-like configurations w = (w,,w;), the problem of expressing w in terms of contours
reduces to the Ising model case. In particular, when w, is a configuration of the Ising
model satisfying the A¥s-b.c. and w, is a configuration of the Ising model satisfying the
A¥7-b.c., then the configuration w = (w,,w;) satisfies the A“-b.c.; the converse is also
true. Therefore, to construct the contours of the configuration w, it is enough to construct
the contours of the (Ising-like) configurations w, and w; as is done in Part I.

Definition.

(D155) Let w € Q. The o-contours of the configuration w are the contours of the
configuration w,.

(D156) Let w € Q. The T-contours of the configuration w are the contours of the
configuration w;,.

(D157) Let w € Q. The contours of the configuration w are the contours obtained
from the set of its o- and T-contours.

Let us consider first the case of @w-b.c. with @ independent of t. We discuss the case
of +-+-b.c., but it is immediate to extend the following considerations to +—, —+ and
——-b.c.. The contours of the configurations w, and w; are defined in (D56), p. 42. We
can state the property of A™"-compatibility.

Definition.

(D158) A A-compatible family of contours is AT -compatible if there exists a configuration
w satisfying the A™%-b.c. such that y(w) = 7.

195
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By the results of Part I, we have the following Lemma.
Lemma 9.1.1. If A is simply connected then vy is a A*-compatible family of closed contours
if and only if v is a At -compatible family of contours.

Let us now introduce, as in Part I, probability measures on the set of ATT-compatible
families of contours.

Definition.

(D159) Let v be a AT T -compatible family of contours. The probability of v is denoted by

. )l
Pty J] = Py wy),

where wy is the unique configuration satisfying ATt -b.c. which has y as its set of
contours.

(D160) The probability that  belong to the set of contours of a configuration is denoted
by
() = P sy ekl

As a consequence of the particular form of the coupling between the o- and 7-spins, these
probabilities can be expressed in a simple way in terms of contours. To achieve this, we
introduce as before weights for the contours.

Definition.

(D161) Let B, and B, be two sets of o- and T-edges resp., and B = (B, B;). We set

(B) = B, \ Br, B.(B) = B;\ By, Byr(B) = B, N B,

BO’
B,(B) = B, , B.(B) = B;, B(B) = B,(B) UB.(B).

We use the same notation for sets of dual edges.

(D162) The weight of a contour ~ is defined by

w(y) = we(V)wr (V)wer (V)

where

we () = H exp[—2(Jy(e) + Jor(e))]

e*€Bs(7)
wr(M) = [ expl=2(Jr(e) + Jor(e))],
e*€Br(v)
wa‘r(’)/) = H exp[—2(Ja(e) + JT(G))] :
e*€Bor(7)

(D163) The weight of a compatible family of contours v is given by w(y) = HWE7 w(7y).
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Then it is easy to check that

=W =0 Y w(y), (9.1)

~y At+-comp

where Cy = H exp[J,(e) + Jr(e) + Jyr(€)].

ecE
eNA#QD

Definition.
(D164) Let " be some A*-compatible family of closed contours. We set
ZTH (AN ) = > w(y) .

7 : closed
YUy’ AT+ —compatible

If v =@, we write
ZYH(N D) = ZT T (A|@; ).

This last quantity is called the normalized partition function in A with ++-
b.c..

We can finally state the main result for the low temperature representation of the Ashkin—
Teller model with ++-b.c..

Lemma 9.1.2. Let A be a finite subset of Z>. Then
EYT(A; ) = CaZTH (A ).
Let v be a AT -compatible family of contours; then

w(y)

++ - — —
A TERD

=2

Let v be a A*-compatible family of closed contours; then

ZTH(Aly; J)
" (0d) = wQ) Zer

Let us now examine the case of the d+-b.c. (the cases of +d-, d—- and —d-b.c. are
treated in the same way). The contours of the configurations w, and w, are defined in
(D70), p. 47, and (D56), p. 42, respectively. Let Az a7, t; and t; be defined as in Subsection
2.1.2.

Lemma 9.1.3. Let w be a configuration satisfying the AdL+M—b.c.. Then the contours of
~v(w) are all closed except for one contour A such that Og\ = {t;,tr} and 0\ = @.

As Ap v is simply connected, it is easy to check that there is a one-to-one corre-
spondence between configurations satisfying AdL+M—b.c. and families of A7 ,,-compatible
contours as in the previous lemma. In particuiar, the partition function in Ap a with
d+-b.c. can be written

ECH—(AL,M) = CAL,MZCH_(AL,M) (9.2)

where we have defined
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Definition.
(D165) Z (AN = > w@)
7 : closed
FUA A%t _comp.
(D166) 24 (Apar) = > wNZ (ApwlN).
A:A*-comp.
Do A={t} b1}
O A=0>

We finally give the corresponding results in the case of the dd-boundary condition. The
contours of the configurations w, and w; are defined in (D70), p. 47. Let Ar ar, ¢ and ¢}
be defined as in Subsection 2.1.2.

Lemma 9.1.4. Let w be a configuration satisfying the AdeM—b.c.. Then the contours of
v(w) are all closed except for one contour \ such that O\ =0\ = {ty,t:}.

As Ar s is simply connected, it is easy to check that there is a one-to-one corre-
spondence between configurations satisfying A%dM-b.c. and families of A7 ;,-compatible
contours as in the previous lemma. In particuiar, the partition function in Ap ar with
dd-b.c. can be written

(AL y) = Capp 2% (ML) (9.3)
where we have defined
Definition.
(D167) Z%(Appr|A) = > w)
lzclosed

FUA Ad_comp.
(D168) Z%(Ap ) = > w(N)Z¥ (AL | N).

A:A*-comp.

B A=, A={t5 15}

1otr

9.2 High temperature representation

We show now that the Ashkin-Teller model admits a high temperature representation
similar to the one introduced in the first part!.

As was the case in Part I, it is useful to define partition function on graphs defined by
a set of edges. Therefore, we introduce the following

Definition.
(D169) Let B C & be finite; the partition function with free b.c. on the graph
G(B) is defined by

=(G(B)) =
ST epUe(@)we (t)wn 1)+ Tr(e)wr (Hwr () 4 Tor (@) (Feva (1 o () (1))

WESATAB) e=(t,t/)CA

!Such a representation for this model has been known for a long time (see [F, B], for example). We
follow the straightforward derivation of [PV2]
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Clearly, Z(G(E(A))) = Z(A).
The method to obtain the high-tempeerature representation is very similar to the
corresponding one in Part I. Let B C £ be finite.

2(G(B)) = Z H cosh J,(e) cosh J;(e) cosh J,-(e) x
ng{—Ll}A(B) e=(t,t')eB
wre{—1,1}AB)

X (1 4+ we(t)we (t') tanh J, (e))
X (1 4+ wy (t)w,(t') tanh J, (€))
X (1 4 we (t)we () wr (t)w, (') tanh J,-(€)) . (9.4)

X
X

It is useful to introduce the following notations

Se = tanh J,(e), te = tanh J-(e), l. = tanh J,.(e), (9.5)
and tel t l l t
Se + lele e T Sele e T Sele
= ellee oo elPee oo eTlee .
Se = 14 Setele ¢ 7 14 sotele” ¢ 7 14 setele (9:6)

With these notations,

(1]

(G(B)) = H cosh J,(e) cosh J-(e) cosh Jyr(€)(1 + setele) ¥
eeB

x> [T 4+ Sews(®)ws(t) + Tewr (t)wr (') + Lewo (two (t)wr (w(t')) -
wee{—1,1}A(B) e=(t,t')€B
wr€{—1,1}A(B)
(9.7)

We want to expand the product over the edges. Each term can be labeled by n = (1,,7,) €
({0,1} x {0,1})? in the following way.

1. Each time we take one term 1 in (9.7), we set

no(€) =0, n-(e) =0, (9-8)
2. Each time we take one term Sew, (t)w, (') in (9.7), we set

no(e) =1,n-(e) =0, (9.9)
3. Each time we take one term T,w,(t)w,(t') in (9.7), we set

no(e) =0, nr(e) =1, (9.10)
4. Each time we take one term Lewq (t)wy (t")ws(t)w- () in (9.7), we set

ne(e) =1,n-(e)=1. (9.11)

For each term 7, we introduce now a family of o-contour 4% and a family of T-contours

77: 77 is the family of contours of the decomposition of the set {e € B : n,(e) = 1} and
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4" is the family of contours of the decomposition of the set {e € B : n,(e) = 1} 2. We can

now show in exactly the same way as was done in Part I that the summations over w, and
w; imply that the only terms which contribute to (9.7) are the configuration composed of
only closed o- and 7-contours. Therefore we finally obtain

2(G(B)) = 4/AB)I H cosh J,(e) cosh J;(e) cosh Jyr(€)(1+Setele) Z w*(y), (9.12)

e€B 1CB
comp.,closed

where we have introduced

Definition.
(D170) The x-weight of a contour ~ is given by

where

wy(v) = [ S

e€Bs(7)

S
3 %
2
I
—
o3

e€B7 (V)

Wer () = H Le.

e€Bor ("Y)

(D171) The x-weight of a compatible family of contours v is given by

w'(y) = [Tw ().

€y

This leads to the following definitions.

Definition.

(D172) Let B C € finite; the normalized partition function on G(B) with free b.c.
is defined as

Z2GB); )= Y, w(y).
yCB
comp., closed

(D173) Let B C & finite and let v C B be a compatible family of contours; we set
ZGB)ynd) = >, w().

~'CB: closed
YUy’ comp.

2These contours are defined slightly differently from what was done in [PV2], where the o- and 7-planes
were interchanged, see also Section 9.3 below.
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(D174) The normalized partition function in A with free b.c. is defined as

Z(A;J) = Yoo wt(y).
A—compl., closed

(D175) Let v be a A-compatible family of contours; we set

ZWAy )= Y wi(9).

7': closed
YUy" A-comp.

Again, Z(G(E£(A))) = Z(A) and Z(G(E(A))[y) = Z(A]y).
In the same way, it is possible to express correlation functions using the high temper-
ature representation,

(came)y = 20070 Y wi(). (9.13)

7 A-comp. B
Ooy=A,0-y=B

As in the first part, the quantity which have the greatest interest for us are the 2-point
functions, (o(t)o(t')), (T(t)7(t")), and (o (t)7(t)o(t)7(t')),. Introducing

Definition.

(D176) Let v be a A-compatible family of contours; we set

Z(N|y; J
MW)#WWQJQL

they can be written in the following very simple form,

ey = D aXd), (9.14)
(TN = D aaxd), (9.15)

(T = D, aalxd). (9.16)
A-comp

Finally, we introduce a probability measure on the set of A-compatible families of closed
contours.
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Definition.

(D177) Let v be a A-compatible family of closed contours; we set

Observe that we still have ga(y;J) = Pa[{y’ : v C o'} J).

9.3 Duality

Looking at (D164), p. 197, and (D174), we see that the Ashkin-Teller model is also self-
dual. Indeed, if J*(e) = (Ji(e),Ji(e), JE (e)) and J(e) = (J,(e), J-(e), Jor(€)) are two
sets of coupling constants satisfying
Se(Jg(e); Jz(e), S5 () = exp[=2(Js + Jor)],
TL(T3(e), T2(e), T (€)) = expl=2(J; + Jor)], (9.17)
LlJ3(6), 13 (6). T2 () = expl-20Jy + )],
then we have ZT1(A; J) = Z(A; J*).
Definition.
(D178) Let J(e) be a set of coupling constants. The set of coupling constants J*(e) so-

lution to the equations (9.17) defines the dual coupling constants (when they
exist).

It is obviously important to know for which J it is possible to find dual coupling constants.
The next proposition answers this question.
Proposition 9.3.1. Let A be a simply connected bounded subset of Z2. Let

D= {(x,y,2) ER®: 2 >y >2y>0,tanhz > —tanhz tanhy},
and

D* = {(z,y,2) €R® : y > > 22> 0,tanhz > — tanh 2z tanh y} .

Let (Jy, Jr,Jsr) € D be the coupling constants of the Ashkin—Teller model defined in A
with +4-boundary conditions. Then equations (9.17) define a bijection between D and D*.

On the closure of D, the application is still well-defined, but takes values in R® and is no
more everywhere invertible.
The following duality relations hold,

ZTH(N ) = Z(A% 7).
For any AT -compatible family of contours ot

Py d] = Pasly; 7],
For any AN*-compatible family of closed contours,

ai () = an-(1; J) .
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Proof. The proof is straightforward algebra but quite lengthy and can be found in [PV2],
so we don’t repeat it here (The only difference is that the two planes were interchanged
in this work). O

In the case of the Ising model, it was possible to find a value of the coupling constant so
that it is equal to its dual, the so-called self-dual coupling constant. Moreover, this self—
dual coupling constant was equal to the critical coupling constant. Is there an analogous
result for the Ashkin—Teller model? Obviously, since D # D*, the only case where we
can hope to find self-dual coupling constants is when J, = J.. However, using another
symmetry of the model, it is possible to extend the self-dual manifold outside this subset.
Let m: Q — Q, (wg,ws) — (wr,ws), be the application exchanging the o- and 7-planes.
We can look for the fixed point of the application m o %, where % is the duality application
defined by (9.17). It is easy to check that 7 o * is a bijection from D to itself such that

ZVH(A; ) = Z(A*; J™%) . (9.18)

where J = (Jy, Jr, Jor) and J7F = (JX, X, J5 ).
For any A**-compatible family of contours 7,

Pyt J) = Pae[y;.1™*], (9.19)
For any A*-compatible family of closed contours,
() = qas (1 L) (9.20)

Proposition 9.3.2 shows that there exists a self-dual manifold associated to this application.
However, it is known [W, Pf4] that this self-dual manifold does not coincide with the
critical manifold (even though they do coincide on some parts), see also Section 10.4.1.

Proposition 9.3.2. The self-dual manifold, i.e. the set of fixed points of the application

T o %, is given by
1—st—s—1

Cl—st+s+t’
where s = tanh J,, t = tanh J, and | = tanh J,,.

Proof. Equations (9.17) can be easily seen to be equivalent to

I+ts  (1—s)(1—1)
T+stl  (1+s)(1+¢)°

s+t (1—t)(1-1)

T+stl  (1+t)(1+10)’ (9:21)
t+sl  (1—s)(1-1)

T+stl  (T+s)(1+1)°

(1 —tanh z)(1 — tanh y)

(14 tanhz)(1 4 tanhy)’
Some algebraic manipulations shows that the first of these equations can be rewritten as

where we have used the elementary identity exp[—2(z + y)] =

l—st—s—t
| = S S

= 22
l—st+s+1 (9.22)
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Moreover, substituting (9.22) into the last two equations of (9.21) show that they are
automatically satisfied:
s+t (1—=t)(s+t)  (1—t)(1-1)
L+stt (1+t)(1—st) (1+t)(1+1)’

(9.23)

and similarly for the last one. O

Remark. Observe that the symmetries of the Ashkin—Teller model allow us to interchange
the coupling constants in the Proposition. For example, if J,, > J,, then a change of
variables (wq(t),w,(t)) — (we(t),wy(t)), with wer(t) = we(t)wr(t), results in Jy > J,y.



Chapter 10

Random—Cluster representation

This chapter is devoted to the introduction of the Random-Cluster (RC) representation
of the Ashkin—Teller model, and the derivation of some of its properties. This geometrical
representation is somewhat different from the low and high temperature representation in
that it is not formulated in terms of contours. Such a representation is well-known in the
case of the Ising and Potts models and has been used in many ways, including in the study
of large deviations (Ioffe’s approach to the phase of small contours in [I2] and Schonman’s
version of the lower bound in [S1] use extensively this representation for the Ising model;
the whole analysis of Pisztora [Pi] is done on the level of the RC measure (including the
cases of the percolation, Ising and Potts models.))

It is our conviction that the approach of Part I is more natural than the approach using
the RC measure since we work directly with the relevant microscopic object, the phase
separation line'. Nevertheless since there may be some way to use the RC representation
in the case of the Ashkin—Teller model, for which we only have partial results, we think it
is interesting to show how the usual RC representation admits a generalization to a much
larger class of models containing the Ashkin—Teller model.

In Section 10.1 we define the Random—Cluster model; in Section 10.2 we explain how
this model is related to the Ashkin—Teller model; the subject of Section 10.3 is the duality
of the Random—Cluster model and the proof of the commutativity of the dualities of the
Ashkin—Teller and Random—Cluster models; the validity of the FKG inequalities is shown
in Subsection 10.4.1, while comparison inequalities are established in Subsection 10.4.2;
finally, we give some applications of this representation in Section 10.4.22.

10.1 The Random—Cluster model

Contrarily to the other models considered in this thesis, the Random—Cluster model is not
defined on the sites of a lattice, but rather on the edges.

Definition.

(D179) The (single) bond space of the Random—Cluster model is {0,1} x {0, 1}.

"However, some estimates appear to be slightly simpler in the Random—Cluster representation.
2This chapter follows [PV2]; this representation (formulated in a slightly different way) has also been
introduced in [CM] at the same time and has appeared (without being explicitly studied) in [ES] and [SS].

205
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(D180) The configuration space of the Random—Cluster model is
QR = ({0,1} x {0,1})¢ = QF° x QRC (10.1)

where QR = {0,1}¢ and QF° = {0,1}¢ are the o- and T-configuration spaces.
The elements n € QF° are the configurations; we can write n = (ny,n;), where
ne € Q8¢ and n, € QF° are the o- and T-configurations.

(D181) Let e be some edge. ny(e) is called the o-bond at e and n.(e) is the T-bond at
e.

(D182) If ny(e) = 1, then we say that e is o-open in n; otherwise, it is o-closed in n.
If ny(e) =1, then we say that e is T-open in n; otherwise, it is T-closed in n.

(D183) Let n = (ny,n;) be some configurations. We denote by  the configuration such
that m(e) = (1 —ng(e), 1 —n,(e)) for all e.

(D184) Let B C £. Fi°° is the o-algebra generated by the random variables ng(e), e € B;
FROT is the o-algebra generated by the random variables n.(e), e € B; FE° is the
o-algebra generated by Fi™° and Fg=". We set FRC = FEC, FROo = FI97 qnd
fRC,T - F?C,T'

(D185) A function is B-local if it is F3°-measurable with B finite.
(D186) A function is B7-local if it is F~" -measurable with B finite.
(D187) A function is BT-local if it is Fz" " -measurable with B finite.

A fundamental notion in this model is that of connectedness.

Definition.

(D188) Let n € QRC. Two sites i and j € Z* are o-connected in the configuration n if
there exists a path containing these two sites and such that all edges of the path
are o-open in n. Two sites i and j € Z* are T-connected in the configuration n
if there exists a path containing these two sites and such that all edges of the path
are T-open in n.

(D189) Two sets of sites A and B are o-, resp. T-, connected if there exist two sites i € A
and j € B which are o-, resp. T-, connected.

(D190) The events “i is o-connected to j” and “i is T-connected to j” are written
i%j and iy,

(D191) Mazimal o-connected components of sites in some configuration n are called o-
clusters of the configuration n 3. The number of o-clusters in n which intersects
a given set A is denoted by N,(n|A).

(D192) Mazimal T-connected components of sites in some configuration n are called -
clusters of the configuration n. The number of T-clusters in n which intersects a
given set A is denoted by N (n|A).

3We emphasize the fact that each isolated sites is a cluster.
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We define now the a priori measure, which generalizes the usual percolation measure. We
consider a family (\¢)ece of probability measures on {—1,1} x {—1,1}. We write

Ae((0,0)) = aole), Ae((1,1)) = aor(e), (10.2)
)\e((LO)) = a0(6> ) )\e((0> 1)) = aT(e) . (10'3)

Definition.

(D193) Let B C & be finite. The 2-bonds percolation measure in B 4 is a probability
measure on ([{0,1} x {0,1}]5, F&), defined by

Ap(n) = H ap(e) H ay(e) H a-(e) H asr(e) .

e€e3 e€eB e€e3 eeB
n(e)=(0,0) n(e)=(1,0) n(e)=(0,1) n(e)=(1,1)

We use the following convenient convention: If n € QRC, then Ag(n) = \g(ng),
where ng is the restriction of the configuration n to the set B.

We are now in measure to define the Random—Cluster measures. We first have to define
the boundary conditions. Let A C Z?; we have already introduced a set of edges associated
to A, £(A), see (D73), p. 48. We now define a new set of edges associated to A.

Definition.
(D194) Let A C Z2. The set ET(A) is defined by

EYA)={ecA:enA#a}.

We introduce two kinds of boundary condition in A.

Definition.
(D195) A configuration n € QR° satisfies the ++-boundary condition in A if

n(e) = (1,1) Vedg ET(A).
(D196) A configuration n € QR° satisfies the free-boundary condition in A if

n(e) = (0,0) Ve E(A).

Remark. 1) Observe that the sets appearing in these two definitions are different.

2) The corresponding boundary conditions for the usual Random—Cluster measure are
usually called wired and free boundary conditions.

3) It is of course possible to define various other kind of boundary conditions by imposing
the required configuration outside £(A) or £1(A).

4The “2” is here to remind us that there are two types of bonds; generalization of these constructions
are mentioned at the end of this chapter.
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To lighten somewhat the notations, we write from now on

>y = > : (10.4)
+,A

n:
n satisf. ++4-b.c. in A

d o= > . (10.5)

n:
fA n satisf. free-b.c. in A

Definition.

(D197) Let gy, qr be two strictly positive real numbers. The (qs, ¢-)-Random—Cluster
measure with ++-b.c. in A is the probability measure on (QR°, FR°) defined

by
/lic’-H— (n|Qm QT) =
(B (Mg, g2))~ N () () g N Mg NN iy satisfies ++-b.c. in A,
0 otherwise,

where the normalization constant ="+ (Alq,,q;) is the partition function
with ++-b.c. in A.

(D198) Let gy, qr be two strictly positive real numbers. The (qs, ¢-)-Random—Cluster
measure with free-b.c. in A is the probability measure on (Q"°, FR°) defined

by

/lic(nk]m%') =
{(ERC(A]qU,qT))1)\5(A)(n)q0Nﬂ(”A)qTNT(”V\) if n satisfies free-b.c. in A,

0 otherwise,

where the normalization constant Z*°(A|q,,qr) is the partition function with
free-b.c. in A.

Before proceeding to the study of the relationship between this model and the Ashkin—
Teller model, we make some remarks on its relation to the usual Random—Cluster model.
We first recall the basic definitions for this model®.

Definition.

(D199) Let B C € and p = (p(€))ces be a family of real numbers such that 0 < p(e) < 1.
The (1-bond) percolation measure in B with probabilities (p(€))ees is the prob-
ability measure on {0,1}? defined by

Clp) =TT pl&) TT (1 =nle)).
echB ecB
n(e)=1 n(e)=0
We use the following convenient convention: If n € {0,1}¢, then (g(n) = Ag(ng),
where ng is the restriction of the configuration n to the set B.

5There is a vast literature on this model and its applications, to which we refer for its discussion; see
for example [FK, Fol, Fo2, Grl, Gr2, ACCN, H].
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(D200) Letn € {0, 1}5. We say that two sitesi,j € Z° are connected in n if there exists
a path containing these two sites such that for each edge e of the path, n(e) = 1.
Mazimal connected components are called clusters. Let A C 7Z?; the number of
clusters intersecting A in n is denoted by N(n|A).

(D201) Let ¢ > 0 and let A be a finite subset of Z?. The Random—Cluster measure
in A with wired-b.c. is the probability measure on {0,1}¢ defined by

0 otherwise,

X (nlp,q) = {(ERC’W(A))‘165+<A)(nlp)qN(”|A> ifn(e) =1, Ve ¢ E+(A),

where the normalization constant 2% (A) is the partition function with wired-
b.c. in A.

(D202) Let ¢ > 0 and let A be a finite subset of Z?. The Random—Cluster measure
in A with free-b.c. is defined by

0 otherwise,

L EREA) T ey (nlp)gN IV ifn(e) =0, Ve & E(A),
pa(nlp,q) =

where the normalization constant ZRf(A) is the partition function with free-
b.c. in A.
Lemma 10.1.1. Let f be a F*°°-measurable function. Then
1. /\B( ) = Cs(flple) = ao(e) + aor(e)).
pa" T (flae 1) = PR (flple) = as(e) + aor(e). dr)-
A~ (flao, 1) = pa(flp(e) = ac(e) + aor(€), o).

Let f be a FR°7-measurable function. Then
1. A8(f) = Cs(flp(e) = ar(e) + agr(e)).
2. 1y (fILar) = pX(flp(e) = ar(e) + aor(e), gr).
3. 1A (fIL, q7) = pa(flp(e) = ar(e) + agr(e), ¢r).

Proof. The proof is straightforward. We have (omitting the dependence on the edges)

Zf ne) 3 [ o @ ne @ (€)g T (€)@

nr e€B

= Zf )] S @O ne@ire)g T Ene(e) g, nole)nr(e)

e€Bn,(e)==%1

—zfm,mw 00 | g, 009

ecB
= Z f(nes) H ay + Gyr) H (ap+ar). (10.6)
ecB ecB
ne(e)=1 ng(e)=0

From this, the other statements follow easily. O
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10.2 Relation to the Ashkin—Teller model

It is well-known that the usual Random—Cluster measure is related to the Ising model
when ¢ = 2 (and to the g-states Potts model for larger integer values of ¢). We show now
that the same is true for the (¢,, ¢-)-Random—Cluster measure which has been introduced
in the previous section and the Ashkin—Teller model.

Proposition 10.2.1. Let (J(e))cee be a set of coupling constants of the Ashkin—Teller
model. Set

ag(e) = e 2Uale)+Ir(e))

aqs(e) = o2/ () (e—2Jm(e) o e—2Jg(e))’

ar(e) = e 2Jo(e) (e—war(e) _ e 2Jx(e) ),

agr(€) =1 — 0 2o () HTor(e)) _ o=2(Jr(€)+Jor(€)) | g=2(Jo(e)+Tr(e))

Then ag(e),ax(€),a-(€),asr(€) define a probability measure on {0,1} x {0,1} if and only

J0'>JG"T7 JT>JUT7
J, =20, J >0, tanh J,; > — tanh J, tanh J, .

Moreover, in such a case, if A is a finite, simply connected subset of Z?, then
1.

ETT(A) = CrEYTT(A]2,2),
Z(A) = O, ZRC(A[2,2) .

<UAO'B>X+ = Ni07++(’€§”%‘27 2) )
(caoB)) = i (KaKB[2,2),

o JO'+JT+JUT —_ JO'+JT+JO'T
where Cv = [Jeeer(a € s Co = Tleeeny © and

o 1, if no finite o-cluster of n contains an odd number of sites of A,
K3 (n) = )
0, otherwise.
T (n) 1, if no finite T-cluster of n contains an odd number of sites of B,
kp(n) =
B 0, otherwise.

Proof. We prove the first statement. By definition ag(e) + a,(e) + ar-(e) + asr(e) = 1, so
it only remains to check the positivity of these four numbers.
Clearly, ag is not negative. Moreover,

T,
T,

%%

Jor, (10.7)

0<
0= Jor

VoV
VoV

Qr
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Finally,
14 e 20otJr) 1 o=2Jor 1—e 21— e 2
72JUT
tor 206 € S e T e 2 1ot g e U0
which is just tanh J, > — tanh J, tanh J.. Now it is enough to observe that
Jo = Jor, Jr =2 Jyr, tanh J,r > —tanh J,tanhJ, — J, >0, J. > 0. (10.10)

Let us prove the second statement. This is proved in a similar way as what was done
for the high temperature representation; the basic idea is to write down the Boltzmann
weight in the following form:

exp{Joo(t)o(t') + Jrr(O)T(t') + Joro(t)o(t)T(t)T(¢')}
= Kexp{(Jo + Jor)(o(t)o(t') = 1) + (Jr + Jor)(r(t)T(t)) — 1)+
+ Jor(o(t)o(t') = D(r()7(¢') - 1)}
= K(ao + as0s(t)o (1) + ar0r(t)r(tr) + AorOo(t)o(t) Or(tyr(try) »  (10.11)

where K = exp{J,+ J: + Jyr}. Therefore, expanding the product over edges and indexing
the terms with configurations of edges, the partition function in A with free-b.c. of the
Ashkin—Teller model can be written as

E(A) =) Aeay(n) Y I oo Il Srwwrew
A

rec bic, in A €= (HEVEE(A): e=(t,t')€E(A):
O <

— 0y Z)‘S(A ) 2No (R A) g N (]2)
= O ER ,2). :
C C(Ay2 2) (10.12)

The +-+-boundary condition is treated in the same way.
We finally prove the last statements concerning the correlation functions. To prove them,
we make the same expansion as before; we then obtain,

(oatB) )\ = (E*°(A]2,2)) 1ZA5 Yo oawrsw) I et
e=(t,t')eE(A):
ne(e)=1

X H 5w7(t)w7—(t’)' (1013)

e=(t,t')eE(A):
nr(e)=1

w:
free b.c. in A

The conclusion follows from the observation that the only configurations n which con-
tribute are those which have the property that o4(w) = 7(w) = 1, for every configura-
tion w. But this is only possible if the intersection of A, resp. B, and any o-cluster, resp.
T-cluster, contains an even number of sites.

The case of the ++-b.c. is proved similarly, the only new fact to take into account being
that all sites belonging to the infinite cluster have the fixed value (1,1). O
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Remark. 1) Observe that the condition on the coupling constants are the same as in
Proposition 9.3.1.

2) As already noted after Proposition 9.3.1, the symmetries of the Ashkin—Teller model
allow us to interchange the roles of the coupling constants above. As an important example,
suppose that J, = J; < J,7; then the change of variables (wy(t),w-(t)) — (wy(t),w-(t))
in the Ashkin—Teller model results in Jy > J; = Jy, to which we can apply Proposition
10.2.1. In such a case, the (¢,,¢r)-Random—Cluster measure has the nice property that
ar = 0 and therefore that the ¥-bonds define a (random) on which the 7-bonds are
constrained to “live”. This situation is considered again in Section 10.4.2.

10.3 Duality

In this section, we show that the Random—Cluster model also satisfies a duality relation
(which is stronger in some sense than the corresponding duality in the spin system);
moreover, this duality, the duality of the Ashkin—Teller model and the transformation from
the Ashkin—Teller model to the corresponding Random—Cluster representation commute.
We first need to recall some geometrical results.

In the case of spins systems, the dual of a set A is constructed by considering all the
plaquettes dual to sites of A. This is a natural way to proceed, since the variables (the
spins) are located on the sites of the lattice. However, in the Random—Cluster model, it
is the edges which support the variables. Therefore, it is reasonable to introduce another
notion of dual of a set A starting not from the sites of A but from its edges.

Definition.

(D203) Let A be a bounded, simply connected subset of 7Z2. The edge-dual of A is the
set A(B), where B C £* is defined by

B={c*c& :ec&N)}.

The duality of the Ashkin—Teller model relates the partition functions with free and ++-
b.c.. However, it is not possible to associate to a given configuration w a dual configuration
w. In particular, given a set J C Q of configurations satisfying the free b.c. in A, it is not
possible to associate a set J C Q of dual configurations satisfying the ++-b.c. in A* so
that the probability of J computed with the Gibbs measure with free b.c. coincides with
the probability of J computed with the Gibbs measure with ++-b.c.. In the Random—
Cluster model this much stronger notion of duality holds and is one of the properties of
this model which make it very useful.

Definition.

(D204) Let n € {0,1}¢ be some configuration of bonds. The dual of the configuration
n is the configuration i € {0,1}¢" given by

n(e*) =1—-n(e), Ve € £*.
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The proof of this duality relies on the two following graph-theoretical relations. Let n be
some configuration of bonds. We write Go(n) = (A, Ba(n)) the graph with A as set of
vertices and Bp(n) = {e € £(A) : n(e) = 1} as set of edges. Let us write Nj(n) and
LA (n) the number of maximal connected components and the cyclomatic number of the
graph Ga(n) . Then

Na(n) = |A| — |Ba(n)| + La(n), (10.14)
Na(n) =Lx(n) +1. (10.15)

Relation (10.14) is just the well-known Euler formula for the graph Ga(n) and can be easily
proved (see, for example, Theorem 1 in [Be]). Relation (10.15) becomes clear once we use
the fact that the cyclomatic number of a planar graph also corresponds to the number
of bounded connected components of R? delimited by the edges of the graph (which are
called finite faces in [Be]; see, for example, Theorem 2 therein). Then (10.15) amounts to
saying that to each finite cluster of n corresponds one and only one such finite component
of n, which is straightforward to prove.

Below, we will have to use these relations in the case of infinite graphs (Z2, Ba(n)),
where n is a configuration satisfying the +-+-boundary condition. In such a case, it is still
possible to make sense of the above formulae by applying them to the restriction of this
graph to the graph (V, B), where V = {t € Z? : di(t,A) < 1} and B = (V) N Ba(n).
This will give us the relation we require, up to some constant independent of n.

Remark. We emphasize the fact that we supposed that A was simply connected; if it is
not the case, then the last of two relations above may not be valid. Let, for example, A
be some finite non-simply connected subset of Z? and consider the Ashkin-Teller model in
A with +4-b.c.. Then a result analogous to Proposition 10.2.1 holds, but, if we want to
keep the same definition for the number of clusters, then it is necessary to add some edges
to &; more precisely, we have to connect the different maximal connected components by
additional edges and define the corresponding ++-b.c. as before but imposing moreover
that these new edges carry open bonds. The important point here is that this makes the
corresponding graph non-planar and therefore relation (10.15) does not hold anymore.
This makes simple connectedness an essential property, similarly to what we have in the
case of duality in the spins systems. Notice however that it is possible to consider more
general situations using an appropriate formalism (see for example [LMR]).

SAn elementary cycle of an oriented graph (V, E) (i.e. a graph whose edges have an orientation) is
a sequence of distinct edges (e1,...,en) such that every ey is connected to ex—1 by one of its extremities
and to ex+1 by the other one ( eg = en, ent+1 := e1) and no vertex of the graph belongs to more than two
of the edges of the family. To each cycle one can associate a vector ¢ in RIZ! by

0 if the edge e does not belong to the cycle,
Ce = 1 if the edge e belongs to the cycle and is positively oriented,

—1 if the edge e belongs to the cycle and is not positively oriented.

A family of elementary cycles is independent if the corresponding vectors are linearly independent. The
cyclomatic number of the graph is the maximal number of independent elementary cycles of the graph;
it is independent of the orientation.
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10.3.1 Duality in the Random—Cluster model

The aim of this subsection is to establish a duality relation for the Random—Cluster model.
We first introduce the notion of dual configuration”.

Definition.

(D205) Letn = (ny,n.) € QR be some configuration of o and T bonds. The configuration
n € QR dual to n is defined by n = (Mg, Ny ).

Proposition 10.3.1. Let A be a bounded, simply connected subset of Z*. Let uic’++('|2, 2)
be the (¢, qr)-Random—Cluster measure with ++-b.c. in A corresponding to the set of
parameters ag(e), as(€), ar(€), aor(€), ¢, ¢r, and pR°(:12,2) be the (¢o,qr)-Random-
Cluster measure with free b.c. in A* corresponding to the set of parameters ag(e), ay(e),
ar(e) and Gy (e) with

where C' = ayr + qray + qoar + qoqrag. Then the following duality relation holds: For any
function f: QF° — R,

pa T (f12,2) = BR°(f12,2),
where the function f : QR — R is defined by f(ﬁ) = f(n).
Proof. Observe first that the configuration n dual to some configuration n satisfying the
++-b.c. in A necessarily satisfies the free b.c. in A*. We check that ET(A) = E(A*).

Indeed, let us examine what happens to a single site of A during the process of going the
Random-Cluster representation and then to its dual (see also Fig. 10.1).

o ::|: ,,,,, |—| ,,,,, _ .

|

FIGURE 10.1. Lattice transformations (only one site shown)

We begin with the Ashkin-Teller model in A with ++-b.c. and consider a site t € A.
The bonds of the Random—Cluster representation of this model whose value is not fixed
are located on the edges of £ET(A); in particular among them are the four edges with an
endpoint at ¢t. In the dual of this Random—Cluster model, the bondi\ whose value are not
fixed are located on all edges dual to some edge of ET(A) (i.e. on £1(A)); in particular,
the four edges dual to the edges incident on ¢ belong to this set. But this four bonds form
the boundary of the plaquette p*(¢) dual to ¢. Hence to each ¢t € A this process associates
a plaquette p*(t); the set obtained by taking the union of all such plaquettes is what we

"This definition is slightly different from that of [PV2].
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defined as A*. Consequently, these four edges belong to £(A*). Doing this for all sites
t € A completes the argument.
Using (10.14), (10.15) and the preceding observations, we can write

Zf n)Ae+(a)(n)go N7 M) g N () =
= Y f<n>( [T we ] @ I el aor(€)) %
ne ecET(A): ecET(A): ecET(A): ecET(A):
trbe i EERD om0 =0 (1)

« g No(nl) o No(nl2)
¢ Y F@( II we I a@ JI a@ JI al)x
n: o e*eE(A*): e*eE(A*): e*eE(A*): e*eE(A*):

freebein AT A=) Ae)=(0,1) (e)=(10)  Ae)=(00)

« qUNa(ﬁ\A)-ﬁ-IﬁaquNf(mA)HﬁT\

—c > fa( doe) I ale) I ale) JI dorle))x
A e EE(N): e*eE(AY): e*EE(A): e*EE(NY):
free b.c. in A 7i(e*)=(0,0) fi(e*)=(1,0) n(e*)=(0,1) n(e*)=(1,1)

Ng(n\A) NT(n|A)

uam)

X o

where C' is some constant independent of f and |n| is the number of open bonds in n. The
conclusion follows easily. O

Remark. Observe that there are no other ways to distribute the factors ¢, and ¢ in
(10.16).

10.3.2 Commutativity of the dualities

One can wonder if the dualities introduced in the Ashkin—Teller model and in the Random—
Cluster model commute. This is known to hold in the case of the usual Random—Cluster
model and this property plays an important role in some proofs relying on the Random—
Cluster representation. The next proposition answers this question.

Proposition 10.3.2. Let A be a bounded, simply connected subset of Z?. Let us write FK
for the application from the Ashkin—Teller model to its Random—Cluster representation and
x for the dualities. Then the following diagram is commutative:

AT —X 5 AT*

#x | B

RC —X— RC*

Proof. We start with the Ashkin—Teller model in A with ++-b.c.. We have already checked
that the model obtained by first going to the Random—Cluster representation and then
to its dual, or by first taking the dual of the Ashkin—Teller model and then going to its
Random-—Cluster representation are defined on the same set of edges, i.e. Et(A) = E(A¥).
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It is therefore sufficient to check that the parameters of the Random—Cluster models ob-
tained in these two ways are the same.

For the dual of the Random—Cluster representation of the Ashkin—Teller model, the pa-
rameters are given by (see Propositions 10.2.1 and 10.3.1)

aO — 1- jo‘r(ja + ]T) + jUjT
L+ jor(Jo + Jr) + Jodr
~ 2ja(j07 - ]T) +jaj~r

T T Jorlo + 3) + Jodr
ar — 2j1'(j07’ B ja)
1+ jar(ja + ]’r) + JoJr ’
Gpr =1 — G0 — Gy — @7 , (10.17)

2J5 —2Jor

where we introduced the notations j, = e™*’7 , j. = e 2/ and Jor = €
For the Random—Cluster representation of the dual of the Ashkin—Teller model, they are
given by (see (9.17) and Proposition 10.2.1)

. Lt+st
0 1+ stl]
*_(S_l)(l_t)
7 14stl
L (t=D-s)
i 1+stl
or  =1—ag* —as" —a”, (10.18)

where s, ¢ and [ have been defined in (9.5).
Using the elementary relations
_1_j0 t—l_jT 1_jaf

5= —, = —, = — 10.19
1+ Jjo 1+Jr L+ jor ( )

it is easy to see that (10.17) and (10.18) define the same set of parameters. O

10.4 Basic properties of the Random—Cluster measure

This section is devoted to the proof of some basic properties of the (¢,,¢r)-Random—
Cluster measure, which also hold for the usual Random—Cluster measure, and which play
an important role in many of the proofs based on such a representation.

10.4.1 FKG inequalities

The validity of FKG inequalities is certainly the most important property of the usual
Random—Cluster measure. We prove now that by suitably defining the notions of monotonous
events, it is possible to establish such inequalities for the Random—Cluster measure con-
sidered in this chapter. The basic idea is to partition the set of edges into two classes
depending on the probability measure associated to them.
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Definition.
(D206) An edge e is positive if ap(e)asr(€) = aq(€)ar(e); it is negative if it not positive.
(D207) The set of positive, resp. negative, edges is denoted by B, resp. B.

We introduce two partial orders on the (single) bond space at edge e depending on whether
e is positive or not.

Definition.
(D208) Let e € B~. Then the single bond space at e is (partially) ordered by

(0,0)<(0,1)=x(1,1),  (0,0)=<(1,0)=(1,1).
(D209) Let e € B.. Then the single bond space at e is (partially) ordered by
(0, )=(1,1)=(1,0), (0,1)<(0,0)=(L,0).

Remark. For the Random—Cluster representation of the Ashkin—Teller model, the con-
dition e € B is equivalent to J,,(e) = 0.

The above partial orders induce a natural partial ordering of the set of configurations of
bonds.

Definition.

(D210) Let m,n € Q*°. We say that m dominates n if n(e)xm(e), for all edges e; in
such a case, we write n<m.

(D211) A function f: Q"° — R is increasing if m=n = f(m) > f(n). A function f
such that — f is increasing is said to be decreasing.

(D212) An event is increasing if the corresponding characteristic function is increasing.

Example: The functions Ny(n|A) and Nr(n|A) + 3 cp_n-(e) are decreasing, while
the functions Ny (n[A) + > . ccno(e) and N-(n|A) + 3.y n-(e) are increasing. Let us
consider the case of the function N-(n|A)+> . nr(e); it is sufficient to prove the result
for two configuration n<m which differ only at one edge e. There are two cases: Either
e € B and therefore the 7-bond at e is open in m and closed in n, or e € B, and
therefore the 7-bond at e is closed in m and open in n. In the first case,

N-(n|A) + D ne(e) = Ne(m]A) + > me(e) + (Ny(n|A) = No(m|A)) — 1
e€EB- e€B-
< N:(m|A) + D ma(e), (10.20)
e€B-

since N;(n|A) — N;(m|A) < 1. In the second case,

N;(n|A) + Z n-(e) = N-(m|A) + Z mr(e) + (N (n|A) — N (m|A))

ec §B> ec sB>

< N:(m|A)+ > me(e), (10.21)
e€B
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since either the 7-bond links two sites belonging to the same cluster and N;(n|A) =
N-(m|A), or it links two different clusters and N-(n|A) — N.(m|A) = —1.

Definition.

(D213) A measure p has the FKG property if u(fg) = w(f)u(g), for all pairs of in-
creasing functions f and g.

Lemma 10.4.1. Let B C £. The 2-bonds percolation measure A\ has the FKG property.

Proof. Tt is sufficient to prove that, for all pairs of configurations of bonds m and n, (see
[FKG])

A(nVm)Ag(n Am) = Ag(n)Ag(m), (10.22)

where a V b denotes the least upper bound of a and b, while a A b denotes their greatest
lower bound. Since the 2-bonds percolation measure is a product measure, it is enough to
check the above inequality for each edge separately, which is straightforward. There are
only two non-trivial inequalities:

Ae((1,1))Ae((0,0)) = Ae((1,0))Ae((0,1)), (10.23)
for bonds e € B~ and
Ae((1,0))Ae((0,1)) = Ae((1,1))Ae((0,0)), (10.24)

for bonds e € B .. But these two inequalities reduce to

asr(e)ap(e) = ay(e)ar(e), (10.25)
and

asr(e)ap(e) < aq(e)ar(e), (10.26)
respectively, which are satisfied by definition of the sets 8- and B_. O

Proposition 10.4.1. Suppose that ¢, > 1 and q; > 1. Then the (¢, qr)-Random—Cluster
measure has the FKG property.

Proof. 1t is sufficient to prove that, for all pairs of configurations of bonds m and n, (see

[FKG])

No(nAm|A)+No (nvm|A) , Nz (nAm|A)+N-(nvm|A) ~  No(n|A)+No(m|A) , Nr(n|A)+Nr(m|A)
o qr Z Q4o qr .

(10.27)
This can be proved exactly in the same way as for the usual Random—Cluster measure,
see [ACCN]). Observe that the unusual order for edges in B does not play any role since
it only interchanges the operators V and A and these appear symmetrically in the above
equation. ]

q

Let us state an interesting corollary to this proposition.
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Corollary 10.4.1. Let A C Z? finite. Let J,(e) = J-(e) = 0 and 0 > tanh J,,(e) > —
tanh J,(e) tanh J;(e) be the coupling constant of the Ashkin—Teller model in A with ++
boundary condition. Then the following inequalities hold

7l 7l ?l
(Gao) 7 = (o) y T o)1 T,
J J J
(rare)A T > (ra) N T
7l 71 ’l
(Gate)y 7 < (o) T me) T

The same inequalities also hold for free boundary condition.

Proof. This is a straightforward consequence of Propositions 10.2.1 and 10.4.1. Just notice
that {i < j} is an increasing event and {i <> 5} is a decreasing event. O

The inequalities proved in the last corollary extend GKS inequalities for the Ashkin—
Teller model out of the ferromagnetic region: These inequalities also hold for negative
(but not too much) values of the coupling constant J,.

10.4.2 Comparison inequalities

One of the reasons the usual Random—Cluster representation is interesting is that it gives a
unified representation of models as different from each others as the percolation, Ising and
Potts models as a one—parameter family of models (with parameter ¢). This is even more
so with the (gs, ¢r)-Random—Cluster model since it contains all these previous models
and several other ones (Ashkin—Teller model, partially symmetric Potts models, cubic
models, see the end of the chapter). Since all these models can be represented using a
two-parameters family of measures, one can hope that it is possible to compare them (i.e.
to compare models corresponding to different g, and ¢,)®. This happens to be an easy
consequence of the FKG property of the (g5, ¢r)-Random—Cluster measure.

Let p3"*(*|¢s, g-) be the (¢y,gr)-Random—Cluster measure with ++- or free boundary

condition and parameters ag(e), as(€), ar(€), as-(e), and let 3" (:|¢s, G-) be the (Go, Gr)-

Random-Cluster measure with the same boundary condition on A as py“*(-|¢s, ¢-) and
with parameters ag(e), a,(€), a-(e) and a,,(e) respectively.

We introduce the following notations

4o qr
00 =20, Op =22, Or D, Qg = 22 (10.29)
ao Qg ar Qo1

We can now prove the following result about comparison inequalities between the two
preceding measures.

Proposition 10.4.2. Suppose §,,Gr = 1. Suppose that any one the following set of
conditions is satisfied,

8Such comparison inequalities are well-known for the usual Random-Cluster model, see for example
[Gr4].
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1.
pe <1, pr <1,
oy = max(aq, ar) = min(ay, o) = ap, Ve € By,
Prlo = maX(aomPTaO) = min(aUT;pTa(]) = Qr, Ve € %< )
2.
pe =1, pr =21,
Qor 2 Max(prQqy, Potir) = MiN(prag, per) = poprag, Ve € By
Qg = maX(Oém—y,OaO(O) = min(aa‘r;poa(]) = PoCr, Ve € %<;
3.
pe =1, pr <1,
Qgr 2 maX(aay,OcraT) = min(aoapaa‘r) = Po 0 Ve € %> )
prQy = Max(Qor, PePr0p) = Min(or, Popran) = pettr, Ve € B
4.

pe <1, pr 21,
apr = max(prag, ar) = min(praq, o)

= >pTa07ve€%>v
Qe = max(agr, ) = min(oer, ag) = o

Tave€%<;

then, for any increasing function f,

RC *(f|Qm Q‘r) =z /P{C’*(ﬂ(jm (jr) .

Proof. We first consider the first set of conditions. Assume these conditions hold. The idea
is to prove that the Radon-Nikodym density x(n) of """ (*|¢s, ¢-) relative to iy (-¢o, Gr)
is an increasing function. We can write

RC *(n‘QJy QT)

x(n) % RC “(ldo, Gr)

I )
ecB>

aO’T

x {eell <?T?0 )ﬁa@)m(e) (‘{T‘fa ) N (e)7i- () < ar )me)m(e) (Cf” ) N (€)nr () } )

qrao qr 0o Qr Aot

" (qT(,)Nv(nIA) (qNL)Nr(nlA)+Zee%< nr(e) ’ (10.30)
qo qr

where C is some positive constant. Since Ny (n|A) and Nr(n|A) + 3 co_ nr(e) are de-

creasing functions, the function y is necessarily increasing and therefore the conclusion

follows from Proposition 10.4.1.

The other cases are proved in the same way, using also that Ny (n|A) + Y c¢no(e) and

Nz (n|A) 4+ 3 e nr-(€) are increasing. O
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tanh J, = tanh J-
11

1 tanh J, -

FIGURE 10.2. Schematic representation of the phase diagram in the plane tanh J,, versus
tanh J, = tanh J.. We have indicated the critical lines (solid lines), and the self-dual
line (which coincides with the solid line up to the splitting and then follows the dashed
line). The shaded region corresponds to the set of parameters at which the Random—
Cluster representation is not available. The estimates of the location of the critical line
are also shown (dotted lines).

Proposition 10.4.2 provides tools to compare expectation values for different models.
As an interesting example, we use it to compare the usual Random—Cluster model with
the (¢o, ¢-)-Random—Cluster model and as a particular case we obtain inequalities relating
expectation values in the Ising and Ashkin—Teller models, which give us some information
on the phase diagram of the Ashkin—Teller model.
Corollary 10.4.2. Suppose that qs,qr > 1 and f is an increasing, F*°°-measurable
RC,++

function. Let i, """ (flgs,q-) be the (¢r,qr)-Random—Cluster measure with parameters
ap(e), ag(e), ar(e), ayr(€). Then

RC,++

pX(f|£17 qa) SYUN (f|Qm QT) < p‘j\v(ﬂﬂzv QU) )
where, for all edges,

gras(e) + agr(e)
qr(ao(e) + aqs(e)) + ar(e) + asr(e)
p2(e) = ay(€) + asr(e).

pi(e) =

)

The same inequalities hold for the measures with free b.c. and similar results are also true
for FRCT-measurable functions.

Proof. Using Lemma 10.1.1 we can replace the Random—Cluster measure by the (¢,,1)-
Random—Cluster measure and using Proposition 10.4.2 we can compare it with the (¢,, ¢r)-
Random—Cluster measure. O

We give a consequence of the preceding corollary to the phase diagram of the Ashkin—
Teller model. We consider the Ashkin—Teller model in A with ++-boundary condition.
Suppose J,r > J, = J; = J and the coupling constants are the same at each bond.
This region of the phase diagram is particularly interesting since the critical manifold
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splits into two dual parts (and in particular is different from the self-dual manifold); the
associated order parameters are given by (o(t))™" = (r(t)*t and (o(t)7(t))TT. We
give an estimate on the location of the corresponding lines. We first make the change of
variables (o (t), 7(t)) — (9(t),7(t)), with ¥(t) = o(t)7(t). Applying the previous corollary
to the Random—Cluster representation of the resulting Ashkin—Teller model and to the

characteristic function of the event {¢ KA A}, we find
PO < @) < ) (1031

where <-)f\smg’+"h and <-)f\smg’+"h denote expectation values in the Ising models with cou-
pling constants given by J; = JUT+% log cosh 2.J and Jy = J+J,.?. Since these inequalities
hold for any simply connected set A, and the limit A  Z? of the expectation values exist
(by monotonicity), they also hold in the thermodynamic limit. From this, denoting by
Jising - %argsinhl the critical coupling of the 2D Ising model, we can deduce the following
bounds on the location of one of the critical lines,

Jor <JBE ] — (o(t)T(t))TT =0, (10.32)
Jor > JEM8 — Llogcosh2] = (o(t)r(t))"" > 0. (10.33)

Observe that such a behaviour cannot take place in the sector J, = J, > J,r > 0 since

(o)A = pa" ({5 AY2,2) > T ({E S A N {5 AY2,2) = (0(D)7() 1T
> (o) T = (o) )?, (10.34)

which implies (o(t)7(t))TT =0 (c(t))TT = (r(t))TT = 0.

10.5 Some remarks

We make some comments about possible extensions of the results discussed in this chapter.
First, we restricted our attention to the model defined on the 2D square lattice. However,
all the above, except the duality, can be shown to hold in much greater generality (we can
replace the square lattice by any simple graph using exactly the same techniques), since
we made no use of the structure of Z2. Moreover, more complicated types of boundary
conditions can be treated.

Proposition 10.2.1 which shows the relation between the Ashkin—Teller model and the
(2,2)-Random—Cluster model can be extended in the same way to establish a relationship
between the (¢s, ¢;)-Random—Cluster model with positive, integer parameters ¢, and ¢,
and some spins systems. More precisely, we can introduce the following family of Hamil-
tonians,

Hyw) = Y =2(Jo(€) = Jor(€)buy (twn () — 2(J7(€) = Jor (€))0ur (t1eor ()
e=(t,t"\NA#£D

_ 4JUT(6)50.10(t)wg(t’)(sw.,.(t)wT(t/) s (1035)

9The upper bound could also have been obtained easily using GKS inequalities for the Ashkin-Teller
model; this does not seem to be the case for the lower bound.
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with single spin space {1,...,¢,} x {1,...,¢:}, which obviously generalizes the Ashkin—
Teller model. Models of this family are called (g, g, )-cubic models, see [DR]; in the case
Jr = Jor, they are also known as partially symmetric Potts models [DLMMR, LMR].
They can be thought of as resulting from two coupled Potts models. Then it can be
proved in the same way as in Proposition 10.2.1 that the (g, ¢, )-cubic model admits the
(45, ¢r)-Random—Cluster model as Random—Cluster representation.

Equation 10.35 suggests a natural generalization. Indeed, we may consider more than
two coupled Potts models. A natural Hamiltonian would be!?

N k
== > 3 > WEO0u@ue -1} (1036)

e=({t,t")NA#Q k=171<..<7} i=1

with w(t) = (w1,...,wn) €{1l,..., @1} x--x{1,...;qn}, NeN, 1< ¢ eN,i=1,...,N.
Then we introduce a N-percolation measure,

As(n) = ] I <. (10.37)

Ac{1,..,.N} ecB
ng(e)=1,VkeA
ny(e)=0,Vk¢gA

with n = (n1,...,ny), n; € {0,1}¢(A),i =1,..., N and

N
o= exp(d] S (DRI N 6B (10.38)
k

=17r<.<rg: BCA
ri¢ A Vi BZA
for all A C {1,...,N}. Under suitable assumptions on the coupling constants, the coef-
ficients a* become positive and can therefore be interpreted as probabilities. The corre-
sponding (g1, ..., qn)-Random—Cluster measure can then be defined as

RC,*

wy " (nlay, - an) =
{(ERC’*(Aql, o qN))  Agra)(n) iR qu(n‘A) if n satisfies x-b.c. in A,

i=11¢

0 otherwise,

(10.39)

where N;(n|A) is the number of clusters of the configuration of bonds n; intersecting A
and x denotes the boundary condition (free or +). As in the case we have considered
this (q1,...,qn)-Random—Cluster model can be seen to be related to the spins system
with Hamiltonian given by (10.36). Moreover, partitioning the set of edges into a suitable
number of classes and introducing a convenient partial order on the single bond space at
all edges of each class, it is possible to prove FKG inequalities and comparison inequalities.

9The Potts models with many-body interactions introduced in [Gr3] cannot be put into the form (10.36).
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Chapter 11

Surface tensions and massgaps

In this chapter, we introduce the three relevant surface tensions and massgaps of the
corresponding 2-point functions. We give some basic properties of these quantities and
show how they are related by duality. We are mostly interested in the fully ferromagnetic
case (Jy, Jr, Jor = 0) but we also make some comments about the case of negative four-
body interaction (more precisely, 0 > tanh J,, > — tanh J, tanh J.).

11.1 The surface tensions

In this section, the coupling constants are supposed to be independent of the edges, i.e.
we consider a fixed triple J = (J,, J;, J,-) for all edges e € £. We set

App={te??: -L<t(l)<L,-M<t2) < M}. (11.1)

We refer the reader to Chapter 3 for motivations of the definitions of the present section.
It should be clear that the following three quantities are natural generalizations of the
surface tension introduced in Chapter 3 for the 2D Ising model.

Let m be a unit vector in R%. We write d(n) the straight line containing (3, 3) and
with normal n. Moreover, let ¢] and ¢y be the two points defined in Section 9.1.

Definition.

(D214) The o-surface tension in the direction n is defined as

Ta(n;l) = Lhm Ta(n|AL,M;l)a
M—oco

with

1 Ed(n)+(AL M)
— —— log — .
1t = 7 [l EtH(ALm)

(D215) The T-surface tension in the direction n is defined as

To(n|AL s J) =

Tr (n; l) = Lhm Tr (n|AL,M; l) 5
Moo
with
E—i—d(n) (AL M)

~(n|Ap ) = —
7 (n|Ap s J) It — s 8 "= (AL )
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(D216) The ot-surface tension in the direction n is defined as

Tor(ni ) = lim 7o (n|Ap ;)
fraes
with ) N 1 1 Zd(m)d(m) (A} 1)
Tor(mALan ) = = e o8 T, )

By symmetry, replacing any +-b.c. by —b.c. in the above definitions does not change the
value of the corresponding surface tension.

Existence of these quantities follows, as in the Ising model case, from the existence of
the massgap of the corresponding 2-point function.

11.2 The massgaps

As in the first Part, it is possible to relate the surface tensions to the massgap of the
relevant 2-point functions in the dual model. In the case of the Ashkin—Teller model,
there are three surface tensions and therefore three corresponding 2-point functions.

Let n be a unit vector in R? such that the straight line d*(n) through t = (3, 3) in the
direction n has a rational slope. Let ¢ € Z? such that ¢+t € d*(n) and [|¢||, is minimal.

Definition.

(D217) The massgap of the o-2-point function in the direction n is defined by

1
ag(n;J) = — lim —— log (o (t3)o(t + kt))Z.
koo ||kt

(D218) The massgap of the T-2-point function in the direction n is defined by

1
ar(n;J) = — lim —— log (r(t5)7(t5 + kt))Z.

(D219) The massgap of the oT-2-point function in the direction n is defined by

aor(n;J) = — lim log (o (t§)T(t5) o (th + kt)T(th + kt))Z.

1
k—oo ||kt]|,

Lemma 11.2.1. Suppose that J,, J-, Jor = 0 and that n is as above. Then the three
quantities defined in (D217), (D218) and (D219) exist and the convergence is uniform in
n € S1. Moreover

(o) () < exp(—[t - tlsao(ny_s; J)),
(r(6)r () < exp(— ||t — tlaar (np_s; ),
<

(o) (t)o () ()

exp(—”t’ — t|laqor(ny—g5J))
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t—t

where ny_y is the unit vector in R? given by ny_; = W
- 2

If n, is a unit vector normal to n, then

TU('"GJ) = aa(nL;J*) ,
TT(n;l) = aT(nJ_;i*) )

Ta’r(n;l) = aO'T(nJ_;l*) .

Proof. The proof is identical to the corresponding one for the Ising model (which uses
only GKS inequalities). O

Remark. A similar statement should also hold in the non-ferromagnetic case, 0 >
tanh J,, > —tanh J, tanh J-, J,, J; > 0. However, even though the Random—Cluster rep-
resentation provides inequalities similar to the GKS inequalities, it is not possible to use
them to prove convergence of expectation values in the thermodynamic limit. This is due to
the fact that they do not imply monotonicity in the volume, since (c40p), = (04)A(TB) A,
(TatB)p = (Ta)pA(TB) A, but (caTB)) < (0a)p(TB),. It is however not difficult to show
that these limits are well-defined perturbatively!.

11.3 Properties of the surface tensions and massgaps

The following proposition gives some basic properties of these three quantities in the
ferromagnetic case.

Proposition 11.3.1. Let J be such that J,, J; and J,; are all non-negative. We write
T«(-;J) to denote any of the three surface tensions 74(-;J), 7r(+;J) and 7o-(-;J). Then

1. 1(n;J) can be extended to positively homogeneous, Lipschitz, convex functions T, (x; J)
on R2.

To(@; J) = T(—1;J) = (w13 J) = 7= 15 J).

T«(x; J) is a non-negative increasing function of Jo, Jr, and Jyr.
If B is large enough, then T, (x; B3J) > 0, for all x # 0.

If J, > J; then

AR NI

Ta(x;l) = TT(:C;J) .

If min(J,, J;) > Jor then
To(x; J) + 7o (25 ) 2 Tor (x5 ) = max(7,(z; J), 70 (23 J)) -

Proof. The proof of the first three statements is identical to the corresponding one for the
Ising model. Notice that it only uses GKS inequalities (which hold for the Ashkin—Teller
model) and not FKG, or GHS inequalities (which do not).

To prove the third statement, we use GKS inequalities to compare expectation values
of 2-point functions in the Ashkin-Teller model and Ising models. In the limit J}. — oo,

!For example, a very simple way to do so is to use Kunz and Souillard’s trick (see the proof of Lemma,
13.3.1).
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the only configurations contributing to the expectation values are those satisfying the
constraint wy (t)wy (') = wr(t)w,(t'), for all ¢,t" nearest neighbours. This implies that

(B¢ < (oB)a(t) e,
(O (N7 < (r(B)r(t) e (11.2)

By first performing a change of variables (wy,w;) — (wy,wr), wy(t) = wy(t)w,(t), and
then taking the limit J; — oo, we show that

NN

(OO < Do) e (11.3)

The above inequalities implies that the massgaps of the 2-point functions in the Ashkin—
Teller model are strictly positive when the coupling constants J* are small enough.

Let us prove the last statement; we consider only the case J, > J, > J,-. We introduce
new variables, in a similar way as in the proof of Lemma 4.2.1:

walt) = wr(t) —wo(t),  wp(t) = wr(t) + welt). (11.4)

It is easy to check that the following relations hold:

wo (H)wo (1) = §(wq(t)wq(t') + wp(t)wr(t) = wy()wr(t) — wr(Hw, (1),
wr(t)wr (') = J(wg(Owq(t) + wr(B)wr (') + wg(t)wr (') + wr (Hwy(t))
Wo (H)wo (1 wr (t)w- (') = %wr(t)%)r(t/) + %(wq( ) +Wq(t/)2) 3. (11.5)

Therefore we can write the Hamiltonian of the Ashkin—Teller model with free b.c. in A*
as

Hw)=-1 > <(J§ + J7) (W (H)wg(t') + wr(B)wr () + (J7 = T3 )wq(t)wr (t)
e=(t,t')CE(A*)
T (wr (82w ()2 + 2w (1) + w,(t)?) — 12)) . (11.6)

This Hamiltonian is ferromagnetic since J; < J*. Therefore the same argument as in the
proof of Lemma 4.2.1 yields, for example,

(qO)r)%. >0, Vet € A, (11.7)
But this is equivalent to

(oo (t)r. < (Tt ()5 | (11.8)

which by duality implies that 7, (z;J) < 75(x; J).
The other inequalities are easily proven using the following two elementary observa-
tions:

(8o (")) x- (T(t)T (')

J
1=
A
(o)) r(E)5. = miS({t SN {5} < min(<o<t>o<t’>>ii,<T<t>7<t’>>i’i(>. |
11.9

*
. 2

O
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Remark.
1. In particular, when J, = J, we have that 7,, =0< 7, =7, =0.

2. Of course, similar statements should also be true in the non-ferromagnetic case,
however the absence of monotonicity in volume prevents us to do the proof. It is
nevertheless interesting to notice that the inequalities of Corollary 10.4.1 imply that

(oo @)r®)T(E)3 < {o®at) (FOTE)NX | (11.10)
which can be written

1

, NP
_ M log (o (t)o(t")T(t)T(t )>A 2

B \titH log (r(t)r(¢))Y) . (11.11)

Assuming the existence of the massgaps and the duality relation, we obtain the
following interesting inequality?

Tor(;J) = 1o (n; J) + 7 (n; J) . (11.12)

Existence and the duality relation® can be proved at low temperature using cluster
expansion techniques.

20bserve that the inequality is reversed in the ferromagnetic case.
3The only thing non-trivial to prove to establish the duality relation between massgaps and surface
tensions in this case is the analogous to Lemma 3.1.3.
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Chapter 12

The 2-point functions

In chapter 9, we introduce three different kinds of 2-point functions, which can be written
as

(eWo@r= 3. ), (12.1)

A A-comp.

Ao A={t,t'}

I A=2
O = Y. and), (12.2)

A A-comp.

Do A=L

A A={t,t'}
(BTNt =Y. o), (12.3)

A A-comp.

Ao A={t,t'}

A A={t,t'}

Z(Aly; J)

Z(N )

Our aim in this chapter is to study these 2-point functions. We first establish some
basic properties of the weight ga(7v;J) (Section 12.1); we then study the typical contours
contributing to the high—tempera{ure expansion of the 2-point functions (Section 12.2);
finally, we prove statements analogous to the box propositions of the first Part (Section
12.3). The results of Section 12.1 are proved in the same way as the corresponding ones
for the Ising model and are therefore entirely non-perturbative; on the other hand, those
of Sections 12.2 and 12.3 are obtained using cluster expansions. The main difficulty in
the Ashkin—Teller model is that the existence of cutting-points (i.e. the places at which a
contour can be broken) is a non-trivial problem which we could only solve by perturbative
arguments.

where ga(v;J) = w*(v)

In this chapter, we consider the high-temperature representation of the Ashkin—Teller
model on the lattice Z2. The coupling constants are supposed to be ferromagnetic, i.e.
such that

Jo(e) 20, J:(e) =0, Jor(e)=0, (12.4)

for all edges e € £. We first introduce some terminology similar to that of Chapter 4.

231
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Definition.
(D220) Let v be some contour. The edge-boundary of a pair A = (As, A;) of set of
edges is defined by
A(A) = A(A,) UA(A;).

(D221) Let v be a A-compatible family of contours. The graph G(v) is defined by the set
of edges E(A) \ A(y).

The definition of contours and of edge-boundary are such that the following Lemma holds.
Lemma 12.0.1. Let v be a A-compatible family of contours. Then

Z(Aly) = 2(9(7)) -

12.1 Properties of the 2-point functions

We first state monotonicity properties of the 2-point functions, corresponding to those of
Lemma 4.2.1.
Lemma 12.1.1. Suppose that J are translation invariant and ferromagnetic. Letu,v € 72
and let I be the half-line containing v and v with endpoint u. Then, if u satisfies one the
following conditions
o [u(l) —u(l)] =1, w(2) = u(2) and the vertical line separating u and u does not
intersect [,
o U(1l) = u(l), [u(2) —u(2)| =1 and the horizontal line separating u and @ does not
intersect 1,
o |u(l) —u(l)| =1, [a(2) —u(2)| =1 and the diagonal line separating v and w does
not intersect [,
the following inequalities holds,

(o(w)o ()’ = (e(@a(v))’,

8
(r(w)r(v))" > (r(@)r(v))”
(o(u)(w)o(v)7(0))” = (o(@)r(@o(v)r(v)”.

Proof. We prove only the first statement. The proof is very similar to that of Lemma
4.2.1. We only point out the differences. Let m be the vertical line separating v and @
and let A be any box containing v and v and invariant under a reflection of axis m. If ¢ is
some site of the lattice, let us write ¢ for the site obtained by a reflection of axis m. We
define wl(t) = wy(t) + wy () and w2(t) = w,(t) — we(f). In the same way, we define w!(t)
and w?(t). The following relations hold: Let ¢t and #' be two nearest neighbours sites.

o If ¢ #£¢, then

\ARR\VARR\V

S

o If t/ =1, then

We (t)we (t/)
wr (t)w- (1)

I
NI N[
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It is easy to check that the Hamiltonian of the new model has only positive coupling
constants, except for the terms corresponding to wy(t)we(t)w:(t)w,(t) which becomes
Hwt(t)?wl(®)? — wl(t)? — wl(t)? + 1). However this term is constant for each partial
sum. Therefore GKS inequalities still apply and we have (0;(t) and 7;(¢) being defined
similarly as in the proof of Lemma 4.2.1)

0
0, (12.8)
which are equivalent to the first two statements. The last one is proved in the same way,

by first performing the change of variables (wy,w;) — (wy,wr), With wy(t) = ws(t)w,(t),
teA. O

12.1.1 Monotonicity properties of the weight

Lemma 12.1.2. Suppose J'(e) > J(e) =0 for all edges e, then
1. By C By implies that

).

)

2(6(B1)J) _ 2(G(By)
2(G(B2); ') < Z(G(By)

2. If v is a A-compatible family of contours, then

i
i

Z(A|y; J') <Z(A!1;i)
Z(N; ') T Z(A )

Proof. This is proved in the same way as Lemmas 4.2.2 and 4.2.3. O

As a consequence of the previous lemma, we can state the first set of properties of the
weight ga (7).
Lemma 12.1.3. Suppose that the coupling constants J are ferromagnetic. Then

1. Let My, Mz, Myr CE, and let v be a A-compatible family of contours such that

Bd(l) NM, = B‘r(l) NM; = Ba‘r(l) NMyr=09.

Then qn(7;.J) is a decreasing function of
o J,(e), for edges e € M,;
e J.(e), for edges e € M;
o Jy.(e), for edges e € M.
2. Let vy be a A-compatible family of contours. Then, for all A" O A,

anv (i) <aqa(v;d) .

3. The limit q(v; J) = limp sz2 g (7; J) exists and satisfies, for any A-compatible family
of contours 7,
q(v:J) < qn(y J).

"We write J'(e) > J(e) instead of J.(e) > Jy(e), J-(€) = Jr(e) and J,.(e) > Jor(e).
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12.1.2 Some results about decomposition of contours

We first have to define special sites along a given contour at which it is possible to cut
it; we want to do this in such a way as to ensure that the different parts of the contour
obtained after the operation can be easily decoupled.

Definition.

(D222) Let v be some contour and \ be some closed o-contour of . Let A\i,..., A\, be
a decomposition of X with cutting-points t1, ..., t, (see (D104), p. 78) and let e;,
it =1,...,n, be the edge of \; incident on the site t;. We denote by ' the set
of o- and T-contours belonging to ~v different from X\. Suppose that the following
conditions hold:

e i(t;,7)=0,i=1,...,n;

e the decomposition into contours of (B,(v)\U;{ei}, B+(7)) gives n compatible

CONLOUTS Y]y .« y Yhy-

In such a case we say that the family of contours v1, . .., Vn, where ~y; is the contour
obtained by adding the o-edge e; to~, (i =1,...,n), is the \-decomposition of
v with cutting-points ¢;,...,¢t,.
We define similarly the A-decomposition when A is an open o-contour or a T-
contour.

(D223) Let v be some contour and A7, \™ be some closed o- and T-contours of . Suppose
t1,...,t, belong to both \? and \™ and suppose that

{e € X7 i(t;,e) #0} ={e € X7 : i(t;,e) #0}.

Let X\],..., A7, resp. Al,..., A}, be the decomposition of A\°, resp. A7, with
cutting-points ti,...,t, and let e;, i = 1,...,n, be the edge of \I (or A]) in-
cident on the site t;. We denote by ' the set of o- and T-contours belonging to ~y
different from A, and \;. Suppose that the following conditions hold:

o i(t;,y)=0,i=1,...,n;

e The decomposition into contours of (By(v) \ U;{€i}, B-(7) \ U;{ei}) gives n

compatible contours vy, ..., V.
In such a case we say that the family of contours 1, ...,7vn, where v; is the con-
tour obtained by adding the o- and T-edges e; to v} (i=1,...,n), is the (A7, \7)-
decomposition of v with cutting-points t;,...,¢,.

We define similarly the (A7, AT)-decomposition when A\° and \™ are two open con-
tour with the same boundary.

The cutting-points are good locations to cut a contour. A useful property is given in the
following lemma, which is proven similarly as Lemma 4.1.2, point 2.

Lemma 12.1.4. Let v be some open contour and let v, and o be the decomposition of
~ with cutting point t. The graph Gi(v2), which is defined by the set of edges obtained by
adding the edge e of A(vy2) \ E(y2) which is adjacent to t to E(G(y2)), is such that

Z(Aly) = Z(Ge(r2) ) -

We can now state the following important results related to the decomposition of
contours.
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Lemma 12.1.5. Let J be ferromagnetic.

1. Let~ be some contour such that sy = {t1,t2}, Ory = . If A1, Ay is a decomposition
with cutting-point of v, then

ar(v; ) = ga(Mas L)ga(Nas J) -

Similar results hold if 0,72 = @ and Orve = {ta,t3}, or 0,2 = {t2,t3} and O;y2 =
{ta,t3}.

2. Let t,t' t1,...,t, be n + 2 disjoint points in Z* (n may be equal to zero); we in-
troduce the set Q, = Qy(t,t',t1,...,t,) of all contours v with 0,y = {t,t'} and
0y = & which admit a A-decomposition with cutting-points t1,...,t,, where X is
the corresponding open o-contour; the sets Q. and Q,, are defined similarly. Then

> an(nd) <

(o(t)ottien))h < []espl—moltins — t:2°)).

—.

YEQs =0 i=0

Z QA(’Y;l) < H<T<tz) H—l % Hexp{ TT tit1 — s J )}

'YGQT =0

> (i) < [ ottt tip)r(tin))g < HGXP{ Tor(tiv1 — ti;J%)},
'YEQJT 1=0 1=0

where we have set tg =t and tp,41 = t'. A similar statement holds for contours ~y
with Oy = Ory = & with respect to any of their o- or T-contours.

3. Let t,ta,t3 € A C Z? and let o be some A-compatible contour such that O,vs =
{ta,t3} and Orv2 = @. Writing Q' the set of all contours 1 such that

0ov1 = {t1,t2},

O =9

v =1 U~y is a A-compatible contour,

Y1, Y2 iS5 a A-decomposition of v with cutting-point ta, where X\ is the open

o-contour of vy,

the following inequality holds,

D aa(n Ui d) < 8qa(r2;d) Z INGITPAR

mEeQ!
Oo71= {t17t2} 0rm=9

Similar results hold if Oyv2 = @ and 0:7v2 = {ta,t3}, or Osv2 = {ta,t3} and O;v2 =
{t27 t3} .

Proof. Point 1. is proved exactly as the corresponding statement of Lemma 4.2.4.

We prove the second statement. Let us introduce the set Q4 (t1,...,t,) of contours
satisfying the following conditions

e J,v={t,t'},

e 9y =2,

e t1,...,t, are cutting-points of some A-decomposition of v, where X is the open o-

contour of ~.
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We also introduce the set Qf of contours ~{ satisfying the conditions
o 0,75 = {t1,t'},
* 0f =2,
® {9,...,1, are cutting-points of some A{-decomposition of 7§, where A{ is the open
o-contour of 7,
o i(t1,A]) =1,
* i(t1,77\ A7) =0,
and the set Q1 of contours 7y; satisfying the conditions
o 0,71 = {t,t1},
° 0rm =4,
e i(t1,71 \ A1) = 0, where A1 is the corresponding o-contour.
With these notations, we can proceed similarly to the proof of Lemma 4.2.6,

2. am= 2 whp) ) w*m)w

YEQ, 4 (t1,e5tn) V5 EQS Y1€Q1
"/1U"/f€Qt’t/ (t1,~--7tn)

N e Z90 ) A NG,
I TR P

NUYEEQ, 1 (t1emnstn)
(12.9)

This last sum is easily estimated,

aneAC Givleid] vy 2Gu (D))
2 " TZeen < 2 U0 ZE )

’Y1U’YfEQt’t/ (t1,e-5tn) dov1={tt1}
87"71:@

< (o(t)a(tr))X - (12.10)
We therefore have to obtain an estimate for

V1EQT

The set Qf is only a subset of the set Qy, y(t2,...,t,), which is defined as above. The
additional conditions are

o i(t, AS) =1,

® i(f1,71 \ A7) = 0.
The presence of additional constraints on the sum is not a problem since we are looking
for an upper bound, however we must be sure that no configurations of contours appear
more than once (the contours appearing in Z(Gy, (7f)) being not necessarily compatible
with ~f, it may be necessary to glue one of them with ~{, which may cause the corre-
sponding configuration of contours to appear twice). Let 4/ C £(A) be some compatible
family of contours contributing to Z(Gs, (75)). If 4/ is compatible with 4§ then there is no
problem. Suppose this is not the case. If i(tl,v’?) # 0, then this term cannot appear in
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FIGURE 12.1. Sketch of a typical contour < contributing to the 2-point function
(o(t)o(t')). The line represents the open o-contour A, while the patches represent

the contours of the decomposition of (v7,7") (see the text).

the sum (12.11), because of the second condition above and therefore the corresponding
configuration of contours appears only once. The last possible case is i(t1,7'7) # 0 and

i(t1,7'7) = 0, which can be treated as in the proof of Lemma 4.2.6. It is therefore possible

to iterate the procedure to obtain the claimed statement.

The last statement is proved in the same way as Lemma 4.2.9. We start as in the proof
of the previous point to obtain

, w209 (02)) Z(G1,(12))
Z QA(71 U727l) Sw ('72) Z(A; Z(g(’}/;)) ;

v1€Q’
doy1={t1,t2},0r11=92

aa(m; ). (12.12)

The second quotient of partition functions being always smaller than 8, the result follows
easily. O

Since not every point of a contour can be a cutting-point, it is not possible to derive
Simon’s inequality from Point 2. of the preceding lemma, as was the case in the first Part.
We derive a weaker perturbative form of this inequality later on, after having studied
typical high-temperature contours.

12.2 Typical high-temperature contours

In this section, we suppose that the coupling constants are translation invariant, i.e. J(e)
is independent of e.

Let v be some contour contributing to the 2-point function (o (t)o(t))~. We would
like to study the geometry of typical such contours; in particular, we need to obtain some
informations on the presence and location of cutting-points. This is a difficult problem,
which we do not know how to solve non-perturbatively. On the other hand, using cluster
expansion techniques, it is possible to give an answer to this problem quite easily.

The main result of this section is Lemma 12.2.1 which shows, if the temperature is
high enough, that v looks like a “necklace”; more precisely, typical contours « are of the
form v = (A\,77,77), where

e )\ is an open o-contour with boundary {¢,¢'};

e for any site u € v, there exists a site v € v with ||v — u||, < log|[t' — t||, such that v

is a A-cutting point of ~;

e the family of contours 4’ of the decomposition of the family (y7,7) satisfies

1B(v)| < logllt — ¢, Vi. (12.13)
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We write 77(t,t') for the set of such contours (see Fig. 12.1 for a sketch of such a contour);
we similarly define the set 77 (¢,t"). We also define the set 777 (¢,t') of typical contours 7y
contributing to the 2-point function (¢(t)7(t)o(t’)7(t'))Z, when J,, > 0. These contours
are of the form v = (A, A",77,97) where

e )7 is an open o-contour with boundary {¢,¢'};

e )7 is an open T-contour with boundary {t,¢'};

e for any site u € v, there exists a site v € v with ||v — u||, < log||t' — ]|, such that v

is a (A%, A7)-cutting point of ~;

e the family of contours 4’ of the decomposition of the family (y7,7) satisfies
B(7i)| < log||t’ — ||y, Vi (12.14)

The two open contours are therefore glued together on “most of their length” (this result
is similar to Lemma 4.4.8).
Lemma 12.2.1. Suppose S,T,L € (0,1).

1. Suppose TL < S. Let t,t' € 7Z2. There exists a constant By > 0 such that, V3 < B,

(o(t)o(t)y = > ga(7) = (1 + (tanh O(3)) &) % " g5 (7).

v eTo(t,t
Ooy={L,t'}, 0ry=2 K (&)

2. Suppose SL < T. Let t,t' € Z?. There exists a constant By such that, V3 < B,

TN =S aa() = L+ (tanh O(@) Iy ST gy ().
~: ~YETT(L,t")
0o7=2, 8T’Y:{t7t/}

3. Suppose ST < L. Let t,t' € Z?. There exists a constant By such that, V3 < [y,

BN = > a0
3a7={t’t/}ﬁjbw={t7t’}

= (1 + (tanh O())"l" ) A7) -
YETIT ("))

Proof. The beginning of the proof is the same for all cases; it consists in constructing,
for every contour -, an optimal open contour and some sets of edges, which are local
deformations of this open contour.

Let g = g(7y) be the shortest path in B(y) with boundary {¢,'} and let p;, i = 1,...,n,
denote the maximal connected components of the set B(y) \ g; to each edge is associated
its type, i.e. o, 7 or o7 depending on its belonging to B,(7), B-() or Bsr(y). We are
now going to glue together some of the components p;, so that, when we will use cluster
expansion, the constraint between the objects will be local. We consider a unit—speed
parameterization of g, s — g(s) and define

dgpi = (9(s1),9(s2)), where s; = min{t : g(t) € p;}, so = max{t : g(t) € p;},
supp p; = {g(t) : t € [t1 — L ta + 1], Ogps = {g(t1), g(t2)}} - (12.15)
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Let us introduce new sets of edges

pi = p; Usupp p; . (12.16)

The maximal connected components of |J, p; are denoted by p1,...,ps. We define the
following equivalence relation

P~ p1 < 3j st pp C pjand pp C pj. (12.17)

The unions of the members of a same equivalence class define the excitations of g and are
denoted by (1, ...,(p. The support of (; is defined by

supp G = | suppp;. (12.18)
p;CG

We write ¢ = (C1,-.-,¢p), and v = (g, ().
2

We prove now the first statement. Introducing the following weights for the excitations”,

aGlo) = [Jwe) T 32, (1219)

€€ e€supp ¢;

we can write the 2-point function in the following way,

_ . o Z(A)
> QA(V)—Zg:wa(Q) > [Twle) 700

: : i
867:{t7t/}’ 87‘726 g('y =g
=Y wilg) Y. a(clg) T] wv). (12:20)
g g 1/ CEQ ,Ylell
(9:9)=" (v,y')A-comp
g(v)=g

The last two sums can be seen as a sum over polymers with the following local compatibility
conditions:

® (1,...,(p are disjoint two by two, as well as their support;

e The decomposition into contours of the set of edges (g, () is a single contour 7 such

that 0,7 = {t,t'} and 9,y = &; -

¢ g(v) = g, in particular |¢| > [supp (|, for all ¢ € ¢;

e (v,7') form a A-compatible family of contours.

We can therefore use a cluster expansion to evaluate it; this will conclude the proof if we
can show that the polymers satisfy a Peierls condition. This is what we do now.

There are two kinds of polymers in this sum. First, there are the usual contours
which obviously satisfy a Peierls condition; second, there are the sets of edges with a
weight modified by the presence of g. The polymers belonging to this second class are
the dangerous ones; indeed, the part of the weight of the contour coming from its support
may be larger than 1! However, since |(| > [supp (], it is possible to show that they still
behave nicely.

*The weight w*(e) of an edge e is S if e is of type o, T if it is of type 7, and L otherwise (see (9.6)).



240 Chapter 12. The 2-point functions

There are several cases, in which the maximal weight of such an excitation is realized
for different set of edges. We are going to study these less expensive excitations and show
that they already satisfy a Peierls condition. First, observe that every pair ({,supp ()
contains some connected part of the open o-contour of ~, as well as some closed contours.
From this we can conclude that, of these || 4 |supp (| edges, at least |supp (| belong to
the open o-contour. Indeed, suppose that, starting from ¢, the path ¢ does not follow the
open o-contour; then g must meet this contour again at least once (possibly only at ).
Once g and the o contour have coincided, each time an excitation is met ¢ has to end on
the o-contour again.

Let us consider the different possible cases; we write z and y the boundary of supp (.

.T=2S>1L

Given the total number of edges in the excitation and its support, |¢| and [supp (]|,
the maximal weight possible is

S\ Isuppd]
W(¢) < <S> Tiel = 7lel (12.21)

Indeed, without any constraints (except the number of edges), the best solution
would be to choose only T-edges. However, the excitation must satisfy the constraint
0s(CUsupp() = {z,y} and 9-(¢ Usupp() = &. The minimal number of edges we
have to modify to satisfy this constraint is supp( (since this is the length of the
shortest path from z to y).

2.T>L>S
With a similar argument, we obtain
L |supp | LT 1q
() < <S> Tieh = <S> : (12.22)
3.L>28>T
With a similar argument, we obtain
S Isupp (]
() < (S) Ll =l (12.23)
4. L>T> S
With a similar argument, we obtain
T |supp (| LT I¢]
w(¢) < <s) Ll < (s> : (12.24)

In the other cases, the Peierls condition is trivially satisfied, since the weight along the
support is always smaller than 1.

The rest of the proof is now straightforward. We divide and multiply (12.20) by the
same sum over polymers, but with the additional constraint that no excitation has a length
larger than log||t’ — t||,. The ratio is then easily estimated by standard cluster expansion
argument, providing thus the desired result.

The two other statements are proved in the same way. O
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12.3 Box propositions

In this section, we suppose that the coupling constants are translation invariant, i.e. J(e)
is independent of e. We first prove some perturbative version of Simon’s inequality.

Lemma 12.3.1. Suppose that J are translation invariant and ferromagnetic. Let t,t' €
72. Let A C 7Z? such thatt € A and t' ¢ A and let A’ = {u € A : min,epallv —
ul|y < log||t' — t||,}. Then, there exists By > 0 such that, for all 5 < By,

(o)A < (1 + (tanh O(8) 211 3™ (o (t)o(u) (o(w)o ()R,

ucA’

(r(OT ()R < (L4 (tanh O(3)) =1 ) 3™ (r(O)7 ()3 (r(w)r ()7

ucA’
()T () ()Y < (14 (tanh O())lelt =ty
< 3 (o)) (w)r(w)R (o(w)r(u)o(t)r(t))e .
ucA’

Proof. We discuss only the first statement; the other ones are treated similarly. Let v be
some contour contributing to (o (t)o (¢’ )>ﬁi and let A be the corresponding open o-contour.
Lemma 12.2.1 implies that v has typically a A-cutting point in A’. Lemma 12.1.5 part 2
can then be used to obtain the desired result. O

The preceding lemma and the various tools introduced in the previous sections allow
us to prove some results similar to the box Proposition 4.4.1 of Part I.
Let t € Z?; we suppose, without loss of generality, that ¢ is such that #(1) > ¢(2) > 0. Let

By={ueZ®: 0<u(l) <tl), W <u(2) < 15(2)4;5(1)} (12.25)

be the same box as in Section 4.4. We introduce the sets

;‘#{’y : 807:{07t}7 87'7:@}7
E; : {’Y : 80"7: ®7 aT’Y: {07t}}7
2?7— = {’Y : 807 = {O,t}, 877 = {O,t}}. (12'26)

The aim of the present section is to compare the sums over contours connecting the points
0 and t with and without the constraint v C B;. The procedure is very similar to what
is done in Section 4.4, the only real modification being related to the problem of finding
cutting-points for the contour, which we solve using Lemma 12.2.1.
It is useful to introduce the following quantities, similar to those introduced in Section
4.4
V@)= S @0e®m)?, Clama= S (e0e®). (12.27)
tezZ?: teZ?:
t(1)=a t(1)+t(2)=a
We define similarly the quantities x"(a,0), x"(a,a), x°"(a,0) and x°7(a, a).
Lemma 12.3.2. Let J be independent of e. Then

lim —% log x?(a,0) = 7,((1,0); J*),
a—0o0

. 1 o o L R
alL%—alogX (a,a) = 7-0(\/5(1) 1)7l )
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Similar results hold for the quantities X" (a,0), x"(a,a), x°"(a,0) and x°" (a,a).

As in the first part, we first consider the simpler problem of a sum over contours
constrained to remain on the right-hand side of the vertical line (a € N being a strictly
positive number)

lo={seZ*: s(1) = —a}. (12.28)
Lemma 12.3.3. Let J be translation invariant. Let t € Z* such that t(1) > 0 and let
E(t) be the set
() = {y € L7 : v Nla# D).

Let a' = a — log||t|,. Suppose that @ = min{2a’ + t(1) — |£(2)],2a’} — log||t||, is strictly
positive and T'L < S. Then there exists g > 0 such that for all B < By,

> a8 < ((8x7 (@, a@)[t(2)| log]t]|7 + 1) (tanh O(8)) Wl + x7 (a’, 0)) (o(0)er(£)) .
YEEZ(t)

Similar results hold for contours v in £ (if SL <T) or £77 (if ST < L).

Proof. Let X be the open o-contour of some contour v € £{ intersecting the line [,. The
proof is essentially the same as that of Lemma 4.4.2, the main difference being that the
point of intersection between a contour -« and the line [, is not necessarily a A-cutting-
point of v. However, as a consequence of Lemma 12.2.1, we know that every typical ~ has
a A-cutting-point in the set

VO={tcZ?: —a<t< —a+logt|,}. (12.29)

Therefore the sum over all contours v in £{ can be bounded above by

D> 2 )+ (tanhO@B) I o(0)a (1) (12.30)

u€Va  yEET(t):
u A-cut.-pt of v

The first sum can be estimated as in the proof of Lemma 4.4.2, using Lemma 12.3.1. O

Using this lemma, it is possible to prove the following proposition.
Proposition 12.3.1. Let J(e) be independent of e. Supposet € Z? is such that 0 < t(2) < t(1).
Let a € N with 2a < t(1). If B; is the box (12.25), then there exists By > 0 such that for
all B < o,

> a8 =

YyeELY:
~ inside Bt

(0(0) (1)) [L — O[] log ¢ exp{—O(a)} + (tanh O(8))*&I)] exp{-O(a)},

where 7y inside By means v C By and v N 0B, = {0,t}. Similar results hold for v in £] or
£I7.
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Proof. This is proved in the same way as Proposition 4.4.1, we only have to check that
the result corresponding to Lemma 4.4.3 can be established for the Ashkin—Teller model.

We explain here the modification to the proof of Lemma 4.4.3 needed in the present
case. Let v/ C B; be some contour with 9,7 = {uq,v.}, 0,7 = &, and let X' be the
corresponding open o-contour. We would like to break 4/ into three pieces as in the proof
of Lemma 4.4.3; however in the present case, it is not obvious that the points ¢; and ¢9 of
that proof are X-cutting-points of +/. Nevertheless, Lemma 12.2.1% and a simple cluster
expansion estimate provides the following result:

Y q()=(1+tanhO(B) Y. q(), (12.31)
v '

t1,t2 cut.-pts of v/

where the summation is over contours 7" as described above (from Lemma 12.2.1, we know
that we can take 7' € 77 (uq, vq); it is then enough to forbid those contours for which ¢;
and ty are not cutting points.). We can then proceed with the proof of Lemma 4.4.3, up to
simple modifications: we glue together the part of A’ between ¢; and ¢ and two shortest
paths of o-edges from 0 to ¢; and from ¢ to ¢ to obtain a contour 7 such that d,v = {0,t},
0y = 0. O

3Notice that the proof of the lemma is unchanged if we add a constraint like v C By.
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Chapter 13

Large deviations

Let Ay = {t € Z% : ||t|l < L} and let J(e) be translation-invariant, ferromagnetic
couplings. We introduce the spontaneous magnetizations in the o- and 7-planes,

m3(B) = lim (o (0)), (13.1)
mi(6) = lim ((0))3;. (13.2)

GKS inequalities give immediately that m’(8J) > 0 and m%(5J) > 0 if 3 is large enough
and J, and J; are strictly positive (it is sufficient to set J,-(e) = 0 for all edges).

In this chapter, our aim is to study the large deviations of the magnetization in the
Ashkin—Teller model. More precisely, we are interested in the probability of the events

As(mg,c) = {w : ItEZA o(t)(w) —mo|AL|| < [ALILT}, (13.3)

Ar(mg,c) =A{w : ItezA:LT(t)(w) —me|AL|| < |AL|LT¢}, (13.4)
and

Aor(Mgymr, ) = Ag(mg, ) N Ar(my, ), (13.5)

where |mq| < mi(BJ) and |m.| < mi(8J). In fact, we only consider the cases where the
magnetizations m, and m, are close enough to the corresponding spontaneous magne-
tizations, so that the solution of the unconstrained variational problems (see below) can
always be placed inside the box!:2.

1This is not a necessary restriction, since the techniques used in Part I to take these effects into account
still apply. However, in this chapter, we try to simplify the problem as much as possible so that the new
difficulties, those which were not present in the Ising model case, are not hidden among technicalities; it
is not our aim to obtain the best estimates in this case, but rather to give a flavour of what are the new
problems arising when more complicated models are considered).

2Observe that the wall surface tension is not smaller than the bulk one. Indeed GKS inequalities imply
that if z,y € X, then (o(z)o(y)), < (o(x)o(y)) = exp{—7o(y — x)}, and therefore the massgap of the
boundary 2-point function is never smaller than the massgap of the corresponding bulk 2-point function
(the same was true for the Ising model, since m,a(8,1) < 7((1,0); 8), see Proposition 3.1.1).

245
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In Section 13.3, we give some lower bounds on the probability of these three events.
We prove the corresponding upper bounds for the first two events in Section 13.4; we do
not know how to prove the corresponding upper bound for A, (mg, m,,c).

The proofs are very similar to the corresponding ones in Part I. For this reason, we
only sketch them, insisting on the new difficulties which arise in the present case. Most
of the tools we need have been introduced in the preceding Chapters, however we have
discussed neither lower bounds on the 2-point functions, nor the large deviations in the
phase of small contours.

General lower bounds on 2-point functions are known in the Ising model only thanks
to the exact solution, so it is not surprising that we cannot do anything better in the
present case. Nevertheless, it is possible to make a perturbative study, combining the
techniques of [DKS1] with arguments similar to those appearing in the proof of Lemma
12.2.1. We do not want to do that here, and therefore the proofs in this chapter do not use
any lower bounds on 2-point functions, but only the uniform convergence to the limits,
which provide slightly weaker results.

The methods used to study the large deviations in the phase of small contours in
the first Part fail in the present case. There are several reasons, the main one being the
non-validity of FKG inequalities for the Ashkin—Teller model. The other techniques used
in [I2], which rely on the Random-Cluster representation of the Ising model, also seem
to fail (the reason being that the presence of a dual o-cluster separating the lattice into
two components does not decouple the subsystems in these two regions since 7-clusters
can transmit information from one to the other). The perturbative analysis done in [Pfl]
can however be extended in a straightforward way to the Ashkin-Teller model. The
corresponding results are stated in the next section.

13.1 The phase of small contours

This section deals with some basic results about the phase of small contours, which play
an important role in the rest of this chapter. Contrarily to what is done in Chapter 5, the
techniques used in the present section rely on cluster expansion estimates and therefore
are perturbative. The statements made here are straightforward generalizations of the
corresponding ones in Chapter 4 of [Pf1]; the main point is that Theorem 4.1 of that paper
can be easily extended to cover the case of the Ashkin—Teller model (for ferromagnetic
couplings). We do not give the proof here, since it would essentially follow the one given
there.

As before, we write, for any t € Z? and § > 0,

D(t,6) ={t' € Z* : ||t —t]|} <I/2. (13.6)

Definition.

(D224) A contour v = (y°,~") is s-small if there exists t € 72 such that inty® C D(t, s),
for all v7 € 7 ;ndEVT C D(t,s), for ally™ € 97.

(D225) A contour is s-large if it is not s-small.
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We sometimes omit to write down explicitly the size s if there is no ambiguity. The phase
of s-small contours in A C Z? is described by the following conditional probability,

Py%1-] = Py |{All contours are s-small}]. (13.7)

The corresponding expectation values are denoted by ( - )XJ“S or (- )X+’l’s. The first result
states that expectation values of local observables in the phase of small contours are close
to the corresponding expectation values in the unconstrained phase.

Lemma 13.1.1. Suppose that the coupling constants are ferromagnetic, and that J,(e)
and J;(e) are bounded below by strictly positive constants independent of e. Let A C 72 be
a simply connected set and let A, B be two finite subsets of A. Then there exists By such
that, for all B > P,

(oatp) i T — (oarp) T < |AUB|e™OP9) (g a7p) T

Proof. The proof is a straightforward generalization of the corresponding Lemma 4.3 in
[Pf1]. O

The second result of this Section is the analogue of Proposition 5.2.1, which provides
an estimate of the probability of large deviations in the phase of small contours.

Proposition 13.1.1. Suppose that the coupling constants are ferromagnetic, and that
Jy(e) and J:(e) are bounded below by strictly positive constants independent of e. Let
§>¢>0,C">0,C" >0 and set s = L. Let A C Z? be finite and simply connected,
such that |A| = CL?, C > 0. For each of the connected components of A, the boundary
conditions are either ++, or +—, or —+, or ——. We write PX’ﬁl[-] and (->X’ﬁl for the
probability measure and the expectation value in the phase of small contours with these
boundary conditions. Then there exists By, independent of s and A, such that, for all

B> o,

PYPIS (o) — (o)) = CIAIL™}] < exp{-O(BL* %)},

teA
*, l *, l —C —Cc—
PPN () — (et = CMIAILT] < exp{—O(BL*~*0)} .
teA
Proof. This is proved in the same way as Theorem 5.1 in [Pf1]. O

13.2 The variational problem

We first discuss the variational problems associated to the three events introduced at the
beginning of this chapter.

Let (C{...,Cq ,C]...,C} ) be a family of closed rectifiable curves, which are the

boundaries of some open sets; we call o-curves the curves CY ...,C7 , and 7-curves the
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curves C7 ...,C; . We introduce
Cor = (Je) n (D).
Co = (UC?)\CUT,
Cr = (JeH\ Cor . (13.8)
We introduce the following functional on the set of such families.

sCy....Cp ,Cl....Ch ) = /Tg((—bg(s),ug(s))ds + /TT((—OT(S),L'LT(S))ds
+/TM((—{)M(S),QUT(S))ds, (13.9)

where (uy(s),v5(5)), (ur(s),v-(s)) and (uysr(8),vsr(s)) are unit-speed parameterizations
of C,, C; and C,,, respectively.

We consider three variational problems corresponding to the events A, (mg, ¢), A;(m,, c)
and Ay (mg, ms,c) (in this order).

Variational Problem I : Find the minimum of the functional § among all rectifiable
closed o-curves, which are the boundary of an open set of Lebesgue measure V.

Variational Problem II : Find the minimum of the functional § among all rectifiable
closed T-curves, which are the boundary of an open set of Lebesgue measure V7.

Variational Problem III : Find the minimum of the functional § among all families of
rectifiable closed o- and 7-curves (C7,...,C; ,C]...,C; ) such that

e The closed subsets int CZ of R? with boundary C? are disjoint;

e The closed subsets m of R? with boundary C! are disjoint;

e The Lebesgue measure of | J, int C{ is V;

e The Lebesgue measure of | J; int C] is V7.

The solutions to the variational problems I and II are given by the Wulff construc-
tion with surface tension 7,(-) and 7,(-), respectively. Unfortunately, the solution of the
variational problem associated to the event Ay, (my, ms,c) is not known. We could try
to make an analysis similar to that of Subsection 7.5.1. We do not want to do that here.
Instead, we show that any such family of curves provides us with a lower bound. The
best one is obtained with the family which solves the variational problem, if it exists. We
suppose that this is the case; for this reason, we do not try to obtain uniform estimates
which would be much more complicated.

Let M(V?,V7) be the set of all families (C{ ...,C;_,CT...,C]_) such that

e Each curve is the boundary of an open set in R?;

The closed subsets W of R? with boundary C? are disjoint;
The closed subsets W of R? with boundary C! are disjoint;
The Lebesgue measure of (J; int CY is V7,

The Lebesgue measure of | J;intC] is V7.
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13.3 The lower bounds

Before considering the main question of this section, we state a simple useful lemma.

Lemma 13.3.1. Let J(e) be independent of e and ferromagnetic; J, and J; are supposed
to be strictly positive. Let A and B be two subsets of A, and let

d=min{|[t' —t||, : te AUB,t' ¢ AL}.

There exists By such that, for all B > 0y,

++.,8J

J
[(oaTB)y, " — {0ATB) Ao

J — —0(B4d)
Xz‘ﬂ,| <e |AUB| e <UATB>AL

Proof. This is very easy to show using the following trick, which is due to Kunz and
Souillard. Defining new weights for contours by

w'(7) = oalwy)7B(wy) w(y), (13.10)

where w, is the unique configuration such that w,(t) = (1,1) for all but a finite number
of sites t, and such that 7 is the unique contour of w,. Notice that |w'(y)] = w(y); in
particular, the cluster expansion with weights w’ converges absolutely if 3 is large enough.
With these weights, it is possible to write the numerator of the expectation value as

n
++,8J ++,8J 1
ZiH oarp) P =14 Y - > I w'ow)- (13.11)
n>1 Y1s-Yn k=1
compatible
Therefore
++,8J 1 T - ! -
ama)n, ™ =exp { D — > enlmm) ([T w'w) - [Twew)}, (1312)
N I k=1 k=1

so that only clusters containing at least one contour v with w’(y) # w(~y) contribute; this
implies that these clusters contain some site of A U B in the interior of one of their o-
or T-contours. The lemma follows by considering a set A/, L' > L, and taking the ratio
of the expectation values in Ay, and A/, since the only contributing clusters will contain
simultaneously some sites of AU B and Az, \ Ar (observe that this gives an estimate
uniform in L' > L). O

We can now state the main result of this section, which gives a lower bound on the
probability of the three large deviations events.
Theorem 13.3.1. Let J(e) be independent of e and ferromagnetic; J, and J; are supposed
to be strictly positive. Let mqy < mi(BJ) be close enough to m3i(5J) and m, < mi(5J)
be close enough to mi(5J); we write Vo = (m} —my)/2m} and V™ = (mk —m;)/2mk.
Let 1/2 > ¢ > 0.
1. Let C be the o-curve which is the boundary of the Wulff shape of volume V7 ([3;.J)
corresponding to the surface tension 1,(x; 3J). Then, for any e > 0, there exists By
independent of € and Lo = Lo(¢) such that, for all § > [y and all L > Ly,

PP AL (mg, 0)] = exp{~LF(C)(1 +¢)}.
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2. Let C be the T-curve which is the boundary of the Wulff shape of volume V7 ([3;.J)
corresponding to the surface tension 7.(x; J). Then, for any € > 0, there exists [y
independent of € and Lo = Lo(g) such that, for all > By and all L > Ly,

PEHP AL (mr,0)] > exp{-LF(C)(1 +¢)}.

3. Let (C7,CT) e M(V?(B;J),VT(B;.])). Then, for any e > 0, there exists By indepen-
dent of ¢ and Ly = Ly(e,(C?,C")) such that, for all B > By and all L > Ly,

P Agr (g my,c)] > exp{—L(C7,C7)(1 +¢)}.

Proof. We only prove the third statement, since the other ones can be proved in the same
way (in fact their proof is easier). Since the case J,r = 0 can be readily reduced to the
case of the Ising model of Part I, we suppose that J,, # 0. We follow the proof of Theorem
7.5.1.

Step 1. Polygonal approximation of the family.

Let
6p = L Y2log L. (13.13)

For each (maximal) connected component of C,, C; and C,,, we construct a polygonal
approximation, similarly to what is done in Chapter 7. Let us denote by C; such a compo-
nent. The polygonal approximation of C; is the polygonal curve with vertices ¢, . .. ,:cﬁli
given by the following construction. Let s — C;(s), s € [0, 1], be a parameterization of C;,
1. 1 = Ci(O);
2. xp41 is the first point on the curve C; which does not belong to the disk of center
T, and radius dr;

3. the last vertex is t,, = C;(1).

The collection of all these polygonal curves is the polygonal approximation of the family,
which we write Pr. It is convenient to decompose Py, into a family of closed polygonal o-
and 7-curves, Pr, = (P, P7). Pr has the following properties,

e 5(PL) <F((C7,CT)).

e The sum of the Lebesgue measures of the sets delimited by the curves in P¢ differs

from V7 by at most 762 0(6; ') = O(61.).
e The sum of the Lebesgue measures of the sets delimited by the curves in P} differs
from V™ by at most 7620(6;1) = O(Jy1,).
The first statement follows from Jensen’s inequality, while the two others are a consequence
of the construction of Pry,.

For each pair of successive vertices such that their distance is é;, we construct the
square box with the two vertices on its boundary, with vertical and horizontal sides, and
which is divided into two equal parts by the straight line segment connecting these two
vertices. Any such box which has an intersection with another one is removed. The total
length of the sides of Py, which have no box associated to them goes to zero when L is
large enough?.

Step 2. Scaling and definition of the set of contours.
Let LPr, = (LPJ,LP7) be the family of closed polygonal lines obtained by scaling the

3Remember that we are not looking for uniform estimates!
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family Py, by a factor L, shifting it by (0, —1/2), and modifying, if necessary, the position
of the vertices so that they belong to A}. If m, and m, are close enough to m} and m},
then all vertices of LPy, are at a distance of order O(L) from the boundary of Aj.

We define now a set &y of Aj-compatible families of contours. We construct the
configuration by gluing together several open o- and 7-contours; notice however that, at
the end, the resulting contours are closed.

e Let t1 and ¢y be two successive vertices of some maximal connected component of
C,. If there is a box associated to them, then there is an open contour + such that
0oy = {t1,t2}, 0y = @ and v N IB(t1,t2) = {t1,t2}, where B(t1,t2) is a translate
(which has possibly been rotated by m/2) of the box (12.25) chosen so that ¢; and
to play the roles of 0 and ¢t. Otherwise, there is a shortest path of o-edges with
endpoints t; and t».

e We make the corresponding construction for the maximal connected components of
C; and Cy,;.

The contours obtained by gluing together these open contours contain some number of
large o- and T-contours (those that are not contained inside one of the box); we call them
the large o- and T-contours. The other (smaller) contours obtained when we remove the
large ones are called the decorations. We evaluate the probability of Ay, (ms, ms,c) by
conditioning on the presence of a given A}-compatible family v € &1. More precisely, let
s = L79; introducing

®&7(y) ={y : ¥4, v € &, all other contours are s-small} (13.14)

we write this probability as

> P Agr (me, e, 0)| 65 (1) Y (65 (1) (13.15)
ZE®L

Step 3. Estimation of PIL+7ﬂl[AO'T(mO'7mT7c)‘®sL(l)]‘

The first thing to realize is that the family of contours 7 divides A in several parts
with different boundary conditions and a remaining region corresponding to the interior
of the decorations and which has a volume of order O(L?61). The mean value of the
magnetizations in the o and 7 planes, conditioned on the presence of v, are given by (see
Lemma 13.3.1) a

(> a)es (I =me £ 0(L%)), (13.16)
teA],
(O3 0|85 () = me £ O(L%y) . (13.17)
teEAT,

Therefore the conditional probability of the event complementary to Ay, (mey, ms,c) is
bounded above by the probability of having a deviation of order O(L?>~¢) in Ap, which
can be estimated by Proposition 13.1.1. We therefore obtain

Py Agr (g, mer, €)|85(1)] = 1 — exp{-O(BL* %)} . (13.18)
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Step 4. Estimation of PI;’ﬂl[@i(Z)].

We can easily remove the constraint on the size of the contours using a cluster expansion
estimate. We obtain

P85 ()] = (1 - |Ar] exp{~O(BLY)}) an; (7) - (13.19)
Step 5. Estimation of PI;’BJ[Am(mU, mr, c)l.

The rest of the proof is done as in Part I, using the corresponding results of Chapter 12.
As in the proof of Theorem 7.5.2, we use the uniform convergence of the massgaps instead
of a lower bound on the 2-point functions. O

13.4 The upper bounds

We prove now optimality of the lower bounds obtained in the preceding section for the
events A, (mg, c) and A;(m,,c). Unfortunately, we do not know how to handle the event
Asr(mg,mr, ¢). The proof relies heavily on perturbative arguments; the proof of existence
of cutting-points is much more complicated than in the previous sections. The main
difficulty is to construct convenient polygonal approximations for the large contours, which
are suitable for the application of Lemma 12.1.5 point 2.. More precisely, the most difficult
part is to establish a statement similar to (7.64). We restrict our attention to the event
Az (mg,c), since Ar(m;,c) can be handled in the same way.

Let 1/2 > ¢ > 0, —m} < my; < m} and s = L% where a = 1 — ¢; we set
V7 = (m} —my)/2m}. We denote by I'?(w) the family of all s-large external o-contours
of the configuration w. The first result states that the total length of these contours is of
order L and the total volume is close to VZL?. Let C; and C5 be some strictly positive
constants; we denote by EY the set of all A}-compatible families of external o-contours
I’ which satisfy the following set of conditions

° EF%HH“W < C1L;
® > rocpo volT'7 > VIL? — CyL2¢.
Conditioned on A, (me, c), the event EY is typical, as is shown in the next lemma.

Lemma 13.4.1. Let J(e) be independent of e and ferromagnetic; we suppose that J, > 0
and Jr > 0. Let Cy and Cy be sufficiently large. There exists By = [o(C1,C2) and
Lo = Lo(C1,C) such that for all B > By and L > Ly,

PX;’@[EﬂAo(mmC)] >1—exp{—O(L)}.

Proof. The conditional probability that the total length of the large external o-contours
exceeds C1L can be estimated by

Py {3 poere |07 > CiL)]
PP 171> Gl Aam, o) < L0
roers Py " Ag (Mo, )]

< exp{—0O(L)}, (13.20)
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where we have used Theorem 13.3.1 and the fact that C is large enough.
It remains to find an upper bound on the conditional probability of the event

E' ={ Y voll” < VIL? — C,L*°}. (13.21)
roere

Let I'? be the family of external large o-contours of a configuration in E’. We denote
by [[?] the set of all configurations with this family of external large o-contours. Let
w € [[°] and let (I'?,I7) be the family of all s-large o- and 7-contours of w. Let E” be
the intersection of the events E’ and the event that the total length of these contours is
bounded above by C’'L, for some constant C’ > 0. The same argument as above implies
that

PYPE | Ag(mg, 0)] < Py HH[E"| Ag(mg, 0)] + ¢ O (13.22)

It is not difficult to estimate the conditional probability of E”. Let (ﬁ",ﬁT) be the large
o- and T-contours of w € E”. Since all other contours are s-small, and thanks to Lemmas
13.1.1 and 13.3.1, we can write

(> o)@e, ﬁT))Xjﬁi <y —O(L7) +O(L  og L) + O(L*Y)
teAL
<me — O(L79), (13.23)

using ¢ = 1 — a. Consequently, we have, by Proposition 13.1.1,

PP A (my, €| E)

| l N o g

BB Molmo o)l < =Pamgr
AL o g

< exp{—0O(L)}, (13.24)

if Cy is large enough, which concludes the proof. O
Since (E7€ is the complementary event to EY)
Py Ap(mg, 0)] = Py [ Ag(mo, ) N E]) + PEH [ Ag(mg, ) N BT, (13.25)
we can write
Py, B
L= Py B A (o )]
< (1+ e 90 pit e, (13.26)

b l
Py A (mg, 0)] <

Therefore we need to estimate the probability (without constraint) of the event EY. This
is the difficult part of the proof. We would like to construct a coarse-grained version of the
contours containing the large external o-contours. However, since they can behave quite
wildly, it is not obvious that we can find cutting-points along them. The main difference
with the analysis done for the box Proposition is that we have a constraint on the total
volume of the large external o-contours. For this reason, it is not possible to simply
remove all large excitations, since in such a case we would generally lose volume. The
next proposition shows that it is fortunately still possible to prove existence of a sufficient
number of cutting-points for the typical configurations.



254 Chapter 13. Large deviations

Proposition 13.4.1. Let J(e) be independent of e and ferromagnetic; we suppose that
Jy >0 and J; > Jsr. Let §*(my) = F(C(my)), where C(my) is the boundary of the Wulff
shape of volume V7 associated to the surface tension 7,(x; 3J). For anye > 0, there exists
Bo independent of € and Ly = Lo(g) such that, for all 3 > [y and all L > Ly,

Py BT < exp{=§(mo)L(1 — )}
Proof. Let w € EY and let I'? be the family of its external large o-contours; We write
7={l7 : Vwe[l’],we E]}. (13.27)

The complete set of contours of the configuration w can be written as (I'?, (), where ( is
the family of all contours of w except those of I'”. We use the short-hand notations (see
(D162), p. 196)

e~ 2(JotJor) ’ = o= 2(Jr+Jor)

Wy = w, L Woy = e 2ot (13.28)
We consider the family I'? as being build of o-edges and consequently associate to these
edges the weight w,. Since, in general some of these edges will also be used by some
T-contours of ¢, it is necessary to take the correction into account; for this reason, we

define new weights for the contours ¢ € ¢,

wEt) =w¢) [ 5. (13.29)

Wo
eeB(()NB(LT)

The important observation is that these weights still satisfy a Peierls condition (since
Jr > Jyr). The main idea of the proof is to simplify step by step the structure of the
family I'. We divide the proof in several steps in each of which a different part of this
surgery is done.

Step 1. The contours of ¢ are log L-small.

An elementary estimate using cluster expansion gives

=) PLE = Y we) Y [[wr?)
¢

2066‘17 ¢ CEQ
(L7 ,¢)comp.
=(1+L7%9) 3" we(r) > JJwL?).  (13.30)
I7ee] ¢ small (€
(L% ,¢)comp.
Therefore,
PXrLJrﬁl[Eif] <1+ L—O(ﬁ)) P[J(;ﬁl[Ela nE°], (13.31)

where EJ is the event that all the contours of ¢ are log L-small.
Step 2. The contours of I'? are far from one another.

This is the first kind of pathology that may prevent the existence of cutting-points. If two
of the large o-contours are sufficiently close so that some of the contours of ¢ can intersect
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a

rg — 19

L'

FIGURE 13.1. Surgery: removing the bad-points of type I. (a) We connect the contours
which are too close from one another by straight shortest paths (the black parts). (b)
By taking the exterior envelope of the contours and the shortest paths, we define a new
family I'; we also introduce a family 6 of closed contours (the boundaries of the shaded

regions). (c¢) The contour Q was too small and has therefore been removed, separating
the contour I'§ from I'Y; the new family of contours is called I'?, and the subset of C is

denoted by g

both of them at the same time, then the two contours cannot be considered separately.
Fortunately, the total number of such “bad points” is small compared to L.

Before giving a precise definition of these “bad points”, it is useful to introduce a
notion of straight shortest path. A set of edges g is a straight shortest path between x and
y if the following conditions are verified

® Jg = {.%', y};

e its length is minimal;

e the distance (with the norm | -||;) between any point of g and the straight line

segment joining x and y is at most 1.
Let Dy > 1 be some constant to be chosen later on. We call Di-bad points of type I, the
set of all sites t € I'Y such that there exists ¢ € I'], j # i, with [t — ||, < D1log L.
Let us consider the following set of edges,

E(7) = £(I7) uUs (13.32)

where ¢ runs through all straight shortest paths between corresponding pairs of Di-bad
points of type I belonging to two different contours (see Fig. 13.1 (a)). We then construct
(see Fig. 13.1 (b)) a family I of large o-contours by decomposing into contours the
exterior envelope? of & (I'7). We also define a set of closed contours g by decomposing

into contours the set of edges £(I7)a E(L7) 5. To each ¢ € é , we associate two numbers:

~

The total number of “bad edges”, b(¢) = |£({) NE(L?)], and the number N ({) of maximal
connected components of such edges (for example, in Fig. 13.1 (b), N () =2,i=1,...,4,
and in Fig. 13.2, N (1) = 3, N'({2) = 0 and N (G3) = N((4) = 2); we call N(;) the number
of contacts of (} with the corresponding Ire.

We partition the contours f € é into two classes: the large ones and the small ones.

Let é C é be the set of all é € é such that

|| > max{log L, 4b(()} . (13.33)

“We call exterior envelope of a finite set of edges A the boundary of the infinite component of R? \ A,
seen as a set of edges.
®We recall that AaB = (A\ B)U (B \ A).
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FIGURE 13.2. Left: A contour I'’ and the associated family f (notice that the boundary
of the large central shaded area has two components). Right: The equivalent represen-
tation; the dots correspond to the different contacts of the contours é with the exterior
envelope; the shaded component does not correspond to the interior of some contour.

We write [V the family of o-contours obtained in the decomposition into contours of the
set of edges (see Fig. 13.1 (¢))

@A [ U 5(5)} . (13.34)

We introduce the following weight for the contours in é ,

Heee@eo) wo

W(¢|L7) = (13.35)

Heee(io)mg(é) wo

Observe that w, (Ea)ﬁ)(é IT?) = wy(L9). These weights satisfy a Peierls condition for all
(e § . Indeed, by definition of § ,

w(C|D7) = w20 V2 (13.36)

Let us state some properties of the contours I° and é .
e I[“isa A7 -compatible family of L?-large, closed, external o-contours;
° Zfaefg volT9 > VoL2 — CyL2¢;
[ Zfaei"‘fw’ < C’lL7

e The total number of %—bad points of type I in the family I'? is bounded above by
2C, Dy L'~%log L.

Proof of the statements. The first three statements follow from the construction. We prove
the last statement.
Let us consider one contour I'” and the contours ¢ which are associated to it. It is not

difficult to check that the set of edges £ (f) can be deformed continuously into a rectangle
and that the maximal connected components of &£ @ )\ £(T') can be mapped inside this
rectangle on a family of lines, either closed or with endpoints on the boundary of the
rectangle, which are self-avoiding and disjoint; we contract each part of é in contact with

A

I'? into a point (see figure 13.2 for an example of this mapping). Using this representation
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(which preserves N (Q: ), for all (e é ), it is easy to see that the total number of points of
contact of the lines with the boundary is at most equal to twice the number of connected
components in the rectangle, since from each such point at least two lines depart, and each
line creates a new component. Moreover, the total number of such components is at most
equal to twice the number of contours of I'? contained inside I'?, since any component
which does not correspond to some contour (e.g. the shaded components in the right-
hand picture in Fig. 13.2) only touches components which do correspond to some contour
(indeed, the boundary of these components are made from part of contours). From this,
we can conclude that
> N <4M, (13.37)
¢e
where M is the number of contours in I'?. Notice that we have the following bound:
C1L

M< o= oLt (13.38)

The total number I’ of Di-bad points of type I which have not been removed in the above
construction, because the corresponding contour { was too small, can be estimated as
follows,

< > max{logL,4b({)} < Y 4N({)DilogL
¢ed\¢ {ed\¢
< 4MDlog L < 2C1 D1 L' ™ %log L. (13.39)

Finally, it may happen that some of the points that we have added to I'?, by gluing some
straight shortest paths to it, contain some new bad points of type I. However, it is possible
to show that we cannot have added D;/6-bad points of type I in this way. Indeed, let g
be some straight shortest path of the above construction. The extremities z and y of ¢
are such that ||y — x|, < DylogL and z,y € f;’ Let z be any point of another contour
f;’, j # i, which is not a Dj-bad point of type I. We know that ||z — z||; > D;log L
and ||z — y|l, > DilogL. Using this and the definition of straight shortest path, it is
not difficult to show that ||z — t||, > D;/3log L for any ¢ € g. From this the conclusion
follows. O

The set of all families of o-contours satisfying the above set of conditions is denoted by
¢g and [[7] = {[? : T7(I'?) =I'?}. We have

B AP PEN < Y we @) > T[weEy Y. JJw@. o)

Toeceg ¢ ¢e ¢ small ce¢
(i",g)e[ﬁ’] (¢,(7,¢)) comp.
< (14 L7909 we@?) Y JJw(), (13.40)
E“eeg ¢ small  ¢(e¢
(g,i") comp.

where we used the definition of ¢, the fact that the weights satisfy a Peierls condition
and we have glued together the contours ¢ and ( intersecting each other. Notice that
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FIGURE 13.3. Surgery: removing the bad-points of type II. Left: We connect the sites of
the contour I'” which are too close from one another by straight shortest paths (the black
parts). Right: By taking the exterior envelope of the contour and the shortest paths, we
define a new contour I'”; we also introduce a family é of closed contours (the boundaries
of the shaded regions). Notice that the straight shortest paths which are inside 'V, as
there would be some at the bottleneck in the lower part of I'°, do not give rise to

modifications.

the constraints on the contours § in the second sum of the second expression are not
local! However, since we are interested in an upper bound, we can remove the non-local
constraints and keep only the local ones about the size, the hard-core, etc...

Consequently, we have proved that
PYHPIES < (14 L7909 PEEPES 0 B, (13.41)

where EJ = {w : ['7(w) € €J}.
Step 3. The contours of ['Y have only few “gulfs”.

Our aim now is to simplify the internal structure of the large external o-contours. Several
kinds of pathologies can appear; they are related to the presence of sites of a contour
which are spatially close, but are far from one another “along the contour”. To make this
idea precise, let us introduce a notion of distance along a contour. For all t,¢ € I'?, we
define
dro (t,t') = min{|g| : 6g = {t,t'}, E(g) C ET7)}. (13.42)

Let Dy be some constant such that D;/18 > Dy > 0 and I'? € €. We call Dy-bad points
of type II any pair of sites t, t' belonging to a same I' € '’ and such that

o ||t/ —t]|, < DalogL,

e dro(t,t') > 4Dy log L,

e there exists a straight shortest path ¢ ¢ intI'> connecting ¢ and t'.

We construct a new family '’ of contour by decomposing the exterior envelope of the set
of edges (see Fig. 13.3)

grulJel), (13.43)
g

where g runs through all straight shortest paths connecting pairs of corresponding Do-bad
points of type II. We also define a family f of closed contours by decomposing the set of
edges a

E()aEXT). (13.44)
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FIGURE 13.4. An example of how the procedure may glue together two different contours.

We associate to the contours of é a weight defined in the same way as (- |L?) in Step 2.
For these contours, the weight satisfies a Peierls condition.
Let us state some properties of the family ['?.

e [Yisa A7 -compatible family of L?-large, closed, external o-contours;

© > focpo VOIT? > VIL2 — CoL27¢

o Ytoero L7l < CiL;

e The total number of %-bad points of type I in the family I’ is bounded above by
201D1D2L1_a(10g L)Q.

e The total number of Ds-bad points of type II of the family [V is bounded above by
201D1D2L17a<10g L)2

Proof of the statements. The first three statements follow from the construction.
We prove the fourth statement. Let ¢t € I'Y and ¢’ € L'y, # j. If t and ¢’ are at a distance

at most % log L from two points ¢ and ¢ which are not %—bad points of type I for I,
then ¢ and ¢’ are not %—bad points of type I for ﬁo, since

o - - - D D
I = el > 17 =2l — 17—t — 17 = t']]s > (Fl —Dy)logL > —log L. (13.45)

“
12
Therefore, only sites of 17 close to %—bad points of type I for 'Y can be %—bad points
of type I for I'”. The conclusion follows from the definition of €9 (fourth condition).

We prove the last statement. Creation of bad points of type II may happen when two
contours of I'? are glued together by the above procedure (see Fig. 13.4). Let I'{ and
I'Y two contours of I'” which are glued together during the procedure. Let ¢ € I'7 and
t' e Tg. If t and ¢’ are at a distance at most % log L from two points 7 and ¢ which are

not %—bad points of I'?, then ¢ and ¢’ are not Ds-bad points of type II for I'7, since
/ = i D1
lt"—t|l, = ||t — ], — D2log L > 9 log L > 2Dylog L. (13.46)

The conclusion follows as before. O
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FIGURE 13.5. Surgery: removing the bad-points of type III. (a) We connect the sites of
the contour I'” which are too close from one another by shortest paths (the black parts).
(b) We thus obtain two families of closed o-contours I' and ¢. (c) Some of the contours

of I'? are too small; for this reason we glue them to the incident contours of é . This

defines two families of closed contours, I” and g . (d) The contours of § which are too
small are removed, and we restore the corresponding part of the original contours. This
gives the final families of closed contours, I’ and ¢.

The set of all families of o-contours satisfying the above set of conditions is denoted by
9. We can prove as in Step 2 that

7l [ea — 7l loa lea
PLPED < (14 L790) PEFPES 0 BT, (13.47)

where F{ = {w : ['7(w) € €J}.
Step 4. The contours of ['Y have only few “pipes”.

We have not dealt yet with all sites which are spatially close but far along the contours.
As shown in Figure 13.3, the procedure of Step 3 does not take care of sites which are
linked by straight shortest paths contained inside the contours of ['°. These are the last
kind of pathologies we have to analyze.

Let D3 be some constant and I'? € €5. We call D3-bad points of type III any pair of
sites t, t’ belonging to a same I' € '’ and such that

o ||t/ —t]l, < DslogL,

e dro(t,t') > 4Dslog L,

e all straight shortest paths connecting ¢ and ¢’ are such that g C intI'?.
We construct a new family ' of contours. We describe the construction for one contour
(see Fig. 13.5). Let I'” € I'. We remove from I'’ all edges both endpoints of which
are Ds-bad points of type III. This results in a family of open contours. We close these
open contours with disjoint straight shortest paths®. The family of closed contours thus
obtained is denoted by I'. We also define a family of closed contours § by decomposing

the set of edges )
EM)nEM?). (13.48)

SWe do this using a fixed algorithm, for example by setting a complete order on the set of straight
shortest paths.
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Some of the contours of the family I may be quite small, this will be a problem for
defining a coarse-graining procedure. For this reason, we define a new family I'” of closed
contours containing only the sufficiently large ones; the remaining contours are glued to
the contours of the family é . More precisely, let a > b > 0 and define

[7 = {7 el : IV L’ large}. (13.49)

The family § is obtained by the decomposition of the set of edges

£Qa Y . (13.50)

f‘o’ eﬁo‘ \Eo’

To apply cluster expansion, it is necessary that the contours in g be large enough. There-

fore, we have to remove those that are too small. To each C~ , we associate two numbers:
The total number of “bad edges”, b(¢) = |E(¢) NE(L?)| and the number N ({) of maximal
connected components of such edges. We define a new family of closed contours,

(={¢e || > max{logL,4b({)}}. (13.51)

We introduce finally the family of closed contours I'? as the decomposition of the set of
edges
EC)a | €. (13.52)
e\
Doing this for each contour I' € ['? defines two family of closed contours which we still
denote by I'? and ¢.
To each contour ¢ € é , we associate a weight defined as in Steps 2 and 3. The Peierls

condition is still fulfilled.
Let us state some properties of the family 1'7.

e [7isa A7 -compatible family of Lb-large, closed, external o-contours;

© Y focpo vOIT? > VIL2 — 20, L2

Zfoeﬁd‘fU’ < C1L;

The total number of Dy-bad points of type I in the family I'? is bounded above by
20D; Dy L' log L.

The total number of Dy-bad points of type II of the family I'? is bounded above by
201D1D2L17a(10g L)2

The total number of Ds-bad points of type III in the family I'? is bounded above by
16C D3 LY log L.

Proof of the statements. The first, third and fifth statements follow from the construction.

We prove the second statement. The total volume of the contours é is at most C1 D3Llog L,
since the length of the family I'? is at most C;L and the length of the straight shortest
paths is at most Cslog L. The total volume of the contours 7 ¢ ﬁ" \i" is at most
%LHZ’, since we can partition them into families of volume between L% and 2L? (except
possibly for the last family) and the number of such families is not larger than %Ll_b.
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Therefore, the total volume of the contours é is at most C1 L't (if L is large enough);
clearly the same bound also holds for é . Since 1 — ¢ = a > b, the conclusion follows when
L is large enough.

We prove the last statement. The key point is to observe that under the relation “is in
contact with (through a contour (e é )”, the family I'? has the structure of a tree. This
follows from the fact that the contours of I'? are closed and external.

With this observation, it is easy to compute the number of Dj3-bad points of type
II1 remalmng at the end of the procedure. Indeed, these points belong to the contours
C € C \ C, the total length of which is at most 166’1D3L1 blog L, by definition of these

contours and the tree-graph structure” (there are at most C;L'~? contours in I'7).

We prove the fourth statement. Let us consider two different contours I'Y and I'§ which
arise from the same contour I' € I'?. Let t; € f“l’ and to € Fg be two sites such that
It — t1]]s < Dalog L. If any one of these two sites is at a distance larger than 4Dslog L
from the contour connecting f‘(f and fg, then dro(t1,t2) > 4Dy log L and therefore ¢; and
to are Ds-bad points of type II, which we already have under control.

The number of remaining sites, which are at a distance at most 4Dslog L from a
contour of é connecting two contours as above, is bounded above by 16C; DL "?log L,
since there is at most Cy L% such contours. O

The set of all families of o-contours satisfying the above set of conditions is denoted by
¢7. We can prove as in Step 2 that

7J 7l g g
Pyt B < (14 L7O0) P BT n EY), (13.53)

where Ef = {w : ['7(w) € €7}.
Step 5. The coarse-graining of I'“.

We denote by E¢ the set of all configurations w € Ef such that there is no contours ¢ € ¢
intersecting Do-bad points of type I, II or III of the family [V € &7 of L'-large external
o-contours of the configuration w (we set D3 = Ds). Then

P++ 5J[EU] O(Ll_b logLe_o(ﬁ)) PX;’:ﬁl[Eg’ ) E;J’] ’ (1354)

as a simple cluster expansion estimate yields, since the total number of such bad points is
O(L'"?log L).

Let w € EZ and I be its family of L'-large external o-contours. The structure of
I'° makes it possible to construct a polygonal approximation of the corresponding Lb-
large contours of w, suitable for an application of Lemma 12.1.5; notice in particular that
each external LP-large contours I' contains exactly one of the external LP-large o-contours,
which we write I'?. The nice property is the following one: there exists a constant K’ > 0
such that, if ¢ belongs to some external Lb-large contours I' of w, then there exists a site
t" of the same contour, with ||t —t||, < K'log L, which is a I'-cutting point of T', by
definition of EY.

Let us now define the polygonal approximation of the large external contours of w.
Let b > 0 > 0, let I" be one of these large contours and let s — I'?(s) be a unit-speed

"Notice that the contours §~ which touch only one contour I necessarily belong to g .
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parameterization of the corresponding large o-contour. The following procedure associates

to each large contour a sequence of its sites®.

1. Let sp > 0 be the first time such that I'?(sp) is a I'?-cutting point of T'; we set
to = FU(SO).

2. Let s1 > sg be the first time such that T'?(s1) does not belong to D(tg, L°) and is a
['?-cutting point of T'; we set t; = I'7(s1).

3. We iterate this procedure until it stops.

With this procedure, we associate to each external large contour I'; of w a sequence of
points S; = (tio, . . ., tin;) and the corresponding polygonal line P;. Since w € EY,

n;
T, C | JD(tir, L + K'log L), (13.55)
k=0

where K’ > 0 is some constant independent of w. Defining the volume of S by

n
vol § = [intT” \ ] D(ti, L° + K'log L), (13.56)
k=0
where I'? is the large o-contour of any large contour I' of some configuration w € E¢ such

that P(I') = P(S). We have the following bounds on the volume of the family S and on
the total number of its vertices.

° Zl n; < 201[/175;

e >, volS; > VIL? — 3C,L* .
The first assertion follows from the construction and the fact that ) rocpo|I7] < C1L.
The second follows from the fact that

> > ID(ti;, L° + K'log L)| < 2C4 L', (13.57)

? J

and 0 < b < a =1—c. Consequently, an application of Lemma 12.1.5 yields for any ¢ > 0
Py PPE]] < exp{=§"(mo)L(1 — 2)}, (13.58)
as soon as L is large enough (see the proof of Lemma 7.4.1 for the details). 0

The previous proposition and the comments preceding it imply the desired upper
bound. Together with the lower bound, this yields the following theorem.

Theorem 13.4.1. Let J(e) be independent of e and ferromagnetic; we suppose that J, > 0
and Jr > Jyr. Let §*(my) = F(C(my)), where C(my) is the boundary of the Wulff shape of

volume V7 associated to the surface tension 7,. There exists By such that, for all 8 > By,

. 1 ++,8J «
ngrolo _z log PAL 7[-’40(7‘”‘07 C)] =35 (ma) :

8We recall that D(t,d) = {t' € Z* : ||t — t||} < d/2.
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Appendix A

Correlation inequalities

In this appendix, we give a quick exposition of one of the basic tools of rigorous statistical
mechanics, correlation inequalities. Their main interests are their non-perturbative char-
acter and the fact that they often yield rather simple proofs when they can be applied.
There is however some drawback, namely to be able to apply such inequalities to a model,
it must have some quite particular properties (ferromagnetic interactions for example).
We only state the inequalities we use in the main body of this work, although sometimes
in a slightly more general setting, and we do not give any proof since they can be found in
many places (references are indicated). We also give some basic examples of applications
of these inequalities. Nice surveys of this subject are [Sy, Sh2, Br], see also Section 3 of
[FP3]. This appendix is partitioned into several sections, in each of which one particular
inequality is discussed.

We state the results only for models in the following class (several of the results are
valid in much greater generality!). Let A C Z% be some finite set. The product space
Qp = {—1,1}" is called the configuration space and the elements w € Q are called
configurations. To each element ¢ of A (each site), we associate a random variable o(t) :
Qp — {—1,1}, the spin at t, defined by o(t)(w) = w(t).

The Hamiltonian Hp of the system is some polynomial on the configuration space,

Hy(w)= — > Jaoca(w), (A1)

where w € Q, S(A) is the set of all finite families of sites of A with possible repetitions,
Ja € Rare the couplings, and 04 = [[,c 4 0(t). If J4 > 0, for all A € S(A), we say that the
model has ferromagnetic couplings. We call Jy;y the magnetic field at site t and sometimes
write it h(t) = Jg. Couplings of the form Jy;y, t # t', are called pair interactions.

The Gibbs measure in A is the probability measure on 5 defined by

1

pa(w) = %exp{—H,\(w)}. (A.2)

Expectation values with respect to the measure pp is denoted by (-),.
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A.1 GKS inequalities

GKS (Griffiths-Kelly-Sherman, [Gr, KS]) inequalities hold for ferromagnetic systems and
together with FKG inequalities are the most often used. They can be stated in the
following form?

Lemma A.1.1 (GKS inequalities). Suppose that the couplings are ferromagnetic. For
any A, B € S(A), the following inequalities hold

As a direct application of these inequalities, we can prove the existence of the thermo-
dynamic limit for the n-point functions of the Ising model.

Let us first consider the case of free b.c. which corresponds to having only pair inter-
actions. Let A,, / Z% be some sequence of finite subsets of Z¢. The existence of the limit
follows from the fact that the correlation functions are bounded and

<0A>A < (UA>A/ ) (A.3)

if A € A'. Indeed, it is sufficient to observe that the second Griffiths inequality can be
written as

0

ST 20, (A4)

and that expectation values with respect to ua can be written as expectation values with
respect to jz by setting to zero all pair interactions Jy; 4y with {t,#'} N A’ # @.

The case of the +-b.c., which corresponds to having only pair interactions and a
magnetic field h(t) given by the number of nearest-neighbours of ¢ which are not inside A,
is treated similarly. One proves that

<0A>j\_ Z <0'A>j\_’7 (A'S)

if A C A’ by adding a magnetic field h'(t) to each site t € A’ \ A and letting A’ go to
infinity.

The existence of these thermodynamic limits imply the existence of the corresponding
limiting Gibbs measures, since (04) 4z« forms a total set of functions for the local func-
tions on {27a4. Clearly, the case of the Ashkin-Teller model can be handled in the same
way.

A.2 GHS inequality

GHS (Griffiths-Hurst-Sherman, [GHS]) inequality holds for models with positive magnetic
field and ferromagnetic pair interactions. While the second Griffiths inequality implies that
the magnetization is an increasing function of the magnetic field, GHS inequality shows
that it is in fact a concave function of h.

IThe first of these inequalities is often referred to as the first Griffiths inequality and the second one as
the second Griffiths inequality.
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Lemma A.2.1 (GHS inequality). Suppose that the magnetic fields are positive and that
the pair correlation functions are ferromagnetic. Let t,u,v € A, then

82
() on) *W)a <0

A.3 FKG inequalities

FKG (Fortuin-Kasteleyn-Ginibre, [FKG]) inequalities have a large domain of validity and
are extremely useful. We only state them in the case of the Ising model. In this case, they
state that increasing functions (see (D26), p. 34) are positively correlated.

Lemma A.3.1 (FKG inequalities). Suppose that the only non-zero couplings are an ar-
bitrary magnetic field and ferromagnetic pair interactions. Let f and g be two increasing
functions. Then

(fg)a = (F)alg)a -

As an application of these inequalities, let us show that the two Ising measures p* and
p~ are extremal Gibbs states, and that (o(t))* = (o(t))~, for all ¢, implies that the limit

lim (o4 >fz , (A.6)

n—od

where A, / Z% and @, € Q for all n, exists and is equal to (-)" = (-)~ (therefore the
Gibbs state is unique).

Let n(t) = 3(1+0(t)). Let A be a finite subset of Z2. Any boundary conditions @ can
be replaced by a magnetic field h(t) different from 0 only for sites ¢ € OA. Since o(t) and
na = [[,c4n(t) are increasing, it follows by differentiating with respect to this magnetic
field that

(na)y = (na)y = (na)y - (A7)

Since the function ) ,. 4 n(t) — na is increasing, FKG inequalities yield

0 < (na)y — (na)x < ()X — (n(1))y)- (A.8)

teA

The statements follow easily from (A.7) and (A.8)2.

A.4 BLP inequality

BLP (Bricmont-Lebowitz-Pfister, [BLP1]) inequality holds for the 2D Ising model with
translation invariant couplings and no magnetic field. It is quite different from the previous
ones. It states that the effect of the boundary on n-point correlation functions decays
exponentially with the distance between the support and the boundary.

2Observe that the quantities o4 are finite linear combination of quantities of the form ng. It is therefore
sufficient to study these functions.
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Lemma A.4.1 (BLP inequality). Consider the 2D Ising model with coupling constants
J(e) = B> Be, for all edges. Let A1 and Ay be two subsets of Z* and A C Ay N As. Then
there exists a(8) > 0 and K such that

o) = o)< K Y exp{—a(B)|t' -t}

teAtENIA Ao

where Aia Ny = (Al \Ag) U (A2 \Al)



Appendix B

Elements of convex analysis

This appendix is dedicated to some elementary results in convex analysis which we use in
the rest of this thesis'. We restrict our attention to the 2-dimensional case, however most
of what follows can be easily extended to higher dimensions. In the following, if x and y
are two vectors in R?, we write (z,) their scalar product.

We first give some terminology and basic results related to the geometry of a convex
body (Section B.1). Then we introduce a geometrical notion of curvature for convex
bodies and discuss positive stiffness (Section B.2). Finally, we state the Sharp Triangle
Inequality, which plays a major role in the first part of this thesis, and show its equivalence
with positive stiffness (Section B.3).

B.1 Geometry of a convex body

Definition.

(D226) A convex body is a compact convex subset of R?, with non-empty interior.

Let W C R? be a convex body. We always suppose that the origin is inside W. We denote
by OW its boundary. There exists another, dual characterization of W by a function on
R?, which is known as its support function.

Definition.

(D227) The support function 7y of a convexr body W is defined by

w(z) = sup(x,y), Vy¢€ R2.
yeW

Lemma B.1.1. 1. Ty is a positively homogeneous, convex function on R%. Moreover,
if W has a central symmetry, i.e. x € W = —x € W, then 1y is a norm on R?.

2. If W has zero has an interior point, then Ty is strictly positive at x # 0.
3. For any 0 # x € R?, there exists ¥ € OW such that w(x) = (T, x).

!The exposition follows [PV1] and [PV4]; the results of Sections B.2 and B.3 have appeared in [PV4].
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Proof. The first and second statements follow from the definition.

The compactness of W implies the existence of & € W such that my(x) = (Z,y). Suppose
that £ € W\ OW, then there exists ¢ > 0 such that £ + ez € W and (z + ex,z) =
(z,2) +¢||z||? > (2, ). O

The function 7 contains all the information about the convex body W. Indeed, Lemma
B.1.3 implies that it is possible to reconstruct W from its support function.

Definition.
(D228) Let T :R? — R. The dual function of 7, 7%, is defined as its Legendre transform,

m™(z) = sup ((z,y) —7(y)) .
ycR2

Lemma B.1.2. Let 7 : R? — R be a convex function. Then (7%)* = 7.

Proof. The proof of this statement is standard and can be found in most books on convex
geometry. O

Lemma B.1.3. Let 7 : R? — R be a positively homogeneous, convex function. Then there
exists a unique conver body W such that T = Ty, i.e. such that T is the support function
of W. This convex body W can be reconstructed from the following relation:

{o ifrew,

oo otherwise.

Proof. If x € W then 7y,(x) <0, for all 2. Since 73,(x) > (x,0) — 7 (0) =0, 75, (x) = 0.
If © ¢ W, then there exist y and g such that my(y) = (g|y) and (z — g,y) > 0. Therefore
T(x) = (x — 7, Ay), for all A > 0. O

Definition.
(D229) Let W be a convex body. The function 7y, is the indicator function of W.
(D230) Two points v € R? and x* € R? are in duality if

w(z) + 1y (e”) = (z,27).

Since 7y, (x) = 0 for all z € OW, it follows that 7 is in duality with y, for all y € R? (see
Lemma B.1.1). The next lemma shows that the converse is true.
Lemma B.1.4. Let 0 # z € R? and z* be two points in duality. Then

1. z* € OW, and therefore Ty (x) = (x,x*) .

2. x* is in duality with Ax for all X > 0.

Proof. We prove 1.

Suppose z* € W\ OW, then 73, (z*) = 0 and n(x) = (z,2*), which contradicts Lemma
B.1.1.

Suppose z* € W, then 73,,(2*) = oo, and therefore x and z* cannot be in duality.

The second statement is an immediate consequence of the first one. O
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In view of the previous lemma, we can restrict our attention to z € R? with ||Z||, = 1
and to z* € OW. Geometrically, z* can be interpreted as a point on the boundary of the
convex body, while Z can be seen as the (outward unit) normal to a support plane of W
at z*.

Definition.
(D231) Let T and x* be in duality. Let A(Z) = {y € R? : (y,2) = mw(2)}. A(Z) is a
support plane for W at z*, i.e. 2* € A(Z) and W C H(Z), where

H(Z) ={y eR*: (y,7) <tw(2)}.

Lemma B.1.1 implies that for any ¥ there exists at least one x* € 9V such that z* and ¥
are in duality. The next lemma states that the same is true for x*.

Lemma B.1.5. For any x* € OW, there exists at least one T such that x* and T are in
duality.

Proof. The separating hyperplane theorem (see [E]) states that if O is an open convex set
and L is an affine set such that O N L = &, then there exists a hyperplane H with the
properties L. C H and O N H = &. This implies in our case that for any «* € 0V there
exists a support plane for W at *. The outward normal to this support plane is in duality
with z*. O

A natural question now is to determine when there is a single point in duality with a
given I, or a given x*. This motivates the following terminology.

Definition.

(D232) A point x* € OW is a regular point if there is a single support plane containing

x*.

(D233) A support plane A(Z) for W is a regular support plane if A(Z) "W is 0-
dimensional.

Therefore z* is regular if and only if there is a unique 7 € R?, ||Z||, = 1, such that z* and
7 are in duality. Similarly, for any Z € R?, ||Z||, = 1, the support plane A(Z) is regular if
and only if there is a unique x* € OW such that T and z* are in duality.

Definition.

(D234) Let z* € OW; if A(T) is a support plane for W at x* which is not reqular then we
say that W has a facet of (unit) normal .

(D235) If x* € OW is not regular, then VW has a corner at x*.

Remark. Observe that if 27 and 3 are two distinct points in duality with z, then any
point of the form az} + (1 — a)x3, with 0 < a < 1, is also in duality with Z.

There is a characterization of the notions of facet and corner in terms of the support
function. We first introduce the notion of subdifferential of a convex function and show
how it is related to duality.
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FIGURE B.1. A convex body W and two of its support planes A(Z1), A(Z2). x5 is
a regular point and A(Z2) is a regular support plane. yi and y5 are regular points
and A(Z1) is not regular. The vectors y and y5 are in the subdifferential of 7 at 7.
dist(O, P1) = 7(z1); dist(O, P2) = 7(Z2).

Definition.

(D236) Let 7:R? — R be a convex function. The subdifferential of T at x is the set
or(x) ={y eR? : 7(z+2z) > 7(x) + (y,2), Vz € R?}.

Remark. The subdifferential of 7 at x is unique if and only if 7 is differentiable at x.
Lemma B.1.6. 1. Let x € R?. Then
Orw(z) = {z* € OW : x and z"are in duality} .

Proof. We suppose without loss of generality that z =z, ||z||, = 1.
Suppose that y € O (),

w(z+2) = mw(@) + (y,2) Vze R (B.1)
This can be rewritten as
(z+Z,9) —mw(z+72) < (@,9) — (@) VzeR2, (B.2)
and therefore
vl = s { (5,0) = w(v) } = (2.0) — (@) (B:3)

so that = and y are in duality.
Conversely, suppose that Z and y are in duality; in particular, y € W. This implies that

wW(Z + 2) = sup (v,2+ 2) = (y, T+ 2) = TW(@) + (y,2) Vz € R?, (B.4)
vEW

and therefore y € dny (7). O
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Lemma B.1.7. 1. W has a facet of (unit) normal T if and only if Ty is not differen-
tiable at .

2. W has a corner at x* if and only there exists a segment [T1,%2] = {x : v =71 +

t(z2 — 1), t €10,1]}, 1 # T2, in duality with =*, such that Ty is affine on [T1,Z2].

Proof. The first statement follows from Lemma B.1.6.

We prove 2.

Suppose that there is a corner at y*. Then it is possible to find Z; and Zs, T1 # T2, both
in duality with y*. Therefore,

w((1 —t)x1 +t72) = Sg%(z*, 1+ (T2 — 1))
2 (Y, o1 + 122 — 71))
= (1 —=t){y", 21) + t{y*, 72)
(1 — t)Tw(wl) + tTw($2) (B5)

Since Ty is convex, Ty ((1 —t)x1 +tZ2) < (1 —t)7w(T1) + t1w(Z2), and therefore we have
equality in (B.5).

Suppose that 7y is affine on [71,72]. Let x1/5 = %(ml + @2). If y* € Orw(wy2), then
y* € Onw(Zg), k = 1,2. Indeed, for all z

™wi(z) — w(T1/2) — (¥ 2 —21/2) 2 0. (B.6)

But, if 7y is affine on [Z1, Z3], then

l\)h—l

2
Z{Tw k) = w(1ye) = (Y" Tk — 21p2) } = 0. (B.7)

Therefore
™w(@k) = Tw(@1/2) + (¥, Tk — T1/2) - (B.8)
From this it follows that y* € O (),
™wi(2) = mw(@1y2) + (Y* 2 — 21/2) = TW(T) + (¥, 2 — Tk) Yz, (B.9)
which implies in our case that y* and Z, are in duality. O

We state a last result concerning the convex body W.

Lemma B.1.8. Let 7 be a positively homogeneous, convex function. Then T is the support
function of the convex body W given by

W={zeR?: (z,y) < w(y), ¥y # 0} = [ H(y)
y#0

Proof. 1t is clear that

wce ) {veR’: (g3 <m(@)}. (B.10)

Z:||Z]|2=1
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Suppose that y € W. We can separate strictly a closed convex set B and a compact convex
set K by a hyperplane, when they are disjoint [E]. Therefore there exists a hyperplane

H={zcR?: (z,0) = d}, (B.11)

|lu]ls = 1, such that for all z € W we have (x,u) < ¢ and at the same time (y,u) > 9.
Therefore

sup (z,u) = w(u) <4, (B.12)
TeEW
and consequently
veg () {veR: (1,2) <@} (B.13)
z:[|z]|2=1
O

Remark. In the language of Statistical Mechanics, when 7 is the surface tension, the set
W thus obtained is called the Wulff shape and the construction of Lemma B.1.8 is known
as the Wulff construction (see also Chapter 7).

B.2 Curvature of a convex body

In this subsection, we introduce a purely geometrical notion of curvature for convex bodies
and prove a useful result about convex bodies satisfying the so-called positive-stiffness
property.

Let 7 be a positively homogeneous convex function. We would like to avoid using any
smoothness hypothesis on 7, since they would have implications on the kind of convex
body which can be considered (for example, if we suppose 7 differentiable, then Lemma
B.1.7 shows that the corresponding convex body has no facet). We first introduce a notion
of curvature which does not depend on any smoothness assumption on neither 7 nor the
associated convex body and which is equivalent to the usual definition when this latter
applies.

Definition.

(D237) Two convex bodies Wy and Wy are tangent at x* if they have a common support
plane at z*.

(D238) A point is tangent to a convex body if it belongs to its boundary; a half plane H
is tangent to a convex body W if the boundary of H is a support plane for W.

Let W be a convex body, * € W and U an open neighbourhood of z*. Let 7;(z*,U) be
the family of discs D with the following properties:

1. D is tangent to W at x*;

2. WnNUD>DNU.

The degenerate cases when D is equal to {z*} or to a half plane are allowed?. By definition,
Ti(x*,U) # @. We denote by p(D) the radius of the disc D and set

p(z*,U) = sup{p(D) : D € T;(z*,U)}. (B.14)

*Notice that the definition implies that D C | H(&).

T
Z dual to z*
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Clearly, we have the following monotonicity property:
U oU; — B(x*,Ul) < B(CU*,UQ). (B.15)

Therefore the following quantity is well defined,

Definition.
(D239) The lower radius of curvature of W at x* is defined by

p(z*) = sup{p(z*,U) : U open neighbourhood of x*} .

Similarly, we introduce the set 7g(z*,U) # @ of discs with the properties
1. D is tangent to W at z*;
2.WnU cDnNU.

As before, the degenerate cases are allowed. We set

p(x*,U) = inf{p(D) : D e T;(z*,U)}. (B.16)

Definition.

(D240) The upper radius of curvature of W at z* is defined by

p(z*) = inf{p(z*,U) : U open neighbourhood of x*} .

We can now define the radius of curvature:

Definition.

(D241) If p(x*) = p(x*) then the radius of curvature of W at z* is defined by

p(a”) = p(a*) = pla”).

Let us verify that this definition is equivalent to the usual notion of curvature. Let us first
recall this standard notion.

Let z*,y* € OW, x* # y* and suppose z* is regular. We denote by D(z*, py~) the
disk of radius py+ which is tangent to W at 2* and such that y* € 0D(x*, py). Then the
curvature of W at x* is given by p/(2*) = limy«_,;= py- if this limit exists.

Lemma B.2.1. Let x* € W be a regular point of W. Then

p(z*) =p(z") & lim_p,« exists.

y*_)x*

Moreover, in this case, p(xz*) = p/(x*).
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Proof. If y* € U, then

pa*,U) < py < pla*,U). (B.17)

Indeed, since x* is regular, there is a unique support plane for W at z*. Consequently,
the disk D(z*, py~) and every disks in 7;(x*,U) or Z4(x*,U) have the same support plane
at «* and are contained into H(Z), where Z is the unique point in duality with z*. Such
a family of disks can be totally ordered by inclusion. Every disks of radius smaller than
p(x*,U) belong to 7;(z*,U), and every disks of radius larger than p(z*,U) belong to
T.(z*,U). The statement follows from the fact that either D(z*, p,) does not belong to
Ti(x*,U) U Ts(x*,U), or it belongs to 7;(z*,U) N Tg(a*, U) if this set is not empty.

From (B.17) it follows that p(z*) = p(2*) == limy«_« py+ exists and p(z*) = p'(z*).

Conversely, suppose that p/(z*) = limy«_,,+ py= exists. Then, for every € > 0, there
exists a neighbourhood U of z* such that |py~ — p'| < ¢, for all y € U. Therefore

p = infycpypy = p' —e. Let us denote by D the disk of radius p tangent to W at
x*. By definition, DNU C WNU, so that D € 7;(x*,U). This shows that

px*U)=2p=p —e. (B.18)

Similarly, we prove that
px*,U) <p +e. (B.19)
O

Remark. If we have a corner, then clearly our definition implies that p(z*, U) = 0 for any
open neighbourhood U 3 z*, and we can take p(z*,U) as small as we wish provided U is
small enough. Consequently, p(x*) = 0. However, the converse is not true: p(z*) may be
equal to zero even if x* is not corner! This is shown in the following example: Consider
the convex body whose boundary is given by

OW = {z €R? : z(1) = cost|cost|?, 2(2) = sint[sint|®, t € [0,27]}. (B.20)
It is elementary to check that p(x*) = 0, at the four points given by t = k7 /2, k =0,...,3,

however there is a unique support plane at any point of the boundary.

We may wonder if it is possible to obtain different values for p(z*) and p(z*). A convex
curve exhibiting such a behaviour can be constructed by integrating twice the function
1+ sin1/z on a neighbourhood of the origin.

We are now ready to define positive stiffness.
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Definition.

(D242) Let K > 0. A support function 1y has the positive stiffness property with
constant K if the corresponding convexr body has its lower radius of curvature
bounded below uniformly by K.

Remark. We emphasize the fact that this property is stronger than strict convexity of
Tw. Indeed, the support function of the convex body defined by (B.20) is strictly convex
(since W does not have a corner), but the lower radius of curvature of W is not bounded
below.

The following result is important for the next subsection.

Lemma B.2.2. Let Ky > 0 and let W be a convex body such that its support function
satisfies the positive stiffness property for the constant Ky. Then for any p < Ko and any
x* € OW, the disk D(x*, p) of radius p and tangent to W at x* satisfies

D(z*,p) CW.

Proof. The first observation is that ¥V has no corner, since the lower radius of curvature is
bounded below by K at every x*. Consequently, for any x* € 9W, there exists a unique
Z in duality with x*.

The second observation is that the hypothesis implies that at every z* € OW there is
a disk D(x*) of radius p(D(x*)) with the properties:

e p(D(")) #0;

o D(z*) C W;

e D(z*) is tangent to W at x*.
Indeed, let U and D’ € T;(x*,U) be such that D’ has a strictly positive radius, then the
set D' N U is not empty and it is always possible to put a disk inside it.

Since W is convex, the convex envelope of all these disks is a subset of WW. Therefore,
by compactness of W, we can find § > 0 such that p(D(z*)) > ¢ for any z*.

Let z* € OW and ¥ be given®. Let D(z*,7) C H(Z) N H(y) be the largest disk, which is
tangent to A(Z) at z*. If = y, then the radius r(z*,7) of D(z*,7y) is infinite, otherwise
it is finite. Since 7y is continuous (it is convex), r(z*,7) is a continuous function of ¥ at
any y # . We set

r(z*) = infr(z*, 7). (B.21)
Y
Let (¥n) be a minimizing sequence such that lim, r(z*,y,) = r(z*) and lim, y, =: 7.

There are two cases: ¥ = T and y # Z.

If y = Z, then r(z*) > Kj. Suppose this is not true, r(z*) < Ky. Then, for any n such
that r(z*,yn) < Ko, we can find a disk D,, and a neighbourhood U,, of z* such that D, is
tangent to W at «* and

WwnU, DD,NU, D D"y, NUpy, (B.22)

3The idea now is to take the largest disk with the three properties above at each point, to consider the
smallest of them and then to prove that it cannot have a radius smaller than p. Of course these disks
may not exist (i.e. the supremum may not be a maximum, or the infimum a minimum) so that the proof
requires some care.
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FIGURE B.2. The points ¥, =™, ... of the proof of Lemma B.2.2.

since p(z*) > Ky. Let z, be the point of contact of D(z*,y,) with A(y,) (there must
be one by definition of D(z*,7,)). Since W is convex, OW intersects dD(z*,7,) at some
point ¢ belonging to the circle arc of 0D(z*,y,) from z* to z, (see Fig. B.2). Since
r(z*,yn) < Ko and & = lim,, y,, we also have lim,, z, = z* and thus lim, ¢} = z*. But
this contradicts (B.17). Thus r(z*) > Ky and for any p < Ky there is a disk D(z*, p) of
radius p, tangent to W at * € OW; Lemma B.1.8 implies that D(x*, p) C W.

If y # z, then r(z*,y) = r(z*) > § and the disk D(z*,y) C W by Lemma B.1.8. Let
r = inf,« r(z*); we claim that r > Kjy. Suppose this is not true, r < Ky. Let (2}) be a
minimizing sequence such that r(z}) < Ko, lim, r(z}) = r and lim, 2z}, =: z*. For every
n there exists ¥, such that r(z},yn) = 7(2;;) and D(z},yy,) is the largest disk in W which

is tangent to OW at z). Since r < Kj, there exists y # z, so that
r=r(z"9). (B:23)

Indeed, if D(2*) C W is a disk tangent to WV at z*, then by convexity the convex envelope
of D(z*) and D(z},yn) is a subset of W. If p(D(z*)) > r, then the disks D(z},y,) are not
the largest disks in VW which are tangent to W at 2, when n is sufficiently large. The
existence of D(z*,y) and the convexity of W imply the existence of an open set V such

that
oWwnNV =0D(z",y)NV. (B.24)

Indeed, D(z*,y) is tangent to OV at z* and also at some y* in duality with y; moreover,
at any point x* € OW, there exists a disk of radius r contained in W, tangent to W at
x*. (B.24) implies that the radius of curvature at any point v € VN oW is exactly r. But
this contradicts r» < K. ]

B.3 The Sharp Triangle Inequality

A very important property of the surface tension in the first part of this thesis is the sharp
Triangle Inequality. It is related to some property of the curvature of the corresponding
Waulff shape. We discuss this point in a more general setting.
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Definition.
(D243) Let K > 0. A function T satisfies the Sharp Triangle Inequality with constant
K if
(@) +7(y) = 7@+ y) = K(lzll: + lyll: = lz + yl2) ,

for any x,y € R?.

Remark. If 7 is a norm, then the Sharp Triangle Inequality provides an interesting
comparison inequality between the behaviour of the triangle inequalities of the norm 7
and of the Euclidean norm.

The next Proposition states that this very useful property is in fact equivalent to the
positive stiffness property?.
Proposition B.3.1. Let 7 be a positively homogeneous, convex function. Then the fol-
lowing statements are equivalent.

1. 7 satisfies the positive stiffness property with a constant K.

2. There exists a constant K1 > 0 such that, for any T and ¥y in duality with x* and y*,
(@* —y*,2) = K1z — 79l . (B.25)

3. There exists a constant Ko > 0 such that T satisfies the Sharp Triangle Inequality
with constant K.
Moreover, if the corresponding conver body has its curvature bounded above everywhere by
K, then 1. holds with Ky = 1/k, 1. implies 2. with K1 = 1/2k and 2. implies 3. with
KQ = 1/,%.

Proof. We denote by W the convex body whose support function is 7.

We prove 1 = 2. Notice that, by hypothesis, the convex body has no angles. Let
¥ y* € OW, x* # y* and 0 < 2K < Kj. The disk D(z*,2K) of radius 2K7, tangent to
W at x* is a subset of W by Lemma B.2.2; we denote by c its center. If

(¥ —y*,x) > 4K, , (B.26)
then
(" —y*, %) = Ki||Z - g3, (B.27)
since ||z — ¥, < 2.
We suppose that
(¥ —y*", Z) < 4K . (B.28)

We can find z € D(z*,2K) such that, if v = (2 — ¢)/||z — ||, and ¢ is the angle between
the unit vectors ¥ and v, then (Z,v) > 0 and

(x* —y*,7) = 2K, (1 — cos ¢) = K1||7 —0]|2. (B.29)
The key observation is that the vector 7 cannot “turn” faster than v:

(z,9) > (2,9). (B.30)

4A partial result in that direction has already been proved by Toffe in [I1]. He proved that the positive
stiffness property implies the validity of the Sharp Triangle Inequality, under some smoothness assumptions.
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Suppose this is not true. We proceed in two steps. First suppose that (z* —y*, 7) < 2K;.
Let D(y*,2K1) C W be the disk of radius 2K, tangent at y* and let D'(y*,2K;) be
the disk of radius 2K, whose center ¢ is on the segment from z to y* and such that
y* € D'(y*,2K1). Then (B.28) and convexity of W imply that ¢ is in the tube delimited
by A(Z) and its translate going through c¢. Moreover, if (B.30) does not hold, then the
support plane for D(z*,2K7) at z and the support plane for D'(y*,2K7) at y* intersects
inside H(Z). Since D(y*,2K1) can be obtained from D’(y*,2K7) by rotating it around
y* in such a way as to make these two support planes coincide, D(y*,2K1) cannot be
contained inside H (7). Since W is convex, this implies that D(y*,2K;) ¢ W, which is
impossible by Lemma B.2.2.

We have thus shown that for any y* € W such that (z*—y*,z) < 2K, equation (B.30)
is true. We consider now the case of the points y* € 9V such that 2K < (z* — y*,7) <
4K, . It is enough to observe that we can make the same argument replacing x* by the two
points uf € OW, i = 1,2, such that (z* —u!,z) = 2K;. Indeed all the points y* satisfying
2K, < (x* —y*,7) < 4K also satisfy (u] — y*,u;) < 2K, for one of these two points u.
From (B.30) we have

13— 3l < |7 — ol (B.31)

and
(z* =y 3) = K1 |z =0l > Ku ||z — 715 - (B.32)

We prove 2 = 1. Again the hypothesis implies the absence of corners (otherwise we
could find Z; # T3 both in duality with z*). Suppose that

(@ =y 2) > K|z - 9113 - (B.33)

Let D(x*, p,~) be the disk of radius p,~ which is tangent to ¥V at z* and such that
y* € 0D(x*, py~); we denote by c its center and write u = (y* — ¢)/||y* — c||». Assume
furthermore that (x,u) > 0, which is certainly true when y* is close enough to z*. Let
v=Z+u and U = v/||v||,. Then

* * o Py* 1~ ~
@ =y 7 = 2 - a2, (B.31)

Since (z* — y*,v) = 0 and OW is convex there exists z* € OW “between” z* and y* such
that 2= v and

1Z = 2]l < |Z = Fll»- (B.35)

On the other hand,
17—l < [|7 =l + [[v — ull, (B.36)

and, by construction,
17 = vll. = [[v—aull. = [z —Z].. (B.37)

If z = y, then p,~ = oo; otherwise, using the preceding equations, we can write

Py* |1~

Iz —al3
2

20,17 ~ 37 >

1|z -9, (B.38)
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and therefore p,« > %K 1. Since this holds for any y* in a neighbourhood of z*, we have
p(z*) = %Kl.
We prove 2 = 3. We set

. « ~_ Tty
z=x+y, ZF=(@+y)fandz=—"-—. (B.39)
[+ yll
With these notations, we can write
(@) +7(y) —7(2) = (=" 2) + (¥, y) — (7, 2)
= (" =2 )+ (y" =2 y)
= llzll2(z" =25 2) + llyll(y* — 2%, 7). (B.40)
By elementary trigonometry,
Ill2 + llyll> = 21l = 3 (el 12 = 212 + lyll> 17 = 213) - (B.41)

The conclusion follows easily by comparison between these two equations.
We prove 3 = 2. Let 2* and y* be given. We set z =z + y. Using (B.41), ||z — Z||. =
1y =22 and [|7 = ll, < [|7 = Z[|. + [y — Z]|2, we have

(@ —y" o) =" 2) + (¥ y) — (¥, T+7)
> 7(2) +7(y) - 7(2)
> Ko (|22 + 191l — [I21l2)
Koz — 2|3
ez =gz - (B.42)

WV
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Appendix C

Cluster expansion

In this appendix, we state without proof one version of the Theorem about the convergence
of the cluster expansion. Proofs can be found for example in [KoPr, Pf1, Do2|. We state
it in its most explicit formulation, which can be found in [Pfl]. We restrict ourselves to
the settings used in this thesis.

Let € = {n1,m2...} be a countable set, whose elements are pairs 7; = (n7,7) with 7}

a connected set of edges and 1 : £ D nf — C is an application associating to each edge

of n; a value, which we call its color, in some finite set C'. There is a reflexive, symmetric

relation on €, which we write ¢; if ntn/, we say that n and ' are incompatible. There

is a function z : € — C; z(n) is the weight of 7. We suppose that there exists a function
w : € — R such that

)| <w(n), ¥nee, (C.1)

and w(n;) = w(n;) if 7} is a translate of i and they have the same colors. We also suppose
that there is a function b : € — P(Z?) such that

nen = n*Nb(y) # 2. (C.2)

We then have the following
Theorem C.0.1. If

D= w(n)exp(jb(n)]) <1,
nec
not

for any site t, then

1+Z > II=tm) —eXp(Zn, Z n 771,---,%)]_[ ()

n>1 : Mselin 4 n=l " n,.e.,
ni Y15, ViFE]
where ©X(n1,...,m,) is some combinatorial function which is zero if the graph of the
relation ¢ restricted to m1,...n, is not connected (when ok (n1,...,n,) # 0, we say that
the family ny, ..., n, forms a cluster); moreover, we have the following bound
Z Z|90n 7717"'77771|H| 771 n_l)'Dn
N1t N2,

283
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We give now an example of how this theorem is used in practice. We consider the
Ashkin-Teller model in some finite simply connected subset A of Z?, with +-b.c. and
with coupling constants 3J. Let € be the set of all contours contributing to the partition
function (see (D164), p. 197). Notice that these objects can be written in the same way
as above, by specifying their support (i.e. which edges they use) and the color of each
edge (i.e. if it is a o, 7 or o7-edge). The compatibility relation is simply A-compatibility.
The weight is defined in (D162), p. 196, and we can take b(y) = A(7), the edge-boundary
of the contour . The hypotheses of the Theorem are easily seen to be satisfied when (3
is large enough and therefore we know that it is possible to expand the logarithm of the
partition function.

The main use of the theorem is to estimate a ratio of partition functions, where the
contours appearing in the numerator (for example) must satisfy some supplementary con-
straints, for example that they are log A-small. Then both the numerator and denominator
can be expanded, and all families of contours 7y, . .., v, which contain only small contours
cancel and there only remain terms corresponding to clusters containing at least one large
contour. Since the constant D can then be taken as |A|~®¥. This implies that the
probability that there are only log|A|-small contours is 1 — |A|~9®),
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