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1. INTRODUCTION

These lectures are devoted to the exposition of recent results about the nature of
the singularity of the pressure and the free energy at a first order phase transition
[FrPfl], [Fr] and [FrPf2]. The main results of these works are summarized in [FrPf3)].
There are two principal results, one concerning the nature of the singularity of the
pressure at a first order phase transition, which is proved at low temperature for
lattice models with finite state space, finite range interactions, with two periodic
ground states verifying the Peierls condition. The second one constitutes the bulk
of the PhD thesis of Sacha Friedli; it concerns the van der Waals limit of Ising models,
and how analyticity of the free energy is restored in this limit at a first order phase
transition point. This section is devoted to a selective historical introduction to the
subject.

1.1. 1869-1875. Andrews’ Bakerian Lecture to the Royal Society in 1869 was en-
titled “On the Continuity of the Gaseous and Liquid States of Matter” [An|. This
paper is famous for the first experimental proof of the existence of the critical tem-
perature, a term coined by Andrews himself in this paper. For the first time precise
measurements of several isotherms for carbon dioxide were performed above, below
and at the critical temperature. Andrews deduced that the ordinary gaseous and
ordinary liquid states are, in short, only widely separated forms of the same condi-
tion of matter, and can be made to pass into one another by a series of gradations
so gently that the passage shall nowhere present any interruption or breach of conti-
nuity. In 1822 Cagniard de la Tour had already found that if ether, alcohol or water
were heated in a sealed tube the volumes of the liquids increased by about two- to
four-fold, but eventually the liquid was apparently converted into gas!. But he had
no clear idea of the significance of this result. In my lectures it is not the critical
temperature T, which is my interest, but the isotherms for temperatures 7' (well)
below T, where there are sharp breaks at the gas and liquid ends of isotherms when
the phenomenon of condensation takes place.

In 1871 James Thomson wrote a speculative paper [Th] about the isotherms
of a simple fluid®. After summarizing the experimental results of Andrews [An],
proving the existence of the critical point and the fact that one can pass from
the gaseous state to the liquid state by a course of continuous physical changes
presenting nowhere any interruption or breach of continuity, he wrote it will be my
chief object in the present paper to state and support a view which has occurred to
me, according to which it appears probable that, although there is a practical breach
of continuity in crossing the line of boiling-points from liquid to gas or from gas
to liquid, there may exist, in the nature of things, a theoretical continuity across
this breach having some real and true significance. This theoretical continuity, from
the ordinary liquid state to the ordinary gaseous state, must be supposed to be such
as to have its various courses passing through conditions of pressure, temperature,
and volume in unstable equilibrium for any fluid matter theoretically conceived as

!See beginning of [An].

2In 1871 Maxwell was writing his book Theory of Heat and he gave an account of the works of
Andrews and Thomson. Thomson’s ideas are discussed at p.124-127 in [M1], in the chapter which
is devoted to the isothermal lines, as well as to the experiments of Cagnard de la Tour and of
Andrews. There are few concrete arguments in this paper, and its importance cannot be compared
to van der Waals’ dissertation [vdW1].
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homogeneously distributed while passing through the intermediate conditions. Such
courses of transition, passing trough unstable conditions, must be regarded as being
impossible to be brought about throughout entire masses of fluids dealt with in any
physical operations. Whether in an extremely thin lamina of gradual transition from
a liquid to its own gas, in which it is to be noticed the substance would not be
homogeneously distributed, conditions may exist in a stable state having some kind
of correspondence with the unstable conditions here theoretically conceived, will be a
question suggested at the close of this paper .. ..

Figure 1: Thomson’s isotherm below the critical temperature, pressure as function of volume.

Below the critical temperature, the theoretical isotherms proposed by Thomson
have a minimum and a maximum. Their interpretation, in 1871, is the one which
one finds in many text-books, and which is still taught today®. There is a well-
defined pressure, say corresponding to states C, E and G, where the fluid can be
in two different stable (equilibrium) states C' and G, and such that one can pass

from one state to the other in a reversible way. This corresponds to a first order

phase transition point. What is still missing is the determination of that pressure®.

Maxwell published his “equal area rule” only in 1875. All states along the isotherm
between B and C' correspond to stable liquid states, and similarly all states between

3See for example [Ca] chapter 9, or [CoM] chapter 8.

“In a correspondence with Thomson, Maxwell wrote (13 July 1871 [Ha2] 668-669): I should like
to hear from you if the proof I send gives a fair account of what Andrews and you have done and
more particularly if you have told me anything in confidence that you have not yet published mark
it out. I hope however that you will publish some of what you told me for the speculation seemed
of the fertile kind. [...]. The next difficulty is What determines the true boiling temperature of the
steam which is found to be so constant? In his reply (21 July 1871 [Ha2] 670-671) Thomson wrote:
I think it is not possible for the substance at the pressure indicated by B to pass into the gaseous
state & that if the liquid is in contact with its vapour at this pressure it is really found that the
liquid will not begin to pass into the gaseous state. On the contrary I think under the circumstances
stated it will all go down to the liquid state. Then Thomson made a similar statement for the state
H. Concerning the question of Maxwell about the true boiling temperature, Thomson wrote [
will answer rather a corresponding question [...]: What determines the true boiling pressures of
steam which is found to be so constant for any given temperature? I reply:- There is just one
intermediate point of pressure between the pressure at F' and the pressure at D, at which the liquid
and its gas can be present together in contact with one another.
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H and G are stable vapour states. The states between C' and D exist as homogeneous
liquid states, but are not equilibrium states. They represent superheated liquid
states and they are metastable states. Such states were experimentally observed in
1871. Similarly the states between GG and F' represent supercooled vapour states and
are metastable. Later, in his treatise on Thermodynamics §27 [P1] Planck gives the
interpretation of the isotherms in the following terms: At all times, it is possible to
follow the isotherm beyond the point G towards the point F', and to prepare a so-called
supersaturated vapour. Then only a more or less unstable condition of equilibrium is
obtained, as may be seen from the fact that the smallest disturbance of the equilibrium
1s sufficient to cause an immediate condensation. The substance passes by a jump
into the stable condition. Nevertheless, by the study of supersaturated vapours, the
theoretical part of the curve also receives a direct meaning. On the other hand,
Maxwell did not attribute any physical meaning to the unstable part of the isotherm
between D and F' (see [M1] p.125), contrary to Thomson. In this respect van der
Waals wrote in [vdW1]*: The idea of joining C and G by a straight line, as is done
by Mazwell, is not a happy one. Since for these states the pressure is increasing as
the volume increases, they cannot be realized as stable (homogeneous) states, but
Thomson thought that they might be realizable at the interface between gas and
liquid. I shall come back to this important point when concluding this subsection.

Van der Waals published his famous dissertation in 1873 [vdW1], whose title in
English is almost identical to the title of Andrews’ Bakerian Lecture in 1869: “On
the Continuity of the Gaseous and Liquid States.” This fundamental work, its
consequences and later developments are analyzed thoroughly by Rowlinson in his
book [R2], where an English translation of van der Waals’ dissertation is also given.
See also [Kl]. It is in this work that appears the famous equation of state, which
can be written a

(p+5) (0 =b) =T (1.1)
In that formula p is the externally applied pressure, v is the specific volume, or
v~! the density, a/v? (a > 0) is the molecular pressure arising from attraction
between the molecules. The first factor is interpreted as the total effective pressure.
The factor b is four times the effective volume of the molecule, so that the second
factor is the effective volume, per particle, within which the molecules can move.
The right hand side is proportional to the kinetic energy per particle, and 7" is the
absolute temperature. Van der Waals explained Andrews’ results on the continuity
of the gaseous and liquid states by his famous equation, and gave a solid theoretical
foundation to Thomson’s speculations. There exists a critical temperature T, such
that for T' > T, there is only one real solution for v, given p and T'. On the other
hand, if 7" < T, there are three real solutions, and qualitatively the isotherms are
similar to those of Thomson.

Equation (1.1) was based on Clausius’ virial theorem, which relates the kinetic
energy of molecules to forces acting on them [Cl]. If v; is the velocity of particle ¢ at
position x;, and F; the resultant of all forces acting on particle 7, then the average
over long times of the total kinetic energy (wvis viva) is equal to the average of the

virial,
1 1

“English translation, [R2] p.196.



If the internal forces are central forces, then this expression becomes®

1 9 3 1
§<Z miv;) = QPV +3 ZTij¢(Tij) :
i i
In this formula V' is the volume of the vessel containing the particles, p the pressure,
r;; the distance between particles i and j, and ¢(r;;) the intensity of the force
between particles ¢ and j, which is positive when the force is attractive.

This work received immediate recognition and Maxwell wrote a long review in
Nature in 1874 [M2]. At the beginning of his review Maxwell wrote: That the
same substance at the same temperature and pressure can exist in two very different
states, as a liquid and as a gas, is a fact of the highest scientific importance. A
large portion of the second part of Boltzmann’s Lectures on Gas Theory is devoted
to van der Waals’ theory [Bol]. Planck wrote in his treatise on Thermodynamics
[P1], in paragraph §24: To van der Waals is due the first analytical formula for the
general characteristic equation, applicable also to the liquid state. He also explained
physically, on the basis of the kinetic theory of gases, the deviations from the be-
haviour of perfect gases. Later, in paragraphs §26, §27 and §28, Planck discusses in
details a modification of equation (1.1) due to Clausius, which fits observations on
the compressibility of gaseous and liquid carbon dioxide at different temperatures
fairly well. For a recent account of van der Waals’ equation see [ELi], which also
contains the derivation of (1.1) due to Ornstein from statistical mechanics [Or| (Lei-
den dissertation). It is based on the idea that the interaction pair potential between
particles consists in a repulsive hard-core that is short range and an attractive, weak,
long-range part. The theory is what is called today a mean-field type theory.

In the same year 1873 Gibbs published his important paper A Method of Geomet-
rical Representation of the Thermodynamic Properties of Substances by Means of
Surfaces [G1], where he gave a geometric characterization of the phase diagram by
introducing the energy-volume-entropy surface, which he called the thermodynamic
surface of the body’. Specifically he discussed the surface

u=wu(s,v) wu the energy, s the entropy, v the volume.

6See [Cl] or [LLi] pp. 113-114. The virial theorem is properly a theorem of analytic mechanics.
The term wvirial is due to Clausius [Cl]. It come from Latin vis (force). In [Cl], Clausius considers the
case of a large number of particles. The motion of the particles is stationary in the following sense:
By stationary motion I mean one in which the points do not continually remove further and further
from their original position, and the velocities do not alter continuously in the same direction, but
the points move within a limited space, and the wvelocities only fluctuate within certain limits.
Clausius made the following important remark concerning the time average: it is not necessary
to take the mean value of rd(r) [rijp(rij)] for each pair of atoms, but the values of r¢(r) may
be taken for the precise position of the atoms at a certain moment, as the sum formed therefrom
does not importantly differ from their total value throughout the course of the individual motions.
Consequently we have for the internal virial the expression

1
3 ZWM(W) :
Z!j

The term %pV is the result of the integration of the external forces over the boundary of the vessel,
after using Gauss’ divergence theorem (div(x) = 3).

"Gibbs made explicit reference to Thomson’s paper [Th]|, who also introduced a surface, but
for different quantities, namely the temperature, volume and pressure, so that the isotherms are
level-lines of that surface.
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The pressure and the temperature of the state, which is represented by a point of
the surface, give the directions of the tangent plane at that point,

Gibbs remarked that this mode of representation applies also to the case in which the
system is not in a homogeneous state, for example, a state representing a mixture
of vapour and liquid wn equilibrium. The surface obtained in this way is called
thermodynamic surface. He divided this thermodynamic surface into two parts: the
primitive surface, whose points correspond to homogeneous states, and the derived
surface, whose points do not correspond to homogeneous states®. His main point is
that there is a simple geometric relation between the primitive and derived surfaces,
which is a consequence of the fact that the volume, entropy and energy of the whole
body are equal to the sums of the volumes, entropies and energies respectively of
the parts, while the pressure and temperature of the whole are the same as those of
each of the parts. Knowing the primitive surface, one can reconstruct the derived
surface by rolling a tangent plane on the primitive surface. An important point is
that the form of the primitive surface is such that the rolling tangent plane does not
cut it; the thermodynamic surface is convex. He showed that the thermodynamic
equilibrium between gas and liquid is achieved at the pairs of points of contact with
the primitive surface of a rolling tangent plane. In the context of these lectures, the
following passage of Gibbs’ paper is relevant®: If there is no gap in the primitive
surface, there must evidently be a region where the surface is concave toward the
tangent plane in one of its principal curvature at least, and therefore represents states
of unstable equilibrium . ... This hypothesis, there is no gap in the primitive surface,
leads to similar results as those of Thomson. Maxwell was enthusiastic about Gibbs’
surface. In a letter to T. Andrews'® he wrote: I think such graphical methods are
better fitted for purely conjectural applications of the principle of continuity beyond
the range of experiment than any empirical formulae.

At the end of 1874 Maxwell formulated the “equal area rule”. He announced
his result to G. Tait in the following terms'': In James Thomsons figure of the
continuous isothermal show that the horizontal line representing mized liquid and
vapour cuts off equal areas above € below that curve. Do this by Carnots cycle.
That I did not do it in my book shows my invincible stupidity. This thermodynamic
argument was published in 1875 in [M3]. The value p* of the pressure, for which
there is a plateau in the isotherm, is determined by the condition

Vg
p oy —w = [ plo)do,
vy
p(v) being the equation of the isotherm given by equation (1.1). Since the pressure
is given (up to the sign) by the derivative of the Helmholtz free energy, f = u —T's,
which gives the maximum work that can be extracted from the system along any

8For example, in the case of the coexistence of vapour and liquid, a point of the derived surface
represents an inhomogeneous (macroscopic) state, where a portion a of the system is in the vapour
phase and a portion 1 — « is in the liquid phase. The vapour and liquid states are represented by
two different points of the primitive surface. There is breach of continuity.

9[G1] p.45.

1015 July 1875, [Ha3] pp. 236-238.

1198 December 1874 [Ha3] 155-156; see also [Ha3] 157-158.
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isotherm, Maxwell’s rule is equivalent to take first the convex envelope f* of the
Helmholtz free energy f, and then to take the derivative, so that the pressure of the
isotherm with the plateau is given by

af*
P="ay

To summarize these fundamental results obtained in this short period of time,
one can perhaps say that a salient feature of these experimental and theoretical de-
velopments is the emphasis on the idea of continuity*?, which finds an experimental
basis in the work of Andrews about the existence of the critical point, and a firm
theoretical basis in the work of van der Waals. The van der Waals isotherms are an-
alytic curves. For each fixed value of the temperature below T, Maxwell’s rule gives
the (unique) value of the pressure for which vapour and liquid coexist as equilib-
rium phases; thus, the equilibrium isotherms at low temperature have three distinct
analytic parts, the middle flat part defined through Maxwell’s rule corresponds to
physical situations where both the vapour and liquid coexist as equilibrium phases.
There are analytic continuations for the two other parts, which are given by the
van der Waals isotherm, and the parts of these analytic continuation where % <0
are interpreted as superheated liquid states, respectively undercooled vapour states.
Even the more problematic part of the analytic isotherm, between the minimum and
the maximum of the isotherms, where % > 0, plays a role in the mechanical theory
of surface tension developed by Fuchs and Rayleigh!®, and in the thermodynamic
theory of capillarity of van der Waals [vdW2]. The theory of van der Waals has been
revisited later by Cahn and Hilliard [CHi]. Suppose that the Helmholtz free energy
is written as a function of the density p, at fixed (low) temperature, ©» = 1 (p).
Here 1) is the analytic free energy, which is non-convex in the two-phase region.
Thomson’s idea, that the non convex part of ¥(p) might be physically realizable in
the interface between equilibrium phases, is implementing as follows (see e.g. [W1]).
The surface tension, which is the excess of free energy in the inhomogeneous system,

2Maxwell, in his letter to Andrews quoted above, refers to the principle of continuity. Duhem,
who did not accept the atomistic model of thermodynamics, in contrast to Boltzmann, Clausius,
Maxwell, van der Waals and others, considers in his epistemologic treatise La théorie physique, son
objet - sa structure ([Du]), that la théorie de la continuité de l’état liquide et de l’état gazeuw, is an
important theory of Physics ([Du] p.138-139). The van der Waals isotherms are analytic. Absence
of gap in Gibbs’ primitive surface is related to Thomson’s ideas. Furthermore, Andrews’ paper [An]
ends as follows: We have seen that the gaseous and liquid states are only distant stages of the same
condition of matter, and are capable of passing into one another by a process of continuous change.
A problem of far greater difficulty yet remains to be solved, the possible continuity of the liquid and
solid states of matter. [...] for the present I will not venture to go beyond the conclusion I have
already drawn from direct experiment, that gaseous and liquid forms of matter may be transformed
into one another by a series of continuous and unbroken changes. The following quotation of
Herschel’s Preliminary Discourse on the Study of Natural Philosophy is also worth mentioning in
relation with this idea of continuity (see [R2] p.4). Indeed, there can be little doubt that the solid,
liquid and aériform states of bodies are merely stages in a progress of gradual transition from one
extreme to the other, and that, however strongly marked the distinctions between them appear, they
will ultimately turn out to be separated by mo sudden or wviolent line of demarcation, but shade
into each other by insensible gradations. The late experiments of baron Cagnard de la Tour may
be regarded as a first step towards a full demonstration of this (§199). The reference to §199 of
his book is to “that general law which seems to pervade all nature - the law, as it is termed, of
continuity, and which is expressed in the well-known sentence “Natura non agit per saltum”.

13[R2] p.6.
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is assumed to be a functional of the density profile'* p(x,y, 2) = p(x), 2 € R, which
can be written as

[e@)doi= [ [s(ota) + 545 @] da.

This functional is the sum of two terms; ¥ (p(z)) describes a completely homogeneous
state (perhaps unstable) at the local density p(z), and £ Ap/(x)?, which is a term due
to van der Waals [vdW2], is a first correction for deviations from uniformity. The
density profile between the vapour and the liquid phases, which are at equilibrium, is
assumed to minimize the surface tension subject to the boundary conditions imposed
to the system. Therefore, the non convex part of the free energy corresponding to
the metastable and unstable states plays a significant role in the above functional.
Without the second term, there would be no non-trivial density profile, since the
minimum of the functional would be attained by a profile with p(z) = p, if x < 27,
and p(z) = p if © > x*; the point z*, which gives the position of the interface,
is determined by the boundary conditions and the quantity of vapour, respectively
liquid, in the system.

Many works nowadays, about phase transitions and interfacial phenomena, are
based on functionals of the above type, with a non convex part 1 (p), which is
assumed to be an analytic continuation of the equilibrium free energy (see e.g.
[La2].) Maxwell’s equal area rule or Gibbs’s convex envelope of the free energy are
used to determine the phase coexistence points. Our main result is that, for short-
range interaction potentials, at least for a large class of models, such functionals
cannot be derived from first principles of Statistical Mechanics: there is no analytic
continuation of the free energy (and equilibrium isotherms) at a first order phase
transition.

1.2. 1937-1952. I shall not discuss the period from 1875 to 1937, although many
important papers in relation with phase transitions appeared during that period.
Systematic corrections for the law of perfect gases were studied from the virial ex-
pansion. Ferromagnetism was extensively studied and in particular mean-field type
theories were developed (Curie-Weiss model, Bragg-William approximation). Lat-
tice models were used to study phase transitions. For this period, see the essay
of Rowlinson [R2]. One of the achievements of nineteenth century physics was the
development of the statistical (i.e. microscopic) basis of thermodynamics, which
owes its origin to the desire to explain the laws of thermodynamics from mechanical
principles, and of which Clausius, Maxwell and Boltzmann are to be regarded as the
principal founders. But it is Gibbs’s work, in particular his monograph, Elementary
Principles in Statistical Mechanics, [G2], published in 1901, which is the basis of our
present formulation of equilibrium statistical mechanics. However, when this book
appeared, statistical mechanics was facing one of its biggest problems in relation
with the behaviour of various specific heats'®. It is therefore remarkable that this

40ne assumes that p(x) — p, when & — —oo, and p(x) — p;, when z — oo. The system is
translation invariant in the other two directions.

15Gibbs wrote (p.vii-viii of [G2]): In the present state of science, it seems hardly possible to frame
a dynamic theory of molecular action which shall embrace the phenomena of thermodynamics, of
radiation, and of the electrical manifestations which accompany the union of atoms. Yet any theory
is obviously inadequate which does not take into account of all these phenomena. Even if we confine
our attention to the phenomena distinctly thermodynamic, we do not escape difficulties in as simple
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book gives the foundations of equilibrium statistical mechanics as we know it today.
Our understanding of phase transitions since the beginning of the 20th century is
based on the very successtul application of the principles exposed in this monograph
to a wide variety of physical problems. However this confidence on the principles
developed in [G2] did not arise in one day, and the success of this fundamental
approach was slow'®. The fact that we can describe with the help of a single math-
ematical expression, the partition function, both the liquid and the gaseous phases,
is a major step in our understanding of phase transitions.

The picture which emerges from the paper of Mayer, [Mal, to the paper of Yang
and Lee, [YLe|, is very different from the preceding one: the emphasis is on the
idea of singularity. In a series of papers Mayer and his collaborators studied the
phenomenon of condensation. The first paper of the series published in 1937, [Ma],
prompted immediately several important papers, by Born and Fuchs [BF|, Kahn’s
dissertation (1938) at Utrecht [Ka], Kahn and Uhlenbeck [KaU]. See also De Boer
[dB1]. The paper of Mayer was discussed at the Van der Waals Centenary Congress
in Amsterdam on November 1937. The results were presented by Born [B]. Born
wrote: [ consider this work as a most important contribution to the development
of van der Waals theory, which ought to be reported at this meeting, in spite of
the fact that Mayer’s methods are rather difficult to understand and his results not
completely satisfactory. About this report we can read in [BF]: [it] was followed
by a vigorous discussion on the question as to whether Mayer’s explanation of the
phenomena of condensation is correct. Doubts about this point were raised by the
referee, because it is difficult to comprehend how a method of approximation such
as that of Mayer, starting from the gaseous state, can lead to the discontinuity of
the density on an wsothermal curve which corresponds to condensation. The usual
methods for treating the equilibrium of the two phases introduce the equation of state
of both phases and derive the condition for their co-existence. Mayer’s theory does
nothing of this kind, but treats all possible molecular arrangements with their proper
weight, as if there were only one phase. How can the gas molecules “know” when
they have to coagulate to form a liquid or solids? Mayer’s mathematical method is
too involved to make this point quite clear'”.

Indeed, a major problem, not touched by the theory of van der Waals, which
deals with pure homogeneous states only, is the mechanism leading to condensation.
Moreover, the horizontal part of the equilibrium isotherm corresponds precisely to
a region where the system is inhomogeneous. Instead of describing the state of a
system by its density only, Mayer tried to evaluate the (canonical) partition function
of a system composed of N particles inside a volume V| starting from the expansion

a matter as the number of degrees of freedom of a diatomic gas. It is well known that while theory
would assign to the gas siz degrees of freedom per molecule, in our experiments on specific heat we
cannot account for more than five. Certainly, one is building on an insecure foundation, who rests
his work on hypotheses concerning the constitution of matter.

611 his 1960 lectures [UF], Uhlenbeck (p.32-34) listed three basic questions, which one would
like to answer on the basis of statistical mechanics: (a) the deviations from the ideal gas law, (b)
the condensation phenomenon, and (c¢) the existence of a critical temperature Teyi. Then he wrote:
There are other general phenomena. At still smaller volume and probably at any temperature the
substance solidifies, and has the corresponding solid-liquid and solid-vapour equilibria. But the
explanation of these phenomena from the basic integral for Z(V,T,N) [partition function] is still
far from being accomplished . ... This is still true today!

17See also footnote 26.
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of the partition function in terms of the cluster integrals (integrals of the Ursell func-
tions over the phase space). He assumed that the cluster integrals are independent
of the volume and are positive'® below the critical temperature. In his computation
he took into consideration all clusters; it is the statistics of the large clusters which
are decisive for the phenomenon of condensation. This was an important and novel
feature with respect to mean field type theories. One of the defects of the theory,
however, was the impossibility of computing the isotherm of the liquid phase®®.

One can say that the essence of Mayer’s theory consists in the study of the ex-
pansion of the pressure,

1% = Z bzt (b are the cluster integrals),

>1

for small activity z. Mayer’s conjecture, as formulated by Fisher in [F|, asserts that
the function p(z), defined by the power series and its analytic continuation, has, on
the positive real axis, a nearest singularity z = z; which occurs at the condensation
point z = z,. One of our results is that for short-range interaction potentials, at
least for a large class of models, this form of Mayer’s conjecture is correct at low
temperature. The pressure cannot be analytically continued beyond z = z,, so that
21 = Zg-

We cannot accept today all conclusions reached in [Ma]. However, from this pa-
per and subsequent papers, the following understanding emerged about the question
whether one can prove that, at sufficiently low temperatures, an isotherm consists
of at least three different analytic parts. The picture is very different from the one
in van der Waals’ theory. This is well expressed in the introduction of [KaU].

(1) The equation for an isotherm is derived solely from the partition function.

(2) In order to have three different analytic parts for the isotherm one must take
the thermodynamic limit?°.

(3) In the thermodynamic limit one cannot obtain states corresponding to supersat-
urated vapour states for example. Only equilibrium states are obtained.

18Todauy we know that this is not correct.

19[F] is an excellent paper on this subject. See also [dB1], [dB2] and the foreword of Uhlenbeck
in [Ka]. For an account of Mayer’s theory, see [MaMa].

20This was emphasized by Kramers at the Van der Waals Centenary Congress, see [D]. He
pointed out that one is really interested not in the partition function itself, but in the thermo-
dynamic limit of the free energy. In this limit one may obtain non-analytic behaviour at certain
densities and temperatures. However, it is the work of Yang and Lee [YLe|, which established
clearly this fact. It is true that in his famous paper [On] Onsager proved that the free energy of
the two-dimensional Ising model, in the thermodynamic limit, has a singularity in the temperature,
at zero magnetic field. But, this singularity is related to the critical point of the model, and is not
the singularity studied in these lectures.

Kramers’ statement about the thermodynamic limit should be taken cum grano salis. One
can state, as basic principle of statistical equilibrium thermodynamics: The partition function
for finite systems is the basic object. All equilibrium information about the system concerning
bulk properties, like here, but also about surface properties of the system, as for example the
wetting phenomenon [PfV], are encoded in the partition function. Since the number of particles
is very large, the bulk properties of the system are best described in the thermodynamic limit.
By considering the free energy in this limit, one singles out the bulk properties of the system. It
should be stressed again, that the validity of this principle is mainly due to many very successful
applications to a great variety of cases.
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These very clear statements were not mathematically demonstrated?! when they
were formulated by Kahn and Uhlenbeck. In 1949 van Hove [vH] proved the exis-
tence of the thermodynamic limit and convexity properties of the thermodynamic
potentials, which implies that the states on a isotherm correspond only to equilib-
rium states. For later mathematical works on this important question see [Ru]. In a
famous paper [YLe] Yang and Lee demonstrated in 1952 how in the thermodynamic
limit one can obtain singularities of the pressure, by accumulation on the real axis
of complex zeros of the partition functions. In another paper [LeY] they illustrated
this mathematical mechanism for the Ising model. It is, of course, one thing to
prove the existence of a thermodynamic limit for the partition function describing
both phases of a phase transition, but quite another thing to find out the exact
nature of the discontinuity at the phase transition. These papers do not contain
any information about the nature of the singularity of the pressure at a first order
transition??. The question whether one can have an analytic continuation at a first
order phase transition point is left open.

The mathematical deduction of the existence of a phase transition and of its
properties, from the study of the partition function only, is very difficult for realistic
models of physical systems. Motivated by the work of Mayer [Mal, several people,
Bijl [Bij] (Leiden dissertation), Band [Ban|, Frenkel [Frel], [Fre2] and Mayer and
Streeter [MaSt], introduced® the droplet model, in order to give a crude, but simple
theory of condensation, which leads qualitatively to results comparable with those of
Mayer’s theory. Contrary to the work initiated in [Ma] this is a half-thermodynamics,
half-statistics theory. The title of [Fre2] is A General Theory of Heterophase Fluctu-
ations and Pretransition Phenomena, and in the abstract one reads: [The paper] is
based on the idea that the macroscopic transition of a substance from a phase A to a
phase B is preceded by the formation of small nuclei being treated as resulting from
“heterophase” density fluctuations or as manifestations of a generalized statistical
equilibrium in which they play the roles of dissolved particles, whereas the A phase
can be considered as the solvent. The heterophase or heterogeneous fluctuations
should be contrasted with the ordinary density fluctuations, which can be denoted
as homophase or homogeneous fluctuations. The gaseous state is composed of single
particles and of molecules or droplets containing several particles. The state of the
system is specified by the number my of molecules with k particles, & > 1. One
assumes that the interaction between droplets is negligible, and one postulates the
form of the free energy of a droplet of [ particles, which is a sum of two terms, one
proportional to | (volume term) and another one proportional to ﬁ’ representing a

2ISee the quotation of Siegert’s paper [Si] in footnote 26.

2Chapter 15 of [Hu] (German edition (1964)) is an excellent exposition of these fundamental
results obtained by van Hove and Yang and Lee. See also chapter two of [UF]. The main result
in [YLe] is that, if a region of the complex plane is free of zeros of the partition functions, then
the pressure is analytic in that region. Accumulation of the zeros of the partition functions is a
necessary, but not sufficient condition for the existence of a singularity of the pressure. See [Sh]
for examples of accumulation of the zeros on some points of the real axis, without producing a
singularity of the pressure. For the mean-field Ising model there is accumulation of the zeros of
the partition functions at h = 0, when the temperature is low enough, since the pressure is not
analytic in the thermodynamic limit. But in this case, contrary to the theorem of Isakov, theorem
1.2, which is the main subject of these lectures, there is an analytic continuation of the pressure
at h =0 (see section 5).

Z3Gee in particular [F] and [dB1] for a treatment of this model.
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boundary term, the surface free energy. This last term makes sense only for very
large droplets. However, it is the behaviour of the statistics of large droplets which
is important for the condensation phenomenon??.

1.3. The van der Waals limit. A remarkable achievement of mathematical physics
is the derivation of the van der Waals-Maxwell isotherms from statistical mechanics
in the limiting case of infinitely long-range and infinitely weak interactions®. Brout
in [Bro] studied the Ising model in this limit, in relation with the mean-field theory.
He tried to develop a perturbation around the mean-field limit. He showed how one
can recover this limiting case by taking the limit of infinitely long-range and infin-
itely weak interactions, so that the overall strength of the interaction is constant®.

24The premises of this model are very different from those of a mean field approach. There are
similarities and also important differences with the Pirogov-Sinai theory of phase transitions [PiSi].
In this theory the mechanism for phase coexistence is the following one. I consider only the case
where the system has two ground-states, which are denoted by 1, respectively 5. In this theory,
for sufficiently small temperatures, there are only two stable phases, called 1;-phase, respectively
1o-phase. Generically only one phase is stable, except for specific values of the parameters of the
model.

Local perturbations of a ground-state are described by “geometric objects”, called contours.
(Usually the contours describing perturbations of the ground-state 7 differ from those of the
ground-state ¢2.) A contour has a size, which corresponds to the region where the perturbation of
the ground-state occurs. If the ¥1-phase is the only stable phase, then all ¢;-contours are stable (in
a precise mathematical sense), while large 12-contours are not stable. Stability of all ¢-contours
(which is equivalent to say that the v¢-phase is stable) implies that the ground-state is stable with
respect to local perturbations of any size, i.e. the ground-state for the infinitely extended system
is stable. This is the origin of the v-phase.

More generally, if one considers a given region R of the ground-state ¢;, then this region of
the ground-state 1); is stable if and only if all 9;-contours inside R are stable. Notice that inside
any given region R all possible perturbations occur with non-zero probability. The only way to
stabilize a region R of the ground-state 1;, when all 1;-contours inside R are not stable is to
suppress the unstable contours. This is precisely the basic idea of Zahradnik in his fundamental
paper [Z] about the Pirogov-Sinai theory.

An important difference with respect to the droplet model is that contours contain contours in
their interiors, typically 11-contours contains in their interiors 1s-contours and vice-versa. The
stable 1s-contours are precisely those that give rise to droplets of phase vy inside the ;-phase.
Larger stable 1s-contours allows larger regions of the ground-state s-phase to become stable, and
thus the appearance of larger droplets of the is-phase inside the 1;-phase. As one approaches
a point of coexistence with the other phase (associated with ground-state t3), more and more
1ho-contours become stable. It is precisely, when all contours of both phases become stable that
there is coexistence of the two phases. This happens at well-defined values of temperature and
chemical potential. The system “knows” when condensation takes place. The stability of contours
is a consequence of a delicate balance between volume versus surface effects. The subtle question
of non-existence of an analytic continuation of the pressure at a first order phase transition point
is also related to the stability/instability properties of the contours of both phases in a (complex)
neighbourhood of the coexistence point.

I thank R. Ferndndez for helpful comments on the Pirogov-Sinai theory.

#5Systems with weak long-range potentials are reviewed in [HLeb]. See also [Leb].

From [S]: The attitude of physicists toward the van der Waals equation has changed several
times since its birth in 1873. After the Ursell-Mayer expansion in the mid-thirties, the orthodox
view was that the van der Waals approximation was merely an extrapolation from the first two terms
of the virial series, and the equal area construction an ex post facto introduction of thermodynamics,
which would not be necessary if one could actually evaluate the partition function exactly, and obtain
from it the pressure in the thermodynamic limit (number of particles N — oo, volume V — oo,
with NJV = v fized).
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Baker also studied a similar limiting case for a one-dimensional spin system, [Ba] .
However, the derivation of van der Waals’ equation in this limit is due to Kac, Hem-
mer and Uhlenbeck in [KUH1], [KUH3] and [KUH3] for a one-dimensional model of
N particles in an interval of length L, with hard-core of size 6 > 0 and interacting
via an attractive interaction
—aye 7.

This model was introduced previously by Kac [K], who showed that the thermody-
namic limit L — oo, N — oo with [ = L/N constant, can be computed exactly. The
free energy is equal, in this limit, to the maximum eigenvalue of a Hilbert-Schmidt
kernel. For finite v the model does not exhibit a phase transition, since it is a one-
dimensional model with exponentially decaying interaction. However, if one takes
the limit v tending to 0, so-called the van der Waals limait, after the thermodynamic
limit, then appears a phase transition, which is described by van der Waals’ equation

(p—i—l%)(l—é) _ kT

In 1964 van Kampen gave a derivation of van der Waals’s equation with Maxwell’s
rule [vVK]. The arguments of van Kampen are “local mean field” type arguments.
This is the main and important difference with respect to a mean field theory, in
which the state of the system is described by one real quantity, the density. The
basic idea is that there are two scales. The system is divided into large cells, which
are small compared to the range of the attractive interaction, but large enough in
order to contain many of particles, and such that inside a cell one can use a mean-
field approximation. In this way Van Kampen obtained a coarse-grained description
of the model. The distribution of the particles is uniform over a cell, but not over
the whole system. The system can be partly in a gaseous phase or partly in a
liquid phase, and one can define a free energy for a given non-homogeneous coarse-
grained distribution, which is essentially the sum of the free energies of the cells.
The equilibrium free energy of the whole system is obtained by minimizing the free
energy over non-homogeneous coarse-grained distributions.

Lebowitz and Penrose [LebP], combining the ideas of van Kampen and the van der
Waals limit, proved the following remarkable result. Let ¢ : R — R, ¢(x) = ¢(|z])
be a (positive) function with compact support in [—1,1]¢, so that

/C(x)dx:a>0.

There was, however, at that time no proof for any classical system that the van der Waals loops
would not result even from an exact calculation of the Gibbs integral and that phase transitions
were contained in the fundamental formalism of equilibrium statistical mechanics; and some very
respectable physicists expressed a minority view to the contrary still in the late thirties.

In the forties, however, the famous papers of Onsager and of van Hove appeared. [...]. The
latter proved the impossibility of van der Waals loops in the thermodynamic limit for systems of
particles with hard-core repulsive interaction and finite range interaction. [...].

All this seemed to close the case, but I remember Professor Uhlenbeck saying at that time, that
is in the late forties, that he was unwilling to believe that a theory which gave a qualitative and
semi-quantitative description of the isotherm, including the phase transition, did not have some
nucleus of truth in it.

The idea that this nucleus of truth would be a limit theorem stating that that the mean field
approzimation should be exact in the limit of infinitely weak interaction of infinite range, must
have been in people’s minds; but I think it was first put in print by Brout in his 1960 Ising model
paper, in which he also started the investigation of the neighbourhood of this limit.
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Let 0 < v < 1. The interaction potential between particles located at z € R? and
y € R? is given by

¢ (lz = yl) = allz —yl) = v%(vlz —yl).

where ¢(]z|) is a fixed short-range repulsive potential which diverges at the origin
more rapidly than |x|*d/, d" > d. If the interaction potential is ¢ only (reference
system), then the free energy (at given temperature and in the thermodynamic
limit) is f(p), whereas the free energy (in the thermodynamic limit) for the full
interaction potential ¢, is denoted by f,(p). By general results f,(p) is convex.
Therefore, as one takes the van der Waals limit v — 0, the limiting free energy
remains convex. However, this limiting convex free energy is the convex envelope of
the non-convex free energy

—%oap2+f(p)-

Theorem 1.1. Under the above hypothesis, in the van der Waals limit v — 0,
. 1 =
lim £, (p) = CE| = Zap® + [(p)] .
7—0 2

where CE[g] means the conver envelope of the function g.

1.4. Droplet models versus mean field models. Since the problem of the na-
ture of the singularity at a first order phase transition is difficult and subtle, it was
discussed in the 50’s and 60’s by making drastic assumptions. Two different ap-
proaches were considered, one based on mean field type assumptions, and the other
on the droplet model. Both could not give an answer to the question, but allowed
to formulate at least precise conjectures.

Temperley, [T], and Katsura, [Kal] and [Ka2], considered the Bragg-Williams
approximation of lattice gases, in which the spatial positions of the particles do not
play any role. They observed a kink in the graph of the pressure at some activity
2y 1, but showed that the virial expansion had a singularity at z* strictly larger than
zyr, which implies that Mayer’s conjecture is false and that the pressure has an
analytic continuation beyond 2y, as in the van der Waals-Maxwell Theory. Katsura
conjectured that this is also true for simple models with finite range interaction, like
the Ising model.

A completely different conclusion follows from an analysis of the droplet model
[A], [F] and [Lal]*". This model, as opposed to the mean field approximation,
predicts that the finiteness of the range of interaction plays a crucial role in the
analytic properties of the thermodynamic potentials. Namely, when the range of
interaction is finite, droplets of any size are stable at the condensation point, and
although the probability of occurrence of large droplets is very small, it is their
stability which yields a contribution of the order k1257 to the k-th derivative of
the pressure, and which prevents an analytic continuation. At the transition point
z = z, all derivatives with respect to z (for real z) remain finite; one can write a
Taylor series for the pressure p, but this Taylor series has a convergence radius equal
to 0, so that no analytical continuation of p across z, is possible.

2TThe conclusion that the condensation point should be an essential singularity of the activity
series was advanced at the I.U.P.A.P. Conference on Phase Transitions at Brown University in
June 1962 by Fisher. See footnote 17 in [F].
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The question of the possibility of an analytic continuation was analyzed after-
wards by several people. Using different techniques (exact computation, spectral
properties of transfer matrix, numerical analysis, series expansion methods) they
obtained different answers and no definitive conclusions. The only definitive result
was obtained in 1978 by Kunz and Souillard [KuSo], who proved that the generating
function of the cluster-size distribution in percolation is analytic at z = 0 in absence
of percolation, and has, in the percolation regime, a singularity at z = 0, which is of
the same kind as the one of the pressure of the droplet model. The importance of
this paper is that it is the first mathematical result on this difficult question, which
is free from any assumptions about the behaviour of model. However, the problem
solved by Kunz and Souillard is mathematically closer to the droplet model than to
the Ising model.

The breakthrough came with the profound work of Isakov [I1] in 1984.

Theorem 1.2 (Isakov). In dimension d > 2, at low enough temperature, the pres-
sure® of the Ising model in a magnetic field h, p = p(h), is infinitely differentiable
at h = 0%, and for large k

P8 (0%) ~ ORI

The result implies that one can define two Taylor series of the pressure at A = 0
by evaluating the derivatives at h = 0T, respectively h = 0~. Both series have zero
convergence radius, so that there is no analytic continuation of p from {h < 0} to
{h > 0} across h = 0, or vice versa. In a second paper [12], Isakov tried to extend this
result to generic two phase lattice models. He had, however, to introduce hypotheses
that are not easy to verify in concrete models. The analysis of Isakov confirms the
prediction of the droplet model. However, as already mentioned in the footnote
24 the mechanism in lattice models leading to phase coexistence and non-analytic
continuation of the pressure is much more subtle than in the droplet model.

28The terminology here is not the usual terminology, when the model is considered as a spin
model. The term “pressure” is used in general for the lattice gas interpretation of the model. It
is the grand canonical pressure. In that case the chemical potential u is related to the magnetic
field by
w=2h—4J (J, coupling constant of the model) .

Then the transition takes place at * = —4.J. In the rest of the lectures I adopt the spin formulation
of the model, but I use the term “pressure” instead of “free energy”.
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2. ABSENCE OF ANALYTIC CONTINUATION FOR LATTICE MODELS WITH
SHORT-RANGE INTERACTION

At a first order phase transition, the pressure does not have an analytic continu-
ation in the thermodynamic variable, which is conjugate to an order parameter for
the transition, [FrPfl]. T give a precise statement of this result, theorem 2.1, in the
framework of the Pirogov-Sinai theory, at low temperatures, for lattice models with
finite range interaction and two periodic ground-states, under the only condition
that the Peierls condition is verified.

2.1. Main result, theorem 2.1. The notations are close to those of [FrPfl]. As
it is usually the case, the models are defined for the cubic lattice
74 = {r = (z(1),...,2(d) : (i) € Z} with d>2,

which is equipped with a norm,
] = (9]

There is a natural notion of “translation by a” for all a € Z?. For finite R > 0,

Br(z) :={y€Z": |z —y| < R}.

At each site of the lattice there is a “spin” taking its values in S, the state
space of the model, which is a finite subset. A configuration of the system is a
function ¢ : Z% — S. The restriction of ¢ to A C Z? is denoted by p(A), and two
configurations ¢, 1) are almost surely equal, p = ¢ (a.s.), if {z: ¢(z) # ¢¥(z)} C Z4
is finite.

|29

The interaction between spins are defined by a potential®, which is a family {® 4}

of local maps indexed by finite subsets of Z<,

= DPa(p) ER Du(p) = Pa(v), whenever p(A) = (A).
The interaction is of finite range, if there exists R < oo such that
b, =0if AacZsuch that A C Bg(a).
It is convenient to introduce
1
Uy =Y
A>zx ’A‘

and to write a hamiltonian H as the formal sum H = erzd U,. The partition
function® of the spins indexed by x € A C Z4, at inverse temperature 3, is

Z(8:8) =Y exp (=83 Bale(n))).,
e(M) AcCA

and the pressure, in the thermodynamic limit, is

1
p(B) = /I\IT% B InZ(A;3) (van Hove limit).

29See [Ru for further details.
300mne can add boundary terms. In the thermodynamic limit, taken in the sense of van Hove
(see [Ru]), these boundary terms do not affect the pressure.
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Let Hy be a hamiltonian with interaction of finite range R,
Ho= Y U
x€Z

I assume that H, has two (periodic) ground-states, ¢ and 1¢,. A configuration v
is a ground-state if

Ho(plthr) := Z (uo,x(SO) — Z/{O,x(wl)) >0 for any ¢ = (a.s.).
x€Z4

Ho(pl)r) is well-defined since the sum has only finitely many non-zero terms. Given
©, a lattice site x is 1);-correct if

©(Br(x)) = ¥;(Br(z)) -
It is correct if it is 11-correct or 1y-correct, otherwise it is incorrect. The boundary
of a configuration ¢ is by definition the subset of Z?

Oyp = U Bgr(z).

z€Z%: ¢
incorrect for ¢

Main assumption. The two ground-states 1, of Ho, m = 1,2, are periodic. They
verify the Peierls condition: there exists a constant p > 0 such that

Ho(plom) > plop| Y ¢ such that ¢ = ¥, (a.s.).
|C'| denotes the cardinality of a finite subset C'.

The Peierls condition is a very natural assumption. It means that in order to
create a boundary one needs an energy at least proportional to the size of the
boundary. Boundaries are energy barriers.

Let ‘H; be another hamiltonian with interaction of finite range R,

90) = Zul,:v‘

x€Z4

The hamiltonian of the model, H*, is the sum of Hy and puH;,
HY :=Ho+pHy, peR.
Assumption. H; splits the degeneracy of the ground-states of Hy: if u < 0, H* has
a unique ground-state, which is o; if > 0, H* has a unique ground-state, which
18 wl'
To simplify slightly the exposition®| T further assume that the energy (per spin)
of the ground-states for the hamiltonian H, is given by

) 1
lim quo,x(wm) = Z/{O,y(wm) =0, vy: m=1,2.
TEA

A1Z4

Similarly, the energy (per spin) of 1), for the hamiltonian H; is

h(¢m . }\IT%WZUI:U ¢m ul,y(qu)m)v Vy, m = 172

31See the computation in (3.4). This is not a genuine restriction, since one can always, by an
appropriate change of the lattice and of the state space S, reduce the general case to the case
g g
considered in these lectures.
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The assumption, about the splitting of the ground-states of Hy by H;, implies that
A = h(¢2) - h(¢1) > 0.

The quantity U , is interpreted as an order parameter. The real quantity p is the

conjugate variable to this order parameter. The pressure of the model, at inverse
temperature (3, is written by p(u, 3).

Theorem 2.1. Under the above setting, there exist an open interval Uy 3 0, f* € Rt
and, for all 3 > (3* there exists a p*(f3) € Uy with the following properties.

(1) There is a first-order phase transition at p*(53).

(2) The pressure p(u, 3) is real-analytic in p in {u € Uy : p < p*(B)}; it has a
C> continuation in {u € Uy : p < p*(B)}.

(3) The pressure p(u, 3) is real-analytic in p in {u € Uy : p > p*(B)}; it has a
C> continuation in {p € Uy : p > p*(5)}.

(4) There is no analytic continuation of p along a real path from p < p*(B) to
p > (B) crossing p*(3), or vice-versa.

2.2. Comments on theorem 2.1. These results generalize the works of Isakov [I1],
for the Ising model, and [I2], where a similar theorem is proven under additional
assumptions, which are not easy to verify in a concrete model. Theorem 2.1, which
relies only on the Peierls condition, is therefore a genuine improvement of [I2]. The
first statement is a particular case of the theory of Pirogov and Sinai, see [PiSi] and
[Si]. T give a proof of this result in section 3, as far as it concerns the pressure, since
one needs detailed information about the phase diagram in the complex plane of the
parameter .

The obstruction to an analytic continuation of the pressure in the variable p is
due to the stability of the contours of both phases in a neighborhood of p*. The
proof follows in essence that of Isakov in [I1]. It is given in section 4.

The results presented here are true for a much larger class of systems. For example,
for the Potts model with high number ¢ of components at the first order phase
transition point (., where the ¢ ordered phases coexist with the disordered phase.
Here 3, the inverse temperature, plays the role of the field p, and the statement
is that the pressure, which is analytic for § > f., or for # < [3., does not have an
analytic continuation across (.. They are also true when the model has more than
two ground-states. For example, for the Blume-Capel model, whose hamiltonian is

Z(Sf"’ —8,)% — thx — )\Zsi with s, € {—1,0,1},
z,y x x

the pressure is an analytic function of h and A in the single phase regions. At low
temperature, at the triple point occurring at h = 0 and A = A*((3) there is no
analytic continuation of the pressure in A, along the path h = 0, or in the variable

h, along the path A = \* [FrPf4].
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3. THE THEORY OF PHASE TRANSITIONS OF PIROGOV AND SINAI

Since theorem 2.1 is proved in the framework of the theory of phase transitions
of Pirogov and Sinai, the first step is to write the model as a contour model. The
reader is invited to read the footnote 24, in which the basic mechanism of phase
condensation for lattice models is exposed without any technicalities. The idea
of a contour model is to obtain a representation of the partition function 6,(A)
(definition 3.4) in terms of geometric objects, the contours, which interact only
through a hard-core condition. I present the Pirogov-Sinai theory as a perturbative
theory around § = co. At § = oo the phase transition takes place at u = 0, where
there is coexistence of the two ground-states. The approach, which I expose below,
consists in constructing the phase transition point perturbatively by taking into
account in a systematic manner the different perturbations, “excitations”, of the
model, and by focusing the attention to the phase coexistence point, starting from
the point p = 0 where there is coexistence of the two ground-states. In an interval
I, of = 0, when [ is large, but finite, one can defined constrained pressures, p
and pj, for both phases, by taking into account only finitely many different kinds of
contours. The constrained pressure py is analytic in I,,. One defines the transition
point in the interval [,, by finding the value pu; ; of u such that

p?(ﬂjﬁh B) = pg(u;-i-l? B).

I,.1 C I,, and as n increases, the length of the interval tends to zero. This deter-
mines uniquely a point ©* where all contours are stable. This is the phase coexistence
point.

This approach is particularly well adapted since it can be done also for complex
values of the parameter p, which is an essential point for examining the nature of
the singularity of the free energy at p*. This is the original method?? of Isakov in
[12], who, for the first time constructed phase diagrams in the complex p-plane. It
differs from that of [PiSi|, which is based on the Banach fixed-point theorem.

3.1. Lattice models as contour models. I follow the text of Sinai [Si]. Further
details may be found in that reference.

Definition 3.1. Let M denote a finite connected ** subset of Z%, and ¢ a configu-
ration. A couple I' = (M, (M) is called a contour of the configuration ¢ if M is a
component of the boundary Op. A couple I' = (M, p(M)) is a contour if there exists
a configuration such that I' is a contour of that configuration.

32In [Z] another approach is developed, which has similar features, and which has been used by
many people. Zahradnik defines, by brute force, i.e. by suppressing unstable contours, truncated
pressures for both phases on the whole phase diagram. So, for each value of u, one has two different
truncated pressures, and the equilibrium pressure of the model is equal to the maximal (with my
definition of pressure) truncated pressure, so that the transition point is given by the value of u
for which the two truncated pressures are equal. Technically this approach is more involved, if one
wants to construct smooth truncated pressures. (In the original paper the truncated pressures are
not even continuous.) This approach works well for complex values of p, see [Borlm|. Since the
truncated pressures cannot be analytic in general, they are inappropriate in the present context.

33A path on Z% is a set of points {zg,z1,...,z,} with the property that |z; — z;_1| = 1 for all
t=1,...,n.
Connected set means path-connected set, and a component B of a subset A C Z? is a maximally
path-connected subset of A.
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The subset M of I" = (M, p(M)) is the support of the contour, and is denoted by
suppI', or simply by I' when no confusion arises. In particular
T = supp T

Let A, be the components of Z%\ M. For each component A, there exists a unique
label ¢(r) € {1,2} such that

o Qﬁq(a)(x) if x € Aa
or(r) = {(p(x) ifxeM

is the unique configuration with the property that dpr = M and pr(M) = p(M).
There is only one infinite component A,, called exterior of I', which is denoted by
ExtI". All other components are the internal components; Int,, I' is the union of all
internal components of I" with label m; the interior of I" is IntI" := |J,,,_; , Int,,, I".
In order to indicate the label of Ext I, a superscript is added to I'. Thus, 'Y means
that on Ext I' the configuration ¢r is equal to the ground-state configuration ,. I'?
is a contour with boundary condition v,. By definition, the volume of a contour I'?,
with boundary condition 1), is the total volume of the internal components of I'?
with label m, m # ¢:
V(') = |Int,, 'Y (m #q).

Definition 3.2. Let A C Z*. A contour I is inside A, which is written I' C A, if
suppl’ € A, IntT' C A and ** d(suppT', A°) > 1. A contour T of a configuration
@ 1s an external contour of ¢ if supp' C ExtI” for any other contour I of p. A
compatible family of contours in A is a family of contours with the same boundary
condition, say {I'{,..., i}, with I'{ C A and d(supp I'{, supp I'j) > 1 for all i # j.

The basic statistical mechanical quantities of the theory are
(1) the partition function ©(I'?) of the contour 1'%,
(2) the partition function ©,(A) of the system in A, with boundary condition v,
(3) the weight w(I'?) of the contour I'?.

Definition 3.3. Let Q(I'?) be the set of configurations ¢ = 1, (a.s.) such that I'?
1s the only external contour of p. The partition function of I'? is

O() = Y exp[— BH(glty)] .
)

Definition 3.4. Let Q,(A) be the set of configurations ¢ = 1, (a.s.) such that
I' € A whenever I' is a contour of ¢. The partition function of the system in A, with
boundary condition ), is

G)q(A) = Z exp [_ HH(‘PWQ)} .
P€Qq(A)
Definition 3.5. Let I'Y be a contour with boundary condition ;. The weight w(I'9)
of I'? is

w(I') = exp [ = FH(pralidy)] %

The (bare) surface energy of a contour I'? is
1T := Ho(pra|ty) -

3f A ¢z, B 74, then d(A, B) := minge mingep |z — yl.

(m #q).
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For each ground-state 1, one defines a 1,-dependent pressure (limit in the sense
of van Hove)

9= N BA| 6|A| nO(4)

It is easy to verify that the pressure of the model, in the thermodynamic limit,
verifies

9g =D+ ph(ty).
It does not depend on 9, contrary to g,. The partition function ©,(A) is equal to

= ZH@(F;?), (3.1)

where the sum is over the set of all compatible families {I'{,...,T'%} of external
contours in A. On the other hand

2
O(I) = exp [ — BH(eralthg)] [ ] Om(Int,, T7). (3.2)
m=1
Replacing O(I'Y) in (3.1) by its expression given by (3.2), taking into account def-
inition 3.5, and iterating this procedure, one obtains easily the final form of the
partition function ©4(A), as the partition function of a contour model, i.e.

A) = 1+ZHW(F?), (3.3)

the sum being over all compatible families of contours {I'{,...,I'?} with boundary
condition ).

Let I'? be a contour and m # q.
H(pralihg) = Z (Uo,a;(SOFq) + p Uy o (pra) — Uo,x(@/)q) - Mul,qu))

x€Z4
= Ho(ralthg)
+ Z (U o (pra) — Us o (Yg)) + Z (U2 (pre) — Un o (1))
zesupp ['? z€lnt I'?
=T +p Y @Uhalpre) = Una(thy)) + plh(tm) = b))V ()
zesupp ['?
= |1 + pa(ere) + p(h(tm) — h(1g))V (1) . (3.4)
In (3.4)
a(pra) = Z Ui . (pra) Ul,x(%)‘
xesupp ['?
Since the interaction is bounded, there exists a constant C; so that
|a(era)| < C1|IM]. (3.5)

The surface energy ||| is always strictly positive since the Peierls condition holds,
and there exists a constant Cy, independent of ¢, such that

pIT < [T < G| (3.6)
Definition 3.6. The weight w(I'?) is T-stable for I'? if there exists T > 0 such that
w(I)] < exp(—7[I]).
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The dominant terms of the weight w(I'?), in the neighbourhood of p = 0, are |||,
the bare surface energy of I'Y, and p(h(¢,) — h(1),))V (I'?), which is a volume term.
Stability of the weight is true when surface terms dominate volume terms (see (3.4)).
Therefore, in the proof of the stability of weights, the isoperimetric inequality

XV (I T < ||
plays a central role. There is a complication, due to the fact that there is no
homogeneity property for this inequality, and it is very difficult to determine the
value of x,. The way how this constant is defined is an important point. The precise
formulation of the isoperimetric inequality, which is convenient in the context of
theorem 2.1 is defined later in (4.1). This is a key point of the analysis.

The construction of the phase diagram is done by considering constrained partition
functions and constrained pressures involving only contours such that V(I'?) < n,
n € N. The phase diagram is constructed for these constrained pressures, and then

one takes the limit n — oo. For given n, n = 0,1,..., the weight w,(T'?) is defined
by
re) if V() <
wn (') = w(I) #V( ) =" (3.7)
0 otherwise.

Let I(n) be defined on N by
I(n) :=Cy! (and%lw n>1.
This function has the property>’:
VI >0 = 0> ).

So, if the volume V(I'?) of a contour is large, then its surface energy cannot be
too small (see (3.6)). For ¢ = 1,2, one defines constrained partition functions ©7
by equation (3.3), using w,(I'?) instead of w(I'?). It is essential to replace the real
parameter p by a complex parameter z; provided that ©7(A)(z) # 0 for all A,

95(2) = /I\ITIZ% BN mOy(A)(z) and py(2) = g, (2) — 2 (). (3.8)
py is the constrained pressure of order n and boundary condition ¢,. Contrary to p, it
depends on the boundary condition.

Lemma 3.1 gives basic, but essential, estimates for the rest of the paper. The only
hypothesis for this lemma is that the weights of the contours are 7-stable.

Lemma 3.1. Let w(I'?) be any complex weights, depending on a parameter t. The
weight w, (I'?) is defined by (3.7).
(A) Suppose that the weights w,(I'?) are T-stable for all I'?, as well as the weights

35Given A C Z%, one defines d|A| as the (d — 1)-volume of the boundary of the set in R? which
is the union of unit cubes centered at the points of A. One has

2d|A|% < J|A| (isoperimetric inequality) .
The constant Cy is such that, if A = Int,, I'? and 0V (I'?) := 9|A|, then
oV (T?) < Cy|T].
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dtwn(Fq) and dgwn(Fq). Then there exists K < oo and 7% < oo independent of n,
so that for all T > T*

g tkgq\ <Ke™ k=0,1,2.

For all finite subsets A C Z4,

} d*
dt*
(B) If w,(I'") = 0 for all T'Y such that |I'Y < m, then

Blggl < (Ke ™)™

dk
IO (A) — Aoz gy Al < Ke79lA] k=0,1,2.

Forn>m and m>1

Blgr — gt < (Kem)! ™
(C) If the weights w,(I'") are T-stable for all T'? and all n > 1, then all these
estimates hold for g, and ©, instead of gy and Oy. Moreover, jt—};gg converge to

jt—igq fork=0,1,2.

The proof of lemma 3.1 is based on the identity
HCHIVESD DI DRIED SR (x NI RY | (EN( RN CY)
m>1 FqCA rd,cA i=1

which is valid when the weights w, (I'?) of all contours with boundary condition 1,
are T-stable, and if 7 is large enough. In (3.9) the convergence is absolute, and

ol (TY,...,T49) is a purely combinatorial factor. This identity is studied in detail in
[Pf]. Lemma 3.1 implies that

d* d*

o —Oy(A) = ﬁdtkgq |A| + surface term &k =0,1,2,

with a uniform control of ng and surface terms. Both terms are O(e™"). See
[FrPfl] for a proof.

3.2. Construction of the phase diagram in the complex z-plane. The Pirogov-
Sinai theory rests on few basic concepts: (a) the notion of contour, together with
the notion of weight of contour, (b) the notion of stability of contour, (c¢) the Peierls
condition. Technically, the basic formula is (3.4), which, together with the Peierls
condition and lemma 3.1, allow to establish stability of a contour. In this subsection
I carry out the program set forth at the beginning of section 3.

To construct the phase diagram for complex values of the parameter p, one con-
structs iteratively the phase diagram for the constrained pressures p} (see (3.8)).
Set z := p + iv. The method consists in finding a sequence of intervals for each
veR,

Un(vi B) := (un (3 B) = by i, (v3 B) + 07,)
with the properties (1):

(NZ(Wﬂ) - bi,ﬂi(’ﬂﬂ) + bi) (,Un (v B) = by, 17#271(’/?&) + bifl) ) (3.10)
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and (2): lim, b2 =0, ¢ = 1,2. On the intervals U,,_; (v; ) the constrained pressures
pg_l of order n — 1, ¢ = 1, 2, are well-defined and analytic on

U,-1:={2€C: Rez € U,_1(Imz; 3)} .
The point i (v; 3), n > 1, is the (unique) solution of the equation
Re(ps™" (un(v; B) + iv) — pi ™" (uy (v B) +iv)) = 0.

(05 3) is by definition the point of phase coexistence for the constrained pressures
of order n — 1, when z = p € R. The point of phase coexistence of the model is

given by p*(0; 8) = lim,, u;,(0; B).
Proposition 3.1. Let 0 < € < p, and set
Up = (=Ci'e,Cile) and Up:={z€C: Rez € Uy}.

Then there exist (a) 0 = §(3) such thatlimg_., 6(3) =0, and (b) By € R™ such that
if B2 Bo, then

7(3) = Blp—2) —3Ced > O,
and the following holds.

(1) There exists a continuous real-valued function on R, v — p*(v; ) € Uy, so
that p*(v; ) +iv € U,.

(2) If u+iv € Uy and p < p*(v; B3), then the weight w(T'?) is 7(5)-stable for
all contours IT'* with boundary condition 1, and analytic in 2 = pu + v if
< p(v; ).

(3) If u+iv € Uy and pp > p*(v;3), then the weight w(T) is 7(5)-stable for
all contours 't with boundary condition v, and analytic in z = pu + iv if
> (v ).

Corollary 3.1. At high (3, the pressure of the model can be constructed as a real-
analytic function p(u, 8) = g2(u, 3) — ph(2) on {p : p < p*(0;8)} N Uo. This
function has a complex analytic extension in {z = pu+iv : p < p*(v;B)} N Uy,
which is given by ga2(z, ) — zh(1h2). Similarly, the pressure can be constructed as a
real-analytic function p(p, 8) = g1(u, B) — ph(wy) on {u: p > p*(0;6)} N Uy. This
function has a complezx analytic extension in {z = p+iv : pu > p*(v; B)}NUq, which
is given by g1(z, B) — 2h(t1).

I outline the structure of the proof of proposition 3.1, and prove only the weaker
result, that there exists a continuous real-valued function on R, v +— p*(v; 3) € Uy,
so that p*(v; B) + iv € Uy, and that at p*(v;3) + iv all contours are 7,(3)-stable,
with

7.(8) == B(p(1 — 6*) — &) for some 0 < 6* < 1. (3.11)
This gives a constructive definition of the point of phase coexistence p*(3). The
existence of two different phases follows from a standard Peierls argument?®, since

36The Peierls argument is at the origin of many works in statistical mechanics, and the notion
of contour models has its origin in [Pe], which is worth while to read. It is interesting to notice
that this paper became well-known only in the late sixties. Peierls himself wrote in [Pe] in 1936:
The Ising model is therefore now only of mathematical interest. Since, however, the problem of
Ising’s model in more than one dimension has led to a good deal of controversy and in particular
since the opinion has often been expressed that the solution of the three-dimensional problem could
be reduced to that of the linear model and would lead to similar results, it may be worth while to
give its solution. What Peierls did, was to show that the law of large numbers does not hold at
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all contours are 7,(f3)-stable at p*(3). This proves the first statement of theorem
2.1.

Before giving the proof, I put into evidence a key step concerning the stability of
the weights of contours. I introduce an auxiliary parameter 0 < 6’ < 1, so that

p(1=10") >¢.

The parameter ¢ enters into the size of the intervals U, see (3.17); the size of U,
is proportional to . This parameter controls the volume term of the weight of a
contour by the surface energy ||I'?|| (see (3.15) and (3.16)). By taking ¢ smaller, one
can choose 0 larger. 6* is chosen so that * > 6" and p(1 — 6*) > ¢. Set

§:= Ke ™ (K the constant in lemma 3.1). (3.12)

Let 3y be large enough, and assume that § > 3y, and that for ¢ = 1,2, the weights
wn—1(I'7) are 7,(3)-stable and

d q
s (P < e O
From (3.8) and lemma 3.1 one obtains
d
}—(p? L) A= (e ) < 20, (3.13)

and (m # q)

| In© " (Int,, I'Y) — Bgr~ ' V(T'9)|| < 6 CollY|

| In O " (Int,, I'9) — Bgi ' V(T9)|| < 6 Coll|.
Let ' be a contour with V(I'’) = n. Then (always m # q)

o B m (Int,, T'9)
o) = exp [ - BRe(gro )] | G2 5|

< exp | = BIY) + (B + 2C00) U7 + BRe(piy — = )V(T9)]
because all contours inside Int,, I'Y have a volume smaller than n—1, and (see (3.5))

|[Reza(prd)| <e Vzel,.

To prove the stability of w(I'?) one must control the volume term in the right-hand
side of inequality (3.14). If

(3.14)

Re(pi~" —py ") V(I?) < 0|17 (3.15)
and
Re(py ™" —pi =) V() < ', (3.16)
then w(I'?) and w(T'') are 7,(3)-stable. Indeed, these inequalities imply
()] < exp | = AL 8T + (8= + 2Co) |17
<exp[ (1—67) —5)|Fq|}.

low temperature. For a finite Ising model with free boundary condition he proved that at least
three quarters of the spins have the same value if the temperature is low enough. Free boundary
condition, on the other hand, implies that the mean magnetization is zero (by symmetry). The
failure of the law of large numbers is the consequence of the coexistence of two distinct phases,
with two distinct non-zero values of the magnetization. The Peierls argument is also very nicely
exposed in [Gri].
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Verification of the inequalities (3.15) and (3.16) is possible because (3.13) provides
a sharp estimate of the derivative of p§~' — pJ~*. Details are given below.

Proof. Let ' be chosen as above, and by := ¢Cy'. p)(u + iv) is defined on the
interval Uy(v; 5) := (—bo, by), and set ui(v;3) := 0. The two decreasing sequences
{02}, ¢ =1,2 and n > 1, are chosen as

AR Y (3.17)
(A4 20)na
The constant y is the best constant such that
V(TYT < x| VI, g=1,2. (3.18)
It is immediate to verify, when [ is large enough, that
b —pl, > L(n) Yn>1. (3.19)
moHL T BA —26) -

On Uy all contours I' with volume zero are 3(p—¢)-stable, and, if 3 is large enough,
’ di w(r)’ < BC,|T|e P2l < BOy e Ble=2)-1ITl < o=
z

The proof of proposition 3.1 consists of proving iteratively the following four state-
ments.

A. There exists a unique continuous solution v — u* (v; 3) of the equation
Re(ps~" (k5 (v; B) + iv) — pi ™" (uy, (v B) +iv)) =0,
so that (3.10) holds.

B. For any contour I'? w,,(I'?) is well-defined and analytic on U,,, and w,, (I'?) is
7.(f8)-stable. Moreover, ©7(A) # 0 for any finite A, and p](z; ) is analytic
on U,.

d g
. On U, }d_wn(lﬂq)} < e B
z
D. If 2= p+iv € Uyand p < pi(v; 3) — b, then w(T'?) is 7(/3)-stable for any
I'? with boundary condition . If 2 = p+iv € Uy and p > u’(v; 3) + b2,
then w(T'!) is 7(3)-stable for any I'" with boundary condition ;.

@

The main technical part is the proof of point D. The argument for proving D is due
to [Z] (see [FrPfl]). I prove only A, B and C.

Assume that the construction has been done for all £ < n — 1.

A. Proof of the existence of p(v; 3) € U,_;.
wk (v; B) is solution of the equation

Re(py~" (1 (v; B) +iv) — pi ™ (un (v; B) +v)) = 0.
The value of v is fixed, and set
F(p) == ph(p+iv) — ph(pu +iv) .

One proves that
pu— ReF" ! ()
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is strictly decreasing, and takes positive and negative values. If p/+iv € U,_4, then
Friul) = Fr = (') — F" () (3.20)
= ") = F* ) + F* 7 g oy) = P72 ()

’

14 d )
= / @F ) dp+ (g5 = g ) (i + i)
oy,

n—1

— (07 =) (i + ).
If V(I') =n — 1, then |I'| > {(n — 1). Therefore, by lemma 3.1,

(957" = 9572) oy +iv)] < 7101070, (3.21)

If 2/ =/ +iv € U,_yq, then (3.20), (3.13) and (3.21) imply

AW = py) = 2614 = | = 26718 < ReF"H(2)

< A = ) + 28| — | 287100

Since (3.19) holds,

251(71—1)
B(A —25)’
so that ReF™ ' (u* |, — 0. ;) > 0 and ReF" ! (u’_, +b>_,) < 0. This proves the

existence of y* and its uniqueness, since p — ReF" () is strictly decreasing (see
(3.13)). Moreover, choosing p' = u* (v; 5) in (3.20), one gets

25l(n—1)

|1, (V5 B) — i1 (V5 B)] < BA =2

Therefore U,, C U,,—;. The implicit function theorem implies that v +— u*(v; ) is
continuous (even C*°).

by > by — by >

B. Proof of the 7,-stability on U, of the weights w, (I'?) of all contours I'?, ¢ = 1, 2.
By the induction hypothesis the weights w,,(I'?) are analytic in U,_;. This implies
that py is analytic on U,. The proof of the stability has been already outlined. Let
['? be a contour with V(I'?) = n. One verifies (3.15), if u < p + b2, and (3.16), if
p > i — bl The choice of {b?} and the isoperimetric inequality (3.18) imply

B V(T Hd o, _ V(1)
n—1__  n—-1\|" \" / — S O A
Re(ot =27 g = [Re Gt =)
< o — (A + 26) 20
I
< b (A +26)V(I)x !

<4g.

C. Proof of the 7,-stability of £w,(I') on U,.
Let V(I'Y) = n; from (3.4)
d

- n(17) = wn(10)( = Balipre) = B(h(m) — h(e:)) V(D)

d
+ (0O, (Int,, 1) — In O, (Int, m)) .
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There exists a constant®” Cy such that
d
}Ewn(rq)} < Blwn (P (JTY(Cy +20C) + V(T9) (A + 26))

< BChlwn (1) ||T|%

S e_T*(l@)‘Fq| ,
provided that [, is large enough (use (3.14) for controlling |w, (I'?)|). O

It is not difficult to prove more regularity for the curve v — p*(v; 3). But this is

not necessary for these lectures. If 3 is sufficiently large, then for all n > 1

d *
d_VlL[/n(O’/B) - Oa

20 \2 26
_2“” Pl= 3 ((A—Qé) taogtl): (822)
The first formula is a consequence of the reality of the constrained pressures on the

real axis, which implies that v +— p (v; 3) is an even function. Moreover,
26'")
p(v; B) — < Ao
0 038) = v )] < 33—
The next proposition gives an estimate for the derivative of the weight of a contour.
It is a strengthening of point C above (see [FrPfl1]).

and

(3.23)

Proposition 3.2. Under the conditions of Proposition 3.1, there exist 3y € RT and
a constant D so that the following holds for all B > 3y. Let

7(8):=7(8)—D.
(1) If p+iv € Uy and p < p*(v; 5), then
}jz( )(2)| < BCye ™ O
(2) If u+iv € Uy and pu > p*(v; 3), then

| ;; (I)(2)| < ACye O,

37See (3.5), (3.18) and (3.6); for Cp, see footnote 35.
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4. PROOF OF THEOREM 2.1

This section is devoted to the proof® of theorem 2.1 by the method due to Isakov
[I1]. Whenever a specific boundary condition is needed, I choose the boundary .
The inverse temperature 3 is large, but fixed. There is a first order phase transition
at

p = (0,0).
In the complex z-plane, there is a line of “transition points

Reps(2*) = Repy (7).

739 which is given by

Since z* = p*(v; 8) + iv,
Regi(2") — " (v; B)h(¥1) = Rega(2") — p*(v; B) (1) .
With ¢ as in the proof of proposition 3.1, one has (see (3.23)), for any real v,

The first step, in subsection 4.1, is to obtain better complex neighbourhoods of u*,
where the contours are stable and analytic functions of z. These neighbourhoods are
of course contour-dependent; they depend only on the volume and the label of the
contours. The size of these neighbourhoods is related directly to the best constant of
variational problems of isoperimetric type. More specifically, for each n € N, there
is a variational problem for each label ¢: find the best isoperimetric constant y,(n)
such that

V(D)
Xo(n)™" := inf {C : ﬁ < (', VT such that V(I') > n} . (4.1)

In particular one has
d—

V(D)5 <y, (VD) T

The constants x,(n) form a bounded increasing sequence, and
Xq(00) = liTrln Xq(1) -

These variational problems are not those considered by Isakov, and this difference is
important.

Although the statement of theorem 2.1 makes sense only in the thermodynamic
limit, most of its proof is done by considering finite-volume partition functions, in
order to exploit the analyticity of the weights of contours in the neighbourhood of the
transition point p*. Only at the very end of the proof one takes the thermodynamic
limit. This last step is easy. Isakov’s representation of the finite-volume partition
function is defined in the next paragraph, and it is used in subsection 4.2 to express
the k'-derivative of the pressure in a convenient form.

381 insist on the main points, omitting some details, which can be found in [FrPf1], in order
to put into evidence the structure of the proof of theorem 2.1. It is a direct proof: estimate all
derivatives, and show that the radius of convergence of the Taylor series at u* is zero! However,
this is not simple, and the implementation of that program is long.

39This line is defined by the property that all contours are stable.
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The partition function ©,4(A) is expressed as a finite product of objects, indexed
by the contours in A, so that

1 1
q._ mo. (A = ——— E T4 4.2
gA ﬁ|A| n q( ) ﬁ|A| FqCAu/\( )7 ( )

is a sum with finitely many terms. Let A = A(L) be the cubic box
ALy ={zecZ: |2|<L}.

One introduces a linear order, denoted by <, among the finite set of all contours
I'" ¢ A with boundary condition t,. The linear order is such that V(I"?) < V(I'9)
if I"" < T'?. One chooses an enumeration of the contours, T'Y, T3, ..., so that the
predecessor of I'? in that enumeration, denoted by (T'?), verifies i(I'?) < T'? (if T
is not the smallest contour). Then, one introduces restricted partition functions

Ora(A), )
Ora(A) =1+ Hw(rg’) , (4.3)

where the sum is over all families of compatible contours {I'Y',... T'%’} with the
property that Fgl < TI'? for all j. The partition function ©,4(A) is written as
Orq(A)
O4(A) = Burn(A)
raca —ul)

By convention ©;rq)(A) := 1 when I'? is the smallest contour. Let
Ora(A)
Oira)(A)

up(T9) is the free energy cost for introducing the new contour I'? in the restricted
model, where all contours satisfy I < ¢(T'?).

up(I'?) == —In (4.4)

Subsection 4.3 is in some sense the core of the proof. The crucial observation
of Isakov is that one gets accurate estimates of (large) derivatives of u,(I'?) by
the stationary phase method, provided that V(I'?) is large: there exists kg € N,
and for each contour I'? an integer k% (I'7) > ko (see (4.24)), such that for each
k € [ko, K% (T'9)] the k*™-derivative of u(I'?), at u*, can be estimated uniformly in A
by the stationary phase method. The function k% (I'?) has the properties

EL(T]) < kKL(T3), it V(I'Y) < V(I']) and V(Il%n kEL(T?) = 0.

Let ko < k € N be given. Using the function £ (I'?), one distinguishes
k-large contours, if & < k% (I'") and k-small contours, if k& > k% (T').
The k'™-derivative of g% at p* is
k 1 k
94147 = =5y D lua T2
The contribution of [u, (I'? )](j) to the k'*'-derivative of the pressure, when I'? is a large

(*)

contour®, is controlled uniformly in the box A. The contributions of |[u(I'?)] e

’

401y, fact, one must make a finer distinction between contours in the general case. One distinguish
large and thin contours and large and fat contours. These finer details are treated in subsection 4.3.
Only the contributions of large and thin contours are important.
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for small contours, are estimated from above, in a straightforward manner, using
the Cauchy formula. Let

1
s‘f\’k:—A Z up(T9).

6| | TICA
I'? k-small
Then
k
& (k) B k[ 8;1\’ (Z) k' k
21 = |5z 4, G o] < 5 g 4G

(2 — )
where the disc D, of center p* and radius r is taken as large as possible, according
to the results of subsection 4.1.

2€0D,

The next step is to show that the contribution of large contours to [gf\]%) domi-
nates that of small contours. This delicate analysis, which works only at low tem-
perature, is presented in subsection 4.4. Two basic facts are used:

(1) the sign of [uA(Fq)](f*), for any large contour I'?, is the same (see (4.10));
(2) given € > 0 there exists x,(¢) and n(e), such that

(1+¢)xq(e) > xq(o0) and  x,(00) > x4(n) > x4(e) if n>n(e). (4.5)
By definition of the variational problems (4.1), there exists I'?, n > n(e), such that
IT5

lim |7 =00 and V()T > (4.6)

T (L+e)xg(e)
Let

d—1
kp = | ——0|ITL[| | .
]
One verifies that I'? is a k,-large (and thin) contour, and that

[uA(F%))](ﬁf) ~ B (kn!)ﬁ (for large enough A).

Moreover, the contribution of [uA(F%))](fI‘) to the k,™-derivative of g4 at p* domi-

Jkn(kn
q ]( )

nates that of [s3™"],"". Hence, for some constant C,

[gi]ﬂi”) ~ CFn (kn')% (for large enough A).
Since this bound is uniform in A, and (see lemma 4.3 in [FrPfl])

2 (K) Lo k) _
pe = [y or T g )f,r =

. k
lim[g']%

2 ](k)
2 tlp*

LILTEO [gA(L)

the same result holds in the thermodynamic limit. This proves theorem 2.1.
To summarize, the main steps of the proofs are:
(1) Write the partition function as in (4.2);

(2) Make the best possible (essentially optimal) analytic extension for each term
up(T'9) of this sum.

(3) Estimate [up (T q))](f) , for large contours I'?, by the stationary phase method
applied to a Cauchy integral suitably chosen. (The Cauchy integral is independent
of the choice of dD,, but the stationary phase method applies only at a specific
value r(k) of r.)
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(4) Use the existence of the contours I'?, with lim,, V(I'?) = oo, which almost solve
the variational problems (4.1), in order show the existence of a constant C' so that

d—1
[g;lx]iﬁn) ~ (OFn (kn!)d%l with &k, := \\TﬂHF%HJ :

Remark 4.1. Before giving some details of the implementation of this program
I show heuristically why it may work. For this, I assume that the isoperimetric
inequality is

B V(IH)T <, (4.7)
and that there are contours which saturate (4.7), with arbitrary large volumes. For
large contours (see (4.13), (4.14), and (3.13), (3.14)),

—up(T?) = ¢p(1?) & w(I?) v e AT IHGE—p)BAVER) (4.8)

Therefore, one expects to have an analytical continuation of u(I'?) in a complex
neighbourhood of p*, which is

] X
i |z —pf < AT } ,
{ | | V(FQ)é
because for large 3 one expects that a contour whose volume is smaller than V (I'?)
is stable in this neighbourhood.

As already mentioned, the core of the proof is to have sharp estimates of the
k™-derivative of u,(I'?) for large contours. One can show®' that if & < k2 (T'?), with

. d-1
KL(T?) ~ BV (0% (4.9)
then not only wu(I'?) is approximately given by (4.8), but that
[ua (P2 ~ (ABV (I2)) eI (4.10)

If T2 saturates inequality (4.7), x3V(I'2)“@ = ||T'2||, then
d—

(ABV(I?))ke=ITI = (Aﬁ)ke—ﬁXSV(FQ)T1+k:1n\/(r2) '
This quantity is maximal when

d—1 a1
k= BGVI)T <K,

Therefore this contour, say I'?, is k-large. Since —[uA(FQ)](jB > 0 for all k-large
contours, one has

and

N[A —— <di1>ﬁ]kk!ﬁ'

On the other hand, a k-small contour has a volume at most equal to

vy ~ ()7

B3

418ee remark 4.2 in subsection 4.3 for a simple argument for justifying (4.9).
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which implies that one can choose a disc of radius
r o~ ANy gas g e

in order to estimate the contribution of the k-small contours to [gf\]gﬁ) This contri-
bution is at most of the order

AT
Since

=

7(d—1)>e :

it is dominated by that of the k-large contours. Indeed,

R 3 )

nz

nz

4.1. Analytic continuation and isoperimetric problems. It is not very difficult
to show that the weight w(I'?) has an analytic continuation in a disc of radius

O(V(I'?)~4) centered at z*. This is not sufficient. Let*

R,(n) := inf M,

mm<n  md

where y,(n) is the isoperimetric constant in (4.1).

Lemma 4.1. For any x|, < x4(o0), there exists N(x;,) such that for all n > N(xj),

!
Xo o gy < ()
nd nd

For g=1,2, n— nR,(n) is increasing in n.

Proof. Let ¢ = 2 and suppose that

Ry(n) = XQ(T) for m < n.
md

Then Ry(m’) = Ry(n) for all m < m/ < n. Let n’ be the largest n > m such that

Ry(n) = X2

1
d

3

One has n’ < oo, otherwise
2(00)

n

o<

0 < Ry(m) = Ra(n) <

Vn>m,

-

420ne knows very little about the variational problems (4.1). Instead of making hypothesis
about the behaviour of these problems, as Isakov did in [I2], the strategy is to avoid discussing
them, as much as possible, despite of the fact that these problems enter in an essential manner
in the proof. This is the reason for introducing R4(n). The property which one needs is that
n +— nR,(n) is increasing in n (see lemma 4.1).
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which is impossible. Either

/ /
1
Ry(n') = XQ(?) or Ry(n'+1) Xo(n' + 1) :
n'd (n' +1)a
for all £ > n’ + 1, since y2(m) is increasing,
/
m<k md ’<m<k: md ’<m<k md kd

Inequality (4.11) is true for infinitely many n'; since there exists m such that x, <
X2(m), the first statement is proved.

On an interval of constancy of Ry(n), n — n®Ry(n) is increasing. On the other
hand, if on [my, ms

L : : 1
then n — nRy(n) is increasing on [mq, ms] since n +— yqo(n) and n +— n'~"d are
increasing. 0

The next proposition gives the domains of analyticity and the stability properties
of the weights w(I") needed for estimating the derivatives of the pressure.

Proposition 4.1. Let 0 <0< 1,0 <0* <1, and 0 < e <1, so that
p(1—0")—e>0.

Then there exists (3, > By, such that for all 3 > 3} w(I'?) is analytic and 7.(3)-stable
i a complex neighborhood of

{z € C: Rez < p*(Imz; B) + AT Ry (V(I'?)) } N Uy .

Moreover

,_w (I?)| < o
Similar properties hold for w(I'') in a complex neighborhood of
{z€C: p*(Imz; f) — AR, (V(I')) < Rez} N
7(08) = B(p(1 = %) —¢).
Proof. w(I'?) is 7(B)-stable if Rez < p*(v; 8) N Uy, and Lw(I'?) is 7/(6)-stable on

the same region (propositions 3.1 and 3.2). Similar statements hold for w(I'!) on
Rez > p*(v; B) NUp. Let

L(v; B) == (0" (v; B) — OAT Ry (n), " (v; B) + A Ry(n)) . (4.12)

As in the proof of B and C of proposition 3.1, one proves by iteration, that on the
intervals I, (v; 8), w(I'?) and Lw(I'?) are 7,(3)-stable.

To prove the stability of w(I'?) one verifies (3.15) and (3.16) for some ¢ < 6*.
Suppose that the statement is correct for V(I'") < n —1. § = §(F) is defined by
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(3.12). Let V(I'*) =n, 2 = p+iv, and p > p*(v; 8). Then

Re(pi(2) ~ i~ () ) = e [* L () - i) 1D

2 - dp 72|

< (A+20)(Jp— p| + | —unl)ﬁ‘/(ﬁ)d
nd

<( ) (I = |+ | un|)X2(n)

1
d

< (A4 20) (| = ' = )

Ry(n) X2(n)
Un)y g
SA+259+2(A+25)(5 e
A B(A =20) x2(n)

(3.23) is used for controlling |p* — p|. If 5 is large enough, there exists 0 < 0" < 6*,
independent of n, so that

Re(pt(2) ~ p~(2) i) <0

The stability of £w(I'?) is a consequence of (use (3.14) for controlling |w,(I'?)|)

L) < BT (T2I(Ch + 26C0) + V(T +25) < BCIT|[o(T)]
O

4.2. Isakov’s representation of the partition function. The pressure ¢} is
defined in (4.2), and uy(I'?) in (4.4). Thus

One first writes uy(I'?) as follows.

@Fq (A) = @Z(Fq)(A) + W(Fq> @Z(Fq)(A(Fq))

@i T4 AT
- uro 1) (14 2580

In this expression ©;q)(A(I'?)) denotes the restricted partition function

Oiroy(MI) =1+ [ [w(TD),

where the sum is over all families of compatible contours {T'{,... T2}, T'7 < ¢(T'9),

i=1,...,n, and such that {T'",T7 ..., T'?} is a compatible family. Set

Oira) (AT?))
oA (T = w(T) —————. (4.13)
Oi(ra)(A)
With these notations
(="

') = —1In (1 r)) = ram. 4.14
a0 =~ (1 +6,(19) = 3 5,0 (1.14)

n>1
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[QSA(FQ)"]L@ is computed using the Cauchy formula,

) _ K ()" (2)

[oa(T%)"]}: dz

2w Jop, (z—pr)Rt T
where 0D, is the boundary of a disc D, of radius r and center p* inside the analyticity
region of proposition 4.1,

UpN{z € C: Rez < p*(Im(z); B) + 0AT Ry (V(I'?)) } .

oA (T?)"(2)

e is real on the real axis, so that

The function z —

<¢A(F2)”(5)> _ o(I*)"(2)

G =) = =
Consequently
k! o (T?)"(2) k! 7{ oA (T?)"(2)
b AN T\ s = — B ) 4.1
i By, (o=t = B B, G ) (419

Assuming® that the disc D, is inside the analyticity region of w(I'?), one decom-
poses 0D, into

ODY := 0D, N{z: Rez < p*(Im(2); B) — OAT R, (V(T?))}
and
OD%:= 0D, N {z: Rez > p*(Im(2); B) — 0AT R, (V(['?))} .
One writes (4.15) as a sum of two integrals If (I'*) and I} (%),
k! oa ()" (2)
79 (T2) :— o 4.1
k,n( ) Re{QT{'Z ng;‘f (Z _ ’u*)k—i-l dZ} ( 6)

and

I, (1?) = Re{k—!jé Mdz}. (4.17)

2mi Jopa (2 — p*)*+!

An analogous decomposition holds for I'! instead of "2,

4.3. Estimate of [uA(Fq))](f) by the stationary phase method. In order to
apply the stationary phase method to evaluate [ ,g{n(r %), one makes a change of
variable,

Ci=z—u",
and writes ¢, (I'?) as
dA(T2) (1" + €) = pa(T2) (u*) AV I CHeTHQ) | (4.18)

where g(I'?) is an analytic function of ¢ in a neighborhood of ¢ = 0 and g(T'?)(0) = 0.
Let

1 (Im(z); ) — 0AT Ry (V(I'?)) < Rez < p*(Im(2); 3) + AT Ry (V(I?)) .

43From (3.22) it follows that there exists €’ independent of v and n, such that
pn (V3 8) = 117,(05 3) = C'v2.

This implies that the disc D, of center p* and radius r = A~ Ry (V(I'?)) is inside the analyticity
region of w(I'?), provided that V(I'?) is large enough.
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(s B8)
oD¢

oD7

0N R(V(T?)

OATIR,(V(T?))

Figure 2: The decomposition of the integral into I{  (I'?) and I,f’n(I‘Q)

In this region (see figure 2) one controls the weights of contours with boundary
conditions ¢y and ;. Therefore, one controls In ©(Int; ['?), and
O (Int; F2) @i(FQ)(A(FQ))
I?) = exp | - : 1 |
Oa(I7) = exp | = FH(pre|yz) +In Oy(Int; T2) " Oy (A)

N J/
-~

:=G(I'?)

By definition z = ( + p*, so that (see (3.4))
—BH(prz|v2)(2) + G(T?)(2) = —BH(pra[th) (") + BAV(T*)C

He ¢

~ Balpr)C + / L)) + eI ()

e dz'

= —FH(pre[v2) (") + G(I*) (") + BAV(I*)¢

- () — patr) )

[ J/

-~

=BAV(I'?)g(I'?)(¢)
This proves (4.18).
d 1 d d
80 = AV <d_< In O, (Inty %) — - n ©y(Int, %) (4.19)
d | Oyrz)(A(I?))
+ d_C In Onrn (M) — ﬁa(gopz)> )

The last term of the right-hand side of (4.19) is estimated using (3.5). The first

two terms are estimated using proposition 4.1 and lemma 3.1. The third term

is estimated by writing explicitly the logarithm of the quotient, using (3.9). After

cancellation the resulting series is differentiated term by term and is estimated using

the basic estimates of proposition 4.1 and lemma 3.1. For (3 large enough,
I

V(T?)’

T80 < Crem O 4 G, (1.20)
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for suitable constants C'; and Cg. Moreover, there exists a constant Cy so that
exp [ = BIT?(1 + Co8)] < oa(L?) (1) < exp[—=S[IT?]|(1 = Cod)] . (4.21)

Let
c(n) :=nBAV(I?).

The basic observation of Isakov is that some derivatives of ¢, (I'?)"(u* + ¢) can be
computed by the stationary phase method, and that the result is approximately the
same as if ¢ (I'?)"(u* + () were an exponential function:

¢A(F2)n(ﬂ* + C) _ ¢A(F2)n(ﬂ*> enﬁAV(FQ)(CJr-") ~ ¢A(F2)n(ﬂ*) e"ﬁAV(Fg)(C) '

Once this observation is done, then the mathematics is standard. In the next remark
I illustrate how one can estimate the derivatives of e“* at z = 0.

Remark 4.2. I estimate the k" derivative of e* at z = 0. The Cauchy formula
gives
k cz
d—k | gl ~_dz,
dx 2=0 2wy Jo 2P
where I choose for C' the boundary of a disc of radius r, centered at z = 0. Let
z = re'®. Then

1 (674 1 ™
9 /c ;;H dz = 5 /7r exp (crcosa +i(ersina — ka)) da

1 ™
= o / exp (cr(cosa — 1)) cost(a) da,
m

—T

where () := ersina — ka. (The term isini(«) gives no contribution to the
integral.) The radius r is a parameter, which is free, and one looks for « so that

d d
a(cosoz— 1) =0 and aqﬁ(a) =0.

One gets two conditions

sinae=0 and crcosaa—k=0.

These two conditions can be satisfied with o« = 0 and ¢r = k. Hence

1 e Ck 7r
5 ), dz = P /_7r exp (k(cosa — 1)) cos¢(a) da.

One expands cos a and () around a = 0,

[ estimate here the k'" derivative of e=“* at x = 0 by replacing ¥(a) by 0 and by
integrating over R,

ck o kt? k!
k! ———— - )dt=c" ———— ~ "
2mkke—k /oo exp( 2 ) ‘ V2rkkke—k “
using Stirling’s formula for k! in the denominator.

From this result it follows that one can estimate sharply the &% derivative of e
at z = 0 if one chooses in the Cauchy formula a disc with radius » = k/c. One can
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now justify (4.9). Applying this result to ¢, (T'?), with g(T'?)(¢) = 0 (see (4.18)),
one expects to have sharp estimates for the £** derivative if

k
GAV(TD) < A_IX;V(FQ)% (maximum radius which can be used) ,
ie. if

k< k(%) = V()7 x5

One parametrizes 8Df by z == p* +re’, —ap < a < as, 0 < oy < 7. Using
(4.18),
Vi (FQ) _ k|¢*A(F2)n /a2 ec(n)rcosa+c(n)Reg(F2)(() [COS(QZ(C())} dov (4'22)
kn 2mrk ., ’
with N
Y(a) == c(n)rsina + c¢(n) Img(T'?)(¢) — ka.
One searches for a stationary phase point (x,, = 7y ,e"“* defined by the equations
d

. <c(n)r cosa + c¢(n)Re g(I'?) (rem)> =0 and %{Z(&) =0.

These equations are equivalent to the equations ( ' denotes the derivative with
respect to ()

c(n)sina(1+ Reg(I'?)'(¢)) + cosalmg(I'*)'(¢) = 0;
c(n)rcosa(l 4+ Reg(I?)(¢)) — rsinalmg(I?)'(() = k.
Since g(I'?) is real on the real axis, oy, = 0 and 74, is solution of
c(n)r(1+g*)(r) =k. (4.23)
Lemma 4.2. Let a; > /4,1 =1,2, A <1/25 and c(n) > 1. If g(C) is analytic in
¢ in the disc {C : |¢| < k}, real on the real axis, and for all ¢ in that disc

d

—g(I? <A

then there ezists ko(A) € N, such that for all integers k,
k€ [ko(A), c(n)(1 — 2V A)x]

there is a unique solution 0 < 1y, < k of (4.23). Moreover,

c(n)re,ntc(n) (%) (rr,n) o2 ~
€ 1 ec(n)rcosa+c(n)Reg(F2) [COS(?ﬂ(CM))} dov

10/ c(n)ry., =27 —
ec(n)rk,n +C(n) g(Fg)(Tk,n)

<
c(n)rgn

Proof. Existence and uniqueness of 7, is a consequence of the monotonicity of
r— ¢(n)r(1+4 g(I?)(r)). The estimates of the integral are obtained as above, by
expanding around the stationary phase point. The details of that computation are
given in appendix of [I1]. O

One defines
ko (T96, A, B) := (1 — 2V A) BV (T R, (V (7)) . (4.24)
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Under the conditions of lemma 4.2, if
ke [kO(A)7 k+(r2|07 A7 ﬁ)} )

then
kA k k EA
AR A T A4 A < e(n)rin < -4 " Ta-ay
and
lglT) ) =) | [ g?Y(Q)dC| < Actmhrin < by

Therefore, setting

o) = (1 + Mo [ 2]

one gets (see (4.22))

v+ A k! ek . "
el ()

~ \/21(1 + A)ct c(n)f 3 (D))" — V2me(n)k @i (T?)" as A — 0.
Recall that ¢} (I'*)™ verifies inequalities (4.21), that is, if 3 is large,
61 (P2)" ~ =Bl

I, 1) <

Similarly, if

24
e (A) = (1= Aexp [ - =] .
then
Ii,Ir?) > wc’i c(n)F g3 (T2 — “1—2?@(71)%;@2)” as A — 0.

4.4. Estimate of the k''-derivative of the pressure. One estimates the de-
rivative [gﬁ]ik) for large enough k and 3. The result is formulated in proposition

4.2.

The parameters € and A are not yet fixed. Two new parameters are introduced,
¢’ and 7. It is important to see that one can choose these parameters in a consistent
manner. Let 0 < 0 <1, A <1/25, and set

6 :=0(1—2VA).

Let ¢/ > 0 and x4 so that

(1+€)x5 > x2(0) - (4.25)
[ fix the values of #, and &’ by the following conditions. I choose 0 < Ay < 1/25; the
parameters # and " are chosen so that

1 . d c_(Ap) T 4 L-2vA d
an

01 —2vA)) d—1 1+¢ I1+¢ d-1

This is possible, because

=

e > 1. (4.26)

d 1
m > ed.
Given 6, the value of 6* is fixed in proposition 4.1. From now on the values of 6, 6*
and ¢ are fixed once for all.
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Notice that conditions (4.26) are still satisfied with the same values of 6 and &’ if
one replaces in (4.26) Ay by 0 < A < Ap. This means that one is still free to choose
A < Agy. A is fixed in subsection 4.4.2.

Given k, there is a natural distinction between contours I'?, according to the fact
that k > k. (I'160, A, §), or k < k. (I'70, A, B) (see (4.24)).

Definition 4.1. A contour I'? is a
(1) k-small contour, if 3V (T9)R,(V (T'9)) < k;

(2) fat contour, if forn >0, V(I') e < n||T|;
(3) k-large and thin contour, if 3V (I')R,(V (I'9)) > k, V(I')“T > ||

The parameter n is fixed in subsection 4.4.1.

I now make precise what I mean by k large enough. The answer depends on the
parameters A, n and (.

By lemma 4.1 V' +— V Ry(V) is increasing in V', and there exists N(x}) such that
Xo

1

d

Ry(V) > if V> N(D). (4.27)

The first condition is that there are k-small contours, which have a large volume.
Precisely, one assumes that there is a k-small contour I'? such that V(I'?) > N(x5).
The second condition is that one can apply the stationary phase analysis for the
large and thin contours. Therefore, one assumes (see lemma 4.2 and (4.20)) that
k > ko(A), and that for a k-large and thin contour inequalities (4.28) are verified,

|2 - Cs - A
V(T2) = ppv(r2)a ~ 2
Moreover, one assumes that (3 is large enough, so that (see (4.20) and (4.28))
d%g(
The third condition is similar®* to (4.28). It is assumed to be satisfied in order
to control the large and thin contours. These conditions imply that there exists

K(A,n,B) < oo such that if & > K(A,n, ), then k is large enough. From now on
k= K(A,n,B).

Cs (4.28)

Q)] < A.

4.4.1. Contribution to [gi]fﬁ) from the k-small and fat contours. Let T'? be a k-small
contour. Since V + Ry(V) is decreasing in V, u,(I'?) is analytic in the region
{z: Rez < p*(Imz; B) + 0A ' Ry(V*)} N Uy,

where V* is the maximal volume of k-small contours. V* satisfies
k

VI <

4 Condition (2.39) in [FrPfl],
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Hence (see (4.27))
DA Ry(V*) > DALV 1 > AL (Gy)) T gtk
One estimates the derivative of us(I'?) by the Cauchy formula with a disc of center
p* and radius A1 (éxg)% Bﬁ 7. There exists a constant (o such that

A k
I2:Int 250 Bar(0x5)

I'? k-small

If one chooses 7 small enough, then the contribution of fat contours (which are
not k-small) is negligible compare to the contribution of the small contours. One
fixes the value of the parameter 7, so that this is the case.

4.4.2. Contribution to [gjl\]gi) from the k-large and thin contours. The k-large and

thin contours are the important contours. For them one has lower and upper
bounds for [gbA(FQ)"](f*). Using these bounds one gets upper and lower bounds on

—[uA(FQ)](j*). There are two cases.

I. Assume that Ry(V(I'?)) > Ry(V(I'?)), or that V(I'?) is so large that
08V (I Ry (V (%)) > k.
Under these conditions one can apply lemma 4.2 with a disc D,, , so that 0D,, =

OD¢ . Indeed, either Ry (V(I'?)) > Ry(V(I'?)), and then one applies lemma 4.2 with

R = 0A"'Ry(V(T'?)), or this is not true, but the other condition is valid, so that one
chooses R = OA™'Ry(V(I'?)). In both cases ry,,, < R, which implies dD,, = = dDj. .

From the estimates for [¢(I'2)"]*). one obtains estimates on [uA(FQ)](:) :

o
there exists a function D(k), limy_., D(k) = 0, such that for 3 sufficiently large and
A sufficiently small,

(1= D(K)) [paTA)W) < ~[un (M%) < (14 D(k)) [oa(T2)] L.

I1. The second case is when
08V (L*)Ry(V(I%)) < k < 08V (T*) Ry(V(I?)).
Since the contours are also thin,
BIT? < 06~ xa (1) 80x (V (1) T (4.29)
<70 xa (D)7 A0V (P Ry (V (1))
<70 (1) e = Mk

One chooses R = BAT'Ry(V(I'?)) in lemma 4.2. The integration in (4.15) is de-
composed into two parts (see figure 2), and one shows that the contribution from
the integration over 8D;€’k’n is negligible for large enough 3. At that point one uses
the fact that one can choose A small. This fixes the value of A. Inequality (4.29) is
crucial, because it implies that the contribution from the integration over 8Dﬁk s
not too small, because the surface energy of a contour is not too large. ’
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Lemma 4.3. There exists 0 < A" < Agy such that for all 8 sufficiently large, the
following holds. If k > K(A',n,3) and T? is a k-large and thin contour, then

a2 2 5 (1~ D) (FAV () ek 63(%).

Proposition 4.2. There exists (3 such that for all 8 > 3, the following holds.
There exists an increasing diverging sequence {k,} such that for each k, there erists
dkn

A(L,,) such that for all A D A(Ly,)
(G315 > Ol heala™s Ak gmas =
Ch4 > 0 is a constant independent of 3, k, and A.

Proof. One compares the contributions of the small and fat contours with that of
the large and thin contours for & > K(A’,n,3). The contribution of the small and
of the fat contours is at most

cu (s ) (o) e
(k)

The contribution to [gi], of each large and thin contour is nonnegative. By as-
sumption (4.25) and the definition of the isoperimetric constant ys, there exists a
sequence I'2, n > 1, such that

_ 2
lim [[T2]| — oo and V(Fi)dd1 > Hi’l“,
n—00 (14+¢)x5

_d_ . .
FTTe " has its maximum at z = kﬁ, let

d—1
b | |
For any n, I'? is a thin and k,-large volume contour, since by (4.26)
B (1= 2V/ANV(T?)Ry(V(T2)) > B (1 — 2VA)VV (T T
7
> ﬂziig,mﬁ!lfm > k.
Let A D I'2. Using lemma 4.3 one shows that —[uA(F%)](ff) is bounded below by

1 __d \Fkn d C,(A,) dgl _ kndil _d_
Ap-aty d—l) ( 0<5>> NS
Ol3< ﬁ d X2 d—1 14 & ¢ ’

By the choice (4.26), if 0 is small enough, i.e. 3 large enough, then

Since

1 d—1

= AR

e < d c_(A)7 000
0(1—2V/A) d—1 1+4¢

Hence the contribution of the small and fat contours is negligible for large k,.

Let A(L,) be a box which contains at least |A(L,)|/4 translates of I'2. For any

A D A(L,), if k, and [ are large enough, then there exists a constant Cy4 > 0,
independent of (3, k, and A, such that

dkn

[G21%) > Ol k1757 A gmatn et
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5. NON-ANALYTICITY AND THE VAN DER WAALS LIMIT

This section is devoted to an exposition of the main results of Friedli’s PhD thesis
[Fr]. T do not give all details, since they can be found in [FrPf2] or [Fr|, and because
several arguments are similar to those of section 4.

It is important to understand how the breakdown of analyticity at a first order
phase transition point relates to the range of interaction, and how it is restored in
the mean field limit. This natural and pertinent question has been formulated and
studied for the first time, as far as I know, by Sacha Friedli, who investigated the
ferromagnetic Kac-Ising model in the van der Waals limit. This limit gives a way
of interpolating finite range interaction systems and mean field models. The scaling
parameter 0 < v < 1 which is used in the van der Waals limit is directly related to
the inverse range of the interaction. For any ~ the range of the interaction is finite,
and the interaction of a given spin with all other spins remains uniformly bounded
in 7. From theorem 2.1 one deduces the existence of Fy(y) so that for any 3 > [y(7)
there is no analytic continuation of the pressure at a first order phase transition.
However, the validity of this result, with respect to the temperature, is not good
enough if one wants to take the limit v — 0, because lim, () = co. Sacha Friedli
proved that there exists a temperature 3,, independent of v, and vy, so that for any
B > By and any 0 < v < 7o the pressure p, has no analytic continuation at the
first order phase transition point h = 0. Furthermore, there exists also a constant
C = C(f), independent of v, so that

[P (0%)] < C*E! for all k < ky(7), with ki(y) =%

Thus, for the Kac-Ising ferromagnet on Z4 (d > 2) at low temperature, the pressure
has no analytic continuation at the transition point as long as the range of inter-
action is finite (v > 0). Analytic continuation occurs only after the van der Waals
limit (y — 0). One can prove similar results concerning the free energy f., for given
magnetization m, which is related to the pressure p, by a Legendre transformation.
In the lattice gas interpretation of the model, this thermodynamic potential f, is
the (Helmholtz) free energy for given particle density. It is a convex function of m,
and in the van der Waals limit fy(m) := lim,_o f,(m) is the convex envelope of the
mean field free energy fie(m) (see theorem 1.1),

fme(m) = —%m2 — %I(m) with m € [—1,+1]. (5.1)

In this formula 7(m) is the entropy term,

l-m, 1-m 14+m, 1+m
— In — In .
2 2 2 2

When 3 < 1, firis a strictly convex function of m, but when 3 > 1, fy has a plateau
for m € [-=m*(3), +m*(0)], where m*(3) is the positive solution of the mean field
equation m = tanh(fSm). fy is analytic on (—1,—m*(3)) and (+m*(3),+1), and
the analytic continuation of fy(m) beyond +m*((3) is given by the mean field free
energy (5.1). After the van der Waals limit, one has the same situation as in the
van der Waals-Maxwell theory.

I(m):=

The main difficulty is to prove the existence of 3,. It is necessary to study the
model on a coarse-grained scale, related to the range y~! of the interaction. The
coarse-grained formulation of the model is based on a recent paper of Bovier and
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fo(m)
-1 +1
— ()

Figure 3: The free energy fo when 5 > 1. The dotted line is the analytic continuation provided
by fmf~

Zahradnik [BoZ], in which this problem is solved. Once the coarse-grained descrip-
tion of the model is done, the rest of the analysis follows the same pattern as in
section 4, and therefore I shall not expose it again. Due to the symmetry of the
model, one knows that the phase transition point occurs at zero magnetic field.
There is “no section 3” in this case. On the other hand, the contour models are
more complicated because there are interactions between contours besides the basic
hard-core condition. This also shows that theorem 2.1 can be proved in a more
general context than that of section 2.

5.1. Main results. The model is a ferromagnetic Ising model with spin-variable
o; = 1 and interaction

Ty (@) = eyis(ya)
with 0 < v < 1, and ¢ : R — R* a function whose support is the cube [—1, +1]%,

and such that
/g(x)dx =1.

The constant ¢, in the definition of the interaction is chosen so that
> L) =1.
x€Z%: x#£0

The inverse of the scaling parameter v is the range of the interaction. Spin config-
urations are denoted in this section by o or 7. €, is the set of spin configurations
in A and € the set of spin configurations on Z¢. The restriction of a configuration
o to a subset A C Z¢ is denoted by o 4.

For a finite A and o € 1), the Kac-Ising hamiltonian is

Hl(o) = — Z Jy(i—j)aiaj—hZUi, heR.
{i,gigA ieA
i#]

The parameter h is the magnetic external field, and the magnetization in A is
1
mA(O') = — ZO’Z‘ - [—1, ‘f‘l] .
AL
The canonical partition function is
Z(A,m) =Y exp(—BH{(os)),

OAEQN:
mp (o)=m
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and the free energy for given magnetization m
1
fym) = = im o Z(Am(4)).
In the definition of f, the thermodynamic limit A 1 Z? is taken along a sequence of

cubes, and the sequence m(A) is such that m(A) — m.

There are few technical restrictions for the function ¢, which can be found in [Fr].
In these lectures I always consider a specific and convenient choice,

—d if ¢ _ d.
g(x)::{Q foe[-1,1)%

0 otherwise.
In this setting, the main result for the free energy f, is the following theorem.

Theorem 5.1. There ezists 3, and vy > 0 such that for all 5 > B, v € (0,%), f,
is analytic at any m € (—1,+1), except at £m*(3,~), where

m*(8,7) = pi(0%).
[+ has no analytic continuation beyond —m* (3, ) along the real path m < —m*(3,7).
[y has no analytic continuation beyond m*(3,7) along the real path m > m*([3,7).

This result is in favor of the idea that finiteness of the range of interaction is
responsible for absence of analytic continuation.

The proof of theorem 5.1 is obtained by working in the more appropriate grand
canonical ensemble (in the lattice gas terminology), in which the constraint on the
magnetization is replaced by a magnetic field. Let

Z(A) = Z exp (— BH}(0)).
g€ Qp
As before, the pressure is

py(h) == lim p, A(h) with p,a(h) =

In Z(A
A1Z4 |A|n (A)-

The free energy and pressure are related by a Legendre transform:
fr(m) = sup(hm — py(h)) .
heR

The analytic properties of f, at £m*(3,v) will be obtained from those of p, at
h = 0. By the theorem of Lee and Yang [LeY], p, is analytic in the complex plane
except on the imaginary axis.

Theorem 5.2. There exists B, 7o > 0 and a constant C,. > 0 such that for all
B> By, v € (0,7%), the following holds:
(1) The pressure p,, is C* at 0F. There exists a constant C;. > 0 such that for all
keN,

P (0%)] < (Coym8771) KA+ CRRL.
(2) The pressure has no analytic continuation at h = 0. More precisely, there ezists

C_ > 0 and an unbounded increasing sequence of integers ky, ko, ... such that for
all k € {kl,kg,...},

PO0%)] 2 (Coyetspan) kats — Otk
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The lower bound in theorem 5.2 becomes irrelevant when v tends to 0. The
integers k; depend on v and (, and

y—0

From the upper bound of theorem 5.2 it is easy to get

Corollary 5.1. There exists C = C((3) such that for small values of k, i.e. for
k<~ the following upper bound is true,

P (0%)] < CFk!.

The crossover in the behaviour of the derivatives of the pressure is represented on
figure 4.

7 (0) ~ k! 7 (0) ~ k7

\ | [ . .
‘ ‘ { T T T N
—d kl kQ kg .

Figure 4: The derivatives of the pressure at h = 0, when v > 0. The first ones (k < v~%) behave
like those of an analytic function, but non-analyticity always dominates for large k.

Proof of theorem 5.1. Using the symmetry p,(h) = p,(—h),
£,(m) = sup (hm — p, (1))
h>0

By the theorem of Lee and Yang, h — p,(h) and m — m,(h) := pgl)(h) are analytic

in {Reh > 0}. For all m € (m*, 1),

fr(m) = h(m)m — p,(h(m)) ,

where h.(m) is the unique solution of the equation m = m.(h). If h > 0, GKS
inequalities imply

PP (h) =5 Z (0004), — (00), (030, = B({o000), — (o0, (o0)), ) = B(L— (o0) ) -

Since pg)(h) £ 0 for all h > 0, the biholomorphic mapping theorem® implies that
m +— h.(m) is analytic in a complex neighbourhood of each m € (m*,1). So f,,
which is a composition of analytic maps, is analytic on (m*, 1).

Proof that f, has no analytic continuation at m*. Assume this is wrong.

W) — 1lim O (m) — Lim m® ()L — lim @ (h) !
hy(m?) = lim_h2(m) = lmm: 7 (h)™ = lm piP(h)™ # 0, (5.2)

since p (0%) is bounded at A = 0. Again, (5.2) implies that the inverse of h.,
h.(m) can be inverted in a neighbourhood of m* and that the inverse, m, = m,(h
is analytic at h = 0. This is a contradiction with theorem 5.2.

~—

Y

O

et g : D — C be an analytic function, zo € D be a point such that g'(20) # 0. Then there
exists a domain V' C D containing zp, such that the following holds: V' = g(V) is a domain, and
the map g : V — V' has an inverse g~ ! : V/ — V which is analytic, and which satisfies, for all
weV, g_ll(w) = (g'(g‘l(u))))_1 . The proof of this result can be found in [Reml], pp. 281-282.
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5.2. Coarse-grained description of the model. In this subsection I write the
model as a contour model with restricted phases. The contours are defined on
a coarse-grained scale, which is of the order of the interaction range y~*. The
Peierls condition is verified with a constant independent of vy (subsection 5.2). Then
I consider the analysis of the restricted phases, which play the role of the ground-
states in the standard the Pirogov-Sinai theory. All these three subsections are based
on [FrPf2]. The proof of theorem 5.2 follows the pattern of the proof of theorem 2.1,
with supplementary technical difficulties, since the fluctuations within the restricted
phases induce many-body and long-range interactions among contours.

I first introduce some notations. Let N > 1;
By(z):={y€Z': |[xr—y| <N} and By(z):= By(x)\{z}.
The N-neighbourhood of A C Z% is

A]N = U BN(.T)

If op € Qp, Nac € Qpc, the concatenation opnpe €  is by definition:
(UA)i ifiel,
g c)i = o
(oamae) {(W)i if i e A

The symbol # is used to denote either of the symbols 4+ or —, or the constant
configuration taking the value # at each site of Z%.

The interaction is rewritten as

1
= <[z <A
Jy(x) == { | B2 (0)]
0 otherwise.

As in the Pirogov-Sinai theory, the first step is to define the notion of a correct
point, respectively incorrect point of a spin configuration. A point j is (9, +)-correct
for o if in its v~ !-neighbourhood there are not too many spins with value —1. The
value of o, itself does not matter. Recall that v~! is the range of the interaction.

Definition 5.1. Let § € (0,1), o € Q, i € Z°.

(1) 4 is (0,+)-correct for o if |BS 1 (i) N{j:0; = -1} < 3| B (i)
(2) @ is (6, —)-correct for o zf|B (@) N{G oy =+1}H < 2B (i)].
(3) i is d-correct for o if it is ezther (0,+)- or (0, —)-correct for o.
(4) i is d-incorrect for o if it is not d-correct.

If § is sufficiently small, then in a y~!-neighbourhood of a (d, +)-correct point, all
points are either (§,+)-correct or they are incorrect. So, (d,+)-correct points are
distant from (9, —)-correct points.

Lemma 5.1. Let § € (0,279), 0 € Q. Then

(1) If i is (0,4 )-correct, the box B.-1(i) contains either (0,4 )-correct or é-incorrect
points.

(2) If i is (6, —)-correct, the box B,-1(i) contains either (§,—)-correct or é-incorrect
points.
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Proof. Let i be (0, +)-correct for o, and j € B.,-1(i). Clearly
. . 1 .
| By-1(2) N By-1(j)| = @|Bw‘1(l)| :

Therefore, there are at least

1 : J : 11
@|B¢1(l)| - §|B¢1(l)| = §@|Br1(l)|
points, which are (, +)-correct in B,-1(j), i.e. j cannot be (J, —)-correct. O

From now on ¢ is fixed in (0,27%). The cleaned configuration & € () is defined by

+1 ifdis (6, 4) -correct for o,
o;:=4q —1 ifiis (6, —) -correct for o,

o if 4 is d-incorrect for o.

For any set M C Z%, the partial cleaning 03Tz coincides with ¢ on M and with &
on M¢. The cleaning and partial cleaning are always done according to the original
configuration o, with the fixed §.

The set of d-incorrect points of the configuration o is denoted by Is(o). The
important property of the cleaning operation is that it can only change incorrect
points for ¢ into correct points for the (partially) cleaned configuration.

Lemma 5.2. (I) Let M C Z%. If i is (6,+)-correct for o, then it remains (9, +)-
correct for opyope. If i is (0, —)-correct for o, then it remains (6, —)-correct for

O'MEMC.
(H) Let My C M, §' € (O,(S] Then Lg/(O'MlﬁMlc) C Lg/(O'M25M2c).

Proof. (1) If i is, say, (d,+)-correct for o, then the cleaning of ¢ has the only effect,
in the box B,-1(i), of changing some — spins into + spins (and never + spins into —
spins). This is a consequence of lemma 5.1. Therefore the ¢ remains (4, +)-correct
for opTase.

(IT) Let i be a (&', +)-correct point of o, s. One shows that it is also a (d', +)-
correct point of oM, O M-

The two configurations oMy Ons and o, O e differ only on My\M;. Let k €
My\M;. There are three possibilities for the spin at k.
(1) If k is (9, +)-correct for o then 7 = +1.
(2) If k is 0-incorrect for o then &) = o4 = (02T ng )k
(3) The last possibility, a priori, is that k is (J, —)-correct for . By (I), if k is (d, —)-
correct for o, then k is also (9, —)-correct for ops, 0, and by lemma 5.1, @ cannot
be (0, +)-correct for ops,@ . This contradicts the fact that i is (d', 4-)-correct for
0,00 Since only (1) and (2) occur, the lemma is proved. O

I now turn to the definition of the contours. Let C¥) be a partition of Z¢ made
of disjoint cubes of side length [ € N, [ = vy~! with v > 2, and whose centers lie on
the sites of a fixed sub-lattice of Z¢. If i € Z%, then Ci(l) is the unique element of the
partition C¥ | which contains the site i. The family of all subsets of Z%, which are
unions of elements of C"), is denoted by £, For any set A C Z?, the thickening of

Alis
(A} =V,

1€A
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As in the Pirogov-Sinai theory, contours are defined by d-incorrect points. Since
they are defined on the coarse-grained scale [, a possible definition of the boundary
of a configuration would be

M’ ={[L5(0)]5-1}-

Notice that any j ¢ M’ is either (0, +)-correct or (d, —)-correct. If the spin at
Jj & M’ is (9, +)-correct ((6, —)-correct), then after cleaning it is a +-spin (—-spin).
Moreover, by definition of correct/incorrect points, if ¢ € M’, with i — j| < 7,
and if j & M’ is (6, +)-correct, then i is also (4, +)-correct. Of course, after cleaning
outside M’, i remains (J, +)-correct for the partially cleaned configuration. Unfor-
tunately thls is not strong enough, and one must require the stronger condition that
i is (6, +)-correct, with & < &, for the partially cleaned configuration outside M’
Therefore, in order to define the notion of a boundary of a configuration, one intro-
duces the family of subsets of £ which have the desired properties, and then shows
that this family of subsets is nonempty and stable for the intersection, so that one
can define the boundary of a configuration as the smallest element of this family.
The details are given in the next paragraph.

Let 6 € (0,6). For each o € Q with |I5(c)| < oo, let
E(o) = {M er®: Mo [I5(0)]y-1, M D [I5(onmTne)]- }

(1) (o) is not empty. Indeed, let My = {[I5(0)]r}i. If My = 0 then I3(0) =
Is(c) = 0 and any subset of Z% is in (o). If My # 0, then My € E(o), because
My € LD, My D [I5(0)],-1 D [I5(0)],-1 and My D [I3(0)],—1 D [I5(oas,Tasg)]o-1 by
lemma 5.2.

(2) €(o) is stable by intersection. Indeed, let A, B € £(o). Then clearly AN B D
[I5(0)] r; moreover, by lemma 5.2,

A D [I5(0aTac)|r D [I5(04nBT (4nB))] R »
B D [I5(05T5)|r D [I5(04nBT (AnB))]R -
Hence, one defines the boundary of the conflguratlon o as
ﬂ M.
Meé(o

The next property of I*(0) is essential to prove the Peierls condition: there are
sufficiently many d-incorrect points in I*(o) for the partially cleaned configuration
g [*E I*¢c.

Lemma 5.3. There exists, in the 27y~ L-neighbourhood of each box CV C I*(0), a
point j € I*(o) which is d-incorrect for the configuration oG .

Proof. Let CY C I*(0). First, suppose I5(c) N [CW]y,-1 # 0. Then each j €
I5(0) N [CD]y,-1 is d-incorrect for o, and hence d-incorrect for oG pc, since § < §
and o and o7+G+ coincide on B _1( /).

Suppose’® that [I5(0)],-1 N [C(“]yq = (), and that the statement is wrong, i.e.
I;(o7-Ge) N [CW]y-1 = @. Then, set I' := I"\C® and show that I’ € (o),
a contradiction with the definition of I*. First, I" O [I5(0)],-:. Using Lemma
5.2, I* D [I ((71 O'I*c)] -1 D [IS(UI/EI/C)]')/_L Since IS(O'[*E]*C) N [C(l)]Q,Y—l =0 is

“6Here T use the fact that AN [Bly,-1 = 0 if and only if [A], -1 N [B],-1 = 0.
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equivalent to [I;(oG+<)],-1 N [C(l)],y—l = (), this implies that I D [[5(o;Tpe)]y-1,
ie. I' e (o). O

Contrary to what happens in the standard theory of Pirogov-Sinai, it is less ob-
vious to characterize the set of configurations which have the same boundary. Let

A(o) :={0": 01 () = O1+(0), I"(0") = T*(0) } .

Let A#(o) b
d(At(o), A

e the set of points of I*(¢)¢ that are (9, #)-correct for 0. By lemma 5.1
(o)) > 1, and Z% is partitioned into

Z* =TI (c) UAT (o) UA (o).
Proposition 5.1. A(o) =D(o) if
={o": Tle(g) = OI+(c); €ach i € [A#(0)],-1 is (6, #)-correct for o'} .

Proof. Let I*(0) # 0 (otherwise the statement is obvious).

(1) Assume o’ € A(o). Then I* = I*(0) = I*(¢0') D [I5(0”)],-1, so that each
i € [I*°],-1 is d-correct for ¢’. Let A be a maximal connected component of [/*“],-1.
There exists ¢ € A such that ¢ € I*, since by assumption I* # (). By lemma 5.1, it
suffices to show that i is (d, +)-correct for o if and only if it is (9, +)-correct for o’
Assume this is not the case, e.g. suppose i is (d, +)-correct for o and (0, —)-correct
for o', i.e

BN ¢ (o) = 1} < 31B3 )

. /. . _ O e .

|Bi-(0) N {J ¢ (07:07); = +1} < GBI (0)] -

Since ¢ € I*,
Boa () 0 1 < (1= 279 B, ().
Since 07.(,) = 01+(s), One gets a contradiction (0 <6 <279,
B21(0)] = B2 O T+ 1B () 1 G + (01-700); = —1} (1 1)

+ B (i) N {j: (07:Fpe)j = +1F N7

< (1=27"40)[B3(i)| < |BS-a(i)].
(2) Suppose ¢’ € D(o). Since ¢’ coincides with o on I*(¢) and all points of
[I*(0)¢],-1 are d-correct for o', I5(0’) = I5(0). Thus I*(0) D [I5(0)],-1 = [Ls(0”)],
Then, since 07+(6)T1+(o)c = 0'1+(0)T 1+(s)e, ONe has

I"(0) 2 [I3(01+0)T (o)) s+ = U5(0'1+(0)T 120 ) ]2 -

Therefore I*(0) € E(0'), i.e. I*(o’) C I*(0). Assume I*(o)\I*(0") # (). Using the
fact that o and ¢’ coincide on I*(0)\I*(¢’), one has or(,)Tr+(» ,)c = O (1O 1+ (o)
This gives, as above, I*(0") D [I5(0' 1+(61T 1+(o1)¢)]v-1 = [U5(01+(01T1#(07)e)]5-1. But

I*(o") O [I5(0")],-1 = [I5(0)],-1, so that I*(0’) € E(0), ie. I*(o ) D I*(0). There-
fore o’ € A(0). O

Definition 5.2. The connected components of the boundary I*(o) are the supports of
the contours of the configuration o, and are written suppI'y,...,suppl’,. A contour
is a couple I' = (supp I', or), where or is the restriction of o to I.
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The notions of label, external contour, interior of contour, compatibility of family
of contours, boundary condition of a contour are defined as in section 3. For each
contour I" with boundary condition +, there exists a unique configuration o[I'],
which coincides with o on the suppI’, and which is equal to the labels of the
components of Z¥\suppI" otherwise. I also denote, as before, supp I' by I when no
confusion arise; in particular |T'| = | suppI'|. Notice also that the distance between
the supports of two different contours of the same configuration is at least [.

5.3. Proof of the Peierls condition. Let A € £® be a finite set, o), € Q4 and
set 0 := op+ae. Let

i (04, 05) = ——J (i —j)(oio; —1) and  ¢i; = ¢y(+,—) = 0.
The hamiltonian with boundary condition +je is

Hy(o) := Hy(op+ac) = Z ¢ij(0i,05) + Zu(ai) with  u(o;) = —ho; .
{i,j};{\yﬁ@ ieA
i#]

One identifies I*(c) with I*(c) N A, and A*(o) with A*(s) N A. The hamiltonian
can be written in such a way that spins in regions A# (o) are subject to an effective
external field U#.

The energy of the boundary of a configuration is by definition Hj«(o+@+c), and
(073 10e) = Z(\ru + > uel))).
el

where the sum is over contours of the configuration . The surface energy of T' is
|L||; it is the same quantity as that of section 3.

Let h =0 and I* = [*(0). Hx(0) — Hp (070 +¢) is equal to

Z( Z ¢Z] Uzaa] Z ¢Z] 0’170'] Z ¢Z] oi,+ Z ¢Z] #’0'] >

#  {ig}CA# (o) iEA# (0) ieA# (o) i€A* (o)
JeI* JEA JeI*

Let i € A*(0). In the neighbourhood B,-1(i) of i, the majority of the spins are
+-spins. There is an effective field acting on the spin at 7, which is at first approxi-

mation equal to
Z Gij(oi, +) .
jGB;71(i)
Therefore, if i or j € A" (o), then it is natural to decompose ¢;;(0;,0;) as
¢z’j(0'ia Uj) = w;;(ai, Uj) + ¢ij(0'z', +) + ¢ij(+, aj) .

Notice that

—2¢;; fo,=0;=-1

z]( J) ¢]( J) Qb]( ) ¢J( ]) 0 otherwise.

Similarly, if i or j € A™(0), then

ifO'Z‘:O'j:]_

otherwise.

wi; (03, 0;) = ¢i(01,05) = ¢ij (03, =) — big(—, 05) = {(;2%
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Lemma 5.4. Define the potential
U*(07) := u(o;) + Z ¢ij(0i, #) = —ho; + Z Gij(oi, #) -

jiji jijti
Then
Ha(0) = Hp(opGpec) + Z < Z wﬁ(ai,aj) + Z U#(ai)) :
# {i,j}ﬂ./;#‘(a)yé@ iEA# (o)
i#]

The central result of this section is proposition 5.2.

Proposition 5.2. The surface energy satisfies the Peierls condition, i.e. there exists
p = p(0,v) >0 such that for all contours T,

IT]} > pIT| .
The constant p is independent of .

Remark. |I'| is the total number of lattice sites contained in the support of I". The
support of a contour is a union of finitely many cubes of £L®. So

T > vy

Another way of measuring the size of supp I' would be to count the number of cubes
CW® contained in supp I'. In this case, the Peierls condition would become

0| > p/y~#{CY C suppI'}

(with a different constant p'), and 3y~ could be interpreted as an effective temper-

ature for the system on the coarse-grained scale y~1.

Proof. One first shows that the effective field acting on a spin ¢ is Lipschitz (with
Lipschitz constant 2v). Let o0 € Q, i € Z¢, # € {£}. Define

Vo’(i; #) = Z ¢ij(#: Jj) .
JiF
Then, for |z —y| <71
Vol 4) — Vo (ys #)| < vz —yl. (5.3)
Indeed, the difference V,(z;#) — V,(y; #) is equal
Do o)t Y (o) — b)) = Y du#oy).

jEB 1 (x) JEB.,—1(x)NB 1 (y) J€B —1(y)
J#B.,-1(y) i#B,~1(z)

The middle sum vanishes; the first (last) sum can be estimated for |x —y| < 47!, by

B — |By-1 NB.-1 —
3 d)xj(#,aj)g‘ H-1(2))] |’Bj (g;:|) Wl IH; _iJ|'
JEB 1 (2) vl g
J€B.-1(y)

By lemma 5.3 there exists in the 2y~ -neighbourhood of each C C T" a point
j € I which is d-incorrect for o[I']. Let A be the set of all such points. One has
I C [A]j42,-1. Let Ay be any 4y~ '-approximant of A, that is Ay C A, two points of
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Ay are at distance at least 4y~!, and A C [Ag]s,-1. Therefore I' C [Ag];16,-1. This
implies that
1) < [Aof | Brsgy 1 (0)] (5.4)

Since each i € Ay is d-incorrect for o[I],

|BS-1(i) N {k : o[y = +1}] > ngyq(i)] (i is not (8, —)-correct),

and

|BS-1(j) N {k: o[l = —1}] > g|Bﬁy_1(i)| (7 is not (0, +)-correct).

Hence, independently of the value of o;,

V(,[F] (i; —) > and V(,[F] (i; +) > — (5.5)

N | Sn
DN | Sn

One has
1T

v

D SND S SRR

i€Ao k€B_ 1 (1)NI L:lF#k

_ % Z Z Vorry (ks o [L]k)

i€ Ao k€B_ 1 ()Nl

1
'S Vol
i€4o ke s (inc)

il <4yt

v

Using (5.3) and (5.5),

Voir) (K o[Ulk) = Vorry (i 0 [Uk) + (Vorry (K o [Tk) = Vorry (65 0[T))

DO | S0
=] S~~~

> - —vlk—i|l >

From this one deduces the existence of p > 0, independent of v € (0, o), such that
(see (5.4))

‘Oqz

>
— 9d+3

=] on

1,1 _
1PN = 5140l 55 1B, (0)] |Biroy1 (0) 01 Bs - (0)] = T

(\]

O

5.4. Restricted phases. The configurations of the restricted phases are those con-
figurations such that either all points are (¢, +)-correct or all points are (6, —)-
correct. I consider the + case, the other case is similar. I first define the kind
of boundary conditions, which are admissible for the restricted partition functions
associated with these phases. Let A be a finite subset in £,

Definition 5.3. A boundary condition nae € Qxc is +-admissible if each ¢ € [A],—

is (5, +)-correct for the configuration +xnac.

A +-admissible boundary condition means that, when looked from any point 7
inside of A, there is a majority of spins +1 on the boundary: for each ¢ € [A],-1,

|B2-1(3) 0 B(nae)| < 3|B,1(1)]
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where

B(nae) == {i € A%: (ae); = —1}.
Notice that the boundary condition specified by a contour on its interior is always
admissible. Let i € [A],-1, op € Q4, and define

1(on) 1 if i is (0, +)-correct for opnpe,
i\OA) ‘= .
A 0 otherwise.

(nae € Qpe is a +-admissible boundary condition.) The configuration which are
allowed in a restricted phase are those verifying 1(oy) = 1, with

Lon) == ] Lilon).
’LAE[A],Yfl
Set 0 := ganae. The hamiltonian for the restricted system is the one obtained in
lemma 5.4 for a region of +-correct points. The restricted partition function with
boundary condition 7). is

Z,H(Nsmae) == ) (o) exp < -8 > wilono) =B U+(Ui)> :
A€ (sa}0A 0 ieA
i#j

One shows that Z,"(A) can be put in the form
Z,5(A) = MM ZF (),

where Z7T(A) is the partition function of a polymer model*”, having a normally
convergent cluster expansion in the domain

H+:{h€(C:Reh>—%}.

The reason for log Z,"(A) to behave analytically at h = 0 is that the presence of
contours is suppressed by 1(o,), and that on each spin o; = —1 acts an effective
magnetic field
Ut(-1)=h+ Y ¢y=1+h,
JiyFi

which is close to 1 when A is in a neighbourhood of A = 0.

I now explain how one can express the restricted partition function Z,*(A) =
Z, 7 (A;mac) as the partition function of a polymer model. Complete details are
given in section 3 of [FrPf2].

The influence of a boundary condition can always be interpreted as a magnetic
field acting on sites near the boundary. One rearranges the terms of the hamiltonian

as follows:
Z wj]'-(ai, g;) + Z <U+(0i) -+ Z w;;(ai, (77Ac)j)> .

{i,j}CA ieA jeAe
i#]
By defining a new effective non-homogeneous magnetic field
pi (i) = U"(03) + h + Z w;5 (04, (1ae);)

jEAC

47Representation of partition functions by polymer models was introduced by Kunz, [Kul] and
[GrKu], and [Ku2]. This is now a standard powerful method in statistical mechanics, which has
been also used in constructive field theory and especially in lattice gauge theories with great success.
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one can extract a volume term from Z,"(A) and get Z,7(A) = A ZH(A), where

ZHA) = Z L(on) exp( g Z (04, 05) ﬁZuj(aJ)

O’AEQA {’L,]}CA SN
i#]
Notice that the field p; (o) becomes 1ndependent of nae when d(i, A¢) > . Since
w;;(ai,aj) =0, if 6;, = +1 or 0; = +1, and p; (+1) = 0, only the spms o; with
0, = —1 interact. The location of these spins are identified With the vertices of a
graph. For each vertex of this graph one has a factor e —Buf (=1 When h € H.,
Reuj(—)—l—i—ZReh%—Zw (Mae)j) > 1 — ——6>
JEANC

since 0 < 27%. The formulation of Z*(A) in terms of polymers is a three step
procedure. One first expresses Z(A) as a sum over graphs, satisfying a certain
constraint inherited from 1(c,). Then, one associates to each graph a spanning
tree and re-sum over all graphs having the same spanning tree. The weights of the
trees have good decreasing properties. Finally, the constraint is expanded, yielding
sets on which the constraint is wviolated. These sets are linked with trees. After a
second partial re-summation, this yields a sum over polymers, which are nothing
but particular graphs with vertices living on Z¢ and whose edges are of length at
most 1

I. Let Gy be the family of simple non-oriented graphs G = (V, E) where V' C A,

cach edge e = {i,j} € F has d(i,j) < ~y7'. For e = {i,j}, set wS = wf(—,-).

Notice that w} = —2¢;; < 0. Define also u; := p; (—1). Expanding the product
over edges leads to the following expression

zrw =Y 1v@) I =1 JT e
Gega e€EE(G) ieV(G)
where 1(V') := 1(oa(V)), and o5 (V') € Qy is defined by o (V); = —1if i € V, +1
otherwise. In terms of graphs, the constraint 1(V(G)) = 1 is satisfied if and only if
Z lw| <8, Vie[Al,-1, where B:= B(n:).

e={i,j}
JjEV(G)UB

Moreover, the fact that the boundary condition 7, is +-admissible means that
S lwf <6, Vie[A-
6={i,j}

jE€B

I1. One chooses a deterministic algorithm?® that assigns to each connected graph Gy
a spanning tree T'(Gy), in a translation invariant way (that is if Gy, is obtained from
Gy by translation then T'(GY) is obtained from T'(Gy) by the same translation). The
algorithm is applied to each component of each graph G appearing in the partition
function. Let 75, C Ga denote the set of all forests. Then

zH ) = S 1) [t )

TeTy teT

48T be precise, one chooses the algorithm of chapter 3 of [Pf].
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where the product is over trees of T', and the weight of each tree is defined by

-y H ol 1y T e

GeGp: ecE(G zEV(G)
T(G)=t

Isolated sites {i} C A are also considered as trees. In this case, w™({i}) = e~

Lemma 5.5. Let T € Ty be a forest such that 1(V(T)) = 1. Then, uniformly in
h e H,, for each tree t € T,

t)| < H —Buwd H eif

ecE(t) i€V (t)

ITI. The constraint 1(V(7")) depends on the relative positions of the trees. This
“multi-body interaction” is treated by expanding

[ vvan=T] a+uvon= 3 JJuwam)

’L'G[A],y_l iE[AL/_1 MC[A],\/—I €M

where 1$(V(T)) := 1i(V(T)) — 1. This yields

=3 3 (Hrven)(Ie ).

TETy MC[A] 1 €M

Consider a pair (T, M). Let i € M. The function 1§(V (7)) is non-zero only when i is
not (4, +)-correct; it depends on the presence of trees of T in the vy~ !-neighbourhood
of ¢ and possibly on the points of B(nac) if B,-1(i)NA® # (). To make this dependence
only local, one links the «~!-neighbourhoods of the points of M with the trees of T
as follows.

(1) Let N = N(M) be the graph whose vertices are given by
= U B,-1(z
ieM
There is an edge between two vertices of N, x and y, if and only if (z,y) is a
pair of nearest neighbours of the same box B,-1(i) for some ¢ € M. The graph

N decomposes naturally into connected components (in the sense of graph theory)
N1, Ns, ..., Ng. Some of these components can intersect A°.

(2) One links trees t; € 7" with components N; € N. To this end, one defines
an abstract graph G: to each tree t; € T , one associates a vertex w;, and to
each component N; one associates a vertex z;. The edges of G are defined by the
condition: G has only edges between vertices w; and z;, and this occurs if and

only if V(t;) N V(N,) # §. Consider a connected component of G, whose vertices
{wiy,...,wi, zj,..., 2} correspond to a set P/ = {t;,...,t;, Nj,...,N;}. One
changes P/ into a set P, using the following decimation procedure

(a) if P/ = {t;,} is a single tree then P, := P/.
(b) if P/ is not a single tree, then
(by) delete from P/ all trees t;, that have no edges,

(bg) for all trees t;, containing at least one edge, delete all edges e € E(t;,) whose
both end-points lie in the same component N;
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The resulting set is of the form P, = {t,,,...,ts, Nj,,..., N;,}, where each tree t,,
is a sub-tree of one of the trees {t;,,...,t;}. P is called a polymer. The decimation
procedure P/ = P is depicted on figure 5.

N

N2 N2

N
. SRR L

te ts,

Figure 5: The decimation procedure P/ = P;. The hatched polygons represent the body B(P)
and the legs are the trees {ts,, ts,,ts;,ts,, ts; ). Bach t; is a sub-tree of some t;.

The body of P, is V(Nj,)U---UV(Nj,); the legs of P are the trees {t,,,...,t,}.
A polymer can have no body (in which case it is a tree of 7), or no legs (in which
case it is a single component Nj;,). The support V(P) is the total set of sites:

vp)= | vieyulJvv).
) i

telL(P

Often P also denotes V(P). Two polymers are compatible if and only if V(P;) N
V(P;) = (), denoted P; ~ P,. Therefore, to each pair (T, M) there corresponds a
family of pairwise compatible polymers {P} := (T, M). The set of all possible
polymers constructed in this way is denoted by P (nxc). The representation of
ZT(A) in terms of polymers is then

ZHN) = Z(P{na)) = > ] «T(P),

{PYCP (nac) PE{P}
compat.

where the weight is defined by
wtpy= 3 (T ) (Tt e).
(T,M): €M teT

(T, M)=P

The weight w™(P) depends on the position of P inside the volume A, via the bound-
ary condition nje.

Definition 5.4. The restricted pressures are defined by

1
+ : +
= lim ——1 ZT A;:i:c s
pr,'y AlTZd B‘ A | og ( A )

where the thermodynamic limit is taken along a sequence of cubes.
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The next step is to prove that one can apply the cluster expansion to the polymer
representation of the restricted partition function. I do not explain this technical
part. One proves the next lemma®’.

Lemma 5.6. There exists ¢ > 0, so that given ¢ > 0, there exists (3(g) with the
property that

sup  |wT(P)|ePl <& Ve (0,7),
p:v(P)s0 Reh>—1/8

provided that 3 > ((e).

I state the main result concerning the restricted phases and their analyticity prop-
erties, for the case # = +.

Theorem 5.3. Let 3 be large enough, v € (0,7), A € LY and nae be a +-admissible
boundary condition. Then

(1) Z,(Py (nae)) has a cluster expansion that converges normally in {Reh > —2}.
The maps h — log Z.(Py (nac)) and h— p}_(h) are analytic in {Reh > —1}.
(2) There exists a function e-(0), verifying limg_, €,(8) = 0, such that, uniformly
i h for Reh > —3

} log Z,.( ,P/J\F(UAC))’ < &(B)|A].

(3) Uniformly in h for Reh > ——

16’
| log 2,(P3 (1ae))| < e (B)A].

(4) There ezists a constant C,. > 0 such that for all integers k > 2,

1 k
Lz, T(Asae)

< CFE! +ER) ) < C*EL .
’A’ dhk — T ) |p ()|— r

h=0

The main part of the analysis of the model is done in a finite volume, say a (large)
cubic box A in L. Let v € (0,7,). Let™

QX = {O’A € Oy : d([*(UA—i—Ac),AC) > l} .
One defines
ZHA) = ) e Mhalata), (5.6)
O'AEQX

For each o5, € Qf, the decomposition of I*(op+ac) into connected components
yields an admissible family {I'}, such that I' C A and d(I", A°) > [ for each T" € {I'}.
Then, A is decomposed into A = {T'} UA*T UA~, where A# are the points of A\{I'}
that are (d,#)-correct for the configuration opx+xc. If in (5.6) one sums over all
configurations, which yield the same set of contours {I'}, then one can write the
partition function Z(A) as

Sryen (Hregy o)) 25 (A5 +acory) 2,7 (A5 oqry)
Zr (A7 +AC> ’

49This is essentially lemma 3.5 in [Pf]. See also theorem 3.1 in [Pf].

0The condition d(I*(opA+ac),A®) > I is convenient, but not really important. It is used in
[FrP{2].

Zr+(A; +AC) (57)
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where the sum is over admissible families of contours, and
p(T) = e~ BHr(e[l])

The restricted phases induce an interaction among the contours, via the polymers.
One can write the partition function Z*(A) as

PHA ZH(A)EF(A), (5.8)

where =7 (A) is the partition function of another polymer model, whose polymers
are connected objects, which are made of contours and polymers describing the
restricted phases. This is not immediate to obtain formula (5.8), but there is a
well-known procedure for doing this, starting with formula (5.7). Once this is done,
the analysis is similar to the analysis presented in section 4. Full details are given
in section 4 of [FrPf2].

I end this section by some final remarks about the restricted pressures. From the
full analysis one obtains the following expression for the pressure (see (5.8))

py(h) = pi (k) +sing? (h) if h > 0. (5.9)

The term singj(h) is the contribution to the pressure, which is due to the presence
of contours, and is defined using Z*(A) in (5.8). It is this term which is responsible
for the absence of an analytic continuation of p, at h = 0, because at h = 0, the
phase transition point, droplets of the —phase, of arbitrary size, are stable. On the
other hand, when ~ is small, singj(h) is small: if At > 0, then there exist constants
a and b, such that

|sing? ()| < ae”™" forall h, 0 < h < h*.

This follows from proposition 5.2 (read also the remark following this proposition).
In this sense the main contribution to the pressure is p;fﬂf. p;f7 is the pressure of an
homogeneous state characterized by the fact that all spins are (d, +)-correct.

By Holder’s inequality, the restricted pressure p;fy is a convex function of h,
h > —1/8. On Reh > —1/8, as a consequence of Vitali theorem, the family of
holomorphic functions {p;_}, is a normal family, which converges as v — 0. Fur-
thermore,

lim p; (k) = pme(h) if b > 0.
y—=0" 7

Thus, the limiting function lim, o p;(h) gives the analytic continuation of the
mean-field pressure from h > 0 to —1/8 < h < 0. Let

* * d
My = mm(ﬁ> = %p:fv(h)}hzo'

One has
}Yli% m:,w (67 ’7) - m;knf )

where m; ; is the mean-field spontaneous magnetization. Using a Legendre transform
one defines
o (m) = sup (hm —p/ (h)).
h>—1/8
This defines a convez function on some interval (m/, 1). Notice that, by definition of

m;_,, m+— f,* (m) has a minimum at m; . Moreover, by the fundamental theorem
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on Legendre transform of convex functions,
P ()= sup (hm — f,(m))

r”y
me(m/,,1)

The part of the free energy f,” on (m!,m;_) can be interpreted as a metastable
free energy, since it differs from the convex envelope of the mean-field free energy,
which is the equilibrium free energy. For « sufficiently small the functions f;’L7 are
defined on a common interval, say (m’, 1], such that m’ < m? ;. On that interval

’lyli% ;,rﬂ/(m) = fmf(m> :

There are of course similar results for p,_.
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6. CONCLUSIONS

The main results, theorems 2.1, 5.1 and 5.2, are proven only at low temperatures
and the proofs of these theorems used this fact heavily. However, the proofs of theo-
rems 2.1 and 5.2 have nice features. The validity of theorem 2.1 is based essentially
on the validity of the Peierls condition. It is evident from the proof of theorem
5.2 that the restriction to finite-range interactions is not necessary. It is also clear
that it is the presence of stable droplets of the other phase, with arbitrary sizes,
which prevents an analytic continuation of the pressure at the phase coexistence
point, although the occurrence of large droplets is rare. This confirms therefore the
arguments based on the droplet model. If k € N is given (large enough), then a
very large stable droplet of volume V', whose boundary is a contour I', contributes
a factor

(5Av)kze—ﬁllFll
to the k'"-derivative of the pressure. If the droplet has the largest volume, given

d d
its surface energy |||, then V is of the order of ||I'||7=T. Since 2" Te~ has its
maximum at z = k-4, if

a1’
d—1
k=|——0|
i
then this contribution is of the order of
CkElatt

If very large contours are suppressed, then there is an analytic continuation of the
pressure. This would also prevent the phenomenon of phase separation. This is pre-
cisely this phenomenon which is absent in a mean-field theory, in which equilibrium
states are pure homogeneous states. It is true that one can consider in such theory
interfaces and surface phenomena [vdW2] and [CHi]. However, one uses the unstable
part of the isotherms, which is even more difficult to justify than the metastable part
(see also below). Absence of analytic continuation and phase separation are linked
together. Is it possible to have a proof of the absence of analytic continuation, which
is based directly on the existence of the phenomenon of phase separation? Does the
absence of an analytic continuation imply phase separation (perhaps in some weak
sense only)?

An important question which remains unanswered is whether there is a possibility
of an analytic continuation across the line of phase coexistence®® in the complex
plane, which is defined in proposition 3.1 by

{z€eC: z=p"(v;B) +iv Vv eR}.

Most of the analysis presented here can be carried out, but the point where the
proof fails is that the contributions of large and thin contours are not anymore of
the same sign. In [F] Fisher proved that a droplet model may have such an analytic
continuation. Langer in [Lal] wrote a detailed paper on the analytic continuation
inside the complex plane. However, one should be aware that existence or not of
an analytic continuation is a very delicate question, as I have already shown in
this paper. It is possible to define another droplet model®? | where no analytic

5Here phase coexistence is defined by the fact that all contours are stable.
52]. Bricmont informed me about this model privately in 1993.
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continuation is possible. Consider the function f defined on {h € C : Reh > 0} by
the series

f(z) = Z exp (— A — hn?)  where A > 0 and d > 2 (dimension).
n=0
The droplets are here cubic droplets of linear sizes n. This series is a so-called
lacunary series®, i.e. of the form
Z amz" ™ where z=¢e",
m=1
with
Em+1) —k(m)=m+1)%—m? —o00 if m— .
This series, as a consequence of a general theorem of complex analysis®, Fabry’s
theorem [Rem2], has {z € C : |z| = 1} has its natural boundary. Hence f, as a
function of h, cannot be analytically continued from {h € C : Reh > 0} across
Reh = 0. For a brief discussion of these questions see [P] p.274. Penrose pointed
out rightly in [P] that Langer’s derivation, however, uses the approrimation of re-
placing an infinite series formula for the free energy of an Ising ferromagnet by the
corresponding integral. Since analytic continuation is a form of extrapolation, the
uncontrolled errors introduced by this approximation might have a profound effect
on the analytically continued free energy.

I have shown in these lectures that one cannot obtain analytic continuation of
the isotherms at low temperatures for a large class of lattice models. Thus, the
justification of the metastable part® of the isotherms, as analytic continuation of
the equilibrium parts, which is often invoked, is wrong. On the other hand theorem
5.2 and its corollary show the role of the range of the interaction, and how analytic
continuation is restored in the van der Waals limit. Theorem 5.3 and the discussion
following it show that, if one is interested in the pressure and few derivatives of
the pressure only, then one can neglect, from a computational viewpoint, the part
singj, provided v is small. The pressure for the restricted phase has an analytic
continuation, with an interaction of finite range !, for all i such that Reh > —1/8,
repectively all h such that Reh < 1/8. This is in agreement with ideas put forward by

53A series Yon anz is lacunary if lim, n/\, = 0.
SFor example, if one modifies the geometric series ) 2", by replacing it by the series

m
Z 2"+ Z 2 (m arbitrary large)
n=0

k>m

then this series has the boundary of the unit disc as natural boundary.

%Van Hove’s paper [vH] excludes the possibility of justifying metastable isotherms in the ther-
modynamic limit using the basic principles of statistical mechanics, since the thermodynamic
potentials are convex. In [LanRu] Lanford and Ruelle give a similar result at the level of states of
the system. They show that for short range interactions the probability measures which are trans-
lation invariant solutions of the DLR equations are exactly the translation invariant states defined
by the variational principle. Consequently no solution of the DLR equation can be interpreted as
describing a metastable state. Assume that the pressure is not analytic at some activity zg. Then
the correlation functions of no state can be analytic in a neighbourhood U of zy and in the same
time be solution of the DLR equations at some point of U. This result, however, does not give any
information about a possibility or impossibility of an analytic continuation of the pressure from
z < zg to z > z2p.
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Penrose and Lebowitz in their seminal paper about metastability [PLeb]. Notice that
one obtains only a metastable part for the pressure, since the restricted pressure p;f N
is convex. If part of the following quotation of Lebowitz [Leb] has been clarified, the
principal problem, how to define metastable states precisely, with some justification
from first principles, is not yet completely solved. From [Leb]: the whole problem
of metastable states represents somewhat of an embarrassment to rigorous statistical
mechanics at the present time. For while the Van der Waals-Mazwell theory suggests
that these states are the “analytic continuations” of the equilibrium state there are
many who arque, Langer and Fisher among them, that this is one of the qualitative
features of the infinite-range potential limit which does not persist for finite-range
potentials. It is arqued that in first-order phase transitions in real systems there is
an essential singularity blocking analytic continuation. Even if this argument should
turn out to be incorrect the question still remains of how to define (with or without
analytic continuation) metastable states precisely, with some justification from first
principles. As pointed out by Lebowitz a theory of metastability should describe the
familiar experimental facts about the large variety of metastable states occurring
in nature®®. A complete theory of metastability must then describe both the static
properties of these states (there are metastable substances which are stable for
millions of years), as well as the dynamics of their persistence and decay. A recent
important work about rigorous treatment of metastability is [ScSh]; see also the
forthcoming book of Olivieri and Vares [OV].

For surface or interfacial phenomena, at equilibrium, one should in principle base
the whole theory on the partition function alone. This can be done in special
cases. For example, Abraham and Reed computed the magnetization profile for
a two-dimensional Ising model (see [AbRe]). Detailed study of this profile and of
the intrinsic thickness of the interface is also possible (at low temperatures) with
methods similar to those developed in these lectures [BrLebPf]. See [PfV] for an-
other example of a surface phenomenon, the wetting of a wall. Nevertheless, such
approaches are often difficult to implement, and therefore one needs approximate
theories in which explicit results can be obtained. In this respect it would be useful
to clarify the status of Cahn-Hilliard theory [CHi], which has been initiated by van
der Waals [vdW2|. This type of theory is widely used today and is a successful
approach. In most cases, the free energy functional, which is non-convex below

%60ne should also not forget that the notion of “equilibrium” is a theoretical notion. The follow-

ing quotation from Callen’s book on Thermodynamics is pertinent. From [Ca] p.15: In actuality,
few systems are in absolute and true equilibrium. In absolute equilibrium all radioactive materials
would have decayed completely and nuclear reactions would have transmuted all nuclei to the most
stable of isotopes. Such processes, which would take cosmic times to complete, generally can be
ignored. A system that has completed the relevant processes of spontaneous evolution, and that can
be described by a reasonably small number of parameters, can be considered to be in metastable
equilibrium. Such a limited equilibrium is sufficient for the application of thermodynamics.
In practice the criterion for equilibrium is circular. Operationally, a system is in equilibrium state
if its properties are consistently described by thermodynamics theory! It is important to reflect
upon the fact that the circular character of thermodynamics is not fundamentally different from
that of mechanics.

In [Fe], p.1, Feynman defines the notion of thermal equilibrium as follows: If a system is very
weakly coupled to a heat bath at a given “temperature,” if the coupling is indefinite or not known
precisely, if the coupling has been on for a long time, and if all the “fast” things have happened
and all the “slow” things not, the system is said to be in thermal equilibrium.
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the critical temperature, is treated as a given phenomenological quantity. Is Cahn-
Hilliard theory only a mean-field type theory? Can it be derived as approximate
theory in some controlled way for some systems with finite-range interactions? The
justification of these non-convex functionals in Cahn-Hilliard theory is discussed by
Langer in [La2]. The argumentation does not differ very much from the ideas of van
Kampen [vK]. Tt is a coarse-grained approach. One point is worth mentioning in
Langer’s argumentation about the size for the coarse-graining cells: they should be
neither too small, nor too large so that phase separation cannot occur within single
cells. For more details the reader is referred to [La2].
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