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Version Abrégée

Ce travail est consacré a l’étude des propriétés d’analyticité des potentiels ther-
modynamiques (énergie libre, pression) pour des systémes classiques réticulaires a
basse température. L’objet central de notre analyse, dans ce cadre, est de montrer
rigoureusement l’absence de prolongement analytique aux points de transition de
phase du premier ordre.

Notre premier résultat s’applique a la classe générale de modeéles & deux phases
considérée dans la Théorie de Pirogov-Sinai. L’analyse révele que la condition
de Peierls, hypothese de base de cette théorie, suffit & montrer 'absence de pro-
longement analytique de la pression au point de transition.

Dans une deuxieme partie, on étudie un cas particulier de potentiel & deux corps,
de la forme v2J(yx), ot1 y > 0 est un petit parametre et J une fonction a support
borné (dans la limite v N\, 0, ce potentiel permet de justifier rigoureusement la
“loi des aires” de la Théorie de van der Waals-Maxwell). Pour toutes les valeurs
strictement positives (petites) du parameétre 7, on montre que Iénergie libre n’a
pas de prolongement analytique aux points de transition.

Ces résultats confirment d’anciennes conjectures affirmant que la nature finie de
la portée de interaction est responsable de la présence de singularités dans les
potentiels thermodynamiques.



i
Foreword

This work is devoted to the study of the analyticity properties of thermodynamic
potentials (free energy, pressure) for classical lattice systems at low temperature.
The central topic of our analysis, in this framework, is to show rigorously the
absence of analytic continuation at points of first order phase transition.

Our first result applies to the general class of two phase models considered in the
Theory of Pirogov-Sinai. The analysis reveals that the Peirls condition, which is
the basic hypothesis of the theory, suffices to show the absence of analytic con-
tinuation of the pressure at the transition point.

In a second part, we study a particular two body potential, of the form v¢J(vz),
where v > 0 is a small parameter and J a function with bounded support (in the
limit v \, 0, this potential gives a rigorous justification of the “equal area rule”
of the van der Waals-Maxwell Theory). For all small strictly positive values of
the parameter v, we show that the free energy has no analytic continuation at
the transition points.

These results confirm early conjectures stating that the finiteness of the range of
interaction is responsible for the presence of singularities in the thermodynamic
potentials.
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Chapter 1

Introduction

This thesis is devoted to the study of a particular aspect of rigorous statistical
mechanics, namely the problem of analytic continuation at first order phase tran-
sition. Until the work of S.N. Isakov on the Ising Model, and since the early
theories of the condensation phenomenon initiated by van der Waals and Mayer,
this had remained an unresolved problem in the field of mathematical physics.
Our results are a continuation of those of Isakov, and aim at showing that ab-
sence of analytic continuation is generic and valid for any lattice system with
finite range interactions.

Since the problem of analytic continuation is related, above all, to the ezistence of
transition points, we devote Section 1.1 of this introduction to a brief exposition
of the existing theories of the condensation phenomenon. At each step of this
brief review, we will emphasise the point of view which will be ours throughout
this thesis: the analyticity properties of thermodynamic potentials. These histor-
ical references are, necessarily, non-technical and non-exhaustive; our choice has
been to mention only a few major developments, which are essentially the Theory
of van der Waals (1873), followed, respectively, by the Theories of Mayer (1937),
Yang-Lee (1952), and Pirogov-Sinai (1975). Kac potentials are also a method for
studying phase transitions and are one of the main subjects of interest of this
thesis.

In Section 1.2 we consider finer analyticity properties of thermodynamic poten-
tials at first order phase transition and describe the few existing rigorous results
concerning non-analyticity. We expose briefly our results in Section 1.2.4. The
rigorous description of lattice models, as well as a more precise formulation of
our results, will be given in Chapters 2 and 3, and in Appendix A.



2 CHAPTER 1. INTRODUCTION
1.1 On the Theory of Condensation

1.1.1 The Thesis of van der Waals

The theory leading to a first description of the phenomenon of condensation
started in 1873 with the thesis of J.D. van der Waals !, who succeeded in es-
tablishing an equation of state that described significant deviations from the
equation of the perfect gas. His main contribution was to make two fundamental
hypotheses on the microscopic structure of matter, that can be formulated as
follows:

1. The microscopic constituents of the gas, called molecules, are extended in
space; their volume is denoted b > 0.

9. The interaction between the molecules consists of two parts: the first is re-
pulsive, and forbids any pair of molecules to overlap; the second is attractive,
long range, characterised by a constant a > 0 called specific attraction.

An important feature of the attractive part of the potential is that it does not de-
pend on the position of the molecules. Assuming the system to be homogeneous,
these two hypotheses led van der Waals to his famous equation of state, relating
the pressure p, the volume v, and the temperature 7" of the gas:

o+ 2)os) - =

where R = 8, 3145 .J/mK is the universal gas constant. An isotherm is the family
of values taken by the pressure in function of the volume when the temperature
is fixed: p = p(v). As a simple analysis shows, the particularity of this equa-
tion lies in the fact that there exists a critical temperature T, = T.(a,b) such
that when T > Ty, p(v) is essentially a refinement of the former equation of the
perfect gas, but when 7' < T, then a new phenomenon occurs. Namely, there
exist pressures po such that the cubic equation p(v) = po has three distinct roots.
At one of these roots, the derivative of the pressure with respect to v is posi-
tive which is a contradiction with the principles of thermodynamics. For this
value of v, the system is said to be unstable. When T" /T, the three roots coa-
lesce into a single one, denoted v.. The point (v, p(v.)) is called the critical point.

lyan der Waals J.D., De Continuiteit va den Gas en Vioeistoftoestand, Leiden, (1873). Sev-
eral translations exist, among which the one of J.S. Rowlinson, On the Continuity of the Gaseous
and Ligquid States, in Studies in Statistical Mechanics, vol. 14, J.L. Lebowitz ed., North-Holland,
{1988).
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Van der Waals compared his isotherms with those observed experimentally by An-
drews 2. For T > T, the isotherm (1.1) gave remarkable results. When T < T},
it described correctly the pure gas and liquid phases, but not their coexistence.
That is, by starting the system in a gas phase, with large volume, and by pro-
gressively decreasing v, one expects to reach a volume v, called the condensation
point, at which the gas is in a state of saturated vapour, with pressure p,q.. At
v = v,, the vapour starts to condense, and there is creation of a macroscopic frac-
tion of liquid. When v further decreases, the pressure remains constant, p = g,
and the quantity of liquid (resp. gas) phase increases (resp. decreases) linearly
with v, until a volume v, is reached, called the evaporation point, at which the
vapour is entirely transformed into liquid. For volumes v < v, the system is in
a pure liquid phase, and the pressure starts increasing again, much faster, since
liquids have a very low compressibility coefficient.

These experimental facts suggest that van der Waals’ isotherm p(v) should be
replaced, on a well chosen interval v, v,], by a flat coexistence plateau, removing
at the same time the unstable values of v.

At about the same time, Maxwell 3 gave a prescription, today called the Maxwell
Construction, for the height at which the plateau pyy: should be positioned. By
Imposing coexistence and assuming liquid and vapour to be at thermal and me-
chanical equilibrium (i.e. same temperature and pressure), Maxwell was led to
define p,o; (and, in turn, v; and v,), in the following way:

Vg
Deat - (Vg — V1) = / p(v)dv. (1.2)

v
This definition has a geometrical interpretation: p,,; must be chosen such that the
area of p(v) above and below p,, are equal, therefore bearing the name “equal
area rule”. (See Figure 1.1 for an illustration of this construction.) The new
isotherm is denoted MC p(v). The derivative of MC p(v) has the correct sign for
all v, and has jumps at v; and v,. The interval (b, v;] is called the liquid branch:;
[vg, +00) is called the gas branch.

The Simple Analytic Structure

After the Maxwell Construction, a natural question raises, namely of the signif-
icance of p(v) when v € [u,v,]. If we consider the path v \, v,, along the gas

2Andrews T., Ann. Physik Erginzbd. 5, 64, (1871). Andrews had made precise measure-
ments on carbonic acid, varying temperature and pressure, and had discovered the existence of
a critical point.

SMaxwell J.C., On the Dynamical Evidence of the Molecular Constitution of Bodies, Nature,
(1875). See also The Scientific Papers of James Clerk Maxwell, W.A.Niven ed., 418-438, (1890)
(reprinted by Dover, New York, (1965)).
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U; ’Ug
Figure 1.1: The Maxwell Construction.

branch, then MC p(v) can be continued analytically at vg, and the unique analytic
continuation is nothing but the original isotherm provided by (1.1). Experimen-
tally, the state obtained by driving the gas along this path without it starting
to condensate is called a metastable state. Such a state is likely to have a very
long lifetime, but the slightest perturbation can abruptly drive the system away
from it, into the stable liquid state with same pressure. The values taken by the
analytic continuation of MC p(v) on a small interval (v, — €,v,] were originally
interpreted as the pressure of what is called a super-saturated vapour. T he same
can be done along the liquid branch, in which case a liquid can be prepared into
a state of under-cooled liquid. Such states can be created in the laboratory; their
existence had first been proposed by Thomson . The latter was commenting on
Andrews’ experiments, and in particular on the isotherms below the critical tem-
perature. Andrews had, essentially, drawn straight lines between the points that
represent the coexisting liquid and vapour, on such an isotherm, and Thomson
thought that

[..] this represented a practical breach of continuity, and there may ez-
ist, in the nature of things, a theoretical continuity across this breach
having some real or true significance. This theoretical continuity, from
the ordinary liquid state to the ordinary gaseous state, must be sup-
posed to be such as to have its various courses passing through condi-
tions of pressure, temperature, and volume in unstable equilibrium for
any fluid matter theoretically conceived as homogeneously distributed
while passing through the intermediate conditions.

The original isotherm of van der Waals p(v) can be thought as the “theoretical
continuity” mentioned by Thomson.

4Thomson J., Considerations on the Abrupt Change at Boiling or Condensing in Reference
to the Continuity of the Fluid State of Matter, Proc. Roy. Soc. 20, 1, (1871).
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During the later developments of statistical mechanics and for many decades,
analytic continuation was believed to be the natural way of defining the ther-
modynamic potentials of a metastable state. Nowadays, metastability is rather
considered as a dynamical problem of non-equilibrium statistical mechanics, but
the problem of analytic continuation remains of central importance in the under-
standing of the structure of thermodynamic potentials. In the van der Waals-
Maxwell Theory, the branches of MC p(v) have analytic continuation through the
transition points. Our concern is to know if this remarkable property, in general,
holds in the context of classical equilibrium statistical mechanics.

The Birth of Equilibrium Statistical Mechanics

The postulates and methods of statistical mechanics were given a definite form by
Boltzmann and Gibbs, at the end of the 19th century. In this theory, macroscopic
quantities (pressure, magnetisation, etc.) are related precisely to the underlying
interactions between the microscopic constituents (molecules), via the notion of
statistical ensemble: consider a gas of N indistinguishable particles living in a
vessel V. The positions of the particles are denoted z1,...,zn, 2; € V, and the
energy of interaction is denoted U(x,...,zx). In the canonical ensemble, the
number of particles is fixed, and the free energy of the gas, at inverse temperature
8>0, fv = fv(N,3), is defined by the identity

A.f?\f .
eV =2 [ dzy.- | dzye fU@aN) (1.3)
N Jy v

where the constant A comes from integration over the momenta of the particles.
The quantity

1 ) .
Qcan(‘;’ N, 8) - ¥i /‘: dzy-- ./VdmNe"ﬁU(m,.‘.,a:N) (14}

is called the configurational partition function. In the grand canonical ensemble,
the number of particles can fluctuate, and the pressure py = py (i, 3) depends
on the chemical potential 4 € R. It is defined by the identity

e@'v’pv - Z eﬁuNQcan(\V’, j\‘: ,13) = Qgcan(L,r?u’ /6) ) (15>
NZ>0O

All the thermodynamic properties of the system are expected to be contained in
the functions fy and py. In the following section, we describe the work of the
pioneers who tried to understand condensation from these first principles.

1.1.2 The Treatment of Mayer, Kahn et al.

The problem was to know whether the free energy and pressure, as defined in
formulas (1.3) or (1.5), can consist of two branches separated by a coexistence
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plateau, as in Figure 1.1. It was stated explicitly only in the thirties ® that
such sharp behaviour should occur only in the limit of a very large number of
particles. This limiting procedure, called the thermodynamic limit, was discussed
by Kahn

From the mathematical standpoint, it is hard to imagine how from
(1.3) it can follow that fi (and therefore py) as a function of V' con-
sists of three analytically different parts. It seems to us that this is
possible because we are only interested in a limit property of fi. The
problem has a physical sense only when N is very large. One may
expect that for a fized specific volume v = -‘{— the limit

#(v, 8) = lim fy-(N, B) (1.6)

forV — oo, N — oo, v = X fized, may ezist. [...] It is not surprising
that this function can consist of analytically different parts.

The limits f = limy s fy and p = limy_.. py will be called respectively free
energy and pressure densities. Their existence and convexity would be shown
later by van Hove 7. As will be seen, the first attempts to describe condensation
from first principles were very imprecise in respect to the thermodynamic limit.
For this reason, they failed in describing the pure liquid phase, but nevertheless
succeeded in giving an argument for the occurence of condensation, which later
proved to be correct.

The Treatment of Mayer

The first attempt was made by Mayer &, in the case where the particles interact
with a two body potential:

Ulzy,...,an) = Y olzi,z5). (1.7)

1<i<j<n

We will assume for simplicity that ¢ depends only on the distance between z;
and z;, and that ¢ has a finite range, i.e. that é(z;,x;) = 0 when the particles

5See for instance Dresden M., Kramers Contributions to Statistical Mechanics, Physics To-
day, september (1988).

6Kahn B., On the Theory of the Equation of State, thesis, (1938). A re-edition can be found
in Studies in Statistical Mechanics, vol.3, J. de Boer G.E. Uhlenbeck eds., North-Holland,
{1965).

"van Hove L., Quelques Propriétés Générales de Ulntégrale de Configuration d’un Systéme
de Particules avec Interaction, Physica XV, 11-12, 951-961, (1949).

8Mayer J.E., The Statistical Mechanics of Condensing Systems, Journ. Chem. Phys. 5,
67-73, (1937).
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7 and j are sufficiently far apart. Mayer used the same representation that had
been obtained by Ursell:

can r . (‘/bi ("f> ) ™
Q (V,Z\,ﬁ)—{ > }HT (18)
THL 3o TN 3

Zé lml’—“—]\"’

where the sum is over all possible partitions of N molecules into families of
clusters: m; clusters of one molecule, ms clusters of 2 molecules, etc. The numbers
b (V) are called cluster integrals. The grand canonical pressure then has the
following form:

Bpy(2) = xv(z) =) (V) (1.9)

>1

where z = e is the fugacity, and the pressure density equals

Bp(z) = x(z) = T}E}go xvi(z). (1.10)
The cluster integrals can be positive or negative. When V is very large, they
become independent of V' 2. Define:

b = Jim b(V) . (1.12)

Mayer assumed that all the cluster integrals are positive, and neglected their de-
pendence on the volume, replacing each b(V), in Q°(V,N,3), by its limiting
value b). Under these hypothesis, he was led to the following expression for the
pressure density:

Bp°(z) = x"(z) == b2 (1.13)

>1

9Namely, consider the definition of b;(V'), which is

lz)l(V>~":m; Z \/;/;difidxi H (e Belz:, 3}“'1), (111)

g'ca eeg’

connected e=(1,5}

where the sum is over all simple non-oriented connected partial graphs G’ of the complete graph
with [ vertices (denoted G;). Assume y is fixed. Then, since ¢ has finite range and the graphs
¢’ must be connected, the integration over zs,...,2; is essentially independent of z;, up to a
term of order a-;*— ~ V=% The integration over xy then gives V, which cancels with the factor
V' appearing in the denominator. Clearly, this argument holds when [ is small when compared
to V. Since [ ranges from 1 to N, the approximation holds when %« is small, i.e. in the gas
phase.
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The assumption of Mayer is equivalent to exchanging the thermodynamic limit
with the sum over [ > 1:

. 594 l _ . I 7l
‘}E&Zblﬂ )z _nggr;om )2 (1.14)

>1 >1

(We will see that this operation can be justified when |2| is small enough). To
obtain p° as a function of the specific volume v, which is determined by v™! =

4 O N . .
p= %% = 52%%x we must find z = z(v), given implicitly by

v = Z 1)z (1.15)

1>1
After that, the pressure of Mayer has the form of an infinite sum:

1 ,
ﬁpo(v)=—+£l—1~+-(1—2+.... (1.16)

v w2 0l
The expression obtained by Mayer gave the corrections to the equation of state
of the perfect gas (for which a; = 0 for all ¢ > 1), and showed that, in general,
an equation of state has no reason for being given in a closed form, like van der
Waals had obtained. Since Mayer’s equations should be considered as valid in
the pure gas phase, it remains to see if condensation can be understood from the

infinite series (1.13) and (1.16).

Condensation

Let us assume that the series > b%z! has a finite radius of convergence, denoted
as R. Then x°(z) has at least one singularity on the boundary of the disc |2| < R.
Since Mayer assumed that all the coefficients b7 were positive, the point z* := R
is a singularity 1©. Mayer interpreted z* as the manifestation of condensation, and
the value v* for which z(v*) = 2* as the condensation point. He also sketched an
argument to justify the appearance of the coexistence plateau: for all values of
the volume v € [0,v*], the pressure remains constant (see Figure 1.2).

A few years later, Kahn and Uhlenbeck ' were led to the same expression for the
pressure, but with a rigorous argument. Rather than assuming positivity of the
coefficients b7, they gave a general result, valid under a set of natural assump-
tions on the function x°(2), and obtained the same isotherm as depicted in Figure
1.2. Although they firmly believed that both phases can be described within the
formalism of Gibbs, they also were not successful in describing the pure liquid

10Gee Remmert R., The Theory of Complex Functions, Springer, (1991).
1¥Kahn B., Uhlenbeck G.E., On the Theory of Condensation, Physica 5, 399-416, (1938).
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P°(v)

Figure 1.2: A sketch of the isotherm obtained by Mayer et al. Notice the absence of
the evaporation point from the theory.

phase within the same equation. Similar computations led Born and Fuchs '? to
the same results.

Naturally, the problems encountered by these authors in describing the liquid
phase can be ascribed to the simplifying hypothesis they made on the cluster
integrals by; it seems very unlikely for the liquid phase to suddenly appear from
an equation of state which is valid under hypothesis that hold only in the gas
phase. Moreover, the confusion concerning the thermodynamic limit is evident:
the function @Q%"(V, N, 3) describes a finite system, but the cluster integrals are
approximated by their infinite-volume limit ). These remarks also raise the
question, more serious, of knowing if the singularity z* proposed by Mayer et al.
even determines the real condensation point. We will come back to this later.

1.1.3 The Theory of Yang and Lee

After the exact computation of Onsager 3, the major contribution to the theory
of Phase Transitions was the double paper of Yang and Lee . (The Peierls ar-
gument will be discussed in the following section.) Consider the grand canonical
partition function Q#**(V z, 3) expressed as a function of the fugacity z € C.
Yang and Lee studied the relationship between the zeroes of Q& (V) z, 3) and
the analyticity properties of the pressure density p(z) = limy_, pv(z). The main
theorem of their first paper is a general result on the absence of phase transitions

2Born M., Fuchs K., The Statistical Mechanics of Condensating Systems, Proc. Royal Soc.
166, 391-414, (1938).

B0nsager L., Crystal Statistics I, A Two-Dimensional Model with an Order-Disorder Tran-
sition, Phys. Rev. 65, 117-149, (1944).

“Yang C.N., Lee T.D., Statistical Theory of Equations of State and Phase Transitions. I
Theory of Condensation, Phys. Rev. 87, 3, 404-409, (1952). Lee T.D., Yang C.N., Statistical
Theory of Equations of State and Phase Transitions. Il Lattice Gas and Ising Model, Phys.
Rev. 87, 3, 410-419, (1952).
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in the thermodynamic limit:

Assume there exists a domain D C C such that Q#**(V,z,8) # 0 for all z € D,
for all V. Then p(z) exists and z — p(z) is analytic in D. Moreover, the
thermodynamic limit and the derivatives with respect to log z commute in D:

i o* . oF ,
JLim va(z) = mp(z)- (1.17)

This result allows to relate the occurence of condensation to the distribution of
zeros of the partition function. By definition, the roots of Q8**(V, z, 3) always lie
outside the positive real line. The previous theorem implies that if the pressure
p has, for example, a first order phase transition at a point zo > 0, then zeros of
the grand canonical partition function must accumulate at zp when V' becomes
large. This clarifies the role played by the thermodynamic limit, and allows, a
priori, a description of the gas and liquid phases in the thermodynamic limit.

What the theory does not say is: 1) where the zeros accumulate (if they do),
and 2) whether the accumulation of zeros at some z; > 0 does induce a phase
transition at zp. Indeed, it could happen that zeros accumulate while the pres-
sure remains analytic. A deep result partially answers the first question. It is the
content of the Unit Circle Theorem of the second paper:

For the Ising Model ¥®, z = e* D={z€ C:|z| <1}U{z € C:|z| > 1}.

That is, the Ising Model can have a phase transition only at h = 0. In their
second paper, Yang and Lee also established clearly the relationship existing
between the Ising Model and the discrete version of the gas, called lattice gas.
The Circle Theorem thus allows a precise localisation of the phase transition point
of the lattice gas. We will revert to the correspondence ferromagnet-lattice gas
in Chapter 2.

1.1.4 Peierls Argument and Pirogov-Sinai Theory

The first proof of the existence of a phase transition originated with the argu-
ment given by Peierls in 1936 '°. In his study of the two dimensional Ising Model,
Peierls used a key ingredient that was absent in the works of Mayer, Kahn et al.:

Yising E., Beitrag zur Theorie der Magnetismus, Zeits. fliir Physik 31, 253, (1925).
6Pejerls R., On Ising’s Model of Ferromagnetism, Math. Proc. Cambridge Phil. Soc. 32,
477-481, (1936).
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symmetry. The crucial remark made by Peierls is that in the Ising Model, re-
gions of opposite spin are separated by energy barriers, called contours. His idea
was then to describe the system in terms of contours rather than configurations,
and to show that at low temperature, the volume enclosed by the contours can’t
exceed a quarter of the total volume of the system. Since the system is invariant
under spin-flip, the volume enclosed can contain either + spins or — spins. That
is, two phases can be described under the same thermodynamic conditions: the
+ (resp. —) phase consists of a “sea” of + (resp. —) spins with sparse “islands”
of — (resp. +) spins. From the point of view of the lattice gas, this argument
provides the first rigorous construction of stable isotherms showing condensation
and evaporation 7.

A few decades later, Pirogov and Sinai '® took advantage of the contour picture
proposed by Peierls and elaborated the first general theory for the study of first
order phase transitions, applicable to a broad class of lattice spin systems, with
multiple coexisting phases. The starting point of their theory is the consideration
of a hamiltonian H, having ¢ degenerated ground states ¢, . .., ¢,. These ground
states need not be related by symmetry. The main hypothesis on Hy is that
it satisfies the Peierls condition; that is, regions of distinct ground states are
separated by energy barriers, the contours. The aim of the theory is to describe
the phase diagram of the perturbed hamiltonian

g-1
H: = Ho+ Y pH;, (1.18)
=1

where p = (py,. .., fe-1) € R and the family H,, ..., H,_, splits the degener-
acy of Hy. In the simple case ¢ = 2, where two phases coexist, the main result is
the following:

Letp = p(u), p € R, denote the pressure ¥ of the model with hamiltonian H*. At
low temperature, there exists a transition point p* = u*(3) = O(e™?) such that p
has a phase transition at p*. For p > p*, the phase 1 is stable, and for p < u* the
phase 2 1s stable. At u* the two phases coexist. The phase q, q = 1,2, describes
small stable deviations (the “islands”) from the ground state v, (the “sea”).

"It is surprising to notice that the work of Peierls, which appeared before the theories of
Mayer, Kahn et al., was ignored, until refinements of the argument were given by Griffiths and
Dobrushin in the sixties. Even Yang and Lee did not mention it in their double paper of 1952.

18Pirogov S.A., Sinai Y.G., Phase Diagrams of Classical Lattice Systems, Teoreticheskaya
i Matematicheskaya Fizika 26, 1, 61-76, (1976). See also the book of Sinai, Theory of Phase
Transitions: Rigorous Results, Pergamon Press, (1982).

In the literature, this function is usually called “free energy”. We keep the name “free
energy” for the thermodynamic potential that depends on the density. The letters §, p will be
used for spin systems, and f,p will be used for gases and liquids.
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P2 p1

Figure 1.3: The construction of the pressure for a two phase system, in the alternate
version of Zahradnik. The point where p; and p2 coincide is the transition point u*.
p > p* corresponds to the pure phase 1, u < u* to the pure phase 2.

Two important features are: 1) the theory depends weakly on the details of the in-
teractions (anisotropies, multibody interactions, etc.), and 2) the different phases
are treated in an equivalent manner, even in the absence of symmetry. These two
points show that, conceptually, the Pirogov-Sinai Theory is an essential step for-
ward in the understanding of phase transitions, and represents much more than
just a “generalisation” of the Peierls argument, as can often be read.

A decade later, Zahradnik 2 proposed an alternate way of constructing the phase
diagram, using the notion of truncated models. These essentially consist of asso-
ciating each ground state v,, ¢ = 1,2, with a truncated pressure p, obtained by
considering a model in which only stable deviations from the ground state y, are
allowed. Then, the real pressure of the model is obtained by finding the maximal
truncated pressure (see Figure 1.3):

p = max{ps, pa} . (1.19)

The construction of Zahradnik was simplified and extended to complex interac-
tions by Borgs and Imbrie ?!. In the complex case, the refinement of the previous
theorem is the following:

The pressure p = p(p) is analytic on {u < p*} and {u > pu*}.

An interesting contribution was the work of Borgs and Kotecky *, who showed
that the truncated pressures could be made C* in u when § is large enough

207ahradnik M., An Alternate Version of Pirogov-Sinai Theory, Commun. Math. Phys. 93,
559-581, (1984).

21Borgs C., Imbrie J.Z., A Unified Approach to Phase Diagrams in Field Theory and Statis-
tical Mechanics, Commun. Math. Phys. 123, 305-328, (1989).

22Borgs C., Kotecky R., A Rigorous Theory of Finite-Size Scaling at First-Order Phase Tran-
sitions, J. Stat. Phys. 61, 79-119, (1990).
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(depending on k). By (1.19), the functions py, po thus provide C*-continuations
of the pressure across u* (see figure 1.3). Although these continuations can be
made as smooth as desired by taking 3 large enough, one of our main results
(see Theorem 1.2 of Section 1.2.4) will show that analytic continuation is never
possible.

Recently, Biskup et al. #* showed that the smooth truncated pressures of Borgs
and Kotecky could be used to generalise the Circle Theorem of Yang and Lee to
the class of models treated by the Pirogov-Sinai Theory. Finally, the truncation
was used also by Lebowitz, Mazel, Presutti * in their recent proof of a phase
transition in the continuum.

1.1.5 Kac Potentials

After the contributions of Mayer et al., Peierls and Yang-Lee, it remained to be
understood how exactly the van der Waals-Maxwell Theory, in particular the
Maxwell Construction, could be justified from first principles.

On one hand, we must keep in mind the second assumption of van der Waals, i.e.
that the particles attracted each other with a weak infinite range potential, inde-
pendent of the distance between the molecules, proportional to the square of the
density p* = v~2. This approximation produces the loop in the low temperature
isotherms, and is the reason for which the Maxwell Construction was necessary.
On the other hand, van Hove ?° showed that when the range of interaction is
finite (possibly very long) the free energy as defined in (1.6) is always convex.
That is, the pressure is always a decreasing function of the specific volume and
need not be complemented by a Maxwell Construction.

To interpolate between finite range and van der Waals-type interactions, Kac,
Uhlenbeck and Hemmer ?® studied a one-dimensional model in which the range
of the interaction is a parameter of the model. In the limit where the range of
interaction goes to infinity, their theory gave the first rigorous justification of
the Maxwell Construction. Their result was generalised to higher dimensions by
Lebowitz and Penrose %', and can be described as follows. Let ¢ : RY — R* be

#Biskup M., Borgs C., Chayes J.T., Kleinwaks L.J., Kotecky R., Partition Function Zeroes
at First Order Phase Transition: A General Analysis, preprint, (2003).

#“Lebowitz J.L., Mazel A., Presutti E., Liquid-Vapor Phase Transitions for Systerns with
Finite-Range Interactions, J. Stat. Phys. 94, 5-6, 955-1025, (1999).

*van Hove L., Quelques Propriétés Générales de Ulntégrale de Configuration d'un Systéme
de Particules avec Interaction, Physica XV, 11-12, 951-961, (1949).

*Kac M., Uhlenbeck G.E., Hemmer P.C., On the van der Waals Theory of the Vapor-Liquid
Equilibrium, J. Math. Phys. 4, 2, 216-228, (1962).

“"Lebowitz J.L., Penrose O., Rigorous Treatment of the van der Waals-Mazwell Theory of



14 CHAPTER 1. INTRODUCTION

supported by the cube [—1,+1]¢ (d is the dimension of the system), so that

/\p(:c}d;z: =w. (1.20)

Let 0 < v < 1 be the scaling parameter, and define the Kac potential

K, (z,y) == 7p((z —y)). (1.21)
The potential considered by the the authors is of the form
@7(37’ y} = Q(fl', y) - K’y(xo ?J) 3 (122)

where q(z,y) is a short range repulsive potential equal to +oc if z —y is smaller
than the diameter of the particles, and zero if otherwise. When 7 is small, K,
is weak, with range R = »~!. One thus expects systems with Kac potentials to
have properties analogue to those predicted by the van der Waals Theory.

Lebowitz and Penrose considered the double limiting process which consists first
in taking the thermodynamic limit V — +oo, and then the limit v ™\, 0. This
limiting procedure corresponds to 1 < v~' <« V. Since, in this procedure, the
limit v \, 0 is taken after the thermodynamic limit, the range of interaction of
the Kac potential can always be considered as very small when compared to the
size of the vessel V. The limit v \, 0 is called the van der Waals Limat.

Let f, = f,(p) denote the free energy density of the model, obtained after the
thermodynamic limit V — co. According to the Theorem of van Hove, f, is con-
vex in p for all ¥ > 0. Then, the van der Waals Limit gives a function lim,\, Iy
which is still convex. The main result is the following.

Let f denote the free energy of the reference system, i.e. with potential q(z,y)
rather than ¢ ( y). In the van der Waals Limit, f.(p) converges to the conver
envelope of —ap® + f(p) (see Figure 1.4).

Notice that taking the convex envelope is equivalent, in terms of the pressure, to
applying the Maxwell Construction.

The method used by Lebowitz and Penrose to show this result (refered to as the
Lebowitz-Penrose Theorem in future) was inspired by a coarse-graining procedure
invented by van Kampen ?*: the volume occupied by the system is divided into
a large number of cells, each small compared with the range of the long range

the Liquid-Vapor Transition, J. Math. Phys. 7, 1, 98-113, (1966).
2yan Kampen N.G., Condensation of a Classical Gas with Long-Range Attraction, Phys.
Rev. 135, A362-369, (1964).
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Pg P

Figure 1.4: The Lebowitz-Penrose Theorem: in the van der Waals Limit, the
free energy f., converges to the convex envelope of —%apQ + f(p). The points
Pg, p1 are the points of condensation and evaporation.

attractive force, but large enough to contain many particles. The distribution
of the molecules throughout the cells is then determined by minimising the free
energy. In a pure phase (liquid or gas branch), the density is uniform, but in the
coexistence region the free energy is found to be minimised by non-homogeneous
distribution throughout the cells. This is the mechanism responsible for the ap-
pearance of the plateau in the free energy.

From the point of view of analyticity, this theory makes the same predictions as
the one of van der Waals-Maxwell. After the van der Waals Limit, thermody-
namic potentials are analytic in a pure phase, and can be continued analytically
at condensation/evaporation points.

We will come back to a detailed description of Kac potentials in Chapter 3.

1.2 Analytic Properties at Condensation

All the theories we described in the previous section agree that in a pure phase,
thermodynamic potentials are analytic. As to analyticity af transition points,
only the van der Waals-Maxwell Theory and Kac potentials in the van der Waals
Limit give precise information. As we saw, the problem of analytic continuation
at first order phase transition points was originally related to the existence of
metastable states. Another motivation for the study of analytic properties is the
following discussion. It originates with the problem of knowing if the theories
of Mayer and Yang-Lee describe the same condensation point. Consider the
expansion obtained by Mayer for the pressure:

X(z) =Y B2 (1.23)

I>1
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Mayer actually discussed condensation without considering the problem of con-
vergence. The first proof of the convergence of the series (1.23) for sufficiently
small z was given by Groeneveld 2. We present here a stronger result that can
be found in the book of Ruelle *:

Assume B := inf, ¢(0,z) > —occ, and
C(B) = / le™5900) _1|dz < oo (1.24)

Then the radius of convergence of the series S bYz! is at least e”*B~1C(8)7".
In the disc {|z| < e2°B~1C(3)7'}, the pressure of the gas is given by the Mayer
ezpansion: Ap(z) = x(z) = x°(2).

That is, well inside the gas phase (small z), the pressure has a convergent Taylor
expansion, and the interchange (1.14) made by Mayer is justified. It is to be
remembered that Mayer assumed all the cluster integrals were positive. In fact,
Groeneveld showed that the coefficients ) have alternating signs: (=) > 0.
This implies that y°(z), if it has a radius of convergence R, is guaranteed to have
a singularity only at the point z = —R, which is non-physical. The singularity
must be determined by other means. Let us consider the analytic continuation
of x°(z) along the positive real line, possibly beyond z = R, and denote this
analytic continuation by ¥(z). Let us then assume that ¥(z) has a singularity on
the positive real line, denoted zp; > 0. What must be understood is whether the
physical phenomenon of condensation really occurs at zjs. Indeed, the function
%(z) might very well not “see” the real condensation point, situated somewhere
between the origin and the singularity zys.

On the other hand, we saw that the main result of Yang and Lee indicates that
condensation implies accumulation of zeros of the grand canonical partition func-
tion. Let zry denote the smallest point of the positive real line at which zeros
accumulate. We thus have two possible a priori condensation points, z3; and zry.
Consequently, the following two questions arise:

Do the points zy and zry coincide? Which of them describes condensation?
Since S 02! concides with the real pressure near z = 0, we necessarily have
zry < zn. It remains to be seen whether zpy < 2z is possible. If so, and
if condensation occurs at zry, then ¥(z), obtained from the theory of Mayer,
provides the analytic continuation of the pressure across the condensation point.
The possibility of this scenario was suggested in the fifties by Katsura and Fu-

2Groeneveld J., Two Theorems on Classical Many-Particle Systems, Phys. Letters 3, 1,
50-51, (1962).
30 Ruelle D., Statistical Mechanics. Rigorous Results, World Scientific, (1969).
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jita 31, showing that the problem of analytic continuation at condensation is also
intimately related to the validation of the theory of Mayer. Indeed, if it can be
shown rigorously, for a simple model, that there is no analytic continuation at the
condensation point 2*, along z " 2*, then necessarily 2* = z;y = 237, which val-
idates Mayer’s determination of the condensation point. In case there is analytic
continuation at z*, then Mayer’s theory describes only metastable continuation
up to some supersaturation limit.

This discussion shows that a detailed investigation of the analyticity properties
at condensation should be undertaken, with emphasis on the role played by the
physical phenomenon itself. Beyond the possibility of proving absence or pres-
ence of metastable states or justifying the Theory of Mayer, the study of analytic
properties is a way of understanding the global structure of thermodynamic po-
tentials; the question arises as to whether the different branches can be continued
analytically, or if the singularities at transition points are such that these con-
tinuations are forbidden. In the following two sections, we expose the first two
arguments that were given in view of answering this question.

1.2.1 Analytic Continuation in the Mean Field Model

In the mid-fifties, Temperley 32 and Katsura 2 considered the so-called Bragg-

Williams approximation of the lattice gas, in which exact computations can be
carried out. Today, this model is called the Curie-Weiss or mean field model:
all particles interact with each other, although very weakly, as in van der Waals
Theory. Temperley and Katsura observed a kink of the pressure at the value
2* = zpy, but the Mayer expansion showed a singularity at a point 2z, strictly
larger than z* (see Figure 1.5). Within this example, the series expansion of
Mayer thus fails in describing the correct condensation point, and provides the
analytic continuation of the isotherm across the condensation point - exactly like
in van der Waals Theory. It was conjectured by Katsura 3¢ that these properties
hold in general for simple models with finite range interactions, like the Ising
Model.

31Katsura S., Fujita H., Point of Condensation and the Volume Dependency of the Cluster
Integrals, Progr. Theor. Phys. 4, vol. 4, (1951). See also Ikeda K., On the Theory of
Condensation, Progr. Theor. Phys. 4, vol. 16, (1956) for a detailed discussion of this problem.

32Temperley H.N.V., The Mayer Theory of Condensation. Tested Against a Simple Model of
the Imperfect Gas., Proc. Phys. Soc. A 67, 233-238, (1954).

33Katsura S., Phase Transition of Husimi- Temperley Model of Imperfect Gas, Progr. Theor.
Phys. 6, vol. 13, (1955).

34Katsura S., On the Theory of Condensation, Journ. Chem. Phys. 22, 1277, (1954). The
same conjecture appeared again almost ten years later in Katsura S., Singularities in First-
Order Phase Transitions, Adv. Phys. 12, 48, 391-420, (1963).
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Figure 1.5: The isotherm obtained with the Bragg-Williams approximation of the
lattice gas, showing that the transition point zps of Mayer lies beyond the condensation
point 2* = zry.

1.2.2 Non-Analyticity and the Droplet Mechanism

In the sixties, Andreev 3°, Fisher % and Langer * presented an argument saying
that for finite range interaction, there is absence of analytic continuation at the
transition point. They proposed an effective model which captured the main
features of the phenomenon of condensation, and characterised in a more precise
manner the nature of the singularity present in the pressure. We present this
argument in its simplest form, starting with the following heuristic description,
given by Fisher:

One may get a physical idea as to the “cause” of condensation, how-
ever, by considering a real gas or, for that matter, a lattice gas or Ising
Model, at low densities and temperature. Evidently, most configura-
tions of the system will consist of distributions of isolated molecules
well separated from one another. There will also be present, however,
clusters of two, three or more molecules bound together more-or-less
tightly by the attractive forces but isolated, for the most part, from
other clusters. Clusters of different sizes will be in mutual statistical
equilibrium, associating and dissociating, but even fairly large clusters
resembling “droplets” of the liquid phase will have some, generally
rather small, chance of occurring.

The simplest definition of the droplet model is the following. Consider the d-
dimensional simple lattice gas. Let C' be a cluster or “droplet” of [C] = n
molecules, with a boundary of length |9C/| (see Figure 1.6). Let 7o > 0 denote the
“surface tension” associated to the boundary of the droplet: the surface energy
of C' is equal to 75|0C]|. Since droplets must tend to minimise their surface, one

35 Andreev A.F., Singularity of Thermodynamic Quantities at a First Order Phase Transition,
Soviets Physics JETP, 5, vol. 18, 1415-1416, (1964).

36Fisher M.E., The Theory of Condensation and the Critical Point, Physics, 5, vol. 3, 255-
283, (1967).

87Langer J.S., Theory of the Condensation Point, Annals of Physics, 41, 108-157, (1967).
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Figure 1.6: A two-dimensional cluster of molecules, or “droplet”, with |C'| = 34
molecules and a boundary |0C| = 30.
can guess that they have a cubic shape, i.e. |0C| ~ 2d|C Eéfi—_l. We thus define
the energy of a droplet by E(C) := —u|C| + 752d|C|“c", where y is the chemical
potential. The Boltzmann factor of a droplet becomes

¢~BE(C) — griCl7 ICl (1.25)

where o = %l, T = 2dB7, and z = e’ is the fugacity. The transition point is
expected to be u* = 0, i.e. z* = 1. We then ignore the interactions between the

droplets, and consider the pressure defined by (compare with (1.13))

pp(z) = Ze"mazn. (1.26)
n>1
Now the integer n is identified with a cubical droplet of volume n. As Langer
said,
[...], the droplet model is more nearly a phenomenology than a pre-
cise model of a physical system. From one point of view, it is sim-
ply a guess concerning the asymptotic behaviour of the Mayer cluster
coeffictents for very large clusters. From another point of view the
model is a crude but intuitively appealing microscopic picture of how
a macroscopic system might look near its condensation point and well
below its critical temperature. In any case, the droplets themselves are
not unambiguously definable physical entities whose properties (shape,
size, surface free energy, etc.) may be computed systematically from
a partition function.

The radius of convergence of the series (1.26) is R = 1. Since the coefficients
e~ are positive, the point z* = 1 must be a singularity of the function pp(z).
To understand the precise nature of this singularity we make a local analysis of
the derivatives of the pressure at z = 2* = 1. It is easy to see that the limits
pg}(l“) = lim, - pgz)(z) exist for all integer k, and equal

p%f}{l_} = Zn(n—— Din=2)...(n—k+1)e ™. (1.27)

ok
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That is, pp has left derivatives of all orders at z = 1. It is often said that the
singularity at z = 1 is “too weak to be observable”, since none of the derivatives
diverges when approaching the transition point.

Since all the terms of (1.27) are positive, one can obtain an explicit lower bound
on p%c)(l“’) by keeping only the droplet corresponding to the term n = ng(k),
defined by

no(k) == [(ﬁ)_j . (1.28)

TO

An upper bound can be obtained easily; this gives the existence of two constants
Cy = Ci(7,0) > 0 such that

c_kkie < pPm) < o fRla (1.29)

As a consequence, the Taylor series describing pp in a neighbourhood of z = 1,
given by

1

leg)(l“}(z ~1)2+... (1.30)

po(1) + P (17)(z = 1) +
diverges for all z # 1, even if |z — 1| is very small.

More than a decade later, Kunz and Souillard *® analysed a similar model in the
context of Bernoulli percolation, where the cluster containing the origin plays the
role of the droplet:

prs(z) = ZPp([C[ =n)z"; (1.31)

n>1

P, denotes the Bernoulli measure with parameter p € [0,1]. The difference be-
tween this model and the previous one is that the coefficients of the series are not
given explicitly; Kunz and Souillard showed that their behaviour is the following
(o and 7 both depend on p):

P,(|Cl =n) ~ e " for p close to 0, (1.32)
d-—1

P,(|C]=n) ~e ™ T for p close to 1, (1.33)

For small p, the radius of convergence of (1.31) is thus larger than one, and pp
behaves analytically at z = 1 whereas for p close to 1, the asymptotic behaviour
of the coefficients is the same as those given a priori in the series (1.26). The

BKunz K., Souillard B., Essential Singularity and Asymptotic Behavior of Cluster Size Dis-
tribution in Percolation Problems, Journ. Stat. Phys. 19, 77-106, (1978).
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authors were thus led to the same conclusion as before: the pressure has left
derivatives of all orders at z = 1 but has no analytic continuation.

These simple models suggest that it is the condensation phenomenon itself that is
responsible for the absence of analytic continuation: when |2| < 1, i.e. in a pure
phase, droplets of the wrong phase are strongly suppressed due to the volume
term z". At z = 1, the volume term equals 1, and the decrease of the weight of
each droplet is ruled only by the surface term, of the order e=™". Upon derivation
at z = 1, the volume term produces essentially a factor n*. Then, since all terms
of the series are positive, we can choose a single droplet to obtain a lower bound
on pg)(l”); this droplet is chosen so as to maximise the factor n*e~™". Hence

the choice of the dominant term n = ng(k), leading to the behaviour ~ k7 for
the derivatives at z =

This mechanism seemed to be a reasonable heuristic description of any two phase
model with finite range interactions. Griffiths had said, in an earlier discussion
on the droplet model 3:

[...] This has led to the suggestion, rather hotly debated among the
small number of people who worry about such things, that a similar
singularity exists in the actual Ising Model.

There were thus, apparently, two possible scenarios concerning the analytic be-
haviour of the pressure of the Ising Model p = p(h) at h = 0 (or, equivalently, of
the simple lattice gas at z*), the first being predicted by mean field, the second
by droplet approximations. The solution to this problem would not be given until
twenty years later, by Isakov. In the mean time, the contributions to this field
were essentially refinements of the droplet model, studies of simplified models, or
numerical simulations.
Newman and Schulman * made some conjectures for the Ising Model. Their
first two conjectures, which to date remain unproved, assert that p can be con-
tinued analytically around h = 0, and their third conjecture asserted that there
is analytic continuation through h = 0. Then, Enting and Baxter ! investigated
numerically the series for the magnetisation:

. 1 \
m(0) +m/(0)h + -é—,m”((})hz + (1.34)

#Griffiths R.B., Phase Transitions, in Statistical Mechanics and Quantum Field Theory, Les
Houches 1970, De Witt C. & Stora R. eds., Gordon & Breech Science Publishers, (1970).

ONewman C.M., Schulman L.S., Metastability and the Analytic Continuation of Eigenvalues,
J. Math. Phys. 18, 1, 23-30, (1977).

“Enting L.G., Baxter R.J., An Investigation of the High-Field Series Exzpansions for the
Square Lattice Ising Model, J. Phys. A: Math. Gen. 18, 3723-3734, (1980).
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for different subcritical temperatures, up to 35th order, and observed evidence
for divergence of the series, in accordance with the droplet predictions. Similar
results were obtained by Privman and Schulman #*, but no final conclusion could
be drawn.

1.2.3 The Theorem of Isakov

In 1984, Isakov ** showed that the singularity predicted by the droplet model
indeed occurs, and invalidated the mean field predictions, by showing rigorously
that the pressure of the Ising Model has no analytic continuation at & = 0.

Theorem 1.1 (Isakov, 1984). Let d > 2, (3 be sufficiently large. Then for all
k € N, the limit of the k-th derivative of the pressure of the Ising model along
h ™\, 0" exists:

B (0H) = lim p®)/ -
p™(07) i, p (h) - (1.35)

Moreover, there exist two strictly positive functions Cy = C+(f3), such that for
large enough k,

C_FRIE < [p®(07)] < CyF kT (1.36)

For the lattice gas, this result definitely ruled out the possibility of defining
metastability by analytic continuation through h = 0. With regard to what
was said at the beginning of the section, it also justified the determination of
the condensation point made by Mayer. By confirming droplet predictions, the
theorem of Isakov showed that the analytic behaviour of thermodynamic poten-
tials at transition points must be intimately related to the range of interactions:
very long range interactions (mean field) imply analytic continuation, short range
interaction, apparently, imply absence of analytic continuation.

Consider (1.36). The lower bound shows that the series
1 o A
p(0) +pP(0T)h + —ﬁp{?)(()“‘”)hz + ... (1.37)

diverges for all h # 0. Nevertheless, existence of the limits (1.35) happens to be
a sufficient condition for the series (1.37) to be asymptotic *. That is, for all

42Privman V., Schulman L.S., Analytic Properties of Thermodynamic Functions at First
Order Phase Transitions, J. Phys. A: Math. Gen. 15, 231-238, (1982). Privman V., Schulman
L.S., Analytic Continuation at First Order Phase Transitions, J. Stat. Phys. 29, 2, (1982).

41gakov S.N., Non-analytic Features of the First Order Phase Transition in the Ising Model,
Commun. Math. Phys. 95, 427-443, (1984).

“Remmert R., Theory of Complez Functions, Springer, (1990), p. 296.



1.2. ANALYTIC PROPERTIES AT CONDENSATION 23

integer n,

n

1
: _ IR TS YN 2 R
hlféi [p(h) ;:O P (0T)h ]h 0. (1.38)

The structure of the pressure is thus the following: all the limits limy\ o+ p®)(h)
exist, but allow expressing p only as an asymptotic, non convergent expansion at
h = 0. Actually, it can also be shown that this asymptotic expansion is Borel-
summable (see Chapter 8).

We saw, in the droplet model, that the precise nature of the singularity was
obtained by studying the pressure at z = 1, i.e. at the boundary of the region
of analyticity. Isakov followed the same route and investigated precisely the
behaviour of large systems in a neighbourhood of o = 0. His technique for
obtaining the bounds (1.36) is inspired by the droplet mechanism; we will first
give a brief description of its main steps, and then present our results in Section
1.2.4.

The Mechanism

The problem we face when studying a model more realistic than those considered
by Fisher et al. is that the common representation of the pressure, like the ex-
pansion of Mayer, is usually an infinite alternated sum. (We should keep in mind
the alternating property (—1)"*10? > 0 of the cluster coefficients.) This “sign
problem” does not allow a rough estimate of p*)(0%) by simple determination of
the dominant term, as in the droplet model.

What Isakov did to overcome this difficulty, is to work in a large finite box
A C Z? with boundary condition +, and to introduce a new representation for
the pressure p}, which is defined by

1

pl = ml@gZﬂA)‘ (1.39)

For a finite box, the pressure p7 is always analytic at h = 0.

Let CT(A) denote the set of all possible Peierls contours associated with spin
configurations in A. Denote the volume of a contour I" by V(I'). The partition
function Z7(A) can be represented as a sum over sub-families of C*(A) of pairwise
compatible (disjoint) contours. The family C*(A), which is finite, can be ordered
in an arbitrary way, CT(A) = {I'1,Ts,...,'x}. Consider a volume-preserving
order, i.e. V(I';) < V(I';) when ¢ < j. The predecessor of a contour I', with
respect to the chosen order, is denoted #(I'). Consider, for all I' € C*(A), the
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partition function Zf (A), in which any contour must be smaller than I'. We have

Zf (M) = Z*(A) and Z{p\(A) := 1. The main idea is to write the partition
N i1}

function as a product:

7 - e W AW W By
DYV ZE N ZE () 2t (A reg-in Zitry () \
With this, the pressure has the form of a finite sum,
1 : ,
/ Tec+(A)
where
., ZE(A) \
uf(T) :=log —+ (1.42)
b Z(A)

The analysis of the phase diagram of the model implies existence of a complex
domain Ur 3 0 in which each function uj (I") is analytic in h. The construction
of the domains Ur can roughly be described as follows. Like in the droplet
model, each contour I' has a surface energy ||I'|| (for the Ising Model, ||T'|| is just
the number of dual bonds on the dual lattice) and a volume energy 2hV (I'). The
domain Ut is defined so that the volume energy doesn’t exceed the surface energy:
for all h € Uy,

2|Re h|V(T) < 6|, (1.43)

where 6 € (0,1). Then, on Ur (which is a strip centered on the imaginary axis
{Reh = 0}), the Boltzmann weight of I' is bounded by

|e=BITI=23RY ()| < o=BITl SAIT < ~-0)3IT] (1.44)

This implies stability of the contour for values h € Ur. Clearly, (1.43) shows that
an optimal construction of the domains Ur can be done by studying carefully the
ratios %{)— It can be shown that for h € Ur (the symbol =~ means there exist
upper and lower bounds of the type mentioned),

ui(T) =~ ¢ AITI-28RVIT) (1.45)

The derivatives of the functions u} (') are studied with the help of the Cauchy
formula:

d* k! ui(T)(z)

gh“gu?{ﬁ‘\}fh:e:‘z‘g o sz»zﬁ dz, (1.46)
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Figure 1.7: The intervals of integers for the derivatives that can be estimated by the
method of Isakov: for each I';, the bold interval gives the set of integers k for which
precise estimates can be obtained on the k-th derivative of u}(T;) at A = 0. We also
depicted, at fixed k, the partition of {T'1,...,I'y} into k-small and k-large contours.

where the contour of integration C' C Ur can be chosen arbitrarily, encircling the
origin. It happens that sharp bounds on the integral can be obtained only when
k € [ko, k4 (T')], where kg is a fixed constant and k. (T') increases with the volume
V(T'). Namely, when k € [ko, k+(T')], the contour of integration can be chosen so
as to go through a saddle point giving the dominant contribution to the integral.

For a fized integer k, the family C*(T") then splits in two. The contours I' for
which [ko, k4 (I")] 2 k are called k-large, those for which [ko, k. (T')] # k are called
k-small. This notion is independent of A. See Figure 1.7.

1 1

=g 2 O+ gy D wl@). (1.47)
rect(A) rectay
k—small k—large

For k-large contours, the saddle point analysis allows a very accurate estimation
of the integral in (1.46):

ar N \
4»1)‘%&@%(1*)1&%0: (28)*V (I)kePITH (1.48)

That is, the k-th derivative of the k-large contours all have the same sign; they
can be treated like in the droplet model, by choosing translates of an appropriate
contour maximising the quantity V(I')?e~?ITll. This is nothing but a discrete

isoperimetric problem, in which the ratio %%—} must be maximised under a k-
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dependent constraint. This yields, like in the droplet model,

dk-é— k-9
E:EEMWMQZAMM. (1.49)

TeCt(A)
k—large

A

This bound is uniform in the size of the box A. For the k-small contours, only an
upper bound can be obtained, with the Cauchy formula (use the largest possible
disc contained in the domains Ur):

E : d* + E -ﬁ-

WMA P)lh:o} < Btkla (150)
TeCt(A)
k—small

R

At last, the whole point is to show that the contribution from the k-small contours
is negligible in comparison with the k-large ones, i.e.

A>B. (1.51)

Typically, texts on Pirogov-Sinai Theory usually provide domains Ur whose size
is proportional to the inverse of the diameter of the contour I', which is insuffi-
cient to show that A > B.

The main difficulty, in the proof of (1.51), is related to the study of a discrete
isoperimetric problem involving the ratios Tl(‘r—) Namely, these appear 1) in the
construction of the regions Ur, i.e. in B since g’ depends on the size of the largest
disc possible in Ur, and 2) in the maximisation of the quantity V/(I')*e~ BITH e

in A.

In the Ising Model, the isoperimetric problem can be solved explicitly (the so-
lutions are given by cubes), but in more general models, the surface energy ||T|
depends on the details of the hamiltonian, and the optimising shapes can be
very hard, if not impossible, to find. In a second paper 45 Isakov tried to ex-
tend his first theorem to a general class of two phase models. Unfortunately,
this could only be done by assuming the isoperimetric problems can be solved.
We will come back to the discussion of this delicate point at the end of Chapter 4.

The final step is to show that the bounds obtained in a finite volume extend to
the thermodynamic limit. That is,

p(0%) = lim p3(0). (1.52)

45lsakov S.N., Phase Diagrams and Singularity at the Point of a Phase Transition of the
First Kind in Lattice Gas Models, Teoreticheskaya i Matematicheskaya Fizika, 71, 3, 426-440,
(1987).
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This follows from the fact that derivatives of any order are bounded in a neigh-
bourhood of A = 0; we will come back to it in details later.

Remark: Although the pressure has no continuation at A = 0 in the sense of
complex functions, continuations in the sense of real functions always exist, due to
the existence of the limits p®)(0*). For instance, Schonmann and Schlosman
proposed a particular C'*°-continuation through the transition point, provided
naturally by dynamical considerations, making a link between metastable relax-
ation and the theory of equilibrium cristal shapes.

1.2.4 New Results on Non-Analyticity

Isakov’s papers remain the only rigorous study of non-analyticity at first or-
der phase transition; our results are their natural continuation. They contain
two main parts: the first is an extension of Theorem 1.1 to the whole class of
two phase models considered in Pirogov-Sinai Theory whereby we show that the
Peierls condition is sufficient to guarantee non-analyticity at the transition point;
the second result aims at studying how non-analyticity relates to the range of
interaction, in the framework of Kac potentials.

Hereafter we briefly present our results; more precise statements are to be found
in subsequent chapters, especially concerning Kac potentials (see Chapter 3).

Two Phase Models of Pirogov-Sinai Theory

The framework is the one described in Section 1.1.4. Let H, be a hamiltonian
with finite range periodic interaction, with two periodic ground states ¥/, %, so
that the Peierls condition is satisfied. Let p = p(u) denote the pressure of the
model with hamiltonian

H#‘—“Ho-'}—y,Hl, (153)

where H; is a hamiltonian with periodic and finite range interactions that splits
the degeneracy of the ground states of Hy. We saw in the Introduction that
the main result of Pirogov-Sinai Theory is the existence of a first order phase
transition point p*(3) such that p is analytic in g on {u < p*(3)} and {u >
p*(3)}. Our first result is the following (remember Figure 1.3).

Theorem 1.2. For any two phase model considered by the Pirogov-Sinai Theory,
there exists an inverse temperature 3* such that for all 3 > [3*, the pressure has
no analytic continuation from {u < p*(3)} to {u > p*(B)} across u*(8), or vice
versa.

46Schonman R., Schlosman S., Metastable Kinetics, Commun. Math. Phys.
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The proof of Theorem 1.2, which is the main result of [FP1], can be found in
Appendix A.

Kac Potentials

Kac potentials were described in Section (1.1.5). We saw that the Lebowitz-
Penrose Theorem gave a closed form to the free energy in the van der Waals
Limit v\, 0 (in which the range of interaction goes to infinity) and justified the
Maxwell Construction.

After the van der Waals Limit, the only vestige of the finiteness of the range of
interaction is the plateau appearing in the free energy, and the free energy has
analytic continuation at condensation/evaporation points. The question arises as
to whether this analytic behaviour already holds for small enough -y or if a mech-
anism similar to the one used by Isakov can be used to show that non-analyticity
persists for all the smaller values of 7, along the van der Waals Limit v ™\, 0. This
interesting question was raised by Joel Lebowitz at the Conference Inhomoge-
neous Random Systems, held in Paris, January 2001, and had already appeared,
in a less precise form, in the paper of Langer [L].

Consider the lattice gas on Z? (see Chapter 2) with Kac potential K,(z,y), 0 <
~ < 1. Denote the free energy of this gas by f, = f,(p), with particle density
p € (0,1). For simplicity, we consider the potential associated to the step function

p(z) =27y (2), (1.54)
where 14(z) = 1 if € A, zero otherwise.

It is known %7 that for low temperatures and sufficiently small 0 < v < 1, the free
energy f, has a phase transition, i.e. is affine on a coexistence plateau [pg, p1].
Our contribution is the following.

Theorem 1.3. There exists an inverse temperature 3y and vo > 0 such that
for all B > By and for all v € (0,7), the following holds: the free energy f. is
analytic on the gas (resp. liquid) branch (0, pg) (resp. (pi,1)), but has no analytic
continuation at p = p, (resp. p = p) along the path p /" py (resp. p ™\ pi)-

This result is the content of [FP2]; its proof will be given in details, in the Chap-
ters 2 to 7 of this thesis.

47Cagsandro M., Presutti E., Phase Transitions in Ising Systems with Long but Finite Range
Interactions, Mark. Proc. and Rel. Fields 2, 241-262, (1996), Bovier A., Zahradnik M., The
Low-Temperature Phases of Kac-Ising Models, J. Stat. Phys. 87, 311-332, (1997).
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In other words, as long as the range of interaction is finite (y > 0), the free
energy has singularities at condensation and evaporation points that block the
analytic continuation along the gas and liquid branches; analytic continuation
occurs only after the van der Waals Limit, as described in the Lebowitz-Penrose
Theorem. In particular when v > 0, there is no way of obtaining f, from a
Maxwell Construction, i.e. by taking the convex envelope of an analytic function.

/

Pa ]

Figure 1.8: The free energy for small v > 0, which has singularities at conden-
sation and evaporation points blocking analytic continuation along the paths
p /" pg, P\ pi. Compare with Figure 1.4.

A non-trivial feature of Theorem 1.3 is that 3, is independent of the scaling
parameter 7, which allows studying the van der Waals Limit at fixed temperature.
Namely, Theorem 1.2 applies for each choice of 0 < v < 1, but the range of
temperatures for which the result then depends on <, and shrinks to zero in
the van der Waals Limit. The key ingredient for obtaining uniformity in v, in
Theorem 1.3, will be to use a coarse-grained description of the model.

1.3 Overview of the Rest of the Thesis

The rest of the thesis is essentially devoted to the proofs of Theorems 1.2 and
1.3. We have chosen to keep the proof of Theorem 1.2 separate from the rest of
the thesis, in Appendix A. The reason for this is that it uses different notations,
faithful with those of the book of Sinai [S]. Appendix A can be read indepen-
dently of the rest of the thesis.

In Chapter 2 we start the rigorous description of the lattice gas with two body
potentials K (7, j), of which K., (i, j) is a special case. Therein we introduce the
main thermodynamic potentials and make precise the relationship existing be-
tween this lattice gas and the ferromagnet with couplings J(z, 7). In particular,
we show how all the analyticity properties can be inherited from each other. This
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allows, in Chapter 3, to reformulate our main result only in terms of the pressure
of the Kac ferromagnet (Theorem 3.4).

Chapters 4 to 7 contain the proof of Theorem 3.4; see the end of Chapter 3 for
a description of the strategy proof. The stationary phase analysis, which is a
crucial ingredient for estimating the derivatives of k-large contours, is given in
details in Appendix B. The cluster expansion technique, which is used at several
places during the proof, is briefly exposed in Appendix C.

In Chapter 8, we make some concluding remarks and discuss of a few open prob-
lems.



Chapter 2
The Simple Lattice Gas

In this chapter we present the lattice description of the liquid-vapor equilibrium,
in its simplest form. The properties of the lattice gas will be inherited from those
of the Ising ferromagnet, in which symmetry allows to use strong existing results
(correlation inequalities, Circle Theorem, etc.). In particular, we show that the
analyticity properties can be deduced one from the other.

Our notations will be the following: p = p(u) and f = f(p) denote the pressure
and free energy density of the lattice gas, whereas p = p(h) and f = §f(m) denote
the pressure and free energy density of the ferromagnet. Some general proper-
ties of these functions, such as existence or convexity, can be found e.g. in the
monograph of Israel [Isr].

2.1 Thermodynamic Potentials

The lattice gas is defined on the lattice Z%, d > 2. The distance we use is
d(z,y) := ||z — y||, where

il o= maux ] 2.1)

This distance will also be used for points of RY. The letter A will always denote
a finite subset of Z<.

The thermodynamic limit will be taken along a sequence of boxes Ay = [—=N, +N]9N
Z¢. In the sequel, when F = F(A), we will use the following notation for the
thermodynamic limit (when it exists):

im F(A):= lim F{Ay). 2
Al,l/’nzld (A) A};I—gic (Aw) (22)

The Simple Lattice Gas

At each site of the lattice, a variable w; can take two values, O or 1. If w; = 1, we
say that there is a particle at the site ¢, and when w; = 0 we say that the site 7 is

31
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empty. Particles are indistinguishable. The set of particle configurations in a set
A is denoted {0, 1}*. Repulsion at short distance, as in van der Waals Theory, is
modelised by the fact that there can exist at most one particle at each site. The

9 @ L b 0000 0000 0O
e ® e o | ] e 6 00 o 00
o ¢ 000 000 e 000
o | 000 000000000
o0 o O 00000 00O
] ® o0 00000 00000 OO
[ J ® ® 000 00000000
00000 e 00 [
[ e e 0 0000000000
® ® 00000 O 00000
[ J o000 ® o0 0000 000 O

Figure 2.1: Expected configurations of the lattice gas a) in the gas phase, with density
pgs b) in the liquid phase, with density p; > pg.

long distance attractive potential between two particles located at sites 7,7 € VA
is realised with a coupling K (7,7) > 0, which is assumed to have the symmetry
K(i,j) = K(j,7), to be translation invariant: K(i +z,j + 2) = K(i,7) for all
x € Z%, and to be summable in the sense that

K =) K(0,j) <o (2.3)
750
The energy of a configuration of particles in A, w € {0, 1}4, is obtained via the

hamiltonian, as follows:

Hp(w) = — Z K (i, j)ww; . (2.4)
]
When the number of particles in A is fixed, >, , w; = N, the canonical partition
function, at inverse temperature 3 > 0, is defined by

QAN B) =y e P, (2.5)
wel{0,1}3*
Sieawi=N
For N € [0, |A[], define the free energy in A, fo(N, 3), by
e BINBAL .= Qe (AN, ) . (2.6)

Let p € [0,1]. For each box A, let N(A) € [0,|A]] be such that 5%-(,3—} — p in the

thermodynamic limit. The free energy density is given by

Flp.B) = lim FA(N(A),5), (2.7)
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and f(p, 3) := +o00 when p € [0,1]. f(p, 3) exists and is convex in p. When the
number of particles can fluctuate, the grand canonical partition function, at inverse
temperature 5 > 0 and chemical potential p € R, is defined by

Al
Q= (A, B) =Y eNQ™(A, N, B). (2.8)

N=0
The pressure in A, pa(u, 3), is defined by
ePPa(wdIAl . Q™ (A, 1, B) . (2.9)
The pressure density is obtained by taking the thermodynamic limit

plp, B) := lim palp, ). (2.10)

This limit exists and is convex in . Most often, we will drop 3 from the notation:
p(w, B) = p(p), f(p,B) = f(p). As will be seen, the pressure density can have at
most one first order phase transition point, at p* = —K . The interval (—o0, u*] is
the gas branch and [u*, +00) is the liquid branch. When p # p*, p is differentiable
with respect to u, and we define the particle density

plp) == == (2.11)

At p*, only directional derivatives can be defined. Their existence is guaranteed
by the convexity of the pressure.

ENOF € N €

At low temperature we expect that p, < p, like in Figure 2.2. The equivalence
of ensembles states that the pressure and free energy densities are related one to
the other by a Legendre transform:

f(p) = sup (up —p(w), plw) =sup (pp~ f(p)). (2.13)
o p
At low temperature, p(u) and f(p) are expected to behave as in Figure 2.2.

The Ferromagnet

At each site of the lattice, a spin variable o; can take two values, —1 or +1.
The set of spin configurations on a finite set A is denoted Q, = {£1}*. A
ferromagnetic interaction between two spins located at sites ¢, j is modelised with
a coupling J(z,7) > 0, which is assumed to have the symmetry J(z,7) = J(j,1),
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f(p)

p(u)

Figure 2.2: The expected graphs of the pressure and free energy of the lattice gas at
low temperature.

to be translation invariant: J(i +z,j + ) = J(i,7) for all z € Z¢, and to be
summable in the sense that

J = ZJ(O 7) (2.14)

For a spin configuration o € Q,, the hamiltonian is defined by:

— Y I 5)oio;—hY o, (2.15)
{i.J}CA i€A
is]

where h € R is a magnetic field. When A = 0 we have the spin-flip symmetry
H!—=0) = H{"(0). Define

My = {—|A|, =|Al +2,...,|A| = 2,|A]}. (2.16)

Let M € M,. The canonical partition function associated to this ferromagnet, at
inverse temperature § > 0 is defined by

ZA M, B) = Y e PR, (2.17)
LIS OIN
2ien0i=M
For M € M, define the free energy in A, fAo(M, 3), by
e MBI = Zen (A, M, 5). (2.18)
Let m € [—1,+1]. For each cube A, let M(A) € M, be such that E—g}}— — m in
the thermodynamic limit. The free energy density is defined, for m € [—1, +1], by

flm,3) = Al}n’zld fa(M(A), B), (2.19)
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and f(m, 3) := +oc when m & [—1,+1]. The free energy density exists and is con-
vex in m. The (grand canonical) partition function associated to this ferromagnet,
at inverse temperature 3 > 0 and magnetic field A € R, is defined by

Z(ARB) = e BHRE) — > eMZE(A M, B) . (2.20)
oe{k1}h MeMy
The pressure in A, pa(h, 3), is defined by
s = Z (A, 1, B), (2.21)

and the pressure density is obtained by taking the thermodynamic limit

8) = li : 2.22
p(h,B):= lim pa(h, 5) (2.22)

The pressure density exists and is convex in h. Usually, we will drop 3 from the
notations. By the spin-flip symmetry, we have p(—h) = p(h). By the Theorem
of Yang and Lee (see Theorem 2.2 hereafter), p can have a phase transition only
at h = 0. When h s 0, the pressure is differentiable with respect to h, and we
define the magnetisation

ap ..
mih) = £ (k) (223
At h = 0, convexity guarantees the existence of the directional derivative:
m* =m*(F) = lim M (2.24)
e 0t €

By the equivalence of ensembles, we have

p(h)

f(m)

Figure 2.3: The thermodynamic potentials of the ferromagnet when there is a phase
transition at h = 0. f(m) is the Legendre transform of p(h).

f(m) = sup (hm —p(h)), p(h) = sup (mh —f(m)). (2.25)
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We have represented the expected behaviour of p(h) and f(m) on Figure 2.3.
A convenient method, in the study of ferromagnets, is the use of correlation
inequalities. For instance, the Griffiths-Kelly-Sherman inequalities [GKS] imply

Lemma 2.1. For all 3 > 0,

om om

- h £ .
o (hy>0 VYh#£0, hmmf a5 (h) > 0. (2.26)
Proof. Let {-)a, denote the Gibbs state in the finite volume A with free boundary
conditions. An elementary computation and the second GKS inequality allow to

bound

&*pa -
e [A;Z<‘°’”’~” — (o) an(oi)An > MZl— 3. (227)

261\

We kept only the indices 7 = j. Using the first GKS inequality gives, for all i € A
(apply a magnetic field h 400 on each j # i),

(00 A < (03) gy s = tanh(B(h + J)) (2.28)
This implies the following lower bound, uniform in A:
Opa > nh 7))? 2.2

By the Theorem of Yang and Lee (see Theorem 2.2 hereafter), the derivatives
and the thermodynamic limit can be exchanged outside h = 0, yielding

om  O%p . O%pa .

s I e T > — J 2y )

o On2 zggrild T (1 — tanh(B(h + J))?) (2.30)
This in turn implies (2.26). 0

The simplest coupling for which the ferromagnet has a phase transition is the
Ising model, whose couplings are defined by

J(i,5) = {1 if 7, j are nearest neighbours, (2.31)

0 otherwise,

In this case, we have the following result due to Peierls [Pei], Griffiths [G] and
Dobrushin [Dobl.

Theorem 2.1. If 3 is large enough, the Ising model has a first order phase tran-
sition at h = 0, characterised by spontaneous magnetisation: m*(3) > 0. As a
consequence, the critical temperature is well defined:

Be :=inf{8 > 0:m*(3) > 0}. (2.32)
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Lattice Gas vs. Ferromagnet

We go back to the general case J(i,j) > 0. We map each spin configuration to a
particle configuration as follows:

_O}“‘%‘l

5 (2.33)

Wy ©
A spin +1 thus corresponds to a site containing a particle and a spin —1 corre-
sponds to a vacant site. The thermodynamic properties of the lattice gas and
of the ferromagnet can be studied one from the other using the following propo-
sition, which first appeared, in a slitghly different form, in the second paper of
Yang and Lee [YL].

Proposition 2.1. Consider the pressure density p = p(h) of the ferromagnet
with coupling constants J(i, 7). Define the function

h(y) == %(u +4). (2.34)

Then the pressure p = p(u) of the simple lattice gas with K(i,7) = 4J(4,7) can
be obtained by the following identity:

(k) = p(h(w) + hin) = J. (2.35)

In the sequel we will always assume that the gas under consideration is related
to a given ferromagnet via K (7, j) = 4J(7, 7). The function h(u) can be inverted:
p(h) = 2h — 4.J. Since the ferromagnet has a possible phase transition at k = 0,
the lattice gas has a possible phase transition at

p = p(0) = —4J = —-K . (2.36)

Outside the transition point, the particle density of the gas and the magnetisation
of the ferromagnet are related by

Op OpoOh Oh 1+m

_op_opon on_ l+m 2.37
P=%u " ohop ou_ 2 (2:37)
At the transition point we have
1—m" 1+m” . \
Pg = o= , ie p,+p=1. (2.38)
2 2
The GKS inequalities imply, as in (2.26),
ap, | .. .0 R
L) >0, Vp#p, liminf 2 (u) > 0. (2.39)
aﬂ A 3#
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We express the pressure as a function of the particle density p and as a function
of the specific volume v := p~'. By (2.39), the map p : (u*, +o0) — (p1,1) is
bijective, and can be inverted: & : (p,1) — (u*, +00). The same can be done on
the gas branch, yielding &, : (0, pg) — (—o0, u*). Define, for p € (0,1),

E(p) if p€(0,p4),

pp) = q u* if p € [pg, p1) » (2.40)
Glpy ifpe(p ).

The pressure as a function of the particle density,

p(p) = p(p(p)) s (2.41)

is depicted on Figure 2.4 a). Let v; := p; ', vy = py*. On Figure 2.4 b), we
expressed the pressure as a function of the specific volume v = p L

p(v) = p(u(®™)). (2.42)

We see that each ferromagnet with a phase transition at A = 0 provides, via
Proposition 2.1, a lattice gas with a liquid-vapor transition.

p(p) p(v)

[ROUCOR

[ R

Py Pi v Vg
a) b)

Figure 2.4: The pressure as a function a) of the particle density b} of the specific
volume, in the case where there is a phase transition.

It remains to discuss the analyticity properties in the pure phases and at conden-
sation/evaporation points.

2.2 Analyticity Properties. Equivalences

In the present section, we relate the general analyticity properties of the lattice
gas to those of the ferromagnet. More precisely, we show that the analyticity
properties, of any potential, can be derived from those of the pressure of the
ferromagnet.
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Analyticity Properties in Pure Phases

The main result on analyticity for the ferromagnet is the Circle Theorem of Yang
and Lee [YL], which we already mentionned in Section 1.1.3.

Theorem 2.2 (Yang and Lee, 1952). We have Z(A,h,3) # 0 for all A and
for all h € C, Reh # 0. The pressure density p = p(h) of the ferromagnet
is analytic on the domains {Reh > 0} and {Reh < 0}. Moreover, on these
domains,

®(h) = lim p{(n). 2.43
p(k) = lim o(n) (243
As a consequence, the ferromagnet can have a phase transition only at A = 0. In
turn, the lattice gas can have a phase transition only at y* and is analytic on the
liquid {Reu > u*} and gas branches {Rep < u*}.

Since it is the derivative of the pressure with respect to h, the magnetisation
m : (0,+00) — (m*, 1) is also analytic (the same holds on the branch (—o0,0)).
The following result shows that in a pure phase (h 5 0 or m & [—m* +m*]), the
inverse of the magnetisation exists and is also analytic.

Corollary 2.1. The inverse h : (m*,1) — (0,4+00) is analytic in a complex
neighbourhood of each m € (m*,1). Similarly, the particle density p : (u*, +00) —
(p1,1) is analytic in a complex neighbourhood of each p € (u*, +o0). The inverse
@i {pn 1) — (u*, +00) is analytic in a complex neighbourhood of each p € (p,1).
As a consequence, the pressure p = p(p) (see (2.41)) is analytic on the liquid
branch (p;,1), and p = p(v) (see (2.42)) is analytic on (1,v;). The same holds on
the gas branch.

The proof follows from the fact that the derivatives %%1, gﬁ are strictly positive

in a pure phase (see (2.26), (2.39)), and from the following theorem, a proof of
which can be found in [Reml], p. 281-282.

Biholomorphic Mapping Theorem. Let g : D — C be analytic and zg € D
a point such that g'(zy) # 0. Then there ezists 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 g7 : V' — V which is analytic, and which satisfies, for allw € V’,

V(W) = (¢(g7Hw)) .

Analyticity Properties at the Transition Point

We now give a result which aims at showing that the analyticity properties of
all the thermodynamic potentials at condensation/evaporation can be deduced
from those of the ferromagnet at h = 0. A complete equivalence will be obtained
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only under a further assumption on the second derivative of the pressure (i.e. the
succeptibility), which must remain bounded in a neighbourhood of h = 0.

Theorem 2.3. Consider the following statements.

1) The pressure of the ferromagnet p = p(h) has analytic continuation at h=20
along the path h \, 0 (resp. h /" 0).

2) The pressure of the lattice gas p = p(u) has analytic continuation at p* along
the path p ™\, u* (resp. u /" 1*).

3) The pressure of the lattice gas p = p(p) has analytic continuation at p; along
the path p \, p; (resp. at p, along the path p /" pg).

4) The pressure of the lattice gas p = p(v) has analytic continuation at v along
the path v /7 v (resp. at v, along the path v\, vy ).

Then we have the equivalences 1) <= 2) == 3) <= 4). Moreover, if & o L s
bounded in a neighbourhood of u*, then 2) <= 3).

Proof. The equivalence 1) <= 2) follows from the identity (2.35). Assume 2).
Then by derivation, p = p(u) has analytic continuation along g ~\, p*. Then,
(2.39) and the biholomorphic mapping theorem imply that the inverse u = u(p)
has analytic continuation along p ™\, p;. This implies that the composition p(p) :=
p(u(p)) has analytic continuation along p \, p;. This shows 2) = 3). The
equivalence 3) <= 4) is obtained easily.

Assume 3) holds. Then p +— %—i has analytic continuation along p ™\, p;. Using
(2.41) gives, for p € (o1, 1),

op OpOu . 10p _Ou

1.e. 2.44
dp  oudp’ pdp  p’ (2.44)

The left hand side is analytic along p \, p;, which implies the right hand side is
too. By integration, u = u(p) is also analytic along p ™\, p;. The last step is to
show that the inverse of this map, p = p(m is analytic in a neighbourhood of

w*. Indeed, since we are assuming that 2 is bounded in a neighbourhood of u*,
we have

o 9p\ 1 &py -1 \

o) =lim 22 = lim (52) = lim (55 0. 2.45

(/)z) 9%\?; Op e 3M) A 69/12) 7 (2.45)

By the biholomorphic mapping theorem, this shows that p = p(u) is analytic in
a neighbourhood of u*. By integration, p = p(u) is analytic in a neighbourhood
of u*. O

Assume 822 is bounded near h = 0. By Theorem 2.3, non-analyticity of the
ferromagnet at h = 0 implies non-analyticity of the simple gas at condensation
and evaporation points, in any of the variables pu, p, v.
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Analyticity of the Legendre Transforms

Analyticity of pressure densities also imply analyticity of free energy densities,
which are obtained by a Legendre transform (see (2.13) and (2.25)).

Theorem 2.4. The free energy f = f(m) is analytic in a complex neighbourhood
of eachm € (=1, —m*)U(+m*, +1), and has analytic continuation alongm \, m*
if p has analytic continuation along h , 0. Moreover, if g—z% 15 bounded in a
neighbourhood of h = 0, then analytic continuation of § along m \, m* implies
analytic continuation of p along h ™\, 0.

Similar results hold for the free energy and pressure densities of the lattice gas.

Proof. Consider the identities (2.25). For m > 0 we have
f(m) = h(m)m — p(h(m)) , (2.46)

where h(m) is the unique solution of m = m(h)(= p/(h)). If p = p(h) has analytic
continuation at h = 0 then so does m(h). By (2.26) and the biholomorphic
function theorem, this implies that A = h(m) has analytic continuation at m®.
By (2.46), f(m) is a composition of analytic maps, i.e. analytic.

Inversely, if f(m) has analytic continuation at m*, then so does f(m) = h(m).
Using the biholomorphic mapping theorem and the assumption that the second
derivative of the pressure is bounded near h = 0, we compute

?p

57;5)‘1 £ 0. (2.47)

/ ®Y . 77 T ? -1 __71:
h(m)'—ml{{g*h(m)ﬁ%%m(h) —}{1{(1(1)(

This implies that m(h) and, in turn, p(h), have analytic continuation at b = 0. O






Chapter 3

Kac Potentials

Kac potentials, which we already described briefly in the Introduction, are a
particular case of the potentials described in the previous chapter. Their main
characteristic is to provide, in the van der Waals Limit, a rigorous justification
of the Maxwell Construction.

One of our main results, Theorem 1.3, was formulated in terms of the simple
lattice gas. In Chapter 2, we showed that all the analyticity properties of the
lattice gas can be deduced from those of the associated ferromagnet. Therefore,
the aim of this chapter is to give a stronger version of Theorem 1.3, in terms of
the ferromagnet.

The notations are the same as those of Chapter 2: at each site 1 € Z¢, d > 2,
lives a spin o; € {£1}. The configuration space is Q = {£1}%°. For any finite
set A C Z%, Qy = {£1}*. Let J: RY — R be supported by the cube {y € R :
lyll <1} = [-1,+1]%, so that

/J(j)dx =1. (3.1)

Recall that Kac potentials are defined with the help of a scaling parameter 0 <
~v < 1 that allows to tune the range of interaction:

(i, §) = ey T(v(i = 5)) (3.2)

where ¢, is defined in such a way that
J=Y 10,4 =1. (3.3)

J#0

It is easy to see that (3.1) implies lim. o ¢, = 1. Since J,(z,7) = 0if d(4, j) > v,
we call R := ! the range of the interaction.

43
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Convention: Unless stated explicitly, R will always denote the range of interac-
tion, i.e. v !

For a finite volume A, o € Q,, the Kac hamiltonian is defined by

H! o) = — Z Jy (i, j)oio; — hZcri , (3.4)
{i,7}CA i€A
i ]
where h € R is the magnetic field. The free energy and pressure density associated
to this ferromagnet are defined as in Chapter 2 and are denoted

fy="f,(m), py=p,(h). (3.5)

Most often, we will drop the inverse temperature § from the notations. For all
0 < v <1, f, and p, are convex, and by the equivalence of ensembles, each can
be obtained from the other by a Legendre transform, as in (2.25).

3.1 The van der Waals Limit

An interesting property of the potentials f, and p, is that they can be given a
closed form in the van der Waals Limit v \, 0, in which the range of J,(i, j) goes
to infinity. Before stating this result, we must remind the main properties of the
mean field model.

3.1.1 Thermodynamic Potentials of Mean Field

The mean field (or Curie-Weiss) model is an approximation of long range systems,
in which the geometry looses its fundamental role, and in which the thermody-
namic potentials can be computed explicitely. For a finite box A, consider the
mean field hamiltonian

HYE (o) Z gio;—hY o (3.6)

LG YCA iEA
2#3

This model is not realistic since the coupling constant depends on the volume of
the system. In particular, the results of Chapter 2 don’t apply. Nevertheless, the
simple form of the hamiltonian shows that the canonical partition function can
be computed explicitely (M € My):

| o, A
Z‘MF(A, EW, 3) — E 6‘5H£IF'G§"> = (145+g4)85§%e 5. (37)
o&lla 2
Soien Oi=M
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The free energy density fyp(m), m € [—1,+1], can then be easily computed:

1 1
fMF(m) = —§m2 e Bf(m) s (38)
where
) 1—m 1-m 14+m 1+m
I(m):=— 5 log 5 T3 log 5 (3.9)

There are two competing terms in the mean field free energy fy;r. The first,
-——é—mz? is concave. The sec:ond,—-%[ (m), is convex and depends on 3. It is easy
to see that 3 = 1 is a threshold called the critical temperature of mean field: for
B < 1 the free energy fap is strictly convex, but for 3 > 1, fy/r is non-convex,
and has two minima +m*(5), where m*(3) is the positive solution of

m = tanh(Bm) . (3.10)
In the same way, the pressure density py/r(h) can be computed and yields

pA{F(h) = sup (hm — fﬂ{p(m)) . (311)

The pressure pprp(h) is convex. It is the Legendre transform of the free energy,
but the free energy is not the Legendre transform of the pressure: the equivalence
of ensembles doesn’t hold in the mean field model.

It must be noted that the thermodynamic potentials of mean field behave analyti-
cally at their transition points. Remember that this had been used by Temperley
and Katsura in their discussion of the analyticity properties at condensation.
Katsura had then conjectured that the mean field behaviour holds in general, i.e.
also for finite range models.

3.1.2 The Lebowitz-Penrose Theorem

For all 0 < « < 1 the functions f,,p. are both convex, and equivalence of en-
semble holds. Since a pointwise limit of convex functions is convex, they remain
convex in the van der Waals Limit, and we expect them to be related, in some
way, to the mean field potentials {37, pasr.

Let f = f(z) be a real function. The convex envelope of f, CE f(z) denotes
the largest convex function smaller than f. In the present setting, the Lebowitz-
Penrose Theorem [LP] is the following.

Theorem 3.1. In the van der Waals Limit,
fy(m) — CEfur(m), (3.12)
py(h) — pur(h). (3.13)
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po(h) fo(m)

Figure 3.1: The pressure pg and free energy fo when 3 > 1. The dotted lines are the
analytic continuations provided by mean field.

See the monograph of Presutti [Pr] for a simple and elegant proof of this result.
Define fo(m) := lim~ o f,(m) and po(h) := lim\ o p,(h). When 5 > 1, the graph
of fo is flat on the interval [—m*(3), +m*(3)], and po has a kink at h = 0. We

have represented fo and po on Figure 3.1.

A consequence of the Theorem of Lebowitz-Penrose is that after the van der Waals
Limit, the analyticity properties are the same as in the van der Waals-Maxwell
Theory.

Corollary 3.1. When 3 > 1, the limit free energy fo is analytic everywhere
except at +m*(B), and has analytic continuations along the (real) paths m /"
—m*(8), m \, +m*(8). The unique analytic continuation is given by the mean
field free energy fur. Similarly, the limit pressure po has analytic continuation
at h = 0.

3.2 Long But Finite Range Interactions

The Lebowitz-Penrose Theorem allows to show that in the van der Waals Limit,
1) the system has a phase transition,

2) the analyticity properties are completely determined by those of the mean field
model.

With regard to 1), a natural question is to know whether the system has a phase
transition also for small v > 0, i.e. before the van der Waals Limit. As was noted
by Presutti in [Pr], it could be that f. is strictly convex for all v > 0 and fo
is flat on [—m*(3), +m*(3)]. Indeed, strictly convex functions can approximate
arbitrarily well straight segments. It was shown by Cassandro-Presutti [CP] and
Bovier-Zahradnik [BZ1] that the system does indeed exhibit a phase transition
for small enough v > O:
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Theorem 3.2. For all 3 > 1 there exists ¥(3) > 0 such that for ally € (0,~(8)),
the free energy f is flat on some interval [—m*(3,~), +m*(8,7)], i.e. the pressure
Py has a discontinuous derivative at h = 0.

With regard to 2), we will now see that the situation is very different when v > 0.

3.2.1 Non-Analyticity for v > 0

Concerning 2) and in comparison with Theorem 3.2, we are naturally led to the
following question: can it be shown that for small enough =, f, has analytic
continuation at £m*(3,7v)? Our result answers negatively to this question, in
the case where the function J(-) is the step function

J(z) = 27 gy<y (@) . (3.14)

Theorem 3.3. There exists By and yo > 0 such that for all 3 > Gy, v € (0,7),
fy 1s analytic everywhere except at £m*(3,~), and has no analytic continuation
along the paths m /" —m*(3,~), m \, +m*(3,7).

Notice that 3; is uniform in the scaling parameter v: Theorem 3.3 confirms the
ideas of Andreev, Fisher and Langer and invalidates the conjecture of Katsura:
the free energy has no analytic continuation as long as the range of interaction is
finite.

As we saw in Chapter 2, the analyticity properties of the free energy can be
obtained from those of the pressure, which is also easier to handle since there
is no constraint on the magnetisation. The following theorem is a complete
description of the analyticity properties of the pressure density at A = 0, again in
the case where J(-) is the step function of (3.14). The presence of the symmetry
p,(—h) = p,(h) implies that we need only consider analyticity along the path
h ™, 0.

Theorem 3.4. There exists By, vo > 0 and a constant C, > 0 such that for all
B2 Bo, v € (0,7), the following holds:

1) The limits p®(0%) = limyo piF >(h) exist for all k € N. Moreover, there ezists
a constant Cy > 0 such that for all k € N,

sup [pF)(h)| < (Cuy# 577 T) RlE 4 CFRY (3.15)
0<Reh<e )
where € > Q.
2) The pressure has no analytic continuation at h = 0. More precisely, there
erists C_ > 0 and an unbounded increasing sequence of integers ki, ko, ... such

that for all k € {ky,ka,...},
[p(01)] > (C_ya%rp0) kias — ChRL. (3.16)
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Part 1) of Theorem 3.4 implies that the Taylor series of the pressure at h = 0
exists, part 2) shows that it always diverges. Notice that the lower bound (3.16)
becomes irrelevant when v \, 0. Moreover, we should mention that each integer
k; of the sequence ks, ko, ... depends on v, and lim\ok; = +o0: information
about non-analyticity is lost in the van der Waals Limit. Since we know from
the Lebowitz-Penrose Theorem, and its corollary that p. converges, when v \, 0,
to a function that is is analytic at A = 0, it is worthwhile trying to see if this
emergence of analyticity can be detected for very small v > 0. Considering the
upper bound (3.15), it easy to show the following

Corollary 3.2. There exists C = C(8) such that for small values of k, i.e. for
k < ~¢, we have the upper bound

sup [p!F(R)] < CFR!, (3.17)
0<Reh<e

This shows that a close inspection of the derivatives of the pressure reveals how
analyticity starts to manifest when ~ approaches 0. These different behaviours
are illustrated on Figure 3.2.

p{(0%) ~ k! p{P(07) ~ kta

' I — — : : N
—d kl kQ kg

Figure 3.2: The derivatives of the pressure p, at h = 0, for small v > 0. The first
ones (k < %) behave like those of an analytic function, but the large ones reveal the
non-analytic feature of the singularity.

By Theorem 3.4, the pressure p, is non-analytic at h = 0. A consequence of the
upper bound (3.15) is that

sup [pﬁf)(h)[ < 00. (3.18)
h£0
By Theorem 2.4, this shows Theorem 3.3.

Consequences for the Lattice Gas. Consider the lattice gas with pair inter-
action defined by

K. (i, 7) = 4J,(1,7) , (3.19)

with pressure p., = p,(u) and free energy f, = f,(p). By Proposition 2.1, p, is
related to the pressure of the ferromagnet by

Py (1) = poy () + h(p) — J , (3.20)
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where h(u) = (u+ 4J), and J = 1. As a consequence, the second derivative of
P equals

&p, 18,

55 =1 (3.21)

Then (3.18) implies that the second derivative of p, is bounded near p*. By
Theorem 3.4 and by the results of Chapter 2, we conclude that

Corollary 3.3. For all 3 > By and v € (0,7,), the pressure p, of the lattice gas
has no analytic continuation at condensation/evaporation points, in either of the
variables . (chemical potential), p (particle density), or v (specific volume). The
same holds for the free energy f. with respect to the particle density p.

3.2.2 Strategy for the proof of Theorem 3.4.

To show Theorem 3.4, we will first construct the phase diagram of the Kac Model
with a complex magnetic field, at low temperatures, v small. Then, we adapt the
technique of Isakov to obtain lower bounds on the derivatives of the pressure in
a finite volume. These two essential steps deserve a few comments.

Phase Diagram in a Complex Magnetic Field. As we saw in the Introduc-
tion, phase diagrams of lattice systems can be studied in the general framework
of Pirogov-Sinai Theory, which applies when the system under consideration has
a finite number of ground states, and for which the unperturbed hamiltonian
satisfies the Peierls condition. In our case, the Kac potential has two ground
states which are the pure + and pure — configurations, but the Peierls constant
(computed with respect to these two ground states) goes to zero when v ™\, 0
since in the van der Waals Limit, the interaction between two arbitrary spins
vanishes. Therefore, a direct application of Pirogov-Sinai Theory, and, in partic-
ular, a direct application of Theorem 1.2, would lead to a range of temperature
shrinking to zero in the van der Waals Limit.

Recently, Bovier and Zahradnik [BZ2] proposed a systematic method to study
spin systems with long but finite range interactions. Their technique allows to
study, for instance, the Kac Model with a magnetic field, in a range of tempera-
ture that is uniform in ~. In their approach, the ground states of Pirogov-Sinai
Theory are replaced by restricted phases, i.e. by sets of configurations. In the
+-restricted phase, for example, all the points are +-correct, i.e. their v !-
neighbourhood contains a majority of spins +. When a point is in neither of the
restricted phases, it is in the support of a contour I', and it can then be shown
that the contours defined in this way satisfy the Peierls condition with a Peierls
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constant p that is uniform in v: ||T|| > p|T'| where ||| is the surface energy of
[. We will expose this in details in Chapter 4.

In Chapter 5 we show that a polymer representation can be obtained for the
restricted phases, and that their corresponding free energies behave analytically
at h = 0.

The phase diagram is constructed in Chapter 6, where we give precise domains
in which the partition function can be exponentiated. These domains are made
optimal by introducing special isoperimetric constants associated to contours (see
(4.56)). Complications arise from the fact that polymers of the restricted phases
induce interactions among contours. Besides the definition of the restricted en-
sembles, our analysis of the phase diagram is independent of the paper [BZ2].

Implementing the Mechanism of Isakov. To implement the mechanism
used by Isakov, whose main steps were described briefly in the Introduction, we
consider the pressure pf;,:A in a finite box A, with a pure +-boundary condition.
By introducing an order among the contours inside A, the pressure can be written
as a finite sum:

+ 1 +(T
log Z; (AHBTA_I > up(m), (3.22)

1
PIA= =
= BN "

The difference with (1.41) is the presence of the restricted partition function
ZF(A), in which the configurations satisfy a local constraint on the magnetisation:
contours (large fluctuations) are absent but small fluctuations are allowed. In
Chapter 7, we use the analysis of Chapters 4 to 6, to study the derivatives of the
functions u} ('), using a stationary phase analysis. When A is sufficiently large,
the contributions to p,‘;gf} (0) are the following: since it is analytic, the restricted
phase contributes a factor C¥k!. Then, a class of contours called k-large gives a

contribution of order k!@1. The rest of the contours is shown to have a negligible
contribution in comparison of the k-large ones. This gives a lower bound

T 0(0)] = (Cy#5777) K175 — CFRL. (3.23)

In the last step of the proof we show that lim pjik}( 0) = pﬁ,,i’"’}"" (0), and so (3.23)
extends to the thermodynamic limit A / Z¢, giving the lower bound (3.16) of
Theorem 3.4.

As we said in the introduction, the technique leading to lower bounds of the type
(3.23) relies heavily on the treatment of some discrete isoperimetric problem.
This will be discussed at the end of Chapter 4.



Chapter 4

Contours and Isoperimetric
Constants

Contours are the relevant objects for the description of systems near first order
phase transition points: they separate regions of space where the system is in
one or the other ground state of the system. Introduced originally by Peierls for
the Ising Model, the notion of contour was extended by Pirogov-Sinai [PS], Sinai
[S] and Zahradnik [Z] for finite range models. Their definition depends on the
range of interaction: the larger the range, the thicker the contours. This implies
that the entropy of the contours, as well as the inverse temperature above which
the theory applies, depends on the range of interaction. For a model with fixed
range this is not a nuisance but in our case we want to study the van der Waals
Limit at fixed temperature, and the standard definition of contour cannot be used.

The key for obtaining a range of temperature that is uniform in + is to modify the
notion of ground state, and to allow small local deviations of the magnetisation.
This was done by Bovier and Zahradnik in [BZ2] who introduced the notion of
restricted phase, which is the key for studying long but finite range systems !.

Contours will be composed of blocks of side length [ = vvy~!, v > 2; they sepa-
rate regions of different restricted phases. Since the range of interaction is v71,
the analysis of the restricted phases, once the contours are fixed, will depend on
the spins specified on the support of the contours; an important precaution must
be taken when defining the contours: they must be sufficiently decoupled from
the rest of the system. For this reason, we will introduce the parameter 4 in (4.16).

Contours are defined in Section 4.1. The Peierls condition is obtained in Section
4.3. In Section 4.4 we introduce the fundamental isoperimetric constants associ-
ated to the contours.

'In a different setting, restricted ensembles were also studied in [BS], [DS] and [BKL], [LMP].
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Remark: Our definition of contour will be different from the usual one used
to study Kac potentials. For instance in [CP] and [BZ1], contours are defined
by comparing the local (empirical) magnetisation to the mean field spontaneous
magnetisation. This allows to study the system very close to the critical tempera-
ture, by using explicitly the mean field functionals. Unfortunately, this technique
hasn’t vet been extended to the study of the Kac model with a magnetic field. In
our case, the local magnetisation is always compared with +1 (rather than the
spontaneous magnetisation of mean field £m*), and we must therefore work at
low temperature, not reaching the whole coexistence regime. Moreover, we need
to introduce a complex magnetic field, which definitely rules out the possibility
of using the standard techniques existing for Kac models.

4.1 Definition of Contours

We introduce some more notations. We have d(z,A) = inf{d(z,y) : y € A}.
For N > 1, define the box By(z) := {y € Z% : d(z,y) < N}, and B}(z) :=
Bn(z)\{z}. The N-neighbourhood of A is

Aly = | Bn(2), (4.1)

zeh
and the boundaries
OFA = {z e A°:d(z,A) < N}, (4.2)
OnA = {z € A:d(z,A°) < N}. (4.3)
A set A is N-connected if forall z,y € A there exists a sequence 1, Za, ..., Tn—1,%n

with 71 = 2, Zn = ¥, 2; € A, and d(z;, zi41) < N. If 04 € Qu, Nac € Qae, we
define the concatenation oan,e € Q in the usual way:

(UA)g ifz € f\,
/ L R 44
(oanae); {(mc)i e AC (4.4)

We often use the symbol # to denote either of the symbols + or —, or the constant
configuration taking the value # at each site of Z¢. Recall the definition of J, (%, j)
in (3.2). We define

1 . .
i;(04,05) 7= =501, j) (0305 — 1) (4.5)

Let ¢;; = ¢;;(+, —). The overall interaction strength is the upper bound on the
energy of interaction of a single spin with the rest of the system, and equals

S o= L) =1. (4.6)

Jig# Jig#i
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Correct and Incorrect Points. Relevant functions for the study of nearly
constant spin regions are the following (they will appear naturally later when
reformulating the hamiltonian):

w(0:.0;) = 045(04,05) — 055 (#,0,) — Si5(00, #). (4.7)

Notice that wi(#,aj) = wff.(ai) #)=0. Let § € (0,1), 0 € Q. With regard to
the step function J defined in (3.14), we define a point i to be (4, +)-correct for
o if

|By(0) N {5 0y = —1}| < 81Br(i)] (48)

That is, the R-neighbourhood of a (6, +)-correct point contains a majority of
+ spins. Although we will always consider the step function, it is often easier
to formulate proofs with the help of the functions u;’f , since they will appear
naturally later in the re-formulation of the hamiltonian. We thus define the
notion of correct/incorrect point in the general case.

Definition 4.1. Let § € (0,1), 0 € Q, i € Z°.

1) i is (3, +)-correct for o if 3°. . |w (=, 0;) < 6.

2) i is (8, —)-correct for o if 3. |w;(+,05)] < 6.

3) i is b-correct for o if it is either (4, +)- or (8, —)-correct for o.
4) i is d-incorrect for o if it is not §-correct.

It is easy to see that this definition coincides with (4.8) when J is the step
function.

The notion of correctness for a point ¢ depends on the spins in the R-neighbour-
hood of ¢ but neither on the value of o;, nor on the magnetic field. Notice that if
0 = 0 this notion of correct point essentially coincides with the one of Zahradnik
in [Z]. We first show that when § is small, regions of (4,+)- and (6, —)-correct
points are distant. In particular, a point ¢ cannot be at the same time (4, +)- and
(6, —)-correct.

Lemma 4.1. Let § € (0,279, 0 € Q, i € Z%. Then

1) If i is (6, +)-correct, the box Br(i) contains either (0, +)-correct, or 6-incorrect
points, but no (5, —)-correct points.

2) If i is (6, —)-correct, the box Br(i) contains either (6, —)-correct, or §-incorrect
points, but no (6, +)-correct points.

Proof. Suppose i is (6§, +)-correct for o. Consider 7 € Bg(i) and compute

ST lwptol= > 200> Y 20 (4.9)

kiksf keBy (7} ke By, ()NBY, (1)
op==-+1 op=4t1
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Using the properties of the function J(-) 2 we can exchange j and ¢ and write

S 2= Y, 204 =y 2a— >, 20 (410)

keBL{7)NBR{?) keBY (j)NBy () ki kgBS, (i )NBR (1)
Op==-+1 Op=+1 oxp=+1 op=-+1

Using (4.6) and |Bg(j) N Bg(i)| > 2% Bg(%)], this last sum can be bounded by
2¢ 1
T o2l 1)

2d
kgBy(/)NBY )
op=-1

Then, since 7 is (6, +)-correct for o,

Z:Q@N=$—E:QQkIQ-E:h@&j%HZQ—5. (4.12)

op=-+1 op=—1

We thus have the lower bound

_ 2% -1
> jwi(+ oK) 22 -6 -2 s >0, (4.13)
kikstj
i.e. j cannot be (d, —)-correct for o, which finishes the proof. O

In the sequel we will always assume that 6 € (O,Q"d} is fixed. The cleaned
configuration & € 2 is defined as follows:

+1 if 7 is (6, +)-correct for o,
G; =< —1 if4is (4, —)-correct for o, (4.14)

0; if 7 is d-incorrect for o .

For any set M C 74 we can always consider the partial cleaning oG e which
coincides with o on M and with @ on M¢. In the sequel, the cleaning and partial
cleaning are always done according to the original configuration o, with a fixed
6. Notice that if a point i is, say, (§, +)-correct for o, then the cleaning of o has
the only effect, in the box Bg(i), of changing — spins into -+ spins (and not +
spins into — spins). This is a consequence of Lemma 4.1. We denote by Is(o)
the set of d-incorrect points of the configuration o. The important property of
the cleaning operation is stated in the following lemma.

Lemma 4.2. Let ﬁffl C f\zﬁ(g, S (O,(SE Then 151(0}’;41511110) - 151(05{25.&15).

2 At this point we use the particularity of the step function: ¢,y is constant on the intersection
Bg(j) 0 By ().



4.1. DEFINITION OF CONTOURS 55

Proof. Let i be a (¢',+)-correct point of 0y, 5. Using the fact that o, Gae
and 0,0 p¢ coincide on M; and Mg, we decompose

Yo wh(= (o)l = Y k(= (oamTugi) + D [wh(— 7))
kiketi kik#i koot
ke MyUMS ke M\ My

There are at most three possibilities for a point k of the last sum. 1) If k is
(8, +)-correct for o then 7 = +1 and so |wi,(—,5%)| = 0. 2) If k is §-incorrect
for o then &y = o = (oA, 0ng)e- 3) If k is (6, —)-correct for o then it is also
(6, —)-correct for or, 0. By Lemma 4.1, 7 is not (6, +)-correct for oA, g
This is a contradiction with the fact that i is (¢’, +)-correct for 04,5z, so this
last possibility for k is excluded.
We can then bound the whole sum by ¢’. This shows that ¢ is (§’, +)-correct for
01,0 e, and finishes the proof. O

Definition of Contours. Contours are defined on a coarse-grained scale. Con-
sider the partition of Z¢ into disjoint cubes C® of side length | € N, [ > 2R,
whose centers lie on the sites of a square sub-lattice of Z¢. We denote by Ci(l) the
unique box of this partition containing the site i € Z¢. C¥ will denote the family
of all subsets of Z¢ that are unions of boxes C¥. For any set A C Z¢, consider
the thickening (compare with (4.1))

{4n=Jc. (4.15)
€A

In the sequel we consider [ such that [ = vR, with a fixed v > 2.
We will need to decouple contours from the rest of the system. Since interac-
tions are of arbitrary large finite range, we follow [BZ2] and introduce a second
parameter 6 € (0,0). This new parameter is crucial; its importance will be seen
later, for instance in the proof of the analyticity of the restricted phases (more
precisely, in the proof of Lemma 5.2). For each 0 €  with |I3(¢)| < oo, consider
the following set:

E(o):={MeCY: M > [I;(0)r, M D Ij(0sTrie)r} - (4.16)

First we show that £(o) is not empty. Consider My := {[I3(0)]r};. If My = 0 then
Is(o) = Is(0) = 0 and any subset of Z% is in £(c). So we assume M, # 0. This
gives E(c) # 0 since My € CV, My D [I;(0)]r D [Is(0)]r and My D [[3(0)]r D
3(0a1,001g) | r by Lemma 4.2. We then show that £(o) is stable by intersection.
Suppose A, B € (o). Then clearly AN B D [I;(0)]g and using again Lemma
4.2,

[5(04T ac)lr O [I5(04nBT AnB) )R , (4.17)

AD
B > [Ii(0p0:)r O I5(04nB0 (AnB) )R » (4.18)
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which implies AN B € £(0). The following set is thus well defined, and is the
candidate for describing the contours of the configuration o:

I'o):= (| M. (4.19)

Me&(o)

By construction, I*(c) is the smallest element of £(c). A first important property
of I*(o) is the following, which will be essential to obtain the Peierls bound on
the surface energy of contours.

Lemma 4.3. There ezists, in the 2R-neighbourhood of each box c® c (o), a
point j € I* (o) which is §-incorrect for the configuration or<Gp«e.

Proof. Let C® c I*(0). First, suppose Is(c) N [CW)or # 0. Then each j €
Is(o) N [CW]yp is d-incorrect for o, and hence b-incorrect for oG-, since 6 < &
and ¢ and 0;-G - coincide on Bg(j).

Suppose there exists a box C?) such that ® [I5(0)]g N [CW]g = 0. If Iz(01+Fr=c) N
[COLr = 0, ie. [[3(opTpe)r N [CYr = 0, then we define I’ := \c®
and show that I’ € £(o), a contradiction with the definition of I*. First,
I' > [Is(0)]g. Using Lemma 4.2, I* D [I;(01+F-<)|r D [I5(0rTpe)|r. Since we

H

have [I5(o1-T )] rN[C V] g = 0, this implies I’ D [I;(0151)]r, ie. I' € E(0). O

When studying restricted phases, we will need to re-sum over the set of configu-
rations that have the same set of contours, that is to consider, for a fixed o (we

assume [*(o) # 0),
A(o) == {0": 01 (o) = 0120y, I"(0") = I"(o)}. (4.20)

It is important to have an explicit characterisation of the set A(c). Let A%(0)
denote the set of points of I*(c)¢ that are (4§, #)-correct for 0. By Lemma 4.1 we
have d(A*(c), A" (o)) > [, and we have the partition

Z?=I"(o) UAT (o) UA (o). (4.21)
We now show that the set A(o) can be characterised explicitly by
D(o) = {0’ :07.(s) = O1+(e), €aCh i € [A*(0)]g is (0, #)-correct for o’} .
Proposition 4.1. If I*(o) # 0, then A(c) = D(0).

Proof. 1) Assume o’ € A(c). Then I* = I*(0) = I*(¢') D [I5(0')|r, so that each
i € [I*“]p is 6-correct for o’. Let A be a maximal connected component of [I*]z.
There exists i € A such that i € I*, since we assumed [* # (. By Lemma 4.1,
it suffices to show that i is (4, +)-correct for o if and only if it is (6, +)-correct

3Here we use the fact that AN [Blag = 0 if and only if [A]z N [Blr = 0.
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for o/. Assume this is not the case, e.g. suppose ¢ is (4, +)-correct for o and
(6, —)-correct for o’. That is,

ST lwi(= (Tl = Y |wi(=,0y)] <6, (4.22)

J JEBYR(HNT*
> lwg(r (oraral = > (w0 <4, (4.23)
J#i JeBRONI*

Since i € I* we have *

Sl orme) <Y e+ )] <201 -279).

JEBYHNT** jEBS,(HNI*e

Therefore we get a contradiction, since,

2= |wii(=, (01-F1);)| + lwi(+, (61-57-¢),)]
J#i
<2042 > Jwj(+ (opoe);) <20 +2(1-279) < 2, (4.24)
JEBY(HNIC

where we used the fact that § < § < 279,

2) Suppose o’ € D(o). Since o’ coincides with ¢ on I*(o) and all points of
[I*(c)¢]g are é-correct for o, we have Is(0’) = Is(0). This gives I*(0) D
[Is(0)|r = [I5(c")]r. Then, since o+\Tr(o)e = 0 1+(0)0 1*(a)e, We have I*(c) D
I5(01(0) 0101 )|r = [[5(0"1-(5)0" 1+(0)¢)|r- This implies I* (o) € £(0”), i.e. I*(e")y C
I*(0). Assume I*(0)\I*(¢’) # 0. Using the fact that o and o’ coincide on

I*(o)\I*(¢"), we have 01610 +(o1)c = o_’,*(g,)ir‘}ﬁ(aqc. This gives, like before,
I*(O’/) > [Ig(@"}*(gi)ﬁlﬁfgr}c)hg = Ug(()‘p(a/}_é:p(ax)c)}g. With [*<Ul> > {Ig(O”)]R =
[Is(c)]r, this implies I*(¢") € E(0), i.e. I*(0’) D I'(0). So o’ € A(0). O

In particular, Proposition 4.1 implies that o;-(5)G - (o) is an element of Alo).

Definition 4.2. The connected components of I* (o) form the support of the con-
tours of the configuration o, and are written suppl'y,...,suppl’,. A contour is
thus a couple T = (supp T, or), where or is the restriction of o to I

A family of contours {T'y,...,I',} is admissible if there ezists a configuration o
such that {T'y,...,T,} are the contours of o ®.

‘Here we use a property of the step function, but this can be done for any Kac potential
whose function J has the symmetry J{(z) = J(y) when lzf = |y}

5Note that the configuration o is not unique, unlike in the usual situation treated in Pirogov-
Sinai Theory.
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The fact that the contours are defined on a coarse-grained scale will be crucial
when dealing with their entropy, which we must control uniformly in . Notice
that two (distinct) contours are at distance at least [ from each other. We will
usually denote suppI" also by I'. Contours should always be considered together
with their type and labels, which we are about to define. The following topological
property is needed for the definition of labels.

Lemma 4.4. Fiz R > 1. Let B C Z% be R-connected and bounded. Then J5 A
and Oz A are R-connected, where A is any mazimal R-connected component of
B¢ = Zd B.

Proof. Let A be any maximal R-connected component of B¢. Then A€ is R-
connected. Indeed, let xz,y € A¢ and consider a path x; = 2,29,...,2, = ¥,
d(z;, xi41) < R. If z; € A° for all i there is nothing to show. So suppose there
exists 1 <i_ < iy <nsuchthat {zy,...,2;_ 1,2 } C A%z 11 €EA 2,1 €A,
{zi.,zi.41,..., 2o} C A°. Since A is maximal, we have z;_ € B, z;, € B, and
we can find a path from x;  to z;, entirely contained in B, i.e. in A°.

We then show that 9; A is R-connected. Fix € > 0 and consider the sets

X={zeR:d(z,A) <E+¢}, (4.25)
V={yeR:dy A) < Z+¢}. (4.26)

Then X,Y are closed arc-wise connected subsets of R?, and X UY = R%. By a
Theorem of Kuratowski, X NY is arc-wise connected ©. Let ¢ > 0 and consider
z,y € O A, together with #,§ € X NY such that d(z, %) < 3 (y,g) 5. Then
consider any sequence ZW=Z,...,.0, =9, % € XNY, d(xz,:vwl) < €. For each i
we have d(%;, A) < £ 5 +e, d(ﬂt“ AC) < };—{— €. This implies that each box B%+e(ii)

contains at least one element 7} € 87 4, i.e. d(i;,z}) < £ +e. We have
d(zl, 2}, y) < d(z), &) + d(Zi, Tig1) + A Tig1, Thyy) S R+2e+ €. (4.27)

If 2¢ + ¢ < :,12-, this shows that 8 A is R-connected, which implies that 95 A is
R-connected. The same proof holds when 95 A is replaced by 9z A. O

Let I be a contour of o, A a maximal R-connected component of (supp I')¢. Let
i € 9z A. By definition, 7 is (6, #)-correct for o for some # € {£1}. By Lemmas
4.4 and 4.1, each ¢’ € 9z A is (6, #)-correct for o for the same value #. We call
# the label of the component A. There exists a unique unbounded component of
I'“. The label of this component is called the type of the contour I'. Let I' be of
type + (resp. —). The union of all components of ' with label — (resp. +) is
called the interior of I, and is denoted intI". Notice that there is only one type

8This property of B? is called unicoherence. See [Kul], vol. 2, Theorem 9 of Chapter 57.1,
and Theorem 2 of Chapter 57.1L
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of interior. We define V(I') := |intI'|. The union of the remaining components is
called the exterior of I', and is denoted by extI'. A contour is external if it is not
contained in the interior of another contour.

Let I" be a contour of some configuration . Assume I is of type +. Consider
the configuration o[I'], which coincides with or on the support of I', and which
equals +1 on extI’, —1 on intl". Using Proposition 4.1, it is easy to see that o[I]
has a single contour, which is exactly I'. This can be generalised to a family of
external contours of the same type, as in the second part of the following lemma.

Lemma 4.5. Ezternal contours have the following properties:

1) Ezternal contours of an admissible family have the same type.

2) Let {T'y,..., I} be a family of external contours, all of the same type. Then
{l1,...,Tn} is admissible if and only if d(T';,T;) > 1 for all i # j.

Proof. The first statement follows easily from Lemma 4.4. For the second, we
can assume that the contours are of type +. If {I';,...,[',} is admissible, then
by construction the I'; are at distance at least I. Then, assume d(I';,T;) > [ for
all ¢ # j. Consider the configuration o[I'y,...,TI',], which coincides with or. on
the support of I';, which equals +1 on (), extI’; and —1 on J;intl;. Then the
contours of o[I'y,...,T';] are given by {I'y,...,T,}. O

4.2 Re-formulation of the Hamiltonian

Consider a finite volume A € C¥) with the pure +-boundary condition +xc € Qe.
Let o5 € Q4. We set 0 := op+x.. The hamiltonian with boundary condition +4c
is defined by

Hy(o) = Hy(oa+as) = D oylon,05)+ > uloy) (4.28)
{3,53NA£D ieA
7]
where u(o;) = —ho;, h € R. Since we work in a finite volume, we will from now

on identify I*(o) with I*(o) N A and A%(0) with A* ()N A. The following lemma
shows how the hamiltonian can be written in such a way that spins in correct
regions interact via the functions w and are subject to an effective external field
U#.

Lemma 4.6. Define the potential U* (0;) = u(o;) + > Gij(00, #). Suppose
op is such that I*(c) N Oz A = 0. Then

Ha(0) = Hp-(o1-5-c) + 5 ( S wiono)+ Y U#(o-é)) . (4.29)

# {7 INAF G €A
i#]
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Proof. The proof is a simple rearrangement of the terms. Consider a pair {i,7}
appearing in Hy (o). Since d(AT,A™) > R we have a certain number of cases to
consider: 1) {¢,7} C AT. In this case, write

éij<gi>o‘j) = QL+(0‘2,0'3> + @t](au 7 ) + @z;('f‘ er) (430)

The second term contributes to U¥(c;), the third to Ut (o;). 2) i € AT, j € I".
In this case the third term contributes to Hy-(o7:67+¢). 3) i € AT, j € A% in this
case, ¢y(+,0;) = 0. The other cases are similar. Notice that the case 1 € A,
j € A€ never occurs since points of 9z A can only be (4, -+)-correct. O

4.3 The Peierls Condition

We take a closer look at the term Hj.. Remember that contours are maximal
R-connected components of I*. For each contour I, ¢[I'] and 0+« coincide on
[I*]g. Since d(I',T") > [, we can decompose

H}* O'I*O'I*C ZHP g F (4.31)

- Z (11‘[1 + 3 u(olr] ) (4.32)

el

where the sum is over contours of the configuration o (contained in A), and where
the surface energy is defined by

T = > ¢(cll) o)) (4.33)

{0,730
i ]

The central result of this section is the following.

Proposition 4.2. Let 0 < § < 27%, 0 < § < 6 be fized, small. The surface
energy satisfies the Peierls condition, i.e. there erists p = p(5 v) > 0 such that
for all contour I,

IT|| > plT}. (4.34)
The constant p is independent of v and is called the Peierls constant.

Notice that |I'| denotes the total number of lattice sites contained in the support of
I' 7. To show Proposition 4.2, we need two lemmas. The first is purely geometric.

Lemma 4.7. For any finite set A C Z¢ and for all Ry € N, there exists Ay C A,
called an Rg-approximant of A, such that A C [Aolgr,, and d(z,y) > Ro for all
z,y € ‘4{3: x %y'

In the litterature, |I'| often denotes the number of blocks contained in I'.
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The second lemma is a property of the Kac potential. (In [BZ2], this property
was called “continuity” for obvious reasons.)

Lemma 4.8. Let o € Q, i € Z¢, # € {&}. Define

Vo(is#) o= > 0y(#,05) . (4.35)
Ju#

Then there ezists co > 0 such that for all z,y, d(z,y) < R,

N d(z, ‘
Volz: #) — Volys #)| < CQ%E"—) : (4.36)

Proof. The difference V,(z;#) — V,(y; #) can be expressed as follows:
j€BR(z) J€BR(2)NBR(y) JEBR(y)

JEBr(Y) Jte, j#y j€Br(z)

The first and last sum can be estimated as follows:

> 6u(#,05) < (1Br(z)| — |Br(z) N Br(y)|) sup 63 (4.37)
TEpn)

2R + 1>d—1d(x, y)

= = (4.38)

< dey (sup J ®)(

Since we are considering the step function (3.14), sup, J(t) = 279, and the middle
sum vanishes &, which finishes the proof. O

Proof of Proposition 4.2: By Lemma 4.3 there exists in the 2 R-neighbourhood of
each C C T a point j € I that is d-incorrect for o[I']. Let A be the set of all
such points. We have I' C [A},1or. Let Ay be any 4 R-approximant of A. We have
A C [Aolar, ie. T C [Agliwer. Each j € Ap is S-incorrect for o[I'] i.e. satisfies

> Jwh(F 0Tl > 4. (4.40)

k]

8If .J is an arbitrary K-Lipshitz function:

S b)) — ey <Eepd YT dlye, )

JEBR(z)NBr{y) JEBR(z)NBRr{y)

diz,
< c»fid BR( } y}

(4.39)
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Since [wj}g(%t, o[T]e)| = 20;6(E, o[Tk),

+) = Z ojr(E, olle) >

kikstj

Do Oa

(4.41)

We bound the surface energy from below as follows:

INEED DD DI DEN Gy i3

36 Ao k€ BR(§)NT Li#k

= = Z Z Va{rl Tle) > = . Z Z ‘“G[F}(kEO'[ﬂk)

jEAg keB Il € Ag . 6
r{7) 7 keBr(j)NC;

>. 5 Y Vmtkolth,

JGAO kEBR(g)nc(”

d(k.)S g5 R

where ¢, was defined in Lemma 4.8, and we assumed 4 is small enough. Using
(4.36) for each k of the sum,

Vorry (ki o[Tlk) = Vo (45 0[Tlk)) (4.42)
5
2

—

Vorry(k; o[Tlk) = Vo (J o [Tl
d(k, j
2

)+
)>

l\DIDm

6 b
bt (4.43)

v

We used the important fact that the correctness of a point j does not depend on
the value taken by the spin ¢;. This gives the lower bound

lB ; R (0)l|Bi+6r(0)|7HT| = pIT].

AAIQ’):

Tl 2 31l 1B 2 A0S 2 5z

4.4 Isoperimetric Constants

We discussed in the Introduction of the importance of the isoperimetric ratios
Eg;%”) These will play a fundamental role in the proof of non-analyticity of the
pressure at h = 0. In the present section, we discuss more precisely a few isoperi-

metric problems and their associated constants.

To start with, we give a purely geometrical (model-independent) result. It is
essentially a consequence of the standard isoperimetric inequality on Z°.
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Lemma 4.9. Let B € CY, and let A be the union of all finite mazimal R-
connected component of B¢. Then

|B| > |67 A > 1| A] 7. (4.44)
Proof. Consider the edge boundary 67 A := {e = (i,j) : i € A,j € AC}? where
(,7) means that 4, j are nearest neighbours. Decompose 67 A = E; U--- U Ey,

where E, is the set of edges of §t A that are parallel to the coordmate axis a.
Suppose e = (i,7),1 € A, j € A°. Since A is maximal, C’( C B. Moreover,

Te = {JJ + (] “Z)?] +2<3 —2)77] +(§ - 1)(] —2>} CB. (445)
For all e,e’ € E,, T. N T, = 0. So for all a,

=) T = é[Ea|. (4.46)

e€F, e€Ty

Considering the inequalitw [5+A] < dmax, |E,| and the standard isoperimetric
inequality |6TA| > 2d|A|“" finishes the proof. O

By Proposition 4.2 and Lemma 4.9, we have

V()
Il

< <—|) —L (T)e . (4.47)

Since the Peierls constant p is not optimal, there certainly doesn’t exist contours
that saturate inequality (4.47). That is, (pl)~! can be considered as a “bad”
isoperimetric constant.

The Assumption of Isakov. In his second paper °, Isakov introduced the
following numbers (N € N):
(N ~Sup{xﬂ§”> T, V(D) < \;} (4.48)

By (4.47) we have an upper bound 7(N) < (pl)"*N 4, and a lower bound can be
obtained easily, by choosing a cubical contour. We get

a_Ni <7(N) < a,Ni, (4.49)

9n sakov2], Isakov was considering a two phase model, different from the Kac Model,
where the phases are not necessarily related by symmetry. He studied the phase diagram with
the help of two functions 7 (N}, 72(N), one for each phase. Here we are in the case where only
one function is necessary, because of symmetry.
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with a_,a, > 0. Isakov constructed the phase diagram of his model with the
help of the numbers 7(N), but he showed non-analyticity at the transition point
only under the following assumption, which requires the exact asymptotic be-
haviour of 7(NN) to be known.

Assumption ([Isakov2]): The following limit exists:
lim N™ir(N) =a. (4.50)

N—o0

For a given model, in particular in the case we are considering, the existence of
the limit (4.50) seems very hard, if not impossible, to check. The difficulty lies in
the fact that the surface energy ||I'|| depends on the way in which the contours
were defined and on the details of the underlying interactions of the hamiltonian.

Before showing how this problem can be avoided, let us explicit the implications
of (4.50). By definition of 7(NN), there exists for all N a contour I'y such that
V(lx) < N and
V(I .
7(N) =7(V(['y)) = ——g—ﬁ—) . (4.51)
1T~

Using the bounds (4.49), we get

()N <V(Tw) N (4.52)
+

By (4.50), this implies limy V([y)"a7(V(Iy)) = a. Using (4.51), this shows
that the assumption of Isakov implies the existence, for all € > 0, of a sequence
(Cn)ns1, V(Tn) /" 400, such that for large enough N,

V(Cn)
Tl =

We call each contour I'y a maximising contour, in the sense that it saturates some
isoperimetric inequality. The fact that the elements of the sequence (I'y)n>1
satisfy V(I'y) /" +o0 is crucial for obtaining non-analyticity: it implies that the
maximisers can be of arbitrary large size !°. In fact, the assumption of Isakov
could be formulated in the following way, which is slightly weaker but gives the
same results. Let C(N) be the bounded increasing sequence of isoperimetric
constants defined by

(1—e)aV(Iy)i < (1+e)aV(Ty)e. (4.53)

. ) VAT L1 I . , .
C(N) =inf {5 >0 -m-(i < AV(D)E VT, V(D) < N} (4.54)
This will imply the existence of an unbounded sequence ki, kz,... such that the ki-th

derivative of the pressure at h = 0 behaves like kg’ﬁ" .
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Let C(00) := limy_,o C(N).

Assumption (variant): There ezists for all € > 0 a sequence of mazimising
contours (I'y)n>1 such that V(I'y) / +o0 and for large enough N,

< (14 €)C(c0)V () . (4.55)

(1 —€)C(c0)V(Ty)7 < V(Iy)
I~

Redefining the Isoperimetric Constants. Our extension of the results of
Isakov is possible after considering the following isoperimetric constants (compare
with (4.54)):

el YD) . ,
K(A).-mf{n>0.m§fd' (I) vry(r)z:v}. (4.56)

The advantage of the constants K (), as can be seen in the following lemma, is
that they are defined in such a way that the assumption of Isakov (or, rather, its
variant) is always satisfied; the precise structure of the maximisers need not be
considered in details.

Lemma 4.10. The sequence K(N) is decreasing and there exists positive con-
stants c_, cy such that

ey < i%f K(N) < sup K(N) <cyvy. (4.57)

As a consequence, the following limit exists

K(x) = Alrim K(N). (4.58)
Moreover, there exists for all € > 0 a sequence (Uy)y>1, V(I'y) / 400, such
that for N large enough,

V(FN)
I

Al

(1—e)K(co)V(Iy)d < < (1+6)K(00)V(I'y)e . (4.59)

Proof. K(N) is decreasing by definition. For the upper bound, use the Peierls
condition and Lemma 4.9: for all T,

1

e ~

.“;l;;,

VDT vI)T
It = Al

For the lower bound, we explicitly construct a large contour of cubic shape.
Fix N and take M € N large, so that Ay = [—M;+M]? N Z4 Ay € CY,

IA

Cyy. (4.60)

i

1
pl



66 CHAPTER 4. CONTOURS AND ISOPERIMETRIC CONSTANTS

|Aps| > 2N. Consider the configuration ¢ defined by o; = —1ifi € Ay, 0y = +1
if i € AS,. Clearly, I*(0) contains a single contour I'y, (of type +). Using (4.6),
ITull < ITar] < 20|87 Ap| = 2vR|0F Ays|. Taking M large enough guarantees
|Ane| > V(Tar) > 1A This gives, since |0F Ayr| = 2d|Ap |7,

‘/’(FM')
(T2l

The existence of the sequence (I'y)y>1 follows from the definition of K(N) and
from the existence of the limit K (co). O

L A1 B

S 1
T 220R|0f Ay| T 8dv

V'(FM)% = C_"/I/f(rmf)% . (461)



Chapter 5

Restricted Phases

Restricted phases are the analog of the ground states of Pirogov-Sinai Theory.
The difference with ground states is that they have a non-trivial pressure. We use
them in order to obtain results that are uniform in the range of interaction. The
study of restricted phases we present was invented by Bovier and Zahradnik in
[BZ2]. At a few places our development differs slightly from theirs, so we expose
all the details.

In our analysis of the phase diagram, restricted phases will intervene when we
re-sum over all the configurations that have the same set of contours. Since the
set of configurations having the same set of contours was completely characterised
in Proposition 4.1, we are naturally led to consider systems living in a volume
A with a boundary condition 7., with the constraint that each point i € [A]g
must be §-correct. Our aim is to obtain a polymer representation for the parti-
tion function of such systems, and to show that the associated pressure behaves
analytically at h = 0. As will be seen, the presence of the constraint will allow
to treat the system in a way very similar to a high temperature expansion.

A source of complication will be that the definition of polymers, as well as their
weights, will depend on the boundary conditions specified outside A. Typically,
the A we want to consider is the volume between a given set of contours and the
boundary of a box. That is, the boundary condition is specified partly by the
spins on the contours and partly by the boundary condition outside the box. To
have an idea of the objects that will be constructed in this chapter, see Figure 5.1.

We will only treat the case +, the case — being similar by symmetry. Fix 0 <
5 < 6 < 27%. Consider any finite set A € C¥. First of all, we must consider
boundary conditions of the following type:

Definition 5.1. A boundary condition nye € Q- is +-admissible if each i € [A]g
is (0,+)-correct for the configuration +xnpe.

67
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More intuitively, a -+-admissible boundary condition means that when looked
from any point 4 inside of A, there is a majority of spins +1 on the boundary. In
our case (i.e. with the step function), this can be formulated as follows: for each

|By(i) N B| < 8| Br(i)|, (5.1)
where the set B is defined by
B= B(?’]AC) = {Z € i’l\c . (nAC)i = —1} . (52)

In this sense, -+-admissible boundary conditions are “good”; there is hope in
being able to control the +-phase in the volume A. Notice that the boundary
condition specified by a contour on its interior is always admissible. This is the
reason why the parameter 5 was introduced in their definition.

We define the function that allows to realise the constraint obtained after Propo-
sition (4.1): consider a +-admissible boundary condition e € Qae. Let ¢ € [Alr,
oa € Q4, and define

(5.3)

1i(on) 1 if 7 is (6, +)-correct for oanae
(op) =
asa 0 otherwise .

Then define

Lon) == J] Lion)- (5.4)
iefAlr
Notice that 1(+4) = 1 since nac is +-admissible. Remember the functions 'ujf;é
defined in (4.7). The hamiltonian we use for the restricted system is the one
obtained after the re-formulation of Lemma 4.6 in a region of +-correct points.
Set o := oanpe. The restricted partition function with boundary condition nac is

ZF(Asmae) ==Y 1(oa)exp ( -8 Y. whloi,0) “5ZU+(0@‘)) :

oAEA {4,73A#0 €A
]

The aim of this chapter is to show that Z.* can be put in the form Z.= =
ePhIM 2 where Z,. is the partition function of a polymer model, having a normally
convergent cluster expansion in the domain

H,={heC:Reh>—%}. (5.5)
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As will be seen, the reason for log Z,* to behave analytically at A = 0 is that the
presence of contours is suppressed by 1(c,), and that on each spin o; = —1 acts
an effective magnetic field '

Ut(=1)=h+> oy=1+h, (5.6)
iy

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

Conventions. We will often use the norm
[ fllp = sup|f(2)] .
zeD

When G is a graph we denote by V(G) its set of vertices and by F(G) its set of
edges.

5.1 Representation with Polymers

The influence of a boundary condition can always be interpreted as a magnetic
field acting on sites near the boundary. We thus rearrange the terms of the
hamiltonian as follows:

Z w; (o, 05) + Z Ut(o

{4,7 INAF£D €A
i)
= > wiono)+ > (U+<gi) + 3 wi (o, (mc)j)) . (57)
{i,j}CA i€A jJEAC
1]

By defining a new effective non-homogeneous magnetic field

W) = UHo) + bt > wii(on (ae);), (5.8)

jeas

we can extract a volume term from Z,.% and write Z,7 = %8 2, where

Z. = Z 1{op) exp ( -3 Z O’g, o;) /S’Zju,z a@)> (5.9)

oAEQ, {i,i}CA icA
5]
Notice that the field u; (0;) becomes independent of s when d(i, A®) > R. Since
wii(0;,05) = 0if 0; = +1 or 0; = +1 and pf (+1) = 0, we need only consider
points ¢ with o; = —1, which will be identified with the vertices of a graph. Each
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vertex of this graph will then get a factor fj“f@“j(‘l). When h € H,, we can use
the fact that mae is +-admissible and that § < 27%

Rey(—1) =1+2Reh + Z wi(—, (Mae);) 21~ 2§ — 6>1. (5.10)

jEAS

The formulation of Z, in terms of polymers will be a three step procedure. We
first express Z, as a sum over graphs, satisfying a certain constraint inherited
from 1(04). Then, we associate to each graph a spanning tree and re-sum over all
graphs having the same spanning tree. We will see that the weights of the trees
obtained have good decreasing properties. Finally, the constraint is expanded,
vielding sets on which the constraint is violated. 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 R.

A sum over graphs. Let G, be the family of simple non-oriented graphs
G = (V,E) where V C A, each edge e = {i,j} € Ehas d(i,j) < R. Fore = {1, j},
set w = w}(—,—). Notice that w = —2¢; < 0. Define also i = pi(=1).
Expanding the product over edges leads to the following expression

z =5 1v@) ] ™ -1 I e o (5.11)

Gega ecB(G) i€V (G)

where 1(V) := 1(64(V)), and o4(V) € Q4 is defined by o5 (V); = —1ifi € V, +1
otherwise. With this formulation in terms of graphs, the constraint 1(V(G)) =1
is satisfied if and only if

> wil<s  vie[Alr. (5.12)
e=1{ij}
JEV(GUB

Moreover, the fact that the boundary condition nse is +-admissible reduces to

> il <. (5.13)
e={i,j}

jEB
A sum over trees. Suppose we are given an algorithm that assigns to each
connected graph Gy a deterministic spanning tree T'(Gy), in a translation invari-
ant way. That is if G is obtained from Gy by translation then T'(Gj) is obtained
from T(Gy) by the same translation. To be precise, we consider the Penrose al-
gorithm considered in Chapter 3 of [Pf] . We apply the Penrose algorithm to

1The Penrose algorithm requires the choice of an origin among the vertices of the graph. We
choose this origin as the smallest vertex of the graph with respect to the lexicographical order.
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each component of each graph G appearing in the partition function (5.11). Let
Tr C Ga denote the set of all forests. We have

Z, = ;; 1(V(T)) Ilw"’(t) (5.14)

where the product is over the trees of T', and the weight of each tree is defined

by
w¥(t) : Z H (e7we — H e (5.15)
GeGy: eeF(G) EVI(G)
T{Gy=t

Isolated sites {i} C A are also considered as trees. In this case, w* ({i}) = e .
The following lemma shows how the re-formulation in terms of trees allows to
take advantage of the constraint.

Lemma 5.1. Let T € T, be a forest such that 1(V(T)) = 1. Then for each tree
teT,
ot @), < I €77 =1) T e#°. (5.16)
ecE(t) eV (t)

Proof. Foreacht € T, let E*(t) denote the set of edges of the maximal connected
graph of {G € Gx : T(G) = t} (see [Pf]). We can express the weight as follows:

wHe)= [ e =1 J] e S [I (e -1

e€E(t) €V (t) GEGs: ec B(GM\E(t)
T(G)=t
= H (e‘ﬁw? —1) H o BuT H o—BuwE
ecE(t) ieVit) e€E*(t)\E(t)

Since 1(V(T')) = 1, the constraint (5.12) is satisfied, and the last product can be

bounded by:
H Pl < H H eBlwd| (5.17)
e€E*(t)\E(t) IEV(t) e={i,7}
JEV(t)
= H exp 3 Z lwl] < H e” (5.18)
i€V (t) e={i,s} iev(t)
Jjevi(t)
This gives the result, since Rey;” > %— by (5.10), and 6 <279 < -E O
Notice that to obtain (5.18), we only needed that the bound
S wfl<d Vie V() (5.19)
e={i,j}

JEV(t)
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be satisfied. This is weaker than (5.12) and clearly 1(V(T)) = 1 only if (5.19)
is satisfied for all t € 7. In the sequel we can thus assume that the trees we
consider always satisfy (5.19), independently of each other. So the bound (5.16)
can always be used. A direct consequence of the last lemma is the following result,
which shows that trees and their weights satisfy the main condition ensuring
convergence of cluster expansions (see Appendix C for notations and main results
on the cluster expansion).

Corollary 5.1. Let 0 < ¢ < 13, € > 0. There exists vo > 0 and 81 = Bi(€) such
that for all v € (0,7%), B = 51, the following bound holds:

ST llwt @)l eV <. (5.20)

£V (£)30

Proof. Using Lemma 5.1,
Hw, ( )] . cEV(t) < H ~Bue _1) H e~ 58 (5_21)

ecE(t) eV

When t is a single isolated point (the origin), then we have a factor e~5%. When
V(t) 30, E(t) # 0, we define the generation of t, gen(t), as the number of edges
of the longest self avoiding path in t starting at the origin. The sum in (5.20) is
bounded by

e'%5+z Z H (e7P%¢ — 1) H e~ %8

g>1 £:V(t)30 ecE(t) eV (t)
gen(t)=g
~38 ~ 168 —pwd 5
<oy w5 I
g>1 t:V{t)20 ec E(t) ieVit)
gen(t)=g
“% +Ze 765
g>1

where we defined (Vj(t) is the set of leaves of the tree t):

Qg = Z H (e=¢ — 1) H e~ 167 H g5 (5.22)

+: V()50 e E(t) iEeV{E N\ V() ieVi(t)
gen(t)=g

We are going to show that a,.1 < aq for all g > 1. Before going further, we
define

Yo 1= sup{ >0 2c,y sup J(s) < 64} (5.23)
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Since e=#*¢ — 1 < BlwT|ef<| and |lw¥| = 2¢;; we can bound, when v < v,

Y (e —1)e w0 < BemdP N |uf| < 2875 = B¢(B). (5.24)

es30 e30

Clearly, a tree t of generation g + 1 can be obtained from a sub-tree t’ C t of
generation g by attaching edges to leaves of t’. Let x be a leaf of t. The sum
over all possible edges (if any) attached at z is bounded by

1+Z Z ZH “Bwe:—legz <1+Z 3@(3))k~63<<5)

k>1 k! €132 €3z i=1 k>1

Assumm@ 3 is large enough so that ((8) < 32, the weight of the leaf x changes

into e~ 16%e% (%) < =38 which is exactly what appears in ag. This shows that
g1 < ag. We then have gr1 < g < --- < oy, Like we just did, it is easy to
see that a; < e~33°. This proves the result. 0

A sum over polymers. After the partial re-summation over the graphs having
the same spanning tree, the constraint 1(V(7")) in (5.14) still depends on the
relative positions of the trees. This “multi-body interaction” can be worked out
by expanding

@) =[] vy =T @+1:v)) }: I v

i€[Alg i€{Alr MC[Algi€eM

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

z= ¥ ( I = V(T)))(Hw(t)). (5.25)

TeTy MC[Algp ieM

Consider a pair (7', M) in (5.25). Let ¢ € M. The function 1¢(V(T)) is non-zero
only when 7 is not (4, +)-correct; it depends on the presence of trees of T in the
R-neighbourhood of i and possibly on the points of B(n.) if Br(i) N A€ # 0. To
make these dependencies only local, we are going to link the R-neighbourhood of
points of M with the trees of T'.

Consider the graph N = N(M) defined as follows. The vertices of N are given
by

V(N):= | Br(i), (5.26)

ieM

and N has an edge between x and y if and only if (z,y) is a pair of nearest neigh-
bours of the same box Bg(i) for some ¢ € M. The graph N decomposes naturally
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into connected components (in the sense of graph theory) Ni, Na, ..., Nk. Some
of these components can intersect A°.

We then link trees t; € T with components N; € N. To this end, we define
an abstract graph G to each tree t; € T, associate an abstract vertex w; and
to each component N; an abstract vertex z;. The edges of G are defined as
follows: G has only edges between vertices w; and z;, and this occurs if and only
if V(t;) N V(N;) # 0. Consider a connected component of G, Whose vermces
{wi,, ..., Wi, 2y, 2} correspond to aset P = {ty, ... i, Njpso o N, }. We
change Pl into a set P, using the following decimation procedure if Pl = {t“} is
a single tree then P, := F;. Otherwise,

1) delete from P/ all trees t;, that have no edges,
2) for all tree t;, containing at least one edge, delete all edges e € £ (t;,) whose
both end-points lie in the same component Nj
The resulting set is of the form P, = {ts,...,ts, Ny, ,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 5.1.

Figure 5.1: The decimation procedure P/ = P;. The hatched polygons represent the
body B(P;) and the legs are the trees {ty,,ts,; tsss toos ts, ;. Each t,, is a sub-tree of
gome t;.

The body of P, is B(P,) := V(N;,) U---UV(Nj,). The legs of P, L(F;), are the
trees {ts,,...,ty }-

A polymer can have no body (in which case it is a tree of 73 ), or no legs (in which
case it is a single component N;,). We define the support V(P) as the total set
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of sites:

v(P)= |J vierul Jvvy. (5.27)

t&L(P) i

Often we denote V(P) also by P. Two polymers are compatible if and only if
V(P) NV(P) = 0, denoted P, ~ P,. We have thus associated to each pair
(T, M) a family of pairwise compatible polymers {P} := ¢(T, M). The set of all
possible polymers constructed in this way is denoted P (nac). The representation
of Z, in terms of polymers is then

z= > ][] «®, (5.28)
{PYCP{ (nac) PE{P}
compat.

where the weight of a polymer P is defined by

Py = Y (Hl;ﬁ(V(T)))(Hw*’(t)). (5.29)

(T M): €M el
o(T,M)=F

We should have in mind that w*(P) depends on the position of P inside the
volume A, via the boundary condition ns.: more precisely if B(P) N A° # 0 or
if there exists a leg t € L(P) such that d(t,A°) < R. Therefore, we define the
family P of free polymers of type + whose weights depends only on the intrinsic
structure of P, and not on the boundary condition. The family P* is translation
invariant, as well as the weight of each of its polymers. To any finite family P,
we associate the partition function

zP)y= > [ "), (5.30)

{P}YCP Pe{P}
compat.

where the product equals 1 when {P} = 0. For instance,
Z.F(Aimpe) = PPN Z(PE(nae)) - (5.31)

Everything we have done until now can be done for a —-admissible boundary
condition 7, yielding a family of polymers Pj (mac), with weights w™(P). In
this case, sites get a factor e P# . In particular, if we consider the spin-flipped
boundary condition —ns. defined by (—nac); := —(nac);, which is —-admissible,
we have when h is purely imaginary 2,

Z,(PY (mae)) = Z:(Py (=) - (5.32)

2Here, Z denotes the complex conjugate of z.
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5.2 Analyticity of the Restricted Phases

Define the restricted pressure by
1
pr o= lim ———log Z, 7 (Ai +4e) | (5.33)

where the thermodynamic limit is taken along a sequence of cubes. A result of
the present section is that the restricted pressure, unlike the total pressure p.,
behaves analytically at ~ = 0.

The point is that we linked trees with the R-neighbourhood of points of the set
M, and we must now see that this thickening does not destroy, from the point of
view of entropy, the uniformity we have been able to obtain with respect to the
scaling parameter . Moreover, the body of polymers can intersect A°. At this
point we will see that § — & > 0 is crucial. We study the weight w*(P) (w™(P) is
similar by symmetry).

Lemma 5.2. There exists 3y and 1o > 0 such that for all 3 > 35 and for all
v € (0,7), the following holds: each polymer P € Py (nsc) satisfies

ot (P, <&@ TT (e =1 J[ e#. (539
ecL(P) 1€L(P)

Proof. Remember that the bound (5.16) holds for each tree under consideration.
If B(P) = (), then P is a tree and the result follows from Lemma 5.1. Otherwise,
lw™ (P)||a, is bounded by

> (H115<V(T))I)H( I1 ™ - ] e-iﬁ),

(T, M): ieM t€T  e€E(t) 1EV(t)
o(T,My=P

Consider a pair (T, M) such that ¢(T,M) = P. Let ig € M, and assume
1¢ (V(T')) # 0. This implies, with regard to (5.12),

> i >4 (5.35)
e:{iﬂgj}
JEV(TIUB
But, according to (5.13), we have
> lwh <. (5.36)
e={io,j}
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This implies the crucial lower bound

> wiz6-6>0. (5.37)

Since |w]| = 2¢;; < 2¢,v?sup, J(s), we can find a constant c; such that
[V(T) N Bg(io)| > (8 = )es| Brlio)] - (5.38)

In this sense, the forests that contribute to w*(P) accumulate in the neighbour-
hood of each point i € M. See Figure 5.2. Let M, be any 2R-approximant of

Figure 5.2: The re-summation of Lemma 5.2. We emphasised the fact that the forest
T must have many points in B(P) N A, as was shown in (5.39).

M. Then we have |B(P)| < |Mo||Bsr(0)| and so

V(T)NB(P)| = > |V(T) N Brlio)] > (6 — §)es| B(P)| (5.39)

i€ Mo

where ¢, is a constant. Now, each ¢ € V(T') gets a factor e~if = ¢731:%. One
factor e~ 127 contributes to extract a term decreasing exponentially fast with the
size of B(P), using (5.39):

e~ 13 (0=0)eaBIBEP)] (5.40)

A second factor e~ contributes to the weight of the legs. Extracting this
contribution gives

[T (e =1 ] e %7, (5.41)

ecL(P) iEL(P)
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The last factor e~ 137 is used to re-sum over all the possible configurations of T
inside the body B(P) (see Figure 5.2), that is over all forests T, V(T") C B(P),
where each tree t' € T gets a weight bounded by

wolt) = [[ (e —1) T ¢ (5.42)
e E(t7) eV (t')

The remaining sum is thus bounded by

> [T w(&) = 60(B(P)). (5.43)

TV (T)CB(P) v/ €T

This partition function can be studied with a convergent cluster expansion (see
Appendix C). Proceeding as we did in Corollary 5.1, we can take [ sufficiently
large so that the weight wo(t’) satisfies (5.20). We can then guarantee that

|90(B(P))| < PPN, (5.44)

The sum over all possible sets M such that N(M) has a set of vertices given by
B(P) is bounded by 2B Altogether these bounds give

o (5-8)csBIB(P) IB(P)| B = o~ oBIB(P)

which finishes the proof. O

We now give the consequence of this lemma, namely that polymers satisfy the
main criterion needed for having a convergent cluster expansion.

Corollary 5.2. Let 0 < ¢ < min(%, %),6, e > 0. There exists B3 = [P3(¢€), such
that for all B > B3 and for all v € (0,7%), the following holds:

S Wt (PPl < e (5.45)
P:V(P)30

Proof. Lemma 5.2 allows to bound

W™ (P)a, < ( 11 wo(N})( II w{;(t)> = wo(P), (5.46)

NepP teL(P)

where the weight of each component of the body N is wo(N) = e V¥l and
the weight of each leg t was defined in (5.42). Fix € > 0 small. It is easy to show
that when £ is large enough,

ST we(N)elHIVINI < fe, (5.47)
N:V(N)30



5.2. ANALYTICITY OF THE RESTRICTED PHASES 79

and, proceeding like in Corollary 5.1,

Z wo(t) eletalV(e)]

t:V(t)30

IN

z€. (5.48)

Let n(P) denote the number of objects (components N and trees t) contained in
P. That is, if P = {ty,...,t1,N1,..., Nk}, then n(P) = L + K. We will show
by induction on N = 1,2,... that

Ay = Z wo(P)edVENl < e, (5.49)
P:V(P)30
n{P)<N
which will finish the proof. If N = 1 then P can be either a single component NV
or a tree t. The bound then follows from (5.47) and (5.48). Suppose 3 is large and
that the bound holds for N. If P satisfies V/(P) 3 0, n(P) < N +1, we choose an
object of P that contains the origin (which can be a tree ty or a component Np),
and decompose P as follows: either P = {No} U {Py,..., P} with V(Np) 3 0,
V(P)NV(Ng) # 0, n(P,) <N, P, ~ Pjfori# j,or P={to} U{P,..., P}
with V(to) 2 0, and V(P) NV (te) # 0, n(P;) < N, P, ~ P; for i # j. In the
first case, we have, using the induction hypothesis and (5.47),

3 wo(Ng)eCW(NO)}Z%( S wO(P)eC'V(P)])k (5.50)

No:V(Np)s0 k>0 PV(PINV(No)#£0
n(P)<N
o , 1 . k
< > wo(Noe (Nﬁ)fZ—]%—!(IV(E\JO) An) (5.51)
No:V(Np)=0 k>0
<Y wo(No)edlNolleelV ol < e (5.52)

No:V(Np)30

In the second case the same computation yields, using (5.48),

> wolto)e Ny f}i ( > w(P)et® ?f) ’

t0:V {t0)30 E>0 T PV(PYNV (to)#D
n(Py<N
< Z we(to)ecw'(te)éeE%V(to)é < %5 ) (5.53)

to:V{ty )20

This shows that Ay.; < € and finishes the proof. .

We now state the main result concerning restricted phases and their analyticity
properties. We refer to Appendix C for notations. Here polymers play the role
of animals. We know that if two polymers P;, P, are incompatible then V(P;) N
V(Py) # 0. Clusters of polymers associated to P7 (1<) are denoted P € P; (ne).
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The bound (5.45) implies that the main condition (C.4) is satisfied. By Lemma
C.1, we have

sup S~ I (P < sup 3 en(P)| < n(e), (5.54)

Pz ’ Pz

where the weights w*(P) and wo(P) are defined like in (C.3). Since € can be made
arbitrarily small by taking 3 large enough, we will replace n(e) by a function €.(3),
where the subscript 7 is to indicate that this function concerns the restricted
phase. We define H, := {Reh > —&} C Hy.

Theorem 5.1. Let 3 be large enough, v € (0,70). Let A € CY and npe be a +-
admissible boundary condition. Then Z.(Pi(nac)) has a cluster expansion that
converges normally in H.., given by

log Z,(Pf(me)) = > w'(P). (5.55)

PePf (nae)

The maps h — log Z,(PY(nac)), h— pi.(h) are analytic in H,. Moreover there
ezists a function €.(3), limg roc €:(3) = 0, such that

[10g Z.(PE ()|, S &I D ot (Pl < e (8),
PG?X(%C)
P30
d )
I log Z:(PL(me))ll g, < er(DIAI- (5.56)
Finally,
27 (M) = PN ZL (P (nae)) = exp (B3 Al + AT (), (5.57)

with | A7 (A1, < e (8)|0gAl-

The proof of the theorem follows easily from Lemma C.1. Analyticity follows from
the fact that the convergence is normal on H,. The bound on the first derivative
is obtained by using the Cauchy formula: any disc of radius Ilg centered at z € H,
is contained in H.. The same can be done for large order derivatives: there exists
a constant C. > 0 such that for all integer £ > 2,

1| dF .
—— | ——1log Z, " (A; mae < CFE!, |prR(0)] < CFRL. 5.
}A,{ dhk og (l s TIA ) . - Crk s kpr;y (ON = C?‘ (D 58)
The last statement of the theorem follows by the usual rearrangment of the terms
of the cluster expansion.



Chapter 6

The Phase Diagram

Until now we have a notion of contour, with a Peierls constant uniform in the scal-
ing parameter, and a precise description of restricted phases in terms of graphs.
We must now bound these objects together to study the phase diagram of large
systems in a neighbourhood of h = 0. Throughout this section we assume
~v € (0,7) is fixed, where v, was defined during the analysis of the restricted
phases, in (5.23).

Consider the partition function

ZHA) = Y et (6.1)
UAEQ:};
where
QX = {O'A € Qy d(f*(O’A-?*Ac),AC) > Z} . (62)

For each o4 € QX, the decomposition of I*(op+4¢) into connected components
yields an admissible family {I'}, such that I' € A and d(I', A°) > [ for each
I' € {T'}. Then, A is decomposed into A = {I'} UAT U A~, where A are the
points of A\{I'} that are (4, #)-correct for the configuration oa+c.

In (6.1), we re-sum over the configurations o+ (resp. o5+) on A™ (resp. A7) that
yield the same set of contours {I'}. In Proposition 4.1 we characterised explicitly
the constraints satisfied by the configurations o+: each point i € [AT]g must be
(8, +)-correct for the configuration o+ +4c oqry, where oyry is the configuration
specified by the contours on the union of their supports. Similarly, each point
i € [A7]g must be (§, —)-correct for the configuration os-oyry. Using the re-
formulation of the hamiltonian given in Lemma 4.6 we get:

AV ( I1 p(F))Zr+(z’\+;—?*Acg{p})ZT“(A—;O‘{y}}? (6.3)
{IycA Te{l}

81
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where the sum is over admissible families of contours, and
p(T) := ¢~ BHr D) (6.4)

Notice that when {T'} = 0, then A = A" and the summand of (6.3) equals
Z&"+(A; +Ac).

Since they are subject to boundary conditions that depend on the family of con-
tours {I'}, the restricted phases induce interactions between the contours. Nev-
ertheless, the boundary conditions imposed by the contours and +4c on A* and
A~ are admissible (in the sense of Definition 5.1). This implies that the results of
Chapter 5 can be used for the restricted partition functions appearing in (6.3). As
a consequence, the interactions created by the polymers of the restricted phases
decay exponentially fast with the distance.

Since we need to represent the partition function with objects whose compatibility
is purely geometrical, we need to proceed by induction, and consider systems
living in the interior of external contours. Therefore, we must study functions
similar to (6.3), with an arbitrary +-admissible boundary condition ny.. We thus
define

CHINIBESIY (H pf))Z+1‘X e ) Z (A ory),  (6.5)
{T}CA Te{l}

Contours always lie at least at distance [ from A°. The external contours of {I'}
can be subject to particular constraints, but we omit it in the notation. Notice
that for the empty family {T'} = @), the summand corresponds to a pure restricted
phase Z,. 7 (A;npe).

The aim, in the study of ©7(A;nac), is to extract from (6.5) a global contribution
of the restricted phase. In the Ising model, the same operation amounts to extract
the trivial term ¢4 Here we extract Z, 7 (A, nae) = e Z (PF (nae)), and our
aim is to reach the representation (6.18). The deviations from the restricted
phase will be described by chains, i.e. contours linked by clusters of polymers.
In Section 6.1, we expose this linking procedure. In Section 6.2 we show how to
handle the entropy of chains, preserving the uniformity in the scaling parameter
~. In Section 6.3 we study the weights of chains and their dependence on the
magnetic field near {Reh = 0}, i.e. at coexistence. In Section 6.4 we study pure
phases, i.e. {Reh > 0} and {Reh < 0}.
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6.1 The Linking Procedure

We first express ©7(A;nac) as a sum over external contours. By Lemma 4.5, each
external contour is of type +. Let {I'} be a family of external contours. Then, A
is decomposed into
A=extp{TTU{T} U U intl",
Te{T}

where exty{I'} := AN (peqr extl. For each family of admissible external con-
tours {I'}, we re-sum over the configurations whose external contours are given
exactly by {I'}. This induces, for all ', a partition function ©~ (intI'; +or), which
can be expressed as in (6.5). On ext){I'}, we get a restricted partition function
Z: ¥ (exta{T'}; nacoqry). We thus have

O (A;nae) =

Z,F(Asmpe) + Z Z % (exta{T'}; nacoqry) Hp([‘)@‘(intf; or), (6.6)
{T}CcA r
ext.
where the sum is over non-empty families of external contours. Consider the
configuration —or obtained by spin-flipping or, i.e. (—or); := —(or); foralli € I
We introduce the functions Z,* (intl'; —or) and ©*(intl'; —or) and consider, for
a while, the ratio

Z," (exta{T'}; maeory) [Ty 2, (intT; —or)

Z, " (Asnpe) ' (6.)

Using the polymer representation of Chapter 5, we consider the family of poly-

mers P, = ’P:X):A (ry(Maco(ry) associated to Z. " (exta{T}; nacoyry), the families

Plr = P (—or) associated to each of the Z, ™ (intI'; —or), as well as the family
Py == Pi(nac) associated to Z," (A;nac). Since the expansions of these functions

are absolutely convergent, we can rearrange the terms. The volume contributions
from ext,{I'} and [ JpintT" cancel, and we get

Z.(Pa) [r Z20(Piur) _ +w (P EZ
Z.(P) o (38T 2 ).

where we used the abbreviation

YoxwtPy= DY W)= Y wH(P). (6.8)
P Pepr, PePy
d(PAT}H<R d(P{TH<R

Priextp {T' V40
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The sign =+ in front of uf+(f’) is chosen in function of the sum to which P belongs.
Define A\*(P) := e* (®) — 1 and expand

eZp T (P) o H(1+/\+ Z H}ﬁ (6.9)

The function Ef depends only on the structure of I', and is given by

Ef= Y wHP) - Y WD), (6.10)
Perﬁiﬁtr «]56?5“1"
d(PT)<R PriextT'=0
(P IR

where P+ denotes the family of clusters associated to free polymers of type +.
Notice that Ej is analytic in H,. Since |[[]g| < 3%T| we have, if 3 is large
enough (see Theorem 5.1)

B, < 3000 15BN, < 501 (61)

If we define the weight (we denote +or = or)

O~ (intT'; 4+or)

wH(T) = py( )@+(intf‘; “or) (6.12)

where
p1(T) = p(D)e~PhICPr (6.13)
we have

O1(A; nae - A *(intl'; —or)
Z, +(A 7’;18 =1+ Z Z (H)\+(P%)) (Hu)+(r) 1111;[‘ ~—0’p)>

{T}CA{Pg ..... By =1

We can then repeat the same procedure of summing inside external contours
of @ (intl’; —or), etc. This procedure continues until we reach contours whose
interior can’t contain any contour. At the end,

Foeg =1+ S S (@) (lem). o

{ycagpy P

where the sum over {I'} C A contains contours of type +, and each cluster P
lies at distance at most R from one or several contours of {I'}. For this reason,
the weight of polymers can depend on the configuration or of the contours I'
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that lie in their neighbourhood (or on nsc). We get rid of these dependencies by
linking polymers to contours. Like we did in Section 5.1 (when linking trees with
components of the graph N), we associate to each pair ({T'},{P}) an abstract
graph G as follows: each contour I'; € {T'} is represented by an abstract vertex
z;, each cluster Pk € {}5} is represented by an abstract vertex w;. This defines
V(G). Then, we put an edge between z; and wy, if and only if d(T';, P) < R. We
also put an edge between wy, and wy, if and only if V(By,,) NV (Py,) # 0.

Each connected component of G, with vertices, say, {20y ooy 2 Whys o oo s Wiy s
represents a subset of {I'} U {P} given by X = {T,,..., Ty, Py - - -, Py} Xis
called a chain of contours, or simply a chain. We denote by {X} the family of
chains associated to the pair ({I'}, {P}). The chains of {X} are of type +, and
pairwise compatible by definition. The support of X, also written X, denotes the
union Upex I'U Upex P- Notice that if two chains X, X’ are not compatible,
then b(X) Nb(X") 5 0, where

b(x) = | Jmu | P (6.15)

The weight of a chain is defined by
WHX) = ( I1 A+(f>>) ( I1 -uﬁ(r)) : (6.16)
Pex Fex

and depends only on the intrinsic structure of the chain X (except, maybe, if
d(X,A°) < R). The final representation of the partition function is thus

Ot (Aimae) = ZF(Nmae) Y [ wh(X) (6.17)
{X} Xe{X}
= Z, 7 (A;nac)ZT (A mae) (6.18)

In (6.17), the product is defined to be equal to 1 when {X} = 0. This last
expression nicely expresses the fact that chains of contours describe deviations
from a restricted phase. For the restricted phase, there corresponds a family
P (nac) associated to Z,"(A;nac). Similarly, there corresponds a family of chains
X (nae) associated to Z*(A;nac). The partition function can be written in terms
of these families as

O (Aymac) = "N Z (P (nae) Z(X] (ae)) - (6.19)
By definition, Z(X (7)) := 1 when X (nac) = 0. Everything that was done

until now can be applied also to the case where ns. is —admissible, yielding
chains of type —.
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6.2 The Entropy of Chains

Before starting the analysis of the weights, we show how a priori bounds on the
weights A*(P) and w*(T) allow to handle the summation of weights of chains.
In this section we assume that [A\*(P)] < Xo(P), [wT(D)] < po(I), ie.

w0 < (T 2(®)) (IT o(D)) = o). (6.20)

PeX

Convention: Now and in the sequel we will always use a subscript “0” in the
weight of an object to specify that it depends only on the geometric structure of
the object (as we did in (5.46), Section 5.2). That is, such weights will always be
translation invariant. When a weight is defined for an object, we use the same
letter for the weight of the clusters of such objects (see Appendix C).

The proof of the following lemma is essentlally the same as the one of Corollary

5.2. We use the notations |P| := | Upep V(P)|, [X] =Y rex IT| + X pex |P|.
Lemma 6.1. Let ¢ > 0, € > 0, and assume the weights \o(P), po(T') satisfy the
bounds
cte(29 € € €

Z/\ plere@+D)PL 5 Z po(D)elerollrl 5 (6.21)

P30 I:[T};30
Then the weight wo(X) satisfies the condition (C.4) of Lemma C.1. Namely,

Z wo(X)etN < ¢ (6.22)
X:b(X)30

Proof. For a chain X = {I'y,..., Tz, P, ... ,]:DM}, let n(X) := L + M denote the
number of objects composing X (a cluster P; is considered as a single object).
We show by induction on N =1,2,... that!

Env = Z wo(X)etCOl < ¢ (6.23)
X:b(X)30
n(X)<N
If n(X) = 1 then X contains a single object, i.e. a contour. Then &, < ¢ follows
from (6.21). So suppose (6.23) holds for N, and consider {y.1; this sum can be
bounded by a sum in which each chain X is decomposed into [I'g]; 3 0, X 3 T,
or into Py 3 0, X 3 P,. This means:
1) in the first case, X decomposes into X = {To}U{X1,..., Xg} ? with [T'o]; 3 0,

We thank Daniel Ueltschi for pointing out this method of demonstration.

2The chains X; are obtained as follows: consider the abstract connected graph G associated
to the chain X. Then, remove all the edges of G that are adjacent to the vertex z; represent-
ing Ty and z itself, and consider the decomposition of the remaining graph into connected
components. These components are exactly the representatives of X;,..., Xx.
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d(X;,To) SR n(X;) < Nioralli=1,...,K, X;NnX; =0 for all ¢ # j. The
contribution to £y is thus bounded by

Z po(Lo)e’ z H Z WO(Xé)eC%(Xi)} (6.24)

Io:[T'6];30 K>0 Kl i=1 X;:d(X;,T0)<R
n(X <N
< Z po(To)e!rol! Z (] (Lol lew
I'5:[I'6};30 K>0 K!
< Z po(T )€(C+€)}[To]£l < 5
To:[To};30

where we used the induction hypothesis £y < e.

2) in the second case, X = {If’g} U{Xi,..., Xk} with By 30, d(Xi,f’o) < R,
n(X;) < Nforalli=1,...,K, X;NX, =0 forall i # j. A chain X; of this
decomposition can be of two types: i) there exists a cluster P € X, such that
PN P, # (). Then the contribution from these chains is at most

|yl Z wo(X;)eP X = | Pylén < | Pole. (6.25)
X:b(X;)20
(X)) <N

i) there exists I' € X;, I' N {[Po]r}: # 0, where the thickening {: }1 was defined
in (4.15). Notice that the set {[Pp|r}; € C) contains at most 2¢|Fy| cubes C'®.
Since contours are composed of cubes C¥, the contribution from these chains
can be bounded by

2 Bylen < 2%€| Pyl . (6.26)

We can then proceed like in (6.24), and get a contribution to £x,; bounded by

37 do(Bo)ectPolecEHDIR] < % . (6.27)
P30
Altogether, this shows that £y <e O

6.3 Domains of Analyticity

In this section we consider the dependence of the weights w™(X) on the magnetic
field h € C, in a neighbourhood of {Reh = 0}. For obvious reasons, the domain
in which w*(X') can be shown to be analytic depends on the contour I € X that
has the largest interior. For the sake of simplicity, statements will be given only
for chains of type +.
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The domains of analyticity depend on the isoperimetric constants K (V) defined
in (4.56). Consider the reals

0

R(N) = ————+,
() 29K (N)Na '

(6.28)

where 6 € (0,1) will play an important role later in the study of the derivatives.
We know from Lemma 4.10 that R(N)Nd is increasing and that

: .
\}1_{%0 R(N)Ni = SR ()

(6.29)

Since we want the domains of analyticity to be decreasing with the size of the
contours, we define

R*(N) :=min {R(N'): 1< N' < N}. (6.30)

The sequences R*(N) and R(N) have the same asymptotic behaviour, as the
following lemma shows.

Lemma 6.2.

lim R*(]V) f\'r%i s 6

lim. TEE (6.31)

Proof. First notice that there exists an unbounded increasing sequence N1, N, . . .,
such that R*(N;) = R(N;). This is a direct consequence of the bounds

0
R*(N) < R(N) € ——. 6.32
(V) < RON) £ o (632

Since R( N)N‘é’ increases, it is sufficient to show that R*( N)Ni is increasing.
Consider the interval [N, N + 1]. We have two possibilities: 1) R(N + 1) >
R*(N). In this case, R*(N + 1)(N + 1) = R*(N)(N + 1)i > R{(N)Ni. 2)
R(N +1) < R*(N). In this case, R*(N + 1)(N + 1)i = R(N + 1)(N + 1) >
R(N)Ni > R*(N)Na. O

For r > 0, consider the strip
Ury:={z€C:|Rez| <r}. (6.33)

Generally, we will restrict our attention to small magnetic fields, that is o € Up :=
U(hoy) where ho will be taken small enough. For instance, hy < —1-% so that the
results on the restricted phases can be used in Us.
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We define the domain of analyticity for a contour:

r:=U{RWVI))) N, (6.34)
and for a chain X: |
Ux:= ] Ur. (6.35)
rex

That is, Ux = Upmax, where [™** € X has the largest interior. Notice that the
domains Ur, Ux depend on §. Set V(X)) := V(I"™*) = max{V([') : T € X}. The
main result of this section is the following.

Proposition 6.1. Let § € (0,1), € > 0, ¢ > 0 small enough. There exists
B = B1(0,€) such that for all 3 > By, the following holds. For each chain X,
h — wt(X) is analytic in Ux. Moreover,

‘lw+<X)']L’,¥ < wO(X) > Hd_di;w.*.(X)”UX < wO(X> 3 (636)

where wo(X) is defined via the weights A\o(P) and po(T") given in (6.38)-(6.39)
hereafter, and satisfies (6.22).

Before starting the proof of Proposition 6.1, we give explicitly the weights Ay( }5)
and po(I"). These weights are defined such that they can be used throughout the
section, also when bounding the first derivative of w*(X). As will be seen, the
non-trivial part of w*(I') will be bounded by:

< ePITl 3T (6.37)
Ur

H O~ (intT'; +or)
O+ (intl'; —or)

Using (6.13) and (6.11), [|p1(T) ||y, < e ?Ile20h0Tie3ITl This suggests defining
the weight po(I') in the following way:

po(T) := Dlﬁfpr5‘%€-€1—9}8§§T§E62,5&0}1"%6!1’!. (6.38)

The term D, ,'G’if‘[f‘f has been added to take into account other contributions,
especially when studying the first derivative. For clusters we get, using the defi-
nition of A*(P) and (5.54),
N (P, < ™ (P) s elle” Pl
< Jwo(P) 0P < |wg(P)|e < Dolwo(P)| = Mo(P).  (6.39)

The numerical constants Dy, Dy are assumed to be fixed and sufficiently large, in
order to cover all the cases that will appear in the sequel.
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Lemma 6.3. Let 6 € (0,1), ¢ > 0, and € > 0 be small enough. Assume 2ho <
L(1 = 0)p (p is the Peierls constant). There erists By = B1(6,¢€) such that for all
3> B, the hypothesis (6.21) of Lemma 6.1 are satisfied.

Proof. Define a new weight for polymers (see (5.46)):
To(P) 1= wo(P)elcre @+ I, (6.40)
If 3 is large enough, we can proceed as in (5.54) and get

Z Xo(P)e (c+e*+MIPI = D, Z |wo(P (c+5(2d+1))IP
P30 P30

<D22|u}0

P30

(6.41)

I;\’)!m

This shows the first inequality of (6.21). For the second, we use the Peierls
condition ||T'|| > p|I'| (Proposition 4.2). This gives

S oD < g 7 ||t 1=ATIeshll e+
I:[I';=0 I:[T);=0

190

Since |[I';] < 39T, a standard Peierls estimate allows to bound this sum by § as

soon as 3 is large enough. O

Until now we have denoted by €, = ¢.(3) the small function appearing in the
study of the restricted phases. Similarly, we denote by €. = €.(3) the small func-
tion appearing in the study of chains. These two parameters are assumed to have
a common bound max{e,, €.} < €, which is small.

Consider the weight w*(T') given (6.12). We can use the linking procedure for
the partition functions ©% (intl'; For), yielding

ﬂgh{l <P)Z ( mtf( OT)) ( 1;tr(+gr)> )
etohv Oz (Pntf( O'r)) ( ntT( OTD
Proof of Proposition 6.1: The proof will be done by induction, in the same spirit
as in [Pf]. We say a contour I is of class n if V(I') = n. A chain is of class n if
V(X) =n.

WH(T) = pr(D)° (6.42)

Consider a contour T of small class (say, of class smaller than /). Then the last
ratio appearing in (6.42) equals 1. We bound w*(I') at h =z + 1y € Ur. First,

=280V (D] < 2BV < R (VINVE) < BRVINVED) < OITN (6.43)
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where we used the definition of the isoperimetric constants K (-) given in (4.56).
Then, write

Zr(Pgr(+or))n _Z2 r (P (For))n Z0(P, ntf(+gr)>@y Z,(Pair(=or))sy (6.44)
Zr<pi:tr(_gf))h Z (P (+or))iy Z-(P; 1“( or))iy Z.(P ntf( —or))n .

The middle term has modulus 1 by symmetry (see (5.32)). The two other terms
can be treated as follows:

Z (PmtI‘ (+0r )h

1 ]/d——lz +01))eriy| < J2le V().
o8 pET T 5108 2, (P (+07)srs| < lalerV
(6.45)
We used Theorem 5.1. Proceeding as in (6.43), we get
“ (Pgsr(+or)) S B P 6-;-11*;? (6.46)
Z( ntr( O'r)}

when £ is large enough. Altogether this gives

I|w+<F)HLfr < le(lﬂ)HUreeﬁiIT%fe%ifi < 6-(1~9)5§fﬂte2ﬁhoifl62%§1‘1 < po(T).  (6.47)

Since |AT(P)|lu, < Ao(P), we have shown the first inequality of (6.36) for chains
of small class For the derivative, a Cauchy estimate (any disc centered at h € Uy

with radius % 75 is contained in H,) gives

d

(Frs

NPy, < 161N (P)] (6.48)
For contours,

wh([) = cu+(F) loguﬁ(l’) =

dn”
(53 N A et ogy 4, Z(Pur(tor))
O (=5 g He(ol]) = BIT| + g5 B = 20V(D) + glog ZHn = )

Using V(I') < }FIE%T (this is a consequence of Lemma 4.9) and

d Z.(Pr(+or)) ,
”dhl o8 i gr))ibr < 2¢,V(T), (6.49)

this gives the upper bound

< 68|77 (D)o, (6.50)

oo,

dh
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which implies, as can be seen easily, that
} d o+ X)H < wo(X) (6.51)

—w w . .

an? My, <ol \
With Lemma 6.1, this shows the proposition for chains of small class. Suppose it
has been shown for chains of class < n. By this induction hypothesis, (6.22) and
Lemma C.1, a cluster expansion can be used for the partition functions containing
chains. Let X be a chain of class n + 1, and consider I' € X. The treatment of
the restricted phases is the same, and we must study the ratio

(\ ntf(+ar)) - E(X (+Gr)>h —( 1ntT(+O-r))@y ""( th( O‘F))iﬁi‘ (652)
=( inf,r( —0or))h E(thr(’{"a'l“))zy—( ntl“( Ur))zy =( mtl"( or))h

Again the middle term has modulus 1 and the rest is treated using the induction
hypothesis.

( ntf(+af))h

lo
B (o))

' / ds—-1og,_(xmr(+gf))3+w < |zle.V(T). (6.53)
This implies

< feellll < 51T (6.54)

H-(thr +or))
mtl”( or)) lur

For the weight of T', we thus have (compare with (6.47)):
o (D)l < &P < po(T) (6.55)
For the derivative, use again the induction hypothesis, and bound

1 d =(X,
100 m’cI‘
(@ B E X (o)) lo

It is easy to check that (6.50) still holds which, in turn, implies (6.51). This shows
the proposition. O

< 26, V(D). (6.56)

6.4 Pure Phases

In the last section we gave for each chain X a domain Uy in which the weight
wt(X) behaves analytically. The size of the domain Ux shrinks to {Reh = 0}
when the size of the largest contour of X increases. In the present section we
show that the weights w™(X) can actually be controlled when 0 < Reh < hy
where h. is fixed, independently of the size of X.
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We consider only chains of type +, the case — being similar by symmetry. Define
T+ = {ZECO<R€h<h+}. (657)

where 0 < hy < min{:s, £} is fixed (p is the Peierls constant). In Chapter 7,
domains will have to be made optimal, with @ close to 1, but here we choose
0= —;— The main result of this section is the following

Proposition 6.2. Let €,c¢ > 0 be small enough. There ezists B» = [32(€) such
that for all 3 > 3,, the following holds. For each chain X of type +, h — w*(X)
s analytic in Uy, and

lwt (X))o, < wo(X), (6.58)
where wo(X) satisfies (6.22).

Proof. Since U, C H,, clusters P and restricted phases are under control. For
each I, we use the representation (6.12) (rather than (6.42)). The main ingredient
of the proof is the following lemma, whose proof is standard (see [Z] or Appendix
A, with minor modifications due to the fact that we are working with analytic
restricted phases rather than ground states).

Lemma 6.4. Let 3 be large enough. Then for each contour I of type +, we have
O (intT; —or) # 0 on Uy and

OJEN

< I (6.59)

”@ (intT; -%-ap)
O+ (intT;

Proof. For contours of small enough class, we can proceed as in (6.44)-(6.45):

O~ (intls+or) || || —2snva) Zr(Par(+or)) | 6 60
- =]e : [ (6.60)
O+ (intl; —or) llus Z,(Paer(—or)) llu.
< sup e~2ReAV (D) 2BReRVT) < 1 (6.61)
hely

This shows (6.59). Suppose (6.59) has been shown for all contours of class < n.
In particular, for each such contour,

([, < e Tealelr < pyr) (6.:62)

Consider a contour I' of class n + 1. For ease of notation we denote for a while
A = intT". Until the end of the proof, we fir h = z + iy € U,, and show that

@»(i&; +0"r) 217y
et < i ] ‘
O+ (A; —or) }g = ¢ (6.63)
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Notice that if h € Ur then (6.63) follows from (6.46) and (6.54), so we assume
that h & Ur.

We start with ©1(A; —or). Since (6.62) holds for all contour I' of class < n, we
can apply the linking procedure:

OF(A; —op) = ™M Z (PL(—0r))Z(X{ (—or)) . (6.64)

We expand the partition function Z.(P}(—or)), and use (5.57). The same can
be done for the partition function containing chains:

S(XH(—or)) = P MeAL M) (6.65)

where g is defined by

log = (Ans) (6.66)

and E+(Ayy) is restricted to contain only chains in which each contour is of class
at most n. We thus have

AL — (BN AT (A (Bt Al AT (M) = oBPn Al AT (A)
Ot (A; —or) = (e e )(e e y=e e , (6.67)

where pf := pi_ -+ gt. The function A™(A) depends on —or but satisfies
|AT(A)] < |l with g9 < g— when 3 is large enough.

We turn to ©(A;+or). An external contour I" appearing in O~ (A; +or) is
called stable if Ups 3 h, and unstable if U 3 h. Following Zahradnik, we re-sum
over external stable contours, yielding

O~ (A;+or) = Z O; (ext; oroqry) Hp(F’)@*(intF'; or), (6.68)
rf

{I}cA
ext., unst.

where ext = A N () extl”, and ©; (ext; orogry) contains only stable contours.
Applying the linking procedure and expanding, we have

07 (ext; oroy) = (eﬁpﬁx%extée&;' (exf?}) (eﬁg; fext] Oc (ext)) (6.69)

= e lotlehm(on) (6.70)

where p; = p, + g5, and |A7(ext)| < &o|I'| + &0 S~ IT’|. The function g7 is

defined like in (6.66), containing only stable contours (of type —). The partition
functions ©* (intI”; or/) can be treated like ©7(A; —or), vielding

@—f—(intrf; UF’} — E;’J’pgﬁnﬂ"ge&-%(intp} } (671)
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with |[A*(intl")| < eo|IV|. Altogether, the ratio (6.63) equals

! ~At(A) Z PP —pm)lext] LA~ (ex‘c)Hp e~ PP D] O (intD) . (6.72)
{I'}ca
ext., unst.
< 2e0ll) Z eSRe{PZ—D%’”}!‘EXﬁHlp(ff}le‘ﬁRﬁp;’firle?solf’i_ (6.73)
{I"ycA I
ext., unst.

If we use the bounds |g;f| < g, hy < £ we get

O~ (A; +or) BRe (p7 —pi)jext| ~8(/ +220)T| .
e L DN [[errme (6.74)
{I"}cA
ext., unst.

where p 1= £ — 6go. Our aim is to show that Re (p; — p}) < —e,, where ¢, is
the pressure of an auxiliary model.

An auziliary contour model. Consider the weight n(-) defined by n(I") = ¢~%I"l
if I'” is unstable, 0 otherwise. Define its associated partition function

= 3 IIum, (6.75)

{T}ca TV

where the sum is over all families of contours {I"},...,T',} of type +, such that
d(T'},T) >l for all i # j, d(I'}, A°) > [ for all <. Con51der the associated function

1
ey 1= hm -————10g E’(Aﬂ/j) . (676)

Remember that I is unstable if and only if Up 3 h = 2414y, i.e. if R*(V(I")) < z.
This implies

> V)P > (o Aé N ‘= (). (6.77)
We thus have a constant C; such that
ley| < CrLe L@ < o (6.78)
Moreover for any A we have
E/(A) = ePorlblebr @) (6.79)

with [A,(A)] < 0|07 Al
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Study of the difference p; — pF. In the same way as we defined g, we define g7,
which is constructed with stable contours, of type +. Let pf := pf, + g7, and
write
py —pr = (ps — )+ (7 — P2
= (pry = Pio) + (a7 —07) + (87 — 87 (6.80)

Notice that the definition of the functions gF depends on h, but the maps h
gF(h) are analytic in the strip {h € C: |Reh| < Re h}. Using Proposition 6.1,
we have, uniformly on this strip,

d
’a—h-gsi‘ < €. (6.81)

Moreover, symmetry implies g7 (7y) = g; (¢y). This gives
Re (g7 — a7)(B)| = |Re (g5 (R) — g (i) + Re (g7 (i) — g3 (1))]
0
= l / —Reg; (s +y)ds + / —ClRe gl (s +iy)ds| < 2ex (6.82)
0 ds 2 dS

The same can be done for the restricted pressures. Extracting from each p,ﬁ the
linear term +h, we get

Re (pr, — piy) () < =2z + 2¢,2. (6.83)

Consider the difference gt — gF. Each cluster of chains contributing to this
difference contains at least one chain X such that there exists an unstable contour
I' € X. By (6.77) this implies the existence of two constants Cs, Cs, such that

g7 — 67| < Coe™?HH. (6.84)
Altogether we get (once 3 is large enough):
Re(p, —p) +ey < —22 + 26,7 + 2e.7 + Coe~PCsL=) 4 Cre PP <.
The final step is then to bound (6.74) by
20Tl =Be Z H ~B(p'+220)[T"| +Be (T [+V ()

{I'jca I
ext., unst.
< o=yl N " TTe M=/ (intl) (6.85)
{I"ca T
ext., unst.
:62£gEFE6~;3ep/§zX!EI(A> < 260l ~Be, A g+ Be (Al o) < g3eoll ES 2ir I

In (6.85), we used VT < Z/(intl” )eo!l’l. This shows (6.63). The same can
be done for any h € Uy, yielding (6.59) for contours of class n + 1. O

gy

The proof of Proposition 6.2 finishes by using Lemma 6.1. O



Chapter 7

Derivatives of the Pressure

In this section we adapt the mechanism used by Isakov to obtain lower bounds on
the derivatives of the pressure (which was briefly presented in the Introduction),
and prove Theorem 3.4. Although estimates of Theorem 3.4 were given for the
pressure density p., we will always work in a finite volume A, and obtain bounds
on the derivatives that are uniform in the volume. Like in the preceding section,
we assume v € (0, 7o) is fixed.

We consider a box A = [-M, +M]¢N Z%, with M large, chosen so that A € C.
Outside A we fix the spins to the value +1, i.e. we consider the set QF, defined
in (6.2) and the associated partition function Z*(A) defined in (6.1). The finite
volume pressure p_ , is defined by

1

+ . +( »
Pia = g log ZH(A) . (7.1)

Clearly, this function equals the density pressure of (3.5) in the thermodynamic
limit. Consider the set C*(A) of all possible external contours of type + associ-
ated to the set Q. Remember that V(I') = |int]'|, where intI" denotes the union
of all components of I'® with label —. The family C*(A) can be totally ordered,
with an order relation denoted =<, such that V(I'') < V(T") when IV < I'. When
I' is not the smallest contour we denote its predecessor (w.r.t. <) by #(T).

For a given external contour I' € C*(A), consider the set
QL(T) :={os € Qf : TV < T for all external contour I of op+ac},
and define the partition function

Of(A) = > exp(—BHa(os+s)). (7.2)

oA (T)
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When T is the largest contour then clearly ©F(A) = Z7(A) and when I is the
smallest contour, we define ©; r)(A) = ZT(A). We also introduce the following
set in which the presence of I‘ is forced:

QM) = {oa € Qf :TV X T for all external contour I' of o5+xe,
and T is a contour of op+ae} - (7.3)

We have QF[I'] € Qf(I). The partition function ©(A) is defined as (7.2), with
Qf[l] in place of 3 (I'). We have the following fundamental identity:

Of(A) = @,j('r.)(A) + @a:]([\.) . (7.4)
A crucial idea of Isakov is to consider the following identity.

oF (A)

ZH(A) = ZF(A) - (7.5)
TeC+(A) @i(I“) (4)
Then, the logarithm is written as a finite sum:
log Z*(A) =log ZH(A) + > uf(T), (7.6)
TeCt(A)
where
Of (A)
uf (T) :=log (7.7)
' @z(f’)( )
Using (7.4) we can write u} (T') = log(1 + ¢} (I)), where
+ A
( ) (7.8)

r
i) = @jgr)(m

Non-analyticity of the pressure is examined by studying high order derivatives of
the functions ¢} (I') at h = 0, using Cauchy’s Formula

et@™(0) = K /Mdz. (7.9)

27 o 2k

To obtain bounds on gﬁj{([’){k}((}), we exponentiate ¢ (I') and use a stationary
phase analysis to estimate the integral. The contour C' will be chosen in a k-
dependent way. If the domain Ur 3 0 in which ¢} (I') is analytic is too small,

then no information (not even the sign!) can be given about ¢} ( f)(m (0)
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@;:?1‘) (extal; +acor) - . :

Figure 7.1: The decomposition (7.10) of the partition function @E;E (A).

For a while, consider the structure of the partition function @E(A). We write
A = ext,I UT Uintl', where extpl' := extI’ N A. By construction, ext,I' and
intl" are at distance at least [ > 2R. We will therefore consider ext I" and intT’
as independent systems (see Figure 7.1). The sums over configurations on ext I’
and intI" can be done separately, yielding

@}}(A) = p(I‘)@;?r)(extAI’; +acor)O (intl; or) (7.10)

All the contours of these partition functions are at distance larger than [ from T,
and have an interior smaller than V(I'). The point is that we control these func-
tions for A € Ur, where Ur C C is a domain that depends only on the volume of T'.

The program for the rest of the section is the following. In Section 7.1 we show
that ¢} (') can be exponentiated, using the results of Chapter 6. We then use a
stationary phase analysis and obtain upper and lower bounds on some derivatives
of ¢} (T) and uf(T) at h = 0. In Section 7.2 we fix k and take the box A large
enough. For a class of contours called k-large and thin, the k-th derivative of
uf(T') can be estimated from below, using the results of Section 7.1. This gives
a lower bound on pj{f ’(0). In Section 7.3 we show that for pI A, the operations

limy and (-)*~(0) commute, leading to the proof of our main results.

7.1 Study of the Functions ¢ (I')

The proof of the following lemma requires the main results of Chapter 5 and 6.
After that, the proof of non-analyticity of the pressure will essentially follow the
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argument of Isakov (see [Isakovl], [Isakov2] or Appendix A).

Lemma 7.1. Let 8 € (0,1), 3 large enough. Then the following holds. For all
contour T € Ct(A) with V(T) # 0 there exists a map h — g3 (I)(h) analytic in
the strip Ur, such that for all h € Ur, £ (T') can be exponentiated:

o} (T) = exp (= BIIT|| = 26rV/(D) + 28V (T)gx (I) - (7.11)
Moreover, we have the following local estimate
26V(ID)|gg (C)(0)] < 6:(B)BIITN (7.12)
and a uniform bound on the first derivative

Tl

ol (7.13)

H dh 24
The functions §; are such that limg »o 6; = 0.

Proof. Consider @Eﬁ( A). We have seen how to re-sum over configurations on
extAl and intI". We write

@:{F) (extal'; +4e0p)OT (intl'; —or) O~ (intl'; +or)

: . 14
o7 (M) O+ (intT; —or) (7.14)

ex(T) = p(I)

All the volume contributions coming from the first quotient will be shown to van-
ish. The partition functions @zgr)(extAF; +pecor) and ©F(intl; For) are of the
type (6.5). We can therefore ap];ﬂy the linking procedure and obtain a represen-
tation of the form (6.19) for each of them:

@;Er)(e}‘:tAF§ +Ac0r) == eﬁh‘e"‘f‘rlz (p+ &r) ( extAI‘> 715)

O* (intl; For) = VD 2 (PELE(Xar) | (7.16)

where we omitted, in the notation, to mention that the families of polymers
and chains always depend on the boundary conditions specified by +4- and or.

Moreover, the family X, | contains chains X that satisfy V(X) < V(T). In the
same way:

Oy (A) = ™M Z (PUE(XY), (7.17)
where the families P} and X depend only on the boundary condition +ae.

Using the definition of p(T), it is easy to see that ¢} (I') has the form (7.11),
where g1 (') is defined by

28V(D)g{(T) :== =B u((or)s) — BhIT| +10g Q; +log Qe (7.18)

el
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where u(0;) = —ho;, and the quotients @, (), are defined by

(PextAI‘)Z (Pmtl") Z ( ntf‘)

~(h) = , 7.19

Q ( ) 7 (P+> (Pmtl") ( )
— “—‘( ext\‘r) ( 1ntf) E(/’YX;I‘)

Qc(h) = (&7 E(?é‘ﬁzr : (7.20)

Since all the families of chains involved contain contours with an interior smaller
than T, h +— g3 (T) is analytic in the strip Ur (by Proposition 6.1). Rearranging
the terms of the cluster expansions for ), leads to

logQrzlog—Z——(E‘—éﬁ—i- Z wt(P) + Z wt(P) — Z wt(P).

Z(P; _~ -
r(Par) PEP;MP PeP;tr PePy
PN p#0 PNT]r#0 PNIr#0

Notice that the volume contributions from ext ' cancelled, and that the three
sums are boundary terms. By symmetry, the quotient equals 1 at h = 0, and so

108 @+(0)] < 3¢,|[T]l (7.21)

For the derivative, using (5.56) gives

“—mer <26, V(D) +3¢|[T]z|. (7.22)

The same computations can be done for .. Clusters of chains are denoted X.
The contributions from extI" also cancel. Indeed, consider the difference

Yo WX = ) Wt(X). (7.23)
%e;?;tAr Xexy

Using Lemma 4.5, there exists for all X, exXx "*'t r with d(Xl, I') > R, a cluster
X, € XA, X, Nextal # 0, d(Xg,I‘) > R, such that w*(Xl) = w7 (Xg} We are
thus left with

g @ =lg 2220+ 3 WX+ Y W) - Y W)

o8 =X
intl” oo D
X X;txf XeXir AX@YI
N 0 XN[Ir#0 Xl r#0

Using symmetry,

|log Qc(0)] < 3ec|[T']r| - (7.24)
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For the derivative, a similar treatment gives

d
Hd—leog Qc| . < 2eV(0) + 3Tl (7.25)
Estimates (7.21) and (7.24) yield
28V(I)]gx (T)(0)] < 3(er + €)|[T]rl < 61(3)B|T| (7.26)

setting o(3) := 87 (e, + €c). O

where §;(3) = 34137 1(e, + €.)p™* (p is the Peierls constant). We get (7.13) by

We are now in position of computing derivatives of the functions ¢} (I') and u} (T').
The main ingredient is the following theorem, which appeared, in this form, in
[Isakov2]. It is nothing but a stationary phase analysis applied to the Cauchy
integral giving the k-th derivative at z = 0 of a function of the type e~**%f ),
The proof can be found in Appendix B.

Theorem 7.1. Letr > 0, F(z) = exp(—cz + bf(z)) where 1 <b <c, and f is
analytic in a disc {|z| < r}, taking real values on the real line, with a uniformly
bounded dertvative:

‘ 1
sup |f(2)] < A< % (7.27)
|zf<r ‘

There ezists ko = ko(A) such that the following holds: define ky = r(c — 2b\/A).
For all integer k € [ko, k] there exzists my € (0,7) and ¢ > 0 satisfying

3 1
<7 < 2 - ‘ .
crbA SRS T0A0 10 2mery = Vere (7.28)
such that
k! F(z) cn \
F®(0) = ‘”‘“/ z =kl -7 . a
(0) i — Sk+1 d (—?‘k)k‘F( ?"k) (( 29)

In particular, (—1)*F®)(0) > 0. Moreover, if f satisfies the local condition
bf(0) < —arc, (7.30)
with o € (log2,1), then for all k € ko, ky| and A sufficiently small,
(log(1 + F))™(0) = (1 +a- e 3%)F®(0), (7.31)

where a is a bounded function of k,c,b and { = ((a) > 0.
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In Lemma 7.1, we have put ¢ (T') in the form e~¢**%/(). In order to satisfy (7.27),
we must introduce a distinction among the contours. Consider the function 65(3)
of (7.13).

Definition 7.1. A contour I' € CT(A) is thin if |T'] < éz—g—g—}V(F); and fat if it is
not thin.

Now, any thin contour I' satisfies, when 3 is large enough,

”a%gZ(F)H S25(8) = A(B) < *1- (7.32)

Lemma 7.2. There exists ko such that when (3 is sufficiently large, the following
holds. For all thin contour I', define

k(D) == 28V(D)YRY(V(I))(1 — 2V/A) . (7.33)

Then for all integer k € [ko, k+(T)], we have
(“DRETP(0) 2 15 (26V(T)D_) FemCHa M (7.39)
(—DFuf(D)®)(0) < 20(26V(D) D) e~ G-Il (7.35)

where limg_ .o, Dy = 1.

Proof. Let I be a thin contour. Consider ¢} (I') in its exponentiated form (7.11).
We apply Theorem 7.1 with ¢ = b= 28V(T), f = g5 () — %V(r—}? r =R (V(I)),
and A = A(B). (7.32) guarantees (7.27). There exists ry = r(T") and ¢ = c4(I)
such that

() (0™ (0) = k2ot (T)(=r) . (7.36)

(rx)
Using the analyticity of g{(I') in Ur, we have with (7.28)

ot (D) (=ry) = =BT geri oeg i (D)(0) pe(gy (D) (=) =g (T)(0))
> 8“5i1f238m6~015%5 ?Ie N

Using Stirling’s Formula and the estimates for ry, ci, we get
. Y, 1 s AT
(=1 i (D) *(0) 2 £ (26V(T)D-) eIl (7.37)

where

D_(8) = (1 — A)e a7 . (7.38)
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Using (7.12) we can satisfy (7.30):

bf(0) = 28V(T)gx (1)(0) = BIT < —(1 = 61)BT]|
| < —(1=46)268V(D)R(V(I)) (7.39)
In (7.39) we used
Il = mvmﬁ‘l 2 2V(D) zK(vaimr)é 2 VIOHE VD).

We can thus use (7.31) once 3 is large enough. This gives the lower bound (7.34).
The upper bound is obtained similarly. O

7.2 Derivatives in a Finite Volume

In this section, we fiz k large enough. When a thin contour satisfies [ko, k4(I')] 2 k
then u([)*(0) can be estimated with Lemma 7.2. To characterise this class of
contours, we introduce a k-dependent notion of size.

Definition 7.2. Let k € N, ¢ > 0 small enough. A contour I' is k-large tf
V(T) > Vo(k) where

K(oo)(1+¢€) \att
Vo(k) i= | ————="k , 7.41
o0 = (55— 3y ) (7.41)
where K (co) was defined in Lemma 4.10. T is k-small if V(') < V().
Let No(¢') be such that for all N > Ny(€') (see Lemma 6.2),
1 6

L RN <—f (7.42)

(1+€)2K(co)Ni 2K (c0)Na

Let k_ = k_(¢€,~) be such that when k£ > k_ then Vo(k) > No(€'). This definition
implies that when k > k_, we have for all k-large contour I

; _ /A .
ko (T) = 28V(D)(1 = 2VA)RY(V(T)) = 960 —2v4) V(DT > k. (743)

~ K(oo)(1+¢)
That is, the k-th derivative of a k-large thin contour can be studied with Lemma
7.2. The dependence of k_ on ~ comes from the bound K(co) > c_vy. We

therefore have lim.. ok = +00.
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Proposition 7.1. Let 0 be close to 1, B large enough. There ezists a constant
C1 > 0 and an unbounded increasing sequence of integers ky, ks, ... such that for
large N, we have whenever A is sufficiently large,

(—1)k dhv
IA] dhF~

ST w0 = (CiR(e) s ) Y aytat . (T44)
rec+(A) =

Proof. Fix € > 0 small and consider the sequence (Tx)n>1 of Lemma 4.10. We
have limy_.o V(I'n) = 400 and when N is large enough,

(1— oK (o) < LIM) T

< W < (I1+e)K(0). (7.45)

The sequence (ky)n>1 is defined such that the contribution from the contour I'y

to pj'(f v) (0) is close to maximal. Let

£

by = | =2 8Imw) | (7.46)

Since limy—q V(I'y) = 400, we have limy_o kxy = +oo. From now on we
consider NV large enough so that (7.45) and (7.48) hold and ky > max{ke, k_}.
When considering the kx-th derivative, we use the following decomposition:

DU DR S (7.47)

TeCt(A) TeC*(A) TeCt(A) TeCt(A)
ky-—large, thin  ky-—small, thin fat

We show that the dominant term comes from I'y, which belongs to the first sum,
and that the two other sums are negligible. To see that I'y appears in the first
sum, we first show that I'y is ky-large. Indeed, if 6 is close to 1 and €, ¢, A(5)
are small,

o K(oo)(1+€)d—1 a5

Valks) < (G )
<( 1 1+ed-1
T N1 -2VA)1-€ d

)TV < V().

Then we show that I'y is thin:

Tyl _ 1T _ 1 11

V(In) = pV(In) = pK(o0)(1 =€) Vy(ky)d — 252(5)* (7.48)
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Finally, we assume A is large enough in order to contain at least a|A| translates
of T'y, @ > 0. Then we apply Lemma 7.2 to u(I'y). Using (7.45),

, -
V(I’N)kf“6”{~1+51}’3HFNH > ((1 _ E)I{(OC’HIFNH) a=TkN —(1+61)8(Tw |

d 1 THkN ;
S e

d—1

> (k) K (00)ZTHN gmaTh [.d——Iu _ e)e-&] = (7.49)

where c(ky) > Cgk;«% and we used Stirling’s Formula. Since
(1) uf(T)*¥)(0) 2 0 (7.50)

for all ky-large thin contour, we can obtain a lower bound on the first sum of
(7.47) by using only the contributions coming from the translates of I'y. We get

( - 1)kN de +
|A]  dhky Z ux(l) lhzo =
rec+(A)

kx —large, thin
ac( k N )
20

Consider now a ky-small thin contour, ie. R*(V(T)) > R*(Vp(kn)). Using
Cauchy’s Formula with a disc of radius R*(Vy(ky)) centered at h =0,

- 2 T
9N K (o0)aiThN g amThN [ v d —(1- e)e“élD_] N T (T51)

1

ky
-R:m) a0 o (752)

() E(0)] < ke

Lemma 7.3. Setting oq = oy (0, 58) := p~ (1 —8(1+ A(B)) — 61(B)). If B is large
enough, we have oy > 0 and the bound

PN e~Paalll
lux (Dllor < [ (7.53)
Proof. Using (7.11), (7.12) and (7.32),
—B(1=61)I[T]| 28(1+A)[Re h[V(T) < e—aBlll 1 (7.54)

e (Mllur < sup e
helr
where we used the definition of the radius of analyticity:

1Tl (7.55)

AR RN

sup [p|V(T) < R*(V(I)V(T) < R(V(I)V(L) =

hely

The proof finishes by using the Taylor expansion of log(1+ z). O
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A standard Peierls estimate implies, when 3 is large, the existence of a number
Cy such that

Y el < oylAl. (7.56)

TeC+(A)

Tk 4 1
Using Stirling’s Formula, it easy to see that kylky* V< kNIdfl eTT"N | The
contribution from the kx-small contours is then bounded by

1| b N
S P, <
|A]ldREN Z uA(F)’h:o =

TeCt(A)
kx—small, thin

A 2 A .
G2 K (o0) ek gatot [eats (1LY (L2 )& ™z (7.am)
g 1-2VA

Now, compare (7.57) with (7.51). Comparing the square brackets in each of
these equations shows that the lower bound obtained with the ky-large contours
is dominant once 6 is close to 1, €,¢' are small, and if 3 is large enough. This
follows from the inequality

f_i_:—l— >ed, Vd>2, (758)

which follows from the following computation:
1 1 11 IR

-1 i)

ci- ey iy g
2d n\d/ 2d
n>l

We are then left with the contribution of the fat contours. We can use a Cauchy
bound

), < k!(m> i Ol
< U(“—'g“‘") V@)dm

) INkE e~ PBeall]
_Q_fﬁiz(}_)d) i
6 0o "1 — emBalll

<k!<
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Then a Peierls estimate leads to

Z lr’ge-—mﬁ{l‘{ < 1A| ZL -al

TeCH(A) L>1

), (7.59)

where I'(x) is the Gamma-function. Using Stirling’s Formula, it is then easy to
show that the contribution from the fat contours is bounded by

S kD] < (K()FTEDE) K (7.60)

Fec*'(f\.}
fat

Al

where limy_..o D(k) = 0. The fat contours can thus always be ignored. This
finishes the proof of Proposition 7.1 O

With (5.58), we get the lower bound, for a large enough box A,

7 E(0)] 2 (CLE (00) 51 577) N k7T — CFV ey (7.61)
> (O 37 T0) N pla®1 — CRv eyl (7.62)

We used the lower bound K (co0) > ¢ from Lemma 4.10. Notice that we could
extract the contribution of the translates of I'y to kaN )(O) without knowing
its explicit shape. This is where our formulation of the isoperimetric problems
differs from the one of Isakov. Notice also that the lower bound (7.62) shows how
non-analyticity is detected in finite volumes.

7.3 Proof of Theorem 3.4

To extend the bounds we have on p+{ x) (0) to the infinite volume limit, we first
show that in the strip U, the derlvatlves of the pressure are uniformly bounded.

Lemma 7.4. Let 3 be large enough. There exists Cy > 0 such that for allk > 2,

Sup Hp*{ A>HL (Cl‘i‘ﬂfﬁib)_&‘é?)kk’ﬁi + ka§ " (763)

Proof. Like in Section 6.4, we can fix 6 := 1. The term CFk! comes from (5.58).
Consider u} (T') and the representation (7.14) of ¢ (T'). From Lemma 7.1, ¢ ()
is analytic in Ur. From Proposition 6.2 and Lemma 6.4, it is also analytic in Uy,
i.e. in U, U Ur. Proceeding like in the proof of Lemma 7.1, we get

< sup e~ ORe kéf§€3{6;~-%~6c}§[rjﬁf

helUs
P 63(6"%‘66}?{1‘5 Ré

H zgr}(eﬂct»&f or)OT (intl; -0'1*)”
Us

@;Er} (A)
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Assume 3% (e, +¢.) < 1. Using (6.59),
(D) s < Il < (esdil < 1. (7.64)

Notice that unlike in (7.54), oo in independent of #. This implies that u(T) is
also analytic in Uy U Ur. Set a3 = min{ay, ax}. Using a disc of radius R*(V(F))
around each h € U, , we have

3O e < B () 1O e

2K(1) k N e—Bas|l
(=) VIO
2K(1)\k . x e Posll]
! I 2
= k( ol ) [T} 1 — e=Basil]”

We used the isoperimetric inequality of Lemma 4.9. Remember that K (1) < ¢,
(Lemma 4.10), and that [ = vy~!. The proof finishes like for the upper bound
on fat contours:

Z mf__l.e_aagm <|A| ZLgfje—,ﬁaéﬂ_ (7.65)

TeCt(A) Lz1

O
Let p(k) (h) denote the k-th right directional derivative of p., at h.

Corollary 7.1. For allh' € Uy U{Reh =0} and for all k € N,
®= (b1 — T 0 FE B — T 0 (B
py () Algrzld poa (R) Hm, 27 () (7.66)

Proof. We show (7.66) for k = 1. By definition,
o P +0) — py(B)

(l) «—(h}') . 5\0 5
. . pfy,A( + 5) - p::A(’hI)
= lim lim
§\0 A /74 4]
1 ; 1)t *12}
= lim lim (o1 (0) + 5070 (4(5)0)

where lims\ o h(5) = h/. The following lemma will allow to permute the limits
lims. o and limy »za.

Lemma 7.5. Let, for all N € N, § > 0, bn(6) = ax +cn(8), such that |ex(6)] <
Dé uniformly in N, and imy_o, by(6) = b(6) exists. Then limy_o ay and
lims o b(0) ezist and are equal.
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Proof. We first show that lims o b(0) exists. Let (0x) be any sequence 6 > 0
such that limg_ 0x = 0. Then we have

16(8) = b(dw)| = | Jim (e (d) — en(dw))l < D0k + 0x) (7.67)

and so limy_o, b(0x) exists. Fix € > 0. There exists Nes such that if N > N5

then |by(6) — b(d)] < e. We then have
b(8) — e — D§ < liminfay < limsupay < b(d) +€+ D3, (7.68)
N—roo N—oo
which finishes the proof, once we take € — 0, 6 — 0. O

Using the fact that the second derivative is uniformly bounded on U, (Lemma
7.4) shows the first equality in (7.66). For the second, we only need to consider
the case where b’ = 0.

Pl (0) = lim =
iy ® (9) : p1(3) , P2(3) = : pw(O)}
= (lim 5p( (h(9))) + 59577(0).
where h() € [£,6] and lims\ o h(6) = 0. This shows
p(0) = Lim pV (A(9)), (7.69)

which extends easily to any sequence h “\, 0, since derivatives of any order are
uniformly bounded on U,. O

We can then complete the proof of Theorem 3.4:
Proof of Theorem 8.4: The bounds on piki(()) of (7.62) and Lemma 7.4 extend

o

to the thermodynamic limit using Corollary 7.1. O

7.4 Conclusion
Our analysis has lead to the following representation of the pressure for i = 0:
() = piy(h) + 57 (h) (7.70)

As we have seen in Chapter 5, the restricted pressure p;if, which describes a ho-
mogeneous phase with positive magnetisation, behaves analytically at h = 0. On
the other hand, s is the singular contribution to the pressure: it contains the
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contributions from contours (droplets) of any possible sizes, and is responsible for
the non-analytic behaviour of the pressure at A = 0. Nevertheless, the contribu-
tion of 57 to the pressure is essentially zero when + is small. Indeed, s can be
expressed as a sum over clusters of chains, and each chain contains at least one
contour. Since the length of a contour is bounded below by the size of a cube
CO, we have

st o, < ae™7°, (7.71)

where a, b > 0 are constants. Combined with the Lebowitz-Penrose Theorem (see
Chapter 3), the bound (7.71) implies, for A > 0,

po(h) = lim p, () = sup (hm — fare(m)) . (7.72)

From this last expression, the analytic continuation of the pressure, in the van
der Waals Limit, can be understood easily: for h > 0, hm — fa;r(m) has a unique
global maxima at m*(h, 3) > 0. When h < 0 this maxima is only local, but pro-
vides the analytic continuation of po at 2 = 0. The identity (7.72) shows that the
constraint on the local magnetisation, in p;f_ﬁ[,, has the effect of always selecting
the maxima m*(h, 3), which is global when h > 0 and local when h < 0.

When ~v > 0, this scenario breaks down: 5;,“ # 0 and large droplets of the —

phase are stable at h = 0. This yields a contribution k17T to the k-th derivative
of the pressure. This shows that the analytic continuation, as obtained in van
der Waals and mean field theories, is possible only when the system is assumed
to be homogeneous in space. On the other hand, when the system is allowed
to condense, there is creation of a non-analytic singularity at the condensation
point.






Chapter 8

Discussion and Open Problems

This chapter contains concluding remarks and an account of some open problems
that deserve further attention in the future. In Section 8.1, we also mention a
few other results, stated without proof, obtained during our work.

8.1 Overview

The results we have obtained in this thesis can be summarized as follows:

We have successfully extended the technique of [Isakovl] to the class of general
two phase models of Pirogov-Sinai Theory (Theorem 1.2), and made a precise link
with the mean field behaviour, using Kac potentials and the van der Waals Limit
(Theorem 1.3). Our analysis shows that the finiteness of the range of interaction
is a sufficient condition for creating a singularity at which no analytic continuation
is possible. This confirms the droplet mechanism proposed by Andreev, Fisher
and Langer, which we presented in Section 1.2.2. Configurations of finite range
models - as opposed to the mean field approximation in which the geometry of the
system plays no role - can always be described with contours. At the transition
point, contours of all sizes are stable, yielding the behaviour ~ k1251 for the large
derivatives of the pressure.

8.1.1 Generic Features of First Order Phase Transitions

The analysis of large order derivatives of the pressure reveals other features of
first order phase transitions, which we briefly describe.

A Signature of Non-Analyticity in Finite Volumes. It is known that
phase transitions occur only in the thermodynamic limit. The meaning of this
statement can be understood via the study of the derivatives of the pressure. Let
pa denote the pressure of a lattice system with finite range interactions, in a finite

113
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box A. Consider the Ising Model for simplicity. Since this system is finite, pa is
analytic at A = 0. On the other hand, the analysis shows that for a fixed integer
k, the box A can be taken sufficiently large so that

P (0)] > CrRlFT (8.1)

where the constant C is uniform in the volume. We have then seen that (8.1)
implies the same bound in the thermodynamic limit:

p®(07)] > CrrlFT (8.2)

Clearly, the thermodynamic limit is essential to create a real singularity, i.e. to
obtain (8.2) for an unbounded increasing sequence ki, ko, ..., yielding a Taylor
expansion of the pressure with radius of convergence equal to zero. Nevertheless,
the behaviour ~ k!7T can already be detected in finite systems, as (8.1) shows.
In this sense, the study of large finite systems suffices to predict the singularity
which occurs in the thermodynamic limit.

A Signature of Non-Analyticity Outside the Transition Point. In the
same spirit, we wish to emphasize another point. Namely, the lower bound (8.2)
holds for an infinite number of integers k only if the derivative is evaluated at the
point h = 0; we want to show that this behaviour can actually be detected in a
neighbourhood of h = 0.

We have seen that the pressure is analytic outside the transition point. For the
Ising Model, this is a consequence of Lee and Yang’s theorem. Application of the
Cauchy Formula then yields, for all A # 0,

1p®)(h)| < Bo*k!, Bo= Bo(h) > 0. (8.3)

An interesting question is to know if, for a fixed integer k, a crossover between
the two behaviours - (8.3) at h # 0 and (8.2) at h = 0 - can be explicited. We
state a theorem which answers partially the question.

Theorem 8.1. Consider the pressure of the Ising Model, p = p(h). Let B be
large enough. Then, for all large enough integer k, there exists h(k) > 0 such
that for all h € [0, h(k)], (h(k) \, 0 when k /" +cc)

™= (R)] > CFR1TT (8.4)

The bounds (8.3) and (8.4) thus allow, to a certain extent, “measuring” the
distance from a point A # 0 to the transition point 2 = 0. The proof of Theorem
8.1 follows the same lines as the proofs given in the rest of the thesis. In particular,
one must apply Corollary B.1 with ¢ # 0. Combined with the remarks of the
previous paragraph, we conclude that the phase transition can, in principle, be
detected for finite volumes, outside the transition point.
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Borel-Summability at the Transition Point. We have obtained bounds on
the derivatives of the pressure that are uniform in the strip 0 < Reh < € (these
hold for the Ising model as well as for the Kac model):

sup |p® ()| < CFRITT, Wk eN. (8.5)

O0<Re h<e

We will now see that this uniformity guarantees that the coefficients p®*)(0%)
provide an asymptotic expansion of the pressure at A = 0, and, moreover, that
this asymptotic expansion allows to reconstruct the function via Borel summation.

By the Theorem of Yang-Lee, the pressure is analytic in Reh > 0 !. Consider
any real hg > 0, and express the pressure as a finite Taylor expansion around hg:
for h € C with Reh > 0,
N-1
p(h) = D7 =" (ho)(h = ho)* + Rav(hs ho) (8.6)
k=0
where the rest Ry (h; hy) is given by

1 s L ,
Ry (h; ho) = ?\/‘:p(m(h)(h —ho)™,  h=h(h,ho) € [ho,R]. (8.7)
Using the uniform bound (8.5), we have
N-—-1
1 [P S r
Ip(h) - Z Ep("“)(ho)(h - ho)k] = |Rn(h;ho)| < CVNITT|h — he|V  (8.8)
k=0

We can then take the limit s ™\, 0 in this last inequality, and get

N-1
\ 1 T
lp(h} - ap“”(oﬂhk} < CYNtE RN (8.9)

k=0
This shows that Y, &p®* (07)h* provides an asymptotic expansion of the pressure
(see [Reml], p.296). Moreover, the hypotheses of the Watson-Sokal Lemma. [So]
are satisfied, and the pressure p can be reconstructed with the coefficients p®)(0+).
Namely, the Borel sum

1 .
— R (I N e Y
B(t):=>_ P (07 (8.10)
k>0
converges in the disc [¢| < C~?, has analytic continuation to the strip-like region
{te C:d(t,R*) < C~'}, and p can be represented by the absolutely convergent
integral

p(h) = %/ e #B(t)dt, Reh>0. (8.11)
0

'In the general case of two phase models, analyticity in a half space can be obtained via the
methods presented in Appendix A.
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Temperature Driven Transition in the Potts Model. The proofs of our
results have always used a contour representation of the underlying spin system.
In fact, any two phase model that can be represented with contours is expected to
present the same non-analytic behaviour. A typical example is the temperature
driven transition of the Potts Model at large g. This model is defined as follows:
for each i € Z¢, let o; be a spin taking values in the set {1,2,...,¢}. Define the
(formal) hamiltonian

H==> 650 (8.12)

{&.d)

where 0., = 1 if = y and otherwise equals zero (the sum is over nearest neigh-
bours). Consider the pressure p = p(3) of this model, seen as a function of the
inverse temperature J3.

Often, the Potts Model is studied via its Fortuin-Kasteleyn representation, in
which critical properties can be studied with percolation arguments [FK]. Using
the contour representation of the Fortuin-Kasteleyn representation [LMMRS], the
Pirogov-Sinai Theory allows, when g is sufficiently large, to study the system in
a neighbourhood of its transition temperature §.(q). Our technique also applies
to this case, and following the same proof as for Theorem 1.2, we can show:

Theorem 8.2. For sufficiently large q, the free energy §(3) of the Potts model
has a first order phase transition at 8.(q); it is analytic in 5 on {8 < B.(q)} and
{8 > B.(q)}, but has no analytic continuation from {8 < B:(q)} to {8 > B(a)}
accross 3.(q) (or vice-versa).

More than Two Phases. An interesting situation is when more than two
phases are present. The Blume-Capel Model is the prototype of a three phase
model, in which each spin can take three values, s; € {—1,0,+1}. The hamilto-

nian has the form
H-—-Z(sé—gj)Q—st?_ﬁngé. (8.13)

(wd) i i

We have depicted the phase diagram of this model on Figure 8.1. The Pirogov-
Sinai Theory allows to obtain analyticity of the pressure p = p(p), p= (1, t2),
with respect to either of the fields p, p2, in the pure phase reg_fonsﬂb’+, Us, U_.
Far from the triple point, the system effectively behaves as a two phase model
when moving along a path that crosses a coexistence line. Theorem 1.2 thus
shows that the pressure has no analytic continuation along such paths (see Fig-
ure 8.1). A weakness of this result is that the range of temperature for which the
result holds decreases when the path approaches the triple point.
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H1

LT

=

U
M2

P

Q3

Figure 8.1: The low temperature phase diagram of the Blume-Capel Model. The
triple point p* = (u3,0) is the point of maximal coexistence. The regions U, , Ug, U_
are regions of pure phases, and the lines UpnUy, UsnU_, Uy NU_ are the lines of
coexistence. The paths oy, o, g are the paths along which Theorem 1.2 applies.

For paths that go through the triple point, a different analysis must be done,
treating the three phases equivalently. Our result for a particular class of paths
is the following %

Theorem 8.3. Let 3 be sufficiently large. Then the pressure p = p(u) has no
analytic continuation along any straight path approaching the triple point u*, con-
tained in the shaded regions of Figure 8.2. The same holds for the two paths ap-
proaching the triple point along py = 0: along us ™\, u% on the line of coexistence
U, nUZ or along uy /* 145 in the pure 0 phase.

The difference with two phase models is that one must consider, in the con-
struction of the phase diagram as well as in the study of the derivatives, three
isoperimetric problems that depend on the chosen path. It is during the study of
the solutions of these problems that the restriction on the path appears.

8.2 Open Problems

Our results, which hold for finite range lattice systems at low temperature, give a
good picture of how non-analyticity emerges from the first principles of statistical
mechanics. Yet, some points still deserve to be studied more precisely, and some
other questions, more difficult, remain open.

2Originally, this result was obtained for a three phase model of percolation [Fr], along the
paths p = pg, p1 0 and py =0, po 7 3.
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Figure 8.2: Non-Analyticity at the triple point: the pressure has no analytic continua-
tion along any of the paths « approaching the triple point p*, contained in the shaded
region. The same holds for the paths approaching the triple point along p; = 0.

8.2.1 A Different Method

Isakov’s technique remains the unique rigorous method for studying non-analy-
ticity. The method imposes to consider two classes of contours. On one hand,
the k-large contours are those for which the stationary phase analysis allows to
estimate the k-th derivative of the function u}(T), with high accuracy. On the
other hand, the k-small contours are those for which nothing can be said, even
about the sign of the derivative. We then made a particular choice of a k-large
contour having a good isoperimetric ratio, and showed that the contribution from
the translates of this single contour dominated the contribution from all the k-
small contours.

This mechanism suggests that the k-th derivative is concentrated on a class of
contours, but we extracted the contribution from a single one (with its translates).
A new proof, including a better understanding of this concentration property,
would be very valuable, and would allow, hopefully, to give a meaning to the
limit

\ —k

: gy ,
Tim (p(k)({) T (8.14)

This was studied partly by Isakov [Isakov3] for the two dimensional Ising Model;
he could relate the limit (8.14) to the asymptotic behaviour of the two point
function. Pursuing this analysis, we can hope to relate more accurately the
phenomenon of non-analyticity to a basic physical quantity, such as the surface
tension (see the review [BIV]).
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8.2.2 A General Result for Multiple Phase Systems

The results for models with more than two phases are only partial. As our dis-
cussion on the Blume-Capel Model suggests (Section 8.1), it is reasonable to
conjecture that there exists a result of the following kind:

In the general framework of Pirogov-Sinai Theory, the pressure is non-analytic
along any path crossing a coezistence strata, of arbitrary dimension.

The problem is to obtain uniformity in the temperature. The first step towards
such a general theorem is to understand the study of paths, in the Blume-Capel
Model, from u; > 0 to py < 0 with py fixed, po — ud > 0; the point is to obtain
non-analyticity along each of these paths for a range of temperatures which is
uniform in py — p3. To this end, one must understand the role played by the
unstable phase 0 in the transition +\—, arbitrarily close to the triple point.

8.2.3 Analytic Continuation Around the Singularity

In the two phase models we investigated, we have always considered paths along
the real axis. A challenging problem which remains is to show whether the ana-
lytic continuation can be done along paths that go around the singularity. Such
continuations were studied by Langer [L] and Fisher [F], in the simple case of the
droplet model. The imaginary part of the analytically continued pressure was
interpreted, by Langer, as inversely proportional to the lifetime of a metastable
state.

For the Ising Model, the problem amounts to showing the existence of analytic
continuation along paths such as the one depicted on Figure 8.3. In [NS], New-
man and Schulman conjectured that such continuation exists. However, it is not
clear, in this case, whether the predictions made by the droplet model are correct.

Imh

’—\
Reh

Figure 8.3: An open problem: the analytic continuation in the complex plane, around
the singularity h = 0 of the Ising Model.

To illustrate the different possible scenarios, let us go back to the model considered
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in the Introduction, with d = 2 for simplicity (see (1.26)):

pp(z) = Z e TV, (8.15)

n>1

We saw that the series (8.15) has a radius of convergence equal to one, and that
z = 1is a singular point at which derivatives behave like k!2. Since the coeflicients
of the series are given explicitly, exact computations can be done. Indeed, it can
be shown that pp has an analytic continuation to the whole star-shaped domain
C\[1, +00), given by

~

+oo
pp(z) = f —— f(t)dt, (8.16)
0

et —z

where

1 % +ico

f) = — ﬁ e TVPetdw . (8.17)

278 J1 00

That is, pp is analytic on C\[1, 4+00), and coincides with pp on {|z| < 1}. The
interval [1, +00) is a branch cut of pp.

The droplet singularity at z = 1 was the guiding mechanism for the proofs pre-
sented in the bulk of this thesis. A reasonable guess is thus to infer that the Ising
Model can be continued analytically around h = 0. Nevertheless, we will now see
that a slight modification of the coefficients of the pressure leads to important
changes in the analytic behaviour on the boundary of the disc {|2| < 1}.

In [Br], Bricmont * considered the following series:

pe(z) = Z eVl (8.18)

n>1

where |z denotes the largest integer smaller than z. This series provides a dif-
ferent reasonable approximation of the pressure of a lattice gas and it also has
a singularity at z = 1. Nevertheless, as Bricmont noted, the series (8.18) has a
lacunary structure, which implies that it has {|z| = 1} as a natural boundary 4
p&(z) has no analytic continuation outside the disc {|z| < 1}, across any point
2 € {|z| = 1}. Since (8.15) and (8.18) have very different analytic structures,
and since neither of them is a priori better for approximating the free energy in

3The same remark was made by Borgs in [Bo].

1A series 3, a,z* is lacunary if lim, {~ = 0. For example 1 + 2 + At g6
A theorem of Fabry states that any lacunary series has its disc of convergence as a natural
boundary (see [Rem2]).
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the formation of droplets in a condensing system, it is hard to make a precise
guess concerning the continuation of the free energy of the Ising Model around
h = 0. The first scenario suggests that analytic continuation exists; the second
suggests that {Reh = 0} is a natural boundary.

Actually, there exists no simple model - other than those of Langer and Fisher - in
which this problem can be solved. For example, the exact asymptotic behaviour
of the coefficients of the model of Kunz and Souillard (see (1.31)) is known 5, but
nothing can be said about the analytic properties on the boundary of the disc of
convergence (!). The problem is that the analytic behaviour of a series on the
boundary of its disc of convergence is so sensitive to the value of the coefficients ©,
that any kind of approximation can be misleading regarding analytic properties.
This was emphasized by Penrose [Pe]:

Langer’s derivation, however, uses the approrimation of replacing 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 approzimation
might have a profound effect on the analytically continued free energy.

Concerning more realistic models, our technique does not answer the question, al-
though most of our analysis goes through also when considering purely imaginary
magnetic fields (the phase diagram, for instance, is constructed in a neighbour-
hood of the imaginary axis). Namely, the fact that we have always considered
paths h ™, 0 along the real axis has had the crucial consequence, in the final part
of the argument giving the lower bound on the k-th derivative of the pressure,
that the contribution from each k-large contour, besides being real, had the same
sign. For purely imaginary magnetic fields, k-large and k-small contours can be
defined, but each term of the sum over k-large contours is a complex number,
and nothing can be said about the value of the sum.

It can be concluded with relative certainty that the study of this problem requires
a different technique, with a better understanding of the properties of the Ising
Model in a purely imaginary magnetic field.

®In [ACC], the asymptotic behaviour of the cluster size distribution was computed exactly,
and related to the Wulff construction.

%In [Po], Poly4 emphasised the sensivity to the coefficients by comparing the set S of series
that have a radius of convergence equal to one, with the subset S’ C & of series that have
{lz| = 1} as a natural boundary. By introducing a suitable topology on S, Poly4 showed that
&' is open and dense in 8.
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8.2.4 Long Range Models |i — j|™

Our results hold for any finite long but finite range potential, in dimension d > 2.
In fact our technique certainly applies to any system to which the Pirogov-Sinai
Theory applies. For instance, with infinite range interactions decaying exponen-
tially fast. Namely, we have seen that the restricted phases, in the study of the
Kac model, introduced a long range interaction between the contours, decaying
exponentially fast. This interaction was treated via a linking procedure.

We can also expect our results to extend to systems with interactions of the type
li — j|™%, with « sufficiently large 7. A situation which deserves special attention
is the one dimensional case, with a = 2. It was shown by Frohlich and Spencer
[FS] that this model exhibits a first order phase transition, and an interesting
problem would be to study the analytic properties of this model at the transition
point. It is not clear whether the droplet mechanism, which we used in dimensions
greater or equal to two, can be used to exhibit a non-analytic behaviour for a
one dimensional system. The analysis seems more delicate, and might require a
completely different approach.

"The Pirogov-Sinai Theory of such potentials was developed by Park [Pa].



Appendix A

General Two phases Models

This appendix contains the proof of Theorem 1.2. We have left it in the same
form in which it was when submitted for publication. Therefore, notations and
terminology differ slightly from the rest of the text, and repetitions might occur
at a few places.

A.1 Introduction

We study a lattice model with finite state space on Z%, d > 2. Let H, be a
Hamiltonian with finite-range periodic interaction, having two periodic ground-
states ¢ and 15, and so that Peierls condition is verified. Let H; be a Hamiltonian
with periodic and finite range interaction, so that the perturbed Hamiltonian

H" = Ho + pH,

splits the degeneracy of the ground-states of Hy: if u < 0, then H* has a unique
ground-state v, and if 4 > 0, then H* has a unique ground-state v»;. The free
energy of the model with Hamiltonian H#, at inverse temperature 3, is denoted
by f(u, ). Our main result is

Theorem A.l. Under the above setting, there exist an open interval Uy 3 0,
B* € RY and, for oll 5 > 3*, u*(B) € Uy with the following properties.

1. There is a first-order phase transition at u*(3).

2. The free energy f(u,B3) is analytic in pin {p € Uy : u < p*(B)}; it has a
C* continuation in {p € Uy : u < p*(3)}.

3. The free energy f(u,3) is analytic in p in {u € Uy : u > pu*(B)}; it has a
C°° continuation in {u € Uy : u > u*(3)}.

4. There 1s no analytic continuation of f from p < p*(8) to u > p*(B) across
w(B), or vice-versa.

123
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This theorem answers a fundamental theoretical question: does the free energy,
which is analytic in the region of a single phase, have an analytic continuation
beyond a first-order phase transition point? The answer is yes for the theory of a
simple fluid of van der Waals or for mean-field theories. The analytic continuation
of the free energy beyond the transition point was interpreted as the free energy
of a metastable phase. The answer is no for models with finite range interaction,
under very general conditions, as Theorem A.1 shows. This contrasted behavior
has its origin in the fact that for models with finite range interaction there is
spatial phase separation at first order phase transition, contrary to what happens
in a mean-field model. Theorem A.l and its proof confirm the prediction of the
droplet model [F].

Theorem A.1 generalizes the works of Isakov [Isakovl] for the Ising model and
[Isakov2], where a similar theorem is proven under additional assumptions, which
are not easy to verify in a concrete model. Our version of Theorem A.1, which re-
lies uniquely on Peierls condition, is therefore a genuine improvement of [Isakov2].
The first result of this kind was proven by Kunz and Souillard [KuS}; it concerns
the non-analytic behavior of the generating function of the cluster size distribu-
tion in percolation, which plays the role of a free energy in that model. The first
statement of Theorem A.l is a particular case of the theory of Pirogov and Sinai
(see [S]). We give a proof of this result, as far as it concerns the free energy, since
we need detailed informations about the phase diagram in the complex plane of
the parameter p.

The obstruction to an analytic continuation of the free energy in the variable
w is due to the stability of the droplets of both phases in a neighborhood of
w*. Our proof follows for the essential that of Isakov in [Isakovl]. We give a
detailed proof of Theorem A.1, and do not assume any familiarity with [Isakovl]
or [Isakov2]. On the other hand we assume that the reader is familiar with the
cluster expansion technique.

The results presented here are true for a much larger class of systems, but for the
sake of simplicity we restrict our discussion in that paper to the above setting,
which is already quite general. For example, Theorem A.1 is true for Potts model
with high number ¢ of components at the first order phase transition point Bes
where the g ordered phases coexist with the disordered phase. Here u = [, the
inverse temperature, and the statement is that the free energy, which is analytic
for 8 > B, or for 3 < B., does not have an analytic continuation across Be.
Theorem A.1 is also true when the model has more than two ground-states. For
example, for the Blume-Capel model, whose Hamiltonian is

Z(Si ~55)° — thi - /\Zsf with s; € {—1,0,1},
ij i i

the free energy 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" () there is
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no analytic continuation of the free energy in A, along the path h = 0, or in the
variable h, along the path A = A*. The case of coexistence of more than two
phases will be treated in a separate paper.

In the rest of the section we fix the main notations following chapter two of Sinai’s
book [S], so that the reader may easily find more information if necessary. We
also state Lemma A.1 which contains all estimates on partition functions or free
energies. We omit the proof, which relies on the cluster expansion method.

The model is defined on the lattice Z¢, d > 2. The spin variables ¢(z), z € Z,
take values in a finite state space. If ¢, ¢ are two spin configurations, then ¢ = ¥
(a.s.) means that ¢(z) # ¥(z) holds only on a finite subset of Z¢. The restriction
of ¢ to a subset A C Z?¢ is denoted by ¢(A). The cardinality of a subset 9 is
denoted by |S|. If z,y € Z¢, then |z — y| = max® | |z; — y;|; if W C Z¢ and
z € Z° then d(z, W) = minyew |z — y| and if W, W’ are subsets of Z¢, then
d(W, W) = mingew d(z, W’). We define for W ¢ Z¢

oW :={zeW: dz,Z"\W)=1}.

A subset W C Z¢ is connected if any two points z,y € W are connected by a path
{20, 21,... , 2} CW,withzo =z, 2, =yand |z;—2;41| =1,i=0,1,... ,n—1.
A component is a maximally connected subset.

Let H be a Hamiltonian with finite-range and periodic bounded interaction. By
introducing an equivalent model on a sublattice, with a larger state space, we can
assume that the model is translation invariant with interaction between neigh-
boring spins ¢(z) and ¢(y), | — y| = 1, only. Therefore, without restricting the
generality, we assume that this is the case and that the interaction is Z%-invariant.
The Hamiltonian is written

H'Y=Hy+pH,, pekR.

H, has two Z9-invariant ground-states v/; and 1, and the perturbation H; splits
the degeneracy of the ground-states of Hy. We assume that the energy (per unit
spin) of the ground-states of Hy is 0. UF(p) = Uy, + pl;, is the interaction
energy of the spin located at z for the configuration ¢, so that by definition

H! () = Z UL (p) (formal sum).
zeZd
U, is an order parameter for the phase transition. If ¢ and ¥ are two configu-
rations and ¢ = % (a.s.), then
H*(pl) = Y Uk (p) = ULR)) .
zeZd

This last sum is finite since only finitely many terms are non-zero. The main
condition, which we impose on Hy, is Peierls condition for the ground-states ¢,
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and 5. Let € Z% and
Wi(z) :={yeZ®: |y—z| <1}.
The boundary d¢ of the configuration ¢ is the subset of Z¢ defined by

9 = |J (M(a): ¢(W1(z)) # Ln(Wi(2)), m=1,2}.

zeZd

Peierls condition means that there exists a positive constant p such that for
m=1,2
Ho(p|tm) > plOp| ¥ ¢ such that ¢ = ¥y, (as.).

We shall not write usually the u-dependence of some quantity; we write for ex-
ample H or U, instead of H* or UL.

Definition A.1. Let M denote a finite connected subset of Z¢, and let ¢ be a
configuration. Then a couple T = (M, p(M)) is called a contour of ¢ if M is
a component of the boundary 8¢ of ¢. A couple T = (M, p(M)) of this type
is called a contour if there exists at least one configuration ¢ such that I' is a
contour of ¢.

If T = (M,p(M)) is a contour, then M is the support of I', which we also
denote by supp . Suppose that I' = (M, ¢(M)) is a contour and consider the
components A, of Z\M. Then for each component A, there exists a unique
ground-state 1y(a), such that for each z € A, one has ¢(W; (7)) = Yy (Wi(z)).
The index g(a) is the label of the component A,. For any contour I' there exists a
unique infinite component of Z¥\supp T, Ext T, called the exterior of I’; all other
components are called internal components of I'. The ground-state corresponding
to the label of ExtT is the boundary condition of I'; the superscript ¢ in I'
indicates that T is a contour with boundary condition %,. Int,, I' is the union of
all internal components of I' with label m; IntT' := Umzl’2 Int,, I is the interior
of . We use the abbreviations |T| := |supp I'| and Vj(T') := |Int,, I'|. We define’

V(I :=V,[T% m#q. (A.1)

For = € Z9, let
o(z) = {y e R*: I?Z&fciﬁiz —yl <1/2}

be the unit cube of center z in R%. If A C Z¢, then [A] is equal to the d-volume
of

U clx) C RY. (A.2)

zeA

1Here our convention differs from [S].
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The (d — 1)-volume of the boundary of the set (A.2) is denoted by 9|A|. We have

2d|A|T < 9|A|. (A.3)

The equality in (A.3) is true for cubes only. When A = Int,, 'Y, m # ¢, V(I'?) =
|A] and OV (I'?) = 9|A|; there exists a positive constant Cj such that

BV (I) < ColT9| ¢=1,2. (A.4)

For each contour I' = (M, ¢(M)) there corresponds a unique configuration or
with the properties: ¢r = v, on ExtI', where ¢ is the label of Ext T, or(M) =
©(M), or = ¥, on Int,,, I, m = 1,2. T is the only contour of ¢r. Let A C Z%
the notation I' C A means that suppl’ C A, IntT" C A and d(supp ", A°) > 1. A
contour I' of a configuration ¢ is an external contour of ¢ if and only if I' C Ext I
for any contour I' of ¢.

Definition A.2. Let Q(T'?) be the set of configurations ¢ = ¥, (a.s.) such that
I'? is the only external contour of ¢. Then

O(r?) = Y  exp[-BH(¢lw,)].

pe)(T'e)

Let A C Z% be a finite subset; let QU (A) be the set of configurations ¢ = 1, (a.s.)
such that I' C A whenever I" is a contour of ¢. Then

O4(A) == Z exp [ — ﬁH(lef/q}] -

QGQQ (1’\)

Two fundamental identities relate the partition functions ©(I'?) and ©,(A).

CHONED I | CI R (A5)
i=1
where the sum is over the set of all families {I'},... ,T'%} of external contours in
A, and
O =exp [ — BH (ra|ty)] H O,,(Int,, I'?) . (A.6)
me=]l

We define (limit in the sense of van Hove)

1
= lim ———1 A).
Ja /]ilyl%}& B|A] 08 O4(A)

The energy (per unit volume) of ¢, for the Hamiltonian H; is

h() = Us o (V) -
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By definition of Hy, h(ts) — h(¢1) # 0, and we assume that
A= h("&’z) - h(’(;i’l) >0.

The free energy in the thermodynamical limit is

f=1m - SiA{ ET A AT ZU = gq + 1 h(¥yg) - (A7)

It is independent of the boundary condition .

Definition A.3. Let ¢ be a contour with boundary condition ¥,. The weight
w(T9) of T'? is

O (Int,, ')

w(r@) == exXp [“ ,{)’H(erq{@q)] m .
q k£t

EmFEY
The (bare) surface energy of a contour I'? is
09| := Ho(ere|tg) -
For a contour I'Y we set

alpr) = 3 Unlpre) —Uhalts).

zesupp [

Since the interaction is bounded, there exists a constant C; so that
la(erd)| < C1|T. (A.8)
Using these notations we have

Hpralvg) = Y, (Uslpre) =Uelwi) + 3 (Ueliors) —Us(vy)

zesupp e zelnt T9
= Ho(spre|tg) + palpre) + p(h(¥m) — h(%g))V(T?)
= |IT)| + palpre) + p(h(¥m) = H(w )V (m#q).  (A9)

The surface energy ||T9|| is always strictly positive since Peierls condition holds,
and there exists a constant Cs, independent of ¢ = 1, 2, such that

plT9] < |17 < Co[T]. (A.10)
Definition A.4. The weight w(TY) is T-stable for T if

w(I)] < exp(—=7|T]) .
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For finite subset A C Z¢, using (A.5) and (A.6), one obtains easily the following
identity for the partition function ©4(A),

O, (M) =1+ ﬁw(rg) , (A.11)
g=1

where the sum is over all families of compatible contours {I'%,... ,T'%} with
boundary condition v, that is, If C A and d(supp I'{,suppI'?) > 1 for all i # j,
t,j=1,...,n,n > 1. If the weights of all contours with boundary condition v,
are 7-stable and if 7 is large enough, then one can express the logarithm of ©,(A)
as an absolutely convergent sum,

log ©g(A) = > % Do ey ) JJery. (A.12)
f=1

m>1 " T9cA  T%CA

In (A.12) L (T9,...,T'%) is a purely combinatorial factor. This is the basic
formula which is used for controlling ©,(A). We also introduce restricted partition
functions and free energies. For each n = 0,1,..., we define new weights w,,(I'?)

w(?) i V(I') < n,
0 otherwise.

wp(T9) = {

For ¢ = 1,2, we define ©} by equation (A.11), replacing w(I'%) by w,(T'%), and we
set (provided that ©7(A) # 0 for all A)

n : 1 LAY n n / /
9q = — 1]{‘%1%1(1 m 10g 9q (1/\) and fq =gy + 2z h(”q} . (A13>

f7 1s the restricted free energy of order n and boundary condition ,. Let
I(n) = Cy'[2dnT] n>1. (A.14)

Notice that ©7(A) = ©,(A) if |[A] < n, and that V(I'Y) > n implies that |[9] >
I(n) since (A.3) and (A.4) hold.
Lemma A.1. Suppose that the weights w(T'9) are T-stable for allT9. Then there

exists Ko < 0o and 75 < 00, so that for all T > 75, (A.12) is absolutely convergent

and
Blggl < Koe ™.

For all subsets A C Z9,

|1og ©4(A) + By, |Al| < Koe ™ 9|A].



130 APPENDIX A. GENERAL TWO PHASES MODELS

If w(I'9) = 0 for allT? such that |T'9] < m, then
Blgql < (Koe‘T)m~
Forn>1and m 2> n,
I{n)

Blgm — it < (Koe™™) .

Furthermore, if w(T'9) depends on a parameter t and

d T d [T
]%w(rqn < Dye ™™ and tc—ﬁ—zw(f‘q}i < Dye™

k
then there exists K < oo and 7} < o0, k = 1,2, so that for all 7 > Th s gt—ggq
exists and
d —T F d2 2 —T
Blzizgq) < D Kqe and ﬁt—d?gqi < max{ Dy, D]} Koe™" .

For all subsets A C Z¢,

d d R
'&EIOg@"’(A) +ﬁ}g—£gq ]AH < DK, 9|A]

and
2
‘ dt?
Lemma A.1 is proved by the cluster expansion method. It follows from (A.12)
and arguments similar to those of the proof of Lemma 3.5. in section 3.3 in [Pf].
The proof of Theorem A.l is given in the next five subsections. In subsection
A.2 we construct the phase diagram and in subsection A.3 we study the analytic
continuation of the weights of contours in a neighborhood of the point of phase
coexistence u*. The results about the analytic continuation are crucial for the
rest of the analysis. Construction of the phase diagram in the complex plane has
been done by Isakov [Isakov2]. We follow partly this reference and Zahradnik [Z].
In subsection A.4 we derive an expression of the derivatives of the free energy
at finite volume. We prove a lower bound for a restricted class of terms of this
expression. This is an improved version of a similar analysis of Isakov [Isakov1].
From these results we obtain a lower bound for the derivatives of the free energy
fa in a finite box A. We show in subsection A.4.1 that for large 3, there exists an
increasing diverging sequence {k,}, so that the kth-derivative of fy with respect
to u, evaluated at u*, behaves as knfa%f (provided that A is large enough). In the
last subsection we end the proof of the impossibility of an analytic continuation of
the free energy across u*, by showing that the results of subsection A.4.1 remain
true in the thermodynamical limit.

d? _
log ©,(A) + 6Zi—t§gq |A|| < max{D., D3} Ko.e 7 O|A].
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A.2 Construction of the Phase Diagram

We construct the phase diagram for complex values of the parameter u, by con-
structing iteratively the phase diagram for the restricted free energies I (see
(A.13)). We set z := u + iv. The method consists in finding a sequence of
intervals for each v € R,

Un(v; B) = (5 (v; B) = by, iy, (v; B) + 02)
with the properties
(1 (v B) = bps i (03 8) + b2) € (g (03 B) = by, iy (Vi B) + 85_1) (A.15)

and lim, 6f = 0, ¢ = 1,2. By construction of the intervals U,_;(v;3) the re-
stricted free energies fg"l of order n — 1, ¢ = 1,2, are well-defined and analytic
on

U,—1:={2€C: Rez € U,_1(Imz; 8)} .
The point pf(v; 3), n > 1, is solution of the equation

Re(f5~ (ut (v B) + i) — i (v B) +iv)) = 0.

1 (0; ) is the point of phase coexistence for the restricted free energies of order
n — 1, and the point of phase coexistence of the model is given by p*(0;5) =
lim,, p%(0; 3). This iterative procedure also gives the necessary results needed in
subsection A.2 about the analytic continuation of the weights w(I'?) around the
point of phase coexistence u*. Since we need sharp results about the analytic
continuation of the weights w(I'?), we must choose carefully the two sequences
{62}, ¢ = 1,2. In order to ease the exposition we first describe the iterative
procedure with a specific choice of {62}, based on the isoperimetric inequality

V()T <x7rYl vIY, g=1,2. (A.16)

Existence of x in (A.16) follows from (A.3), (A.4) and (A.10). Then, in subsection
A.3, we make another choice for {b2}. This iterative construction is given in
details in the proof of the Proposition A.1, which is the main result of subsection
A2

Proposition A.1. Let 0 <e < p and 0 < 6 <1 so that A — 26 > 0. Set
Up = (=Ci%,C'e) and Up:={z € C: Rez € Uy}

and

7(B) == B(p =€) —3Cy6 .

There exists By € R™ such that for all 3 > By the following holds.
A) There exists a continuous real-valued function on R, v — u*(v;f3), so that
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w*(v; B) + v € Up.

B) If u+iv € Uy and u < p*(v; B), then the weight w(T?) is 7(8)-stable for all
contours I'? with boundary condition 1o, and analytic in z = p+iv if u < w*(v; 8).
C) If u+iv € Uy and p > p*(v; B), then the weight w(I'M) is 7(8)-stable for all
contours Tt with boundary condition ¥y, and analytic in z = p+iv if p > p*(v; B).

Remark A.l. pisthe constant of the Peierls condition and A = h(¢2) —h(¢1) >
0. We may choose § in such a way that § = 6(3) and lims_. 6(3) = 0, without
changing the theorem. Indeed, the only condition which we need to satisfy is
(A.20). So, whenever we need it, we consider ¢ as function of 3, so that by taking
3 large enough, we have § as small as we wish.

Proof. The iterative method depends on a free parameter ¢', 0 < ¢ < 1. On the
interval Up(v; 8) := (—bo, bo) with by = £Cy", fQ(u + iv) is defined and we set
pi(v; B) = 0. The two decreasing sequences {b%}, ¢ = 1,2 and n 2 1, are defined
in (A.22). The iterative construction is possible whenever the sequences {be},
g = 1,2, verify (A.21), (A.27) and (A.28). We prove iteratively the following
statements.

A, fi(u + iv; B) is defined for all p € Up1(v;B), and v — pi(v:6) is a
continuous solution of the equation

Re (f5~ (uy(v: 8) + iv) — fi 7 (u (v B) +4v)) = 0,
so that (A.15) holds.
B. On U,, w,(I'%) is analytic for any contour I'Y, ¢ = 1,2, and w,(I'%) is 11(3)-
stable (see (A.17)).
C. On U, !C—?;wn(f'q){ < BC5e PN (see (A.18) and (A.19)).

D. For each n > 1, if u < p*(v; 3) — bL, then w(I'?) is 7(B)-stable for any I'?
with boundary condition v,. Similarly, for each n > 1, if u > p; (v; 8) + b2,
then w(I') is 7(/3)-stable for any I'' with boundary condition ¢;.

From these results the proposition follows with
p(v; B) = lim py (v 5).
T 0
The analyticity of the weights w(I'?) is an immediate consequence of their stability
since ©,,(Int,, ['?) and ©,(Int,, I'?) # 0 are analytic.

Let 0 < @ < 1 be given, as well as ¢ and § as in the proposition. We introduce
all constants used in the proof below.

m(5;60) = B(p(l — ) —e) —20Cs, (A.17)
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72(3;6") == 71(5;0) - g%‘f ; (A.18)
and

Cy 1= Cy + 260, + (A + 26)(y"1Cy) 71 . (A.19)

We assume that 3, is large enough so that® 75(3) > max{7s, 77,75}, (A.32) holds,

Ke® <§ and CyKe™® <5, (A.20)

where K = max{Kj, K1}, and Ky, K; are the constants of Lemma A.1. We
assume that for ¢ = 1, 2,

b — bl 201 Yn > 1 A.21
n"n+1>m> nz=l. (A.21)
If we define
0
R=p=— 2 >, (A.22)
(A +26)na '

then it is immediate to verify (A.21) when [ is large enough or ¢ small enough.
On Uy all contours I' with empty interior are 3(p — ¢)-stable (see (A.8)), and

‘%w(p)I < ,BCl!I’le"/”(p’E)gF; < ﬁcle—[ﬁ(pwa)-llil"} < BCge“TQ(ﬁ}m.

Assume that the construction has been done for all m <n — 1. By Lemma A.1,
if z € U,_1, then

-‘-i-gm <C3Ke P <§ m<n-1. A.23
dz"1?

A. We prove the existence of puf (v; 3) € U,—1. pr,(v; 5) is solution of the equation
Re(f5 ™ (un(v3 B) +iv) — f7 7y (v B) +iv)) = 0.
Let F™(z) = fi*(z) — fi*(z). Then, for p/ + v € U,_1,
FrYy +iv) = FP N W +iv) — FP7 3 (pl_y + i) (A.24)
= F" W - av) = FP 7 gy +av) + F7 7 gy + iv)
— F" 2y +iv)

2

wed o . - Con s w
ﬁ/ i Wu+iv)ydu+ (g5 = g5 ) (pn_y + )
o dp

— (g =g (g +iv)

2rf, k = 0,1,2, are defined in Lemma A.1. Condition 72(3) > 75 is needed only in Lemma
A.3. We have stated Lemma A.3 separately in order to simplify the proof of Proposition A.l.

*
31
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If V(I') = n — 1, then |T'| > I[(n — 1). Therefore, by Lemma A.1,
(057" = 95 7") (s + )] < 5716170 (A.25)
If 2/ = i/ +iv € U,_y, then (A.24), (A.23) and (A.25) imply

A = prog) + 20| = py| +268718' 7Y > ReF" (<)
> A = ) = 28|’ — sy — 267160
(A.21) implies
Qél(n-—l)
b >0l —b > ————,
n—1 n—1 n ﬁ(A . 26)

so that ReF" Y (u:_, —bl_, +iv) < 0 and ReF™ Y (uf_; + b%_; +4v) > 0. This
proves the existence of u* and its uniqueness, since y — ReF"™ 1 (u+iv) is strictly
increasing. Moreover, by putting u' = p(v; 8) in (A.24), we get

* / * . 253(‘%_1)
a3 8) = s (9| < 555

Therefore U,, C U,—;. The implicit function theorem implies that v +— u’(v; 5)
is continuous (even C'*).

B. We prove that w,(I'?) is 71-stable for all contours I'?, ¢ = 1,2. Let I'? be a con-
tour with V(I'?) = n. All contours contributing to ©,,(Int,, I'?) and ©,(Int,, I'?)
have volumes smaller than n — 1, so that for these contours w(I') = w,_1(I"). If
z € U,_; (use (A.8), (A.4) and the definition of Up), then

O,,(Int,,, ['7)

qw(r«zf);:exp[-,ﬁﬁem@rq[wq)]j I1 ST (A.26)

< exp { — BT + (Be + 2Co6)|T9| — BRe(fr! — f;-l)V(FQ)}

[ _ 39 | qi _ n—1 1y V(') q
=exp | — BI[T9|| + (B2 +2Cod)|T?| - BRe(fr" = /77 K] T !l]

Let u € U, _1(v; 3). We prove that bZ verity the following conditions, which imply
the 7p-stability.
v(r?)

—Re(fi " - fz'wl)m <@ if p <l +0b2 and V(I?) = n, (A.27)

vy . 31 L
HFIH <¢ ifpu>p, b, and V({I*) =n. (A‘Qg)

For the present choice of {b?}, the isoperimetric inequality (A.16) implies

—Re(f} -1 {‘”1)

vire) v
11|

Vg=1,2,
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and therefore

!Re(f;i"l“f”“ ] lif‘ffl} lRe/ —(f- 1__fn—-1) d#l FI;“)

- V(1)

ey <7

< = pnl (A +20)

Conditions (A.27) and (A.28) ensure that on U,

w9 < exp | = B(p(1 - 0) e — 257 1Cos) 7]

C. We prove that on U,

Let V(I'") = n; from (A.9)

%wn(mw%(m)(-—aa(w — B(R(tm) — h(1h)) V(1Y)

d )
+ - (log O (Inty, I) — log ©,(Int,, %)) )
By Lemma A.1 and the isoperimetric inequality (A.3) we get

]%%(m; < Blun(T|(IT|(Cy + 26C5) + V(I9)(A + 25)) (A.29)

< BCs|wn (T9)||T9) 75
< BCae~ @I

D. We prove that w(I'®)(z) is 7(/3)-stable for any contour I'? with boundary condi-
tion 1, if 1 < p(v; 3)—bl. Using the induction hypothesis it is sufficient to prove
this statement for z = p+iv € U,y and u < pi(v; 3) —bL. If z = p+iv € U,_4,
then all contou,rs Wrch volume V(I') < n — 1 are 74(3)-stable, and for u < u*,
p — Re(ff' P71 (i + iv) is strictly decreasing. If u < pX(v; 3) — b}, then
(see (A. ‘)2) and (A 21))

*

[ fr— i—13 N fr d - pr— - .
BRe(f! — 2 (u + iv) = / Rl = i) du
i

Ho o d o L ‘
2=p [ SR = 7k i) d
py—bh, G

> BbE(A —26) > 26! (A.30)
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First suppose that V(I'?) < n. From (A.30) and (A.26) it follows that w(I'*®) is
B(p — & — 287 1Chd)-stable, in particular 7(B)-stable. Moreover, if |[A] < n, then

Al @1(1’\)‘ < 3O (A.31)

] exp [ — Bz(h(¥1) — 6:(7)

Indeed, all contours inside A are 71(3)-stable. By Lemma A.1

emseon-win @1“>} B s A LR
©2(A)

— o~ BRe(f7 ()= 3T ()]l 26014

< 200l

To prove point D, we prove by induction on |A] that (A.31) holds for any A.
Indeed, if (A.31) is true and if we set A := Int;I', then it follows easily from the
definition of w(I'?) and from (A.9) that w(I'?) is 7(3)-stable.

The argument to prove (A.31) is due to Zahradnik [Z]. The statement is true for
|A| < n. Suppose that it is true for [A] < m, m > n, and let |[A| =m + 1. The
induction hypothesis implies that w(I'?)(z) is 7(3)-stable if V/(I'?) < m. Therefore

o B2(h(¥1)—h(2))|A] @1(A)\ < l ~B(=h(v1)=2h(v2) =N @ (A) ;e&v{s\;

From (A.5) |
y =Y [Te),

where the sum is over all families {I'},... ,T'!} of compatible external contours
in A. We say that an external contour fl is large if V(Fl) > n. Suppose that the

contours I'],...T, are large and all other contours I',;,... T} not large. We set

p
Ext}(A) = ([ ExtI}) NA.
j=1
Summing over all contours which are not large, and using (A.6), we get

O1(A) =) Oy (Exti(A)) Hexp — BH(prs [v1)]©1(IntyT}) Oz(Into L)

=> Or 7 (Ext](A)) H |=Bzalep)+Bz(h(br)=h(¥z))lntzTj]

91(1]?1'61 j)

" O,(IntyT'Y) 15 t,T1)
@g(lntlf‘jl_) @z(lmlrj)@z(ln QF}) /
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the sums are over all families {I',... I} of compatible external large contours
in A. All contours which are not large are 71(3)-stable, and we use the cluster
expansion to control ©77!(Ext](A)), ©y(Int;I'}) and O,(IntoI'}). Notice that
OExtT(A)| < O|Al+ 3°F_, Co|l}|. By Lemma A.1 and the induction hypothesis,

©2(A)
4 ) )
) H e~ (Bp—8e—6Co)|T}| o= BRe(f1' ™'~ f3 1 ~g5 +95 THIT}]

e—-az(h(wl)—h{vz)}im@l(A)l < 020014 Z e~5Re<f;’*-1—f;’*l—ggwg;‘l};gxtf(z\);

i=1

We define
#(8) = Blp — ) — 6Coo.

From (A.30) and Lemma A.1 we have
BT = T g ) 26,

Hence,

, p
e~ Bz(h(y1)~h(u2))A| @1(A>} < 20014 Z e—5l<ﬂ>|Ext§’(A)§ H e_(5l<n>+f{5))1r§§ .

OO .

6,(A)

=1

We define
~(F@)=Cod)ITl i 1T > Un):
b(r) = {‘3 it 7] 2 n);

0 otherwise.

Let ©(A) be defined by (A.11), replacing w(I') by w(I), and let

i m lim ——— loa
g = {1?:% Y log©(A).

We assume that [ is large enough so that for all 3 > 3,
Ke ™9 < ¢, (A.32)

where K is the constant of Lemma A.1. Since 3|g| < 6'"", putting into evidence
a factor e?9! we get

/ P
f ~ﬁz(h(e§1}——k(i§2))§.f&§@l(A)} 288[AI+BgIA] —# (3] ~BaInt T ' 3
e ' ' et <o ! e” "Wt le™ 7l (A.33
| S0 I %)

N

P
HONBIA S T e HO=CodITS 1§ (It T
=1
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In the last line of (A.33) we interpret e 29™¢I"| as a partition function (up to a
boundary term), since by Lemma A.1,

o B30It T < @(Int Fl) Rt iy
We sum over external contours in (A.33) and get

o B2 (h ()~ h(vz)}{&i61(1\> o5aw+ﬁgw@m> < 390IAl
Oo(A)1 T
O

Tt is not difficult to prove more regularity for the curve v +— u*(v;3). We need
below only the following result.

Lemma A.2. Let 0 < 6 < 1. If B is sufficiently large, then for alln > 1

45 (0:8) =0, and

dv
l (v 8)] < A2525((A2—525)2+ 52—525 +1).

Pmof Let o be as in the proof of Proposition A.1. Because the free energies
£~V and f3~! are real on the real axis, it follows that v — 7 (v; 3) is even, and

d
therefore 7 1 (0; B) = 0. By definition u}(v; 3) is solution of

Re(fo~(ui(v; B) +iv) — fi ™ (un(v; B) +iv)) =0,

which implies that

d/l;; d n— n— d :2 d - e
A% L (gpt - ) B el 057
and
Puy, d -1 1y (Al 2
Aur T e(g1 ) d -9:7)(52)
dQ n— - d/u* dQ - Ti—
+ MRQ(QH ! — 92 1) dv d QRe(gl =Y 1)~

From the proof of Proposition A.1 we have on Up,,
d 7
|—wm(D)] < BCse ™

Let 73(8) := m(3) — 25%. A similar proof shows that for § sufficiently large,
there exists Cj so that for any m

dg 3 o / "
l;g:@-wméﬁé < B2C e @I
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Assume that 3 is large enough so that

Bmax{Cy, C2}Koe P < 6.

Then Lemma A.1 gives for G*~! := Re(g7 ™" — g5 ")
]&%G““ll <26, }%Gn“ll <26,
;;%Gn*ll <26, I%GM; <26, a-%;c:ﬂ-l] < 2.
Hence
}dﬂni = 2-95 ;d;; E Az—(gza«ai&za)? * A2—625 +1).

O

Proposition A.2. Under the conditions of Proposition A.1, there exist By € RT
and p € N so that the following holds for all 3 > [By. Let

, d
7(8) := 7(8) — max {ZZ—:—l—p} .
A) If p+iv € Uy and p < p*(v; 3), then
d o T
|Zw(T?)(3)] < BCse™ O
B) If u+iv € Uy and p > p*(v; B), then
I‘ggd‘;w(ﬂ)(zn < BCae™ I

Proof. We consider the iterative construction of the proof of Proposition A.1 with
the same choice of the sequences {b%}. Suppose that z = p +iv € U,1\U,, and
u < pu*(v; 3). Suppose that V(I'?) < n. We get (see (A.29))

t—w(I‘Q)}<BC‘ 2|35 |w(T'2)] .

Since by Proposition A.1 w(I'?) is 7(/3)-stable, we get for all I'? such that V(I'?) <
n,

gd-u}(FQ)} < 3631112]& e~ AT < BCae™" (B;I‘Q

Suppose that V(I'?) > n + 1. We estimate the derivative at z of w(I'?) using
Cauchy’s formula with a circle of center z contained in {p + v : p < p*(v; 5)}.
We estimate from below |Rez — p*(v; 8)| when z € U,_1\U,, uniformly in v.

IRez — | > [Rez — | — |uy, — | 2 05 — |py, — 1]



140 APPENDIX A. GENERAL TWO PHASES MODELS
We estimate |y — u*| by first estimating |4}, — pn]|. Let m > n; then, since
Hin € Un,

0 = Re(f5 (us,) = 1" (13) — Re(f3 7 (up) — 171 ()
= Re(f7" () — f5 7 ()) = Re(F1" 7 () — f17 1 ()
+Re(f5 7 up) = £571(3)) = Re(f 7 r) — 170 (13))
From (A.25) we get
f 251
W (v B) — (v B)] < 5A 29 Ym>n,

so that

* . * . 25l(n> y

If V(I'?) > n+1, then |T'?] > I(n + 1). Choose p € N so that for all n > 1

1 1 \» A o6 ,
= s - <b, —|ut =] < 2 — .
2P = <2dné‘§l) o (A+25>n§ B(A—26) =" " = pnl < |Re w1

We use Cauchy’s formula with a circle of center z and radius |I'?|? and get

d 2 2ip.. (B2 —r (3|2
[Z{;w(F)]S}FPe BT < = DIT?]

O

A.3 Analytic Continuation of the Weights at y*

In this subsection we consider how the weight w(T'?) for a contour with boundary
condition 1» behaves as function of z = u-+iv in the vicinity of z* := p*(v; 5)+iv.
We improve the domains of analyticity of the weights of contours, by making a
new choice of the sequences {2}, ¢ = 1,2. The main result of this subsection is
Proposition A.3. At z* the (complex) free energies f,, ¢ = 1,2, are well-defined
and can be computed by the cluster expansion method. Moreover,

Ref(z*) = Refi(=").
Therefore

Regi(2") + 1" (v: B)h(¢1) = Rega(2") + 1" (v; B)(ts) -
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With ¢ as in the proof of Proposition A.1, we get

W (38) < 2%
and
(w(T)(=)] < exp [ - A9 + 2222409 4 acyre], vre.
We set

pt = (0; ),

and adopt the following convention: if a quantity, say H or f,, is evaluated at
the transition point p*, we simply write H* or Iy
The analyticity properties of w(I'?) near u* are controlled by isoperimetric in-
equalities

V()T < xoln) T2 VI, V(I%) >n. (A.35)
The difference with (A.16) is that only contours with boundary condition 1 and
V(I'?) > n are considered for a given n. By definition the isoperimetric constants
Xa2(n) verify
V()T

Xo(n) ™ = inf{C’: i

< C', ¥ I such that V(I'2) > n} .
X2(n) is a bounded increasing sequence; we set ya(00) := lim, x2(n), and define

Ro(n) = inf X2

mm<n  md

There are similar definitions for x;(n) and R;(n). The corresponding isoperimet-
ric inequalities control the analyticity properties of w(I'!) around u*.

Lemma A.3. For any x; < x4(c0), there exists N(x)) such that for all n >
Ny,

X, (g(00
¢ < Ry(n) < 2% )
nd né

For ¢ = 1,2, n+— nRy(n) is increasing in n, provided that a > é.
Proof. Let ¢ = 2 and suppose that

Ry(n) = Xi?) for m < n.

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

Rg(n} — X?(z’z) .

md
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We have n’ < 0o, otherwise

0 < Ra(m) = Ra(n) < M(?C) Yn>m,
. !
which is impossible. Therefore, either
o(n! | o+ 1
Rolt) = 220 oy 1y = 2D
n'a (n! + 1)3
and for all £ > n’ + 1, since Yo(m) is increasing,
Ro(k) = inf a(m) _ e 220 o () _elm) g s
m<k mi  wsm<k mi  w<m<k ma ki

Inequality (A.36) is true for infinitely many n’; since there exists m such that
x4 < xa2(m), the first statement is proved.
On an interval of constancy of Ry(n), n — n®Ra(n) is increasing. On the other
hand, if on [m, mo]
Ra(n) = Xz(;”) ,
1Tnd

o . . _1
then n — n%Rs(n) is increasing on [my, my) since n + xa(n) and n — n® 4 are
increasing. :

1

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

Proposition A.3. Let 0 < 0 <1 and 0 <& <1 so that p(1 —60) —e > 0.
There exist 0 < 6 < 1,0 <@ < 1 and 3y € R, such that for all 3 = 5o w(T?) is
analytic and 1(3;8')-stable in a complex neighborhood of

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

Moreover

iiwif‘zﬂ < BCye =B

‘d
Similar properties hold for w(T'') in a complex neighborhood of
{zeC: y(Imz;3) — AT R (V(TY)) < Rez} NUs.

71(3;0) and 5(53;8") are defined at (A.17) and (A.18).
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Proof. If in the iterative method of the proof of Proposition A.1 we find 0 < ¢’ < 1
and b}, b2, so that (A.27), (A.28) and

(w*(v; B) — AT Ry (n), u*(v; B) + 0AT Ry(n)) C Un(v; B) (A.37)
hold, then Proposition A.3 is true. Formula (A.37) is satisfied if (see (A.34))

261

4 > oA~ 7 —_—
b > OA RQ(R)+5(A—25)’

and this is the case if

b2 = OA™IR,(n) + %5%1 ,

with C' a suitable constant, which is chosen so that (A.21) is also satisfied. If 3
is large enough and ¢ small enough, then there exists # < 1 so that (A.27) and
(A.28) hold. Indeed, let V(I'?) =n, z = p+iv and p < p*(v; B) + b2; then

1

1 et V(2 5 N
~Re(f71(2) = ) T < (A 20
A+25, C_3 ni ,
=Ta E nm s

0

A.4 Derivatives of the Free Energy

Although non-analytic behavior of the free energy occurs only in the thermody-
namical limit, most of the analysis is done at finite volume. We write

k
r k d 3
9] = —g(t)

dtk t=t/
for the k™ order derivative at ' of the function g. The method of Isakov [Isakov1]
allows to get estimates of the derivatives of the free energy at u*, which are
uniform in the volume. We consider the case of the boundary condition 7. The
other case is similar. We tacitly assume that 3 is large enough so that Lemma
A.1 and all results of subsections A.2 and A.3 are valid. The main tool for
estimating the derivatives of the free energy is Cauchy’s formula. However, we
need to establish several results before we can obtain the desired estimates on the
derivatives of the free energy. The preparatory work is done in this subsection,
which is divided into three subsections. In A.4 we give an expression of the
derivatives of the free energy in terms of the derivatives of a free energy of a
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contour u(I'?) = —log(1+ ¢4(I?)) = —0A(I'?) (see (A.39)). The main work is to

estimate

B e

2mi Jop, (2 — p*)*t?
The boundary of the disc D, is decomposed naturally into two parts, 0D¢ and
8D?, and the integral into two integrals If (T'*) and I} () (see (A.41) and
(A.42)). In A.4 we prove the upper bound (A.43) for I} (%), and in A.4 we
evaluate I{ (I'?) by the stationary phase method, see (A.47) and (A.48). This is
a key point in the proof of Theorem A.1, since we obtain lower and upper bounds
for I¢ . (I'?).

dz.

An expression for the derivatives of the free energy

Let A = A(L) be the cubic box
AL):={re€Z%: |z| <L}.

We introduce a linear order, denoted by <, among all contours I'Y C A with
boundary condition v,. We assume that the linear order is such that V' (') <
V([9) if " < T9. There exists a natural enumeration of the contours by the
positive integers. The predecessor of 'Y in that enumeration (if I'? is not the
smallest contour) is denoted by i(I'9). We introduce the restricted partition func-
tion ©pq(A), which is computed with the contours of

CA(T9) = {I" C A: T < T},

that is
Ora(A) =1+ JJe@d, (A.38)
i=1
where the sum is over all families of compatible contours {I'{,... T4} which
belong to Ca(I'?). The partition function ©,(A) is written as a finite product
o,(n) = T 2rd)
rac O ()

By convention ©;re)(A) := 1 when I'? is the smallest contour. We set
Or.(A)
Biray(A)
u(T9) is the free energy cost for introducing the new contour I'? in the restricted
model, where all contours verify I'? < T'%. We have the identity
Brq(A) = B0y (A) + w(I'?) Byrey (A(TY))

@i rq=(A(I“?))
= 82 oy (A (1 + w(T1 “_E__.)___,__.> )
ra)(A) (T'?) Sure (V)

up(l'?) == —log
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In this last expression ©;rq)(A(I')) denotes the restricted partition function

Oiray(A(T9)) —1+2Hw(rq

where the sum is over all families of compatible contours {I'{,... ,T'9} which
belong to Ca(i(I'?)), and such that {T'?,I'Y,... ,I'?} is a compatible family. We
also set

, @@(rq)(A(PqD
A1) 1= w([M?) 220
G)A(r > u)( ) @é{:FQ)(j\)
With these notations
, - .
a9 = ~log (L4 on(09) = - "0, e (as0)
n>1 ’

and for k > 2

AT = 3 [ua(M).

racA

We consider the case of the boundary condition . [pA(T?)" } + 18 computed
using Cauchy’s formula,

[o4(T2)"]%) = k! jé o)) o
ap, (

271 (2 — pr)ktl

where 0D, is the boundary of a disc D, of radius 7 and center u* inside the
analyticity region of Proposition A.3,

UoN {z € C: Rez < p*(Im(2); B) + AT Ry(V(I'?)) } .
The function z — % is real on the real axis, so that

A7) _ 0a(l?)(2)
('5 — M*}k%-l (Z . fl*)k+l ’

and consequently

L o) o) (z) |
%%;D (z = p)i+t de = {272 %D (z = p*)F+t dé}' (A-40)
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Remark A.2. From Lemma A.2, there exists C’ independent of v and n, so that
pn(v; ) 2 43(0:8) — Cv°.

This implies that the region {Rez < p* — C"(Imz)? + AT Ry(V(I?))} is always
in the analyticity region of w(I'?), which is given in Proposition A.3. Therefore,
if

' 1

2(0A-1Ry(V(I2)))*

then the disc D, of center u* and radius 7 = OATIRy(V(I'?)) is inside the ana-
Iyticity region of w(I'?). This happens as soon as V/(I'?) is large enough.

!

Assuming that the disc D, is inside the analyticity region of w(I'?), we decompose
0D, into

ODY := 0D, N {z: Rez < p*(Im(z); B) — AR (V(TH)},

and
OD% := 8D, N{z: Rez > p*(Im(2); B) — AR, (V(TH)},

and write (A.40) as a sum of two integrals I{  (I'?) and I} (I'?) (see figure A.1),

17 (T%) == Re { = j{ wdz} (A.41)
i a

py (2 — p*)ktt

and

\ k! oa (T2)7(
I (T7) = Re{é—;@. fg N Cé:';%?% dz} . (A.42)

An upper bound for I{ (T?)

I ,(T’?) is not the main contribution to (A.40), so that it is sufficient to get an
upper bound for this integral. Let z € Uy and Rez < p*(Im(z); 3). We set

I2:={zxeZ’: dzsuppl®) <1}.
There exists a constant Cs such that [T2| < Cs|T'?|. From (A.31) we get
(wI%)] < exp [ = BIT?) + AlRezl C1[I?] + 3ol
and by the cluster expansion method

} i(T2) A(F )) <e i < 650‘5}?2%.
b{rz/ A) I -
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We set
Ci=z—p".
Therefore, there exists a constant Cy so that

|04 (T?)] < e PIFIO=Coi-IRCIC™) i Re¢ < p*(Tm(C); B) — p*

This upper bound implies

ki . -
]g’n(r’é) < = eIl |(1~Ceb—rC1p™t) (A.43)

6 Ry (V7))

OA R (V(T?)
Figure A.1: The decomposition of the integral into I{  (I'?) and I¢ (I'?)

Lower and upper bounds for I{ (I'?)

In order to apply the stationary phase method to evaluate I ,;{n(r %), we first rewrite
o4(I'?) in the following form,

@A(FQ)(Z} = ¢t (FZ) PAVIIT?)(C+&(T?)(()) :

where g(I') is an analytic function of ¢ in a neighborhood of ¢ = 0 and g(I'?)(0) =
0. Let

p(Im(z); ) — 6A R (V(I'?)) < Rez < p* (Im(z); B) + AT Ry (V(T?)) .

In this region (see figure A.1) we control the weights of contours with boundary
conditions ¥ and ¢;, whose volume is smaller than V(I'?). By the cluster ex-
pansion method there exists an analytic function g(I'?), which is real on the real
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axis, so that

| , O (Int, %) O;r») (A(T?))
2 o [ (ol ©:(Int; T*) . Oir2)(ATT))
oA(l?) = exp { BH (prz|i) + iog O, (Int; [?2) +log ©;r2y(A) J
=G(?)(z)
=¢%r%em[&ﬁvwﬁﬁ+/ww<@iafag)‘5“¢”Ud{
A / o dz Fx '

=EAV(I)eT?)(C)

For large enough 3, 7/(3) > m(3; '), so that we get from Lemma A.1 and Propo-
sitions A.1 to A.3

d o . aan [ 1 Co|T?] lfil 1|12

2 g(I2)(0)] < 203 Ke ™=@ ( 4 =2 , :

e8] < 2CsKe (5+ AV(T?) AV(I‘2)> AV(T2)
%

V(re2)’

for suitable constants C- and Cs. Moreover, there exists a constant Cg so that

exp [ — BIT2|(1 + Cod)] < 64 (I®) < exp[=BIT?||(1 — Co0)] - (A.45)

< Cre ™3 4 Cy (A.44)

Let
c(n) = nBAV(T?).
We parametrize 8Df by z = pu* + re’®, —oy <a<ag 0<ao <.
oA (l?)"

2 . ; o ~
]g’na—‘z) - k!______,/ ec(n)rcosa+c(n)Reg(T2)(s) [COS(’U(Q))] dov

k
2nr e

where
¥(a) i= e(n)rsina + c(n) Im g(I?)(¢) — ka.
We search for a stationary phase point (., = ri e defined by the equations

d / 2 iy} d ) =
a—&(c(n}rcosa+c(n)Reg(l“ )(re )) =0 and dofzu{a)—().

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

c(n)sina (1 +Reg(T?)(()) + cos almg(I'*)'(¢) = 0;
c(n)rcosa(l +Reg(I'?)(¢)) — rsin oImg(T?(¢) =k.

Since g(I'?) is real on the real axis, ap, = 0 and 7y, s solution of

c(n)r(1+gT*(r)) =k. (A.46)
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Lemma A4. Leta; > 7/4,i=1,2, A<1/25 and c¢(n) > 1. Ifg({) is analytic
in ¢ in the disc {¢ : |¢| < R}, real on the real azis, and for all { in that disc

780 < 4.
then there exists ko(A) € N, such that for all integers k,

k € [ko(A), e(n)(1 — 2V/A)R]
there is a unique solution 0 < ry,, < R of (A.46). Moreover,

P te(n) g0 (Mg, n) a Y ~
eCTk n)g k < _:L 2 ec(n)rcosa+c(n)Reg{I"“) [COS(U(&))} doe

10v/c(n)ry,, — 27

ec(n)rk.n"!‘c(n) g<r2 ) (Tk,n)

c(n)ren

Proof. Existence and uniqueness of ry, is a consequence of the monotonicity of
r+— c(n)r(1+ g(T'?)/(r)). The last part of Lemma A.4 is proven in appendix of
[Isakovl]. The computation is relatively long, but standard 3.

]

Setting c(n) = nBAV([?) and R = A TR,(V(I'?)) in Lemma A.4 we get suffi-
cient conditions for the existence of a stationary phase point and the following
evaluation of the integral I{  (I'?) by that method. Since ry, is solution of (A.46),
we have

kA k k kA

ST VR R ey

c(mlE(T) )| = )| [ 1?01 < Actmiru < b2

Therefore Lemma A.4 implies

Vl-’ k

c(n @ 2" < I (%) (A.47
10\/k ) A7) e ( 7)
VI+A, o k! ek 2
< . e 7
a— \/_]5 C%-C(\n’) i{'k @ F) ?

with

(A.48)

] e (A)=(1-A)exp [w 1———-3%} 3

2A
C+(A) = (1 ~§~A) exp I_l A

3The details can be found in Appendix B.
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If A converges to 0, then c. converges to 1. We assume that (see (A.44))

2
C7 6_72(3;6,) S é and Cs |r {

. i (A.49)

A can be chosen as small as we wish, provided that § is large enough and ;%%
small enough.

A.4.1 Bounds at Finite Volume

We estimate the derivative of | f%jg@

subsection is Proposition A.4.
Let 0 < 6 <1, A<1/25, and set

for large enough k. The main result of this

f:=6(1-2VA).
Let ¢/ > 0 and x4 so that
(1+€)xp > x2(00) - (A.50)

The whole analysis depends on the parameters 6 and ¢’. We fix the values of 6,
and &’ by the following conditions, which are needed for the proof of Proposition
A.4. We choose 0 < Ag < 1/25, 6 and ¢’ so that

1 1 d C_(‘Ao)—d%L 1"2\/‘71—0. d
, : d > 1. A5l
i —2v/Ag) ~d—1 1+e ° Tite d-1 (A-51)
This is possible, since
d
>,
(d—1)ed
Indeed,
1 1 1 , 1 _ .1 71yl
d(ed‘l)—d(w“l“a*g)‘*M(d) 1

:H;mim@)n

2d pr n!\d 2d
Notice that conditions (A.51) are still verified with the same values of 6 and ¢’
if we replace Ag by 0 < A < Ag. Given 6, the value of ¢’ is fixed in Proposition
A.3. From now we assume that 3 is so large that all results of subsections A.2
and A.3 are valid. The value of 0 < A < Ay is fixed in the proof of Lemma A.6.
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Given k large enough, there is a natural distinction between contours I'? such
that 88V (I?)Ry(V(I'?)) < k and those such that 3V (I2)Ry(V(I'2)) > k. For
the latter we can estimate I{  (I'?) by the stationary phase method. We need as
a matter of fact a finer distinction between contours. We distinguish three classes
of contours:

1. k-small contours: 83V (I2)Ry(V(I?)) < k:

2. fat contours: for n > 0, fixed later by (A.54), V(I'2)“T < n 2l

3. k-large and thin contours: 83V (I'?)Ry(V(I2)) > k, V(I)T > n||T2|.
We make precise the meaning of k large enough. By Lemma A.3 V +— V Ry(V)
is increasing in V/, and there exists N(x5) such that

Vi
Ro(V) > -éi if V>N
a

We assume that there is a k-small contour I'? such that V(I'?) > N(y4), and that
the maximal volume of the k-small contours is so large that remark A.2 is valid.
We also assume (see Lemma A.4) that k > ko(A) and that for a k-large and thin
contour (see (A.44) and (A.49))

Cs

I __ Gs A
V%) = ppv(r2)s ~ 27
so that |g(I'?)'| < A, and

Cik
pA(1 — Ag)nV (T?)

are verified. There exists K (A,n, 3) such that if k£ > K(A,n,3), then k is large
enough. From now on k > K(A,n, 3).

k
< A5
<10 (A.52)

Contribution to | fj{}gi) from the k-small and fat contours

Let I'* be a k-small contour. Since V + Ro(V) is decreasing in V, u,(I'?) is
analytic in the region

{z: Rez < p*(Imz; B) + AT Ry(V*)} Ny,
where V* is the maximal volume of k-small contours. V* satisfies

L/'*é‘gi S . k i
e
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Hence A ) A L .
OATIR,(V*) > ATV Td > ATHOx,) T pFT R
Since remark A.2 is valid, we estimate the derivative of us(I'?) by Cauchy’s

~ 4
formula with a disc centered at u* with radius A~ (fx}) 1 gt k~a=1. There
exists a constant Cyy such that

- A koo kb -
Z [uA(FQ)JfE] < Cuo (m) Kl k7T (A.53)
2:Int 1?30 BF1(0x5)
v T <k,
R

Let T2 be a fat contour, which is not k-small. We use in Cauchy’s formula a disc
centered at p* with radius

OA I (DV(T?)1 < ATIR(V(T)).

We get (see (A.10))

ni{k
|[oa (T

i\ K
i [AVI2) nne-cor
x2(1)8

1\ k
<&l (é_@}ﬁL;) T2 o7 i (330)=CsiliT?

We sum over n and over I'? using the inequality

1.
Yo < ST +1) (p22,022).

m>1

There exist Cy; and C12(0) > 0 so that

k

, A (Con) 7T k

S T e
2:Int 7930 (0125)‘*“1X2(1)9 e

v ()Tt <o

I'? not k-small

% k
< Cn = (62:7}6 - | k! =
(C1283) T x2(1)8

We choose 77 so small that (see (A.53))

A (Con) &1
(Cam)a _ A A

’ oy ek N 1 - < T A N . (A54)
(CraB) T xa(1)8 877 (Bxa(00)) @ BT (fxp) 7
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Contribution to | }{](k) from the k-large and thin contours

For k-large and thin contours we get lower and upper bounds for [gbA(Pz)“]g?.
There are two cases.

A. Assume that R (V(I'?)) > Ro(V(I'%)), or that V(I'?) is so large that
08V (I Ry(V(I?) > k.

For each n > 1 let ¢(n) = nBAV(I'?). Under these conditions we can apply
Lemma A.4 with a disc D,, , so that 0D, = 8ka’n. Indeed, if R;(V(I?)) >
Ry(V(I'?)), then we apply Lemma A4 with R = AR, (V(I'?)), and in the
other case we set R = A" R (V(I'?)). In both cases Tkn < R, which implies
0Dy, ,, = 0Dg, . Therefore we get for If, (I'?) the lower and upper bounds (A.47).

Lemma A.5. There exists a function D(k), limy_o, D(k) = 0, such that for 3
sufficiently large and A sufficiently small the following holds. If k > K(A,n, 3)
and Ry (V(I?)) > Ry(V(I'2)) or 68V (I2)Ry(V (T?)) > k, then

(1= D(k)) [oa(T)) < —[un(T)]%) < (14 D(k)) [oa(T2)] L.
Proof. We have

2 ) 2t 5~ (DO [0 A(T2)7)
~[ua(T?)]F) = (oA (TH]E + [on(T?) Z on T

From (A.47) there exists a constant Cis,

@\(FZ)MUQ) 2ym—1) (C+\F &
oo < G ()

The isoperimetric inequality (A.35), Ra(n) < xa(n)n~d and the definition of
k-large volume contour imply

B3| > ;3x2(1’(F2))V(F2) > 0B8R, (V (D) V(I?) > k.
Let b := Cyd (see (A.45)); we may assume = — b > 2 ¢ by taking 3 large enough.
Then

. an Le=(n=1)(A-bk < Ze L (n—1)k *k{(iﬁ—b)(n 1)~Inn]
€ s ~ o2

Ck 1 47 \
< ; emm{ﬁ——l}ke—k [g{n—l;—lnn}
ok E

= a2

[ 1NF

C..
n>l

IA
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We choose A so small that ¢, (A)e_(A)™ e 10 < 1.

B. The second case is when
08V (T2 Ry (V(I?)) < k < 88V (I?)Ry(V(T?)).
Since the contours are also thin,
BIT2| < ™ 6 (1) BB ()Y (1)
<7 xa (1) 8OV (T%) Ry (V(T%))
<y (D)7 = 0k
We choose B = BA™IRy(V(I?)) in Lemma A.4. The integration in (A.40) is

decomposed into two parts (see figure A.1). We show that the contribution from
the integration over 9D, is necrhg1ble for large enough 3. Since k > K(A,n, 8)

and the contours verify V(I'?)“T > n||T?||, we have

k < k
A=AV (T2)a = AL = Ao)nV(I?)
By definition of K(A,7n,5) (see (A.52))

BT |ren <

fde

k
2 1 <
nﬁur Hp Cl’rk;n — 10 ‘

From (A.43) with r = ri,, we obtain that the contribution to HuA(I‘q)](f*}

most

is at

k 2y\ B k| k! k,_—nBIl2 [ (1~Csé
(14 A)F(BAV(T?)) exp(—l-é-)-l;-gzne T2l (1~C68)

n>1

As in the proof of Lemma A.5, we choose 3 large enough so that we can assume
that —1% — Cgd > %. Then

an —nB|T?|(1-Ce8) < =BIT*IIA- 065><1+Ze En—1k —k[sm 1)— km])

>l n>2

< Al I(1-Cod) (1 +3 e-—-mnk)
n>1

Since B||I2|| < Ak, by choosing A small enough and 3 large enough, so that ¢ is
small enough, we have

(1 — D(k))cFe* e PITZICS > (1 — D(k))ck eke™ 0 > e
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and

(14 D(k))(1+ A)ret0eIT1%5 < (1 4 D(k))(1 + A)keioe?Ced < of

If these inequalities are verified, then the contribution to —[ux( Fq)]iff coming

from the integrations over oD{  is negligible with respect to that coming from
the integrations over D¢ . Taking into account (A.47) we get Lemma A.6.

Lemma A.6. There exists 0 < A’ < Ay so that for all 3 sufficiently large, the
following holds. If k > K(A',n,3) and T'? is a k-large and thin contour, then

. ; 1. iy
~un(T*)]5) 2 55 (1 = D(k) (BAV(T?)) ek 65(1?).

Proposition A.4. There exists 3’ so that for all 3 > (', the following holds.
There erists an increasing diverging sequence {k,} such that for each k, there
exists A(L,) such that for all A > A(Ly)

En. _ dkn
—[f3%) > Ol kylatt AR g TR
Ch4 > 0 is a constant independent of 3, k,, and A.

Proof. We compare the contribution of the small and fat contours with that of
the large and thin contours for k& > K(A’,n,3). The contribution of the small

contours to || f,%l(:f) is at most
k_ .o kd k k eé k&'d‘ d
Cio A* 771 (Bx,) ™51 Kl k71 < Oy Akﬁ“m(g—,) =
X2

The contribution of the fat contours is much smaller by our choice of n (see
(A.54)). The contribution to —| gjif) of each large and thin contour is nonnega-
tive. By assumption (A.50) and the definition of the isoperimetric constant ya,

there exists a sequence I'2, n > 1, such that

L d= r?
lim ||[T2]] — oo and V(]ﬁi}% > ———[—I—-ﬁ;”—f—
o (144
Since "7 Te~* has its maximum at xr = k;zf—l, we set

b= | S|

For any n, I'? is a thin and k,-large volume contour, since by (A.51)

B (1= 2VAW(T?)Ry(V(I?)) > B (1 — 2VANV ()T y,

L 0=

> ST 2 k.
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If A O I'2, then

. 1—D(k .
BOES e L IV G) )
d—1 )
1= D(k) \k, oo de @ s 2
> 27 2 Ak gty ' P
=20 AfrpgTa ((d—1)<1+€,) g) “(I2)
and (see (A.45))
2850 (02) 2 kS oxp [ = (Fuoe + 1)(1+ Cod
ki OATE) 2 ki exp [ = (bng— + 1)(1+ Cod)]
ez
(27ky ) T

By the choice (A.51) of the parameters # and ¢’, if ¢ is small enough, i.e. 3 large
enough, then

d—1

1 -
el [+
ed d ¢ —Cos

< _
o(1 —2vA) d—11+¢

Hence the contributions of the small and fat contours are negligible for large k,

(see (A.53) and (A.54)). Let A(L,) be a box which contains at least |A(Ly,)|/4

translates of I'2. For any A D A(L,), if k, and 3 are large enough, then there
exists a constant Cy4 > 0, independent of 3, k, and A D A(L,), such that

dkn

-{ff\]ff) > Ok ka5t Akn g3 3/ T e

A.4.2 Bounds at Infinite Volume

We show that we can interchange the thermodynamic limit and the operation of
taking the derivatives, and that the Taylor series, which exists, has a radius of
convergence equal to 0. These statements are a consequence of Lemmas A.7 and
AZ8.

Lemma A.7. If 3 is sufficiently large, then for any k € N there exists My =
My(B3) < oo, such that for allt € (u* — &, p*] and for all finite A,

FAP] < M.

Proof. For sufficiently large contours, w(I'?) is analytic and 7,(3, #')-stable on a
disc of radius A" Ry (V(I'?)). From Cauchy formula

i{u (FEHU‘?)i < ! Cfi:S!I%Zéme—;}&?Tg[ !
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for some constants Cy5 and x > 0. Therefore, for sufficiently large contours,

Z ua(T))P| < kI CE Z 2|31 ¢80 = [A|BM] < .

T2CA I'2CA
This implies the existence of M such that || f%f(f’)I < M. O
Lemma A.8. " "
; 2 k) _ s )
g_lf;lo[fz\(mm* }g}l{fh :
Proof. We compute the first derivative at the origin. Let n > 0.
n
. fi(L) (1*) — f:%(L) (W —mn)
= lim —
L—oo n
rr2 (D) 112 (2 2
— Lim VAl M g M\(L,}}u*—xn(n) U
L—oo n
oy a _ 1 @)
= Llfff.}c ([ﬁ@)]w + Eg[ﬁ@)]#*—n(m 77) .
By Lemma A.7, |[f}, Lﬂf?—mm] < M,. Therefore {A(n)}, is a Cauchy sequence.
Hence the following limits exist,
) i W) = f W =m) e e
/], = lim . lim[f];” = Jim [fa)],e

Same proof for the derivatives of any order.






Appendix B

The Stationary Phase Analysis

The following theorem is a generalisation of a result due to Isakov [Isakovl]. Let
Dy(t) = {z€ C: |z — ] < p}.

Theorem B.1. Let p > 0, F(z) = exp(—cz + bf(z)) where 1 < b <c, and f is
analytic in a disc D,(0), with a uniformly bounded derivative:

1
sup |f'(z)| <A< =. (B.1)
2€D,(0) 25
There ezists ko = ko(A) such that the following holds: let t € D,(0) and define
ke = (p—|t|])(c — 2bv/A). For all integer k € [ko, k] there exists zy, = rpe?x €
D,(0) and ¢, € C such that
Ck
(—2&)"
When Imt = 0 and f(z) takes real values for real z, then ¢, = 0 and Im¢;, = 0,
and we have the estimates

F®(t) = k! F—z+1). (B.2)

3 1 1 1
— nd |I < , B.
70 xM<ReCk<V/—C§ an }mcklm Nk (B.3)
bA k cos ¢y, k cos ¢y, L
t o < < . A
l ampkt_a—b/i and crbA == A (B-4)

We have not indicated, for notational convenience, the dependence of 7y, g, ck
on t. A consequence of this Theorem, for t € (—p, +p), is given after the proof in
Corollary B.1. Our theorem improves significantly the original result of [Isakov1],
since we show that derivatives of the function can be estimated anywhere in the
disc of analyticity D,(0). In the course of the proof, we make clear the fact
that the stationary point z, = rpe®* is solution of a system of equations (see
(B.9)-(B.10)), whereas Isakov considered only the point ¢ = 0, and there a single
equation suffices to find z; since y;, = 0. Since this result is at the core of the
proof of non-analyticity, we have explicited every step of the proof.

159
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Proof of Theorem B.1: We use Cauchy’s Formula. Define x € (0,1) by xp = It].
For all 7 € (0, p(1 — k)) we have

1 1 F(z 1 [* F(re® +t
—F® () = = / ) dz = / (re, i )dép,
k! 271 Jop.) (2 —t)*F1 2rrk Jo etke
where we have used the parametrisation z := t + re*? for 9D,(t). Our aim is

to extract the main contribution to this last integral. The integrand, because of
the form of F, has a maximal value for ¢ close to . We thus make a change of
variable, ¢’ := ¢ — 7, to obtain

1 f (=1)%e™ 1 [T L v )
S0 () = =k 'é;/ (SR g, (B.5)

where

o(r, ) := crcos ¢ + bRef(—re + 1)

U(r, @) = crsing + blmf(—re’ + 1) — ko
If t € R and f is real at real points, f(z) = f(%) and therefore Im fE+1t) =
—Imf(z+t). By symmetry we get F’ *)(t) € R. The core of the proof is to choose
r in a specific manner. This is a standard stationary phase analysis. To this end,

we will need an estimate on the second derivative of f. Using Cauchy’s Formula
allows to obtain, for all zo € D,(0):

1 f(w) 1 [ Pz 4 e |
7 T e __________.dw —_ L 0 ) )
f (ZO) 271 /wr/(zo} (w — 30)2 I /(; reif dé, (B 6)

where 7/ > 0 is such that |z| + 7' < p. Using the uniform bound |f'| < A we
obtain (we optimise taking the largest possible 7, namely p — |20])

|f"(20)] < : (B.7)

p = |20
Now, set t € D,(0), |t| = kp, and consider the map ¢ — f(—=re® +1t). A direct
computation yields

L -
(e 4 ) = e (e 1

d? . , , o .
(7€ 4 t) = v fl(—re® ) — (e ' (=re 1),
o
Using (B.7) gives the bound
| d? e 5 A rA \
—re¥ +1) <TA : = .
W e T E A S T T e

We now turn to the existence of a saddle point.
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Lemma B.1. Let t € D,(0), |t| = kp. Then for all k € [0, p(1 — k)(c — 2bv/A)],
the system

0
—o(r. o) =0 B.9)
8@@(91 o) (B.9)
J
=—U(r,p) =0 (B.10)
e
has a solution (ry, pr) with r,. and ¢y, satisfying the following estimates:
bA kcos ¢ k cos @y, ,
ol < <7 < . B.11
ita}n@k'“’c——bz& and c+bA =Tk = c—bA ( )
Proof. We make (B.9) and (B.10) explicit:
sing(c—bRef'(—z + 1)) —cospblmf'(—z +t) = 0;
reosg(c—bRef'(—z+1t)) + rsinpblmf(—z +1) = k.
These two equations are equivalent to
ksing = rblmf'(—z +1)); (B.12)
kcosp =r(c—bRef'(—z+1t)). (B.13)

Then, we see that any solution of the system (B.9), (B.10), satisfies (B.11). To
show that there exists a solution, we first solve (B.13) locally for some fixed ¢ €
(—3,+7%) (so that cos¢ > 0). Define the map r — £(r, ) := r(c—bRef'(—re +
t)). Since f is analytic, its real and imaginary parts are C* with respect to r > 0
and ¢ (see [Reml]), so & is C°. We have £(0, ¢) = 0, and

£(p(1 = ), ¢) = p(1 = K) (e = bRef'( = p(1 = k)¢ +1))
> p(1 = k)(c—bA)
> p(1 —k)(c— .‘ZEJV/Z) >k >kcosyp

which proves the existence of some r, € (0, p(1 — x)] such that £(r,, p) = k cos ¢.
Notice that we also have that !

Te k cos ¢ <= 2bv/A
p(1—k)  p(1 —r)(c—bRef) = c—bA
We can then show that the solution 7, is unique, by verifying that —g;f (r,p) is
strictly positive at r,. First,

<1. (B.14)

—é{(r, ©) =c—bRef'(—re¥ +1t) — Tb—é—Ref’(——rew +1)

or . or _
= ¢ —bRef'(—re’¥ +t) + rbRe (e f"(—re" + t))
(see (B.T)) >c— wjé;-«-
1-— ,
pli—r)

'The definition of k.., with 2v/A4 instead of v/A4, ensures the strict inequality < 1.
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At r =, we get (see (B.14))

VA(c —bA) > C\/— 80

c >0,
2—-vVA T —\,A_Q

-éif’*rf) >c—
o (r, ¢ Z

r=ry,

which proves uniqueness of 7,. The continuity of ¢ — 7, is a consequence of
the implicit function theorem. We turn to the second equation, and set r = .
Using again equations (B.12), (B.13), we have

bIm f' (r e')
T e— bRef’(rg;ei‘f’) '

On (=7, %) the function

blm f (r,e%)
¢ — bRef’ ('r{pe@"@) ’

L;QH

is continuous and takes its values in the interval (c—bzﬁa b‘? A). Therefore there
exists a solution 2 (74, ¥x), Tk = Ty, of (B.12) and (B. 13) O

Notice that we have explicit bounds on ¢y, such as

l s

eospil 2 5 ol < (B.15)

see (B.8) and (B.14)),

| sin p| < | tangx| <

[\
—"

and that we can estimate, at 7 = r;
d2

supd2

- LA c—bA 5¢
f(—rie™® +t)I < SrpA—pe—< < —-rVA.  (B.16)
1 - ot 2bv/A—bA T 9b
We now examine (B.5) when r = 7. Defining z;, = rpe’fk, we extract the value
taken by the integrand at z:

F(=z+t) 1

1
ZFEH = , \
®) (—z1)F 27

- / - 9T @) =0 pi ) H (@’(rka@}ww(rk,wk)) de  (B.17)

e

“~
ECL

We will estimate the integral in ¢; by decomposing [—7, +7] in two parts. The
first is [—m, +7]\[- 5, +5].

FEAY

Lemma B.2. For all § > 0, there exists ki = k1(6) such that for all k > ki we
have

T - !
1 / n / T\ st (v vrne0) gl < 5L (B.18)
27 x — T\ 2mery

2We have not shown that this solution is unique.
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Proof. We have |¢"“"s#)=¥(e@0)| = 1. First, consider the interval [Z,7]. On
this interval, cos,c < y(p) where ¢ — y(y) := cos T —sinZ(p — Z) (we have
y(m) =—-0,95- —1). We can thus compute

. 7 T
crr(cos ¢ — cos ) = crp(cos ¢ — cos 1 + cos 4~ cos ©K)

\/5

T, .o
< ~—§-crk(c,9 - j) + cri(cos 4~ cos k)
T, 23
<Xz 0y
g e P T g

where we used (B.15) in the last step. For the other part containing f,

b(Re f(—re’? +1t) — Re f(—re™* +1)) < b(p — ¢5) sup H;SR@ f(=rpe?* + 1)

©

< briAly — wr)
s "
= bT‘kA(i;D Z - Z - 99&.)
2
S C?"kA(gQ - z) -+ 5‘5‘67%

The first part of the integral can thus be bounded by:

0.3 0.3
35 Tk Q ) — ek o s
: / e~ Ferelo-PrrencAip-3) g, < © e CE- Mg,
z 0

27 27
0.3
e 25 Tk 1

\/ TCT ) (‘\52 1)\/27?'67‘]4;
5 1
2

ﬁ

once k is large enough, since cry > 1_& <2k (see (B. 11)} The same can be done
on [~m, —], on which we use the function y(¢) := cos T +sin Z(¢ — Z). O
On the interval [—%, +%], we use Taylor expansions for ¢ and ), around ¢ = ¢,
We have (r = ry is fixed)
: d?
olp) = o(pr) +0+ ‘“(‘? or)? ?é
¢

2

| | 1
U(p) = ¥(pr) + 0+

@

where ¢ and $ are both functions of ¢. On the interval [—F, +Z], we have the
estimates

10 a2 5 .
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Indeed, since

d? d? ‘
-d:;gé = —CTrpcos + E)ERe Fl—rge® +1) (B.20)
we use (B.16) and find
& 5 10 ,
d@zé =2 =T — ';3\/:‘{0% z L (B.21)
and the upper bound
d...
ap?° S —CTg COS% + = \/—C?k < —‘gCTk (B.22)

We can thus compute some upper bound on the integral over [—%,+7] in ¢ as
follows:

1 + Cb 1 +00
___/ (k) =0kl o < . exp ( —

o 2
2 d
27 gon)de

wt»—x

3 1
B V5V 2mery,

The upper bounds on Rec; and Im ¢, can be obtained by taking, say, 0= % in
Lemma B.2, which gives

3 1

ot

S v )
The lower bound on Rec; is obtained by dividing [——2 +§ = I; U I, where

L = [ox — v, ¢x + 7], and v = 7y, € [-F, +3] is defined by two conditions: first,
fix v small enough such that
2A

sup [sing| <

The existence of such a v is guaranteed by (B.11). This first choice implies that

1 , d? ; :
sup [i(p) — ()| < 577 sup (erulsin gl + b 1))
wely pel; W~
, . 1, 2A 5
( see (B.16)) < -é'}/“‘(crkl — + é—crkv’fi)

i

1, 2
= i”f“c’l“k\[fg(i@ + é)

1 1
< chk\/ZN < Técrkv
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Then, the second condition on ~ is the following:

1 2 s
— Ty = - B.25
107 =3 (B.25)

Here, we might have to take k large enough to make sure that v € [-%,+Z].
Then, we have a lower bound:

Re_l_ / e@(@—@(@k)%(w(@)—@@k})dip> cos 3 / e?@)=9(2E) dp
27 I -

T I

cos T 1 10
(see (B.19)) > —32 / exp (— = - —cr(e — ¢r)?)de
I

27 2 9
3 /100 1
Vs W Y e
47 1 )
> 20 B.26
100/ 27ery, ( )
The upper bound on I, = [—%, ¢r — ¥] U [¢r + 7, +]] is obtained easily:
1 ©r—Y Z So)—o 1 Tlerl 1 5
— d(0)=dler) o < 2. — — = Zerai)d
2%_(/_% +/¢k+ﬁf)e p < o J, exp( 5 gcrkz‘) T
1 [t 15
SQ-E i exp(——é--g»crka)da:
6 /50 1
= =12/ 3=m)
V5 7T\ 2rery
<31 (B.27)
100 /27mery, :
Taking 0 := ;5= in Lemma B.2 and using (B.26), (B.27) gives
47 3. 1 3 1
Reay 2 (——-b0——)—m— = ———, B.28
¢ e 2 (155 100) Voo~ 10 Ve (B.28)
which completes the proof. e

Corollary B.1. Let p > 0, F(z) = exp(—cz + bf(z)) where 1 < b < ¢, and f
is analytic in a disc D,(0), taking real values on the real line, with a uniformly
bounded derivative:

1
sup [f'(z)] <A< . (B.29)
2&D,(0) 5
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There ezists ko = ko(A) such that the following holds: lett € (—p,+p) and define
ke = (p— |t])(c — 20v/A). For all integer k € [ko, k4] there exists i > 0 and
cr. > 0 such that

Ck

(k)
Fow) = m(—?“k)

F(=ry+1). (B.30)

We have the estimates
3 1 - - 1 k <y < k
— e < (g — <7 < )
10 /2mery, g Very ¢+ bA F=c—bA

(B.31)

In particular, (=1)*F®)(t) > 0. Moreover, if f satisfies the local condition
—ct +bf(t) < —apc, (B.32)

with o € (log2,1), then there exists a function a = a(k,c,b), sup |a] < oo, and
v = v(a) > 0 such that for all k € [ko, k] and A sufficiently small:

(log(1+ F))®(¢) = (1 +a- e 2¥)F®() (B.33)
Proof. The first part of the proof follows from Theorem B.1. For the second part,
notice that (B.32) implies |F(¢)| < e~** < 1. The continuity of f 1mphes that in
some neighborhood V' C D,(0), V 3 t, we have sup,y |F(2)| < ez < 1. In

V we can thus use the Taylor series for log(1 + F):
n+1

log (14 F) = Z<1 F”—F+Z(1 Ja

n>1 n>2

Since the series converges absolutely and uniformly in V, we can derive it term-
wise with respect to k. We then need to show that the following holds:

Lemma B.3. Let o € (log2,1). There ezists a positive constant Ko < oo such
that for all A € (%—2—, 1) and for alln > 2, k € [ko, k4],

|(F)®()| < KoeFhea0-N0=0k | pE) ()| (B.34)

where ~ is given by v := aX — log2. The constant A in (B.29) has to be taken
small enough (depending on the value of o).

Suppose for a while that the Lemma has been shown; we have the following
estimate:

{ U )| < 2@
|

n>2 n>2
< th‘i—%k F(ki(f)‘ Ze—%t{l—}x}(n-—-l}k‘
n=2
Ct{l —XYko )
= KG} e—a(l— ko © " (t)i

which proves (B.33). M
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Proof of Lemma B.3: The point is that F is of exponential type. We have
F(2)" = emenstnf(z) = gmenztbnflz) (B.35)

A
with ¢, = ¢cn, b, = bn. For each n = 1,2,..., we can apply Theorem B.1: there
exists for all k € [k, ky, +], where k,, . = nky, some r,; and ¢, such that
1 Cnk , .,
—(FMYW (@) = —2E _F(—rpp +1)" B.36
k,( ) ( ) ("Tn,k)k ( Tnk + ) ( )
Notice that [ko, k4] D [ko, kn ] for all n. The constant 7, is a solution of the
equation k = r(c, — b,Re f'(—r +t)) and satisfies
k k _

— L & — . B.3
P (B:37)
The constant ¢, satisfies
3 1 1
S <en< . (B.38)
10 V2T CaTn ke CnTnk

We can then consider, for all k € [kq, k4 ]:
(FY®()  cop (T1x\" F(=rnp + 1) (B.39)
F®(t) e Tk F(—=ry+1) o

Notice that when n increases, r,; N\, 0 and k, ;. /" oo. Using (B.37) and (B.38),
we find

1.k 1+A
22 <L , B.40
Tn’k_nl-—'A' ( )
and
Cn k 10 P ;1+A
it < e/ D4 = K. B.41
cp - 30 NTZAT (B-4D

We must estimate
F(=rpp+t)"
— = exp (c(nr, =71 ) — ctin — 1
T E— p (c(nrpp=rip) — ct(n —1)

+b(nf(—rpp+1t) = f(—=rix+1))  (B.42)
Using the definition of 7, . gives
, N 1 B 1 ]
Mk T L= R T Re fi(=rur+1t) c—0bRefl(—rix+ t}J
B b(Re f/<‘7'n,k -+ t) — Re f’(—’f‘l,k -+ i))
(= bRe f/(=rni +1))(c—bRe f/(=r1 4 + 1))
<k 2bA - k24
T (e—=bA)P T c(1- AP
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We then compute the term involving f (we use twice |f(z) — f(2/)| < Alz —z'|):

nf(=rpx +t)—f(—rie +1) (B.43)
= (n—1)f(t) +n(f(=rnk +1) = F#) = (f(=rix +1) — (1))
< (n—=1)f(t) +nAryi + Arip

E 24

<(n- 1)f(t)+gi—_‘;4'

We thus have

Flormp 28" etajk (—eerbf@)n-1) (B.44)
F(—rig+t) — ?

where e(A4) = 24(2 — A)(1 — A)™2. Since pc > k; > k, we can use assumption
(B.32) and get, for all A € (0,1),

e(—-ct—é—bf(t}}(n——l) < €-ak(n—~1) - e—a/\k(n—l}e—a(l~>\}k(n~l) (B45>

Since logn —log2 < %(n —2) for all n > 1 we can compute the following bound

sup nFe @D = gup gkllogn—ai(n—1)) (B.46)
n>2 n>2
< sup kllog2—1+artn(j—a))) (B.47)
o n>2

< ek(logQ—-az\) = e“‘gk , (B48)

where we used the fact that ) is chosen such that ¢ = ((«) > 0. Putting our
bounds together we bound (B.39), when A is small, by

, k
K, (%ﬁ%eeu)> e~ 3¢k 3¢k gma(l=Nk(n—1) < Koemégke»-a(l—)\)k(n—l) )



Appendix C

Elements of Cluster Expansion

Consider a countable set D whose elements are called animals, and denoted v € D.
To each animal +y is associated a finite subset of Z? called the support of ~.
Usually we also denote the support by . In the cases we consider, the support is
always an R-connected set. Assume we are given a symmetric binary relation on
D, denoted ~. We say two animals 7,~" are compatible if v ~ +/. When ~ and
+' are not compatible we write v ¢ +'. We assume that the following condition
is necessary to characterise incompatibility: for each animal ~, there exists a set
b(y) C Z% such that if v o +', then b(v) Nb(v') # 0.

To each animal v € D we associate a complex weight w(v) € €. The partition

function is defined by
20)= Y ] wi, (1)

{7}CD ve{~}
compat.

where the sum extends over all sub-families of D of pairwise compatible animals
(we assume this sum exists, which is the case in every concrete situation). When
{7} = 0, we define the product over v as equal to 1. We are interested in studying
the logarithm of the partition function. To this end, we define the family D of
all maps % : D — {0,1,2,...}. The support of ¥ is the set {y € D : 4(y) > 1}.
Usually we also denote the support of 4 by 4. We will also write ¥ > z if the
support of ¥ contains an animal whose support contains . A map ¥ € Disa
cluster of animals if its support can’t be decomposed into a disjoint union S; U S,
such that each v, € S) is compatible with each 75 € Ss. Formally, the logarithm
of the partition function has the form (see e.g [Pf])

logE(D) = > w(¥), (C.2)
eD
where the weight of 5 equals
w(d) = " (3) JL w(r)® (C3)
~ED
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The numbers a” (4) are purely combinatorial factors. They equal zero if 4 is not
a cluster. The following is the technical lemma that gives explicit conditions for
the convergence of the development (C.2). The proof is standard and can be
adapted from [Pf].

Lemma C.1. Let wo(v) be a positive weight such that

sup Z wo(’y)e‘bw% <e, (C.4)

d
TELT vy

where 0 < € < 1. Define wo(3) as in (C.3) with wo(v) in place of w(7y). Then
there exists a function n(e), lim..on(e) = 0 such that

sup > lwo(l < n(e). (C5)

Typically, in the cases we consider, the weights are maps z — w(7; z), ana-
lytic in a domain A C C, and there exists a positive weight wo(7y) such that
lw(: )lla < wol(v) for all 4. Lemma C.1 thus implies that the series (C.2) is nor-
mally convergent, i.e. compactly convergent on A. This guarantees analyticity
of the logarithm of Z(D), by a standard Theorem of Weierstrass (see [Rem1], p.
249-250).
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