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Non-Analyticity and the van der Waals Limit

S. Friedli! and C.-E. Pfister>

Received March 17, 2003; accepted June 19, 2003

We study the analyticity properties of the free energy f,(m) of the Kac model at
points of first order phase transition, in the van der Waals limit y \x 0. We show
that there exists an inverse temperature f, and y, > 0 such that for all § > f,
and for all y € (0, y,), f,(m) has no analytic continuation along the path m x m*
(m* denotes spontaneous magnetization). The proof consists in studying high
order derivatives of the pressure p, (), which is related to the free energy f,(m)
by a Legendre transform.

KEY WORDS: Non-analyticity; singularity at first order phase transition;
Pirogov-Sinai Theory; Kac potentials; van der Waals limit.

1. INTRODUCTION

The first equation of state giving precise predictions on the liquid-vapor
equilibrium at low temperature was given by van der Waals: ®®

<p+§>(u_b):RT. (L.1)

This equation follows from the hypothesis that the molecules interact via
(1) a short range hard core repulsion, due to the assumption that molecules
are extended in space, (2) an attractive potential, whose range is assumed
to be comparable to the size of the system. Nowadays, such an approxi-
mation is called a mean field approximation. As well known, there exists a
critical temperature T, = T,(a, b) such that for T<7,, 2 p>0 for some
values of v, which implies thermodynamic instability. On physical and
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MC p(v)

Fig. 1. The equation of state modified by Maxwell and the analytic continuation at the
condensation point.

geometrical grounds, the graph of the pressure was modified by Maxwell
who replaced p(v), on a suitably chosen interval [v;, v, ], by a flat horizon-
tal segment (the “equal area rule’’). The new function obtained, written
MC p(v), describes precisely what is observed in the laboratory: v, is called
the evaporation point and v, is the condensation point (see Fig. 1).

A particularity of this scenario is that MC p can be continued analyti-
cally along the paths v 7 v, and v\ v,: the liquid and gas branches can be
joined analytically by a single function, which is nothing but the original
isotherm p given in (1.1). The pressure obtained by analytic continuation
was originally considered as the pressure of a meta-stable state (see Fig. 1).
For instance, the meta-stable state obtained by analytic continuation along
the path v \ v, is called a super-saturated vapor.

Much later, Kac, Uhlenbeck, and Hemmer® showed how the
Maxwell construction could be rigorously justified for a one dimensional
model, from first principles of statistical mechanics, using a double limiting
process: if the range of interaction diverges after the thermodynamic limit,
then convexity is preserved and the free energy converges to the convex
envelope of mean field theory. Later this was generalized and extended to
higher dimensions by Lebowitz and Penrose."® From the point of view of
analyticity, these results imply, as in the theory of van der Waals, that the
free energy can be continued analytically across condensation/evaporation
points.

In the mean time, arguments were given, saying that when the range of
interaction is finite, the free energy might have some singularities that
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forbid analytic continuation across the transition points. In refs. 7 and 14,
Fisher and Langer analyzed in details simple models to illustrate this phe-
nomenon, but it was not until the seminal work of Isakov(? that this was
shown for the Ising model.

An important issue is thus to understand how the breakdown of
analyticity at a first order phase transition point relates to the range of
interaction. Since Kac potentials give a way of interpolating finite range
systems and mean field, it seems an interesting problem to study the
dependence on the scaling parameter y of the analyticity properties of
the Kac model at low temperature. The aim of this work is to show that for
the Kac-Ising ferromagnet on Z‘ (d>2) at low temperature, the free
energy has no analytic continuation at first order phase transition points as
long as the range of interaction is finite (y > 0). Analytic continuation occurs
only after the van der Waals limit (y N\ 0). This result answers a question
raised by Joel Lebowitz at a conference devoted to Kac potentials, Inko-
mogeneous Random Systems, held in Paris, January 2001.

In Section 1.1 we remind the main properties of the free energy for
mean field and Kac potentials in the case of Ising spins. In Section 1.2 we
state our main results and give the strategy of the proof.

1.1. Mean Field and Kac Potentials

We consider the lattice Z¢, d > 2, with a distance d(x, y) = |x— |,
where

¥l := max |x;]. (1.2)

This distance will also be used for points of RY. The letter 4 will always
denote a finite subset of Z“. At each site i Z‘ lives a spin g, € {+1}. The
configuration space is 2 = { +1}%’. For any set 4, 2, = {+ 1} . Our nota-
tions are often inspired by those of Presutti."®

Mean Field

In a mean field model, the interactions ignore the spatial positions of
the spins, and the hamiltonian in a volume A containing N sites is (¢ € 2,)

HY (¢):= 1 Y o0;. (1.3)

{i.jy=a
i#]
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As is well known, the free energy can be easily computed. For me
[_ 17 +1]7

1 1
Sur(m) = ) mz—z I(m), (1.4)
where
1— 1— 1 1
I(m):= — mlog m_ +mlog +m. (1.5)

2 2 2 2

When f <1 f, is strictly convex, but when § > 1, f;,- has two minima at
+m™*(B), where m™*(p) is the positive solution of m = tanh(fm). B, :=1 is
the critical temperature of mean field theory. As in van der Waals theory,
fur 18 non convex when > f,, in contradiction with thermodynamic
stability.

Kac Potentials

Kac potentials are defined as follows. Consider J: RY - R* supported by
the cube {yeR’:|y|<1}=[—1,+1] such that the overall strength
equals unity, i.e.,

de J(x)dx = 1. (1.6)

Let y € (0, 1) be the scaling parameter. Define J,: Z¢ — R™ as follows:

J,(x) := ¢,y (yx), (1.7)
where c, is defined so that
> J(x)=1. (1.8)
x#0

It is easy to see that (1.6) implies lim, ., ¢, = 1. Since J,(x) = 0 if [|x]| >y,
we call R := y~! the range of the interaction.

Convention. Unless stated explicitly, R will always denote the range
of interaction, i.e., y~'. For simplicity, we will usually omit y from the
notations of the quantities that will appear in the sequel (hamiltonian,
partition function).
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For a finite 4, 0 € Q,, the Kac hamiltonian is defined by

Hﬁ(a’):— Z Jy(l_]) O-iaj_h Z Gi, (19)
{i,ji;A ied
i#j

where / € R is the magnetic field. The magnetization in 4 is

1
my(o) = (1.10)
4 IAl IEZA
and takes values in a set y, = [ —1, +1]. The canonical partition func-
tion is defined by (f > 0 is the inverse temperature, m € y,):

Z(A,m)= Y exp(—BHY(c,)). (1.11)

o ERQ
my(e)=m

The free energy density is, forme [ —1, +1],

f,(m) = ——_log Z(A, m(A)), (1.12)

1
Y
where the thermodynamic limit 4 ~ Z¢ is along a sequence of cubes, and
the sequence m(A) is such that m(A) — m. The function f, exists and is
convex. The Theorem of Lebowitz—Penrose’® gives a closed form for the
free energy in the van der Waals limit y 0. For a function f(x), let
CE f(x) denote its convex envelope.

Theorem 1.1. [Ref. 16]. Forany f>0,me[—1, +1],
So(m) := 1}{% f,(m) = CE fiyp(m). (1.13)

When B > 1, the graph of f,(m) is thus horizontal between —m*(f)
and +m*(pB), giving a rigorous justification of the Maxwell construction
(see Fig. 2).

fo(m)
-1 +1
—m(8) T (8)

Fig. 2. The free energy f,(m) when f>1. The dotted line is the analytic continuation
provided by f,,r(m).



670 Friedli and Pfister

From the point of view of analyticity, we have

Corollary 1.1. When g>1, f, is analytic everywhere except at
+m*(B), and has analytic continuations along the (real) paths m » —m*(B),
m~ +m*(B). The unique analytic continuation is given by the mean field
free energy f,r.

That is: after the van der Waals limit, all the analyticity properties of
the free energy are known explicitly. There exists no formula for f, when
y> 0, and it was not shown, until the papers of Cassandro and Presutti®®
and Bovier and Zahradnik,® that the system exhibits a first order phase
transition before reaching the mean field regime: for all § > 1, the graph of
f,(m) already has a plateau [ —m*(B,y), +m*(f,y)] when y is small
enough. In this sense, one can say that mean field, together with the
Maxwell construction, is a good approximation to long but finite range
interactions (and vice versa). Our purpose is to show that from the point of
view of analyticity, the situation is very different.

1.2. Obstruction for y > 0; Main Results

Our results hold for Kac potentials for which Lemmas 2.1 and 2.8
hold, but we believe them to be true for any ferromagnetic potential
satisfying (1.6). For the sake of simplicity, we focus on a particular poten-
tial, i.e., on the step function

J(x) =2_d1"x"<1(x) (114)
In this setting, our main result for the free energy density is the following:

Theorem 1.2. There exists f, and y, >0 such that for all > g,
y€ (0, %), f, is analytic everywhere except at +m™*(f, y), but has no ana-
lytic continuation along the paths m » —m™*(f, y), m\ +m*(B, 7).

This result is in favor of the original ideas of Fisher and Langer,
saying that finiteness of the range of interaction is responsible for absence of
analytic continuation. In particular it excludes the possibility of obtaining
the free energy by a Maxwell construction: when y > 0 the phases + and —
cannot be joined analytically.

The proof of Theorem 1.2 will be done by working in the more
appropriate grand canonical ensemble (in the lattice gas terminology), in
which the constraint on the magnetization is replaced by a magnetic field.
Let

Z(AM) =} exp(—pH(0)). (1.15)

ceRy
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Define the pressure density by

. 1
p,(h) := /}grrzld Dy, 4(h), where p, 4(h) = m log Z(A). (1.16)
The free energy and pressure densities are related by a Legendre transform:
fy(m) =sup (hm—p,(h)). (1.17)
heR

See for instance ref. 19 for a proof of this property. The analytic properties
of f, at +m*(p,y) will be obtained from those of p, at h=0. By the
Theorem of Yang and Lee,"” p, is analytic outside the imaginary axis. The
main result of the paper is the following characterization of the analyticity
properties of the pressure at 2= 0.

Theorem 1.3. There exists f,, y, >0 and a constant C, >0 such
that for all 8 > f,, y € (0, y,), the following holds:

(1) The directional derivatives p$ < (0) exist for all ke N, i.e., p, is
C* at h=0. Moreover, there exists a constant C, >0 such that for all
keN,

sup  [p% ()| < (C,ya a1 kla“i 4+ CEkl. (1.18)

0<Reh<e

(2) The pressure has no analytic continuation at 2= 0. More preci-
sely, there exists C_ > 0 and an unbounded increasing sequence of integers
ki, k... such that for all k € {k,, k,,...},

IP® = (0)] = (C_ya g7 )* ka1 — CFkl. (1.19)

The lower bound (1.19) becomes irrelevant when y \ 0. Moreover,
we should mention that each integer k; depends on y and S, with
lim,  ,k; = +co: information about non-analyticity is lost in the van der
Waals limit. Since we know from the Lebowitz—Penrose Theorem that p,
converges, when y\ 0, to a function that is is analytic at A=0, it is
worthwhile considering the low order derivatives of p,. Considering the
upper bound (1.18), it easy to show the

Corollary 1.2. There exists C = C(f) such that for small values of
k,i.e., for k <y~ we have the upper bound

sup |p$ < ()| < CHk. (1.20)

O0<Rekh<e
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p7(0) ~ k! PP(0) ~ ks

| | | . .
| T ! ' ' N
—d k‘1 kz k3 e

Fig. 3. The derivatives of the pressure at & =0, when y > 0. The first ones (k < y~) behave
like those of an analytic function, but non-analyticity always dominates for large k.

This shows that a close inspection of the derivatives of the pressure
allows to detect how analyticity starts to manifest when y approaches 0.
These different behaviours are illustrated on Fig. 3.

To show Theorem 1.3, we first construct the phase diagram of the Kac
model with a complex magnetic field, at low temperatures, y 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.

1. Phase diagrams of lattice systems can be studied in the general
framework of Pirogov—Sinai Theory (refs. 20 and 23), 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 y \ 0 since in the van der
Waals limit, the interaction between two arbitrary spins vanishes. There-
fore, a direct application of Pirogov-Sinai Theory would lead to a range of
temperature shrinking to zero in the van der Waals limit.

We will use a technique useful for the study of spin systems with long
but finite range interactions, invented recently by Bovier and Zahradnik.®
Their technique allows to study, for instance, the Kac model with a mag-
netic field, in a range of temperature that is uniform in y. 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 y~'-neighbourhood con-
tains a majority of spins +. When a point is in neither of the restricted
phases, it is in the support of a contour ", and it can then be shown that
the contours defined in this way satisfy the Peierls condition with a Peierls
constant p that is uniform in y: ||I'|| = p |I'| where ||| is the surface energy
of I'. In Section 3 we show that a polymer representation can be obtained
for the restricted phases, and that their corresponding free energies behave
analytically at 2 = 0. The full phase diagram is then completed in Section 4:
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we give precise domains in which the partition function can be exponen-
tiated. These domains are made optimal by introducing special isoperime-
tric constants associated to contours (see the discussion hereafter, and
(2.44)). Complications arise from the fact that polymers of the restricted
phases induce interactions among contours. Besides the definition of the
restricted ensembles, our analysis of the phase diagram is independent of
the paper.® In a different setting, restricted ensembles were also studied in
refs. 1, 2, 6, and 15.

2. To implement the mechanism used by Isakov, we consider the
pressure p., in a finite box 4, with a pure +-boundary condition. By
introducing an order among the contours inside A, the pressure can be
written as a finite sum:

1
ya=-—rlogZf (), 1.21
Py ﬂIAI ogZ ()+ﬁ|A|FeZ uy(I) 1.21)

¢t ()

where Z}(A) is the restricted partition function and € *(A) is the family of
all contours of type + in 4. With the analysis of Sections 3 and 4, the
derivatives of the functions u}(I") can be estimated using a stationary
phase analysis. When A is sufficiently large, the contributions to p+(k)(0)
are the following: since it is analytic, the restricted phase contributes a
factor Ckk' 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 contri-
bution in comparison of the k-large ones. This gives a lower bound

Py P O)] = (C_y7ap~an)* iz - CFk. (1.22)

In the last step of the proof we show that lim, p}>{¥(0) = p{® < (0), and so
(1.22) extends to the thermodynamic limit 4 » Z“, which gives (1.19).

Before going further, we make an important remark. In ref. 10, Isakov
proved Theorem 1.3 for the Ising model. An attempt was then made, in a
second paper,!V to extend the method to any two phase model for which
the Peierls condition holds. Unfortunately, this extension could only be
done under two additional assumptions which we briefly describe. Asso-
ciate to each phase a discrete isoperimetric problem of the following type:
let V(I') denote the volume of the contour I" (of a given type) and ||I']| its
surface energy. For N € N, consider the problem:

Find the best constant C(N) such that ———= ra )
P(N) s

for all contours I" with V(I") < N.

<C(N)V(I)a
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The assumptions of Isakov are then that in the limit N — oo, (1) the
asymptotic behaviour of the constant C(X) is the same for the two phases,
(2) there exist maximizers of arbitrary large size.

Clearly, these assumptions are satisfied by the Ising model, for which
|I”)l=|I"| (the number of dual bonds on the dual lattice) and the maxi-
mizers are always given by cubes, i.e., C(N) = (2d)~! for all N. But for a
model with no symmetry or with interactions that are more complicated
than nearest neighbours, these assumptions can be very hard to check. The
problem comes from the fact that the surface energy ||I'|| depends on the
detailed structure of the hamiltonian. In our case, symmetry reduces the
difficulty to the existence of large maximizers. We will see that the con-
struction of the phase diagram can be done when the isoperimetric problem
is formulated as follows:

v(r 1
Find the best constant K(/N) such that () < KN)VI)4

P'(N) 1l
for all contours I" with V(I") = N.

By formulating the problem in this way, the existence of large maximizers
is immediate, and we avoid the necessity of solving the isoperimetric
problem explicitly.

It was actually shown in ref. 8 that the two assumptions of Isakov can
be swept out, and that the result of ref. 11 can be extended to the whole
class of two phase models treated generally in Pirogov-Sinai theory, the
only necessary ingredient for non-analyticity being the Peierls condition.
The general theorem of ref. 8 applies to the Kac model but with some
restriction f = f,(y) where f,(y) diverges when y \ 0. In the present paper
we study the van der Waals limit at fixed £.

The description of the model in terms of contours and the verification
of the Peierls condition for |I’]| will be done in Section 2. Section 3 is
entirely devoted to the study of restricted phases and to their analyticity
properties, adapting the technique of ref. 4. Section 4 is the construction of
the phase diagram in the complex plane of the magnetic field. Section 5
contains the proofs of our main results, and Appendix 1 contains basic
definitions for the cluster expansion technique.

Conventions. Wewill often use the norm | f], := sup,.p |f(z)|- When
G is a graph we denote by V' (G) its set of vertices and by E(G) its set of edges.

2. CONTOUR DESCRIPTION

For the description of configurations in terms of contours, we use the
notion of correct/incorrect point introduced by Bovier and Zahradnik
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in ref. 4. There are two major requirements for the way in which contours
should be defined.

1. They are defined on a coarse-grained scale, and a Peierls condition
must hold for the surface energy of each contour, with a Peierls constant
that is uniform in y. See Proposition 2.2.

2. Outside contours, a partial re-summation over configurations will
lead to restricted phases. To obtain convergent expansions for these phases,
care must be taken in the definition of contours. See the parameter o in
(2.16).

Remark. In the study of Kac potentials, one finds in the literature
another definition of contour. For instance in refs. 5 and 3, contours are
defined by comparing the local (empirical) magnetization to the mean field
spontaneous magnetization +m*(8). This allows to study the system very
close to the critical temperature, by using explicitly the mean field func-
tionals. Unfortunately, this technique hasn’t yet been extended to the study
of the Kac model with a magnetic field. In our case, the local magnetiza-
tion is always compared with + 1 (rather than +m*(f)), and we must there-
fore 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.

2.1. Definition of Contours

We introduce some more notations. We have d(x, 4) = inf{d(x, y):
yeA}. For N =1, define the box By(x):={yeZ?:d(x,y)< N}, and
Bjy(x) := By(x)\ {x}. The N-neighbourhood of A is

[4]y:= U By(x), (2.1)
xed
and the boundaries
OxA={xeA°:d(x, A) <N}, 2.2)
OyAd={xeA:d(x, 4)<N}. (2.3)

A set A is N-connected if for all x, y € A4 there exists a sequence X, X,,...,
X,_1,X, With x, =x, x,=y, x;€4, and d(x;,x;,,,)<N. If 0,€Q,,

n—1> “‘n

74 € L2 4, we define the concatenation o, € Q in the usual way:

(0, if ied,

(Oan4); = {(WA‘)i ——— 2.4
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We often use the symbol # to denote either of the symbols + or —, or the
constant configuration taking the value # at each site of Z“. We define

(0, 0;) := =3 J,(i—)(o,0;— 1), 2.5

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

Y dy= Y JGi-p=1. (2.6)

Relevant functions for the study of nearly constant spin regions are the
following (they will appear naturally later when reformulating the hamil-
tonian):

Wf}(ﬂi, O'j) = ¢ij(o-i9 aj) _¢ij(#5 Jj) _¢ij(0i: #). 2.7

Notice that w#(# g;) =w; (a,, #)=0.Let (0, 1), 6 € Q. With regard to
the step function J deﬁned in (1.14), we define a point i to be (J, +)-
correct for o if

)
|BR() N {j:0;=—1}| <7 Bl 2.8

That is, the R-neighbourhood of a (J, +)-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 w 7> 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 2.1. Letde(0,1),0eQ,iecZ".

1. iis (6, 4+)-correctforaify; ., [wi(—, ;)|
2. iis (J,—)-correctforaif }; ,; w;(+, o))
3. iiso-correct for g if it is either (J, +)- or (J, —)-correct for o.

<0.
<0.

4. iis J-incorrect for ¢ if it is not J-correct.

It is easy to see that this definition coincides with (2.8) when J is the step
function.

The notion of correctness for a point i depends on the spins in the
R-neighbourhood of i but neither on the value of g;, nor on the magnetic
field. Notice that if 6 =0 this notion of correct point essentially coincides



Non-Analyticity and the van der Waals Limit 677

with the one of Zahradnik in ref. 23. We first show that when ¢ is small,
regions of (d, +)- and (J, —)-correct points are distant. In particular, a
point i cannot be at the same time (J, +)- and (J, —)-correct.

Lemma 2.1. Letde (0,279, 0 Q. Then

(1) Ifiis (0, +)-correct, the box Bi(i) contains either (J, +)-correct,
or J-incorrect points (but no (d, —)-correct points).

(2) Ifiis (d, —)-correct, the box Bi(i) contains either (d, —)-correct,
or d-incorrect points (but no (J, +)-correct points).

Proof. Suppose i is (J, +)-correct for o. Consider je Bg(i) and
compute

Z Wi (+, o)l = Z 2y = Z 20 (2.9
kk#j keBR(j) ke BR(j) 0 BR()
o =+1 o =+1

Using the properties of the function J(-),* we can exchange j and i and
write

Y W= Y k=Y 20— Y 20y (210)

ke BRr(j)) 0 BRr() ke BR(j) n Bxr() k#i k¢ BR(j) n BR()
o =+1 o =+1 o =+1 o =+1

Using (2.6) and |Bg(j) N Bg(i)| = 27¢|Bg(i)|, this last sum can be bounded
by

291
Y des<— @2.11)
k¢ Bx(j) 0 BR()
o =+1

Then, since i is (J, +)-correct for g,

Y 20k=2— ) 265=2— ) |wi(—0)l=2-6. (212
ki ki ki
o =+1 o =—1

We thus have the lower bound

291
Y |Wj7c(+,0'k)|>2—5—27>5, (2.13)

kk+#j

i.e., j cannot be (J, —)-correct for g, which finishes the proof. |I

* At this point we use the particularity of the step function: ¢, is constant on the intersection
Bi(j) 0 Byi).
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In the sequel we will always assume that & € (0,27) is fixed. The
cleaned configuration & € Q is defined as follows:

+1 if iis(J, +)-correct for o,
g, =4 —1 if iis(d, —)-correct for o, (2.14)

o; if i is J-incorrect for o.
For any set M < Z°, we can always consider the partial cleaning o,,G,-
which coincides with ¢ on M and with ¢ on M°¢. In the sequel, the cleaning
and partial cleaning are always done according to the original configura-
tion g, with a fixed d. Notice that if a point i is, say, (J, +)-correct for o,
then the cleaning of ¢ 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 2.1. We denote by I;(o) the set of d-incorrect points of the con-
figuration ¢. The important property of the cleaning operation is stated in
the following lemma.

Lemma 2.2. Let M, = M,,5 (0, 81 Then I(0y, G ) < Iy (000, 5 )-

Proof. Let i be a (¢', +)-correct point of 7,,,G,. Using the fact that
Oy, Gy and a,,, G, coincide on M, and M$, we decompose
1 1 2 2

z [wi(—, (UMI O )l

k:k#i

= Y W= o))l + Y wi(= Gl
kik#i kik#i
keM; UM, ke M)\ M,

There are at most three possibilities for a point k of the last sum. (1) If & is
(0, +)-correct for o then G, =+1 and so |wh(—,&)=0. (2) If k is
d-incorrect for o then G; = gy = (04,5 ) (3) If k is (J, —)-correct for o
then it is also (d, —)-correct for o,,G,:;. By Lemma 2.1, i is not
(0, +)-correct for o,,G,. This is a contradiction with the fact that i is
(&', +)-correct for g,,,G,,, so there are no such k.

We can then bound the whole sum by ¢’. This shows that i is
(0', +)-correct for a,,, Gy, and finishes the proof. |1

Contours are defined on a coarse-grained scale. Consider 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 C’ the unique box
of this partition containing the site i € Z“. ¥” will denote the family of all
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subsets of Z“ that are unions of boxes C). For any set 4 = Z“, consider
the thickening (compare with (2.1))

(4},:=) c?. (2.15)

ied

In the sequel we always consider / such that / = vR, with v > 2.

We will need to decouple contours from the rest of the system. Since
interactions are of arbitrary large finite range, we follow ref. 4 and intro-
duce a second parameter d € (0, ). This new parameter is crucial; its
importance will be seen later, for instance in the proof of the analyticity of
the restricted phases. For each o € 2 with |I;(o)| < o0, consider the follow-
ing set:

E(0):={Me€?: M>[I;(6)]x, M > [I5(04G1) ]z} (2.16)

First we show that &(c) is not empty. Consider M, :={[I;(c)]z};- If

= (f then I3(¢) = I;(¢) = & and any subset of Z? is in &(c). So we
assume M, # . This gives &(c) # & since M, e 6P, M, > [I;(c)]z 2
[L;(0)]x and M, > [I5(0)]g = [I5(04,G1) ]z by Lemma 2.2. We then
show that &(o) is stable by intersection. Suppose 4, B € &(g). Then clearly
A n B> [I;(0)]z and using again Lemma 2.2,

A>[I5(0,64)]r > [IS(O-AnB&(AmB)”)]R’ (2.17)
B> [I5(05G5) ] 2 [Is(aAnB&(AnB)”)]Ra (2.18)

which implies 4 N B € &(o). The following set is thus well defined, and is
the candidate for describing the contours of the configuration o:

I*(o):i= () M. (2.19)

Me&(0)

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

Lemma 2.3. There exists, in the 2R-neighbourhood of each box
CY < I*(0), a point je I*(c) which is d-incorrect for the configuration
G *0 p*e.

Proof. Let C” < I*(o). First, suppose I;(6) "[CP],z # . Then
each je (o) N[C?]y is S-incorrect for o, and hence d-incorrect for
oG p*, since & < 8 and ¢ and o,*G,* coincide on Bg( j)-
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Suppose there exists a box C? such that* [I;(6)]x N [CP]x= . If
Is(opG+) N [CONr = I, ie., [I5(0G %) ]g 0 [CP]r = &, then we define
I' :=I1*\C®and showthat I’ € &(o), a contradiction with the definition of I'*.
First, I' o [I;(6)]x. Using Lemma 2.2, I* > [I;5(g,26+ )]z 2 [I5(o7Gp<) ]z
Since we have [I5(c;+G*) ]z N [CP]z = &, this implies I’ o [I5(c,6,<) ]z,
ie., I'e&(o). 1

When studying restricted phases, we will need to re-sum over the set of
configurations that have the same set of contours, that is to consider, for a
fixed o (we assume I*(c) # &),

A(0) :={0": 0p*,) =00, [*(d') =T*(0)}. (2.20)

It is important to have an explicit characterization of the set <7(g). Let
A*(o) denote the set of points of I*(¢)° that are (J, #)-correct for . By
Lemma 2.1 we have d(A* (o), A7(0)) > I, and we have the partition

Z°=TI*(o) U A7 (o) U A (0). (2.21)
We now show that the set .«7(o) can be characterized explicitly by

P(0) :={0": 0%, = 0,%,), eachie [A*(c)]g is (J, #)-correct for o' }.

Proposition 2.1. If I*(c) # &, then o/ () = 2(0).
Proof.

(1) Assume o' € /(o). Then I*=1%(c) =I*(c’) = [I5(c')]x, so that
each i € [I*]y is d-correct for ¢’. Let A be a maximal connected compo-
nent of [I*°];. There exists i € 4 such that i € I'*, since we assumed I* # (.
By Lemma 2.1, it suffices to show that i is (d, +)-correct for ¢ if and only
if it is (J, +)-correct for ¢’. Assume this is not the case, e.g. suppose i is
(0, +)-correct for ¢ and (J, —)-correct for ¢’. That is,

>, lofi(=, (apGp))l= ) wi(—, a)I <3, (2.22)
j#i jeBr@)nI*
Y oy (+, (@pap))l= Y wi(+,0;)| <0 (2.23)
j#i jeBr@)nI*

* Here we use the fact that A N [B],z = & if and only if [A]z N [B]z = &.
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Since i € I* we have’®

Y i+ @parpl< X wy(+ HI<2(1-279.

jeBRG) NI jeBRG) NI

Therefore we get a contradiction, since,

2= z |W$ — (0'1*51*“)]')| + |wi;(+7 (0'1*51*“)]')|

i#i

<26+2 Y wi(+ (0p6p)))| < 26+2(1-27) <2, (224)

jeBy(i) nI*

where we used the fact that § <d <27

(2) Suppose ¢’ € Z(o). Since ¢’ coincides with ¢ on I*(¢) and all
points of [I*(0)¢] are d-correct for o', we have I;(¢') = I;(c). This gives
I*(0) o [I;(0)]r = [1;(¢")]z- Then, since 010010 = O 01* 0> We
have I*(0) = [15(0,%4 0%y ) 1x = [15(0" 1*)G ' 1*0):) 1z- This implies I*(o) €
&(a"), i.e., I*(a') = I'*(0). Assume I*(c)\I*(¢") # . Using the fact that ¢
and ¢’ coincide on I*(6)\I*(a’), we have 6,%,G %y = 0% T 1% This
gives, like before, I*(a") > [15(0' /(G 1wy ) 1r = [15(01%0) T o)) 1r- With
I*(6") o [I;(6")]x = [I;(0) ]z, this implies I*(¢") € &(0), i.e., [*(c") = I'*(0).
Sod' e A(a). |

In particular, Proposition 2.1 implies that o;+,,G;%,) is an element of
A (a).

Definition 2.2. The connected components of I*(¢) form the
support of the contours of the configuration ¢, and are written
supp I1,..., supp I,,. A contour is thus a couple I = (supp I, o), where
o is the restriction of g to I

A family of contours {I7,..., I},} is admissible if there exists a con-
figuration o such that {I,..., I’,} are the contours of ¢.°

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 p. Notice that two (distinct) contours are at distance at least / from each
other. We will usually denote supp I" also by I". Contours should always be
considered together with their type and labels, which we are about to

> 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(x) = J(y) when x| = |y|-

®Note that the configuration ¢ is not unique, unlike in the usual situation treated in
Pirogov-Sinai Theory.
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define. The following topological property is needed for the definition of
labels.

Lemma 2.4. Fix R>1. Let B< Z? be R-connected and bounded.
Then 0% A and 03 A4 are R-connected, where 4 is any maximal R-connected
component of B¢ = Z\ B.

Proof. Let A be any maximal R-connected component of B¢. Then
A¢ is R-connected. Indeed, let x, ye A¢, and consider a path x; =
X, Xpyeery X = ¥, d(X;, X;41) < R.If x; € A° for all i there is nothing to show.
So suppose there exists 1 <i_ <i, <n such that {x,..,x; _,x; }< A"
X 1 €A, X, €A, {x; ,X; 41, X, } © A°. Since A is maximal, we have
X; €B, x; € B, and we can find a path from x; to x; entirely contained
in B, i.e.,in A°.

We then show that 0] 4 is R-connected. Fix € > 0 and consider the sets

X={xe R?: d(x, A)<§+e}, (2.25)

R
Y={ye[Rd:d(y,A“)<3+e}. (2.26)

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 x, y € 9} 4, together with %, € X nY such that d(x, X) <3,
d(y,7)<3. Then consider any sequence % =%,.,%, =7, %eXNY,
d(%, %,1) <€ For each i we have d(X;, A) <%+, d(%;, A°) <Z+e. This
implies that each box B +(%;) contains at least one element x; € 0f 4, i.e.,
d(%,, xi) <2+e€. We have

d(x;, xi ) <d(x}, X)+d(X;, X,1)+d(Xi, xip) S R+2e+€'. (2.27)

If 2¢ +€' <3, this shows that 9} 4 is R-connected, which implies that 93 A4 is
R-connected. The same proof holds when 0% 4 is replaced by 0z 4. |

Let I" be a contour of g, A a maximal R-connected component of
(supp I')¢. Let i € 0zxA. By definition, i is (J, #)-correct for ¢ for some
# e {+1}. By Lemmas 2.4 and 2.1, each i’ € 034 is (J, #)-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 I"¢ with label — (resp. +) is called the interior of I', and is

" This property of R? is called unicoherence. See ref. 12, Vol. 2, Theorem 9 of Chapter 57.1,
and Theorem 2 of Chapter 57.11.
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denoted int I". Notice that there is only one type of interior. We define
V(I'):=|int I'|. The union of the remaining components is called the
exterior of I', and is denoted by ext I". A contour is external if it is not
contained in the interior of another contour.

Let I" be a contour of some configuration o. Assume I is of type +.
Consider the configuration o[ I"], which coincides with ¢, on the support
of I', and which equals +1 on ext I', —1 on int I". Using Proposition 2.1,
it is easy to see that o[ '] has a single contour, which is exactly I". This can
be generalized to a family of external contours of the same type, as in the
second part of the following lemma.

Lemma 2.5. External contours have the following properties:

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

(2) Let {I,...,I,} be a family of external contours, all of the same
type. Then {I,..., I’,} is admissible if and only if d(I;, I';) > I for all i # j.

Proof. The first statement follows easily from Lemma 2.4. 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 /. Then,
assume d(I;, I;) >1 for all i # j. Consider the configuration o[1,..., I, ],
which coincides with ¢, on the support of I;, which equals +1 on
(N extI'; and —1 on |J; int I;. Then the contours of ¢[I7,..., [, ] are given

by (L1 I3}

2.2. Re-Formulation of the Hamiltonian

Consider a finite volume A € ¥ with the pure +-boundary condition
+r€Qy. Let 6,€Q,. We set 0:=0,+,. The hamiltonian with
boundary condition +, is defined by

H,(0)=H,(0,+4)= Z ¢ij(o-i9 Uj) + Z u(o;), (2.28)

{i.i}n A+ ied
i#]
where u(a;) = —ho;, h € R. Since we work in a finite volume, we will from

now on identify I*(¢) with I*(c) n 4 and A*(c) with 4%(c) " A. The
following lemma shows how the hamiltonian can be written in such a way
that spins in correct regions interact via the functions wf;. and are subject to
an effective external field U*.

Lemma 2.6. Define the potential U*(0;) :=u(0,)+ 3 ;. ;.: ¢;(0,, #).
Suppose 7, is such that I*(6) N dx4 = &. Then

H,(0) = Hp(apG)+Y. < Y wi(o:, 0,)+ Z# U#(ai)>. (2.29)
# {[,j}r\A#;ég ied
%)
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Proof. The proof is a simple rearrangement of the terms. Consider a
pair {i, j} appearing in H,(c). Since d(A*, 47)> R we have a certain
number of cases to consider: (1) {i, j} = A*. In this case, write

¢ij((7i: O'j) = W;;(O'ia O'j)+¢ij(0ia +)+¢ij(+s O'j)- (2.30)

The second term contributes to U*(g;), the third to U*(g;). (2) ie A",
jeI*. In this case the third term contributes to Hp(g*G+). (3) i€ A™,
j € A% in this case, ¢,;(+, o;) = 0. The other cases are similar. Notice that
the case ie 4™, je A° never occurs since points of 0z4 can only be
(0, +)-correct. ||

2.3. Peierls Condition and Isoperimetric Constants

We take a closer look at the term H,». Remember that contours are
maximal R-connected components of I*. For each contour I', ¢[I'] and
oG+ coincide on [I*]g. Since d(I", I'") > I, we can decompose

Hp(opGp) =3, Hp(o[T']) (2.31)
-3 (Ir1+ L etr1) ), e

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

I7l:= Y ¢yl olT])). (2.33)
A

The central result of this section is the following.

Proposition 2.2. The surface energy satisfies the Peierls condition,
i.e., there exists p = p(d, v) > 0 such that for all contour I,

171> p I (2.34)
The constant p is independent of y and is called the Peierls constant.

Remark. |I'| denotes the total number of lattice sites contained in
the support of I'; in the literature, it often denotes the number of blocks
C® contained in I'. In the latter case, the Peierls condition becomes
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IC|| = p'y~|I'| (with a different constant p’), and By~ is interpreted as an
effective temperature for the system on the coarse-grained scale y~*
We will need two lemmas. The first is purely geometric.

Lemma 2.7. For any finite set 4= Z? and for all R,e N, there
exists 4, < A, called an Ry-approximant of 4, such that 4 = [4,]z, and
d(x,y)> R, forall x, ye 4y, x # y.

The second lemma is a property of the Kac potential. In ref. 4, this
property was called ““continuity” for obvious reasons.

Lemma 2.8. LetoeQ,ieZ #e{+}. Define
V,(i; #):= ). ¢,;(#,0)). (2.35)
jti

Then there exists ¢, > 0 such that for all x, y, d(x, y) <R,

V(6 #) =V, (y; #)| < c,

d(x,y)
== (2.36)

Proof. The difference V,(x;#)—V,(y;#) can be expressed as
follows:

z ¢xj(#7 Uj) + z (¢xj(#7 Uj) _¢yj(#7 Uj))_ z ¢yj(#9 aj)'
je€Br(x) j€Br(x) n Br(y) jeBr(y)
j¢Br(») j ¢ Br(x)

The first and last sum can be estimated as follows:
Y, by(#,0)) < (IBr(x)| —|Bgr(x) N Br(y)]) sup ¢;; (2.37)

j € Br(x)
j¢ Br(y)

(2.38)

< de (sup J(1) <2R+ 1 >d—1 d(x, y)_

R R

Since we are considering the step function, sup, J(¢) = 27 The middle sum
vanishes,® which finishes the proof. |

8 Here we use for the second time the fact that we are considering the step function (1.14).
Nevertheless, if J is an arbitrary K-Lipshitz function:

Z |¢xj(#a aj) _¢yj(#3 aj)l < Kcyyd Z d(yxa yy)

Jj € Br(x) 0 Br(y) Jj€Br(x) 0 Br(y)

d(x, y)

< Keyy! |Bp(x)| =7 (2.39)
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Proof of Proposition 2.2. By Lemma 2.3 there exists in the
2R-neighbourhood of each C® = I'" a point jeI' that is -incorrect for
o[I']. Let 4 be the set of all such points. We have I" = [ 4], ,z. Let 4, be
any 4R-approximant of 4. We have 4 < [A4; 14, i.€., I =[A4,],,6z- Each
j € A, is 6-incorrect for a[I'], i.e., satisfies

Y WE(F, o[>0 (2.40)

kik#j

Since Wi (F, o[ ') =20, (%, o[ 11),

o
Var(js ) = Z ¢jk(ia U[r]k)>§- (2.41)

kik#j

We bound the surface energy from below as follows:

Il 2% z Z z (oI 1x, o[1'])

jedy keBr(H)nI Il#k

2% Z Z Va[r](k; alI']y) 2% Z Z o Va[r](k§ alI']y)

jedy keBr(j)nl jedy keBr(j)nCj

1 .
Z3 z Va[r] (ko[ I'1y)
jeAy keBR(j)r\C?)
d(k, j) < (8/4c2) R

where ¢, was defined in Lemma 2.8. Moreover we have, using (2.36), for
each k of the sum,

Va[r] (k; o[ 1x)

= a[]"](j; U[F]k)‘i‘(Va[r](k; O'[F]k)_Va[r](j; alI']y)) (2.42)
6 dk,j)_ 6 5 6
25—02 R 25—6‘24—62—1 (243)

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

1 1 6 6
I = 3 |4l 5 1B x(0)] 17 3@ 1B x(0)] 1Bsx(O) )= p T |
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Since the Peierls constant is uniform in y, we will be able to study the
van der Waals limit at fixed f. Proposition 2.2 allows to define, for
N =1, 2,..., the following numbers called isoperimetric constants:

K(N):=inf{x > 0: V(F)% k||, foral ,V(I')>N}. (2.44)
These constants will play a crucial role in the construction of the phase

diagram and in the study of non-analyticity. Some of their properties are
given in the following lemma.

Lemma 2.9. The sequence K(N) is decreasing and there exists
positive constants ¢_, ¢, such that

c_y<inf K(N)<sup K(N) <c,y. (2.45)
N N

As a consequence, the following limit exists

K(o0) :=13im K(N). (2.46)

Moreover, there exists for all e >0 a sequence (Ly)ysi, limy_ V' (Iy)
= +o0, such that for N large enough,

(1-€) K(0) Ty SV (Iy) T < (1+€) K(o0) [Tyl (247)

Proof. K(N) is decreasing by definition. For the upper bound, use
the Peierls condition and Lemma 2.10 hereafter: for all I,

-t -1
s Y 11, ., (2.48)
1l plll ~pl pv

For the lower bound, we explicitly construct a large contour of cubic
shape. Fix N and take M e N so that A, =[ —M;+ M1 724 A,, € €9,
|4, = 2N. Consider the configuration ¢ defined by o, =—1 if ie 4,,
o, = +11if i € A45,. Clearly, I*(c) contains a single contour I, (of type +).
Using (2.6), Iyl < [Ty | <2107 Ay | = 2vR |0F Ay|. Taking M large enough
guarantees |4,,| > V() =5 |4y, This gives, since |07 4,,| = 2d |AM|‘%1,

V) 11 Al
(I3 2 R|8+AM| 8a’v

V()= c V(D)2 (2.49)
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The existence of the sequence (I )y follows from the definition of K(N)
and from the existence of the limit K(c0). ||

Lemma 2.10. Let Be %", and let 4 be the union of all finite
maximal R-connected components of B°. Then

|B| > 107 4| > 14| 7 (2.50)

Proof. Consider the edge boundary 64 :={e={i, j):i€ 4, je A},
where <i, j> means that i, j are nearest neighbours. Decompose 64 =
E, v --- UE,, where E, is the set of edges of *4 that are parallel to the
coordinate axis «. Suppose e= i, j), i€ A, je A°. Since A is maximal,
C{ = B. Moreover,

o l
7;:={J,]+(J—z),1+2(1— » ,]+<——1>(]—l)} cB.  (@25])
Foralle,e' € E,, T, n T, = &. So for all «,

/
|07 Al > =) ITl =7 |El|. (2:52)

eeT,

UT

ecE,

Considering the inequality |5 +A| < d max, |E,| and the standard isoperime-
tric inequality |0+ 4| = 2d |A| « finishes the proof. ||

3. RESTRICTED PHASES

Restricted phases intervene when a set of contours {I'} is fixed (with a
configuration ¢, on each of them) and when we re-sum over all the con-
figurations that have this same set of contours. The set of configurations
having the same set of contours was completely characterized in Proposi-
tion 2.1. We are thus naturally led to consider systems living in a volume A
with a boundary condition # , with the constraint that each point i € [ 4],
must be d-correct. Our aim is to obtain a polymer representation for the
partition function of such systems, and to show that the associated pressure
behaves analytically at # = 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. The study of restricted phases we present was invented by
Bovier and Zahradnik in ref. 4. At a few places our development differs
slightly from theirs, so we expose all the details.
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t1 N tsy N

ts

Fig. 4. The decimation procedure P; => P,. The hatched polygons represent the body %#(P,)
and the legs are the trees {t,, t,,, t,, t,,, t,}. Each t,, is a sub-tree of some t,.

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 4 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 we are
going to construct, see Figs. 4 and 5.

Fig. 5. The re-summation of Lemma 3.2. We emphasized the fact that the forest 7 must
have many points in #(P) n 4, as was shown in (3.39).
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We will only treat the case +, the case — being similar by symmetry.
Fix 0 <0 <d <27 Consider any finite set 4 € €. First of all, we must
consider boundary conditions of the following type:

Definition 3.1. A boundary condition 7, € 2 is +- admissible if
each i € [A]g is (0, +)-correct for the configuration + 7 4.

More intuitively, a +-admissible boundary condition means that when
looked from any point i 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: for each i e [ 4],

0
|B(1) 0 B < 5 |Br (D), 3.1

where the set B is defined by

B=B(n,):={ied: (), =—1}. (3-2)

In this sense, these 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 § was introduced in their definition.

We define the function that allows to realize the constraint obtained
after Proposition (2.1): consider a +-admissible boundary condition
Hpe € Que. Letie[A], 0,4 € 24, and define

1 if iis(Jd, +) -correct for o 47 4,

1, = 33
(00) {0 otherwise. (3-3)
Then define
l(o,) := n L;(a4). (€X)
ie[4]r

Notice that 1(+,) =1 since 7, is +-admissible. The hamiltonian we use
for the restricted system is the one obtained after the re-formulation of
Lemma 2.6 in a region of +-correct points. Set ¢ := g ,#,. The restricted
partition function with boundary condition 7, is

Zi(Ange)i= ) oy eXP<—ﬂ Y. wia,a)—BY U+(U,-)>-
g ey {i,j}na4#& ied
i#j
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We will show that Z; can be put in the form Z;" = /%, where Z, is the
partition function of a polymer model, having a normally convergent
cluster expansion in the domain

H,={heC:Reh> —3}. (3.5)

The reason for log Z; to behave analytically at # = 0 is that the presence of
contours is suppressed by 1(c,), and that on each spin g; = —1 acts an
effective magnetic field

U= =h+ Y, ¢;=1+h, (3.6)

Jj#i

which is close to 1 when £ is in a neighbourhood of 2= 0.

3.1. 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:

Y wilono)+ ) <U+(G,-)+ 2 wia, ('M),-)). (€))
{i,j}c4 ied jede
i#j
By defining an new effective non-homogeneous magnetic field

ui (o) :=U%(a,)+h+ Z W:;(a'i’ (’7/1“)]'), (3.9

jed®

we can extract a volume term from Z} and get Z} = e %, where

2= % Aeoen(~8 T wilno)-B L u@)). G
o ey {i,j}c4 ied
i#]

Notice that the field u; (o) becomes independent of 7, when d(i, 4°) > R.
Since wj;(0;,0;) =0 if 6, =41 or g; = +1 and u/(+1) =0, we need only
consider points i with g; = —1, which will be identified with the+ vertices of
a graph. Each vertex of this graph will then get a factor e #* ). When
he H_,

Re uf(—1)=14+2Reh+ ) wi(—, (nAc)j)>1—2§—5>%. (3.10)

jed®

We used the fact that § <27
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The formulation of &, in terms of polymers will be a three step pro-
cedure. We first express &, as a sum over graphs, satisfying a certain con-
straint inherited from 1(¢,). 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, yielding sets on which the constraint is
violated. These sets are linked with trees. After a second partial re-summa-
tion, 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 ¢, be the family of simple non-oriented graphs G = (V, E) where
V = A, each edge e={i, j} € E has d(i, j) < R. For e={i, j}, set w} :=
wi(—, —). Notice that ] =—-24,;,<0. Define also pu :=u(-1).
Expanding the product over edges leads to the following expression

Z=3 10G) [ ™ ~1) [] e, (3.11)
Ge¥%y ee E(G) ieV(G)
where 1(V) :=1(g,(V)), and o,(V) € Q, is defined by 6,(V), =—1ifieV,
+1 otherwise. With this formulation in terms of graphs, the constraint
1(V(G)) =1 is satisfied if and only if

Y wH<d, Vie[dl. (3.12)
e={i,j}
jeV(G)UB
Moreover, the fact that the boundary condition 7, is + -admissible reduces
to

Y wil<$, Vie[Alx (3.13)
25
A Sum Over Trees

Suppose we are given an algorithm that assigns to each connected
graph G, a deterministic spanning tree 7(G,), in a translation invariant
way (that is if Gy is obtained from G, by translation then T'(Gy) is obtained
from T(G,) by the same translation). To be precise, we consider the
Penrose algorithm considered in Chapter 3 of ref. 18.° We apply the

® The 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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Penrose algorithm to each component of each graph G appearing in the
partition function (3.11). Let 7, < ¢4, denote the set of all forests. We have

Z, =3 1v@)[] o*(t), (3.14)

TeJy teT

where the product is over trees of 7', and the weight of each tree is defined
by

o)=Y ] (P —=1) [ e (3.15)
GeY,: ecE(G) ieV(G)
TG)=t

Isolated sites {i} =4 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 3.1. Let T € J, be a forest such that 1(V(T")) = 1. Then for
eachtree teT,

lo* (s, < [1 (™ =1) [] e (3.16)

ec E(t) ieV(t)

Proof. For each teT, let E*(t) denote the set of edges of the
maximal connected graph of {Ge %, :T(G)=t} (see ref. 18). We can
express the weight as follows:

w*(t)= ] (efﬂw:_l) I1 e Pui Y I (efﬂw:_l)

ee E(t) ieV(t) Ge%,: ecE(G)\E(t)
T(G)=t
=11 (e —1) I e hPui I e P
ecE(t) ieV(t) ee EX(t)\E(t)

Since 1(V(T)) =1, the constraint (3.12) is satisfied, and the last product
can be bounded by:

+ +
n eflve I< l‘[ 1‘[ efwe (3‘17)
eec E¥(£)\E(t) ieV(t) e={i,j}
Jjev(®)

=1 expp Y wil< ] &”  (3.19)

ieV(t) e={i, j} ieV(t)
JEV(t)

This gives the result, since Re u; >3 by (3.10),and 6 <277<;. 1
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Notice that to obtain (3.18), we only needed that the bound

Yoo wil <, VieV(t) (3.19)
o

be satisfied. This is weaker than (3.12) and clearly 1(V(T)) =1 only if
(3.19) is satisfied for all t € T. In the sequel we can thus assume that the
trees we consider always satisfy (3.19), independently of each other. So the
bound (3.16) 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.

Corollary 3.1. Let 0<c<jpB, €>0. There exists y, >0 and
£, = B (€) such that for all y € (0, y,), f = B, the following bound holds:

Yo ot (t)la, eV <e (3.20)

t:V(t)20

Proof. Using Lemma 3.1,

I|w+(t)”H+ec|V(t)|< I1 (e—ﬁw:_l) I1 e ih. (3.21)

eeE(t) ieV(t)

When t is a single isolated point (the origin), then we have a factor eib,
When V' (t) 30, E(t) # &, 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 (3.20) is bounded by

e Y Y I @ =1) J] e+

g=1 t:V(t)30 ec E(t) ieV(t)
gen(t)=g
1 1 + 1
Se 4 Y ewfe Ny ] (e7P —1) J] ewf
g1 t:V(t)20 ec E(t) ieV(t)
gen(t) =g

_1 _1
et 4 Y ey,
g>1

where we defined (V;(t) is the set of leaves of the tree t):
=Y [ =1 JI e ] =t (322

t:V(t)20 e E(t) ieV(£)\Vi(t) ieVi(t)
gen(t) =g
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We are going to show that a,,, < a, for all g > 1. Before going further, we
define

Yo :=sup{y > 0:2c,y’sup J(s) < &}- (3.23)

Since e " —1< B |w}| el and |w}| = 2¢,; we can bound, when y < y,,

Y (e —1) e eut Y wf|<2Be = BLUB).  (3.24)

e30 e30

Clearly, a tree t of generation g+ 1 can be obtained from a sub-tree t' = 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 x is bounded by

I+ kv ) ﬂ (ei—1)es "’<1+z (ﬂC(/)’))k_eﬁC(ﬁ)

k=1 e13x exdx i= k>1

Assuming f is large enough so that {(B) <5, the weight of the leaf x
changes into e 1%/ ® < ¢~/ which is exactly what appears in a,. This
shows that «, ; <a,. We then have «,,; <o, < --- <. Like we Just did,
it is easy to see that o, <e ~2#_ This proves the result. |

A Sum Over Polymers

After the partial re-summation over the graphs having the same
spanning tree, the constraint 1(V/ (7)) in (3.14) still depends on the relative
positions of the trees. This “multi-body interaction” can be worked out by
expanding

IT)y=[1 Lwa@yn= 1 a+15@N= % [] L@T),

ie[A]r ie[A]lr Mc[A]lg ieM

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

=3 X <H 1:(V(T)))<H w*(t)>. (3.25)

TeJy Mc[A]lg \ieM teT

Consider a pair (7', M) in (3.25). Let i € M. The function 1{(V(T")) is non-
zero only when i is not (J, +)-correct; it depends on the presence of trees of
T in the R-neighbourhood of i and possibly on the points of B(#,) if



696 Friedli and Pfister

Br(i) n A°# . To make these dependencies only local, we are going to
link the R-neighbourhood of points of M with the trees of 7.

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

V(N):= ) Bg(i). (3.26)

ieM

Then, N has an edge between x and y if and only if {x, y)> is a pair of
nearest neighbours of the same box By(i) for some i € M. The graph N
decomposes naturally into connected components (in the sense of graph
theory) N;, N,,..., Nx. Some of these components can intersect A°.

We then 11nk trees t; € T with components N; € N. To this end, we
define an abstract graph G: to each tree t, € T, ass001ate 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;) nV(N;) # . Consider a connected component
of G, whose vertices {Wi s Wy, Zj, 5.0, 2;,} correspond to a set Pj=

{ti>- tiys Njypooois N, . We change P; into a set P, using the following

de01matron procedure if P; = {t, } is a single tree then P, := P;. 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 € E(t,,) whose both end-points lie in the same component N, .

The resulting set is of the form P, = {t, ,... tsp Nh, , 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 Fig. 4.

The body of P, is #(P):=V(N,)u --- UV(N,). The legs of P,
Z(P)), are the trees {t,,..., t,}.

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

V= U veyuy rm. (3.27)

t e L(P)

Often we denote V' (P) also by P. Two polymers are compatible if and
only if V(P)nV(P,) =, denoted P, ~ P,. We have thus associated to
each pair (7, M) a family of pairwise compatible polymers {P} := (T, M).
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The set of all possible polymers constructed in this way is denoted 27 (# 4).
The representation of &, in terms of polymers is then

%= 3 [ o*(P), (3.28)
(P} =7 (1) PE{P)
compat.

where the weight is defined by

w*(P):= ) <H 1;’(V(T))><]_[ a)+(t)>. (3.29)
(T.M): \ieM teT
o(T, M)=P
We should have in mind that w*(P) depends on the position of P inside
the volume A, via the boundary condition #,: more precisely if
B(P) N A°# & or if there exists a leg t € Z(P) such that d(t, 4°) < R.
Therefore, we define the family 2" of free polymers of type + whose
weights depends only on the intrinsic structure of P, and not on the
boundary condition. The family £* is translation invariant, as well as
the weight of each of its polymers. To any finite family £, we associate the
partition function

Z@):= Y [] o'(P), (3:30)
(Pc2 Pe{P}
compat.

where the product equals 1 when {P} = . For instance, we have obtained
ZY (A n ) = " MZ(P L (1.0)). (331

Everything we have done until now can be done for a —-admissible
boundary condition t,, yielding a family of polymers 2(z,), with
weights @~ (P). In this case, sites get a factor e ## . In particular, if we con-

sider the spin-flipped boundary condition —# ;- defined by (—#4¢); := — (#4¢);»
which is —-admissible, we have when 4 is purely imaginary,
Z(21(x)) = Z(P 1 (—114))- (3.32)

3.2. Analyticity of the Restricted Phases

Define the restricted pressures by

log Z;* (4; £ 1), (3.33)

1 Here, z denotes the complex conjugate of z.
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where the thermodynamic limit is taken along a sequence of cubes. A result
of the present section is that the restricted pressures, unlike the total pres-
sure p,, behave analytically at 4 = 0.

We study the weight w*(P) (™ (P) is similar by symmetry). 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 y. Moreover, the body of polymers can intersect A°.
At this point we will see that §—4 > 0 is crucial.

Lemma 3.2. There exists §, and 7, > 0 such that for all > f, and
for all y € (0, y,), the following holds: each polymer P € 27 (5 ) satisfies

lo* (P, <e Pl T] (e—ﬁw: - 1 e 1h. (3.34)
ee Z(P) ie Z(P)

Proof. Remember that the bound (3.16) holds for each tree under
consideration. If 4(P) = &, then P is a tree and the result follows from
Lemma 3.1. Otherwise, [ *(P)|, is bounded by

> (Mm@ I (I e = I e ),
(T, M): ieM teT \eeE(t) ieV(t)
o(T,M)=P
Consider a pair (7, M) such that (T, M) = P. Let i, € M, and assume
17 (V(T')) # 0. This implies, with regard to (3.12),

Y, wi>e. (3.35)
e = {io, j}
jeV(T)UB
But, according to (3.13), we have
> wil<é. (3.36)
e = {ip, j}
jeEB
This implies the crucial lower bound
Y wi=d-6>0. (3.37)
e ={ig, j}
jev@)

Since |w; | =2¢,; < Znyd sup, J(s), we can find a constant ¢, such that

V(T) A\ B(ip)l > (5—0) ¢ | Br(iy). (3.38)



Non-Analyticity and the van der Waals Limit 699

In this sense, the forests that contribute to w?*(P) accumulate in the
neighbourhood of each point i, e M. See Fig. 5. Let M, be any
2R-approximant of M. Then we have |%(P)| < |M,||B;z(0)| and so

V(T)nBP) > Y V(T)NBlio)l > (6—0) ¢y |BP),  (3.39)

ige My

where ¢, is a constant. Now, each i € V(T') gets a factor e 3# = e=312%. One

1 . . . .
factor e 2” contributes to extract a term decreasing exponentially fast with
the size of #(P), using (3.39):

e~ (0=9) caf |B(P)|. (3.40)

A second factor e 2% contributes to the weight of the legs. Extracting this
contribution gives

[T (e —1) J] e** (3.41)

ee Z(P) ie Z(P)

The last factor e = is used to re-sum over all the possible configurations
of T inside the body #(P) (see Fig. 5), that is over all forests 77,
V(T") = B(P), where each tree t' € T’ gets a weight bounded by

wo(t):= [ (e —=1) J] e ®*~ (3.42)

eec E(t) ieV(t)

The remaining sum is thus bounded by

[T @o(t)) =6y(#(P)). (3.43)

T:V(I') < B(P) t'eT’

This partition function can be studied with a convergent cluster expansion.
Proceeding as we did in Corollary 3.1, we can take f sufficiently large so
that the weight w,(t") satisfies (3.20). We can then guarantee that

llog ©,(#(P))| < |2(P)|. (3:44)

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

e~ B O=D B 1BPIFP AP = o0 HP)

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

Corollary 3.2. Let O<c<min(%,5)f, €>0. There exists
S5 = P(€), such that for all > f, and for all y € (0, y,), the following
holds:

Y ot (P, e " <e. (3.45)

P:V(P)>0

Proof. Lemma 3.2 allows to bound

lleo™ (P, << [T o) >< [1 wo(‘G)) = wy(P), (3.46)

NeP teZ(P)

where the weight of each component of the body N is w,(N) := e V@
and the weight of each leg t was defined in (3.42). Fix € > 0 small. It is easy
to show that when £ is large enough,

Y wp(N) etV MiL e, (3.47)

N:V(N)20

and, proceeding like in Corollary 3.1,

Y () eCrOrigle, (3.48)

t: V()20

Let n(P) denote the number of objects (components N and trees t) con-
tained in P. That is, if P={t,,..., t;, Ny,..., Nx}, then n(P) =L+ K. We
will show by induction on N =1, 2,... that

Ivi= Y wy(P)e"PILe, (3.49)
P:V(P)50
n(P)< N

which will finish the proof. If N =1 then P can be either a single compo-
nent N or a tree t. The bound then follows from (3.47) and (3.48). Suppose
p is large and that the bound holds for N. If P satisfies V(P)>0,
n(P) < N+1, we choose an object of P that contains the origin (which can
be a tree t, or a component N,), and decompose P as follows: either
P={N,} U{P,,.., P} with V(N,)30, V(P)nV(N,)#J, n(P)<N,
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P, ~P; for i#j, or P={t,}U{P,..., B} with V(t,)30, and V(P)n
V(ty) # &, n(P,) <N, P, ~ P, for i # j. In the first case, we have, using the
induction hypothesis and (3.47),

1 k
Y wp(Ny) eVl Y — < o (P) e° 'V(P)'> (3.50)
No:V(Ny)>0 k=0 k' P:V(P)NV(NY) #
n(P)<N
< Y wp(N) e Z (7 (Vo) An)* (35D
No:V(No) >0 k>0 k
<Y @p(Ny) el % e. (3.52)

No:V(No)20

In the second case the same computation yields, using (3.48),

Z @y () eVl l < Z wy(P) € |V(P)|>k

t0:V(t9)20 k=0 k! PV(P)nV(ty)# D
n(P)<N
e[V (to)l € IV (o)l 1
< )Y wty)e e <<€ (3.53)
t0:V(tp)20 2

This shows that 15, ; <€ and finishes the proof. |I

We now state the main result concerning restricted phases and their
analyticity properties, again only for the case # = +. We refer to Appendix A
for notations. Here polymers play the role of animals. Clusters of polymers
associated to 2% (y,) are denoted Pe 2*(n,). By Lemma 1.1, (3.45)
implies

sup ). o*(Plla, <sup ) |oy(P) <n(e), (3.54)
xed Psx xed Psx
where the weights w*(P) and w,(P) are defined like in (A3). Since € can be
made arbitrarily small by taking f large enough, we will replace #(¢) by a
function €,(f), where the subscript r is to indicate that this function con-
cerns the restricted phase. We define H, := {Re h> —} < H,.

Theorem 3.1. Let S be large enough, y € (0, y,). Let 4 € € and
be a +-admissible boundary condition. Then Z,(2}(5,)) has a cluster
expansion that converges normally in H,, given by

log Z(25(ne)) = Y, o*(P). (3.55)

Ped (1)
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The maps i log Z,(2 (1)), h— p;,(h) are analytic in H,. Moreover
there exists a function €, (), lim, , , €,(8) = 0, such that

llog Z,(Z 4 (1N, <€(B) 14, Y Mot (Pla, <e(B).
Pe? (140
P30

d
Ha“’g EACHOR)

<e€(p) |4l. (3.56)

H

The proof of the theorem follows easily from Lemma 1.1. 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 & centered at z € H, is contained in H,. This also implies the exis-
tence of a constant C, > 0 such that for all integer k > 2,

1]d*

4. THE PHASE DIAGRAM

Throughout this section and until the end of the paper we assume
y € (0, yo) is fixed, where y, was given in (3.23). To start with, consider the
partition function

Z*(A):= z e—ﬁHA(UA+AC), 4.1
opER,
where
QY i={0,eQ,:dI*0,+4), 4°) > I}. 4.2)

For each g, € Q7, the decomposition of I*(c,+,) into connected compo-
nents yields an admissible family {I"}, such that I' = 4 and d(I", A°) > [ for
each I € {I'}. Then, A is decomposed into A= {I'} U A* U A~, where A*
are the points of A\{I'} that are (J,#)-correct for the configuration
T4+t .

In (4.1), we re-sum over the configurations o,+ (resp. o,+) on A*
(resp. A7) that yield the same set of contours {I"}. In Proposition 2.1 we
characterized explicitly the constraints satisfied by the configurations o ,+:
each point ie[A]y must be (J,+)-correct for the configuration
04+ +40(ry, Where o is the configuration specified by the contours
on the union of their supports. Similarly, each point i € [47 ]z must be
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(9, —)-correct for the configuration ¢ ,-0 . Using the re-formulation of
the hamiltonian given in Lemma 2.6 we get:

ACIESDY <H P(T)>Z,+(A+;+AEG{1—})Z,(A‘;o{r}), 4.3)

(Ifeda \Ire{r}
where the sum is over admissible families of contours, and
p(I) = e PHIEID, (4.4)

Notice that when {I'} = &, then 4= A" and the summand of (4.3) equals
Z7'(A;+4). Since they are subject to boundary conditions that depend on
the family of contours {I'}, the restricted phases induce an interaction
among the contours. Nevertheless, the boundary conditions imposed by the
contours and +, on A" and 4~ are admissible (in the sense of Definition 3.1).
This implies that the results of Section 3 can be used for the restricted
partition functions appearing in (4.3).

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 (4.3), with an arbitrary +-admissible
boundary condition 7 ... We thus define

O (Lin)i= Y <n p(r)>zr(A+;nAca{r})Z:(A-;a{p}). @.5)

{I'ica \Ire{r}

Contours always lie at least at distance / from A°. The external contours of
{I'} can be subject to particular constraints (as will appear, for example, in
Section 5), but we omit it in the notation. Notice that for the empty family
{I'} = &, the summand corresponds to a pure restricted phase Z; (4; ).

The aim, in the study of @*(4;#,), is to extract from (4.5) a global
contribution of the restricted phase. In the Ising model, the same operation
amounts to extract the trivial term e”M. Here we extract Z; (A, n ) =
e Mg (2% (n,)), and our aim is to reach the representation (4.17). The
deviations from the restricted phase will be described by chains, i.e., con-
tours linked by clusters of polymers (polymers describe the restricted
phase). In Section 4.1, we expose this linking procedure. In Section 4.2 we
show how to handle the entropy of chains, preserving the uniformity in the
scaling parameter y. In Section 4.3 we study the weights of chains and their
dependence on the magnetic field near Re #=0, i.e., at coexistence. In
Section 4.4 we study pure phases, i.e., {Re 2> 0} and {Re 2 < 0}.
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4.1. The Linking Procedure

We first express ©*(A;7,) as a sum over external contours. By
Lemma 2.5, each external contour is of type +. Let {I'} be a family of
external contours. Then, 4 is decomposed into

A=ext, {I'tu{l'tv () intl,
re{r}
where ext, {I'} ;= AN (. (ryext I'. For each family of admissible external
contours {I'}, we re-sum over the configurations whose external contours
are given exactly by {I'}. This induces, for all I', a partition function
O (int I';+0,), which can be expressed as in (4.5). On ext,{I'}, we get a
restricted partition function Z;f (ext,{I'}; #0(r,). We thus have

O*(4;n4)

=Z (Lne)+ Y Zi(ext{Tneopy) [[ p(I) O (int 5 0r), (4.6)
e !

where the sum is over non-empty families of external contours. Consider the

configuration —g obtained by spin-flipping o, i.e., (—o), := — (o), for

all i e I'. We introduce the functions Z} (int I';—o,) and @*(int I';— o)

and consider, for a while, the ratio

Z:r(extA{F}; 77A‘0'{r}) [1r Z}(int I';—oy)
Z7 (A1)

@.7)

Using the polymer representation of Section 3, we consider the family of
polymers 2%, := 2%, (r(ns0r)) associated to Z(ext, {I'}; ne0(r}), the
families 2}, . := 2}, (—o,) associated to each of the Z/(int I';—o}), as
well as the family 2% :=2%(n,) associated to Z](A;#5,). Since the
expansions of these functions are absolutely convergent, we can rearrange
the terms. The volume contributions from ext,{I"} and (J, int I" cancel,
and we get

L(P L Z(Phr) » .
7% =P <Z tot B+, E>

where we used the abbreviation

Ziaﬁ(ﬁ)s AZ+ w*(P)— AZ+ w*(P). 4.8)

d(P,{I'})<R d(P,{I'})<R
Prexty{I'}# Q&
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The sign + in front of w*(f’l is chosen in function of the sum to which P
belongs. Define A*(P) :=e** ¥ —1 and expand

et =T (1+A*(P) = Y H A*(P). 4.9)

P (BB} i=1

The function E} depends only on the structure of I", and is given by

Ef= Y o'®)- Y o'(P), (4.10)
Pedii _ Pedt
d(P,T)<R Pn;xtf:ﬁ
d(P,T)<R

where 2* denotes the family of clusters associated to free polymers of type +.
Notice that E} is analytic in H, . Since |[I"]z| < 37 |I'| we have, if f is large
enough (see Theorem 3.1)

1 d 1
I, <310 [gEr|, <5 @11)

If we define the weight (we denote +o, =o0)

O (intl; +or)

0" (1) = () e oy

4.12)

with p,(I") := p(I") e #"VeET | we have

O (A;n4) < " - O*(int I'; —oy)

=1+ AT(P,) o' () o )

Z (A5 1) {r;cA {131,;13,,} 11:[1 1;[ Z (intI'; —or)
ext.

We can then repeat the same procedure of summing inside external con-

tours of @*(int I';—o), etc. This procedure continues until we reach

contours whose interior can’t contain any contour. At the end,

O (A ny) _ ( pr >< " >

=1+ AT(P o*(I) ), 4.13

Z7(An4) {F;:A {Z:ﬁ} l;[ ) 11_"[ &) ( :
where the sum over {I"} = 4 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 some polymers can depend on the configuration o of
the contours I” that lie in their neighbourhood (or on 7 ).

We get rid of these dependencies by linking polymers to contours. Like

we did in Section 3 (when linking trees with components of the graph N),
we associate to each pair ({I'}, {P}) an abstract graph G as follows: each
contour I € {I'} is represented by an abstract vertex z;, each cluster



706 Friedli and Pfister

P e {P} is represented by an abstract vertex w,. This defines ¥'(G). Then,
we put an edge between z; and w; if and only if d([] Pk) < R. We also put
an edge between w,, and wy, if and only if V(Pkl) N V(sz) # .

Each connected component of G, with vertices, say, {z]1 yeees Zjps
Wi »ees Wy, }, Tepresents a subset of {I'} U {P} given by X ={I},... T},
P, Pk,} X is 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 J;.x I'U Uscx P.
Notice that if two chains X, X' are not compatible, then b(X) N
b(X") # &, where

bX):=) [rlv | P (4.14)
The weight of a chain is defined by
w*(X):= < I1 ,1+(13)>< I1 w+(r)>, (4.15)

and depends only on the intrinsic structure of the chain X (except, maybe,
if d(X, 4°) < R). The final representation of the partition function is thus

O (Line)=Z (Ane) Y [ of(X) (4.16)
&) xetx)
= Z} (A m) B (A ), @.17)

In (4.16), the product is defined to be equal to 1 when {X} = . This last
expression nicely expresses the fact that chains of contours describe devia-
tions from a restricted phase. For the restricted phase, there corresponds a
family 2% (n,) associated to Z}(A4;n,). Similarly, there corresponds a
family of chains 27 (n,) associated to Z*(4; #,). The partition function
can be written in terms of these families as

O (A 1) = "ML (14)) E(X 5 (n40))- (4.18)

By definition, E(Z (7)) :=1 when & (n,)= &. Everything that was
done until now can be applied also to the case where 7, is —-admissible,
yielding chains of type —.

4.2. The Entropy of Chains

Before starting the analysis of the weights, we show how a priori
bounds on the weights A*(P) and w*(I") allow to handle the summation
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of weights of chains. In this section we assume that |A*(P)| < A, (P),
lo™ (I < po(I), ie.,

()] << 1 AO(P)X I po(r)>swo(X). @.19)

Pex rex

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 geo-
metric structure of the object (as we did in (3.46), Section 3.2). 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 A).

The proof of the following lemma is essentially the same as the one of
Corollary 3.2. We use the notations |P|:=|Up.s V(P)|, |X|:=Xrex IT|+

ZPEX |p|

Lemma 4.1. Let ¢>0, e >0, and assume the weights A,(P), po(I")
satisfy the bounds

Y Jo(P) ecree rmif ¢ £ Y po(I) e+l g
2, X

Ps0 I:[Ir];>0

€
—. (420
S @20
Then the weight w,(X) satisfies the condition (A.4) of Lemma A.l.
Namely,

Y wp(X) e Pl Le. 4.21)

X:b(X)20

Proof. ForachainX ={I},.., I}, P,,..., P,;},letn(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

Evi= Y wp(X)ePMILe. (4.22)
X:b(X)20
nX)<N

If n(X)=1 then X contains a single object, i.e., a contour. Then &, <e
follows from (4.20). So suppose (4.22) holds for N, and consider &, ;; this
sum can be bounded by a sum in which each chain X is decomposed into
[I3],20, X 5T, orinto B, 50, X 5 P,. This means:
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(1) in the first case, X decomposes into X = {I}} U {X},..., Xx}"
with [17],20,d(X,, I,) <R n(X;)<Nforalli=1,.,K, X;nX; = for
all i # j. The contribution to &, is thus bounded by

1 K
Y e Y 1] Y wo(X;) e Pl

Iy:[I]20 K>0 K!t=1 X d(X;, I) <R
n(X,)<N

< T ey o (L1l &)

Iy:[Ip];20

< Y ol ecronnig S (4.23)

Iy: [Ip]: 20 2

where we used the induction hypothesis &y <€

(2) in the second case, X = (B} U{X,,..., Xg} with P30,
d(X;, P)) <R, n(X;)<N for all i=1,..., K, XinX;,=F foralli#j. A
chain X; of this decomposition can be of two types:

(i) there exists a cluster P € X, such that P n P, # . Then the

1

contribution from these chains is at most

1Byl Y wp(X;) et = |By| &y < By €. (4.24)
X;:b(X;)20
n(X;))<N

(i) there exists I'e X;, I'n {[Py1x}: # &, where the thickening
{-}, was defined in (2.15). Notlce that the set {[ 2]z}, € ¥ contains at
most 29 B,| cubes C®. Since contours are composed of cubes C®, the
contribution from these chains can be bounded by

291By| Ex < 2% |By|. (4.25)

We can then proceed like in (4.23), and get a contribution to &, ; bounded
by

S do(By) el CrnIAl < 2 (4.26)

f’o 50 2 '
Altogether, this shows that £y, <e. |

' The 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 I and z, itself, and consider the decomposition of the remaining graph into connected
components. These components are exactly the representatives of X,..., X.
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4.3. Domains of Analyticity

In this section we consider the dependence of the weights w*(X) on
the magnetic field ~ € C, in a neighbourhood of {Re 4 =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. Everything we say in this
section holds for chains of both types, but for the sake of simplicity, the
statements will be given only for chains of type +.

The domains of analyticity depend on the isoperimetric constants
K(N) defined in (2.43). Consider the reals

0
R(N):i=—F—, 4.27)
2K(N) N4
where 8 € (0, 1) will play an important role later in the study of the deriva-
tives. We know from Lemma 2.9 that R(N) N+ is increasing and that

lim R(N)Ni= o

Nooo _ m . (4.28)

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}. (4.29)

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

Lemma 4.2.

0
lim R¥(N) Ni=——. 4.30
fm RAN) N =5 (4.30)
Proof. First notice that there exists an unbounded increasing
sequence N,, N,,..., such that R*(V,) = R(N,). This is a direct consequence
of the bounds

0

R (N)<R(N)<m.

4.31)

Since R(N) N 4 increases, it is sufficient to show that R*(N)N 7is increasing.
Consider the interval [ N, N 4+ 1]. We have two possibilities: (1) R(N+1) >
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R*(N). In this case, R*(N+1)(N+1)i=R*N)(N+1)i>R*(N)Nx.
(2) R(N + 1) < R*(N). In this case, R (N +1)(N+1)a= R(N+ 1)(N+1)7>
R(N) Ni>R*N)Ni. |

For r > 0, consider the strip
U(r):={zeC:|Rez|<r}. (4.32)

Generally, we will restrict our attention to small magnetic fields, that is
he U, :=U(hy) where h, will be taken small enough. For instance, A, <5
so that the results on the restricted phases can be used in U,.

We define the domain of analyticity for a contour:

Ur :=UR* V(') nU,, (4.33)
and for a chain X:
Uy := ﬂ Ur. (4.34)
I'eX

That is, Uy = Upm=x, where I'™ € X has the largest interior. Notice that the
domains U, Uy depend on 6. Set V(X) :=V(I™)=max{V(["): I € X}.
The main result of this section is the following.

Proposition 4.1. Let 6e(0,1), €>0, ¢>0 small enough. There
exists f, = B,(6, €) such that for all § > f,, the following holds. For each
chain X, A+ w*(X) is analytic in Uy. Moreover,

d
llo™ (X)) lly, < 0o(X), H@ ¥ (X)

< wy(X), (4.35)

Ux

where w,(X) is defined via the weights A,(P) and po(I") given in
(4.37)—(4.38) hereafter, and satisfies (4.21).

Before starting the proof of Proposition 4.1, we give explicitly the
weights Ao(P) 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:

Using (4.11), [|p,(I)|ly, <e#¥le?o /M3 This suggests to define the
weight p,(I") in the following way:

O~(int I';+0;)

Z_ T TN < PN Hul 4.36
O*(int I';—a,) e (4.36)

Ur

PO(F) c= D1ﬂ |F|% e~ (=0 BTl o280 IT o IT|. (4.37)



Non-Analyticity and the van der Waals Limit 711

The term D, B |I”’ |%1 has been added to take into account other contribu-
tions, especially when studying the first derivative. For clusters we get,
using the definition of A*(P) and (3.54),

oot (P, eh Pl

|00(P)| P < |y (P)] €% < D, |wg(P)| = 4(P).  (4.38)

A+ (P,

NN

The numerical constants D,, D, are assumed to be fixed and sufficiently
large, in order to cover all the cases that will appear in the sequel.

Lemma 4.3. Let 6e(0,1), ¢>0, and €>0 be small enough.
Assume 2k, <1 (1—0)p (p is the Peierls constant). There exists f; =
B1(0, €) such that for all § > f,, the hypothesis (4.20) of Lemma 4.1 are
satisfied.

Proof. Define a new weight for polymers (see (3.46)):
@y(P) 1= wo(P) elcre@'+mir| (4.39)
If B is large enough, we can proceed as in (3.54) and get

Z ,10(]3) e(c+e(2d+1))|i’| - D, Z |w0(13)| e(c+e(2d+1)) A
P>0 Ps0

<D, Y 183(P)| < (4.40)

€
P30 2 ~
This shows the first inequality of (4.20). For the second, we use the Peierls
condition ||I'|| = p |I'| (Proposition 2.2). This gives

Y p(I) et DR Y |T|a1e~0=0 5 g2 MpiTlg(e+e) LT
I:[I'];=s0 I:[I'];s0

d 1
<KD Y [t e -0 lglgle+ Il
Ir:[rj];so0

Since |[I"],| <3“|I'|, a standard Peierls estimate allows to bound this sum
by 5 as soon as f is large enough. |

Until now we have denoted by €, = €,(f) the small function appearing
in the study of the restricted phases. Similarly, we denote by €, = €,.(f) the
small function appearing in the study of chains. These two parameters are
assumed to have a common bound max{e,, €} <€, which is small.
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Consider the weight w*(I") given (4.12). We can use the linking pro-
cedure for the partition functions ®*(int I"; F a;), yielding

—ﬁhV(I")g (gmtl“(-i_af)) H(‘%‘mtf(-"_af))

TG (P (o) E@h (o)) D

o () =p(I')

Proof of Proposition 4.1. The proof will be done by induction.
We say a contour I" is of class n if V(I') =n. A chain is of class n if
V(X)=n.

Consider a contour I” of small class (say, of class smaller than [9).
Then the last ratio appearing in (4.41) equals 1. We bound w*(I") at
h=x+iyeUy. First,

*
|e—2ﬂhV(F)| L MWWV L GURVINVI) £ G2BRVINVIT)  p08 IIFII, 4.42)

where we used the definition of the isoperimetric constants K(-) given in
(2.43). Then, write

g(g;lr(+af))h g(’@mtf(-i_af))h g(’@mtf(-i_af))ty g(gmll“( GI"))ty
g(g tF( af))h g(‘@mtf(-'_af))ty g('@mtl"( O-I"))ty >@¢(“@ tF( G-F))h
(4.43)

The middle term has modulus 1 by symmetry (see (3.32)). The two other
terms can be treated as follows:

2/(Piar(+or)h x d -
= ds —log Z,.(Z; ol < V().
7oy ||l S G 2P (ror | < W eV (D)
(4.44)
We used Theorem 3.1. Proceeding as in (4.42), we get
‘ ffr(yiinl"('i_ar)) Sege, Iy Se%m’ (445)
Z(Pwmr(—or)) |ur

when f is large enough. Altogether this gives

lo* (D)l < 91 (Dl Vet < =007 122 < py(I).  (4.46)

Since ||/1+(I3)||U0 < Jo(P), we have shown the first inequality of (4.35) for
chains of small class. For the derivative, a Cauchy estimate (any disc
centered at /4 € U, with radius  is contained in H,) gives

<16 1A (P, - (4.47)
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For contours,

d | + "
&a) MN=w (F)—logco ()

d
=a>+(r)< B o HA(oLI )~ B I+ B —24V(T)

+—1log

d g(‘@l:ltr(—i_ar)))
dh " Z(Pir(—ar)) )

Using V(I') < |I” |%1 (this is a consequence of Lemma 2.10) and

”% log% o <2 V(I), (4.48)
this gives the upper bound
| Gror )], <o irio @, (4.49)
which implies, as can be seen easily, that
H —w < wo(X). (4.50)

With Lemma 4.1, this shows the proposition for chains of small class.
Suppose it has been shown for chains of class < n. By this induction
hypothesis, (4.21) and Lemma 1.1, 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

E(‘%‘i;t['(—i_al’))h E( @ mr(+or)h :(%mtf(_l_o-l"))ty H(%mtf( O'F))iy
E(%:nr(_ar))h H('%‘lntf(—i_af))ly H(’%‘mtf( O'F))zy H(g[mtr( ar)h )
4.51)

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

E@ ir(+0r)h

log ———
d(%mtr("‘ar))iy

x d
=], ds 3108 E@iar (+07)),10y | < x| €V (T).
(4.52)
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This implies

”E(%mtf("'af)) < efeclll < QHir, (4.53)

E(Zwir(—or))

For the weight of I", we thus have (compare with (4.46)):

Ur

lo* (), < e~ =7 Wle2le? s < py(T). (4.54)
For the derivative, use again the induction hypothesis, and bound

E(X i r(+0or))
E(‘%‘i:tl"(_al’))

It is easy to check that (4.49) still holds which, in turn, implies (4.50). This
shows the proposition. ]

<2eV(I). (4.55)

Ur

d,
an O8

4.4. Pure Phases

In the last section we gave for each chain X a domain Uy in which the
weight w*(X') behaves analytically. The size of the domain Uy shrinks to
{Re h=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 < Re & < h, where /4, is fixed, independently of the size of X. This
treatment is standard and was first introduced by Zahradnik.*

We consider only chains of type +, the case — being similar by
symmetry. Define

U, :={zeC:0<Reh<h,}, (4.56)

where 0 < h, <min {{;, 4} is fixed (p is the Peierls constant). In Section 5,
domains will have to be made optimal, with 6 close to 1, but here we
choose 0 := 1. The main result of this section is the following

Proposition 4.2. Lete, ¢ > 0be small enough. There exists §, = f,(€)
such that for all f > f,, the following holds. For each chain X of type +,
h— o™ (X) is analytic in U, , and

o™ (X)lly, < @o(X), (4.57)

where w,(X) satisfies (4.21).

Proof. Since U, = H,, clusters P and restricted phases are under
control. For each I', we use the representation (4.12) (rather than (4.41)).



Non-Analyticity and the van der Waals Limit 715

The main ingredient of the proof is the following lemma, whose proof is
standard and can be found, e.g., in refs. 8 or 23 (with minor modifications
due to the fact that we are working with analytic restricted phases rather
than ground states).

Lemma 4.4. Let § be large enough. Then for each contour I" of
type +, we have @*(int I';—o,) # 0 on U, and

<elilmn, (4.58)

U,

O (int I';+0y)
O*(int I';—oy)

The proof of Proposition 4.2 finishes by using Lemma 4.1. ||

5. DERIVATIVES OF THE PRESSURE

In this section we prove Theorem 1.3, adapting the mechanism used by
S.N. Isakov for the Ising model. Although estimates of Theorem 1.3 hold
for the pressure density p,, we will always work in a finite volume 4, and
obtain bounds on the derivatives of the pressure that are uniform in the
volume. As in the preceding section, we assume y € (0, y,) is fixed.

We consider a box A=[—M, +M]?~Z¢ with M large, chosen so
that 4 e €. Outside 4 we fix the spins to the value +1, i.e., we consider
the set 27, defined in (4.2) and the associated partition function Z*(A)
defined in (4.1). The finite volume pressure p; , is defined by

+ ._L +
py’A'_/)’IAl log Z*(A). .1

Clearly, this function equals the pressure density of (1.16) in the thermo-
dynamic limit. Consider the set €*(A) of all possible external contours of
type + associated to the set Q7. That is, each contour of ¥*(A) appears in
at least one configuration o, € Q7. Remember that V' (I") = |int I'|, where
int I" denotes the union of all components of I"¢ with label —. The family
%*(A) can be totally ordered, with an order relation denoted =<, such that
V(') <V (') when I'" <X I'. When I is not the smallest contour we denote
its predecessor (w.r.t. <) by i(I).
For a given external contour I" € €*(A), consider the set

Qi) :={0,€Q} : I'"XT for all external contours I’ of g, +4¢},
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and define the partition function

07 (4):= z exp(— BH (0 4+4))- (5.2)

o Q) ()

When I is the largest contour then clearly @-(A4) = Z*(A) and when I is
the smallest contour, we define @, (4) := Z}(A). We also introduce the
following set in which the presence of I” is forced:

Qi[I']:={0,€ Q) : I'"X T for all external contours I’ of g, +
and I' is a contour of g, +4¢ }. (5.3)

The partition function @{1(A4) is defined as (5.2), with Q}[I'] in place of
Q7%(I'). We have the following fundamental identity:

O7(4) =0 (A)+ Oy (). (5-4)
A crucial idea of Isakov is to consider the following identity.

@F(A)

ZH (M) =Z; (1) (5.5
rel;lf(A) t(F )(A)
Then, the logarithm is written as a finite sum:
log Z*(A)=log Z; (M) + Y uf(I), (5.6)
et )
where
ul(I) :=log Or () 5.7
4 ) t(F)(A)
Using (5.4) we can write u; (I") =log(1+¢}(I")), where
Ory(4)
Ay :=— 5.8
Pi) =g (58)

Non-analyticity of the pressure is examined by studying high order deriva-
tives of the functions ¢ (I") at 2 =0, using Cauchy’s formula

i) (0) = (5.9)

k+1

j i)
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O~ (intT; or)

Lo __!

Fig. 6. The decomposition (5.10) of the partition function @;(4).

To obtain bounds on ¢} (I")*®(0), we exponentiate ¢;(I") and use a sta-
tionary phase analysis to estimate the integral. The contour C will be
chosen in a k-dependent way. If the domain U, 5 0 in which ¢ (I") is ana-
Iytic is too small, then no information (not even the sign!) can be given
about ¢} (I')®(0).

For a while, consider the structure of the partition function @(A).
We write A =ext, I' U I’ vint I', where ext, I" :=ext I' n A. By construc-
tion, ext, I' and int I" are at distance at least / >2R. We will therefore
consider ext, I' and int I" as independent systems (see Fig. 6). The sums
over configurations on ext, I” and int I” can be done separately, yielding

Oty (A) = p(I') O} (ext, Ts+40,) O (int T o7). (5.10)

All the contours of these partition functions are at distance larger than /
from I, and have an interior smaller than V' (I"). The point is that we
control these functions for 4 € U, where U, = C is a domain that depends
only on the volume of I".

The program for the rest of the section is the following.
In Section 5.1 we show that ¢} (") can be exponentiated, using the results
of Section 4. We then use a stationary phase analysis and obtain upper and
lower bounds on some derivatives of ¢ (I") and u}(I") at A= 0. In Section
5.2 we fix k and take the box A large enough. For a class of contours called
k-large and thin, the kth derivative of u;(I") can be estimated from below,
using the results of Section 5.1. This gives a lower bound on p; ®(0).
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In Section 5.3 we show that for p},, the operations lim, and (-)® <(0)
commute, leading to the proof of our main results.

5.1. Study of the Functions ¢ (I')

The proof of the following lemma requires the main results of Sections 3
and 4. After that, the proof of non-analyticity of the pressure will essen-
tially follow the argument of Isakov (see refs. 8, 10, and 11).

Lemma 5.1. Let 6€(0,1), f large enough. Then the following
holds. For all contour I'e €*(A) with V(I")#0 there exists a map
h g} (I")(h) analytic in the strip U, such that for all he Uy, ¢} (I") can
be exponentiated:

@a(I') =exp(—B LI =2BrV (I")+ 2BV (I") g1 (I')). (5.11)
Moreover, we have the following local estimate
2BV(I") g4 (I )O) < 6,(B) BT, (5.12)
and a uniform bound on the first derivative

e
70}

<a(B)+2 (5.13)

H g4

The functions J; are such that limy ., J; = 0.

1

Proof. Consider ©/(A4). We have seen how to re-sum over config-
urations on ext, I" and int I". We write

O (exty I';+0p) O (int I';—op) O (int I';+0)
z(I")(A) O*(int I';—op)’

i(I')=pI") (5.14)

All the volume contributions coming from the first quotient will be shown
to vanish. The partition functions @}, (ext, I';+,0) and @*(int I'; F o)
are of the type (4.5). We can therefore apply the linking procedure and
obtain a representation of the form (4.18) for each of them:

z(I")(eXtA I';+y0r) = efrleally, (‘@ext/‘f') H(%emr) (5.15)
@ (lnt F + 01") = e+ﬂhV(F)g (‘@mt[' H(’%‘mtf (516)
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where we omitted, in the notation, to mention that the families of polymers
and chains always depend on the boundary conditions specified by +, and
or. Moreover, the family [, , contains chains X that satisfy V(X) <
V(I). In the same way:

Oiiry(A) =M 2(27) B(XD), (5.17)

where the families 2% and 2} depend only on the boundary condition + .
Using the definition of p(I"), it is easy to see that ¢} (I") has the form
(5.11), where g (I') is defined by

28V(I) g4 (I') := =B 3, u((or))—Bh|T|+log O, +log Q.,  (5.18)

where u(o;) = —ho;, and the quotients Q,, Q, are defined by

g('@exu F) =@P('g)mtl") g(g;tf)

OB ="""0 @ 2P (>-19)
e H(%‘exlAF H(%‘mtl“) H(g’nl;tl")
Q.(h) := ) @) (5.20)

Since all the families of chains involved contain contours with an interior
smaller than I", A+ g% (I") is analytic in the strip U (by Proposition 4.1).
Rearranging the terms of the cluster expansions for Q, leads to

log 0, =log A 7mr) 5 i)

adg('@mtl“ Peym{l
BAllR#3
+ Y eotf®- Y ofP).
Bedy P}
PA[Ir#Q PAMr+#Q

Notice that the volume contributions from ext, I" cancelled, and that the
three sums are boundary terms. By symmetry, the quotient equals 1 at
h=0, and so

llog Q,(0)] < 3¢, |[1"1zl- (521

For the derivative, using (3.56) gives

d
—log Q.|

<26,V (I')+3€, [T 1l (5.22)
dh a,
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The same computations can be done for Q,. Clusters of chains are denoted X
The contributions from ext, I" also cancel. Indeed, consider the difference

2 o*f(X)— Y w*(X). (5.23)

XE%exLAF XGXZA

Using Lemma 2.5, there exists for all X, edt ot,r With dX,, T )>R,
a cluster X,ed*, X,next, I'# &, d(X,,I')> R, such that o*(X,)=
w*(X,). We are thus left with

lochzlogH(%mtr)_i_ Z +(XA')

H(gl tf) XegexlAF

Xn[lr#D

+ Y ot@)- Y ofX).
Xedtr Xed}
Xn[Mr#2 X[l +#D

Using symmetry,

llog Q.(0)| < 3€, |[ 1" 1xl- (5.24)

For the derivative, a similar treatment gives

d
log O,

Hdh <26, V(I')+3€, [T xl- (5.25)

Ur

Estimates (5.21) and (5.24) yield

28V(I) g2 (IO < 3(, +€) ILT el <6:(B) BTN, (5.26)

where 6,(B) :=3"'87'(¢, +€,) p~' (p is the Peierls constant). We get (5.13)
by setting 5,(8) := B7'(e, +¢€,). 1

We are now in position of computing derivatives of the functions
@} (I'). The main ingredient is the following theorem, which appeared in
ref. 11. The proof can be obtained by following the Appendix of ref. 10,
which is nothing but a stationary phase analysis applied to the Cauchy
integral giving the kth derivative at z = 0 of a function of the type e~ +%/©),

Theorem 5.1. Let r>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 derivative:

1
sup |f'(z)| <4< %" (5.27)

|zl <r
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There exists k, =k,(4) such that the following holds: define k, =

r(c—2b \/Z). For all integers k € [k,, k.. ] there exists r, € (0, 7) and ¢, >0
satisfying

3001 1
<rH<—) — 5.28
1A~ STbd 10 Jamer, S (5.28)
such that
F(z)
(k) |
=7 jlzl: et dz= k( (5.29)

In particular, (—1)* F®(0) > 0. Moreover, if f satisfies the local condition
bf(0)< —are, (5.30)
with a € (log 2, 1), then for all k € [k,, k, ] and A4 sufficiently small,
(log(1+F))® (0) = (1 +a-e2%) F® (0), (5.31)

where a is a bounded function of k, ¢, b and { = {(a)) > 0.
In Lemma 5.1, we have put ¢} (I') in the form e~“*%/@_ In order to
satisfy (5.27), we must introduce a distinction among the contours.

Consider the function 6,(f) of (5.13).

Definition 5.1. A contour I" € ¥*(A) is thin if |I'| <Z2y(I"), and
fat if it is not thin.

Now, any thin contour I satisfies, when f is large enough,

<262(/3) A(p) < (5.32)

H 84

Lemma 5.2. There exists k, such that when f is sufficiently large,
the following holds. For all thin contour I”, define

k. ():=28V(I") R*V(I'))(1-2 \/Z). (5.33)

Then for all integer k € [k, k,(I")], we have
(—DFuf(I)® (0) > HQBV(I") D)k e t+a®I, - (534)
(=D ui(I)® (0) <20Q2BV(I") D, )* e~ =PI, (5.35)

where lim;_,,, D, = 1.
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Proof. Let I’ be a thin contour. Consider ¢} (I") in its exponentiated
form (5.11). We apply Theorem 5.1 with ¢c=b=28V(I"), f=gi(I")
—3 9, r=R*(V(I')), and A= A(f). (5.32) guarantees (5.27). There exist
r. =r.(I") and ¢, = ¢, (I") such that

Ck

(r)*
Using the analyticity of g% (I") in Uy, we have with (5.28)

(=D* (I (0)=k! A )(=ry). (5.36)

() (—1,) = e P WleTheeei IOgele (I)(—r) =21 (1))

k A
> e P lgriag=01h Il —15k

24
— (1460 BIllgkp 45k

Using Stirling’s formula and the estimates for r,, ¢, we get
(=D @i ()} BV (I) D)+, (5.37)
where
D.(B)=(1—A)e i s (5.38)
Using (5.12) we can satisfy (5.30):

bf(0) =28V (I") gx(I')O) =B I < —(1=6,) BITI
< —(1-6))28V(I") R*(V(I')) (5-39)
=—(1-6,) rc. (5.40)
In (5.39) we used

a 0
> ()&= =2V (") R*(V(I")).
KW (I)) & ( )2K(V(F))V(F)3 () R

1]

We can thus use (5.31) once f is large enough. This gives the lower bound
(5.34). The upper bound is obtained similarly. ||

5.2. Derivatives in a Finite Volume

In this section, we fix k large enough. When a thin contour satisfies
[ky, k. (I')] 2k then u};(I")*®(0) can be estimated with Lemma 5.2. To
characterize this class of contours, we introduce a k-dependent notion of
size.
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Definition 5.2. Let ke N, € >0 small enough. A contour I' is
k-large if V(I") = V,(k) where

K(c0)(1+¢€) k>d—l’ (5.41)

0(1-2./4)
where K(o0) was defined in Lemma 2.9. I' is k-small if V.(I") <V, (k).

Vi k) :=<

Let N,(€') be such that for all N > N,(¢") (see Lemma 4.2),

1 0

< R¥(N) <
(1+¢€')2K(0) N4

. — 5.42
2K(c0) N (42

Let k_ = k_(€', ) be such that when k > k_ then V(k) = N,y(¢'). This defi-
nition implies that when k > k_, we have for all k-large contour I”

k(1) = 287D =20 R 5 A2 D oy
K(c0)(1+¢€") 543

That is, the kth derivative of a k-large thin contour can be studied with
Lemma 5.2. The dependence of k. on y comes from the bound
K(o0) = c_y. We therefore have lim,, k_ = +oo0.

Proposition 5.1. Let 8 be close to 1, § large enough. There exist a
constant C; > 0 and an unbounded increasing sequence of integers k,, k,,...
such that for large N, we have whenever A is sufficiently large,

(=D d*
Al dr* 2

re¢t(4)

Wi (D)ly—o = (CK(00) 71 Ba o feylatt,  (5.44)

Proof. Fixe > 0smallandconsiderthesequence (I )y, of Lemma2.9.
We have limy, , V' (I'y) = +o0 and when N is large enough,

V()T

(= K <=7

< (14€) K(0). (5.45)

The sequence (ky)ys, is defined such that the contribution from the

contour I'y to p; &) (0) is close to maximal. Let

d—1
o= | S B0 | (5.46)
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Since limy _, ., V(I'y) = +00, we have limy _, , ky = +00. From now on we
consider N large enough so that (5.45) and (5.48) hold and k>
max{k,, k_}. When considering the ky-th derivative, we use the following
decomposition:

L = X 4+ X o+ ) (5:47)

Te¢t () Te¢™ () Te¢™ () Te¢t ()
ky —large, thin  kpy —small, thin fat

We show that the dominant term comes from Iy, which belongs to the first
sum, and that the two other sums are negligible. To see that I, appears in
the first sum, we first show that I'y is ky-large. Indeed, if 6 is close to 1 and
€, €', A(f) are small,

K(o)(1+€)d—1 >
OkN = N
k) (52 I

1 1+€ d—1\a*r
V(Iy) <V(Ly).
(0(1—2/2)1—6 d) () <V

Then we show that I'y is thin:

LI 1Y 1 1

0, 5.48

Finally, we assume A is large enough in order to contain at least a ||
translates of I'y, a > 0. Then we apply Lemma 5.2 to u* (I'y). Using (5.45),

V(I"N)kzv e~ A+o0 Byl
> ((1—€) K(0) [Ty 7 e~(+o0 #ILn]

1

dilkN d
k e—(1+61)m(kN+1)
d—18

<(1—6) K(0) —

d d d %kN 4
> c(ky) K(oo)a1* g=a=1kv [d— i (1—€)e™ } ky'71,  (5.49)

where c(ky) = C3k;,% and we used Stirling’s formula. Since

(=D u} ()™ (0)=0 (5.50)
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for all ky-large thin contour, we can bound the first sum from below using
only the contributions coming from the translates of I'y. We get

(=D do .
— T T uy (I, -
@, x, h
ky —large, thin

k d ik ‘
C(Z(I)V)ZkNK(oo)ﬁkNﬁ 7k [ _1(1_e)e—510_] kyla1.  (5.51)

Consider now a kj-small thin contour, i.e., R*(V(I")) = R*(Vy(ky)). Using
the Cauchy formula with a disc of radius R*(V,(ky)) centered at & =0,

(1) 5(0)] < ky! ( ) D (5.52)

R*(Vy(ky))

Lemma 5.3. Setting o; = o; (6, B) := p~'(1—6(1+A(B))—6,(B)). If
f is large enough, we have o; > 0 and the bound

. o
e (I )y, < PPk (5.53)

Proof. Using (5.11), (5.12), and (5.32),

”(pA(F)”Up sup e —pA=61) Tl 2p(1+4) [Re A V(I") < e MAIl 1, (5.54)
heUrp

where we used the definition of the radius of analyticity:

0
sup A V(D) S RVINVI) SRVINVIT) <F TN (5.55)

heUr

The proof finishes by using the Taylor expansion of log(1+x). ||

A standard Peierls estimate implies, when f is large, the existence of a
number C, such that

Y el |4 (5.56)

Teé*(4)
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1

Using the Stirling formula, it easy to see that k, kd T L ky |75z 14¥_ The
contribution from the k,-small contours is then bounded by

dkv
dh*v r e;(A)

kpy —small, thin

d 1 1 1+€' 1/%1 % kN d
< C;2MK (o) a1k itk [ew< > < > } MES)
0 1-2./4

(5.57)

1
]

h=0

Since ;4; > e, the comparison of the square brackets of (5.57) with those
of (5.51) shows that if 6 is close to 1, if €, ¢’ are small, and if § is large
enough, then the contribution from the k,-small contours is negligible in
comparison to the k,-large ones.

We are then left with the contribution of the fat contours. We can use
a Cauchy bound

k

dn*

//\

1V,
e () Wil

2K(l) k « e P Il
(57 Vi

2K(l) k x e Pu Il
k!< 0 <52>> |F|d1—e_ﬁ°"|r|'

Then a Peierls estimate leads to

Uy (F)‘

N
x

N

ko, k
3 irensia ¥ et @pir () 65

Teé*(4) L>1

where I'(x) is the Gamma-function. Using the Stirling formula, it is then
easy to show that the contribution from the fat contours is bounded by

1|d*

Dila X wi)| <K BED@F K, (559

re¢*(4)
fat

where lim, , , D(k) = 0. The fat contours can thus always be ignored. This
finishes the proof of Proposition 5.1. |



Non-Analyticity and the van der Waals Limit 727

With (3.57), we get the lower bound, for a large enough box 4,

(C,K(00)71 faryen eyttt — Chv e, ! (5.60)
(C_yasifatnyk e \att— Chvy . (5.61)

P75 (0)] =
>

We used the lower bound K(o0) > c_y from Lemma 2.9. Notice that we
could extract the contribution of the translates of I'y to p; *¥)(0) without
knowing its explicit shape. This is where our formulation of the isoperime-
tric problems differs from the one of Isakov. Notice also that the lower
bound (5.61) shows how non-analyticity is detected in finite volumes.

5.3. Thermodynamic Limit; Proofs of Theorems 1.2 and 1.3.

To extend the bounds we have on p!U¥(0) to the infinite volume
limit, we first show that in the strip U, the derivatives of the pressure are
uniformly bounded.

Lemma 5.4. Let § be large enough. There exists C, > 0 such that
forall k=2,

sup [Ip; %y, < (Coyapan) kar+Cri. (5.62)
A

Proof. Like in Section 4.4, we can fix § :=1. The term C¥k! comes
from (3.57). Consider u} (I") and the representation (5.14) of ¢} (I"). From
Lemma 5.1, ¢} (I") is analytic in U,. From Proposition 4.2 and Lemma
4.4, it is also analytic in U, i.e., in U, U Uy. Proceeding like in the proof of
Lemma 5.1, we get

—BRe kT, 3(er+€0) ILT 1Rl

< sup e
Uy heU,

H@;g,-)(ext,1 I;00)0%(int I';—op)
iry(4)

— e¥e+e) Il
Assume 39"!(¢, +€.) <3. Using (4.58),
Ml (I)lly, < e Plefllel < e~ < 1. (5.63)
Notice that unlike in (5.54), «, in independent of 0. This implies that u7; (I")

is also analytic in U, U U,. Set a; =min{a,, o, }. Using a disc of radius
R*(V(I')) around each ke U, , we have
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()Pl < ) W o

1
<R vI)

2K(1 o ealn
<K <%) VD)

—pos |T'|
<k|<2K_(1)> VAL P—
Gla— 1—

o Pl

We used the isoperimetric inequality of Lemma 2.10. Remember that
K(1)<c,y (Lemma 2.9), and that / = vy~'. The proof finishes like for the
upper bound on fat contours. ||

Corollary 5.1. Forall” eU, u{Reh=0}and forallke N,
P () = lim, p () =lim p(h). (5.64)
Proof. We show (5.64) for k = 1. By definition,

o 22 +90)—p, ()

Py = \0 o
+ ! R !
=1im lim py,A(h +5) py,A(h)
650 AZY 0

=1lim lim <p;r(/})(h')+2' p;(i)(h(é)w),

SN0 A Z°

where limg., #(d) =/4'. The following lemma will allow to permute the
limits lim; . , and lim, , ;4.

Lemma 5.5. Let, forall Ne N, § >0, by(d) = ay+cy(J), such that
ley(0)] < DO uniformly in N, and limy_  by(5) =b(d) exists. Then
limy _, . ay and lim; ., b(J) exist and are equal.

Proof. We first show that lim;., b5(J) exists. Let (J,) be any
sequence J; > 0 such that lim, , , J, = 0. Then we have

16(06) =b(d) = | lim (en(96) —en(9p DI < DO +0p),  (5.65)
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and so lim, _, ,, b(J;) exists. Fix € > 0. There exists N, ; such thatif N > N_;
then |by(5) —b(0)| < e. We then have

b(0)—e— D6 < lim infy _, , ay <lim supy_ ., ay < b(0)+e+ D5, (5.66)

which finishes the proof, once we takee -0, - 0. |

Using the fact that the second derivative is uniformly bounded on U,
(Lemma 5.4), this shows the first equality in (5.64). For the second, we only
need to consider the case where 4’ = 0.

1, < py(é) p,(0)
() ©)= 0 1)
0 0
= lim 5 + 5

<hm : p;)<h(a))>+ Lo« (),

where k() € [3, 6] and lim,. ,A(5) = 0. This shows

P (0)= hm PV (h(6)), (5.67)

which extends easily to any sequence 4\ 0, since derivatives of any order
are uniformly bounded on U,. ||

We can then complete the proofs of our main results.

ProofofTheorem 1.3. Theboundson p,(0) of (5.61) and Lemma 5.4
extend to the thermodynamic limit using Corollary 5.1. |

Proof of Theorem 1.2. Using the symmetry p,(h) = p,(—h), we can
write, for m >0,

f,(m) =sup (hm—p,(h)). (5.68)

h=0

By the Theorem of Lee and Yang, i+ p,(h) and m — m,(h) := p'"(h) are
analytic in {Re h> 0}. If m* := p{"> < (0), then for all m € (m*, 1),

1, (m) = h(m) m— p,(h(m)), (5.69)
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where A,(m) is the unique solution of the equation m = m, (k). The GKS
inequality (see ref. 9) allows to obtain, for all 20,

PP (h) > P —tanh(B(h+1))) >0, lim pP())>0.  (5.70)

Since pP(h)#0 for all >0, the biholomorphic mapping theorem"
implies that m > h,(m) is analytic in a complex neighbourhood of each
me (m*, 1). So f,, which is a composition of analytic maps, is analytic on
(m*, 1).

We now show that f, has no analytic continuation at m*. Assume this
is wrong. We compute

WP (m*) = lim, A (m) =lim m ()~ =1im p® ()~ £0. (5.71)

We used the fact that p$ < (0) is bounded at &= 0. Again, (5.71) implies
that the inverse of /4, = h,(m) can be inverted in a neighbourhood of m*
and that the inverse, m, = m,(h), is analytic at 2 = 0. This is a contradiction
with Theorem 1.3. ||

6. CONCLUSION

Our analysis has lead to the following representation of the pressure
for h > 0:

p,(h) =p7, (M) +s7 (h), (6.1)

where p;, is the restricted pressure. As we have seen in Section 3, p;.,
which describes a homogeneous phase with positive magnetization, behaves
analytically at 2= 0. On the other side, s; contains the contributions from
droplets (contours) of any possible sizes, and is responsible for the non-
analytic behaviour of the pressure at 42 = 0. Non-analyticity can be detected
only in the very high order derivatives of s, although s contributes
essentially nothing to the pressure when p is small. Indeed, s; can be
expressed as a sum over clusters of chains, and each chain contains at least

21et g: D — C be an analytic function, z, € D be a point such that g’(z,) # 0. Then there
exists a domain V' < D containing z,, such that the following holds: V' = g(V') is a domain,
and the map g: ¥ — V"' has an inverse g~': ¥’ — ¥ which is analytic, and which satisfies, for
all weV’, g7"(w)=(g'(g (w)))™". The proof of this result can be found in ref. 21,
pp. 281-282.
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one contour. Since the length |I"| of a contour is bounded below by the size
of a cube C?, we have

s lly, < ae ™", (6.2)

where a, b > 0 are constants.
For the pressure, the Lebowitz—Penrose Theorem takes the form (see
ref. 19):

Po(h)i=1yi§3 p,()= sup (hm— fyr(m)), (6.3)

me[—1,+1]

where the mean field free energy f,,» was defined in (1.4). The bound (6.2)
implies, for 4 >0,

po(h) = llm p () = sup (hm— fyr(m)). (6.4)

m=0

From this last expression, the analytic continuation of the pressure, in the
van der Waals limit, at A=0, can be understood easily: for 4> 0,
hm— f-(m) has a unique global maxima at m™*(h, 8) > 0. When 4 < 0 this
maxima is only local, but provides the analytic continuation at 2= 0. The
identity (6.4) shows that the constraint on the local magnetization, in p;,
has the effect of always selecting the maxima m*(h, f), which is global
when /4 > 0 and local when 4 < 0. When y > 0, this scenario breaks down:
droplets are well defined, and they are all stable at 2 =0, creating arbi-
trarily large fractions of the — phase. As we saw, this gives a contribution
k1751 to the kth derivative of the pressure.

APPENDIX A: CLUSTER EXPANSION

Consider a countable set 2 whose elements are called animals, and
denoted y € 2. To each animal y is associated a finite subset of Z“, called
the support of . Usually we also denote the support by y. In the cases we
consider, the support is always an R-connected set. Assume we are given a
symmetric binary relation on &, denoted ~ . We say two animals y, y’ are
compatible if y ~ y'. When y and y' are not compatible we write y + y'. We
assume that the following condition is necessary to characterize incompa-
tibility: for each each animal y, there exists a set b(y) = Z“ such that if

Y+, then b(y) N b(y") # &.



732 Friedli and Pfister

To each animal y e & we associate a complex weight w(y) € C. The
partition function is defined by

E@):= Y I o), (A1)
{} C? ve{r}
compat.

where the sum extends over all sub-families of & of pairwise compatible
animals (we assume this sum exists, which is the case in every concrete
situation). When {y} = ¢, we define the product over y as equal to 1. We
are interested in studying the logarithm of the partition function. To this
end, we define the family & of all maps 7: 2 — {0, 1, 2,...}. The support of
7 is the set {y € 2 : §(y) = 1}. Usually we also denote the support of 7 by 7.
We will also write 73 x if the support of § contains an animal whose
support contains x. A map € & is a cluster of animals if its support
can’t be decomposed into a disjoint union S; U S, such that each y, € S| is
compatible with each y, € S,. Formally, the logarithm of the partition
function has the form (see, e.g., ref. 18)

log 5(2)= Y. (). (A2)

7e2

where the weight of § equals

(@) =a"(7) [[ o()™. (A.3)

YED

The functions a”(§) are purely combinatorial factors. They equal zero if
is not a cluster. The following is the technical lemma that gives explicit
conditions for the convergence of the development (A.2). The proof is
standard and can be adapted from."®

Lemma 1.1. Let w,(y) be a positive weight such that

sup Y, wy(y) e"P e, (A4

xez? p:b(y)ax

where 0 < € < 1. Define w,(§) as in (A.3) with w,(y) in place of w(y). Then
there exists a function #(¢€), lim, _, y#(€) = 0 such that

sup ). loy(P)I < n(e). (A.5)

xel” jox
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Typically, in the cases we consider, the weights are maps z — w(y; z),
analytic in a domain 4 — C, and there exists a positive weight w,(y) such
that [|o(y; )4 < @(y) for all y. Lemma 1.1 thus implies that the series
(A.2) is normally convergent on A. This guarantees analyticity of the
logarithm of Z(2), by a standard Theorem of Weierstrass (see, e.g.,
ref. 21).
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