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Surface Transitions of the Semi-Infinite
Potts Model II: The Low Bulk Temperature Regime

C. Dobrovolny,! L. Laanait,” and J. Ruiz’

Received December 16, 2003; accepted March 25, 2004

We consider the semi-infinite g—state Potts model. We prove, for large g, the
existence of a first order surface phase transition between the ordered phase
and the the so-called “new low temperature phase” predicted in,?® in which
the bulk is ordered whereas the surface is disordered.
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1. INTRODUCTION AND DEFINITIONS
1.1. Introduction

This paper is the continuation of our study of surface phase transi-
tions of the semi-infinite Potts model'? (to be referred as paper I).

Semi-infinite models exhibit a great variety of critical phenomena and
we refer the reader to ref. 3 for a review on this subject.

We consider, the g—states Potts model on the half-infinite lattice with
bulk coupling constant J and surface coupling constant K (see (1.1) below
for the definition of the Hamiltonian).

Besides its popularity, this model presents very interesting features.
Namely, in the many component limit ¢ — oo, the mean field theory yields
by looking at the behavior of a bulk and a surface order parameter, and
after a suitable rescaling i.e. by taking the inverse temperature 8 =Ingq, the
phase diagram shown in Figure 1.(20)
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Fig. 1. Mean field diagram borrowed from ref. 26.

In region (I) (respectively (IV)) the bulk spins and the surface spins
are disordered (respectively ordered). In region (II) the surface spins are
ordered while the bulk spins are disordered. The region (III) called new
low temperature phase'®® corresponds to disordered surface spins and
ordered bulk spins: this phase which is also predicted by renormaliza-
tion group scheme, actually does not appear in the Ising case(!®). On
the separating line between (I) and (IV) an ordinary transition occurs
whereas so-called extraordinary phase transitions take place on the sepa-
rating lines (I)—(III) and (II)«(IV). Finally, on the two remaining separa-
tion lines (I)-(IT) and (III)~(IV), surface phase transitions arise.

In paper I, we studied the high bulk temperature regime showing that
the first surface phase transition between a disordered and an ordered sur-
face while the bulk is disordered holds whenever ¢f/ —1<¢!/? and ¢ is
large enough.

We are here concerned with the more interesting situation in which
the bulk is ordered. We prove that the second surface transition between
the new low temperature phase and the ordered phase actually occurs
whenever ¢/’ — 1> ¢!/4, again for large values of g.

The results are based on the analysis of the induced effect of the bulk
on the surface. Intuitively, this effect might be viewed as an external mag-
netic field. When the bulk is completely ordered (a situation that can be
obtained by letting the coupling constant between bulk sites tends to infin-
ity) the system reduces to Potts model in dimension d — 1 with coupling
constant K submitted to a magnetic field of strength J. Such a model
is known to undergo a order-disordered phase transition near the line
BJ(d—1)+BK =Ing.”® We control here this effect up to e/ —1>¢4!/¢ by
a suitable study of a surface free energy and its derivative with respect to
the surface coupling constant, which contains the thermodynamic of the
surface phase transition under consideration.

The technical tools involved in the analysis are the Fortuin-Kasteleyn
representation,(!® cluster-expansion,(1#1%-%-27) Pirogov-Sinai theory,G! as
already in paper I, but in addition Alexander’s duality.(-2%-23.29)
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The use of Fortuin-Kasteleyn representation is two-fold. It provides
a uniform formulation of Ising/Potts/percolation models for which much
(but not all) of the physical theory are best implemented (see ref. 13 for a
recent review). It can be defined for a wide class of model, making results
easier to extend (see e.g. ref. 21, 29, and 8). This representation appears
in Subsection 2.1 and at the beginning of Subsection 2.2 to express both
partition functions (Z and Q) entering in the definition of the surface free
energy in terms of random cluster model.

Alexander’s duality is a transformation that associates to a subcom-
plex X of a cell-complex K the Poincaré dual complex [K\X]* of its
complement. Alexander’s Theorem provides dualities relations between the
cells numbers and Betti numbers of X and those of [K\X]* (see e.g., ref.
1 and 25). FK measures on lattices are usually expressed in terms of
the above numbers for a suitably chosen cell-complex associated to the
lattice under consideration. Alexander’s duality provides thus a transfor-
mation on FK configurations (and FK measures)®. In the case of the
Ising/Potts models this transformation is in fact the counterpart of the
Krammers-Wannier duality (or its generalizations (12:2%23): applying it
after FK gives the same result than using first Krammers—Wannier dual-
ity and then taking FK representation 2%, We use Alexander’s duality
first in Subsection 2.2. It allows to write the bulk partition function (Q)
as a system of a gas of polymers interacting through hard-core exclusion
potential. The important fact is that the activities of polymers can be con-
trolled for the values of parameters under consideration. This partition
function can then be exponentiated by standard cluster expansion. This
duality appears again in Subsection 2.3 to obtain a suitable expression of
the partition functions (Z).

Cluster expansion is used again in Subsection 2.3 to express the ratio
Z/Q as a partition function of a system called Hydra model (different
from that of paper I) invariant under horizontal translations.

Pirogov-Sinai theory, the well-known theory developed for translation
invariant systems, is then implemented in Section 3 for the study of this
system. Again cluster expansion enters in the game and the needed Peierls
condition is proven in Appendix.

The above description gives the organization of the paper. We end
this introduction with the main definitions and a statement about the sur-
face phase transition.

1.2. Definitions

Consider a ferromagnetic Potts model on the semi-infinite lattice L =
74-1 x 7+ of dimension d >3. At each site i ={ij, ..., iz} €L, with iy €Z
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fora=1,...,d—1and iy e€Z", thereis a spin variable o; taking its values in
theset 9={0,1,...,9—1}. Welet d(i, j) =maxXy=1,. 4 liq — jo!| be the dis-
tance between two sites, d (i, ) =minjcq d(i, j) be the distance between the
site i and a subset Q C L, and d(Q, Q') =min;cq, jeq d(i, j) be the distance
between two subsets of L. The Hamiltonian of the system is given by

HE_ZKija(ai,aj) (1.1
(i,J)
where the sum runs over nearest neighbor pairs (i, j) (i.e. at Euclidean dis-
tance dg(i, j) =1) of a finite subset Q CILL, and § is the Kronecker sym-
bol: 8(o;,0;) =1 if 0; =0}, and 0 otherwise. The coupling constants K;;
can take two values according both i and j belong to the boundary layer
Lo={ie€lL|iz =0}, or not:

_JK>0 if (i, j)cCLo
K”_{J>0 otherwise (1.2)

The partition function is defined by:
zP (@)=Y e Pyd (1.3)

Here the sum is over configurations o € Q, 8 is the inverse tempera-
ture, and Xé is a characteristic function giving the boundary conditions.
In particular, we will consider the following boundary conditions:

o the ordered boundary condition: xg = [[;cyq6(0i,0), where the
boundary of  is the set of sites of € at distance one to its complement
0Q=1{ieQ:d(i, L\Q)=1}.

« the ordered boundary condition in the bulk and free boundary
condition on the surface: ng = HieBbQ 8(0;,0), where 0,2 =02 N (LL\Lo).

Let us now consider the finite box

Q={ielL| max |ig|<L, 0<iz<M}
a=l1,...,d—1

its projection X =QNLo={i € Q|igy =0} on the boundary layer and its
bulk part A=Q\X={ieQ|1<ig <M}
The ordered surface free energy, is defined by

. | Z°()
go=—Ilim — Ilim In
L—oo |X| M—oo  Q°(A)

(1.4)
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Here |=|= 2L+ 1)4~! is the number of lattice sites in =, and Q°(A) is
the following bulk partition function:

Q°(M)=) expBJ Y 8(i0pt [] 8,0

(i,j)CA icdA

where the sum is over configurations o € Q*. The surface free energy
does not depend on the boundary condition on the surface, in particu-
lar one can replace Z°(2) by Z°t(Q) in (1.4). The partial derivative of
the surface free energy with respect to SK represents the mean surface
energy. As a result of this paper we get for ¢ large and ¢!/¢ < P/ —
1 < g that the mean surface energy a,élKgO is discontinuous near SK =
1 <1 q 1/(d-1)
n + (m)

Namely, let (-)? denote the infinite volume expectation corresponding
to the boundary condition p:

1
- —BH
(NP7 pEY=  lim 77 ) > fe PR

O'QGQQ

defined for local observable f and let e~ " be defined by (3.8) below. As a
consequence of our main result (Theorem 3.5 in Section 3), we have the
following

Corollary 1.1. Assume that ¢!/ <¢f’ —1<gq and g is large enough,
then there exists a unique value K;(8, J, g, d) such that for any n.n. pair
ij of the surface or between the surface and the first layer

(8(01,0,))°T (BT, BK)SO(e™")  for K<K,
(8(01,0,))°(BJ, BK)=1—0(e™ ™) for K=K,

In that theorem the ratios of the partition functions entering in the
definition of the surface free energy g, (with both Z°(Q) and Z°f(Q)) are
expressed in terms of partition functions of gas of polymers interacting
through a two-body hard-core exclusion potential. For ¢//4 <¢f! —1<gq
and ¢ large, the associated activities are small according the values of K
namely for K>K, with the ordered boundary condition and for K<K,
with the ordered-free boundary condition. The system is then controlled
by convergent cluster expansion.
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2. RANDOM CLUSTER MODELS AND HYDRA MODEL
2.1. The Fortuin—Kasteleyn (FK) Representation

By using the expansion e#Xii%(@i-01) =1 4 (ePKii —1)§(0;, o), we obtain
the Fortuin—Kasteleyn representation!>) of the partition function:

z7@= Y J] % —1)g"a® @1

XCB(Q) (i,j)eX

where B(Q2)={(i, j):i €, j €} is the set of bonds with both endpoints
belonging to €2, and NS(X) is the number of connected components
(regarding an isolated site i € Q as a component) of a given X C B(Q).
These numbers depend on the considered boundary condition; introduc-
ing S(X) as the set of sites that belong to some bond of X and C(X|V)
as the number of connected components (single sites are not included) of
X that do not intersect the set of sites V, they are given by:

NS(X) = Q] — [S(X)UdQ+ C(X|9R)
NS(X) = 19— [S(X) U3+ C(X|8p9)

Hereafter |E| denotes the number of elements of the set E.
We introduce the parameters

B, = 1n(eﬂK 1)

ﬁ! (2.2)

ﬂ = ln(elnq 1)

and let XS :XmB(]Lo), Xb:X\XS, to get
ZP(Q) = Z P\ Xs 1B Xp I+ NG (X) (2.3)

XCB(Q)

The ground state diagram of this system is analogous to the diagram
of Fig. 1, by replacing J by B, and K by S, (see paper I).

For the bulk partition function Q°(A), one find that the FK repre-
sentation reads

0°(A) = Z qﬁb\YH-N (Y)_qﬂhlB(A)l Z q—ﬂh\B(A)\YI-i-NA(Y) (2.4)
YCB(A) YCB(A)

where NS (Y)=|A|—[S(X)UdA|+C(X|dA).
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2.2. Low Temperature Expansion of the Bulk Partition Function

We give in this subsection an expansion of the partition function
Q°(A) at “temperature” B > dl. The expansion is mainly based on a dual-
ity property and we first recall geometrical results on Poincaré and Alex-
ander duality (see e.g., ref. 25, 1, 12 and 18).

We first consider the lattice Z¢ and the associated cell-complex L
whose objects s, are called p—cells (0 < p <d): O—cells are vertices, 1—cells
are bonds, 2—cells are plaquettes etc ...: a p—cell may be represented as
(x;o1€1,...,0pep) Where x e74, (e1,...,eq) is an orthonormal base of R4
and o, ==+1,a=1,...,d. Consider also the dual lattice

1 1
(Zd)*z{xz(xl—i-z,... ,xd+§):xa€Z,a=l,... ,d}

and the associated cell complex L*. There is a one to-one correspondence
Sp<Si_p (2.5)

between p-—cells of the complex L and the d — p—cells of L*. In particular
to each bond s; corresponds the hypercube s7_, that crosses s; in its mid-
dle. The dual E* of a subset E CL is the subset of element of L* that are
in the one-to-one correspondence (2.5) with the elements of E.

We now turn to the Alexander duality in the particular case under
consideration in this paper. Let Y C B(A) be a set of bonds. We define the
A-dual of Y as

Y = (B(A\Y)* (2.6)
As a property of Alexander duality one has

Y| = IB(A)\Y| (2.7)
NR(Y) = Ng(Y) (2.8)

where Ncl(?) denote the number of independent closed (d — 1)-surfaces of

Y. We thus get

0°(A) =gPrIBW)] Z qfﬂ,,|?|+1vd(?) (2.9)
YC[B(A)

This system can be described by a gas of polymers interacting
through hard core exclusion potential. Indeed, we introduce polymers as
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connected subsets (in the R? sense) of (d — 1)-cells of L* and let P(A)
denote the set of polymers whose (d — 1)—cells belong to [B(A)]*. Two
polymers y; and y, are compatible (we will write y| ~y») if they do not
intersect and incompatible otherwise (we will write y; <~ y»). A family of
polymers is said compatible if any two polymers of the family are com-
patible and we will use P(A) to denote the set of compatible families of
polymers y € P(A). Introducing the activity of polymers by

wo(y):q*ﬁbWH”Ncl(V) (210)
one has:
0°(A)=gPFM 3" T eo(r) 2.11)
YeP(A) yeY

with the sum running over compatible families of polymers including the
empty-set with weight equal to 1.

We will now introduce multi-indexes in order to write the logarithm
of this partition function as a sum over these multi-indexes (see ref. 28). A
multi-index C is a function from the set P(A) into the set of non negative
integers, and we let suppC ={y € P(A):C(y) > 1}. We define the truncated
functional

®)(C) = Hgoo(y)“” (2.12)

HC()'

where the factor a(C) is a combinatoric factor defined in terms of the con-
nectivity properties of the graph G(C) with vertices corresponding to y €
supp C (there are C(y) vertices for each y € supp C) that are connected by
an edge whenever the corresponding polymers are incompatible). Namely,
a(C)=0 and hence ®(3(C)=0 unless G(C) is a connected graph in which
case C is called a cluster and

a(C)= Y (=Dl (2.13)

GCG(C)

Here the sum goes over connected subgraphs G whose vertices coincide
with the vertices of G(C) and |e(G)| is the number of edges of the graph
G. If the cluster C contains only one polymer, then a(y)=1. In other
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words, the set of all cells of polymers belonging to a cluster C is con-
nected. The support of a cluster is thus a polymer and it is then conve-
nient to define the following new truncated functional

P(y)= Y, D(C) (2.14)

C:suppC=y

As proved in paper I, we have the following

Theorem 2.1. Assume that 8, >1/d and covdq_ﬁ”%gl, where vy =

d?2%d=D and ¢o= [1 +29-2(1+/1 +23—d)] exp [ﬁ], then
+4/1423-

0°(A) =P FMlexp !t N d(y) (2.15)
y€P(A)

with a sum running over (non-empty) polymers, and the truncated func-
tional @ satisfies the estimates

1\ vl
@I <y (covaq*7) (2.16)

The proof uses that the activities satisfy the bound ¢, (y) < g~ Fe—1/Dlv
(because N¢(y)<|yl/d) and the standard cluster expansion. The details
are given in ref. 10.

2.3. Hydra Model

We now turn to the partition function Z”(2). We will, as in the pre-
vious subsection, apply Alexander duality. It will turn out that the ratio
ZP(R2)/Q°(A) of the partition functions entering in the definition (1.4) of
the surface free energy g, can be expressed as a partition function of geo-
metrical objects to be called hydras.

Namely, we define the A-dual of a set of bonds X C B(2) as

X=(BQ)\X)* (2.17)

This transformation can be analogously defined in terms of the occupation
numbers

(2.18)

)1 if beX
" =10 otherwise
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Fig. 2. A configuration X (full lines) and its A-dual X (dashed lines).

For a configuration n = {nb}beg(g) c {0, 1}8€ we associate the configura-
tions 7= {7y }se[(eyy C {0, BT given by

npy=1—np, beB(N) (2.19)

where b* is the (d — 1)—cell dual of b under the correspondence (2.5); (see
Fig. 2).

For any set of cells X we will use the decomposition X=X,UZ,UY,
where )?s is the set of cells whose dual are bonds with two endpoints on
the boundary surface X, 2b is the set of cells whose dual are bonds with
one endpoint on the boundary surface ¥ and one endpoint in the bulk A
and the remaining Y, is the set of cells whose dual are bonds with two
endpoints in the bulk A. Thus, for the decomposition X = XU X, intro-
duced above, we have

|Xs| = IB(D)\ X,
|Zp| + V5| = |BO\B(D)|—|X|

We let By be the set of bonds that have an endpoint on the boundary
layer Ly and the other endpoint on the layer L_j={i €L |i;=—1} and let
ﬁcl(g) be the number of independent closed surface of XU By ﬁcl(}?) =
Na(XUBj). As a result of Alexander duality, one has

NS(X)=Ny(X)

Denoting by B;(f2) the set bonds that have an endpoint in 9,2 the other
endpoint in L\, we have furthermore

N (X)=Na(X U[BI(Q)])
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These formula lead to the following expression for the partition function
(2.3)

2P (Q) = gHIBEIHARIB@\B®L - §° g~ B Xs1=Bo (125 |+ % D+ Na O+,

Xc[BOQJ*

where 3 =0 and Ygfzﬁcl()?u[Bl(Q)]*) — Ng(X). Notice that this Boltz-
mann weight equals the Boltzmann weight of the bulk partition function
(2.9) for those XcC [B(A)]* ie., if X, =9 and Z,=0. They can thus be
factorized in the ratio of the two partition functions. Namely, we define
hydras as components of (d — 1)—cells not completely included in [B(A)]*.

Definition 2.2. A connected set of (d — 1)—cells § C[B(2)]" (in the
R sense) is called /hydra in , if it contains a cell whose dual is a bond
with at least one endpoint on the boundary surface .

Definition 2.3. Given an hydra § C [B(Q2)]*, the components of §
included in [B(Z)]* are called legs of the hydra, the components included
in [B(A)]* are called heads of the hydra and the remaining components
are called bodies of the hydra.

The dual cells of bodies of hydras are bonds between the boundary layer
and the first layer Ly ={i €L |iy =1}; (see Fig. 3).

We let H(R2) denote the set of hydras in Q. Two hydras §; and §, are
said compatible (we will write §; ~ §>) if they do not intersect. A family of
hydras is said compatible if any two hydras of the family are compatible
and we let H(2) denote the set of compatible families of hydras § € H ().

Clearly, a connected subset of cells included in [B(Q)]* is either a
hydra § € H(2) or a polymer y € P(A) (defined in Subsection 2.2). There-
fore any subset of [B(Q2)]* is a disjoint union of a compatible family of
hydras X eH(Q) with a compatible family of polymers Y eP(A).

. [l [ _______ ‘}

Fig. 3. A hydra, in two dimensions (a dimension not considered in this paper), with 5 feet
(components of full lines), 2 bodies (components of dashed lines), and 3 heads (components
of dotted lines).
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The partition function Z?”(2) given by (2.1) reads thus:

ZP(Q) = qﬂslB(E)HﬂblB(Q)\B(E)\
RN B (T I N N (o P
X Z q Bs1 Xs| ﬂb(|zb|+|yb|)+NCl(X)+XQ Z H(po(y)

XeH(Q) YeP(A): Y ~X ye?
(2.20)

where the compatibility Y ~X means no component of Y is connected
with a component of X.

According to Subsection 2.2, the last sum in the RHS of the above
formula can be exponentiated as: exp {Zyep( Ay ~X <I>(y)}. Hence divid-
ing the above partition function by the partition function Q°(A) we get
by taking into account Theorem 2.1:

27(@) = 228D _ BB+ B@I- BB (2.21)
of(n)
x 3 g BB Zo |17+ Na (045G ey | — Y em)
XeH(Q) yeP(A);y # X

Hereafter the incompatibility y ~ X means that no component of X
is connected with 4.

E?(Q) is thus the partition function of a gas of hydras 55:{81, RO
interacting through hard-core exclusion potential and through a long
range interaction potential (decaying exponentially in the distance under
the hypothesis of Theorem 2.1) defined on the polymers of the bulk.

If we neglect this long range potential, and if we moreover restrict to
consider only hydras without head, the system of hydras will reduce itself
to a (d —1) Potts model with two-body interaction coupling K and mag-
netic field J (i.e., with formal Hamiltonian H = _Zu’,,/)cLo Ké(oi,05) —
dik).icLokel, J8(0i, 0) ). This model undergoes a temperature driven first
order phase transition, whenever q is large enough and d>3.%) We will
show that it is also the case for the hydra model (2.21) implementing
the fact that the heads of hydras modify only weakly their activities and
that the long range interaction potential decays exponentially (the needed
assumptions are close to those of Theorem 2.1). To this end it is conve-
nient to first rewrite this potential in terms of a model of aggregates.

Let us introduce the (real-valued) functional

W(y)=e 20 1 (2.22)
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defined on polymers y € P(A). An aggregate A is a family of polymers
whose support, suppA=U,cay, is connected. Two aggregates A; and A;
are said compatible if supp A Nsupp A, =9. A family of aggregates is said
compatible if any two aggregates of the family are compatible and we will
use A(A) to denote the set of compatible families of aggregates. Introduc-
ing the statistical weight of aggregates by

oW)=]T¥0) (2.23)

y€eA

we then get:

expi— Y. o= ] d+vu)

yeP(A)y *# X yeP(A);y X

> [[ e@w (2.24)

AcA(A) Ac A;A X

where A~ X means that every polymer of the aggregate A is incompatible
with X. Since the support of aggregates is a connected set of (d — 1)—cells,
i.e.,, a polymer, it is convenient (as it was done for clusters in Subsection
2.3) to sum the statistical weights (2.23) over aggregates with same sup-
port. We thus define the weight

Y= Y, o(A) (2.25)

A:supp A=y
with A~ X, to get
EP (Q) :qﬁsIB(Z)Hﬁb(\B(Q)\—IB(E)I—\B(A)I)
A z = R 4
% Z g PsIXsl Bo (| Zo | +1Ys D+Na (X +74 Z H v(y) (2.26)

XeH(Q) YeP(A) yeVy = X

The system is thus described by two families: a compatible family of
hydras (a subset of [B(IL)]*) and a compatible family of polymers (a subset
of [B(IL\Lg)|") each of these polymers being incompatible with the family
of hydras.

We will define in the next subsection the diluted partition functions
for our system. This partition function differs only from the “physical”
partition function (2.26) by a boundary term and thus both partition func-
tions lead to the same free energy. The recurrence relations of Lemma 3.1
below, allow to expand the diluted partition functions in term of matching
signed contours interacting through hard-core exclusion potential.
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2.4. Diluted Partition Functions

Note first that even though our model is defined on a d—dimensional
box € it has a (d — 1)-dimensional structure and the highest order of the
logarithm of partition functions behaves like O(]X]). It will be convenient
to consider © as a set of lines and its dual Q* as a set of columns.

We let a line L(x) be a cylinder set of sites of L. whose projection on
the boundary layer is the site x and whose height is less than a given num-
ber M: L(x)={ielL(i1,...,iq_1)=x€lg,ig<M}. We let Ly, be the set of
all such lines. The dual of a line is called column and is thus a set of d—
cells of the complex L*. For QClLy, we let T =QNILy, be its projection
on the boundary layer, A =Q\X and |Q*|| =|2| be the number of col-
umns of Q* (or of lines of ).

Consider a site x € L and its dual d—cell x*. We shall use £(x*) to
denote the set of (d — 1)—cells of the boundary of x* (there are the dual
cells of the bonds whose x is an endpoint). For a set of d—cells D, we let
E(D)=UyxepE(x™) be the union of the boundaries of the d—cells of D.

Next, it can easily be checked that the configuration (55 °=g, ?:@)
and the configuration (X°f = [BL)\BIL\Ly)]", Y =¢) are ground states
of the system.

We will use H? (2) to denote the set of compatible families of hydras
defined on £(Q*) N[B(LL)]* that coincide with XP on E([0€2]"), and use
P4l (A) to denote the compatible families of polymers defined on £(£2*)\
EEHUE[IQT.

For such configurations the Boltzmann weight in (2.26) reads

q—ﬁ.vlff\s\—ﬂh(|2b|+|?b|)+ﬁc1(5f\)

since for those X e HO'(Q) one has ]Vcl(f(\u[Bl(Q)]*) =ﬁcl(?).
We define, for (any) volume @ CL, the diluted Hamiltonian of a con-
figuration X = X7 a.e., as:

HS'(X)= Y ex(X) = Na(X NEQY)) (2.27)

x*eQ*

where the energy per cell is defined by
ex*()?)zé | X, NEGH)|+ By | ZpNEGH|if xeLy

for the d—cells of the surface and by
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~ By 1~ N .
ex*(X)=7|Yb05(x )| if xeL\Lg

for the d—cells of the bulk.
The diluted partition function is defined by

M@= ¥ 0 Y [ v e

XeHP(Q) YePdil(pA)yeYy »~ X

Up to a boundary term O(d%) one has In E(Q) = [(d — 1)Bs + Bp] 12|
Ing +1n Ef}l(Q), hence

1 .
—1lim — In24l(Q) = d—1)8, 1 2.29
Him oy o » ()=go+[(d—1DBs+Bp]lng (2.29)

where Q1L means that we take first the limit M — oo and then the limit
¥ 1 Lo in the van-Hove or Fisher sense.(?

Notice that the diluted Hamiltonian on ground states reads on set of
columns Q* CIL},:

HI(XP)=e,||Q" (2.30)
with the specific energies
eo =0
eof = (d—1Bs+pp—1 (2.31)

3. SURFACE TRANSITION IN THE BULK LOW TEMPERATURE
REGIME

3.1. Contours and Peierls Estimates

We first define the contours of our system.

Let QCLy, QF its dual set and (X,Y) be a configuration of our sys-
tem in Q: X eHP(Q),Y e PU(Q), ¥ = X.

A d—cell x* € Q* is called p-correct, if X coincides with the ground
state X” on the (d — 1)—cells of the boundary £(x*) of x* and the inter-
section YNE (x*)=0. A column is called p-correct if all the d—cells of the
column are p-correct.

Columns and d—cells that are not p-correct are called incorrect.

The set of incorrect columns of a configuration ()?, ?) is called
boundary of the configuration (X, Y).
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A triplet T = {suppT, 5(\(1“),?(1“)}, where suppI" is a maximal con-
nected subset of the boundary of the configuration (X,Y) called support
of T, X (I") the restriction of X to the boundary E(suppl') of the sup-
port of I', and ?(F) the restriction of ¥ to & (suppl), is called contour
of the configuration (X, Y). Hereafter a set of d—cells is called connected
if the graph that joins all the dual sites i, j of this set with d(i, j)<1 is
connected.

A triplet ' ={suppT, )?(F), ?(F)}, where supp " is a connected set of
columns is called contour if there exists a configuration ()? , 17) such that I'
is a contour of (5(\ , ?). We will use |I'| to denote the number of incorrect
cells of suppI" and ||T'|| to denote the number of columns of suppT.

Consider the configuration having I' as unique contour; it will
be denoted (X', ¥YT). Let L,(I') be the set of p-correct columns of
L3, \suppT". Obviously, either a component of L,(T") is infinite or a com-
ponent of L¢(") is infinite. In the first case I' is called contour of the
ordered class or o-contour and in the second case it is called of-con-
tour. When I' is a p-contour (we will let I'” denote such contours) we
use ExtT" to denote the unique infinite component of L,(I"); this compo-
nent is called exterior of the contour. The set of remaining components
of L,(I') is denoted Int,I" and the set L,,«,(I") is denoted Int,I". The
union IntI’ =Int;I" U Intg I is called interior of the contour and V(I') =
supp"'UIntT.

Two contours I'} and I'; are said compatible if the union of their sup-
ports is not connected. They are mutually compatible external contours if
V(I'1) Cc ExtI'; and V(') C ExtI'y.

We will use G(I'?) to denote the set of configurations having I'?

as unique external contour. The crystal partition function is then defined
by:

cHUGENED SR | 7% (3.

(X,Y)eG(P) yeY

Lemma 3.1. The following set of recurrence equations holds:

n
el = > gelBUT]eara)) 3.2)
LN i=1
Here the sum is over families {I'’, ..., '} }ex¢ of mutually compatible

external contours in Q (supp Fl.p CQmt=1{ieQ:d(i,Ly\)>1}), |Ext| =
12%]1 = = VTl where [|[V(I'/)]| is the number of columns of V(I'Y);
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TP =oC") [] eUntul?) (3.3)
mefo,of}
where:
_ pydil rp
o(CP)y =g e @ TT () (3.4)
yeYrp

Proof. We have only to observe that for any X eH?(Q)

HE X =Y B (X +Y e, L, R)ne| (3.5)
r p

where the sum is over all contours of the boundary of the configuration
(X,Y=0) and ||L,(X)NQ*| is the number of p—correct columns inside
of this configuration. ||

Lemma 3.1 gives the following expansion for the partition function

E({i?il(g) —gerl®l Z Hz(rf’) (3.6)

(T, . T Yeomp i=1

where the sum is now over families of compatibles contours of the same
class and

gdi(Int,,['?)

«T))=o(P)gr M 5
! gdil(Int,, I'7)

(3.7)

where ||[I'”|| is the number is the number of columns of suppI'” and
m#p.

To control the behavior of our system, we need to show Peierls con-
dition, that means that o(I'?)g "I has good decaying properties with
respect to the number of incorrect cells of suppI'”. We use in fact the
modified Peierls condition introduced in ref. 20 where o(I'?)g¢rI"1 is
replaced by o(I'?)g¢IT" Il with e =min (e, eof).

Let

1

_ (3.8)
1— 6cv3q§*‘9"

_ ISl
e = <2<3d_2)q_21(dﬁ[f> + 362d+1v3q$_ﬁb>

where ¢=8e(e — 1)co and vy =d?2*?=D_ We have the following
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Proposition 3.2. Let SCLL}, be a finite connected set of columns,
assume that $<ﬂb <1 and 6cvdq_5+ﬁb <1, then for all B, eR:

Z |Q(Fp)|q9”rl’“<e_1”5“ (3.9)
[P supp'P=S

where || S| is the number of columns of S.

The proof is postponed to the Appendix.

The recurrence equations of Lemma 3.1 together with the Peierls esti-
mates (3.9) allow to study the states invariant under horizontal translation
(HTIS) of the hydra system as in paper 1. This is the subject of the next
subsection.

3.2. Diagram of Horizontal Translation Invariant States

To state our result, we first define the functional

Ky($)= Y = P (3.10)

rP:suppl'P=S

Consider the partition function Edpil(Q) (3.6) and for a compatible family
{re,....ry }Comp of p—contours, denote? by Si,..., S, their respective sup-
ports. By summing over all contours with the same support this partition
function can be written as the partition function of a gas of polymers

S with activity K,(S) = > z(I'?) interacting through hard-core
IP:supp'P=S
exclusion potential:

E%il(g):q—epnszn Z l_[Kp(Si) (3.11)

{S1seee2Su)comp i=1

Here {Sy,...,Su}comp denotes compatible families of polymers, that is
d(S?, S}k) >1 for every two S; and S§; in the family: recall that by defini-
tions of contours a polymer S is a set of columns whose graph that joins
all the points of the dual of the columns of S at distance d(i, j)<1 is con-
nected.

Next, we introduce the so-called truncated contour models defined
with the help of the following
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Definition 3.3. A truncated contour functional is defined as

/ K,(8) if ||Kp(s)||<e—a|\5\|
Kp(8)= { otherwise (3.12)

where || K,(S)|| =Zl~p:supprpzs |z('P)|, and @ >0 is some positive param-
eter to be chosen later (see Theorem 3.5 below).

Definition 3.4. The collection {S, p} of all p-contours I'” with sup-
port suppl'” =S is called stable if

1K, (S)||<e 151 (3.13)

ie., if K,(8)=K}(S).

We define the truncated partition function E;,(Q) as the partition
function obtained from E‘,i,ﬂ(Q) by leaving out unstable collections of con-
tours, namely

2@ =g 3 Tl (3.14)

{Fp»m r‘;]z}}comp i=1

=g el Z 1_[1{/ (Si) (3.15)

{S1,-+ s Snlcomp i=1

Here the sum goes over compatible families of stable collections of
contours. Let

h,=— li ——1In :’ () 3.16
b ||sz|| (3.16)

be the metastable free energy of the truncated partition function E’p(Q).

For « large enough, the thermodynamic limit (3.16) canbe controlled
by a convergent cluster expansion. We conclude the existence of #,,
together with the bounds

eI L 7l (@)el I ore I (3.17)
|hp—eplnq| <ke @ (3.18)
where « = kq(x')? where kg = ‘[+3 e s the cluster constant® and

K =31"1_1; 3,Q=9QNLg in the way defined in Subsection 1.2.
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Theorem 3.5. Assume that 1/d < B, <1 and ¢ is large enough so
that e ¥ =TT +3 %, then there exists a unique B! = ﬁ(l - Bp) +
O(e™ ) such that:

() for By=p;
el =g,

for both boundary conditions p=o0 and p=of, and the free energy of the
hydra model is given by gf+[(d —1)Bs + BplIng =ho =hot

(i) for By > B!
zd(Q)=E2,(Q)

and go+[(d—1D)Bs + BplIng =ho < hor
(iii) for By <B!

edlQ)=g/,(Q)

and gof +[(d — D s+ BplIng =hgo <hy

Proof. Starting from the Peierls estimates given in Proposition 3.2
and the definitions of this subsection the proof is the same as that of
Theorem 3.5 in paper 1. Let us only recall that to exponentiate the parti-
tion function Z,(Q) =gl E/,(Q) we define the truncated functional o7
associated to K,

a(X)

T (X)= =t
X) [T, X(S)!

]_[K;,(S)X“) (3.19)
S

defined on the multi-indexes X associated to the polymers (a multi-index
being a function from the set of polymers into the set of non negative
integers, and a(X) is defined as in (2.13)). The number of polymers §
with number of columns ||S||=# and containing a given column can be
bounded by v” where v=(3?"!1 —1)? as in paper I: this is because the cho-
sen definition for connectedness of columns here is the same as that for
connectedness of lines in paper I.

As a result of the standard cluster expansion,(!%2”) we get for
ke %<1
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Z,(Q) =exp {Z @T(X)}

X

where the sum is over multi-indexes whose support suppX ={S: X (5)>1}
belongs to Q. The series Y- y.,o0x 5z |®7 (X)] is absolutely convergent and
satisfies the bound

3 ’CDT(X)’ ke @ (3.20)
X:suppX 5L

Let us introduce the Gibbs states (-)”, associated to the boundary
conditions p € {f;of}. Theorem above show also that at g, =g

np)° =1-0("") (3.21)
(np)°' = 0(e™) (3.22)

for any bond b of the boundary layer and any bond b between the bound-
ary layer and the first layer.
Indeed by the correspondence (2.19) these equations are equivalent to

(Mp+)° = 0(e™) (3.23)
(p ) =1—0(™) (3.24)

for the dual cells of the bonds under consideration. By definition of con-
tours, with ordered (o) boundary conditions, any such cells are occupied
only if there is an ordered contour surrounding it and that the correla-
tion functions are controlled by the contour model cluster expansion. With
ordered-free (of) boundary conditions, such cells are empty only if there is
a (of)—contour surrounding it and again the correlations are controlled by
cluster expansion. Obviously, the relation (3.23) holds true for any B;>p!
while the relation (3.24) hold true for any B,<p!.

This shows in particular that the derivative %go of the free energy
go with respect to the surface coupling constant K is discontinuous near

1/(d—1)

APPENDIX: PROOF OF PROPOSITION 3.2

We begin the proof by considering contours I' = {supp T, X", YT}
(where {X",Y"} is the configuration having T as unique contour) with-
out polymers, i.e., YT =¢. We have the decomposition X" =XI'u Z] Uy}
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where X! =X n[B(Lo)J*, ¥} =X " n[BML\Ly)]", and Z} =X"\(XFu1)).

A d—cell x* €Lj will be called regular if the (d — 1)—cells of its bound-
ary that belong to the boundary layer are either all empty or all occupied.
It will be called irregular otherwise. We denote by Ro(I") the set of correct
d—cells of the contour I': Ry(I") ={x*elg:|X" NEK*)| equals 0 or 2d —
1}. We let Ip(I") be the set of incorrect d—cells of the contour I' : Ip(I") =
[x*eLo: 1< XM NEQH | <2 - D).

Lemma A.1.

o(MgeTl<g™ zw 1)”0(”' ( )'Yr‘ (A1)

Proof. By Lemma 3.1 and definition (2.27), one has

o) = qu*eRO(r)wo(r) exx (X)—Bp| V| +Nat (X)

where ex*(X)— —— *)| — By }Zbﬂé'(x*)| and to 51mp11fy formulae
we put hereafter X XS, Zy and Y, instead of X", XT, Zr and Yr We
define

Na(XsUZp)=Na(X;UZp))— Y Na(XNEGX™)
x*€Ry(I)

as the number of independent closed surfaces that are not boundaries of
an occupied d—cell of the surface. This leads to the decomposition

Q(F)QEIIFH zq—As(F)—Bs(F)—Ab(F") (A.2)
where

A= Y [exX)—e—Na(XNEGEH)] (A3)

x*eRy(I")
By = Y  [ex(X)—e]-Na(X;UZp) (A4)

x*ely(T)
Ap(T) = By | V| = [Na(X) = Na(Xs U Zy)] (A.5)

Clearly

Ay (T)=0 (A.6)
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Indeed the regular d—cells are either empty in which case the term
inside brackets in (A.3) equals

—e=—min{e,=0; eor =(d — D s+ Bp— 1}
or they are occupied in which case this term equals
(d—=1DBs+Bp— 1 —minfeo=0; eor =(d — 1)Bs + fp — 1}

Let us now bound B, (I"). We first notice that for incorrect d—cells x*
of the surface,

e ®-e=23, ms<x*>|+ﬂb|zms<x*>|—eofx(ﬂm ’3”)

—1
1-B o . ~ .
= 2d—1) |Xsﬂ5(x )|~|—,3[;|Zbﬂ¢c,'(x )| (A.7)

Furthermore the number Ncl()?s UZ,) may be bounded as

L 2|5(\05(x*)| 1
Na(XsUZy)< > s S > 3
x*:d—1<|XNE@*)|<2d-1)-1 x*:d—1<|XNE@*)|<2d-1)-1
|ZpnE )| =1 |Zpne®)|=1

(A.8)

If an incorrect site of the surface is such that |Z;7 néE (x*)| =0, then
necessarily |X neé (x*)| =1 and thus such site gives a contribution

1—Bp
2d—1)

to B,(I'). Let us now consider those incorrect d-cells for which
]Zb ﬂE(x*)\ =1. Starting from (A.7) we get for such cells

ex*()?)—§2ﬁb+2(d X, NEEH)|
1B 2(d—1)+1—|X NEEH|  |XsnE@™|—1
T 2d—1n " 2(d—1) 2d-—1
Ry 12d-D+1-[X;nEEY)] |Xsﬂ£(x*)r—1
“2d-1) d 2d—1) 2d—1)

-8 |X,nEEH|+1
2(d—1) 2d
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<2(d—1) and B,>1/d. When furthermore |X NE(x*)|>d —1, one infer
1—Bp
x* X Y
ey (X) — 2(d— D +

and it ihus follows from (A.4), (A.8), and (A.7), that each incorrect cell
with |Z,NEx*)| =1, gives also a contribution at least % to By(I).
Therefore

1-5
qus(l")gq—ﬁ“O(r)\ (A9)

Consider finally, the quantity A,(I"). We will prove the inequality

O P 7
Nei(X) — Na(Xs U Zh)<|d—b| (A.10)

Notice first the obvious inequality
Na(X) = Na(Xs U Zp) <N (YU Bj))
where By is the set of bonds between the boundary layer and the first

layer and Ng(Y, U BF IR is the number of independent closed surface of
YbUB01 The number |Yb| can be written

%= 2

x*e[LALoJ*:| YpNE (x*)|>1

YN E@™)|

(because each (d —1)—cell belongs to the boundary of two d-cells).

For the conﬁguratlons Y, that do not hit B;;, (meaning that there
are no cell of ¥, connected with Bg, in the R? sense) we get immediately
(A.10) as already used in the proof of Theorem 2.1: closed surfaces of
minimal area are d—cells and the number of (d — 1)—cells in the boundary
of d—cell equals 2d.

For the configurations Y;, that do hit Bj;, notice first that ]?b| can be
written

- |7, NEG™)] |V NEE)]
|Yb’= Z P + Z
xre[L\LoJ*: | ToNE (%) |22 x*e[L\LoJ*:| V,NE(x*)|=1
(A.11)
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Since f/\b is finite, the set of cells with \?b néE (x*)] =1 is non empty
and furthermore for any (d — 1)-cell of Bj; there exists a d— cell x* above
it such that \Yh NE(x*)|=1 that can not contribute to Na (Y, U B ). Now
closed surfaces of minimal area are d—cells having in their boundary 2d —1
cells of ?b and a cell of Bgj;. Thus for such surfaces we have a contribution
d —1/2 coming from the first term of the RHS of (A.11) and a contribu-
tion 1/2 coming from the second term.

This implies (A.10) giving

(8, -1y,
q*Ab(F)gq (ﬂ/’ d)lyh| (A.12)

which in turn implies the lemma by taking into account (A.2), (A.6) and
(A9). 1

Considering still contours I'= {suppI", X", ¥'} without polymers, i.c.,
(Y" =@) we have the

LemmaA.2. Assume that B, > I, and 2vaqd P <1, then

1-8), IS
1
) (r)qe'r“<(2<3d 27N oty qa- ﬁh) 1,
[supp'=S 1_2qud b

(A.13)

which shows that, whenever ¢ is large enough, the Peierls condition holds
true for the class of contours without polymers.

Proof. First, observe that for contours I' with support suppI'=S and
number of irregular cells of the boundary layer |Iy(I")]=k one has |Yb| =
[81] 4+ -+ 18n] =S|l — k. Therefore,

Z o(M)geItl < Z Z q 2(dﬂ117)kq($*ﬁb)|/y\b|

[isupp =S 0<k<||S|| TP:|Io(T) | =k

—Pp
<y (ISH)Z(M DeISI—k =3tk (AL14)

0<k<|I S|l

XX

n<2||S|  81351:--:0n3sn
|81 4 F18n 12151 —k vaes ra°°301
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Here the binomial coefficient

S]]
k

bounds the choice of irregu-

lar cells of the dual of the boundary layer while the factor 24— Dk2lSI—k
bounds the numbers of contours with || S| columns and k irregular cells;
the notation s, ~ Bj; means that a (d — 2)-cell of the boundary of the
(d — 1)—cell s, belongs to the boundary £(Bj;). Then

Y gl ¥ (||2||>2<2d DklISI—k 5~ 2k

[:supp'=S 0<k<|IS|l
d—DIS| T g™
< ¥ (5, > (i)
n<2||S| my+..+my > || S| -k j=1
(A.15)
Here the binomial coefficient C _nl)”S” ) bounds the choice for the

components §,...,8, of ¥, to hit the boundary layer at sy,...,s,. The
above inequality yields

Y ame < Y (||S||>2(2d—1)k2|5||—kq—21(;”b1)k

Isupp =S 0<k<|1S||
y Z ((d—l)llsll) Z <2qu$*ﬁb)m
n<2|S| m=||S||—k
< T (1) qea-nagisi—ky s
= k
0<k<]IS||
(1 WISI=E 5@-s)
x <2vdq (i ﬁb)) ——— (A16)
1—2vdq3_ﬂb

that gives the inequality of the lemma. |

We now turn to the general case of contours with non empty poly-
mers and first give a bound on the activity ¥ (y) of polymers.

Lemma A.3. Assume that 8, > [—11, and cvﬁq‘é_ﬂ”gl with ¢ =8e(e —
Deo and vy = (2d)2, then

¥ ()| < (cv§q5*5b)|y‘ (A.17)
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Proof. Let us first recall the definition (2.25): ¥ (y)=>_ Assupp A=y
w(A) where the weights of aggregates are defined by (see (2.22) and

(2.23)): w(A)‘:‘]_[yeA(e_q’(V) —1). By Theorem 2.1 we know that |®(y)| <
Y
ecovdﬁ_ﬁ” (£1) for ¢ large enough. Since for any |x| <1, |[e™* — 1| <

(e—1) |x|, we have

W(y)|= (e*‘”w - 1\ <e-11ex)I< (- 1>ec0wq$*ﬁh)'y' — ol
(A.18)

Then,

EDS Z ]_[I\IJ(VJ)|

A:supp A=y n>1 wyn
sumﬂ{vl Svnl=y

<y oy [l

n>1 Y1351>---,¥Yn3Sn: ,/:1
supp {y1.... Vn}_l’

<3 o Z ]_[vde"’”f'

n>1 mp,. j=
my+.. +mn2\}/|

<> Y ]‘[ 2v4e)" (A.19)

n=1  Mpemne
mi+.. +mn2\y|

Here, we used as in the proof of Theorem 2.1 that the number of
polymers of length m containing a given bond or a given vertex is less
than v/7'; the term 2!”! bounds the combinatoric choice of the cells s; € y;,
because y being connected, it contains n — 1 such intersecting cells (see ref.
14).

We put k=m+---+m, and notice that there are at most (l:l_ 1)

such numbers to get

> ewi= 35 (, ) ewe

A:supp A=y 1<n<k k=y|
_o\k c 1_
< 4vge™ ) = ( i ﬁb)
> ()= 3 (Soia’
k>ly| k=|yl
1 c . Iyl
S —— (zvf,q ﬁb) (A.20)
l—zvdq d b
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provided that %vjqé_ﬁb < 1. The lemma then follows by assuming that
9 1
s "<y 1

We finally turn to the Proof of Proposition 3.2

Consider a contour I' = {suppF XT, ?F} and as above the decom-
position X' =X UZ] UYF Consider also the union 7, =Y} UY". Notice
that the set 7 = X XT UZF U Ty is a family of hydras and there are at most
3|Tb| contours correspondlng to this family: this is because a (d —1)-cell
in T, may be occupied either by ¥} or by ¥ or by both. Let

e@M|= > oD (A21)

rPTUPT =T

The above remark on the number of contours associated to 7 and
Lemma A.3 imply

lip(] 7
)¢9 < g ~2a <3sup{q,, Bo ey ﬁ—m])' vl

N

‘1 (F)| Ty
< g0 (3eviga e )' g (A.22)

The rest of the proof is thenlanalog to thaE of Lemma A.2 starting
from Lemma A.3 and replacing g7~ by 3cv§q3_’3b. It gives

> lemigtt

I:supp'=S

- IS
<<2(3d—2)q2(,,_€)+3czd+1vjq;—ﬂb) ;1 (A.23)
11— 6cv3q3_’3”

provided 6cv3q$_ﬂ” <1 and ends the proof of the proposition. |
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