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1 Introduction and definitions

1.1 Introduction

This paper is the continuation of our study of surface phase transitions of
the semi-infinite Potts model [[[T] (to be referred as paper I).

Semi-infinite models exhibit a great variety of critical phenomena and we
refer the reader to Ref. [f] for a review on this subject.

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

Besides its popularity, this model presents very interesting features. Na-
mely, 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 = In¢q, the phase
diagram shown in Figure 1 [27)].
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FIGURE 1: Mean field diagram borrowed from Ref. [27].

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 temper-
ature phase R7| corresponds to disordered surface spins and ordered bulk
spins: this phase which is also predicted by renormalization group scheme,
actually does not appear in the Ising case [[7]]. On the separating line between
(I) and (IV) an ordinary transition occurs whereas so-called extraordinary
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phase transitions take place on the separating lines (I)-(III) and (II)-(IV).
Finally, on the two remaining separation lines (I)-(II) 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 surface
while the bulk is disordered holds whenever e?/ — 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
el —1 > ¢!/ again for large values of ¢.

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 magnetic
field. When the bulk is completely ordered (a situation that can be obtained
by letting the coupling constant between bulk sites tends to infinity) 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 fJ(d — 1) + fK =
Inq [B]. We control here this effect up to €%/ —1 > ¢*/¢ 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 [I{], cluster-expansion [[3, B4, [0, B, Pirogov-Sinai theory
[BY, as already in paper I, but in addition Alexander’s duality [fll, 6, B4, B0].

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 [[4] for a recent
review). It can be defined for a wide class of model, making results easier to
extend (see e.g. [B2, BU, §]). 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 subcomplex
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. [[[, BG]). 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. Alexan-
der’s duality provides thus a transformation on FK configurations (and FK
measures) [B]. In the case of the Ising/Potts models this transformation is
in fact the counterpart of the Krammers-Wannier duality (or its generaliza-
tions [13, B3, B4]): applying it after FK gives the same result than using first
Krammers—Wannier duality and then taking FK representation [BJ, []. We
use Alexander’s duality first in Subsection 2.2. It allows to write the bulk
partition function (@) 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 controlled for the values of parameters under consideration.
This partition function can then be exponentiated by standard cluster ex-
pansion. 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 in-
variant 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 surface
phase transition.

1.2 Definitions

Consider a ferromagnetic Potts model on the semi-infinite lattice L = Z9~! x
Z* of dimension d > 3. At each site ¢ = {iy,...,iq} € L, with i, € Z for
a=1,..,d—1and iy € Z", there is a spin variable o; taking its values in the
set @ ={0,1,...,g—1}. Welet d(i,j) = maxa—1, 4 ia — ja| be the distance
between two sites, d(i,)) = min;eq d(i,j) be the distance between the site
i and a subset Q C L, and d(€, () = min;eq jeor d(4,j) be the distance
between two subsets of .. The Hamiltonian of the system is given by

H= —ZKZ']‘(S(O'Z',CT]‘) (].].)

(5.4
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 C L, and § is the Kronecker sym-
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bol: 6(o;,0;) = 1if 0; = 0;, and 0 otherwise. The coupling constants K;
can take two values according both ¢ and j belong to the boundary layer
Lo={ieL|i; =0}, or not:

KZ“:{ K >0 if (i,j) CLg

J >0 otherwise (1.2)

The partition function is defined by:
Zr(Q) =) e My, (1.3)

Here the sum is over configurations oo € Q°, 3 is the inverse temperature,
and xp, is a characteristic function giving the boundary conditions. In par-
ticular, we will consider the following boundary conditions:

e the ordered boundary condition: x¢, = [];c9q 0(0i,0), where the bound-
ary of ) is the set of sites of () at distance one to its complement

90 = {ieQ:d(i,L\ Q)= 1}.

e the ordered boundary condition in the bulk and free boundary condition
on the surface: xf = [Tico,09(0:,0), where 3,2 = 0Q N (L \ Ly).

Let us now consider the finite box

Q={iel| _max 1|Z'Oé| <L, ;0<i; <M}
its projection X = QN Ly = {i € Q| iy = 0} on the boundary layer and its
bulk part A=N\E={ieQ|1<i; <M}

The ordered surface free energy, is defined by

) 1 Z°(Q)
Jgo = — lim — lim In
TS i ()

(1.4)

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

W =Y ep{s) > soi0)} I] 8(0:0)

(i,5)CA i€

where the sum is over configurations oy € Q*. The surface free energy does
not depend on the boundary condition on the surface, in particular one can
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replace Z°(Q) by Z°/(Q) in (T4). 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 ¢*/¢ < ¢?/ — 1 < ¢ that the mean surface

1/(d—1)
energy aBLK Jo is discontinuous near SK = In <1 + (ﬁ) )

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

([)P(BJ,BK) = 5 lim 1 Z Fe PP

—00,M—00 ZP(Q) gt

defined for local observable f and let e”7 be defined by (B.§) below. As
a consequence of our main result (Theorem B.J in Section 3), we have the
following

Corollary 1.1 Assume that ¢"/% < e?/ —1 < ¢ and q is large enough, then
there exists a unique value Ky(0,J,q,d) such that for any n.n. pairij of the
surface or between the surface and the first layer

(6(0i,0;))(BJ, BK) < O(e™") for K <K,
(0(0i,05))°(BJ,BK) 21— 0(e™") for K =K,

In that theorem the ratios of the partition functions entering in the defini-
tion of the surface free energy g, (with both Z°(Q) and Z°/(Q2)) are expressed
in terms of partition functions of gas of polymers interacting through a two-
body hard-core exclusion potential. For ¢'/¢ < ¢?/ —1 < ¢ 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.

2 Random cluster models and Hydra model

2.1 The Fortuin—Kasteleyn (FK) representation

By using the expansion e%u9(@:9i) = 1 4 (e#Kis — 1)§(0y, 04), we obtain the
Fortuin—Kasteleyn representation [[f] of the partition function:

ZP(Q) = Z H (eﬁKij — 1)qN§(X) (2.1)

XCB(Q) (i,j)eX
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where B(Q) = {(i,7) : i € Q,j € Q} is the set of bonds with both endpoints
belonging to 2, and N§(X) is the number of connected components (regard-
ing an isolated site i € Q as a component) of a given X C B(2). These
numbers depend on the considered boundary condition; introducing 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:

N(X) = Q] — |S(X) UdQ| + C(X]09)
NG(X) = 9] = [S(X) UdQ| + C(X|09)

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

In(ePE —1)
Bs = g
- ln(eﬁ‘] - 1) (2:2)
g="
ngq

and let X; = X N B(Ly), X, = X \ X, to get
Zp(Q) _ Z qﬁles\JerIXbHNS(X) (2.3)
XCB(Q)

The ground state diagram of this system is analogous to the diagram of
Figure 1, by replacing J by (3, and K by (s (see paper I).

For the bulk partition function QQ°(A), one find that the FK representation
reads

Q)= T YN _ gRIBWL S mAIBWWIRE) (g g)
YCB(A) YCB(A)

where NR(Y) = |A| — |S(X) UOA| + C(X]|0A).

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” [, > é. The expansion is mainly based on a duality property
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and we first recall geometrical results on Poincaré and Alexander duality (see
c.g. [0, 3, [).

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
(z; 0161, ..., 0pe,) Where z € Z%, (eq, ..., €4) is an orthonormal base of R? and
0o ==*1,a=1,...,d. Consider also the dual lattice

1 1
(Zd>* = {ZU = (.Tl + 57 cey g + 5) L Xy € Z,OZ = 1, 7d}

and the associated cell complex L*. There is a one to-one correspondence
Sp < Sq_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 s} _; that crosses s; in its middle.
The dual E* of a subset E C L is the subset of element of L* that are in the
one-to-one correspondence (B.5) with the elements of E.

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

Y =(BMA)\Y) (2.6)

As a property of Alexander duality one has

7= 1B\ (2.7)
NR(Y) = Na(Y) (28)

~

where Nq(Y') denote the number of independent closed (d — 1)-surfaces of
Y. We thus get

Q(A) = ¢#PW N g PY1+Na(¥) (2.9)
Ye[B@)”*

This system can be described by a gas of polymers interacting through
hard core exclusion potential. Indeed, we introduce polymers as 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 v, and 7, are
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compatible (we will write 71 ~ 72) if they do not intersect and incompatible
otherwise (we will write 73 » 75). A family of polymers is said compatible
if any two polymers of the family are compatible and we will use P(A) to
denote the set of compatible families of polymers v € P(A). Introducing the
activity of polymers by

0ol7) = g P hHNa() (2.10)

one has:
Q°(A) = PN T wa() (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 2§]). A multi-index
C'is a function from the set P(A) into the set of non negative integers, and
we let supp C' = {y € P(A) : C() > 1}. We define the truncated functional

Bo(C) = % TT o) (2.12)

where the factor a(C') is a combinatoric factor defined in terms of the connec-
tivity properties of the graph G(C') with vertices corresponding to vy € supp C'
(there are C'(7) vertices for each v € supp C' ) that are connected by an edge
whenever the corresponding polymers are incompatible). Namely, a(C) = 0
and hence ®¢(C) = 0 unless G(C) is a connected graph in which case C is

called a cluster and

aC)= > (1) (2.13)

GCG(0)

Here the sum goes over connected subgraphs GG 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(vy) = 1. In other words, the set
of all cells of polymers belonging to a cluster C' is connected. The support of
a cluster is thus a polymer and it is then convenient to define the following
new truncated functional

o) = 3 B(0) (2.14)

C:supp C=~

As proved in paper I, we have the following
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Theorem 2.1 Assume that (5, > 1/d and coudq’ﬁﬁé < 1, where vy =

264(d—1) _ d—2 3—d 2
d=2 , and ¢ [1—|—2 (1+vV1+2 )}exp[pr\/m],then

QM) =P exp 3 () 2.15)
YEP(A)

with a sum running over (non-empty) polymers, and the truncated functional
® satisfies the estimates

I
[2(7)] < 1] (c(wdq‘m%) ! (2.16)

The proof uses that the activities satisfy the bound ¢, () < ¢~ (%=1/db]
(because Ny(v) < |v|/d) and the standard cluster expansion. The details
are given in Ref. [TT].

2.3 Hydra model

We now turn to the partition function Z?(2). We will, as in the previous sub-
section, apply Alexander duality. It will turn out that the ratio Z7(€2)/Q°(A)
of the partition functions entering in the definition ([.4) of the surface free
energy ¢, can be expressed as a partition function of geometrical objects to

be called hydras.
Namely, we define the A-dual of a set of bonds X C B(Q2) as

~

X = (B(Q)\ X)* (2.17)

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

(2.18)

C[1if bex
™ = 0 otherwise

For a configuration n = {n}rep@) C {0,112 we associate the configura-
tions 71 = {7 }seipy C {0, LHEOI™ given by
ny=1—mny, be B(Q) (2.19)

where b* is the (d — 1)—cell dual of b under the correspondence (B-3); (see
Figure 2).
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FIGURE 2: A configuration X (full lines) and its A-dual X (dashed lines).

For any set of cells X we will use the decomposition X = )/(\'s U Z, U }Afb
where X is the set of cells whose dual are bonds with two endpoints on the
boundary surface ¥, Z, 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 = X, U X, introduced above, we
have

= |B(2)\ X.|
Z|+ [T = 1B@\BE) - X

We let By be the set of bonds that have an endpoint on the boundary layer
Lo and the other endpoint on the layer Ly = {i € L | iqg = —1} and let
NCI(X ) be the number of independent closed surfaces of XU Bg: NCI(X ) =
Na(X U Bj). As a result of Alexander duality, one has

N§(X) = Na(X)

Denoting by B;(2) the set bonds that have an endpoint in 0,2 the other
endpoint in L \ ©, we have furthermore

N§(X) = Na(X U [B,())
These formula lead to the following expression for the partition function (B.3)
ZP(Q) = ¢IBEHAIBO\BE)] Z qfﬁs\)?s|fﬁb(|2b|+|%|)+NC1()?)+§<€2

Xc[B@)*
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where 13 = 0 and X% = Ny(X U [B1(Q)]") — Na(X). Notice that this
Boltzmann weight equals the Boltzmann weight of the bulk partition function
(9) for those X C [B(A)]" ie. if X, = 0 and Z, = (). 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(Q)]" (in the R¢ sense)
18 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 6 C [B()]", the components of ¢ included
in [B(X)]" 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 Figure 3).

FIGURE 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).

We let H(Q2) denote the set of hydras in €. Two hydras §; and J, are
said compatible ( we will write §; ~ dy ) 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(Q2) denote the set of compatible families of hydras § € H(£2).

Clearly, a connected subset of cells included in [B(Q)]" is either a hydra
§ € H(Q) or a polymer v € P(A) (defined in Subsection B.2). Therefore
any subset of [B(Q)]" is a disjoint union of a compatible family of hydras
X € H(Q) with a compatible family of polymers Y € P(A).
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The partition function Z?(2) given by (B.]) reads thus:

27(Q) = gPIEOFAIBONEE) (2.20)
x 3 g HRmIAR DN S T ()
Ren@) YEP(A):Y ~X veY

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

According to Subsection P.7, the last sum in the RHS of the above formula
can be exponentiated as: exp EweP(A);wJX O(v) } Hence dividing the above

partition function by the partition function Q°(A) we get by taking into
account Theorem P.1]:

ZP(Q2)

=P(Q) = — Bs|BE) |48 (1B(Q)|—|B(Z)|-|B(A)]) 291

(@ = iy = (2:21)
XeH(Q) YeP(A);yX

Hereafter the incompatibility v »~ X means that no component of X is
connected with 9. R

=P(€2) is thus the partition function of a gas of hydras X = {01,...,0,}
interacting through hard-core exclusion potential and through a long range
interaction potential (decaying exponentially in the distance under the hy-
pothesis of Theorem P.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 = —3_, . Kd(0i,05) —
> ik icLokely J0(0:,0) ). This model undergoes a temperature driven first
order phase transition, whenever ¢ is large enough and d > 3 [§]. We will
show that it is also the case for the hydra model (R.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 R.1]). To this end it is convenient to first rewrite
this potential in terms of a model of aggregates.

Let us introduce the (real-valued) functional

U(y)=e 0 1 (2.22)
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defined on polymers v € P(A). An aggregate A is a family of polymers
whose support, supp A = U,ca7, is connected. Two aggregates A; and A
are said compatible if supp A; N supp A, = (). 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. Introducing
the statistical weight of aggregates by

~ ] vt (2.23)

yEA

we then get:

exps— Y, @)= JI +¥()

YEP(A);y»X YEP(A);y»X

= > JI (2.24)

ACA(A) AEA; 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 (P.23) over aggregates with same support. We
thus define the weight

Y= Y wA (2.25)

Asupp A=y
with A » X, to get
=P (Q) = qﬁslB(E)HBb(lB(Q)\*\B(E)lle(A)l) (2 26)
% Z q—ﬁs\xs| Bo(| Zo|+| Yo )+ Nar (X)+35 Z H e
XeH(Q) YEP(A) €V =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\ILy)]") 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
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function (B.24) by a boundary term and thus both partition functions lead to
the same free energy. The recurrence relations of Lemma B.1] below, allow to
expand the diluted partition functions in term of matching signed contours
interacting through hard-core exclusion potential.

2.4 Diluted partition functions

Note first that even though our model is defined on a d—dimensional box €2
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
2 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 I whose projection on the
boundary layer is the site x and whose height is less than a given number
M: L(z) ={i € L(i1,...,70-1) = x € Lo, iqg < 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 Q) C Ly, we let 3 = Q2N 1Ly, be its projection on the
boundary layer, A = Q\ ¥ and ||2*|| = |X| be the number of columns of Q
(or of lines of ).

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

Next, it can easily be checked that the configuration (X° = 0,Y = 0)
and the configuration (X° = [B(Lo)\B(L\L,)]*,Y = () are ground states
of the system.

We will use HP(2) to denote the set of compatible families of hydras
defined on €(92*)N [B(IL)]" that coincide with X? on £([9€)]"), and use P4l (A)
to denote the compatible families of polymers defined on £(Q*)\ (£(X*) U
£([090).

For such configurations the Boltzmann weight in (B.2§) reads

q—ﬁsu?s|—ﬁb(|2b|+|%|)+ﬁd(i)
since for those X € H() one has Noy(X U [By(Q)]") = Na(X).

We define, for (any) volume 2 C L, the diluted Hamiltonian of a config-

uration X = XP a.e., as:

HIY(X) = ) en(X) = Na(X N EQ)) (2.27)

r*eO*

15



where the energy per cell is defined by

A~

e (X) = % )/(\'Sﬁéf(a:*) ‘Z\bﬂéf(w*) if x € Lo
for the d—cells of the surface and by
em*()/(\') = % }//\},ﬁc‘f(:c*) if z € IN\Ig

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

=) = Y ¢ N T ety (2.28)

XeHr(Q) Y ePdil(A) €Yy X

Up to a boundary term O(0%) one has In=P (Q) = [(d — 1)5s + G] ||| In g+
In 231 (©2), hence

1 iy
i rar = Q) = ot (- D+ Alg (229

where €2 T L means that we take first the limit M — oo and then the limit
¥ 1 Lo in the van-Hove or Fisher sense [BI].

Notice that the diluted Hamiltonian on ground states reads on set of
columns 2* C Lj;:

HQ'(XP) = ¢ |7 (2.30)

with the specific energies

e, =0

eof = (d—=1)Bs+ B — 1 (2:31)

3 Surface transition in the bulk low temper-
ature regime

3.1 Contours and Peierls estimates

We first define the contours of our system.
Let  C Ly, Q* its dual set and (X, Y') be a configuration of our system
in : X e HP(Q),Y € PY(Q),Y = X.
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_ Ad-cell z¥ € Q" is called p-correct, if X coincides with the ground state
XP on the (d — 1)—cells of the boundary £(z*) of 2* and the intersection
YNnéE (z*) = (. 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 (X,Y") is called boundary
of the configuration (X,Y).

A triplet I' = {supp [, X (), }/}(I’)} where supp I' is a maximal connected
subset of the boundary of the configuration (X, Y) called support of T, X ()
the restriction of X to the boundary £(suppl') of the support of I', and
?(F) the restriction of Y to & (suppT"), 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, 7 of this set with d(7,j) < 1 is connected.

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

__Consider the configuration having I' as unique contour; it will be denoted
(X", YT). Let L,(T) be the set of p-correct columns of L%, \ suppI’. Ob-
viously, either a component of L,(I") is infinite or a component of L.¢(T") 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-contour. When I' is a p-contour (we
will let I'” denote such contours) we use ExtI" to denote the unique infinite
component of L,(I"); this component 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" U IntgI" is called interior of the
contour and V(I') = supp I" U IntT".

Two contours I'y and 'y are said compatible if the union of their supports
is not connected. They are mutually compatible external contours if V(I';) C
Extl's and V(I'y) C ExtI';.

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 :

= (IP) = Z HSI(IFP) H (Y (3.1)

()?,f/)ec(rp) yey

17



Lemma 3.1 The following set of recurrence equations holds:

=4i(Q)) = Z gerlIE H Z°T(IP) (3.2)
i=1

{FZ; ----- FZ;L } ext

Here the sum is over families {T'}, ..., T2} of mutually compatible external
contours in Q (suppT? C Q= {i € Q: d(i, Ly \ Q) > 1}), || Ext|| = ||2*]—
STV where |[V(TE)|| s the number of columns of V (I'?);

I =o() ] E#(Int,I7) (3.3)
mée{o,of}
where: L )
o(17) = g Mo TT w(y) (3.4)
YEYrp

Proof. We have only to observe that for any X € H?(Q)
(D) = S () + T

where the sum is over all contours of the boundary of the configuration

(X,Y =0) and ||L,(X) N Q*

of this configuration. m
Lemma B.]] gives the following expansion for the partition function

Ezﬂ(m:q—epllﬂll Z H () (3.6)

n}comp

)nQ (3.5)

is the number of p—correct columns inside 2

where the sum is now over families of compatibles contours of the same class
and il
=0 (Int,,I'P)

IP) = o(ITP)ger I Il =m

(3.7)
where ||I'?|| is the number is the number of columns of supp I'” and m # p.
To control the behavior of our system, we need to show Peierls condition,
that means that o(I'?)¢*I™"!l has good decaying properties with respect to
the number of incorrect cells of supp I'’?. We use in fact the modified Peierls
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condition introduced in Ref. [21] where o(T?)g* "Il is replaced by o(I'?)geI" |
with e = min (e, €of).
Let

-7 (3d-2) —5rrots a1, 3 1o\ 1
e = (2 q 2(d-1) —|—3C2 I/dqd ) ﬁ (38)
1 —6cryqa™

where ¢ = 8e(e — 1)cp and vy = d?24(@=1 . We have the following

Proposition 3.2 Let S C L}, be a finite connected set of columns, assume
that % < 3, <1 and 601/3q_§+6b < 1, then for all 3, € R:

Z lo(T?)] &l < e=IISI (3.9)

I'P:suppI'P=S

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

The proof is postponed to the Appendix.

The recurrence equations of Lemma B.1 together with the Peierls esti-
mates (B.9) allow to study the states invariant under horizontal translation
(HTIS) of the hydra system as in paper I. 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

K(8)= > 2(I7) (3.10)

I'P:supp I'P=S

Consider the partition function Z3'(Q) (B§) and for a compatible family
{T%, ..., F{fb}comp of p—contours, denote by S, ..., S,, their respective supports.
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,(9) = > z(T'?) interacting through hard-core exclusion potential:
I'P:suppI'P=S

E(Q) =g I Y ﬁf@(si) (3.11)

{51,--55n} comp 1=1
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Here {S1, ..., Si} omp denotes compatible families of polymers, that is
d(S;,S3) > 1 for every two S; and S; in the family: recall that by definitions
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(, j) < 1 is connected.
Next, we introduce the so-called truncated contour models defined with

the help of the following

Definition 3.3 A truncated contour functional is defined as

rioy [ E(S) if ()] < eel®l
K5(9) = {0 otherwise (3.12)
where || Kp(S)|| = X ro.quppro—s [2(IP)], and a > 0 is some positive parameter

to be chosen later (see Theorem [3.] below).

Definition 3.4 The collection {S,p} of all p-contours T'Pwith support
supp'? = S is called stable if

1K,(S)]] < elI51 (3.13)
ie. if K,(S) = K'(S).

We define the truncated partition function = (€2) as the partition function
obtained from ”d‘I(Q) by leaving out unstable collections of contours, namely

=) =gy Hz (I?) (3.14)

{Fp ----- n}comp
S S | (A5 (3.15)
=1

Here the sum goes over compatible families of stable collections of con-
tours. Let

.
be the metastable free energy of the truncated partition function = (€2).

For « large enough, the thermodynamic limit (B-16) can be controlled by
a convergent cluster expansion. We conclude the existence of h,, together
with the bounds

h

— ke |09 E;(Q)th”Q” S eﬁ@‘“\asﬂl (317)

re (3.18)

e <
|hy —e,Ing| <
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2
where k = kq(X')? where kg = @eﬁ is the cluster constant [P and
K =311 —1; 0,0 = 00 N 1Ly in the way defined in Subsection [[.2.

Theorem 3.5 Assume that 1/d < B, < 1 and q is large enough so that
e~ = e TS < 0T “ihen there exists a unique Bt = 75 (1 — 3) + O(e™)
such that :

(1) f07“ ﬁs = ﬁ; '
EHQ) =Z(Q)

p p

for both boundary conditions p =0 and p =of, and the free energy of
the hydra model is given by gr+ [(d — 1)Bs + Bp| Ing = hy = hos

(ii) for Bs > [t
=HQ) == (Q)

o o

and g, + [(d — 1)Bs + Bp| Ing = hy < hos

(iii) for B, < 4! |
=8(0) = Z0(Q)

and gof—i- [(d - 1)ﬁs + ﬁb] lnq = hfo < hf

Proof. Starting from the Peierls estimates given in Proposition 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 partition function
Z,(Q) = ¢*I?I=! (Q) we define the truncated functional 7 associated to K7,

dT(X) = % 1;[ K1 (8)X®) (3.19)

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 S with number
of columns ||S|| = n and containing a given column can be bounded by »"
where v = (3971 — 1)? as in paper I: this is because the chosen 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 [R0, B§], we get for ke ™ < 1

Z,() = exp {Z (I)T(X)}
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where the sum is over multi-indexes whose support suppX = {5 : X(S) > 1}
belongs to Q. The series >y oxor |®7(X)| is absolutely convergent and
satisfies the bound
> eT(X)| < ke (3.20)
X:suppX oL

n

Let us introduce the Gibbs states (- )?, associated to the boundary con-
ditions p € {f;of}. Theorem above show also that at 3, = [

(ny)° =1—0(e) (3.21)
()" = O(e™) (3.22)

for any bond b of the boundary layer and any bond b between the boundary
layer and the first layer.
Indeed by the correspondence (R.19) these equations are equivalent to

(Tip- )0 = O(e™™) (3.23)
(Fip ) = 1— O(e™) (3.24)

for the dual cells of the bonds under consideration. By definition of contours,
with ordered (o) boundary conditions, any such cells are occupied only if
there is an ordered contour surrounding it and that the correlation 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 (B.23) holds true for any 3, > (¢ while the relation
(B-29) hold true for any g, < ..

This shows in particular that the derivative 8%90 of the free energy g,
with respect to the surface coupling constant K is discontinuous near K =

1/(d-1)
ﬁil In (1-'- (#’_1) )
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Note added after publication: Let us mention Refs. [ in which, besides
numerical results analytical calculations in the large-q limit, mainly in 2d,
are presented.

Appendix: Proof of Proposition -2

We begin the proof by considering contours I" = {supp I’,)? r ?F} (where

{)? r ?F} is the configuration having I" as unique contour) without polymers,

ie. YT = . We have the decomposition X! = )?SFU Z)F U )’}br where )?SF =
X0 [B(Ly)]", V) = X" N [BL\L)]", and Z = X"\ (XT UY)).

A d—cell z* € L§ will be called regular if the (d — 1)—cells of its boundary
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') = {z* € Lo : [ X" N&(x*)| equals 0or2d — 1}.
We let Iy(I') be the set of incorrect d—cells of the contour I' : [y(I') =
{zr €Ly 1< |XTNE@E)| <2(d— 1)}

Lemma A.1 s
o(T) g < g~z @l =(B=3) Y7 (A.1)

Proof. By Lemma B.1] and definition (£.27), one has

Q(P) — qzx*eRO(r)uo(r) ex*(i)*5b|?b|+ﬁcl(f()

where e,-(X) = —2 X, NE@)| = By | Zy N E(a*)
we put hereafter )?, )?S, Zp and 371, instead of )?F, )?SF, Zbr and 2}1‘. We define

and to simplify formulae

)

Na(X,UZ) =Na(X,UZ)— > Na(XNE("))
z*€Rp ()

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(l—‘)qEHF” = g AsMD=Bs(D)—A, (I7) (A.2)
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where

A(T) = esz( | enr(X) — e~ Na(X N E@Y)] (A.3)
B,(I) = ;F) [ex* (X) - 4 _Na(X,UZ) (A.4)
AyT) = B, \xifb\ — [Na(®) - Na(X, 0 Z))] (A.5)
ce A(T) >0 (A.6)

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

—e=—min{e, = 0;e, = (d— 1)0s + B — 1}
or they are occupied in which case this term equals
(d—1)Bs+ Py —1—min{e, = 0;e0s = (d — 1)F3s + B — 1}

Let us now bound Bg(T"). We first notice that for incorrect d—cells z* of
the surface,

~ 3 11—
ea:*(X)_Qzﬁ Xﬂg( ’meg ’_eofX ﬁs_ ﬁb
2 d—1
1— ~
> 5 S ’X NE(x )mee(x*) (A7)
Furthermore the number Ncl<)?s U Z,) may be bounded as
L o|XnE()| 1
Ncl(XsUZb) < Z W < Z 5
a*:d—1<|XNE(x )|<2d -1 a*:d—1<|XNE(x )\<2d -1
|ZpnE (%) |=1 |Zpne(@*)]|=1
(A.8)
If an incorrect site of the surface is such that ’Zb NE(x*)| = 0, then

necessarily | X, N & (x*)| = site gives a contribution

1—05
2d—1)
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to B,(I"). Let us now consider those incorrect d—cells for which ’Zb NE(x*)
1. Starting from ([A.7) we get for such cells

e (X)—e> Byt 5 S 1= b ’X NE(z")
L, 2(d — 1) —l—l—‘)?sﬁéf(a:) ‘)?smg@*) 1
= + b +
2(d—1) 2(d—1) 2(d—1)
1—05 1 (d—1)+1—’)?sﬂ5(x ’)A(Sﬂg(:p*)—l
= + - +
2d—-1) d 2(d—1) 2(d—1)
T ‘Xsﬂé'(x*) 41
C2(d—1) 2d
where for the second inequality we take into account that ‘)?s NE(x*)| <

> d — 1, one infer

2(d—1) and B, > 1/d. When furthermore ‘)?S N S(x*)

- 14

and it thus follows from ([A24), () and (A7), that each incorrect cell with

‘Z\b NE(z")| = 54 Bb) to B,(I"). Therefore
¢ B0 < q—gl(;—fl{)\f()(l“)\ (A.9)
Consider finally, the quantity A,(I"). We will prove the inequality
o )Yb)

Notice first the obvious inequality
Na(X) = Na(X, U Z) < Na(Y, U By,

where By, is the set of bonds between the boundary layer and the first layer
and Ncl(Yb U B§,) is the number of independent closed surfaces of Y, U Bg;.

The number ‘Yb can be written

-y Pl

z*€[L\Lo]* |meg |>1
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(because each (d — 1)—cell belongs to the boundary of two d—cells).

For the configurations Y, that do not hit Bj, (meaning that there are no
cell of Y, connected with B, in the R? sense) we get immediately (A10) as
already used in the proof of Theorem P.I]: 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 B, notice first that ’17},’ can be

written

L -

o*€[L\Lo]":| YonE (z*) [ >2 z*e[LN\Lo]*:|YpnE(z*)|=1

(A.11)
Since Y, is finite, the set of cells with ’}/}b N €(x*)’ = 1 is non empty and
furthermore for any (d — 1)—cell of B, there exists a d—cell z* above it such
that [Y, N 5(:5*)’ = 1 that can not contribute to Ny (Y, U Bg;). Now closed

surfaces of minimal area are d—cells having in their boundary 2d — 1 cells of
Y, and a cell of Bf;. Thus for such surfaces we have a contribution d — 1/2
coming from the first term of the RHS of (A1) and a contribution 1/2
coming from the second term.

This implies (A10) giving

g0 < g (0= 3)[%| (A.12)

which in turn implies the lemma by taking into account (A22), (A.) and

BEI). =

Considering still contours I' = {suppF,X ryt } without polymers, i.e.
(YT = () we have the

1
d’

1-6, ) ] 1
> oMt < <2(3“)q2(d” ~+ 2d+17/dqdﬁb) — 1y
D:supp =S 1-— 21/de b

(A.13)

Lemma A.2 Assume that 5, > =, and 21/dq5*ﬁb < 1, then

which shows that, whenever ¢ is large enough, the Peierls condition holds
true for the class of contours without polymers.
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Proof.
First, observe that for contours I' with support suppI' = S and number

f/b) = |6y] 4 ... +

of irregular cells of the boundary layer |I5(I')| = k one has
|6m| > ||S]] — k. Therefore,

> o N gl

T:supp =S 0<k<||S|| T7:|Io (T) | =k
< Z (HSH)2(2d—1)k2||5||—kq—21(d—fl{)k (A.14)
- 0<k<IS]| g
« Z Z Z Hq ﬁb 651
n<2|S||  S1351,-fndsn Sl sn

[61 |4 Flon| 2SI -k 50655@*301

Here the binomial coefficient ('S ”) bounds the choice of irregular cells of
the dual of the boundary layer while the factor 22¢-Dk2lISI=* hounds the
numbers of contours with [|S|| columns and k irregular cells; the notation
So » B§, means that a (d — 2)—cell of the boundary of the (d — 1)—cell s,
belongs to the boundary £(Bg;). Then

Z e||r|| < Z (”S”) 9(2d=1)ko||S]I— kq 2(dﬁl)k (A,15)

I:supp'=S 0<k<|IS||
@=11sI e a\™
x D > (e
n<2||S|| mi+...+mp>||S||—k j=1

Here the binomial coefficient ((d LI |S”) bounds the choice for the components
01, ..., 0, of Yy to hit the boundary layer at si,...,s,. The above inequality

yields
Z Q(F)qe”F” < Z <||S||)2(2d DkollS|— kq d l)k
TisuppI'=S 0<k<|| S|
-1 S m
y Z ( ’ H) Z <2ydq§*ﬁb)
n<2||S|| m2>||S||—k
15l 2d—1 e e )
< 2( )k2||5|| k 2(d—1)
<y (" q
0<k<||S]|
ISk 2d=DIS]l
X <21/dq_<5_6”)> — T (A.16)
1 — 2uyqa P
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that gives the inequality of the lemma. m
We now turn to the general case of contours with non empty polymers
and first give a bound on the activity v () of polymers.

Lemma A.3 Assume that 3, > é, and cyflq’é’ﬁb < 1 with ¢ = 8e(e — 1)cg
and vy = (2d)?, then

v ()] < (edgh)" (A1)

Proof. Let us first recall the definition (2.25): ¥(v) = > 4 upp 4=y @ (4)
where the weights of aggregates are defined by (see (B.23) and (@p)) w(A) =

o]
HweA(efq) )—1). By Theorem 2. we know that |®(v)| < (eco,/dqg—ﬁb> (<
1) for g large enough. Since for any || <1, e — 1] < (e — 1) |z|, we have

W(7)] = e ®D) — 1] < (e — 1) [@(y)] < ((e _ 1)600,/dq§—6b)’7 _ o—ohl

(A.18)
Then,

A:supp A=~ >1 Y Tn:

< Z 9l Z ﬁ —alvl

n>1 V13815 Yn3sn: j=1
supp {v1,--»Yn =7

SZQM Z H Vde - mﬂ'

77/21 mi,...,Mn:
mi+.. +mn>|7|

< Z Z H 2vge” )" (A.19)

n>1 mi,...,Mn:
mi+.. +mn>M

Here, we used as in the proof of Theorem P.J] that the number of polymers
of length m containing a given bond or a given vertex is less than vJ*; the
term 21! bounds the combinatoric choice of the cells sj € 7;, because v being
connected, it contains n — 1 such intersecting cells (see [[7]).
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We put £ = mq + ... + m,, and notice that there are at most (nﬁl) such
numbers to get

> = 3 S (1) ey

A:supp A=~ 1<n<k k>|y|
_o\ kK c 15\F
< Z (dvge™)" = Z <§ 47 ﬁb)
E>|y| k>
1 o]
< - (Svia ) (A.20)
1 %ydq*3+6b 2

provided that %uﬁqé’ﬁb < 1. The lemma then follows by assuming that
gl/gq%_ﬁb < % [ ]

We finally turn to the

Proof of Proposition

Consider a contour I' = {supp I, XT , YT } and as above the decomposi-

tion X = XF' U Z UYL, Consider also the union T, = ¥F U YT, Notice
that the set = X! U Z{ UTj is a family of hydras and there are at most

317! contours corresponding to this family: this is because a (d — 1)—cell in
T, may be occupied either by Y, or by YT or by both. Let

D)= > |ed) (A21)

rPrUPT =7

The above remark on the number of contours associated to 7' and Lemma A3
imply

™ T
qQIIFH < q_% <3 sup {qé—ﬁb’cyjqé—ﬁb}>| !

T
< qf% <3cyd2qc1lﬁb>‘ b‘ (A22)

D)

The rest of the proof is then analog to that of Lemma [A.7 starting from
. 1 1 .
Lemma and replacing gi~? by 3cviqa—Pe. Tt gives

E ellr| (3d—2) , — 52ty a1 st g1
lo(I')| ¢ < (2 q 260 + 3c2 v qd .
IsuppI'=S 1— 607/3(]3_61’

(A.23)
provided 6cygq5’ﬁb < 1 and ends the proof of the proposition. m
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