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Abstract

The beach model, which was introduced by Burton and Steif, has many features
in common with the Ising model. We generalize some results for the Ising model
to the beach model, such as the connection between phase transition and a
certain percolation event. The Potts model extends the Ising model to more than
two spin states, and we go on to study the corresponding extension of the beach
model. Using random-cluster model methods we obtain some results on where
in the parameter space this model exhibits phase transition. Finally we study
the beach model on regular trees. Critical values are estimated with iterative
numerical methods. In different parameter regions we will see indications of
both first and second order phase transition.
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1 Introduction

The beach model was introduced in 1994 by Burton and Steif, see [4, 5]. It is
well known that a strongly irreducible subshift of finite type in one dimension
has a unique measure of maximal entropy, [21]. The beach model was brought
forth as a counterexample to this in higher dimensions. Burton and Steif showed
that in some part of the parameter space the model has more than one measure
of maximal entropy, called phase transition by analogy with the language of
statistical mechanics.

The beach model was then somewhat enlarged and further studied by Hagg-
strom, [11]. It was shown in [11] that the phenomenon of phase transition was
monotone in the model parameter, thus proving the existence of a critical value
above which there are multiple measures of maximal entropy and below which
there is only one such measure. This is similar to the critical inverse temperature
of the Ising model, and its region of phase transition. The main purpose of this
paper is to look for such similarities between the beach model and the Ising
model. In [23] Wallerstedt examines and shows some other similarities between
the two models, such as the global Markov property for the plus measure and
certain large deviation properties. See also Haggstrom [14] for some other results
in the same spirit, although in a more general graph context.

The whereabouts of the critical value for the beach model on Z¢ depends on
the dimension d. In [11] lower and upper limits were given, resulting in rather
broad intervals. However, in [19] Nelander was able to, with a Markov chain
Monte Carlo technique, conjecture better estimates for the critical value for low
dimensions. Here we will investigate the same question for the beach model
on regular trees. The question of phase transition can then be transferred to
the question of the number of solutions to a certain fixed point problem. The
critical values in the now two-dimensional parameter space are then estimated
with iterative numerical methods. In different parameter regions we will see
indications of both first and second order phase transition.

The rest of this paper is organized as follows. The general model setting
together with the necessary concepts and definitions are presented in Section 2.
In Section 3 a short introduction to the Ising model is given, together with
some historical notes. In Section 4 the beach model is defined: first in the way
it was originally defined by Burton and Steif, to give a clear understanding of
its initial purpose, and then in a more general way, thereby reducing the state
space, but instead extending the parameter space. In Section 5 the percolation
properties of the beach model are compared to those of the Ising model. It is
shown that on Z2, like in the Ising model, phase transition is equivalent to "plus’
percolating in the ’plus measure’. For other (non-planar) graphs, it is shown
that 'plus’ percolates when there is a phase transition, and that the converse
fails. In Section 6 we consider an extension of the beach model analogous to the
usual generalization from the Ising model to the Potts model. The (Fortuin—
Kasteleyn) random-cluster model, modified to the beach model situation, is
introduced. With its help the existence of a critical value for the Potts-like
beach model is shown. In Section 7 the beach model on regular trees is studied,
and here the model can be viewed as having three parameters. We will see
strong indications of where the critical values are located.



2 Preliminary definitions

Our object of study originates from physical systems with many particles, lo-
cated at the sites of a crystal lattice. But initially we will look at a little more
general set-up and allow more than just lattices. Let G be the set of countably
infinite, locally finite, connected graphs. Take some graph G = (V,E) € G,
where V is the vertex set and E the edge set. Write x ~ y if the vertices
xz,y € V are adjacent. In this case, x and y are also called neighbours and the
edge (or bond) between z and y is denoted by (zy). One important example
is the case V = Z? (the d-dimensional cubic lattice) with edges drawn between

sites of unit distance; hence x ~ y whenever |z — y| = 1. Here | - | stands for
the L'-norm, i.e. |z| = ch'l:1 |z;| whenever x = (21,...,24) € Z%. This choice
is natural because then | - | coincides with the graph-theoretical distance. Such

graphs on Z? are denoted (Z9, ~).

A region of the sites (vertices), i.e. a subset A C V, is called finite if its
cardinality |A| is finite. The complement of a finite region A will be denoted
by A° = V' \ A. The boundary A of A is the set of all sites in A® which are
adjacent to some site of A, i.e. 9A = {z € A°: Jy € A such that =z ~ y}.

Let S be a non-empty set called the state space. Typically each site will
be assigned a value from S. A configuration is a map o : V. — S, which to
each vertex x € V assigns a value o(x) € S, and can in a magnetic set-up be
interpreted as the spin of an elementary magnet at x. Sometimes the value
o(z) is therefore referred to as the spin at site . Two configurations are said
to agree on a region A C V, written as “c = non A”, if o(z) = n(z) for all
x € A. Similarly, we write “o = n off A” if o(x) = n(x) for all x € A°. We also
consider configurations in finite regions A C V. A configuration 0 : A — S is a
restriction of a configuration n: A — S if A C A and 0 =7 on A. We also say
that in this case that 7 is an extension of o.

The space of all configurations, called the configuration space, is the prod-
uct space Q = SY. We equip Q with the natural underlying o-field F =
o(cylinder sets of €2). As the spins of the system are supposed to be random, we
will consider suitable probability measures p on (€2, F). Each such p is called a
random field. Equivalently, the family X = (X (x),z € V) of random variables
on the probability space (2, F, 1) which describe the spins at all sites is called
a random field.

Definition 2.1 The random object X (or the measure p) is said to be a Markov
random field if p admits conditional probabilities such that for all finite A C V,
all 0 € S, and all n € S we have

(X (A) = o X(A%) =) = w(X(A) = g X(9A) = n(IA)). (1)

In other words, the Markov random field property says that the conditional
distribution of what we see on A, given everything else, only depends on what
we see on the boundary OA.

A real function f: Q — R is called local if it depends only on finitely many
spins. For such functions, let ||| denote the supremum norm || f|| = sup, |f(o)].

2.1 Stochastic domination

Suppose that S is a subset of R, so that the elements of S are ordered. The
configurations space € is then equipped with a natural partial order < which



is defined coordinate-wise: For 0,0’ € Q, we write 0 < ¢’ (or 0/ = o) if
o(z) < o'(z) for every x € V. A function f : Q — R is said to be increasing if
flo) < f(o') whenever 0 < ¢’. An event A is said to be increasing if its indi-
cator function 14 is increasing. The following standard definition of stochastic
domination expresses the fact that ' prefers larger elements of Q than pu.

Definition 2.2 Let p and p' be two probability measures on Q2. We say that u
is stochastically dominated by p', or u' is stochastically larger than p, writing
u =2p p', if for every bounded increasing function f : @ — R we have p(f) <

w(f)-
The following fundamental result of Strassen [22] characterizes stochastic dom-
ination in coupling terms.

Theorem 2.3 (Strassen) For any two probability measures p and p' on Q,
the following statements are equivalent.

(i) u=2p
(ii) For all continuous bounded increasing functions f: Q@ — R, u(f) < p/'(f).
(iii) There exists a coupling P of u and p' such that P(X < X') = 1.

The equivalence (i) < (ii) in Theorem 2.3 implies that the relation <p of
stochastic domination is preserved under weak limits.

Next we recall a sufficient condition for stochastic domination. This con-
dition is essentially due to Holley [15] and refers to the finite-dimensional case
when |V| < co. We also assume for simplicity that S C R is finite. Hence  is
finite. In this case, we call a probability measure p on 2 connected if, for any
o,n € Q such that both ¢ and 7 have positive y-probability, we can move from
o to n through single-site changes without passing through any element of zero
p-probability.

Theorem 2.4 (Holley) Let X and X' be Q-valued random elements with con-
nected distributions p and p', and assume that 1’ assigns positive probability to
the mazimal element of Q. If for allz € V, all s € S, p-a.a. o € SV and
W-a.a. n € SYM=Y such that o < n we have

p(X(z) 2 s X(V\{z}) = 0) < p/(X'(2) = s| X' (V\ {z}) =),
then u <p p'.

Definition 2.5 A probability measure p on € is said to have positive correla-
tions if for all bounded increasing functions f, g : 2 — R we have

w(fg) > pn(fulg). (2)

More or less as a corollary to Holley’s Theorem 2.4 we get the well known
FKG inequality. See [9] for a proof.

Theorem 2.6 (The FKG inequality) Let V be finite, S a finite subset of
R, and p a probability measure on ) which is connected and assigns positive
probability to the maximal element of Q). If p is monotone, meaning

w(X(z) = a| X =€ off z) < p(X(x) = a|X =7 off z)

wheneverz € V,a € S, and &, € SYM#} are such that € < n, p(X = € off z) >
0 and (X =n off x) > 0, then p also has positive correlations.



Finally we state a simple observation from [17] used later on. It says that if
two probability measures have the same marginal distributions and are compa-
rable in the sense of stochastic domination, then they are in fact equal.

Proposition 2.7 Let V be finite or countable, and let u and p' be two proba-
bility measures on 2 = SV satisfying u <p p'. If, in addition, u(X(z) <r) =
W(X(x)<r) forallx €V andr €S then p=u'.

Proof. Let P be a coupling of u and g’ such that P(X < X’) = 1 which exists
by Theorem 2.3. Writing Q for the set of rational numbers, we have for each
zeV

P(X(z)# X'(z)) = PX()<X'(2)) < ZP(X(:L‘) <rX'(x)>r)
reQ
= Y (P(X(2) <r) = P(X'(z) < 7))
reQ
= 0.

Summing over all z € V we get P(X # X') = 0, whence u = p/ by the coupling
inequality ||u — p/||7v < P(X # X'). O



3 The Ising model

The Ising model on a graph G = (V,FE) is a certain random assignment of
+1’s and —1’s to the vertices of G. It was introduced in the 1920s as a model
for ferro-magnetism, and is today the most studied of all Markov random field
models; see e.g. [8, 16] for introductions and some history. In our setting we
have S = {—1,1}. A probability measure on Q = SV is said to be a Gibbs
measure for the Ising model on G at inverse temperature 8 > 0 if it is Markov
and for all finite A C V and all ¢ € S», n € S%* we have

WX() =0 X (M) =m=Z e8| X o@ot)+ Y olon)
T, yEN: reN,ycoA:
T~y T~y

Here Z is a normalizing constant which depends on 3, A and 1 but not on o.
For 8 = 0 (“infinite temperature”) the spin variables are independent under p,
but as soon as § > 0 the probability distribution starts to favour configurations
with many neighbour pairs of aligned spins. This tendency becomes stronger
and stronger as 3 increases.

The existence of Gibbs measures on (Z?, ~) can be established using stochas-
tic domination of Gibbs measures on an increasing sequence of finite regions
growing to Z?% with suitable boundary conditions. It is well known that the
existence of more than one Gibbs measure, called phase transition by analogy
with the language of statistical mechanics, is increasing in (3. This was orig-
inally proved using so-called Griffiths inequalities (see e.g. [17]); the modern
approach is based on the random-cluster model, see [13]. The following result
is an immediate consequence.

Theorem 3.1 For the Ising model on the integer lattice Z% of dimension d > 2
there exists a critical inverse temperature 3. € [0,00) (depending on d) such
that for B < (. the model has a unique Gibbs measure while for 3 > (. there
are multiple Gibbs measures.

For Z? the critical value has been found to be 8. = 1log(l + v2), see [20].
Later it was also shown in [1] that the model has a unique Gibbs measure at
the critical value g = (.. For higher dimensions a rigorous calculation of the
critical value is beyond current knowledge. It is believed that uniqueness holds
at criticality in all dimensions d > 2, but so far this is only known for d = 2 and
d >4, see [2].

Phase transition can in two dimensions be completely characterized by the
following percolation phenomenon. The result is due to Coniglio et al. [7].

Theorem 3.2 For the Ising model on the square lattice Z2 at inverse tempera-
ture 3, the ME -probability of having an infinite plus-cluster is O in the uniqueness
regime 0 < B, and 1 in the non-uniqueness regime 3 > [3..

Here M; is the limiting Gibbs measure obtained by letting all boxes A, =
[-n,n] X [-n,n] in the sequence (A,),>1 have a complete +1-boundary.

We shall see that the beach model also possesses this equivalence of non-
uniqueness and percolation in two dimensions. For d > 3, or for non-planar
graphs in general, the corresponding sharp equivalence is no longer true in
either model. This will be shown in Section 5.



4 The beach model

The beach model was introduced by Burton and Steif, see [4] and [5], as an
example of a strongly irreducible subshift of finite type, which has for some
choice of the model parameter more than one measure of maximal entropy. The
model was somewhat enlarged and further studied by Haggstrom, [11]. It was
shown in [11] that the parameter has a critical value above which there is more
than one measure of maximal entropy and below which there is only one such
measure. This is similar to the phase transition phenomenon for the Ising model.
The whereabouts of this critical value in the Z? case could only be given as a
rather broad interval, with endpoints depending on the dimension d.

4.1 The model as a subshift of finite type

An automorphism of a graph G is a bijective mapping v : V' — V such that
T ~ Yy < yr ~ vy. Assume for now that G is a transitive graph, i.e. for
any x,y € V there exists an automorphism ~ such that vz = y. Each such
automorphism also induces a transformation of the configuration space 2. One
important class of automorphisms are the translations of the integer lattice
V = 74, VT = T+ Y,y € Z%. The associated translation group acting on
Q is then given by Tyo(z) = o(yx) = o(xr +y), 2,y € Z% In particular,
any constant configuration is translation invariant. Similarly, we can speak of
periodic configurations which are invariant under 7.

Definition 4.1 Let 0; : I'; — 5,1 < i < K, be a finite set H of configurations
with T'; C Z4 finite for each 1 < i < K. The subshift of finite type (in d dimen-
sions) corresponding to H is the set X C Sz consisting of all configurations
o : Z% — S such that for all y € Z?, it is not the case that Tyo is an extension of
some o; (The o;’s should be thought of as the disallowed finite configurations).

Subshifts of finite type (SOFTs) are shift invariant, i.e. ¢ € X and y € Z4
implies T,o € X.

A configuration & : I' — S is said to be compatible (with X) if 3o € X such
that & is a restriction of .

Definition 4.2 Let X be a SOFT. X is strongly irreducible if there is an r > 0
such that whenever we have two finite compatible configurations o1 : I'y — S
and oy : 'y — S and the distance between I'y and I's is greater than r, there is
an ¢ € X that is an extension of both o7 and os.

The next definition gives a measure of the degree of complexity of a SOFT.
Let A, = [-n,n]? and X,, = {7 : A, — S with & compatible}. Further we let
N,, = |X,,| and finally X(5) = {c € X : 0 is an extension of 5}.

Definition 4.3 The topological entropy of X is

Suppose that p is a translation invariant probability measure on X. Then the
measure theoretic entropy of p is

H(u) = lim —ﬁ S u(X(3))log 1(X(5)).

n— 00 ~
geX,



Both of these limits exist by sub-additivity. Clearly for any such p we have
H(p) < H(X). It is in fact well known that H(X) = sup, H(u) where the
supremum is taken over all translation invariant probability measures on X.
Moreover, the supremum is achieved at some measure (see [18]). In the case of
strong irreducibility there is in 1 dimension always a unique measure of maximal
entropy. However, for d > 2 there sometimes exist more than one measure of
maximal entropy. By analogy with the Ising model we say that we have a phase
transition when multiple measures of maximal entropy exist. Here it will be
exemplified by the beach model.

The following characterization of measures with maximal entropy for strongly
irreducible SOFTs is from [4].

Proposition 4.4 Let X be a strongly irreducible SOFT for which the disallowed
finite configurations consists only of pairs of neighbours. Let u be a translation
invariant probability measure on X. Then the following statements are equiva-
lent.

(i) w is a measure of mazximal entropy.

(ii) The conditional distribution of u on any finite set T' given the configuration
on OT' is p-a.s. uniform over all configurations on I' which (together with
configuration on O ) extend the configuration on OT.

We are now ready to describe the beach model.

Definition 4.5 Taked > 2, M € {2,3,...} andlet 8" = {—-M, —M+1,..., -1,
1,...,M —1, M}. The beach model in d dimensions with parameter M is the d-
dimensional SOFT where a negative in S’ may not sit next to a positive, unless
they both have one as their absolute value.

It is the interpretation in two dimensions of the symbols representing altitude
above the sea level that has given rise to the name of the model; the rules of
the model prevent the shores from being too steep.

The beach model is a SOFT satisfying the conditions of Proposition 4.4. This
tells us that for the beach model, looking for measures of maximal entropy, is the
same as looking for measures with uniform conditional distributions. So assume
u satisfies this condition and it is now a question of existence and uniqueness
of such a p. In [4] Burton and Steif showed that in d > 2 dimensions the beach
model exhibits phase transition if the parameter M is large enough:

Proposition 4.6 Consider the beach model and let d > 2. If
M > 4e28¢

then there are exactly 2 ergodic measures of mazximal entropy in d dimensions.

4.2 The model with a continuous parameter

In the above setting, the parameter of the model, M, is integer-valued. To
extend the parameter space, reduce the state space S’ to S = {—2,—1,1,2}
where the former spins 2, 3, ..., M now are represented by the 2 and similarly for
the negative spins. To keep what once were uniform conditional distributions,



we let the measure put weights (M —1),1,1, (M —1) respectively on the new
spins. The model parameter M can now take all real values in (1, c0).

Consider some graph G = (V, E) € G. As before, we say that a configuration
o€ {-2,—1,1,2}* with A C V is BM-feasible if for each neighbour pair z ~ y
we have o(z)o(y) > —1.

Definition 4.7 A probability measure y on SV is said to be a Gibbs measure
for the beach model on G = (V, E) with parameter M > 1 if for all finite A C V,
all o € S and p-a.a. n € SA° we have

1

ILI/(X(A) = U|X(AC) = 77) = E(M - l)n_z(a)+n+2(o)1{(gvn) BM-feasible} - (3)
Here n_s(0) and n4o(0) are the number of —2’s and +2’s in 0. The reason why
we use the quantifier 'p-a.a.” rather than ’all BM-feasible’ for the set of outer
configurations is that certain BM-feasible configurations n may cause (o V 1)
to be not BM-feasible for every o € S*. Note that a beach model Gibbs mea-
sure, conditioned on the configuration n outside A, only depends on 7 through
the condition that (¢ V 7)) should be BM-feasible, and that this in turn only
involves the configuration on the region boundary 0A. For that reason it is
sometimes more convenient to simply condition on {X(0A) = n(0A)} rather
than on {X(A°) = n(A°)}, getting the same conditioned measure. To conclude,
a beach model Gibbs measure has the Markov random field property (1).

Next we construct Gibbs measures for the beach model on G. The following
lemma is useful. Let A C V be finite and for any n € S*°, write A,y for the
beach model measure on 2 that agrees with 1 outside A and else follows the
right-hand side of (3). It could be argued that such a measure should be called
M%n to stress the fact that the parameter for the measure is M, but we will
suppress this dependence on M.

Lemma 4.8 Let A C V be finite, and let n1 and ny be two spin configurations
on A€ satisfying m1 =< n2. Then we have

A M =p HA s -

Proof. (Sketch) The idea is to use Holley’s Theorem 2.4. We need to check for
allz € A, all s € {—2,—1,1,2} and all y € S** that pp (X (z) > s| X (A\{z}) =
o) is increasing in o. But this could easily be done. Here is an example when
s =2

if o(0{x}) contains —1 or —2,
= ifo(ofz}) =1,

T otherwise

To

pan(X(2) = 2[X(A\ {z}) = o) =

S

This conditional probability is increasing in ¢, and so are the similar expressions
for the cases s = —2, —1,1. The claim in the lemma follows. O

Let (A,,)22; be an increasing sequence of finite subsets of V' converging to
V in the sense that each x € V is in all but finitely many of the A,’s. We refer
to such a sequence as an exhaustion of G. Fix a vertex o € A; called the origin.

Let f11 , be the probability measure on SV corresponding to taking X (AS) =
2 and picking X (A,) according to (3) with A = A,, and n = 2. Then these
measures are stochastically ordered:

10



i1 ZD Hp 2 2D - (4)

This follows from Lemma 4.8 because fi4 5 could be obtained from p ,41 by
conditioning on the increasing event that X =2 on A, 11 \ Ay,.

We see (by compactness of {—2,—1,1,2}V) that the sequence (py )5 ; has
a limit. This limit, called the 'plus measure’, is denoted p4. To see that this
is a Gibbs measure for the beach model, we need to check for any finite A C V'
and any n € S that p, satisfies (3). This however, is immediate from the
fact that the same property holds for py ,, for each n which is large enough for
A UOA to be contained in A,,.

The limiting measure p4 is independent of the choice of exhaustion. Assume
(A')5 is another exhaustion of G' with measures p/, ,, and limit p/,, and we
will see that we must have 4 = p/,. We are done if it can be established that
py =p 'y, because then by symmetry p, <p py implying gy = g/, . In fact, it
is enough to show py =<p p/y ,, since stochastic domination is preserved under
weak limits. So fix n and find mg big enough so that A,, D A/, for all m > my.
Then gy m =p 'y ,,, which yields the desired domination upon letting m — oo.
The result is summarized as follows.

Proposition 4.9 The limiting probability measure
pg = lim py g
n—oo

on {—2,-1,1,2}V exists and is a Gibbs measure for the beach model on G. The
limit is independent of the choice of exhaustion.

By the symmetry of the model, we of course have a measure analogous to .y,
the 'minus measure’ p_, obtained with boundary condition —2 rather than 2.
Now, from Lemma 4.8 we have

H—.n jD KA, ,m jD H4+n (5)

for any n € Q and n € N. Let u be any Gibbs measure for the beach model with
parameter M. Taking the average [ p(dn) in (5), we obtain p— ,, =p @ <p iy n,
and in the limit

P— =D p 2D [t (6)

where u is any beach model Gibbs measure. Here we see that p_— and py play
a special role and are extreme in the sense of stochastic ordering.

By tail triviality of a measure p on (€2, F) we mean the following. For some
ordering of the vertices V. = {vy,vs,...}, let F, = 0(X (vpt1), X (Vnt2),--.)
and let 7 = N,F,,. In words, 7 is the collection of events that do not alter
when changing a finite number of spins. p is said to have trivial tail if for all
events A € T, either pu(A) =0 or u(A) = 1. To check that 7 does not depend
on the vertex order, let v],v5,... be some other ordering and let 7w denote the
permutation defined by v;(n) =vp, n €N IfF) = o(X(v)41), X(v),15),---)
and 7' = N,F), then we will show 7 = 7’. Take some event A ¢ 7. Then
there exist some m such that A ¢ F,,,. Define M = max(n(1),...,7(m)). Then
{v1,...,vm} C {vl,...,v),} and therefore F), C F,. Thus A ¢ F}, and
obviously A & 7'. This shows 7' C 7 and by symmetry 7 = 7" follows.

The following properties of p4 will be useful later on.

11



Proposition 4.10 The measure uy has positive correlations.

Proof. Since the inequality (2) is preserved under rescaling and addition
of constants to f and g, p has positive correlations whenever u =<p u’ for
any probability measure p/ with bounded increasing Radon-Nikodym density
relative to . Theorem 2.3 thus shows that p has positive correlations whenever
w(fg) > p(f)u(g) for all continuous bounded increasing functions f and g.
Hence, the property of positive correlations is also preserved under weak limits.
Since p4 , has positive correlations from Theorem 2.6 and Lemma 4.8, the claim
follows. (|

Proposition 4.11 Let G € G be a transitive graph. The measure py is then
automorphism invariant and has trivial tail.

Proof. From Proposition 4.9 the measure p is independent of the choice of
exhaustion. To any automorphism could the corresponding change of exhaustion
be made, thus making it clear that p is invariant under automorphisms.

To show tail triviality for pi assume, to get a contradiction, that there
exists some tail event A with probability v = p(A4) such that 0 < o < 1.
Let puy = é,u+|A and pg = iy+|Au. A moments though reveals that these
measures are Gibbs measures as the restriction to a tail event does not influence
the conditional probabilities on finite regions. Moreover, we see that py is a
convex combination of the other two Gibbs measures; p = a- g + (1 — @) - po.
For any increasing event B we know from (6) that

o (B) + (1 - a)us(B) < (a+ 1 - a)yus (B) = uy (B)

with equality if, and only if, p1(B) = p2(B) = p+(B). But we already know
that equality holds, so substituting B for {X(z) > r}, x € V, r € S and using
Proposition 2.7 gives p1; = po = p4+. We thereby have the desired contradiction,
because for example p11(A4) = 1 while p4 (4) = a < 1. O

Let {X(x) = 4} denote the event {X(z) € {+1,+2}} for x € V and X €
SV, and define the event {X(z) = —} analogously.

Proposition 4.12 For the beach model on a graph G € G with parameter M,
the following statements are equivalent.

(i) There is more than one Gibbs measure;

(ii) py # p—;
(iii) p(X(0) =+) > 57
(iv) Je > 0 such that py (X (0) =+) > & + ¢ for all n.

Here we will only show (i)« (ii)«=(iii)<(iv), and postpone the missing link
(ii)=-(iii) to Section 6.2.

Proof of (i)&(ii)«(iii)<(iv) in Proposition 4.12.  The implications
(iv)=(ili) and (ii)=(i) are immediate. (i)=-(ii) follows from the relation (6).
(iii)=(iv) is obvious observing from (4) that p4 ,(X(0) =+), n=1,2,...isa
decreasing sequence with a limit > 1/2. (iii)=(ii): By t-symmetry u_ (X (o) =
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+)=pu(X(0) ==-)=1—p(X(0) =+) < 1/2, so p_ and u4 differ at the
origin. U

It is also known that the existence of more than one Gibbs measure is in-
creasing in M. The following is an immediate consequence.

Theorem 4.13 For any graph G € G there exists a critical value M, = M.(G) €
[1,00] such that for M < M. we have that the beach model on G with parameter
M has a unique Gibbs measure whereas for M > M, there are multiple Gibbs
measures.

A proof using a random-cluster approach can be found in [14], but also in
Theorem 6.14 below for a somewhat more general model. For G = (Z¢, ~), this
result was first obtained by Higgstrom [11]. There the critical value M. (Z<)
was shown to belong to the interval

2d° +d+1
2d? +d—1

exp{22?log(1 + ﬁ)}) . ()

For d = 2, this amounts to the interval (1.222,33.971), and in fact simulations
indicate that M.(Z?) € (2.1,2.2) see [19].
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5 Percolation

Consider again a countably infinite (and locally finite) graph G = (V, E). We
designate each vertex a value of either 0 or 1. We call the sites assigned 1 open
and those assigned 0 closed. Let 2, = {0,1}" be the set of configurations and
consider a configuration X € ), obtained in some random way. We say that
there is an open path in X from x € V to y € V if there is some path from « to
y in which all vertices are open. This event is denoted {z < y}. We also write
{z < oo} if x is connected to an open path of infinite length.

Bernoulli percolation is a natural way of assigning the open and closed ver-
tices. Each vertex is then open with probability p and closed with probability
1 —p. This is done independently for every vertex. The corresponding measure
1, on (s, F) is thus a product measure:

Yp = H T (3)

zeV

where 7, is given by
To(X(2) =0) =1-p, m(X(z)=1)=p

for X € Q,. F, is the o-field generated by the finite-dimensional cylinders of
Q5. The percolation probability is defined (p) = ¢, (0 < 00). A simple coupling
argument shows that 6(p) is increasing in p and we define the critical probability
as

pe =sup{p: 0(p) = 0}. 9)

For more on percolation, see [10].

5.1 Agreement percolation

We consider again the general setting of Section 2. Suppose u is a random field
and 7 € Q a fixed configuration. Let {z < oo} denote the event that z € V
belongs to an infinite cluster of the random set R(n) = {y € V : X(y) = n(y)}.
This idea can also be extended to more than one such fixed configuration . Let
H={n € Qi=1,...,N} be a finite set of fixed configurations. As above

we consider the event {x A, oo} that € V belongs to an infinite cluster
of the set R(H) = {y € V : X(y) = n(y) for some n € H}. Moreover, we

say that p exhibits agreement percolation for H if p(x A o0) > 0 for some
x € V. To visualize such an agreement, it may be convenient to think of a
reduced description of y in terms of its image under the map sy : 2 — €,
which describes local agreement and disagreement with H, and is defined by

(sp(o))(x) = { 1 if o(z) = n(z) for some n € H,

0 otherwise

With this mapping, we can write {z NN oo} = syt {x > oo}

5.2 Looking at signs only

We will investigate how agreement percolation is related to phase transition in
the beach model. It is natural to consider events like the 'plus sites’ percolate.
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For this purpose we take 71 = +1 and 7o = +2 as and form H* = {n,n2}.
Now agreement with H™T is the same as the considered sites having plus signs.

We write {x LN oo} for the event that = belongs to an infinite plus cluster, i.e.

{xLoo}:{xﬁ—Jr»oo}.
For every configuration £ € 2 we can talk about the sign configuration

n € {0,1}V = Q of ¢, by identifying plus sites with 1 and minus sites with 0:
n = sp+(€). Likewise, any measure p on (2, F) induces a measure v on (Qg, Fs)
in the same way:

v(Y =) = u(X € syt (n),
where Y € Q, and X € Q. The definition for v is written shorter as v(n) =
(s (). In particular, every Gibbs measure for the beach model p induces
a corresponding ’sign measure’ v = p o SI_Ji
Lemma 5.1 Let py and ps be two measures on (Q,F) and let v1 and vo be
their corresponding induced measures on (s, Fs). Then

1 =p po = v p Vo.

Proof. Assume p1 <p pe. From Strassen’s Theorem 2.3 we know there exists
some coupling P such that P(X; < X3) = 1 and X7 ~ p1, Xo ~ po. Let
Y1 = spg+(X1) and Y3 = sy+(X2). Then, since sy+ preserves order, we have
that P(Y; < Y3) =1 and also that Y7 ~ vy, Y5 ~ vy. Using Strassen’s Theorem
once again we find that 1y <p . O

Let vy ,, be the measure corresponding to ji4 ,, for n € N and define v, as
the measure corresponding to p4. From Lemma 5.1 and (4) it follows that

Vi1 ZpVi2 Zp "
As before, we see that the sequence (v4 ,, )52 has a limit, call it vy . Actually,
V4 oo and vy are the same measure as can be seen in the following calculation:
For any A € F,
. -1
Vioo(A) = lim (4 0s5)(A)

= lim pen (575 (A)) = py (s (A))

= v (A).

Proposition 5.2 Let G € G be a transitive graph. Then vy is automorphism
invariant, has positive correlations and has trivial tail.

Proof. The three properties are inherited from p, for which they are valid,
see Proposition 4.10 and 4.11. Firstly automorphism invariance follows, since
if T:Q — Qis any automorphism then 7' and Sﬁi commute. Secondly,
positive correlations follows since the mapping s+ is monotone. Thirdly, tail
triviality follows because v, has a smaller tail o-field than p4: Let X € Q
be a beach model realization and let Y = s+ (X) be the sign configuration. If
A’ € T' C Fsis atail event, then for each n we can determine whether A’ occurs,
i.e. Y € A', by observing the signs Y (v,),Y (vp+1),.... Let A = s} (4’) and
note that we, for every n, know if A occurs by just observing X (v,,), X (vn41), - - -
Hence, A is a tail event for (€, F) and vy (A) = pi(syh(4)) = pp(4) =
0orl. O
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5.3 Phase transition implies agreement percolation

For the Ising model, it is known that in the non-uniqueness regime where we
have phase transition, the 'plus measure’ of the Ising model exhibits agreement
percolation for the ground state with all sites = +1 [7].

How can one establish such a result? Coniglio et al. [7] developed a conve-
nient criterion which can be used for general Markov random fields. A somewhat
modified version is as follows.

Theorem 5.3 Let (V, E) be a locally finite graph, p o Markov random field on
QO =28V, and H C Q a finite set of configurations. Suppose there exists a con-
stant ¢ € R and a local function f:Q — R depending only on the configuration
in a connected set A, such that u(f) > ¢ but

H(FIX = ¢ on ) < e (10)

for all finite connected sets I' D A and all £ € Q with sg(§) =0 on OI'. Then

w(A A 00) > 0, i.e. u exhibits agreement percolation for H.

Proof. Suppose by contraposition that p(A A o0) = 0. For any ¢ > 0
we can then choose some finite A D A such that p(A N A°) < e. For
¢ ¢ {A A, A}, there exists a connected set I' such that A ¢ T' C A and
s (&) =0 on JT'; we simply let I’ be the union of A and all H-clusters meeting

IA. We let T'(€) be the largest such set. For £ € {A A A¢} we put T'(€) = 0.
Then, for each finite connected set T’ # (), the event {¢ : I'(§) = I'} depends only
on the configuration in A \ I, whence by the Markov property u(f|I'(-) =T) is
an average of the conditional probabilities that appear in the assumption (10).
From this we obtain

u(f) < en(T() # 0) + ullf1Lrey=0y) < c+ellfIl
Letting ¢ — 0 we find that u(f) < ¢, contradicting our assumption. d

Next we use the theorem above in the case of the beach model. One crucial
set in Theorem 5.3 is {£ : sy (§) = 0 on AT for all finite I' D A}. With H = H*
this set corresponds to configurations with just —1 and —2 outside A.

Theorem 5.4 If we have a phase transition for the beach model on G with
origin o, then the ’plus sites’ percolate in the ’plus measure’:

po # py = pg(o < 00) > 0.

Proof. Assuming p— # py we have from Proposition 4.12 that i (X (o) =
+) > 1/2. So, apply Theorem 5.3 with y = p,, H = H", ¢ = 1/2, f =
1ix(0)=4} and A = {o}. Now check the condition (10). From Lemma 4.8
regarding beach model measures with given boundary we get

e (X(0)=+X=€on ') < puy(X(0) =+ X =-10ondl') < %,
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where the last inequality comes from the following calculation.

pr(X(0)=+X=-1ondl')=1—py(X(0)=—|X=—-10ondl') =
1—py(X(0)=+X=4+10n9T") <1— p4(X(0) =+|X =—1on II).

Here we have used the +-symmetry and again Lemma 4.8. The requirements
of Theorem 5.3 are thus fulfilled and we conclude that py (o & 00)>0. O
The intuition behind the theorem is clear: If the plus sites do not percolate
in the plus measure, there should a.s. be a contour of minuses surrounding the

origin. But then, the origin itself could not possibly have a bias towards positive
sign due to the Markov property.

5.4 Does agreement percolation imply phase transition?

A natural question is now if the converse of Theorem 5.4 holds. It turns out the
answer depends on the graph. Taking the example G = (Z¢,~) we will show
that in d = 2 dimensions the converse of Theorem 5.4 holds whereas for d = 3
dimensions it does not. We begin with the former statement.

5.4.1 The converse is true

Theorem 5.5 For the beach model on (Z*,~) phase transition is equivalent to
agreement percolation:

po # g = pa(o < 00) > 0. (11)

To prove this theorem we need some classical results on the number of infinite
clusters for percolation models. First a definition.

Definition 5.6 A probability measure p on {0,1}V, with V' a countable set, is
said to have finite energy if, for every finite region A C V,

WX =nonA|X =Eoff A) >0
for all n € {0,1}* and p-a.e. € € {0,1}2".

The beach model lacks the finite energy property as —1 cannot sit next to +2
for example. However, looking at the signs only will give a model with finite
energy.

Theorem 5.7 (The Burton-Keane uniqueness theorem) Let u be a prob-

ability measure on {0, 1}Zd which is translation invariant and has finite energy.
Then, p-a.s., there exists at most one infinite open cluster.

See [3] for a proof.

So, we can have at most one open cluster, and for obvious reasons, at most
one closed cluster. Can they coexist? On Z? (which is planar) it turns out they
cannot. The following theorem is quoted from [9]. Their proof is based on a
geometrical argument of Yu Zhang and of course Theorem 5.7.

Theorem 5.8 Let i1 be an automorphism invariant probability measure on {0, 1}Z2
with finite energy, positive correlation and trivial tail. Then

(3 infinite open cluster, 3 infinite closed cluster) = 0.
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Proof of Theorem 5.5. We only need to show the <-direction. Assume, to
get a contradiction that y— = 4 and p4 (o & 00) > 0. Focusing just on signs
we then have v_ = vy and v4 (0 «— o0) > 0. Consider the event that there
exists an infinite open cluster. This is a tail event and from Proposition 5.2
vy has trivial tail, and therefore this event must have v -probability 1. vy
coincides with v_ and by symmetry, an infinite closed cluster exists v-a.s.
This contradicts Theorem 5.8; the assumptions of this theorem are satisfied by
Proposition 5.2. U

5.4.2 The converse is false

The equivalence of non-uniqueness and percolation just observed on Z2? cannot
be expected to hold for non-planar graphs. Consider, for example, the beach
model on Z3. For M = 1 uniqueness certainly holds, and plus-percolation is
here equivalent to Bernoulli percolation on Z3 with parameter 1/2. But a result
of [6] states that p.(Z3) < 1/2. The plus spins thus percolate for M = 1. In view
of the following theorem, this is still the case for sufficiently small M > 1, so
that plus-percolation does occur in a non-trivial part of the uniqueness region.

Theorem 5.9 There is some M € (1, M.(Z?)) such that the plus measure ji
for the beach model on G = (Z3,~) exhibits agreement percolation for H*,

M 1< M < My(Z?) and jiq (0 < c0) > 0.

Proof. Note first from (7) that M.(Z3) > 1. We have p4(0 < o0) =
v4 (0 «— 00), and since {0 «— oo} is an increasing event on 2 we are done if
we can find M < M.(Z?) and p > p.(Z?) such that

’ll)p jD vy, (12)

because for such a p we see from (9) that 1,(0 «— o0) > 0. To establish (12)
apply Holley’s Theorem 2.4 to the projections of 1, and v; on {0,1}*", to
get stochastic domination between the projected measures. The full stochastic
domination (12) follows easily. Let A* be short-hand for A \ {o}. We need to
show that

Pp(X(0) = 1[X(A}) = &) < vi(Y(0) = 1|Y(A}) =) (13)

for all £, € {0,1}*» for which ¢ < 7. The left-hand side equals p, of course.
For the right-hand side, let X be a random field following 4. Then

vi(Y(o) =1[Y(A;) =n) = p(X(0) = +lsu+(X(A)) =n)
> py(X(0) =1sp+(X(A7)) =n).  (14)

We name some relevant events: Let A = {X(0) = 1}, B = {syg+(X(A})) =
n}t and C = {|X(0{o})| = 1}. In the beach model every site has, given the
configuration everywhere else, probability at least 1/M to take value in {—1,1}.

Therefore 1
B)>1-2d(1 — —
pe(CIB) > 1 - 2d(1 - o),
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because the origin has 2d neighbours in Z?. Continuing from (14) we get

ne(AIB) > pe(ANCIB) = us(AC, B) - 14 (C|B)

1 1
s (2= 50, (15)

>

and combining (14) and (15) yields

1 1
Ty (200 5. (16)

vi(Y(o) = 1[Y(A) = n) = i

The right-hand side of (16) approaches 1/2 as M \ 1, and since p.(Z?) < 1/2,
we can find some p > p.(Z?) satisfying (13) for M small enough. Now letting
n — oo will give (12) ending the proof. O

It can be remarked that p.(Z) is decreasing in the dimension d, so Theorem 5.9
is easily extended to higher dimensions d > 3.
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6 The multi-coloured beach model

As mentioned before, the beach model and the Ising model have many similar
properties. For example, every result above regarding the beach model has its
Ising model analogue and they are all well known. The Potts model is the
extension of the Ising model where, instead of having only two spin states (—
and +), there are ¢ different spin states (1,2,...,q), where ¢ € {2,3,...}. The
Potts model with ¢ = 2 corresponds to the Ising model. In [5] Burt and Steif
introduced a corresponding generalization of the beach model. Let us look at it
here, in the set-up with the reduced state space.

Let G = (V,E) € G be some graph. Mark each vertex x € V with o, =
(cz, jz) from the state space S = {1,2,...,q} x {1,2}. The ¢, will sometimes
be referred to as the colour of the vertex = and the j, as its intensity. A typical
configuration o € SV = € is a colouring of the vertices with different intensities.
A configuration o = (¢, j) €  is said to be a BM-feasible configuration if for
z,yeV,

r~y={cg =cy} V{js=Jy, =1}

Hence, in a BM-feasible configuration two neighbouring sites may have different
colour only if they both have the lower intensity 1.
Let as before F = o(cylinder sets of Q).

Definition 6.1 A probability measure p on (2, F) is said to be a Gibbs measure
for the multi-coloured beach model on G with parameters q € {2,3,...} and
M > 1 if for all finite A C V, all 0 € SV and p-a.a. n € S** we have

1
(X (A) = ol X(A°) =n) = —(M - )" 11,0, Brgeasivie}- (17)

Z

Here ns is the number of vertices with the intensity 2. We see that p has the
Markov random field property (1) for the same reason as for the beach model
defined in Definition 4.7. Note also that ¢ = 2 in the model above would give
a model equivalent to the beach model defined in Section 4 with ’colours’ —
and +. In order to prove the existence of such measures, we will need the
beach-random-cluster model (Section 6.1), so we will postpone this matter for
a moment. However, for finite graphs, there is no problem of existence:

For a finite graph G = (V, E), let ué‘/f be the Gibbs measure for the g-coloured
beach model with parameter M, i.e. ué‘/f is the measure on SV which to each
o € SV assigns probability

1
Méw(U) = E(M - 1)"2(0)1{0 is BM-feasible} s

where again Z is a normalizing constant.

6.1 The random-cluster representation

The Fortuin—Kasteleyn random-cluster model has turned out to be of great
value in analyzing the phase transition behavior of Ising and Potts models.
Here we will look at a variant of the random-cluster model for the beach model,
introduced in [13]. We start by defining it for finite graphs.

20



Let the graph G = (V, E) be finite. For a site configuration ¢ € {0,1}Y,
define the bond configuration ¢* € {0,1}¥ by letting

£ (e) = 1 if at least one of e’s endpoints takes value 1 in &
1 0 otherwise,

for each e € E.

Definition 6.2 The beach-random-cluster measure ¢,  for G with parameters
p € [0,1] and ¢ > 0 is the probability measure on {0,1}" which to each & €
{0,1}V = Q, assigns probability

Op.a(€) = % { [Ira- p)l—““)} ¢ ©

veV

where k*(£) is the number of connected components in £* (including isolated
vertices) and Z is a normalizing constant.

Note that taking ¢ = 1 yields the Bernoulli percolation measure 1, defined
at the beginning of Section 5. All other choices of ¢ give rise to dependencies
between vertices (as long as p is not 0 or 1).

The beach-random-cluster model and the (multi-coloured) beach model itself
are closely related. The following result is the key to using the random-cluster
model in analyzing the beach model.

Proposition 6.3 Let the graph G = (V, E) be finite, let p = (M — 1)/M,
q > 1 an integer and suppose we pick a random beach model configuration
X =(c,j) € SV as follows:

1. Pick a random vertex configuration Y € {0,1}V according to the random-
cluster measure ¢p 4.

2. For each connected component C of Y* € {0,1}F, pick a colour at random
(uniformly) from {1,...,q}, assign this colour to every vertex in C' and
do this independently for different connected components.

3. Assign intensities by j, =Y (x) + 1,Vz € V.
Then X is distributed according to the Gibbs measure pé\/[,
Proof. The proof is just a matter of counting. Let ¢ be a beach model con-
figuration that was obtained through steps 1-3 from the random-cluster config-

uration 7. Note that ¢ will be BM-feasible and that 7 is uniquely determined
by o. Thus

1 k*(n) 1 *
P(o) = Plon)-P(n) = () G P p)re g
q
1 M—1 n1(n) 1 no(n) 1 (M_l)"Z(U) oo
-2(57) () =2 <

where of course n1 (1) and ng(n) represent the number of open and closed vertices
in 7. (|

As a warm-up for the phase transition considerations, we give the following
result as a typical application of the random-cluster representation.
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Corollary 6.4 If we pick a random beach configuration X = (c,j) € SV accord-
ing to the Gibbs measure ufy, then for i € {1,...,q} and two vertices x,y €V,
the two events {c; =i} and {c, = i} are positively correlated, i.e.

Méw(cm =i,cy =1) 2 :“éw(cx =1) '/‘t]y(Cy =1i).

Proof. The measure ,ué‘/[ is invariant under permutations of the colour set
{1,...,q}, so that

) . 1
il es = 1) = (e, = 1) = ..
We therefore need to show that
M . . 1
py (Cx =i,cy =1i) > Z

We may now think of X as being obtained as in Proposition 6.3 by first pick-
ing a configuration Y € {0,1}" according to the random-cluster measure Dp.q
and then assigning i.i.d. uniform colours to the connected components. Given
Y, the conditional probability that ¢, = ¢, = i is 1/q if z and y are in the
same connected component of Y*, and 1/¢? if they are in different connected
components. Hence, for some « € [0, 1],

1
2

1

> .
e

1
M . .
by (co =1,¢cy=1) =a—+ (1 —«
q ( y = 1) . ( )q

6.1.1 Infinite-volume limits

Definition 6.2 cannot be applied immediately to infinite graphs, but there are
natural generalizations, so called thermodynamic limits. In this subsection we
will exploit some stochastic monotonicity properties of random-cluster distribu-
tions on finite subgraphs of Z<. This will give us the existence of certain limiting
random-cluster distributions on Z?, and also the existence of Gibbs measures
for the beach model.

The basic observation is stated in the lemma below which follows directly
from definitions.

Lemma 6.5 Consider the beach-random-cluster model with parameters p and
q on a finite graph G = (V, E). For any vertex x € V, and any configuration
n € {0, 1}V M=} we have

p gtk (@)
pql—k*(%ﬁ) +1-— p’

¢p,q( is open |n) = (18)

where k*(xz,n) is the number of connected components containing either x or
some neighbour of x, in the edge configuration n* corresponding to n.

For ¢ > 1, Lemma 6.5 means in particular that the conditional probability in
(18) is increasing both in 1 and p. This allow us to use Holley’s Theorem and
the FKG inequality to prove the following result.
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Corollary 6.6 For a finite subgraph G of Z* with the beach-random-cluster
measure ¢, , with p € [0,1] and ¢ > 1, we have

(a) ¢p.q is monotone, and therefore has positive correlations,
(b) ¢p,q =p wpf
(C) ¢p,q =D %\,

where
p

p+(1-p)gt
Furthermore, for 0 <p; <p3 <1 and g > 1, we have

(d) ¢p17q =p ¢1027Q'

i)\:

Proof. The monotonicity in (a) is just the observation that the conditional
probability in (18) is increasing in p and 1. Positive correlations follows from
Theorem 2.6. Next, note that (18) and 1 < k*(z,n) < 2d imply that

p .
—_—— < < 19
P (= p)g2ii = ¢p,q(x is open|n) < p (19)
for all  as in Lemma 6.5. Theorem 2.4 in conjunction with the second (resp.
first) inequality in (19) implies (b) (resp. (c)). Finally, (d) is just another
application of Theorem 2.4. O

Consider now the integer lattice G = (V, E) = (Z¢,~) (for simplicity) and let
(An)22; be some exhaustion of it, such that A¢ is connected for all n. We
associate with each finite region A,, C Z? a specific random-cluster distribution
with a certain boundary condition. Let ¢, 4., be the probability measure on
{0,1}" for which each ¢ € {0,1}" is assigned probability

1 ) *
Pp.gn(§) = 7 { H pr (1 —p)t ¥ )} gt (EAn) Lie=1 off An)s (20)

vEA,

where k*(€, A,,) is the number of connected components in £* (including isolated
vertices) that do not intersect AS. For the boundary condition {£ =1 off A, },
all sites of A may be thought of as being firmly wired together by £*, why this is
called the wired boundary condition. There is also the free boundary condition:
{£ =0 off A,,}, which we will not make use of here.

Consider the random-cluster measures ¢, q.n and ¢p g nt+1. Since A, C Aptq,
we can obtain ¢y, g, from ¢, 4,11 by conditioning on the event {£ =1 on Ap41\
A, } which is an increasing event. Hence, if ¢ > 1 then Corollary 6.6(a) implies
that

Gpgn 7D Ppgn+1 forn=1,2,...,

by complete analogy with (4). Moreover, we obtain the following counterpart
of Proposition 4.9 on the existence of infinite-volume limits.

Lemma 6.7 Forp € [0,1] and ¢ > 1, the limiting measure
Ppg = nh_{réo Pp,g.n>

exists and is translation invariant.
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This convergence result has consequences for the convergence of Gibbs distribu-
tions for the multi-coloured beach model, as we will show next. For ¢ € {2,3,...}
and i € {1,...,¢q} and for any member of the exhaustion A, let uf , denote the
beach model measure on Q with boundary condition n = (¢,2) on AS, as in
(17). The dependence of M for these measures is here suppressed. In the same
way as for finite graphs, a beach model configuration o following ufm can be
obtained starting with a random-cluster configuration chosen randomly accord-
ing to ¢y ¢,n. The following is a simple modification of Proposition 6.3 and the
proof is analogous.

Proposition 6.8 Let the graph G = (V,E) = (Z%,~), p = (M — 1)/M and
suppose we pick a random beach model configuration X = (c,j) € SV as follows:

1. Pick a random vertex configuration Y € {0,1}V according to the random-
cluster measure ¢p g.n-

2. For each finite connected component C of Y*, pick a colour at random
(uniformly) from {1,...,q}, assign this colour to every vertex in C' and
do this independently for different connected components.

3. The remaining vertices are assigned the colour i.
4. Assign intensities by j, =Y (x) + 1,Vz € V.
Then X is distributed according to the Gibbs measure ué’n,

Corollary 6.9 Withp= (M —1)/M, we have
i . 1 * c
fan(Co=1) = P {1 + (g = 1)¢pgnlo An)} .
Here <> refers to connectivity in the edge configuration Y*.

Proof. Using the recipe in Proposition 6.8 we see that the origin will get colour
¢ for sure if it is connected to the boundary and with probability 1/q otherwise.
We have

i . * c * c 1
N;,n(co =i) = npglo——A})+ {1 — Pnpglo—— A )} 5

= é {1 + (¢ — Donp.glo A%)} '

O

Proposition 6.8 leads us to the following result extending Proposition 4.9 to the
multi-coloured beach model.

Proposition 6.10 For any i € {1,...,q}, the limiting probability measure
py = lim g,

n—oo

on SZ° exists and is a translation invariant Gibbs measure for the multi-coloured
beach model on Z% with parameters q and M. The limit is independent of the
choice of exhaustion.
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Proof. As before, a weak limit of finite-volume Gibbs measures is a Gibbs
measure whenever it exists. We thus need to show that ufw( f) converges as
n — 00, for any local function f.

Fix an f as above, and let A C Z? be the region on which f depends.
Take n large enough so that A C A,. As shown above, we may think of a
SV -valued random element X with distribution ,uf]m as arising by first picking
a random-cluster configuration Y € {0,1}" according to ¢, 4.n (with p = (M —
1)/M) and then assigning random colours to the connected components, forcing
colour ¢ to the (unique) infinite cluster. For z,y € A, we write {x < y}
for the event that x and y are in the same connected component in Y*, and
{z < oo} for the event that z is in an infinite cluster. Clearly, the conditional
distribution of f given Y depends only on the indicator functions (1{zc.y})z,yea,
(1{zoc})zea and (Y'(7))zen, since the conditional distribution of X on A
is uniform over all elements of S such that the recipe in Proposition 6.8 is
followed. Hence, the desired convergence of #é,n follows if we can show that
the joint distribution of (1{;cy})zyen, (I{zooo})zea and (Y (2))zea converges
as n — o0o. This, however, follows from Lemma 6.7 and an inclusion-exclusion
argument upon noting that (1{zcy})zyea; (1{zooo})zea and (Y(z))zea are
increasing functions. O

6.2 Phase transition

In this subsection we will see that the beach model exhibits phase transition for
certain choices of the parameters.

Consider the multi-coloured beach model on Zd, d > 2. All the arguments
to be used here, except those showing that the critical value M.(q) is strictly
between 1 and oo, go through on arbitrary infinite graphs; we stick to the Z¢
case for simplicity of notation. We consider the limiting Gibbs measures ufl
obtained in Proposition 6.10. These play a role similar to that of the ‘plus’ and
‘minus’ measures py and p_ in Section 4. The difference is that those measures
represented extreme Gibbs measures in the sense of stochastic ordering, whereas
the measures uf’z cannot be compared in the same way. We have already seen
effects of this in the proof of Proposition 6.10, where the use of the random-
cluster representation was essential.

We first state an analog of Corollary 6.6, applicable to the random-cluster
measures ¢, ., on Z¢ with wired boundaries. We write /,, ,, for the probability

measure on {0, 1}Zd which to a configuration £ assigns probability

wpm(g) = H pg(z)(l - p)l_g(z)l{gzloﬂT An}-
zEA,

Lemma 6.11 For the beach-random-cluster measure ¢, 4, with p € [0,1], ¢ >
1 and n € N, we have

(a) @p.qn is monotone,
(b) ¢p,q,n jD ¢p,n;

(C) (rbp,q,n D ¢ﬁ,n7
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where
p

p+(1—p)g*-t
Furthermore, for 0 <p; <py <1 and g > 1, we have

(d) ¢p17q7n =p ¢p2,q,n'

ﬁ:

Proof. Single-site conditional probabilities for x € A,, under ¢, 4, are the
same as in the finite setting (18). For any n € {0, 1}A»\{=}

pqlfk*(zf'rl)
pql—k*(x,n) +1-— p'

¢p,q,n(x is open |n) =

We are thus back in the situation of Corollary 6.6, and the proof of that corollary
also applies here. O

The following result is a variant of Proposition 4.12 for the multi-coloured
beach model. It also gives a characterization of phase transition in terms of
percolation in the random-cluster model.

Theorem 6.12 Let M > 1 and p = (M — 1)/M. For any x € Z¢ and any
i€{l,...,q}, the following statements are equivalent.

() pg=pg=-..=p,
(ii) pg(ce =1i) =1/q,
(iii) p,q(z < 00) = 0.

(ce = j) for any i,j €
= 1/q, and (ii) is estab-

Proof.  (i)=(ii): By symmetry pu(c, = i)
{1,...,q}. From (i) we must then have u(c,
lished.

(ii)=-(iii): For the given vertex z, take an exhaustion (A,)52; where x € A;.
Using Corollary 6.9 we have

i . . i . 1 q— 1 . * ¢
pylea = i) = 1 pugp (o = i) = 4 == I Gpgn(e = A7),
But, from Lemma 6.7 we get
lim ¢y, q.n(x < A7) = lim ¢y g n( o 00) = ¢pq(x < 00), (21)

thus proving the implication.

(iii);>(i): We will show that piy, = p for any i,j € {1,...,q}, by showing
that ju, (f) = u,(f) for all local functions f : 2 — R. Fix such a function f and
some £ > 0. For a given exhaustion (A,)22; we then can find some ng such
that f only depends on the configuration on A,,, and such that

’ué(f)—u;n(f)‘ < ¢ for all n > ny. (22)

In view of (iii) and (21) we can also find an m > ng such that ¢, 4 (7 «—

AC) <e/|Ap,| for all z € A,,,, and thus

Pp.q.m(Ang S AL <e. (23)
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Here {A,, <> A¢,} is the event that there exists an open path from A, to
A¢,. Denote this event C.

Now, let us make use of Proposition 6.8. Take Y € {0, 1}Zd according to
®p.q.m and let it generate two beach model configurations X*, X7 € Q coupled
in the following way: In step 2 of Proposition 6.8, let the finite components get
the same colour in both configurations X* and X7. The infinite components
get colours ¢ and j, respectively. Then X* will follow p!, ,, and X7 will follow
ug,m. Because f is local it has finite range, so without loss of generality we can
assume ||f|| < 1. Using (23) we then get

’Mj]m’L(flC) + M;,m(flcc) - /’L?],m(flc) - M{],m(flcc)
|t (F10) = 1] (1))

< 2¢P,q,m(c)

< 2e. (24)

Combining (22) and (24) gives
g (f) — g ()] < 4e,

and, since € was arbitrary, we know that ufl and ,ug are identical on cylinder
sets, and hence identical. O

Note that the missing link (ii)=-(iii) in Proposition 4.12 now follows as a special
case of the last theorem. Just take ¢ = 2 and use the implication (ii)=-(i) of
Theorem 6.12. Needless to say, none of the results leading to Theorem 6.12 rely
on Proposition 4.12.

In Theorem 6.12, the statement (i) does not exclude the possibility of the
existence of more than one Gibbs measure, i.e. phase transition. But in fact, we
have the following result.

Theorem 6.13 Each one of the statements (i)-(iil) of Theorem 6.12 are equiv-
alent to

(iv) There is a unique Gibbs measure for the q-coloured beach model on 7% with
parameter M .

We omit the proof, which is a tedious but straightforward adaptation of the
corresponding result in [9] for the Potts model. The idea for proving (iii)=(iv)
is that absence of percolation in the random-cluster model implies that every
region is cut off from infinity by a set of closed edges. Thus, independently of
what happens macroscopically, the local spins feel as if they are in a system
with free boundary condition. This makes a phase transition impossible.

Now we have the tools to prove that the phenomena of phase transition for
the multi-coloured beach model is increasing in M. We will see the usefulness of
the percolation criterion (iii) above, and get a generalization of Theorem 4.13.

Theorem 6.14 There exists a critical value M.(q) € [1,00] such that for M <
M_.(q) we have that the multi-coloured beach model on Z® with parameters q and
M has a unique Gibbs measure whereas for M > M.(q) there are multiple Gibbs
measures.
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Proof. Assume M; < M;. We are to show that if there are multiple Gibbs
measures for the beach model with parameters M; and ¢, then so is the case
also for the model with the parameters M5y and gq.

Let py = (My — 1)/M; and p; = (My — 1)/Ms. Then p; < py and from
Lemma 6.11(d) we have ¢p, g.n =D Ppy,qn for n =1,2,.... Going to the limit,

we get ¢p, g 2D Ppy q-
Assume there are multiple Gibbs measures when M = Mj. Then, by using
the equivalence of (iii) and (iv) in Theorem 6.13, we have that ¢, ,(z < o0) >

0. The event {z «+~— oo} is increasing and therefore ¢, ,(x < 00) > 0 from
the above. Thus, using Theorem 6.13 again, we have multiple Gibbs measures
also for M = M5. O

The reader who was disappointed for not getting the proof of Theorem 6.13 can
instead define M.(q) as the point sup,,{condition (i) holds}.

The percolation criterion in Theorem 6.12 (iii) raises the question of when
a non-trivial percolation threshold exists for the beach-random-cluster model.
For Z% this is answered below.

Proposition 6.15 For the beach-random-cluster model on Z%, d > 2, and any
fized ¢ > 1, there exists a percolation threshold p.(q) € (0,1) (depending on d)

such that (q)
. =0 for P <pelq),
¢p,q(0‘_’oo){ >0 for p > pc(q).

Proof. The statement of the proposition consists of the following three parts:

(1) ¢p.q(0 <= 00) = 0 for p sufficiently small,
(ii) ¢p.q(0 < 00) > 0 for p sufficiently close to 1, and
(iif) ¢p4(0 < 00) is increasing in p.

We first prove (i). Take some exhaustion (A,,)S; of Z? and suppose p < p.(Z%),
the critical value for Bernoulli site percolation on Z? defined in (9). For ¢ > 0,
we can then pick n large enough so that

Pplo = AS) <.
Let m > n, so that A,,, D A,,. By Lemma 6.11(b), we have
Gp,g,m(0 o A7)

7/1p,m(0 S A7) = 7vZ’p(O S A7)
e.

Pp,q,m (0 S o)

IN A IA

Since € was arbitrary, we find by first letting m — oo,
bpql0 "= 00) =0, for p < p.(Z%),
proving (i).
Next, (ii) can be established by a similar argument: Let p be such that

p=np/lp+ (1 —p)g*1 > p.(Z%). Lemma 6.11(c) then shows that ¢, 4n =p
Yp.n =D Yp for every n, so that

bp.q(0 PN 00) = lm ¢pq4n(0 PN 00) > 15 (0 PN o0) > 0,
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proving (ii).
To check (iii), use Lemma 6.11(d). This proves (iii) and thereby the propo-
sition. 0

In [5] it was shown that for M > 2e - q(7¢?)?, there are exactly ¢ different
Gibbs measures for the g-coloured beach model on Z?. Here we know from
Theorem 6.14 that the model has a critical M-value and the next theorem says
it satisfies 1 < M.(q) < oo.

Theorem 6.16 For G = (Z%,~), d > 2, and q € {2,3,...}, the g-coloured
beach model has a critical value M.(q) € (1,00).

Proof. Let p.(q) € (0,1) be the critical p-value for the beach-random-cluster

model on Z¢, and let
1

B 1- pc(Q)
Now take M < My and note that p = (M — 1)/M will satisty p < p.(¢). Thus

¢p.q(0 <= 00) = 0 and from Theorem 6.12 there is a unique Gibbs measure
for the corresponding beach model. On the other hand, if M > Mj, then
p > pe(q) and again by Theorem 6.12, we have a phase transition. Thereby
the critical M.(q) and My must coincide. Finally, p.(q) € (0,1) implies that
M.(q) € (1,00). O

MO
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7 The beach model on a regular tree

In this concluding section we will make use of the previous results in a special
case: the beach model on a regular tree. It turns out that the simple structure
of this graph makes it possible to compute the Gibbs measure marginal at the
root. As we know, this is closely connected to the question of uniqueness of
Gibbs measures. Here this question can be transferred to the question of the
number of solutions to a certain fixed point problem. To this question, numerical
methods give the answer, or at least an educated guess.

Let Ty denote the infinite rooted tree with k children in each generation.
All vertices have k + 1 neighbours, except for the root, which has k£ neighbours.
Let the n:th generation be the vertices at distance n from the root. Also, let
T',, be the finite subtree of T}y, which includes all vertices up to, and including,
generation n. The root will be denoted 0.

We will start by looking more closely at the beach random-cluster model on
V = {the vertex set of Ty }. As in Section 6, we define random-cluster measures
on an increasing family of subgraphs. For example, (I',,)52 ; constitutes a good
exhaustion for this purpose. Let ¢, ,, be the probability measure on {0,1}"
for which each & € {0,1}V is assigned probability

1 _e(v *
Ppan(§) = 7 { H P (1 —p)t¥ )} g" (&) lie=1om1,}> (25)

vel'y,

where k*(¢,T,,) is the number of connected components in £* (including isolated
vertices) that do not intersect I'S. This is similar to (20), and the difference is
that here I'y, is not connected. We will however still refer to this as the wired
boundary condition. For ¢ > 1 the same stochastic domination relations hold as
in Section 6 and a limiting probability measure is guaranteed:

Lemma 7.1 Forp € [0,1] and q > 1, the limiting probability measure
Ppq = nlggo Pp.an;

exists on {0,1}V.

Next, we go on to the beach model on Ty. As before the state space is
S ={1,...,q} x {1,2}, and the configuration space is now = SV. Let ,ué)k,n
be the beach model measure on € which is = (4,2) on I'¢, and else follows the
right-hand side of (17). A configuration following '“fz, k. Can be obtained exactly
as in Proposition 6.8, starting with a random-cluster configuration from ¢, 4 .
Note that step 3 in Proposition 6.8 makes sure that y/ , ,, delivers proper beach
model configurations on I';, with an all i-coloured boundary. Thus, the wired
random-cluster configurations for a regular tree can be thought of as being
connected “at infinity”. The corresponding approach to defining the Fortuin—
Kasteleyn model on trees was introduced in [12]. As before, the dependence of
the parameter M is suppressed when denoting the measure ,ué’ ko

7.1 The magnetization at the root

For the Ising model, the mean p(X(0)) is sometimes referred to as the mag-
netization at the origin. This value, of course, is directly connected to the
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probability of having a plus at the origin:
H(X(0)) = u(X(0) = +1) = u(X(0) = —1) = 2u(X(0) = +1) — 1.

Note that there is no magnetization if, and only if, u(X(0) = +1) = 1/2. The
corresponding probability for the beach model will be of interest here.

Proposition 6.10 can be adapted to the Tg-case, by use of Lemma 7.1. There-
fore, as n — oo, the limit 'ufz,k,n = ”é,k exists as a weak limit and is a beach
model Gibbs measure for Ty. The interesting question is whether there are any
other Gibbs measures? We answer this question by using Theorem 6.12 and
Theorem 6.13, which go through on any infinite graph. The relevant statements
are extracted in the following remark.

Remark 7.2 Let M > 1 and let g,k € {2,3,...}, withi € {1,...,q}. Then the
following two statements are equivalent.

(i) plplco=1)=1/q.
(ii) There is a unique Gibbs measure on T} with parameters ¢ and M.

In view of Remark 7.2 we would like to compute the probability

Oq1e(M) = piq 1, (co = 1),

i.e. the probability that the root has the same colour as the boundary. We start
by dealing with the same probability for the finite trees I';,. Let

Og k(M) = 151, (co = 0)- (26)

Then
ﬁq,k(M) = lim Gq,k,n(M),

n—oo

since the sequence of probabilities are decreasing and thus converging.

Let us look at the beach model configurations on I';, with boundary condition
of colour ¢ outside I',,. Think of M as an integer again, as in Section 4. Recall
that the beach model measure is the the uniform measure over of all BM-feasible
configurations. Hence, computing the probability of finding the colour ¢ at the
root is only a matter of comparing the number of i-rooted configurations with
the number of possible ones.

To shorten notations, represent the boundary condition colour i with 4. All
the other colours are by symmetry exchangeable, and we represent one of them
with —. Intensities are represented with 1 and 2 as before, but think of the 2 as
being (M — 1)-multiple. Let E,, C S™ be the set of BM-feasible configurations
on I'), that also meet the boundary condition of +2 on JI',,. We can partition
E,, into 2q sets, depending on the configuration at the root. Let

Aty ={X : X € E, and X(0) = +2}|

and define A}, A", and A", analogously. Also, let A" = |E,,| = A, + A", +
(g—1)(A™, + A",). With this notation we get

_ Ay, + AL

9‘17kan(M) An
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A nice property of the regular tree is that the numbers A" can be obtained
recursively. When determining the number of configurations of size I',,;1 with
a given root configuration, we look at the k vertices in generation 1 and their
subtrees of I',,-size, recognizing a smaller problem. With some thought and the
BM-feasibility in mind we then get the following relations:

Ay, = M-1,
Ag—l = 17
A = 0,
A%, = 0,
and, for n > 0,
n k
A—i-;l - ( ) (M - 1)7 k
A - A“ Fla=DAn) (27)
Antl = (A” (q—1)A™ + A™y)",
A5 (An) 4+ A™ )’“(M— 1).

Inspired by the recursion (27), let the mapping 7} : R* — R* be defined by

x1 (z1 +22)k(M - 1)
7| 22| = (z1 + 22 + (¢ — 1)z3)*
Yo (22 + (g — Vo3 + 24)F
X4 (1'3 —+ l’4)k(M — 1)

Upon noting that T7([1 0 0 0]) = [M —1 1 0 0], we can rewrite (27) as

(A2, AT, AT, A% = TIHY([100.0]), 0> 0.
To get the desired probabilities we need to normalize by dividing with A™.
Therefore, let T, : R* — R?* be defined by

X

Tolw) = x1+x2+ (¢ — 1) (23 + 24)

for those © = [x; x2 x3 x4] where the denominator does not vanish. Now
the distribution for the root configuration of T, is given by (T3 o T{")(z).
It is not hard to see that the result would not be altered if we do some in
between rescaling, i.e. T o T = (T o T1)"*'. Therefore, define the mapping
T:R* — R* by

T = T2 o T17 (28)

and we get the following lemma.
Lemma 7.3 Let 0, (M) be as defined in (26), and T as in (28). Then
Oy k(M) =1[1100]eT""([1000]),

where o denotes scalar product.
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7.2 A fixed point problem
Consider the following fixed point problem.

(P) Let M > 1, ¢ > 1and k > 1 be real numbers and let T : R* — R* be as
n (28). Solve the equation
T(z) = .

Remark 7.4 If x is a solution to (P), then Ty(z) = To(ToTiz) = T2 Tix =
15Ty x = x. Hence, the solution x satisfies x1 + x2 + (¢ — 1)(xs + 24) = 1.

We will see that the number of solutions to (P) is connected to the number of
Gibbs measures for the beach model on Ty. First two lemmas.

Lemma 7.5 Let k be an integer. The vector T is a solution to (P), where

Z= lim T"([1 00 0)]).

n— oo

Proof. Let z, = T""([1 0 0 0]). Then z, is the marginal probability
distribution of /J’tiz,k,n at the root. As n — oo the sequence (x,)52, will converge

to the root marginal for qu s Since T' is a continuous mapping, the limit Z =
lim;, o0 @, solves the problem (P). O

Lemma 7.6 The vector T is a solution to (P), where
[a 1/¢g—a 1/¢g—a a],

and a € (0,1/q) solves the equation

X

B M—1
~ q{M — 1+ (q+aq — ag?®)*}’

a

Proof. With z as above we get

(1/9)*(M —1)
_ 1 (1+a—aq)*
Cq{(1/"(M —1)+ (1 +a—aq*} | (1+a—ag)”
(1/q)F(M —1)

Apparently, T(Z) is symmetric in the same way as z, and the sum of its first two
components equals 1/q. Thus, T solves (P) if a is chosen so that 7, = [T(Z)]1,
i.e. a satisfies (29). In fact, there is (at least) one solution to (29) for which
0<a<1/q Let

T(z)

M—1
a— )
q{M — 1+ (q+ aq — ag®)*}

and we can check that g(0) = —(M — 1)/(¢(M — 1) + ¢**1) < 0, g(1/q) =
1/(gM) > 0 and g is continuous. O

g(a) =

We call a solution to (P) symmetric if it is on the form [a 1/¢—a 1/qg—a a],
and the solution Z of Lemma 7.6 is therefore symmetric. In the same way as @
corresponds to the root marginal for Mé,k? the symmetric  corresponds to the
root marginal for a Gibbs measure on T} with free boundary.
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Proposition 7.7 Let M > 1 be real, and let ¢ > 1, k > 1 be integers. Then the
solution X in Lemma 7.5 is symmetric, if, and only if, there is a unique Gibbs
measure on Ty with parameters M and q.

Proof. If 7 is symmetric, we have

Ogu(M) = [1100]ezZ=a+(1/g—a)
= 1/g,

and Remark 7.2 then gives the uniqueness.

If there is a unique Gibbs measure, then Remark 7.2 implies that Z; 4+ 25 =
1/q. From Remark 7.4 we then see that Z must be on the form  =[a 1/q —
a 1/qg—b b] for some b € [0, 1/¢]. Finally,

proving that Z is symmetric. O

Corollary 7.8 Let M > 1 be real, and let ¢ > 1, k > 1 be integers. Then

(P) has exactly one solution = There is a unique Gibbs measure on Tj.

Proof. If (P) has exactly one solution, then the solutions Z and = of Lemma 7.5
and Lemma 7.6 must coincide. Hence, Z is symmetric and Proposition 7.7 gives
the result. O

Although ¢, k and sometimes even M have been thought of as integers, there is
no need for such a restriction on the parameters for (P). The problem (P) can
be posed for all real M > 1,q > 1,k > 1, and could thus be seen as an extension
of the beach model on a regular tree — at least regarding the question of phase
transition.

It is of interest to compare these trees with the homogeneous ones. They
have one additional branch at the root, making the degree of every vertex in the
tree equal. A homogeneous tree is therefore transitive. Let T}, be homogeneous
tree where every vertex has k + 1 neighbours. To compute the magnetization at
the origin for T}, we do the same procedure as for T}, with the only difference
that in the last iteration we substitute k + 1 for k. It is thus clear that we get
positive magnetization for T}, if, and only if, we get it for Ty. The two trees
therefore have the same critical value.

7.3 Numerics

Proposition 7.7 suggests a way of determining whether the parameter triplet
(M, q, k) allows for phase transition or not:

1. Choose € > 0 and ¢ > 0 small with ¢ < §, and let 9 =[1 0 0 0].

2. Compute x,+1 = T(x,) and iterate until ||z, 11 — Tnlleo < €.
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3. Guess that (M, q, k) allows for only one Gibbs measure if
1
1100/ ex,——| <,
q

otherwise not.

For computation in MATLAB, in which calculations are done with an accuracy
of order 10710, the choices for € and ¢ have been ¢ = 10~!3 and § = 10~7.

[k 15 2 3 1]
1.5 [[ 1.961 | 1.595 | 1.399 | 1.350
2 |[2.493 | 2.113 | 2.030 | 1.952
3 (3544 [ 3.130 | 2.698 | 2.381
4 |[4.487 [ 3868 | 3.109 | 2.648

Table 1: Critical values M.(q, k).

We can now estimate the critical value M, (g, k) for some different ¢ and k, see
Table 1. A plot of the M, surface for small ¢ and & is shown in Figure 1.

Figure 1: Plot of M.(q,k).

We can also plot the “magnetization probability” 0, (M) = 64 k(M) for some
n suggested by step 2 above. We see three examples in Figures 2, 3 and 4.
In Figure 2 and 3, it is likely that 6, (M) is discontinuous, but in the third
example, where ¢ = k = 2, 6,,(M) looks continuous. In physics language,
we say there is a first order phase transition in the former cases, whereas for
q = k = 2 we only have a second order phase transition.
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M
Figure 2: Plot of 6, (M) in the case ¢ =2, k = 3.
q=3 k=2
1 T
0.9 bl
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Figure 3: Plot of 6, (M) in the case ¢ =3, k =2.
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Figure 4: Plot of 0, (M) in the case ¢ = 2, k = 2.
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