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GRADIENT GIBBS MEASURES FOR THE SOS MODEL WITH
COUNTABLE VALUES ON A CAYLEY TREE

F. HENNING, C. KULSKE, A. LE NY, U. A. ROZIKOV

ABSTRACT. We consider an SOS (solid-on-solid) model, with spin values from the set of
all integers, on a Cayley tree of order k > 2 and are interested in translation-invariant
gradient Gibbs measures (GGMs) of the model. Such a measure corresponds to a
boundary law (a function defined on vertices of the Cayley tree) satisfying a functional
equation. In the ferromagnetic SOS case on the binary tree we find up to five solutions
to a class of 4-periodic boundary law equations (in particular, some two periodic ones).
We show that these boundary laws define up to four distinct GGMs. Moreover, we
construct some 3-periodic boundary laws on the Cayley tree of arbitrary order k > 2,
which define GGMs different from the 4-periodic ones.

Mathematics Subject Classifications (2010). 82B26 (primary); 60K35 (sec-
ondary)

Key words. SOS model, Cayley tree, Gibbs measure, tree-indexed Markov chain,
gradient Gibbs measures, boundary law.

1. INTRODUCTION

We consider models where an infinite-volume spin-configuration w is a function from
the vertices of the tree Cayley to the local configuration space £ C Z.

A solid-on-solid (SOS) model is a spin system with spins taking values in (a subset
of) the integers, and formal Hamiltonian

H(o)=—J ) |w(z) —w(y)l,
(z,y)

where J € R is a coupling constant. As usual, (x,y) denotes a pair of nearest neighbour
vertices.

For the local configuration space we consider in the present paper the full set F := Z.
The model can be considered as a generalization of the Ising model, which corresponds
to E = {—1,1}, or a less symmetric variant of the Potts model with non-compact state
space. SOS-models on the cubic lattice were analyzed in [14] where an analogue of the so-
called Dinaburg—Mazel-Sinai theory was developed. Besides interesting phase transitions
in these models, the attention to them is motivated by applications, in particular in the
theory of communication networks; see, e.g., [11], [16]. SOS models with E = Z have
also been used as simplified discrete interface models which should approximate the
behaviour of a Dobrushin-state in an Ising model when the underlying graph is Z%, and

d > 2. There is the issue of possible non-existence of any Gibbs measure in the case
1
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of such unbounded spins, in particular in the additional presence of disorder (see [3]
and [4]). In this paper we show that on the Cayley tree there are several translation
invariant gradient Gibbs measures. For more background on Gradient Gibbs measures
on the lattice, also in the case of real valued state space, we refer to [9], [1], [8], [5], [6]
and [2].

Compared to the Potts model, the m-state SOS model has less symmetry: The full
symmetry of the Hamiltonian under joint permutation of the spin values is reduced to
the mirror symmetry, which is the invariance of the model under the map w; — m — w;
on the local spin space. Therefore one expects a more diverse structure of phases.

To the best of our knowledge, the first paper devoted to the SOS model on the Cayley
tree is [17]. In [I7] the case of arbitrary m > 1 is treated and a vector-valued functional
equation for possible boundary laws of the model is obtained. Recall that each solution
to this functional equation determines a splitting Gibbs measure (SGM), in other words a
tree-indexed Markov chain which is also a Gibbs measure. Such measures can be obtained
by propagating spin values along the edges of the tree, from any site singled out to be the
root to the outside, with a transition matrix depending on initial Hamiltonian and the
boundary law solution. In particular the homogeneous (site-independent) boundary laws
then define translation-invariant (TT) SGMs. For a recent investigation of the influence
of weakly non-local perturbations in the interaction to the structure of Gibbs measures,
see [2] in the context of the Ising model.

Also the symmetry (or absence of symmetry) of the Gibbs measures under spin reflec-
tion is seen in terms of the corresponding boundary law. For SOS models some TISGMs
which are symmetric have already been studied in the particular case m = 2 in [17],
and m = 3 in [18]. In [12], for m = 2, a detailed description of TISGMs (symmetric
and non-symmetric ones) is given: it is shown the uniqueness in the case of antiferro-
magnetic interactions, and existence of up to seven TISGMs in the case of ferromagnetic
interactions. See also [19] for more details about SOS models on trees.

In the situation of an unbounded local spin space the normalisability condition given
in [21] (which is needed to construct a SGM, in other words a tree indexed Markov chain,
from a given boundary law solution) is not automatically satisfied anymore. In this
paper we are interested in the class of (spatially homogeneous/ tree-automorphism in-
variant) height-periodic boundary laws to tree-automorphism invariant potentials whose
elements violate this normalisability condition. Here, a spatially homogeneous height-
periodic boundary law with period ¢ is a g-periodic function on the local state space Z.
Although the procedure of constructing a Gibbs measures from boundary laws described
in [2I] can not be applied to elements of that class, we are still able to assign a transla-
tional invariant gradient Gibbs measure (GGM) on the space of gradient configurations
to each such spatially homogeneous height-periodic boundary law, compare [13]. This
motivates the study of spatially homogeneous height-periodic boundary laws as useful
finite-dimensional objects which are are easier to handle than the non-periodic ones re-
quired to fulfill the normalisability condition. Gradient Gibbs measures describe height
differences, Gibbs measures describe absolute heights. FEach Gibbs measure defines a
gradient Gibbs measures, but the converse in not true, which is a phenomenon that is
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well-known from the lattice. Some more explanation will be given in the following sec-
tions. The main goal of this paper then consists in the description of a class of boundary
solutions which have periods of 2, 3 and 4 with respect to shift in the height direction
on the local state space Z, and their associated GGMs.

The paper is organized as follows. In Section 2 we first present the preliminaries of our
model. Section 3 then contains a summary on the notion of GGMs on trees and their
construction from homogeneous periodic boundary laws. For further details see [13].
The main part, section 4, is devoted to the description of a set of homogeneous 2, 3
and 4-periodic boundary laws. Solving the associated boundary law equations for the
2-periodic and the 4-periodic case on the binary tree we prove that depending on the
system parameters this set contains one up to five elements, yet the number of distinct
GGMs assigned to them will turn out to be at most four. In the last subsection we
construct GGMs for 3-periodic boundary laws on the k-regular tree for arbitrary k > 2.

2. PRELIMINARIES

Cayley tree. The Cayley tree T'* of order k > 1 (or k-regular tree) is an infinite
tree, i.e. a locally finite connected graph without cycles, such that exactly k + 1 edges
originate from each vertex. Let I'* = (V, L) where V is the set of vertices and L the set
of edges. Two vertices x,y € V are called nearest neighbours if there exists an edge [ € L
connecting them. We will use the notation [ = (z,y). A collection of nearest neighbour
pairs (x,x1), (x1,22), ..., (xq—1,y) is called a path from z to y. The distance d(z,y) on
the Cayley tree is the number of edges of the shortest path from z to y.

Furthermore, for any A C V we define its outer boundary as

ON:={x ¢ A:d(z,y) =1 for some y € A}.

SOS model. We consider a model where the spin takes values in the set of all integer
numbers Z := {...,—1,0,1,... }, and is assigned to the vertices of the tree. A (height)
configuration w on V is then defined as a function x € V + w, € Z; the set of all height
configurations is © := Z". Take the power set 2% as measurable structure on Z and then
endow  with the product o-algebra F := o{w; | i € V'} where w; : Q — Z denotes the
projection on the ith coordinate. We also sometimes consider more general finite subsets
A of the tree and we write S for the set of all those finite subtrees.

Recall here that the (formal) Hamiltonian of the SOS model is

H(o)=—J ) |we—wyl, (2.1)

(z,y)EL

where J € R is a constant which we will set to 1 (incorporated in the inverse temperature
B) in the following. As defined above, (z,y) denotes nearest neighbour vertices.

Note that the above Hamiltonian depends only on the height difference between neigh-
bouring vertices but not on absolute heights (it is given by a gradient interaction poten-
tial in the terminology of [I3]). This suggests reducing complexity of the configuration
space by considering gradient configurations instead of height configurations as it will
be explained in the following section.
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3. GRADIENT GIBBS MEASURES AND AN INFINITE SYSTEM OF FUNCTIONAL
EQUATIONS

Gradient configurations: Let the Cayley tree be called I'*. We may induce an orienta-
tion on I'* relative to an arbitrary site p (which we may call the root) by calling an edge
(x,y) oriented iff it points away from the p. More precisely, the set of oriented edges is
defined by

L:=1L,:={{z,y) €L : dp,y) = d(p,z) +1}.

Note that the oriented graph (V, E) also possesses all tree-properties, namely connect-
edness and absence of loops.

For any height configuration w = (w(x))zey € Z" and b = (x,y) € L the height differ-
ence along the edge b is given by Vw, = w, — w; and we also call Vw the gradient field
of w. The gradient spin variables are now defined by 7, ,) = w, —w, for each (z,y) € L.

Let us denote the space of gradient configurations by QV = ZY. Equip the integers Z
with the power set as measurable structure. Having done this, the measurable struc-
ture on the space QV is given by the product o-algebra FV := o({n |b € E}) Clearly
V:(Q,F) = (QV,FV) then becomes a measurable map.

For any fixed site z € V and given spin value w, € Z, each gradient configuration
¢ € QV (uniquely) determines a height configuration by the measurable map

Qv — 0 (3.1)
(pw,wz : ’
(@w,wz (C))y = wg + Zbel“(:v,y) Cbs

where I'(x,y) is the unique path from x to y. From this we get the following two
statements:

(1) The linear map V : ZV — 7L is surjective and
(2) The kernel of V is given by the spatially homogeneous configurations.

Therefore we have the identification
oV =zL =7V /2. (3.2)

Here, = is meant in the sense of isomorphy between Abelian groups. Endowing Z" /Z
with the final o-algebra generated by the respective coset projection we can also regard
this isomorphy as an isomorphy between measurable spaces due to measurability of the
maps @z, and V.

Note that statement (II) above relies on the absence of loops in trees. For gradient
configurations on lattices in more than one dimension a further plaquette condition is
needed (see [9]). In contrast to this, its following statement (2]) is based on connected-
ness of the tree. Therefore for any finite subtree A € S the isomorphy ([B.2)) between

measurable spaces restricts to an isomorphy between ZA /Z and ZELCA} 4nq ZA /Z,
where the sets are endowed with the respective final and product o-algebra.
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Further note that for any w € V the bijection

A/ Y/ (33
w = (wg)zev — (Vw,wy) .

is an isomorphism with respect to the product o-algebra on 7L x Z, where the inverse
map is given by (B3)). In the following, this will allow us to easily identify any measure

on ZV with its push forward on the space Z" x Z.

Gibbs measure: Recall that the set of height configurations Q := Z" was endowed
with the product o-algebra ®;c12%, where 2% denotes the power set of Z. Then for
any A C V consider the coordinate projection map oa : ZV — Z» and the o-algebra
FA := o(wn) of cylinder sets on Z" generated by the map wj.

Now we are ready to define Gibbs measures on the space of height-configurations for
the model (2] on a Cayley tree. Let v = {v(i) > 0,7 € Z} be a o-finite positive fixed a-
priori measure, which in the following we will always assume to be the counting measure.

Gibbs measures are built within the DLR framework by describing conditional prob-
abilities w.r.t. the outside of finite sets, where a boundary condition is frozen. One
introduces a so-called Gibbsian specification v so that any Gibbs measure p € G(v)
specified by ~ verifies

w(A|Fae) =a(4]) p— as. (3.4)
for all A € S and A € F. The Gibbsian specification associated to a potential ® is given
at any inverse temperature 8 > 0, for any boundary condition w € € as

1
WA) = g [ e RO (grwne )™ (do), (35)
A

where the partition function Z [ij — that has to be non-null and convergent in this count-
able infinite state-space context (this means that ® is v-admissible in the terminology
of [10])- is the standard normalization whose logarithm is often related to pressure or
free energy.

In our SOS-model on the Cayley tree ® is the unbounded nearest neighbour potential
with
Py (Wey wy) = |wz —wy| and @,y =0, so 7 is a Markov specification in the sense that

Ya(wp = C|) is Fop-measurable for all A € V and ¢ € Z*. (3.6)

In order to build up gradient specifications from the Gibbsian specifications defined
above, we need to consider the following: Due to the absence of loops in trees, for
any finite A C Z the complement A® is not connected but consists of at least two
connected components where each of these contains at least one element of JA. This
means that the gradient field outside A does not contain any information on the relative
height of the boundary A (which is to be understood as an element of Z/Z). More
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precisely, let cc(A€) denote the number of connected components in A and note that
2 < cc(A€) < |OA.
Applying (8] to each connected component, an analogue to (3.2)) becomes

Z{bEE‘bCAC} % (ZE)A/Z) 5 Z{bEE‘bCAC} % (ZCC(AC)/Z) — ZAC/Z C ZV/Z (37)

7 7

where ”=" is in the sense of isomorphy between measurable spaces. For any n €
QV = ZV /7 let |n]on € Z7)Z denote the image of n under the coordinate projec-
tion ZY /7 — 790 /Z with the latter set endowed with the final o-algebra generated by
the coset projection. Set

N =0((m)ecac) C Ty = o((m)scac, Man)- (3-8)

Then ’E\V contains all information on the gradient spin variables outside A and also
information on the relative height of the boundary dA. By (B.7)) we have that for any
event A € FV the Fpe-measurable function v, (A|-) is also measurable with respect to
TAV, but in general not with respect to ]:AV. These observations lead to the following:

Definition 1. The gradient Gibbs specification is defined as the family of probability
kernels (v\)accy from (QV,TY) to (QV,FY) such that

[ Flomitde| ¢ - / F(Ve)ma(de | ) (3.9)

for all bounded FY -measurable functions F, where w € Q is any height-configuration
with Vw = (.

Using the sigma-algebra ﬂv, this is now a proper and consistent family of probability
kernels, i.e.

YA(A ] Q) =14(C) (3.10)
for every A € Ty and YAv) = Y4 for any finite volumes A, A C V with A C A. The
proof is similar to the situation of regular (local) Gibbs specifications [10, Proposition
2.5].

Let Cp(22V) be the set of bounded functions on V. Gradient Gibbs measures will
now be defined in the usual way by having their conditional probabilities outside finite
regions prescribed by the gradient Gibbs specification:

Definition 2. A measure v € M1(QV) is called a gradient Gibbs measure (GGM) if it
satisfies the DLR equation

/ V(dC)F(C) = / v(d¢) / A (dE | OF () (3.11)

for every finite A C V and for all F € Cy(QV). The set of gradient Gibbs measures will
be denoted by G (7).

Construction of GGMs via boundary laws:
In what follows we may assume the a-priori measure v on Z to be the counting measure.
On trees with nearest-neighbours potentials ® such as the one we consider here, it is
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possible to use the natural orientations of edges to introduce tree-indexed Markov chains.
These are probability measures p having the property that for p-a.e. oriented edges (zy)
and any w, € F,
ploy = Wy‘}—(—oo,xy)) = p(oy = wy|Fz),
where
(_Oo7xy) = {w ev | <3§‘,y> € Lw}v

denotes the past of the edge (x,y). One can associate to p a transition matrix defined
to be any stochastic matrix P = (Pyy) sy satisfying for all w, € E

N(O-y = wy’fx) = PZEy(Ul‘ywy) u— a.s.

For n.n. interaction potential ® = (®;),, where bonds are denoted b = (z,y), one
first defines symmetric transfer matrices @ following the terminology of Cox [7] or
Zachary [21122] (see also [10]). Setting

Qb(wb) =e (‘I’b(wb)+|aw‘71‘13{30}(wz)+|8y|*1¢{y}(wy))

one can rewrite the Gibbsian specification as

YR (oa = walw) = (ZD) (@) T Qulws).

bNAAD

If for any bond b = (z,y) the transfer operator Qp(wp) is a function of gradient spin
variable (; = w, —w, we call the underlying potential ® a gradient interaction potential.
Now we note the following: On the one hand, each extreme Gibbs measure on a tree
with respect to a Markov specification is a tree-indexed Markov chain (Theorem 12.6
n [I0]). On the other hand (Lemma 3.1 in [21]), a measure p is a Gibbs measure with
respect to a nearest neighbour potential ® with associated family of transfer matrices
(Qp)per iff its marginals at any finite volume A C V' are of the form

p(oavon = wavon) = calwan) [ @blws) (3.12)
bNAAD
for some function ¢y : A — R4. Taking this into account leads to the concept of

boundary laws that allows to describe the Gibbs measures that are Markov chains on
trees.

Definition 3. A family of vectors {lmy}<x WeF with lyy € (0,00)% is called a boundary

law for the transfer operators {Qp}tper if for each (z,y) € L there exists a constant
Cey > 0 such that the consistency equation

lmy(wx) = Cxy H Z sz(wxa Wz)lzx(wz) (313)
z€dz\{y} w-€Z

holds for every w, € Z. A boundary law is called to be g-periodic if lpy(wy +q) = loy(wy)
for every oriented edge (x,y) € L and each w, € Z.
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In our unbounded discrete context, there is as in the finite-state space context, a one-
to-one correspondence between boundary laws and tree-indexed Markov chains, but for
some boundary laws only, the ones that are normalisable in the sense of Zachary [211[22].

Definition 4 (Normalisable boundary laws). A boundary law [ is said to be normalisable

if and only if
Z ( H Z QZI(W%WZVZQC(“Z)) < 00 (3.14)

Wz €L  zE€EJx woEZ
at any x € V.

The correspondence now reads the following:

Theorem 1 (Theorem 3.2 in [2I]). For any Markov specification ~ with associated family
of transfer matrices (Qp)per, we have

(1) Each normalisable boundary law (lpy)zy for (Qp)rer defines a unique tree-
indexed Markov chain u € G(v) via the equation given for any connected set
AeS

p(oavan = wavan) = (Za) ™" H Ly, (wy) H Qb(ws), (3.15)
yEOA bNAAD

where for any y € OA, yp denotes the unique n.n. of y in A.

(2) Conversely, every tree-indexed Markov chains p € G(vy) admits a representation
of the form (313) in terms of a normalisable boundary law (unique up to a
constant positive factor).

Remark 1. The Markov chain p defined in [B.I5) has the transition probabilities

Lii(2)Qji(w, wi)

Pz] (wu ‘T) N(U] €T ’ 0 wz) Zy lji(y)jS(yywi) . (316)
The expressions [B.I0) may exist even in situations where the underlying boundary law
(lgy)z,y is mot normalisable in the sense of Definition [§} However, the Markov chain
given by the so defined transition probabilities is in general not positively recurrent which
means that it does not possess an invariant probability measure. More precisely if the
Markov chain defined by [B.I6) is of the form BID) (and hence of the form (BI12))
then its underlying boundary law must be necessarily normalisable as one can see by
considering BI0) for A = {x}, x € V. Thus, there is no obvious extension of Theorem
[ to non-normalisable boundary laws.

Let us now assume that @, = @ for all b € L (this holds obviously true for the SOS
model). We call a vector [ € (0,00)% a (spatially homogeneous) boundary law if there
exists a constant ¢ > 0 such that the consistency equation

k

1) =c | Y QU, /() (3.17)

JEZ.
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is satisfied for every i € Z.
Now assume that the elements of the family (Q)pcr, do not depend on the bonds i.e.
Qp = Q for all b € L, i.e. the underlying potential is tree-automorphism invariant.

In the case of spatially homogeneous boundary laws the expression ([3.14)) in the defi-
nition of normalisability reads

.o ) kL _k+1 .o K B
SO QNG =D e w (e RQUENG)T)
i€Z jEL i€Z JEZ
=K ),
1€EZ
which means that any spatially homogeneous normalisable boundary law is an element
1
of the space I'T%. Thus periodic spatially homogeneous boundary laws are never nor-
malisable in the sense of Definition [4l
However, it is possible to assign (tree-automorphism invariant) Gradient Gibbs measures
to spatially homogeneous g-periodic boundary laws to tree-automorphism invariant gra-
dient interaction potentials. The main idea consists in considering for any boundary law
(Izy) to a gradient interaction potential and any finite connected subset A C V' the (in
general only o-finite) measure pp on (ZAU@A, ®Rieauon2?) given by the assignment ([3.15)),
ie.
ploavon = wavon) = [ bwa(wy) [T @vlws). (3.18)

yedA bAA£D

Then fix any pinning site w € A and identify g with its pushforward measure on 7l x 7.
under (3.3]). This measure has the marginals

pavan (0w =7, navar = Cavan) = pavan (0w = ©)avaa (Navas = Cavoa | ow = 1)

= ptauon (0w = 1) H byyy (i + Z Gb) H @b (Cp).

yEOA bel'(w,y) bNAFAD
(3.19)

If the boundary law [ is assumed to be g-periodic, then ppauga(navor = - | ow = 1)
will depend on 7 only modulo ¢q. For any class label s € Z, this allows us to obtain a

probability measure v, s on ZbeLlbcA} by setting

Va,s(Mavan = Cavan) = Zay stavos (Mavoa = Cavon | 0w = )
= Z{E,s H Lyya (Tq(3+ Z Cb)) H Qb(G), (3.20)
yedA beT (w,y) bNAZ£D
where Z2 . is a normalization constant and T, : Z — Z, denotes the coset projection.

Then one can show the following:

Theorem 2 (Theorem 3.1 in [I3]). Let (l<zy>)_, y>el be any g-periodic boundary law

to some gradient interaction potential. Fix any site w € V' and any class label s € Z.
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Then the definition

v,s(navaa = Cavon) = Zay s [ lyyA< (s+ > Cb) IT @), (3.21)

yeOA beT (w,y) bAA£D

where A with w € A C V is any finite connected set, (auon € ZLELPC(AVON} g g
Z&s s a normalization constant, gives a consistent family of probability measures on the

gradient space QY. The measures Vs will be called pinned gradient measures.

By construction, the pinned gradient measures v, s on QV have a restricted gradi-
ent (Gibbs) property in the sense that the DLR-equation (B.II]) holds for any finite
A C V which does not contain the pinning site w (for details see [13]). If the g-periodic
boundary law is now additionally spatially homogeneous and the underlying potential is
tree-automorphism invariant then it is possible to obtain a tree-automorphism invariant
probability measure v on the the gradient space by mixing the pinned gradient measures
over an appropriate distribution on Z,. In this case, the restricted gradient Gibbs prop-
erty of each of the pinned gradient measures leads to the Gibbs property of the measure
v.

A useful representation of the finite-volume marginals of the resulting GGM is given
in the following theorem:

Theorem 3 (Theorem 4.1, Remark 4.2 in [13]). Let [ be any spatially homogeneous
q-periodic boundary law to a tree-automorphism invariant gradient interaction potential
on the Cayley tree. Let A C 'V be any finite connected set and let w € A be any vertex.
Then the measure v with marginals given by

v(navaa = Cauan) = Za Z H I(s+ Z ) H Q(&), (3.22)

SEZLq yeoA bel (w,y) bNAFD
where Zy is a normalisation constant, defines a spatially homogeneous GGM on QV.

Remark 2. Setting ni"(Cavan) = [{y € OA | Xoper(wy) G =@ mod g} | the marginals
of the measure v defined in Theorem [3 can be written in the form:

v(naves = Cavan) = Za(D_ ] l?;‘}“(cwm)) I @@

JEZLq i€Lq bNAAD (3 23)

23 T T1 e |
i+j b)

JE€EZq i€y bNAAD

This representation directly shows that two periodic boundary laws will lead to the same
GGM if one is obtained from the other by a cyclic permutation or multiplication with a
positive constant.

To obtain sufficient criteria for two GGM V' and V! I associated to two dzstmct pemodzc
boundary laws | and [ withlg=1y=1 being distinct we first observe that v* = v' if and
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only if

(Cavon)
Z+J
Z] €Zq HZEZQ lz

i

— ZA

i (Cavan) 7L

> jezy iez, i A

for all finite_subtrees A and (auan € ZAPELIPCANIA}
Thus V' = V! if and only if for any finite subtree A there is a constant c(A) > 0 such that

ST =c) > T (3.25)

JEZ €L, JEL €L,

(3.24)

for all vectors (ng,na,...,ng—1) € No with Zz’ezq n; = |OA|. If we take a single-bond
volume A = {b} where b € L, we obtain the marginal

vy =2, Y Us)(s + QG = Z( S TT 1 “N)Qu(¢)- (3.26)

$€%Zq JELq i€Tq

From this we get that if V! = v then condition (323) is fulfilled for all vectors
(no,n1,. .. ,nq_l) € {0,1,2}2 with ZiEZq n; = 2.

We will now conclude some statements on identifiability of GGM with respect to the
class of boundary laws which we will describe in the following section.

Lemma 1. Let andl be two 2-periodic boundary laws with ly = lo=1. Denotel; = ay,
l~1 = ay.
Then

v'=v" if and only if a1 =as or ajas =1 (3.27)

Proof. Let us first prove that o= if a; = ag or ajaz = 1. Using the marginals
representation given in Remark @ we have that v/ = v/! if and only if

ni¥ ;(Cavan)

Z]G{O 1} HZG{O 1} z

7 it (Cauan)

= const(A U OA) (3.28)

de{o 1} Hze{o 1} Y
for any finite subtree A and (aupp € ZIPELIPCAUIAY ot n = |9A| > 3 then the vectors
(no,m1)(Cauan) are of the form (n —m,m) for some integer 0 < m < n. Inserting this

into (3:28) we conclude that ! = ¢! if and only if for all n > 3 which can be realized
as the number of points in the boundary of a finite subtree and any 0 < mq,mo < n we
have:
an—ml + aml an—mg + aml
711—7711 71711 = ib—mz in,g . (329)
Qq + aq Qg + aq
We may further assume m; = 0 and write m = ms. Then this equation reduces to
ay +1 ai™" 4+ af’
ay+1  ay ™™ +af’

(3.30)
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which holds true if ag = (a1)~!.
To prove the other direction we must show that a1 = a2 and ajas = 1 are the only
solutions to the system (B.30):
For any = > 0 set fq, m)(z) = % Then (B.30) is equivalent to fe, my(a1) =
f(n,m)(ag). Consider any 0 < m < n. Clearly f(,,) is continuous, strictly decreasing
on (0,1) and strictly increasing on (1, 00), which means that for any x € (0, 1] there is
at most one y € [1,00) with f, n)(2) = fm)(y). Since f, my(x) = f(mm)(%) we have
that f,m)(a1) = fn,m)(a2) if and only if a1 = ay or ajag = 0.

O

Lemma 2. Consider any 4-periodic boundary law of the type
1, if i=0 or 2 mod4
1M = a, if i=1 mod4
b, if i=3 mod4
and denote the associated GGM by (@Y. Let (a1,by), (ag,bs) be two such boundary laws.
If viavb) = pla2:2) then necessarily
a1 +by=as+by or
(@i + bi)(a; + b)) = 4.
Proof. Consider the marginal on a set A := {b}, where b € L is any edge. Inserting
the vectors (ng, ni,n2,n3) = (2,0,0,0), (1,1,0,0) and (1,0, 1,0) into (3:25]) we conclude
that if v(@1:01) = p(92,02) then there is some constant ¢ > 0 with
(1) a? +b? +2 = c(a3 + b3 +2),
(2) a1 + by = c(ag +b2) and
(3) 1+ a1by = c(1 + azbz).
Adding twice the third equation to the first we obtain
(al + 51)2 +4 = c((a2 + b2)2 + 4),
which in combination with (2) gives
(a1+b1)2+4 B a; + by

= . 3.31
(ag +bg)2 +4 ag + bo ( )

Setting x := a1 + b1 and y := ag + by leads to the equation 52% = g which is equivalent

to
(x —y)(zy —4) =0.
This completes the proof. O

Lemma 3. Consider the k-reqular tree, k > 2, and a 3-periodic boundary law of the type

1@ 1, if i=0 mod3
i) ¢ celse.

Denote the associated GGM by v(9). Then the following holds true:
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a) v(e1) = p(€) i and only if for any n € N we have fmo,mi,ma) (€1) = Fimo,mi,ms)(€2)
for all (mg,m1,mz) € {0,1,...,n(k —1) 4+ 2)}* with mg +my + mg = 2(n(k —
1) +2), where

™0 4 g™ 4 ™2

f(mo7m17m2)(x) = 11 2gn(—142 x > 0.

b) v = () if and only if ¢ = ¢s.

¢) The GGMs associated to the nontrivial members of this family of solutions are
all different from the GGMs associated to the solutions given by the family of
boundary laws defined in Lemma[2.

Proof. The structure of the proof is similar to the proof of Lemma

a) First note that for any subtree of the k-regular tree with n vertices we have
n(k+1) —2(n—1) = n(k — 1) + 2 points in the outer boundary which follows
by induction on n (see [20]). Thus v(¢1) = v(¢2) if and only if for each n € N the
equation (B.25)) holds true for all (ng, n1,n9) € No® with ng+ni+ny = n(k—1)+2.
This is equivalent to the existence of some A > 0 depending only on k£ and n with

ano-i-m) +c(no+n2) _’_cgm-i-nz) _ )\(ano-i-m) _’_céno-i-nz) _’_cgm-i-nz))'

for all such vectors (ng, ni,n2).

1 1 0 ) no 1 1 -1 mo
Setting m1 1 01 ny |, ie n | = % 1 -1 1 my
01 1 %) n9g -1 1 1 mo

this is equlvalent to
™4 g G = A + o + )
for all (mg,mi,mg) € {0,1,...,n(k — 1) + 2}* with mg + m1 + ma = 2(n(k —
1) +2). Hence we have v(°1) = 1(°2) if and only if
mo _1_6?11 _|_C7i’12 B C71h0 +C71hl +C§h2

mo mi mo T 7 7 7
+ ¢y +cy C;no + C;nl + C§n2

for all vectors (mg, m1,m2), (o, m1,m2). Fixing (mg,m1,m2) = (0,n(k — 1) +
2,n(k — 1) + 2) this is equivalent to

mo_i_crlm_’_cgnz 1+2 n(k—1)+2

R T s A

for all (mg,mi,mg) € {0,1,...,n(k — 1) + 2}* with mg + m1 + ma = 2(n(k —
1) 4 2) which proves the first statement.

b) Consider a single-bond marginal A = {b}, b € L and insert the vectors (ng, n1,ng) =
(2,0,0) and (1,1,0) in 3:26). If v(¢) = 1(¢2) then there is a constant A > 0 with
i) 14 2c2 = A(1 + 2c3) and
ii) C% + 201 = )\(C% + 202).
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From this we obtain the polynomial equation in ¢;:

cA(deg — 1) — 2¢1(1 + 263) + calea +2) = 0. (3.32)
Dividing out the linear term (c¢; — ¢2) we arrive at
01(462 — 1) — Cg — 2=0. (333)

In the second step we will show that the assumption v(¢1) = v(¢2) and ¢; # ¢y
leads to a contradiction. This will be done by considering @ for n — oo. Take
any real numbers 0 < apg < a1 < ag < k — 1 where ag + a1 + a2 = 2(k — 1). Then
there is a sequence (mg(n), mi(n), ma2(n))pen such that for all n € N we have
(mo(n), m1(n),ma(n)) € {0,1,...,n(k —1) +2)}* and mg(n)+my(n)+ma(n) =
2(n(k — 1) + 2) with the property that sz(n) "0 a4, 1€ {0,1,2}.

If v(¢) = p(2) and ¢; # ¢y then by 333) we have ¢y = 4601:217 SO we may

assume % <c <1<cy. From Eﬂwe obtain

! 1
A =108 Fmo (n),m () ma () (€1) = B0 =108 flang (), ma () ma(n)) (€2)

Hence, taking into account the assumption 0 < ¢; < 1 < ¢o this implies

aplog(c1) = (ag — (k — 1)) log(ca), (3.34)

where the limiting behaviour of the 1.h.s can be seen by writing CTO(N) + cgnl(n) +

ch(n) = c’lno(")(l + cgnl(n)_m‘)(n) + cgn2(n)_m°(n)) and then inserting m;(n) =
a;n + &; , where g; , "Z° 0. The r.h.s. follows similarly.
Now (B.34) is equivalent to
log(c2) ag
log(er) — a— (b= 1) (3:39)
As ¢9 is uniquely given by (B.33]) and (B8.35]) holds true for all choices of (ag, a1, az)
in the allowed range, the assumption v(¢1) = 1(¢2) and ¢; # ¢, leads to a contra-
diction.

c) Let 1(@) denote any 4-periodic boundary law as defined in Lemma ] and let
119 be any 3-periodic boundary law as defined above. We will consider each
of them as a 12-periodic boundary law. Take A = {b}, b € L and insert the
vectors (ng,ni,...,n11) = (1,1,0,0,...,0) and (1,0,0,1,0,0,...,0) into (3.26]).
If (@) = 1(©) then there is a constant A > 0 with

i) 6(a +b) = 4\(2¢ + %) and
ii) 6(a +b) = 4A\(1 + 2¢?)
From this we get ¢ — 2¢ + 1 = 0 which leads to ¢ = 1.

O

Remark 3. Lemmadl can also be concluded from Lemmald and the fact that two pe-
riodic boundary laws lead to the same GGM if one is obtained from the other by cyclic
permutations or multiplication with a positive constant.



GRADIENT GIBBS MEASURES FOR THE SOS MODEL 15

4. TRANSLATION-INVARIANT SOLUTIONS

In this section we calculate periodic solutions to the boundary law equation for the
SOS-model. First let § > 0 be any inverse temperature and set 6 := exp(—3) < 1.
The transfer operator @) then reads Q(i — j) = 0l"=3l for any i,j € Z and a spatially
homogeneous boundary law, now denoted by z, is any positive function on Z solving the
system (B.I7), whose values we will denote by z; instead of z(i). Further notice that a
boundary law is only unique up to multiplication with any positive prefactor. Hence we
may choose this constant in a way such that we have zp = 1. At last set Zo := Z \ {0}.
Taking into account these prerequisites the boundary law equation (B.I7) now reads

plil 45~ pli-il, \F
zi = e ) ieZ. (4.1)
1+2j6209‘]|zj

4.1. A simplification of the system (4.I)). Let z(0) = (z; = 2i(0),i € Zy) be a
solution to (4.1]). Denote

—1 0o
L=L0)= Y 0y, ri=r0)=> 0z, icz, (4.2)
j=1

Jj=—00
It is clear that each [; and r; can be a finite positive number or +oo.

Lemma 4. For each i € Zy we have

e [; < +oo if and only if Iy < +o0;
e r; < 400 if and only if ro < 4o00.

Proof. The proof follows from the following equalities

0l + S 2 (0771 — 01 0)z, if i< 1
L={ ? ! (4.3)
0y, if i>1.
0 g+ S (0777 — 07z, if P> 1
ri = { . = ’ (4.4)
0=irg,  if i< —1.
O

In what follows, we will always assume that lo < +00 and g < 400.
Denoting u; = ug{/z; (for some ug > 0) from (4.I]) we get
wp=C- (- +0%uf 5+ oul ol ouf 0%+ ), ez,

)

for some C' > 0.
This system can be written as

wi=C [ 0huf_;+uf +> 0uf; |, i€ (4.5)
j=1 i=1
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Proposition 1. A vector u = (u;,i € Z), with up = 1, is a solution to (4.5]) if and only
if for u; (= {/zi) the following holds

B Wiel T Uipl — TUY

i I i1 €L, (4.6)
where T = 01 + 6 = 2 cosh(B).
Proof. Necessity. From (435]) we get
Ui—1 + Uil =
oo o0 oo oo
C Y uf 4+ 0wy +ul iy + > 0ul > Pufy | =
j=1 j=1 j=1 j=1

o0 [e.e]
clo! Z Gmuf_m — uf_l +0 Z Hj/uf_j/ + Guf + uf_l—l-
m=1

/=1

m=j+1 jl=j—1
o o _
ufﬂ +0 g Gnuiﬁrn + Ouf + 071 g Hjuiﬂrj - U§+1 =
n=1 j=1
n=j—1 J=j+1

ClO T +0)> 0uf ;+20uf + (0" +0)> uf; | =
j=1 j=1

(07 + 0)u; + C(0 — 6~ )ul.

Thus
Ui Fuipr — (07 FO)u; =CO -0k, icZ. (4.7)
Since up = 1 dividing both sides of (£7) to the equality of the case i = 0 we get (LT).
Sufficiency. Assume (4.6 holds. Then we get (A7) with some C' = C. Write this
equality for ¢ replaced by ¢ + 1 — 7, i.e.
wisj+uijr2— 07+ Ou;=CO -0y, i,j € (4.8)
Multiply both sides of (&S8]) by 67 and sum over j = 1,2, .... Here, absolute convergence

of all occurring infinite sums is guaranteed by the assumption Iy < +o00 and g < +00
and the fact that § < 1. Then after rearrangement/simplifications we get

Ouipr —ui = C(0— 07> Tuf, ;.
j=1

Dividing both sides of this equality by 6 we get

wigr — 0wy =CO— 07N> 0Tk s =CO -0 Y 0™, Hul | (4.9)

j:l m=1
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Now rewrite (£7]) for 4 replaced by i + j, C is replaced by C and multiply both sides
of the obtained equality by 67 then sum over j = 1,2,.... After simplifications we get

Oui — uip1 =C(0— 671> 6uf,;. (4.10)
j=1

Adding (4.9) and (£I0) we get the ith equation of (45) with C' replaced by C. For
ug =1 we get C' =C.

O
Lemma 5. If [y < 400 and ro < +0o then we have
0 — U_1 0 — (5%
lh=———— 1mn=—"7-"——"7-—"".
U_1+u —T7T U_1+u — T
Proof. Using (40]) we get
! ! ! Uil + Uir1 — TU
_ —J.. -,k _ —j %1 J+1 — TUj
o= D 0702 = 3 07ui= 3 o
j=—00 j=—o00 j=—o00

Compute the following

-1

Z e_j(uj'_1 + ujp — TUj) =
j=—00
-1 ‘ -1 ' -1 '
071 0T 60 Y 0 -7 Y 07y =
j=—00 j=—00 j=—00
0—u_1+ 0O +0-71) Z 0 uy;.
j=—00
Since #~1 4+ 0 — 7 = 0 we get the formula of ly. The case r( is similar. O
By this Lemma we have
0 —6-1
1—|—l(]—|-’r'0 = (411)

U_1+uy — 7
The equation (4.0)) can be separated into the following independent recurrent equations

U—j—q = (u—q +ug — 7')u'iZ +TU_; — U_jy1, (4.12)

Ujr1 = (u_1 +uyp — 7')u£€ + TUu; — uj—1, (4.13)

where 1 > 0, ug = 1 and u_1, uq are some initial numbers. Note that for ¢ = 0 the above
equations are trivially fulfilled for all values of u; and w_1. Hence it suffices to consider
(#.12]) and ([4.13) for i > 1.
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4.2. A class of 4-Periodic solutions to (4.6]). In this subsection we shall describe
the two-parameter family of solutions to (4.6]) which have the form

1, if n=0 or 2 mod 4,
up, =14 a, if n=1 mod 4 (4.14)
b, if n=3 mod 4,

where a and b some positive numbers. Such a solution defines a periodic two-side infinite
sequence, i.e.

na1,b1,a,1,6,1,a,1,b, ... (4.15)
The equations (£12) and ([@I3) give the following system of equations
(a+b—T1)bF +7b—-2=0
(4.16)
(a+b—1)ak+1a—-2=0.

For simplicity we consider the case k = 2 and give full analysis of the system (4.10]).

In case k = 2 subtracting from the first equation of the system the second one we get
(b—a)[(a+b)?*—7(a+b)+7]=0.
Which gives three possibilities:

1
a=>, and a:§(7':|:\/7'2—47')—b for 7> 4. (4.17)
Case a = b. In this case from the first equation of [@I6]) we get
20 —1a® + 74 —2=0. (4.18)

One easily gets the following solutions to this equation (recall that 7 > 2):

e If 7 < 6 then the equation (4.I8]) has unique solution ag = 1.
e If 7 > 6 then there are three solutions (see Fig. [))

1 1
ap =1, a121(7—2— (1 —2)2 —16), a221(7—2+\/(7—2)2—16).

Note that these 2-periodic solutions can be already found in [I3] (recall that 7 =
2 cosh(f)).

Case a+b = 3(7 + /72 — 47). In this case from the second equation of (@I6) we get
(1 — /12 —47)a® — 210 + 4 = 0.
Which for 7 > 4 has the solutions
T VT2 —dr + 4T — 47
Y gy
Using (4.I7) we get bs = a4 and by = as.
Case a+b= %(T — /72 — 47). In this case similarly as in previous case we obtain

_7'—1—\/7'2—47'—1—4\/7'2—47'
T2 —4r '

ag y Q4

(T4 V72 —47)a® —2ra+4=0
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FIGURE 1. The graphs of the functions a1, as giving 2-periodic boundary
laws. The graphs of the functions by, by giving 3-periodic boundary laws.
As ag = al_l, both 2-periodic boundary laws lead to the same GGM.

which for 7 > 2 + 21/5 has the following solutions

_7'—\/7'2—47'—4\/7'2—47' " _7'—1—\/7'2—47'—4\/7'2—47'
TV —dr e TV —dr ‘

Using (417) we get bs = ag and bg = a5. Clearly all of these solutions are positive (see

Fig. ).
Taking into account the freedom of cyclic permutations of boundary laws we thus
proved the following;:

as

Proposition 2. The periodic solutions of the form ({.15) depend on the parameter
7 = 2cosh(p) in the following way.
1. If 7 < 4 then there is a unique solution with a = b= 1.
2. If 4 < 7 < 6 then there are exactly two solutions with a = b =1 and a = as,
b = bs.
3. If6 < 7 < 2+ 2V5 then there are exactly four solutions with a = b = 1,
a=b=aj, a=b=ay and (a,b) = (a3, bs).
4. If 7 > 24+ 2/5 then there are exactly five solutions witha=b=1, a =b = ay,
a=>b=ay, (a,b) = (ag,b3) and (a,b) = (as,bs),



20 F. HENNING, C. KULSKE, A. LE NY, U. A. ROZIKOV
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FIGURE 2. The graphs of the functions (a3, a4) and (as,ag) giving 4-
periodic boundary laws.

where the values a; and b; are defined above.

4.3. Gradient Gibbs measures described by 4-periodic boundary laws: Iden-
tifiability. In this subsection we will apply the Lemmas [[l and 2] on identifiability to the
gradient Gibbs measures which correspond to the periodic solutions given in Proposition
2 Note that a solution described by the parameters (a,b) corresponds to the boundary

law
1, if n=0 or 2 mod 4,

Zr(zaz’bQ) =< a2 if n=1 mod4, (4.19)

b2, if n=3 mod 3.
We will denote the GGM assigned by Theorem [ to a boundary law zﬁaz’bz) by p(@®b%),

Case 4 < 7 < 6: We have a} + b3 > 2(3 (a3 + b3))? = 2(%)2 >2=12+12

so a2 + b2 #12 4+ 1% and (12 + 12)(a3 + b3) # 4. Thus p(a3:03) £ (L) by Lemma B

Case 6 < 7 < 2+2V5 : We have a; < 1 < ay and a2 + b3 > 2(1—16(7'—1—\/7'2 —47)2) >
Qa%. Further, as ajas = 1, by Lemma [ we have that vlatal) = pladad) At last
(a3 + b3) (a3 + a3) > (a3 + b3)(a? + a?) > 4(a1az2)? = 4. Thus we have three different
GGMs associated to boundary laws of the type (AI9) via Theorem Bl
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Case 7 > 2+ 25 : We still have: a% <1lc< a% < a% + bg and ajas = 1, so again
pladat) = (a3.03)  Further a? 4+ b2 <202 < 2. As ai(7) is monotonically decreasing in 7
and a;(7)? + b5(7)? is monotonically increasing in 7 it suffices to numerically calculate
2a1(2 4+ 2v5)% = (3(vV5 —1))? < 0.4 < 0.76 < a5(2 + 2v/5)% + b5(2 + 21/5)2 to obtain:
2a? < a2 4+ b% < 2 < 244 < a? + b3. Thus we have four different GGMs associated to
boundary laws of the type (£19) via Theorem Bl

Hence we have proven the following

Theorem 4. For the SOS model (21) on the binary tree with parameter T = 2 cosh(/3)
the following assertions hold

1. If 7 < 4 then there is precisely one GGM associated to a boundary law of the type
#T19) via Theorem [3.

2. If 4 <1 <6 then there are precisely two such GGMs.

3. If 6 < T < 2+ 25 then there are precisely three such GGMs.

4. If T > 2+ 2v/5 then there are precisely four such measures.

4.4. 3-periodic boundary laws on the k-regular tree. To also describe gradient
Gibbs measures on the k-regular tree for arbitrary k > 2, we consider a 1-parameter
family of 3-periodic boundary laws which can be examined easily. Assume u,, n € Z
has the form

" 1, n=0 mod3

"1 a n#0 mod 3,
where a > 0. Then, by (@I3]) and (£12), a should satisfy
2a" — ra* + (1 —1)a—1=0. (4.21)

This equation has the solution a = 1 independently on the parameters (7, k). Dividing
both sides by a — 1 we get

(4.20)

2aF + (2 —7)(@" 1+ ta)+1=0. (4.22)
The equation ([£22]) has again the solution a = 1 iff 7 = 7y, where
2k +1
0=

It is well known (see [I5], p.28) that the number of positive roots of the polynomial
[#22) does not exceed the number of sign changes of its coefficients. It is obvious that
2 — 7 < 0. Thus the number of positive roots of the polynomial (£.22]) is at most 2.

The following lemma gives the full analysis of the equation ([Z22I):

Lemma 6. For each k > 2, there is exactly one critical value of T = 2cosh(3), called
Te = Tc(k), such that

1. 7. < 795

2. if T < 1. then ({{.23) has no positive solution;

3. if T = 1. then the equation has a unique positive solution;

4. 9f T > T, T # 1o then it has exactly two solutions;
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FIGURE 3. The graphs of the function ¥3(a).

5. if T = 19, then the equation has two solutions, one of which is a = 1.
Proof. Solving (£.22) with respect to 7 we get

2" +1
ab=l4ak=2 ... 4a
We have 9;(a) > 2, a > 0 and ¢} (a) = 0 is equivalent to

k—1 k—1
2> (k—j)d =Y "jal T = 0. (4.23)
j=1 j=1

T=1g(a) =2+

The last polynomial equation has exactly one positive solution, because signs of its
coefficients changed only one time, and at a = 0 it is negative, i.e. -1 and at a = 400
it is positive. Denote this unique solution by a*. Then 9 (a) has unique minimum at
a = a*, and lim,_,0 Yg(a) = limg o0 Yx(a) = 400 (see Figld). Thus

Te = Te(k) = miny(a) = ¢y (a’).
Note that a* # 1, i.e. a =1 does not satisfy (£23]). Therefore
70 = ¥(1) > 7o = miny(a) = g (a”).
These properties of ¢ (a) completes the proof. O

Thus taking into account Lemma [3] and Lemma [l we obtain the following:



GRADIENT GIBBS MEASURES FOR THE SOS MODEL 23

Theorem 5. For the SOS-model on the k-reqular tree, k > 2, with parameter T =
2 cosh(B) there are numbers 0 < 7. < 7o such that the following holds:

1. If T < 7. then there are no GGM corresponding to nontrivial 3-periodic boundary
laws of the type ([A20) via Theorem [3.

2. At T = 7. there is a unique GGM corresponding to a nontrivial 3-periodic bound-
ary law of the type ([A20) via Theorem [3.

3. For T > 7., T # 109 (resp. T = 19) there are exactly two such (resp. one) GGMs.

The GGMs described above are all different from the GGMs mentioned in Theorem [4).

Remark 4. In case k = 2 one easily finds 7.(2) = 2(1 +/2) ~ 4.83 and 79 = 5. Two
positive solutions are (see Fig. [1)):

a:bLQZ:i(T—Q:': (1 —2)2-28)
Remark 5. It was shown in Section 5 of [13] that the equations for 3-periodic boundary
laws of the general form
1, =0 mod 3
zi=1< a, i=1 mod3 (4.24)
b, i=2 mod 3,

can be identified with the boundary law equations of a Potts model on the same reqular
tree at a different effective inverse temperature. An explicit discussion of the transition
temperature was given only on the binary tree. This correspondence however explains
that all 3-periodic boundary law solutions are of the type (420]).
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