1.
2.

2.1.
2.2.
2.3.

3.

3.1.
3.2.

4.

4.1.
4.2.
4.3.
4.4.

5.
6.

6.1.
6.2.
6.3.
6.4.

7.
8.
9.

STRONG SPATIAL MIXING IN HOMOMORPHISM SPACES

RAIMUNDO BRICENO AND RONNIE PAVLOV

ABSTRACT. Given a countable graph ¢ and a finite graph H, we consider Hom(¢,H)
the set of graph homomorphisms from ¢ to H and we study Gibbs measures supported on
Hom(%,H). We develop some sufficient and other necessary conditions on Hom(¥,H)
for the existence of Gibbs specifications satisfying strong spatial mixing (with exponential
decay rate). We relate this with previous work of Brightwell and Winkler, who showed
that a graph H has a combinatorial property called dismantlability if and only if for every
% of bounded degree, there exists a Gibbs specification with unique Gibbs measure. We
strengthen their result by showing that this unique Gibbs measure can be chosen to have
weak spatial mixing, but we also show that there exist dismantlable graphs for which no
Gibbs measure has strong spatial mixing.
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1. INTRODUCTION

In the past decades, spatial mixing properties in spin systems have been of interest
because of their many applications. The property known as weak spatial mixing (WSM) is
related with uniqueness of Gibbs measures on countable graphs and the absence of phase
transitions. On the other hand, strong spatial mixing (SSM), which is a strengthening of
WSM, has been connected with the existence of efficient approximation algorithms for
thermodynamic quantities [13, 19, 5], FPTAS for counting problems which are #P-hard [2,
25, 12] and mixing time of the Glauber dynamics in some particular systems [18, 10].

In [6], Brightwell and Winkler did a complete study of the family of dismantlable
graphs, including several interesting alternative characterizations. Among the equivalences
discussed in that work, many involved a countable graph ¢ (the board), a finite graph H
(the constraint graph, assumed to be dismantlable) and the set of all graph homomorphisms
from ¢ to H, which we denote here by Hom(¥¢,H). We call such a set of graph homomor-
phisms a homomorphism space. In this context, we should understand the set of vertices
V(H) as the set of spins in some spin system living on vertices of ¢. The adjacencies given
by the set of edges E(H) indicate the pairs of spins that are allowed to be next to each other
in ¢, and the edges that are missing can be seen as hard constraints in our system (i.e. pair
of spins that cannot be adjacent in ¢). Examples of such systems are very common. If we
consider ¢ = Z?* and Hy with V(Hg) = {0,1} and E(H,) containing every edge but the
loop connecting 1 with itself, then Hom(Zz,Hq,) represents the support of the well-known
hard-square model, i.e. the set of independent sets in 72, the square lattice.

We are interested in combinatorial (or topological) mixing properties that are satisfied
by a homomorphism space Hom(%,H), i.e. properties that allow us to “glue” together sets
of spins in ¢. For example, the homomorphism space Hom(Z?,H), where V(H) = {0,1}
and H has a unique edge connecting 0 with 1, has only two elements, both checkerboard
patterns of Os and 1s. Then, this homomorphism space lacks good combinatorial mix-
ing properties since, for example, it is not possible to “glue” two Os together which are
separated by an odd distance horizontally or vertically. Note that this is not the case for
Hom(Zz,H(p), where the only difference is that Hy, has in addition an edge connecting 0
with itself. A gluing property which will be of particular interest is strong irreducibility.
In [6], dismantlable graphs were characterized as the only graphs H such that Hom(¥,H)
is strongly irreducible for every ¢.

In addition, we can consider a n.n. interaction ®, which is a function associating some
“energy”’ to every vertex and edge of a constraint graph H. From this we can construct a
Gibbs (¢ ,H,®)-specification 7, which is an ensemble of probability measures supported
in finite portions of ¢. Specifications are a common framework for working with spin
systems and defining Gibbs measures [. From this point it is possible to start studying
spatial mixing properties, which combine the geometry of ¢, the structure of H, and the
distributions induced by ®. In [6], dismantlable graphs were characterized as the only
graphs H for which for every board ¢ of bounded degree there exists a n.n. interaction &
such that the Gibbs (¢, H, ®)-specification 7 has no phase transition (i.e. there is a unique
Gibbs measure).

In this work we study the problem of existence of strong spatial mixing measures sup-
ported on homomorphism spaces. First, we extend the results of Brightwell and Winkler on
uniqueness, by characterizing dismantlable graphs as the only graphs H for which for every
board ¢ of bounded degree there exists a n.n. interaction ® such that the Gibbs (¢, H, ®)-
specification 7 satisfies WSM (see Proposition 4.10). Then we study strong spatial mixing
on homomorphism spaces. We give sufficient conditions on H and Hom(%,H) for the
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existence of Gibbs (¢,H, ®)-specifications satisfying SSM. Since SSM implies WSM, a
necessary condition for SSM to hold in every board ¢ is that H is dismantlable. We ex-
hibit examples showing that SSM is a strictly stronger property, in terms of combinatorial
properties of H and Hom(%¢,H), than WSM. In particular, there exist dismantlable graphs
where SSM fails for some boards ¢

The paper is organized as follows. In Section 2 and Section 3, we introduce the neces-
sary background for studying homomorphism spaces and Gibbs specifications. In Section
4, we introduce meaningful combinatorial properties for studying SSM and homomor-
phism spaces in general, where strong irreducibility and the fopological strong spatial
mixing property of [5] play a fundamental role. In Section 5, we introduce the unigue max-
imal configuration (UMC) property on Hom(% ,H) and show that this property is sufficient
for having a Gibbs specification satisfying SSM (and in some sense, with arbitrarily high
decay rate of correlations). In Section 6, we introduce a fairly general family of graphs
H, strictly contained in the family of dismantlable graphs, such that Hom(%,H) satisfies
the UMC property for every board ¢ (and therefore, we can always find a Gibbs speci-
fication satisfying SSM supported on Hom(%¢,H)). In Section 7, we provide a summary
of relationships and implications among the properties studied. In Section 8, we focus
in the particular case where H is a (looped) tree T and conclude that the properties on T
yielding WSM for some measure on Hom(¥,T) coincide with those yielding SSM. Fi-
nally, in Section 9, we provide examples illustrating the qualitative difference between the
combinatorial properties necessary for WSM and SSM to hold in spin systems.

2. DEFINITIONS AND PRELIMINARIES

2.1. Graphs. A graph is an ordered pair G = (V(G),E(G)) (or just G = (V,E)), where
V is a countable set of elements called vertices, and E is contained in the set of unordered
pairs {{x,y} : x,y € V}, whose elements we call edges. We denote x ~ y (or x ~¢ y if we
want to emphasize the graph G) whenever {x,y} € E, and we say that x and y are adjacent,
and that x and y are the ends of the edge {x,y}. A vertex x is said to have a loop if {x,x} € E.
The set of looped vertices of a graph G will be denoted Loop(G) := {x € V : {x,x} € E}.
A graph will be called simple if Loop(G) = 0 and finite if |G| < e, where |G| denotes the
cardinality of V(G).

Fix n € N. A path (of length n) in a graph G will be a finite sequence of distinct edges
{x0,x1},{x1,%2}, -+, {Xu—1,% }. A single vertex x will be considered to be a path of length
0. A cycle (of length n) will be a path such that xy = x,, (notice that a loop is a cycle). A
vertex y will be said to be reachable from another vertex x if there exists a path (of some
length n) such that xo = x and x, =y. A graph will be said to be connected if every vertex
is reachable from any other different vertex, and a tree if it is connected and has no cycles.
A graph which is a tree plus possibly some loops, will be called a looped tree.

For a vertex x, we define its neighbourhood N(x) as the set {y € V : y ~ x}. A graph
G will be called locally finite if [N(x)| < oo, for every x € V, and a locally finite graph
will have bounded degree if A(G) := sup,.y |N(x)| < c. In this case, we call A(G) the
maximum degree of G. Given d € N, a graph of bounded degree is d-regular if |[N(x)| = d,
forallx e V.

Given a graph G = (V, E), we say that a graph G’ = (V' E') is a subgraph of Gif V' CV
and E’ C E. For a subset of vertices A C V, we define the subgraph of G induced by A as
G[A] :=(A,E[A]), where E[A] := {{x,y} € E : x,y € A}. Given two disjoint sets of vertices
A1,Ay CV,wedefine E[A] : Ay] :={{x,y} EE:x €A,y € Ay}, i.e. the set of edges with
one end in A; and the other end in A,.
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We will usually use the letters u, v, etc. for denoting vertices in a finite graph, and x, y,
etc. in an infinite one.

2.2. Boards and constraint graphs. In this work, inspired by [6], we will consider mainly
two kinds of graphs:
(1) a board 4 = (¥ ,&): countable, simple, connected, locally finite graph with at
least two vertices, and
(2) a constraint graph H= (V,E): finite graph, where loops are allowed.

Fix aboard 4 = (¥,&). Then, for x,y € ¥, we can define a natural distance function
2.1 dist(x,y) := min{n : 3 a path of length n s.t. x = x¢ and x, =y},

which can be extended to subsets A, B C 7 as dist(A, B) = minyca yepdist(x,y). We denote
A € B whenever a finite set A C ¥ is contained in an infinite set B C ¥. When denoting
subsets of ¥ that are singletons, brackets will usually be omitted, e.g. dist(x,A) will be
regarded to be the same as dist({x},A).

We define the boundary of A C ¥ as the set dA := {x € ¥ : dist(x,A) = 1} (notice that
if x € A, then dist(x,A) = 0), and the closure of A as A =AUJA. Given n € N, we call
N, (A) := {x € ¥ : dist(x,A) < n} the n-neighbourhood of A (notice that No(A) = A and
N;(x) =N(x) U{x}).

Example 2.1. Given d € N, two boards are of special interest (see Figure 1):
e The d-dimensional hypercubic lattice Z4 = (¥ (Z%),&(Z)), which is the d-regular
countable infinite graph, where
2.2) V(2 =27 and E(L7) = {{xy}:xy €L |x—yl| =1},

with ||x|| = X, |xi| the 1-norm.
o The d-regular tree Ty = (¥ (Ty), & (Ty)), which is the unique simple graph that is
a countable infinite d-regular tree. This board is also known as the Bethe lattice.

FIGURE 1. A sample of the boards Z> and Tj.

A difference between boards and constraint graphs is that the latter must be finite. An-
other one is that constraint graphs are allowed to have loops. Whenever we have a finite
graph G = (V, E), we will denote by G = (V, E®?) the graph obtained by adding loops to
every vertex, i.e. E = EU{{x,x} : x € V} and Loop(G?) = V.

A finite graph will be called complete if x ~ y iff x # y. The complete graph with n
vertices will be denoted K,, (notice that Loop(K,,) = 0). A finite graph will be called loop-
complete if x ~ y, for every x,y. Notice that the loop-complete graph with n vertices is K,Q
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The graphs K,, and K,? are very important examples of constraint graphs, which relate to
proper colourings of boards and unconstrained models, respectively (see Example 3.1).

®

FIGURE 2. The graphs K,, and Kn ,forn=>5.

Other relevant examples are the following.

Example 2.2. The constraint graph given by:
(23) H(P = ({Oal}a{{0a0}7{071}})a

shown in Figure 3, is related to the hard-core model (see Example 3.1).

LO

FIGURE 3. The graph Hy.

Another one is, given n € N, the n-star graph

2.4 Sy, =({0,1,...,n},{{0,1},...,{0,n}}).
In addition, it will be useful to consider the graphs
(2.5) Sy = (V(Sa),E(Sn) U{{0,0}})

and S© (see Figure 4). Notice that Hy = S3.

KKK

FIGURE 4. The graphs Ss, SO and S’

2.3. Homomorphism spaces. In this work we relate boards and constraint graphs via
graph homomorphisms. A graph homomorphism & : G| — G, from a graph G| = (V},E})
to a graph G, = (V,, E») is a mapping « : Vi — V; such that

(2.6) {xy}ebr = {a(x),a(y)} € Ex.

Given two graphs G| and G,, we will denote by Hom(G,G,) the set of all graph
homomorphisms & : G; — G2, from G to G;.
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2.3.1. Homomorphisms as configurations. Fix aboard ¥ = (¥ ,&) and a constraint graph
H = (V,E). We will call the set Hom(¥,H) a homomorphism space. In this context, the
graph homomorphisms that belong to Hom(%,H) will be called points and denoted with
the Greek letters @, v, etc. Notice that a point @ € Hom(¥%,H) can be understood as a
“colouring” of ¥ with elements from V such that x ~¢ y = ®(x) ~p @(y). In other
words, @ is a colouring of ¢ that respects the constraints imposed by H with respect to
adjacency.

Example 2.3. Ford € N, two examples of homomorphism spaces are:

e Hom(Z% Hy), i.e. the set of elements in {0, I}Zd with no adjacent 1s, and
e Hom(T4,K,), withd > g, i.e. the set of proper g-colourings of the d-regular tree.

Given A C ¥, a configuration will be any map ¢ : A — V (i.e. a € V4), which will
usually be denoted with the Greek letters «, 3, etc. The set A is called the shape of o, and
a configuration will be said to be finite if its shape is finite. For any configuration o with
shape A and B C A, af g denotes the restriction of & to B, i.e. the map from B to V obtained
by restricting the domain of ¢ to B. For A and B disjoint sets, & € VA and B € V5, of8
will be the configuration on AU B defined by (af8)|, = o and (af3)|z = B. Notice that a
point is a configuration with shape 7.

Given two configurations o, 0 € VA and B C A, we define their set of B-disagreement
as

2.7) 23(061,062) = {x €B:o (x) 75 OCQ()C)}.

2.3.2. Locally/globally admissible configurations. Fix a homomorphism space Hom(¥,H)
and a set A C #. A configuration o € VA is said to be globally admissible if there exists
® € Hom(¢,H) such that ®|, = o. A configuration & € VA is said to be locally admissi-
ble if o is a graph homomorphism from ¢[A] to H, i.e. if & € Hom(¥[A],H). A globally
admissible configuration is also locally admissible, but the converse is false. In addition,
notice that if a configuration o € V4 is globally (resp. locally) admissible, then «| g is also
globally (resp. locally) admissible, for any B C A.

The language .2 (Hom(%,H)) of a homomorphism space Hom(%,H) is the set of all
finite globally admissible configurations, i.e.

(2.8) Z(Hom(%,H)) := | ] Z(Hom(¥,H)),
AeY
where .23 (Hom(¥,H)) := {w|, : ® € Hom(¥ ,H)},for AC 7.
Given A C # and a configuration o € VA, we define the cylinder set [a]‘ﬁ as
(2.9) (o] := {® € Hom(4,H) : 0|, = a}.
Notice that & € VA is globally admissible iff o € %, (Hom(¥, H)) iff ] # 0.

3. GIBBS MEASURES

3.1. Constrained interactions and Gibbs specifications. Given a constraint graph H, a
nearest-neighbour (n.n.) interaction ® for H will be any function ® : VUE — (—e0,0].
We will call the pair (H, @) a constrained n.n. interaction.

Example 3.1. Let g € N and B > 0. Many constrained n.n. interactions represent well-
known classical models. (In all of the following models, the parameter B is classically
referred to as the inverse temperature.)

e Ferromagnetic Potts (K?7ﬁ¢Fp).' CIDFP|V =0, P ({u,v}) = =Ly
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Anti-ferromagnetic Potts (K?,ﬁCDAP): PAP|, =0, PP ({u,v}) = =Lz
Proper g-colourings (K, PFC): PPC |VUE =0.

Hard-core (Hp, B®yc): ®HC(0) =0, HC(1) = -1, &HC| =0.

Multi-type Widom-Rowlinson (S?,ﬁCIDWR): OVR(v) = —T 20y <I>WR’E =0.

Now, given a board ¢ and a constrained n.n. interaction (H,®), for any set A € ¥ and
o € Hom(¥,H), we define the energy function

(3.1 EP, {aeV*:a ol € Hom(@ H)} - R
(32) Efg(a):=Y (CIJ((x(x))—i—; Y @la),a()+ Y ‘D(a(x%w(y») :
X€EA YEA:y~x YEJA:y~x

Then, given A € ¥ and ® € Hom(¥,H), we can define a probability measure on
Z4(Hom(%,H)) given by

L E(@ g 0|4 € Hom(¥4,H),

e
(3.3) 12(a) =4 %o

0 otherwise,
where
(3.4) 73, = y ¢ Elo(®

a:a 0| ,c €Hom(¥ H)
is called the partition function. For BC A and f € VB, we marginalize as follows:

(3.5) i (B) = Y i ().
aeZy(Hom(4 H)): oo =P
The collection 7 = {7 :A € ¥, € Hom(¥,H)} will be called Gibbs (¢,H,®P)-
specification. If we take ® = 0, then we call the Gibbs (¢, H,0)-specification 7, the uni-

form Gibbs specification on Hom(¥,H) (see the case of proper g-colourings in Example
3.1).

3.2. Gibbs measures. A Gibbs (¢,H, ®)-specification is regarded as a meaningful rep-
resentation of an ideal physical situation where every finite volume A in the space is in
thermodynamical equilibrium the exterior. The extension of this idea to infinite volumes is
via a particular class of probability measures on Hom(¥,H) called Gibbs measures.

3.2.1. Borel probability measures and Markov random fields. Given a homomorphism
space Hom(%,H) and A C ¥, we denote by .%, the o-algebra generated by all the cylinder
sets [at]f; with shape A, and we equip V" with the 6-algebra .7 = 7. A Borel probability
measure i on V” is a measure such that /J(V'V ) = 1, determined by its values on cylinder
sets of finite configurations. Given a cylinder set [a]ﬁ and a measure [, we will just write
p () for the value of p([e]}), whenever & and H are understood. The support of such a
measure 1 will be defined as

(3.6) supp(i) := {@ € Hom(¥4,H) : u(w|,) >0, forallA € ¥'}.

We will denote by ., (Hom(¥¢,H)) the set of all Borel probability measures whose
support supp() is contained in Hom(%,H).
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Definition 3.1. A measure u € .#,(Hom(¥,H)) is a Markov random field (MRF) if, for
any subset A €V, any o € VA, any B € ¥ such that 9A C B C ¥ \ A, and any B € VB
with u(f) > 0, it is the case that

3.7) (o) =p(alBlaa)-
In other words, an MRF is a measure where every finite configuration conditioned to its

boundary is independent of the configuration on the complement.

3.2.2. Nearest-neighbour Gibbs measures.

Definition 3.2. A nearest-neighbour (n.n.) Gibbs measure for a Gibbs (4,H,®)-specifi-
cation T is a measure [l € A\ (Hom(¥ ,H)) such that for any A € 4 and ® € Hom(¥,H)
with iL( ®|,) > 0, we have Z% , > 0 and

(38) Eﬂ(l[a];{ﬂl EA‘)(w) = nﬁo(a) H-a.s.,

forevery oo € Z4(Hom(% ,H)).

Notice that every n.n. Gibbs measure is an MRF because the formula for 7{ only
depends on @|,,.

If Hom(%,H) # 0, every Gibbs (¢,H, ®)-specification 7 has at least one n.n. Gibbs
measure (special case of a result in [9], see also [7]). Often there are multiple n.n. Gibbs
measures for a single 7. This phenomenon is usually called a phase transition. There are
several conditions that guarantee uniqueness of n.n. Gibbs measures. Some of them fall
into the category of spatial mixing properties, introduced in the next section.

4. PROPERTIES OF A GIBBS (¢,H, ®)-SPECIFICATION Tt

One of our main purposes in this work is to understand the combinatorial properties that
constraint graphs H and homomorphism spaces Hom (%, H) should satisfy in order to admit
the existence of a Gibbs (¢,H, ®)-specification & with some specific measure-theoretical
properties, here called spatial mixing properties.

4.1. Spatial mixing properties of 7. In the following, let f : N — R>( be a function such
that f(n) \, 0 as n — o, that will be referred as a decay function. We will loosely use the
term “spatial mixing property” to refer to any measure-theoretical property satisfied by 7
defined via a decay of correlation of events (or configurations) with respect to the distance
that separates the shapes where they are supported.

The first property introduced here, weak spatial mixing (WSM), has direct connections
with the nonexistence of phase transitions and has been studied in several works, explicitly
and implicitly (see [6, 24]). The next one, strong spatial mixing (SSM), is a strengthening
of WSM that also has connections with meaningful physical idealizations (see [21]) and
has also proven to be useful for developing approximation algorithms (see [25]). The
constrained n.n. interactions with a unique Gibbs measure have been already studied and,
to some extent, characterized (see the work of Brightwell and Winkler on dismantlable
graphs [6]); we will show later (see Theorem 4.6) that their proof also gives WSM of
the Gibbs specification. The main aim of this work is to develop a somewhat analogous
framework and sufficiently general conditions under which constrained n.n. interactions
yield specifications which satisfy SSM.

Definition 4.1. A Gibbs (¢ ,H, ®)-specification T satisfies weak spatial mixing (WSM)
with rate f if forany A € ¥, BC A, B € VB and w,, w, € Hom(¥4,H),

4.1 |73 (B) — 73> (B)| < |B| f(dist(B,0A)).
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We use the convention that dist(B,0) = . Considering this, we have the following
definition, a priori stronger than WSM.

Definition 4.2. A Gibbs (¢4 ,H, ®)-specification T satisfies strong spatial mixing (SSM)
with rate f ifforanyA €V,BCA, BecVEand ), € Hom(¥4,H),

4.2) Ery 22 (B)| < [BIf (dist(B,Zga (o1, 02))).

Notice that dist(B, ZaA(a)l7 a)z)) > dist(B,0A).

We will say that a specification 7 satisfies WSM (resp. SSM) if it satisfies WSM (resp.
SSM) with rate f, for some f as before. For y > 0, we will say that a specification 7
satisfies exponential WSM (resp. exponential SSM) with decay rate 7y if it satisfies WSM
(resp. SSM) with decay function f(n) = Ce™"" for some C > 0.

Lemma 4.1 ([20, Lemma 2.3]). Let & be a Gibbs (4 ,H, ®)-specification such that for any
A€V, xeA BeV¥ and o, w € Hom(¥,H),

(4.3) |7 (B) — 73 (B)] < f (dist(x, Zpa (@1, @2))).
Then, w satisfies SSM with rate f.
Remark 1. The proof of Lemma 4.1 given in [20] is for MRFs U satisfying exponential

SSM with & = 74, but its generalization to specifications and more general boards is
direct. We don’t know if there is an analogous lemma for WSM.

If a Gibbs (¢,H, ®)-specification 7 satisfies WSM, then there is a unique n.n. Gibbs
measure U for & (see [24]).

Example 4.1. There are some well-known Gibbs specifications that satisfy exponential
SSM (and therefore, WSM). Recall the constrained n.n. interactions introduced in Exam-
ple 3.1.

(Z2 KQ , BD™P), for any q € N and small enough B (see [1, 4]).

(7? ﬁchP)forq>6andanyﬁ >0 (see [17]).

(']I‘d,Kq,O) forg>1+6*d, where 8* =1.763 ... is the unique solution to xe V¥ =
1 (see [14, 16]).

(4,Hg, BONC), for any G and B such that A(9) < d and eP < 2. (d) := %
(see [25]).
. (Zd,S?,ﬁCDWR),for any q € N and small enough B (see [1, 4]).

There are more general sufficient conditions for having exponential SSM (for instance,
see the discussion in [20]).

4.2. Graph-theoretical properties of H. Here we introduce some structural properties
concerning constraint graphs, which will later be shown to have various implications for
homomorphism spaces Hom(%¢,H) and Gibbs (¢, H, ®)-specifications.

The first property is the existence of a special vertex which is adjacent to every other
vertex (including itself).

Definition 4.3. Given a constraint graph H, we say that s € V is a safe symbol if {s,v} € E,
for everyveV.

Example 4.2. The constraint graph Hy has a safe symbol (see Figure 3).

The next definition is a structural description of a class of graphs introduced in [23] and
heavily studied and characterized in [6].
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Definition 4.4. Given a constraint graph H and u,v € V such that N(u) C N(v), a fold is
a homomorphism ot : H— H[V \ {u}] such that o(u) = v and al\, 3 = id|y\ 13-

A constraint graph H is dismantlable if there is a sequence of folds reducing H to a
graph with a single vertex (with or without a loop).

Notice that a fold o : H— H[V \ {#}] amounts to just removing u and edges containing
it from the graph H, as long as a suitable vertex v exists which can “absorb” u.

The following proposition is a good example of the kind of results that we aim to
achieve.

Proposition 4.2. Let H be a constraint graph. Then, H is dismantlable iff for every board
Y of bounded degree, there exists a n.n. interaction ® such that the Gibbs (¢4 ,H,®)-
specification satisfies exponential WSM with arbitrarily high decay rate.

See Proposition 4.6 for a proof of this result, as we remark there, it is essentially due
to Brightwell and Winkler [6]. One of our goals is to prove similar statements in which
“WSM” is replaced by “SSM.”

4.3. Combinatorial properties of Hom(¥¢,H).

Definition 4.5. A homomorphism space Hom(¥ H) is said to be strongly irreducible
with gap g € N if for any pair of nonempty (disjoint) finite subsets A,B € ¥ such that
dist(A,B) > g, and for every o € VA, B € V5,

(4.4) [, (Bl #0 = [aB]f #0.

Remark 2. Since a homomorphism space is a compact space, it does not make a difference
if the shapes of A and B are allowed to be infinite in the definition of strong irreducibility.

Now we proceed to adapt to the context of homomorphism spaces a combinatorial prop-
erty that was originally introduced in [5] in the context of Z¢ shift spaces. This condition
was used in [5] to give a partial characterization of systems in & = Z¢ that admit n.n. Gibbs
measures satisfying SSM, with special emphasis in the case d = 2.

Definition 4.6. A homomorphism space Hom(¥ H) is topologically strong spatial mixing
(TSSM) with gap g € N, if for any A,B,S € ¥ such that dist(A,B) > g, and for every
acVA BeVBand o e V5,

4.5) [acliy,[oBlii 0 = [aaBlii #0.

Note that TSSM with gap g implies strong irreducibility with gap g (by taking S = 0).
Clearly, strong irreducibility (resp. TSSM) with gap g implies strong irreducibility (resp.
TSSM) with gap g+ 1. We will say that a shift space satisfies strong irreducibility (resp.
TSSM) if it satisfies strong irreducibility (resp. TSSM) with gap g, for some g € N.

A useful tool when dealing with TSSM is the next lemma, which states that if we have
the TSSM property for single vertices, then we have it uniformly (in terms of separation
distance) for any pair of finite sets A and B.

Lemma 4.3 ([5]). Suppose that g € N and Hom(¥ ,H) is a homomorphism space such that
for every pair of sites x,y € ¥ with dist(x,y) > g, S€ ¥, and . e V¥, B e VU, 6 e VS
with [ac]f, (0Bl # 0, it is the case that (o]}, # 0. Then, Hom(¥,H) satisfies TSSM
with gap g.

The proof of Lemma 4.3 (which is a proof by induction on |A| 4 |B]) can be found in
[5] for the case ¥ = Z, but the generalization is straightforward.
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The following property was introduced in [19] in the context of Z¢ shift spaces, and
here we proceed to adapt it to the case of homomorphism spaces.

Definition 4.7. A homomorphism space Hom(¥,H) is single-site fillable (SSF) if for every
site x € ¥ and B C d{x}, any graph homomorphism B : 4|B] — H can be extended to a
graph homomorphism o : 9[BU{x}] — H (i.e. a is such that oz = B).

Note 1. Notice that a homomorphism space Hom(¥,H) satisfies SSF iff every locally
admissible configuration is globally admissible (see [19]).

Example 4.3. The homomorphism space Hom(Z4 K,,) satisfies SSF iff g > 2d + 1.

4.4. Relationships among properties. Sometimes, when a property of Hom(¥¢,H) is sat-
isfied for every board ¢, one can conclude facts about H. A simple example is the follow-
ing.

Proposition 4.4. Let H be a constraint graph such that Hom(¥ ,H) satisfies SSF, for every
board 4. Then H has a safe symbol.

Proof. Let ¥ = Sy (the n-star graph with n = [H|) and let x € 7 to be the central vertex
with boundary d{x} = {yl,...,yw‘}. Write V = {v1,---,v}y|} and take € Vo such
that B(y;) = v;, for 1 <i < |V|. Then, by SSF, there exists a graph homomorphism « :
@[0{x}U{x}] = Hsuch that &y, = B. Since a is a graph homomorphism, x ~¢ y; =
o(x) ~g o(y;). Therefore, ot(x) ~p v;, for every i, so o(x) is a safe symbol for H. O

Notice that the converse also holds, i.e. if a constraint graph H has a safe symbol, then
Hom(%,H) satisfies SSF, for every board ¥.

Proposition 4.5. I[f Hom(¥ ,H) satisfies SSE, then it satisfies TSSM with gap g = 2.

Proof. Since Hom(¥,H) satisfies SSF, every locally admissible configuration is globally
admissible. If we take g = 2, for all disjoint sets A,S,B € ¥ such that dist(A,B) > g and
for every e € VA, s € VS and B € VB, if [ao]f], [0 B} # 0, in particular we have oo and
o f3 are locally admissible. Since dist(A,B) > g =2, A and B contain no adjacent vertices,
and so o8 must be locally admissible, too. Then, by SSF, a3 is globally admissible
and, therefore, [OtO'B]gé £ 0. O

Summarizing, given a homomorphism space Hom(¥,H), we have the following impli-
cations:

(4.6) H has a safe symbol =— Hom(%,H) satisfies SSF
4.7 = Hom(¥,H) satisfies TSSM
(4.8) = Hom(%,H) is strongly irreducible,

and all implications are strict in general (even if we fix ¢ to be a particular board, for
example &4 = Z?). See [19, 5] for examples that illustrate the differences among some of
these conditions.

Dismantlable graphs are closely related with Gibbs measures, as illustrated by the fol-
lowing proposition, parts of which appeared in ([6]).

Proposition 4.6 ([6]). Let H be a constraint graph. Then, the following are equivalent:
(1) H is dismantlable.
(2) Hom(¥,H) is strongly irreducible with gap 2|H|+ 1, for every board 4.
(3) Hom(¥,H) is strongly irreducible with some gap, for every board 4.



12 RAIMUNDO BRICENO AND RONNIE PAVLOV

(4) For every board 4 of bounded degree, there exists a Gibbs (4, H, ®)-specification
that admits a unique n.n. Gibbs measure [l.

(5) For every board 9 of bounded degree and y > 0, there exists a Gibbs (4,H,®)-
specification that satisfies exponential WSM with decay rate 7.

The equivalence of (1), (2), (3) and (4) in Proposition 4.6 is proven in [6]. However,
in that work the concept of WSM (a priori, stronger than uniqueness) is not considered.
Since WSM implies uniqueness, (5) == (4) is trivial. In the remaining part of this section,
we introduce the necessary background to prove the missing implications, for which it is
sufficient to show that (1) = (5) (see Proposition 4.10). This and a subsequent proof
(see Proposition 5.3) in this paper will have a similar structure to the proof that (1) = (4)
from [6, Theorem 7.2]. However, some coupling techniques will need to be modified, plus
other combinatorial ideas need to be considered.

Given a dismantlable graph H, the only case where a sequence of folds reduces H to a
vertex without a loop is when H is a set of isolated vertices without loops. In this case, we
call H trivial (see [6, p. 6]). If v € V has a loop and there is a sequence of folds reducing H
to v, then we call v a persistent vertex of H as in [6].

Lemma 4.7 ([6, Lemma 5.2]). Let H be a nontrivial dismantlable graph and v* a persistent
vertex of H. Let &4 be a board, A € ¥, and ® € Hom(¥ ,H). Then there exists U €
Hom(¥,H) such that:

(1) v(x) = @(x), for every x € ¥\ Nz _2(A),

(2) v(x) =V, for every x € A, and

3) o ') Co (V).

Now, given a constraint graph H, a persistent vertex v* and A > 1, define @, to be the
n.n. interaction given by

4.9 @, (v*) =—logA, and ¢A|V\{v*}uE =0.
We have the following lemma.

Lemma 4.8. Let H be dismantlable and let 4 be a board of bounded degree A. Given
A > 1, consider the Gibbs (¢4 ,H,®, )-specification m, a point ® € Hom(¥,H), and sets
B C A€V suchthat Njy_»(B) C A. Then, for any k € N,

[H[-1

(4.10) 29 ({o:|{y €B:aly) # v} = k}) < HFAT A7k

Proof. Let’s denote C = Njyj_»(B). W.L.o.g., consider an arbitrary configuration o € vA
such that & |, € Hom(%¢,H) (and, in particular, such that () > 0). Denote @; =
o o|,c. By Lemma 4.7, there exists @, € Hom(¥,H) such that @[\ ¢ = @2[\¢, @2 (x) =
v* for every x € B, and o, ' (v*) C @, ' (v*).

Notice that 1|, @4, |4 ®|4c € Hom(¢,H) and @[4c = 02| Now, given
some k < |B|, suppose that a is such that |[{y € B: a(y) # v*}| > k. Then, by the defi-
nition of Gibbs specification and the fact that o, ' (v*) C @, ' (v*),

g ((Dz|c‘ o) |A\C) Cmt (ole) > 3k

(@.11) =5 >
10 (o1l @ilne) e (@le)

Therefore,

(4.12) Ty (OC'C’ O‘|A\c) =my (w1|c‘ o |A\C) <Ak
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Next, by taking averages over all configurations 8 € .Z\c(Hom(%,H)) such that

(4.13) B o) @[, € Hom(¥,H),
we have
(4.14) P (ale) =Y. 7 (alclB)nf (B) < YA~ “xd (B)=2"*.
B B
Notice that |C| = }N‘H‘,Z(B)| < |B|JAMI=1, In particular,
(4.15) |- % (Hom(, H))| < [H|IBA™

Then, since o was arbitrary,

(4.16) m ({o: {{y € B:aly) #v}H > k}) < )y w2 (alc)
o|c:oeZy (Hom(94,H)),
(DeBal) A} 2k

(4.17) < ||k
0

As mentioned before, we essentially use some coupling techniques from [6], with slight
modifications. We will use the following theorem.

Theorem 4.9 ([4, Theorem 1]). Given ® a Gibbs (¢ ,H,®)-specification, A € ¥ and
o1, € Hom(9,H), there exists a coupling (o (x), 0z (x)),x € A) of wy* and 7y (whose
distribution we denote by Pf"wz ), such that for each x € A, a(x) # o (x) if and only if
there is a path of disagreement (i.e. a path P such that o (y) # oa(y), for all y € P) from x
10 Tga (01, @), PV -almost surely.

Remark 3. The result in [4, Theorem 1] is for MRF's, but here we state it for specifications.

Proposition 4.10. Let < be a board of bounded degree A and H be a dismantlable graph.
Then, for all y > 0, there exists g = Ao(7, [H|,A) such that for every A > Ay, the Gibbs
(9,H, D, )-specification w satisfies exponential WSM with decay rate 7.

Proof. LetA€V,BCA,B¢€ VBand o, m, € Hom(%,H). W.L.o.g. (since C can be taken
arbitrarily large in the desired decay function Ce~""), we may suppose that

(4.18) dist(B,dA) =n > |H| —2.
By Theorem 4.9, we have
419 7" (B) —m>(B)] = [P3 (oulp = B) = PR (0nlp = B)|

(4.20) <PY(aulp # alp)

4.21) <Y PRV (04 (x) # 0 (x))
XEB

(4.22) = Z PY"*? (3 path of disagr. from x to Ty, (@1, )
xXEB

(4.23) < Z P{"*? (3 path of disagr. from x to JA)
XEB

(4.24) < Y P2 (3 path of disagr. from x to Njy_»(9A)) .

xEB
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When considering a path of disagreement P from x to N |H‘_2(8A), we can assume that
Njy—2(P) C A. Then, by Lemma 4.8,

[H[-1

(4.25) 7P ({o: |{y eP:a(y) # v} >k}) < [H|PAT A7k

In addition, we have |P| > n— |H| + 2 and, for every y € P, we have o (y) # oz (y),
so a;(y) and o (y) cannot be both v* at the same time and either @ |p or ;|p must have
|P|/2 sites different from v*. In consequence,

(4.26) Pt (3 path of disagr. from x to Njy_»(9A))

4.27) < i Y = ({oq Sy ePron(y) vy > ;‘})
k=n—|H|+2 |P|=k

oo

+ )Y Ym <{az:|{yeP:a2(y)#v*}|>I;})

k=n—|H|+2 |P|=k
(4.28) <2 ¥ Y He"AS
k=n"_|H|+2 |P[=k

oo

A=\ f
(4.29) <2 )y A(A—l)k<|)[1/2>

k=n—[H|+2
o _ AR K
(4.30) =20 ) <(A1)ﬁ|>
k=n—|H|+2 A

Finally, we have

4.31) |7 (B) — my2(B)| < Y PY"“* (3 path of disagr. from x to Njyyj_»(dA))

XEB
k
= A— 1AM
(4.32) <2(Bja Y] <(/1)1/2 ,
k=n—H|+2
s0, in order to have exponential decay, it suffices to take
(4.33) Ao(JH,A) := (A—1)2HPA" <4,
and we note that any decay rate 7 is achievable by taking A sufficiently large. (]

Proof of Proposition 4.6. The implication (1) = (5) follows from Proposition 4.10.
Since WSM implies uniqueness, we have (5) = (4). The implications (4) = (3) =
(2) = (1) can be found in [6, Theorem 4.1]. O

A priori, one would be tempted to think that the proof of Proposition 4.10 could give
SSM instead of just WSM, since the coupling in Theorem 4.9 involves a path of disagree-
ment to Xy, (@1, ®;) and not just to dA, just as in the definition of SSM. One of the moti-
vations of this paper is to illustrate that this is not the case (see the examples in Section 9),
mainly due to combinatorial obstructions. We will see that in order to have an analogous
result for the SSM property, H must satisfy even stronger conditions than dismantlabil-
ity, which guarantees WSM by Proposition 4.6. One of the main issues is that our proof
required that dist(B,dA) > |H| — 2, so B cannot be arbitrarily close to dA, which is in
opposition to the spirit of SSM.

Notice that, by Proposition 4.6, Hom(%,H) is strongly irreducible for every board ¢
if and only if H is dismantlable. Clearly, the forward direction still holds if “strongly
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irreducible” is replaced by “TSSM,” since TSSM implies strongly irreducible. Later, we
will address the question of whether the reverse direction holds with this replacement.
For a dismantlable constraint graph H and a particular or arbitrary board ¢, we are in-
terested in whether or not Hom(%¢,H) is TSSM and whether or not there exists a Gibbs
(¢,H,®)-specification 7 that satisfies exponential SSM with a decay rate that can be arbi-
trarily high. The following result shows that these two desired conclusions are related.

Theorem 4.11 ([5, Theorem 5.2]). Let &t be a Gibbs (Z*,H, ®)-specification that satisfies
exponential SSM with decay rate y > 4log |H|. Then, Hom(Z?,H) satisfies TSSM.

The preceding result is stated and proven for Gibbs measures satisfying SSM. However,
the proof can be easily modified for specifications.

One of our main goals in this work is to look for conditions on Hom(%,H) suitable for
having a Gibbs specification that satisfies SSM. SSM seems to be related with TSSM, as
the previous results show. In the following section, we explore some additional properties
of TSSM.

5. THE UNIQUE MAXIMAL CONFIGURATION PROPERTY

Fix a constraint graph H and consider an arbitrary board ¢. Given a linear order <
on the set of vertices V, we consider the partial order (that, in a slight abuse of notation,
we also denote by <) on V” obtained by extending coordinate-wise the linear order < to
subsets of 7, i.e. given &y, 0 € VA, for some A C ¥, we say that o < o iff o (x) <
o (x), for all x € A, and o) < op iff, for all x € A, o (x) < 0(x) or o (x) = 0p(x). In
addition, if two vertices u,v € V are such that u ~ v and u < v, we will denote this by u = v.

Definition 5.1. Given g € N, we say that Hom(¥,H) satisfies the unique maximal config-
uration (UMC) property with distance g if there exists a linear order < on V such that, for
everyA €Y,
(ML) for every a € £y (Hom(¥,H)), there is a unique point ®q € [}, such that ® <
W for every point @ € [a]¥, and
(M2) for any two o, 0 € ZLy(Hom(¥,H)), Ly (0, , Wa,) € Ng(Za(et,00)).

Notice that if Hom(%,H) satisfies the UMC, then for any o € .Z4(Hom(%¢,H)) and
B =« p With B C A, it is the case that wg < og. This is natural, since we can see the
configurations ¢ and 3 as “restrictions” to be satisfied by @y and @g, respectively. In
addition, observe that condition (M2) in Definition 5.1 implies that £y (@g, @g) € Ng(A'\
B). In particular, by taking B = @, we see that if Hom (¥, H) satisfies the UMC property,
then there must exist a greatest element @, € Hom(¥,H) where ® < o, for every @ €
Hom(%,H) and Ly (0, ®,) C Ng(A) for every o € £y (Hom(¥,H)).

The following proposition shows that the UMC property is related with the combinato-
rial properties introduced in Section 4.

Proposition 5.1. Suppose Hom(¥ ,H) satisfies the unique maximal configuration property
with distance g. Then, Hom(¥,H) satisfies TSSM with gap 2g + 1.

Proof. Consider a pair of sites x,y € ¥ with dist(x,y) >2g+1, aset S € ¥, and configura-
tions o € VI, B € V') and 6 € VS such that [a o], [0B]5 # 0. Take the maximal config-
urations @g, Wyc and Wgg. Notice that Ly (Wge, W) € Ng(x) and Ey (0, ©5p) € Ng(y).
Since dist(x,y) > 2g+ 1, we can conclude that N, (x) NN, (y) = 0 and Ng(x) NN (y) = 0.
Therefore,

D D5 | (e () = Doco I (e () = DBl (orerng o)
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and since Hom(%,H) is a topological MRF, we have

(5.2) a)occ‘Ng( 0)5|N (X)°NNg (v)¢ w"ﬁ|N € Hom(¥,H),
so [aoB]f; # 0. Using Lemma 4.3, we conclude. O

Now, given V= {vi,...,v,..., vy}, define vy <--- <vp < --- < vy and define @' to
be the n.n. interaction given by

(5.3) @ (vx) = —klogA, and ®|. =0,
where A > 1. We have the following lemma.

Lemma 5.2. Let ¥ be a board of bounded degree A and suppose that Hom(¥ ,H) satisfies
the unique maximal configuration property with distance g. Given A > 0, consider the
Gibbs (4 ,H,®, )-specification 7, a point @ € Hom(¥,H), and sets BC A € V. Then, for
any k € N,

(5.4) 7 ({a: [{y € B: aly) < o5(y)} > k}) < [H|F A,
where § = ®|,.

Proof. Consider an arbitrary configuration & € V4 such that @ o[, € Hom(¥,H) (and, in
particular, such that 7’ (&) > 0). Take the set C = ANN,(B) and decompose its boundary C
into the two subsets AN JC and JANJC. Consider D =ANJC and name 1 = ¢¢|;,. Since
on € ZLyaup(Hom(¥ H)), there exists a unique maximal configuration @s,. Clearly,
a(x) < gy (x), for every x € A. Moreover, @s, ‘B = W5, since Ly (wsy, 05) C Ny(D)
and dist(B,D) > g, s0 Ng(D)NB = 0.

Now, given some k < |B|, suppose that « is such that |[{y € B: a(y) < ws(y)}| > k.

Then, (y) < (ogn(y)}! > k and, by the (topological and measure-theoretical)
MREF property,
53 e <a)5r,|c’a|A\C) _ ng)‘j;(a)(;ﬂc) -
e (O‘\c’ O‘|A\c) me " (atlc)

Therefore,
(5.6) ng’(a|c‘a|A\C) <Ak,

Next, by taking averages over all configurations 8 € Z\c(Hom(%,H)) such that
(5.7 B o|- |4 € Hom(¥,H),
we have
(5.8) P (ale) :%:n (el B) 7 ( <Z/1 A7k,

Notice that |C| < [Ng(B)| < [B|A$!. In particular, |4 (Hom(¥,H))| < |H|IBlA%*
Then, since o was arbitrary,
(5.9) my ({a: [{y € B:a(y) <ws(y)} = k}) < )y (o)

ooy (Hom(4 H)),
{yeB:a(y)<ws (v)}=k

(5.10) < |H|BIA K
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Proposition 5.3. Let & be a board of bounded degree A and H be a constraint graph
such that Hom(¥ ,H) satisfies the unique maximal configuration property. Then, for all
Y > 0, there exists Ay = Ao(Y,|H|,A, g) such that for every A > Ay, the Gibbs (4 ,H,®; )-
specification T satisfies exponential SSM with decay rate 7.

Proof. Let A€ ¥, x€ A, B € V¥ and 0, ®, € Hom(%,H). W.Lo.g., we may suppose
that
(5.11) dist (x, X4 (@1, an)) =n> g.

By Theorem 4.9, and similarly to the proof of Proposition 5.3, we have

(5.12)  |m" (B) = mg” (B)| < PR (0n (x) # 02 (x))
(5.13) = P12 (3 path of disagr. from x to Ly, (@1, @2))
(5.14) < PP (3 path of disagr. from x to Ng(Zy4 (@1, @,))).

When considering a path of disagreement P from x to Ng(Xy4 (@, ®,)), we can as-
sume (by truncating if necessary) that P C A\ Ng(Zy4(@1,0)) and [P| > n—g. By
the UMC property, if we take &) = @]y, and & = ;4. we have Ly (w5, ws,) C
Ny (Zga (@1, @)) = Ng(Z54(01,62)), so o, |P = a)32|P =: 0 € % (Hom(%4,H)). Since
P is a path of disagreement, for every y € P we have o4 (y) < on(y) < 0(y) or op(y) <
o4 (y) < 0(y). In consequence, using Lemma 5.2 yields

(5.15) P (3 path P of disagr. from x to Ng(Zg4 (@1, @2)))
(5.16) < Y Y P2 (Pis apath of disagr. from x to Ng(£94(81,82)))
k=n—g|P|=k
3 k
s1m < Y ¥ av ({a1:|{y€P:a1(y)<9(y)}|22})
k=n—g|P|=k
3 k
+ Y Y = ({Ocz H{yeP:op(y) <o)} > 2})
k=n—g |P|=k

k
< rastty o (A= DHA
(5.18) gzk:; Y H ATr<2A ) ( i .

g [P|=k k=n—g
Then, by Lemma 4.1, exponential SSM holds whenever
(5.19) Ao((HlA,8) = (A= DHPY <2,

and any decay rate ¥ may be achieved by taking A large enough.
O

Notice that here Ay is defined in terms of [H|, A and g. In the WSM proof, g implicitly
depended on [H|, but here the two parameters could be, a priori, virtually independent.
6. CHORDAL/TREE DECOMPOSABLE GRAPHS
6.1. Chordal and dismantlable graphs.

Definition 6.1. A finite simple graph G is said to be chordal if all cycles of four or more
vertices have a chord, which is an edge that is not part of the cycle but connects two vertices
of the cycle.
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Definition 6.2. A perfect elimination ordering in a finite simple graph G = (V,E) is an
ordering vy,...,vy of V such that Glv; U{vit1,...,v,} A"N(v;)] is a complete graph, for
every 1 <i<n=|G|

Proposition 6.1 ([11]). A finite simple graph G is chordal if and only if it has a perfect
elimination ordering.

Definition 6.3. A finite graph G = (V,E) will be called loop-chordal if Loop(G) =V and
G = (V,E\{{wv}:veV}) (ie. G isaversion of G without loops) is chordal.

Proposition 6.2. Given a loop-chordal graph G = (V,E), there exists an ordering vy, ..., v,
of V such that Glv;U{vii1,...,vy } NN(v;)] is a loop-complete graph, for every 1 <i <
n=|G|.

Proof. This follows immediately from Proposition 6.1. (I

Proposition 6.2 can also be thought of as saying that a graph G = (V, E) is loop-chordal
iff Loop(G) =V and there exists an order v; < --- < v, such that

(6.1) vij\}j/\v,-jvk = Vj~ Vg
Proposition 6.3. A connected loop-chordal graph G is dismantlable.

Proof. Let vy,...,v, be the ordering of V given by Proposition 6.2 and take v € N(vy).
Clearly, v € {v2,...,v,} and then we have G[v; U{va,...,v,} "N(v;)] = G[N(v;)] is a
loop-complete graph and v € N(vy ). Therefore, N(v;) C N(v) and there is a fold from G to
G[V \ {v1}]. It can be checked that G[V \ {v;}] is also loop-chordal, so we apply the same
argument to G[V \ {v;}] and so on, until we end with only one vertex (with a loop). O

6.2. A chordal/tree decomposition. We say that a constraint graph H = (V,E) has a
chordal/tree decomposition or is chordal/tree decomposable if we can write V=CULTUJ
such that:
(1) H[C] is a nonempty loop-chordal graph,
(2) T=TyU---UT, and, for every 1 < j <m, H[T;] is a tree such that there exist
unique vertices r; € T, (the root of T;) and ¢/ € C such that {r;,c/} €E,
(3) J=J,U---UJ, and, for every 1 <k < n, H[J;] is a connected graph such that there
exists a unique vertex ck € C such that {u,c*} € E for every u € J;, and
(4) E[T:J]=E[T}, : Tj,] =E[Ji, :Jt,] =0, for every ji # j» and ki # k».
Notice that, for every k, the vertex s; € C is a safe symbol for H[{sy } UJ].

6.3. A natural linear order. Given a chordal/tree decomposable constraint graph H, we
define a linear order < on V as follows:

Ifwelandr €T, thenw < 1.
IfreTandc e C,thent <c.
Ifwel;andw' €Jy, forsome 1 <k <k’ <n,thenw < w'.
IfreTjand s € Ty, forsome 1 < j < j <m,thent <1'.
Given 1 < k < n, we fix an arbitrary order in J.
Given 1 < j <m,ift;,tp € T}, then:
— if dist(¢), /) < dist(t, /), then t; < 1,
— if dist(¢y,7/) > dist(ty, /), then t, < 11, and
— For each i, we arbitrarily order the set of vertices ¢ with dist(t,r/) = i.
e If c;,cy € C, then c; and ¢; are ordered according to Proposition 6.2.
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Proposition 6.4. If a constraint graph H has a chordal/tree decomposition, then H is
dismantlable.

Proof. W.1.o.g., suppose that [H| > 2 (the case |[H| = 1 is trivial). Let ¢ be an arbitrary
board. In the following theorem (Theorem 6.6), it will be proven that if H is chordal/tree
decomposable, then Hom(%,H) satisfies the UMC property with distance |H| — 2. There-
fore, by Proposition 5.1, Hom(%,H) satisfies TSSM with gap 2(|H| —2) + 1 and, in par-
ticular, Hom(%, H) is strongly irreducible with gap 2|H| + 1. Since the gap is independent
of ¢, we can apply Proposition 4.6 to conclude that H must be dismantlable. (]

FIGURE 5. A chordal/tree decomposition.

Proposition 6.5. If a constraint graph H has a safe symbol, then H is chordal/tree decom-
posable.

Proof. This follows trivially by considering C = {s}, T =0 and J = V\ {5}, with s a safe
symbol for H. (]

6.4. UMC and chordal/tree decomposable graphs. We show that chordal/tree decom-
posable graphs H induce combinatorial properties on homomorphism spaces Hom (¥, H).

Theorem 6.6. If H is a chordal/tree decomposable constraint graph, then Hom(¥,H) has
the UMC property with distance |H| — 2, for any board 9.

Before proving Theorem 6.6, we introduce some useful tools. From now on, we fix
Hom(¥,H) and x1,x,,... to be an arbitrary order of ¥". We also fix the linear order < on
V as defined above. Given i € {1,...,|H|}, define the sets

(6.2) D; :={(w,w,x) € Hom(¥,H) x Hom(4,H) X 4 : v; = 0 (x) < 0x(x)},

and consider D(¢) = J!_, D;, for 1 < ¢ < |H|, and D := D(|H]). Notice that Dy = 0. In
addition, given (®;,®,,x) € D, define the set N~ (@;,x) := {y € N(x) : 01 (y) < o1 (x)}
and the partition N~ (@;,x) = NZ (@, @, x) UNZ (@, an,x) UNZ (@, 0, x), where

(6.3) NZ (01, 0,x) :={y e N (01,x) : 01(y) < a2(y)},
(6.4) Nz (o1, @2, %) := {y € N"(@1,%) : @1(y) = @ (y)},
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(6.5) NZ (o, m,x) :={y e N (0,x): 01 (y) = @ (y)}.

Let & : D — D be the function that, given (®;, @;,x) € D, returns:

(1) (0,m,y), if NS (0, ®,x) # 0 and y is the minimal element in NZ (@, @,,x),

2) (an,m,y), if N2 (0, @,x) =0, N_(m,0;,x) # 0 and y is the minimal element
inN_(w, 0,x),

(3) (wlv 0)2,)6), if N;(wla Clb,X) = N;(wl 5 a)va) =0.

Here the minimal elements y are taken according to the previously fixed order of 7.
We chose y to be minimal just to have & well-defined; it will not be otherwise relevant.
Notice that if (®;, @2,x) € Dy and (o, @, x) # (01, @, x), then P (w1, ®,x) € D({ —
1). This implies that every element in D; must be a fixed point. Moreover, for every
(01, 0,x) € D, the (JH| — 2)-iteration of £ is a fixed point (though not necessarily in D),
ie. 2 (2M2(0,m,x)) = M2 (01, 0,x).

We have the following lemma.

Lemma 6.7. Let (@1, ,x) € D be such that Z(w;,@,,x) = (@1, @, x). Then, there exists
u € V such that o1(x) < u and the point @, defined as

is globally admissible. In particular, @) < @.

Proof. Notice that if (@, @»,x) is a fixed point, N~ (w;,x) = NZ(w;, @,,x). We have two
cases:

Case 1: N~ (w;,x) = 0. If this is the case, then @ (y) = o (x), for all y € N(x). Notice
that @ (x) < @2(x) < Vjg|> s0 @1 (x) < vjgg|- Then, we have three sub-cases:

Case l.a: @ (x) € J; for some 1 < k < n. Since {v,c*} € E for all v € J;, we can modify
@ at x in a valid way by replacing oy (x) € J; with u = cX.

Case 1.b: w;(x) € T; for some 1 < j < m. Since w;(y) = @;(x), for all y € N(x), but
oi(x) € T; and T; does not have loops, we have w;(y) > o;(x), for all y € N(x). Call
t = o1 (x). Then, there are three possibilities: ¢ = r/, dist(¢,7/) = 1 or dist(¢, /) > 1.

If t = r/, then w(y) = ¢/ for all y € N(x), where ¢/ > r/ is the unique vertex in C
connected with r/. Since ¢/ must have a loop, we can replace @; (x) by u = ¢/ = @ (x) in
.

If dist(t,7/) = 1, then @; (y) = r/ for all y € N(x), and, similarly to the previous case,
we can replace @ (x) by u = ¢/ = @ (x) in oy.

Finally, if dist(z,7/) > 1, then @ (y) = f >, for all y € N(x), where f € T is the parent
of 7 in the r/-rooted tree H[T,]. Then, since dist(z,r/) > 1, there must exist i € T; that is
the parent of f, so we can replace @ (x) by u = & in @;.

Case 1.c: @ (x) € C. If this is the case, and since @ (x) < vy, there must exist 1 <i < |C]|
such that @ (x) = ¢; and N(c;) N {cit1,...,¢|c|} is nonempty. Now, ;(y) = @ (x), for
all y € N(x), so @1 (y) € {¢;} U (N(ci) N {cit1,--.,c|c|}), for all y € N(x). Since H[{c;} U
(N(ci)n{cis1,---,¢ic)})] is a loop-complete graph with two or more elements, then we
can replace @; (x) by any element u € N(¢;) N {¢i+1,...,¢|c|} in 0.

Case 2: N~ (m,x) # 0. In this case, @) (x) < w(x) and, since

(6.7) N~ (o,x) #0 and N~ (0;,x) = N_(w;, 02, x),



STRONG SPATIAL MIXING IN HOMOMORPHISM SPACES 21

there must exist y* € N(x) such that @;(y*) < @;(x) and o;(y*) = @»(y*). Notice that
in this case, ®;(x) cannot belong to T, because ®; (x) < @z (x) and both are connected to
; (y*); this would imply that, for some 1 < j < m, either (a) T ; does not induce a tree, or
(b) more than one vertex in T} is adjacent to a vertex in C. Therefore, we can assume that
o (x) belongs to C (and therefore, since @, (x) > o (x), also @, (x) belongs to C).

We are going to prove that, for every y € N(x), we have o;(y) ~ @a(x), so we can
replace @ (x) by @»(x) in ;. Since @) (y) = @2(y), for every y € N~ (wy,x), we only need
to prove that @; (y) ~ @»(x), for every y € N(x) such that w; (y) = o (x).

Take any y € NZ(w;,@2,x). Then, mz(y) = w1(y) 3 @1(x) and @ (y) 3 @2(x), so
) (x) ~ an(x), since H is loop-chordal. Consider now an arbitrary y € N(x) such that
o1 (y) = or(x). If @;(y) = o1(x), we have @ (y) = 0;(x) ~ @(x), so we can assume
that @, (y) > @ (x). Then, ; (x) = @;(y) and @; (x) Z @2 (x), so @y (y) ~ mz(x), again by
loop-chordality of H. Then, @, (y) ~ @, (x), for every y € N(x), and we can replace w; (x)
by u = wy(x) in wy, as desired. O

Now we are in a good position to prove Theorem 6.6.

Proof of Theorem 6.6. Fix an arbitrary set A € ¥ and a € .%4(Hom(¥,H)). We proceed
to prove the conditions (M1) (i.e. existence and uniqueness of a maximal point @) and
(M2).

Condition (M1). Choose an ordering x1,x2,... of ¥\ A and, for n € N, define 4, := AU
{x1,...,x,}. Let o :=  and suppose that, for a given n and all 0 < i < n, we have already
constructed a sequence ¢; € %4, (Hom(%,H)) such that o] A, = Oi—1 and B(x) < ou(x),
for any B € £, (Hom(%,H)) such that B[, , = &i1.

Next, look for the globally admissible configuration ¢, such that 1] A, = Oy and
B(xnt1) X Gt (xns1), forany B € £, . (Hom(¥,H)) such that |, = a,. Iterating and
by compactness of V” (with the product topology), we conclude the existence of a unique
point @ € Nen[]5-

We claim that @ is independent of the ordering x;,x5,... of ¥"\ A.

By contradiction, suppose that given two orderings of ¥\ A we can obtain two different
configurations @ and @, with the properties described above. Take X € ¥\ A such that
@) (%) # @ (X). W.lo.g., suppose that @) (¥) < @, (¥). Then we have that (@, @,%) € D
and 2M=2(@;, @,,%) is a fixed point for 2. W.lLo.g., suppose that ZH=2(@, @y, %) =
(@, dn, %), where X € ¥\ A (note that X is not necessarily equal to X). By an application of
Lemma 6.7, @ (%) can be replaced in a valid way by a vertex u € V such that @; (¥) < u. If
we let n be such that ¥ = x,, for the ordering corresponding to @, we have a contradiction
with the maximality of @;, since we could have chosen u instead of @;(x,) in the nth step
of the construction of @;.

Therefore, there exists a particular @ common to any ordering xj,x,... of 7"\ A. We

claim that taking @q = @ proves (M1). In fact, suppose that there exists an @ € [a]f and
x* € ¥\ A such that ®(x*) < @(x*). We can always choose an ordering of ¥\ A such that
x; = x*. Then, according to such ordering, 8 < ®|,, for any € %, (Hom(¢,H)) such
that B|, = o. In particular, if we take § = & ®|(,+}, we have a contradiction.
Condition (M2). Notice that if (@[, ®},y) = Z(w,w;,x), then x =y or x ~ y. In ad-
dition, since the |H|-iteration of 2 is a fixed point, if (0], },y) = 2H2(@;, w,,x),
then dist(x,y) < |[H| —2. In order to prove condition (M2), consider two configurations
oy, 0 € Zy(Hom(¥,H)) and the set £y (@q, , Wg, ). We want to prove that

(68) Z'V(wal ) a)az) g N‘H‘,Z(EA(QI 9 052))
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W.Lo.g., suppose that ¢t # @ and take x € Zy (@q, , @g,) # 0. It suffices to check that
dist(x,X4 (a1, 02)) < [H| — 2. By contradiction, suppose dist(x,X4 (04, o)) > |[H| —2 and
let (@, ,0p,,y) = PM=2(@y, , 0,,x). Notice that, by definition of 2, y also belongs
to Xy (@q, , Wa, ), and since dist(x,y) < |H|, we have y ¢ X4 (o, o). Then, there are two
possibilities: (a) y € A\ Xa (o, 0), or (b) y € ¥\ A.

If y € A\ Za(0, ), then @g, (y) = 01 (y) = 02 (y) = g, (y), and that contradicts the
fact that y € Ly (0, , O, ).

If ye 7\ A and, w.l.o.g., Wy (y) < @q,(y), we can apply Lemma 6.7 to contradict the
maximality of @y, . O

7. SUMMARY OF IMPLICATIONS

Theorem 7.1. We have the following implications:
e Let H be a constraint graph. Then,
H has a safe symbol <= Hom(¥ ,H) is SSF V¥4
—> H is chordal/tree decomposable
—> Hom(¥,H) has the UMC property ¥4
— Hom(¥,H) satisfies TSSM V4
= Hom(¥,H) is strongly irreducible V4
<= His dismantlable.

o Let H be a constraint graph and 9 a fixed board. Then,
Hom(¥,H) has the UMC property — Hom(¥,H) satisfies TSSM
=—> Hom(¥,H) is strongly irreducible.
e Let H be a constraint graph and 4 a fixed board with bounded degree. Then,
Hom(¥,H) has the UMC property = For all ¥ > 0, there exists a Gibbs
(¢9,H,®)-specification that satisfies
exponential SSM with decay rate y

I

H is dismantlable —> For all v > O, there exists a Gibbs
(¢,H, ®)-specification that satisfies
exponential WSM with decay rate .

Proof. The first chain of implications and equivalences follows from Proposition 4.4,
Proposition 6.5, Theorem 6.6, Proposition 5.1, Equation 4.8 and Proposition 4.6. The
second one, from Proposition 5.1 and Equation 4.8. The last one, from Proposition 5.3,
Proposition 4.6 and the fact that SSM always implies WSM. (]

8. THE LOOPED TREE CASE

A looped tree T will be called trivial if |T| = 1 and nontrivial if |T| > 2. We proceed to
define a family of graphs that will be useful in future proofs.

Definition 8.1. Given n € N, an n-barbell will be the graph B, = (V(B,),E(By)), where
(8.1) V(By) =1{0,1,...,n,n+1}
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and
(8.2) E(B,) = {{0,0},{0,1},....{n,n+1},{n+1,n+1}}.

Notice that a looped tree with a safe symbol must be an n-star with a loop at the central
vertex, possibly along with other loops. The graph Hy, can be seen as a very particular case
of a looped tree with a safe symbol. For more general looped trees, we have the next result.

A

0 1 2 cooon n+1

FIGURE 6. An n-barbell.

Proposition 8.1. Let T be a finite nontrivial looped tree. Then, the following are equiva-
lent:

(1) T is chordal/tree decomposable.
(2) T is dismantlable.
(3) Loop(T) is connected in T and nonempty.

Proof. We have the following implications.
(1) = (2): This follows from Theorem 7.1, which is for general constraint graphs.

(2) = (3): Assume that T is dismantlable. First, suppose Loop(7) = @. Then, in any
sequence of foldings of T, in the next to last step, we must end with a graph consisting
of just two adjacent vertices v,—; and v,, without loops. However, this is a contradiction,
because N(u) C N(v) and N(v) C N(u), so such graph cannot be folded into a single vertex.
Therefore, Loop(T') is nonempty.

Next, suppose that Loop(7T') is nonempty and not connected. Then, T must have an
n-barbell as a subgraph, for some n > 1. Therefore, in any sequence of foldings of 7', there
must have been a vertex in the n-barbell that was folded first. Let’s call such vertex u and
take v € V with N(u) C N(v). Then, v is another vertex in the n-barbell or it belongs to the
complement. Notice that v cannot be in the n-barbell, because no neighbourhood of vertex
in the n-barbell (even restricted to the barbell itself) contains the neighbourhood of another
vertex in the n-barbell. On the other hand, v cannot be in the complement of n-barbell,
because v would have to be connected to two or more vertices in the n-barbell (1 and its
neighbours), and that would create a cycle in T. Therefore, Loop(7') is connected.

(3) = (1): Define C := Loop(T). Then C is connected in T and nonempty. Then, if we
denote by T its complement V \ C and define J = @, we have that V can be partitioned into
the three subsets C LI'T U J, which corresponds to a chordal/tree decomposition. (]

Corollary 1. Let T be a finite nontrivial looped tree. Then, the following are equivalent:

(1) T is chordal/tree decomposable.

(2) Hom(¥,T) has the UMC property V9.
(3) Hom(¥,T) satisfies TSSM V9.

(4) Hom(¥,T) is strongly irreducible Y9 .
(5) T is dismantlable.

Proof. By Theorem 7.1, we have (1) = (2) = (3) = (4) = (5). The implication
(5) = (1) follows from Proposition 8.1. O



24 RAIMUNDO BRICENO AND RONNIE PAVLOV

Sometimes, given a constraint graph H, if a property for homomorphism spaces holds
for a certain distinguished board or family of boards, then the property holds for any board
¢. For example, this is proven in [6] for a dismantlable graph H and the strong irre-
ducibility property, when & € {T;}4en. The next result gives another example of this
phenomenon.

Proposition 8.2. Let T be a finite looped tree. Then, the following are equivalent:
(1) Hom(¥,T) satisfies TSSM VY.
(2) Hom(Z?,T) satisfies TSSM.
(3) There exist Gibbs (Zz7 T,®)-specifications which satisfy exponential SSM with ar-
bitrarily high decay rate.

Proof. We have the following implications.
(1) = (2): Trivial.

(2) = (1): Let’s suppose that Hom(Z?, T) satisfies TSSM. If 7 is trivial, then Hom (¥, T)
is a single point or empty, depending on whether the unique vertex in 7" has a loop or not.
In both cases, Hom(¥,T) satisfies TSSM V¥. If T is nontrivial, then Loop(7) must be
nonempty. To see this, by contradiction, first suppose that T is nontrivial and Loop(7) = 0.
Take an arbitrary vertex u € V(T) and a neighbour v € N(u). Notice that Hom(Z?,T) is
nonempty, since the point w, , defined as

(8.3)

Oun(¥) u ifx;4+x =0 mod2,
X) =
o v ifxj+x=1 mod?2,

is globally admissible. Now, if we interchange the roles of « and v, and consider the (glob-
ally admissible) point ,,, we have a)L,,V\<0 o) = U and (Dv,u|(2g 410) = U for an arbitrary
g € N. However, if this is the case, Hom(Z?,T) cannot be strongly irreducible with gap g,
for any g (and therefore, cannot be TSSM), because

ZZ

(84) wu,v|(0’0) wv,u|(28+1’0)i| T - @

A way to check this is by considering the fact that both 7' and Z? are bipartite graphs.
Therefore, we can assume that Loop(T') # 0.
Now, suppose that Loop(7T') # @ and Loop(T') is not connected in 7. If this is the case,
T must have an n-barbell as an induced subgraph, for some n > 1. Then, we would be able
to construct configurations in .%(Hom(Z?,T)) as shown in Figure 7. Note that vertices
in the barbell can reach each other only through the path determined by the barbell, since
T does not contain cycles. In Figure 7 are represented the cylinder sets [ac]?z (top left),
[Gﬁ}%z (top right) and [acﬁ]?z (bottom), where:
(1) o is the vertical left-hand side configuration in red, representing a sequence of
nodes in the n-barbell that repeats O but not n+ 1,
(2) B is the vertical right-hand side configuration in red, representing a sequence of
nodes in the n-barbell that repeats n + 1 but not 0, and
(3) o is the horizontal (top and bottom) configuration in black, representing loops on
the vertices 0 and n + 1, respectively.

It can be checked that [Occr]?2 and [crﬁ’]?2 are nonempty. However, the cylinder set

2 . . . -
[aoB]% is empty for every even separation distance between o and f3, since ¢ and f3 force
incompatible alternating configurations inside the “channel” determined by o. Therefore,
Hom(Z?,T) cannot satisfy TSSM, which is a contradiction.
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We conclude that Loop(T') is nonempty and connected in T, and by Proposition 8.1
T is chordal/tree decomposable. Finally, by Proposition 1, we conclude that Hom(¥,T)
satisfies TSSM V¥ .

(3) = (2): This follows by Theorem 4.11.

(1) = (3): Since Hom(¥,T) satisfies TSSM V¥, Hom(¥,T) has the UMC property
V¥ (see Corollary 1). In particular, Hom(ZZ, T) has the UMC property. Then, (3) follows

from Proposition 5.3. U

0 0/ 0/0 0/ s+ 0 0 0 «++</0/0 0 O
0O|1/0 1 0/ 110 1,010
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FIGURE 7. A “channel” in Hom(Z?, T) with two incompatible extremes
o and f (both in red).

. . . . . .

9. EXAMPLES

Proposition 9.1. There exists a homomorphism space Hom(% ,H) that satisfies TSSM but
not the UMC property.



26 RAIMUNDO BRICENO AND RONNIE PAVLOV

Proof. The homomorphism space Hom(Zz,KS) satisfies TSSM (in fact, it satisfies SSF)
but not the UMC property. If Hom(Z?,Ks) satisfies the UMC property, then there must
exist an order < and a greatest element @, € Hom(Zz,K5) according to such order (see
Section 5). Denote V(Ks) = {1,2,...,5} and, w.l.o.g., assume that 1 <2 < --- < 5. Then,
because of the constraints imposed by Ks, there must exist X € Z? such that @, (¥) < @, (X +
(1,0)). Now, consider the point @ such that @(x) = @, (x+ (1,0)) for every x € Z?, i.e.
a shifted version of @, (in particular, @ also belongs to Hom(Z? Ks)). Then o(x) <
0, (x4 (1,0)) = @(x), which contradicts the maximality of .. O

Note 2. We are not aware of a homomorphism space Hom(¥ H) that satisfies the UMC
property with H not a chordal/tree decomposable graph.

FIGURE 8. A dismantlable graph H such that Hom(Z?, H) is not TSSM.

Proposition 9.2. There exists a dismantlable graph H such that:

(1) Hom(Z?,H) does not satisfy TSSM.

(2) There is no n.n. interaction ® such that (Z*,H, ®) satisfies SSM.

(3) For all v > 0, there exists a n.n. interaction ® such that the Gibbs (4,H,®)-
specification satisfies exponential WSM with decay rate 7.

Proof. Consider the constraint graph H = (V,E) given by
.1) V ={a,b,c,d} and E = {{a,a},{b,b},{c,c},{a,b},{a,c},{b,d},{c,d}}.
It is easy to check that H is dismantlable (see Figure 8).

FIGURE 9. Two incompatible configurations & and 8 (both in red), for
a fixed configuration ©.
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By Proposition 4.6, we know that (3) holds. However, if we consider the configura-
tions o and B (the pairs bb and cc in red, respectively) and the fixed configuration ¢ (the
diagonal alternating configurations adad --- in black) shown in Figure 9, we have that
[occ]gz, [Gﬂ]ﬁz # 0, but [acﬁ]ﬁz = (, and TSSM cannot hold. This construction works in
a similar way to the construction in the proof ((2) = (1)) of Proposition 8.2.

Now assume the existence of a Gibbs (¢,H, ®)-specification 7 satisfying SSM with
decay function f. Call A the shape enclosed by the two diagonals made by alternating
sequence of a’s and d’s shown in Figure 10 (in grey), and let x; and x, be the sites (in red) at
the left and right extreme of A, respectively. If we denote by ¢ the boundary configuration
of the @ and d symbols on dA\ {x,}, and oy = b¥*} and o = ¢¥}, it can be checked that
[ca]f, [oa]f # 0. Then, take o) € [cauf;, @ € [cap]f and call B= {x;} and B = bP.

FIGURE 10. A shape and configurations where the SSM property fails
for any Gibbs (Z?,H, ®)-specification.

Notice that, similarly as before, the symbols b and ¢ force repetitions of themselves,
respectively, from x, to x; along A. Then, we have that 7y (8) = 1 and 7> () = 0. Now,
since we can always take an arbitrarily long set A, suppose that dist(x;,x,) > ng, with ng
such that f(ng) < 1. Therefore,

©2)  1=]1-0]= |72 (B) - 2 (B)| < |BIf (dist(B,Eaa(@1,@2))) < f(mo) < 1,

which is a contradiction. O

Proposition 9.3. There exists a dismantlable graph H and a constant Yy > 0, such that:

(1) the set of n.n. interactions ® for which (Z*,H,®) satisfies exponential SSM is
nonempty,

(2) there is no n.n. interaction ® for which (7> ,H,®) satisfies exponential SSM with
decay rate greater than vy,

(3) Hom(Z?,H) satisfies SSF (in particular, Hom(Z? H) satisfies TSSM), and

(4) for every y > 0, there exists a n.n. interaction ® for which (Z?,H,®) satisfies
exponential WSM with decay function f(n) = Ce™ .

Moreover, there exists a family {H?},cn of dismantlable graphs with this property
where |[H| — oo as g — oo.

Proof. By adapting [1, Theorem 7.3] to the context of Gibbs (Z2,H, ®)-specifications 7,
we know that if 7 is such that Q(r) < p.(Z?), then 7 satisfies exponential SSM, where
pc(Z?) denotes the critical probability for Bernoulli site percolation on Z? and Q(x) is
defined as

05
9.3) O(x) := max - Z o () = 7% ().

o, 2



28 RAIMUNDO BRICENO AND RONNIE PAVLOV

Given g € N, consider the graph H? as shown in Figure 11. The graph H? consists of
a complete graph K, and two other extra vertices a and b both adjacent to every vertex
in the complete graph. In addition, a has a loop, and a and b are not adjacent. Notice that
H? is dismantlable (we can fold a into b and then we can fold every vertex in K, into
a) and a is a persistent vertex for H. Since HY is dismantlable, by Proposition 4.6, for
every ¥ > 0, there exists a n.n. interaction ® for which the Gibbs (Z?, H, ®)-specification
satisfies exponential WSM with decay function f(n) = Ce™"".

Take 7 to be the uniform Gibbs specification on Hom(Z? H) (i.e. ® = 0). Then the
definition of 717{“(’)} (u) implies that, whenever 717{“(’)} (u) £#0forucV,

1

1
9.4 < woy(u) < — 1

q+2 =

Notice that 71:{“(’)} (a) = 0if and only if b appears in a)\ 5{0y- Similarly, n:ﬁ’)} (b) =0if and

only if a or b appear in ®|yy;, and for u # a,b, n:f(’)}(u) = 0 if and only if u appears in

|40y Since [d{0}| =4, at most 8 terms vanish in the definition of Q(7) (4 for each w;,
i =1,2). Then, since |H?|=g+3and g > 1,

1 1 1 1 6
0 _
9.5) 2 ’ {0} ”{0}(”) 5 <8 1 +(q+3)’q_1 p ZD < -1

Then, if g > 1 + ﬁ, we have that Q(7) < p.(Z?), so & satisfies exponential SSM.

Since pc(Zz) > 0.556 (see [3, Theorem 1]), it suffices to take g > 12. In particular, the set
of n.n. interactions @ for which the Gibbs (Z2 H9,®)-specification satisfies exponential
SSM is nonempty if g > 12.

FIGURE 11. The graph HY, for ¢ =5.

Now, let 7 be an arbitrary Gibbs (Z?,H?, ®)-specification that satisfies SSM with decay
function f(n) = Ce™"", for some C and ¥ that could depend on g and ®. For now, we fix ¢
and consider an arbitrary ®.

Consider a configuration like the one shown in Figure 12. Define V = V\{0,a,b},
E = E[V], and let H = H4[V]. Notice that H¢ is isomorphic to K,. Construct the auxiliary
n.n. interaction @ : VUE — (—e0,0] given by ®(u) = ®(u) + ®(u,0) + ®(u,b), for every
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u € V (representing the interaction with the “wall” ---0b0b---), and ® = ®|. The con-
strained n.n. interaction (H?, ®) induces a Gibbs (Z, H?, ®)-specification 7 that inherits the
exponential SSM property from (Z? H?,®) with the same decay function f(n) =Ce . It
follows that there is a unique (and therefore, stationary) n.n. Gibbs measure u for 7, which
is a Markov measure with some symmetric g X g transition matrix P with zero diagonal (see
[15, Theorem 10.21] and [8]).

0bO0b-bO0ObOb-b0bo0
ok [} [k
bObO-—-0b0Ob0---0bo0b

FIGURE 12. A Markov chain embedded in a Z? Markov random field.

Let 1 = A > A, > --- > A, be the eigenvalues of P. Since tr(P) = 0, we have that
Y., A =0. Let A, = max{|A2|,|A,|}. Then, since A; = 1, we have that 1 < Y7 ,|A;| <
(¢ — 1)As. Therefore, A, > q%]

Since P is stochastic, PI=1 and, since P is primitive, A, < 1 (see [22, Section 3.2]).
W.lo.g., suppose that |A;| = A and let ¢ be the left eigenvector associated to A, (i.e.
IP=2,0). Then /-1 =0, because Ap0- 1= ({-P)-T=0-(P-1)=7-T,50 (1—2A)f-1=0
Then, ¢ € <E'2 —¢1,é3 fé'l,...,é’qfé])R, S0 we can write £ = Zzzzck(é’k f_)é’l);where
{é}1_, denotes the canonical basis of R? and ¢, € R. We conclude that "¢ = (- P" =
Yi k(@ —@é)-P' =Y, c(PL —Pp), where P is the vector given by the ith row of
P.

Consider j € {1,...,q} such that /; > 0. Then A = Y 27 &% (P” P}';) and

(9.6) n— P

0.7 =l (a(0) = jla(-n) =k)—p(a(0) = jla(-n) = 1)|

9.8)  <[u(a(0) = jla(—n) =k)—p(a(0) = jla(—n) =k an) =1)]

9.9)  +[u(a(0) = jla(—n) =k a() =1) —u(a(0) = jla(—n) =1,a(n) = k)|
9.10)  +[p((0) = jla(—n) = 1,a(n) = k) — u ((0) = jlot(—n) = 1)

(9.11)  <3Ce™ ™

by the exponential SSM property of & and using that u (a(0) = jla(—n) = k) is a weighted
average },,cv 1 (a(0) = jlo(—n) =k, a(n) = m) u (ot(n) = m|at(—n) = k), along with a

similar decomposition of i (a(0) = jla(—n) = 1). Therefore, A <3C(q— l)mliix|‘ k} -

By taking logarithms and letting n — oo, we conclude that ¥ < —log A, <log(g—1). Then,
since ® was arbitrary, there is no n.n. interaction ® for which (72 H¢ ®) satisfies expo-
nential SSM with decay rate greater than }p :=log(g — 1).

Finally, it is easy to see that if ¢ > 4, Hom(Zz, H) satisfies SSF. Therefore, by Proposi-
tion 4.5, Hom(Z? HY) satisfies TSSM (with gap g = 2). O
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