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Abstract

We consider the problem of random H-colorings of rectangular subsets of the hypercubic
lattice Z?, with weight \; € (0, 00) for the color i. First, we assume that H is non-trivial in
the sense that it is neither the completely looped complete graph nor the complete bipartite
graph. We consider quasi-local Markov chains on a periodic box of even side length L, that
is, Markov chains that do not change more than a fraction p < 1 of the sites in the box in
any single move. For any finite, connected, non-trivial H, we show that there are weights
{Ai} such that all quasi-local ergodic Markov chains have slow mixing in the sense that the
mixing time is exponential in L¢~!. Under the same conditions, we prove phase coexistence
in the sense that there are at least two extremal Gibbs states. We also prove that, for a
large subclass of graphs H, one can choose weights {);} such that the corresponding Gibbs
measure has exponentially fast spatial mixing.
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1 Introduction

Let H = (W, F) be a finite graph without multiple edges, but possibly with loops, and let
G = (V, E) be a simple, locally finite graph with countably many vertices. An H-coloring of G is
a homomorphism from G to H, i.e., a mappingw : V — W : x +— w(z) such that (w(x),w(y)) € F
for all edges (z,y) € E. As usual, we denote the set of all H-colorings of G by Hom(G, H).

When sampling H-colorings, it is often useful to assign different weights to the different colors
in W. Given a set of weights {\;};ew, 0 < A\; < 00, and a finite graph G, we thus consider the
distribution g with weights

pw) = % 1T Yo (1)

zeV

where Z is the normalization factor

Z= Y e )

w€eHom(G,H) z€V

If G is infinite, we consider the set of Gibbs measures with weights {\;};ew on Hom(G, H). To
make this precise, we first define a local observable as a function f : Hom(G, H) - R : w — f(w)
which does not depend on w, for all but a finite number of vertices x € V. We then equip
Hom(G, H) with the minimal sigma algebra F which makes all local observables measurable. As
usual, a probability measure p on (Hom (G, H), F) is called a Gibbs measure with weights {\; }iew
if, given any finite set A C V', and any function w e from A¢ = V'\ A into W which can be extended
to an H-coloring of G, the conditional measure (- | wyc) is given by

1
Aoy w € Hom(G, H)
Z(wAc)g @)

0 w ¢ Hom(G, H).

(3)

pwa | wae) =

Here Z(wy.) is the normalization factor

Zwv)= > e (4)
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As usual, we will often use the term Gibbs state for a Gibbs measure p with weights {\; }icw,
and call such a measure extremal if it is not possible to write p as a convex combination of two
different Gibbs measures 4 and pp with weights {\; biew .

In the past few years, there has been a good deal of work on the H-coloring problem. First,
there are a few papers concerning the complexity of the H-coloring problem. An important result
of Hell and Nesettil [21] characterized the complexity of the decision problem, i.e., under what
conditions does there exist an H-coloring: if H has no loops and is not bipartite, then they showed
that the decision problem is NP-complete; otherwise it is trivially in P. More recently, Dyer and
Greenhill [18] characterized the complexity of the counting problem, i.e., the size of Hom(G, H): If
H has a component that is neither the completely looped complete graph, K7, nor the complete
bipartite graph, K, ,,, then the counting problem is §P-complete; otherwise, it is trivially in P.
The #P-completeness remains true even if G has bounded degrees. Henceforth, we will say that



H is trivial if all its connected components are completely looped complete graphs or complete
bipartite graphs.

There have been many results on almost uniform sampling (and approximate counting), using
the Markov chain Monte Carlo (MCMC) method, of H-colorings or weighted H-colorings for
specific H, including independent sets, the Widom-Rowlinson model, the beach model, and when
H is a tree. Positive (fast mixing) results include those of Jerrum [22], Luby and Vigoda [24],
Vigoda [31], Dyer and Greenhill [19] and Cooper, Dyer and Frieze [13]. Negative (slow-mixing)
results include those of Thomas [30], Borgs, Chayes, Frieze, Kim, Tetali, Vigoda and Vu [4], Dyer,
Frieze and Jerrum [17], and Cooper, Dyer and Frieze [13]. The third and the fourth of these slow
mixing results are of the form: for uniform weights on H, there exists a graph G such that the
mixing is slow. The first and second results are of a very different nature: if GG is the hypercubic
lattice, there exist weights on the graph H such that the mixing is slow; the specific H in [30]
being an edge with loops on both the vertices, corresponding to the Ising model, and in [4] being
an edge with a loop on a single vertex, capturing the independent set model. The slow-mixing
results we derive in the present work are a significant generalization of the latter results to all
non-trivial coloring graphs H.

The final category of previous results concerns Gibbs states for H-colorings. In 1968, Dobrushin
showed that, provided that Hom(G, H) # (), there exists at least one Gibbs measure for any set of
activities {\; }iew. It is then natural to ask for what sets of activities this measure is unique, and
when there are non-unique measures. That there are activities for which the measure is unique
was shown by van den Berg [2] for G = Z¢ and H being the independent set model or Widom-
Rowlinson model, by Burton and Steif [12] if G = Z¢ and H the beach model, by Brightwell and
Winkler [8] if G is a tree, and again by Brightwell and Winkler [9] if G is of bounded degree and
H satisfies a certain condition called “dismantlability.” Burton and Steif [11] also established the
existence of weights for which there are non-unique measures if G = Z? and H the beach model,
thereby proving a phase transition in this case. Similarly, Brightwell and Winkler established the
existence of weights for which the Gibbs measure is non-unique if G is a tree and if either H is
what they called “fertile” [8] or if H is not dismantlable and satisfies a few additional constraints
[9]; in the latter case, the model had infinitely many Gibbs measures. Some other results on non-
existence or existence of phase transitions for specific H are described in Brightwell, Haggstrom
and Winkler [7].

In this work, we will focus on GG being the hypercubic lattice, and show that, for a large class
of graphs H, there are weights for which the measure is unique and others for which it is non-
unique, thus establishing the existence of a phase transition. While the precise statements of our
results are described in the next section, we point out that our main objective here is a complete
characterization of H-colorings not only in terms of unique and nonunique Gibbs measures, but
fast and slow mixing of the associated Markov chains.

2 Statements of Results

In this paper we consider random H-coloring of the hypercubic lattice Z¢ and the d-dimensional
torus (Z/LZ)¢, where L is assumed to be even. As usual, two vertices z = (xy,...,24) and
vy = (y1,...,yq) in Z* are joined by an edge whenever there is a j so that |z; — y;| = &;; for all i;
similarly, z,y € (Z/LZ)? are joined by an edge if there is a j so that |z; — y;| = 6;; mod L. We



denote the corresponding graphs by G = (V, E) and G, = (Vi E), and the set of all H-colorings
of G and G, by © and 7. On Qj, we consider the measure

() = —- I Ao (5)

where

Z=> [ dw (6)

we, zeVy,

while on 2, we consider the set of all Gibbs measures defined by (3). As usual, we say that a
Gibbs measure p has exponentially decaying correlations if there exist an € > 0 such that for all
local observables f one has

Z‘Eu [fTof] = Eu[f]) Eu[Tof]

zeV

el < o0, (7)

Here F,, denotes expectations with respect to p, T, f stands for the translate of f by z, i.e.
[T, fl(w) == f(w®), where w® is the “shifted” coloring defined by w®(y) := w(y — ), and |z|
denotes the ¢; norm on Z¢.

Let H = (W, F) be bipartite, with W = Weyen U Woqqa. We call the vertices in Weye, even, and
the vertices in Wyqq odd. In a similar way, the sets V and V;, can be split into sets of even and
odd vertices. Following the usual convention, we call a vertex x in V' or Vj, even if the sum of its
coordinates Z?Zl x; is even, and odd otherwise, and write V" or V; V" for the set of even, and
Vodd or Veven for the set of odd vertices.

If H is bipartite, the measure py can be naturally decomposed as

1 _
ML=§(MJLF+ML)» (8)

where ] lives on the space ] of H-colorings w € Q, that map even vertices into even vertices,
and p; lives on Q; = Qp \ Q] . More explicitly, u; and u; are given by

1 .
s H /\w(:C) if w e QF
ui(w) =S 2L Lev, (9)

0 otherwise,

where

Z =Y I] 2w (10)

weQ% eV

In a similar way, any Gibbs measure on ) decomposes naturally into a convex combination of
Gibbs measures on Q1 and Q~, where QF is the space of H-colorings w € ) that map even
vertices into even vertices, and Q= = Q\ Q7.

Given two H-colorings w,w’ € Qp, let D(w,w’) be the number of vertices x € V, such that
w(x) # W'(z). For a Markov chain My, on Qp, let D(Mp) be the maximum of D(w,w’) over all
w and w’ for which the transition probability is non-zero. We say that My, is local if D(M)
is bounded uniformly in L, and we say that it is p-quasi-local if D(Mp) < pL? for some p < 1
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which is independent of L. As usual, the mixing time of an ergodic Markov chain M on
is defined as the time after which the variational distance from the stationary measure is small
enough, say smaller than 1/2e; see (29) in Section 5 for a precise definition. If H is bipartite, no
local or quasi-local Markov chain connects the two components QF and Q) of Q. We therefore
consider the restrictions of My, to Q} and Q; separately.

Henceforth, we will consider only connected, non-trivial graphs H, i.e., connected graphs which
are neither H = K!°? nor H = K,, ,,. Recall that trivial graphs H lead to counting problems in
p.

Our first set of results establish the existence of weights that lead to fast spatial mixing (expo-
nentially decaying correlations) and a unique Gibbs state for a large class of constraint graphs.

Theorem 1 Let H be a non-trivial connected graph, and let d > 1.
i) If H contains at least one loop, there are weights {\;} such that the limit

po=lim gy (11)

exists and describes a translation-invariant, extremal Gibbs measure with exponentially decaying
correlations.
ii) If H is bipartite, the analogue of statement (i) holds separately for the limits of each of the

measures ,u%,

pt = lim piy, (12)

except that the translation invariance is replaced by periodicity with period 2.

Remark 1 Assume in addition that H is dismantlable in the sense of [9]. Combining the methods
of [9] with those presented here, we can show that the weights {\;}iew can be chosen in such a
way that the Gibbs state is unique and is given by (11).

Remark 2 If W contains a vertex i such that (i,j) € F for all j € W, the single-site Dobrushin
criterion is satisfied provided X\; is chosen large enough. This immediately implies uniqueness of
the Gibbs state and fast mixing for the standard single-site Heat bath algorithm.

Remark 3 Theorem 1 does not cover all connected, non-trivial graphs H. E.q., it does not apply
to loopless graphs with at least one odd cycle, such as K3. Indeed, if H = K3, it is believed that
for d large enough and any weights {\;}iew, the limiting measure (11) is a convexr combination
of at least two extremal Gibbs states.

Our next two results establish the existence of weights that lead to non-unique Gibbs states
and slow mixing for all non-trivial connected H.

Theorem 2 Let H be a non-trivial connected graph, and let d > 2. If H s not bipartite, then
there are weights {\;} such that the limit (11) exists and is a convex combination

1

p= 5(%4 + 1B), (13)

where pa and pp are extremal Gibbs states with exponentially decaying correlations. If H 1is
bipartite, the analogous statement holds separately for the measures u*, so that there are at least
four extremal Gibbs states.



Theorem 3 Let H be a non-trivial connected graph, let p < 1 and let d > 2. If H is not
bipartite, then there are weights {\;} such that for all L sufficiently large, the mizing time 11, of
any p-quasi-local ergodic Markov chain with stationary distribution py, is exponentially large, i.e.,

eKlLd_l/(log L)?

TL 2 ; (14)
where Ky is a constant that depends on d, p and the weights {\;}. If H is bipartite, the analogous
statement holds for any p-quasi-local ergodic Markov chains on Qf and Q.

These results are proved using expansion methods. Theorem 1 is a so-called “high-temperature”
or “disordered phase” result, and the proof is relatively straightforward. Namely, we find weights
{A\i} so that the H-coloring problem maps into what is called a dilute polymer model, and then
use standard Mayer expansions [29, 10, 16, 25| for the dilute polymer model to prove Theorem 1.
This is sketched in Section 3. The details may be found in [5].

Theorems 2 and 3 are the so-called “low-temperature” or “ordered phase” results, the proofs
of which are much more involved than those of the high-temperature results. First, we find a
suitable classification of all non-trivial coloring graphs H. Within each class, we find weights
{\;} so that the H-coloring problem maps into what is called a dilute contour model. Here
the contours separate different ordered phases. We then use rather involved expansion methods,
namely Pirogov-Sinai theory [27, 28] in the form developed by Borgs and Imbrie [6], to control
this contour model and prove Theorem 2. This is sketched in Section 4. Finally, in Section 5,
we sketch how these Pirogov-Sinai methods can be combined with the conductance bounds of [4]
to prove Theorem 3. Again, the details will be given in the full version of this paper; we also
hope that the full version introduces and further illustrates the usefulness of the statistical physics
techniques (such as Mayer expansions and Pirogov-Sinai theory) in the context of Markov chain
Monte-Carlo algorithms.

3 Polymer Expansions and Fast Spatial Mixing

In this section, we sketch the proof of Theorem 1. To this end, we map the partition function of
our model to an abstract polymer system with sufficiently small weights. As usual, an abstract
polymer system is a triple I' = (', <>, z(+)), where I" is a finite set, < is a symmetric, reflexive
relation on I', and z(+) is a complex-valued function on I'. The elements of I" are called polymers.
Two polymers v,~" € I' are said to be incompatible if v «» 7/, and compatible otherwise. Finally,
z(7) is called the weight or activity of the polymer 7. The partition function of the polymer
system I is defined as

Zm) =Y oM ]z (15)

rcr yer

where ¢(I') = 0 whenever there is a pair of polymers v,7" € T' such that v < +/, and ¢(I') = 1
otherwise. In other words gb(f‘) = 1 whenever the polymers in T’ are pairwise compatible, and
o(I') = 0 otherwise.

In order to prove Theorem 1, we will choose weights A; such that the partition functions (6)
and (10) can be written in terms of a polymer system with small weights. Together with a similar
representation for the measures (5) and (9), the general theory of Mayer expansions for abstract



polymer systems [29, 10, 16, 25] then gives Theorem 1. For the case where H has at least one
loop, this will be sketched in Subsection 3.1, and for the case where H is bipartite this will be
sketched in Subsection 3.2.

3.1 At least one loop present

Let H be a graph with at least one loop, and without loss of generality let us assume that the
vertices in W are labelled in such a way that the loop ¢, = (1,1) € F. We then set

)\i:{)\ iti=1 (16)

1 otherwise.

If X is large, the configuration w with largest weight is the one where every site has color w(x) = 1.
For a general configuration w, we define a vertex x € V, to be excited whenever w(z) # 1, and
call the connected components of the set of excited vertices the polymers corresponding to w.
A configuration w with polymers 7, ..., 7, then has weight AVEI T, A=l where |V7| and |,
1 =1,...,n, denotes the number of vertices in V;, and ~;, respectively. This motivates the following
definition of a polymer system I'y: The set of polymers, I'y, is defined as the set of connected
subsets v C V. Two polymers v and +" are called incompatible if v U~ is a connected subset of
Vz. The weight z(7) of a polymer + is defined as A~1! times the number of H-colorings w with

w ({1} = Vi \ 7.

Lemma 1 Let 'y be the polymer system defined above, and let Z;, be the partition function defined
in (6). Then
Z, = Vel z(1)). (17)

Proof: Given a subset W C Vi, let Ny, (W) be the number of H-colorings w such that W
is the set of excited sites corresponding to w, i.e., Ny, (W) = [{w: w1 ({1}) = V, \ W}|. By
definition, the polymers corresponding to an H-coloring w form a set of pairwise compatible
polymers I' € T';. Since the weight of an H-coloring with polymers 71, ..., 7, is Azl 1T, Al
the left hand side of (17) is therefore equal to

AVl Z Z Ny, (i U---Unp) ﬁ)\—w’ (18)
i=1

n20 {y1,...;yn}

where the second sum goes over sets of pairwise compatible polymers. Since the the weight z(7)
of a polymer 7 can be rewritten as A~/ Ny, (), the proof of the lemma reduces therefore to the
fact that Ny, (W) = [[i; Nv, (W;) whenever Wy, ..., W, are the connected components of .
The proof of this fact is elementary and is left to the reader. O

Given Lemma 1, the partition function (6) can be analyzed using the general theory of Mayer
expansions for abstract polymer systems. In order to apply this theory, one has to show that the
weights z(7) are small enough. A sufficient condition is that

> (e <y (19)

yET v/



for all v/ € I', see [10, 16, 25]. Since the number of connected sets v C V, of size s that have
distance 1 or less from a given point x € Vy, can be bounded by (2de)®, while Ny, () is obviously
at most (|W| — 1)1, the condition (19) is satisfied whenever

A > 4de*(|W] —1). (20)

For A > 4de?(|W| — 1), the partition function Z; can therefore be analyzed with the help of
the general theory of Mayer expansion for abstract polymer systems. Together with a similar
representation for the measure py(-), one obtains a proof of Theorem 1 (i); see [5] for details.

3.2 Bipartite

Assume without loss of generality that the vertices in W are labelled in such a way that F' contains
the edge (1,2). We then set

(21)

1 otherwise.

/\i:{)\ ifi=1or2

If A is large, the configurations with maximal weight are the two checkerboard configurations w 4
and wpg: in wy, every even site in V7, has color 1 and every odd site has color 2, and vice versa in
wp. Restricting ourselves to the configurations in Q] rules out either w4 or wp, so that we are
left with only one configuration of maximal weight. For a general configuration w € Q7 , we define
the set of excited vertices as the set of vertices  with color w(z) € W\ {1,2}. The connected
components of the set of excited vertices are again called the polymers corresponding to w.

As in the argument in the last subsection, this leads to a polymer representation of the partition
function which can be analyzed using convergent Mayer expansions if A is sufficiently large. The
only difference here is the fact that the weights z(y) are no longer translation invariant. Again,
see [5] for details.

4 Contour Representations and Phase Coexistence

In this section we derive a contour representation for random H-colorings which will allow us to
sketch the proofs of Theorems 2 and 3. To this end, we first note that all connected, non-trivial
graphs H fall into one of the following four classes:

1) all loops present

2) not all loops, but at least one loop, present

3) no loops present, but at least one odd cycle

4) bipartite (and thus loopless)
Our contour model will be defined differently in each case, but in all cases contours will be
pairs v = (supp~,w-), where supp~y is a *-connected subset of W, and w., is an H-coloring of
suppy U dsuppy. Here A C V7, is called *-connected if for every pair of vertices x,y € A there is
a path of vertices x1,...,x, € A with x1 = x and x;, = y such that foralli=1,...,k—1, x; and
x;11 have Euclidean distance V2 or less. As usual, the boundary OA of a set A C V, is the set
of all vertices in V7, \ A that are connected to A via an edge in Fy. Throughout this section, two
contours v and ' will be called compatible if the Euclidean distance between supp~ and supp v’
is strictly larger than v/2, and a set {7y1,...,7,} of contours will be called compatible if v; and
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7; are compatible for all pairs ¢ # j. Finally the size |y| of a contour v = (supp~,w.,) will be
defined as the number of vertices in supp 7.

4.1 All loops present

Since by assumption, H is not the completely looped complete graph, there must be vertices ¢
and j in W, such that (i, j) is not an edge in H; without loss of generality we assume that the
vertices in W are labelled in such a way that (1,2) ¢ F'. We then set

A Hi=1
A=< g ifi=2 (22)
1 otherwise.

If A4 and A are large, the dominant configurations w € €y will be the constant configurations
wy =1 and wp = 2, with weights /\‘XL " and )\‘E‘;L 3 respectively.

For a general configuration w, we define the “ground state regions” Vi(w) and Vp(w) as
Va(w) = w ({1}) and Va(w) = w ({2}), and the “set of excited vertices” V*(w) as V*(w) =
Vi \ (Va(w) U Vg(w)). The contours corresponding to the H-coloring w are then defined as
the pairs v, = (suppy,w-,), .-, Yn = (SUPD Vn,w», ), Where suppyi, ..., suppy, are the x-
connected components of V*(w), and w,,, ..., w.,, are the restrictions of w to supp v UJdsupp 71,

.., Supp v, U dsupp 7¥,, respectively. The weight of an H-coloring w can then be written as a
product of suitable weights for the contours and ground state regions corresponding to w,

[T Aoy = emenvalemeolo@I TT (), (23)
1=1

zeVr,

with e4 = —log A4, eg = —log Ap and p(v) = ersuppv Auw(z) = 1 for all contours ~y (recall that
Ai =1 fori#1,2). Asis usual in cluster expansions, we will need a Peierls’ bound of the form

p(7) < e Thle—eoll (24)

where ey = min{ey, e} is the ground state energy and 7> 0 is a “suppression factor” used to
control the expansion. Here, since p(y) = 1 and ey = — max{log A4,log Ag}, the contour weights
trivially have an exponential suppression with respect to the corresponding ground state weights
provided A4 and Ap are large, and (24) holds with 7 = max{log A4, log Ag}.

A general configuration thus consists of regions in one of the two ground states, separated by
regions which have much less weight. If the vertices 1 and 2 are “isomorphic” vertices (i.e., if
there is an automorphism which transposes 1 and 2) in H, we set Ay = Ag = A. For large A,
a Peierls argument then implies the existence of at least two translation invariant Gibbs states
14 and pp related to each other by the symmetry 1 «» 2. Here p4 consists of small fluctuations
around the ground state w4, and pp consists of small fluctuations around the ground state wg, in
close analogy to the two low temperature states of the Ising model which are small perturbation
of the ground states where all spins are up and down, respectively.

If 1 and 2 are not isomorphic, the fluctuation about the ground states w, and wp will in general
favor one of the two, and only one of them will contribute to the limiting state (11) for Ay = Ap.



To correct for this, we will set Ay = Ae” and A\g = Ae™". For ) large and a suitable choice of h
(which will in general depend on \) the difference in the weight for the ground state w4 and wp
will exactly compensate for the difference induced by the fluctuations, so that we again get two
different, translation invariant Gibbs states 4 and pp which are small perturbations of the ground
states wy and wpg. The precise argument is rather complicated; it uses the version of Pirogov-
Sinai theory [27] developed in [6] and is given in [5]. These methods also imply exponential decay
of correlations and extremality for p4 and pp, whether or not the vertex 1 and 2 are related by
symmetry. To prove that the Gibbs state obtained via the limit (11) is a convex combination of
pa and pp with equal weight for us and pp (see (13)), we use the methods of Section 5 of [6];
see again [5] for details.

4.2 Not all, but at least one loop present

Consider two vertices ¢ and j in W such that the loop ¢; ¢ F and the loop ¢; € F. Since H is
connected, there must be a pair of vertices i and j in W such that (; ¢ F', £; € I and (i, j) € F.

Without loss of generality we assume that H has been labelled in such a way that ¢ = 1 and j = 2,
so that ¢, ¢ F, {5 € F and (1,2) € F. We then set

ifi=1
)\i:{/\ if 4 (25)

1 otherwise.

If X is large, one would like to set the color of all vertices to 1. But since ¢; ¢ F', this is not a
configuration in 2, = Hom(Gp, H). The best one can do is to put color 1 on every second vertex,
i.e., to either color all even or all odd vertices with the color 1.

In general, there are many configurations w € Q with w(xz) =1 for all x € V¥ or w(z) = 1
for all z € VP4 namely |N(1)|V2l/2) where N(1) is the neighborhood of 1 in H, N(1) = {i €
W (1,i) € F}. In the language of statistical physics, this means that these states have ground
state entropy Sy = so|V.|, with so = £ log|N(1)|. Note that in contrast to the situation in the
last subsection, a “ground state” of the system is not a single configuration, but rather a measure
supported on many configurations. Here the two ground state measures, v4 and vg, are defined
by

vaw)= J[ Mw(@)=1) J] Lwly) e N @) (26)

rer"e“ yGVEdd

and a similar equation for v with the roles of V2" and VP44 switched. Here I(€) stands for the

indicator function of the event &.

To define the contours corresponding to a configuration w € €, we consider again three
regions Vy, Vg and V*. The set V4 consists of all even vertices 2 with color w(z) = 1 and all odd
vertices which have only neighbors of color 1, the set Vg consists of all odd vertices x with color
w(z) = 1 and all even vertices which have only neighbors of color 1, and the set V* consists of
the remaining vertices in V. For the ground state configurations described above, the set V* is
empty, and either V4 or Vg consists of all vertices in V. The contours corresponding to a general

configuration w € Q, are again defined as the pairs v = (SUPP Y1, Wy )s - - -5 Y = (SUPD Vi, Woy, ),
where supp i, ..., supp~y, are the *-connected components of V*, and w,,, ..., w,, are the
restrictions of w to suppy; U dsupp i, - .., supp ¥, U dsupp v,, respectively.



The weight of a set of contours I' = {~y,...,7,} can again be written as a product of suitable
weights for the contours and ground state regions V4 and Vg; however, the explicit formula is
slightly more complicated due to the existence of the extra entropy factors |N(1)| for the sites
in V4 and Vp whose color is not fixed. Nevertheless, it is possible to rewrite the weight of an
H-coloring w with contours 71, ..., 7, and ground state regions V4 and Vg in the form (23), with
ea = ep = —log(A/2|N(1)]'/?) and weights p(v) for the contours which obey a bound of the form
(24) with 7 = © (4 log \); see [5] for details.

Again, a general configuration consists of regions in one of the two ground states, separated by
regions which have much less weight. For large A\, a modified Peierls argument like the one used
by Dobrushin in his proof of a phase transition for the independent set model [15] then implies
the existence of at least two Gibbs states 4 and up related to each other by the symmetry of
shifting each contour by one lattice unit. Here 4 consists of small fluctuations around the ground
state v4, and pp consists of small fluctuations around the ground state vg. While the emerging
picture is very similar to that of the independent set model on the level of contours, it is slightly
more complicated on the level of configurations, since the ground states we perturb around are
now product measures, not delta functions on a single configuration. Nevertheless, the techniques
developed for the independent set model [15] can be generalized to this case. Combined with the
methods of Section 5 of [6], this leads to the proof of Theorem 2 in the case where H has at least
one loop, but does not have all loops. Again see [5] for details.

4.3 No loop present, at least one odd cycle

This case is completely analogous to the case with at least one, but not all loops present. Indeed,
let 7 be a vertex contained in an odd cycle, without loss of generality the vertex labelled by 1. If

we set
A ifi=1
)\i - ne . (27)
1 otherwise,

there are again two ground state measures for large A\, namely the measure v4 defined in (26) and
its analog vg. While the precise contour weights will be different from those for the case where
at least one, but not all loops present, the general features of the resulting contour model will be
very similar. In particular, we can again use a modified Peierls argument to infer the existence
of at least two Gibbs states 4 and pp related to each other by the symmetry of shifting each
contour by one lattice unit, with 4 consisting of small fluctuations around the ground state v 4,
and pp consisting of small fluctuations around the ground state vp.

4.4 Bipartite

We recall that the vertex set of a bipartite graph H naturally splits into two subsets Wyqq and
Weven, such all edges in I are of the form (7, j), i € Woda, j € Weyen- Since H is not the complete
bipartite graph by the assumption that it is non-trivial, there exist two vertices ¢ € Woqq,J € Weven
such that (i,j) ¢ F. Without loss of generality, assume ¢ = 1 and j = 2. Obviously, neither ¢,
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nor /5 are in F' by the assumption that H is bipartite. We set

Ay ifi=1
1 otherwise.

Restricting ourselves to colorings in 2}, we obtain two ground states: the ground state v4,
where every odd vertex has color 1, while the colors of the even vertices are chosen independently
at random from N (1), and the ground state vp, where every even vertex has color 2, while the
colors of the odd vertices are chosen independently at random from N (2). The weights of these
ground states are AV*V2A(1)|VEV2 and A2 N (2)]1VEI/2 ] respectively.

For a general configuration w € Q}, the ground state region V4 now consists of all vertices =
with color w(x) =1 and all vertices y which have only neighbors of color 1, and the ground state
region Vp consists of all vertices x with color w(z) = 2 and all vertices which have only neighbors
of color 2. Setting again V* = Vi \ (V4 U Vi) we define contours as before, obtaining again a

representation of the form (23), with e4 = — log ()\114/2|/\/’(1)|1/2>, ep = — log()\g2 IN(2)['/?), and

contour weights p(7) which obey a bound of the form (24) provided A4 and Ap are large enough.
If 1 and 2 are isomorphic vertices in H, then a Peierls argument proves that typical configurations
are either small perturbations of ground state r4, or small perturbations of ground state vp if
Aa = Ap. If there is no symmetry, one has to adjust the ratio of A4 and Ag to correct for entropic
preference of one of the two states. The proof again uses Pirogov-Sinai theory, and is carried out
in [5]. Of course each of the above Gibbs states has a ghost sister supported in Q~ where the even
and odd sublattices of V}, exchange their roles, leading to a total of at least four extremal Gibbs
states.

5 Mixing Time and Conductance Bounds

In this section, we sketch the key ideas of the proof of Theorem 3. The proof uses the notion of
conductance, first introduced to the field of MCMC by Jerrum and Sinclair in [23]. We start with
a few general definitions.

Let M be an ergodic Markov chain on a finite state space €2, with transition probabilities
Plw,w), w,w € Q. Let m denote the stationary distribution of M. For wq € 2, we denote by
P, o, (w) the probability that the system is in the state w at time ¢ given that wy is the initial
state. The mixing time of the Markov chain M is defined as

1
=min<t: d( Py, m <—}, 2
rmin{t (P < o )

where d(P;,,, 7) is the variational distance between P;,, and 7,

(P, m) = 1max |Po(S) —7(9))]- (30)

The conductance of a set of states ) # S C Q is

5=, D g Q\S; (31)

wES & eQ\S
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and the conductance of the chain itself is simply ® ¢ = ming,p ®g.
We prove our lower bounds on mixing time by showing that ®,, is small and then using the
well-known bound [1] (see [14] or Claim 2 of the journal version of [17] for the non-reversible case):

7 = 0(dp). (32)

Here, the finite state space is the space of all H-colorings €2, (or the spaces Qf if H is bipartite).
Our goal is to decompose (27, as a disjoint union of three sets 1y 4, €1z p and 2} such that
m(0) = O(e KL /008 L)) “while both 7(Q,4) and 7(Qy p) are ©(1), and such that for any
p-quasi-local Markov chain, the transition probability P(w,w) is zero whenever w € €, 4 and
w € Qp p. Taking S = Qp 4 UQ], we then have

w (.TJ) W(Qz) _KL4-1 2
Oy < bg= < -0 /(log L) 33
M =TS = Z Z QLA UQ Na(Qup) ~ 7 Q)7 (Qp) (e ), (33)

weN] weQyr B

which combined with (32) gives Theorem 3.

More precisely, we define €y 4, Q5 and Q} in such a way that |Vi(w)| > (1 — €)|Vy] for all
w € Q4 and |Vp(w)| > (1 —¢€)|V| for all w € Qp 5 and then combine the methods developed
in [4] with Pirogov-Sinai theory to show that for A sufficiently large pup(€2%5) < e KL% "/(osL)?,
pr(Qr,4) = O(1) and pr(Qrp) = O(1); see [5] for details. If we choose € as £(1 — p), then we
have that for all p-quasi-local Markov chains the transition probability P(w,w) is zero whenever
w € Q4 and w € Qp g, and (33) implies the statement of Theorem 3.

In the rest of this section, we proceed to give the proof of a weakened form of (33) in a
particularly simple case. As already noted in [4], it is significantly easier to prove a bound of
the form (33) in which the exponential factor of L%~!/(log L)? is replaced by L/(log L)?. Here we
sketch a proof of this weakened inequality for a subclass of the graphs H considered in Subsection
4.1.

Suppose that H has all loops present, so that W contains two vertices (w.l.o.g., we assume
they are labelled 1 and 2) such that (1,2) ¢ F'; see Section 4.1. Suppose further that 1 and 2
are isomorphic vertices in H, so that the statements of Theorem 2 hold whenever the weights
{Ai}iew are chosen according to (22) with Ay = Ap = A sufficiently large. In particular this
latter assumption allows us to use a Peierls” argument rather than the considerably more involved
methods of Pirogov-Sinai theory. B

In a first step, we introduce the space €2} as the set of H-colorings w such that at least one of
the contours corresponding to w has size L or larger. In order to bound W(ﬁz), we use the fact
that the probability that a given contour « is among the contours corresponding to a configuration
w can be bounded by p(y). (Since vertices 1 and 2 are isomorphic, so that the states A and B are
related by a symmetry, this can be proved via a standard Peierls argument; see [26], [20].) The
weight of the space @E can therefore be bounded by

nu(2) < > ), (34)

y:v|>L

where the sum goes over all contours of size |y| > L and j(y) := p(7)e®h! measures the sup-
pression with respect to the ground state energy (recall that eq = e4 = ep due to our symmetry
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assumptions). To estimate this sum, we note that the number of vertices y € V} that have dis-
tance at most v/2 from a given vertex z € V7, is equal to 2d+2d(2d —2), implying that the number
of *-connected sets of size s in V, can be bounded by |V, |(2d(2d — 1)e)®. As a consequence, the
number of contours 7 that have size |y| = s can be bounded by LIC(d, |W|)* for some constant
C(d,|W|) depending on d and the size of W. Together with the bound (24) and the fact that

7 = log A\, we therefore get that whenever \ is sufficiently large, the weight of {2} is bounded by

)<Y (e wa) = oL (o ). (35)

s>L

Consider now a contour 7 corresponding to a configuration w € €y \ ﬁz, i.e. a contour v with
7| < L. Since the diameter of the torus G, is L, such a contour can be embedded in Z?. Defining
V() as the union of supp~y with all finite components of Z? \ supp~y, we then introduce the
exterior of v as Vi, \ V(). This in turn allows us to define the exterior Ext (w) of a configuration
w e Qp\ (NZE as the intersection of the exteriors of all contours corresponding to w. Using our
definition of contours as pairs (v, supp~), where supp~y is a *-connected component of V;(w),
it is not hard to verify that the exterior Ext (w) is a connected set, and that on Ext (w), w is
constant and either equal to 1 or equal to 2. This allows us to decompose w € Q. \ flz into two
sets: one, denoted by QLA, for which Ext (w) C Va(w), and one, denoted by ﬁL,Bv for which
Ext (w) C Vp(w).

At this point, the proof is a straightforward application of the methods developed in [4]: we
define N

Qra={weQpa: Ext(w) > (1—¢)|VL|}, (36)

and similarly for €1y, p. Since Ext (w) C Vi (w) if w € Q4 C QLA, we obviously have |V (w)| >
(1—¢)|Vy] if w € Q, 4, and similarly for w € Qp . Deﬁmng O =Qp\ (2,4UQL ), we thus are
left, with a proof of the inequality u(Q3) < O(e KL/081)*)  for some absolute constant K > 0.
To this end, we consider a configuration w € Q .4\ 4, and the set of contours I' corresponding
to w. Using the isoperimetric inequality of Bollobas and Leader [3], we then have

/(d—1)
(L < Vo \ Ext ()] < SV < 0(1) 3 16 < o1 (Zm) TS
vyel’ vyel’ yel’

and hence Zvep 7| > ©(L%1). Proceeding with a multi-scale Peierls argument as in the proof of
Lemma 8 in [4], one gets the bound

pr(Qpa\ Qpa) < O(e KL/ Gos )ty (38)

and similarly for ML(QL 5\ Qz.5). Combining (35) with (38) and the fact that pur(Q25) < w(S) +
pp(Qra\ Qua) + pr(Qp \ Qup), we thus get the desired bound pup,(Q25) < O(e=KL/(osL)?)
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