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Abstract

We study the mixing time of the Glauber dynamics for general spin systems on the regular tree,
including the Ising model, the hard-core model (independent sets) and the antiferromagnetic Potts
model at zero temperature (colorings). We generalize a framework, developed in our recent pa-
per [20] in the context of the Ising model, for establishing mixing time O(nlogn), which ties
this property closely to phase transitions in the underlying model. We use this framework to ob-
tain rapid mixing results for several models over a significantly wider range of parameter values
than previously known, including situations in which the mixing time is strongly dependent on the
boundary condition. We also discuss applications of our framework to reconstruction problems on
trees.
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1 Introduction

1.1 Spin systems on trees

Spin systems capture a wide range of probabilistic models studied in statistical physics, applied
probability, artificial intelligence and elsewhere. A (nearest neighbor) spin system on a graph G =
(V, E) is specified by a finite set S of spin values, a symmetric pair potential U : S x S — RU {0},
and a singleton potential W : S — R. A configuration 0 € SV of the system assigns to each
vertex (site) x € V a spin value o, € S. The probability of finding the system in configuration o is
determined by the Gibbs distribution

p(o) o exp [— (nyeE U(og,0y) + erv W(ax))]

Thus the pair potential specifies the likelihood of seeing a given pair of spins at adjacent sites,
while the singleton potential specifies the likelihood of seeing a given spin. Note that setting
U(s1,s2) = oo corresponds to a hard constraint, i.e., spin values s, s, are forbidden to be adjacent.
We denote by 2 C SV the set of all valid spin configurations, i.e., those for which (o) > 0. We
will give several concrete examples in a moment.

Usually G is a finite portion of some regular lattice, such as Z¢. In this paper we concentrate on
what is known in statistical physics as the Bethe lattice T?, i.e., G is a complete rooted tree in which
each interior vertex has b > 2 children.! Spin systems on trees are not only a useful simplification
of their more classical counterparts on Z%, but have recently attracted a lot of attention in their own
right as the canonical example of models on “non-amenable” graphs (i.e., those whose boundary is
of comparable size to their volume) — see, e.g., [1, 2, 4, 10, 17].

A boundary condition corresponds to fixing the spins at the leaves of G to some specified values
(e.g., all are set to the same value s). This allows us to formalize the central concept of a phase
transition. If we let the size of the tree G’ grow to infinity, the Gibbs distribution tends to a limit
known as the (infinite-volume) Gibbs measure. This limit may or may not depend on the boundary
condition: i.e., there may be either a unique Gibbs measure, or multiple Gibbs measures (“phases”)
corresponding to different boundary conditions. Informally, the existence of multiple Gibbs mea-
sures corresponds to the fact that the spin configuration on the leaves can have a non-zero influence
on the spin at the root even as the depth of the tree tends to infinity. A phase transition occurs when
an infinitesimal change in the potentials leads to a switch from a unique Gibbs measure to multiple
Gibbs measures. See, e.g., [9] for more background.

We now illustrate the above ideas with some concrete examples. The following four spin systems
are among the most widely studied in the literature, and will serve as the motivating examples in
this paper:

The (ferromagnetic) Ising model

There are two spin values S = {£1}, and the potentials are U(sy,s2) = —fs182, W(s) = —fhs,
where (3 is the inverse temperature and h is the external field. Thus Q = {£1}V. The Gibbs
distribution p assigns higher weight to configurations in which many neighboring spins are aligned
with one another. This effect increases with 3, so that at high temperatures (low () the spins
behave almost independently, while at low temperatures (high () large connected regions of equal
spins tend to form. There is also a global tendency for spins to align with the sign of the external
field.

IStrictly speaking, in the Bethe lattice all vertices (including the root) have degree b + 1; for convenience we assume
that the root has degree b. This difference is purely technical and does not affect our results.



In fact, as is well known [25], when h = 0 a phase transition occurs at the critical value
8 =0y = %ln(%); in other words, in the “high temperature” region 5 < [, there is a unique
Gibbs measure independent of the boundary condition, but as soon as 3 > 3, we get (at least) two
different Gibbs measures corresponding to the (+)- and (—)-boundary conditions respectively; i.e.,
if the leaves are (+) then the root has probability bounded away from £ of being (+).2 Even for low
temperatures, adding a strong enough external field (depending on the temperature) cancels the
above dependence on the leaves and puts the system back in the uniqueness regime. Specifically,
for any 3 > [ there exists a critical external field ~.(3) > 0 such that the Gibbs measure is unique
if |h| > h.(3), while for |h| < h.(3) there are multiple Gibbs measures.

The hard-core model (independent sets)
This has been used in statistical physics as a model of lattice gases [9], and also in other areas such
as the modeling of communication networks [15]. Again there are just two spins S = {0, 1}, and
we refer to a site as occupied if it has spin value 1 and unoccupied otherwise. The potentials are
U(1,1) = o0, U(1,0) = U(0,0) = 0, W(1) = L and W(0) = 0, where L € R. The hard constraint
here means that no two adjacent sites may be occupied, so €2 can be identified with the set of all
independent sets in G. Also, the aggregated potential of a valid configuration is proportional to the
number of occupied sites. Hence the Gibbs distribution takes the simple form (o) oc AN(®) where
N(o) is the number of occupied sites and the parameter A = exp(—L) > 0, which controls the
density of occupation, is referred to as the “activity.”

The hard-core model also undergoes a phase transition at a critical activity A = Ay = #

(see, e.g., [27, 15]). For A < )¢ there is a unique Gibbs measure independent of the boundary
condition, while for A > )\, there are (at least) two distinct phases, corresponding to the “odd”
and “even” boundary conditions respectively. The even (odd) boundary condition is obtained by
making the leaves of the tree all occupied if the depth is even (odd), and all unoccupied otherwise.
For A\ > )¢, the probability of occupation of the root in the infinite-volume Gibbs measure differs
for odd and even boundary conditions.

The (ferromagnetic) Potts model

This model was introduced by Potts [24] as a generalization of the Ising model to more than
two spin values; see [32] for a survey. Here S = {1,2,...,¢} and the potentials are U(sy,s2) =
—2[30s, 55, W(s) = 0, where f3 is the inverse temperature. Thus the spin at each site can take one
of ¢ possible values, and the aggregated potential of any configuration depends on the number of
adjacent pairs of equal spins. Note that the Ising model (with no external field) is the special case
q = 2. There are no hard constraints, so Q = SV.

Qualitatively the behavior of this model is similar to that of the Ising model, though less is
known in precise quantitative terms. Again there is a phase transition at a critical 5 = [y, which
depends on b and ¢, so that for § > (3, (and indeed for 8 > [, when ¢ > 2) there are multiple
phases. This value [y does not in general have a closed form, but it is known [10] that Gy <

%ln(bﬁ;l) for all ¢ > 2. (For ¢ = 2, this value is exactly g, for the Ising model as quoted earlier.)

The antiferromagnetic Potts model (colorings)

In this model S = {1,2,...,q}, and the potentials are U(s1,s2) = 26ds, s,, W(s) = 0. This is
analogous to the Ising and Potts models except that the interactions are antiferromagnetic, i.e.,
neighbors with unequal spins are favored. The most interesting case of this model is when 5 = co
(i.e., zero temperature), which introduces hard constraints; in the rest of the paper, we shall always
confine our attention to this case of the model. Thus if we think of the ¢ spin values as colors, 2

%For notational convenience in the sequel, we will write (+) and (—) in place of +1 and —1 respectively.



is the set of proper colorings of G, i.e., assignments of colors to vertices so that no two adjacent
vertices receive the same color. The Gibbs distribution is uniform over proper colorings. In this
model it is ¢ that provides the parameterization. This model has been widely studied not only in
statistical physics, but also in computer science because of its connection to graph coloring. See,
e.g., [4] for an informative account.

For colorings on the b-ary tree it is well known that, when ¢ < b + 1, there are multiple Gibbs
measures; this follows immediately from the existence of “frozen configurations,” i.e., colorings in
which the color of every internal vertex is forced by the colors of the leaves (see, e.g., [4]). Recently
it has been proved that, as soon as ¢ > b + 2, the Gibbs measure is unique [14].

Remark: In this paper our discussion of the antiferromagnetic Potts model is always of the zero temperature
case, and for this model we omit the temperature parameter from the rest of the discussion.

1.2 Glauber dynamics

Whereas classical statistical physics focused on static questions about the infinite volume Gibbs
measure (such as the existence of a phase transition), the emphasis in recent years has shifted
towards the study of the Glauber dynamics, a local Markov chain on the set of spin configurations (2
of a finite graph G. For definiteness, we describe the “heat-bath” version of Glauber dynamics: at
each step, pick a site x u.a.r., and replace the spin at = by a random spin drawn from the conditional
distribution given the spins of its neighbors. It is easy to check that this dynamics converges to p
as its stationary distribution, providing both an algorithm for sampling from the Gibbs distribution
and a plausible model for the actual evolution of the physical system. The key question in the study
of the dynamics is to determine the mixing time, i.e., the number of steps until the distribution is
close to pu, starting from an arbitrary configuration.

Recent developments in statistical physics have revealed a remarkable connection between the
mixing time and phase transitions in the special case of the Ising model: for the Ising model on an n-
vertex square in Z? (which also has a phase transition at a critical 3;), when 3 < 3, the mixing time
with arbitrary boundary conditions is O(nlogn) (which is optimal), but as soon as 5 > [, there
are boundary conditions for which the mixing time jumps to exp(€2(y/n )) [19]. This conforms with
the intuition that the existence of multiple phases creates a “bottleneck” which dramatically slows
down mixing.

For the Ising model on trees the situation is even more interesting (see [2, 20]): on an n-vertex
b-ary tree, the mixing time remains O(n logn) for all boundaries,? not only for 3 < 3, but in fact

for all 8 < (1, where 3; = %ln(%) > [p. As soon as 3 > f3;, the mixing time for certain

boundaries becomes n'*(1) and the exponent is unbounded as 5 — oo. Thus there is again a
sharp transition in mixing behavior, but it occurs inside the multiple-phase region.* Finally, in the
low temperature region 3 > (3, the mixing time is heavily influenced by the boundary condition:
recently, we proved that with the (4) (or, symmetrically, (—)) boundary condition, the mixing time
remains O(nlogn) throughout this region (and hence for all values of 3) [20]. This formalizes
the intuition that the boundary condition breaks the symmetry between the two phases at low
temperatures, thus eliminating the bottleneck and enabling rapid mixing.

The above discussion of the Ising model highlights two central issues in the study of the Glauber
dynamics for general models. Firstly, for which range of parameter values is the mixing time

3Throughout, a mixing time of O(n logn) hides constants that depend only on the potentials and on the degree b.

“This second critical value 51 has other interpretations in terms of extremality of the Gibbs measure and the threshold
for noisy data transmission on the tree [8].



“optimal” (i.e., O(nlogn)) for arbitrary boundary conditions? In particular, does this range extend
throughout the region of uniqueness of the Gibbs measure, and even beyond (as it does for the
Ising model on trees)?® And secondly, for parameter values outside this range, are there natural
boundary conditions for which the mixing time is still optimal?

In this paper we present a unified framework for answering such questions for general spin
systems on trees. The framework is adapted and extended from our earlier paper [20] on the Ising
model, where we bound the log-Sobolev constant (and hence the mixing time) in terms of two
simple quantities derived from the Gibbs measure, leading to a clean criterion for O(n log n) mixing
time.® These two quantities, which we call x and +, measure the rate of “disagreement percolation”
down and up the tree respectively. Using this framework, we are able to substantially extend the
range of parameter values for which O(nlogn) mixing time is known for the models described
above, and to explicitly relate this to properties of the Gibbs measure. In the case of specific
boundaries, these are apparently the first results of this kind for any of these models. Beyond
providing new results for particular models, our goal is also to demonstrate the wide applicability
of our framework.

1.3 Our results

In this subsection we state our results and explain how they relate to previous work.

The Ising model
Our results for this model were outlined above, and formally read as follows:

Theorem 1.1 For the Ising model on the n-vertex b-ary tree, the mixing time of the Glauber dynamics
is O(nlogn) in both of the following situations:

(i) the boundary condition is arbitrary, and either 3 < (31 or |h| > h.(0).
(ii) the boundary condition is all-(+) (or all-(—)), and (3, h) are arbitrary.

This theorem was proved in our recent paper [20]. However, as a convenient starting point for our
other results, we recapitulate the relevant calculations in Section 4 of the present paper.

The hard-core model (independent sets)

The Glauber dynamics for the hard-core model on trees is known to have mixing time polynomial
in n at all activities A > 0 with arbitrary boundaries [13]. Moreover, a rather general result of Luby
and Vigoda [16, 29] ensures a mixing time of O(nlogn) when \ < %, with arbitrary boundaries.
This latter result actually holds for any graph G of maximum degree b + 1.

In this paper, we prove results for the hard-core model that mirror those stated above for the
Ising model. First, we show that the mixing time is O(n logn) for all activities A < )¢ (and indeed
beyond), with arbitrary boundary conditions. Second, for the even (or odd) boundary condition,
we get the same result for all activities \:

Theorem 1.2 For the hard-core model on the n-vertex b-ary tree, the mixing time of the Glauber
dynamics is O(nlogn) in both of the following situations:

>Far into the uniqueness region — e.g., for the Ising model at very high temperatures — it is easy to see using the
Dobrushin Uniqueness Condition that the mixing time is O(n logn) (see, e.g., [30]).

®A recent paper of Jerrum et al. [13] provides alternative tools based on decomposition ideas for bounding the log-
Sobolev constant; those tools work in much more general settings, but give weaker bounds than ours for the scenarios
discussed in this paper. In particular, it seems unlikely that those methods are sensitive enough to isolate the regime
where the mixing time is O(nlogn).
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(i) the boundary condition is arbitrary, and A < max { (m> -1, ﬁ}’

(ii) the boundary condition is even (or odd), and X > 0 is arbitrary.

Part (ii) of this theorem is analogous to our earlier result that the mixing time for the Ising
model with (+)-boundary is O(nlogn) at all temperatures. This is in line with the intuition that
the even boundary eliminates the only bottleneck in the dynamics. Part (i) identifies a region in
which the mixing time is insensitive to the boundary condition. We would expect this to hold
throughout the low-activity region A < )\, and indeed, by analogy with the Ising model, also in
some intermediate region beyond this. Note that the quantity (ZJ_F—i)z — 1 exceeds \g forall b > 2,
so we do indeed get O(nlogn) mixing time throughout the low-activity region and beyond.” To
the best of our knowledge this is the first such result. (Note that the result of [16, 29] mentioned
earlier establishes O(nlogn) mixing time only for A < bf—l, which is less than A for all b and so
does not even cover the whole uniqueness region.) Moreover, for b > 12 the quantity ﬁ exceeds

(%)2 — 1, so the former determines the range of A in part (i) for large b; and since this quantity
grows as @(%) compared to the @(%) growth of )\, our region extends significantly beyond )\, for

large b. We also mention that our analysis in this region has consequences for the infinite volume
Gibbs measure itself, implying that, in the range of A\ specified in part (i), any Gibbs measure
that is the limit of finite Gibbs distributions for some fixed boundary configuration is extremal,
again a new result. (The extremality result follows from the fact that our criterion for O(nlogn)
mixing time based on x and v also implies exponential decay of point-to-set correlations in the
Gibbs distribution. See our earlier paper [20] for details.) For results on extremality with specific
boundary conditions, see [5, 18] and Section 9 of the present paper.

General two-spin systems

Since our results for the Ising and hard-core models have a lot in common, it is natural to ask
whether these results are instances of a more general phenomenon for systems on trees. Indeed
they are: the fact that the mixing time is O(nlogn) both uniformly in the boundary condition
throughout the uniqueness regime, and for a constant boundary condition (e.g., all-(+) or all
even®) for all values of the parameters of the model, holds for any spin system whose spin space S
consists of two spin values.

Theorem 1.3 For any two-spin system (given by potentials U and W) the following holds:

(i) if the system admits a unique Gibbs measure then the mixing time of the Glauber dynamics is
O(nlogn), uniformly in the boundary condition;

(ii) for the two constant boundary conditions, the mixing time is O(nlogn).

The (ferromagnetic) Potts model

Little is known about the Glauber dynamics for the Potts model on trees, beyond the facts that
the mixing time is O(n log n) for arbitrary boundaries at very high temperatures (by the Dobrushin
Uniqueness Condition), and is Q(n!*¢) for some boundaries at very low temperatures (combining
results in [2, 23]). In this paper, we prove:

7For example, for b = 2 the result holds for all A\ < 8, while \¢ = 4; and for b = 3 it holds for A < 3, while A ~ 1.69.

8Although the all-even condition is not strictly speaking constant, it is constant on the leaves at any specific depth.
Thus, running the Glauber dynamics with a constant boundary is essentially the same as running it with the all-even (or
all-odd) boundary.



Theorem 1.4 The mixing time of the Glauber dynamics for the Potts model on an n-vertex b-ary tree
is O(nlogn) in all of the following situations:

(i) the boundary condition is arbitrary and 3 < max { Bo, %ln(%)};

(ii) the boundary condition is constant (e.g., all sites on the boundary have spin 1) and (3 is arbitrary;

(iii) the boundary condition is free (i.e., the boundary spins are unconstrained) and 3 < (31, where [3;
. . . 261 _ 261 _
is the solution to the equation —5——1- . &£21=1 — 1

ePlyq—1 ePiy1 _ b°

Part (i) of this theorem shows that we get O(nlogn) mixing time for arbitrary boundaries

throughout the uniqueness region; also, since %ln(%) > %ln(bﬁil) > Bp when ¢ < 2(v/b + 1),
this result extends into the multiple phase region for many combinations of b and ¢. Part (ii) of
the theorem is an analog of our earlier result that the mixing time of the Ising model with (+)-
boundaries is O(nlogn) at all temperatures. Part (iii) is of interest for two reasons. First, since
B1 > Py always, it exhibits a natural boundary condition under which the mixing time is O(nlogn)
beyond the uniqueness region (but not for arbitrary 3) for all combinations of b and ¢. Second,
because of an intimate connection between the free boundary case and so-called “reconstruction
problems” on trees (see below), we obtain an alternative proof of the best known value of the noise
parameter under which reconstruction is impossible [23]. As we observe later, a slight strengthen-
ing of part (iii) marginally improves on this threshold.

The antiferromagnetic Potts model (colorings)

The sharpest result known for the Glauber dynamics on colorings is due to Vigoda [28], who shows
that for arbitrary boundary conditions the mixing time is O(nlogn) provided ¢ > %(b + 1). This
result actually holds not only for trees but for any n-vertex graph G of maximum degree b + 1.
For graphs of large maximum degree and girth at least 6, this range was recently improved [7] to
q > max {1.49(b + 1), qo}, where o is an absolute constant.’ In this paper, we extend this rapid
mixing result throughout the uniqueness region, except for the “critical” value ¢ = b + 2.

Theorem 1.5 The mixing time of the Glauber dynamics for colorings on the n-vertex b-ary tree is
O(nlogn) for arbitrary boundary conditions and ¢ > b + 3.

Note that this result is optimal: when ¢ = b+ 2, it is not too hard to construct boundary conditions
under which the Glauber dynamics is not connected. (See Section 7 for a discussion.)

Reconstruction problems on trees
Our final sequence of results is concerned not with the dynamics but with a quite different topic
known as “reconstruction problems.” Here the tree is viewed as a noisy communication network
in which a value is transmitted from the root to all other nodes along the edges, with a certain
probability of error in the value transmitted on each edge. These error probabilities (or “channel
parameters”) are the same for all edges, and errors on different edges are independent. The ques-
tion is: for what values of the error probabilities can the value sent by the root be reconstructed
from the values at a level far below? Reconstruction problems on trees have been widely studied
in both genetics and communication theory; see, e.g., [22] for a survey.

The connection with our main results is the following. Firstly, via a standard transformation
it is straightforward to relate the reconstruction problem to an associated spin system, where the

°A recent sequence of papers [6, 21, 11] have reduced the required number of colors further for general graphs,
under the assumption that the maximum degree is Q(log n). The current state of the art requires ¢ > (1 + €)(b + 1), for
arbitrarily small € > 0 [12], but these results do not apply in our setting where the degree b + 1 is fixed.

6



potentials are determined by the error probabilities on the edges. Reconstruction is then possible
only if there is significant correlation between the value at the root and the values at the leaves
in the Gibbs measure for this spin system (with free boundary). (More technically, impossibility of
reconstruction corresponds precisely to the free Gibbs measure being extremal.) Our criterion for
O(nlogn) mixing time of the Glauber dynamics, based on the quantities x and v mentioned earlier,
in fact also implies a decay of correlations between the values at the root and leaves of a tree as
the depth of the tree tends to infinity. Thus, we can use exactly the same technology in order to
obtain ranges of values of the error parameters for which reconstruction is impossible. We do this
in Section 9 for several popular error models, including general binary channels and symmetric
multi-channels, and thus obtain simpler proofs of known thresholds for reconstruction. Moreovet,
for the symmetric multi-channel (for which the associated spin system is the Potts model), we are
able to obtain a slight improvement over known bounds. For further background on reconstruction
problems and precise statements of our results, the reader is referred to Section 9.

The remainder of the paper is organized as follows. After some basic definitions in Section 2, in
Section 3 we extend the analytic framework from our previous paper to general spin systems on
trees, defining the quantities x and ~ and relating them to the mixing time. Then in Sections 5,
6, 7 and 8 we specialize the analysis to the hard-core, general two-spin, colorings and Potts mod-
els respectively. Finally, we discuss the application of our results to reconstruction problems in
Section 9.

2 Preliminaries

For b > 2, let T® denote the infinite rooted b-ary tree (in which every vertex has b children). We
will be concerned with finite complete subtrees 7 that are initial portions of T?, i.e., share the same
root; if T has depth m then it has n = (b™*1—1)/(b—1) vertices, and its boundary 9T consists of the
children (in T?) of its leaves, i.e., |0T| = b™*!. We identify subgraphs of T with their vertex sets,
and write E(A) for the edges within a subset A, and 9 A for the boundary of A (i.e., the neighbors
of Ain (TUOT) \ A).

Consider a spin system on 7" specified by spin values S, pair potential U and singleton poten-
tial W as in the Introduction. Let 7 € ST be a spin configuration on the infinite tree T°. We denote
by Q7. the set of configurations o € STY9T that agree with 7 on 97T’; i.e., 7 specifies a boundary
condition on T'. The spin at z is denoted o,. For any n € QF. and any subset A C T, the Gibbs
distribution on A conditional on the configuration outside A being 7 is denoted 1" and is defined
as follows: if o € (2 agrees with n outside A then

Wy(0) x exp|=( - Ulowsoy) + > Wian)]: @)

zy€E(AUOA) x€A

otherwise, 1y (0) = 0. In particular, when A = T, u). = p7. is simply the Gibbs distribution on
the whole of T" with boundary condition 7. We will assume that 1" is well defined (i.e., that the
expression in (1) is positive for at least one o) for every A, 7 and 7 (even when uf.(n) = 0);
we call the spin system permissive in this case. (Note that this is an issue only for systems with
hard constraints; of the examples considered in this paper only the colorings model may not be
permissive. However, it is easy to verify that this model too is permissive if the number of colors
is ¢ > b+ 2.) We usually abbreviate Q7. and x7, to 2 and 1 respectively. When there are hard
constraints (i.e., U(s1,s2) = oo for some s1, s9) we remove invalid configurations (i.e., those for
which p(o) = 0) from Q.



The (heat-bath) Glauber dynamics is the following Markov chain on 2 = QF.. In configura-
tion 7 € (2, transitions are made as follows:

(i) pick a vertex € T u.a.r,, and a spin value s chosen from the distribution of the spin at x
conditional on the spins of its neighbors (i.e., s has the distribution of the spin at z in ,u?x}) ;

(i) go to configuration n** obtained from 7 by setting the spin at z to s.

A minor technicality we need to consider is whether the dynamics is connected or not; i.e., whether
for any pair of configurations with non-zero probabilities in the Gibbs distribution, there is a fi-
nite sequence of transitions (with non-zero probabilities) from one configuration to the other. Our
framework will require that for the spin system under consideration the dynamics is connected on
any finite region with any boundary condition. We say that a spin system is universally connected if
it satisfies the above condition. (Notice again that this is an issue only for systems with hard con-
straints. Also, among the specific systems we consider, the only one which may not be universally
connected is the colorings model with insufficiently many colors. However, it is not too difficult to
verify that the colorings model with ¢ > b + 3 colors is universally connected.)

Assuming connectedness, it is a well-known fact (and easily checked) that the Glauber dynamics
is ergodic and reversible w.r.t. the Gibbs distribution 1 = p7,, and so converges to the stationary
distribution ;. We measure the rate of convergence by the mixing time:

tmix = min{t : |[PY(o,-) — pf| < & for all o € Q}, (2)

where P!(o,-) denotes the distribution of the dynamics after ¢ steps starting from configuration o,
and || - || is variation distance. (The constant 5= in this definition is for algebraic convenience only.)

When we say that the mixing time of the Glauber dynamics is O(nlogn) for some boundary
condition 7, we mean that for all finite 7', the mixing time for p7. is < cnlogn for a constant c that
depends only on b and the potentials.

3 A criterion for O(n log n) mixing time

In [20] we developed a criterion for O(n log n) mixing time of the Glauber dynamics on trees, and
used it to analyze the Ising model both for arbitrary boundary conditions and in the important
special case of (+)-boundaries. This criterion generalizes immediately to arbitrary spin systems, as
we describe in this section along with some useful extensions.

The key ingredients are two quantities, which we call x and ~, that bound the rate of percolation
of disagreements down and up the tree respectively. Both are properties of the collection of Gibbs
distributions {u7.}, where the boundary condition 7 is fixed and 7" ranges over all initial finite
complete subtrees of T. To define x and v we need a little notation. For a given initial complete
subtree T of T® and a vertex x € T, write T, for the (maximal) subtree of T rooted at z, i.e.,
T, contains = and all the vertices in 7' that are below x. When z is not the root of T, let u7.
denote the Gibbs distribution in which the parent of z has its spin fixed to s and the configuration
on the bottom boundary of T, is specified by = (the global boundary condition on 7°).1° For two
distributions j1, pe on €, ||y — usl|. denotes the variation distance between the projections of 1
and y onto the spin at z, i.e., [|u1 — polls = 33 s |H1(0z = 8) — p2(0, = s)|. Recall that > is
the configuration »n with the spin at z set to s.

1%We do not specify the configuration in the rest of 7'\ T} as it has no influence on the distribution inside 7}, once the
spin at the parent of x is fixed.



Definition 3.1 For a collection of Gibbs distributions {u}.} as above, define k = xk({p}}) and v =
v({ur}) by

(i) & =supp max; s,/ H/‘i - N?Plz 23

(ii) v = supy max || //Ay’s - //Ay’s ||., where the maximum is taken over all subsets A C T, all config-
urations n, all sites y € OA, all neighbors z € A of y, and all spins s,s’ € S.

Remark: Note that  is the same as , except that the maximization is restricted to A = T, and the boundary
vertex y being the parent of z; hence always x < . Since x involves Gibbs distributions only on maximal
subtrees T, it may depend on the boundary condition 7 at the bottom of the tree. By contrast, v bounds
the worst-case probability of disagreement for an arbitrary subset A and arbitrary boundary configuration
around A, and hence depends only on the potentials of the system and not on 7. It is the dependence of x
on 7 that opens up the possibility of an analysis that is specific to the boundary condition.

The intuition for these definitions comes from the following claim, which relates » and ~ to the
rate of disagreement percolation in the tree. For any T" and site x € T, write T, for T, \ {z}, the
subtree T, excluding its root, and ,u~ for the Gibbs distribution when the spin at x is fixed to s.

Also, for ¢ < height(x) + 1 write B, ¢ “for the subtree (or “block”) of height ¢ — 1 rooted at z (i.e.,
B, ¢ has (¢ levels). For two conﬁguratlons 0,0’ € Q,let |0 — 0’|, denote the number of sites ¢ levels
below z (i.e., on the bottom boundary of B, ) at which ¢ and ¢’ differ. Note that |0 — /| < be.

Claim 3.2 For every x € T and all ¢ < height(z) + 1 the following hold:

(i) For dll s, s/, there is a coupling v = v>* of piz- and ,u;;u for which E, |0 — o’|,., < (kb)".

(ii) Foranyn,n € Q that have the same spin value at the parent of z, |1}, , —,ugw Nz < Yo =10

The proof of this claim was given for the Ising model in our previous paper [20]. The proof for
general models is essentially the same; we present it here for completeness and in order to better
illustrate the definitions of x and ~.

Proof of Claim 3.2: The proof makes use of a standard recursive coupling along paths in the
tree (as in, e.g., [2]). We start with part (i), i.e., constructing a coupling v;'"** of ,ufi and ,zﬁ%

such that E, |0 — /|, < (kb)’. Since the underlying graph is a tree, we can couple ,ui and ,u

recursively. This goes as follows. First, given the spin at x the distributions on 7, (where z ranges
over the children of z) are all independent of each other, so we can couple the projections on
the T.’s independently. We couple the two projections on 7, by first coupling the spin at z using
the optimal coupling (the one that achieves the variation distance) of the marginal distributions on
the spin at z. Thus, the spins at z disagree with probability at most x. Once a coupled pair of spins
at z is chosen, we continue as follows: if the spins at z agree then we can make the configurations
in T, equal with probability 1 (because the two boundary conditions are the same); if the spins at =z

! !
differ, say the first is s} and the second is s/, then we recursively couple u;l and ,u;% (i.e., using

the coupling v:"2). We let v = v3"** be the resulting coupling of x*L and p2!, and notice that
pling g pling or /iz M

Ey|o — 0’|, < (kb)* since for every site y at distance ¢ below z the probability that the two coupled
spins at y disagree is at most ‘. This completes the proof of part (i).

Moving on to part (ii), by writing a telescopic sum and applying the triangle inequality we get
that

(i— 1) (©)
H/’LBQLZ /’LBJL[HSU — Z” T T HSU ’
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w
Figure 1: Coupling up the tree: given a path of disagreement from w to y, a coupled spin at z is
chosen from a coupling of the conditional distributions on A, where A is B, ; with the path from w
to y excluded.

where d = |7 — 7'|,, and the sequence of configurations () is a site-by-site interpolation of the
differences between 7 and 7’ on the bottom boundary of B. (It suffices to interpolate only over the
differences on the bottom boundary since the distribution x; , depends only on the configuration
in 0B, ¢ and since T and 7’ agree on the parent of z.) 7

It is now enough to show that for every site w on the bottom boundary of B, any 7, and every
s1,80 € S, lup Tt — ug“;’? |l <+, where we recall that 7%>* denotes the configuration T with the
spin at w set to s. This, however, follows by a coupling argument as before, where this time we
couple recursively along the path from w to = (i.e., up the tree). Specifically, suppose by induction
that in our coupling there is already a path of disagreement going from w to y, where y is some site
on the path from w to z. Let z denote the parent of y. At the next step we choose a coupled pair
of spins at z from the two distributions ., and p’7, where the subset A is B, , excluding the path
from w to y (see Figure 1), and the configurations 71, 7, are equal to T except that the configuration
along the path from w to y is that chosen by the previous steps of the recursion, in each copy
respectively. Notice, however, that once the spin at y is fixed, the rest of the configuration on the
path from w to y has no influence on the distribution of the spin at z. Therefore, w.l.o.g. we can
assume that the coupled pair of spins at z is chosen from the distributions ufqy’s,l and ,ugy’sé (using
an optimal coupling for the projections onto the spin at z), where (s, s5) is the pair of spins at y
chosen in the previous step of the recursion. Thus, the probability of disagreement at z given the

Y 5’ Y ,Sl SR . . .
disagreement at y is ||z " — 7 |- < v, by definition of . Now, if the resulting spins at z
agree then the spins on the rest of the path to x are coupled to agree with certainty, while if there
is a disagreement at z we continue recursively starting from the disagreement at z. We therefore

conclude that the probability of disagreement at z in the resulting coupling of ,uTB“;’;l and ME:?

is v*, as required. 0

We now state a theorem that will be our main analytical tool. The theorem gives a sufficient
condition for O(n logn) mixing time in terms of the quantities x and ~.

Theorem 3.3 Consider an arbitrary (permissive and universally connected) spin system and a bound-
ary condition T (a configuration on T%). If k = k({u%}) and v = v({1}}) satisfy max{yxb,v} < 1
then the mixing time of the associated Glauber dynamics is O(n logn).

Proof: The theorem was already proved for the Ising model in our previous paper [20]. The ideas

10



used there are easily translated to the general framework, and a detailed proof for the general case
can be found in Chapter 5 of the PhD thesis of the third author [31]. Specifically, Theorem 5.6
in [31] establishes that under the above conditions on « and ~, the logarithmic Sobolev constant
of the dynamics is Q(%)“. By standard facts relating the log-Sobolev constant to the mixing time,
(see, e.g., [26]) this implies that the mixing time is O(n logn). O

Theorem 3.3 tells us that, to prove O(nlogn) mixing time, it is enough to estimate the quanti-
ties k and ~ for the spin system and boundary condition in question. As we shall see, this can be
done using calculations specific to the situation at hand. In [20] we carried out these calculations
for the Ising model with various boundary conditions; our goal in this paper is to perform analogous
calculations for some other important models, thus demonstrating the utility of the approach.

For some of these other models, we will require two minor but useful generalizations of the
above framework, which we now describe. Both generalizations stem from the observation that
the role of the definitions of x and ~ is to obtain the bounds on disagreement percolation stated in
Claim 3.2. In fact, in Theorem 3.3 we can replace ~ and ~ by any two values ' and ' for which
the upper bounds in parts (i) and (ii) of Claim 3.2 are O((x'b)%) and O((y/)* - |n—n'|..¢) respectively
(where the O( - ) hides constants independent of /). The proof of Theorem 3.3, which relies on the
bounds on disagreement percolation stated in Claim 3.2, is easily seen to go through when these
bounds are relaxed as above. (See [31, Section 5.2.3] for details.)

Our first generalization (which will be particularly useful for “non-attractive” systems, including
systems with hard constraints) is to consider two levels of the tree at a time, rather than a single
level as in Definition 3.1. Accordingly, define

sh st
ko =sup mae /et — it i, — s ©)
8175/1782785

where w < z denotes “w is a child of z.” In fact, we may restrict the maximization to sites z of even
(or odd) height. Similarly, define

nz,52

Y81 v,sh %55
Y2 = SlTlpmaX \/HNZ - ,“Zx [l H'U’A\{z} - /‘Zx\{z}Hw ) C))

where the maximum is over all subsets A C T, all configurations 7, all neighbors z € A of y,
all neighbors w € A of z, and all spins sy, s}, s2,s, € S. Note that clearly ko < x and v, < 7.
Now it is easy to see that the upper bound in Claim 3.2(i) for the probability of disagreement
percolating down the tree can be replaced by (k2)2(“/2~ D" = O((k2b)?). Similarly, we can replace
7% in the upper bound in Claim 3.2(ii) by O((2)%). We therefore get the following generalization
of Theorem 3.3:

Theorem 3.3’ In the setting of Theorem 3.3, if ko and ~yo satisfy max{~yskob,v2} < 1 then the mixing
time of the associated Glauber dynamics is O(nlogn).

Our second generalization exploits the fact that, when deriving the bound on upward percola-
tion in part (ii) of Claim 3.2, it is enough to control the probability of a disagreement percolating
upwards one level from y to z only when z is sufficiently far from the boundary and the root of B, ,.
Let 4 be defined in the same way as v, but with the maximization restricted to sets A that include

UNotice that in [31] what is referred to as c.ob is in fact the logarithmic Sobolev constant of the Glauber dynamics
scaled by a factor of n.
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the full subtree of depth d rooted at z under the orientation in which y is the parent of z; here d
is an implicit parameter whose value may change from model to model, but will in each case be a
constant independent of the size of T'. Now, recall the recursive construction of the coupling in the
proof of part (ii) of Claim 3.2, and the subset A used in the inductive step for choosing a coupled
spin at z given a disagreement at y (see Figure 1). It is easy to verify that, if z is at distance at
least d from the bottom and top boundaries of B, ;, then the subset A includes the full subtree of
depth d rooted at z under the orientation in which y is the parent of z. Therefore for such z, the
probability of disagreement percolating one level upwards to z is bounded by 7. Thus it is easy to
modify the proof of Claim 3.2 so that the factor ~* in part (ii) is replaced by 724 = O(7%).

Similarly, we define k as before but with the maximization restricted to z that are at distance at
least d from the boundary of 7. Whenever we use 7, we will also use x with the same value of d so
that we still have Kk < 7. This leads to our second generalization of Theorem 3.3:

Theorem 3.3" In the setting of Theorem 3.3, if k and 7 satisfy max{yxb,7} < 1 then the mixing
time of the associated Glauber dynamics is O(nlogn).

4 The Ising model

In this section we will prove that the mixing time of the Glauber dynamics for the Ising model is
O(nlogn) in all the situations covered by Theorem 1.1. Although we already proved this in [20],
we repeat the proof here, in slightly modified form, in order to illustrate ideas that will be used in
the proofs for other models in subsequent sections.

In light of Theorem 3.3, in order to show O(nlogn) mixing time it is enough to bound the
quantities x and ~y such that max {ykb,~} < 1, where x and ~ can also be replaced by their variants
as explained in Section 3. Thus, Theorem 1.1 will follow from the bounds on x and  given in
Theorem 4.1 below. Recall that v = v({x}.}) depends only on the potentials of the system, while
x = k({p]}) may also depend on the boundary condition .

Theorem 4.1 Consider the Ising model at inverse temperature (3 and external field h. Then:
. BB
(1) fOT' all (ﬁ, h), Y S m;
(i) if (B,h) are such that the Gibbs measure is unique (ie., 5 < [y or |h| > h.(3)) then for
every ¢ > ( there exists a large enough d such that 7 < % + ¢, where d is the implicit constant
in 7;

(iii) for 7 the all-(+) boundary configuration, if (3, h) are such that the Gibbs measure is not unique
(ie., 3> By and |h| < he(B3)) then k = k({u7}) < 1.

Before proving Theorem 4.1, we first explain how to deduce Theorem 1.1 from it. We start
with part (i) of Theorem 1.1, which considers arbitrary boundary conditions and high or interme-
diate temperature or large external field. Recall that x < ~ for all boundary conditions. Thus,

max {yxb,y} < 1 for all boundary conditions provided that v < -1 . However, using part (i) of

Vb
Theorem 4.1, we see that this is the case for all § < %iﬁgﬁfg, i.e., for all 8 < 1, completing the

proof for high and intermediate temperatures. The result for super-critical external field |h| > h.(53)
follows immediately from part (ii) of Theorem 4.1 by applying Theorem 3.3”, once we recall that
k < 7 for all boundary conditions. We go on to part (ii) of Theorem 1.1, where the boundary condi-
tion is all-(+). Notice that the regime in which the Gibbs measure is unique is covered (for arbitrary
boundary conditions) by part (i) of Theorem 1.1. For the regime in which the Gibbs measure is not
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unique, part (ii) of Theorem 1.1 follows immediately from part (iii) of Theorem 4.1, together with
the fact that v < 1 for all # < oo, which is apparent from part (i) of the same theorem.

Proof of Theorem 4.1: To bound x and , we need to bound a quantity of the form || sz,+ — ,uzy’f Il2,
where y € 0A and 2z € A is a neighbor of y. The key observation is that this quantity can be
expressed very cleanly in terms of the “magnetization” at z, i.e., the ratio of probabilities of a (—)-
spin and a (+)-spin at z. It will actually be convenient to work with the magnetization without the
influence of the neighbor y: to this end, we let //Ay’* denote the Gibbs distribution with boundary
condition 7, except that the spin at y is free (or equivalently, the edge connecting z to y is erased).
We then have:

Proposition 4.2 For any subset A C T, any boundary configuration n, any site y € 0A and any

neighbor z € A of y, we have
nyHr

v
ey —wlh Il = Ka(R),
y,*

1 or=—) . . . . . .
where R = % is the magnetization at z and the function Kpg is defined by
M Oz=

1 1
e26a4+1 e28ag+1°

Kp(a) =

Proof: First, w.l.o.g. we may assume that the edge between y and z is the only one connecting y
to A; this is because a tree has no cycles, so once the spin at y is fixed A decomposes into disjoint

. . Y,+ P Y, * _
components that are independent. We abbreviate qu‘y , ,uzy and qu‘y to u, iy and p respec-

. o+ - _ * (g y—e .
tively. Thus ||\ — u\ ||l = |uk (0. = +) — p(0. = +)|, and R = % We write RT for

+ =— aoz=— . . . .
% and R~ for % Now, since adding an edge to » whose other endpoint is fixed to
A\0z= A\0z=
(4+) amounts to multiplying the weight of all configurations whose spin at z is (+) by a factor of
¢” and those with (—) at z by a factor of e=?, we have Rt = ¢~2°R. Similarly, R~ = ¢?’R. The

proposition now follows once we notice that, by definition of R™ and R, ujg(az =4) and

palos =+) = R71+1' u

_ 1
~ Rt+1

Now it is easy to check that Kz(a) is an increasing function in the interval [0, 1], decreasing in
the interval [1, oc], and is maximized at a = 1. Therefore, we can always bound « and ~ from above
by Ksz(1) = %' Indeed, for v we must make do with this crude bound because we cannot rule
out the possibility that R = 1 when the subset A and the boundary configuration » are arbitrary,
and this completes the proof of part (i) of Theorem 4.1. However, for ¥ and x we only have to
consider restricted scenarios (either because A includes a deep enough full subtree in the case of
7, or because the boundary condition is specific in the case of ), and as we shall see below, we get
better bounds for these quantities by calculating the magnetization R in the relevant scenarios.

Before giving the details of this calculation, we make the following two remarks regarding 7.
First recall that, in order to bound 7, we need to consider an arbitrary subset A that includes a
deep enough subtree B rooted at z and an arbitrary boundary condition outside A. Now, notice
that the Gibbs distribution on A is a convex combination of n% as o varies. Thus, if we establish
that the magnetization R at z for the subtree B with an arbitrary boundary condition is at least a;
and at most ag, then this immediately implies the same for the subset A. The second point we
wish to make is that the Ising model is monotone, i.e., by changing spins on the boundary from (+)
to (—) the magnetization R = % can only increase. Therefore, in order to establish upper
and lower bounds on the magnetization for arbitrary boundary conditions, it is enough to bound
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the magnetization for the all-(+) and all-(—) configurations respectively. We thus concentrate
on calculating the magnetization at the root of full subtrees when the boundary condition at the
bottom of the subtree is either all-(+) or all-(—). Notice also that a full subtree with the all-(+)
boundary is exactly what we need to consider in order to bound « in part (iii) of Theorem 4.1.

4.1 Arecursive calculation of the magnetization at the root of full subtrees

— ploz=-)
p(o'z:“l‘)

Fix a boundary configuration 7, and for a site z with parent y let R, ,
1., (). (f 2 is the root of T then p(-) = up_,(-).)

We now describe a recursive calculation of the magnetization R, ,, the details of which (up to
change of variables) can be found in [1] or [3]. Recall that = < z denotes that x is a child of z. A
simple direct calculation gives that R, , = e 2" ], F(R,_1), where F(a) = Fs(a) = %.
In particular, if 7 is the all-(+) configuration (i.e., R, = 0 for all ) then R, ; = e~ 2°"[F(0)]’. We
let F(c0) = ¢?P and notice that indeed, if 7 is the all-(—) configuration (i.e., Ry 0 = oo for all 2),
then R, ; = e 2%"[F(c0)]’. From here onwards we limit our attention to the all-(+) and all-(—)
boundary conditions. We thus define

, where p(-) =

J(a) = Jpp(a) = e " [F(a)]’ (5)

and observe that R, equals J)(0) and J*)(c0) for  all-(+) and all-(—) respectively, where .J(*)
stands for the ¢-fold composition of J.

Now that we have expressed the magnetization in terms of the function J, our next step is
relating J to the function K3 in Proposition 4.2, which expresses the total variation distance in
terms of the magnetization. To begin, let us describe some properties of J that we shall use (refer to
Fig. 2). First, .J is continuous and increasing on [0, o), with .J(0) = ¢=2%(*+%) > ( and sup, J(a) =
e 28(h=b) < o0, This immediately implies that .J has at least one fixed point in [0,00). In fact,
whether J has one or more fixed points corresponds exactly to whether the Gibbs measure (for
the same values of 4 and h) is unique or not. This is because the Gibbs measure is unique if and
only if the magnetization at the root of the tree of depth ¢ converges with ¢ to the same value
conditioned on the all-(+) and all-(—) boundary configurations respectively. We denote by a( the
least fixed point of J. Then, since J(0) > 0, we have J'(ap) < 1, where J'(a) = 8;{)_(;) is the
derivative of J. In particular, when the Gibbs measure is unique, the derivative at the unique fixed
point ag is < 1. We also observe that J has a single point of inflection a,, i.e., the derivative J’ is
monotonically increasing on [0, a.) and decreasing on [a., o0) for some a, € RT. (This follows from
the fact that the equation J”(a) = 0 has a unique solution, as can be verified by straightforward
calculus). Therefore, J can have at most three fixed points, and furthermore, if it has two or three
fixed points, then necessarily a. > ay, i.e., J'(a) < J'(ag) < 1 for a € [0, ag].

The relevance of the derivative J’ and the fixed point aq to the discussion here is made clear by
the following lemma.

Lemma 4.3 For every a € R, Kg(a) = § - 7% - J'(a).
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Figure 2: Curve of the function J(a), used in the proof of Theorem 4.1, for 8 > [, and various
values of the external field h. (i) h < —h; (i) h = —h.(0); (i) he(8) > h > —h.(5). The point ag
is the smallest fixed point of .J.

Proof: From the definitions of J and F' we have:

J'(a) =e 2" b [F(a) " F'(a)

b J(a)- 1;((;1))
:b.J(a) a[ LoV

a (a+ e 28)(e=2Pa+1)
~b- J(aa) ‘Kgla). O

We are now ready to complete the proof of the bounds on 4 and « given in parts (ii) and (iii)
of Theorem 4.1.

4.2 Bounding 7 when the Gibbs measure is unique

When the Gibbs measure is unique, the magnetization R, , converges with ¢ to the unique fixed
point ag of J, for which J'(ap) < 1, and thus Kpg(ag) < % by Lemma 4.3. We now observe
that since qq is the unique fixed point, for every ¢’ > 0 there exists a large enough d such that
R.q > ap — €' for the all-(+) boundary condition, and R, < ag + ¢’ for the all-(—) boundary
condition. As explained above, this means that for any subset A that includes the full subtree of
depth d rooted at z, and with arbitrary boundary condition outside A, the relevant magnetization
R, € |ag — €', ap + €']. (From here onwards we write R, for the magnetization R at z as defined in
Proposition 4.2, where the subset A, the boundary condition 7, and the neighbor y of = are clear
from the context.) Now, since K3(a) is continuous in a, we deduce that K3(R.) < § + ¢ for some ¢
that depends on ¢'. In particular, when the Gibbs measure is unique, for every ¢ > 0 there exists a
large enough d such that 7 < % + e. This concludes the proof of part (ii) of Theorem 4.1.

4.3 Bounding ~ for the (+)-boundary condition when the Gibbs measure is not
unique

We now assume that 7 (the global boundary configuration) is all-(+) and consider (3, k) such that

the Gibbs measure is not unique, i.e., 3 > 5 and |h| < h.(5). As we shall see below, the property
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of this regime that we use here is that J has at least two fixed points, and therefore .J'(a) < 1 for
ac [0, CL()].
To calculate x, we need to bound the variation distance ||,u£ — pur, |l2» which by Proposition 4.2

is equal to K3(R.), where R, = % and % is the Gibbs distribution over the subtree T,
T, \92= z

when it is disconnected from the rest of 7' and the spins on its bottom boundary agree with 7. Now,
since 7 is all-(+), then R, = J(0), where ¢ is the distance of z from the bottom boundary of 7'
We thus have x = supy max,cr Kg(R.) = supy>y Ks(J9(0)).

Since J is monotonically increasing and aq is the least fixed point of J, then clearly J©)(0)
converges to ag from below, i.e., J©)(0) < ay for all £. Now by applying Lemma 4.3, since .J'(a) < 1
for a € [0,a0] in the non-uniqueness regime, and since .J(a) > a for the same a, K3(J)(0)) =

3 % - J'(J®(0)) < 1 for all £. This completes the proof of part (iii) of Theorem 4.1. O

Remark: We note that in fact k < % for 8 < By (and arbitrary h) as well. This follows from the fact
that v < gﬁ;gjﬁ < ; in this regime. We also note that & < § + ¢ throughout the uniqueness regime, as is
apparent from part (i) of the above theorem. Indeed, the only obstacle to proving x < % with the all-(+4)
boundary for all (3, h) is that for 3 < By and h < —h.(3), the derivative J'(J()(0)) > 1 for some ¢ (see
Figure 2). Notice, however, that this derivative converges with ¢ to a value not larger than 1. (This was used
for proving 7 < % + ¢ in this regime.)

5 The hard-core model (independent sets)

In this section, we will prove that the mixing time of the Glauber dynamics for sampling indepen-
dent sets is O(n logn) in all the scenarios covered by Theorem 1.2. Again, we appeal to our general
framework in Theorem 3.3 and its variants to deduce Theorem 1.2 from:

Theorem 5.1 For the hard-core model with activity parameter \:

(iii) for T the 0-boundary condition (i.e., all sites are unoccupied), if the Gibbs measure is not unique
(e, X > Xo) then ko = rko({pf}) < ¢

Recall that x < ~, so from part (i) of this theorem we conclude that yxb < 1 when (1%\)2 < %,
1

- . iy VIZA-1 _ 1
—- Similarly, since ko < 79, part (ii) implies that v9x2b < 1 when ot < B
b+1

i.e., when A < m)z — 1. Part (i) of Theorem 1.2 now follows using Theorems 3.3 and 3.3/,
respectively. This also dispenses with part (ii) of Theorem 1.2 in the uniqueness regime A < )
(recall that (%)2 — 1 > )Xo for all b). Part (ii) in the non-uniqueness regime follows immediately
from part (iii) of Theorem 5.1, using Theorem 3.3’ and the fact that 75 < 1. (Note that analyzing
the 0-boundary for all depths of T" handles both odd and even boundary conditions.)

i.e., when \ <

5

Proof of Theorem 5.1: The proof uses similar ideas to those used in the proof of Theorem 4.1
for the Ising model. We start with a closer look at the variation distance we need to bound in

1 0 .
order to compute  and v, i.e., ||,u21y — qu‘y ||l., for some 7, A, z € A, and neighbor y € JA of z.
Now, from the definition of the hard-core model, in the first distribution the site z is unoccupied
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with certainty, and hence the variation distance between the two distributions at z is exactly the
probability that z is occupied in the second distribution (where y is unoccupied, or equivalently,
where the edge connecting y and z is removed). Let p, stand for this last probability. Formally;,

Iy = e = ) (0 = 1) = (6)
Our main goal in the rest of this proof is to bound the probability of occupation p,, either for all A
and all boundary configurations n (in the case of ) or for full subtrees A with the global boundary
condition 7 = 7 (in the case of k).

We start with the easy observation that, for any subset A, any boundary configuration n and any
site z € A, py(0. =1) < 14%» simply because the r.h.s. is the probability of z being occupied when
all its neighbors are unoccupied, and if one of its neighbors is occupied than z is unoccupied with
certainty. Using (6), we deduce that v < 1%\, which immediately gives part (i) of Theorem 5.1.
Part (ii) follows from a similar (though rather more involved) calculation bounding the product
of adjacent occupation probabilities, and part (iii) from a recursive calculation of the occupation
probabilities for the 0-boundary similar to the magnetization arguments for the Ising model given
in the previous section. We deal with each of these in a separate subsection below.

5.1 Bounding v,

Recall from the definition (4) that

Y,S ’UaSl Z,8 z,sl
’y% = sll}pmax ”,UZ = ,UZ ' ”z : HNZ\{QZ} - NZ\{i}”w = S%Pmaxpzpw, (7)
where p, is the occupation probability as defined earlier (for a given subset A and neighbor y of
z € A) and p,, is the analogous quantity for the subset A \ {z} and neighbor z of w € A\ {z}. Of
course, we could simply use the above bound on p, and p,, separately to deduce that v5 < 1%\, but
this gives no new information. We can do better by exploiting the fact that z and w cannot both be
occupied to obtain a tighter bound on the product p,p,,.
y,0
In what follows we abbreviate ,uZly to u, so that p, = u(o, = 1) and p,, = p(oy = 1o, = 0).
Now we have

bz = N(Uz = 1‘0'111 = O),U(O'w = 0) < HL/\O% (8)

where we have written « to denote ;(o,, = 0). On the other hand, using Bayes’ rule we have

p(o. = 0loy, = p(oy = 1)
p(o. = 0)
plow =1)
1- Y2
1 -«
1-— l%\a’
where in the last step we used (8). Substituting (8) and (9) into (7) we obtain

< 9

2 o Aa(l — a)
"= ap1+)\(1—a)'
Now for each A the function f)(«a) = % is a concave function of «, and it is easy to check
that it achieves its maximum at o = a), = % VI+A where it is equal to
Flan) Vi+A-1
aay) = —/—.
VI+A+1
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This yields the bound on ~; claimed in part (ii) of Theorem 5.1.

Remark: For the hard-core model, we have proved rapid mixing of the Glauber dynamics with arbitrary
boundary condition for A < \, where A > ), the critical value for uniqueness. However, unlike the anal-
ogous result for the Ising model (Theorem 1.1(i)) this value \ is not tight. Indeed, we note that the above
argument can clearly be tightened in several places (at least for some values of b): e.g., the sup over « can
be taken only over o > (1 + \)~!, which leads to a small improvement in the final bound. It remains an
intriguing open question to establish a sharp threshold for rapid mixing with arbitrary boundary condition
in the hard-core model.

5.2 Bounding « for the all-0 boundary when the Gibbs measure is not unique

We begin with a recursive calculation of the occupation probabilities p, in the situation where the
set A is the full subtree rooted at z. A similar calculation to the one we describe below can be found
in, e.g., [15]. As in the Ising model, we consider subtrees B, 4 (disconnected from the parent y of z,
or equivalently, with y unoccupied) and with a fixed boundary configuration . Let R, 4 = & -
stand for the ratio of probabilities that the site z is occupied and unoccupied respectively. A simple

calculation verifies that R, 4 = A ][, . (ﬁ) For any given value of A\, we thus define the

1 b
s@ = (13) (10

function

and observe that, when the boundary condition is all-O (respectively all-1), then R, 4 = J(@(0)
(respectively J(®(c0)). Notice, however, that unlike the case of the Ising model, here .J is mono-
tonically decreasing. Furthermore, since J(0) = A > 0, J has a unique fixed point for every \; we
denote this fixed point by ay = ag(\). We also note that the derivatives of J alternate signs (the
odd derivatives being negative). Now uniqueness of the Gibbs measure is equivalent to the fixed
point ay being attractive, i.e., the derivative J'(ag) > —1; indeed, when \ = ) is critical the deriva-
tive at a9 = ag(\g) is exactly —1. The equivalence between uniqueness of the Gibbs measure and
the attractiveness of a is better understood by considering the function Jy(a) = J®(a) = J(J(a)),
which corresponds to jumping two levels at a time. The main observation is that, since .J is mono-
tonically decreasing, J, must be monotonically increasing, and thus plays a similar role to that of J
in the Ising model.

Let us now further describe some properties of the function .J; (see Fig. 3), which can be verified
using simple calculus:

1. J, is continuous and increasing on [0, oo), with J2(0) = A/(1 4+ A\)® and sup,, Ja(a) = A.
2. ag (the unique fixed point of J) is a fixed point of .J5.

3. If the Gibbs measure is unique (i.e., A < )\g) then ag is the unique fixed point of J. If there
are multiple Gibbs measures (i.e., A > \g) then J; has three fixed points a; < ag < as, where
J(al) = a2 and J(ag) = aj.

4. The derivative Jj(a) = 8‘]82—5") is continuous. If aq is the unique fixed point of J» (the Gibbs

measure is unique) then J(ap) < 1. If there are three fixed points then Jj(ap) > 1, and
J(a) < 1fora € [0,aq].

It is now easy to see that, since J}(ag) = J'(ap)?, then indeed the Gibbs measure is unique if and
only if J'(ag) > —1.
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J,(2)

3 % % a

Figure 3: Curve of the function Js(a), used in the proof of Theorem 5.1, for A > A¢. The points
a1, ap, az are the fixed points of J; in increasing order.

Before we go on, we wish to further clarify the connection between the uniqueness of the Gibbs
measure and the uniqueness of the fixed point of .J,. First, notice that for odd-depth (respectively,
even-depth) trees, the probability of occupation at the root is monotonically decreasing (respec-
tively, increasing) in the boundary configuration. In particular, for both even and odd depths, the
all-0 and all-1 boundaries are the extreme boundary configurations, i.e., for all boundary condi-
tions the probability of occupation at the root is in the range delimited by the probabilities under
the all-0 and all-1 boundary conditions. Thus, when .J5 has a unique fixed point, the probability p,
of occupation at the root of even-depth trees converges with the depth of the tree to the same value
for all boundary configurations. This also means that p, converges to the above value in odd-depth
trees (uniformly in the boundary condition), because the limit for even-depth trees with the all-0
boundary is the same as the limit for odd-depth trees with the all-1 boundary, and vice versa.

With the above recursive calculation of p, at hand, we can now complete our argument for
bounding « in the case that the boundary condition 7 is set to all-O0 and A > )\, i.e, the Gibbs
measure is not unique. Recall from the definition (3) that

Ky = sup max e, = = - e, — 17, Nl = SUP IMAX Do,

where p, is the occupation probability of z in the full subtree rooted at z with boundary condition 7
at the leaves and the parent of z unoccupied (and p,, is defined similarly). Recall also that it
is enough to consider sites z whose height is odd. Now, since 7 is the all-0 configuration, then
lf; -=R,=J )(0), where ¢ is the distance of z from the bottom boundary of 7. Now, by letting
K(R) = HLR (i.e., K translates the ratio R = % to p), we see that for w at distance 2¢ from the
bottom boundary p,, = K(R,) = K (J2(Z) (0)). Similarly, for z the parent of w (at distance 2¢ + 1
from the bottom), p, = K(R,) = K(J(Jz(g) (0))). Therefore, k3 = sup;>; K[J(JQ(Z)(O))] . K[JQ(Z)(O)].
We will use the properties of .J» in order to show that the last expression is bounded by b% Notice
that, since we are in the regime of non-uniqueness of the Gibbs measure, the sequence .J()(0) does
not converge with ¢ to ag, but oscillates around it, i.e., J29 (0) = JQ(Z)(O) converges to a; while

JEED(0) = J( 2(4)) converges to as.
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A straightforward calculation shows that the derivative J'(a) = —b - % We thus have

Jy(a) = J'(J(a))- J'(a)
_ J(J(a)) J(a)
B b<1+J(a ) 'b<1+a>
2 Ja(a) ' J(a) _a
a 1+J() 1l+a

=0

Applying this equality with a = J2(Z) (0), and recalling that J2(Z) (0) converges to a; from below and
that J2(a) > a and Jj(a) < 1 for all a € [0, a1], we conclude that for all ¢,

O]
K107 O)] - K[7,7(0)] = b—i-%dﬁ@%))) < 5
2\J2

as required. This completes the proof of part (iii) of Theorem 5.1. O

Remark: Itis interesting to note that we can use this type of analysis (specifically, the fact that the derivative
J'(ap) > —1) to show that, throughout the uniqueness regime, 5 < % + € (as we did in Theorem 4.1(ii) for
the Ising model). This provides an alternative proof of O(nlogn) mixing time with arbitrary boundary
condition throughout the uniqueness regime A < \g (though of course this is already covered by part (ii) of
Theorem 5.1, which holds over a wider range of \).

6 General two-spin systems

It is not too difficult to see that most of our analysis of the hard-core model was based on the same
high-level ideas as the analysis of the Ising model. Indeed, these ideas are part of a general theory
that holds for any spin system for which the spin space S consists of two values. In this section we
develop this general theory in order to show that, for general two-spin systems, the mixing time of
the Glauber dynamics is O(nlogn) in the scenarios covered by Theorem 1.3.

In order to simplify our discussion of general two-spin systems we use the following notation.
First, w.l.o.g. we assume that S = {—,+}. Furthermore, we can assume that the value of the
pair potential U(—, +) < oo since otherwise the system is not permissive (specifically, it is a trivial
system with only two legal configurations: all-(+) and all-(—) respectively). Now, since the Gibbs
distribution remains unaffected by adding a uniform constant value to the potential, we can assume
w.l.o.g. that U(—,+) = 0, and hence that the pair potential is specified by the two values U(—, —)
and U(+,+). We let \_ = exp(—U(—,—)) and A+ = exp(—U(+,+)). In a similar manner, we can
assume w.l.o.g. that the self potential W (+) = 0, and let A = exp(—W (—)). Notice that the Gibbs
distribution assigns to configuration o a probability proportional to A#{~} DA ~)\f{+’+}, where
#{-},#{—,—} and # {+, +} stand for the number of sites whose spin is (—), edges whose spins
are {—, —} and edges whose spins are {+, +} respectively in 0. From here onwards we assume that
a two-spin system is specified by the three parameters (A, A\_, A\, ). For example, the Ising model
with parameters (3, h) is given by A = ¢=2%" and A\_ = A, = ¢?. The hard-core model with
activity A is given by A\, A_ = 0 and A\, = 1, where we have identified the spins 0 and 1 of the
hard-core model with (+) and (—) respectively. Before stating our results for two-spins systems,
we note that the case \_ = A\, = 0 corresponds to a trivial non-permissive system that has only
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two legal configurations (the “odd” and “even” configurations respectively, in which the spin values
alternate down the levels of the tree). We thus assume w.l.0.g. that in any given system A, > 0.
As in the cases of the Ising and hard-core models, Theorem 1.3 follows from bounds on « and ~:

Theorem 6.1 For any two-spin system (A, A_, A1) on the regular b-ary tree:

(i) if the Gibbs measure is unique then, for every ¢ > 0, there exists a large enough d such that
|
Y g tE

(ii) for T the all-(+) configuration, if the Gibbs measure is not unique then ky = ko ({1} }) < %

We observe that v < 1 for every two-spin system (because we are assuming A > 0, which implies
that for any boundary condition, the spin at any given site is (+) with positive probability), and
hence Theorem 1.3 follows from Theorem 6.1 by applying either Theorem 3.3” in case the Gibbs
measure is unique, or Theorem 3.3’ for the (+)-boundary in case the Gibbs measure is not unique.

Proof of Theorem 6.1: The first step in the proof is relating the total variation distance at z
between two distributions that differ in a single boundary site y to the “magnetization” at z. The
following is a generalization of Proposition 4.2:

Proposition 6.2 For any subset A C T, any boundary configuration n, any site y € 0A and any

neighbor z € A of y, we have
nyHr

.
[l —uy |l = [K(R),
y,*

where R = % and the function K is defined by
M A 0z=
Ay 1

K(a) = — .
(e) a+ Ay ai_+1

Proof: First, as was already explained in the proof of Proposition 4.2, we may assume w.l.o.g.
that the edge between y and z is the only one connecting y to A. As in the previous proof, we
abbreviate ,uzﬁ, quy,, and ,u’lxy’* to u, py and p respeftively. Thus \|y2y’+ i;ﬁ” . = |uh(o, =
+)—py(0. = +),and R = %. We write R for % and R~ for %. Again, since
the only influence of y on A is through z, we have RT = % and R~ = RA_. The proposition now
follows once we notice that, by definition of R™ and R™, pf(0. = +) = z#5 and (0. = +) =

1

EES R

The next step is generalizing the recursive calculation of the magnetization at the root of full
subtrees. As we did for the Ising model, fix a boundary configuration 7, and for a site z with
parent y let R, , = gggi;g, where p(-) = ,u}il() (If z is the root of T® then p(-) = 1y, ,()) A
direct calculation (similar to that for the Ising model) gives that R., = A[],_, F/(R;¢—1), where

F(a) = ’}1 jf/\tl. In particular, if 7 is the all-(+) configuration (i.e., R, o = 0 for all 2) then R, ; =

A[F(0)]®. Again, we let F(c0) = A_ and notice that indeed, if 7 is the all-(—) configuration (i.e.,
Ry = oo for all x), then R, ; = A[F(c0)]’. As before, this motivates us to define

J(a) = \[F(a)]’, (11D

where we notice that R, ¢ equals J)(0) and J)(c0) for 7 all-(+) and all-(—) respectively.
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We now observe that the relationship established for the Ising and hard-core models between K
and the derivative of J holds for general two-spin systems. In particular, a straightforward calcula-
tion verifies that K (a) = aF’(a)/F(a) for all a, and therefore

Fla) , J)
F(a) b a

The proof of Theorem 6.1 will be concluded once we notice that the function J here has the
same properties and relationships with the uniqueness of the Gibbs measure as those mentioned
earlier for the Ising and hard-core models. To this end, we separate the discussion into two classes
of systems, where we think of the Ising and hard-core models as typical representatives of each
class. We say that a system is ferromagnetic (respectively, antiferromagnetic) if A_ - Ay > 1 (re-
spectively, if A\_ - Ay < 1). Notice that in a ferromagnetic system neighboring spins are positively
correlated, i.e., the spin at site z is more likely to be (+) conditioned on its neighbor being (+) than
conditioned on its neighbor being (—). In an antiferromagnetic system, the opposite effect takes
place. Indeed, if A\_ - Ay = 1 then the spin at z is independent of the spins of its neighbors. Notice
that in the latter case the Gibbs distribution is a product distribution, and trivially x = v = 0 for all
boundary conditions.

We now describe the properties of the function J, first for ferromagnetic and then for antiferro-
magnetic systems.

J'(a) = bJ(a)

- K(a). (12)

6.1 Ferromagnetic systems

For a ferromagnetic system, the function J has all the properties we described earlier in the Ising
model case. Specifically:

1. J is continuous and increasing on [0,00), with J(0) = A(1/A;)°

AA2)b < .

> 0 and sup, J(a) =

2. J has at least one fixed point in [0,00). The fixed point is unique if and only if the system
admits a unique Gibbs measure.

3. J'(ag) < 1, where a denotes the least fixed point of J. In particular, if the Gibbs measure is
unique then the derivative at the unique fixed point is J'(ag) < 1.

4. If q¢ is not the unique fixed point then J'(a) < 1 for a € [0, ag]. (This follows from the fact
that J has a single point of inflection a,, i.e., the derivative J’ is monotonically increasing
on [0,a,) and decreasing on [a,, o) for some a, € RT, which also means that .J has at most
three fixed points.)

We note that the relationship with the uniqueness of the Gibbs measure follows from the fact that
the all-(—) and all-(+) configurations are the minimal and maximal boundary conditions respec-
tively, as in the case of the Ising model, i.e., for any boundary condition the probability that the
spin at z is (4) is bounded below and above by the same probability under the all-(—) and all-(+)
boundary conditions respectively.

Now, part (i) of Theorem 6.1 follows by the same argument used for the Ising model in the
uniqueness regime (see the proof of Theorem 4.1) since the variation distance for the fixed-point
magnetization | K (ag)| = $|.J'(ap)| < 3. For part (ii) we repeat the observation that, for 7 the all-(+)
configuration, x = k({ul.}) = sup,s; K[J¥(0)]. Since |K(a)| = %@U’(aﬂ < 3 for a € [0, ao),
this implies x < % Notice that for ferromagnetic systems we get the stronger result that  is
bounded rather than just k9. (Clearly ko < x always.) This completes the proof of Theorem 6.1 for
ferromagnetic systems.
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6.2 Antiferromagnetic systems

For an antiferromagnetic system, the function J has all the properties described earlier for the
hard-core model, and we again introduce the function J2(a) = J(J(a)). Specifically, we have:

1. J is continuous and decreasing on [0,00), with 0 < J(0) = A(1/A1)’ < oo and J(c0) =
AA)P > 0.

2. J has a unique fixed point ay.
3. The derivatives of J alternate signs (the odd derivatives are negative).

4. Jy is continuous and increasing on [0, co), with J5(0) = J(J(0)) > J(o0) > 0 and sup,, J2(a) <
J(0) < oc.

5. ag (the unique fixed point of J) is a fixed point of Js.

6. If the system admits a unique Gibbs measure then qay is the unique fixed point of J,. If there
are multiple Gibbs measures then .J; has three fixed points a; < ag < ag, where J(a1) = a2
and J(az2) = a;.

7. The derivative .J}(a) is continuous. If aq is the unique fixed point of J (the Gibbs measure is
unique) then Jj(ap) < 1. If there are three fixed points then Jj(ap) > 1, and Jj(a) < 1 for
a € [0,a1]. Consequently, the system admits a unique Gibbs measure if and only if |J'(ag)| =

T (ag) < 1.

Again, the connection with the uniqueness of the Gibbs measure stems from the fact that the all-
(+) and all-(—) are extreme configurations (though, as in the hard-core model, the direction of the
monotonicity depends on the parity of the depth of the tree).

We also observe that

Jy(a) = J'(J(a))-J'(a)
TU@) ey @)
b L8O ey b 10w
_ bW@ K (J(a))K (a)

Now, part (i) of Theorem 6.1 (the uniqueness case) follows by the same argument used for the
ferromagnetic case, since |K (ap)| = £|J'(ap)| < 3 when the Gibbs measure is unique. Part (ii) of
Theorem 6.1 follows from the same arguments used for the hard-core model in the non-uniqueness
regime, once we notice that, as in the hard-core model, for 7 the all-(+) configuration, x =
k({pT}) = suppsq ]K[J(JZ(Z)(O))]\ . ]K[Jz(e)(o)]]. This completes the proof of Theorem 6.1 for an-
tiferromagnetic systems. O

7 The antiferromagnetic Potts model (colorings)

In this section we will prove Theorem 1.5: that the mixing time of the Glauber dynamics for
sampling proper colorings is O(nlogn) for all boundary conditions provided that the number of
colors ¢ > b + 3, i.e., whenever the infinite-volume Gibbs measure is unique, except for the critical
value ¢ = b+ 2. In order to again make use of the machinery from Section 3 involving x and ~, we
prove the following:
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Theorem 7.1 For the colorings model with q colors, if the infinite-volume Gibbs measure is unique

then for every ¢ > 0 we have 7 < q_#l + ¢ (for a suitable choice d = d(¢) of the implicit constant in 7).

Since in [14] it was shown that the Gibbs measure is unique for all ¢ > b + 2, we conclude that for

these values of ¢, 7 < q—% +e< % Theorem 1.5 now follows from Theorem 3.3” as usual.

Remarks:

e Notice that when ¢ = b + 2, even though ¥ < 1/b (and thus 4xb < 1), we cannot deduce O(nlogn)
mixing time because, for this value of ¢, the Glauber dynamics is not connected for some boundary
conditions. Specifically, consider a subtree A with two connected vertices = and y, and a boundary
condition where the neighbors of x receive colors 1,...,b, as do the neighbors of y. Then the only
two admissible colorings of A give colors b + 1 and b + 2 to = and y, and the Glauber dynamics
cannot move from one coloring to the other. Recall that our general framework for O(n log n) mixing
time, presented in Theorem 3.3 and its variants, requires that the dynamics be universally connected
(i.e., connected for all sub-regions and all boundary conditions); if this condition does not hold, then
we cannot deduce a mixing time of O(nlogn) for any boundary condition (even one for which the
dynamics is in fact connected). See [31] for more on the relevance of this condition to our framework.

e If we consider a slightly modified heat-bath dynamics, where at each step the configuration of a
random edge (rather than the spin of a random single site) is updated, then the fact that 5 < ; even
for the critical value ¢ = b + 2 implies O(nlogn) mixing time uniformly in the boundary condition,
since the edge dynamics remains universally connected for ¢ = b + 2. See [31] for details.

Proof of Theorem 7.1: The idea of the proof is the following. Consider a subset A, a site y € 0A
and z € A, where z is a neighbor of y. Fix a disagreement at y, i.e., set two different spins s;
and s, at y. We wish to bound [|p"y " — 4"y *||.. Suppose now that, without the condition at y,
the color of z is equally likely to be any of the ¢ possible colors (as is the case when the boundary
around A is “free”). Thus, the distribution of the color of z in ,u’f’sl is uniform over the ¢ — 1

colors other than s, and in MX/’SQ it is uniform over the colors other than s;. We then get that

Y,S1 Y>52 . . . . . Y,S1 .
(17 T P qi—l, because we can couple the two distributions such that spin s, in py  is

coupled with spin s; in MX/’SQ and the two spins at z agree otherwise. (It is easy to see that this
is the optimal coupling.) In our proof, we use the hypothesis that the Gibbs measure is unique in
order to approximate the Gibbs distribution over A under any boundary configuration by the free
boundary case, and hence get that the variation distance is arbitrarily close (as a function of the
implicit parameter d) to _L5.

Let us proceed with the formal proof. Recall that in order to bound 7, we need to consider a
subset A that includes the full subtree of depth d rooted at z, and bound the variation distance
maxs, s, H,ufgy’sl - MX/’SQ || for an arbitrary boundary configuration n, where y is the (unique) neigh-
bor of z in 0A.

Now it is easy to see that, for the colorings model,

HNnyﬂ - MZMQ I = maX{MZy,él(Uz = 32)7#2%2(02 =s1)}
This identity follows from an argument similar to that used above for the free boundary case, as
we now explain. Observe that, for every color s that differs from both s; and ss, the probability
that 2 is colored with s conditioned on z not being colored s; or sy is the same under the two

.. . Y81 Y,52 Y,s1 1" = Y82 .
distributions p} ~ and p'y . Thus, p} (0, = s) = Iz’j‘yfm -y (0. = s). Hence, if
—H 4 z=S1
Y,S1 Y,S2 Y51 Y52
py (02 = s2) > py (0. = s1), then pfy (0. = s) < p}y (0. = s) for every s # s», and so

the event £ = {0, = s} maximizes the expression | ,uzly’él(g ) — ,uzy’SQ(g )| over all events £ that only

depend on o,.

24



As in the previous models we analyzed, it is now convenient to consider the distribution induced

by removing the edge from z to y (i.e., with a “free” condition at y). Recall that this distribution
is denoted '} ". Let p.(s) = u} (0, = s), and notice that for the colorings model »'} (o, =

. Y,S Y,* Y,S Y,Ss
s2) = 1202 simply because uy (1) = pf (|02 # s1). Thus, max,, s, [uf = ph . =
Y,S
mMaXs,, sy ,LLZ 1(02 = 82) = MaXgy sy %

To obtain the claimed bound on 5 we have to show that, for all sets A as above, and all boundary
configurations 7, max, s, 1= m (28(25)1) < q%l + e. It is at this point that we use the assumption that
the Gibbs measure is unique. This means that, if d (the depth of the full subtree contained in A)
is large enough, the distribution p,( -) is arbitrarily close to the uniform distribution, regardless of
the boundary configuration 7. Thus, for every ¢’ > 0, there exists a (large enough) constant d such
that p,(s) < 1+T€, for all colors s. Hence, maxs, s, 1”2(32) < A+l < q%l + ¢ for some ¢ that goes

) —pz(s1) — g—1—¢
to zero as d — oo, as required. O

8 The ferromagnetic Potts model

In this section we will prove that, for the Potts model, the mixing time is O(nlogn) in all the
situations described in Theorem 1.4. As in the discussion of other models in previous sections, we
use the machinery from Section 3. The following theorem sets out the relevant properties of «
and ~.

Theorem 8.1 For the Potts model with g colors at inverse temperature 3 the following hold:

. 26_
(i) v < %§

(ii) if the Gibbs measure is unique (i.e., 3 < [3y) then ¥ < %ﬁl +e< % (for a small enough ¢
that depends on the choice of d, the implicit constant in 7);

(iii) lif the Gibbs measure is not unique and the boundary condition 7 is constant then k = k({p}.}) <
b

e2f—1

(iv) if the boundary condition 7 is free then k = P

Part (i) of Theorem 1.4 follows from parts (i) and (ii) of Theorem 8.1 and the fact that, for any
boundary condition, x < ~. Part (ii) of Theorem 1.4 follows from parts (ii) and (iii) of Theorem 8.1
and the fact that v < 1 (as is apparent from part (i) of the same theorem). Finally, part (iii) of
Theorem 1.4 follows from parts (i) and (iv) of Theorem 8.1.

Proof of Theorem 8.1: Much as we did for the previously discussed models, the first step we
take in order to bound x and ~ is expressing the influence of a boundary spin as a function of
the distribution of its neighboring interior spin, when the boundary spin is free. Generalizing
Proposition 4.2 from the Ising model to the Potts model gives:

Proposition 8.2 For any subset A C T, any boundary configuration n, any pair of spins (s1, s2), any
site y € OA and any neighbor z € A of y, we have

ny,sl

Y,S
k™ = 1 Nl = K (p(s1), p(s2)),
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where p(s) = u'\ " (0. = s) and the function K is defined by

208 208

e P1 D1 e " P2 D2
K(p1,p2) = - , — . (13
(P1,p2) max{(e%—l)plﬂ (€ —1)py+1° (€2 — I)py +1 <e2ﬁ—1>p1+1} (13)

and we notice that K (p1,p2) is the first term in the maximum if and only if p1 > po.

Y, e2Bp(s e2Pp(s
Proof: Let p(s') = ) (0. = &'). Then p’(s) = e%p(s)i(lzp(s) = (62ﬁ_1§’]§(2)+1, and for s’ # s,
pi(s) = p(s') = p(s') by definition of the Potts model. Now, the proposition follows

e28p(s)+1—p(s) (‘62/3—1);0(/3)}1’
once we notice that H,uzy’él - ,uZ‘y” . = max {p®'(s1) — p*(s1),p**(s2) — p**(s2)}. The reason for
this equality is that if p(s1) > p(s2) then p*'(s) < p®2(s) for all s # s; (and p*'(s1) > p*2(s1)), as a
simple calculation verifies. O

We can now easily dispense with parts (ii) and (iv) of Theorem 8.1. For part (iv) we simply
observe that, for 7 the free boundary condition, the distribution p(-) at the root of the tree is

. . 2 . .
uniform, i.e., p(s) =  for all s, and therefore x = K(%, %) = %, as required. For part (ii),

T g
observe that when the Gibbs measure is unique the distribution of the spin at the root of the tree
converges as the depth increases to the uniform distribution, uniformly in the boundary condition.

Thus, if A includes the full subtree of depth d rooted at z then, for every s, p(s) converges with d

1 o~ 1 1 11 |
to ,le, y<K(;+¢e,;+e)=K(;,7)+e< P i 2 for some ¢’ and ¢ that go to zero as
d — oo, as required. (Notice that the Gibbs measure is unique in the regime g < [, for which
e?f—1 1
e2BPrq—1 < E')

We go on to prove part (i). Here we have to consider an arbitrary boundary configuration,
and we cannot assume the distribution p(-) is close to uniform because the bound should also
apply when the Gibbs distribution is not unique. Thus, the approach we take is to simply cal-
culate the maximum of K (p;,p2) over all possible distributions. As a first step, let K,.x(a) =
maxp, p, { K (p1,p2) : p1 +p2 = a} denote the maximum restricted to distributions in which the
sum of the two probabilities is a. We now observe that K,,x(a) is strictly increasing in a. This is a
consequence of the following two facts. First, K (p, p) is strictly increasing in p. Second, for p; > po,
K(p1,p3) > K(p1,p2) for every ps € (p2,p1]. We therefore conclude that max,, ,, K(p1,p2) =

29
Kmax(1) = maxy { Tl — DA

maximization on the r.h.s. coincides with K3 defined for the Ising model in Proposition 4.2, under
the change of variables p to R = 1%’), and that this expression is maximized for p = % We therefore

conclude that v < maxy, ,, K(p1,p2) = K(3,3) = gig;}

We now go on to prove part (iii) of Theorem 8.1 (the last remaining part). Here the boundary
is constant. W.l.o.g. we assume it is all 1. In order to bound « we need to consider the distribution
p(-) of the spin at the root of maximal subtrees with boundary condition all 1 at the bottom. Notice
that, by symmetry, p(s) is uniform in s # 1. Therefore, this distribution is completely specified by
p(1) since for s # 1, p(s) = %@. As we shall see below, the fact that the distribution at the root
is one-parameter allows for an analysis that is similar to that carried out for two-spin systems in
Section 6.

To start, notice that by Proposition 8.2, [|uy, — . || = K(p(1),

}. It is now easy to verify that the expression in the

1-—p.(1)

1), where we recall that

py, = ,u,}Z’S, and where p,(s) = pg’*(az = s). Similarly, for s;, sy both different from 1, |7 —

pi| = K (%Zl(l), %Zl(l)). We now observe that, since the system is ferromagnetic, p,(1) > % for
all z. An explicit calculation reveals that for every p > %, K(p, ﬁ) > K (ﬁ, ﬁ). Thus in order
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1_pz(1)

1) for every z. It is now convenient to consider

to bound &, it is enough to bound K (p,(1),

the ratio R = 1;8()1) and define

_ 1—717(1)> _ 1
R = K<p(1)’ =1 /)  Fr R (EHHpi 4

Observe that x = supgsup, K(R.). Thus, we need to show that this supremum is at most 3.
We now use the fact that the distribution at the root is one-parameter once again, this time to
recursively calculate R, as we did earlier for two-spin systems. In particular, we notice that R, =

(¢ — ) Il,~. F(Ry), where F(a) = ((%)a 4+ 1)/(a + €2%). As in the two-spin case, we let
J(a) = (¢ — 1)[F(a)]® and observe that R, = J(¥)(0), where ¢ is the height of ». Notice that the
functions K (a) and J(a) as defined here correspond exactly to the same two functions, defined
for the two-spin system with parameters (A, A_, Ay) = (¢ — 1, %, ¢?%). In other words, if we
translate the spin 1 of the Potts model to (+) and any non-1 spin to (—), the Potts model with all-1
boundary corresponds exactly to the above two-spin system with all-(+) boundary. To get some
intuition for this translation, notice that A = ¢ — 1 arises from the fact that a (—)-spin represents
q — 1 different spins (uniformly weighted) of the Potts model. For the same reason, A\_ = 82?:7‘11_2
arises from the fact that, given a non-1 spin, the interaction with another non-1 spin is composed of
a fraction 1/(q — 1) times ¢*’ (when the neighboring site is of the same Potts spin), and a fraction
(g—2)/(q — 1) times 1 (for the interaction with the other ¢ — 2 spins).

Given this correspondence, it is now clear that x for the all-1 boundary in the Potts model (the
supremum over K (R,) given above) is exactly  for the all-(+) boundary in the two-spin system.
Thus, we can conclude the proof of Theorem 8.1 (iii) by using Theorem 6.1 (ii) for the two-spin
system, once we show that non-uniqueness of the Gibbs measure for the Potts model implies non-
uniqueness of the Gibbs measure in the two-spin system.

Now, if the Gibbs measure is not unique for Potts then, conditioned on the all-1 boundary
configuration, the probability that the spin at the root is 1 is greater than 1/q for arbitrarily large
trees (since the model is ferromagnetic). This implies that, in the two-spin system, the probability
of (+) is > 1/q, which immediately implies non-uniqueness in this system because a, = ¢ — 1 is
always a fixed point of the function J defined above. (In fact, it is not too difficult to see that the
reverse implication holds as well, i.e., that the Gibbs measure is unique for the Potts model with
parameters (g, 3) if and only if it is unique for the corresponding two-spin system.)

We conclude that, for the Potts model in the regime of non-uniqueness of the Gibbs measure and
for a constant boundary configuration, x < % This completes the proof of Theorem 8.1 part (iii).
m

9 Reconstruction problems

In this section we discuss reconstruction problems on trees, and show how the techniques we
developed earlier can be applied to establish new results in this context. In the models considered
here, information is transmitted from the root to all other nodes along the edges of the tree, with
a certain probability of error in the value transmitted on each edge (a branching random walk).
These error probabilities are the same for all edges, and errors on different edges are independent.
Models of this kind arise in genetics, describing the propagation of a genetic property from an
ancestor to its descendants, as well as in communication theory, where the process represents a tree
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network in which each edge is a noisy channel. Usually, the question of interest is the following:
for the given error probabilities, can the value at the root be reconstructed from the values at a
level far below? In other words, is there significant correlation between the value at the root and
the values at the leaves?

This is where our earlier framework comes into play. In our development of the criterion for
rapid mixing based on k, v (given in detail in our previous paper [20] and summarized in Section 3
of the present paper), we showed as an intermediate step that, under the same criterion, the
correlation between the spin at the root and the configuration at the leaves goes to zero as the
depth of the tree tends to infinity. In this section we will adapt this theory to the reconstruction
setting, and thus establish ranges of values of the error probabilities for which reconstruction is
impossible, using the same «, v criterion. Notice that here, in contrast to previous sections, we are
not concerned with dynamical questions (i.e., convergence to equilibrium), but only with properties
of the equilibrium state.

The rest of this section is organized as follows: we first define the information flow model
precisely, then rewrite x and ~ in terms of this model, and finally apply the criterion to specific
choices of channels.

9.1 Definitions

We consider networks on the infinite tree T?. A g-state channel is given by a stochastic matrix
P = {pi; : i,j € S}, where S = {1,...,q} is the alphabet of possible symbols. We always assume
that P defines an ergodic (irreducible and aperiodic) Markov chain, and therefore has a unique
stationary distribution # = (my,...,m,), with m; > 0 for all i. A configuration o € S™ is then
generated according to the following process. First, the symbol at the root is chosen according to 7.
Thereafter, the configuration is generated recursively: if a site € T” was assigned the symbol i € S
then each of its children is independently assigned a symbol j, where for each j € S the probability
of assigning j is p;;. We denote by v the probability measure on ST resulting from this process.

Let us now discuss some properties of the measure v. First, since the symbol at the root is chosen
from the stationary distribution =, for every 2 € T® the marginal of v on o, is also 7. Second, by
definition, the projection of v on ST, where T is any initial portion of T?, is exactly the same as the
distribution resulting from executing the same process on 7. Third, since the process is Markovian,
it is not hard to check that v is a Gibbs measure: i.e., for any finite subset A C T® and boundary
configuration 7, letting v} = v(- | s\ 4), the marginal of ; on S4 depends only on 7y4. In fact, v}
can be constructed equivalently as follows. Without loss of generality assume that A is connected,
and let z be the node in AUOA that is closest to the root of T (i.e., z is the root of AUOA). Run the
process described above on A U A, starting at z. Then v/} is the resulting distribution conditioned
on the event that the configuration of 9 A is given by 7.2

We can also relate v to an (infinite-volume) Gibbs measure associated with a spin system as
defined in Section 2. Let P = {p;;} be a channel and r its stationary distribution. Define the edge
potential U(i,j) = —In(p;;/7;) and the site potential W (i) = —Inm;. These edge potentials are
symmetric, in accordance with our definition of spin systems in Section 2, provided the channel
is reversible, i.e., it satisfies the detailed balance conditions m;p;; = 7;pj; for all 7, € S. For this
reason we will limit our attention in this paper to reversible channels (and all the examples we
discuss will have this property).!> Now it is not hard to check (see, e.g., [9, Chapter 12]) that v is

2In our original formulation v} is defined over the infinite configuration space, while here it is defined only over
SA4Y94 However, this is a trivial point since in v} the configuration outside A is deterministically set to 7.

30ur framework also applies to non-reversible channels, which give rise to asymmetric edge potentials. In turn, one
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a Gibbs measure for the spin system with the above potentials. As an example, if P is the binary
symmetric channel, in which ¢ = 2 and p; = p > % for i = 1,2, then v is the free Gibbs measure of
the Ising model with inverse temperature 3 = % ln(l%p) and no external field (h = 0).14

Before we continue, we note that reversible channels have another property which makes the
above correspondence with spin systems of interest. First, notice that reversibility implies that
the distribution ¢} can be generated as described above, except that now the node z at which
we start the process can be any node in A U 0A (with the edges of A U 0A reoriented so that x
becomes the root). Consider now the information flow process on the Bethe lattice rather than on
the tree T°. Recall that the Bethe lattice differs from T only in that the root has b + 1 children,
rather than b; i.e., it is regular of degree b + 1. We will denote the Bethe lattice T°. Since in
our definition of the information flow process the value at the root is chosen from the stationary
distribution of the channel, for reversible channels on T the resulting measure v is translation-
invariant, and in particular, is a translation-invariant Gibbs measure of the corresponding spin
system. Translation-invariant Gibbs measures are of special interest in statistical physics, and this
is another motivation for considering the information flow models described in this section: they
give convenient representations of these special measures.

Now that the information flow process is defined, we can formulate the reconstruction problem
precisely. Naturally, reconstructing the value at the root from values deep down the tree is possible
only if the value at the root is correlated with those from which we try to reconstruct it. Several
equivalent formulations of this correlation exist in the literature. We give here the simplest formu-
lation (for others see, e.g., [22, 18]). For a symbol s € S, let v* be defined as v conditioned on the
event that the symbol at the root is s. For two probability measures p1, o, let ||u1 — p2l|; denote
the total variation distance between the projections of 1; and po on the configuration space of the
¢th level of the tree.

Definition 9.1 We say that reconstruction is impossible for the channel P on T? if for every s1, 55 € S,
||v®t — v2||, tends to zero as ¢ — oc.

We mention in passing that, if we view v as the Gibbs measure of an associated spin system, the fact
that reconstruction is impossible for v is equivalent to saying that v is an extremal Gibbs measure
of the spin system. (See, e.g., [9] for a discussion of extremal Gibbs measures.)

9.2 A criterion for non-reconstructibility

In our previous paper [20] we developed a new criterion for establishing decay of correlations for
Gibbs measures on trees, based on the two quantities «,~y. (This criterion also implies rapid mixing
of the Glauber dynamics since, by an independent argument we gave in the same paper, decay of
correlations implies rapid mixing. The framework of Section 3 in the present paper is based on this
further implication; here, however, we are interested only in the decay of correlations part). Since
the measure v is also a Gibbs measure, it is relatively straightforward to see that the same criterion
can be used to establish decay of correlations for v, i.e., that reconstruction is impossible. In order
to use this criterion, we first redefine «, v in terms of the information flow model.

can make sense of spin systems with asymmetric potentials by viewing the tree as a directed graph with edges oriented
away from the root.

4The reader may notice that applying the above formula for translating channels to potentials to the binary symmetric
channel yields potentials that differ somewhat from those in the definition of the Ising model in Section 1. However, it
will be seen that the difference is the addition of a constant to the edge potential, and a (different) constant to the site
potential. It is easy to check that such shifts merely multiply the weights of all configurations in the Gibbs distribution
by a uniform factor, and hence do not change the spin system.
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For a symbol s € S and a node z € T° other than the root, let 1§ be the distribution v
conditioned on the event that the symbol at the parent of z is s. Rewriting the definitions of s
and ~ (Definition 3.1), we have:

Definition 9.2 Let P be a channel on the T, and v its associated Gibbs measure as derived above.
Then the quantities k = k(v) and v = v(v) are defined by

(i) Kk =sup,cm maxg g ||1/i — yrfp; Il

(ii) v = sup e max Hyzy’s _sz,s ||, where the maximum is taken over all boundary conditions 7,
all sites y € OA, all neighbors z € A of y, and all spins s, s’ € S.

Notice from the definition of v that « takes the particularly simple form £ = max; jes % >k lpik —
pjk|; in the case of a binary channel (¢ = 2), this becomes |p11 — p21| = [p12 — p22|. For v we do not
have such a clean general formula, and will need to bound it separately for specific models later
on.

We can now state our criterion for non-reconstructibility, which is analogous to our criterion for
rapid mixing from Section 3.

Theorem 9.3 Consider an arbitrary (ergodic and permissive) channel P on T°. If k = k(v) and
v = v(v) satisfy ykb < 1 then reconstruction is impossible for P on T°.

Proof: We first note that Claim 3.2 (after making the appropriate notational modifications) holds in
the present context as well since it only uses the fact that, in the measure under consideration, once
a value is fixed at a site x the configuration on a subtree T’,, where z is a child of z, is independent of
the configuration on the rest of the tree. It is easily seen that v satisfies this property. We now refer
to Theorem 4.3 of [20], which is based on a claim analogous to Claim 3.2 and thus applies to any
measure for which Claim 3.2 holds.'® This theorem states that v satisfies the so-called “variance
mixing” condition VM(?, €(¢)) with e(¢) — 0 as £ — oo. (VM is defined in [20, Definition 3.1].) But
by standard arguments this easily implies that ||v*1 — v°2||, goes to zero as ¢ — oo for all s1, 89 € S,
as required. 0

Remarks:

e The reader will notice that, in contrast to our earlier Theorem 3.3, the criterion in Theorem 9.3
involves only the product yxb and not max{v«b,v}; in other words, we no longer require that v < 1.
This is because we are aiming here only for decay of correlations as expressed by the variance mixing
condition, whereas to ensure O(n logn) mixing time we need a stronger “entropy mixing” condition.
The reader interested in the details of this issue may compare Theorems 4.3 and 5.1 of [20].

e We have stated Theorem 9.3 for the tree T®. It can be verified that the same criterion applies for the
Bethe lattice T® (where « and ~ are defined w.r.t. the associatAed Gibbs measure v); this follows by
translating the machinery of [20] from T" to the (very similar) T°. In fact, notice that since » depends
only on the transition probabilities of the channel, it has the same value on both T? and T°. Moreover,
although ~ may take different values in the two settings, the only possible source of this difference

>Notice that v’} may not be well-defined for some 7 if p;; = 0 for some (i, j). For this reason we require that the
channel be permissive, i.e., that the spin-system corresponding to it is permissive. It is easy to see that in this case v/} is
well-defined for every 7 if A is a connected subset.

16Again, strictly speaking this theorem is stated for the special case of the Ising model. However, it is easily seen that
the theorem extends to an arbitrary permissive spin system on trees. We refer to the PhD thesis of the third author [31,
Theorem 5.13] for the general formulation.
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are distributions v}, where A includes the root (of either T® or ’i‘b). But for reversible channels

on T?, translation invariance means that in the definition of v we can w.l.o.g. take the maximum over
subsets A that do not include the root. This implies that the value of v on T? is at most that on T®,
and hence if the criterion in Theorem 9.3 holds for a channel P on T? it also holds for P on T®. The
same remark applies to Theorems 9.3’ and 9.3 below.

As in the case of rapid mixing, we can also relax the above criterion slightly (following the same
line of reasoning as in Section 3 of the present paper). Define k3,2, % and 7 in an analogous way
to Section 3.

Theorem 9.3’ In the setting of Theorem 9.3, if ko and 7, satisfy yak2b < 1 then reconstruction is
impossible.

Theorem 9.3" In the setting of Theorem 9.3, if k and 7 satisfy 7kb < 1 then reconstruction is impos-
sible.

9.3 Applications

We now proceed to apply our criterion for various popular choices of channels. In most cases our
results mirror the best bounds in the literature, and in some specific cases we even manage to push
the bounds a little further. However, in all cases the main novelty of our argument is its simplicity:
we need only calculate x and v and apply the criterion in Theorem 9.3 or its variants.

General binary channel

Here we give bounds that apply to any binary (¢ = 2) channel P = {pi1,p12,p21,p22}. In this
generality, the best known bound is due to Martin [18]. We now show how essentially the same
bound follows as an immediate consequence of our machinery.

Theorem 9.4 Let P be a binary channel. Reconstruction for P on T? is impossible provided that

(15)

S| =

(vP11p22 — \/p12p21)2 <

Remarks:

e In light of the second remark after the proof of Theorem 9.3, the same non-reconstructibility bound
holds for the Bethe lattice T®.

e The bound in [18] is slightly stronger than ours since there the range of non-reconstructibility includes
the case of equality in (15). On the other hand, our bound has implications for the asymptotic inde-
pendence between the symbol at the root and the configuration on a level far below that are stronger
than just non-reconstructibility (see [20] for details). This is also the reason our bound does not cover
the case of equality in (15).

e Itis known (see, e.g., [22]) that reconstruction is possible when (p1; —p21)? > % Thus, for symmetricl”
binary channels the bound in Theorem 9.4 is tight. However, for asymmetric channels there is a gap,
and there are specific channels well within this gap for which reconstruction is known to be possible
and others for which it is known to be impossible.

In order to prove Theorem 9.4 we use a simple calculation that is summarized in the following
lemma.

17A channel is symmetric iff the associated matrix P is symmetric.
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Lemma 9.5 For a binary channel P on T,

< |\/P11P22 — \/P12P21]

= y(v) < . (16)
v =) \/P11P22 + /P12P21

Theorem 9.4 can now be derived using our criterion for non-reconstructibility in Theorem 9.3,
together with the fact that for binary channels x = |p11 — pa1| = |p12 — pP22| = |P11P22 — P12P21]-

Proof of Lemma 9.5: First, notice that since we always assume the channel is ergodic we need
only consider the case in which at most one of the transition probabilities {p11, p12, po1, p22} is 0.
Moreover, if exactly one of these probabilities is 0 then the expression on the r.h.s. of (16) equals 1,
which is a trivial bound on «. Therefore, from here onwards we assume w.l.o.g. that all four
transition probabilities are strictly positive. Consider now an arbitrary finite subset A, an arbitrary
boundary configuration 1 and two neighboring sites y,z, with y € dA and z € A. We have

to show that Huzy’l — VZ;MHZ is bounded above by the rh.s. of (16). As mentioned before, the

distributions ng,l and VZM can be generated by running the information flow process on A U
0A starting from y (where y is regarded as the root) and conditioning on the events that the
configuration on 0A is n¥'! and 7¥? respectively. Indeed, for the rest of this proof the probability
space under consideration will be the one arising from running the information flow process on
A U 0A starting from y. We write o for the resulting random configuration and let A = (0A4) \ y.
Since the channel is binary, it is enough to bound |Pr(c, = 1|0y = 1,094 = 1) — Pr(o, = 1|0, =
2,09+ = n)|. Using Bayes’ rule, we have
Pr(o,=1|oy =1)Pr(ogu =nlo. =1,0,=1)

Pr(o,=1|oy =1,004 =1) = o p— =
* —_— y_

pi1 - Pr(oga =nlo, =10y =1)
p11'P1‘(Ua*A=?7\Uz=1,Uy=1) + plz’Pl‘(Ua%:n\Uzzlay:l)’

with an analogous expression for Pr(c, = 1|0y = 2,054 = 7). We now notice that

Pr(ocpu =nlo. =2,0,=1)  Pr(ogu =nlo.=2,0,=2) _ R

Pr(ogu =nlo., =1,0y = 1) a Pr(ogu =nlo, =1,04y = 2)

This is because, conditioned on a fixed value at y, the configurations on the subtrees rooted at
the children of y are independent of each other and since, conditioned on a fixed value at z, the
configuration on the subtree rooted at z is independent of y. We conclude that

P11 _ P21
P11+ pi2R pa1 +prR

Y,2
Al =

1
[ 17)

Now straightforward calculus verifies that, as a function of R, the maximum value of the r.h.s.

is achi _  [pupa i ; is |y/PIPZE—/PTapat ]
of (17) is achieved at R = Diapas and that this maximum value is | oribas T Tpispar |, thus complet
ing the proof of the lemma. O

Binary channel with one-sided deterministic error

We go on to consider a binary channel with one-sided deterministic error, i.e., poo = 0. We write
the probabilitX of error for the first symbol as p1s = 1, where w is a positive real number. On the
Bethe lattice T?, it is not hard to check (using the recipe given in Section 9.1) that the measure v
arising from this channel corresponds to the unique translation-invariant Gibbs measure of the
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b | Martin [18] | Theorem 9.6
2 11.9 14.6
3 6.51 6.86
4 4.91 4.67

Table 1: Non-reconstruction thresholds (in terms of \) for the binary channel with one-sided de-
terministic error and small values of b. The thresholds given by Martin [18] are compared with the
thresholds from Theorem 9.6 of the present paper. (Reconstruction is impossible for all values of A
below the given threshold.) Whereas our bound is better for b € {2,3}, Martin’s bound is better
for all larger values of b. Furthermore, Martin’s bound is above e — 1 for all values of b while ours
vanishes as b — oo.

hard-core (independent sets) spin system with activity parameter A = w(1 4 w)?1® This measure
has been widely discussed in the literature (see, e.g., [18, 5]); a further reason for discussing it
here is that, for this specific binary channel, we will be able to improve on the general bound for
binary channels given above. To get a better intuition for the measure v, we note that it is the
analog of the free-boundary measure for the Ising model with no external field. For a pictorial
illustration, we refer the reader back to Figure 3: whereas the fixed points a1, as correspond to the
limiting probabilities of occupation at the root under the “odd” and “even” boundary conditions
respectively, the middle fixed point ay corresponds to the measure v we consider here.

The best known bound for this channel is given in [18], where it is shown that reconstruction is

impossible whenever - (1128:\0))

reconstructibility in terms of A does not vanish as b — oo. Specifically, reconstruction is impossible
for A < e — 1 independently of b. We will now give another bound for non-reconstructibility using
our general technique. While our bound does vanish as b — oo when expressed in terms of A (and
hence in this sense is weaker than that above), it is actually slightly better for small values of b (see
Table 1). Furthermore, it illustrates how the analysis we carried out in the spin systems context (for
the hard-core model) can be easily translated to achieve interesting results in the reconstruction
context.

— 1) < 1. The importance of this bound is that the range of non-

Theorem 9.6 For the one-sided deterministic error binary channel with parameter w on T¢, recon-
struction is impossible whenever
w vVi+a-1 1
I+w\ vVI+Xr+1 <3

The reason the bound here is better than that for general binary channels in Theorem 9.4 is
that, for this particular channel, we are able to get a better bound on ~ than the one in Lemma 9.5
(which for this channel takes the trivial value of 1). To do so we simply translate the bound we
obtained for the hard-core model in Section 5. (Actually we use the bound on ~5, which is even
better). Specifically, we use the fact that v can equivalently be described as a Gibbs measure arising
from the hard-core spin system with activity parameter A = w(1 + w)” (and thus the conditional
probabilities in finite subsets are the same as for this spin system). Translating the bound on ~,
from part (ii) of Theorem 5.1 (and noting that the same calculation works for the Bethe lattice ™)
yields:

18Strictly speaking, the above recipe does not yield the potentials that define the hard-core model. However, it easy to
verify that on a regular graph such as T® the spin systems arising from the two sets of potentials are equivalent.
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Lemma 9.7 For the one-sided deterministic error binary channel on T,

o [VIEA-1
PENT AL

Theorem 9.6 now follows immediately from our criterion for non-reconstructibility given in Theo-
rem 9.3 and the fact that for binary channels k = |p12 — p2a| = I—FLw

Symmetric multi-channel

We now go on to discuss multi-channels, i.e., channels in which the number of symbols ¢ may be
larger than two. Here we limit the discussion to symmetric channels, i.e., for some § € [0, q%l], Dij =
dfori#jandp; =1—(¢—1)d foralli € S ={1,...,q}. We note that the measure v arising from
this multi-channel corresponds to the free measure of the Potts model with inverse temperature 3 =
3In(3 — (¢ —1)). (Notice that for § < 7 the correspondence is with the ferromagnetic Potts model,

and for § > 1 the correspondence is with the antiferromagnetic Potts model, i.e., 5 < 0.) The best
known bound for this changlel is due to Mossel and Peres [23] and states that reconstruction is
impossible whenever % < % While this bound is tight for the binary case, there is still a gap
for ¢ > 3. (See [22] for a survey of known reconstruction thresholds.) We give a simple proof of

the above bound using our techniques, and marginally improve on it for ¢ > 3.
Theorem 9.8 Reconstruction is impossible for the symmetric multi-channel on T provided that

(1 —qo)? 1
1) —— 7/ -
Sy A
where € = €(b, q,0) > 0 with equality if and only if g = 2 or § = qfll. [The exact definition of €(b, q, )
is rather involved and appears in the proof of Lemma 9.9 below.]

As for the previous channels we have considered, Theorem 9.8 follows from our criterion
for non-reconstructibility in Theorem 9.3 and bounds on k,~ for this channel. Recall that k =
max; jes % > i IDi — jk| = |1 —qd|. As was the case for the previous channels, the more interesting
ingredient is the bound on ~:

Lemma 9.9 For the symmetric multi-channel on T,

11— qd]

=TT

where € = €(b,q,d) > 0 is as claimed in Theorem 9.8.

Theorem 9.8 follows immediately from this lemma as in our previous examples.

Proof of Lemma 9.9: First notice that, by translating the bound on ~ for the Potts model given in
Theorem 8.1(i) to the present setting, we immediately obtain v < 111(;362') 5. (Although the bound
in Theorem 8.1(i) is given only for the case 5 > 0, i.e., € < %, it is easy to see that if we replace
the bound with its absolute value, the proof — with minor modifications to take account of the
change of sign — remains valid for 5 < 0 as well.) In order to obtain the factor 1 — ¢ improvement
we need to delve into the details of the proof of Theorem 8.1(i). Recall the functions K, K ax
and the probabilities p1, po defined in that proof. The idea for obtaining the improvement is that,
if ¢ > 3 and there are no deterministic errors (i.e., § < q%l), then regardless of the boundary

condition a = p; + p2 < amax < 1, Where apax depends on (b, g, ¢). Recalling the arguments in
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the original proof, this means that v < Kjax(@max) < Kmax(1) = %, where we have used

the fact that K.« (a) is strictly increasing in a. To see that indeed an.x < 1 for ¢ > 3 when there
are no deterministic errors, we simply observe that every symbol appears with positive probability
at the root, conditioned on any boundary condition. For example, using Bayes’ rule, % is a trivial

lower bound on this conditional probability for the ferromagnetic case (6 < %), while M is
a lower bound for the antiferromagnetic case (§ > %). O
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