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Abstract. We study the hard-core (gas) model defined on independent sets of an input graph
where the independent sets are weighted by a parameter (aka fugacity) A > 0. For constant A, the
previous work of Weitz [Proceedings of STOC, 2006, pp. 140-149] established an FPTAS for the
partition function for graphs of maximum degree A when A < Ac.(A). Sly [Proceedings of FOCS,
2010, pp. 287-296] showed that there is no FPRAS, unless NP=RP, when A > A;(A). The threshold
Ac(A) is the critical point for the statistical physics phase transition for uniqueness/nonuniqueness
on the infinite A-regular tree. The running time of Weitz’s algorithm is exponential in log A. Here
we present an FPRAS for the partition function whose running time is O*(n2). We analyze the
simple single-site Markov chain known as the Glauber dynamics for sampling from the associated
Gibbs distribution. We prove there exists a constant Ag such that for all graphs with maximum
degree A > Ag and girth > 7 (i.e., no cycles of length < 6), the mixing time of the Glauber
dynamics is O(nlogn) when A < A:(A). Our work complements that of Weitz, which applies for
small constant A, whereas our work applies for all A at least a sufficiently large constant Ag. (This
includes A depending on n = |V/|.) Our proof utilizes loopy belief propagation (BP) which is a widely
used algorithm for inference in graphical models. A novel aspect of our work is using the principal
eigenvector for the BP operator to design a distance function which contracts in expectation for pairs
of states that behave like the BP fixed point. We also prove that the Glauber dynamics behaves
locally like loopy BP. As a byproduct we obtain that the Glauber dynamics, after a short burn-in
period, converges close to the BP fixed point, and this implies that the fixed point of loopy BP is a
close approximation to the Gibbs distribution. Using these connections we establish that loopy BP
quickly converges to the Gibbs distribution when the girth > 6 and A < A;(A4).

Key words. Gibbs sampling, hard-core model, Markov chain Monte Carlo, rapid mixing, loopy
belief propagation

1. Introduction.

1.1. Background. The hard-core gas model is a natural combinatorial prob-
lem that has played an important role in the design of new approximate counting
algorithms and for understanding computational connections to statistical physics
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phase transitions. For a graph G = (V,E) and a fugacity A > 0, the hard-core
model is defined on the set {2 of independent sets of GG, where o € (2 has weight
w(o) = M7l The equilibrium state of the system is described by the Gibbs distribu-
tion p in which an independent set o has probability p(c) = w(o)/Z. The partition
function Z =) ., w(o).

We study the closely related problems of efficiently approximating the partition
function and approximate sampling from the Gibbs distribution. These problems are
important for Bayesian inference in graphical models where the Gibbs distribution
corresponds to the posterior or likelihood distributions. Common approaches used in
practice are Markov chain Monte Carlo (MCMC) algorithms, e.g., see [4, 25, 40], and
message passing algorithms, such as loopy belief propagation (BP), e.g., see [27], and
one of the aims of this paper is to prove fast convergence of these algorithms.

Exact computation of the partition function is #P-complete [38], even for re-
stricted input classes [9], and hence the focus is on designing an efficient approxima-
tion scheme, either a deterministic FPTAS or randomized FPRAS. The existence of
an FPRAS for the partition function is polynomial-time interreducible to approximate
sampling from the Gibbs distribution.

A beautiful connection has been established: there is a computational phase tran-
sition on graphs of maximum degree A that coincides with the statistical physics phase
transition on A-regular trees. The critical point for both of these phase transitions
is Ae(Q) := (A —1)271/(A — 2)2. In statistical physics, \.(4) is the critical point
for the uniqueness/nonuniqueness phase transition on the infinite A-regular tree T A
[18]. (Roughly speaking, this is the phase transition for the decay versus persistence
of the influence of the leaves on the root.) For some basic intuition about the value
of this critical point, note its asymptotics A.(A) ~ e/(A — 2) and the following basic
property: Ac(A) > 1 for A <5 and A.(A) <1 for A > 6.

Weitz [42] showed, for all constant A, an FPTAS for the partition function for all
graphs of maximum degree A when A < A.(A). To properly contrast the performance
of our algorithm with Weitz’s algorithm let us state his result more precisely: for all
d > 0, there exists constant C = C(0), for all A, all G = (V, E) with maximum degree
A, all A < (1 —0)A:(Q), all € > 0, there is a deterministic algorithm to approximate
Z within a factor (14 €) with running time O((n/€)¢1°¢4). An important limitation
of Weitz’s result is the exponential dependence on log A in the running time. Hence
it is polynomial-time only for constant A, and even in this case the running time is
unsatisfying.

On the other side, Sly [34] (extended in [6, 7, 35, 8]) has established that, un-
less NP = RP, for all A > 3, there exists v > 0, for all A > A.(4), there is no
polynomial-time algorithm for triangle-free A-regular graphs to approximate the par-
tition function within a factor 27".

Weitz’s algorithm was extremely influential: many works have built upon his
algorithmic approach to establish efficient algorithms for a variety of problems (e.g.,
[29, 32, 19, 20, 33, 39, 21, 31, 22]). One of its key conceptual contributions was showing
how decay of correlations properties on a A-regular tree are connected to the existence
of an efficient algorithm for graphs of maximum degree A. We believe our paper
enhances this insight by connecting these same decay of correlations properties on a
A-regular tree to the analysis of widely used MCMC and message passing algorithms.

1.2. Main results. As mentioned briefly earlier on, there are two widely used
approaches for the associated approximate counting/sampling problems, namely,
MCMC and message passing approaches. A popular MCMC algorithm is the simple
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single-site update Markov chain known as the Glauber dynamics. The Glauber dy-
namics is a Markov chain (X;) on 2 whose transitions X; — X1 are defined by the
following process:

1. Choose v uniformly at random from V.
2. If N(v) N X; =0, then let

Y {Xt U{v} with probability A/(1 + \),
* X\ {v}  with probability 1/(1+ )).
3. If N(v) N Xy # 0, then let X;11 = X;.
The mixing time Ty,ix is the number of steps to guarantee that the chain is within
a specified (total) variation distance of the stationary distribution. In other words,
for € > 0,
Tmix(€) = min{t : VXo, drv (X, 1) < €},

where dty() is the variation distance. We use Tiix = Tmix(1/4) to refer to the mixing
time for e = 1/4.

It is natural to conjecture that the Glauber dynamics has mixing time O(nlogn)
for all A < A.(A). Indeed, Weitz’s work implies rapid mixing for A < A.(A) for
amenable graphs. On the other hand Mossel, Weitz, and Wormald in [26] show slow
mixing when A > A.(A) on random regular bipartite graphs. The previously best
known results for MCMC algorithms are far from reaching the critical point. It
was known that the mixing time of the Glauber dynamics (and other simple, local
Markov chains) is O(nlogn) when A < 2/(A — 2) for any graph with maximum
degree A [5, 23, 40]. In addition, [13] analyzed A-regular graphs with A = 2(log n)
and presented a polynomial-time simulated annealing algorithm when A < A.(4).

Here we prove O(nlogn) mixing time up to the critical point when the maximum
degree is at least a sufficiently large constant A, and there are no cycles of length
<6 (i.e., girth > 7).

THEOREM 1. For all § > 0, there exists Ag = Ag(0) and C = C(6), and for all
graphs G = (V, E) of mazimum degree A > Ay and girth > 7, all A < (1 — 0)A.(4),
all € > 0, the mixzing time of the Glauber dynamics satisfies

Tmix(€) < Cnlog(n/e).

Note that A and A can be a function of n = |V|. The above sampling result yields
(via [36, 15]) an FPRAS for estimating the partition function Z with running time
O*(n?), where O*() hides multiplicative logn factors. The algorithm of Weitz [42] is
polynomial-time for small constant A; in contrast our algorithm is polynomial-time
for all A > Ay for a sufficiently large constant Ag.

A family of graphs of particular interest are random A-regular graphs and random
A-regular bipartite graphs. These graphs do not satisfy the girth requirements of
Theorem 1 but they have few short cycles. Hence, as one would expect the above
result extends to these graphs.

THEOREM 2. For all § > 0, there exists Ag = Ag(0) and C = C(6), and for all
A> Ag, all A < (1=98)A:(A), all e > 0 and with probability 1 —o(1) over the choice of
an n-vertex graph G chosen uniformly at random from the set of all A-reqular graphs,
the mizing time of the Glauber dynamics on G satisfies

Tmix(€) < Cnlog(n/e).
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The same holds for G chosen uniformly at random from the set of all A-reqular
bipartite graphs.

Theorem 2 complements the work in [26], which shows slow mixing for random
A-regular bipartite graphs when A > A.(A).

Theorem 2 is essentially a corollary of Theorem 1 and its proof amounts to relaxing
the girth restriction to having a limited number of short cycles in the neighborhood
of a vertex.

To prove Theorem 1 we have to analyze the well-known BP algorithm. BP,
introduced by Pearl [28], is a simple recursive scheme designed on trees to correctly
compute the marginal distribution for each vertex to be occupied/unoccupied. In
particular, consider a rooted tree T' = (V, E), where for v € V its parent is denoted
as p and its children are N(v). Let

q(v) = Pr,, [v is occupied | p is unoccupied]

denote the probability in the Gibbs distribution that v is occupied conditional on its
parent p being unoccupied. It is convenient to work with ratios of the marginals, and
hence let R,_,,) = q(v)/(1 — ¢q(v)) denote the ratio of the occupied to unoccupied
marginal probabilities. Because T is a tree it is not difficult to show that this ratio
satisfies the following recurrence:

1
Rv—)p(v):)\ T
14+ Ry

weN@\(pw)} ~ T 1w

This recurrence explains the terminology of BP that R,,_,, is a “message” from w to its
parent v. Given the messages to v from all of its children then v can send its message
to its parent. Finally the root r (with a parent p always fixed to be unoccupied and
thus removed) can compute the marginal probability that it is occupied by ¢(r) =
Ryop/(1+ Rissy).

The above formulation defines (the sum-product version of) BP a simple, natural
algorithm which works efficiently and correctly for trees. For general graphs loopy
BP implements the above approach, even though there are now cycles and so the
algorithm no longer is guaranteed to work correctly. For a graph G = (V, E), for
v € V let N(v) denote the set of all neighbors of v. For each p € N(v) and time ¢t > 0
we define a message

1
Row=r 1 g
weEN (v)\{p} W

The corresponding estimate of the marginal can be computed from the messages by
Ry

1+ Rt_ -

v—p

(1) q¢'(v,p) =

Loopy BP is a popular algorithm for estimating marginal probabilities in general
graphical models (e.g., see [27]), but there are few results on when loopy BP converges
to the Gibbs distribution (e.g., Weiss [41] analysed graphs with one cycle, and [37, 14,
16] presented various sufficient conditions; see also [2, 30] for analysis of BP variants).

We show that the Glauber dynamics behaves locally like loopy BP. Furthermore,
we show that loopy BP converges to a unique fixed point for A < A.(A). Combining
together these two facts allows us to characterize the local behavior of the Glauber
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dynamics in terms of the fixed point of loopy BP. This is a key element in our proof
of Theorem 1.

The following result is a byproduct of the analysis of Theorem 1; we feel it is
of independent interest. We show that loopy BP converges quickly to the Gibbs
distribution. More specifically, we prove that, on any graph with girth > 6 and
maximum degree A > Ag, where 4y is a sufficiently large constant, loopy BP quickly
converges to the (marginals of) Gibbs distribution pu. More precisely, O(1) iterations
of loopy BP suffices; note each iteration of BP takes O(n + m) time where n = |V|
and m = |E)|.

THEOREM 3. For all §,¢ > 0, there exists Ag = Ag(d,€) and C = C(d,¢), and for
all graphs G = (V, E) of mazimum degree A > Ay and girth > 6, all A < (1—§)A.(4Q),
the following holds: for t > C, for allv € V, p € N(v),

q'(v,p) B
(v is occupied | p is unoccupied)

1| <e

— 3

where u(-) is the Gibbs distribution.

1.3. Contributions. Our main conceptual contribution is formally connecting
the behavior of BP and the Glauber dynamics. We will analyze the Glauber dynamics
using path coupling [1]. In path coupling we need to analyze a pair of neighboring
configurations; in our setting this is a pair of independent sets X, Y; which differ at
exactly one vertex v with X;(v), Y;(v) being unoccupied and occupied, respectively.
The key is to construct a one-step coupling (X¢,Y;) — (X¢41, Yiy1) and introduce a
distance function D : {2 x 2 — R>(¢ which “contracts,” meaning that the following
path coupling condition holds for some v > 0:

E[D(Xi41, Y1) | X0, Yi] < (1 —7)D(X, Y1),

We use a distance function of the form D(Xy,Y:) = 3, c x, oy, @(v) for an appropriate
weighting @ : V' — R>;. That is, the distance D(X:,Y;) is a sum over disagreeing
vertices and each disagreement v contributes weight @(v).

We use a simple maximal one-step coupling and hence in our setting the path
coupling condition simplifies to

A . :
(2) (1—~)d(v) > e%% | e {z is unblocked in X;} &(z),

where unblocked means that N(z) N X; = 0, i.e., all neighbors of z are unoccupied,
and we have assumed there are no triangles so as to ignore the possibility that X,
and Y; differ on the neighborhood of z.

The distance function D must satisfy a few basic conditions such as being a
path metric, and if X # Y, then D(X,Y) > 1 (so that by Markov’s inequality
Pr[X; #Y:] < E[D(X:, Y:)]). A standard choice for the distance function is the
Hamming distance. In our setting the Hamming distance does not suffice and our
primary challenge is determining a suitable distance function.

We cannot construct a suitable distance function which satisfies the path coupling
condition for arbitrary neighboring pairs X¢, Y;. To this end, we utilize the loopy BP
recurrences corresponding to the probability that a vertex is unblocked. A key insight
is that we can show the existence of a suitable @ for the distance function D when the
local neighborhood of the disagreement v behaves like the BP fixed point: roughly,
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in (2) the number of unblocked vertices in N (v) is equal to what we expect to have if
each neighbor is occupied with probability specified by the BP fixed point.

We feel our construction of this distance function D is our most interesting con-
tribution. Note that the relevant qualitative information for the neighbors of v is
whether or not they are unblocked (rather than simply unoccupied). Hence consider
the (unrooted) BP recurrences corresponding to the probability that a vertex is un-
blocked. This corresponds to the following function F : [0,1]V — [0,1]V, which is
defined as follows, for any w € [0,1]" and z € V:

1

(3) F(w)(z) = H m

YEN(z)

Also, for some integer i > 0, let F¥(w) : [0,1]V — [0,1]" be the i-iterate of F. This
recurrence is closely related to the standard BP operator R() and hence under the
hypotheses of our main results, we have that F'() has a unique fixed point w*, and for
any w, all z € V, lim; o F'(2) = w*(2).

To construct the distance function D we start with the Jacobian of this BP
operator F'(). Since F() converges to a fixed point, and, in fact, it contracts at
every level w.r.t. an appropriately defined potential function, we then know that the
Jacobian of the BP operator F() evaluated at its fixed point w* has spectral radius
< 1. What motivates the use of BP is the observation that with a suitable similarity
transformation of the Jacobian we obtain a matrix which encodes the following path
coupling condition when the pair of states is close to the BP fixed points, namely,

Aw*(z)

14 dw*(z) (=)

(4) d(v) > Z

zEN(v)

This captures the main idea in the construction of a suitable . However to apply
path coupling additional requirements are needed for ¢. For example, to measure the
rate of contraction we need to bound the gap of the principal eigenvalue from 1,
and to apply Markov’s inequality we need that D(X,Y) > 1 when X # Y. Hence
additional technical work is required to explicitly derive a @ that behaves similar to
the principal eigenvector. For a comparison between (2) and (4), it is useful to recall
that A is assumed to be large, i.e., A > Ag, while for such A the fugacity A behaves
as A = 0(1/A).

There are previous works [11, 12] which utilize the spectral radius of the adjacency
matrix of the input graph G to design a suitable distance function for path coupling.
In contrast, we use insights from the analysis of the BP operator to derive a suitable
distance function. We believe this is a richer connection that can potentially lead to
stronger results since it directly relates to convergence properties on the tree. Our
approach has the potential to apply for a more general class of spin systems; we
comment on this in more detail in the conclusions.

The above argument only implies that we have contraction in the path coupling
condition for pairs of configurations which are BP fixed points, i.e., the number of
unblocked neighbors of the disagreeing vertex vis &~ > y(,) w*(2). A priori we don’t
even know if the BP fixed points on the tree correspond to the Gibbs distribution on
the input graph. We prove that the Glauber dynamics (approximately) satisfies a
recurrence that is close to the BP recurrence; this builds upon ideas of Hayes [10]
for colorings. This argument requires that there are no cycles of length < 6 for the
Glauber dynamics (and no cycles of length < 5 for the direct analysis of the Gibbs
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distribution). The girth requirements are used to prove (rough) independence of
the probability that neighbors of a vertex v are unblocked, and hence concentration
results can be utilized; this is explained in further detail in section 4.1. Some local
sparsity condition is necessary since if there are many short cycles then the Gibbs
distribution no longer behaves similarly to a tree and hence loopy BP may be a poor
estimator.

As a consequence of the above relation between BP and the Glauber dynamics,
we establish that from an arbitrary initial configuration Xy, after a short burn-in
period of T' = O(nlog A) steps of the Glauber dynamics the configuration X is a
close approximation to the BP fixed point. In particular, for any vertex v, the number
of unblocked neighbors of v in Xz is & > y(,)w*() with high probability. As is
standard for concentration results, our proof of this result necessitates that A is at
least a sufficiently large constant. Finally we adapt ideas of [4] to utilize these burn-
in properties and establish rapid mixing of the Glauber dynamics. This essentially
outlines the proof of Theorem 1.

Choose the initial configuration Xy of the Glauber dynamics to be from the Gibbs
distribution of the hard-core model. Then, X1 for T = O(nlog A) is not only related
to the BP fixed points as we described in the previous paragraph, but it is also
distributed as the Gibbs distribution. This observation makes it apparent that there
should be a relation between the fixed point of loopy BP and the Gibbs distribution
of the hard-core model. Theorem 3 provides a more systematic treatment of this
observation. Essentially, it proves that for every vertex u, w*(u) is very close to the
Gibbs marginal of u being unblocked. Theorem 3 instead of dealing with equilibrium
configurations of the Glauber dynamics it considers samples from the hard-core model.
That is, it establishes a relation between samples of the Gibbs distribution of the hard-
core model and loopy BP which is similar to that of the Glauber dynamics. The use
of samples from the Gibbs distribution instead of the Glauber dynamics allows us to
improve the girth dependence to > 6.

We prove Theorem 3 by means of the BP equations in (3), which are unrooted
recurrences for being unblocked. We chose this specific system of equations because of
its similarity to the recurrences that arise in the analysis for local uniformity, and its
applicability for the path coupling analysis. Note that there are two key differences
between the recurrences in (3) and (1). First, (3) captures unblocked whereas (1)
captures unoccupied. The second difference is the significant one: the equations in (3)
consider an unrooted version of BP while those in (1) consider a rooted version. There
is a simple transformation between the two rooted versions: the rooted analog of the
unblocked recurrences defined in (3) and the rooted, unoccupied recurrences defined
in (1). In particular the corresponding fixed points for unblocked and unoccupied
differ by a factor of \. However, considering the unrooted version of unblocked is
different than its rooted version. For A < A.(A), the difference in the fixed points is
O(1/A4). Since our proof requires A > A for a sufficiently large constant Ag in order
for concentration bounds, the error we introduce by considering the unrooted version
is of a smaller order than the error € we have in Theorem 3. Therefore, we can utilize
the simpler system (namely, unrooted) with no additional loss in the quality of results
we prove.

At this point it is worth pointing out why the lower bound A > A is inevitable
with our approach. We prove concentration results on the number of neighbors that
are unblocked; this is an integer-valued function and hence we cannot obtain bounds
closer than a factor (1 + 1/A). Therefore, as we require closer concentration bounds
in order to get closer to the threshold we need that A grows.
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1.4. Outline of paper. In the following section we state results about the con-
vergence of the BP recurrences. Section 2 contains the proofs of all the results about
the convergence of BP. We only postpone until section 7 the proofs of Propositions 7
and 8, which are a bit lengthy.

We present in section 3 our theorem showing the existence of a suitable distance
function to use for path coupling; this is Theorem 9. The proof of Theorem 9 appears
in section 3 and builds on the results of section 2.

Section 4 discusses local uniformity results for both the Glauber dynamics and
the Gibbs distribution (these are Theorems 11 and 10); these uniformity results are
necessary ingredients in the proofs of Theorems 1 and 3, respectively. The proof of
Theorem 10 appears inside section 4, but the proof of Theorem 11 is more technical
and lengthy and appears in sections 9 and 10.

Section 5 proves our main result, Theorem 1. For the proof we use the distance
function we presented in section 3 and the uniformity result from section 4. In sec-
tion 5.1 we provide a proof sketch of Theorem 1. In sections 5.3 and 5.4 we give some
preliminary results and in section 5.2 we give the full proof of Theorem 1.

The extension of our rapid mixing result to random regular graphs (and regular,
bipartite graphs) as stated in Theorem 2 is proved in section 6.

Theorem 3 about the efficiency of loopy BP is proved in section 8. (Some of the
key technical results in the proof of Theorem 3 are already proved in sections 4 and
7.)

Sections 9 and 10 are the most technical parts of our paper; these sections prove
the local uniformity property for the Glauber dynamics. In particular, section 9
provides some basic results and concepts we use in section 10 to prove uniformity.

Finally, section 11 provides some concluding remarks.

2. BP convergence. Here we state several useful results about the convergence
of BP to a unique fixed point, and stepwise contraction of BP to the fixed point.

Our first lemma says that the recurrence for F'() defined in (3) has a unique fixed
point.

LEMMA 4. For all 6 > 0, there exists Ay = Ap(0), and for all G = (V,E) of
maximum degree A > Ag, all A < (1 — §)A(4Q), the function F has a unique fized
point w*. Moreover, for any initial value w° € [0,1]V, denoting by w® = F(w) the
vector after the ith iterate of F, it holds that

lw' — w*]leo < 3(1 —6/6)".

A critical result for our approach is that the recurrences F() have stepwise con-
traction to the fixed point w*. To obtain contraction we use the following potential
function ¥. Let the function ¥ : [0,1] — R be as follows:

(5) U(x) = (\/X) ' arcsinh (M) .

The following fact (which is formally verified in section 2.1) is frequently used in our
analysis. For the A and A assumed by Lemma 4, for any x1,z2 € [(1 +\)~4, 1],

1
(6) §|x1 — o] < |P(21) — U(x2)| < 3|21 — 22|

Our main motivation for introducing ¥ is as a normalizing potential function that we
use to define the following distance metric, D, on functions w € [0,1]"":

D(wr,wz) = max [¥(wy(2)) — ¥ (wa(2))] -
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We will also need a variant, D, g, of this metric whose value only depends on the
restriction of the function to a ball of radius ¢ around vertex v. For any v € V| integer
¢ >0, let By(v) be the set of vertices within distance < ¢ of v. Moreover, for functions
wi,wa € [0,1]V, we define

(7) Dyo(wi,w2) = max |F(wi(z)) — P(wa(2))].

z€B(v,0)
We can now state the following convergence result for the recurrences, which estab-
lishes stepwise contraction.

LEMMA 5. For all § > 0, there exists Ag = Ao(6), and for all G = (V, E) of
mazimum degree A > Ag, all A < (1 — §)A.(AQ), for any w € [0,1]V, v € V, and
{>1, we have

Dy -1 (F(w),w*) < (1—=6/6)Dye(w,w”),

where w* is the fived point of F.

We also consider a recurrence which corresponds to the rooted belief propagation.
For an undirected graph G = (V, E), let E be the set of all orientations of edges in
E. The function H : [0,1]¥ — [0,1]¥ is defined as follows: For any w € [0,1]¥ and
(v,p) € E,

(8) Hw)wp) = ] .

14+ X\ '
weN @Gy LT Y)

For this system we have similar convergence result as Lemma 4.

COROLLARY 6. For G = (V,E) and A assumed by Lemma 4, the function H
defined in (8) has a unique fized point w*. Moreover, for any initial value w® € [0,1]F,
denoting by w® = H'(w) the vector after the ith iterate of H, it holds that

lw’ — w*]leo < 3(1 —6/6)".

2.1. Proofs of Lemmas 4 and 5 and Corollary 6. We first verify the fact
stated in (6). By the mean value theorem, for any @1,z € [(1+ \)~4, 1], there exists
a mean value £ € [(1+ \)~4,1] such that

1
!p$1 _!pr :!plé. T — T2 = —F———|T1 — X2]|.
(@)~ Ha)| =0 Q) — ol = 5l

Using a coarse estimation such that A\.(A) < 3/(A — 2), it is easy to verify that for

all sufficiently large A, we have (1 +A)"4 > (14 3/(A —2))~4 > 1/36 and hence
1 1 1

&€ € [1/36,1], and also A < A.(A) < 1/4. Therefore, WATSTy > s > 3 and

1
24/€(1+A8)

Next, we state two propositions which are needed for proving Lemmas 4 and 5.
The proofs of these propositions use ideas from [29, 20, 32] and are postponed to
section 7.

Let fya(z) = (1+ Az)~¢ be the symmetric version of the BP recurrence (3). Let
# = (), d) be the unique fixed point of fy 4(x), satisfying 2(\,d) = (1+ A\2(\,d)) <.
We define

) a(\, d) = ,/%.

< ﬁ < 3. This proves (6).
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PROPOSITION 7. For all § > 0, there exists Ag = Ag(0), and for all A > Ag, all
A—-1
A< (1= 0)Ae(4), where Ao(A) = L2 it holds that a(), A) <1 - 6/6.
Recall the function F() as defined in (3). The following proposition was proved
implicitly in [20].
PROPOSITION 8 (see [20]). Let G = (V, E) be a graph with mazimum degree at
most A. Assume that a(\, A) < 1. For any w € [0,1]V, and v €V,

AF (w)(v) Aw ()
T+ AF(@)(0) ue%%y) T = “A4)

where a(\, A) is defined in (9).

By Proposition 7, for the regime of A given in Lemmas 4 and 5, it holds that
a(A, A) <1—§/6, where A is the maximum degree of the graph G = (V, E).
We then show that for any wy,ws € [0,1]Y and v € V,

(10) ¥ (w1 (v)) = ¥(w2(v))| <1,
and
(11) ¥ (F(w1)(v)) — & (F(w2)(v))] < (1—-6/6) e ¥ (w1 (v)) — ¥ (w2(v))|.

We first prove (10). It is easy to see that ¥(x) is monotonically increasing for
x € [0,1], and thus [¥(w; (v)) — ¥ (wa(v))| < ¥(1) —¥(0) = arcsinh(v/A)/v/A. Observe
that arcsinh(z) < x for any = > 0 and hence arcsinh(v/A)/vA < 1. Then (10) follows.
We then prove (11). Note that the derivative of the potential function ¥ is ¥'(z) =

dggf) = 2\/x(i+m). Due to the mean value theorem, there exists an & € [0, 1]V (®)
such that
[W(F(w1)(v)) — ¥ (F(w2)(v))]
- Zirﬁﬁf” Wﬁéﬁ”Mme»—wwwm
N(v) w=w

_ | AF@)(v) (v Ao(u

TV TEF@)) N(v 1+)\w Pl (w)) = (wa(w))

< || irem éf)’ 1i°1w B, a0 = Pl

uweN (v)

Then (11) is implied by Propositions 7 and 8.

Now we are ready to prove Lemma 4. Consider the dynamical system defined by
w® = F(wV) with arbitrary two initial values o.)§ ),wéo) € [0,1]V. The derivative
of the potential function satisfies that ¥'(z) > 2@ for any x € [0,1]. Due to the

mean value theorem, for any v € V, there exists a mean value £ € [0, 1] such that

(« @) = (o) )]

<2VItA ‘w («" @) o () @) ‘ .

W)~ )| = 5
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Combined with (10) and (11), we have
SR (o) - ()]
<2(1- 5/6)1\/1—|——)\Iznea‘3< ‘U'/ (w%o)(z)) —-v (wéo)(z))‘
< 2(1—6/6)'V1+ A,
which is at most 3(1 — §/6)% for A < A.(A) for all sufficiently large A. Lemma 4 is

proved.
Lemma 5 is then a consequence of this. According to the definition of D, g in (7),

-

Dy p—1(F(w),w")
= max : |7 (F(w)(u) — ¥(w*(u))]

ueB(v,R—1
= uEBn(lvz,lI)-%—l) |¥(F(w)(u)) — & (F(w")(u))] (w* is fixed point)
S Lephax [(1=0/6) max [¥(w(z)) —¥(w(z))] (due to (11))
= (=5/0) x| P((n) - U ()

=(1-4/6)- Dy r(w,w"),

which proves Lemma 5.

Finally, with the approach used above, analyzing the convergence of H which is
defined in (8) is the same as analyzing F' on a graph G with maximum degree A — 1.
Recall that a(A, A) is increasing in A. The same proof gives us Corollary 6.

3. Path coupling distance function. We now prove that there exists a suit-
able distance function @ for which the path coupling condition holds for configurations
that correspond to the fixed points of F().

THEOREM 9. For all § > 0, there exists Ay = Ag(9), and for all G = (V, E) of
mazimum degree A > Ay, all A < (1 — d)A(AQ), there exists @ : V — Rxq such that
for everyv € V,

(12) 1<P(v) <12
and
B Aw* (u)
(13) (=562 > 3 e,
uEN (v)

where w* is the fized point of F' defined in (3).
The theorem is proved by considering the Jacobian .J of the BP operator F":

J(v,u) = OF(w)(v) = /}i(;:u)((s)) if u € Ny,
’ Ow(u) 0 otherwise.

Let J* denote the Jacobian at the fixed point w = w*, formally:

(14) T =T -
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Let D be the diagonal matrix with D(v,v) = w*(v) and define
(15) J=D"'J*D

The path coupling condition (13) is in fact

(16) Jo < (1-6/6)d.

The fact that w* is a Jacobian attractive fixed point implies the existence of a
nonnegative ¢ with J& < ®. Thus, the theorem would follow immediately if the
spectral radius of J is p(J) < 1 —6/6 and J has a principal eigenvector with each
entry from the bounded range [1,12]. However, explicitly calculating this principal
eigenvector can be challenging on general graphs.

The convergence of BP which is established in Lemmas 4 and 5, w.r.t. the potential
function ¥, guides us to an explicit construction of @ to satisfy J& < & as follows.

Proof of Theorem 9. Due to Propositions 7 and 8, for any w € [0,1]V, and v € V,

we have
AF (w)(v) Aw ()
T2 F(@)(0) ug@) V Ty =106

In particular, this inequality holds for the fixed point w*, where F(w*)(v) = w*(v).

Therefore,
Aw*( Aw*(
[ AT | <
1+ )\w 1+ )\ 0/6.

Note that the derivative of the potential function ¥ is given by ¥'(z) = L

2 /z(1+Az)
Therefore, the above inequality in fact gives us

w*v Aw*( Aw*(
* 1-6/6
2. T “”w' (w) \/1+Am \/1+)\ /6,
u€EN (v)

which is equivalent to the following:

( w) 1-4/6
2 Srew) S ST )

u€N (v)

where in above J* and .J are as defined in (14) and (15).
Then, (16) is trivially satisfied by choosing @ such that &(v) = m =
14+dw* (v)
PRON

Next, we show that this @ satisfies that 1 < &(v) < 12. Since w* € [0,1]V
have ¢(v) = 1+w/\:‘2@§”) > 1. Meanwhile, it holds that w*(v) = [Luen, m >
(1+A)~42. By our assumption, A < (1 — 0)A\.(A) < %5 for all A > 3. Therefore,

W) > (1+ 355)74 > 572 and B(v) = |/ H2) <\/53 1<12. O

. In turn we get the path coupling condition (13).
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4. Local uniformity. We will prove that the Glauber dynamics, after a suffi-
cient burn-in, behaves with high probability locally similar to the BP fixed points. In
this section we will formally state some of these “local uniformity” results.

For an independent set o, for v € V, and p € N(v) let

(17) Uy p(0) =1{o N (N(v) \{p}) = 0}

be the indicator of whether the children of v leave v unblocked.

We now state our main local uniformity results. We first establish that the Gibbs
distribution behaves as in the BP fixed point, when the girth > 6. We will prove that
for any vertex v, the number of unblocked neighbors of v is ~ > () w*(2) with
high probability. Hence, for v € V' let

Sx(v) = > U..(X),

zEN(v)
denote the number of unblocked neighbors of v in configuration X.

THEOREM 10 (Gibbs distribution uniformity).  For all d,e > 0, there exists
Ay = Ap(d,€) and C = C(d,€), and for all graphs G = (V, E) of mazimum degree
A> Ay and girth > 6, all A < (1 = §)A(AQ), for allv € V, it holds that

Pry., [[Sx(v) = Y w'(2)] <ed| > 1—exp(=4/Ci),
zEN (v)

where w* is the fixed point from Lemma 4.

Theorem 10 will be the key ingredient in the proof of Theorem 3. Before proving
it let us give a brief discussion about its analogue for Glauber dynamics.

For our rapid mixing result (Theorem 2) we need an analogous local uniformity
result for the Glauber dynamics. This will require the slightly higher girth require-
ment > 7 since the grandchildren of a vertex v no longer have a certain conditional
independence and we need the additional girth requirement to derive an approxi-
mate version of the conditional independence. (This is discussed in more detail in
section 9.2.)

The path coupling proof weights the vertices according to @. Hence, in place of
S we need the following weighted version W. For v € V and @ : V. — R as defined
in Theorem 9 let
(18) Wo(v) = > U..(0) &(2).

z€N (v)

We then prove that the Glauber dynamics, after sufficient burn-in, also behaves as in
the BP fixed point with a slightly higher girth requirement > 7. (For path coupling
we only need an upper bound on the number of unblocked neighbors, and hence we
state and prove this simpler form.)

THEOREM 11 (Glauber dynamics uniformity). For alld,e > 0, let Ag = Ag(J, €),
C = C(0,¢€), and for all graphs G = (V, E) of mazimum degree A > Ay and girth
>7, all A< (1 =98)A:(Q), let (X;) be the Glauber dynamics on the hard-core model.
For all v € V, it holds that

(19)  Pr|(teI) Wx,(v)< Y w'(2)d(z)+eA| >1—exp(-A/C),
zEN (v)

where the time interval T = [Cnlog A, nexp(A/C)].
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The above theorem shows that for arbitrary initial state X after O(nlog A) steps
it achieves the local uniformity property whp (with high probability). Our proof of
Theorem 1 will, in fact, use a slight variant of the above theorem, but the relevant
notions haven’t been presented yet so we defer the formal statement to Theorem 18
in section 5.3. Theorem 18 considers Xy which is “nice” in an appropriate sense
and proves that then only O(n) steps are required to achieve the local uniformity
property whp. Theorem 11 will then follow as a corollary of Theorem 18 (together
with Lemma 21, which also appears in section 5.3).

4.1. Proof of Theorem 10. Here we present the proof of Theorem 10 of the
local uniformity results for the Gibbs distribution.

Consider a graph G = (V, E). For a vertex v and an independent set o, consider
the following quantity:

(20) Rioo) = [ (1- 125000,

zEN(v)

where U, (o) is defined in (17). (It is the indicator that the children of z leave it
unblocked.) The important aspect of this quantity R is the following interpretation.
Let Y be distributed as in the Gibbs measure w.r.t. G. For triangle-free G we have

R(o,v) = Pr[v is unblocked | v ¢ Y, Y (S2(v)) = o(S2(v))],

where S3(v) are those vertices distance 2 from v and by “v ¢ Y” we mean that v
is not occupied under Y. Since G is triangle free, conditional on the configuration
at v and S2(v) then the neighbors of v are independent in the Gibbs distribution.
Substituting o with Y in the above relation we have that

(21) R(V,0)= [] Prlz¢Y[vgV, Y(S(v)).

z€N (v)

In special cases of graphs, e.g., for A-regular trees. we can express the probability
terms on the right-hand side (r.h.s.) of (21) in terms of R-quantities. That is, we
can extend (21) to the following system of recursive equations: With probability
1 — exp(—£2(AY3)) we have

(22) R(Y,0v)= [] <1—H%R(Y,z)>+O(A1/3).

z€N (v)

The above is not trivial to derive; in what follows we provide the technical details. For
our purpose it turns out that R(X -) expressed as in (22) is an approximate version of
F() defined in (3). The error term O(A~'/3) in (22) is negligible. For understanding
R(X, ) qualitatively, this error term can be completely ignored.

To get some intuition of what is going to follow, consider the (BP system of)
equations in (22). We show that a relation similar to (22) holds for the graph G.
That is, we prove a loopy version of the equation. (See Lemma 12 for further details.)
Furthermore, for proving the theorem we will show the following interesting result
regarding the quantity Sy (v) for every v € V. With probability > 1 — exp(—12(4)),
it holds that

(23) Sy (v) — Z R(Y,z)| < eA.

zEN(v)
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That is, we can approximate Sy (v) by using quantities that arise from the loopy BP
equations.

Still, getting a handle on R(Y, z) in (23) is a nontrivial task. We will argue that
the loopy version of (22) we establish between R(Y,v) and R(Y,, z) for z € N(v) is an
approximate version of F() and then we can apply Lemma 5 to deduce convergence
(close) to the fixed point w*.

LEMMA 12. For all~y,6 > 0, there ezists Ay, C > 0, and for all graphs G = (V, E)
of mazimum degree A > Ay and girth > 6 all A < (1 — 0)A(AQ) for all v € V the
following is true:

Let X be distributed as in u. Then with probability > 1 — exp(—A/C) it holds
that

(24) R(X,0)— ][] <1—LR(X,Z)> <.

z€N (v) 1+A

Proof. Consider X distributed as in . Given some vertex v € V, let F be the
o-algebra generated by the configuration of v and the vertices at distance > 3 from
v.

Note that A.(A) ~ e/A. So, for A < A.(A) we have A = O(1/A). Note, also, that
Sx(v) is a function of the configuration at Sa(v). Conditional on F, for any z,z’ €
N (v) the configurations at N(z)\{v} and N(z’)\{v} are independent of each other.
That is, conditional on F, the quantity Sx (v) is a sum of |N(v)| many independent
random variables in {0, 1}. Then, applying Azuma’s inequality (the Lipschitz constant
is 1) we get that

(25) Pr[|E[Sx (v) | F] - Sx(v)] < fA] > 1 2exp (~F2A/2)
for any 5 > 0.
For z € Rxo, let f(z) = exp(—l%\x). Since A < e¢/A for A > Ay, then for

|v| < (3e)~! it holds that f(x +~A) < 10v. Using these observations and (25) we get
the following: for 0 < B < (3e)~! it holds that

(26) Pr{|f(Sx(v)) — f(E[Sx(v) | F])| <108] > 1 —2exp (-f%A/2).

Recalling the definition of R(X,v), we have that

R(X,v)= [] <1—H%UZ,U(X))

A
=exp | -1 6;( )UZ,U(X) +0(1/4)

(27) = [(Sx(v)) +0(1/4),

where for the second equality we use the fact that A = O(1/A) and that for |z| < 1 we
have 1 + 2 = exp(z + O(z?)); the last equality follows by noting that f(Sx(v)) < 1.
We are now going to show that for every z € N(v) it holds that

(28) IE[U..,(X) | F] - R(X, 2)| < 2A.

Before showing that (28) is indeed correct, let us show how we use it to get the lemma.
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We have that

FESx ()| Fl) = exp (—1% > EU..(X) | f])
zEN (v)

z€EN (v)

— exp (_1% S R(Y, z)) +0(1/4)

A

(29) = 261;[@) (1 - TR z)> +0(1/4),

where in the first derivation we use linearity of expectation, in the second derivation
we use (28) and the fact that A = O(1/A), and in the third derivation we use the fact
that e® = 1+ x + O(z?) and the fact that A = (1/A). The lemma follows by plugging
(29) and (27) into (26) and taking sufficiently large A.

It remains to show (28). We first get an appropriate upper bound for
E[U,,(X) | F]. Using the fact that U, (X) < 1 and Pr[z € X|F] < X we have
that

E[U..(X) | F]=E[U.(X) | F,2 € X ]-Pr[z € X|F]
+E[U.(X)| F,z2¢ X]-Prlz ¢ X |F]
SPI‘[ZEXLF]'FE[Uzm(X)|-F72¢X]
<A+E[U.(X) | F,z ¢ X]

A
(30) =+ 11— ——U,.(X)
ueNg\{v} ( L+ )
<2+ uelj_v[ < 1+—/\ (X))
(31) =22+ R(X, 2),

where (30) uses the fact that given F the values of U, ,(X) for u € N(z) \ {v} are
fully determined. Similarly, we get the lower bound:
E[U..(X) [ 7]
=E[U,,(X)|F,z€ X]-Pr[z € X|F|
+E[U,(X)| F,z¢ X]-Prz ¢ X|F|

> (125 ) BV Fag Xl (Pl g XA 21 o)
>(1-2)E[U,,(X) | F,z¢ X] (as 25 < 2))
A
> (-2 UL
ML (o)

>@1-20 ][] (1_HLAUU,Z(X)>

u€EN (z)
= (1-20)R(X,>2)
(32) > R(X,z2) -2\,

where in the last inequality we use the fact that R(X, z) < 1.
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From (31) and (32) we have proved (28), which completes the proof of the
lemma. a

We will argue that (24) is an approximate version of F'(-) and then we can apply
Lemma 5 to deduce that R(X, ) is an approximate version of the fixed point w*. In
particular we have the following result.

LEMMA 13. For every 6,0 > 0, there exists Ag = A(d,0) and C > 0 all A <
(1 =90)A:(4Q), and for G of maximum degree A and girth > 6, the following is true:
Let X be distributed as the Gibbs distribution. For any z € V, it holds that

Pr[[R(X,z) —w"(2)| < 0] = 1 — exp(=A/C),

where w* is defined in Lemma 4.

Proof. Let R = L% log~* + %OJ. For every integer i < R, we define
Bi = max [¥(R(X, z)) — ¥ (w"(z))|,

where ¥ is defined in (5). The maximum is taken over all vertices z € B;(w).

An elementary observation is that g; < 3 for every i < R. To see why this
holds, note that for any z € V and any independent sets o, it holds that e™¢ <
R(o,2),w*(z) < 1. Then we get 5; < 3 from (6).

We start by using the fact that fr < 3. Then we show that with sufficiently large
probability, if 5,11 > 6/5, then 8; < (1 — 7)B;41, where 0 < v < 1. Then the lemma
follows by taking large R.

For any i < R, Lemma 12 and a simple union bound over the vertices in B;(w)
imply that there exists a constant Cy = Cy(6,9) > 0 such that with probability at
least 1 — exp(—A/Cp) the following is true: For every vertex x € B;(w) it holds that

)

(33) R(X,z) — exp A > R(X,2) <%

1+A zEN(x)

Fix some i < R, z € B;(w). From the definition of the quantity f;y; we get the
following: For any = € B;11(w) consider the quantity @(z) = R(X,z). We have that

(34) Dy ip1(@,w") < Biyr.

We will show that if (33) holds for R(X, z), where z € B;(w), and B;+1 > 6/5, then
we have that

¥ (R(X,2)) = ¥ (w*(2))] < (1—6/24)Bi41.
For proving the above inequality, first note that if R(X, z) satisfies (33), then (6)
implies that

(35) ¥ (R(X,2)) — ¥ | exp —HLA > R(X,7) < —.
reN(z)
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Furthermore, we have that

7 (R(X, 2)) =¥ (w(2))|

< f—g + (@ (exp <—1%§ R(X, r))) —v (w*(z))‘ (from (35))

<% w( 11 (1-%)) ()| +

reN(z)

w < 10-585) o (o 3 o) )|

reN(z)

where both inequalities follow from the triangle inequality.
From our assumption about A and the fact that R(X,r) € [e™¢, 1] for r € N(z),

we have that
AR(X,r) R(X,r) 10
B AL I - <.
H)(l T+ ) eXp(AZ N )

reN( reN(z)

The above inequality and (6) imply that
AR(X,7) A 30
v 1—-— —-v - R(X < —.
(H ( T+ A )) (exp( o 2 R ’”)) =A
reN(z) reN(z)
Plugging the inequality above into (36) we get that
¥ (R(X, 2)) — ¥ (w*(2))]

§%+3—A0+ w( 11 (1—%)) — ¥ (w*(2))

reN(z)
80 30 1 .
sptaty? (TGI;I(Z) (1 +/\R(X,r))) —Y (=)
1 B _AR(X,7)
(37) 3 TGEI(Z) <1+/\R(X, r)) TEI;V[(Z) (1 T+ A )
(38) < 60/12 4+ 60/A + D, ;(F(@),w"),

where we derive (37) by applying the triangle inequality and (6); (38) follows by noting
that for any r € N(z) we have (m) —-(1- %) < (e/A)?,|N(2)] < A, and
A is sufficiently large. Finally, in (38) we let & € [0,1]" be such that @(r) = R(X, )
for r € V and F is defined in (3).

Since @ satisfies (34), Lemma 5 implies that
(39) Dy i(F(@),w") < (1= 6/6)Bit1
Plugging (39) into (38) we get that

(40) |V (R(X,, 2)) = ¥ (w'(2))] < 060/12+ 60/A+ (1 = 6/6)Bi1 < (1 —6/24)Bita,
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where the last inequality holds if we have 8;11 > /5 and A is sufficiently large. Note
that (40) holds provided that R(X, z) satisfies (33). The lemma follows by taking
sufficiently large R = R(6). O

Proof of Theorem 10. Let F be the o-algebra generated by the configuration of
v and the vertices at distance greater than 2 from z, i.e., V' \ By(v). Conditioning
on F, S, is a sum of [N(v)| many 0-1 independent random variables. From Azuma’s
inequality, for any fixed v > 0, we have that

(41) Pr(|S, —E[S, | F]| > vA] < 2exp (—124/2).

Working as in the proof of Lemma 12 (i.e., for (31), (32)) we get the following: For
each z € N(v) it holds that

IE[U,..(X) | F] - R(X, 2)| < 10€°A.

Note that, given F the quantity R(X, z) is uniquely specified.
From the above we get that

(42) E[S, | F] = Z E[U..(X) | F] = Z R(X,z) + ¢,

zEN (v) zEN (v)

where [¢| < e5¢. Furthermore, from Lemma 13 we have that for every w € V and
every 6 > 0, there exists Cy > 0 such that

(43) Pr [[R(X, w) — w(w)| < 0] > 1 exp(~A/Cy).

From (43), (42), and a simple union bound we get the following: for every v’ > 0,
there exists C; > 0 such that

(44) Pr|[E[S, | Fl— Y w'(2)|<+yA| >1-exp(-A/C1).
z€N (v)
The theorem follows by combining (41) and (44). O

5. Rapid mixing proof. We begin with some basic notation. Consider a graph
G = (V,FE). For some integer » > 0 and v € V, let B,(v) be the set of vertices
which are within distance r from v; we usually refer to B,.(v) as the “ball” of radius
r, centered at v. Let S;(v) the set of vertices at distance exactly r from v; we usually
refer to S, (v) as the “sphere” of radius r, centered at v. Finally, let N(v) denote the
set of vertices which are adjacent to v.

5.1. Outline of the proof. Theorem 11 tells us that after a burn-in period the
Glauber dynamics locally behaves like the BP fixed points w* with high probability
(whp). (In this discussion, we use the term whp to refer to events that occur with
probability > 1 — exp(—§2(4A)).) Meanwhile Theorem 9 says that there is an appro-
priate distance function D for which path coupling has contraction for pairs of states
that behave as in w*. A snag in simply combining this pair of results and deduc-
ing rapid mixing is that when A is constant then there is still a constant fraction
of the graph that does not behave like w* even in the stationary distribution, and
the disagreements in our coupling proof may be biased toward this set. We follow
the approach in [4] to overcome the obstacles that arise and complete the proof of
Theorem 1.
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The high level description of the proof of Theorem 1 is simple. The notions of
local uniformity and the distance function D, even though they are in the core of
the rapid mixing analysis, do not appear in this level of description. We will discuss
them a bit later in the exposition. At this stage we need to introduce the notion of a
“heavy” vertex.

DEFINITION 14. Let G = (V, E) be a graph of mazimum degree A and let o be an

independent set of G. For some p > 0, we say that o is p-heavy for the vertex v e V
if |B2(v) Na| > pA or |Bi(v) No| > pA/log A.

Heavy vertices are undesirable in that for a vertex v which is heavy, in order for
its local neighborhood to attain the uniformity properties we need to first update
most of its neighbors (or most of its grandchildren). This requires £2(nlog A) steps
in which time disagreements spread far. In contrast for vertices v that are not heavy,
and for which all vertices within some distance r from v are not heavy as described
in the upcoming definition, we will prove that in O(n) steps the local neighborhood
of v attains the uniformity properties.

For our analysis we do not only care about some vertex v being heavy or not; we
need to take into account for the heavy neighbors of v within some radius r around
it, as well. More specifically, we introduce the following notions.

DEFINITION 15. Let G = (V, E) be a graph of mazimum degree A. Let o, 7 be
independent sets of G. Consider integer v > 0 and v € V. If there is a vertex
w € B,(v) such that w is p-heavy, then o is called (p,r)-bad at v. Otherwise, we say
that o is (p,r)-nice at v.

Similarly, for o, such that o(v) # 7(v), we say that v is a (p,r)-bad disagreement
if there exists a vertex w € B,.(v) such that either o or T is p-heavy at w. Otherwise,
we say that v is a (p,r)-nice disagreement.

For the range of A we consider here, a very useful observation about the Glauber
dynamics (X;) is that the bad vertices in the configuration X; are very rare as long as
t = 2(nlog A). In particular, in Lemma 21, we show that for the Glauber dynamics
with fugacity A < A, after a burn-in period of length {2(nlog A), a vertex v becomes
(50, A%/19)_nice and remains nice for a period of length ne(4) whp.

We prove Theorem 1 by employing path coupling. As it turns out, for the path
coupling we need to focus on whether the disagreements we are dealing are bad or not.
In our coupling analysis, bad disagreements have an increased tendency to create new
ones. We need to use the fact that starting from a bad disagreement, after £2(nlog A)
steps this disagreement is unlikely to remain bad.

Putting the above into a firmer basis, the coupling considers the pair of Markov
chains (X;) and (Y;). We introduce a distance metric for the configurations of the
chains. That is, we introduce a weighted Hamming distance 8 on the space of inde-
pendent sets of the underlying graph G. For Xy, Y;, we have that 8(X;, Y:) equals the
sum of the Hamming distance between Xy, Y; plus S times the number of (200, r)-bad
disagreements of radius r = 2A3/5, where S = A3C"/¢+1/2 for appropriate C’ > 0 and
e>0.

At this point we need to remark that the distance 8 should not be confused with
the metric D we introduced in section 1.3. The metric D is not used directly for the
path coupling analysis but it is used later to derive some more technical results, i.e.,
in Lemma 17.

Rapid mixing follows by using path coupling to show contraction w.r.t. the metric
B. We show contraction in a T-step coupling between (X;) and (Y;), where T =
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(C"/e)n(log A). In particular, given X;r and Y;r, for some integer ¢ > 0, we show
that there is a T-step coupling such that the expected distance of X(; 1), Y(iy1)r is
much smaller than 3(X;r, Yir), i.e.,

2
(45) E [8 (Xa+nr: Yarnr) | X, Yir] < \/—Zﬁ(XiT,Yi )-
Sketching the proof of (45) we have the following: Consider X,r, Y, with ¢ disagree-
ments out of which h are (200,2A3%/%)-bad. Then we have that

B (X(iJrl)Ta Y(i+1)T) =0+S-1,

where £’ is the number of disagreements between X ;  1y7, Y(;11)r and A’ is the number
of the disagreements which are (200,2A3/5)-bad. Then, (45) follows by bounding
appropriately E [¢'] and E [h/].

We apply path coupling to (X;r, Y;r). Consider the interpolating sequence Zj, . . .,
Zy, such that Zy = X7, Z; = Y7 and, for 0 < j < ¢, the pair Z;, Z;, differ on the
assignment of a single vertex, say, vertex w;. We couple Z; and Z;4; and let ZJ’-, Z;-_H
be the pair of configurations we get after T' steps.

There is a straightforward argument that if vertex w; is a (200,2A3/%)-nice dis-
agreement for X;r and Y;r, then we can have the interpolating sequence such that
w; is a (200,2A3/%)-nice disagreement for Z; and Z;1.

First, we get an upper bound on the expected number of disagreements in the
pair Z;,Z; 4+1- Note that some of these disagreements are nice and some are
(200,2A%/%)-bad. We are going to bound the expectation of these two kinds of
disagreement, separately. Once we get the expected number of disagreements (for
both kinds) for each pair Z}, 7}, ,, a standard argument from path coupling gives
E W], E[¢].

As far as E [h/] is concerned we use the following lemma.

LEMMA 16. For 6 > 0, 0 < e <1 and C > 10 let A > Ay. Consider a graph
G = (V,E) of maximum degree A and let X < (1 — 6)A(AQ). Let (X¢), (Yy) be the
Glauber dynamics on the hard-core model with fugacity A and underlying graphs G.
Assume that the two chains are mazimally coupled. Then, the following is true:

Assume Xo,Yy to be such that Xo ® Yy = {v*} and T = C'n/e. Then it holds
that

L E[|X710ga ® Yriogal] < A3C/e
2. let STiog A denote the set of disagreements of (Xrioga, YT10gA) that are
(200, 7)-bad for radius 2A%/°. Then E[|St10g a]] < exp(—V/A).

For the bounds in Lemma 16 we do not need to use any uniformity arguments.
Mainly we use worst-case assumptions regarding the generation of disagreements.
Lemma 16 follows as a corollary from Lemma 23 which we present and prove in
section 5.4.

From Lemma 16.2 we have that there is a coupling such that the expected number
of disagreements between Z/, Z!,, which are (200,2A%°%)-bad is < exp(—V/A). Path
coupling then implies that

E[h] < Lexp(—VA).
Furthermore, since the number of (200, 2A3/ 5)—bad disagreements between X;r, Y;r
is assumed to be h, there are at most h pairs Z;, Z; 41 such that the disagreement is
(200,2A%/%)-bad. Lemma 16.1 implies that there is a coupling such that the expected
number of disagreements generated by such a pair is < A3C' /e,
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For each of the rest of the pairs Z;, Z;,1, i.e., those pairs whose disagreement is
(200, 2A%/%)-nice we use the following result.

LEMMA 17. Let ¢’ > 10, € > 0 and Ay = Ao(e). For any graph G = (V, E) on
n wvertices, of maximum degree A > Ag, girth g > 7, and for A < (1 — 0)A.(4) the
following is true.

Let (Xy), (Yz) be the Glauber dynamics on the hard-core model with fugacity A and
underlying graphs G. Let Xg, Yy be independent sets which disagree on a single vertex
v* that is (400, R)-nice for radius R = 2A3/>. For T = (C'/e)nlog A, we have that

E[| X7 @ Yr|] < 1/VA.

For each of the pairs Z;, Z;41 whose disagreement is (200, 2A3/5)-nice, Lemma 17
implies that we have contraction. That is, the expected number of disagreements is
1/v/A. Putting together the bounds for the nice and bad pairs we have that

E[¢'] < (£ = h)/V A+ hA3C /e,

We require that the maximum degree A is large enough so that the quantity .S, in
the definition of the metric 3, satisfies S < exp(v/A)/v/A. With this requirement for
A and the above bounds for E [¢/] and E [h], it is a matter of elementary calculations
to verify that (45) indeed holds.

To summarize all above, we have the following: for the bad disagreements we
should expect a “bad behavior” in terms of the new disagreements they create. That
is, if w; is bad, then the expected number of disagreements after a T-step coupling
of Zj, Z;j41 is at most A3C'/¢ as specified from Lemma 16. On the other hand, the
bad disagreements tend to be rare after a T-step coupling, i.e., regardless of whether
w; is heavy or not, the expected number of new heavy disagreements that are created
is at most exp(—v/A); this also follows from Lemma 16. That is, even though the
heavy disagreements create a lot of disagreements, they tend to be rare after a while
and their expected contribution is minuscule. The main load for proving rapid mixing
comes from the nice disagreements. For them, we use Lemma 17, which essentially
uses the uniformity result in Theorem 18.

Contraction using uniformity. We use the notion of local uniformity to prove
Lemma 17. In the remainder of this section, we sketch the basic results we prove to
derive the lemma.

We use the following, more technical version of the uniformity result contained in
Theorem 11.

THEOREM 18. For all §,¢ > 0, let Ag = Ag(d,€),C = C(d,¢€). For graph G =
(V,E) of mazimum degree A > Ag and girth > 7, all A < (1 — 6)A.(AQ), let (X;) be
the continuous (or discrete) time Glauber dynamics on the hard-core model. If Xq is
(400, R)-nice at v € V for radius R = R(J,¢€) > 1, it holds that

(46) Pr|(VteI) Wx,(v) < Z w(2)P(z) +eA| > 1—exp(—A/C),
zEN(v)
where the time interval T = [Cn,nexp(A/C)].

Note that the only difference between Theorem 11 and the one above is that the
later assumes that Xg is (400, R)-nice at v for radius R = R(d,¢) > 1 and only O(n)
steps are required to attain the local uniformity properties. In contrast, Theorem 11
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does not make any assumption about Xy, and hence O(nlog A) steps are required.
The requirement for O(nlog A) steps to get uniformity comes from the fact that the
vertex v for which we want to establish uniformity, at X, is heavy. Then, O(nlog A)
steps allow all for the neighbors of v to be updated at least once, whp.

The proof of Theorem 18 is quite technical and goes beyond the discussion of this
section. For this reason, the presentation of the proof is deferred to section 10.

We also need to use the following Theorem 19, which shows that for (X;) and (¥%)
such that Xy and Yj specify only a single, nice disagreement, there is an O(n)-step
coupling where the expected Hamming distance decreases.

THEOREM 19. Let C' > 10, 0,¢ > 0, let Ag = Ap(e, ), and let A < (1 —5)A.(AQ).
For any graph G = (V, E) on n vertices and mazimum degree A > Ay and girth g > 7
the following holds:

Let (Xy), (Yz) be the Glauber dynamics on the hard-core model with fugacity A and
underlying graphs G. Suppose that Xo, Yy differ only at v*, while v* is (400, R)-nice
for R, where A3/ < R < 2A3/5. For T,, = C'n/e we have that

1. E [|XTm D YTm” < 1/3,
2. let Z denote the event that there exists a (200, R')-bad disagreement for R’ =
R — 2V A at time T,,. Then it holds that

Pr[Z] < 2exp(—2VA).

The main argument for proving Theorem 19 is as follows: We let the two chains
run for some ©(n) steps, such that v* and B ,z(v*) get uniformity. For this argument
we combine Theorem 18 and a simple union bound over the vertices in B ,z(v*). Note
that the period we wait for B,z (v*) to get uniformity is only a small fraction of T,
the period we consider for the coupling.

During this initial period there is not much control on the number of disagree-
ments that are created between the coupled chains. That is, we have to make worst
case assumptions on how the new disagreements are generated. As it turns out there
is an ever increasing number of new disagreements as we allow the two chains to
evolve.

Despite this lack of control on the new disagreements, a key observation in our
argument is that whp they are confined within the ball B (v*). Furthermore, whp
the vertices in this ball get uniformity. Then we have contraction in the path coupling
condition (by applying Theorem 9), and hence after O(n) further steps the expected
Hamming distance is small (by Theorem 19).

Note that Lemma 17 considers time interval ©(nlog A) as opposed to Theorem 19,
which considers intervals of length O(n). We get Lemma 17 by splitting the @ (n log A)
interval into epochs of length @(n), where for each epoch we apply Theorem 19.
Then, the technical challenge in proving Lemma 17 amounts to arguing that certain,
relatively rare, undesirable events, like the generation of bad disagreements, do not
have much influence on the creation of new disagreements.

5.2. Proof of Theorem 1. For the purposes of path coupling for every pair of
independent sets X, Y we consider shortest paths between X and Y along neighboring
independent sets. That is, X = Zy ~ Z1 ~ --- ~ Zy, =Y. This sequence Z1,...,7Z;
we call interpolated independent sets for X and Y and for any ¢ = 0,...,¢—1 it holds

Since the distance between neighboring configurations depends only on the vertex
on which they disagree, we can move from X to Y by first removing the vertices in
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X \ 'Y and then adding the vertices in Y\ X. A key aspect of the above definitions
is that the niceness is inherited by interpolated independent sets.

Observation 20. If X,Y are independent sets, neither of which is p-heavy at ver-
tex v, then no interpolated independent set is p-heavy at v. Likewise, if v is (p, r)-nice,
then in every interpolated independent sets v is (p, r)-nice.

The above follows from the fact that if independent sets o, 7 are such that o C 7,
then a vertex v that is not p-heavy in 7 is not p-heavy o, as well.

Proof of Theorem 1. The proof of the theorem is very similar to the proof of [4,
Theorem 1].

As we saw in the proof sketch, we define a weighted Hamming distance S on
the space of independent sets. For X;,Y;, we have that 8(X;,Y;) equals the sum
of the Hamming distance between Xy, Y: plus S times the number of (200, r)-bad
disagreements of radius r = 2A3/% where S = ABC/e+1/2 for sufficiently large C’ > 0.
The theorem will follow by using path coupling and showing contraction w.r.t. the
metric (.

For showing Theorem 1 we need to apply path coupling to an arbitrary pair of
initial configurations. This implies that we need to deal with pairs whose disagreement
is heavy. We introduce the metric 8, mainly, to deal with the cases that the coupling
of a pair of configurations starts from a heavy disagreement.

We require that the maximum degree A is large enough so that the above quantity
S satisfies S < exp(vVA)/VA.

In the following claim we show that we have contraction w.r.t. to the metric 3.
In particular, given X;7 and Y;r, for some integer ¢ > 0, there is a T-step coupling
such that the expected distance of X(;1)7, Y(;4+1)r is much smaller than 5(X;7, Yir),
where T = C’'n(log A) /e.

In particular we are going to show (45), which we restate here. For any i > 0, we
have that

2
(45) E (8 (X(t1)r: Yasnr) | Xir, Yir] < \/—Zﬁ(XiT,Yi )-
Before showing that (45) is true, let us show how it implies Theorem 1.
Using induction and (45) we obtain the following for T'= C'n(log A)/e:

(47) ]E[ﬁ (XiTa}/i )] S <%>l X Bmaxa

where Bnax is the maximum possible distance between two configurations, i.e., Smax =
(S + 1)n. Choosing i* = %(g’lf), where C is sufficiently larger than C’, from (47)

and Markov’s inequality we get that
Pr [ X;«1 # Yi-7] <E[B (Xi=1, Yier)] < 6.

The above inequality implies that Tiyix(0) < *T = (C}/€)log(n/d), which implies the
theorem.

It remains to show (45). For this, we follow the steps we described in section 5.1.
Consider X7, Y;r with ¢ disagreements out of which h are (200, 2A3/5)—bad. Then
we have that

B (Xusnr Yurnr) =0+ S 1,
where £’ is the number of disagreements between X ;  1y7, Y(;11)r and A’ is the number
of these disagreements which are (200, 2A3/5)-bad.
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Equation (45) follows by bounding appropriately E [¢'] and E [h']. For this, we
apply path coupling to (X;r,Y;r). Consider the interpolating sequence Zy, ..., Zy,
such that Zyo = X7, Z; = Yir, and, for 0 < j < ¢, the pair Z;, Z;; differ on the
assignment of a single vertex, say, vertex w;. We couple Z; and Z;;; and let Z;», Z}H
be the pair of configurations we get after T" steps. First, we get an upper bound on the
expected number of disagreements as well as the expected number of (200, 2A3/5)-bad
disagreements in the pair Z}, Z7, ;. Then, path coupling implies the desired bounds
for E[n'],E[/].

As far as E[h/] is concerned, from Lemma 16.2 we have that there is a cou-
pling such that the expected number of disagreements between Z;, Z;- 41 which are
(200,2A3/5)-bad is < exp(—v/A) and hence E [1/] < £exp(—VA).

Since the number of (200, 2A3%/5)-bad disagreements between X;r, Y7 is assumed
to be h, there are at most h pairs Z;,Z;;1 such that the disagreement is
(200,2A%/%)-bad. Lemma 16.1 implies that there is a coupling such that the expected
number of disagreements generated by the pair is < A3C"/¢_ For each of the rest of the
pairs Z;, Zj+1 (namely, those pairs whose disagreement is (200, 2A%/%)-nice), Lemma
17 implies that the expected number of disagreements is 1/y/A. Putting together the
bounds for the nice and bad pairs we have that E[¢'] < (¢ — h)/VA + hA3C' /¢,

With the previous bounds for E [¢'] and E [A'], it is a matter of elementary calcu-
lations to verify that (45) indeed holds for C’ > 0 sufficiently large.

This concludes the proof of Theorem 1. d

5.3. Burn-in. The following results that we provide in this section are standard
and we use them not only for proving rapid mixing of Glauber dynamics but in other
places, i.e., for our uniformity results. For this reason we consider both continuous
and discrete time Glauber dynamics. In the continuous time Glauber dynamics, the
spin of each vertex is updated according to an independent Poisson clock with rate
1/n.

The following lemma states that (X;) requires O(nlog A) to burn-in, regardless
of X().

LEMMA 21. For § > 0 let A > Ay(5) and Cy, = Cyp(6). Consider a graph G =
(V, E) of mazimum degree A. Also, let A < (1 —0)A.(4).

Let (X4) be the continuous (or discrete) time Glauber dynamics on the hard-
core model with fugacity A and underlying graph G. Consider v € V and let C;
be the event that X, is (50,7)-nice at v for radius r = A%, Then, for T =
[10nlog A, nexp(A/Ch)] it holds that

Pr

N ctl >1—exp(—A/Cy).

teT

Proof. For now, consider the continuous time version of (X;). Recall that for X,
the vertex w is not p-heavy if both of the following conditions hold:
1. | XN Ba(u)| < pA.
2. | X N N(u)| < pA/log A.
First we consider a fixed time ¢ € Z. Let ¢ = ¢t/n. Note that ¢ = ¢(A) > 10log A. We
are going to show that there exists C’ > 0 such that

(48) Pr(C)] >1—exp(—A/C").

Fix some vertex u € B,(v). Let Ny be the set of vertices in Ba(u) N Xy which are
not updated during the time period (0,¢]. That is, for z € Ny it holds that Xo(z) =
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Xi(z). Each vertex z € Ba(u) N Xy belongs to Ny with probability exp(—t/n) = e™¢,
independently of the other vertices. Since |Ba(u)NXo| < A2, it is elementary that the
distribution of |Np| is dominated by B(AZ%e~¢), i.e., the binomial with parameters
A? and e~¢.

Using Chernoff’s bounds we get the following: for ¢ > 10log A it holds that

(49) Pr [Ny > A/10] < exp (—A/10).

Additionally, let Ny C Ba(u) contain every vertex u which is updated at least once
during the period (0, t]. Each vertex z € N, which is last updated prior to ¢ at time
s < t, becomes occupied during the update at time s with probability at most 1_%,
regardless of Xs(N(2)). Then, it is direct that |X; N N;| is dominated by B(Ny, 1%\)

Noting that |N1| < |Ba(u)| < A% and 1_% < 2e/A, for A > Ay Chernoff’s bound
implies that

(50) Pr[|N; N X > 15eA4] < exp (—15eA).
From (49), (50), and a simple union bound, we get that

(51) Pr[|X; N Ba(u)| > 424] < exp (—A/20).
Using exactly the same arguments, we also get that

(52) Pr[| X, N N(u)| > 424/ log A] < exp (—A/20).

Note that Xy could be such that |N(u) N Xo| = aA for some fixed o > 0. So as
to get | X N N(u)| < 42A/log A with large probability, we have to ensure that with
large probability all the vertices in N(v) are updated at least once. For this reason
the burn-in requires at least 10nlog A steps.

From (51) and (52) we get the following: For any p > 50 it holds that

(53) Pr [X,(u) is not p-heavy] < exp (—A/25).

Then (48) follows by taking a union bound over all the at most A" vertices in B, (v).
In particular, for r = A%10 and sufficiently large A, there exists C' > 0 such that

Pr|C:] < A"exp (—A/25) < exp(—A/30).

The above implies that (48) is indeed true but only for a specific time step ¢ € Z.
Now we use a covering argument to deduce the above for the whole interval Z.

For sufficiently small v > 0, independent of A, consider a partition of the time
interval Z into subintervals each of length %n, (where the last part can be shorter).
We let T'(j) be the jth part in the partition.

Each z € Ba(w) is updated at least once during the time period T'(j) with prob-

ability less than 2%2, independently of the other vertices. Note that |Bs(w)| <
A2, Clearly, the number of vertices in Bs(v) which are updated during T'(j) is
dominated by B(AZ% 272/A). Chernoff bounds imply that with probability at least
1 — exp(—20A+?), the number of vertices in By(w) which are updated during the
interval T'(5) is at most 202 A. Furthermore, changing any 20A~? variables in Ba(w)
can only make the independent set heavier by at most 20A~2.
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Similarly, we get that with probability at least 1 — exp(—vA), the number of
vertices in N (v) which are updated during the interval T'(j) is at most yvA/log A.
The change of at most yA/log A neighbors of v does not change the weight of its
neighborhood by more than vA/log A.

From the above arguments we get that the following: We can choose sufficiently
large C, > 0 such that for j € {1,2,...,[A/(7?)exp(A/Cy)]} it holds that

Pr [Nier(;)Ci] =1 — exp (—1004/Cy) .

The result for continuous time follows by taking a union bound over all the [A/(7?) exp
(A/Cy)] many subintervals of Z.

For the discrete time case the arguments are very similar. The only extra ingre-
dient we need is that, now, the updates of the vertices are negatively associated. The
concentration inequalities above still hold since Chernoff’s bounds hold for negatively
associated random variables, e.g, see [3, Proposition 7]. The lemma follows. a

The following lemma states that if (X;) start from a not so heavy state it only
requires O(n) steps to burn in.

LEMMA 22. For 6 > 0, let A > Ay(d) and Cy, = Cy(). Consider a graph G =
(V, E) of mazimum degree A. Also, let A < (1 — 0)A.(A4).

Let (X¢) be the continuous (or discrete) time Glauber dynamics on the hard-core
model with fugacity A and underlying graph G. Consider v € V' and let C; be the event
that Xy is (50, R)-nice at v for radius R < A%/, Assume that X is (400, R)-nice at
v. Then, for T = [Cyn,nexp(A/(Cylog A))] we have that

Pr[NezCi] > 1 —exp (—A/(Cplog 4)) .

The proof of Lemma 22 is almost identical to the proof of Lemma 21, and for this
reason we omit it.
In light of Lemma 21, Theorem 11 follows as a corollary from Theorem 18.

5.4. Expected Hamming distance for worst-case pair. The following lemma
considers a worst case pair of neighboring independent sets. It states some upper
bounds on the Hamming distance after Cn and Cnlog A steps of the coupling.

LEMMA 23. For 0 > 0,0 < e <1, and C > 10 let A > Ay. Consider a graph
G = (V,E) of mazimum degree A and let X < (1 — 0)A.(A). Let (Xy),(Y:) be the
Glauber dynamics on the hard-core model with fugacity A and underlying graphs G.
Assume that the two chains are mazimally coupled. Then, the following is true:
Assume Xo,Yy to be such that Xo@® Yy = {v*} and T = Cn/e. Then it holds that
1. E[| X7 @ Yr|] < exp(3C/e).
2. E [|XTlogA ® YTlogA” < A30/6~
3. Let Er be the event that at some time t < T, |X; ®Y:| > A2/3. Then

E(|Xr & Yr|- 1{Er}] < exp(—VA).

4. Let Stiog A denote the set of disagreements of (Xtioga, YT10gA) that are
(200, 7)-bad for radius 2A%/°. Then E[|St10g a]] < exp(—V/A).
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Note that Lemmas 23.2 and 23.4 correspond to Lemma 16. That is, Lemma 16
is contained in the statement of Lemma 23. We prove each of the four statements of
Lemma 23 in turn.

Proof of Lemmas 23.1 and 23.2. The treatments for both cases are very similar.
Note that each vertex can only become disagreeing at time step ¢ if it is updated at
time ¢ and it is next to a vertex which is also disagreeing. Furthermore, for such
vertex the probability to become disagreeing is at most e/A. Using the observations
and noting that each disagreeing vertex has at most A nondisagreeing neighbors we
get the following: The expected number of disagreements at each time step increases
by a factor which is at most (1 + A-%) < exp(3/n).

By using induction, it is straightforward that for any ¢t > 0 it holds that

(54) E[X: & Y] <exp(3t/n).

Then, Statement 1 follows by plugging into (54) the time ¢ = Cn/e. Statement 2
follows by plugging into (54) the time ¢t = T log A. d

Proof of Lemma 23.3. Recall that for any X, Y;, we have that D; = {w : X; #
Y:}, while letting
D<= Ut/gt Dy

Also, let H<; = |D<;|. We prove that for any integer 1 < ¢ < n, for T = Cn/e, it
holds that

(55) Pr[Her > (] < exp (—(e - 1)6—60/6) .

For 1 <i </, let t; be the time at which the ith disagreement is generated (possibly
counting the same vertex set multiple times). Denote to = 0. Let n; := t; — t;_1
be the waiting time for the formation of the ith disagreement. Since we assumed
that Xo @ Yy = {v*}, we have that n; = 0. For ¢ > 1, conditioned on the evolution
at all times in [0,¢;], the distribution of ;11 stochastically dominates a geometric
distribution with success probability p; and range {1,2,...}, where

e min{id,n —i}
pi= nA '

This is because at all times prior to ¢;;1 we have H; <4, while the sets H<; increases
with probability at most p; at each time step, regardless of the history. The quantity
min{i¢A,n — i} in the numerator in the expression for p; is an upper bound on the
number of vertices that are nondisagreeing neighbors of the disagreeing vertices. The
quantity e/(nA) is an upper bound for the probability of a neighbor of a disagreement
to be chosen and become a disagreement itself.

Hence, m1 +- - -+ 1y stochastically dominates the sum of independent geometrically
distributed random variables with success probability p1,...,p¢—1. For any real z > 0
it holds that

Prins > a] > (1—-p)/ 17" > exp [‘1 - w] > 2,
— Pi

In the above series of inequalities we used that 1 —x > exp(—1%;) for 0 <z < 1 and
pi < 1/3.

The above inequality implies that 7, + - - - + 7, dominates the sum of exponential
random variables with parameters 2p1,2p2,...,2p¢—1. Since p; < ip, where p = =,
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we have that n; + - -+ 4 1 stochastically dominates the sum of exponential random
variables (1, (2, ..., (p—1 with parameters 2p,4p, ..., 2(¢ — 1)p, respectively.

Consider the problem of collecting ¢ — 1 coupons, assuming that each coupon is
generated by a Poisson process with rate 2p. The time interval between collecting the
1th coupon and the i+ 1’st coupon is exponentially distributed with rate 2(¢ —1—1)p.
Hence the time to collect all £ —1 coupons has the same distribution as (1 + (o +-- -+
Ce—1- But the event that the total delay is less than T is nothing but the intersection
of the (independent) events that all coupons are generated in the time interval [0, 7.
The probability of this event is

(1 —exp 2TP)=1 <exp (—(¢ — 1) exp (—2Ce/e)).

The above completes the proof of (55). Then we proceed as follows:

Ef[Xr @ Yr| - H{&r}] <E[H<r1l{&r}] < i ¢-Pr[H<y = (]
PRy

SAz/g-PI‘ {HSTZAQ/B] + Z PI‘[HSTZQ

1=A2/341
< A2/3 Z Pr [HST > f]
(=A2/3
< A3 N7 exp(—({—1)exp(—6C/e))  (from (55))
(=A2/3
(56) < 2A%3 exp(—A2/3e6C7€),

Note that the above quantity is at most exp(—\/Z) for large A. This completes the
proof. 0

Proof of Lemma 23.4. For this proof we use Lemma 21. We consider the contri-
bution to the expectation E[|S710g a|] from the vertices inside the ball Bg(v*) and
the vertices outside the ball, i.e., V \ Bg(v*), where R = v/ A.

First consider the vertices in Br(v*). Lemma 21 implies that some vertex w €
Bgr(v*) at time 7" = T'log A < exp(A/C) is (50, 2A3/%)-nice with probability at least
1 —exp(—A/C). This observation implies that

(57)  E[Srioga N Ba(v")]] < exp(—4/C)|Br(v")] < exp (—4VA) .

To bound the number of disagreements outside Br(v*), we observe that each such
disagreement comes from a path of disagreements which starts from v*. Such a path
of disagreements is of length at least R. This observation implies that E[|S710g. 4 N
Bg(v*)|] is upper bounded by the expected number of disagreements that start from
v* and have length at least R.

Note that there are at most A® many paths of disagreement of length ¢ that start
from v*. Furthermore, for a fixed path of length ¢ to become path of disagreement
up to time T'log A, there should be ¢ updates which turn its vertices into disagreeing.
Each vertex is chosen to be updated with probability 1/n, while it becomes disagreeing
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with probability at most e¢/A. Hence we have the following:

_ Tlog A ¢
E“STlogAﬂBR( ZAZ( Oég )(nA)

(>R

2> ( ZTlogA) (since (")

(>R

-y ( 2010gA)

(>R

IN

(ne/s)”)

(58) < (1/20)Y2 < exp (—2\/2) .

Summing the bound of E [|St10g 4 N Br(v*)|] and E [|S710g 4 N Br(v*)|] from (57)
and (58), respectively, gives the desired bound for E [|S7 10 a|]- 0

5.5. Proof of Theorem 19. Fix v and R as specified in the statement of the
theorem. Recall that for Xy, Y; welet D; = {w : X;®Y;} and denote H (X, Y;) = |Dy|.
That is, H(X¢,Y;) is the Hamming distance between X, Y;. We let the accumulative
difference be

D<= Ut’gtDt'
Also, let H<; = |D<;|. Recall that we define the distance between the two chains

X;,Y; as follows:
DX, Vi)=Y Pu
uEX DY
where @ : V' — [1,12] is defined in Theorem 9. The metric D(X;,Y;) generalizes the
Hamming metric in the following sense: the disagreement in each vertex v instead of

contributing one it contributes $(v). Since $(u) > 1, for every u € V, for any two
X:,Y; we always have

(59) D(X+,Y:) > H(X¢, Y2).

For proving the theorem we use the following result which relates the uniformity
property with convergence w.r.t. the metric D we define above.

LEMMA 24. For § > 0, let sufficiently small € = €(0) and A > Ay. Consider a
graph G = (V, E) of mazimum degree A and let X < (1 —95)A.(4). Also, let (Xy), (Yz)
be the Glauber dynamics on the hard-core model with fugacity A and underlying graphs
G.

For some time t, assume that X, ® Y, = {v*} for some v* € V such that

(60) W ()< 3 W) 0(2) + e

2E€N(v*)
Wy, (v) is defined in (18). Then, coupling the chains mazimally we have that
E[D(Xt41,Yey1) — D(Xe, Ya) | Xo, V3] < —c/n
for appropriate ¢ = c(e,d) > 0.

Proof. Let Pmax = max.cyv P(z), where @ : V(G) — Rxq, as in Theorem 9. Each
<

vertex v € V is called a “low degree vertex” if deg(v) < A = m.
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For a low degree vertex v* it turns out that assumption (60) is not particularly
useful. This follows from the observation that the quantity eA may be greater than
the actual degree of the vertex v*. Then, the information we get from (60) about the
number of unblocked neighbors of v* becomes trivial. However, the assumption that
the degree of v* is small, by itself, is sufficient to yield the desirable result.

It holds that

B*) 1 A
E [D(X, Y; — DX, Y| < — - —P(2).
[D(Xi11,Yiq1) (X, Y3)] < " + nZGNZ(U*) (2)

We get the inequality above by working as follows: The distance between the two
chains changes when we updated either v* or some vertex z € N (v*).

With probability 1/n the the update involves the vertex v*. Since there is no
disagreement at the neighborhood of v* we can couple X; and Y; such that X, (v*) =
Yit1(v*) with probability 1. That is, the distance between the chain decreases by
b(v*).

We make the (worst case) assumption that all the vertices in N (v*) are unblocked
and unoccupied. We have a new disagreement between the two chains, i.e., an increase
in the distance, only if some vertex z € N(v*) is chosen to be updated and one of the
chains sets z occupied. Since X¢(v*) # Y;(v*) one of the chains cannot set z occupied.
Each z € N(v*) is chosen with probability 1/n and it is set occupied by one the two
chains with probability 1%\ Then, the distance between the chains increases by @(z).
Then we get the following:

E[D(Xra1, Y1) = D(X0, V7)] < —¢(”*)+3 > o)

a " z€N (v*) 1+A
1 R
< = (P(7) = Buax - (1= )Ae(4) - A)
1
(61) < = (2(v7) = 1/2) < ~1/(2n),
where the last inequality follows from the fact that 1 < &(u) < 12 for every u € V,
A= m and A < e/A. For the case where v is a high degree vertex we have the
following:

d(v*) 1 A L A
E[D(Xs11,Yie1) — D(Xp, V3)] < — - ——w(2)0(2) + = A.
[D(Xt41,Yiq1) (Xe, V3)] < + ZGNZ(U*) +/\w (2)(2) + n1+/\6

We get the inequality above by working as follows. As before, the interesting cases are
those where the update involves the vertex v* or N(v*). As we argued above when
the vertex v* is updated the distance between the two chains decreases by @(v*).

As far as the neighbors of v* are concerned we observe the following: If some z €
N (v*) is blocked, then with probability 1 is set unoccupied in both chains. This means
that X;11(2) = Yiq1(2), i.e., the distance between the two chains remains unchanged
If the update involves an unblocked vertex z € N(v*), then with probability 1+_>\ the
vertex z becomes occupied at only one of the two chains and the distance between the
chains increases by @(z). The assumption (60) implies that the expected contribution
from the unblocked neighbors of v* is

1 A 1 A 1 A
- ) < 2 - oF —
ST Wk, (v*) - E w*(2)®(z) + eA




612
Then we get that

E[D(Xi11,Yiq1) — D(Xe, V2) | X4, Vi)

- n 1+ 1+ A
A
< - ——w"(2)P(z) — ec
ZGN(’U*) 1+A
(62) < - A W (2)P(2) — ee — N2
S Ty — €€ —
ZGN(’U*) l+w (Z))\
<L ooy o —ce— ) (by (13))

(63) < —c/ n,
where (62) follows since w*(z) € [0,1] and 1 < &(z) < 12. The last inequality follows
by using that A < e/A and by taking sufficiently small ¢ > 0 and large A.

The lemma follows from (61) and (63). O

We start by proving statement 1 of Theorem 19.

Proof of Theorem 19.1. In this proof we use the uniformity result stated in The-
orem 18. Let

Ty, = max{Cyn, Cyn},

where the quantities Cy, C,, are from Lemma 22 and Theorem 18, respectively.
Since Ty, < nexp(A/C), we can apply Theorem 18 to conclude that the desired
local uniformity properties holds with high probability for all ¢t € T := [Ty, T)].
For ¢t > T}, we define the following bad events:
e £(t) denotes the event that at some time s < ¢, it holds that H, > A2/3
where H, = | X, ® Y.
e 3i(t) denotes the event that D<; B, /z(v").
e B(t) denotes the event that there exists a time T, < 7 < t, 2 € B z(v")
such that

Wy, (2) > O(z,6) = > w*(u)d(u) + €A,

uEN(z)

where w* € [0,1]V is defined in Lemma 4 and @ : V — [1,12] is defined in
Theorem 9.
Also, we let the event

B(t) = By(t) U Ba(t),
while we let the “good” event
G(t) = E(t) N B(t).

We follow the convention that we drop the time ¢ for all of the above events when we
are referring to the event at time T,,.
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We bound the Hamming distance by conditioning on the above event in the
following manner:

E[Hr,] =E[Hr, 1{E}] + E [Hr,, 1{E}1{B}]| + E [Hr, 1{E}1{B}]
< E|[Hr, 1{E}] + A*3Pr [B] + E [Hr,, 1{G}]
(64) < exp(—VA) + AY*Pr [B] + E [Hyp, 1{G}],

where in the last inequality we used Lemma 23.3. For the second term in the (64) we
prove the following:

(65) Pr [B] < exp (—\/Z) :
Finally, for the third term in the (64) we prove the following:
(66) E[Hr, 1{G}] <1/9.

Part 1 of the theorem follows by plugging into (64) the bounds in (65) and (66). O

Proof of (65). We can bound the probability of the event B; by a standard paths
of disagreement argument. We are looking at the probability of a path of disagreement
of length ¢ = v/A, within T},, = C'n/e steps, and hence

pr< (1) ()

< (620//6)e (since (V) < (Ne/i))
(67) < exp (—2\/2) )

We can bound the probability of the event Bs by working as follows: The assumption
is that v is (200, R)-nice for radius R > A%®. Then, each vertex z € B /z(v")
is (400, R')-nice for the constant radius R’'(v,d) required for the statement for the
hypothesis of Theorem 18. Therefore, in the interval I = [T}, T),,] the uniformity
condition for each vertex z fails with probability at most exp(—A/C). More precisely,
we have that

(68) Pr[Bs] < exp(—A/C’)A\/ZJrl < exp (—2\/2) )

Using a simple union bound, we get that Pr [B] < Pr [B;]+Pr [B2]. Then (65) follows
by plugging (67) and (68) into the union bound. d

Proof of (66). Recall that for the two chains X;,Y; we defined the following no-
tion of distance:
DXy, Yy) = Y.  d(w).
wEXDY:

Note that for every z € V' it holds that 1 < @(z) < 12. This implies that we always
have that D(Xy,Y;) > H(X:,Y:), where H(X4,Y:) is the Hamming distance between
Xt,Y:. For showing that (66) indeed holds, it suffices to show that

(69) E[D(Xr,,,Yr, )1{G}] <1/9.

Let Qo = X¢,Q1,Q2,...,Qr = Y; be a sequence of independent sets where h =
|X: @ Yy and Q;41 is obtained from @; by changing the assignment of one vertex w;
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from X;(w;) to Yz(w;). We maximally couple Q; and Q41 in one step of the Glauber
dynamics to obtain @} and Qj, ;. More precisely, both chains update the spin of the
same vertex and maximize the probability of choosing the same new assignment for
the chosen vertex.

Consider a pair Q;,Q;+1. Note that Q;, Q;4+1 differ only on the assignment of
w;. With probability 1/n both chains update the spin of vertex w;. Since all of the
neighbors of w; have the same spin, with probability 1 we assign the same spin on w;
in both chains. Such an update reduces the distance of the two chains by ®(w;).

Consider now the update of vertex w € N(w;). Also, without loss of generality
assume that @Q;(w;) is occupied while @Q;4+1(w;) is unoccupied. It is direct that the
worst case is when w is unblocked in the chain @;y;. Otherwise, i.e., if w is blocked,
then with probability 1 we have Qj, ;(w) = Qj(w) =“unoccupied.”

Assuming that w; is blocked in the chain @; and unblocked in the chain Q;41, we
get Qj(w) # Qi 1 (w) if the coupling chooses to set w; occupied in Qj,,. Otherwise,
we have Qj(w) = Qj  (w). Therefore, the disagreement happens with probability
<2< e/A, where the last inequality holds for A < A. and A > A.

T+X
Therefore, given Q;, Q;+1, we have that

(70) E [D(Qi, Q1) — D(Qi, Qit1)] < —

Since we have that 1 < @(z) < 12, for any z € V and |N(v)| < A, we get the trivial
bound that

E[D(Q}: Qit1) — D(Qi, Qiv1)] < 35/n.

Therefore,
(71) E[D(Xi11,Yi41)] < (14 35/n) D(X¢, V3).

The above bound is going to be used only for the burn-in phase, i.e., the first T} steps.
We use a significantly better bound for the remaining 7,,, — T} steps.

Since the event G holds, for all 0 <i < h, z € Br(v*) and all ¢t € [Ty, T), — 1], we
have that

(72) Wo,(2) < O(z,€) + A?/3 < O(2, 2e).

The first inequality follows from our assumption that both event £ and Bs occur. The
second follows from the definition of the quantity ©.

Using Lemma 24 we get the following: For Q;, Q;+1 which satisfy (72) it holds
that

E [D(Q;,Qiy1)] < (1—C"/n)D(Qi, Qis1)
for appropriately chosen C’. The above inequality implies the following: given Xy, Y;
and assuming that G(t) holds, we get that
(73) E[D(Xi11,Yis1)] < (1— C/n) D(X,, Vy).
Let t € [Ty, T,, — 1]. Then we have that

E[D(Xe41,Yir1)H{G(0)} = E [E [D(Xe41, Yir1)H{G ()} | Xo, Yo,..., X, Yi]]
=E[E[D(Xi41,Yes1) | Xo, Yo, ..., X¢, Vi]1{G(1)}]
< (1—=C/n)E[D(X:, Y1)1{G(1)}]
< (1=C/n)E[D(X:, Y1)1{G(t — 1)}].
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The first equality is Fubini’s theorem, and the second equality is due to the fact that
X0, Y0, ... X:,Y; determine uniquely G(¢t). The first inequality uses (73) while the
second inequality uses the fact that G(t) C G(¢t — 1). By induction, it follows that

E [D(Xt,,, Y, ) H{G(Tm)}] < (1 = C/n)"" """ E [D(Xr,, Y1,)1{G(T})}].
Using the same arguments and (71) for E [D(Xr,, Y1, )1{G(Ts)}] we get that
(14)  E[D(Xr, Yr,)HG(Tm)}] < (1—C/n)" ™ (1435/n)" D(Xo, Y0).

The result follows from the choice of constants and noting that D(Xy,Yy) < 12. 0O

Proof of Theorem 19.2. Recall from the proof of Theorem 19.1 that B; is the
event that D<r,, € B, = (v*). Also consider J; to be the event that Dr, & B /z(v*).
Noting that J; C By, we get that

Pr (7] < Pr[Bi] <exp (—\/Z) ;

where the last inequality follows from (67).

Let J2 be the event that X7, or Y7, has a vertex w € B /z(v*) which is not
(50, 7)-nice, where r = R — /A — 2. By the hypothesis of Theorem 19, each vertex
w € B sz(v*) is (400,7)-nice for radius r = R — VA in both Xy and Y. Therefore,
by Lemma 22, each vertex w € B, /z(v*) is (50,7)-nice for radius r = R — VA -2
in X7, and Yr,, with probability > 1 — exp(—A/(Cplog A)). Therefore, by a union
bound over the vertices in B z(v*) we have that

Pr[72] < exp(=A/(2Cy log A)).

Theorem 19.2. follows by noting that Pr[Z] < Pr[Ji] + Pr[J]. 0
5.6. Proof of Lemma 17.

Proof of Lemma 17. The proof of the lemma is identical to the proof of [4, Lem-
ma 12]. We present it here to illustrate how the various results in this paper combine
together.

For proving the lemma, the basic idea is to combine Lemma 23, Theorem 19,
and path coupling. To be more specific, we partition the time interval [0,7] into
epochs, and each one is of length T, = C’'n/e. For each epoch i > 1 we analyze
the expected number of disagreements, i.e., E[|X;r,, @ Yir,,|]. Given X,z ,Yir,, we
analyze E[|X(;11)r,, ® Y(i+1)7,,|] by using path coupling. Path coupling considers a
sequence of configurations Zy, ..., Zy for some ¢, such that Zo = X;r,,, Zy = Yir,, and
each Z;, Z;; differ on the assignment of a single vertex w;. We couple each Z;, Z;1
for Ty, steps and we get Z7, Z . Path coupling implies that

-1
(75) E [ X111, © Yasnn,!] < ZE 17} © Zj 1 1]-

§=0
We call the sequence Zy, ..., Z; as the interpolating sequence. In the rest of the proof

when we use the phrase “by path coupling” we imply that we use the interpolating
sequence and the above relation to bound expected number of disagreements at a
specific moment.

For bounding each E[|Z} © Z7 ]| we use either Lemma 23 or Theorem 19. The
choice depends on whether w;, the vertex that Z;, Z;,, disagree, is nice or bad. For
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the (i + 1)th epoch, we consider the disagreement between X,;r and Y1, being
(200, R;)-bad or not for R; = 2A%/% — 2i\/A.

We need to define the following events: Let £/ be the event that for some t < iT,
we have | X; @ Y;| > A%/3. Let S; be the event that for some ¢ < iT}, there exists a
(200, R;)-bad disagreement for X; and Y;.

Letting Hi+1 = |X(i+l)Tm D }/(i+1)Tm |, we have
(76)  E[Hi1] < E[H 1 1{E} +E [Hi11{S;}] + E [Hi11{&}1{S;}].
The lemma follows by bounding appropriately the three summands on the r.h.s. of
(76).

As far as E [H;+11{&/}] is concerned, we have that

=E[E[Hiy1 | X0, Vi, for t <iTy,] 1{E]}]

(77) < exp (3C"/e) E[H; 1{&]}]
(78) < exp (3C'fe) (E [H; 1{€]_,}] +E [H; 1{ENLE)]).
where in (77) we use Lemma 23.1 and path coupling. We proceed by bounding the
two terms in the r.h.s. of (78).

Starting with E[H; 1{&/}1{&/_,}] consider the interpolating sequence Zy, ..., Z;
we use for X(;_1)7,, and Y(;_1)1,, so as to bound the expectation of H;. For every
j=0,...,0—1, let (Zj(, ZJ’-H) be the pair of configuration after coupling the pair
(Z;,Z;41) for T, steps, while H; ; = |Zj’ &) ZJ’-+1|. Let E{J be the event that H, ; >
A2/3. For both & and £/, to occur there should be at least one j € {0,...,¢— 1}
such that H; ; > A%3 ie., the event &} ; occurs.

Noting that H; < Zf;;l s and & =& 1 U (Uf:izlé'f)j) we have
H; 1 H; 1
HU{EYE Y < ) Hig ) WEnIL{E L}

j=1 k=1
A20i—1)/3

< Z H, ;1{& 1}

G k=1
A2(i-1)/3
< A2(=1/3 Z Hi)jl{gi)j}.
j=1

Applying Lemma 23 for each pair Z;, Z;;1, path coupling yields
(79) E [H; 1{&}1{&]_}] < AY~D/3 exp (—\/Z) .
As far as E[H; 1{&]_,}] is concerned, we use induction. More specifically, we have
E[Hi HEY <E[H 1Y 1{E L} +E[H 1{E)} 1{] 4 }]
<E[H Y&} +E[H 1{&} 1{E )]
(80) <E[H 1, }] + A1 exp (—VA).
Using the above and noting that Hy = 1 we get

(81) E [H; 1{&]_}] < exp (3iC"/e) A*D/3 exp (—\/Z) .
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As far as the second summand in the r.h.s. of (76) we have

E [Hi+11{S;}] =E [E [Hi11{S;} | Hi]]
<37'E [H;1{S;}]
<37'E [H1{Si-1}]
(82) < 3—(i+1)H0 — 3—(+1),

As far as the third summand in the r.h.s. of (76) we have

E [Hi 1 H{EQ{S}] =E [E [Hit1 | Xin,, vir, | H{EIL{S}]
<exp (3C"/e)E [H1{E}1{Si}]
(83) < A?Bexp (307 /) Pr[Si\ &]] .

We bound Pr[S; \ €] by using Theorem 19.2 to each pair of neighboring inde-
pendent sets that arise at time j7T,, for j = 0,1,...,7 — 1. Since & does not occur,
there are at most A%/? neighboring pairs that we need to consider for each j. For
each of these pairs we use Theorem 19.2 to bound the probability that a (200, R;)-bad
disagreement is generated within the following T, steps. Taking a union bound over
all of the < iA%"/3 neighboring pairs we consider we get that

(84) E [H; 1 1{E}1{S;}] < iexp(3C"Je) AY/3exp (—\/Z) .

Plugging (81), (82), and (84) into (76) we get that

—1

(85) E[H; 1] <30+ 4 exp (3C7 /) A%/3 exp (—\/Z) < (\/Z) :

where the last inequality follows by choosing sufficiently large A. 0

6. Rapid mixing for random regular (bipartite) graphs. It turns out that
the girth restriction of Theorem 1 can be relaxed a bit. The main technical reason why
we need girth at least 7 is for establishing Theorem 18, our so-called local uniformity
result for the Glauber dynamics. Roughly speaking, local uniformity amounts to
showing that the number of unblocked neighbors of a vertex v is concentrated about
the quantity 3 () w*(2), where w* € 0, 1]V are the fixed points of a BP-like
system of equations.

The analysis of local uniformity can be carried out for a graph with short cycles,
i.e., cycles of length less than 7, as long as these cycles are far apart. Generally, the
effect of a short cycle is an increase to the fluctuation of the number of unblocked
neighbors of a vertex. If the short cycles in G are far apart from each other, then the
cumulative increase in the fluctuation is negligible.

Proof of Theorem 2. For an integer r > 0, let G,,(A, r) be the family of A-regular
graphs on n vertices such that the following holds: For each G € G, (r), any two cycles
of length < 7 are at graph distance greater than r from each other.

First, we are going to show the following: there exist r = r(J), Ay = Ap(9), and
C=C(9) for all A > Ag, all A < (1 =9)A:(A), all € > 0, and for all G € G,,(A,r) the
mixing time of the Glauber dynamics on G satisfies

Tmix(€) < Cnlog(n/e).
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Since we consider regular graphs, the weights we introduce in Theorem 9 are not
necessary for the path coupling. Additionally, it is direct to see that once we have
established the local uniformity property then the path coupling arguments from
section 5.2 hold and imply rapid mixing. Hence, for G € G, (4, r), the only aspect of
the rapid mixing proof that changes in the presence of short cycles is proving local
uniformity.

For an independent set o and vertex v, let

Qo,v) = > U.,(0).

z€N (v)

Uniformity amounts to showing that for appropriate v > 0 we have the following: Let
(Xt) be the continuous (or discrete) time Glauber dynamics on the hard-core model
with fugacity A. If Xy is (400, R)-nice at v € V for radius R = R(d,v) > 1, there is
C1 > 0 such that

(86) Pr|(teI) Q(Xnv)< Y w'(z)+7A|>=1—exp(—A/C1),
zEN (v)

where the time interval Z = [Cyn,nexp(A/Cy)] and w* is defined in Lemma 4.

Let Y contain the set of vertices in G which do not belong to any short cycle,
namely, any cycle of length < 7. For each vertex u and some independent set o, we
define

Zoju)= ] Priz¢ Y ugdV, Y(Sz(u)) = o(Sa(u)],

2N (u)

where N(u) C N(u) contains every w € N(u) such that w € Y and N(w) C Y. Recall
from (21) the quantity R(o,u). The difference between the quantities R(o,u) and
Z(o,u) is that the former considers N(u) and the later considers N(u). Note that
IN(u)\ N(w)] < 2.

To get some intuition why we choose to define Z(o, u) consider the following. Let
A be the set of vertices that are reachable from u through paths of length 2 that don’t
use vertices in N(u) \ N(u). Then, the subgraph that is induced by A is a tree. The
local tree like neighborhood that we used to establish uniformity in Theorem 18 is
now replaced by A.

To establish (86) we work similarly to the proof of Theorem 18. That is, first
we show the following: Let (X:) be the continuous time Glauber dynamics on the
hard-core model with fugacity A and underlying graph G. Then there exists C; > 0,
such that for any X, which is (400, R)-nice at v € V' we have that

(87) Pr((Vte€I) |Z(Xyv)—w(v)] <v/10] >1—exp(—204/Ch).

To obtain (87) we use the following: Let (X;) be the continuous time Glauber dy-
namics on the hard-core model. Assume that X is (400, R')-nice at w € V for radius
R < A1 Then, for z € Bprya(v) and I = [to,t1], where tog = Cn, there exists
C > 0 such that

Pr |(Vtel) |Z(X: x)—exp _H-L/\ Z B, [Z(X:.,2)] || £~26/40
2eN ()

(88) >1- (1 + ?) exp (~4/C),
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where E;, [Z(X., z)] is the expectation w.r.t. random time ¢,, the last time that vertex
z is updated prior to time ¢t. Equation (88) follows by using arguments very similar
to those we used in the proof of Lemma 33.

In light of (88), (87) follows by working as in the proof of Lemma 32. Let us be
more specific. Consider some time interval Z' which starts prior to Z. Assume that
for every t € 7', (88) holds for every z € Br(v). A union bound implies that this
holds with probability at least 1 — exp(—2A4/C).

Furthermore, consider some integer i < R. Assume that there exists some s €
Z'\ T such for any t > s, for every vertex z € B;11(v) N ) we have that

0 (B, [Z(X:.,2)]) =@ (w"(2))] < 5

for some B > €/20. Then, in the heart of the proof of (87) we have the following
contraction property: For every u € B;(v), it holds that

(89) [V(Z(Xp,u) = ¥ (w(u))] < (1—6/24)8.

To show (89), we note that A < e/A for A > Ay, and for any vertex w we have
N(w) \ N(w) < 2 and get that

(20 ) - we )] < 010020+ | TT (1= 15550 | - v,
zEN (u)

where @ is such that for every z € Y we have &(z) = E;_ [Z(X,,, z)] while for every
z ¢ Y we have @(z) = w*(z). The actual derivations for getting the above are very
similar to those from (118) until (121) in the proof of Lemma 32. Furthermore, the
above inequality implies that
(Z(Xe,w)) — ¥ (w(2))] < (1/10)7%6 + Dyi(F(@),w")

< (1105 + (1= 5/6)5 < (1 - §/24)5,
where F'(-) is the function defined in (3). The second derivation follows from Lemma 5,
while the last follows by having small v > 0. Therefore (89) follows. Given the above
contraction, we get (87) by following very similar arguments to those we used for
Lemma 32.

Additionally to (87), we need to define

B(X;,v)= Y U.,(Xy).
2eN(v)

As opposed to Q(X4,v), the quantity B(Xy, v) considers only the neighbors of v which
belong to N(v).

Using arguments identical to those in the proof of Lemma 34 we get the following:
Let (X;) be the continuous time Glauber dynamics on the hard-core model with
fugacity A. Assume that X is (400, R)-nice at v. Then, there is C; = Cy(€) > 0 such
that for any t € Z we have

Pr |[B(X,0)— Y Ei [Z(X..,2)]| > (7/20)4 <exp(—10A/C’1).
2eN(v)
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Combining the above with (87) in the same way as in the proof of Theorem 18, we
get the following: Let (X;) be the continuous (or discrete) time Glauber dynamics on
the hard-core model. If Xy is (400, R)-nice at v € V, there exists C; = C1(d,¢) > 0
such that

(90)  Pr|(#teI) Bx,(v)< > w'(2)+(1/2)A| >1—exp(-A/Cy).

2N (v)
Then, we get (90) by noting that it always holds that |B(X;,v) — Q(X;,v)| <
2max,{w*(z)} < 2, since w*(z) < 1.

With all of the above, we conclude that indeed we have rapid mixing for every
G € G,(A,r). In light of this conclusion, we prove the theorem by showing that the
typical instances of the random graphs we consider in our theorem belong to G, (A, )
for any fixed integer r > 0. Since the arguments we employ for random regular graphs
and random regular bipartite graphs are very similar with each other, our focus will
be on random regular graphs.

Let G be a random regular graph of degree A. For each integer r > 0, let S,
be the family of subsets of vertices of G with cardinality at most r. Furthermore,
let S/ C S, contain each A € S, such that the vertices of A span a number of edges
which is greater than the cardinality of A.

Note that if there is a pair of cycles in G of length ¢;, /5 which are at distance {3
from each other, then Sj , ., # 0.

Let Y, be the cardinality of the set S/ in G. Following some standard but tedious
derivations (e.g., see [17, section 9.2]) we get that E[Y,] = O(n~!) for any fixed 7.
Then, applying Markov’s inequality we get that with probability 1 — O(n~!) we have
Y, = 0. Clearly, this implies that with probability 1 —O(n~!) we have that G € G, (r)
for any fixed integer r > 0.

The theorem follows. O

7. BP convergence: Proofs of Propositions 7 and 8. Let f)q(z) = (1 +
Az)~% be the symmetric version of the BP recurrence (3). Let & = #(\,d) be the
unique fixed point of fy 4(z), satisfying 2(\, d) = (1 + A#(\,d))~¢. We define

d-Ai(\,d)
1+ x2(\d)
Proposition 7 in section 2 states that for all 6 > 0, there exists Ag = Ag(9),
A—-1
and for all A > Ay, all A < (1 — §)A.(A), where A(A) = L it holds that

a(\d) =

(A—2)2
a(X,A) <1-4§/6.
Proof of Proposition 7. Let xg = /\(A%(Zi/?»)' It is easy to verify that
A- /\330
<1-4§/6.
14+ Axg — /

Note that the function 4/ 1%3\9; is increasing in z. Since f(z) is increasing in A, it is

easy to verify that Z(A,d) is increasing in A. We then show that for all A > Ay, it
holds that &(Ag, A) < 2o, where Ag = (1 —§)Ae(A) = % which will prove
our proposition.
Since fa,,a(x) is decreasing in = and fy,, a(Z(Ao, A)) = &( Ao, Q), it is sufficient
to show that
Fro.a@o) = (14 Xozo) ™2 < .
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Note that it holds that

f)\O,A(ffO) _ M(A—=146/3)
0 (1-6/3)(1 + mersy)?
1-0 (A-1DAA-14§/3)2 A—1+6/3
T 1-0/3 (A—2)2A4 T A-1

Therefore, there is a suitable Ag = O(%) such that for all A > Ay,

Puoted < 28 (100 ()0 <1

which proves the proposition. ad

Let G = (V,E) be a graph with maximum degree at most A. Assume that
a(A, A) < 1. Recall recurrence F as defined in (3). Proposition 8 in section 2 states
that for any w € [0,1]V, and v € V, it holds that

AF (w (v Aw(u
1+ AF(w)(v) ENU) 1+)\w

This proposition was proved implicitly in [20]. We state the proof here in our context
for the completeness of the paper.

Proof of Proposition 8. Let w € [0,1] satisfy 1+ A& = ([,e n(,) (1 +Aw(w))) Bl

Denote that 7 = In(1l + M) and v(u) = 1n(1 + Aw(u)). Tt then holds that o
1

Ile D e NV v(u). Due to the concavity of in v, by Jensen’s inequality,

(w) — 1 e’ — 1 @
Z 1+/\w Z \/ ) \/ o7 :\/1+/\w'

uGN(v) uEN

Therefore,

AF (w (v Af (@) Adw
1+ AF(w)(v) GNU) 1+/\w 1+ Af(@) 14+’

where d = | N (v)] is the degree of vertex v in G and f (@) = (1+Aw)~? is the symmetric

version of the recursion (3).
Define ay q(x) = lid/{;f;) . ﬁd,irmv where as before f(z) = (14 z)~%. The above
convexity argument shows that

AF (w)(v) [ Aw(u)
(91) TTAF(w)(0) ue%v) T+ @) < ay ¢(z) for some z € [0,1].

Fixing any A and d, the critical point of ay 4(z) is achieved at the unique positive
z(A, d) satisfying

(92) Az(\, d) =1+ Af(z(), d)).
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It is also easy to verify by checking the derivative da,:ii;(w) that the maximum of
ay q(z) is achieved at this critical point x(A, d).

Recall that #(\,d) is the fixed point satisfying Z(A,d) = f(z(\,d)) = (1 +
Ni(A,d) 74, and (A d) = /255D Under the assumption that a(),d) < 1
we must have Z(A,d) < z(A,d). If otherwise (A, d) > z(A, d), then we would have
AE(A, d) > Adx(N\, d) = 1+ A f(z(\, d)) > 1+Af(2(A,d)) = 1+AZ(A, d), contradicting

that % = a(A,d)? < 1. Therefore, for any z € [0, 1], it holds that

Oé)\d a )
(And)  Adxz(),d)
1+Af (A, d)) 1+ Az(),d)

Adf (z(A, d))
14+ Ax(A,d)

Adf (2(A, d))
1+ A2(N, d)

(due to (92))

(Z(A,d) < x(A,d))

Adz(A, d)
14+ Az(A, d)
= a(A,d).
Finally, it is easy to observe that a(\,d) is increasing in d since a(A,d) is increasing

in (A, d) and &(\,d) is increasing in d. Therefore, a(A,d) < a(A, A) because d =
|N(v)] < A. Combined this with (91), the proposition is proved. 0

8. Loopy BP: Proof of Theorem 3. Consider the version of loopy BP defined
with the following sequence of messages: For all t > 1, for v € V|

~ 1
weN (v) 1+ Ry

The system of equations specified by (93) is equivalent to the one in (3) in the following
sense: Given any set of initial messages (R%) ey € Rso, it holds that RY = AF* (@) (v)
for appropriate @ which depends on the initial messages, i.e. (Ro)vev F? is the tth
iteration of the function F.

Of interest is the quantity ¢*(v), v € V, defined as follows:

Rt
14+ Rt

q'(v) =

From Lemma 4, there exists ¢* € [0,1]" such that ¢’ converges to ¢* as t — oo, in
the sense that ¢*/¢g* — 1. It is elementary to show that the following holds for any
t>0,anypeV,and v € N(p):

q'(v,p) q'(v,p) ¢*(v,p) q*(v)

w(v is occupied | p is unoccupied)  ¢*(v,p) G*(v)  p(v is occupied)

w(v is occupied)

. p(v is occupied | p is unoccupied)
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The theorem follows by showing that each of the four ratios on the r.h.s. are sufficiently
close to 1. For the first two ratios we use Theorem 25, and for the third one we use
the Lemma 26.

THEOREM 25. For all §,¢ > 0, there exists Ay = Ag(d,€) and C = C(J,¢€), such
that for all A > Ag, all X < (1 — 0)A(4Q), all graphs G of mazimum degree A and
girth > 6, and all € > 0 the following holds:

There exists ¢* € [0,1]F such that for t > C, for allp € V, v € N(p) we have
that

7" (v,p)

q*(v)

q¢'(v,p)

(54) q*(v,p)

—1‘<e and

_1‘<€7

where ¢t (v, p) is defined in (1).

Proof. Note that by denoting w!(v,p) = Rp; v we have

W™t (v, p) = H(w) (v, p),

t
where H is as defined in (8). Then the convergence of ¢*(v,p) = 1f§?“ to a unique
p—rv

fixed point ¢* follows from Corollary 6. More precisely, there is Ay = Ap(d) and
C = C(ep, d) such that for all A > Ag all A < (1 —§)A(Ta) and all t > C,

|wt(v7p) - W*(U,p)| < €o.

Note that for all ¢ > 1, we have w'(v, p),w*(v,p) € [(1 +A)~4,1], where (1+ )4 >
1/36 for A < Ac(Ta) for all sufficiently large A. Then

qt(vvp) _ wt(v,p) l—l—w*(v,p) _ |wt(v,p) —w*(v,p)|
LN | et il A L t < 360,
q*(v,p) w*(v,p) 1+ w(v,p) w*(v, p)(1 +w'(v,p))
By choosing ¢y = 55, we have |% —1|<e

We then show that there is a Ay = O(3) such that for all A > Ay and all
A < (1 = 8)A(T), the fixed points of the two BPs have | L2 — 1] < e.

g (v)
Let wi(v,p) = % and &t(v) = %. It follows that
e = [ g = e T o
’ 1+ Awt(u,v) ’ 14+ Awt(u,v)’
uweN (v)\{r} ueN (v)
1
) = ] —=—
~t
N ) 1+ Mot (u)

We also define .
wt(v) = H

t )
N ) 1+ Mwt(u,v)

and therefore w1 (v, p) = (1+ M w!(p,v))w!Tt(v). Note that w'(p,v) € (0,1], and thus
lwi T (v, p) —w! T (v)| < . Also recall that A < A\.(Ta) < 3/(A—2) for all sufficiently
large A, and therefore

‘wtﬂ(v,p) — wt+1(v)| <3/(A-2).
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Let ¥(-) be as defined in (5). Note for t > 1 both w!™!(v, p) and w'*!(v) are from the
range [(1 +\)~4,1]. By (6), for A < \.(Ta) for all sufficiently large A, and we have
(95) | (W't (v,p)) — ¥ (" (v))] £ 9/(A-2).
We assume that [¥(wt(v,p)) — ¥ (0 (v))| < €g for all (v,p) € E. Then due to (11),
@ (W't (0)) — @ (& (v))| < (1—6/6)
. m]\f%gc) |& (W' (u,v)) =& (@"(u))| < (1 —6/6)eo.
ueN (v
Combined with (95), by triangle inequality, we have
@ (" (v,p)) =& (" (v))] < (1—8/6)e0 +9/(A—2),

which is at most ¢y as long as A > Ay > % + 2. It means that if [¥(wi(v)) —
V(o 0,9)] < €0 < gy, then [P (0,p)) — W@ 0)] < sy Knowing
the convergences of w!(v,p) to w*(v,p) and @'(v) to w*(v) as t — oo, this gives us
that

7 (" (0,)) ~ ¥ @ O] € 5

v =340 -2)

By (6), it implies |w*(v,p) — @*(v)| < %. Again since w*(v,p),w*(v) € [1/36,1]
when A < A.(Ta) for sufficiently large A. It holds that

q*(v,p) 1‘ B ‘w*(v,p) L+ A" (v) ‘ 6000
q*(v) ] @*(v) 1+ dwr(v,p) — 84y —2)
By choosing a suitable Ay = 0(5—16)7 we can make this error bounded by e. a

LEMMA 26. For all §,e > 0, there exists Ag = Ay(0,¢€) and C = C(d,¢€), such that
for all A > Ag, all X < (1 —6)A:(4Q), all graphs G of mazimum degree A and girth
> 6, the following holds: Let u(-) be the Gibbs distribution, and for all v € V we have

} ¢ (v) B ‘

1] <e.
w(v is occupied) ‘

Proof. Tt holds that

DN,

‘ q*(v) HLAE [R(X,v)]
(v occupied)

25E[R(X,v)] w(v occupied)

(96)

)

where the expectation in the nominator is w.r.t. the random variable X which is

distributed as in p. For showing the lemma we need to bound appropriately the two

ratios on the r.h.s. of (96). For this we use the following two results. The first one is

that

SERCLY)
)

97 —_
(o7) (v is occupied

< 200eA.

Before proving (97), let us show how it implies the lemma, together with Lemma 13.
For any independent set o and any v, it holds that e™¢ < w*(v), R(o,v) < 1. Then,
Lemma 13 implies that

W (v)

o3 ]

< ¢/20.
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Noting that by definition it holds that §*(v) = 2%, and we have that

1+ Aw*?
L@)_l:‘ 14+ A w*(v) _1‘
2ER(X, )] 1+ w*(v) E[R(X, )]
10\ w*(v) w*(v)
(99) = T 2w () ER(X, )] ‘E R(X,0)] 1‘ < /15

In the last inequality we use (98), the fact that A < 2e/A and A is sufficiently large.
The lemma follows by plugging (97) and (99) into (96). We proceed by showing (97).
It holds that

A
(100) w(v is occupied) = H—/\u(v is unblocked)

We are going to express u(v is unblocked) it terms of the quantity R(-,-). For X
distributed as in p it is elementary to verify that

(101) E[R(X,v) | v is unoccupied] = p(v is unblocked|v is unoccupied).
Furthermore, it holds that

E[R(X,v)]
= p(v occupied) - E[R(X,v) | v occupied] + p(v unoccupied)
-E[R(X,v) | w unoccupied]
< (v occupied) + E [R(X, v) | v unoccupied] (since 0 < R(X,v) <1)
<2XA+ E[R(X,v) | v unoccupied] (since p(v occupied) < 2)).

Since e”¢ < R(X,v) < 1, the inequality above yields
E [R(X,v) | v unoccupied] > (1 — 2e*A) E [R(X, v)].
Also, using the fact that R(X,v) > 0, we get

E[R(X, v)]

E[R(X ied] <
[R(X,v) | v unoceupied] < p(v is unoccupied)

< (1+5ME[R(X, v)].

In the last inequality we use the fact that p(w is occupied) < 2A. From the above
two inequalities we get that

(102) |E[R(X,w) | w unoccupied] — E [R(X, w)]| < 10e®A.

In a very similar manner as above, we also get that

(103) |p(v is unblocked|v is unoccupied) — p(v is unblocked)| < 10eA.
Combining (101), (102), (103), (100) and using the fact that e¢ < p(v is unblocked),
E [R(X,w)] we get the following:

(104) (v is occupied) = HL)\E [R(X,w)] (1 + 50e°A).

Then (97) follows from (104). O
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The theorem follows by showing that

u(v is occupied)

-1/ <10/A.
‘u(v is occupied | p is unoccupied) ‘ = 10/

From Bayes’ rule we get that u(v is occupied | p is unoccupied) = %.

Using this observation we get that

w(v is occupied)
w(v is occupied | p is unoccupied)

— 1‘ = |u(p is unoccupied) — 1] < 10/A.

In the last inequality we use the fact that 0 < u(p is occupied) < A.
9. Basic properties of Glauber dynamics.

9.1. Continuous versus discrete time chains. For many of our results we
have a simpler proof when instead of a discrete time Markov chain we consider a
continuous time version of the chain. That is, consider the Glauber dynamics where
the spin of each vertex is updated according to an independent Poisson clock with
rate 1/n.

We use the following observation [24, Corollary 5.9] as a generic tool to argue
that typical properties of continuous time chains are typical properties of the discrete
time chains too.

Observation 27. Let (X;) by any discrete time Markov chain on state space (2,
and let (Y;) be the corresponding continuous-time chain. Then for any property
P C 2 and positive integer ¢, we have that

Pr([X; ¢ P] < eVtPr[Y; ¢ P].

Observation 27 would suffice for our purposes when A = 2(logn), but not for
Glauber dynamics on graphs of, e.g., constant degree. For the latter case, instead of
focusing on specific times t in discrete time, our goal will be to show how events which
are rare at a single instant in continuous time must also be rare over a time interval
of length O(n) in discrete time, without taking a union bound over all the times in
the time interval.

Let the set {2 contain all the independent sets of G. We say that a function
f 92— R has “total influence” J if for every independent set X € {2 we have

E[lf(X") = f(X)] < J/n,

where X' is the result of one Glauber dynamics update, starting from X.

The next result [10, Lemma 13] shows that, for functions f which have Lipschitz
constant O(1/A) and total influence J = O(1), in order to prove high-probability
bounds for the discrete-time chain that apply for all times in an interval of length
O(n), it suffices to be able to prove a similar bound at a single instant in continuous
time.

LEMMA 28 (Hayes [10]). Suppose f : £2 — R is a function of independent sets
of G and f has Lipschitz constant o < O(1/A) and total influence J = O(1). Let
Xo = Yo be given and let (Xt)t>0 be continuous-time single site dynamics on the hard-
core model of G and let (Y;)i=0,1,2... be the corresponding discrete-time dynamics.

Suppose that ty is a positive integer and S is a measurable set of real numbers,
such that for all t > to, Prf(X;) € S] > 1 — exp(—92(A)). Then, for all € € (1)
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and all integers t1 > to, where t; — to = O(n), we have that
Pr[(Vi € {to,to+1,...,81}) f(Yi) € Ste >1—exp(—92(4)),

where the hidden constant in {2 notation depends only on the hidden constant in the
assumption.

9.2. G versus G* and comparison. Consider G with girth > 7. For such a
graph and some vertex w in G, the radius 3 ball around w is a tree. We let G7, be the
graph that is derived from G by orienting toward w every edge that is within distance
2 from w. (An edge {wi, w2} € E is at distance ¢ from w if the minimum distance
between w and any of wy,ws is £.) For a vertex z € G, we let N*(x) C N(x) contain
every z in the neighborhood of = such that either the edge between z, z is unoriented
or the orientation is toward z.

We let the Glauber dynamics (X;°) on the hard-core model with underlying graph
G, and fugacity A be a Markov chain whose transition X; — X;1 is defined by the
following:

1. Choose u uniformly at random from V.
2. If N*(u) N X; =0, then let

. JXFu{u} with probability A/(1+ A),
Y X7\ {u}  with probability 1/(1 + \).

3. If N*(w) N X; # 0, then let X}, = X/
The state space of (X;°) that is implied by the above is a superset of the independent
sets of GG, since there are pairs of vertices which are adjacent in G while they can both
be occupied in X;'.

The motivation for using G, and (X;°) is better illustrated by considering Lem-
ma 12. In Lemma 12 we establish a recursive relation for R() for G of girth > 6,
in the setting of the Gibbs distribution. An important ingredient in the proof there
is that for every vertex x conditioned on the configuration at x and the vertices at
distance > 3 from z, the children of x are mutually independent of each other under
the Gibbs distribution.

For establishing the uniformity property for Glauber dynamics we need to es-
tablish a similar “conditional independence” relation but in the dynamic setting of
Markov chains. To obtain this, we will need that G has girth at least 7. Clearly,
the conditional independence of Gibbs distribution no longer holds for the Glauber
dynamics. To this end we employ the following: Instead of considering G and the
standard Glauber dynamics (X;), we consider G, and the corresponding dynamics
(X;).

Using G7, and (X;) we get (in the dynamics setting) an effect which is similar
to the conditional independence. During the evolution of (X;) the neighbors of w
can only exchange information through paths of G, which travel outside the ball of
radius 3 around w, i.e., Bs(w). This holds due to the girth assumption for G} and
the definition of (X;). In turn this implies that conditional on the configuration of
X[ outside Bz(w), the (grand)children of w are mutually independent.

The above trick allows us to get a recursive relation for R(X;", w) similar to that
for the Gibbs distribution. To argue that a somehow similar relation holds for the
standard dynamics (X;), we use the following result which states that if (X;) and
(X}) start from the same configuration, then after O(n) the number of disagreements
between the two chains is not too large.
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LEMMA 29. For~y > 0, Cy > 0, there exists Ag, Co > 0 such that the following is
true: Forw € V' consider G, of mazimum degree A > Ay and girth at least 7. Also,
let (Xt) and (X)) be the continuous time Glauber dynamics on the hard-core model
with fugacity A < (1 — 0)A.(4Q), underlying graphs G and G, respectively.

Assume that (X)) and (X;) are mazimally coupled. Then, if Xo = X§ for Xo
which (400, R)-nice at w for radius R < A%/19, we have that

Pr[vs < Cin, Vu e V |(Xs ® X7) N Ba(u)| < vA] > 1 —exp(—A/Ch).

Before proving Lemma 29 we need to introduce certain notions.

Let us call Z a “generalized Poisson random variable with jumps «a and instanta-
neous rate r(t)” if Z is the result of a continuous-time adapted process, which begins
at 0 and in each subsequent infinitesimal time interval, samples an increment 07 from
some distribution over [0, @], having mean < r(t)dt. Z, the sum of the increments
over all times 0 < ¢ < 1, is a random variable, as is the maximum observed rate,
r* = maxyeo,1) 7(t).

Remark 30. In the special case where a@ > 1 and the distribution is supported in
{0, 1} with constant rate p - dt, Z is a Poisson random variable with mean p.

We are going to use the following result [10, Lemma 12].

LEMMA 31 (Hayes). Suppose Z is a generalized Poisson random variable with
maximum jumps o and mazimum observed rate v*. Then, for every up >0, C > 1 it
holds that

1 e\ nCa
Pr[Z > Cp and r* < pu] < exp —E(Cln(C) - C+ 1)} < (6)

Proof of Lemma 29. In this proof assume that vC1 is sufficiently small constant.
Also, let D = Ui<cyn(Xe @ X), e, D denotes the set of all vertices which are
disagreeing at least once during the time interval from 0 to Cin. Given some vertex
u€eVlet A, = U< n Xy N N(u) and A = Ni<cynX; N N(u). That is, A, contains
every z € N(u) for which there exists at least one s < Cyn such that z is occupied in
X, and similarly for Af. Finally, let the integer r = L’Y5@J~

Let A denote the event that 3s < Cin, Ju € V |(X; & X¥) N Sa(u)| > v4A/2.
Consider the events By, By, Bs, B4, and Bs to be defined as follows: B; denotes the
event that D ¢ B,.(w). By denotes the event that |D| > v3A2. B3 denotes the event
that the total number of disagreements that appear in N(u), for every u € V, is at
most v3A. Finally, By denotes the event that there exists u € Bjgo(w) such that
either |A(u)] > v3A or |[A*(u)] > 3 A.

Then, the lemma follows by noting the following:

(105) Pr(3s < Cin, Ju eV [(X; ® X]) N Ba(u)| > vA] < Pr [A] + Pr [Bs].
The lemma follows by bounding appropriately the probability terms on the r.h.s. of
(105).

First consider Pr[A]. Let B = By U By U B3 U By. We bound Pr [A] by using B
as follows:

Pr[A] = Pr (B, Al + Pr [B, A]
< Pr[B] + Pr [B, A

(106) <Y Pr[B]+Pr[B Al

where the last inequality follows by applying a simple union bound.
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Consider some vertex u € V and let Z be the total number of disagreements
that ever occur in Se(u) up ot the first time that either B occurs or up to time Cin,
whichever happens first. If u ¢ B,.(w), then Z is always zero since we stop the clock
when D ¢ B,_q(w). So our focus is on the case where u € B,_1(w). For such u
the random variable Z follows a generalized Poisson distribution, with jumps of size
1 and maximum observed rate at most 303 Adt/n, over at most Cyn time units. To
see this consider the following.

Given that B does not occur, disagreements in S3(u) may be caused due to the
following categories of disagreeing edges. Each disagreement in N (u) has at most A—1
disagreeing edges in Sa(u). Since the number of disagreements that appear in N (u)
during the time period up to Cyn is at most 43 A, there are at most v3A? disagreeing
edges incident to Sa(u). On the whole there are at most y2A? disagreements from
vertices different than those in N(u). Each one of them has at most one neighbor
in Sy(u), since the girth is at least 7. That is, there are additional v3A? many
disagreeing edges. Finally, disagreements on Sa(u) may be caused by edges which
belong to G @ G%,. There are at most A many such edges. Each one of these edges
generates disagreements only on the vertex on its tail. Since the out-degree in G7, is
at most 1, there are A? disagreeing edges from G @ G which are incident to Sa(v).
Additionally, each one of these edges should point to an occupied vertex so as to be
disagreeing. Since By does not occur, there at most 2v3A? edges in G @ G, which
point to an occupied vertex and have the tail in Ss.

From the above observations, we have that there are at most 10v3A? disagreeing
edges incident to Sy. For the new disagreement to occur in Sy due to a given such
edge, a specific vertex must chosen and should become occupied, which occurs with
rate at most e - dt/(n4).

Using Lemma 31, applied with u = 30C173A, a = 1, and C = yA/u, we have
that

Pr(Z > ~vA] < (3067201)’YA.

Taking a union bound over the, at most, A" vertices in B,.(v), we get that
(107) Pr [B, A] < A" (30e7°C1)"" = exp (—A/Cs),

where C5 = Cs(y) > 0 is a sufficiently large number. In the last derivation we used

the fact that r < IZS—AA.

We proceed by bounding the probability of the events B, Bo, B3, and B4. The
approach is very similar to the proof of [10, Theorem 27]. We repeat it for the sake
of completeness.

Recall that By denotes the event that D ¢ B,(w). The bound for Pr[B;] uses
standard arguments of disagreement percolation. First we observe that every disagree-
ment outside B, (w) must arise via some path of disagreement which starts within
Bs(w). That is, we need at least one path of disagreement of length r — 4. We fix a
particular path of length r — 4 with B,.(w). Let us call it P. We are going to bound
the probability that disagreements percolate along P within Cin time units. Let us
call this probability p.

The number of steps along this path that a disagreement actually percolates is
a generalized Poisson random variable with jumps 1 and maximum overall rate at
most Cre/A. This follows by noting that the maximum instantaneous rate is at most
e-dt/(nA) integrated over Cn time units. We use Lemma 31 to bound the probability
for the disagreement to percolate along P, i.e., p. Setting p = eC1/A, a = 1, and
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C = (r —4)/p in Lemma 31 yields the following bound for p:

_ 6201 r—4
P=\ar—v) -
The above bound holds for any path of length » — 4 in B, (w). Taking a union bound

over the at most A% starting point in By(w) and the at most A”~* paths of length
r — 4 from a given starting point we get that

2 r—4
) <ew(-asc).

(108) Pr[B] < A3 <r
where Cy = C4(7y) > 0 is a sufficiently large number.

Recall that By denotes the event that |D| > v3A2%. For Pr[Bs] we consider the
waiting time 7; for the ith disagreement, counting from when the (i—1)st disagreement
is formed. The event Bs is equivalent to ZEle) 7, < Cin.

Each new disagreement can be attributed to either an edge joining it to an existing
disagreement or to one of the edges in G @ Gj,. It follows easily that the total number
of such edges is at most |G & G|+ |(i — 1)A| = A3 + (i — 1) A. Furthermore, for the
new disagreement to occur due to a given such edge, a specific vertex must chosen,
which occurs with rate at most e - dt/(n4).

The above observations suggest that the waiting time 7; is stochastically domi-
nated by an exponential distribution with mean n/[e(A?+i—1)], even conditioning on
an arbitrary previous histry 7y, 7,...,7_1. Therefore, ), 7; is stochastically domi-
nated by the sum of independent exponential distributions with mean n/[e(A%+i—1)].

Applying [10, Corollary 26] to 71 4 - - - 4 (43 22y with

(-24%)

(+*4%)

n n n

= - > — — dr=—log (1+~3
a ; e(A2+i—1) */0 e(A? + ) T og (1+7°)

and
(73 AQ) )

v=Y ”—</oo n? o= "
I VC IR ) el =T /G ) E R T g

all the above yield
(109) Pr[Bs] < exp (—(p — C1n)*/(2V)) < exp (—A%/C5),

where C5 = C5(7y) > 0 is sufficiently large number.

Let Y be the total number of disagreements that ever occur in N (u) up to the first
time that either D € B,_1(w) or |D| > 43A? occur or time Cyn, whichever happens
first. The variable Y follows a generalized Poisson distribution with jumps of size 1. It
is direct to check that the maximum observed rate is at most (72 A2 +2A)e-dt/(An) <
1073 Adt/n, integrated over at most Cyn time units. This is because the clock stops
when | D| > v3A? and since G has girth at least 7 it is only vertex u that is adjacent to
more than one element of N (u). Hence there are at most 73A2 + A — 1 edges joining
joining a disagreement with some vertex in N (u) before the clock stops. Furthermore,
disagreements on N (u) may also be caused by incident edges which belong to G G%,.
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Each vertex in v € N(u) is incident to at most one edge which belongs to G & G
and could cause disagreement in v. That is, N(u) has at most at most A such edges.

Applying Lemma 31, once more, for Y with u = 1001724, a = 1, and C =
Y32 A/ we get that

3/2 7 3/2
10eC1v2 A\ A
2 ey = 3/2
Pr [Y >y A] < < S7A < (10601’)/ ) .
Taking a union bound over the at most A" vertices in B,.(w) gives an upper bound for
the probability the event B3 happens and at the same time neither By nor Bs occur.
That is,

3/2

(110) Pr [B; and By and Bs] < A" (10601*y3/2)V
Letting C = By U By, we have that
Pr B3] = Pr[C, B3] + Pr [C, B3]
< Pr[C] + Pr [C, B;]
< Pr[B;] + Pr[Bs] + Pr [1’3’1 and By and 83}
(by a union bound for Pr [C])
(111) < exp(=4/C),

where Cs = Cg(7y) > 0. In the last inequality we used (110), (109), and (108).

As far as Pr[By] is concerned, first recall that B4 denotes the event that there
exists z € Byoo(w) such that either |A(u)| > 73A or |A*(u)| > y3A. Fix some vertex
z € Bioo(w). Without loss of generality we consider the chain X;. There are two cases
for z. The first one is that z is occupied in Xy. The second one is z is not occupied
in Xg. Then the probability that the vertex z is updated and becomes occupied at
least once up to time Cin is at most 2C1e/A, regardless of the rest of the vertices.

Fix some vertex u € Bigo(w). Let J, be the number of vertices z € N(u)
which are unoccupied in Xg, but they get into A,. J, is dominated by the binomial
distribution with parameters A and 2Cie/A, i.e., B(A,2Cie/A). Using Chernoff’s
bounds we get that

Pr[J, > v*A/10] < exp (—7*A/10).

Let L, be the number of vertices in z € N (u) which are occupied in Xj. Since we have
that Xy is (400, R)-nice at w for radius R > 100 and u € Bigo(w), it holds that L, <
400A/log A. Since |A,| = J, + L, we get that Pr [|4,| > v3A] < exp(—y3A/10).
Taking a union bound over the at most A% vertices in Bjgo(w) we get that

Pr [Ju € Bigo(w) s.t. [Ay| > 72 A] < A" exp (—72A/10) < exp (—7°A/20),

where the last inequality holds for sufficiently large A. Working in the same way we
get that
Pr [Ju € Bigo(w) s.t. |[A%] > 72 A] < exp (—7°A/20) .

Combining the two inequalities above, there exists C7 = C7(y) > 0 such that

(112) Pr By <exp(—A/C%).
Plugging (112), (111), (109), (108), and (107) into (106), we get that
(113) Pr[A] <exp(—A/Cs)

for appropriate Cg > 0. The lemma follows by plugging (113) and (111) into (105). O
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10. Proof of local uniformity—Proof of Theorems 11 and 18. In light of
Lemma 21, Theorem 11 follows as a corollary from Theorem 18. For this reason we
focus on proving Theorem 18. We will use Lemmas 21 and 29 to complete the proof
of Theorem 18.

For an independent set o of G and w € V, recall that R(o,w) = [[,en (1 —

H%\Uzw(o)), where U, ,(c) = 1{oc N (N(2) \ {w}) = 0}.

LEMMA 32. Let e > 0, R, C, and X be as in Theorem 18. Let (X;) be the contin-
wous time Glauber dynamics on the hard-core model with fugacity A and underlying
graphs G. If Xg is (400, R)-nice at w € V, then we have that

(114) Pr(VteI) |R(X:w)—w(w)|<e/10] >1—exp(—204/C),
where T = [Cn,nexp(A/C)].

The proof of Lemma 32 makes use of the following result, which is the Glauber
dynamics version of Lemma 12 in section 4.1.

LEMMA 33. For 8,y > 0, let Ay = Ag(8,7),C = C(6,7), C = C(6,7). For all
graphs G = (V, E) of mazimum degree A > Ay and girth > 7, all A < (1 — 0)A.(4),
let (Xt) be the continuous time Glauber dynamics on the hard-core model.

Let X be (400, R)-nice at w for radius R < A%10. Then, for x € Bprjs(w) and
I = [to,t1], where to = Cn, it holds that

A
Pr|(vtel) [R(X;o)—exp | -7 > B R(Xe,2)] || <y
zEN(x)

>1— (1 + %) exp (—A/C’) ,

where By [R(X:._, 2)] is the expectation w.r.t. random time t,, the last time that vertex
z 1s updated prior to time t.

Note that E;_ [R(X:., z)] = exp(—t/n) R(Xo, z) + fot R(X,, z)nexp((s —t)/n)ds.
The proof of Lemma 33 is lengthy for this reason we present it separately in sec-
tion 10.1.

Proof of Lemma 32. Recall that Z = [Cn,nexp(A/C]. Let R = |30~ ! log(6e~1)].
Assume that C'is sufficiently large such that C' = (R+1)Cy, where C is specified later.
Let To = (R+1)Cin and T1 = exp(A/C). Finally, for i < R let Z; := [Tp — iCin, T1].

Consider the continuous time Glauber dynamics (X;). Also, consider times ¢ >
Ty — RCin . For each such time t and positive integer ¢ < R, we define

a; = max |¥(R(Xy, z)) — ¥ (w*(x))],

where ¥ is defined in (5). The maximum is taken over all ¢ € Z; and over all vertices
T € B; (’LU)

An elementary observation about «; is that «; < 3 for every i < R. To see why
this holds, note the following: For any z € V and any independent sets o, it holds
that

)\'Urz — — _
R(o,2)= ][] (1-%)2(1“) AxeM>e
rEN(z)

where in the last inequality we use the fact that A is sufficiently large, i.e., A >
Ap(e,d) and A < e/A. Furthermore, using the same arguments as above we get that
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w*(z) > e~ ¢, as well. Since for any z € V and any independent sets o, we have
R(o,z),w*(x) € [e¢,1], (6) implies a; < Cp = 3 for every i < R.

We prove our result by showing that typically «g is very small. Then, the lemma
follows by using standard arguments. We use an inductive argument to show that «q
is very small. We start by using the fact that ar < Cy. Then we show that with
sufficiently large probability, if a;+1 > €/20, then a; < (1 — )41, where 0 < v < 1.

For any i < R, we use the fact that there exists C > 0 such that with probability
at least 1 —exp(—A/C) the following is true: For every vertex z € B;(w) it holds that

(115) vVteZ) |R(Xt,z)—exp|——— a(r) ]| < —

where

(116)  @i(r) = exp(—C1) - R(X¢—cyn,7) + /FC R(X;,r)nexp[(s — Cin)/n]ds.

Equation (115) is implied by Lemma 33.

Fix some i < R, z € B;(w) and time s € Z;. We consider X, by conditioning
on Xs_c,n. From the definition of the quantity a1 we get the following: For any
2 € Biy1(w) consider the quantity @s(z). We have that

(117) Dy ip1(@s,w") < g1

We will show that if (115) holds for R(Xj, z), where z € B;(w), and a;11 > €/20,
then we have that

¥ (R(Xs, 2)) =¥ (w*(2))] < (1= 0/24) it
For proving the above inequality, first note that if R(Xj, z) satisfies (115), then (6)
implies that

(118) U (R(X,,2) W [exp | —— Y @.(r) < —.

Furthermore, we have that

[ (R(Xs,2)) =¥ (w(2))|

= 61% ¥ <exp <_1+L)\T€ZN ‘DS(T)>> - W(W*(Z))‘ (from (118))
<G| I (-38))-ree
reN(z)
ERCHGRY N B 0
(119)  + | Tel;[(z)<1 1+/\)) o [ exp H’\Te%z) o |1

where the last derivation follows from the triangle inequality.
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From our assumptions about A, A and the fact that @s(r) € [e~¢,1] for r € N(z),
we have that

AW (1) ws (1) 10
11 (1_14——/\>_6XP 22 =T

reN(z)

The above inequality and (6) imply that

AW (7) A - 30
I I — — - E < =,
4 (1 T > ¥ | exp T ws (1)

rEN(z)

Plugging the inequality above into (119) we get that

52 30 As(7) *

PR, 2) - (@ () <20+ Dy o Tel;[(z)<1— =) | v
de? 1 "

A Tel;[(z><1+ms<r>) S
A (r) 1

(120) +3T€1;[(z)<1 1+A)+ lj_v[<,z)(1+/\ws()>
Je2 60 N

(121) <22 8 b (F@w),

where we derive (120) by applying the triangle inequality and (6). Equation (121)
follows by noting that for any r € N(z) we have (1+Aw (T)) (1- )‘ﬁ(;)) < (e/A)?,
IN(z)] < A, and A is large. Finally, in (38) the function F' is defined in (3). Since W

satisfies (117), Lemma 5 implies that

(122) D, i(F(@),w") < (1—=0§/6)ctit1.
Plugging (122) into (121) we get that

(123) W (R(X2) — ¥ @ @) < 2+ D (1= 570 < (1 6/24)0101,
where the last inequality follows if we have ;11 > €/20 and A sufficiently large. Note
that (123) holds provided that R(Xj, z) satisfies (115).

To bound «; we have to take the maximum over all times t € Z; and vertices
z € B;(w). So far, i.e., in (123), we only considered a fixed time s € Z; and a fixed
vertex z.

Consider, now, a partition of Z; into subintervals each of length 555 An where the
last part can be of smaller length. Let T'(j) be the jth part for j € {1,...,[200C,
A/(e*n)]}. For some some vertex z € V, each r € N(z) is updated during the time
period T'(j) with probability less than 1347’2, independently of the other vertices.

Chernoft’s bounds imply that with probability at least 1 — exp(—Ae3/3), the
number of vertices in Sa(z) which are updated during the interval T'(j) is at most
Ae3 /3. Furthermore, changing any Ae? /3 variables in Sz (z) can only change R(Xj, x)
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by at most €2/3. Consequently, ¥(R(X,,)) can change by only €2 within T'(j). From
a union bound over all subintervals T'(j) and all vertices © € B;(w), there exists
sufficiently large C' > 0 such that

Pr [a; = max {3€® + (1 — §/24)a;11,€/20}] > 1 —exp (—524/C).

The fact that ap < Cp and R = |206 !log(6e~1)] implies the following: With
probability at least 1 — exp(—50A/C) for every t € T it holds that ap < €¢/30. In
turn, (6) implies that

(124) IR(X:,v) — w*(v)] < €/11.

The lemma follows. d
We conclude the technical results for Theorem 18 by proving the following lemma.

LEMMA 34. Let € >0, R, Z, and X be as in Theorem 18. Let (X;) be the contin-
wous time Glauber dynamics on the hard-core model with fugacity A and underlying
graphs G. Assume that Xo is (400, R)-nice at v. Then, for any t € Z, any v > 0,
there is C = C(7) > 0 such that

Pr |[W(X,0)— 3 &(z) -Ep. [R(X,.,2)]| > 74| <exp (—A/é).
zEN (v)

Recall that E; [R(X:_, z)] is the expectation w.r.t. ¢, the time When z was last up-
dated prior to time t, i.e., By, [R(X,., 2)] = exp(—t/n)R(Xo, 2)+ [y R(Xs, 2)nexp|(s—
t)/nlds.

Proof. Consider, first, the graph G} and the dynamics (X;°) such that X = Xj.
Condition on X§ and on X restricted to V' \ Ba(x) for all ¢ € Z. Denote this
conditional information by F.

First we are going to show that E [W (X[, v) | Fland }°_c n(,) P(2) E [R(X{, 2) | F]
are very close. From the definition of W (X}, v) we have that

E[W(X;0) | Fl= > &(2)-E[U..(X;)|Fl.
zEN(v)

Let ¢ > 0 be such that t/n = ¢. For ¢ > 0 whose value is going to be specified later,
let H(v) C N(v) be such that z € H(v) is |[N(2) N Xg| > ¢! In (148) and (149) we
have shown that for z ¢ H(v) it holds that

(125) [E[U.o(X;) | F] - Ee. [R(X],2) | F]| <6,

where 0 < 0 = 6(c, () < 20(Ce®)~! while (as in we previously defined)

Ee, [R(X; ,2) | F] = exp(—t/n)R(X{, 2) / R(X], z)nexpl(s —t)/n]ds
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Since X is (400, R)-nice at v it holds that |H (v)| < 400(A. We have that

E[W(X;,0) | Fl= Y @(z)-Ee. [R(X;,2) | F]
z€N (v)
<BEW(X;,0) | Fl— Y &) B [R(X],2)| F]
z€ H(v)
+ ) B(2)-Eu. [R(X],2) | F]
z€H (v)
< [E[W(X;,0) | Fl— Y &) B [R(X],2) | F]
z¢ H(v)
+5000¢A  (since max, P(z) < 12)
(126) < (126 + 5000¢) A (from (125)).

The fact that max, @(z) < 12 is from Theorem 9.

We proceed by showing that W (X", v) is sufficiently well concentrated about its
expectation. Conditioning on F the random variables U, ,(X;") for z € N(v) are fully
independent. From Chernoff’s bounds, there exists appropriate C7 > 0 such that

(127) Pr[|W(X;,v) —E[W(X/,v) | F]| >vA/100] < exp (—A/C1).

From (127) and (126) there exists Cy > 0 such that that
(128)

Pr||W(X;,v)— > &(2) B [R(X],2) | F]| >7yA/50| < exp(—A/Cy).
zEN (v)

Furthermore, using Lemma 29 with error parameter 2, i.e., |(X;®X;)NBa(v)| < 24,
we get the following: There exists appropriate Cs = C3(y) > 0 such that

(129) Pr ([W(X},0) - W(X,,0)] < yA/40] > 1 — exp (—A/C).

Also, (from Lemma 29 again) with probability at least 1 —exp (—A/C3) it holds that

(130)

S

)nexp[(s—t)/n]ds—/0 R(X,z)nexp[(s —t)/n]ds| < /600

for every z € N(v). The above follows by using the fact that changing the spin of any
2 A vertices in X} (B2(z)) changes R(X}, z) by at most ~/1000.

Noting that @(z) < 12, for any z, the lemma follows by combining (130), (129),
and (128). O

Using Lemmas 32 and 34, in this section we prove Theorem 18. Recall that
Theorem 11 follows as a corollary of Theorem 18 and Lemma 21.

Proof of Theorem 18. For a vertex u € N(v) consider G. Consider also the
continuous time dynamics (X;°) such that X§ = Xj.
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We condition on the restriction of (X;) to V' \ Ba(u) for every t € Z. We denote
this by F. Fix some t € Z. Since u € Br(v) and Xy is (400, R)-nice at v, we get that

Es [R(XS,u) | F]

= exp(—t/n)R(X],u) + /0 R(X/,u)nexp((s —t)/n)

=E; |exp | — Z U..(X))+0(1/4) ) | F
zENu)
=exp | — Z E, (X)) | F]+0(1/4)
zENu)

(due to conditioning on F)

A
(131) <exp [ ——— Y EJR(X]2) | F]+0)\A+0(1/4) |,
14+ A
zEN (u)

where in the last inequality we use (125). Note that so as apply (125) X (u) should
be sufficiently “light.” This is guaranteed from our assumption that u € Br(v) and
Xy is (400, R)-nice at v.

Furthermore, (115) and Lemma 29 imply the following: There exists C; > 0 such
that with probability at least 1 — exp(—A/C1), we have that

(132) (VteZI) |R(X],u)—exp —1 = >oow <,
reN*(u)
where
w(r) = exp(—t/n)R(X{,r) / R(X,r)nexp[(s—1t)/n]ds

Note that for every r € N*(u) we have w(r) = E; [R(X/ ,r)|F]. Using this observa-
tion, we plug (131) into (132) and get

(133) Pr[R(X;, u) — &(u)|] > 10ed + ] < exp (—A/Ch).

In the above inequality we used the fact that AA < 2e.
Consider the continuous time Glauber dynamics (X;). From Lemma 29 and (133)
there exists C3 > 0 such that for X; the following holds:

(134) Pr [|R(X¢, u) — &(u)| > 20ed + 2] < exp (—A/Cs),
where .

&(z) = exp(—t/n)R(Xo, 2) + / R(X;, z)nexp[(s —t)/n]ds
Furthermore a simple union bound over u 2 N(v) and (134) gives that
(135) Pr[Vue N(v) [R(X¢u) —o(u)| > 20ed + 2] < Aexp (—A/C3).
Taking sufficiently small 8, in (135) and using Lemma 34 we get that

(136) Pr||W(X,v)— Y @) R(Xy,w)| > €A/15| <exp(—A/Cy)
weEN (v)
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for appropriate Cy > 0. Furthermore, applying Lemma 32 for each w € N(v) and
using (136) yields

(137) Pr|[W(X,v)— Y  &w) w(w)| >eA/2| <exp(—A/Cs)
weN (v)

for appropriate C5 > 0. The above inequality establishes the desired result for a fixed
tel.
Now we will prove that (137) holds for all ¢t € Z. Consider a partition of the time

interval Z into subintervals each of length wZQn, where the last part can be of smaller
length. The quantity ¢ > 0 is going to be specified later. Also, let T'(j) be the jth
part.

Each z € By(v ) is updated at least once during the time period T'(j) with prob-
ability less than 2 , independently of the other vertices. Note that |Bg(v)| < A%
Clearly, the number of vertices in By(v) which are updated during T;(j) is dom-
inated by B(A?,21%2/A). Chernoff’s bounds imply that with probability at least
1 — exp(—20A%?), the number of vertices in Ba(v) which are updated during the
interval T(j) is at most 209> A. Furthermore, changing any 2A? variables in By (v)
can only change the weighted sum of unblocked vertices in INV,, by at most 20Cy% A.
Taking sufficiently small v > 0 we get the following:

(138) Pr|[W(X,v)— Y &w) w'(w)|>eA|l <exp(—24/C).
weN (v)

The above completes the proof of Theorem 18 for the case where (X;) is the continuous
time process.
The discrete time result follows by working as follows: instead of W (X, v) we

W(Xt7 )

consider the “normalized” variable A(X:,v) = . Rephrasing (137) in terms of

A(X¢,v) we have, for a specific t € Z,

(139) Pr ||A(X;,v) =AY Y d(w)-w(w)| > ¢/2| <exp(—A/Cs).
weN (v)

Note that A(X;, v) satisfies the Lipschitz and total influence conditions of Lemma 28.
Hence by Lemma 28 the result for the discrete time process holds. d

10.1. Approximate recurrence for Glauber dynamics—Proof of Lemma
33. Consider G and let (X;) be the Glauber dynamics on G with fugacity A > 0
and let X§ = Xj. Also assume that (X;) and (X;) are maximally coupled.

Condition on X{, and let F be the o-algebra generated by X; restricted to
V\ Ba(z) for all t € I. Fix t € I. Let ¢ > 0 be such that ¢/n = ¢, i.e,, ¢ is a large
constant. Recalling the definition of R(X}", z), we have that

ROG )= ] (1—1%Uz7m<xz‘))

(140) —op [ 105 30 UL(X) +0(1/4)

zGN(w)

Let Q(X{) = >_.en(x) Uza(X{). Conditional on F, the quantity Q(X{) is a sum
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of [N(z)| many independent random variables in [0, 1]. Applying Azuma’s inequality,
for 0 <~ < (3e)~!, we have
(141) Pr(E[Q(X}) | F] - Q(X})| = 74] < 2exp (—774/2) .

Combining the fact that E[Q(X[) | F] = > c ) E[Uz2(Xy) | F] with (141) and
(140) we get that

(142)
Pr | |R(X],z) — exp —% > E[U..(X]) | F] || =370A| < 2exp(—7°4A/2).
T zEN(x)
For every z € N*(x), it holds that
E[U..(X7) | F]
= [I En{y¢xiyiA

y~N(2)\{z}
(143) = (Prfty, = 0]- 1{y ¢ Xo} + E[1{y ¢ X/} - 1{t, > 0} | F]),

y~N(2)\{z}

where ¢, is the time that vertex y is last updated prior to time ¢ and it is defined to
be equal to zero if y is not updated prior to t. Note, for any 0 < s < ¢, it holds that
Prft, < s] = e (=5)/" Also, we have that

E[{y ¢ X/} -1{t, >0} | FI=E[E[1{y ¢ X/} - 1{t, > 0} [ F,1,] | ]

¢
(144) :/O (1 - H%Uy,z(xg» nexp (s — t)/n] ds
where the last equality follows because we are using G and (X;). The use of G*
and (X;) ensures that the configuration in V' \ Ba(x) is never affected by that in
Bs(x). For this reason, if y is updated at time s € I, then the probability for it to
be occupied, given F, is exactly ﬁUy,z(X ). That is, the configuration outside
By(x) does not provide any information for y but the value of U, .(X7).
Plugging (144) into (143) we get that

E[U..(X;) | F]

- I exp -t/ 1y # 33 - [ (1= 25000 ) mespl(s — )/l

= H {1—exp( t/n)1{y € X5} — /
y~N(2)\{z}
(145)

U (XDnexpl(s — 1)/n] ds} .

For appropriate ¢ € (0,1), which we define later, let H(x) C N*(x) be such that
z € H(z) if [IN*(2) N X§| > 1/¢.

Noting that each integral in (145) is less than A, for every z ¢ H(x), we get that
(146)

DY
E[U, (X)) | F]=(1+94) 1-— —U, .(X])nexp[(s —t)/n]ds | ,
yEN (2)\{z} ( /0 1+ )

where |§] < 4(Ce®)™!
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Recall that for some vertex y in G, we let E;, [- | F] denote the expectation w.r.t.
ty, the random time that y is updated prior to tlme t. It holds that

Ey, [Uy,-(X{))|[F] = exp(—t/n)U, . (Xq) +/0 Uy (XJ)nexp (s — t)/n]ds
For every y € N(z2)\{z}, where z ¢ H(z) it holds that
B, Uy (X2) | 7] = [ U, (Xmesn (s = 1)/n)ds = exp (=t/m) U,.-(X)
(147) < exp(—t/n) <exp(—c).

Since A < e/A, (146) implies that there is a quantity 6 with 0 < 6 < 20(Ce®)~1, such
that

EU..X)) [ Fl< ] (1—/0 LUQ,Z(X;)nexp[(s—t)/n]ds)+9/2

1+ A
yEN(2)\{z} *
A .
< ]I (1 ~E, [H—/\UW(X%) | ]—"D +6  (from (147))
YyEN(2)\{z}
= ]I 1-E, LUW(X;)M +0,
T+A ¥
YyEN(2)\{z}

where in the last derivation, we substituted the variables t, for y € N(z) \ {z} with
a new random variable s which follows the same distribution as t,. Note that the
variables ¢, are identically distributed.

Given the o-algebra F, the variables U, ,(X}) for y € N(z)\{z} are independent
with each other; this yields

E U, .(X; =E,

| —

H( D) | F| 4
(148) E, [R(X},2) | F]+90,

where the last derivation follows from the definition of R(X, z). In the same manner,
we get that

(149) E[U..(X{) | F] = Es [R(X], 2) | F] - 6

for every z ¢ H(x).
Since X is (400, R)-nice at w, and & € Br(w), we have that |H(z)| < 400CA.
This observation and (148), (149), (142) yield that there exists C’ > 0 such that

(150)

Pr |[R(X},2) - exp _1% S B R(XE2) | F] || = 7(0 4 400¢ + 39)
zEN (z)

<exp(-C'4),

where we use the fact A < e and 0, ¢, are sufficiently small.

1+)\
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To get from (X;) to (X;) we use Lemma 29 with parameter 3. That is, we have
that
Pr[3s €I |(X,®X?)NSa(z)| > ~+*A] <exp(—A/C")

for some sufficiently large constant C” > 0. This implies that
(151) Pr[3t eI |R(X;,z) — R(Xy,2)| > +°] <exp(—A/C"),

since changing any A~? variables in So(z) can only change R(X},z) by at most 2.
With the same observation we also get that with probability at least
1 —exp(—A/C") it holds that

(152) /O R(X?, ) exp [(s — £)/n] ds — /O R(X,,z)nexp (s — £)/n] ds| < 2+2.

Plugging (151), (152) into (150) and taking appropriate =y, ( the following is true:

)

There exists C' > 0 such that

Pr ||R(X¢,2) —exp | ———— Z Er) )| > e < exp [—A/é]7

where
E(r) = exp[—t/n] - R(Xo,7) + /0 R(X;,r)nexp(s —t)/n]ds.

At this point, we remark that the above tail bound holds for a fixed ¢t € I. For
our purpose, we need a tail bound which holds for every t € I.

Consider a partition of the time interval I into subintervals each of length ﬁn,
where the last part can be of smaller length. Let T'(5) be the jth part. Each z € Sa(x)
is updated during the time period T'(j) with probability less than %, independently
of the other vertices.

Note that |Sa(z)| < A% Chernoff’s bounds imply that with probability at least
1 — exp(—A¢?), the number of vertices in Sy(x) which are updated more than once
during the time interval T'(j) is at most (*A. Also, changing any A¢?® variables in
Sa(z) can only change R(X,,z) by at most (2.

The lemma follows by taking a union bound over all T'(j) for j € {1,...,[200|I]
A/(¢*)]} and all vertices B o (w).

11. Conclusions. The work of Weitz [42] was a notable accomplishment in
the field of approximate counting/sampling. However a limitation of his approach
is that the running time depends exponentially on log A. It is widely believed that
the Glauber dynamics has mixing time O(nlogn) for all G of maximum degree A
when A < A.(A). However, until now there was little theoretical work to support this
conjecture. We give the first such results which analyze the widely used algorithmic
approaches of MCMC and loopy BP.

One appealing feature of our work is that it directly ties together with Weitz’s
approach: Weitz uses decay of correlations on trees to truncate his self-avoiding walk
tree, whereas we use decay of correlations to deduce a contracting metric for the
path coupling analysis, at least when the chains are at the BP fixed point. We
believe this technique of utilizing the principal eigenvector for the BP operator for
the path coupling metric will apply to a general class of spin systems, such as 2-spin
antiferromagnetic spin systems. (Weitz’s algorithm was extended to this class [20].)



642

We hope that in the future more refined analysis of the local uniformity properties
will lead to relaxed girth assumptions. However dealing with very short cycles, such
as triangles, will require a new approach since loopy BP no longer seems to be a good
estimator of the Gibbs distribution for certain examples.
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[5] M.
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