PHASE ORDERING AFTER A DEEP QUENCH: THE STOCHASTIC ISING AND HARD
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ABSTRACT. Consider a low temperature stochastic Ising model in the phase coexistence
regime with Markov semigroup P;. A fundamental and still largely open problem is the
understanding of the long time behavior of 4, P, when the initial configuration 7 is sampled
from a highly disordered state v (e.g. a product Bernoulli measure or a high temperature
Gibbs measure). Exploiting recent progresses in the analysis of the mixing time of Monte
Carlo Markov chains for discrete spin models on a regular b-ary tree T°, we study the
above problem for the Ising and hard core gas (independent sets) models on T®. If v
is a biased product Bernoulli law then, under various assumptions on the bias and on
the thermodynamic parameters, we prove v-almost sure weak convergence of §,P; to an
extremal Gibbs measure (pure phase) and show that the limit is approached at least as
fast as a stretched exponential of the time ¢. In the context of randomized algorithms and
if one considers the Glauber dynamics on a large, finite tree, our results prove fast local
relaxation to equilibrium on time scales much smaller than the true mixing time, provided
that the starting point of the chain is not taken as the worst one but it is rather sampled
from a suitable distribution.

1. INTRODUCTION

Let G = (V, E) be a countable infinite graph of bounded degree and consider, for def-
initeness, a continuous time stochastic Ising model (Glauber dynamics) {af} >0 0N G
with initial condition n and infinitesimal generator £. Here 7 is picked from the set {2 of
assignments of a +1 variable to each vertex z € V. The main problems discussed in this
paper can be formulated as follows.

Assume that the thermodynamic parameters are such that there exist multiple reversible
Gibbs measures for £. For stochastic Ising models this amounts to say that the inverse
temperature 3 and the external field h are such that u* # u~, where u™ and p— are
the Gibbs measures obtained by taking infinite volume limits with pure + and — boundary
conditions, respectively. Suppose that n € 2 is distributed according to a Bernoulli product
measure with parameter p, i.e. {n,}.cv is a collection of i.i.d. random variables with
P(n, = +1) = p. Then:

i) Under which condition on the bias p is the Ising plus phase p™ the unique limit point
of the law of ¢} as t — oo, for a.a. n ?
ii) If so, how fast does the law of o, approach p* ?

The above questions, with G some regular lattice, have their origin in the theory of
“phase ordering kinetics” [6] — that is growth of order through a dynamical domain coars-
ening — and clearly represent basic problems in the theory of interacting particle systems.
Unfortunately, a rigorous approach to these problems is still largely missing.

If the law of the starting configuration 7 stochastically dominates the plus phase p™ it
is possible to use some monotonicity arguments (allowed by the ferromagnetic character
of the model) to prove that u* is indeed the unique limiting point of the process and that
the convergence takes place faster than any inverse power of t. We refer to section 6.7 in
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[23] for the case G = Z? and to our Lemma 2.4 below for a stronger statement in the case
of regular trees. However, it is easily seen that such a stochastic domination requirement
for the initial Bernoulli distribution forces the bias p to be exponentially close to 1 when
[ — oo. For 3 < oo we do not know of any result that goes beyond this simple case.

On the other hand, the extreme case 3 = oo (zero temperature Glauber dynamics) has
received considerable attention in the probabilistic literature, and various kinds of graphs
(Z¢, the hexagonal lattice and the binary tree) have been considered [7, 13, 8, 14, 11].
In this case, besides the motivation from physics to study simple models of spatial domain
coarsening, there is also an interesting connection with (non-linear) voter models [21].
The relevant quantities are then the probability that a given vertex flips its value finitely
or infinitely many times, the probability that a given spin has not flipped before time ¢, the
typical size of clusters of vertices with a common spin value and other related percolation
questions.

Going back to our original problems, a major obstacle for progresses in the case G = Z¢
is represented by the absence of tight bounds on the mixing time of the Glauber dynamics
in finite boxes with plus boundary conditions, i.e. those boundary conditions that select
the plus phase. On the contrary, when G is the regular b-ary tree, this question has been
recently solved in a sharp and constructive way for various models [24]. Exploiting the
results of [24] we have been able to study the above basic questions for two attractive
systems on trees: the Ising model and the hard core gas (independent sets). Our results
provide some answers to i) and ii) in non trivial cases. For instance we show that if the
bias is sufficiently large (but independent of 3) then we have the desired convergence for
all temperatures. The paper also includes a discussion of several interesting problems that
are left unsolved and that we would like to consider in future work. For simplicity we
present now our main result only for the Ising model, and defer the reader to section 6
for the analogous theorem for the hard-core gas. Before stating our results we will now
briefly overview the model and its basic features.

1.1. The Ising model on the b-ary tree. From now on T? denotes the infinite, rooted
b-ary tree, where each vertex has exactly b children (b > 2 is a given integer). The Ising
Gibbs measure on T’ at inverse temperature /3 and external field &, formally given by

(o) o exp | B( Z 0x0y+h201) ,

zyelE T

where F is the set of edges of T?, has recently received a lot of attention as the canonical
example of a statistical physics model on a “non-amenable” graph (i.e., one whose bound-
ary is of comparable size to its volume) — see e.g. [4, 15, 10, 31, 17, 2, 3]. The phase
diagram of the model in the (h, ) plane is known ([12, 22]) to be quite different from
that on the cubic lattice Z¢ (see Fig. 1).

We now recall some of its basic features. We write T, for the rooted tree obtained by
removing all vertices which are at distance greater than ¢ from the root. The measures u*
and p~ are obtained by imposing +1 and, respectively, —1 boundary data at the leaves of
T, and taking the limit £ — oc. The free measure .™° is defined as the limit # — co when
the boundary data at the leaves of 7} are free (i.e. absent).

On the line h = 0 there is a first critical value By = 3 log(%t}), marking the dividing
line between uniqueness and non-uniqueness of the Gibbs measure (i.e. u™ # p~ as soon
as > [3y). Then, in sharp contrast to the model on Z?, there is a second critical point



PHASE ORDERING AFTER A DEEP QUENCH 3
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FIGURE 1. The critical field h.(3,b). The Gibbs measure is unique above
the curve.

B = 3 log( %) which is often referred to as the “spin-glass critical point” [9] and has
different interpretations. If one considers for instance the model with & = 0 on the finite
tree T, with i.i.d. Bernoulli random boundary data n with p = 1/2 at the leaves of T},
then the distribution of the magnetization at the root (as a function of 1) becomes non
trivial only if 8 > (31, see [9]. In particular, as { — oo, for 8 < (; the Gibbs measure
on T, with the above random boundary 7, converges (weakly) a.s. to the free measure
pfree. Another way to look at ; is to say that ;™ is an extremal Gibbs measure iff
8 < Bq (see [4, 15, 16, 2] and, more recently, [24]). Finally 81 has also the interpretation
of the non-reconstruction/reconstruction threshold in the context of “bit reconstruction
problems” on a noisy symmetric channel [10, 27, 26].

When an external field 7 is added to the system, it turns out that for all 5 > [, there
is a critical value h. = h.(8,b) > 0 of the field such that u* # p~ iff |h| < h.. The Ising
model on the tree at external field 4 = +h, therefore shares the following two properties
with the classical Ising model on Z? at zero external field: on one hand the Gibbs measure
is sensitive to the choice of boundary condition; on the other hand any arbitrarily small
increase of |h| causes the Gibbs measure to become insensitive to the boundary condition.

1.2. The Glauber dynamics. The Glauber dynamics on T? is the unique Markov process
{o/'}+ > 0 on Q with o}/, = n and Markov generator £ formally given by

(L)) = cal)[f(0®) = f(o)], (1.1

TETP

where 0% denotes the configuration obtained from o by flipping the spin at z, and ¢, (o)
denotes the flip rate at x.

Glauber dynamics on trees has received recently considerable interest [2, 24]. Results
in [24] show in a rather strong form that the mixing time (see e.g. [29] for a definition)
on the finite subtree 7} is always O(¥) if either 5 < (; and h is arbitrary or if 3, h are
arbitrary and the boundary conditions on the leaves of T, are identically equal to +1 (or,
by symmetry, to —1). In particular, the Glauber dynamics in the pure plus phase p ™ always
mixes fast (see [24] and section 2 below for more details).

Although all our results apply to any choice of finite-range, uniformly positive, bounded
and attractive flip rates satisfying the detailed balance condition w.r.t. the Ising Gibbs
measure (see [23]), for simplicity in the sequel we will work with a specific choice known
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as the heat-bath dynamics (see section 2 below for the definition). We will use the standard
notation P; = e* for the Markov semigroup associated to £. The spin at z at time ¢ with
starting configuration 7 is denoted by UZ , and we will often use the shortcut notation

pra(n) = (Broz)(n) (1.2)
for the expected value E(c},) of ¢/, given that the process starts in .

1.3. Main results. In order to state our main results we need an extra bit of notation. We
first define the set of initial configurations 7 such that the Glauber dynamics o, converges

weakly, at a certain rate, to the plus phase u™.

Definition 1.1. Given « € (0, 1), Q,, will denote the set of starting configurations n € €2 such
that for any = € T there exists a time toy = to(n, x) < oo such that for all t > t,

| pta(n) — p(oz)| < exp(—t?). (1.3)

We will see in Corollary 2.3 below that for any n € Q, the law of the process o
converges weakly to ™ as t — ooc.

The initial configuration n is often sampled from a Bernoulli product measure with
parameter p, i.e. n, = +1 with probability p and n, = —1 with probability 1 — p indepen-
dently for each = € T®. We write P, E,, for the corresponding probability and expectation.
Finally, we need to recall the notion of partial ordering (stochastic domination) between
probability measures on 2. Given two configurations o,n € Q we will write o < 7 iff
or < np Vo € T. A function f : Q — R is called monotone increasing (decreasing) if
o < o' implies f(o) < f(o') (f(o) > f(¢’)). Given two probability measures p, p' on Q
we write p < g/ if p(f) < p/(f) for all (bounded and measurable) increasing functions f.

Our main results can now be stated as follows.

Theorem 1.2.

a) Forevery a > 0, b > 2, there exists p < 1 such that forall € (0,00) and h > —h.(3,b)+a
we have v(Q,) = 1, for some a = «(f, h,b) > 0, for any initial distribution v such that
v=P,.

b) For every p > 1, there exist by € N and By € (0, 00) such that for h =0, b > by, 8 =
we have v(Q,) = 1, for some oo = a(3,b,p) > 0, for any initial distribution v such that
v=P,.

¢) Let Q2 denote the event defined in (1.3) with p~ in place of ut. For every p < 1 there
exist by € N and [y € (0,00) such that for b > by, 5 > By and h = —h.(53,b), we have
v(Qy) =1 for some a = «(f3,b,p) > 0, for all initial distributions v such that v < P,

1.4. Remarks. Let us make some remarks on the above statements.

1. We believe that in the case h = 0, convergence to the plus phase should occur as soon as
p > 3. Unfortunately our bounds on p in statement a) are far from being sharp. However,
as stated in b), we can approach the critical value 3, by taking b large. Another interesting
issue is the dependence of p on h. Our technique in the proof of part a) of Theorem 1.2
breaks down in the case h = —h.(f3,b) and the value of p in that statement approaches 1
as a — 0. On the other hand, statement c) shows that if h = —h.(8, b) the critical value of
p for convergence to the plus phase must approach 1 when b — oo.

2. The main arguments we use to prove Theorem 1.2 are based on two essential features of
the Ising model on T®. The first is monotonicity which is shared by all so—called attractive
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interacting particle systems. The second is a sort of “rigidity” of pure phases for spin
systems on trees. Roughly speaking this means that, as long as h > —h,, if we are in the
pure phase ;™ we can add a small density of spins of the opposite (—) phase and this will
not alter significantly the structure of u*. We refer to section 3 below, where we introduce
obstacles to bound the magnetization p; , () from below. The hard core gas model will be
shown to have both these properties and our results there (see Theorem 6.1 below) will
be obtained essentially by the same methods. On the other hand these techniques do not
apply when the above mentioned rigidity of phases is absent, as e.g. in the Ising model on
7% (see [30] for a deep investigation of the metastable behavior of this model), or when
there is no attractivity, as e.g. in the ¢g—state Potts model for ¢ > 3.

3. A close check of the various probabilistic estimates needed for the proof of Theorem
1.2 and which are behind a Borel-Cantelli characterization of the set Q),,, shows that there
is also an L2-version of Theorem 1.2, with (1.3) replaced by a bound of the form:

Ep((pls — 17 (00))?) < exp(—t),
for any ¢ large enough.

1.5. Plan of the paper. The rest of the paper is organized as follows. In section 2 we
give the basic preliminaries for the proof of Theorem 1.2. In section 3 we explain our
main argument. In particular, here we give the proof of Theorem 1.2 by assuming the
validity of several technical claims. Section 4 and 5 deal with the proof of these claims.
In section 6 we present our results for the hard core gas. Finally, some further results and
open problems will be discussed in section 7.

2. SOME PRELIMINARIES

Here we first collect several useful preliminaries concerning the Gibbs measure and the
Glauber dynamics and then discuss some basic results on convergence to the plus phase,
together with properties of the sets (2, introduced above.

2.1. Finite Gibbs measures on the b-ary tree. We denote by d(z,y) the tree distance
between two vertices z,y € T®. If r is the root of the tree, we write d(z) = d(z,r) for
the depth of z. When A is a subset of vertices of T® we set d(z, A) = inf,c 4 d(z, z). The
boundary of A, JA, is defined as the set of vertices = such that d(z, A) = 1. E(A) denotes
the set of T’-edges (z,y) with =,y € A.

The Ising spin configurations space is the set Q2 = {—1, +1}Tb and its elements will be
denoted by Greek letters o,n,& etc. The set Q) is equipped with the standard o-algebra
F generated by the variables {0, },c. For any finite subset A C T® and any 7 € €, we
denote by 1", the Gibbs distribution over Q2 conditioned on the configuration outside A
being 7: i.e., if o € Q agrees with 7 outside A then

MZ(U) xexp [B(nyEE(AUGA) a0y + h erA O—x)} ’

where 3 is the inverse temperature and & the external field. We define n')(0) = 0 oth-
erwise. If the boundary configuration 7 is identically equal to +1 (—1) we will denote
the corresponding conditional Gibbs distribution by uj (14). Whenever the set A will
coincide with the finite subtree T, = {z € T® : d(z) < ¢} we will abbreviate the symbol
T; in the Gibbs measure with /, i.e. 41/ stands for y7,.

For a bounded measurable function f : © — R we denote by p/y(f) = >, cq 14 (0) f(0)
the expectation of f w.rt. the distribution xy. Analogously, for any X € F, p/\(X) :=
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© (1x) where 1x is the characteristic function of the event X. We will write Var ()
or Var'i (f) for the variance puy(f?) — 1"y (f)? and (for f > 0) Ent, (f) or Ent} (f) for the
entropy p'y(flog f) — p'y(f)log 'y (f) w.r.t. p'}. Note that Var'y(f) = 0 iff, conditioned on
the configuration outside A being 7, f does not depend on the configuration inside A. The
same holds for Ent', (f). We shall use the symbol 14 for the map n — ;. Similarly, Var 4
and Enty4 stand for » — Vary and  — Ent';.

A probability measure x on (€2, F) will be called a Gibbs measure for the Ising model
with parameters (3, h) if

p(pa(X)) = p(X), for all X € F and all finite sets A C T?.

In this work a crucial role will be played by the following monotonicity property of the
Gibbs measures (and of the Glauber dynamics, see below) known as attractivity. For any
increasing bounded measurable function f:

(1) for any A C T® the map 1 — w (f) is increasing; 2.1)
(i5)  wh(f) < pk(f) whenever A C B. (2.2)

Recall that the “plus phase” T is obtained as the weak limit as ¢ — oo of 4. Existence of
this limit follows from the monotonicity properties described above. Similarly one defines
the “minus phase” p~. It turns out that any (infinite volume) Gibbs measure p satisfies
po<p<pt.

2.2. The Heat Bath dynamics on finite trees. For any finite subset A C T® and any 7 €
we define the Heat Bath Glauber dynamics in A with boundary condition (b.c.) 7 (see e.g
[23]) as the continuous time Markov chain on Q7 := {7 € {-1,1}4Y94 . o = 7 on 9A}
with generator

(Laf)(0) =Y calo)[f(0%) = f(0)], o€, (2.3)
€A
where (0%), = o, for all y # = and (¢*), = —0, and

1
x(o) = Ky (o) = g wnlo) e 280 (0430, o).

In analogy with the infinite volume case discussed in the introduction the chain started
from ¢ will be denoted by {o5*"}; > o. If A = T, we will simply write o¢"".

It is well known that there is a global pathwise coupling among the processes
{(055‘4’7),520, A C Tb &7 € Q} such that, forany A C B C T’ any ¢ < ¢ and any
T< 1!

oEAT < oA Vi >0
oA < GEBT  GEAT Vit >0 (2.4)

It is a well-known (and easily checked) fact that, for any finite A C T’ and any 7, the
Glauber dynamics in A with b.c. 7 is ergodic and reversible w.r.t. the Gibbs distribution y.,,
i.e. for any function f

LT,
lim e f = pj(f).
t—o0
The rate at which the above convergence takes place is often measured using two concepts

from functional analysis: the spectral gap and the logarithmic Sobolev constant. We now
describe these two quantities for a generic (finite or infinite volume) Gibbs measure .
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For a local function f : 2 — R define the Dirichlet form of f associated to the Glauber
dynamics with reversible measure . by

Du(f) = 5 3 lea[£(07) ~ F(0)]?) = 3 m(Vargey () 2.5)

(The Lh.s. here is the general definition for any choice of the flip rates c,; the last equality
holds when specializing to the case of the heat-bath dynamics.) The spectral gap cgap (1)
and the logarithmic Sobolev constant cs, (1) of 1 are then defined by

. Du(f) . _ Du(V')
Cgap(ﬂ) = H}f m ; Csob(M) = flgo E/:rc—u(f)’

where the infimum in each case is over non—constant functions f.
The spectral gap c,.p (1) measures the rate of exponential decay as ¢ — oo of the vari-
ance W.L.t. ju, i.e. cgap(pt) is the (largest) constant such that for any f

Var, (P f) < e 220 Var,,(f), 2.7)

where P; denotes the semigroup associated to the Dirichlet form D,,(f). The log-Sobolev
constant cgop(p) is related to the following hypercontractivity estimate (see e.g. [29]):
setting ¢, := 1 + e*op(W! we have, for any function f and any ¢ > 0

1P fllgee < N Fll2, s (2.8)

where || f||p,. stands for the LP—norm of f w.r.t. p.

If 1 is a finite volume Gibbs measure (i.e. 4 = p7) then both cgp (1) and csop (1) are
always strictly positive (possibly depending on A, 7). The striking result of [24] is that the
same is true for any choice of the parameters (3, h) if 4 = p* is the infinite volume plus
phase. More precisely one has

(2.6)

inf cgop (1) > 0, inf eson (1) > 0. (2.9)

Such a result does not imply however any ergodicity statement for the infinite volume
Glauber dynamics. Simple monotonicity considerations show in fact that for any increas-
ing local function f and any ¢ > 0, denoting by P, f(—) and P, f(+) the processes started
in the all “~” and all “+” configurations respectively:

Pif(=) <= (f) <u™(f) S Pf(+) .
In particular, there is non-ergodicity whenever u~ # p*, that is for 8 > 3y and |h| <

he(B)-

2.3. Convergence to the plus phase: preliminary results. A first important step in the
proof of Theorem 1.2 is to show that convergence to u* occurs when we start from all +
spins. Recall that p;.(n) = E(c},) stands for the expectation at time ¢ under the infinite-
volume dynamics started in 7.

Lemma 2.1. For all b, 3, h there exist § > 0 such that the following holds. For all x € T®
there exists to(z) < oo such that if t > to(z) then

0 < pra(+) — ut(os) < exp(—dt) (2.10)

Proof. The left inequality is a direct consequence of monotonicity (see (2.4)) and the fact
that u* (pr) = pt (o) for all x since p is an invariant measure. We now prove the right
inequality. For simplicity we only analyze the case of the root x = r (the general case
requires no modifications in the argument.) Fix a length scale ¢ and observe that for any
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monotonicity implies p; ,(n) < ,of:f (n), with the latter denoting expectation of JZ;,Z’JF (the

spin at the root at time ¢ for the dynamics in 7, with + b.c. at the leaves of T, and initial
condition 7). Let also ¢f’+ denote the function n — pf::“ (n) — /1,2_(0'7«) so that

prr(+) =it (on) < [uf (o0) = ¥ (on)] + &7 ().
Setting ¢;o == 1+ e2¢sob(1)t and observing that qu’Jr = P, /ngf’/;, with P, denoting the
semigroup of the dynamics in 7, with + b.c., the estimate (2.8) yields

0+ l,+
180 gy iz < 1675 o

Let 4 () denote the probability of having configuration » in 7, under 4. Observe that,
for any n

1
o+ —ToT it
o0 () < (g () "2 \log "Il .+ -
qt/2,M

It is also clear that there exists C; < oo such that, for all 5, u; () > e=C1t" . Moreover
by (2.9) we know that ¢, /2 = e?! for some positive constant c, independent of /. Then,
taking n = +

) < ()T 65
< exp (Crb'e™ ) |65 I 0 - (2.11)
Set now ¢ = c3t with c3 > 0 small enough. Using (2.7) and (2.9) we therefore arrive at
6 (+) < exp (Crpem e cumnli )l  ement

for a suitable constant ¢4 > 0 and ¢ sufficiently large. Now the claim (2.10) follows from
the fact (see e.g. [24]) that in the + phase the influence of plus boundary conditions
decays exponentially fast at any temperature: there exists c¢5 > 0 such that

(o) = pf (o) < e

g

The previous result allows to show that the set ), is increasing, i.e. its indicator function
is increasing.

Corollary 2.2. For any o € (0,1) the event (2, is increasing.

Proof. We need to show that for any pair (n’,n) with ” > n and n € Q,, also the first
component 7’ belongs to €,. To prove the claim we observe that, for any = € T and any
t > 0, monotonicity implies

pra(n) — 1t (02) < pra(n) — 1 (02) < pro(+) — 1t (02) (2.12)
The Lh.s. of (2.12) is > —e~*" for any large enough time ¢ because 1 € €2, by assumption.
The r.h.s. is instead bounded via Lemma 2.1 above. O

Another consequence of Lemma 2.1 is the following

Corollary 2.3. For any n € ), the law of the process o, converges weakly to u* as t — oc.
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Proof. Observe first that by the global coupling, for any 2 € T and n € Q we have

1

Let f be a function on € depending only on the spins in a finite set A C T? and let 5 € €.
Then, using the invariance of ™, i.e. u™P(f) = [du™ (&) (P f) (&) = pt(f), for all ¢ large
enough depending on A, we have

B(/(o]) - i (D] < [B(F(ol) ~ Floi )] + | [ du (©B( (o) = £(of)
<2fll X[ Bl £ )+ [ AT @Bk, # 07 |

z€EA

= Flloo D[ 2P0 () = praom) = 1 (00) | < IflloclAI[ 267 467" ]
€A

Therefore E(f(o})) — p*(f) for every bounded local function and the weak convergence
6, P — pt follows. O

Finally, the following generalization of Lemma 2.1 will also be useful. Let us define the
set 5, for § > 0, as the set of » € Q such that (1.3) above holds with the stretched
exponential exp(—t®) replaced by the true exponential exp(—dt¢). Lemma 2.1 then says
that + € Q, 5 for some § > 0.

Lemma 2.4. For every b, 3, h, there exists 6 > 0 such that v(Q5) = 1 forany v > p™.

Proof. Since v > ut we have v(p,) > pt (o) for all ¢ > 0. From Lemma 2.1 we then
infer

V(|pra — 1 (o)) = €7 <P u(|pra — pt (o))
< Pu(pt, — 1 (00)?) < 2682 (pru(+) — pt(os)) < 2672,

Therefore, the Borel-Cantelli lemma implies that there exists ¢ = ¢(J,b) > 0 and a subset
Qo C Q of v-full measure such that for all n € €, all integers j large enough and all
x € T,; (the tree of depth ¢ = ¢3),

1pja(n) — ut(o)] < e %9/ (2.13)

To prove the lemma we will establish a bound of the type (2.13) on |p¢ (1) — ut(or)|, i-e.
at the root = r, but for all times ¢ large enough and not just integer ones. The case of
general z is obtained by straightforward modifications. We simply write p; for p;,. Then,
if |¢] is the integer part of ¢:

t

pe(n) — (o) = py(n) — (o) + /M ds Pyg(n),  g:= Loy, (2.14)

For s > [t] the Markov property yields Psg(n) = Py Ps_|¢j9(n) = E([Ps_|19] (aftj)). On

the other hand standard arguments (the so—called “finite speed of propagation” estimate)
based on tail estimates for the mean one Poisson process (see e.g. [23]) show that

L sup [Pug() = Pug(&)l < C1 )16 =l e 1 (2.15)
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for constants C4, Cy with the property that we can take C; as large as we wish provided
(1 is large accordingly. Therefore by the global coupling and the invariance of p ™,

|Psg(77) - N+(g)| = |/d/~L+(€)E([PsLthKU@J) - [Psttjg](aftj)”

<y Z e~ C2d(@) /dﬂ+(f)E(’U?tj az Uftj,x’) )

To handle the last term we add and subtract UE; | SO that by monotonicity
/du—i_(f)EqO_@J@ - O-ftj7m|) < 2IP)(O-[;J7m = 1) - P(O’?th = 1) - /du—i_(f)P(O_fﬂJ = 1)

< 5 101e1a () = @) + (o) () — 1 (02)).

Fix j = |t]. When z € T;; we use (2.13) for the first term above. If ¢ is sufficiently small
the argument of Lemma 2.1 also yields

p[tJ,x(+) - N+(Ux) < 6761157

for some §; > 0, uniformly in x € T, ;. In conclusion, for a suitable d; > 0 we have

|Pog(n) — it (g)] < e (2.16)
for all sufficiently large ¢. The desired estimate now follows from (2.16) and (2.14), since
w(g) = 0 by invariance of u™*. O

3. PROOF OF THEOREM 1.2

We will provide a unified proof of the three statements in Theorem 1.2. In order to be
able to do so we need some preliminary observations. The first is that by the monotonicity
of the events 2, (Corollary 2.2), statement b) in Theorem 1.2 is equivalent to

b*) For every p > % there exist by and (3y such that for b > by, 3 > [y and h = 0, we have
P,(Q) = 1 for some a = «(5,b) > 0.

Similarly, performing a global spin—flip, statement c¢) in Theorem 1.2 can be rephrased as

c*) For every p > 0 there exist by and [y such that for b > by, 3 > (o and h = +h.(5,b), we
have IP,,(Q,) = 1 for some a = «(3,b) > 0.

The last observation is that we may replace statement a) in Theorem 1.2 with

a*) For every a > 0, b > 2, there exist p < 1 and 8y > 0 such that for all 3 > (y and
h > — he(B3,b) + a we have P,(2,) = 1, for some o = a(3, h,b) > 0.

In other words, we are taking 3 large enough. To see why this is not restrictive recall that
by an obvious domination argument one has P, > ut if

e(b+1+h)3 P
> pg,n = ) Le. ﬁ < log( ) :
p ' e(b+1+h)B 1 o—(b+1+h)3 2(b+1+h) 1—p

Lemma 2.4 therefore implies that P,(€2,) = 1 for all &« < 1if p > pgj. We then achieve
the result of Theorem 1.2 a) from a*) above by a suitable tuning of the parameter p.



PHASE ORDERING AFTER A DEEP QUENCH 11

FIGURE 2. Free vertices (o) and obstacles (e) in a given realization w on
the binary tree.

3.1. Main argument. As the convergence result of Lemma 2.1 makes clear, to prove The-
orem 1.2 we need a lower bound on the quantity p; ,(n) — u*(0,) in the three statements
a*),b*) and c*) emphasized above. We shall focus only on the case x = r, since the case
of arbitrary x is obtained with essentially no modification, see also the remark at the end
of this section. Setting p.(n) := p¢»(n) what we want is a bound of the form

pr(n) = pt(op) = — e, (3.1

for all ¢t > ty(n), P,—almost all 7. As far as this section goes, we shall not distinguish the
specific setting (a*,b* or c*), since all we do here works for the three cases without any
difference. What does depend on the setting are some key estimates that will be proved
in the next two sections. The latter have been emphasized as separate claims in the text
(see Claims 1 to 4 below).

In order to describe the main idea behind the lower bound (3.1), we must first in-
troduce the notion of the Ising model and the associated Glauber dynamics in a random
environment of obstacles. Realizations of the environment are described by elements w of
Q). We say that a vertex = € T? is an obstacle if w, = —1, and that z is free if w, = +1. We
call T'(w) the largest connected component of the set of free vertices containing the root.
Note that T'(w) = () if the root r is itself an obstacle. By construction, all vertices in 97 (w)
are obstacles. We will be mostly concerned with the case where w is picked according to
the product Bernoulli measure P, i.e. when each vertex is free with probability p, inde-
pendently of all others. In this case, P, (T(w) is infinite) is positive as soon as p > 1/b and
tends to 1 as p " 1 for fixed b, or as b " oo for fixed p, see e.g. [28].

Given a realization of obstacles w, the Ising model among obstacles is defined as before
by replacing the tree T® with the random tree T'(w) and the configuration space Q with
the space

B, ={reQ:m=-1, Ve ¢ T(w)}.

Given a finite subset A ¢ T® and 7 € B, we denote by 1y, the Gibbs measure u;mT(w).
We also write yj , for the Gibbs measure T, () where we use the notation 7y(w) :=
Ty NT(w). From this definition we see that obstacles act as a “minus” boundary condition.
The maximal allowed configuration 7} € B, is such that 7} is +1 at every vertex of T'(w).
With slight abuse of notation, we will write ] for the Gibbs measure obtained as weak
limit of 'U’Zt) as ¢ — oo. Note that p. corresponds to the equilibrium measure with “—” b.c.
at the boundary of T'(w) and “+” b.c. at infinity.

Similar notations apply to the Glauber dynamics. Given a realization of obstacles w,
A C T and 7 € By, we will write %" for the Glauber dynamics in A N T (w) with

t,w
boundary condition 7 started from the restriction to 7'(w) of the configuration ¢ € Q. If
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A = T, we simply write afﬁ”. When A = T'(w) the boundary condition is necessarily “—"

and we will only write Uf, .- In the same way we will use p;,(§) for the expected value

€7£7T
t

of of’w at the root and pf;;(g) for the expected value of oy,

at the root. Monotonicity
implies that, for any £ < ¢/, af’w < afl. In particular,

pro(+) <p(w),  t20. (3.2)
We now turn to our main argument. Fix a length scale /, to be related later on to the time

t, a configuration n € 2 and define the associated realization w = w(#n, ¢) of obstacles by
the rule:

o {+1 if d(x) < ¢ 3.3)
n:  otherwise
Clearly o/ , < o so that
pr(n) — ¥ (or) = prw(n) — pl (o)) = F (o) = pd (00)] - (3.4

If now L = ¢7, v > 1, is another length scale, monotonicity shows that if we impose + b.c.
on the leaves of 77 (w) we may estimate

[ptw(n) — pd(or)] = [u*(0r) = pb (o]

> (o () = 1 (on)] = [or ) = prw(m)] = [T (00) — i (00)]. (3.5)

Notice that in the above formula the role of the Bernoulli configuration 7 is twofold: it
enters as the starting configuration in the first two terms but it also defines the random
realization of obstacles w, see Figure 3.

(

L
+4++++++

FIGURE 3. Random obstacles below level ¢: Infinite tree (left) and finite
tree with 4+ boundary condition below level L = ¢7, v > 1 (right).

Most of the statements that will be proved below on the r.h.s of (3.5) concern properties
which hold almost surely with respect to the starting configuration 7 (and therefore w.r.t.
w) picked according to the Bernoulli measure P,. To simplify the exposition, we shall
adopt the following convention: given some statements &, ¢ € N, we say that & holds
P,—a.s. for ¢ sufficiently large whenever n € & for all ¢ > ¢y(n), for P,—a.a. n € Q, or
in other words, P,(£, eventually) = 1. We are now in a position to explain how we will
bound the three terms in the r.h.s of (3.5).

Estimate on [y (0, ) — i (0,)]. Bounding the third term in (3.5) is a purely static problem
which on the tree can be solved via a suitable recursion. In section 5 we prove

Claim 1.
|t (or) — (o) < e, (3.6)

P,—a.s. for ¢ sufficiently large.
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Estimate on [pﬁj(n) — pu} (o)) The first term in (3.5) is related to the speed of relax-
ation to equilibrium in the finite tree 77 (w) with plus b.c. Here we need the following
bound on the logarithmic Sobolev constant Csob(/fiw)-

Claim 2. There exists ( < oo independent of ¢ such that
csob(,ulz#,) 2 L_C

holds P,—a.s. for any L > ¢ sufficiently large.

We can repeat exactly the computation (2.11) with ;" replaced by . , ¢f’+ by

L7+ Py— L7+
tw (n) = Pt.w (n) — /‘zw(ar) )

and g;/p =1+ ¢ csob(i.0) ¢ We obtain, for any 7
L, ~Cso 7 L,
oF ()] < exp (Crble = W) g7 e 37

for some constant C; < oco. Assuming Claim 2 above, using cgap > 2¢5on (Which is always
true, see e.g. [29]) we estimate (3.7) with the help (2.7) and obtain, for L = ¢7,

YISy ot
IpEs () = Eu(00)] = 675" ()] < exp (CrbFe " )e /" (3.8)
P,—a.s. for ¢ sufficiently large.

Estimate on [,otL F(n)—pt.w(n)]. The control of the second term in (3.5) is a true dynamical
question and it involves proving that the two processes o/, and aZ;UL’JF remain identical
at the root up to time ¢ with large probability. This is achieved via a coupling argument

together with some equilibrium estimates. The final bound will be of the form

pr () — prw(n) <te (3.9)
IP,—a.s. for ¢ sufficiently large, provided that v > ¢ + 1, where ( is the constant appearing
in (3.8). The argument goes as follows.
To keep the notation to a minimum, we will abbreviate the two processes o/, and UZZUL’Jr
with &} and &7 respectively. Set
)

A={zecT(w): dz)=20}, A:={rcT(w): gﬁ <d(z) < 26}.
By the global coupling
0< prf () = prow(n) =E[¢, — €]
<2P[3s<t, 3zeh: gl £, (3.10)

In the last bound we have used the fact that if £ , = ¢2 atevery z € A and s € [0,¢] then
necessarily ¢! . = &7, since the starting configurations are identical at time 0 for all  with
d(z) < L—1 and any discrepancy coming from vertices y with d(y) > L must cross level A
to travel up to the root in the time interval [0, ¢|. Define A;, j =0,1,...,[t], as the event

Aj={3zeld: &, #&,}.
We then estimate
11 1) +1
P[3s<t, Jwen: g, #53@] <Y Py + Y ]P[A;_l mBj} (3.11)
=1 =1
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where

Bj={3sel[j-1j],weh: &, #&,}.
The probability of the event A§_y N Bj is estimated by a standard argument: the event
AS_) N B; implies that a discrepancy between ¢; , and &7, located outside A, reaches in

a time smaller than 1 a point # € A. Since there are at most b3 possible (self-avoiding)

paths from A to (A)¢ and since the rates are bounded by one, a simple tail estimate for
Poisson random variables implies

P(AS_, N Bj) < cb3l e 3t1os(t/e) ¢ =3 (3.12)

for a suitable constant ¢ and all sufficiently large ¢. Similarly, if we look at the event A;,
we are requiring that at least one of the discrepancies at time 0 in level L travels up to
level %E in a time less than j. Therefore

P(A;) < cbl e Lm30los(L=50/ei)  o=L  yj <L, (3.13)

for some ¢ < oo and for all € = (b, ¢) sufficiently small. We are therefore left with the
estimate of P(A;) for j > L. The argument for this case goes as follows.

Fix a point = € A and recall that z is at some level between 3¢ and 3¢. Let r, = r(x, ()
be the ancestor of = at level ¢ and let 7, (w) be the subtree of T'(w) rooted at r, and
containing all descendants of r,. Let also T}, ,(w), h € N, be the finite subtree of T} (w)
obtained by considering only the first & levels of T, (w). When h = 2/, T, o¢(w) is the
tree between levels ¢ and 3/, see Figure 4. Call V:; 4h' (I/T_T ’I) the Ising—Gibbs measure on

FIGURE 4. The vertex « € A and the associated tree Ty, 20

T, n(w) with + (=) b.c. above the root r, and + b.c. below the leaves at level £ +  and
set 1/,.;’,?;0 = limy_ o 1/7,_1’:;;.

Finally, we denote by &} the Glauber dynamics evolving in 7)., o,(w) with + bound-
ary conditions both above the root r, and below the leaves of T, o/(w) and with initial
configuration 7. Notice that in fact &} starts from all pluses because, by construction,
n(y) = +1Vy € T(w), d(y) = L.

With the above notation and using monotonicity we can now write

PGjo # &l = P[& = +1] — P[0 = +1]

<PE, = +1] — vk (00 = +1). (3.14)
The rh.s. in (3.14) is then decomposed into the sum of two terms:
P&}, = +1] = v 5(0n = +1), (3.15)

and
v (0w = +1) — vt (00 = +1). (3.16)
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In order to bound the term in (3.15) we would like to argue as in (3.7) and therefore we
need the following:

Claim 3. There exists { < oo such that
min csob(yz’;re) >0
TEA ’

holds P,—a.s. for ¢ sufficiently large.

The argument used in (3.7) now yields that the first term (3.15) satisfies

BIE], = +1] = 1, 5y (0w = +1) < exp (cb%'e /) exp (— /(). (3.17)
Therefore, if v > ( + 1, using j > /" we may write
P(&, = +1) = v, 5(00 = +1) <™ (3.18)
for ¢ large enough (independent of ). In conclusion, for any v > ¢ + 1,
> {PIEL, = +1] - v 5 (o = +1) | <™ (3.19)
€A

P,—a.s. for ¢ sufficiently large.
As far as the term (3.16) is concerned we will establish:

Claim 4.
5 (vt =) = il = +0} <%,
xEA

P,—a.s. for ¢ sufficiently large.

Collecting (3.19) and Claim 4, we have thus shown that P(A;) < 2e7%, j > eL = /.
Together with (3.12) and (3.13) this completes the proof of (3.9).

Conclusion. In conclusion, from (3.5), using (3.6), (3.8) and (3.9) we have the bound
pe(n) —put(op) = — (e*% + exp (ClbLe*t/WC)eft/”C + te*2z> .
If e.g. £ = t* with a > 0 such that ay(1 +¢) < 1 and v > ¢ + 1, then

pe(n) = pt(on) = —e", (3.20)

P,—a.s. for t sufficiently large. Therefore the three steps above are sufficient to end the
proof of Theorem 1.2. Note that the coefficient o depends on the various parameters
(b, B, h etc.) only via the constant ( coming from the logarithmic Sobolev inequality in
Claim 2.

Remark. The above arguments show how to prove the needed lower bound on p; (1) —
ut(0,) when x = r. This choice is done merely for notational convenience. Indeed, with
the environment w defined in (3.3), we can write, as in (3.4) and (3.5)

pra(n) — 1 (

> [prat, ) = ik o (00)] = [pras (1) = praw®)] — (1t (02) — 1h (02)].

Here p; (1)) stands for the expected value of o/ , at z, and pﬁ;:w(n) is the same quantity

when + b.c. are imposed on the leaves of T, (w). Notice that since ¢ and L = ¢7 will grow
with time ¢ our vertex x will eventually belong to the region that is free of obstacles. At
this point all the estimates given for the case 2 = r are immediately checked to hold with
no change.

Oz)

(
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4. RECURSIVE ANALYSIS AMONG OBSTACLES

In this section we establish a number of key estimates for the Ising Gibbs measure
among obstacles. Once these results are established it will be rather easy to prove Claims
1 to 4 (see next section).

As in the previous section w € 2 will denote a random realization of the obstacle—
environment and p the associated Ising plus phase. We emphasize however that here,
contrary to (3.3), w is picked according to the product Bernoulli measure [P, on the whole
tree T, i.e. each vertex = € T? is free with probability p independently of all others.

4.1. Coupling coefficients and path weights. As in the homogeneous case treated in

[24], the analysis of equilibrium properties is reduced to the study of certain coupling
coefficients. For a given w we define the ratio

5o =—1)

7
Rlw)=—~——=. “4.1)
@)= e =)
We agree that R(w) = oo if w, = —1. For every z € T® we set R,(w) := R(f,w), where
6. denotes the shift induced by the natural group action on the tree: (0,w), = w,q,. If
w, = (f,w), = +1 and z1, ..., 2, denote the children of z € T'(w), one has the following
easily checked recursive relation (see e.g. [1, 3]):
b
R (w) =¢" H Fp(Rz, (w)) (4.2)
k=1
where, from now on, we use the following notation
e+ a —283
F = = . .
3(a) T ea’ °°° 4.3)

To illustrate the use of the variable R defined in (4.1), consider a vertex z € T'(w) together
with one of its ancestors y and denote by Mﬁ/ﬁ (resp. &) the measure p) conditioned to
have o, = +1 (resp. o, = —1). Suppose we want to compute the total variation distance
between the marginals at the vertex z, which we denote by || — 1% ||.. Since the spin
at z can take only two values, the latter equals p% " (0. = +1) — u% ™ (0. = +1). If y is the

parent of z, using ;%= (0. = +1) = (e¥'R,(w) + 1)~! we see that
™ — ™ Nl2 = Kp(R:(w)) (4.4)
where the function Kz : [0, 00) — [0, 1] is defined by
1 1
Kp(a) = (4.5)

ca+1 e lat+1’
For every ¢ € N we define the set of descendants of y at depth ¢:

Dy (w) = {z € T(w) descendant of y : d(y,z) = {} (4.6)

To compute the total variation distance ||, — 1% ||, for some = € D, ¢(w) we may pro-
ceed as follows. Let z1,..., 2, = x be the vertices along the path from y to . We couple
the measures p% ", 4%~ recursively in such a way that, for every i < ¢, given that the
corresponding configurations coincide at z; then they coincide at z;,; with probability 1,
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while given that there is disagreement at z; then disagreement persists at z;,; with prob-
2yt 23y

ability ||po" — po ||z, = Kp(R:,,, (w)). In this way the probability of a disagreement
percolating down the tree from y to x equals

4
1% = 1 Nl = [ Ko(Rz (@) 4.7)
=1

Moreover, if |0 — o', denotes the Hamming distance (counting the number of disagree-
ments) between ¢ and o' restricted to the set D, (w), the above argument implies that

we can find a coupling v, of %™, 1%~ such that the expected value of lo — 0’|y satisfies

Vw(|0 - 0J|y,€) < Z W(Fy,maw) > (4.8)
iEEDy,g
where we introduced the path I'y , between y and z, consisting of the sites z1,...,2, =«

as above, and the associated weight
¢
W(Lyew) = [ ] Ko(Rz, (). (4.9)
i=1
The rest of this section is concerned with estimates showing that, in a suitable sense, R
and W are small with large probability.

4.2. Estimates on R. We write P, for the probability P, conditioned to have w, = +1.
We want an estimate of the type

P, (R >¢) <4, (4.10)

where ¢ = ¢2 and § is a small parameter. We start with the setting of statement a* in
the proof of Theorem 1.2.

Lemma 4.1. Forany § > 0, a > 0, b > 2, there exist pg < 1 and 3y < oo such that (4.10)
holds for all p > po, 8 = Boand h = — h(8) + a.

Proof. For any integer ¢ we define
Rlw)y="" - (4.11)

Since '“Zw — ut, we have R — R, { — oo, P,~a.s. Moreover, monotonicity implies
Rf(w) < R“Y(w), so that the convergence is monotone. Then it is sufficient to establish
(4.10) for R in place of R, uniformly in /. We will give the proof only in the case b = 2,
since all the estimates below are easily adapted to the case of larger values of b. Recall
that in general (see e.g. [12]) one has h.(3) = (b — 1) + O(371), so that, replacing a with
2a and taking [ sufficiently large, we can assume h > — 1 + a without loss of generality.
Let us define the probabilities

¢ =P, (R‘f > 2—%51—’%) . k=0,1,2,... (4.12)

so that ﬁ’p (Rt >¢) = qéo). Let now z;, 2z denote the two children of the root and call R;
and R the corresponding ratios, i.e.

. MZ—l,eziw(UT = _1)

uzwziw(o’r =+1)

. i=1,2. (4.13)

)
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Note that R;, i = 1,2 are i.i.d. random variables with the same distribution as R‘~!. On
the event {w, = +1} the basic relation (4.2) applies and we have

RY < &% 1 F3(Ry) Fs(Ry). (4.14)

Using the uniform bound F3 < e, we see that, in particular, R* < ¢4~ 1e2. Taking 3

so large that v/¢ < 1 we then see that 272*¢!1ke > 2473 a5 soon as e.g. k > ko := | 2].

Therefore qék) = 0 for every ¢ > 1, k > ko. Suppose that R; < €. Since Fj3 is monotone

increasing and Fj3(e) < 2¢, by (4.14) we have
Re < QEaFg(Rg) .
Since Fj3(t) < e +t, t > 0, the above shows that if B; < ¢ and R’ > ¢ then

1
Ry > —¢el™, (4.15)

4
for large enough 3. We are now able to give an estimate on qéo). We first remove the event

E = {w,, = -1} U{w,, = —1} and consider the complement £¢ = {w,, = +1} N {w,, =
+1}. The price for this is at most 2(1 — p):

¢V <P, (E)+P, (E N{R"> g}) <2(1-p)+P, (E N{R'> a}) .
On E° we can separate the two cases: A = {R; < ¢} U{Rs < ¢} and A° = {R; >
e} N{Rs2 > ¢}. In the first case the reasoning leading to (4.15) shows that we have

- 1
B, (ECmAm{RZ >g}) < 2P, <R2 > Z€1a> —241.

In the second case we have, by independence
P, (E nA°n{R' > g}) <P, (E°n A% < (g%)?.
In particular, we have obtained the bound
0" <201 =p)+(@2)" + 247

The same reasoning as above actually shows that for any & one has

" <201 —p) + (V)% + 241V (4.16)

From the monotonicity in ¢ of R’ we see that qéli)l < qék) for any k and ¢. Therefore a
simple iteration of (4.16) gives that
Jj—1 )
g < Y 2m {2(1 -p)+ <q§9>1>2} +2 ¢,
m=0

forany j =1,2.... When j = kg + 1, qéj;)l = 0 and we have the recursive estimate

a” <2 {20 -p) + (%)} 4.17)

This implies that for every § > 0 we can choose pg < 1 and Gy < oo such that qéo) < 0,
forevery ¢/ > 1, p > pg and 8 > (y. To see this simply observe that when ¢ = 1 the “+”
boundary condition imposes R; = 0 on every child z; such that w,, = +1 and therefore

q§0) < 2(1 — p), which can be made arbitrarily small. Thus, climbing up the tree with the
relation (4.17), we see that sup, > ; q§0) < Jdassoonase.g. p>1—1/(252k), O
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We turn to the setting of statement b* in the proof of Theorem 1.2.

Lemma 4.2. Forany § > 0, p > %, there exist by € N, By < oo and ¢ > 0 such that (4.10)
holds for all 8 > By, b > by and h = 0, with § = e~ .

Proof Recall the definition (4.11) of R‘(w). Let z1,. .., 2, denote the children of the root
r and let m(w) stand for the number of obstacles among them: m(w) = Zi-’:l L., =—1}-

Since p > %, from standard large deviation estimates for the binomial distribution there
exist positive numbers a1, as > 0 and by € N such that

P, (m > @ - al) b) < e b, (4.18)

for all b > by. Suppose now that w, = +1 and m < (1 — a1)b, i.e. the root has at least
% + a1b free children. Suppose only one of these free children, say z, is such that the
associated ratio R, satisfies R, > . Using Fj3 < ¢~ for the ratios on the obstacles, and

Fp(a) < 2 whenever a < ¢, (4.2) yields
RY <e™(2e)"" ™ 1F(R,) < 2°* 0 Fg(R,) (4.19)
Since Fj3 < ¢! it is clear that we can take by, By so large that in the above situation it

is impossible to have R’ > ¢ for all b > by and 3 > (,. The above discussion says, in
particular, that if m < (3 — a1)b and R’ > ¢, then there must be at least 2 children of r

with ratio greater than e. Thus, recalling the definition of the probabilities qéo) (4.12), we

obtain
b
0 “a b 0) \"
@O < e 1 2 <n> (%) (4.20)
Because of the + boundary condition at level 7, the argument of (4.19) gives q%o) < e a2b,

The claim then follows by induction: Suppose ql@l < § with § := e~2/2, Then (4.20)

implies qgo) < e 20 4 (1+46)" — (1 +6b) < e 2 + 15%52, and therefore qéo) < o ford
suitably large. O

Finally, for the statement c* in the proof of Theorem 1.2 we need the following

Lemma 4.3. For any § > 0, p > 0, there exist by € N, By < oo and ¢ > 0 such that (4.10)
holds for all 3 > (g, b > by and h = +h.(3), with § = e~.

Proof. As in the previous proof we denote by m(w) the number of obstacles among the
children of the root. Since p > 0, there exist positive numbers a1, a2 > 0 and by € N such
that

P(m> (1—a1)b) <e 92, (4.21)
for all b > by. We recall that h.(3) = (b — 1) + O(37!). In particular, we may assume
without loss of generality that the magnetic field satisfies h > b — 2. If 21, ..., 2, denote

the children of the root, by (4.2) we then have

Re < 5b_2Fﬂ(R21) e Fﬁ(sz) :
Reasoning as in (4.19) we see that if w, = +1 and m(w) < (1 — a;)b, then we must have
more than one free child with ratio greater than ¢ in order to produce the event R > ¢. It

follows that we may estimate the probabilities qéo) exactly as in (4.20). When ¢ = 1 the +
boundary condition implies R? < eb~2¢7™cb~™, Therefore on the event m(w) < (1 — ay)b
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it is impossible (for suitably large b, 3) to have R’ > ¢. This gives qgo) < e As in the

proof of Lemma 4.2, the desired result now follows by induction. O

4.3. Estimates on WW. We turn to an estimate on the weight W introduced in (4.9). Re-
call the definition (4.6) of the set D, (w). Below we simply write D, = D,;(w) when y
coincides with the root r. We also write W (z) := W (T, ., w), for any = € T’. We look for
an estimate of the form: There exists ¢y > 0 such that

E, [exp (t Z%DZ W(x))} <2, (4.22)

for every t < tg, £ > 1. The value of ¢y, will depend on the parameters a, b, 5 in case a*, on
b, 8 and p in cases b*,c*.
We start with the setting of statement a*.

Lemma 4.4. For any a > 0, b > 2, there exist fy < oo and pg < 1, such that (4.22) holds
foranJ’B}ﬁO;p?pO, h> _hc(ﬁ>+a

Proof. The main difficulty in proving (4.22) is the non-independence of the random vari-
ables { K3(R.(w))}:er,, entering in the definition (4.9) of W. However, thanks to the
tree structure of our graph, it is possible to introduce a modified weight /I/Ivfw(Fy@) =
Hzerw . (w) in such a way that for each w, W(T'y ;,w) < W(Fy@,w) and the random
variables {1, (w)}.cr, , are such that a bound in terms of independent variables becomes
available. The latter estimate will be based on the results in Lemma 4.1. We now describe
how we construct the modified weights.

To begin with, we fix some notation: 9B, stands for the (deterministic) set of vertices x
such that d(z) = ¢. We also use I';, for the unique path from the root to x. To simplify the
notation we define W (z) = 0 if x € 0B, \ Dy(w). Next, for every z € 0B, and for every
vertex z € I', we denote by A, the set of all children y of z such that y ¢ I';. Clearly,
|A.| =b— 1. We say that z € T, is regular if R, < ¢ for every y € A,.

Let now u > 0 be a small parameter to be fixed later and suppose that z1, 2o, ..., 25 are
consecutive regular sites on I';, ordered in such a way that d(z;,r) = d(zj—1,7) — 1, see
Figure 5. Let also zy denote the child of z; along I',.. As in the proof of Lemma 4.1 we may
assume h > — (b — 1) + a without loss of generality. Since 2 is regular, using Fjg < e~*
for the ratio at 29 and F3(R,) < 2¢ for y € A, from (4.2) we have

R, < " VF(Ry) [] Fs(Ry) < P(2e)07 ! =120
YEA
Similarly, for any &£ we have
Ry < Ea_(b_l)Fﬁ(Rzk—1) H Fa(Ry) < 20t e Fa(R ) -
yEA,
Using the elementary estimate Fz(z) < 2(z V €) we see that
R., <2"¢"(R._ Ve), k>2. (4.23)

Since R,, < £4=120=1 by the above computation, (4.23) is easily seen to show that if e.g.
k> ky:= L% , then R,, < ue, provided ¢ < g¢(a, b, u). Moreover, a simple computation
gives Kg(ae) < o for every a > 0, so that Kg(R., ) < v in the above case.

We shall say that z € T, is good if z is regular and the number of consecutive regular
vertices immediately below z along T, is larger or equal to ky — 1. Otherwise we say that
z is bad.
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The estimate (4.23) therefore implies that K3(R.(w)) < u whenever z is good. Since
K3 < 1 and recalling that W (z) = 0 if « is not connected to the root in 7'(w) we may write

u w,=+1, zis good
W(z) < W(z) =[] ¥:(w), ¢:(w):={1 w,=+1, zisbad (4.24)
z€le 0 w,=-1

r
Zlk %

i

FIGURE 5. k consecutive regular sites on the path I';, in the case b = 4.

We now claim that there exist C; < oo such that for every ¢ > 0, for all z € 9B;:
E,[W(z)] < Ci (2u)". (4.25)
From (4.24) we see that s
W(z) < uf ") (4.26)
where n,(w) stands for the number of bad vertices in I',, x € 0B,. Define, for every

z € Ty, x2(w) = 0if z is regular and x,(w) = 1 otherwise. Note that, by construction,
these are i.i.d. Bernoulli random variables. A simple deterministic bound on 7, is given by

ng(w) < ko (1 + Z XZ(w)) .

ZGFI

From Lemma 4.1 we know that the probability of being irregular, for any given z € T',, is
less than 61 := (b—1)d + (b—1)(1 — p). Let us choose § in Lemma 4.1 and p < 1 such that
51 < uFo. We then have

— l
E, [W(x)} < uE*kOEp [u*koxz} < uéiko(l + 51u*k°)£ < ulkoot 4.27)

The claim (4.25) then follows by taking C; = u %o,

We are ready to prove the exponential moment estimate (4.22). For any integer k we
define

k
M=) W@ | = > W) Wia). (4.28)
x€0By z1,...,x, 0By
We claim that
E,[M] <C5K!, k=1,2,... (4.29)

for some constant C5 < oo. Note that the result (4.22) is an immediate consequence of
(4.29) since the L.h.s. in (4.22) is bounded by

© Lk
t 1
E tMy)] =1 —E M, < ——.
p[exp( 1)] +;k' piVik l—CQt
Let x1,...,x, € 0By be given as in a generic term in the sum in (4.28). These points may

be ordered by the lexicographic rule to obtain the ordered set 7; < Z2 < ... < . Call
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Zo and 7 the absolute leftmost and, respectively, the absolute rightmost vertex in 9B,.
Below we use [Z;_1, ;) to denote the set of vertices y € 0B, such that y is larger or equal
to Z;_; but strictly less than z;, with the agreement that, when j = k+1, the set [T, Zj41)
also includes the end point 1, see Figure 6. With these notations we can write

k+1
My (@)=Y > W) W) Y, Wy (4.30)
j=1 z1,...,x,€OBy ye[{i‘jfl,.’ij)

Zo B @y ¥y A Y Ts
FIGURE 6. Schematic picture of the tree T}, in the case k = 4. Here y € [Z4,Z5).

Consider now a given y € [Z;_1,Z;). Let T}, denote the subtree determined by the union
of all paths I, ;,, i = 1,..., k. Let d(y,T}) denote the distance from y to 7}, and write z,
for the closest ancestor of y on 7}, (characterized by d(z,,y) = d(y,T})). Clearly, we can

estimate W (y) < W(szy), where W(Fzyﬁy) = [l.er, , ¥ Now, by construction, the
1 1 2y,

random variable W (T',, ,) is independent of all the weights W (z;) except for the variables
1, where z is either z, or one of the ky; — 1 consecutive vertices just below z,. Let us call
A, this set of vertices. Restricting to the event that x4, ..., z; € Dy(w) we can estimate

[T el <uto

z€Ay

Therefore we have

k+1
E, (M) <u™ 3 E, [’Wv(xl)...W(xk)]Z Y E, [W(sz,y)} (4.31)
Z1,..., TR €0By j=1 ye[fij—lv'fj)

Clearly, for every integer d there at most b vertices y such that d(y, T}) = d. Therefore,
choosing v < 1/(4b), from (4.25), for every pair Z,_1, Z;, we have

Y E ['Wv(rzy,y)} <20 . (4.32)
YE[Tj—1,%;5)
From (4.31) and (4.32), setting C5 := 2u~%C} we obtain
Ep [Mk-+1] < Cg(k + 1) Ep [Mk] s (4.33)

so that, for every k > 1 we can estimate E,, [M}] < Cgkr! as claimed in (4.29). O

We turn to the setting of statement b*.

Lemma 4.5. For any p > %, there exist By < oo and by € N, such that (4.22) holds for any
B = Bo, b= by, h=0.
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Proof. The proof is essentially the same as that of Lemma 4.4, but we have to modify the
definition of good and bad vertices. Given = € 9B, and z € I', we write as before A, for
the set of children of z lying outside of the path I',. We write also m(w) for the number
of y € A, such that w, = —1. As in the proof of Lemma 4.2, we may use (4.18) to
estimate this quantity: there exist a;, a2 > 0 such that P, (m > (1 — 2a;)b/2) < e~%2°, for
all sufficiently large b.

Here the definition of good vertices goes as follows. We say that z is good if m < (1 —

2a1)b/2 and if all the vertices y € A, such that w, = +1 satisfy R, < . Clearly, if z is
good, from (4.2) we must have

Rz < E_m(25)b_1_m5_1 g 2b—152(a1b—1) .

In particular, for any u > 0 we find by and 3y such that for all b > by and 5 > 5 we have
R, < ue. As in the proof of Lemma 4.4 we therefore have that Kg(R.) < u whenever z
is good. Now we can define individual weights 1. exactly as in (4.24) and, as before, we

can estimate W (z) < W (z). To establish the analog of (4.25) we simply observe that 1.
are i.i.d. random variables with the present definition of good vertices. Moreover, from
Lemma 4.2 we easily infer that

P, [z is bad] < e cb (4.34)

for some ¢ > 0. Using this we have, see (4.27)

E, [W(m)} < (2u)t, (4.35)

as soon as e “®u~! < 1. The rest of the proof goes now exactly as in Lemma 4.4. The
estimate (4.31) is actually simplified by the fact that we only need to remove the vertex
z,, so that the factor u~* is now replaced by u~!. In particular, (4.33) now holds with
the constant Cyp = 2u~". O

It remains to prove (4.22) in the setting of statement c*.

Lemma 4.6. For any p > 0, there exist fy < oo and by € N, such that (4.22) holds for any
B = Bo, b= by, h = +he(B).

Proof. As in the proof of Lemma 4.3 we call m(w) the number of obstacles among the
children in A, for a given vertex z. We shall use the analog of estimate (4.21). Letting
a1 and ay be the parameters appearing there, the vertex z is now declared good if m(w)
satisfies m(w) < (1 — a1)b and all the vertices y € A, such that w, = +1 satisfy R, < e.

With this definition of good vertices, the bounds of Lemma 4.3 now show that
P, [z is bad] < e

for some ¢ > 0 and all sufficiently large b. On the other hand, reasoning as in the proof of
Lemma 4.3, an application of (4.2) gives that if z is good then

Rz < 6b_28_m(25)b_1_m6_1 < 2b—162a1b—4 )

Given v > 0 we then find by, 3y such that K3(R.) < u whenever z is good, as soon as
b > bg and 3 > y. The rest goes exactly as in the proof of Lemma 4.5 above. O
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4.4. Poincaré and Logarithmic Sobolev inequalities among obstacles. Recall the defi-
nition (2.6) of the constants cg,;, and cg.,. We shall focus here on the case of the measure
uw= szw, i.e. the Gibbs measure with plus boundary condition below a certain level L
among the obstacle environment w. We shall write cgap(L,w) and cgon (L, w) for the asso-
ciated constants. Here w will be distributed according to Bernoulli(p) measure.

It is well known that, in general, cgap > 2cs1. On the other hand, for trees, a useful
inequality established in [24] states that cg,, < O(logn)cson, Where n is the cardinality
of the tree. In particular, Theorem 5.7 in [24] in our setting implies that for every b and
every (3 there exists a constant C' < +oo such that for every w € Q and for every L

Cgap(Law) < CLCsob(Law) (4.36)

Our main result here is an almost sure polynomial bound on ¢y, (L, w): There exists a
constant ¢ < oo such that

Csob(L,w) = L™¢ (4.37)

holds P,-a.s. for L sufficiently large. Here the constant ¢ will depend on the parameters
a,b, 3 in case a*, on b, 3 and p in cases b*,c*.

Theorem 4.7.

a*) For every a > 0, b > 2, there exists p < 1 and By such that (4.37) holds for all 3 > By
and h > — he(8,b) + a.

b*) For every p > %, there exist by € N and 3y < oo such that (4.37) holds for h = 0, b > by,
B = PBo.

c*) For every p > 0, there exist by € N and 3y < oo such that (4.37) holds for b > by, 8 > [
and h = +h.(0).

Proof. We will carry out the proof of the three statements simultaneously. Indeed, the key
estimate we need is the exponential integrability (4.22), which holds in all cases under
consideration as worked out in Lemma 4.4, Lemma 4.5 and Lemma 4.6.

Thanks to the deterministic bound (4.36) it suffices to prove the claim (4.37) with
Csob(L,w) replaced by cgap(L,w). We fix a length scale /; much smaller than L. For each
vertex © € Tp(w), let By, C Tp(w) denote the subtree (or “block”) of depth ¢; — 1
rooted at z. In this way B, , consists of /; levels and we understand that if z is k < ¢;
levels from the bottom of 77, (w) then B, ,, has only k levels. In the end we will choose
¢4 = Clog L for some sufficiently large constant C. We define the Dirichlet form of the
so-called “block—dynamics”

Dorw(f)= > Hi, [VMBMI (f)] :

€T (w)

A standard argument relating the spectral gap of the heat-bath dynamics to the spectral
gap of the block-dynamics (see e.g. [23]) shows that, since there are at most ¢; blocks
containing a given vertex x, we have

1 ) . . . Do nw(f)
Cgap(L,w) > 0 {nTnIn Cgap(MBx,el)} U}f m,

H’L,w

(4.38)
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where cgap (1. 21) denotes the spectral gap of the heat bath dynamics on the block B, ,

with boundary condition 7 (and 7 is assumed to be compatible with the obstacle realiza-
tion, i.e. 7 € B,):

c T =inf —————.
an (K3, f Varg 0 )
In general trees, according to Theorem 1.4 in [2], one has a lower bound on ¢y, of order
n~¢ uniformly over the boundary condition, where n is the cardinality of the tree and
¢ < oo is a constant depending on the parameters b, 3, h. In particular this implies that for
all w € Q and for all sufficiently large ¢

1 . )
7, in Cgap(’qu',él) > p 20 (4.39)

Let cgap (41, L, w) denote the spectral gap of the block-dynamics, i.e. the infimum appear-
ing in (4.38). So far we have obtained the deterministic bound

Cgap(L,w) = b7 %0 ¢ (01, Lw) . (4.40)

Next we make a deterministic estimate on cga, (€1, L, w). To this end we use the method of
[24], combined with the results we obtained in previous subsections. Given r € (0, 1), we
say that uf s (¢1,7%')-mixing if for every x € Ty (w)

Varﬂzr’w (,uzw(az |0Dm’€1(w))) < T‘KIVarMJLr’W (02), (4.41)

where pf (0. |0p, el(w)) denotes the conditional expectation of o, given the values of
o on D,y (w), the set of descendants of x at distance ¢;. A simple computation shows
that (4.41) is actually equivalent to the variance mixing condition VM (1, ¢), with ¢ = rh,

introduced in [24]. In particular, Theorem 3.2 in [24] implies that

) (4.42)

e~ =

Cgap(fla La w) =

for 41 > ¥, for some finite ¢, = {y(r) as soon as uJL”w is (¢1,7!")-mixing, with some
r € (0,1). The conclusion of the theorem therefore follows from (4.40) and (4.42) if we
can prove that p}  is (¢1,7%)-mixing Pp-a.s. for some r < 1, when ¢; = Clog L, with
some C' < o0, for all sufficiently large L. To prove this we observe that, setting

9(01’) = Ntw [///Ew <Um ’UDl.ygl (w)) |O'LI?:| s

we may write

Varuf,u (NJLF,W(% ]oDMl (w))> = Covﬂzw (02,9(02)) =

=2pu7 (00 = +1) pf (00 = =1) [9(+1) — g(=1)] < % [g(+1) —g(=1)] . (4.43)

Here the notation Cov,(f, g) = u(fg) — pn(f)u(g) has been used for the covariance of two
functions under a measure . Let v denote a coupling of the measures p} (-|o,; = +1)
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and u;w(- |0, = —1). We then write

g(+1) = g(=1) = > v(rm) |1 L (0a | 7D, ) = 1 (0u 10D, 1 ()

n
< Z V(T7 77) Z 1Ty7é7]y [,U/z’w(aac ’ ([Tn]y’Jr)Dzygl (w)) - Mz,w(aa: | ([Tﬁ]y’f)DMl (w))
N yeDz,Zl (w)

with [r5]¥'* denoting the interpolation between 7 and 7, i.e. the configuration such that,
using lexicographic order on D, ¢, (w), ([T]¥*), = 72, z < y, and ([Tn]¥F). = 0., 2 > v,
while ([r77]%*), = £1. Recall now the definition (4.5) of the function K5 and set

v :=sup Kg(z) = tanh 3.
x>0

Since [rn]¥" and [rn]¥~ differ only at y € D, 4, (w), reasoning as in (4.4) and (4.7) we
estimate

1t w(ow | (T, 4, @) = 1 (0 | (0] )b, 4, ) < 297 (4.44)
From (4.8) we then obtain
g(+1) —g(-1) <27 v (IT = nlogy) <297 D W(ly) (4.45)
yeDz‘,Zl (w)

Since 0 = 6(03, h,b) := V&I'#JLr (04) > 0, from (4.41), (4.43) and (4.45) we see that

P, ((61, 1) —mixing does not hold) <E|Bx 0 Z W(lysy) vl TKI)
yEDL K2
< ¥ Pp( 3 W(Ta,) 26y r“) . (4.46)
x: d(.’E) <L yeDw,ll

For every x we can use the bound (4.22) on the variable
Markov inequality (4.46) yields

P, ((61, 1) —mixing does not hold) < 2bF exp (—tod riiy ). (4.47)

yeD, ., W(lzy), so that by

Setting e.g. 7 = /7, {1 = C'log L with C sufficiently large we see that by the Borel Cantelli
lemma we have ({1, 7% )-mixing P,-a.s. for all ¢, large enough. This concludes the proof
of the theorem. O

Remark. One may wonder whether the result of Theorem 4.7 captures the true behavior
of the logarithmic Sobolev constant in presence of the random realization of obstacles or
whether, instead, it only provides a pessimistic bound. As we show below, as soon as (3 is
large enough (actually larger than the spin—glass critical point for the pure Ising model on
T® [2]), in all the three cases described in the theorem, there exists a set £ of obstacles
realizations of uniformly positive probability, such that for every w € Q the spectral gap
and a fortiori the logarithmic Sobolev constant must shrink to zero at least as fast as L ¢
for some deterministic exponent ¢’ > 0. A quick sketch of the proof of this fact for the
setting (a*) and e.g. b = 2 goes as follows.

Pick a vertex z € T(w) with d(z) < % and denote by T, , the finite sub-tree of T’ rooted
at x with £ = 6(M + 1)log L levels, § < 1, M > 1 but M < 1. Assume that T}, ¢ is free
of obstacles, group together the sites of 9T ; into equal blocks according to their common
ancestor in T, at level § log L+1 and order the blocks from left to right. Then impose that
all vertices inside the odd blocks are obstacles while all sites z inside even blocks are not
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obstacles and the corresponding R, (w) satisfies R,(w) < ¢ (as usual ¢ = e~20). Because of
Lemma 4.1 the obstacles realizations that obey the above specifications have probability
larger than e~ ¢l7=.¢Y97Ts.el — ¢=¢L for a suitable constant ¢ = ¢(p, ) and a = §(M+1) log 2.
Since 6 M < 1 the probability of finding a vertex = with the above properties converges to
one as L — oc.

Consider now the common ancestor y at level §log L of two odd-even neighboring
blocks. It follows immediately from the recursion (4.2) and the assumptions we made on
the even/odd blocks, that |R, — 1| < e~ Mgl for a suitable constant c. In turn, if M
is large enough, that implies that the marginal of the Gibbs measure p ., on the finite
sub-tree rooted at x with now §log L levels, has a bounded (independently of L) rela-
tive density with respect to the Ising Gibbs measure on the same tree with free boundary
conditions on its leaves. Since the latter has a spectral gap (and a fortiori a logarithmic
Sobolev constant) smaller than b~2(%%1°g L for some positive a(/3), we conclude that for
the obstacles realizations satisfying the previous conditions, CSOb(Hz_,w) < L~ for some

¢'=¢"(8,6,0).

5. PROOF OF CLAIMS (1)—-(4)

The results of the previous section allow us to fill the gaps in the proof of Theorem 1.2.
We refer to section 3.1 for the setting and the notation.

Claim 3. Recall the definition of the random trees T, 5o(w) and the associated measure
VZ;[, where z is a vertex at level /. We have to estimate min, cgap(V L}f) Since the
b.c. above z can only affect this quantity by a constant factor (depending on 3), we may
replace v 230 + by the measure v o With free b.c. above z. At this point, for each z we are
exactly in the setting of Theorem 4.7, with L = 2¢. As we have seen in the proof of that

theorem (see (4.47)), there exists ( < oo such that
PP (Csob(V;:%) < €7<> < 67[2 ) (5.1)

for all sufficiently large values of ¢. Since the number of z such that d(z) = ¢ is b’, the
claim follows from the Borel-Cantelli lemma. O

Claim 4. Observe that it is sufficient to prove
P, (yj S (00 = +1) — v (0, = +1) > (3b)*35) <e . (5.2)

Recall that v, ", stands for the Gibbs measure on 7., »,(w) with — b.c. above D,(w) and
+ b.c. below Dy(w). Observe that, by (4.7) we have

vl (o0 = +1) = v G0 = +1) = W(Tr, ). (5.3)

Note that in the computation of the weigths W(I',, ,) appearing in (5.3) one has to
take into account the + b.c. at level 2¢. Nevertheless, we can use the same argument
in the proof of (4.22), see Lemma 4.4, Lemma 4.5 and Lemma 4.6 (where the + b.c.
was at infinity), to show that the expectation of the expression (5.3) is estimated by
Ep/V[V/(F%w) < (2u)%/?, with u a small parameter, since x satisfies d(z, ;) > £/2.

Then by Markov’s inequality

—

_ 1
P, (ﬁ;’;ﬁ(am = +1) — v, 5(0n = +1) > 5(3b)3‘> <zet (5.4)

[\
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provided u is small enough. We turn to an estimate of the difference v,_ ’Jge(om =+1) —

vioto(0, = +1). Let Ey(w) denote the (Ising-model) event that there exists a path I' in
T'(w) joining the sets Ds,(w) and D3;(w) such that o, = —1 for each z € I'. If the sets
2

Ds,(w) and D3¢(w) are not connected in 7'(w) we simply set £, = (). Observe that by
2
monotonicity, for every w we have

vt (0p = +1|Ef) > 1/7;’7&(033 =+1) (5.5)

x ,O0

The reason for the above domination is that if there is no path connecting D5 ,(w) and
2

Dsy(w) covered by — spins, then there must exist a cut-set of 7'(w), fully contained be-
tween level %H and level 3/ covered by + spins, and conditioned on this event z/afgo dom-
inates v, ’Jge. We then have

V;’;E(O'x =+1) — 1/7;’30(033 =+1)

v (00 = 1) — v b (B vy b (00 = +1| Ef)

vt (Ey) (5.6)

Tz ,00

NN

At the price of a S—dependent factor we may replace Vﬁ,’fgo with the measure v, o0 With
free b.c. above the vertex r,. Now we are in the familiar setting of the previous sub-
sections. To estimate ;"  (Ey), suppose w € € is such that T'(w) contains a given path

I' = {xo,21,..., 25} wWith d(zj41) = d(z;) + 1, d(xo) = gﬁ and d(xp) = 3¢, h = £/2. Write

{I' = —} for the event {0y, = 03, = --- = 05, = —1} and let g;(w) denote the probability
vt (02, = —1|0g;_, = —1). Clearly we have
h h
VoL = =) = vt o0y = =) [ [ t5w) < [T as(w). (5.7)
Jj=1 j=1

Observe that
¢j(w) = 5_1ij (w)/(1+ 6_1ij (W)). (5.8)
As in the proof of Lemma 4.4, Lemma 4.5 and Lemma 4.6 we discriminate the vertices

along T" in good and bad vertices. We know that if z is good, then R,(w) < ue and
therefore, by (5.8) we have ¢;(w) < u. As in (4.26) we may then estimate
vt ([ =-)<uz @ (5.9)

Tz,

where n(w) stands for the number of bad vertices along I". Summing over all possible
paths and estimating as in (4.27) and (4.35) we arrive at

1
E, [} oo (Er)] <6 (2u)7 < L (3h) e, (5.10)

provided w is suitably small. From (5.6), Markov’s inequality yields

_ 1 1
P, <um;€(ax =+1) — v (0 =+1) > 5(:sb)?’f) <3 et (5.11)
This, together with (5.4), ends the proof of Claim 4. O

Let us now turn to Claim 1 and Claim 2. Here the environment w is given by a
Bernoulli(p) configuration n below level ¢ and is deterministically free of obstacles up
to and including level ¢, as prescribed by (3.3).
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Claim 1. Let Ey be the event that there exists a vertex « with d(z) = ¢, such that o, = —1
for every z € Ty, i.e. if the root is connected to level ¢ by a path covered with — spins. As
in (5.5) and (5.6) we have

0< it (o) — i (00) < b (E). (5.12)
Following (5.7) and (5.8) we estimate
phE)< > [ R(w)). (5.13)

z: d(z)=0 2€l'y

By monotonicity we have R.(w) < R,(w), where & coincides with w (and therefore with
1) below level ¢ and is given by a new (independent) Bernoulli(p) configuration n’ up to
and including level ¢. We denote by Ep the expectation over the random environment w.
Here we can apply the machinery developed in Lemma 4.4, Lemma 4.5 and Lemma 4.6.
Namely, for a suitably small parameter u > 0, we can write ¢ ' R, (@) < u for every good
vertex z. Estimating as in (5.9) and (5.11) above we have

By (15 (B)] < Y Ep | [[ e 'R@))| <bf2u) <. (5.14)

Therefore
P, (,uj(Eg) > e*2f> <X E, [uh(E)] <e . (5.15)
Thanks to (5.12) and the Borel-Cantelli lemma, this implies the desired estimate. O

Claim 2. This is the same as the statement (4.37) appearing in Theorem 4.7, with the
difference that now the environment is deterministically free of obstacles up to and in-
cluding level ¢. We can therefore repeat the argument used in the proof of Theorem 4.7
and see that what has to be established here is a version of the exponential integrability
(4.22) for our new environment w. The latter, in turn, relies on the bounds of Lemma 4.1,
Lemma 4.2 and Lemma 4.3. Since the ratios R are monotonic functions of the environ-
ment, these estimates can only improve in the setting considered here and the proof of
Claim 2 becomes a trivial modification of the proof of Theorem 4.7. O

6. AN EXTENSION TO THE HARD—CORE LATTICE GAS (INDEPENDENT SETS)

6.1. The hard core lattice gas. A configuration n € Q := {0, 1}Tb is called an indepen-
dent set if no two adjacent vertices are occupied, i.e. if 1,7, = 0 for every couple z,y € T
such that d(z,y) = 1. We call (2 the collection of all independent sets over the b-ary tree
T®. In the hard—core lattice gas model () is the set of allowed configurations and each such
configuration 7 € (2 is weighted with the factor A/l where || stands for the cardinality of
7, i.e. the number of occupied vertices in 1, and A > 0 is the so—called activity parameter.
To define the Gibbs measure we use local specifications ;; obtained by setting

1 (n) oc Almal,

where A is a finite subset of T®, 7,7 € ) are two allowed configurations such that 7, = 7,
forallz ¢ A, and [na| = > .4 7. It is well known that the hard—core lattice gas model
undergoes a phase transition at the critical activity A\. = b°/((b—1)**1) (see e.g. [32, 18]).
For A < ). there is a unique phase regardless of the boundary condition on the leaves,
while for A > )\, there are (at least) two distinct phases, corresponding to the odd and
even boundary conditions respectively. The even boundary condition 7¢ is obtained by
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occupying all the vertices at even depth from the root and letting all the rest unoccupied,
ie.

e )1 d(x)iseven
* 0 d(z)isodd

The odd boundary condition 7° is the complement 7° = 1 — 7¢. We use the notation
= ,ur}z for the Gibbs measure on the tree of depth ¢ with even boundary condition.
Similarly ;7 denotes the Gibbs measure with odd boundary conditions. We also write
p€ = limy_,oo pj and p° = limy_,o, 9. When we need to emphasize the \-dependence we
shall write x5, 1§ in place of 1€, 1°. Phase transition is reflected by the fact that, when
A > )., the probability of occupation of the root differs for ;§ and 1.

6.2. The Glauber dynamics. The hard-core Glauber dynamics is the Markov process
with Markov generator formally given by (1.1) with flip rates that are reversible w.r.t.
the hard—core lattice gas Gibbs measure. As in the Ising model we restrict for simplicity to
the heat-bath dynamics given by

qx Um:% 1 A\
c(c”)=<pr 0°€Q, 0, =0 ax ¢:1_|_—)\> Px 3:1_1_—)\- (6.1)
0 o°¢Q

Here o € Q and o” represents the configuration o with the occupation number at z in-
verted, i.e. (0*), = oy, forall y # x and (¢*), = 1 — ¢”. In words, only transitions within
) are allowed and the transition ¢ — ¢® occurs with rate py = \/(1 + )) if x is vacant
and with rate ¢y, = 1/(1 + ) if = is occupied. It is easily verified that detailed balance
holds with this choice of rates. Moreover, for any finite subset A C T?, for any 7 € (), the
finite volume dynamics on A with boundary condition 7 is ergodic and reversible w.r.t. the
Gibbs measure 7. As for the Ising Glauber dynamics we can use the spectral gap and the
logarithmic Sobolev constant to estimate the rate of convergence to the stationary distri-
bution 47,. The corresponding definitions are exactly the same as in (2.6). An important
result of [24] is that the uniform bounds (2.9) hold here if we replace ;i with 4§, i.e. in
the even phase one has exponential decay to equilibrium for all values of \. Of course, the
same holds for the odd phase.

6.3. Attractivity. It is essential for our approach that we can define a partial order on
such that the hard—core lattice gas and its Glauber dynamics become attractive. Let us
write T® as the disjoint union of even and odd vertices, Teyen and Toqq, Where Teven =
{z € T®: d(x)is even} and Toqq := {x € T? : d(z) is odd}. We define the following order
on {2:

Og

Ne T E Teven 6.2)
n

<
21y € Toaq

o<1nN < {U
x

A function f : Q — R is called monotone increasing (decreasing) if o < n implies
flo) < f(n) (f(o) = f(n)). We also write u < v, for two measures on (), when-
ever u(f) < v(f) for every monotone increasing function f. As in the Ising model it
is straightforward to construct an order—preserving global path-wise coupling. Let af’A’T
denote the hard—core Glauber process at time ¢, started in the configuration ¢ € (),
evolved in the region A with boundary condition 7 € . We may couple the pro-

cesses {(05""); 50, A C T &7 € Q) such that the following relations hold: for any
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ACBcCTl,anyé <¢,7 <7 andt >0
ot AT < o AT (6.3)
oe T < gEPT < ob AT (6.4)

These relations also imply the following monotonicity properties of the Gibbs measures
and the associated FKG—property (see (2.1)-(2.2)):

(1) for any A C T® the map 1 — w (f) is increasing; (6.5)
(i) 1y < p7 whenever A C B. (6.6)

6.4. Results. Replacing p+ with u¢ we may define the sets ,, a € (0,1), just as in
Definition 1.1. It is not difficult to check that Lemma 2.1 and therefore Corollary 2.2 hold
in the present setting as well as in the Ising case. The same applies to Corollay 2.3 and
Lemma 2.4.

We need to introduce the hard-core analog of the Bernoulli measures IP,. We call v, »,
p € (0,1), A > 0 the probability measure on ) obtained as follows: we first assign oc-
cupation numbers on Ty, according to the Bernoulli(p) probability P,. This gives a
configuration 1 on Teye,. To obtain a legal configuration (in (2) we may now occupy only
those vertices in T,qq that are at least at distance 3 from 7. Call A, C Tyqq this set of
available vertices. Finally put 1, = 1 with probability py = A\/(1 + \) independently for
every r € A,.

A simple coupling argument shows that, for every A > 0, v,y > u§ as soon as p > pj.
In particular, the argument of Lemma 2.4 shows that v, y(Q,) = 1, for every a > 0, for all
p > py. Our main result for the hard—core lattice gas is stated as follows.

Theorem 6.1.

a) For every b > 2, there exists p < 1 such that for all A € (0,00) we have v(Q2,) = 1, for
some a = a(A,b) > 0, for any initial distribution v such that v > vy, .

b) For every p > %, there exist by € N and A\ € (0, 00) such that for b > by, A > Ao we have
v(Qq) = 1, for some o = (A, b, p) > 0, for any initial distribution v such that v > vy, 5.

6.5. Sketch of proof of Theorem 6.1. Theorem 6.1 will be proved with the same ar-
guments used in the proof of Theorem 1.2. Below we point out the necessary (rather
obvious) modifications.

The first observation is that in view of the monotonicity of €2, the domination v, y > u§
for p > p,, Lemma 2.4 allows to replace the statements in the theorem by

a*) For every b > 2, there exist p < 1 and \g < oo such that for all A > )y we have
vp (o) = 1, for some o = a(\, b) > 0.

b*) For every p > % there exist by and Ao such that for b > by, A > A\g we have v, z(Q2,) =1
for some o = a(\, b, p) > 0.

To repeat the argument of section 3 we need to introduce the notion of the environment
of obstacles. A realization of the environment is described by w € Q with the following
interpretation: x € Teye, is called an obstacle if w, = 0 and is said to be free if w, = 1.
Similarly x € T,qq is an obstacle if w, = 1 and is free if w, = 0. Note that z is an
obstacle in w iff w, = 72. As in the Ising case w determines the tree T'(w), i.e. the largest
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connected component of free vertices containing the root. We write B,, for the set of 7 € Q

such that 7, = 72 for every ¢ T(w). The hard-core model in a given environment w is
: . b : T T

then obtained as before: for every A C T” we write u, , for the measure x AT (w)? where

7 € B,. The same reasoning applies to the dynamics and we may use, as before, p; ., (&) for
the expected value at the root of the occupation variable under the dynamics Uf,w among
obstacles with starting configuration & €

We then observe, as in (3.2), that

Prw(T6) < pr(w), t>0,

where p;(w) denotes expectation at the root w.r.t. the dynamics in infinite volume without
obstacles with starting configuration w. We then define the environment w = w(n,¥) as
in (3.3), where of course the + configuration is replaced by 7¢. We now proceed exactly
as in (3.5). Moreover, we may repeat the estimates of the three terms there without
modifications. What is crucial is that the technical estimates isolated in Claims 1 to 4 can
be established for the new setting. A discussion of the point is given in the next subsection.

6.6. Technical estimates. To prove the Claims 1 to 4 for the hard—core model one needs
to adapt to the present setting the analysis developed in section 4. One defines the ratios R
and the associated weights I/ in a similar way here, but the recursive relations involved in
the proofs of the main estimates are model-specific and require a separate investigation.
We will not provide all the details here since there is no truly new ingredient. However
we give a sketch of the basic computations on the ratios R to help the interested reader in
reconstructing the needed claims.

Estimates on R. Let R be defined by

p(or = 1)
R(w) = —=%—— 6.7)
W)= (o =0)
A simple computation gives that if w, = 1 we have
° 1
Rw)=A|| ——— 6.8
=2 Uaraw) 8
where z;, i = 1,...,b denote the children of the root and R,,(w) is the corresponding

ratio, given as usual by the rule R,(w) = R(6,w) (f,w being the environment shifted by
x € T?). The crucial estimate (4.10) is now replaced by

Zpa (R<VA) <. (6.9)

Here v, , denotes the probability v,  conditioned to have w, = 1 and § is a small param-
eter to be fixed at a later stage. The following bound is the analogue of Lemma 4.1 in the
present setting.

Lemma 6.2. For any 6 > 0, b > 2, there exist pg < 1 and )y < oo such that (6.9) holds for
all p > pg and A > Ag.

Proof. We shall give the proof only in the case b = 2. For any integer ¢ we may define the
ratios R’(w) w.r.t. y5,, as in (4.11). We set

a = (R' <VAA) (6.10)
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Let x1, zo denote the children of the root and call ¥, y> and y3, y4 the children of x; and
x9, respectively. Observe that the event £ thatw,, =0,i=1,2and w,, = 1,i=1,...,4
has v, » probability at least 1 — 4(1 — p) (since it suffices to occupy all y;’s to automatically
free the z;’s). Moreover for w € E we have

A -1 A !
R’ :/\<1+ > <1+ > , (6.11
) (1 + Ra(@)(1 + Ralw) G+ B+ mwy) ¢
where the ratios R; at vertices y;, i = 1,...,4 are defined by

Ri(w) = R*2(0,w).
Suppose that R;(w) > v/, i = 1,2, 3. Then the above formula shows that for \ sufficiently
large, the condition R’ (w) < V/\ forces R; (w) < 3. Reasoning as in (4.16) we see that
g < 4(1 —p) +6g;_o + 4,5 (R < 3) . (6.12)

Using again (6.11) we see that if there is only one y; with R;(w) < v/ it is impossible to
have R'(w) < 3. It follows that

Do (R <3) <4(1—p) +6q7_4 (6.13)

Putting these estimates together and using ¢,_4 < qs_o we see that
q < 12(1 —p) +30q7 5. (6.14)
The conclusion now follows from (6.14) just as in the case of (4.17) because of the even
boundary condition. O

7. OPEN PROBLEMS

We conclude by discussing an interesting open problem. Back to the Ising case with
h = 0, let us take as initial distribution for the Glauber dynamics the symmetric product
measure P /, that for shortness we denote by v.

A first non trivial question is whether the law of the Glauber dynamics v P; converges
to a Gibbs measure as t — oco. In Z? it is well known that this is the case (see e.g.
[20]) because v P, is translation invariant; unfortunately the Lyapunov function techniques
behind the proof do not seem to apply on the tree because of the large boundary/volume
ratio.

In the uniqueness region 5 < [ it is not difficult to check that v P; converges weakly to
the unique Gibbs measure as t — oco. More interesting is the interval g € (5o, 31), where
(1 is the spin-glass transition point discussed in section 1.1. Here the situation is more
complicate due to the presence of infinitely many extremal Gibbs states.

If we recall our first characterization of (31, it is not unreasonable to conjecture that v P;
will converge to the (extremal) free Gibbs measure ;™°¢. In fact, if we imagine that the
single site Glauber dynamics is replaced by a block heat bath dynamics as in [2] then, at
least for small times, each update of a block (say a large but finite subtree) replaces the
Bernoulli product measure v inside the block with a finite Gibbs measure close to pf'*®. The
case 3 > (31 should be even more complex and one can conceive that the dynamics and
coarsening of clusters of spins with opposite sign, present in the starting configuration,
will play a significant role as in the § = +oco case [14].

Although we have no clear answers to any of the above questions, we do have some pre-
liminary “concentration of measures” results that bring some support to the conjectured
behavior in the intermediate regime (5o, 51).
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First we show that for any local function f

V(n; |P(f)(n) = vP(f)] 2 e*d)

ct
—ce
e

N

for some ¢ > 0.

In other words not too large fluctuations in the starting configuration 7 are completely
washed out by the dynamics. In particular, for any local function f which is odd w.r.t. a
global spin flip,

lim Pi(f)(n) = pfe(f) =0  v-aa.n.

t—o00

Secondly we derive a stability result that can be roughly formulated as follows. Let & be
a perturbation of v such that the relative entropy between v and ¥ restricted to the first ¢
levels does not grow faster than (b%)°, § < 1. Then for any local function f

lim [0P(f) —vP(f)| =0.
t—oo
We now formalize what we just said.

Proposition 7.1. For h = 0 and 8 < [3; there exists a positive constant ¢ > 0 such that, for
any function f depending only on finitely many spins and any t > 0 :

V(m |Pef(n) —vPf| > 6_0t> e et (7.1)
for a suitable constant c; > 0 depending on f.

Proof. We are going to use standard Gaussian concentration bounds [19] for the measure
v of the form:

M)

T

v(n; [F(n)| 2r)<e = (7.2)
for any mean zero function F with || F'||r;, < 1, where the Lipshitz norm is defined by
1EIE = > IF ") = F()l -
x€eT?

Therefore (7.1) follows if we can prove that for some a = a(3) > 0
1P f|Lip < Cpe™ ™, (7.3)

for a suitable constant Cy > 0 depending on f. Indeed, it suffices to apply (7.2) to the
function F' = (P,f — vP.f)/||Pifl|Lip, so that (7.1) follows with ¢ = a/2 and ¢y = 1/20]%.

The basic tool to establish (7.3) is coupling along the lines introduced in [2]. Recall that
tanh(j) < 1/v/b for any 8 < 1. Thus we can always choose A € (tanh(8), (btanh(3))~!)
in such a way that bA\> < 1. Given two configurations 7, ¢ that differ in finitely many
points, define their weighted Hamming distance as

da(n,§) = MO, e, (7.4)

Then a key result of [2] combined with an unpublished paper of Peres and Winkler (see
section 4 of [2]) shows that under the natural coupling of the Glauber dynamics started
atnpand &

E(dy(0),05)) < Ce™dy(n, £) (7.5)
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for suitable positive constants C, ¢. Therefore

HPtf(n ) Ptf Hoo X ZHf )”oo E(lotn,z7£02y)
< (s - 16 )!\oo)e‘CtAd(“) = ¢y e X 7.6)

Since bA?> < 1, the sum over z of the square of the r.h.s. of (7.6) converges and (7.3)
follows. O

Corollary 7.2. In the same setting as above, let v be a probability measure on ) and let
vy, Uy be the marginals on Qr, of v and ¥ respectively. Then there exists 6 = d(/3) such that,

if Enty(Z—l’fﬁ) < b% for all ¢, then
tllglo |[DP(f) —vP(f)|=0. (7.7)
Moreover the limit is attained exponentially fast.

Proof. Let k = k() be so large that, with ¢ = kt, for any large enough ¢

Efree

IPe(f) = e (Flloo <7

where £I°° stands for the generator of the Glauber dynamics in 7, with free boundary
conditions. Standard results on finite speed of information propagation show that such a
k exists (see e.g. [23]). Let now cy, ¢ be the constants appearing in Proposition 7.1 and let

Ay be the set of configuration {n; |P;(f)(n) — vP;(f)| = e “*}. Then, by setting h, := %

0P(f) — vP(f)] < 2¢7" + [0 () — v P (f)]
= 2e~" + |v([he — 155 (f))|
<det 4 2e7 4 e || flloov (hela,) (7.8)

It remains to bound l/(hg 1 At) and this is easily accomplished using the entropy inequality
together with Proposition 7.1 and our assumption on Ent, (h;). For any A > 0

1 1
V(hg].Ai) < 3 log (1/(6”‘”)) + " Ent, (hy) (7.9)
1 by —c ect békt
< 1 log(l + (et —1)e” ) + ~ (7.10)
If we now choose A = 1cre and § < Tlogs We see that v(he14,) tends to zero as t — oo
exponentially fast. O
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