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ABSTRACT. We consider the Fredrickson-Andersen one spin facilitated model
(FA1f) on an infinite connected graph with polynomial growth. Each site
with rate one refreshes its occupation variable to a filled or to an empty
state with probability p € [0,1] or ¢ = 1 — p respectively, provided that
at least one of its nearest neighbours is empty. We study what happens
when the evolution does not start from the equilibrium p-Bernoulli mea-
sure p and prove convergence to equilibrium when the vacancy density
q is above a proper threshold ¢ < 1. The convergence is exponential or
stretched exponential, depending on the growth of the graph. In particu-
lar it is exponential on Z¢ for d = 1 and stretched exponential for d > 1.
The above result holds when the starting measure v is such that the mean
distance between two nearest empty sites is uniformly bounded. Our re-
sult can be generalized to other non cooperative models.

November 25, 2011

1. INTRODUCTION

Fredrickson-Andersen one spin facilitated model (FA1f) [6, 7] belongs to
the class of interacting particle systems known as Kinetically Constrained
Spin Models (KCSM), which have been introduced and very much studied
in the physics literature to model liquid/glass transition and more gener-
ally glassy dynamics (see [16, 11] and references therein). A configuration
for a KCSM is given by assigning to each vertex x of a (finite or infinite)
connected graph G its occupation variable 7, € {0,1}, which corresponds
to an empty or filled site respectively. The evolution is given by Markovian
stochastic dynamics of Glauber type. With rate one, each site refreshes its
occupation variable to a filled or to an empty state with probability p € [0, 1]
or ¢ = 1 — p respectively, provided that the current configuration satisfies
an a priori specified local constraint. For FA1f the constraint at x requires
at least one of its nearest neighbours to be empty. Note that (and this is
a general feature of KCSM) the constraint which should be satisfied to al-
low creation/annihilation of a particle at 2 does not involve 7,, thus FA1f
dynamics satisfies detailed balance w.r.t. the Bernoulli product measure at
density p, which is therefore an invariant reversible measure for the pro-
cess. Key features of FA1f model and more generally of KCSM are that a
completely filled configuration is blocked (for generic KCSM other blocked
configurations may occur) - namely all creation/destruction rates are iden-
tically equal to zero in this configuration -, and that due to the constraints
the dynamics is not attractive, so that monotonicity arguments valid for e.g.
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ferromagnetic stochastic Ising models cannot be applied. Due to the above
properties the basic issues concerning the large time behavior of the process
are non-trivial.

In [2] it has been proved that the model on G = Z% is ergodic for any ¢ > 0
with a positive spectral gap which shrinks to zero as ¢ — 0 corresponding to
the occurrence of diverging mixing times. A key issue both from the mathe-
matical and the physical point of view is what happens when the evolution
does not start from the equilibrium measure p. The analysis of this setting
usually requires much more detailed information than just the positivity of
the spectral gap, e.g. positivity of the logarithmic Sobolev constant or of the
entropy constant uniformly in the system size. Since the latter requirement
does certainly not hold (see Section 7.1 of [2]), even the basic question of
whether convergence to p occurs remains open in this non equilibrium set-
ting. Of course, due to the existence of blocked configurations, convergence
to u cannot be true uniformly on the initial configuration and one could try
to prove it a.e. or in mean w.r.t. a proper initial distribution v # u. From
the point of view of physicists, a particularly relevant case (see e.g. [12])
is when v is a product Bernoulli(p’) measure with p’ # p. In this case if
p’ # 1 the most natural guess is that convergence to equilibrium occurs for
any local function f i.e.

i [ dv(n)E (£() = ) D

where 7, denotes the process started from 7 at time ¢ and that the limit is
attained exponentially fast. The only other case of KCSM where this result
has been proved [4] is the East model, that is a one dimensional model
in which the constraint at x requires that the neighbour to the right of x
should be empty. The strategy used to prove convergence to equilibrium
for East model in [4] relies however heavily on the oriented character of
the East constraint and cannot be extended to FA1f model. We also recall
that in [4] a perturbative result has been established proving exponential
convergence for any one dimensional KCSM with finite range jump rates
and positive spectral gap (thus including FA1f at any ¢ > 0), provided the
initial distribution v is “not too far” from the reversible one (e.g. for v
Bernoulli at density p’ with p’ — p chosen to be properly small).

Here we prove convergence to equilibrium for FA1f on a infinite con-
nected graph G with polynomial growth (see the definition in sec. 2.1 be-
low) when the equilibrium vacancy density ¢ is above a proper threshold
g (with ¢ < 1) and the starting measure v is such that the mean distance
between two nearest empty sites is uniformly bounded. This includes in
particular Bernoulli measure at any p’ < 1.The convergence is exponential
or stretched exponential depending on the growth of the graph. In partic-
ular on Z¢ it is exponential for d = 1 and stretched exponential for d > 1.
When v is the Dirac mass on some configuration this encodes the fact that
the configuration has infinitely many empty sites and that, in addition to
the case of the East model in [4], the distance between two nearest empty
sites is uniformly bounded. Although our result can be generalized to other
non cooperative models (see below for a the definition of this class ), to let
the paper be more readable we here consider the FA1f case. We recall that
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a KCSM model is non cooperative if there exists a finite set of the graph such
that any configuration which is empty in all the sites of such set reaches the
empty configuration under iteration of the naturally related bootstrap map-
ping [18, 2]. Otherwise the model will be called cooperative. The bootstrap
mapping is deterministic and it is such that, given a configuration, at each
step all the empty sites remain empty and all the sites whose constraint is
satisfied are emptied. It follows immediately from this definition that for
example East model is cooperative while FA1f model is non cooperative.

The road map follows. In section 2 we introduce the notations and give
the main result. Our strategy is in section 3.1 and might be of independent
interest. We first reduce the study of the evolution of the process from
infinite volume to a finite ball of radius proportional to time ¢. Then to small
sets on some ergodic component so that the log-Sobolev constant is much
smaller than ¢. The first reduction is standard and known as the finite speed
of propagation. The second one needs the estimate of the spectral gap of the
process on the ergodic component and the study of the persistence of zeros
out of equilibrium to control the behavior of the system out of the ergodic
component. The persistence of zeros is studied in section 4 and gives the
threshold on the density ¢ of the reversible measure. In section 5 the proof
of the main result is given. In section 6 we estimate the spectral gap of the
FA1f process on the ergodic component on G. This has been done in [3] but
we present here an alternative proof, based on the technique introduced in
[15], which has two qualities : it gives a more precise bound for very small
¢ and can be generalized to other non cooperative models.

2. NOTATIONS AND RESULT

2.1. The graph. Let G = (V, E) be an infinite, connected graph with vertex
set V' and edge set E and the associated graph distance d(-,-). The set of
neighbors of z, i.e. y € V such that d(y,z) = 1, will be denoted by N,.
For all A C V we call diam(A) = sup, ,ep d(z,y) the diameter of A and
ON = {z € V\ A: d(z,A) = 1} its (outer) boundary. Given a vertex = and
an integer r, B(z,r) = {y € V: d(z,y) < r} denotes the ball centered at x
and of radius r. We introduce the growth function F': N\ {0} — NU {o0o}
defined by
F(r) = sup | B(a,7)|
eV

where | - | denotes the cardinality. Then we say that G has (k, D)-polynomial
growth if F(r) < krP for all » > 1, with k and D two positive constants. An
example of such a graph is given by the d-dimentional square lattice Z? that
has (3%, d)-polynomial growth (with the constant 3¢ certainly not optimal).

2.2. The probability space. The configuration space is Q2 = {0,1}" equipped
with the Bernoulli product measure p of parameter p. Similarly we define
Qa and pp for any subset A C V. Elements of Q (24) will be denoted by
Greek letters 7, w, o (na, wa, o) etc. Furthermore, we introduce the short-
hand notation u(f) to denote the expected value of f and Var(f) for its
variance (when it exists).
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2.3. The Markov process. The interacting particle model that will be stud-
ied here is a Glauber type Markov process in 2, reversible w.r.t. the measure
u. It can be informally described as follows. Each vertex x waits an in-
dependent mean one exponential time and then, provided that the current
configuration o is such that one of the neighbors of = (i.e. one site y € N,)
is empty, the value o(z) is refreshed with a new value in {0, 1} sampled from
a Bernoulli p measure and the whole procedure starts again.

The generator L of the process can be constructed in a standard way (see
e.g. [13]). It acts on local functions as

LF(0) = Y eu(0)lgo(@) + p(1 — o @)If(0") — F(@)] (2.1
eV
where ¢ (o) = 1if [] ¢y, 0(y) = 0 and c;(0) = 0 otherwise (namely the
constraint requires at least one empty neighbor), o* is the configuration
o flipped at site z, ¢ € [0,1] and p = 1 — ¢. It is a non-positive self-
adjoint operator on L2(Q, ) with domain Dom(L), core D(L) = {f: Q —
R s.t. Y cySupyeq | f(0®) — f(o)| < oo} and Dirichlet form given by

- Z (e Varg(f)), f € Dom(L).
zeV

Here Var,(f) = [ du(w(z)) f3(w)— ([ du(w(z)) f (w))2 denotes the local vari-
ance with respect to the Var1able w(x) computed while the other variables
are held fixed. To the generator £ we can associate the Markov semigroup
P, := e** with reversible invariant measure 1. We denote by o; the process
at time ¢ starting from the configuration o. Also, we denote by E,(f (7))
the expectation over the process generated by £ at time ¢ and started at
configuration 7 at time zero and, with a slight abuse of notation, we let

E,(f(01)) = / dv(n)Ey (f (1))

and let P, be the distribution of the process started with distribution v at
time zero.
For any subset A C V' and any configuration n € Q2

LY f(o) =l \(0)lgo(x) + p(1 — o(@))][f(0") — f(0)] (2.2)

TEA

where ¢! , (0) = cz(oanac) where oanae is the configuration equal to o on
A and equal to  on A°. When 7 is the empty configuration we write simply
Cx A and L A-

2.4. Main Result. In order to state our main theorem, we need some nota-
tions. For any vertex x € V, and any configuration o € €, let

§(0) = mln _ @y}

yeV: o

be the distance from x to the set of empty sites of o.

Theorem 2.1. Let ¢ > 1/2. Assume that the graph G has k, D - polynomial
growth and f: Q — Ris a local function with p(f) = 0. Let v be a probability



FA1F OUT OF EQUILIBRIUM 5

measure on ) such that k := sup,cy E,(65) < oo for some 6, > 1. Then,
there exists a positive constant ¢ = c(q, k, D, K, |supp(f)|) such that

—t/c lszl

e
‘EV(f(Ut)M < CHf”OO {6—[t/(clogt)]1/D YVt > 2.

if D> 1. =

Remark 2.2. We expect that our results hold also for 0 < q < % This needs
a more precise control of the behavior of £ = £*(oy) ( the nearest zero to the
site ). In dimension one we can obtain a better threshold for q just calculating
further time derivatives in of u(t) = E, (%), see Proposition 4.1 below.

Remark 2.3. Observe that if v is a Dirac mass on some configuration 1, the

condition reads sup,.cy 65" < 0. This encodes the fact that n has infinitely
many empty sites and that, in addition, the distance between two nearest empty
sites is uniformly bounded. This condition is different from the case of the East
model in [4] where the condition on the initial configuration was the presence
of an infinite number of zeros.

Remark 2.4. If one considers the case v product of Bernoulli-p’ on G, one has
forall < 1/p’ andall x € G,

E,(657) = iaw i NIBERl Z (6p')* T
k=0 k=0

Hence, k < 3 ,9 for 6, € (1,1/p"). In particular Theorem 2.1 applies to any
initial probablllty measure, product of Bernoulli-p’ on G, with p' € [0, 1).

Remark 2.5. Note that graphs with polynomial growth are amenable. We
stress anyway that there exist amenable graphs which do not enter in the
framework of this paper. This is due to Proposition 3.1 below that gives a
useless bound in the case of amenable graphs with intermediate growth (i.e.
faster than any polynomial but slower than any exponential, see [8]). The
same happens to any graph with exponential growth (such as for example any
regular n-ary tree (n > 2)).

3. FROM INFINITE TO FINITE VOLUME

This section provides a general result that will be the starting point of our
analysis. The strategy developped here (and given in Section 3.1 below in
a general setting) might be of indepedendent interest. The idea is first to
reduce the study of the evolution of the process from infinite to a finite ball
of radius proportional to t. Then to small sets on some ergodic component
so that the log-Sobolev constant is much smaller than ¢.

The first reduction is standard and known as the finite speed of propa-
gation. Namely, given a local function f with supp(f) C B(x,r) for some
x € V, and some integer r, we have (see e.g. [14]) for any initial measure

von
B, (f(o1) = feM)] < el flloce™

where ¢ is the configuration at time ¢ of the process starting from oy, on
the finite volume A = B(x,r + 100t) with empty boundary condition and ¢
is some positive constant depending on |supp(f)|. Hence,

B (f(00))] < [Eu(f ()] +cllf oot ™" 3.1
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Next we divide A into n connected subsets A1, Ag, ..., A, such that U;A; =
Aand A; N A =0 for all i # j. Such a decomposition will be called a parti-
tion of A.

Given such a partition of A, let A be the set of configurations containing
at least two empty sites in each A;. Namely,

A=(HoeMmst Y (1-a(x) =2} (3.2)
i=1

zeN;
With these notations we can now state our result.

Proposition 3.1. Fix A C V and f local, with supp(f) C A and p(f) = 0.
Then, there exists a constant ¢ = ¢(q, |[supp(f)|) such that for any partition A,
Ao, ..., Ay of A, for any initial probability measure v on €), it holds,

s€0,t]

+exp {_t T | Afet/D) })
where m := min{|A1|,...,|A,|} and M := max{|A{],...,|A,|}, provided
that ne™ 9 < 1/2.

In order to prove Proposition 3.1 we need first a general result on Markov
processes.

B (f(oi))] < ellfllos <n€_"m +1t sup Py(n ¢ A) +|Ale™"?

3.1. Preliminary results on Markov processes. We here give a general
result which links the behavior of a Markov process on a finite space to that
of a restricted Markov process. We use it to reduce the evolution of the FA1f
process to small sets on some ergodic component. In this section S is a finite
space. Recall that a transition rate matrix Q) = (¢(z,y))syes is such that for
any z,y € S

g(z,y) >0 forz#y and » q(z,y) =0.
yes

and @ univocally defines a continuous time Markov chain (X;);>o as fol-
lows [13]. If X; = z, then the process stays at x for an exponential time
with parameter ¢(z) = —q(z, x). At the end of that time, it jumps to y # =
with probability p(z,y) = q(x,y)/c(x), stays there for an exponential time
with parameter ¢(y), etc. Fix A ¢ S and set A = AU {y ¢ A: q(z,y) >
0for some z € A}. Let (X;)>o be a continuous time Markov chain with
transition rate matrix Q = (j(«, y))m’yE 4 such that Vo € A and Vy € A,
G(x,y) = q(z,y). Assume that (X;);>0 and (X;);>o are reversible with re-
spect to some probability measures 7 and 7 respectively. Then, we define
the spectral gap 4 of the hat chain as

v f: f#const 2 Var;r(f)
and the log-Sobolev constant & as

& = su 2Entfr(f2)
T st Soag F@)p(@ ) (f(y) — f (@)
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where Ent;(f) = #(flog f) — 7(f)log#(f) denotes the entropy of f. See
[1] for an introduction of these notions.

Proposition 3.2. Let (X;)¢>o, (Xt)tzg, m, 7, 4 and & as above. Then, for all
initial probability measure v on S and all f: S — R with ©(f) = 0, it holds

,ﬁ-*

3.3)

[Eu(FX0)] < 1]+l (4%(«4?) oxp {—i +e o }>

where A, = {X; € A, Vs <t} and 7* := mingeg 7(z).

Remark 3.3. The usual argument (see [10, 19]) using the log-Sobolev con-
stant would lead to

t 2t 1
EFCE)] < [ llwesp {75 + exp{-2}1og . }.
In the setting of kinetically constrained spin models on the lattice Z® (with
m = ), it is proven that the spectral gap is constant and that the log-Sobolev
constant in a finite volume A compares to the volume |A| (see [2]). In view of
the finite speed property (Equation (3.1)), one has to consider a volume A =
B(z,74100t) so that the log-Sobolev constant is of order | B(z, +100t)| ~ t%,

Hence the latter would lead to the following useless bound, since log7* is of
order | B(x,r + 100t)| ~ t¢,

I, (f(X0)] < Hf!!ooexp{—vé +ctd}_

The main improvement here comes from the fact that we deal with a re-
stricted (the hat) chain for which the log-Sobolev constant & is much smaller
than «, in particular much smaller than t so that the dominant term in
exp {—4L + exp{—Z}log L } is given by the gap 4. The price to pay are
the extra terms in (3.3) that one has to analyze separately.

Proof. Fix a probability measure v and a function f with 7(f) = 0 and let
g=f—7(f). Then

By (F(X)| < |7 (F)] + [l9llooPo (A7) + [Ew (9(Xe)Ta, )| 3.4

We now concentrate on the last term in (3.4). By definition of the chains
(X¢)i>0 and (X¢)¢>0 one has

EV(Q(Xt>]1At) = Ady<m)EI(g(Xt)]l{ngvasgt})'

Hence, by Holder inequality, we have

Eu(g(Xe)1a,)| = | /,4 A (@)E(9(X0) (1~ L5 yocnye)]
< [#(h Prg(X0)] + 201 1|ocPo (A7)
< N1l s g (K)o + 211 oo P (AD)

where h = dv/dn and 8, ' > 1, that will be chosen later, are such that
1/8+1/8" = 1. To bound the previous expression take 5’ = 1 + s Using
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the hypercontractivity property [9] (see e.g. [1, chapter 2]) and the spectral
gap we obtain

g(X0) | ) < lla(X
On the other hand

_At _At
ez < e "2gllp2z) < e 72| flloo-

t
2

N7 5 % oz
hllzsy < | [ hda ) [lhllee = |hllec < exp{e™a log|[hleo}
and the proof is completed since ||h||o < log 2. O

3.2. Proof of Proposition 3.1. This section is dedicated to the proof of
Proposition 3.1.

Proof of Proposition 3.1. In all the proof ¢ denotes a constant that depends
on ¢ and |supp(f)|, and that may change from line to line.

Our aim is to apply Proposition 3.2. Let us define the setting. First S =
Q. Define A as the set of configurations in 2, such that there exist at least
two empty sites in each set A; (see (3.2)), and A; = {ag\ € Afor all s < t}.
Also, let A = {0 € Qu: >owen,(1 —o(x)) > 1, foralli =1,...,n}, ie.
the set of configurations that can be obtained from .A by a legal flip for the
process. Let w be the entirely filled configuration (i.e. such that w(z) = 1
for all € V). The transition rates are, Vo, n € Q4,

B cea(o) ifn=0o"
alon) = {0 otherwise

and
) (o) ifoeAdandn=0" € Awithz € A
glo,m) =4 © .
0 otherwise.

The process (X¢)¢>o is (Uf\)tzo The process (Xt)tzo is the process (U{\)tzo

starting from ¢ € A and killed on A°. Then = = py and #(-) = p(- | .A).
Thus thanks to Proposition 3.2 we have

N c Lt 2t 1
0] < #1411l (22040 + exp { <35+ e F 1o 2 1),
We now study each term of the last inequality separately.
Recalling that A (f) = p(f) = 0 and using a union bound, we have
a2 AT ()
pn(A) - pa(A)
Now we deal with the term P, (\A¢). Let Z; be the event that there exists a
site in A which has more than 2t rings of its Poisson clock in the time interval
[0,t]. Then, by standard large deviation of Poisson variables and a union
bound, there exists a universal positive constant d such that P, (A NZ;) <
d|A|e~t/3. Furthermore, using a union bound on all the rings on the event
Z¢, we have

ne M

e—am

P, (Af NZF) < 2t sup P, (o2 ¢ A).
s€[0,t]
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We deduce that

s€[0,t]

P(Ai) s (t sup P, (o2 ¢ A) + \Are—w) .

Next we analyse the log-Sobolev constant & and the spectral gap constant
4. For that purpose, let us introduce a new process X with transition rates :

o) = &\ (0) ifoedandy=0" € Awithz € A,
R 0 otherwise.

Clearly, we have & < & and 4 > @&, and 7 is a reversible measure for the
tilde process. Observe that A = (", Q; where

Q; = {0 € Q s.t. Fz; € A; with o(z;) = 0}.

If we denote by i;(-) = ua, (- | %), the product structure of x and A trans-
fers to 7 so that # = ®;f1;. Furthermore, the tilde process restricted to
each ), is ergodic and reversible with respect to ;. Hence we can define
the associated spectral gap ; and log-Sobolev constant &;. By the well-
known tensorisation property of the Poincaré and the log-Sobolev inequal-
ities (see e.g. [1, Chapter 1]), we conclude that 4 = min(54,...,%,) and

& = max(aq,...,ay). Then, Proposition 3.4 below shows that 4 > ¢ and
a; < c|A;|. Hence,
t 2t 1 t
exp {—’Ay + exp{——1}log - } < exp {— + cA|e_t/(CM)} )
2 & * c
This ends the proof. O

Proposition 3.4 ([3]). Let A C V be connected, 04 = {o e Y ca(l—

o(z))) > 1} and jia(-) = pa(-|Qa). Let w be the entirely filled configuration
(i.e. such that w(z) = 1 for all x € V) and for x € A, define ¢,(o) =
¢y a(0)1 g, on Q4. Then, there exists a constant ¢ = c(q) such that

aie i 2mealalGVan(f))
f:f#const. VaI‘,;A (f)
and
Ent,
dA = Sup n MA(f) S C|A’

f:f#const. ZmGA :&A(éz VaI@(f))

Proof. The first part on the spectral gap is proven in [3, Theorem 6.4 page
336]. In section 6 we give an alternative proof which gives a better bound
for small ¢ and can be extended to non cooperative models different from
FA1f.

The second part easily follows from the standard bound [5, 17]

R .1 1
A <Yy logﬁ
Ha

where 17 :=min ¢ fia(0) = exp{—c|A[}. O
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4. PERSISTENCE OF ZEROS OUT OF EQUILIBRIUM

In this section we study the behavior of the minimal distance from a fixed
site at which one finds a vacancy. The result that we obtain will be used
in Section 5 for the proof of our main Theorem 2.1. Indeed Proposition
4.1 will be a key ingredient in order to estimate the second term in the
inequality of Proposition 3.1, namely the probability the process gets out of
the component A of the configuration set which requires two empty sites on
each small volume A;. For any ¢ € {0,1}V and any = € V define £%(0) as
the minimal distance at which one finds an empty site starting from =,

€)= min _ {dxy))

with the convention that min () = +oo, (§%(0) = 0 if o(x) = 0).

Proposition 4.1. Consider the FAIf process on a finite set A C V with gen-
erator Ln. Then, forall x € A, all 6 > 1, all q € (9%1,1] and all initial
configuration 1, it holds

E. (65 @MY < g&" () =Xt ¢ t >
n( t>_ ° +q(9—|—1)—9 vi20,

6%2-1 0
Where A= T(q — m).

Proof Fix § > 1, ¢ > 0 and x € A. To simplify the notation we drop
the superscript = from ¢ and set & = £(of) in what follows. Recall that

of is defined with empty boundary condition so that & < d(z,A°). Let
u(t) = E_n(6%) and observe that

4,
dt
To calculate the expected value above we distinguish two cases: (i) & = 0,
(ii) & > 1.
Case (i): assume that & = 0. Then

(LAO) g, = 0% (0 )p(6 — 1)Tg,—. (4.1)

Case (ii). Define E(0) = {y € V:d(z,y) = £{(c)and o(y) = 0} and
F(o)={yeV:d(y,E)=1and d(z,y) = {(c) — 1}. Then one argues that
& can increase by 1 only if there is exactly one empty site in the set F, and
that it can always decrease by 1 by a flip (which is legal by construction) on
each site of F' (see Figure 4).

Hence

(t) = En(La0%).

1
(LAB) Mg 51 = 0% [p(0—1) D cy(07 )1 =1 + g F|(5 = 1) | Lg>1

yeE
0—1 0—1
<Op(0—1) — g~ ]+ la—— —p(O = Dllg=  (4.2)
Summing up (4.1) and (4.2) we end up with

Lp6% < % (9& (pf —q) + q) :
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FIGURE 1. On the graph G = Z?2, two examples of configura-
tions for which ¢* = 3. On the left £* cannot increase since
|E| > 2, it can decrease by a flip (legal thanks to the empty
sites in F) in any points of F. On the right {* can either
increase or decrease.

Therefore, sincep=1—g,

0—1

(8 < T2 (08— q)ult) +4) = ~Xult) +q7 5

and the expected result follows. O

5. PROOF OF THE MAIN THEOREM

In this section we proof Theorem 2.1

Proof of Theorem 2.1. In all the proof ¢ denotes some positive constant de-
pending on all the parameters of the system and that may change from line
to line.

Fix ¢ > 2 and a local function f. Thanks to (3.1) we deal with the process
in finite volume A = B(x,r + 100t) where r € N and = € V are such that
supp(f) C B(z,r).

Our aim is to apply Proposition 3.1. Observe first that for any positive
integer ¢ < t, there exists! a partition of (connected) sets Aq,..., A, of A,
and vertices z1, ..., x, € V, such that for any i, B(x;,¢) C A; C B(x;, 3¢).

Then, take ¢ = €[t/ logt]'/P if D > 1 and ¢ = et if D = 1 for some € > 0
that will be chosen later and observe that, with this choice,

M =max(|A1],...,|A|) < k3P¢P
(since G has polynomial growth). Furhermore

m =min(|A1],...,[An]) > ¢

10ne can construct Ai,...,An, x1,...,2, as follows. Fix a site z, € A such that
B(zo,£) C A. Then order (arbitrarily) the sites y1,y2,...,yn of {x € A: B(z,f) C
A and d(z,z,) = 2i(£ + 1) — 1forsome: > 1} and perform the following algorrithm:
set x1 = o, io = 0, and for k > 1 set zp4y1 = y;, with 4 = inf{j > @1 + 1 :
B(y;,£) N (U, B(x:,£)) = 0}. Such a procedure gives the existence of n sites x1,...,2x
such that B(z;,¢) N B(z;,£) = 0, for all ¢« # j, B(x;,£) C A for all ¢+ and any site
yr ¢ A := Ui, B(x;,{) is at distance at most 2/ — 1 from A. Now attach each connected
component C of A° to any (arbitrarily chosen) nearest ball B(z;,¢), ¢ € {1,...,n}, with
which C' is connected, to obtain all the A; with the desired properties.
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Since n < |A] < ctP, Equation (3.1) and Proposition 3.1 guarantee that

—t/c if D —
B, (f(o1)] < cl|flloot sup Pu(o & A) + || flloo { =1

s€[0,] e[t/ (clog)P g p 5

provided e is small enough.

It remains to study the first term of the latter inequality. We partition each
set A; into two connected sets A" and A; (i.e. A; = ATUA; and A NA; =
0 such that for some z;7,z; € V, B(zi,¢/4) C AF (the existence of such
vertices are left to the reader). The event {s2 ¢ A} implies that there exists
one index i such that at least one of the two halves A}, A; is completely

filled. Assume that it is for example A, i.e. assume that for any = € A/,
oMz) = 1. This implies that &% (¢) > ¢/4. Hence, thanks to a union
bound, Markov’s inequality, and Proposition 4.1, there exists § > 1 such

that
P, (oL ¢ A) < 20P, (€% (o) > 0/4)

af
< 2nf~ YR, (65 (09))

< enf~ 4
< e te ifD=1
=\ e Welos? if p s

where we used the definition of ¢ and that n < |A| < ct”. This ends the
proof.
U

6. SPECTRAL GAP ON THE ERGODIC COMPONENT

In this section we estimate the spectral gap of the process FA1f on the
ergodic component on G = (V, E). This has been done in [2, 3]. However,
we present here an alternative proof, based on the ideas of [15], that, on
the one hand, gives a somehow more precise bound for very small ¢ and,
on the other hand, can be generalized to non cooperative models different
from FA1f on some ergodic component (not necessarily the largest one).
An example of non cooperative model different from FA1f is the following.
Each vertex z waits an independent mean one exponential time and then,
provided that the current configuration o is such that at least two of the
sites at distance less or equal to 2 are empty ( Zye A, (L—o(y)) = 2, where
N,y = {y: d(z,y) < 2}), the value o(x) is refreshed with a new value in
{0,1} sampled from a Bernoulli p measure and the whole procedure starts
again. For simplicity we deal with the FA-1f model.

For every A C V finite, define

={oeQ: ) (1-0o(x) =1} (6.1)
TEA
and fin(-) = pa(-|Qa). Let &,(0) = ¢ (o)1, q, forall o € Oy, where w
is the entirely filled configuration, i.e. w(z) = 1 for all x € V. The spectral
gap for the dynamics on €2, is defined as
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7 Ax V x
f: f#const. Var[LA (f)
where the infimum runs over all non constant functions f: (O, — R, and for
simplicity we set Var,(f) := Var,, (f).
We now state the result on the spectral gap.

(6.2)

Theorem 6.1. Let G = (V, E) be a graph with (k, D)-polynomial growth.
Then there exists a positive constant C' = C(k, D) such that for any connected

setACV
D+4

A q
Bap(A) 2 C log(2/q)P+1

The proof of Theorem 6.1 is divided in two steps. At first we bound from
below the spectral gap of the hat chain in A by the spectral gap of the FA1f
model (not restricted to the ergodic component), on all subsets of V' with
minimal boundary condition. Then we study such a spectral gap following
the strategy of [15].

We need some more notations. Given A C V, z € 04 and x € A define
czalo) = c‘;fj(a), o € 0, where w®) is the entirely filled configuration,
except at site z where it is 0: w(®)(z) = 1 for all z # z and w*)(z) = 0. The
corresponding generator E‘;jl(z) will be simply denoted by £%. It corresponds
to the FA1f process in A with minimal boundary condition.

The first step in the proof of Theorem 6.1 is the following result.

Proposition 6.2. For every finite connected subsets A of V such that 8pdiam(8)/3 <

1 it holds

. 1 . »

gap(A) Z ZS ACV,%{)lnfnected gap(LA) ’
zEDA

Observe that, combining [3, Theorem 6.1] and [2, Theorem 6.1] for any
set A and any site z, we had gap(£%) > cq'°%2(1/9) for some universal positive
constant c¢. Hence, for the FA1f process, we had the lower bound

gap(A) > cqlos(/9),

We present below an alternative strategy (based on [15]) which can be ap-
plied to other non-cooperative models and gives a more accurate bound for
the FA1f process when ¢ is small.

Proof Consider a non constant function f: Q) — R and define f: Q) — R
as
{ f(o) ifoeQp

0 otherwise

We divide? A into two disjoint connected subsets A and B such that their
diameter is larger then |A|/3.

2To construct A and B take two points z, y such that d(z, y) = ¢ := diam(A) and define
Ao = {z € A:d(z,z) < ¢/3} and By = {z € A: d(y,z) < ¢/3}. Attach to Ay all the
connected components of A \ (A9 U By) connected to Ao to obtain A, then attach all the
remaining connected components of A \ (4o U By) to By to obtain B.
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Thank to Lemma 6.5 below (our hypothesis implies that max(1—p(ca), 1—
n(cs)) < 1/16)

Varg, (f) < 24 fis[ep Vary, (f) + ca Var,, ()]

where cy = ]152,4 and cg = ]lQB and 4 and Qp are defined in (6.1).
Consider the first term. Define the random variable

¢ :=sup{d(4,z): o(z) =0}
zeEB

where by convention the supremum of the empty set is co. The function cp

guarantees that ¢ € {1,2,--- ,diam(A)}. Following the strategy of [2] we
have
finles Var, () = ——=— > ualllc Vary, ()]
(Q )n>1
palle Vary, (f)]

where A,, = {x € A: d(A,x) < n—1} and we used the convexity of the vari-
ance (which is valid since the event {(} does not depend, by construction,
on the value of the configuration o4, inside A,). The indicator function
above 1, guarantees the presence of a zero on the boundary dA,, of the set
A,,. Order (arbitrarily) the points of 0A,, and call Z the (random) position
of the first empty site on dA,,. Then, for all n > 1,

MA[]IC Var,uAn (f)] = Z MA[]IC]lZ:z VaruAn (f)]

2€0A,
< > eap(L,) " Y malledz—zpa, (¢ 4 Var,(f))]
z€0A, yEAn,
<y Y Y pallcliz=c} 4 Var,(f)]

2€E0A, YEA,

where we used the fact that the events {¢} and {Z = 2} depend only on ¢ ,
and where v := sup gap(£%)~!, the supremum running over all connected
subset A of V and all z € 9A. Now observe that Lelz=zc; 4 < 11 7—.¢, for
any y € A,. Hence,

finles Var,, (f)] s

ST D pallelz—éy Var,(f)]

n> 1z€0A, yeAn

DD > mallelz_éy Vary(f)]

yEA n>12€0A,

—’yZuA ¢y Vary(f f'yz,u/\ [éy Vary (f)].

yeEA yeEA

Q
5

S
A ()

The same holds for i [c4 Var,, (f)], leading to the expected result. O

The second step in the proof of Theorem 6.1 is a careful analysis of
gap(L?) for any given connected set A C V and z € 0A.
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Proposition 6.3. Let G = (V, E) be a graph with (k, D)-polynomial growth.
Then, there exists a universal constant C = C(k, D) such that for any con-
nected set A C V, and any z € dA, it holds
gPt
BDUEA) = Clogajg
We postpone the proof of Proposition 6.3 to end the proof of Theorem
6.1.

Proof of Theorem 6.1. The result follows at once combining Proposition 6.2
and Proposition 6.3. O

In order to prove Proposition 6.3, we need a preliminary result on the
spectral gap of some auxiliary chain, and to order the points of A in a proper
way, depending on z. Let N := max,ecad(z,2), foranyi = 1,2,..., N, we
define .

Aii={x e A:d(x,z) =i} = {mgz), . ,xﬁf}}
where xgl), e ycffi) is any chosen order. Then we say that for any =,y € A,
x <y if either d(x, z) > d(y, 2) or d(x, z) = d(y, ) and x comes before y in
the above ordering. Then, we set A, = {y € A: y >z} and A, = 4, \ {z}.

Lemma 6.4. Fix a connected set A C V, and z € 0A. For any x € A and
o€ let B, CQy, Ay =supp(Ey) and ¢x(0) = 1p, (05, ). Assume that

- 1
sup (1l — éz)sup|{y € A: Ay U{y} 3 2} < T
€A €A

Then, for any f : Q4 — R it holds
Vary, (f) 4> pa(éz Varg(f)).

z€A

Proof. We follow [15]. In all the proof, to simplify the notations, we set
Varp = Var,,,,, for any B. First, we claim that

Vara(f) = D pa(Vara, (ug, (). (6.3)

TEA
Take z = x;ﬂ@, by factorization of the variance, we have

Vara(f) = pa(Varg (f)) + Vara(ug, (f))-

The claim then follows by iterating this procedure, removing one site at a
time, in the order defined above.

We analyze one term in the sum of (6.3) and assume, without loss of
generality, that pa, (f) = 0. We write pu3 (f) = pz (Caf) +pz (1 =) f)
so that

palVara, (ug (f))] < 2palVara, (pg (6 f))] +2palVara, (uz ((1—é)f))]

(6.4)
Observe that, by convexity of the variance and since ¢, does not depend on
x, the first term of the latter can be bounded as

palVara, (g, (€2f))] = palVarz(uz, (6o f))] < palée Vary (f)].
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Now we focus on the second term of (6.4). Note that pu; [(1 — &)f)] =
pg [(1— 5I)NAZ\AI(f))]' Set § := sup,c4 p(1 — é;). Hence, bounding the
variance by the second moment and using Cauchy-Schwarz inequality, we
get

Vara, (i, (1= &))< Vara, (1g, [(1 = @)z a, (F)])
< g, (1 11— g a, (1))

<4 (VaI“AZ (MAI\AI (f)))

From all the previous computations (and using (6.3)) we deduce that
Vara(f) €237 ialéa Var(£)) +26 3 ia (Vara, (04, (1))
T€EA z€A
Hence if one proves that
D pa (Vara, (1,10, () < suplfe € A: AU {a} 2 g} Vara(f) (65)
T€A ye
the result follows. We now prove (6.5). Using (6.3), we have
Vara, (9) = 3 pa, (Vara, (ug, (9) = Y pa, (Vara, (14,(9)))
yEAL yEALU{z}

where g = A\A, (f) and we used that supp(g) C A,. It follows that

pa(Vara,(9) 0 pa (Vara,(ug, (9)) < D0 pa (Vara, (ug, (1))

yeALU{z} yeALU{z}

since, by Cauchy-Schwarz,
Hna (VarAy(MAy (9))) = pHA ([MAx\Aw (MAy(f) - MAy(f)>]2>

< pa <VarAy (/uy(f))) :
This ends the proof. O

Proof of Proposition 6.3. Our aim is to apply Lemma 6.4. Let us define the
events F,, for x € A. Fix an integer ¢ that will be chosen later and set n =
¢ANd(z,z). Let (z1,x9,...,x,) be an arbitrarily chosen ordered collection
satisfying d(z;,z;+1) = 1, d(z;,z) = ¢ and d(z;,2) = d(x,z) — i for i =
0,...,n, with the convention that zy = z, and set E, = {0 € Q: > " (1 —
o(xz;)) > 1}, i.e. E, is the event that at least one of the site of A, =
{z1,22,...,2,} is empty. Note that by construction A, C AU {z} and is
connected. Moreover for any z such that d(z, z) < ¢, E, = Q so that ¢, = 1.
Since |A,| < k¢P for any = € A, the assumption of Lemma 6.4 reads

pr(1+kP)<1/4

which is satisfied if one chooses ¢ = g log % with ¢ = ¢(k, D) large enough.
Hence for any f : Q4 — R it holds

Vary, (f) <4 Z pa(Ce Varg(f)).

T€EA
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and we are left with the analysis of each term p4 (¢, Var,(f)) for which we
use a path argument. Fix x € A and the collection (z1,x9,...,z,) intro-
duced above. Given a configuration o such that ¢, (o) = 1, denote by &
the (random) distance between z and the first empty site in the collection
(x1,x2,...,2p): i.e. £(0) = inf{i: o(z;) = 0}. Then we write

pa(E Vary(f)) = > pa(@rle=; Vary(f))

=1

paYy Y walo)(f(0") = f(0))?

i=1 0:6(0)=i

where the sum is understood to run over all ¢ such that ¢,(c) = 1 (and

&(o) =1).
Fixi € {1,...,n}. For any o € Q such that {(0) = i, we construct a path
of configurations v, (o) = (09 = 0,01,02,...,04i—5 = o*) from o to 0%, of

length 4i—5 < 4/. The idea behind the construction is to bring an empty site
from z;, step by step, toward z;, make the flip in = and going back, keeping
track of the initial configuration . For any j, oj41 can be obtained from
o; by a legal flip for the FA1f process. Furthermore o; differs from o on at
most three sites (possibly counting ). More precisely, define T} (o) := o**
for any k and o, and

/

Ti—k—1(0) ifj=2k+1,andk=0,1,...,1—2
T koTi_k_1(0) ifj=2k, andk=1,...,i—2

o; = Ti(c®) if j =2 —2
Th—iso 0 Thoirg(c®) ifj=2k+1, andk=di—1,...,2 —4
Ti—ivo(c®) ifj =2k and k=1,...,2i — 3.

See Figure 6 for a graphical illustration of such a path.

x0 x2 x4
e e ¢ @ O 50 O O @ @ O s6
x1 x3
e ¢ @¢ O O sl O 0O 0O @ O 87
® ¢ O O O 82 O @€ O @ O 88
®e ¢ O @ O 583 O @€ O 0 O 89
® O O @ O O e @ O o sl0
®e O @ @ O 55 O e @ @ O sll

FIGURE 2. Illustration of the path from o to ¢” for a config-
uration o satisfying £(o) = x4. Here i = 4 and the lenght of
the path is 4i — 5 = 11.

Denote by I';(0) = {o00,01,...,04i—¢} (i.e. the configurations of the
path 7, (o) except the last one ¢%). For any n = o; € I'y(0), j > 1, let
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y = y(x,n) € {x,x1,29,...,20} be such that n = a . Then, by Cauchy-
Schwarz inequality,

(f(ffz)f(a))2< > (f(ny)f(n))) <40 Y (f") = f))?

n€l'z(o) n€l'z(o)
4/
<=5 2. e Vary ().
nely (o)
Hence,
pA(Ex Varg(f)) < 40K pa(n)ey(n) Vary(f)
n
where

pa(o) 8
K= sup {ZZ ]15((, ]1Fm(0)9,,}§3.

neQ,xcA 7) q

Indeed pa(o)/pna(n) < 2’2 max(£, 1) since any € I';(0) has at most two
extra empty sites with respect to o and differs from o in at most three sites,
and we used a computing argument.

Recall that y = y(x, n). It follows fom the latter that

128¢
Var,, (f) < —5- Z pa(n)ey(n) Vary(f)
(] €A 1
128¢
< 7K/ZZMA n) Vary(f)
ueA n
where
—supZ]l y(@m)=u < sup |B(u, £)].
reA u€A
The result follows since the graph has polynomial growth. O

In Proposition 6.2 we used the following lemma.

Lemma 6.5. Tauke A, A, B C V such that A = AU B and AN B = (). Define
cA = ]lQA and cg = ]IQB where Q 4 and Qg are defined in (6.1). Assume that
max(1 — p(ca), 1 — pu(ep)) < 1/16. Then, for all f: Qx — R with iy (f) = 0
it holds

Varg, (f) < 24jin[cp Var,,, (f) 4 ca Var,, (f)]

where f : Qa — Ris defined as

= ) flo) ifoe N
Jo) = {0 otherwise
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Proof. Recalling the definition of the variance we have

Vary, (f) = T}l%%ﬂj\ﬂf —mf?)

1 N2
PRGN nf pa((flg, —m)7)

1 -
PG Var,,, (f).

Observe now that, by construction, i (f) = 0 and (1 —c4)(1 —¢5)f = 0so
that we can apply Lemma 6.6 below and obtain

Vara, (f) < —a— palen Var,, (F) + ca Var,, ()]
pA(S20)

and the result follows. O

The next Lemma might be heuristically seen as a result on the spectral
gap of some constrained blocks dynamics (see [2]). Such a bound can be of
independent interest.

Lemma 6.6. Let A = AU B with A, B C V satisfying AN B = (). Define
and pp two probability measures on {0,1}4 and {0, 1}7 respectively, and y =
pa @ pp. Take ca, cp: {0,1}* — [0, 1] with support in A and B respectively.
For any function g on {0,1}" such that (1 — ca)(1 — cg)g = 0 it holds

Var,(g) < 12,u[c2B Vary,, (g)+c?4 Var,,, (9)]+8 max(1—p(ca), 1—p(cr)) Var,(g)

Proof. Fix g on {0,1}" such that (1 — c4)(1 — c¢g)g = 0 and assume without
loss of generality that p(g) = 0. First we write

g=-cp(g—palg)) + (1 —cp)ealg — ps(9)) + (1 —cp)capn(g)
— (1 —cp)eapa(g) + (1 —cp)(1 —ca)(g — palg)) + palg)
=cp(g—nalg) + (L —cp)ealg — un(9)) + (1 — cp)eapn(g) + capalg)

where we used the first hypothesis on ¢, (1 — c4)(1 — ¢p)g = 0, and we
arranged the terms. Therefore since we assumed pu(g) = 0 and c4, cp €
[0,1]

Var,(9) = pu(g?) < 4u(ch(g — pa(9))?) + 4u(ch(g — 1s(9))?)
+4u(pp(9)®) + 4p(nalg)?)
= dpcy; Vary, (g) + ¢ Var,, (9)]
+4u(pp(9)%) + 4p(palg)?).
We now treat the fourth term in the latter inequality.
[1a(9))? = [nag) — w(@))? = [nalg — ns(9)))?
= [ualcalg — 1B(9)]) + pa([1 — callg — pa(9)))]?
< 2ua()palcily — pa(9)?) + 20a((1 = ca)*)pally — na(9)%)

If we average with respect to ;1 we have

pu(pa(ch)pacily — ns(9)]?)) = pa(ci)u(ch Var,, (g))
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and, using Cauchy-Schwarz inequality and 22 < x for x € [0, 1],

p(pa((l=ca)pallyg — p8(9)]*) = pa((1 = ca)®)ullg — na(9)]?)
< (1 — p(ca)) Var,(g),

so that

p(pa(9)?) < 2pa()p(ci Var, (9)) + 2(1 — p(ca)) Var,(g)-

An analogous calculation for u(up(g)?) allows to conclude the proof. O
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