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Abstract

The Fredrickson-Andersen one spin facilitated model (FA-1f) on Z belongs to the class
of kinetically constrained spin models (KCM). Each site refreshes with rate one its
occupation variable to empty (respectively occupied) with probability ¢ (respectively
p =1 —gq), provided at least one nearest neighbor is empty. Here, we study the non
equilibrium dynamics of FA-1f started from a configuration entirely occupied on the
left half-line and focus on the evolution of the front, namely the position of the leftmost
zero. We prove, for g larger than a threshold ¢ < 1, a law of large numbers and a
central limit theorem for the front, as well as the convergence to an invariant measure
of the law of the process seen from the front.
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1 Introduction

Fredrickson-Andersen one spin facilitated model (FA-1f) belongs to the class of
kinetically constrained spin models (KCM). KCM are interacting particle systems on Z¢
which have been introduced in physics literature in the '80s (see [RS03] for a review) to
model the liquid glass transition, a major open problem in condensed matter physics.
A configuration of a KCM is given by assigning to each vertex = € Z¢ an occupation
variable o(z) € {0, 1}, which corresponds to an empty or occupied site, respectively. The
evolution is given by a Markovian stochastic dynamics of Glauber type. With rate one,
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FA-1f front evolution

each vertex updates its occupation variable to occupied or to empty with probability
p € [0,1] and ¢ = 1—p, respectively, if the configuration satisfies a certain local constraint.
For the FA-1f model the constraint requires at least one empty nearest neighbor. Since
the constraint to update the configuration at « does not depend on o(z), the dynamics
satisfies detailed balance w.r.t. Bernoulli product measure at density p. A key issue is
to analyze the large time evolution when we start from a distribution different from
the equilibrium Bernoulli measure. Note that, due to the presence of the constraints,
FA-1f dynamics is not attractive, so powerful tools like monotone coupling and censoring
inequalities cannot be applied. Furthermore, convergence to equilibrium is not uniform
on the initial condition since completely occupied configurations are blocked under the
dynamics. Therefore the study of the large time dynamics is particularly challenging.
In [BCM+13] a convergence to equilibrium was proven when the starting distribution is
such that the mean distance between nearest empty sites is uniformly bounded and the
equilibrium vacancy density ¢ is larger than a threshold 1/2. In [MV18] the result was
extended to initial configurations with at least one zero, provided q is sufficiently near to
one.

Here, we consider FA-1f on Z starting from a configuration which has a zero at the
origin and is completely occupied in the left half line and we study the evolution of the
front, namely the position of the leftmost zero. A law of large numbers and a central
limit theorem (Theorem 2.3) for the front, as well as the convergence to an invariant
measure of the law of the process seen from the front (Theorem 2.1) are proven. Our
results hold for ¢ sufficiently large, more precisely for ¢ > ¢ where ¢ is related to the
critical parameter in the threshold contact process. We stress that, even though we
are in one dimension, proving the ballistic motion of the front is non trivial. Indeed,
due to the non attractiveness of the dynamics, the classic tool of sub-additivity [Dur80]
cannot be used. Obviously, all the following results will also be true for the position of
the rightmost zero in the FA-1f starting from a configuration which has a zero at the
origin and is completely occupied in the right half-line.

The motion of the front has been analyzed in [Blo13, GLM15] for another one dimen-
sional KCM, the East model, for which the constraint requires the site at the right of
x to be empty: ergodicity of the measure seen from the front, law of large numbers,
central limit theorem and cutoff results have been established. A key tool for the East
model introduced in [AD02] and used in [Blo13, GLM15] for the study of the front,
is the construction of a distinguished zero, a sort of moving boundary which induces
local relaxation to equilibrium. This construction relies heavily on the oriented nature
of the East constraint and cannot be extended to FA-1f and to generic KCM. Another
consequence of the orientation is that the cutoff result in [GLM15] follows immediately
from the central limit theorem for the front, while for FA-1f it would involve a more
complex argument.

A sketch of the main step of our proof follows. Our first key result is to prove
relaxation to equilibrium far behind the front (Theorem 5.1). In order to establish
this result, we couple FA-1f dynamics with a sequence of threshold contact processes
(Lemma 4.1) where zeros flip to ones at rate p without any constraint, and ones flip
to zeros at rate q if and only if there is at least one nearest neighbor zero. The first
contact process starts with a zero at the position of the front (namely at the origin),
then if the contact process dies we restart a new one from the last killed zero. The
threshold contact process is attractive, and it is well known that for ¢ above a threshold
G < 1 the front of the process conditioned on survival moves ballistically. Due to the fact
that there is no constraint for the contact process for the move 0 — 1, we can couple
FA-1f and contact trajectories in such a way that FA-1f configurations contain more
zeros than contact process configurations. Then, we can use the well-known behavior
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of the contact process (ballistic motion of the front, shape theorem for the coupled
zone) to guarantee enough zeros behind the front of FA-1f. This will be the work in
Section 4. The construction is illustrated by the first simulation in Figure 1; we can see
on the second one that the ballistic behavior of the FA-1f front seems still valid for some
q < ¢ but in this regime, the contact process does not give us any useful information.
Afterward, we apply the techniques of [BCM+13] (Corollary 3.3) to prove relaxation to
equilibrium using these zeros in Section 5. Once this result is established, we construct
a coupling inspired by [Blo13, GLM15] to prove ergodicity of the process behind the
front, namely convergence to the unique invariant measure for the process seen from
the front (Section 6). This convergence result allows us to analyze the increments of
the front (Section 7.1) and to deduce a law of large numbers. Finally, to study the
fluctuations of the front, we generalize the strategy of [GLM15] which is in turn based
on the result of Bolthausen [Bol82] which allows to establish a central limit theorem
for random variables which are not stationary but satisfy a proper mixing condition
(Theorem A.1).

Figure 1: Simulation of FA-1f dynamics (gray points) coupled with restart threshold
contact processes (white points). The first one is for ¢ > ¢ and the second one for ¢q < q.

2 Models and main results

2.1 The FA-1f process
Let Q = {0, 1}Z be the space of configurations and

LOy={c€Q:Vz <0,0(z) =1,05(0) =0}

be the subspace of configurations with a leftmost zero at the origin. For a configuration
o for which there exists z € Z such that for every y < z, o(y) = 1 and o(z) = 0, we call
the front of configuration o and we denote it by X (o).

For A C Z and o € ), we denote by o, the restriction of ¢ to the set A. For ¢ € 2 and
x € Z, let ¢” be the configuration o flipped at site x. We denote by ¢, the space shift
operator of vector y: 8,0(x) = o(z + y). We denote by 6 the configuration such that
0Y(z) =1 for all z # y and §¥(y) = 0.

The FA-1f dynamics on () are described by a Markov process with the following
generator: for any local function f and any o € €,

Lf(o)=> r(z,0)(f(c*) - f(0)) (2.1)

T€EZ
where the rate r(z,0) = ¢(x,0)(qo(z) + p(1 — o(x))) is the product between a constraint

¢(x,0) and a flip rate go(z) + p(1 — o(x)). The constraint ¢(z,0) =1 —o(x — 1)o(x + 1)
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requires at least one empty neighbor to allow the flip. The parameter p is the rate
to update to 1 and the parameter ¢ = 1 — p is the rate to update to 0. Let o; be the
configuration at time ¢ starting from o. When there is no confusion, X (¢) denotes the
front of the configuration ;.

In the following, all constants may depend on q.

It is easy to verify that the FA-1f process is reversible w.r.t. y := Ber(p)®%.

2.2 An auxiliary process: the threshold contact process

We introduce a threshold contact process where the 0’s are the infected points and
the 1’s are the healthy ones. Its dynamics on 2 is given by a Markov process with the
following generator: for any local function f and any 7 € Q,

L) =Y r'(@n)(f(") = F(n)
TEZ
where 7'(z,n) = c(z,n)qn(x) + p(1 — n(x)). In this model, the constraint only applies
to a flip 1 — 0. Namely, a 1 particle can flip to 0 only if one of its neighbor is 0; we
interpret the state 0 as an infection that propagates by contact. The flip from 0 to 1 is a
spontaneous recovery. Let n; be the configuration at time ¢ starting from 7.
We define the extinction time of the threshold contact process by

7(n.) = inf{t > 0,V € Z, n(x) = 1}, (2.2)

that is the first time when the threshold contact process has no more zero (i.e. infected
site). This state is absorbing for the process. If 1y has a finite number of infected sites,
7(n.) can be finite. For the FA-1f process, the corresponding extinction time is always
infinite because a single zero can not disappear. If the event {7(7.) = 400} occurs we
say that the contact process survives.

To ensure that the threshold contact process survives with positive probability, we
need to suppose that % > AI*(Z) where the critical parameter of the threshold contact
process A*(Z) has an approximate value of 1.74 (cf. [BD88]). In the following we will
suppose a stronger condition which is 1% > 2)\.(Z) where \.(Z) is the critical parameter
of the classical contact process and has an approximate value of 1.65 (cf. [BFM78]). This
hypothesis allows us to use all the classical contact process estimates (cf. Appendix B) in-
stead of having to reestablish them for the threshold contact process in the intermediate
regime A € (AI°*(Z),2)A.(Z)]. So, in this paper, we will consider ¢ > g where

2).(Z)
1+2X\.(Z)

This corresponds approximately to taking ¢ = 0.76 rather than ¢ 2 0.63.

q:

2.3 Main results

Now we have the tools to enounce precisely the theorems that we will prove in this
paper. The first one is the ergodicity of the process seen from the front. It will be proved
thanks to a major coupling in Section 6.

Theorem 2.1. Let q > q. The process seen from the front has a unique invariant measure
v and, starting from every o € LOy, it converges in distribution to v in the following
sense: there exist d* > 0 and ¢ > 0 (independent of o) such that for t large enough
- _cellos)1/4

12§ — vlljo,ae4 < e ,
where [if is the distribution of the configuration seen from the front at time t starting
from o, i.e. 0x(,,)0:, and ||m — 7’||x denotes the total variation distance between the
marginals of m and 7’ on A.
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c(log t 1/4
Remark 2.2. For every a > 0, the velocity of convergence e™* =7 s less good than

e~t" (which was the velocity obtained in the East case by [GLM15] for some o < 1/2)
but it is better than e~ (logt)"/* (and in particular better than any polynomial velocity).
The second one is a law of large numbers and a central limit theorem for the front.

Theorem 2.3. Let g > G. There exists s = s(q) and v = v(q) such that for all o € LO,

X
) v P, — almost surely, (2.3)
t t— 00
X — vt
() =vt 4 aro,2)  wort Py, 2.4)
\/E t—o0

where v = p - v[6(1) = 0] — ¢ is negative.

2.4 Graphical construction and basic coupling

We briefly recall here the graphical construction for the FA-1f and contact process,
which allows to construct the two processes on the same probability space and to
compare them pointwise. Troughout the text, IN denotes the set of positive integers. Let
C = (By,n, Emn)w cZ.neN be a collection of independent random variables, where for all
(xz,n) € Z x N, By, ~ Ber(p), E; , ~ Exp(1). These variables are interpreted as follows:
with each site © € Z we associate a sequence of exponential clock rings given by the
>h_i Bz, n € N, and with the clock ring at time )", _, E, , we associate the Bernoulli
variable B, ,,. Starting from configurations o, n € €2, we construct a FA-1f process (o);>0
and a (threshold) contact process (7;);>0 using the same collection C. When a clock rings
at z, we update each process at this site to the associated Bernoulli variable, provided
the constraint of the process is satisfied (for instance, if the Bernoulli variable is 1,
the contact process automatically updates, while the FA-1f needs at least one empty
neighbor). We call (o, 7:):>0 the basic coupling started from (o,n) using C. We denote
by P, IE the associated probability and expectation. This probability space allows us to
construct the processes with any initial configuration simultaneously. We will denote
by P, , (respectively P,, IP,)) the associated probability to the initial configuration (o,7)
(respectively the projected probabilities).

The following property will be our main tool to guarantee a minimal quantity of zeros
in the FA-1f process.

Lemma 2.4. If o < n (pointwise), with the above construction, we have a.s.
vt Z 07 Ot S Mt-
Proof. It is not difficult to check that every possible transition preserves the order. O

It will also be useful to define a (space) shift operation on the collection C by

0,C = (By+a,n Ey‘i’w:n)weZ,nE]N :

To quantify the amount of zeros we will introduce the following event. A 0-gap is an
interval without zeros.

Definition 2.5. Let L, M, [ be three positive numbers.

H(L,L + M,l) = {There is no 0-gap of length [ in the box [L,L + M|}
={o:Vye[L,L+M—-1+1], Iz€[y,y+1—1], o(z) =0}.

If | < M + 1, it is also equivalent to say that there is at least one zero in the box and
the maximal distance between two zeros in the box [L, L + M] is less than I.
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2.5 Finite speed propagation

Classically, this type of graphical construction implies finite speed of propagation in
the following sense. For z,y € Z and t > 0, we denote by

F(z,y,t) = {before time ¢ there is a sequence of successive rings linking « to y},
F(z,y,t) = {3 z between = and y s.t. F(z,z,t) N F(y,z,t)}.
Above, a sequence of successive rings linking x and y means that (if e.g. x < y) there is a

clock ring at site x, and then at site z 4+ 1 and so on until y is reached. Standard results
on Poisson point processes imply the following.

Lemma 2.6. There exists a constant v (which is bigger than 1) such that, for every t and
x,y € Z such that |z — y| > vt then

P(F(x,y,t)) < P(F(x,y,t) < e l*7vl,

This has immediate implications for the maximal velocity of the front in the FA-1f
process and for the propagation of the contact process.

Corollary 2.7. For all o € LOgy, ¢ > 7,

(2.5)
(2.6)

P, (|X(04)| > ct) < e,
and Ps(Jy : |y| > ct and ny(y) = 0) < e .

3 Relaxation in FA-1f

In this section, we collect results about the relaxation to equilibrium (i.e. to u =

Ber(p)®Z) of the FA-1f process. These can be deduced from the proofs in [BCM+13] as
explained below.
Proposition 3.1. Let ¢ > 1/2 and ¢t > 0. Let K > 0, f a bounded function with support
contained in [— K, K| such that u(f) = 0. Define A := [-K — ot, K + vt| N Z. Decompose
A =", A; with A; disjoint intervals in Z such that foralli =1,...,n |[A1| < |A;] < 2]A4].
Choose 0 > 1 satisfying 9%1 < g. Then there exists ¢ = ¢(q,0) > 0 such that for all initial
configuration o € H(—K —vt, K +vt,|A1]/8) ,

[Bo[£(o0)]] < el Flloo (exp (=71t + clAle™ T ) + tn|AJg=11/4 (¢ + l421/%)
+ ne~ Ml 4 \A|e_t/3) .

A similar result holds for the FA-1f dynamics in finite volume.

Proposition 3.2. Let ¢ > 1/2 andt > 0. Let K > 0, f a bounded function with
support contained in A := [~ K, K| such that y(f) = 0. Decompose A = U?_;A; with A;
disjoint intervals in Z such that for all i = 1,...,n |A1] < |A;| < 2|A4]. Choose 6§ > 1
satisfying ﬁ < gq. Then there exists ¢ = ¢(q,0) > 0 such that for all initial configuration
o€ H(—K,K,|A1]/8),

o[£ < ellflloe (exp (—c e+ clAle ™) 4 tnjaJo~1441/4 (o4 gl 1/%)
1 pe—dil 4 \A|e—f/3) ,

where (o});>0 denotes the FA-1f process in A with zero boundary condition.

Proof of Proposition 3.1. The proof of this result is essentially contained in [BCM+13].
We reproduce here the arguments that we need.
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First, let (0{*);>0 denote the FA-1f process restricted to A = [-K — ot, K + 0] N Z
with empty boundary condition and started from o,. By finite speed of propagation, we
have, for f bounded with support in [ K, K|

|Eo[f(01)] = Eoy [f(o)]] < 4l flloce™". (3.1)

Also, Proposition 5.1 in [BCM+13] ensures that for some ¢ = ¢(q) < oo,

By [£(o)]] < €l flloo (neqlAl +HA| sup P, (o) ¢ A)
s€10,t]

+ |A|exp(—t/3) + exp (—t/c+ c|A|e_c\+1|) ) ,

where A = (_, {0 € {0,1}" : Y\ (1 —o(z)) > 2} is the event that there are at least
two zeros in each A;.

It remains to control sup,c(o 4 Po, (o) ¢ A). Here we need to recall another result
from [BCM+13]. For z € A, o € {0,1}*, let £*(0) be the minimal distance from z to an
empty site in o:

(o) =min{|z —y| : y € AUIA s.t. o(y) = 0},
with the convention that o(y) = 0 for y € 9A (recall that o* is defined as the FA-1f
process in A with empty boundary conditions). Thanks to a comparison of £* with a
random walk drifted towards 0, Proposition 4.1 in [BCM+13] establishes that for all
x €A, 0>1suchthatqe (0/(6+1),1], 0 € {0,1}*, ¢ >0,

M) < gl g-re, 4
]EU[G ]_9 Nt T (3.2)

Where)\:oi%@f%) > 0.

Partition each A; into two intervals A}, A] of length at least |A;|/2, centered respec-
tively in ", z; . If ¢ ¢ A, necessarily there exists i € {1,...,n} such that either o+ =1

or o)y~ = 1. In particular, either €% (o) or £ () is larger than |A, |/4. Therefore, for all
s <t,
n . B
Pou(o ¢ A) <3 (Boa (67 (02) 2 [M1/0) + oy (€5 (o) = |A1]/0))
i=1
n «F A *T A
A (Em [95 1 <as)} +E, {95 i (%)])
=1

< opg—IAil/a <9|A1\/8 + C)

IN

for some constant ¢ depending on ¢, 6. The last inequality comes from (3.2) and the
assumption on the maximal distance between two zeros in o. O

Proof of Proposition 3.2. The only change with respect to the above proof is that we
don’t need the finite volume propagation step (3.1). O

Corollary 3.3. Let ¢ > 1/2 andt > 0. Let K > 0, f a bounded function with support
contained in [~ K, K| such that u(f) = 0. If K < e with o € (0,1/2), there exists
¢ =d(wa,q) > 0 such that,

e ifo € H(—K —ot, K +vt,\/1),

1 ,
[Bo[£(o0)]] < Sllflloce™ 2 (3.3)
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. ifo e H(—K,K,\1),
- 1 /
[Bolf ot DI < Sl fllace™ (3.4)

where (at[_K’K])tZO denotes the FA-1f process in [— K, K| with zero boundary condi-
tion.

The assumption K < e!” with a < 1/2 represents in fact the largest support we can
consider for f such that the estimate in Proposition 3.1 is useful. Indeed, it does not give
a vanishing estimate for K = eV,

Proof. It suffices to choose |A;| = 8/ and apply Propositions 3.1 and 3.2. O

4 Coupling between FA-1f and contact process

We wish to exploit the comparison result between the FA-1f and contact processes
(see Lemma 2.4) to guarantee a sufficient number of zeros for the FA-1f dynamics. To this
purpose, since the contact process can die, we will need first to do a restart argument.

4.1 Restart argument

Lemma 4.1. Let ¢ > §. For any o € LO,, there exist a process (0, 1:):>0 taking values
in Q? and two random variables T and Y taking respectively their values in R and Z
such that

1. (0t)t>0 is an FA-1f process starting from o € LO,,
2.Vt >0,Vz € Z,o(z) < m(x),
3. (nr4+(Y + ), is a surviving threshold contact process starting from 4°.

Moreover, T and |Y| have exponentially decaying tail probabilities.

Proof. The idea is to couple a FA-1f process with a contact process and to restart the
second one each time that it vanishes. Eventually, the contact process will survive
(because ¢ > @) and the space-time point (Y,T) corresponding to the origin of this
surviving contact process is not very far from the origin. The procedure is illustrated by
Figure 2.

Let (C(i))ie]N be a sequence of independent copies of the collection described in
Section 2.4 and P their distribution. For: € N, let n.(i) = ( gi))tzo be the contact process
started from §° constructed with C(V). Further let U; = T(n.(i)) be the extinction time of
n.(i) as defined in (2.2). The random variables (U;);cn are independent and identically
distributed and, by our choice of ¢, we have P(U; = o0) > 0. Let

L =min{i € N,U; = oo}.

The random variable L has geometric distribution. Moreover, conditionally on {L = [},
(Ur,...,U;—1) are i.i.d. with the same distribution as U; conditioned on U; < oco. Let

L—-1
T=> U,
i=1

with T'=0if L = 1. Then T has exponentially decaying tail probabilities. Indeed, from
Estimate (B.3) (cf. Appendix B), we have for ¢ > 0

P(t < U; < 00) = P(t < 7% < 00) < C) exp(—Chat).
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Figure 2: Restart procedure, coupling between FA-1f and surviving contact process.

So, we can choose 3 and $3, such that E[e®1(“~1)] < 0o and E [€P2U1 | Uy < o0] < efr. We
have that

E[e57] =B [E [ Z5 VL] =B [B[e# | Uy < o] | < B |20V < o0,
We construct recursively a sequence of processes (Uy] , 771[gi])t20 and random variables
X, € Z fori € IN.

1. Let (o, n");>0 be the basic coupling started from (7,5°) using C). We define
X := X(oy,) if U; < oo and 0 else.

2. Assuming (at[i]my])tzo and X; have been constructed, we define (Ut[iﬂ]myﬂ])tzo

as follows.

« IfT; = 22;1 Uj = oo then (_UFJF_”; e )eso = (Uz[/i]>_77t[i])t20 and X, = X;.
« Else, let (o) 1 pi 1) = (011 nl") for t < T, and (oéi:t], ﬁgﬂ)tzo be the basic
coupling started from (ag ,6%) using Ox,CUtY the spatial translation by X;

of the collection C(**1) (in particular U, is the extinction time of (ngf;lt])tzo).

We choose X := X(agf:rl[]]i“) if Ujr1 < 00 and X;1 := X; else.

Since L has geometric distribution, the algorithm fixates almost surely in finite
time: fori > L, (o—,[”l], 77t[i+1])t20 = (atm, U,Ei])tzo- This allows to define (oy,7;)¢>0 as
(at[L], U,EL])QO and Y = X _;. Moreover, since the U; are stopping times, (0;);>0 is a FA-1f
process started from 0. We also have immediately that (774:(Y + -)),. is a surviving
threshold contact process starting from §°. Finally, Lemma 2.4 implies that oy < ?ﬁ for all
t > 0; indeed, by definition, X; is a zero of the configuration 0531 and therefore cr%} < §Xi
for: <L —1. '

It remains to show that Y has exponentially decaying tail probability. To that end,
fori < L —1let Z; be the position of the unique zero in n,-. We have that X; < Z; + 1.
Indeed, by definition of Z;, 1, (Z;) = o, (Z:) = 0. oy, (Zi — 1) = oy~ (Zi +1) = 1
then oy, (Z;) = 0 because the FA-1f constraint is not satisfied and the zero at position Z;

EJP 24 (2019), paper 1. http://www.imstat.org/ejp/
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at time U;” can not update. If o,- (Z; — 1) or o,- (Z; + 1) is equal to 0, it is still equal to
0 at time U; because there is alréady a Poisson clock ringing at position Z; at time U;, so

X; < Z;+ 1. Thus,
L—1

Y=Xp 1< (Zi — Xi—1) + L,
1

.
Il

with Xy = 0. Conditionally on the event {L = [}, the random variables {Z; — X;_1,i =
1,...,1—1} are independent and have the same distribution: they represent the expansion
of a non-surviving contact process. For ¢t > 0,

>t/ 2)

-1
Z Zi — X
i=1

L-1
P(T <at,|Y|>t,L<t/2) <P (Z U; < at,

i=1

L-1

Z Zi — X

i=1

[e's) -1
<Y PL=0P (Z U; < at,
=1 =1

< Aexp(—Bt)

>t/2|Ll>

using the ‘at most linearity’ (2.6) of the contact process with a < % We conclude using
the exponentially decaying tail of L and T

P(Y|>t) <P(T>at)+PL>t/2) +P(T < at,|Y| > t,L < 1/2)
< Aexp(—Bt). O

4.2 Consequences of the coupling

The first consequence of the previous coupling is the ‘at least linear growth’ of the
front of the FA-1f process.

Corollary 4.2. Let ¢ > q. There exists v > 0 and A, B > 0 such that for every ¢ € LOy
andt >0,
P(X(0¢) > —uvt) < Aexp(—Bt).

Proof. Denote by v, the velocity of the contact process (see Theorem B.1). Choose
v = vcp/2. Let (o4, m)i>0, T and Y be the objects defined in Lemma 4.1. We denote by
X (n;) the position of the leftmost zero at time ¢ in a contact process started from 6°. For
everyt >0, c€ (0,1),

P (X(O’t) >—Qt,O§T§ct,Y§ct)
<P(X(mp)—-Y>—-(v+ot,(1—c)t<t—-T<t)

v+c
<P <X(77T+(t—T) (Y +)>— 1

(tT),(lc)tﬁtTﬁt)

— C
v+c
< swp P(X<nT+u<Y+~>>>—1 u)

u€l(1—c)t,t] —C

< sup Aexp(—Bu)= Aexp(—B't)
u€[(1—c)t,t]

where we used that o; < 7; (and therefore X (o,) < X (7)) in the first line. We choose
¢ > 0 such that % < v¢p and apply (B.4) of Theorem B.1 to the surviving contact process
() = nr+u(Y + -) and we bound the last probability. The fact that 7" and |Y| have
exponentially decaying tails allows to conclude. O

The second consequence of the coupling is to guarantee a minimal quantity of zeros

around the origin in the FA-1f process.

EJP 24 (2019), paper 1. http://www.imstat.org/ejp/
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Corollary 4.3. Let ¢ > . There exist c;,co > 0 such that for any o € LOy, t > 0, if
o(xz) = 0 then we have

P,(or ¢ H(zx —vt,z + vt 1)) < crtexp (—c2 (tAD)).

Proof. Let us do the proof for z = 0. We use again the coupling from Lemma 4.1. For
t>0,04§710p_ﬂ,

P, (o¢ ¢ H(—vt,vt, 1), T <t/2,|Y| < at)
<SPEyelY —(w+a)t,Y +(w+a)t—1+1]st. n(ly,y+1—1])=1,T <t/2)
(vta)t
< Y P(Vzelyyt+l—1nrie-n(Y+2)=1t2<t-T<t)
y=—(v+a)t

t
< 2vcpt/_t/2 Aexp(—BuAl)dP(T =u —1t),

< A'texp(—B'(t A1),

where we applied the Corollary B.2 to the surviving contact process 7, (-) = 77+, (Y + -)
with v < v,,. The fact that T and |Y'| have exponentially decaying tails allows to conclude.
If z £ 0 we can do the same proof but we have to start the coupling from the point x and
to restart from the closest zero (instead of the front) when the contact process dies. O

4.3 Zeros lemma

In the following lemma we use repeatedly Corollary 4.3 to control the probability
that, at time s, at distance L from the front and over a distance M, we have no 0-gap
larger than [.

Lemma 4.4. Letq > 7q. Let s,l,M,L >0 and o € LO,.

1. If L + M < 2uvs then there exists ¢ > 0 depending only on p such that
P, (Ox (505 ¢ H(L, L+ M,1)) < (L+ M)*>exp(—c(LAl)).

2. If L+ M > 2vs and o € H(0, L + M, 2vs) then there exists c > 0 such that

P, (Ox(s0s ¢ H(L, L+ M,1)) < Sf exp (—c (L Al)) + Msexp(—c(s Al)).

Proof. The strategy is the following: we consider a number of zeros which we know are
present in the dynamics, either because they are present in the initial configuration or
because they are well-chosen intermediate positions occupied by the front. For each of
these zeros, we use Corollary 4.3 to guarantee that at time s, a given interval around
them contains no gap larger than /2. We then control that w.h.p. the different intervals
thus obtained cover [X(s) + L, X(s) + L + M], and therefore 0x (o, € H(L, L + M,I).
The technique is illustrated by Figure 3.
Let us define the intermediate times we consider. Let

A = = L A S,

v—=-v

_ [-4)(@-v)
"o { 20A W ’
A - 5T A
n
si = A" forie{0,...,n}.
EJP 24 (2019), paper 1. http://www.imstat.org/ejp/
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X(Us) EEEEEEEEEEEEE S

L M

Figure 3: There is no 0-gap bigger than ¢ on the interval [L, L + M] seen from the front.

Fori € {0,...,n}, by Corollary 4.3 and the Markov property applied at time s;, for some
constants C,c > 0

P, (0 & H(X (s:) — v(s — s3), X(55) +v(s — 5;),1/2)) < C(s — 55)e 75N

ie. [X(s;)—v(s—si), X(s;)+v(s—s;)] contains no gap larger than /2 with high probability.

In case 2, we also need to use the zeros of the initial configuration. Let 0 =: zg <
r1 < ... < x, be the ordered set of zeros located between 0 and L + M in the initial
configuration o. Then by Corollary 4.3, fori € {0,...,m},

P, (05 & H(x; —vs,2; +vs,1/2)) < C’se_c(SAl),

ie. [z; —vs,x; + vs] contains no gap larger than //2 with high probability.

The next step is to control the respective positions of the intervals we introduced to
check that with high probability they cover [X (s) + L, X (s) + L + M]. Let us consider for
alli € {0,...,n — 1} the events that

vA < X(s,)— X(s)

< TA 4.1)
QA/ S X(Si) — X(Si_;'_l)

vA. (4.2)

Fix k € {0,...,n}. With our choice of A and n, if (4.1) and (4.2) hold for i €
{n—k,...,n—1},wehavefori e {n—k,...,n—1}

X(sn) —vA < X(s)+ L, (4.3)
X(s;) —v(A+ (n—i)A") < X(si401) +v(A+ (n—i—1)A"), (4.4)
X(s)+2v(A+kA") < X(sp—k) +v(s— Sn_k). (4.5)

To derive (4.4) we used that 7A’ < v(2A + A’). These equations in turn imply that
U [X(s:) —u(s —s:), X(s;) +v(s — s;)] is a covering of [X (s) + L, X (s) + 2v(A + kA')].

i=n—k

EJP 24 (2019), paper 1. http://www.imstat.org/ejp/
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Similarly, if o € H(0, L + M, 2vs) then we know that z; 1 —x; < 2vs fori € {0,...,m — 1}
and z,, > L+ M — 2us. Consequently, if (4.1) and (4.2) hold for all i € {0,...,n} then we
have

U [X (i) —v(s —si), X(s;) +v(s —s;)]U U[x] —Ts,x; +0s] D [X(s)+L,L+ M — uvs].

n m
i=0 =1

Case 1: L + M < 2us

Choose k = [%7;,2@]. Then 2v(A + kA’) > L+ M, and the above arguments and the

bounds we have on the speed of the front yield

P, (QX(s)O—s ¢ H(L, L+ M, l))

<P, (03 e |J HX(si) —v(s — 1), X(s:) + v(s — si),l/2)0>

i=n—k
+ P, ((4.1) is not satisfied )
+ P, (Ji e {n—k,...,n— 1} for which (4.2) is not satisfied)
< k(EA"+ A)cyexp (—ea (A" + A) A D))
+ Aexp (—BA) + kAexp (—BA’)
< (L A+ M) exp (—c5 (LAD),

where we used Corollary 4.2 and Lemma 2.6.

Case 2: L+ M > 2us
Our arguments imply that

P, <9X(S)US ¢ H(L, L+ M, l))

<P, (05 € U H(X(s;) —v(s — si), X(s5) + v(s — s4), l/2)c>
i=0

+ P, (as € U H(x; —vs,x; + vs,l/Z)c>
i=1

+ P, ((4.1) is not satisfied )

+ P, (Ji € {0,...,n— 1} for which (4.2) is not satisfied)
2

< c’l% exp (—ch (L A1) + Msexp(—c(s Al)). O

5 Relaxation far from the front

Now, we will use the bounds on the speed of the front ((2.5) and Corollary 4.2) and
relaxation results (Corollary 3.3) to prove a relaxation far from the front. To do that we
need to decorrelate the front trajectory from the interval in which we want to relax.

Theorem 5.1. Let ¢ > G and 0 € LOy. Let a < 1/2 and § > 0. There exists ¢ > 0
such that for any M < ", any f with support in [0, M], u(f) = 0 and || f||e < 1, if
o €M (vt, M + (40 — v)t,/t), then

o [f (Ox(o)+3me00) ]| < eV

Remark 5.2. The proof strategy of the equivalent theorem in [Blo13] combined with
Lemma 4.4 and Corollary 3.3 would also allow us to give a result of the type “in the box
[L, L + M] seen from the front, the distribution is within e=¢VE/ of 1 in total variation

EJP 24 (2019), paper 1. http://www.imstat.org/ejp/
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distance”, under suitable hypotheses on the initial configuration (depending on the
respective regimes of L,t, M). A proper statement would however be too technical for
the purpose of the present paper and we restrict to the above.

Proof. Using Corollary 4.2 and Equation (2.5) we can write that

vt

Eo [f (0x (o) 135t01)] = Z Eo [1x(o)=—yf(O35i—yor)] +O (e77).

y=ut
By finite speed of propagation, we have with probability 1 — O(e™*)

max | X (o,)| < Tt.
u€[0,t]

So, for y < vt, the probability that there exists a sequence of successive clock rings
between 3t — y and m[ax] | X (0,,)| is less than O(e™*). On the event where there is no
u€e(0,t

such sequence, 1 x(,,)——, and f(0s3_,0;) are independent. Therefore,

Eo [f (0x (o) 1sm0t)] = Y Po (X(00) = =) Bo [f(O33—y00)] + O (e + 7). (5.1)

y=uvt
In order to apply our relaxation result Corollary 3.3 on the interval
[3vt — y, 30t —y + M],
we need to check that
vt —y —vt > vt
30t —y+ M+t < M + (40 — v)t,
which is clearly satisfied if y € [vt,Tt]. Therefore, our assumption on ¢ and Corollary 3.3

imply that
Eq [f(93it7y0_t)]| < Ce_c\/g,

which in turn yields the desired result. O

6 Invariant measure: proof of Theorem 2.1

Proof of Theorem 2.1. We start with two initial configurations ¢ and ¢’ in LOg and we
prove that there exist d* > 0, ¢ > 0 (independent of (o, ¢’)) such that for ¢ large enough
1/4
188 — 3 lparg < e (6.1)
where (17 is the distribution of the configuration seen from the front at time ¢, that is
GX(Ut)at.

Thanks to Theorem 5.1 we know that far from the front the configurations starting
respectively from o and ¢’ will be close to a configuration sampled by the equilibrium
measure, so they will be close tp one another (for the total variation distance). Following
the strategy of [Blo13, GLM15], we construct a coupling where we use this property and
where we wait until the configurations also coincide near to the front. Given ¢ > 0 and
t > 0, we fix the following quantities:

t() = (1 — E)t
Al = G(IOgt)1/4
Ay = (logt)*/4
A=A+ As.
EJP 24 (2019), paper 1. http://www.imstat.org/ejp/
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The ‘perfect procedure’ would be:

Step 0. Both configurations have a lot of zeros at time %,

Step 1. Thanks to these zeros, they both closely match equilibrium far from the front
after a time-lag A;. Thus, they match each other for the same conditions.

Step 2. Then, during a time-lag A,, a very favorable event happens and the configu-
rations coincide also near to the front.

Roughly speaking, the steps 0 and 1 are very likely and the step 2 has very small
probability. So we will repeat step 2 a lot in order to make it succeed. In practice we
also need to repeat step 1 because multiple tries of step 2 could destroy the assets
of step 1. To do that, the time ¢ — ¢, will be split in N = || repetitions of steps 1
and 2, respectively of duration A; and As. Forn € {0,...,N}, let ¢, = to + nA (resp.
Spn+1 =ty + A7) the instants at which each of the N repetitions of step 1 (resp. step 2)
begins. The repetition of the N steps is illustrated by Figure 4 and the steps 1 and 2 are
illustrated by Figure 5.

During the description of the precise procedure, we will use the basic coupling
which consists in making the two configurations evolve according to the graphical
representation using the same Poisson clocks and coin tosses (as we did in Section 2.4
between the FA-1f and contact processes). Note that whenever we use the basic coupling
in our construction, we mean the basic coupling between two FA-1f processes with
generator given by (2.1) (and not to processes “seen from the front”). We will also use a
trickier coupling: the A—maximal coupling, denoted by M Cy (i, 1) where (u, ') are two
probability measures on 2 and A is a finite box of Z. It is defined as follows:

1. we sample (0,0")|ax according to the maximal coupling (which achieves the total
variation distance see e.g. [LPW09]) of the marginals of ; and i’ on Q4;

2. we sample o)z, 5 and ol’Z\ , independently according to their respective conditional
distribution y(-|o|x) and 4/ (-[o7, ).

We are now ready to recursively define a coupling P for (i ,if ), with n € {0,..., N},
that is, a coupling (6, , 77, ) between the configurations seen from the fronts at time t,,
(1'.e. &tn ~ HX(gtn’)atn and (ﬂn ~ Qx(gén)aén).

* (Step 0) P is the trivial product coupling: to sample (54,,5},) we run the FA-1f
dynamics starting from (o, o’) according to the product coupling and we take the
configurations seen from the fronts at time ¢;.

« P — P+ we sample (64,,5, ) according to P(™):

1. If the configurations coincide on the interval I,, = [1,d,], where d,, = 2vt,, —
(U + v)An, then we let them evolve according to the basic coupling during a
time lag A: we obtain (64,,,,, 5y, ,,) by running the basic coupling started from
(6+,,0¢,) for a time A, and then taking the configurations obtained as seen
from the front. Using the basic coupling ensures that the equality of the config-
urations seen from the front is preserved w.h.p. on the interval I,,11 = [0, d;,41]-
By contrast, beyond distance d,, — (v —v)A from the front, the information from
beyond I,, could have propagated, so we can not ensure equality. See Figure 6.

2. If they do not coincide, we proceed in two steps. (Step 1) We first choose
(Gspins 5;%1) using the A,-maximal coupling between the laws of the config-
urations seen from the front after a time A; starting from 6;, and 4; , with
A, = [3@A1, 208p41 — (5—}— Q)Al].

EJP 24 (2019), paper 1. http://www.imstat.org/ejp/
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0,0’ € LOy
to— (1—8)t
Zy (cf Figure 3)
...................................... t
® A
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 3
,,,,,,,,,,,,,,,,,,,,, QA
77777777777777777777777 © LA
® A

Figure 4: Coupling of the evolutions from distinct initial configurations: N repetitions
of the special coupling during a time lag A. The labels T correspond to trials (Steps
1-2, detailed in Figure 5), where the coupling attempts to match the two configurations.
After the first success, the standard coupling maintains the matching up to time t¢; labels
S refer to the first item in the coupling construction (see Figure 6).

2ut,

aximal coupling N n+l nt B
> 2usp41 — (U +0)A

Ay = (logt)3/*

oz / / / t =3 + A
sic Coupliﬁé maximal coupling x* basic coupling n+l n+l 2

> Iny1 = 20th11 — (U +2)A(n+1)

2727: independent coupling

basic coupling
’22> maximal coupling
zeros property

Figure 5: Coupling of the evolutions from distinct initial configurations: Steps 1 and 2.
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dn

‘ ,
dn+1 LayAN

Figure 6: With high probability, equality between two configurations in LOy in the
dashed interval at initial time results in equality in the dashed interval after time A.
Indeed, discrepancies coming from the right travel at most at speed v, and the front(s)
move at least at speed v.

(a)

(b)

If6,,,, and &, ., are not equal in the interval A,, then we let them evolve
for a time A, via the basic coupling.

(Step 2) If instead they agree on A,,, then we search for the leftmost
common zero of 7, , and 5gn+1 in A,, and call x* its position. If there is
no such zero, we define z* as the right boundary of A,,. Then we sample
an independent Bernoulli random variable 3 with P(3 = 1) = e 242,
The event {8 = 1} corresponds to the fact that the two Poisson clocks
associated with x* and with the origin in the graphical construction do
not ring during step 2. Using (7, +1,6;n+1) as initial configurations, we
sample two new configurations as follows.

i. If B = 1 then we fix the configurations at z* as 7, ., (z*), 55, ., (z%).
On [1,z* — 1], we sample the two configurations using the maximal
coupling for the FA-1f process run during time A,, with boundary
conditions at z* being 75, (z*) and &, (z*) respectively, and 0 at
the origin. Finally, we sample the configurations on the right of x* and
on the left of the origin using the basic coupling during time A, with
the same boundary conditions. Let &,;1 be the (common) increment
of the front during that time. See Figure 5.

ii. If B = 0 then we let evolve (7;,,,,5; ,,) for a time A, via the basic

coupling conditioned to have at least one ring either at z* or at the
origin (or both).
Once procedure (a) or (b) is completed, we define (5tn+17<~7£n+1) as the
version seen from their fronts of the configurations we obtained.

The final coupling P(tw, is obtained by sampling (6¢,,7}, ) according to PX), then apply-
ing the basic coupling during a time ¢ — ¢, and then defining (6¢, 5;) as the configurations
seen from the fronts at that time.

In the following, P denotes the joint distribution of all the variables used to define
the coupling above. It will also be useful to introduce the following notation: for
A C LOg x LOg measurable, n =1,..., N, if A, = {(dy,,0;,) € A}, we write

Pa, ()= sup P(-|(d,,6:,)=(n7"))

(nn')eA
and
Pa,p=1():= sup P(-|(6,,0;,)=(nn),B=1).
(nm')eA
EJP 24 (2019), paper 1. http://www.imstat.org/ejp/
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We define these quantities similarly if A, = {(ds,,0; ) € A}.
We can now study the probabilities of the events that we expect to see at the stepn
of the previous procedure.

* At time t,,, we hope for enough zeros, that is, for the occurence of the event

Z, = {no 0-gap greater than v/A; on [vAq, 2vt,] behind the front at time tn}
= {6tn7&£n eH (QAl, 2ut,, \/E)} .

The distance /A is the maximal space that we allow between two zeros to relax
to equilibrium at the next step; the distance 2vt,, is the maximal distance where we
can expect zeros without making any hypothesis on the initial configuration. By
the first case of Lemma 4.4 we have

P(Z,) > 1—2(2ut,)%e VAL, (6.2)

* At time s,41, conditioning on the event Z,, we first can relax on the interval
seen from the front A, = [30A1,2vs,41 — (U 4 v)A] with error O(e~¢ VA1) in
term of total variation by Theorem 5.1. Since the distributions of both configu-
rations are close to p on A, they are also close to each other, and denoting by
Q, = {6s,,, = 7, , onA,} and sampling the configurations according to the

Sn+1
A,,-maximal coupling, we have

Pz, (Q5) = O(e¢ VA1), (6.3)

Let B,, the event corresponding to the fact that z* is at distance less than —VQAz from
the left boundary of A,,, that is

VA
5 )

On 9,, B, is implied by
Bn = {(USn+l)\[317A173§A1+@] gé 1}

By Theorem 5.1,
- NS ,
Pz, (B <pT +0(e VA,

and therefore

Ps (BEN Q) <p 2> +0(e V), (6.4)

Then, we also use the zeros at time ¢,, to generate zeros between the front and
A, at time s,,1. Actually the event Z,, implies that 7;,,6; € H(0,30A1,2vA)
because vA; + /A1 < 2vA;. We consider the event

@On[ﬁ? §

2 2
{5'57l+17 9+1€H< 3UA1, )}

Applying the second case of Lemma 4.4 we have that:

Zl = {no 0-gap greater than } behind the front at time an}

4A2 VA2 VA2 /
Pz, (21°) < —=2e 2 T ) = 0(e ¢ VA2), 6.5
2, (2, ) < A, ( ) (6.5)
EJP 24 (2019), paper 1. http://www.imstat.org/ejp/
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+ At time t¢,,11 conditioning on the events Z/, Q,, B, and on the fixation of the
zeros on X (s,+1) and z* (i.e. § = 1), we can relax to equilibrium on [X (s;,4+1) +
1, X (8p+1) + * — 1], that is, on the interval [1 — &,41,2* — 1 — &,41] seen from the

front. So we have for all y € A,, at distance less than ‘/TE from the left boundary of
A,

Pz;,0,,Bu,0=y,8=1 (%H #0 ,on [l =&y, o™ —1— &y |> = O(e™VA2),
(6.6)

applying (3.4). Furthermore, if the configurations coincide on A,, at time s,1,
then we can control the probability that they coincide on A,, — &,41 minus a sub
interval of size TA, at time t,+1 by the probability of the event F(d,, d,, — TAs, Ag)
corresponding to the propagation of the information located beyond A,,. Indeed, by
Lemma 2.6 and Corollary 4.2, we have (recall Figure 6),

PQm,@:l (&tn+1 7é &gn+1 on [l‘* +1- £n+17 dn+1]> <P (F(dnadn - EA% A2))
FP(Epp1 > —vAs) = O(e ), (6.7)

where the first inequality comes from the fact that, if &, < —vAs, d,, —TA3 — &1 >
dn+1. To conclude, notice that by construction

P (&W #6,  on[l,~&u] | B= 1) —0. (6.8)

Combining (6.6), (6.7) and (6.8), we get

,PZ;L,Q,,,,B”,ﬁzl (5251,,4.1 # &én-#l on [1, dn+1]> = O(efc’\/fz)' (6.9)

Let M, be the event of matching in I,, = [1,d,,] at time ¢,:
M = {6y, #5;, onl,},
and denote by p,, the probability that the coupling P is not successful, that is, p, =

P(M¢). With the previous estimates in mind, we prove the following recursive relation:

1
Pnt1 < Ce A 4 p,(1— 5e*M?). (6.10)
Indeed, using the previously introduced event Z,,, we have that

P (M) <P (M DM N ZL) +P(Z5) + P(Mi N M,)
<P (M5 [ M50 Z,) PM;) + P (Z5)

+P(F(d,,d, —TA,A))+ sup P, (X(wa) > —vA). (6.11)
w€eLOg

The last two terms come from a reasoning similar to what we did in (6.7). By Lemma 2.6
and Corollary 4.2, their contribution is O(e~“?). The quantity P (Z¢) has been controlled
in (6.2) so we now have to study P (M¢ | M¢ N Z,). Now we condition by the favorable
events at time s,4:

P My | 20N MS) < Pzyamg (Mo | 2,0 QuN B,)
+ Pz, (Z2)€) + Pz, (Q%) + Pz, (B5N Q,).

The last terms have been controlled by (6.3), (6.4) and (6.5).
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Finally, using (6.9)

P (M| 2N QN By Z, NMS)
<1-PB=1)(1-P M |{B=1}NZ2,NQ,NB,NZ,NM))
1
<1—e 2Rz
= € 9’
for ¢t large enough. Combining with (6.11) we obtain the desired recursivity (6.10). So,
we get

1 N
pN < (1 - 262A2> + Ce Arehe

og t 1/4
and we conclude that py = O(efce(l £ ), replacing A;, Ay, N by their chosen values.

To conclude the proof of (6.1), we now compute the distance on which the matching
occurs w.h.p. At time ¢ the coupling was successful on Iy with probability 1 — py. Note
that dy > (2u — €( + v))t — 2vA. Let e = ﬁ and d* = v. Then d*t < dy and if we let
the configurations evolve according to the basic coupling between time ¢y and time ¢ we
have

P(o¢ #0,0n0,dt]) < py + P(F(dy,d"t,t —ty)) + sup P (X(wi_ty)>0).
w€eLOg
Since dy — d*t > vt/2 — 2vA > UA > v(t — tn), we have that P(F(dy,d*t,t —ty)) < e ¢
and we obtained the announced convergence.

The fact that the set of probability measures on 2 is compact gives us the existence
of invariant measures. The uniqueness and convergence starting from any 7 measure on
LOg comes from (6.1) and we conclude the proof of Theorem 2.1. O

7 Limit Theorems

7.1 Moments and covariances

Thanks to Theorem 2.1 we can study the increments of the front. We consider
o € LOy. For n € IN, we introduce the following increments

gn = X(Un) - X(Un—l)a

so that, for ¢t > 0,
L]
X(0) =Y &+ X(o) — X (o)
n=1

In order to prove a law of large numbers and a central limit theorem, we want to control
the moments (Lemma 7.1) and the covariances (Lemma 7.4) of these front increments.
Lemma 7.3 proves the convergence of E,[¢,,] to IE, [¢1], which leads to the fact that the
covariance between ¢; and ¢,, decays fast enough.

Lemma 7.1. For f : N — R such that e~ |*I f(x)? € L' we have

sup E, [f(&1)?] = c(f) < <. (7.1)
o€LOg

Remark 7.2. Consequently, we have the same result for E,[f(£,)?], for the expectation
under v and for the covariances between increments.
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Proof. The result follows from the finite speed of propagation. Indeed, by Lemma 2.6 we
have that, for 0 € LOg and |z| > ©

P, (& =z) < P(F(0,2,1)) < e 7.
Then, for every o € LO,, we have

Eo [£(61)°] < max f(2)” + > f@)Py(& =)

x| <v
|z|>7
< e(f) < oo
The right bound does not depend on o, so we obtain the announced result. O

Lemma 7.3. There exists vy > 0 such that for f : N — R with e~ I*I f(2)? € L?,

—ye(lor )1/

sup |Eq [f(€n)] — By [f(€)]] < C(f)e

og€LOg

Proof. We use the Markov property at time n — 1 to write

F(6)] = / ds_1 (') Eo [F(61)].

where u¢ is the distribution of the configuration at time ¢ starting from o. Let ®;(0”) be
the configuration equal to 0x (.0’ on [0,d*t] and equal to 1 elsewhere (we recall that d*
is a quantity defined in Theorem 2.1). Under the basic coupling (denoted by £ in the
following computations), the front of the configuration after a time 0 starting with o’
is different from the one starting with ®,(¢’) only if the event F(0,d*t,§) occurs. So,
denoting by X and X the first increments starting respectively from configurations o’
and ®,,_(0’), we have that

By [£(€0)] ~ B, o [£(€0)] = € [(/(X) = F(%)) Ty i5]

< % (700 = 720) ] e [1s]

< 2\/ sup Eq [£(€1)2)/P(F(0,d"(n — 1),9)).

oeLOg

Therefore, if n — 1 > I,

sup / g1 (0") (Bor [£(€)] = B, (o) [£(61)]) <2e-““’%”¢ sup B, [f(£1)%):

o€ L0y g€ LOg

Similarly (taking the expectation w.r.t. v), we have that

£(€0)] / dv(0')Ee, [f(&)]ﬂe‘d*(g”\/sup E, [f(£1)?).

€LOg

Besides, we can write that

| / Ay (0B, (o) L (0)] — / (o) Eq, (o LF(ED)]]
1/2

<2 \/02%% B 7€)% sup 1171 = Vil g u-y

EJP 24 (2019), paper 1. http://www.imstat.org/ejp/
Page 21/32


http://dx.doi.org/10.1214/18-EJP246
http://www.imstat.org/ejp/

FA-1f front evolution

Finally, putting everything together

sup |Eo [f(&n)] — By [f(&1)] ‘ < 2+/c(f) (46_ 4" (n=1) + sup ||,uz,1 - 1/||Eo/i*(n_1)]> )
o€ LOg oeLOg ’

Applying Theorem 2.1 we obtain the desired control. O

Lemma 7.4. There exists v > 0 such that, for f : IN — R, e~ 1l f(2)? € L' and j < n two
positive integers,
og(n—3j 1/4
1. sup | Covy [£(&). f(€)]| < C(He ™,
o€ LOg
and the same holds for the covariance under v;
2. forj > 2 (n—j),

1/4

sup | Covy [f(&5), f(&n)] — Covy, [f(€1), f(&n—js1)] | < C(fye—e"?

oc€LOg

Proof. Let j <nand o € LOy.

1. The idea is the following one: if the difference between j and n is large enough
then ¢; and ¢, are almost independent. Let (F;);cw be the filtration associated with
the random variables (§;),en. Using the Markov property and Cauchy-Schwarz
inequality we have that

’ Cov, [f(fj f(&n)] ’ = | Cov, [f (fj),Eg [f(gn)l}—JH ’
= | Cove [f(&), Bo, [f (€n-i)] — By [1] |

<2\/E, | «sj\/ F(Enmp) ~ B f61])].

Then, we apply Lemma 7.3 and we obtain the first point:

yelloa(n—i)t/4
ap oy 160 61| =0 ("),

o€LOyg

which is relevant if n — j is large. Combining this with Lemma 7.3 yields the result
for the covariance under v.

2. If n — j is not large but j (and n) are, we are looking at the process after large
times so the configurations seen from the front are close to configurations sampled
by v. We can use the same trick as in the proof of the previous lemma, replacing
the expectations by the covariances to obtain the second point. Indeed, we have

Cove [f(&5), f(&n)] = Covy [f (1), f(En—j41)]
- Ea [f(é-])f(&-n)] - EV [f(gl)f(gnfjJrl)]
- (]EO' [f(gj)] EU [f(gn)] - ]El/ [f(fl)] ]El/ [f(fnfjJrl)] )

Using the Markov property at time ¢;_,, finite speed propagation under the hypoth-
esis d*(j — 1) > (n — j + 1) and Theorem 2.1, we can show that

|Ea' [f(fg)f(gn)] -E, [f(fl) (&n J+1)] | _ ( _,Ye(logj)l/4) .

We conclude using Lemma 7.3 which says that

_ellogit/4
Eo [£(&)] = Eu [f(&)] | = O(e™
yelorm)t/4
and [Eq [f(&n)] = Ey [f (§n—j+1)] [ = O(e™ )- m
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The second point in the previous lemma can be generalized in the following way:.

Lemma 7.5. For any k,n € IN such that d*(k — 1) > vn and any bounded function
F:R"— R
_e(log )1/4
sup [Ex [F(Es- )] ~ B [F(€1 - 60)] [ = O (IFe™e™ ).

g€LOg
Proof. We apply again the method we used for Lemma 7.3. Applying Markov property
at time t_; we have Eq [F (&, ..., &pgn—1)] = [dug_ (0")Eo [F(&1,...,&n)]. We use the
same notation ®;(o) for the configuration equal to x (o on [0,d*t] and equal to 1
elsewhere; then

|E0’ [F(gla s 7£n)] _Eék,l(o’) [F(&, cee ,571)] |
< 2\/ sup Eo [F(&1, ..., &)2VP(EO,d*(k — 1),n))

o€LOg

d* (k—1)

<2||F|lwe™ = ifd*(k—1) > wn.

Therefore,

|/du‘,§71(0')E¢k71(0/) [F(&1,. .., 60)] —/du(o/)Eq)kil(g/) [F(&1,--,60)] |
. 1/2
< 2Floe sup iy = ¥ lig 4oy

Finally, putting everything together and applying Theorem 2.1, we obtain the announced
result. O

7.2 Law of large numbers and central limit theorem

Proof of Theorem 2.3. We first proove (2.3). We take inspiration from the proof of
the law of large numbers of [GK11]. Let S, = S, & where & = & — E, [§] and
Var,[{;] < E, [¢?] < ¢ by Lemma 7.1. First we compute the variance of 2=:

Var, ﬁiﬂ = ;g\/ara [EJ + ;;Covg {éj,ék} .

The first sum is dominated by cn. We control the second one thanks to Lemma 7.4.

n k—1 n k—1

Z Z Cov, [gjv gk} < Z Z C'e_’ye(log(kfj))l/4
k=1 j=1 k=1 j=1
<n i C’eﬂe(log])wL .
=1

So, Var, [%] < % Applying Chebychev Inequality and Borel-Cantelli Lemma, we
deduce that Sn—f converges a.s. To prove the convergence of the complete sequence,

we need to control Var, {% - S—"} with p = p(n) = [v/n]? It is easy to check that

n

n —p < 24/n < p for n large enough. We introduce the following quantity
Dpp="E6pr1+... +En.
We have that

1 1 1
Var, [Sp - Sn} = Var, {( - ) Sp — Dnyp]
D D n

n n
11\’ 1 1 1)1
= (p — n) Varg [Sp] —+ ﬁ Varo- [DTL,p] — 2 (p — n> ﬁ COVO- [Sp, DTL,p] .
EJP 24 (2019), paper 1. http://www.imstat.org/ejp/
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The two first terms are dominated by M < Li%. Using the same computations as

above, we have that

P n
Cov,[Sp, Dn ] = Z Z Covy [, &5] < Cp.
i=1 j=p+

This yields

Var,, & — & < s ,
P n | = n3/2
and by the same arguments as previously, ”(“‘)) — S—" converges almost surely to 0, as

well as S‘E“‘)) We deduce that almost surely, = Sa converges to 0. Moreover, by Lemma 7.3,

711 Zz:l E,[¢;] is the Cesaro mean of a convergent sequence. It is also clear (e.g. by finite

speed of propagation) that %

and conclude, we observe that

converges a.s. to 0. To identify the limit in (2.3)

d o

2, [X(o0)] = - if (5(1) = 0) — q,
which converges to the announced velocity.

To prove (2.4), we apply Theorem A.1 with ®(k) = exp(— exp((logk)*/*)), ¢* = £ and

v the measure from Theorem 2.1. The required hypotheses were proved in Subsection 7.1.

O

Appendix A A central limit theorem

The following result is a general version of the central limit proved in [GLM15], which
was based on a Bolthausen result [Bol82], itself inspired by Stein’s method. It gives a
central limit theorem for random variables with some mixing conditions but without
stationarity hypotheses.

Theorem A.1. Let (o) be a Markov process and (F;) the adapted filtration. Let (X;);>1
be real random variables satisfying the following hypotheses:

1. (a) supsup E,[X2] < oo;
o nelN
(b) for exeferyi > 1, X; is measurable w.r.t. F;;
(c) forevery k,n > 1, f: R™ — R measurable such that sup, E,[f(X1,...,X,)] <
oo, for all initial o, we have the Markov property
EO’[f(Xk7 R 7Xk?+n—1) ‘ ]:k—l] = E0k71 [f(Xla s 7X7l)]7 (Al)

2. There exist a decreasing function ®, constants C,c* > 1 and v € R and a measure

v such that
(@) lim e=™’®(n) = 0;
n— o0
(b) foreveryi>1, E, [X;] =v;
(c) foreveryk, f : R — R s.t. e~ 1?l f(z) € LY(R),

sup [Eq [f(Xk)] — E,[f(X3)]] < CO(k); (A.2)
(d) for every k,n such that k>c*n,

sup | Ey [ X Xiin] — Eu [ X1 X0 41]|< CO(k); (A.3)
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(e) for every k,n such that k > c*n and any bounded function F : R™ — R
sup |Eg [F(Xk, ..., Xpgn—1)] — Ey [F(X1,...,X0)] | < CO|F||®(k). (A4)

Then, there exists s > 0 such that

Zi:lX vn L N(O s )

Lemma A.2. The hypotheses of Theorem A.1 imply that there exists C' > 0 such that
for everyi < j,

sup [Covy[X;, X;]| < C'®(j —9), (A.5)
Cov, [X;, Xj]| < C'®(j — ), (A.6)
sup |COVU[XZ',X]'] — COVV[Xlan—i+1]| S C,(I)(Z/C*) A (I)(] - Z) (A7)

Proof. On the one hand, by Hypothesis (1b) and the Markov property, we have
Cove X, X;] = Eo [X; (Eo, [X;—i] — Eo[X;])]
=0(®(j —1)),

where the last equality comes from (A.2) applied twice to f(z) = = and Hypothesis (1a).
The same strategy also shows Cov, [ X1, X;_;y1] = O(®(j —1)).
On the other hand, ifi > ¢*(j — i + 1), we can apply (A.3) and again (A.2) to get

COVU[XZ‘,XJ‘] = COVV[Xl,Xj,Z‘Jrl] + O((I)(Z)) O
Proof of Theorem A.1. We begin by showing that
lim — Varg ZX = Var,[X;] + 2 Z Cov, [X1, X}] =: 52 < c0. (A.8)
n—oo N
i=1 k=2

We have s? < oo by (A.6). Moreover, by (A.2) applied to f(x) = 22,

—ZVarU ]=2 S (Van, [X] 4 O(2(3))) = Var, [X1] + O(1/n).

i=1
Similarly, by (A.7),

1

% > Covo[Xi, X;] = -~ D (Covy[X1, X i) + O(B(i/c.)@(j — i)

1<j<n i<j<n

oo
= Cov, [X1, Xx] + o(1),
k=2
which concludes the proof of (A.8).

The proof then depends on the value of s?: if s> = 0, Chebychev’s inequality shows
that w — 0 in probability.

If s2 > 0, the proof appeals to the variation of Stein’s method found in [Bol82]. For
every i, let Y; = X; — v. In particular for every i, E,[Y;] = 0. First, we prove the result
for random variables Y; bounded by Cy and satisfying the hypotheses of the theorem.
Let ¢, = n'/3 and

Sn=> Yi, Sjm= Lj_jj<, Vs and oy = ZIE V8]
k=1

k=1

The theorem’s hypotheses and the boundedness of the Y;’s imply that there exists C’
such that
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1. Forevery i < j < k < we have that

sup | Cov, [Y;Y;, YViYi] |< C'®(k — ) if (k — §) > ¢* (1 — k). (A.9)

2. For every ¢ < j < k <[ we have that
sup | Cov, VY3, Y; Y] |[< C'®(1 — k), (A.10)

sup | Cov, [V;Y7,Y;Y;] |[< C'®(1 — k). (A.11)

We just give details for the first item. We have that

Covy [¥;Y;, YyYi] = Covy [YiV, B, [YiosVig] — By [V Yiogia] ]
<205 sup [Eor [Yi—;Yi—j] = By [Y1Yi-ppa]|

and we conclude using hypothesis (A.3). The others cases are obtained applying the
Markov property at time k£ and hypothesis (A.2).
Thanks to (A.5), we have that

|Varg[Sn]—an\:’ Z Cov,Y;, Y;]— Z E,| Y]

[i—j]>£n li—j|<tn

= 0(n*®(L,) + 1) = O(1);

S0 oy, = Var,[S,](1 + o(1)) and it is enough to prove tha
The main idea is to use a lemma from [Bol82], itself 1nsp1red from Stein method
which is the following one.

Lemma A.3 (Lemma 2 in [Bol82]). Let (v, )new be a sequence of probability measures in
R with

(a) sup/|z|21/n(dx) < 00

(b) lim [ (iX — )™ v, (dx) = 0 for all A € R.

n— oo

Then the sequence (v,,) converges to the standard normal law.

The proof can be found in [Bol82]. We want to apply this lemma to the distributions

Von
applied at time %k and the boundedness of the Y;'s, E, [V} Y;] = O(®(j—k)). The verification
of item (a) follows.
.\ Sn
We now need to check item (b). Let A € R and A4,, = (i)\ — f;?) e 7am . To prove

that E, [A,] goes to 0 we part A, in three terms:

of the random variables ( Sn ) . By (A.2) applied to f(z) = z, the Markov property
neN

TN
AW = eV 1——2)’57, ,
J=1

1 .\ Sn i\ Sin S
(2 - - ryen 1~ e UEn — i\ 200
A = ane jEZl Y; (1 e i an) ,

]_ n ,)\Sn* RS
A = —= 3 Yae
(679 =
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The decaying of the two first terms come easily from the estimates on the covariances.

n

2 1 & A2 2
E, “A;U‘ } = N Vary | — 3"V | = 25 Y Cove [Yiin, ;S5

ij=1

2 n
:%Z Z Cov, [YiYy, YY)

nig=l kilk—i|<t,
L1—j]<e,

If |i — j| > (¢*+2)¢,, thenwlogi<k<j<land (j—k)>c¥, >c*(l—j); so
applying (A.9), we have that

Cov, [YiY3,Y;Y] = O(®(j — k)).
If we are not in the previous case then w.l.o.g i < k < j < [) and applying (A.10) then
| Cove [Yi Y, Y;Yi] | = O(®(1 — 7).

Consequently,

B, UAS)H <C

A2 . >
- <n3 Z ®(m) + néi Z (I)(m)) =o(1).

n m=~£y m=0

Using the Taylor expansion of the exponential and the fact that E,[S?,] = O(¢,,) thanks

J.n

to (A.5), we easily control the term A$? ):
C\? C)\2 C’y Y4
E, [|A<2>|] Z]E Yoty =02 =o(1).
" \/ n On

To study E[A(S)] Bolthausen uses the stationarity of the field but we do not have this
property here. We need to analyse carefully this term as it is done in [GLM15]. First,
using the boundedness of the variables (Y;) and the fact than /,, < ,/a;,, we just need to
prove that

Y5l - ===

lim
n—oo an

ZE {Ye”‘ ] -0, VA €R. (A.12)
The usefulness of considering the sum from /,, instead of 0 will appear later. We fix M a

number (which will eventually depend on n) and we develop the exponential in two parts
(its partial sum and its remainder):

M _ Jin
ix3n—Sim M M . Tj’n()\) B Z m! ( Vo )
s 75 Z ( (STL Sj7n)
vl m! NG

o] = = 3 3 4 () E (T W)

n

j=L, m=0 1<i<n
[i—j]>£n
M . m m
1 « 1 ( i )
= — E, |Y; Yi.
Van Z 2_:0 mb \ Van 2 Y U *
J=tn m= ityyim €T k=1
where T](m) = {(ih v 7Zm) € {17 cee n}m such that Vk7 |Zk - ]‘ > En}
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Lemma A.4. Ifm < %, then for any j € {{,,...,n} and any (i1, ...,in) € 7'](7"),
E, |Y; [] Vi | = O 0(22)),
k=1
log C
where Cf, = 71§)gc§,

Proof. Let m < w15y, j € {fn, .., n} and (ix,. .., in) such that Vk, [ir — j| > £,. We
have several cases

1. if i,, < j — ¥, applying Markov property at time i,, and hypothesis (A.2), we have
that

m—1

Y [Tva Hl B, Y5, ]]
k=1

2. if there exists b < m—1such thati, < j—4, < j < j+¥, < ip+1 then we distinguish
two cases:

E, =-O(CPD(j —iy)) =0(n"¥ B(L,)).

(@) If, forall k > b+2, ip —ix_1 < ()" F/Z, (with ¢/ = ¢*+1) then ¢* (i, —ips1) <
L+ +- -+ ()3, < ()2 <l, < ipp1 — j. So, using Markov
property at time j and hypothesis (A.4), we have that

m
Y; H Y; H 1b+1 =J- Kwn_j]]
k=1

Y; H Y; (Eu [Yl cen Yim—ibﬂ]

+0 (C “’“)@(ibﬂ - j)) )
= O(ncy(b(gn))a

Es

:]Eo_

where the last equality comes from the first case where all the indices are
smaller that j — £,,.

(b) Else, we denote by k* = max{k > b+ 1 :ixr1 > i + (¢)"*1/Z,}. Then
Him — k1) S L+ 4+ () 72) < ()R, < gy — e
Applying Markov property at time ¢~

Y; [ Y Y, HY;k
k=1

If all the indices between b + 1 and £* satisfy (2a) then we are reduced to the
previous case. If not, we iterate until we are reduced to the previous case or
to the first case (all indices smaller than j — ¢,,).

]Ecr 1/ szmfzk*Jrl]"_O (C;/nq)(ik*+l_ik*))) .

3. If iy > j + £,, then we do the same computation as in the previous case with b = 0

and we conclude using that E,[Y;] = O(®(j)) = O(®(¢,)) because j > £,,. O
We choose M = %, we use Lemma A.4 and thanks to the hypotheses (2a) on

® we get that, for every A € R,

n

Z ;T (V)] g\/;.n BT OO B((,)) - e = o(1).
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We now have to understand the contribution of ijn()\) to (A.12). We fix L a number
(which will eventually depend on n).

o _ i (i)\ m/S 8. m
L= B0+ R0 = 3o O ()

m=M-+1 m! \/7 \/Tin SL}
= GEN™ —Sin

+ 3 () ey
m=M-+1

Using classical formulas on the remainder of the exponential series (and Cauchy-Schwarz
inequality for the second inequality), we obtain that

1 < . n A[M+1pM+1
N S E, {YjR%L(A)} < ——-Cy- HTeWR (A.13)
" j=tn v :
1 i M n 2| 1Sn—5;,171/2 S, — Sj . 1/2
R. < . . Jan o Egn )
mj:[ Es [YJRJ,TL()‘)} > m Cy mji?«XEa |:€ P, ‘ o |>L

(A.14)

The right-hand side of (A.13) will be taken care of by an appropriate choice of L. The
right-hand side of (A.14) calls for a better understanding of S;, and S; ,,.

Lemma A.5. There exists ¢ > 0 such that for any n large enough and any 3 = O(y/nl; '),
E, [ B‘x/s%] < 2e7”.

Proof. For A C {1,...,n},let Z4 =, , Yi. It is immediate that |Z4| < Cy|A|.

We partition the interval {1,...,n} into blocks B of ¢,, successive integers. Let B be
a block such that the smaller index sp of B is larger than ¢*¢,,. Lett € {0,--- ,sp — ¢, }.
We can apply hypothesis (A.4) with the function F : (z1,...,2¢,) — exp(M\W)
(and the parameter k = sg — t > ¢*{,):

o ()17 -5 o (25

_E, [exp (Bﬁ)] O Flla®(s — 1)

_, [exp (5 \/g )] + O(exp(BCy tun=/2)(1,)

where Zp_,; designates the sum of /,, variables starting from sp — ¢t. Furthermore, we

have that
B, exp (B22\| g, [14 222+ B2 | o (8222
v p \/ﬁ - v \/ﬁ 2n n3/2

1+ 5 23] + 0 (B*tun™*E, [73])
m v B n v B .

Equation (A.5) tells us that E,[Z%] = O(¢,,) so

E, {exp (5\/5) |ft} <l+c 52;5 (A.15)

Now we consider BB (and Sz the associate sum) a set of blocks such that the distance
between two blocks B and B’ of B is larger than c*/,,; in other words, if ¢ 5 is the maximal
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index in B and sp is the minimal one in B’ then sp, — tg > ¢*¢,,. Let B and B’ be two
such blocks of B. Markov property and Equation (A.15) (with ¢ = ¢tz) implies that

£, [oo (2220Y] o (222}, [oxn (2222 17,
<E, {eXp (5\%” <1+66;&1)'

By definition of B we clearly have that [B| < ;* so after iteration, we conclude that

1B
E, [exp (Bj%)} < (1 + cﬁjfn> < exp (Cﬁsjnn) < exp(cB?).

Let us go back to the whole sum S,; we can write S, = Zp + S, + ...+ 5p,.., where the
B; are disjoint sets of blocks with the same property as 5 and Z; is the sum of the ¢*¢,

first terms. By Holder’s inequality, we have that
[c*] 17\ /1"
Sn BZO SB: 11 2
Ey |exp <ﬁ)] < E, [eXp ( Ey |exp | B—= < exp(c’B7)

where we use that E, [exp (L\/Zﬁﬂ <1+ % We could proceed similarly to control
Sn="5jn
E, {exp (—6%)} and finally E, [exp (5%)} .

So, if L = O(y/nf,;!) then we can apply Lemma A.5 with 3 = ¢L (with ¢ small enough)
and use the exponential Chebychev inequality to obtain that

Sn = Sjn —eL? Sn = Sjn —e'L?
P, (‘an‘ >L> <e E, {exp (ﬁ‘an <e . (A.16)
We recall that we have previously chosen M = %. Now we choose

I logn
~ Tlog(c* +1) - (10 A (JA| +2))

and we use Lemma A.5 and Equation (A.16) in Equation (A.14) to conclude that

n

.1 Mo
Jm, e 2 B MR (] =0

Putting everything together we conclude the proof for bounded random variables Y;.
We use a classical truncation argument to prove the result for non bounded random
variables: let TV (z) be the truncation operator and RY () the remainder:

TV (2) = max{min{z, N}, -N}
RN(z) =2 —TN(2).

Thanks to (A.5) we have that
n 2

> (RY(Y) — E, [RY(V)]) Lo
= =~ >~ Covy [RN(¥), RV (Y))]

NG

converges to 0 as N goes to oo uniformly in n. Using moreover that Var, [RY (Y;)] — 0
as N goes to infty, uniformly in ¢, we can conclude that the central limit theorem is still
valid for the unbounded variables. O
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Appendix B Contact process estimates

In the classical contact process introduced by Harris in [Har74] (with the convention
chosen in section 2.2), zeros flip to ones at rate 1 without any constraint, ones flip to
zeros at rate A > 0 if there is exactly one nearest neighbor zero and at rate 2\ if the two
nearest neighbors are zeros. Let (1) be such a contact process starting from a non
empty finite set A of infected particles, that is, the particles in the set A have value 0 and
the other ones have value 1. We define 74 = inf{t > 0 : n{* = 1} its extinction time and
we denote by X (n{') the position of leftmost 0, i.e. the leftmost infected point, at time ¢.

In [DG83] we can find the following estimates:

Theorem B.1 (Durrett-Griffeath, 1983). For the contact process with infection rate \,

there exists . € (0,00) such that for A > \. the followings hold. Firstly, there exist C;
and Cy such that for A non empty finite set and t > 0

P(r4 =o0) >0 (B.1)
P(r4 < 00) < Cre~C214 (B.2)
P(t < 7% < 00) < Cre™ 2 (B.3)

Secondly, there exists v., such that for every a < v.p, t > 0 and |z| < vcpt
P(X(n;) > —at|r1" = 00) < Cre” ! (B.4)
P(n{® (z) # nf(2)|71 = 00) < Cre=@", (B.5)
From this theorem, we derive the following estimate (used in the proof of Corol-
lary 4.3).
Corollary B.2. For the threshold contact process defined in paragraph 2.2, if ¢ > q :=

li’;f\c the following holds. For everyt > 0 and ! € N, if I, is a subset of [—uv,t, vcpt] with

size | (where v, is the constant given by Theorem B.1) then there exist C's, Cy such that

P (Vm € Il,n,g{o}(x) = 1\7{0} = oo) < Cge~ Gt (B.6)

Proof. By obvious monotonicity between threshold contact process and contact process
(taking A = %) it is enough to prove the result for the contact process with parameter /2,
which satisfies \/2 > A\.. Lett > 0, [ € IN and I; a set of size I. Using duality and (B.2)
we can obtain:

P (Vo € I;,n’(z) = 1) < Cre” L (B.7)
If I; is included in [—vept, vept] then, using (B.5) and (B.7), we have that
P (V:c S n,s{o}(:r) = 1|71 = oo)
<P (Vx el :nt(x) =171% = oo) +P (EIJ: el nt{o}(x) # ntZ(x)|T{0} = oo)

< C’lefczl + 2v(;pt016702t
S 03670475/\[. O
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