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Abstract. We propose a new definition of the interface in the context of the Bernoulli percolation
model. We construct a coupling between two percolation configurations, one which is a standard
percolation configuration, and one which is a percolation configuration conditioned on a disconnec-
tion event. We define the interface as the random set of the edges where these two configurations
differ. We prove that, inside a cubic box A, the interface between the top and the bottom of the
box is typically localised within a distance of order (In|A[)? of the set of the pivotal edges.

1. Introduction

At the macroscopic level, the interface between two pure phases seems to be deterministic. In
fact, such an interface obeys a minimal action principle: it minimizes the surface tension between
the two phases and it is close to the solution of a variational problem. This can be seen as an
empirical law, derived from the observation at the macroscopic level. This law has been justified
from a microscopic point of view in the context of the Ising model by Dobrushin, Kotecky and
Shlosman (see Dobrushin et al.,; 1992). One starts with a simple model of particles located on a
discrete lattice. There are two types of particles, which have a slight tendency to repel each other.
In the limit where the number of particles tends to oo, at low temperatures, the system presents a
phenomenon of phase segregation, with the formation of interfaces between two pure phases. On a
suitable scale, these interfaces converge towards deterministic shapes, a prominent example being
the Wulff crystal of the Ising model, which is the typical shape of the Ising droplets. Although the
limit is deterministic on the macroscopic level, the interfaces are intrinsically random objects and
their structure is extremely complex. In two dimensions, the fluctuations of the Ising interfaces were
precisely analysed in the DKS theory, with the help of cluster expansions in Dobrushin and Hryniv
(1997); Dobrushin et al. (1992). A non—perturbative analysis of Ising interfaces was subsequently
developed, using completely different techniques, see loffe (1994, 1995); loffe and Schonmann (1998);
Greenberg and Joffe (2005); Campanino et al. (2003).
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In higher dimensions, there is essentially one result on the fluctuations of the interfaces, due to
Dobrushin (1972), which says that horizontal interfaces stay localised at low temperatures. When
dealing with interfaces in the Ising model, the first difficulty is to get a proper definition of the
interface itself. The usual way is to start with the Dobrushin type boundary conditions, that
is a box with pluses on its upper half boundary and minuses on its lower half boundary. This
automatically creates an Ising configuration in the box with a microscopic interface between the
pluses and the minuses which separates the upper half and the lower half of the box. Yet it is
still not obvious how one should define the interface in this case, because several such microscopic
interfaces exist, and a lot of different choices are possible. Dobrushin, Kotecky and Shlosman (see
Dobrushin et al.; 1992) introduced a splitting rule between contours, which leads to pick up one
particular microscopic interface. The potential problem with this approach is that the outcome is
likely to include microscopic interfaces which are not necessarily relevant, for instance interfaces
between opposite signs which would have been present anyway, and which are not induced by the
Dobrushin boundary conditions. Ultimately, we would like to have a definition of the interface
which is not limited to low temperatures and which allows to derive results until the critical point.

Our goal here is to propose a new way to look at the random interfaces, in any dimension d > 2.
We start our investigation in the framework of the Bernoulli percolation model, for several reasons.
First, the probabilistic structure of the percolation model is simpler than the one of the Ising model.
Another reason is that the Wulff Theorem in dimensions three was first derived for the percolation
model (see Cerf, 2000) and then extended to the Ising model in Bodineau (1999); Cerf and Pisztora
(2000). A key fact was that the definition of the surface tension is much simpler for the percolation
model than for the Ising model. This leads naturally to hope that the probabilistic structure of the
interfaces should be easier to apprehend as well in the percolation model. Finally, in the context of
percolation, one sees directly which edges are essential or not in an interface: these are the pivotal
edges. There is no corresponding notion in the Ising model. For all these reasons, it seems wise
to try to develop a probabilistic description of random interfaces in the framework of Bernoulli
percolation.

In this paper, we consider the Bernoulli bond percolation model with a parameter p close to 1.
Interfaces in a cubic box A are naturally created when the configuration is conditioned on the event
that the top side T and the bottom side B of the box are disconnected. From now onwards, this
event is denoted by

{T <+~ B}.
Our goal is to gain some understanding on the typical configurations realizing such a disconnection
event. To do so, we build a coupling between two percolation configurations X, Y in the box A such
that:
e The edges in X are i.i.d., open with probability p and closed with probability 1 — p.
e The distribution of Y is the distribution of the Bernoulli percolation conditioned on { T+~ B }
e Every edge open in Y is also open in X.
We define then the random interface between the top side T and the bottom side B of the box A
as the random set Z of the edges where X and Y differ:

Z ={ecCA:X(e)is open, Y(e) is closed } .

Among these edges, some are essential for the disconnection between T and B to occur. These
edges are called pivotal and they are denoted by P:

P_decT: the opening of e in Y would create
a " an open connection between T and B

When conditioning on the disconnection between T and B, a lot of pivotal edges are created. Yet
another collection of edges which are not essential for the disconnection event turn out to be closed
as well. Therefore it becomes extremely difficult to understand the effect of the conditioning on
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the distribution by looking at the conditioned probability measure alone. This is why we build a
coupling and we define the interface as the set of the edges where the two percolation configurations
differ. The set P of the pivotal edges can be detected by a direct inspection of the conditioned
configuration, but not the interface Z. Our main result provides a quantitative control on the
interface Z with respect to the set P of the pivotal edges. We denote by 1, the coupling probability
measure between the configurations X and Y. The precise construction of y, is done in Section 2.
We denote by d the usual Euclidean distance on R%, by A a cubic box with sides parallel to the axis
of Z¢, and by |A| the cardinality of A N Z<.

Theorem 1.1. There exists p < 1 and k > 0, such that, for p > p, any ¢ = 1 and any box A
satisfying |A| > max {(cd)CdQ, 36d},

1
up(ae €PUTL,d(e,AUP\ {e}) > kc?In? \A]) <GF
The typical picture which emerges from Theorem 1.1 is the following. In the configuration condi-

tioned on the event {T < B }, there is a set P of pivotal edges. These are the edges having
one extremity connected by an open path to the top T" and the other extremity connected by an
open path to the bottom B. Because of the conditioning, compared to the i.i.d. configuration,
some additional edges are closed, but they are typically within a distance of order (In|A[)? of the
set P of the pivotal edges. The edges which are further away from P behave as in the ordinary
unconditioned percolation. Therefore the interface Z is strongly localised around the set P of the
pivotal edges. The interface is a dust of closed edges pinned around the pivotal edges.

Our next endeavour was to obtain a conditional version of Theorem 1.1. More precisely, we would
like to estimate the conditional probability

,u,,(e ePUT ‘ d(e, P\ {e}) = k(In |A\)2> :

We did not really succeed so far, however we are able to control the interface conditionally on the
distance to a cut. Before stating our result, let us recall the definition of a cut.

Definition 1.2. A set S of edges separates the top T and the bottom B in A if every deterministic
path of edges from T to B in A intersects S. A cut C between T and B in A is a set of edges which
separates T and B in A and which is minimal for the inclusion.

A cut C is closed in the configuration Y if all the edges of C' are closed in Y. We denote by C the
collection of the closed cuts present in Y. Since Y realizes the event {T <~ B }, the collection C
is not empty.

Theorem 1.3. We have the following inequality:

<1 Ie>0 Vp=p Ve=2 VYA In|A| >4+ c+2dc® + 12(2kd)?
Ve e A d(e,A°) > kc?In? |A|

L (e € I‘ 3C € C,d(e,C) = rc®1In? \A|) < |A1|C

Let us explain briefly how we build the coupling probability measure y,, as well as the strategy
for proving Theorem 1.1. Conditioning on the event {T B } creates non trivial correlations
between the edges, and there is no simple tractable formula giving for instance the conditional
distribution of a finite set of edges. Yet a standard application of the FKG inequality yields that,
for any increasing event A, we have

P,(A|T <+ B) < PBy(A).
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Thus the product measure P, stochastically dominates the conditional measure Pp(- | T ¢+ B).
Strassen’s Theorem tells us that there exists a monotone coupling between these two probability
measures. In order to derive quantitative estimates on the differences between the coupled con-
figurations, we build our coupling measure as the invariant measure of a dynamical process. This
method of coupling is standard, for instance it is used in the proof of Holley inequality (see Chap-
ter 2 of Grimmett, 1995). Our contribution is to study some specific properties of this coupling in
the context of percolation, and to relate it to the geometry of the interfaces. To do so, we consider
the classical dynamical percolation process in the box A, see Steif (2009). Since we always work
in a finite box, we use the following discrete time version. We start with an initial configuration
Xo. At each step, we choose one edge uniformly at random, and we update its state with a coin of
parameter p. Of course all the random choices are independent. The resulting process is denoted
by (Xt)ten. Obviously the invariant probability measure of (X3)en is the product measure P, and
the process (X¢)sen is reversible with respect to P,. Next, we duplicate the initial configuration X,
thereby getting a second configuration Yy. We use the same random variables as before to update
this second configuration, with one essential difference. In the second configuration, we prohibit the
opening of an edge if this opening creates a connection between the top 1" and the bottom B. This
mechanism ensures that Xy is always above Y;. Moreover, a classical result on reversible Markov
chains ensures that the invariant probability measure of the process (Y;)ien is the conditional prob-
ability measure Pp(- ’ T <> B). Our coupling probability measure p, is defined as the invariant
probability measure of the process (X¢, Y;)ien. In the case of the Ising model, where one has access
to an explicit formula for the equilibrium measure, one usually derives results on the dynamics
(for instance the Glauber dynamics) from results on the Ising Gibbs measure. We go here in the
reverse direction: we use our dynamical construction to derive results on the equilibrium measure
ip. Along the way, we obtain several results on the evolution of the pivotal edges in the dynamical
percolation process, which are of independent interest, and which do not rely on equilibrium results
(see Section 4).

For the proof, we consider the stationary process (X, Y;):en starting from its equilibrium distri-
bution p,. We fix a time ¢ and we estimate the probability that the configuration (X;,Y};) realizes
the event appearing in the statement of Theorem 1.1. We distinguish the case of edges in the
interface which are pivotal or not. For pivotal edges, we shall prove the following slightly stronger
result.

Proposition 1.4. There exists p < 1 and k > 1 such that, for p > p, and for any ¢ > 1 and any
box A satisfying |A| > 35, we have

Pp(EIe € P,d(e,A°UP\ {e}) > reln|A| ‘T > B) < \/i]c

The proof of this proposition relies on the BK inequality. We consider next the case of an edge e in
the interface which is not pivotal. Such an edge e can be opened at any time in the configuration
Y. Therefore, unless it becomes pivotal again, it cannot stay for a long time in the interface. In
addition, before becoming part of the interface Z, the edge e must have been pivotal. Indeed, non—
pivotal edges in the process (Y;)en evolve exactly as in the process (X;)ien. We look backwards in
the past at the last time when the edge e was still pivotal. As said before, this time must be quite
close from t. However, at time t, it turns out that the set of the pivotal edges is quite far from e.
We conclude that the set of the pivotal edges must have moved away from e very fast. To estimate
the probability of a fast movement of the set P, we derive an estimate on the speed of the set of
the pivotal edges, which is stated in Proposition 4.1. This estimate is at the heart of the argument.
It relies on the construction of specific space—time paths, which describe how the influence of the
conditioning propagates in the box. If a space-time path travels over a long distance in a short
time, then this implies that a certain sequence of closing events has occurred, and we estimate the
corresponding probability. This estimate is delicate, because the closed space—time path can take
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advantage of the pivotal edges which remain closed thanks to the conditioning. The computation
relies again on the BK inequality, this time applied to the space—time paths.

The statement of Theorem 1.1 naturally prompts several questions. First, the results presented
here hold only for values of p sufficiently close to 1, because the proofs rely on Peierls arguments.

Question 1. Is it possible to prove an analogous result throughout the supercritical regime p > p.?

Proposition 1.4 shows that, typically, each pivotal edge is within a distance of order In |A| of another
pivotal edge. Of course, we would like to understand better the random set P.

Question 2. What else can be said about the structure of the set P?

This question is essential to understand the fluctuation of the interfaces. For p close to 1, and
for boxes whose sides are parallel to the axis, it follows from Gielis and Grimmett (2002) (which
is the percolation analog of Dobrushin’s result, see Dobrushin, 1972) that the set P is flat with
exponentially bounded local fluctuations. In this paper, we present a partial result on the speed of
the pivotal edges.

Theorem 1.5. There exists p < 1 such that for p > p, ¢ = 1 and any box A satisfying |A| > e2de

we have

7

2dcIn A 1
Pofdi ™M U m U P z2demial] < e
reft—c|AlIn At S€[t,t+c|AlIn A]

To control the distance between pivotal edges at two different times, we need to control the speed
of the pivotal edges. In order to prove Theorem 1.5, we control the speed of these edges during a
time interval of order |A|. When we study the pivotal edges on a time interval of length 2dc|A|In |A],
the previous results give us a control of the distance of order In? |A| instead of In|A|. To remove
the square, we need a new ingredient compared to the previous argument. Here we obtain a speed
estimate on a time interval of order |A|ln|A| by studying a new type of space-time path which
connects a pivotal edge at time ¢ to an edge of Ps UZ; at a time s < t. The length of this new type
of space-time paths has an exponential decay property during a time interval of order |A|In|A|. As
a drawback, we have to replace P by PUZ due to the construction of this new space-time path. As
a consequence, we can only study the distance between a pivotal edge and the union of the pivotal
edges on a time interval in the past.

Question 3. Is it possible to replace (In|A|)? by In|A| in the statement of Theorem 1.17?

Since there is no square in the logarithm appearing in Proposition 1.4, we suspect that it should also
be the case in the statement of Theorem 1.1. Ultimately, we would like to gain some understanding
on the Ising interfaces. The natural road to transfer percolation results towards the Ising model is to
use the FK percolation model. However, there are several difficulties to overcome in order to adapt
the proof to FK percolation. First, we use the BK inequality twice in the proof, and this inequality
is not available in the FK model. Second, the dynamics for the FK model is more complicated.

Question 4. Does Theorem 1.1 extend to the FK percolation model?

Suppose that the answer to question 4 is positive. It is not obvious to transcribe Theorem 1.1 in
the Ising context. For instance, the pivotal edges, which can be detected by visual inspection of a
percolation configuration, are hidden inside the associated Ising configuration.

Question 5. What is the counterpart of Theorem 1.1 for Ising interfaces?

We hope to attack successfully these questions in future works. The question 4 and 5 are tackled
in Zhou (2019).

The paper is organized as follows. In Section 2, we define precisely the model and the notations.
Beyond the classical percolation definitions, this section contains the definition of the space—time
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paths and the graphical construction of the coupling. Section 3 is devoted to the proof of Propo-
sition 1.4. In Section 4, we prove the central result on the control of the speed of the set of the
pivotal edges. Then, the Theorem 1.1 is proved in Section 5. In Section 6, we improve the results
obtained in Section 4 and we prove the Theorem 1.3 in Section 7. Then we continue our study to
prove Theorem 1.5. In Section 8, we construct the new space-time path which will be used in the
proof. In section 9, we control the distance between P; UZ; and Py for s < |A|In|A| with the help
of this space-time path. Finally, the proof of Theorem 1.5 is presented in the Section 10.

2. The model and notations

2.1. Geometric definitions. We give standard geometric definitions.

The edges E?. The set of edges E? is the set of the pairs {x,y} of points of Z? which are at
Euclidean distance 1.

The box A. We will mostly work in a closed box A centred at the origin. We denote by 7" the top
side of A and by B its bottom side.

The separating sets. Let A, B be two subsets of A. We say that a set of edges S C A separates
A and B if no connected subset of AN E?\ S intersects both A and B. Such a set S is called a
separating set for A and B. We say that a separating set is minimal if there does not exist a strict
subset of S which separates A and B.

The cuts. We say that S is a cut if S separates T' and B, and S is minimal for the inclusion.

The usual paths. We say that two edges e and f are neighbours if they have one endpoint in
common. A usual path is a sequence of edges (e, ..., e,) such that for 1 < i < n, the edge e; and
e;+1 are neighbours.

The x-paths. In order to study the cuts in any dimension d > 2, we use *-connectedness on the
edges as in Deuschel and Pisztora (1996). We consider the supremum norm on R?:

Ve = (@i aa) €RY @ o= max o
For e an edge in E¢, we denote by m, the center of the unit segment associated to e. We say that
two edges e and f of E? are s-neighbours if || me — my [|oo< 1. A *-path is a sequence of edges
(e1,...,ep) such that, for 1 <i < n, the edge e; and e;;1 are *-neighbours.

2.2. The dynamical percolation. We define the dynamical percolation and the space-time paths.

Percolation configurations. A percolation configuration in A is a map from the set of the edges
included in A to {0,1}. An edge e C A is said to be open in a configuration w if w(e) = 1 and closed
if w(e) = 0. For two subsets A, B of A and a configuration w € Q, we denote by A <+ B the event
that there is an open path between a vertex of A and a vertex of B in the configuration w.

Probability measures. We denote by P, the law of the Bernoulli bond percolation in the box A
with parameter p. The probability P, is the probability measure on the set of bond configurations
which is the product of the Bernoulli distribution (1 — p)dy + pd; over the edges included in A. We
define Pp as the probability measure P, conditioned on the event {T <~ B }, ie.,

Pp()=P,(-|T <+ B).

Probability space. Throughout the paper, we assume that all the random variables used in the
proofs are defined on the same probability space §2. For instance, this space contains the random
variables used in the graphical construction presented below, as well as the random variables gen-
erating the initial configurations of the Markov chains. We denote simply by P the probability
measure on {2.
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Graphical construction. We now present a graphical construction of the dynamical percolation
in the box A. This graphical construction is a discrete time analog of the graphical construction
introduced by Schonmann to study the Glauber dynamics of the Ising model (see Schonmann, 1994).
We build a sequence of triplets (X, Fy, By)ien, where X; is the percolation configuration in A at
time ¢, E; is a random edge in the box A and B; is a Bernoulli random variable. The sequence
(E})ten is an i.i.d. sequence of edges, with uniform distribution over the edges included in A. The
sequence (By)ien is an i.i.d. sequence of Bernoulli random variables with parameter p. The sequence
(Et)ten and (By)ien are independent. The process (Xi)ien is built iteratively as follows. At time
0, we start from the configuration X, which might be random. At time ¢, we change the state of
E; to B; and we set
thl(e) if Et 7& €

Bt if Et =€

The process (X¢)ten is the dynamical percolation process in the box A.

vt > 1 Xt(e):{

The space-time paths. We introduce the space-time paths which generalise both the usual paths
and the #-paths to the dynamical percolation. A space-time path is a sequence of pairs, called
time-edges, (e;,t;)1<i<n, such that, for 1 < i < n — 1, we have either e; = e;41, or (e;, e;+1 are
neighbours and ¢; = ¢;41). We say that a space-time path (e;,t;)1<i<pn is during a time interval [s, ¢]
if for all 1 < i < n, we have t; € [s,t]. We define also space-time *-paths, by using edges which are
x-neighbours in the above definition. For s, ¢ two integers, we define

s At =min(s,t), sVt =max(s,t).
A space-time path (e;,t;)1<i<n is open in the dynamical percolation process (X;)ien if
Vie{l,....n} X(e)=1
and
Vie{l,...,n—l} € = €iy1 —> YVt € [ti/\ti+1,ti\/ti+l] Xt(ei)zl.

In the same way, we can define a closed space-time path by changing 1 to 0 in the previous definition.
In the remaining of the article, we use the abbreviation STP to design a space-time path. Moreover,
unless otherwise specified, the closed paths (and the closed STPs) are defined with the relation x*

and the open paths (and the open STPs) are defined with the usual relation. This is because the
closed paths come from the cuts, while the open paths come from existing connexions.

2.3. The interfaces by coupling. We propose a new way of defining the interfaces by coupling two
processes of dynamical percolation. We start with the graphical construction (X, Ey, By)ien of the
dynamical percolation. We define a further process (Y;):cn as follows: at time 0, we set Xy = Yjp,
and for all ¢ > 1, we set

Yii(e) if e# E

0 if e:EtandBt:()
Ve C A Yi(e) = Y2
1 if e=FE,Bi=1andT <« B

Ey
Y,

0 if e=FE,Bi=1andT<+— B

where, for a configuration w and an edge e, the notation w® means the configuration obtained by
opening e in w. Typically, we start with a configuration Yj realizing the event { T+~ B }, but this
is not mandatory in the above definition. An illustration of this dynamics is given in the Figure 2.1.
We denote by Pp the equilibrium distribution of the process (Y;)ien. Before opening a closed edge
e at time t, we verify whether this will create a connexion between T and B. If it is the case,
the edge e stays closed in the process (Y;):eny but can be opened in the process (Xi):en, otherwise
the edge e is opened in both processes (X;)ien and (Yi)ien. On the contrary, the two processes
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t+2

t+1
FIGURE 2.1. A coupling of the process (X, Y;)ten. At time ¢+ 1 we try to open the
blue edge and at time ¢ 4+ 2, we try to open the red edge.

behave similarly for the edge closing events since we cannot create a new connexion by closing an
edge. The set of the configurations satisfying {T > B} is irreducible and the process (X¢)en
is reversible. Therefore, the process (Y;):en is the dynamical percolation conditioned to satisfy the
event { T+~ B } According to the Lemma 1.9 of Kelly (2011), the invariant probability measure
of (Y3)ten is Pp, the probability P, conditioned by the event {T +— B }, ie.,

Pp(:) = Py(-|T <+ B).
Suppose that we start from a configuration (Xo, Yy) belonging to the set
&= {(w1,wy) € {0, 1}1EdmA X {T <+ B} : Ve CA wi(e) > ws(e) }.

The set & is irreducible and aperiodic. In fact, each configuration of £ communicates with the
configuration where all edges are closed. The state space £ is finite, therefore the Markov chain
(Xt, Yi)ten admits a unique equilibrium distribution p,. We denote by P, the law of the process
(X, Yi)ten starting from a random initial configuration (Xo,Yp) with distribution p,. We now
present a definition of the interface between T" and B based on the previous coupling.

Definition 2.1. The interface at time t between T" and B, denoted by Z;, is the set of the edges in
A that differ in the configurations X; and Y;, i.e.,

Iy ={eC A: Xi(e) # Yy(e) }.

The edges of Z; are open in X; but closed in Y; and the configuration X; is above the configuration
Y:. We define next the set P, of the pivotal edges for the event {T <+ B} in the configuration Y;.

Definition 2.2. The set P, of the pivotal edges in Y; is the collection of the edges in A whose
opening would create a connection between T" and B, i.e.,

YC
Pt:{ECAZT<—t>B}.
We define finally the set C; of the cuts in Y;.
Definition 2.3. The set C; of the cuts in Y; is the collection of the cuts in A at time ¢.

3. The isolated pivotal edges

In this section, we will show the Proposition 1.4. We first investigate the structure of the set of
the cuts. In a configuration w realizing the event {T" <+ B}, we will identify two separating sets
St and S~. We construct S* by considering the open cluster

O(T):{:EEZdﬂA rx e T}
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We consider the set O(T)¢ = Z¢\ O(T). As Z%\ A is *-connected, there exists only finitely many
k-connected components of O(7)¢ and exactly one of them is of infinite size. We denote these
components by G, Hy, ..., Hi where G is the unique infinite component. We set

O/(T) =O0O(T)UHU---U Hy.

The set O'(T) is *-connected and has no holes. For a *-connected set A C Z¢, we define the external
boundary of A, denoted by 0°“A, as

86xtA:{{x,y}€Ed cxeAy¢ Al

We then define S as the subset of 9°**O’(T') consisting of the edges of 9**O’(T') which are included
in A. In a similar way, we define S~ by replacing T by B in the previous construction. Each of the
two sets contains a cut. An illustration of these two separating sets can be found in the Figure 3.2.

T

RN

B

FIGURE 3.2. The sets ST (red) and the set S~ (blue).

Lemma 3.1. The sets 0°“*O'(T) and 0°**O’'(B) are *-connected.

This result is a direct consequence of the first point in Lemma 2.1 in Deuschel and Pisztora (1996).
We also mention the Lemma 2.23 in Kesten (1986) for a similar result on the set of vertices and
a shorter argument presented in Timar (2013). We explain next the relation between the sets ST,
S~ and P.

Lemma 3.2. The set P of the pivotal edges is the intersection between ST and S—.

Proof: We have the inclusion P C ST NS~ since all the pivotal edges are in all the cuts. Both S+
and S~ contain a cut. We consider next an edge e in ST N S~. Since ST consists of the boundary
edges of O(T), there is an open path between 7" and e. The same result holds for S~. Therefore,
there is a path between T and B whose edges other than e are open. By opening e, we realise the
event {T' «— B}. In other words, the edge e is included in P. We conclude that St NS~ cP. O

We also need a combinatorial result on the *-connectedness in dimension d.
Lemma 3.3. In the d-dimensional lattice, the number of x-neighbours of an edge e is
a(d) =3+ 4(d - 1)372 — 1.

Proof: An x-neighbour edge f of e is either parallel to e or belongs to the (d — 1)-cube centred
at a vertex of e and of side-length 2 perpendicular to e. For the edges that are parallel to e, the
distance between their centres is 1 and there are 3¢ — 1 such edges. A (d — 1)-cube of side-length 2
has 2(d — 1)3972 edges. Hence there are 3¢ + 4(d — 1)3972 — 1 %-neighbours of e. O
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We now prove the Proposition 1.4. The main idea of the proof is to observe a long closed path
outside of a cut whenever a pivotal edge is isolated. We use then the BK inequality and we conclude
with the help of classical arguments of exponential decay.

Proof of Proposition 1./: Since there is a pivotal edge which is at distance more than 1 from the
others, there is a cut which contains at least one non pivotal edge. By Lemma 3.2, this cut is not
included in S~ N ST, thus there are at least two distinct cuts in the configuration. Let e be an edge
of P which is at distance at least xcln |A| from AU P \ {e}. Let €’ be the pivotal edge which is
nearest to e or one of them if there are several. By Lemma 3.1, there is a closed *-path included in
0°®*O(T) between e and ¢’. This path might exit from the box A, since 3°**O(T) is defined as the
external boundary of O'(T"), where O'(T) is seen as a subset of Z¢, not of A. However, since e is at
distance at least kcln|A| from P\ {e} and from A€, the initial portion of the closed *-path from its
origin until it has travelled a distance xcln|A] is inside the box A, it consists of closed edges which
are not pivotal, and therefore, by Lemma 3.2, it is also disjoint from the set S~. Let us denote by
E(e) the event:

£(e) = there exists a closed *-path starting at one * -neighbour of e
N which travels a distance at least kcln |A| — 2d ’

From the previous discussion, we conclude that
{eeP,dle,AUP\{e}) = keln|A| }N{T <+~ B} C €E(e)o{T < B},
where o means the disjoint occurrence. Therefore, we have the following inequality:
pp(e € P,d(e, A°UP\ {e}) > neln yA|) ( (€) o {T <rs B}).
By the definition of Pp, we have
P, (5(6) o [T ¢ B})
P(T«B)

Pp((‘:(e) o {T ¢+ B}) -

Note that the event £(e) and {T > B} are both decreasing. Applying the BK inequality
(see Grimmett, 1999), we get

Pp<e €P,de,A°UP\ {e}) > ncln|A|> P,(£(e)).

The closed #-path in the event £(e) starts at a neighbour of e and travels a distance at least
keln|A| — 2d. By this, we mean that there is an Euclidean distance at least kcln |A| — 2d from one
endpoint of the first edge of the path to one endpoint of the last edge of the path. The distance
between the centres of two #-neighbouring edges is at most d, therefore the number of edges in such
a path is at least

1
g(ncln |A| —2d —1).
We assume that [A| > 35/ and we choose x > 1, whence, for ¢ > 1,
keln|A|—2d—1> %IH‘A‘.

Hence
KC

P(ee) < (1— 22 g2

We then sum the probability over all the edges e in A. We obtain

Pp(3e € P,d(e, A°UP\ {e}) > weln|A]) < d]A| b 761 (a _p)o‘(d)>.
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We choose p < 1 such that (1 — p)a(d) < 1. There exists a k > 0 such that, for any p > p and any
¢ > 0, we have

S TAf

and we obtain the desired inequality. ]

We state now a corollary of the Proposition 1.4 which controls the distance between any cut
present in the configuration and the set P.

Corollary 3.4. There exists p < 1 and x > 1 such that, for p > p, for any constant ¢ > 1 and any
box A satisfying |A| > 359, the following inequality holds:

1
pp<ac €C,3e € C,d(e, P UA°) > kcln yA|) <GP

Proof: Let C be a cut and let e be an edge of C such that d(e, P U A) > keln|A|. There exists
a closed *-path included in C' which connects e to a pivotal edge f. Within a distance less than
keln [A| from e, there is no pivotal edge. By stopping the path at the first pivotal edge that it
encounters or at the first edge intersecting the boundary of A, we obtain a path (e, ..., e,) without
pivotal edge. Suppose that this path encounters the set S* or the set S™. Let e; be the first edge
of the path which is in ST U S™. By Lemma 3.2, the edge e; doesn’t belong to ST N .S~. Without
loss of generality, we can suppose that e; € ST\ S~. We concatenate (e1,...,e;) and a closed path
in 9°**O’(T) from e; to a pivotal edge or to an edge on the boundary of A. We obtain a closed path
disjoint from S~. We reuse the same techniques as in the proof of 1.4 and we obtain the desired
result. O

We shall also study the case where there is no pivotal edge in a configuration.
Proposition 3.5. There exists a constant p < 1, such that,
Ww2p VA Pp(P=0)<dAlexp(~D),
where D is the diameter of T (or B).

Proof: Suppose that P is empty. By Lemma 3.2, the set ST and the set S~ are then disjoint. Each
of them contains a cut. Therefore, there are two disjoint closed *-paths travelling a distance at least
|A\1/d. By the same reasoning as in the proof of Proposition 1.4, the Pp probability of this event
can be bounded by

P, (Fy closed path C A, travels a distance at least D).

Since there are at least D/d edges in such a path +, this probability is less than
D
d|A|(a(d)(1—p)) d .
There exists p < 1 such that, for all A, we have
D
d

Vp=p  dA|(a(d)(1-p) d <d|Aexp (D).

This yields the desired inequality. O
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4. Speed of the cuts
We state now the crucial proposition which gives a control on the speed of the cuts.

Proposition 4.1. There exists p < 1, such that for p > p, for any £ > 2, t € N, s € {0, VY }
and any edge e C A at distance more than ¢ from A€,

P eept+8
B\ Vreltt+s] Pr#0

To prove this result, we will construct a STP associated to the movement of the pivotal edges and
then show that the probability to have such a long STP decreases exponentially fast as the length
of the path grows.

dep € Cy, d(e, ) = 0 > < exp(—Y).

4.1. Construction of the STP. We start by defining some properties of a STP. In the rest of the
paper, unless otherwise specified, all the closed paths (and the closed STPs) are defined with the
relation * and the open paths (and the open STPs) are defined with the usual relation.

Definition 4.2. A STP (ey,t1),..., (e, t,) is increasing (respectively decreasing) if
t1 <o Stp (resp. t >0 2 ty).

If a STP is increasing or decreasing, we say that it is monotone.

space

FIGURE 4.3. An increasing STP with its time change intervals in gray

Definition 4.3. A closed STP (e, t1),...,(én,t,) in X (respectively V') is called simple if each
edge is visited only once or it is opened at least once between any two consecutive visits, i.e., for
any i,7 in {1,...,n } such that |i — j| # 1,

(ei =e€j t; < tj) — ds G]ti,t]’] Xs(ei) =1 (resp. }/;(ez) = 1).

We show next that two pivotal edges occurring at different times are connected through a monotone
simple STP closed in Y.

Proposition 4.4. Let s and t be two times such that s < t. We suppose that P, is not empty for
all v € [s,t]. Let f € Ps and e € Py. Then there exists a decreasing simple STP ~ closed in'Y
from (e, t) to (f,s) or a decreasing simple STP closed in'Y from (e, t) to (g,«) where g is an edge
meeting the boundary OA of A and « € [s,t].
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t

space
FIGURE 4.4. A simple STP, intervals of closure of the edge e in gray

Proof: By Lemma 3.1, the edges of P; are connected by a *-path which might possibly exit from
A, but whose edges included in A are closed in Y;. We consider the function 6(t) giving the time
when the oldest edge of P; appeared, i.e.,
0(t) = Helglmin{r Stie€Pred Prog,Va € lrt],e € Pal.
c€Py

We denote by e; one of the edges realizing the minimum 6(¢). We claim that 6(¢) < ¢. Indeed,
suppose first that an edge closes at time . Then a pivotal edge cannot be created at time ¢ and
all the pivotal edges present at time ¢ were also pivotal at time ¢ — 1. Therefore §(t) <t —1 < t.
Suppose next that an edge opens at time ¢. Let us consider an edge € of P,_1, which is assumed to
be not empty. At time ¢ — 1, there is one open path which connects £ to T' and another one which
connects € to B. Since one edge opens at time ¢, these two paths remain open at time ¢t. Therefore
¢ is still pivotal at time ¢t. We have thus P;—; C P; and it follows that 6(t) <t — 1 < t. We have
proved that 6(t) < t.

If 6(t) < s, we consider the STP obtained by connecting the path between (e,t), (e1,t) and the
path between (e1,s), (f,s) with a time change from ¢ to s on the edge e;. If this STP does not
encounter JA then it answers the question. If it encounters A, then we stop the STP at the first edge
intersecting 0A, we obtain a STP satisfying the second condition of the proposition. Suppose now
that 6(t) > s. We consider the edge e; at time 6(¢). By construction, the edge e; belongs to Py
Moreover, using Lemma 3.1, (e, 0(¢)) is connected to (e, t) by a STP consisting of a closed path at
time ¢ and a time change from ¢ to (t) on the edge e;. We take (e1,6(t)) as the new starting point.
We repeat the procedure above and we obtain a sequence of times (A(t),8(6(t)),...,00(t),...) by
defining iteratively

61(t) = min {r< 0'(t): € € Py, e ¢ Pr1,Va € [1,0'(t)], € € Pa }.
Eépei(t)
For each index ¢, we choose an edge e; € Pyi-1(;) which becomes pivotal at time 0 (t). From the
argument above, we obtain a strictly decreasing sequence

t>0(t) > - > 0t).
Therefore, there exists an index k such that
OFL(t) < s < 0F(1).

For i € {0,...,k — 1}, the edge-time (e;,0(t)) is connected to (e;11,0°71(¢)) by a decreasing STP
i which is closed in Y. By concatenating these STPs, we obtain a decreasing STP between (e, t)
and (eg, 0F(t)). At time 6%(t), there exists also a closed path p between e and ey 1. We stop the
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time change at s on the edge ery1 in order to arrive at an edge of Ps. By Lemma 3.1, there is a
closed path p between e and f at time s. Therefore, the STP

(67 t): 70, (617 e(t))a Y- V-1, (eka Hk(t))7 ps (€k+17 ak(t))7 (€k+17 3)7 P, (fa S)

is decreasing, closed in Y and it connects (e,t) and (f,s). If this STP exits the box A, then the

initial portion starting from e until the first edge intersecting OA satisfies the second condition of

the proposition.

In order to obtain a STP which is simple in Y, we consider the following iterative procedure to
modify a path. Let us denote by (e;, t;)o<i<n the STP obtained previously. Starting with the edge
eg, we examine the rest of the edges one by one. Let ¢ € {0, LY } Suppose that the edges
eg, ..., €;_1 have been examined and let us focus on e;. We encounter three cases:

e For every index j € {i+1,..., N}, we have e; # e;. Then, we don’t modify anything and we
start examining the edge e; 1.

e There is an index j € {i+1,..., N} such that e; = e;, but for the first index k& > i + 1 such that
e; = ey, there is a time a €]ty t;| when Y, (e;) = 1. Then we don’t modify anything and we start
examining the next edge e; ;.

e There is an index j € {i +1,..., N} such that e; = e; and for the first index k > i + 1 such that
e; = ey, we have Y, (e;) = 0 for all a €]tg,t;[. In this case, we remove all the time-edges whose
indices are strictly between ¢ and k. We then have a simple time change between t; and t; on the
edge e;. We continue the procedure from the index ey.

The STP becomes strictly shorter after every modification, and the procedure will end after a finite
number of modifications. We obtain in the end a simple path in Y. Since the procedure doesn’t
change the order of the times t;, we still have a decreasing path. ([l

4.2. The BK inequality applied to a STP. Before embarking in technicalities, let us discuss the
differences between the processes (X;)ien and (Y;)ien. Let (e,t) be a closed time-edge in Y. Since
there is no constraint in the process X, the edge e can be open in the configuration X;. If the edge
e is open in X;, then it belongs to Z;. Now let us consider a time t for which F; = e and B; = 0.
Closing an edge doesn’t create an open path between T and B, thus the edge e will be closed in
both X; and Y;. On the contrary, for a time t such that By = 1 and E; = e is pivotal at time ¢ — 1,
the edge e can be opened in the process (X;)ien but it remains closed in the process (Y;)ien. Now
let us consider the STP constructed in Proposition 4.4. Since the STP is closed in Y, each edge e
visited by the path is either closed at time s or there is a time r € ]s, t] when E, = e and B, = 0. In
fact, since the STP is simple, then each edge is reopened and closed between two successive visits
of the STP. Our first goal is to introduce the necessary notation in order to keep track of all the
closing events implied by the STP.

We shall define the space projection of a STP. Given k£ € N* and a sequence I' = (e;)1<;<k of
edges, we say that it has length k, which we denote by length(I') = k, and we define its support

support(l) = {e C A : Jie{l,....k} e=¢c}.

Let v = (e;, ti)1<i<n be a simple STP, the space projection of v is obtained by removing one edge in
every time change in the sequence (€;)1<i<n. More precisely, let m be the number of time changes
in 7. We define the function ¢ : {1,...,n —m} — N by setting ¢(1) = 1 and

Vie{l,...,n— +1) = . .
i€{ n—m} ¢(i+1) { 6(0)+2 i epp = e
The sequence (eg(;))1<i<n—m is called the space projection of v, it is denoted by Space(y). We say

that length(Space(7y)) is the length of the STP ~, denoted also by length(v). We shall distinguish
Space(y) from the support of v, denoted by support(+), which we define as:

support(y) = support(Space()).
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We say that a sequence of edges I' = (e;)1<i<k is visitable if there exists a STP « such that
Space(y) =T.
We prove next a key inequality to control the number of closing events along a simple STP.

Proposition 4.5. Let T’ be a visitable sequence of edges and [s,t] a time interval. For any k €
{ 0,...,|support(I')] } and any percolation configuration y such that there are exactly k closed edges
in support(I'), we have the following inequality:

Jv decreasing closed length(I')—k
t—s)(1—
P | simple STP in Y during [s,t] | Ys = < <(3)[§p)>
such that Space(vy) =T A

Proof: We denote by n the length of T and (ey,...,e,) the sequence I'. We consider a STP  such
that Space(y) =I'. Since 7 is closed, all the edges of I" are closed at time s or become closed after
s. For an edge e € support(I'), we denote by v(e) the number of times that I" visits e:

v(e) = ]{je {1,...,n} : ¢ :e}’.
Since v is simple, between two consecutive visits, there exists a time when the edge e is open, as
illustrated in the Figure 4.5.

g3 f2 9a

space

FIGURE 4.5. The edges fi, f2 are closed at time s. The edges g1, g2, g3 and g4 closes
after s. We see that g1 = g2 = g3 and the simplicity of the path implies that the
edge opens and closes between two consecutive visits.

For each edge e visited by 7, we distinguish two cases according to the configuration Y;. If Yy(e) = 1,
there is a time between s and the first visit when e becomes closed and the edge e closes at least
v(e) times during the time interval |s,t]. If Y;(e) = 0, then, between the time s and the first visit
of e, it can remain closed and the edge e becomes closed at least v(e) — 1 times during |s, t]. Notice
that the numbers v(e) depend on the sequence I'. The probability in the proposition is therefore
less than or equal to

Ve € support(I') y(e) =1
p { e closes at least v(e) times during |s, t] N v (4.1)
¥f € support(I)  y(f) =0 R '
{ f closes at least v(f) — 1 times during |s, t] }

Notice that for any edge e such that y(e) =1 (respectively y(e) = 0), the event
{ e closes at least v(e) (resp. v(e) — 1) times during ]s,t] }
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depends on the collection of random variables
F(e)={(E,B,) : s<r<t,E,=e, B, =0}.

Therefore these events are independent of the event {Ys = y} which depends on (Xp,Yp) and
{(Er,By) : r <s}. The probability in (4.1) is thus equal to

{ Ve € support(T') y(e) =1 } N

e closes at least v(e) times during |s, t]

P { vf € support(T)  y(f) =0 }

f closes at least v(f) — 1 times during |s, t]
For any edge e € support(I'), we define J(e) as the set of indices
Je)={s<j<t:Ej=e¢DB;j=0}.
We notice that the sets (J(e),e € support(F)) are pairwise disjoint subsets of N*. By the BK
inequality applied to the random variables (Fy, By):cn, the probability in (4.1) is less than

H P(e closes at least v(e) times during ]s, t])
ecsupport(l),y(e)=1

X H P(f closes at least v(f) — 1 times during ]s, t]).
fesupport(I'),y(f)=0

We obtain therefore

3 decreasing closed simple STP V. —
in Yduring [s,t] Space(y) =T s=Y

< H P (e closes v(e) times during |s, t])
e€support(l'),y(e)=1
X P (f closes v(f) — 1 times during |s,t]). (4.2)

fesupport(I'),y(f)=0

For any edge e € support(I') and any m € N, we have

P(e closes at least m times during |s, t])

<P( FJc{s+1,...,t} |J|:m>< (Hu_m)m-

Vield Eij=e B;j=0 ’A|
We use this inequality in (4.2) and we obtain

Jv decreasing closed simple STP V. —
in Y during [s,t] Space(y) =T | % 4

v(e) + v(f)—1

)(e)=1  fesupport(I'),y(f)=0

()

This is the desired result. O

—

< (W>eesupport(
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4.3. Proof of Proposition /.1. Our goal is to study the speed of a cut during a time interval of size

|A|. We start by using the results in the previous section to control the length of a STP far from a
cut.

Proposition 4.6. Let £ be a positive constant, I' be a visitable sequence of edges starting from an
edge e such that ' travels a distance less than £ and t be a time. For s € N, we have the following
mequality:

Iy decreasing closed 3 € C s length(T")
P, | simple STP in'Y during [t,t + s] d(e tc ) >t R ((1 + A) (1 —p)) )
such that Space(y) =T )z [A]

Proof: We start by rewriting the conditional probability in the proposition as

J decreasing closed
P, |simple STP in Yduring [t,t + s] | Ie; € Ct, d(e,¢r) 2 €| =
such that Space(y) =T

Fv decreasing closed S O
P, simple STP in Yduring [t,t + ] N { " tc ) >t , }
such that Space(y) =T Ct) 2

dep € Gy
P ( de,ct) =2 ¢ )
We denote by (e;, t;)1<i<n the time-edges of . Let n be the length of . We consider the case where
there are exactly k edges of support(y) that are closed at time ¢. We shall estimate the following
probability:
3 simple decreasing STP
closed in Y of length n N
v starts at (e,t + s) and ends after ¢
Space(vy) =T
By 3JF C support(y) |F|=k : (4.3)
VieF Yi(f)=0 N
Vf € support(y) \ F' Yi(f) =1
{Elct S Ct, d(e,ct) = g}

We consider the set M (k) of the configurations defined as

3F C support(T), |F| =k
VieF w(f)=0

Vf €support(I)\ F w(f)=1
AC eC d(e,C)=¢

M(k) =

The probability in (4.3) is bounded from above by

Jv decreasing simple closed STP,
Z P, length(y) =n, Space(y) =T, Vi=y | P.(Yi=vy).
yeM (k) v starts at (e,t + s) and ends after ¢
By Proposition 4.5, for any y € M (k), we have

3~ decreasing simple closed STP,

n—k
P lengthi)—n Spacel) =L Y=y ) <(Z0-p) . s
v starts at (e,t+ s) and ends after ¢ [A]
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We compute now the probability P, (Yt eM (k)) Notice that

JF C support(I') |F| =k
P,(Y; € M(k)) < P, VfeF Yi(f)=0
dey € Cy d(e, Ct) >/
The event in the last probability depends only on the configuration Y;. Since the initial configuration

(Xo, Yo) is distributed according to p,, so is the couple (X, Y;). The configuration Y; is distributed
according to the second marginal distribution Pp. We have therefore

JF C support(I') |F| =k JF C support(I') |F| =k
P, VieF Yi(f)=0 = Pp VfeF f closed
E]Ct € Ct d(e,ct) > 14 iC eC d(@, C) = ¢

By the definition of Pp, we have
3F C support(I") |F| =k
Pp VfeF f closed
AC eC d(e,C) =4
JF C support(I') |F| =k
=P, VfeF f closed T<+— B
dCeC de,C)=¢

B (o 0 LSS dnir )

P,(T «+ B) 4

The existence of a cut implies the event {T <~ B }, thus we can rewrite the numerator as

AF C support(l') |F| =k
& <{ VfeF f closed }ﬂ{HCECdeC g})

The edges of support(I') are at distance less than ¢ from the edge e and the event { 3C € C, d(e, C) >
14 } depends on the edges at distance more than £ from e. It follows that the two events in the previous
probability are independent and we have

3F C support(I') |F| =k
o <{ VfeF f closed }ﬂ{HCECdeC g})

_p JF C support(I') |F| =k
- VfeF fclosed

Replacing the numerator in (4.5) by this product, we obtain

JF C support(l') |F| =k
t <{ VfeF fclosed N{3C eC,d(e,C) > L} |T <+ B
JF C support(I') |F| =k
Pp < VfeF f closed By (30 €C,d(e,C) > z)
Pp(T i B)

_ JF C support(l') |F| =k
-0 ( VfeF f closed PD(HCGCad(eyC)M).

) Pp(ac €C,d(e,C) > z).

Since the edges of F are distinct, we have

( 3F C support(I)  |F| =k ) < (Isupport(F)\>(1 )k,

P VfeF f closed k

p
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Combined with (4.4), we obtain that, for I' and k fixed, the probability in (4.3) is bounded from

above by
|support(I)| s \"k .
2 _ > 7).
( L a) (-») Pp(3C € C,d(e,C) > ()

We sum on the number & from 0 to |support(I')|, and we recall that
|support(T")| < n.
We have therefore

I simple closed decreasing STP,
P, length(y) =n, Space(y) =T, N {
v starts at (e,t + s) and ends after ¢

< ¥ <Z> (US\')H (1 —p)”PD<E|C € C,d(e,C) > 4)

0<k<t/2d

E|Ct S Ct
d(ev Ct) = 14

_ (<1+i|> (1p))nPD<3C€C,d(e,C) >0).

Since the second marginal of P, is Pp, we have

By ( d(e,ct) >0 ) = PD<HC €C,d(e,C) = g)_

This yields the inequality in the proposition. ]

We can now estimate the probability that the set of the pivotal edges moves fast. To do so, we
study the STP constructed in Proposition 4.4 and we use the previous results.

Proof of Proposition /.1: We rewrite the conditional probability appearing in the proposition as

PM<{6 EPsy N{Vreltt+s] P00 {Fc€Cdlec)> 5})

P, (Elct € Cr,d(e,ct) = K)

Let us estimate the probability in the numerator. By Proposition 4.4, there exists a closed decreasing
simple STP ~ inside of A which connects (e, t + s) to either an edge of P; at time ¢ or to an edge
intersecting the boundary of A after time ¢. In both cases, this STP travels a distance at least /¢
because all the edges of P, are included in the cuts and e is at distance more than ¢ from A°. Since
the STP is a x-STP, the distance between two consecutive edges is at most d, and the length of the
STP is at least (¢ — 1)/d. We denote by (e;,t;)1<i<n the time-edges of . Let n be the first index
such that the STP

(elvtl)v ey (Cn, tn)
is longer than ¢/2d, i.e.,
12
n = inf{k >1: length<(el,t1), cee (ek,tk)) > 20 } .
We set I' = Space((e;, t;)1<i<n) and we denote I' = (f;);cr. We have the following inequality:

e € Piys

P“( Vreltt+s] Pr#0 dep € Gy, des c) 2 4 >

I simple closed decreasing STP, 3¢, € €,

< ZPN length(y) = ¢/2d, Space(y) =T, dle,er) >
r v starts at (e,t + s) and ends after ¢ )z
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By Proposition 4.6, each term in the sum is less than

(e i) un) ™

We sum next on all the possible choices of I'. By Lemma 3.3, we have

e € Prys s ¢/2d
P;L< Vr € [t,t + s] P, # 0 Jdep € Gy, d(e, ) 2 0 > < <a(d)<1+w>(1_p)> .

There is a constant p < 1 such that, for all p > p, s < |A| and ¢ > 2,

<a(d) (1 + |A5|> (1- p))md <ot

We have obtained the result stated in the Proposition 4.1. ]

5. The localisation around pivotal edges
We start by stating a corollary of Proposition 4.1. Recall at first that the Hausdorff distance
between two subsets A and B of R?, denoted by d (A, B), is
di(A, B) = max { supd(a, B),supd(b, A) }.
acA beB

For A a subset of R and r > 0, we define the neighbourhood
V(Ar)={=ze RY : d(z, A) < r Y.
The Hausdorff distance is also equal to
inf {r>0:ACV(B,r), BCV(Ar)}.

For £ > 0, we consider two subsets A, B of A and we define a semi-distance between two such
subsets, denoted by d¥,(A, B), adapted to our study, by

A\ V(A5 L) C V(B,r)
B\V(A“, 0) cV(A,r) [
Notice that d% is a semi-distance, in fact the triangle inequality is not satisfied. However, the

following lemma allow us to compare dﬁ, with the Hausforff distance and provides us an alternative
to the triangle inequality.

d%(A, B) = inf {r >0:

Lemma 5.1. For two subsets A, B of A and for all £ > 0, we have
d5 (A, B)V (> dg(AUAS, BUA®).
Proof: Let A, B be two subsets of A, and let us set d; = dfT{(A, B). We claim that
AUAN CV(BUASd Vv YL).

Let x € AU A¢, we will show that x belongs to V(B UA® dy Vv E). We distinguish two cases. If
x € V(A 1), then we have

zeV(BUA L) CV(BUAdi V).
In the other case, if z € A\ V(A¢ ¢) and by the definition of df;, we have
z € V(B,d;) CV(BUA® dy) CV(BUAS dy VY).
By exchanging A and B, we have
BUA®CV(AUA dyV1L).

By the definition of d, we obtain the desired claim, which in turn proves the lemma. O
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Proposition 5.2. We have the following result:

IP<1 Iu>1 Yp=p Ye=1 VA |A > (cd) V>0

KC 1N ]' d
P, (Els < |A| dH1 |A‘(77t,77t+5) > ﬁClﬂ\A]) < |A0|C
Proof: We fix s € { 1,...,|A] } By the definition of the distance d%,, we have, for any x > 1,

pﬂ(dﬁjlnm'(ﬂ,@tﬂ) > Fccln’A’) <

P, (Pt+s \ V(A®, keln|A]) € V(Py, keln \A]))

+ P, (Pt \V(A®, keln|A]) € V(Prys, icln yAy)). (5.1)

Since the two probabilities in the sum depend only on the process Y, which is reversible, they are
in fact equal to each other. We shall estimate the first probability. We discuss first the case where
there is a time r € {t, ..t +s } when P, = (). By Proposition 3.5, there is a p < 1 such that, for
p>=pand all A,
VreN  Pp(P,=0)<dAlexp(—D),
where D is the diameter of 7. By summing over the time r, we have
Pp(3reft,t+s] P.=0)<dAexp(-D). (5.2)

We now consider the case where there exists always at least one pivotal edge during the time interval
[t,t + s]. We can then apply Proposition 4.1 with an ¢ which will be determined later. There exists
p < 1 such that for p > p, for t > 0, and for any s < |A| and e an edge such that d(e, A¢) > ¢,

P eept+8
P\ Vreltt+s] P-#0

Let us fix t > 0, s < |A| and e an edge such that d(e, A) > ¢£. The previous inequality implies that

ey € Cp,d(eyc) =4 ) <e

e € Prys
P\ Vrett+s,P£0 | <e’
dey € G d(e,ct)Zﬁ

In order to replace ¢; by P: in the last probability, we use the Corollary 3.4. At the time ¢, the
configuration Y; follows the distribution Pp. Therefore, there exists p < 1 and a " > 1 such that
for p > p, for all ¢ > 1 and all A such that |A| > 3%¢, we have

jCcec dfecC
P, d(f,A°UP\{f}) = K'cln|A]
Vrelt,t+s] Pr#0
From now onwards, we suppose that p is larger than the three previous p. Let ¢ > 0 be fixed and
let k' be associated to ¢ as above. We distinguish two cases to control the following probability:

1
< —.
|Ale

P.(e € Pigs,d(e,Py) = keln|A|,Vr € [t,t + 5] P #0) <

e € Piys, d(e,Pr) = reln|A|,
VC el VfeC\V(A K celn|A])
d(f,Py) < K'cln|A],
Vrelt,t+s] Pr#0

+P#(HC€Ct,EIfeC’,d(f,ACUPt\{f}) > H'Cln\A\).

The second probability is less than 1/|A]°. Let us study the first probability. Since all the edges of
a cut at time ¢ are either at distance less than x’cln|A| from A° or at distance less than £'cln|A]

Py
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from P; and the distance between e and P; U A€ is larger than xcln|A[, then all the cuts at time ¢
are at distance more than (k — £’)cln |A| from e. Hence, for k > K/,

e € Prs dle,A°UP;) > keln|A|
VC el VfeC\V(A% K cln|A|)
d(f,Py) < K'cln|A|
Vreltt+s] Pr#£0

e € Piys d(e,A°) > keln|A|
VC el VfeC\V(A K clnlA|)

Py

N

Pl d(f,e) > (k — K")eln|A] S
Vre[t,t+s] P.#0
e € Prys 1
P,| 3 el dle,c) > (k /i’)cln\A] < A

Vrelt,t+s] Pr#0

We choose now k = k' + 1, and we get

2
Ale

P,(e € Pys,d(e,Py) > keln|[A|,Vr € [t,t + 5] Pr #0) <

WesumovereinAandsE{1,...,|A|}t0get

s < \A\,Ee S Pt+5
Py | dle,A°UPy) = keln|A] | <
Vrelt,t+s] Pr#0

We add the probability in (5.2) and we obtain

4d
‘A|c—2'

35 <|A], 3e € Prs, > @+ dAPexp (<D).

P < d(e, A°UPy;) > kcln |A] |AJe—2
This is the first probability in (5.1) and we conclude that

s < [A] 8d )
<
i < dY (Py, Piys) > keln|A| > |AJe2 + 2d|A["exp (= D).
For all box A such that |A] > (cd)CdQ, we have
1
exp (=D) < -
Al

Therefore, for all A such that [A] > (cd)*”, we have

8d
|A|c TA =2

10d

2

In order to obtain 1/|A|¢, we replace ¢ by ¢ + 2, since (¢ + 2)/c < 3 for ¢ > 1, we have, for
|A| > max{(cd)Cdz,SGd},

p ds < |A] < p ds < |A] 10d
H\ A (Pr Prys) = 3keln Al S TR Ay (P Prss) = k(e +2)In A S Al
This yields the desired inequality. O

We now complete the proof of the Theorem 1.1.
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Proof of Theorem 1.1: Let us fix an edge e in A and a time t. We distinguish the cases where
e €I\ P and e € P;. If e € Py, then we use the Proposition 1.4. We consider now the case where
e € I, \ P;. We consider the last time 7 when e was pivotal,

T:max{0<s<t : €€P3,€¢PS+1}.
The edge e has not been modified between 7 and ¢. Let ¢ > 1. We have
Vr e [t —c|A|In|A|, ] o L
E, 7& € = |A|C
We consider now the case where ¢t — 7 < ¢|A|In|A|. We split the interval [7,¢] into subintervals of
length |A| and we set

P,(t—71>=c|AlIn|A]) < P, (

t_
ti=7+iAl, 0<i< ‘T‘T and | (¢—ry/a|)+1 =t

According to Proposition 5.2, there exists p < 1 and " > 1, such that

In |A
In |A]

FIGURE 5.6. The cut C; at time ¢; is at distance less than In |A| from C;_; and the
cut Cjy is at distance more than In [A] from C;.

el 10d
W2 p Ve > 1 YA (e Vi >0 B(dy NP, 2 wemlal) < e

Let ¢ > 1. We suppose that
d(e,P; UAS) > 2x'E(In|A])? > (cIn|A| 4+ 1)x’cIn [A].
We have by Lemma 5.1, as illustrated in the Figure 5.6,
‘cln|A
S dy NP L) VR e A
0<i<(t—7)/|A]

= Z du (Ptz U Ac? Pti+1 U AC)
0<i<(t—7)/|A]

> dp(Pr UAS, PrUAS) > d(e, Ps UAC) > 26/ (In |A])2
Necessarily, there is an index 0 < j < c¢In|A| such that

dZICIIllA‘(Ptj,Pth) Vr'eln Al > 2k'cIn|A].



1418 Raphaél Cerf and Wei Zhou

Therefore, we have
dy M (P Py L) = Reln Al
By summing over j from 0 to |c¢ln|A|[, we have
10d(cIn|A| + 1)
Al

P, (e € Iy, d(e, Py) = 2k'cF(In|A])%,t — 7 < ¢|A|In ]A|> <
We set k = 2k’ and we obtain
Pu(e € PUT,d(e, P\ {e}) > ne(In[A])?)
< Pu(e € Pudle, P\ {e}) > wletn|A])?)

+P (t — 7> ¢A|ln \A\) (e € I, d(e,P) = w(cln|A)2, ¢t — 7 < cln yA|)

2 N 10d(cln |[A] + 1)
A Al '

We sum over the edge e. For A such that [A| > (cd)*, we have

4d + 20d?(cIn |A| + 1) P
|A|c—1 = |A|c—2‘
We apply this result with ¢ + 2 instead of ¢, since for ¢ > 1, (¢ + 2)?/c? < 9, we have
9rc? > k(c+2)2

Pu<5|e € P, UTL,d(e, P\ {e}) > f@(cln|A|)2> <

Therefore, we have
1
[Ale
This proves the statement of Theorem 1.1. O

Pu(3e € PLUTd (e, P\ {e}) > 9n(cIn|A])?) <

6. Speed estimations conditioned by the past

We derive further estimates on the speed of the pivotal edges which will be used in the proof of
the Theorem 1.3. First, we give a corollary of the Proposition 4.1, which provides a control on the
cuts, rather than the pivotal edges.

Corollary 6.1. We have the following inequality:

<1l Vp=p VA
VE>1 YeeA dle,A)>¢ V>0 Vse{0,...,|A]}

P, (30 € Crys,e€C ! ey € Cy, d(e, ) > E) < exp(—4).

Proof: We adapt the construction of the STP done in the Proposition 4.4. We cannot use directly
the STP constructed in Proposition 4.4 because between the times t and t+ s, the set of the pivotal
edges can be empty. Therefore, we consider 7 the last time before ¢t + s when P is empty, i.e.,

T=sup{r<t+s:P. =0}

If 7 < t, the conditions of Proposition 4.4 are satisfied and there exists a closed decreasing simple
STP starting from (e, ¢+ s) and ending after ¢ which travels a distance at least ¢. If 7 =t + s, since
the edge e is in a cut, there exists a closed *-path in Y; ;s which connects e to an edge intersecting
the boundary of A. This path travels a distance at least ¢. If t < 7 < t + s, then we have P, # ()
for 7 < r < t+ s. According to Proposition 4.4, there exists a STP from (e,t + s) to an edge of
Pri1 at time 7 + 1 or an edge intersecting the boundary of A after time 7 + 1. If the STP ends
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at an edge intersecting the boundary, then it travels a distance at least £. If it ends at an edge of
Pri1 at time 7+ 1, then, at time 7+ 1, there must be an edge which becomes open and creates the
pivotal edges of P-41 which are on a cut C' at time 7+ 1. Notice that the cut C existed already at
time 7 because all the edges of C' are closed. Therefore, there exists a decreasing closed STP which
connects (e,t + s) to an edge intersecting the boundary of A at time 7. We reapply the algorithm
of modification described in the proof of Proposition 4.4 to obtain a simple STP. In all the cases
above, we obtain a decreasing closed simple STP starting at (e,t + s) which travels a distance at
least £. We apply the same arguments as in the proof of Proposition 4.1 in order to obtain the
desired estimate. OJ

We wish to control the movement of the set of the cuts over a time interval. To achieve this
goal, we will derive estimates for the appearance of a pivotal edge conditionally on the presence of
a cut far away during a whole interval. In Proposition 4.1, the conditioning gave information on
one instant, not a whole interval. In the next lemma, we deal with a time interval of length |A|.

Lemma 6.2. There exist p < 1 and k > 0 such that for p = p, any ¢ = 1, any integer m > 1, any
A such that |A] = 2d, any edge e at distance more than kcln|A| from A and for 0 < s < |A| < ¢,
we have
Vr €]t — |A], ]
AC, € C, d(e,Cy) = mrcln|A]
3C" € Cyyp) d(e,C") = (m + 1)keIn A

1

C e Ct+s < —
Al

L d(e,C) < (m —1)keln|A|

Proof: Let k be a positive constant which will be chosen at the end of the proof. We reuse the
construction of the STP in Corollary 6.1: there exists a decreasing closed simple STP which connects
(e,t+ s) to a pivotal edge at time ¢ or to an edge intersecting the boundary of A at a time after ¢.
Since the edge e is at distance at least kcIn|A| from P, UAC, in both cases, there exists a decreasing
closed simple STP ~ of length (kcln|Al)/2d starting from the time-edge (e, ¢ + s) and ending after
t which is strictly included in the box A. Let I' be the space projection of v, i.e.,

I' = Space(y) = (e1,. .-, em)-
We introduce the following events:
Dy = {Vr €]t —|A|,t],3C, € Cr,d(e,C;) = mrcin |A] },

Dy ={3C €C_jp,d(e,C) = (m+ 1)reln|A] },
and
3~ simple closed decreasing STP
length(vy) = (kcln |A|)/2d, Space(y) =T
Et,s,T) = v starts at an edge (e/,t + s)
d(e',e) < (m —1)keln |A]
and ends after ¢

As in the proof of Proposition 4.1, the probability appearing in the proposition is less than

> P, (E(t,5,T) | D1, D), (6.1)
r

where the sum is over the possible choices for I'. We fix a path I' and we condition each probability
in the sum by the configuration at time t. Let A be a subset of support(I'), we denote by M (A)
the following set of configurations:

_ . VfeA w(f)=0
M{(4) = { Yovfe support(T)\ A w(f)=1 [~
Let y be a configuration in M (A) and let us start by estimating the probability
PM (8<t787F) ‘ Y; = ?J,Dhﬁl) .
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By the Markov property, this probability is equal to
PM( g(t737F) ‘ )/t:y )7

and by Proposition 4.5, it is less than

< s (keln|A])/2d—|A|
L. p>) . (62)
Al
Each term of the sum in (6.1) can be written as
> > S P(&tsT)|Yi=y.Di,D1 ) x Py (Yi=y| D1, D).
0<k<|support(T')| A C support(T') yEM(A)
|A] = k
Using (6.2), we see that each term in (6.1) is less than
s (keln |A)/2d—E o
> (ma-n) S BMieM@) | DuD). (63
0<k<|support(T)] A C support(T)
1A = k
In the rest of the proof, we will calculate an upper bound of
> Pu(Yie M(A)| Dy, Dy). (6.4)
A C support(T")
Al =k

Notice that, for an edge f € I, if there is a time r € [t — |A|, ] such that E, = f, then, under the

probability P,, conditioned on Dy, Dy, the state of f at time ¢ is independent of the other edges of

I and it follows a Bernoulli variable of parameter p. On the contrary, if E, # f for all r € [t —|A], ],

then the state of f at time ¢ is the same as at time ¢t — |A|. For A a subset of support(I') and B a
subset of A, we define the event reset(B, A) as

Vee B,dre[t—|A|,t],E, =€

reset(B, 4) = { Ve[t — |A|[,t],|ET| ¢]A \ B }

For each subset A, we partition the probability in (6.4) according to the subset B of A for which
the event reset(B, A) occurs, and we get

> Pu(Yi € M(A),reset(B, A) | Dy, Dy)
A C support(T")

|[Al=k,BC A
Vf € B, Yi(f) =0 B
= > P, Vf€A\BY,_5(f)=0|D,Dy |. (65)
A C support(T') TeSGt(B, A)
|[Al=k,BC A
We write

PM(') = Z Pa:o,yo( : )M((mo,yo)),

Z0,Y0
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where Py ,, is the law of the process (X¢, Y;)en starting from the initial configuration (zo, o). For
each term we rewrite the conditioned probability as follows:

Vie B, Yi(f)=0 B
Proyo | Vf€A\B,Y,_o|(f) =0 Dy, D
reset(B, A)
V€ B, Yi(f) =0 B
Pﬂco,yo vJCGA\B7YF|A|<JC):O ﬂDlle
reset(B, A)
Pwo,yo(Dlaﬁl)

(6.6)

Starting from an initial configuration (zg,%o), the process (Y;)ien is obtained by conditioning to
stay in the configurations with disconnexion. We can replace P, by P, in the previous fraction and
the numerator can be written as

VfeB, X«(f)=0

P, Vi€ A\ B, X, o (/) =0 ¢ () D1()Ds
reset(B, A)

VfeBhB, BT(f)ZO o
=P, | Vf€A\B X, 5(£)=0 p(\D1( D1 ],
reset(B, A)

where the time 7(f) is the last time before ¢ when the edge f is chosen, i.e.,
T(f) =sup{s<t: E;=f}.
Let us fix a sequence of edges e = (ey, ..., e;) and let us condition this last probability by the event
(E1,...,Ey) =e.
We have

VfeDbB, BT(f) =0

Py Ve A\ B, Xy_5(f) =0 ﬂDlﬂﬁl
reset(B, A)

vfGB,BT =0 _
= Z By ({vaA\B,Xt_({/)\(f)_()}ﬂDlﬂDl

ecreset(B,A)

(El,...,Et) = e)
X Py((E1,...,E) =e). (6.7)
Notice that on the event reset(B, A), for an edge f € B, we have necessarily 7(f) > t—|A|. Therefore

the event {Vf € B, Byy) = 0} depends on the set of variables {BS tes € Bys >t —|A] } The
events

{VfeA\B,X;_5(f) =0}

and D; depend on the variables {Bs D <t —|A } and the event D; does not depend on the
variables { Bs:E;e€B } All the events above are decreasing, by the BK inequality applied to the
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random variables (By)sen, we have

VfeB,B,yn=0 _ B
b <{W€A\B,Xt({i(f) :O}HDlﬂDl (Ey,...,Ey) _e>

Pp(Vf € B, Br(f) =0 | (El, e ,Et) = e)

Ve A\ B, Xy_j5(f) =0 e
><Pp< Dy Ds (Er,...,E) = >
<<1p>'B'Pp< vre A S =0 <E1,...,Et>=e).

We use this inequality in (6.7) and we obtain

VfeB, B.,.(f)zo o
By | VFeA\B, X, (f) =0 o[\ D1()Ds

reset(B, A)
<(1-p)Plp, <{ e Ar\eSB;tfg ﬁ' }ﬂDlﬂDl)

We replace the numerator in (6.6) and we sum over the initial configurations, we have

VfeB, Yi(f)=0 _
P, Vfe A\ B,Y,_jz/(f) =0| Dy, D;
reset(B, A)

<a-poip (TEATEWI=0 by ).

This last probability is less than

VfeA\B Y n(f)=0 |—
B ( reset(Bt, f|1A)‘ D1 )

P,(D:|Dy)

Let us estimate separately the numerator and the denominator. In order to calculate the numerator,
we use the notation M (A) defined as follows:

MA) ={w:VfeA w(f)=0}.

(6.8)

We obtain

Vf€e A\B Y,_z\(f)=0|+ _ _ -
b ( reset(B, A) Dy N yg]\%\];; (reset(B,A), Yioil N y| Dl)'

As in the proof of Proposition 4.1, we write
PM <reset(B, A), Y;ﬁ—|A| =y | bl> = PM <reset(B, A) | Y;—|A\ = y,b1>PM <th—\A| =y ‘ El) .
Since the event reset(B, A) depends only on the variables
{(Er,By) : t—|Al <r <t}

it is independent from Y;_ (and also from the event Dy, as Dj is entirely determined by Yi_jap)-
We obtain

Z P“(reset(B,A),Yt,w = y‘ﬁl) = P, (reset(B A)> (Y; A € M(A\ B) ‘D1>
YEM(A\B)
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Let us estimate the last probability. Since the second marginal of P, is Pp and Pp(-) = Py(-|T <+
B), we have

P Vfe A\ B f closed
P\ 3C eC,d(e,C) = (m+ 1)keln|A]

Pp (30 € C,d(e,C) = (m+ 1)rcln |A|)Pp(T VN B) '

P/A(thw € M(A\B)‘EQ =

The event
{Vf € A\B f Closed}
depends only on the edges at distance less than (m — 1/2)kcIn|A| from the edge e, while the event
{3C eC,d(e,C) = (m+1)keln|A] }

depends on the edges at distance larger than (m + 1)kcIn|A| from e. By independence, we have

P Vfe A\ B f closed _
P\ 3C el d(e,C) = (m+1)keln|A] )

P, <Vf cA\B f closed) P, (ac €C,d(e,C) = (m+ 1)reln \A\).
We obtain therefore
PM<}Q,‘A| e M(A\ B) |bl) < Pp(w cA\B f closed) —(1—p)\BI,
We conclude that the numerator of (6.8) is less than
(1-— p)'A\B‘PN (reset(B, A))
Now, we estimate the denominator in (6.8). In fact, this probability is equal to
1-P, (as €]t — |A],1],YC € Cs, d(e, C) < mrcln|A| \51).

By Corollary 6.1, there exists a p < 1 such that for p > p, for any ¢, k1 > 1 and for any edge e at
distance more than xicln |A| from A€, we have

1
P, (30 € Ciysre € C|3er € Gy, dle, ) > mrcln yA|) < e

Since (¢ + 3)/c < 4 for ¢ > 1, there exists a k1 > 1, such that for any ¢ > 1,

1 < 1
A S A
We have therefore, as illustrated in the Figure 6.7, for |A| > 2d:

— / JR—
( Js €]t — |A|,t],¥VC" € C, D1)<

P d(e,C") < kicln |A]

> > P,(3Cs€C,feC | D1 )<

s€Jt—|Al,t] f:d(e,f)<ricln|A|
1 1 1
S SRS L
|A|c+3 |A|c 2
s€Jt—|AlLt] fid(e,f)<ricln|A|

Let k > k1, the probability (6.8) is less than

2(1 - p)lA\B|PH (reset(B, A)) .
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K'cIn|A|

FIGURE 6.7. The edge f € Ps is at distance less than «’cIn|A| from e and the cut
C € Cy_jy is at distance larger than 2'cIn|A] from e.

=

We bound from above each term of (6.5) and we obtain an upper bound for (6.4):

Y R.(Y,eMA)| D, D) < Y 2(1-p)tR, (reset(B,A)).
A C support(T") A C support(T")
|Al =k |[Al=k,BC A

For each set A fixed, we have

Z P, (reset(B,A)) = 1.

BCA
Therefore, we obtain
P, (Y; € M(A) | D1, Dy) < 2(1 —p) (6.9)
— support (I’
> (e ara) | 0.0y <2 0y

A C support(T)
|Al =k

Finally, combined with (6.3), we obtain an upper bound for (6.1) which is

ol support (T s (keln|A])/2d—k
2(1 — p)tweln|aD/2d T (| ppk ( )|) <w>

0<k<(kcln|A])/2d
(( ) s (keln|A))/2d
<2((1—-0p <1 =+ >) .
Al

We sum over the possible choices for the path I', by the Lemma 3.3, the sum in (6.1) is less than
2(A] (a(d)(1 — p) (14 s/|A])) et AD72e,
There is a x > 0, such that for p > p, such that this term is less than
1
W.
We obtain the result stated in the lemma. ]

We next show a generalisation of Proposition 4.1 and Corollary 6.1 which is an essential ingredient
for the proof of Theorem 1.3.
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Proposition 6.3. We have the following estimate:

<1l FIu>1 Vp=p Ve=2 VA |A|>12(2kd)?
Ve C A d(e,A%) > ke In? | A
Vn>1 n<cln|A] Ym>=0 n+m<clnl|A|
Vs e{l,...,|Al} Vt=n|A]

ARV,

vk € {1,...,n}
P 3C € Cit5 Vr elt — k|Al,t — (B — 1)|A]] oL
1 d(e,C) < mreln |A] AC, € C,  d(e,Cy) = (k+m)kcln|A] Al

3C" € Cipia d(e,C") = (n+m + L)reln A

Proof: Notice that for the case n = 1, this proposition corresponds to Lemma 6.2. Let k be a
constant which will be determined at the end of the proof. We start by introducing some notations.
For m € N and k > 1, we define Dy, ,,, to be the event

D, — Vr et — kAl t — (B —1)|A]]
k= 30, €€, de,Cy) = (k+m)kecln |Al

)

and bk,m the event
Dy ={3C €Cpyn) d(e,C) > (k+m+1)kcIn|A| }.
Fork>1,¢>2 ke N* eC A andt, s e N, wedenote by (Hy,,) the following inequality:

) C e Ct+s ) 1
(Hk,m) : P!L <d(€, C) < meeln |A‘ Dl,m> R 7Dk,m> Dk,m) < [Ae -

Our goal is to show that there exist p < 1 and x > 1 such that for p > p, ¢ > 2, e C A
at distance larger than rc®In? [A| from A, s € {1,...,|A|}, the inequality (Hj,,) holds for any
1<k+m<cln|A| and t > (k+ m)|A|. In particular, the inequality stated in the proposition
corresponds to the case (k,m) = (n,0). In order to show this proposition by induction on k, we
introduce an auxiliary inequality (G, ) for A C A, d(e, A) < (keln|A])/2:

(Gk7m) P,U«<\v/f € A Yt(f) =0 ‘ DLmu e 7Dk+7n75k+m) < 2k(1 _p)|A|

By Lemma 6.2, there exist p < 1 and x > 1 such that for p > p, ¢ > 2, e C A at distance larger
than rc?In? |A| from AC and t > c|A|In|A|, s € {1,...,|A]}, the inequalities (Hi,,) hold for all
m < cln|A| -1, meanwhile, the inequalities (G ,,,) was also proved in (6.9). For this p, there exists
a k > 0 such that, for any ¢ > 2, we have

(keln |A])/2d
(a(d)21+2d/n(1 _]3)) N/ 1

< —.
Al
Notice that for this &, the inequality in Lemma 6.2 is also satisfied. Let us fix ¢ > 2 and let us show
the inequalities by induction on the integer k. Let k& < cIn|A|, we suppose that the inequalities
(Hg,m) and (G,m) hold for all m € N such that £+ m < cln|A|. Let us prove first the inequality
(Gry1m) for am € {0,...,|cln|A|] — k — 1}. We reuse the notations reset(I, 4, B) and M(A)
defined for a subset B of A and a time interval I:
Vee B,drel,E.=e
Vrel E, ¢ A\ B ’

MA) ={w:VfeA w(f)=0}.

reset(l, A, B) = {
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We denote by I; the interval |t — |A[,t]. We rewrite the probability (Gii1,m,) as in the proof of
Lemma 6.2:

Pu( V€A Yilf)=0| Dim- ., Disiym Drsim )

-3 p, (Vf €A Yy(f) =0, reset(I;, A, B) | Dy, ... ,DHI,m,EﬂLm).
BCA

For each B C A, we have
Pu< Vfe A Yi(f) =0, reset(I1, A, B) | Dims- -, Dit1m Dicyim )

VfeB,Yi(f)=0 o
=P, | Vf€A\BY,_A(f) =0 | D1y s Disims Dit1m
reset([1, A, B)

We use the same arguments as in the inequality (6.6) of the Lemma 6.2 to obtain a factor 1 — p for
each edge where the event reset is realised. We have

Vf e B, Yi(f) =0 N
P/L erA\B,}/t,‘/w(f):O Dl,ma~-'aDk+1,m,Dk+1,m
reset([1, A, B)
< (1 _p)|B|P,u (Y;f—|/\\ € M(A \ B)a reset([l,A, B) | Dl,ma s 7Dk+17maﬁk+1,m)~

The event reset(I1, A, B) is independent of what happens before and until ¢ — |A| and of
Dy .oy Diy1ms Dig1,m. Therefore, this last probability is less than or equal to

P, (Yt_‘ A € MI(A\ B),xeset(I1, A, B) | Dy, .. ,Dkﬂ,mmﬂm)
P, (Dl,m | Doy - Dk+1,m,ﬁk+17m>
P, (reset([l, A, B))
P, (Dl,m 22— Dkﬂ,m,bk%m)

x P, (Yt—w € M(A\ B) | Do, - .. ,Dk+1,m,ﬁk+1,m)-

We apply the inequality (G m+1), at time ¢ — |A|. The last probability is less or equal than
2(1—p) .

For the denominator, we apply (Hj 1) at time ¢t — 1 and we obtain

P,u (Dl,m | D2,ma ceey Dk—l—l,maﬁk‘-l—l,m)

Ir €t —|Alt] 3C, €C,
>1-F, < d(e,Cy) < mkeln|A|

Therefore, for |A| > 2, we have

A
Al

D2,ma B Dk:+1,m7 Dk—i—l,m) 2 1

—_

1 <
’A|c—1 =90

Therefore, we have for the denominator

N

PM (Dl,m ‘ D2,m7 ce 7Dk+1,m7 Dk+1,m> P
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We obtain (Gk+1,,) by summing over the choices of B:

Pu< VfeA Yi(f)=0]|Dim,. .., Dist1ms Diyim )

< W Z P, (reset(]l,A B)) = oktl(1 — p)lAl

In order to obtain (Hyy1,m), we will study the STP obtained as in the Corollary 6.1. We recall that
this STP is of length at least (kcln|A|)/2d. We fix first the space projection of the STP, which
we denote by I'. As in the proof of Lemma 6.2 and Proposition 4.1, we study separately the edges
that close after the time t and the edges which are closed at time ¢ by conditioning the probability
by the configuration Y;. For the edges which become closed after ¢, we apply Proposition 4.5 and
we obtain that the probability for obtaining a simple closed decreasing STP ~ between ¢t and ¢t + s
satisfying Space(y) = I is less than

s (keln |A])/2d—j
) > (ga-n) 9

0<j<support(I') ACsupport(I'):|A|=5

P(Yt € M(A)| Dy, .. .,Dkﬂ,m,ka,m). (6.10)
We apply the inequality (Gj1,m) for the last probability and we have
PO@GERAHDMM“WDMimj%HM><2HH1—MW
Therefore, the sum in (6.10) is less than

Z (suppgrt(P)) (;;’)J oFH1(] — p)(reln|AD/2d

0<j<support(T") J
(keln |A])/2d
2114 /1A (1 - p) :

For |A| > 2d, k+ 1 < cln|A| and s < |A], we have

(keln|A|)/2d
2 (14 s/1A) (1~ p)) < (2121 - p)

We sum over the choices for I' by using the Lemma 3.3, and we have

3C € G4 L
Er (d(e C) < mkcln|A| Dlvm""7Dk+1,m7Dk+1,m>

> (keln|A|)/2d

(keln |Al)/2d
< Al (a(@)2' /51 — p) .

For p > p and the x chosen at the beginning of the proof, for any ¢ > 2, we have

(keln |A)/2d 1
*p)) <

1+2d/k -
IM(M®2 (1 <AF

Notice that the constant x doesn’t depend on k. Therefore, the inequalities
{ (Him), (Grm) : 1 <k+m <cln|A]}

are all satisfied for p > p and this k. This concludes the induction. U
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7. The law of an edge far from a cut

We now show the Theorem 1.3 with the help of Proposition 6.3.

Proof of Theorem 1.5: Since p is the stationary distribution of (X3, Y;):en, we can choose a time
t and show the result for the configuration (X¢,Y;). For a time r € N and a distance £ > 0, we
introduce the events
D(r,t) ={3C €C,,d(e,C) >}
and
D(r,0) = {V0 €]r,r +|A[], 3Cy € Cy,d(e,Cp) = }.

We have to estimate the probability
P, (e e, ‘E(t, K'c? In? |A|)) , (7.1)

where ' is a constant which will be determined later. For the moment, we can simply consider a
large x’. We notice first that, on the event D(t, x’c?In? |A|), there is a cut which is disjoint from e,
so the edge e cannot be pivotal, thus
P, (e e, ‘ﬁ(t, K2 In? yAy)) =P, (e T\ P, ‘5@, K2 In? \A\)) .
We consider the last time when e is pivotal, i.e., the time ¢ — s defined by
3:inf{r20 : eEPt_T}.
On the interval |t — s,t], the edge e is not pivotal and it remains in the interface. Therefore, this
edge is not modified during this interval, so we have
B ds > 0,e € Pr_s o
P, (e S ‘ D(t,k'c* In? |A|)> <P, | Vrejt—s,t] | Dt w'cIn?|A))
e¢ P E. #e

The events appearing in this probability concern only the process (F;)ien and the process (Y;)ien.
These processes are both reversible. By reversing the time, we obtain that

ds > 0,e € Pi_s

P, Vr €]t — s, t] D(t,k'In?|A]) | =
e¢ P, E, #e
ds > 0,e € Prts o
P, Vr €lt, t + s] D(t,r'c2In? [A))
€ ¢ Pr,E. #e

Notice that the sequence (E;)i<r<i+s is independent of the configuration Y;. We estimate first the
probability that the interval |¢,¢ + s] is too large. More precisely, we will show that s is at most of
order |[A|In|A|. Let ¢ > 1 be a constant. We have

ds = c|A|In|A|, e € Prys

P, Vr €]t t+ s] D(t,x'In?|A]) | <
e¢ P, E.#e
c|A|In|A]
Vr €]t,t + c|A|In |A]] 1\¢ 1
P, <(1—— < . .2
(T A e (2

We now consider the case where s < ¢|A|In|A|. We split the interval [¢,¢ + s] into subintervals of
length |[A]. We set, for 0 <i < s/|A|,

ti =t +d|Al
Let us distinguish two cases according to the positions of the cuts during the time interval |¢,¢].
We consider a constant x > 0 which will be chosen later. If the event D(t,x'c? In? |[A| — kcln |A])
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doesn’t occur, then there exists a time 7 €]t,¢1] and a cut of C; which visits at least an edge f at
distance less than x’'c?In? |A| — kcln|A| from e. Therefore, for a s < ¢|A|In|A| fixed, we have

P, ( €€ Prys ‘ D(t,k'*In*[A]) ) <

Ir €t,t1],3C; € C,3f € C;
P\ d(e, f) < W' In? |A| — keln |A

D (t,k'c*In*|A]) ) +

€ € Prys ) 1.2 102
Py (D (t,k'c2In? |A| — kcln|A]) D (. w'c I [A]) ).
We estimate the first probability with the help of Corollary 6.1. This case is illustrated in Figure 6.7
but this time with the radius of the circles taken to be x’c?In? |[A| and &'c¢?In? |A| — kcln |A|. There
is a p < 1, such that, for p > p and k > 0, for any ¢ > 2, 0 < 7 < |A| and an edge f at distance less
than &’c?In? |A| — kcln |A| from e, we have

1

oY 2
Pu(3C- € Cr, f € G| Dit, W |AD) < s

Therefore, the following inequality holds:

Ir€)t,t1],3C, €Cr,3f €Cr | =, 919
PM( d(e,f)é/{’021n2|A|f,€61n|A‘ D(t,ﬁc In ‘AD <
- 2d
> Pu(3C; € Crdle, Cr) < w'eIn? |A] = reln|Al| D(t, /e In” JAD) < .

TE|t,t1]
We then obtain
2d
|Al°

Starting from this inequality, we apply Proposition 6.3 and repeat the previous argument at the
times ¢;, 0 < i < s/|A|. By iteration, we obtain that, for any n < s/|A| and |A| > 12(2kd)?,

P, (e € Pris ‘ D(t,x'In?|A[)) <

/1.2 o
+ P, <€€73t+s D (t, ' In* Al Ii]IlAD)'

D (t,r'In* |A])

P, (e € Piys | D(t, k'*In*|A])) <

2dn
W + P[u <€ S Pt+s

2192 Al s
ﬂ1<i<nD(tu“C/ 12n ]2A| mcln]AD (73)
D (t,'c*In* |A])

We consider this inequality with n = [s/|A]] < c¢ln|Al:

P, (e € Pers | D(t, K In*|A])) <
D (t;,k'c?In? |A| — ircln A|)>

2dcIn|A| MNi<
P s <i<s/|A]
A " “(eep” D (t,5'c® n? |A])

We notice that s — |A|[s/|A|] < |A] and there exists a &' > 0 such that
K'c2In? |A| — keln|Al[s/|A]] = keln |A.
We can apply again Proposition 6.3 at time ¢,, and we get

ﬂ1<i<cln|A| D (ti, K2 1n? |A| —ikcln |A|)> < 1

P s — < —.
A <e € Pt D (t,K'c? In?|A|) | Al

Finally, we obtain the following upper bound for (7.3):

2dcIn|A]+1

P, (e € Peys | D(t, k'c*In? [A])) < Al
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We sum over the choices of s < ¢/A|In|A| and we combine with (7.2). We obtain
ds > 0,e € Pits o
P, Vr €]t t + s] D(t,x'cIn?|A|) | <
€ ¢ Pr,Er #e

For |[A| > 4 + ¢+ 2dc? + 12(2kd)?, we have In |A] < |A| and thus
1+ c|A|In|A| + 2|A]de? In? [A < 1+ ¢+ 2dc? 1
| Al S Al T Al
Therefore, there exists a p < 1 and a «’ > 0 such that for p > p, for any ¢ > 2, we have

< 1
= ’A|c—4 :

14 c|A|In |A] + 2d|A|c? In? A
Al '

P, (e e\ P ‘ﬁ(t, k' In2 \A|))

Since (c+4)?/c? < 25 for ¢ > 1, by replacing &’ by 25+’ in the probability, we can replace 1/|A|¢™%
by 1/|A|¢. Hence the desired result. O

8. The construction of the impatient STP

We will construct a STP which connects an edge e € P; at time ¢ and the set P; UZ; at time
s < t. Before starting the construction, we define first some relevant properties of a STP, which will
be enjoyed by our construction.

Definition 8.1. A STP (ey,t1),..., (en, ty) is impatient if every time-change is ended by an edge
which is updated, i.e.,

ViE{l,...,n—Q} ei:€i+1:>Eti+1+1:ei+1-

Definition 8.2. A STP (e1,t1),...,(en,ts) is called X-closed-moving (resp. Y-closed-moving) if
all the edges which are not time-change edges are closed in X (resp. in Y), i.e.,

Vie{l,...,n—1} e #eiy1 = X, (e;) =0 (resp. Yy (e;) =0).
We now construct a specific STP satisfying some of these properties.

Proposition 8.3. Let s < t be two times and e € P,. There exists a decreasing simple impatient
STP which connects the time-edge (e,t) to an edge of the set Ps UZs \ {e} at time s or an edge f
intersecting the boundary of A after time s. Moreover this STP is X-closed-moving except on the
edge e.

Proof: The proof of this proposition is done in two steps. The first step is to construct a STP which
connects certain edges. In the second step, we modify the STP obtained in the first step to get a
simple and impatient STP.

Step 1. At time ¢, the edge e belongs to a cut. Therefore, there exists a path v, which connects e
to the boundary of A. We start at the edge e and we follow the path ;. If the path v; does not
encounter an edge f € Z, UP;_; \ {e} then the STP

(€> t)v ('717 t)

connects e to the boundary of A, where the notation (p,t), for a path p = (e;)1<i<n and a time ¢,
means the sequence of time-edges (e;,t)1<i<n. Suppose next that there exists an edge of Z,UP;_1\{e}
in v;. We enumerate the edges of 1 in the order they are visited when starting from e and we
consider the first edge e in v, which belongs to the set Z; U P;—1. We denote by p; the sub-path of
~ visited between e and e;. We then consider the time 7(¢) defined as follows:

n(t) =max {r <t: X.(e1) =Y(e1) }.
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Since e € 7y, the time 7(t) when it becomes an edge of the interface is strictly less than ¢ and if
e1 € Pi—1 \ Zt, we have n(t) < ¢t — 1. In both cases, we have n(t) < t and the edge e; is closed in
X ) If the time n(t) is before the time s then, at time s, the edge e; belongs to the set Z;UP; \ {e}.
Therefore the STP

(6, t)a (pv t)v (617 t)’ (617 5)
satisfies the conditions in the proposition. If we have 7(t) > s, then we repeat the above argument
starting from the edge e; at time 7n(t). We obtain either a path «2 which connects e; to the boundary
of A at time n(t) or a path p2 which connects e; to an edge ez € Z, ;) UPy)—1 \ {e} and a time
n%(t) < n(t). We proceed in this way until we reach a time edge (ex,n"(t)) with n*(t) < s. Since
n(t) < t, the sequence of times

(), 77 (1), -0 (¢)

decreases strictly through this procedure and this procedure terminates after a finite number of
iterations. The concatenation of the paths obtained at the end of the procedure,

(67 t)’ (pla t)’ (61, n(t))’ R (pkv nk_l(t))v (fk» 5),

connects e to an edge of Py UZ; \ {e}. Since the sequence (n°(t))1<ick is decreasing, this is a
decreasing STP. Each time when the STP meets an edge of Z which is different from e, there is a
time change to the time before it opened in X, therefore each movement in space except on the
edge e is done through a closed edge in X and the STP is X-closed-moving.

Step 2. We use two iterative procedures to transform the STP in the step 1 into a simple and
impatient STP. To get a simple STP, we use the same procedure as in the proof of Proposition 4.4.
Let us denote by (e;, t;)o<i<n the STP obtained previously. Starting with the edge eg, we examine
the rest of the edges one by one. Let i € {0, o, N } Suppose that the edges eg,...,e;—1 have
been examined and let us focus on e;. We encounter three cases:

e For every index j € {i+1,...,N}, we have e; # e;. Then, we don’t modify anything and we
start examining the edge e;1.

e There is an index j € {i+1,..., N} such that e; = e;, but for the first index k& > i + 1 such that
e; = ek, there is a time a €|ty t;[ when X, (e;) = 1. Then we don’t modify anything and we start
examining the next edge e;41.

e There is an index j € {i +1,..., N} such that e; = e; and for the first index k > i + 1 such that
e; = eg, we have X,(e;) = 0 for all « €]tg, t;[. In this case, we remove all the time-edges whose
indices are strictly between ¢ and k. We then have a simple time change between ¢; and ¢; on the
edge e;. We continue the procedure from the index k.

The STP becomes strictly shorter after every modification (we remove systematically the consecutive
time changes if there is any), and the procedure will end after a finite number of modifications. We
obtain in the end a simple path in X. Since the procedure doesn’t change the order of the times
t;, we still have a decreasing path. In order to obtain an impatient STP, we modify the simple
decreasing STP obtained above and we use another iterative procedure as follows. We denote again
by (e;, ti)o<i<n the simple STP obtained above. We start by examining the time-edge (eg,tp) and
then the rest of the time edges of the STP one by one as illustrated in the Figure 8.8. Suppose that
we have examined the indices 7 < k and that we are checking the index k. If the edge ey is different
from ey, we don’t modify the STP at this stage and we continue the procedure from (exi1,tg11)-
If the edge exy1 is equal to eg, then the time-edge (eg,t;) belongs to a time change. Since the STP
is X-closed-moving, then the edge exy1 is closed at time tx41. Let [a, 5] be the biggest interval
containing t;41 during which the edge egy1 is closed in X. If 8 > t and ex1o # epy3, we replace
the sub-sequence

(€kst)s (€xt1,tht1), (€xt2, thra)
by

(ek7 tk)v (ek+27 tk)a (€k+2, tk+2)a
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) 8
space

FIGURE 8.8. An impatient modification (in red) of a STP (in black) according to
the intervals when each edge is closed (in gray)

and we continue the modification from the time-edge (egi2,tx). If 5 > tx and exyo = epi3 we
replace the sequence

(ersth), (€rt1stht1), (Ekt2, tht2), (€k+3, thts)
by
(ekstr)s (€kt2str), (€nt2, thts),

and we continue the modification from the time-edge (exi2,tx). If f < ty and egio # epi3, we
replace (eg,tr), (€x+1,tkr1) by

(ekstk), (ex; B), (ex+2,B).

If B <ty and epqo = epy3, we replace (ex,tr), (€x+1,tht1)s (€x+2, ths2) Dy

(ekv tk)? (eka ﬁ)v (€k+27 /3)7

and we continue the STP at the time-edge (ext2,/). The STP obtained after the modification
procedure is decreasing, X-closed-moving and impatient. Moreover, between two consecutive visits
of an edge f of the STP, there exists a time when the edge f is open. Therefore, this STP is also
simple. O

9. Exponential decay of the new STP

We show here that the set P U Z cannot move too fast. Typically, during an interval of size
|A|In|Al, the set PUZ can at most move a distance of order In |A|. This result relies on an estimate
for the STP constructed in Proposition 8.3 which we state in the following proposition.
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Lemma 9.1. Let e be an edge in A and ¢ € N*. Let (e1,...,e,) be a sequence of edges such that
|support(e1,...,e,)| = €. We have the following inequality:

<1l Vp=p Vs,t 0<t—s< LA

Jv decreasing simple impatient
X -closed-moving STP except on e, <
B~ starts from (e, t) and ends after s, | =

space(y) = (e1,.-.,€n)

A
1+ ) (4 —4p)™.
Al

Proof: Let us fix a STP ~ satisfying the conditions stated in the probability. We denote by (e;, t;)icr
the sequence of the time-edges of v. We denote by k the number of the time changes in v and by
T the set of the indices of the time changes, i.e.,

T={icl:e=¢e1, t;F#tiq1}.
We shall obtain an upper bound of the probability

p ( (€s,t;)icr is a decreasing simple impatient >
)

X-closed-moving STP except on e (9-1)

which depends only upon the integer n and the number of time changes k. In order to bound the
probability appearing in the lemma, we shall sum over the choices of the set of the k times, denoted
by K, in the interval {s,...,t}, over the choices of set of the k edges, denoted by A, where the time
changes occur and the number k£ from 1 to n. The probability appearing in the lemma is less or
equal than

Z Z Z p < (€4, ti)icr 1s a decreasing simple impatient > ‘ (9.2)

X-closed-moving STP except on e
ISksmA c {1,...,n} K C{s,...,t}
Al =k |K| =k

Let us obtain an upper bound for this probability. The STP is impatient and X-closed-moving,
therefore for any i € T, the edge e;4+1 becomes open at time ;11 + 1. Moreover, the STP is simple,
thus for any pair of indices (p,q) € I\ T, if e, = ¢4 and t, > t,, there exists a time r €|ty t,[, such
that the edge e, is open at time 7. We can rewrite the probability inside the sum as

VieT Eti+1+1 = €11
P Vie INT Xt (ei)=0
B Vp,qeI\T st. e, =¢eq,t, > 14
Ir €]t tp[ Xp(ep) =1
Since the times ¢; are fixed, this probability can be factorised as a product over the edges. In fact,

the event in the probability depends only on the process (X;)ten. We introduce, for an edge f C A,
the subset J(f) of I:

(9.3)

J(f)y={iel:e=f}
Let us denote by S the set support(«y). The previous probability is less or equal than

Vie J(f)N(T+1) Eyq=f

Vie J(H\T Xi(f)=0
I 7 Vp,q € J(f)\T St~t~ p<gq ' o4
Fes\fe} I €ltg ty[ X (f) =1

Let us consider one term of the product. For a fixed edge f, we can order the set { ti i€ J(H\T }
in an increasing sequence (7;)1<i<m,, where my = |[J(f) \ T'|. Let us denote by T'(f) the set of the
indices among {1, ..., m} which correspond to the end of a time change, i.e., the set corresponding
to J(f) N (T + 1) before the reordering. Since the STP is simple, between two consecutive visits at
times 7; and 7,41 of f, there is a time #; when f is open. Moreover the STP is impatient, so for each
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index i € T(f), the edge f becomes open at time 7; + 1. Therefore, each term of the product (9.4)
is less or equal than

Vie {1,...,ms} Xn(f) =0
B, Vie T(f) Xnii(f)=1 . (9.5)
ViE{l,...,va—l} 36; E}Ti,Ti_;,_l[ X@i(f):1

In order to simplify the notations, we define, for a time r, the event

Vie {l,...,ms} such that ; <r X, (f)=0
E(r) = Vi e T(f) such that 7; + 1 <r X,11(f) =1
Vie {1,...,my — 1} such that 7; <r
30; €]mi, Tipa [ Xo,(f) =1

The status of the edge f in the process (X;)icn evolves according to a Markov chain on {0,1}. The
sequence (7;)1<i<m, being fixed, if my € T(f), we condition 9.5 by the events before time 7, ,, we
have

Vie {l,...,m;} Xn(f) =0
P, Vi€ T(f) Xear(J) =1, myeT(f) -
Vi € {1, co,Mmyp— 1} 36, G]TZ’,TH_l[ ng(f) =1
PM(S(Tmf))

B (X (F) = 1] £mny) ) Bu(Elrm,)) < =

If my ¢ T(f), the probability

Vie{l,...,ms} X,(f)=0

Pu ViET(f) X’Ti"rl(f):l? mfg—fT(f)
Vie{l,... ,my — 1} 30; €]mi, miva] Xgl(f) =1

is equal to P, (E(Tmf)). We then condition P, (E(Tmf)) by the events before time 7,,,—1. We shall
distinguish two cases according to whether my — 1 belongs to T'(f) or not. If my —1 € T(f), we
have

Xp (f) =0
Pu(E(Timy)) = Pu ( XTmffJ(r{zf) =1 E(Tms—1) ) Pu(E(mmy-1)),

and if my —1 ¢ T(f), we have

Xp, (1) =0
Pu(g(Tmf)) = PN Hgmf E}Tmffl,Tmf[ 5(Tmf—1) PM(E(Tmf—l))‘
Xo,, (f) =1

We condition successively the event P, (£(7;)) by €(7i—1), we obtain

R =nie@) T n( @l em )

1<i<m,i€T(f)

XT¢+1 (f) =0
X H PM 30i+1 E]Ti,TiJrl[ S(TZ) . (96)
1<i<my i¢T(f) Xo,(f) =1

By the Markov property, each term in the second product is equal to
Xrn(f) =0
P,u 30@ G]TiaTi-i—l[ Xﬂ(f) =0
X9¢+1 (f) =1
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Since this probability is invariant by translation in time, it is equal to

XT’(f) =0
Py 30 €]0, 7| ,
Xo(f) =1

where we have set 7/ = 7,41 — 7; and Py is the law of the Markov chain (X¢(f)):en starting from a
closed edge. By considering the stopping time 6’ defined as the first time after 0 when f is open,
we have by the strong Markov property

XT’(f) =0
r [ 308071 | < R () = 0] Xo () = 1) = P (Xo_a(f) = 0).
Xo(f) =1

Notice that for » > 1, we have

Therefore we have

Xr(f) =0
By 396]07’[ <1-—p
)=1

Xo(f

As for the probabilities in the first product of (9.6), we can also replace £(7;) by {X,(f) = 0} in
the conditioning. The difference between the previous case is that we have directly ' = 1, since
Xr+1(f) = 1. We have

Xri (f)=0 ) _ - _
i ( Xon(H=1 | &) ) <P () = 0P (Xalh) = 1) <7

Combining the upper bounds for each term of the product above, we have the following upper bound

for P#(é’(Tmf)):

1_
Pu(E(7my)) < |A||T( P

where

(HH)N(T+1)| -1 ifmyeT(f)
In both cases, we have the following upper bound for (9.!

VieT(f) Xpa(f)=1 < 2-pm
H 1
Vie{l,...,my—1} 30; €lmi,mis1| Xo,(f) =1 |A[/(DNT+D)]

T(f)N{L,... mp—1}] :{ |J‘J(f)?(z+1)| it my ¢ T(f)
0):

We obtain an upper bound for (9.3) by multiplying this inequality over the edges f in support(vy):

VieT Ei,, =e

p Vie INT Xi,(e;)) =0 - 218I(1 — p)Eresms 2181(1 — p)lHI=F ©.7)
B Vp,geI\T st. e, =eq,t, > 14 = |A|=s TN+ = |A|F '
r €ltg, ty] Xr(ep) =1
Since |I| — k > n, and |S| < n, for k fixed and (¢;);er fixed, we have the following upper bound for

(9.1),
p (e5,ti)icr is a decreasing simple impatient < (2 —2p)"
X-closed-moving STP except on e RETNL
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Finally, we use this upper bound in (9.2) and we have

I decreasing simple impatient
X-closed-moving STP except on e,
1~ starts from (e,t) and ends after s,

space(y) = (1, -..,€n)

2 —2p)"
DI > e

1<k<n AC{1,...,n},|A|=k K{s,...,t},|K|=k

n\ (LA (2 —2p)" A (4 — 4p)™
-~ 7 K S~ -7
<k:>( k > Al T Z k |AJF
1<k<n 1<k<n
< <1+1 )ZIA (4 —4p)"
< )"
|A|

This yields the desired result. 0

N

We use next Proposition 8.3 and Lemma 9.1 to show that the pivotal edges cannot move too fast.

Proposition 9.2. There exists p < 1, such that for p > p, for £ > 1, t € N, s € N, s < L|A] and
any edge e at distance at least £ from the boundary of A,

Pu(e € Prys, dle, PLUT\ {e}) > £) < exp(—0).

Proof: By Proposition 8.3, there exists a STP which is decreasing simple impatient and X-closed-
moving except on e which starts from the edge e at time ¢ + s and ends at an edge of P, UZ; \ {e}
or an edge intersecting the boundary of A after the time ¢. In both cases, this STP has a length at
least £. Therefore, we have the inequality

3~ decreasing simple impatient
X-closed-moving STP except on e
v starts from (e, + s) and ends after ¢
[length(v)| = £

Pu<e € Pras, dle, P, UT, \ {e}) > e) < P,

Let us fix a path (eq,...,e,) with n = £ starting from e. By Lemma 9.1, for £ > 1, we have

Xﬂ'yl dezreasigg Sig};fl)e impa:ient ol
) I e B (R IR
space(y) = (e1,...,€ep)
We sum over the number of the choices for the path (eq,...,es) and we obtain
Jv decreasing simple impatient
X-closed-moving STP except on e < (1 n |[1\|>

H1 ~ starts from (e, t + s) and ends after ¢
length(y)] > ¢

N
a(d)'(4 - 4p)",

where a(d) is the number of the x-neighbours of an edge in dimension d. There exists a p < 1 such
that for p > p, we have

1\l
Ve =1 <1 + |A|> a(d)*(4 — 4p)* < et

This gives the desired upper bound. O
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10. The proof of Theorem 1.5

We now prove Theorem 1.5 with the help of Proposition 9.2 and the observation that an edge of
the interface cannot survive a time more than O(|A|In|A]).

Proof of Theorem 1.5: Let c be a constant bigger than 1. We define two sets 3, and B as

B = U P
re[t—2dc|AlIn|Alt]
B = U Ps.

s€[t,t+2dc|AlIn |Al]

By the definition of d%, we have

deln |[A —
Py (™ N (9,97 ) > 2detn|A)
ds € [0,2dc|A|In|A]] e € Py
— d(e,ACUmg) > 2deln A
ds € [0,2dc|A|In|A]] e € Py
+PH c +
d(e,A U, ) > 2deln A

Since the probability concerns only the process (Y;)ten, which is reversible, we have

ds € [0,2dc|A|In|A]] e € Py ds € [0,2dc|A|In|A]] e € Pi_g
n d(e,AC uqs;) > 2deln|A| = d(e,Ac umj) > 2deln A

Therefore, we can concentrate on the following probability
s € [0,2dc|A|In|A]] Te € Ps
B d(e,ACU&Bt_) > 2deln|A|
Let us fix an edge e in A at distance at least 2dcIn|A| from P, and a s € [0,2dc|A|In|A]]l. We

distinguish two cases. If the set P, UZ; is at distance more than 2dcIn|A| from the edge e, then by
Proposition 9.2, there exists a po < 1 such that, for p > ps and ¢ > 1, we have

P,(e € Piis,d(e, Py UL;) > 2dcIn|A|) < exp(—2dcln |Al). (10.1)

If there exists an edge f € P; UZ;, which is at distance less than 2dcIn |A| from e, we consider the
last time when f was pivotal before ¢ and we define the random integer 7 such that

Tzinf{r}O:fGPt,r}.

Since f ¢ P, , we must have 7 > 2dc|A|In|A|. The edge f is not pivotal during the time interval
[t —741,t] and it belongs to the interface. Moreover, it cannot be chosen to be modified during this
interval since it must remain different in the two processes. Therefore, for any r € [t —2dc|A|In |A|+
1,t], we have E, # f. However, this event is unlikely because the sequence (E} )y is a sequence of
i.i.d. random edges chosen uniformly in A. More precisely, we have the following inequality:

P,(r > 2de[A|In|A]) < P(Vr € [t — 2de|A|In|A] + 1,1, B, # f)

1 2de|A|1In |A| 1
< | 1— —— < .
2d[A Al
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We obtain the following inequality:
eEPH_s EIfGPt UIt
P, d(e, f) < 2dcln|A] <
d(e, AU, ) > 2dcin |A|
where A(d) is a constant depending only on the dimension. We combine the two cases (10.1) and
(10.2), we obtain

A(d)(2de In |A])?
[Al° ’

(10.2)

A(d)(2dcIn |A])? n 1

|A‘c ‘A‘Qdc ’
We then sum over the number of the choices for the edge e and of the number s from 1 to 2dc|A|In |A].
We obtain

Pu(e € Piys,d(e, AUB; ) = 2dcIn [A]) <

Is € [t,t + 2dc|A|In |A]] Fe € Py A(d)(2deIn [A)FTL 2deIn|A|
P, o < - + 2L (10.3)
d(e, A U] ) > 2dein A A2 A2
In other words, we have
_ Ad)(2deln |[A])H! 2deln|A
P (B 2 V(e URy 2dema) ) < HOCERAIT TR,
By the reversibility of the process (Y;)ien, we also have
_ . A(d)(2deIn|A])HT 2deln|A|
Py (B £V(A°UPB, 2den|A]) ) < A2 + |A[2de=2
Combining the two previous inequalities, we have
cln _ 20(d)(2dcIn |A|)T 4deln|A]
p (g2denlAl ) > 2deln |A]) < )
u (dH (‘Bt , By ) deln | ’) |A]c=2 ‘A‘Qdc—Z
For |A| > ¢2%°¢, we have
2X(d)(2dcIn |A|)TT 4deln|A] < 1
|A|c—2 |A|2dc—2 = |A|c—3'
This yields the desired result. ]
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