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Some toy models of self-organized criticality in percolation

Raphaél Cerf*' Nicolas Forien*'*

March 18, 2021

Abstract

We consider the Bernoulli percolation model in a finite box and we introduce an automatic control of
the percolation parameter, which is a function of the percolation configuration. For a suitable choice of this
automatic control, the model is self-critical, i.e., the percolation parameter converges to the critical point p.
when the size of the box tends to infinity. We study here three simple examples of such models, involving the
size of the largest cluster, the number of vertices connected to the boundary of the box, or the distribution of
the cluster sizes.

Keywords: percolation, criticality, self-organized criticality

Mathematics Subject Classification (2020): 82B43, 60K35, 82B20, 82B27

1 Introduction

1.1 Self-organized criticality

Many physical models present a phenomenon called phase transition: there is a critical point or a critical curve
in the parameter space separating two distinct regions characterized by very different macroscopic behaviours. In
such systems, the behaviour of the model at criticality is of particular interest and presents some general features
(e.g., fractal geometry or power-law temporal and spatial correlations) which are universal across a wide range of
systems and do not depend much on the microscopic details of the system. In their seminal paper [BTWS&7], the
physicists Bak, Tang and Wiesenfeld pointed out that these “critical features” are very common in nature, which
is rather surprising because it seems that the parameters need to be finely tuned for a system to be critical. To
explain this paradox, they showed that some systems tend to be naturally attracted by critical points, without
any fine tuning of the parameters. They call this phenomenon self-organized criticality.

To illustrate this idea, they defined a simple model inspired by the dynamics of a sandpile. The balance
between avalanches and accumulation of sand leads to a state where the system looks critical, with a self-similar
distribution of the sizes of the avalanches and the slope self-adjusting to the critical slope, which is the slope
at which large-scale avalanches appear. But despite a very simple dynamics, their model turns out to be very
difficult to analyze mathematically [Dha06, Jarl8, Hut20].

In [CG16], Cerf and Gorny constructed a self-critical model as a variant of the generalized Ising-Curie-Weiss
model, by replacing the temperature with a function depending on the spin configuration. In this paper, we
implement the same principle of a feedback from the configuration to the parameter, but within the framework
of Bernoulli percolation. This technique to obtain self-organized criticality by “artificially” replacing the control
parameter with a feedback function depending on the state of the model, which is explained in section 15.4.2
of [Sor06], was implemented by physicists to imagine self-critical variants of percolation in [Sor92, SWdA*00].
However, the understanding of such models often relies on computer simulations and few models are amenable to
rigorous mathematical analysis.
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There have been several attempts to build models of self-organized criticality in the percolation setup. One
strategy consists in modifying a process of dynamical percolation in order to freeze or burn down the large
or infinite clusters. This approach was successfully implemented in the context of the Erd&s-Rényi random
graphs [RT09] and in Bernoulli percolation on the lattice by [KMS15, vdBN17]. The resulting models are dy-
namical in nature, in accordance with the general paradigm of self-organized criticality. Another very interesting
model of self-organized criticality is invasion percolation [CCN87, HPS99, GPS18b, J03|. One starts directly
on the infinite lattice and one defines an exploration process with the help of a parameter which is adjusted
dynamically and ultimately converges towards the critical point. We present here a different approach, which is
conceptually simpler, in that we define directly a probability measure on the percolation configurations in a finite
box, which converges to the critical percolation as the size of the box tends to infinity. However, this somehow
simpler model is already challenging and it presents a phenomenon of self-organized criticality.

1.2 Construction of the model and convergence result

Let A(n) be the box of side n centered at 0 in Z¢ with d > 2, and let E,, be the set of edges between nearest
neighbours of A(n). Consider a sequence of increasing functions F,, : {0,1}*" — N and a parameter a > 0 and
set, for w : E,, — {0,1} a percolation configuration on the edges of the box,

pr(w) = @n(Fn(w)) where on(z) = exp (—%) .

This function p,, will be our automatic control of the percolation parameter, and in this paper we will study
three examples of such a control, involving different functions Fj,. The model we consider is given by the
following probability distribution on the configurations, which is obtained by replacing the parameter p of Bernoulli
percolation with our feedback function p,,, with the appropriate normalization. Let

1
fn : we{0,1}F —s 7Ppn,(w)(w)

where

Zn = Y. P

we{0,1}En

will be called the partition function, and P, is the Bernoulli percolation measure with parameter p, namely

Vwe {0,135 Pyw) = [[p@0-pt.
ecE,,

For x € A(n) and w : E,, — {0, 1}, we write
C(z, w) = {yEA(n) : x(&y}

for the open cluster of x in the configuration w. We show the following convergence result, valid in any dimen-
sion d > 2. The critical point of the Bernoulli percolation model is denoted by p..

Theorem 1. If F,, is one of the following sequences of functions:
o Fyiwr— |Chaa(w)| = IIEH[?(%) |C(z, w)| with 0<a<d;
o Fpiwr— [My(w)| = HxGA(n) : x#)@A(n)}‘ with d—1<a<d,;
an:wM‘BZ(w)’:‘{xGA(n) : |C(m,w)|>nb}‘ with 0<b<a<d,

then the law of p, under p, converges to 0, when n — oo, and we have the following control:

1 1
Ve >0 — o0 < liminf 7111#”( |pnfpc|>€) < limsup —lnun( |pnfpc|>€) < 0,
(Inn)nv IR

n—oo



where the (Inn) factor can be dropped in the case of the first model, and where the exponent v is given by

v=aA(d—5) ifFn=|Cnael;
v d—1 Zan:|Mn|a
v=aA(d-3%) ifF,=|B}|.

Concerning the third model, an estimate on the convergence speed can be obtained, provided that we assume
the existence of the critical exponents 8 and . The existence of these exponents was proven for dimension 2 in
the case of the triangular lattice in [SWO01], with 5 = 5/36 and v = 43/18.

Theorem 2. Take F,, = |Bfl|. Assume that there exist real constants B, v > 0 such that

1 1
lim sup _RAP) 0w) < B and liminf — 2P x(p) —.
p—pe  In(p — pe) p2re In(pe —p)
P>DPec P<Pe

Then, for any real parameters a, b and c, we have

nc(pn_pc) i> 0

0O<b<a<d and c < min(b, a—b7 d—a’ d_bd_b)
2y 2y B B
There, we do not believe the condition on ¢ to be optimal, since the term (d — bd — b)/8 comes from a quite
rough estimate (see lemma 19), and it does not allow to deal with b > d/(d + 1). It may be possible to improve
our technique to get rid of this limitation, and to obtain a similar estimate on the convergence speed for the two
first models.

1.3 Motivation to consider this model

Let us explain the heuristics which lead to the choice of the sequences F;,. The function p,, introduces a negative
feedback which assigns low values p,, (w) < p. to percolation configurations which are “typical” of the supercritical
phase p > p., and high values p,, (w) > p. to configurations which are “typical” of the subcritical phase p < p..
For example, if F), = |Cyqz|, a configuration w with a largest cluster containing a number of vertices of order n?
will be assigned a very low value p,(w) < p.. Yet, for this value of the parameter p in Bernoulli percolation, it
is very unlikely to have such a large cluster, which will give w a very low weight in the measure p,,. Indeed, we
will show that under p,, configurations which are either “typically subcritical” or “typically supercritical” have
a very low probability. Therefore, the mass of u, must concentrate on configurations w with p,(w) sufficiently
close to p., hence the self-critical behaviour of our model.

Note that our parameter a does not need to be finely tuned for our result to hold, showing the robustness
of the construction. Indeed, one could expect a different behaviour depending on whether a is smaller or larger
than the so-called fractal dimension dy of the incipient infinite cluster (see for example [BCKS01]), but p,, tends
to p. regardless of a. In fact, one can conjecture that, if a > df, then our p, will tend to p. “from above”,
and the configurations in our model might look slightly supercritical, while they might look slightly subcritical
when a < dy. This can be understood because the definition of our model more or less amounts to forcing the
size of the largest cluster (or |My|, or |BY|) to be of order n®.

Our list of three models is of course not comprehensive, since many variants could be defined using the same
approach. For example, the case of the largest cluster can be extended to the largest cluster in the torus, which
means we can set periodic boundary conditions on the box A(n). In the model defined with B2, one could consider
the distribution of the cluster diameters instead of the cluster sizes, by setting

B (w) = HxEA(n) : diam C(xz, w)}nb} , (1)

which gives exactly the same convergence result, under the same conditions for a¢ and b, and with a similar
estimate on the convergence speed.



1.4 Outline of the article

This article is organized as follows. First, we give some standard definitions and notations in section 2. We then
prove a general geometric inequality for finite subgraphs of Z¢ in section 3. The last three sections 4, 5 and 6 are
devoted to the proofs of the three cases of theorem 1, theorem 2 being proved at the end of section 6. In each of
these three sections, the convergence result of theorem 1 is obtained in two main steps, which we present here.

1.4.1 Exponential decay estimates in the subcritical and supercritical phases

Let € be such that 0 < & < min(p,, 1 — p.). We start with an upper bound on the left tail of the law of p,. To
this end, we define

to= [0 (~in(p. +9)] - )

Grouping the configurations according to the value of F;,, we can write

1
fin (P > pe +€) = Yo Lp@sreratPr@®@) = = D0 g ity Pru) (@)

we{0,1}En " Le{0,11En

N~

th—1

th—1
1 b
= Z, Z Z L @)= Pp.w)(@) = 7 Z P () (F —t) (3)

t=0  we{0,1}En
th—1

1
§ Z ; Pipn(t) (Fn < t;t) .

3

Yet, the variables F;, are increasing, whence

nd
(o > pe+) < ZPpere(Fu < (—In(pe+€))n). (4)
Similarly, we can show that
nd
Hn (pn < DPec— 5) < 7Ppc_5 (Fn > ( - ln(pc - 5))na) . (5)

Therefore, the first step is to show exponential decay estimates for

Pp.+e (Fn < ( — In(p. + E))na> and Pp.—c (Fn > ( — In(p. — E))n“) (6)

with € > 0 fixed. This is done in subsections 4.1 and 4.2 in the case of F}, = |Ciazl, 5.1 and 5.2 for F,, = |M,,]
and 6.1 and 6.2 with F,, = B%. The estimates we obtain there are quite standard and follow from classical results
in the literature about the behaviour of C,,,, and M, in the subcritical and supercritical phases.

1.4.2 The key ingredient : a lower bound on the partition function

The second step, which is the crucial and more interesting step, is to obtain a lower bound on the partition
function Z,,. Indeed, to show that (4) and (5) tend to 0 as n tends to infinity, one must not only show that the
two terms in (6) are small enough, but also that Z,, is not too small. To obtain this lower bound, we rewrite the
partition function as

d

Zn = Z pn(w) Z Z Pwn(t ZP% t)'

we{0,1}En t= Owe{z),l)}E" t=0
Fp(w)=t
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Figure 1: The partition function Z,, may be expressed as the probability that the random function t — F, (w(t))
admits a fixed point. This allows for the construction of a scenario where we can force such a fixed point to
appear, with a reasonable probabilistic cost.

To make this expression more concrete, we construct a decreasing coupling w(0) > w(1) > -+ > w(nd) of
percolation configurations, such that for every t € {O, ey nd}, we have w(t) ~ P, ). Then Z, rewrites as

7Ld

Zn = 3 P(Fu(wt) =t) = P(3te{o,....n"} Fu(w(t) =t). (7)

t=0

Hence, the partition function Z,, is equal to the probability that the random non-increasing function t — F, (w(t))
admits a fixed point. This leads us to build the coupling step by step, and to consider a (random) stopping time T
situated just before this function goes under the first bisector (see figure 1). We then show a lower bound on the
probability that the next steps of the coupling lead to a fixed point.

Because this instant T when we try to force a fixed point corresponds to a percolation parameter close to p.,
the classical estimates available in subcritical or supercritical percolation are of no use. Indeed, we need to study
the behaviour of F,, as p decreases towards p., and to show that F,, does not vary too abruptly close to the critical
point. Our problem is therefore closely related to the study of finite-size scaling, i.e., the behaviour of the model
when one takes n — oo and p — p. simultaneously (see [BCKS01, GPS18al).

Yet, we are able to bypass the use of (unproven) scaling laws thanks to the geometric argument of section 3,
which is more general and does not rely on the near-critical behaviour of F,,. Roughly speaking, this geomet-
ric result indicates that to cut a piece of a precise size out of a subgraph of Z% of size N, one only needs to
close O(N (d=1)/ 4) edges. This geometric argument allows us to implement a surgery procedure on the configu-
ration w(7T") which leads to a fixed point by forcing a reasonable number of edges to be closed in the following
steps of the coupling. The surgery procedure is different for each of the three considered models, but the core
ingredient is always this graph separation result.

1.4.3 Adapting our technique to the random-cluster model?

An important goal is to build a similar model of self-organized criticality associated with the Ising model. A
natural strategy consists in adapting the results presented here to the FK percolation model. However, a major
complication arises with the FK model. Indeed, in a dynamical coupling of the FK processes, there is already
a phenomenon of self-organized criticality in the way the edges become open when one approaches the critical
point from below [DCGP14]. As a consequence, our proof for the lower bound on the partition function is not
valid in this context.



2 Definitions and notations

2.1 The box

We fix an integer d > 2 for the whole article. Let E? be the set of edges between nearest neighbours of Z¢ :
et = {{eypcz? oyl =1},
Let n > 1. Let us consider the box centered at 0 and containing n¢ vertices,

o0 = (53002 = {3 [}

For V C Z% a set of vertices, we write

EV] = { ey cV ¢ eyl =1]

for the set of edges in E¢ connecting two vertices of V', and we write in particular E,, = E [A(n)]. The boundary
of the box A(n) will be denoted

OA(n) = {xGA(n) . 3y e ZN\A(n) ||:E*y|\1:1}.

2.2 Bernoulli percolation

For 0 < p < 1, on the space {0, l}Ed equipped with the o-field generated by events depending on finitely many
edges, let P, be the product measure such that the state of each edge follows a Bernoulli law of parameter p. An
element w : E? — {0, 1} is called a percolation configuration. Edges e € E? such that w(e) = 1 are said open in w,
and the other edges are said closed in w. Under the law P, each edge is open with probability p and the states
of different edges are independent of each other. For any configuration w : E¢ — {0,1} and any edge e € E%, we
will write

0 if f=e,

w(f) otherwise

we:fGEdl—>{

for the configuration obtained from w by closing the edge e. Similarly, for any configuration w : E¢ — {0, 1} and
any set of edges H C E?, we will write

1 if fe H,

w(f) otherwise

0 if feH,

H d
: fEET —
n / { w(f) otherwise

and wH:fEEdb—>{

for the configurations obtained from w by opening or closing all the edges of H. These notations naturally extend
to configurations w : E,, — {0,1} on the edges of the box A(n). We will also write P, for the induced probability
distribution on these configurations.

2.3 Clusters

Let w: E? — {0,1} be a percolation configuration on Z¢. For z,y € Z%, we write x < y if there exists a path
of open edges in the configuration w joining x and y. For 2 € Z¢, we will write

Cz) = Cz,w) = {yEZd : a:(i>y}
for the connected component of z, which is called the cluster of z in w. If z € Z¢ and Y C Z¢, we write

r&5Y = JyeY x5y,



All these notations naturally extend to percolation configurations on the box A(n). Thus, for w : E, — {0,1}
and z € A(n), we will write C(z, w) (or C(z)) for the set of vertices in A(n) which are connected to = in A(n)
by an open path in the configuration w. When it is not clear whether we consider paths which stay in the box or
not, for example if w is defined on E?, we will specify Ca(n)(z) to denote the set of vertices which are connected
to by an open path with all its intermediate vertices belonging to A(n), i.e., the cluster of x in the configuration
restricted to E,,.

For a percolation configuration w : E, — {0,1} in the box A(n), we will denote by Ci4z(w), or some-
times Chnaz(A(n)), the largest cluster in w, speaking in terms of number of vertices. In case of equality between
several maximal clusters, we choose one of them with an arbitrary order on subsets of A(n). For w : E,, — {0,1},
we also define

My (w) = {x € An) : x5 OA(n) } and Bl (w) = {x €A(n) : |Cagm)(z, w)‘ > nb } ,
where b > 0 is a fixed parameter. Given p € [0, 1], let

G(p) = Pp(lc(0)| :OO)

be the probability that the origin lies in an infinite open cluster in a percolation configuration drawn according
to P,. We will write p. for the critical point of Bernoulli percolation in dimension d, defined by

Pe = inf{p€[071] : 0(p)>0},

and which is such that 0 < p. < 1 (see theorem 1.10 of [Gri99]).

3 Geometrical interlude

3.1 Main result

The purpose of this section is to show the following geometric inequality, which one could sum up as “separating
. . . . (d—1)/d )
a cluster of a given size in a graph (V, E) requires O(|V]| ) edges”.

Lemma 1. There exists a constant K = K (d) such that, for any finite connected subgraph G = (V, E) of (Z%, E4),
for any verter x € V' and for any integer m such that 1 < m < |V/|, there exists a subset Ey C E of edges of G
with cardinality

d—1
|Eo| < K[V[?
such that the connected component of x in the graph (V, E\Ey) contains exactly m vertices.
We decompose the proof of this lemma in two steps. In section 3.2, we prove “the butcher’s lemma”, which
allows to cut a graph into small components, which may be too small, in particular the component of z might
have a cardinality strictly smaller than the goal m. In section 3.3, we prove “the surgeon’s lemma”, which involves

an adequate algorithm to reopen some of the edges closed by the butcher’s lemma in order to reach the goal
size m for the cluster of .

3.2 “The butcher’s lemma”

We start with an upper bound on the number of edges that one needs to remove from a connected graph to divide
it into pieces which are smaller than half of the initial graph.

Lemma 2 (The butcher’s lemma). For every finite subgraph G = (V, E) of (Z%, E?), there exists a subset Ey C E
of edges of G with cardinality

d—
|EO| < 4d+1d2 |V|T1
such that any connected component of the graph (V, E\Ey) contains at most [|V| /2] vertices.
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Figure 2: Percolation in the box A(35) with, left, p = 0.48 and right, p = 0.52. Open edges belonging to the
largest cluster are drawn in solid lines, while other open edges are in dotted lines.
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boundary of the box by an open path are drawn in solid lines, while other open edges are in dotted lines.



n edges of E; to be closed

m vertices

Figure 4: Closing the edges of Ey (drawn in thick lines) cuts the graph in several connected components, such
that x lies in a component (drawn in normal lines) containing the required number of vertices. Lemma 1 states
that, in dimension 2, the subset Ey can be chosen containing O(\/ |V|) edges.

This separation lemma, which can be summarized by “cutting a graph in two requires O(|V|(d71)/ d) edges”,
was proved in [BST12], corollary 3.3. For completeness, we present here a self-contained proof of this geometric
result for the case of Z¢. The more general technique of [BST12] would make it possible to extend our result to
more general graphs, but we choose here to restrict our presentation to the d-dimensional square grid. For z € Z¢,

we will write its coordinates x = (21, ..., x4). For any finite non-empty subset V C Z% and any i € {1, ..., d},
we define
diam; V = max x; — min x; and diamV = max diam;V .
zeV zeV 1<i<d

Ifie{l,...,d} and m € Z, then

)

T = {e:{x,y}eEd : xi:mandyizm—i—l}

will denote the slice of edges cutting Z¢ in two parts in the direction i between abscissa m and m + 1. We first
prove an auxiliary lemma.

Lemma 3. For every k € N and for any real number A > 4, given a subgraph G = (V,E) of (Z¢, EY) such
that |V| < A% and

3\ F
diamV < (2) (A-1),

there exists a subset Ey C E of edges of G with cardinality

k
|Eo| < 2497 43642 (1 - (;) > Adt

such that any connected component of the graph (V, E\Ey) contains at most [Ad/ﬂ vertices.

Remark 1. In the sequel, this lemma will only be used with A = |V|1/d but it will be helpful for the proof to keep
this parameter A fized rather than have it depending on the graph.



Proof. Fix A > 4. We will proceed by induction on k, and therefore we start with the case k = 0. Let G = (V, E)
be a subgraph of (Z%, E9) such that |[V| < A% and diam V' < A — 1. Without loss of generality, we can assume
that V' C A(diam V 4 1). Let us choose

Ey, = EN (T1,71 U TI,O) )

whose cardinality is
d—1

|Eo| < 2(dlamV +1)7 " < 24471,

If C C V is a connected component of (V, E\Ep), then we have

d
. . B diam V + 1 d
IC| < max({dla;nVJ, {dlam;/—l-lJ) (diamV—!—l)d ! < w < A?

We now perform the induction step. Take k > 1 such that the result holds for k—1. Let G = (V, E) be a subgraph
of (Z4, E?) such that |[V| < A4 and

k
diamV < <g) (A-1).

We are going to trim the graph G to decrease its diameter by a factor 2/3. To this end, we will remove slices of
edges in directions ¢ in which the diameter is “too big”. Consider

7= {ie{l,...,d} : diamiV><2>k1(A—1)}a

and take ¢ € Z. Without loss of generality, one can assume that min xz; = 0. By the pigeonhole principle, there
exists an integer k; satisfying wev

diam; diam; E
L 1ar;1 VJ <k < 2{ am VJ and  |[ENTy, |E]

S [Epr]

3

We choose such a k; and we write, recalling that A > 4,

{diami VJ S diam; V/

3
SO
) e (@)
> é (g)k_l (A-1)
> ;(3)k_1i,4

Noting that |E| < d|V| < dA?, we get

2\" ' 12|E| 2\ " 12441 2\ "
ENTil < (= = < (= = 12d( = AL

Consider now
By = U (EmTiyki)’

1€

10



whose cardinality is

k—1
2
|Ey| < 124> <3) AdTL

Let G’ = (V' E’) be a maximal connected component of the graph (V, E\E}), in terms of number of vertices.
By construction, we have that, for i € Z,

9 k—1
diam; (V') < max (k:i, diam; V — (k; + 1)) < gdiami V < <2> (A-1),

while for ¢ ¢ Z, the definition implies

k—1
diam;(V') < diam; V' < (2) (A-1).

Taking the maximum over i yields

diam(V') < (g)k_l(A—l).

Besides, note that [V’| < |[V| < A%. Hence, by the induction hypothesis applied to G’, there exists Fy C E’ such

that
2 k—1
|Ey| < 24971 4 364> (1 - (3) > Al

and all connected components of the graph (V’, E'\ E>) contain at most [ A%/2]| vertices. Now take Ey = E1UEj.
We have

|Eo| = |E1| + |E2]

2 k—1 92 k—1
1242 (3) AT 4 24971 4 3642 (1 - (3) > Ad-1
k
2491 4 3642 <1 - (3) ) Ad-1

If C is a connected component of the graph (V, E\Ey), then either C' C V\V’ which, by maximality of V’,
entails |[C] < |V]/2 < A%/2, or C C V' in which case C' turns out to be a connected component of the
graph (V', E'\E,), which implies |C| < [A49/2]. O

N

We can now prove the butcher’s lemma, which is a mere rephrasing of lemma 3.

Proof of lemma 2. If |[V| > 4%, this is a straightforward consequence of lemma 3 with

A=Y and k= {dlnAln(Al)w

In3—1In2

because we then have

Ad 3\"
diamV < |V] = ==(A-1) < () (A1)

and the lemma provides us with a subset Fy C E with cardinality
|Eo| < (2+436d%) A% < 4%+1@? |y T

such that all connected components of (V, E\Ey) contain at most [A?/2] = [|V] /2] vertices. Otherwise, if we
have |V| < 4%, then Ey = F is solution of the problem. O

11



3.3 “The surgeon’s lemma”

The application of the butcher’s lemma allows us to separate a graph into connected components which are at
least twice smaller than the original graph. If the connected component of z in the remaining graph still contains
more vertices than the goal size m, one can apply again the butcher’s lemma to this component of z, to obtain
a connected component which contains at most a fourth of the initial number of vertices. This operation can
be repeated until the connected component of x contains strictly less than m edges, which means that we have
closed too many edges. The surgeon’s lemma will fix this problem, by reopening some of the edges closed by the
butcher’s lemma.

Lemma 4 (The surgeon’s lemma). Let k € N and let G = (V, E) be a connected subgraph of (Z¢, E?) with |V| <
2%, Let x € V and let m be an integer such that 1 < m < |V|. There exists a subset Ey C E of edges of G with

cardinality

1—a* d-1 1
|Eo| < 1_2 4d+1d2|v| ¢, where a= PEE

such that, in the graph (V, E\Ey), the connected component of x contains exactly m vertices.

Proof. We proceed by induction on k. The result is trivial if & = 0, so we perform next the induction step.
Take k > 1 such that the result holds for k — 1. Let G = (V, E) be a connected subgraph of (Z%, E%) with 2¢¥~1 <
|V| < 2%, let * € V and let m be an integer such that 1 < m < |V|. According to lemma 2, we can choose a
subset Ey C E of cardinality

|E0| < 4d+1d2 |V|%

such that any connected component of the graph (V, E\Ey) contains at most 2¥~! vertices. The idea is to reopen
the edges of Ey one by one starting from the cluster of x, in order to make this cluster grow until it reaches
the size m. Then we will apply the induction hypothesis on the last piece added, which contains at most 2F~1
vertices.

Figure 5: Tllustration of the proof of lemma 4: closing the edges of Ey = {ej, e, e3, e4} cuts the graph in pieces
containing at most 2~ vertices. We reopen the edges e; in this order until the number of vertices in the cluster
of = reaches or exceeds m. In the case drawn here, 0 = 2, and V3 = V5 because the edge e3 connects two vertices
which already belong to V5.

We are going to order the edges of Ey by exploring them one by one starting from the cluster of z. We
start by writing V; for the connected component of z in the graph (V, E\Ey). We have that [V,| < 281 < |V,

12



hence Vy € V. Yet the graph (V, E) is connected, therefore we can choose an edge e; € Ej incident to this

=

cluster Vy. Assume now that we have defined eq, ..., e € Ey for some s > 1. Let Vi be the connected component

of = in the graph
(V. E\ (Eo\{e1, ..., e})) .

If s < |Ep|, then we can choose an edge es41 € Ey incident to V5. Such an edge exists because (V, E) is connected.
We proceed with this construction until all the edges of Ej are ordered in a sequence ey, ..., e, where r = |Ey|.
We have then

zeVo Cc Vi C ... Cc V,=V.

If we close all the edges of Ey and then reopen these edges one by one in the order eq, ..., e,, then after having
reopened s edges, the cluster of x is V. Therefore, we introduce

o = min{sE{O,...,r} : |Vs|>m}

which is the number of reopened edges at which the size of the cluster of x reaches or exceeds the desired
size m. This number o is well-defined because |V,.| = |V]| > m. Assume that ¢ > 1. By minimality of o,
we have |V,_1| < m < |V,]|, hence V, # V,_;. In that case, the edge e, must connect a vertex of V,_; to a
vertex 2’ € V,\V,_1. Letting m’ = m — |V, _4]|, we have that

1 < m/ < |Va| - |V0—1| - ‘Va\va—l‘ .
Otherwise, if o = 0, we set 2’ = 2 and m’ = m, which entails 1 < m/ < |Vp|.

Let us consider the graph G’ = (V', E’) of the connected component of 2’ in (V, E\Ep). The choice of Ey ensures
that |[V’| < 28~1. What’s more, we have that V' = V,\V,_; if 0 > 1 and V' =V} otherwise, which in both cases
leads to 1 < m/ < |[V’|. The induction hypothesis applied to the graph G’ = (V’/, E’) gives us a subset E) C E’
satisfying

1-— 1—a

k—1 _ k—1 _
LM“J"WW% < 74d+1d2a|‘/|%
1—-a 1—a

and such that the connected component of z’ in (V', E’\E{), which will be denoted V,, contains exactly m/

vertices. Now, we consider the set

|Epl <

E] = {ess1, .-, er}UE],
which is such that

[Egl = (r—o)+|E

k
<A@ YT 4 R V)T
—a
1—aF a1
= LT
1—a

If 0 = 0, then the connected component of z in the graph (V, E\E{) is V/, and thus it contains exactly m’ =
m vertices. Otherwise, if 0 > 1, then this connected component is V,_; U V/,, which contains |V,_1| + m' = m
vertices. &

4 The largest cluster
This section is devoted to the proof of theorem 1 for the case of the first model, i.e., the one defined with the

largest cluster in the box A(n). As explained in the introduction, the first step is to show the exponential decay
of the distribution of |C),4.| in the subcritical and supercritical phases.

13



4.1 Exponential decay in the subcritical phase
We first present a classical estimate about the size of the largest cluster below p, :

Lemma 5. For any a € (0, d), for p < p. and A > 0, we have

—00 < liminf —lnP (’C’maz(A(n))’ >An“) < hmsup lnP (}Cmam(A(n))‘ >An“) < 0.

n— oo n—oo

Proof. Let a >0, p < p. and A > 0. For all n > 1, we have that

Py (G (A0) | > A7) = P, (L [Caco()] > 4nt) < Py ((mx (€)1 > Anc)
< ndpp(|0(0)| > An“).
According to theorem 6.75 in [Gri99], there exists a constant A(p) > 0 such that, for all m > 1
P,(ICO) > m) < 7). (8)

It follows that, for all n > 1,
P;D( |Cma.r (A(n))| > Ana) < ne—AXP)n® ;

which implies the desired upper bound. To create a cluster of size more than An®, one may simply open a
self-avoiding path of | An®| edges and | An®] + 1 vertices, hence

Pp< ‘Cmaw (A(n))‘ > Ana) > plAn'l

which shows the lower bound. O

4.2 Exponential decay in the supercritical phase
We establish a similar result in the supercritical regime:

Lemma 6. For all a € (0, d), for p > p. and A > 0, we have

—oo0 < liminf —Ta7d InP (|C’max(A(n))’ <An“) < hrnsup 7 InP (|C’m(w(A(n))| <Ana) < 0.

n—o00 nd n—o00
The upper bound is a consequence of the following result, which easily follows from the classical literature:

Lemma 7. For all p > p., we have

limsup —— e rInP, (’Cmam(A(n))| < g(p)nd> < 0.

n—oo 8

Proof. Assume first that d > 3. From theorem 1.2 of [Pis96], it follows that, for d > 3, for all p > p. (where p,
denotes the slab-percolation threshold),

n—so0 2

d
limsup —— i 7 InP, (|C’max (A(n))] < W) < 0.

In addition, Grimmett and Marstrand proved the identity p. = p. for d > 3 in [GM90]. The claim for d > 3 thus
follows immediately.

Consider now the case d = 2. Theorem 6.1 of [ACC90] implies that, for all p > p,, if we consider a percolation
configuration on Z% and write Cy, C Z¢ for the unique infinite cluster of the configuration, then

1 2
lim —InP, (CoomA(n)|< e(p)n) < 0.

n—oo N 2
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Thereby, there exists L > 0 such that, for all n > 1,

0 2
Py (ICOO N a@m) < 220 ) < et
Besides, if we set, for m > k > 1,
Ly m = {The rectangle {0, ..., k} x {0, ..., m} is crossed by an open path in its long direction} ,

then it follows from equation (7.110) in [Gri99] that there exist positive constants Ca(p) and Cs3(p) such that, for
allm >k > 1,

Po(Li.m) = 1—Cyme 2. (9)
Define the rectangles
Ry ZZQH}g,n{X[—n,n[, RQZZQO[—TL,TZ[X}%’HI:,
R3 = Z2ﬁ|:7n’ *g[x[*TL,n[, R4 = sz[fﬂ,,’ﬂ[x |:7n7 7%[7

which are represented in figure 6. Following a classical argument (see the proof of theorem 7.61 in [Gri99]), we

A(2n)
i / 0
o 1 ! .
S S \
T~ Ry L2
, S~ .- NN
~ ! e =
A 7
’ A(TL) \\
: !/ \
: ! \
: 1
! \\
n: ! R3 T Ry Y20
: 1 :
. ) y oo
\ 1
\ .
\ / ! :
g A 1 .
\ ! :
N <. ] :
\ =~ 1 .
\ Ry R :
L=~ 7T -- r T :
1 1 :
1 1 v

Figure 6: If each of the four rectangles is crossed by an open path in its long direction, then A(n) is surrounded
by an open path in A(2n), and thus any two vertices « and y in the box A(n) cannot be connected to OA(2n)
without being connected to each other by an open path inside A(2n).

consider the events
En = {There exists an open path in A(2n)\A(n) containing A(n) in its interior}
and
Fn = {Each of the rectangles Ry, Ro, R3, R4 is crossed by an open path in its long direction} .
As illustrated on figure 6, we have the inclusion &, D F,,. In addition, by the FKG inequality, we have that
Py(Fa) = Py (Linj2y20)’

In combination with (9), this yields

4
Py(E) > Pp(Fa) = Py (Linjasan)’ > (1= 2Came™@12) " 5 1 = 8Come 102,
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Yet if the event &, occurs, then all the vertices of A(n) which are connected by an open path to the boundary
of A(2n) must be connected to each other inside A(2n), which implies that |Cpes (A(2n))] = [Coo NA(R)].
Therefore, we have the inclusion

0(p)n
2

Ea {|COOOA(n)| > a(p)”z}.

} C {} Chaz (A(2n))| > 5
Considering complementary events leads to

0(p)n2)

N

2

ACOTHIE )

9 2
1-P,(E)+P, <|ooo NA(n)| < (p)n )
< 8CyneCsln/2l 4 o—In
< 7L/’I’L

e

for a certain constant L’ > 0, which concludes the proof. O
We now briefly explain how to deduce lemma 6 from lemma 7:

Proof of lemma 6. We divide the box A(n) into smaller boxes of side

=[5

The box A(n) contains at least |n/N,|* disjoint boxes of side N,, so that we have

)Ln/Nan

Po( |Comae (M) < An) < Py ([Craw (AN))| < An® e@)mf)“mﬂd |

< Py (IGmas (8030)) < 22

which implies that

d

lim sup % In Pp< |Cmaz (A(n)) | < Ana) < limsup

n 0(p) Ny
n—ooo nd—a/d o Ngnd_a/dlnpp (‘Cmaw(A(Nn))‘<

8

N—o00 8

d
= limsup %lnpp <|CmaI(A(N))| < W) < 0,

using lemma 7. To obtain the lower bound, divide the box A(n) into boxes of side N,, = [(An®)'/4]| — 1, which
all contain strictly less than An® vertices, and consider the event that all the edges between two neighbouring
boxes are closed, to obtain :

In PP( |Cma1' (A(n))| < Ana) = dn! ’71\?:”—‘ In(1 - p) e %ndia/d7

which shows that d — a/d is indeed the correct exponent. O

4.3 Lower bound on the partition function
We show the following inequality on the normalization constant Z,, of our model:

Lemma 8. For any real number a such that 0 < a < d, we have

lim inf In Zn

n—o00 (]nn)na(d_l)/d > T
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Proof. Construction of the coupling: As explained in the introduction, we define a monotone coupling of the
distributions P, ) for t € {0, ol nd}. Write E,, = {eq, ..., e,} with r = |E,,|, and consider a collection of i.i.d.
random variables

(Xt,e)te{o, wynd—1}, e€E,

with Bernoulli law of parameter exp(—1/n®). For ty € {0, ce nd}, define a random configuration

w(ty) : e€Ey, — min Xy,..
0<t<tp

Hence, for tg € {0, e nd} and e € E,,, we see that

P(w(to)(e) = 1) = ti:[lP(Xt,ezl) = exp (f) = nlto),
t=0

therefore the configuration w(to) has distribution P, (). What’s more, configurations are coupled in such a way
that
g, =w(0) > w(l) > --- > w(n?).

When going from the configuration w(t) to the configuration w(¢+ 1), a certain number or edges are closed (these
are the edges e such that w(t)(e) =1 and X, . = 0). In order to control the edge closures one by one, we define
intermediate configurations. For t € {0, ,nd— 1} and sg € {0, ..., r}, we set

wt+1)(es) ifs<sp,
wit, s0) ¢ € €En — {w(t)(es) otherwise.
In this way, we have w(t,0) = w(t) and for s > 1, the configuration w(t, s) is obtained from the configu-
ration w(t, s — 1) by closing the edge e; if X;., = 0, and by keeping everything unchanged if X;. = 1.
For s =r = |E,|, all edges have been updated, so w(t, ) = w(t + 1). The configurations are therefore coupled in
such a way that
(t,s) < (', §) = w(t, s) >w(t,s),

where we use the lexicographic order on {0, ..., n? — 1} x {0, ..., 7}. As we have shown in (7), the parti-
tion function Z, is equal to the probability that the non-increasing function ¢ — ’Cmax (w(t))| admits a fixed
point. Thus, we now look for an instant ¢ = T situated before this function goes under the first bisector, and we
will see what is needed on the variables X; . for this function to actually cross the bisector at the instant t = T'4-2.

Definition of the instant 7T: Still considering the lexicographic order, we define a pair of random variables
(T, S) = min{(t, s)€{0,...,n" =2} x{0,...,7} : Fe€E, [Coa(wlt,s)e)] <t+2}.

This minimum is well defined because one always has }C’mm (w(nd -2, 0))| < n?. In addition, for every (g, so),
the event {(T, S) = (to, so)} only depends on the variables X; ._ for (¢, s) < (fo, o), which means that (7', S)
is a stopping time for the filtration generated by the variables X; . . Also, closing one single edge cannot divide
the size of the largest cluster by more than two, whence

|Conae (w(T, S))| < 20T +2). (10)

Let us prove that we also have
|Omax(w(T, S))| > T+2. (11)

We distinguish several cases.
o If S > 1, then the minimality of (7, S) ensures that, for all e € E,,,

|Crnaz (W(T, S =1))| > T+2.
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(t,5) = (0,0) (T, 5) (T +2,0)

|Cma:v(w)| 2 T+ 2 |Cmam(UJ)| = T+2
Je € E,, |Craa(we)| < T +2

Figure 7: Sketch of the proof: if £ occurs, i.e., between the instants (T, S) and (T'+ 2, 0), the edges H are closed
but no other edges of Ci,q. is closed, then the largest cluster in the configuration w(T + 2,0) contains T + 2
vertices.

Yet the configuration w(7, S) is obtained from w(T, S — 1) by closing at most one edge, whence (11).
e If S=0and T > 0, then, (T, S) being minimal, we have that

|Cmaac(W(T—17 7'))| >T—-142 = T+1.

The configurations w(T — 1, ) and w(7, 0) being identical, inequality (11) is also satisfied.
e The case (T, S) = (0,0) does not happen because all edges are open in the configuration w(0,0).

Construction of the happy event: Let (V, E) be the graph of the largest cluster in w(T, S), that is to
say V = Chaz (w(T, S)) and E is the set of edges between two vertices of V which are open in w(7, S). Given (11),
it follows from lemma 1 that there exists a (random) set of edges

H = H(T,w(T,S)) Cc F,

satisfying
d—1
H| < KV|'T (12)
and such that the largest connected component of the graph (V, E\H) contains exactly T + 2 vertices. Note that

we have defined H = H(T, w(T, S)) as a deterministic function of the variables T' and w(T, S), this will be useful
later. The existence of an edge e € E,, such that

|Crnaz (W(T, S)e)| < T+2

entails that, in w(7T, S), there is at most one cluster containing strictly more than 7"+ 2 vertices. Thus, closing
the edges of H is enough for the remaining largest cluster to contain T + 2 vertices, i.e.

’Cmam(W(T, S)H)| = T—|—2

Hence, closing the edges of H and no other edge of E [Cpaq (w(T, S))] between the instants (7', S) and (T +2, 0)
ensures that |C’mm (w(T + 2))| =T + 2. But the edges e, € H are note necessarily labeled with numbers s > S.
It is therefore not generally possible to close all the edges of H between the instants (T, S) and (T + 1, 0).
For this reason, the event we consider is the one in which no edge of E [Cpae (w(T, S))] is closed between (T, S)
and (T'+1, 0), and the edges of E [Cmm (w(T, S))] which are closed between (T'+1, 0) and (7'+2,0) are precisely
the edges of H, that is to say

Vs > S es € E I:Cmax(w(T, S)):I = XT7eS =1
E =< VYee H X141, =0
Ve € E [Crnas (w(T, S)|\H = X741, =1

18



If this event occurs, then in w(7T + 2), all the edges of H are closed, the other edges of E [Ciyasz (w(T), S))] which
were open in the configuration w(7, S) remain open, and all the other clusters contain at most 7'+ 2 vertices,
whence

€ C { |Cnar(@(T +2)| = |Conaa((T, S)i)| = T+2}.

Conditional probability of the happy event: Coming back to the expression (7) of the partition function,
we find that
Zn 2 P(|Cnae (T +2)| = T+2) > P(e). (13)

Let (to, so) and wp : E,, — {0,1} be such that
P(Clossnwn) > 0 where  Cigupu = { (T, 8) = (to, 50) and w(T, 8) =wo }.

Having defined H as a deterministic function of T and w(T', S), we can consider the event

Vs > sg es € E[Craz (wo)] = Xig,e, =1
8t0,so,w0 = Ve € H(to, wo) Xt0+1,e =0 ,
Ve € E [Craz (wo)] \H (to, wo) Xigt1,e =1

which satisfies _
P(E‘Ct07307w0) = P<6t0750,w0 |CtU7SU7WU) . (14)

Now note that this event g}D,SO’wO depends only on the variables X; ., with (¢, s) > (o, so), whereas the
event Cy,. s, w, depends only on the variables Xy ., with (¢, s) < (fo, so). Thus, these two events are independent
of each other, which allows us to write

P (5%780,&00 |Ct0,50,w0) =P (gtoyso,w(J)

N H P(th,es :1) x H P(Xto+1,e:0)

s>s0 e€H (to,wo)
es€E[Cmax(wo)]

X 11 P(Xips1,e=1)

EEE[CnLaa: (WO)]\H(tQ, wo)
(671/na)2|E[C'maz(w0)]| (1 _ 6*1/““) ‘H(to,wo)l .

WV

Combining this with (14) yields

2|E[Crmaq (w(T, 9))]| (1 71/na>|H(T7W(T,S))|

P(E(T, S, w(T, ) > (e—l/m)
Yet, according to (10), we have
| E [Crnaz (W(T, 9))]| < d|Craa(w(T, 5))| < 2d(T +2).

x

Furthermore, by concavity of z +— 1 —e™", we get

a 1
_ —1/n - -1
1—c¢ > a (1 e ) > o

In addition, combining (12) and (10) leads to

d—1 d—1

< KQ2(T+2) © < 2K(T+2) ©

d—1
| d

|H| < K‘Cmaz(w(in S))
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Replacing all this in equation (15), we obtain

15000 59) > oy (T (LY

na 2n?

We take the conditional expectation with respect to T', and we deduce that

2K (T+2) T
P(S‘T) > exp (—4d(T+2)>( L ) .

na 2na

Upper bound on T: We need a control on 7' in order to obtain a lower bound on P(£). Define

Lemma 6 implies that

This entails that, for n large enough,

Ppc/2( |Cma$| < Tn

) < o () -

we deduce that, for n large enough,

=
\Y

Given that

PT <) > P(|Cnar @) <7 +2) = Py oty (1Cmael <7 +2) 2 Pypa(IConaal < 7 +2)

Therefore, we can find x > 2 such that, for all n > 1,

N | =

Conclusion: Combining (18) with (16) gives

P(&) > P(EN{T < kn"})
= P(Tgmna)P(5|T<Hna>
> %exp (—W —2K(/1na—|—2)d;11n(2na)>

1
> 5 &P (—Sdfi — 4K k(In2)n*@=V/? _ 4K ka(In n)na(dfl)/d) .
Now recall inequality (13) to deduce that

InZ
lim inf N Zn

[t L _
im in (hln)na(d_l)/d > —4Kka > —o0,

which is the required lower bound.
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4.4 Proof of the convergence result
We are now in position to prove theorem 1 in the case of the first model.

Proof of theorem 1, case F,, = |Caz|. Let € > 0 and a € (0,d). Given that a(d — 1)/d < a, the lower bound
on Z, we have obtained in lemma 8 implies that In Z, /n® — 0. Combining this with the result of lemma 5 and
plugging it into the inequality (5) then leads to

lim sup ia In gy, (pn < pe — 5) < limsup % In Ppc,g( |Crnaz| > (— In(p. — [—;))na) < 0. (19)

n—oo TN n—00

Similarly, using lemma 6 and the fact that a(d — 1)/d < d — a/d, we get

. 1 ) 1 "
hﬂS;l}p —d—ayd In g, (pn > pe + 6) < IITILILSOl;p Y In Ppc+s( |Cmaz| < ( —In(p. + 5))71 > < 0. (20)
It remains to show that the exponent v = a A (d—a/d) is optimal. To this end, we go back to our computation (3)
and we recall that Z,, was expressed as a probability in (7), whence Z,, < 1. Therefore, with ¢, as defined in (2)
we have

th—1 th—1
1 n n
,un(pn >pc+5) = 7 Z Psan(t)(‘cmaﬂ :t> = Z Papn(t)(|cmagc‘ :t> .
" t=0 t=0

Using the notations of the last subsection, this becomes
(b >pete) = P(3te {0, th =1} 5 [Coama(w®)| =) > P(en{T<ti-3}), (1)

since the occurrence of the event £ implies that ’Cmaw (w(T + 2))’ =T + 2. As we did in the proof of lemma 8,
we can write

P(T<tf—3) > p( |Conaz (w(t] = 3))] <t;) - p@n(t¢73)(|cm|<t;).

Now notice that ¢, (t; —3) — p. + ¢, whence ¢, (7 — 3) < p. + 2¢ for n large enough. Thus, for n large enough,
we have
P(T<tf—3) > Pm%( Conas| < t;) .

Plugging this into (21) and using our lower bound (16) on the conditional probability of £ with respect to T then
leads to

d—1
1 4dd(tt —1) 2K(tF —1) 9 In(2n® 1
pd—a/d I pin (P > pe +€) > — na(-i-d—a/d) - ( nd)—a/d Cn?) + pd—a/d In Ppc+2e( |Crmaz| < ti)

1 Inn 1
_ +
=0 (nd_a/d) o (nda> * nd—a/d lanc+25(|CmM\ < t”) ’

Taking the limit inferior and using the lower bound given by lemma 6, we obtain

1
liminf ———In i, (pn > pe +¢) > —o0. (22)

n—ooo pd—o
To handle the other tail, we choose a’ such that

d
a<a'<d/\d7:l17

we define t,, = Ln“( —In(p. — 5))J and we write
i (P < pe —€) > P(Elt e{tn+1, ..., 0% ¢ |Coan(w(®))| = t)

>P(5Q{T>t,j—1})>P(50{t;—1<T<n“/}>- (23)
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We now have

P(t, —1<T<n") = P(T>t; —1) —P(T>n%)

> P(|Cunaa (w(t = 1)| > 2(t5 +1) ) = P((|Conaa ([0 )] > ")
> Ppoe( 1Cmasl > 2(t5 +1) ) = Ppop( [Crnaal > 0"
> emOn" _mCn e_;;na 7

with C, ¢’ > 0, using the exponential estimate of lemma 5. Plugging this into (23) and using again (16), we now
obtain

1 1 Inn In2 no00
ﬁln,u”(pn<pc—5) 2 O(W) +O<na—a’+a’/d> —C—F — —C > —00. (24)
The first case of theorem 1 then follows from (19), (20), (22) and (24). O

4.5 A variant on the torus

One can define a similar model on the torus of side n, which boils down to considering periodic boundary
conditions on the box A(n). Clusters on the torus are at least as big as in the box, so the exponential decay
in the supercritical phase for the model defined on the torus immediately follows from lemma 6. The analog of
lemma 5 can be proved by noting that the size of the cluster of the origin in the torus is stochastically dominated
by the size of the cluster of the origin in a configuration on all Z¢. The same proof for the lower bound on the
partition function applies in the case of the torus, by adapting our geometrical lemma to extend it to subgraphs
of the torus. We therefore have the same convergence of p,, to p. when n — oo for this alternative model.

5 The number of vertices connected to the boundary

We prove here theorem 1 in the case of the model defined with |M,,|, which is the number of vertices connected
by an open path to the boundary of the box dA(n).

5.1 Exponential decay in the subcritical phase

Following the same method as for the first model, we start with an upper bound on the law of |M,,| in the
subcritical regime (the lower bound is straightforward, but we will not need it).

Lemma 9. For any a > d—1, for p < p. and A > 0, we have the upper bound

1
lim sup —alan(M/ln\ >An“> < 0.

n—oo N

Proof. Take a > d —1, p < p. and A > 0. Write 9A(n) = {1, ..., =} with ¢t = |0A(n)|. If A and T are two
events, then A o T denotes the disjoint occurrence of these two events, which is defined in section 2.3 of [Gri99].
Let w: E,, — {0,1} be a configuration such that |M, (w)| > An®. Define, for i € {1, ..., t},

Ny = ’CA(H) (@i) \ U Cam) () ‘ -

{ 0 if there exists j < i such that z; «— x5,
j<i

‘CA(n)(;vi)| otherwise.
We have that
= [(Mp(w)] > An?,

t
D mi =
i=1

t
U Cam (@)
=1

and
w € {|CA(n)(1‘1)| >n1}0---0{|CA(n)($t)| >n} .
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Indeed, if n; = 0, then the event {|CA(n)(xZ-)’ > nl} is trivial, whereas if we have n; > 0 and n; > 0 for some ¢ # j,
then the vertices x; and x; must belong to disjoint clusters. Whence the inclusion

{ |Mn|>Ana} - U {|CA(n)(x1)‘ 2”1}0'-'0{‘CA(n)($t)| >nt}~

Oénl,...,mgnd
ni+--+ng>An®

Note that, for all : € {1, ..., t}, the event {|C’A(n) (xz)| > nl} is an increasing event, thus by the BK inequality,

~

Pp( |Mn| > A’I’La> < Z Pp( ‘CA(TL)(xz)| 2 nl)
o<ny,...,ne<n? =1
ni+-4ng>An®

t

< > IIP(lco)=n).

0<ny,...,n<n? =1
ni+-+ng>An®

Furthermore, according to theorem 6.75 in [Gri99], for p < p., there exists a constant A(p) > 0 such that, for
alln > 1,
P,(1C(0)] =n) < e ™A@,

which is also true if n = 0. It follows that

Pp< M, > Ana> < Z ﬁexp (= Ap)ni)

0<ny,...,ne<n? =1
ni+-4ng>An®

< Z exp (— A(p)An®)
0<n,...,nt <n
< (nt+ 1)t exp (— A(p)An®)

exp (|OA(n)| In(n® + 1) — A(p)An®) .

To conclude, note that
0A(n)| In(n? +1) = O ((lnn)n*') = o(n®).

This completes the proof of the lemma. O

5.2 Exponential decay in the supercritical phase
We now state a similar exponential decay property in the supercritical regime.

Lemma 10. For all a < d, for p > p. and A > 0, we have

1
lim sup jlnpp(\/\/ln\ <An“) < 0.

n—00 nd

Proof. Let p > p. and A > 0. As in the proof of lemma 6, we show that

1 O(p)n?
lim sup nTlan <_Mn < (p)n) < 0.

n—00 -1 2

For d > 3, the result follows from theorem 1.2 of [Pis96], which proves it for p larger than p., which was proved
to be equal to p. in [GM90]. In dimension d = 2, the claim follows from theorem 6.1 in [ACC90]. O
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5.3 Lower bound on the partition function

We now establish a lower bound on the normalization constant Z,,.

Lemma 11. For any real a such that d —1 < a < d, we have

i i InZ,
lgglo% (]nn)na(d_l)/d

Heuristics of the proof: We wish to apply the same technique as in the proof for the case of the largest cluster
(section 4.3), by constructing a decreasing coupling between the distributions P, () for ¢ varying from 0 (all
edges open) to n? (almost all edges closed). We monitor the evolution of the variable | M,,| until an instant ¢ = 7"
when |M,,| is of order T". Then we find a set of edges H C E,, whose closure would lead to |[M,,| = T" 42 at the
instant T + 2.

The hurdle is that, in order to find such a set H which is not too big (and thus whose closure is likely enough),
we need a control on the size of the clusters which are connected to the boundary of the box at the instant T".
To obtain such a control, a natural idea is to monitor first the evolution of the size of the clusters connected to
the boundary, to wait for an instant 7" when these clusters have become small enough, and then to define the
instant 7" in a way which ensures that it is later than T. However, unlike the size of the largest cluster C,, 44,
which can be at most divided by a factor 2 when closing an edge, the size of the largest cluster connected to the
boundary can fall drastically with the closure of one edge. To avoid this, we choose to monitor the size of the
largest cluster on the torus, that is to say in the square box but with periodic boundary conditions. This variable
has the advantage of being at most halved at each edge closure.

Proof. Sketch of the proof: We first define a decreasing coupling of configurations (w(¢, s)), s but on the edges
of the torus. We then consider the first instant (7', S) when any of the clusters on the torus contains at most 27"+ 3
vertices. In what follows, we will reason conditionally on the fact that, at this instant, the largest cluster on the
torus touches the boundary of the box. We will show that, at this instant, we have |M,,(w)| > T + 2. Next we
will construct a second instant (77, S”) > (T, S) and a set of edges H such that, if the only edges of M,, which
are closed between (77, S') and (17" + 2, 0) are the edges of H, then we have |[M,, (w(T" + 2))| =T + 2. We will
call this scenario the “happy event”, and our aim is to obtain a lower bound on its probability. To this end, we
will show that, with sufficiently high probability, we have T" = O(n®), which implies that, from the instant (7', S)
onward, any of the clusters on the torus contains O(n®) vertices. This control will allow us to show that it is
possible to find H small enough to ensure that the happy event is likely enough.

(0, 0) (T, S) (1, 8 (T"+2,0)
close H H
—
Cgrlam Mn M’I’L
w=1g, |Ch (W) <27 +3 IMp(w)| =T +2 My ()| =T +2

My ()| > |CLew)| >T+2  Fe€Ep [My(we)| <T'+2

Figure 8: Tlustration for the sketch of the proof of lemma 11.

Construction of the coupling and definition of T: Take n > 2. We use the same notations and definitions as
in the proof of lemma 8, but we now consider configurations on the torus. To define the torus, write p : Z¢ — A(n)
for the projection application, with is such that p(z) — x € nZ¢ for every x € Z%. The torus is the graph whose
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vertex set is A(n), and whose edge set is

ED = p(EY) = {{p(@), p(n)} : {z.y} €E'},

which amounts to adding edges between corresponding vertices on opposite faces of the box. We then write EL =
{e1, ..., e} with r =

(Xtve)te{o, wynd—1}, e€ET
all distributed with a Bernoulli law of parameter exp(—1/n%). We set, for t, € {0, ..., n?},

w(ty) : e€EL v min X,
0<t<to

and for t € {0, ..., n% — 1} and s € {0, ..., 7}, we define

t+1)(es) if s < s,
w(t7 50) L€ S EZ — (A}( )(e ) I s iSO
w(t)(es) otherwise.

For a configuration w : E — {0,1} and v € A(n), we denote Cf(n)(v, w) C A(n) the cluster of v in the
configuration w on the torus, that is to say the connected component of the vertex v in the graph

(A(n), {e€E] : w(e) = 1}) .
For any w : EL — {0,1}, write CL_ (w) for the largest cluster on the torus in the configuration w. In case of

equality between several clusters, we choose one with an arbitrary order on the subsets of A(n). We consider the
pair of random variables

(T, 8) :min{(t,s)e{m...,nd—Q}x{o,... L |Ch (Wit 9)] < 2t+3}
which is well-defined because |CF,, (w(n? — 2, 0))| < n?. Let us show that, at this instant (7, S), we have

|Crae (W(T5 S))| = T +2. (25)

We distinguish several cases :

e If § > 1 then, (T, S) being minimal, we have |C . (w(T, S —1))| > 2T + 4. To obtain (25), note that closing
a single edge can at most divide ‘ mam‘ by a factor two.

o If T 0 and S = 0 then, by minimality of (7, S), we have that

| max (

T-1,7)| > 2T-1)+4 =2T+2 > T+2,

which implies inequality (25), because the configurations w(T —1, r) and w(T,0) are identical.
e The case (T, S) = (0, 0) never occurs because we have |CL (0,0))] =nd > 3.
We have thus shown that (25) holds.

max (

Definition of the reference vertex : We now consider the vertex V = min C7,
minimum with an arbitrary order on A(n). Given that

Y PWV=v) =1,

vEA(n)

(w(T, S)), by taking the

we can find a vertex vy € A(n) such that

P(V:’Uo)> = —.



In what follows, we will reason conditionally on this event {V = vg}. Until now, everything took place on the torus,
which is translation-invariant. If vg ¢ OA(n), we can apply a translation on the torus so as to have vy € IA(n),
modifying at the same time the orders considered on EZ, on A(n) and on the subsets of A(n). Therefore, without
loss of generality, we can assume that vg € OA(n). Hence if V= vg then we have % (w(T, S)) C M, (w(T, 5)),
whence

V =g = M (w(T, 9))| = |Choe(W(T, 8)] > T+2, (26)
following (25).
Construction of the second instant 7': We now consider
(T', 8" = min{(t, s)=(T,5) : 3Jec€E, |[Mp(wlt, s)e)| < t+2 }

The fact that 7 < n? —2 and | M, (w(n? — 2, r))| < n? ensures that (1", S’) is well-defined and that 7" < n? —2.
Let us show, by distinguishing several cases, that

V=v = | Mp(T, )| > T +2. (27)

o If (17, 5") = (T, S), then the claim follows from (26).
o If (T", S") > (T, S) and S" = 0, then the minimality of (77, S”) implies that

T'—142 < [Mu(w(T' =1, 7))| = |[Mn(w(T’, 5))] .
e Else if (77, S") > (T, S) and S’ # 0, then by minimality of (77, S”), we know that for all e € E,,
My (w(T', 8" = 1)e)| > T'+2,

which entails in particular that M, (w(T”, $’))| > T’ + 2, because the configuration w(7”, S’) is obtained from
the configuration w(7”, S’ — 1) by closing at most one edge.
We conclude that (27) holds in all cases.

Construction of the happy event: We now wish to define a set of edges H that we want to be closed between
the configuration w(7”, S’) and the configuration w(7” + 2, 0) in order to have

M (w(T"+2))] = T'+2.

We are only interested in situations where V' = vy, thus we set arbitrarily H = @ if the event {V = vy} does not
occur. We now assume that V' = vg. By definition of (77, S’), we may consider an edge ¢ € E,, such that

M (w(T”, §")e)| < T'+2. (28)

We choose this edge e minimal (for the order e1, ..., e, we have considered on E") among the edges satisfying (28),
which ensures that e only depends on T”, w(7”, S’) and V. We then construct the set H by distinguishing two
cases depending on whether this inequality (28) is strict or not.

e In case of equality in (28), we take H = {e}.

e Assume that equation (28) is a strict inequality. It follows from (27) that

)

Mo (w(T', 8")e)| < [Mau(w(T, S))

which means that closing the edge e changes the number of vertices connected to the boundary of the box.
Consequently, one end of the edge e, say v, must be disconnected from 0A(n) when closing e in the configu-
ration w(7T’, S’). Write (C,, E,) for the graph of the open cluster of v in the configuration w(7”, S").. We
have, using (27),

My (w(T7, 8")e)| = [Mu(w(T', S))| = |Cy| = T'+2—1Cy .

Combining this with the (strict) inequality (28) yields
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w(T", S w(T' +2, 0)

close H
e — T e

M (W(T57)é)

Figure 9: If (28) is a strict inequality, then closing the edge e in the configuration w(7T”’, S’) changes the num-
ber | M,,| of vertices connected to the boundary of the box. This means that one end of the edge e, say v, happens
to be disconnected from the boundary when e is closed. We then choose a subset H of the edges of the cluster C,
which is disconnected by the closure of e, such that closing all the edges of H and no other edges of E[M,]
between (77, S") and (7" + 2, 0) implies ’./\/l (W(T'+2))| =T +2.

1 < T +2— | My(w(T', 8)e)| < |Cul .
Applying lemma 1 to the graph (C,, E,) and the vertex v, we can choose a set H C E, satisfying
H| < K|C,|T (29)

and such that the cluster of v in the graph (C,, E,\H) contains exactly T’ + 2 — | My, (w(T", ). )| vertices. We
then have

Mo (w(T', S"u)| = T'+2.

The edge e (and thus the vertex v) depends only on 77, w(T”", S”) and V, thus we can choose such a set H which
also depends only on 77, w(T”, S’) and V. Besides, we have the following control over |CU|:

(Gl = [Cagy (v, (T, $)e) | < [Coagmy (v, (T, )| < [Caa (W(T' )] (30)
Note now that |C7 . (w)| is a decreasing function of w and that, by definition, (77, ") > (T, S), whence

|Conae (@I, )| < [Craa (W(T 9))| < 2T +3. (31)
Combining (30) and (31), we get |C,| < 2T + 3, and therefore the upper bound (29) becomes

d—1

|H| < K(2T +3) 7 . (32)

To sum up these two cases, we have defined a (random) set of edges H C E,, whose size is controlled by (32) and
which satisfies

(M (w(T', SV )| = T' +2.

Therefore, conditionally on {V = vy}, if the edges belonging to H and no other edges of E [M,, (w(T", S'))] are
closed between the configurations w(7”, S’) and w(T” + 2, 0), then we have

Mo (w(T'+2))| = T'+2. (33)
This leads us to consider the event
Vs > S es €E [Mn(w(T’, S’))} = Xrr ., =1
E =< Vee H Xri41,e=0
Ve € E[My(w(T', S))]\H  Xpj1,.=1
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which, if it occurs and if V' = vy, implies (33). Also, our expression (7) becomes

Zn = P(ate{o,...,nd} \Mn(w(t))|:t) > P(sm{vzvo}). (34)

Conditional probability of the happy event: As in the proof of lemma 8, we consider (to, t;, s;) and a
configuration wy : EX' — {0,1} such that

P(Ctg,tg,sg,wo) > 0 where Ciy ¢, 5w = { (T, T, S") = (to, ty, s0) } N {w(T’, S = wo } N { V =g } )
By definition of T' and T, we have
M, (wo)] < (T'+2)+ (2T +3) < 3T' +5.

The event Cy, ;1. w, only depends on the variables X ., with (¢, s) < (¢, s) and, conditionally on this event,
the event & only depends on the variables X; . for (¢, si) < (¢, s) < (¢, + 2, 0). What’s more, the set H only
depends on 77, w(T”, S’) and V, which allows us to write H = H (T", w(T", S’), V). Therefore, we have

P(é’ ’ Ctovt&sé’wt)) = H P<Xt6’€s = 1) X H P(Xt(ﬁl& :0)

s>s) e€H (ty, wo, vo)
es EE[M, (wo)]
X H P(Xy41,e=1)
e€E[Mn (wo)\H (5, wo, vo)

(e_l/na)2|E[Mn(wo)]| (1 3 e—l/n“) | H (th, wo, vo)]

exp [ - —2~—~4 s

ne 2na
2d(3t}, +

WV

WV

WV

na

— 2a(Inn)|H (t}, wo, vo)|) .

Using the upper bound (32) on |H| leads to
2d(3T" + 5)

P(g ‘ T7 T/u SI7 W(T/, Sl)7 V) 2 1V:v0 exp <_ a - 2Ka(1nn) (2T+3)ddl> .
n

Taking the conditional expectation with respect to (77, V'), we obtain

24(3T" + 5) i
na '

P(E|T,V) > ly—y,exp (— —2Ka(lnn) (2T +3) * (35)

Upper bound on 7T": It follows from lemma 9 that

. 1 Pc
J— P > n?l — ==
hmsup na In pc/gl ‘Mn‘ Z N < ln( ))‘| < 0.

n—oo

Ppc/zl M| > na(—ln(p;))] - (nld) ,

and thus, if we take 7,7 defined as in (17) then, for n large enough,

P 1M (wlr)| = 7)< PPC/Q[Mn > na<ln(p2c))] < L

Therefore, we have
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We then have, using the fact that P(V = vo) > 1/n‘7l7

1 1 1
P<V:v0and ’M”(W(TJ)H <T7T) z 7d  opd = ol

Yet, if V = vy and |M,, (w(7;7))| < 7.}, then inequality (27) entails that 7" < 7,7. From this we can deduce that,
for n large enough,

1
P(V:vo and 7" < T:) > —.
2nd
Therefore, we can find x > 2 such that, for n large enough,
P(V—v and T </-ma) > L (36)
— Y0 X = 2’fld .

Conclusion: Combining (35) and (36) yields
P(E’ﬁ{V =g} ) > P(V =vp and T" < /m“) P(S ‘ V =vgand T < /in“)
1 2d(3kn* + 5) d—1
> 30 OXP (—na —2Ka(lnn) (26n® +3) @ )

1 10d
> —exp | —6dk — 104 _ 8K ka(Inn)n®d=1/d)
2nd ne

Given (34), we obtain

. InZ, .. . InP({V=1v}nE)
—_— > > _
e et 7a = il = sy > —8Kka > oo,
which is the required lower bound. O

5.4 Proof of the convergence result

We now explain how the second case of theorem 1 follows from the above lemmas.

Proof of theorem 1, case F,, = |M,|. Let ¢ >0 and a € (d — 1, d). Exactly as in section 4.4, the upper bounds

1 1
limsup — Ilnp, (pn < Pec— 6) < 0. and lim sup T Inp, (pn > pe + 6) <0

n—oo N¢ n—00

follow from our lower bound on Z,, (lemma 11) and from the results of exponential decay in the subcritical
(lemma 9) and supercritical phases (lemma 10). To obtain the lower bound, we go back to our computation (3)

to write
-1

fnlpn > pe+) = - pr (IMal =) > P, oy (IMal = 8 1), (37)

where ¢} is still given by (2). We now implement a simplified surgery procedure to force |M,,| =t} — 1 starting
from a configuration w such that |M,,(w)| > ¢} — 1. According to lemma 10, we have

Povs (Ml > 5 =1) > P (IMa] > 17 —1) ™25 1. (38)

Let w € {0,1}%" be a configuration such that |M,, (w)| > ;7 — 1. Consider the set E of the edges of E,, which
have exactly one endpoint in dA(n), which is such that

M, (wg)| = |0A(n)] < 2dn®™t < tF —1 (39)
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for n large enough, because a > d — 1. We write E = {617 R e|E‘} with |E| < 2dn%=1, and we let
B = max{b e{l,...,|E|} : |Mn(w{eh.__,eb})| >th—1 }
It follows from (39) that B < |E|, whence by maximality of B,

|M"(W{617---7€B+1})| < t:; -1.

Therefore, if we write egy1 = {z,y} with z € JA(n) and y ¢ OA(n), and if we consider the cluster which is
disconnected from the boundary when closing this edge egy1, namely :

Cy = CA(TL) (y? w{el,‘..,eBJFl})v

we have

‘M"(w{el,»--»eBH})’ = ’M”(w{elv---ves})’ - |Cv‘ )

so that m = (7 — 1) — [My(wie,, .. epry)| satisfies 1 <m < |Cy|. Hence, lemma 1 provides us with Hy C E,,
of size |H;p| < |Cy|(d71)/d < nd71 such that

|C’A(n) (y’ w{elv--<7€B+1}UH1)| = m.
Writing H = H(w) = {e1, ..., eg} U Hy, we then have |H| < (2d + 1)n?~! and
‘M”(MH)’ = ’M”(w{elw~wes+1})‘ +m = tjl_ -1.

Using lemma 6.3 in [CP00], we can deduce that

1 (2d+1)n?—1t
) X Py oo (Mal > 1 1),

Pt —1) ( M| =t — 1) > (On

where

_ @n(ti—l) _
e = (1v et ) Vel = 0.

Plugging this into (37) and using (38) then yields

.. 1 .
hgggf W In ,un( |pn - pc| > E) P h,{ggf (11’1 n)nd*1 In Mo (pn > pe+ 5) P _(2d + 1)d > —00,
as announced in theorem 1. O

6 The distribution of the cluster sizes

The goal of this section is to prove the remaining part of theorem 1, namely the case of F;, = ‘BZ
theorem 2. To this end, we fix 0 < b < a < d.

, along with

6.1 Exponential decay in the subcritical phase

We now prove the following exponential decay in the subcritical regime :

Lemma 12. For every p < p. and any A > 0, we have

1 1
—o0 < 1iminf—alan(’B2’ >An“) < limsup —alan(}BfL‘ >Ana) < 0.
n—oo N

n—oo N
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Proof. Let p < p. and A > 0. Writing N,, = 1+ LAn“_bJ and using the BK inequality as in the proof of lemma 9,
we get

g

P,(|B)] > An®) < 3 > Po({lCam @) Zm} oo {[Capm (@] =i} )

1z, ..ok €AM) nPny, ..., np<n?
ni+-+nEg>An®

Z Z ﬁ e~ AP

1z, zk€AM) nb<ny, ..., np<nd =1
it >An®

< N, (nd)anefx\(p)Ana .

£
Il

N
Mz

Therefore, we obtain

In N, n 2N, dInn
ne ne

Ap)A =3 —A(p)A < 0,

ilnpp(|Bg| > An*) <
na

which proves the upper bound. The lower bound follows from the lower bound given by lemma 5, since An® > n’

for n large enough. O

6.2 Exponential decay in the supercritical phase

We now deal with the deviations in the regime p > p.. We wish to thank an anonymous referee for having
improved our proof, leading to a better (and in fact optimal) exponent.

Lemma 13. We have the upper bound

L

Vp>p. VA>0 li
D> D 1m sup d—b/d

n—oo

P, ([Bh] < an*) < 0.

Proof. Let p > p. and A > 0. To prove this result, we partition the box A(n) into hypercubic boxes of side
N, = (8”> .
0(p)

M, = min{mEN : Aln) C U (Nnj+A(Nn))}v

JEA(mM)

Therefore, we let

so that we have a partition

An) = || [(Nnj+A(Nn))mA(n)}.

JEA(My)

By definition of B, we have
|Bfl| = H:z:eA(n) : |C’A(n)(:c)| >nb}‘

b
= n

{j € A(M,) : ’Cmam[(NnHA(Nn)) ﬂA(n)” > nb}‘ .

Now note that

n?|A(M,)]  n’MY . nfb n \* e nbT0(p) ~ O(p)n?
2 2 2 \ N, 6n® 16
Given that An® = o(n?), this implies that, for n large enough,
n M|

An® <
" 2
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Therefore, we have the following implication :

[BL| < An® = \{jeA(Mm o [ (N + A) 1 A)] | = n}] < AQL)]

N HjeA(Mn) |G [ (N + A(N) N )] | < nb}’ _ 1AGL)

The problem now is that the boxes on the boundaries might be truncated, while the inside boxes are full, that is

to say
VjeAMy—2)  Npj+ANn) C An).

But the number of boxes on the boundaries is
|A(Mn)\A(Mn - 2)| = 0( ‘A(Mn”) )
so that we have, for n large enough,

AL

|BZ’ < An®* = H]EA(Mn |Cma$( n]—l—A )‘ <n H > 1

Using now the independence of the sizes of the largest cluster inside disjoint boxes and the fact that the number
of choices of at least |A(M,,)| /4 boxes is at most 214l we get

)

Pp(‘Bm <Ana) < QJVISPP(’Cmaw(A(Nn))’ - nb)Mg/4

which implies that

lim sup
n—oo

InP (‘BZ‘ <An“> < limsup

n—oo

{Mdln2 M?

nd— b/d na;ib/d dnd—b/d InP (|Cmafr(A(Nn))’ < ”b)] .

Now note that

iy

Mfll n—oo (n/Nn)d S | nooo (0(p) Y
pd=b/d = Tpd=b/a T N NdT T 8 N~

n

Therefore, we obtain

. L (6"
1 WP, ([Bh] < an®) < 4 (=2 i £ 0Py ([Conas (AN, ")
17€risotip . b/d n ’ n| < An 1\ 17€risolip Nn n ‘C (A( ))| <n

The result then follows from lemma 7, noting that n® < 6(p)N2/8. O

6.3 Lower bound on the partition function

It remains to prove a lower bound on the normalization constant Z,,. Adapting the technique of lemmas 8 and 11,
we can easily obtain a bound with an exponent b. This is done in lemma 14, and the proof is much simpler than
in the previous sections because, instead of performing a surgery step, we only “freeze” the edges of B2 during a
certain number of steps. But this bound may not be sufficient to outweigh the bound in the supercritical phase,
since it may be the case that b > d —b/d. To solve this problem, we show an other lower bound in lemma 15 with
a different exponent, using a more geometrical technique.

Lemma 14. For every a and b such that 0 < b < a < d, we have

InZ,
lim inf -
n—o00 n

> —00.
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Proof. We use the same monotone coupling (w(t, $))o<t<nd, o<s<r s in the proof of lemma 8. Following a strategy
similar to that of lemma 8, we define

(T, S) :min{(t,s)e{0,...,nd—2}><{0,...,r} : |Bg(w(t,s))\<t+1+2nb}. (40)

When closing one single edge, |BZ} cannot decrease by more than 2n® (in the worst case, the edge cuts a cluster
of 2 [nb] — 2 vertices in two equal parts). Therefore, we always have |BZ (w(T, S ))} > T+ 1. Thus, if we consider
the instant 77 = ’Bb (T, S) )| we have T+ 1 < T’ < T+ 1 + 2n®. In view of this, our strategy is to force all
the edges of BZ( (T, S)) to remain open until the configuration w(7”, 0). This idea is much simpler than the
strategy of the previous sections, because we do not perform any surgery step. Considering the event

_ [vs>S e, €E[By(w(T, S))] = Xr. =1
o\ Vte{T+1,..., T ~1} VeeE[BL(w(T,S)] Xy.=1

equation (7) becomes
Zn = P(|BL((T, 0)] = [BL(w(T, S)| = T') > P(€). (41)

A lower bound on the probability of £ is easily obtained by writing

T -1

P(EI(T, S, w(T, S))) = 11 P(Xr., =1) J] 11 P(X;,.=1)

s>8 t=T+1 e€cE[B? (w(T, S))]
es€E[BY,(w(T, 5))]

o\ (T'=T)|E[BE (w(T, S)) o (2nP+1)d(T+1+2n")
> (671/71) ‘ [ ]| > (e—l/n> ) (42)

We then show an upper bound on T, using the same technique as in the proof of lemma 8. With 7,7 defined as
n (17), we can write

n—,oo

P(T<7) > P(|BLwr)| <nf +1+20%) > Py p(|BY <if +1+207) ™25 1,

thanks to lemma 12. Combining this with (41) and (42) then leads to

mP(T<7) WmPE|T< 7 ’ " ' jm
lnfn s In ( ; ) i (€] - ™) > o(1) — Gn” + d(ry +1+420) no *Zd(71n<pc))’
” - n na-i—b

using that 7,7 ~ (—In(p./2))n". O
We now state the other lower bound we obtain using a more geometrical technique:
Lemma 15. For every a and b such that 0 < b < a < d, we have

lim inf % > —00 where c = (l—a—i-b)\/(a—a).

n—oo (Inn)nt d d d
Proof outline: We use again the same coupling (w(t, s)): s as in the previous proof, and the same instant (T, S).
We then want to close edges to reach a fixed point, but the problem is that it is not always possible to do so by
only closing edges. Imagine for example that, in the configuration w(7T, S), no cluster contains more than {nﬂ
vertices, meaning that B is only made of clusters containing exactly [nb] vertices. Then, in this very unfavourable
situation, closing edges either does not affect |Bfl| or it diminishes |Bz’ by (nlﬂ, thus we cannot finely tune B
only by closing edges.

To circumvent this problem, we will change what happened before the instant (7', S) so as to ensure that,

at this instant, we have at our disposal a cluster containing at least 2n? vertices. This will enable us to use our
surgery procedure on this cluster, to reach the exact desired value for |B£’L|.
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Figure 10: If there is no cluster with size > 2n’, we reconstitute one by joining two clusters of size at least n®,
with a path using less than dL,, edges.

But, to do so, we need to intervene on the past of the instant (7', S), which will make notations more
complicated. Namely, we will define a second coupling of configurations (w’(¢,s)):s which is a copy of the first
coupling, except that the closure times of a certain number of edges are drawn again, allowing us to close or to
open these edges at different times.

Before diving into the proof, we detail our surgery procedure in the following two lemmas. The first one is a
lower bound on the number of edges to reopen to create a cluster of size at least 2nb.

Lemma 16. Let b € (0,d). For every n > 1 and for any configuration w € {0, 1}E" such that |B£’l(w)| > 2d+1pb,

there exists a set of edges H C E,,, such that

n1+b/d
meaz (o.}H)‘ > 2nb and |H| < 4d71/d.
| By, (w)]

Proof. Let b € (0,d) and w € {0,1}%" such that |BY(w)| = 2P If |Cpge(w)] = 2nP, then we choose H = &.
Let us now assume that |Cpaz(w)| < 2n°. Then all the clusters in B (w) contain between n’ and 2n® vertices.
Therefore, there are at least | B} (w)|/(2n’) such clusters in the configuration w. Now, if we divide the box A(n)

into hypercubic boxes of side
Inb 1/d
Lo = () |-
| B} (w)]

with boxes which may be smaller along the boundaries of A(n), the number of boxes is

1/d7 4 1/d d
2]t (L (1B@N T (Bl T B
L,| ~ |2 o2nb 2 o2nb oopd

Hence, there are strictly more boxes than the number of clusters with size at least n?. Therefore, by the pigeonhole
principle, at least one of these boxes must intersect two such clusters, which means that we can find z, y € A(n)
such that

Cla,w)l = n*,  [Cly,w)| = 2",  wy  and [z -yl < Ln-

We then have ||z — y||, < dL,, implying that there exists a path H C E,, of at most dL,, edges which connects x
and y. Opening the edges of this path in w creates a connection between two different clusters of size at least n®,
whence |Cmam (wH)| > 2n’. What’s more, we have

9l4+1/dy,1+b/d

| BY (w)[*

pltb/d pltb/d

|H| < dL, < d _ < 4d 7
! |BE ()] |BE ()]

+ 1) < (2944 1)d

which completes the proof of this lemma. O
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The second geometrical lemma will tell us how many edges we need to close to adjust the size of B%:

Lemma 17. Let b € (0,d). There exists Ky = Ky(d) > 0 such that, forn > 1, for any configuration w € {0,1}="
and any s € N, if
12n° < s < ‘BZ(w)| < s+6n° and |Crnaz(w)| = 2n°, (43)

then there exists H C E,, such that
|BZ(wH)| = s and |H| < Kl(s—l—nb)%.

Sketch of the proof: If we have at our disposal a big enough cluster, then we may reach |Bz’ = s by only
closing edges of this cluster. In this case, using the geometrical results of section 3, the idea is to cut Cpaz(w)
into one large piece of size m > n® and remaining pieces all of size < n® (see the left part of figure 11). Adjusting
the cutting so that m = [Ciae(w)| — |BS(w)| + s yields the desired result.

But, for the above technique to work, we need this m to be greater than n®, so that the large piece of size m
still belongs to BY after the cutting. This is the case if |Cpnaz(w)| = Tn®, because then m > Tnb — 6n® = nb.

In the case when |Cqz (w)] < 7nb, we proceed differently. In this case, we first cut other intermediate clusters,
to reach a situation where s < |B}| < s+n" (see the right part of figure 11). Then, we can use Cpqq(w) to reach
exactly ‘BZ‘ = s, by disconnecting ’Bg’—s vertices from Cy,,, (w). Because we have assumed that |Cy,q. (w)| = 2n°
and |BZ} — s < nb, we can ensure that the resulting cluster still contains at least n® vertices, and thus still belongs
to BY.

Proof. Let us now detail the strategy presented above. Let b € (0,d), w € {0,1}%" and s € N such that (43)
holds. We distinguish between two cases :
e First case: Assume that |Cinaz(w)| = Tnb. Letting m = |[Cnaa(w)| — | B4 (w)| + s, we can use lemma 1 to
find H; C E,, with

|Hy| < K |Conaw (@) < K (s +6n) 01
and such that closing the edges of H; divides Cjyq.(w) into one connected component of size exactly m, and
one or several other pieces, whose total size is |Cpaz(w)] —m = ’Bz (w)| — 5 < 6n’. Using the butcher’s lemma
(lemma 2), this remaining part can be cut into pieces smaller than 3n®. Using again the butcher’s lemma on the
connected subpieces which contain strictly more than (3/2)n” vertices (there are at most 3 such subpieces), we
can cut them into pieces smaller than (3/2)n’. Repeating the operation on the eventual pieces containing strictly
more than (3/4)n® vertices (there are at most 7 such subpieces), we can cut them into pieces smaller than (3/ 42nb.
Thus, using at most 11 times the butcher’s lemma, we obtain Hy C E,, such that |Hs| < 11 x 4d+142 (6nb)(d_ )/d
and such that in the configuration wy, um,, the vertices of Cy,q. (w) are separated into one cluster of size exactly m
and the remaining clusters which are all smaller than (3/4)n” < n® (see the left part of figure 11). Therefore,
writing H = H; U Hy and using that

m = |Cmax(w)‘*|32(w)|+5 > Tt —6nd = nb7

we obtain
B! (wr)| = |Bh(w)] = [Crae (W) +m = s

and

d—1)/d d—1)/d

H| < K(s+6n")" + 11 x 49142 (6nt) ¢ < 6(K + 11 x 4712 (s 4 n?) 7D/

e Second case: Now assume that 2n® < |Cpar(w)| < 7n®. The first step in this case is to find H; C E,, such
that
s < |BZ(wH1)| < s+n’. (44)

If we already have |B}(w)| < s + n’, then we take H; = @. Assume now that |B}(w)| > s + n’. As explained
in the sketch of the proof, the idea to obtain (44) is to cut one or several intermediate clusters. By intermediate,
we mean clusters containing at least n? vertices but which are not C,,4.. Each cutting of an intermediate cluster
will have to either yield directly (44) or to decrease ’BZ‘ by at least [n”] — 1, maintaining ’Bg’ > s. Because we
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First case : |Cypaz| = Tn® Second case : |Cpaz| < Tn®

S0 e

@ °
0|

———
size m = |Cpaz (w)| — | By (w)] + s size m = |Crnae (Wi, )| — | B (wr, )| + 5
= In both cases, we obtain |Bg (leuH2)| = s

Figure 11: First case: when |Cpaz| = nb (picture on the left), we cut a piece of Cj,q, with the desired size m
(by closing H;) and we divide the remaining part of Ci,4, into pieces smaller than nb (by closing Hs). Second
case: when |Cp4z| < 7n®, we cut some intermediate clusters (by closing H;) and we adjust by cutting a piece
of Cpnaz with the desired size m (by closing Hs). In both figures, the hatched region is B (w)\ Bt (wx,um, ), i-e.,
the vertices whose cluster is no longer larger than n® after the cutting procedure.

start from s + n? < | B (w)| < s+ 6n®, at most 6 such cuttings are necessary to eventually obtain (44). Let us
now detail the cutting we perform on these intermediate clusters. We look for Hy C E,, such that

s < |Bh(wn,)| < <|Bg(w)|—({nb1 —1))\/(s+nb—1). (45)
Notice that
‘BZ(W)| > s > 12n° > |Crnaz(w)]

which allows us to choose z € BY(w)\Cinaz(w), meaning that the cluster C, = C(z, w) is larger than n® but it is
not the largest cluster (it is what we call an intermediate cluster). We now distinguish between several subcases
depending on the size of this cluster C,:

o If|Cy| =2 {nbw — 2, then lemma 1 provides us with Hy C E,, such that

|C (@, wr)| = 1Col = ([n"] = 1).
We then have

|Br(wrmo)| = [Br(@)] = ([n"] =1).
o If [n’] < |Cu| < 2[n’] — 2 and |BS(w)| — |C4| > s, then we choose a set of edges Hy C E, such
that ’C(a: wHO)’ [n W — 1. In this case, we get

|BY (wn, )| = [ Bhw)| = |Cal < [Bh(w)| - [n"] .
o Otherwise, if [nb] <0yl <2 (nb] —2 and |B3(w)|f|C’m| < s, then we choose H such that !C’(x, WHO)‘ — {nb]’

which entails that
’Bz(wHOH = ’Bg(w)‘ - (|Ca:| - (ﬂb—l) < S—l—nb.

In all three cases, Hy satisfies (45) and lemma 1 ensures that Hy can be chosen with

|Hy| < K|Col" Y < K |Crge(w)| ™ < 7KpbE-1/
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After closing this set of edges Hy, we still have |Bfl| > s and, either }BZ‘ <s+nbor ‘BZ‘ has decreased by at
least n®—1. Therefore, we can repeat this operation, and after at most 6 steps, we obtain s < |BZ‘ < s+ nb. Thus,
we end up with H; C E,, satisfying (44) and such that |H;| < 42Kn*@=D/4 As we have not touched Cy,qz(w)
during this procedure, we still have
ot < |Cmam(wH1)‘ < nb.
Letting now
m = [Conaz(wr)| = | By (wen )| + 5,
it follows from (44) that
nb <m < |Cmam(wH1)‘ .
Hence, using again lemma 1, we can find Hy C E,, with |Hs| < K(?nb)(dfl)/d and such that closing the edges

of Hy divides the cluster C,,q0 (le) into one connected component of size exactly m and one or several other
connected components, whose total size is

Cmax(wH1)|*m = |BZ(WH1)|*S < nb.
|

Therefore, writing H = H; U Hs, we obtain

|BZ(wH)| = ’BZ(WH1)| - |Cmaac(WH1)| +m = S,
with
|H| < 42K nbd=1/d 4 7ppbld=1)/d _ gqppbld=1)/d
In both cases, we obtain the claimed result, with K; = (6[( 166 % 4d+1d2) V (49K). 0

We are now in a position to prove our second lower bound on Z,,.

Proof of lemma 15. As explained above, we define two couplings, in order to be able not only to close edges, but
also to reopen edges.

Definition of the two couplings: The first coupling is defined as in the previous proofs: we write E,, =
{e1, ..., e;} with r = |E,|, and we consider i.i.d. random variables

(Xt,e)te{o, wynd—1}, e€E,

with Bernoulli law of parameter exp(—1/n®). For ty € {0, ceey nd}, we define
w(tp) : e€E, — min Xy,..
0<t<ty
In addition to this, we draw a uniform random M € {0, ce nd}, uniform independent edges €1, ..., ep € E,

and i.i.d. random variables (X{’e) again with Bernoulli law of parameter exp(—1/n%). The second

t<nd—1,ecE,
coupling of configurations is then defined by

min X;, ifee{e,...,enm},
Vi € {O, ey nd} W(ty) : e €E, — 0<t<to
w(tg) otherwise,

with again intermediate configurations defined for all ¢ € {0, co,nd — 1} and sp € {0, ..., r} by

W(t+1)(es) if s<so,

"(t, e, €E, —
(b s0) = e {w’(t)(es) otherwise.

Hence, the two decreasing couplings have the same law, with w(t) 4 (t) 4 P, (), and the second coupling
differs from the first one only on the edges €1, ..., epr. This set of edges is chosen at random, but we will be
interested in the probability that {e1, ..., ear} = Hy U Ho, where Hy is a set of edges which we want to leave
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open longer in the second coupling, and Hs is a set of edges which we want to close sooner in the second coupling.
Thus, this double coupling will allow us to perform the surgery procedure of lemmas 16 (which involves opening
edges) and 17 (which involves closing edges), starting from a given configuration in the first coupling. Note that,
instead of constructing such a double coupling, we could also have used the standard estimate of, for example,
lemma 6.3 in [CP00], about the price to open or close edges.

Reconstitution of a big enough cluster: As in the proof of lemma 14, we consider the instant (T, .S) defined
by (40), which is such that
T+1 < [B)(w(T, 9)| < T+1+2n".

With 7,7 defined as in (17) and 7,; given by
n 2 ’

P(T ¢ [r, i) < P(IBL(w(m))| < +1420" or |Bh(w(r))| > i +1+20°)

we have

n— oo

< Poposne([Bh] <7+ 1420") + Py o [Bh] > mf +14+20") "= 0, (46)

thanks to lemmas 12 and 13. This allows us, in the sequel, to reason conditionally on the event that 7., < T < 7'7;* .

Lemma 16 then provides us with H; = H; (w(T, S)) C E,, such that the configuration w(T, S)*, where the edges
of H, are reopened, contains a cluster with at least 2n® vertices, and such that

pl+b/d pl+b/d pl+b/d

| H| d|Bg(w)\1/d =i 4=y n (47)

for a certain K’ > 0. We can choose this H; minimal in the sense of inclusion, so that either H; = & if we already
had |Craq (w(T, S))| = 2n® or all the edges of Hy belong to Cynaq (w(T, S)*) which contains at most 4n® vertices,
so that in both cases,

T+1 < |B(w(T, $)")| < |BL(w(T, 8))| +4n® < T+1+6n".
Surgery step: The next step is to find a set of edges Hy = Ho (w(T, S)Hl) C E, such that
|BY (w(T, S)igl)| = T+1. (48)

Still assuming 7, < T < 7.7, applying lemma 17 with s = T+ 1 > 7,7 > 12n®, we can construct Hy C E,,, which
can be defined as a functlon of the configuration w(7T, S)H1, satisfying (48) and whose cardinality is bounded by

d—1)/d (d—1)/d

\Hy| < Ky(T +1+6n?)" < Ki(r,f +1+6n) < K'petd-1/d (49)

for a certain K” > 0, since 7,7 = O(n®) and a > b.
The happy event: We now consider the event (where Hy = Hy = @ if T ¢ [r,,, 7.7])

Z‘H1|+‘H2|, {517...,8M}:H1UHQ,
Vs>S e, €E[B)(w(T, S))] = Xr. =1,

E = ,
Vee Hy Vte{0,...,T} X =1,
Ve € Hy X(/),e:O
If this event occurs and 7,, < T < T,j‘ , then we have
|BY (W' (T+1,0))| = |BL(w(T, S)it)| = T+1,
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whence
Zo > P([BLW(@+1,0)|=T+1) > P(en{r, <T<r}). (50)

As in the proof of lemma 8, we now take (fo, so) and wo € {0,1}5" such that 7, < to < 77 and
P(Cto’sD’wo) > 0 where Ciy, 50,00 = {(T, S) = (to, so) and w(T, S) = wo }

Because H; and Hs only depend on T and w(T, S), we may consider the deterministic sets H; and Hj associated
with T' = tg and w(T, S) = wp. Then we consider the event
M = |Hy|+|Hsa|, {e1,...,em}=H1UH>,,
g _ Vs > so es €E[B(wo)] = Xipe. =1,
050,%0 Vee Hi Wte{0,...,t} X[, =1,
Vee Hy  X;,.=0

which is independent of Cy, s, because Cy sy, w, depends only on the variables X, ., with (¢, s) < (o, so).
Therefore, we can write

Ctho,wo) = P(gtmso,wo)

|Hy|+|Hz| to
- nd;“ (1) II P(xwe=1)]] [IP(xi.=1) ] P(X5.=0)

nd
$>80 ecH, t=0 e€Ho
eSEE[BZ (wo)]

P(g‘ctmsmwo) = P(éﬁ@,so,wo

1 1+4|Hq|+|Ha| (efl/na)|E[Bg(w0)]|+|H1|(to+1) (1 B e,l/na)|H2|
nd 41 '

We now use the bounds (47) and (49) on |H;| and |Hs|, the upper bound
[E[Bl(wo)]| < d|Bi(wo)| < dlto+1+2n°) < d(r,} +1+2n")

and the fact that, for n large enough, 1 —e~1/"" > 1/(n? + 1), to obtain

1n1+b/d—a,/d //na(d,—l)/d _
1 )”K 2 ( d(r} +1+2n%) + (rf + 1)K/t +0/d a/d>
exp | — .
n[L

P(E]Cro,s50,w0) = <nd+1

This bound being uniform with respect to tg, so and wg (as long as 7, < to < 7,7), we obtain that

/1 1+b/d—a/d 1 a(d—1)/d
1 1+K'n't +2K""n d+ K'nitb/d—a/dy(+ 4 1 2dn?
P(5|TJ§T§T;{) ( > exp<( ram )7 +1) + n)

nd—i—l na

Plugging this into (50) and recalling (46), we get

InZ, > WmP(r, <T < 7)) — (1+K'n'/d7e/d 4 og/pald=D/d) 1y (n? 4 1)
(d+ K'nt*b/d=a/d) (1} 4 1) + 2dn®
na
= o(l)+ O(n1+b/d_“/d Inn) + O(na(d_l)/d Inn) = O(nlnn),

with c = (14+b/d —a/d)V (a —a/d). O
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6.4 Proof of the convergence result

We now obtain the third case of theorem 1, proceeding as in section 4.4.

Proof of theorem 1, case F,, = |BZ|. Let e > 0 and 0 < b < a < d. The upper bound

1
lim sup a In zt,, (pn < Pe — 5) <0 (51)

n—oo

follows from the exponential decay in the subcritical regime (lemma 12) and the lower bound on Z,, given by
lemma 14, using that b < a. Similarly, lemma 13 together with the other lower bound on Z,, given by lemma 15
implies

1
I T (pn > pe <0, 52
imsup ——7 Inp (pn > pe +¢) (52)

n—oo

- <1g+g)v(a§) <av(a-9) <a-b.

To obtain a lower bound on p, (pn < Pe — 5), we use the same technique as in section 4.4, choosing this time a
parameter a’ € (a, 2a — b). Using the notations of the proof of lemma 14 and ¢,; = Ln“( —In(p. — 5))J, we write

using that

i (P < pe—€) = P(Eﬂ{T}t;}) > P(Eﬂ{t; <T<n“'}).

As in section 4.4, using that ¢, (t,) = p. — € and ¢, (n“/) — 0 < p./2, and using the exponential estimate of
lemma 12, we have

P(t; <T <n") > Ppc,g< IBY| >t +1 +2nb) - Ppc/g( BY| > na’) > eOnt O 5 e_;na
Combining this with the lower bound (42) on the conditional probability P(E | T), we obtain
%ln,un(pn<pc—€) > 0(@)—0—125 =3 -C > —c. (53)
We now turn to the other lower bound. With ¢, given by (2) we have
o (P > pet€) = P o)) ( |BY| =t — 1) . (54)

We now consider a configuration w € {0,1}%" such that |Bb(w)| >t} —1, and we use again the surgery procedure
detailed in section 6.3 to force | BS| = ¢,/ — 1. Dividing the box A(n) into hypercubic boxes of side N,, = [mb/d] —1
(and hence of volume < n’), and closing all the edges on the boundaries of these boxes, we can find H; C E,
such that BY (le) = ¢ and

_ nod-1\ _ d—b/d

-1

n

Rather than closing all this set of edges H;, we choose a maximal subset Hy C H; such that |BfL (w H2)| >t
The maximality of Hy then ensures that

th—1 < |BY(wm,)| < tf —1+2n°,

n

since closing one edge can at most diminish |B}| by 2n?, as explained in the proof of lemma 14. Using now the
geometrical lemmas 16 and 17, we can find Hs, Hy C E,, such that

= tr—1  with |Hs| = O(n!+t/4=a/d)  and Ha| = O(no(d=D/dy

‘BZ (wg§UH4)
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Following lemma 6.3 in [CP00], we obtain

b 1 |Hz|+|Hs|+|Ha| )
4t +
Pmti—m( |Bal =i — 1) > (O(nd)) P%(tz—l)(\Bn\ 2ty — 1)

> exp ( - O((lnn)nd*b/d)>Ppc+6 ( |Bb| >t} — 1) .

Plugging this into (54) and recalling that the probability on the right-hand side tends to 1 according to lemma 13,
we obtain

(lnn)nd*b/d In pip, (pn > Pe +€) > —00. (55)

The last case of theorem 1 then follows from (51), (52), (53) and (55). O

6.5 A control on the convergence speed

We now make the previous arguments more precise, in order to obtain an estimate on the convergence speed of p,,
towards the critical point p.. We assume that there exist real numbers g > 0, v > 0 such that

In@ 1
lim sup Hi(m < B and lim inf 711)((]0) Z =,
P—Pec ln(p - pc) pP=Pe ln(pc - p)
P>Pe P<pe

and we fix for all this part some real numbers a, b and ¢ such that

b a—b d—a d—bd—0b
0 <b<a<xd and 0 < ¢ < min{_—, , , .
(27 2y B 2p )

We also choose 3’ and +/ such that

1-b d- b -b
B < B < —A a and 7<7’<—/\a )
c c 2c 2c

Therefore, we can find €y > 0 such that, for 0 < e < g,

’

0(p.+e) = &b and X (pe—¢) <

6.5.1 Subcritical phase

Lemma 18. We have the upper bound

Ve>0 VA>0 lim sup

n— oo

WPy, /e ([Bh] > an*) < 0.

na—2’y’c

Proof. Take A > 0 and 0 < € < p.. Without loss of generality, we can assume that ¢ < 9. We repeat the proof
of lemma 12, but replacing p with p. — /n°. To control Pp( ’C’A(n) (xz)| > ni), the upper bound (8) is no longer
sufficient, because we would need to specify the dependence in n of A(p. —/n¢). Thus, we use another inequality
provided by the same theorem 6.75 in [Gri99], which states that

Wp e P00 =) < 20w (-5t ) (56)

With our choice of 4/, we have that
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Hence, the condition n® > x (p. — E/nc)2 is satisfied for n large enough. This allows us to apply (56) to get,
with N,, =1+ LAn“_bJ as in the proof of lemma 12,

P (1B > ) <35 Y S (5 )

p —g/n°
k=1 z1,..,25€AN) nP<ny, ..., np<n? i=1 / )
ni+-+ng>An®

< Npn?nexp ( — AeP po C) .
Therefore, we obtain

InN 2N,dlnn / Inn 1 /
In ch—a/n“ ( |Bn| > An ) § na—Q’Y,C + na_27,c —Ae®" = 0O <7fLa_2’Y/C) + O (nb—Q’y’c) — Ae””

na—2vy'c

which proves the desired upper bound. [

6.5.2 Supercritical phase
Lemma 19. We have the upper bound

. 1 b a
V€>0 VA>0 llT?Lsolép Wlnppﬁ-é/nc(‘Bn‘ <An ) < 0.

This bound is much rougher than the bound we proved in lemma 13, but it presents the advantage of using
only 6(p) which we have assumed to scale as (p — p.)”. The counterpart is that it only works with b < 1.

Proof. We let N = {nb], and we divide the box A(n) into smaller boxes of side 31V, leaving apart the remainder,
meaning that we write
[n/(3N) ¢
Am) > | ] B,
i=1

where the boxes B; = A(3N) + 7; are disjoint translates of A(3N). If a vertex € A(N) is connected to the
boundary OA(3N), then the cluster of z in the box A(3N) contains at least N > n® vertices, whence

et [n/(3N)]
s, ¥ ¥ Hx € (AN)+7) : x4 OB, inside B; }] < |BY|.
i=1
The boxes B; being disjoint, the variables in the above sum are pairwise independent. Besides, the expectation
of this sum is

nod__, c n 1d dg,g’ a3 eh i pe
Eperene [Si] > 55 N (pet ) > |55) N T

Using that d — ¢’ > a, we deduce that, for n large enough, we have
Epc+5/nc [Sn] = 2An®.
Therefore, applying Hoeffding’s inequality (see [Hoe63]) yields that, for n large enough,

1
Prcrepuc (B < A1) < Pyt (Su = Epcrapae[Su] < ~3Encvesoc[] )

E C[S ]2 n d 52B/
< _ Epete/n n < | nogd e
eXp( 2Ln/<3N>JdN2d> eXp( 3] 5 )

which concludes the proof, using that |n/(3N)|% ~ nd=td /34, O
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6.5.3 Conclusion

Combining the lower bound on Z, obtained in lemma 14 and the results of lemmas 18 and 19, we get the
convergence of n¢(p, — p.) to 0, using that

a—27y¢c > b and d—bd—2B¢c > b.

In fact, using also the lower bound of lemma 15, a slightly larger admissible window for ¢ can be obtained, namely

. b d—a max|a—b,a/d+min(a—1-0b/d,0)] d—bd+max[—b,a/d—max(l+b/d, a)l
0 < ¢ < min 9. ’ ’ )
2y B 2y 2p

but we have preferred to present the simpler condition in the statement of the theorem, since none of them is
optimal anyway.

6.6 An alternative model with cluster diameters

The variant obtained by replacing BY with the function Bfl defined by (1) can be dealt with using the same
techniques. The main difference is that, instead of using theorem 6.75 of [Gri99], we use the theorem 5.4 therein,
which states that

Vp<p. F(p) >0 Vn>1 P, (O TR aA(n)) < e

Acknowledgments: We wish to thank an anonymous referee who suggested an improvement of our previous
version of lemma 13.
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