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Percolation et percolation de premier passage : constante isopérimétrique, con-
stante de temps et constante de flux

Résumé : Dans cette theése, nous étudions les modeles de percolation et percolation de pre-
mier passage dans le graphe Z? d > 2. Dans une premiére partie, nous étudions les propriétés
d’isopérimétrie du cluster infini C,, de percolation pour p > p.. Conditionnons par I’événement
{0 € Cp}, la constante isopérimétrique ancrée ¢,(n) correspond & l'infimum sur ensemble des
sous-graphes connectés de Cp,, contenant 0 et de volume inférieur a n¢, du ratio entre la taille
du bord et le volume. Nous montrons la convergence lorsque n tend vers l'infini de ng,(n) vers
une constante déterministe ¢, qui est solution d’un probléme isopérimétrique anisotrope continu.
Nous étudions également le comportement de la constante isopérimétrique ancrée en p., ainsi que
la régularité de p — ¢, pour p > p.. Dans une deuxiéme partie, nous considérons une premiere
interprétation du modele de percolation de premier passage ot chaque aréte du graphe est munie
indépendamment d’un temps de passage aléatoire distribué selon une loi G. La percolation de
premier passage modélise des phénomenes de propagation, par exemple la propagation de I'eau
dans une roche poreuse. Une loi des grands nombres est connue : pour chaque direction z, on
peut définir une constante de temps pg(z) qui correspond a U'inverse de la vitesse asymptotique de
propagation dans la direction . Nous étudions les propriétés de régularité de G — pug. En par-
ticulier, nous étudions comment la distance de graphe dans C, évolue avec p. Dans une troisieme
partie, nous considérons une deuxiéme interprétation du modele de percolation de premier passage
ou chaque aréte du graphe est muni indépendamment d’une capacité aléatoire distribuée selon une
loi G. La capacité d’une aréte est la quantité maximale d’eau qui peut circuler dans ’aréte par
seconde. Pour v € R? unitaire, une loi des grands nombres existe : on peut définir la constante
de flux vg(v) dans la direction v comme étant le débit asymptotique maximal d’eau qui peut étre
envoyé dans la direction v par unité de surface. Nous montrons une loi des grands nombres pour le
débit maximal d’eau qu’une source convexe compacte peut envoyer a I'infini. Le probléme dual du
flux maximal est celui des surfaces de coupures de capacité minimale, il s’agit d’ensembles d’arétes
séparant les sources des puits qui limitent la transmission du flux en agissant comme un goulot
d’étranglement ; toutes leurs arétes sont saturées. Dans le cas particulier ot G({0}) > 1 — p,,
nous montrons une loi des grands nombres pour la taille des surfaces de coupure minimale liées au
flux maximal dans un cylindre plat ou le haut et le bas du cylindre correspondent respectivement
a la source et au puits.

Mots-clés : Percolation, percolation de premier passage, constante isopérimétrique, flux maxi-
mal, coupure minimale, constante de temps



Percolation and first passage percolation: isoperimetric, time and flow constants

Abstract: In this thesis, we study the models of percolation and first passage percolation on
the graph Z4, d > 2. In a first part, we study isoperimetric properties of the infinite cluster C, of
percolation of parameter p > p.. Conditioning on the event {0 € C,}, the anchored isoperimetric
constant ¢, (n) corresponds to the infimum over all connected subgraph of C, containing 0 of size
at most n?, of the boundary size to volume ratio. We prove that nyp(n) converges when n goes to
infinity towards a deterministic constant ¢,, which is the solution of an anisotropic isoperimetric
problem in the continuous setting. We also study the behavior of the anchored isoperimetric
constant at p., and the regularity of the map p — ¢, for p > p.. In a second part, we study a first
interpretation of the first passage percolation model where to each edge of the graph, we assign
independently a random passage time distributed according to a given law G. This interpretation
of first passage percolation models propagation phenomenon such as the propagation of water in
a porous medium. A law of large numbers is known: for any given direction x, we can define a
time constant pug(x) that corresponds to the inverse of the asymptotic propagation speed in the
direction z. We study the regularity properties of the map G — pug. In particular, we study how
the graph distance in C,, evolves with p. In a third part, we consider a second interpretation of the
first passage percolation model where to each edge we assign independently a random capacity
distributed according to a given law G. The capacity of an edge is the maximal amount of water
that can cross the edge per second. For a given vector v of unit norm, a law of large numbers
is known: we can define the flow constant vg(v) in the direction v as the asymptotic maximal
amount of water that can flow per second in the direction v per unit of surface. We prove a law
of large numbers for the maximal flow from a compact convex source to infinity. The problem of
maximal flow is dual to the problem of finding minimal cutset. A minimal cutset is a set of edges
separating the sinks from the sources that limits the flow propagation by acting as a bottleneck:
all its edges are saturated. In the special case where G({0}) > 1 — p., we prove a law of large
numbers for the size of minimal cutsets associated with the maximal flow in a flat cylinder, where
its top and bottom correspond respectively to the source and the sink.

Keywords: Percolation, first passage percolation, isoperimetric constant, maximal flow, mini-
mal cutset, time constant
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Chapter 1

Introduction

1 Percolation

1.1 Introduction of the model

The model of percolation was introduced in 1957 by Broadbent and Hammersley in [18]. It
aims to study the circulation of water in a porous medium at a microscopic level. A porous
medium is a rock with microscopic holes. We immerse the rock in the water. Given the density
of holes, will the center of the rock be wet ? The model of percolation was introduced to give
a rigorous answer to this question. This model may be defined on the lattice Z¢ as follows. Let
d > 2. We consider the graph (Z¢,E?) having for vertices Z¢ and for edges E? the set of pairs
of nearest neighbors in Z¢ for the Euclidean norm. To each edge e € E? we assign a Bernoulli
random variable B(e) of parameter p € [0, 1] so that the family (B(e), e € E4) is independent. If
B(e) = 1, we say that the edge e € E? is open, i.e., the water can flow through e. Otherwise,
we say that the edge is closed. The parameter p may be interpreted as the density of microscopic
tubes that let the water flows through the rock. We can define the random graph G, having for
vertices Z? and for edges the set {e € E¢: B(e) = 1}.

Notice that this model is translation invariant in law. Any point in Z? sees in law the same
environment. Thus, without loss of generality, we can consider that 0 corresponds to the center
of the rock. Because the tubes are microscopic, from the point of view of the center of the rock,
the exterior of the rock is infinitely far away. If we denote by C,(0) the connected component of 0
in G, we consider that the center of the rock is wet if C,(0) is infinite. We define the probability
of percolation 0(p) as

O(p) = ]P’( IC,(0)] = oo) }

The value 6(p) corresponds to the probability that the center of the rock is wet. One can prove (by
coupling) that the function p — 6(p) is non-decreasing. Roughly speaking, the larger the density
p is, the more open edges there are, and so the bigger C,(0) is. Define the critical parameter p.(d)
as

pe(d) =sup {p: 6(p) =0}.
One can prove that p.(d) €]0,1[. This model exhibits a phase transition at p.(d), i.e., there is a
change of behavior of the model whether p > p.(d) or p < p.(d):

— Sub-critical regime: When p < p.(d), we have #(p) = 0 and almost surely there is no
infinite connected component in G,. The water only circulates at a microscopic scale.

— Supercritical regime: When p > p.(d), we have §(p) > 0 and almost surely there exists
a unique infinite cluster C, in G,. The existence of an infinite connected component implies
the circulation of the water through the medium at a macroscopic scale.

These results are classical and may be found for instance in the book of Grimmett [47].

Open question 1.1. For d = 3, prove the non-existence of an infinite connected component at
pe(3).

11



12 CHAPTER 1. INTRODUCTION

This question has already been solved for d = 2 and large d > 11. This is probably one of the
most important question of the domain but it is still out of reach.

In the sub-critical regime, all the connected components are finite. We have the following result
on the size of the connected components (originally due to Aizenman-Barsky [8] and Menshikov
[58], and revisited by Duminil-Copin, Tassion [36] and Duminil-Copin, Raoufi, Tassion [35]).

Theorem 1.2 (Theorems (6.1) and (6.75) in [47])). Let p < p.(d), there exist positive constants
C1 and Cq such that

Vn >1 P(|C,(0)] > n) < Cyexp(—Can).

In the supercritical regime, there exists a unique infinite cluster C,, there exists also finite
connected components disjoint of C,. The existence of a very big finite connected component is
very unlikely. We have the following theorem:

Theorem 1.3 (Cerf [19]). Let p > p.(d), there exist positive constants Cy and Cy such that
Vn > 1 P (nd < 1Cp(0)] < ) < Cy exp(—Cyn?~1).

Intuitively, to isolate n? vertices of the cluster of C,(0) from the whole infinite cluster, we
need a closed surface that separates 0 to infinity. The more likely configurations on the event
{n? <|C,(0)] < oo} are the ones with the closed surface of "minimal energy"'. Understanding the
geometry of surface of minimal energy is strongly linked to the study of isoperimetric problem
which is the purpose of the following section.

1.2 Isoperimetry of the infinite cluster
1.2.1 Isoperimetry in the continuous setting

Isoperimetric problems are among the oldest problems in mathematics. They consist in finding
sets that maximize the volume given a constraint on the perimeter or equivalently that minimize
the perimeter to volume ratio given a constraint on the volume. These problems can be formu-
lated in the anisotropic case. Given a norm v on R? and S a continuous subset of R? having a
regular boundary, we define the tension exerted on S at a point z in the boundary 95 of S to be
v(ng(z))ns(x), where ng(x) is the exterior unit normal vector of S at x. The quantity v(ng(zx))
corresponds to the intensity of the tension that is exerted at z. We define the surface energy Z,,(.5)
of S as the integral of the intensity of the surface tension over the boundary 95 of S, i.e.,

7,(9) = /8 s (da).

where H%™! denotes the Hausdorff measure in dimension d — 1. An anisotropic isoperimetric
problem consists in finding sets that minimize the surface energy to volume ratio given a constraint
on the volume. Namely,

v ()
L4(S)

minimize subject to Ed(S) <1

where £ is the d-dimensional Lebesgue measure. To solve this problem, in [70], Wulff introduced
through the Wulff construction a shape achieving the infimum. This shape is called the Wulff
crystal W, it corresponds to the unit ball for a norm built upon v. The set W, is defined by

W, = ﬂ {xGRd: z-v<v(v)},

vesd—1

where - denotes the standard scalar product on R? and S¢~! is the unit sphere of R?. Later,
Taylor proved in [66] that this shape properly rescaled is the unique minimizer, up to translations
and modifications on a null set, of the associated anisotropic isoperimetric problem.
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1.2.2 Isoperimetric constant of graphs

The study of isoperimetric problems in the discrete setting is more recent. In the continuous
setting, we study the perimeter to volume ratio, in the context of graphs, the analogous problem
is the study of the size of edge boundary to volume ratio. This can be encoded by the Cheeger
constant. For a finite graph G = (V(G), E(G)) with vertices V(G) and edges E(G), we define the
edge boundary dgA of a subset A of V(G) as

3gA:{6:<x,y>€E(g):x€A,y¢A}.

We denote by 94 the edge boundary of A in (Z? E?) and by |B| the cardinal of the finite set B.
The isoperimetric constant, also called Cheeger constant, is defined as

pg = min{ |ai;|4| tACV(G),0< 4] < ‘V(2g” } .

The continuous version of this constant was introduced by Cheeger in his thesis [29] in order to
obtain a lower bound for the smallest eigenvalue of the Laplacian. The discrete version of the
Cheeger constant was introduced by Alon, Milman [9] and Gabber, Galil [37]. The isoperimetric
constant of a graph gives information on its geometry.

Let d > 2. Let p > p.(d). We want to study the geometry of C, through its Cheeger constant.
However, if we minimize the isoperimetric ratio over all possible subgraphs of C, without any
constraint on the size, one can show that ¢c, = 0 almost surely. For that reason, we shall
minimize the isoperimetric ratio over all possible subgraphs of C, given a constraint on the size.
There are several ways to do it. We can for instance study the Cheeger constant of the graph
Cn, =Cp,N[—n, n]d or of the largest connected component C,, of C,, for n > 1. As we have pc, = 0
almost surely, the isoperimetric constants ¢¢, and ¢z goto0 when n goes to infinity. Benjamini
and Mossel [13], Mathieu and Remy [57], Rau [61], Berger, Biskup, Hoffman and Kozma [14],
Pete [59] proved that pg s of order n~!. Roughly speaking, by analogy with the full lattice, we
expect that with high probablhty that subgraphs of C that minimize the isoperimetic ratio have
an edge boundary size of order n?~! and a size of order n¢, this is coherent with the fact that
¢z is of order n™". This led Benjamini to conjecture that for p > pe(d), the limit of npz when
n goes to infinity exists and is a positive deterministic constant. Dealing with the isoperTiLmetric
ratio within C,, needs to be done with caution. Indeed, we do not want minimizers to be close to
the boundary 9C,, of C,, because this boundary is artificial, it does not coincide with d¢,C,,. There
is another way to define the Cheeger constant of C,, that is more natural in the sense that we do
not restrict minimizers to remain in the box [—n,n]¢. This is called the anchored isoperimetric
profile ¢,, and it is defined by:

Oc, H
<pn:<pn(p)=min{| \CIp{| | :0€ HCCp, Hconnected,O<|H§nd},

where we condition on the event {0 € C,}. We say that H is a valid subgraph if 0 € H C C,, H
is connected and |H| < n?. We also define

GOH:{eE(?H, eisopen}.

Note that if H C Cp, then dc, H = 0°H. To better understand the difference between the two
definitions, let us consider the following deterministic subgraph of (Z?, E9),

F=({zez*:Vie{2,..  dtz;=0}{e={2,y} €E: Vie {2,...,d}z; = y; = 0}).

Denote by F,, = F N [-n,n]¢. It is easy to check that ¢p, is of order 1/n whereas its anchored
isoperimetric constant is of order 1/n?. Roughly speaking, the fact that the anchored isoperimetric
constant is of order 1/n implies that the underlying graph looks like a d-dimensional object whereas
this does not necessarily hold for ¢f,, the isoperimetric constant restricted to the box. Even if
these two definitions lead to equivalent results for p > p.(d), the difference is crucial at p.(d). For
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each n, let G, be the set of the valid subgraphs that achieve the infimum in ¢,,. In this context, a
minimizer G,, € G,, can go potentially very far from 0. The minimizer G,, properly rescaled does
not belong anymore to a compact set. This lack of compactness is the main issue to overcome
to prove that the limit of ny,, exists. It was done in dimension 2 by Biskup, Louidor, Procaccia
and Rosenthal in [15], with a norm ), » which is specific to the dimension 2. Let dy denote the
L>*-Hausdorff metric on compact sets, i.e., for A, B compact sets in R?

dy (A, B) = max | sup inf ||z — y||, sup inf ||z — .
(A, B) = max (sup int 1o =yl sup in o =] )

They proved the following results:

Theorem 1.4 (Theorems 1.2 and 1.7 in [15]). There exists a constant ¢, that corresponds to the
solution of an isoperimetric problem associated with the norm [, o such that P(-|0 € Cp)-almost
surely,

1i 1/2 _ -1/2,

Jim 2o 5 =0(p)" " Cep
Moreover, we have uniform convergence of the minimizers of ¢, s towards the dilate Wy, o of ng‘z

of volume 1 in the following sense

lim max inf dy (n_l/QGm x+ 9(1))_1/2Wp 2) =0
n—00 Gnez,}cp(\/ﬁ) z€ER? '

where L?cp (n) is the set of minimizers for ¢p,.

Remark 1.5. Note that the definition of the anchored isoperimetric constant ¢, we give here
is slightly different from the one of [15]. They constrain the size of subgraphs to be at most n,
whereas in the definition given here the size can be at most n®.

This result was extended by Gold in dimension d > 3 in [44]. Gold worked on the modified
Cheeger constant ©,,, defined by

(5 = mm{ |8CPH|
! |H|

:Hccn,0<|H|§Cn/d!}.

Instead of considering the open edge boundary of subgraphs within C,, Gold considered the
open edge boundary within the whole infinite cluster C,, this is more natural because C, has
been artificially created by restricting C, to the box [—n, n]?. The author also added a stronger
constraint on the size of subgraphs of C,, to ensure that minimizers do not touch the boundary of
the box [—n,n]?. The author built a norm 3, 4 that is directly related to the open edge boundary.
In some sense, this norm represents a surface tension in the percolation setting. We will explain
later how to build this norm that requires tools from first passage percolation. We will denote by
T, the surface energy associated with 3, 4. We define the Wulff crystal W), 4 as the dilate of W,
such that £4(W, 4) = 2¢/d!. Gold proved the following theorem:

Theorem 1.6 (Theorems 1.2 and 1.3 in [44]). Let d > 3 and p > p.(d). We have

. . Z,(Wyq)
lim ng, = —2—2% _ glmost surely.
ne P = B (p) LA W0) /

Moreover, we have L' -convergence of the minimizers G,, of @y, towards W, 4 in the following sense

1

a H]lGn - ]lcnﬁ(IJran,d)HLl =0 almost surely.

lim max inf
n=o0 g, g, TR N

The isoperimetric constant @, properly renormalized converges when n goes to infinity to
the solution of an anisotropic isoperimetric problem associated to the norm 3, 4. Moreover, any
subgraph G,, € G,, converges towards the shape that solves the isoperimetric problem associated
with ﬂlhd'
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2 First passage percolation: first interpretation

The model of first passage percolation was first introduced by Hammersley and Welsh [49] in
1965 as a model for the spread of a fluid in a porous medium. To each edge e € E? we assign a
random variable tg(e) with values in Rt or even R U {+00} so that the family (tg(e), e € E?) is
independent and identically distributed according to a given distribution G. The random variable
tc(e) may be interpreted in several different ways and so model different problems.

One of the most commonly studied interpretation of the model of first passage percolation is
to say that the random variable ¢ (e) represents a passage time, i.e., the time needed to cross the
edge e. We can define a random pseudo-metric 7" on the graph: for any pair of vertices z, y € Z¢,
the random variable T'(z,y) is the shortest time to go from x to y, that is,

T(x,y) = inf {Ztg(e) : 7 path from z to y} ,

ecy

where a path v from z to y is a finite sequence (vg,e1,v1,...,€n,vy) of vertices (v;)i=o,..n €
(Z¥)"+1 and edges (€i)i=1,..n € (E9)™ where v = x, v, = y and for any 1 < i < n, e; =
(vi_1,v;) € E4 ((v;_1,v;) represents the edge whose endpoints are w; _; and v;). We define |y| = n
the length of the path ~.

2.1 Time constant
2.1.1 Subadditive ergodic theorem

A natural question is to understand how this random pseudo-metric behaves. In particular,
what is the asymptotic behavior of the quantity T'(0,nz) when n goes to infinity ? Under some
assumptions on the distribution G, one can prove that asymptotically when n is large, the random
variable T'(0, nx) behaves like n ug(x) where pe(x) is a deterministic constant depending only on
the distribution G' and the point = € Z¢, i.e.,

lim T0,nz) = pg(x) almost surely and in L'

n— o0 n
when this limit exists. This constant pug(z) is the so-called time constant in the direction .
This constant may be interpreted as an inverse speed in the direction x. The convergence of this
quantity comes from the fact that the family (T'(nx, mx))1<n<m is sub-additive. Sub-additivity
is a central notion in statistical mechanics. To get a better understanding of this notion, we can
start with the deterministic setting with Fekete’s lemma (whose proof is not complicated):

Lemma 2.1 (Fekete’s lemma). Let (un)n>1 be a sub-additive sequence of real numbers, that is, a
sequence such that
Yn>1 Vm>1 Uptm < Up + Uy -
Then,
lim " = jnf 2 eRU{—o0}.
n>1 n

n—oo N

We claim that the sequence of real numbers (E[T(0,nz)]),>1 is sub-additive. Indeed, using
the triangular inequality and taking the expectation, we get

Yn>1 Vm>1 E[T(0, (n 4+ m)z)] < E[T(0,nz)] + E[T(nz, (n + m)x)]
=E[T(0,nz)] + E[T(0, mx)]

where we use in the last equality that the model is invariant in law under translations by a vector
in Z<. It follows using Fekete’s lemma that the limit of E[T'(0,nz)]/n when n goes to infinity
exists and is finite when E[T(0,z)] < oco. The proof of the convergence of T'(0,nx)/n requires
more powerful tools. We need the following theorem that comes from ergodic theory (this version
of the theorem is due to Liggett [56]):
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Theorem 2.2 (Kingman’s subadditive ergodic theorem). Let (Xy, m, 0 <n < m) be a collection
of random variables such that
(1)) Xin < Xim+ Xmn whenever 0<l<m<n,
(i) For each m > 0, the joint distributions of (Xpm m+k, k > 1) are the same as those of
(Xm+1,m+k+1, k> 1)
(iii) For each k > 1, the sequence (Xpk, (n41)k, 7 > 0) is stationary and ergodic.
(tv) For eachn > 1, E[|Xo,|] < oo and E[Xy,,] > —cn for some constant c.

Then

X E[X, E[X,

lim 297 — im M = inf M a.s. and in L.
n—oo N n— 00 n n>1 n

Let z € Z%, consider the sequence (T'(nz,mz), 0 < n < m). Thanks to the triangular inequal-
ity, this sequence satisfies the condition (i). Because the environment (tg(e))qepe is i.i.d., the
sequence also satisfies the conditions (ii) and (iii). When the distribution G has a first moment,
i.e., E[tg(e)] < oo, then

E[T(0,nz)] < [lnz[1Eftc(e)] < +oo

and condition (iv) is satisfied. It follows that

T E|T
lim T0,nz) = lim E[T(0, na)) = ug(z) as. andin L',
n—00 n n—00 n

The subaditive ergodic theorem is a powerful tool but it has two main limitations: it cannot be
applied to irrational x € R? (even with an extension of the definition of T'(nx, mz), because of
properties (ii) and (iii)) and it cannot be applied to a distribution G without a first moment. We
review here the state of the art of how these issues have been circumvent.

2.1.2 Extend pg to R?

Let us assume G is integrable, i.e.,
/ xdG(z) < +00.
Ry

Let us start with rational points in R Let z € Qd and N > 1 such that Nz € Z<. Tt follows that

T N T N T
pa(Na) = tim LOnND) oy TONND) o TOND) ).
n—oo n n— oo n n—oo n
Hence,
Nx
nola) = LT
By the same arguments, one can prove that
VreQ VreQ? pa(re) =ruc(zx). (2.1)

Now that ug is defined on Q9, we need to prove that the map = + ug(z) in order to define ug
is continuous on the whole R?. Denote by (ef,...,eq) the canonical basis of R?. Let z € Q?, we
can write

r=Y A€, NMeQl<i<d.

By triangular inequality and inequality (2.1), we have

d
pa() <Y ilpa(e).
i=1
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Since p¢ is invariant under permutation of the coordinate axes, it yields that

d
ne(@) <Y ilna(@) < lallpe(E).
i=1

Moreover, by triangular inequality, we have

Vo,y € Q' pg(y) < pe(@) + paly — ).

It follows that

Vo,y e Q' uc(y) — pe(@)| < paly — =) < pe(ed)lly — =) -

The latter inequality enables to extend pg to R? by continuity and density of Q¢ in R?. We can
prove that for any r > 0 and = € R?, we have ug(rz) = ruc(z).

2.1.3 Define ug for general distributions

Actually, it is possible to apply theorem 2.2 with a weaker condition than the integrability of
G. Kesten proved in theorem 2.18 in [51] that under the condition that

E[min (¢1,...,t2q)] < 400 (2.2)

where (t;, 1 <i < 2d) are i.i.d. copies of tg(e), we can apply theorem 2.2. The condition (2.2) is
necessary for T(0, nz) to be integrable since any path that achieves the infimum in 7°(0,nz) has
to borough an edge incident to 0 and naz. One can prove that the condition (2.2) is a sufficient
condition for T'(0,nz) to be integrable. Besides, this condition is also necessary to obtain the
almost sure convergence of T'(0,nx)/n. Indeed, let us assume that

E[min (t1,...,t2q)] = 0.

Let us denote by X, the smallest passage times of the edges incident to 2ne;. It follows that
(X, n>1)is an i.i.d. sequence such that E[X;] = +00. Let ¢ > 0. We have

> P(Xp>en) =Y Ellx,sen] =E | Y lx,5en| 2 E {Xl - 1} = +00.

c
n>1 n>1 n>1

Since the events {X,, > cn} are independent for n > 1, it follows by Borel-Cantelli’s lemma that

. X
limsup —* > ¢
n—oo N

and
T T(0,2 X,
Ve >0 limsupMZIimsupMZIimsup—>c.
n

— 00 n n—oo n n—o00

We would like to define ug even if the distribution G does not have good integrability prop-
erties. As we have seen above, the problem comes from the fact that a path between 0 and nz
cannot avoid edges incidental to 0 and nx. To circumvent this issue, we need to consider an
auxiliary distance T" with good integrability properties to be able to apply theorem 2.2. Next, we
compare T and T to be able to deduce weaker convergence theorem for T'. The auxiliary distance
T will boil down to consider paths between points in the neighborhood of 0 and nz in such a way
that we avoid edges with large passage times.

Let M be large enough such that G([M,+o0[) < p.(d) < 1/2. Since G([0, M]) > 1 — p.(d) >
pe(d), there exists an infinite cluster Cj; made of edges whose passage times are smaller than M.
The idea of Cox and Kesten [33] is to build a good shell S(x) for z, which is a set of edges such
that any path from  to infinity has to use at least one edge of S(z). Moreover, the passage times
of edges in S(z) is strictly smaller than M and S(z) NCpr # 0. We refer to [33] for a precise
definition of S(x).
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Remark 2.3. The construction of such shells is possible because G([M,+oc[) < p.(d). When
G([M, +o0[) > pc(d), with positive probability there exists a path from 0 to infinity made with
edges of passage time larger than M, in this case, we cannot build a shell S(0).

Finally, we set

Yo,y € 74 T(z,y) = inf {T(r) : 7 is a path that joins S(z) to S(y)} .

Since S(0), S(nx) NCas # B, there exists a path r in Cp; that joins S(0) and S(nz). One can then
prove that with high probability we can choose r such that |r| < Cnl|z||2 (see [10]) and

T(0,nz) < T(r) < Mlr| < CMnl|z|2
for some positive constant C. It follows that the sequence (T'(nz,mz),0 < n < m) satisfies
property (iv) of theorem 2.2. It is easy to check that the other properties are also satisfied.
Hence, there exists a constant fig such that

vz € 74 lim M = lim ————= =Jig(z) as. andin L'.
n— o0 n n— 00 n
For distributions G that satisfy condition (2.2), the time to go from 0 to S(0) and to go from
S(nz) to nz is upper bounded by C; logn with high probability, where C; is a positive constant.
Besides, with high probability the total size of the shells S(0) and S(nz) are upper-bounded by
C5logn where Cs is a positive constant. It follows that

T - T
lim |T(0, nx) (0,nx)|

n—00 n

=0 a.s..

So actually, ug = fig and we can write pg instead of jig.

With this technique, we can still not give a sense to g for distributions G with a large atom
in +00. An edge with infinite passage time corresponds to a closed edge in the classical model
of percolation, that is an edge we cannot cross because it takes an infinite time to cross it. In
particular, the study of the pseudo-metric T for a distribution pd; + (1 — p)ds for p > p.(d)
is equivalent to the study of the graph distance in G, (the graph made of open edges in the
percolation of parameter p). In that context, if 1 — p > p.(d), then one cannot find an M such
that G([M, +oo]) < pc(d).

There is another way to define pg for any distribution such that G({+oo}) < 1—p.(d). To get
around the fact that the passage time between two points can take infinite values, we introduce a
regularized time T'. Instead of considering the time between two points x and y, we will consider
the time of regularized version of x and y. We can define the regularized time constant as in [28].
Let M be large enough such that G([0, M]) > p.(d). We denote by Cys the infinite cluster made of
edges of passage time smaller than M. We define  as the vertex of Cjs which minimizes ||z —Z||1,
with a deterministic rule to break ties. We next set

~

Y,y € 74 T(x,y) =T(z,7) . (2.3)
Let us denote by D™ the graph distance in Cyy, i.e.,
Va,y € Cy DM (g,y) = inf { || : 7 is a path between = and y in Cp } .
It follows that for z,y € Z¢,
T(x,y) = T(z,5) < MD (z,) < co.

The latter inequality ensures that condition (iv) of theorem 2.2 holds since D (0, nz) is with
high probability smaller than Cn/|z||; with C' a positive constant (see [10]). For distributions G
that satisfy condition (2.2), one can prove that

~

lim |T(0,nz) — T(0,nx)|

n—00 n

=0 a.s..
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It follows that for distributions G that satisfy condition (2.2), the limit fi¢ we obtain using theorem
2.2 for the sequence (T (nz, mz),0 < n < m) coincides with pi.

Actually one can prove that fig does not depend on Cjy, the infinite cluster we use to regularize
the time, we could have used a different infinite cluster. This is done in lemma 2.11 in [42].

In [39], Garet and Marchand give another way to deal with infinite passage times. They
presented it as a model of first passage percolation in random environment: instead of considering
a first passage percolation with a distribution on [0, +00], they consider first a Bernoulli percolation
on E¢ of parameter p > p.(d), and then they associate to each remaining edge e a finite passage
time ¢ (e) such that the family (tg(e), e € E?) is stationary and ergodic. If x,y € Z% don’t belong
to the same open cluster of percolation, then T'(z,y) = 4+00. To be able to define a limit of
T(0,nz)/n when n goes to infinity for z € Q¢, they work with P the probability conditioned on
the event {0 € C,}. For a given rational direction z € Q?, they consider a sequence (x,,n > 1) of
points in Z¢ in the direction of x (that is proportional to x) that belong to C, such that ||z, |2 goes
to infinity when n goes to infinity. They proved that the limit of T'(0, z,,) properly renormalized
when n goes to infinity converges P-almost surely towards a deterministic constant He ().

2.2 Limit shape

In [51], Kesten proved the following theorem.
Theorem 2.4 (Kesten [51]). The time constant ug is a norm on R if and only if G({0}) < p.(d).

When G({0}) > p.(d), it is not hard to understand why pug = 0: there exists an infinite cluster
C of edges of null passage time. With high probability, the geodesic between 0 and nzx is made of
null passage time edges except at most C'logn edges, where C' is a positive constant. It follows
that
T

lim (0, nz)

n—oo n
The case G({0}) = p.(d) is much more delicate to handle. For ¢ > 0, denote B(t) the set of points
that can be reached starting from 0 before time ¢, i.e.,

=0 almost surely and in L',

d
B(t)={zez': T(0,2) <t} + [;,;{ .
This may represents the spread of an infection, the infection starts at the point 0 before time ¢
and propagates from neighbors to neighbors. The set B(t) N Z% represents the vertices that have
been infected at time t. Fix x € Q%. We have for large enough t depending on x, T(0, tz/uc(x)) ~
pe(tx/pe(z)) = t. This means that for ¢ large enough the furthest point attained in the direction
of x by B(t) is close to tz/ug(x). If the convergence is uniform in all directions, then an asymptotic
shape emerges. This was first proved by Cox and Durrett in [32].

Theorem 2.5 (Cox-Durrett [32]). Let G be a distribution on RT such that G({0}) < p.(d) and
E[min(t{,...,t3;)] < oo (2.4)

where t;, i = 1,...2d, are independent copies of tg(e). Then there exists a deterministic convex
compact shape B, in R? such that

Ve>0 as Jtg>0 Yt > to (l—e)BMGC@C(I—&—E)BHG.

Furthermore, B, is the unit ball for the norm ug, it has non-empty interior and is symmetric
about the azes of R?.

To prove this theorem, we need to interpolate between the rational directions to obtain the linear
growth of B(t) for the irrational directions. We can apply the subadditive ergodic theorem to a
fixed rational direction to obtain the linear growth of B(t) in that direction. It follows that with
probability one, the linear growth holds simultaneously for the countable dense set of rational
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directions. To be able to interpolate, we need also a control on the time between two points
depending on their distance in the original graph.

Note that the condition (2.4) for G is necessary to obtain the theorem. However, this shape
theorem still holds in a weaker sense for distributions G that do not have good integrability
property using the pseudo-metric T (that was defined in (2.3)). Define :

d
~ ~ 11
In [28], Cerf and Théret obtained a strong theorem for B(t).

Theorem 2.6 (Cerf-Théret [28]). Suppose that G([0,4+0c[) > p.(d) and G({0}) < p.(d), then

B(t
Ve >0, a.s., 3o eRT st VE >ty (1—¢)By, C ¥ C (14¢)Bp, -

They also proved a weak shape theorem for B(t).

Theorem 2.7 (Cerf-Théret [28]). Suppose that G([0,400[) > p.(d) and G({0}) < p.(d). Denote
Coo the infinite cluster for the percolation (1, (e)<oo,€ € E4). On the event {0 € Cus}, we have
a.s. the following weak convergence:

1
a2 o, 0(G(0,+o0)) s, L7
z€B(t)NZe

There are a lot of open questions about this limit shape. Since there are not the purpose of
this thesis, we refer to [11] for open questions related to the limit shape.

2.3 Length of a geodesic

Let us first quickly present the background on the minimal length of a geodesic. We denote
by Ng(x,y) the minimal length of a geodesic between z and y:

Ne(z,y) =inf { |y] : v is a geodesic between 2 and y } .

One can ask how does Ng(0,nx) grow when n goes to infinity. It is expected to grow at speed
n. This result was first proved by Zhang and Zhang in dimension 2 in [74] when G({0}) > p.(d)
(thus pug = 0). They proved the following theorem.

Theorem 2.8 (Zhang-Zhang [74]). Let d = 2. Let G be a distribution on Ry such that G({0}) >
pe(d). We have

lim
n— o0

Ng((0,0),(0,n ‘
G(( TL) ( )) — AG({O}) a.s. and m Ll

where Ag{oy) depends only on G({0}).

Zhang later extended this result to all dimensions under the condition that G({0}) > p.(d) in
[71]. When G({0}) < p.(d), the question of the convergence of Ng (0, nx)/n is still open. However,
we know that with high probability N (0, nz) is of order n. This result is due to Kesten, it is a
corollary of Proposition (5.8) in [51].

Theorem 2.9 (Kesten [51]). Let G be a distribution such that G({0}) < p.(d), then there exist
positive constants A, B,C' depending on d and G only such that

There exists a path r starting from 0
> < —
Vnz1 ( such that |r| > n and T(r) < Cn < Aexp(=Bn).

Open question 2.10. Prove the convergence of Ng(0,nx)/n when n goes to infinity when
G({0}) < pe(d).
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2.4 Regularity of the time constant

Since g does not have an explicit expression, it is natural to ask how u¢g is affected by small
perturbations of the distribution G. Besides, the regularity result on pg gives also information
on the limit shape, namely, how the limit shape changes under small perturbations of G. As
mentioned in [11] before Theorem 2.7.: " If one could derive strong results in this direction,
perhaps the establishment of various conjectures about the limit shape (e.g., curvature) could be
made easier, or reduced to finding some special class of distributions for which the properties are
explicitly derivable.” To be able to deduce results on the stability of the curvature under small
perturbations, we need to obtain regularity on the second derivative of G — pug.

To prove the continuity of the map G — ug, we often need to use the same technology we
have used to prove the existence of the time constant ug. The question of the continuity of the
map G — pg started in dimension 2 with the article of Cox [31].

He proved the continuity of this map under the hypothesis of uniform integrability: if G,
weakly converges toward G and if there exists an integrable law F' such that for all n € N, F
stochastically dominates G, then ug, — pe. In [33], Cox and Kesten proved the continuity of
this map in dimension 2 without any integrability condition. A key step to prove the continuity
is the proof of the following lemma:

Lemma 2.11. Let G be a distribution on Ry U{+o00} such that G(]0,+0o0]) > p.(d). For M >0,
let GM = Gl ap + G([M, 4+00])dns, then

Vo € 74 J\4hi>noo Ham (:]C) = ,uc(x) .

The idea of Cox and Kesten was to consider a geodesic for truncated passage times min(tg(e), M)
for a large M > 0, and along it to avoid clusters of closed edges, i.e., edges with a passage time
larger than M. They bypass these closed edges in their associated good shell (that were loosely
defined for the existence of ug in section 2.1.3). Note that by construction, the edges in the
boundary of the shells have passage time smaller than M. Thanks to combinatorial considera-
tions, they were able to obtain a precise control on the length of these bypasses. This idea was
later extended to all the dimensions d > 2 by Kesten in [51], by taking a M large enough such
that the percolation of the edges with a passage time larger than M is highly sub-critical, i.e.,
G([M, +o0[) < pc(d). For such a M, the edges of passage time large than M are in a sub-critical
regime of percolation on Z%: the clusters of edges of passage time larger than M are all almost
surely finite. To each edge we can associate a shell made of edges of passage time smaller than
M. However, this idea does not work anymore when we allow passage time to take infinite values.
Indeed, if G({+00}) > p.(d), we cannot find a positive M > 0 such that G([M, +0]) < p(d).
In [42], Garet, Marchand, Procaccia and Théret circumvent this issue and proved the continuity
of the map G — pug for general laws on [0, +oo] without any moment condition but satisfying
G([0, +o0]) > pe(d).

Theorem 2.12 (Garet-Marchand-Procaccia-Théret [42]). Let (Gp)nen, and G be probability mea-

sures on [0, +00] such that G,, weakly converges toward G (we write G, A G), that is to say for
all continuous bounded functions f : [0, 4o00] — [0, +o0[, we have

lim fdGn:i/ 1daG.
[0,4o0]

700 J10,+00)

Equivalently, we say that G, 4 @ if and only if lim, 1. Gp([t,+o0]) = G([t,+0o0]) for all
t € [0, 400] such that x — G([z,+00]) is continuous at t. If moreover for alln € N, G,,([0, +o0]) >
pe(d) and G([0,+00]) > p.(d), then

lim sup |,UG,,L (CU) - MG(x)| =0

n—oo reSd—1

where STt is the unit sphere for the Fuclidean norm.
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Again, the key step of this theorem lies in the proof of lemma 2.11 for distributions G on
[0,4+00] such that G([0,+o0[) > pc(d). They consider a geodesic for truncated passage times
min(tg(e), M) for M > 0. Here, instead of bypassing closed edges at a microscopic scale, they
do it at a macroscopic scale by building macroscopic shells (see figure 1.1). This idea finds its
inspiration in the works of Antal and Pisztora [60] and Cox and Kesten [33]. They have to consider
an appropriate renormalization and obtain a macroscopic lattice with good and bad sites. Good
and bad sites correspond to boxes of size N in the microscopic lattice. They do their bypasses
using good sites at a macroscopic scale that have good connectivity properties at a microscopic
scale. The remainder of the proof consists in getting probabilistic estimates of the length of the
bypass by upper-bounding the total size of connected bad components at a macroscopic scale that
the geodesic crosses.

a geodesic for passage times

min(tg(e),M) — x "“"‘. \\ /“

o - a bypass with edges of passagez/
— time less than M

|:| a good N-box
== an edge e such that tg(e) > M

Figure 1.1 — Bypassing edges with passage time larger than M of a geodesic for truncated times
at a macroscopic scale

3 First passage percolation: second interpretation

There exists another interpretation of the first passage percolation model whose study started
much later. It was introduced by Grimmett and Kesten in [45]. Now we interpret the random
variable tg(e) as a maximum flow rate, i.e., it corresponds to the maximal amount of water that
can cross the edge e per second. The study of this model enables to understand the maximal
amount of water per second -that we will call maximal flow- that can be spread through in a given
domain of the network.

3.1 Admissible streams, minimal cutsets and maximal flows

Let us give a more formal setting for the study of maximal flows. Let Q = (Vo, Eq) be a finite
subgraph of (Z4, E?). We can see ) as a piece of rock through which water can flow. Let &; and
B, be two disjoint subsets of Vi, representing respectively the sources through which the water
can enter and the sinks through which the water can exit. A stream f is a function defined on E4
that describes the way water flows in the lattice. Namely, for each edge e, the quantity f(e) gives
information on the rate of flow through the edge e and the orientation of the circulation of the
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water. Let the function f : E? — R? be a possible stream inside {2 between &; and ®,. For all
e € E || f(e)||2 represents the amount of water that flows through e per second and f(e)/||f(e)|l2
represents the direction in which the water flows through e. If we write e = (x,y) where z,y are
neighbors in the graph (Z4, E%), then the unit vector f(e)/|f(e)||2 is either the vector zf or yi.
We say that our stream f inside 2 from &; to 5 is G-admissible if and only if it satisfies the
following constraints.

- The node law : for every vertex = in Vi \ (&1 U B5), we have

T s -1 s =0,
Z ||f(e)”2< f(e>)ufﬂ ff<(e>)||z77‘”)

I1f(
yeZ4: e=(z,y)EEq

i.e., there is no loss of fluid inside 2.

- The capacity constraint: for every edge e in Eq, we have

0 <|[f(e)lls <tale),

i.e., the amount of water that flows through e per second is limited by its capacity tc(e).

Note that as the capacities are random, the set of G-admissible streams inside 2 between &
and &, is also random. For each G-admissible stream f, we define its flow by

SRS DD SRR V10 " CRPRI AP

Titens ~*
€81 yeZt: e=(z,y)EEq 2

This corresponds to the amount of water that enters in 2 through &; per second. By the node
law, as there is no loss of fluid, flow(f) is also equal to the amount of water that escapes from
through &5 per second:

fow(H =3 S Il (n o 1 _@).

[fle)ll2 — [IfCe)llz —
€G3 yeZd: e=(z,y)€Eq o o

The maximal flow from &; to ®2 in Q for the capacities (tg(e))cecre, denoted by ¢g(B; —
&, in ), is the supremum of the flow over all admissible streams through :

$e(®1 — By in Q) = sup {ﬂow(f) : f is a G-admissible stream inside }

Q between &; and B,

Dealing with admissible streams is not so easy, but hopefully we can use an alternative defini-
tion of the maximal flow which is more convenient. Let E C Fq be a set of edges. We say that F
cuts &1 from B4 in Q (or is a cutset, for short) if there is no path from &; to &2 in (Vg, Eq \ E).
More precisely, E cuts &; from &, in  if for any path v from &; to &, in Q, we have yN E # ().
We associate with any set of edges F its capacity cap(F) defined by

can(E) = 3 tale)

eclE

The max-flow min-cut theorem, see [16], a result of graph theory, states that
da(B1 — By in Q) = Inin{ cap(E) : E cuts & from G4 in } .

The idea behind this theorem is quite intuitive. By the node law, the flow is always smaller than
the capacity of any cutset. Conversely, consider a maximal flow through €2, some of the edges are
jammed. We say that e is jammed if the amount of water that flows through e is equal to the
capacity tg(e). These jammed edges form a cutset, otherwise we would be able to find a path
~v from &; to &5 of non-jammed edges, and we could increase the amount of water that flows
through ~ which contradicts the fact that the flow is maximal. Thus, the maximal flow is limited
by the capacity of these jammed edges: the maximal flow is given by one of the cap(F) where
E cuts & from B, in Q. It follows that the maximal flow is equal to the minimal capacity of a
cutset.
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In [52], Kesten interpreted the study of maximal flow as a higher dimensional version of the
study of geodesics in first passage percolation. A geodesic may be considered as an object of
dimension 1, it is a path with minimal passage time. On the contrary, the maximal flow is
associated (via the max-flow min-cut theorem) with cutsets of minimal capacity: those cutsets are
objects of dimension d — 1, that can be seen as surfaces. To better understand the interpretation
in term of surfaces, we can associate with each edge e a small plaquette e*. The plaquette e* is an
hypersquare of dimension d — 1 whose sides have length one and are parallel to the edges of the
graphs, such that e* is normal to e and cuts it in its middle (see figure 1.2). We associate with the
plaquette e* the same capacity tg(e) as with the edge e. We also define the dual of a set of edge
E by E* = {e*, e € E}. Roughly speaking, if the set of edges E cuts &, from &, in 2, the surface
of plaquettes E* disconnects &1 from &, in ) (see figure 1.2). Although this interpretation in
terms of surfaces seems more intuitive than cutsets, it is really technical to handle, and we will
never use it and not even try to give a rigorous definition of a surface of plaquettes. However, note
that in dimension 2, a surface of plaquettes is very similar to a path in the dual graph of Z? and
thus the study of minimal cutsets is very similar to the study of geodesics and simpler to study.

3.2 Flow constant

We are interested in the maximal flow ¢ that can cross a cylinder oriented according to
T e S from its top to its bottom. A first issue is to understand if the maximal flow in the
box properly renormalized converges when the size of the box grows to infinity. This boils down
to understand the maximal amount of water that can flow in the direction o per second per unit
of surface. We consider distributions G on R4 U {400} such that G({+o0}) < p.(d), i.e., the
edges of infinite capacity are in the sub-critical regime of percolation on Z?. Let us first define
rigorously the maximal flow from the top to the bottom of a cylinder. Let A be a non-degenerate
hyperrectangle, i.e., a rectangle of dimension d — 1 in R?. Let o be one of the two unit vectors
normal to A. Let h > 0, we denote by cyl(A4, h) the cylinder of basis A and height h defined by

cyl(A, h) = {m+t7 cxeA tel0,n]}.
We denote by 0A the relative boundary of A. We define cyl(0A, h) as
cyl(0A,h) ={a+t7 :  €9A, t€[0,h]}.

The dependence on ¥ is implicit in the notation cyl(A, h) and cyl(0A,h). We have to define
discretized versions of the bottom B(A,h) and the top T(A,h) of the cylinder cyl(4,h). We
define them by

o d . Ely ¢ Cyl(Aa h)a <$7y> € Ed
B(A;h) = {x € ZENeyl(4, h) : and (z,y) intersects A

and

I d . Ely ¢ Cyl(A7 h)a <{Z?,y> € Ed
T(A,h) = {x € ZENeyl(4, h) : and (z,y) intersects A +hv [
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Figure 1.2 — The dual of a cutset between the top and the bottom of a box

We denote by ®;(A, h) the maximal flow from the top to the bottom of the cylinder cyl(A, h)
in the direction ¥, defined by

D¢ (A, h) = pa(T(A,h) — B(A, h) in cyl(A,h)).

In 1987, Kesten studied maximal flows in dimension 3 in [52] for straight boxes, i.e., in the
direction ¥ = g := (0,0,1) and basis A = [0,k] x [0,1] x {0} with k > [ > 0. He proved the
following theorem.

Theorem 3.1 (Kesten [52]). Let d = 3. Let G be a distribution that admits an exponential
moment and such that G({0}) is small enough. Let k > 1 and m = m(k,1) > 1. If m(k,l) goes to
infinity when k and 1 go to infinity in such a way there exists 6 €]0,1[, such that

. 1
k}lli)noo ﬁ 10g m(k, l) = O,
then
. (I)G([ka] X [Ovl] X {O}am(kal))
lim

o . . . 1
o ol =vg with probability 1 and in L

where vg is a constant depending only on d and G.

The proof is very technical and tries to give a rigorous meaning to the notion of surface. Moreover,
it strongly relies on the fact that the symmetry of the straight boxes preserves the lattice, there
is no hope to extend this technique to tilted cylinders. In [73], Zhang generalized the result of
Kesten for d > 3 and G({0}) < 1 — p.(d).

To be able to define the flow constant in any direction, we would like to use a subadditive
ergodic theorem. However, the maximal flow ¢ (A, h) is not well suited to use ergodic subadditive
theorems, because we cannot glue two cutsets from the top to the bottom of two adjacent cylinders
together to build a cutset from the top to the bottom of the union of these two cylinders. Indeed,
the intersection of these two cutsets with the adjacent face of the two cylinders will very likely
not coincide.

To fix this issue, we need to introduce another maximal flow through the cylinder for which
the subadditivity would be recover. To define this flow, we will first define another version of the
cylinder which is more convenient. We define the cylinder cyl’(A, h) by

eyl (A h) = {ax+tV : x € A, t € [~h,h]}.
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The set cyl’(A, k) \ A has two connected components denoted by C(A, h) and Ca(A, h). We have
to define a discretized version of the boundaries of these two sets. For ¢ = 1, 2, we denote by
CI(A, h) the discrete boundary of C;(A4, h) defined by

Cl(A,h) = {2 €Z'NCi(Ah) : Fy ¢ cyl'(A,h), (z,y) eE? }.

We call informally C!(A, h), i = 1,2, the upper and lower half part of the boundary of cyl’ (4, h).
We denote by 7¢(A, h) the maximal flow from the upper half part to the lower half part of the
boundary of the cylinder, i.e.,

76(A,h) = 6a(CL(A, ) — Ch(A,h) in cyl' (A, h)).

By the max-flow min-cut theorem, the flow 7¢(A4, h) is equal to the minimal capacity of a set of
edges E that cuts C](A,h) from C5(A,h) inside the cylinder cyl’(4,h) (see figure 1.3). If we
consider the dual set E* of F, the intersection of E* with the boundary of the cylinder has to be
close to the relative boundary 0A of the hyperrectangle A.

Figure 1.3 — The blue dots (respectively green dots) correspond to the discretization from the
inside of the upper half boundary (resp. lower half boundary) of the cylinder of basis A oriented
in the direction @. The set of edges in red is a cutset between the upper and lower half of the
boundary in the cylinder. Any path between a blue and a green dot that remains inside the
cylinder has to cross at least one red edge.

The simplest case to _)stti)dy maximal flows is for a straight cylinder, ¢.e., when T =0 =
(0,0,...,1)and A= A(k, )= Hfz_ll[kl, ;] x {0} with k; <0 < [; € Z. In this case, the family
of variables (tq(A(k, 1), h))?’—f is subadditive since minimal cutsets in adjacent cylinders can
be glued together along the common side of these cylinders. By applying ergodic subadditive
theorems in the multi-parameter case (see Krengel and Pyke [54] and Smythe [65]), we obtain the
following result.

Proposition 3.2. Let G be an integrable probability measure on Ry. Let A = H?:_ll [ki, 1;] x {0}
with k; <0 <1l; € Z. Let h : N — R such that lim,, . h(n) = +oco. Then there exists a constant
Vg(%), that does not depend on A and h but depends on G and d, such that

. Ta(nA, h(n))
A2 I A)

=vg(®) a.s. and in L*.

The constant v(73) is called the flow constant.

Remark 3.3. The fact that the constant Vg(v_g) does not depend on A and h is not a straightfor-
ward consequence of the multi-parameter ergodic subadditive theorem. However it is not hard to
prove it.
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Next, a natural question to ask is whether we can define a flow constant for any direction. When
we consider tilted cylinders, we cannot recover perfect subadditivity because of the discretization
of the boundary. Moreover, the use of ergodic subadditive theorems is not possible when the
direction ¥ we consider is not rational, i.e., when there does not exist an integer M such that
M7 has integer coordinates. Indeed, in that case there exists no vector 7 normal to ¥ such
that the model is invariant under the translation of vector @. These issues were overcome by
Rossignol and Théret in [62] where they proved the following law of large numbers.

Theorem 3.4 (Rossignol-Théret [62]). Let G be an integrable probability measure on Ry. For any
T € S, there exists a constant yg(?) € Ry such that for any non-degenerate hyperrectangle
A normal to 7, for any function h : N — RT such that lim,,_,o, h(n) = +o00, we have

nhﬁngo W =vg(") in L.

If moreover the origin of the graph belongs to A, or if f0+°° /=N 4G (x) < oo, then

lim 7€ (n4, h(n))

n=oo  HI=1(nA) = VG(7) a.s..

If the cylinder is flat, i.e., if lim,_, h(n)/n = 0, then the same convergence also holds for
D (nA, h(n)).
Moreover, either va () is null for all ¥ € S or vg(¥) > 0 for all ¥ € S 1,

To prove this result, it is not possible to directly use an ergodic theorem, so the idea is to prove
in the spirit of the first step of the proof of an ergodic theorem that E[rg(nA, h(n))]/H? ! (nA)
converges towards a constant when n goes to infinity and then prove concentration estimates for the
random variable 7¢(nA, h(n)), i.e., that with high probability the random variable 7¢(nA, h(n))
is close to its expectation E[rg(nA, h(n))].

Remark 3.5. When the cylinder is tilted and not flat, the limit of ®g(nA, h(n))/H4 " (nA) and
T6(nA, h(n))/HY 1 (nA) when n goes to infinity may likely not coincide. This has been proven for
the dimension 2 by Rossignol and Théret in [63]. Intuitively, when the cylinder is flat the minimal
surface looks like nA and at first order 7 and ®¢ coincide. On the opposite, if the cylinder is
not flat, there is a bigger region in which a cutset for ®c(nA, h(n)) can be, the minimal surface
for ®g(nA, h(n)) can very likely not coincide at all with nA, whereas at first order, the minimal
surface for Ta(nA, h(n)) still coincide with nA: since the corresponding cutsets are anchored near
d(nA), they stick to nA at first order.

The answer to the following question is still unanswered:

Open question 3.6. Let d > 3. When the cylinder is tilted and not flat, prove that the limit
when n goes to infinity of ®g(nA, h(n))/HY 1 (nA) is strictly smaller than vg (V).

The existence of this limit is known when h(n) = Cn as a special case of [27]. Proving this result
requires to solve a deterministic optimization problem.

In [72], Zhang found a necessary and sufficient condition on G under which 1/(;(7) is positive.
He proved the following result.

Theorem 3.7 (Zhang [72]). Let G be an integrable probability measure on Ry.. Then, 1/(;(7) >0
if and only if G{0}) < 1 —p.(d).

Let us give an intuition of this result. If G({0}) > 1 — p.(d) then the edges of positive capacity
are in a sub-critical regime of bond percolation on Z?. With high probability, there exists no path
in cyl’(nA, h(n)) from the upper to the lower half part of its boundary such that all its edges have
positive capacity. It follows, that there exists a cutset of null capacity and so 7¢(nA4, h(n)) = 0.
Thus, the fact that Vg(7) = 0 is linked with the fact that the edges of positive capacity do not
percolate. The main difficult part of this result is to study the critical case, i.e., G({0}) = 1—p.(d).
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Note that vg cannot be defined using 7¢ for G without good integrability properties. We are
faced with the same issue that we encountered for the time constant. Indeed, when we define the
time constant with 7'(0, nx) for x € Z¢, we cannot avoid edges incident to 0 and nz. The same
issue arises here, with 7¢(nA4, h(n)), we cannot avoid edges around 9(nA) so if these edges have
large capacities we won’t have the integrability properties that we need in order to use subadditive
arguments. To overcome this issue, Rossignol and Théret introduced in [64] another alternative
flow with subadditive property. They are able to define the flow constant vg for any direction
and dimension for distributions G on [0,4o00] under the hypothesis G({+o0}) < p.(d). They
proved the following law of large numbers for the maximal flow from the top to the bottom of flat
cylinders.

Theorem 3.8 (Rossignol-Théret [64]). For any probability measure G on [0,4+00] such that
G{+0}) < pe(d), for any ¥ € S, there exists a constant ve(T) € Ry such that for any
non-degenerate hyperrectangle A normal to v, for any function h such that h(n)/logn — oo and
h(n)/n — 0 when n goes to infinity, we have

lim D (nA, h(n))

n— 00 ’del(nA) = VG(7) a.S..

Moreover, for every o e sttt
ve(V) >0 <= G{0}) <1—p.(d).

Instead of directly considering maximal flows in cylinder, Rossignol and Théret studied a
different flow which is more convenient for two reasons: the flow introduced is subadditive and
has good integrability properties. Moreover, it is close to the flow 74.

Let ¥ € S9!, and let A be any non-degenerate hyperrectangle normal to . We denote by
hyp(A) the hyperplane spanned by A defined by

hyp(A):{x+w:x6A,ﬁ~7:0}

where - denotes the usual scalar product on R?. For any h > 0, we denote by slab(A, h, ¥) (resp.
slab(A, oo, 7)) the slab of basis the hyperplane spanned by A and of height h (resp. of infinite
height), i.e., the subset of R? defined by

slab(A, h, ¥) = {x—|—r7 @ € hyp(A),r €[0,h] }.

Suppose that G({+o0}) < pc(d). Let M > 0 such that G([M,+o0]) < p.(d). We define the
random height Hg p(A) as follows

Hea(A) = inf {h > ’Hd_l(A)ﬂdil*D : 3E cutset from A to hyp(A4 + h?) in } .

slab(A, h, 7) such that Ve € E tg(e) < M
We can now define the alternative flow ®¢ ar(A):

.  E cutset from A to hyp(A + Hg a(A) )
. (4) = inf {Cap(E) : in slab(A, Ha (A), )

The idea is that the height Hg ar(A) is large enough so that minimal cutsets from A to hyp(A +
He o (A)T) in the slab can avoid edges with too large capacities. This ensures that the flow
@ ar has good integrability property: there exists C' > 0 such that with high probability

Do(A) < CMHITL(A).
Let us give an intuition of why this flow is subadditive. First notice that
Al C Ay — HG,M(Al) < HG7M(A2) .

To lighten the notations, from now on we write I instead of Hg pr. Let 7 be a unit vector.
Consider two hyperrectangles A and B of disjoint interior normal to 7 such that the union AU B
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is also an hyperrectangle. Let E4 be a cutset from A to hyp(A + H(A)7) in slab(A, H(A), 7).
Let Ep be a cutset from B to hyp(B + H(B)¥) in slab(B, H(B), ¥). It is easy to check that
E UEp is a cutset that separates AUB from hyp(AUB+H(AUB) ) in slab(AUB, H(AUB), ¥)
(see figure 1.4). Therefore, we have

(I)G7M(A U B) < cap(EA U EB) < cap(EA) + cap(EB) < (I)G7M(A) + (I)G,M(B) .
This yields the subadditivity.

hyp(AUB + H(AUB)T) =
hyp(B + H(B)¥)

e hyp( A+ H( A)?)

Figure 1.4 — Representation of E4 and Fp. Here H(AU B) = H(B).

We can prove that with high probability, the random height H(nA) is negligible compared to
n and minimal cutsets for ®¢ p(nA) and ®g(nAd, h(n)) have at first order the same capacity. It
follows that
L Bou(nA) L Ba(nA, hn))
n—oo Hi=1(nA) — n-eco HI-1(nA)

Remark 3.9. The flow ®g ar is the perfect trade-off between the flows ®¢ and T7g. Indeed, the
advantage of Tg is that the corresponding cutsets are anchored near the boundary of 0A and so it
is a subadditive quantity. However being anchored mear the boundary of OA requires that cutsets
must contain the edges near OA, this is an issue when G does not have good integrability property.
For the cutsets corresponding to the flow ®g it is the opposite: the trace of the cutset on the
boundary is free so it can avoid edges with large capacities but we cannot recover subadditivity.
Here the cutsets corresponding to ®c nr are anchored near OA in a looser way: the cutsets may
avoid edges with large capacities around OA and it has a subadditive property.

The flow constant v satisfies a weak triangle inequality see proposition 3.4. in [64].

Proposition 3.10 (Weak triangle inequality for vg). Let (ABC) be a non-degenerate triangle in
R? and let U 4, U, V¢ be the exterior normal unit vectors to the sides [BC],[AC],[AB] in the
plane spanned by A, B,C. Then,

H (BC)ve(V a) < HU([AC)re(V p) + H ([AB))va(Te) .

3.3 Size of a minimal cutset
Among all the cutsets of minimal capacity we are interested in the ones with the minimal

cardinality:

Yo (A h, 7) —inf {|E| : FE cuts the top from the bottom of }

cyl(A, h) and E has capacity @ (A, h)

The quantity g is the analog of Ng in this context.



30 CHAPTER 1. INTRODUCTION

The study of the quantity 1q(A,h, ¥) was initiated by Kesten in [52] in dimension 3 for
straight boxes and distributions G such that G({0}) < py where pg is a small constant. Let
k,l, m € N, we define the straight box B(k,l,m) = [0,k] x [0,{] x [0,k]. Kesten proved the
following result.

Theorem 3.11 (Kesten [52]). Let k,l,m € N. There exists a pg > 1/27 such that for all
distributions G on Ry such that G({0}) < po, there exist constants 6, Cy and Cy depending on G
such that for allm >0,

there exists a dual set E* of at least n plaquettes that cuts
P the top from the bottom of the box B(k,l,m), which < Cre 2.
contains the point (—%, —%, %) and such that cap(E*) < 0n

Zhang in [73] extended this result in all dimensions and for distributions G such that G({0}) <
1 — p.(d) and with an exponential moment. He obtained the following result.

Theorem 3.12 (Zhang [73]). Let G be a distribution on Ry such that for some n >0,
/ exp(nz)dG(x) < oo
Ry

and G({0}) < 1—p.(d). Letky,...,ki—1 € N and h withlogh <ky---kq_1. Let A= Hf;ll [0, k;] x
{0}. There exist constants § > 1 depending on G and d, Cy and Cy depending on G, d and
such that for all A\ > BHI1(A),

P(tpc (A, h, T) > A) < Cp exp(—Ca)).

Roughly speaking, his proof strategy is the following. If ¥ g (A, h?) is large, he can slightly modify
the configuration to create blocking surfaces, i.e., large surfaces of edges of null capacities. This
is very unlikely when G({0}) < 1 — p.(d) as edges of positive capacities percolate: it is indeed
unlikely to obtain two adjacent big clusters of edges of positive capacity that are not connected
because of this blocking surface. This proof relies crucially on the hypothesis G({0}) < 1 — p.(d)
and cannot be adapted to the case G({0}) > 1 — p.(d). Moreover, this proof does not able to
prove the existence of the limit of 1¢ properly renormalized when the size of the cylinder goes to
infinity.

3.4 Large deviations results for maximal flows
3.4.1 Upper large deviations results

We present here some result on upper large deviations for the maximal flows ®¢(nA, h(n)) in
cylinders and 7¢(nA, h(n)). The theorem 4 in [68] states upper large deviations results for the
variable ®¢(nA, h(n)) above the value vg (7).

Theorem 3.13 (Théret [68]). Let us consider a distribution G on R that admits an exponential
moment. Let U be a unit vector and A be an hyperrectangle orthogonal to T, leth:N— Ry be
a height function such that lim,, . h(n) = +0o. We have for every A\ > vg ()

. 1 D (nA, hin))
_ > .
R T A ) 10gp< HT(na) =) 70

Let us give an intuition of the speed of deviation. If ®¢(nA, h(n)) is abnormally large, there
are two possible scenarios. Either there are an order n%~! of paths from the top to the bottom of
the cylinder that use edges of slightly abnormally large capacity, or there are a fewer number of
paths from the top to the bottom of the cylinder with edges whose capacities are extremely big
(with a capacity that goes to infinity with n). Both scenarios enable to transmit more water from
the top to the bottom than the expected value. Actually, when G has an exponential moment, the
first scenario is the most likely one. Since the paths from the top to the bottom have a cardinality
of order at least h(n), this implies that a positive fraction of edges inside the cylinder have a
slightly abnormally large capacity. This accounts for the speed of deviation of volume order.

The corresponding large deviation principle has been obtained in the case of straight cylinders
by Théret in [67].
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Theorem 3.14 (Théret [67]). Let h: N — R, be a height function such that

lim M =400

n—oo logn

Set A =1[0,1]"1 x {0}. Then for every X\ > 0, the limit

: 1 _
P(\) = nlingo ~ = Th(n) logP (®c(nd, h(n)) > An®1)

exists and is independent of h. Moreover, the function 1 is convexr on Ry, finite and continuous
on the set {\ : G([\,+o0]) > 0}. If G has a first moment then v vanishes on [0,vs((0,...,0,1))].
If G has an exponential moment then 1 is strictly positive on Jvg((0,...,0,1)),400[, and the
sequence

nd—1

((I)G(nA, h(n)))

satisfies a large deviation principle with speed n®~'h(n) and governed by the good rate function 1.

This result crucially depends on the symmetry of the lattice with regards to reflexion along
the vertical faces of the cylinders. The proof strategy may not be extended to tilted cylinders.
The upper large deviations results for 7 are a bit different because the speed of deviation depends
on the tail of the distribution G. Indeed if the edges around 0A have very large capacities it will
increase the flow 7 in a non negligible way. Since the minimal cutsets corresponding to 7¢ (A, h)
are anchored around 0A, their capacity depends a lot on these edges. Théret proved in Theorem
3 in [68] upper large deviations of the variable 7.

Theorem 3.15 (Théret [68]). Let ¥ be a unit vector and A be an hyperrectangle orthogonal to
7, let h : N — Ry be a height function such that lim,, o h(n) = +o0o. The upper large deviations
of 7g(nA, h(n))/HY 1 (nA) depend on the tail of the distribution of the capacities. We have

(i) If the law G has bounded support, then for every A\ > va (V) we have

o 1 Ta(nA, h(n))
Bhito Hi=1(nA) min(h(n),n) log P ( Hi=1(nA)

2)\>>0.

(ii) If the law G is exponential of parameter 1, then there exists ng such that for every A > vg(7)
there exists a positive constant D depending on d and \ such that

Ta(nA, h(n))

>
Vn > ng ]P’( HTT(nA)

> )\> > exp(—DH (nA)).

(@) If the law G satisfies
Vo > 0 / % dG(z) < o0,
Ry

then for every A\ > vg (') we have

) 1 T76(nA4, h(n)) B
nlgI;OHd_l(nA)logIP’< HTT(nA) >N =—-.

Let us give an intuition of why the speed is n? when h(n) > n. Since the cutsets are anchored
in d(nA), they cannot deviate too far away from nA: as a result, most of the edges outside
cyl(nA,n) do not have an influence on 7¢(nA, h(n)). Note that there is no existing result of large
deviation principle for maximal flows 7g or @4 for tilted cylinder.
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3.4.2 Lower large deviations results

The order of large deviations is different in the case of lower large deviations which is of surface
order. Intuitively, to create a lower large deviations event, it is enough to decrease the capacities of
the edges along a surface. In [62], Rossignol and Théret proved the following theorem concerning
lower large deviations of the variable 7¢(nA, h(n)) below vg(T).

Theorem 3.16 (Rossignol-Théret [62]). Suppose that G is integrable and such that G({0}) <
1 —pc(d). Let h : N — R be a height function such that lim,_,o h(n) = +o00. For every e > 0
there exists a constant K(d,G,e) such that for every unit vector and every non-degenerate
hyperrectangle A orthogonal to ¥ there exists a constant K'(d,G, A, e) such that

F <m <ve(V) - 5) < K'(d,G, A e) exp(—K(d, G, e)HH (A)n?1).

Rossignol and Théret also proved a large deviation principle associated to 7 in Theorem 3.10
in [62].

3.5 Maximal flow to infinity

Let us consider a compact convex subset A of RY. We interpret the set A as a source of water.
We are interested in the maximal amount of water that can flow from the boundary A of A to
infinity per second. This issue is in fact analogous to the study of the smallest capacity denoted
by mincut(A, co) over sets of edges separating A from infinity: the amount of water that A can
send to infinity will be limited by a surface of minimal capacity that surrounds A and will act like
a bottleneck. We define C(A) the continuous capacity of A as

C(A) = /8 ) va(na(z))dH () .

This problem was first studied in dimension 2 by Garet in [38], he proved the following theorem.

Theorem 3.17 (Garet [38]). Let d = 2. Let G be a distribution that admits an exponential
moment. Let e > 0, there exist positive constants C, and Cy such that

incut(nA,
Vn > 1 P(’mmcu(noo)_c(A)‘ 25) < Chexp(—Can) .
n

The proof splits into two parts. The first part, the easiest one, consists in proving the upper
large deviation part that is upper-bounding

P(mincut(nd, co) > (1+¢)C(A)n).

To do so, on a high probability event we can build a set of edges separating nA from infinity whose
capacity is arbitrarily close to C(A)n. The lower large deviations, that is upper-bounding

P(mincut(nA, oco) < (1 —¢&)C(A)n)

is more delicate. It consists in two steps. The first step is to prove that A minimizes C over
all sets containing A, i.e., for any S such that A C S then C(A) < C(S). This property holds
because A is a convex set. On the lower deviation event, we need to localize a region where a
cutset (or equivalently the time of a path since d = 2) is too low. This section requires ingenious
combinatorial estimates to sum on all possible minimal cutsets.

Remark 3.18. In dimension 2, the flow constant vg is equal to the time constant ug. Indeed, in
dimension 2, the dual of a minimal cutset for the flow 7o corresponds to a geodesic between two
points in the dual lattice. Garet used this equivalence and worked with the time constant.
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4 Contributions

In this section we present the results obtained during the thesis. The presentation of the results
follow the structure of the manuscript. The manuscript is split into three parts. In part I, we
present results on the isoperimetry of the infinite cluster. In part II, we present results on the
time constant and in part III, we present results on the flow constant.

4.1 Isoperimetry of the infinite cluster
4.1.1 Chapter 2 - Existence of the anchored isoperimetric profile

This chapter corresponds to the paper [5] that has been published in ALEA. Let p > p.(d).
We want to study the geometry of C,, through its Cheeger constant. We recall the definition of the
anchored isoperimetric profile ¢, (p). This is another way to define the Cheeger constant of C,,
that is more natural in the sense that we do not restrict minimizers to remain in the box [—n, n]<.
It is defined as follows:

Oc, H
gan(p)min{| |C£[| | :0e HCCyp, Hconnected,O<H|§nd},

where we condition on the event {0 € C,}. We say that H is a valid subgraph if 0 € H C Cp,, H is
connected and |H| < n?. The study of the minimizers in the definition of ¢,,(p) is closely related
to the study of the Wulff cristal in [19]. Minimizing the open edge boundary to volume ratio is
equivalent to finding the interface of lowest energy that isolates a volume n? of the cluster of 0
from the outside world. Roughly speaking, the event {n¢ < |C,(0)| < oo} is very unlikely. On this
unlikely event, the cluster C,(0) is isolated from the outside world by a closed interface of edges.
Conditioning on this event, the more likely configurations are the ones with an interface of lowest
energy, i.e., minimizing the surface tension. In both cases, at macroscopic order, the minimizers
of ¢, (p) and the cluster C,(0) conditioned on the event {n?¢ < |C,(0)| < oo} are identical with
high probability.

ng, ()

Figure 1.5 — A small box on the boundary dG,, of a minimizer G,, of ¢, (p)

Minimizing the open edge boundary is the analogue of minimizing a surface tension in the
continuous setting. We shall build a norm £, that represents the tension that is exerted on the
surface, i.e., any point x in a surface S having ng(x) as a normal unit exterior vector has a tension
Bp(ns(x))ns(x) that is exerted at the point x. This the same norm than the norm S, 4 used by
Gold in [44]. To build this norm, let G,, be a minimizer of ¢, (p). We zoom on the boundary
of G,,, we look at what happens in a small but macroscopic cube centered at a point x in the
boundary 9G,, (see figure 1.5). The cube is located in such a way that its bottom intersects G,
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and its top intersects Z¢\ G,,, and it is rotated so that its normal vector coincides with the normal
exterior vector of GG,, at the point z. Since this cube is small, the portion of G,, in that cube
does not affect much |G, |, the total volume of G,,. Thus, if one would like to minimize the open
edge boundary to volume ratio, one needs to minimize the number of open edges of dG,, in that
cube. This problem is equivalent to finding a set of edges that separates the top from the bottom
of the cube with a minimal number of open edges and by the max-flow min-cut theorem, it is
thus equivalent to the study of maximal flow. We denote by 7,(n, 7) the capacity of the minimal
cutset that cuts the upper half from the lower half of the boundary of the cube of side-length
n oriented according to ¥ for the distribution G = pd; + (1 — p)dy. Thanks to [64], we know
that 7,(n, 7) /n4=1 almost surely converges towards a deterministic constant, that we denote by
ﬁp(ﬁ): B,() is the flow constant v () associated with the distribution G' = pd; + (1 — p)do.
Moreover, we know that 3, is a norm because G({0}) < 1 —p.(d) . In [5], we prove the following
theorem.

Theorem 4.1. Let d > 2, p > p.(d). Let W, be the dilate of Wﬁp such that LYW,) = 1/0(p).
Then, conditionally on {0 € Cp},
Z,(Wy)

Jim ne,(p) = Ap)LIW,) I,(Wp) a.s..

Moreover, we have L'-convergence of the minimizers G, of ¢n(p) towards W, in the following
sense

1
nh_{glo Jpax ziélﬂgd F|GnA(n($ +Wp)NCp)| =0 P(-10 € Cp)-a.s..

To prove the first statement of this theorem, we study separately upper large deviations and
lower large deviations. The techniques for the study of the upper large deviations are standard,
we can exhibit a valid subgraph whose isoperimetric ratio is arbitrarily close to ¢, (p) with high
probability. This is done using estimates on upper large deviations for the flow constant in cylinder
(see theorem 3.15).

nW,

a minimal cutset for
Tp(n(Fj + dv;), 6n)

Figure 1.6 — Construction of a valid subgraph with isoperimetric ratio close to ¢, (p)

We shall build a valid subgraph that has an isoperimetric ratio close to ¢, (p). To do so, we
approximate the Wulff shape W,, from the inside by a convex polytope P, this is possible since the
set W), is convex. We shall build a cutset I'), that cuts nP from infinity, whose number of open
edges is close to n?~1Z,(P) and that is located close to dnP with high probability. For each face
F of P and v its associated exterior unit normal vector, we consider the cylinder cyl(n(F +dv), on)
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of basis n(F + dv) and of height dn > 0. We build E by merging the cutsets from the top to
the bottom of minimal capacity in the cylinders cyl(n(F + §)v,dn). The union of these cutsets is
not yet a cutset itself because of the potential holes between these cutsets. We fix this issue by
adding extra edges to fill the holes. In figure 1.6, the set M3, j) represents a set of edges that
will fill the gap between the faces nF; and nF;. We control next the number of extra edges we
have added, i.e., the size of the sets M(i,j). We next build a valid subgraph H,, C Z? from T,
by taking all the vertices of C, NnP that are connected to 0 without using edges in I';,. We prove
that with high probability, |H,| is of order 6(p)n?L%(P). We can bound |0c, H,| from above by
the number of open edges in I'), and so we control the isoperimetric ratio of H,,. Finally, we have

P(ngn(p) > ¢p(1+¢)) <P <n|8|CI’;H|"| > o, (1+ 5)) .

We conclude using upper large deviations estimates for 7, in a cylinder of polyhedral basis derived
from the corresponding estimates in cylinders of hyperrectangle basis.

The next step is to obtain the large deviations result from below that is the most difficult
part. To study the upper large deviations, we needed to go from a continuous object to a discrete
object. For the lower large deviations, we do the opposite. We start with G,, € G,, and we build
a continuous object P,,. Our goal is to build a continuous object of finite perimeter. Although it
seems natural to take the continuous object P, = n~*(G,, + [~1/2,1/2]9), this turns out to be a
bad choice because the exterior boundary of dG,, may be very entangled and its size may be of
higher order than n?~!. We also have to deal with the presence of holes in G,, that correspond
to holes of the infinite cluster C,. These holes are present with a positive density and contribute
to the size of the boundary of G,,. Using a smoothing procedure by doing a coarse graining as in
[73], and by filling the small holes in G,,, we obtain a continuous object P,, that has a perimeter
less than some positive constant § with high probability and such that the measure associated to
G, is close in some sense to the measure 6(p)1p, £4.

Here, conditionally on the event that the origin belongs to the infinite cluster, we only restrict
minimizers to be anchored at the origin, connected and of size at most n¢. Although this definition
is more natural that the definition used by Gold in [44], the proof is more technical due to the lack
of compactness: the minimizers properly renormalized by a factor n are no longer contained in
the compact set [—1,1]%. To solve this issue, we use the method developed by Cerf for the study
of the Wulff crystal. Consider GG,, a minimizer of the isoperimetric constant and P,, its associated
continuous object, although P, is not contained in a compact set, we can cover almost all P, by a
finite number of disjoint balls centered at points of Z% of radii in N. Namely, for any § > 0, there
exists a set F (see figure 1.7) corresponding to the finite union of the disjoint balls such that

L4P,NE)
T n s 1§,
cipy =0
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a ball contained in £

Figure 1.7 — Covering almost all P,, by balls

The number of possible such balls is at most polynomial in n, so this term will be counterbal-
anced by the probability of the unlikely event we estimate (that decays exponentially fast with
{F C E: F is a Borel set of perimeter smaller than 5} .

The latter set is compact endowed with the topology associated to the distance d(F,F') =
LYFAF"). Using a covering of this compact set, this enables us to localize P, N E (and so
(Grn/n) N E) close to some continuous set F. If the isoperimetric ratio of G,, is too small, this
implies that somewhere around the boundary of F', the surface tension that exerts on the bound-
ary of Gy, /n is locally lower than its expectation. We can relate this unlikely event to lower large
deviations on maximal flows in order to upper-bound the probability of this unlikely event.

4.1.2 Chapter 3 - Vanishing of the isoperimetric constant at p.(d)

This chapter corresponds to a joint work with Raphaél Cerf that has been published in ECP
[2]. The most well-known open question in percolation theory is to prove that the percolation
probability vanishes at p.(d) in dimension three. In fact, the interesting quantities associated to
the model are very difficult to study at the critical point or in its vicinity. In [2], with Raphaél
Cerf, we studied a very modest intermediate question. We consider the anchored isoperimetric
profile of the infinite open cluster, defined for p > p.(d). We extend adequately the definition for
p = pc(d), in finite boxes: to do so, we need to extend the definition of the anchored isoperimetric
profile so that it is well defined at p.(d). We say that H is a valid subgraph of C,(0), the open
cluster of 0, if H is connected and 0 € H C C,(0) and 0 < |H| < nd. We define @, (p) for every
p € [0,1] as

e, H
Pn(p) = min{ “ﬁ : H valid subgraph of C,(0), 0 < |H| < nd} .

In particular, if 0 is not connected to 9[—n/2,n/2]¢ by a p-open path, then |C,(0)] < n? and
taking H = C,(0), we see that @, (p) is equal to 0. The techniques of [5] to prove the existence
of this limit rely on coarse-graining estimates which can be employed only in the supercritical
regime. Therefore we are not able so far to extend the convergence of ng,, when n goes to infinity
at the critical point p.(d). Naturally, we expect that ng, (p.(d)) converges towards 0 as n goes
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to infinity, unfortunately we are only able to prove a weaker statement. We prove a partial result
which implies that, if the limit n@, (p.(d)) when n goes to infinity exists, it has to vanish.

Theorem 4.2. With probability one, we have

lim inf n@, (p.(d)) = 0.
n—oo

Note that this result becomes trivial if 8(p.(d)) = 0. We prove this theorem by contradiction. If
the statement of the theorem does not hold, then the cluster C,_4)(0) of 0 satisfies a d-dimensional
anchored isoperimetric inequality. There exists a positive constant ¢ such that with positive
probability, for any n > 1, we have n@, (p.(d)) > ¢. We first define an exploration process of the
cluster of 0 that remains inside the box [—n,n]?. The exploration process is very basic. We start
at 0, at the first step we reveal the open edges incident to 0. The set of activated points correspond
to the set of neighbors of 0 connected by an open edge. At each step, the set of activated vertices
corresponds to the set of vertices that were revealed at the previous step and such that they have
unrevealed incident edges. At each step, we reveal the state of the edges incident to the activated
vertices (see figure 1.8). Actually, if at the beginning of a step the revealed cluster is C the set of
open edges we will reveal during this exploration step is dc, d)(O)C . Since C is a valid subgraph,

we have
9¢,. ) ©0)C|

o 2 Balreld) > =

Figure 1.8 — Exploration of the cluster of 0. In blue the edges of C),_(4)(0) that are revealed during
the first eight steps of the exploration process. In green the activated vertices, that is the explored
vertices with unexplored incident edges. In red, the edges that have been revealed during the 9t"
step of the exploration.

It follows that the number of sites that are revealed at each step in the exploration of the cluster
Cp.(a)(0) will be of order n?~! when C will be of order n. Then, we can prove that the intersection
of the cluster that we have explored with the boundary of the box [—n,n]? is of order n¢~!. Since
during the exploration process we remain strictly inside the box, we have at least an order of n¢~!
points in the boundary connected to 0 by a path that is contained in a half-space. Furthermore,
there is no percolation in a half-space at p.(d), consequently the probability that there exists a
path of length larger than n that remains in a half-space goes to 0 with n. It follows that the
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number of vertices in the boundary of the box [—n,n]¢ connected to 0 inside the box should be

negligible compared to n¢~!, we obtain a contradiction. This result says that if there is an infinite
cluster at p.(d), then its geometry is different than the one of the infinite cluster for p > p.(d).

4.1.3 Chapter 4 - Regularity of the isoperimetric constant

This chapter corresponds to the paper [4] that has been published in ECP. The regularity
properties of the anchored isoperimetric profile was first studied by Garet, Marchand, Procaccia,
Théret in [42]. They proved that the modified Cheeger constant in dimension 2 is continuous on
(pe(2),1]. In [4], we prove a better regularity in p for dimensions d > 2 and deduce a regularity
on the limit shape. The first theorem asserts that the anchored isoperimetric profile is Lipschitz
continuous on every compact interval [po,p1] C (pc(d), 1).

Theorem 4.3 (Regularity of the anchored isoperimetric profile). Let d > 2. Let p.(d) < po <
p1 < 1. There exits a positive constant k depending only on d, py and py, such that for all
P.q € [po,p1], conditionally on the event {0 € Cp, },

lim nle,(q) — ¢n(p)| < klg —p|.

n— oo

Remark 4.4. We did not manage to obtain here that the anchored isoperimetric profile is Lipschitz
continuous on [po, 1] for a technical reason that is due to a coupling we use in the proof of Theorem
4.3. However, this restriction is likely irrelevant. Furthermore, we think that the restriction given
by po s relevant.

Let p € [0,1]. We recall that 7,(n, 7) is the capacity of the minimal cutset that cuts the upper
half from the lower half of the boundary of the cube of side-length n oriented according to o for
the distribution pd; + (1 — p)do, and

o
Bp(ﬁ) = lim M a.s..

nsoo pd-l

The second theorem studies the Hausdorff distance between two dilated Wulff crystals ﬁ/\,gp and

ﬁ/\@q of volume 1 associated with norms 3, and f,.

Theorem 4.5 (Regularity of the anchored isoperimetric profile). Let d > 2. Let p.(d) < po <
p1 < 1. There exits a positive constant ' depending only on d, pg and p1, such that for all
P4 € [po, 1, L

dy(Ws,, Ws,) < £'lg —pl,

where dy is the Hausdorff distance between non empty compact sets of R?.

The key element to prove these two theorems is to prove the regularity of the map p — f,.
By a straightforward corollary of [64], we obtain that the map p — , is continuous on (p.(d), 1].
We can even obtain a Lipschitz property.

Theorem 4.6 (Regularity of the flow constant). Let p.(d) < po < p1 < 1. There exists a positive
constant k depending only on d, py and p1, such that for all p < q in [po, p1],

sup |Bp(w) — By(w)| < klg —p|.
mGSd71

The proof of this theorem strongly relies on an adaptation of Zhang’s proof in [73].

Let po > pc(d) and let ¢ > p > pg. Our strategy is the following, we easily get that 5, <
by properly coupling the percolations of parameters p and ¢ such that p.(d) < p < ¢. The second
inequality requires more work. We denote by £, , the random cutset of minimal size that achieves
the minimum in the definition of 7,(n, 7) By definition, as EF, , is a cutset, we can bound by
above 7,4(n, 7) by the number of edges in E, , that are g-open, which we expect to be at most
7p(n, 0) + C(q — p)|Enp| where C is a constant. We next need to get a control on |E,_,| which
is uniform in p € [po, 1] of the kind cqn?~! where c; depends only on d and pg. In [73], Zhang
obtained a control on the size of the smallest minimal cutset corresponding to maximal flows in
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general first passage percolation, but his control depends on the distribution G of the variables
(tg(e))eocre associated with the edges. We only consider probability measures G, = pd1 + (1 —p)do
for p > p.(d), but we need to adapt Zhang’s proof in this particular case to obtain a control that
does not depend on p anymore.

4.2 First passage percolation: first interpretation
4.2.1 Chapter 5 - Regularity of the time constant

This chapter corresponds to the paper [3] that has been submitted. In continuation of the
work [42], we study the regularity of the map p — g, where Gy, = pdy + (1 —p)dss. This problem
is equivalent to study the regularity in p of the graph distance between two faraway vertices in
the infinite cluster C,, of supercritical percolation of parameter p. In [3], we manage to control the
gap between g, and ug, to prove the following theorem.

Theorem 4.7. Let py > p.(d), there exists a positive constant C (depending on pg) such that

Vp.q € [po.1]  |pa, — pa,l < Clg—pl|loglg —pl|.

To study the regularity of the map p — pug,, our aim is to control the difference between the
graph distance in the infinite cluster C, of a Bernoulli percolation of parameter p > p.(d) on Ed
with the graph distance in C, where ¢ > p. The key part of the proof lies in the modification of a
path. We couple the two percolations such that a p-open edge is also g-open but the converse does
not necessarily hold. Let z € Z?. We assume that 0 and z belong to C,, this event happens with
positive probability. We consider a g-open geodesic v between 0 and x. Some of the edges of this
path are p-closed, we want to build upon this path a p-open path by bypassing the p-closed edges.
In order to bypass them, we use the idea of [42] and we build our bypasses at a macroscopic scale.
This idea finds its inspiration in the works of Antal and Pisztora [60] and Cox and Kesten [33].
We have to consider an appropriate renormalization and we obtain a macroscopic lattice with
good and bad sites. Good and bad sites correspond to boxes of size 2V in the microscopic lattice.
We will do our bypasses using good sites at a macroscopic scale that will have good connectivity
properties at a microscopic scale (see figure 1.3). Let e be a p-closed edge in v. We distinguish
two different cases; either e is in a good box and we can bypass e using the good connectivity
of the box by a path smaller than SN (where § is a positive constant and N is the size of our
renormalization blocks), or e is inside a bad box. In that case, we note C the connected component
of bad boxes containing e. The macroscopic boundary of C' will be made of good boxes and we
will bypass e using the boundary of C'. The length of the bypass will be at most 2d3|C|N. We can
build upon v a path 7 between 0 and x that is p-open. The set 7 \ v corresponds to the bypasses,
we have

DS (0,z) — D%(0,2) < [7\ 7| < BN|{e € v: eis p-closed}| 4+ 2dN Z |C].

C' bad component:
CNy#£0
The quantity |{e € v : eis p-closed}| is with high probability at most Cyl||z|(¢ — p) where
Cy is a positive constant depending only on pg and d. The remainder of the proof consists
in getting probabilistic estimates of the length of the bypasses. In this article we improve the
estimates obtained in [42]. We quantify the renormalization to be able to give quantitative bounds
on continuity. Namely, we give an explicit expression of the appropriate size of a N-box: for
N = |log |q — p|| with high probability when ||z|| is large, we have

Y [Cl<al-plsl
C' bad component:
CNy#£0D
where c¢; is a positive constant depending only on d and py. To prove this estimate, we use the
idea of corridor that appeared in the work of Cox and Kesten [33] to have a better control on
combinatorial terms and derive a more precise control of the length of the bypasses than the one
obtained in [42]. Combining the previous inequalities, we obtain with positive probability that

D¢ (0,2) — D%(0,z) < BCy|log |q — pl|(q — p)||=|| + 2de1|log g — pll(q — p) ||| -
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Dividing by ||z|| and letting |||| goes to infinity in such a way z/|z| — ¥ € S, we obtain that
pa, () — ,u(;p(ﬁ) < ¢o(q — p)|log(q — p)|. This result can be extended to irrational directions.
Besides, we can prove that ug, < pg, using a coupling and the result follows.

4.2.2 Chapter 6 - An improvement on the regularity result

This chapter corresponds to a joint work with Raphaél Cerf [1] that is still in preparation. In
the proof of theorem 4.7, the renormalization was responsible for the presence of a logarithmic
term. The issue comes from the fact that all edges are bypassed at the same scale whereas some
of them may be bypassed at a smaller scale. In [1], we fix this issue by introducing several scales
and we improve the previous result by proving that the function p — ug, is in fact Lipschitz
continuous strictly above p..

Theorem 4.8. Let pg > p.(d). There exists a constant kg depending only on d and py such that

Vp,q € [po, 1] sup |pa, (x) — pa, (@) < Kalg —p|.
reSa-1

To fix the issues that were encountered in [3], we use a new approach. Our aim is to understand
how the chemical distance in Bernoulli percolation depends upon the percolation parameter p.
The key part of the proof lies in a multiscale modification of an arbitrary path. Let us fix two
parameters p, ¢ such that ¢ > p > p.(d). We couple two percolation configurations at level p
and ¢ in such way that a p-open edge is also g-open. Let x € Z?. We assume that 0 and z
belong to C,, this event happens with positive probability. We consider the geodesic « joining
0 and x for the bond percolation of parameter q. Some of the edges in v are p-closed, we want
to build upon this path a p-open path. To do so, we need to bypass the p-closed edges in 7.
Roughly speaking, the idea is to prove that, for ||z| large enough, with high probability, the
average size of a bypass is smaller than a constant C' and that the number of edges to bypass in ~
is at most (¢ — p)||z||. Therefore, with high probability the total length of the bypasses is smaller
than C(q — p)||z||. Whereas in [3], all the edges were bypassed at the same scale, here we use a
multiscale renormalization and each edge is bypassed at the appropriate scale. The crucial point is
to perform each bypass at an adequate scale and to pay the right price for it. By properly choosing
the different scales of the renormalization process, we can build a family of shells (shell(e))eey
made of good boxes at scale 1 such that the total cardinality of the shells }° _ [shell(e)| is at
most C||z|| with high probability. These shells of good boxes will possess all the desired properties
to build p-open bypasses of edges in . The shells are built without revealing the p-states of the
edges in 7y so that they are independent of the p-states of the edges in . In the end, we will
not use all the shells but only the shells associated to p-closed edges in 7. In the coupling, the
probability that a g-open edge is p-closed is ¢ — p. Therefore, we expect that the total length of
the bypasses
Z | Sheu(e)‘]le is p-closed

ecy

is at most C(q — p)||z||. We conclude as in the proof of theorem 4.7.

4.3 First passage percolation : second interpretation
4.3.1 Chapter 7 - Maximal flow to infinity

This chapter corresponds to the paper [6] that has been published in the Annals of Probability.
In [6], we study the maximal flow between a compact convex subset A of R? and infinity for d > 2
in the rescaled lattice Z?/n. Note that unlike the study of minimal cutset in a box, the existence
of a minimal cutset between A and infinity is not straightforward. We can prove the existence of
a minimal cutset between A and infinity in the rescaled lattice by adapting some arguments of
Zhang in [73]. We recall that C(A) denotes the continuous capacity of the boundary 0A of A, i.e.,

c4) = | volma@)in~a)
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where n4(x) is the exterior unit normal vector of A at € 9A. In [6], we extend the result of
Garet [38] to d > 3. We recall that mincut(nA, co) denotes the infimum of the capacity over sets
of edges separating nA from infinity

Theorem 4.9. Let d > 3. Let G be a distribution on Ry that admits an exponential moment.
Let A be a compact convex subset of R®. Let € > 0. There exists positive constants C and C
depending on A, d, G and & such that

P (| mincut(nA, oo) — C(A)n?~1| > en™!) < Cy exp(—Con®1).
By applying Borel-Cantelli Lemma, we obtain the following corollary.
Corollary 4.10. We have

w =C(A) almost surely.
n—00 n

We prove this theorem by studying separately the upper large deviations and lower large
deviations. The proof of the upper large deviations follows the same strategy than the proof of
Garet. Using large deviation estimates on the maximal flow in a cylinder, we can build a cutset
separating A from infinity whose capacity is arbitrarily close to C(A)n?~! with high probability.
To do so, we approximate A by a polyhedral subset P such that A C P and C(P) is close to C(A).
Finally, we build a cutset I',, that cuts nA from infinity such that the capacity of T, is close to
n?=1C(P) following a similar strategy as in the study of upper large deviations in [5] (see figure
1.7). Since Ty, is a cutset we have cap(I'y,) > mincut(nA, oo). For any € > 0, we can build T,
such that cap(',) < (1 +¢)n?~1C(A) with high probability and it follows that

mincut(nA, c0) < (14 &)n?"1C(A)

with high probability.

To study the lower large deviations, we work on the rescaled lattice Z?/n. We denote by &,
a minimal cutset between A and infinity in the rescaled lattice. The main difficulty we had to
deal with is the lack of compactness, the cutset &, properly renormalized cannot be almost surely
contained in a compact. Garet handled this issue by doing ingenious combinatorial estimates on
possible minimal cutsets. However, in dimensions d > 3, even ingenious combinatorial estimates
cannot work because the combinatorial term cannot be counterbalanced by the probability term.
To overcome this issue, we try to proceed as in the work of Cerf and Théret [24]. The idea is to
create from the minimal cutset &, a continuous subset F,, of R? whose edge boundary (i.e., the
edges that have one extremity in the continuous subset and the other one outside) corresponds to
the cutset &,. As we can control the number of edges in a minimal cutset thanks to the work of
Zhang [73], we can consider a minimal cutset &, in the rescale lattice from A to infinity of minimal
capacity and that has at most cn~! edges with high probability, for some positive constant c.
Thanks to this crucial result, the continuous set E,, we build has a perimeter at most c. In [24],
as the two authors work in a compact region €2, the continuous object they obtain lives in the
compact space consisting of all subsets of € of perimeter smaller than or equal to ¢. In our context,
as our cutset &£, can go potentially very far from A, we cannot build from &,, a continuous set that
belongs to some compact space and therefore we cannot use the same method as in [24]. However,
as the capacity of &, is smaller than n?~'C(A), we expect that &, remains not too far from the
boundary 0A of A. We can observe unlikely events just by inspecting what happens in a bounded
region, namely in the ball B(0, R) (that contains A) for a deterministic R depending on A. This
enables us to study only the portion of the cutset &, in B(0, R) and to define a continuous version
of this portion that belongs the following set with high probability:

{F C B(0,R) : F is a Borel set of perimeter smaller than ¢ + H*"(9B(0,R))} .

The latter set is compact endowed with the topology associated to the distance d(F,F') =
LYFAF"). Note that the choice of R is such that the artificial boundary E,, N dB(0, R) we
create is small enough such that the capacity of the boundary of E,, N B(0, R) is still abnormally
small. Using a covering of the latter compact set enables us to localize E, N B(0,R) and so
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&, N B(0, R) close to some continuous set F. The finite covering of this compact set replace the
combinatorial estimates. Starting from there, we can follow the strategy of [24]. We try to localize
a small region of &, where the flow is abnormally small and relate this to lower large deviations
for the maximal flow in a cylinder (see theorem 3.16).

Let p > p.(d). Let us consider the distribution G = pd; + (1 — p)Jp and a compact convex
subset A C R? such that 0 € A. Following the proof of Garet in [38], we can deduce from theorem
4.9 the following corollary on Bernoulli percolation.

Corollary 4.11. The mazimal cardinality dis(A) for a collection of disjoint open paths from A
to infinity satisfies
dis(nA)

d—1
Ve >0 301,02>0 VnZO P<W¢(1—E71+5)> SC]QXP(—CQTL )

4.3.2 Chapter 8 - Size of a minimal cutset

This chapter corresponds to a joint work with Marie Théret [7] that has been published in
Annales de UIHP. In [7], Théret and I prove a similar statement than theorem 2.8 for the size of
minimal cutsets. We consider a distribution G such that G({0}) > 1 — p.(d) (thus vg = 0), i.e.,
the edges of positive passage time are in the sub-critical regime of percolation on Z%. Therefore,
minimal cutsets in a box are mainly made of edges of null capacity. We denote by qpc%n, 7) the
minimal size of a minimal cutset in the box of side-length n oriented in the direction «/, that is,

. FE is a minimal cutset in the cylinder of basis of
va(n, V) = 1nf{ Bl - side-length n and height (n) oriented in the direction o }

where h(n) satisfies logn < h(n) < n. We study the asymptotic behavior of the minimal cardinal
va(n, 7) among cutsets of minimal capacity when the size of the box goes to infinity, that is n
goes to infinity. Using sub-additive arguments, Marie Théret and I prove a law of large numbers
for this quantity in [7].

Theorem 4.12. Let d > 2. Let G be a probability measure on [0,+00] such that G({0}) >
1—pe(d). Let ¥ € ST1. Let h: N — Ry be an height function which satisfies logn < h(n) < n.
There exists a finite constant Cg({o})(7) such that

lim M = <G({O})(7) a.s..

n—00 ’n,di1
The constant Cg({o})(ﬁ) depends only the direction ¥, G({0}) and d but not on h.

The idea was to introduce an alternative flow that is inspired by [64]. There are two issues to
recover subadditivity: we need to study cutsets that may be merged together into a cutset and
that have null capacity. Although the cutsets corresponding to the flow 7 in adjacent cylinders
may be glued together easily, these cutsets do not have null capacity in general: the union of
two cutsets of minimal capacity is a cutset but does not have minimal capacity. The flow 7 is
subadditive but not the minimal cardinality of the minimal corresponding cutsets. The alternative
flow we build is such that the maximal flow is always null and if we merge two adjacent cutsets for
this flow it is still a cutset. It yields that if we merge two minimal cutsets, the union is necessarily
a minimal cutset. Note that without the hypothesis G({0}) > 1 — p.(d), minimal cutsets have
positive capacity and the union of two minimal cutsets may not be a minimal cutset. Let z € Z¢,
we denote by Cg,o(x) the connected component of x in the percolation (1, (¢)>0)cere, Which can
be seen as an edge set and as a vertex set. Since P(tg(e) > 0) < p.(d), the finite clusters Cg o(x),
x € Z% are small. For A an hyperrectangle, ¥ a unit vector normal to A and h > 0, we define the
random height Hg(A, h) as follows

He(A h) =inf{ ho > h: hyp(A + ho¥) N U Caolz)
2€Z*:Cq,o(x)NAH#D

0
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One can prove that the set

E= U 9.Ca0()
z€Z%:Cq,0(x)NAFAD

cuts A from hyp(A + Hg(A, k)W) in slab(A, Hg(A,h), V') and has null capacity (see figure
1.9). Hence, the height Hg(A, h) is high enough to ensure that minimal cutset between A and
hyp(A + Hg (A, h)¥) in slab(A, Hg(A, h), 7') has null capacity.

hyp(A+ Ho(A,WT)  ————

Figure 1.9 — Representation of the dual of the set

Moreover, with high probability using theorem 1.2, we have

Bl Y Jaloo@ls Y cdCool@) < CHINA)

2€Z4:Cq,0(x)NAF#D 2€Z4:Cq,0(z)NAFAD

where C is a positive constant depending on G({0}) and d. Among all the cutsets that achieve the
minimal capacity, we are interested in the ones with the smallest size. We denote by xg(A4, h, 7)
the following quantity :

(4.1)

xG(A,h, V) = inf {|E| . E cuts A from hyp(A + Hg (A, h)7) } |

in slab(A, Hg(A, h), ¥) and cap(E) = 0
This quantity is subadditive and has good integrability properties since
Xc(A,h, V) < |B| < CHTH(A).

Let h : N — Ry be a height function such that lim,_,c (n) = co. If ¥ is not rational, we
cannot apply a subadditive theorem. To overcome this issue, we first prove in the spirit of the
first step of the proof of an ergodic theorem that E[yg(nA, h(n)v)]/H**(nA) converges towards
a deterministic constant ¢ (7) that does not depend on A nor A. Then we prove that when
h(n) is negligible compared to n but large compared to logn, the quantities E[wg(n77)] and
E[xa(nA, h(n), )] are very close so that tg(n, ¥)/n%1 converges towards ¢(7). By using a
generalization of Efron-Stein inequality for higher moments, we can prove that g (n, 7) is close
to its expectation. It follows that ¢g(n, 7) /n%=1 converges almost surely when n goes to infinity
towards the same deterministic constant ¢(7).

Remark 4.13. Actually for technical reasons the real definition of xg we use in the proof is a bit
more complicated.
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Isoperimetry of the infinite cluster
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Chapter 2

Existence of the anchored
isoperimetric profile of the infinite
cluster in supercritical bond
percolation

Let d > 2. We consider an i.i.d. supercritical bond percolation on Z%, every edge is open with
a probability p > p.(d), where p.(d) denotes the critical point. We condition on the event that 0
belongs to the infinite cluster Co, and we consider connected subgraphs of C., having at most n?
vertices and containing 0. Among these subgraphs, we are interested in the ones that minimize the
open edge boundary size to volume ratio. These minimizers properly rescaled converge towards
a translate of a deterministic shape and their open edge boundary size to volume ratio properly
rescaled converges towards a deterministic constant.
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1 Introduction

Isoperimetric problems are among the oldest problems in mathematics. They consist in finding
sets that maximize the volume given a constraint on the perimeter or equivalently that minimize
the perimeter to volume ratio given a constraint on the volume. These problems can be formulated
in the anisotropic case. Given a norm v on R? and S a continuous subset of R%, we define the
tension exerted at a point x in the boundary 95 of S to be v(ng(z))ng(z), where ng(x) is the

47
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exterior unit normal vector of S at x. The quantity v(ng(x)) corresponds to the intensity of the
tension that is exerted at x. We define the surface energy of S as the integral of the intensity of
the surface tension v(ng(z)) over the boundary 9S. An anisotropic isoperimetric problem consists
in finding sets that minimize the surface energy to volume ratio given a constraint on the volume.
To solve this problem, in [70], Wulff introduced through the Wulff construction a shape achieving
the infimum. This shape is called the Wulff crystal, it corresponds to the unit ball for a norm built
upon v. Later, Taylor proved in [66] that this shape properly rescaled is the unique minimizer,
up to translations and modifications on a null set, of the associated isoperimetric problem.

The study of isoperimetric problems in the discrete setting is more recent. In the continuous
setting, we study the perimeter to volume ratio, in the context of graphs, the analogous problem
is the study of the size of edge boundary to volume ratio. This can be encoded by the Cheeger
constant. For a finite graph G = (V(G), E(G)), we define the edge boundary dg A of a subset A of
V(G) as

8gA:{e:<x7y>6E(Q):x€A,y¢A}.

We denote by dA the edge boundary of A in (Z%,E?) and by |B| the cardinal of the finite set B.
The isoperimetric constant, also called Cheeger constant, is defined as

|06 Al V(G)|

= mi : < — 5.
g mm{ Al AcCV(G),0< |4 < 5 }

The continuous version of this constant was introduced by Cheeger in his thesis [29] in order to
obtain a lower bound for the smallest eigenvalue of the Laplacian. The discrete version of the
Cheeger constant was introduced by Alon, Milman [9] and Gabber, Galil [37]. The isoperimetric
constant of a graph gives information on its geometry.

Let d > 2. We consider an i.i.d. supercritical bond percolation on Z?, every edge is open
with a probability p > p.(d), where p.(d) denotes the critical parameter for this percolation. We
know that there exists almost surely a unique infinite open cluster Co, [48]. In this paper, we
want to study the geometry of Cy through its Cheeger constant. However, if we minimize the
isoperimetric ratio over all possible subgraphs of C., without any constraint on the size, one can
show that ¢¢_ = 0 almost surely. For that reason, we shall minimize the isoperimetric ratio over
all possible subgraphs of C,, given a constraint on the size. There are several ways to do it. We
can for instance study the Cheeger constant of the graph C, = Coo N [~n,n]? or of the largest
connected component C,, of C,, for n > 1. As we have ¢c., = 0 almost surely, the isoperimetric
constants ¢, and ¢z 8o to 0 when n goes to infinity. Benjamini and Mossel [13], Mathieu and
Remy [57], Rau [61], Berger, Biskup, Hoffman and Kozma [14], Pete [59] proved that v is of

order n~!. Roughly speaking, by analogy with the full lattice, we expect that subgraphs of Cn

that minimize the isoperimetic ratio have an edge boundary size of order n¢~! and a size of order
n?, this is coherent with the fact that g s of order n~!. This led Benjamini to conjecture that

for p > p(d), the limit of s when n goes to infinity exists and is a positive deterministic
constant.

This conjecture was solved in dimension 2 by Biskup, Louidor, Procaccia and Rosenthal in
[15] and by Gold in dimension d > 3 in [44]. They worked on a modified Cheeger constant.
Instead of considering the open edge boundary of subgraphs within C,, they considered the open
edge boundary within the whole infinite cluster Cy, this is more natural because C, has been
artificially created by restricting Co to the box [—n,n]?. They also added a stronger constraint
on the size of subgraphs of C,, to ensure that minimizers do not touch the boundary of the box
[—n, n]d. Moreover, the subgraphs achieving the minimum, properly rescaled, converge towards
a deterministic shape that is the Wulff crystal. Namely, it is the shape solving the continuous
anisotropic isoperimetric problem associated with a norm (3, corresponding to the surface tension
in the percolation setting. The quantity nyc, converges towards the solution of a continuous
isoperimetric problem.

Dealing with the isoperimetric ratio within C,, needs to be done with caution. Indeed, we do
not want minimizers to be close to the boundary of C,, because this boundary does not exist in
Cs- There is another way to define the Cheeger constant of Co,, that is more natural in the sense
that we do not restrict minimizers to remain in the box [—n,n]¢. This is called the anchored
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isoperimetric profile ,, and it is defined by:

Oc. . H
(pnmin{| |62| |:O€HCCOO, Hconnected,()<|H|§nd},

where we condition on the event {0 € Co }. We say that H is a valid subgraph if 0 € H C Coo, H
is connected and |H| < n?. We also define

QOH:{GG(‘?H, eisopen}.

Note that if H C C, then dc H = 0°H. To better understand the difference between the two
definitions, let us consider the following deterministic subgraph of (Z?, E9),

H=({zez*:Vie{2,... dtzi=0}{e={z,y} €E?: Vie {2,...,d}z; = y; = 0}).

Denote by H, = H N[-n,n]¢. Tt is easy to check that ¢y, is of order 1/n whereas its anchored
isoperimetric constant is of order 1/n?. Roughly speaking, the fact that the anchored isoperimetric
constant is of order 1/n implies that the underlying graph looks like a d-dimensional object whereas
this does not necessarily hold for ¢, , the isoperimetric constant restricted to the box. Even if
these two definitions lead to equivalent results for p > p.(d), the difference will be crucial when
studying this constant at p.(d) in chapter 3.

For each n, let G,, be the set of the valid subgraphs that achieve the infimum in ¢,,. In this
context, a minimizer G,, € G, can go potentially very far from 0. The minimizer G, properly
rescaled does not belong anymore to a compact set. This lack of compactness is the main issue to
overcome to prove that the limit exists. It was done in dimension 2 in [15], with a specific norm
that cannot be extended to higher dimensions. We need to introduce some definitions to be able
to define properly a limit shape in dimension d > 2. In order to build a continuous limit shape, we
shall define a continuous analogue of the open edge boundary. In fact, we will see that the open
edge boundary may be interpreted in term of a surface tension Z, in the following sense. Given a
norm 7 on R? and a subset E of R? having a regular boundary, we define Z,(E) as

T.(E) = /a (@) R o),

where H?~! denotes the Hausdorff measure in dimension d — 1. The quantity Z,(F) represents
the surface tension of E for the norm 7. At the point z, the tension has intensity 7(ng(z)) in the
direction of the normal unit exterior vector ng(x). We denote by £¢ the d-dimensional Lebesgue
measure. We can associate with the norm 7 the following isoperimetric problem:

1,(E)
LYE)

We use the Wulff construction to build a minimizer for this anisotropic isoperimetric problem. We
define the set W, as

minimize subject to LYF) < 1.

W= ) fzert 2 vsr},

veSd—1

where - denotes the standard scalar product and S~ is the unit sphere of R?. The set /V[Z / Ed(WT)
is a minimizer for the isoperimetric problem associated with 7. We will build in section 3 an
appropriate norm (3, for our problem that will be directly related to the open edge boundary
ratio. We will denote by Z,, the surface tension associated with 3,. We define the Wulff crystal
W, as the dilate of /Wﬁp such that £4(W,) = 1/6,, where 6, = P(0 € Co).

In this paper, we adapt the proof of Gold to any dimension d > 2 to give a self-contained proof
of the existence of the limit for the anchored isoperimetric profile. Note that this proof also holds
in dimension 2, it gives an alternative proof of [15] with a simpler norm. The interest of this result
is to prove the existence of the isoperimetric constant for a more natural definition. Although
proving the existence of the anchored isoperimetric profile involves more technical difficulties, the
anchored isoperimetric profile itself is a simpler object to study. Cerf and Dembin studied the
anchored isoperimetric profile ¢, at p. in [2]. Studying the behavior of ¢, at p. would have
required much more work. The aim of this paper is the proof of the two following Theorems. The
first theorem asserts the existence of the limit of ney,.
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Theorem 1.1. Let d > 2, p > p.(d) and let 8, be the norm that will be properly defined in section

3. Let W, be the Wulff crystal for this norm, i.e., the dilate of /Wﬁp such that LY(W,) = 1/0,.
Then, conditionally on {0 € Cuo },

lim ne, = Ip(Wp)

— =T .S..
AP =g paqw,y — (e o

The second theorem shows that the graphs G, realizing the minimum converge in probability
towards a translate of W,,.

Theorem 1.2. Let d > 2 and p > p.(d). Let ¢ > 0. There exists positive constants C1 and Co
depending on d, p and € such that, for alln > 1,

1 —
(s int LiGuAGGe e W nCo) 22 f0c ey ) £ oo,
Grn€Gn z€RI N

where A denotes the symmetric difference.

Remark 1.3. We emphasize the fact that when we restrict theorems 1.1 and 1.2 to dimension
two, we obtain a weaker version of already existing results. Namely, in [15], the authors used
methods specific to dimension two in order to derive a uniform convergence in the shape theorem.
Whereas here, we only obtain L'-convergence.

To prove Theorem 1.1, we first prove a large deviations result from above for ny, stated in
the following Theorem.

Theorem 1.4. Let d > 2. Let p > p.(d). For all € > 0, there exist positive constants C1 and Co
depending on p, d, € such that, for allmn > 1,

P (mpn >(1+ e)m ‘ 0e Coo) < Crexp(—Csn).

The proof of Theorem 1.4 is inspired by the proof of Theorem 5.4 in [44]. We shall build a valid
subgraph that has an isoperimetric ratio close to ¢,,. In order to do so, we approximate the Wulff
shape W), from the inside by a convex polytope P. We shall build a cutset I';, that cuts nP from
infinity whose number of open edges is close to nd_lfp(P) with high probability. For each face
F of P and v its associated exterior unit normal vector, we consider the cylinder cyl(F + ev,¢)
of basis F' + ev and of height ¢ > 0. We build E by merging the cutsets from the top to the
bottom of minimal capacity of the cylinders cyl(F + v, e). The union of these cutsets is not yet
a cutset itself because of the potential holes between these cutsets. We fix this issue by adding
extra edges to fill the holes. We control next the number of extra edges we have added. We also
need to control the capacity of the cutsets in a cylinder of polyhedral basis. We next build a valid
subgraph H,, C Z% from T, by taking all the vertices of Coc NP that are connected to 0 without
using edges in I',,. We expect that |H,| is of order 6,(d)n?L%(P). We can bound |dc H,| from
above thanks to the number of open edges in I';, and so we control the isoperimetric ratio of H,,.
Finally, we control the upper large deviations for this number of open edges thanks to the upper
large deviations for the flow in a cylinder of polyhedral basis. The next step is to obtain the large
deviations result from below.

Theorem 1.5. Let d > 2. Let p > p.(d). For all € > 0, there exist positive constants C1 and Co
depending on p, d, € such that, for alln > 1,

I,(W,) _
< _ P\ P < _ 1-3/2d ]
P (mpn <(l-¢) 6 () LW ‘O € Coo) < Crexp(—Can )

Remark 1.6. The deviation order in Theorem 1.5 is not optimal due to technical details of the
proof. In this work we do not make any attempt to get the proper order of deviation. Our aim
is mainly to obtain Theorems 1.1 and 1.2. The study of the large deviations order would be an
interesting problem in itself.
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Theorem 1.1 follows from Theorem 1.4 and Theorem 1.5 by a straightforward application of the
Borel-Cantelli Lemma. Proving the large deviations result from below is the most difficult part
of this work. To be able to compare discrete objects with continuous ones, we shall encode each
optimizer G,, € G,, as a measure u,, defined as

1
zeV(Gy,)

We first need to build from a minimizer G,, an appropriate continuous object P,. To do so, we
use the same method as in [44]. The main issue is that the boundary of G,, may be very tangled,
we will have to build a smoother boundary of size of order n®~!. This will enable us to build a
continuous object P, of finite perimeter such that, with high probability, its associated measure
is close to u, in some sense to be specified later.

Let F be a Boreliean set of R%. We define its associated measure vp:

VE € B(RY), vr(E) =0,LY(FNE).
We now define the set W of the measures associated with the translates of the Wulff shape as
W:{Vm+wp : :UERd}.

Note that p, belongs to M(R?), the set of finite measures on R%. We cannot use a metric as in
[44] where j1,, was a measure on [—1,1]%. In fact, we will not use a metric here. We first show that
all the minimizers G,, € G, are with high probability in a local neighborhood of W for a weak
topology. This is the key step before proving Theorem 1.5.

Theorem 1.7. Let d > 2 and p > p.(d). Let u :]0,4+00[—]0, +o0[ be a non-decreasing function
such that lim;_,ou(t) = 0. For all { > 0, there exist positive constants C1 and Coy depending on
d, p, u and  such that for all n > 1, for any finite set §, of uniformly continuous functions that
satisfies:

VieSn [[flle<1 and  Vao,y € R [f(x) — f(y)] < ulllz —yl2),

we have

P <3Gn € Gn, Y €W, sup |un(f) — v(f)| > g‘o € coo> < CpeCan' T
fESn

The main difficulty of this paper lies in the proof of this theorem. In our context, an issue
that was not present in [44] arises. Whereas the support of the measure p, was included in a
fixed compact set in [44], this is not the case here because we do not constrain G,, € G,, to remain
in the box [-n,n]?. To fix this issue, we will use the method developed in [19]. We will first
localize the set G, in a finite number of balls of radius of order n up to a set of small fractional
volume. We will study G,, only inside these balls, i.e., the intersection of G,, with these balls.
The intersection of GG,, with the boundary of these balls will create an additional surface tension.
However, this surface tension is not related to the open boundary edges of G, but to the fact that
we have cut G,, along these boundaries. Therefore, we should not take this surface tension into
account for the isoperimetric constant. In fact, we will cut G,, in such a way to ensure that we do
not create too much surface tension, 7.e., we will cut in regions where G, is not concentrated. To
conclude, we will link the probability that the measure u, corresponding to G,, € G, is far from a
weak neighborhood of W with the probability that the surface tension of G,, is locally abnormally
small.

Finally, to prove Theorem 1.2, we exhibit a set F,, of uniformly continuous functions such that
we can bound from above the symmetric difference |G, A(n(z + W) NCoo)| by supseg, [1n(f) —
v(f)| for some v € W and then apply the result of Theorem 1.7.

The rest of the paper is organized as follows. In section 2, we give some definitions and useful
results. We do the construction of the norm f, in section 3. In section 4, we prove the upper
large deviations in Theorem 1.4. We build a continuous object P, from a minimizer G,, € G,, and
prove that its associated measure is close in some sense to the measure pu, of G, in section 5.
Finally, in section 6, we prove Theorem 1.7 that is a preliminary work before proving the lower
large deviations Theorem 1.5 and the convergence of G,, properly rescaled towards a limit shape
in Theorem 1.2.
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2 Some definitions and useful results

2.1 Geometric notations
For z = (x1,...,x4), we define

|2]|co = max |x;].

Il =
<i<d

We say that x,y € Z? are x-connected if ||z — y||ooc = 1. We say that v = (=g, ...,2,) is an *path
of Z% if for any 0 < i < n — 1, the points x; and z;,1 belong to Z¢ and are *-connected. We say
that T' is *-connected or a lattice animal if any =,y € I' are connected by an *-path in I'. We
denote by Animals, the set of lattice animals containing the point z € Z9.

Lemma 2.1. [Kesten [51], p82 or Grimmett [48], p85] Let x € Z¢. For all positive integer I,
{T' € Animals,, |T| =1}| < (7%)".
Let S € RYand r > 0, we define da(x, S) = inf,es [|[z—y|2 and V(S,7) the open r-neighborhood
of S by
V(S,r) = {x €R? : dy(x,S) < 7"}.
Let x € R? r > 0 and a unit vector v. We denote by B(x,r) the closed ball of radius 7 centered

at x, by disc(z,r,v) the closed disc centered at z of radius 7 normal to v, and by B (z,r,v)
(respectively B~ (x,r,v)) the upper (resp. lower) half part of B(z,r) along the direction of v, i.e.,

B+(x,r,v):{yEB(x,r) : (y—:r)~1120},
and
B_(x,r,v):{yeB(x,r) : (y—a:)~v§0}.

We denote by ay the £¢ measure of a unit ball in R?. We denote by H%~! the Hausdorff measure
in dimension d — 1. In particular, the H?~! measure of a d — 1 dimensional unit disc in R? is equal
to ag—1. Let A be a non-degenerate hyperrectangle, i.e., a rectangle of dimension d — 1 in R?,
Let ¥ be one of the two unit vectors normal to A. Let h > 0, we denote by cyl(A, h) the cylinder
of basis A and height h defined by

cy1(A,h)={x+t7 : xeA,te[—h,h]}.

The dependence on T is implicit in the notation cyl(A, h). Note that these definitions of cylinder
may be extended in the case where A is of linear dimension d — 1, i.e., A is included in an
hyperplane of R?, which is the affine span of A.

2.2 Sets of finite perimeter and surface energy

The perimeter of a Borel set S of R? in an open set O is defined as
P(S,0) = sup{/ div f(z)dL%x) : f € 030(073(0,1))} ,
s

where C>°(0O, B(0,1)) is the set of the functions of class C*° from R to B(0, 1) having a compact
support included in O, and div is the usual divergence operator. The perimeter P(S) of S is
defined as P(S,R?). The topological boundary of S is denoted by 9S. The reduced boundary 9*S
of S is a subset of S such that, at each point x of 9*5, it is possible to define a normal vector
ng(x) to S in a measure-theoretic sense, and moreover P(S) = H4~1(9*S). Let v be a norm on
R?. We define its associated Wulff crystal W, as

Wl,z{xeRd - Vy, y~x§u(y)}.

With the help of the Wulff crystal, we define the surface energy of a general set.
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Definition 2.2. Let v be a norm on R?. The surface energy I,(S,0) of a Borel set S of R? in
an open set O is defined as

7,(S,0) zsup{/sdivf(at)dﬁd(x): fe Ccl(O,Wl,)}.

We will note simply Z,(S) = Z,(S,R9).
Proposition 2.3 (Proposition 14.3 in [19]). The surface energy Z,(S,0) of a Borel set S of R?

of finite perimeter in an open set O is equal to

7,(S,0) = / v(ng(x))dHY ().

9*SNO
We recall the following fundamental result.

Proposition 2.4 (Isoperimetric inequality). There exist two positive constants bis,, Ciso which
depend only on the dimension d, such that for any Cacciopoli set E, any ball B(x,r) C RY,

min (Ed(E N B(z,7)), LR\ E) N B(z, 7"))) < bisoP(E, B(x, r))d/dﬂy
min (L4(E), L4R?\ E)) < ¢;5,P(E)¥ 471,
We refer to [43], for more details on Cacciopoli sets, isoperimetric inequality and other definitions

in geometric measure theory.

2.3 Approximation by convex polytopes

We recall here an important result, which allows us to approximate adequately a set of finite
perimeter by a convex polytope.

Definition 2.5 (Convex polytope). Let P C RY. We say that P is a convex polytope if there exist

V...,V unit vectors and o1, ..., o, real numbers such that
P = ﬂ {xeRd: x~vi§<pi}.
1<i<m

We denote by F; the face of P associated with v;, i.e.,
Fi:Pﬂ{xeRd: x~vi:<pi}.

Any convex subset can be approximated from the outside and from the inside by a convex polytope
with almost the same surface energy.

Lemma 2.6. Let v be a norm on R Let A be a bounded convex set. For each e > 0, there exist
convex polytopes P and Q such that PC AC Q and Z,(Q) —e <Z,(A) <I,(P) +e.

Proof. Let A be a bounded convex set. Let ¢ > 0. Let (zx)r>1 be a dense family in 9A. For
n > 1, we define P, as the convex hull of x1,...,x,, i.e., the smallest convex that contains the
points x1,...,2,. As A is convex, we have P,, C A and P, converges towards A when n goes to
infinity for the £' topology. The functional Z, is lower semi-continuous, thus

Z,(A) <liminfZ,(P,),

n—oo

so there exists n large enough such that
IU(A) S Iu(Pn) +e€

and we take P = P,. The existence of ) was shown in Lemma 5.1. in [21] for the Wulff shape.
The proof may be easily adapted to a general convex bounded set A.
O
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3 Construction of the norm

Minimizing the open edge boundary is the analogue of minimizing a surface tension in the
continuous setting. We shall build a norm /3, that represents the tension that is exerted on the
surface, i.e., any point x in a surface S having ng(x) as a normal unit exterior vector has a tension
Bp(ng(x))ns(x) that exerts at the point . To build this norm, let us consider G,, € G,,. We zoom
on the boundary of G,,, we look at what happens in a small but macroscopic cube centered at a
point z in the boundary 0G,, (see figure 2.1). The cube is located in such a way that its bottom
intersects G, and its top intersects Z?¢ \ G,,, and it is rotated so that its normal vector coincides
with the normal exterior vector at the point x. As this cube is small, the portion of GG,, in that
cube does not affect much |G|, the total volume of G,,. Thus, if one would like to minimize the
open edges to volume ratio, one needs to minimize the number of open edges of dG,, in that cube.
This problem is equivalent to finding a set of edges that separates the top from the bottom of the
cube with a minimal number of open edges.

Figure 2.1 — A small box on the boundary 9G,, of a minimizer G,, € G,

Let us give now a more precise definition of the norm /3,. We consider a bond percolation on
7% of parameter p > p.(d) with d > 2. We introduce many notations used for instance in [62]
concerning flows through cylinders. Let A be a non-degenerate hyperrectangle, i.e., a rectangle of
dimension d — 1 in R%. Let ¥ be one of the two unit vectors normal to A. Let h > 0, we denote
by cyl(A, k) the cylinder of basis A and height 2h defined by

cyl(A,h):{x+t7 : xeA,tG[—h,h]}.

The set cyl(A4,h) \ A has two connected components, denoted by C;(A,h) and Cy(A,h). For
i =1,2, we denote by C/(A, h) the discrete boundary of C;(A4, h) defined by

Cl(A, h) = {x € Z4N Cy(A, h) : Ty ¢ cyl(A, h), (z,y) € B } :

We say that a set of edges E cuts C{(A,h) from C4(A,h) in cyl(A,h) if any path v from
C1(A,h) to C4(A, ) in cyl(A, h) contains at least one edge of E. We call such a set a cutset. For
any set of edges F, we denote by |E|, the number of open edges in E. We shall call it the capacity
of E. We define

(A, h) = min{ |El,: E cuts C1(A,h) from C5(A,h) in cyl(A,h) } :

Note that this is a random quantity as |E|, is random, and that the cutsets in this definition are
pinned near the boundary of A. Finding cutsets of minimal capacity is equivalent to the study of
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maximal flows, see [16]. To each edge e, we can associate the random variable ¢(e) = L. is open- 11
the study of maximal flows, we interpret each ¢(e) as the capacity of the edge e, i.e., the maximal
amount of water that can flow through e per unit of time. We are interested in the maximal
amount of water that can flow through the cylinder given the constraint on the capacity. We refer
to [64] for a rigorous definition of maximal flows. In the following, we will use the term flow to
speak about the quantity 7,. The following proposition is a corollary of Proposition 3.5 in [62], it
enables us to give a rigorous definition of the norm fj,.

Proposition 3.1 (Definition of the norm 8,). Let d > 2, p > p.(d), A be a non-degenerate
hyperrectangle and o one of the two unit vectors mormal to A. Let h be a height function such
that lim, o h(n) = co. The limit

_ . E[rp(nA, h(n))]
Bo(¥) = Jlim =T

exists and is finite. Moreover, this limit is independent of A and h and B, is a norm.

The norm g, is called the flow constant. Roughly speaking, Bp(ﬁ) corresponds to the expected
maximal amount of water that can flow in the direction ¥ on average. Actually, we can obtain a
stronger convergence. A straightforward application of Theorem 3.8 in [62] gives the existence of
the following almost sure limit:

We define

Bmin = ?g§571 ﬁp(ﬁ) 5 6maw = 7561;5)71 ﬁp(ﬁ) .
As [, is a norm on R?, we have Bimin > 0 and Bqe < 00. We will need the following upper large
deviations result which is a straightforward application of Theorem 3 in [68].

Theorem 3.2. Let d > 2 and p > p.(d). For every unit vector 7, for every non-degenerate
hyperrectangle A normal to U, for every h > 0 and for every A > Bp(7), there exist C1 and Cy
depending only on A and G, such that, for alln >0,

P (7,(nA, hn) > MH“(A)n®™!) < Cy exp(—Cahnt).

To ease the reading and lighten the notations, the value of the constants may change from
appearance to appearance.

4 Upper large deviations

The aim of this section is to prove Theorem 1.4. A convex polytope of dimension d — 1 is a
convex polytope F which is contained in an hyperplane of R? and such that H?~!(F) > 0. We
have the following Lemma.

Lemma 4.1. Let p > p.(d). Let F be a convex polytope of dimension d—1. Let v be a unit vector
normal to F'. There exist positive real numbers C7 and Cs depending on F', p and d such that for
alln > 1, for all A > B,(v)HYY(F), for all h >0

P(7,(nF,nh) > An?"1) < Cy exp(—Cyhn?).

Proof. Let p > p.(d). Let F be a convex polytope of dimension d — 1 and v a unit vector normal
to F. We shall cover F by a finite family of hypersquares and control the probability that the
flow is abnormally big in cyl(nF,nh) by the probability that the flow is abnormally big in one of
the cylinders of square basis. Let A > S,(v)H4 }(F). Let £ > 0 be a real number that we will
choose later. We denote by S(x) an hypersquare of dimension d — 1 of side length £ and normal
to v. We want to cover the following region of F' by hypersquares isometric to S(k):

D(k, F) = {:peF . d(z,dF) >2\/Em}.
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There exists a finite family (5;);cr of closed hypersquares isometric to S(k) included in F having
pairwise disjoint interiors, such that D(k, F) C U;c1S; (see figure 2.2). Moreover, there exists a
constant cg depending only on the dimension d such that

HY(F\ D(k,F)) < caH 2 (OF) k. (4.1)
We have then
HIY(F)
1] < m~ (4.2)

D(k, F)

An hypersquare of
side length x

Figure 2.2 — Covering P with hypersquares

Let h > 0. We would like to build a cutset between Cj(nF,nh) and C,(nF,nh) out of minimal
cutsets for the flows 7,(nS;,nh), ¢ € I. Note that a cutset that achieves the infimum defining
Tp(nS;,nh) is pinned near the boundary onS;. However, if we pick up two hypersquares S;
and S; that share a common side, due to the discretization, their corresponding minimal cutsets
for the flow 7, do not necessarily have the same trace on the common face of the associated
cylinders cyl(nS;, nh) and cyl(nS;,nh). We shall fix this problem by adding extra edges around
the boundaries of the hypersquares 0.5; in order to glue properly the cutsets. We will need also
to add extra edges around n(F \ D(k, F)) in order to build a cutset between Cf(nF,nh) and
Ch(nF,nh). For i € I, let E; be a minimal cutset for 7,(nS;, nh), i.e., E; C E? cuts C(nS;, nh)
from C%(nS;,nh) in cyl(nS;,nh) and |E;|, = 7,(nS;,nh). We fix ( = 4d. Let Ey be the set of
edges of E? included in &, where we define

Eoz{xERd : d(asz\UnSi)g(}UU{meRd:d(m,@nSi)SC}.

icl el

The set of edges Ey U
therefore,

ser Ei separates C7(nF,nh) from Cy(nF,nh) in the cylinder cyl(nF,nh),

m(nF,nh) < |Eolo+ Y | Eilo < card(Eo) + Y 7(nSi,nh). (4.3)
i€l el
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There exists a constant ¢/, depending only on d such that, using inequalities (4.1) and (4.2),

card(Ep) < ¢ (kn? "H2(OF) + |[I|H*2(9S(k))n~?)

HIH(F)
< d—14/d—2 d—2 -2
<cdj (nn HE2(OF) + H1(S(n) HI72(0S(k))n? )

d—1

Sc/d </<md17-[d2(8F) H ( ) d 2) )
K
Thus, for n large enough,
card(Ey) < 2, k HI2(OF)n 1. (4.4)

There exists s > 0 such that A > (1 + s)3,(v)H?}(F). We choose x small enough such that

2, kHI2(OF) < g@nmﬂd*(F). (4.5)
Inequalities (4.4) and (4.5) yield that

card(Ep) < gﬁp(v)nd_l?’-{d_l(F). (4.6)

Thanks to inequality (4.6), we obtain

P(7,(nF,nh) > And1)

<P <card(E0) + Y 7p(nSi,nh) > (14 s)ﬁp(v)Hdl(F)nd1>

el
< 3" B(ry(nSi,nh) > (1 + 5/2)B,(0)H 1 (S;)n ) . (4.7)

i€l
Thanks to Theorem 3.2, there exist positive real numbers C7, Cs such that, for all i € I,
P(rp(nSi,nh) > (1+ 5/2)B,(v) ' (S;)n?™") < Crexp(=Cahn?) . (4.8)
By combining inequalities (4.7) and (4.8), we obtain
P(7,(nF,nh) > An®"1) < |I|C} exp(—Cahn?),
and the result follows. O
We can now proceed to the proof of Theorem 1.4.

Proof of Theorem 1.4. Let ¢ > 0 and &’ > 0. By Lemma 2.6, there exists a convex polytope P
such that P C W), Z,(P) < (1 +&')Z,(W,) and L4(P) > (1 —&')L4(W,). Up to multiplying P
by a constant a < 1 close to 1, we can assume without loss of generality that £4(P) < £L4(W,).
We have, for small enough &’ (depending on ¢),

P <ng0n > (1 +E)Z’7(Wp)p) ‘0 e coo>

0, (d)LUW,
1+¢ Z,(Wy)
<P n > (1 2 L
<P (neo> (rer2) (15) gty [0 <)
Z,(P)
<P . > (1 2) — P L | - 4.
< (ngo > ( +€/)9p(d)ﬁd(P)‘O€C ) (4.9)
Let us denote by Fi,..., F,, the faces of P and let vy,...,v,, be the associated exterior unit

vectors. Let § > 0. For i € {1,...,m}, we define

Ci = Cyl(Fz + (51)1', 6) .
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All the C; are of disjoint interiors because P is convex. Indeed, assume there exists z € Cc’,» N Co'j for
some ¢ # j. Then there exist unique « € F;, y € F; and h, h’ < 20 such that z = z+hv; = y+h'v;.
The points z and y correspond to the orthogonal projection of z on P. As P is convex, the
orthogonal projection on P is unique and so z = y = z. This contradicts the fact that z belongs
to the interior of C;. We now aim to build a cutset that cuts nP from infinity out of cutsets of
minimal capacities for 7,(n(F;+0v;),nd), i € {1,...,m}. The union of these cutsets is not enough
to form a cutset from nP to infinity because there are holes between these cutsets. We shall add
edges around the boundaries d(n(F; + dv;)) to close these holes (see figure 2.3). As the distance
between two adjacent boundaries d(n(F; + dv;)) decreases with §, by taking § small enough, the
size of the bridges and so their capacities are not too big. We recall that the capacity of a set,
namely the number of open edges in the set, may be bounded from above by its size. Next, we
control the maximal flow through the cylinders or equivalently the capacity of minimal cutsets in
the cylinders with the help of Lemma 4.1.

For i € {1,...,m}, let E! be a minimal cutset for 7,(n(F; + dv;),nd), i.e., E; cuts C1(n(F; +
dv;),9) from Ch(n(F; + 6v;),0) and |E}|, = 7p(n(F; + 6v;),0n). We shall add edges to control the
space between E. and the boundary d(n(F; + 0v;)). Let ¢ = 4d. Let 4,5 € {1,...,m} such that
F; and Fj share a common side. We define

M(4,5) = V(nF;NnFj,nd + )\ V(nF, NnEj,nd —¢)) N (nP)°.

Let M; ; denote the set of the edges in E? included in M4, ) (see figure 2.3). There exists a
constant ¢/, depending only on the dimension d such that for all 4,5 € {1,...,m} such that F; and
F}; share a common side,

card(M; ;) < g0 nd=1, (4.10)
We set
M= )My,
iyJ
where the union is over 4, j € {1,...,m} such that ¢ # j and F;, F; share a common side. The set

I',=MU Uzil E! cuts nP from infinity. We define H,, to be the set of the vertices connected to
0 by open paths which do not use an edge of I',,, i.e.,

H, = {:c € 7%, x is connected to 0 with open edges in E¢ \T, } .

nW,

a minimal cutset for
Tp(n(Fj + dv;), 6n)

Figure 2.3 — Construction of a cutset I';; from nP to infinity
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By definition, the set H,, is connected. As we condition on the event {0 € C}, the set H, is a
subgraph of C.,. As P is a polytope,

P)=73 " Bplvi)H' ™ (F).
i=1

Moreover, we have
‘acooHnl = ‘aOHn| < |Fn|oa

where the last inequality comes from the fact that, by construction of H,, if e € 0H, \ Ty, then
e is necessarily closed. Using (4.10), we have

Tnlo < card(M) + Z 1Eilo

< egm®6* It 4, (n(F 4 0vi), 0n) (4.11)
i=1
We choose ¢ small enough so that
m2cgd! < 67,(P)/2  and  LYV(OP,306)) < JLYP). (4.12)

Let us now estimate the probability that |T',|, is abnormally big. Using inequalities (4.11) and
(4.12), we get

P(IfnloZ(1+5) »(P )(H\OEC )

9* (card +Z7'p (F; + dv;),0n) > (1+5)zm:,3 (v, YHOH(Fy)nd 1)
< elpp (i n(F; + dv;),0n) > (1+5/2)§ (v i)Hd_l(Fi)'nd_1>
< Qiip n(F; 4 dv;),0n) > (1+6/2)By (v HEH(F)n1). (4.13)

i=1

By Lemma 4.1, there exist positive constants C1, Cy depending on d, p, P and § such that, for all
1<1<m,

P(7,(n(F; 4 dv;),0n) > (1+6/2)B8,(vi)HE L (F)nd™1) < Oy exp(—Caond). (4.14)

Finally, combining inequalities (4.13) and (4.14), we obtain

C
P(|Tulo > (14 6)Z,(P)n® 1|0 € Cuo) < me L exp(—Caond). (4.15)

P
We shall now estimate the number of vertices in H,, in order to check that H,, is a valid
subgraph. For that purpose, we use a renormalization argument. Let & > 0. We partition R? into
disjoint cubes of side length 1/k. We define B’ as the union of B; and all its 3% —1 x-neighbors (the

cubes B having at least one vertex at L' distance less than 1 from Bj). We consider By, ..., By,
the cubes such that Bj, ..., B are contained in P\ V(9P,20) and By, 11,..., B, the cubes such

that B; | ,,...,B;, intersect V(9P,25). We can choose k large enough such that
( U B) < LYV(9P,36)) < 6LY(P). (4.16)
i=l1+1

We say that a cube Bj is good if the following event &(lj ) oceurs:

— There exists a unique open cluster of diameter larger than n/k in nB;..
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— h.
‘We have Ed(nBj)

€ (6p,—96,0,+9).
There exist positive constants C; and Cy depending on d, p, k and ¢ such that
P(£)°) < Cyexp(—Can). (4.17)

For a proof of the control of the probability of the first property see Theorem 7.68 in [48] or [60],
for the second property see [60]. If the cube B; is good, we denote by C; its unlque open cluster
of dlameter larger than n/k in nB’, for 1 < j < 1. On the event ﬂ1<]<l £ n {0€Cx}, the
set U ;=1 Cj is connected without usmg edges of I';, and contains 0, therefore, it is a subgraph of
H,. Furthermore we claim that, on this event, we have Co, N (U1 <j<1, B; ) C H,. Indeed, let
us assume that there exists x € Coo N (Ur<j<n, nBj) that does not belong to H,. Both 0 and z
belong to Co, therefore, x is connected to 0 by a path v = (zg,e1,...,e;,x;) with 2y = 0 and
x; = x that uses edges in I';,. We define

T:sup{z'ZLeian}.

Figure 2.4 — Vertices in H,

By construction, as e; ¢ T', we have r < I. Let us denote v = (2, €r41,...,2;). The path
is not connected to H,, without using edges in T',, (see ﬁgure 2.4). Let j be such that z € nBj,
by construction z, is outside nBj Moreover, on the event &f ), the cube nBj contains a unique
cluster of diameter larger than n/k. As the path +/ starts outside nB; and ends inside nB;, its
intersection with nB} has a diameter larger than n/k. Besides, the path 4’ is not connected to
H, in nB§ by an open path, so the cube nB; contains two open clusters of diameter larger than
n/k. This is a contradiction with the first property of a good cube. Therefore, on the event

Nicje, & N{0€Cx },
|Hy| > |Coo N (Ur<j<iynBj)]

l1
> (6, —0)>  LYnB;). (4.18)

i=1
Thanks to inequalities (4.16) and (4.18), we obtain

|Ho| > (6, — 8)(1— 8)L%(nP). (4.19)
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To ensure that H,, is a valid subgraph, it remains to check that |H,| < n?, yet we have

Iy l2
|Hal < (0, +0)) L'nBi)+ Y LY nB)

i=1 i=li+1
< (0, + &)L P) +ntsL(P)

< (6, +20)n?LY(P).
As L4(P) < L4(W,,), we can choose § small enough such that
|H,| < 0,LYW,)n? <n?.

Finally, on the event

(N &9 N {Tulo < A+ 0)Z,(P)n" }n{0eCs },

1<i<h
combining (4.11) and (4.19), we obtain, for small enough 4,

T lo
| H. |

Z,(P)
(6 = 0)(1 = 0)L4(P)

< (1“/2)6%'

ne, <n <(1+49)

Combining the result of Lemma 4.1 and inequalities (4.9), (4.15) and (4.17), we obtain

,(W, LC mC
P (ncpn >(1+ g)gp(d’;(ﬁd(”)w‘o € Coo) < 19p1 exp(—Can) + le exp(—Cqon?).

This yields the result. O

5 Construction of a continuous object

The aim of this section is to build a continuous object P, from a minimizer G,, € G,.

5.1 Some useful results on the minimizers
The following lemma ensures that the size of the minimizers G,, € G,, are of order n?.

Lemma 5.1. Let d > 2 and p > p.(d). There exist positive constants D1, Do and 11 depending
only on d and p such that, for allm > 1,

P(HGn € Gn, |Gyl <mn? ‘ 0e COO> <D exp(—Dgn(d_l)/Qd)) )

To prove Lemma 5.1, we adapt the proof of Lemma A.8 in [44]. We need the following
proposition that ensures that the open edge boundary of a large subgraph is not too small.

Proposition 5.2 (Berger-Biskup-Hoffman-Kozma, Proposition 5.2. in [14]). Let d > 2 and
p > pc(d). There exist positive constants ci, ca and c3 depending only on d and p such that, for
allt >0,

There exists an open connected graph containing 0 < ey exp(—cat)
such that |G| > t9/(@=D) 0°G] < cy|G|(d-D/d ) = S EPTED

Proof of Lemma 5.1. Thanks to Theorem 1.4, there exist positive constants ¢}, ¢, and ¢§ depend-
ing only on p and d such that for all n > 1,

IP(Lpn >dnt|0€ COO) < ¢ exp(—chn) .

Let G, € Gp. If |G| < /1, as G, C Cs the set 9°G,, is non empty on the event {0 € Co} and
S0 @, > n~'/2. This is impossible for large n. We now assume |G| > +/n. Using Proposition
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5.2 with ¢t = n(?=1/2d conditioning on {0 € Cu.}, we obtain that |0°G,| > c3|G,|(*1/? with
probability at least 1—c; exp(—can(?=1/2d) /g, Moreover, on the event {(pn < cén‘l}ﬁ{o € COO},
we obtain

0°G,,
03‘Gn|71/d < ||G| =n < an—l.

So we set 11 = (c3/c4)?. Finally,

P(EIGn € Gn, |G| <mnt ’ 0c Coo> < P((pn > chn |O € Coo) + % exp(—con(d=1)/24)
P

< ¢ exp(—chn) + ;—1 exp(—con!d—1/2d)
p

This yields the result. O

5.2 Construction of a continuous set

To study the upper large deviations, we needed to go from a continuous object to a discrete
object. In this section, we do the opposite. From now on, we will always condition on the event
{0 € Co}. We start with G,, € G,, and we build a continuous object P,,. Our goal is to build a
continuous object of finite perimeter which is close to n’(d’1)|80Gn\. Although it seems natural
to take the continuous object P, = n~'(G, + [-1/2,1/2]%), this turns out to be a bad choice
because the boundary 0G,, may be very tangled and its size may be of higher order than n¢-1!.
We will build from G,, a graph F,, with a smoother boundary T',, C E? in order to build the
continuous object P,. At this point, there is some work left. If we consider the subgraph F,, that
contains all the vertices in Cy, enclosed in I',, the symmetric difference F,, AG,, may be big due
to the presence of holes in G,,, more precisely portions of C, enclosed in I';, but not contained
in G, (see Figure 2.5). Indeed, if these holes are too large, the symmetric difference F,AG,
will be large too. However, we cannot keep all the holes in G,, to build F,, because when we
will pass to a continuous object P,,, these holes will considerably increase the perimeter of P, so
that P, may have a too large perimeter. The solution is to fill only the small holes to obtain F,,
so that the perimeter of P, remains of the correct order and the symmetric difference F,AG,
remains small. In order to do so, we shall perform Zhang’s construction in [73] to obtain a smooth
boundary T',, for G,, but also to surgically remove these large holes from G,, by cutting along a
smooth boundary. This work was done in [44]. We will only partially sketch Zhang’s construction
and we refer to [73] for a rigorous proof and more details about the construction. Although we
did the same construction as Gold in [44], we do not use the same argument to conclude. Gold
used a procedure called webbing to link all the different contours together in order to obtain
a single connected object, this simplifies the combinatorial estimates. Here, we do not perform
the webbing procedure, instead we use adequate combinatorial estimates. Avoiding the webbing
procedure enables us to extend the result to dimension 2.

Let us define a renormalization process. For a large integer k, that will be chosen later, we set
By = [k, k[*NZ% and define the following family of k-cubes, for i € Z4,

By (i) = Ti2x+1)(Br) ,

where 7, denotes the shift in Z? with vector b € Z%. The lattice Z¢ is the disjoint union of this
family: Z¢ = U;cza Bi(i). We introduce larger boxes By, for i € Z¢, we define

By (i) = Ti2k+1)(Bsk)-

Underscore will be used to denote sets of cubes. For any set of k-cubes A, the set A" denotes
the set of the corresponding 3k-cubes. Let G,, € G,,. We first use Zhang’s construction to build
a smooth cutset I',, that separates G,, from infinity. We denote by A the set of k-cubes that
intersect 0.G,,, the exterior edge boundary of GG,,. We then modify the current configuration w
into a configuration w’ by closing all the open edges in dG,,. This procedure is only formal as
we will eventually reopen these edges. Zhang’s construction enables us to extract a set of cubes
I' ¢ A such that ' is *-connected and in the configuration w’, the union of the 3k-cubes of I
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contains a closed cutset I',, that isolates G, from infinity and a rare event occurs in every cube
of . These rare events are due to the existence of a closed cutset that creates a large interface
of closed edges, this is a very unlikely event when p > p.(d). Of course, when we will eventually
switch back to the configuration w, these rare events will not occur anymore in some cubes.

Several connected components of Co, \ G, in Z4\ T, are enclosed in I',, (see Figure 2.5). We
say that a connected component C' of Cy, is surrounded by T, if any path from C to infinity has
to use an edge of I',,. We will say that C is large if |C| > n!=1/2(d=1) We enumerate the large
connected components L1, ..., L,, and the small connected component S1,...,Sy. We denote by
m(Gy,) the number of large connected components of Co, \ G, enclosed in T',.

Remark 5.3. We insist here on the fact that these large components are not holes of the infinite
cluster but holes of G,, (see Figure 2.5). Intuitively, we do not expect that a minimizer contains
such holes because the graph obtained by filling all these holes have a smaller isoperimetric ratio.
Indeed, by filling these holes, we reduce the open edge boundary and increase the volume. However,
by filling these holes, the volume may exceed n® and the graph we obtain by filling these holes may
not be admissible. That is the reason why we cannot easily discard the presence of these large holes
inside G,,. To obtain the proper order of large deviations, one would have to fix this issue.

We then build F,, C Cy by filling the small connected components S1,..., Sy of G, i.e.,
F,=G,ulJS;. (5.1)

At this point, the boundary dF, \ 0. F,, of F,, may be still tangled around the large components.

In the configuration w’, for each 1 < j < m, there exists a closed cutset that separates L; from

infinity. We can apply Zhang’s construction to each cop onent L; in order to build a smooth

closed cutset I‘ 9 and its corresponding set of k-cubes I‘ . Thanks to Zhang’s construction, the
I

set of cubes En is *-connected and in the conﬁguratlon W', a rare event occurs in each of its

cubes. We denote the boundary of F,, by I';, and its associated set of k-cubes I',, as

F,=1r,u |10, [jf

a large component L;

Figure 2.5 — Construction of fn for a G, € G,

The set of k-cubes fn is not *-connected. It only contains cubes where a rare event occurs in the
configuration w’. Although for some cubes these events do not occur anymore in the configuration
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w, we can bound from below the number of cubes that remain unchanged by |in| —]0°G,,|. In these
cubes, rare events still occur when we switch back to the original configuration w. Using a Peierls
argument, we can deduce that, with high probability, |L,,| and |0°G,| are of same order when
k is taken large enough. To perform the combinatorial estimates we will need the two following
propositions.

Proposition 5.4 (Lemmas 6, 7 in [73]). Let d > 2 and let p > p.(d). There exist positive
constants C1 and Cy depending only on p and d such that for each k-cube By,
P(a rare event occurs in By) < Cy e~ Ok

Moreover, this rare event depends only on the configuration of the 3k-cube B;,.

Remark 5.5. We do not define here what these rare events are, we refer to [13] for a precise
definition of these rare events. For our purpose we only need to know that the decay is exponential
in k. We say that a cube is abnormal if a rare event occurs in this cube.

Proposition 5.6. Let d > 2 and p > p.(d). There exist positive constants c¢1, co and cg such that
P (ElG” € Gn, m(Gy) > cgn—23/24 |0€ Coo) < ¢1 exp(—egn!™3/24)

Proof. Thanks to Theorem 1.4, there exist positive constants C7, C% and C%} depending only on p
and d such that for all n > 1,

P((pn >Cin~ |0 e Coo) < Clexp(—=Cin).
Let G, € G,,. We have with probability at least 1 — C] exp(—C%n) that
|0°G,| < Chin~t |G| < Chnd—t.

Thanks to Proposition 5.2, there exist positive constants ¢}, ¢; and ¢4 depending only on p and d
such that, for all ¢ > 0, we have

< There exists an open connected graph containing 0

<d —cht). .
such that |G| > t4/=D|9°G]| < ¢|G|@=D/d > < ¢y exp(—cyt) (5.2)

In the following, we set t = n(1—1/2(d=1))(d=1)/d — n1-3/2d Pirgt notice that by construction, each
L; is contained in [—n?,n4]? N Z. We have

P (aan € G, i€ {1,...,m(Gn)}, [0°Li| < chn(=1/2@=10d/(d=1) | ¢ ¢ coo)

<P (HGn € Gn, Fi € {1,...,m(Gn)}, [0°Li| < &|Li| Y"1 [0 € coo)

< i]P’ There exists an open connected graph G contained in

0, [—n?, n4 N Z? such that |G| > t¥/(@=1) |9°G| < c4|G|4—1D/d

< 1 Z P There exists an open connected graph G containing
=0, x such that |G| >t/ 9°G| < ¢4|G|@—1)/d

z€[—nd,nd]iNZe

Using the translation invariance together with inequality (5.2), we obtain

P (acn €Gn, Ji € {1,...,m(Gp)}, |0°Li| < yn(—2)d/(@=D) (o e cm)

< (an)d P There exists an open connected graph G containing 0
o such that |G| > #4/(4-1), 0°G| < ¢G4/
(2n)

< ¢ exp(—cyn'=3/24)

Op
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By construction, for all i € {1,...,m(G,)}, we have 9°L; C °G,, and for all j € {1,...,m(Gp)}
such that ¢ # j, we have 9°L; N 9°L; = (. Thus, with high probability,

19°Gh| Cin™' O 4 oyz0a
m(Gn) < an(l_a)d/(d_l) - an1_3/2d - zn .

Finally, by setting cs = C4/c%, we obtain

P (3G, € Gn, m(G) > csn®23/24| 0 coo)

AG, € Gn, Fi € {1,...,m(Gp)}, ‘Oecoo>

/. —1
< P(tpn >en o€ Coo) +P ( 10°L;| < yn(i=o)d/(d=1)
( d\d

2
< Cexp(~Chn) +

7 ¢ exp(—cyn'=3/2dy
P

This yields the result. O

Using the control on the number of large components m(G,,) of C enclosed in T',, and a Peierls
argument, we obtain the following control of |T',|:

Proposition 5.7. Let d > 2 and p > p.(d). There exist positive constants By, C1, Ca depending
only on d and p such that, for alln > 1, for all B > Py,

P (Gmg%( T, > Bnd=? |0 € Coo> < C) exp(—Cynt=3/24)

Proof. Let k be a large integer that we will choose later. We consider a renormalization process

of parameter k. Let G,, € G,,. First notice that as fn - UBeF B’, we have

ITal < (6F)4IL,| -

Thus, it is enough to control the quantity |fn| to prove Proposition 5.7. We can rewrite in as

’

r, = U A, with m’ <m(G,,)
i=1

where the A; are pairwise disjoint #-connected sets of cubes. Thanks to Theorem 1.4, there exist
positive constants C7, C% and C4 depending only on p and d such that for all n > 1,

P(pn > Chnt 0 € Ca ) < Cf exp(—Chn) (5.3)
Let Gy, € G,,. We have with probability at least 1 — Cf exp(—C4%n) that
|0°G,,| < Chnd=t.

We choose 3 large enough such that

B
ol <
872447
so that
o - B 4
10°G,,| < Cind~1 < 2.4dnd L

We now want to sum over the possible realizations of in Using Proposition 5.6 together with
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inequality (5.3), we get
P (3Gn € o, IT, | = Bn? [0 € C )

Zz |A\>ﬁnd 1 m < dnd— 2+3/2d
<P|3G, €G,, 1 G, < =3 ‘Oecoo
| | 24d”

+ ¢1 exp(—con~3/24) 4 CF exp(—Chn)

Cénd—2+3/2d

POEED DD 2 by

j>Bnd-1 m’/=1 j1+"'+jm/=j T14ee0s Ty €[—n4,nd]d A €Animals,,
J1>0, 0.7, >0 [A1]=31

3 IP’(EiGn €Gn, L, = UA“ 10°G| < 25 d-1 ‘0 c coo)

a’
A,,r€Animals, ! 4
[Ar (=i
+ ¢1 exp(—eant3/24) 4 O exp(—Chn) . (5.4)

Let us assume L, = U:nz/l A;. We can extract from I, a set of k-cubes IV, such that |, | >
IT,,|/4% and for any i # j such that By(i), Bx(j) € ', we have By (i) N B,(j) = 0. As the
rare event depends only on the configuration in the 3k-cube Bj(j), the two following events

{a rare event occurs in By(i)} and {a rare event occurs in By (j

)} are independent. Using Propo-
sition 5.4, we obtain

P3G, €6, T, = UA1,|8°G|< dl‘OGC

m’

<P ElGnGQn,in UAu|F,n|>]/4d ‘00G|< ﬁ d1’0€C

i=1
=~ ] 5
<P (3G, € Ga, Lo = Uiy A 197Gl < _W” K ‘0 € Coo
{B cI’,, B abnormal}| > j/4% —|0°G,|
~ ' ~ 1
<P (3G, €Gn L,=|JA:, {BCL,, Babnormal}|>j/(247) | - 0
=1 p
d .4 p d
<X (Cro k) < 280 (g ok /240
917 . 917
1>5/(2.49)

where k will be chosen large enough such that C; e~¢2F < 1/2. So together with inequality (5.4)
and using Lemma 2.1, we obtain

P (HGn € G, [T, > pnt~"|0 € coo)

Cénd—2+3/2d

POED DD 2. 2.

j>Bnd—1  m/=1 Jit++im =7 x1,...,x,, €[-nd nd]d A;€Animalsy,

310, sG>0 [A1]=71
2. 44 i/(2.4%) 1-3/2d ,
—Cak\J/\=: — 1 —C
7 (Cre ) +cpe” 2 +Cie 2"
Ay €Animalsg p
[ A | =3
0. 4d cynd=2+3/2d

Z (01 eszk) e Z Z (2n)d2m’7dj1 /A

j>Bnd—1t m/=1 JitF i =3
71>0, .37 >0
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+ emcen! T2 +C e Can
p cgnd’2+3/2d
2 . 4 . ] . d ’
e A (e o k) /AR gy,
p

j>pnd-1 m/=1

% 1> 0, s >0

{(j17"'7jm/): jl++]m/ =17, }’+01e_02n13/2d -i,—C’{e_Cén

d .
< 2.4 (2nd)d(cénd—2+3/2d+2) Z 2. 7d)j (01 efCZk)]/(2'4d)
b j2pni=t
e M L one O

We now choose k large enough such that

1/(2.4%)

1
Cpe @2k < and ((2 . 7d)2'4d01 e_CZk) <el.

=2
Finally, we get
P <3Gn €Gn, |L,| > pnt |0 € COO)

2(2n)d(chnHTH42) 4
< 7

> (@i e—czky/ (249

j>pnd-1

+cre +C e~ Con
- 48+ exp (2d%cynd=23/2dlog n — pnt)
< a,

—cont—3/2d

1-3/2d

—can / 7Cén
+cre +Cje .

This yields the result for 8 > By where f is such that for all n > 0, we have 8y > (4d?cj logn)/n'=3/2¢,
O

We can now build the relevant continuous object P,. Given a finite set of edges S, we define
hull(S) = {x € 7% : any path from z to infinity has to use an edge of S}

and
H, = hull(T',) \ <U huu(fgj))) .
=1

We define P,, and its associated measure v,, as

d
1 11
Pnzf Hn 5’0o )
n( +[ 22])

VE € B(RY), v,(E) = 0,LYP,NE).

We obtain a control on the size of the perimeter of P,, by a straightforward application of Propo-
sition 5.7:

Corollary 5.8. Let d > 2 and p > p.(d). There exist positive constants By, C1, Co depending
only on d and p such that for alln > 1, for all 8 > By,

’ ( max P(nP,) 2 fn""'[0 € coo> < Cpement T

Gn€Gn

The following Lemma will be useful to compare the measure v,, with the measure associated to
F,.

Lemma 5.9. Let G, € G, and F,, as defined in (5.1). We have F,, = H, N Cwpo.
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Proof. Let G,, € G,,. Let x € H, NCxo, then = belongs to Coo Nhull ', but is not in any of the large
connected components Lq, ..., L,,. Therefore, x belongs to G,, or to one of the small components
S1,...,Syv and so z € F,.

Conversely, let x € F,. It is clear that € hull(T',). Let us assume = € G,, and that there
exists ¢ such that z € hull(ﬁ(f )). As G, is connected there exists an open path v in Gy, that joins
x with G, \ ﬂf) As the edges of fﬁ:) \ 9°L; are closed, v must use an edge of 9°L; and so go
through a vertex of L;. That is a contradiction as the path « uses only vertices in G,,. Let us now
assume that z € S; and = € hull(f,(f )) for some i and j. As x € Co, x is connected to infinity
by an open path 7’. However, by the same arguments, to exit hull(ﬂf))7 the path 7’ has to go
through a vertex of L;. Thus, there exist an open path in Cy \ G, that joins x to L;. That is a
contradiction as = ¢ L;.

Finally, F}, C H, N Cwpo. O

5.3 Closeness of measures

We shall show that for any ball of constant radius centered at a point € Z%, the measures
vy, and p, restricted to this ball are close to each other in some weak sense.

Proposition 5.10. Let p > p.(d) and r > 0. Let u :]0,+00[—]0,+00[ be a non-decreasing
function such that lim;_ou(t) = 0. For all § > 0, there exist C; and Co depending on d, p, u and
0 such that for all n > 1, for any finite set §,, of uniformly continuous functions that satisfies:

VieSn [[fllo <1 and Y,y € R [f(x) = f(y)] < ulllz —yl2),

we have

’ ( max  sup |pn(flp,r) = vo(flp@n)l >0 \ 0€ coo> < e G T
Gnegn fegn ’ ’

Remark 5.11. We state here the result in a general form. In the following, we will apply this
Proposition for the particular case of sets of functions that are translates of the same function.
The function u is an upper bound on the modulus of continuity of the functions in §,. If we think
of §n as a set that grows with n, this condition may be interpreted as a sufficient condition to
obtain compactness for the set §, in the limit.

To prove this result, we will need the following proposition that is a corollary of the results in [60]:

Proposition 5.12. Let d > 2 and p > p.(d). Let r > 0, and let Q C R? be a cube of side length
2r. Let § > 0. There exist positive constants ¢c; and co depending on d, p and & such that

Coo NQ )

Proof of Proposition 5.10 . Let 6 > 0 and € > 0 that we will choose later. Let u :]0, +00[—]0, +o00|
be a non-decreasing function such that lim;_,ou(t) = 0. Let n > 1. Let §, be a finite set of
uniformly continuous function that satisfies:

Vi€EFn Iflle <t and  Va,yeR? [f(z) = ()l <ulllz - yll2),

We fix a minimizer G,, € G,,. We define

~ 1

z€V (Fy)

Thanks to Theorem 1.4, there exists a constant 73 depending only on the dimension such that

P (ngon >3 ‘ 0e COO> < Crexp(—Can).
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Let G,, € G, with probability at least 1 — Cy exp(—Caqn), we have

n|0°Gy,|

< )
|Gn‘ =73

and so |0°G,,| < n3n?~1. As each small component S; is such that 9°S; N 9°G,, # 0, the number
N of small components is at most 73n%~! and by definition of F,,

N
[\ G| < Z 1951 < ngn /2D

Jj=1

Finally, with probability at least 1 — Cy exp(—Can), for all f € §,,

. 1 /24—
() = (£l < Gl flloc|Fn \ Gl < m3n YD,

and

B (Gmeax fbup ‘/un(f]lB(w r)) - ﬁn(fﬂB(wW)” > 773n1/2(d1)> <G e C2n (5'5)
n€Gn ESn

where P represents the probability measure conditioned on the event {0 € Co.}. Let z € R? and
let » > 0. Let f € §,. We now would like to estimate the quantity

‘ﬁn(f]lB(:v,r)) - Vn(fILB(z,r)H .

We adapt the proof of 16.2 in [20]. We use again a renormalization argument but at a different
scale L. We consider the lattice rescaled by this factor L. We say that a cluster C is crossing
in a box B if for any two opposite faces of B, the cluster C contains an open path in B that
joins these two faces. Let e > 0. For y € Z%, we define B, (y) = (2Ly/n) + [~L/n,L/n]* and
Bl (y) = (2Ly/n) + [-3L/n,3L/n]?. Let X(y) be the indicator function of the event £, (y). This
event occurs if B

e Inside nB/(y), there is a unique crossing cluster C’ that crosses the 3¢ sub-boxes of nB! (y).
Moreover, C’ is the only cluster in nB!, (y) of diameter larger than L. a
e Inside nB,,(y), there is a crossing cluster C* such that

(C*[ > (0 — €)L(nBa(y)) -

e We have |[{z € nB,(y) : @ «— d(nBn(y))}| < (6, + €)L(nBy(y)).
On the event &, (y), any cluster C' C nB (y) that is connected by an open path to d(nB;,(y))
is the unique crossing cluster, i.e., C' = C' = C* and so it also satisfies

C]

75(1(713”(@) €0, —¢e,0,+¢.

The family (X (y ))yezd is a site percolation process on the macroscopic lattice. The states of the

sites are not independent from each other but there is only a short range dependency. Indeed, for
any y and z such that [y — 2| > 3, we have that X (y) and X (z) are independent. We define the
connected component C(y) of y as

Cly) = {g € Z% : z is connected to y by a macroscopic open path } .

Let
D={yeZ: B,(y) C B(z,7)}.

We have

|ID|LY < n?LB(x,r)). (5.6)
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There exists an integer ng = no(u(e)) such that, for n > no(u(e)), we have L/n < u(e) so that

2 (Boc,r)\ U Bn<y>) < LBz, 7)),

yeD

L
Y, z € R, Hw—z”zﬁgi |f(w) — f(2)] <e.

The last statement comes from the fact that f belongs to §,. By decomposing |, (f1p () —
Un(f1B(z,r))| on cubes of size L/n, we obtain:

‘ﬁn(f]lB(w,r)) - Vn(f]lB(z,r))‘

<2r¢ (B(x,'r)\ U Bn(y)) +

/ fdﬁn - / fdl/n
B (g) B, (g)

<4eLYB(@,1) + Y |fin(Bu()) = va(Bu())| - (5.7)
yeb

Let y € D. We need to distinguish several cases:

o If B, (y) NP, =0, then v,(B,,(y)) = fin(Bn(y)) = 0. From now on we will only consider cubes
such that B, (y) N P, # 0. a ;

o If B,(y) ¢ P,, then we bound

Fn(Bal)) — 0 (Ba@)] < | Baly)

and as B, (y) N P, # (), the cube intersects the boundary of P,. Thus,

Bo(y) C {z €RT: d(2,0P, N Blz, 1)) < i} .

)

< ‘{erm HyeZd\Hn, ||x—y||1:1}ﬂB(nx,nr+d)‘<

Moreover,

S|t

£? ({z €R?: do(2,0P, N B(x,r)) <

2L+2>d

d
< P(nPp, B(nz,nr + d)) (if)

(3L)7

< P(Pp, B(x,r +d)) -

o If B, (y) C P, and |C(y)| = oo, then the crossing cluster C* of B, (y) is a portion of Cs, and

LY(nBn(y)) [(nBn(y)) N C~|

vn(Ba(y)) = by~ and fin (Ba(y) = ——— .

Thus, we have

fin(Bn(y)) € [(0p — &)L (Ba()), (0 + )L (Ba(y))]

and
|/77L(Bn(g)) - Vn(Bn(y)N < 5£d(Bn(Q)) .

o If B, (y) C P, and |C(y)| < oo, then we bound

[iin(Bn(y)) = va(Ba(9))| < LY (Bn(y)ljc(y)<oo -
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By summing the previous inequalities over y € D, thanks to inequality (5.6) and (5.7), we obtain

|ﬁn(fﬂB(w,r)) - V"(f]lB(w,T))‘

1
< £'(B(w,1) (52 + D] > Licwi<oe) + P(Pa, Bla,7 + d))
Dl &

(3L)

Let c(r) = 6£4(B(0,7)) + 3¢, we get

P ~n 1 x,r - Un 1 x,r >
<GT3§,, sup fin(fLB(r)) — Vn(fLB(m)| C(T)E)

1
<P ﬁzﬂw@mozs +P<maX P(Po, Bla,r+d) > e 15

Gn€Gn Ld
yeD

N—
—
ot
co
=

1
91’

Besides, using Corollary 5.8, for n large enough, we obtain

2 ( gy PP Blar @) 2 o7y ) <B( guay PP 2 8) <L ()
Let A be the cube centered at x of side length 2r. We define
A={yez’: Bu(y) cA}.
As B(z,r) C A, we have D C A and
ﬁ > Liegi<ee < (Tjad > Tew)l<oo - (5.10)
yeD YyeEA

Let g € [0,1] be such that 6, > 1—¢/(2(2d)?). As the family (X (y)) ez« is identically distributed,

has a short range dependency and is such that P(X(0) = 1) goes to 1 when L goes to infinity (see
for instance Chapter 9 in [19]), then we can apply Liggett Schonmann and Stacey’s result [55]:
for L large enough, the family (X(y),y € Z¢) stochastically dominates ()?(y),y € 74 a family
of independent Bernoulli variable of parameter g. We denote by C__ the unique infinite cluster of
the Bernoulli field (X (y)),ez¢. Using inequality (5.10) and the stochastic domination, we get

(2d)°
Al > Tel<oe > €
Al &

AN
~

1
P D] D lie)<s 2 €
Dl

1 €
< — ~ >
<P 2 L. = aye

yeA
Anc,) - -
<P|+—— 0, — 0
o (% m )
Using Proposition 5.12, we obtain
1 rn\ d-1
P Dl Z Licy)<oo 2 € | < cjexp (—0’2 (f) ) : (5.11)

yeb

We set € = §/(2¢(r)). Finally, thanks to inequalities (5.5), (5.8), (5.9) and (5.11), we have for
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n > no(u(e))
P| m i (Flpan) — vn(flpam)| > 6
(Gngé{n f;lg"‘ (Ls@n) = vaflp@n) > )

<P <crf§§n sup b (f) = B ()] > 5/2>

P Nn 1 x,r)) — Yn 1 x,r >
+<Gr§g§n sup | (flp@,n) = va(flaen)l C(T)€>

/ d—1 _
< Cyexp(—Can) + % exp (‘C'z (%) ) 4egeent T
p

The result follows. O

6 Lower large deviations and shape Theorem

6.1 Closeness to the set of Wulff shapes

The aim of this section is to prove Theorem 1.7.

Proof of Theorem 1.7. Let € > 0. Let £ > 0 that we will choose later depending on e. We define

A such that )

l-A=—"
1+¢

We denote by Wk:

We = o . r € RY W is a dilate of W, such that
U LU - W) LA W) < L1+ 2HW)

Let u :]0, +00[—]0, +00[ be a non-decreasing function such that lim; ,o u(¢t) = 0. Let n > 1. Let
S» be a finite set of uniformly continuous function that satisfies for all f € §,,,

Ifllo <1 and  Va,y € R [f(z) = f(y)] < ulllz —yl2).

We define the weak neighborhood VW, §n,€) of We given §, and ¢ as

V(We,§nre) = {v € MRY) :3ueWe, sup (f) —u(f) << .
fESn

Our goal is to show that p, is in the set V(Wg, §p, ) with high probability.

Step (i): Let G,, € G,. Thanks to Proposition 5.10, the measures p,, and v, associated with P,
and G, are locally close to each other. In the following, it will be more convenient to work with
the continuous object P, instead of G,,. We can localize almost all the volume of P,, in a random
region that is a union of balls of constant radius. We follow the method in Chapter 17 in [19]. We
can cover P, in R?, up to a small fractional volume, by a finite number of random disjoint balls
of constant size. Thanks to the isoperimetric inequalities, we can then control the volume of P,
outside of these balls. Let § > 0 be a real number that we will choose later. We denote by X:

X={zez*: LYB(z,1)NP,) >3}.

On the event { T < A1 }, the set X is included in B(0,3n%"%) and is therefore finite. As
each point in R? belongs to at most 2¢ balls among the B(z,1), » € Z¢, then using Proposition
2.4

31X < 3" LUB(2,1) N Py) < 29LYP,) < 26150 P(P) T < 201,057
reX
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and finally |X| < M where M = 2dci80ﬂ%/6. We now would like to control the volume of P,
outside the balls B(z,1) in X, i.e., to bound the measure of P, \ U, x B(z,1). For z € Z¢\ X,
by the isoperimetric inequality in Proposition 2.4, we obtain as in section 17 in [19]

£l <Pn\ U B(m,l)) < Y L£YP.NB(x,1))
zeX TEZNX

180

<§YBIT ST P(P, B(x,1))

T€ZINX
—d_ °
=YL Y HTNO" P, N B(x, 1))
TEZNX
_d_ _d_
< 2961/ LT HITH (07 (Pa)) = 2961/ 0T P(P)
< 245V /AT T g, (6.1)

180

_d
We note n = 2¢4§1/4p7"1 3. Therefore, if P(P,) < f3, then X C B(0,n?2), |X| < M and

180

‘Cd(Pn \ UmGXB(xv 1)) S -

A ball B(y,r) with
(y,r) € E(X)

Figure 2.6 — Covering almost all the volume of P, by balls of constant radius

We next would like to perform a kind of surgery between the balls. To do so, we shall first
build from the balls (B(z,1))zex a family of balls that covers Uyex B(x, 1) and such that the balls
are far apart (see Figure 2.6). This is the purpose of Lemma 17.1. in [19]. We obtain a subset

E(X)={(y1. 1), Wm>rm)} € X x {1,...,3%1}

such that |E(X)| < |X| and
— V(a,7) € E(X), B(a,r)N X #0
- UwEXB(xa 1) C U(a,r)GE(X)B(a’aT)
— V(a,r), (b,s) € BE(X), (a,7) # (b,s) = Bla,r+1)NB(b,s+1) =0

We set
Z,(Wy)

W TG, LAW,)
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Let ¢’ > 0 be a real number that we will choose later. By applying Corollary 5.8 and Theorem
1.4, we obtain by conditioning on E(X),

P (HGn S gna Hn ¢ V(Wfagrug) ‘ 0e Coo)
< B( max P(nFy) Bt + Plnp, > (146w, )

+ P3G, € Gn, fin € VOWNVe, 8ns€), P(Pn) < B,npn < (146 ew,])
< by exp(—byn'=3/24) 4 b exp(—bin)

G, € Gy, Hn ¢ V(W&Snae)a

+ Z Z Z P E(X):{(ylarl),"w(ymvrm)} ) (62)
1<mSM Y1, Yrm T Tm P(P,) < B, npn < (1460w,

where the second summation is over yi,..., ¥, in Z4 N B(0, fn%"2) and the third summation is
over rq,...,7my in {1,...,3M}. The number of ways to choose m and 71,...,7,, is bounded from
above by a constant depending only on M, while the number of ways of choosing the centers
Y1, -- -, Ym is polynomial in n. We next control the probability inside the sums. We will only focus
on what happens inside the balls.

Step (ii): Let {(y1,71),--., (Um,Tm)} be a value for the random set E(X) which occurs with
positive probability. We define Q = Q(E(X)) as

m

Q=JBlynri+1),

i=1
and the restriction P,, of P, to the balls determined by E(X):
P,=P,N (U B(yi, i + 1)) )
i=1
Thus, using inequality (6.1), we have
LYP,\ P,) <. (6.3)

We show now that v (f) is close to u,(f) with high probability on the event

{BX) ={,m1), - Um.rm)} }-

It is easy to check that §, U {1} associated with the function u satisfies the conditions required in
Proposition 5.10. So that applying Proposition 5.10 for every r € {1,...,3M}, there exist positive
constants ¢1, ¢o depending on M, u, and § such that for all z € Z¢

1-3/2d

"7 —Ca2Nn
IP) n I[ xz,r - Mn 1 x,r > — S 2
pepnax P <Gn:ggn fesl}g{l}IV (f1B@r)) = ta(fL1B@m)] M) cre

Thus, using inequality (6.3), we obtain

P(gﬂgg sup I%,L(f)—un(f)l>277»E(X)={(y1m1),~~7(ym,rm)}>
nSYn feF,u{l}

< P max sup |VF (f]lB(yum)) - ,un(f]lB(yw‘i)” >n/M
: Gn€On feg,u{1} "

<M P 3 R (f1 m) — n(f1 mn)| >n/M
<M _max P (cﬁl?é{n f6§38{1}|y (FLa,rm) = k(L m)| >0/ )
< Meyemen' ™™ (6.4)
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In particular, on the event {E(X) = {(y1,71),--+; (Ym,"m)}}, with probability at least 1 —
Mecy exp(—cont=3/2%) | we have

0L (Pr) —

<2n. (6.5)

Moreover, by Lemma 5.1, there exist positive constants 11, D7 and D5 such that
P ( min |G,| < nlnd> <Dy exp(—Dgn(d_l)/Qd)) .
Gn€Gn
We recall that 7 is a function of 6. We will choose § small enough such that
(m & e m
< — = -, —]. 6.6
w<min (255 0 ) (6.

Other conditions will be imposed later on 6.
On the event {ming, cg, |Gn| > mn?}, using inequalities (6.5) and (6.6), we obtain

|Gl

LY(P,) > — i ( 27}) Hi(m —2n) > 272 (6.7)

and as L4(W,) = 1/6,, using inequality (6.5), we have

|Gl

cip < o (S v < paveh =) e < car o). 03

CD

For v € Wg, we have

sup [vp (f) = v(f)l = sup [un(f) = v(H)l = sup [un(f) —vp, (I
fE€Fn fE€Fn PSS

so that, together with inequalities (6.4) and (6.6), with high probability,
pn § VWe, Snse) = vp & V(We, 8n,3¢/4).

Thus, combining with inequalities (6.7) and (6.8), we have

( HG Egn7ﬂn¢v(wﬁ gna )a ( TL)SB, >
( y1,7“1) (y'rmrm)} nYn < (1 +6/)30Wp

<p 3G, € Gn, vp & V(We,Sn,3e/4), non < (148 )ow,,
- 771 <»Cd ) S[,d((l-i-f) ) E( ) _{(y17rl)7"'7(ym7rm)}
*02"1 " 1 Dy exp(—Don(d-1)/2d) (6.9)

We do not cover P,, directly but we cover separately each P, N B(yg, 7, + 1) for k € {1,...,m}.
For any r € {1,...,3™ }, we define the space

ey = {F C B(0,r + 1), P(F, B(0,r + 1)) < B}

endowed with the topology L' associated to the distance d(F, F') = L4(FAF'), where A is the
symmetric difference between sets. For this topology, the space Cg) is compact. Suppose that we

associate to each F' € C'[(f) a positive number ez < min(n, LL(EW,))/M. The collection of open
sets

{H Borel subset of B(0,7 +1) : LYHAF) < ep }, F e C[(;),
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is then an open covering of Cg). By compactness, we can extract a finite covering (FZ-(T), € p(n) )1§i§N(”

of Cg). By union bound, we obtain

P 3C:n Egna Vﬁn ¢ V(W§7$n735/4)7 nn S (1 + 6/)90W,,7
S\ < LUP) < LA+ W), BX) = {(y1,m1)s -+ (Yo7}
N(Tl) N(Tm,)

<> Y P(Fi) (6.10)

i1=1 im=1
where
1G, € G, : V1 <k <m,
LUE™ + y) AP O Blye, i +1))) < € s
Fivonrsin = Vs, ¢ V(Wg,%n,i3s/4), np, < (14 6’)4,0Wp'7
2 < LU(P,) < LU(1+OW,),
E(X) = {(yla Tl)v ceey (yTTL?T’m)}

So we need to study the quantity P(F) for a generic m-uplet (Fi,...,Fy,) € Céﬁ) X oe X Cg’")
and their associated €p,,...,ep, . By definition of the Cheeger constant ¢,,, we obtain

V1l <i<m,
LY(Fi + yi) A(Pn N B(yi, i + 1)) < er,,
VB, ¢ V(W575n736/4)a
0°G| < (1467 Ghlew,,
2 < LA(P,) < L1+ OW),
E(X) ={(1,71),-- s Um,m) }

To lighten the notations, we set
m

F= U(Frﬂﬁ)-

We have

CUFAP,) = 3 £4(Po 1 By + 1A +57)

i=1

<Y er < min(n, LYEW,)) . (6.11)

i=1

Whereas the surface tension of F' in the interior of these balls corresponds to the surface tension of
our minimizer G, the surface tension of F' along the boundary of the balls B(y;,r; + 1) does not
correspond to the surface tension of G,, because we have artificially created it. Roughly speaking,
F' is the continuous object corresponding to the graph G,, intersected with the nB(y;,r; + 1).
This new graph has extra surface tension compared to GG,, due to the fact that we have built it
by cutting G,, along the boundary of these balls. However, our hope is to cut along the boundary
of these balls in such a way that the surface tension we create is negligible. We do not work on
G, but on the continuous object F', but we have to keep in mind that these two objects are close.
The idea is to cut F in the regions B(y;,r; +1)\ B(y;,7i), @ € {1,...,m}. These regions contain a
negligible volume of GG, and so of F'; we want to cut F' in these regions along a surface of negligible
perimeter and so of negligible surface tension. By Lemma 14.4 in [19], for i € {1,...,m}, for H!
almost all ¢ in ]0, 1],

Z(F N Blys,ri + 1) < Z(F 0 Bys, ri + 1)) + Braa ™ (F N OBy, v + 1)) - (6.12)

Let T be a subset of |0, 1[ where all the above inequalities hold simultaneously. We recall that for
any i € {1,...,m}, ep, <n/M. We have H*(T) = 1 and when we integrate in polar coordinates,
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using inequality (6.11),

LYF N B(yi,ri + 1)\ Blyi, r:))

NE

/ > HTHF N OB(yi,ri +t))dt =
T =1

s
Il
_

LY(F; + i) \ B(yi, i)

I

i=1
<L (E \ U B(yi, m)) + L%(P,AF)
i=1
< 2.
Thus, there exists ¢t € T' such that
Y HTHFNOB(ys, i +1) < 3. (6.13)

i=1

We next set
F=Fn (U B(yi, i +t)> .
i=1

Using inequality (6.13), we get

C:s

P(F)<P <F

<

é(yi,Ti + t)) + Zﬂd_l(F N 8B(y,“7°z + t))

1 i=1

o
Il

C:s

el

7

By, i + t)) + 37, (6.14)
1

and using Proposition 2.3,

o

I,(F) < I, (F B(yi,ri + t)> + 3Bmaz - (6.15)

m

=1

On the event F, using inequality (6.11), we obtain
LUF) < L4(F) + £ (F\ U B(yi,m)
i=1

< LYF) + LY FAP,) + L£* <Pn \ O B(yi,ri)> < LYF) + 2. (6.16)

i=1
Finally, using inequalities (6.14) and (6.16), we obtain
z, <F U By, ri + t)) > Bimin P (F U By, + t)) > Buin(P(F) — 3n). (6.17)
i=1 i=1

and using again inequality (6.11),

L4F) > L4P,) — LYP,AF) > 2”71 — 7. (6.18)

Using the isoperimetric inequalities of Proposition 2.4 and inequalities (6.16) and (6.18), we get

P> (L0 (£AR) T (o)

- Ciso - Ciso 29;001'80
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Next, we choose ¢ small enough to obtain a n that satisfies the following inequalities:

)\Bmzn 771 - 677011 171/d
max S - 5 2
3Bmazn 5 (( e 3n (6.20)
and also
m > 600, .

With this choice of d, we obtain with high probability, using inequalities (6.15), (6.17) and (6.19),

i=1

T,(F) < (14 )/2)Z, (F 6 By, ri + t)) < (14 )/2)ZT,(F,Q). (6.21)

Let G,, € G, on the event F, we have

0L (Py) —

So that, together with inequality (6.16),
G| < n%(0,L%(F) + 0,L%(P,AF) + 21)
<n?(0,L4F) + ep + 41)

< n’,L%(F) (1 + 95?17)) .

Let us now choose § small enough so that

on
— <.
771/2*377‘919 N

Using inequalities (6.16) and (6.18), we obtain

(6.22)

< nd d < nd d 7.
|Gl < 00, L%(F) <1+ n1/2—3nep) < n0,L4F)(1 + &)

Finally, let 7 be such that L4(F) = £(rW,), we get

_ T _
(148 Gulw, < (14820 P, ) < (14 0y 0 )i )
YF Ip(F)

We now choose ¢’ small enough such that

146 (1-X)<1— (6.23)

DO | >

Using inequality (6.11), we obtain
LUF) < LY(Pn) + LY PLAF) < LY+ W) + LUEW,) < LU(L+29W,)

and so r < 1+ 2£. We distinguish now two cases:
o If r < 1— ), using inequality (6.23)
Z,(rWy)

(1+ 5’)2ﬁmd—lzp@) < (1 - X241, (F)

where we used the fact that the Wulff crystal is a minimizer for Z,,, i.e., that Z,(rW,) < Z,(F).
e Let us assume that r € (1 — X, 14 2£]. We recall that on the event F, for all v € W,

sup |vp () = v(f)| > 3¢/4.
fETn
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Thus, for all z € R?, for f € §, we have

ﬁ f(x)dc() - /  f@)deix)
P \(rWp+x) (rWp+z)\ Py

X d X X d X
< /F o TN+ / @)L (x)

(TWP‘HU)\FH

< / 1dL%(z) + / 1dL(x)
F,L\(TWP+1) (TWer:E)\F"

< LYP AW, + 1)),

g, (f) = viwy+a ()] <

and so,

Ld(PnA(er + z)) = sup |Vﬁn (f) = vrw,+a(f)] = 3¢/4

and as 7 satisfies inequality (6.6), we obtain
LYFAGTW, +2)) > LYP AW, +2)) — LYFAP,) > 3c/4—n > ¢/2.

Moreover, as W, is a minimizer for the isoperimetric problem, there exists a constant c(e) > 0,
that is a non-decreasing function of ¢ depending also on p and r, that goes to 0 when ¢ goes to 0,
such that

inf{I(E) Vo € RY LYEA(m +1W,)) > e/2, LYUE) = L(rW,) } > T,(rW,) (1 + c(e)).
Finally,

LW, _ 1
I,(F) ~ 1+c(e)

and so,
Ip(rKVp) rnd—1
Z,(F)

We choose £ small enough depending on ¢ such that

5, < (00

(a+9y = The()

(1+26n"17,(F).

1+26 1
L+c(e) = 14+¢°

This is equivalent to choose & such that
3¢ 4267 < c(e). (6.24)
We obtain using inequality (6.23)

2Ly (TWp>

(1+4") 7.(F)

i (F) < (1 - A/2)n' 'L, (F).

Finally, combining the two cases, with € and §’ properly chosen and inequality (6.21), we obtain

B V1l<i<m,

LY(Py, 0 By, ri + 1)A(F; + i) < ey,
19°G| < (1 - %) nd=1Z,(F,Q),
E(X) = {(ylarl)a ceey (ym; rm)}

P(F)<P| 3G, €Gy: (6.25)

Step (7ii): The remaining of the proof follows the same ideas as in [25]. We link the probability
defined in the right hand side of (6.25) with the probability that the flow is abnormally small in
some local region of 0F N Q. We now want to cover OF by balls of small radius such that OF' is
"almost flat" in each ball, this is the purpose of the following Lemma:



80 CHAPTER 2. EXISTENCE OF THE ANCHORED ISOPERIMETRIC PROFILE

Lemma 6.1. [Lemma 1 in [25]] Let R > 0. Let F be a subset of B(0,R) of finite perime-
ter. For every positive constants 0’ and n', there exists a finite family of closed disjoint balls
(B(zi, pi))iciux and vectors (v;)icruk, such that, letting B; = B(xz;, p;) and B, = B~ (x;, pi, vi),
we have for all i € T

z; € 9*F N B(0,R), p; €]0,1], B; € B(0, R), LY((F N B;)AB;) < & ap?,
and

L,(F,B(0,R)) = > ag1p{ (v(np ()| <1’
i€l

We recall that ag is the volume of the d-dimensional unit Fuclidean ball.

We apply Lemma 6.1 to each F}, C B(O, T + 1), with d2 > 0 that will be chosen later and
n' = MNZI,(F,Q)/16M. We obtain for each k, a family

B @ 70 e

that does not depend on yi, ..., ym, so that

L,(Fi, B0, + 1)) = > aam1 (0 (w(np, (7)) | < or. (6.26)
el
We now choose
d
. tas 1M LUEW)
< Loz ST ,
€F, > 1NN (L]g}l(g) ad(pz ) 627 M’ M ’ (6 27)

for a fixed o that we will choose later. Besides, as the balls B(yg,rr + 1) are disjoint, for
ke{l,...,m}, we have

m m

I,(F,Q) = > L,(FNBye,ri +1),Q) = Y L,(Fy, B0, 1, +1)).
k=1 k=1

Using inequality (6.26), we obtain

3% a1 (08 v, ()| < m' < NT,(F.0)/16.

k=1 ,;e1(k)

So, we get

Ip(F, Q) < m Z Z ag-1(p; )" (an(CUz('k)))

k=1ic1(®)

and

2 m
<1 A4 >I (F8) < 1—;//146 > > aaap) s )

k=1ie1(r)
Whence setting w = A\?/(4 + A\?) < 1
A2 k
(1— 4) (F,Q) < Z S aaa () (g, (7)) | (6.28)
k=1ie1(r)

Since the balls (Bi(k) + Yk )1<k<m,ic10» are pairwise disjoint, we have

|0°G |>Z > 10°Gw) N ((BP + i) (6.29)

k=14e1(k)
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Using inequalities (6.28) and (6.29), we get

LYP, N B(yi,mi + 1)A(F; +v:)) < ep,, 1 <i<m,
P | 3G, € G,, |0°G,| < (1 — N2/4)nd=1T,(F, Q),
E(X) ={(y1,m1),- - (Ym,rm)}
3G, € Gny LYPn N By i +1))A(F; +yi)) <ep,, 1 <i<m,
<P | Sih Sierw [(0°Ga) 0 (B[ + 1)) . (630)
< (=) (S0 Siere aat (0 w(n, (1))
Let k € {1,...,m}. We aim to control card((G, N n(BZ-(k) + yk))A(n(Bi(k) + k)~ NZ%). To do

so, it is more convenient to work with the graph F,,. In the following, we drop the superscript (k)
for clarity. With high probability, we have

card((Gy Nn(B" + y))A(m(BM + i)~ N 2))
< card((F, N n(B; + yr)) A(n(B; + yr)~ NZY)) + card(F, \ G)
< card((F, Nn(B; + i) A(n(B; + yp)~ N ZY)) + pgnd~ /2=
As B; + yr, C B(yk, 1 + 1), we have
LY(nP, N n(B; + ) A(n(B; + yx) 7)) < LY(nF, NnB;)A(nB;))
+ LY P, A(Fy + yr))
< nlagplds +ep, < 2ntagplss .
By the same arguments as in section 5.2 in [25],
card((F,, Nn(B; + yx))An(B; + yx) ™))
< LY((nP, N n(B; + yp))An(B; 4+ yr) ") N 24 + [-1/2,1/2]%)
< 2nagplds + T 4d(HITH(0B;) + HEHOB))).
Finally, for n large enough,
card((G, N n(B; + yp))A(n(B; + i)~ N Z4)) < 4nagpls, .
Thus, using inequality (6.30), for large enough n,

P ( 3G, € G, LY(Pr, N B(yiyri + D))A(E; + i) <ep, 1 <i < m, )

B ‘aOGn| S (1 - >‘2/4)nd71IP(FvQ)7 E(X) = {(ylarl)a AR (ymarm)}
G, € G,

m [(Gn N (B; + yi))A(n(B; + yi) N Z9)| < 46zaapin?,

D> B (8°G.) nn(Bi + )]

k=1 ic1(k)

< (1= wnt ! (aaapf~ v, (o))
1 m
9*2 Z @ + i o (@), w0, 62)) (6.31)
=1iel

Py
where G(x,7,v,w,d2) is the event that there exists a set U C B N Z? such that:
card(UA(nB™ (z,r,v) N Z%)) < 4620470

IN

IN

and
|(0°G,) NnB| < (1 — w)ag_ 1 w(v)ndt.

This event depends only on the edges inside B(z, r, v) and is invariant under integer translation.
So that,

P < G, € gn,ﬁd((Pn N B(yi,ri + 1))A(FZ + yz)) <ep,1<t<m, )
T\ 107G < (1= N /n L (F,Q), B(X) = {(y1,71); -+ (Um,Tm) }

= *Z > BGE o n (1), w,52)). (6.32)

O k=1ic1(¥)
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This event is a rare event. Indeed, if this event occurs, we can show that the capacity of the
minimal cutset that separates the upper half part of B(z,r,v) (upper half part according to the
direction v) from the lower half part is abnormally small. To do so, we build from the set U
an almost flat cutset in the ball. The fact that card(UAB™ (z,r,v)) is small implies that 0.U is
almost flat and is close to disc(z,r,v). However, this does not prevent the existence of long thin
strands that might escape the ball and prevent U from being a cutset in the ball. The idea is to
cut these strands by adding edges at a fixed height. We have to choose the appropriate height
to ensure that the extra edges we needed to add to cut these strands are not too many, so that
we can control their capacity. The new set of edges we create by adding to U these edges will be
in a sense a cutset. The last thing to do is then to cover the disc(z,r,v) by hyperrectangles in
order to use the estimate that the flow is abnormally small in a cylinder. This work was done in
section 6 in [25]. It is possible to choose o depending on Fy,..., Fy,, G and w such that for all
k € {1,...,m}, there exist positive constants Cf’; and C’g’; depending on G, d, F, i and w so
that for all i € (),

]P)(G(.’ﬂ“ Piy NVFy, (xz), w, 52)) < Clj?; exp(fcglgndfl) )

Note that this upper bound is uniform on yi,...,y, but still depends on r1,...,r,,. Together
with inequalities (6.25) and (6.32), we obtain

P 0°G] < (1= A2/4)ni 1T, (F, ),
E(X) = {(yla 711)7 ey (ymvrm)}
LYY Ol exp(—CEint ).
p

k=141

P(F)

IN

IA

So there exist positive constants Cfl, ey C’f’"’ and Cfl, ceey C’f”" such that

P(F) < Cf*exp(~Ci*n?™). (6.33)
k=1

Combining inequalities (6.2), (6.9), (6.10) and (6.33), we obtain for small enough 02,
P(EIGn € Gn, Hn ¢ V(W&Snﬂ?) |O € Coo)

N1 N(rm)
b 1—3/2d 7b
SO ZES 1D YD Sl SR S C A
m=1y1,...;Ym T1,..-,Tm 11=1 Tm=1

+ M3M* C (42 (Mal R

_ 1-3/2d Y
<be ban +b/16 byn
NCD  NCm) F(”ﬂ) P
Y Y Yy P
m=1Y1,..;Ym T1,..0,Tm G1=1 im=1 k=1

+ MM Cn M2 (Mey e 4Dy e*Dw(d‘l’/“)

.. 1-3/2d Y
< by e e by e b
NOD NG gy FR RO
Ik d—1
+ZZ3M max 433 Y "
r7
M=1 Y1, sYm ! =1 dm=1 k=1

+ M3M oy Md=2) (MC1 e 4, e*Dw(d*”/“)

o 1-3/2d Y
< beben b 702

F(’“k)

N1 Nm) (Tk)
+Can(d 2) Z 3M h{naX { Z Z Z ndl}

m=1 i1=1 im=1 k=1
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+ M3M* O ynM(d=2) (Mel e=can' T2 ) g Danlt TV ) (6.34)

where Cy is a constant depending only on the dimension and the maximum is over r1,...,7, €
{1,...,3M}. We recall that M, N and the number of ways of choosing 71, ...,7,, are finite and
independent of n.

Remark 6.2. To obtain inequality (6.34), it is crucial to use a covering of Cg that is uniform in
Yty -y Ym-

Let us assume p, ¢ VOV, Sn,2¢). Let v € We, we can write v = v,y ,w, with 2 € R¢ and
r e[l —A\1+42¢. We have for all f € §,

Vasw, (f) = Vorrw, (F)] < max (LYW, \ (1 = W), L1+ 2O W, \ W)
< c(p.d,¢) (6.35)

where ¢(p, d, £) is a constant that goes to 0 when £ goes to 0. So that

‘Sllp ‘Va:—Q—W,, (f) - Vm+er (f)| S C(pa da 5) .
fESn

As pn, € VOV, T, 2¢), we have

sup |fin(f) = vesw, (f)| > 2.
fETn

So that up to choosing a smaller £, we have
c(p,d,§) <e (6.36)
and so

P3G, € Gn, W €W, sup |un(f) — varw, (f)] > 2¢)
fEFn

< P3G, € G, Vv € W, fsup lin (f) = veqw, (f)] > €).
Sn

Finally, using (6.34), there exist positive constants C; and Cy depending on €, u, p and d such
that for all n > 1,

1-3/2d

P (3Gn € Gn, pn ¢ VOV, Fn,26) |0 € Cxo) < Cre” "

and the result follows.

To conclude, let us sum up the order in which the constants are chosen. We first choose € > 0.
Next, we choose ¢ small enough such that it satisfies both inequalities (6.24) and (6.36), and ¢’
such that it satisfies inequality (6.23). Next, we choose § such that n(d) satisfies inequalities (6.6),
(6.20) and (6.22). We choose 3 depending on w (and so on €) and G. The parameter d5 has to
satisfy some inequalities that we do not detail here, we refer to section 7 in [25]. Finally, to each

rin {1,...,3M}, to each F € Cg'), we choose er in such a way it satifies inequality (6.27). O

6.2 Proof of theorem 1.5

In this section we prove Theorem 1.5. Thanks to Theorem 1.7, we know that with high
probability pu,, is close to the set VW and so it is close to the measure of a translate of the Wulff
shape. In fact, as j,, has its support included in B(0,n?"!), the measure y,, is close to W,, the
set of measures defined as:

Wy, = {VQH_WP, x € B(0,n%1) } .

The continuous set W, can be approximated by a finite set w containing a polynomial number
of measures such that u, is close to W and so is close to at least one measure in W. Let € > 0
and let w > 0 be a real number depending on ¢ that we will choose later. We first use Lemma
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6.1, to cover W), by a finite number of balls of small radius such that W, is almost flat in each
ball. Let 0 that will be chosen later and let (B(zk, pr, vk))kes be a family associated to W, d2, &
that satisfies the conditions stated in Lemma 6.1. We will use this covering for all the translates
of the Wulff shape. We set ey = minge s O[de(SQ. We now cover W,, by a polynomial in n number
of balls of radius less than ey,. Let £ > 0 small enough such that

Va,y €RY flz—yla <€ = L@+ WA+ W,) < 2.

By construction, p,, has its support included in B(0,n%"1). We can cover B(0,n9~1) by a poly-
nomial in n number of balls of radius &. More precisely, there exist 21, ..., 2y € B(0,n%1), such
that M’ is polynomial in n and

M/
B(Oand_l) - U B<Zla€) .
i=1

We set .
W:{l/zi_;'_wp,?::l,...,M,}.

Let § > 0 we will choose later. We define Wg and Wg‘s as
W ={x e R : dy(a,W,) <6} and W, ° = {z € W, : do(x,0W,) > 6}.

Let us define g as
(2) = min(da(z, W,)/4,1) if v € RT\ W,
S min(da(z,0W,)/6,1) if x € W,

The function g is uniformly continuous and satisfies ||g||cc < 1. For each i € {1,...,M'}, we
define g; by g;(z) = g(x — z;) for z € R and § = {g;, 1 <i < M’} U{1}. The set § is a set
made of translates of g and the constant function equal to 1. If the measure p, is in the local
weak neighborhood V(W,§, £), then there exists vy 4w, in VW, §, &%) such that

9
sup [vw, (f) = () < =7
fes

Moreover there exists an ¢ € {1,..., M’} such that x € B(z;, ) and so

sup Vo w, (F) = vaw, ()] < L (@ + Wp) Az + Wy)) <

Ew
fes 4

and also .
pin € VW, 6w /2) .

Let us choose r > 0 large enough so that the ball B(0,r — 2d) contains W,,. For x € R?, we define
|z] to be the closest point to 2 in Z¢ for the Euclidean distance. For any i € {1,..., M'}, we have

W+ z; C B(|zi],7).
Let us define the function w such that for all ¢+ > 0,
u(t) = min (sup { § > 0, Va,y € RY, [z —yla <6 = |g(a) —g(y)| < e },1) .

As the function g is uniformly continuous, the function wu is positive. Moreover, as § is made
of translated of g and the constant function equal to 1, it is clear that this set satisfies the
condition stated in Proposition 5.10 associated with the function u. Using Proposition 5.10 with
the function u, there exist positive constants C7, Cs depending only on 7, u, p and ey such that
foralli e {1,...,M'}

1-3/2d

. < —C2Nn .
P (cl??én sup [ (fLB(|2:),)) = Vn(FLB (|20 )0)] > €W/4> <Cre (6.37)
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The point of choosing such a set § is that we can deduce from the fact that the quantity
Sup reg |pn (f)—vw 4z, (f)] is small that the associated symmetric difference £¢((P,NB(| 2], ) A(zi+
Wp)) is small. Indeed, we have

LY(Pn 0 B(|2i), 1) Azi + W)

1dLd(x) + / 1dL%(x)
(Zi+Wp)\Pn

/ gi(2)dL(z) - / gi(2)ALY () + LAWE \ W)
(PnﬁB(I_ZiJW))\(ZiJ"WP) (Zi""Wp)\Pn

= [Un (9L B (12 ).) — VW= (9 B(L2)on)| + LEVE\ W, 0)
< ?clellg L (fLB( 2 )m) = Vn(FlB(2),m)| + ?1611; L (FLB( 2 )m) — YWz (fLB(2)0)]

/(PWQB(LZiJvT))\(ziJFWp)

<

+ LYW\ W, ). (6.38)
So we choose d small enough so that
LW\ W) < W (6.39)
Moreover, we have

P (ElGn € Gn, |8OGn‘ < (1 - w)Ip(Wp)nd717 Un € V(W7 %76W/2))

M/
3G € Gu, [0°Gn| < (1 — w)T, (W,)nd1, >
< P PATTD 0eCsx | . 6.40
- Z < Sup e |tin(f) — v s2 ()] < e /2 (6.40)

Using inequalities (6.37), (6.38) and (6.39), we obtain

|0°Gn| < (1 — w)Ip(Wp)nd_17

P ElGn ny 0 COO
( €y SUPyfex |:U’n(f)_VW+Zi<f)‘ SEVV/Q ‘ < >

|0°G,| < (1 —w)Z,(W,)nd1,
<P (3G, € G, P
- ( Sup ez ln (fLB(2)m) = YWz (FLB(2)m)] < ew/2
10°G | < (1 — w)Z,(W,)nd=1, —eyml—3/2d
< 2
<B (360 € 0ne pag B DACh £ W £ e ) Cr (64
Finally, we proceed as in inequality (6.32) in the proof of Theorem 1.7:
|0°Gn| < (1 - w)Ip(Wp)nd_l’
P (360 0us pu(h, B PHAC £ Wi Loy |05
1
< 67 ZP(G('Zl +xk,pk7an(xk)aw762)) . (642)

It is possible to choose d2 depending on W, G and w (see again section 6 in [25]) such that there
exist positive constants C j and Cs depending on G, d, W, k and w so that for all k € J,

P(G(xk, pr> nw, (21),w, 02)) < Cy pexp(—Caen® ).
So combining inequalities (6.40), (6.41) and (6.42), we obtain

P (3G € Gu, 107Gl < (1 = )T, (Wy)n® ™, i € VOV, §,2w/2))

1-3/2d

1
<M (01 e Y O exp(—cz,knd—l)) . (6.43)

P kes
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Moreover, we have

nd

3G € G, 1921 > (1 4+ w)0,L4W,
<ZP( in >—VW+Z<>|<EW/2 " oee)

M’

P (HGn € Gn, > (14 w)0,LYW,), pn € VW, s,ew/2)>

3G, € G, & =l > (14 w)0, LYW,
§;P< el ecd( )’<EW/2 )0 c) (6.44)

where we recall that Hpﬁd(Wp) =1, so up to choosing a smaller ey, we assume that ey < 2w so
that the probability in the sum is equal to 0. Finally, combining inequalities (6.43) and (6.44), we
obtain

1—w I —~
P(nwn > 1+wW‘O € Cu ) SE(HGn € o, pin ¢ VIV, 52w /2))
M (Cl exp(—Can) + Z Oy 1, exp(—Cy n? )) ) (6.45)
p keJ

Thanks to Theorem 1.7, there exist positive constants C7, C%, depending on p, u, ey and d such
that .
P (3Gn € Goy pn & VOV, Fo2w/2) |0 € Cao ) < CF exp(~Cyn! /2.

By choosing w small enough, we obtain

Z,(

<] exp(—C’énl_?’/Qd) + M’ (Cl exp(—Can) + Z Cik exp(—Cngnd_l)) .
keJ

As M’ is polynomial in n, the result follows.

6.3 Proof of theorem 1.2

Let € > 0. As in the proof of theorem 1.5, there exists an integer M’ that is polynomial in n
and 21, ..., zp points of B(0,n%"1) such that for any finite set § of continuous functions of infinite
norm at most 1, if 1, € VW, §,€) then p, € VOV, §,2) where W = { v, yw,,i=1,...,M'}.
Let > 0 we will choose later. Let us define f and g as

f(z) = min(dy(z, R%\ Wlf)/d, 1), for z € R?
and
g(x) = min(da(x, W,,)/5,1), for z € RZ.

The functions f and g are uniformly continuous and satisfy ||f||c < 1 and ||g|lcc < 1. For each
i€{l,...,M'}, we define f; by f;(z) = f(x — z) and g; by gi(x) = f(z — 2z;) for x € R We
define

F={fi,1<i<M}uU{g,1<i<M}.

Let G,, € Gp,. Let i € {1,..., M'}. We have
|G A (W + 2)) N Coo)| = |G \ (W + 20)] + |((W + 2) 1 Coo) \ G- (6.46)

Using a renormalization argument as in the proof of Theorem 1.4, there exist positive constants
C4 and Cy depending on p, € and d such that for all ¢ € {1,..., M'},
P ( (W + 2)) N Cool
d
n

— 0,L4W,

>€‘0€C )gCleXp(—an).
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As G, N (n(W, + 2)) C (n(W, + 2;)) N Cso, we have with probability at least 1 — Cy exp(—Can),
[(R(Wp + 2i)) NCoo) \ G| = [(n(W), + 2i)) N Coo| = [Gn N ((W), + 27))|
< 0,LYWy)n® + nle — (i) + [n(Wy + 20) \ (W, + 1)) N Z7].

We can find a constant ¢(§) depending only on ¢, p and d, such that ¢(d) goes to 0 when § goes
to 0 and for all z € R?
(W +2) \ (W, +2)) N 27 < ¢(d)n?

so that,
(W, + 2:)) N Coo) \ G| < 0o, 42, (fi) = pn(fi)] + (¢ + ¢(8))n?
<nd }sllég w12 (R) = pn(R)] + (¢ + c(8))n. (6.47)

Moreover, noticing that vy, 1., (g;) = 0, we obtain

|G \ (W + 2i)| < npn(g2) + (W) + 20) \ (W, + 2:)) N Z°|
<0 pin (i) — vw, 42, (90)] + ne(5)
< n?sup [vw, 12, (h) — pa(h)] + ne(s). (6.48)
heg

Combining inequalities (6.46), (6.47) and (6.48), with high probability, we have

| o1
zlerl]lgd ﬁ|GnA<(n(Wp +2)) NCx)| < 1%?%51\4, FlGnA((n(Wp +2i)) N Coo)|
< min {sup (1) = o ()] 510 (1) = ()] + -+ 2¢0)
vew L(heg he§
< 2min sup |v(h) — pn(R)| + € + 2¢(0) .
veW heg

Let us define for any ¢ > 0,
Ug(t) = min (sup{5 >0, Vz,y € RY, |l —ylla <0 = |g(z) — g(y)| < L},l) ,

ug(t) = min (sup{5 >0, Vz,y € RY, le—ylla <0 = |f(z) — fy)] < L},l)

and v = min(uys,us). This function is positive because the function f and g are uniformly
continuous. It is easy to check that § satisfies the condition required in Theorem 1.7 associated
with the function w. Thus, there exist positive constants ¢; and ¢y depending on p, u, € and d
such that

1-3/2d

P (HGn € Gy, inf sup|v(h) — pn(h)| > ¢ ’ 0e COO> <cre "
vEW heF

and so

P EGn € gn, mig sup |1/(h) — Mn(h)‘ Z 2¢ ’ 0e Coo S e efcznl_s/w '
veW heg

We now choose ¢ small enough such that ¢(d) < e so that
. 1
P <EIGn € Gn, Zlélﬂgd FlGnA((n(Wp +2))NCu)| > Te ‘ 0e Coo)

< e—cen! T +M'Cy exp(—Can) .

As M’ is polynomial in n, this yields the result.
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Chapter 3

Vanishing of the anchored
isoperimetric profile in bond
percolation at p.

This chapter is a joint work with Raphaél Cerf.

We consider the anchored isoperimetric profile of the infinite open cluster, defined for p > p,,
whose existence has been recently proved in [5]. We extend adequately the definition for p = p.,
in finite boxes. We prove a partial result which implies that, if the limit defining the anchored
isoperimetric profile at p. exists, it has to vanish.

Contents
1 Introduction . . . . . . . . ¢ @ @ i i e e e e e e e e e e e e e e e 89
2 Proofs . . . . . e e e e e e e e e e e e e e e e e e e e e e 91

1 Introduction

The most well-known open question in percolation theory is to prove that the percolation
probability vanishes at p. in dimension three. In fact, the interesting quantities associated to the
model are very difficult to study at the critical point or in its vicinity. We study here a very
modest intermediate question. We consider the anchored isoperimetric profile of the infinite open
cluster, defined for p > p., whose existence has been recently proved in [5]. We extend adequately
the definition for p = p., in finite boxes. We prove a partial result which implies that, if the limit
defining the anchored isoperimetric profile at p. exists, it has to vanish.

The Cheeger constant. For a graph G with vertex set V and edge set F, we define the edge
boundary dg A of a subset A of V as

8gA:{e:<m7y>€E::r€A7y¢A}.

We denote by |B| the cardinal of the finite set B. The Cheeger constant of the graph G is defined

as
[ |9g4] 14

= . < _— .
wg mln{ Al ACV,0<|Al < 5

This constant was introduced by Cheeger in his thesis [29] in order to obtain a lower bound for
the smallest eigenvalue of the Laplacian.

The anchored isoperimetric profile ¢, (p). Let d > 2. We consider an i.i.d. supercritical
bond percolation on Z?, every edge is open with a probability p > p.(d), where p.(d) denotes the

89
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critical parameter for this percolation. We know that there exists almost surely a unique infinite
open cluster Cy, [48]. We say that H is a valid subgraph of C if H is connected and 0 € H C Cr.
We define the anchored isoperimetric profile ¢, (p) of C as follows. We condition on the event
{0 € C»} and we set

H
on(p) = min{ |8C;}| | : H valid subgraph of Co, 0 < |H| < nd} .

The following theorem from [5] asserts the existence of the limit of ny,,(p) when p > p.(d).

Theorem 1.1. Let d > 2 and p > p.(d). There exists a positive real number ¢(p) such that,
conditionally on {0 € Cxo },

ILm npn(p) = @(p) almost surely.
We wish to study how this limit behaves when p is getting closer to p.. To do so, we need to
extend the definition of the anchored isoperimetric profile so that it is well defined at p.(d). We
say that H is a valid subgraph of C(0), the open cluster of 0, if H is connected and 0 € H C C(0).
We define @, (p) for every p € [0,1] as

ey H
Pn(p) = min{ C(I%l : H valid subgraph of C(0), 0 < |H| < nd} .

In particular, if 0 is not connected to 9[—n/2,n/2]? by a p-open path, then |C(0)| < n¢ and taking
H = C(0), we see that @,(p) is equal to 0. Thanks to theorem 1.1, we have

Vp>pe  lim ngu(p) = 0(p)dym) + (1= 0(p))do,

where 0(p) is the probability that 0 belongs to an infinite open cluster. The techniques of [5] to
prove the existence of this limit rely on coarse-graining estimates which can be employed only
in the supercritical regime. Therefore we are not able so far to extend the above convergence at
the critical point p.. Naturally, we expect that n@, (p.) converges towards 0 as n goes to infinity,
unfortunately we are only able to prove a weaker statement.

Theorem 1.2. With probability one, we have

lim inf n@,(p.) = 0.

n—roo
We shall prove this theorem by contradiction. We first define an exploration process of the cluster
of 0 that remains inside the box [—n,n]9. If the statement of the theorem does not hold, then the
cluster of 0 satisfies a d-dimensional anchored isoperimetric inequality. It follows that the number
of sites that are revealed in the exploration of the cluster of 0 will grow fast enough of order n4—1!.
Then, we can prove that the intersection of the cluster that we have explored with the boundary
of the box [—n, n]? is of order n?~!. Using the fact that there is no percolation in a half-space, we
obtain a contradiction. Before starting the precise proof, we recall some results from [5] on the
meaning of the limiting value p(p).

The Wulff theorem. We denote by £ the d-dimensional Lebesgue measure and by H? !
denotes the (d — 1)-Hausdorff measure in dimension d. Given a norm 7 on R? and a subset E of
R? having a regular enough boundary, we define Z,(E), the surface tension of E for the norm T,
as

L(E) = [ rlnp()e (ds).
OFE
We consider the anisotropic isoperimetric problem associated with the norm 7:

1.(E)

' YFE)<1. .
CI(E) subject to LY(E) <1 (1.1)

minimize
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The famous Wulff construction provides a minimizer for this anisotropic isoperimetric problem.
We define the set W, as

Wr= ] {zeR": 2 v<r()},
veSd*l

where - denotes the standard scalar product and S4~! is the unit sphere of R¢. Up to translation

and Lebesgue negligible sets, the set
1 —~

— T

Ed(WT)l/d

is the unique solution to the problem (1.1).

Representation of ¢(p). In [5], we build an appropriate norm (3, for our problem that is directly

related to the open edge boundary. We define the Wulff crystal W), as the dilate of ng such that
L4(W,) = 1/0(p), where 8(p) = P(0 € C). We denote by Z,, the surface tension associated with
the norm S,. In [5], we prove that

Vp > pe(d) o(p) = IL,(Wp) .

2 Proofs

We prove next the following lemma, which is based on two important results due to Zhang
[72] and Rossignol and Théret [64]. To alleviate the notation, the critical point p.(d) is denoted

simply by p..

Lemma 2.1. We have
lim (9(p)(51p(wp) + (1 — e(p))(so) = (50 .

Proof. If lim,_,,_6(p) = 0, then the result is clear. Otherwise, let us assume that

lim 6(p) =6 > 0.

P—=Pe
P>Pe

Let B be a subset of R? having a regular boundary and such that £4(B) = 1/§. As the map
p+— 0(p) is non-decreasing and L4(W,) = 1/6(p), we have

Vp>pe  LYW,) < LYB).

Moreover as W, is the dilate of the minimizer associated to the isoperimetric problem (1.1), we
have

Vp > pe Z,(Wp) <Z,(B).

In [72], Zhang proved that 8,, = 0. In [64], Rossignol and Théret proved the continuity of the
flow constant. Combining these two results, we get that

pli_g}c Bp = Pp, = 0 and so pli_}nz}c Z,(B) = 0.
P>Ppe P>pe

Finally, we obtain

panZ}c Z,(W,) = 0.
P>pe
This yields the result. O

Proof of theorem 1.2. We assume by contradiction that

i (hnrgg NG (pe) = 0) <1.
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Therefore there exist positive constants ¢ and ¢ such that

P (hrginf NG (pe) > c) = lim P ( inf k@ (pe) > c> =4. (2.1)

n— 00 k>

Therefore, there exists a positive integer ng such that

[NCRIES)

P ( inf kpr(pe) > c) > (2.2)
k'Z'rLO

In what follows, we condition on the event
inf k@r(pe) >c .
{,Jg“no Pr(pe) > ¢

Note that on this event, 0 is connected to infinity by a p.-open path. For H a subgraph of Z¢, we
define
0°H = {ee@H, eisopen}.

Note that if H C Cw, then ¢, H = 0°H. Moreover, if H is equal to C(0), the open cluster of
0, then d¢(oyH = 0°H = @. We define next an exploration process of the cluster of 0. We set
Co = {0}, Ap = 0. Let us assume that Co,...,C; and Ay,...,A; are already constructed. We
define
Aip1 = {x ezt Iyeq (x,y) € 8°Cl}
and
Clt1=CUA 4.

We have
0°C; C {{x,y) € B : x € Ay}

so that |0°C;| < 2d|A;41]. Since A;4+1 and C; are disjoint, we have

|0°Cy |
2d

Cial = 1G] + [ A | = |G + (2.3)
Let us set o = 1/nd so that |Cy| = and. Let k be the smallest integer greater than 29+1d/c. We
recall that ¢ and ng were defined in (2.1) and (2.2). Let us prove by induction on n that

Vn > ng ICln—noy| > an®. (2.4)

This is true for n = ng. Let us assume that this inequality is true for some integer n > ng.
If [Cinsi—no)k| = n?, then we are done. Suppose that ICnt1—no)k| < n?. In this case, for any
integer [ < k, we have also [C(;,—ng)kt1] < n?, and since Cln—no)k+1 is a valid subgraph of C(0) and
@n(pe) > ¢/n, we conclude that

|aoc(n—no)k+l| N

¢
‘C(nfng)k+l‘ n

and s0 [0°C(y—ng)k+1| > acn®=!. Thanks to inequality (2.3) applied k times, we have

ck _
Cint1-no)kl = a (nd +on" 1) :

As k> 29+1d/c, we get
IClnt1-noyk| = a(n® + 2971 > a(n + 1)%.

This concludes the induction.

Let n > 0 be a constant that we will choose later. In [12], Barsky, Grimmett and Newman
proved that there is no percolation in a half-space at criticality. An important consequence of
the result of Grimmett and Marstrand [46] is that the critical value for bond percolation in a
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half-space equals to the critical parameter p.(d) of bond percolation in the whole space, i.e., we
have
P(0 is connected to infinity by a p.-open path in N x Zdil) =0,

so that for n large enough,
P(3y a pe-open path starting from 0 in N x Z¢~1 such that |y| > n) <7.

In what follows, we will consider an integer n such that the above inequality holds. By construction
the set C, is inside the box [—n,n]?. Starting from this cluster, we are going to resume our
exploration but with the constraint that we do not explore anything outside the box [—n, n]¢. We
set Cy = C,, and A{, = ). Let us assume Cj,...,C] and Aj,...,A] are already constructed. We
define
Ay ={zel-nn]?: JyeC (x,y)€dC}
and
Clyr =ClUAL,.

We stop the process when A;_H = (. As the number of vertices in the box [—n,n]d is finite,
this process of exploration will eventually stop for some integer [. We have that |C/| < n? and
nPr(pe) > ¢ so that

c c

0°Ci] = —ICi| = —|Cal.
n n

Moreover, for n > kng, we have, thanks to inequality (2.4),

n I\ d

Cal = leg il = leqzsnonl = a(|3]) -
We suppose that n is large enough so that n > kng and [ 7| > n/2k. Combining the two previous
display inequalities, we conclude that

¥ d-1

Therefore, for n large enough, there exists one face of [~n,n]? such that there are at least
can®=1/(2%k92d) vertices that are connected to 0 by a p.-open path that remains inside the
box [~n,n]? and so

there exists one face of [—n,n|? with at least
P | cand=1/(2%k92d) vertices that are connected to 0 by a >
pe-open path that remains inside the box [—n, n]?

|

. (2.5)

Let us denote by X,, the number of vertices in the face {—n} x [-n,n]~! that are connected to
0 by a p.-open path inside the box [—n,n]?. We have

Jv a p.-open path starting
E(X,) < |({=n} x [-n,n]*")NZI| P | from 0in N x Z*~! such that
vl >n

< (@2n+ 1)y, (2.6)

Moreover, we have

CQx d—1 COX d—1
E(X,) > 5ogn [P’(X,L > s ) . (2.7)

Finally, combining inequalities (2.6) and (2.7), we get

ca nd_l) < 2dn3i-12dk4
2d24 k4 - '
Therefore, we can choose 77 small enough such that

co 1)
P (Xn _cx d—l) < 2
Z 2@ ) = 104

P (X,, >
CQx



94 CHAPTER 3. VANISHING OF THE ISOPERIMETRIC PROFILE

and so using the symmetry of the lattice

there exists one face of [—n,n|? such there are at least
P | can?'/(27k%2d) vertices that are connected to 0 by a p.-open
path that remains inside the box [—n,n]?

c 4 0
< 2P (X > son™) < 2.

This contradicts inequality (2.5) and yields the result. O



Chapter 4

Anchored isoperimetric profile of
the infinite cluster in supercritical
bond percolation is Lipschitz
continuous

We consider the standard model of i.i.d. first passage percolation on Z? given a distribution G
on R, . We consider a cube oriented in the direction o whose sides have length n. We study the
maximal flow from the top half to the bottom half of the boundary of this cube. We already know
that the maximal flow renormalized by n?~! converges towards the flow constant vq( 7) We prove
here that the map p +— V5,4 (1-p)s5, 15 Lipschitz continuous on all intervals [po,p1] C (pc(d),1)
where p.(d) denotes the critical parameter for i.i.d. bond percolation on Z¢. For p > p.(d), we
know that there exists almost surely a unique infinite open cluster C, [48]. We are interested in
the regularity properties in p of the anchored isoperimetric profile of the infinite cluster C,. For
d > 2, using the result on the regularity of the flow constant, we prove here that the anchored
isoperimetric profile defined in [5] is Lipschitz continuous on all intervals [po, p1] C (pc(d), 1).

Contents
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1 Introduction

1.1 Flow constant

The model of first passage percolation was first introduced by Hammersley and Welsh [49] in
1965 as a model for the spread of a fluid in a porous medium. In this model, mathematicians
studied intensively geodesics, i.e., fastest paths between two points in the grid. The study of
maximal flows in first passage percolation started later in 1984 in dimension 2 with an article
of Grimmett and Kesten [45]. In 1987, Kesten studied maximal flows in dimension 3 in [52].
The study of maximal flows is associated with the study of random cutsets that can be seen as
(d — 1)-dimensional surfaces. Their study presents more technical difficulties than the study of
geodesics. Thus, the interpretation of first passage percolation in terms of maximal flows has been
less studied.

95
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Let us consider a large box in Z¢ oriented according to a direction 7, to each edge we assign
a random i.i.d. capacity with distribution G. We interpret this capacity as a rate of flow, i.e., it
corresponds to the maximal amount of water that can cross the edge per second. Next, we consider
the top half and bottom half of the boundary of the box. We are interested in the maximal flow
that can cross the box from its top half to its bottom half per second. A first issue is to understand
if the maximal flow in the box properly renormalized converges when the size of the box grows
to infinity. This question was addressed in [52], [62] and [73] where one can find laws of large
numbers and large deviations estimates for this maximal flow when the dimensions of the box
grow to infinity under some moments assumptions on the capacities. The maximal flow properly
renormalized converges towards the so-called flow constant vg(7'). In [64], Rossignol and Théret
proved the same results without any moment assumption on G, they even allow the capacities
to take infinite value as long as G({+o0}) < p.(d) where p.(d) denotes the critical parameter of
i.i.d. bond percolation on Z?. Moreover, the two authors have shown that the flow constant is
continuous with regard to the distribution of the capacities. Let us denote 8, = v}5,4(1-p)s, for
p > pc(d). Thanks to the result of Zhang in [72], we know that 3, is a norm. This norm will be
properly defined in section 2. In this paper, we prove that the map p — (3, is Lipschitz continuous
on every compact interval included in (pe, 1).

Theorem 1.1 (Regularity of the flow constant). Let p.(d) < po < p1 < 1. There exists a positive
constant k depending only on d, pg and p1, such that

Vp, q € [po, p1] S;l}) |Bp(x) — By(2)] < klg —p|.
reSd—1

The proof of this theorem will strongly rely on an adaptation of the proof of theorem 1 Zhang in
[73].

1.2 Anchored isoperimetric profile

The study of isoperimetric problems in the discrete setting is more recent than in the continuous
setting. In the continuous setting, we study the perimeter to volume ratio; in the context of
graphs, the analogous problem is the study of the size of edge boundary to volume ratio. This
can be encoded by the Cheeger constant. For a finite graph G = (V(G), E(G)), we define the edge
boundary dgA of a subset A of V(G) as

agA:{e:<x7y>EE(Q):xeA,ygéA}.

We denote by |B| the cardinality of the finite set B. The isoperimetric constant of G, also called
Cheeger constant, is defined as

wg:min{ |8i{|4| : ACV(Q),O<|A|§V(2Q)|}.

This constant was introduced by Cheeger in his thesis [29] in order to obtain a lower bound for
the smallest eigenvalue of the Laplacian. The isoperimetric constant of a graph gives information
on its geometry.

Let d > 2. We consider an i.i.d. supercritical bond percolation on the graph (Z? E?) having
for vertices Z¢ and for edges E? the set of pair of nearest neighbors in Z¢ for the Euclidean norm.
Every edge e € E? is open with probability p > p.(d). We know that there exists almost surely
a unique infinite open cluster C, [48]. In this paper, we want to study how the geometry of C,
varies with p through its Cheeger constant. However, if we minimize the isoperimetric ratio over
all possible subgraphs of C, without any constraint on the size, one can prove that ¢, = 0 almost
surely. For that reason, we shall minimize the isoperimetric ratio over all possible subgraphs of
Cp given a constraint on the size. There are several ways to do it. We can for instance study the
Cheeger constant of the graph C, = C, N [-n,n]? or of the largest connected component C,, of
Cn for n > 1. Since we have ¢c, = 0 almost surely, the isoperimetric constants ¢c, and ¢z 80
to 0 when n goes to infinity. Roughly speaking, by analogy with the full lattice, we expect that
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subgraphs of ﬁn that minimize the isoperimetic ratio have edge boundary size of order n¢—
size of order n? with high probability.

In [15], Biskup, Louidor, Procaccia and Rosenthal defined a modified Cheeger constant @c,,
and proved that ngc, converges towards a deterministic constant in dimension 2. In [44], Gold
proved the same result in dimension d > 3. Instead of considering the open edge boundary of
subgraphs within C,,, they considered the open edge boundary within the whole infinite cluster C,,
this is more natural because C,, has been artificially created by restricting C,, to the box [—n, n)?.
They also added a stronger constraint on the size of subgraphs of C,, to ensure that minimizers do
not touch the boundary of the box [—n,n]%. Moreover, they proved that the subgraphs achieving
the minimum, properly rescaled, converge towards a deterministic shape that is the Wulff crystal.
Namely, it is the shape solving the continuous anisotropic isoperimetric problem associated with
the norm , corresponding to the surface tension in the percolation setting. The quantity nge,
converges towards the solution of a continuous isoperimetric problem.

This modified Cheeger constant was inspired by the anchored isoperimetric profile ¢, (p). This
is another way to define the Cheeger constant of C,, that is more natural in the sense that we do
not restrict minimizers to remain in the box [—n,n]?. It is defined as follows:

Oc, H
spn(p):min{| |ij’{| | :0€ HCCp, Hconnected,0<H|§nd},

where we condition on the event {0 € C,}. We say that H is a valid subgraph if 0 € H C C,, H
is connected and |H| < n.

We need to introduce some definitions to be able to define properly a limit shape in dimension
d > 2. In order to build a continuous limit shape, we shall define a continuous analogue of the
cardinality of the open edge boundary. In fact, the cardinality of the open edge boundary may
be interpreted in terms of a surface energy associate with the norm £,. Given a subset E of R?
having a regular boundary, we define 7, as

L,(E) = . Bp(np ()K" (dz),

where H9~1 denotes the Hausdorff measure in dimension d — 1 and ng(z) is the normal unit
exterior vector of E at x. The quantity Z,(E) represents the surface energy of E for the norm
Bp. At the point z, the tension has intensity 8,(ng(x)) in the direction of ng(z). To understand
the link between [, and the open edge boundary, we refer to sections 3 in [44] or [5]. We denote
by £¢ the d-dimensional Lebesgue measure. We can associate with the norm 3, the following
isoperimetric problem:

Z,(E) d

minimize subject to LY(E) < 1.

ci(g) " (E) <
We use the Wulff construction to build a minimizer for this anisotropic isoperimetric problem (see
[70]). We define the set W, as

W, = () {zeR":z-0<B(0)},

vesd—1

where - denotes the standard scalar product and S9=1 is the unit sphere of R%. Taylor proved in
[66] that the set W, properly rescaled is the unique minimizer, up to translations and modifications
on a null set, of the associated isoperimetric problem.

In [5], Dembin proves the existence of the limit of ny,(p) and that it converges towards the
solution of the continuous isoperimetric problem associated with the norm f3,.

Proposition 1.2. Let d > 2, p > p.(d) and let B, be the norm that will be properly defined in

section 2. Let W, be a dilate of the Wulff crystal Wp for the norm B, such that LYW,) = 1/0,
where 8, =P(0 € Cp). Then, conditionally on the event {0 € Cp},

lim ne,(p) L, (W5) =7,(W,) a.s..

novoo T 0,L7(W,)
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In this paper, we aim to study the regularity properties of the anchored isoperimetric profile. This
was first studied by Garet, Marchand, Procaccia, Théret in [42], they proved that the modified
Cheeger constant in dimension 2 is continuous on (p.(2), 1]. We aim here to prove the two following
theorems. Theorem 1.3 asserts that the anchored isoperimetric profile is Lipschitz continuous on
every compact interval [pg,p1] C (pc(d),1).

Theorem 1.3 (Regularity of the anchored isoperimetric profile). Let d > 2. Let p.(d) < pp <
p1 < 1. There ezits a positive constant v depending only on d, pg and p1, such that

VP, q € [po,p1] |Ip(Wp) _Iq(Wq)‘ <vlg—p|.

Remark 1.4. Actually, the map p — Z,(W)) is also continuous at 1, this is not a consequence
of theorem 1.3 but it comes from the fact that the map p — B, is continuous on (p.(d),1]. This
result is a corollary of theorem 2.6. in [6]].

Theorem 1.5 studies the Hausdorff distance between two Wulff crystals associated with norms 3,
and S3,.

Theorem 1.5 (Regularity of the anchored isoperimetric profile). Let d > 3. Let p.(d) < po <
p1 < 1. There exits a positive constant v’ depending only on d, po and p1, such that

Vp.q € [po.p1]  du(Wy, Wo) <V'|q—p|,
where dyy is the Hausdorff distance between non empty compact sets of R?.

Theorem 1.2 is the key element to prove these two theorems.

Remark 1.6. In this paper, we choose to work on the anchored isoperimetric profile instead of
the modified Cheeger constant because the norm we use is the same for all dimensions d > 2.
The existence of the modified Cheeger constant in dimension 2 uses another norm specific to this
dimension (see [15]). In [44], Gold proved the existence of the modified Cheeger constant for
d > 3 with the same norm B,. Actually, we believe that his proof also holds in dimension 2 up to
using similar combinatorial arguments as in [5]. Therefore, the theorem 1.3 may be shown for the
modified Cheeger constant in dimension d > 2 using the same ingredients as in this paper.

Here is the structure of the paper. In section 2, we define the norm /3,. We prove that the map
p — B is Lipschitz continuous in section 3. We prove the main results on the regularity of the
anchored isoperimetric profile (theorems 1.3 and 1.5) in section 4. Finally, we write an adaptation
of the proof of Zhang [73] in section 5 that is necessary to prove theorem 1.2.

2 Definition of the norm j,

We introduce now many notations used for instance in [62] concerning flows through cylinders.
Let A be a non-degenerate hyperrectangle, that is to say a rectangle of dimension d — 1 in R?.
Let ¥ be one of the two unit vectors normal to A. Let h > 0, we denote by cyl(A, h) the cylinder
with base A and height 2h defined by

eyl(A,h) = {z+tV : z € A, t € [~h,h]}.

The set cyl(A,h) \ A has two connected components, denoted by Ci(A,h) and Cy(A,h). For
i =1,2, we denote by C/(A, h) the discrete boundary of C;(A, h) defined by

Cl(A,h) = {x € Z*'NC;(A, h) : Ty ¢ cyl(A, h), (z,y) € E} .

We say that the set of edges E cuts C1(4, h) from C4(A, h) in cyl(A, h) if any path v from C1(A, h)
to C4(A,h) in cyl(A, h) contains at least one edge of E. We call such a set a cutset. For any
cutset E, let |E|,, denote the number of p-open edges in E. We shall call it the p-capacity of E.
Define

7 (A,h) =min {|E|,, : E cuts C}(4,h) from C5(A,h) in cyl(4,h)} .
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Note that it is a random quantity as |E|, , is random, and that the cutsets in this definition are
anchored at the border of A. This quantity is related to the fact that graphs that achieve the
infimum in the definition of ¢, (p) try to minimize their open edge boundary. To build a norm
upon this quantity, we use the fact that the quantity 7,(A,h) properly renormalized converges
towards a deterministic constant when the size of the cylinder goes to infinity. The following
proposition is a corollary of proposition 3.5 in [62].

Proposition 2.1 (Definition of the norm £,). Let d > 2, p > p.(d), A be a non-degenerate
hyperrectangle and U one of the two unit vectors normal to A. Let h be a height function such
that lim, —, o h(n) = co. The limit

.. E[n(nA, h(n))]
Bo(7) = Jim =y

exists and is finite. Moreover, the limit is independent of A and h and the homogeneous extension
of By to R? is a norm.

As the limit does not depend on A and h, in what follows for simplicity, we will take h(n) = n
and A = S(¥) where S(7) is an hyper-square centered at 0, isometric to [—1,%‘1_1 x {0} and
normal to ©/. We will denote by B(n, @) the cube cyl(nS(7),n) and by 7,(n, ¥) the quantity
Tp(ns(ﬁ)a TL)

3 Regularity of the map p— 3,

Let po > pc(d) and let ¢ > p > po. Our strategy is the following, we easily get that 3, < 3, by
properly coupling the percolations of parameters p.(d) < p < ¢. The second inequality requires
more work. We denote by E,(n, 7) the random cutset of minimal size that achieves the minimum
in the definition of 7,(n, 7). By definition, as E,(n, ¥') is a cutset, we can bound 7,(n, ¥)
from above by the number of edges in E,(n, 7) that are g-open, which we expect to be at most
7p(n, V) 4+ C(q — p)|Ep(n, ¥)| where C is a constant. We next need to get a control of |E,(n, 7)|
which is uniform in p € [po, 1] of the kind con?~! where ¢y depends only on py and d. In [73],
Zhang obtained a control on the size of the smallest minimal cutset that separates the top from the
bottom of a cylinder in the general first passage percolation model, but his control depends on the
distribution G of the passage times. We only consider probability measures G, = pd1 + (1 — p)do
for p > p.(d), but we need to adapt Zhang’s proof in this particular case to obtain a control that
does not depend on p nor o anymore and a control for cutsets that separates the bottom half
from the top half of the boundary of the cylinder. More precisely, let us denote by N, (n, 7) the
total number of edges in E,(n, ¥). We have the following control on N, (n, 7).

Theorem 3.1 (Adaptation of theorem 2 in [73]). Let po > p.(d). There exist constants Cy1, Cy
and o that depend only on d and py such that

Vp € [po, 1] VU eSS Wn>1 P, (Np(n, 7) > omd_l) < Cy exp(—Cynd=1y.

We postpone the proof of theorem 3.1 to section 5. We have now the key ingredients to prove
that the map p — 3, is Lipschitz continuous.

Proof of Theorem 1.1. Let p. < pg < p1 < 1,7 € S 1, and p, ¢ such that py < p < ¢ < p;. First,
we fix a cube B(n, 7) and we couple the percolations of parameters p and ¢ in the standard way,
i.e., we consider the i.i.d. family (U(e))qera distributed according to the uniform law on [0, 1]
and we say that an edge e is p-open (resp. g-open) if U(e) > p (resp. U(e) > ¢q). Thanks to this
coupling, we easily obtain that 7,(n, o) < 7,(n, ') and by dividing by H*1(nS (7)) = (2n)*1,
taking the expectation and letting n go to infinity we conclude that

Bp(V) < By(V). (3.1)

Let E,(n, ¥) be a random cutset of minimal size that achieves the minimum in the definition
of 7,(n, 7) We consider now another coupling. The idea is to introduce a coupling of the
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percolations of parameter p and ¢ such that if an edge is p-open then it is g-open and E,(n, 7) is
independent of the g-state of any edge. Unfortunately, we cannot find such a coupling but we can
introduce a coupling that almost has this property. To do so, for each edge e € E¢, we consider
two independent Bernoulli random variables U(e) and V(e) of parameters p and (¢ —p)/(1 — p).
We say that an edge e is p-open if U(e) = 1 and that it is g-open if U(e) = 1 or V(e) = 1. Indeed,

P{U() =1 U{Ve) = 1) =p+ (=)= =0
Let 6 > 0. We have,

B () > 70,7+ (172 0 ant™ K 0, 7) < an)
<P (n(n,?) 0,7 > (12245 5,0, 7)1

SE (BT = & e e e W, Vi) = 00} > (1= +0) e
Z ( —¢ [{ece: V()_1}|><‘11 P 5>|e|>
< 2P

¢)P (|{e e V(e)=1} > (611_]; +5> e)

< exp(—202n?1) (3.2)

A

IN

I

where the sum is over sets € that cut C}(nS(7'),n) from C4(nS(7),n) in B(n, ¥) and where we
use in the last inequality Chernoff bound and the fact that |E,(n, 7)| > n?~! (uniformly in /).
Finally, using inequality (3.2) and theorem 3.1, we get

E[Tq( 7)} < E[Tq( 7)]l./\fp(n 7)<omd*1} + E[Tq(n, 7)]1./\fp(n,?)Zomdfl]

< E[r(n, 7)) + (Cll _z + 5> n=! 4 [B(n, )| (e*%z"d_l +C4 e*@"d_l)

< Elrp(n, 7)] + (? _p + 5) nd=t 4+ Cy(2n)? (e_%z”di1 +Cy e_c2"d71) ,

where Cy is a constant depending only on d. Dividing by (2n)9~! and by letting n go to infinity,
we obtain

8,7 < 5T+ (122 +5) 52 53)

and by letting § go to 0,
By(V) < Bp(V) + k(g — p) (3.4)
where £ = a/(2771(1 — p1)). Combining inequalities (3.1) and (3.4), we obtain that

sup |Bg(V) — Bp(V)| < kg — pl.
v esd-1

4 Proof of theorems 1.3 and 1.5

Proof of theorem 1.3. Let p. < pg < p1 < 1. We recall that, for p > p.(d), W, denotes the Wulff
crystal for the norm 3, such that £¢(W,) = 1/6,. In this section we aim to prove that the map
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p — Z,(W,) is Lipschitz continuous on [po, p1]. Notice that as the map p — 6, is non-decreasing,
we have

Vp,q € (pe(d), 1] p<q = LYW,) > LYW,)
and using the fact that W, is a minimizer for Z, for sets of equal volume, it follows that
Vp, q € (pe(d), 1] p<q = Ly(Wp) >L,(Wy). (4.1)

Moreover, the map p — 6, is infinitely differentiable on [pg, p1], see for instance theorem 8.92 in
[48]. Therefore, there exists a constant L depending on pg, p; and d such that

Vp,q € [po,p1]  [0p — 04| < Llg—p|. (4.2)

Let us compute now some useful inequalities. For any set E C R¢ with Lipschitz boundary, by
theorem 1.1, we have for any p,q € [po, p1]

Zp(E) = Z4(E)| = ’/aE (Bp(ne(2)) = Be(np(x))) H ™ (dz)

< /a Byln(a)) = By(np ()| W de) < wlg =1 OF) (43

where « is the constant associated with pyg and p; in the statement of theorem 1.1. We recall that
the map p — 3, is uniformly continuous on [pg,p1]. We denote by ™" and ™" its minimal
and maximal value, i.e., we have

VU €S Wpepo,pi] BT < B(T) < Bme

Together with inequality (4.1) and the fact that the Wulff crystal is a minimizer for an isoperimetric
problem, we get for p € [pg, p1]

I,(Wp) < Z,(Wy,) = /aw Bp(nw,, ()1 (da) < 5maz7{d71(3Wpo). (4.4)
We also have
del(aWp) :/ /Hdil(dzlj) S ﬁp(g:/:f:x))%dl( ) S IZ%)
oW, oW,

and so together with inequality (4.4), we get

e ] HOHOW,) < HHOW,) T (1.5
Finally, we obtain combining inequalities (4.1), (4.3) and (4.5),
I, (W) = Ty(Wy) = klg — plHT " (OW,) > Ty(Wy) — wlg — p|H™ 1(8Wpo)gmm : (4.6)

As LYW,) = LYW,)-0,/0, = LYW, (0,/0,)"/?) and as W, is the minimizer for the isoperimetric
problem associated with the norm 3,, we have

o\ 1/d g\ (d-D/d 0
nov) <z ( () w)<(3) B < g
p p

and so using inequalities (4.2), (4.3), (4.4) and (4.5)

0
Ip(Wp) < ai (Iq(Wq) + “|q - p|Hd_l(8Wq))
P
L max
< (1 gt al) (T 4 ela = sl 0w, 0 )
on B

< I, (Wy) + B HIH(OW,,) (f - (1 + f)) lqg—pl. (4.7)
Po

Bmzn o
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Thus combining inequalities (4.6) and (4.7) together with Theorem 1.2, we get
Zp(Wp) — Zg(Wo)| < Vg —pl (4.8)

where we set

v = BTH (W) (eL + o (1 + f)) .
Po

5min o

O

Proof of theorem 1.5. Let p. < po < p1 < 1 and p,q € [po,p1]. We consider 3, the dual norm of
Bp, defined by

Vr € RY, B(x) =sup{x -z : By(2) <1}.

Then S is a norm. The Wullfl crystal Wp associated with (3, is in fact the unit ball associated
with ;. Note that the supremum in the definition of 3] is always achieved for a z such that
Bp(z) = 1. Let z € S* 1. Let y € S*°! be the direction that achieves the supremum for 8 (z),
thus we have

and so using theorem 1.2,

O T T 1 T AP P
5;0(1:) ﬂq( )< Bp(y) Bq(y)éﬁp(y)ﬁq(y)wp(y) ﬂq(y)|§(5mm)2|q 7

where 8™ was defined in the proof of theorem 1.3. We proceed similarly for Bi(x) — By (x).
Finally, we obtain

sup |85 (x) — Bi ()] < qu — . (4.9)

zeSd—1
We recall the following definition of the Hausdorff distance between two subsets £ and F of R%:
du(E,F)=inf{reR*:ECF and F C E"}
where E" ={y:3z € E' ||y —z[]2 < r}. Thus, we have

P

d?{(Wpa Wq) < sup

yesd—1

y
Bis(y)  Bi(y)

2
Note that y/8;(y) (resp. y/B;(y)) is in the unit sphere for the norm 3} (resp. 8;). Let z € S*1.
Using the definition of 8*, we obtain

1 <.
ﬂmaa:— ﬂp(m)

Finally, using inequality (4.9), we obtain

— 1 1
In(Wo Wa) < sup 15005 ~ ﬁ,’;(y)‘
1 con
§y:gﬁlm|ﬂp@) Bi(y)|
max\2 * _ R* H(LGI)Q —
< sup (B7)?|Bi(y) — Bi(y)| < (G2 lg—pl. (4.10)
yESd71

The result follows. O
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5 Proof of theorem 3.1

The proof of theorem 3.1 is going to be simpler than the proof of theorem 2 in [73], because
passage times in our context can take only values 0 or 1, i.e., to each edge we associate an i.i.d
random variable of distribution G, = péi + (1 — p)dy whereas Zhang considers in [73] more general
distributions. Our setting is equivalent to bond percolation of parameter p by saying that an edge
is closed if its passage time is 0, and open if its passage time is 1. Let us briefly explain the idea
behind that theorem. Let p > pg. We work on bond percolation of parameter p (equivalently on
first passage percolation with distribution G, = pd1 + (1 — p)dp). We aim at bounding the size
of the smallest minimal cutset that cuts the set C}(nS(7'),n) from C4(nS(7),n) in B(n, ¥).
To do so we do a renormalization at a scale ¢ in order to build a "smooth" minimal cutset. The
collection (Bg(u))yeze is a partition of Z¢ into boxes of size t and By(u) = U, .z, Bi(u) where

* . . oy . .
v~ u if ||[u — v|]jc = 1. Let us now introduce some useful definitions. A connected cluster C is

",
/ HIRS
7 Y
’ H
- 7
L e 1/
/ H ,'7'\\
I 1 !e SIS
] ]
LY

— SO e - Bi(u) \

N B

Figure 4.1 — On the left a box B;(u) with a disjoint property, on the right a box with a blocked
property

said to be p-crossing for a box B, if for all d directions, there is a p-open path in C'N B connecting
the two opposite faces of B. We define the diameter of a finite cluster C as

Diam(C) :=  max |z; — il -
,yeC

Let T}, +(p) be the event that B; has a p-crossing cluster and contains some other p-open cluster
D having diameter at least m. We say that B;(u) has a p-disjoint property if there exist two
disconnected p-open clusters in By(u), both with vertices in B;(u) and in the boundary of By (u).
We say that Bi(u) has a p-blocked property if there is a p-open cluster C' in Bt(u) with vertices
in B;(u) and in the boundary of By(u), but without vertices in a ¢-cube of B;(u). We say that a
p-atypical event occurs in B;(u) if it has a p-blocked property or a p-disjoint property (see Figure
4.1).

As the original proof is very technical, the adaptation of the proof is also technical. There
are two points that need to be adapted from Zhang’s proof. First, Zhang controls the size of a
minimal cutset from the top to the bottom of a box in theorem 2 but here we need to control the
size of a minimal cutset from the top half C}(nS(7),n) to the bottom half C4(nS(7),n) of a
box B(n, 7) The second point is that Zhang has a control on the size that holds for a fixed p,
but we need here to have a uniform control of the size for p € [pg, 1].

Adaptation of the proof of theorem 1 in [73] to get theorem 3.1. We keep the same notations as in
[73]. The following adaptation is not self-contained. Let py > p.(d) and ¥ € S41. In [73], the
author bounds the size of the smallest minimal cutset that cuts a given cylinder B(k,m) from
infinity. However, his construction of a linear cutset in section 2 of [73] is not specific to the set
B(k,m) and can be defined in the same way for any set of vertices. In particular we can replace
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B(k,m) by C}(nS(¥),n) and oo by C4(nS(7),n) (as it is done by Zhang in Theorem 2 in [73]
with the top and the bottom of a cylinder). Note that given the configuration of passage times,
the construction of Zhang’s is totally deterministic. As we only focus on edges inside B(n, 7), we
can assume that all edges outside B(n, ¥') are closed.

We denote by C(n) the set that corresponds to C(k,m) defined in Lemma 1 in [73]:

C(n) = {v e Z%: v is connected to C (nS(7),n) by an open path }.

We denote by G(n) the event that C(n)NC%(nS(7),n) = 0 (it corresponds to G(k,m) in [73]). On
this event, the exterior edge boundary A.C(n) of C(n) is a closed cutset that cuts O (nS(7),n)
from C4(nS(7),n). The problem is that the cutset A.C(n) may be very entangled. We use
renormalization to be able to build a smooth closed cutset upon A.C(n). We denote by A the set
of t-cubes that intersect A.C(n) . By Zhang construction, we can extract from A a set of cubes
T'; such that T'; is x-connected and the union T'; of the 3¢-cubes in T (the cubes in T'; and their
«-neighbors) contains a closed cutset that separates the set C(nS(7),n) from Cy(nS(7),n).
Moreover, each cube in I'; has a x-neighbor where a p-atypical event occurs.

The set E = {(z,y) € B(n, V) : z € C;(nS(V),n)} cuts the set C}(nS(7),n) from the set
Cy(nS(v'),n) in B(n, ) and there exists a constant ¢q depending only on d but not on ¥ such
that |E| < cgqn?~!. Thus, we obtain that

Tp(n,7) <|E| < cqn®1.

We denote by E,(n, 7) the cutset that achieves the infimum in 7, (n, @) and such that | E,(n, )| =
N,(n,T) (Ey(n, ¥) corresponds to W (k,m) the minimal cutset between the top and the bottom
of B(k,m) in [73]). For a configuration w, we denote by e1,. .., e, the p-open edges in E,(n, ).
We have J(w) = 7,(n, 7)(w) < cqan®'. We denote by o(w) the configuration which coincides with
w except in edges e1, ..., e that are closed for o(w). Thus, the set E,(n, V) (o(w)) is a p-closed
(for the configuration o(w)) cutset that cuts C}(nS(7),n) from C4(nS(¥),n) in B(n, V). Note
that the set of edges E,(n, v')(c(w)) is determined by the configuration w whereas we consider
the state of its edges is given by the configuration o(w). We recall that all the edges outside
B(n, V) are closed so that the event G(n) occurs in the configuration o(w) and we can use the
construction of section 2 in [73] for the configuration o(w): there exists a set of cube I'; such that
I, contains a p-closed (for o(w)) cutset I' that cuts C} (nS(7'),n) from C4(nS(7),n) (see Lemma
41in [73]). The set TN B(n, ?) is a closed cutset that separates C (nS(ﬁz), n) from C4(nS(7),n)
in B(n, 7).

We now change o(w) back to w. For ¢ € {1,...,J(w)}, the state of the edge e; changes from
closed to open. We write I'(w) when we consider the edge set I' (the edge set I' is determined
by o(w) with its edges capacities determined by the configuration w. The set I'(w) exists as an
edge set, it is still a cutset but it is no longer closed, all edges in I'(w) \ {e1,...,e .} are closed.
Therefore, |T'(w)]o, < J(w), but by definition of E,(n, ¥), we have J(w) = |Ep(n, V) (w)|o, <
IT(W)]op < J(w) and so [T'(w)|op = J(w) and {ey,...,e5w)} C I'. Moreover, for each w, by
definition of N, (n, ¥)(w), we get that [T(w)| > N, (n, T)(w).

Note that for the t-cubes By(u) € I'; such that B,(u) intersects the boundary of B(n, ¥), we
cannot be sure that there exists a t-cube in Bt(u) where a p-atypical event occurs. Thus, we need
to obtain a control of the numbers of such cubes. Since edges outside B(n, 7) are closed, the set
A.C(n)\ B(n, V) is included in the exterior edge boundary A,B(n, V') of B(n, ¥). Therefore,
the cubes By(u) in I'; such that B;(u) is not contained in the strict interior of B(n, 7') satisfy
Bt(u) N AeB(n,7) # . We deduce that there are at most Cd,md_l such cubes in I'; where
Cy+ is a constant depending only on the dimension d and ¢. Thus, if the number of t-cubes
in T; is greater than n9~!  then the number of t-cubes B;(u) in T'; that do not intersect the
boundary of B(n, @) and such that B;(u) do not contain any edge among e, ..., ey is greater
than (6 — Cat — 3dcd)nd*1. All these t-cubes have at least one x-neighbor with a blocked or
disjoint property for the configuration w.

In the proof of theorem 1 in [73], Zhang sums over all possible sets I';. To do so, he needs to
find at least one cube B;(v) that belongs to I'; and then he will be able to sum over all possible
x-connected sets that contained By(v) of a given size. In our case, any cube B;(u) that intersects
the boundary A,C}(nS(7'),n)\ B(n, ¥) belongs to A as it also intersects A.C(n) and by Zhang
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construction, we can prove that the cube Bi(u) also belongs to T';. Thanks to this remark, we
avoid the part of Zhang’s proof where he tries to find a vertex z in the intersection between the
cutset W (k,m) and a line L in order to find a cube that is in I';. Thus, the term exp(8~'n) in
(6.19) in [73] is not necessary in our case. This leads to small modifications of constants in the
proof of [73]. The remainder of the proof is the same except that we need a uniform decay for
p € [po, 1] of the probability of a p-atypical event in B; instead of using the control in [73]. We
need to prove the following lemma:

Lemma 5.1 (Uniform decay of the probability an atypical event occurs). Let pg > p.(d). There
exist positive constants C1(pg) and Ca(po) depending only on py and d such that

VYp>py VE>1 P (a p-atypical event occurs in By) < Cy(po) exp(—Ca(po)t) . (5.1)

We would like to highlight the fact that in lemmas 6 and 7 in [73], Zhang proves the same result
but with constants C; and Cs depending on p. Obtaining a decay that is uniform for p € [pg, 1]
is the key element to adapt the proof of Zhang and show that the constant « in the statement of
the theorem 3.1 does depend only on pg and d.

O

Let us now prove lemma 5.1. We need to adapt some existing proofs in order to obtain a decay
which is uniform in p.

Proof of lemma 5.1. First, note that if B; has a p-disjoint property and B, has a p-crossing cluster,
then one of the two disjoint clusters is different from the p-crossing cluster. Therefore, there is a
p-open cluster of diameter greater than ¢ different from the p-crossing cluster, so the event T} 3¢ (p)
occurs in the box B;. Similarly, let us assume that B; has a p-blocked property and B; and all of
its sub-boxes (i.e, boxes By(v) such that B;(v) C B;) have a p-crossing cluster. We denote by C
the p-open cluster in the definition of the p-blocked property. Thus, there is at least one cluster
among C and the p-crossing clusters of the sub-boxes that are disjoint from the p-crossing cluster
of B; and so the event T} 5:(p) occurs in the box B,. Thus,

P(a p-atypical event occurs in B; ) < P(B; does not have a p-crossing cluster)

+ 39P(B; does not have a p-crossing cluster]) + P (T} 3:(p)) (5.2)
As the event {B; doesn’t have a p-crossing cluster} is non-increasing in p, we have
P(B; doesn’t have a p-crossing cluster < P(B; doesn’t have a pg-crossing cluster) .

The probability for a box B; not to have a pg-crossing cluster is decaying exponentially fast with
=1 see for instance theorem 7.68 in [48]. Therefore, there exist positive constants c1(pg) and
¢a(po) such that

P(B; does not have a p-crossing cluster) < ¢;(pg) exp(—ca(po)t?™1). (5.3)

It remains to prove that there exist positive constants «(pp) and p(py) depending only on pg such
that for all p > pg, for all positive integers m and N

P(Ty, N (p)) < KN exp(—pum). (5.4)

In dimension d > 3, we refer to the proof of lemma 7.104 in [48]. The proof of lemma 7.104 requires
the proof of lemma 7.78. The probability controlled in lemma 7.78 is clearly non decreasing in
the parameter p. Thus, if we choose §(pp) and L(pg) as in the proof of lemma 7.78 for pg > p.(d),
then these parameters can be kept unchanged for some p > py. Thanks to lemma 7.104, we obtain

W2 F(Tn(o) < d2N + ) e ( (555 1) lox(t — dm) )

d3® —log(1 — d(po))
ST oGy & (‘L@om )
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We get the result with

__ 43 = Zlos(l =)
~ 1—4(po) 4= L(po) +1

In dimension 2, the result is obtained by Couronné and Messikh in the more general setting of
FK-percolation, see theorem 9 in [30]. We proceed similarly as in dimension d > 3, the constant
appearing in this theorem first appeared in proposition 6. The probability of the event considered
in this proposition is clearly increasing in the parameter of the underlying percolation which have
parameter 1 — p, it is an event for the subcritical regime of the Bernoulli percolation. Let us fix
apy > pe(2) = 1/2, then 1 — py < p.(2) and we can choose the parameter ¢(1 — pg) and keep it
unchanged for some 1 —p < 1 — pg. In theorem 9, we get the expected result with ¢(1 — pg) for a
p > po and g(n) = n. Finally, combining inequalities (5.2), (5.3) and (5.4), we get

K >0.

P(a p-atypical event occurs in By)

< c1(po) exp(—c2(po) (3t)471) + 3%c1 (po) exp(—ca(po)t?™) + K (po) (3t)* exp(—pu(po)t) -

The result follows. O



Part 11

Regularity of the time constant

107






Chapter 5

Regularity of the time constant
for a supercritical Bernoulli
percolation

We consider an i.i.d. supercritical bond percolation on Z%, every edge is open with a probability
p > pc(d), where p.(d) denotes the critical parameter for this percolation. We know that there
exists almost surely a unique infinite open cluster C, [48]. We are interested in the regularity
properties of the chemical distance for supercritical Bernoulli percolation. The chemical distance
between two points x,y € C, corresponds to the length of the shortest path in C, joining the
two points. The chemical distance between 0 and na grows asymptotically like nyu,(x). We aim
to study the regularity properties of the map p — u, in the supercritical regime. This may be
seen as a special case of first passage percolation where the distribution of the passage time is
Gp = pd1 + (1 = p)deo, p > pc(d). It is already known that the map p — p, is continuous (see
42)).
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1 Introduction

The model of first passage percolation was first introduced by Hammersley and Welsh [49] as
a model for the spread of a fluid in a porous medium. Let d > 2. We consider the graph (Z¢,E%)
having for vertices Z¢ and for edges E? the set of pairs of nearest neighbors in Z? for the Euclidean
norm. To each edge e € E? we assign a random variable ¢(e) with values in R* so that the family
(t(e), e € E?) is independent and identically distributed according to a given distribution G. The
random variable t(e) may be interpreted as the time needed for the fluid to cross the edge e. We
can define a random pseudo-metric 7" on this graph: for any pair of vertices z, y € Z¢, the random
variable T'(z,y) is the shortest time to go from x to y. Let x € Z?\ {0}. One can ask what is the
asymptotic behavior of the quantity 7(0,x) when ||z|| goes to infinity. Under some assumptions
on the distribution G, one can prove that asymptotically when n is large, the random variable

109



110 CHAPTER 5. REGULARITY OF THE TIME CONSTANT

T(0,nz) behaves like n - ug(x) where ug(z) is a deterministic constant depending only on the
distribution G and the point . The constant pug(z) corresponds to the limit of 7'(0, na)/n when
n goes to infinity, when this limit exists. This result was proved by Cox and Durrett in [32] in
dimension 2 under some integrability conditions on G, they also proved that ug is a semi-norm.
Kesten extended this result to any dimension d > 2 in [51], and he proved that ug is a norm if
and only if G({0}) < pc(d). In the study of first passage percolation, pg is usually called the time
constant. The constant ug(x) may be seen as the inverse of the speed of spread of the fluid in the
direction of x.

It is possible to extend this model by doing first passage percolation on a random environment.
We consider an i.i.d. supercritical bond percolation on the graph (Z¢, E?). Every edge e € E? is
open with a probability p > p.(d), where p.(d) denotes the critical parameter for this percolation.
We know that there exists almost surely a unique infinite open cluster C, [48]. We can define the
model of first passage percolation on the infinite cluster C,. To do so, we consider a probability
measure G on [0, +o00] such that G([0,00[) = p. In this setting, the p-closed edges correspond to
the edges with an infinite value and so the cluster C, made of the edges with finite passage time
corresponds to the infinite cluster of a supercritical Bernoulli percolation of parameter p. The
existence of a time constant for such distributions was first obtained in the context of stationary
integrable ergodic field by Garet and Marchand in [39] and was later shown for an independent
field without any integrability condition by Cerf and Théret in [28].

The question of the continuity of the map G — ug started in dimension 2 with the article of
Cox [31]. He showed the continuity of this map under the hypothesis of uniform integrability: if
G, weakly converges toward G and if there exists an integrable law F' such that for all n € N,
F stochastically dominates G, then ug, — pe. In [33], Cox and Kesten prove the continuity of
this map in dimension 2 without any integrability condition. Their idea was to consider a geodesic
for truncated passage times min(t(e), M), and along it to avoid clusters of p-closed edges, that
is to say edges with a passage time larger than some M > 0, by bypassing them with a short
path in the boundary of this cluster. Note that by construction, the edges of the boundary have
passage time smaller than M. Thanks to combinatorial considerations, they were able to obtain a
precise control on the length of these bypasses. This idea was later extended to all the dimensions
d > 2 by Kesten in [51], by taking a M large enough such that the percolation of the edges with a
passage time larger than M is highly subcritical: for such a M, the size of the clusters of p-closed
edges can be controlled. However, this idea does not work anymore when we allow passage time
to take infinite values. In [42], Garet, Marchand, Procaccia and Théret proved the continuity of
the map G — pg for general laws on [0, +o00] without any moment condition. More precisely, let
(Gpn)nen, and G probability measures on [0, +oc] such that G,, weakly converges toward G (we

write Gy, L\ G), that is to say for all continuous bounded functions f : [0,4+00] — [0, +00), we
have

lim fdG, = / fdG.
700 10,400 [0,+00]

Equivalently, we say that G, 4 G if and only if lim,,_, 4o G, ([t, +00]) = G([t,+o0]) for all
t € [0, 4o00] such that z — G([z, +00]) is continuous at ¢. If moreover for all n € N, G,,([0, +0)) >
pe(d) and G([0, +00)) > p.(d), then

lim sup |ug, () — pa(z)] =0

n—oo reSd—1

where S is the unit sphere for the Euclidean norm.

In this paper, we focus on distributions of the form G, = pd1 + (1 —p)dso, p > pc(d). We denote
by C, be the subgraph of 74 whose edges are open for the Bernoulli percolation of parameter p.
The travel time given a law G, between two points z and y € 7% coincides with the so-called
chemical distance that is the graph distance between z and y in C’ Namely, for z,y € Z%, we
define the chemical distance D (z,y) as the length of the shortest p-open path joining x and y.
Note that if 2 and y are not in the same cluster of C,, D (z,y) = +00. Actually, when z and y
are in the same cluster, D (z,y) is of order |y — z||1. In [10], Antal and Pisztora obtained the
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following large deviation upper bound:

1 !’
lim sup —— log P[0 <+ 3, D (0,y) > p] < 0.

lylh—oo [1Ull1

This result implies that there exists a constant p depending on the parameter p and the dimension
d such that

lim sup

D% (0,9) 1oy < p, Py as.
Iyl —oo 1Yll1

These results were proved using renormalization arguments. They were improved later in [39] by
Garet and Marchand, for the more general case of a stationary ergodic field. They proved that
DS (0, z) grows linearly in ||z||;. More precisely, for each y € Z% \ {0}, they proved the existence
of a constant p,(y) such that

_ D%(0,ny)
Jim p = up(y), Pp as..
0ny

The constant s, is called the time constant. The map p — p,, can be extended to Q¢ by homogene-
ity and to R? by continuity. It is a norm on R%. This convergence holds uniformly in all directions,
this is equivalent of saying that an asymptotic shape emerges. Indeed, the set of points that are
at a chemical distance from 0 smaller than n asymptotically looks like nB,,,, where B, denotes
the unit ball associated with the norm p,. In another paper [40], Garet and Marchand studied the

fluctuations of D (0,y)/up(y) around its mean and obtained the following large deviation result:

¢,
InP, (0 ox, 200 ¢ (1—c, 1+ s)>

<0.

Ve > 0, limsup

lz]l1 =00 [|[]1

In the same paper, they showed another large deviation result that, as a corollary, proves the
continuity of the map p — pu, in p = 1. In [41], Garet and Marchand obtained moderate deviations
of the quantity |Dczl) (0,y) — up(y)|. As a corollary of the work of Garet, Marchand, Procaccia and
Théret in [42] we obtain the continuity of the map p — p,, in (pc(d), 1]. Our paper is a continuation
of [42], our aim is to obtain better regularity properties for the map p — p, than just continuity.
We prove the following theorem.

Theorem 1.1 (Regularity of the time constant). Let py > p.(d). There exists a constant kq
depending only on d and po, such that for all p < q in [po,1]

sup |y (1) — pg ()| < Kalg — p)|log(q — p)|.
reSd—1

To study the regularity of the map p — p,, our aim is to control the difference between the
chemical distance in the infinite cluster C, of a Bernoulli percolation of parameter p > p.(d) with
the chemical distance in C; where ¢ > p. The key part of the proof lies in the modification of a
path. We couple the two percolations such that a p-open edge is also g-open but the converse does
not necessarily hold. We consider a g-open path for some g > p > p.(d). Some of the edges of this
path are p-closed, we want to build upon this path a p-open path by bypassing the p-closed edges.
In order to bypass them, we use the idea of [42] and we build our bypasses at a macroscopic scale.
This idea finds its inspiration in the works of Antal and Pisztora [60] and Cox and Kesten [33].
We have to consider an appropriate renormalization and we obtain a macroscopic lattice with
good and bad sites. Good and bad sites correspond to boxes of size 2V in the microscopic lattice.
We will do our bypasses using good sites at a macroscopic scale that will have good connectivity
properties at a microscopic scale. The remainder of the proof consists in getting probabilistic
estimates of the length of the bypass. In this article we improve the estimates obtained in [42].
We quantify the renormalization to be able to give quantitative bounds on continuity. Namely,
we give an explicit expression of the appropriate size of a N-box. We use the idea of corridor that
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appeared in the work of Cox and Kesten [33] to have a better control on combinatorial terms and
derive a more precise control of the length of the bypasses than the one obtained in [42].

We recall that B,,, denotes the unit ball associated with the norm f,,. From Theorem 1.1, we
can easily deduce the following regularity of the asymptotic shapes.

Corollary 1.2 (Regularity of the asymptotic shapes). Let py > p.(d). There exists a constant x,
depending only on d and po, such that for all p < q in [po, 1],

Ay (B, Bu,) < kgl — p)llog(q — p)|

where dyy is the Hausdorff distance between non-empty compact sets of R?.

Here is the structure of the paper. In section 2, we introduce some definitions and preliminary
results that are going to be useful in what follows. The section 3 presents the renormalization
process and how we modify a g-open path to turn it into a p-open path and how we can control
the length of the bypasses. In section 4 and 5, we get probabilistic estimates on the length of the
bypasses. Finally, in section 6 we prove the main Theorem 1.1 and its Corollary 1.2.

Remark 1.3. The section 3 is a simplified version of the renormalization process that was already
present in [42]. The simplification comes from the fact that we are not interested in general
distributions but only on distributions G, for p > p.(d) which have the advantage of taking only
two values 1 or +o0o. The original part of this work is the quantification of the renormalization
and the combinatorial estimates of section 5.

2 Definitions and preliminary results

Let d > 2. Let us recall the different distances in R?. Let x = (z1,...,74) € R?, we define

d
lzlly =) leal, a2 =
i=1

Let G be a subgraph of (Z¢,E?) and 2,y € G. A path v from z to y in G is a sequence
v = (vo,€1,...,€n,vyn) such that vg = x, v,, = y and for all ¢ € {1,...,n}, the edge e; = (v;_1,v;)
belongs to G. We say that x and y are connected in G if there exists such a path. We denote by
|7] = n the length of v. We define

d
me and || z||eo = max{|z;|,i=1,...,d}.
i=1

DY(z,y) = inf{|r| :  is a path from z to y in G}

the chemical distance between = and y in G. If  and y are not connected in G, DY(x,y) = co. In
the following, G will be C[’) the subgraph of Z¢ whose edges are open for the Bernoulli percolation
of parameter p > p.(d). To get around the fact that the chemical distance can take infinite values
we introduce regularized chemical distance. Let C C Czl> be a connected cluster, we define 7€ as
the vertex of C which minimizes ||x — Z||; with a deterministic rule to break ties. As C C C,, we
have
DS (7€, 5°) < DC(F°,5°) < 0.
Typically, C is going to be the infinite cluster for Bernoulli percolation with a parameter py < p
(thus Cp, C C}).
We can define the regularized time constant as in [41] or as a special case of [28].

Proposition 2.1. Let p > p.(d). There exists a deterministic function p, : 7% — [0, +00), such
that for every py € (p.(d),p):
DC» (00 _ zCro
Vz € Z¢ lim (070, na ™) = up(w) a.s. and in L'

n—00 n

It is important to check that 1, does not depend on py, i.e., on the cluster Cp, we use to regularize.
This is done in Lemma 2.11 in [42]. As a corollary, we obtain the monotonicity of the map p — p,,
which is non increasing, see Lemma 2.12 in [42].
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Corollary 2.2. For all p.(d) < p < q and for all x € 72,

pp(x) = pg() .

We will also need this other definition of path that corresponds to the context of site percola-
tion. Let G be a subset of Z? and x,y € G. We say that the sequence v = (vy, ..., v,) is a Z%-path
from z to y in G if vg =z, v, =y and for all i € {1,...,n}, v; € G and ||v; — v;—1]1 = 1.

3 Modification of a path

In this section we present the renormalization process. We are here at a macroscopic scale, we
define good boxes to be boxes with useful properties to build our modified paths.

3.1 Definition of the renormalization process

Let p > p.(d) be the parameter of an i.i.d. Bernoulli percolation on the edges of Z?. For a
large integer N, that will be chosen later, we set By = [—N, N[?NZ¢ and define the following
family of N-boxes, for i € Z%,

By(i) = 1ien+1)(Bn)

where 7, denotes the shift in Z¢ with vector b € Z?. Z? is the disjoint union of this family:
74 = Ueza By (i). We need to introduce larger boxes that will help us to link N-boxes together.
For i € Z¢, we define
By (i) = Tien+1)(Bsn).
To define what a good box is, we have to list properties that a good box should have to ensure
that we can build a modification of the path as we have announced in the introduction. We have
to keep in mind that all the properties must occur with probability close to 1 when N goes to
infinity. Before defining what a good box is, let us recall some definitions. A connected cluster C
is crossing for a box B, if for all d directions, there is an open path in C'N B connecting the two
opposite faces of B. We define the diameter of a finite cluster C as
Diam(C) := max |z; — il -

1=1,...,

z,yeC

Definition 3.1. We say that the macroscopic site i is p-good if the following events occur:
(i) There exists a unique p-cluster C in B () with diameter larger than N;
(i) This p-cluster C is crossing for each of the 3% N-bozes included in B (4);

(iii) For all z,y € By (3), if x and y belong to C then Dcé(x,y) < 128N, for an appropriate (3
that will be defined later.

C is called the crossing p-cluster of the p-good box By (%)

Let us define a percolation by site on the macroscopic grid given by the state of the boxes, i.e.,
we say that a macroscopic site i is open if the box By (i) is p-good, otherwise we say the site is
closed. Note that the state of the boxes are not independent, there is a short range dependence.

On the macroscopic grid Z?, we consider the standard definition of closest neighbors, that is
to say x and y are neighbors if || — y|[; = 1. Let C be a connected set of macroscopic sites, we
define its exterior vertex boundary

5.0 — i€ Z?\ C :1ihas a neighbour in C and is connected
v to infinity by a Z%-path in Z¢\ C ‘

For a bad macroscopic site i, let us denote by C(i) the connected cluster of bad macroscopic sites
containing i. If C(i) is finite, the set 9,C(i) is not connected in the standard definition but it is
with a weaker definition of neighbors. We say that two macroscopic sites i and j are s-neighbors
if and only if ||i — j||cc = 1. Therefore, 9, C (i) is an *-connected set of good macroscopic sites see
for instance Lemma 2 in [69]. We adopt the convention that 9,C(i) = {i} when i is a good site.
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3.2 Construction of bypasses

Let us consider p.(d) < p < ¢, we fix N in this section. Let us consider a g-open path ~. In
this paper, we will consider two different couplings. We do not specify here what coupling we
use. However, for these two couplings a p-open edge is necessarily g-open. Thus, some edges in
~ might be p-closed. We denote by =, the set of p-open edges in «, and by ~. the set of p-closed
edges in . Our aim is to build a bypass for each edge in 7. using only p-open edges. The proof
will follow the proof of Lemma 3.2 in [42] up to some adaptations.

As the bypasses are going to be made at a macroscopic scale, we need to consider the N-boxes
that v crosses. We denote by I' C Z? the connected set of all the N-boxes visited by . The set
T" is connected in the standard definition. We denote by Bad the random set of bad connected
components on the macroscopic percolation given by the states of the N-boxes. The following
Lemma states that we can bypass all the p-closed edges in v and gives a control on the total size
of these bypasses.

Lemma 3.2. Let us consider y,z € C, such that the N-boxes of y and z belong to an infinite
cluster of p-good bozxes. Let us consider a q-open path v joining y to z. Then there exists a p-open
path v between y and z that has the following properties:

(1) v\ 7 is a set of disjoint self avoiding p-open paths that intersect v' N~y at their endpoints;

2) 1V \ v < pdN< > |C| + |%|>, where pg is a constant depending only on the
CeBad:CNI'#£D

dimension d.

Remark 3.3. Note that here we don’t meed to introduce a parameter py and require that the
bypasses are pg open as in [42]. Indeed, this condition was required because finite passage times
of edges were not bounded. This is the reason why it was needed in [{2] to bypass p-closed edges
with po-open edges. These pg-open edges were precisely edges with passage time smaller than some
constant My. In our context, we can get rid of this technical aspect because passage times when
finite may only take the value 1.

Before proving Lemma 3.2, we need to prove the following lemma that gives a control on the
length of a path between two points in a *-connected set of good boxes.

Lemma 3.4. Let Z be a set of n € N* macroscopic sites such that (By(%))icz is a *-connected set
of p-good N-bozes. Let x € By (j) be in the p-crossing cluster of By (j) with j € T and y € By (k)
be in the p-crossing cluster of By (k) with k € Z. Then, we can find a p-open path joining x and
y of length at most 126Nn (with the same constant 8 as in Definition 3.1).

Proof of Lemma 3.4. Since T is a *-connected set of macroscopic sites, there exists a self-avoiding
macroscopic #-connected path (p;)i1<i<r C T such that ¢1 = j, ¢, = k. Thus, we get that
r < |Z| = n. As all the sites in Z are good, all the N-boxes corresponding to the sites (¢;)1<i<r
are good.

For each 2 <1i < r — 1, we define z; to be a point in the p-crossing cluster of the box By (¢;)
chosen according to a deterministic rule. We define ;1 = x and z, = y. Foreach 1 <i < r, x;
and ;41 both belong to B (p;). Using property (iii) of a p-good box, we can build a p-open
path (i) from z; to ;1 of length at most 128N. By concatenating the paths vy(1),...,v(r — 1)
in this order, we obtain a p-open path joining = to y of length at most 123 Nn.

O

Proof of Lemma 3.2. Let us consider y,z € C, such that the N-boxes of y and z belong to an
infinite cluster of p-good boxes. Let v be a g-open path joining y to z. The idea is the following.
We want to bypass all the p-closed edges of v. Let us consider an edge e € 7. and By (i) its
associated N-box. There are two different cases:

— If By(i) is a good box, we can build a p-open bypass of e at a microscopic scale by staying
in a fixed neighborhood of By(i). We will use the third property of good boxes to control
the length of the bypass that will be at most 126N .

— If By (i) is a bad box, we must build a p-open bypass at a macroscopic scale in the exterior
vertex boundary 9,,C (i) that is an x-connected component of good boxes. We will use Lemma
3.4 to control the length of this bypass.
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Let w0 = (0(j))1<j<r, be the sequence of N-boxes v visits. From the sequence ¢g, we can
extract the sequence of N-boxes containing at least one p-closed edge of 7. We only keep the
indices of the boxes containing the smallest extremity of a p-closed edge of v for the lexicographic
order. We obtain a sequence 1 = (¢1(j))1<j<r,. Notice that r1 < ro and r < |y.|. Before
building our bypasses, we have to get rid of some pathological cases. We are going to proceed
to further extractions. Note that two *-connected components of (9,C(¢1(j)))i1<j<r, can be x-
connected together, in that case they count as a unique connected component. Namely, the set
E = Ui<j<r, 0,C(p1(j)) has at most ry *-connected component (S, (;))1<j<r,- Up to reordering,
we can assume that the sequence (Sg,(;))1<j<r, is ordered in such a way that S, (1) is the first
*-connected component of E visited by v among the (S,,(j))1<j<r,, Sy, (2) is the second and so
on. Next, we consider the case of nesting, that is to say when there exist j # k such that S, ;)

Ba|

Y

D : the boxes (¢1(J))1<j<r
. : the sets of good boxes (S,,(j))1<j<rs

|:| : the sets of good boxes (S, (;))1<j<r, that do not belong to (S,,(j))1<j<rs

Figure 5.1 — Construction of the path +' - First step

is in the interior of S, ). In that case, we only keep the largest connected component S, (x):
we obtain another subsequence (Stps(j))lﬁjSTs with r3 < ry. Finally, we want to exclude a last
case, when between the moment we enter for the first time in a given connected component and
the last time we leave this connected component, we have explored other connected components
of (Spy(j))1<j<rs- That is to say we want to remove the macroscopic loops v makes between
different visits of the same *-connected components S, ;) (see Figure 5.1). We iteratively extract
from (S,,(j))1<j<rs @ sequence (S, (;))i<j<r, in the following way: S, 1) = Sg,(1), assume
(Se4(j))1<j<k is constructed o4(k + 1) is the smallest indice ¢3(j) such that v visits S, ;) after
its last visit to S, ). We stop the process when we cannot find such j. Of course, 74 < r3. The
sequence (S,,(j))1<j<r, is a sequence of sets of good N-boxes that are all visited by +.

Let us introduce some notations (see Figure 5.2), we write v = (zg,...,z,). For all k €
{1,...,74}, we denote by W;,(k) (respectively Wy, (k)) the first moment that vy enters in S, (1)
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(resp. last moment that + exits from S, (1)). More precisely, we have
Uin(1) =min{j >1,z; € Sy, }

and
Wout(1) = max {j > Wy, (1), 25 € Spy1) }-

Assume Uy, (1), ..., U (k) and Uy (1), ..., Uhue (k) are constructed then
qun(k + 1) = min {] > \Ijout(k)a Tj € S<p4(k+1) }

and
\I’(mt(k + 1) = Inax{j > \I/m(k' + 1),Ij S S¢4(k+1) } .

Let Bin(j) be the N-box in Sy, ;) containing xy,, (j), Bout(j) be the N-box in S, ;) containing
Ty,,,j)- Let v(j) be the section of v from 2y _,, ;) to Ty, j+1) for 1 < j < 7y, let y(0) (resp
7v(r4)) be the section of v from y to xy,, 1) (resp. from xyg () to 2).

We have to study separately the beginning and the end of the path +. Note that as the N-
boxes of y and z both belong to an infinite cluster of good boxes, their box cannot be nested in
a bigger *-connected components of good boxes of the collection (S, (;))1<j<r,- Thus, if By(k),
the N-box of y, contains a p-closed edge of v, necessarily S, (1) contains By (k), Bin(1) = By (k)
and xy,, 1) = y. Similarly, if By(1), the N-box of z, contains a p-closed edge of v, necessarily
Se4(ra) contains By (1), Bout(ra) = By(1) and zy_,, (r,) = 2.

Bt (7) —\

Bout (]) L Ty ()

Tpin(s) __| . oA Viink (J)

|:|: SW4(J')

Figure 5.2 — Construction of the path + - Second step

In order to apply Lemma 3.4, let us show that for every j € {1,...,74}, 2g,,(;) (resp. zg,,,(;))
belongs to the p-crossing cluster of By, (j) (resp. Bout(j)). Let us study separately the case of
If 2g,,1) = vy then 2y, (1) belongs to the p-crossing cluster of By, (j).

xq’in(l) and I\I/out(rék)'
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Suppose that zy, 1) # y. As y € C, and y is connected to zy,, (1) by a p-open path, xy, (1)
is also in C,. By the property (i) of a good box applied to B;,(1), we get that xy, (1) is in the
p-crossing cluster of By, (1). We study the case of 2y, (r,) similarly. To study xy,,(;) (resp.
Ty,,,;))) for j € {2,...,r4 — 1}, we use the fact that by construction, thanks to the extraction
(2, two different elements of (S,,(j))1<j<r, are not x-connected. Therefore, for 1 < j < 74, we
have
|29, (+1) = Zwoyllt 2 N

and so the section v(j) of v from g, ;) to 2y, (j+1) has a diameter larger than N and contains
only p-open edges. As B,u:(j) and B;n(j + 1) are good boxes, we obtain, using again property
(i) of good boxes, that Ty, .. () and Ty, (j+1) belong to the p-crossing cluster of their respective
boxes.

Finally, by Lemma 3.4, for every j € {1,...,r4}, there exists a p-open path ~j,x(j) joining
Ty, ;) and zg, ;) of length at most 125N|S,,,(;)|. We obtain a p-open path 5 joining y and =z
by concatenating v(0), Viink (1), ¥(1), ..., Yiink(r4), 7v(rs) in this order. Up to removing potential
loops, we can suppose that each 7,k (j) is a self-avoiding path, that all the v, (j) are disjoint
and that each 7,k (j) intersects only (5 — 1) and ~(j) at their endpoints. Let us estimate the
quantity [y \ |, as v \ v C U2 Viink (i), we obtain:

T4
VAN <D inn ()]

j=1

T4
< Z 126N|S<P4(j)|
j=1
S12BNpel +126N Y 9.0
CeBad:CNT'#0D

where the last inequality comes from the fact that each S, ;y is the union of elements of {9,C" :
C € Bad;CNT # 0} and of good boxes that contain edges of 7.. We conclude by noticing that
10,C| < 2d|C].

O

3.3 Deterministic estimate

When ¢ — p is small, we want to control the probability that the total length of the bypasses
v\ v of p-closed edges is large. We can notice in Lemma 3.2 that we need to control the bad
connected components of the macroscopic site percolation. This will be done in section 5. We will
also need a deterministic control on |I'| which is the purpose of the following Lemma (this Lemma
is an adaptation of Lemma 3.4 of [42]).

Lemma 3.5. For every path vy of 72, for every N € N*, there exists a x-connected macroscopic
path T' such that
~ +1
Bly(d) and T <14 2L
v U B end |F <1+ 2

il

Proof. Let v = (z;)1<i<n be a path of 7% where z; is the i-th vertex of v. Let I" be the set of

N-boxes that -y visits. We are going to define iteratively the macroscopic path T. Let p(1) =1 and
iy be the macroscopic site such that x1 € By(i1). We suppose that iy, ...,ix and p(1),...,p(k)
are constructed. Let us define

p(k+1) = min {j > p(k) : 2; ¢ By (ix)} -
If this set is not empty, we set ix4; to be the macroscopic site such that
Tp(k+1) € B (ik41) -

Otherwise, we stop the process, and we get that for every j € {p(k),...,n}, x; € By(ix). As
n is finite, the process will eventually stop and the two sequences (p(1),...,p(r)) and (iy,...,1i,)
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are finite. Note that the i; are not necessarily all different. We define r = (i1,...,i,). By
construction,

vyc |JBy@).
ier
Notice that for every 1 <k <7, [[2pk41) — Tp)ll1 > N, thus p(k + 1) — p(k) > N. This leads to
N(r—1) <p(r) —p(1l) < n, and finally,

= hl+1
T<14+ 22—,
Tl<1+—

Remark 3.6. This Lemma implies that if I' is the set of N-boxes that v visits then

- 1
T < 39T < 3¢ (1 + h';) .

4 Control of the probability that a box is good

We need in what follows to control the quantity > |C| where the sum is over all C' € Bad such
that C'NT # (. We would like to obtain a control which is uniform in the parameter of percolation
p. To do so, we are going to introduce a parameter py > p.(d) and show that exponential decay
is uniform for all p > pg. Indeed, the speed will only depend on pg.

Theorem 4.1. Let py > p.(d). There exist positive constants A(pg) and B(po) such that for all
p > po and for all N > 1

P(By is p-bad) < A(po) exp(—B(po)N) .

Note that the property (i¢) of the definition of p-good box is a non-decreasing event in p. Thus,
it will be easy to bound uniformly the probability that property (i7) is not satisfied by something
depending only on py. However, for properties (i) and (éi7) a uniform bound is more delicate to
obtain. Before proving Theorem 4.1, we need the two following lemmas that deal with properties
(¢) and (7). Let T, n(p) be the event that By has a p-crossing cluster and contains some other
p-open cluster C' having diameter at least m.

Lemma 4.2. Let pg > p.(d), there exist v = v(po,d) > 0 and k = k(po,d) such that for all p > po
P(Tpn,n(p)) < £N>* exp(—vm) . (4.1)

The following Lemma is an improvement of the result of Antal and Pisztora in [10] that
controls the probability that two connected points have a too large chemical distance. In the
original result, the constants depend on p, we slightly modify its proof so that constants are the
same for all p > pg. This improvement is required to obtain a decay that is uniform in p.

Lemma 4.3. Let py > p.(d), there exist B = 5(po) > 0, A= g(po) and B = E(po) > 0 such that
for all p > po

vz e 2 P(B|z]ly < D (0,2) < +o0) < Aexp(—B|z||1) . (4.2)

Remark 4.4. Note that this is not an immediate corollary of [10]. Although increasing the
parameter of percolation p reduces the chemical distance, it also increases the probability that two
vertices are connected. Therefore the event that we aim to control is neither non-increasing neither
non-decreasing in p.

Before proving these two lemmas, we are first going to prove Theorem 4.1.
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Proof of Theorem 4.1. Let us fix pg > p.(d). Let us denote by (iii)’ the property that for all
x,y € Biy(1), if ||z — y|loo > N and if x and y belong to the p-crossing cluster C then D (z,y) <
68 N. Note that properties (i7) and (i74)" imply property (iii). Indeed, thanks to (i), we can find
z € CN By (i) such that || — z||c > N and ||ys|lcc > N. Therefore, by applying (7ii)’,
D% (a,y) < D% (x,2) + D% (2,y)
< 128N .
Thus, we can bound the probability that a N-box is bad by the probability that it does not satisfy
one of the properties (i), (i¢) or (4i7)’. Since we want to control the probability of By being a
p-bad box uniformly in p, we will emphasize the dependence of (i), (i¢) and (i#4)" in p by writing
(4)p, (41)p and (iii);,. First, let us prove that the probability that a N-box does not satisfy property
(4%)p, i.e., the probability for a box not to have a p-crossing cluster, is decaying exponentially, see
for instance Theorem 7.68 in [48]. There exist positive constants k1(po) and ka2(pg) such that for
all p > po
P(By does not satisfies (i7),) < P(By does not satisfies (i7)p,)
< k1(po) exp(—ka(po) N41). (4.3)

Next, let us bound the probability that a N-box does not satisfy property (i), Using Lemma
4'37 for p > Po,

P(By does not satisfy (iii);,)
< Z Z Loy >nP <6ﬂN < Dcl/’(x,y) < —l—oo)

z€BY yEBY,

< Z Z Ljz—yjj >N P (ﬂHx —Ylloo < D (z,y) < —|—oo)
zEBY, yeBY,

<D > LyjsnAexp(-BN)
z€BY yEBY,

< (6N + 1)*?Aexp(—BN).
Finally, by Lemma 4.2,
P(By is p-bad)
< P(By does not satisfies (ii),) + P(By satisfies (ii), but not (i),)
+ P(By does not satisfy (iii),,)

N ~ ~
< k1 exp(—ro N4 + 39N exp <_V3d> + (6N +1)*?Aexp(—BN)
< A(p())e_B(pO)N.

For the second inequality, we used inequality (4.3) and the fact that the event that the 3¢ N-
boxes of B}, are crossing and there exist another p-open cluster of diameter larger than N in B
is included in the event there exists a N-box in B/, that has a crossing property and contains
another p-open cluster of diameter at least N/3%. The last inequality holds for N > Cy(po), where
Co(po), A(po) > 0 and B(py) > 0 depends only on py and on the dimension d. O

Proof of Lemma 4.2. In dimension d > 3 | we refer to the proof of Lemma 7.104 in [48]. The proof
of Lemma 7.104 requires the proof of Lemma 7.78. The probability controlled in Lemma 7.78 is
clearly non decreasing in the parameter p. Thus, if we choose d(pg) and L(pg) as in the proof
of Lemma 7.78 for py > p.(d), then these parameters can be kept unchanged for some p > py.
Thanks to Lemma 7.104, we obtain

> o, P ) < AN+ D exp ( (705 1) os(1 - alon)) )

d3® —log(1 — d(po))
ST oG & (‘upom )
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We get the result with x = #3(,20) and v = %i(f‘))) > 0.

In dimension 2, the result is obtained by Couronné and Messikh in the more general setting of
FK-percolation in Theorem 9 in [30]. We proceed similarly as in dimension d > 3, the constant
appearing in this theorem first appeared in Proposition 6. The probability of the event considered
in this proposition is clearly increasing in the parameter of the underlying percolation, it is an
event for the subcritical regime of the Bernoulli percolation. Let us fix a pg > p.(2) = 1/2,
then 1 — pp < p.(2) and we can choose the parameter ¢(1 — pg) and keep it unchanged for some
1—p < 1-—po. In Theorem 9, we get the expected result with ¢(1 — pg) for a p > po and
g(n) =n. O

We explain now how to modify the proof of [10] to obtain the uniformity in p.

Proof of Lemma 4.3. Let py > p.(d) and p > pg. First note that the constant p appearing in [10]
corresponds to our f. the proof of Lemma 2.3 in [10] can be adapted (as we did above in the proof
of Lemma 4.2) to choose constants cs, ¢4, ¢g and ¢7 that depend only on py and d, we do not get
into details again. Thanks to this, N may be chosen in the expression (4.47) of [10] such that it
only depends on py and d and so is p. This concludes the proof. O

5 Probabilistic estimates

We can now use the stochastic minoration by a field of independent Bernoulli variables to
control the probability that the quantity > |C| is big, where the sum is over all C' € Bad such
that C NT # (). The proof of the following Lemma is in the spirit of the work of Cox and Kesten
n [33] and relies on combinatorial considerations. These combinatorial considerations were not
necessary in [42].

We consider a path v and its associated lattice animal I'. We need in the proof of the following
Lemma to define I' as a path of macroscopic sites, that is to say a path (ix)x<, in the macroscopic
grid such that Ug<,Bn(ix) = I' (this path may not be self-avoiding). We can choose for instance
the sequence of sites that « visits. However, it is difficult to control the size of this sequence by
the size of I'. That is the reason why we consider the path of the macroscopic grid I" that was
introduced in Lemma 3.5.

Proposition 5.1. Let pg > p.(d) and € € (0,1 — p.(d)). There exist a constant C. € (0,1)
depending only on € and a positive constant C1 depending on pg, d and 3, such that if we set
N = Cy|logel, then for all p > po , for every n € N*

P | 3y starting from 0 such that |T| <n, Z |C|>en| <CZ
CeBad:CNT'#()

where T' is the lattice animal associated with the path v and T the macroscopic path given by
Lemma 3.5.

Proof. Let us consider a path v starting from 0, its associated lattice animal I, i.e., the set of
boxes 7 visits and its associated path on the macroscopic grid I' = (I‘(k))0<k<r as defined in

Lemma 3.5. We first want to include I' in a subset of the macroscopic grid. Of course, T is
included in the hypercube of side-length 2r centered at I‘(O), but we need to have a more precise
control. Let K > 1 be an integer that we will choose later. Let v be a site, we denote by S(v) the
hypercube of side-length 2K centered at v and by 9S5(v) its inner boundary:

Sw)={weZ: |w—-v||w <K} and 9S(w)={w e Z: |w—v|e = K}.

We define v(0) = I'(0), po = 0. If py, ..., pr and v(0),...,v(k) are constructed, we define if any

Pli1 = min {z e{pe+l,...,r}:T() € 35(1)(]6))} and vk + 1) = T(prs1) -
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S

2K l S 7\
- I'(0) = v(0) Lf \\./
T aselr) e o(r)
05(u(0)) O \)
~95(u(1)) )

Figure 5.3 — Construction of v(0),...,v(7)

If there is no such index we stop the process. Since pri1 — pr > K, there are at most 1+ r/K
such py. Notice that 1 +r/K < 1+4n/K on the event {|T'| <n}. We define 7 =1+n/K. On the
event {|T'| < n}, the macroscopic path I' is contained in the union of those hypercubes:

If we stop the process for a k < 7, we artificially complete the sequence until attaining 7 by setting
for k < j <7, v(j) =v(k). See figure 5, the corridor D(v(0),...,v(7)) is represented by the grey
section. By construction, for all 1 < k < r, there exists a j < 7 such that f(k) is in the strict
interior of S(v(j)), so we have

I'c O {j,j is *-connected to I'(k) } C D(v(0),...,v(1)).
k=1

Thus, we obtain

P | 3y starting from 0 such that |T'| < n, Z |C| > en
CeBad:CNI'#)
Jv starting from 0 such that
<p( U Y [C|>en, T C D®(0),...,v(r))
v(0),...,v(T) C€Bad:CNI'#)
Jv starting from 0 such that
< > P IC| > en, T C D((0),...,v(r))
v(0),...,v(7T) CeBad:CNT'#D

< Z P Z |C| > en

) r C€Bad:
@)\ DG % ()20
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< > X > ICl=

v(0),...,v(7) j>en Cé€eBad:
© ()3 CND(v(0),...,v(7))#0

where the first sum is over the sites v(0),...,v(7) satisfying v(0) = I'(1) and for all 0 < k < 7,
v(k+1) € 3S(v(k))U{v(k)}. Since dS(v) U{v} contains at most (cs/K )9~ sites where ¢y > 11s a

constant depending only on the dimension, the sum over the sites v(0),...,v(7) contains at most
n(d—1)
(caK) D7 < (caK) 5 o= O
terms for n large enough. For any fixed v(0),...,v(7), D(v(0),...,v(7)) contains at most

(T+ 12K +1)? < (n/K +2)(2K + 1) < 2n(3K)% := Csn

macroscopic sites. Let us recall that for a bad macroscopic site i, C(i) denotes the connected
cluster of bad macroscopic sites containing i. Let us notice that the following event

> C =
CeBad:
CND((0),...,0(7))#0

is included in the event: there exist an integer p < C3n and distinct bad macroscopic sites
ir,...,i, € D(v(0),...,v(7)), disjoint connected components C1, ..., C, such that for all 1 <k <
p, C(ix) = Cy and Y 7_, |Ck| = j. Therefore, for any fixed v(0),...,v(7),

P > C| =3

CeBad:
CND(v(0),...,v(7))#0
Csn V1 < k < P
=> > > S P Clix) =C, (5.1)
=1 HED®O).0(r) J1mdp>1 € Animalsi! he1ICkl =3

i JitFip=J
i,€D(v(0),...,v(7)) i dp
Vk#£Lip#L CpEAIllmalaip

where Animalsﬁ is the set of connected macroscopic sites of size k containing the site v. We
have | Animals? | < (79)¥ (see for instance Grimmett [48], p85). There are at most (CS”) ways of
choosing the sites i1,...,i,. Thus, if we fix the sites ij,...,i, the number of possible choices of
the connected components C1, ..., C, such that for all 1 < k < p, C(iy) = Cj and > 1_, [Ck| = j

is at most:
> @ =l Y L
Jisedp>1 Grrdp>1
Jite =1 Jit =g
Next we need to estimate, for given sites iy, ...,i, and disjoint connected components Ci,..., C’p,

the probability that for all 1 < k < p, C(i) = Cy. For all sites i € Uj_,Cy, the N-box By (i) is
bad. There is a short range of dependence between the state of the boxes. However, by definition
of a p-good box, the state of By (i) only depends on boxes By (j) such that ||i—j||ec < 135. Thus, if
[li—jlleo > 278 the state of the boxes By (i) and By (j) are independent. We can deterministically
extract from Uf_ Cy a set of macroscopic site € such that || > j/(278)? and for any i # j € &,
the state of the boxes By (i) and By(j) are independent. Therefore, we have using Proposition
4.1

P
P (\ﬂ <k<p, Clix) =Ck, »_|Ck| = j) <P (Vi €&, By(i) is p-bad)
k=1

< P(Bn(0) is p-bad)j/(275)d
< (A(po)exp(—B(pO)N(E)))J’/(WB)d ' (5.2)



5. PROBABILISTIC ESTIMATES 123

In what follows, we set a = a(e) = (A(po)exp(fB(po)N(s)))l/(Qw)d in order to lighten the
notations. We aim to find an expression of a(e) such that we get the upper bound stated in
the Proposition. The expression of N(eg) will be determined by the choice of a(e). Combining
inequalities (5.1) and (5.2), we obtain

o I S 1 G O S

CEBad: J1,-sdp21
CND((0),...,u())#0 Jittie=j
and so
P | 3y starting from 0 such that || < n, Z |C| > en

CEBad:CNT#£0D

DS (C;”> S

jzen p=1 Jisesdp 21
Jittip=j

Notice that

p=1 Jisenjp21 Jisejczm>
Jitetie=y Jittjoz.m=J

To bound those terms we will need the following inequality, for » > 3, N € N* and a real z such
that 0 < ez(1+ ) < 1:

— rti-1 (ez(1+ )V
J;vz( >< m (5.3)

where v is an absolute constant. This inequality was present in [33] but without proof, for
completeness we will give a proof of (5.3) at the end of the proof of Proposition 5.1. Using
inequality (5.3) and assuming 0 < e7%a(e)(1 + %) < 1, we get,

P | 3y starting from 0 such that [T < n, Z |C| > en
CeBad:CNT'#D

<cp Y (rap (7
[e?da(a)(l + %)rn

<vC% .
=7 —eTdale)(1 + Gs)

Let us recall that Cy = (cgK)?(@4~D/K and C3 = 2(3K)?. We have to choose K (), a(c) and a
constant 0 < C. < 1 such that Cy [e7?a(e)(1 + <2)]” < C. that is to say

2(d—

(caK)" T |eTla(e)(1 + 2(357}{)(1

)| <c.. (5.4)

Note that the condition (5.4) implies the condition 0 < e7%a(e)(1+ %) < 1. We fix K the unique
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integer such that % <K< % +1< % We recall that € < 1. Thus,

(l) 25 [ertaeya + 22800
2d d ©
< (cgK)® |:67d04(8)4(3€K):|
r d
< exp i? log(cqaK) + €log (e?da(s) 4(35) )]
< exp |2delog (%:d) + elog (e?da(s) 4(35)d>]

1
< exp | — 2deloge + delog(2¢cq) + e log <4e(42)da(5)6d+1> 1 .

We set
= (2¢)% ——
a(e) = (2ca) 4e(42)d
where 7 is the smallest integer such that r > 3d + 2. We obtain

(ch)% erale)(1 + 2(357K)d) <exp((r— (3d+1))eloge)

< exp(eloge) < 1.
Therefore there exists a positive constant C'; depending on 3, d, pg such that

N(e) = Cy|loge].

It remains now to prove inequality (5.3) to conclude. To show this inequality, we need a version
of Stirling’s formula with bounds: for all n € N*, one has

1

1
Vorntre ™ < npl <entie ",

thus,

— (r+i-1\ _ Oozj(r+j—1)!
Zz< j >Z =)t

j=N j=N
, i — 1) ti—ze—(rti-1)
< zje(r—,i—]l 1) je .
P T T s PR
e fr+i—1\(r+j—1 3,
-3 a
— 2 J r—1
j=N
<iezj(1+r)j I L F . :
4 2 N r—1 j r—1
j=N

< e r\J .
= 2 (r—1)log(1+j/(r—1))
SZQWZJ(1+N)6 o

< i %(ezy‘ (1 + L>j e (e2(L+ )"

N :%1—62(14-%)

where we use in the last inequality the fact that for all x > 0, log(1 + z) < z. O
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6 Regularity of the time constant

In this section, we prove the main result Theorem 1.1 and its Corollary 1.2. Before proving
this Theorem, we need to prove two lemmas. The following Lemma enables to control the number
of p-closed edges |7.| in a geodesic v between two given points y and z in the infinite cluster C,.
We denote by F, the event that 0,z € C,, and the N-boxes containing 0 and x belong to an infinite
cluster of p-good boxes.

Lemma 6.1. Let p.(d) < p < q. Let us consider x € Z. Then, for § >0

P | E,, D¢ (0,z) > D% (0,z) (1+pdN<q;p+5>>+pdN plel

CéeBad:
CNI#0

< 2%l

where I' is the lattice animal of N-bozes visited by an optimal path v between 0 and x in C,.

Proof. On the event F,, we have 0,z € C, C C, so there exists a g-open path joining 0 to x, let
~ be an optimal one. Necessarily, we have |y| > ||z||1. We consider the modification +" given by
Lemma 3.2. As v is p-open,

D (0,z) < |¥| < |y Nyl + ¥ \ 1l

<hl+pa | Nel+N > [C]
C€Bad:CNT#D

< D%(0,2)+pa | Nel +N > ] . (6.1)
CeBad:CNI'#D

We want to control the size of v.. For that purpose, we want to introduce a coupling of the
percolations ¢ and p, such that if any edge is p-open then it is g-open, and we want the random
path ~, which is an optimal g-open path between 0 and x, to be independent of the p-state of any
edge, i.e., any edge is p-open or p-closed independently of ~. This is not the case when we use
the classic coupling with a unique uniform random variable for each edge. Here we introduce two
sources of randomness to ease the computations by making the choice of 7 independent from the
p-state of its edges. We proceed in the following way: with each edge we associate two independent
Bernoulli random variables V' and Z of parameters respectively ¢ and p/q. Then W = Z -V is
also a Bernoulli random variable of parameter p. This implies
IP’(W:O|V:1):]P’(Z:O|V:1):]P’(Z:O):1—‘g:%.

Thus, we can now bound the following quantity by summing on all possible self-avoiding paths
for . For short, we use the abbreviation s.a. for self-avoiding.

P(I%I >l (222 +a)>

> X P(W=r,%|2|v<q;p+5>)

k=llzlly  |rl=k
r s.a. path

Z Z IP(’YZT,{@ET: eisp—closed}|2k<q;p+5>)

k=llxlly  |rl=k
r s.a. path

i > P(vzn{eerrZ(e)=0}|zk<q(]f"+5>)

k=llzll.  |r|=k
r s.a. path
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= Z IP’(’y:r)IP’<|{eEr:Z()—0}>k< —|—(5>)
_ _ q
k=llzlly  |rl=k
r s.a. path
< > P(y=r)e 2 < =2 laln (6.2)
k=[lzll.  |rl=k
r s.a. path

where we use Chernoff bound in the second to last inequality (see Theorem 1 in [50]). On the
event F}, N {|fyc| < |l (% + 5)}, by (6.1), we get

D6 (0,2) < D4(0.) +pua [ N (L 46) 48 Y el

CeBad:CNT'#D

:DC«(O,x)<1+pdN<q+5>)+pdN > le]

CeBad:CNT'#D

and the conclusion follows. O

The proof of the following Lemma is the last step before proving Theorem 1.1.

Lemma 6.2. Let pg > p.(d) and € € (0,1 — pg), we set N(g) as in Proposition 5.1. There exists
p = p(g,p0) > 0 such that for all ¢ > p > pg, for all x € Z* with ||z||; large enough,

P (DCP@CP,%CP) < D6 (3¢, 3%) (1 T 4! ‘pzv(s)) " nd6||w||1> > p(e, po)

where ng > 0 is a constant depending only on d.

Proof. Let us fix ¢ > 0 and N(g) as in Proposition 5.1. Fix an = € Z¢ such that ||z||; > 3dN(e).
We denote by By ()(0) (respectively By (.)(z)) the N(g)-box containing 0 (rep. =) and by C,, the
union of infinite cluster of p-good boxes. We recall that

F, = {0 ch, T GCP}Q{BN(E)(O) GQp, BN(&)(I) GQP}.

We have

( »(0%,3%) > DC (0%, Cr) (1 +pd pN(E)) +356pd||x|1)
<

P(FI,D /(0,2) > D% (0,) (1+pdq;pzv< >)+3sﬂpd||x||1) BFS).  (6.3)

We have
P(F;) <P{0€Cp, v € Cp}°) + P({Bn(e)(0) € C,,, Bn(e)(z) €C,}°)-

Using FKG inequality, we have
P(0 € Cp, x €Cp) > P(0 € Cp)P(z €Cp) > 62 .

Let us define Y = (g, (i) is p-good}- First note that the field (Yi)ieze has a finite range of
dependence that depends on 8 and d. Using the stochastic comparison in [55], for every p;, there
exists a positive constant « depending on 8, d and p; such that if P(Yo = 0) < « then the
field (Y;)jeze stochastically dominates a family of independent Bernoulli random variables with
parameter p;. Let us choose p; large enough such that

92 01210

site,py S 9
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where 0., p, denotes the probability for a site to belong to the infinite cluster of i.i.d. Bernoulli
site percolation of parameter p,. Thanks to Theorem 4.1, there exists a positive integer Ny
depending only on «, py and d such that for every N > N,

P(Yo =0) < a.

For every € < 1 — pg, we have |loge| > |log(1 — po)|. Up to taking a larger constant C; in the
expression of N(e) stated in Proposition 5.1, i.e., N(g) = C1|loge|, we can assume without loss
of generality that N () > Ny so that using the stochastic domination and FKG we obtain

P(BN(&‘) (O) € Qpa BN(E) (l’) € Qp) 2> afite,pl .

Finally, we get
02
P(F{) <1-62 +1— 67 <1—%. (6.4)

site,p; —

On the event F,, we have 0,z € C, C Cy, we can consider 7 a geodesic from 0 to = in Cy4, and
let T" be the set of N-boxes that ~ visits.
By Lemma 6.1, we have for every 6 > 0

P(Fes D (0,2) 2 D0,0) (14 02N (0)) + 325pulel )

<P | Fu, paN(e) [ D%(0,2)5 + > ICl'] = 3eBlz
CeBad:CNT'#D
F,, D%(0,z) > D% (0, ) (1 + paN(e) (% + 5))
+F +paN(e) > |C]

CeBad:
CNI#0)

38| z|lx

< < >
7]P> F:m h/| = ﬁ”le? Z |C| = N(&‘)

CeBad:CNI'#D

2
+P(Fy, |y| > Bllzll) + e~ 2 1ol

— 6]y

3
<P |F bl <Blal, Y |C'2””1(N<i>5)

CeBad:CNT'#D
+ P (Fy, [y] > Bllzfy) + 2l (6.5)

We set & = ¢/N(¢). We know by Lemma 3.5 that || < 1+ (]y| + 1)/N(¢). Moreover as
|v| > 3dN(g), we have |I'| < 2|y|/N(e). Using Proposition 5.1,

3
P(F bl <Bllel, > |C|25|x”1(N(€5)_5)

CeBad:CNT#D
Jy starting from 0 such that |T| < %7
<P z < C2Bllzlh /N () 6.6
= > IC| = 82%'(591 - c (6.6)
CeBad:CNT'#0
where C: < 1. Moreover, by Lemma 4.3, we get
P (Fy, [y| > Blllh) < B(Bllz]1 < D(0,2) < +o00) < Aexp(~Bllzh). (6.7)

Finally, combining (6.3), (6.4), (6.5), (6.6) and (6.7), we obtain that

P (DCP (06, ) > DC(0C,3C) <1 1 pal ; pN(s)) + 3aﬁpd||x||1>
92 N ~ ]’3‘ 2 N 2
<1-— % + 28l /N 4 FeBlialh 4 o=2%lalli/N (o)

< 1- p(eapo)
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for an appropriate choice of p(e,pg) > 0 and for every x such that ||«||; is large enough. O

Proof of Theorem 1.1. Let ¢ > 0, § > 0, pg > p.(d) and = € Z%, consider N(¢) = Cy|loge| as
in Proposition 5.1, p = p(e,po) as in Lemma 6.2 and ¢ > p > py. With the convergence of the
regularized times given by Proposition 2.1, we can choose n large enough such that

DS (0%, mzr) p
P Y g L LA [P I
(:“p(x) 6 < " Z 3
Cq(NC» 7:Cp
P<1WM><M($)+5> .
n

P (Dcp (0%, 7z < DS (0%, mz") <1 + pa L ; pN(s)> + ndsn||x||1) >p.

The intersection of these three events has positive probability, we obtain on this intersection

() — 8 < (1g(2) +9) <1 +pd";pN<e>) T naclizly

By taking the limit when ¢ goes to 0 we get

(@) < () (1 +pdq;pN<s>) T naellelh

By Corollary 2.2, we know that the map p — p, is non-increasing. We also know that p,(z) <
lz|l1p2p(e1) for e; = (1,0,...,0), for any p > p.(d) and any x € Z%. Thus, for every € > 0,
a—p
fip () = pig () < uq(x)pdTN(e) + nacl|z||x

< fip, <e1>||x||1pd%zv<s> + nael| s
< ny(po)llx|li (N(e)(qg —p) +¢€)

where 7/,(po) is a constant depending on d and pg. Using the expression of N(¢) stated in Propo-
sition 5.1, we obtain

pip(x) — pg(x) < mgllzll (C1llogel(q —p) +¢) . (6.8)
By setting € = ¢ — p in the inequality, we get
pp(x) = pq(2) < ngllxll1(g — p)|log(q — p)|

where 1!/ > 0 depends only on py and d. Thanks to Corollary 2.2, we have p,(z) — puq(x) > 0, so
that

|1p () = pg()| < mgllzll1(q — p)|log(q — p)I- (6.9)

By homogeneity, (6.9) also holds for all z € Q?. Let us recall that for all z,y € R¢ and p > p.(d),

| () = pp(W)] < pp(er) |z =yl (6.10)

see for instance Theorem 1 in [28]. Moreover, there exists a finite set (y1,...,¥m) of rational
points of S%~! such that

m

st | {w ey — 2l < (g - p)llosa —p)| }.
i=1
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Let z € ST 1 and y; such that ||y; — z|j1 < (¢ — p)|log(q — p)|. Using inequality (6.10), we get

hp(2) = p1q()

|
< \up( ) = tp (i)l + 1p(yi) — pg(ya)l + g (yi) — pq(2)]
< ppe)llyi — xll1 +ngllvill (g — p)log(q — p)| + pglen)llyi — 2l
< (2upo(e1) +17) (¢ — p)|log(q — p)! .

This yields the result. O
Proof of Corollary 1.2. Let pg > p.(d). We consider the constant kg appearing in the Theorem
1.1. Let p < g in [pg, 1]. We recall the following definition of the Hausdorff distance between two
subsets E and F of R%:

dy(E, F) :inf{r €R*:ECF and F C E}
where E" = {y: 3z € E, ||y — z||2 < r}. Thus, we have

y oy
tp(y)  1g(y) |l

d’H (B/Lp’ B/Lq) < sup
yesd—1t

Note that y/u,(y) (resp. y/pq(y)) is in the unit sphere for the norm g, (resp. uq). Let us define
,ug“" = inf,cga—1 pp(x). As the map p — p, is uniformly continuous on the sphere S?~1 (see
Theorem 1.2 in [42],) the map p — ,u"”" is also continuous and p™" = infepy,1] ,u"”” > 0.

Finally

I (Buy: Bu) < sup t(y) ()

yesd—1

1 ’

< sup

S ) W) )]

< su —

- yeSdp—l (u'rmn)Z
Rd

S (MnLin)Q

This yields the result. O

l1p(y) — g ()]

(g —p)|log(q —p)|.

Remark 6.3. At this stage, we were not able to obtain Lipschitz continuity for p — p,. The
difficulty comes from the fact that we do not know the correlation between v and the state of the
boxes that v wisits. At first sight, it may seem that the renormalization is responsible for the
appearance of the log terms in Theorem 1.1. However, when p is very close to 1, we can avoid
renormalization and bypass p-closed edges at a microscopic scale as in [32] but even in that case,
we cannot obtain Lipschitz continuous reqularity with the kind of combinatorial computations made
in section 5. A similar issue arises, it is hard to deal with the correlation between p-closed edges
of v and the length of the microscopic bypasses.
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Chapter 6

The time constant is Lipschitz
continuous strictly above p.

This chapter is a joint work in preparation with Raphaél Cerf.

We consider the standard model of i.i.d. first passage percolation on Z? given a distribution
G on [0, +00] (400 is allowed). When G([0, +00]) < p.(d), it is known that the time constant pg
exists. We are interested in the regularity properties of the map G — ug. We first study the
specific case of distributions of the form G, = pd; + (1 — p)dss for p > pc(d). In this case, the
travel time between two points is equal to the length of the shortest path between the two points
in a bond percolation of parameter p. We show that the function p — pg, is Lipschitz continuous
on every interval [pg, 1], where pg > p.(d). We extend this result to more general distributions G
on [0, +00]. We define classes of distributions on which the map G +— pug is Lipschitz continuous
for a specific distance.
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1 Introduction

The model of first passage percolation was first introduced by Hammersley and Welsh [49]
as a model for the spread of a fluid in a porous medium. Let d > 2. We consider the graph
(Z4,E%) having for vertices Z¢ and for edges E? the set of the pairs of nearest neighbors in Z¢ for
the Euclidean norm. To each edge e € E?, we assign a random variable ¢(e) with values in RT
such that the family (t(e), e € E) is independent and identically distributed with distribution
G. The random variable t(e) may be interpreted as the time needed for the fluid to cross the
edge e. We define a random pseudo-metric 7' on this graph: for any pair of vertices z, y € Z¢,
the random variable T'(x,y) is the shortest time to go from z to y. We are interested in the
asymptotic behavior of the quantity 7'(0,x) when ||z|| goes to infinity. Under some assumptions
on the distribution GG, one can prove that

lim lT(O, ne) = pa(z),

n—o00 N

131
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where ug(z) is a deterministic constant depending only on the distribution G and the point x. This
result was proved by Cox and Durrett in [32] in dimension 2 under some integrability conditions
on G, they also proved that ug is a semi-norm. Kesten extended this result to dimensions d > 2
in [51], and he proved that pu¢ is a norm if and only if G({0}) < p.(d). The constant ug(x) may
be seen as the inverse of the speed of spread of the fluid in the direction of z. It is usually called
the time constant.

It is possible to extend this model by doing first passage percolation in a random environment.
We consider an i.i.d. supercritical bond percolation on the graph (Z¢, E?). Every edge e € E? is
open with probability p > p.(d), where p.(d) denotes the critical parameter for this percolation.
We know that there exists almost surely a unique infinite open cluster C, [48]. We can define the
model of first passage percolation on the infinite cluster C,. To do so, we consider a probability
measure G on [0, 4+00] such that G([0,00[) = p. In this setting, the p-closed edges correspond to
the edges with an infinite value while the infinite cluster made of the edges with finite passage
times corresponds to the infinite cluster C, of a supercritical Bernoulli percolation of parameter
p. The existence of a time constant for such distributions was first obtained in the context of
a stationary integrable ergodic field by Garet and Marchand in [39] and was later shown for an
independent field without any integrability condition by Cerf and Théret in [28].

The question of the continuity of the map G +— ug was first addressed in dimension 2 with the
article of Cox [31]. He showed the continuity of this map under the following hypothesis of uniform
integrability: if G,, converges weakly towards G and if there exists an integrable law F' such that,
for all n € N, F stochastically dominates G,,, then ug, converges towards pe. In [33], Cox and
Kesten proved the continuity of this map in dimension 2 without any integrability condition. Their
idea was to consider a geodesic for the truncated passage times min(¢(e), M) for some M > 0, and
then to avoid the clusters of G([0, M[)-closed edges crossed by the geodesic, that is the clusters
of edges with a passage time larger than some M > 0. The clusters of G([0, M[)-closed edges
intersecting the geodesic are then bypassed with a bypass included in their boundaries. Note
that, by construction, the edges in the boundaries of G([0, M|[)-closed clusters have a passage time
smaller than M. Thanks to combinatorial considerations, Cox and Kesten were able to obtain a
precise control on the length of these bypasses. This idea was later extended to all the dimensions
d > 2 by Kesten in [51], by taking a M large enough such that the percolation of the edges with a
passage time larger than M is highly subcritical: for such a M, the size of the clusters of p-closed
edges can be controlled. However, this idea does not work any more when we allow passage times
to take infinite values. In [42], Garet, Marchand, Procaccia and Théret proved the continuity of
the map G — pg for general laws on [0, +o0] without any moment condition. More precisely,
they proved the following. Let (G,,)nen and G be probability measures on [0, 400] such that G,
converges weakly towards G, that is, for all continuous bounded functions f : [0, +00] — [0, 00|,

we have
lim fdG, :/ fdG.
=100 J[0,400] [0,4-00]

This convergence will be simply denoted by G,, 4 a. Equivalently, we have that G, %4 G if and
only if for any ¢ € [0, +o00] such that x — G([z, +0o0]) is continuous at ¢, we have

lim Gy ([t, +00]) = G([t, +00]) -

n—-+oo

If moreover G, ([0, +00[) > p.(d) for all n € N, and G([0, +00[) > p.(d), then

lim sup |ug, (z) — pe(x)] =0,

N=00 pesd—1

where S~ is the unit sphere of R? for the Euclidean norm.

The regularity result on ug yields also some information on the limit shape, namely, on the
way the limit shape changes under small perturbations. As mentioned in [11] before Theorem
2.7: " If one could derive strong results in this direction, perhaps the establishment of various
conjectures about the limit shape (e.g., curvature) could be made easier, or reduced to finding some
special class of distributions for which the properties are explicitly derivable.” To be able to deduce
a result on the stability of the curvature under small perturbations, we would need to obtain a
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regularity result on the second derivative of G — ug. Therefore, there is still a lot of work to
do in that direction. Our goal here is to improve the existing regularity result. We wish to go
beyond the mere continuity and to obtain a Lipschitz property. We consider first the specific case
of distributions of the form

Gp:p51+(1*p)5oo, p>pc(d)'

Let G, be the subgraph of 7% whose edges are open for the Bernoulli percolation of parameter
p. The travel time for the law G, between two points 2 and y in 7% coincides with the chemical
distance between = and y, that is the graph distance between = and y in G,. Namely, we define
the chemical distance D9 (z,vy) as the length of the shortest p-open path joining = and y. As
a corollary of the work of Garet, Marchand, Procaccia and Théret in [42], we see that the map
P+ pa, is continuous over |p.(d),1]. In [3], Dembin obtained a better regularity property.

Theorem 1.1 (Theorem 1 in [3]). Let po > p.(d). There exists a constant kq depending only on
d and pg, such that
g €lpo 1] s g, () — po, ()| < wala — plllogla ]
xeSd—
To prove this theorem, Dembin used a renormalization process in which she controlled the scale of
the renormalization. The renormalization was responsible for the presence of a logarithmic term.

In this paper, we improve this result by proving that the function p — pug, is in fact Lipschitz
continuous.

Theorem 1.2. Let pg > p.(d). There exists a constant kq depending only on d and pg, such that

Vp, q € [po, 1] sup |ua, (z) — pa, ()| < Kalg —pl.
zeSI—1

To fix the issues that were encountered in [3], we use a new approach. Our aim is to understand
how the chemical distance in Bernoulli percolation depends upon the percolation parameter p.
The key part of the proof lies in a multiscale modification of an arbitrary path. Let us fix two
parameters p, g such that ¢ > p > p.(d). We couple two percolation configurations at level p and ¢
in such way that a p-open edge is also g-open. We consider the geodesic v joining 0 and 2 € Z¢ for
the bond percolation of parameter q. Some of the edges in 7 are p-closed, we want to build upon
this path a p-open path. To do so, we need to bypass the p-closed edges in v. Roughly speaking,
the idea is to prove that, for ||z|| large enough, with high probability, the average size of a bypass
is smaller than a constant C' and that the number of edges to bypass in 7 is at most (¢ — p)||z].
Therefore, with high probability the total length of the bypasses is less than C(q—p)||z|. Whereas
in [3], all the edges were bypassed at the same scale, here we use a multiscale renormalization and
each edge is bypassed at the appropriate scale. The crucial point is to perform each bypass at
an adequate scale and to pay the right price for it. By properly choosing the different scales of
the renormalization process, we can build a family of shells (shell(e))ee, made of good boxes at
scale 1 such that the total cardinality of the shells }_ . |[shell(e)| is at most Cf|z|| with high
probability. These shells of good boxes will possess all the desired properties to build p-open
bypasses of edges in . The shells are built without revealing the p-states of the edges in v so
that they are independent of the p-states of the edges in . In the end, we will not use all the
shells but only the shells associated to p-closed edges in . In the coupling, the probability that
a g-open edge is p-closed is ¢ — p. Therefore, we expect that the total length of the bypasses

Z | Sheu(e)‘]le is p-closed

ecy

is at most C'(q¢ — p)||=|.
We extend next theorem 1.2 to general distributions.

Theorem 1.3. Let p1 < pe(d), po > pe(d), M > 0, g > 0 and € — §(¢) be a non-decreasing
function. We define €y 1, M.eo,5 05

G distribution on [0,+00] : G({0}) < py,
Cpop Meo.s = & G([0,+00[) > po, Ve <eo  G(]0,e]) < d(e),

G([0, M]) > (1 — 220G ([0, +o0])

b
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where 6y = 50@0) is a positive constant depending on pg and d. For F a distribution on [0,400],
we denote by F the distribution F conditioned to [0,4o00[, defined by

£([0, )

vz eR*  F([0,2]) = 0 0]

and by 7' the pseudo inverse of F, defined by
vie0,1] F '(t)=inf{zecR: Fx)>t}.

The map G — ug s Lipschitz continuous on €y p, M.eo,5 0 the following sense. There exists a
constant k depending on the parameters of the class €py py Mey,5 Such that

VE,G € Cpo,p1,M,e0,6

3p lua(e) — pr(@)] < (| F({+oo}) = Gll+ooh)| + sup 7t -G

-1

®)])-

In order to understand better where this class of distributions comes from, let us consider two
distributions G and F on [0, +o00[ and the standard coupling of these two distributions, in which
a uniform random variable on [0, 1] is associated to each edge. Let us consider the geodesic ¢ for
the distribution G between 0 and = € Z¢. The time Tr (0, z) to go from 0 to z for the distribution
F is bounded from above by

T (0,2) + [ya| sup [FH(t) — G (t)].
te(0,1]

Conversely, the same inequality holds for T (0, z). We seek a class € of distributions on which the
size of g is uniformly bounded from above, i.e., for which there exists a constant C' such that,
for all distributions G in €, we have |yg| < C||z|| with high probability when ||z| goes to infinity.
The inequality |yg| < C|lz|| ensures that

T -T
| G(Oa ) F(O’x)l <C sup |F_1(t) _ G_l(t)l )
] te[0,1]

When we consider distributions that may take infinite values, we add another difficulty. For some
edges in ¢ the passage time for the law F' may be infinite. To overcome this issue, we apply the
same strategy as in the proof of theorem 1.2: we bypass these edges with edges of passage time
smaller than some constant M for the law F. The number of edges that we need to bypass is
of order at most |F({4+00}) — G({+00})||7¢| and the average size of a bypass is constant. This
accounts for the term |F({+00}) — G({+00})| in the statement of theorem 1.3.

We do not claim that the constraints on the distributions given by the class € are optimal.
However, for each condition, we can exhibit a family of distributions for which it is unclear whether
we can obtain a uniform control on the size of the geodesic:

— The family ((p. — 1/n)do + (1 — pe + 1/n)dar), ., for some large M > 0 accounts for the
condition G({0}) < p1.

— The family (pc51/n +(1- pc)6M)n>1 for some large M > 0 accounts for the condition Ve <
g0, G(]0,¢]) < d(e).

— The family ((pe+1/n)81 + (1 —pe —1/n)dss) ., accounts for the condition G([0,+00[) > po.

— The family (pcél +(1- pc)én)n>1 accounts for the condition

G([0, M]) > (1 — 80/2)G([0, +00]).

At p., we know that the size of a geodesic is super linear in dimension 2 [34] and the nature of
the problem is very different.

Here is the structure of the paper. In section 2, we introduce some definitions and preliminary
results. The section 3 presents the multiscale renormalization process and the construction of the
shells. In this section, we explain how we modify a g-open path to turn it into a p-open path with
a control on the length of the bypasses. In section 4, we derive probabilistic estimates on the total
size of the shells. Finally, in section 5, we prove theorem 1.2 and theorem 1.3.
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2 Definitions and preliminary results
Let d > 2. Let x = (21,...,74) € R%, we define
d

Izl =) leal, lzll2 =

i=1

d
> a} and [zl = max ||
=1 - =

Let A and B be two finite subsets of Z?, we define the distance (A, B) between the sets A and
B as
(A, B) :inf{ la—bl1,a€ A, be B}.

We extend this definition to sets of edges A, B C E%. Let A (respectively B) be the set of the
endpoints of the edges in A (respectively B), we set

2(A,B) =0(A,B).

Let G C Z% and x,y € G. We say that the sequence v = (vg, ..., v,) is a *-path from x to y
in Gifvg=x,v, =yand forallie {1,...,n}, v; € Gand ||v; — vi_1]lcc = 1. We say that  and
y are *-connected in G if such a path exists. Let G be a subgraph of (Z¢ E?) and let z,y € G. A
path v from z to y in G is a sequence v = (v, €1, ..., €n,v,) such that vog = x, v, = y and for
all i € {1,...,n}, the edge e; = (v;_1,v;) belongs to G. The length of such a path is n and it
is denoted by |vy|. We say that = and y are connected in G if such a path exists. We define the
chemical distance between x and y in G by

DY(z,y) = inf{ |r| : r is a path from x to y in Q}.

If z and y are not connected in G, then we have DY(z,y) = co. In what follows, the graph G
will be the subgraph G, of Z? whose edges are open for the Bernoulli percolation of parameter
p > pe(d). To get around the fact that the chemical distance can take infinite values, we introduce
a regularized chemical distance. We denote by C, the unique infinite connected component of
G,. Let C be a subset of C,, we define 7€ as the vertex of C which minimizes ||z — z€||;, with a
deterministic rule to break ties. Typically, we will take for C the infinite cluster of a configuration
of Bernoulli percolation with a parameter smaller than p so that C C C, C G, and therefore

D (3€,5°) < D(°,5°) < 0.
We can define the regularized time constant as in [41] or as a special case of [28].

Proposition 2.1. Let p > p.(d). There exists a deterministic function p, : Z* — [0, +o00] such
that, for every po € (pc(d), pl,

D% (0Cr0 777570
Vv € 74 lim (O, nz™) _ fip () a.s. and in L.
n— oo n

It is important to check that 1, does not depend on Cp,, the infinite cluster we use to regularize the
chemical distance. This is done in lemma 2.11 in [42]. As a corollary, we obtain the monotonicity
of the map p — f1p, see lemma 2.12 in [42].

Corollary 2.2. For all p.(d) < p < q, we have
Vo € 72 tp() > pg(z).

The following lemma is an improvement of the result of Antal and Pisztora in [10] controlling the
probability that two connected points have a too large chemical distance. In the original result,
the constants depend on p, the adaptation of the proof is written in lemma 4.2. in [3].

Lemma 2.3. Let pg > pc(d). There exist § = B(po) > 1, A= A(po) and B = B(po) > 0 such
that, for all p > pg,

veez!  PBlalh < D%(0,x) < +00) < Aexp(—Bllz]y).
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3 Renormalization

In this section, we present the multiscale renormalization process, the construction of the
shells and the method to build bypasses. Let ¢ > p > pg > p.(d) be fixed. We consider two
configurations of Bernoulli percolation on the edges of Z%, one with parameter p and one with
parameter q.

3.1 Definition of the renormalization process

For a positive integer N, we define the N-box
d
By = [— [ nz¢

and the family of translated N-boxes:
VieZ?  Byn(i)=iN + By.

The lattice Z¢ is the disjoint union of this family: Z¢ = U;cz« By (i). We introduce also larger
boxes that will help us to link N-boxes together. We define

viez?  Bj(i) =iN + Bsy.

Let B be a box. A connected cluster C of the configuration restricted to B is said to be crossing,
if for any pair of opposite faces of B, there is an open path in C' connecting them. We define the
diameter of a cluster C as
Diam(C) := max ||z — .
(€)= max [lz - y]o

We construct the multiscale renormalization process by induction. Let (Ix)ren+ with {3 > 3 be
an increasing sequence of integers which will be specified later. This sequence will define the
successive scales. For a positive integer k, we define Nj as

Ne=11 1.

We also define the box B, ; of side length ;1 at scale £ that is made of sites at scale k. More
precisely, for i € Z¢, we define

By y1(i) = By, (i) and By () =B, ().

Thus, we have B, ,(i)] = I{,, and |By,,,(i)| = N,,. The definition of what a good box is
will differ at scale 1 and at larger scales. We first have to define what a good box is at scale
1. To do so, we list the properties that a good box should have to ensure that we can build a
suitable modification of a path. We have to keep in mind that all the properties must occur with
probability converging to 1 when Ny = I3 goes to infinity. Let 5 = 8(po) be the constant defined
in lemma 2.3.

Definition 3.1. We say that the site i is (p,q)-good at the scale 1 if the following events occur:
(i) There exists a unique p-cluster C in Bly, (%) with diameter larger than Ny;
(ii) This p-cluster C is crossing for each of the 3% Ny-bozes included in By, (i);

(iii) For all x,y € By (i), if x and y belong to C, then D9 (x,y) < 128Ny;

(i) If v is a g-open path in Bl (%) such that |y| > Ny, then v and the p-cluster C in Bl (%)
have a vertez in common.

The cluster C is called the crossing p-cluster of the (p,q)-good site i. We say that the box By, (%)
is (p,q)-good at scale 1 if the site i is (p,q)-good at scale 1.

We introduce next the notion of a cluster of bad sites.



3. RENORMALIZATION 137

Definition 3.2. Let k > 1. Let us assume that we have already defined what a (p, q)-good bozx is
at scale k. For a (p,q)-bad site j € Z¢ at scale k, we denote by C*)(4) the connected cluster of
the (p,q)-bad sites at scale k which contains j (if j is a (p,q)-good site, then C¥)(4) is empty).
Equivalently, the cluster C'*) (4) is the set of the vertices of Z¢ which are connected to § by a path
visiting only sites which are bad at scale k.

We define now by induction what is a good site at scale k.

Definition 3.3. Let k > 1. Let us assume that we have already defined what a (p, q)-good site is
for scales from 1 to k. Let i € Z¢. We say that the site i is (p,q)-good at scale k + 1 if

Vi€ Bipi(d)  [CW(G)] <l
We say that the box B, (%) is (p,q)-good at scale k + 1 if the site i is (p,q)-good at scale k + 1.

To abbreviate, we will often say good site instead of (p, ¢)-good site. On the grid Z¢, we use the
standard definition of closest neighbor, i.e., we say that x and y are neighbors if ||z — y|j; = 1.
Let C be a connected set of sites of Z<, we define its exterior vertex boundary

8.0 — i€ Z%\ O :1ihas a neighbour in C and is connected
v to infinity by a path in Z%\ C ’

The set 9,C is not Z?-connected in general, however it is *-connected (see for instance lemma 2
in [69]). Besides, we have
|0,C| < 2d|C].

We adopt the convention that 9,C®*) (i) = {i} when i is a good site at scale k. We shall define
a multiscale site percolation process given by the states of the boxes at the different scales. Note
that, on a given scale, the states of the boxes are not independent but there is a short range
dependence.

3.2 Construction of the detours

We will consider different couplings between the percolation processes with parameters p and
q. These couplings are variants of the usual coupling built with the help of i.i.d. random variables
uniformly distributed on [0, 1]. For the time being, we do not specify which coupling we use. The
most important property of the coupling is that a p-open edge is always g-open. Let us consider
a g-open path v between 0 and a point = € Z%. Some edges in v might be p-closed and our goal is
to bypass these p-closed edges. To each edge e in v we will associate a shell made of good boxes
at scale 1 such that the edge e lies in the interior of the shell. The properties of the good boxes
will guarantee that the edge e can be bypassed by a p-open path lying in the internal boundary of
its associated shell. To control the lengths of the bypasses, we shall bound from above the total
size of the required shells, depending on the bad sites that « crosses. Let us first rigorously define
what a shell is. Let C' be a x-connected set. We define the interior int(C) of C by
int(C) = {i ezi\c: ' “b“y"; ‘gig;‘;f?;;;“\ﬁg”y }

Definition 3.4. Let e € E?. A set C of *-connected good boxes at scale 1 is a shell for e if it
satisfies
0, it(C)=C and ec U (By, () NE?).
icint(C)

The condition 9, int(C) = C says that C' is indeed a sort of shell. The second condition says that
e is in the interior of the shell.

For k > 1 and a path v, we denote by ng(y) the number of bad boxes at scale k that + crosses,
i.e.,

n(v) = [{i € Z%, i is bad at scale k and v N By, (i) # 0}| -



138 CHAPTER 6. THE TIME CONSTANT IS LIPSCHITZ CONTINUOUS

The following proposition builds shells for edges in a path v and bounds from above the sum of the
squares of the sizes of these shells in function of the number of the bad sites that ~ visits at every
scale. Note that we do not build shells for edges around the extremities of 4. Due to technical
details, for the edges at the extremities of v, we cannot guarantee that we can build shells such
that v enters and exits each shell at least once.

Proposition 3.5 (Construction of the shells). Let p.(d) < p < q. Let x € Z. Let us assume that
0,2 € Cq. We consider a q-open path v between 0 and x. Let M = M(y) be the smallest positive
integer such that nps(v) = 0. We set

Y= 7\ (B4NM U (l’ + B4NM)) :

(If M is too large or infinite, then ¥ is empty). To each edge e € 7, we can associate a shell
shell(e) such that we have

0( U Bwl(i)a{6}>2(14ﬁ+2d)N1,

i€shell(e)

U( U BN1(7:)’{O>$}> ZNla

icint(shell(e))

M—-1
3 st = 54 ( (00 NG+ Y ) G0 )
e€y k=3

Proof of proposition 3.5. Let v be a g-open path joining 0 and x and let M and 7 be defined
as in the statement of the proposition. Let e € 7. For k > 1, we denote by e the site of Z4
such that the box By, (ej) contains the smallest extremity of e in the lexicographic order. Let us
assume that there exists an integer k € {2,..., M — 1} such that es, ..., e are (p, g)-bad at their
respective scales but eg41 is (p, g)-good at the scale k + 1 (if ez is good then k = 2). We define
B’, Ak, Ay, and A, by

B={icZ: |i-el<1}, A= [J CPHUB,

i€d, B’
A= |J Byi)) and A= By, ().
ieAy ieAy

The sets B’ and A, are made of sites at scale k. The set Kk is made of sites at scale k — 1. The
set Ay, is made of sites belonging to the initial lattice Z<. Since ej,; is a good site at scale k + 1
and 0,B' C E;H_l(elﬁ_l), we have

Vie 9,B"  |CW@H)| <lpy1,
and, using the fact that |0, B’| < 2d|B’|, we obtain
Ak < (2dlgyq +1)|B'] <3 dly
Moreover, we claim that the set 9, A is made of good sites at scale k. Let i € 9,Ax. Since

o.M C | 0,00,

1€9, B’

there exists 1 € 9, B’ such that i € 9,C* (1) and so i is indeed a good site at scale k.
Let us assume that ls > (148 + 2d). By construction of B’ and since e € Ay, we have

2({e}, Z4\ A) > Ni > No > (148 + 2d)N; . (3.1)
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The set A is included in the box By, t2) (er) of sites at scale k. Thus, we have

0({6}, 8UX1€) < sup 0(:]3, Zd \ B2(lk+1+2)Nk)

T€Ba(1, 1 +2)Ny,
=0(0,Z%\ Bay,,4+2)8: (0)) < (lis1 + 2)Ni = N1 + 2N, .
Moreover, as e € 7, we have d({e}, {0,2}) > 2Ny, and using the fact that e € Ay, we have
o({e}, {0,2}) < o({e}. DAx) +0(8u Ak, {0, 2}) < 0({e}, BuAx) + (A, {0,2}),

thus _
D(Ak, {07£L'}) > 2Npr — Niy1 — 2Ny, .

We define next iteratively a sequence of sets Ak,Kk, . ,A1,1~\1. Let j > 2. Let us assume that

CUD(), i€ 9 A,

Figure 6.1 — Construction of A;_;
we have already defined Ay, 1~\k, oA, /N\j. We define A;_q, /~Xj_1 (see Figure 6.1) and Kj_l by

A= |J eV VUl A= | B ()

i€, A i€Aj—1

and

A= |J Bw,.0).
ieA; 1
Let us prove by decreasing induction that, for 1 < j < k, the following holds:
(i) We have |A;| < 39(3d)* 191,y (N /N;) T
(i) The set 9,A; is made of good sites at scale j.

(iii) We have d(A;,{0,2}) > 2Ny — 2N, — Y701 N,

These properties are true for k. Let us now assume that these properties hold for some integer
2<j<k Letiec &,Kj be a site such that C(j_l)(i) # (). There exists 1 € /~\j such that iis a
neighbor of 1. Let 1 (respectively i) be such that 1 € B;(1) (respectively i € B,(i)). Since i ¢ /~Xj
and 1 € /~\j7 then we have i ¢ Aj and 1 € A;. Since the sites i and 1 are neighbors, it follows that
i€ 9,A;. Thanks to (ii), the site i is a good site at scale j and so we have |CU~1)(i)| < I; and

[Aj | < (2dl; + D)]A;] < 3did A,
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TIterating this inequality, we obtain property (i):

A N\ 4

Ay 1] < 3EAH2 0, ( C ) .
Nj_l

Let ” € 0,Aj_1. There exists I’ € 0,A; such that i’ € 9,00~ (1) and so i’ is a good site at scale

j — 1 and the property (i) holds.

We have Kj C Kj,l and

oK, (0.0)) < min a(R;.p) +2(y. {0.4)). (3.2)

We claim that

Yy € 0,A;—1  o(Aj,y) < N +1. (3.3)

Figure 6.2 — Representation of y, z and m, m’

Let y € 9,A;_1. Let z such that 2 € Aj_; and |ly — z]loc = 1. Let m € Z% such that z €
By, _,(m) (see figure 6.2). Since y € duAj_1, there exists m’ € 9,A; such that m € CU~1(m’).
Thanks to property (i) of the induction hypothesis, we have |CU~ (m?)| < ;. Tt follows that

(R, y) <0(A;,2) +0(z,y) <|CUTV ()N +1 <Ny +1 < N;+1.
Combining inequalities (3.2) and (3.3), we obtain
D(Kj, {O,IE}) < Nj + 1+ D(OUKj_l, {O,CC})

=N;+1+0(A;_1,{0,2}) — 1

S Nj +0(Aj_1,{0,$}). (34)
Combining inequalities (3.4) and property (iii) of the induction hypothesis, it follows that

k+1
o(A;-1,{0,2}) > 0(A;,{0,2}) = N; > 2Nps — 2N, — > N, (3.5)
1=j
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The property (iii) follows and this concludes the induction. We set finally
shell(e) = 9,71 .

Thanks to property (i), we get
d+1
| shell(e)| < 2d3%(3d)*1x41 () : (3.6)

Since Ay, C Ay, we deduce from inequality (3.1) that

ol{e}, U BmG)| = (48+20)M

i€shell(e)

Moreover, property (iii) for I = 1, together with the facts that k < M —1 and Iy > M + 2 (since
the sequence (I)r>1 is increasing), imply that

(A1, {0,2}) > 2Ny — 2Ny — (M — 1)Npr—y — Ny
=(m—M-1)Ny—1>Ny-—12>Np.

Therefore, the path ~ enters and exits 9,A; at least once. For e € 7, we denote by k(e) > 2 the
largest integer k such that es, ..., e are (p,q)-bad at their respective scales (if e is good, then
we set k(e) = 2). By construction, we have that k(e) < M (7). For k > 3, the number of edges
e € 7 such that k(e) = k is at most ny(v)|Bn, NE4| = ng(y)dNZ. The number of edges in 7 such
that k(e) = 2 is at most |y|. Finally, using inequality (3.6), we have

N d+1
> | shell(e)| < Z [{e €7 : k(e) = k}| 2d3%(3d)" 1341 (N’;>

ecy
M-—1
< 2d3? ((3d YINsNg + ) ni(7) Nega N (3d)’fd>
k=3

and similarly

d+1\ 2
> Ishell(e)]? < Z [{e €7 : k(e) = k}| <2d3d(3d)’“lk+1 (%’;) )

ecy
M-1

< 44%3% ((3d)4|y|N32 Z Y)NE N} (3d)2kd> :

This concludes the proof. O

Note that in the proof of proposition 3.5, even if the site e; or es is good, we do not bypass
the edges of its box at that scale because we have to make sure that the bypass we build do not
use the edge e. To avoid this problem, we build shell(e) in such a way that it is far enough from
the edge e.

Once the shells are built, we build the bypasses. Given a set E of edges in v we would like
to bypass, we control the total length of the bypasses with the help of the total size of the shells
associated to the edges in F.

Proposition 3.6 (Construction of the bypasses). Let p.(d) < p < q. Let x € Z%. Let us assume
that 0,z € C;. We consider a g-open path v between 0 and x. Let M be the smallest positive
integer such that nar(y) =0 and let 5 and (shell(e))cey be defined as in proposition 3.5. Let E be
a subset of 7. There exists a path ' between 0 and x such that v N E =0, the edges in ' \ v are
p-open and

Y\ 7| < 128Ny > | shell(e)].
eeFE
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We will need the following lemma to prove proposition 3.6. To guarantee that we bypass an edge
e without using e with the renormalization scheme, we build our bypass far enough from the edge
e. The following lemma enables us to build a p-open path between two points in a *-connected set
7 of good boxes at scale 1 in such a way that it avoids a given set of vertices A. When applying
this lemma, we will take for the set A the set of the endpoints of the edges we wish to bypass.
The lemma provides a control on the length of the bypass depending on |Z|.

Lemma 3.7. [Adaptation of lemma 3.2 in [3]] Let A be a subset of Z?. Let T be a finite *-connected
set such that
D(A,LJBNJ@):>UABA—ZDAH.
el

Suppose that all the sites in T are (p,q)-good at scale 1. Let j,k € I, x € Bl (j) be in the p-
crossing cluster of By, (j) and y € Bly, (k) be in the p-crossing cluster of By, (k). There exists a
p-open path joining x and y of length at most 128N1|Z| that does not visit any point of A.

Proof of lemma 3.7. Since T is a *-connected set of sites, there exists a self-avoiding *-connected
path (i;)1<i<r C Z such that iy = j, i, = k. Necessarily, we have r < |Z|. As all the sites in Z are
good at scale 1, all the sites in (i;)1<;<, are good at scale 1. We define 1 = x and z, = y. For
le{2,...,r — 1}, we choose a point z; in the p-crossing cluster of the box By, (i;). The point
x (respectively y) is at distance at most 2dN; from By, (j) (respectively By, (k)), therefore the
points x and y are at distance at least 143Ny from A. For [ € {2,...,r — 1}, the point z; belongs
to By, (I;) and so it is at distance at least 148N, from the set A. For [ € {1,...,r — 1}, both
points x; and x;41 belong to By (i;). Using property (iii) of a p-good box, we can build a p-open
path v(I) from x; to x;41 of length at most 125N;. As the points 2; and ;41 are both at distance
at least 145N, from A, the path ~(l) does not go through a vertex in A. By concatenating the
paths v(1),...,v(r — 1) in this order, we obtain a p-open path joining = to y of length at most
128N1|Z| that does not visit any point in A. O

D:8v0i71§i§7‘
.:Ae,eeE
e  F

Figure 6.3 — Construction of C1,...,C,

Proof of proposition 3.6. Let (shell(e))cc5 be the family of the shells built in proposition 3.5. For
any e € E/, we denote
Ac =int(shell(e)), A, = | J Bw, ().
icA,
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We write
T
Ua=Uc
ecE k=1
where C1,...,C, are disjoint connected components of sites, ordered in such a way that C; is

the first component visited by v, Cs is the second and so on (see Figure 6.3). We set, for
ke{l,...,r},

Cv=J Bm@), Ci= |J Bwm().
ieCy i€0,Cy

Thanks to the second inequality of proposition 3.5, for every e € E, we have 2({0, x},Xe) > N;
and thus, for every k € {1,...,7}, we have also 0({0,2},C%) > N;. This implies that v enters
and exits each connected component Cj at least once. Let us introduce some further notations
(see Figure 6.4). We write v = (zg,...,zy). We define

Tin(l) =min{j >1: z; € 5,01 },

Tout(1) =max { j > 7, (1) : z; € 9,C1 }.

Let k € {1,...,7}. Suppose that 7;,(1), ..., Tin(k) and Tout(1), - .., Tout (k) are defined. We define
then

Tin(k+1) = min{j > Tout (k) © zj € 0yCrir } ,

Tout(k+ 1) =max {j > mp(k+ 1) : z; € 9,Cpp1 } -

Let us fix £ € {1,...,7}. Let Bj,(k) be the Ni-box in 0,C} containing x,, (), Bout(k) be
the Nj-box in 0,Cy containing x ,, ). Since Bin(k) (respectively Boyu:(k)) is a good box, it
contains a unique crossing cluster C;, (respectively Coyt). Moreover, we have |y N Bl (k)] > Ny
(respectively |[yN B, (k)| > Ny), thus by property (iv) of a good box, there exists a vertex y, (k)

in vN B, (k) NCiy, (respectively your(k) in vy N By, (k) N Cour). We select such a vertex according

out
to some deterministic rule. Thanks to the first inequality of proposition 3.5, we have

Vee B 0({e},0,Ck) > o({e}, 0uA.) > (145 + 2d) Ny,

whence
o0(E,0,Ck) > (148 + 2d) Ny .

We apply lemma 3.7 by taking the extremities of the edges of E for the set A and 9,C}, for the set
Z: there exists a p-open path ik (k) joining yin (k) and you:(k) of length at most 126N;|9, Cy|
which does not visit any edge in E. For k in {1,...,7 — 1}, we denote by ~(k) the portion of ~
between Yout (k) and yin (k 4+ 1). Let v(0) (respectively v(r)) be the portion of y from y to y;n (1)
(respectively from y,,:(r) to z). We obtain a path v’ joining y and z by concatenating the paths
Y(0), Yiink (1), ¥(1), . . ., Viink (r), ¥(r) in this order. We can extract from 4" a self-avoiding path
~". By construction, the edges in 7"\ v are p-open. Let us estimate the number of edges in 7"\ 7.
Since

Y\ v C U vimk (k)

k=1
then
VAN <Y ik (R)] <D 128N110,C| < 128N1 ) | shell(e)] .
k=1 k=1 eck

This yields the desired result. O
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B(/mt(k)
X yout(k)
| Trou(k)
) v
B;n(k) _ / \‘\
A}
Bin(k) Y\
A )
Trin(k) | ’ § Viink (k)
A1 - :
yzn(k) ‘ Tt _

D: 0, C

Figure 6.4 — Construction of vk (k), 1 <k <r

4 Control of the probability of being a bad box

In this section, we prove that the probability of being a (p, ¢)-bad Ni-box at scale 1 decays
exponentially fast with N;. The main difficulty is to get an exponential decay which is uniform
in p. For that purpose, we introduce a parameter py > p.(d) and we obtain an exponential decay
which is uniform for all p > py. We recall that (p, ¢)-good boxes at scale 1 were defined in definition
3.1.

Theorem 4.1. Let pg > p.(d). There exist constants No(po), 0o(po) and C(po) such that

Vp=py VN =Ny Vg€ lp,p+do]
P(By is (p,q)-bad at scale 1) < exp(—C(po)N) .

Proof. We prove here only the exponential decay for the property (iv), as the exponential decay
for the other properties (i), (i7), (i4) were already proven in [3]. We refer also to the proof of
lemma 3.5 in [42]. For given parameters p, ¢ satisfying p.(d) < po < p < ¢ < 1, we denote by P, ,
the probability associated to two coupled Bernoulli percolations of parameters p,q. As usual, the
coupling is such that the edges are independent and every p-open edge is also g-open. We define
Ay as the event that there exists a p-crossing cluster C in Bj, and a g-open path v C By such
that |y| = N and « does not intersect C. The following inequality was proven in [42]:

Ppq(An) < Ppp(An) exp (Nlog (1 + q;p)) .
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The quantity P, ,(Ax) decays exponentially with N, as it satisfies property (i¢) but not (i) (see
lemma 3.5. in [42]). Thus there exist positive constants x1(po) and x2(pp) depending on py and
Ny such that

VN >1 Ppp(An) < K1(po) exp(—k2(po)N).

Now there exists a constant dy > 0 depending only on pgy such that, if the parameters ¢ and p are
such that pg < p < g and g — p < Jg, then

5 _
ko (po) > log (1—1—0) > log (1+q p) ,
Po Po

and so
P,.4(Bn is a (p, ¢)-bad box) < A(pg) exp(—B(po)N),

with A(pg) = k1(po) and B(pg) = ka(po) — log(1 + (¢ — p)/po) - The result follows. O

We prove in the following theorem that it is possible to tune the scales I, £ > 1, in such a
way that the probability of being a bad site at scale k > 1 decays at least exponentially fast with
Ni. We recall that good sites at scale k > 2 were defined in definition 3.3.

Theorem 4.2. Let pg > p.(d). There exist positive constants do(po), C(po), R and ly such that,
for any non-decreasing sequence of scales (Ix)k>1 satisfying li > ly, we have

Vp>po Vg€ [p,p+d] V=1

. Ni
P(0 is (p,q)-bad at scale k) < exp (—C(po)(QR)d(kl)> .
Proof. Let pg > p.(d). We start with scale 1. Let Ny(po),do(po), B(po) associated to py as in
theorem 4.1. Let R be the smallest integer larger than 523. We choose 1 > max (N, (2R)?) large
enough to ensure that

L
dlog7 < C(pO)TRd (4.1)
and
Vi> 1 log 2 + dlog(3l) < d(log 7)I. (4.2)

For i € Z%, the event {i is good at scale 1} depends only on the edges in Baggn, (1). Thus, for
i,j € 7%, if ||i — jlloo > R > 5203, the events

{i is good at scale 1} and {j is good at scale 1}

are independent. Thanks to theorem 4.1, there exist positive constants C(pg), No(po) and do(po)
such that
Vg€ [p,p+do] VN =No  P(Byis (p,q)-bad) < exp(—C(po)N).

Let now k > 1 be fixed and suppose that the first k scales [1,...,l; have been chosen, and that
the following inequality holds:

N,
P(0 is (p, q)-bad at scale k) < exp (—C(po)wl&_l)> , (4.3)

and that two sites i, j at scale k are independent whenever ||i — j||oo > R. For the scale k + 1, we
have

P(0 is (p, q)-bad at scale k + 1)
=P (3i € Bj.y1(0): ICW )] > s )
< >y > P(Vjei+TD jisbad at scale k)

i€eB}  ,(0) m>lxi1 '€Animals(m)
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where Animals(m) is the set of *-connected sets of cardinality m containing the site 0. We have
the following bound (see for instance Grimmett [48], p85):

| Animals(m)| < 7dm
Using the translation invariance of the model, we obtain

P(0 is (p, ¢)-bad at scale k + 1)
< B (0)] Y > P(VjeTl jisbadatscalek).

m>lg41 I'€Animals(m)

To bound from above the previous probability, we will use the fact that distant sites at scale k
are independent. The following lemma allows us to extract from I' a subset I'g in which sites are
at mutual distances larger or equal than R.

Lemma 4.3. Let T be a finite subset of Z%. There exists a subset Ty of T' such that |To| > |T|/R¢
and
Vijelo i#j = [i—jlle=R.

Proof. The following collection of sets forms a partition of Z<:
i+ RZ% i€ Bg.
Therefore the set I' can be partitioned as follows:

r=|J (i+RzNT).
1€EBR

Since |Br| = R?, then there exists ig such that the set Ty = (ip + RZ%) NT satisfies the conditions
stated in the lemma. O

Let T be a fixed lattice animal. Let I'g be a subset of I that satisfies the conditions stated in
lemma 4.3. Let i # j € T'y. By the induction hypothesis, the events {i is good at scale k} and
{j is good at scale k} are independent. Using the inequality of the induction hypothesis, we have
thus

P(0 is (p, g)-bad at scale k + 1)
< Bl Y > P(Y§eTl jisbadat scale k)

m>lg41 I'€Animals(m)

< (3lpy1)? Z Z P(VjeTy Jjisbad at scale k)

m>li 1 I'€Animals(m)

N, m
it 3 F el wions)

m>l 1 E€Animals(m)

m N m
< e’ 3 e (<00 e )

m>lg i1

Since I; > (2R)% and I} < --- < Iy, then Ny > (2R)%. Using (4.1), we see that

Ny, m
dm k
and
3N 1 1
exXp (‘O< ><23)d<m3d> S7Eisye
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It follows that

P(0 is (p, g)-bad at scale k + 1)

3N, m
d k
< (Blep)t D exp (—C(PO)WW>
m>lg 41
3N, l
d k k+1
< 2(3lk+1)" exp <_C<p0)4(2R)d(k1)Rd> (4.5)
The condition (4.2) on Iy and the fact that I; < --- <[y, imply that
log 2 + dlog(3ly41) < d(log )41 - (4.6)
Thanks to inequalities (4.4) and (4.6), we obtain
2(3lp41)% exp —C’(po)A <1 (4.7)
+ 4(2R)4k—DRd ) = - :

Finally, combining inequalities (4.5) and (4.7), we obtain

N,
P(0 is (p, ¢)-bad at scale k + 1) < exp (—C(po) (21];;_;k> .

This yields the inequality at rank k + 1.
For i € Z%, the event {i is good at scale k + 1} depends on the states of the sites in

Br1(i) = {1€ Z: |1 - jlloc < 2pt1,j € Byyr(i) }-

Indeed, for j € B}, (i), in order to determine whether |C®)(j)| < ;11 or not, we only need to
reveal the states of the sites in Bj41(i). By the induction hypothesis, two sites 1, m at scale k are
independent whenever |1 — m||o > R. Now, if ||i — j||cc > R, then

V€ Bjii(i) VmeBy1(G) |1-mle > Rljrs — Slyss > R

and the events {i is good at scale k + 1} and {j is good at scale k + 1} are independent. This
concludes the induction. O

For k > 1, we define the trace v(¥) of v on the lattice at scale k as
YW ={iez?: By, ()Nny#0} .
The following lemma gives a deterministic control on the length of this trace.

Lemma 4.4. [lemma 3.4 in [42]] For any path vy in Z¢, we have

1
VE > 1 h,(k)|§3d (1_,_%) )
N,

The following proposition shows that we can choose adequately the sequence (Vi )g>1 in order to
control the quantity that appears in proposition 3.5.

Proposition 4.5. Let py > p.(d). There exist positive constants lo(po), 1o, do(po), A1(po) such
that, if we define the sequence of scales (Ix)k>1 by setting N1 = ly and

VE>1  Npy =N
and we define M = M (~y) as the smallest integer such that np(y) = 0, then we have

Vp>po Vq€l[p,p+do] Yn>ng
There exists a path v starting
from 0 such that |v| < n and

M

Zk:?) “k(’Y)NEHNl?d(?’d)% >n

or Np(y) > nl/3d

P <exp (—A1 (po)no'd?lﬂ) .
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Proof of proposition 4.5. Let pg > pc(d). Let do(po), C(po), lo be the constants given by theorem
4.2. We can assume that Iy > 2(3d)? (if this is not the case, we replace Iy by max(l,2(3d)?)). Let
p > po and ¢ € [p, p+9do]. Let (Vi)g>1 be the sequence defined in the statement of the proposition.
We have I; > Iy and I} > 2(3d)?. We set

1

2 3d+1 °
Nk-l-lNk

vk >1 O =

We have then

M(y)—1 M(y)—1

,;3 (3d)** iy N6, = ;; (3;%% sk_3<(3d ) g:( )

1/3d

We choose ng large enough so that N; < ng Let n > ng. Let M be the largest integer such
that N77 < n'/3?. Therefore Ny = (Vg7 )2d < n?/3 < n. We have

There exists a path 7 starting from 0 such that |y| <n
( and ZM(ﬂy) 1 (7)(3d)2kN]3+1N]§d >n or Naggy) > nl/3d >
There exists a path 7 starting from 0 such that |y| < n and
<P ST () BN N > 01 BN NS
or M( )>M

There exists a path v starting from 0 such that |y| < n and
M(y)—1 M(y)—1
<P ST () ()N N = ST (3d) N NS
and M(y) < M

P There exists a path v starting from 0
such that |y| <n and M(y) > M

< = P There exists a path v starting from 0
T = such that |y| < n and ng(y) > dkn

+P ( There exists a path v starting from 0 > (4.8)

such that [y| < n and ny;(y) #0

Let k € {3,...,M(y) — 1}. To control the probability that there exists a path ’y such that ng(v)
exceeds 5kn a natural strategy would be to sum over all the possible traces v(*) of v at scale
k. However, this would lead to a combinatorial term that grows too fast with n. Instead of
summing over all possible traces v(*) at scale k, we sum over all possible traces v*72) at scale
k+2 (summing over all possible traces v**1) at scale k + 1 also leads to a too large combinatorial
term). Let T" be a set of sites at scale k + 2, we denote by L'(xy the set of the sites at scale k which

are contained in I', i.e.,
E(k) = U U Ek+1(j)'

iel’ jeB,, . (1)
Let v be a path starting from 0 such that |y| < n. With the previous notation, we have that

(k) — (k+2)
TUC

We can therefore bound from above the number of bad sites ng(7y) at scale k that  crosses by the
number of bad sites at scale k£ contained in 7(k+2)(1€)' We denote this number by nf+2(y(#+2)),
namely,

”£+2(’Y(k+2)) = H € 7(k+2)( . :11s bad at scale k}‘ .

We denote by |z] the greatest integer smaller than or equal to the real number z. Using lemma
4.4 together with the fact that Ny o < n, we obtain

2n n
(k+2) < 3d (1 + |7‘ + ) < 3d (1 + ) < 3d+1
i | Niyo ) — N2 Niy2
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We have thus
There exists a path « starting from 0
such that |y| < n and ng(y) > dxn

< There exists a path  starting from 0

- such that |y| < n, nfT2(y++2)) > §yn
P U There exists a path  starting from 0 such

that |y < n, nfT3(T) > opn, v+ c T
I"'é Animals ( L3d+1"J )

Ni42

IN

IN

There exists a path v starting from 0 such
Z that [y| < n, ng(L))) > dxn and k42 T

'€ Animals ( L‘?&I:i:J )

'€ Animals ( L%i:i;J )

IN

Let I be a fixed *-connected set of sites at scale k + 2 containing 0 and of size |3971n/Ny 2]. We
have
3d+1nJ

Niy2

Loyl < Ueralis) |0 < (Geralir)? {

On the event {nk(E(k)) > dpn}, using the same arguments as in lemma 4.3, we can extract a
subset I' of L) such that nk(C) > 8;n/R? and

Vijel i#j = [li—jle>R>3.

This implies that the events {i is good at scale k} and {j is good at scale k} are independent for

i #j € I'. From the proof of lemma 4.3 and the way I' is constructed, we see that there are at
most R choices for the set I'. Let us set

p = P(0 is bad at scale k).

Let (X;);>1 be a sequence of i.i.d. Bernoulli random variables with parameter p. From the
previous discussion, we have

P (nk(E(k)) > 5kn)
<P (nk(f) > i’;g)

d+1
(salnsn)? LS nJ

Ni+2 5
d kN
< RP Z X; > B
i=1
(yales1)? {‘q}ﬁz—i;J
Ok N2 4|3t
< R'P Xi 2 oo gl l _— . 4.10
< ; i 3(3le+1lk+2)d( kt2lkt1) Nioa (4.10)
Let us set
5 — 0k Nit2 _ 1 _ 1
SRl BERINING NI 2

Using theorem 4.2, we have

v 1 ox ( C(po) Ny )
p = 3GBRINIINZ, N2 P\ RydD )
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Since Ny41 = N,?d , we have

g 1 C(po) Nk
D= 3(3R)dN:d2(d71)+6d+1 exp (2R)d(—1)

(2a)*
_ 1 ex O(po)lo
= 3(3R)dl(()zd)k(4d2(d—1)+6d+1) p (2R)d=1) |
We can choose [y large enough depending on d, 8 and pg such that

6/
vk >1 — > 8.
p

As ¢’ > p, we can use the Cramér-Chernoff inequality, we obtain

d+1
(egalipn)? P\’“;J

P > X; > 8 (lpolir) {

i=1

3d+1n
Niyo J

34+1in & 11—
§log—+(1—=6)1o ))
Nk+2J( gp ( ) glfp

Using the convexity of the function x — —log(1 — x), we have

<exp <_(lk+2lk+1)d {

Yz € [0,1/2] —log(1l —z) < 2(log2)z.

Since ¢’ < 1/2, we have

!

1
—(1-14")log . < —log(1 —d") < 2(log2)d’ .

We have also N2 < n?/3, whence

3d+1y 3dn
> .
{Nkﬂ J T Niyo

As §'/p > 8, we have
38ty 5 1-46
o d / e Y
exp( (Ikaolpit) { J (5 log = +(1—06")log . p)>

k+2

J 3d+1
< exp (‘(lk+2lk+1) {N

k42
d
< exp <_ (3lk+ilj;rl)

n

J (3(log 2)d" — 2(log 2)5’))

J
(log 2)5’71) < exp (—(log 2) 3};dn) .
Coming back to (4.10), we have then

1)
P(ni(Lx)) > 0xn) < R exp <—(log 2) 31§(1n> .

Finally, inequality (4.9) and the previous inequality yield

There exists a path  starting from 0
such that |y| < n and ng(y) > dkn

Ok
e et
'€ Animals ( L%J )
3d+1n

< R(7) Mrz exp (—(log 2) ;Rfdn> . (4.11)
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Since d > 2, we have
N2 = ;cldz ZN]ZdJrQ:N]nglNSdJFINk:Nk/(SkZlo/(sk.
We can assume that [y satisfies furthermore

d(log 7) 39+1 < log?2
lo ~ 6R4

If it is not the case we take a larger ly. We have then

There exists a path v starting from 0
such that |y| < n and ng(y) > dkn

log 2
< R%exp (&11”) . (4.12)
6Rle?+1Nk "
By construction, Ng7 , = (Nﬁ)w > n!/34 and so N7 > nt/64°  We are going to bound from

above the number of bad N7;-boxes that v crosses by the number of bad N;-boxes in the box
Byy,. Using theorem 4.2, we have

There exists a path « starting from 0
such that |y| < n and ngz(v) # 0
p There exists i € Z¢ such that By_(i) C Bay
- and the box By_(i) is bad

An+1 \* N7
<= - —M
< (2NM+1) exp( C(Po)(QR)d(M_l))

4 nl/6d>
< (4n+1)%exp <—C(p0)(2R)d(M_1)> . (4.13)

Since N7; = l(()zd)M < n'/3d there exist positive constants C' and C’ depending on Iy, d and pg
such that o
M < Cloglogn  and  (2R)*™~Y < (logn)®" .

Thus, there exist positive constants C; and C5 depending on d and pgy such that, for all n > ng,

There exists a path  starting from 0 1/(6d2+1)
< _
( such that |[y| < n and ngz(v) # 0 < Crexp ( Caon ) . (4.14)

We recall that N1 < Ng7 and N, = N;fld < Nlﬁ/w. Since N7 < n'/3¢, combining inequalities

(4.8), (4.12) and (4.14), we obtain that for Iy > lo, for n > ny,

There exists a path « starting from 0 such that |y| <n
and ZkM:(g)_l ng(Y)NE N (3d)?* > n or Ny > nt/3

I—1
log 2 2
< g Rlexp | ———=2"——n | +Ciex (fC’ nt/(6d +1))
I P ( 6Rle?+1N]§d+1 ) 1 p 2

Il
w

g =

log 2 n 2
d 1/(6d>+1
< R%exp ( 6RY n2/3d+(3d+1)/6d2) + Crexp (70271 /( ))
k=3

log 2
< RC(loglogn) exp (—g]i[lnl/3> + O exp <_02n1/(6d2+1)) .

This yields the desired result. O
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5 Conclusion

In this section, we prove the main theorems 1.2 and 1.3.

5.1 Bernoulli case: Proof of theorem 1.2

Let po > p.(d). Let dp(po) be given by theorem 4.2. Let p,q be such that pp < p < ¢ <
p+0o(po). Let x € Z4\ {0}. Let (Ni)r>1 be a sequence, ng and M(v) as given by proposition
4.5. Let us denote
(3d)*NIN3 +d

Po '
Let n > ng. Let us assume that 0 and nz belong to Cp,,. This implies that 0 and na belong also
to C,. We denote by 7 a geodesic between 0 and nz in C4, i.e., v is a g-open path such that
|y| = D (0,nz). If there are several possible choices for v, we choose one according to some
deterministic rule. Using proposition 4.5, we have

A = 3294428

i (DCP (6% , ﬁ?g%) — DS (6% , ﬁg’c%) > 95N BA(q — p)||acH1n>

<IP>< 0 € Cp,, nx € Cpy, 7] < Bn|lz1, )

D> (0,nx) — DC (0,nx) > 25N18A(q — p)||z||1n
+ (1 —P(0 € Cpy, nx € Cp,)) + P (Bn|z||; < D(0,nz) < 0)

0€e Cpm nT € Cpm |’7| < Bn”x”h
<P D€ (0,nz) — D% (0,nx) > 25N18\(q — p)||z||in,
M(y)—1
LT (V)N NPBA)P < Bl Nasgy) < 0t/

+ (1 —P(0 € Cpy, nx € Cp,)) + P (Bn|z||; < D(0,nz) < 0)

+ exp(fAlnl/(6d2+1)) . (5.1)
Using the FKG inequality, we have
P(0 € Cpy, n € Cpy) > P(0€Cp,)* > 0. (5.2)
Using lemma 2.3, we have
P (Bnz|ly < D% (0,nz) < oo) < Aexp(—Bn). (5.3)

We set
% =7 \ (B4n1/3d U (B4n1/3d + mc)) .
Note that on the event {NM(V) < n1/3d}7 we have ¥ C 7. On the event

M(y)-1

> m(NE NEBA < Bnllz(l, [y] < Bnllell p
k=3

using proposition 3.5, we obtain

M(y)—1
> " |shell(e)|* < 3%4d? | (3d)*[YINFNZ + > mi(y)NE, N (3d)*d
ey k=3

< 32U4d?B||z|1 ((3d)*NINF* + d) n < A||z|[1pon .
Hence

0 € Cpo, n € Cpy, 7] < Bnff]s,
P D (0,na) — D% (0,nz) > 25N18X(q — p)l|=[l1n,

M —1
MOt ) (1) N2, N3(3d)2E < Bnlla||y, Nasgy) < nt/3

0e Cpo’ nr e Cpo’ |’Y‘ < ﬂon”h
< P | D% (0,nz) — D% (0,nz) > 25N15X(q — p)l|z[in, | . (5.4)
266;|shell(e)|2 < Apollzl[in, Nasgy) < nt/3d
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We would like to introduce a coupling of the percolation processes with parameters ¢ and p such
that, if an edge is p-open, then it is g-open, and we would like that the random path v and the
shells associated to the edges in v are in some sense independent from the p-state of the edges in
~. This is not the case when we use the classical coupling with a unique uniform random variable
associated to each edge. For a fixed path r, given a family of shells associated with the edges of
r and a subset E of 7, we do not use the p-state of the edges in r to build the bypasses of the
edges in F, because the existence of p-open bypasses for the edges in E does not depend on the
p-states of the edges in r. Indeed, a bypass is a p-open path of edges which connects two vertices
of r but which does not go through an edge of r. To clarify the computations, we introduce three
sources of randomness in order to ensure that the choice of v and its shells are independent from
the p-states of the edges in 7. To each edge we associate three independent Bernoulli random
variables V', W and Z of respective parameters ¢, p/q and p/q. The random variables ZV and
ZW are Bernoulli random variables of parameter p and we have

P(ZV =0|V=1)=P(Z=0|V=1)=P(Z=0)=1-2=2"F
q q

The g-states of the edges is given by the family (V;).cge. Once we know the g-states of the edges,
we find a geodesic v. The p-states of the edges outside v is given by the family (V.Z,).cga, while
the p-states of the edges belonging to «y is given by the family (V.W,).cge. More precisely, on
the event {y = r}, an edge e € 7 is p-open if W, = 1, whereas an edge e in E¢\ 7 is p-open if
V.Z. = 1. We denote by & the set of the p-closed edges in 7. The event {7y = r} depends only
on the family (V.).cge, the event {shell(e) = S.} depends on the families of random variables
(Ve)eers and (Ze)cega. Finally the event {€ = E'} depends on the random variables (We) .~ We
sum over all possible realizations of ~, (shell(e)), o5 and &

0e Cpo, nr € Cpo, "Y| < ﬁonHlv
P | DC (0,nz) — D% (0,nx) > 25N;8A(q — p)||z|1n,
Ze@? shell(e)|? < Apolz[in, Narey) < nt/3d
vy=r,E=FE,Veer shellle)=S.
= > Y Y P | D% (0,nz) - |r| > 25N1BA(q — p)l|z[n, | . (5.5)

~ ~ 1/3d
<l T BT Nar < 'l
r n|lz||1 2
> ~|S.
2o Sl
<Apollz|lin

By proposition 3.6, we can build a path 7’ such that r’ does not contain any edge of E, the edges
in 7'\ r are p-open and

7\ 7| < 128N1 Y S|

ecE

We recall that we work on the event {Nys(4) < n'/34}. At this stage, the edges in
N (Bypissa U (Byy,1/3a + nx))

are not necessarily p-open. We denote by y (respectively z) the first intersection of 7/ with 9B,,,1/34
(respectively the last intersection of v’ with 0By, 1/s4 + nx). Let C,(w) denotes the p-open cluster
of w € Z*. From the previous construction, we see that C,(y) and Cp(2) have cardinality at least
n — 8n'/34, Using the result of Kesten and Zhang in [53], we get

P(y ¢ Cp) <P(n— Ant/3d < |Cp(y)‘ < o0)

< Y Pa-s |G, <)
YyEOB, 1/34

< |(9B4n1/3d |Cl GXp(*an(dil)/d) . (56)
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Therefore, with probability at least 1 — 2|0By,,1/24|C exp(—Con(?=1/4) the vertices y and z
belong to C,. Applying lemma 2.3, we have

P(3y € OBypissa, Bllyllh < D (0,y) < o0)

< Y BByl < DU0.9) < %) < 9Byl Aexp(—2Bnt). (57)
yEOB, 1/34

Thus with probability at least 1 —2|0By,,1/34 \A\exp(—2§n1/3d), we can join 0 and y (respectively z
and nz) by a p-open path /7t (respectively r/*s!) of length at most 4d3n'/3?. By concatenating
rfirst the portion of r’ between y and z, and r/*$* in this order, we obtain a p-open path ' that
joins 0 and nz such that

[P\ e < el 4 plest] 4 e\ r| < 8dBnt/34 4 128N, Z |Se| - (5.8)
eck

Therefore, combining inequalities (5.5), (5.6), (5.7) and (5.8), we get for n large enough

0e Cpoa nr € Cpoﬂ h/‘ < ﬂnHm”h
P | D% (0,nx) — D% (0,nz) > 25N18X(q — p)||z|1n,
Z ~|she11 >|2 < )\p(J”J}HlTL NM(’Y) < nl/?’d
=r,E=E,Vecr shellle)=S5.
3 DR DD 91 (FS SN W i
Irlzg:i};ul Se.e€r ZECr
Z ~|Sel
<)\p0\|z\|1n

+2|0Byy1 /30| (C1 exp(—Con'4=V/4) 4 Aexp(—2Bn'/3?)). (5.9)

Using the definition of our coupling, we get

Z Z ZP(wzr,é’:E,VeeF shell(e):Se)
< Yeee 18l = 2M(q = p)|[z[lin
T path Se,e€T ECr
|r\<ﬂn|\?‘”1z ~Is. 12<Apollzflin

v=rVeeT shell(e)=S,
< ¥ 3 ]P( (1= Wo)Se| = 2M(q — p)|z]1in )

 path Se,e€r €
ir|<Bnllzlls
2 18
<Apollzlan
- ¥ 3 IF’(’y =r,Vee7 shell(e) = S@)
r path Se,e -
Iri<pnlial g js 2
<pollzlin
<P [ (1 - Wo)lSe| > 2M(q — p)llllin | - (5.10)

66;
In the last step, we used the fact that the random variables (W,, e € 7) are independent from the
event {v = r} and the shells (shell(e),e € 7). Let us set

U= Zk oISl -
eEr

We have

E(U) = %Zw < Mg - p)llzln (5.11)

ecr
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and
Var (U) < Var(1 - W) Y [S. [ < A%Hxnln. (5.12)
667

Using the Markov inequality and inequalities (5.11) and (5.12), we get

P 2(1 = Wo)lSel > 2X\(g = p)lzllin | <P(|U -E(U)| > Mg — p)llz[1n)
Var(U) < Po
~ (Mg—p)lzlin)® ~ 4Ma = p)?lzlin’

(5.13)

Finally, combining inequalities (5.1), (5.2), (5.3), (5.9), (5.10) and (5.13), we deduce the existence
of a real number p(po, p,¢q) > 0 such that, for n large enough,

P (DC (0 a0 ) — D (0, 3% ) < 25N1BA(q — p)le]1n) = P(po, p,a)

Let § > 0. Thanks to the convergence of the regularized times given by proposition 2.1, we can
also choose n large enough such that

DEC» NCro 77:Cro

DCa (00 17570
]P( (0 0, nx ) Sﬂq(m)+6> zlip(p()épvq)
n

The intersection of the three previous events has positive probability. On this intersection, we
have

pp(x) = 0 < pig(x) + 0 +25N18A(q — p)l|]|1 -

This inequality occurs with positive probability, yet all the quantities in it are deterministic. By
taking the limit when § goes to 0, we get

pip (@) < pg(x) + 25N18A(q — p)llz |1 -
Thus for all p > pg and p < g < p + dp, there exists a positive constant C’(pg) such that

Vo e 74 pp () — pg(x) < C'(po)(q —p)llz|:1 -

We recall that the map p — p, is non-increasing. We consider now the case ¢ > p + dg. We write
q—p=kép+r with k€ Nand 0 <r < . We obtain

g
—

pp(x) — pg(w) = ptiso (T) — Hp+(i+1)d0 () + pg—r(T) — pg()

i{ng

k—1
< Y C'po)dollz|lr + C'(po)rllz|l = C'(po) (kdo + 7)lx
=0
=C'(po)(qg —p)ll=lx - (5.14)

By homogeneity, (5.14) also holds for all x € Q?. Let us recall that for all z,y € R? and p > p.(d),
we have (see for instance theorem 1 in [28])

[p(2) = pp ()] < pplen)llz =yl - (5.15)
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Moreover, by compactness of S~1, there exists a finite set (v, ..., yn) of rational points of S9!
such that

sitc J{west iy —ali <a—p) }-
i=1

Let x € SY~1 and y; such that |ly; — z||; < (¢ — p), using inequality (5.15), we get

lp(x) — po(@)| < pp(@) — pp(ya)| + |1 (Yi) — kg (i)l + |1 (yi) — pg ()]
< pp(e)llyi — xllv + C'(po)(q — p) + pgler)lys — zlly
< (2up,(e1) + C'(po)) (¢ — p),

where we use the monotonicity of the map p — u,, in the last inequality. Finally, for any p,q €

[p071]7

sup |1p(2) — pg ()| < (2410 (1) +C'(po)) lg — pl -

This yields the result.

5.2 General distributions case

In this section, we prove theorem 1.3. The following proposition relies on a result of Kesten
(proposition (5.8) in [51]).

Proposition 5.1. Let p; < p.(d), po > pe(d), M > 0, g9 > 0 and € — (g) be a non-decreasing
function such that §(eg) < 1 —p1. Let €y py Me0,5 be the class of functions defined in theorem
1.8. There exist positive constants A, B and C' depending on these parameters such that, for any
distribution G in Cp, p, M.eo.,5

There exists a path r starting from 0

Vnz1 P( such that |r| > n and Ta(r) < Cn

) < Aexp(—DBn).

Proof of theorem 1.3. Let H be the distribution such that H({0}) = p1, for every ¢ < &g, we have
H(]0,e]) = 6(e) and H({eo}) = 1 — H([0,20[). Using proposition 5.8 in [51], there exist positive
constants A, B and C' depending on the distribution H such that

There exists a path r starting from 0

vnz1 g ( such that |r| > n and Ty(r) < Cn

) < Aexp(—Bn).

By construction, any distribution G in €, », M ,,s5 stochastically dominates H. Let n > 1. Using
the stochastic domination, we have

There exists a path r starting from 0
such that |r| > n and Tg(r) < Cn

< ( There exists a path r starting from 0

such that |r| > n and Ty(r) < Cn > < Aexp(—Bn).

This yields the result. O

The proof of theorem 1.3 uses the same strategy as the proof of theorem 1.2, so we will only
sketch the arguments.

Proof. Let p1 < pc(d), po > pe(d) M > 0, g9 > 0 and € — d(¢) be a function. Let G and F be

two distributions on [0, +00[ in €, py M,e0,6- Let p < g € [po, 1]. We define G, and F, as
Gp=pG+(1-p)des and Fy=qF+(1—-¢)i.

We write ¢ — p = kdo/2 + r with kK € Nand 0 < r < éo/2. We have

lnr, () = pa, (2)]
k—1

< |/‘LFq ((E) - MGq_r($)| + Z |/"LGP+(7L+1)60/2 (.’t) - N“Gp+i50/2 (CL’)‘ . (516)
=0
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Let i € {0,...,k — 1}. We introduce next a coupling between Gptiso/2 and Gy (i41)5,/2- To each
edge e € E¢, we associate three random variables: one uniform random variable U(e) on [0, 1],
two Bernoulli random variables V' (e) and W (e) of parameters p + (i + 1)dp/2 and dy/2. We set

[ GTHU(e)) if V(e)=1
tGpiianrsgs2(€) = +00 otherwise
and
; (¢) = G Y(U(e)) if V(e)W(e)=1
Gptisg/2\¢) = 1o otherwise, '

With this coupling, we have

d
Ve € E tGeriao/z (e) > tGp+(i+1)50/2 (6)7

thus pg,, 5, ,» stochastically dominates uc Since G € €y, p, M,e0,5, We have G([0, M]) >

1 —0¢/2 and therefore

Gy (i+1)50/2([0,00[) — Gpis, /2([0, M])

5 8 5
§p+(z’+1)50— <p+z'20) (1—5) <&.

p+(i+1)8g /2"

Let n > 1. Let us assume that 0 and nx belong to Cp, i, the infinite cluster made of edges e such
that tc, (e) < M. Let y be a geodesic between 0 and na for the passage times (tc,, 15,2 (€))eer-
For some edges e € v, we have LGyt isg 2 (e) = co. We would like to bypass these edges using only
edges e € E? such that tGp+i5g/2(e) < M. We control the length of the bypasses using the same
strategy as in the Bernoulli case. Up to choosing a smaller dg, we can assume that

Gprise/2([0, M]) = (p+ 1520> (1 - 520) > po <1 - 520> > pe(d) -

We say that the edge e is G145, /2([0, M])-open (respectively G, (it1)s,/2([0, 00[)-open) if

tGyyisys2(€) < M (vespectively t, ., (€) < 00).

The shells are now made of (G)145,/2([0, M]), Gpi(i+1)s,/2([0, 00[))-good boxes. Let (shell(e))ce
be a family of shells as in proposition 3.5. We can build 7 and 7" as in the Bernoulli case, where
7" is a path between 0 and na whose edges have finite passage times for the distribution G5, /2-
With this coupling, the passage times coincide for the two distributions on 7/ N~. Thus, we have

TGp+z‘50 /2 ('7,/)
< TGp+zir50/2 ('V(fimt)) + TGp+i60/2 (Py(lasﬂ) + TGP+i50/2 (v '7//) + TGP+i80/2 ('71 \ )
<AdM B4 Tq s 2 (V) F 128NIMY | shell(e)| Ly (e)—o -
ecy

We need then to control the length of v. We have

G (i+1)5,/2([0, M]) > po -

Since 0 and nx belong to Cp, a7, then 0 and nx also belong to C,i (i41)s,/2,0, the infinite cluster
made of edges e such that tq < M. Using lemma 2.3, we obtain that, with high
probability,

p+(i+1)8g/2 (e)

DEr++050/20 (0, ) < B,

which implies further that

P (i4+1)50 /2 ()
Since Gy (i+1)5,/2 belongs to €, 1) a1.e,.5, We have, with high probability,

M
1 < G Bnlzl,
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where C' is the constant defined in proposition 5.1 corresponding to the class €, ar,c0,6. As in
the Bernoulli case, we have, with high probability,

oo M
S shell(e)]Eywey=o < 7 A'(po) Bl
ecy
In the same way than in the Bernoulli case, we conclude that there exists a positive constant
that depends on p1, po, €9, M, § and d such that
do

:r:lSl‘Bl |MGP+MO/2 ($) - 'UG;D+(1‘+1)60/2 ($)| S H? .

Therefore
k—1 5
Z |:u’Gp+wO/2 (1‘) - MGp+(i+l)50/2(x)| S K}kg .
i=0

The last step of the proof consists in controlling the quantity |ur, (z) — pa,_, (x)]. We use again
the same strategy. We introduce a specific coupling. To each edge e € E?, we associate three
random variables: a uniform random variable U(e) on [0, 1], two Bernoulli random variables V (e)
and W (e) of parameters g and r. We set

tr,(e) = { F~YU(e)) if V(e)=1

+00 otherwise

and

G Y(U(e)) if V(ieW(e)=1

ta, .(e) = :

+00 otherwise.
We consider the geodesic v between 0 and na for the passage times (tr, (e))ccga. For some edges
e € 7, we have tg,_, (e) = co. We shall bypass these edges using only edges e € E¢ such that
ta,_,(e) < M. We build 7" as before. The main difference is that, for edges in 4" N+, the passage
times for the distributions F, and G,_, do not coincide any more. For e € 4" N+, we have

[tr,(€) —ta, . (e)] = [FH(U(e)) = G (U(e)] < e [F7H() - G ()]

Thus, we obtain
Tg, . (0,nz) < Tg, ,(v") < Ta,,(v" N y) + Ta,_, (Y \7)
<Tr,(v) + 1 sup |F7H() = G (1) + 128N MY [ shell(e) [Ty (e)=o
tefo,1 =
where the shells are made of (G4, ([0, M]), F,([0, oo[))-good boxes. We can show as above that
there exists a positive constant x’ depending on the parameters of the class € such that

sup (g, (¢) — ur, (@) < # ( sup [P~ (t) = G (1) +7“> :
resi-1 welo.1)

To prove the converse inequality, we consider the geodesic ™ between 0 and nz for the law G,_,.
Given the coupling, any edge in 7 has finite passage time for the law Fj,. Therefore, we have

Tr,(0,nx) < Tf, (1) < Tg,_, (7) +|7| sup |F~1(t) — G 1(t)]. (5.17)
t€[0,1]
We obtain the converse inequality and therefore
sup g, (%) — i, (2)] < K ( sup [F71(t) - G1()| +r> . (5.18)
z€Sd—1 te[0,1]

Finally, combining inequalities (5.16) and (5.18), we get

sup |ur, (2) — pe, (7)] < max(k, &) (Iq—pI + sup [F7H(t) - Gl(t)l) :
reSd—1 t€(0,1]

This yields the result. ]
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Chapter 7

The maximal flow from a compact
convex subset to infinity in first
passage percolation on 74

We consider the standard first passage percolation model on Z¢ with a distribution G' on R
that admits an exponential moment. We study the maximal flow between a compact convex subset
A of R? and infinity. The study of maximal flow is associated with the study of sets of edges of
minimal capacity that cut A from infinity. We prove that the rescaled maximal flow between nA
and infinity ¢(nA)/n?"1 almost surely converges towards a deterministic constant depending on
A. This constant corresponds to the capacity of the boundary 0A of A and is the integral of a
deterministic function over dA. This result was shown in dimension 2 and conjectured for higher
dimensions by Garet in [38].
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1 Introduction

The model of first passage percolation was first introduced by Hammersley and Welsh [49] in
1965 as a model for the spread of a fluid in a porous medium. In this model, mathematicians
studied intensively geodesics, i.e., fastest paths between two points in the grid. The study of
maximal flows in first passage percolation started later in 1984 in dimension 2 with an article
of Grimmett and Kesten [45]. In 1987, Kesten studied maximal flows in dimension 3 in [52].
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The study of maximal flows is associated with the study of random cutsets that can be seen as
(d — 1)-dimensional surfaces. Their study presents more technical difficulties than the study of
geodesics. Thus, the interpretation of first passage percolation in terms of maximal flows has been
less studied.

To each edge in the graph Z<¢, we assign a random ii.d. capacity with distribution G' on
R* that admits an exponential moment. We interpret this capacity as a rate of flow, i.e., it
corresponds to the maximal amount of water that can cross the edge per second. Let us consider
a compact convex subset A of R¢. We interpret the set A as a source of water. We are interested
in the maximal amount of water that can flow from the boundary 9A of A to infinity per second.
This issue is in fact analogous to the study of the smallest capacity mincut(A, co) over sets of
edges separating A from infinity. This issue was first studied in dimension 2 by Garet in [38], he
proved that the rescaled maximal flow between nA and infinity ¢(nA)/n almost surely converges
towards an integral of a deterministic function v over JA.

Several issues arise when we study this problem in higher dimensions. Garet proves his result
in [38] by proving separately upper and lower large deviations. Although the proof of the upper
large deviations may be adapted to higher dimensions, the proof of lower large deviations strongly
relies on combinatorial estimates that fail in higher dimensions. Moreover, in dimension 2, the
function v is actually simpler to study. Thanks to the duality, it is related to the study of geodesics,
whereas in higher dimensions, we cannot avoid the study of random surfaces to define the function
v. To get a better understanding of this deterministic function in higher dimensions, we first study
the maximal flow in a box. Let us consider a large box in Z% oriented along a given direction v.
Next, we consider the two opposite sides of the box normal to v that we call top and bottom. We
are interested in the maximal flow that can cross the box from its top to its bottom per second.
More precisely, we can ask if this maximal flow properly renormalized converges when the size of
the box grows to infinity. This question was addressed in [52], [62] and [73] where one can find
laws of large numbers and large deviation estimates for this maximal flow when the dimensions of
the box grow to infinity under some moments assumptions on the capacities and on the direction
v. The maximal flow properly renormalized converges towards the so-called flow constant v(v).
In [64], Rossignol and Théret proved the same results without any moment assumption on G for
any direction v. Roughly speaking, the flow constant v(v) corresponds to the expected maximal
amount of water that can flow per second in the direction of v. Let us consider a point z in
OA with its associated normal unit exterior vector n4(x) and infinitesimal surface S(z) around x.
When we consider nA, an enlarged version of A, the surface S(z) becomes n.S(x) and the expected
maximal amount of water that can flow in the box of basis n.S(x) in the direction n 4 (z) is of order
n41v(na(x))Cs where Cg is a constant depending on the area of the surface. Heuristically, when
we sum over points in A, we obtain that the maximal flow between nA and infinity ¢(nA) is
roughly n?~! times the integral of v over dA. We define

7(A) = /a @) @),

The quantity Z(A) may be interpreted as the capacity of JA.
The aim of this paper is to prove the following theorem that was conjectured by Garet in [38].

Theorem 1.1. Letd > 3. Let A be a compact convex subset of R?. Let G be a probability measure
on [0, +o00[ such that G({0}) < 1 — p.(d). Let v be the flow constant associated to G. For each
€ > 0, there exist positive constants C and Co depending only on € and G, such that for allmn > 0,

< ’ mincut(nA, co)
P d—1
n

z(A)\ > <) < Cremp(~Can ™).

As a corollary, mincut(nA4,oc)/n?"! converges in probability towards ¢4 when n goes to
infinity. Roughly speaking, the rescaled maximal flow that can go from nA to infinity is limited
by the capacity of A, or equivalently, the rescaled minimal capacity of a cutset between nA and
infinity is equal to the capacity of dA. In addition, we shall prove that there exists a minimal
cutset E between the set nA and infinity, 4.e., such that the capacity of F is equal to ¢(nA) and
E separates nA from infinity. This is far from obvious, but it is a natural consequence of Zhang’s
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result [73]. Indeed, for a fixed n, there may exist a sequence of sets (&,),en of growing size such
that £, C EZ cuts A from infinity and

lim V(€,) = mincut(nA, o).

p—o0
There is no direct argument that allows to extract a sequence from (&£,)pen which would converge
to a cutset realizing the minimum. When we consider cutsets in a bounded region, the existence
of a cutset achieving the infimum becomes trivial as the number of possible cutsets is finite. We
define the edge boundary of A as

dA={e=(z,y) eE : 2 € ANZ' yeZ'\ A}.

Theorem 1.2 (Existence of a minimal cutset and control of its size). Let A be a compact convex
subset of R? containing the origin. Let G be a probability measure on [0, +oo[ such that G({0}) <
1 —p(d) and G admits an exponential moment.

1. With probability 1, there exists a minimal cutset from A to infinity in the original lattice
(74, E%).

2. There exist constants By, C1, Co and \ depending only on d and G such that for any > B,
for any n > MO.A|,

P(All the minimal cutsets E are such that |E| > fn) < Cre= 92",

We prove Theorem 1.1 by proving separately the upper large deviations above the constant
Z(A) in Theorem 1.3 and the lower large deviations below the constant ¢4 in Theorem 1.4. Tt will
be more convenient in the following to work in the graph (Z2,E) having for vertices Z¢ = Z4/n
and for edges EZ, the set of pairs of points of Z? at distance 1/n from each other. In this setting,
the set A remains fixed and the lattice shrinks. We denote by mincut,, (A, c0), the minimal capacity

over sets of edges in E¢ separating A from infinity.

Theorem 1.3 (Upper large deviations). Let A be a compact convex subset of R? containing the
origin. Let G be a probability measure on [0, +0o[ such that G({0}) < 1 — p.(d) and G admits an
exponential moment. For each X\ > I(A), there exist positive constants C1 and Co depending only
on A\, A and G, such that for alln >0,

P (mincutn(A7 o0) > )\nd_l) < C; exp(—C’gnd_l) .

The proof of Theorem 1.3 is inspired by the proof of the enhanced large deviations upper bound
in [38] and the proof of the upper large deviations for the maximal flow through a domain of R?
done in [22]. Roughly speaking, the idea is to build a cutset F from A to infinity whose capacity
is close to Z(A)n%~1 and next to bound the probability that mincut,, (A, o) is abnormally big,
i.e., greater than Z(A)n?~!, by the probability that the capacity of E is abnormally big. To do so,
we first approximate A from the outside by a convex polytope P. For each face F' of P and v its
associated exterior unit normal vector, we consider the cylinder cyl(F 4 v, €) of basis F 4+ ev and
of height € > 0 and a cutset from the top to the bottom of the cylinder having minimal capacity.
We build F by merging the cutsets associated to all the faces of the polytope. The union of these
cutsets is not yet a cutset itself because of the potential holes between these cutsets. We fix this
issue by adding extra edges to fill the holes. We next control the number of extra edges we have
added. We also need to control the capacity of the cutsets in a cylinder of polyhedral basis to
obtain the desired control.

Theorem 1.4 (Lower large deviations). Let A be a compact convex subset of RY. Let G be a
probability measure on [0, +00[ such that G admits an exponential moment and G({0}) < 1—p.(d).
We define

¢4 =inf {Z(S) : ACS and S is compact} .

For each A < ¢4, there exist positive constants C1 and Co depending only on A\, A, and G, such
that for allm > 0,
P (mincutn(A, o0) < )\ndfl) < exp(ngndfl) .
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To study the lower large deviations, we try to proceed as in the work of Cerf and Théret in
[25]. The idea is to create from a cutset E C EZ that cuts A from infinity a continuous subset
of R? whose edge boundary (i.e., the edges that have one extremity in the continuous subset and
the other one outside) corresponds to the cutset E. As we can control the number of edges in
a minimal cutset thanks to the work of Zhang [73], we can consider a cutset from A to infinity
of minimal capacity and that has at most cn®~! edges with high probability, for some positive
constant c. Thanks to this crucial result, the continuous set we build has a perimeter at most c.
In [25], as the two authors work in a compact region (2, the continuous object they obtain live
in the compact space consisting of all subsets of 2 of perimeter less than or equal to ¢. In our
context, as our cutset E can go potentially very far from A, we cannot build from E a continuous
set that belongs to some compact space and therefore we cannot use the same method as in [25].
However, as the capacity of E is small, we expect it to remain close to the boundary of 0A. We
should observe unlikely events just by inspecting what happens near the boundary of A. This will
enable us to study only the portion of the cutset £ near dA and to define a continuous version
of this portion that belongs to a compact set. Starting from there, we can follow the strategy of
[25].

Finally, we prove in Proposition 1.5 that the two constants Z(A) and ¢4 appearing in Theorems
1.3 and 1.4 are equal. This yields the result stated in Theorem 1.1.

Proposition 1.5. Let A be a compact convex subset of R%. The minimal capacity ¢4 for the flow
from A to infinity is achieved by T(A), the capacity of the boundary of A, i.e.,

¢4 =inf {Z(S), AC S and S is compact } = I(A).

The rest of the paper is organized as follows. In section 2, we present the model. In section 3
and 4, we give all the necessary definitions and background. In section 5, we prove the upper large
deviations Theorem 1.3. We prove the existence of a minimal cutset Theorem 1.2 in section 6 and
the lower large deviations Theorem 1.4 in section 7. Finally, we conclude the proof of Theorem
1.1 by proving Proposition 1.5 in section 8.

2 The model

2.1 The environment

Let n > 1 be an integer. We consider the graph (Z%,E?) having for vertices Z¢ = Z¢/n and
for edges EZ, the set of pairs of points of Z¢ at distance 1/n from each other. We use the subscript
n to emphasize the dependence on the lattice (Z<,EZ). With each edge e € EZ we associate
a random variable ¢(e) with value in R*. The family (¢(e))ccga is independent and identically
distributed with a common law G. Throughout the paper, we work with a distribution G on RT
satisfying the following hypothesis.

Hypothesis. The distribution G is such that G({0}) < 1 — p.(d) and G admits an exponential

moment, 7.e., there exists # > 0 such that

/ exp(0x)dG(z) < +o0.
R+

2.2 Maximal flow

For x = (z1,...,24), we define

]2 =

We denote by - the standard scalar product in R%. A stream is a function f : E¢ — R? such that
the vector f(e) is colinear with the geometric segment associated with e. For e € EZ, || f(e)]|2
represents the amount of water that flows through e per second and f(e)/(n||f(e)|l2) represents
the direction in which the water flows through e. Let A be a compact convex subset of R?. We
say that a stream f between A and infinity is admissible if and only if it satisfies the following
constraints.



3. SOME NOTATIONS AND USEFUL RESULTS 165

- The node law : for every vertex x in Z% \ A, we have

> fle)-zh=0.

yELL: e=(x,y)€EL

- The capacity constraint: for every edge e € E4, we have
0 < |[lf(e)ll2 <t(e).

The node law expresses that there is no loss or creation of fluid outside A. The capacity constraint
imposes that the amount of water that flows through an edge e per second is limited by its capacity
t(e). As the capacities are random, the set of admissible streams between A and infinity is also
random. For each admissible stream f, we define its flow in the lattice (ZZ,E%) by

flow(f) = > fle)-m

z€ANZE yeZt: e=(x,y) €Y

This corresponds to the amount of water that enters in R?\ A through dA per second for the
stream f. The maximal flow between A and infinity for the capacities (t(e))eem/, denoted by
¢dn(A — 00), is the supremum of the flows of all admissible streams between A and infinity:

_ ~ f is an admissible stream between
9n(A = 00) = sup {ﬂow(f) " A and infinity in the lattice (Z¢,E2)
2.3 The max-flow min-cut theorem

Dealing with admissible streams is not so easy, however we can use an alternative interpretation
of the maximal flow which is more convenient. Let E C EZ be a set of edges. We say that E
separates A from infinity (or is a cutset, for short), if every path from A to infinity goes through
an edge in E. We associate with any set of edges E its capacity V(FE) defined by

V(E) =Y t(e).

eckE
The max-flow min-cut theorem, a classical result of graph theory [16], states that

¢n(A — 00) = inf { V(E) : E separates A from infinity in (Z¢, E?) } .

We recall that mincut,, (A4, o) is the infimum of the capacities of all cutsets from A to infinity
in the lattice (Z2,E%). Note that it is not even obvious whether this infimum is attained. This

n?

theorem originally concerns finite graphs but it can be extended to infinite graphs (see for instance
section 6.1. in [38]). We extend the notation ¢,, to any connected subgraph G C Z% and &;, &
disjoint subsets of G:

On(B1 — B2 in G) = inf { V(E) : E separates ®; from &5 in G }

3 Some notations and useful results

3.1 Geometric notations

Let S ¢ R%. We define the distance between a point and S by
Vo € R? da(z,S) = inf ||z — y||2
yes
and for r > 0, we define the open r-neighborhood V(S,r) of S by

V(S,T):{xeRd :da(z, S) <r}.
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Let € R%, r > 0 and a unit vector v. We denote by B(z,7) the closed ball of radius r centered
at x, by disc(z,r,v) the closed disc centered at z of radius 7 normal to v, and by B (z,r,v)
(respectively B~ (z,7,v)) the upper (resp. lower) half part of B(x,r) along the direction of v, i.e.,

B+(x,r,v):{y€B(x,r) : (y—x)~v20},

and
B_(x,r,v):{yeB(x,r) : (y—x)-vSO}.

We denote by £¢ the d-dimensional Lebesgue measure. We denote by ay the £¢ measure of a
unit ball in RZ. We denote by H%~! the Hausdorff measure of dimension d — 1. In particular, the
H?! measure of a d — 1 dimensional unit disc in R? is equal to ag_;. Let A be a non-degenerate
hyperrectangle, i.e., A is included in an hyperplane of R and of codimension 1. Let 7 be one of
the two unit vectors normal to A. Let h > 0, we denote by cyl(A, h) the cylinder of basis A and
height h defined by

cyl(A,h):{a:+t7 : xeA,te[—h,h]}.

The dependence on v s implicit in the notation cyl(A, h). We also define the infinite cylinder of
basis A in a direction @ (not necessarily normal to A):

cyl(A,ﬁ,oo):{x—i—tﬁ : xeA,tEO}.

Note that these definitions of cylinder may be extended in the case where A is a set of linear
dimension d — 1, i.e., A is included in an hyperplane of R%, which is the affine span of A.

3.2 Sets of finite perimeter and surface energy

The perimeter of a Borel set S of R? in an open set O is defined as
P(S,0) = sup {/ div f(z)dL%(x) : f € C(0, B(0, 1))}
s

where C2°(0, B(0,1)) is the set of the functions of class C* from R to B(0, 1) having a compact
support included in O, and div is the usual divergence operator. The perimeter P(S) of S is
defined as P(S,R?). The topological boundary of S is denoted by dS. The reduced boundary 9*S
of S is a subset of S such that, at each point x of 9*S, it is possible to define a normal vector
ns(z) to S in a measure-theoretic sense, and moreover P(S) = H?"1(5*S). We denote by v the
flow constant that is a function from the unit sphere S%=! of R? to R* as defined in [64]. We
denote by Vmaz and Vp, its maximal and minimal values on the sphere. The flow constant v(v)
corresponds to the expected maximal amount of water that can flow per second in the direction
of v. A more rigorous definition will be given later. We can define the associated Wulff crystal
W,
W,,z{xeRd : Yy, y~1:§1/(y)}.

The homogeneous extension of v is convex (we refer to proposition 4.2 for a precise statement).
As a consequence, we have the following proposition.

Proposition 3.1 (Proposition 14.1 in [19]). The function v is the support function of its Wulff
crystal W, that is,
Yo € S v(v) =sup{z-v:zeW,}.

With the help of the Wulff crystal, we can define the surface energy of a general set.
Definition 3.2. The surface energy Z(S,0) of a Borel set S of R in an open set O is defined as

Z(S,0) = sup {/Sdiv f(x)dci(z): f € Ccl(O,W,,)}.

We will note simply Z(S) = Z(S,R9).
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Proposition 3.3 (Proposition 14.3 in [19]). The surface energy Z(S,O) of a Borel set S of R? of
finite perimeter in an open set O is equal to

7(S,0) = /6 o v(ng(x))dHY ().

We recall the two following fundamental results.

Proposition 3.4 (Isoperimetric inequality). There exist two positive constants biso, Ciso Wwhich
depend only on the dimension d, such that, for any Cacciopoli set E, any ball B(x,r) C R?,

min (L4(E N B(z,r)), LY(R?\ E) N B(x,1))) < bisoP(E, B(z,7))**1,
min (L4(E), L4RY\ E)) < ¢;50P(E)Y !
where for X C R?, X denotes the interior of the set X.
Theorem 3.5 (Gauss-Green theorem). For any compactly supported C* vector field f from R? to

R?, any Caccioppoli set E,

/E div f(2)dL(x) = (@) - np(@)dH ().

O*E

3.3 Approximation by convex polytopes

We recall here an important result, which allows to approximate adequately a set of finite
perimeter by a convex polytope.

Definition 3.6 (Convex polytope). We say that a subset P of R? is a convex polytope if there
exist v1, ..., Uy unit vectors and o1, ..., P, real numbers such that

P = ﬂ {meRd:xmigapi}.
1<i<m

We denote by F; the face of P associated with v;, i.e.,
Fi:Pm{xeRd: x~vi:cpi}.

Any compact convex subset of R? can be approximated from the outside and from the inside
by a convex polytope with almost the same surface energy.

Lemma 3.7. Let A be a bounded convex set in R%. For each € > 0, there exist convex polytopes
P and Q such that PC A C Q and

I(Q) — e < I(A) < I(P) +e.

Proof. Let A be a bounded convex set in R?. Let ¢ > 0. Let (zj),>1 be a dense family in JA. For
n > 1, we define P, as the convex hull of z1,...,z,, i.c., the smallest convex set that contains
the points z1,...,z,. As A is convex, we have P, C A and P,, converges towards A when n goes
to infinity for the £! topology. The functional Z is lower semi-continuous, thus

Z(A) < liminf Z(P,)

n—oo

so there exists n large enough such that
Z(A) <ZI(P,) +e

and we take P = P,. The existence of () was shown by Cerf and Pisztora in Lemma 5.1 in [21]
for the Wulff shape. The proof may be easily adapted to a general convex bounded set A. The
proof of Lemma 5.1 only uses the fact that the function v is continuous and that the set A is
convex. O
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4 Background on maximal flow

We now consider two specific maximal flows through a cylinder for first passage percolation on
Z% where the law of capacities is given by the distribution G. We are interested in the cutsets in a
cylinder. Let us first define the maximal flow from the top to the bottom of a cylinder. Let A be a
non-degenerate hyperrectangle and let T be one of the two unit vectors normal to A. Let h > 0.
In order to define the flow from the top to the bottom, we have to define discretized versions of
the bottom B, (A, h) and the top T},(A, k) of the cylinder cyl(A, h) in the lattice (Z¢ E4). We

define ¢ el (ALD). (2.) 4
o d - Jy & cyl(4Ah), (z,y) € EY
Bn(4,h) = {x € Zn Neyl(A, h) - and (x,y) intersects A — hv

and

Jy ¢ cyl(A,h), (z,y) € EZ

— d . Y Y ) ) Y n

Tu(4, h) = {a: € Zn Neyl(A, h) - and (z,y) intersects A+ hv [

We denote by ¢, (A4, h) the maximal flow from the top to the bottom of the cylinder cyl(A,h) in
the direction ¥ in the lattice (Z4,E%), defined by

6n(4,h) = éu( Tu(A,h) = Ba(Ah) in eyl(4,h) ).

This definition of the flow is not well suited to subadditive arguments, because we cannot glue
together two cutsets from the top to the bottom of two adjacent cylinders in order to get a
cutset from the top to the bottom of the union of these two cylinders. The reason is that the
trace of a cutset from the top to the bottom of a cylinder on the boundary of the cylinder is
totally free. We go around this problem by introducing another flow through the cylinder which is
genuinely subadditive. The set cyl(4, k) \ A has two connected components, denoted by C;(A, h)
and Co(A,h). We define discretized versions of the boundaries of these two sets in the lattice
(72 k). For i = 1, 2, we define

Cin(A,h) = { & € ZLNCUAR) : 3y ¢ cyl(A,h), (w.y) € B |

We call informally C; (A, h), i = 1,2, the upper and lower half part of the boundary of cyl(A, h).
We denote by 7,,(A, h) the maximal flow from the upper half part to the lower half part of the
boundary of the cylinder, i.e.,

Ta(A,R) = 6 CLL(A B) = C3,(ALR) in cyl(A,R) ).

By the max-flow min-cut theorem, the maximal flow 7,,(A4, h) is equal to the minimal capacity of
a set of edges E C E¢ that cuts C] , (A, h) from C4,, (A, h) inside the cylinder cyl(A, h). We have
the following law of large number.

Theorem 4.1 (Rossignol-Théret [62]). Let G be an integrable probability measure on Ry. For
any v € ST, there exists a constant v(v) € Ry such that for any non-degenerate hyperrectangle
A normal to U, for any h > 0, we have

lim Tn(Av h)

: 1
nﬁmm = I/(U) in L.

The constant v(v) is the so-called flow constant in the direction v. The flow constant v satisfies
a weak triangle inequality see proposition 3.4. in [64].

Proposition 4.2 (Weak triangle inequality for v/). Let (ABC) be a non-degenerate triangle in R?
and let va,vp,vo be the exterior normal unit vectors to the sides [BC],[AC], [AB] in the plane
spanned by A, B,C. Then,

H([BC)r(va) < H ([AC])v(vp) + H' ([AB])v(ve) -

The homogeneous extension vy of v to R defined by v5(0) = 0 and

Yo e R0 () =l ()

[[w]l2

is a convex function.
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We will need the following upper large deviation result.

Theorem 4.3 (Upper large deviations of the maximal flow in a cylinder). Let G be a probability
measure on [0, +o0o[ such that G({0}) < 1—p.(d) and G admits an exponential moment, i.e., there
exists 0 > 0 such that fR+ exp(0x)dG(z) < +o00. For every unit vector v, for every non-degenerate
hyperrectangle A normal to v, for every h > 0 and for every A > v(v), there exist positive real
numbers C1 and Cy depending only on A and G, such that, for alln > 1,

P (7,(A, h) > AHTH(A)n?1) < O exp(—Can®™1).

This theorem may be proven by adapting the arguments in the proof of Theorem 3 in [68]. To
ease the reading, constants may change from appearance to appearance.

5 Upper large deviations

The goal of this section is to prove Theorem 1.3.

5.1 The case of a cylinder

In this section, we will use Theorem 4.3 which is the main probabilistic estimate needed to
prove Theorem 1.3. A convex polytope of dimension d — 1 is a convex polytope F' which is
contained in an hyperplane of R? and such that #?~!(F) > 0. We have the following Lemma.

Lemma 5.1. Let F' be a convex polytope of dimension d — 1. Let v be a unit vector normal to F'.
Let h > 0. Let A > v(v)HY 1 (F). There exist positive real numbers Cy and Cy depending on F,
G, X and d such that, for alln > 1

P(7,(F,h) > Mn~1) < Oy exp(—Con?™1)

Proof. Let F be a convex polytope of dimension d — 1 and v a unit vector normal to F'. We shall
cover F' by a finite family of hypersquares and control the probability that the flow is abnormally
big in cyl(F, h) by the probability that the flow is abnormally big in one of the cylinders of square
basis. Let A > v(v)H? (F). Let x > 0 be a real number that we will choose later. We denote
by S(k) an hypersquare of dimension d — 1 of side length £ and normal to v. We shall cover the
following subset of F' by hypersquares isometric to S(k):

D(k,F) = {xEF : d(z, OF) >2\/g/f}.

There exists a finite family (.5;);er of subsets of F', which are translates of S(x) having pairwise
disjoint interiors and such that D(k, F') C U;erS; (see figure 7.1). Moreover, we have

er—l (F)

SRR E)

(5.1)

and there exists a constant ¢y depending only on the dimension such as

HEY(F\ D(k, F)) < caH2(0F) k.
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D(k, F)

An hypersquare of
side length x

Figure 7.1 — Covering P with hypersquares

Let h > 0. We want to build a cutset between C7(F,h) and C4(F,h) out of minimal cutsets
for the flows 7,,(S;, h), ¢ € I. Note that a cutset that achieves the infimum defining 7,(S;, k) is
anchored near the boundary 095;. However, if we pick up two hypersquares S; and S; that share a
common side, their corresponding minimal cutsets for the flow 7,, do not necessarily have the same
trace on the common face of the associated cylinders cyl(S;, h) and cyl(S;, h). We shall fix this
problem by adding extra edges in order to glue properly the cutsets. Due to the discretization, we
will need also to add extra edges around the boundaries of the hypersquares 9S; and in the region
F\ D(k, F) in order to build a cutset. For ¢ € I, let E; be a minimal cutset for 7,,(S;, h), i.e
E; C Ed separates C}(S;, h) from C%(S;, h) in cyl(S;, h) and V(E;) = 7,(S;, h). We fix ¢ = 4d/n.
Let Ey be the set of the edges of IEI‘fL included in &, where we define

50:{:ce112<d : d(w,F\UiEISi)SC}UU{:EGRd : d(m,asi)gg}.

i€l

The set of edges Ep U |J,

se1 Ei separates C7(F, h) from C5(F, h) in cyl(F, h) therefore

Ta(F,h) S V(Eo) + Y _V(E:) =V(Eo) + > 7a(Si,h). (5.2)

i€l icl
There exists a constant ¢/, depending only on d such that:

|Eo| < ¢ (kn* " 12 (OF) + [I|H*2(9S(k))n"2) .
Using (5.1), we obtain

d—1
|Eo|§C&<ﬁnd_lHd_2(3F) @S

d—1 F
013402 (oF) + 2424 ( ) > :
Thus, for n large enough,

|Eo| < 2¢; sk HE2(OF )t~ 1. (5.3)
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There exists s > 0 such that A > (1 + s)v(v)H4"}(F). Thanks to inequality (5.2), we obtain

P(7,(F,h) > An?1) <P (V(EO) +) (S h) = (1+ s)u(v)%d—l(F)nd—1>

iel

Z (Ta(Si h) = (L+ s/2)v(0)HH (S;)n? )

el
+P (V(Eo) > fy(v)nd*%dfl(F))

< P(ra(Si h) = (1+ s/2)w(v)HT (S)n? ™)

\}

iel
2¢,kHA2(OF)nd 1
4P ; ti >§ vt HENF) | (5.4)

where (¢;)ien is a family of i.i.d. random variables of common probability distribution G. We use
inequality (5.3) in the last inequality. We can choose x small enough so that

2,k HE2(OF)E(t;) < $Upmin HEH(F) /2.

Moreover, as G admits an exponential moment, the Cramér theorem in R gives the existence of
positive constants D and D’ depending on G, F', s and d such that, for any n > 1,

2céde72(8F)nd71
P 3 t >§ v(0)n?HIY(F) | < Dexp(=D'nY). (5.5)
=1

Thanks to Theorem 4.3, there exist positive real numbers C7, Cy depending on s such that for
i€, forany n > 1,

P(7,,(Ss, h) > (1 + 5/2)v(v)HYH(S;)n?™1) < Cp exp(—Cynd™1). (5.6)
By combining inequalities (5.4) and (5.5) and (5.6), we obtain
P(7,(F,h) > An®™") < Dexp(=D'n"") + [I|Cy exp(—Can™),

and the result follows. O

5.2 Proof of theorem 1.3

Let A be a compact convex subset of R?. Let A\ > Z(A) and let s > 0 be such that A >
(14 $)Z(A). By Lemma 3.7, there exists a convex polytope P such that A C P and

(1+ $)Z(A) > (1 +s/2)Z(P). (5.7)

Let us denote by Fi,..., F,, the faces of P and let vy,...,v,, be the associated exterior unit
vectors. Let ¢ > 0. For i € {1,...,m}, we define C; = cyl(F; + ev;,€). The sets C;, 1 < i < m,
have pairwise disjoint interiors. Indeed, assume that there exists z € ¢ n Co’j for some i # j.
Then there exist unique z € F;, y € F; and h,h’ < 2¢ such that z = . + hv; = y + h'v;. In fact,
the point x (respectively y) is the orthogonal projection of z on the face F; (resp. Fj). As P is
convex, the orthogonal projection of z on P is unique so z = y and x € F; N F;. In particular,
the point x is in the boundary of F;. This contradicts the fact that z belongs to the interior of
C;. We aim now to build a cutset that cuts P from infinity out of cutsets of minimal capacities
for 7,,(F; + ev;,e), i € {1,...,m}. The union of these cutsets is not enough to form a cutset from
P to infinity because there might be holes between these cutsets. For ¢ € {1,...,m}, a minimal
cutset for 7,,(F; + ev;, €) is pinned around the boundary of O(F; + v;). We need to add bridges
around O(F; + ev;) to close the potential holes between these cutsets (see figure 7.2). As the
distance between two adjacent 9(F; + ev;) decreases with ¢, by taking e small enough, the size
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of the bridges and so their capacities is not too big and may be adequately controlled. Next, we
shall control the maximal flow through the cylinders or equivalently the capacity of the minimal
cutsets in the cylinders thanks to Lemma 5.1.

For i € {1,...,m}, let E/ C E¢ be a minimal cutset for 7,,(C;,€), i.e., E! cuts C}(F;,¢) from
Cy(F;,e) and V(E]) = 7,(F; + ev;,€). We shall add edges to control the space between E! and
the boundary O(F; + ev;). Let 4,5 € {1,...,m} such that F; and F}; share a common side. We
denote by M(i, j):

M(i,§) = V(F; N Fj e +¢) \ V(A,e — ).

P
A
e the dual of a minimal
et cutset for
a face I} Tan(Fj +evj, €,v5)
a face Fj

wisy

Figure 7.2 — Construction of a cutset from P to infinity

Let M; ; denote the set of the edges in E¢ included in M(i,5) (see figure 7.2). There exists a
constant ¢, depending only on the dimension d such that, for all 4,j € {1,...,m} such that F;
and F} share a common side,

|M; ;| < cgeInd=L.

We set
M =M,
0,
where the union is over ¢,j € {1,...,m} such that F; and F; share a common side. The set

MU (U~ E}) cuts P from infinity, therefore

mincut, (P,00) < V(M) + zm: V(E)) =V (M) + i Tn(F; + €v;,€) . (5.8)

i=1
As P is a polytope,
I(P) =Y v(v)H'(F),

i=1
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and as A C P, we have mincut,, (4, co) < mincut,, (P, c0). Then, using inequalities (5.7) and (5.8),
we obtain

P (mincut, (4, 00) > )\nd_l) mincut,, (4, 00) > (1 + s)n? 'Z(A))

mincut, (P, 00) > (1 + s/Q)nd_ll(P))

P
P

<P (V(M) + Z T (Fy + v, €) > (14 5/2)nd—1I(P)>
<P(V(M) > slf}P)nd_l /4)

+ ) P (1a(F +eviye) > (L+ s/ I(F)v(v:) . (5.9)

Moreover, we have
P (V(M) > sZ(P)n?"!/4) <P S tizsI(PtT/4 (5.10)

where (t;);en is a family of i.i.d. random variables of common probability distribution G. We
choose € small enough so that
cam?e?1E(t;) < sT(P)/4.

Since G admits an exponential moment, then the Cramér theorem in R gives the existence of
positive constants D and D’ depending on G, P, s and d such that

Cdm2€d 1 d 1

P >t =sI(P)/2n*"! | < Dexp(-D'n"1). (5.11)

i=1

By Lemma 5.1, there exist positive real numbers C'; and Cs depending on P, s, G and d such that
foralli e {1,...,m},

P (70 (F; + eviye) > (1 + 8/4)n?'I(F;)v(v;)) < Crexp(—Con1). (5.12)
We conclude by combining inequalities (5.9), (5.10), (5.11) and (5.12) that
P(mincut, (A, 00) > M) < Dexp(—D'n?1) +m C; exp(Coyn?~1).

This yields the desired conclusion.

6 Existence of a minimal cutset

In this section, we recall the fundamental result of Zhang which enables to control the cardi-
nality of one specific cutset. We use this opportunity to point out an important fact, namely we
prove in addition that there exists a minimal cutset E between a convex A and infinity. We here
prove Theorem 1.2 using the work of Zhang [73].

Throughout the proof we work on the lattice (Z?,E?). Let A be a convex compact subset
of R, As any path from A to infinity has to go through an edge of 9,4, the set J.A cuts A
from infinity and mincut(4, c0) < V(9. A). Let E be a cutset between A and infinity such that
V(E) < V(0.A). We want to control the probability that F has too many edges. To do that we
distinguish three types of edges that we will handle differently. Let ¢ be a positive constant that
we will adjust later. We define:

e The ™ edges are the edges e € F such that t(e) > . We denote by N*(E) the number
of eT edges in E. We can control N*(E) thanks to the fact that V(E) < V(9.A) and so
eNT(E) <V(0,4).

e The ¢~ edges that are the edges e € E such that 0 < t(e) < e. We denote by N~ (FE) the
number of ¢~ edges in E. As the probability of being an £~ edge goes to 0 when & goes to 0, we
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can choose ¢ so that, with high probability, N~ (F) does not exceed a certain proportion of |E|,
the number of edges in E.

e The closed edges or zero edges that are the edges of null passage times. Once we have
controlled the number of e* and €~ edges, the size of E cannot be too big otherwise the number
of closed edges, would be also big and this would mean that there exist large surfaces of closed
edges which is an unlikely event when G({0}) < 1 — p.(d).

We start now with these estimates. Let n > 1. Let E be a cutset from A to infinity such that
V(E) < V(9.A) and |E| = n. We start by controlling the e edges by controlling the capacity of
O A:

IP(EE C EY, E cuts A from infinity, V(E) < V(9.A) and |E| = n)
< ]P(EIE C E¢, E cuts A from infinity, V(F) < ¢?n and |E| = n) —HP’(V(GEA) > €2n>

< ]P(EIE C EY, E cuts A from infinity, N* (E) < en and |E| = n) n P(V(aeA) > 62n) .
(6.1)

As G admits an exponential moment, we obtain

P(V(@eA) > 6271) - P(GV(aeA) > 95%)
< exp(—0n)E(exp(0V (9. A)))

— exp(—022n) ( /R ) exp(@x)dG(z)) o (6.2)

We take
A=2In (/R+ exp(@x)dG(w)) /0* .

For n > A|0.A|, we have, using (6.2),
2 L, 2
]P’(V(('?SA) >e€ n) < exp (—298 n) . (6.3)
Combining inequalities (6.1) and (6.3), we get
]P’(HE C E%, E cuts A from infinity, V(E) < V(9.A) and |E| = n)

1
< ]P’(EIE CE? FE cuts A from infinity, N*(E) < en and |E| = n) + exp (2052n) .
(6.4)

We control next the number of ¢~ edges. We define §; = 01(¢) = G(]0, €]) the probability that an
edge e is an ¢~ edge. The probability d;(c) goes to 0 when e goes to 0. We bound the number
of cutsets of size n with the help of combinatorial arguments. As in the original proof of Zhang,
we fix a vertex belonging to an edge of E. Since E is a cutset, then at least one edge of E has
an extremity on the vertical line L = {(0,...,0,24), zq € R}. Moreover, the set E is finite. Let
z = (0,...,0,24) be the highest vertex of L belonging to an extremity of an edge of E. Since
|E| < n, then certainly x4 < n. We denote by E the set of the vertices of Z? that are connected
to a vertex in A without using an edge in E, i.e.,

B c7d. there exists a path from x to A which
" ’ does not go through an edge in F

We denote by GUE the exterior vertex boundary of E, defined as

0.F — {x € 7\ 5. ® has a neighbour in E and there exists }

a path from x to infinity in R?\ E
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This set is the analogue of 8.Z(k, m) in [73]. By Lemma 10 in [73], the set 0, E is Z¢ connected,
it contains z and moreover .
10,E| < 34 n.

Once the vertex z is fixed, the set &,E is a Z% connected set and we can apply the bound (4.24)

in [47], there are at most 743 n possible choices for d,E. We recall that each vertex has at most

2d adjacent edges. Once the set 81,5 is fixed, we bound the number of possible choices for the set
FE by

)(zd)k <(2d+1)¥""

3dt+ip
<3d+1n
k
k=1

Let D be a positive constant that will be adjusted later. By summing on the coordinate x4 of z,
on the choice of 0, F and E, we have

P(3E C E¢, E cuts A from infinity, N~ (E) > —(D/Iné,)|E| and |E| = n)

< zn:}P’ JE Cc B¢, E cuts A from infinity,
e N=(E)> —(D/Ilné1)n, zg =i and |E| =n

< 7B (9d 4 1)3n max P (|T| = n, N™(I) > ~Dn/Ind1) , (6.5)

where the maximum is over all the cutsets I' from A to infinity with n edges. For d; small enough
and D large enough, depending only on the dimension d, we have

P(Il|=n, N"(T') > —Dn/Ind;) < 2exp(—Dn/2). (6.6)

We refer to the proof of Theorem 1 in [73] for the proof of this result. Thus, by taking d; small
enough and D large enough and combining (6.5) and (6.6), there exist two constants C; and Cy
depending only on G, d and §; such that

P(3E c B, E cuts A from infinity, N~ (E) > —(D/Iné;)|E| and |E| = n) < C; exp(—Cyn) .
(6.7)

Finally, combining inequalities (6.4) and (6.7), we obtain

P(3E C B, E cuts A from infinity, V(E) < V(9. A) and |E| = n)

3E C E¢, FE cuts A from infinity, |E| = n, 1, 5
SIP’( N+(E) < en and N—(E) < —(Dn)/In4, + C1 exp(—Can) + exp —59571 .
(6.8)

We have controlled the numbers of et edges and e~ edges in the cut. We have now to control the
number of closed edges in the cut. We denote by J the number of edges in F of positive capacities.
On the event

{ |E| = n, NT(E) < en, N~ (E) < —(Dn)/1n 6, } :

we have
J<NY(E)+ N (E)<(e—D/Iné)n. (6.9)
Thanks to inequalities (6.8) and (6.9), we obtain for n > A9 A|,

P (3E C E%, E cuts A from infinity, V(E) < V(9. A) and |E| = n)
<P(3EC E¢, E cuts A from infinity, |E| = n and J < (¢ — D/In ;) n)

1
+ Cy exp(—Can) + exp (—295271) .

The remaining of the proof consists in controlling the zero edges. We will not write the details
but only sketch the main ideas of the control. We say that an edge is closed if it has null
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capacity, otherwise we say that the edge is open. Let us consider the set C(A) that contains all
the vertices that are connected to A by an open path. On the event that there exists a cutset
of null capacity that cuts A to infinity, the set C(A) is finite and its edge boundary 9.C(A) is
a cutset of null capacity. However, this cutset may be very tangled and may contain too many
edges. From this cutset, we want to build a "smoother" cutset, which has smaller cardinality. We
use a renormalization procedure at a scale ¢ (which is defined later), and we exhibit a set of boxes
T'; that contains a cutset of null capacity and such that each box of I'; has at least one *-neighbor
in which an atypical event occurs (an event of probability that goes to 0 when ¢ goes to infinity).
As these events are atypical, it is unlikely that T'; contains too many boxes.

As we are in a supercritical Bernoulli percolation, i.e., G({0}) < 1—p.(d), it is very unlikely that
a cutset from A to infinity has null capacity and that C(A) is finite. To achieve the construction
of T';, we modify the configuration w. We first choose € small enough such that

n
J<(e—=D/Ind)n < 206d0)

For the edges eq, . .., ey in E such that t(e;) > 0, we modify w by setting t(e;) = 0fori € {1,...,J}.
This modification of w is only formal, it is a trick to build I';. Later we will switch back the
capacities to their original values, the boxes of I'; that does not contain any eq,...,e; remain
unchanged, yet atypical events still occur in the vicinity of these boxes. The number of boxes in
I"; that have changed when we switch back to the configuration w is bounded by the number of
edges J that we have closed. We obtain an upper bound on |I';| with the help of Peirls estimates
on the number of boxes where an atypical event occurs. We finally control the probability that
there exists a cutset of size n with J < n/(2(36dt))3?. These tricky computations are detailed
in Zhang’s paper [73], so we do not reproduce them here. In the end, we obtain the following
estimate: there exist constants C; and C% depending on ¢, A and G such that

JE C E¢, E cuts A from infinity, , ,
F ( V(E) <V(0.A) and |E| =n ) < Crexp(—=Cin).

By the Borel-Cantelli Lemma, we conclude that, for n large enough, there does not exist any
cutset E from A to infinity of size larger than n and such that V(E) < V(9. A). Thus, there exists
almost surely a minimal cutset from A to infinity and for n > A0, A|,

P(3E C E?, E is a minimal cutset from A to infinity and |E| > n)

) < Cexp(—C'n)

- JE c E?, E cuts A from infinity,
: ,;P ( V(E)<V(d.A) and |E| =k

where C,C’ are positive constants depending only on GG, A and d.

7 Lower large deviations

In this section we prove Theorem 1.4. If ¢4 = 0, we do not have to study the lower large
deviations. We suppose that ¢4 > 0. Let A < ¢4. We denote by &, C E¢ a cutset from A to
infinity of minimal capacity, i.e., V(&,) = mincut,, (A4, co) and having minimal cardinality (if there
is more than one such set we pick one according to a deterministic rule). The existence of such
a cut is ensured by Theorem 1.2. The aim of this section is to bound from above the probability
P(V(E,) < And=1).

With high probability, the cut &, does not have too many edges. In the lattice (Z%,E%), the
cardinality of 0.4 is of order n~!, and by applying Theorem 1.2, we obtain the existence of
constants 3, C; and Cy depending on A, G and d such that

P (|€,| > Bn®') < Cyexp(—Con™1).

In the proof, we will use the relative isoperimetric inequality in R?. To do so, we define continuous
versions of the discrete random sets. We define the set E,, C Z2 by
only edges that are not in &,

Evn _ {ar c ZZ \ A, there exists a path from x to A visiting } .
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Let C be the unit cube in R?. We define a continuous version E,, of E; by

E,= (x+i)\A.

zeFE,

If |€,| < Bnd=1 then P(E,,R?\ A) < B and P(E,) < B+ P(A). Moreover if |E,| < Bn?~! then
E, C V(A,2d3n?=2).

The set F,, is a random bounded subset of RY. However, the diameter of E, might be very
large, of polynomial order in n, and there is no compact region of R? that almost surely contains
E,,. Therefore, we cannot proceed as in [25]. However, as the capacity of &, is small, we expect
it to remain close to the boundary of dA. As moving too far away from 0A is too expensive for
En, we should observe unlikely events just by inspecting what happens near the boundary of A.
Let R be a real number we will choose later such that A C B(0, R). We set

Q= B(0,R) N A°.

Note that the set €2 is open. In the following, we will only work with the portion of &, in Q. For
F a Borel subset of R? such that P(F,R) < +oo, we define

Io(F) = /a e v(np(z))dH " () + /a v(na(@))dH " (z).

* ANO* (Q\F)

The quantity Zo(F') may be interpreted as the capacity of the subset F'U A in Q. By definition,
we know that ¢4 < Z(AU F) but it is not easy to compare ¢4 with Zo(F) because Zo(F') does
not take into account the capacity of OF \ Q. In other words, the capacity in Q@ U A does not
coincide with the capacity in R%. To go around this problem, we shall remove some regions of F
in the neighborhood of 92, thereby obtaining a new set F', whose closure is included in €, and
which therefore satisfies Z(F) = Iq(F). The delicate point is to build the set F' in such a way
that Z(F') is only slightly larger than Zg(F). We will perform a geometrical surgery by choosing
cutting surfaces which do not create too much extra perimeter.

We introduce the space
Cs = {F Borel subset of Q : P(F,Q) < ﬂ}

endowed with the topology L' associated to the following distance
d(F,F") = LYFAF"),

where A is the symmetric difference between sets. For this topology, the space Cg is compact. Let
us set

E,=FE,NQ.
The set E,, belongs to Cs. Suppose that we associate to each F' € Cg a positive number ex. The
collection of open sets

{H Borel subset of Q : LUHAF) < e } F ey,

is then an open covering of Cg. By compactness, we can extract a finite covering (Fi,er, )1<i<N
of Cg. This compactness argument enables us to localize the random set E,, near a fixed set F; of
Cs. The number e associated to F' will depend on the set F'. We will explain later in the proof
how it is chosen. For the time being, we start the argument with a covering (F,ep) of Cg. Let
0 > 0 be a real number to be adjusted later. To be able to operate the geometrical surgery, we
will localize a region of ) that contains a volume of E,, less than §. As A is compact, there exists
a real number p > 0 such that

A C B(0,p) and LY(B(0, p)) > 3¢i0(P(A) + B)TT . (7.1)
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Moreover, using Proposition 3.4, we get
LYUE,) < LYE, UA) < bigo(P(A) + g)¥41, (7.2)
Let us define for 7 > 0 the i-th annulus A;:
A; =B(0,p+i+1)\ B(0,p+1).

We also define
i:min{iz 1: LUE, N A;) gé}.

We write i in bold to emphasize that it is a random index. Thanks to inequality (7.2), we obtain
i < biso(P(A) + B)Y71 /6
and the minimum in the definition of i is always attained. We set
M = biso(P(A) + B)¥471 /6

and
R=p+1+M.

Thus, the region A; is included in € and contains a volume of E,, less than 6. We sum over
(Fi,er,)1<i<n of Cg and condition on i and we get

P(V(E,) < M%) <P(IE,] > And= 1) + P(V(E,) < 71 |E,] < Bnd™h)
N —
_ [/d EnAFl <e -y
< Grexp(=Cafrt 1)+;1<Z<:MP( V(&(L) < )\nd)_l, oy ) -0
=117

We control next the probability inside the sums for a generic F' in Cg and for j a value for the
random set i which occurs with positive probability. By definition of i, we have

LYUYE,NAj) <6,

Figure 7.3 — The set F,, and its associated A;
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We want to build from F a set F of finite perimeter such that its boundary OF \ Aisin Q

and Z (F) is close to Zo(F). Of course, cutting F inside ) creates some extra capacity along the
cutting. The idea is to cut F in the annulus A;. As the volume of F in this region is small, we
shall be able to find cutting surfaces having small perimeter. If we choose e small enough such
that ep <6 for all F' € Cg, it follows that

LYFNA;) <6+ep<26,.
By Lemma 14.4 in [19], for i € J, for H! almost all ¢ in ]0, 1],
I(FNB0,p+j+1) <I(FNBO,p+j+1) + Vmae K H(EFNOB(0,p+j+1).  (7.4)

Let T be the subset of ]0, 1[ for which the above inequality holds. We have #!(T) = 1. Integrating
in polar coordinates, we get

/T”Hd_l(F NOB0,p+j+1)=LYFNB0,p+j+1)\B0,p+7))
<LYUYFNAj) <26.
Thus, there exists t € T such that
HIHFNOB0,p+j+1) <39. (7.5)

We next define N
F=FnNnB(0,p+j+1).

By construction, we have F \ A C . Combining inequalities (7.4) and (7.5), we obtain
b4 <Io(F) <T(F,B(0,p+ 7 +1) + Vimaz3d < Zo(F) + 30Vmas (7.6)

We show next that is possible to choose § such that, uniformly over F', we have sZo(F) > 30Vmaz-
We have

To(F) > /  vnaur@)dH N @) 2 v (FUA B(0,p))
0+ (FUA)NB(0,p)

We apply the isoperimetric inequality relative to the ball B(0, p):

d—1

min (£1((AU F) 0 B(0, p)), LR\ (AUF)) mB<o,p>>)>d |

biso

P(FUABO.p) = (
Since F is in Cg, we have LY AU F) < ci50(P(A) + ﬁ)ﬁ. Together with inequality (7.1), we

conclude that s
d =
P (FUABO.p)) = (E (A))
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There exists s > 0 such that A < (1 — s)¢4. We choose § such that

a1
20Vmaz = SVmin (ﬁli(;l)> '
Using inequality (7.6), we have then, for any F in Cg,

LYE,AF) <5 = sTo(F) > 30vmaz = A< (1 —5)pa < (1 — s°)Io(F).
So we get,
Mt LYE,AF) <ep,i=j)

P(V(&n) <
<P(V(E,NQ) < (1 —3s)Io(F)n®t, LYE,AF) <ep}). (7.8)
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The remaining of the proof follows the same ideas as in [25]. We study the quantity
P(V(E,NQ) < (1 —s*)Io(F)n®t, LYE,AF) <erp})

for a generic F' in Cg and its corresponding ep. We will need the following lemma to cover F' by
balls of small radius such that 0F is "almost flat" in each ball. This lemma is purely geometric,
the covering depends only on the set F'.

Lemma 7.1. [Lemma 1 in [25]] Let F be a subset of Q of finite perimeter such that OF NI =
(). For every positive constants & and 7', there exists a finite family of closed disjoint balls
(B(zi, pi))icrux and vectors (v;)icruk, such that,

Viel, z; € 0*FNQ, p; €)0,1], B; C Q\ A, LY(F N B;)AB;) < §aqpf,
and letting B; = B(zy, p;) and B = B~ (x;, pi, v;), we have
Vie K, 2z, € 0"ANI*(Q\ F), p; €)0,1[, 00N B; C 9*A\ 9*F,
LY(ANB)AB]) < & aqpf,
and finally
Zad N v(ng(xy) Zad 108 (v(na(z:))

icl €K

<n.

First notice that
pa < / v(na(x))dH* () < +oo.
*A

We choose ) = s*Zq(F) and & > 0 will be chosen later. Let (B;);crux be a family as in Lemma
7.1, we obtain

Iao(F) < 1—34 (Zad 1pZ 1 v(ng(x;) —|—Zad 1pl 1(1/(n,4(xi))>

iel €K

whence, setting w = s2/(1 + s2),
(1—s)Io(F) < (1 -w <Zad 1 w(np(x) + Z ag_1pt 1(V(nA(xi))> .
i€l €K

Since the balls (B;);crux are pairwise disjoint, we have

V(E,NQ) Z V(En N B;)
1€elUK

It follows that
P(V(E, NQ) < (1-— SQ)IQ(F)ndil, Ld(EnAF) <er})

Yicrur V(En N Bi) < (1 —w)n! (Zie[ ag-1p{ (v(nF ()

<P _
+D ek ad_lpf_l(v(n,q(xi))) and LYE,AF) <ep

(7.9)

We now choose

er < min agpld’ (7.10)

i€IUK
We wish to control card((E,, N B;)AB; ) NZ2), it is equivalent to evaluate

n?LY(E, N B;)AB;)NZ% + [~1/2n,1/2n]%) .
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This was done in [25]. We will not redo the computations here, but only state the results: for n
large enough, for i € I,
card((E, N B;)AB; )N Z%) < 48’ agpin® .

We recall that E, = E, NZ%. We define

E| =E,U(ANZ%Y and E, = E/, + [—1/(2n),1/(2n)]?.

n

For n large enough, for i € K, it was proven in section 5.2 in [25] that
card((El, N B;)AB ) NZ%) < 46’ agpin? .
Thus, for n large enough, thanks to inequality (7.9),
P(V(E,) < L, LYE,AF) <ep)

V(0E, N Bi) < (1 = w)ag-1p] " (v(np(e:)n?,
= Z]P ( card((E, N B; YA(B; %Z‘fl)) < 46" agpind )

+ZP< V@O, NB)< (1 w)adlpf1<u<m<xi>>nd-%>

e card(( n N B)A(B; NZ%)) < 46 agpin?

< Y PGl pisviw, ) (7.11)

i€IUK
where G(z,7,v,w,d") is the event that there exists a set U C B(x,r) N Z% such that:
card(UAB™ (z,r,v)) < 46 agrin?

and
V(0.UNB(z,r)) < (1 —w)ag_1r* Y v(np(z))nt".

This event depends only on the edges inside B(x,r,v). This event is a rare event. Indeed, if this
event occurs, we can show that the maximal flow from the upper half part of B(x,r,v) (upper
half part according to the direction v) and the lower half part is abnormally small. To do so, we
build from the set U an almost flat cutset in the ball. The fact that card(UAB™ (x,r,v)) is small
implies that 9,U is almost flat and is close to disc(z,r,v). However, this does not prevent the
existence of long thin strands that might escape the ball and prevent U from being a cutset in
the ball. The idea is to cut these strands by adding edges at a fixed height. We have to choose
the appropriate height to ensure that the extra edges we need to add to cut these strands are
not too many, so that we can control their capacity. The new set of edges we create by adding
to U these edges will be in a sense a cutset. The last thing to do is then to cover disc(z,r,v)
by hyperrectangles in order to use the estimate that the flow is abnormally small in a cylinder.
This work was done in section 6 in [25]. It is possible to choose §’ depending on F'; G and w such
that there exist positive constants Cf . and C’g . depending on G, d, F', k and w so that for all
kelUK,
P(G(zk, pr, vk, w, 8')) < Cf  exp(—Cypn® ).

Using inequality (7.11), we obtain
P(V(E,) < ™!, LYE,AF) <ep) < Y Cfyexp(—Chyn®™"). (7.12)
keTUK
Combining inequalities (7.3), (7.8) and (7.12), we obtain that, for small enough §’,

N M
P(V(E,) < A1) < Cpexp(—Cyfnd=t) + ZZ Z C kexp( Cy. knd b

J=li=1 perfiukti

< Cyexp(—Cofin®™t) + MZ Z Cf’k exp(—C, knd .

J=1 gerfiukti
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As M, N, |I¥i] and |K¥i|, for 1 < j < N, are finite and independent of n, we obtain the expected
result and this proves Theorem 1.4.

To conclude, let us sum up the order in which the constants are chosen. We first choose § such
that it satisfies equality (7.7). Next, we choose ¢’ depending on A and G. The parameter ¢’ has
to satisfy some inequalities that we do not detail here, we refer to section 7 in [25]. Finally, to
each F' in Cg, we choose ep such that it satifies both e, < § and inequality (7.10).

8 Identification of ¢4

In this section, we prove Proposition 1.5, the last ingredient needed to prove Theorem 1.1.

~.

_—
-

the face H; NSy

%;% F
So \ S1 =~ §
4

%%ﬂmmm§

Figure 7.4 — Construction of Sy for a bounded set S such that A C S

Proof of Proposition 1.5. Let A be a compact convex subset of R?. We shall show that any
bounded set S that contains A satisfies Z(A) < Z(S). Let S be such a set, we can assume that S
has finite perimeter otherwise the inequality is trivial. Let € > 0. As A is convex, by Lemma 3.7,
there exists a convex polytope P such that P C A and Z(A) < Z(P) + . There exist vq,...,0mn

unit vectors and @1, ..., @, real numbers such that
P = m {azeRd: x~vi§api}.
1<i<m

We denote by H; the hyperplane associated with v;, i.e.,
Hi:{xeRd: .Z"’l)i:(pi}
and H; the associated half-space containing P, i.e,

H;:{xeRd:x-vigwi}.
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We shall successively chop off portions from S thereby reducing its surface energy by using
the family of half-spaces (H,; , 1 <i < m). We define by induction this sequence of sets. We set
Sy = S. Let us assume S; is already defined for some i < m, we set

Si+1 =5, N Hzii-l .

We next show that Z(S;) > Z(S;41) for all 0 < i < m. We shall apply the Gauss-Green theorem to
each S; in order to compare the capacity of the face H; 1 NS; with the capacity of F; = 0.5; \Hv:i-l
(see figure 7.4). For i € {0,...,m — 1}, let y;11 € W, such that y;4; achieves the supremum in

sup {ZL"’UiJrl}.
zeEW,

There exists a C! vector field f;11 : R? — W, having compact support such that fi,1(z) = y; 41 €
W, on V(S;,1). We recall that S; is bounded and we do not go into the details of the existence
of such a vector field. Applying Theorem 3.5 to S; \ S;+1 and f;, we obtain

/ div fi+1(x) = / fi-‘rl(x) "SI\ Sit1 (I)deil(z) .
Si\Sit1

0*(Si\Si+1)

By definition of y;41 and proposition 3.1, we obtain
/ Yir1 - (—vip1)dHT (@) = —v(vi ) HO T (Hip 0 S))
H;11NS;
As fi41 is constant on S; \ S;4+1, we get
0= / Fir (@) - ns(@)dH (@) — v(vi )M (Hist 0 S)) |
F;

and therefore

v )HTH(Si N Hipr) = . fira(@) - ng(z)dH ! (z)

d—1
S/F v(ng(z))dH* " (x).

The last inequality comes from the fact that f;1(x) € W, therefore we have
fir1(@) - ns(x) <v(ng(z))
for any z in R%. Finally we obtain as P C A C S that S, = P and so Z(P) < Z(S), hence
Z(A) <I(P)+e<I(S)+e.
As this inequality is true for any € > 0, we conclude that Z(A4) < Z(S) and the result follows. O

Combining Theorem 1.3, Theorem 1.4 and Proposition 1.5, we obtain Theorem 1.1.
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Chapter 8

Size of a minimal cutset in
supercritical first passage
percolation

This chapter is a joint work with Marie Théret.

We consider the standard model of i.i.d. first passage percolation on Z% given a distribution
G on [0,400] (including 4+00). We suppose that G({0}) > 1 — p.(d), i.e., the edges of positive
passage time are in the subcritical regime of percolation on Z%. We consider a cylinder of basis
an hyperrectangle of dimension d — 1 whose sides have length n and of height h(n) with h(n)
negligible compared to n (i.e., h(n)/n — 0 when n goes to infinity). We study the maximal flow
from the top to the bottom of this cylinder. We already know that the maximal flow renormalized
by n?~! converges towards the flow constant which is null in the case G({0}) > 1 — p.(d). The
study of maximal flow is associated with the study of sets of edges of minimal capacity that cut
the top from the bottom of the cylinder. If we denote by v,, the minimal cardinality of such a set
of edges, we prove here that 1, /n~! converges almost surely towards a constant.
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1 Introduction

The model of first passage percolation was first introduced by Hammersley and Welsh [49] in
1965 as a model for the spread of a fluid in a porous medium. In this model, mathematicians
studied intensively geodesics, i.e., fastest paths between two points in the grid. The study of
maximal flows in first passage percolation started later in 1984 in dimension 2 with an article
of Grimmett and Kesten [45]. In 1987, Kesten studied maximal flows in dimension 3 in [52].
The study of maximal flows is associated with the study of random cutsets that can be seen as

185
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(d — 1)-dimensional surfaces. Their study presents more technical difficulties than the study of
geodesics. Thus, the interpretation of first passage percolation in term of maximal flows has been
less studied.

Let us consider a large box in Z%, to each edge we assign a random i.i.d. capacity with
distribution G. We interpret this capacity as a rate of flow, i.e., it corresponds to the maximal
amount of water that can cross the edge per second. Next, we consider two opposite sides of the box
that we call top and bottom. We are interested in the maximal flow that can cross the box from its
top to its bottom per second. A first issue is to understand if the maximal flow in the box properly
renormalized converges when the size of the box grows to infinity. This question was addressed in
[52], [62] and [73] where one can find laws of large numbers and large deviation estimates for this
maximal flow when the dimensions of the box grow to infinity under some moments assumptions
on the capacities. The maximal flow properly renormalized converges towards the so-called flow
constant. In [64], Rossignol and Théret proved the same results without any moment assumption
on G, they even allow the capacities to take infinite value as long as G({+o0}) < p.(d) where
pe(d) denotes the critical parameter of i.i.d. bond percolation on Z¢. We can interpret infinite
capacities as a defect of the medium, ¢.e., there are some edges where the capacities are of bigger
order. Moreover, the two authors have shown that the flow constant is continuous with regard to
the distribution of the capacities.

The flow constant is associated with the study of surfaces with minimal capacity. These
surfaces must disconnect the top from the bottom of the box in a sense we will precise later. We
want to know if the minimal size of these surfaces of minimal capacity grows at the same order
as the size of the bottom of the box. When G({0}) < 1 — p.(d), Zhang proved in [73], under
an exponential moment condition, that there exists a constant such that the probability that all
the surfaces of minimal capacity are bigger than this constant times the size of the bottom of the
cylinder, decays exponentially fast when the size of the box grows to infinity. The main result
of this paper is that under the assumption G({0}) > 1 — p.(d), the minimal size of a surface of
minimal capacity divided by the size of the bottom of the cylinder converges towards a constant
when the size of the box grows to infinity.

The rest of the paper is organized as follows. In section 2, we give all the necessary definitions
and background, we state our main theorem and give the main ideas of the proof. In section 3,
we define an alternative flow which is more adapted for using subadditive arguments. The proof
is made of three steps that correspond to sections 4, 5 and 6.

2 Definition, background and main results

2.1 Definition of maximal flows and minimal cutsets

We keep many notations used in [64]. We consider the graph (Z?, E%) where E? is the set of
edges that link all the nearest neighbors for the Euclidean norm in Z¢. We consider a distribution
G on [0,+0oc]. To each edge e in E? we assign a random variable tg(e) with distribution G.
The variable tg(e) is called the capacity (or the passage time) of e. The family (tg(€))eega is
independent.

Let Q = (Vq, Eq) be a finite subgraph of (Z4,E?). We can see  as a piece of rock through
which water can flow. Let &; and &5 be two disjoint subsets of V representing respectively the
sources through which the water can enter and the sinks through which the water can exit.

Let the function f : E¢ — RY be a possible stream inside € between &; and &,. For all
e € E, ||f(e)||2 represents the amount of water that flows through e per second and f(e)/||f(e)|l2
represents the direction in which the water flows through e. If we write e = (x,y) where z,y are
neighbors in the graph (Z%,E%), then the unit vector f(e)/||f(e)l2 is either the vector Zfj or yi.
We say that our stream f inside ) from &; to &5 is G-admissible if and only if it satisfies the
following constraints.

- The node law : for every vertex z in Vo \ (61 U &), we have

1 e 1 e -0,
SR TCTH (AL MR

IfCe)ll2 —
y€EZY: e=(z,y)EEQ 2
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i.e., there is no loss of fluid inside 2.

- The capacity constraint: for every edge e in Eq, we have

0<|fle)ll2 <tale),

i.e., the amount of water that flows through e per second is limited by its capacity tg(e).

Note that as the capacities are random, the set of G-admissible streams inside €2 between &,
and &, is also random. For each G-admissible stream f, we define its flow by

flow(f) = > 1f(e)ll2 (11 1z ]1;'(1?2_@) :

lIfe)ll2 —
€6 yeZd: e=(z,y)EEQ 2

This corresponds to the amount of water that enters in 2 through &; per second. By the node
law, as there is no loss of fluid, flow(f) is also equal to the amount of water that escapes from
through &5 per second:

SRS SEED SRR V10 " RPN AP

Titens ~ 9% 7z~ *
z€B2 yeZd: e=(z,y)EEq 2 2

The maximal flow from &; to &5 in € for the capacities (tg(€))ecge, denoted by ¢g(B; —
&, in ), is the supremum of the flows of all admissible streams through €:
. _ _ fis a G-admissible stream inside
¢c(®1 — Gz in Q) = sup {ﬂow(f) ) Q between &7 and B,

Dealing with admissible streams is not so easy, but hopefully we can use an alternative def-
inition of maximal flow which is more convenient. Let £ C FEq be a set of edges. We say
that E cuts &; from G5 in Q (or is a cutset, for short) if there is no path from &; to &2 in
(Va, Eq \ E). More precisely, let v be a path from &; to &, in Q, we can write v as a finite
sequence (vg, €1,v1,. .., €n,vy) of vertices (v;)i=o,..n € VS?H and edges (e;)i=1,....n € Ef where
vy € B1, v, € By and for any 1 < i < mn, e; = (v;_1,v;) € Fq. Then, E cuts &; from G5 in
if for any path v from &; to &5 in , we have vy N E # (). Note that v can be seen as a set of
edges or a set of vertices and we define |y| = n. We associate with any set of edges E its capacity
T (E) defined by

Ta(E) = Z tale).

eckE

The max-flow min-cut theorem, see [16], a result of graph theory, states that
oc(B1 — By in Q) = min{Tg(E) : F cuts &1 from &5 in }

The idea behind this theorem is quite intuitive. When we consider a maximal flow through 2,
some of the edges are jammed. We say that e is jammed if the amount of water that flows through
e is equal to the capacity tg(e). These jammed edges form a cutset, otherwise we would be able
to find a path v from &; to &5 of non-jammed edges, and we could increase the amount of water
that flows through v which contradicts the fact that the flow is maximal. Thus, the flow is always
smaller than the capacity of any cutset. It can be proved that the maximal flow is equal to the
minimal capacity of a cutset.

In [52], Kesten interpreted the study of maximal flow as a higher dimensional version of the
classical problem of first passage percolation which is the study of geodesics. A geodesic may be
considered as an object of dimension 1, it is a path with minimal passage time. On the contrary, the
maximal flow is associated (via the max-flow min-cut theorem) with cutsets of minimal capacity:
those cutsets are objects of dimension d — 1, that can be seen as surfaces. To better understand
the interpretation in term of surfaces, we can associate with each edge e a small plaquette e*. The
plaquette e* is an hypersquare of dimension d — 1 whose sides have length one and are parallel to
the edges of the graphs, such that e* is normal to e and cuts it in its middle. We associate with
the plaquette e* the same capacity tg(e) as with the edge e. We also define the dual of a set of
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edge E by E* = {e*, e € E}. Roughly speaking, if the set of edges E cuts &; from &, in ), the
surface of plaquettes E* disconnects &; from &5 in 2. Although this interpretation in terms of
surfaces seems more intuitive than cutsets, it is really technical to handle, and we will never use it
and not even try to give a rigorous definition of a surface of plaquettes. Note that, in dimension
2, a surface of plaquettes is very similar to a path in the dual graph of Z? and thus the study of
minimal cutsets is very similar to the study of geodesics.

We consider now two specific maximal flows through a cylinder for first passage percolation
on Z? where the law of capacities is given by a distribution G such as G([—00,0)) = 0 and
G({0}) > 1—p.(d), i.e., the edges of positive capacity are in the sub-critical regime of percolation
on Z%. We are interested in the study of cutsets in a cylinder. Among all the minimal cutsets,
we are interested with the ones with minimal size. Let us first define the maximal flow from
the top to the bottom of a cylinder. Let A be a non-degenerate hyperrectangle, i.e., a rectangle
of dimension d — 1 in R?. We denote by H% ! the Hausdorff measure in dimension d — 1: for
A =TT [kiy 1] % {e} with k; < 1, ¢ € R we have H1(A) = [T%2] (I; — k). Let ¥ be one of
the two unit vectors normal to A. Let h > 0, we denote by cyl(A, h) the cylinder of basis A and
height h defined by

eyl(A,h) ={z+tV :x € A t€[0,h]}.

We denote by 0A the relative boundary of A. We define cyl(0A, h) as
cyl(0A,h) ={a+t0 : x €9A, t€[0,h]}.

The dependence on ¥ is implicit in the notation cyl(A, h) and cyl(0A,h). We have to define
discretized versions of the bottom B(A,h) and the top T(A,h) of the cylinder cyl(4,h). We
define them by

— a .y ¢ ol(4,h), (@,y) €E!
B(A,h) = {x €ZENeyl(Ah) = 77 4 (@) intersects A

and
,_ d . Ely % Cyl(A7 h‘)a <.73,y> € Ed
T4, h) = {a: €ZTNeyl(4,h) : and (z,y) intersects A+ hv [
We denote by ®;(A, h) the maximal flow from the top to the bottom of the cylinder cyl(A, h)
in the direction ¥/, defined by

B(A, h) = ¢c(T(A,h) — B(A, h) in cyl(A,h)).

This definition of the flow is not well suited to use ergodic subadditive theorems, because we
cannot glue two cutsets from the top to the bottom of two adjacent cylinders together to build
a cutset from the top to the bottom of the union of these two cylinders. Indeed, the intersection
of these two cutsets with the adjacent face will very likely not coincide. We can fix this issue by
introducing another flow through the cylinder for which the subadditivity would be recover. To
define this flow, we will first define another version of the cylinder which is more convenient. We
define the cylinder cyl’(A, h) by

cyl'(A,h)={z+tV : x € A t€[~h,h]}.

The set cyl’(A, h) \ A has two connected components denoted by C1(A, h) and Cz(A, h). We have
to define a discretized version of the boundaries of these two sets. For ¢ = 1, 2, we denote by
CI(A, h) the discrete boundary of C;(A4, h) defined by

Cl(A,h) = {2z €Z'NCi(Ah) : Jy ¢ cyl'(A,h), (z,y) eE? }.

We call informally C/(A, h), i = 1,2, the upper and lower half part of the boundary of cyl’(4, k).
We denote by 7g(A, h) the maximal flow from the upper half part to the lower half part of the
boundary of the cylinder, i.e.,

TG(Av h) = ¢G(Ci(Aa h) - Cé(A7 h) in Cyl/(A7 h)) .
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By the max-flow min-cut theorem, the flow 7o (A, h) is equal to the minimal capacity of a set of
edges E that cuts C} (A, h) from C%(A, h) inside the cylinder cyl’ (A, h). If we consider the dual set
E* of E, the intersection of E* with the boundary of the cylinder has to be close to the relative
boundary 0A of the hyperrectangle A.

Remark 2.1. Note that here we will work only with the cylinder cyl(A, h) whereas the authors of
[64] work mainly with the cylinder cyl'(A, h).

2.2 Background on maximal flows

The simplest case to study maximal flows is for a straight cylinder, i.e., when T =0 =

(0,0,...,1) and A = A(K, T) = [1*=} ks, 1i] x {0} with k; < 0 < I; € Z. In this case, the family
of variables (r¢(A(k, 1), h))?—f is subadditive since minimal cutsets in adjacent cylinders can
be glued together along the common side of these cylinders. By applying ergodic subadditive
theorems in the multi-parameter case (see Krengel and Pyke [54] and Smythe [65]), we obtain the
following result.

Proposition 2.2. Let G be an integrable probability measure on [0, +o0], i.e., f0+oo zdG(x) < 0.
Let A = 10 ki, 1i] x {0} with ki <0 < 1; € Z. Let h: N — R such that lim, . h(n) = +oc.
Then there exists a constant Vg(v—g), that does not depend on A and h but depends on G and d,

such that

_>

lim 76(nd, hn)) =vg(v4) a.s. and in L'

nooo Hi-1(nA)

The constant Vg(’lTO)) is called the flow constant. Next, a natural question to ask is whether we
can define a flow constant for any direction. When we consider tilted cylinders, we cannot recover
perfect subadditivity because of the discretization of the boundary. Moreover, the use of ergodic
subadditive theorems is not possible when the direction @ we consider is not rational, i.e., when
there does not exist an integer M such that M 7 has integer coordinates. Indeed, in that case
there exists no vector @ normal to ¥ such that the model is invariant under the translation of
vector . These issues were overcome by Rossignol and Théret in [62] where they proved the
following law of large numbers.

Theorem 2.3. Let G be an integrable probability measure on [0,+o00[ , i.e., fOJrOO zdG(z) < 0.
For any U € S, there exists a constant Vg(ﬁ) € [0,+o0[ such that for any non-degenerate
hyperrectangle A normal to ¥, for any function h : N — RT such that lim,_, o h(n) = 400, we
have

L a(nA, hin))

noo HIT(nA) vo(") in L.

If moreover the origin of the graph belongs to A, or if f0+°° /=N 4G (x) < oo, then

lim 7€ (nA, h(n))

n— 00 m = VG(7) a.s..

If the cylinder is flat, i.e., if lim, o h(n)/n = 0, then the same convergence also holds for
D (nA, h(n)).
Moreover, either va () is null for all ¥ € S or vg(T) > 0 for all ¥ € S 1,

In [72], Zhang found a necessary and sufficient condition on G under which vg(7) is positive.
He proved the following result.

Theorem 2.4. Let G be an integrable probability measure on [0,+0c[. Then, ve(v) > 0 if and
only if G({0}) <1 —pe(d).

Let us give an intuition of this result. If 7g(nA, h(n)) > 0, then there exists a path in cyl’ (nA4, h(n))
from the upper to the lower half part of its boundary such that all its edges have positive capacity.
Indeed, if there does not exist such a path, there exists a cutset of null capacity and it contradicts
7a(nA, h(n)) > 0. Thus, the fact that vg(7') > 0 is linked with the fact that the edges of positive
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capacity percolate, i.e., G({0}) < 1 — p.(d). The main difficult part of this result is to study the
critical case, i.e., G({0}) = 1 — p.(d).

In [64], Rossignol and Théret extended the previous results without any moment condition on
G, they even allow G to have an atom in +oo as long as G({+o0}) < p.(d). They proved the
following law of large numbers for the maximal flow from the top to the bottom of flat cylinders.

Theorem 2.5. For any probability measure G on [0,400] such that G({4+o00}) < pc(d), for any
U e ST, there emists a constant Vg(ﬁ) € [0, +oo| such that for any non-degenerate hyperrect-
angle A normal to ¥, for any function h such that h(n)/logn — oo and h(n)/n — 0 when n goes
to infinity, we have
L @G(nA.h(n)
n—oo  HI~L(nA)

Moreover, for every o e sttt

= VG(7) a.s..

va(T) >0 <= G{0}) <1 —pe(d).

Remark 2.6. Note that if G({0}) > 1 — p.(d), then G({+o0}) < p.(d) and the flow constant is
well defined according to Theorem 2.5.

In [52], Kesten proved a result similar to Proposition 2.2 for the rescaled maximal flow in a
straight cylinder ®g(nA, h(n))/H? 1(nA). He worked in dimension 3 and considered the more
general case where the lengths of the sides of the cylinder go to infinity but at different speeds in
every direction, under the technical assumption that G({0}) is smaller than some small constant.
He worked with dual sets, and he had to define properly the notion of surface. He had to deal with
the fact that the flow ®¢ is not subadditive. His work was very technical and cannot be easily
adapted to tilted cylinders because the arguments crucially depend on some symmetries of the
model for straight cylinders. Zhang extended Kesten’s result in higher dimensions and without any
hypothesis on G({0}) in [73]. The asymptotic behavior of maximal flows ®¢(nA, h(n)) through
tilted and non-flat cylinders was studied by Cerf and Théret in [23, 24, 26, 27]. In those papers,
they even considered maximal flow through more general domains than cylinders.

The results we have gathered here concerning maximal flows are the analogues of known results
for the time constant in the study of geodesics in first passage percolation (see for instance Kesten’s
lecture note [51]). We summarize here a few of them. In this paragraph, we interpret the random
variable tg(e) as the time needed to cross the edge e. The passage time Tg(y) of a path ~
corresponds to the time needed to cross all its edges, i.c., Tg(7) = >_.c, tc(e), and a geodesic

between two points x and y of Z? is a path that achieves the following infimum:
Te(x,y) =inf { Tg(y) : v is a path from z to y } .

As the time needed to cross the edges are random, a geodesic is a random path. Under some
moment conditions, for all x € Z¢, Tg(0,nz)/n converges a.s. to a time constant ug(z). The
time constant uq is either identically null or can be extended by homogeneity and continuity into
a norm on R?. Kesten investigated the positivity of ug and obtained that pg > 0 if and only if
G({0}) < pc(d), see Theorem 1.15 in [51]. Intuitively if the edges of null passage time percolate,
there exists an infinite cluster C made of edges of null passage time. A geodesic from 0 to nz tries
to reach the infinite cluster C as fast as possible, then travels in the cluster C at infinite speed and
exits the cluster at the last moment to go to nx. Under some good moment assumptions, the time
needed to go from 0 to C and from C to nz is negligible compared to n. We can show in this case
that pg(z) = 0.

2.3 Background on the minimal length of a geodesic and the minimal
size of a minimal cutset

Let us first present the background on the minimal length of a geodesic. We denote by Ng(x, y)
the minimal length of a geodesic between x and y:

Ne(z,y) =inf { |y] : v is a geodesic between z and y } .
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One can ask how does Ng(0,nx) grow when n goes to infinity. If G({0}) > p.(d), it is expected
to grow at speed n. This result was first proved by Zhang and Zhang in dimension 2 in [74].

Theorem 2.7. Let d = 2 and let G be a distribution on [0,+o00[ such that G({0}) > 1/2. We
have

N¢((0,0), (0
lim c((0,0),(0,n)) = Aa({o}) @-s. and in Lt
n—00 n
where A\g({oy) depends only on G({0}).

Zhang later extended this result to all dimensions under the condition that G({0}) > p.(d) in
[71].

Remark 2.8. These works can be extended to all directions. To extend it to rational directions we
can use a subadditive ergodic theorem and instead of considering the points 0 and nzx, it is more con-
venient to consider their reqularized version 0 and nz, i.e., their projection on the infinite cluster
of null passage time (see [28]). We can show that lim,,_,o Ne(0,nz)/n = lim, . Ng(0,nz)/n.
By continuity, we can also extend it to irrational directions.

When G({0}) < p.(d), the question of the convergence of Ng(0,nx)/n is still open. However,
we know that with high probability N (0,nz) is of order n. This result is due to Kesten. As a
corollary of Proposition (5.8) in [51], we have

Theorem 2.9. Let G be a distribution on [0, +oo| such that G({0}) < p.(d). There exist positive
constants C1, Co and \ depending on G such that for all n > 0,

( There exists a path r starting from 0

such that |r| > n and Te(r) < An > < Crexp(Can) .

If G admits an exponential moment, we can get an exponential control on the probability
P(T¢(0,nx) > Cn)

for a large enough C depending on G and so we obtain that there exist positive real numbers A
and B such that for every z € Z,

P (Nc;(O,nx) > §n|x||> < Aexp(—DBn||z]||) .

When G({0} = p.(d), Ng(0,nz) is expected to grow super linearly in n. However, this critical
case is much more difficult to study, and results have been obtained only for d = 2 (see for instance
Damron and Tang’s paper [34])

We now come back to the study of minimal cutsets. By the max-flow min-cut theorem, we
know that ®¢ (A, h) is equal to the minimal capacity of cutsets that cut the top from the bottom
of cyl(A,h). Among all the cutsets of minimal capacity we are interested in the ones with the
minimal cardinality:

V(A h, 7) —inf {carde(E) : E cuts the top from the bottom of }

cyl(A4, h) and F has capacity P (A4, h)

where card.(E) denotes the number of edges in the edge set E. The quantity ¥¢ is the analog of
Ng in this context.

The study of the quantity 1q(A,h, ') was initiated by Kesten in [52] in dimension 3 for
straight boxes and distributions G such that G({0}) < py where pg is a small constant. Let
k, I, m € N, we define the straight box B(k,l,m) = [0, k] x [0,] x [0, k].

Theorem 2.10. Let k,1,m € N. There exists a pg > 1/27 such that for all distributions G on
[0, +00[ such that G({0}) < po, there exist constants 0, Cy and Co depending on G such that for
alln >0,

there exists a dual set E* of at least n plaquettes that cuts
P the top from the bottom of the box B(k,l, m), which < Cie=¢2m .

contains the point (—%,—%, 1) and such that Tg(E*) < 6n
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Zhang in [73] extended this result in all dimensions and for distributions G such that G({0}) <
1 — pc(d) and with an exponential moment. He obtained the following result.

Theorem 2.11. Let G be a distribution on [0, +oo[ such that for somen > 0, f0+oo exp(nz)dG(z) <
oo and G({0}) < 1 —pc(d). Let ki,...,kq—1 € N and h with logh < ky---kq—1. Let A =
H?;ll [0,k;] x {0}. There exist constants B > 1 depending on G and d, C; and Cs depending on
G, d and B such that for all X > BHI1(A),

P(g (A, h, V) > A) < Cexp(—Ca)).

Roughly speaking, his proof strategy is the following. If ¥ (A, h?) is large, he can slightly modify
the configuration to create blocking surfaces, i.e., large surfaces of edges of null capacities. This
is very unlikely when G({0}) < 1 — p.(d) as edges of positive capacities percolate: it is indeed
unlikely to obtain two adjacent big clusters of edges of positive capacity that are not connected
because of this blocking surface. This proof relies crucially on the hypothesis G({0}) < 1 — p.(d)
and cannot be adapted to the case G({0}) > 1 — p.(d). Moreover, this proof does not able to
prove the existence of the limit of g properly renormalized when the dimension of the cylinder
goes to infinity.

The aim of this article is to understand the behavior of ¥ (A4, h, 7) in the supercritical case,
that is G({0}) > 1 — p.(d) (the critical case G({0}) = 1 — p.(d) is expected to be much more
delicate to study as it is for Ng).

2.4 Main result and idea of the proof

In what follows, if a function h : N — R satisfies h(n)/logn — oo and h(n)/n — 0 when n
goes to infinity, we say that h satisfies condition (x). The main result of this paper is the following.

Theorem 2.12. Let d > 2. Let G be a probability measure on [0,400] such that G({0}) >
1 —pc(d). Let T € St There exists a finite constant Cg({o})(7) such that for all function h
satisfying condition (%), for all non-degenerate hyperrectangle A normal to 7,

i Ya(nd, h(n), V)
n—oo Hd-1 (nA)

= CG({O})(7) a.s..

The constant Cg({o})(ﬁ) depends only the direction U, G({0}) and d and not on A itself nor h.

To prove Theorem 2.12, we need to introduce an alternative flow in section 3 that is inspired
from [64]. There are two issues: we need to study cutsets that may be merged together into a
cutset and that have null capacity. Although the cutsets corresponding to the flow 7 in adjacent
cylinders may be glued together easily, these cutsets do not have null capacity in general: the
union of two cutsets of minimal capacity is a cutset but does not have minimal capacity. The
flow 7 is subadditive but not the minimal cardinality of the minimal corresponding cutsets. The
alternative flow we build in section 3 is such that the maximal flow is always null and if we merge
two adjacent cutsets for this flow it is still a cutset. The aim is to work only with cutsets of null
capacity so when we merge two cutsets together the union has null capacity and is therefore of
minimal capacity.

Let x¢ be the minimal cardinality of a minimal cutset for the alternative flow we will define
in section 3. First, we show the convergence for the expected value of x ¢, properly renormalized,
by using subadditive arguments in section 4. The proof enables us to say that the limit does not
depend on h nor on A. Next, we prove that the alternative flow we have defined is actually very
similar to the flow through the cylinder. We prove in section 5 that the limit obtained in 4 is
equal to the limit of the renormalized expected value of ¥. In section 6, we use a concentration
inequality on ¥¢g to show that this random variable is close to its expectation and thus we prove
Theorem 2.12.
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2.5 More notations and useful results

For z = (21,...,24) € R% we define the Euclidian distance ||z||2 of z by

d
E 2
Zi -
=1

For r > 0, we define the r-neighborhood V(H,r) of a subset H of R? by

2]z =

V(H,r)={zeR dz,H) <7}
where

d(z,H) =inf { ||z —y|l2, y € H }.
For any vertex set C C Z%, we define its diameter Diam(C) by

Diam(C) = sup{||lz — y||2 : =,y € C},
its cardinality card,(C) by the number of vertices in C, and its exterior edge boundary 9.C by
9.C={(z,y) €E? : z€C,y¢C and there exists a path from y to infinity in Z¢\C } .

The notation (z,y) corresponds to the edge of endpoints z and y. We recall that for any edge set
E C E4, card.(F) denotes the number of edges in E. There exits a constant ¢4 such that for any
finite connected set C of vertices, card.(9.C) < ¢4 card,(C). Note that when there is no ambiguity
we will denote by |E| the cardinality of the set E. We define the exterior ext(E) of a set of edges
E:

ext(E) ={z € Z? : there exists a path from z to infinity in E¢\ E}.

Let x € Z4, we denote by C o(z) the connected component of z in the percolation (L6 (e)>0)eckds
which can be seen as an edge set and as a vertex set. The following theorem is a classical result
on percolation that enables us to control the probability that an open cluster Cg o(z) is big in the
subcritical regime, i.e., when P(tg(e) > 0) < p.(d) (see for instance Theorem (6.1) and (6,75) in
[47]).

Theorem 2.13. Let us assume G({0}) > 1 —p.(d). There exist two positive constants k1 and kK2
depending only on G({0}) such that for all x € Z%, n € N,

P(card, (Ca,o(z)) > n) < k1 exp(—kKan) . (2.1)

2.6 Concentration inequality

We introduce here notations and a concentration result that will be useful in section 6. The
following concentration result is a generalization of Efron-Stein inequality for higher moments.

Let X = (X4,...,X,) be a vector of independent random variables taking values in a set X and
f:+ X™ = R be a measurable function. Let Z = f(X). Let X{,..., X} be independent copies of
Xi1,...,X,. We introduce the random variable V'~ as

Vo= E(Z - Z)?|X]

where Z! = f(X1,...,X],...,X,) and for any real number ¢, t; = max(0,¢) and t_ = max(0, —t).
We have the following result by taking ¢ = 4 in Theorem 15.5 and Theorem 15.7 (and also by
replacing Z by —Z in Theorem 15.7) in [17].

Theorem 2.14. There exists a positive constant C such that
E[(Z — EZ)L] < CE[(V")?.

Moreover, suppose that for everyi € {1,...,n}, (Z—Z!)_ < M for a random variable M. Then,
we have
E[(Z ~EZ){] < C max (E[(V")*],E[M")) .
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3 Definition of an alternative flow

Instead of directly considering a smallest minimal cutset for the cylinder, we are going to study
a different object which is more convenient for our purpose.

Let ¥ € S%!, and let A be any non-degenerate hyperrectangle normal to 7. We denote by
hyp(A) the hyperplane spanned by A defined by

hyp(A):{$+w:x€A,ﬁ~7:O}

where - denotes the usual scalar product on R?. For any h > 0, we denote by slab(4, h, 7) (resp.
slab(A, oo, 7)) the slab of basis the hyperplane spanned by A and of height h (resp. of infinite
height), i.e., the subset of R? defined by

slab(A, h, ) = {z+ r v x € hyp(A),r € [0,h] }

(resp. slab(A, 00, ¥) = {4+ : & € hyp(A), r >0} ). We are going to consider a thicker version
of A, namely cyl(A4,d), that we will denote by A for short. Let W (A, h, ?) be the following set
of vertices in Z¢%, which is a discretized version of hyp(A + h7):

x € Z Nslab(A, h, 7) : }

W(A7 h, 7) = { Jy e 7N (Slab(A7 00, 7) \ Slab(Av h, 7))7 <‘T’ y> € B

We say that a path v = (o, e1, 1, ..., €n,Tn) goes from A to hyp(A + h ) in slab(A, h, V) if :
— Vie{0,...,n},x; € slab(A,h77)
— zge A
— z, € W(A,h, ).

W (A, h, V)

a path v from A to
hyp(A + A7) in
slab(A, h, ¥)

hyp(A + h )

the dual of a set of edges a RS
that cuts A from
hyp(A + h7) in
slab(A, h, ¥)

slab(A, h, T)

Figure 8.1 — Dual of a set of edges that cuts A from hyp(A + h?) in slab(A, h, 7)

We say that a set of edges E cuts A from hyp(A+h7) in slab(A, h, ¥) if E contains at least one
edge of any path ~ that goes from A to hyp(A + h¥) in slab(A, h, ¥), see Figure 8.1.

If all the clusters Cg o(z) for x € A have a diameter less than h/2, then there exists a set of edges
that cuts A from hyp(A+h7) in slab(A4, h, 7) of null capacity (take for instance the intersection of
the set |, ¢ 41z¢ 9:Cq,0(x) with slab(A, h, 7')). Working with cutsets of null capacity is interesting
because the union of two cutsets of null capacity is of null capacity and therefore achieves the
minimal capacity among all cutsets. This is not the case if one of them has positive capacity.
Thus instead of considering a deterministic h, we are going to consider a random height Hg 1, (A)
as

HG7h(A) =inflt>h: U CG70(33) N W(Aa t, 7) =0
z€cyl(A,h/2)NZe
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The definition of He ;(A) ensures the existence of a null cutset between A and hyp(A+Hg ,(A)7)
for h > 2d.

Lemma 3.1. Let G be a distribution on [0,40c] such that G({0}) > 1 — p.(d). Let ¥ € S,
Let A be a non-degenerate hyperrectangle normal to T and h > 2d a positive real number. The
set

= U 860070(1‘)

r€ANZI
cuts A from hyp(A + Hg n(A)T) in slab(A, Hg n(A), V) and has null capacity.

Proof. Let v e S91 let A be a non-degenerate hyperrectangle and h > 2d. Let v be a path
from z € Atoy € W(A,HGﬁ(A),?) in slab(A, HG,h(A),ﬁ). By definition of Heg 5 (A), we
have W (A, Hen(A), 7) N (U, 4Ca.0(2)) = 0, thus y € ext(9.Cq,o(x)) and v must contain an
edge in 9.Cq o(x). We conclude that E is indeed a cutset between A and hyp(A + Hg ,(A)7) in
slab(A, Ha n(A), 7). As all edges in the exterior edge boundary of a Ce () have null capacity,
the set E is a cutset of null capacity. O

Remark 3.2. This definition of Hg pn(A) may seem complicated, but the idea behind is simple.
The atm was initially to build a random height Ha p(A) in such a way the minimal cutset between
A and hyp(A+ Hg ;,(A) W) has null capacity. This idea finds its inspiration from the construction
of the subadditive object in section 4 in [64]. However, because of technical issues that appear in
the section 4, we could not choose Hg n(A) as the smallest height such that there exists a cutset of
null capacity between A and hyp(A—i—HG,h(A)?). The definition of Hg n(A) needs to also depend
on the finite clusters Ca,o(z) of z € cyl(A, h/2).

For the rest of this section, we will work with cutsets of null capacity and we do not need to
check if cutsets have minimal capacity. Among all the cutsets that achieve the minimal capacity,
we are interested in the ones with the smallest size. We denote by xa (A4, h,?) the following
quantity :

(3.1)

xc(A, h, ¥) = inf {carde(E) : E cuts A from hyp(A + Heu(A)7) } '

in slab(A, Hg 1 (A), V) and Tg(E) =0

Remark 3.3. Because of another technical difficulty that appears in section 4 we choose to make
appear A instead of A in the definition of xa(A, h, 7) We need the cutset not to be to close from
A in the proof of Proposition 4.1, taking A instead of A prevents this situation from happening.

As a corollary of Lemma 3.1, we know that xc(A, h, ¥) is finite. Let F = Uscinze 9Cao(x).
We have the following control

Xg(A,h,ﬁ) < card.(E) < Z carde (0.Cq,0(z)) < Z cq card, (Cg,o(x)) - (3.2)

e ANZ e ANZI

Thanks to Theorem 2.13, as G({0}) > 1 — p.(d), almost surely for all x € Z¢, the cluster Cg o()
is finite thus g (A4,h, V) < > weinzd cdcard, (Cao(r)) < +oo ass..

We expect xa(A,h, T) to grow at order H?~(A) when the side lengths of A go to infinity.
We aim first to prove that lim,_,o E(xg(nAd, h(n), 7'))/H4 1 (nA) exists, is finite and does not
depend on A nor on h but only on ¥ and G({0}).

4 Subadditive argument

In this section, we prove the convergence of E(xq(nA, h(n), 7)) /H4 1 (nA), see Proposition
4.1 below. This proof relies on subadditive arguments. However, we do not use a subadditive
ergodic theorem for two reasons: we want to study this convergence for all directions (included
irrational ones) and all hyperrectangles, and we aim to show that the limit does not depend on
the hyperrectangle A nor on the height function h.
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Proposition 4.1. Let G be a distribution on [0,400] such that G({0}) > 1 — p.(d). For every
function h satisfying condition (x), for every W € S4=1, for every non-degenerate hyperrectangle
A normal to 7, the limit

Caqon(V) 1= lim ===

exists and is finite. It depends only the direction ¥, on G({0}) and on d but not on A itself nor
h.

The proof of this proposition is inspired by the proof of Proposition 3.5. in [62]. This idea was
already present in [19]. In fact we mimic the beginning (i.e., the easy part) of the proof of the
subadditive ergodic theorem.

Figure 8.2 — Decomposition of N A in translates of nA’

Proof. Let ¥ € S% 1. Let us consider two non-degenerate hyperrectangles A and A’ which are
both orthogonal to the unit vector 7, and two height functions h,h’ : N — R™T that respect
condition (%). As lim,_, o h(n) = lim,_, ' (n) = oo, if we take n € N, there exists an No(n)
such that for all N > Ny(n), we have h(N) > h/(n) + 2d + 1 and N Diam(A) > nDiam(A4’). Our
goal is to cover the biggest hyperrectangle N A by translates of nA’. We do not want to cover the
whole hyperrectangle N A but at least the following subset of N A:

D(n,N):={z € NA|d(z,0(NA)) > 2nDiam A" } ,

where 9(IVA) denotes the relative boundary of N A.

There exists a finite collection of hyperrectangles (T'(2));ecs such that T'(¢) is a translate of nA4’,
each T'(i) intersects D(n, N), the collection (7'(7));e; have pairwise disjoint interiors, and their
union U;erT'(i) contains the set D(n, N) (see Figure 8.2). By definition of D(n, N), we also have
that the union U;c;T(¢) is contained in N A.

The quantities E(xq(T(i), h'(n), 7)) and E(xg(nd’, ' (n), 7)) are not necessarily equal. In-
deed, T'(i) is the translate of nA’ by a non-integer vector in general. Thus, instead of considering
T(i), let us consider T"(i) which is the image of nA’ by an integer translation, and 7”(i) is the
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translated of T'(i) by a small vector. We want to choose T"(i) such that T"(i) C slab(NA, h, 7).
More precisely, for all ¢ € I, there exist two vectors t_z € R? and t_z' € Z% such that

1Flee <1, & -T >0, T'G)=T@)+% and T'()=nA'+1' .

Asforalli e I, t—z - < V/d, the union UeT"(i) is contained in slab(N A, d, 7') (see Figure 8.3).
Since for all i € I, T"(i) € slab(N A, d, ') and h/(n) + 2d < h(N), then we have

ey \(T(3), W (n)/2) © cyl(N A, h(N)/2).
and by definition of the random height
slab(T" (i), He pr (n) (T' (1)), 7)) C slab(NA, Hg ) (NA), ) .
The family (xa(T"(i), ' (n), ¥))ics is identically distributed but not independent. For all i € I,
let E; be a set that satisfies the infimum in the definition of xg (1" (i), ' (n), ¥). We want to build

from the family (E;);cr a set of null capacity that cuts NA from hyp(NA + Heg vy (NA)) in
slab(NA, Hg p(n)(NA), ') on the event

h(N
Fon = ﬂ {cardU(CQO(x)) < (4)} . (4.1)
z€cyl(NA,h(n)/2+d)
/—hyp(NA + He vy (NA) V)

a path v from NA to

hyp(NA + He ) (NA)T) in
slab(NA, He vy (NA), )

[

T'(i)

aT(i)foriel

N

Figure 8.3 — Representation of the T7(7) for ¢ € I.

We fix r = 4d. Let V! (respectively VZ, V¥, V5) be the set of vertices included in &} (resp.
&2, 3, &), where we define

& = JVv@r'(i),r), & =V(NA\D(n,N),r),

i€l
E3 =V(cyl(O(NA),h(N)/2),7) and & =& UEIUES.

The set
E=|JE U | 0.Lao(x)

iel zeVy

cuts NA from hyp(NA + He vy (NA)T) in slab(N A, He vy (NA), ') and is of null capacity
on the event F,, n. We postpone the proof of this result until the end of the proof of Proposition
4.1, see Lemma 4.2. Thus, we can upperbound the quantity xg(NA, h(N), 7) by the size of E
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on the event F, y and by the size of |, xzz4 9cCq.0(z) on the event F  (by Lemma 3.1):

Xg(NA, h(N)v 7) < XG(NA, h(N)v 7)]l]'—n,N + XG(NA, h(N)v 7)11-7:,271\,

< Z ‘Ez‘ + Z |({9€CG’0($)| + ( Z IaeCG,O(x”) ]l-FfL,N

iel z€Vo zENANZ
<Y xa(T@ (), T+ D 0eCap@)+ | Y 10:Lao(@)] | 1re -
iel zeVo TENANZ
Taking the expectation we get

E(xc(NA,h(N), 7))

HIL(NA)
E(xa(T'(i), W' (n), 7)) E(|0:Ca.0(x)]) E(10:Ca,0(x)[1F; )
= ; HINA) ; A, egﬂzd HII(NA)

VE(0.Lo.0(@)P)B(F; )
HI-T(NA)

E(xa(nA’, W (n), 7)) N card, (Vp)
HI-1(NA) HI-1(NA)

IN

1]

E(]0.Ca,0(0)]) +
zeNANZI

0Cc,0(0)*)P(F5 v)
HII(NA)

B(a(nA 1 (), 7)) | card,(V0) g
< HI-1(n A HIT(NA) E(|0:Cc.0(0)]) + card(NA N Z%)

(4.2)

where we use in the second inequality Cauchy-Schwartz’ inequality. By definition of F,, y (see
(4.1)) and using Theorem 2.13, we obtain the following upperbound:

P(Fn) < > P(card, (Cq () = h(N)/4)
zEcyl(NA,h(n)/24+d)NZ4
< card, (cyl(N A, h(n)/2 + d) N Z%)P(card, (Cg,0(0)) > h(N)/4)

< HITY (N AY(n) Ky exp(—roh(N)/4)

where ¢/, is a constant depending only on the dimension d. We recall that as G({0}) > 1—p.(d), by
Theorem 2.13, we have E(|0.Cq0(0)|) < oo and E(]0.C.0(0)|?) < co. Moreover, as h(N)/log(N)
goes to infinity when N goes to infinity, the third term in the right hand side of (4.2) goes to
0 when N goes to infinity. We now want to control the size of Vj. There exists a constant cq4
depending only on the dimension d such that:

HEL(NA)

mﬂdﬁ(a(m‘ll)) )

cardv(Vol) < cq
card, (V) < caH4 2(0(N A)) Diam(nA’)
and
card, (V3) < cqH2(O(NA))h(N).
Thus,

HI(NA)

card, (Vp) < cq (Wﬂd_Q(a(nA’)) +H2(O(NA))(Diam(nA’) + h(N)))

and finally since h(IN)/N goes to 0 as N goes to infinity we obtain

lim lim cardy (Vo)

n—o0o0 N—oo Hd_l(NA) =0
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By first sending N to infinity and then n to infinity in inequality (4.2), we get that

EGWAKN.LT) . E(e(nd B ). 7))
WO T vy SR T )

By setting A = A’ and h = h/, we deduce the existence of the following limit

i B (nA, h(n), 7))
n—oo del (TLA)

and the inequality

i EGe(Ah(n), W) - E(xa(n A’ B (n), V)
n—00 Hi-1(nA) ~ nyoo Hi-1(nA") ’

Exchanging the role of A,h and A’, h’/, we conclude that the two limits are equal. Note that xg
does not depend on all the distribution G but only on G({0}). Indeed, let us couple (t¢(€))ecra
with a family (£(e)).cgs of Bernoulli of parameter 1 — G({0}) in the following way: for an edge
e € B i(e) = 14 (e)>0- With this coupling, the value of x¢ is the same for the two families
of capacities. Therefore, the limit does not depend on A nor A but only on the direction 7, on
G({0}) and on d, we denote it by Cg({o})(ﬁ). Moreover, thanks to inequality (3.2), we know that
there exists a constant ¢/, depending only on the dimension d such that

E(xc(nd, h(n), 7))

HIT(nA) < dE(card,(C50(0))) < oo,

thus Cg({o})(ﬁ) is finite. O

To complete the proof of Proposition 4.1, it remains to prove that the set F is a cutset on the
event F,, ny. We do not recall the notations that were introduced in the proof of Proposition 4.1.

Lemma 4.2. The set E = (UjerE;) U (Uzev, 0.Cq.0(x)) is a cutset of null capacity that cuts NA
from hyp(NA + Hg)h(N)(NA)V) in slab(NA, He vy (N A), V) on the event Fy .

Proof. Let vy bea path fromxz € NAtoy € W(NA, He nvy(NA), 7) inslab(NA, He vy (NA), 7),
we denote it by v = (vg, €1,v1, ..., €m, V) where vg = x and v, = y. Let us consider p the last
moment when 7 exits NA, i.e.,

p:dnf{ie{m.”,m}:Vj>i,uj¢fﬁ1}.
We distinguish several cases.
Case (i): If the edge e, cuts cyl(d(NA),d) U (NA\ D(n,N) + d?'), then v, € V. Besides,

we have v, € cyl(NA,h(N)/2) and by definition of Hg ,(n)(NA), the point y is not contained in
Cg,0(vp). Therefore, we have v N 9.Cq0(vy) # 0 and so as v, € Vp, we get that y N E # ().

Case (ii): We consider now the case where the edge e, 1 cuts (D(n, N) +dv) \ (Uier T(4)), we
define 7 the orthogonal projection on hyp(NA) and z = e, 1 Nhyp(NA+d 7). As 7(z) € D(n, N),
there exists an i € I such that 7(z) € T'(4), n(z) ¢ 7(T"(:)) and so 7(z) € T(¢) \ m(T"(¢)). More-
over, as T"(i) = T(i) + 1, where |[#; ||lo < 1, we get that 7(z) € V(m(dT"()),d) N hyp(NA) and
vy € V(OT'(i),r) C &}. Therefore, we have v, € V; and we can conclude as in the previous case
that YN E # 0

Case (iii): We consider the case where there exists an ¢ € I such that v, ¢ T’(i) and the
edge e,11 cuts m N hyp(NVA + d?) Therefore the vertex v, is close to the boundary of
T'(i). Actually, the vertex v, is close to the lateral boundary cyl(0T"(7),d) of T7(i). Indeed, as
T'(i) C slab(NA,+/d, ¥), the vertex v, cannot be "under' T"(i), i.e., in slab(NA,t_Z L, T).
Therefore, the vertex v, belongs to V(91" (i),d) C &}, we conclude as in the previous cases that
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yNE #0.

Case (iv): Finally, we consider the case where there exists an ¢ € I such that the edge e,11 cuts
T'(i) N hyp(NA + d ') and v, € T'(i) (see Figure 8.4). Let us consider the first time after p
when v cuts hyp(T"(i) + He p (n) (T(i))7') U cyl(B(N A), h(N)/2). On the event F, n, we have
the three following events:

slab(T" (i), He pr (n) (T7(3)), ¥) C slab(N A, h(N)/2, 7)),
Upt1 € slab(T7 (i), Ha (ny (T'(i)), T) N eyl(NA, h(N)/2)

y ¢ slab(T" (i), He pr(n) (T (), T)Neyl(NA,h(N)/2).
Moreover, by definition of v, the path v cannot exit slab(1"(i), He pn) (T (7)), 7) by hyp(T"(7)),
otherwise, v would come back in NVA. Therefore, the index

l=1inf{j > p: e; cuts hyp(T'(i) + Hg pn)(T' (1)) Ucyl(O(NA), h(N)/2) }
is well defined. If the edge ¢; cuts cyl(O(NA),h(N)/2), then v;_; € V3 and by definition of
He nvy(NA), we get y ¢ Cao(vi—1) and it follows that
YN IeCao(vi—1) #0.

Otherwise, the edge e; cuts hyp(T"(i)+Heg j (ny (T"(i)) V) and vi_1 € W(T" (), He pr(ny (T"(i)), 7).
Therefore, the portion of v from v, to v;_; is a path from T"(i) to hyp(T"(i) + He p () (T'(i)) V)
that stays in slab(7"(i), Hg p (n) (T7(2)), ) (by definition of v;_1). Thus by definition of E;, we
have v N E; # (.

hyp(NA+ Hg j(ny(NA)T)

/

a path v from NA to
_—  hyp(NA+ Honm)(NA)Y)

................................... hyp(T"(8) + Ha,pr (n) (T (D) V)

slab(T" (i), Hg. pr (n) (T7(3)), W) N
cyl(NA, h(N)/2)

Figure 8.4 — A path from N A to hyp(NA + Hgﬁh(N)(NA)ﬁ) in slab(N A, Hg p(n)(NA), ) such
that v, € T"(¢) forani e I .

Therefore, we conclude that, on the event F, , the set E cuts NA from hyp(NA+Hg nnvy(NA))
in slab(N A, Hg p(n)(NA), 7) Since for all i € I, the set E; has null capacity and for any = € Z¢,
the set 0.Cq o(z) contains only edges with null capacity, the set E itself has null capacity. O

5 From slabs to cylinders

We recall that the quantity of interest is the flow through the cylinder, and that we have
studied the flow from a thick rectangle to an hyperplane for technical reasons. In this section we
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are going to show that these flows are quite similar, more precisely we want to show the following
proposition.

Proposition 5.1. Let G be a distribution on [0,4+00] such that G({0}) > 1 — p.(d). For any
e S4=1, for any non-degenerate hyperrectangle A normal to 7, for any height function h that
satisfies condition (%),

lim ]E(Xg(nA,h(n),ﬁ)) ~ lim ]E(z/)g(nA,h(n),7))
n— o0 Hdil(TLA) n—00 Hdil(nA)

= Caop (V).

Proof. Let A be a non-degenerate hyperrectangle and h a height function satisfying condition
(%). Let 7 be one of the two unit vectors normal to A. We prove Proposition 5.1 in two steps.
In the first step, we obtain an upper bound for E(xg(nA,h(n), ¥)) by building a cutset of null
capacity between the top and the bottom of cyl(nA,h(n)) from a cutset in slab(nA, h(n), ¥)
that achieves the infimum in ¢ (nA, h(n), 7). In the second step, we obtain a lower bound for
E(xa(nA, h(n), 7)) by doing the reverse, i.e., we build a cutset between a translate of nA and
hyp(nA + h(n)7), from a cutset in cyl(nA, h(n)) that achieves the infimum in the definition of

X (nA, h(n), 7)

hyp(nA + h(n)?)

the dual of a set of edges that cuts
nA from hyp(nA + h(n)7) in

slab(nA, h(n), 7) slab(nA, h(n), ¥)

a path v from T'(nA, h(n)) to
B(nA,h(n)) in cyl(nA, h(n))

Figure 8.5 A cutset that cuts nA from hyp(nA+h(n) ') in slab(nA, h(n), ') and the top from
the bottom of the cylinder cyl(nA, h(n)) on the event &,.

Step (i): We denote by &, the following event

En = N {cardv(cg,o(x)) < h(”)} .

zEcyl(nA,h(n)/2)NZ4 2

On the event &,, we have that Hg ,(n)(nA) = h(n). By definition, we have B(nA, h(n)) C nANZ?
and T(nA, h(n)) € W(nA, h(n), 7). On the event &,, as any path from the top to the bottom of
cyl(nA, h(n)) is also a path from hyp(nA + h(n)¥) to nA in slab(nA, h(n), ¥), any cutset that
cuts hyp(nA + h(n)®) from nA is also a cutset from the top to the bottom in the cylinder (see
Figure 8.5). Finally, any cutset that achieves the infimum in xg(nA, h(n), 7) is a cutset of null
capacity (and therefore of minimal capacity) for the flow from the top to the bottom in cylinder
cyl(nA, h(n)). Thus, on the event &,,

Va(nA, h(n), V) < xa(nd, h(n), 7).



202 CHAPTER 8. SIZE OF A MINIMAL CUTSET

Finally, for a constant Cy depending only on the dimension d.

E(va(nd,h(n), 7)) _ E(a(nd,h(n), )le,)  EWenA hn), V)le;)
Hi-1(nA) - Hi-1(nA) Hi-1(nA)
E(xa(nA, h(n), 7)) n card, (cyl(nd, h(n)) NE) - P(ES)
- Hi=1(nA) Hi=1(nA)

E(xc(nA, h(n), V)
- Hi~1(nA)
where we use in the last inequality Theorem 2.13. As h satisfies condition (*) the second term of
the right hand side goes to 0 when n goes to infinity and we obtain

o sy B (A h(n). D)) . E(xe(nd, h(n), 7))
WP T T (nA) | b HI1(nA)

+ Cah(n)?*H¥ 1 (nA)ky exp(—rah(n)/2),

= Caop (7). (5.1)

Step (ii): There exists an hyperrectangle T, a small vector t and an integer vector U such
that 77 = nA + o, T' = nA —dv + t || 7 lo < 1 and 7.7 < 0. Therefore, we have
—d—Vd< W -V < —dand T” C slab(A, 00, ¥)°. We now want to build a set of edges of null
capacity that cuts T” from hyp(T’ + HGJL(,L)_ﬁ,ﬁ(T/)?) starting from a cutset between the top
and the bottom of the cylinder cyl(nA, h(n)). We define

g = N {cardv(CQO(x)) < h(”)} .

z€V(cyl(nA,h(n)/2),2d)NZ 2

On the event &/, the minimal capacity of a cutset for the flow from the top to the bottom
of the cylinder cyl(nA,h(n)) is null (the set of null capacity U .= ,40.Cao() is a cutset)
and as the cylinder cyl(T”, (h(n) — @ - ¥)/2) is included in V(cyl(nA, h(n)/2),2d), we obtain
He pny—z.7(T") = h(n) = - ¥ so that hyp(T" + He j(ny—7.7 (T) V) = hyp(ﬂA+h(”)7)- We
denote by E one of the sets that achieve the infimum in ¢g(nA, h(n), 7). In order to build a set
that cuts T’ from hyp(nA—&—h(n)?) from E, we need to add to E edges to prevent flow from escap-
ing through the vertical sides of cyl(nA, h(n)). Let V be a set that contains a discretized version of
the vertical sides of cyl(nA, h(n)). More precisely, we define by V = V(cyl(d(nA), h(n)), 2d) N Z<.
On the event &/, the following set

F=FU (U aecg,o(x)>

zeV

cuts T” from hyp(nA + h(n)?) and is of null capacity (see Figure 8.6). We postpone the proof of
this fact until the end of the proof of Proposition 5.1, see Lemma 5.2. For a constant C!; depending
on d, we obtain

E(xa(T",h(n) = - ¥, 7))

Hi-1(nA)
_ BT hm) =V, P)le) | Blxa(T h(n) = - T, )l
= H 1 (nA) + HI 1 (nA)
E(F) | E(C,erma 10(Cao@) e
S Hina) t HI—1(nA)
E(¢c(nA, h(n), 7)) + Chh(n)H2(0(nA))E(|0(Ca.,0(0))])
- Hi-1(nA)
n CoH M (T")/E(]0:(C5.,0(0))[2) Cah(n)HI~ L (nA) k) exp(—rah(n))
Hi-1(nA)
E(vc(nd, h(n), 7)) +C&h(n)'H‘l *(0(nA))E(]0:(Ca,0(0)])
- Hi=1(nA) Hi=1(nA)
+CY \/del(nA)IEﬂae (Cc,0(0))[2)h(n)r1 exp(—r2h(n)) (5.2)
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where we use in the second inequality the control of xg(T", h(n) — @ - ¥, ) obtained in Lemma
3.1 and Cauchy-Schwartz’ inequality in the third inequality.

As HY1(nA) is of order n=1, H4=2(d(nA)) is of order n?~2 and h satisfies condition (x),
the second and the third terms of the right hand side of the inequality (5.2) go to 0 as n goes to
infinity. Moreover, thanks to Proposition 4.1, using the invariance of the model by the translation
by an integer vector and the fact that the limit (g (foy) (7) does not depend on the height function,

n—00 HA=1(T") T oo HA-1(T)
iy Bxe(nA, h(n), V)
n—oo Hi-1(nA)

= ooy (V) -
Thus, we obtain from (5.2)

E(XG(nAa h(n)a ?)) ]E(wG (nAa h(n)v 7)) )

Couon(V) = Jim == e oy < liminf == ame o (5:3)
Combining inequalities (5.1) and (5.3), we get that
. E(XG (nA7 h(n)v 7)) BERT] ]E(l/fc (TLA, h(”)a 7)) _
,};H;o HI-1(nA) = nlggo HI-1(nA) = gG({O})(ﬁ) '
O

To complete the proof of Proposition 5.1, it remains to prove that the set F' is a cutset on the
event £/ . We recall that all the notations were introduced in the proof of Proposition 5.1.

Lemma 5.2. On the event £, the following set
F=FEuU (U 860(;,0(3;))
zeV

cuts T" from hyp(nA + h(n)?) and is of null capacity (see Figure 8.6).

hyp(nA + h(n)v)
the dual of a set of edges
that cuts B(nA, h(n))
from T'(nA, h(n)) in
cyl(nA, h(n))

slab(T’,h(n) = - ¥, )

a path v from
hyp(nA + h(n)7) to T7 in
slab(T",h(n) — U - ¥, )

the dual set of a
l(nd, h(n)) ~ OCoollzeV

Figure 8.6 — Construction of a cutset from 77 to hyp(nA + h(n) @) from a cutset from the top to
the bottom in the cylinder cyl(nA4, h(n)) on the event &/,

Proof. Let v = (y = vo,€1,V1,...,€m,Vy = x) be a path from y € W(nA,h(n),?) to x €
T’ that stays in slab(7”,h(n) — @ - ¥/, 7). Let us consider the first moment p when ~ exits
slab(nA, h(n), ¥), i.e.,

p=inf{i€{0,...,m}, v; ¢slab(nd, h(n), V) }.
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We distinguish several cases.

e Suppose that v,_1 € B(nA,h(n)) and v’ = (vo, €1, -+ , €p—1,Vp—1), the portion of v between
v and v,_1, stays in cylinder cyl(nA, h(n)). Then +' is a path from the top to the bottom of
cyl(nA, h(n)) that stays in cyl(nA, h(n)), thus ¥ N E # ) and v N E # (.

e Suppose that v,_1 € B(nA, h(n)) and that " does not stay in the cylinder cyl(nA, h(n)).
Thus »/ must intersect the boundary of the cylinder cyl(nA, h(n)). As~' stays in slab(nA, h(n), 7),
+' can only intersect the vertical sides of the cylinder, i.e., cyl(d(nA), h(n)), we obtain v/ NV # (.
There exists z € V such that 4/ N {z} # 0. On the event &, 7' cannot be included in Cg o(2).
Indeed, if v/ C Cq (%), then v' C Cqo(z) and Cq o(z) has a diameter at least h(n), it is impossible
on the event &/,. Therefore we obtain 7' N 9.Cq0(z) # 0 and vy N F # (.

e Suppose now that v,_1 ¢ B(nA, h(n)), thus v,_1 ¢ cyl(nA, h(n)). If x € V, we conclude as
in the previous case that on the event &/, ¥ N 0.Cqo(x) # 0 and y N F # 0. Otherwise ,if x ¢ V,
then = € cyl(nA —2d V', h(n) 4 2d). Since we have v,_; ¢ cyl(nA —2d ', h(n) 4 2d) and the path
~ stays in slab(nA — 2d 7, h(n) + 2d, ¥), it follows that v cuts cyl(d(nA — 2d ), h(n) + 2d) and
NV # 0. We conclude as in the previous cases that v N F # ().

On the event &/, we obtain that v N F' # (. Moreover, the set E has null capacity so it is also
the case for the set F. Thus, the set F cuts T from hyp(nA + h(n)7) and has null capacity on
the event &/ . O

6 Concentration

We aim here to prove Theorem 2.12. To prove this theorem, we will need Proposition 5.1 and
the concentration inequality stated in Proposition 2.14 for ¥ that is a function of the capacity
of the edges inside the cylinder.

Remark 6.1. The advantage of using a concentration inequality on Vg rather than on xg s
that Vg depends on the capacity of a finite deterministic set of edges whereas xg depends on an
infinite set of edges (the edges in slab(A, 00, T)). Therefore ¢ is more appropriate to apply this
concentration inequality.

Proof of Theorem 2.12. Let p < po(d). Let ¥ € S%~1. Let A be a non-degenerate hyperrectangle
normal to ¥ and h an height function that satisfies condition (x). We consider the cylinder
cyl(nA, h(n)) and we enumerate its edges as eq, ..., e, . We define

(tc(el), PN ,tg(emn),t’G(el), NN ,t'G(emn))

a family of independent random variables distributed according to distribution G. The quantity
Ya(nA, h(n), 7) is a random variable that depends only on the capacities of the edges ey, ..., em, .
We define

X = (tgler), ..., talem,)),

Vie{l,...,my} X9 =(taler),...,th(e), ..., ta(em,))

and f the function defined by 1¢(nA, h(n), V) = f(X) = Z. We define Z, = f(X#). We denote
by F,, and G, the following events that depend on tg(e1),...,ta(em, ),

Fn = Z card, (Cg,o(z)) < Cnd1

z€B(nA,h(n))NZ4

and

Gn = N {cardv(CG’o(:v)) < min (ﬁ’“,w)} .

z€cyl(nA,h(n))NZd

Since P(card,(Cq,o(z)) > n) < k1 exp(—ran) (see Theorem 2.13), we can find C large enough such
that there exist positive constants C7 and Cs depending on A such that

P(FS) < Oy exp(—Con®™1). (6.1)



6. CONCENTRATION 205

This fact is proven in the proof of Proposition 2.3 in [64]. Moreover, using again Theorem 2.13,

we obtain
P(Gy,) < mpk1exp (—52 min (h(f), n1/5>> . (6.2)

On the event G,, the minimal capacity of a cutset from the top to the bottom of the cylinder
cyl(nA, h(n)) is null. Let i € {1,...,m,}, let us assume that f(X) < f(X®). If t;(e;) < ta(es),
then we have tg(e;) > 0. On the event G,, there exists a cutset of null capacity E (thus E does not
contain e;) that achieves the infimum in f(X). It is still a cutset of null capacity in cyl(nA, h(n))
for the distribution X (. Thus, we obtain the following contradiction f(X®) < |E| = f(X), so if
F(X) < f(XW) then t/(e;) > tg(e;) on the event G,,.

Let us now assume that f(X) < f(X®), then we have tg(e;) < ti(e;) on the event G,.
Let us denote by R, the intersection of all the minimal cutsets that achieve the infimum in
Ya(nA, h(n), 7). If e; ¢ R,, then there exists a cutset E that does not contain e; and that
achieves the infimum in ¢g(nA, h(n), 7), i.e., f(X) = |E|. On the event G,, all the cutsets that
achieve the infimum in f(X) are of null capacity. Since F is a cutset of null capacity that does not
contain the edge e, it is still a cutset of null capacity in cyl(nA, h(n)) for the capacities X (. Thus,
F(X@) < f(X), which is a contradiction. Thus on G,, if f(X) < f(X@) then tg(e;) < ti(e;)
and e; € R,. We denote by E a cutset that achieves the infimum in f(X). We have e; € E, let
us define

E = (EU3Laolef)UdLao(e;))\ {ei}

where we write e; = (e; , €] ;). This set has null capacity for both distributions X and X0 (). Let
us prove that on the event G,,, the set E cuts the top from the bottom of cylinder cyl(nA, h(n)).

Let v be a path from z € T(nA, h(n)) to y € B(nA, h(n)). If e; ¢ v then as E is a cutset, we
have that yNE'\ {el} # () thus YN E # (). We now assume that e; € 7. On the event gn, ~ cannot
be included in Cg (e )UCq 0(e; ). Thus, either x ¢ Cq o(e] )UCq0(e; ) ory & Caole] )UCao(e; ).
We study only the case y ¢ Cao(e)) UCG ole;), the other case is studled similarly. We denote by
g the edge v takes to finally exit CG oleh) UCG o(e;), i.e., if we write v = (vg, €}, v1,...,€l,,Um)
and we denote by

p=max{j : v; €Caole])UCaole;)}

then g = e;,,,. By definition of p, we must have g # e; and g € 9.Cq 0( FYUBLaole])\ {ei}-

As g e E, we ﬁnally obtain that v N E # () and that on the event G,,, E is indeed a cutset in the
cylinder of null capacity for the distribution X (1)._ _ _
Thus on the event G,, and when f(X) < f(X®), we have f(X*) < |E| and ¢; € R,, so that

FXY) = f(X) < carde(Ca.o(ef) U Caro(e; )Leser,

< cq [card, (Coo(e])) + card, (Coo(e; )] Leser, < 2can'/*Leer, - (6.3)
Therefore, we have
T =Y E[(f(X) - F(XD))2[X] < (Z(QCdnl/S)QﬂeieRnlgn) +mjlgs
1=1 =1
< (2¢an'’®)?|R,[1g, +milge: . (6.4)

Notice that 1g,1ge = 0. On the event F,,, we have |R,| < Cn?~! and so

E[(V7)?] < (2can'®) Bl Ral’] + m{P(Gy) < (2can'/®)H(C*n* @Y + miP(Fy)) +m{P(G)

Using inequality (6.3), we have for all ¢ € {1,...,m,}
(F(X) = F(XD))_ < 2¢4n'/P1g, +mplge == M.
We have
E [M4] < (2en!/5)* + miP(G5). (6.6)
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Using Theorem 2.14, we obtain
E[(Z -EZ)1] < CE[(V™)?] (6.7)
and
E[(Z -EZ){] < Cmax(E[(V")*,E [M*]). (6.8)
Combining inequalities (6.1), (6.2), (6.5), (6.6), (6.7) and (6.8), we obtain that
E[(Z —EZ)"] = O (n24-0+4/5) .
Let € > 0. Using Markov inequality we obtain

(s -s (s - < e

As the right hand side of the previous inequality is of order at most n~2(d—1)+4/5

that for d > 2, the sum

i ( Ve (nA, h(n), ?) B (wg(nA,h(n),7)>’ N 5>

, we can conclude

Hi-1 nA Hi-1(nA)

is finite. By Borel-Cantelli Lemma, we deduce that almost surely

. Ya(nA, h(n), ?) YA, h(n), )
- <
hr?l—?og ‘ Hi-1(nA) E HI-1(nA) <0,
and finally, R
. ta(nA h(n), V)
BUUS HT(na) Corrop) (T) as..
This yields the result. -

Remark 6.2. With the standard Efron-Stein inequality, we did not manage to obtain a bound
that is summable in dimension 2. That is the reason why we investigated for a higher moment (the
fourth moment turned out to be enough). Note thatl, an exponential type concentration inequality
does not work with the bound of V™~ we obtained in (6.4) since the probability P(GS) does not
counterbalance the term exp(m3).
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