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LARGE DEVIATIONS FOR THE CHEMICAL DISTANCE IN
SUPERCRITICAL BERNOULLI PERCOLATION

BY OLIVIER GARET AND REGINE MARCHAND
University of Orléans and University of Nancy

The chemical distance D(x, y) is the length of the shortest open path
between two points x and y in an infinite Bernoulli percolation cluster. In
this work, we study the asymptotic behavior of this random metric, and we
prove that, for an appropriate norm p depending on the dimension and the
percolation parameter, the probability of the event

{O(—)x,mg’é(l—e,l—ke)}
u(x)

exponentially decreases when ||x||1 tends to infinity. From this bound we also
derive a large deviation inequality for the corresponding asymptotic shape
result.

1. Introduction and statement of main results. The matter of this article is
the study of the asymptotic length of the shortest open path between two points in
an infinite Bernoulli percolation cluster.

Let us first recall the Bernoulli percolation model and its usual notation. Con-
sider the graph whose vertices are the points of Z¢, and put a nonoriented edge be-
tween each pair {x, y} of points in Z¢ such that the Euclidean distance between x
and y is equal to 1: two such points are called neighbors, and this set of edges is
denoted by E¢.

Set Q2 = {0, I}Ed. We denote by P, the product probability (pé; + (1 —
p)80)®Ed on the set . For a point w in ©, we say that the edge e € E? is open
in the configuration w if w(e) = 1, and closed otherwise. The states of the differ-
ent edges are thus independent under P,. In the whole paper, the parameter p is
supposed to satisfy p € (pc, 1], where p. = p.(d) is the critical probability for
Bernoulli bond percolation on Z¢.

A path is a sequence y = (x1, €1, X2, €2, ..., Xp, €n, Xp4+1) such that x; and x; 11
are neighbors and e; is the edge between x; and x; 1. We will also sometimes
describe y only by the vertices it visits y = (xg, X2, ..., Xu, Xp+1) Or by its edges

y = (e1, €2, ...,e,). The number n of edges in y is called the length of y and is
denoted by |y |. Moreover, we will only consider simple paths for which the visited
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vertices are all distinct. A path is said to be open in the configuration w if all its
edges are open in w.

The clusters of a configuration w are the connected components of the graph
induced on Z¢ by the open edges in w. For x in Z¢, we denote by C(x) the cluster
containing x. In other words, C(x) is the set of points in Z¢ that are linked to x by
an open path. We write x <> y to signify that x and y belong to the same cluster.
For p > p., there exists almost surely one and only one infinite cluster. We denote
by Cso the random set: Coo = {k € Z4:|C (k)| = +o0}, which is almost surely
connected.

We introduce the chemical distance D(x, y)(w) between x and y in 74, de-
pending on the Bernoulli percolation configuration w:

D(x, y)(w) = ilylflyl,

where the infimum is taken on the set of paths whose ends are x and y and that
are open in the configuration w. It is of course only defined when x and y are
in the same percolation cluster. Otherwise, we set by convention D(x, y) = +00.
The random distance D(x, y) is thus, when it is finite, the minimal number of
open edges needed to link x and y in the configuration w, and is thus larger than
lx — y|l1, where || - ||1 is the usual 2! norm: ||x||; = Zflzl |xi|.

Note that the chemical distance D (0, x) on the infinite Bernoulli cluster with
parameter p > p. can be seen as the travel time between 0 and x in a first-passage
percolation model where the passage times of the edges are independent identically
distributed random variables with common distribution pé; + (1 — p)d4co-

Antal and Pisztora [1] have proved that the chemical distance cannot asymptot-
ically be too large when compared with the usual distance || - ||;: for each p > p,,
there exists a positive constant p such that

InP,(0 , D@0, x) >
0 lim sup nl’,(0 < x, D(0, x) pllxlll)<

llxll1 =00 llx1l1

0.

If we think of the chemical distance as a special travel time in a first-passage
percolation model, it is natural to expect that the term p|x|; in (1) could be re-
placed by a smaller term, depending on a directional functional. Indeed, a good
candidate exists, which has been defined in a previous paper of the authors:

PROPOSITION 1.1 ([7]). Let p > p. and consider the chemical distan-
ce D(-, -) for Bernoulli percolation with parameter p. There exists a norm p on R¢
such that, almost surely on the event {0 <> 0o},

Vi € 74 fim 2O Tnw) _

n—o00 Tn,u

wm(u),

where (T, ,)n>1 Is the increasing sequence of positive integers k such that
ku < oo.
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It is then natural to study the fluctuations around this limit, and to look for
exponential decay results analogous to the ones obtained, for instance by Grimmett
and Kesten [8], in first-passage percolation. Therefore, the main objective of this
work is to prove the following large deviation bound:

THEOREM 1.2. Let p in the interval (pe, 1] and denote by . the norm on R?
given by Proposition 1.1. Then,
. InP,(0<x,D0,x)/nu(x) ¢ (1 —¢,1+¢))
Ve >0 lim sup <

ll2 ]l —+00 llx1l1

0.

The proof of Theorem 1.2 is divided into two parts: the upper large devia-
tions and the lower large deviations, which are, respectively, dealt with in Sections
3 and 4.

First, in Section 3, we prove an upper large deviations inequality or, more pre-
cisely, the following exponential bound for the probability that the chemical dis-
tance between two points x and y is abnormally large:

THEOREM 1.3. For every p > p.(d) and every € > 0, we have

. InPp(0 < x, D(0,x) > (1 +e&)u(x))
lim sup <

llx 11— +o0 llx1l1

0.

The proof of this result strongly relies, through an appropriate renormalization
argument, on the fact that, when p is sufficiently close to one, the chemical dis-
tance looks like the usual distance || - ||1.

THEOREM 1.4. For each o > 0, there exists p'(a) € (pc(d), 1) such that for
every p € (p'(a), 1], the Bernoulli percolation with parameter p satisfies:

) InP,(0 < x, DO, x) > 1 +a)xl1)
lim sup <

llc [l =400 llx1l1

0.

We also obtain, as a corollary of this result, the continuity in p = 1 of the map
p = Wp, where 1), denotes the norm associated to the chemical distance in the
Bernoulli percolation with parameter p:

COROLLARY 1.5.  lim,_ 1 sup,, <1 ltp(x) — llx[[1] = 0.
In Section 4, we prove a lower large deviations inequality or, more precisely, the

following exponential bound for the probability that the chemical distance between
two points x and y is abnormally small.
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THEOREM 1.6. For every p > p.(d) and every ¢ > 0, we have
. InP,(0 < x, D(0,x) < (1 —¢&)u(x))
lim sup <

llx ]l =00 llx1l1

0.

In its main lines, the proof follows the strategy used by Grimmett and Kesten [8]
to prove an exponential bound for an analogous quantity concerning first-passage
percolation along the first coordinate axis. However, two types of extra difficulties
arise in our context: we want to obtain an exponential bound in every direction, not
only along the first-coordinate axis, and moreover we want this bound to be uni-
form with respect to this direction. Thus, we first study in Lemma 4.2 the minimal
number of open edges needed to join the origin to hyperplanes with a given direc-
tion. Then in Lemma 4.3 we study the minimal number of open edges needed to
cross a box oriented along the same direction. All estimates are done uniformly in
the direction, and, to conclude the proof of Theorem 1.6, we use a renormalization
argument.

Let us discuss briefly the speed—in ||x||;—that appears in the previous large
deviations inequalities. Let us first look at the lower large deviations. Choose an
x € Z¢, and then, by the classical FKG inequalities, we obtain

P,(D(0, (m +n)x) < (1 — &)(m + n)u(x))
>P,(D(0,mx) < (1 —&)mu(x), D(mx, (m+n)x) < (1 —¢&)nu(x))
>P,(D(0,mx) < (1 —&)mu(x))P,(D(0, nx) < (1 — &)nu(x)).

Thus, the limit —L— InP,(D(0,nx) < (1 — &)nu(x)) exists as n goes to infinity,

Do nllxL S
and is strictly negative by Theorem 1.6. Now, two distinct cases can occur:

e FEither p(x) = ||x||1. This corresponds to the existence of a flat face in the as-
ymptotic shape and occurs for some x as soon as p > P (d), critical probability
for oriented percolation on 74 (see [7]). In this case, because of the inequal-
ity D(0, x) > ||x]||1, the asymptotic speed in the direction of x is as fast as it is
permitted by the geometry of the lattice: thus, we have

%lan(D(O, nx) < (1—¢e)np(x)) = —oo.

e Or u(x) > ||x||1. Then for any & small enough to have (1 — &)u(x) > ||x|1, we
can force a deterministic path with exactly n||x|; edges with ends 0 and nx to
be open, which implies that the chemical distance between 0 and nx is less than

(1 —enulx):
P,(D(0, nx) < (1 — &)nu(x)) > p"l*l,

that is, InP,(D(0,nx) < (1 —&)nu(x)) >1np > —oo.

n|lxll
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Thus the exponential rate in Theorem 1.6 is optimal.

Turning to the upper large deviations, we can once again force a deterministic
path with exactly |n(1 + €)||x||1] + 1 edges with ends O and nx to be the only
open path between 0 and nx, which implies that the chemical distance between 0
and nx is larger than (1 + &)nu(x):

Py(+00 > D(0,nx) = (1 + &)np(x)) = (p(1 — p)>) e+t

whence
InP D(O, > (1
T p(+00 > D(0,nx) > (1 +&)nu(x)) > (14 &) In(p(1 — p)2).
n——+o00o n||x||1

Once again, the exponential rate in Theorem 1.3 is optimal.

This phenomenon is quite different from what is expected of large deviations
in first-passage percolation with bounded passage times. Indeed, in the context of
first-passage percolation with bounded passage times, building a bad configuration
that forces the travel time between O and nx to be too large should cost more
that ¢"I¥Il', We expect then a speed in lIx11; see [10] and also [3]. On the other
hand, building a configuration that allows the travel time between 0 and nx to be
too small should typically still need a cost of order ¢"*ll1 | as it is sufficient to build
one “too good” path. Thus the speeds for upper large deviations and lower large
deviations in classical first-passage percolation could be different.

Finally, in Section 5, thanks to the uniformity with respect to the direction pro-
vided by Theorem 1.2, we will also prove a large deviation inequality for the as-
ymptotic shape of the set B; of points that are at a distance less or equal to ¢ from
the origin:

B,={xeZ:0< x,D,x) <t}.

Since p > p., we can condition the probability measure on the event that the ori-
gin 0 is in an infinite cluster, which has positive probability:

P,(AN{0€ Cao})
P,(0 € Coo)

Py(A) =

In order to study the convergence of the random set B;/¢, we also introduce the
Hausdorff distance between two non empty compact subsets of R¢:

1. Forx eR?andr >0, B, (x,r) ={y e R : u(x —y) <r}.
2. The Hausdorff distance between two nonempty compact subsets K1 and K>
of R is defined by

DKy, Ka) = inf{r > 0: K C Ko+ B, (0, r) and Ky C K + B,,(0, r)}.

Note that the equivalence of norms on R? ensures that the topology induced by
this Hausdorff distance does not depend on the choice of the norm ©. We can now
state the random set version of Theorem 1.2.
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THEOREM 1.7. For every p > pc(d), for every ¢ > 0, there exist two strictly
positive constants A and B such that

™ B; —Bt
V>0 Pp(i)<7,£8u(0,l))28)§Ae :

This result improves the following asymptotic shape result that was proved by
the authors in [7]: for every p > p.(d),

B _
lim 1)(7’,%(0, 1)) =0, P,as.

Let us begin now with the main notations and a reminder of some common
useful results in supercritical percolation theory. We also include in the following
section a technical lemma to build bases of R? that are adapted to the proof of
directional estimates.

2. Notations and preliminary results.

2.1. Norms, balls and spheres. On the space R4, consider the canonical basis
(e1,...,eq). Forevery x € R4, define the three classical following norms:

d d 172
2
x| = xil, x| = X , X = max |x;|.
llxl1 m§—1| il llx1l2 <m§_1| z|> llx 1l 0o 15msdl il

Forie{l,2,00},x € R4 and r > 0, we define the following balls in 74:
Bitx,r)={yeZ' |y —xlli<r} and & ={xeR’:|x]; =1).
Recall that
IxXlloo < lIxll2 < llx[l < Vd[x]2.

We also consider the norm p given by Proposition 1.1. We recall the reader that,
for x € R and r > 0, we chose to consider, for the norm i, balls in R rather than
in 74:

Bu(x,r)={yeR%:u(y —x) <r}.

We also introduce pinf = infye, (£(y), which is strictly positive. As p is invari-
ant under the symmetries of the grid, we get the inequality

tintllxll1 < p(x) < plen)llxll-
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2.2. Exponential inequalities. Let us rewrite the result of Antal and Pisz-
tora [1] in an appropriate form to further computations: there exist three strictly
positive constants Aj, By and p, depending only on the dimension d and on the
percolation parameter p > p.(d), such that

2) VxezZ!  P,(0< x,DO,x) > pllx[) < AjeBilxlh,

We also recall here some classical results concerning the geometry of the clus-
ters in supercritical percolation. Thanks to [2], we can control the radius of finite
clusters: there exist two strictly positive constants A, and B such that

3) Vr>0  P,(IC(0)] <+00,0< 081(0,r)) < Age 5"

We can also control the size of the holes in the infinite cluster: there exist two
strictly positive constants Az and B3 such that

4) Vri>0  Pu(CoNBi(0,r) =) < Aze B3,

When d = 2, this result follows from the large deviation estimates by Durrett and
Schonmann [6]. Their methods can easily be transposed when d > 3. Nevertheless,
when d > 3, the easiest way to obtain it seems to use [9] slab’s result.

Note that in (3) and in (4), the choice of the norm || - || is, of course, irrelevant
thanks to the norm equivalence.

2.3. Stochastic comparison. First, there is a natural partial order < on Q2 =
{0, I}Ed: for w and @’ in 2, one says that @ < ' holds if and only if w, < @/, for
each e € . Consequently, we say that a function f:w — R is nondecreasing if
f(w) < f(w') as soon as w < w’. An event A is said to be nondecreasing if its
indicator function 14 is nondecreasing.

Let us now recall the concept of stochastic domination: we say that a probability
measure 1 dominates a probability measure v if

[ravs [ ran

holds as soon as f in an nondecreasing function. We also write v < u.

In the following, it will often be useful to compare locally dependent fields with
products of Bernoulli probability measures: remember that a family {Y,, x € Z4)
of random variables is said to be locally dependent if there exists k£ such that, for
every a € Z¢, Y, is independent of {Yy : |lx —a|» > k}.

PROPOSITION 2.1 ([11]). Let d, k be positive integers. There exists a non-
decreasing function w:[0, 1] — [0, 1] satisfying lims_.1 w(8) = 1 such that the
following holds: if Y = {Yy, x € Z%)} is a locally dependent family of random vari-
ables satisfying

vieZ!  P(Y,=1)>8,

then Py > Ber(7(8))®%".
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This is in fact a particular case, but sufficient for our purposes, of a more general
result given in [11].

2.4. Some consequences of the symmetry properties. Let us introduce some
notation: we denote by &, the symmetric group on {1,...,d}. For each x =
(X1,...,xq9) € R o€ Gy and € € {+1, —l}d, we define

d
oo (x) =Y e(D)xg(ei
i=1
Then O(Z%) = (W10 € By, € € {+1, —1}9} is the group of orthogonal trans-
formations that preserve the grid Z¢. Consequently, its elements also preserve the
norm p.
When studying the chemical distance in a given direction x, we want to find
a basis of R? adapted to the studied direction, that is, made of images of x by
elements of 9(Z¢). The next technical lemma gives the existence of such a basis,
and an extra uniformity property in the direction y:

LEMMA 2.2. There exists a constant Cq > 0 such that, for each x € R4, there
exists a family (81.x,82.xs---»8d.x) € ((D(Zd))d with g1.x = Idpa and such that
the linear map L, : R? — R¥ defined by

Vie{l,...,d} Ly(ei) =gix(x)

satisfies
&) Vy e RY Callyllillxllt < ILx Ot < Ny lallxlls.
If moreover, for each n € 8, we set (ny,na,...,ng) =, g2.,(n), ..., 84.n(N)),
then we have
c d 172
d
©) vyeRT oyl < (Z<y,nm>2) < d|yll2-
m=1

Note that in dimension two, this construction is much simpler: if R denotes the
rotation with angle 7 /2, we can set

Li(e1)=x and Ly(ex) =R(x).

However, this is more intricate in higher dimension. For instance, in dimension
three, if x = (1, 1, 1), none of the images of x by @(Z?) is orthogonal to x. In
particular, even if || x| = 1, Ly may not be in O(RY).

PROOF OF LEMMA 2.2. Choose x € Z%. Then, for every (g1,...,84) €
(O(Z%))?, denote by Aiﬁ Lgd the only linear map which satisfies

Viell,...,d} Ay ealei) = 8i(x).

.....
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d
Let y =Y y;e; € RY: by linearity, we have
i=1

A, Dl =

,,,,,

d
> yigi(x)
i=1

1 1

d d
< Dol X IAg, g el =D 1yil x llxlly = Iy llallxll
i=1

i=I

Now define, for each x € R?,

b(x) = max inf || Ay DIl
(82, g)O@dyi-1 yedy D828
and define Ly to be an application Ay, . which realizes the maximum in the

definition of b(x). Let us set
C,y = inf b(x).
x€51

It is easy to see that, for every x € R, L, satisfies equation (5) and it only remains
to prove that Cy > 0.

Clearly, x — b(x) is a continuous map. So, since 4; is a compact set, it is
sufficient to prove that b(x) # O for any x € 4;. Let then x # 0: there exists ig
such that x;, # 0. Consider i € {1, ...,d}; we can find 0 € &, with o (i) = ip.
Now let i € {—1,+1}¢ with h(i) = —1 and h(j) =1 for i # j: then one has
Wo (1,...1H(x) — Yo n(x) = 2x;,e;. It follows that the vector space generated by
{gx):g € (D(Zd)} is equal to R4, Then, since x # 0, one can find a family
(82, ..., 84) € (O(Z4))?" such that (x, g2(x), ..., ga(x)) is a basis of R?. Thus,
A%, ....g, 1s @ linear invertible map. This implies that infjy, =1 Ay, ., (VI >0,
and hence that b(x) > 0.

Let us prove inequality (6). If we define

.....

d

B(x)=Y (m, x)em,

m=1

then we have Z;ﬁ:l(x,nm)z = [|B(x)ll2, and moreover, (B(e;), e;) = (n;,ej) =
(Ln(ei),ej) = (Ly(ej),e;), which is equivalent to say that B = L. Equation (5)
and the equivalence of norms imply then that

Cq
(7 VieR!  |IL,(x)]2> s lixl.

Let us denote by [[| All|2 = sup,cs, | Ax[l2. We have:

ILyxl2 > e llxll2.
" L=,
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It is clear from (7) that || L, 1|2 < %f. Applying to A = L! the classical identity

lIAll2 = sup |Axllo=sup (Ax,y)=sup [|A%x[l2 =A%z,

xe$H X€8y,y€48, xedH
it follows that
d 1/2 C
d 2 d
VxR (Z(x,nm>) =IL3xl2 = =575 2,
m=1

which concludes the proof of the left-hand side. The right-hand side is obvious.
g

3. Upper large deviations: Proof of Theorem 1.3. The aim of this section
is to prove the upper large deviations estimate, Theorem 1.3, for the chemical
distance. First, we prove the exponential inequality for p close to 1 given by Theo-
rem 1.4, then we deduce Corollary 1.5 and finally, via a renormalization argument,
we prove the large deviations result for every p > p..

3.1. Chemical distance for p close to 1: proof of Theorem 1.4. For this proof,
we also consider the %-topology on Z?: two points x, y € Z% are s-neighbors if
and only if |x — y|lco = 1. A *-path is a sequence (x1, ..., x,) such that for every
ie{l,...,n—1}, x; and x;4 are x-neighbors. A set E is x-connected if between
any two of its vertices, there exists a x-path using only vertices in E.

Given a configuration w, say that a point x € Z¢ is wired if each bond e = (s, 1)
with ||s — x|lcoc <1 and ||t — x||co < 1 satisfies w, = 1. Otherwise, say that x is
unwired. The wired points should be considered as the good guys, whereas the
unwired points are the bad ones. Let Yy = 1y jsunwired); then x is wired if and only
if Y, =0.

Let us define V (x)(w) to be the set of points y € Z% such that there exists a
x-path of unwired vertices from x to y, which means that there exist n > 0 and
X =Xx0,X1,...,X, =y, with Yy, =1 foreachi € {0,...,n}and |[x; —Xjtillco =1
for eachi € {0, ...,n — 1}. Note that V (x) = & as soon as x is wired. By defini-
tion, V (x) is always a x-connected set. For x € 74, we define

Vi) =Vx) +{=1,0,1}¢ and Va(x)=Vi(x) +{—1,0, 1}%.

Let us show that when p is large enough, V(x) is almost surely a finite set.
For each p € [0, 1], the field (Yy),cz« is a locally dependent {0, 1} valued station-
ary field, with lim,,_,{ P, (Yo = 1) = 1. It follows from Proposition 2.1 that there
exists 1 (p) with

(P,)y > Ber(ri (p)®%"

and lim,_,1r1(p) = 1. We can thus find p/l € (pc(d), 1) such that for every
P>l
(8) d—1)(1—=ri(p) <1.
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By a classical counting argument, this ensures that V(x) is [P, almost surely a
finite set. Suppose for the sequel that p > p/. Under this assumption, we have the
following result:

LEMMA 3.1. Let x € Z%. Suppose that s,t € Vi(x) with s <> t. Then, there
exists an open path from s to t which only uses vertices in V2(x).

PROOF. Since V(x) is bounded, V(x)¢ has only finitely many x-connected
components and exactly one of them is of infinite size. Of course, a path from s
to ¢t can meet one or more of these sets. We will prove that for every connected
component K of V(x)¢ and every open path 8 from s to 7, the path 8 can be
modified to get an open path from s to # which never enters K\ V> (x).

Suppose that 8 = (s = xg, X1, ..., X, =t) and define i = min{k > 0:x; € K}
and j = max{k > 0:x; € K}. Clearly i > 0 and j < n. Obviously, {x;, x;} C
8;“(K ), where afk“(K ) is the set of points x in K such that there exists y € Z4\ K
with ||x — y|lco = 1. By part (ii) of Lemma 2.1 in [5], the set a;n(K) is x-connected.
Note that by definition of V (x), every point of ain(K ) is wired. But if a and b are
x-neighbors, then b € a + {—1, 0, l}d. Since a is wired, there exists an open path
from a to b using only edges in a4+ {—1, 0, 1}¢. Then, there exists a open path from
x; to x; which only uses points in 3*(K) +{—1,0,1}¢ C Vi(x) +{—1,0,1}9 =
Va(x). O

We can now come back to the proof of the theorem. Let & > 0. Choose x in Z¢

and let y = (0 = xg, x1, ..., X, = x) be a fixed path from 0 to x with the minimal
possible number of edges n = ||x||1. We let
v=_Jvm.
yey

Now suppose that there exists an open path from 0 to x. Let us prove that under
this condition, we can find an open path from 0 to x which only uses points in
y UV +{=2,—-1,0,1,2}%).

Let i be the greatest integer in {0, ..., n} such that there exists an open path
from O to x; which only uses points in y U (V 4+ {-2,—1,0,1, 2}"). Note that
since 0 <> x; and 0 <> x, we have x; <> x. We want to prove that i = n.

Suppose by contradiction that i < n. The maximality of i implies that x; can
not be wired. So V (x;) D {x;}, therefore it is not empty, which allows to define
j=max{ke{i+1,...,n}:xx € V(x;)}.

e If j =n, then x; and x belong to V (x;). Since x; < x, it follows from the previ-
ous lemma that there exists an open path from x; to x which only uses vertices
in V2(x;). Joint with the part of the path y from O to x;, this gives an open path
from O to x which only uses points that are in y U (V + {-2,—1,0,1, Z}d),
which is a contradiction.
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e If j <n,let K be the connected component of V (x;)¢ which contains x. On one
side, x; ¢ K, sothereexists/ € {i +1,...,n} suchthatx; € 8}:‘([(). On the other
side, x; ¢ K and x <> x;_1 by definition of i, thus there exists z € aln(K ) such
that x <> z. Since points in ajf‘(K ) are linked, x; <> z, but x <> z and x; <> x so
finally x; <> x7. Since {x;, x;} C V1 (x;), by the previous lemma we see that there
exists an open path from x; to x; using only points of V;(x;), which contradicts
again the maximality of i.

Thus under the assumption that O and x belong to the same cluster, we have

constructed an open path from 0 to x which only uses points in y U (V +

(=2, —1,0, 1, 2}4), and thus is not too far away from the deterministic path y.
Define, for every y € 74, the event

F,= U {z is unwired}
2t llz=ylloo=2
andset Zy = 1, . Since (Zy) ,¢7a is locally dependent with lim ), | P,(Z,=1)=0,
it follows from Proposition 2.1 that there exists r2(p) with

(P))z < Ber(ra(p))®&

and lim;,_, 1 r2(p) = 0. Note that by definition of (Zy),cz«, the open path we built
only uses points y that are in y or satisfy Z, = 1. Moreover, if we suppose now
that D(0, x) > (1+«)||x||1, the length of this path is also greater than (1 +«)||x]||1.

The idea is now the following: if 0 <> x and D(0,x) > (1 + «)||x||1, then
by the previous construction, there must exist an open path between 0 and x
with length larger than (1 4 «)||x||; and that contains only points in y U (V +
(=2, —1,0, 1,2}%): this path must then contain at least «||x||; points such that
Zy =1, which is unlikely when p is large enough. Let us turn this crude argument
into a rigorous proof via a counting argument.

Let I" be the family of self-avoiding paths from O to x. Clearly, if 8 € ',

P,(Vy € B\y, Z, =1) < rlfI-I71,

where » = ra(p) and |B]| denotes the number of edges in 8. Remember that
lim,_.1 r2(p) = 0. We can thus find p) () € (pc(d), 1) such that Vp > p/(a),
r = rp(p) satisfies

9) Q2d—Dr<1 and (d— D% <1.
It follows that
P,(0 < x, D(0,x) > (1 +a)llx]l1)

< > P,(Viep\y,Zi=1)

BeT : |Bl=(1+a)ly|

< 3 IBI=ly|

Bel 1 |Bl=(1+a)ly|



LARGE DEVIATIONS FOR THE CHEMICAL DISTANCE 845

+00
< > @dhed-nll
n=(1+a)|y|
2dr—I7l
< r ((2d _ l)r)(1+0()|)’|
2d — 11— 2d — Dr)
2d

_ 1yt ly
5(2d—1)(1_(261_1)0((207 Do)l

As |y| = |lx]l1, taking p’(a) = max{p](e), p;(a)}—quantities respectively de-
fined in (8) and (9)—ends the proof of the theorem.

3.2. Continuity of up at p = 1: Proof of Corollary 1.5. Leta >0and x € 74,
Using the Borel-Cantelli lemma and Theorem 1.4, we obtain for p > p/'(«):

. D(0, nx) _
limsup Ljpye0p——— < (1 + o) |1x]1, P, as.
n——+o0o n
By the very definition of wu ,, the left-hand side is equal to ,(x). Using moreover
the fact that 1, (x) > [|x[|1, we have proved
Va >0, ¥p > p'(a), Vx € Z* Ixllt = ppx) = (X +a)llxlls.

By homogeneity and continuity of 1, and || - ||;, we obtain the same property for
x € Q4, and next for x € RY:

Vo >0,Yp>p'(@), ¥x eRT  lx]li < pup(x) < 1+ @)llx]1,
which ends the proof.
3.3. Upper large deviations: proof of Theorem 1.3.  'We can now prove the up-
per large deviations result Theorem 1.3 for the chemical distance for every p > p..
Step 1. Choice of constants.
Let p > p.(d) and ¢ > 0 be fixed.

As p is a norm, it is bounded away from O on the compact set 41, and we can
choose 1 > 0 small enough to have

R 3 R R 8
(10) Vx e <1+£)(1+n)zu(x)+2n <(1+&)u(x) and n< §p,

where p has been defined in (2). Note also

N
11 =—.
(1) “=3,
From now on, let us denote by M a fixed integer which is such that M >
d A

7 max( 5 D %), where Cy is the constant given by Lemma 2.2.
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For every & € R? N 4y, there exists 7 € L74 N 8 such that ||£ — F||; < 4

M 2M*
Then, by the previous choice of M, one has
o d Cao - A A A
12) X =rlh =57 = = and  |u(x) —pnP)| = pleDllx =7l <n.

Intuitively, 7 is a rational direction that approaches the “real” direction x. Note
that the result in Theorem 1.3 is uniform in the direction, and the proof of this
uniformity will use the fact that %Zd M 4 is a finite set.

Step 2. Renormalization.

For x € Z¢ and N € Z,, let us define the following set around Nx:

IV ={y e B;(Nx,V'N):y < 381 (Nx, N)},

where 981 (Nx, N) ={y € Z¢:|Nx — y||; = N}. We define the related random
variable IV by

N _ | Nx, if 4V =2,
* inf 15 , otherwise,

where inf Y denotes the point in £Y which is the closest to Nx. If there are
several, use for instance the lexicographic order on the coordinates to choose a
unique point. Note that:

e the random variable / ;v only depends on the states of the edges in 81 (Nx, N).
o [Nx—1IYi <VN.

Since I)ﬁv is close to Nx, the chemical distance D(Iév , I;V ) should be of the same
order as N (x). This is rigorously proved in the following lemma:

LEMMA 3.2.  The following results hold ), almost surely:

e Foreach x € 7, I;V < o0 for large N.
o The sequence (I(;V )N>1 is convergent.
o Foreachx €79,

D}, 1M

N — p(x).

PROOF. e The first assertion easily follows from Borel-Cantelli arguments.
At first, it follows from the exponential decay of the radius of finite clusters—see
equation (3)—that P, almost surely, liv = B(Nx,~/N) N Cy for large N. The
fact that B(Nx, v/ N) N Coo is [P, almost surely nonempty for large N is now a
consequence of (4).

e Let us denote by H the smallest element of Co, that is, the point in Ce
which is the closest to 0 and among these points if there are several, the one which
is the smallest for the lexicographic order on the coordinates. For large N, we have
H € B(0, \/N), SO (IéV)Nzl converges to H.
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o If x =0, there is nothing to prove. Suppose then that x # 0. By the previ-
ous point, the sequence with general term D(I(;V , I;V )/N has the same asymp-
totic behavior as the sequence with general term D(H, IN)/N. It was proved in
Lemma 5.7 of [7] that for every ¢ > 0,

( IM >0Vyez?
PAdlyllh = M and y <> 0) = |D(0, y) — p(M| < ellyl
By taking M = |C(0)| when 0 > oo, we can remove the conditioning and obtain
P ( aIM >0VyeZ? ):1
PAdlylh = M and y <> 0) = |D(0, y) — u(»)| =ellylh '
Using translation invariance, this implies
P < VxeZ4aM, >0VyeZd )
PXAIyllh = My and y < x) = [D(x, y) — n(M] < ellylh
This implies

0<—>oo)=1.

. DU, IN) — pu(l)
lim ¥ —
N—o0 1IN

Since [[Nx — IV |1 < +/N, one has [Npu(x) — (1Y) < v/Nu(er) and 1Y ||y ~
N|x||1; the desired result follows. [J

0, P, as.

We can now introduce a macroscopic percolation: in order to study the chemi-
cal distance in the direction 7, we are going to build a large grid, with mesh NM,
whose axes are adapted to M7: the large grid is the image by N L y;; of the grid Z¢,
where L ;; is given in Lemma 2.2 (see Figure 1). The macroscopic edge ¢ = {X, y}
has macroscopic ends X and y that correspond in the microscopic graph to the
points N L ;7 (%) and N L, (y); for instance, the macroscopic vertex with coordi-
nates (1,0, ...,0) corresponds to the vertex N M7 in the microscopic lattice. By
construction of L, we expect the chemical distance between neighborhoods of
the microscopic ends of any macroscopic edge to have a value of order N M (7).
If this event occurs, we say that the corresponding macroscopic edge e is open,
which should happen with high probability.

LEMMA 3.3. Foreachr € %Zd N 41, for each positive integer N, we define
a field (RY " )pepa : if € = {X, 3},
N} N7 N N A

Then there exists a function p:Z, — [0, 1], independent of the choice of 7 €
%Zd N 81 such that

RS ) — (N OE?
Nl_l)IJIrloop(N) =1 and Ppy; = Ber(p(N)) ,

where Py i denotes the law of the field (Rév’f)eeEd on {0, I}Ed.
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RLy(E2)

Rr = RLM;((?] )

FI1G. 1. The macroscopic grid NL ys; (Zd ) adapted to the direction 7. The vertex x of the macro-
scopic grid has coordinates N L y;;(X) in the microscopic grid. It is surrounded by a small ball with
radius ~/N which contains a black point, denoted by I iVM». @) which is the point of the infinite clus-
ter that is the closest to N L y;7(X) in the microscopic gr'id. The macroscopic edge between x and

y is said to be open if D(ILMA(.TC)’ IiVMA(y)) < NMu(F)(1 + n), which happens with a probability

going to 1 as N goes to infinity. As the states of the macroscopic edges are locally dependent, by
choosing N large enough, the chemical distance in the macroscopic grid can be made very close to
the I -distance.

PROOF. Our aim is to apply once again the comparison result of Proposi-
tion 2.1.

Note that for any choice of 7 € %Zd N 41, and any edge e = {X, ¥}, the macro-
scopic event G]EV " only depends on states of the microscopic edges in the ball

BiI(NLyy(x), NM2+ (1 4+ n)uler))). Note also that, by Lemma 2.2, we have
_ 2
Iy =% > C—(2+ (I +mn)u(en))
d

= 1Ly =) >2M 2+ (1 +n)pler))
= |INLp3(3) = NLpp Ol > 2NM 2+ (1 +n)pler)).

The field (Rév ’f)gezd is locally dependent, for some constant k that does not de-
pend on N, nor on the choice of 7 € %Zd N 41, nor on M. Since (RQ”)EE]EJ is
invariant under translations and symmetries of the grid Z¢, we only have to prove
that

lim P,(GN")=1
N—1>I—Ii-loo p( ¢ )

uniformly in 7 for the edge e = (0, ). But the set ﬁZd N 4 is finite, so it is
sufficient to prove this limit for any 7 € %Zd N 4. By applying Lemma 3.2 to x =
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Ly(ey) foragivenr € %Zd M 41 and using the fact that almost sure convergence
implies convergence in probability, we end the proof of Lemma 3.3.

Choose now N large enough to be sure that p(/N) given by Lemma 3.3 satisfies

14+ 3«
14+ 2«

(13) P> 1 (11 — 1) = .

where p’(-) is defined in Theorem 1.4 and « has been defined in (11). For each
Fe ﬁZd N 41, we can construct a macroscopic percolation with mesh NM: we
say that the edge ¢ € E? is open in the macroscopic percolation associated to 7 if

the event Gév " occurs, and closed otherwise. This induces a dependent percola-
tion model on the macroscopic edges: all vertices in the macroscopic lattice will
be denoted by an overlined letter, the infinite cluster of this macroscopic will be
denoted C o, while the chemical distance in this macroscopic lattice will still be
denoted by D. The previous lemma compares this locally dependent macroscopic
percolation with i.i.d. Bernoulli percolation, and the choice we made for N allows
us to use the result of Theorem 1.4.

The strategy is now the following: for a large x € Z¢, choose a 7 whose direction
is close to the one of x and build the macroscopic percolation associated to 7. Use
Theorem 1.4 to find a macroscopic path from a point not too far from O to a point
not too far from x, and whose length is well controlled. Then come back to the
initial microscopic percolation, and verify that the existence of this macroscopic
path implies, on the event 0 <> x, the existence of an open microscopic path whose
length is also well controlled.

Step 3. Construction of the macroscopic and microscopic paths.

From now on, we suppose, without loss of generality, that x € Z¢ satisfies

S8V N
(14) x> T‘F

We emphasize that the constants « and N have been defined in (11) and (13) before
any choice of x.

Then, we associate to X = x/||x||; an approximate 7 € ﬁZd N & satisfying
equation (12).

We build the macroscopic percolation associated to 7 and denote by

15) x = Lllxl[1/(NM)]e

the vector in the coordinates of the macroscopic grid that approximates x,
where |7] denotes the integer part of the real number ¢.

Remember that, thanks to Lemma 2.2, the application L ;; maps e to M7 and
satisfies

Vie{l,....d}  p(Lyi(e))=MuF) and ||Ly;(e)lli =M
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1
(16) and V7 € Mzd N8V eRY  CaM|itlh < Ly @)l < Mt

For each z € Z4 and each r > 0, we define the annulus

A r)={yeZ:r/2<y—zlh <r}
and consider the following “good” event of {0, I}Ed in the macroscopic percola-
tion:

G — |33 € A, X]1) 3 € AX. a||¥[l1) such that
- a<band D@, D) < (1+3a)|%|

Note that for the complementary set of G, we have
G C{A(0, a|X]1) N Coo = B} U{AX, a|T]1) N Coc = B}
U U f(@eb D@b>1+3)xlh)

?631(67a\\f||1)
beB1(x,allxll)
C A0, @||X[11) N Coo = B} U {AR, a[X]I1) N Coo = 2}
— — 1430 —

v U laespapns-— “||b—a||1}.
B = 14+ 2«
aeBi0,alxll)
beB(X,a|X|1)

As G is an increasing event, we have by Lemma 3.3
P v+ (G) < Ber((N)®E (G°).
It follows that

P e (G) < 2Pp(wy (B1(0, a||X[|1) N Coo = D)

= = 143a
+ > IP’ﬁ(N)(a<—>b,D(a,b) > 12w IIa—blll).
aeB, (0,a|%1)
beB) (¥,a|¥Il)

By the choice (13) we made for N, the inequality p(N) > p.(d) is satisfied, so,
by equation (4),
Py(v) (8100, @[ X[[1) N Cog = @) < Aze™Psell,

Moreover, our choice of N in (13) was intended to apply Theorem 1.4: thus, there
exist two strictly positive constants A and B such that

Va € B1(0, «|Xl1), Vb € B (X, «[|X]I1)
1+ 3a
14+ 2«

P5v) (E<—>E, D@, b) > ||a—E||1) < Ae~Blb=al1,
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Thus we obtain
Pren (G)
< 2A3e—BsaHYII1 + (Ca“ﬂI)ZdAe—B(l—Za)nfn,
< 2A3e 7 BIKINM 4 (Ca(|lx))1/NM + 1)* Ae=BA=20IxI/NM,

where C is a constant depending only on the dimension of the grid Z¢.

So, with a probability tending to 1 exponentially fast with || x|, there exists
a path in the macroscopic percolation from a point in the set A(O a||x|| 1) toa
point in the set A (X, «||x||1) which uses only edges e such that G— holds and
whose length is smaller or equal to (1 4+ 3«)||x||1. This implies the existence of a
microscopic open path from some microscopic vertex S € N Ly A(0, || X|/1) +
B1(0,+/N) to some microscopic vertex T € NLy; AR, a||x|1) + B1(0, VN),
and whose length, by Lemma 3.3, is smaller than (1 4+ 3a)||xX|1(1 +n)NMp@#) <
(14+3a)(1+ 77)2||x|| 11 (x) by the choice of 7 in (12) and the definition (15) of X.

Step 4. It remains now to link the ends § and T of this microscopic path to 0
and x respectively, and to prove that with high probability, these links are very
short.

Thanks to the definition of the annuli and to equations (16) and (14), one has

Caallx|1

3 9
gCallxlln = =—— — VN <|IS|h <alx|i + N < eIl

3 Caallx|y . 9
S Caellxlh = ==~ — VN <|IT = |x|i#]l1 <alx]i + VN < gl

It follows that the distance between S and T is at least
lxllr — (gaIIXIh) (1- zOé)IIXIh
So, by equation (3), we have

P,(S < T,|C(S)| < 400)

< > P, (s < 3B(s, (1 — 3a)llxll1), IC(s)] < +00)
B/8)Caallxll1=lslh=</8)allx|

<(1+2x %a”x||1)dA26—Bz(1—(9/4)a)IIXII1.

So with a probability tending to 1 exponentially fast with ||x||1, S and T belong to
the infinite cluster. Now,

Pp(S < 0,D(0,8) = nlix|h)

< 3 Py(0< s, DO, 5) = nllx|1)
B/ Caallxlli=llsll1=O/®allxl
< 3 Py(0 <5, D(0,5) > plislh)

B/ Caallxlli=<lslli=O/B)llx]
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=< > Aje=Billsh
B/8)Caallxl1=lIsll1=/8)allx]1

< (142 x galx[1)AjeBr1G/8Caalxly,

The second inequality is due to the choice (10) for n, the third to the result of Antal
and Pisztora (2). We have

e =Tt < Jx — lxlla? ], + | Ixlhi? =T,

Cqs 9 n
< (— + —)OlIIXIll =2allx[l = —lxl1,
3 8 P

and thus, similarly,
P, (T < x, D(x,T) > nlxlh)
<P,(T<x,Dx,T)=plx—Tlh)

< > Pp(x <1, D(x,1) = pllx —t]1)
G/8)Caallxlli <l Ix I <©O/8)ax)

Z Ale—Blllx—tHl

@/8)Caallxli=lt=lxlliFlli =O/8)ellxlly

< (142 x galx[1)?Aje~Br1/20Caalxl

A

where the last inequality follows from the estimate
. . Ca
e —tllr > [llxh? =], =[x = lIxlh 7, = gl

Denote by G the event G seen not as an event in the macroscopic percolation,
but as a set of configurations of the microscopic percolation. Note that the event
G N{IC(S)| =400} N{S <0, D(0, S) < nllx[l1} N {T < x, D(x, T) < nlix|i}

is included in
3 )
{Oex, DO, x) < ((1 + %)(1 ) +2n)||x||1}.

Thus, using equation (10) for n, and collecting all our previous estimates, we ob-
tain

P,(0 < x, D(0,x) > u(x)(1 +&)llx]l1)
<, (0x. 000> ((1+ 2—2)0 @)+ 21) i

<Py(G) +Py(S < T,IC(S)| < +00) + Py (S <> 0, D0, $) = nlixll1)
+P,(T < x, D(x, T) = nl|x||1)
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Ca 2
< 2 Ae—(B/NM)alxl | (1 n ||x||1) Ao~ (B/(NM)(1=20)]x])
= NM
9 d
+ <1 +2 % ga”x”l) Age—B2(1=O/90)l1x]

9 d
+ 2(1 +2 x goz||x||1) AjeBielixli/z,
which ends the proof of the theorem.

4. Lower large deviations. The aim of this section is to prove the lower large
deviations estimate for the chemical distance given by Theorem 1.6. First, we in-
troduce some definitions linked to the convexity of the asymptotic shape &8, (0, 1).
Then, in Lemma 4.2, we study the minimal number of open edges needed to reach
a given hyperplane at distance r of the origin, and, in Lemma 4.3, the minimal
number of open edges needed to cross a parallelepipedic box. Finally, we prove
the lower large deviations results.

4.1. Definitions. For each y € Rd\{O}, the ball 8, (0, (y)) is a convex set,
so one can find a vector n, € 4, such that the linear form ¢, defined by

VreRY  ¢y(x) = (ny,x)
satisfies to ¢y (y) > 0 and to

(17) VieR?Y  (n(x) <un(») = ($y(x) <dy(y)).

Note that the choice of ny is not necessarily unique. Using the fact that the
norms p and || - |2 are homogeneous, it is possible to choose the vector ny in such
a way that for each y € R\ {0} and each r > 0, one has nyy = ny. In the following,
we associate to every y € R?\ {0} a unique n y satisfying these properties. We also
introduce the hyperplane H, = ker ¢, = (ny)L: geometrically speaking, y + Hy, is
a support hyperplane of the convex set 8,(0, 1 (y)) at the point y.

For y € R%\{0} and r € R*T\{0}, note

S)={x eR%:¢y(x) <¢y(M} and S ={x eR:¢,(x) > ¢, ().

Then Sg—respectively, Syoo—is the open half-space, delimited by the support hy-
perplane y + Hy of 8,(0, u(y)) at the point y, containing—respectively, not
containing—the origin (see Figure 2).

The aim of the next lemma is to obtain, uniformly in y € 45, a bound on the
norm of points in the half-plane S

LEMMA 4.1.  There exist two constants cq, cjy > 0 such that for every y € $,
we have:
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y+Kerg,=y+ H,

FIG. 2. Support hyperplane of the convex set 8,,(0, iu(y)) at the point y: the hyperplane Hy may
not be orthogonal to y.

o (y,ny) >cq.
e Foreveryr >0, inf{|zll2,z € §)} > car.

e Foreveryr >0, inf{|z|1,z € S;’;} > chr.

PROOF. As p is a norm, it is equivalent to || - ||z, so there exists K1, K» €
(0, +00) such that

VxeR?  Kifxlla < p(x) < Kaflxlla.
Note ¢4 = L. Choose y € 4 and set x = cqn,. We have u(x) < Kz|lx|2 =
Krey=K; < < M(y) It follows that ¢ (x) < ¢, (y), or equivalently
Cd = <x’ny> S (%”y)-

Now, let z € S;’yoz we have

zll2 = (2, nry) = @ry(2) > Gry(ry) = (ry,npy) =r(y,ny) > car.

The last point is clear by the norm equivalence. [

4.2. Passage-time from a point to a hyperplane. Choose a direction y € 4.
Define then for r > 0

by(r)=inf{D(0,z2):z € Sf;}.

This quantity is analogous to the usual passage time between the origin and a
hyperplane orthogonal to the first-coordinate axis at distance r of the origin. In
this special case, y = (1,0, ..., 0), and thanks to the symmetries of the grid, the
direction of the support hyperplane of 8,,(0, £(y)) at the point y is orthogonal
to y. But in a general direction y, the relevant hyperplane for the growth of the
set B; of wet vertices at time 7 in the direction y is Hy, which does not need to
be orthogonal to y (see Figure 2). As in the paper by Cox and Durrett [4], we
can study this quantity by using the asymptotic shape result given in [7]: for every

p > pe(d),

(18) lim 1)( , 8,0, 1)) P, as.

t—>+00

and obtain the following lemma:
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LEMMA 4.2.

by(r)

sup
€S

— /J,(y)' — 0, @p a.s.

PROOF. As we work under ﬁp, we restrict ourselves to the event {0 <> 0co}.

Let ¢ > 0. By the asymptotic shape result (18), there Fp a.s. exists a random T
such that

B B
(19) Vi>T TIC(I—i—s)JBM and £uc7’+£u(o,s).

For every r > 0, for every y € 4, there exists a point z; € Sﬁ’;’ such that

by(r) = D(0, z7) > |lz7 |l1. Note that, by the previous lemma, we have lzi |l >
inf{llzll1:z€ ST} > c,yr, and thus, as soon as c,;r > T, we have

Y B
Zr b ,(r)
Vy € 4, € ———cCc(1+e)B,.
by(r) ~ by(r) "
.. . .- . 1 (zf,ny)
This implies, by definition of H, and by convexity of &8, that 5O oy

(1 +¢&)8B,, and thus @p a.s., for all r large enough,
r 1+4¢
< )
by(r) = u(y)
On the other hand, by definition of b, (r), we have S;’;’ N Bp, (-1 = &, or, in
other words, Bby r—1C Sﬁ)y. By dilatation, we obtain

Vy e 4

By, (r)—1 0
by(r) =1 C O/ey)-1y

and by definition of H,, this leads to:

Bp, (1)1 0
by —1 T B 08 € 5es0,0-n0y
Using (19), we obtain, as soon as c;ir —1>T,
Bp,(r)-1
V S 5 073 C —_— G(B 09 ’
y 2 " by(i’)—1+ /l,( €)

and thus 8, N S@(by(r)_1)+8)y = &, leading to

r r
_ =(— 1.
“((bym —+)) (by<r> e Jutn >
Finally, we get @p a.s., for all r large enough,

r 1
> —
by(r)—17" n(y)

Vy e 4

&,

which ends the proof. [J
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4.3. Crossings of parallelepipedic boxes. We want first to find d directions
(y1=y,y2,...,yq) with y; € 8, such that the asymptotic time constants are the
same along all these directions and such that the directions of the support hyper-
planes of B, in these directions are linearly independent.

For y € 4,, consider the vector ny € 4, orthogonal to a support hyperplane
of 8, in the direction y as defined previously, and the isometries (gn, 2, ...,

8n,.d) € (O(Z4))41 given by equation (6) in Lemma 2.2 and set
(n19 n27 ey nd) - (nyv gny,Z(ny)v ce ey gny,d(ny))s
015 Y25+ Ya) = (¥, 8ny 200D -5 8nya ()

ForkeZ% o e (Ri)d, we define boxes adapted to study the travel times in the
directions yi, y2, ..., y4; they are analogous to the rectangular boxes introduced
to estimate the travel time in the first-coordinate axis in classical first-passage per-
colation.

(Yms
v e ZN\Ty)(k, ):
) (v,nj)
ovje(l,....d\[mlkj < ——= <kj+a,
T Ty (k, ) = (v, ) o ’
.’7m <km
(Yms o)
odw € T(yy(k, o) [[w — vy =1
ve ZN\Ty)(k, ) :
) (v,mj)
ovjefl,....d\[{m} k;< <kj+a;
o
0L Ty (k, &) = (0, ) o
> K+
{(Ym>m)
onET(y)(k,O()Hw_U”l:]

We can now define, using the same terminology as in first-passage percolation, the
crossing time of the box T(y)(k, @) in the mth direction:

|y |, where y is an open path from
t(y)(k, @) = inf { a point in 3" T(y) (k, &) to a point in 3} Ty) (k, &) ¢ .
included but its ends in T(y)(k, o)

The next lemma gives a convergence in probability, uniformly in the direction y,
of these minimal crossing times of boxes:

LEMMA 4.3. Leta = (ai,...,aq) € (0, +00)?. Then for every € > 0 we have
Vmell,...,d} r—ljrfoo sup sup Pp(t(";)(k, ra) < (u(y) — &)ray) =0.

keZ4 yess
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PROOF. Fixa = (ay,...,aq) € (0, +00)? and ¢ > 0. Choose
Cye .
. 1= i s, ) =

where Cy is given in Lemma 2.2 and p is the constant introduced by Antal and
Pisztora—see equation (2); set T = nr.

Choose k € Z4¢ and y € 4.

We introduce the following partition of Z? into boxes of size 7, which tends
to infinity when r goes to infinity, but will still be small when compared to r: for
every x € 74, and every A C 74

<U, ”m)

Ry (X) = {v cZ%: Vme {1,...,d}xuT <
Ym, Nm

< @Xm+ 1)‘[},

Ry (A) ={T€Z: Ry X)) NA#2).

Then R(y) (0™ Ty (k, ra)), which plays the role of an approximation at a larger
scale of 9™ T(y)(k, ra), is *-connected and a simple estimation leads to

|R () (3" Ty (k, rar))| < <2 + i) I1 (2 + “—J).

M/ <jzd n
Jj#m
The partition into boxes with size 7 was introduced to obtain this estimate:
while |3 T, (k, ra)| is of order r4~!, the cardinal |R(y)(3™ T(y)(k, ra))| of its
approximation with large boxes remains bounded when r goes to infinity. If
v € 3" T(y)(k, ra), then there exists a unique X, € R(y) (3" T(y)(k, ra)) such that
v € R(y)(xy). We define

W) ={x € Ry (0" Ty (k, ra)) : |[X — Xplloo =2} # .

If Riy)(X) N Coo # I, then define ¢(x) as the point in R(y)(X) N Co which is
the closest to 7(x 4+ (1/2,...,1/2)) (use the lexicographic order if necessary).
Remember that the box R(y)(X) has size 7, which tends to infinity with r, and thus
as r goes to infinity, we expect the probability that R(y)(x) N Co # @ to go to 1.

Now, in the following inequality, we approximate the event {té”;) (k,ra) <
(u(y) — &)ray,} by the event in (21), and the three last terms correspond to the
difference between them, and are expected to be small:

Py (13 (k, ra) < (1 (y) — &)ram)

oVXx € R(y) (321 T(y)(k, roz)) Ry)y(X)NCoo #
oVv € 3" Ty (k, ra) (v <> 87 T(yy (k, rar) = v <> 00)
<P, | eJv € 3" T(y)(k, ra) such that
Jw € 3Ty (k,ra) D(v, w) < (u(y) —&)ram,
3x € W) D(v, c(X)) < pllv —c@) 11

1)
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(22) +P,(3X € Ry (0" Ty (k, r)) Riy) (X) N Coo = D)
(23) +P,(Fv € 3" Ty (k, ra) v < 31 Ty (k, rar), v 45 00)

oVX € R(y) (3" T(y)(k, 7)) Riy) (%) N Cop # @
(24) +P, | o3v € dmT)k, ra) VX € W(v) :

D(v, c(x)) = pllv — c(®)l1
Let us estimate the three error terms first.
Estimate for (22). Let X € Z¢, and let us prove that Ry)(¥X) contains a ball
for the norm || - ||» with radius proportional to 7. Let us introduce first the point
az € RY, which represents the center of R(y)(X), such that

% _ 1
Vme(l,.. .4y = J4wmm) _ (xm+—>r.
(Ym> ) 2

Then we have, with ¢; given by Lemma 4.1,

R(y)(f):{vezd: vme(l,....d) —35w<3}
2 (Yms ) 2

2

Thus the box R(y)(X) contains the ball 8> (ax, Tcq/2); this radius does not depend
on the direction y.
Using then equation (4), we get

(22) < | R (3" T(yy (k, rav))| sup Pp(B2(z, tca/2) N Coo = D)

_ TCq
» {v €7 |Ix—axla < —}

ze74
1 o; Bscanr
< 2+—> (2—|——1)A3exp(— )
( nr 15,1ld n 2Vd
j#m

which tends to O when r goes to infinity, uniformly in the direction y € 4.
Estimate for (23). Note that if v € 0™ T(y)(k, ra) and w € 9" T(y)(k, ra), then,

by definition of the box, we have

(w—v,np)

> rag,.
(Ym»1m) "

By Lemma 4.1, we have
Vdlw— vl = [lw—vl2 = [(w — v, 2m)| = caram,
and thus, using translation invariance and equation (3),

(23) < |9 Ty (K, m)|1P>,,(|C(0)| > %r(xm, 04 oo)

< Kard_lAg exp(—Bzc—dram>,

Vd
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which tends to 0 when r goes to infinity, uniformly in the direction y € 4,. (K is
a constant depending only on the dimension and «.)

Estimate for (24). Let v € 3"'T(yy(k,ra) and ¥ € W(v) such that R, (X) N
Coo # @. Then by construction,

(v—rcX),nm)
()’m» nm)

But then, using Lemma 4.1, we obtain

max
1<m<d

lv—cX)ll = J—IIU—C(X)Ilz_% max |(v —c(X),nm)]

(v —c(),nm)

<Ym, ”m)

CcqT

Cd
> .
\/7(1. 12‘1}7a1)§(d \/_a

Using Antal and Pisztora’s result (2), one has the following bound:

(24) < |0" Ty (k. rer)| x 54712d A exp(—Blcdnr),
Vd

which tends to O when r goes to infinity, uniformly in the direction y € 4.
Estimate for (21). Let v € 0™ T(y)(k,ra) and X € W(v) such that R(,)(X) N

C~ # . Then by construction,

(v —c(X), nm)
<)’m ’ nm)

But then, using equation (6) in Lemma 2.2, we have

max <3rt.

1<m<d

_ _ d? _
lv—c@l1 < Vdlv—c@ |2 < C—dllv — (@) )2

d5/2
< o 1r<n,,?§d v —c(X), nm)
d>? (v—rc(x),nm)
< max
Cyq l<m=d (Ym> )
3d°/%t
< .
==

‘We obtain

3x € R(y) (8’_" T(y) (k, VOC)) such that
oR)(X) N Coo # I,
Qn <P, oJw € ' T(y)(k, ra)

3 d5/2
D(c(X), w) < =pe r

Ca + (n(y) — &)ram
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By the choice (20) we made for n, we obtain that
1) = [R» (02 Ty (k, re)|

(.R(y) () N Coo # 2, )

X sup ]P)P edyc ailT(y)(kv ra), D(C(f)’ y) = <M(y) B §>ram

xeZd

(o) 10+ %)l = s Jor)

l<j=d

J#m
which tends to 0 when r goes to co by Lemma 4.2. Note that this convergence is
uniformink € Z¢ and y € 8. [

4.4. Lower large deviations: proof of Theorem 1.6. We essentially follow the
main lines of the proof in the classical case by Grimmett and Kesten [8]: A “too
short” path should cross “many” boxes in a “too short” time, and by the previous
result and a counting argument, this probability can be made exponentially small.
The two main difficulties are to deal with geometric problems due to the fact that
we want large deviations not only along the coordinate axes, but in all directions
and the uniformity we require in this direction.

Step 1. Definition of boxes adapted to direction y.

Choose M and N large enough, that will be fixed later.

Fork = (k1,...,kg) € Z4, we define

(v 1tm)

Ym,Nm

S(y)(E)={vezd:\fme{l,...,d}zv%m5 <N(Em+1)},

veZ4:Vme{l,...,d}

T(y>@={ NEm_MSM<N(Em+I)+M}'
(Yms m)

The S(y)(E)’s are large “twisted square” boxes, adapted to the studied direction of
progression y and its conjugates (2, ..., y4), that induce a partition of Z¢, and
the T(y) (k)’s are still much larger boxes centered in the S(y)(E)’s.

In T(y)(E), the small box Sy (k) is surrounded by 2d boxes of the type (1 <
m<d):

veZd:
P VjEmNE — M= NG+,
By)m K = ( gyj» nj)
— v, n
N(km +1) <

ms'*m
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veZd:
_ VitmNE —M <M NG e+ M
By mk) = DT T yjang) / ’
7 <vanm 7
Nk — M < —"" - N,
(Ym> )

We define the inside border and the outside border of the box B(_y)’m (k), relatively
to T(y)(k):

B, (k) ={veT&\B, , (k):Jwe B, &) |v—w|; =1},

)m (v).m (v).m

v e ToyEiv oo ket Kn = L Kt oo K\ T3 () -

EIweB(_y)’m(E) lv—wli=1 ’

aoutB(_y),m(E) =
and the borders of the other boxes can be defined in the obvious analogous manner.

The point is that a path, visiting Sy (k) and exiting from 7{y)(k), has to cross
one of these 2d boxes surrounding S(y)(k) in T(y)(k) from a point in its inside
border to a point in its outside border, say B(”;)’m (k), for instance. And, roughly
speaking, the fastest way to cross it is to follow the y,, direction, and this should
take an amount of steps of order w(y,)M = u(y)M if M is large. We can easily

estimate the size of borders of boxes:

LEMMA 4.4. There exist a strictly positive constant K ; depending only on the
dimension d and not on y € 85 such that for every k € Zd,for everyme{l,...,d},

1 d—1 + d—1
K, V2T < |8in B, ()] < Ka(N +2M)",

1 _ _
oW+ 2M)* ! < [dou B, ()| < Ka(N +2M)7".

The same is also true for the borders of B(_y)?m(k)’s.

Step 2. Construction of crossings.

The construction is exactly the same as the one in [8]. We thus only give the
way to adapt it.

Let r > 0 large enough and let y = (v(0), ..., v(v)) be a path from O to a point
in S,o;’. We associate to y the following two sequences. First set k(0) = 0 and
a(0) = 0. Let then v(a(1)) be the first vertex along y to be outside T(y)(k(0)), and
let k(1) be the coordinates of the small box of type S containing v(a(1)): v(a(l)) €
S(y)(k(1)), and build the two sequences recursively, to obtain (a(1),...,a(z(y)))
and (k(0), ..., k(z(y))) such that:

1. 0=a) <a(l)<---<a(t(y)) <v,

2. v(a(i)) € S¢y)(k(i)),
3. a(i + 1) is the smallest integer a larger than a (i) such that v(a) ¢ T(y)(k(i)).
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The final terms satisfy

Va(t(y) =j=v  v(j) €Ty k().
Note that the portion y (i) of y between v(a(i — 1)) and v(a(i)) has to cross one of
the 2d boxes of type B(y) n (k(i — 1)) surrounding Sy (k(i — 1)) in T(y)(k(i — 1))
from a point in its inside border to a point in its outside border. We are interested
in these crossings and the amount of steps they use.

But first, by the process of loop removal described in [8], remove the double
points from I' = (k(0), ..., k(t(y))), and obtain

['=(10),....l(c(»))),
where [(a) = k(j,) and 0 < jo < --- < jo(y) < T(y). Note that although we can
have j;(,) < T(y), itis always true that k(j,(,)) = k(t(y)). By construction,
<nym,k<1+1>—k<1>>’§y+l,
(nymv }’m>

Vmell,....d}Vjelo,...,t(y)— 1} N

and this property is preserved by the loop removal process in the following sense:

ol DI M
<nym’ym> N

Vvmef{l,...,d}Vje{0,...,o(y)—1}

Step 3. Coloring of crossings.
Consider the portion y (i) of y between v(a(i — 1)) and v(a(i)), and define:
(ny,,v(a(@)) —va@ —1))) ‘
<”ym’ Ym) '
By construction, M < L(i) <M+ N for1 <i <t(i).Now, fori €{1,...,0(y)},

consider the portion y (j;) between the two boxes Sy (k(j; — 1)) and S(y)(k(j;))
and give to the vector /(i) = k(j;) the color white if

y(i)isopen and |y (i)l < (1n(y) —2¢)L(i),

and in black otherwise. Denote by w () the number of white points in the sequence
(I(1),...,l(c(y))) of crossings associated to y. The next lemma corresponds to
Lemma 3.5 in the paper by Grimmett and Kesten [8]:

LEMMA 4.5. Suppose that ¢, r, M and N satisfy the following:

1. gissmall: 0 < e <min{u(z):z € $2},
2. M/N islarge:Vz € 85 M(ju(z) —3¢) > (M + N)(u(z) — 4¢),
3. rislarge:Vz € 8, re > (M +2N)(u(z) — 4¢).

Then for any y € 85, an open path vy, traveling from 0 to Sf; and whose length |y |
is less or equal to r (u(y) — 5¢), satisfies

o(y)=

o
w > and —1.
)= 2pu(er) M+ N
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PROOF. The proof for a fixed y € 4, is exactly as in [8]. The only difference is
the uniformity in y € 4, that can be obtained because p is a norm and is bounded
away from 0 and bounded away from infinity on the compact set 4. [

Note that the event {/(i) is white} in contained in the event

outside T(y)(k(j;)) by a path using

a vertex in S(y)(k(j;)) is joined to a vertex
Ew).i =
less than (M + N)(u(y) — 2¢) steps

To conclude the proof by a counting argument, as these event are only locally
dependent, it only remains to prove the following lemma:

LEMMA 4.6. Let 0 <& < ptipf = min{u(z):z € 81}. Then

B Jv € S(y)(k), Tw ¢ T(y)(k), )
p(M,N,e) _kseuZ[;Pp < v w, D, w) < (M+ N)(n(y) —2e¢)

y€S
goes to 0 when M and N go to infinity, provided that M > 2~ supxe 8, H(X).
PROOF. Note that M > ZTN supycg, n(x) implies (M + N)(u(y) — 2¢) <
M (u(y) —¢) and use Lemma 4.3 on the time needed to cross a box:

p(M,N,s) <2d sup sup sup P (t(y)(k ar) < (u(y) —&)opr). O
kezd yedr 1=m=d

5. Large deviations for the set of wet vertices: Proof of Theorem 1.7. We
can now prove Theorem 1.7, which follows quite naturally from the uniform esti-
mates in Theorem 1.3 and Theorem 1.6.

Let p > p.(d) and ¢ > 0. Let us note first that, for every ¢ > 0,

— (- (B _ (B,
P,,(ﬂ)(T, B (0, 1)) > e) < IP’,,(T Z 8,(0,1 —|—8)>

+P, (ﬂﬂ(o, D¢ % + 8,0, s)).

Let us now estimate each term separately.

Step 1. In the first term, we estimate the probability that the random set B; grows
too fast, which corresponds to the existence of a point x whose distance D (0, x)
from the origin is shorter than expected. Thus

_ /B,
]P’,,(T Z 8,(0,1 +8)>

zﬁp<3x 7D, x) <1, M()t—c) > 1 +g>
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_ 1
=]P’p(EIx eZ?D(0,x) < mM(x), w(x) > (1+ 8)t>

1
- > Y°@ o(DO.0) < —nw)

k=(1+e)t/u(er) lxll1=k

< Z Z Ae~ Blxlh with Theorem 1.6
k=(14e)t/u(er) lIxll1=k
0

S Z de_lAe_BkSA/tde Bt
k=(1+e)t/p(er)

Step 2. In the second term, we estimate two types of discrepancies between B; /¢t
and 8B,: on the one hand the probability that the random set B, grows too slowly,
which corresponds to the existence of a point x whose distance D (0, x) from the
origin is larger than expected and on the other hand, the probability that the random
set B; contains abnormally large holes. By definition,

_ B
P, <£ﬂ(o, ¢ Tf + B,,(0, s))

=Py(Ix e RY pu(x) <t, B, (x,et) N B, = ).
Note that, as soon as ¢ is large enough, one has

Vx € 8,(0,1) Iy € Z% such that

3 3 ¢
fzgu(y)g(l—f)z and £u(y,%>c£u(x,st),

and so we obtain

P, (ﬂu(O, D& =+ B0, e))

_ 3 3 ¢
< IP’p(Hy ezd 24 < pn(y) < (1 - —8>t, Bu(y, 8—) NB; = ®)
4 4 8
< P, (B N B, =
< ) o(8.(0-5) B =2).
Ge/Hr<p(y)<(1-3e/4)t

If the event 8, (y, ”) N B; = & occurs, then either B, (y, ”) contains no point of
the infinite cluster or it contains a point of the infinite cluster whose distance from
the origin is larger than ¢:

_ — t
Pp(ﬂ (y,z>m3,_@) §IP’,,(C‘Bu(y,%) mcoo:@)

_ t
+IP>,,<3Z € JB,L(y, %)z <D@,2) < oo).
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By equation (4), the first term is less than Az exp(— 8ﬁ3(2 )). Note also that if z €

Bu(y, ). then u(2) < p(y) + § < (1 = )t Thus

_ t
P, (Elz € By (y, %)t <D(,2z) < oo)
— 5¢\ !
< ¥ Pp((l - g) 1(2) < D(O.2) < oo).
2€By(y,et/8)

For such z, we have i (z) > u(y) — % > %Et, and by Theorem 1.3, there exist two
positive absolute constants A, B such that

_ t
P, (Elz €8, (y, %)z <D(0,7) < oo) < A(et)leBet

And we finally obtain

P, (JBM(O, D¢ ? + B,.(0, s)>

Bset
= Z A3 eXp(— 3¢ ) + A(St)de—Bst
Ge/dr<u(y)<(1-3¢/4) 8u(er)

Bjet
<Ct? <A3 exp(— 3¢ ) + A(et)de_B”>,
8u(er)

which ends the proof of the theorem.
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