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Chemical distance for smooth Gaussian fields in higher
dimension.

David Vernotte

August 29, 2024

Abstract

Gaussian percolation can be seen as the generalization of standard Bernoulli per-
colation on Z?. Instead of a random discrete configuration on a lattice, one considers
a continuous Gaussian field f and studies the topological and geometric properties of
the random excursion set & (f) := {z € R? | f(x) > —¢} where £ € R is called a level.
It is known that for a wide variety of fields f, there is a phase transition at some /..
When ¢ > ¢, the excursion set &( f) presents a unique unbounded component while if
¢ < L. there are only bounded components in E(f). In the supercritical regime, ¢ > £,
we study the geometry of the unbounded cluster. Inspired by the work of Peter Antal
and Agoston Pisztora for the Bernoulli model [I], we introduce the chemical distance
between two points z and y as the Euclidean length of the shortest path connecting
these points and staying in & (f). In this paper, we show that when ¢ > —/, then with
high probability, the chemical distance between two points has a behavior close to the
Euclidean distance between those two points.
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1 General introduction and notations

This paper studies some geometric properties of excursion sets of some random Gaussian
field in the Euclidean space of dimension d > 2. The continuous model of random Gaussian
field and the percolation model associated to it have gathered a lot of interest over the
past few years (see for instance [3],[15],[12],[18],[6] for an incomplete list of references). We
present the model as a continuous analogue of the classical discrete percolation (Bernoulli
percolation). In the discrete case, say site percolation on Z? for convenience, one consider a
configuration (w;);eze € [0,1]%°, where each w; is a uniform random variable over [0,1] and
all w; are mutually independent. Given a parameter p € [0, 1] one can consider the random
set

Gp(w) = {i € Z7 | w; < p}. (1)

The set G, is a random set and its properties are well known. In particular it is known that
there is a phase transition at some p.(d) €]0, 1], when p < p.(d) all clusters of G,(w) are
finite (almost surely) while when p > p., G,(w) presents a unique infinite cluster. Note that
the configuration w can be seen as a random function

w: Z4 = 10,1].
The continuous model replaces w with a random continuous function
f:R* > R,
and for a level £ € R the analogue of G,(w) is

E(f) ={z eR"| f(a) > —(}. (2)

In the following, we properly define the model, explaining how the random function f is
defined. We then give the main theorems related to the percolation model and finally we
introduce the chemical distance and state our main theorem.

In the rest of the paper, f will denote a centered, stationary, continuous, Gaussian field on
R?. That is, f is a random collection (f(z)),cre € RE" such that

e For all zy,...,x, € R? the vector (f(x1),..., f(x,)) is a random Gaussian vector that
is centered (Gaussian field).

e For all z € RY f(z + ) and f(-) have the same law (stationarity).
e Almost surely f : R — R is continuous.

An example of such a field is the Bargmann-Fock field. Consider (a;, .. _i,):...i,>0 & countable
family of mutually independent standard Gaussian random variables. If x = (x1,...,24) €
R? we define

4l at ol
f(x) =e 2 Z ail,...,id,—,'. (3)
i1,0ig>0 ... g

Here and in the following, ||-|| denotes the usual Euclidean norm. A simple computation
shows that f is well defined and by dominated convergence it is almost surely continuous (in
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fact C*°). Moreover f is clearly a Gaussian field that is centered and E[f(x) f(y)] = e~ alle—ll®
depends only on =z — y implying that f is stationary. It is good to have in mind that our
study applies for this specific field. However, we present another way to construct such fields.
This is done via the white noise representation.

Definition 1.1. A white noise W on R? is a centered Gaussian field indexed by function of
L?*(R?) such that for any ¢, o € L*(R?) we have

E[W (o)W ()] = / @)pa(r)dr

Consider a function ¢ : R¢ — R satisfying the following assumption for some 3 > d.
Assumption 1.2. Let 5 > d. We say that ¢ satisfy Assumption for g if

q is C'° and 9%q € L*(R?) for all @ € N¢ such that ||«l], < 10.

max(|q()|, [ Va(x)[|) = O(|l[|™").

q is isotropic (g(x) only depends on ||z||).

¢ g>0.

q is not identically equal to the zero function.

Given a function ¢ that satisfy Assumption for some 3 > d one can define
[=qxW,

where * denotes convolution. That is, for all z € R? we set f(x) := W(q(z — ), where
q(x —-) is the function y — ¢(z —y) which is in fact in L*(R9). It follows that f is a centered
Gaussian field. Its covariance kernel can be computed: E[f(x)f(y)] = (¢ * q)(x — y). This
shows that the field f is stationary. Moreover, by dominated convergence one can instead
consider a continuous (in fact C*) modification of f which we do in the rest of the paper.

Remark. If we set q(x) = (%)d/4 e~l2I* then f = ¢*xW obtained has the law of the Bargmann-
Fock field previously introduced. Thus, note that the Bargmann-Fock field satisfies Assump-

tion [1.2] for all g > d.

The white noise representation of the field is useful to define approximations of the field that
have good properties (like finite range dependence see Definitions and .

We now introduce the percolation model associated to the continuous setting. Given a real
parameter ¢ € R which we call a level, we define the excursion set at level ¢ as

E(f) ={z €eR"| f(a) > —(}. (4)

We remark that since f is random, the set &(f) is also a random set. It appears that for
f fixed the set &(f) increases as ¢ increases. Thus, the probability that &(f) contains an
unbounded component is increasing in ¢ and we define the critical probability for percolation
as

l.:=sup{l € R | P(&(f) has no unbounded connected component) = 1}. (5)
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It turns out that when d > 2, then for a large class of Gaussian field we have /. €] — oo, o],
that is, there exists a non trivial phase transition. It is important to have in mind that the
critical level /. is to be compared with the critical probability p.(d) in the Bernoulli setting
on Z%. For our continuous model, a lot is known about the case d = 2. In particular the
following theorem can be thought of as an analogue of the Theorem of Kesten [9] concerning
the value of the critical probability of Bernoulli bond percolation on Z2.

Theorem 1.3 ([16], [12]). In the case d = 2, if q satisfies Assumption[1.9 for some 3 > 2
then we have £, = 0.

In the case d > 3 we also have the following result.

Theorem 1.4 ([6]). In the case d > 3, if q satisfies Assumption [1.9 for some B > d then
we have £, < 0.

Remark. One may remark that the critical parameter /. in the case of dimension d = 2 is
mostly independent of the law of the field we consider it will always be 0, however for d > 3,
the exact value of /. is always negative showing in words that is strictly easier to percolate
in the space than in the plane, but the exact value of /. may depend on the exact law of f.

Remark. Note that the statements of the two theorems [1.3] and [1.4] may hold under weaker
assumptions. We refer the reader to [12] and [6] to see the exact assumptions that were
made on the law of f, as for the sake of clarity we prefer to not write the details here.

When ¢ > (. we are in the supercritical phase, when ¢ < ¢, we are in the subcritical phase.
This phase transition has received a lot of attention over the past few years. One result of
interest is the following

Theorem 1.5 ([I8]). If d > 2 and if q satisfy Assumption[1.4 for some B > d, then if ¢ > (.,
the set E(f) almost surely presents a unique unbounded component.

This theorem already gives a good description of the supercritical phase. The set &(f)
contains only one unbounded connected component and (countably) many finite ones. In
this article we aim to obtain a more geometric information about the unbounded component
of &(f). In order to do so we introduce the following notations and definitions

Definition 1.6. Let £ € R and A, B be two subsets of R?, we define the event {A M B},

also denoted by {A == B}, as the event that there exists a connected component of &( f)
that intersects both A and B. When A = {z} and B = {y} are two singletons we simply

use the notation {x gul y} instead of {{x} ful {y}}

We then define the chemical distance as a generalisation of graph distance for the case of
Bernoulli percolation.

Definition 1.7. Given z,y € R? and a subset £ C R? we define the set I'(£, z,y) as
['(E, z,y) :={y:[0,1] = &€ | v is continuous and rectifiable, v(0) = z,v(1) =y} (6)

The set I'(€, z,y) can be empty, for instance if x or y are not in £ or are not in the same

connected component of €. The chemical distance between x and ¥ is denoted by d5,...,(z, ),
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it takes values in R, U {co} and is defined as

diem (2, y) := inf{length(y) | v € T(E(f). 2,)}, (7)

with the convention: inf() = co. Here, length(v) denotes the Euclidean length of the curve
v (7 being rectifiable).

Remark. One may suggest the case where we have two points 2 and y in the same connected

component of &(f) but with no rectifiable path between them hence having z 2t y but
dfﬁgﬁ (x,y) = oo. We will see that we do not need to concern ourselves with such a possibility

since an analysis of our arguments shows that this event has zero probability.
Our main theorem is the following

Theorem 1.8. Assume q satisfies Assumption with some B > d and that £ > —{.(q).
Then for any § > 0, there exists a constant k' > 0 such that

chem

Eo(f K —K/
P (08 2 and &50)(0,2) > 2l og"(J2ll) ) = O (Jla]| ™) . ®)

where k(8) = (1+ 6)(d — 1) (; + Tl_d) .

We make a few comments about Theorem [I.8l The first observation is that this theorem is
to be compared with a result of Peter Antal and Agoston Pisztora concerning the chemical
distance in the context of Bernoulli percolation.

Theorem 1.9 ([I]). In the context of Bernoulli percolation, if d > 2 and p > p.(d), we have
constants ¢, p > 0 (depending on d and p) such that

chem

P (o &9 o and d%“(0,2) > p ||x||) = O (el

Where d?“) denotes the graph distance induced in Gp(w).

chem

A major difference between the two theorems is that our is not optimal in the sense that it
only holds for ¢ > —/. instead of the expected full supercritical region ¢ > ¢.. This is due
to the lack of estimates on the probability of some local uniqueness event (see Definition
for the precise definition of this event). This event is a non-monotonous event and we
only manage to prove that it has high probability in the regime ¢ > —/.. Note that in [19],
Theorem [I.8 was proven for the case of dimension d = 2 for the full supercritical region ¢ > 0,
this is due to the fact that in dimension 2 one can use planarity arguments and work only
with increasing events. However, if this local uniqueness event indeed has high probability
in the whole region ¢ > ¢. we expect our proof of Theorem to hold in this region (at the
very least our argument would work in the region ¢ > 0). Another difference between the
two theorems is the logarithm factor that appears in Theorem [I.8] This is mainly due to the
fact that contrary to Bernoulli percolation where the status of all sites are independent, our
field f has values that are heavily correlated. This is problematic when we try to develop
a renormalization argument, since we need to consider boxes of a logarithmic scale instead
of boxes of fixed size. Finally, a last difference is the speed of decrease in the two theorems.



We obtain a polynomial decay in Theorem instead of an exponential decay in Theorem
[1.9] The reason for this is the fact that a continuous field f can have level sets that contort
a lot. While for Bernoulli percolation there is a minimal scale, this is absolutely not the case
for a continuous field. Hence we need to do a local control around the two points we want
to connect 0 and x to ensure that the chemical distance "generated" near those points is not
too high. This is done via a quantitative implicit function theorem. However the estimates
obtained are not strong enough to guarantee an exponential decay. This is the only place in
the proof where we lose a super-polynomial decay.

Compared to previous work in dimension 2 [I9] where planarity was heavily used, the ar-
guments used here are much closer to the ones in [I]. The strategy of the proof can be
summarized as follows. In Section [2| we prove that in the regime ¢ > —/¢. a local uniqueness
event (see Definition holds with high probability for f but also for a discretize and
finite range version approximation of the field f. In Section [3] we prepare a renormalization
argument. The content of this section is pretty classical but was formulated to adapt to our
framework. The purpose of the renormalization is to build a path of adjacent boxes in which
the field f (rather its finite range approximation) satisfies the local uniqueness event. This
will allow us to pick up a path in &(f) of controllable length, starting not too far from 0
and arriving not too far from x. Section {4 is dedicated to proving that one can connect 0
and x to this path by paying a reasonable cost (in terms of chemical distance). This part
of the paper is inspired by the arguments developed in [3]. We conclude Section 4| with the
proof of Theorem 1.8

Acknowledgements : I am very grateful to my PhD advisor Damien Gayet for introducing
me to this problem as well as for many insightful discussions and for his remarks on a
preliminary version of this paper.

2 On the local uniqueness event

In this section we present the local uniqueness event and show that it has high probability
in the region ¢ > —/..

We begin by properly defining the local uniqueness event as the intersection of two events,
one is an "existence" event while the other one is a "uniqueness" event (the later being the
hard and interesting part). First we introduce some notations. For R > 0 we define the box
Br C R? as

Bg := [~-R, R]". (9)
For i € {1,...,d} we define the two i-faces F}g+, F;z’_ of By as
Fi~ = [-R R x {~R} x [-R, R]*”'
Fi" = [-R R"" x {+R} x [-R, R]*”'

Definition 2.1. For R > 1 and ¢ € R, we define the existence event Exist(R, ¢) as the event
that: for all i € {1,...,d}, there exists a connected component of Br N &(f) that intersects
both Fi;~ and Fj;" (see Figure |1 for an illustration of this event).
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Figure 1: Illustration of the event Exist(R,¢) for d = 3. We have three different crossings
(represented in different colors), each joining two opposite faces of the box.

We also define the uniqueness event.

Definition 2.2. For R > 1, { € R, we can consider the set Br N &(f) as a union of
disjoint connected components Br N & (f) = | ],c;Ci- Given some £ €]0, 1], the uniqueness
event Unique(R, ¢, k) is the event that all C; of diameter at least KR are connected within

Brate NE(f).

Remark. One could define the uniqueness event as the event that at most one of the C; in the
above definition has diameter greater than xR, however, in order to avoid many technicalities
later on, we prefer to work with this weaker definition.

The local uniqueness event in the box Bpg is simply the intersection of the existence event
and the uniqueness event in this box, more formally we make the following definition.

Definition 2.3. For R > 1, { € R and k €]0,1[ we define the local uniqueness event
A(R, (k) as
A(R, ¢, k) := Exist(R, ¢) N Unique(R, ¢, k). (10)

We make a few comments about this local uniqueness event. These comments are not
useful for the proof of our theorem but give some context about this type of event and its
importance. First, note that having a high probability of the event A(R, ¢, k) can be seen
as a quantitative statement of Theorem [I.5] Indeed the proof of Theorem uses non
quantitative ideas coming from ergodicity and the Cameron-Martin formula and does not
quite describe the geometry of the unbounded cluster. Second, recall that an event is said
to be increasing if increasing values of the field f can only favor the realisation of the event
(that is F is an increasing event if for all f, g we have (f < gand f € F) = g € E). The
existence event in Definition is clearly an increasing event, as the set &/(f) can only grow



when f increases. However, the uniqueness event in Definition is neither increasing nor
decreasing. Thus, our event Ap itself is neither increasing nor decreasing. Hence, the whole
machinery designed to deal with monotonous event fails to work with the event A(R,/, k)
so that it is not trivial to obtain good estimates about the probability of this event. If we
consider Bernoulli percolation it is proved (see for instance [14]) that the event A(R,/, k)
has high probability in the whole supercritical phase (it is trivial that this event can not
have high probability in the subcritical phase). It is conjectured (see for instance [0]) that
the same is true in the context of continuous Gaussian field. In dimension d > 3 little is
known about the probability of this event. In [6] a weaker result concerning some form of
a cluster "present everywhere" was proved, but did not guarantee high probability for the
event A(R,/, k) even for £ > 0. In [4] and [5] analogue of the event A(R, ¢, k) were proven to
have high probability in the whole the region ¢ > ¢, but for different percolation models. In
our paper we prove that the event A(R, ¢, k) holds with high probability as soon as ¢ > —¢,
for a large class of Gaussian fields. By Theorem this result is weaker than the expected
region ¢ > (., but it still gives some non trivial region in which the result holds.

This section is dedicated to the proof of the following statement.

Proposition 2.4. Assume that q satisfies assumption[1.3 for some > d. Suppose £ > —L,.,
k €)0, 1], then there exist constants ¢c,C > 0, such that, for all R > 1,

P(f € A(R,{,k)) >1— CR% " (11)
The strategy to prove Proposition is to argue that when ¢ > —/, then the set {f < —/}
does not percolates (all components are bounded), and use a deterministic argument that

states that it is difficult to observe two huge connected components of {f > —/¢} without
having also a huge connected component in {f < —¢}.

2.1 Approximation of the field

We introduce approximations of the field f that have good properties (finite-range-dependence,
piece-wise constant). This relies on the white noise decomposition of the field f.

In the following of the paper, we fix an arbitrary function x : R — [0, 1] such that
o Y is C*™.
e x(z) =1 for all z such that ||z| <

N—= =

e x(x) =0 for all x such that ||z| >
With this function fixed we can make the following definition.

Definition 2.5. For r > 1 we define x,(z) := x(z/r) and we define the random field f, as
fr=(axe) * W. (12)

Since gx, has compact support included in the Euclidean ball of radius /2 we see that the
field f, is r-dependent, meaning that two events that depends on values of the field f, at
distance at least r are independent.



Definition 2.6. For ¢ > 0, and a function ¢ : R? — R is a function we define the e-
discretization of g as the function ¢° : R — R defined by ¢°(x) := g(y) where y is the

unique point in ¢Z¢ such that r € y + [—%, 5 [d.
We will often write f¢ which should be interpreted as (f,)¢, that is the e-discretization of the
field f,. It is good to have in mind that the fields f, and f; are good local approximations of

the field f as r is big and ¢ is small. This can be seen in the following classical proposition
which is an application of the Borell-TIS inequality.

Proposition 2.7 (see for instance [17, Proposition 2.1| ). Assume that q satisfies Assumption
[1.9 for some > d. There exists a constant ¢ > 0 such that

1 _
Vr>1, Vs> et P (seug |fr(z) — f(2)] > 3) < pmestrit (13)
Vr>1, Ve>0, Vs>¢e, P <S§£ |fi(z) — fr(z)| > s) < e, (14)
zEB

Where we recall that By denotes By = [—1,1]%.

2.2 Deterministic argument for local uniqueness

We now present a deterministic argument that guarantees the fact that some set presents
the local uniqueness property.

Definition 2.8. Let R > 1,k €]0,1[ and recall that B = [-R,R]%. Let E C R? be a
subset. We say that

e [ has the (R, k) small clusters property, if all the connected components of E'NBp(i4.)
have diameter less than kR.

e FE has the (R, k) unique cluster property, if all the connected components of £ N By of
diameter greater than kR are connected within £ N Br(iyx)-

e E has the R crossing property, if for all i € {1,d} there exists a connected component
of E N Bpg that intersects the two faces Fj;~ and F}Zf.

In this context the diameter refer to the usual Euclidean diameter.

We argue that if a set has some kind of small cluster property then its complement in the box
has some form of a unique cluster property. The proof we provide next is purely geometrical
and deterministic (although we will soon apply it to random sets).

Proposition 2.9. Let k € ]0,1[, E= C R? and ET C R? be two C-differentiable subman-
ifolds of dimension d with boundary (these manifolds don’t need to be connected and can
have countably many connected components). Suppose also that their boundary is the same
E°=0E~ = 0E" and that we can write R = (E~\ EY)UE L (E*\ E°). Then, if for some
R > 1, E° only intersects OB transversely and if E~ has the (R, k) small clusters property,
then E* has the (R, k) unique cluster property and the R crossing property.



Proof. We can write E~ N Br4x) = Ui C; where the C; are connected. Since £~ has the
(R, k) small clusters property, we have by definition that for all i, diam(C;) < kR. For

each ¢ we can consider the topological boundary of C;, that is we can write dC; = I_I”I 155 2

where the S are connected compact hypersurfaces. Because of our hypothesis, all these
hypersurfaces are subsets of E°U0Bg(1+x). The Brouwer separation theorem allows to state
that each of these compact hypersurfaces S separates the space R? into two connected parts,
the interior Int(S) that is bounded and the exterior of S that is unbounded Ext(S). Without
restriction of generahtX since the C; are connected, we can assume that for all 2 < 5 < n;
we have S( C Int(S!). This allows us to write C; = Int(5\”) \ Uiz, Int(S(Z ). Denote by
C the set of points x E E* N Bpg such that the connected component of x in ET N By is
of diameter greater than kR. Our goal is to prove that any two points of C are connected
within E N Bg(i+s). For this purpose, consider two points 2 and y in C. Since « is connected
to a point z within B4, N ET at distance at least kR from z, we deduce that = does not

belong to any Int(SY) ) (otherwise this would contradict the fact that all C; have diameter
less than kR). By symmetry the same is true for y. Now, consider 7 the segment that joins
the two points x and y (the segment stays in Bgr by convexity of Bg, however it may leave
E7). Follow the segment from x to y until we either reach y or reach a point z; in some C;.

In the later case the previous discussion allow us to state that the point z1 belongs to some
S ) We can then look at z1 the last mtersectlon point between v and S and replace the
segment [z, 21| of the path by some path in S1 that connects the two points z; and 2 (see
Figure [2| for an illustration). Since z; is at distance at least xR from the boundary 0Bpg(14x)
and since C; is of dlameter at most KR we see that C; does not intersects O Bg(14,). Thus,

the outer boundary Sl is included in E°. Using this observation, we see that we can indeed
find a path between z; and Z; in E° (and also in Bpg(14s)). By repeating this procedure
until we reach y we have connected the two points  and y within £* N Bgayw) proving
that E™ has the (R, k) unique cluster property. Note that C can be shown to be non empty
simply by choosing two points in Bg \ U, Int(Sf)) at distance xR from one each other
and connecting them as done above. This concludes the proof that E™ has he (R, k) unique
cluster property. In order to show that £ has the R crossmg property, it is enough for each
direction j € {1,...,d} to find two points w?, w} such that w] € F4~ NC and w, € F;TNC
as they will be Connected in BN E™ via C. In order to algorlthmlcally build such the point
w}, one way is to draw a segment starting from one point in C towards the center of the
face F = Should the segment encounter one of C; that does not intersects F 1{2’ we deviate
the path by following the boundary of C; until we can continue on our initial trajectory by
staying in ET. If the segment reaches some C; that intersects F* fé’_ we deviate our path by
following the boundary of C; until we reach a point in F 1]%’_. Otherwise, our segment will
simply reach a point in Fj;~. The path we built starts from a point in C and only visits
points in E. This guarantees that all points visited by the path are in C. Moreover the
path eventually visits one point w{ in F* fé’*. This concludes the proof of the proposition. [

We conclude by a remark on the definition of the unique cluster property. One may find
more natural to define the following uniqueness property:

Definition 2.10. Say that E C R? has the (R, k) strong unique cluster property if among
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kR

Figure 2: Illustration of the proof of Proposition .

the connected components of £ N Bgr at most one has diameter greater than kR.

We also believe that an analogue of Proposition with the (R, d) unique cluster property
replaced by the (R,¢) strong unique cluster property should hold. However a lot of tech-
nicalities are generated due to the possible intersections between the boundary of the box
Bpr with the boundary of the clusters of E~. In order to avoid dealing these difficulties we
prefer to work with the definition of the (R, k) unique cluster property which is enough for
our purpose.

2.3 Proof of Proposition [2.4

We want to prove Proposition [2.4] and in fact we will prove the more general result that also
concerns the approximation f of the field f.

Proposition 2.11. Assume that q satisfies Assumption [1.9 for some 8 > d. Let { > —{,,
k €]0,1[. Then, there exist constants ¢,C > 0, such that for all R > 1, r > 1, e < 1,

P(fe€ AR, (k) >1—CR% " (15)
P(fe € AR, (k) >1—CRY e+ ey o). (16)

The strategy is to show that & (f) (resp & (f7)) have their complement that have the (R, k)
small cluster property (see Definition to deduce via Proposition that these sets have

11



the (R, k) unique cluster property. First we recall an estimate about a crossing probability
for Gaussian field.

Theorem 2.12 ([16], [12] for d = 2, [I7] for d > 3). Assume that q satisfies Assumption[1.4
for some > d. For all { < (., there exist constants c¢,C' > 0 such that for all R > 1,

P(BlﬁifaBR)f;Ce*R. (17)

We will use this theorem in the form of the equivalent corollary (that is just a direct conse-
quence of the equality in law of f and —f).

Corollary 2.13. Assume that q satisfies Assumption [1.3 for some § > d. For { > —{,,
there exist constant ¢, C' > 0 such that for all R > 1,

P(BlﬁifaBR>g(kfd? (18)

Proof. This is simply using the fact that f and — f have the same law (because f is a centered
Gaussian field). Hence the two sets

E(f) ={z € R| f(z) > ~(}, and

E(—f)={z €R"| — f(z) > 1}

have the same law. The later set can be written as {z € R?|f(x) < —(—/)}. Since taking
¢ < [, is equivalent to taking —¢ > —/, the corollary holds. m

We use this estimate to show that with high probability a box Br = [—R, R] does not contain
a path of {f < —¢} with high diameter.

Proposition 2.14. Assume that q satisfies Assumption[I.3 for some 3 > d. For all { > —(.

and k €|0, 1[, there exist constants constants ¢,C > 0 such that, for all R > 1,7 > 1, < 1,
P ({x cRY| fi(x) < —E} has the (R, k) small clusters propefr’ty)

> 1—CRYe e e (19)

Moreover, if we replace f7 by f we get the following

P ({z € R?| f(z) < —(} has the (R, k) small clusters property)
> 1—CRle (20)

Proof. Fix ¢’ € R such that ¢ > ¢/ > —{.. Cover the box Br(14x) = [—(1+ k)R, (1 + &) R]
with N < CR? boxes of size 1 (where C' is a constant depending only on the dimension d)
and denote by, by, ...,by € R? the centers of all those boxes. On the event that {f < —¢'}
does not have the (R, x) small clusters property, we can find x and y in Bg4x) such that
x and y are distant of at least kR and such that z and y both are in a same connected
component of {f < —¢'}. Let i be one index such that = € b; + [~1,1]%. As soon as R is

12



d
big enough (compared to % and d) we have y & b; + [—%, %} . Hence on the event that

{f < =} does not have the (R, k) small clusters property, we have

_ R kR1“
N <i<N, bi+[-1,14%E%0o bﬁ{—'{—,—] .
== [=1.1] 2v/d’ 2V/d

Applying stationarity (to assume b; = 0) and applying Corollary and doing an union
bound on all possible i we see that

P ({f < —{'} does not have the (R, k) small clusters property)

N f<—v kR KR d
< P(b+[-1,1]“<= 0 bi—i—{——,—}
(v o (o [ 2] )
< C/Rde_C/R, (21)

where ¢ and C’ are constants that only depend on ¢, k and d. This yields the conclusion
for the field f. For the field f, we know by local comparison (see Proposition
that for r big enough and ¢ small enough (compared with |¢ — ¢'|) we have a constant ¢ > 0
depending on the law of f and on |¢ — ¢'| such that :

—2

P (sup l\f—fi|>0— 6’]) <e g (22)
B

Hence, using again an union bound we see that

—2

IP’( sup |f — f°| > |e—e'|> < CORY e ™" 4 =), (23)

Br1+r)

Now, if supg,, . [f — f7| <[¢ =] then for all x € Br.) we see that
f(a) <~ = f(a) < .

Thus, if supg,, |f—fe] < |[¢—0] and if {x € R?| f(x) < —¢'} has the (R, k) small cluster
property then so does {x € R? | f5(x) < —¢}. By an union bound we conclude :

P ({z € R?| fi(z) < —(} does not have the (R, k) small clusters property)
< P({z €R?| f(z) < —'} does not have the (R, x) small clusters property)
+P< sup | f — f7| > !€—€'|>

BRr(1++)
26—d

S CRd(e—cr + 6—05’2) + CRdG_CR.
Adjusting constants we get . m

Finally, we are ready to prove that when ¢ > —/¢, the local uniqueness event A(R, ¢, k) has
high probability.

13



Proof of Proposition |2.11. We will do the proof for f, the proof is straightforward to adapt
to f;. Denote
B = {w eR| f(z) = ~0},

E~={z cR?| f(z) < 1},
E°:={z cR*| f(x) = —(}.

We also fix R > 1. Applying Lemma A.9 of [15], we see that almost surely, the sets
E*, E—, E° satisfy the hypotheses of Proposition for Br. Hence, whenever E~ has
the (R, k) small clusters property, then E* will have the (R, ) unique cluster property and
R crossing property. It only remains to apply our estimates of Proposition [2.14] to see
that both events {f € Unique(R, /¢, x)} and {f € Exist(R, )} have probability no less than
1 — CRie °E, O]

Remark. The way we proved that the existence event Exist(R, ) has high probability may
seem unsatisfactory. We argue that it is possible to also derive this result very easily for all
¢ > 0 simply by considering the percolation model induced in two-dimensional planes and use
the results in [12] to show that in the plane rectangle are crossed with high probability. Also,
since the event f € Exist(R,{) is an increasing connection event, the machinery developed
by Severo in [I7] together with Theorem 3.1 in [I4] might allow to prove this result for all
¢ > /., but a lot remains to be done in this direction.

3 Stochastic domination argument

In this section we introduce several tools for a renormalization argument. The idea is that
we want to build a path of adjacent boxes into a renormalized lattice where in each box,
the field f¢ will satisfy the local uniqueness event (see Definition [2.3). In order to do so we
first recall a classical stochastic domination theorem allowing us to compare a measure on
{0, 1}Zd with high marginal and finite range correlation with a classical Bernoulli process
of high parameter. Typically one can have in mind the law of a configuration w € {0, l}Zd
where w; = 1 if and only if the field f7 satisfy the local uniqueness event in the box {57 + B,.
Then we introduce the notion of global structure as some path in the renormalized lattice
that is of controllable length and come close to two selected points, and argue that such
structures appear with high probability. This last part relies on argument developed in [7]
and [1].

3.1 Comparison with a Bernoulli process of high parameter

We briefly recall the notion of stochastic domination for two measures on {0,1}%" and then
state a classical stochastic domination result.

First we make the following definition.

Definition 3.1. Consider a countable set V', and two probability measures p; and ps on
({0,1}V, B({0,1})®"). We say that s is stochastically dominated by ys and we denote
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w1 =< o if there exist a coupling (X!, X?) of law p where X! has law p; and X? has law puy
and where
p(VieV, X} <X?)=1.

Definition 3.2. Let d > 2 and p € [0, 1], denote m, the law on {0, 1}%* given by independent
and identically distributed Bernoulli random variable of parameter p. We immediately have

p<p =m=<my.

We also recall the notion of measures that are finite-range dependent.

Definition 3.3. Let M € N. A probability measure p on {0, 1}Zd is said to be M -dependent,
where M € N is a parameter, if for all subsets A, B of Z¢ such that do.(A, B) > M the two
o-algebras Fu := o(w;,? € A) and Fp := o(w;,i € B) are p-independent.

A classical and general tool to compare a probability measure p with some m, is the following
theorem. Basically the idea is that a measure p with finite-range dependence stochastically
dominates a Bernoulli process 7;_, with small a > 0 as soon as the marginal of p are close
enough to 1.

Theorem 3.4 ([10], [I]). For any M € N, d > 1 and p € [0,1], there exist a quantity
a(p, M, d) € [0,1] such that
a(p, M, d) ﬁ 0, (24)
and such that for any law p on {0, 1}Zd satisfying:
e 1 s M-dependent,
o inf e p(w; = 1) > p,
we have

T1—a(p,d,M) = W (25)

Remark. Note that the fact that a(p, M, d) can be as small as we wish as soon as p get close

to 1 is the core statement of the claim, otherwise we could just take a(p, M, d) = 1 since we

always have my < p, but of course this is not what we are interested in. Furthermore, an
1

analysis of the proofs in [I] says that we can always choose a(p,d, M) < 4(1 — p) @M+1¢

3.2 Global structures

We introduce some terminology related to percolation on discrete graph and we also define
the notion of global structure that will be used in the proof of Theorem

Definition 3.5. Consider A C Z? We say that two sites x,4 € A are connected (resp.
*-connected) within A if one can find a finite sequence zq, . .., z, of points of A such that

e Top=2T,Tp =Y,

e V0<i<n—1, [lziss — iy =1 (resp. [|lwipn — @il = 1)
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We say that A is connected (resp. x-connected) if any two points in A are connected (resp
*-connected) within A.

Remark. Note that one should not confound the notion of being connected (as a subset of
7Z%) with the notion of being connected (as a subset of R?). In the rest of this section, the
above definition takes precedence.

In the following, let w € {0, 1}Zd be a configuration. We now state the definition of a global
structure around two points.

Definition 3.6. Let x € Z?\ {0} and C,§ > 0 be constants. A set G C Z? is said to be a
global structure around 0 and x with constants C| ¢ if the following is satisfied:

o Vyc G, wy=1,
Gl < Cll=l,,

e (G is connected,
4(0, G) < log™*(|jz],), and
d(z, G) <log"**(|l],).

We also define G(z, C, §) the event that there exists a global structure around 0 and = with
constants C 9.

In this section we prove the following result

Proposition 3.7. For all d > 2, there exists 0 < ag < 1 such that for all 6 > 0 there exist
constants ¢, C,Cy > 0 so that, if p € [1 — aq, 1], we have

Vo € 27\ {0}, 7, (G(x,Co,8)) > 1 — Ceclos " (llzlh), (26)

Proof. We follow the argument in [I4]. Consider a deterministic path of length N = ||z||,
in Z? joining 0 and . We denote this path zg,z1,...,zy with 2o = 0,2y = z and
|2iy1 — 2], = 1 forall 0 < i < N —1. For each 0 < i < N we can consider the biggest
x-connected component of {j € Z? | w; = 0} that contains i (that is, the union of all sets
that simultaneously are x-connected, contain ¢ and only contain vertices j such that w; = 0).
Denote this x-connected component by C; (note that if w; = 1 then C; = (}). For a set C C Z4
we define the boundary of C as

9C:={icz?|igCandIjecC,li—j|, =1}

We define C; as
o {{z’} it ¢ =0

C; UdC; otherwise

We also define B
0<i<N
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Using the arguments developed in [7] (see also section 4 in [I]) it is known that there exists
ag > 0 such that for 1 > p > 1 — a4 we have constants Cy, ¢ > 0 such that :

7o(|A] > CoN) < exp(—cN). (27)

We further claim that with high probability A is contained in a log*(||z||,) neighborhood of
the path zg, x1,...,2y. More precisely, a classical Peierls argument shows that if p > 1 — 3%1
we have a constant ¢ > 0 such that for all n >0

7 (ICo| > n) < exp(—cn). (28)

Denote N the event that A is contained in a log' ™ (||z|,) neighborhood of the path @y, . . ., z,
that is NV is the event

(Vae A, 0<i<N, [la—az, <log"(|z,)}

Thus choosing 7 of order log"*(||z||,) in and doing an union bound for all clusters C;
for 0 <i < N, we obtain (adjusting constants)

m(N) < Ce—clog ™ (llzlly) (29)

Finally notice that if G denotes the external boundary of A, then G is a set of open sites
that is connected and that surrounds the segment x, ..., zy, hence the conclusion. O

4 Local control of the chemical distance and proof of the
main theorem

In this section we propose an argument to control the probability of having an unusual high
chemical distance in a box. We will then use these estimates together with the result of the
previous section to give the proof of Theorem

4.1 Local control of the chemical distance around a point

We introduce some notations that were defined in [19]. The definitions were made for the
two dimensional case, but they straightforwardly adapt to a higher dimension setting.

First, we recall Definition [1.7] of the chemical distance and we make the following definition.

Definition 4.1. Let £ and C be two subsets of R? The chemical diameter of C within & is
defined as

diamfhem<c) = Sup{dfhem('ra y) | T,y € C} (30>

Since we will be interested in a set that may have several connected components we make
the following definition.
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Definition 4.2. Let s > 1 and £ C R be a subset. We assume that £ N B, has finitely

many connected components denoted by C; ...,C,. We define
._ iamC ,
S(s,&) = g%idlamchem(cz). (31)

In the case where £ N By has infinitely many connected components, we arbitrarily define

S(s,&) = o0.
Our claim is the following

Proposition 4.3. Assume that q satisfies Assumption for some f > d. For all ¢ € R,
for all n > 0 there exist constants C,c, k, k' > 0 such that

K

Vs > 10, Va > 10, P(S(s, &(f)) > z) < O% + e (32)

The estimate in Proposition [£.3] is pretty weak, we believe the same result to hold with a
much faster decay but we could not find a proof of such result. However, this estimate will
only be use two times in two small boxes of logarithmic scale. In order to prove Proposition
[4.3] we will show that the box B, can be filled by small boxes of size £ such that, with high
probability, for each such small box B, the level set {f = —¢} either avoid B are cut it into
only two parts. This property can be interpreted in some sense as the level set {f = —¢}
not being too much tortuous. Our argument is inspired by the work in [3]. We state a few
results from [3] that we will use in the proof of Proposition . First, note that if A C R? is
a set and f € C?(RY,R) we use the Euclidean nature of R? to confound the first derivative
df with the gradient V f and the second derivative d*f with the Hessian matrix H(f). We

also define [|df 1) = supzea [V ()] + supsea [[H()(@)] -

Proposition 4.4 (Quantitative implicit function theorem). Let f : R? — R be a C? function.
Take U C R an open set and x € U, and positive constants k > X\ > 0. If the following is
satisfied :

o f(z) =0,

e r+[-1,1]9CU,

o [VS(@)]l > A,

¢ deHcl(U) <k
Then, if ¢ = ﬁ there exists a C* function ¢ : R™' — R, and a direction i € {1,...,d}
such that

vy€x+[_€75]d7f(y) :0<:>yz:¢<y177?//\277yd)
Proof. Since we have ||V f(x)|| > A we can find a ¢ € {1,...,d} such that

of A
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Fix 6 = ﬁ (note that we have 0 < 1 by hypothesis), by the mean value theorem we have

for all y € z + [—4,0]?

af of

A

)] < b = ol Wl < VasE = 2

Dividing by ‘g—i(m’)‘ we obtain

Yy € x + [6,0]%, |1 — (gi (x)) gi (y)

We can apply Theorem A.2 in [3] with a M < \/73 and C' < k which directly implies our

; S N S S
claim for € = 5375 > 15mz - O]

1
< -
-2

We now state some well-known estimates about the behaviour of the derivative of the random

field f in a box.

Proposition 4.5. Assume that q satisfies Assumptions for some 8 > d and let { € R.
Then, there exist constants c, C, k1, ke > 0 such that for all w > 0 and s > 10,

N 2
P (Ifllers = Cloghs) +) < exp (e ) (33)
P(3x € B, | f(z) = —€ and |[Vf(z)| < \) < CA#r s, (34)

Proof. Concerning , this is an application of the Borell-TIS inequality, see also Lemma
5.2 in [3] for a similar estimate. For the proof of (34), this is a restatement of Lemma 5.3 in
[3]. ]

Since the proof of Proposition requires covering various sets with a controllable number
of small boxes of size ¢ we introduce the following definition.

Definition 4.6. Let A C R? and ¢ > 0. A set R C A is called a e-covering of A if

AC U B(z,¢),

TER

where B(z,¢) denotes the open box B(x,¢) := x+] — ¢,&[?. We also define
N(A,e) :=inf{|R]| | R is a e-covering of A}. (35)

Note that N(A,¢e) can eventually be infinite (when A is unbounded).
Lemma 4.7. If AC B CR?% and £ > 0 then

N(A,2¢) < N(B,¢).
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Proof. The statement is trivial if N(B,e) = oo, otherwise choose R = {x1,...,z,} C B a
e-covering of B. We have A C B C |J_, B(z;,¢). Find 0 < m < n and reorder the z;’s so
that A C |U;~, B(x;,¢) and so that A intersects all B(x;,¢e) for 1 <i <m. For 1 <i<m
we choose y; € AN B(x;,¢) and since B(x;,¢) C B(y;, 2¢) we immediately that yy, ...,y is
a 2e-covering of A which yields the conclusion. m

Corollary 4.8. There exists a constant C' depending only on d such that for all A C Bg
and € > 0 we have
R\

Proof. We apply Lemma [£.7/to B = Bgr and we note that B can obviously be covered with
O ((£)?) balls of the form B(z, £) O

Now we are ready to prove Proposition [4.3]

Proof of Proposition[{.3 Fix s > 10, 2 > 10 and n > 0. Let A > 0 to be fixed later. Denote
k.= s".
Consider the two events:
A = {||df||c1(35+[_171]d) S k},
B:={Vye B, fly)=—L= V()| >A}.
Applying Proposition we see that
P(A)>1—e" and P(B)>1- CAmrs™. (36)

Set e = % as in Proposition E Applying Corollary [4.8 to the set Bs N {f = —E} with
5, we can find a constant Cy (depending only on d) and a collection of N < Cy ( ) points
denoted (z;)1<i<y such that for all ¢, f(x;) = —¢ and such that

vy € By f(y) =~ =3N<i< N, ye Bla, ).

Moreover, by the triangular inequality, if y € B, is such that d(y, {f = —(}) < § then there
exists 1 <i < N such that y € B(z;,¢).

Consider the set F := {y € B, | 3z € By, f(2) = —( and d(y,2) <
G := B \ F. The previous observation shows that one has :

5} and its complement

F c|JB(xi.¢)

i=1

Applying Corollary . we can also cover G by less than N balls of radius \/E and of centers

y; chosen in G.
Gc\| |)B |y,
H (y2J>
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Note that by construction, for each ball B (
intersects {f = —¢} N Bs.

Yi, ﬁ) in the covering of GG this ball does not

Under the event A N B take any two points z1, 22 € Bs N E(f). We claim the following,.

Claim 1. There exists a deterministic constant Cl; > 0 depending only on d, such that under
one of the following hypotheses.

o There exists i € {1,..., N} such that z; and zy are in B(z;,¢€),

o There exists i € {1,...,N} such that z; and zy are in B (yi’ﬁ&> and z; 1S in

B <yla ﬁa) ’

then there exists a rectifiable path in E(f) of length less than Cle that connects z; and zo.

Proof of Claim[1. Assume first that z; and 2, are in some B(z;,€) = x; + [—¢,€]¢. We apply
Proposition at z; and we see that the box B(x;,¢) is separated in two by the hypersurface
{f = —/}. Since by hypothesis we have z1, zo € &(f) we deduce that the two points z; and
2o are on the same side of this hypersurface. These two points can connect within & (f) first
by traveling towards one face of the box and then travelling along this face of the box to
connect. This connection was made of length less than 4e + 2v/de.

Now assume that z; and z, are in some B (yi, ﬁ) By a previous observation, the set

B <yi, ﬁ) NB; does not intersects { f = —¢}, thus by continuity of f this set B (yl-, ﬁ) NB,

is either included in {f > —/¢} or in {f < —¢}. By the assumption on z; the later case can

be excluded. By taking the closure we see that B (yi, ﬁ&) C &(f). Now by convexity, the

result follows as we can simply join the two points z; and z, by a straight segment. O

We can now conclude the proof of Proposition 1.3 Consider two points y and z that are
connected in B N & (f), and denote 7 : [0,1] — Bs N &(f) a continuous function such that
7(0) =y and (1) = z. We want to find a path between y and z of controlled length. To do
so consider the following construction. We start from zq := vy, if zg € F' we know that we have
some ¢ such that zp € B(z;,¢) and we define By := B(x;,¢) (for such an arbitrarily chosen

i). Otherwise there exists some i such that 2o € B (yl-, ﬁ) and we define B, := B (yz-, ﬁ)

for such a i (again arbitrarily chosen). We then define ¢y := sup{t > 0 | v(¢) € By} and
z1 = 7(tp) and we repeat this procedure until we reach step M where t);,_; = 1. We have
obtained a sequence (2x)o<k<ar (With zo = y and zp; = 2) and boxes (By)o<k<m—1. Moreover,
by construction, all boxes obtained in this construction are different (this also guarantees
the fact that the procedure ends). Since there are at most 2N boxes to choose from, we
have M < 2N. Furthermore, for all k& we have z, € By, and z,,; € B. Additionally,
we have zg, 211 € Bs N E(f) (this is due to the fact that the z; are part of the path ).
We can thus apply Claim (1| to find a path in &/(f) joining z; and zjy; of length less than

. By gluing together these paths, we obtain a rectifiable path between y and z of length
less than 2NC/e. Since the points y and z were arbitrary, on the event A N B we have
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sd

S(s,&(f)) < 2NCie < 2C4Ch=i=r- By our choice of ¢ we see that we have a constant Cj
depending on d such that

S(s, & f)) < Cyst(sm)2=DA=20),

Finally, we choose

N (Cgsd“”(d—l)) Elc=y

T

which yields that under the event AN B we have S(s,&(f)) < x. Using estimates and
adjusting constants, we get the conclusion of Proposition [1.3] H

4.2 Proof of Theorem 1.8
We now give the proof of Theorem [L.§|

Proof of Theorem[1.8 In this proof ¢,C denote positive constants that may change from
line to line. By isotropy, it is enough to look at the chemical distance between 0 € R? and
(2,0,...,0) € R? where x > 1 is a real number (that can be thought of as big). Thus in
the following, we assume that x is fixed (and big enough for future purpose). Fix also some
parameter 0 > 0, that is free for now. We introduce the following quantities

148 1
r=R= IOgQ{Btad (), e= 1+s

log T (@)
Also, consider, ¢ and ¢ such that :
(>0 >—/,.

We will work at the level ¢ with f2 to then recover information about the field f at level £.

We introduce our renormalization procedure in order to use Theorem [3.4, Define the event

Ag as
5 / 1
Ao = {fr GA(R7€71_OO)}’

where we recall Definition of the event A(R,(,r). Note that we decide to work with
K = ﬁ simply to fix a certain value for x but the exact value is not crucial for the rest of
the argument. For i € Z? we define the event A; as the translation of the event Ay of vector
1—%2’. We also denote by B; the box B; = %i + Bpg and by B; the box B; = 1—%2’ + BR(1+%)
With these notations, note that the event A; can simply be restated as the occurrence of the

existence event and the uniqueness event in the box B;.

Consider the configuration (w;);cza € {0, I}Zd such that Vi € Z4¢, w; = 14,, denote by p the
probability measure on {0, 1}2 whose law is the law of w € {0,1}%*. By construction, using
the fact that f¢ is r-dependent, one see that u is 100-dependent (where 100 is clearly not
optimal but will not intervene later on). We can apply Theorem 3.4 and find «a(z, d) € [0, 1]
such that

T1—a(x,5) = M.
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Furthermore, applying Proposition and stationarity, one see that

inf i =1
=1

S / 1
= P(fT eA(R,é,m»

> 11— CRd <6_CR + 6—07’25*‘1 + 6—65’2>
1446
Z 1-C <10g213+6d(1,)>d (e—clogm%(x) + e—clog1+6(x) + 6—clog1+5(x))

This yields

inf p(w; =1) —— 1.
YA T—00

By the conclusion of Theorem , we see that a(z) can be chosen so that

a(z,d) —— 0.
T—r00
In the following, we choose to only work with x > zg so that we have 1 — a(z,d) > 1 — ay4
where ay is given by Proposition . Let X € N* such that x € %X + Bg. Recall Definition
of the event G(X, C,§). By Proposition [3.7, we can choose Cy > 0 such that

T, (G(X,Cy,8)) > 1 — Ceclos™ (X)), (37)

for some constants ¢,C' > 0. Since, p stochastically dominates m_,, and since the event
G(X,Cp,0) is an increasing event we get

1(G(X,Cp,8)) > 1— Ceclos"™(X) (38)

Under the realization of this event, denote C C Z? a global structure around 0 and X with
constants Cy, d. Since for all 7 € C the event A; occurs, and using the overlap of the boxes,
we can glue together the "big clusters" of {fZ > —¢'}NB; of all boxes B, for i € C within the
union of the B, for i € C (this is due to Definition [2.2| of the uniqueness event with x = o5)-
In particular this implies that there exists a path v in {f¢ > —£'} that stays in the B; for
1 € C and such that

max(d(0,7), d(z,7)) < Rlog"™(X), (39)

where d is the Euclidean distance in R?. Since we have X < z and R = log;ﬁ% (x) we obtain
that s
max(d(0,7),d(x,v)) < log' " 254 (z). (40)

Note that since such a path is confined in at most CyX boxes B; and since fr is piece-wise

constant on each small cube of size €, this path v can be chosen of Euclidean length less
d . . .

than C'X 5f—d where C" is a constant that may depend on d and Cy. This is a very rough

upper bound that we obtain by dividing each box B; into C” (%)d small boxes of size € on
which the field f© is constant, and then choosing 7 so that if v visits one of this small boxes
it will never visit it again. With the additional observation that X < %, the above can be
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restated as follows: under the event G(X, Cp,d) there exists a continuous rectifiable path ~

taking values in {f7 = —¢'} such that is verified and such that
length(y) < C'z log(lw)(d*l)(%ﬂﬁ%d)(:v) (41)

Moreover, the above construction shows that v can be chosen included in a box of the form
Ber, where C” > 0 is a constant depending on Cy, d.

Applying Proposition we see that for x big enough we have a constant ¢ > 0 such that

P(If ~ filln,, >0 0) <0, "

Under the event H := {Hf — fillg,, S€— 6’} we observe that the path 7 is also included
in &(f) (since on this event we have f£(z) > —¢ implies f(z) > f'(z) — (f'(2) — f(2)) > —¢
for all z € Bcnx).

On the event that 0 and x are connected within & (f) we argue that with high probability
we can connect 0 and x to the path v in a neighborhood of 0 and z. In fact, consider the
event U, as

aam

and define the event U, as the translated of the event U; by x. (recall the definition of the
uniqueness event in Definition . Applying Proposition we see that for x big enough
we have

1
U, == {f € Unique(210g1+5+2lﬁt6d (x),0 )} . (43)

P(Uh) =P Usy) >1— Ce @), (44)

Under the event {0 gyl x} and the event U; we know that 0 connects to the path  within the

box centered at 0 of radius 2 (1 + 1—(1)0) 10g1+5+2’lﬁ%(m) (a similar connection happens around
x via the event Us). Now it only remains to argue that this connection can be done with a
path of reasonable Euclidean length. For this, we use the estimate of Proposition [£.3] More
precisely define the event &) as

1 1 1
o {S (2“ 100’ log“ﬂ?“d(x),&(f)) < wlog“”)(“(?*w(w)} NCE)
and define the event S, as the translated of the event S; by z (recall Definition[d.2)of S(s, E)).
Applying Proposition and using stationarity we see that we have a constant " > 0 such
that for x big enough

P(S) =P(S) >1—a7". (46)
Under the event Sy it is known that the path between 0 and v can be chosen of Euclidean

1 1

length less than 2 log 7@ ~D(z"25-2) (1) (similarly for the connection between  and ~ using
Sy). Hence, gluing these paths together we finally obtain a path between 0 and x in &(f) of

length less than 3z log(lw)(d*l)(%ﬂﬁ%d)(x). Doing an union bound and adjusting constants
we finally obtain that for x big enough.

P (0 U 4 and d&(f)((), x) > 3z log(H‘S)(d_l)(%”L?ﬂ%d)(x)) <z h.

chem
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That is precisely the conclusion of Theorem
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