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MULTI-SCALE LIPSCHITZ PERCOLATION OF INCREASING
EVENTS FOR POISSON RANDOM WALKS
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Consider the graph induced by 74, equipped with uniformly elliptic ran-
dom conductances. At time 0, place a Poisson point process of particles on
74 and let them perform independent simple random walks. Tessellate the
graph into cubes indexed by i € 74 and tessellate time into intervals indexed
by 7. Given a local event E (i, T) that depends only on the particles inside the
space time region given by the cube i and the time interval 7, we prove the
existence of a Lipschitz connected surface of cells (i, T) that separates the ori-
gin from infinity on which E (i, t) holds. This gives a directly applicable and
robust framework for proving results in this setting that need a multi-scale
argument. For example, this allows us to prove that an infection spreads with
positive speed among the particles.
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1. Introduction. Let G = (Z4, E) be the d-dimensional square lattice with
edges between nearest neighbors: (x, y) € E iff ||x — y||; = 1. Start with a col-
lection of particles given by a Poisson point process on Z? of intensity A, and let
the particles move over time as independent continuous time simple random walks
on G. We refer to this system of particles as Poisson random walks.

Assume that at time O there is an infected particle at the origin, and that all other
particles are uninfected. As particles move, an uninfected particle gets infected
as soon as it shares a site with an infected particle. Kesten and Sidoravicius [7]
showed that for all A > 0 the infection spreads with positive speed; that is, for all
large enough ¢, at time ¢ there is an infected particle at distance of order ¢ from the
origin. A main challenge in establishing this result is that, as the infection spreads,
it finds empty regions (i.e., regions without particles) of arbitrarily large sizes. An
empty region A C Z¢ not only delays the spread of the infection locally, but also
causes a decrease in the density of particles in a neighborhood around A as time
goes on. A key part of the analysis in [7] is to control how often empty regions arise
and how big an impact (in space and time) they cause. An additional challenge
is that long-range dependences do arise. For example, if at some time the ball
B(x, r) of radius r centered at x € Z¢ is empty, then B(x, r/2) is likely to remain
empty for a time of order r2. Thus, the probability that the space—time region
B(x,r/2) x [0, r?] is empty of particles is at least exponential in r¢, which is only
a stretched exponential with respect to the volume of the space—time region. In [7],
the effect of empty regions was controlled via an intricate multi-scale argument.

The problem of spread of infection among Poisson random walks is just one
example where long-range dependences give rise to serious mathematical chal-
lenges, and where multi-scale arguments have been applied to great success. In
fact, multi-scale arguments have proved to be very useful in the analysis of several
models, including the solution of several important questions regarding Poisson
random walks [7-9, 13], activated random walks [12], random interlacements [11,
14], multi-particle diffusion limited aggregation [10] and more general dependent
percolation [3, 15].

However, the main problem in developing a multi-scale analysis is that the ar-
gument is quite involved and can become very technical. Also, in each of the ex-
amples above, the involved multi-scale argument had to be developed from scratch
and be tailored to the specific question being analyzed. Our main goal in this paper
is to develop a more robust and systematic framework that can be applied to solve
questions in the model of Poisson random walks without the need of carrying out
a whole multi-scale argument each time. We do this by showing that given a local
event which is translation invariant and whose probability of occurrence is large
enough, we can find a special percolating structure in space—time where this event
holds.

We now explain our idea in a high-level way, deferring precise statements and
definitions to Section 2. We tesselate space into cubes, indexed by i € 74, and
tessellate time into intervals indexed by t € Z. Thus (7, t) denotes the space—time
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cell of the tessellation consisting of the cube i and the time interval t. Given any
increasing, translation invariant event E (i, T) that is local (i.e., measurable with
respect to the particles that get within some fixed distance to the space—time cell
(i, 7)), if the marginal distribution P(E (i, 7)) is large enough, our main result gives
the existence of a two-sided Lipschitz surface of space—time cells where E (i, T)
holds for all cells in the surface.

Once we obtain such a Lipschitz surface, instead of having to carry out a whole
multi-scale analysis from scratch to analyze some question involving Poisson ran-
dom walks, one is left with the much easier task of just coming up with a suit-
able choice of E (i, 7). For example, for the case of spread of infection mentioned
above, a natural choice is to define E(i, T) as the event that an infected particle in
the cube i infects several other particles which then move to all cubes neighboring
i by the end of the time interval 7. Then the existence of the Lipschitz surface
and its Lipschitz property ensures that, once the infection enters the surface, it is
guaranteed to propagate through the surface.

We further illustrate the applicability of our Lipschitz surface technique in [5],
where we apply the Lipschitz surface to study the spread of infection in the random
conductance model.

2. Setting and precise statement of the results. Poisson random walks. We
consider the graph (Z4, E) with conductances {ttx,y}(x,y)eE> which are i.i.d. non-
negative weights on the edges of G. In this paper, edges will always be undirected,
SO fx,y = Wy x forall (x, y) € E. We also assume that the conductances are uni-
formly elliptic, that is,

there exists deterministic Cy; > 0, such that
(D
fx.y €[Ch' s Cur] forall (x, y) € E, P-ass.

We say x ~ y if (x,y) € E and define u, = nyvx My, y. At time 0, consider a

Poisson point process of particles on Z¢, with intensity measure A(x) = Agu, for
some constant Ag > 0 and all x € Z4¢. That is, for each x € Z4, the number of
particles at x at time O is an independent Poisson random variable of mean Agp,.
Then let the particles perform independent continuous-time simple random walks
on the weighted graph; that is, a particle at x € Z¢ jumps to a neighbor y ~ x
at rate “2 Tt follows from the thinning property of Poisson random variables
that the S};stem of particles is in stationarity; that is, at any time ¢, the particles are
distributed according to a Poisson point process with intensity measure A. We refer
to this system of particles as Poisson random walks on (G, ) with intensity Ag.
Tessellation. We now tesselate the graph G = (Z¢, E) into d-dimensional
cubes of side length £ > 0. We index the cubes of the tessellation by integer
vectors i € Z4 such that the cube i = (i1,1i2,...,iq) corresponds to the region
(]_[?:l [ij¢,@; +1DeHn 74 . Tessellate time into subintervals of length 8. We in-
dex the subintervals by t € Z, representing the time interval [78, (t + 1)8]. We
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refer to the pair (i, t), representing H?Zl[ijﬂ, (i; + D] x [tB,(t + 1)B], as a
space—time cell and define the region of a cell as R1(i, T) = ]_[‘}:1 [i;€, (i;+1)€] x
[z8, (t + 1DB].

We will need to consider larger space—time cells as well. Let n > 1 be an in-
teger. For each cube i = (i, ..., igy) and time interval t, define the super-cube i
as H?Zl[(ij — ¥, (i +n+ 1)¢] and the super-interval T as [tB, (t + n)B]. We
define the super-cell (i, T) as the Cartesian product of the super-cube i and the
super-interval 7.

Definitions for events. We define a particle system on Z¢ as a countable family
of not necessarily unique elements of Z?, indexed by some countable set I, repre-
senting the locations of the particles belonging to the particle system. Let (I;)s>0
be a sequence of particle systems on Z¢, with IT, representing the locations of the
particles at time s. We say a particle system I is distributed according to a Pois-
son random measure of intensity ¢, if for every A C 74, N (A) 1s a Poisson random
variable with intensity ¢{(A), where N (A) is the number of particles belonging to
[T, that lie in A. We say an event E is increasing for (Il)s>0 if the fact that E
holds for (IT,)s>0 implies that it holds for all (IT})y>¢ for which IT| 2 IT; for all
s > 0. We need the following definitions.

DEFINITION 2.1. We say an event E is restricted to a region X C Z¢ and a
time interval [fg, #1] if it is measurable with respect to the o -field generated by all
the particles that are inside X at time #y and their positions from time 7y to ¢;.

DEFINITION 2.2.  We say a particle has displacement inside X’ during a time
interval [fo, g + 1], if the location of the particle at all times during [#g, fg + #1] is
inside x + X', where x is the location of the particle at time 7.

For an increasing event E that is restricted to a region X and time interval [0, ¢],
we have the following definition.

DEFINITION 2.3. vg is called the probability associated to an increasing
event E that is restricted to X and a time interval [0, 7] if, for an intensity mea-
sure ¢ and a region X' € Z¢, vg(¢, X, X', t) is the probability that E happens
given that, at time 0, the particles in X are a particle system distributed according
to the Poisson random measure of intensity ¢ and their motions from O to ¢ are
independent continuous time random walks on the weighted graph (G, i), where
the particles are conditioned to have displacement inside X’ during [0, ¢].

For each (i, 7) € Z4t!, let E4(i, 7) be an increasing event restricted to the
super-cube i and the super-interval 7. We will assume that Eg(i, t) is invariant
under space—time translations. We say that a cell (i, t) is good if E(i, T) holds
and bad otherwise.
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FIG. 1. A two-sided Lipschitz surface for the case of 73 .

The base-height index. We will need a different way to index space—time cells,
which we refer to as the base-height index. In the base-height index, we pick one
of the d spatial dimensions and denote it as height, using index h € Z, while the
other d space—time dimensions form the base, which will be indexed by b € Z<.
Then, a base-height cell will be indexed by (b, h) € 74+ We will use the base-
height index in order to define the two-sided Lipschitz surface so that it, as the
name implies, satisfies the Lipschitz property. More precisely, we will define the
two-sided Lipschitz surface to be a collection of space—time cells such that when
considering the height of each cell as a mapping of its base, this mapping is Lips-
chitz continuous.

Analogously to space—time, we define the base-height super-cell (b, h) to be
the space—time super-cell (i, t), for which the base-height cell (b, i) corresponds
to the space—time cell (i, 7). Similarly, we define Ey, (b, k), the increasing event
restricted to the super-cell (b, h), to be the same as the event Eg(i, t) for the
space—time cell (i, t) that corresponds to the base-height cell (b, h).

Two-sided Lipschitz surface. Let a function F : Z¢ — 7 be called a Lipschitz
function if |F(x) — F(y)| <1 whenever ||x — y||{ = 1.

DEFINITION 2.4. A two-sided Lipschitz surface F is a set of base-height cells
(b, h) € Z+! such that for all b € Z¢ there are exactly two (possibly equal) inte-
ger values Fy(b) > 0 and F_(b) <0 for which (b, F1 (b)), (b, F_(b)) € F and,
moreover, F and F_ are Lipschitz functions.

An illustration of F for d = 2 is given in Figure 1. We say a space—time
cell (i, ) belongs to F if the corresponding base-height cell (b, i) belongs to
F. We say a two-sided Lipschitz surface F exists, if for all b € Z¢, we have
F,(b) < oo and F_(b) > —oo. For any positive integer D, we say a two-sided
Lipschitz surface surrounds a cell (b, h’) at distance D if any path (b',h') =
(bo, ho), (b1, h1), ..., (by, hy) for which ||(b;, hi) — (bi—1,hi—1)|l1 = 1 for all
ief{l,...,n}and | (b, h,) — (by, ho)||1 > D, intersects with F.
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Results. For any z € Z, let Q, = [—2z/2, z/2]¢. The following theorem estab-
lishes the existence of the Lipschitz surface.

THEOREM 2.1. Let (G, 1) be a uniformly elliptic conductance graph on the
lattice 7% for d > 2. There exist positive constants cg, ¢\ and c> such that the fol-
lowing holds. Tessellate G in space—time cells and super-cells as described above
for some £, B, n > 0 such that the ratio ,B/E2 < cg. Let Eg(i, T) be an increasing
event, restricted to the space—time super-cell (i, t). Fix € € (0, 1) and fix w such

that
[ np 8C1)
> [ —=1 — ).
w= crl? Og< £

Then there exists a positive number o that depends on €, n, w and the ratio B /0>
so that if

1
) min{cls%\oed,log< )} > o,
M 1= vE (1= &), Qyt1ye, Ques B)
a two-sided Lipschitz surface F where Ey (i, T) holds for all (i,t) € F almost
surely exists.

We now briefly explain the main conditions for the establishment of the above
theorem. We usually fix B/£2 to be an arbitrary, but small constant. The value
of n defines the super-cubes, which just model how much overlap we need be-
tween the cells of the tessellation (usually to allow information to propagate from
one cell to its neighbors). Once these two parameters are fixed, we need to sat-
isfy (2). First we need Cﬂ}lszkoﬁd > o. After fixing ¢, this can be satisfied either
by setting ¢ large enough (which makes the cells of the tessellation large), or by
assuming that the density of particles Ag is large enough. Then we still need to
make vg, ((1 — &)X, Q2p+1yes Que, B) = 1 — exp(—ap). Usually Eg is a local
event that becomes more and more likely by setting ¢ larger and larger; so hav-
ing ¢ large enough suffices to satisfy this condition as well. The value of ¢ > 0 is
introduced so that in vg, we can consider a Poisson point process of particles of
intensity measure (1 — ¢)A, slightly smaller than the actual intensity of particles.
This slack is needed to restrict our attention to the particles that “behave well.”
Then the lower bound on w is to guarantee that, as particles move in Q2;+1)¢
for time B, with high probability they do not leave QO (2,41)¢+we, allowing a better
control of dependences between neighboring cells of the tessellation. The proof of
Theorem 2.1 is given in Section 7. With some additional work, which we do in
Section 8, we can establish the following property of F.
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THEOREM 2.2. Assume the conditions of Theorem 2.1 are satisfied. There
exist positive constants ¢ and C such that, for any sufficiently large r > 0, we have

ls
d
—Chg———— d=2,
F does not surround - ; g exp{ 0 (log £s)° } Jor
the origin at distance r | — isd exp{—Chols) ford > 3.
s>r

The way Theorem 2.2 is proved also gives that the parts of the two-sided Lips-
chitz surface where the two sides F; and F_ intersect not only almost surely sep-
arate the origin from infinity within the “zero-height hyperplane” L = Z¢ x {0},
but they even percolate within IL. We say that the two-sided Lipschitz surface per-
colates within LL if the set I. \ F contains only finite connected components.

THEOREM 2.3. Assume the conditions of Theorem 2.1 are satisfied. If in ad-
dition we have that € is sufficiently large and P[ E«(0, 0)] is sufficiently large, then
the zero-height cluster F NIL of the two-sided Lipschitz surface F percolates within
L almost surely.

REMARK 2.1. In the definition of the base-height index, we fixed height to
correspond to one of the spatial dimensions. This is the natural setting for the
application of this Lipschitz surface technique to all problems we have in mind,
for example, the ones in [5]. However, in the definition of the surface we could
have let height correspond to the time dimension. Then Theorems 2.1, 2.2 and 2.3
hold for d > 3, but they no longer hold for d =2. See Remark 5.2 in Section 5 for
details.

The remainder of this paper is structured as follows. In Section 3, we give a
construction of the two-sided Lipschitz surface for site percolation. Section 4 in-
troduces multiple scales of the tessellation and Section 5 generalizes the paths
defined in the construction from Section 3 to this multi-scale framework. Sec-
tion 6 ties together the results from the previous sections, which is then applied in
Section 7 to prove Theorem 2.1. Section 8 extends the results to a larger class of
paths, which let us control areas where the two sides of the Lipschitz surface have
nonzero height, in order to prove Theorems 2.2 and 2.3.

3. Two-sided Lipschitz surface in percolation. In this section, we show how
to construct the Lipschitz surface F' given a realization of the events Evh (b, h),
(b, h) € Z4*!, from Section 2. For this, we regard (Epp (b, 1) (b.nyeza+1 as a site
percolation process on Z*! so that a site (b, h) € Z4*! is considered to be open
iff Epn(b, h) holds and closed otherwise. We assume that the Eyn (b, h) are trans-
lation invariant. The concept of Lipschitz percolation for independent Bernoulli
percolation was introduced and studied in [4, 6]. We modify their approach as we
need several additional properties from the surface, such as the surface being two
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sided (i.e., composed of two sheets), the surface being close enough to the zero-
height hyperplane . = Z¢ x {0}, and the two sides of the surface intersecting in
several points in L.

The construction of F is based on the definition of a special type of paths, which
we call d-paths. The definition of d-paths is based on a few rules. The first is that
d-paths only start from closed sites at height O (i.e., closed sites of ). For x € Z,
define the set Sign(x) as {+1}if x > 0, {—1}ifx <0,and {—1,+1}if x =0. A d-
path from a closed site u € LL to a not necessarily closed site v € Z¢*! is any finite
sequence of distinct sites u = (bg, 0), (b1, h1), ..., (br, hg) = v of 741 such that
foreachi =1,2, ...,k we have that either (3) or (4) below hold:

3) bi=b;_1, h; —h;_1 €Sign(h;_1) and (b;, h;) is a closed site,
or
“4) Ib; —bi—1ll1 =1, hi—1 —h; €Sign(h;—1) and h;_1 #0.

We say the ith move of a d-path is vertical if it is like (3), otherwise we say the
ith move is diagonal. Note that in a vertical move, the path moves away from L,
while in a diagonal move it moves towards IL. Moreover, unlike a vertical move,
a diagonal move is not required to go into a closed site and cannot be performed
from a site of L.

In order to avoid issues of parity, we define for (b, h) € Z4*! the set of all sites
that have the same base as (b, ), but are further away from L,

/

—_— h
(b, h) = {(b,h’) ezt et

For u € L and v € Z9*!, we denote by u —4 v the event that there is a d-path
from u to at least one site of 0. We say v is reachable from u when this event
holds.?

We now define several sets of sites and some corresponding values, which will
let us construct the desired two-sided Lipschitz surface.

DEFINITION 3.1. The hill around u € LL is the set of all sites that are reachable
from u,
H,:={vez™™ uyv).
The mountain around v € 1L is the union of all hills that contain v,

M,= |J H.

uweH,

21t would be natural to allow [lb; —bi—1]l1 <1 in (4). However, similar to [6], this is equivalent to
the case when ||b; — b;_1||; = 1 if a d-path can be extended by vertical steps fowards L.
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(a) Site percolation with the closed site (b) The hill H, of all sites that can be reached
u € L marked in red. from wu overlaid in gray.

(c¢) The mountain M, of all hills that contain (d) A possible realization of the Lipschitz surface
u overlaid in gray. F in red (cf. Definition 3.3).

FI1G. 2.  Examples of H, and My, of a chosen site u for site percolation on 72 Open sites are white

and closed sites are black.

Note that the sets H, and M, can be empty; in particular, H, = @ if u is an
open site. We define the positive and negative depths of a set S C Z4+! at site
u=(b,h)eZ" as

IY(S) =suplk: (b,h +k) €S}
and
1, (S)=suplk:(b,h —k) € S}.
Define also the radius of a set S C Z*! around u as
rad, (S) = sup{|lv — ull; : v € §}.

We are now ready to define our two-sided Lipschitz surface F; see Figure 2 for an
illustration of H,, M, and F, and Figure 1 for an example of F in three dimen-
sions.
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DEFINITION 3.2. For u € L define

L+15 M) if My, # 2,
Fi(u)= .
0 if M, =9
and
T e A UA N
0 if M, =09.

DEFINITION 3.3. The two-sided Lipschitz surface F is defined as the set of
sites

UJ (b, F-(®)) U (b, F1(b)).

bezd

Note that the Lipschitz surface “envelops” the union of mountains (J, 1, M,,.
By definition, if lujE (M,) is infinite for some u, then it is infinite for all u (because
of the diagonal moves of d-paths). Thus it is sufficient to show that ZSE (My) is
finite almost surely in order to guarantee the existence of F. The theorem below
establishes that F is finite almost surely; its proof follows along the lines of [6],
Theorem 1.

THEOREM 3.1. Foranyd > 1,if (Epn (b, h))(b’h)ezd—kl is translation invariant
and

) ZrdP[rado(Ho) >r] < oo,

r>1

then there exist almost surely a two sided Lipschitz surface F as in Definition 3.3.
Moreover, the functions F4 and F_ from Definition 3.2 satisfy:

1. For each u = (b, 0) € L, the sites (b, Fy(u)) and (b, F_(u)) are open.
2. For any u,u’ € L with |lu — u'||; = 1, we have |Fy(u) — F+(u')| < 1 and
|F_(u) — F_(u)| < 1.

PROOF. We start by showing item 1. First, suppose that My # &, and assume
the opposite, that is, that the site (b, Fy (1)) is closed. By the definition of the
function [}, the site (b, [;F (M,,)) belongs to M,,. Then, since F4(u) =1+1(M,)
and M,, # @, we can extend the d-path reaching the site (b, l,;L (M,,)) with a vertical
move into the closed site (b, F(u)). This gives that (b, F+(u)) € M,, which is
in contradiction with the construction of F,. When M, = &, we have H, = &
and the site (b, F+(u)) = (b, 0) is open by definition. The proof for (b, F_(u)) is
similar.

Next, we establish item 2. Let u, u’ € . with |[u — u’||; = 1. To show that
|Fi(u) — F+(u')| <1, it is enough to show that F,(u") — F1(u) > —1 since
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the roles of u and u’ are symmetric. Assume the converse, that is, that F (u) >
Fi(u') + 2. Write u = (b,0) and u’ = (b’,0). We have by Definition 3.2 that
(b, Fr(u) — 1) € M,,, so the site (b, Fy(u) — 1) can be reached by some d-
path from L. Extending this path by a diagonal move, we have that the site
(', Fy(u) — 2) € My. Since (b, Fi(u) — 2) € (b, F1(u')) by our assumption,
we obtain that (b’, Fy (u’)) € M, contradicting the construction of F. The proof
for F_ is similar.

Finally, we prove the almost sure existence of F, that is, that laL (Mp) is almost
surely finite. Because of the diagonal moves we have that lo(Mp) < radg(Mp), so
we only need to show that radg(My) < co. By translation invariance, we have

]P)[I‘ado(Mo) = ’"] = ZP[O € Hy,rady(Hy) > 1 — ”U”l]
vell

= > P[v € Hy,rady(Ho) = r — [[v]1].
velL

The last sum can be split into two sums depending on whether or not [|v]; <
r/2. In the first case, the sum is no larger than cr Plrady(Hp) > r/2] for some con-
stant ¢, and by (5) this term goes to 0 as r increases. Since {v € Hy}  {rado(Hp) >
llv]l1}, we can bound the sum for which ||v|{ > r/2 by

> PlveHo< Y Cs?Plrady(Ho) > ],
vell s>r/2
lvlli=r/2
where C > 0 is a constant that depends only on d. By (5), this term also goes to 0
as r increases, which concludes the proof. [

4. Multi-scale setup. In light of Theorem 3.1, the key in establishing the ex-
istence of the Lipschitz surface is to control the radius of Hyp. To do this, we look at
all paths starting from 0 and the probability that they are a d-path. The challenge is
that the event that a given cell (b, &) is bad is not independent of other space—time
cells. To solve this problem, we resort to a multi-scale approach. After defining
the multi-scale tessellation, we will also state a result regarding local mixing of
particles, which we will use to link cells from one scale to the next.

4.1. Tessellation. We start by tessellating space at multiple scales. Let m >
0 be a sufficiently large integrand let ¢ € (0, 1). For each scale k > 1, we will
tessellate the graph G = (Z¢, E) into cubes of length £; such that

¢, =0 and € =mk®C_; =m* kD%,

where a is a large integer we will set later. Set also £y = £/m.
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We index the cubes by integer vectors i € Z¢ and denote them by S (i). Then,
fori = (iy,i2,...,1iq) we have

d
Si(@) = [ [lij Gj+ De].

j=1

This makes Sk (i) the union of (mk®)? cubes of scale k — 1. Next, we introduce
the following hierarchy. For k, j > 0 and i € Z¢, we define

) =i i Se(i) S Skas (i).

We say (k + 1,i') is the parent of (k,i) if T )(z) =i’ and in this case also say
(k,i) is a child of (k + 1,i"). We define the set of descendants of (k,i) as (k, i)
and the union of all the descendants of the children of (k, i) or as only (k, i) in the
case (k, i) has no children.

Let w be a “sufficiently large,” but otherwise arbitrary positive value; We will
later require w to satisfy the inequality from Theorem 2.1. For now, we can think
of w as a large constant. We introduce a new variable n that satisfies

4 m 1w
(6) n_7n and n>2—|—2)7
where we impose the requirement on m to be large enough to yield » > 1 and to
satisfy the inequality in (6). We also assume m is specified in such a way that n is
an integer. Recall that 7 is the parameter introduced in the definition of super-cells
in the tessellation of Section 2, and that > 1 is an integer.

We define some larger cubes based on Sk (i). For k > 0 define the base and the
area of influence of Si (i) as, respectively,

Spase () = U Sk(i') and  SIf(i) = U Sk (i").
i":li =i || co <npmn(k+1)¢ i:|li—1'|| oo <2nmn(k+1)¢
For k > 1, we also define the extended cube
SZXt(l) — U Sba%e( )
itV (=i

See Figure 3 for an illustration of how these sets relate to one another. Observe
that S¥'(i) is the union of the bases of the children of (k, i), which are the (k — 1)-
cubes contained in Sy (i). We can see that Sy (i) C S ase(l) C Smf(l) and

(1 ace /. PO
©) st o)= U S o s,
i :nlgh(i/):n,gl)(i)
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S, (m" (1))

inf (2
Sl (1) sext(n(l) (i)
s (4) ) S =

HER] D
) I

S; (1) S; (i)

FI1G. 3. [llustration of the tessellation of RY. Different scales are represented by the thickness of

the lines; for example, Sz(rrl(l)(i)) is the square with thick borders that contains Sy (i), which is the
black square. Note that S1(i) is at the same position in both the left and the right pictures above,

illustrating that S}’ase(i) - SSXt(nl(l)(i)) as given in (7).

REMARK 4.1. An important property derived from these definitions is that an
extended cube of scale 1 has side length £ 4+ 2nmnlg = (1 4+ 2nn)£. Therefore,
for any i € Z¢, the extended cube S{*'(i) contains the super-cube i defined in the
tessellation of Section 2. By the inequality in (6), we also have that the extended
cube Sle’“(i) has enough “slack” that this remains true even if we extend the super-
cube i by an additional factor of 1 4+ w in all directions.

Now we define the multi-scale tessellation of time. Let

g1=¢ and 8k=8k_1—% for all k > 2.
Define also g9 = 2¢ for consistency. Let
2, e
3) Bk = Cmixm = Cmixw forall k > 1,

where Cpix > 2% 9¢p, and ¢y, © are constants that will be given existence by
Theorem 4.1 below. To simplify the notation, we assume that % is an integer; oth-

2
erwise, we could work with |'(17)'| instead. For k =1, we set 8 = 1 = Cmix%-

Given /Ez and e, m can be set sufficiently large so that Cpyix > 24/ ©¢p. Observe
that
Biri  Lk+D¥®

9) b = o g =m* >3O+ D¥O  forallk > 1.
k k—1
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(1)~ ¥ (1) B,
scale 3 ' Y(ll)(‘t-l)\ 7 (1)
scale 2 K
scale 1

hik:
(t-1)B j Q‘C
-1 B
FI1G. 4. Time scale. The horizontal axis represents time and the vertical axis represents the scale.
Note that yl(l)(t) = yl(l)(r +1)= yl(l)(r +2).

Now, for scale k > 1, we tessellate time into intervals of length ;. We index the
time intervals by T € Z and denote them by 7} (t), where

Ti(t) = [tBr, (r + DBx).

We allow time to be negative and note that Bi1/ Bk is always an integer by (9) if a
is chosen larger than 4/®, which gives that a time interval of scale & is contained
in a time interval of scale k + 1. We therefore assume from now on that a is an
integer and sufficiently large for

(10) 2a —8/0 > 1

to hold.

Let (k, ) refer to the time interval T;(t). We also introduce a hierarchy over
time, but which is different than the one defined for the cubes. For all k and 7, let
yk(o) (r) =7, and for j > 1, define

i . j—1
v =1 ity VOB € Ty (r +1).

For the time tessellation, if t/ = yk(l)(r), then the interval at scale k + 1 that
contains Ty (1) is Tr+1(t" + 1); see Figure 4 for an example. For any j' < j, we

have yk(j) = yk(i;,j,)(yk(j/)). Thus, for 7,7’ € Z and k > 1 we say that (k + 1, ') is

the parent of (k, t), if yk(l)(t) = t’; in this case we also say that (k, t) is a child of
(k + 1, ©"). We also define the set of descendants of (k, T) as (k, T) and the union
of the descendants of the children of (k, ) or only (k, 7) in the case (k, T) has no
children.

Now, forany i € 74,k > 1, T € Z, we define the space—time parallelogram

Ry (i, 7) = S (i) x Tk (1),

and note that these parallelograms are a tessellation of space and time. For k = 1,
this is the same R; defined in the tessellation of Section 2.

We extend 7 and y to a hierarchy of space and time. Then, letting (k, i, t) refer
to the space—time cell Sk (i) x Ti(t), we define the descendants of (k,i, T) as the
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cells (K, i’, t/) so that (k’, i) is a descendant of (k, i) and (k’, T’) is a descendant of
(k, 7). We also say (k, i, T) is an ancestor of (k',i’, t") if (k/,i’, t’) is a descendant
of (k,i, 7).

4.2. A fractal percolation process. We now define the percolation process we
will analyze. For the remainder of the paper, let E(i, ) := 1) be the indicator
random variable of the increasing event E (i, 7). For k > 1, define S (i) to be k-
dense at some time ¢ if all (f" Y4 = (mk“)? cubes Si_ 1(1’) C Sk (i) contain at
least (1 — gx)Ag Zyeskil(,/) [y partlcles at time ¢. For a cell (k, i, 1), let Dy (i, 7)
be the indicator random variable such that

Dr(i,t)=1 iff Si(i)is k-dense at time tf.

We also define a more restrictive indicator random variable:

DX'(i, ) = 1 iff, at time tf, all cubes Sx_1(i") of scale k — 1
contained in S*'(i) have at least (1 — &x)Ao Y yesi_ (i) My particles
whose displacement throughout [t 8k, (T + 2)Bc] is in Qpmnkae,_, -

Recall the definition of the displacement of a particle from Definition 2.2. Then
DX(i, ) < Dy (i, 7) for all cells (k, i, 7).

REMARK 4.2.  An important property of this definition is that, when D{* (i,
)= 1,if (k —1,i’,7’) is a child of (k, i, T), then we know that there are enough
particles in Sbase(l ) at time TS and these particles never leave the cube mfl(l )
during the interval [tBk, t/Bx—1]. This will let us apply Theorem 4.1 to show that
if DX(i, ) =1, then D™, (i’, t') is likely to be 1.

Define

D,Ease(i, 7) = 1 iff, at time y, )(t),Bk+1, all cubes Si(i") of scale
k inside S,E’ase(z) contain at least (1 — ex+1)A0 X yes, (i) Hy Par-
ticles whose displacement throughout [yk(l) () Bk+1, TPr] 1s in
Qnmn(k—f—l)"ék-

Note that if D,‘c’ﬁl(nkl)(z) yk(l)(t)) =1 then D,E’age(t 7) = 1. This gives that
(11) DY, t) > D (2 (0), vV (r))  forall (k,i, 7).
We next fix a scale k as being the largest scale we will consider, and define
Aci, 1) =DM, 7).
For k satisfying 2 <k <« — 1, we set

Ap(i, T) = max{ D (i, T), 1 — DP™°(i, 7))
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For scale 1, we set
A1(i, t) =max{E(i, 1), | — DY@, 1))}

Finally, define

K
(12) A1) =[] A= @), P ().
k=1

Intuitively, a cell (k,i, ) will be “well behaved” if Ax(i, 7) = 1. More pre-
cisely, it follows from (11) that if Az+1(i’,7") =1 and (k, i, 7) is a descendent
of (k+ 1,i’,7'), then Ax(i, ) =0 if and only if D{*'(i, ) =0 [or E(i,7) =0
if kK = 1]. On the other hand, Az41(i’, ") = 0 implies that D,f’j:l(i/, /) =0 and
by (11) we have that D,E’ase(i, 7) > 0, so that Ai(i, T) = 1 if either D,Ease(i, 7)=0
or Dz’“(i, t) =1 [or E(i,t) =1 if kK = 1]. Therefore, A;(i, T) can be seen as the
indicator of the event that the particles are “well behaved” in the cell (k,i, T),
given that they were well behaved in the ancestor cell of (k, i, 7). Finally, when-
ever Ai (i, T) = 0, it follows from (12) that all descendants (1,i’, /) of (k, i, T) at
scale 1 have A(i’, ') =0.

4.3. D-paths and bad clusters. Consider two distinct cells (i, 7), (i’, t’) of
scale 1. We say that (i, 7) is adjacent to (i’, t/) if li —i'|lcc <1 and |t — /| < 1.
Also, we say that (i, 7) is diagonally connected to (i’, ') if there exists a sequence
of cells (i, T) = (bg, hg), (b1, h1), ..., (by, hy) = (f, 7), where the indices (b}, h ;)

refer to the base-height index, such that all the following hold:

o forall je({l,....n}, |bj —bj_1l1=1and hj_; —h; € Sign(h;_1),
e hihj>0foralli,je{0,...,n),
e (i,7)isadjacent to (i’, ") or (i, ?) = (i’, T').

The definition of diagonally connected is in line with the definition of d-paths
from Section 3, where paths can move diagonally towards I regardless of the
status (open or closed) of the cells. We then define a D-path as a sequence of scale
1 cells where each cell is either adjacent or diagonally connected to the next cell
in the sequence.

Recall also that a cell (i, t) of scale 1 is denoted bad if E (i, T) does not hold.
Given a cell (i, t) of scale 1, we define the bad cluster K (i, T) as the set of cells
(i’, /) of scale 1 that are bad and to which there exists a D-path from (i, t) where
all cells in the D-path are bad. We say that a cell (i, t) of scale 1 has a bad ancestry
if A(i, r) =0 and in this case we define the cluster of bad ancestries as

K'G,t)={(i',7) € Z?*": A(i’,7') = 0 and 3 a D-path from
(i,7) to (i’, ) where each cell

of the path has a bad ancestry}.
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LEMMA 4.1. For each cell (i, T) of scale 1, we have that E(i,t) > A(i, 7).
This implies that K (i, t) € K'(i, 7).

PROOF. Fix (i, 1) € Z4*!. Then, for k = 1, define X = E(i, t) and, for k >
2, define X = DP (Vi) 7P (0). Let i = DV i), P (1)),
Therefore, by the definition of A in (12), we have

K—1
A, 7)) = (]‘[ max{Xy, 1 — Yk}>XK.

k=1
We now have Yy > Xy for all k. Therefore, for any k < x — 1, we have
max{Xg, | — ¥} Xp41 < max{Xg, | — Xg41} Xp+1 = Xp Xpet1-

Applying this repeatedly, we have

K—2 K
A, 1) < <H max{Xy, 1 — Yk}>XK_1XK <[[Xx=<Xi1=EG. 0.

4.4. Local mixing. Let G = (Z,E) be the d-dimensional square lattice
equipped with conductances (jix,y)(x,y)eE satisfying (1). The next theorem shows
that if particles are dense enough inside a large cube Qx = [—K /2, K /2]¢, then
after particles move for some time, their distribution inside Qk (but away from
Qx’s boundary) dominates an independent Poisson point process.

THEOREM 4.1 ([5], Theorem 4.1).  Let jux y satisfy (1) for some constant Cy
and ¢ > 0 be an arbitrary constant. There exist positive constants cg, c1, C and ®
such that the following holds. Fix K > £ > 0 and ¢ € (0, 1). Consider the cube Qg
tessellated into subcubes (T;); of side length €. Suppose that at time O there is a col-
lection of particles in Q k with each subcube T; containing at least 3 e, Bty > ¢
particles for some B > 0 and that £ is sufficiently large for this to be possible. Let
A > col?e™4® Fix K’ > 0 such that K — K’ > c1/Alog A. For each j, denote
by Y; the location of the jth particle of the collection at time A, conditioned on
having displacement in Q g _ g+ during [0, A). Then there exists a coupling Q of an
independent Poisson point process {r with intensity measure {(y) = (1 — &)y,
y € Qg and (Y})j such that v is a subset of (Y;); with probability at least

1- Z exp{—CBu,e*A%?).
YEQK!

4.5. High-level overview. Here, we explain the intuition behind the definitions
from Sections 4.1 to 4.4 and give a high-level overview of how Theorem 4.1 is
applied.

The main idea is an adaptation of fractal percolation, so we begin by presenting
this more intuitive idea first. Take the d-dimensional unit cube and partition it into
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LT

T

(a) (b) (c)

F1G. 5. Illustration of a fractal percolation process with r =3 and its 1-cubes (a), 2-cubes (b) and
3-cubes (¢). Black squares represent closed cubes and white squares represent open cubes.

r¢ subcubes of side length }, where r € Z. We refer to the cubes of this first tes-
sellation as 1-cubes, and let each of them independently be open with probability
p € (0,1) and closed otherwise We now repeat this tessellating process for each
open 1-cube, splitting it into r¢ subcubes of side length 1 which we call 2-cubes.
We again independently declare each of the 2-cubes open with probability p. The
1-cubes that are closed are not partitioned again, and the entire region spanned by
these cubes is considered to be closed (see Figure 5). We repeat this procedure
until we obtain z-cubes of side length ri

We now present the intuition behind our definitions and the connection with
fractal percolation. Begin at scale k. We tessellate space and time into very large
cells. These are the cells indexed by the tuples (k, i, ) and each cell represents a
cube in space and a time interval. Then, for each cell (i, t) at scale «, we check
whether the cell contains sufficiently many particles at the beginning of its time in-
terval, that is, we check whether A, (i, 7) = D*'(i, 7) = 1.If A, (i, 7) = 1, wedo a
finer tessellation of the cell in both space and time. In terms of fractal percolation,
this corresponds to the event that a large cube is open and then is subdivided into
smaller cubes. On the other hand, if A, (i, T) = 0, we skip that cell and tessellate it
no further, similar to what happens to cubes that are closed in a fractal percolation
process. We iterate this procedure until we obtain cells of volume 8¢9 (i.e., cells of
scale 1). The main reason for employing this idea instead of analyzing the events
Dy (i, T) directly is that the Dy (i, T) are highly dependent.

In the analysis, we start with the variables Ay (i, t) of the scale k = «, where
the cells are so large that we can easily obtain A, = 1 for all (i, ). Then we move
from scale k + 1 to k. Let (i, ) be a cell of scale «. In order to analyze Ak (i, 1),

we need to observe Ay (i, ') such that ﬂkl)(l) i’ and Vi )(r) =17/, that is,
(k +1,i’,7’) is the parent of (k, i, T) with respect to the hierarchies 7 and y. If
Apy1(, t’) =0, then we do not need to observe Ay (i, T) since we will not do
the finer tessellation of Ry, 1(i’, t/) that produces the cell (k,i, 7). In this case,
we will consider all descendants at scale 1 of the cell (k4 1,i’, t/) as “bad,” and
hence we will not need to observe any other descendant of (k + 1,i’, 7) such as
(k,i, 7). On the other hand, if Ax41(i’, ") = 1, we know that there is a sufficiently



394 P. GRACAR AND A. STAUFFER

large density of particles in the region S,Ease (i) C S,i’j:l (i’) that surrounds Si (i) at
time t’Br+1. Then, by allowing these particles to move from /B4 to 8k, we
obtain by Theorem 4.1 that many of these particles move inside Si (i), giving that
the probability that A (i, t) = 0, which corresponds to the event D,E’ase (i,7)=1
and D*(i, v) =0, is small. We then apply this reasoning for all (k, i, 7). The key
fact is that a dense cell at scale k makes the children of this cell likely to be dense
as well.

We now give the intuition behind the different types of cubes. Let (k, i, T) be
a space—time cell of scale k and assume (k + 1,i’, 7’) is the parent of (k,i, ).
We consider the extended cube S,fﬁl (") instead of just Si41(i’, t’) to assure that,
when DZ’j:l(i/ ,7') = 1, then there is a large density of particles around Sk (i)

at time t/Br41 even if Si(i) lies near the boundary of Si41(i’); this happens

since {D,‘:'jfl(i ', ') = 1} guarantees that there are sufficiently many particles in

S,E’ase(i) C S,‘:"_‘:l (i"). We then let the particles move for time T8 — 7/Br+1 > Br+1,
thereby allowing them to mix in S,E’ase(i ) and move inside S (i). While these par-
ticles move in the interval [t/Br11, TBk), they never leave the area of influence
S,ic“f(i). This allows us to argue that cells that are sufficiently far apart in space are
“roughly independent” since we only observe particles that stay inside the are of
influence of their cells.

Now we give a brief sketch of the proof. We want to give an upper bound for the
probability that K (0, 0) is not contained in the region [—?, 119 x [0, t]. When that
is the case, then there exists a very large D-path of bad cells of scale 1. A natural
strategy is to consider a fixed D-path from the cell (0, 0) to a cell outside of the
region [—f, t]d x [0, ¢] and show that the probability that all cells in this are bad is
exponentially small, and then take the union bound over all such paths. However,
this strategy seems challenging due to the dependencies among the events that the
cells of a given path are bad and the fact that there is a large number of ways for
two sequential cells of a D-path to be diagonally connected. We use two ideas to
solve this problem: paths of cells of varying scales and well separated cells.

We start with cells of scale «, which are so large that we can show that, with
very large probability, A, (i, T) = 1 for the cells (i, T) of scale « that are relevant
for the existence of a D-path within [—¢, 119 x [0, t]. Therefore, if a cell (i,7)
of scale 1 has A;(i, 7) = 0, we know that there exists an ancestor (k’,i’, /) of
(1,i,7) such that (k’,i’,7’) is bad but its parents is good (i.e., A (i’, ") = 0).
With this, we have that if a D-path of bad cells of scale 1 exists, then there is a
D-path of bad cells of varying scales. This D-path must contain sufficiently many
cells because it must connect the cell (0, 0) to a cell outside of [—17, £]¢ x [0, 7]. We
take any fixed D-path of cells of varying scale and show that, given that this path
contains sufficiently many cells, we can obtain a subset of the cells of the path so
that these cells are “well separated” in space and time. We then use the fact that
the A (i, 7) are “roughly independent” for well separated cells which implies that
the probability that all cells in this subset are bad is very small. Then, by applying
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the union bound with a careful counting argument over all sets of well separated
cells that can be obtained from a D-path of cells of varying scales, we establish
Theorem 2.1. In order to better define and count paths involving cells of multiple
scales, we will introduce the notions of the support of a cell and the extended
support of a cell.

4.6. The support of a cell. We define the time of influence Tkinf(r) of (k, t) as

Ti"(2) = [y (©) 2. (v + max{n, 2})81] and
() = [y (O Brsr. (T +2B]  fork>2,
and set the region of influence as
mf(l 7) = mf(z) % T mf(r)

We assume m is sufficiently large with respect to n so that max{n,2}8 < B> =
m?28/© B, which gives that

13) @) ST (P @)U T (P @) + D U T (v (1) 4 2).

We define the time support as

8
1) = Ten () (1) =3 +1)
i=0

and the spatial support as
SePa) = U Se+1(i"),
i"2li =" () oo <m
and, for any cell (k, i, T), we define
R, 1) =S P(>i) x T, "* (7).
LEMMA 4.2. For any sufficiently large m the following is true. For any

cells (k,i, ), (K',i', "), with k > k', if R (', t') ¢ R (i, 7) then RM(G', 7') N
RMG, 1) =02

PROOF. Note that, if RIM(i’, v') € R;F (i, 7), then either T (z') & T;"P(7)
or S,i;}f(i ¢ SZUP(i ). We start with the case that Tki,“f(r/ )¢ Tks “P (1) and show that
this implies

()N T (1) = @

which gives that R,i(')f(i )N R"‘f(z =0



396 P. GRACAR AND A. STAUFFER

Note that the interval Tki?f(r/ ) has length at most 381 by (13). Then, since
T () £ TP (),
14 1) N [ @ = 3)Birt + 341, (1 (@) +6) B = 3u ] = @
Using that By < Bk, we get
[ (@) = 3)Best + 3Bt (1 (T) +6) Bt — 3Bu1]

2 [ (B, (7 (1) +3) B

= Ter1 (" @) U Tin (0 (@) + 1) U Tt (v (1) + 2)

> 7™(v),

where the last step follows from (13). This, together with (14), implies that
Tinf(.r/) ) Tkinf(.[) —

For the spatial component consider the case Smf(z’ ) Q SZuP(i ), for which we
want to show that

Sll’lf( ) S]lcnf(l) =g

Let x1, x2, ..., x4 be defined so that S, (i) = ]_[?Zl[xj,xj + £¢]. Then we can write
d
(15) Sinf (i) = ]‘[ [x; — 2nmn(k + D)%%, xj + L + 2nmn(k 4+ 1)74;].

Next, let y1, y2, ..., ya be defined so that S;" (i) =19_,[y;. yj + @m + Dlx1].
Since Smf(z/) is a cube of side length (1 + 4nmn(k’ + 1)*) ¢ < (1 + 4nmn(k +
1)4)¢; and S,i;,‘f(i ") is not contained in S,iup (i), we have that

U

mf l_[ 1 +4nmn(k + l)a)gkv Yj

(16)
+ @m+ Dyt — (L+4npmn(k + D] =2

Now we use the fact that m€yy1 < x; — y; < (m + 1)lry1 — £ for all j =
1,2,...,d. This and (15) give
. d
S8 € [ Lys + meesr — 2nmn(k + 1), y;
j=1

(17)
+ (m + D lg1 + 2nmn(k + 1) ].

Now, using the relation between m and n in (6), we have that

(18)  mlyy =m>(k + 1)l = Tymn® (k + 1) = (1 4 6nmn(k + 1)),
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R™(i,7)

FIG. 6. The scaling of R,S(up (i, T) relative to R]icnf(i, T) is such that Lemma 4.2 holds for all k and
k' <k when m is large enough. The figure shows the case when k = k'; when k' < k the proof of the
lemma becomes easier.

Using this result in (16), we get that S,i{‘,‘f(i ") does not intersect

d
19 ]lyj+ (1 +4nmnk + D)k, yj 4+ (m + Dlpr + 2nmnk + 1)%4x].
j=1

Similarly, plugging (18) into (17) we see that S,icnf(i ) is contained in the space—time
region given by (19). These two facts establish the lemma. [

The intuition behind Lemma 4.2 can be seen in Figure 6. Another important
property concerns the fact that the support of a cell contains all its descendants.

LEMMA 4.3.  Assume m > 3. Forany cell (k,i,7),if (k',i’, t’) is a descendant
of (k,i,T) then

R (i',7') SR, 7).
Moreover, R,iuP(i , T) contains all the neighbors of (k',i’, t').
PROOF. Fix i”,t” such that (k’,i”, t”) is adjacent to (k’,i’, t) and assume

that the ancestor of (k’,i”, ") of scale k is not (k, i, T); otherwise, the second part
of the lemma follows from the first part. We prove this lemma first for space and
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then for time. For space, since (k’,i’, ) is a descendant of (k, i, ) we have that
Sp (') C Sk(i) C S; (). Also, (k',i") is adjacent to (k',i’) which implies that the
ancestor of (k’,i”) of scale k is adjacent to (k, ). Since Szup (i) contains all cells
of scale k that are adjacent to (k, i), it also contains Sy (i").

We now prove the lemma for the time dimension. The first part corresponds to
showing that Ty (") € T;"* (7). Recall that Ty (t') = [t/'Br, (z' + 1)Br’], which
is contained in [t B, (t/ + 1) By] since (k',i’, 7/) is a descendant of (k, i, 7). Now
note that

k
Be=v @) B = v T TV e — 2B =B -2 Y B

i=k'+1
Then, since k¥’ > 1, we can use the bound
k kg2 1i8/(—) k )
i— —4/0 2 (:4/0
Z/Bi=CmixZW=Cmix8 / Zﬁi—l(l / )
i=2 i=2 i=2

< Canixs™ Y02 )2 07, =28,
where the last inequality can be proven by induction on k. Then we have that
(20) A = T B — 4Px.
Since k > k' > 1, we have k > 1 and

Br+1

Wi+ B <SP =5 5mase (e 1y

5 = Br+1-

This combined with (20) gives

Ti(t') S [tBr. The + 4Bk + Bi] S TPk, The + Bra1] S Tp (7).

This proves the first part of the lemma. To prove the second part, we use the fact
that (k’, t”’) is adjacent to (k’, ") and the result above, which gives

T (t") S [tBr — B, Thk + Brs1 + Bl S Ty P (7). O

5. Multi-scale analysis of D-paths. In order to prove our theorems, we need
to control the existence of D-paths of scale 1 whose cells have a bad ancestry (cf.
Lemma 4.1). We will do this via a multi-scale analysis of such paths. In Section 4,
we defined the multi-scale tessellation we need. Here, we will use this framework
to consider a multi-scale version of D-paths.

We start by defining the extended support of a cell. Given a cell (k, i, T), define

26
25 1 .
T3P () = | Tir (" (2) — 12+ 1)
i=0
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and
Se () = U Sier1 (1),

i =Y () oo <3me+1
h bef 2sup . _ Q2sup,. 2sup
Then, as before, we set R, (i, 1) =S, (i) x T, (7).

REMARK 5.1. The extended support is defined in a way so that if the supports
of two cells intersect, the smaller of the supports is completely contained in the
extended support of the bigger of the cells.

We now extend the definition of a bad cell to multiple scales. We say that a cell
(k,i, 1) is multi-scale bad if A;(i, ) = 0. Note that for k = 1, this definition is
stricter than that of a bad cell, that is, since E(i,t) < A(i, ) it follows that if
a cell of scale 1 is multi-scale bad, it is also bad but not the other way around.
Intuitively, a super-cell of scale 1 is bad whenever the increasing event E (i, T)
does not hold whereas it is multi-scale bad when the increasing event does not
hold and D (i, 7) = 1.

Recall that two cells (k, i, T) and (k,i’, t) of the same scale are said to be ad-
jacent if ||i —i'||coc <1 and |7t — 7’| < 1. Let (ky, i1, 71), (kp, i2, T2) be two cells
with k1 > kp. We say (ki1, i1, 1) and (ko, iz, T2) are adjacent if (k1, i1, T1) is ad-

jacent to (kl,rr,ff‘_k”(iz), yk(f‘_k”(rz)). We say (k, i, T) is diagonally connected

to (K',i’,7") if there exists a cell (1,1, 7) that is a descendant of (k, i, 7) and a
cell (1,i”,7”) that is a descendant of (k’,i’, t’), such that (1,{, 7) is diagonally
connected to (1,i”, t").

We extend the definition of D-paths to cells of arbitrary scale by referring to a
D-path as a sequence of distinct cells for which any two consecutive cells in the
sequence are either adjacent or the first of the two cells is diagonally connected to
the second. For any two cells (k1, i1, t1) and (k2, iz, 72), we say that they are well
separated if Ry, (i1, 1) € Ry, (i2, 72) and Ry, (i2, 12) € Ry P (i1, 71). In order to
ensure the cells we will look at are well separated but still not too far apart, we say
that any two cells (k1, i1, 1) and (k», i, T2) are support adjacent if Rifup (i, )N

R,f;up(iz, 7)) # &. We say a cell (k, i1, 1) is support connected with diagonals
to (kp, ip, T2) if there exists a scale 1 cell contained in R,%f’uP(i 1,71) and a scale 1

cell contained in Rlzsup (i2, T2), such that the former is diagonally connected to the
latter.

Finally, define a sequence of cells P = ((ky, i1, 11), (k2,i2, 12), ..., (k;, iz, 7))
to be a support connected D-path if the cells in P are mutually well separated and,
foreach j =1,2,...,z—1, (kj,ij, tj) is support adjacent or support connected
with diagonals to (kj 11,41, Tj+1).

For any ¢, define €2; to be the set of all D-paths of cells of scale 1 so that the first
cell of the path is (0, 0) and the last cell of the path is the only cell not contained in
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the space—time region [—¢, 1]¢ x [—t, t]. Also, define Q,iuf as the set of all support
connected D-paths of cells of scale at most « so that the extended support of the
first cell of the path contains R;(0, 0) and the last cell of the path is the only cell
whose extended support is not contained in [—f#, t]d X [—t, t]. Then the lemma
below shows that we can focus on support connected D-paths instead of D-paths
with bad ancestry.

LEMMA 5.1.  We have that
P[P € 2 s.t. all cells of P have a bad ancestry]
<P[3P € Q.7 s.t. all cells of P are multi-scale bad).

PROOF. We complete the proof in two stages. First, we show that if there
exists a D-path P € €2;, such that each cell of P has bad ancestry, then there exists
a D-path of multi-scale bad cells of arbitrary scales up to «. Next, we show that,
given the existence of such a path of multi-scale bad cells of arbitrary scales up to
Kk, there exists a support connected D-path of Q,S(uf such that all cells of the path
are multi-scale bad. To help with the intuition, we provide an example of these
steps in Figure 7.

Step 1: Let Q; be the set of all D-paths of cells of scale at most « such that the
first cell of the path is an ancestor of (0, 0) and the last cell of the path is the only
cell whose support is not contained in [—7, 119 x [—t, t]. We now establish that

P[P € €2 s.t. all cells of P have a bad ancestry]
<P[3P € Q@ s.t. all cells of P are multi-scale bad].

Let P = ((1,i1,11),(1,i2,72),...,(1,i;,T;)) € € be a D-path of cells with
bad ancestries; therefore, (i1, 71) = (0,0) and R;(i;, 7,) is not contained in
[—t,¢]¢ x [—t, t]. For each J,since A(ij, t;) =0, we know by definition of A in

. . . (k:=1) | (K, —1)
(12) that there exists ak} such that, if we set z} =m, ' (ij)and r} =y, 7 (1)),

we obtain Ak; (i;., rj/.) = 0. Now construct J C {1,2, ..., z}, starting with J =
{1,2,...,z} and removing elements from J iteratively as we go from scale k = k
down to scale k = 1 using the following rule: if there exists j € J such that k} =k
and A K (i ; ‘L'}) =0, then remove from J all descendants of (k’;, i ; 7:}), except for

. . . S (k. =1) .
the first one; that is, keep in J only the smallest j’ for which i } =’ (i)

(k=1 ) . .
and t]’- =y, ' (tj).Putdifferently, J contains only distinct elements of the set
(K., i}, rj/-) :j=1,2,...,z} which have no ancestor within J. With this set, we
define

P={(K;.i}.t}):jel},
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E

height

(a) An example of a D-path where the cells of scale 1 of the path are gray. The dashed lines represent
the cells that make a cell of the path diagonally connected to the next cell, i.e. cell A connected to
cell B, cell C to cell D, etc.

height

(c) After performing the procedure from Step
2, the remaining three cells form a support con-
nected D-path, where all three cells are well sep-
arated, and A is support adjacent to £ whereas
& is support connected with diagonals to the H.
Here, A is the cell to which we associated A4 in
the procedure of Step 2. Similarly, E was associ-
ated to & and H was associated to 7. All other
cells from (b) were associated to A, £ or H as
well.

(b) The corresponding D-path of multi-scale bad
cells overlaid in light gray. Note that only the
ancestors C‘,ﬁ of the pair C, D and the ances-
tors E, F of the pair E, F remain diagonally con-
nected. The other diagonally connected pairs ei-
ther share the same ancestor (Cells A and B
both share the same ancestor A) or are adjacent
(the pair G, H is diagonally connected, but the
ancestors G, H are adjacent).

FI1G. 7. An example of the procedure that establishes Lemma 5.1. Starting with a D-path for which
all cells have bad ancestries (a), we produce a D-path of multi-scale bad cells of arbitrary scales
(b) in Step 1. Then, in Step 2 we produce a support connected D-path (c).

and show that P is a D-path. This gives us the existence of a D-path of multi-
scale bad cells of arbitrary scales starting from an ancestor of (1, i1, t;) and such
that the last cell (k,i’,7') € P is an ancestor of (1,i,,7,), which is not con-
tained in [—t, ]9 x [—t, t]. Lemma 4.3 then gives us that R (i,, ;) is contained
in R,S;,]p(i/ , T’) so that the union of the supports of the cells in P is not contained in
[—1, 1] x [—t, t]. We note that it is possible that the support of some other cell of
P is also not contained in [—t, ]9 x [—t, t]. In this case, we modify P and remove
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fromitall j* € J for which j' > j, where (k;, i}, t;) is the first cell of P for which
Rzl;p(ij, T;) is not contained in [—7, 119 x [—t, t]. Furthermore, it is possible that

P might contain loops. This does not cause any issues; in fact, the procedure in
step 2 will remove any loops should they exist.

Now it remains to verify that P satisfies the adjacency properties of a D-path.
By construction, each cell of P has exactly one ancestor in P. If we take two
adjacent cells (1,i;,t;), (1,ij41,7j4+1) of P, they either have the same ancestor
in P or their ancestors are adjacent. This follows from the fact that two nonadja-
cent cells cannot have descendants of scale 1 that are adjacent. Now assume that
(1,ij, tj) € P is diagonally connected to (1,i;11, 7j+1) € P. In this case, the two
cells either have the same ancestor in 15, have ancestors that are adjacent or the
ancestor of (1, i}, t;) is diagonally connected to the ancestor of (1,741, Tj41).

Step 2: Here, we establish that

P[IP € Q s.t. all cells of P are multi-scale bad]
<P[3P € 2.7 s.t. all cells of P are multi-scale bad].

Let P = ((k1, i1, 71), (k2,i2,12), ..., (k;, iz, T7)) € Q2 ; be a D-path of multi-scale
bad cells. We will now show the existence of a support connected D-path P’ of
multi-scale bad cells. First, we order the cells of P in the following way. If two
cells have the same scale, we order them by taking in the same order as they have
in P. For two cells of different scales, we say the cell with the larger scale comes
before the other cell. This gives us a total order of the cells of P. Next, let L be the
list of cells of P following this order. We construct P’ step-by-step, by adding the
first element of L to P’ and removing some elements from L, repeating this until
L is empty. While doing this, we associate each cell of P to a cell of P’, which
we will later use to show that using the ordering inherited from P, P’ is a support
connected D-path. Assuming (k’,i’, T’) is the current first element of L, the steps
taken to construct P’ are as follows:

1. Add (k',i’,7’) to P’ and remove it from L. Associate (k’,i’, t/) in P with
itself in P’.

2. Remove from L all cells (k”,i”,t”) that are not well separated from
(k’,i’, t") and associate them to (k',i’, T/).

We repeat these steps until L is empty. We highlight that by construction P’ con-
tains only mutually well separated cells. Let (k*, i*, 7*) be the cell that (k{, i1, 71)
is associated to. Note that the extended support of this cell contains R;(0, 0), be-
cause R,S:llp (i1, T1) contains R (0, 0) and is itself contained in the extended support
of (k*,i*, t™). We also obtain that

U RE™(, 1) ¢[00 x [—1,1].

(kK',i’',v')eP’
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This can be argued similarly as above, noting that the support of a cell in P
was not contained in [—1, 1]¢ x [—t, ], so the extended support of the cell it is
associated to cannot be contained either. Let the cell it is associated to be (', i’, T/).

Now it remains to show that there exists a subset of cells P” € P’ which is
a support connected D-path with diagonals and contains both (k*,i*, t*) and
(k',i’,7"). To see this, we will add some cells from P’ to P”, starting with
(k',i’,7"). Let (kj,ij, ;) be the first cell of P that is associated to (k’,i’, t’).
If j =1 then (k*,i*,t*) = (k/,i’,t/) and P” is just this cell. Otherwise, let
(k",i”,t") be the cell (kj_1,ij_1,7j—1) is associated to and add it to P”. We
will show later that

(k”,i"”, ") is support adjacent or support connected
(21)
with diagonals to (K", i’, 7').

Now we iterate the procedure above; that is, we take the first cell (k,, i,, 7,) of
P that is associated to (k”,i”, t”") and either finish the construction of P” if i =1
or continue by taking the cell that (k,—1,i,—1, T,—1) is associated to and adding
it to P”. Note that ¢ < j, which guarantees that this procedure will eventually
add (k*,i*,t*) to P”, thus completing the construction. It is possible that the
extended support of some cell of P” other than (k’,i’, t) to not be contained in
[—t, t]d x [—t,t]. As in step 1, we simply remove from P” all cells (kj,ij,tj)
that come after the first such cell.

It remains to show (21) holds. Assume for the following that k;_; > k;, the
converse can be argued the same way, and recall that in P, two consecutive cells
(kj—1,ij-1,7j—1) and (k;,i;, T;) are either adjacent or the first cell is diagonally
connected to the second cell. Since k;_| > k;, we have a cell (/2, f, 7) at scale
k= k;_1 that is an ancestor of (k;,i;,t;), to which (k;j_1,i;_1,7j_1) is either
adjacent or diagonally connected. In the first case, we have by Lemma 4.3 that
RZ“p(f, 7) contains both Rkj,l(ij—l, Tj—1) and Rkj(ij, 7). Since k= kj—y and

(kj—1,ij—1,7j—1) is associated to (k”,i”, t”), we have that k < k”. Then, by Re-

mark 5.1, we have that Rzup(f, 7) C R,f/s/up(i”, 7”’), which gives that R,f/s/up(i”, )

intersects R,f}gup (i’, 7/). Alternatively, (k j—1,ij—1,Tj—1) is diagonally connected
to (kj,ij, tj). This gives that (k”,i”, t”) is support connected with diagonals to
(k',i’, ") with the same diagonal steps that make (k;j_1,i;—1,7j—1) diagonally
connected to (k;,i;,7;). 0

The next lemma is a technical result bounding the probability that a random
walk on a weighted graph remains inside a cube.

LEMMA 5.2. Let A > 0 and, for any z > 0, define Fa(z) to be the event that
a random walk on (G, ) starting from the origin stays inside Q, throughout the
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time interval [0, A]. Then, on a uniformly elliptic graph, there exist constants c, c|
and ¢ such that if A > cz, we have

P[Fa(2)] = 1 — cexp{—c2z®/A}.

PROOF. The result is a reformulation of the exit time result for random walks
on weighted graphs from [1] and [2] by taking a ball with radius z/2 that is con-
tained in Q, and using that the weights p, , are uniformly elliptic. []

We now give a lemma that will be used to control the dependencies involv-
ing well separated cells. Let (i, t) be the o-field generated by all Ay (i’, T’)
for which Tki,nf(r/) does not intersect [yk(l)(r)ﬁkﬂ, 00) or both /By < 78 and
S,ic“f(i )N S}cr}f(i "y = @&. Furthermore, recall the value w from (6), which has until
now been assume to be an arbitrary positive value. We define the following two
quantities:

1
Y1 =min{82k0£dcl,log< )}’
(22) M 1— vEst((l - 8))\., Q(zr]—l-])fv Qwﬁa 77,3)
24 od 2y pd, d(k—2) _ ad
Aot !
wk _ ETAOLL _ & )\.()e m ((k 1)) for k > 2.
(k + 1)* (k+ 1) -

We now give a short intuitive explanation behind | and . Note that ¥ is in-
creasing in k; this can easily be verified by observing that in the right-most expres-
sion for Y, ad > 4 for all d > 2. Intuitively, one can think of ¥ as the “weight”
of a space—time super-cell of scale k. Furthermore, across all k > 2, we can in-
crease how much the super-cells “weigh” by increasing the size of the tessellation
(by making ¢ larger) or by increasing the density of particles (by increasing ).
This holds also for super-cells of scale 1; note however that in order to make the
weight of a super-cell of scale 1 large, we also need to ensure the second term of
the minimum in (2) is made large (say larger than some value « ). That is, we need
to make P[E (i, t) = 0] < e™“ given that there is at least a Poisson point process
with intensity (1 — &)X of particles inside of the cube Q(2,+1)¢ and this particles
have displacement in Q,, during a time interval of length 5.

LEMMA 5.3. Letw > /Cz%log(%) and

1
o= min{szkoﬁdcl_wl, log( > }
1 —ve, (1 =8)A, Qaptiyes Que, B

If m is sufficiently large with respect to d, B/€>, €, w and Cyy, then there are
positive constants ¢ = c(Cyr) = 1 and ag so that, for all o > «y, all cells (k, i, T)
and any F € Fi(i, ), we have:

1. P[Ag(i, ) =0] <exp{—cV¥y}, forallk=1,2,...,k,
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2. PlAg(i, ) =0|F] <exp{—cyy}, forallk=1,2,...,k — 1.

PROOF. Note that Ay is defined differently for k =1 and 2 <k <« — 1. We
will first prove the result for k > 2 and establish part 2 of the lemma. Since

P[Ax(i, 7) = 0| F] = P[{ D$X(i, v) = 0} N {DY™(i, 7) = 1}| F],

if F N {D,E’ase(i, 7) = 1} = @, then the lemma holds. We now assume F N
{DP®¢(i, 1) = 1} # @ and write

P[Ax(i,T) =0|F] < P[{D{*(i, t) = O}| F N {Df™(i, 1) = 1}].

Recall that {D,'fase(i, 7) = 1} gives that all cubes S;(i") of scale k contained in
S}(’ase(i) have at least (1 — &x+1)A0 2 yes, ) 4y Particles at time yk(l)(t)ﬂk+1
and the displacement of these particles throughout [yk(l)(r) Br+1, TPx] is in
OQnmnk+1)2¢,- Remember that F reveals only information about the location of
these particles before time yk(l)(r) Bi+1 since these particles never leave the cube
S,i{“f(i) during the whole [yk(l)(r),BkH, 7B].

We now apply Theorem 4.1 and denote the variables appearing in the statement
of that theorem with a bar. We apply the theorem with

K = (14 2npmn(k + 1)%) €,

€= t,
B = (1 —ert1)ho,
A =18 — v (©Brs1 € [Bir1r 2Bk,

K’ suchthat K — K' = nmn(k + 1)“4;, and

e
& suchthat (1 —&)(1 — ggpy) = (1 — w>
This gives that & > %k = - - Using these values and the fact that m is

large enough, we have that
K' =€, + nmn(k + D)%% > €, + 2nmnke;_,

which is the side length of S,f’“(i ). We also have A > iy > cogf% since
Crnix > 2% ©¢g in the definition of Bi+1. We still have to check whether K—-—K >
C,/Alog A, which is equivalent to checking that

nmn(k + 1) > C./Brs110g Bt
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for some constant C. Using the definitions of €; and By, this inequality can be
rewritten as

~ 1 40, |
nmn(k + 1), > Cvy Cmixm(k + DY "l /10g Bi+1-

Now, using the value of Br41 and ¢; we obtain that there exists a constant C
independent of k£ and m, but depending on & such that

é\/ Cmix

22/0

\/logﬁk+1 < C\/logk + klogm 4 alogk! +logt.

Therefore, it remains to check that

nmn(k+1D)*4® > C\[logk + klogm + alogk! + loge.

Since a —4/0 > % by (10) and logk! < klogk, (k + 1)*~*/© is larger than the
right-hand side above for all large enough k. Then, since ¢ is fixed, setting m large
enough makes the above inequality true for all k¥ > 1.

Hence, we obtain a coupling between the particles that end up in Sg*' (/) and an
independent Poisson point process E with intensity measure ¢(y) = (1 —&)(1 —
ek Aomy = (1 — %" — S"T“))»o,uy that succeeds with probability at least

1= Y exp{—C(1 — x4 hon 82 A2}
yesg(i)

2
= ~d/2 & d
= 1- Z exp{_CCm/iXAOMyAI_(k + 1)461{}
yes)
(23)

2
P, | _ P
> 1 — (& + 2nmnk®e;_,)* exp{—ccm{fxoch me;’_ 1}

1
>1— EeXP{—CWk},

where ¢ is constant independent of ¢, k and ¢, and we used that A > Br+1 >
Cmixﬂi > Cmixﬁi,l- The last inequality holds for large k by setting m large, since
lr—1 = m*2((k — 1)))%¢. Similarly, for small k > 2 the inequality holds since
C;,,lsz)»oﬁd > « is assumed large enough.

Now, for the case k > 2, define a Poisson point process E' consisting of
those particles of E whose displacement throughout [t8k, (T + 2)Bk] is in
Qymnkag,_, - For each particle of &, this condition is satisfied with probability
P[F2p, (nmnk“£;_1)], independently over the particles of E. Using Lemma 5.2
and the thinning property of Poisson processes, we have that & is a Poisson point
process with intensity measure

() =1 =81 — ek 1)P[Fap, (nmnk®€i—1)[Aosty,
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which is greater than

&  Ek+1 (nmnker_1)?
l———— (1 —crexpy—co————1 | Aoi,y
2Bk

&k Ek+1 (nmnk®)%e*/©
= (1___ )(1 e e"p{_cz 2 k¥/O })Wy

2k
= (125 -5 (1 - e e o

where the first inequality follows from the definition of 8; and the second inequal-
4/0 .2

ity follows from the condition 2a — 8/® > 1 in (10) and from Cpix = Be E;m ,

which is obtained by setting §; = 8 in (8). Setting m, and thus #n, sufficiently large

with respect to 8, ¢, n and the constants ¢; and c;, we obtain that

() > (1 &k 8k+1)<1 (e — 8k+1)>kouy

2 2 4
3ex 8k+1>
S P PR
_( 2 2 oMy

Conditioning on the coupling above, we obtain that D*(i, T) = 1 with probability
at least

1 Sk—8k+1>2( 3ek 8k+1> }
1— —_ l—— A
Z exp{ 2( 4 4 4 0 Z My

i":Sk—1 (") S SE(P) YESk-1(")

== ) expf‘ﬁ(ﬁ)

8,1 (HESPH)

3e1 &
(24) x <1 - Z)AO > My}
YESk—1(")

> 1 — (mk® + 2pmnk®)? exp{—l<872) (1 — E)Aoc_lﬂz 1}
- 2\16(k + 14 16 M k=

1
= 1= 5 exp{—cyu}

for some constant ¢, where in the fist step we applied Chernoff’s bound from
Lemma A.l with § = %51 using that (1 — 8)(1 — 2% — %) > | — g In
the second step, we used that ¢; is decreasing with k. The last inequality holds
using the same argument as the one following (23). This and (23) establish part 2
for k > 2.
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For part 2 with k£ = 1, we again use the Poisson point process E of intensity
measure

&k Ek+1

Te
¢(y) = ( 5 T)koﬂy = (1 - §>)~Oﬂy

over § f’“(i ) as defined above. We also use the fact that E (i, T) is an event restricted
to the super-cell i and S{*'(i) contains the super-cell i (see Remark 4.1). Recall
that, for the event E (i, T), we only consider the particles of E whose displacement
from time tf to (t + n)pB is inside Q. Let the event that this happens for a given
particle of E be denoted by Fjs(w¢{). Then we apply Lemma 5.2 with A = n8 and
z = w¥ to obtain

(we)? }
s I

Using the fact that w2e? > énﬂ log(8c18_1), we have that P[Fg(wf)] > 1 — %.
Therefore, using thinning, we have that the particles of E for which F;g(w¢) hold

consist of a Poisson point process with intensity at least (1 — 7{)(1 — %)Aouy >
(I —&)Aomy. Since E(i, T) is increasing, we have that

P[E(i,7) =0|F N{DP™(i, v) = 1}] < 1 —ve, ((1 — &)A, Qan+1)es Quis 1B)

—u

P[Fp(w0)]>1—c exp{—

<e

A similar argument as above can be used to establish part 1 with k < k. For k =
Kk, the argument is simpler as we do not need to carry out the coupling procedure.
O

Later, in Section 6, we will use Lemma 5.3 to bound the probability that a path
Pe Q,s(uf of multi-scale bad cells exists. We will use a uniform bound to control
the probability that at least one of the space—time cell of scale « is multi-scale bad.
In the converse case, where all scale « cells are multi-scale good (i.e., not multi-
scale bad), we will need to consider paths in Qzu_pl,t and count how many such

paths exist. To that end, we now show some bounds that hold for paths in Q,S(ufl ;

LEMMA 5.4. Assume the conditions of Lemma 5.3 are satisfied and let P €
Zupl ; be the support connected D-path ((ky,i;,11), ..., (k;, iz, T;)). Then, with

Y as defined in (22) there exists a constant c3, such that we have
Z Z
|:ﬂ Ak (ij, 7)) = }j|§exp{—C3zwkj}.
=1 j=1

PROOF. We derive the probability that all cells of P are multi-scale bad. Con-
sider the following order of cells of P. First, take an arbitrary order of Z¢. Then
we say that (kj,i;, t;) precedes (kj/, i/, T;’) in the order if ‘Ej,Bkj < ‘L'j/,Bkj, or if
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both 7; ﬁkj = Tj/ﬂkj, and i; precedes i in the order of 74 . Then, for any j, we
let J; be a subset of {1, 2, ..., z} containing all j’ for which (kjr,ij, Tjr) precedes
(kj,ij,7;) in the order. Using this order, we write

Z

P[ﬂ{Akj(ij,rj)zo}} < ]‘[P[Akj(ij,rj)=0| N {Akj,(ik/j,‘l,’k/i)=0}:|.
i A

j=l1 J'elj

Note that, for each j’' € Jj, we have that (k;, i, t;) and (kj/, i, Tjs) are well sep-
arated. Using the definition of well separated cells, we have that R,icnf(i i Tjr) ¢
J

Rk (lJ, 7;) and Rmf(zj, ;) ¢ Rzlip(ij/, 7;/). Hence, we obtain by Lemma 4.2 that
J

R,‘(“f(z L Tjr) N Rk (z,-, Tj) = &. By the ordering above, we also have 7;f; >

Tjr ,Bk ,,» which gives that the event [/ el {Ag /(zkr rkr) = 0} is measurable with

respect to Fi; (i, j). Then we apply Lemma 5 3 to obtaln a positive constant c3
such that

Zz Zz
|:ﬂ Ak (l_]’ f]) = }:| = CXP!—C3 Z Wk,»}-

=1 j=1 O

LEMMA 5.5. Let z be a positive integer and k1, ka, ..., k; > 1 be fixed. Then,
if @ and m are sufficiently large, the total number of support connected D-paths
containing z cells of scales ki, ka, ..., k; is at most exp{ ZZ_1 l//k }, where c3
is the same constant as in Lemma 5. 4 Y is defined in (22) and o is defined in
Lemma 5.3.

PROOF. Recall that for two consecutive cells of a support connected D-path,
they are either support adjacent or the first cell is support connected with diago-
nals to the second; see the beginning of this section for details. For the remainder
of this proof, when a cell (k, i, T) of a support connected D-path P is support con-
nected with diagonals to the next cell (k',i’, ) of P, we will refer to the scale 1

cells forming the diagonal connection between a cell contained in quuP(z, 7) and

a cell contained in R,f/s "P(i’, ') as the diagonal steps. Note also that by the defini-
tion of D-paths from Section 4.3, the first cell of the diagonal steps is diagonally
connected to the last cell of the diagonal steps.

We will prove the result in three steps. We will first show an upper bound for the
number of support connected D-paths with no diagonal steps. Next, we will prove
a bound for the number of support connected D-paths where the first and last cell
of each sequence of diagonal steps is fixed and show that this bound is directly
linked to the bound from the first step. Finally, we will prove an upper bound for
the number of all possible arrangements of the first and last cell of the diagonal
steps for each diagonal, which will then, when combined with the bound from step
two, prove the lemma.
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We begin with the first step, by considering the number of possible support
connected D-paths when each cell of the D-path is support adjacent to the next
cell, that is, there are no diagonal steps in the D-path. For any k, k' > 1, define

b= max |{(i2, 1) € ZF: (k, iy, T1) is support adjacent to (K, iz, 72)}
(i1,71)€Z4+]

’

that is, @ - is the maximum number of cells of scale £’ that are support adjacent
to a given cell of scale k. Let x; be the number of cells of scale k whose extended
support contains R1(0, 0). This gives that the total number of different D-paths of

z cells of scales ki, ..., k; with no diagonal steps can be bound above by
Z
X [ Prjork;-
Jj=2

Now we derive a bound for yj. At scale k, the number of cells that have the same

extended support is (Z’E—:l)d % = mdT2[24=8/0 (k 4 1)8/©+4d_Fyrthermore, the

extended support of a cell of scale k contains exactly 27(2(3m + 1) + 1)¢ different
cells of scale k 4 1. Thus, the number of different extended supports for a cell of
scale k that contains R (0, 0) is bounded above by

X <27(23m + 1) + 1) m 24207810 (4 1)8/OFad < exp{%‘/’k},

where the last inequality holds since m and « are large enough. To derive a bound
for @y x, fix acell (k, iy, 71) of scale k. Now a cell of scale k" can only be support
adjacent to (k, i, 71) if it is inside the region
d
(25) U+ [=Cm+2)lir, Gm+2)i1]" x[—14Bu11, 14Br41]).
xR (i1, 11)
For k > k', let &4 ; be the number of cells of scale k' that lie in the region above.
We then have that & » < & ;» and
<<6m +3) g1 +2Bm 4+ 2) b4y )d (27,3k+1 + 28B4 )
% B

cbk,k/ =

k+1 d
< ((6m +3ym T i@+ 26m +2)m (K + 1)”)
i=k'+1

k
" (27m2(k_k/+1) [T %G+ D¥® +28m>,?~3/O (k' + 1)8/®>
i=k'

/ ’ ’
< C4m(k—k +2)dkkadm2(k—k +1)k2ka < C4m(d+2)(k—k +2)k(ad+2a)k’

for some universal positive constant c4. Note that for any constant ¢ > 0, since
m and « are large enough, it holds that c® p» < c Py | < exp{f—gwk}. For k <
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k', we set O =29t @y, which gives using (25) that @y < 29 @y <

exp{ g ¥}
Observe now that

Hquj 1,kj
@)
l_[ (Do ok Ly =k Ly <k ) (P kg L=y + Tag<kyy)-

If write ko = kz+ 1 = 00, the right-hand side of (26) can be written as
z
1_[ (q)kj,kj_l ]lijkj_l + jlkj <kj_1)(q>kj,kj+1 ]lijkj_H + ]lkj<kj+1)'
j=1
Then, applying the bounds above for ® and x, we obtain

Xk H D1k < Xy Pryt H 2d+1q>k 1) <6XP: Zlﬁk }

Jj=2 j=2

We now proceed to the second step. By definition, a cell (k, i, ) can only be
support connected with diagonals to (k',i’, t’) if there exists a cell (1,i”, ") for

which R (i”, t") C RisuP(i , T) that is diagonally connected to a cell (1, i,7) for
which R, (i, %) € Ri™(i', 7). Define (i —i”, % — t”) € Z9* 10 be the relative

position of the cell (1, i,7) with respect to the cell (1,i”,1"). For convenience,
we will write when (k, i, ‘L’) 1s adjacent to (k’,i’, t") that the relative position of
(1,7,%) with respect to (1,i”,7”) is (0, 0). We w111 show a bound for the number
of such relative positions in a D—path in step 3, so we now proceed to show a
bound for the number of D-paths that have fixed relative positions of (1,7, T) with
respect to (1,:”, t”) for all consecutive pairs of cells in the path.

Let (k,i, 7) be a cell of the support connected D—path that is support adjacent
or support connected with diagonals to the cell (', i, 7') and let (i —i", 7 —1") €
Z+1 be the relative position, as above. Then, for a fixed relative position (i —
i"”, T — 1), define

CIDz ¢ = max H(iz, ) € VARRE (k, i1, t1) is support adjacent or
' (i1,71)€Z4+!

support connected with diagonals to (K, iz, 72)
with fixed relative position (i —i”, t — t”)}].

Then the number of D-paths containing z cells of scales ki, k3, ..., k; where
consecutive cells are support adjacent or support connected with diagonals with
fixed relative positions is smaller than

Z
27 xa 1 k-
j=2
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Since a cell of a support connected D-path can either be support adjacent or
support connected with diagonals to the next cell, we will consider the two cases
individually. Consider first the case when the two cells are support adjacent, that
is, there are no diagonal steps between the extended supports of (k,i, 7) and
(k',i’,1"). By step 1 of this proof, we have that in this case

(D;(:,k/ <Oy .

Let now the relative position of (1, ; 7) with respect to (1,i”, t”") be different
from (0, 0). Then, since the relative position is fixed, ®} Kk can be bound by the
product of the number of cells of scale 1 contained in the extended support of a
cell of scale k and the number of cells of scale 1 that are contained in the extended
support of a cell of scale k’. Using the bounds from step 1, this gives that

CDZ,]{, 5 ch,l . ch/’l.

We have therefore for any fixed relative position of (1, i,7) with respect to
(1,i”,t") that

(28) ‘Dz,k' = q)kvk/]l(f,f):(i”,r”) + @1 q)k/vljl(f,f);é(i”,r”)'
By using the bounds from step 1 and (28), we get that
b4 . 3c3 b4
(29) Xk 1‘[2 Of i, = eXp{ < Zl Y }
Jj= Jj=

We now move on to the third step and show a bound for the number of different
relative positions that are possible in a support connected D-path of cells of scales

ki,kz, ..., k;. We will show that this number is smaller than
3 <
(30) exp{ < 2V ]
j=1

which combined with (29) proves the lemma.

Consider two consecutive cells of the D-path and let (1,1, t) be a cell con-
tained in the extended support of the first cell that is diagonally connected to a cell
(1,i’,7’) that is contained in the extended support of the second cell. Recall from
Section 2 the definition of the base-height index and from Section 4.2 the proper-
ties of the sequence of cells that make (1, i, 7) diagonally connected to (1,i’, /).
Denote by x the height difference between the two cells, that is, x := |h — h’| in
the base-height index, and define A(x), x € Z, to be the number of different cells
of scale 1 that (1,7, t) is diagonally connected to with height difference x. More
precisely,

Alx) = max |{(bz,hz)eZd+1 :|hy —hy| =x and
(b1,h1)eZd+!

(b1, hy) is diagonally connected to (b2, hz)} |
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Rziup(iay 73)

height

FI1G. 8. Example with 7 =4 where xp =0 and x1 + xp + x3 + x4 < H. The red cells are the scale
1 cells used as the (fixed) beginnings and ends of the diagonals within their respective extended
supports. The dark cells with the matching red cell at the bottom of the triangles represent the area
containing A(x;) cells of scale 1.

Let H; be the side length of the cube s,fsup(i) divided by the side length of the
cube S| (i), that is, let Hy = 3m + 1)m*((k + 1)!)“. Recall from Section 4.2 that
using the base-height index, for any two cells (b;, h;), (bj, hj) of the diagonal,
hih; > 0andthath; | —h; € Sign(h;_1) for any two consecutive cells of the di-
agonal. Therefore, given the z cells of scales k1, k2, . . ., k;, the maximum number
of scale 1 diagonal steps contained in all diagonal connections between the cells
of the path is at most

z—1
H .= Z Hy,.
i=1
Letting x;, for i € {1,2,...,z — 1} be the height difference between the ith and
(i + D)th cell of the path, with x; = 0 if the cells are support adjacent, we have that
the number of possible configurations of the diagonal steps is at most

H
(31) Y. 2 AW +DA@ A+ AGzor+ D,
y=() X15X25.e0s X711
x1+"'+xz—1=y
See Figure 8 for an illustration of one such configuration. The +1 terms in (31)
account for the fact that each diagonal either ends in a multi-scale bad cell or is
adjacent to one, so by increasing the height difference by 1, we account for both
possibilities at once.
Due to the properties of the diagonal steps, we have that A(x) is the volume of
a d-dimensional ball of radius x, so A(x) < cgx? where ¢ 4 is some constant that
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depends on d only. It follows, for example, by the method of Lagrange multipliers,
that forxy >0,ke{l,...,z—1}and x; +--- + x,_1 =y, we have

AG+ DA+ 1) AGrg + 1) < [A(Z%l + 1)}1_1.

Next, using the above bound and

Z | (z +y-— 2)

X1,X250003X7—1" z—2 ’
xl+...+x27]:y

we have that the sum in (31) is smaller than

H -1 -1
-1 z H H .
S (P A( . +1> <7 A( +1) ,
z—1 z—1 z z—1

y=0

where the binomial inequality used can easily be proven by induction on H (using
Pascal’s rule).

Then, for some positive constants C and C; and using that g is large for large
a, we have that '

z—1 z (z—1yd
(z+H>A< H +1) SC(erH) ( H +1)

Z z—1 ()! z—1
(z+ H)? <2H)Zd
< - | —
o (z/3) \ z

2H\%
<C(B+3H/7)* (7)

H 2zd
< C(CQ—) .
Z

In order to complete the proof, it remains to show that C (ng)zz‘i <
exp{%3 ijl Yk, }, which is equivalent to showing that

(32 Crog(2) =Y
A

where C is some constant. For small k, setting « (and thus ¢) large enough gives
that Hy < Yy, and similarly setting m large gives Hy < i for all large k. Com-
bined, this gives (32). U

REMARK 5.2. As mentioned in Section 2 (see Remark 2.1), one can set time
to be height in the base-height index. In that case, all results up to and includ-
ing Lemma 5.4 go through unchanged. However, an important issue arises in
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Lemma 5.5. In the proof of Lemma 5.5, the height Hj of the extended support
of a cell becomes the length of the interval TkZSUP (7). Then, if d > 3, the proof
goes through unchanged since it still holds that Hy < v for all k > 1 by setting m
and « large enough. For d = 2, however, the lemma no longer holds, since it can
happen that the number of different arrangements of diagonal steps and the z cells
of a path is larger than exp{}_;_, ¥, }. To see this, consider the following example.
Let k1 be large and let k; =2 forall i € {2, ..., z}. Let z be the largest integer for
which it holds that ¥, > 435, ¥y, =4(z — 1)¥2. Note that this gives that

Vo oy P Y
44 4y T 3y

where the last inequality holds for any large enough k. Furthermore, note that
since d =2 we can write Hy, = ay, ¥x,, where ay, is a term that can be made arbi-
trarily large by increasing k. Next, observe that the number of different arrange-
ments of diagonal steps for the cells of scale 2 is at least (H"IZ 5_2). Therefore, we
want to show that for any constant c¢; > 0, we can set k; large enough to have

H, -2 <
(34) ( "‘;_Zz >Zexp{2c1w,~}-

i=1

(33)

Consider first the left-hand side of (34) and note that it is bigger than

-2

Hy, - ( Hj
z=2! " \z—

where in the last inequality we used the upper bound on z from (33). For the right-

hand side of (34), we have

72 )
12) > Bak, ¥2)* 7,

eXP{ZCHﬁki} =exp{ci (Y, + (z — DY)} <exp{dcivnz + c1va(z — D},

i=1

where the inequality follows from the upper bound on v, obtained from the left-
most inequality in (33). Since ai, grows with ki, we obtain (34) for large enough
ky.

For any support connected D-path P = ((ky,i1,11), (ka,i2,72),..., (kg iz,

7,)) € Q,S(ufl’t, we define the weight of P as Zj::l 1//;(_,,. The lemma below shows

that, for any P € Q,S(ufl’ ;» 1f 7 is large enough, then the weight of P must be large.
LEMMA 5.6. Lett > 0 and let P = ((k1,1i1, 71), (k2,i2,T2), ..., (kg iz, T7))
be a path in 7, .. If a is sufficiently large and k = O(logt), then there exist a

k—1,t°



416 P. GRACAR AND A. STAUFFER

positive constant ¢ = ¢(Cyy) and a value C independent of t such that

Vvt ford=1,
z (log 1)°

(35) Z 1/’kj = C ! ford =2,
j=1 (logt)©

Ct ford > 3.

PROOF. Let A,%SUP denote the diameter of the extended support of a cell of
scale k. Then we have
AP < (6m + 3) 0k 1Vd + 27 Bt

Gk + 1)¥®

= (6m + 3)m(k + l)aek\/g + 27Cmix 4/0
&

Then the definition of Cpix gives us that there exists a constant cg (that might
depend on the ratio 8/¢2) such that

2 B

AP < (6m + 3)m(k + D) 4Nd + 2Tm E—zﬁi(k + D¥® < cem?®(k 4+ 1)?¢3.

Then, for k > 2, we have for d =1 that
_ Ezkoﬂk_l _ 82)\0 < L )
T+ D* T (k+ DA \m(k9)

£ (JcﬁmZ(k + 1)2%%)

>
“mk4+ D Jeem?(k + 1)2
2
e“Mho [ 2s
Aksup

>
— \/c_6m2(k+1)3a+4

Vi

and for d > 2 that

2y pd=2 2
e roly_ Lk
Yk = L ( >

(k + 1)* \mka
e2rtd =2 <c6m2(k + 1)2%%)
- mz(k + 1)2a+4 c6m2(k + 1)2a

d—2
Ez)xogk_l 2sup
= C6m4(k n 1)4a+4 k

Now, since k = O(logt), there exists a constant ¢;7 such that (k + P < ¢y (log b
for all k <« and any b > 1. We use this for dimensions 1 and 2. For dimension 3
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d—2

. . 14
and higher, we set c7 large enough to satisfy & +k :

d
Gt = fm ; this is possible since

£ is of order (k!)¢. This gives

2sup
gzko A ford =1,
ﬁmmz (log t)3“+4
Ve > 2)»() A2sup

- 7 yy ford =2,
C()C7m (logt)
e2rp04
O—SAiSup ford > 3.

ceC7m

For k =1, we write ¢/ > ¢/ A up ford =1and Y| > cA P for d > 2, where ¢ is
some positive value that may depend on g, m, Ao, £ and vg. Moreover, if a support
connected D-path is such that Zj.:l Aijup
of the path must be contained in [—?, 191, This is true because if there are no di-

agonal steps in P, then the extended supports are contained in [—7/2, 1/2]?*!, and

if there are diagonal steps, they can only prolong the path by at most Zi':l AijuP .

< t/2, the extended support of all cells

Therefore, for P € QIS(UBL , We have ijl AijuP >t /2. This implies that there ex-
ists a positive C independent of ¢, but depending on everything else such that

t
L ford =1,
XZ: (10gt)3“+4
Yz ye—'  ford=2
j=1 ’ (log t)4a+4 of ’
Ct ford > 3. OJ

We now write Y, k > 2 as a multiple of ¥. This will be used to count the
number of paths in Q,S;uf later. For this, set ¥ = yp = 3_482k0£d , and for j > 3,
define

Uy =20omY=24((j — DY (G =2 (G -3
LEMMA 5.7. Forall j > 2, it holds that ¥r; < ¥r; < 41;.

PROOF. For j > 3, we write
e2xotm UG =Y s mUTG = Y
G+ G+
G-1D*G -2
= 34omU=24((j — D)3 ((j - 22 —3 '<—)
a2 = )G = 207G = 3T
This implies that v/; < 3—2412/ i =< 414 j- The other direction follows from the fact

that % >1/32forall j >3. O

V=
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6. Size of bad clusters. For k > 1, define S,i to be the set of indices i € Z4
given by
S;={ie 74 S (i) intersects [—1, t]d}.
Similarly, we define 7' as the set of indices  for time intervals that have a de-
scendent at scale 1 intersecting [0, ¢]. Formally, let

T ={reZ:3t' sty V() =1t and T1(z') N[0, 1] £ @}

Note that an interval in 7, with k > 2 may not intersect [0, 7]. Using these defini-
tions, define

R =8 xT¢.

For the following proposition, recall from Section 4.3 the definitions of K (0, 0)
and K'(0, 0).

PROPOSITION 6.1. Foreach (i, t) € Z¢t!, let Ex(i, T) be an increasing event
that is restricted to the super-cube i and the super-interval T, and let vg, be the
probability associated to Ey as defined in Definition 2.3. Fix a constant € € (0, 1),
and integer n > 1 and the ratio B/£* > 0. Fix also w such that

np 801)
> [P oo 251
W= 0?2 og( e )’

for some constants ¢ and cy which depend on the graph. Then there exist constants
¢ and C, and positive numbers ag and to that depend on €, n, w and the ratio p/€>
such that if

1
o= min{CA_,IISZ)LOZd, log( )} > g,
I —ve (1 —=28)A, Qap+1yes Ques nB)

we have for all t > ty that

—CA d=2
exp{ 0 (og1)° } for )

exp{—CAot} ford > 3.

P[K(0,0) € R}] <

PROOF. First, for any k, note that the number of cells in RZ satisfies

(36) IRy < (2[%)71 + i].
Lk Br
Also, using Lemmas 4.1 and 5.1, we have
P[K(,7) € Ri]
<P[K'(i,7) L R|]
=P[IP € Q; s.t. all cells of P have bad ancestry]

<P[3P € 2.7 s.t. all cells of P are multi-scale bad].
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We note that the random variable A, is defined differently than other scales. It
follows from Lemma 5.3, (36) and the union bound over all cells in R that

P[(Ac(i', ') =1 forall (i, T) € R} ]
37
> 1 —|RL|exp{—ctic} > 1 — exp{—cit},

for some positive constant ¢, where the last step follows by setting « to be the
smallest integer such that i, > ¢, which using the Lambert W function and its
asymptotics gives that k = O (5 og)l%)tg -). Let us define H as the event that A, (i, T) =
1 for all (i, r) € R.. Then we have

P[IP € Q7 s.t. all cells of P are multi-scale bad]
<P[HN{3P e Q,} s.t all cells of P are multi-scale bad}] + P[H]
< IP’[EIP € leﬂ)l,t s.t. all cells of P are multi-scale bad] +e it
To get a bound for the term above, we fix a support connected D-path
P = ((kl’ ll7 Tl)? M (kza iZ? TZ))a
and use Lemma 5.4 to get
Zz Z
IP’|:ﬂ {Ar, G, 7)) = 0}} < exp:—C3 Z Vi }
j=1 j=1

We now take the union bound over all support connected D-paths with cells of
scales ki, k3, ..., k; and using Lemma 5.5, we get that

P[AP e QP , s.t. P has z multi-scale bad cells of scales k1, k2, .. ., k;]

k—1,t
3 &
<opf-2 3w}
j=1

This bound depends on z and ki, ..., k; only through Zj":] V;» which we call
the weight of the path. Let W be the set of weights for which there exists at least
one path in Q,S(u_pl’, with such a weight. Then

P[P € Q,S(ufl s.t. all cells of P are multi-scale bad]

(38)
3
< ——w M
< Z exp{ > w} (w),
weW
where M (w) is the number of possible ways to choose z and ki, k2, ..., k; such

that ijl Vi, = w.
Let w = ijl Yk; and let wy = Yy |{j : k; = 1}|. Let wp = w — wy, so wy is
the weight given by cells of scale 1 and w, the weight given by the other cells of
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the path. Note that by Lemma 5.7, wy = Z] k=2 Iﬁk > Z] k22 wk = hyyr, for
some nonnegative integer h,. Likewise, wy < 41h21ﬁ2 and w1 = hnﬁ] for some
nonnegative integer 4. Let wg be the lower bound on the weight of the path given
by Lemma 5.6, so for all w € W, we have w > wy. Since either w1 or wy has to be
larger than wg/2, we have that either /; > 2”)7"1 or hy > 241]// Let M(hy, hy) be
the number of ways to choose z and ki, ..., k; such that there are & values j with
kj =1 and Zj;kaz &kj = hprp. For any such choice, we have w = Zi‘:r Vi; >
h1yr1 + hoyra. Then the sum in the right-hand side of (38) can be bounded above
by

Z Z exp{——(h1w1+hzwz>}M<h1 hy)

h1> h2 0

+ Z Z eXP{——(hrlﬂr-i-hzlﬁz)}M(hl hs).

h1_0h2>8;2

We now proceed to bound M (h1, h»). Suppose we have i1 blocks of size ¥
and &, blocks of size yr,. Consider an ordering of the blocks, such that permuting
the blocks of the same size does not change the order. Then, for each block of size
Yrp, we color it either black or white, while blocks of size | are not colored. For
each choice of z and k1, ..., k;, we associate an order and coloring of the blocks
as follows. If k1 = 1, then the first block is of size 11. Otherwise, the first 1/~/k1 YaUp)
blocks are of size iy, and have black color. Then, if k» = 1, the next block is of
size r1; otherwise, the next xﬁkz/ Yo blocks are of size Y, and have white color.
We proceed in this way until k,, where whenever k; # 1 we use the color black
if i is odd and the color white if i is even. Though there are orders and colorings
that are not associated to any choice of z and k1, .. ., k;, each such choice of z and
ki, ...,k; corresponds to a unique order and coloring of the blocks. Therefore, the
number of ways to order and color the blocks gives an upper bound for M (A1, h»).
Note that there are (h ‘: hz) ways to order the blocks and 22 ways to color the
size-1rp blocks. Therefore

P[IP € @, , s.t. all cells of P are multi-scale bad]

k—1,t

h h
= ZCXP{——(hll/f1+hzwz)}( ‘+1 2)2’“

w,
hi >21/0 hr=0

h h
+Z > exp{——<h1w1+hzwz)}< 1; 2)2h2

M=0ny> gz

<Cc Y ZeXp{——(hHﬁr-l-hzlﬁz)}

wQ
h]>21/f hy=0
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ey Y exp{——(h1w1+hzwz)}

h1=0 o
1=Vhy> o5 825

< exp{—cwo},

for some constants C and ¢, where in the second inequality we use Lemma A.2
and the fact that « is sufficiently large to write 63'/” —1> %, and similarly for
Yr2. Since we defined wy to be the lower bound on the weight of a path given by
Lemma 5.6, the proof is complete. [J

7. Proof of Theorem 2.1.

PROOF OF THEOREM 2.1. By Theorem 3.1, it suffices to show that

ZrdIP’[rado(Ho) >r] < oo.

r>1

We begin by noting that after tessellating space and time, R contains cells indexed
only by (i, t) for which ||i]c < e and |7| < 62 for some positive constant c¢. For
fixed R > 0, if we set 7' > O such that

(§+)7=r
e ct?) T

then RT is contained in {u € Z4*! : |jully < R}. Let T(r) = (% + ciz)_lr and fix
ro such that T (rg) > t9, where f9 comes from Proposition 6.1. Then we have that

Z rdIP’[rado(Ho) > r Z rdIP) H() SZ RT(r)]

r=ro r=ro
<> r7P[K (0,00 ¢ R 7],
r=ro

where we used in the second inequality that every d-path on the space—time tes-
sellation is also a D- path of bad cells. We now apply Proposition 6.1 with d > 3

to bound P[K (0,0) & R] ] for T'(r) > 1o and get that
Z rd]P’[rado(Ho) >r]

r=ro
<> rexp{—CroT (r)}
r>rg
=Y rlexp{— or ¢
r=ro e 62

for some positive constant C, that does not depend on . Since this expression is
finite, we have by Theorem 3.1 that the Lipschitz surface exists and is a.s. finite.
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For d = 2, we similarly get that

L
Z rd]P’[radO(Ho) >r]< Z ré exp{—Ckoir} < 00.

r=ro r=ro (log E}’)_C

O

The corollary below gives the probability that a base-height cell (b,0) € L is
not part of F, that is, F (b) # 0 and F_(b) # 0, where F; and F_ are the two
Lipschitz functions as defined in Definition 3.2.

COROLLARY 7.1. Assume the setting of Theorem 2.1. There are positive con-
stants C, ¢, C3 and ro such that for any given b € Z4, we have

P[F, (b) - F_(b) #0]

CridP[E4(0, 0)° d {—Ckir} d=2,
ro P[Esi(0, 0) ]+rzzr0r exp 3 O(IOng)C for
CriP[E«(0,0)]+ > r¥ exp{—C3hotr} ford > 3.
r=ro

PROOF. Recall first that by construction, F.{ (b) =0 if and only if F_(b) = 0.
Then we have for a positive constant C that depends only on d that

P[Fe(b) #0] < Y Pl(x,0)—q (b,0)]

(x,0)eL
= > Plx0—s®b,0]+ Y Plx,0)—4(b,0)]
(x,0)eL (x,0)eL
lx=bll1<ro lx=bll1>ro
< Y PEGx.O]+ Y P[0,0)—qg (x,0)]
(x,00eL (x,0)eL
lx—bll1<ro llxll1>ro
< Cr{P[ES(0,0)] + Y CriP[rado(Hp) > r].

r>ro

The sum above can be bounded as in the proof of Theorem 2.1. [

REMARK 7.1. We note that the sum in Corollary 7.1 is decreasing with ¢
and can in fact be made arbitrarily small by making ¢ large enough. This gives
us that if the probability of the event E (i, T) is increasing in ¢, the expression in
Corollary 7.1 can also be made arbitrarily small.

8. Proof of Theorem 2.2. Recall from Section 3 that a hill H, is defined
as all sites in ZT! that can be reached by a d-path started from u € L. Recall
also the definition of a mountain M, as a union of all hills that contain u. By the
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construction of D-paths, every d-path on the space—time tessellation is also a D-
path of bad cells. For this reason, as in Section 7, we will use an extension D-paths
when bounding probabilities of the existence of various hills and mountains in this
section.

We begin by considering a broader range of diagonally connected paths. Intu-
itively, these are paths that can move within sequences of hills H, for different
uel.Letu=(b,0) €L be acell of the zero-height plane. By Definition 3.2, we
know a mountain touches the Lipschitz surface at (b, Fy (1)) and (b, F_(u)), but
we cannot say anything more than that. If we want to say something about the pos-
itive and negative depth of the surface F across a larger area, we therefore need
to consider a large number of different mountains. Since these mountains likely
intersect and are composed of some of the same hills, we need a better way to con-
trol their dependences. To that end, we will consider paths with diagonals that can
be thought of as concatenations of different D-paths, where some D-paths may be
taken in reverse order. In order to define these, which we will refer to as DD-paths,
we will need to define the concept of a double diagonal, as well as slightly change
the definition of two cells being diagonally connected.

As before, we say that distinct scale 1 cells (i, t) and (i, t/) are adjacent if
li —i'lloo <1and |t — 1’| <1. Also, we say that (i, ) is diagonally connected to
(i', T') if there exists a sequence of cells (i, T) = (bo, ho), (b1, 1), ..., (bn, hy) =
(i, 7), where the indices (b j» hj) refer to the base-height index, such that all the
following hold:

° forallj € {1,...,n}, ||bj —bj_1||1 =1 and hj_l —hj ESign(hj_l),
e hihj>0foralli, je{0,...,n},
o (i,7)is adjacent to (i’, t’) or (i,%) =@, 7).

Moreover, if (i,7) = (i’, /) we say that (i, 7) and (i, t’) are diagonally linked.
We say for two distinct cells (i, t) and (i’, t/) are single diagonally connected if
(i, T) is diagonally connected to (i, t’) or if (i, t") is diagonally connected to
(i, 7). Finally, we say two dlstmct cells (i, t) and (i’, /) are double dlagonally
connected, if there exists (z 7) such that (7, r) is diagonally connected to (z 7),
(i’, /) is diagonally connected to (z 7), and (1 7) is diagonally linked to (i, T) or
i, 7).

Note that unlike the definition from Section 4.2 of a cell (i, v) being diagonally
connected to (i’, '), two cells being single or double diagonally connected is a
symmetric relationship.

DEFINITION 8.1. We say a sequence of cells (ig, t0), (i1, T1), ..., (in, Tp) is @
DD-path if for all j € {1,...,n}, we have that the cells (i;_1,7;—1) and (i}, ;)
are adjacent, single diagonally connected or double-diagonally connected.

Recall from Section 4 the definition of cells of multiple scales. Now we will
extend the definition of DD-paths to multiple scales, as we did in Section 5 for
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D-paths. We say (k, i, 1) and (k',i’, t') are single diagonally connected if there
exists a cell (1,7, 7) that is a descendant of (k, i, 7) and a cell (1,i”, ") that is
a descendant of (k’,i’, t/), such that (1, i,%)and (1,i",7") are single diagonally
connected. We say (k, i, t) and (k', i’, t’) are double diagonally connected if there
exists a cell (1,7, 7) that is a descendant of (k, i, 7) and a cell (1,i”, t") that is a
descendant of (k',i’, '), such that (1,7, %) and (1,i”, ") are double diagonally
connected.

We refer to a DD-path as a sequence of distinct cells of possibly different scales
for which any two consecutive cells in the sequence are either adjacent, single
diagonally connected or double diagonally connected to the second.

We say two cells (ky, i1, 1) and (ka, iz, T2) are support connected with single

diagonals if there exists a scale 1 cell contained in R,%lsuP (i1, 71) and a scale 1 cell

contained in R,%ZSUP (i2, T2) such that the two cells are single diagonally connected.
We say two cells (k1,i1, 1) and (kp, i, T2) are support connected with double

diagonals if there exists a scale 1 cell contained in R,%ISUP (i1, 71) and a scale 1 cell

contained in R,fzsup (i2, 1), such that the two are double diagonally connected.

Recall from Section 5 the definitions of two cells being well separated and sup-
port adjacent. Finally, we define a sequence of cells P = ((k1, i1, t1), (k2,i2, T2),
.oy (kg iz, T7)) to be a support connected DD-path if the cells in P are mutually
well separated and, foreach j =1,2,...,z—1, (kj,ix, ;) and (kj41,741,Tj+1)
are support adjacent, support connected with single diagonals or support connected
with double diagonals.

8.1. Multi-scale analysis of DD-paths. We now follow the steps of Section 5,
presenting only the parts where the statements and proofs with DD-paths differ
from how they were for D-paths.

Define €2; to be the set of all DD-paths of cells of scale 1 such that the first cell
of the path is (0, 0) or (0, 0) is single diagonally connected to the first cell, and the
last cell of the path is the only cell not contained in [—?, 119 x [—t, t]. Also, define
Q,Scuf as the set of all support connected DD-paths of cells of scale at most « so that
the extended support of the first cell of the path contains R (0, 0) or (0, 0) is single
diagonally connected to a scale 1 cell that is contained in the extended support of
the first cell of the path, and the last cell of the path is the only cell whose extended
support is not contained in [—7, 119 x [—t, t]. Then the lemma below states that we
can focus on support connected DD-paths instead of DD-paths with bad ancestry;
the proof is identical to the one of Lemma 5.1.

LEMMA 8.1. We have that
P[P € 2 s.t. all cells of P have a bad ancestry]
<P[3P € Q7 s.t. all cells of P are multi-scale bad).
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We next have to show that the bound from Lemma 5.5 holds for DD-paths as
well.

LEMMA 8.2. Let 7 be a positive integer and k1, ko, ..., k; > 1 be fixed. Then,
if a is sufficiently large, the total number of support connected DD-paths, con-
taining z cells of scales k1, ka, . .., k; is at most exp(%3 Zj‘:l wkj), where c3 is the
same constant as in Lemma 5.4 and  is as defined in (22).

PROOF. The proof follows the same steps as the proof of Lemma 5.5. The
only changes are that the first cell of a DD-path need not contain (0, 0) and the
number of different relative positions in step 3 of the proof.

For the former, we note that the extended support of the first cell of the support
connected DD-path still has to contain (0, 0) or (0, 0) has to be single diagonally
connected to a scale 1 cell in the extended support of the first cell. If we define
Xk, as in Lemma 5.5, then the first case is already counted by yy, . Otherwise, note
that if we fix the relative position of the first and final cell of the single diagonal
connecting (0, 0) to the extended support of the first cell, we only need to control
the number of such relative positions, which is done in step 3. Therefore, it only
remains to prove step 3 of the proof for DD-paths.

Consider two consecutive cells of the DD-path that are single diagonally con-
nected and let (1,4, T) be a cell contained in the extended support of the first cell
that is single diagonally connected to a cell (1,i’, /) that is contained in the ex-
tended support of the second cell. Then, as in the proof of Lemma 5.5 we can
define

Ax)= max |{(b2, hy) € ZF : |hy — hy| = x and
(b1, hp)ez+!

(b1, h1) is diagonally connected to (b7, hz)}|.

Consider now two consecutive cells of the DD-path that are double diagonally
connected and let (1, i, 7) be a cell contained in the extended support of the first
cell that is double diagonally connected to a cell (1,i’, /) that is contained in the
extended support of the second cell. Furthermore, let (1,i”, t”’) be the cell of the
double diagonal that (1,7, 7) or (1,i’, t) is diagonally linked to. Then, if x is the
height difference between (1,i,t) and (1,i”,t”) and y is the height difference
between (1,i’,7’) and (1,i”, t”"), we can bound the number of different relative
positions of (1,i’, ") with respect to (1, i, ), such that the height difference be-
tween (1,7, 7) and (1,i”, t”) is x and the height difference between (1,i’, /) and
(1,i”,7”)is y by A(x + DA(y + 1).

Let Hj be the side length of the cube S,fsuP(i ) relative to S1(i), as in the proof
of Lemma 5.5. Therefore, given the z cells of scales ki, k2, ..., k;, the maximum
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RE™(ig,72)

height

R (i,m)

L__ _______________________

F1G. 9. Example of a DD-path where the first cell of the path is diagonally connected to (0, 0), is
double diagonally connected to the second cell, and the second and third cells are adjacent.

number of scale 1 diagonal steps contained in all single and double diagonal con-
nections between the cells of the path is at most

z—1
H:=2) H,.

i=l

For notational convenience, when two consecutive cells (k, i, t) and (k’,i’, T") of
the DD-path are double diagonally connected, we now consider as part of the path
also the cell (1,i”, t”’) of the double diagonal that both (k, i, t) and (k’,i’, ") are
diagonally connected to. Then letting x;, fori € {1, 2, ..., 2z — 1} be the height dif-
ference between two diagonally connected cells, with x; = 0 if the cells are support
adjacent, we have that the number of possible configurations of the diagonal steps
is at most

H
(39) > Y. A+ DA@ 4D Ao+ D).

y=0 X1,X2,...,X2z—1
Xt 1=y

See Figure 9 for an illustration of one such configuration. As in the proof of
Lemma 5.5, we have that

2z—1
A(xl+1)A(xz+1)---A(x21_1+1)§A<2Zy_ . +1> ‘

Next, using the above bound and
3 | — <2z +y— 2)
X1,X25000,X27—1" 2z -2
x1+~-~+x21_1=y
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we have that the sum in (39) is smaller than

H 2z—1 2z—1
2 -2 z 2 H H z
S A( > +1> <(*7 A( +1> ,

27 —2 2z—1 2z 2z—1

y=0

where the binomial inequality used can easily be proven by induction (using Pas-
cal’s rule).
Then, for some positive constants C and C», we have

27+ H H 22-1 20+ H)*( H (2z—=Dd
(Z+ )A( +1> <&t ( +1)

27 2z —1 - 22)! 2z —1
_ Qe ) (2H)22d
T (z/3)%E \ 22

2zd
<C(3+3H/(22))* (g)

H 4zd
< C<C2—> .
Z

In order to complete the proof, it remains to show that C(ng)“zd <
exp{%3 Z§'=1 Y, }, which is equivalent to showing that

~ H <
(40) Czlog(;) =2 Vi
j=1

where C is some constant. Setting m and « sufficiently large, this holds using the
same argument as in the proof of Lemma 5.5. [

Similar to Lemma 5.5, if d > 3 we have that Lemma 8.2 holds also when we set
time to be height in the base-height index. For d = 2, one can construct a similar
counterexample as the one outlined in Remark 5.2.

LEMMA 8.3. Lett > 0 and let P = ((k1, 11, 1), (k2,i2, T2), ..., (k;, iz, T;))
be a path in Qiu_plyt. If o is sufficiently large and k = O(logt), then there exist a
positive constant ¢ = c¢(Cyy) and a value C independent of t such that

Vi ford =1,

z (logt)c
@1 2V zjc ! ford =2
j=1 (logt)¢ ’

Ct ford > 3.
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PROOF. The proof is identical to the proof of Lemma 5.6, save for one change.
In Lemma 5.6, when considering the sum across the cells of the path, we require

that Zj.:l Aijup > t/2. Since we now consider two diagonals per cell instead of

just one, the term on the right-hand side has to be changed to 7/3 in order for the
statement to still hold. The rest of the proof is unchanged. [J

We now define the analogous set of K (i, 7) for DD-paths. Given an increasing
event Ey (i, 7), let E(i, T) be the indicator random variable of Ey(i, 7).

DEFINITION 8.2. Let (i, 7) € Z4t  If E(i, ) = 1, define K*(i, ) = &; oth-
erwise, define K*(i, 7) as the set
{(i",7) € 7+, E(i’,7')=0and
Ja DD-path of bad cells from (i, 7) to (i’, 7')}.

PROPOSITION 8.1.  Foreach (i, t) € Z41!, let E«(i, T) be an increasing event
that is restricted to the super-cube i and the super-interval v, and let vg, be the
probability associated to Ey as defined in Definition 2.3. Fix a constant € € (0, 1),
and integer n > 1 and the ratio B/¢* > 0. Fix also w such that

| mB (861)
> [—1 — ),
w= cr 02 ©2 3

for some constants c1 and cy which depend only on the graph. Then there exist
constants ¢ and C, and positive numbers oy and tg that depend on ¢, n, w and the
ratio B /€% such that if

1
o= min{CA_Jlsz)\oﬁd, log( ) } > a,
1 —vg, (1 =28, Qeptiyes Qe nB)

we have for all t > ty that

t
—Chp——— d=2,
P { °(logr)c} or
exp{—Cxot} ford > 3.

P[K*(0,0) £ R}] <

PROOF. The proof of this result proceeds in the same way as the proof of
Proposition 6.1, by replacing Lemma 5.1 with Lemma 8.1, Lemma 5.5 with
Lemma 8.2 and Lemma 5.6 with Lemma 8.3. [

We now argue that Proposition 8.1 implies that the Lipschitz surface not only
almost surely exists as shown in Theorem 2.1, but that areas of the surface that
have nonzero height are finite as well. To see why, denote with u; = (b;,0)
sites in I and consider a path along the surface F. More precisely, let 7 =
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{(b1, Fr(u1)), (ba, F+(uy1)), ..., (by, Fr(uy))} be such that Fi(u;) # 0 for all
ie{l,...,n}and |lu; —u;—1||y =1 forall i € {2,...,n}. If such a path exists,
then both sides of the Lipschitz surface have nonzero height at least at the cells of
the path, so one can follow the path (u1,us ..., u,) and never reach the Lipschitz
surface F'. Conversely, if a path 7 as above that leaves a ball of finite radius does
not exist, a self-avoiding path will have to reach the surface in finitely many steps.
Furthermore, since time is one of the d + 1 dimensions, one cannot construct a
time directed path without it containing a cell (b, F4(u)) or (b, F_(u)) for some
u = (b,0) € L within a finite number of steps. This follows from the fact that by
Theorem 2.1 the surface is a.s. finite, so a path can avoid intersecting it indefinitely
only if there is always at least one way to construct a path between to the two sides
of the surface. If however, paths along which the two sides of the surface have
nonzero height cannot have arbitrary length, we get that avoiding the two sides
indefinitely is impossible.

To simplify things, we first observe that we can limit ourselves to only the pos-
itive Lipschitz open surface, since F (1) = 0 if and only if F_(u) = 0, by the
definition of the two sides of the surface.

Recall from Section 3 the definition of a hill H,,. In the following, we will use
H;, i € Z to differentiate between different hills without specifying a cell # € L for
which H; = H,,. We now show that the existence of a path along the surface with
only positive heights implies the existence of a sequence of hills that are pairwise
intersecting or adjacent. Formally, we define the following.

DEFINITION 8.3. We say a hill H; is adjacent to a hill H;, if there exist a
cell u € H; and a cell v € Hy such that |ju — v||; = 1. We say H; and H;/ are
intersecting, if there exists a cell u such that u € H; and u € Hy.

LEMMA 8.4. Write u; = (b;,0) € L and let m = {(by, F+(u1)), (b2, F(u3)),
ooy (b, F4(uy))} be a path, such that for all i € {1,...,n}, Fy(u;) # 0. Then

there exists a sequence of hills H = Hy, Ha, ..., Hx, k <n, such that for every u,
there exists a hill Hy € ‘H that contains uy, and such that for all i € {1, ...,k},
there exists at least one j # i, j € {1,...,k}, for which H; intersects with or is

adjacent to H;.

PROOF. We will prove the existence of the sequence of hills iteratively. Let
‘H = & be the set of all hills that are part of the sequence already. We then add
hills to H in the following manner. Let u = (b, 0) be the first cell of the path P =
((b1,0), (b2,0), ..., (b,,0)) that is not contained in |Jy ¢y H. Since Fy(u) # 0
by assumption, there has to exist at least one cell v € I such that u € H,,. Since the
cell u is contained in H, and it is adjacent to at least 1 cell contained in Jy <y H
(except for when H = &), we get that H,, and at least one hill from H are adjacent
or they intersect. We add H, to H, remove all cells of P that are contained in H,
from P, and repeat the procedure. After at most n steps, the recursion ends and H
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is a set of k hills for some k < n, such that every hill intersects or is adjacent to at
least one other hill in the set. [

We now want to show that if the sequence of hills { from Lemma 8.4 exists,
then a DD-path exists between any two cells contained in | Jy ey H.

LEMMA 8.5. Let’H = Hy, Ha, ..., Hy be a sequence of hills as in Lemma 8.4.
For any two (b, 0), (b',0) € UHieH H;, there exists a DD-path that starts in (b, 0)
and ends in (b',0).

PROOF. Let uy,us,...,ur € L. be the cells such that H; = H,, for all i €
{1,2,...,k}. Next, observe that by the definition of H, there exists a sequence
of hills H;,, H;,, ..., H;, such that (b,0) € H;,, (b’,0) € H;, and every hill in
the sequence is adjacent or intersecting with the subsequent hill. For every j €
{1,2,...,¢}, let vi; € H;, be a cell that is contained in H,-J. or adjacent to a cell
in H,'j -

By definition of a hill, there exists a d-path P; from u;, to (b, 0). Furthermore,
there exists a d-path P, from u;, to v;, and a d-path P3 from u;, to v;, or a cell
that is adjacent to v;,. By repeating this, we obtain the sequence of cells

+1

(b, 0)9 Mil’ vil’ uiz, vizs R ) vi[,p uigv (b/’ O),

where there exists a d-path from the first cell to the second or from the second to
the first (or a cell adjacent to it) for every consecutive pair of cells. It remains to
show that this implies that there exists a DD-path from (b, 0) to (b, 0).

Note first that similar to D-paths, every d-path is also a DD-path. This follows
directly from the fact that DD-paths are defined as an extension of D-paths. Next,
note that if a sequence of cells (wy, wo, ..., wy) € 74t is a DD-path, then the
reverse sequence, that is, (wy, wy—_1, ..., wy) is also a DD-path. This follows triv-
ially from the fact that being adjacent, single diagonally connected and double
diagonally connected are all symmetric relationships between cells. Finally, note
that if there exists a DD-path from a cell w; to some cell w, and there exists a
DD-path from w, to w3, then there exists at least one DD-path from w; to ws3.
Once such path can be constructed by concatenating the two DD-paths and re-
moving any cells in the concatenated path that would result in loops, that is, if a
site appears in the concatenated path more than once, remove from the path all
sites between the first and last appearance of the site in the path, as well as the last
appearance of the site.

Then, using these facts with the sequence,

(b,0), uiy, vy, Uiy, Vi, - - -, Vip_y» Uiy, (b, 0),

concludes the lemma. [

We are now ready to prove Theorem 2.2.
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PROOF OF THEOREM 2.2. Note that the open Lipschitz surface exists a.s. by
Theorem 3.1, so we only need to show that it surrounds the origin at some finite
distance.

Assume the converse. Then, for any r > 0 there must exist a path of adjacent
cells (0,0) = (b1,0), ..., (by, 0) with |(b,,0)|l1 > r, such that F((b;,0)) # 0
for alli € {1,...,n}. By Lemma 8.4, this implies the existence of a sequence of
hills such that the first one contains the origin and the last one contains (b, 0). By
Lemma 8.5, this gives the existence of a DD-path from the origin to (b, 0).

Note that by Proposition 8.1, for ¢ > fg we have that the probability that such a
DD-path exists is smaller than

t
—CA ford =2,
e"p{ O log)e } or

exp{—Cxot} for d > 3.

P[K*(0,0) € R}] <

From here, setting t = (% + d%)_]r and using the same steps as in the proof of
Theorem 2.1 establishes the claim for r > rp := (% + d%)to. O

Next, we show that Corollary 2.3 holds. Observe first the following well-known
geometric property. Let B2 be the plane spanned by any two base vectors of the
base-height index. Recall also the definition of L. = {(x,0),x € 74}, the zero-
height hyperplane of Z?*!. It then holds that

PP[zero height cells percolate in B?]

< P[zero height cells percolate in L],

since it clearly holds that the first event implies the second. Therefore, it is enough
to show that the first probability is positive for Corollary 2.3 to hold.

COROLLARY 8.1. Letd =2 andlet E(i, T) be an increasing event restricted
to the super-cell (i, t). If £ is sufficiently large and P[E«(0, 0)] is large enough,
then F N 1L percolates within 1L with positive probability.

PROOF. Assume without loss of generality that the origin is contained in F NIL
and assume that the cluster of F'N L that contains the origin is finite. Letx, y € F'N
L be two cells of this cluster for which || x — y||1 is largest, and let k := [||x — y||{].
Then there exists a sequence cells vy, va, ..., v, € L for some n > 2k such that
Fy(v;)) >0foralli € {1,2,...,n}, any two consecutive cells are adjacent, that is,
lv; — vlf||oo =1, and such that ||v,, — v1|lcc = 1. Furthermore, each such sequence
contains at least 2 cells u, v € L for which ||u — v||; > k. By using Lemmas 8.4
and 8.5, this gives that there exists a DD-path that begins in # and ends in v. Let
ro be a sufficiently large value of r so that Theorem 2.2 holds. We then have for
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k > ro, by using that the probability space is space and time translation invariant
that

P[the cluster F' N 1L around the origin has diameter k]
< IP[a DD-path started at the origin leaves the ball

of radius k centered at the origin]

el
expd —CA———1¢,
=©xP (log £k)°

where the second inequality follows from the same argument as in the proof of
Theorem 2.2. For k < rp, we can bound the probability by C rgIP’[Est(O, 0)¢] for
some positive constant C, since a closed cell implies that the Lipschitz function
F is nonzero. Therefore, we get that the probability the zero-height cluster F N L
at the origin is not finite is greater than

Ok
1 — CréP[E4(0,0)°] — —Cr——— 1,
roP[Es (0, 0)] kgoexp{ (logﬁk)c}

which is positive for sufficiently large £, if P[E(0, 0)] is large enough. [J

APPENDIX: STANDARD RESULTS

LEMMA A.1 (Chernoff bound for Poisson). Let P be a Poisson random vari-
able with mean A. Then, forany 0 <e < 1,

P[P < (1 —&)A] < exp|{—re?/2)
and

P[P > (1 4 &)A] < exp{—re?/4].

LEMMA A.2. Letx,y € Z. Then, for any c1, c2» > 1, we have

(x = y)e—(61X+Czy) < e—@=Dr—(&-Dy,
X

PROOE. Since (*17) = (ijLy), we can assume that x > y. Then we use the

inequality (*77) < ((XJ;—y)e)x to obtain

(x + y>ecwcczy < (1 + X)xe(ql)xczy < g c1=Dx—(ca=1)y_
= . =

X O
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